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KOHOEHCALUMANAHFAH KYNUOIH ®U3UKACDI
OPU3SNKA KOHOAEHCUPOBAHHOI'O COCTOAHUA
PHYSICS OF THE CONDENSED MATTER

DOI 10.31489/2020Ph3/6-12

UDC 535.8, 535.015

E.V. Seliverstova*, N.Kh. Ibrayev, D.A. Temirbayeva, G.S. Omarova

Institute of Molecular Nanophotonics, Karagandy University of the name of academician E.A. Buketov, Kazakhstan
(*E-mail: genia_sv@mail.ru)

Optical properties of ablated graphene oxide in aqueous dispersions

The effect of laser radiation on the structural and optical properties of graphene oxide dispersed in water was
studied. It was shown that under laser ablation a significant reduction in the size of graphene oxide sheets can
be achieved. In this case, the resulting main parts of particles have a size of about 110-120 nm, and are simi-
lar to graphene quantum dots. The Raman spectra indicate the reduction of graphene oxide during laser radia-
tion. The thickness of the formed particles practically was not changed, since the Ip/Ig ratio has close values.
The prepared dispersions of graphene oxide exhibit wide luminescence bands in the region of 400-600 nm
with a maximum of about 450 nm and a lifetime of 1.6 ns. It was shown that by laser ablation it is possible to
achieve a significant increasing in the luminescent ability of graphene oxide in an aqueous solution. In this
case, the luminescence intensity increased by almost 2 times, while the optical density of the solution was in-
creased by only 5 % relative to the initial dispersion. The results can be used to create organic luminescent
materials, in optical nanotechnology, as well as in photovoltaics, biophysics and bioimaging.

Keywords: graphene oxide, laser ablation, dispersion, size distribution, structure, absorbance, luminescence,
lifetime kinetics.

Introduction

Carbon is one of the most common chemical elements. Carbon materials that include graphite, dia-
monds, fullerenes, carbon nanotubes and graphene have been well known for a long time.

Graphene is widely used in energy and environmental materials [1], such as energy storage [2],
photovoltaics [3], photoelectrochemical [4] and photocatalytic [5—8] generation of hydrogen/hydrocarbon
fuels and photocatalysis of organic pollutants.

It is known that graphene is a superconducting material with zero band gap. In this case, graphene ox-
ides are semiconductors with a controlled band gap width by resizing sheets and the degree of its oxidation.
Graphene oxide and its modifications, unlike graphene, is a more convenient material for researchers, since it
is easy to obtain and also used for practical purposes.

The quantum confinement effect is applicable not only to graphene, but also to graphene oxide. This led
to the emergence of a new type of carbon nanostructures — graphene quantum dots. Such quantum dots have
a discrete band gap and exhibit photoluminescent properties. Graphene quantum dots of various shapes and
sizes exhibit unusual photoluminescence, which is associated with a circular polygonal shape and the corre-
sponding edge effects of graphene quantum dots [8].

Compared to traditional semiconductor quantum dots and organic dyes, photoluminescent carbon-based
quantum dots have high solubility in aqueous solutions, chemical inertness, and resistance to photobleaching.
For example, electron generation and transport at graphene dots were used for solar cells [9-11], organic
light emitting diodes (OLED) [12], photodetectors, photocatalysts [13] and supercapacitors [14]. Extinction-

6 BecTHuk KaparaHavHckoro yHuBepcuteTa



Optical properties of ablated graphene oxide ...

controlled fluorescence was developed for sensors of biomolecules, metal ions, and toxic/hazardous sub-
stances [15, 16].

Also, an its advantage is low toxicity and high biocompatibility compared to semiconductor quantum
dots, which makes them very promising for biophysical and medical applications, for example, for
bioimages, biosensors, drug delivery, and medical diagnostics [17, 18]. In addition, graphene dots can be
casily modified both by the addition of functional groups and by doping with heteroatoms. It may be useful
for fluorescent nanocomposites, functional hybrids, and materials with a high refractive index [18].

Over the past few years, significant progress has been made in the synthesis, study of the properties and
practical applications of carbon-based and graphene quantum dots. There is two approaches are distinguished
among the methods for the obtaining of graphene dots: «bottom-up» and «top-down». However, the synthe-
sis used in these approaches often require the usage of aggressive reagents, critical reaction conditions, are
time-consuming and, often, expensive procedures, since they involve several stages.

Pulse laser ablation in a liquid can be used as a one-step, low-cost and fast method for preparing
graphene dots with controlled parameters. Currently, very few papers have been published on the preparation
of graphene quantum dots by laser ablation [19, 20].

In particular, this method was used in Ref. [19] to obtain graphene oxide nanostructures. It was shown
that in the process of ablation, occurs the formation of graphene oxide nanostructures with various shapes:
ribbons, flakes and quantum dots with simultaneous photoreduction of graphene oxide. The quantum dots of
graphene oxide have blue photoluminescence, which is the result of recombination of charge carriers local-
ized on zigzag edges. The luminescence intensity varies for dots obtained at different irradiation times.

Also, this method was used for the synthesis of graphene oxide dots in Ref. [20]. The diameter of the
resulting structures varies from 5 to 30 nm, and they have good stability and crystallinity. The luminescence
spectrum of the resulting nanostructures is located in the yellow-green region, which is atypical for graphene
quantum dots. The authors showed that these dots have high optoelectronic properties and were used as
markers for displaying cancer cells.

In this work, we studied the effect of laser radiation on the structural and optical properties of graphene
oxide dispersed in water.

Experimental

For the preparation of dispersions, a single-layer graphene oxide (GO, Cheaptubes) was used. Since it
was shown earlier in our work [21], GO dispersed into particles of various sizes and stability in various or-
ganic solvents. Here we selected water. Deionized water was purified using the AquaMax system. The spe-
cific resistance of water was equal to 18.2 MQ/cm. The surface tension of water was equal to 72.8 mN/m at
pH=5.6 and a temperature of 22 °C.

The GO concentration in the solution was equal to 0.25 mg/ml. To obtain dispersion, it was treated with
ultrasound for 30 minutes. The GO dispersion was undergo to laser ablation with the second harmonic of a
solid-state Nd:YAG laser with a generation wavelength at 532.0 nm, a pulse duration of 10 ns, and an pulse
energy of ~16 J/ecm®. The height of the ablated liquid was 0.8 cm. The particle size of graphene oxide in the
solutions was determined by dynamic light scattering method using a Zetasizer nano analyzer (Malvern).

The absorption and fluorescence spectra of the samples were measured on Cary and Eclipse (Agilent)
spectrometers, respectively. Raman spectra of the prepared samples were recorded using Confotec MR520
(3D Scanning Raman Confocal Microscope, Sol Instruments) with laser excitation at a wavelength of
532 nm.

The fluorescence lifetimes of dispersions were determined using the TCSPC system (Becker&Hickl) at
an excitation wavelength of A, =488 nm. The fluorescence lifetimes were determined from decay kinetics
processing with SPCImage software (Becker&Hickl). All measurements were performed in 1 cm quartz cu-
vettes at room temperature.

Results and discussion

Measurements showed that after dispersing of GO in water and before laser irradiation, about half of the
particles have an average size of 4900 nm, and the second half of sizes are in the order of 2300 nm (Fig. 1a).
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Figure 1. Size distribution of GO particles in water before (a) and after () laser irradiation

After ablation (Fig. 1), a darkening of the GO solution was registered and a decrease in the average
particle size to 200-250 nm were observed. And about 13 % of the particles have a diameter of about
1400 nm.

Measurements of the optical characteristics showed (Fig. 2) a wide absorption band with a maximum of
about 230 nm of the prepared dispersion, which is formed by transitions between orbitals of ma*-nature in
C—C aromatic bonds [22, 23]. A shoulder of about 300 nm is associated with n—=n* transitions in C=0O
bonds, and it is almost indistinguishable in the absorption spectra.

It can be seen from the spectrum that the optical density of the dispersion of graphene oxide in water af-
ter ablation is higher than before irradiation. It is a result of uniform distribution and increase in the concen-
tration of GO particles after laser treatment. As well as the fact that prior to ablation, graphene oxide flakes
were clearly distinguishable in solution. After laser treatment, the solution became more transparent and in-
tensely colored due to the uniform distribution of graphene oxide particles.
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Figure 2. Absorption (a) and Raman (&) spectra of GO dispersion before (1) and after (2) ablation

The effect of laser ablation on the structural properties of graphene oxide is shown in Figure 25. Two
intense bands in the region of 1300 and 1600 cm™ were registered in the Raman spectrum of GO. The
G-band of GO is located at 1605 cm™ and is shifted to higher frequencies compared to the position of this
band in graphite (1581 cm™) due to the presence of separate double bonds that resonate at higher frequencies
[24, 25]. After complete reduction of graphene oxide to graphene, a bathohromic shift usually occurs. As can
be seen from the figure, it was not occurred after laser ablation.

Also, in the Raman spectrum of GO, there is exhibits a D band of about 1360 cm™, which characterizes
the defectness of graphene and is active only if defects participate in double resonance scattering near the
Brillouin zone [24]. Therefore, the Ip/Ig intensities ratio is often used to determine the size of domains with
sp” hybridization in carbon materials. The data obtained showed that the ratio of the intensities of the G and
D bands was changed from 1.10 to 1.05, which indicates a partial reduction of graphene oxide during laser
ablation.
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Under the studying the luminescent properties of the prepared dispersions, the spectra shown in Fig-
ure 3 were obtained.

A wide band with a maximum of about 450 nm was registered in the GO luminescence spectrum. When
the luminescence excitation wavelength was changed from 320 nm to 350 nm, the position and shape of the
fluorescence band was not changed. The fluorescence intensity in this case was increased by ~20 %.

After ablation, the luminescence spectrum also practically was not changed in its shape, however, the
luminescence intensity was increased almost in 2 times for both excitation wavelengths. This fact could be
explained by growth in the optical density D of the solution after ablation. However, the D value was in-
creased by only 5 %. Therefore, growth in the luminescence intensity is associated with other processes. As
shown by the measured fluorescence excitation spectra (on the inset in Fig. 3a), the main contribution to the
GO fluorescence is made by the centers actively absorbing light in the region of 320-340 nm. After laser
ablation, their changes practically do not occur. When the excitation spectrum was recorded at the long-
wavelength edge of the luminescence (at ~580 nm), a spectrum that was similar in shape to the absorption
spectrum of GO was obtained. At present, the mechanism of the occurrence of fluorescence in graphene
nanostructures remains incompletely studied, but most authors [24, 25] believe that it can be assigned to dif-
ferent emitting groups or localized electron—hole pairs due to the isolation of sp” clusters inside the sp’ ma-
trix. In any case, this will be the basis for our further studies.
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a— Fluorescence spectra of the GO dispersion b — the fluorescence decay kinetics of GO,
before (1, 2) and after (3, 4) ablation: 1,3 — Areg =450 nm
Aex=320 nm; 2, 4 — A,=350 nm. In the inset — the
fluorescence excitation spectra at registration of
spectrum at: 1,3 — 450 nm, 2,4 — 580 nm
Figure 3

When measuring the lifetime of GO Iuminescence in solutions, the excitation was carried out at a wave-
length of 375 nm (Figure 3b). The decay kinetics of GO is described by a bi-exponential equation. The aver-
age fluorescence lifetime of GO at A =455 nm is equal to Tq = 1.6 ns for the initial dispersion. After ablation,
1 has changed little and it was equal to 1.57 ns. This indicates a similar nature of luminescence before and
after laser ablation of a graphene oxide dispersion.

Conclusion

Thus, it has been shown that by laser ablation of graphene oxide in water, a significant reduction in the
size of GO sheets can be achieved. In this case, the resulting particles have a size mainly of about 110-
120 nm, and are similar to graphene quantum dots. The measured Raman spectra indicate the reduction of
graphene oxide during laser ablation. In this case, the thickness of the formed particles practically does not
change, since the Ip/I; ratio has close values.
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It was shown that by laser ablation it is possible to achieve a significant increase in the luminescent
ability of GO in an aqueous solution. In this case, the luminescence intensity was increased by almost
2 times, while the optical density of the solution was increased by only 5 % relative to the initial solution.
The recorded fluorescence excitation spectra indicate that the main contribution to the GO luminescence is
made by the centers actively absorbing light in the region of 320-340 nm. After laser ablation, changes in the
fluorescence excitation spectra practically do not occur.

The results can be used to create organic luminescent materials, in optical nanotechnologies, as well as
in photovoltaics, biophysics and bioimaging.

This work was carried out as part of the research project AP08052672, funded by the Ministry of Edu-
cation and Science of the Republic of Kazakhstan.
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E.B. CenusepcroBa, H.X. 16paes, [[.A. Temipbaea, I'.C. OmapoBa

Cy nucnepcusicblHAAFbl a0IMpPJIeHIeH rPpadeH OKCUAIHIH ONTHKAJBIK KacueTTepi

Cyna aucnepcusuianFad TpadeH OKCHAIHIH KYpPBUIBIMABIK JKOHE ONTHKAIBIK KacHETTEpiHe Ja3epiik
CoyJieNieHyiH ocepi 3eprTenreH. ['padeH oxkcuaiH cyma Jiasepiik aOmsusuiay apKpUibl rpadeH OKCHi
naparbIHbIH MOJILepiH efdyip a3aliTyra OONaThIHIBIFEI KOpceTinai. by jkarmaiina ajpiHFaH OeJIICKTepaiH
memmiepi mamamen 110-120 M Oonamsl >koHE o rpadeH KBaHTTHIK HYKTeNepiHe ykcac. PamaH crekTpin
eNIIey Jla3epilk coyleleHaipy Ke3iHae rpadeH OKCHIiHIH KajlblHa KeJeTiHAIriH kepcerTi. By karmaiina
KaJIBIITaCKaH OOJIIEKTeP/IiH KaIBIHIBIFHI iC KY31HIe e3repMeii, oiTkeH1 /p/l; KaThIHACKH JKaKbIH MOHJICPTE
ne. I'paden oxcuninin padpmpanran pucnepcusuiapsl 400-600 HM afimakra MakcumyM 450 HM koHE eMip
CYPY ¥3aKThIFbI 1,6 HC 6ONMATHIH KEH JIOMHHECLUEHIHSIBIK KOJIaKTap bl kepceTTi. Jlasepiik abisiiust apKbUIbl
Cy epiTiHaicinge rpadeH OKCHAIHIH JIIOMHHECUEHTTIK KaOUIeTiHIH eaoyip apTyblHAa KOJ JKeTKi3yre
GonaThIHABIFEI KepceTiireH. by skaraaiina IIOMUHECIEHINSHBIH KapKbIHIBUIBIFBI 2 €Ce OCTi, all epiTiHAiHIH
OITHUKAIBIK ThHIFBI3JbIFEI 0ACTANKbl EpITIHAIMEH CcalbICThIpFaHna S %-ra ecTi. AJIBIHFaH HOTWKENepai
OpraHMKaJbIK JIOMUHECLCHTTI MaTepHaliap/ibl, ONTHKAIBIK HAHOTEXHOJIOTHSIIAP/IbI JKacay YIUiH, COHBIMEH
Karap (pOTOIEKTpUKTEpAE, OHohu3nKa MeH OrobeitHeneyne Koaanyra 0omabl.

Kinm ce30ep: TpadeH okcumi, qa3epiik aOisnus, UCIIePCHs], OIIEMICPAIH Tapalrybl, KYPbUIBIMBI, XKYTBLTY,
JFOMHHECLICHIS, OMip CYPY KHHETHKACHL.

E.B. CenusepcroBa, H.X. 16paes, /[.A. Temupbaesa, I'.C. OmapoBa

OnTuyeckue cBOMCTBA aﬁ.]'[l/IPOBaHHOl"O OKCHuaa rpa(beﬂa B BOJAHBIX JUCHIEPCUAX

N3y4yeHo BIMSHHE JIA3€PHOTO OOJIydeHHS Ha CTPYKTYpPHBIC W ONTHYECKHME CBOMCTBA OKCHAa rpadeHa, quc-
MeprupoBaHHOro B Boje. ITokazaHo, 4To myTeM Jla3epHOi abnsauu okcuaa rpadeHa B BOJE MOXKHO JOOUTHCS
3HAYUTEJILHOTO YMEHBILICHHS Pa3MepoB JIMCTOB okcuaa rpadena. IIpu 3tom 00pasyromuecs 4acTHIbI HMEIOT
pasmep npeumymecTBeHHO okosno 110-120 HM M cX0XH ¢ rpad)eHOBBIMH KBAaHTOBBIMH TOUKamu. M3mepeH-
HBIE pPaMaH-CIIEKTPH! YKa3bIBalOT Ha BOCCTAHOBJICHHE OKCHJA rpadeHa B MPOIECCE JIA3ePHOTO OOIydeHHsI.
IIpn sTOM TOmMmuHA 0Opa3yeMBIX YacTHIl IPAKTHUYECKH HE W3MEHSETCs, TaK Kak OoTHomeHue [p/l; mMeer
Omm3kue 3HaueHus. [IpuroToBIeHHBIE qUCIEpCUH OKCUA rpadeHa MPOSIBIIOT MIHPOKKE IT0JIOCH CBEUCHNUS B
obmactu 400-600 HM ¢ MakcuMyMoM okoiio 450 HM 1 BpemeHeM >xu3HH 1,6 He. [Tokazano, uTo myTem nazep-
HOU abJSIMU MOYKHO JOOWUTHCS 3HAYMTENBHOTO YBEJIMYCHHUS JTIOMUHECLICHTHON CIOCOOHOCTH OKcHa rpade-
Ha B BOJHOM pacTBope. IIpy 3TOM HHTEHCHBHOCTH CBEUEHHS BO3POCTA MOUYTH B 2 pa3a, TOrja Kak ONTHYECKast
TUIOTHOCTh PAacTBOPA YBENUYUIACH JMIIb HA 5 % OTHOCHUTENIBHO MCXOJHOTO pacTBopa. IlomyueHHbIE pe3ynb-
TaThl MOTYT OBITH UCIIOTB30BAHBI JUISl CO3/IaHMSI OPTraHUYECKHX TIOMHHECHEHTHBIX MaTePUaIOB B ONTHYECKUX
HaHOTEXHOJIOTHSX, a TAKKe B (POTOBOJIBTANKE, OMOGHU3HKE 1 JUIsl OHOMMUJDKUHTA.

Kniouesvie crosa: oxenp rpadena, asepHas abisimus, JUCIEPCHs, paclpeeieHne 1o pa3Mepam, CTpyKTypa,
MOMJIOIEHHE, TIOMUHECHECHIIUS, KHHETUKA BPEMECHU JKU3HHU.
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The effect of electric transport properties
of titanium dioxide nanostructures on their photocatalytic activity

Annotation. Films formed by nanoparticles, nanorods and nanotubes of titanium dioxide with a thickness of
3.9, 4.0 and 4.1 pum, respectively, with an area of 2 cm® were obtained by various methods. Nanostructures
were characterized by X-ray phase analysis, scanning electron microscopy (SEM), BET (Brunauer-Emmett—
Teller), BJH (Barrett—Joyner—Halenda). The electric transport properties of the films were studied by imped-
ance spectroscopy. The photocatalytic activity of the samples was evaluated by the photocurrent and degrada-
tion of the methylene blue dye under xenon lamp illumination. The concentration of hydrogen released per
unit time was determined by gas chromatography in a standard quartz cuvette using a platinum electrode. The
study of texture characteristics showed that the obtained isotherms belong to type IV isotherms with a hyste-
resis loop, reflecting the process of capillary condensation in mesopores. The diffraction peaks for the films
of nanoparticles and nanotubes of titanium dioxide are identical and correspond to the tetragonal phase of
anatase, for films of nanorods to the tetragonal phase of rutile. When studying the electric transport properties
of films, it was found that films of titanium dioxide nanoparticles have a higher resistance associated with un-
formed bonds between nanoparticles. Despite the low specific surface area, titanium dioxide nanorods
showed higher photocatalytic activity than nanotubes and nanoparticles. The results are confirmed by meas-
urements of photocurrent, dye decomposition and the splitting of water molecules into hydrogen gas and ox-

ygen.

Keywords: nanoparticles, nanotubes, nanorods, titanium dioxide, BET, electric transport properties,
photocatalytic activity, hydrogen

Introduction

Development and research to create effective photocatalysts for the degradation of organic compounds
and toxic substances in drinking water, the splitting of water molecules into hydrogen and oxygen are the
promising direction in «green energy». Semiconductors, often used as photocatalysts, have the ability to gen-
erate reactive oxygen species (ROS) O,, 10,, H,O, u OH. Over the past decade, nanostructures based on
titanium dioxide (TiO,) have been the most effective photocatalysts, due to their chemical stability, low cost,
fairly high oxidizing capacity, optical properties and features of electronic transport [1].

It is known that the photocatalytic activity of nanomaterials is influenced by many factors, the most sig-
nificant of which are the specific surface area, particle size, crystal phase, morphology, and electronic
transport. Heterogeneous catalysis between catalysts and reagents occurs mainly on the surface or at the in-
terface, so the efficiency depends partly on the specific surface area of the materials. A large specific surface
area will provide a large active contact area, allowing the adsorbed water molecules and hydroxyl to react
faster, and are also a place for fixing organic molecules for photodegradation [2—4]. The specific surface area
increases dramatically with decreasing crystal size, so small spherical nanoparticles (NP) have a large sur-
face area, making them the most common type of TiO,-based photocatalyst.. On the other hand, one-
dimensional (1D) TiO, nanostructures, such as nanotubes (NT), nanorods (NR), have unique properties and
advantages for photocatalytic reactions due to their 1D geometry [5,6]. Structures with direct electron paths
significantly increase the electric transport properties of films by excluding grain boundaries that occur when
using films made of TiO, nanoparticles. NP, NR, NT TiO, can be in 3 main crystal phases: brucite, anatase
and rutile. It is believed that the best photocatalytic activity is observed for anatase due to the lower recom-
bination rate and high adsorption capacity [7, 8]. Although there are other opinions, for example, it has been
experimentally proved that a mixture of the crystal phases of anatase and rutile shows better photocatalytic
activity than separately [9, 10]. Therefore, what kind of photocatalyst will work better is still not known: a
high specific surface area of NP TiO, or improved electron transport of NR and NT TiO..

In this work, three types of nanostructures were used: NP, NR and NT TiO,, which differ in geometric
characteristics, but have relatively the same thickness and area of the films. The most common, cheap and
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simple methods of nanostructure synthesis were used, such as hydrothermal synthesis for NR [11] and elec-
trochemical anodizing for NT [12, 13]. The characteristic difference between NT and TiO, nanorods is that
the former have an open internal channel, which should significantly increase their specific surface area.

Experimental

The synthesis of films formed by the NP TiO,

The film of NP TiO, was prepared as follows: 50 mg of TiO, colloidal titanium dioxide (Sigma Aldrich
company Degussa P25) was ground in a porcelain mortar with the addition of 2 ml of deionized water and
0.2 ml of acetone and mixed for 24 hours using a magnetic stirrer to form a homogeneous paste. The finished
paste was applied to the surface of pre-cleaned photo substrates (Sigma Aldrich, 8 Ohms/cm®) by the «doc-
tor—blading» method and dried at a temperature of 100 °C for 30 minutes. The film thickness was controlled
using tape applied to the edges of the substrate. Then the samples were calcined at a temperature of 500 °C
for 2 hours.

The synthesis of films formed by the NR TiO,

Nanostructured films based on HR TiO, were obtained by hydrothermal synthesis as follows: a solution
containing 15 ml of deionized water (H,O), 15 ml of hydrochloric acid (HCI) (36.5-38.0 %, Sigma—Aldrich)
and 0.25 ml of titanium butoxide CisH3¢0,4T1 (titanium butoxide, 97 %, Sigma—Aldrich) was prepared in a
50 ml stainless steel vessel. Then, pre-cleaned glasses with a conducting layer of ITO (Sigma-Aldrich,
8 Ohms/cm?) were placed in the same vessel with the conducting side down. The stainless steel vessel is
closed and placed in a convective oven at a temperature of 180 °C for 24 hours. The resulting samples were
washed with deionized water and dried at room temperature. Then the samples were calcined at a tempera-
ture of 500 °C for 2 hours.

The synthesis of films formed by the NT TiO,

The films were obtained by 2-stage electrochemical anodizing of pre-chemically polished, purified tita-
nium foil (VT1-0, 99.7 %, Russia) at a temperature of 57 °C. The thickness of the foil was 60 microns. As
the base of the electrolyte, C,HsO, was used, with a content of 0.3 wt.% NH,F and 2 wt% H,O. The cathode
was platinum foil. The distance between the cathode and the anode was 3 cm. The anodizing voltage is 40 V.
During the anodizing process, the solution was intensively mixed using a magnetic stirrer. During the first
stage of anodizing, a film of NT TiO, and hydrolysis byproducts is formed on the surface of the titanium foil
within 2 hours, which were removed from the surface of the foil in an ultrasonic bath, in a solution of hydro-
chloric acid. The duration of the second stage of anodizing was 4 hours. The amorphous phase of TiO, was
crystallized by heat treatment of samples in a muffle furnace at a temperature of 500 °C within 2 hours.

X-ray phase analysis of films was studied using a rint 2000 diffractometer (model D5005). Images of
the sample surface were obtained using a scanning electron microscope (SEM) MIRA 3 LMU (Tescan,
Czech Republic). The textural characteristics of synthesized samples were calculated on the basis of nitrogen
adsorption and desorption isotherms at a temperature of 77 K obtained at the quantachrome volumetric unit
(«Quantachrome Instruments», USA). The specific surface area of the samples was estimated by the
Brunauer—-Emmett-Taylor method (BET). To study the photocatalytic activity of films, the values of the
photoinduced current and photodegradation of the methylene blue dye were measured. The photocurrent of
nanostructures with an illuminated area of 1 cm’ was measured at a constant potential of 0 V using a
potentiostat (ELINS R-20XV, Russia) in a standard three-clectrode cell. TiO, nanostructures were used as
the working electrode. The opposite electrode was a platinum foil, and an AgCl electrode was used as the
reference electrode. Measurements were made in an electrolyte of 0.1 M NaOH in a specially made
photoelectrochemical cell with a quartz window. When registering the photocurrent, titanium dioxide films
were irradiated with a 45 mW/cm” xenon lamp. The photoactivity of the films was evaluated in the reaction
of photodegradation of an aqueous MB solution. Plates with a size of 1x2 cm were vertically lowered into a
quartz reactor containing 50 ml of a MB solution with an initial concentration of 10~ mol/l and kept for
20 hours to exclude errors in measuring the optical density of the dye associated with the adsorption of mol-
ecules into its pores. The solution is continuously mixed using a magnetic stirrer. The system was irradiated
with a 45 mW/cm” xenon lamp.

The electrotransport properties of films were studied using the method of impedance spectroscopy.
Measurements of the impedance spectra were performed on the biologic (Science Instruments) impedance
meter. The amplitude of the applied signal was up to 25 mV, and the frequency range from 1 MHz to
100 MHz.
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Results and discussion

Diffraction peaks shown in figure 1(101), (004), (200), (105), (211), (204), (116), (220) and (215) for
NP and NT TiO; films are identical and correspond to the tetragonal phase of anatase (JCPDS, no. 84-1286,
a=>5b=0.1949 nm and ¢ = 0.1980 nm).
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Figure 1. Radiographs of nanostructured films TiO,

All diffraction peaks presented for NR films are in good agreement with the tetragonal phase of rutile
TiO, (JCPDS, no. 21-1276, a = b = 0.4517 nm and ¢ = 0.2940 nm). The presence of sharp peaks for NR in-
dicates that the films have good crystallinity. The diffraction peaks (002) and (101) were significantly ampli-
fied, indicating that the deposited film is highly oriented relative to the substrate surface.

Figure 2 shows the results of a study of the surface morphology of TiO, nanostructured films.

l‘:'\[.ll] M |

Figure 2. SEM images of TiO, nanostructured films

Figure 2a shows that the presented NP TiO, film has a clearly defined granular structure. The average
particle diameter is 25 nm. Figure 25 shows that as a result of hydrothermal synthesis, nanorods made of ti-
tanium dioxide are formed on the surface of the FTO glass, located perpendicular to the substrate plane. The
average diameter of the nanorods is 100-120 nm, and the length is 4.1 microns. Figure 2¢ shows that as a
result of careful control of external conditions, films were obtained from tightly packed cylindrical geometri-
cally anisotropic titanium dioxide fragments located perpendicular to the foil plane. The porous structure of
the film and the size of individual channels, which are about 90 nm, are clearly visible. It is shown that the
surface of TiO, films is low-defect, and they themselves have a clearly marked channel along their entire
length. The thickness of all titanium dioxide nanostructures was selected so that their thickness was about
~4 microns. The thickness of the film from NP was controlled using tape (thickness of 1 layer ~2 microns), if
necessary, the number of layers applied was repeated. The film thickness of NR TiO, was controlled by the
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temperature and duration of hydrothermal synthesis, and NT TiO, by the time (4 hours) and the voltage

(40 V) of anodizing. The active area of all samples was 1 cm”’.

The textural characteristics of TiO, nanostructures were calculated based on nitrogen adsorption and
desorption isotherms at a temperature of 77 K. To obtain the adsorption-desorption curve, a powder from NP
Ti0O, was used, and for NT and NR, the films were mechanically separated from the base. The isotherms are

shown in Figure 3a.
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Figure 3. Adsorption-desorption isotherms and pore size distribution of TiO, nanostructures

From the presented data, it can be seen that the nitrogen adsorption-desorption isotherms for all samples
have the same appearance, except for the volume of adsorbed nitrogen. At low relative pressures (P/Py less
than 0.1), an increase in nitrogen adsorption is observed on the isotherms, which indicates the presence of
micropores. With an increase in the relative partial pressure for samples of NP and NT TiO,, the volume of
adsorbed nitrogen increases, and an increase in the relative pressure range from 0.45 to 0.99 indicates the
presence of a mesoporous (2—50 nm) structure. For NR TiO,, the isotherm is characterized by a decrease in
the amount of adsorbate with an increase in P/P,, as well as negative values of this value. With repeated
measurements and an increase in the weight of the hitch does not lead to changes in the isotherm. Experi-
ments were carried out when the weight of the hitch was comparable to the weight of the hitch NT. Further
increase in the weight of the hitch for samples from the NR was not possible, since its separation from the
surface of the substrate was difficult, the output was minimal. This may indicate a low surface of the test
sample (<1 m*/g). In accordance with the IUPAC nomenclature, the obtained isotherms belong to type IV
isotherms with a hysteresis loop, reflecting the process of capillary condensation in mesopores. The volume
of mesopores was calculated using the Barrett-Joyner—Halenda method and the pore size distribution was
obtained (Fig. 3b) for NP and NT. For NR films, calculations were not performed using this method. From
the pore distribution curve for the NP film, one peak can be distinguished in the region of the pore diameter
of 10 nm. For films made of NT TiO,, two peaks can be identified in the region of the pore diameter of 10
and 55 nm. Pores with a diameter of less than 10 nm are probably located on the inner or outer surface of the
walls of TiO, nanotubes. It should be noted that the samples also show the presence of macropores. The val-
ue of the surface area for films made of NR TiO, was estimated by the number of adsorbed molecules of the
methylene blue dye (Smorecue=130 Az) on its surface. The results of the research are presented in Table 1.

Table 1

Textural characteristics of TiO, nanostructures

Sample Surface area Pore volume, cm’/g
NP TiO, 73.218 m’/g 0.306 cm’/g
NR TiO, 62 cm”/ cm” -

NT TiO, 19.437 m’/g 0.122 cm’/g

From the presented data, it can be seen that the specific surface area of NP TiO, is 4 times higher than
NT TiO..
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Electric transport properties of nanostructured films were studied by measuring the electrical imped-
ance. Figure 4 shows the impedance hodographs in Nyquist coordinates for NP, NR, and NT TiO,.
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Figure 4. Impedance spectrum of titanium dioxide nanostructures

The values of the chain elements obtained in the framework of the model used are shown in Table 2.
One of the important parameters that can be determined from the measurement of the solar cell impedance is
the lifetime of charge carriers in a semiconductor film (t). Since the impedance measurements were made
when the film was illuminated, it can be concluded that T characterizes the lifetime of photoelectrons. The
calculations were performed using the methods described in [14, 15].

The effective electron diffusion coefficient Dy, the effective recombination rate k., the effective
electron lifetime T, the resistance to electron transport in R, titanium dioxide films, and the charge transfer
resistance Ry associated with electron recombination were calculated from the central arc of the impedance
spectra. The results are presented in Table 2.

Table 2
Electric transport parameters of solar cells based on TiO, nanostructures
Sample Desr, cm?/c! Kesr, ¢! Teffs C Ry. Ohm R,,, Ohm Con, Ohm-cm ¢! L, mkm
NP TiO, 6.7-10° 16 0.062 33015 11.9 206 3.9
NT TiO, 2.3-10° 12 0.083 13952 12.0 68 4.1
NR TiO, 3.6:10" 9.6 0.104 8480 36.0 32.5 4.0

The recombination rate (k.g) is directly proportional to the electron density in the trap state and the re-
combination rate constant ¢ of the traps. In NP films, its value is 16, and for NR it is 9.6, which may indicate
that the density of electrons in the trap states is less in NR. The lifetime of the T electrons in the NP is low-
er than in films made of NT and NR. This may be due to the rapid recombination of electrons and holes. The
resistance to electronic transport in TiO, (R,) for NP films is higher than in NR and NT.

Based on this we can draw the following conclusion: High resistance in the films of NP is connected
with the unformed relations between the nanoparticles. Unformed bonds lead to an increase in surface de-
fects through which recombination occurs. The use of nanostructures with one-dimensional electron
transport reduces the resistance and speed of recombination processes. Despite the low specific surface area
of NR and NT than NP, they can be promising materials for photocatalysis. The photocatalytic properties of
films are shown in the Figure 5 below.
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Figure 5. Photocatalytic properties of titanium dioxide nanostructures

Figure 5a shows the photo-feedback of titanium dioxide nanostructures when irradiated by an electro-
magnetic wave and its absence. All samples show fairly good stability. It should be noted that with an identi-
cal area and comparably the same thickness of films, the photocurrent for NR is 3 times higher than for NT,
and 5 times higher than for NP titanium dioxide. At the same time, the value of the active surface area (Ta-
ble 1) is much lower for NR than for NP and NT. Given the above, we can conclude that the formation of
photocurrent is associated with one-dimensional electron transport along the surface of the nanorods. NT
titanium dioxide has a one-dimensional electron transport and a high specific surface area. The low value of
the photocurrent can be associated with a number of circumstances: when forming NT, titanium foil is used,
which has foreign impurities, such as Al, Zn, F, etc., which is simply impossible to exclude; during electro-
chemical anodizing, hydrolysis products, TiFs, can be formed on the surface of nanotubes; during heat treat-
ment of NT samples, an additional oxide layer or barrier may occur due to partial peeling of the oxide layer
between the NT and the titanium foil. The low value of the photocurrent for NP can be associated with un-
formed bonds between nanoparticles, which leads to rapid recombination of electrons and holes, as evi-
denced by the results of the study by impedance spectroscopy. The photocatalytic activity of nanostructures
in the MB dye degradation reaction was studied (see Fig. 5b). When irradiated with a xenon lamp MB ye, its
concentration changed slightly. When irradiated for 4.5 hours in the presence of titanium dioxide films, its
concentration decreased linearly, which indicates its degradation. The results obtained show that the best
photocatalytic activity is the film from NR. Degradation to 95 % is achieved in 270 min., and for NT and NP
this time is much higher. It should be noted that this work was done solely to compare the photocatalytic ac-
tivity of titanium dioxide nanostructures with each other. Since the obtained results on the degradation of the
dye do not correspond to the values given in similar scientific papers published in journals. First of all, this is
due to the radiation source used. Usually, xenon lamps with a power of 100mW/cm?” or 300 W are used in the
works. In this work, 45 mw/cm’.

Figure 5¢ shows a cell in which photocatalytic water splitting occurs. The cell material is quartz
(Minihua Store). The opposite electrode is platinum. Separation of solutions was performed using a Nafion
filter. Titanium dioxide nanostructures were used as the working electrode. Both sides of the cell were pre-
purged with a stream of argon gas. Then, when irradiated, the sample was sampled and identified using an
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Agilent gas chromatograph. Figure 5d shows that when using films from NR, hydrogen generation is higher
than for films from NT and NP.

Conclusions

Films were synthesized from NP, NR and NT of titanium dioxide with a thickness of 3.9, 4.0 and 4.1
microns, with an area of 2 cm”. The textural characteristics of films are studied. The obtained isotherms be-
long to type IV isotherms with a hysteresis loop, reflecting the process of capillary condensation in
mesopores. The volume of mesopores was calculated using the Barrett—-Joyner—Halenda method and the pore
size distribution was obtained. For NP films, the specific surface area was 73.218 m*/g, and for NR and NT,
62 cm*/cm” and 19.437 m?/g, respectively. The diffraction peaks for NP and NT TiO, films are identical and
correspond to the tetragonal phase of anatase, for NR films, with the tetragonal phase of rutile. Electric
transport properties of nanostructured films were studied by measuring the electrical impedance. From the
central arc of the impedance spectra were computed effective diffusion coefficient D.; of electrons, the
effective recombination rate k., the effective lifetime 1. of the electron, the resistance of electron transport
in films of titanium dioxide Ry, resistance of charge transfer Ry associated with the recombination of an
electron. High resistance in the films of NP is connected with the unformed bonds between nanoparticles.
Unformed relations lead to the increase of surface defects, which occur through recombination. The use of
nanostructures with one-dimensional electron transport reduces the resistance and speed of recombination
processes. Despite the low specific surface area of NR and NT than NP, they can be promising materials for
photocatalysis. The photocurrent for RS is 3 times higher than for NT, and 5 times higher than for NP of ti-
tanium dioxide. The photocatalytic activity of nanostructures in the MB dye degradation reaction was inves-
tigated. When the dye was irradiated for 4.5 hours in the presence of titanium dioxide films, its concentration
decreased linearly, which indicated its degradation. The results obtained show that the best photocatalytic
activity is the film from NR. Degradation to 95 % is achieved in 270 min., and for NT and NP this time is
much higher. When splitting water molecules into hydrogen gas and oxygen, it was found that when using
films from NR, its release occurs significantly more than in NP and NT.
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T.M. Cepuxon

TuTaH THOKCHII HAHOKYPBLJIBIMIAPBIHBIH JJIEKTPJIK TachbIMaIAay
KACHeTTePiHiH 0J1apAbIH (POTOKATAINTHKAJBIK OeJsiceHaiirine acepi

OpTypni omicTepai KOMaHa OTBIPHIN, ayJaHbl 2 CM’, ail KaTbIHABIKTApsl 3,9, 4,0 xoHe 4,1 MKM GOnaThiH
HaHOO®IIIIEKTeP/IeH, HAHOTYTIKIIEIEPACH KOHE HAHOO3EKIIEIEePAEH TYPaThlH KaObIpIIAKTap CHHTE3MCIII.
HanokypsutsiMaap peHtresgi-asaiblk aHain3, cKaHepieyli aekTporasl mukpockonusi, BT (Bpynayap,
Ommert xaHe Teitnop), BAX (baperr—/[xoiinep—Xanenn) aaicTepinin kemeriMeH cunarranisl. KaOsipiak-
TapABIH JJICKTP TachIMalgay KacHeTTepi MMIICIAHCTHI CIIEKTPOCKONMS dIiciMEH 3epTTenreH. YJITLIepHiH
(oTOKaTAINTHKANBIK OEJICEHUIrT KCEHOH JIaMIACBIHBIH >KapBIKTAHABIPYBl Ke3iHIe METHJIEH KeTrulmip
GOSFBILIBIHBIH JCrpafalysichl xkoHe (OTOTOKTHI TipKey apKbUIbl OaranaHIbl. Bipiik yakpITTa IIbIFapbUIFaH
CYTCTiHIH KOHIICHTPALMSACHl IUIATHHA OICKTPOABIHBIH, apHaibl KBApPUTHIK KIOBETACHIHBIH JKOHE ra3
XpoMaTorpadUsAChIHBIH KOMETriMeH aHbIKTalFaH. bBeTTik KacuerTepiH 3eprrey OapbIChIHIA allbIHFaH
n3orepmanap IV Tumine »kaTaipl jKOHE Me30MOpiapia KamuULIpJbIK KOHASHCALWs MPOLECIHIH OTeTiHiH
kepceteni. TUTaH AMOKCHIIHIH HAHOOOIIICKTEpI MEH HAHOTYTIKIICTCPiHiH MUQPAKIHUSIBIK IBIHIAPbI
Oipreit JkoHe aHaTa3[blH TETparoHalbAbl (pa3acblHA, HAHOO3EKIIEeNepaiH KaObIpLIaKTapbl PYyTHIAIH
TeTparoHanb/bl (hazackiHa caiikec keneai. KaObIpirakTapabiH 371eKTPIIiK KaCHETTEPiH 3epTTey Ke3iHae TUTaH
JUOKCUAIHIH HaHOOedmekTepi KaOBIPIIAKTaphIHBIH HAHOOOJIICKTEp apachlHAa e3apa Ty3UIMEreH
GaiiimaHpIcTapFa OalIaHBICTBI JKOFApbl AJICKTP KeIeprire Me eKCeHAIN aHbIKTAIbl. BeTTik ayqaHsl TOMEH
OosrraHbIHA KapamacTaH, THUTAaH IHOKCHJI HaHOO3EKIIelepi HAHOTYTIKIIeNep MeH HaHOOeIIeKTepre
KaparaHJa >KOrapbl (DOTOKAaTaINTHKANIBIK OEICEHAITIK KOPCETTi. AJIBIHFAH HOTHXKENEp (OTOTOKTHI OIIIEY,
OOSFBILITHIH bIIBIPAYHI KOHE Cy MOJICKYJIaIapbIHBIH CYTET] I'a3bl MEH OTTEriHe OeJIiHyl apKbUIbl PACTaJFaH.

Kinm ce30ep: HaHOOeNIIEKTep, HAHOTYTIKLIETEp, HaHOO3eKUIenep, TUTaH auokcudi, BIT, amektp
TackIMaiiay KacHeTTepi, POoTOKaTaInTUKAIIBIK OSICeHALTIK, CyTeri.

T.M. Cepuxon

Biusinue 371eKTPOTPAHCHOPTHBIX CBOMCTB HAHOCTPYKTYP AMOKCUAA TUTAHA
HA UX (POTOKATAIMNTHYECKYIO AKTUBHOCTh

PaznmuunbiME MeTOJaMU OBUTH TMOJIyYCHBI TUICHKH, 0Opa30BaHHBIC HAHOYACTHIIAMH, HAHOCTCPXKHSAMH H Ha-
HOTpyOKaMH AMOKCHIA THTaHa, ToamuHou 3,9; 4,0 u 4,1 MKM, COOTBETCTBEHHO, C ILIOLIAbI0 2 cm?. Haxo-
CTPYKTYpBI OBUTH OXapaKTepHu30BaHbl METOAOM PEHTTeHO()A30BOr0 aHaIN3a, CKAHUPYIOLIMM JJICKTPOHHBIM
Mmukpockonom, merogamu bOT (Bpynaysp, Ommer u Teitnop) u BXXX (baperr—/xoitnep—Xanenn). Dnek-
TPOTPaHCIOPTHBIE CBOMCTBA IJIEHOK HUCCIIE0BAaHbI METOAOM MMITEIAHCHOH crekTpockonuu. PoToKaTaauTh-
YECKYyI0 aKTHBHOCTH 00pa3LOB OLECHHUBAIU 10 (OTOTOKY M JETpajallii KPacHTesl METUICHOBOTO roiyboro
MIPH OCBEUICHUSIX CBETOM KCEHOHOBOM JIaMIibl. KOHIIEHTpAIMIO BBIACISIEMOr0 BOJIOPO/a B SIIUHHILY BPEMEHHU
OTIPEIEIISUTA METOZOM T'a30BOM XpoMaTorpapuu B CTAHIAPTHOW KBApICBOIl KIOBETE C MCIOJB30BAHUECM ILIa-
THHOBOTO 3JIeKTpoa. VccnenoBaHus TEKCTYPHBIX XapaKTEPUCTHK MOKA3aJIM, YTO MOTYYCHHBIC U30TEPMBI OT-
HOCATCS K M30TepMaM ThIia [V ¢ meTinei ructepesuca, oTpaxas Mporece KammuIIPHOH KOHICHCAINH B ME30-
nopax. ndpakunoHHbIe MHKH I MJICHOK HAaHOYACTHIl U HAHOTPYOOK AMOKCHIA TUTaHA UICHTHYHBI H CO-
OTBETCTBYIOT TeTparoHaubHOU (ase aHartasa, ISl IICHOK M3 HAHOCTEpP)KHEH — TeTparoHajIbHOH (asze pyTu-
na. [Ipu nuccienoBaHNU AICKTPOTPAHCIIOPTHBIX CBOWCTB IUICHOK OBLIO YCTAHOBJICHO, YTO IUICHKH M3 HAHOYa-
CTHUI[ IMOKCHA THTaHa 00JafaloT GoJice BHICOKMM CONPOTHUBICHUEM, CB3aHHBIM C HE(OPMOBAaHHBIMHU CBS-
35IMH MEXIy HaHOYacTHIAMH. HecMOTpst Ha HU3KYIO YACIBHYIO ITOBEPXHOCTh, HAHOCTEPKHU JTUOKCUIA TH-
TaHa IEMOHCTPHUPOBAIN 00JIee BBICOKYIO (DOTOKATATUTHYCCKYIO aKTHBHOCTh, YeM HAHOTPYOKH W HaHOYACTH-
bl [TonydeHHBIC pe3ynbTaThl MOATBEPKAAIOTCS U3MEPCHUAMHU (POTOTOKA, Pa3I0KEHUEM KPacUTEIsl H pac-
MIEIUICHUEM MOJICKYIT BOJIBI Ha Ta3000pa3HbIi BOJOPOI U KHUCIOPOI.
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Kniouesvie cnosa: HaHOYACTUIIBI, HAHOTPYOKH, HAHOCTEP KHH, AUOKCU] TUTaHa, BOT, sanekTpoTpaHcopTHBIE
CBOWCTBA, (pOTOKATAIUTHYECKAsS AKTHBHOCTb, BOJOPO/I.
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Phase composition and morphology of nanostructured coatings deposited
by laser dispersion of a mixture of polyethylene with iron oxalate

Peculiarities of forming of iron oxide coatings with reinforced carbon nanostructures from gas phase generat-
ed by laser dispersion of composite target were explored. Influence of technological modes of heat treatment
on morphology and phase composition of nanostructured film layers was determined. It was found that on a
substrate highly dispersed layers containing carbon nanostructures are formed. Using Raman spectroscopy it
was shown that in oxide matrix carbon structures, which are mainly in the form of planar located nanotubes,
appear. It was found that with a mass ratio of polyethylene and iron oxalate equal to 1:1, the distribution of
the formed nanostructures in size is unimodal with a maximum near 20 nm. At dispersing of polyethylene and
iron oxalate mixture with mass ratio 1:2 in deposited layers nanotubes have the least defectiveness. Patterns
of influence on morphology and coatings phase composition of relative component abundance in being dis-
persed by laser radiation composite target were determined. It was shown that with the growing of iron oxa-
late concentration in the target coating structural heterogeneity increases, subroughness and average size of
separate nanostructures in the deposited condensate grow. The obtained polymer matrix nanocomposite films
can be used in sensors.

Keywords: polyethylene, oxalate mixture, coating, nanostructures, morphology, phase composition, Raman
spectroscopy.

Introduction

One of the promising ways to increase mechanical, thermophysical properties of thin coatings is to rein-
force them with nanosized structures, in particular, carbon nanotubes, fullerenes [1-3]. Reinforcement of
coatings with carbon nanostructures (nanocrystalline graphite, carbon nanotubes etc) due to their high me-
chanical properties will allow increasing strength and plasticity of such coatings with simultaneous preserva-
tion of high hardness. At the same time, the implementation of such technological technique, as a rule, in-
volves complex, sequentially conducted operations and hence the development of methods for vacuum syn-
thesis of such heterogeneous structures carried out in a single technological cycle with the possibility of
controllincg the degree of reinforcement, morphology, and phase composition becomes relevant.

It is known that one of the effective methods of nanotubes synthesis is their formation from carbon gas-
es at high enough temperature in the presence of catalysts, for which compounds, as a rule, oxides of transi-
tion metals are used [4]. It should be noted that layer deposition of metal oxide is of special interest and im-
plementation of conditions, under which oxides being deposited on the surface as coatings catalyze processes
of carbon nanotubes increase being formed in the volume of oxide have scientific and practical interest.

The study considers formation peculiarities of iron oxide coatings with reinforced carbon nanostruc-
tures from gas phase generated by laser dispersion of composite target and determines influence of techno-
logical modes of heat treatment on morphology and phase composition of nanostructured film layers.

Samples and research methods

Nanostructred coatings using iron oxide were obtained by laser dispersion of composite target based on
polyethylene and iron oxalate, preheated to the temperature 330 °C. The target was prepared by polyethylene
powder (PP) and iron oxalate (FeC,0,2H,0) mixing with various mass ratio 1:1, 1:2, 1:3. The received
powders mixture was placed into crucible on the heating panel. When the pressure in the vacuum chamber
was ~ 4-107° Pa the power of the heating panel turned on providing the target heating up to 330 °C. Laser
L-2137U+HG-5 was used as a source of laser radiation, which enables to carry out wavelength agility of la-
ser radiation within the interval from infra-red (1064 nm) to ultraviolet range (355, 266 nm). Frequency of
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impulse rate was 10 Hz, the duration of pumping impulse in Q-switched mode was 6 ns. The laser spot di-
ameter made 7 mm. Radiation with wavelength of A =532 nm was used in the study. Pulse energy corre-
sponded to 380 mJ.

The source of laser radiation switched on only after the formation of homogenous melt in the crucible.
The impact of laser radiation with melt was accompanied by intensive gas phase generation. The crucible
heating wasn’t turned off within the whole period of laser dispersion. The substrate temperature was 350 °C
that was considerably lower than the temperature of the synthesis of carbon nanostructures from the carbons
on the surface of the catalyst which makes 500—700 °C [1-4].

Experimental results and their discussion

Patterns of influence on morphology and coatings phase composition of relative component abundance
in being dispersed by laser radiation composite target were determined. It was shown that with the growing
of iron oxalate concentration in the target coating structural heterogeneity increases, subroughness and aver-
age size of separate nanostructures in the deposited condensate grow (Fig. 1, Table 1).
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Figure 1. AFM images of deposited metal carbon films of the condensate with mass ratio (1:1, 1:2 and 1:3) of the target
components (PE+Fe)
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Table 1

Influence of mass ratio of the target (PE+Fe) on morphological peculiarities
of deposited metal-carbon condensate

Coating Mass ratio Medium height, nm R, nm Grain density, pc. Average. diameter
of grains, nm
1:1 59.3/139.4 11.0/22.6 246/94 50/91
PE+Fe 1:2 84.0/64.6 14.9/15.3 255/138 70/112
1:3 98.5/39.2 18.6/6.5 244/85 77/52

Note. Without thermal annealing/thermal annealing.

Particles on the surface contain intermediate compounds of molecule decomposition of iron oxalate and
their size increase can be explained by their more intensive dissociation with phase formation of various
compositions. Besides, it must be taken into consideration that laser dispersion is conducted in the preheated
to 330 °C mixture of polyethylene and iron oxalate. According to [5] iron oxalate hydrant loses crystalliza-
tion water in the vacuum at 142 °C. At further heating to 400—500 °C due to laser treatment, decomposition
products consist of iron oxide Fe;O4 or FeO, containing pure iron. As on the figures of phase contrast (Fig. 1)
structural heterogeneity is darker, they can be interpreted as objects with lower hardness consisting of iron
mainly.

It was found that with a mass ratio of polyethylene and iron oxalate equal to 1:1 the distribution of the
formed nanostructures N in size (radius Ry) is unimodal with a maximum near 20 nm (Fig. 2). With the fur-
ther increase in the content of iron oxalate (1:2, 1:3) the radius distribution of the formed nanostructures
shifts towards large particles and with high iron oxalate content in the target becomes unimodal, local maxi-
ma appear in the range from 30 to 50 nm, indicating more intensive emission of nanophase iron.
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Figure 2. Distribution histogram of the forming nanostructures N in their radius size Ry
with mass ratio (1:1, 1:2 and 1:3) of the target components (PE+Fe)
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Heat treatment of coatings during an hour in air at a temperature of 500 °C, in case of mass ratio poly-
ethylene-iron oxalate 1:1 and 1:2, leads to the density reduction of structural formations and their size Ry
increase (Fig. 3, 4 and Table 1). The process is considerably stemmed from the occurrence of coalescence
and partial oxidation of pure iron particles. At the same time in case of dispersion of the target with high con-
tent of iron oxalate (1:3) the distribution of the particles in size transforms from unimodal into exponential.
Their size decrease is observed which is probably related with the intensive occurrence of iron oxidation.
The conclusion is supported by significant (more than 3 times) decrease of particles density (Table 1).
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Figure 3. AFM images of deposited metal carbon films of the condensate after the thermal annealing
at a temperature of 500 °C with mass ratio (1:1, 1:2 and 1:3) of the target components (PE+Fe)

On Figure 5 Raman spectra of nanostructured layers deposited by laser dispersion of the target with var-
ious content are shown. According to [6—10] spectra of such form are typical for carbon nanomaterials. It is
known that vibration band (G-peak) at 1575 cm™' is determined by stretching vibration mode E,, of graphite
lattice of infinite crystal [11]. The mode at 1355 cm™ (D-peak) Raman spectrum corresponds to A, mode,
radial modes of hexagonal rings (often called «breathing» mode) [12]. D-peak occurs as a result of a binary
resonant process [13] and appears if there are defects of structured carbon [14] and evidently marked bound-
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aries of nanocrystalline areas, it is typical for various carbon nanostructures (single-walled and multi-walled
nanotubes, fullerenes, graphenes etc.) [15].

It should be mentioned that the band, determined by symmetric modes of C—H bonds in CH, and
asymmetric ones in CH; [7], is also registered in the interval between 28003000 cm™. C—H bonds in the
coating result from the dispersion of polyethylene and adsorption of volatile products on the substrate sur-
face.
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Figure 4. Distribution histogram of the forming nanostructures N in their radius size Ry after the thermal annealing
at a temperature of 500 °C with mass ratio (1:1, 1:2 and 1:3) of the target components (PE+Fe)

The presented Raman spectra clearly indicate that resulting from laser dispersion of a mixture of poly-
ethylene with iron oxalate in the volume of the layer, carbon nanostructures such as fullerenes, nanotubes
and probably multi-walled nanotubes (MWNT) are formed. Except E,, and A, the occurrence of radial
modes near 200 cm™ [16] and G’-peak in the range of 2450-2650 cm™ [17] is characteristic of single-walled
nanotubes. Spectra do not allow identifying them clearly as they have only E,, and A, modes which are typ-
ical for carbon coatings and materials. Aiming at analysis of dispersion influence on the content of carbon
formations, the obtained Raman spectra were arranged according to Gaussian elimination on D- (~ 1350 cm™)
and G-peaks (~ 1580 cm™). Besides, base on requirements of error minimization, at decomposition extra D1-
peak near 1500 cm™ (Fig. 5), associated with defective packaging and fullerenes and graphene clusters [8]
was added.

The intensity ratio of I and Ip, is usually used to determine defect rates of structures [7, 10]. For exam-
ple, if I is higher than I, this points to the failure of long-range crystalline and disordered areas. Such effect
can be observed not only in nanotubes with a large number of defects, but also can appear due to metal impu-
rities in amorphous carbon particles, short carbon fiber and simply due to layers of amorphous carbon on
external surfaces of nanotubes [7].

Among examined testing samples layers deposited by dispersion of polyethylene with iron oxalate mix-
ture with mass ratio 1:2, are characterized by the minimum value of Ip/Ig ratio (Table 2) which combined
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with the smallest width of Dl-peak indicates minimum content of nanostructures defects. G-peak
discomposition to 1600 cm™ also demonstrates disorderliness of crystalline lattice of graphite [9]. Besides,
indicated samples are characterized by great D-peak width value showing high content of nanoclusters of
sp>-hybridized carbon [18].
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Figure 5. Typical Raman spectrum for nanostructured coatings deposited
by laser dispersion of a mixture of polyethylene with iron oxalate

At the same time D1-peak shifting to 1520 cm™ is typical for samples deposited by dispersion of poly-
ethylene with iron oxalate mixture with mass ratio 1:3, which combined with Ip/Is increase, the decrease of
the size of graphene clusters can be explained [8], since under [11] Ip/Igis in inverse proportion to the size of
carbon clusters. Nanostructures (nanotubes, fullerenes or graphene fragment) in condensate deposited by la-
ser dispersion of polyethylene with iron oxalate are indirectly confirmed by Raman spectrum of carbon coat-
ings (Table 2) deposited by laser dispersion of graphite.

Table 2
Phase composition of nanostructured coatings
Mass ratio D-peak D1-peak G-peak LI
PE+Fe Position, cm’! Width, cm’! Position, cm’! Width, cm’! Position, cm’! Width, cm’ pra
VII 1430 245 — — 1562 200 0,46
1:1 1330 138 1479 222 1599 90 0,54
1:2 1348 180 1480 105 1590 97 0,60
1:3 1348 148 1520 149 1602 88 1,01

Firstly, D-peak of carbon coatings is near 1430 cm', and D-peak of nanostructured carbon layers is near
1350 cm™. Such displacement is caused by structure disorder to a greater degree that is evident as carbon
coatings are an amorphous carbon matrix [19]. Secondly, Raman spectra decomposition of carbon coatings
excludes variants of peak arrangement near 1500 cm™, related to defective packaging and graphene clusters.

After condensate heat treatment deposited by laser dispersion of polyethylene with iron oxalate due to
the occurrence of processes of coalescence on Raman spectrum peaks appear near 220 cm™, 280 cm™,
392 cm™, 601 cm™, corresponding to a-Fe and iron carbide [20], and also the peak near 650 cm™, caused by
Fe;0,4 can be seen [21]. Peaks occurrence near 520 cm™ and 960 cm™, relating with polycrystalline silicon
[22], is explained by lack of coating density. After heat treatment the peak near 2800-3000 cm™, as well as
D- and G- peaks disappear caused by destruction of C—N bonds and carbon oxidation in the air.

Conclusion

It was shown that upon laser dispersion of a composite target based on polyethylene and iron oxalate,
preheated to a temperature of 330 °C, coatings consisting of iron and its oxides and reinforced with carbon
nanostructures are deposited. It was found that with a mass ratio of polyethylene and iron oxalate equal to
1:1, the distribution of the formed nanostructures in size (radius) is unimodal with a maximum near 20 nm.
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With a further increase in the content of iron oxalate (1: 2, 1:3), the radius distribution of the formed
nanostructures becomes multimodal, local maxima appear in the range from 30 to 50 nm. During heat treat-
ment of coatings in air at a temperature of 500 °C, the density of structural formations decreases and their
size increases which is explained by the occurrence of processes of coalescence and partial oxidation of pure
iron particles. Using Raman spectroscopy it was found that carbon nanostructures formed in the coating vol-
ume are highly defective and the phase composition depends on the content of polyethylene in the target.
The obtained polymer matrix nanocomposite films can be used in sensors [23, 24].

The study was supported by the Ministry of Education of the Republic of Belarus (task 2.64), as well as
by the Ministry of Science and Higher Education of Russian Federation (project No. 0706—-2020—-0022).
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A.C. PyaenkoB, M.A. fpmosnienko, A.A. Porayes,
A.Il. Cypxuxkos, A.Il. Jlyunukos, O.A. ®ponosa

I[onu3TUIIEHHIH TeMip OKcaTaThIMEH KOCNACHIH JIa3epJliK qucneprupJey
apKbLIbl TYHABIPbLIATHIH HAHOKYPBLIBIM/IBI Ka0bIHAAPABIH (pa3aibIK
Kypambl MeH MOP(}010rusichbl

KoMIo3nTTik HBICAHHBIH JIa3epIliK JUCIIEPCUICH HOTIKEeCiHIe Maiifa 6oaThH ra3 (a3acklHaH KYNISHTiNreH
KOMIPTEKTi HAHOKYPBUIBIMIAPH! 0ap TeMip OKCHII >kaOBIHIapBIHBIH KAIBIITACY €PEeKIIENiKTepl 3epTTeNreH.
TepMUANBIK  OHJCYAIH TEXHOJNOTHSUIBIK PEXHUMICPIHIH HAHOKYPBUIBIMIBI IUICHKA KaOaTTapbIHBIH
Mopdosorusicel MeH (a3ajblK KypaMblHa Scepi HaKThUIaHFaH. TeceHilTe KoMipTeri HaHOKYPbUIbIMIAph 6ap
JKOFaphl JAUCIIepCTi KabaTTap maiifa GONATHIHABIFGI J9JICICHIeH. PaMaH CIIeKTPOCKOMMUSICHI 9[iCIMEH OKCHI
MaTpUIAChIHA KOMIPTEKTi KYpbUIBIMAAp Maiifa OONaThIHABIFBI KOPCETUIIl, OJap HEri3iHeH IKaimak
OpHaJIACKaH HAHOTYTIKLIEJEp TYPiHAE YCbIHbUIFaH. I0JIMATHIEH MEH TeMip OKcanaTbiHbIH 1: 1 Maccaiblk
KaThIHACBIH/A KAJIBIITACKAH HAHOKYPBUIBIMIAPIBIH MeJIiepi GoiibiHIa Tapanysl mramameH 20 HM GoJiaThiH
YHUMOJAJIBJIBI €KeHIT aHBIKTaIABL 1: 2 MaccaiblK KaThIHAchl 0ap MONMATHIEH MEH TeMip OKCaJIaTHIHBIH
KOCTIachIH JUCIIepCHUsUIaraH Ke3Jle, HaHOTYTIKIIenep OanKbIThUIFaH KabaTTap/a eH a3 akaylapra ue OOJabl.
Jlazepimik  coyneNeHYHIH  KOMIIO3MIUSUIBIK — HBICAHBIH  JHUCIIEPCHsUIay  Ke3iHAe  KOMIIOHEHTTEpHiH
CaJIBICTBIPMAIBl KYPaMbl »Ka0bIHAApIbIH MOP(OIOTHACH MeH (a3anblK KypaMblHA 9CEp €Ty 3aH/bUIBIKTaphI
aHbIKTaJFaH. MakcaTThl kaObIHIAFbl TEMIp OKCaJaThIHBIH KOHLCHTPALMSCBHIHBIH KOFapbUIaybIMEH
KYPBUIBIMIIBIK TE€TEPOTeHALTIK XKOFapbUIaiiapl, ilIKi Kemip-OyabIp kKoHe OocaTbUIFaH KOHACHCATTaFbl JKEKe
HAHOKYPBUIBIMAAPABIH OpTallla MeJIepi apTagsl. AJBIHFAH HOJMMEPJi MaTpUIAChl 0ap HAaHOKOMIIO3HTTL
IUICHKAIap bl CeHCOpIIapaa Konganyra 00Tambl.

Kinm co30ep: monuaTHIIEH, TEMIp OKcaJat, kaObIH, HAHOKYPBUIBIMIApP, MOP(HOI0oTHs, (a3anblk KypaMm, paMaH
CIIEKTPOCKOIHSCHI.

A.C. PynenkoB, M.A. SIpmonenko, A.A. Poraues,
A.IIL. Cypxwuxkos, A.Il. Jlyunukos, O.A. ®ponosa

®Da30BbIH COCTAB U MOP(OJIOrus HAHOCTPYKTYPUPOBAHHBIX NOKPBLITHH,
0CaKIAEMBbIX JIA3€PHBIM IMCIIEPrHPOBAHHEM CMECH MOJMITHIICHA
C OKCAJIATOM KeJie3a

HccnenoBanbl 0cOOEHHOCTH (POPMHUPOBAHUS MOKPBHITUH OKCHZAA XKeJie3a ¢ apMHPOBAHHBIMHU YIIIEPOIHBIMU
HAHOCTPYKTYPaMH M3 ra30Bod (ha3bl, FeHepUPYEeMOil J1a3epHbIM JUCIEPIUPOBAHIEM KOMIO3UTHOW MHILICHH.
OrmnpezeneHo BIHSHIE TEXHOJIOTHUECKUX PEKUMOB TepMOooOpaboTki Ha MOp(doJioruio 1 (a3oBblii COCTaB Ha-
HOCTPYKTYPHPOBAHHBIX IUICHOYHEIX c10eB. OOHapyKEeHO, 4TO Ha MOIJI0KKE (POPMHUPYIOTCSI BEICOKOAUCIIEPC-
HBIE CJIOH, COJIeprKaIliie YIIIEPOJHbIE HAHOCTPYKTYPEL. MeToIOM paMaHOBCKOW CHEKTPOCKONUH OBLIO ITOKa-
3aHO, YTO B OKCH/HOI MaTpHIle BO3HHKAIOT YIJIEPOJHbEIE CTPYKTYPHI, KOTOPbIE B OCHOBHOM IIPEICTaBICHHI B
BHUJIC IIJIOCKOPACIHOIOKEHHBIX HAHOTPYOOK. Y CTaHOBJIEHO, YTO MPH MAaCCOBOM COOTHOIICHUH MOJIMATHIICHA 1
okcayara xenesa 1: 1 pacnpeneneHue chOpMUPOBAHHBIX HAHOCTPYKTYP MO pa3MepaM SIBISETCS YHUMOAAIb-
HBIM C MaKCUMyMOM oKou1o 20 HM. IIpu nucrneprupoBaHuM cMeCH IOJIMATHICHA M OKCallaTa jKelle3a C Macco-
BBIM COOTHOLICHHEM 1: 2 B HAIIABJICHHBIX CJIOSIX HAHOTPYOKM MMEIOT HaMMeHbINYI0 nedekTHocTh. Onperne-
JICHBbI 3aKOHOMEPHOCTH BIIMSAHUS Ha MOPGOJIOTHIO U (a30Bblii COCTAB HOKPHITHH OTHOCHUTEIIBHOTO COJepxka-
HMSI KOMIIOHEHTOB IIPU JIMCIIEPIUPOBAaHMN KOMIIO3UTHOW MHILEHH Ja3epHOro uanydeHus. ITokaszaHo, uTo ¢
YBEIMYEHHEM KOHIEHTPAIMU OKcajlaTa jKelle3a B LIEJIEBOM ITOKPHITHU HOBBIIAIOTCS CTPYKTYpHAs HEOJHO-
POIHOCTD, BHYTPEHHSIS [IEPOXOBATOCTh M CPEAHHUN pa3Mep OTACNIBHBIX HAHOCTPYKTYP B BBINABIIEM KOHJICH-
care. [lomydeHHBIC HAHOKOMITO3UTHBIE IIEHKH C ITOJMMEPHOH MaTpHUIEH MOTYT OBITh MCHOJIB30BAaHEI B CEH-
copax.

Kniouegvie cnosa: onuaTHIEH, OKCAlaT JKejle3a, IOKPhITHE, HAHOCTPYKTYpbI, MOp(oorus, $pa3oBslii cocTas,
KP-cniekrpockomnus.
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Structural properties of carbon composites doped with boron

The article considers morphology, chemical and phase composition of composite boro-carbon coatings, re-
ceived by ion-plasma synthesis, depending on the boron content. Specimens of carbon coating doped with bo-
ron were obtained in vacuum unit by combined method coupled with co-deposition of carbon layer from
pulse carbon plasma and its doping with boron atom flow. The obtained specimens of composite CC had em-
bedded boron atoms with various concentration (Ng), namely, 2.3 at.% were contained in a-Cq;,:B,3, in
a-Cr93:B174 — 17.4 at.%, in a-Cs33:By3, — 43.2 at.%. Carbon structures and carbon clusters graphitization
were examined by X-ray photoelectron spectroscopy and Raman spectroscopy. Aiming at chemical interac-
tion between carbon and boron in CC establishment we conducted mathematical processing of XPS for ener-
gy states Cls, Bls, Ols of carbon, boron and oxygen atoms. XPS Cls was presented as peaks superposition
with centers located at 284.5; 285.5; 283.5 and 288 eV and consequently responsible for Csp?, Csp®, C-B and
C-O carbon atom interaction. With the growth of Ny in boron-doped carbon coating a grain structure is
formed, its size and grain orientation regarding the surface of the substrate increase, resulting in a decrease in
the coating layer surface roughness.

Keywords: composite carbon coatings, boron droping, atomic force microscopy, X-ray photoele tron spec-
troscopy, Raman spectroscopy, clusters, boron carbide.

Introduction

Boron doping is considered to be an effective technological method of improving operational metal re-
sources and their alloys [1]. Boron being the second solid element and having metal matrix in the volume as
a separate phase, solid solution or chemical compound, deforms crystalline lattice and causes solid phase
formation in materials that significantly increase their mechanical properties, thermal and wear resistance
[2]. Boron on contact with carbon can form chemically stable boron carbide B,C, which is resistant at tem-
perature up to 2450 °C. These characteristics of boron determine high prospectivity of its use as a doping
element in forming compositional carbon-contained coatings [3]. On [4] it is indicated, that phase and struc-
tural characteristics of such coatings are significantly defined by conditions and regimes of their formation
by means of ion-plasma synthesis. In implementing of carbon layers’ deposition methods from pulse cathode
plasma, intensive thermal excitation processes are carried out, ionized particles streams having sufficiently
high reaction activity are formed. At the same time carbon layers are condensed in the form of heterophase
coatings containing carbon atoms in the state of sp3, sp2 and even spl-hybridized bonds. Such features of
carbon coating (CC) deposition suggest that when they are doped with boron in the process of ion plasma
synthesis it is possible to form a wide range of different phases in the layer structure, including based on
chemical compounds. Composite materials with clusters from compounds on the basis of doping substance
can have the same structure as nanocomposites based on polymer matrix [5].

The article considers structural properties of composite boron-carbon coatings obtained by ion-plasma
synthesis based on their boron content.

Samples and research methods

Specimens of CC doped with boron were obtained in vacuum unit by combined method coupled with
co-deposition of carbon layer from pulse carbon plasma and its doping with boron atom flow. Target evapo-
ration from boron was conducted by pulsed radiation from solid-state YAG:Nd’" laser at wavelength
1,064 nm in the frequency range of (f;) 5 to50 Hz. Boron atoms flow with pulse length 150 ps and frequency
fi =5, 30 and 50 Hz was deposited on CC surface together with carbon plasma flow from vacuum-arc
evaporator with pulse length 150 ps and frequency fc = 10 Hz.
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The elemental composition of the obtained a-C:B CC was regulated through changing of laser radiation
pulse frequency f; and was determined by X-ray photoelectron spectroscopy (XPS). X-ray photoelectron
spectra of obtained carbon coatings were shot using PHI Quanta type, Japan.

The obtained specimens of composite CC had embedded boron atoms with various concentration (Ng),
namely, 2.3 at.% were contained in a-Cy; 5:B; 3, in a-C93:B174 — 17.4 at.%, in a-Cs; 3:B43, — 43.2 at.%.

Carbon coating thickness was defined by means of transversal specimen chip with the help of scanning
electron microscope (SEM) of Hitachi S-4800 type. A comparative analysis was carried out on CC speci-
mens with the same effective thickness 363+16 nm. Surface morphology of composite carbon coatings
a-C:B was investigated with the help of atomic-force microscope (AFM) of Solver Pro and NT-MDT (Rus-
sia) types in topography and phase contrast measuring mode. The scanning field was 10x10 pm?* at probe
speed of 1.0 pm/s. High heterogeneous projections on the surface were monitored using the methods [6].

The microstructure of composite CC was studied by Raman spectroscopy at radiation excitation at
wavelength 532 nm with power flow 20 mW using Senterra, Bruker.

The chemical composition and types of molecular bonds between carbon and boron atoms in the com-
posite CC were determined by X-ray photoelectron spectroscopy using a PHI quantera 2 XPS device. XPS
spectra were excited by Al (Ka) cathode emission with the energy of 1486.6 eV at a voltage of 15 kW. The
capacity of exciting radiation power was 25 W. The spectrum was collected in the area of interaction of the
probing radiation with the surface of a spot CC specimen with a diameter of 100 um. Bonds energy in XPS
spectra was calibrated through Cls (284.6 eV). It should be noted that since the atomic sensitivity coefficient
for boron (0.088) is significantly lower than for carbon C (0.205), the intensity of the B1s peak in XPS spec-
trum is significantly lower than that of the Cls peak.

Experimental results and their discussion

On Figure 1 SEM-images of CC specimen chip doped with boron are represented. It is seen that the
structure of CC doped with boron differs from the structure of one-component a-C coating (Fig. 1, a). In the
volume a-C:B of CC the formation of grain structure occurs, what is more, grain size depends on boron con-
centration Np and increases with its growth: at a concentration ~ 2.3 at. % the structure becomes fine-
grained, with its further growth Np achieves ~ 43.2 at. % with grain formation in 3-3.5 times larger with
marked orientation towards substrate surface [7]. There are no defects like pores or cracks on the surface and
in the volume of deposited composite CC, as well as there are no substrate layers. The latter shows high ad-
hesion of CC to silicon substrate.

15.0kV x70.0k SE(U)

a
Figure 1. SEM-images of chip a-C (a) and a-Cs; 3:B43, (b) of CC

On Figure 2 dependancy diagram of N¢ content of carbon component (curve 1) and average size of
grain (R,) in CC doped with boron is shown. The composition of elements of CC specimens, deposited to-
gether from pulse carbon plasma and boron atom flow doped with boron concentration 2.3 at.%, 17.4 at.%
and 43.2 at.% with dopant boron atom flow frequency fi increase changes essentially. Oxygen in CC struc-
ture is within the limits 2.4...6.5 at. % and in bound state with carbon mainly.

It can be seen that Ny increase in the coating leads to higher defectiveness of the composite CC and the
formation of larger surface heterogeneities. Grain structure increase of boron-doped CC is caused by high
activity of agglomeration processes with formation of boron in initial one-component carbon material. Grain
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size increase R, in boron-carbon coating with higher boron content Nj is consistent with diamond-like films
morphology data [8].

Nc, at.% Ry, nm
| 130
100,
4120
80
4110

60

40 1 1 1 1 O
0 10 20 30 Ng, at.%

Figure 2. Dependancy diagram of carbon component N¢ content (1) and grain R, average size (2)
in CC structure on Np concentration of dopant boron atoms.

It should be noted that geometric parameters of CC structural state, surface roughness (R,,) and grain
R, average size of the layer structure depend on conditions and modes of the coating process. Thus, one-
component a-C of CC, deposited from pulse flows, are characterized by low values R, that can be ex-
plained by small sizes and clusters close packing Csp® [9].

On Figure 3 typical Raman spectra a-C (@) and a-Cs; 3:B4; (b) of CC are presented. Raman spectra (RS)
envelope shape of all CC is peculiar to amorphous CC, containing carbon atoms both in sp”and sp’ bond hy-
bridization state.

Intensity, a. u.
Intensity, a. u.

1400 1600 1800 2000 1000 1200 1400 1600 1800 2000
Wavenumber, cm™! Wavenumber, cm-!

a b

1000 1200

Figure 3. Raman-spectra a-C (a) and a-Cs;3:By; () of CC

Figure 3 shows that RS of boron-carbon CC have broad asymmetric peak in the range 1000 to
2000 cm ', that according to [10] contains information about sp® hybridized carbon bonds, order degree and
relative size of carbon clusters Csp® and Csp’. Raman spectrum can be represented in superposition of peaks
(G-peak and D-peak) by Gaussian function. Herewith theoretical curve, being the result of spectrum simula-
tion, is well consistent to basic experimental data that testifies the certainty of RS mathematical processing.

With Np growth in CC changes of RS relative to intensity ratio of D- and G-peaks occur (Fig. 3, Ta-
ble 1), that are determined not only by changes of Csp® and Csp’ clusters quantity and size in accordance
with [11], but also by metal content in the layer, its chemical activity. There is molecular bonds process be-
tween carbon and boron that leads to changes of carbon clusters degree of order.

It was found that at Ng=2.3 at. % in carbon coating D- and G-peaks intensity ratio insignificantly
changes in comparison with RS parameters of one-component carbon coating. It indicates little impact of
small Nj, on the ordering degree and relative distribution of Csp?/Csp’ carbon phases in the coating.

With Np growth in CC D-peak intensity increase occurs, as well as G-peak centreshift towards lower
values of wave numbers. Essential changes of RS shape and Ip/Ig ratio increase (Table 1) for carbon coatings
a-C highly doped with boron (Fig. 3, ) (Ng = 43.2 at. %) happen.
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Table 1
Parameters of the Raman spectra of carbon coatings doped with boron
Position of Width of
0, o o

Type of CC fL, Hz Nc, at.% NB; at.% No, at.% ID/IG G-peak, Cm.l G-peak, Cm.l

a-C - 97.6 - 2.4 0.58 1573.5 157.2
a-Co12:By3 5 91.2 2.3 6.5 0.62 1571.3 168.7
a-Cq93:B74 33 79.3 17.4 3.3 0.73 1552.3 189.9
a-Cs33:Ba3n 50 533 43.2 3.5 1.25 1556.2 155.7

In accordance with [12] CC received from pulse flows of carbon plasma are characterized by high me-
chanical properties under the condition (Ip/Ig) < 1 and for CC a-C carbon atom concentration with sp’ hy-
bridized bonds increases with Ip/Ig ratio reduction. According to Table 1 with Ny growth up to 17.4 at. %
some Ip/I; ratio increase is observed in the coating, that indicates the reduction of carbon atom concentration
with sp’ hybridized bonds.

Together with the increase of Ip/lg ratio G-peak shifting toward lower wave numbers in comparison
with peak's position for CC a-C takes place. According to [13] such change corresponds to the decrease of
carbon matrix ordering degree and is defined by carbon atom concentration degree with sp’ hybridized
bonds. Based on data from Table 1 we can conclude that the shifting of G-peak position and insignificant
value increase of Ip/Ig ratio, typical of CC a-C with Ng =2.3 at. % and 17.4 at. %, are caused by the concen-
tration growth of CC Csp’. In [12] it is shown that the increase in carbon atoms number in sp’ hybridized
bonds is probably connected with C—B bonds formation in CC, while boron interacts mainly with carbon
atoms with sp’ hybridization. It leads to the growth of structural heterogeneity that causes the ordering de-
gree decrease of carbon clusters Csp” and shows in RS of CC as G-peak broadening. At high Ny value the
density reduction of sp® bonds occurs in CC.

X-ray photoelectron spectroscopy (XPS) analysis for CC a-C and a-C:B presented on Figure 4 shows
that except boron there is also oxygen in the surface layer in the bond state with carbon (C—O) and boron
(B—0O). These bonds are formed at the stage of CC deposition as a result of interaction of carbon and boron
components with oxygen in the operating environment of the vacuum chamber, as well as at its depressuriza-
tion. Since the contribution of oxygen C—O and B-O — bonds to the integrated intensity was insignificant in
relation to the total basic peaks area, their impact on CC structure and properties was not studied.
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Figure 4. XPS a-C (a) and a-C:By,;3, (b) CC

Aiming at chemical interaction between carbon and boron in CC establishment we conducted mathe-
matical processing of XPS for energy states Cls, Bls, Ols of carbon, boron and oxygen atoms. XPS Cls
was presented as peaks superposition with centers located at 284.5; 285.5; 283.5 and 288 eV and consequent-
ly responsible for Csp”, Csp’, C—B and C—O carbon atom interaction [14].

X-ray photoelectronic spectrum B1s can be considered as the peaks superposition characteristic of B-O,
B-C and B-B interactions and located at energies 190.7, 189.4 and 190 eV correspondently.
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There are peaks typical of O—C, O—O and O-B bonds in X-ray photoelectronic spectrum of oxygen
Ols. As a result of statistical data processing of Cls XPE-spectrum it was found that integrated area share
for C—O bonds does not exceed 5 %.

XPS for boron doped CC ambiguously depend on Ny value in CC. At low boron Nj (2.3 at. %) B-C
carbone bonds are mainly formed. With further Ny growth B-B bonds increase in the structure of composite
CC occurs. However, at high N value (43.2 at. %) we observe carbon matrix restructuring with dominant
Csp” and carbide phases content in CC volume. There is some C-sp’-peak shiftcenter (up to ~ 0.3 eV) to-
wards higher energies as well as the reduction of this peak half-width at Ny increase in CC. It can be con-
nected with the presence of more than one heterophase forming the structure in CC [15], as well as the de-
velopment of competing forming processes in the coating layer of carbide compounds and boron oxide.

With Ng growth we observe the reduction of Csp® carbon atom bonds and considerable increase of
B-C-bonds, characteristic of boron carbide in the coating. It can be assumed that Csp® reduction of carbon
clusters is caused by their replacement for boron carbide. It corresponds to the results of CC RS analysis
where graphitization of carbon structure and orientation increase of carbon Csp’-clusters due to boron bonds
with carbon atoms in sp’ hybridization state are observed. Such phase changes in CC with different Ny val-
ues allow for their high mechanical properties preservation.

Conclusion

The structural properties of composite boron-carbon coatings obtained by ion-plasma synthesis are
largely determined by the boron content in them. At a low concentration of NB (2.3 at.%) Boron, bonds with
carbon of the B—C type are predominantly formed. With the growth of Ny in boron-doped carbon coating a
grain structure is formed, its size and grain orientation regarding the surface of the substrate increase, result-
ing in a decrease in the coating layer surface roughness. An increase in the grain size of the structure of bo-
ron-doped UPs is caused by the high activity of agglomeration processes with the formation of boron-
containing microvolumes in the original one-component carbon material. With the subsequent growth of NB,
there is an increase in the B-B bonds in the structure of the composite UP. Also, the increase of Ng in carbon
coating structure leads to the reduction of carbon phase content with sp> hybridized bonds and is replaced by
boron carbide clusters. It is confirmed by graphitization of carbon structure and increase of carbon Csp” clus-
ters due to chemical boron and carbon atoms interaction in the state with sp’ hybridized bonds. At a high NB
value (43.2 at.%), The structure of the carbon matrix is restructured with a predominant content of Csp” and
carbide phases in the volume.

The study was supported by the Chinese Ministry of Science and Technology (projects
No.2016YFEQ111800, for 2016-2019), as well as in the framework of the execution of the task 3.4.23 SPSI
«Physical materials science, new materials and technologies» (Republic of Belarus) and by the Ministry of
Science and Higher Education of Russian Federation (project No. 0706—2020-0022).
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BopMmeH JiernpJieHreH KoMipTeKTi KOMIO3UIUSIIIBIK MATePHATIAPAbIH
KYPBUIBIM/IBIK KacHeTTepi

Maxkanana GOpAbIH KypaMblHa OaiflaHBICTBI HMOH-TDIA3MAaJIBIK CHHTE3 HOTHXKECIHJE ANbIHFAaH OOp-KeMipTek
KOMITO3HIMSUIAPBIHBIH  MOP(OJIOTHACE], XUMUSUIBIK KoHe (DasaiblK KypaMmbl KapacThIpsuiFaH. bopmen
Gaitnmanran kemipTek xaObHBHBIH (KXK) yirinepi BakyyMIBIK KOHABIPFBIAA UMITYJIBCTI KOMIPTETi IUTa3Ma-
CBHIHAH KOMipTeri KaOaTHIHBIH TYCYIMEH >KoHe 0Op aTOMIaphl arbIMBIHBIH TYTAaCybIMEH ajIbIHFaH. AJIBIHFAH
xomnozuumsblk KK ynrinepinge oprTypni kKoHueHTpauusackl Oap Oop arompuapsl, aran aiitkanma 2,3 %
6onmpl, omap a-Coy:By3, a-Cr93:By74 — 17,4 ar.%, a-Cs;33:Baz, — 43,2 a1.%. KemipTexTi KypblnsiMaap
JKOHE KOMIPTEK KiacTepliepiHiH rpaduTu3anmsichl peHTreHaik Gporoanekrporsl crekrpockonus (XPS) xoue
paman crekTpockonusiceiMer 3eptrenmi. KK kypy kesinge kemiprek meH OOpABIH XUMHUSUIBIK ©3apa
opekertecyi MakcareiHna Cls, Bls, Ols arommapbIHbIH KeMipTeri, 60p *oHe OTTer] SHepreTUKANIbIK Kyiiepi
ywin XPS waremarukanelk enzey kyprisinmi. XPS Cls 284,5-me opHamacKaH OpTasiBIKTapsl Oap
IIBIHIAPIBIH CYTIEPIIO3HIIUACH PETiHAC YCHIHBULBL; 285,5; 283,5 xone 288 3B, nemek, Cspz, Csp3, C-B xone
C-O xeMipTeK aTOMIAPHIHBIH ©3apa opeKeTTecyiHe >kayam Oepemi. Np ocyiMeH OopMeH KanTajFaH
KOMIPTEeKTi >KaOBIHIbIIA TYHIPIIKTI KYpBUIBIM Taiifa OoJajpl, OHBIH MeJIIepi MEH acTHIKTHIH CyOCTpar
OeTkelliHiH yiIFaloblHA Kapai OaraapiaHybl KabaTTacy KaOaThIHBIH OCTTIK Kemip-OyIbIpbIHBIH TOMEHICYiHE
oKenesi.

Kinm coe30ep: KOMIO3ULMSIIBIK KOMIpTeri jKaObIHbI, OOp TaMIIBICHIHBIH MNaiifa OOJybl, aTOMJBIK KYII
MHKDPOCKOMUSCHI, PEHTTeH/IK (OTOAIEKTPOHIbI CIIEKTPOCKOIIHS, paMaH CIIEKTPOCKONUSICHI, KiacTepiep, 6op
KapOui.

J.I'. IInnunuos, A.C. Pynenkos, A.B. Poraues, 1[3s1 Csio0 XyH,
E.A. Kynew, A.Il. Cypxuxos, A.Il. Jlyunukos, O.A. @ponosa

CprKTyprle CBOMCTBA YIJI€epoaAHbIX KOMITO3UIIUOHHBIX MaT€pUaioB,
JErMpoOBaHHbIX 60pOM

B crarbe paccMoTpeHbl MOP(OIIOTHs, XUMUYECKHI U (a30BbIi COCTaB KOMIIO3UIIMOHHBIX OOPOYIrIepOJHBIX
MOKPBITHH, TTOy4E€HHBIX HOHHO-IUIA3MEHHBIM CHHTE30M, B 3aBUCHMOCTHU OT cofiepkaHus 6opa. OOGpasipl yr-
nepoxHoro nokpsrtus (YII), nernposaHHoro 60poM, ObUIH IMOIyYEHEl B BaKyyMHOH yCTaHOBKE KOMOMHHPO-
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BaHHBIM CIIOCOOOM B COYETAHHU C OCAKAECHHEM YIIIEPOAHOTO CIOSI U3 UMITYJILCHON YIIepOJHON IIa3Mbl U
€ro JIETMPOBaHHEM IOTOKOM aToMoB Oopa. IlomydeHnsle 06pa3upl kommno3uuonHbIx YII comepxkanu BHe-
JpeHHBIE aTOMbI 6opa ¢ pasnuuyHoi KoHueHTparmeil (Ng), a umenno 2,3 at1.% coxepxanuck B a-Co;5:B; 3,
B a-Cy93:B174 — 17,4 a1.%, B a-Cs; 3:B43 , — 43,2 a1.%. CtpyKTypsl yriaepoaa u rpagurusays yriepoaHbix
KJIacTepoB OBUIN MCCIIEJOBaHBI METOJAMH PEHTTEHOBCKOI (poTO3MeKTpoHHON criekTpockonuu (XPS) u pama-
HOBCKOH crekTpockony. C IeNbl0 XUMHIECKOTO B3aNMOJEHCTBUS MEXIy YIJIEpOoJIOM U OOpOM IIpH co3la-
nun YII Obi1a mpoBeneHa MaTeMarudeckas oopaborka XPS s sHeprerudeckux cocrosauii Cls, Bls, Ols
aTOMOB yriiepoza, 6opa u kuciaopoaa. XPS Cls Obuta npeacTaBieHa Kak CyNepHO3UINS ITMKOB C LIEHTPAMH,
pacrionoxeHHsIMH B 284,5; 285,5; 283,5 u 288 3B, u, cnenoBaTenbHO, OHH SIBISUIUCH OTBETCTBEHHBIMH 32
B3aMMoOeiicTBIE aToMoB yriepoaa Csp”, Csp®, C-B n C-0. C poctoM Np B YIIepOIHOM MOKPBITHIL, JTETHPO-
BaHHOM O0poM, oOpasyeTcst 3epHHCTast CTPYKTYpa, YBEIMYUBAIOTCS €€ PasMep U OPUEHTALUSI 36PEH OTHOCH-
TEIBHO ITOBEPXHOCTH MOMJIOXKKH, YTO IPUBOJUT K YMEHBIICHUIO IIEPOXOBATOCTH IIOBEPXHOCTH CIIOS ITOKPHI-
THSL.

Knrouegvie c106a: KOMIO3UTHBIC YIIIEPOIHBIC MOKPBITHS, KalieoOpa3oBaHue 6opa, aTOMHO-CHIIOBas MUKPO-
CKOIMsI, PEHTTCHOBCKasi (POTODICKTPOHHASI CIIEKTPOCKONHUs, KOMOMHALIMOHHAS CIIEKTPOCKOIIHS, KIAaCTephl,
kapouz 6opa.
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The effect of three-minute exposure of oxygen plasma
on the properties of tin oxide films

Research devoted to the effect of three-minute exposure of oxygen plasma on the properties of tin oxide films
investigation. The films were obtained by sol-gel method from five-water tin tetrachloride solution. The con-
centration of tin ions in the SnCl/EtOH film-forming system was 0.14 mol/l. The solution system was de-
posed on the glass substrate by carring out a modified dipping method. Plasma treatment was performed at a
pressure of 6.5 Pa and a power of about 20 Watts. The frequency of the oscillations produced by the generator
was 27.12 £ 0.6 % MHz as well. The temperature of the samples during processing did not exceed 100 °C. As
a result of the formation of tin oxide (II), the film transmittance decreased after treatment with oxygen plas-
ma. The width of the electric forbidden zone of the obtained samples was calculated, which was 3.95 eV for
glass and 3.79 eV for film. The resistance of the films was determined by 10 measurements on different parts
of the samples. The film without processing has a resistance of about 4255 + 1158 kQ, after processing, the
resistance decreased by 25 times and amounted to 167 + 26 kQ. A decrease in resistance indicates an increase
in the concentration of charge carriers in the sample. The resulting SnO is a semiconductor that lowers the
transmittance of the studied films and contributes to reducing their resistance. X-ray structural analysis of the
samples was also performed. After processing in oxygen plasma, the intensity of reflection from the (110)
plane have increased. It should be noted that the number of planes with (101) indexes has decreased. The
study of the sample surface showed the destructive nature of three-minute exposure by oxygen plasma.

Keywords: thin films, SnO,, sol-gel method, oxygen plasma treatment, transparency, structure, resistance, tin
oxide (II).

Introduction

The study of tin oxide is associated with its multifunctional application. Tin dioxide belongs to a class
of materials that combines high electrical conductivity with optical transparency and is therefore an im-
portant component for optoelectronic applications [1-3]. The lattice oxygen from the surface of the tin oxide
is able to react chemically with the reagent and after the reaction to be renewed by the oxygen of the gas
phase (mechanism of Mars — van Krevelen) [4]. This ability makes it possible to use SnO, as a catalyst for
oxidative processes [5—7]. The change in the resistance of tin oxide in the presence of various gases formed
the basis for use as a sensitive element in gas sensors [8—10].

Among the various methods used to improve the functional properties of metal oxide layers, plasma
treatment is of particular interest [11-13]. Analysis of changes in the optical parameters and structural char-
acteristics of tin dioxide after plasma treatment allows us to better understand the dynamics of changes in the
physical properties of thin films of tin dioxide.

Experimental

To produce SnO, films, five-water tin tetrachloride was used as the initial reagent, and 97 % ethanol
was used as the solvent. In tin tetrachloride systems, ethanol does not precipitate longer than in water-based
systems. SnCl,/EtOH film-forming systems with a tin ion concentration of 0.14 mol/l were prepared. Film-
forming systems were applied to substrates (glass slides) by a modified dipping method. They were air-dried
for 1-2 minutes and annealed on IKA C-MAG HP7 electric stoves at a temperature of 400°C in the air. In
this case, tin tetrachloride interacts with water from the air to form tin hydroxide and hydrochloric acid. Hy-
drochloric acid and solvent are removed from the film-forming system when heated, and unstable Sn(OH),
decomposes to form water and the desired tin oxide by reaction [14, 15]:

Sn(OH), — SnO; + 2H,0 (1)
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12 layers were applied. The film thickness was determined by a microbalance [16] and amounted to
413 =7 nm.

Treatment of SnO, thin films in oxygen plasma was performed in a quartz tube. Oxygen was obtained
by pyrolytic decomposition of potassium permanganate:

2KMnO, —*— K,MnO, + MnO,+0, )

Plasma treatment was performed at a pressure of 6.5 Pa and a power of about 20 Watts. The frequency
of the oscillations produced by the generator was 27.12 + 0.6 % MHz as well. The temperature of the sam-
ples during processing did not exceed 100 °C. The processing time was 3 minutes.

Transmission and absorption spectra were measured using a UNICO SpectroQuest 2800 spectropho-
tometer. The structure of the films was studied using a scanning electron microscope JSM-6490LA, JEOL
and an optical microscope MPE-11. To output data to a personal computer, a television camera for a vec-535
microscope was used. The composition of the films was determined using x-ray diffraction analysis on a
DRON-6 diffractometer. The resistance of the films was determined using a UT70B multimeter. The dis-
tance between the contacts was 1 mm.

Results and Discussion

Optical property
Figure 1 shows the transmission and absorption spectra of tin oxide thin films before and after oxygen
plasma treatment.
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1 — glass substrate; 2 — film after application; 3 — film after plasma treatment

Figure 1. a — transmission spectra of films; » — absorption spectra of films

Figure la shows that after treatment with oxygen plasma (Fig. 1a curve 3) the film transmittance has
decreased compared to the film transmittance without processing (Fig. 1a nodding 2). The decrease in the
transmission coefficient may be caused by the formation of compounds that are opaque in the visible region
of the spectrum [17, 18]. The formation of tin oxide (II) is most likely. The mechanism of formation of SnO
in SnO, films under the influence of oxygen-rich plasma in a chemically active (ionized) form requires fur-
ther development. One of the assumptions, according to the» activated complex theory», is the formation of a
complex of ionized oxygen with film defects. The resulting complex can decay to form SnO + O, or supple-
ment the crystal structure to stoichiometric SnQO,.

At the edge of the fundamental absorption (Fig. 1) A, were determined for the glass substrate and film
before and after treatment with oxygen plasma. For the glass substrate A, = 311nm, for the film without pro-
cessing and after processing, the edge of the fundamental absorption coincided and A, was 322 nm. Using a
well-known formula:
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Eg = (hc¢)/he,
where £ is the Planck constant in eV; ¢ is the speed of light, and A, is the long-wave boundary of its own
absorption.
The width of the electric forbidden zone of the glass — 3.95 eV and the film — 3.79 eV were calculat-
ed.

The resistance of the films

The resistance of the films was determined by 10 measurements on different parts of the samples. Stu-
dent's coefficient for 10 measurements is equal to 2.262 with a reliability of 0.95. The error was calculated
using the formula:

71— n—1
AM=t,,, Tn ,
where A4 — is the absolute measurement error; t,,. — is the Student's coefficient; 4, — is the value of

the i-th measurement; 4 — is the arithmetic mean; # — is the number of measurements.

Despite the fact that the width of the band gap of the film, calculated from the absorption spectra, did
not change after processing, the resistance of the film significantly decreased. The film without processing
has a resistance of 4255 + 1158 k€, after processing, the resistance decreased by 25 times and amounted to
167 £26 kQ.

The conductivity of tin dioxide is associated with the presence of intrinsic defects — oxygen vacancies
that form small donor levels [19]. These levels can also be formed by impurities. A decrease in resistance
indicates an increase in the concentration of charge carriers. The resulting SnO, which reduces the transmit-
tance, is a semiconductor and can also contribute to reducing the resistance.

Diffraction analysis

The source signal from thin films on a glass substrate has a high noise level. Using the method of in-
creasing the signal-to-noise ratio [20, 21], the following data were obtained and analyzed. Figure 2 shows the
results of signal selection.
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a — after application; b — after plasma treatment
Figure 2. X-ray diagram of tin oxide films

On X-ray diagrams (Fig. 2 a, b) peaks of reflections from the SnO, planes are observed. Peaks from
other tin oxides are not observed. This indicates the absence of SnO in the crystalline form, and does not
cancel the possibility of its existence in an amorphous state. It can be also noticed that the intensity of reflec-
tion from the (110) plane, after processing in oxygen plasma, increased. This indicates an increase in the
number of planes with these Miller indexes. And the number of planes with indexes (101) has decreased. The
destruction of crystallites along the planes (101) and (200) is associated with the transformation of the poly-
crystalline structure into a sub-nanometric cluster structure after plasma exposure [22, 23].
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Surface structure

The surface structure depends on many parameters: the method of application, the concentration of the
initial reagents, alloying impurities, etc. The dominant mechanism for the formation of spatial structures may
be the phenomenon of self-organization [24]. Figure 3 shows images of the film surface after application and
after plasma treatment.

10kV  X1,800 10pm 0000 11 39 SEI 11KV~ ~X2,000 _10pm- 0000 1040 SEI

a — after application; b — after plasma treatment

Figure 3. SEM images of the surface of tin oxide films

Figure 3a and b show that three-minute oxygen plasma treatment is destructive. The surface of the film
was cracked. Figure 4 shows photos of the surface taken with an optical microscope with a smaller magnifi-
cation.

a — after application; b — after plasma treatment

Figure 4. Surface of tin oxide films obtained using an optical microscope

Figure 4a shows that on the surface of the film after its application, there are rare, chaotically located
hills — blisters [25]. They are formed by heating a wet gel. The reaction by-products and the solvent evapo-
rate here. In places where the process of gelation has already begun, but evaporation has not yet occurred, the
formation of blisters occurs. Figure 4b shows that the highest and most exposed blisters have darkened.
Probably, in these places that SnO is formed, and it reduces the transparency of the films.

Conclusions

It was found that treatment of a glow discharge with a low-temperature plasma in an oxygen-rich at-
mosphere for three minutes leads to a decrease in the transparency of the films. Also, as a result of this ef-
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fect, the resistance of the films is sharply reduced (by 25 times). There is a destructive effect of plasma in the
destruction of SnO, crystallites and the appearance of cracks at the micron level on the surface of the film.
An increase in the conductivity of the films indicates the formation of additional charge sources. The for-
mation of tin oxide (II) clusters in the places of large and opened blisters was revealed.

The work was carried out with the financial support of the Ministry of Education and Science on the
topic BR05236404.
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OTtreri mia3mMacbIHbIH YIII MUHYTTBIK KaJaiibl OKCH/Ii KaObIKIIATAPbIHBIH
KacueTTepiHe dcepi

Ortreri mia3MachlHBIH YII MHHYTTHIK KaJaibl OKCHIl KaObIKIIaJIapbIHBIH KAaCHETTEpiHEe dcepi 3epTTeNreH.
KaOspikimanap 6ec TeKTi TeTpaxJIopui KalaibIHBIH epiTiHIiCiHeH 30J1b-Trenb aaiciMed ansiaran. SnCl,/EtOH
KaOBbIKIIa TY3YIIi XKYHeciHaeri Kamaibl HOHAApHIHBIH KoHIeHTpanuscsl 0,14 mons/n Kypaiinsl. lIsmHbrman
JKacallFaH TOCEHINIKe epiTiHAl Oartelpy omiciMeH xkarbuinel. Ilmasma emzeyi KeichiMBl 6,5 Ila sxoHe
KyarTsUIbIFs! 20 BaTT mamackeinza sxyprisinres. I'eneparop sxacaiTeiH TepOertic xuiniri 27,12 + 0,6 %-MI'n-
i Kypansl. OHpey kesingeri yiarinepaiy temneparypachl 100°C-tan aptemiMansl. OTTeri Ima3MachIMEH
oenneynen keiin (II) BanmenTTi Kanmaiipl OKCHIIHIH maiiga Oosybl cajmapblHaH KaOBIKIIAHBIH OTKi3y
K02 UIHEeHTI TOMEHAeAl. AJIBIHFaH YITUIEpAiH 3JIeKTPOHABIK LICKTi 30HACHIHBIH aliMarbl €CeNTeNreH, O
IIBIHBI TOceHim yiin — 3,95 9B, kabbikma ymin — 3,79 5B. Kabsikmanapasiy kegeprici yirizepain 10
SPTYPJIi HYKTEJIK aiiMarblHIa OJIILeHIN, aHbIKTaIFaH. OHaeyci3 KabbIKmanblH Keaeprici 4255 + 1158 kOm-ra
TeH Ooyajpl, eHAEYIeH KeHiH onapiablH Kexeprici 25 ece asaimbl xoHe mamachkl 167 +26 kOM KypambL
Kenmeprinig kemyi 3apsj TachIMalAayNIbUIapIbIH KOHIEHTPAIMSCHIHBIH YIIFAIOBIH KOPCETKEH. 3epTrey
GapeiceiHna maiina Gosran SnO KaOBIKIMIANMapAblH OTKi3y KOd(GGHUIUEHTIH TOMEHACTETIH >KOHE OJIap/bIH
KeZepriciH a3aliTyra yiec KOCaThIH JKapThUIai ©TKI3rim OOk TaObUIaAbl. YIITiiepre peHTreH Talfaysl aa
xypriziaren. Orreri ma3Maceinaa exaeyneH keiid (110) xa3bIKTHIKTaH LIAFbUIBICY HHTEHCHBTILNIT apTThL
Byn xepae (101) unnmexci Oap jxa3bIKTap CaHbl a3aiiFaHbIH @ aTal ©Ty Kepek. YJIritepaiH OeTTik 3eprreyi
OTTeTi IUIa3MachIHbIH YII MUHYTTBIK 9CEPiHiH JECTPYKTHBTI CHIIATBHIH KOPCETKEH.

Kinm ce30ep: xyka kabpikuaizap, SnO,, 307b-Tellb 9/1iCi, OTTEr IIa3MackIMEeH OHJIEY, MOIIPIILIIK, KaObIKIIa
KYpbUTBIMBL, Kenepri, (1) BasieHTT Kamalbl OKCHII.

E.A. Imutpuena, U.A. Jlebenes, E.A. I'pymeBckas, /[.O. Myp3anuHoB,
A.C. Cepukkanos, H.M. Tomnakosa, A.1. ®egocumona, A.T. Temupanuen

BausiHue TPeXMHUHYTHOI0 BO31eHCTBUSI KHUCJIOPOIHOM MJIa3MOM
HA CBOWCTBA IVICHOK OKCH/IA 0JI0BA

HccnenoBano BIMSHHE TPEXMHUHYTHOTO BO3JCHCTBHUS KHCIOPOIHOW IUIa3MOH HA CBOICTBA IJIEHOK OKCHAA
onoBa. [lneHkn OBUTM MOTYYEHBI 30JIb-I'eb METOAOM M3 IIITHBOJHOTO TETpaxjopuzaa ojoBa. KoHneHTpamus
HOHOB 0JI0Ba B IuieHKooOpa3ytomieit cucreme SnCly/EtOH cocrapmsina 0,14 moins/i1. HaneceHne Ha CTEKIISH-
HYIO TTOJUIOXKKY IPOBOJHIOCH MOIH(DUIIMPOBAHHEIM METO0M OoKyHaHMsl. OOpaboTka miIa3Moi OCymecTBIIs-
nack npu nasieHuu 6,5 Ila u momHocTu oxoso 20 Br. YactoTa konebaHmid, co31aBaeMbIX T€HEPATOPOM, CO-
craBsuia 27,12 MI'm 20,6 %. Temmeparypa o6GpasmoB npu o6padorke He npesbimmana 100 °C. Bemencrue
obpaszoBanus okcuaa ojosa (II) moxm3mics kodpdUIKEHT NpomycKaHus IUICHKH mocie 00pabOTKH KUCIIO-
ponHoii mna3moii. Paccuntana mupuHa 3anpenieHHol 30HbI TOJTyYeHHBIX 00pa31oB, KOTOpas AJsl CTEKNIa Co-
craBuna 3,95 3B, mia mnenku — 3,79 3B. ComnpoTuBieHue mIeHOK ompenessioch no 10 n3MepeHusM Ha
pa3HBIX ydacTKax oOpasnoB. Ilnenka 6e3 oOpaboTku obiamaer conmporuBieHHeM 4255 + 1158 xOwm, mocne
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00pabOTKH CONMPOTHBICHHE YMEHBUIMIOCH B 25 pa3 u cocTaBwiIo 167 +26 kOM. YMeHblIeHHEe CONPOTHBIIE-
HUS YKa3bIBaeT Ha YBEJMYEHHE KOHICHTpaluu HocuTenel 3apspa. OOpaszoBasmmiics SnO sBisgercss moiy-
HPOBOJHUKOM, KOTOPBIN IMOHMXKAET KOI(PQUIUEHT MPOIYCKaHUs MCCIENYeMBbIX IUICHOK U BHOCHT BKJIaJ B
YMEHBIIEHHEe UX CONpoTHBIeHHMs. [IpoBeneH peHTreHOCTpYKTYpHBIH aHamn3 obpasmoB. ITocie o6paboTku B
KHCIJIOPOJHOI! II1a3Me MOBBICHIIACh HHTEHCHBHOCTh OTpaskeHus oT miockoctH (110). Crnexyer oTMETUTH, 9TO
KOJIMYeCTBO IuIockocteil ¢ manekcamu (101) ymensmminocs. ViceienoBaHue MOBEpXHOCTH 00pa3IoB MOKa3a-
JI0 IECTPYKTUBHBII XapakTep TPEXMUHYTHOTO BO3ACHCTBHS KHCIOPOIHOI IIa3MOH.

Kniouesvie cnosa: tonkue miueHkd, SnO,, 307b-reb METOA, 00paboTKa KUCIOPOOHOM IIa3MoM, mpo3pauy-
HOCTb, CTPYKTYpPa, CONPOTUBIICHHE, OKkcu L ooBa (II).
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Spectroscopy of nanoscale crystalline structural elements

The study of structural elements, nanoparticles, microblocks and other nanoscale objects was an important
part of the study of crystals non-equilibrium properties. The behavior of nanoscale structures allows us to
judge the dynamics of the crystal lattice during doping, deformation, and interactions with radiation. Along
with x-ray and electron microscopic studies, optical methods for determining the size of nanoscale objects,
the energy of their electrons, and the symmetry of electronic States are increasingly being used. Among
nanoscale objects, proton-separated structural elements (PSE) attract special attention in connection with the
development of crystal structure block-hierarchical (BH) model. In this paper, we consider the possibility of
calculating the size of PSE crystals in a model of quantum-dimensional structures. According to this model
except values of the crystal potential in PSE, you should consider the area of high electron density, the exist-
ence of which is beyond the scope of conventional theory. Experimental data allow us to determine the posi-
tion of this zone as localized around the atomic core of the PSE. Note that the atomic backbone generally co-
incides with the unit cell, that is, it consists of the same number of atoms and has the same point symmetry

group.

Keywords: nanoparticles, microblocks, nanoscale cstructural elemtnts, proton-separated structural elements.

Introduction

The solution of the Schrodinger equation is quite difficult to obtain for arbitrary functions of the crystal
potential and the potential of the zone of increased electron density U(r) and ¥(r). We can use the spherical
approximation and assume that the function V(r) is spherically symmetric inside the sphere of radius R sur-
rounding the atoms. A similar approach takes place in the theory of a solid body as the method of attached
plane waves (APW) [1]. Within a unit cell, the eigenfunction y(k, r) corresponding to the energy E(k) can be
represented as a series

oo /

Y=Y C,(k)-Y,,(8,0) R(Er) n(R—r)+ 3 b, (k)-exp[i-k,-r] n(r—R),
1=0 m=-1 J

where 7, 0, ¢ are the polar coordinates of the radius vector r relative to the center of the PSE, n(x) is a step

function
) 0,x<0;
xX)=
1 1,x>0.

The main difference between the approach considered in this paper and the PPV is that there is no trans-
lational symmetry of quantum-dimensional structures [2-9]. We have the standard problem of an atom locat-
ed in a spherically symmetric quantum well [1]. The wave function will take the form: y, = R,(r)-Y,, (6,0).
The Schrodinger equation describing the stationary States of an electron with energy E has the form

2
h—~A\|I+(E—V(I’))~\|I= 0.
2m
The equation for the radial component will look like this:

R[’+2~RZ+{k2—l(1+l)]Rl=0, (1)

r r’
2mE

where k% = o
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The absorption spectra of the structural elements

The model under consideration, according to experimental data, assumes the value of the potential of
the zone of increased electron density, which is sufficiently large in comparison with the crystal potential.
Equation (1) is written in the infinite potential approximation. The function R,(E,r) can be defined by nu-
merically integrating a differential equation in the domain under consideration for a series of values E and /.
Using substitution, equation (1) can be reduced to the form

» 200+1) ,
Xet ( )Xz +k2X1:0- (2)
Differentiating equation (2) by r, we get
w 2(0+1) , 2(1-1) |,
X/+(T)X/+|:k2_ (rz ):|X1:0' (3)

By substituting x; =rY,,, (3), it is reduced to the form

. 2(0+2) ,
Xi+1 +(T)XI+1 +k2XI+1 =0 5

coincides with the one that the function must satisfy ,,, . Thus, successive functions are related by the rela-

tion
1, 1dY
Xen ==X X = =757 | Xo-
r rdr
Finally we find the following expression for radial functions

R =2k-j/(r),
where j (r) are spherical Bessel functions.
The electron energy En./ is defined by the expression under the condition
Jian(kR)=0. (4)
Numerically solving equation (4), a set of k values is obtained and the band spectrum is determined.
The final expression for the electron energy has the form
hZ
n,l = —2x2n !
T 2mR ’
where x,, are the constants found from equation (4) that characterize the electron energy levels in a crystal
with indices n, [/ [10].
Having a band spectrum, we find the allowed transitions between energy levels. Let's define the selec-
tion rules for absorption in the crystal. The symmetry of the crystal is important. When calculating the selec-
tion rules for a specific crystalline substance, it is necessary to determine the point symmetry group G of the

unit cell (the same symmetry group will be inherent in the PSE). We find the decomposition of the represen-
tation of this group by irreducible representations:

T=>aT"

The probability of a transition between energy States and is determined by the square of the matrix ele-
ment y,H,,y, of the H,, operator of the interaction of radiation with matter. If executed

v.Hy,p, =0, ®)
then the system cannot go from state W, to W, by emitting or absorbing a quantum of light. On the other

b

hand, the functions Y, and Yy, can be considered as elements of some linear spaces L; and L;, which are

transformed by representations 7; and 7; of the group G of the point symmetry of the crystal. As a result, the
left side of equation (5) is transformed by the action of the elements G in the representation 7:1 XV XT,. Here

the Hyz operator is transformed by the vector representation V' of group G. If the representation
T, xV XT, does not contain a single representation, then the matrix element in (5) is zero and the transition

Y, =V, in the considered approximation is forbidden. The representation f: XV T, must contain a single
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representation, and this requires that the product V' XT, contains at least one representation included in 7;

[11]. Then the selection rules in the crystal for light absorption PSE and PSE blocks are reduced to the fol-
lowing criterion
VXT,NT,#0. (14)

Taking into account the selection rules, we get a finite number of absorption lines in the crystal on the
PSE, and the number of electrons at the level with the index / is equal to (2/+1)2. You can also solve the in-
verse problem, that is, calculate the size of the PSE from a given absorption spectrum.

& 3
2,+10" nm

1.0

Figure 1. Dependence of the absorption wavelength of PSE blocks
on the step of a series of numbers in the Fibonacci series

This approach can be applied in some approximation to PSE blocks. There will be a difference in the
determination of the electronic density of the PSE block. It can be assumed that in this process, the determin-
ing value is the conduction electrons of the crystal. Changes in the structure of a block's potential are made
by its point symmetry relative to lower-order blocks. As can be seen from the expression for determining the
proper energy of an electron in a PSE, its energy spectrum depends on the size. Given the correspondence of
the PSE size to a number of Fibonacci numbers, it is possible to predict the absorption spectrum of PSE
blocks based on the specified PSE characteristics. Figure 1 shows the dependence of the absorption wave-
length of a crystal on a structural element on the number of the Fibonacci series. The calculation method dis-
cussed above provides sufficient accuracy for qualitative consideration of the spectrum.

The decrease of the electron density in the zones surrounding the PSE blocks is experimentally estab-
lished, and the block structure is modulated in the crystal space with an increase in their size. This is ob-
served until the value of the potential barrier of the zone of increased electron density of the next block be-
comes equal to the crystal potential considered in the solid state theory. This imposes a condition of finite-
ness of the modulation order and its critical value is different for different materials due to the difference in
the overall potential picture of the crystal lattice.

In the method of calculating the parameters of the PSE, significant approximations were made: the one-
electron theory was used, which replaced the interaction of the crystal's electrons with a certain effective
field, the zone of increased electron density had a spherical symmetry relative to the center of the PSE, and
the value of the potential barrier rushed to infinity. Despite the above-mentioned approximations, there is a
sufficient agreement between the calculated PSE sizes and experimental data from X-ray diffraction and ab-
sorption spectra at the f-centers of crystal color [12]. In this case, the F-center performed the function of the
PSE, and the feature of localization of an electron from an anionic vacancy on a cationic environment satis-
fies the formalism of the considered quantum-dimensional model of the crystal. The sizes of F-centers for a
number of alkali metal halides are estimated using known absorption lines. The considered model of the
F-center likens it to a block of a crystal. Satisfactory results are obtained when the potential of the F-center is
approximated by the rectangular well function. The choice of F-centers as the PSE model is quite justified,
since the crystals of alkali metal halides have a high symmetry, and therefore, the distribution of the uncom-
pensated positive charge of cations surrounding the anionic vacancy is close to spherical.

Oscillatory Raman spectra of structural elements

The method of studying the quantum-dimensional structure of a material based on light absorption is
generally simple. Solving the absorption problem, it is possible to obtain its band spectrum and other charac-
teristics obtained in the previous section. However, this method does not allow us to study the dynamics of
the lattice, both translational and quantum-dimensional, modulated, considered by the model in this work.
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The method associated with Raman scattering of light on the microblocks we are considering actually dis-
plays the properties of a modulated low-dimensional lattice and allows us to calculate its vibrational States.
Here, the symmetry of the crystal plays a crucial role and determines the matrix elements that are different
from zero.

We solve the vibrational problem and assume that the PSE vibrational movements occur in the crystal
space, similar to the vibrations of atoms in the translational model of a crystal. The vibrational motion of the
atomic core is considered as a collective vibrational process. Formally, this can be represented as a system of
3-dimensional oscillating oscillators with dimensions equal to the PSE and some effective masses. It is quite
difficult to solve such a 3-dimensional case of the problem, since, according to the quantum-dimensional
model, the distances between oscillating oscillators are not the same. It is necessary to simplify the problem
to the one-dimensional case, provided that the process of linearization of the crystal lattice preserves some of
its properties unchanged and does not significantly affect the values of those characteristics that need to be
studied in this work. The problem is reduced to the study of the characteristics of a one-dimensional aperiod-
ic chain of oscillating oscillators. The chain through some transformations can be described by the Fibonacci
sequence, which is a special case of aperiodic sequences. Then the one-dimensional Fibonacci chain will
preserve some properties of the crystal in 2-and 3-dimensional lattices [13]. This may be the property of self-
similarity, which is a fairly important characteristic of any Fibonacci sequences [1].

/
Let all PSE in a linear chain oscillate near the equilibrium position with an offset U (

] . Here o is the
o

PSE number in the chain, and / is the coordinate of the center of each PSE. Then the Hamilton and Lagrange
functions of the system in the harmonic approximation have the form

1 INT 1 w I I
H=T+q>=—2ma[a( ﬂ +—Z‘D( Ju[ ju( J
2% o 21,,’ ool o o
1 INT 1 | I I 4
L=T-®=— ' -—> o : : .
2 i) 3o () ()
o

Here m, — the effective mass of the PSE with the number a, CD( ,J — the coefficients of the second

(040

order in the decomposition of potential energy by deviations of the PSE.
The equations of motion respectively have the form

/ I/ /
ji +> @ : =0. 6
(o) 20 ) o) ®
Solutions of equation (6) have the form
l 0 l —iwt
u =u e (7)
o o
After substituting (7) in (6), we get

w I
Z|:d)( /j - Wzmoc'Saoc'Sll':| ’ uo [ Ij =0. (8)
o, (0404 o

The solvability condition of the system (8) is that the determinant is equal to zero

i
[@( ,j - wzmaf)m,[ =0. )
oo

Equation (9) is an algebraic equation of degree N with respect to w”. Denote the eigenvectors of the system
®) Z(oc( Jj ) and the corresponding eigenvalues w’ (/). Making the transition to normal coordinates

ua(;J:;la(a(j)-Q(j)-
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The Hamilton function takes the following form
H =EZ(Q*(1)~Q(1)+ w’(j)-0*(j)-0() -
j
From here we get the equation of motion for the PSE
() +w*(/)-0(j)=0.

Normal coordinates are complex. You can go to the coordinates g(j), which results in the Hamilton
function being reduced to the form

H=2T [P+ wa ()],

where p(j)=q(j) and the variables p(j) g(j) and are real.
We pass to the quantum case, in which these quantities are considered as operators

0
p(j)=—th——q())=4q()).
9q( /)
In this case, the Schrodinger equation has the form
1 2 a 2/ . 2/ }
29—+ w () g () v=EY. (10)
2 Z{ 9q(J)

The solution of equation (10) is well known and is written as
v=]Tw. () la)].
j

where is the vibrational quantum number of the oscillator with index j. Each of these functions satisfies the
equation

{——'T“‘l'wz'qz(j)}\lfm=Em'\lfm- (11)
The total energy E of a crystal in the state described by the numbers is
E= ZE( -
Solutions of such an equation as (11) are well known 1[14]

v()=| P

n2-2"-m

~exp(—%-quzj'Hm(Bq), (12)

where B* = % w?(j), H, (x) is a Hermite polynomial of order m.
The corresponding energy levels are determined by the formula
N :

Having determined a fairly General solution to this oscillatory problem, it is necessary to proceed to the con-
sideration of Raman scattering of light on the discussed PSE. We introduce the intensity of light scattering in
a single solid angle /, which is proportional to the transition probability:

Lz = 2 (n( By, (((7( By (n( - S(AW =) . (13)

Here (n(=(,,( are the initial and (7( =(,,( final vibrational States. Expression (13) corresponds to the

case of a temperature equal to zero. To generalize to the case T # 0, we should include in (13) the tempera-
ture averaging over the initial States. Assuming further that the energy change during scattering is equal to
Aw is fixed, we write a generalized expression for the scattering tensor [15]:

Lz (AW, T)) :%Z(n(PM,(ﬁ( : (ﬁ(Pﬁ,(n( e P S(Aw—w ), (14)

nn

where B=(k-T)", Z=Y et
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Expression (14) can be represented in terms of the spectral density of the green temperature function by
rewriting the matrix elements of the polarizability operator in the framework of secondary quantization. Af-
ter that, the expression for intensity can be written using the green function or its Fourier components [15].
We can limit ourselves to a simple calculation of matrix elements with a known expression (12) for the wave
function of oscillating PSE. Thus, knowing the matrix elements of the polarizability operator, it is easy to

calculate the matrix elements of the form (n( B, (7( and find values for the intensity of Raman scattering of

light on the PSE for a specific vibrational transition.

In addition to this method of calculating the intensity of Raman scattering of light on structures, another
method can be used, which is somewhat different from this [13]. By finding the equation of motion for the
green function, one can obtain a system of linear non-uniform equations that is sufficiently easy to solve.
This method allows you to calculate the elements of the series that the intensity is decomposed into.

Recently, it is common to refer aperiodic structures to structures that are in accordance with the Fibo-
nacci series. We obtain solutions that allow us to judge the structure of any aperiodic lattice. In [13], we ob-
tained a ratio for Raman scattering frequencies that corresponded to the numbers of the Fibonacci series. In-
tensity peaks were detected in the acoustic region with frequencies: w;=13.4, w,=21.7, w3=35.0 and

w,=56.7 cm™". Tt is not difficult to notice that wo/w,=ws/wy=wy/wy= is the number of the Golden sec-

tion, that is, with some accuracy, the frequencies obtained both from the calculation and from the experiment
are multiples of the corresponding Fibonacci numbers. The superatomic lattice of the studied sample was
dimensionally quantized by the numbers of this series. The obtained result of this work gives grounds to as-
sert that the vibrational Raman spectra represent direct information about the structure of the superatomic
lattice.

Conclusion

Two methods for calculating the parameters of a block modulated lattice are considered. Despite the
approximations, the methods allow us to reveal a qualitative picture of the electronic crystal in some cases,
the theory and experiment give a satisfactory match. In other cases, such approximations are crude and insuf-
ficient to obtain accurate values of the spectral characteristics of a quantum-dimensional lattice. To get a
more accurate picture, several significant amendments should be included in the consideration of both tasks.
In the method based on the light absorption spectra of the BH structure, it is necessary to take into account
the presence of wave functions outside the PSE. The symmetry of the PSE makes a significant contribution
to the solution, and in the future it is possible to abandon the spherical symmetry of its potential. Taking the-
se amendments into account is the next step in this task. In the method based on the vibrational Raman spec-
tra of light by the microblock structure of the crystal, it is possible to further consider the 3-dimensional case.
Currently, issues related to quantization of the crystal structure are widely considered. A significant interest
is the study of the properties of such crystal lattices based on pre-known models of the crystal at a level other
than the atomic one.
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10.B. bopoaun, K.B. Ceiconos, B.P. Panne, I'.B. BaBunosa, O. Crapsl

Hanoenmemai KpucTaJbl KYPbLUIBIM/BIK 3JIeMEHTTEPAiH CEKTPOCKONMMSIChI

KypBUTbIMIBIK 37IeMEHTTep i, HaHOOONIIEKTep i, MUKPOOIOKTap bl JkoHEe Oacka Ja HaHOeMIMIeMAI 0OBEeKTi-
JepAi 3epTTey KPUCTAIIApAbIH TEle-TeH eMeC KACHETTEpiH 3epTTEeyAiH MaHbI3Ibl Oeniri. Hanoemmemmi
KYPBUIBIMIAPABIH TOpTiOl Kocmamay, aedopManust >KOHE COyJIeMEH o3apa opeKeTTecyle KpHCTalIbl
TOpJIapABbIH JMHAMHUKAChIH Oarajayra MYMKIHAIK Oepeni. PeHTreHaik oHe 3JIEKTPOHbI-MUKPOCKOIHUSIIBIK
3epTTEYJIEPMEH KaTap HaHOOMIIEeM Il 00BEKTIIEPAiH OJILeMACPiH, OJapblH IEKTPOHIAPBIHBIH SHEPTUSICHIH
JKOHE DJICKTPOHABIK KYHAIH CHMMETPHUSCHIH aHBIKTAYAbIH ONTHKAIBIK oicTepi KEHiHSH KOJIaHbUIA/IBI.
Hanoemnmemai oO0bekTiiep apachlHOa KPHCTAIABIK KYPBUIBIMHBIH ONOKTHIK-Hepapxusuiblk (BM) mopenin
a3ipieyre OalaHBICTBI NPOTOH-OOMIHTeH KyphUIBIMABIK d1eMeHTTep (IIKD) epexmie Hazap aymapanisl.
Makasana KBaHTTBIK-OJILIEMIIK KypbuibiMaap Mozeninzeri ITKD KpucTangapbHBIH MeJILIEPIiH ecenTey
MYMKIHZIri KapacTtelpsurraH. By mopensre cotikec, ITIKD-ne xpucranmap oneyeTiHiH MoHzepiHeH Oacka,
JKaJIIBl KAOBUIIAHFaH TEOPHSIAaH THIC XKOFAPBI AEKTPOH/BIK THIFBI3BIK aiiMarblH KapacThIpy Kepek. DKcIe-
PHMEHTAJIIBI ACPEKTEP OCHI aiiMaKThIH karaaiibiH IIKD aToM sApOoChIHbIH aifHaIachIHAA OKIIAYJIaHABIPbUIFAH
Jien aHbIKTayFa MYMKIiHZIK Oepezi. ATOMZIBIK KaHKA Kbl XKar[aiila 3JIEMEHTapIIbIK YAIIbIKKA COHKec
KeJie/li, SFHU aTOMIap/IbIH Oip CaHBIHAH TYPAIbl KOHE CHMMETPHSHBIH Oip HYKTENi TOOBI Oap.

Kinm ce30ep: HanoOemmekTep, MHKPOOIOKTap, HAHOOMIIEMIl KYPBUIBIMIABIK 3JIEMEHTTEp, NPOTOHMAbI-
06JIHIeH KYPBUIBIMABIK 3JI€MEHTTEP.

10.B. bopoaun, K.B. Ceiconos, B.P. Panne, I'.B. BaBunosa, O. Crapsl

CrnekTpocKonusi HAHOPa3MePHBIX KPUCTALUINYECKUX CTPYKTYPHBIX 3JIEMEHTOB

W3ydenne cTpyKTYpHBIX JIEMEHTOB, HAHOYACTHI], MUKPOOJIOKOB U APYTUX HAHOPa3MEPHBIX OOBEKTOB OBLIO
Ba)KHOH YacThIO M3YYCHUsI HEPAaBHOBECHBIX CBOMCTB KpHCTAIOB. [ToBeneHre HAaHOPa3MEPHBIX CTPYKTYp I10-
3BOJISIET CYJIUTh O JUHAMHUKE KPUCTAUINYECKOH PEIISTKH P JIETHPOBAHUH, eOpMaIUy U B3aUMOACHCTBAN
¢ m3nydyeHnem. Hapsimy ¢ peHTT€HOBCKMMU U 3JIEKTPOHHO-MUKPOCKOITMYECKUMU HCCIIE0BAaHUAMU BCE IUPE
UCIIONB3YIOTCS ONTHYECKUE METOJBI ONPEAeTIeHHs Pa3MEPOB HAHOPA3MEPHBIX OOBEKTOB, SHEPIHU HX 3NEK-
TPOHOB M CHUMMETPHH 3NIEKTPOHHBIX COCTOSIHUH. Cpely HaHOPa3MEPHBIX 00BEKTOB 0CO00€ BHUMAHHE MPH-
BJIEKAIOT MPOTOHHO-pa3JeNeHHble CTPYKTypHble ayieMeHTsl (IICD) B cBs3m ¢ pa3paborkoil GnouHO-
nepapxudeckoit (BH) monmenu kpucramumdaeckoil CTpyKTypsl. B crathe paccMOTpeHa BO3MOXKHOCTh pacdeTa
pa3mepoB kpuctawioB IICD B MojenH KBaHTOBO-pa3MepHEIX cTpyKTyp. CoracHo 3Toif MoJenH, KpoMe 3Ha-
yeHn# noteHnuana kpucramwia B [ICD, ciienyer u3yduTh 00J1acTh BEICOKOW 3JIEKTPOHHOM IIOTHOCTH, CyIIe-
CTBOBAaHHME KOTOPOH BBIXOIUT 3a PAMKH OOLICTIPUHATON TEOPUH. DKCIIEPUMEHTAILHEIE JaHHBIE TTO3BOJISIOT
OIIPENENHUTD MOJIOKEHUE 3TON 30HBI KaK JOKAIN30BaHHON BOKpPYT aToMHOTO siapa [ICD. 3ameTum, uTo atoM-
HBIH OCTOB B OOLIEM Clly4ae COBIAAACT C JIEMEHTApHOW SAYEHWKOH, TO €CTh COCTOMT U3 OJHOTO M TOTO Ke
YHCJIa aTOMOB U UMEET OJJHY U Ty K€ TOUEUHYIO TPYIITy CHMMETPUH.

Kniouesvie cnosa: HaHOYACTHIBI, MHMKPOOIOKM, HAaHOPa3MEPHBIE CTPYKTYPHBIE BJIEMEHTHI, INPOTOHHO-
pa3zielieHHbIE CTPYKTYPHBIE JJIEMEHTBL.
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Mathematical modeling of the initiation and spread of forest fires
and their impact on buildings and structures

Currently, methods of mathematical modeling are used to study processes in emergency situations. Forest
fires are extremely complex and destructive natural phenomena which depend on availability of fuel, meteor-
ological and other conditions. Mathematical model of forest fire is based on an analysis of known experi-
mental data and using concept and methods from reactive media mechanics. In this paper the theoretical study
of the problems of crown forest fire spread in windy condition and their thermal impact on the wooden build-
ing were carried out. The research was based on numerical solution of two-dimensional Reynolds equations.
The boundary-value problem is solved numerically using the method of splitting according to physical pro-
cesses. A discrete analogue for the system of equations was obtained by means of the control volume method.
A study of forest fire spreading made it possible to obtain a detailed picture of the change of the component
concentration of gases and temperature fields in forest fire and on the wall of building with time. It let to de-
termine the limiting distances between forest fire and building for possibility of wooden walls ignition for dif-
ferent meteorology conditions, size of building and intensity of fire impact.

Keywords: crown fire, fire spread, forest fire, mathematical model, ignition, finite volume method, building,
turbulence.

Introduction

A number of authors are studying the problem of the behavior of forest fires. Rothermal [1] and Van
Wagner [2] formulated the first mathematical methods to study the behavior of forest fires. They represent
semi-empirical approaches that allow one to obtain fairly reliable values of the flame front propagation ve-
locity, depending on a given supply and moisture content of forest combustible materials, wind speed and
terrain. However, in their models, the authors used parameters for specific fires based on certain data. This
limitation significantly reduces the possibility of widespread use of this method in modeling various forest
fires. Numerical modeling based on identical installations is used to compare the effectiveness of two main
approaches based on Eulerian LSM and Lagrangian DEVS schemes in constructing forest fire models [3].
The mathematical models presented in the works [4-9] provide more detailed conditions for the spread of
forest fires. A distinctively new approach to studying the behavior of forest fires by the method of mathemat-
ical modeling was proposed by Grishin. [10], which is based on the application of experimental data and the
use of approaches and methods of reactive mechanics [11]. However, when studying the problem of the be-
havior of forest fires [10, 11], the issue of the effect of the wildland fires front on buildings and structures
located near the forest zone were not studied. In the summer season of 2019, according to official data, more
than 2 million hectares of timber burned out as a result of forest fires in Russia. Such large-scale forest fires
carry not only an economic threat, but also a threat to human victims as a result of the transition of the flame
front to urban areas. Extinguishing forest fires requires a lot of effort and cost, creating airborne teams of
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firefighting specialists, engaging outside organizations and volunteer groups, etc., and, in the vast majority of
cases, is ineffective or impossible. Currently, the most effective methods for studying natural fires are math-
ematical modeling methods using numerical methods [10—14] and modern software to solve problems.

Physical and mathematical setting

The mathematical model considered in this paper and the calculation results are used to study the inter-
action of forest fire fronts with wooden structures. We assume that on the ground cover there is an area of
elevated temperature, that is, a center of a lower fire, which has some dimensions, at a certain height, above
the forest canopy, the wind speed is set. Under the influence of this burning zone, inert heating of forest
combustible materials takes place in the forest canopy, moisture evaporates, pyrolysis occurs with the release
of condensed and volatile pyrolysis products, which then ignite. A combustion front is formed, which moves
along the forest canopy under the influence of wind. If a building is located near the forest, then the flame
front has a thermal effect on it due to the transfer of energy by radiation, convection and transfer of burning
particles. As a result, ignition of this object is possible. Let us consider schematically the region of the pro-
cess under consideration. The axis Ox; is directed perpendicular to the earth surface, and the axis Ox; is di-
rected parallel to the earth surface and coincides with the direction of the wind. Figure 1 shows a scheme of
this process:

X2

wind

=

0 forest canopy building x1
Figure 1. Forest fire propagation pattern

It is supposed that: 1) the flow is turbulence, while laminar transport is neglected, since it is not signifi-
cant compared with turbulent; 2) the density of the gas-dispersed phase does not depend on pressure, due to
the fact that the flow velocity is small relative to the speed of sound; 3) it is assumed that the local-
thermodynamic equilibrium is taken place; 4) the wind speed is defined at height of the forest canopy; 5) the
multiphase medium consist of particles of the condensed and gas phase (oxygen, gaseous combustible pyrol-
ysis products and inert components (nitrogen, water vapor, gas products of combustion and etc.) [10, 12].
The problem given above reduces to solving the following system of differential equations:

dp . .
P Z(pv,))=m,j=12i=12 1
at axi (pvl) m .] l ( )
dv, 0 0 e - .
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pcpg—g(—pcpva)+q5R5—OLV(T—TS) +k,(cUp—40T"); 3)
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This system of equations is solved using the next initial and boundary conditions:
t=0:v,=0,T=T,c,=cy,.I.=T,0,=¢,,,i=1,2;k=1,2; 0.=1,3; (10)
c oU, cU
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ox, ox, ox, ox, Y ox, 2
where x;, x,, vi, v, — coordinates and corresponding projections of the velocity vector on the axes of coordi-
nate; Rs and Rs, — combustion reaction rates of gaseous pyrolysis products and the appearance of o — gas
dispersed phase components; ¢, p, — specific heat and density of the gas phase; T'— the temperature of gas-
dispersed phase; ¢, — mass concentrations (ot =1 — oxygen, 2 — CO, 3 — inert air components); P —
pressure; Uz — radiation energy density; ¢ — Stefan-Boltzmann constant; k, — absorption coefficient for
gas-dispersed phases; g;, E;, k; — thermal effects of the reactions, activation energies, and pre-exponents of
the reaction of pyrolysis, evaporation of moisture and combustion of pyrolysis products; M, M — molecular
weights of the components of the gas phase and air mixture; ¢ — speed of light; o, v — coke number and
mass fraction of combustible gases in the mass of gaseous pyrolysis products; g — gravitational constant.
Indexes «o» u «e» relate to functions in the field of combustion and at a considerable distance from the fire
front, respectively. Index «“» used to indicate the pulsating components of various functions [10]. The ther-
modynamic, thermophysical, and structural quantities used in the statement of the problem belong to forest
combustible materials corresponding to the pine forest: Es/R=11500 K, ks =3-10", gs =10 J/kg,
¢,= 1000 J/(kg'K), 0. = 0.06, v = 0.7, p, = 1.2 kg/m’, ¢;, = 0, p. = 10 N/m’, T, = 300 K, ¢,, = 0.23 [12]. Tur-
bulent stress tensor components pv'_w' and turbulent heat and mass fluxes v'T”, m computed using middle
flow gradients as follows:

— ou, du, | 2 — oT — dc,
—Psuu; = Uy (E*‘a—xlj _EKS;,» s —Psu;c, I'= 7\'T a_xj > —Psuc, = psD; a_xl > (15)
A =Wc, /P, pDp =, /Sc, 0, =cpsK* /g5 1, =cpK’ /€, (16)
where K — kinetic energy of turbulence, v; and v; — components of the average velocity and the pulsating

component of the velocity in the projection onto the axis x;; W, A, D; — coefficients of turbulent, dynamic
viscosity, turbulent thermal conductivity and diffusion; Pr. Sc, — turbulent Prandtl and Schmidt numbers;

0; — Kronecker characters; W, =¢,pK * /e , where &£ — dissipation rate of turbulent kinetic energy, Cy —

constant. The determination of the coefficient of turbulent dynamic viscosity has certain difficulties [10; 15],
such as the arbitrariness in choosing the initial and boundary conditions for the kinetic energy equation of
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turbulence, as well as the approximate closure method, which is based on the Prandtl mixing path hypothesis,
which actually means the equilibrium approximation for the kinetic energy equation turbulence. In [10], the
approach for the two-dimensional planar case is described in more detail. If in the case under consideration
the non-stationary and convective terms and the diffusion terms of turbulent kinetic energy are neglected in
the equation for the kinetic energy of turbulence, then the coefficient of turbulent dynamic viscosity and the
expression for the kinetic energy of turbulence can be obtained from the right side of the equation, as de-
scribed in Grishin [10]. A locally equilibrium turbulence model is used. To determine the turbulent dynamic
viscosity in the two-dimensional case, the next formula was used:

2 2 2 2 12
wo=prdof [0 ] [ Q) [ v _2)0m v | g 98 (17)
dx, ax, dx, dx 3|dx, dux, T Pr, dx,
where 0 = T — T,. The formula for the mixing path proposed by the authors of [13] has the form
l=zk, /(1+2.5z\Jc,s/h), (18)

where k,= 0.4 — Karman constant, # — forest canopy height.
Numerical method

For numerical integration of the original system of equations, the control volume method is used [13].
The main meaning of this method is easily understood and lends itself to direct physical explanation. We
divide the computational domain into a certain number of disjoint control volumes so that each node point is
contained in only one volume. In the case of a two-dimensional problem, we consider a rectangle. The se-
cond step is the integration of the differential equation for each control volume. To carry out the calculation
of the integrals, profiles are used that describe the change between the nodal points of the function @. The
discrete analogue obtained as a result of integration expresses the conservation law for the state parameter @
in each finite control volume [13]. The discrete analogue obtained in this way expresses the conservation law
@ for a finite control volume in the same way that the differential equation expresses the conservation law
for an infinitely small control volume. An important property of this method is that the control volume meth-
od contains the exact integral conservation of such quantities as mass, momentum and energy for any group
of control volumes and for the entire calculation area. This feature is demonstrated for any number of nodal
points, and not only in the limiting case of a large number of them. Even a coarse grid solution satisfies pre-
cise integral balances [13]. Differential equations obeying the generalized conservation law describe the pro-
cesses of hydrodynamics and heat transfer, mass transfer. When denoting any desired function of the variable
@, the generalized differential equation takes the form in tensor form [13]:

3<p@>+i<pvi@>=i[r¢a—@}+sm, (19)
ot ox, ox, ox,

where, p is the density, ¢ is the temporal coordinate, x; is the spatial coordinate, v; are the components of the
velocity vector, I is the transport coefficient (/' is the coefficient of thermal conductivity, turbulent viscos-
ity, diffusion, etc.), Sy is the source term. In special cases, the heat flux as a result of chemical reactions in
the energy equation or an increase (decrease) in component concentrations during chemical reactions in the
diffusion equations may enter Sg. The specific form of 'y and S depends on the semantic load of the varia-
ble @. For the nodal point P the neighboring points # and E are located in the direction of the x; axis, points
N and S (denoting north and south) — in the direction of the x; axis. The control volume surrounding point P
is shown by lines. The volume depth in the z axis direction is assumed to be unity. Designations for distances
Ax, (0x) e, etc., apply here to two dimensions. The question of the location of the faces of the control volume
with respect to the nodal points remains open. You can position them exactly in the middle between adjacent
points, but other methods can be applied, some of which will be discussed below. The discrete analog ob-
tained here can be used in any such case.
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Figure 2. Control volume (shaded area) for the two-dimensional case

The calculated area is divided into a number of non-overlapping control volumes. Then we integrate the
system of differential equations for each control volume [13]. As a result, we obtain a system of nonlinear
algebraic equations, which is then solved numerically using the SIP method. Thus, we obtain the distribu-
tions of the sought-for functions at all points of the computational domain at different instants of time.

The results of calculations and their analysis

Using the described mathematical model, numerical calculations were carried out to determine the pat-
tern of the ignition of a wooden structure as a result of the action of a flame front. The fields of the distribu-
tion of temperature, velocity, mass fractions of components, and volume fractions of phases were obtained
numerically. The first stage is associated with an increase in the maximum temperature at the ignition site.
As a result, a hotbed of flame appears. At this stage of the process, a heat flow arises above the hearth and a
zone of heated wood pyrolysis products is formed, which mix with air, rise up and penetrate the tree crown.
As a result, the forest canopy is heated in the crowns of trees, moisture evaporates and gaseous and dispersed
pyrolysis products are formed. Ignition of gaseous pyrolysis products occurs in the next step. As a result of
heating the wood, moisture evaporates, pyrolysis occurs, accompanied by the release of gaseous products,
which then ignite and burn. At the time of ignition, gaseous combustible products are burned, and the oxygen
concentration rapidly decreases. The temperatures of both phases reach their maximum value at the flash
point. The calculation makes it possible to take into account the spread of forest fires at different wind
speeds, bulk of forest fuel, and moisture of forest fuel. The influence of a forest fire on a building that is lo-
cated near a forest is considered. The influence of wind speed and the distance between the forest and the
building on the ignition of the building is studied numerically. The calculation results can be used to assess
the thermal effect on a building located next to forest fires.

Fields of wind and temperature interact with an obstacle — construction (Fig. 3a) and b)). In Fig. 4
shows the results of modeling the wall temperature at different distances between the front of a forest fire
and a wooden building (20x50%20 meters) for various values of wind speed from 3 to 15 m/s.

a b

Figure 3. Distribution of temperature @) and speed b) near the building
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Figure 4. The temperature distribution on the wall of a wooden structure (20x50%20)
for different wind speeds (3—15 m/s) and for different distances / (10-50 m)

An analysis of this relationship shows the following: 1) a wooden structure with a wind speed of 3 m/s
lights up at a distance of 15—16 meters from forest fires; 2) with v=>5 m/s — [ = 26-27 meters; 3) v=10 m/s —
[ = 39-40 meters; 4) v=15 m/s — [ = 4647 meters. In Figure 5 shows the temperature dependence on the
walls of a wooden house measuring 12x15x12 meters for different wind speeds (3—15 m/s) for distances /
(10-50 m).
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Figure 5. The temperature distribution on the wall of a wooden structure (12x15%12 m)
for different wind speeds (3—15 m/s) and for different distances / (10—50 m)

An analysis of this relationship (Fig. 5) shows the following: 1) a wooden structure with a wind speed
of 3 m/s lights up at a distance of 32-33 meters from forest fires; 2) v=15 m/s — [ = 38-39 meters from for-
est fires; 3) v=10 m/s — / = 43—44 meters from forest fires; 4) v =15 m/s — [ = 4243 meters.

Conclusion

The result of solving this problem allows you to get a detailed picture of the change in speed, tempera-
ture and concentration fields of components in the wildland fire and on the near located buildings over time.
This allows to study the dynamics of the impact of forest fires on wooden buildings under the influence of
various external conditions, such as, meteorological conditions (air temperature, wind speed, etc.) and the
type of forest combustible material and its state (bulk of forest fuel, moisture, etc.). Calculations make it pos-
sible to obtain the maximum safe distance from the forest fire front to the structures (buildings and other ob-
jects) in order to exclude the possibility of its ignition.
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B.A. Ilepmunos, K.O. ®psHoBa

OpMmaH epTTepiHiH Maiaa 00/ybl MEH TAPAJIYbIH KJIHE 0JIaAPJAbIH FUMapaTTap
MeH KYPbLIbICTaApPFa dCepiH MaTeMATHKAJBIK MO/eJIbey

Kasipri Tania TeTeHIe xKaraailapAblH KO3FalbICTAPbIH 3epPTTEY YIIiH MaTeMaTHKAIbIK MOJICIBALY d/icTepi
KongaHsUtagsl. OpMaHHAH UIBIFATHIH OPTTEP ©Te KayilnTi epTrep OONbIN caHanmaabl, ONap OTHIHHBIH
METEOpPOJIOTHSUIBIK KoHEe Oacka jKaraimapiaslH OonyblHa OainaHbIcThl maiinma Oonagpl. OpMaH epTiHIH
MaTeMaTHKAJIBIK MOJeNi Oenirii JKCIepUMEHTTIK MONIMETTepl TajgayFa >KOHE DPEeaKUMsUIBIK OpPTaHBIH
MEXaHHUKaJIbIK TYCIHIIT MEH 9IiCTepiH KOJIaHyFa Heri3zenreH. 3epTTey OapbIChl JKelAiH acepiHeH OopMaH
OPTTEPiHiH Tapaybl MEH OJIAp/IbIH aFalll KYPbUIbIMBIHA TEPMHUSUIBIK 9CePi Typalibl TEOPHs XKy3iHae GepiireH.
3eptrey exi exmmemMai PeliHonbac TeHACYNepiHiy caHIbIK mienriMine HerizaenreH. [leTTik ecenm (GU3HMKAIBIK
KO3FaslbICTapra 0elry oiciMeH caHIBIK Typ/e memireni. Ternaeyep xxyliecine apHaIFaH JUCKPETTi aHaIOThI
Oackapy KeJeMiHIH opici apKpUIBI aiblHABL OpMaH epTTepiHIH TapalyblH 3epITey — OpMaH OpTIiHIH
aJBIHIAFBl FUMapaT KaObIpFAachlHOa Ta3 TOpi3di Kypamumac OeJiKTepAiH KSHEe TeMmIeparypa epicTepiHiy
KOHLCHTPALMSACHIHBIH ©3repyiHiH HaKThl KepiHiCiH aimyra MyMKiHAiK Oepeni. Byn 6Gisre asprypii
METEOpOJIOTHSIIBIK JKaFdainapia aram KaObIprajapIblH TYTaHy MYMKIHIITIH, FUMapaTThlH KeJieMi MeH
OpTTiH KapKbIHABUIBIFEI YIIIH OPMaH ©pTi MEH FUMapaT apachbIHAAFbl €H YJIKEH KAIlbIKTBIKTHI aHBIKTayFa
MYMKIHJIK Gepexni.

Kinm coe30ep: epTTiH Tapaiybl, OpMaHHBIH JKaHYbI, OPMaH ©PTi, MAaTEMATHKAIBIK MOJEIb, TYTaHy, MEKTeYIi
KeJIeM 9fiici, KYPBUIBIC, TYpPOYJICHTTLIIIK.

B.A. Ilepmunos, K.O. ®psHoBa
MartemaTu4eckoe MO/IeJIMPOBAHUE BOSHUKHOBEHHS U PACIIPOCTPAHEHUSA

JICCHBIX II0Kap0B ! UX BO3/IelicTBHE HA SAAHUA U COOPYKCHUA

B Hacrosiiee BpeMs METOBI MATEMAaTHUECKOTO MOJETHPOBAHUS HCIONB3YIOTCS ISl H3y4eHUS MPOLECCOB B
Ype3BbIUAHHBIX CUTYalUsX. JIeCHbIE MOkKaphl ABIAIOTCS YPE3BBIYANHO CIOKHBIMHU U Pa3pyHINTEIbHBIMU MPH-
POAHBIMHU SIBIEHUSIMU, KOTOPbIE 3aBUCAT OT HAJIUUYHS TOIUIMBA, METEOPOJIOTUUECKUX U APYTUX ycnoBuil. Ma-
TeMaTH4ecKas MOJIEb JIECHOTO I0XKapa OCHOBaHA HA aHAJM3€ M3BECTHBIX 3KCHEPUMEHTATbHBIX TAHHBIX U
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UCIIOIb30BAHUN KOHIETIIIMM U METOJI0B MEXAHUKH PEarupyomux cpel. B craTbe TeopeTHuecku uccienopa-
HBI TPOOIEMBI PACTIPOCTPAHEHHS JIECHBIX M0OXKAapOB MOA AEHCTBHEM BETpa U UX TEPMUUECKOE BO3JEHCTBUE HA
JepeBsiHHOe cTpoeHue. MccnenoBaHue ObIZIO OCHOBAHO HAa UYHCIEHHOM DPEIICHHH JBYMEPHBIX YpaBHEHMI
Pettnonbaca. Kpaesas 3amaua pemieHa MeTONOM pacIIeIDICHHsT N0 (HU3MYECKHM IponeccaM. JHMCKpeTHBIi
QHAJIOT JUISl CUCTEMBI ypaBHEHHH OBLI MOJIydeH METOJOM KOHTPOJBHOrO oO0beMa. M3yueHue pacmpocrpaHe-
HUS JIECHBIX TI0’KapOB ITO3BOJIWJIO TIOJIYYUTD JETAIBHYIO KapTHHY M3MEHEHMS! KOHIIEHTPAIUH ra3000pa3HBIX
KOMITOHEHTOB 1 TEMITEPaTypHEIX I10JIel BO ()POHTE JIECHOTO IT0Kapa ¥ Ha CTEHE 31aHHs B Pa3IMIHBIE MOMCH-
TBI BpEMEHU. DTO MO3BOJIMIIO ONPEEITUTh NPEAEIbHBIE PACCTOSHUS MEXIY JIECHBIM MOXKApOM M 3[[aHHEM ISt
BO3MOXHOCTH BO3TOPaHMs AEPEBSHHBIX CTEH MPU PA3IUYHBIX METEOPOJIOTHUECKUX YCIOBHUSX, pa3Mepax 37a-
HHS ¥ MHTEHCUBHOCTHU BO3/€HCTBHS OTHSI.

Kniouesvie cnosa: BepxoBOW Moxap, paclpoCTpaHEHUE MOXKapa, JECHOH IoXap, MaTreMaTH4ecKas MOJEIb,
32)KUraHKue, METOJ] KOHEYHBIX 00bEMOB, 3/[aH1e, TYpOyJICHTHOCTD.
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Theoretical determination of the distribution of forces
and the size of the boundaries of the contact in the interaction
of the deformable drive wheel with the soil

The article presents the results of an analytical determination of the forces distribution along the length of the
contact curve of the driving deformable wheel on the deformable supporting surface, and also are defined the
boundaries of the contact zone. The case in a flat statement of the problem is considered. The supporting sur-
face and the surface of the deformable wheel are represented as a continuous deformable medium. The shape
of the wheel in the contact zone is represented by the circle equation, which in the contact zone is expanded
in a Macloran-series. By using conditions at the boundaries of the contact zone, a system of equations is ob-
tained from which the sizes of the contact zone are determined. The solution of these equations allows one to
find expressions of the sizes of the contact zone of the deformable wheel with the deformable surface, de-
pending on the mechanical properties of the wheel materials and the supporting surface, from the geometric
dimensions of the wheel and from the loads applied to it. In addition, the results of the studies allow us to de-
termine the analytical expression of the coefficient of rolling resistance of a deformable wheel over a deform-
able surface, depending on their mechanical properties, geometric parameters, and the loads applied to it.

Keywords: deformable wheel, deformable supporting surface, contact zone boundaries, applied loads, forces
distribution in the contact zone, absolute deformations, medium mechanical properties, two-dimensional
problem.

Introduction

Manufacturing processes in many industries involve the interaction of deformable drive wheels with de-
formable bearing surfaces. These processes include the movement of transport and technological means and
machines during mining, in agricultural, land reclamation, construction, road and other industries. In this
case, it is necessary to solve the problem of the interaction of deformable wheels with a supporting surface,
which is deformed also. This is necessary to ensure the passability of the machines and provide the necessary
tractive effort, the necessary adhesion of the wheels, as well as to ensure the permissible deformation of the
supporting surface and for reduce the resistance to movement of the machine, etc. When solving the above
problems, questions arise about the size of the contact spot of the deformable wheel and the supporting sur-
face, and the magnitude of their deformations, and the distribution of forces in the contact zone. In this case,
it is necessary to take into account the reasons for the occurrence of sliding and skidding of the wheel, as
well as the distribution of stresses and deformations on the wheel surface and on the supporting surface in
the contact zone itself and at a certain distance from it. It is also necessary to take into account possible vio-
lations of the continuity of the structure of the supporting surface (destruction).

By the stresses magnitude and their distributions in the supporting surface, it is possible to judge about
the load-bearing capacity of the supporting surface, about change of its mechanical properties and the condi-
tions for the occurrence of slipping of the wheel and its passability. Knowing the deformations magnitudes of
the wheel surface and of supporting surface, as well as the applied loads, it is possible to determine the re-
sistance to rolling of the wheel. In such problems, two cases of rolling the deformable wheel along the sup-
porting surface should be distinguished: the rolling of a passive wheel to which no torque is applied, and the
rolling of the drive wheel, i.e. wheel to which torque is applied. From the point of view of the mechanics of
interaction, the rolling of a passive wheel is a special case of rolling of the drive wheel. Therefore, it is ad-
visable to consider a more general case — the rolling of a drive wheel.
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An analysis of known studies of this problem shows that all the results can be divided into three groups:
1) analytical studies of a fundamental and applied nature; 2) the construction of solutions using well-known
models by numerical methods — mainly methods of finite elements (FEM) and finite volumes (DEM);
3) purely experimental research. It should be noted that the first group of studies can give a fairly complete
picture of the physical nature of the process and the effect of wheel geometrical parameters on it, the me-
chanical properties of both the wheel and the supporting surface, and the loads applied to it. The relationship
of these values gives the most complete picture of the process and allows you to determine the direction of
their influence on the final result of such an interaction.

A significant contribution to the analytical solution of contact interaction problems belongs to
A.Yu. Ishlinsky [1, 2], D.I. Zolotarevskaya [3, 4] and others. But an analysis of these works allows us to
conclude that not all of these works were taken into account conditions for the application of forces, in par-
ticular torque, in addition, the solution to these problems does not give an answer to how the absolute strains
are distributed in the vertical and longitudinal directions of the contact zone. In addition, in these solutions
there is no clear definition of the boundaries of the contact zones and their dependence on the nature of the
application of forces of geometric shapes and the stress-related properties of the contacting bodies.

More modern studies consider numerical solutions of contact problems using the FEM and DEM meth-
ods [5-8]. Unfortunately, these works do not give an answer to the question: how do the geometric parame-
ters of the deformable wheel, of the deformable surface, and the magnitudes of the applied loads affect the
magnitude of the contact patch. In addition, these results do not have generality, which does not allow us to
extend them to more general cases.

It should be noted that the boundaries of the contact patch are used in solving the contact problem in the
form of integration limits of potential biharmonic functions that describe solutions of the Laplace systems of
equations. These systems are solutions to contact problems in the Papkovich-Neiber form. Therefore, finding
the boundaries of the contact of the deformable wheel with the deformable supporting surface is an actual
fundamental and applied problem.

The main part of the solving of the contact problem is the analytical determination of the distributed
pressures and deformations in the contact zone of the deformable wheel with the supporting surface and the
determination of the contact boundaries depending on the applied forces, from the geometric dimensions and
shapes of the wheel, as well as the mechanical properties of the wheel and the supporting surface in a flat
definition.

This problem definition is suitable for the case of the absence of transverse forces (the condition of lin-
ear rolling without taking into account the transverse components of the forces in the contact zone).

Experimental

To describe the contact interaction of the wheel and the surface on which it moves, it is necessary to
solve the following tasks:

— deduce the functions of distributed loads in the contact zone under the action of concentrated forces

and moments;

— determine the boundaries of the contact zones of the deformable wheel with the deformable surface.

In general, the procedure for solving a contact problem in an analytical form, for the case of geometric
linearity of the equations, that connect stress and strain involves the search for functions that are a solution to
elliptic equations.

The main types of such solutions are given in the fundamental literature on mathematical physics [9]
and consist in the search for analytical biharmonic potential functions that satisfy the conditions on the sur-
face. These are solutions equations Businesk, Cherruti, P.F. Papkovich and Neuber [10-12].

Taking into account the conditions of the problem statement, it can be assumed that there are no vertical
displacements of the coordinate system xoz. In this case, one can apply analogs of the solutions of
V.M. Aleksandrov, and M.L. Chebakov [13], T.I. Argatov and N.N.Dmitriev [14], as well as
V.L. Popov [15], V.P. Kovbasa [16, 17] and others.

These solutions can describe the relationship of the vertical displacements of points of contact surfaces
of deformable bodies under vertical and horizontal loading in the form:

1 B
v, 15,00 = M, [(v,,(=F, + F,.) + V2pF) &

1 +(x+1—§)2)d

1
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where v, [x,0], v, [x,0] — are the displacement (or velocities displacements), depending on the mediums
models, in the direction of the vertical coordinate axis of the contact between the support surface and the
wheel surface along the length of the contact zone {a,,a} (it should be noted that the arguments in square
brackets indicate that the contact surface is considered at z =0 for the soil and wheel, respectively (Fig. 1);
F,, — distributed propulsive pressure in the contact zone; F, — gravity pressure caused by the mass applied

to the wheel in the contact zone; F,. — distributed pressure from the vertical reaction force, which is due to

Gt Gt Gyt [
Ky Ky, N n
. . . e -1+e e " (=1+e™
the rolling resistance moment in the contact zone {0,a}; M, =¥, . =(—)
6G,(1+v,) 6G,(1+v,)

Vi, =2(=2+Vv,), v,,=(=1+5v,)), v, =2(-2+V,),v,, =(-1+5v,) — stress-related complexes of wheel
and supporting surface properties; Gp,Gk,up,uk,v Ve — elastic moduli, shear strain viscosity coefficients
and lateral expansion coefficients (in the first approximation, Poisson's ratios) of the supporting surface and
wheel, respectively.

With prolonged deformation, the exponential functions that enter to M ,,M, become to unit and de-

pend only on the elastic moduli and the lateral expansion coefficients; 1,B = 1/5b — a coefficient that elim-

inates the singularity of functions (4) and ensures the fulfillment of conditions at the boundary [16, 17].

These equations (1) can be used to determine the components of absolute deformations, and to deter-
mine the components of the strain rates of the wheel and the strain rates of the supporting surface in the zone
of their contact.
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Figure 1. Scheme of interaction of deformable drive wheel with a deformable medium

We can visually represent the nature of the pressures in the contact zone from the scheme of the interac-
tion of the active wheel with the supporting surface (Fig. 1). The fixed coordinate system is denoted as xOz .
The movable coordinate system in which the deformations of the wheel and the supporting surface are de-
scribed is represented as EOC. In this coordinate system, the wheel surface equation is:

C=r—r’=E:;&=r—+r’ =’ . In general, to the wheel a moment M acts, which creates a driving force,

a distributed rolling resistance pressure acts and a vertical load G=mg .

The rolling resistance forces, on the one hand, are formed in front of the contact zone by a distributed
horizontal soil reaction (reaction to a torque component relative to the rotation instantaneous center). The
resistance moment to rolling is the product of the integral function of the distribution of resistance force to
rolling by the coordinate of the center of its distribution with respect to the coordinates center. On the other
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hand, the resistance moment to rolling is the product of the integral function of the distribution center of the
vertical components in front of the contact zone and the coordinate of the rotation instantaneous center. The-
se vertical components arise due to the reaction of the soil to the weight applied to the wheel.

If we take into account the presence of components of distributed pressures, then first of all it is neces-
sary to determine the distribution of pressures in the contact zone. In this case, one should take into account
the shape of the contact surface in the vertical-longitudinal plane. For the convenience of further transfor-

mations, the transcendental shape of the curved contact surface {=r—+/r’ —&> can be represented in the
form of a Maclaurin series at the contact area a,—a . Then the shape of the curve will take the form:

¢, =& / 2r. The coincidence of the real curve and its expansion in a series over the length of the contact sec-

tion is evidenced by the graphical presentation of these functions and their derivatives along the contact
length (Fig. 2).
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Figure 2. Comparison of the exact analytical expressions of the curve in the contact zone
and its expansion into the Maclaurin series

To determine the pressure distribution along the length of the contact surface, one can take into account
the properties of a curvilinear integral of the second kind. That is, the pressure distribution along the length
of the contact zone {a,;a} can be represented by the equation:

2

The distribution of the propulsive force created by the torque can be determined based on the above
equation:

ellrae)= i 171

From here, the distributed force from the action of the torque is created by tangential tractive effort that

distributed over the contact patch:
&2
Mr, 1+ >
v r (3)

F, = .
¢ (a-a)(r+8)
The distribution of the force that creates the rolling resistance moment of the wheel in the contact area
{0;a} , is also determined using a curvilinear integral of the second kind:
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d d d 2
) =g ([ (M 1)) de) = 2 (P B -ar)et).

hence the distributed force due to the moment of rolling resistance will have the form:
Fo=——Y (4)

r(a—-%)

To determine the boundaries of the contact of the wheel with the soil with subsequent integration of
these forces distributions, insurmountable difficulties will also arise. In order to prevent the complexity of
integration of functions (1), expressions (2), (3), (4) were expanded into Maclaurin series within the length of

the contact zone of two bodies:
2 g2 2 g2
p_gmQr=g) . M@r-g)

" 2a—a)r? " 2a-a)r’’

M(a’ +2a&+3E%)
F mn == 3 s
ar
here F, — weight force pressure, which has been expanded to the Maclaurin series; F, — propulsive force

6))

pressure, which has been expanded to the Maclaurin series; F, — rolling resistance pressure, which has

been expanded to the Maclaurin series.
The adequacy of the functions expansions and their originals can be judged by their graphical interpre-
tation (Fig. 3), the analysis of which allows us to conclude that they can be used for further solutions.

Frrl_u,":Pa -

Figure 3. Pressure distribution graphs in the contact zone, plotted both by exact expressions
and by their expansion to the Maclaurin series
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Thus, the above functions of pressure distributions of the weight force, propulsive force, and rolling re-
sistance, which has been expanded to the Maclaurin series, make it possible to integrate expressions (1) in a
final form. Moreover, the boundaries of these integrals are arguments that designate the front and back
boundaries of the contact. From the obtained expressions, the dependences of the boundaries of the contact
zone can be determined.

Results and Discussion

An analysis of the expressions for the distribution of normal pressure in the contact zone (functions (2),
(5)) allows us to conclude that this magnitude is directly proportional to the mass applied to the wheel and
inversely proportional to the magnitude of the radius of the wheel and the length of the contact zone. A simi-
lar conclusion can be made regarding the tangent component of the pressure distribution in the contact zone
(functions (3), (5)): this magnitude is also directly proportional to the propulsive force applied to the wheel
in the contact zone, and inversely proportional to the length of the contact zone and the radius of the wheel.
The distribution of vertical pressure from the action of rolling resistance forces (functions (3), (5)) indicates
that this magnitude is also directly proportional to the torque applied to the wheel in the contact zone and
inversely proportional to the length of the contact zone and the radius of the wheel.

From this it should be concluded that the determination of the size and boundaries of the contact zone
have a decisive role in the study of the contact interaction of a deformable wheel with a deformable surface.

Solving the problem of the contact interaction of two deformable bodies of inconsistent geometric
shape in the presence of normal and tangential pressures in the contact zone requires determining the length
of the contact zone. In this case, the length of the contact zone should be determined taking into account the
magnitudes of the applied loads, of the mechanical properties of the wheel and the supporting surface, as
well as the wheel geometric parameters.

Finding the sizes and contact zones can be performed on the basis of solutions of equations (1) for the
absolute vertical displacements of the wheel surfaces and the boundary of the supporting surface. In this
case, one should consider the solutions of the system of obtained equations of vertical displacements at the
contact boundaries.

The boundaries of the contact zone should be determined from the conditions at the edges of the contact

boundary. At the rear contact boundary at the point a, the vertical displacement is equal to the deformation

of the wheel surface a,” / 2r . The second boundary condition is determined by the total displacement from the

deformations of the wheel surface and the bearing surface at the beginning of the front contact boundary.
This offset is 0. Based on these boundary conditions, a system of equations was compiled:

B a’
a0 Mj((VIA(F B tvall) e 6o
f Mk((vlk(F _Fm )+V2kE )_
O L [ B A e ©)
aa=0p W\ =M (v, (F, = F,e )+ vy, F) +(x+1-8)

The integration of these expressions is carried out taking into account that x =& .
The results of integration of expressions (6) include transcendental components in the form:
ArcTan| (a+1)/1],In[2C ][ +(a+1)’].  Given the fact that In[f —0]—(=3/(2m)), and

ArcTan[(a +l)/l:|

yis . . :
00L0) - 3 then the expressions can be reduced to a form convenient for solving. In
a>0.01,1—

the final form, the solutions of expressions (6) with respect to the values that determine the front and rear
contact boundaries (taking into account the signs of the magnitudes of the front and rear boundaries of the
contact) have the form:

NG \/ngmvlk +%

\/3# +gMmrv, + M, Mv,,
3
r

(7

a,=-
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N2 JOM M v+ g MmN, +6M M, Y, + gmM 1V, + MM P, - MM, Y,
\/ngmrvlk+gmMprv1p+MkMV2k—MMPVZP '
To simplify the analysis of expressions (7), their graphical interpretations are given. Analysis of the
graphs (Fig. 4) indicates that the mass, which is given to the wheel, as well as the deformative properties of

the wheel surface and the supporting surface, have a significant effect on the size of the rear part of the con-
tact zone.

a

Figure 4. The plots of the dependence of the front contact zone magnitude on the wheel stress-related properties,
on the mass applied to the wheel, on the the torque and wheel radius

The size of the front boundary of the contact zone also depends from the mass that applied to the wheel,
as well as the deformative properties of the wheel surface and the supporting surface.

The sum magnitude of the front and back of the contact zone indicates a significant influence of the
propulsive force, which is created by tangential pressure. At the same time, the mass vertical component has
a smaller effect (Fig. 5-6).
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Figure 5. The plots of the dependence of the back contact zone magnitude on the wheel stress-related properties,
on the mass applied to the wheel, on the the torque and wheel radius
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M, Nm

a

Figure 6. The plots of the dependence of the total magnitude of the contact zone on the wheel stress-related properties,
on the mass applied to the wheel, on the the torque and wheel radius

Thus, the conducted studies indicate that the wheel stress-related properties the greatest influence on the
size of the contact zone, in contrast to the soil stress-related properties. This may be due to less curvature of
the wheel surface.

Analysis of the dependences magnitudes of front a and back a, contact zone of a deformable wheel
with a deformable support surface allows us to draw the following conclusions:

— the size of the back boundary of the contact zone a, significantly depends on the deformative proper-

ties of the wheel surface M, . The deformative properties of the supporting surface M, do not signif-

icantly affect this magnitude;

— an increase in pressure from the propulsive force, which is created by the torque M , leads to an in-
crease in both the front and back boundaries of the contact zone;

— an increase in the wheel geometric size r increases the size of the back and front parts of the contact
zone;

— an increase of the deformative properties of the supporting surface M, entails an increase of the front

part of the contact zone;
— an increase in the mass applied to the wheel leads to an increase in the total length of the contact zone

(lon| +al)-

Conclusions

The carried out theoretical studies made it possible to obtain analytical dependences of the influence of
the wheel geometric parameters, of the mechanical properties of the supporting surface and the wheel, as
well as of the dynamic loads applied to it, on the dimensions and magnitudes of the boundaries of the contact
zone between the deformable wheel and the deformable support surface.

The analytical functions of the magnitudes of contact zone boundaries of the deformable wheel with the
deformable supporting surface are the limits of integration of biharmonic potential functions in the
Papkovich-Neiber equations for solving this contact problem.

The obtained analytical functions can be used in the design of wheeled propulsions of various techno-
logical machines and vehicles, as well as road-building equipment.
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In addition, the functional dependencies of the relationship between the dimensions of the contact zone
with the parameters and loading modes of the wheel propulsion, which are presented in the work, are the ini-
tial ones for the deepening analytical studies of the contact interaction of deformable bodies of inconsistent
geometric shape.
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B.II. Kosbaca, A.B. Conomka, A.B. CriupuH,
B.IO. Kyuepyx, JI.2K. Kapabekosa, A.K. Xacenos

JdedopManusiaHATBIH )KeTEK JOHFAJIAFbIHBIH TONBIPAKIIEH dpeKeTTeCcyi
Ke3iH/e KYIITePAiH Tapajaybl MeH 0aiJIaHbIC EeKAPAJIAPbIHbIH
MOJIIIEPiH TeOPHUSJIBIK AHBIKTAY

Makanana nedopManusiIaHaTeIH TipeK OeTiHAeri neopMalHsIaHATBIH JKETCK JNOHFaIaFbIHBIH OalIaHbIC
KUCBIFBIHBIH Y3BbIH/IbIFbI OOMBIHIIA KYIITEP/iH TapalyblH aHAJMTHKAJbIK aHBIKTAy HOTIDKENEepi KenTipiiren
JKOHE OHBIH OailylaHbIC aliMaFbIHBIH IIeKapaaapbl aHbIKTaIFaH. MocelleHiH Teric TY)KbIPbIMBIHIAFbI KaFaai
KapacTeipbUFaH. JleopManusiiaHaTelH JOHFAJIAKTBIH Tipek O0eri MeH OeTi ceprimIi MOIYJIbISpMEH XKoHE
ITyaccoH ko3(pdUIHEeHTTepiMeH CHUMATTANAThIH Y3IiKCi3 AeOopMalusIaHaTbIH OpTa PETIHAC YCHIHBUIFAH.
JloHranak oraH OepuIreH cajMak KYIIIMEH >koHe OaillaHbIC aiiMarblHIA KO3FajiMajbl KYLI TYIBIPAThIH
MOMEHTIICH XYKTeneli. MyHaail eHIipic JKaIbl OOJBIN TaObLIa bl KOHE ITACCHBTI JOHFAIAKTHIH JKaHACYBI
YILiH KOJIAHBUTYbl MYMKiH. baiiiaHbic aliMarblHIaFbl JOHFATAKTHIH MIMIiHI MIEHOEep TeHACYiMCH YChIHBUIFaH,
on OailaHbIC alfMarbIHAAa MakJopeH KarapblHa OejiHenmi, Oy INCNIIMHIH HOTIDKECiHe aWTapibIKTail acep
erneiini. KoHTaKT aiiMarbIHBIH IEKapACBIHAAFBI IIAPTTAP/bI KOJJaHa OTBIPBII, TCHICYJICp XKyieci allblHFaH,
OHBIH KOMETiMEH KOHTAKT aliMarbl eJIIeMCPiHiH HIaManapbl aHbIKTanFaH. bys TeHzaeynep xyleciH menry
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JNOHFAJAKTBIH ~MaTepuayapsl MeH Tipek OeriHiH IIyacCOHBIHBIH CepHIMALTIK MOIYJbAEpI MeEH
ko2 duLHeHTTepiHe, OFaH Koca OepiireH NOHFAlaK IIeH JKYKTEMENepIiH TeOMETPHSUIBIK eJeMIepiHe
OaiiiaHbICThl  IeOpMaLMIIAHATBIH JOHFANIAKTBIH IeOopMalusIaHaThIH OeTiMEeH OaliaHbIC alMarbIHbIH
eJIIeM/IepiH KopceTTi. 3epTTey HoTiKenepi OOWBbIHINA JOHFanaK OeTi MeH Tipek OeTiHiH aOCOMIOTTI JKoHE
CalBICTBIpMaNbl  JiehopMalusIapbl, OaillaHbIc aiiMarblHAH THIC KOHTAKTLII JEHeNepAeri KepHeylepliH
TapalyblH aHbIKTayFa Heri3 OoJjblll TabbUiaJbl, COHBIMEH KaTap JAe(OpMallMsUIaHATBIH JIOHFAIAKTHIH
nedopmanusUIaHaTEIH  OeTKe aifHaimy Keeprici Kod()(GUIUEHTIHIH aHAJIUTHKANBIK KOPIHICIH ONapablH
MEXaHUKAIBIK KACHETTEpiHe, TI'COMETPHUSIBIK IapaMeTpiiepiHe JKOHE KOJJAHBUIATBIH IKYKTeMelepiHe
GailaHbICThI aHBIKTAYFAa MYMKIHIIK Gepei.

Kinm ce30ep: nebopmauusiaHaTelH JOHFaNaK, nedopMaiusiaHaTelH Tipek OeTi, OaiiaHbic aiiMarbIHBIH
IIeKapagapbl, KOJJAHBUIATBIH JKYKTeMesep, OalnaHblc alMarblHOa KbICBIMHBIH Tapanybl, a0COIIOTTI
nedopmarusiap.

B.II. Kosbaca, A.B. Conomka, A.B. CriupuH,
B.IO. Kyuepyx, JI.2K. Kapabekosa, A.K. Xacenos

Teoperuueckoe onpeae/ieHle pacupeaejeHls CHJI M pa3Mepa rPaHUL KOHTAKTa
MpH B3aUMOJAEUCTBHH 1e(POPMHUPYEMOro NPUBOJTHOI0 KoJIeca C MOYBOM

B craTtbe mpezncTaBiIeHs! pe3yabTaThl aHATUTHIECKOTO ONPEEIeHNsT paclpeieNieHUst CHJI 10 JAIMHE KPHUBOH
KOHTaKTa IPUBOJHOTO JIeOopMHUPYyEeMOTo Kojeca Ha Ae(OpPMHPYEMON ONMOPHON MOBEPXHOCTH M OIpEIeIeHbI
TpaHUIIBI 30HBI €T0 KOHTAaKTa. PaccMoTpeH cirydail B mIockoi moctaHoBKe 3agaun. OmopHast IOBEPXHOCTE U
TIOBEPXHOCTH JIehOPMUPYEMOT0 KoJieca AaHbI Kak CIUIONIHAS AeopMHUpyeMast cpela, KOTopasl XapaKTepu3y-
eTCst MOAYJIIMM ynpyroctu u ko3dduuuenramu ITyaccona. Koaeco HarpyxeHo cuioi Beca, IPHBEICHHON K
HEMY, U KPYTSIIIM MOMEHTOM, KOTOPBIH CO3/aeT B 30HE KOHTAKTa JABMKYIIYIO Cuy. Takasi TOCTaHOBKa SB-
asieTcs oOLIielt 1 MOXKeT ObITh MPUMEHEHA TaKKe AJIsI KOHTaKTa MacCHBHOrO Kojeca. dopma Koiieca B 30HE
KOHTAKTa MPEACTABICHAa YPaBHEHUEM OKPYKHOCTH, KOTOPOE Pa3I0oKeHO B psii MakiopaHa B 30HE KOHTAKTa,
YTO HE OKA3bIBAET CYIICCTBEHHOTO BIIMSHHS Ha pe3ynbTaT pemenus. C HCI0Ib30BaHUEM YCIIOBUI HA TpaHu-
IIe 30HBI KOHTAKTA ITOJIy4eHa CHCTeMa ypaBHEHHH, U3 KOTOPOH ONpEeieNICHbl BEIMYUHEI Pa3MepOB 30HBI KOH-
TakTa. PemeHue 3Toi CHCTEMBI ypaBHEHHH Hano BBIpAKCHHE Pa3MepOB 30HBI KOHTAKTa AE(OPMHPYEMOTO
KoJieca ¢ AeOpMUpYeMOl TOBEPXHOCTEIO B 3aBUCUMOCTH OT MOAyJel ynpyroctd u kodddumuentos [Tyac-
COHA MaTepHaJioB KoJieca M OMOPHOI MOBEPXHOCTH, T€OMETPHUECKUX PA3MEPOB KOJIECA U HATPY30K, MPUIIO-
JKEHHBIX K HeMy. Pe3ynbTaThl IpoBeJEHHBIX UCCIEA0BAHUN SBIAIOTCS OCHOBOU JUIsl OIpe/IeNIeHUs aOCOIOT-
HbBIX U OTHOCHTEJBHBIX NehOopMalMii MOBEPXHOCTU KoJieca M ONMOPHON HOBEPXHOCTH, PacIpeaesICH s Hanpsi-
JKEHHH B KOHTAKTHPYIOIIHUX TeNaxX 3a MpeJeaMi 30HbI KOHTAKTa, a TAKKe TO3BONISIOT ONPENeInTh aHATUTH-
4yecKoe BhIpaxkeHHe K03 GUINEHTa CONPOTHBICHNUS NepeKaThIBaHus 1edopMupyemMoro Koneca 1o aehopmu-
pyeMoli TIOBEPXHOCTH B 3aBHCHMOCTH OT MX MEXaHHUYECKHX CBOICTB, TEOMETPHYECKHX MapaMeTpoB M IpH-
JI0>)KCHHBIX HATrPy30K.

Knioueswvie crosa: nedpopmupyemoe kojeco, fedopMupyemast OIopHas IIOBEPXHOCTD, TPAHHIIBI 30HBI KOHTaK-
Ta, IPHJIOXKECHHBIE HarPYy3KH, paclpeeleHne JaBIeHNs B 30He KOHTaKTa, abCOoMOTHEIE ledopmarun.
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Theoretical aspects of transient temperature on cubic crystal surface
in a photoacoustic effect

In photoacoustic effect, the solid sample absorbs a fraction of the radiation falling upon it and excitation pro-
cess occurs. The type of excitation depends on the energy of the incident radiation. The relaxation processes,
which are also popularly known as non-radiative de-excitation processes generally take place. The light —
matter interaction is responsible for the generation of heat within the solid sample. The temperature of the
sample changes due to absorption and non-radiative relaxation by the atoms. The pressure fluctuations will be
generated due to the heating and cooling of the sample. Today, crystalline solids are widely studied due to
their wide scientific and industrial applications. Temperature is one of the important parameter to be studied
regarding artificial preparation of large crystals. In this paper, transient translational temperature on the sur-
face of a homogeneous isotropic cubic crystal kept in a photoacoustic cell is calculated theoretically. For a
simple cubic homogeneous crystal kept in a photoacoustic cell, an airy stress function is determined based on
laser interaction with surface of the crystal. By applying the finite Marchi-Fasulo integral transform method
within the crystal size limitations, transient translational temperature is exactly determined.

Keywords: airy stress function, cubic crystal, energy transfer, light — matter interaction, Marchi-Fasulo trans-
form, non-radiative de-excitation, photoacoustic cell, photoacoustic effect, transient temperature,

Introduction

Photoacoustic effect is a phenomenon in which electromagnetic radiation is absorbed by molecules of
sample material. In 1880—1881, Alexander Graham Bell [1] found the interaction of light with solid. When
mechanically chopped sunlight incident on a thin disk, sound waves were generated. This effect is called as
Photoacoustic effect. The conversion of an optical signal into an acoustic signal takes place in photoacoustic
effect [2]. The solid sample absorbs a fraction of the radiation falling upon it and excitation process occurs.
The type of excitation depends on the energy of the incident radiation. The relaxation processes, which are
also popularly known as non-radiative de-excitation processes generally, take place. The light — matter inter-
action is responsible for the generation of heat within the solid sample [3].

Rosencwaig initiated theoretical explanation of temperature of solids during photoacoustic interac-
tion [4]. Rosencwaig and Gersho presented a one dimensional model regarding heat flow and tempera-
ture [S]. McDonald and Wetsel presented temperature calculations of photoacoustic interaction in three di-
mensional model with restrictions on thermal waves in transverse direction [2]. Quimby and Yen primarily
calculated the surface heat conductance in temperature estimation [6]. Chow developed a three dimensional
model in a general way without any restrictions on sample size in photoacoustic cell [7]. In the recent years,
Merzadinova et. al calculated ambient temperature of a solid in thermal diffusivity determination of structur-
ally inhomogeneous, multilayer and composite solids in photoacoustic interaction [8].
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In this paper, an attempt has been made to calculate transient translational temperature on the surface of
a homogeneous isotropic cubic crystal kept in a photoacoustic cell. Determination of transient translational
temperature will be helpful in the development of a methodology of stress determination in photoacoustic
problems.

Situation of the crystal

Consider a cubic crystal placed in a photoacoustic cell. The crystal is isotropic and homogeneous in na-
ture. This crystal is placed in a cylindrical cavity of a photoacoustic cell where it produces a photoacoustic
signal.

The Photoacoustic effect is directly related with on heating of the sample due to the phenomenon of op-
tical absorption [9, 10]. Periodic processes of heating and cooling of the solid sample are necessary because
it will develop pressure fluctuations should be generated in the cell [11]. These fluctuations can be detected
by a sensitive sensor.

In the schemes of modulated excitation, sources of radiation are used in which intensity periodically
fluctuates [12—16]. These intensity fluctuations are in the form of a sine wave or a square wave. This is simi-
lar to mechanical chopping of a radiation source. This method can be overcome by modulating the phase of
the optical signal instead of its amplitude [17—19]. The most common sources in Photoacostic analysis are
the use of modulated continuous wave lasers.

Two level system model

To describe the absorption of light, consider a two level system, in which energy transfers take place, as
shown in Figure 1. These energy transfers are radiative and non-radiative. Let us consider two states i and ;.
Also, consider the coefficients r;; and ¢;;. The radiative transition rate is rj; and non-radiative transition rate is
¢;i. The coefficient ¢; is also called collision-induced energy transfer. Now, introduce Einstein coefficients
for stimulated and spontaneous emission, Bjj and A;. Consider that p, be the spectral energy density for the
corresponding frequency of the transition between E, and Es. Einstein coefficients can be expressed as

rij = po Bij + Aj (D

The quantity p, measures the radiant energy per volume per unit frequency and can be expressed in

terms of units JS/m’.

Eg

C{ll Clﬂ

o1 M0

E 3

Figure 1. A schematic representation of a two level system

Note that Bjj = B;; so that Bys = Bgo. But A¢s = 0 because spontaneous emission from a state of lower en-
ergy to that of higher energy does not exist. Hence ros = p, Bos. Again, the probability of excitation due to
collision from E, to Eg is very low, Therefore, approximately we can say, cos ~= 0.

Let us determine the rate of transition. For this calculation, we must distinguish the population densities
of absorbing molecules in the ground and excited states. Consider these population densities as ny and #g,
respectively corresponding to energies Eq and E¢. To calculate the rate of change of population in upper state,
we must consider the difference between the number of molecules entering and leaving the excited state:

N’ = (o5 T Cos)No — (760 T Co0)Ne
n'6= Py Bosho = (o Bos + Ago + €s0)s
n'6= po Bos(no — ng) — (Ago * Ce0)Ne. ()
Let the radiative and collisional time constants be 7, = 1/A¢ and 7. = 1/c4 respectively.
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The total time constant is, then addition of radiative and collisional time constants:
T=7T,+ T

Mathematical formulation

Assume that the cubic crystal placed in the cell is occupying the space. This space is defined mathemat-
ically, as
D: —a<x<a, -a<y<a.—-a<z<a.
Consider a Cartesian co-ordinate system, in which the displacement components are u,, u,, u. in the x, y,
z direction respectively. These displacement components can be expressed in the integral form as

1(0°U U U

u :I_? Ve +M_dx; (2.1)
[1(U U U |

uy:f = +8x2 —Vay2 +AT |dy; 2.2)

i 2 2 2 ]

uZ=Jl alf+alf—va(f +AT |dz. (23)

Ylox® oy oz |

Where Y, v and A are the Young modulus, the poisson ratio and the coefficient of linear thermal expan-

sion of the material of the crystal respectively. Consider that U(x, y, z, f) is the Airy stress function which
satisfies the differential equation.

* 2 Y 2 Y
—t+t—+=— | U(x,y.2,t)==AY | —5+—+=— | T(x,y,2,1). 2.4
Laxz &’ afj (o2 t)= M | 5ot gp oz ) Tlora) 24
Here T'(x,y,z,t) denotes the temperature of the crystal satisfying the following differential equation,
0’ T+8 T 9 T+9(x y,z,t) 10T

2 s (25)
x> 9y’ az k o dt
where £ is thermal conductivity and o is the thermal diffusivity of the material of the crystal.
Let 6(x,,z,¢) is heat generated within the crystal for #> 0 subject to initial conditions
T(x,y,z,O):F(x,y,z). (2.6)
The boundary conditions are
oT (x,y,z,t
{T(x,y,z,r)ﬂq %} =F (y.21); 2.7
X =—a
oT t
{T X,0,2,t)+ M} =F, (y,2,1); (2.8)
ox -
oT t
T(x,y,z,t)+ M =F,(x,z,t); (2.9
ay o
aT s 7t
T (x,y,z.t)+ , ST Lo020) =F, (x.2.1); (2.10)
dy o
aT V.z,t
{T TP e Co L) | R @.11)
oz .
oT t
{T(x,y,z,t)#cﬁ%} = f,(x,0,1). (2.12)
Z =a
The components in term of U(x, y, z, ¢) are given by
°’U U
c_= + ; 2.13
XX [ayz azz ] ( )
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°’U U

G, = (az T3z e j (2.14)
’U U

c. :(axz + 5 j ) (2.15)

The equations (2.1) to (2.15) constitute the mathematical formulation of the conditions of the crystal
under consideration.

Mathematical solution

The finite Marchi-Fasulo integral transform of f (z), within limitations -h <z <h is defined to be
h
F=[/(2)B(2)d:. 3.1)
—h

Then at each point of (4, /) at which f(z) is continuous.
Also the inverse finite Marchi-Fasulo transform is defined as
= F(n
6=k (2), 62
n=1 n
where
P (z)=Q,cos(a,z)-W,sin(a,z);

n

0,=a,(o,+0,)cos(a,h)+ ( —B,)sin(a,h);
W, =(B, +B,)cos(a,h)+ (o, —0t,)a,sin(a,h);

n

A, = ij(z)dz=
—h

B sin(2a,h) ~
=hlo+m} |+ =m0 -2,

The Eigen values a, are the solutions of the equation
[ ayacos(ah)+B, sin(ah)]x[B,cos(ah)+a,asin(ah)] =] o,acos(ah)—P,sin(ah)]x
XI:BI cos(ah)— alasin(ah)] (3.3)

Where o, a.,, B,, B, are constants.
By applying the finite Marchi-Fasulo transform three times to equation (2.5) and their inverses, we ob-

tain

dT’ 0
——4 o< T =oc | D+— |, 34
% q k (3.4)

where @ =P, (a)F, - B, (~a) F, + B, (b)F, = P, (=b) F, + B () f, = B,(~h) ,
and ¢ =a,’+a,+a, is Eigen value. (3.5)
Equation (3.4) is first order differential equation and has solution

t s

Yi*(m,n,l,t):e"“qz’ Ioc ®+% e 4 e ,czl*j*(m,n,l) ; (3.6)

0

* —

= t
T" (m,n,l,t) :I <| D +% g e M  pmetay v val )t o (m,n,l). 3.7)
0

Applying inverse finite Marchi- Fasulo Transform three times with boundary conditions, we get
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> P P P p * 2, 2, 2 N 2.2, 2y, s
T(x,y,z,t): Z|: n;\’(x):H: n(y):||: z(z):| J.oc ®+% R Y(e—t')dr 4o vl (m,n,l) . (3.8)

m,n,l=1

Conclusion

An exact expression for the transient translational temperature on the surface of a cubic crystal in a
photoacoustic cell is mathematically determined using Marchi-Fasulo method in terms of thermal conduc-
tivity of material of the crystal.

The result obtained will be helpful in the study of cubic crystals, and their various properties such as
elasticity, stress, strain, etc. in photoacoustic cell. The elastic parameters of the crystals are studied more than
only academic interest. Crystals of better quality and large size are synthetically prepared in application point
of view. Transient translational temperature determination will provide a base for surface behavior of crys-
tals of different materials in laser interactions in Photoacoustic effect. This work will also be useful in re-
search for scientific and industrial applications in future.
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A.IlL. Capog, O.X. MaxamxaH

D0TOAKYCTHMKAJIBIK dCep/eri TeKile KPUCTAJIAbIH OeTiHaeri
oTIeJIi TeMIlepaTYPaHbIH TEOPUAJIBIK acNeKTIepi

®doToakycTHKANBIK ocep Ke3iHAe KAaTTHl YAl OFaH TYCETiH coyleleHyiH Oip OeliriH >kyTagsl XKoHE KO3y
npoueci xypeai. Ko3y Typi Tycken cayseneHyaiH dHeprusicbiHa O6aitnanpicTbl. Tycci3neHyiH pagralysiibK,
eMec mpolecTep periHae Ae Oenrini penakcaius mpouectepi 63 opbiHbIH anazbl. JKapblk MeH 3aTThIH e3apa
opeKeTTecyi KaTThl YJTIHIH IMIIHAE JKbUTY LIBIFApyFa ayan Oepeni. YJIriHIH TeMmmepaTypackl aTOMIap.IblH
JKYTBUTYBIHA JKOHE PAAMALMSIIBIK EMEC pellakcaliusichiHa OailaHbICThl o3repeai. KbIChIMHBIH aybITKYbI YIITiHI
KBI3ZBIPY MCH CalIKbIHIATyFa GaillaHbICThI Maiiia Gonaasl. BYriHTi TaHaa KpUCTAIABI KATThI 3aTTap OJIap/IblH
KEH FBUIBIMH JKOHE OHEPKACINTIK KOJNIaHbUTybIHA OaillaHbICThI KEHIHEH 3epTTenyue. Temeparypa — YJKeH
KpHCTAIJAapbl JKacaHAbl TYple aly Ke3iHJe 3epTTeleTiH MaHb3Ib Hapamerpiepiin Oipi. JKymbicta
(OTOAKYCTHKAJBIK YSMIBIKTA CAKTaJIaTHIH OIPTEKTI M30TPONTHI TEKIIe KpPUCTANABIH OeTiHAeri eTmeni
ayrapMaibl TeMIepaTypa TEOPHSUIBIK TYPFbIIaH ecentesireH. POTOaKyCTHUKANBIK YAIIBIKTAFbl KapanaibiM
Tekmie OIpTeKTI KpUCTaul YIIiH KpUCTaul OeTiMeH Ja3epiik e3apa SpeKeTTecyre HerismenreH Oiipu
KepHeyiHiH (YHKUusICchl aHblKTadraH. Mapku-DacyIoHbIH aKbIPFbl HHTETPAIABIK TYPJICHIIPY OHICIH
KPUCTAI MOJIICPIiHIH ILIEKTeyNepi aschlHAA KOJIaHa OTBHIPHIN, OTHEeNi ayxapMa TeMIepaTypachlH Al
aHBIKTayFa 00Jabl.

Kinm ce30ep: Diipu kepHeyiHIH (YHKIUSICH, TEKIIe KPUCTAILI, SHEPTHSHBI TACBIMANIAAY, )KapbIK ITeH 3aTTHIH
e3apa opekertecyi, Mapuu-DacyoHbIH TYpIeHyi, palUalisibK eMec K03y, (OTOaKyCTHKANBIK JKacylla,
(hoTOaKyCTHKAJIBIK dCep, OTIIEINI TeMIIepaTypa.

A.IL. Capog, O.X. Maxamxan

TeopeTnueckue acneKThl NEPEX0HOM TeMIIEPATYPbI HA TOBEPXHOCTH
KYOM4ecKkoro kpucrauia B poroakycrnueckom 3¢pdexre

IIpu doroakycruueckom 3ddexre TBepAbIil 0Opasel] NOMIOMAET YacTh MAJAIOLIEr0 Ha HEro M3JIYY4eHUs U
MIPOUCXOMT TIpoIiecc Bo30yxaeHus. Tum Bo30yXK/IeHUs 3aBUCHUT OT SHEPTHH MAIaloIero n3rydeHus. Pemak-
CallIOHHBIE TPOLECCH, KOTOPhIE TaKKe IUPOKO MU3BECTHBI KaK HEPaJANAalIOHHBIC TPOIECCH BEICBEUMBAHNS,
0OBIYHO MMEIOT MeCTO. B3ammonelcTBhe cBeTa M BEIIECTBA OTBETCTBEHHO 3a I'CHEPALUIO TEIUIa BHYTPH
TBepzoro obpasma. TemmepaTypa oOpasma noasepraeTcsi U3MEHEHHUIO 32 CUET IOTIONICHHS W HepaJHaIlioH-
HOHU penakcanuu aroMamu. Konebanusa nasneHus OyayT reHepUpOBaThCA M3-3a HAarpeBa U OXJIaXKAEHHS 00-
pasna. CeroHs KpHCTAUIMYECKHE TBEP/IbIC Tela IIHPOKO M3y4atoTcst Oilarofaps ux IMPOKOMY Hay4HOMY M
HPOMBIIUICHHOMY IpUMeHeHHI0. TeMneparypa sBIIeTCs OJHUM U3 BaXKHBIX I1apaMeTPOB, IOJICKALIUX U3Y-
YEHHMIO NIPU UCKYCCTBEHHOM IOJIy4E€HUH KPYITHBIX KPUCTAJUIOB. B HacTosel paboTe TeOpeTnuecK: paccuu-
TaHa IePeXo/Has MOCTyIaTeNbHas TeMIIepaTypa Ha MOBEPXHOCTH OJAHOPOAHOTO M30TPOIHOIO KYOUYECKOTOo
KpHCTaIa, YAEPKHUBAEMOro B (oToakycTHdecKkol suelike. s MpocToro KyOHYECKOro OJHOPOIHOTO KpH-
CTajuia, coziep Kamerocsi B (POTOAKyCTHUECKOH srueike, onpenersiercss QyHKIUS HanpspkeHust DHpH, OCHO-
BaHHAs Ha JIa3ePHOM B3aHMOJEIHCTBHUH C MMOBEPXHOCTHIO KpucTayuia. [IpuMeHsss MeTo] KOHEUHBIX HHTETpallb-
HBIX IpeoOpaszoBanuii Mapun-dacyno B paMKax OrpaHHYeHHI pa3Mepa KpUCTajula, MOXKHO TOYHO Ompese-
JIMTB NEPEXOJHYIO IIOCTYIATENbHYIO TEMIIEPATypy.

Kniouesvie cnosa: Gpynkims HanpspkeHUs Dipu, KyOHMUECKUH KpUCTAII, IIEPEHOC 3HEPIHH, B3aUMOCHCTBHE
CBETa M BELIECTBa, peodpaszoBanne Mapuu-dacyio, HepagnaloOHHOE e-Bo30yxaeHHe, HOTOAKyCTHUECKAs
syeiika, poToakycTrdeckuii 3¢ Gext, nepexoaHas Temieparypa.
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Influence of electron irradiation on mechanical properties of epoxy polymers

The effect of different absorbed doses of electron irradiation with the energy of 12 MeV and heat treatment
on the mechanical properties of ED-20 epoxy-dianic resin with hardener PEPA (11, 12 and 13 parts by
weight per 100 parts by weight of epoxy resin) was investigated. Heat treatment of irradiated epoxy resin
samples was performed in two modes: before or after electron irradiation. It is shown that the optimal choice
of the content of hardener PEPA and using electron irradiation with the energy of 12 MeV in the integrated
combination with heat treatment allow significantly improve the mechanical properties of epoxy-dianic resin.
It was established that for the content of the hardener 12 parts by weight and absorbed doses of 10-20 kGy,
the boundary of strength increases in 3 times, and additional heat treatment both before and after irradiation
reduces this figure through the thermal destruction. Only for the content of hardener 11 and 13 parts by
weight and these absorbed doses heat treatment of irradiated samples of epoxy resin leads to an increase in
the boundary of strength. In doing so, the hardness increases regardless of the content of hardener for the ab-
sorbed doses greater than 50 kGy.

Key words: electron irradiation, heat treatment, epoxy-dianic resin, PEPA hardener, boundary of strength,
hardness, mechanical properties, absorbed dose.

Introduction

Approximately 50 years have elapsed since the researchers first began to study the effect of ionizing ra-
diation on polymeric materials and discovered, under its influence, the formation of additional chemical
bonds and other beneficial effects in these materials [1]. The obtaining and application of composite materi-
als, their radiation modification and stability have always been a pressing problem of science and technology
[2-5]. Radiation-modified polymer materials are widely used in electronic, cable, electrochemical industries
[4, 5]. The irradiation technologies used for the treatment of polymers contain a variety of techniques and
sources of radiation. In particular, known methods of solidifying polymer-composite materials using mag-
netic fields and irradiation [6—9] are known. Today there is significant commercialization, which is aimed at
treatment polymers by radiation. Important new products, obtaining which have become available due to ra-
diation technologies, continue to enter the market, and interesting innovations in the application of radiation
for high molecular weight materials are under research around the world.

Therefore, an important scientific and applied task of modern materials science is the search of methods
of radiation treatment of polymeric materials to improve their physico-chemical and operating properties. In
particular, establishing optimal conditions for electron irradiation and heat treatment will enhance the me-
chanical properties of epoxy polymers, which can be used for the creation of high quality structural and anti-
friction materials for mechanical engineering and instrumentation, which will have lower cost, lower weight,
durability, increased resistance to aggressive environments. Obtaining such materials requires the study of
the effect of various modes of electron irradiation and heat treatment on the mechanical properties of epoxy
polymers, which is the main purpose of this work.
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Experimental

The effect of irradiation with different doses of electrons with the energy of 12 MeV on the mechanical
properties of ED-20 epoxy-dianic resin with hardener polyethylene polyamine (PEPA) (11, 12, 13 parts by
weight per 100 parts by weight of epoxy resin) was investigated. The composition was poured into special
forms, resulting in the samples of a cylindrical shape with a height h=1.5 cm and a diameter d=1 cm and par-
allelepiped shape samples measuring 1x1.5%1.5 cm for researching of the boundary of strength and hardness,
respectively. Three methods of curing the epoxy polymer were used. The initial curing process in all three
modes continued for 24 hours under normal conditions. The samples of the first group were irradiated with
different electron doses. The samples of the second group after irradiation were further heat treated. The
samples of the third group before irradiation were heat treated. The heat treatment was a stepwise drying
process in a furnace at temperatures of 70... 130 °C for 6 hours. The samples of the epoxy resin were irradi-
ated at the Institute of Electronic Physics on the microtron M-30 by the electron energy of 12 MeV and doses
from 5 to 60 kGy. To ensure the stability of the room temperature of irradiation, which was recorded by a
copper-constant differential thermocouple, the test samples were blown with nitrogen vapour. The compres-
sive strength in conditions of normal separation was determined according to GOST 14759—69. The research
was carried out on the UMM-5 breaking machine for the speed of movement of the lower traverse of
2 mm/min. In the studies of hardness, the samples were made in the form of a parallelogram with a smooth
surface. In this case, a steel ball with a diameter of 5 mm was pressed into the surface of the tested material
with an appropriate load for 60 seconds. The effort was chosen so that there remained a visible imprint
whose diameter is smaller than the diameter of the ball. To determine the hardness, a table of the dependence
of the hardness value on the diameter of the imprint, which was determined using a magnifying glass with a
scale, was used.

Results and discussion

Figure 1 shows the dependencies of the boundary of strength for epoxy-dianic resin on the absorbed
doses of electron irradiation. As can be seen from Figure 1, the strength of the epoxy polymer, which is ob-
tained by different methods, increases for irradiation doses up to 10-20 kGy, and then monotonically de-
creases with increasing dose. In polymeric materials, the processes of excitation and ionization of polymer
molecules take place under the action of irradiation resulting in the chemical bonds be torn in the polymer
macromolecule and free radicals are forming [10]. The interaction of free radicals with the chains of polymer
macromolecules leads to the formation of additional intermolecular bonds («cross-linking» of the polymer)
and in process of their accumulation — spatial networks. The Young modulus and therefore strength and
hardness for the polymer increase with increasing the number of such bonds. The destruction of intermolecu-
lar bonds under the action of irradiation leads to the destruction of the polymer matrix and, accordingly, to
the reduction of the strength and hardness of the polymer. The probability of these two mechanisms of
chemical transformations in polymers determines their physico-mechanical properties. As is known from the
theory of material resistance [11], the critical mechanical stress of the material's destruction is directly pro-
portional to Young's modulus. Therefore, such specific dependencies of the boundary of strength on the ab-
sorbed dose for samples of epoxy polymers are associated with changes in the value of the Young modulus
under irradiation. Two processes are happening in polymers under the influence of electron irradiation:
transverse «cross-linking» and destruction [10, 12]. The transverse «cross-linkingy resulting in macromole-
cules of the polymer through creating transverse chemical bonds between linear macromolecules. The vola-
tile products and macromolecules of less length are formed under the destruction of macromolecules. Also,
the destruction of polymer molecules could be happening due to additional heat treatment. Besides, creating
of microcracks, the size and depth of which depends on the irradiation dose are possible in the volume of
polymers under the electron irradiation with the energy E > 2 MeV [13].

The maximum relative increase of the boundary of strength is equal to 3 (see Fig. 1 b) for the content of
hardener 12 parts by weight at the electron irradiation without heat treatment. In this case, additional heat
treatment, both before and after irradiation, reduces the strength due to thermal destruction. Only additional
thermal treatment of irradiated epoxy polymers with the content of hardener of 11 and 13 parts by weight by
the doses of 10-20 kGy leads to the increasing boundary of strength. According to the results of our previous
work [14], the boundary of strength for epoxy-dianic resin with the content of hardener 12 parts by weight,
which was irradiated by the electrons with an energy of 10 MeV and much greater doses (about 0.2 MGy),
increases less than 2 times.
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Figure. 1. The dependencies of the boundary of strength on the absorbed doses of electron irradiation
for an epoxy-dianic resin with different content of PEPA hardener
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Figure 2. The dependencies of the hardness on the absorbed doses of electron irradiation
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The maximum increase of the boundary of strength for an epoxy-dianic resin at doses of 1020 kGy
may be related to the dominant role of transverse intermolecular «cross-linking». Processes of radiation de-
struction and creating of microcracks, which lead to the reduction boundary of strength, are becoming effec-
tive for doses of more than 20 kGy. Also, the mass fraction of hardener in the epoxy resin significantly af-
fects the magnitude of the boundary of strength of the obtained samples of epoxy polymer. Similar consid-
erations can be made regarding the obtained results of hardness for irradiated samples of epoxy resin (Fig. 2).

However, a distinctive feature of the dependencies the hardness of the epoxy resin is their increasing at
irradiation doses greater than 30 kGy, and the additional heat treatment of the irradiated samples by such
electron doses leads to an increase of the hardness. In this case, the formation of microcracks can make a
secondary contribution to reducing the material hardness than the boundary of strength.

Conclusions

Conducted studies of the influence of heat treatment and high-energy electron irradiation on the me-
chanical properties of epoxy-dianic resin made it possible to establish the optimum technological conditions
for obtaining this epoxy polymer with elevated values of the boundary of strength and hardness. Peculiarities
of the formation of the structure and mechanical properties of epoxy resin under the action of electron irra-
diation and heat treatment are determined by the different relative contribution of the mechanisms of cross-
linking, radiation destruction and the formation of microcracks. The obtained results can find their practical
use in nuclear power, instrument making, mechanical and aircraft engineering for the creation of lighter,
cheaper coatings and structural materials based on epoxy resin.

The study performed in this work was financed under the project «Development of a complex of man-
aged properties of many-valley semiconductors and polymer composite materials for operation in extreme
conditions of operationy, State registration number 0117U000630.
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INOKCUTIOJIUMEPJIEPIAiH MEXAaHUKAJIBIK KaCHeTTepiHe
3JIEKTPOH/AbI CIYJIEJIEHYAIH dcepi

TIDIA karaiitkeimst 6ap (11, 12 sxoHe 13 Mmac. c. 6emikrepi 100 mac.c. Geikke snokcuari maitbip) I/-20
MapKaJIbl 3MOKCUATI-IMaH MIAHBIPbIHBIH MEXaHUKAIBIK Kacuerrepine 12 MaB sHepruscsl 6ap 31eKTpOHAbI
COyJIeNICHYIIH KOHE TEePMUSUIBIK OHICYIIH SPTYPIIl KYThUIFAH J03aJIapbIHBIH dCepi 3epTTEIreH. DIMOKCUATI
MIAABIP/ABIH COYJISNCHICH YITUIEPiHIH TePMUSJIBIK OHACYl €Ki PeXHUMIE JKYPTi3iiai: coyieieHyAeH OypbiH
HeMece IIeKTPOHIapMeH cayieneHyaeH Keiin. [IDITA KaTalTKBIIIBIHBIH KYPaMbIH OHTAHIIbI TAHAAYBI KOHE
12 MaB osmeprusickl 6ap 3JIEKTPOHIBI COYNENEHYAI TEePMISUIBIK OHJICYMEH KeIIeHIl Typle KOJIaHy
SIOKCHATI-IAH MIaHBIPBIHBIH MEXaHUKAIBIK KAaCHETTepiH efdyip *KaKcapTaThIHBI KepceTinreH. KaralTkpim
Kypambl 12 mac. c. xxoHe 10-20 xI'p >xyThUIFaH no3anap yOIiH OepikTik mieri 3 ece apTaThIHBI, al KOCHIMIIA
TEPMHUSUIBIK OHIEY Ke3iH/e, COyNeNeHyre IeHiH jkKoHe OJaH KeHiH, TepMISUIBIK JeCTPyKIUsIFa OalmaHbICTHI
KOPCETKIIITI TOMEHJETeTiHI aHBIKTAIFAaH. OIOKCHUATI INAWBIPIBIH COYyJETICHTeH YITUIepiHIH TepMUSIIBIK
enzeyi 10-20 xI'p sxyTbutran go3aiapaa Tek 11 xoHe 13 mac. ¢. KaTalTKbIII KypaMbl YIIiH OJapbIH OEpIKTIK
mierinin ecyine okeneni. ConbiMen Oipre kaTThuiblk S0 k['p aca yiKeH MellepAe >KYThUIFAH Jo3ajiapiaa
KaTaWTKbIIITHIH KypaMblHa KapaMacTaH apTaJibl.

Kinm coe30ep: 2neKTpOHIbI COyeNeHy, TePMIUSUIBIK OHACY, AMOKCUATI INAibIp, KATaWTKpILI, OepiKTiK wieri,
KaTTBUIBIK, MEXaHHKAJIBIK KACUETTED, KYTBUIFAH [103a.

0.A. Ynosuuxkas, C.B. JIynés, B.T. Macmok, N.I'. Merena

Biusinue 371eKTPOHHOT0 00/ 1y4YeHust
HA MeXaHU4YeCcKHe CBOHCTBA 3MOKCUIIOJIUMEPOB

VccnenoBaHo BAMSHUE Pa3IMYHBIX MOTJIOIMIEHHBIX 103 JIEKTPOHHOIO 00my4yeHus ¢ sueprueid 12 MsB u tep-
MOOOPaOOTKM Ha MEXaHMYECKHE CBOMCTBA 3MOKCHIHO-AWAHOBOWH cMoibl Mapku OJ1-20 ¢ oTBepauTenem
II3ITA (11, 12 1 13 mac. 4. Ha 100 macc. 4. snokcuaHoN cMoibl). TepmooOpaboTka 00IydeHHBIX 00pa31oB
SIOKCHAHON CMOJIBI MPOBOAMIACE B ABYX PEXHMax: O W IHOcie oOmydeHus snekTpoHamu. [lokasano, 4to
ONTHMAaJBHBIH BEIOOp comepxkanus orsepauteis [IDI1A u ucnons30BaHue IEKTPOHHOTO OOIYUCHHUS C DHEP-
rueit 12 MaB B KOMIUIEKCHOM COYETaHHHU C TEPMOOOPaOOTKOH MO3BOJISIOT 3HAYUTENBHO YITyUYIIUTh MEXaHH-
YeCKHe CBOMCTBA AMOKCUIHO-THAHOBOM cMoJbl. BpUIO ycTaHOBIICHO, UTO MIA COmep KaHMs OTBepauTelst 12
Mac. 4. ¥ IOTJIoMmeHHbIX 103 10-20 x['p mpenen npoyHOCTH BO3pacTaeT B 3 pasa, a JOIOIHUTEIbHAS TEPMO-
00paboTKa, KaKk 70, TaK U Mocie OOTydeHHs, CHIDKAeT JaHHbIM TMOKa3aTelb 3a CUeT TePMHUUECKOH NecTpyK-
muu. Tepmudeckas oO6paboTka 00ydeHHBIX 00pa3lOB SMOKCHUIHONW CMOJBI MPUBOAUT K POCTY UX Ipererna
MPOYHOCTH TOJBKO AT conepxanus orepautens 11 n 13 mac. 4. npu nornomeHHbIX fo3ax 10-20 xI'p. Ilpu
3TOM TBEPAOCTh BO3PACTAET, HE3aBUCUMO OT COAEPKAHHsS OTBEPAUTEINS MPU MOTIOMIEHHBIX 103aX, OONBIINX
3a 50 xI'p.

Knrouegvie cnosa: DJIEKTPOHHOE 06IIy'-IeHI/Ie, TepM006pa60TKa, OIOKCH/JHAad CMOJia, OTBEpAUTECIIb, I'PaHULla
MNPOYHOCTH, TBEPAOCTh, MEXAaHUYCCKUE CBOﬁCTBa, norjioniCHHas no3a.
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The vessel movement optimisation with excessive control

The article discusses the issues of automatic control of the vessel’s movement using excessive control, which
allows to organize the movement of the vessel without a drift angle, to reduce the hydrodynamic resistance
and fuel consumption. Issues of reducing energy consumption and fuel economy on board, as well as related
issues of reducing emissions and improving the environment are especially relevant at the present time. A
brief review of literature devoted to improving the energy efficiency of ships was carried out. As a result of
the analysis, it was found that the issues of improving energy efficiency are solved in various ways, for ex-
ample, constructively, by reducing weight, hydrodynamic and aerodynamic drag of the hull, using a sail, cre-
ating more advanced power plants, however, the authors have not found methods and algorithms for reducing
hydrodynamic drag and fuel consumption through the use of excessive control. It is concluded that the devel-
opment of such systems is relevant. Mathematical, algorithmic, and software have been developed for an on-
board controller simulator of a vessel’s motion control system with excessive control, the operability and ef-
ficiency of which has been verified by numerical simulation in a closed circuit with a mathematical model of
the control object for various types of vessels, navigation areas and weather conditions. The experiments have
confirmed the efficiency and effectiveness of the developed method, algorithmic and software, and allow us
to recommend them for practical use in the development of mathematical support for vessel control systems
with excessive control.

Keywords: excessive control, sufficient control, optimal control, distribution of control, control quality crite-
rion, minimization of fuel consumption.

Introduction

Issues of reducing energy and fuel consumption on board, as well as related issues of reducing emis-
sions and improving the environment are especially relevant at present [1]. Ways to solve these issues are
different, but most often these are constructive solutions to reduce weight [2], hydrodynamic [3], use a sail
[4] or improve power plants. Fuel economy is also possible due to proper route planning, psychological
preparation [5—7], the use of decision support systems (DSS) [8—12]. However, the presence of the human
factor in both manual control systems and DSS systems excludes control optimization due to the impossibil-
ity of a quick and accurate assessment of the situation, the presence of delays in the transmission of infor-
mation, tiredness and other factors. This article discusses the optimization of energy costs for moving a ship
in automatic control systems through the use of sufficient or excessive control structures, organizing with
their help the movement of the ship along a route without a drift angle, with less hydrodynamic resistance. In
addition, redundant structures can further reduce energy costs for management due to the optimal redistribu-
tion of control within the structure itself. Traditionally, control redundancy is used to increase maneuverabil-
ity, redundancy and reliability [13—15] and much less frequently for optimal control [16—19]. By control re-
dundancy is understood the difference between the number of independent controls and the number of de-
grees of freedom to be controlled. In article [20], the authors analyzed the redundancy of control for some
types of vessels for various purposes.

For most transport vessels, such as Bulk carrier 6 (Dis. 44081t), Crude Oil Tanker 4, Car Carrier 2
(Dis. 19587t), MSC container ship 1 (Dis. 32025t), Shuttle tanker 1 (Dis. 160529t), Container ship 22 (Dis.
191000t), River-sea ship 3 «Sormovsky», etc., the number of which is more than 85 % of the total number of
all vessels, the redundancy in the control at the transition is equal to /U =U —S = -1 (insufficient control),
where U =2 is the number of independent control (power plant and aft steering wheel), and S =3 — the
number of degrees of freedom to be controlled (longitudinal, lateral and angular movement in the yaw chan-
nel). On ships with insufficient control, the lateral effect of wind and current, as well as the moments from
the effect of wind and current, can only be compensated by a corresponding turn of the vessel in the direction
of external influence. But in this case, the ship will move with a drift angle, which increases the hydrody-
namic resistance and fuel consumption. In the maneuvering mode, the Car Carrier 2 (Dis. 19587t), MSC con-
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tainer ship 1 (Dis. 32025t), Shuttle tanker 1 (Dis. 160529t) vessels have sufficient control (/U =0) due to
the additional use of the bow thruster.

Passenger ships Passenger cruise ship 10 Common DP, Passenger cruise ship 10 have redundancy at the
transition /U =5-3=2, but in maneuverable mode /U =7-3=4. Offshore vessels OSV 11, OSV 11
Common DP, OSV 11 Navis DP, OSV 11 AH, OSV 11 AH Common DP, OSV 11 AH Navis DP have re-
dundancy at the transition /U =4 -3 =1, and in maneuverable mode /U =6-3=3.

The Semisubmersible 1AH, Semisubmersible 1AH Common, Semisubmersible 1AH Navis, Semisub-
mersible | AH Common DP, Semisubmersible 1 AH Navis DP oil platforms have redundancy in the transition
and in maneuverable mode /U =8—-3=35. For ships with sufficient and redundant control, the external in-
fluence from wind and current can be compensated by the total control vector so that the ship itself can move
without a drift angle, with less hydrodynamic resistance and lower fuel consumption.

As can be seen in the examples of passenger, offshore vessels and oil platforms, control redundancy is
usually used to increase maneuverability, as well as to increase reliability. In open sources, the authors were
not able to find methods of using redundancy for control to reduce energy costs for moving the vessel.
Therefore, the solution of this issue is an urgent scientific and technical problem.

The object of the research is the process of automatic vessel movement control with sufficient or exces-
sive control structure, which allows to reduce energy costs for moving the vessel and save fuel by organizing
the movement of the vessel without a drift angle.

The subject of the study is the methods and algorithms, implemented in the software of the onboard
controller of the control system, and allowing to reduce energy costs for moving the vessel and save fuel.

The purpose of the Article is the development of methods and algorithms of automatic vessel movement
control with sufficient or excessive control structure, which allows to reduce energy costs for moving the
vessel and save fuel by organizing the movement of the vessel without a drift angle.

Problem statement

A mathematical model of a controlled object (own ship) is set in the form of a system of nonlinear dif-
ferential equations

& _rx,uw),
dt
X=F.,V,, 0 y,AX,AY), ©)
W:fw(l)’
there f(e) — mathematical model of the control object; X — state vector of the control object;

V.V, o

z

,W,AX,AY — components of the state vector, respectively, longitudinal speed, lateral speed, yaw

rate, yaw angle, longitudinal and lateral displacement; W — vector of external influences from wind and
current.
It is required to synthesize such control U(X) that would ensure minimum energy consumption and

fuel consumption for moving the vessel in the presence of external influences W =f, (7).

Literature review

The article [2] presents research to reduce energy consumption and increase the environmental friendli-
ness of a vessel by reducing the weight of a ship’s structure made of fiber-reinforced plastic. A method was
proposed for optimizing the weight of a structure, based on the algorithm of an artificial bee colony. The
method was tested on the example of optimizing the design of a fishing vessel. The simulation results
showed the possibility of reducing the weight of the structure by 8.31 %.

In article [3] there were considered the issues of improving the resistance characteristics and the quality
of the vessel’s trail field due to the optimization of contours. A decrease in resistance is directly related to a
decrease in energy consumption for moving a ship and a decrease in fuel consumption. The shape of the con-
tours was optimized by selecting 9 design variables using numerical methods. Model tests of the optimized
form showed that the resistance and quality of the track field of the vessel were improved by 1.59 % and
17.8 %, respectively.

In article [4] there were considered issues of increasing the energy efficiency of a ship with a sail. The
design of a rigid sail was optimized using the aerodynamic profile parameterization method and particle
swarm optimization algorithm. The performance of optimized airfoil has been verified by multi-point theory,
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computational fluid dynamics examination, and energy efficiency design index calculation. The maximum
lift-to-drag ratio of optimized airfoil has increased by 10 % than that of the arc-shaped sail.

The work [5, 6] explores the issues of psychological training for skippers, which indirectly, through the
application of good maritime practice, can also improve the management of the ship and fuel economy.

In article [7] there were conducted psychological studies during the training «Master Pilot» of active
sailors in the training center of the Kherson State Maritime Academy. The training is aimed at improving the
professional training of acting sailors, as well as improving communication skills between the captain and
the pilot, which helps to optimize the management of the vessel.

In articles [8—12] there were investigated the issues of the influence of the human factor on the vessel
control processes, as well as ways to reduce this effect through the use of decision support systems (DSS),.
Using DSS allows to control not only the parameters of the vessel’s movement and the operation of the pow-
er plant, but also the psychological state of the skipper, who is on duty, to recognize critical situations in time
and to generate an alarm.

A number of works are also devoted to optimization of control due to redundancy. Traditionally, control
redundancy has been used to increase maneuverability and reliability. However, both indirectly optimize
control processes and also lead to lower energy costs.

So, in article [13] there were considered the issues of software control of reserving an attack submarine
of the US Navy Sea Wolf. Policies and procedures for detecting and isolating faults, as well as reconfiguring
equipment, are discussed.

In article [14] there are studied the influence of excess control on the power and vibration of the main
axis of the rotor of a helicopter. By changing the rotor speed and the differential transverse step, which are
redundant controls, it was possible to determine the state of low power and low vibration.

In article [15] there is described a fault-tolerant control method that minimizes the influence of error
due to a change in the system control law when a failure is detected. The method evaluates the state of the
system using analytical relationships, which allows to calculate faulty states of the system without using an
observer.

In article [16] there was studied the distribution of the thrust force of an autonomous underwater vehicle
engine between an excess number of propulsors using the presented redundancy resolution scheme. At the
same time, an excessive number of propulsors was also used to increase the reliability of the system as a
whole due to parry failures. The results are confirmed by computer simulation.

In article [17], the author considers the control of the angular position of the spacecraft using the excess
structure of power gyroscopes. The presence of redundancy allows not only to increase the reliability of ac-
tuators as a whole, but also to optimize control in accordance with the selected quality function.

In article [18] there were considered the issues of controlling the unloading of flywheels of a control
system for the angular orientation of a spacecraft. For a minimally redundant system of flywheels and elec-
tromagnetic executive equipment of the unloading system that create an additional external moment, control
algorithms are synthesized that guarantee asymptotic stability to the zero solution of model equations de-
scribing the movement of the flywheels. The operability of the proposed algorithms and the features of the
unloading process are investigated by the example of the controlled motion of a spacecraft while stabilizing
the triaxial orbital orientation.

In article [19] there was considered the use of angular redundancy for planning and optimizing the path
of movement of a welding torch in various complex media. Efficiency strategies have been introduced, such
as a heuristic domain sampling strategy, a collision verification strategy. The proposed algorithm is effective
in solving complex planning problems when the weld passes in tight places. The experiment confirmed that
the algorithm proposed by the authors can not only find a path free from collisions with obstacles in various
complex environments, but also optimize the angle of the welding torch according to the established criteri-
on.

Material and method

Expand system (1) in the vicinity of the equilibrium state point for two control schemes U =(6,9,) (in-

sufficient control) and U =(8,9,,0,,...0,) (excessive control).
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For a circuit with insufficient control, system (1) takes the form
dv, dP dpP_ dF

(m+A,)—= F, S +W,_,

dt  d® dVX B 5l

. dF, _ dF
(m+x22) Vo g }V+ Jl3+ ys +W,, )

dt do  av,’ 4B  d§ "
dF, dF,
(Iz+l66)dwz = yze—sz o, + y81l+dMZB+WZ.
dt  do do. dd, dp

dy_, X, dAY
dt dt dt 7

For a scheme with redundant control U=(6,9,,9,,...9,), system (1) takes the form

=gy Ll L - Cls, - SE

dt doe  dv. B 5, ' db, ds,
dF dF dF dF
(m+k22) =—20- yV+ y[3+ y6+ =8, +..+—0,+W, 3)
a de6 dv, ’ dp dj, db, dj,
dF dF dF dF
(Iz+x66)dmz = yle—sz ® +—=0/ +—=90,,, +...+ e am, ,
dt  do do, dd, dd, dod, dp

dy _ dAX __ dAY

=0,——= sz =V B
dt dt dt !
where m — vessel mass; /. — Inertia moment of the vessel; A A, A, — attached masses of water;
dF, dF
ar, ,ﬂ, e ,dMZ ,dMZ — hydrodynamic characteristics of the vessel; d—P, dr, , dr, yeees
av. dp dv, df do, dB de dd, dj,

F dF, dF, dF, dF, . _
ar. ,—,—=,—=,...,—= — control characteristics of the vessel; 6,B,9,,9,,...,0, — telegraph deflection
dd, d® dd, dd, dj,
angle, drift angle and steering angles; /,/,/,,...[, — arms from the propeller and rudders to the center of rota-

tion, P — screw force; W =(W_, Wy, W_.) — components of external influences of wind and current.

dv, .
For steady state av, =0,—~=0, do, =0, v =0, dax =0, aay =0 | the system of equations (2)
dt dt dt dt dt dt
takes the form
dF. L dP F. 5+,
dVX tod 6 B 81
dF

=——0-W, 4
BB d8 5, 70 f “

_dF,
——st =—— 19—,
BB dd, do

y = const, V= const, V', =const .
From the second and third equations of system (4) it follows that in the steady state, in the presence of
external influences from the wind and the current, the drift angle and the rudder angle are not equal to zero
(B#0,9, #0). Moreover, due to the presence of lateral force and the moment from the rotation of the screw,

which are also disturbances, even in the absence of external influences from wind and current, the drift angle
and the rudder angle will also not be zero.

dv, .
For steady state v, =0,—% =0, do, =0, v =0, dAX = O,dA—Y =0 | the system of equations (3)
dt dt dt dt dt dt

takes the form
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aF, V. _dar —ﬂﬁ— dF, 3, _ﬂsz _____ﬂgn + W,
av.' " de 4B dd, ' db, ds,

dF, dF dF, dF dF,

B+ —=6,+—=6,+..+—=8, =——0-W , Q)
dp = dj, dd, ds, de ’
dF dF’ dF’ dF

sz[3+ 10, +—=0L,0, +..+—=1 08, =——=10-W_,
dp dd, dd, dj, do

Y =const, V= const, Vy =const .

From the second and third equations of system (5) it follows that the drift angle can be reduced to zero
even in the presence of external influences from wind, current and screw due to the appropriate choice of

controls U=(6,3,,9,,...8,). At the same time, the minimum required number of independent controls that
can provide a zero drift angle of the vessel is 2, U=(6,9,,9,) .

Figure 1. Steady state of ships with insufficient and sufficient control
under external influences from wind and current

Thus, in contrast to the control circuit (4), which cannot ensure the movement of the vessel without a
drift angle in the presence (and even in the absence) of external disturbances from wind and current, the con-
trol circuit (5) allows to control the vessel without a drift angle by compensating for external disturbances by
the controls. The absence of a drift angle reduces the hydrodynamic resistance to the movement of the vessel,
reduces fuel consumption and reduces emissions.

Figure 1 shows the steady state of ships with insufficient U =(6,9,) and sufficient U =(6,9,,0,) con-

trol under external influences from wind and current.
To bring the control object to state (5) with a zero drift angle, we use the PID controller and the subse-

quent splitting of the control into two controls U =(9,,9,) [20].

o=y -,
' 2Vmax

Oy =K.V, +kAY +p, [Avar,

0, =k,0. +k, ¥+ kf“’ j ydt, (6)
61 =0, —-0,,
82 =—0,-6,,
where I/X*’Vmax — respectively, the required and maximum speed of the vessel; k.,k y’kf ’km’kw’kfw — PID
y Y

gain.
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Experements

To test the operability and effectiveness of the method and algorithms for controlling ship schemes with
sufficient and excessive control (3), comparing them with the traditional scheme with insufficient control (2),
mathematical modeling of the vessel motion in a closed circuit with a control system was carried out.

For the scheme (3), the control and splitting law (6) was used, and for the scheme (2) the control law (7)
was used

. T

' 2Vmax ’
O, =kV, +k,AY +k;, [Avar, ()

d =o0,.

The results of mathematical modeling are presented in the form of time variation graphs of the longitu-
dinal velocity (V,,), lateral velocity (V,,), yaw rate (W), course (F;), longitudinal displacement (X,), lateral
displacement (Y,), telegraph deflection angle (teta), rudder deflection angles (deltal, delta2).

Figure 2 shows the results of mathematical modeling of a control circuit U =(8,9,) with control (7) for

the values of the lateral component of wind speed and current W = (1, 2, 3, 3.5) m/s. A further increase in
the lateral component of wind speed and current leads to loss of control. As can be seen from the above
graphs, control (7) ensures that the vessel is kept on the route (lateral mismatch and lateral mismatch speed is
reduced to zero), however, the course () differs from the required value (£; = 0) by the drift angle, which in
this case, for the maximum lateral component of wind speed and current W = 3.5 m/s, it is 4°.

55

10

-10
a

teta deltal
9'] ......................

a0

f 2 : !
1| a00 1] a00 1] 400

Figure 2. Results of mathematical modeling of the vessel movement with insufficient control

Figure 3 shows the results of mathematical modeling of a control circuit with control (6) for the values
of the lateral component of wind speed and current = (1, 2, 3, 4, 4.5) m/s. A further increase in the lateral
component of wind speed and current leads to loss of control. As can be seen from the above graphs, control
(6) provides not only the retention of the vessel along the route (lateral mismatch and lateral mismatch speed
is reduced to zero), but also maintaining a given course (£; = 0) with a zero drift angle.
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Figure 3. Results of mathematical modeling of the vessel movement with sufficient control

In addition, from the above results of mathematical modeling it also follows that the control circuit with
control (6) is able to maintain control for large values of the lateral component of wind speed and current,
transient processes in this control circuit also pass 5 times faster.

Table 1 shows the fuel consumption [kg] per 5 km of track for two control schemes.

Table 1
Fuel consumption [kg] per S km of track for two control schemes
Control scheme Lateral wind speed [m/s] Fuel consumption [kg] per 5 km

1 63,89
2 64.227
The scheme U=(6,9,) 3 65.310
3.5 66.826

4 The system is not controllable
1 63.89
2 64.200
3 65.012
The scheme U=(8,$,,9,) 3.5 65.716
4 66.758
4.5 68.315

5 The system is not controllable

As follows from the presented results of comparing fuel consumption, the circuit U =(6,9,,0,) is more
economical than the circuit U =(6,9,). So, for the same lateral component of wind speed W = 3.5 m/s, the

circuit U=(6,9,,0,) consumes 1.111 kg less fuel for every 5 km of the track. With an increase in the lateral
component of wind speed, fuel economy also increases.
From the above simulation results, it can be seen that in the presence of external influences:
— transition processes in scheme with sufficient control proceed several times faster than in scheme with
insufficient control;
— the scheme with insufficient control ensures that the vessel is kept on the route, but does not provide a
zero drift angle;
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— the scheme with sufficient control ensures the retention of the vessel on the route with a zero drift an-
gle;

— the scheme with sufficient control provides control for higher values of crosswind than a scheme with
insufficient control;

—the scheme with sufficient control is more economical in comparison with the scheme with insuffi-
cient control; the amount of fuel saved increases with increasing lateral component of the wind speed;

— the scheme with sufficient control is more reliable due to redundancy of control channels.

Conclusions

There were proposed a method and algorithm for controlling a vessel with a sufficient and redundant
control scheme, which allows to reduce fuel consumption at the transition by providing movement with a
zero drift angle.

The scientific novelty of the results obtained is that for the first time a method and algorithms are pro-
posed that provide fuel economy during the transition due to the organization of the movement of the vessel
with a zero drift angle in the presence of transverse components of the external effects of wind and current.
This is achieved through the use of ship control circuits with sufficient or excessive control, periodic, with
the on-board controller clock cycle, measuring the parameters of the vessel’s movement in the channels of
longitudinal, lateral and angular movement, calculating the deviation of the measured parameters from their
program values, and forming using the PID controller control signals in the channels of longitudinal, lateral
and angular movement, splitting the received control signals into control of individual actuating control
structures.

The practical value of the obtained results lies in the fact that the developed method and algorithms are
implemented in the control system software and investigated in a closed circuit with the control object by
numerical simulation in the MATLAB environment for various types of vessels, navigation areas and weath-
er conditions.

Further research will be related to the development of a method and algorithms for control redundant
structures with optimization of the quality control function.
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C. 3unuenko, A. bens, I1. Hocos, U. [Tonouy, B. Mareituyk, O. ['pomeBa

Keme K03FaibIChbIH IAMAaaH ThIC 0aCKapy/Ibl OHTANJIAHABIPY

Makanaga IaMagad ThIC Oackapy KeMeEriMeH KEMEHIH KO3FalbIChIH aBTOMATTHl Typnae Oackapy,
THAPOIMHAMUKAIBIK KEIepri MEH OTHIH WIBIFBIHBIH a3aiiTy, KEeMEHIH KO3FalbIChIH KeJi0ey OYpBIIICHI3
yiBIMIACTBIpYFa MYMKIHZIK OepeTiH macesenep TankblUianraH. Kasipri yakeiTTa 00pTTa 9HEPIusl TYTHIHYIbI
JKOHE OTBIH YHEMAEYAI a3aiiTy Macenelnepi, COHlal-aK IIbIFAPbIHABUIAP/bI a3aHTY XKOHE KOPIIAFaH OPTAHbI
JKakcapTy Macenenepi o3ekTi Oonbim oTblp. Kemenepain sHeprus THIMAUIILIH apTTHIpyFa apHajFaH
omebueTTepre KpICKalla MIONY KacanraH. Tangay HOTHXKECIHAE PHEPrus THIMIUITIH apTThIpY Maceneiepi
OpTYpJi  JKOJNJAPMEH  ILUCLIUICTiHi, MBICAIBI, KOPIYCTBIH  CajMaFrbl, T'HAPOJMHAMUKAJIBIK IKOHE
adpOJMHAMHUKAJIBIK CYHpeyi, HapycThl NaiiiaiaHy, JaMbIFaH 3JICKTP CTaHLUHUSJIApBIH KYpy, ajaiiga aBropiap
THAPOIMHAMUKAIBIK CYHpey MEH OTbIH IIBIFBIHBIH INaMajaH ThIC OakpUiaylbl asaiity omictepi MeH
QITOPUTMJIEPIH TankaH koK. MyHnail kydenepaiH Iamybl e3ekrti Gousbin TaObutazgsl. [llamanan ThIC
GakpUaybl Oap KEeMeHIH KO3FaJIBICBIH Oackapy Ky#eciHiH OOpPTTBIK KOHTPOJUIEpi YIIIH MaTeMaTHKAaJbIK,
AITOPUTMIIK JKOHE OaFmapiaMaiblK jKacaKTaMa >Kacaliibl, OHBIH JXYMbIC KaOUIETTLNIr »oHEe THiMALIIri
Oackapy OOBEKTICIHIH MaTeMaTHKAJIBIK MOJENIMEH XaOblK Ti30EKTeri CaHIbIK MOJEIbICYMEH TeKcepinmi,
KeMeJIep/iH apTYpJi TypJiepiHe, HaBUralMsUIbIK aifiMaKTapra KOHE aya-paiiblHa OailJIaHBICTBI XKYPTi3iIreH
ToXipuOenep o3ipJeHreH OMICTIH, AITOPUTMIAIK JKoHE OarmapiamMaiblK >KacaKTaMaHBIH — JKYMBICKA
KaOIIeTTLNiri MeH THIMIUINIH pacTaasl JXoHE OoyapAbl MIaMaJaH ThIC OacKapyMeH KeMeHiH Oackapy
KylenepiHe MaTeMaTHKAJIBIK KOJIIay JKacay/a MPaKTHKAIBIK KOJIaHyFa YChIHYFa MYMKIHAIK Gepei.

Kinm coe30ep: mamanaH ThIC OaKpLIay, KETKUTIKTI OaKpuIay, OHTAMIB OakblIay, OaKpuIayabl Oemy, OaKsuIay
CaIlaChIHBIH OJIIIEMi, OTBIH LIBIFbIHBIH a3aHTY.
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The vessel movement optimisation with excessive control

C. 3unuenko, A. bens, I1. Hocos, U. [Tonosuy, B. Mareituyk, O. ['pommeBa

OHTI/IMI/I33HPHI ABUKCHHUSA CyAHA C H30BITOYHBIM YIpaBJICHUEM

B craTtbe paccMOTpeHBI BOIPOCH aBTOMAaTHIECKOTO YIIPABJICHUS JBIDKCHHEM CYyJ[HA C UCIIOJIb30BAHUEM H3-
OBITOYHOTO YNPABJICHHMS, YTO MO3BOJISICT OPraHU30BaTh JBIDKEHHE cyqHA Oe3 yria npeida, CHU3HTH THAPO-
JUHAMHYECKOE COIIPOTHUBIICHUE U PACXO]] TOIUIMBA. BOIPOCH! coKpalieHus SHepronoTpeOIeHUsI 1 SKOHOMHUHN
TOIUTUBA Ha OOPTY, a TaKXKe CBS3aHHBIE C HUMH BOIPOCH! COKpAIICHHS BHIOPOCOB U YIYYIIEHHS] COCTOSHHS
OKpyXatoleil cpe/ibl 0COOCHHO aKTyallbHbI B HacTosluee Bpems. [IpoBeneH KpaTkuii 0030p JMTEpaTypHBIX
HCTOYHUKOB, IOCBSILICHHBIX MOBBIILICHUIO SHEPro3QGeKTUBHOCTH CyIOB. B pesynbraTe NpoBeAEHHOTO aHa-
JIM3a BBISABJICHO, YTO BOIPOCHI TOBBIICHHS YHEPro3()(HEKTHBHOCTH PELIAIOTCS PA3INYHBIMU CIIOCO0aMu, Ha-
HpUMep, KOHCTPYKTHBHO, IIyT€M CHMJKEHHS Beca, THIPOANHAMUYECKOTO U a3pOJIHMHAMHYECKOrO COMPOTHBIIC-
HUSI KOpITyca, C MOMOIIBIO Mapyca, Co3aHus 0oJiee COBEPIICHHBIX CHJIOBBIX YCTaHOBOK. OIHAKO aBTOpaMH
HE Hal/IeHbl METO/BI X AITOPUTMBI YMCHBIICHUS THAPOANHAMUIECKOTO CONPOTHBIICHUS U PAacXoja TOILIHBA
3a CUeT UCIIOIB30BaHMs U30BITOYHOTO yrpasieHus. CrenaH BBIBOJ 00 aKTya bHOCTH pa3pabOTKH TaKUX CHC-
TeM. Pa3paboTano MaTemarnueckoe, aropuTMHIECKOE U IIPOrpaMMHoe obecriedeH e A1 UMATaTopa 60pTo-
BOTO KOHTpPOJUIEPA CUCTEMbI yNPaBJICHUS JBMKCHHEM CyIHA C U30BITOYHBIM YyIpaBICHHEM, paboTocnocol-
HOCTb ¥ 3(Q()EKTUBHOCTb KOTOPHIX NPOBEPEHA YHUCICHHBIM MOJCIMPOBAHUEM B 3aMKHYTOH CXeMe C MaTeMa-
THYECKOH MOJIEIIbI0 00BEKTa YNPABICHUS VIS Pa3IMYHbIX THIIOB CyJOB, PaifOHOB IJIABaHUs U IOTOJHBIX yC-
noBuil. [IpoBeeHHbIC IKCIEPUMEHTHI MOATBEPAMIH pabOTOCIIOCOOHOCTh U AP PEKTUBHOCTD Pa3pabOTaHHOTO
METO0J[a, AITOPUTMHIECKOTO M IIPOTrPaMMHOTO 00ecIedeH s U O3BOJIIOT PEKOMEHI0BATh UX IS IIPaKTHde-
CKOTO HCIIOJIb30BaHUS NPH pa3paboTKe MaTeMaTHIECKOTO 0OECIICUSHHUS CUCTEM YIIPABIICHUS CyJaMH C U30bI-
TOYHBIM YIIPABJICHUCM.

Kniouesvie cnosa: n30bITOUHOE YIPABIEHHE, JOCTATOYHOE YIIPABICHHE, ONTUMAIBLHOE YIIPaBICHUE, pacipe-
JeTIeHHe YNpaBJIeHHs, KpUTEPHiA KadyecTBa yNpaBIeH s, MUHUMM3aIHs PacXo/ia TOILIHBA.
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