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C 21 mo 24 oxtsa6ps 2025 roga B 1. MuHcke coctoutcs XIV MexayHapogHas KOH(PEPEHITUS
«MeTononornyeckre acrekThl CKaHUPYIOMeH 30H10BOH MUKpockonuu» («benC3M-2025y»). Hayuusrii
(dopyM cobepeT CrenuaiucToB Mo pa3padoTke 000pyIOBaHUS, METOJMK M MPUIIOKEHUN MOIIHOTO 110
CBOMM BO3MOXKHOCTSIM METOJa CKaHHpYIomiel 30810801 Mukpockonuu (C3M). CerogHsi naHHBIH Me-
TOJ OcTaeTcs 0e3aIbTepHATHBHBIM KOMILIEKCHBIM IOJIX0/IOM K XapaKTepH3alliy ITOBEPXHOCTEH B HAHO-
METPOBOM JIHaIIa30He.

KondepeHuus yxe 101roe BpeMs sSBIISICTCS YCICUIHOW IIOMAAKON Il 00CYXKIACHUSI HOBEHIITUX
pe3ysbsTaToB B puMeHeHnn MeToga C3M B pa3IMUHBIX BEICOKOTEXHOJIOTHYECKUX OTPACIIsIX YeJloBeye-
CKOM JIeSITEeNIBHOCTH: OT HAHOMH)KEHEPHUH MOBEPXHOCTH JI0 M3y4eHUs (HPU3HKO-MEXaHHUECKUX CBOWCTB
OHMONIOTHYECKUX KIJIETOK M WX BIHMSHHUS Ha TPOIECCh (PYHKIMOHUPOBAHUS KIETOK. 3D-Bu3yanu3anus
Tonorpadguu MOBEPXHOCTH U MOBEPXHOCTHOW CTPYKTYPhI MaTepHalioB B COUYETAHHH C KapTorpadupo-
BaHWEM YIPYTHX W aJTre3MOHHBIX CBOWCTB, KOJIMYECTBEHHBIM ONpEACTICHUEM (PH3MKO-MEXaHHUECKUX
MapaMeTpoB Ha JIOKAJIBHBIX y4acTKaX HAHOMETPOBOI'O pa3Mepa JaeT BaXKHEUITy WH(POPMAIUIO TIPH
(dbopmupoBaHuy (HYHKIIHOHAIBHBIX TTOKPHITHHA ¥ PEIU3HOHHBIX ITOBEPXHOCTEH. Pe3ynbTaTsl nccieno-
BAHUH YCIIEUIHO IPUMEHSIOTCSI B TOYHOW MEXaHUKE, COBPEMEHHON AIEKTPOHUKE, MUKPOCEHCOPHKE.

Ha npoTtsokenuu nocnennux 40 neT HaydyHOe COOOLIECTBO AOOMIOCH BIIEUATIISIIONIETO Mporpecca
B NIOHUMaHHWH yCTPOMCTBA MUKPO- U HAHOMHpA. A HAaHOTEXHOJIOTUU CTaJIM MPUBBIYHON cepoit nes-
TEJIBHOCTHU YEJIOBEKA, IPUHOCSILIEH HOBBIE, CAMbIC HEOKUIAHHBIC U3/ACTUS U MPOAYKTHI B HAITY KU3Hb.
be3yciioBHO, B 3TUX JOCTHKEHUSAX Ba)KHEHIIEE 3HAUCHUE OTBOAMUTCS YMEJIOMY HCIIOJIb30BAHHUIO WH-
ctpymenTtapus Ha 6aze C3M. Ilpu 3TOM MBI 0CO3HAaEM, YTO BO3MOKHOCTH METO/A JJAJIEKO HE ucuepria-
Hbl. OH OyJeT aKkTUBHO Pa3BUBATHCS, B TOM YHUCIIE C HCIOIB30BAHNEM TEXHOJIOT M UCKYCCTBEHHOTO MH-
TeJUIeKTa. YUeHbIE TOydYaT HOBBIE MPUOOPHI, KOTOPHIE CTAHYT YMHBIMH Pa3BEeIYMKaMHU, OTIIPABIISIO-
LIMMHUCA B €11E MaJjlo U3BEAAHHBIN JIJIs1 HAC HAHOMUP.

VYuacTtue B GpopyMe MHOTHX M3BECTHBIX YUEHBIX M CIEUANTHCTOB B oOyacTu C3M-IMarHoCTHKU
MO3BOJISIET CJICNIATh BBIBOJ O TOM, YTO OEJIOPYCCKUE yUEHBIC IEHCTBUTEIBHO SIBISIOTCS BOCTPEOOBAH-
HOH 4acThI0 MEXAYHApOIHOr0 COOOIIECTBA, KOTOPOE IPOBOAUT HCCIECAOBAHUS U pa3paboTKu B 0Oia-
CTH HAHOTEXHOJOTMUA U UX NPHUJIOKEHUH K COBPEMEHHOMY MATEPUAIOBEACHUIO U UHIKEHEPUU [TOBEPX-
HOCTH.

Jannyto KoH()EpeHIINIO MBI TOCBATHIIN MaMsITH TaThsiHbI AHATONBEBHBI Ky3HENoBo# — y4eHoro,
KOTOpast HOCBSITHIIA BCIO CBOIO HAYYHYIO KHU3Hb [NTyOOKOMY OCBOCHHIO U PA3BUTHIO METO/Ia CKAHUPYIO-
1Ieid 30H10BO MUKpOCKonu B bemapycu. MbI ee TOMHHM Tak)ke Kak aKTHBHOT'O OpraHu3aTopa KoH]e-
peunnu «benC3M»y Ha TPOTSHKEHIN MHOTHX JIET.

B Hacrosiiiem HOMepe TMpeicTaBiIeHbl CTaTbu y4acTHUKOB X1V MexayHapoaHoi KoH(pepeHIun
«MerTononornyeckre acrneKkThl CKaHUPYIOIIEH 30HA0BOW MUKpPOCKOMUM». OHM OXBaTHIBAIOT PsIJi BaXK-
HBIX HaIpaBJCHUU COBPEMEHHOM NMAarHOCTUKU C MOMOUIBI0 CKAaHUPYIOUIEH 30HIOBOM MUKPOCKOIIHH,
JIEMOHCTPUPYIOT YPOBEHb PA3BUTUS METOJA U €ro IIMPOKUE SKCICPUMEHTAJIbHBIC BO3MOYKHOCTHU.
Crarbu 1aHBl B aBTOPCKOW PEeIaKITHH.

Tnasnwitl pedaxmop scypuana
akademux Hayuonanvroii akademuu nayx berapycu
C. A. Yuocux
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From October 21 to 24 the 14" International Conference “Methodological aspects of scanning probe
microscopy” (BelSPM-2025) will be held in Minsk. The scientific forum will gather specialists in deve-
lopment of hardware, methods and applications of the powerful in its abilities method of scanning probe
microscopy (SPM). Nowadays, the method stays the non-alternative complex approach to surface cha-
racterization in nanometer range.

The conference has been the successive platform for discussing the newest results of SPM method
application in various high-tech branches of human activity: from surface nanoengineering to study
of physic-mechanical properties of biological cells and their affect on cell functioning processes. 3D
visualization of surface topology and surface structure of materials both with mapping of elastic and
adhesion properties, quantitative determination of physic-mechanical parameters within local areas of
nanometer size presents important data at forming functional coatings and precise surfaces. The results
of investigations are successfully applied in fine mechanics, modern electronics, microsensory devices.

During the last 40 years, the scientific community has archived the impressive progress in under-
standing of micro- and nanocosm. And nanotechnologies have become the usual field of human activity,
bringing new and unpredicted items and goods into our life. Undoubtedly, competent use of the CPM
toolkit plays the important role in these achievements. We understand the possibilities of the method
aren’t finished. It will be developed actively including the use of artificial intelligence technologies.
Scientists will obtain new instruments, which will become smart explorers, going into little investiga-
ted nanocosm.

Forum participation of many well-known scientists and specialists in CPM-diagnostics make us pos-
sible to realize the Belarus scientists are the demanded part of the international community, which inves-
tigates and develops nanotechnology and its applications for modern material- and surface engineering.

The present conference is devoted to the memory of Tatiana A. Kuznetsova — the scientist, who de-
voted all her scientific life to the thorough exploration and development of the scanning probe method in
Belarus. We remember her as an active organizer of the BeICPM conference for many years.

The current issue presents articles of the participants of the 14™ International Conference
“Methodological aspects of scanning probe microscopy”. The articles cover a range of important direc-
tions of modern diagnostics with the help of scanning probe microscopy and demonstrate the method
evolution level and its wide experimental abilities. The articles are given in author’s edition.

Editor-in-Chief of the Journal
Academician of the National Academy of Sciences of Belarus
Sergei A. Chizhik
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THE INFLUENCE OF SUBSTRATE BIAS VOLTAGE ON THE MORPHOLOGY
AND PROPERTIES OF ZrN COATINGS DEPOSITED BY MAGNETRON SPUTTERING

Abstract. The substrate bias voltage (Up) plays an important role in the coating formation processes using the Physical
Vapor Deposition method and affects the morphology of the coatings as well as their physical properties, microhardness,
clastic modulus, stresses, as well as the structure and phase composition, microstructure or density. To characterize ZrN coat-
ings formed by magnetron sputtering at substrate bias voltages from —10 V to —100 V, X-ray diffraction (phase composition),
scanning electron- and atomic force microscopy (for surface morphology and distribution of macroparticles on the coating
surface, tribological properties), and nanoindentation (for microhardness and elastic modulus) were used in the study. With
the increase in the negative substrate bias voltage, an increase in the intensity of the ZrN (200), (220) and (222) diffraction
lines was observed relative to the ZrN (111) line. The roughness of the coatings decreased with the increase in the negative
substrate bias voltage. The highest microhardness, 30.6 GPa, was measured for coatings formed at Uy = —50 V. The coating
deposited at —100 V showed low wear resistance (due to the low H/E coefficient, showing low elastic behavior of the coating
under load). Multi-cycle tribotests were additionally performed on the coating that were deposited at —10 V and showed
high wear resistance , with changes in speed (1.99-8.00 um/s), number of cycles (from 10 to 50) and load (from 8 to 27 uN).
The obtained results can be used in developing wear-resistant coatings for friction units of various devices in mechanical en-
gineering and instrument making, power engineering, and transport.

Keywords: coating, ZrN, magnetron deposition, morphology, grain size, mechanical properties, tribological properties,
atomic force microscopy, nanoindentation
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BJUSHUE HATIPSI)KEHU S CMEIIEHU ST HA TOAJOXKKE HA MOP®OJOTI IO 1 CBOMCTBA
HOKPBITUM ZrN, HAHECEHHBIX METOJAOM MATHETPOHHOI'O PACIIBIJIEHH SI

AnHoTanus. HanpskeHne cMeleHus noutoxkku (Ug) HIpaeT BaXXHYIO poiib B Ipoleccax (GOPMUPOBaHHS MOKPBITHI
METOIOM (PU3HUECKOTO OCAXKICHUS U3 IMApOBOH (ha3bl U BIUICT Ha MOP(OJIOTHIO MOKPBITHIL, X (U3NIECKUe CBOWCTBA, MHU-
KPOTBEPIOCTh, MOYJIb YIIPYTOCTH, HATIPSKEHUS, @ TAK)Ke Ha CTPYKTYPY U (ha30BbIH COCTaB, MUKPOCTPYKTYPY U TUIOTHOCTE.
Jlna ompeneneHus XapaKTePUCTHK MOKPHITUH ZrN, copMHPOBAHHBIX MAarHETPOHHBIM PAaCIbUICHUEM IIPH HaNpsKEHHH
cMenieHus noytoxku or —10 B 1o —100 B, B Xoze nccnenoBaHus UCIOIb30BAINCh PEHTIeHOBCKas qudpakuns (GpazoBbiit
COCTaB), CKAHMPYIOIIAsl SJIEKTPOHHASI U aTOMHO-CHJIOBAsi MEUKPOCKOMNHs (MOP(OJIOTHs TIOBEPXHOCTH U paclpeelieHue Ma-
KpOYacTHUI] HA MOBEPXHOCTH IOKPHITHS, TPHOOJIOrHYECKHE CBOWCTBA), a TaK)Ke HAHOWHAECHTHPOBAHUE (MUKPOTBEPAOCTDH
1 Moxynb ynpyrocts). [Ipu pocte oTpuIaTenbHOr0 HAMPSKEHUS CMEIIEHHS MOAJI0KKH HAOII01aI0Ch YBEIHUCHNES HHTCH-
cuBHOCTH aAudpakunoHHbX TuHUE ZrN (200), (220) u (222) otHocuTenbsHo auHUU ZrN (111). LlepoxoBaTocTh MOKPBITHI
YMEHBINIANACh C POCTOM OTPHULATEIBHOIO HAMPSKEHUS CMENIeHUs Mo10kKu. CaMoe BBICOKOE 3HaU€HHE MUKPOTBEPIOCTH
(30,6 T'TIa) orMeuasoch aust MOKpeITUit, chopMuposanubix npu Uy =—50 B. B cBoto ouepens HU3KYI0 H3HOCOCTOMKOCTD 10-
Ka3aJo NOKphITHE, ocaxaeHHoe npu —100 B, uTo cBs3ano ¢ HU3KkNM KodddurenToM H/E, NOKa3bIBAIONINM HU3KOE YIIPYToe
TIOBE/ICHNE TTOKPBITHS TIPH Harpy3ke. Ha MOKPBITHH ¢ BEICOKOH M3HOCOCTOMKOCTBIO, OcaskJeHHOM Ipu —10 B, BeImomHEeHB
JOTIONTHUTENbHBIE TprOomorndyeckue ucnsitanus (ot 10 mo 50) mpu pasamasbix ckopocTsx (1,99-8,00 MxMm/c) u Harpyske
(ot 8 10 27 mxH). [lomy4eHHbIe pe3yIbTaThl MOXKHO IPUMEHSATH PU pa3padoTKe H3HOCOCTOMKHMX MOKPBITUHN A y3JI0B Tpe-
HUS Pa3IMYHBIX YCTPOICTB B MAIIMHO- U TPHOOPOCTPOCHUH, DHEPIeTHKE U TPAHCIIOPTE.

KuroueBsle cioBa: nokpsiTie, ZrN, MarHETpOHHOE OCaXKJIeHHE, MOP(HOJIOTHs, pa3Mep 3epHa, MEXaHHYEeCKHE CBOWCTBA,
TpHOOJIOrNYecKre CBOHCTBA, aTOMHO-CIJIOBAs MUKPOCKOIIHSI, HAHOUHACHTHPOBAHHUE
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Jlas nuTHpoBaHus: BiusHue HanpsOKeHUs CMENIEHUs Ha MOJJIOKKE HAa MOP(QOJIOTHIO M CBOMCTBA MOKPHITHH ZrN,
HAHECCHHBIX METOJIOM MarHeTPOHHOTO pachblicHHs (Ha aHrI. 5i3.) / b. Bapxonuucku, T. A. Ky3nenosa, B. A. Jlanuukas
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Tocmynuna 6 peoaxyuto: 08.07.2025

Ymeepocoena k nyonuxayuu: 09.09.2025

Toonucana é newamo: 18.09.2025

Introduction. Nanostructured coatings consisting of nanocrystalline thermodynamically stable or
metastable phases and amorphous phases are a new generation of advanced multifunctional materials.
They are the subject of intense research in the design of new protective coatings with improved mecha-
nical, chemical and tribological properties [1, 2]. Their unique properties are determined by individual
arrangement of nanophases and the dominant role of the phase boundary [3]. The coatings of high hard-
ness greater than 40 GPa are made up of crystalline grain size of 3—10 nm embedded in an amorphous
matrix that separates the grain at a distance of 1-3 nm [4, 5]. The nanocrystalline phase of nitrides,
carbides, borides or metal oxides, and amorphous phase — metal oxides or DLC can be form. Due to
the small size of the individual components of the coating the movement of dislocations is significantly
reduced. The high hardness of the coatings is a fundamental requirement in many applications. This may
result in increasing the durability of cutting tools, but also in many other applications, where in addi-
tion to high hardness high toughness is required. These conditions are met by nanocomposite materials
based on transition metal nitrides. Modern plasma-assisted technologies of thin coating forming enable
the production of nanostructured coatings resistant to abrasion that meet the high demands of users,
especially in the field of mechanical engineering, arising from the work elements. Due to the excellent
biocompatibility, zirconium and its alloys can be used in implant applications. Their possible wide appli-
cations are limited by poor tribological properties. To improve its consumption, many tests are carried
out. One of them is the synthesis of zirconium nitride as a coating with significantly improved resistance
to wear and corrosion.

Zirconium nitride is a material characterized by high hardness and corrosion resistance as well as
good thermal properties (better than TiN [6]), low resistivity [6—8], good chemical stability and a color
regulated in the whole color palette. Therefore, they can be used as a protective coatings [9-11] and as
a decorative coatings. They have, as well as TiN, a golden color and also are used as a coating for collec-
tors of solar energy [7]. Due to the biocompatibility of the coating it can be applied in biomedical engi-
neering [12]. By controlling such deposition parameters of the coating deposition process as the reactive
gas pressure or the substrate bias voltage, a different phase composition of the coatings and surface
microstructure can be observed. The structure of the coating affects its mechanical and chemical pro-
perties.

Increase in nitrogen pressure results in surface parameters change of ZrN coatings deposited by
magnetron sputtering [13]. The roughness measurements carried out by atomic force microscopy on
the area 2 x 2 um indicate increase in roughness from about 7 nm to about 30 nm with nitrogen pres-
sure ranged from 0.3 to 1.1 Pa. Increase in nitrogen pressure reduces the crystallite size of the coatings
[14, 15]. This may affect the mechanical properties of the coatings. Increasing the negative substrate bias
voltage during coating formation can lead to changes in the phase composition and microstructure of
the coating, as well as the mechanical properties of the coatings. Comparative tribological tests of most
commonly used in industry TiN and CrN hard coatings (used as a universal coating), TICN and TiAIN
(for special machining) and ZrN (used for non-ferrous metals machining) formed by arc evaporation
indicate that ZrN coatings, as compared to the CrN, are characterized by greater hardness, lower sur-
face roughness and lower coefficient of friction [5]. ZrN coatings can be prepared by various methods:
pulsed laser deposition (PLD) [16, 17], ion beam assisted deposition (IBAD) [18] magnetron sputtering
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[6, 7,9, 10, 13, 19-21], plasma nitriding [22, 23], cathodic arc evaporation [8, 12, 24], ion plating [25],
high-power impulse magnetron sputtering (HIPIMS) [26].

The purpose of this research is to determine the effect of substrate bias voltage during deposition on
the surface properties of ZrN coatings deposited by magnetron sputtering.

Materials and research methods. Coating deposition. ZrN thin films were deposited on hardened
HS6-5-2 steel' substrates by reactive magnetron sputtering system equipped in circular source and Zr
(100 mm in diameter) targets in argon—nitrogen gas discharges. Unbalanced sputtering sources were
used in the pulsed mode at 1 kHz with 100-kHz modulation. The composition of the process atmosphere
was controlled by the nitrogen flow. Circular, mirror polished steel substrates (32 mm in diameter) were
mounted at rotated (0.03 Hz) sample holder placed about 8 cm from the source and were heated resis-
tively up to 400 °C. They were ion etched at bias of —600 V for 5 min in argon pressure of 0.5 Pa. Thin
film samples were deposited in the set corresponding to constant power and constant nitrogen flow rate
of 4 sccm and different substrate bias voltage from —10 to —100 V. Argon flow, resulting in total gas pres-
sure in the deposition chamber equals to 0.5 Pa. The coating thickness was 3 pm.

Coating characterization. The phase composition of the coatings was characterized by of X-ray dif-
fraction (XRD) with a glancing angle (o = 3°) and Bragg—Brentano geometry in the range of diffraction
angles from 20° to 100°. The tests were performed on the X’Pert PANalytical diffractometer using Cuk,
radiation. The diffraction patterns were recorded under the same conditions. For ZrN coatings, the tex-
ture coefficient of the cubic phase of ZrN with orientation (111) was determined. The texture coefficient
of (111) plane was calculated using the following equation [27]:

Ty
I’

where /), is the intensity of ZrN (111) for ZrN coatings; 3/ is the sum of the intensities of the peaks /5,
Li20y 111y L0222y D00y 1331y Lianoy Liaa)s Ls11y-The surface morphology was investigated using the scanning
electron microscope TESCAN MIRA 3 (TESCAN, Czechia). The surface roughness of the coatings was
determined using Surftest SJ-210 contact profilometer (Mitutoyo, Japan). Three profiles of 2.5 mm long
were evaluated on each coating to determine roughness parameters (R,, R, R,). The surface investigation
of the coatings was carried out using Dimension FastScan atomic-force microscope (Bruker, USA) in
the PeakForce Tapping QNM (Quantitative Nanoscale Mechanical Mapping) mode. The standard silicon
cantilevers of CSG10 (Micromash, Estonia) types and standard diamond probes of DRS 10 (TipsNano,
Russia) type were used. Two parameters were controlled by atomic-force microscopy (AFM) — R, of the
smooth surface and micro particles distribution in diameters and height. R, was measured on the areas
2 x 2 um. The particle distribution by diameter and height with the specification of the height boundary
conditions of the particles was performed using the NanoScope Analysis software via the application
function Particle Analysis. AFM was used to analyze the surface topography with the determination
of the roughness (R,), content of particles in %, diameter (d), height (%), area (S) and volume (V) of
microparticles on the coating surface. The images of three points were obtained and analyzed on the
each sample. Every point consisted of the fields of 60 x 60, 30 x 30 and 10 % 10 um.

The microhardness (/) and the elasticity modulus (£) were measured by Hysitron 750 Ubi nanoin-
denter (USA) via the indentation of a diamond Berkovich indenter with a curvature radius of 60 nm
and load of 1-5 mN into the coating surface. H and E were calculated using Oliver—Pharr formula from
the 9 experimental curves of continuous recording of the applied load — indentation depth obtained at
load of 5 mN on “flat” surface. The depth of indentation did not exceed 100 nm. Mechanical properties
were also studied at 100 points under a constant load of 10 mN.

To study the tribological characteristics of the coating surface, the Lateral Force Mode (LFM) AFM
was applied using probes with a diamond tip on a D300 silicon console (manufactured by SCDprobes,
Estonia) with the stiffness of 38.2 N/m. Tribological tests of all coatings were carried out for 40 cycles of
reciprocating motion. A multi-cycles AFM-tribo-test differ significantly from a single-cycle test, where
forces and coefficient of friction (Cy,) are determined on the surface in one scan without any running-in.

Cpoy Of (111) =

' BS EN ISO 4957:2000 Tool steels. URL: https://www.fushunspecialsteel.com/wp-content/uploads/2015/05/BS-EN-
1SO-4957-2000-Tool-Steel.pdf (date of access: 03.02.2025).
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The multi-cycle mode makes it possible to assess the change in Cy, over time and to carry out the wear
of the hard coatings. The worn area of 1 x 1 um was scanned for 128 % 128 points (lines) at the speed
of 1.99-8.00 um/s. The main load on the probe during the wear test was of 3.6 uN. On the ZrN coating
obtained at —10 V substrate bias voltage (Uy), the influence of the scanning frequency, the number of
cycles, and the load on the wear value was determined. In this case, two parameters were kept constant.
The scanning frequency varied from 1 to 4 Hz, the number of cycles from 10 to 50, the load from 8 to
27 uN.

Results and discussion. According to the XRD data of the ZrN coating obtained at different sub-
strate bias voltage, only one phase was revealed (Figure 1) — the ZrN phase with a cubic crystal lattice
[27, 28]. The diffraction lines (111), (200), (220), (311), (222), (400), (331), (420), (422) and (551) were
detected in the coatings. Diffraction peaks from the substrate and the Zr sublayer are absent. The lines
(111), (200), (220) have the highest intensity. In the cubic phase of ZrN, the (111) and (200) textures are
the main ones [29, 30]. For all the considered ZrN coatings, the main peak is (111). The peaks (200) and
(220) increases with an increase in the bias voltage on the substrate from —10 to —100 V (see Figure 1).

Intensity if the planes: (111) — 100 %, (200) — 74 %, (220) — 36 %, (311) — 24 %, (222) — 9 %,
(400) — 2 %, (331) — 5 %, (420) — 6 %, (422) — 3 %, (511) — 3 %. The texture coefficient for the ZrN coat-
ing obtained at —10 V was 0.84, for the coating obtained at —50 and —100 V they were 0.37 and 0.35, re-
spectively. That is, in the coating obtained at —10 V the orientation (111) is preferred, while in the others
the orientations (200) and (220) have a preference.

It is assumed that magnetron sputtering enables the formation of coatings with almost no surface
defects. The defects observed on such coatings may be related to the preparation of the substrate. The ir-
regularity of its surface (waviness, scratches) created during their preparation for coating application,
as well as various particles remaining on the surface after cleaning also contribute to the formation of
defects. Another reason for the formation of defects are particles deposited on the walls of the working
chamber. During the pumping out of the chamber in the turbulent air flow, some particles may be torn
off from the walls of the chamber and deposited on the substrate. In this way, coating crystallization
nuclei are formed, which may disturb the uniform growth of the coating. Other processes, such as heat-
ing the coating, ion cleaning of the substrates or coating formation, also contribute to the increase in
the number of crystallization nuclei [31].
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Figure 1. XRD patterns of ZrN coatings deposited at the different substrate bias voltage
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Figure 2. SEM images of ZrN coatings deposited
at the different substrate bias voltage —10 V (a, b) and —100 V (c, d)

In Figure 2, two forms of defects can be seen: macroparticles growing above the surface of the coat-
ing and craters, both of various sizes and shapes. The vast majority of craters are small, up to 3—5 um,
and irregular in shape. They could have been formed as a result of the extrusion, as a result of compres-
sive stresses, of particles weakly bound to the coating. The macroparticles are almost spherical in shape,
although many of them have the form of flakes or a generally irregular shape. The dimensions of these
defects reach 6—8 pm, although most of them are small, up to 2 um.

The number and type of surface defects of the coating change with the increase of the negative
substrate bias voltage. A decrease in the number of defects is observed, especially those of smaller di-
mensions. This is probably related to the resputtering effect. At a higher voltage, the higher energy of
ions incident on the surface of the coating more effectively knocks out weakly bound macroparticles.
At the same time, the mobility of adatoms and the surface diffusion of incident particles increase. This
causes a decrease in the number of defects on the surface of the coating and simultaneously a decrease
in its roughness [32].

An important role in the formation of surface defects is played by one of the parameters of coating
formation — the speed of rotation of the holder with the substrates [33]. It was found that changing the ro-
tational speed significantly affects the shape of defects, with its increase, their diameter increases and
flattens. It was also observed that most defects in magnetron sputtering come from nuclei on the substrate
surfaces [33]. This indicates the need for very well-thought-out preliminary processes before the coating
formation process. The presence of defects significantly affects the surface roughness and coating quality.

The surface roughness of the coatings increases with increasing the substrate bias voltage from —10
to =50 V (Table 1). With an increase in voltage from —50 to —100 V, the surface roughness decreases,
which is associated with a decrease in the number of macroparticles on the surface.
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Table 1. The dependence of roughness of ZrN coatings surface on the substrate bias voltage
measured with profilometer and AFM

Profilometer AFM
Uy, V
R,, pm Ry, pm R, pm R,,nm
—-10 0.05+0.01 0.09 +0.01 0.64 +0.03 7.1+0.1
-50 0.14 + 0.01 0.18 £ 0.01 1.00 £0.05 54+0.1
—-100 0.10 + 0.01 0.13 +0.01 0.74 £ 0.04 2.1+0.1

Note: R, —roughness by the arithmetic mean of absolute values of profile deviations from the mean line, R, — roughness by
the root-mean-square deviation of the profile from the mean line, R, — roughness by the average height of the profile, measured
from the peak to the trough.

AFM studies made it possible to analyze the sizes (diameter and height) of macroparticles on the sur-
face (Figures 3, 4) and to establish the dependence on the substrate bias voltage. Previously, the authors
carried out such an analysis on CrN, AICrN and CrON coatings in NanoScope Analysis software of
Dimension FastScan AFM (Bruker, USA) [34] and demonstrated the effectiveness of such an analysis.
This analysis involves identifying specific areas (in our case, macroparticles) in AFM images of differ-
ent sizes (see Figure 3, d as an example) and determining the required sizes. Increasing the substrate
bias voltage from —10 to —100 V results in a non-monotonic increase in the macroparticle sizes (d and 7).
At the same time, in fields of 10 x 10 um, due to the small number of macroparticles in such an area,
a minimum is observed at —=50 V (see Figure 4). The content of macroparticles in a field of 60 x 60 um
decreases from 7.2 % (on the ZrN coating at —10 V) to 4.0 % (on the ZrN coating at —100 V) in the area
under consideration. At a voltage of =50 V, the particle content on the surface is 4.7 %. The increase in
roughness on the ZrN coating deposited at —50 V is probably due to a simultaneous decrease in the num-
ber of macroparticles with their sizes remaining unchanged.

The surface of the coatings without macroparticles is nanocrystalline (Figure 5). The grain size
(nanocrystallites) increases from 128 to 180 nm with an increase in the substrate bias voltage from —50
to =100 V (Table 2). With a change in the substrate bias voltage from —50 to —100 V, the grain size de-
creases to 61 nm. A cellular structure is formed on the ZrN coatings at =50 and —100 V on large AFM
fields (20 x 20, 10 x 10 and 5 x 5 um) (see Figures 3 b, ¢ and 5 ¢, ¢). In small areas (1 X 1 um and less),
it is seen that the cellular structure is formed by grains (see Figure 5, d, f). With increasing the substrate
bias voltage Up, the clarity of the boundaries between grains decreases. The surface roughness of coat-
ings without macroparticles decreases with increasing the substrate bias voltage (see Table 1). As was
said earlier, a decrease in the number of defects on the coating surface and a simultaneous decrease in its
roughness is associated with an increase in the mobility of the adatoms and surface diffusion of incident
particles with an increase in Uy.

Table 2. Grain size and mechanical properties of ZrN coatings

Uy, V Grain size,nm E, GPa H, GPa HIE

-10 128+ 6 258 £ 13 243+2.2 0.094
=50 180+ 9 315+ 20 30.6 + 3.0 0.097
—-100 61 £3 321 +£8 297+ 1.3 0.093

On the ZrN coating deposited at —100 V, the correlation between the grain size and microhardness
is fulfilled by the Hall-Petch law [35]: there is an increase in microhardness when the grain size in
the coating decreases (see Table 2). The elastic modulus and microhardness of this coating are 321 and
29.7 GPa, respectively. In the coatings deposited at —10 and —50 V, the negative Hall-Petch effect is
fulfilled, and is not the main mechanism of the coating strengthening. The highest microhardness of
30.6 GPa was found in the ZrN coating deposited at —50 V, among the coatings under consideration.
The average grain size in this coating is 180 nm. This effect is probably associated with the compaction
of the structure due to the evolution of the preferred orientations (111), (200) and (220) [27, 28].

The H/E coefficient is the highest for ZrN coatings obtained at —50 V, which is associated with an in-
crease in the microhardness of this coating. For the ZrN coating obtained at —100 V, which has the high-
est elastic modulus and the smallest grain size, the H/E coefficient was 0.093 (see Table 2).



Becui Hauprstnanbhait akagsmii HaByk benapyci. Cepbist ¢isika-TaxHiuHbIX HaByK. 2025. T. 70, Ne 3. C. 185-197
192 Proceedings of the National Academy of Sciences of Belarus. Physical-technical series, 2025, vol. 70, no. 3, pp. 185-197

20.0

0
0 X, um b
""""""""""""""""""""""""" 127.5nm
500 550 600 650 700 750 800
) Depth, nm
0.0 300um| 9

0 X, um c

Figure 3. AFM images (a—c) of the ZrN coatings surface from the substrate bias
voltage —10 V (@), =50 V (b), —100 V (c) and the type of image processing when counting microparticles (d)
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When studying the mechanical properties under a load of 10 mN (100 indentations on each sam-
ple), the dependences of the elastic modulus and microhardness on the indentation depth were obtained
(Figure 6). At the same load of 10 mN, there is a difference in the indentation depth. For the ZrN coating
obtained at —10 V, the depth is 82—105 nm, and for the coating obtained at —100 V — 87-100 nm. A de-
crease in the depth range at a constant load shows that a decrease in the grain size leads to compaction
of the coating.

The elastic modulus for the coating obtained at —10 V is in the range from 280 to 350 GPa, and the mi-
crohardness is from 24 to 35 GPa (see Figure 6, a, ¢). For the coating obtained at —50 V, the elastic modu-
lus ranges from 280 to 360 GPa, and the microhardness ranges from 24 to 37 GPa (see Figure 6, b, ). For
the coating obtained at —100 V, the elastic modulus ranges from 290 to 330 GPa, and the microhardness
ranges from 26 to 32 GPa (see Figure 6, ¢, f).

Microtribological properties were studied using an atomic force microscope in the lateral contact
mode. Wear was measured on a field of 1 x 1 um (Figure 7, a—c). The wear depth increases from 5.9 to
6.5 nm with an increase in the bias voltage on the substrate from —10 to —100 V (Figure 7, d). Accordingly,
the specific volume wear of the coating also increases from 1.15 - 10 to 1.26 - 10™* m*/(N - m) (Figu-
re 7, d). Despite the highest mechanical properties, the highest wear was shown by the coating deposited
at —100 V. This is due to the low H/E coefficient, which shows the low elastic behavior of the coating
under contact load [36].
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Figure 7. AFM images (a—c) of the surface after wear of ZrN coatings, wear depth with changing speed,
cycles and wear load (d, for ZrN coating at —10 V), specific volumetric wear (e)

The best wear resistance was demonstrated by the ZrN coating deposited at —10 V. Additionally,
multi-cycle tribological tests were performed on this coating with changes in the speed, number of cy-
cles, and load (Figure 7, e). An increase in the wear depth from 5.7 to 13.0 nm was found with an in-
crease in the probe load from 8.98 to 26.94 uN, as well as an increase in the wear depth from 9.2 to
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Figure 8. Effect of ZrN coating deposition parameters on grain size and wear parameters

11.2 nm with an increase in the number of cycles from 10 to 50 uN. An increase in the probe movement
speed over the surface from 1 to 8 um/s leads to a decrease in the wear depth from 16.6 to 10.6 nm.

Analyzing all the obtained results, we can draw the following main conclusions:

1. The content of macroparticles on the coating surface decreases with increasing Ug. This is ex-
plained by the higher energy of the ions incident on the coating surface, which are capable of more effec-
tively knocking out weakly bound macroparticles from the surface (Figure 8).

2. An increase in the mobility of adatoms and the surface diffusion of incident particles with increas-
ing Uy leads to a decrease in the grain size and surface roughness.

3. With a change in Uy from —10 to —100 V, the specific volumetric wear of the coating increases,
which is associated with the low H/E coefficient, showing the low elastic behavior of the coating under
contact with a load.

Conclusion. The effect of the substrate bias voltage Uy (from —10 to —100 V) during magnetron
deposition on the structural-phase, mechanical and tribological properties of ZrN coatings was studied
in the course of the research. According to the XRD results, the phase composition of the coatings is
represented by the cubic phase of ZrN with the peaks of the highest intensity of orientation (111), (200),
(220). The content of macroparticles on the coating surface decreases with increasing Ug. The surface
microstructure is nanocrystalline. The grain size (nanocrystallites) in the coating increases to 180 nm
when the bias voltage on the substrate changes from —10 to —50 V, and then decreases to 61 nm at —100 V.
On the ZrN coating deposited at —100 V, the correlation of the grain size and microhardness is fulfilled
by the Hall-Petch law (increase in the microhardness and decrease in the grain size). On the coating
deposited at —50 V, the Hall-Petch effect is not the main mechanism of the coating strengthening — there
is an increase in the grain size and microhardness, which is associated with the compaction of the struc-
ture due to the evolution of the preferred orientations (111), (200) and (220). The best wear resistance was
shown by the ZrN coating deposited at —10 V and amounted to 1.15 - 107 m*(N - m).

The results obtained can be applied in the Republic of Belarus and the CIS countries in the deve-
lopment of wear-resistant coatings for friction units of various devices in mechanical engineering and
instrument making, energy and transport.
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ACM-AHAJIN3 HEOJJHOPOJHOCTU MEXAHUYECKHNX CBOMCTB NOBEPXHOCTH
®UBPOBJACTOB INOCJIE PAJUAIIMOHHOI'O BO3IEVICTBU A

AHHOTanMsl. MexaHn4YecKHue CBOWCTBA KJIETOK, ONPEEIsIEMble B OCHOBHOM CBOWCTBAMHU U CTPYKTYPOM LIUTOCKEJETA,
HEOJIHOPOJHBI Ha MUKpPO- U HaHOMaciiTabax. [IpocTpaHCTBeHHOE pacrpeesieHne TaKUX MEXaHHYECKUX MapaMeTpoB, Kak
MOJZlyJIb YIIPYTOCTH M CHJIA aJIl'€3HH, 110 IIOBEPXHOCTH (pruOpobracToB xapakTepusyeT ux MexaHnudeckui ¢enorun. C mo-
MOIIBIO KAPTHPOBAHUSI MEXaHHUECKHX CBOICTB ¢ MCIIONb30BaHHEM pesknma Force Volume aTOMHO-CHIIOBOH MHKPOCKOITHH
U TPUMEHEHHUS CTAaTUCTUYECKHX METOJO0B aHaiu3a (MOJCIMPOBAHUE PACIPEICICHUN MapaMeTPOB JBYXKOMIIOHCHTHOMH
TayccoBoOit cMeChIO M KJIaCTEpU3als JAaHHBIX) YCTAHOBJICHBI 3aKOHOMEPHOCTH M3MEHEHHS IPOCTPAHCTBEHHOTO pachpesie-
JE€HUSI MEXaHHUYECKUX CBOMCTB MOBEPXHOCTU (PUOPOOIIACTOB MIEPBUUHBIX KYJIBTYD, BBIACICHHBIX U3 JIETKOTO HEOOIyYeHHBIX
U 00Jy4YeHHBIX 14-MecsiuHbIX Kpblc Wistar u 3-HeaeabHOro MOCTIyueBoro rnepuozaa. Ilocie oOmydeHus: U3MEHsETCs OIS
YYacTKOB HOBEPXHOCTHU C MOBBIIIEHHBIMU YIPYT'HMH CBOMCTBAMHU M CHHIKCHHBIMH a/Ir€3HOHHBIMH CBOHCTBAMH, COOTBET-
CTBYIOLIMX y4YacTKaM IJIa3MajJieMMbl HaJl CTPYKTYPaMH CTPECCOBBIX BOJOKOH. IToilyueHHBIC TaHHbBIC CBUAETEILCTBYIOT
0 ToM, 4TO obryyeHue kak B Hu3kux (0,1 I'p), Tak u B Beicokux (1 u 15 I'p) mo3ax BEI3bIBACT H3MEHEHHS MEXaHHYECKOTO (he-
HoTHIa HUOPOOIACTOB B TEUCHNE PAHHETO OTJAJICHHOTO MOCTIIyY4eBOr0O Neproa. DTH XapaKTEePHbIC M3MEHEHU S B MEXaHHUKE
($ubpoOIacTOB MOTYT MPEACTABIATH COOOW paHHHE OMOMApKePhl paJinallHOHHO-UHAY IUPOBAHHBIX OCIIOKHEHUIl, TAKUX KaK
paauanuoHHbI Guopo3.
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AFM ANALYSIS OF SPATIAL ELASTIC MODULUS DISTRIBUTION
OF FIBROBLAST SURFACE AFTER RADIATION EXPOSURE

Abstract. The mechanical properties of cells, determined mainly by the properties and structure of the cytoskeleton,
are heterogeneous at the micro- and nanoscale. The spatial distribution of mechanical parameters such as elastic modulus
and adhesion force over the surface of fibroblasts characterizes their mechanical phenotype. By mapping mechanical prop-
erties using the Force Volume mode of atomic force microscopy and using statistical analysis methods (modeling parameter
distributions with a two-component Gaussian mixture and clustering data), patterns of changes in the spatial distribution of
the mechanical properties of the fibroblast surface of primary cultures isolated from the lungs of non-irradiated and irradi-
ated 14-month-old Wistar rats and a 3-week post-radiation period were established. After irradiation, the proportion of sur-
face areas with increased elastic properties and reduced adhesive properties corresponding to the plasmalemma areas above
the structures of stress fibers changes. The findings indicate that irradiation at both low (0.1 Gy) and high (1 and 15 Gy) doses
induces alterations in the mechanical phenotype of fibroblasts during the early late post-radiation period. These characteristic
modifications in fibroblast mechanics may represent early biomarkers of radiation-induced complications, such as radiation fi-
brosis.
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Beenenue. lllupoko npuMeHsieMoe B MeIUIIMHE ISl AMATHOCTUKH U TE€PaNly PEHTTEHOBCKOE U3-
Jy4eHHe OKa3blBAaeT BIMSIHHUE HAa CBOMCTBA M GpyHKUMH PUOPOOIACTOB — OCHOBHBIX KJIETOK COEIMHU-
TenpHON TKaHH [1, 2]. MexaHuveckue cBoiicTBa puOpPOOIACTOB BaXHBI Il OCYIIECTBICHUS pa3iind-
HBIX KJIETOYHBIX IPOIIECCOB, BKIFOYAs MPOTU(PEPAUIO KIETOK, UX B3aUMOJICUCTBUE C OKPYKCHUEM,
MUTPAIUIO, CEKPELUIO PAa3JINUHbIX BELIECTB U Jp. [3].

OnHUM U3 Cepbe3HBIX MPOSIBICHUH EHCTBUS MOHU3UPYIOLIETO W3Iy4YEHUsl Ha OPraHu3M SIBIISCT-
sl paguallMOHHbIN (HUOPO3 — NATOJIOTHYECKOE COCTOSIHUE, BBI3BIBAEMOE BOCIIAJIUTEIBHBIM IIPOLIECCOM,
MIPH KOTOPOM C YUYaCTHEM DPaJTHAIlMOHHO-U3MEHEHHBIX (HOpPOOIIACTOB MPOUCXOAUT UpPE3MEPHOE pas-
pactaHue COeAMHHUTEIbHOW TKaHHW B opraHax [2]. /s MOHMMaHMs KJIETOYHBIX MPOIECCOB PA3BUTHS
paauanuoHHOro Guopo3a HeOOXOJUMO YCTAaHOBJICHUE OOIIMX MEXaHM3MOB H3MEHEHH S MEXaHUYECKOTO
¢deHorumna pudpoOIaCTOB TP OOTYUSHUH.

XOopoI1110 3apeKOMEHI0BABIINM Ce€0s1 METOIOM H3YUYCHUS MEXAHMUYECKUX CBOMCTB KJIETOK SIBJISETCS
aTOMHO-cmiioBass MUKpockonusi (ACM). CymecTByIOT HECKOJIIBKO PEKHMOB CKAaHHUPOBAHUS, KOTOpPbIE
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MO3BOJISIIOT MTPOBOJUTH MEXaHUYECKOE TECTUPOBAHNE MOBEPXHOCTH KJIETOK (3alIUCh CHIIOBBIX KPHBBIX
1 WX aHAJIN3 «HA JETY») C CO3/IaHNeM KapT MEXaHUYEeCKUX mapameTpoB. K Takum pexxumam, B 9aCTHO-
ctu, otHocsaTcs PeakForce Quantitative Nanomechanical Mapping (PF QNM) u Force Volume (FV).
IlepBblil peskuM MO3BOJISIET KAPTUPOBATH CBOMCTBA MOBEPXHOCTU € BBICOKUM Pa3pellEHUEM, HO U3-3a
BBICOKMX CKOPOCTEH CKaHWPOBAHUS M MaJOl TITyOWHBI HHIACHTHPOBAHUS 3HAYCHN S MEXaHWMYECKHX TIa-
paMeTpoB HAXOIATCS B TUANa30HE 3HAYCHUH, OTIIMYHOM OT OOLIETPUHSITHIX, MTOJyYEHHBIX C TOMOLIBIO
KJIACCHYECKOHN CHJIOBOM criekTpockonuu. Bropoit pexxum ACM-ckaHHpOBaHUS 110 YCIOBUIM TECTHPO-
BaHHS MEXaHHYECKHUX CBOMCTB OOJIBIIE COOTBETCTBYET KJIACCHYECKON CHIIOBOW CITIEKTPOCKOITNH, OJTHA-
KO KapThl, IIOJIy4aeMbIe C €ro IOMOILbIO, KaK MPaBUIIo, UMEIOT 0oJiee HU3KOE pa3pelicHHe.

MexaHnuyecKkre CBOMCTBA MOBEPXHOCTH KJIETOK, TECTHUPYEMbIE C IOMOIIBIO ATUX PEKUMOB, B OC-
HOBHOM OIIPEJIENSIOTCSA CTPYKTY PO M CBOMCTBAMH ITUTOCKEIETa BOJIM3H MOBEPXHOCTH KIETKH C IUTO-
30JIbHOW CTOPOHBI. DTO KOPTHKAJIbHBIH aKTHHOBBIN UTOCKENET, IPEACTABISIONINI COO0N NEHIPUTO-
MOJOOHYIO CTPYKTYPY U3 aKTHHOBBIX MUKPO(QHIAMEHTOB, U CTPECCOBbIC BOJIOKHA — JINTMHHBIC HUTH W3
MHKpO(DHUIaMEHTOB akTHHA THIIOB [3, Y U o.-SMA B 3aBUCHMOCTH OT Tuma ¢pudpodiacta [4—6]. Ctpecc-
BOJIOKHA UMEIOT BUJ My4KOB U3 10—30 TOHKMX HUTEH, COCTOSIIINX M3 aKTUHA, CITUTOTO aKTHHCBSI3BI-
BalOMUMH OelTKaM1, TAKUMH KaK O-aKTHHUH, (hacuuH U GUiIaMuH. DTH ITyYKA TOHKUX BOJIOKOH Ua-
CTO YEPEaYIOTCS C TOJICTHIMHU BOJIOKHAMH, COCTOSIIIIMMHI B OCHOBHOM M3 HEMBINIEYHOTO Muo3unHa 11 [4].
CTpYKTYpBl LIMTOCKENETa PACIoNaraloTcsi HepaBHOMEPHO MO 00BbEMY KIIETKH, CO3JaBasi HEOAHOPO-
HOCTh B paclpelesieHuH MEXaHWYEeCKHX CBOMCTB TMOBEPXHOCTH KJIETOK Ha MHKPO- U HAHOYPOBHSX.
W3MmeHeHne MpOCTPAHCTBEHHOTO PACHpEesICHUs MEXaHUUECKUX CBOWCTB MOBEPXHOCTH KIIETKH TPH
MaTOJOrMYECKUX IMPOIEeccax, BKIOYAs paaualliOHHO-UHAYIMPOBAaHHBIE, ONpEeeAeT MyTH pPa3BUTHUS
OCJIO)KHEHUH JTy4eBOW Teparnuu U JUarHOCTUKHU.

Llenvio uccnedosanus SBUIOCH YCTAHOBJIEHUE C TOMOIIBI0 MeTO0B ACM M CTaTUCTHYECKOTrO aHa-
JU3a 3aKOHOMEPHOCTEH M3MEHEHHS TIPOCTPAHCTBEHHOI'O paclpeAeNieHNsI MEXaHUUECKUX CBOWCTB I1O0-
BEpXHOCTH (PUOPOOIACTOB TIOCIE PAANAIIIOHHOTO BO3JICCTBHS B pAHHUN OTJAJICHHBINA TIEPHO/.

Marepuaasl u MeTOAbI HccJeq0oBaHus. Bce skcrnepuMeHTanbHbIE paboOTHl ¢ abOpaTOPHBIMU
YKUBOTHBIMH BBITIOJIHSJINCH B COOTBETCTBUHU C OOLICTIPUHSATHIMA HOpMaMH OOpAaICeHUs C KUBOTHBIMH
n npaBunamu Jupextusst 2010/63/EU Eppomnetickoro mapinamenta u CoBeta EBporelickoro corosa 1o
OXpaHe KHBOTHbIX, HCIIOIb3yeMbIX B HAy4HBIX Ieisx . [0 Hauama SKCIEPUMEHTA BbLIO HOTYUEHO 010-
Openue komuteTa 1o 3tuke YO «['oMenbcknii Tocy1apcTBEHHBI MEAUIINHCKII YHUBEPCUTET» Ha MPO-
BenieHue uccienaoBanus (mpotokon Ne 2 ot 24.03.2021).

Camupr kpbic Wistar coepainch B CTAllMOHAPHBIX YCIOBUAX BuBapus MHcTHTyTa paanoOuoo-
run HAH bemapycu Ha MONHOIIEHHOM CTaHAAPTHOM MHUIIEBOM PAIlHOHE M CO CBOOOMHBIM JOCTYIIOM
K Boje, 12/12-4acoBOM pexuMe OCBEIIEHUSI U TEMHOTBI, COTJIACHO YCTAHOBIIEHHBIM HOpMaM. B paboTe
HCIIOJIB30BaJIM OHOJIOTHYECKYI0 MOJIENb PaAHallHOHHOTO BO3ICHCTBHSI C 00IyUeHHEM 00JacTH TPYAHOM
KJIETKH KHBOTHBIX, BBIZIETICHNE TIEPBUYHBIX KYIbTYp (GuOpo01acTOB Mociae 3-HeAeTpHOT0 OCTIYYeBO-
ro Iepro/ia ¥ aHAJIN3 MEXaHUYECKHX CBOMCTB KUBBIX (UOPOOIACTOB, MPUKPEIUIEHHBIX K IIOBEPXHOCTH
yamiku [lerpu. B Mojenu ObuIH 3a/1eliCTBOBAHBI IEPBUYHBIC KYJIbTYPhI (PUOPOOIACTOB, BIJICIICHHBIC U3
JIETKHUX KPBIC COTIACHO MOAUGHUIIMPOBAHHON Bepcuu mpoTokoia Zhao S. M. (2018) [7].

OnHokpaTHOE 00JTy4YeHHe KpbIC 3pesioro Bo3pacta (14 MecsneB) peHTT€HOBCKUM H3JIyYeHHEM Ipo-
Bonuiu B o3ax: 0,1 I'p (3 xpsickl), 1 I'p (4 xpeick) u 15 I'p (4 KpBICH), ¢ HCIIOIB30BAHNEM PEHTTEHOB-
ckoro ammapata ouonornyeckoro HazHadeHUss X-RAD 320 Precision X-ray Inc. (CHIA) (U = 50 B,
1=12,5 MmA, P = 2,57 cI'p/mun, punsrp Ne 1 (2 mm Al), pacctosinue 1o o0bekTa — 50 cm). HuxHIioo
MOJIOBUHY TYJIOBUIIA W TOJOBY SKPAHHPOBAIIM CBHHIIOBHIMHU 3alIUTHBIMU IUIACTUHKaMU. BhiBeneHue
JKUBOTHBIX U3 DKCIIEPUMEHTA MPOBOAMIIA Ha 21-e cyT. mocie obnydeHus. KoHTponbHas Tpynmna KpbIc
(HeoOyUeHHBIC )KUBOTHBIC) cocTosuia u3 3 ocobel. [locne BeIeneHus KynbTyp GudpobIacToB nepe-
caJka KyJIbTYp MPOBOIUIIACE TBAXKIBI B HeAeio pu 80 % KoH(IoeHTHOCTH. B paboTe ObLIHN HCIIONh-
30BaHbI KyJIBTYPbI QEOPOOIaCcTOB HA ATame 2 maccaxa.

3a nenb 10 ACM-ckaHupOBaHUS KJICTKH B KoyimdecTBe 20 ThIC. BRICAXKUBAIH B Hamku [letpu ¢ an-
re3uoHHOI moBepXxHOCTHIO (Sarstedt, ['epmanus). [lepen ckanupoBanueM KIETKH MpoMbiBanu docdar-

! Jlupextusa 2010/63/EU Esporeiickoro mapmamenta n Cosera EBporreiickoro coosa ot 22 centsops 2010 roma mo
OXpaHe XXUBOTHBIX, HCIOJIb3yeMbIX B HayuHbIX Helsix. CI16., 2012. 48 c. URL: https://ruslasa.ru/wp-content/uploads/2017/06/
Directive 201063 rus.pdf (nata o6pamenns: 01.07.2025).
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HO-COJIEBBIM Oy(epHBIM pacTBOpOoM. KiieTouHble 00paslbl CKAHUPOBAIH B JKUIKOW cpene (pacTBOp
XoaHkca) ¢ momomsio ACM BioScope Resolve (Bruker, CIIIA) B pexxumax MIROview Peak Force QNM
in Fluid unu Force Volume urnoit-30a10M NSG-03 (TipsNano, NT-MDT, Dcronusi, pe3oHaHCHas 4a-
crota 90 x['1, *ecTkocTh KoHCONMH 1,74 H/M). Masbie y4acTKU MOBEPXHOCTH KJICTOK HAJl SIJIPOM pas-
MepoM 15 x 15 MKM® 3aIHCHIBAIIA C pazpemienueM 20 x 20 nukceneil. Moaysib ynpyrocTy OleHUBa-
i ¢ nomoutsio Mozaenu CHennona. KannOpoBKy 30HIa MPOBOAMIN KOHTAKTHBIM METOJOM COTJIACHO
MPOTOKOIYy BbIMosHeHUsT uccinenoBanuii Ha ACM BioScope Resolve (Bruker, CIIA). CtpykrypHbIe
U MEXaHUYECKHE CBOMCTBA KJIETOK OLIEHUBAIH IO os1y4eHHbBIM ACM-1300pakeHusIM, HCIIOJIB3YS IPO-
rpammy Nanoscope Analysis 1.8.

CratucTryeckyro oOpabOTKy JaHHBIX U MOCTPOCHHE TPAPUKOB OCYIIECCTBISUIM C TIOMOIIBIO TIPO-
rpammbl OriginPro, version 2019b, u makera craTucTUdeckux mporpamm Statistica (StatSoft Inc.,
version 12). KpuBsle pacnpenenenusi napaMeTpoB ObLIM alllPOKCHMHUPOBAHBI C MOMOLIBIO JBYXKOM-
noHeHTHOW Mozenu ['ayccoBoit cmecn (GMM) ¢ ucnionpzoBanuem nporpammsl OriginPro. Ilpu craTu-
CTHYECKOM aHaJIM3€ JaHHBIX ObUIM MCIIOIb30BaHbI t-KPUTEPUH Y3I4a — [JIs1 CPABHEHUS CPEIHUX 3Ha-
YeHUH BBIOOPOK, a8 TAKKE Z-KPUTEPUH — TECT IJisl CpaBHEHMsI Tponopunid. Kinactepusauust JaHHBIX AJIs
CHJTBI aJIT€3UH ¥ MOAYJIS YIIPYTOCTH s Kaxaoro nukcens ACM-n300pakeHrs BBITIOTHEHA METOIOM
k-cpeaHux ¢ MOMOIIBIO AKeTa CTATUCTHUECKUX MTporpaMM Statistica.

PesyabraTbl M ux odcy:kaeHue. CkaHbl TOBEPXHOCTH KUBBIX (UOPOOIACTOB OBLIN MOJYYEHBI
¢ UCmoyib30BaHueM IBYX pexkuMoB ACM-ckanupoBanus — PF QNM u FV. B nepBoMm cimygae mpoBou-
JIOCh TECTUPOBAHUE MTOBEPXHOCTH LIEJBIX KIETOK M aHAJIU3 CHUIIOBBIX KPUBBIX «HA JIETY» C HAHOMETPO-
BBIM IPOCTPAHCTBEHHBIM Pa3peIICHUEM.

Ha puc. 1, a u ¢ npencraBnenbl ACM-u300pakeHUsI — TOMOTpauIecKrue KapThl TOBEPXHOCTH KH-
BbIX (prOpoOmacToB B TpexMepHoM BHie. Ha n300paxenuu 1, a KII€TKH KOHTPOJIBHOT0 00pasia XopoIo
BUJIHBI BBICTYTIAIONINE JJIMHHBIE HUTH, MHOTHE W3 KOTOPBIX HAIIPaBJICHBI TAPAJIEIBHO JIMHHONW OCH
IPUKPEIJICHHON K MOMJIOXKKE KJIETKH. JTO XapakTepHble st GuOpoOIacTOB 3JIEMEHTHl aKTHHOBOTO
LUTOCKEJIETa — CTPECCOBBIC BOJIOKHA, COJlEpIKAIIME TPEUMYIIECTBEHHO - U Y-akThH. COracHo JuTe-
paTypHBIM JaHHBIM [4], IonepeyHble pa3Mepbl 0OBEIMHEHHBIX B BOJIOKHA CTPECCOBBIX (PUOPHILI MpH-
mepHO | MkMm. Ilpu pagmannoHHO-WHIYIMPOBAaHHOM akTHBauMM (HUOpoOIacTa BOZMOXKHA €ro TPaHC-
¢dopmanus B MuopuOpodIacT, xapakTepHO MOPQOIOTHYECKOH YePTOH KOTOPOTO SIBISIIOTCSI CTpec-
COBBIE BOJIOKHA, COAEpPIKAIINe O-aKTUH miagkux meimi (a-SMA) [5, 8]. Ha puc. 1, ¢ npeacrasieHo
3D-u300paxenue GpuOpo01acTOB, BBIICICHHBIX U3 JIETKOI'O KPBICHI, 00Jy4YEeHHOH PEHTT€HOBCKUM H3-
nydeHueM B Bbicokoi o3e (15 I'p). B pesxxume FV npoBoamiiock TecTupoBaHne MEXaHUYECKHX CBOHCTB
U 3alUCh CHJIOBBIX KPHMBBIX C MEHBIIEM Pa3pElICHUEM B CPAaBHEHUHU C pa3pelleHHEM H300pakeHuil,
nonyueHHbIX B pexxume PF QNM. B namewm ucciaenoBaHu Mbl UCHOAb30Baidu 20 TOUYEK HA JIUHMUIO.
Ha puc. 1, b u d moka3zaHsI T€ e, YTO M Ha pUC. 1, @ ¥ ¢, ydacTku 00pa3uos ¢ pudpobdracTaMu, HO 3aMu-
caHHbIe B pexume FV.

[Ipu 3anucu uenol KJISTKU pa3pelieHre NoIyyaeMoro n300paxkeHus He T03BOJISAET aHAIM3UPOBATh
TaKue EMEHTHI CTPYKTYPbI KJIETKH, KaK CTPECCOBBIE BOJIOKHA. B HacTodAIIEM HCcciIeI0BaHNY aHATU3HU-
pPOBaJIN CKAHBI MAJIBIX YYaCTKOB ITOBEPXHOCTH KJIICTKH B HAABSIACPHOMN 001acTH pazmepoM 15 x 15 MKM?
¢ paspemennem 20 TOUEK HA IMHUIO, YTO ONMPEJENSIET pasMep MUCKeNs u3o0paxenus 750 X 750 um>.
Bbi0op 30HBI CKaHUPOBaHUSI KJIETKH OBUT OOYCIIOBJIEH TE€M, UYTO Ha PE3YJIBTAThl TECTUPOBAHUS MeXa-
HUYECKHMX CBOWCTB KJIETKH B 3TOH 00JIACTH B MEHBIIEH CTENIEHH BIMIOT PE3KUE U3MEHEHUS IPOHIIS
MOBEPXHOCTH (4TO MMEET MECTO B MEPUHYKJICApPHOH 00JacTH, O0raTtoil pa3HbIMU KJIETOYHBIMHU Opra-
HeJlJIaM) | KeCTKasl TOJIJIOKKA (YTO MPOUCXOAUT B nepupepuueckoil 006IacTH, rae BHICOTa KICTOYHOTO
kpas npumepro 200-300 Hwm).

Ha puc. 2 npencraiensl Tunuyasie ACM-n300paskeHust — Tonorpaguueckue KapThl (a—d), KapThl
cun anre3un (e—h) u KapThl MOAYIsl yupyroctu (i—[) mist HagbsaepHBIX obacTei GpudpodIacToB n3
JIETKOTO KOHTPOJIBHBIX (HEOOIYUYEHHBIX) KUBOTHBIX M JKMBOTHBIX IOC]E OOIyUeHHS B pa3HBIX J03aX
U MOCTJIYy4YeBOro nepruoja. B aTux ciyudasx mpocTpaHCTBEHHBIE 3JIEMEHTHI, TAKME KaK BOJOKHA ITUTO-
CKeJIeTa, CTAHOBSTCA pa3IM4MMbl KaK Ha TONOrpa(uuecKuX N300pakeHUAX, TaK U Ha KapTaX MEXaHU-
YeCKMX CBOMCTB. OHAKO HEOOXOAMMO MOHUMATh IPUPOAY Pa3MBITOCTH H300paKEHUH, TaK KaK 3Haye-
HHUE B OJITHOM IIHKCEJIe U300paKeHUsl U3MEPSIETCs B KAKOM-TO TOUKE 00JaCTH ¥ IPUHUMAETCS €IUHBIM
TS BCeH 00J1acTH, MOKPHIBAEMOI TTHKCEIIEM.
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Puc. 1. ACM-u300paskeHus )XUBbIX puOpPoOIACTOB KOHTPONBHBIX (HEOOIYUYSHHBIX) KPBIC:
a, b — xpeic nocie obmyuenus B no3e 15 I'p, ¢, d — noctirydeBoro nepuoza.
W306paxcenus 3anucansl B pexxuMax: a, ¢ — PeakForce QNM (PF QNM); b, d — Force Volume (FV)

Fig. 1. AFM images of living fibroblasts of control (non-irradiated) rats:
a, b —rats after irradiation at a dose of 15 Gy; ¢, d — the post-radiation period.
The images are recorded in the following modes: a, ¢ — PeakForce QNM (PF QNM); b, d — Force Volume (FV)

[pu rccenoBaHUM MEXaHUYECKUX CBOMCTB KJIETOK Hanbosiee BOCTPeOOBAaHHBIM MTAPAMETPOM SIBIISI-
eTcs MOIYyJIb ynpyrocTu. B pexxume FV Moxynb ynipyroctu anaau3upyeTcs Ha OCHOBE CHIIOBBIX KPHBBIX,
KOJIMYECTBO KOTOPBIX OMpEAEisieTcsl pa3penieHueM n3oopaxkenns. OQHOBPEMEHHO ¢ MOJYJIEM YIpyTro-
CTH U3 CUJIOBBIX KPHBBIX MOXKHO «M3BJICKATh) CHITY aATr€3UH MEX]y OCTPHEM 30H/1a U TIOBEPXHOCTBIO.

B mammx skcrepuMeHTax KOJTHYSCTBO CHIIOBBIX KPUBBIX Ha M300pakenue Obo 400. Ha ogun 006-
pasen (HeoOIyUYEeHHBIH WIH TIOCIe 00y YeH!sT) aHATU3UPOBAIHM CKaHbI IIOBEPXHOCTH HE MeHee 3—5 Kiie-
TOK OT 3—4 »KUBOTHBIX, UTO J1aJI0 OOJIBIION MAacCHB JaHHBIX, JOCTATOUHBIH 151 IOCTPOCHUS CTATHCTHU-
YEeCKHUX paclpelesieHUi 3HaUeHUH IByX MEXaHUUYECKUX MapaMeTpoB. PacnpeneneHus Moayis ynpyro-
CTH M CHJIBI aJre3uH ObLIM NMPOAHATIU3UPOBAHBI C MIOMOLIBIO JBYXKOMIIOHEHTHOM Mozenu [ayccoBoii
cmecr (GMM) (puc. 3). DTOT MOAX0/ MO3BOISAET MOICTUPOBATH IPUCYTCTBUE B MOMYJISIIIUU JIBYX OTHO-
CUTEIIFHO OJHOPOAHBIX CyONONysLUi C pa3HBIMH 3HAUCHHUSIMH [1apaMeTpa.

[Ipu ananu3e KapT MEXaHUYECKUX M T€OMETPUUYECKUX CBOMCTB YYaCTKOB ITOBEPXHOCTU KOHTPOIIb-
HBIX (pOpoOIACTOB B HAABSACPHON 00JIACTH (CM. PHC. 2) MOKHO 3aMETHTh, UTO YYACTKH C Pa3HBIMH
YOPYTHMH U aJIFe3UBHBIMUA CBOHCTBAMH MOT'YT COOTBETCTBOBAThH YUaCTKaM IJIa3MajeMMbI, K KOTOPhIM
MPUMBIKAET TOJIBKO CIIOH KOPTHUKAJIBHOTO aKTHHOBOTO LIUTOCKEJIETa, U y4acTKaM IJIa3MalieMMBbl, KOH-
TaKTUPYIOLIECH ¢ ApyrMMH OoJiee KECTKUMH CTPYKTypaMu LUTOCKeneTa. TakuMu CTpyKTypamu, Ha-
IIPUMEP, MOT'YT OBITh CTPECCOBbIC BOJIOKHA. J{J1s1 GpruOp0o6IacTOB NEPBUYHBIX KYJIBTYD, BBIACICHHBIX U3
KOHTPOJIBHBIX (HEOOTYUeHHBIX) )KHBOTHBIX, XapaKTEPHO OMMOIATBFHOE PACIIPECIICHIE CHIIBI alIIe3HH:
00J1aCTH ¢ HU3KKUM 3HAYCHUEM CHJIBI ajre3uu (MUK 1) u obnactu ¢ 00jiee BHICOKMM 3HAYCHHEM CHJIbI
aaresuu (MUK 2) (cMm. puc. 3, a u e, Tabdxn. 1). D10 pacnpeneneHue COOTBETCTBYET JIBYXKOMIOHEHTHO-
MY pacIpeeieHUI0 MOIYJIsl YIPYTOCTH: YYacTKU ¢ OoJyiee HU3KUM (UK 1) u Oosiee BBICOKUM (UK 2)
3HauYeHUEeM napameTpa. UHncIeHHbIe 3HaUeHHUsI MOy Il yIPYTOCTH ITHKA 2 COOTBETCTBYIOT JaHHBIM JIU-
Teparypsl IO cTpeccoBbIM BoslokHaM (mpumepHo 10 xIla) [4]. [Ipu sTom Bkiansl nukoB 1 u 2 B obmiee
pacrmpeneneHue napameTpa AJis CHIIbl are3ud U MOYJIsl yIPYTOCTH HE COBNAAIOT.
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Puc. 3. Ananus pacrpeneneHus y4acTKOB KapT MEXaHHYECKUX CBOMCTB C Pa3HBIMU 3HAYECHUSMU:
a—d — aHanu3 pacIpeeneHus 3HaUCHNU MOy ISl yIIPyTOCTH C HOMOIIbI0 ['ayccoBoil ABYXKOMIOHEHTHOH CMeCH;
SKCIIEpUMEHTAJbHBIE JaHHBIE OTMEUEHBI TOUYKaMH, KpUBEIe ['aycca, mIomas Mo KOTOPEIME OKpallleHa B TOIy00H uin
3€JICHBIH IIBETa, COOTBETCTBYIOT Pa3HBIM KOMITIOHEHTaM ['ayccoBoil cMecH, CHHEH THHUeH ITPOPHCOBAHEI CyMMapHbIe
KPUBBIE; YUCIICHHBIE 3HAYEHNUS MOJETHPOBAHUS IIPEICTABIICHEI B Ta0N. 1; e~/ — aHATH3 pacipeneIeH s 3HAUCHHS CHIIBI
aJre3uy ¢ NOMoILbo ['ayccoBOl ABYXKOMIIOHEHTHON CMECH; SKCIICPUMEHTAIbHbIC JAHHBIC OTMEUCHBI TOUKaMU; KPUBbIC
laycca, miomaab 0 KOTOPBIMU OKpallieHa B rojy0oi Ui 3eJIeHbIH IBeTa, COOTBETCTBYIOT Pa3HbIM KOMIIOHEHTaM
layccoBoit cmecu; cuHeill TMHNEH TPOPHCOBAHBI CyMMapHBIE KPHBBIE; YNCICHHbIE 3HAUEHHSI MOAETMPOBAHUS MTPECTABICHBI
B Tabm. 1. i—/ — gmarpamMMBbl paccessHUS 3HAUCHUH CUJT a[ire3UH U MOYJISI yIPYTOCTH s Kaxaoro nukcens ACM-
N300paKeHNs U Pe3yNbTaThl KIACTEPU3AI[MH COBOKYITHOCTEH 3HaUeHUH Ha 2 MK 3 KJ1acTepa; MyCTBIMU CEPBHIMH KPyTaMHu
OTMEYEHBI IKCIIEPUMEHTAIbHEIE JaHHBIE, TOTyOBIMH pOMOaMH — IIEHTPEI KJIACTEPOB, HOMEpa KOTOPBIX HAIIMCAHBI PSIIOM.
F,— cuna agresuu, E — MOLy/b YIPYTOCTH, f — OTHOCHTENIbHAs yacToTa coObITus (1-i Pparment; okonyanue cM. Ha c. 205)

Fig. 3. Analysis of the distribution of sections of maps of mechanical properties with different values:

a—d — analysis of the distribution of elastic modulus using a Gaussian two-component mixture; experimental data are marked
with dots, Gaussian curves, the area of which is colored blue or green, correspond to different components of the Gaussian
mixture, and the total curves are drawn with a blue line; the numerical values of the simulation are shown in the table 1;
e—h — analysis of the distribution of the adhesive force using a Gaussian two-component mixture; experimental data are
marked with dots, Gaussian curves, the area of which is colored blue or green, correspond to different components of
the Gaussian mixture, and the total curves are drawn with a blue line; the numerical values of the simulation are shown in
the table 1; j—/ — scattering diagrams of the values of adhesion forces and elastic modulus for each pixel of the AFM image
and the results of clustering the sets of values into 2 or 3 clusters; the experimental data are marked with empty gray circles;
blue diamonds mark the cluster centers, the numbers of which are written side by side. F, is the adhesion
force, E is the elastic modulus, and fis the relative frequency of the event (1* fragment; ending see on p. 205)
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Puc. 3. Oxonuanwue (Hagaio cM. Ha c. 204)
Fig. 3. Ending (see the beginning on p. 204)

[Ipu paccmoTpenun pacrpenefeHus 3HaYeHUH ABYX MapamMeTpoB ISl KaXJIOTO MUKCEIsT n300pa-
KeHUs B npocTpaHcTse (F,, £) BBIABIAETCSA Oosee YeTkas KapTHHA COOTBETCTBHS yYaCTKOB C Pa3HbI-
MU TlapameTpamu. B pesynbrare mpoBeieHus KJIaCTEPHOrO aHaJIu3a BBISBICHO, YTO UMCIOTCS YUaCTKH
C HU3KUMHU 3HAYCHUSIMU MOAYJISl YIIPYTOCTH M BEICOKMMHU 3HaYSHUAMH CruTbl anre3nd (91 %) u ygacTkn
C BBICOKMMH 3HAYCHUSIMU MOJYJISl YIPYTOCTH W HU3KUMH 3HAUCHHUSAMH CHIIBI aare3uu (9 %) (tadm. 2).
[Nocnenuuit KIacTep COOTBETCTBYET y4acTKaM TOBEPXHOCTH, MOJ KOTOPHIM HAaXOASTCS CTPECCOBBHIC
BOJIOKHA (uOpoOIacTa, 4To MOATBEPKIACTCS IPU CPABHEHUU KapT MOAYIISI YIIPYTOCTH, KapT aJre3nu
U Tornorpaduueckoi KapThl yuyactka. Ha Tonorpadudeckoil kapTe BUIHBI JJIUHHBIC HUTH, B 00JACTH
KOTOPBIX MOBBIIICH MOLYJIb YIIPYTOCTH M CHIMIKEHA CHJIA aJre3uu (CM. puc. 2, a, e, i).

[Ipu mpoBeneHnK aHaNKM3a MEXaHUYECKHUX IMapaMeTpoB AJig 00pa3loB GuOpoOIaCTOB MEPBUYHBIX
KYJIBTYD, BBIZICICHHBIX M3 JIETKOTO OOJNyYCHHBIX XKMBOTHBIX ITOCIE MOCTIYYEBOTO MEPHOJA, BHISBIIE-
HBI CYIIECTBEHHbIC M3MEHEHMsI MPOCTPAHCTBEHHOTO pacIlpelesieHHsi MEXaHHYECKHX CBOWCTB, 3aBU-
csimpe OT A03bl o0mydeHus. [loydeHHbIe JTaHHBIE MOKA3bIBAIOT, YTO OONYUYCHHE KHMBOTHBIX TIepe-
nporpamMmmupyet GpuopoOmacTel, mpeodpasysl CYIIECTBEHHO X MeXaHudeckuil ¢enorun. OOmyueHue
B Manbix (0,1 I'p) u cpexuux (1 I'p) mo3ax mocie 3-HEAENBHOTO MOCTIYYEBOIO Meproja KaueCTBEHHO
Y KOJIMYECTBEHHO M3MEHIIIO paclipe/ielieHIe MEXaHHUECKUX MapaMeTPOB B HAJbSJICPHON 30HE KICTKH.
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Tab6nuua l. Pe3ynpraThl IpeacTaBieHUs] KPUBBIX pacnpee/ieHUs: IVIOTHOCTH BEPOSITHOCTH MeXaHMYeCKUX
napaMeTrpos aAByms pyHkuusmu I'aycca

Table 1. Results of the representation of probability density distribution curves of mechanical parameters
by two Gaussian functions

Mooyns ynpyeocmu / Modulus of elasticity
Josa, I'p/ IMuk 1/ Peak 1 ITuk 2 / Peak 2 R’
Dose, Gy E, kIla/kPa NINy, % E, xIla/kPa NINy, %
Konpozs / 7,33+ 1,43 56 9,14 +3,69 44 0,991
Control
0.1 6,65 + 1,23% ** 54 6,65 + 2,75% %+ 46 0,998
1 6,32 & 1,74% ** 64 8,06 + 4,23%** # 56 0,996
15 7,09 £ 1,34* 69 13,16 + 7,01* 31 0,992
Cuna aoeesuu / Adhesion force
Hoza, I'p/ ITux 1/ Peak 1 ITuk 2 / Peak 2 R?
Dose, Gy F,,uH/nN NINy, % F,uH/nN NINy, %
Korrpoxs / 0,188 = 0,035 86 0,022 + 0,008 14 0,954
Control
0,1 0,192 =+ 0,042 ** T3%x* 0,192 + 0,094+, 27 0,996
1 0,201 & 0,040* ** 55% ko 0,171 £ 0,082%,** # 45 0,987
15 0,189 + 0,040 87 0,023 £ 0,011 14 0,931

IIpumeuanus 1. KpuBsle pacnpenenenus mapaMeTpoB ObIIH amPOKCHMUPOBAHBI C TOMOIIBIO JBYXKOMITOHEHTHOI
Mogenu Fayccosoit emec (GMM) ¢ ucronssosanneM mporpammsi OriginPro (R — kosddumment nerepmunartin). Ilapamerpst
KpuBbIX ['aycca: cpesHee U cranaapTHoe oTkiIoHeHue (M + SD); N/N;B % — OTHOLIEHHUE IO/ NMKA K O0IIeH MIoMma I u moj
KPHBOH pactpe/ieseHus apamMerpa.

2. t-Kputepuit Yamua: *p < 0,0001 cpaBHEeHHE CO CpeHUM KOHTPONIBHOH (HeoOayueHHOH) KymsTypel; **p < 0,0001
CpaBHEHHE CO CPEIHHM KyIBTYpHI, oOrydeHHOH B mo3e 15 I'p; #p < 0,0001 cpaBHEeHHE CO CpeAHHM KYIBTYpHI, OOIydIEeHHOM
B no3ze 1 Ip.

3. z-Kpurepwmii: *p < 0,0001 cpaBHeHHe CO 3HaUE€HHEM JUISi KOHTPOJIBHOI (HeoOmydeHHOW) KyabTypsl; **p < 0,0001
CpaBHEHHE CO 3HAUECHHEM JUIs KyJIbTyphl, 00Iy4eHHOH B 1o3e 15 Ip.

N otes. 1. The parameter distribution curves were approximated using a two-component Gaussian mixture model (GMM)
using the OriginPro program (R2 is the coefficient of determination). Gaussian curve parameters: mean and standard deviation
(M £ SD); N/N, in % is the ratio of the peak area to the total area under the parameter distribution curve.

2. Welch’s t-test: *p <0.0001 comparison with the mean of the control (unirradiated) culture; **p <0.0001 comparison with
the mean of the culture irradiated at a dose of 15 Gy; #p < 0.0001 comparison with the mean of the culture irradiated at a dose
of 1 Gy.

3. z-Criterion: *p < 0.0001 comparison with the value for control (unirradiated) culture; **p < 0.0001 comparison with
the value for the culture irradiated at a dose of 15 Gy.

Tabnuma 2. Pe3yabpraThl KJacTepPHOT0 aHAJN3A JIs Map 3HAYEHHI MeXaHNYeCKNX MapaMeTPOB KaK/I0T0 MHKCeJIs

T able 2. Results of cluster analysis for pairs of values of mechanical parameters of each pixel

)]1)(:)3;,12; Kuacrep 1/ Cluster 1 Kuacrep 2 / Cluster 2 Kunacrep 3 / Cluster 3

Kontposts / F,=0,173 £ 0,058 a’H /nN F,=0,034+0,056 tH / nN

Control E=8,39+3,24 xIla/kPa - E=32,29+ 10,45 xIla / kPa
91 % 9 %

F,=0,200 + 0,057 aH / nN F,=0,162+ 0,056 uH / nN F,=0,107 0,100 aH / nN

0,1 E=592+ 1,32 x[la/kPa E=945+277 xIla/ kPa E=65,02 + 21,79 xITa / kPa
75 % 24 % 1%

F,=0,205+ 0,071 tH/nN F,=0,143 £ 0,095 uH / nN F,=0,151 £ 0,254 sH / nN

1 E=6,16+ 1,59 kITa/ kPa E=12,02 3,11 xITa/ kPa E=4596 + 14,70 xITa / kPa
83 % 16 % 1%

F,=0,179 0,072 uH / nN F,=0,042 +0,059 uH / nN

15 E=17775+2,54«Ila/kPa - E =24,86 + 10,78 xITa / kPa
87 % 13 %

11 puUuMEYaHHUEC KIaCTepusalus BbIIIOJIHECHA METOAOM k-Cpe}lHI/IX; SHAYCHUS NapaMETPOB LECHTPOB KJIaCTEPOB Fa uk

npezcTaBieHsl B popmare M + SD; nons xaxaoro knactepa B 001meil COBOKYITHOCTH MPEACTaBIeHA B Yo.

N o t e: clustering was performed using the k-means method; the values of the cluster center F, and E parameters are

presented in the M + SD format; the share of each cluster in the total population is presented in %.
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ITpakTH4ecKn HCUYE3IN CTPYKTYPBI C BBICOKMM MOJYJIEM YIIPYTOCTH U HU3KOU aATe€3Uel, COOTBETCTBYIO-
HIMe CTPECCOBBIM BOJIOKHAM. CHU3MIIOCH 3HAUEHHE MOJYJIsl YIPYTOCTH, COOTBETCTBYIOIIEE OCHOBHBIM
y4acTKaM MOBEPXHOCTH KIIETKH, YTO MOKET CBHJICTEIHCTBOBATh 00 YMEHBIICHUHW TOJIMHBI CJIOS AKTH-
HOBOTO JICHJIPUTOMOIO00OHOTO KOPTUKAIBHOTO CJIOSI, BO3MOXKHOM TIPH PaTUAI[HOHHO-HHY TUPOBAHHOM
nenonuMmepusanuu akTuHa [8]. IlpocTpaHCcTBEHHOE pacipe/iesieHue MeXaHMYeCKUX MapaMeTPOB CTaHO-
BUTCsI 00JIee HEOTHOPOAHBIM U HE OMUCHIBAETCS TPOCTON JIBYXKJIaCTEPHOM MOAENbBIO (CM. TalmI. 2).

Habmromaercst TeHAEHIMST 0303aBUCHMOTO POCTa BKJaJa CTPYKTYpP C TIOBBILIEHHBIM MOJYJIEM
YIpPYrocTH (MOIYNb YIIPYTOCTH yBenuumnBaeTcs ¢ 6,65 klla mpu goze obmyuenns 0,1 I'p mo 13,16 xlla
npu 15 I'p) U co CHMKEHHOU cmioil aare3wu (cuia aaresmu ymenbmaercs ot 0,192 vH (0,1 I'p) mo
0,023 uH (15 I'p)) (cm. Tadm. 1).

®udpoOIacThl MEPBUYHBIX KYJBTYD, BBIJICICHHBIX M3 JICTKOI'O KMBOTHOTO, OOJIyYCHHOTO B JI03€
15 I'p, XxapakTepHu3yrOTCs IBYXKOMIIOHEHTHBIM pacipe/IesIeHeM MEXaHHYEeCKUX apaMeTpoB (BbIACI -
IOT JIBa KJIACTEPa), CXOKUX B OOIMHMX UEepTax C pacmpeneieHueM KOHTpoIbHOro obpasma. Ilpm sTom
JIOJISl YYaCTKOB ¢ HU3KUMH 3HAYCHUSIMU MOJYJIS YIIPYTOCTH M BBICOKMMHU 3HAUCHUSIMU CHITBI aJ[TC3UH
cHUXeHa 10 87 %, a 0 y4aCTKOB C BRBICOKUMHY 3HAYEHUSIMU MOJLYJISl YIIPYTOCTH U HU3KUMU 3HAUCHU-
SIMH CHJIBI aJiI€3UH NOBBIIIeHa 10 13 % B cpaBHEHHH ¢ KOHTpoJieM (cM. Tabi. 2).

Jlo303aBrcHMOE yBEIIMYCHHE 10 YUYACTKOB MOBEPXHOCTH (PHOPOOIACTOB C MOBHIIIEHHBIMU YTIPY-
TMMHU U CHUKEHHBIMU aJIF'€3MOHHBIMU CBOMCTBAMM MOXKET CBUJIETEIBCTBOBATH O MPOIIECCE pajrallu-
OHHO-WHIYIIUPOBAaHHOU TpaHchopmanu GudpodiaacToB B Muodudpodiactel. [locmeqaue xapakrepu-
3YIOTCSl HAJTMYHEM COKPATHUTENBHBIX CTPECCOBBIX BOJIOKOH, B COCTAB KOTOPBIX BXOIUT Oellok o.-SMA.
B Muo¢dubpobnactax akTOMHO3MHOBBIE CTPECCOBBIE BOJIOKHA COOMPAIOTCS B MOLIHBIE MONEPEYHO-HC-
YepueHHbIE TYUYKH, YTO CIIOCOOCTBYET MOJSPHU3ALNH KICTKH U (POPMHUPOBAHHIO €€ BEPETEHOOOPa3HOM
(dbopMbl. DTH TyYKH 3aMETHBI, HAIIPUMED, HA U300paKEHUSIX IIEJbIX KJICTOK, KOTOPbIC BBIJICICHbBI U3
JIETKOTO KUBOTHOTO, OOJTyYCHHOTO B BBICOKOU 1103¢ (CM. pHC. 1, ¢). YBEIHYCHHE MOTJIOMECHHON 10361
croco0cTByeT POPMHUPOBAHUIO B (hHOpOOIACTAX ITYTKOB CTPECCOBBIX BOJIOKOH C MTOBBITIIEHHOH KECTKO-
CThIO, U3MEHSS Takue (yHIAMECHTAJIbHbIC CBOMCTBA (PUOPOOIACTOB, KAK MUTPAIIMS U CHHTE3 OCITKOB
MEXKJICTOYHOT'O0 MATPHUKCA, YTO SBIISICTCS KJIIFOUEBBIM MEXaHH3MOM B pa3BUTUH (rOpo3a B MeCTe 00ITy-
yeHus [2, 5].

3akirouenue. C nmomomipto ACM-KapTHPOBAHHUS MEXaHMUYECKHX CBOICTB MOBEPXHOCTH KHBBIX
KJICTOK YCTAHOBIICHBI 3aKOHOMEPHOCTH W3MEHEHHUS MPOCTPAHCTBEHHOTO PACHpPECICHHSI MEXaHWYe-
CKHX CBOWCTB MOBEPXHOCTH (hpuOpoOIACTOB MEPBUUHBIX KYJIbTYP, BBIACICHHBIX M3 JIETKOrO HEOONy-
YEHHBIX U OOJIYYCHHBIX KUBOTHBIX B 3pPEJIOM BO3pPACTe M 3-HEACTBHOr0 MOCTIydeBoro nepuoga. C uz-
MCHECHHEM HOFHOHICHHOﬁ A03bI UBMCHACTCA J0JI YHaCTKOB IMOBEPXHOCTHU C IMOBLIMNICHHBIMHA YIIPYTUMU
U CHMXKCHHBIMU aATI'€3UMOHHBIMU CBOﬁCTBaMH, XapaKTCPpU3YIOIUX YYACTKHU HAaJl CTPECCOBBIMU BOJIOKHA-
MH, 9YTO CBHAETEIHCTBYET O TpaHchopmaruu hudpodiacToB B MHOPHOPOOIACTEL.

[Mony4yeHHbIC JaHHBIC JEMOHCTPUPYIOT U3MEHEHHE MEXaHHUECKOro eHoTumna GudpodIacToB B op-
raHu3Me mocie o0Jy4eHus: B TeUeHNUE PaHHET0 OTAAJICHHOrO MEPHOJA, YTO MOXKET CIYKUTh OIHUM U3
PaHHHUX MapKepOB Pa3BUTHUS paAHallHOHHO-UHIYIIMPOBaHHOTO (HPUOpO3a.
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NPUMEHEHUE ATOMHO-CHUJIOBOM MUKPOCKOIIUH
JIJISI UICCJIEAOBAHUSI CTPOEHU A U DJEKTPUUYECKHUX CBOMCTB
KPUCTAJJIOB TUAPOCYJBbPATOPOCPATOB IIE3U S

Annoranus. [IpuBeneHs! pe3ynbTaThl KOMIIIIEKCHOTO HCCIISOBAHUS (C IPIMEHEHHEM METOJ0B aTOMHO-CHJIOBOI MHKPO-
CKOIIUHM M CTPYKTYPHOI'O aHajH3a) BOAOPOJCOAEPKAIINX KpHUCTajaoB ruapocyiabdardocdaros nesus Cs;(HSO,),(H,PO,)
u Cs,(HSO,);(H,PO,). PaccmarpuBaioTcst mpyMeHEHHsI KOHTAKTHBIX U OECKOHTAKTHBIX METOAMK aTOMHO-CHJIOBOH MHKPO-
CKONUM Ul U3y4eHHs MOP(OJIOTUH MOBEPXHOCTH M JIOKAJIBHBIX 3JIEKTPUUECKUX XaPAKTEPUCTUK KPUCTAILIOB. B pesynbrare
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AND ELECTRICAL PROPERTIES OF CESIUM HYDROSULFATE PHOSPHATE CRYSTALS

Abstract. Cs;(HSO,),(H,PO,) and Cs,(HSO,),(H,PO,) crystals are being studied in connection with the prospects
of their use as materials for electrochemical devices, including fuel cells, providing direct conversion of chemical energy
into electrical energy in the temperature range of 300—500 K. The paper demonstrates the capabilities of atomic force mi-
croscopy (AFM) for the diagnosis of two similar in composition isostructural compounds with superprotonic conductivity.
Measurements of local current—voltage characteristic (CVC) and surface potential of crystals under atmospheric conditions
with controlled parameters were performed using conductive AFM (C-AFM) and Kelvin scanning microscopy (KPFM). With
an increase in temperature, an increase in conductivity was detected and the presence of a transition to the superprotonic
phase was confirmed. The current value increases by 1.5-2 orders of magnitude at 413 K relative to the low-temperature state
for both samples. As the phase transition temperature approaches, the continuity of the surface layers of crystals is disrupted
and a defective block structure is formed. The surface is characterized by a uniform distribution of positive electrostatic po-
tential at the micro and nanoscales and is sufficiently resistant to the effects of the surrounding air atmosphere. In interpreting
the topographic and electrical features of the monoclinic phases before and after exposure to temperature, neutronography
data on the atomic structure and nature of hydrogen bonds are used.
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Bgenenue. C 1enbro oay4yeHus! HOBBIX (DYHKIIHOHAIBHBIX MaTEepHalioB C YIIyUlICHHBIMU XapaKTepH-
CTHKaMU 151 3Heprod(pHEeKTHBHBIX TEXHOJIOTHIA, B YACTHOCTH IPOTOHOOOMEHHBIX MEMOpPaH CpeHeTeMITe-
paTypHBIX TOIUTMBHBIX DJIEMEHTOB, U3Y9alOTCS CMEMIaHHBIC KPUCTAIUTHI [1-8]. DT coeqmHeHUs TTpUHAI-
JIEKAT K CEeMEHCTBY KHCIBIX CONIEH WIETOYHBIX METAILIOB ¢ obweii popmysnoin M, H,(40,)y, + »» * YH,O
(M=K, Rb,Cs,NH,; 40,=S50,, SeO,, HAsO,, HPO,), B koTOpBIX HaO/II0AAIOTCS CTPYKTYpHBIE (pa30BbIE I1e-
PEXOJIBI, COMPOBOTAIONIHECS TIOSBICHAEM IIPOTOHHOI IpoBoAMMOcTH mopsaaka 10°—10" Om ' - em ' pu
temneparypax 1o 500 K. [ToBbIieHre TeMrepaTypbl H/1IK 3aMelIeHue aTOMOB ITPUBOAST K IIEPECTPOK-
K€ CHCTEMBI BOIOPOJIHBIX CBA3EH ¢ 00pa30BaHNEM BaKaHTHBIX KPUCTAILIOTpA(UIECKH SKBUBAJIEHTHBIX
MO3ULMH (a 3HAUUT, U SHEPreTHUECKU SKBUBAJIECHTHBIX), YTO 00ECIEUMBAET BO3MOXKHOCTh IE€peMelLe-
HUS IPOTOHOB, U MPOTOHHAS MPOBOANMOCTD CTAHOBUTCS aHOMaJILHO BBICOKOH [9].
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[Ipu co3nanum MaTepuaoB ¢ TPOrHO3UPYEMBIMU XapaKTEPUCTUKAMHU U pa3paboTKe HOBBIX TEXHO-
JIOTUH HEOOXoaMMa cucTeMa (yHIaMeHTaIbHBIX 3HAHUH 00 aTOMHOM U PEaJIbHOM CTPYKTYpPE KPHCTAJI-
JIOB-CYTNEPIPOTOHNUKOB U X CBA3M C PU3NIECKUMU cBoWcTBaMH. CTPYyKTYPHBIH aHAIIN3 C HCIOIH30Ba-
HUEeM TUhPaKInd HEUTPOHOB M PEHTTEHOBCKUX JyYel CUMTAETCS OCHOBHBIM METOJIOM HCCIIEIOBAHUS
MEXaHU3MOB (PAa30BBIX MEPEXON0B Ha aTOMHOM YPOBHE M JaeT Ba)KHYI0 MH()OPMAIMIO O TOBEICHUH
COEIMHEHUH C JIESTKUMH aTOMaMH B ITMPOKOM JIHAIla30HEe TEMIEPATyp U JaBICHUH, U3MEHEHUH CTPYK-
TYpHBIX (a3, pacnpeaeraeHnn noHoB [10].

Bwmecte ¢ Tem 11715 0OJHO3HAYHOW WHTEPIPETAINH MTOTYYCHHBIX PE3yIbTaTOB M YCTAHOBJICHHS 3aKO-
HOMEPHBIX CBSI3€H MEXy CTPYKTYPOH M CBOMCTBAMH KPHCTAIITNYECKUX MaTEPHAJIOB HApsIAy ¢ WH(pOP-
Mareit 00 aTOMHOM CTPYKType HEOOXOAMMBI JaHHBIE O CTPOCHHUH MX TMTOBEPXHOCTH H ITPOUCXOASIITNX
Ha FpaHUIaX pa3/esioB Mpoleccax Ha MUKPOCKOIMUYECKOM ypoBHe. [l n3y4yeHus: cynepnpoTOHUKOB
HAWJIy4YIIUM 00pa3oM MOIXOJUT METOJ aTOMHO-CUJIOBOM Mukpockonuu (ACM), naromuii BO3MOXK-
HOCTb M3y4aTh PEAIbHYIO CTPYKTYPY, JOKaJIbHble (pru3nyeckue CBOWCTBA, (Da30BbIe TIepeX0/Ibl, BpeMEH-
HYIO M TeMIEepaTypHYIO CTAOMIBHOCTHh B YCIOBHSX BO3IAYITHOW cpefapl. CTOUT OTMETHTD, YTO JJIEK-
TPOHHAsI MHUKPOCKOIHUS UMEET OI'PaHHUYEHHOE TPHUMEHEHHE B OTHOIICHUH dTUX O00BEKTOB, TOCKOJIBKY
UCTIONIb3YET BaKyyM H Ja’Ke KpaTKOBPEMEHHOE BO3CHCTBUE AIEKTPOHHOIO MMyUKa (B TeUeHue 1—2 MHH)
MPHUBOJUT K JeTpafaluu o0ydeHHol obmacTi oOpa3na.

B pabore H3I0KEHBI OCHOBHBIE PE3YJIBTAThl AKCIEPUMEHTAJBHBIX HCCIENOBAaHUN CTPYKTYPHI
U JIOKAJbHBIX IEKTPUUECKUX XaAPaKTEPUCTUK KpucTasuioB-cynepnporoHukos Cs,(HSO,),(H,PO,)
u Cs,(HSO,);(H,PO,), nonyuyeHHbIx KoMOMHaLMelH HM3BECTHBIX XMMHUYeckux coenuHeHuii CsHSO,
u CsH,PO,. OcHoBHas 11eNb HCCIeI0BAaHUI 3aKIH0Yaach B Pa3BUTUM U NMPUMEHEHHH METOMOB Jua-
THOCTHUKH BOJOPOZCOAEPKAINX KPUCTAIIINYECKUX COEIMHEHNH ¢ ncnoiab3oBanneM ACM u cTpyKTyp-
HOTO aHaJIn3a JUISl BBISICHCHUS BIUSHUS BOJIOPOIHOM IMOJCHUCTEMBI Ha WX (PH3MKO-XUMHUYECKHE CBOM-
CTBa M CO3/IaHUSI HOBBIX (DYHKIIMOHAJIBHBIX MATEPHUAJIOB C BHICOKOW XMMHYECKONH M 3JIEKTPHUECKOU
CTAOMIIBHOCTBIO U MEXaHWYECKOW TIPOYHOCTHIO0. DIEKTPOIPOBOIHOCTH — BAXKHOE (PH3MIECKOE CBOMCTBO
KPUCTAJIIOB-CYTIEPIPOTOHUKOB, HEOOXOIUMOE HE TOJNBKO ISl TPAKTHIECKOrO MPUMEHEHHS, HO U WH-
TepIpeTaly pa3InyHbIX Gu3ndeckux spieHuil. [loaTromy B Xxome paboThl BaKHO OBIJIO OLIEHUTH BO3-
MOXHOCTH leKTpuueckux Mmetoguk ACM nis kpucramnos Cs,(HSO,),(H,PO,) u Cs,(HSO,),(H,PO,),
YYUTHIBAs UX XUMUYECKOE U CTPYKTYPHOE CXOJCTBO, M YCTAHOBHUTH CTEMIEHb COOTBETCTBUS MOTYYEH-
HBIX SKCTIEPUMEHTAIBHBIX JAHHBIX C PE3yJIbTaTaMU U3MEPEHUH CTPYKTYPHO-IYBCTBUTEIBHBIMU METO-
JlaM1, OCHOBAaHHBIMH Ha JIPYTUX (PU3NYECKUX MPUHIIATIAX.

J1s nocTHKEHUS MOCTaBIEHHOMN LIETN PEIIAJIMCh CIEAYIOIINE 3a/Jaut:

1) mpoaHanu3UpOBaTh CTPYKTYpPHBIE MOJIEIM COEUHEHUN U XapaKTep BOJOPOIHBIX CBs3ei Ha oc-
HOBE CaMbIX MOCIEIHUX JAHHBIX HEUTPOHOTpaduu;

2) metomom mpoBoxasmieiit ACM u3MepuTh BOIbT-aMIIepHbIe XapakTepucTuku (BAX) u mokanpHyI0
MIPOBOIMMOCTH B 3aBUCUMOCTH OT TEMIIEPATYPBI, H3yIUTH MOP(OIOTHIO M TTOBEPXHOCTHBIH ITOTSHITHAIT
00pas3Ios;

3) BBIIBUTH KOPPETALNHI MEXKIY CTPYKTYpOH (ATOMHOM U peanbHOIl), COCTaBOM M JIEKTPUUECKUMHU
XapaKTePUCTUKAMU COETMHEHU.

MeToauka nposenenus uccjenoBanus. Hanbomnee moaxoasmumMu 00beKTaMu JIs U3ydeHHS HU-
3MYECKHX CBOMCTB KPUCTAIUIMUECKUX MaTEePUAJIOB, BKIIFOUAs MPOILECCHl HA MOBEPXHOCTH, CUUTAIOTCA
MOHOKpHCcTaInueckue oopasibl. B UHcTHTYTE Kprctammorpaduu umenn A. B. l1lyOHuKoBa BriepBbIe
cuCTeMaTHuYeCKH u3yueHa (a3oBas auarpamma Tpoiinoi cucremsr CsHSO,—CsH,PO,—H,O u BbIpate-
Hbl kpucTamiel Cs;(HSO,),(H,PO,) n Cs,(HSO,);(H,PO,) MmeTonoM ynpaBiasieMoro CHHUKCHUS TEMIIE-
paTypsl HackIeHHOTo pacTtBopa [11]. [lonmyyeHHBIE KPUCTAITIIBI ONTHYECKH MPO3pavHbIe, 0€3 BKIIFOUe-
HUW ¥ IMEIOT (pOpMY TIITACTHH.

MoHoOKpHCTaTUTHYeCKHe 00pa3ibl OTOMPAIHCH 10 CTENEHH OIHOPOJHOCTH C HCIOIh30BaHHUEM
crepeomukpockona Nikon SMZ1270 (Snonust). [ToarotoBKy M HccieqOBaHHE MOBEPXHOCTH 00pas-
oB MeTogoM ACM mnpoBonuin Ha mukpockorie NTEGRA Prima (NT-MDT Spectrum Instruments,
Poccus) B yCnoBUSX 4MCTOM 30HBI KOHTPOJIbHO-U3MepuTenbHoro komriekca TRACKPORE ROOM-05
(xmacc guctotsl 5 MCO (100), TogHOCTH TIOAAEP)KAHUS TeMIiepaTypsl (7)) BO3AYITHON Cpeabl B YUCTOM
30He B nuamnazone 298 £ 5 K cocraBnsia + 0,05 K, npy OTHOCUTENBHON BIIa)KHOCTU BO3/lyXa B Ipe-
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nenax 35 + 1 %). B xone uccienoBanus ucrnonb3oBanu kpeMHuueBblil kantuiesep (HA FM, Ganka A,
000 «Kanennay, Poccust), moKpsIThIi Pt, KOTOPBII UMeN cleayronue XapakKTepUCTUKI: PE30OHAHCHAS
gactoTa f = 114 x['m, xectrocTh k = 6 H/M, paamyc 3akpyrinenus octpus R < 35 aM. Jlokansasie BAX
MONTyYaJId yCPEIHEHUEM 25 KPUBBIX, H3MEPEHHBIX Ha yYacTKe MOBEPXHOCTH pazMepoM 20 x 20 MKM.
Penbed moBepxHOCTH 00pa3LOB U3yYalld B IPEPHIBUCTO-KOHTAKTHOM PEXHUME C UCIOJIb30BaHHEM KaH-
TUJIEBEPOB TOH K€ MAPKH.

MertonoM ckaHupyromeld Mukpockonuu KenbBuHa B OECKOHTAKTHOM PEXHMME PErMCTPUPOBAIIN
pacrnpeeneHue IOBEPXHOCTHOTO MOTEHIMaIa HA OCHOBE KOMIICHCALIMOHHOI'O MPUHIMMA (IIOCTOSIHHAS
KOMIIOHEHTA [I0JaHHOT0 HanpsbkeHust Up - noadupanach TaKUM 00pa3oM, YTOObI BbI3BaHHBIE IIEpPEMEH-
HOW KOMIIOHEHTOW HanpspKEHUs KoleOaHus KaHTUJIeBepa Ha 4acTOTe ®, OTCYTCTBOBaIH). M3MepeHus
MOTEHIMANa TPOBOAMIIN B PESKUME aMILTUTYIHONH Monynsuuu. K oOpasny npukiaaabiBaay HampsoKe-
HHUE CMEIEHHS nepeMeHHoro Toka U, = 3 B gactoroit 114 xI'm.

Pesynbrarel U ux obcy:xaenue. [Ipu xomuatHol Temmnepatype kpuctaiisl Cs,(HSO,),(H,PO,)
u Cs,(HSO,),(H,PO,) npunaanexat k npocTpaHcTBeHHOHU rpynne C2/c ¢ 6IU3KUMH HapaMeTpaMH 3ie-
MEHTapHbIX sueek: a = 19,9445(19) A, b= 7,8565(5) A, c = 8,9945(9) A, B = 100,119(8)° u a = 19,752(3) A,
b =17,8540(7) A, ¢ = 9,0607(12) A, B = 100,224(12)° cootBeTcTBeHHO [12]. ITpH NOBBILIEHUU TEMIEpa-
TYphl B 000MX COETMHEHUSIX OOHApYXeH (pa30BbIi mepexon n3 MOHOKJIHHHOW (asbl C2/c B nByx(as-
HYI0 CMECh KyOMYeCKO# (IPOCTPaHCTBeHHAs rpyIna Pm-3m) U TeTparoHalbHON (IPOCTPAHCTBEHHASI
rpynna /4,/amd) cynepnpoToHHbIX (a3 npu ~ 408 u 412 K cooTBeTcTBeHHO. Pa3nndne MOHOKIMHHBIX
kpucramioB Cs;(HSO,),(H,PO,) u Cs,(HSO,),(H,PO,) 3akitodaercs B 3aMEIEHUN B DIEMEHTapHON
suelike oxHoro u3 terpasnpos PO, Ha SO, 1 yMEHBIIEHUHU YHCIa aTOMOB BOAOPOJA, COOTBETCTBEHHO,
Ha oauH atoM H.

Ha puc. 1 npencrasieHa atomHas cTpykrypa kpuctania Cs,(HSO,);(H,PO,), onpenenennas ¢ uc-
HOJIb30BaHUEM HeliTpoHorpaguueckux metonos [13]. B kpucrannax Cs,(HSO,),(H,PO,) nmerorcs Bo-
JOPOIHBIE CBSI3U TPEX THIIOB: CUIIBHBIE BONOPOIHBIE CBS3H Mexk Ay TeTpasdapamu PO, n SO,, xapakTte-
pU3yIoIINecs MOTEHIINAIbHOW KPUBOW C OAHUM WJIM JByMS MHHUMYMaMHU C HU3KUM 0apbepoM; CBA3H
MexJy Lenodkamu Terpasapos PO, ¢ cuMMeTpUYHOW OJHOMUHUMYMHOM NOTEHLMAIbHOM KPUBOIL
u Oonee cnaOble cBs3M Mexay Terpasapamu SO, ¢ AMHAMUYECKH Pa3yNopsI0YCHHBIMU MO3ULUSIMH
aTOMOB Boziopoza. Boropoausle ¢Bs3U ¢ pa3ynopsioueHHOM no3unueil H BelesieHb! IITPUXOBBIMH JIU-
HUSAMH.

ITnockocru (100), npoxoasiiuue yepe3 3TU BOJOPOAHbIE CBA3M Mexay TeTparapamu SO, ¢ pa3ymno-
psAaoueHHBIMU TIO3ULUsAMU H, sBisroTCcs Hanbonee BEpOSATHBIMH MOBEPXHOCTSAMHU packojia oOpa3ioB.
Pesynbrarhl MccnenoBaHuil aTOMHON M peanbHOM cTpykTypsl kpuctaiios Cs,(HSO,);(H,PO,) xop-

Puc. 1. Atomnas crpykrypa kpucranios Cs,(HSO,);(H,PO,) npu xomuarHoii Temneparype. [loka3ansl TeTpasapst SO,
u (P,S)0,, coennHeHHbIE BOXOPOAHBIMHU CBA3SIMH; OTMEUEHO pacroioxkenue aromos Cs u H
Fig. 1. Atomic structure of Cs,(HSO,),(H,PO,) crystals at room temperature. Tetrahedra SO, and (P,S)O, connected by
hydrogen bonds are shown; the arrangement of Cs and H atoms is noted



Becui Haupisinanpnait akagsmii HaByk benapyci. Cepbis ¢i3ika-TaxHiuHbIX HaByK. 2025. T. 70, Ne 3. C. 209-218
Proceedings of the National Academy of Sciences of Belarus. Physical-technical series, 2025, vol. 70, no. 3, pp. 209-218 213

penupyoT Mexay coboii [14]. Ha OTHOCHTENIBHO MIIaJIKUX y4acTKax MOBEPXHOCTH CKOJIa 00pa3loB
Cs,(HSO,);(H,PO,), a Taxxe Cs;(HSO,),(H,PO,) HaGnrogarorcs ciaou, mapaaeiabHble IIOCKOCTSIM
(100), 1 penbed co CTynmeHsAMM ¢ MUHUMAIIBHOMN BBICOTOI, KpaTHOit a/2 = 10 A (puc. 2, a, b).

Onwupasch Ha pe3ynbTaThl HEUTPOHOTPa(UU, MOKHO YTBEPKIATh, YTO TOBEPXHOCTH MOHOKJIMH-
HbIX KpucTamioB Cs;(HSO,),(H,PO,) u Cs,(HSO,);(H,PO,), nepnennuxynspHas ocu a, Hauboiee
NoABEepKEeHa M3MEHEHHSIM U IIepecTpoiKaM, Tak Kak yke ee pOpMUPOBaHUE CBSI3aHO C Pa3phIBOM pas-
YHOPSIOYEHHBIX BOAOPOAHBIX CBSI3€H, coeAMHSIOMUX Ipynnsl SO,, KOTOpPbIE M3-3a y4acTUs TOJIBKO
JIBYX aTOMOB KHCIJIOPO/Ia B ’TUX BOIOPOIHBIX CBA3SIX MOT'YT COBEPIIATh PEOPHEHTAIMOHHBIE KOJTeOaHN S
[13]. BomopoaHas CBsI3b OTINYACTCS CPABHUTEIBHO HEOOIBIIION MMPOYHOCTHIO, MEHBITICH JJI1 TUTTHYHBIX
XUMHUYECKHX CBsI3el, HO HECKOJIBKO OOJIbIICH, YeM JIJIsl BAH-JIep-BaaIbCOBCKUX CBsI3EH, N HAITPaBICHHO-
cThio [15]. Bo3aMOkHO, UMEHHO CIIOCOOHOCTHIO BOJIOPOIHBIX CBSA3EH JIETKO pa3beIUHSITHCS U 3aHOBO CO-
eAMHATHCA OOBICHIETCAS 00pa30BaHME HEOOBIYHBIX MEITKOMACIITAOHBIX Ie(hOpPMAIMOHHBIX CTPYKTYD
MIPU aKKypPaTHOM PACKaJIBIBAHUH CIIOMCTHIX KPUCTAILIOB (CM., HATIPUMED, PHC. 2, ¢, d). OTpenensonyo
POJIb B CTPYKTYPHBIX MIEPECTPOHKaX H 00pa3oBaHUM Ne(PEKTHBIX CTPYKTYpP UTPAIOT ociabieHHbIe BO-
JIOPOZIHBIC CBSI3U B CYNb(ATHBIX CIOSX.

Pesynprarel usmepennii BAX Bnons ocu a kpuctamios Cs;(HSO,),(H,PO,) n Cs,(HSO,),(H,PO,)
npu HarpeBe g0 413 K moaTBepkmaroT CyIIeCTBOBaHHE MEpexofa B CYIEPIPOTOHHYIO ¢a3y
(puc. 3). llpencrasnennsle rpaduku 3aBucumocteid /(U) KoHTakTa 30HA — oOpaser AJisi COCTaBOB
Cs;(HSO,),(H,PO,) (puc. 3, a) u Cs,(HSO,),(H,PO,) (puc. 3, b) nomyueHsl B ycI0BUSIX CTATUYHOTO HO-
JIOXKEHH S 30H/1a TIPH TI0/Ia4e HANPsKEHUs CMEIIeHust oT —6 1o +6 B Ha HkHUH anexktpon. [Ipu Harpe-
Be 1m0 373 K BombT-aMIIepHBIC XapaKTEPUCTUKHA UMEIOT CUMMETPUIHYI0, OMM3KYIO K JIMHCHHONW 3aBH-
CUMOCTbH TOKa OT HampspkeHus, npu 373 K oHu mprobpeTaroT HETUHEHHBIN XapakTep, U TOK HauWHAeT
pesko Bospactats B obpasuax Cs;(HSO,),(H,PO,) u Cs,(HSO,);(H,PO,), uTo yka3siBaeT Ha OTIIpaB-
HYI0 TOUKY I€pexo/ia B BHICOKOTEMIEpaTypHYIO (a3y. MOXKHO NpeAnonok uTh, 4TO IPH STOH TeMIle-
paType HauMHaeT MpeodianaTh HOHHAS MPOBOANMOCTE. Ha puc. 3 oTpakeHO moBeneHNe 00pas3IoB IpH
temrieparypubix 3HaueHUAX 333 K, 393 u 413 K. 3aBucumoctu /(U) MOKa3bIBaIOT, YTO BETUYMHA TOKA
Bo3pacraeT Ha 1,5-2 nopsiaka npu 413 K oTHOCHTEIbHO HU3KOTEMIIEPATYPHOTO COCTOSIHUS JUIsT 000UX
00pasIos.

150]]
5
4
100
g 3y £
=} =]
50 2
1
0 0
2,0
150
6
0 g ¥ g
E Euo L E
>0 0,5 2
0 ..54. 0
0 0.5 1.0 15 20 d 0 0,5 1,0 L5 20
¢ um um

Puc. 2. ACM-u3o06paxeHnus nmoBepxHocTu ckona obpasnos: Cs,(HSO,);(H,PO,) (a, ¢) n Cs;(HSO,),(H,PO,) (b, d);
MIJIOCKOCTH N300pakeHNs NePIeHANKYIIIpHA OCH d. YUAaCTKH MOBEPXHOCTH C Pa3IUYHBIM THIIOM penbeda: CIoOUCTeIM (a, b)
u neopmMauoHHbIM (¢, d)

Fig. 2. AFM images of the cleavage surface of the samples: Cs,(HSO,);(H,PO,) (4, ¢) and Cs;(HSO,),(H,PO,) (b, d);
the image plane is perpendicular to the g-axis. Surface areas with different types of relief: layered (@, ) and deformed (c, d)
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Puc. 3. Jloxansasie BAX kpuctannos: a — Cs;(HSO,),(H,PO,) u b — Cs,(HSO,);(H,PO,), 3aperucTpupoBaHHbIE METOJOM
nposoxsmeit ACM B armocdepubix ycnosusax npu 333 K (kpusas 3), 393 K (kpusas 2), 413 K (xpuas /) BIonb ocH a.
Ha BcTaBkax npuBeaeHbI rpaduKy MonoxKuTeNbHON BeTBH BAX B nmorapudmuueckom macirabe

Fig. 3. Local CVCs of crystals: a — Cs;(HSO,),(H,PO,) and b — Cs,(HSO,);(H,PO,), recorded by conducting AFM
in atmospheric conditions at 333 K (curve 3), 393 K (curve 2), 413 K (curve /) along the a-axis. The inserts show graphs
of the positive branch of the CVCs on a logarithmic scale

Anamn3 BAX o0oux coemnHEHHH MOKa3al, YTO HAOMIOJAI0TCS UX 3aMETHBIC Pa3JIMIHs IIPH Harpe-
Be. Tok uepes obpaszer Cs;(HSO,),(H,PO,) no Temneparypst 373 K MeHsieTCsl HE3HAYUTENBHO, a TOCIE
ee JOCTHXKEHUS HaunHaeT pe3ko pacTu. Torna kak Tok uepes obpasen Cs,(HSO,);(H,PO,) niasuo pac-
TET MPaKTUYECKH CPa3y MPH MOBBIILICHUH TEMIIEPATYPbI, XOTs CYIIECTBEHHOE HapacTaHue TOKa HaOJIro-
naetcsa Takke npu goctmwxkenuu 373 K. Takoe noBeneHue nokanbHeiX BAX ykasplBaeT Ha paziauyue
B XxapakTtepe (azoBoro nepexona B kpucramiax Cs;(HSO,),(H,PO,) n Cs,(HSO,);(H,PO,) u xoppenu-
PYET ¢ UX CTPOCHUEM.

BaxxHo oTMETHTH 0COOEHHOCTH B XapakTepe JokambHBIX BAX kpucrtammoB. Jlo Temmeparypsl
373 K BonbpT-aMIiepHbIe XapaKTePUCTHKNA UMEIOT CHMMETPUYHYI0, OJM3KYIO K TUHEIHOMN, 3aBUCIMOCTD
TOKa OT HampspkeHus. [Ipu mepexone depes 3Ty Temmeparypy JiokanbHbie BAX npuoOperator 3amu-
paromuii (IMOJHBINA) XapakTep. DTO MOXET OBITH CBA3aHO KaK C aCHMMETPHEH BEPXHEro 3JIeKTpona
IIPHU U3MEPEHUH JIOKaJIbHBIX BA X, Tak U ¢ BKJIaJJOM MOBEpXHOCTHOM MpoBoguMOcTH. [Tpn u3mepenusix
kpucramnndeckux mieHok CsHSO, metonom nposogsmeit ACM c¢ ucnons3oBanueM Pt-kaHTHIIEBEpOB
TaK)Xe HAOMIOMAINCh ACHMMETPHUIHBIC BOJIBT-aMIIEPHBIC KpHUBEIE [16].

Jl1s BBISICHEHHSI MUKPOCKOITMYECKON MPHUPOIBI TeMIepaTypPHOTO CKadyKa MPOTOHHON MPOBOINMO-
CTH Oblia M3ydeHa MOPQOIOrus MOBEPXHOCTH KPUCTAIIOB TOCIE OJHOPA30BOTO IHKJIA (HArpeB [0
393 K u oxnaxaeHue 1O KOMHAaTHOW TeMIeparypbl). YCTaHOBIICHO, YTO MPU MPUOIMKEHUHN K TEMIIe-
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Puc. 4. ACM-u306pakeHus moBepxHOCcTH pocTta obpasnos Cs;(HSO,),(H,PO,),
HarpeTbix 10 393 K u oxnaxaeHHbIX 10 296 K: a — Tonorpadus, b — moBepXHOCTHBIN NOTEHIHAI.
[TnockocTh N300pakeH s EPHESHIUKYJIISIPHA OCH d

Fig. 4. AFM images of the growth surface of Cs;(HSO,),(H,PO,) samples heated to 393 K and cooled to 296 K:
a — topography, b — surface potential. The image plane is perpendicular to the a-axis

parype (a3oBoro mepexojia HapyliaeTcsi CILIONIHOCTh NMOBEPXHOCTHBIX CJIOEB KpUCTaiia U GopMu-
pyercs OnodHasi crpykrypa. Hanpumep, Ha TomorpaduyeckoM M300paKeHUH MOBEPXHOCTH 00Opasiia
Cs,(HSO,),(H,PO,) MOxkHO BUAETh yUaCTKU Pa3MEPOM B HECKOJIBKO MUKPOHOB C MO3aU4YHOM CTPYKTY-
poii (puc. 4, a). Jlnunra 6mokoB coctaBiset 350-2100 am (cpemgnee 3naueHue 840 um), mmpuHa — 300—
1500 M (cpennee 3nayenne 540 M), nepemnas BeIcOT — 5500 HM. [ToBepXHOCTHBINM MOTEHIMAT pacipe-
JIeJICH OJTHOPOJIHO B TIpeieliaX OTAENBHBIX OJIOKOB, UCKIIIOUasi TPAHMIIBI MEXy HUMU (puc. 4, b). s
Cs4(HSO,);(H,PO,) xapakTepHbl MUKPOOIOKH IJIACTUHYATON ()OPMBI C pa3IMUHON IPOCTPAHCTBEHHON
OpHeHTaIuel u 0osiee MEJIKUE KPUCTAILTUTHI, KPOME 3TOTO MPOCIICKUBAIOTCS OTIEIbHbBIE TBOHHUKO-
BbIe TTpocioiiku. Takum o0pa3oMm, pH HarpeBe MOHOKPUCTAILIBI pa3duBatoTcs Ha osoku. [To mepe mpu-
OnmKeHus K TeMIiepatype (a3oBoro nepexojaa HadI0AaeTCss U3MENbYEHUE KPUCTANINYECKIX OJIOKOB,
IIPU 5TOM YBEJINIHBACTCS JIOJISI MEXKT PAaHHYHBIX TOBEPXHOCTEH U PE3KO BO3PACTAET POBOIUMOCTb.

VYceranoBneHo, uto kpuctamisl Cs,(HSO,),(H,PO,) u Cs,(HSO,),(H,PO,) xapakrepusyroTcs mnomno-
’KUTEIBHBIM TTOBEPXHOCTHBIM MOTEHIUAIOM U pp, COXPAHSIOMNUMCS OZHOPOIHBIM M TIOYTH HEH3MEH-
HBIM TIPHU BBIAEP’KKE 00pa3LoB Bo BiIaKHOH atMocdepe npu 296 K B TedeHne NnuTEIBHOrO BpeMEHH.
Bennuuna Uqpp nis MmoHokpuctanios Cs,(HSO,),(H,PO,) cocraBiaser 100-300 mB u 95-300 mB —
ans Csy(HSO,);(H,PO,). IlosBneHne n30BITOYHOTO MOJIOKHTEIBHOIO MOTEHIIMAIa MOKHO CBA3aTh
C TIPUCYTCTBUEM KPYIHBIX TOJIOKUTEIBHO 3apsHDKEHHBIX KATHOHOB 1I€3HsI M OOJIBILIOTO YKCIa aTOMOB
BOZIOPOZA Ha MCCIICyEMOI TIOBEPXHOCTH, YTO CIEAYeT M3 MOJEIN aTOMHON CTPYKTYPBI CIIOS, TI€PIIeH-
JUKYJSIpHOTO OcH @. [ToBepxHOCTH 00pa30BaHHBIX MOCIE HArpeBa (IOCIe MePeKPUCTAIIIN3ALNN) MOHO-
KJIMHHBIX (a3 TaKxe MOJIKUTEIbHO 3apsikeHa: Ugqpp = 65200 MB nns o6pasuos Cs,(HSO,),(H,PO,),
Ucpp = 20-60 MB n1s Cs,(HSO,),(H,PO,).
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[ToBepXHOCTHBIN AIEKTPOCTATUYECKUN MOTEHIMAT MOXKHO HMCIOJNb30BATH JUISl OLUEHKH XHMHYE-
CKOM CTOMKOCTH COEAMHEHHH Ha OCHOBE KUCIIBIX COJIEH LIENIOYHBIX MeTaJlJIoB. Mi3MeHeHue 3HaKa U Be-
auuuHbl Ugqpp yKa3blBaeT Ha CTPYKTYPHO-(a30Bble MPEBpAIIEHUs, IMPOUCXOAAIINE HA MOBEPXHOCTU
KpucTasioB. MimrocTpanueid ciyXKUT MOBEJEHNE OTPHUIATEbHO 3apsKEHHON MOBEPXHOCTH CBEXKET0
ckona kpucramna (Kg 43(NHy) 57)sH(SO,),, Haxonsmerocs B cynepnpoToHHoi dase yKe mpu KOMHAT-
HoH Temmeparype [17]. Tlociie Beiep) K 00pa3oB BO BIaKHOW aTMocdepe B YCIOBHSIX MOCTOSHCTBA
BJIQ’KHOCTU U TEMIIEPATypPbl CO BpeMEHEM MeHseTCsl 3HaK Ugpp ¢ OTPUILIATEIBHOIO HA IOJIOAKUTEIIbHBIH
1 Bo3pacraeT BennunHa Ugpp. Hapsany ¢ aTum npeobpasyetcs Tonorpadus noBepxHocTu — GpopmMupy-
eTCsl MOAU(DHUITMPOBAHHBIN Ie(DEKTHBIN CIIOHM TONIIUHON B HECKOJIBKO COT HAHOMETPOB M3 MPOBOISIIINX
U HENpOBOASIINX (a3, B HEM MOCTEINEHHO 00pa3yloTcsi HAHOMY3bIpH, KaHalbl, opsl [17]. Hamportus,
B o6pasuax Cs,(HSO,),(H,PO,) u Cs,(HSO,);(H,PO,) noBepXxHOCTHBII NOTEHIMAJI HE MEHAET 3HAK, TO
€CTh COCTaB M CBOMCTBA MPH 00pPa30BaHUM MOHOKJIMHHBIX (ha3 pa3iuIHON CTENCHN KPUCTAIITUYHOCTH
MTOBEPXHOCTHBIX CJIOEB OCTAIOTCS MPEKHUMU.

3akaiouenue. B xone m3yueHus IByX OJNM3KUX H30CTPYKTYPHBIX BOJOPOACOAEPIKAIINX COCIH-
HEHUH, OCTATOYHO CJIOXKHBIX MO0 CTPOCHHIO, C Pa3yINoOpsJOYCHHBIMUA BOJOPOJIHBIMH CBSI3SIMH, Jie-
MOHCTPUPYIOMUX (ha30BbIe MPEBpAIICHUS ¢ H3MCHEHHUEM TEMIIEPATYPhl, OBUTH MPUMEHEHBI METOJIbI
aTOMHO-CHJIOBOM MUKPOCKOIIMHU U CTPYKTYPHOTO aHajau3a B KoMIuiekce. IIporeMoHCTprpOBaHo, 4TO
TaKOH 10JX0 00ECIeYnBaeT OJIyUYEHNE JaHHBIX BBICOKOW TOYHOCTH, I103BOJISIET AEJaTh JOCTOBEP-
HbIEC BBIBOABI O 3aKOHOMEPHBIX CBA3SX MEXAY COCTABOM, CTPYKTYPOH M HPOBOASIIIUMH CBOHCTBAMHU
COCJIMHEHUH U OCYILECTBIATD MOUCK MyTEH ONTUMHU3AIMU CBOMCTB MaTepHaioB ¢ MPOTOHHOMN MPOBO-
JUMOCTBIO.

PesynbraThl necnenoBanus TeMIepaTy pHbIx 3aBucumocteit BAX kpucramios Cs,(HSO,),(H,PO,)
u Cs,(HSO,),(H,PO,) nonTBepxnaot cymecrsoBanue ()a3oBoro Nepexona, CBI3aHHOro ¢ o0pa3oBa-
HHEM CyHEpIPOTOHHBIX (a3 M M3MEHEHHEM CHCTEMbI BOIOPOIHBIX cBsi3ed. Harpes MoHokpucrai-
JIOB IPUBOJUT K HEOOPATUMBIM H3MEHEHUSIM PEabHOM CTPYKTYPhl U 00pa30BaHUIO IOBEPXHOCTHBIX
1 00BEMHBIX IE(PEKTOB, YTO YKa3bIBAET Ha 0COOYIO POJIb MEKI'PAaHMYHBIX IIOBEPXHOCTEH KpHUCTa-
andeckux ¢a3 B BO3pacTaHMU IPOBOAMMOCTH IpH NPUOIHKEHUH K TeMreparype (azosoro mepe-
xozna. MeronoM ckaHupyromeid Mukpockonuu KenbBrHa moka3aHo, 4TO MOBEPXHOCTH 00pa3LoB Xa-
paKTepu3yeTCsi OMHOPOAHBIM PaCIPEesICHUEM TOJI0KHUTEIIBHOT0 3JIEKTPOCTATHYECKOr0 NOTEHLHalIa
B MHUKpPO- M HaHOMacmTadax ¥ JOCTATOYHO YCTOWUYMBA K BO3JIEHCTBHUIO OKPY>KAIOLICH BO3AYIIHOM
aTMoCQepBhl.

HccnenoBanus pacnpeleneHus JOKaJbHOIO IMOBEPXHOCTHOIO MOTEHLMANa MPEACTAaBIAIOT WHTE-
pec B IJIaHE U3yUEHUS BIMSHUS BIAXXHOCTH Ha IOBEPXHOCTH TBEPABIX AJICKTPOIUTOB, TEMIEPATypPHOI
1 BPEMEHHOH CTAOMIIBHOCTH COEIMHEHHH, 3JIEKTPOXUMUUYECKHUX MPOLECCOB Ha MEXK(a3HbIX I'PaHULIAX
1 BBISICHEHMS IIPUYHMH JIerpajallii yCTpoHCcTB. Pa3paboTaHHBI KOMIIJIEKCHBIM MOAXO0[] K HCCIEeI0Ba-
HUIO aTOMHOM M PeasbHON CTPYKTYPBI U IEKTPUUCCKUX XapaKTEPUCTUK PEKOMEHAYETCS K MpUMEHe-
HUIO U1l yIayOJIeHHOro U3yYeHHs] KPUCTAUIMYECKUX MaTepHaioB HA OCHOBE KUCJIBIX COJIEH IIenou-
HBIX METAJIJIOB JJ1s1 3HEProd((HEKTUBHBIX TEXHOIOTHH.
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CTPYKTYPHO-MOP®OJIOT'HYECKHUE OCOBEHHOCTHU OJHOKOMIIOHEHTHBIX
1 KOMIIO3UIIMOHHBIX MOKPHITU HA OCHOBE IOJIMITUJIEHA,
OCAKJIEHHBIX U3 AKTUBHOM I'A30BOM ®A3BI

AHHOTanus1. MeTo10M aTOMHO-CHUJIOBOM, HH)PAKPACHOH CIIEKTPOCKOMUHU ONpeaesieHbl MOP(HOIOTHs U MOJICKYIIsIpHAs
CTPYKTYpPa HAHOPA3MEPHBIX HOKpblTMﬁ, OCAXJACHHBIX U3 JICTYYUX IMPOAYKTOB DJIEKTPOHHO-IYUEBOI'0 JUCIEPIrUPOBAHUS 110~
JUATUJICHA U €r0 CMECH C XJIOPHJIOM aJIIOMHHHMS B YCIOBHSX JIA3EPHOI'O acCUCTUpOBaHMs U O6e3 Hero. [TokpbiTHs ocaxia-
JUCh HA MOUIOKKN KPEMHHUSI, MOAU(DUIINPOBAHHEIE C IETbI0 N3MEHEHU S IIOBEPXHOCTHOM SHEPrUH. YCTaHOBICHO, YTO MPH
JIUCIICPTHPOBAHUY OJHOKOMIIOHEHTHOH MHUILICHH TTOJUATUIICHA CHIDKECHHE TIOBEPXHOCTHOM YHEPIUH COMPOBOXKIACTCS MOHO-
TOHHBIM YMEHBIIEHHEM IIePOXOBATOCTH, CPEIHETO pa3Mepa 3epHa, MOBBIIICHNEM (PPaKTaTbHON pa3MEPHOCTH CTPYKTYPHBIX
obpazoBaHuil. [TOKPBITHS, OCAXKICHHbIE 3 IPOJYKTOB JUCIEPIUPOBAHUS TTOTUITHIICHA U XJIOPU/A ATIOMHHUS, XapaKTePH-
3YIOTCSl 3HAYUTEIBHO MEHBIIEH ePOX0BATOCTHIO, MEHBIIUM 00bEMOM 3€pHa B CPABHEHHH C IOKPBITHSIMH, OCAXKICHHBIMH
IpU JAUCIEPTUPOBAHUN OJHOKOMIIOHEHTHOWH MHIIECHHU, U UX CTPYKTYpPHO-MOP(OIOrHIecKre MapaMeTpsl He KOPPEIHPYIOT
C U3MEHEHHEM ITOBEPXHOCTHOI SHEPruu. YCTaHOBJIEHO, YTO JIa3€PHOE aCCHCTHPOBAHUE dJIEKTPOHHO-TyYEBOT0 TUCTIEPIHPO-
BaHUS HE3HAYUTEIBHO BIHAET HA MONEKYISPHYIO CTPYKTYpPY HOKPBITHH. VcTIonb30BaHNE TAHHBIX CIOEB B CHIIy X aHTHU-
(PUKIMOHHBIX ¥ THAPOGOOHBIX CBOWCTB MEPCIEKTUBHO B yCTPOHCTBAX MUKPOAICKTPOHUKN U MUKPO(IIOU IUKH.

KioueBble ciioBa: 3J€KTPOHHO-TYUYeBOE IHCHEPrHPOBAHKE, J1a3epHOE ACCHCTHPOBAHHUE, MOKPBITUS MOJIMITHIICHA,
MOpP]OJIOTHsI, aTOMHO-CHIIOBASI MUKPOCKOITHS
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STRUCTURAL AND MORPHOLOGICAL FEATURES OF SINGLE-COMPONENT
AND COMPOSITE POLYETHYLENE-BASED COATINGS DEPOSITED
FROM ACTIVE GAS PHASE

Abstract. Atomic force microscopy and infrared spectroscopy were used to investigate the morphology and molecular
structure of nanoscale coatings deposited from volatile products of electron-beam dispersion (EBD) of polyethylene (PE) and
its mixture with aluminum chloride, both with and without laser assistance. The coatings were deposited onto silicon sub-
strates modified to vary surface energy. It was found that in the case of single-component PE targets, decreasing surface ener-
gy leads to a monotonic reduction in surface roughness and average grain size, as well as an increase in the fractal dimension
of structural formations. Coatings obtained from the dispersion products of PE + AICl; mixtures exhibit significantly lower
roughness and smaller grain volumes compared to those formed from single-component targets. However, their structural
and morphological parameters do not correlate with the substrate’s surface energy. Laser stimulation during electron-beam
dispersion has a minor effect on the molecular structure of the coatings. Using of these layers due to their antifriction and hy-
drophobic properties is promising in microelectronics and microfluidics devices.
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Beenenue. PazpaboTka METOIOB CHHTE3a, UCCICIOBAHUS CTPYKTYPBl M CBOMCTB HAaHOPAa3MEPHBIX
MIOJIMMEPHBIX MOKPBITUH MPEACTaBIAET OOIBIION HHTEPEC B CBA3M C UX YHUKAJIBHBIMU XapaKTePUCTH-
KaMH{ U IIHPOKUMH BO3MOKHOCTSIMH IIPH PEILICHUH MPAKTUUYECKUX 33134 TOBEPXHOCTHOrO MoAu(puIu-
POBaHUS Pa3IMYHBIX MATCPUAJIOB C IEJIBIO MOBBIIICHUS UX aJICOPOIIMOHHBIX, 3aIUTHBIX, AIEeKTpodu-
3MYECKUX, aHTU(PPUKLUOHHBIX CBOHCTB. Takke aKTyaJIbHBIM SIBJISETCS HCIOJIb30BAHHE MOJIMMEPHBIX
MOKPBITUH B KauyeCTBE AKTUBHBIX ()YHKIMOHAJIBHBIX 3JEMEHTOB Pa3JIMYHBIX YCTPOWCTB CEHCOPHKH,
MUKPO3JIEKTPOHHUKH, ONTOICKTPOHUKH, MUKpoduntoanku [1-3].

B nacrosiee Bpems 11l OCaXKACHUS TaKUX HOKPBITUH aKTHBHO pa3padaThIBaIOTCA U HAXOIAT 3-
(hekTHBHOE MPUMEHEHHE METOJIbI, B OCHOBE KOTOPBIX JIEXKAT MPOIECCHl OCAXKJIEHUS U3 aKTHBHOM Ta-
30BOH (ha3pl C MCMONB30BAaHUEM IIPH €€ FeHepaliy BO3JCHCTBUS Ha MOJUMEPCOACPIKALIYIO MHILCHD
[IJIa3MEHHBIX, 3JIEKTPOHHO-TYUYEBBIX, Ja3€PHbIX NOTOKOB [3—5]. IIpu 3TOM MONEeKyIspHAst CTPYKTYypa,
MOPQOIOTHS 0CAXKIAEMBIX CIIOEB ONPECISIOTCS HE TOJIBKO YCIOBUSIMH U PEKUMaMU JTUCTIEPTUPOBa-
HUS, HO 1 OCOOCHHOCTSIMH IIPOTEKAHUS IIPOLECCOB MeK(pa3HOI0 B3aUMOACHCTBUS, IOBEPXHOCTHOM 110-
JUMEpHU3aIUU U CTPYKTYpooOpasoBanus. JlaHHas 0ocOOCHHOCTh HanOoJIee aKTUBHO MPOSIBIISICTCS IPH
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reHepalru aKTHBHOM ra3oBoi (ha3bl AJIEKTPOHHO-TYYeBBIM gucrieprupoBaHueM [5]. BosHukaromiue
MIPH ATOM JIETYy4YHe TPOAYKTHI IIPEJACTABISAIOT COOON IMMOTOK HEUTPAIBHBIX U BO30YK/ICHHBIX 3apsKeH-
HBIX MOJICKYJISIPHBIX ()ParMEHTOB, COXPAHSIIOIINX CBOIO aKTUBHOCThH KaK HETIOCPEJCTBEHHO B T'a30BOM
¢aze, Tak 1 B aJICOPOMPOBAHHBIX CIOSX ITPH BO3JCHCTBIUHU HA HUX NIEPBUYHBIX U SMUTUPYEMBIX U3 30HBI
JIMCTIEPTUPOBAHNSI BTOPHYHBIX AJIEKTPOHOB.

AHallu3 U3BECTHBIX PE3yJIbTATOB MOKA3bIBAET, UTO OCAXK/IEHUE MOJUMEPHBIX MOKPHITUI U3 aKTHUB-
HOUW Ta30BO# (a3l CleyeT paccMaTpuBaTh KaK CIOXKHBIN (PM3MKO-XMMHUYECKHH TpOIece, pe3ybTa-
TaMU KOTOPOTO SIBJISIIOTCS U3MEHEHNE OTHOCHTENFHO MaTeprajia MUIICHU HE TOJIbKO (a30BOW M HaJ-
MOJICKYJISIPHOW CTPYKTYPbI, HO 1 XUMHYECKOTO COCTaBa, a TaK)Ke 00pa30BaHUE PaIUKaJIOB, IBOMHBIX
CBsI3€H, CIMMBOK, HOBBIX (DYHKITMOHATBHBIX TPYTIT.

B [3, 5] moka3aHo, 4yTo HauboJiee OJJHOPOJHBIC M0 XMMHYECKOMY COCTaBYy, MOP(OJIOrUU U MOJIe-
KYJSPHOH CTPYKTYpPE TMOKPBITHS OCAXKIAIOTCS MPU Pean3alii aJIcopOIHOHHO-TIOTUMEPHU3AIIHOHHO-
ro MEXaHM3Ma, BKIIIOYAIOIIEr0 B Ka4eCTBE OCHOBHBIX CTaJHil aJCOPOLUIO JIETYUYnX MPOIYKTOB JIHC-
NEeprupoBaHMsl Ha MOBEPXHOCTH U UX BTOPUYHYIO MOJIMMepu3annio. [Ipu aucneprupoBaHny MULIEHEH
CJIOXKHOTO COCTaBa, COIEpKaIlNX OpraHuvecKkue [5, 6] nin HeopraHWYecKue COeIUHEHHs [7], cocTaB
U peaKMOHHAs aKTUBHOCTD JICTYUYHUX MPOAYKTOB 3HAYUTEIHHO U3MEHSIETCS U (POPMUPOBAHUE KOMIIO-
3UITMOHHOTO CIIOS IMPOTEKAET B YCIOBHAX BO3MOXKHOT'O XUMHUYECKOTO B3aMMOICHCTBUS aICOPOMPOBaH-
HBIX JacTull. [loaToMy Takue cucTeMbl 00JaaroT Ceu(PHIeCKIMH COCTAaBOM M CBOMCTBaMH, U MPH-
MEHEHME JAHHOTO METO/1a B COYETaHHUH C IOTIOJIHUTEIbHBIM SHEPreTHYECKUM BO3/IEHCTBUEM Ha CTAIUU
JMUCTIEPTUPOBAHUS M OCAXKICHHS TIOKPHITHS, HAIIPUMEP JIa3€PHOTO U3IYYCHHS, OTKPBIBAET JOMOIHU-
TeJIbHBIE BO3MOXXHOCTH aKTUBHOI'O YIIPABJIEHHUS IIPOLIECCAaMU CHHTE3A.

CrnenyeT OTMETHUTh, YTO B OTIIMYHE OT XOPOIIO pa3paboTaHHBIX METOOB (POPMHUPOBAHUS HAHOPA3-
MEPHBIX MOJUMEPHBIX CIO0EB IMPU OCAKIACHUH M3 aKTHBHOM Ta30BOW (pa3bl MPOIECCH MOJIMMEPU3AINH
a7IcOpOMPOBAHHBIX MOJIEKYJISIPHBIX (PAarMEHTOB M CTPYKTYpOOOpa30BaHUs B3aMMOCBSI3aHbl, TPOTEKa-
0T OTHOBPEMEHHO. JTa 0COOEHHOCTh 00YCIIaBIIMBAaeT 3HAYUTEIFHOE BIHMSHUE HAa MOP(OIIOTHIO, MOJIe-
KYJSIPHYIO CTPYKTYPY HaHOPa3MEpPHBIX MOKPBITUH MPOLECCOB aAcopOunu, TuPy3un MOJICKYIISIPHBIX
(hparMeHTOB, MapaMeTpbl KOTOPHIX OMPEACISIOTCS B 3HAYUTEIHHON CTEIIEHN TIOBEPXHOCTHOW YHEpTHen
MaTepuaa MoanoKKu. [IpaBoMOYHO MPEANoNoKNUTh, YTO, U3MEHSS aJICOPOITMOHHYI0 aKTUBHOCTD T10O-
BEPXHOCTH TOAJIOKKHU, AU(Y(Y3HOHHYIO TOIBUKHOCTH aACOPOMPOBAHHBIX (PParMEeHTOB MPH OCaXK[e-
HUUW Ha TIO/IJIOKKH C PA3JIMYHON IMOBEPXHOCTHOM dHEPTHEH, MOKHO aKTHBHO BJIMSTH Ha TPOIECCHI BTO-
pUYHOW MONMMEpU3annu, 00pa3oBaHUsl HAJAMOJIECKYISPHBIX CTPYKTYP M, COOTBETCTBEHHO, CBOHCTBA
nokpeITuid. OTHAKO cHcTeMaTudeckas HHPOpMAIUs 0 MEXaHU3MaX U IPUPOJIE TTPOTEKAONINUX TTPOIIEeC-
COB B TAaKMX CHCTEMaXx IMPAKTHIECKH OTCYTCTBYET, & H3BECTHBIEC MPEICTABICHUS H3-3a CIICU(UKH ITPO-
[IECCOB POCTa MOKPHITUH U3 aKTHBHOW T'a30BOH (ha3bl HYKAAIOTCS B CYIIECTBEHHOM YTOYHEHUH.

OCHOBHOH yenvio Hacmoawel pabomel CTaIl aHAIN3 CTPYKTYPHO-MOP(OIOTHUECKUX MapaMeTPOB
OJTHOKOMIIOHEHTHBIX U COJEPKAIINX AJIOMUHHUI MOKPHITUH MOIUITUIICHA, OCAKICHHBIX METOJIOM JJIEK-
TPOHHO-JTy4EBOI'0 AUCHEPTUPOBAHUS B YCIOBHUSX JIA3€PHOI0 aCCUCTUPOBAHUS U 0€3 HEro; ONpeeIeHUE
BIUSTHHS TIOBEPXHOCTHOW SHEPTHH TMOJIOKKH Ha MOP(OIIOTHIO W MOJEKYISAPHYIO CTPYKTYpYy yKa3aH-
HBIX ITIOKPBITUI.

MeToaunka npoBeneHus dKcnepumMenTa. [lomuMepHble TTOKPHITHS OCAXKIAINUCh U3 aKTUBHOU Ta-
30BOM (pa3bl, reHepUpyeMO AIEKTPOHHO-TyuYeBbIM JucneprupoBanueM (DJI/1) wmm DJI/1 ¢ ogHOBpe-
MEHHOM JIa3epHOH cTuMynsinueil mponecca (puc. 1). B xauecTBe MCTOYHMKA 3JIEKTPOHOB HCIOIB30-
BaJICSl DJIEKTPOHHO-TY4YE€BOM HMCIMAPUTENh C KaTOAOM TPSMOTO Hakaja, MO3BOJSIOMNN (HOPMUPOBATH
My4YKH C IIOTHOCTHIO Toka [ = 50+500 A/MZ, sHeprueit wactun £ = 0,1-2,5 k9B, mmomanpio nsaTHA
S=(1+5) cm’.

B kayecTBe MCTOYHHMKA JIa3€PHOrO M3NydeHHs ucnoib3oBaics Nd:YAG-nazep LS-2137U ¢ rene-
paropom rapmonuk HG-5 (LOTIS TII, Slmonust), AnMMHBI BOJH Ja3€pPHOTO H3Iy4YeHHUs ObUIM PaBHBI
A =532 u 266 HM. [|TUTETFHOCTS UMITYJIbCA HAKAUKH B PEKUME MOAYJIUPOBAHHON TOOPOTHOCTH CO-
CTaBisJIa 6 HC. DHEPrus JIa3epHOr0 UMIYJIbca B CUCTEME IeHepaTOP—yCUIUTENb B PEKUME MOAYIH-
poBaHHOH 100poTHOCTH cocTaBisina 350 m/Ix mirst A = 532 am u 117 m/Ix — s A = 266 am. [{uametp
MATHA JJA3epHOT0 U3TyueHus OblT paBeH 7 MM. Heo0X0quMo OTMETHTD, YTO SHEPTUHU Ja3€PHOTO M3ITY-
YEeHMs HEZ0CTATOYHO ISl pa3pyIlIeHHs TOJIUMepa.
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a b

Puc. 1. Cxemsl HaHecenus nokpbITuit Metonamu DJI/I (a) u DJI/ ¢ mazepubIM accuctupoBanueM (b):
1 — nojoxka; 2 — 3JEKTPOHHBIHN J1yY; 3 — AJIEKTPOHHO-JIYUYEBON UCTIAPUTEIIb; 4 — Jla3ep; 5 — JIa3epHbIi 1yY;
6 — THTeIIB; 7 — UCXOIHBIN moiumep; § — razosast (¢aza; 9 — KBaplueBbIH H3MEPUTEIIb TOJIIIHHEI

Fig. 1. Schematics of coating deposition by electron-beam dispersion (EBD) (a) and EBD with laser
assistance (EBD + laser) (b): I — substrate; 2 — electron beam; 3 — electron-beam evaporator; 4 — laser;
5 —laser beam; 6 — crucible; 7 — initial polymer; 8 — gas phase; 9 — quartz thickness monitor

JycrieprupoBaHyio TOABEPralicsi MOPOIIOK TONHMATHIICHA Bbicokoro nasieHust (I13, wmapka
16803-070), a Tak:ke MEXaHUYECKHE CMECH TIOPOIIKA MOJUITHIICHA C COSJMHCHUSIMU METAJLIOB (XJIO-
punom amtomunus (AlCl;), dopmuaTom Menu, KapOOHHIIOM MONMOJEHA M KapOOHUIIOM 3KEIE3a).
KoMno3suiynonusle MUILIEHH TOTOBUJIN TIIATEIbHBIM IIEPEMELIMBAHIEM MCXOIHBIX IIOPOIIKOB B BUOPO-
MeJIbHUIIE B TedeHue 5 MuH. [oKpBITHS OcakJany Ha YUCThIE, 00E3)KUPECHHbBIC PACTBOPUTENEM TLIa-
CTUHBI U3 MOHOKpHUcTamandeckoro kpeMuus K/Ib 100; kpeMHueBble MIacTHHBI, 00pabOTaHHBIE C I10-
MOLIBIO TOPLIEBOTO XOJJIOBCKOTO YCKOPHUTEINS MOTOKOM HOHOB (Bpemsi 0O6paboTku — 10 MuH, padoumii
ras — aprot (Ar'), TOK HOHHOTO MyuKa — 1A), a Take KpeMHHEBbIe MIACTUHBI C HAHECEHHBIM TOHKMM
cinoeM monuteTpadTopaTIuieHa (ITTDD) rormunoit 0,1 MkM. O6paboTKa OCYIIECTBIIAIACE C IIETBIO U3-
MEHEHH S TIOBEPXHOCTHOM 3Hepruu (tadi. 1).

Tab6nunmna l IloBepxHOCTHAS YHEPTHsT KPEMHHUS

Table l. Surface energy of silicon

Bun o6paborku
Type of processing

CocraBisiiolas MoBEPXHOCTHOM SHEPIUH, MK/ M2

The component of surface energy, mlJ/m’ 00paboTka pacTBOpHTENIEM o6paboTka N* C OKPBITHEM
solvent treatment processing N* HOHP,ITCTpaq)TOpaTHHeHOM
coated with polytetrafluoroethylene
HCIICPruOHHasA
Jlenieprito 19,9 27,6 L5
Dispersive
INonspuas
43,6 67,6 _
Polar > >
[onnas sHeprus
P 63,5 95,2 1,5
Full energy

Uzydenne TOBEPXHOCTHON MOP(OIOrUU TOKPBHITUH MPOBOJIMIOCH METOJIOM aTOMHO-CHIIOBOM
Mukpockonnu (ACM) B pesxnMax u3MepeHus tornorpaduu U GazoBoro KOHTpacTa ¢ MOMOIIBIO MpHU-
oopa Solver P47 PRO (NT-MDT, Poccus). Ananu3 IaHHBIX, TIOJTYyYEHHBIX B Xone npoBeaeHuss ACM-
HCCIICIOBAHNUN MOBEPXHOCTH IOKPBITUH, OCYIIECTBIISUICS C TIOMOILBIO MOJIYJIBHOH ITPOrPaMMBbl aHAJIN3a
nauabix C3M Gwyddion'.

! Klapetek P., Necas D., Anderson C. Pykooactso mombsosarens Gwyddion / mep. ¢ anrn. JI. Bpatamrosa. URL: https:/

gwyddion.net/download/user-guide/gwyddion-user-guide-ru.pdf
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MonekynsipHasi CTPYKTypa OCa)KIaeMbIX MOKPBITUN uccienoanacs metogqom UK-crnekTpockonuu
Ha UK-Dypre cnexkrpomerpe VERTEX-70 (Bruker Optik GmbH, I'epmanus) ¢ mpuMeHeHUeM CTaH-
JAPTHOM MPHUCTaBKM MHOTOKPATHOTO HApPYIIEHHOTO IMOJHOTO BHyTpeHHero oTpaxkeHus (MHIIBO).
KpucTtamimuHoOCTh NOJTUMEPHBIX CIOEB OLIEHUBAIM MO0 COOTHOIIEHNIO 3HAYEHUH ONTUYECKUX TIIIOTHO-
creit moioc pu 1470 u 1465 cM™ (neopMartoHHbIe KOICOaHHs —CH,— rpynm), pa3BeTBIEHHOCTh 10
nosoce mpu 1378 cm ™' (nepopMaroHHbIe KOMeOaHMs C—CH,), HeHaCBILIEHHOCTD 110 110J0CaM HOIJIO-
IIEHHS TPAHC-BUHUIICHOBBIX (965 cM ), BUHHUIBHBIX (908 cM ') 1 BuHIIIICHOBBIX (889 cM ) rpym [8].

PesyabTaThl U MX 00cy:kaeHue. [Ipyn HaHECEeHNWH MOKPBHITHH HAa OCHOBE MOJUMEpPA YCTAHOBJICHO,
YTO JIa3€pPHOE ACCUCTUPYIOLIEE BO3JEHCTBUE HE NMPUBOAUT K 3aMETHOMY M3MEHEHHUIO CKOPOCTH OCaXkK-
JEHHUSI, YTO MOXKET ObITh OOYCIIOBJICHO JOMHHHUPYIOIIUM BIUSHUEM Ha IPOLECCH T€HEPALUHU JIETYUUX
npoaykroB DJIJI. IIpu aucneprupoBaHUM MeXaHUYECKOH cMecH noporkoB nonuatuiieHa (I13) u ximo-
pHia AJIIOMUHUS BCIEACTBUE SKPAaHUPOBAHMS TIOBEPXHOCTH MHUILEHH CKOPOCTh OCAXACHUS 3HAYUTENb-
HO CHUJKAETCA — IOUTH B 7 pas.

Metonamu ACM, UK-criekTpockonuu onpeneneHsl MopoIornieckiue 0CoOOEHHOCTH MOKPBITUH,
UX MOJIEKYJISIpHAs CTPYKTYpa IPU PA3JIMUHBIX YCIOBUAX OCaXKACHUS. TakK, yCTaHOBJIECHBI 3aMETHBIE U3-
MEHEHUSI TEOMETPUYECKHUX MapaMeTPOB TOBEPXHOCTH MOKPbITUH [13, chopmupoBaHHbIX Oe3 Ta3epHO-
IO aCCUCTHPOBAHHUS U C €r0 NPUMEHEHHUEM Ha IMOBEPXHOCTAX, OTIIMYAIOIIUXCS aJJICOPOIIMOHHON aKTHB-
HOCTBIO (pHC. 2).

AHanu3 pe3yiabTaToOB CTATUCTHUYECKOH 00paOOTKH MOMYyYEHHBIX M300pa’keHHM, MPeICTaBICHHBIX
B Ta0J. 2, TOKa3bIBACT, YTO MPH CHUIKEHUU HOBEPXHOCTHOH 3HEPrUU MMEET MECTO MOHOTOHHOE W3-
MEHEHHUE MapaMeTPOB MOPQOIOTHH OCAXKACHHBIX MOKPHITHH: 3aMETHO CHU)KAIOTCSI CPE/IHEE 3HAYCHUE
no Z, mepoxosarocTs (R,), cpequuii pasmep 3epHa, NoBblaeTcs GppakTaibHas pa3sMEPHOCTh CTPYK-
TYpHBIX oOpa3oBaHuil. [Ipu 3TOM Hanbonee 3aMETHBIE U3MEHEHHUS PETUCTPUPYIOTCA MPH OCAXKICHUH
MOKPBITUH B YCIOBUSX JIA3€PHOT0 aCCUCTUPOBAHMUS.

JlanHas Koppessius HapyaeTcs Ipy AuciieprupoBanuy coctaBHoi mutenu 119 + AICI, (tabu. 3),
YTO MOXKET ObITH 00YCIIOBIEHO NU3MEHEHHEM XMMHYECKOH aKTHBHOCTHU JIETYYUX IMPOAYKTOB, UX MOJe-
KyJIApHOU CTPYKTYpbl. [IoKpbITHS, OCaxAeHHbIE U3 IPoayKTOB Aucnepruposanus 119 + AlICL,, xapak-
TEePU3YIOTCS 3HAUYUTEIFHO MEHBIIEH MIepOXOBATOCTHIO, MEHBIINM 00BEMOM 3€pHA MPH TAKOM XKe, KaK
U TIPU JUCTIEPTUPOBAHUN OJJHOKOMIIOHEHTHON MUIIEHM, CPEJHEM MX JaTepajbHOM pa3mepe. JlaHHbIe
Mopdoornyeckre 0COOEHHOCTH MPOSIBISAIOTCS B OOJIBILECH CTENEHH NPH AUCIEPTUPOBAHNUN B YCIIOBU-
SX JIa3€pPHOTO aCCUCTUPOBAHUSI.

[Ipu sToM, Kak mokaszanu pesyibraTsl MK-cnekTpockonnueckux ucciaenoBaHuil (puc. 3), Bo3aei-
CTBHUE JIA3€PHOI0 M3JIYUYCHHUs HE OKA3bIBAE€T 3aMETHOIO BIMSHUS Ha CTENEHb PAa3BETBJIECHHOCTH (op-
MHPYEMOT0 MOJUMEPHOro ciiost. KpucTaminuHOCTh MosIMMepa ONpeensieTcs] HaInuneM KOpPOTKOLE-
HOM WJIN JUIMHHOLCITHOM Pa3BEeTBICHHOCTH, IPEHATCTBYIOIIEH YIOPSI0YCHHOMY CKJIaIbIBaHUIO LIETIeH
B IIPOLIECCE CTPYKTYPUPOBAHHUSL.

IloaTOoMy OTCYTCTBHE BIMSHHUS JIA3€PHOTO U3yUYEHHUS HA CTENEHb Pa3BETBIEHHOCTH OCaX/1aeMOro
HOKPBITHS JOJKHO HAMTH CBOE OTPAKEHUE B OTCYTCTBUM BUJUMBIX U3MEHEHUH B 3HAUCHUSIX KPUCTaJI-
JUYHOCTH MOJTUMEPHBIX CIIOEB, CPOPMUPOBAHHBIX KaK C Ja3epPHBIM aCCUCTHPOBAHUEM, TAK U B €r0 OT-
cyrcrBue. OQHAKO BO BeeX ciaydasx (JOpMUPOBAHHS MOKPBITUH MOJUATHIICHA, KaK C UCIIOJIb30BAHUEM
XJIOPHCTOTO aJIIOMHUHHMS, TaK U 0€3 ero UCIOoNb30BaHUs, Ja3epHOe aCCUCTUPYIOIee BIUSIHUE CKa3bIBa-
€TCsl Ha YBEJIMYEHUH CTENEeHN KPHUCTAJUIMYHOCTH moaumepHoro ciosi. [logoOHoe HaOmogaemoe siBie-
HUE, I0-BUANMOMY, MOXKET OBITh CBS3aHO C BIUSHUEM JIa3€PHOIO aCCHUCTUPYIOLIEI0 BO3AECHCTBHS Ha
MOJIEKYJISIPHYIO Maccy MPOIYKTOB JUCIEPTUPOBaHUs, (OPMHUPYIOIINX MOJTUMEPHBIA CI0i. 3HaueHUe
MOJIEKYJISIDHOH Macchl HPOAYKTOB AMCHEPIHMPOBAHMS ONPEAEISCT IOABHUKHOCTH YTJIEBOIOPOAHBIX
(bparMeHTOoB, 0CaAXTAIONTNXCS Ha TOJJIOKKE, & COOTBETCTBEHHO, 1 MOP(OIOTHUIO MOJTMMEPHOTO CIOSI.

Crenyet OTMETHTD, YTO MOJIEKYJISIPHYIO MacCy CIIOEB MOJUATHIICHA, CPOPMUPOBAHHBIX U3 aKTHB-
HOM Ta30BOM (ha3el, MPSIMBIMH CIIOCOOAMHU OMPENCITUTh METOIWUECKH JOCTATOTHO cJIoKHO. Ha ocHo-
BaHUU pe3ynbTaToB padot [9, 10] MOXKHO 3aKJIIOYUTH, YTO C YBEIMUYEHHEM TEeMIepaTypbl JUCIIEPTH-
POBaHUs MPH Ja3€PHOM aCCUCTHUPOBAHUM HAONIOJAeTCS YMEHBILICHHE MOJICKYJISIPHON MAaccChl JETYYUX
(bparMeHTOoB, a TaK)Ke M3MEHSIETCS UX MOJICKYJISIpHAsl CTPYKTYpa, 0COOCHHO BBIXOJ HACHIIIICHHBIX U HEe-
HACBHIIEHHBIX YTJIEBOAOPOIOB. M3 MaHHBIX, MPEACTAaBICHHBIX B Tabd. 3, cliefyeT, 4TO MpH Ja3epHOM
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Puc. 3. OtHOCHTENBHBIC OnTHYecKUe MIoTHOCTH nosoc MIK-cnexkTpa mokpsrtuii [19
(moyoca BHyTpeHHero ctanaapTa 1465 cv ') Ha 06paGoTaHHOM PACTBOPHTENCM KPEMHHH (),
Ha noacnoe [ITDD (b); kpusas I — 13, kpusas 2 — [1D + nazep, kpusas 3 — 1D + AlCl;, kpusas 4 — I13 + AICI; + nazep

Fig. 3. Relative optical densities of bands of the IR spectrum of PE coatings (band of the internal standard 1465 cm ")
on solvent-treated silicon (@), on the PTFE sublayer (b); curve / — PE, curve 2 — PE + laser, curve 3 — PE + AICl,,
curve 4 — PE + AICI; + laser

ACCHCTUPOBAHMHU 3HAYHTEIBHO BO3PACTACT COACPKAHHME BUHHIBHBIX (908 cM ') Ipymm B CpaBHEHHH
C TpaHC-BHHHJICHOBBIME (965 ¢M '), UTO OATBEPYIACT 3aK/TIOUCHHE O CHIDKCHIH MOIICKYJISPHO Mac-
CBI (hparMeHTOB.

BBenieHHBIM B COCTaB MHIIICHH XJIOPUCTHIN aIFOMUHUN HHULIIUUPYET 00pa3oBaHue KapOOKATHOHOB,
BIIUSISI HA MEXaHHU3M POCTa TIOJIMMEPHOTO Clost, GopMUpyeMoro U3 akTUBHOM ra3oBoil ¢assl [11]. [Ipu
9TOM BIIMSIHUE XJIOPUCTOTO AJIOMHHHS MPOSBISETCS HE TOJIBKO B MHULIMMPOBAHUU 00pa30BaHUs pas-
BETBJICHHBIX CTPYKTYp, HO M B 3aMETHOM CHIDKEHUH MOIIEKYIIsIpHOI Macchl [12]. Kak cnenctBue sToro
peructpupyercst Oonee BHICOKAs CTETEHb KPUCTAIITMYHOCTH TMOKPBITHH, CHOPMUPOBAHHBIX C HUCIIONb-
30BaHHEM XJIOPUCTOIO aTIOMUHUS, B YCIOBUSIX JIA3€PHOTO0 ACCUCTUPOBAHHU S, B CPABHEHUHU C TIOKPBITHSI-
MU, CHOPMHUPOBAHHBIMH B PE3YJIbTATE JICKTPOHHO-TYUEBOI0 IUCIIEPTUPOBAHUS TIOJIMATUIICHA C Jla3ep-
HBIM aCCUCTUPYIOIIMM BO3ACHCTBHEM (CM. pHC. 2).

[lonyueHHbIE AaHHBIE O BIUSHUU HPUPOIBI MaTepHaa MOJIOKKH Ha MPOLECCHl POCTA MOKPHITHS,
€ro MOJICKYJISIPHYIO CTPYKTYPY B TIOJTHOM Mepe COTNIAaCcyIOTCs C MPEACTaBICHUSIMHU aJIcOPOIIMOHHO-TIO-
JTUMEPU3AUOHHOI0 MEXaHU3Ma, BKJIIOUAIOIIEro B Ka4eCTBE OCHOBHBIX CTaJUil aJcopOLUIO JETY4YuX
MPOAYKTOB IUCIEPTUPOBAHMS HA TOBEPXHOCTH M UX BTOPUUHYIO TOITMMEPU3ALIHIO.
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Peructpupyembie MOp(hOIOrHUECKUe MapaMeTphl MOKPBITHI OMpEeAesIOTCS B 3HAUMTEIBHON cTe-
MIEHH TUIOTHOCTBIO 00pa3yIomKXcs Ha MOBEPXHOCTH Ha HAYaJIbHOW CTaIuU OCAKJCHHS LIEHTPOB BTO-
PUYHON HONMMEPHU3aLHMH, POCT KOTOPBIX OCYIIECTBIISIETCS B PE3yJIbTaTe MPUCOCIUHEHUS acopOrpo-
BAaHHBIX MOJIEKYJISIpHBIX (hparmMeHToB. [lpu ocaxaeHnn Ha MOBEPXHOCTh C HU3KOHM IHEpPruen peaiu-
3yeTcs BbicoKast AU y3rMOHHAs TIOJABUIKHOCTh MOJIEKYIISIPHBIX ()ParMEHTOB, M, YTO OCOOECHHO Ba)KHO,
M3-32 OTHOCUTEJIBHO 00Jiee HU3KOTO aJCOPOIMOHHOTO B3aUMOJACHCTBHS aKTUBHBIX ()ParMEHTOB C T10-
BEPXHOCTBIO COXPAHSETCS MX PEAKIMOHHAS] AKTUBHOCTb, YTO NPUBOIUT K MOBBIIIEHUIO IIOTHOCTH
LEHTPOB MOJINMEPHU3ALUH.

IIpu ocaxaeHUM Ha MOJJIOKKY C BBICOKON IMOBEPXHOCTHOM 3HEPruei CHUIKEHUE INIOTHOCTH LICH-
TPOB MOJUMEPHU3ALUU ompeaenseT GopMUpoBaHHe OoJiee MIOCKUX CTPYKTYp ¢ OoJbluell mepoxoBa-
TocThro. Mopdomnorus nokpeituii II9BJ] + AICl; cunbHO 3aBUCHUT OT THNA NOANOKKH. CHUMKHU (a-
30BOI'0 KOHTPACTa IO3BOJISIOT CHEJIATh BBIBOZA O TOM, YTO MOKPBITHS (POPMUPYIOTCS U3 IJIIOCKUX TOH-
kux obOpaszoBanuil. [Ipn nucnepruposannu cmecu 19 + AICl; n3meHseTcs peakMOHHAs aKTHBHOCTh
a7cOpOMPOBAHHBIX MOJEKYJISIPHBIX ()ParMEHTOB Ha TPOLECCHl aJCOPOLIMHU, YTO CKA3BIBACTCS HA MPO-
neccax JuQQy3nun U MocaeyIomero NpucoeIMHEHNS UX K MOTUMEpPHBIM yacTuiaM. [Ipu sTom MoHO-
TOHHBIE 3aBUCHUMOCTH IapaMeTpOB MOP(OIOrUU OT MOBEPXHOCTHON 3SHEPIMM MaTepuasia MOAJIONKKH
HE PETHCTPUPYIOTCS. V3MEHEeHre COOTHOUICHMS! HEHACBINICHHBIX CBA3ECH MMEET CIOXHBIM XapakTep,
OHO CBSI32HO HE TOJIBKO C 0COOEHHOCTSIMHU JAHMCIIEPrUPOBAHMS, HO U C MPOLIECCAaMH BHY TPUMOJICKYIISIP-
HOH CIIMBKH.

3akiouenue. OnpeneneHsl MOpGOIOTHs U MOJICKYJIIpHAs CTPYKTYpa HAaHOPa3MEPHBIX MOKPBITHH,
OCaXKICHHBIX U3 JIETY4YHX NpoayKToB DJI/] momu3THIICHA U €r0 CMECH € XJIOPHIOM aJIFOMUHUS Ha M0[-
JIOKKU KpeMHHUS, MOIU(DUIIUPOBAHHBIE C IENbI0 U3MEHEHUS TOBEPXHOCTHOM sHepruu. [Ipu nucmep-
TUPOBAHUM OJIHOKOMITIOHEHTHOW MuIIeHH [ID cHM)KeHHe MOBEPXHOCTHOH 3HEPruU CONPOBOKIAAETCS
MOHOTOHHBIM YMEHBIIEHHEM HIEPOXOBATOCTH, CPEAHEr0 pa3Mepa 3epHa, MOBBILICHHEM (ppaKTaIbHOM
pa3MEepHOCTH CTPYKTYPHBIX 0Opa3oBaHuil. JlanHas koppensuus 6ojee BblpaskeHa IPpU IPOBEJCHNH Jia-
3epHoii ctumysiuu DJIJI, uTo 0OBsACHSAETCS ee BIUSTHUEM Ha MOJIEKYJISIPHYIO MaccCy JIETYYUX MPOIyK-
TOB JUCIICPTUPOBaHUS, GOPMUPYIOMIMX TTOJIMMEPHBIH CIIOM.

ITpn pucneprupoBanuu coctaBHoM Mumienu I10 + AICl; BausiHHE MOBEPXHOCTHON 3HEPrUU MOJ-
JIOKKH HE SIBJISICTCS OZIHO3HAYHBIM, YTO OOYCJIOBJICHO JOMUHUPYIOIIUM BJIMSIHUEM Ha Ipouecchl 1ud-
(by3un 1 noJMMepU3aLuy XUMHUECKONH aKTUBHOCTH JIETYUYUX NPOAYKTOB. IIOKpBITHS, OCaXAEHHBIE U3
nponaykToB aucneprupoBanus 119 + AlCl,;, xapakTepu3yloTCsl 3HAYUTEIBHO MEHBIIEH LIEpOXOBATO-
CTBIO, MEHBIIUM 00BEMOM 3€pHA B CPABHEHHH C MOKPBITHUSIMH, OCAXKACHHBIMU MPU AUCIIEPTUPOBAHUH
OZTHOKOMITOHEHTHOM MUILIeHH. JJaHHBIe MOp(OTIOrnuecKrue 0COOCHHOCTH MPOSIBISIOTCS B OOJIbILIEH CTe-
TIEHU NPU AUCIIEPTUPOBAHUY B YCIOBHAX JIA36pPHOTO CCUCTHPOBAHUS.

[lonmy4yennsle pe3ynbTaThl B MOJHON MEpe COTacyioTcs C MpeasioKeHHBIM paHee B padore [3] an-
COpOLMOHHO-TIONTMMEPHU3AIIHOHHBIM MEXaHU3MOM OCaXKICHUS MOJIMMEPHBIX CIOEB U3 aKTHBHOW ra3o-
BOM (ha3zbl.
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BJIUAHUE AHTUOPUKIHMOHHOI'O ITIOJIUMEPHOI'O
MOJUDUKATOPA HA TPEHUE U U3HOC MIO-IIOKPLITUI
HA AJIIOMUHUEBOM CIIJIABE /116

AHHOTauHﬂ. MI/IKpO)lyFOBOe OKCUIUPOBAHUE MO3BOJIACT IOJYUYUTh HA IMMOBEPXHOCTHU AJIOMHUHUEBBIX CIIJIABOB 3alllUT-
HBI€ TTOKPBITHS, B TOM YHUCIIE TPUOOTEXHUYECKOTO Ha3HaueHHs. HemocTaTkoM sIBIsieTCS OTHOCHTEIBHO BBICOKHH KOd(du-
LUCHT TPEHUsI, a TAK)Ke M Majas yCTOWIMBOCTH K CABUTOBOM AedopMaruy. YirydnieHue CBOUCTB IMOKPBITHI BOZMOXKHO IIPH
UX MOTU(HKAINU MyTEeM BBEICHHS B DIEKTPOIUT PA3IUYHBIX JOOABOK C IETBI0 YBEIWUEHUS M3HOCOCTOMKOCTH MOKPHI-
TUH U yMeHbIIeHUs K03 dHUINEeHTa TPEHN CKOIBKEHHS B IIape ¢ pa3IHYHBIMU MaTepranaMu. beinn uccnenosansl MJ1O-
HOKPBITHS, CO3/ITaHHBIC HA OCHOBE KOMMepueckoro crutaBa J[16. B 6a30Bblil 271€KTpoiaHUT H00ABIISIICS MOJTUMEPHbII MOaH(DH-
KaTop (MEIKOAMCHEPCHBIH (GTOPOIIACT) B COYETAHNU cO CHHTaHOJIOM OT 0,5 110 6 I/1 (Bcero msTh BapHaHTOB HMOKPBITHS).
HcnpiTanus Ha TpeHUe B cooTBeTCTBUY cO ctanaaproM ASTM G99 nposoxniucs Ha TpudoTectepe MFT-5000 (Rtec, CIIIA)
B PEeXHUME OZHOHAIPABICHHOTO CKOIBKEHMs mapuka (quamerp 10 MM) u3 xapbuaa KpeMHHS MO TOBEPXHOCTU 00pa3IoB.
Ha ontuueckom mpodunomerpe S neox 3D (Sensofar-Tech, Mcnanus) Obin moaydeHBl ONTHYECKHE W300pakeHUs I0PO-
JKEK TPEHHUS U TSTEH KOHTaKTa KOHTP-Tela. YCTaHOBJIEHO, UTO THHEHHBII U3HOC KOHTpP-TeNa cocTaBiseT He 6onee 10 MKM.
3nauenus kodddunuenta rperus (ot 0,4 1o 0,6) B cpeHeM MeHBbIIIE, YeM Il KOHTaKTa KepaMUKa-KepaMHKa, 4YTO CBSI3aHO
C HaJM4ueM aHTH(QPUKIHMOHHOTO Monudukaropa. [IpucyTcTBre MogudukaTopa B 2JIEKTPOIUTE CIIOCOOCTBYET YBEITHUCHHIO
TIOPUCTOCTH KEPAMHUYIECKOTO TIOKPHITHSL. [IpH 3TOM MOKPBITHE SBISETCS H3HOCOCTOIKUM (M3HOC HAa yPOBHE IIEPOXOBATOCTH)
MIPHU MaJbIX KOHIEHTpanusax Moaupukaropa. Takum o0pa3oM, CyIIeCTBYeT ONTHMATIbHOE AJS AAHHBIX YCIOBHH (PUKIH-
OHHOTO KOHTaKTa KOJIMYECTBO MoAH(HUKATOPa, 00ECIeUnBaOlIee CHUKEHHE TPEHHS, HO HE YBEIUUUBAIONIEe KPUTUYECKU
IMOPUCTOCTDb IMOKPBITHA.
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EFFECT OF ANTIFRICTION POLYMER MODIFIER ON FRICTION AND WEAR
OF MAO COATINGS ON Al-Cu-Mg ALUMINUM ALLOY

Abstract. Microarc oxidation allows to obtain protective coatings on the surface of aluminum alloys, including those for
tribotechnical purposes. The disadvantage is a relatively high friction coefficient, as well as low resistance to shear deforma-
tion. Improving the properties of the coatings is possible through their modification by adding various additives to the electro-
lyte in order to increase the wear resistance of the coatings and reduce sliding friction with various materials. MAO coatings
created on a commercial Al-Cu-Mg aluminium alloy were studied; a polymer modifier (finely dispersed fluoroplastic) was
added to the base electrolyte in combination with Sintanol from 0.5 to 6 g/1, a total of five coatings. Friction tests were per-
formed on tribotester MFT-5000 (Rtec, USA) in the mode of unidirectional sliding of a silicon carbide ball (diameter 10 mm)
on the surface of samples in accordance with the ASTM G99 standard. Optical images of friction tracks and contact spots
of the counter-body were obtained on the optical profilometer S neox 3D (Sensofar-Tech, Spain). It was found that the linear
wear of the counter-body is no more than 10 um. The values of the friction coefficient (from 0.4 to 0.6) are on average less
than for the ceramic-to-ceramic contact, which is due to the presence of an antifriction modifier. The presence of a modifier in
the electrolyte contributes to an increase in the porosity of the ceramic coating. The coating is wear-resistant (wear at the level
of roughness) at low concentrations of the modifier. Thus, there is an optimal amount of modifier for these frictional contact
conditions, which ensures a decrease in friction, but does not critically increase the porosity of the coating.

Keywords: ceramic coatings, finely dispersed fluoroplastic, friction, wear, scanning electron microscopy
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BBenenue. ATIOMHHMIA U €T0 CIJIaBBI LTMPOKO UCTIONB3YIOTCS BO MHOTHUX TEXHOJIOTHYECKHUX 00JIa-
CTSIX, TAKUX KaK TPAHCHOPT (aBTOMOOWJIbHBIE M aBUAL[MOHHBIE JETAJIH), a9POKOCMHUYECKasl MPOMBIII-
JICHHOCTb, CTPOUTEIBCTBO, OOOPOHHASI TEXHHUKA, 3APABOOXPAHEHUE U Ap. DTO 0OYyCIOBIEHO €ro pac-
MPOCTPAHEHHOCTHIO, HU3KOM CTOMMOCTBIO, IPUTOAHOCTHIO KO BTOPHUHON NepepadoTKe, CTa0MIbHBIMH
MEXaHHYEeCKHMMHU CBOHCTBAMHU TIPH TEMIIEpaTypax, MOAXOMANINX I aBUAIMOHHBIX W KOCMHYECKHUX
YCIJIOBUH, U BBICOKOH IPOYHOCTBHIO OTHOCUTENBHO €ro mIoTHOCTH [1-3]. OnHako, HECMOTPA Ha ATHU Ipe-
MMYIIECTBA, HU3Kasi TBEPAOCTh ATIOMUHUS U €T0 CILIABOB JIEJaeT UX BOCIPUUMYUBBIMU K KOPPO3UH
u u3Hocy. lloaToMy MX MOBEepXHOCTH HEOOXOIMMO 3AIIUINATE IS YAy qIIeHUsT MEXaHHUECKUX CBOMCTB
TAHHBIX MaTepraos [1].

Hempro pa3paboTunKoB MOIU(DUIMPOBAHHBIX MOKPHITHH BO MHOTHX CIydYasiX SBISICTCS yBelnde-
HH€ U3HOCOCTOMKOCTH MOKPBITUHA W yMEHbIIIeHHe Kod(h(UIIneHTa TPEHHS CKOJIBKEHUS B Tape C pas-
JTUYHBIMHE MaTepuaiaMu. MUKpOAYTroBO€ OKCHAMPOBAHWE HA MOBEPXHOCTSAX ATIOMHUHHUEBBIX CIIJIABOB
o0OecreunBaeT XOpOIIYIo 3alUTy OT KOPPO3UH, U3HOCOCTOMKOCTh U YCTOWYMBOCTH K PA3JIMYHBIM BH-
JlaM M3JIYyUYCHHsI, OTHAKO ITH MOKPBITHS UMEIOT OTHOCHUTEIHHO BHICOKUH KOI(D(MOUIIUEHT TPEHHS U HU3-
KOE COMPOTHUBJICHUE CIBUTOBOM Jedopmariuu [4—7]. YiydlleHHe CBONUCTB MOKPBITUN BO3MOXKHO IMPH
UX MOIU(PUKAUHU yTEM BBEACHUS B DJIEKTPOIUT Pa3IMYHBIX J00aBOK MO0 MyTeM (UHHUIIHON 00pa-
00TKH, Korna MoaH(UKaTOpaMH HacChIIIaeTCs MOBEPXHOCTHBIN, HanOOJee MOPUCTHIN CIOH KepaMUKH
[8—11]. JoGaBienne aHTUPPUKIIHIOHHOTO MOIU(PHKATOPA HEMOCPEACTBEHHO B AJIEKTPOIUT MO3BOJISET
nonydaTs MJIO-IOKPBITHS € YIyUYHIEHHBIMH MPOYHOCTHBIMH CBOHCTBAMHM (B TOM YHCJIE M3HOCOCTOM-
KOCTBIO) 3a CUET 3aIOJHEHHUS MOp MOAU(PHUKATOPOM, B TOM UHUCIIE aHTHOPUKIHUOHHBIMU HOIMMEPaMH
[12, 13]. Tak, ucnoab30BaHUE MOMUTETPA(TOPITUIICHA JJISI 3ATIOTHEHUSI MUK POTIOP HA MIOBEPXHOCTH TI0-
KPBITHUS TTO3BOJISIET IOCTHYh CHIDKEHUS KOd((OUIIMEHTa TPEHU S, TEM CAMBbIM YMEHBIIIasi U3HOC U MPO/I-
JieBasi CPOK CITYKOBI OKpeITHS [14, 15].

Lenv pabomel — N3y4YeHNE BIUSHUS KOJIMYECTBA MEITKOIUCIIEPCHOTO MTOIIMMEPHOTO MOAH(PHKATOpA
Ha TpeHne u n3Hoc MJIO-ToKpeITHH, CHOPMHUPOBAHHBIX HA aTIOMHHUEBOM critase J[16.

Martepuajabl 1 MeTObI HccaenoBaHuii. [Ipu mpoBeaeHnn nccae0BaHms UCTIONH30BATH 00Pa3IIbI
B BUJIE IMCKOB U3 AeopMHUpyeMoro aJlOMUHHEBOTO craBa J[16, XuMuueckuit coctaB KOTOPOTO MpH-
BeJeH B Ta0u. 1.

Tao6numna l. Xumuveckuii cocras ciiiasa 116

T able I. Chemical composition of the alloy Al-Cu-Mg aluminium alloy

XUMHUYECKHUH 3JIEMEHT, Mac.%
Chemical element, wt.%

Si Fe Cu Mn Mg Cr Zn Ti Ni Al
0,5 0,5 3,8-4,9 | 0,3-0,9 | 1,2-1,8 0,1 0,25 0,15 — ocHoBa / base 2,77

IInotHOCTB, rlem®
Density, g/cm®

Pa3meps! ucnonb3yeMbIX 00pa3loB ObUIM CIEAYIOIUMU: AMaMeTp — 50 MM C JIBICKOM TMHOM
3 mm, TonmuHa — 7 MM. [lepen mpoBenennem mpomecca popmupoBaruss M/IO-TOKPHITHS TUCKHA OUH-
LIQJIMCh OT 3arpsI3HEHUI U NPUTUPAIIUCH HA YYTYHHOH IUIMTE C TIOPOIIKOM OKCHJA aJIlOMUHHUSI 3€pHU-
crocThio MeHee 100 MKM 710 TTOTyYeHHU ST HeOOXOIMMON TITOCKOCTHOCTH ITOBEepXHOCTH. [locie uero oHm
IIPOMBIBAJIUCH IIOCJIEOBATEIBHO B IIPOTOYHOM BOJE ¢ MOIOIIUMHU CPEACTBAMU, B all€TOHE, ITUIIOBOM
CIUPTE U B IUCTUIIIINPOBAHHOW BOJIE, a 3aT€M BBICYIIMBAJIMCH HAa BO3yXe. BBIIN MOATOTOBIIEHHI AT
cepuit 00pa3uoB s GopMUpoBaHUs MOKPLITUH MeTogoM MJIO B 3JIEKTPOJIUTE C COACPKAHUEM pa3-
JUYHOTO KOJMYecTBa (PTOPOIIIACTOBOrO moporrka «Dopym» mpous3BoACTBa KoMIaHuu «Brandopym»
(Poccus).

ba3oBBIN AMEKTPOIUT TOTOBHJICA MyTEM MOCIEI0BATEIBHOIO pa3Be/eHUs B JHUCTHUIIIIMPOBAHHOM
Bozie HeoOxoaumMoro konudectna ejnkoro kanus (KOH) u xunkoro crexna (Na,SiO; - 9H,0, XKCT)
u3 pacuera 2 v/m1 KOH u 9 r/n XKCT. [lanee B 6a30BbIil JIEKTPOIHT BBOAMIACH CYCIICH3HSI, TIOJII'OTOB-
JICHHasl IIYTEM CMEIIMBAaHUS PAaCUETHOI0 KOJIMYECTBA (PTOPOILIACTOBOro mnopomka «Dopym» B u3o-
IPOMNIJIOBOM CIIHPTE C J10OaBJICHHWEM IMOBEPXHOCTHO-aKTHBHOTO BemlecTBa cuHTaHON Mapku JC-10
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(TY 2483-016-71150986-12). Pexxumbl HOpMHUPOBAHHS U XapaKTEPUCTHUKHU MMOJATOTOBICHHBIX 00pa3loB
¢ M/IO-nokpsITHEM, BKITIOYAsl IEPOXOBATOCTH MOBEPXHOCTH, IPUBEACHBI B Ta0I. 2.

Tab6numa?2. Pexxkumsl popmupoBanus M/IO-noKpbITHIi, TOJIMHA U LIEPOXOBATOCTH

Table2. Modes of MAO coating formation, thickness and roughness

Cepus IS ToJmuHa HOKPHITHS TounmuHa TOKPBITHS
0CTaB DIEKTPOIUTA Bpewms, o
OKCIIEPHMEHTA Composition - /10 MeXaHHHECKO 96pa6onm MKM 10C/Ie MPUTHPKH, MKM Ra, MKkM Rz, MxM
Experiment . . Coating thickness Coating thickness after Ra, um Rz, um
. of the electrolyte Time, min .. .
series before machining, pm lapping, pm
1 B5+0,5r/nC 60 130-140 90-100 0,7 +0,05 6,4+04
2 B2+ 1,01 C 60 130-140 90-100 1,1+0,05 | 11,2+09
3 B5+2,0r/nC 60 130 100 0,8 +0,07 6,2+04
4 BO+31/mnC 60 130 100 0,9+0,12 6,7+0,7
5 BO+6r/nC 60 120-130 90-100 3,6+1,25 | 309+12,9

IIpumedanue: bO — 6a30Bblii anexTponut, C — cycneH3us.

N o te: BD — basic electrolyte, C — suspension.

DKCIepuMEHT Ha TpeHue U W3Hoc mposoamiics Ha TpudomeTpe MFT-5000 (Rtec Instruments Inc.,
CIIIA) no crangapTHO# MeTonuke B cooTBeTcTBHM ¢ ASTM G99-23' o cxeme map — auck. B xone
TecTa ObLIO PEaJTM30BAHO OJIHOHAMPABIEHHOE CYX0€ CKOJIBKEHHUE IIapuKa 13 KapOuaa KpeMHus (Jua-
MeTp 10 MM) TI0 TOBEpXHOCTH 00pa3moB (puc. 1) mpu moctosHHON Harpy3ke F = 10 H u muHeWHO# cKo-
poctu V= 0,1 m/c. [Tyts Tpenus cocraBuii 1000 M, a Bpems ucnbitanus — 10 000 c. [1s oOecnieueHus
MOBTOPHOCTH M YBEJIWYCHHUS TMOJIC3HON IUIOMAAN 00pa3loB KPOME CTaHJIAPTHOTO pagnyca JOPOKKH
TpEHUs, KOTOPBIN paBeH 16 MM, OBLTH TaKXe MPOBEICHBI TECTHI C PAJUyCOM Tpeka 12 MM JUJIs KaKJI0ro
obpasma. [Ipu 3TOoM BappupoBajcCs mapaMeTp YIIOBOM CKOPOCTH JIJIsi COXPAHEHHS TIOCTOSTHHOW JTNHEH-
HOM CKOPOCTH.

Ha ontuueckom npoduiomerpe S neox 3D (Sensofar, Mcranust) ObLIN TONTYYEHBI ONITHYECKUE U30-
OpaskeHus 10pOKeK TpeHus (00bekTuB 20°) M NATEH KOHTaKTa KOHTp-Tena. CKaHMpOBAaHUE MPOBO/IM-
JIOCh B KOH()OKAJTHFHOM PEKHUME C aBTOMATH3UPOBAHHOM CITMBKON OT/EIBHBIX KaJPOB B OIHY 00JIACTh.
ITo momydeHHBIM HM300pakKeHUSAM Ha oOpasmmax MU3MEPsJICS M3HOIICHHBIH 00beM Bcel (hPUKITHOHHON

Puc. 1. Cxema ucnbiTanus:  — kepaMudeckuil mapuk, 2 — oopaser ¢ MIO-nokpeiTuem

Fig. 1. Test scheme: / — ceramic ball, 2 — sample with MAO coating

' ASTM G99-23. Standard Test Method for Wear and Friction Testing with a Pin-on-Disk or Ball-on-Disk Apparatus.
URL: https:/img.antpedia.com/standard/files/pdfs_ora/20231128/ASTM/G%2099%20-%2023.pdf (date of access: 20.05.2025).
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Puc. 2. [Ipodunorpammer 06pasia 2 U KOHTP-Tela MOCIe UCIBITAHUS: @ — JOPOKKA TPEHUS Ha TIOKPBITUH, b — MApUK

Fig. 2. Profilograms of sample 2 and the counter-body after testing: a — friction track on the coating, b — ball

kaHaBKkd. Ha puc. 2 B kadecTBe mpuMepa MpHUBEACHBI MPOoQUIOrpaMMBbl U3HOCA JTOPOKKH TPEHUS ()
u mapuka (b) miis obpasma 2.

CrpykTypa 00pa3ioB ncciaenoBagach Ha CKAaHUPYIOMIEM IEKTPOHHOM MUKpockore (COM) Quan-
ta 650 (FEI, CILIA), ocHaleHHOM aHanmuTH4YecKuM oOopynoBanueM EDAX, B Tom uuciie sHeproauc-
MIEPCHOHHBIM PEHTTEHOCIIEKTPalIbHBIM MuKpoaHanu3zatopoMm (EDS), mpu yckopstomiem HampsKeHUH
20 xB. INockonbky n3ydaembie kepamudeckne M JIO-TIOKPBITHS ABISIIOTCS THAJICKTPUKAMH, TO TIPH pa-
0oTe ObLI BEIOpaH CHEeNUaTbHBIA HU3KOBAKY YMHBIH PEXKUM HCCIIEIOBaHMs. B 3TOM pesxnMe B KayecTBe
paboueil cpeabl MCHONB30BAJICS PAa3pEeKEHHBIN BOISHOW TMap MpH ocTaToyHOM naBieHuu 15-20 Ila.
[HoBepxHocTh 00pa3noB ¢ MJIO-MOKPHITUAMEI U3yUYald KaK B HCXOJHOM COCTOSIHUH, TaK U IOCIIE TPU-
0O0JOTMYEeCKIX NCTIBITAHHH.

Pe3ysbTaThl M X 00Cy:KaeHHe. /[ Bcex 00pa3ioB ObLIN MOJYYEHBI 3aBUCUMOCTH KO3 QHUIIHEH-
Ta TPEHHUS OT BpEeMEHU HMCIbITaHus (puc. 3). 3HaueHus] KodpPULIHEHTa TPEHUS B CPEIHEM HUXKE, YeM
JUIS KOHTAaKTa KepaMHuKa-KepamMuka, u Haxoasatcs B quanasone ot 0,1 mo 0,65. O6pa3zert 5 (c HauOoIb-
ITUM KOJIMYECTBOM MOMU(UKATOPA B AIEKTPOIUTE) M, OTIACTH, 00pasnbl 1 1 3 UMenu epruo/Isl HecTa-
omrpHOCTH KoddhdumumenTa Tpenus. O0pasen 4 MPOAEMOHCTPUPOBATT CAMBIH HU3KUH W CTAOIIHHBIN
ko3 dunment tpenus (COF = 0,46).



Becui HaupisinanbHait akansmii HaByk benapyci. Cepbis ¢izika-TaxHiunbIX HaByK. 2025. T. 70, Ne 3. C. 230-240
Proceedings of the National Academy of Sciences of Belarus. Physical-technical series, 2025, vol. 70, no. 3, pp. 230-240 235

0 2000 4000 6000 8000 10000
Bpewms, ¢
Time, s

a

0 2000 4000 6000 8000 10000
Bpewms, ¢
Time, s

b

Puc. 3. 3aBucuMocTty k03 pUIEEHTa TPEHHS OT BPEMEHHU HCIIBITAHMS JJIs1 BCEX UCCIEeAYeMbIX 00pa3IoB
(mudps 1-5 cOOTBETCTBYIOT HOMEpaM 00pas3IOB); & — PAJUYC JOPOXKKH 16 MM, b — pagnyc TOpoxKKHU 12 MM

Fig. 3. Dependences of friction coefficient on the test time for all samples (numbers 1-5 correspond to sample numbers);
a — track radius 16 mm, b — track radius 12 mm

Pe3ynbTaThl IO TPEHUIO M U3HOCY 00Pas3IoB U NIAPUKOB CBeAEHHI B Ta0I. 3. ClieryeT OTMETUTB, 4TO
M3HOC KOHTP-TEJa pacTeT ¢ YBEIMYEHUEM KoJindecTBa MoArduKaropa B 3JeKTposinTe. MUHUMAaIBHBIH
M3HOC NOKPBITUA 3a(UKCHpOBaH AJist 00pasia 4, KOTOPbIi Takke MoKaszal Jydinii Koddduuuent tpe-
Husl. [lodyueHHBIE pe3yibTaThl MOKHO OOBSICHUTB, UCIOJNB3YS PE3yJIbTaThl, MOJy4YEHHBIE METOJAMHU
MUKPOCKOITHH.

Tab6numa 3. Pe3yabTaThl HCHBITAHUI HA TPEHUE U H3HOC
T able 3. Results of friction and wear tests

Cepus 3KCIIEpIMEHTa V3HOC TOPOXKKH TPEHHUS, My’ W3Hoc mapuka, M Koadpuunent Tpenus (jr)
Experiment series Friction track wear, mm® Ball wear, mm® Coefficient of friction (i)
1 0,902 + 0,278 0,00439 £ 0,0006 0,55+ 0,024
2 0,548 +£0,0388 0,00558 +0,0002 0,53 £ 0,073
3 1,093 + 0,106 0,00 655 + 0,0009 0,60 + 0,032
4 0,441 + 0,037 0,00739 + 0 0,46+ 0
5 1,089 + 0,149 0,0625 = 0,0418 0,50 = 0,024
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Puc. 4. COM-u300pakeHus noBepxHocTeil 06pas3Los 1-5 (a—e cootTBeTcTBeHHO), 1000”,
1 noBepxHocTH 06pasua 5 (f), 500

Fig. 4. SEM images of the surfaces of samples 1-5 (a—e, respectively) at 1000", and the surface of sample 5 (f) at 500"

Ha puc. 4 moka3aHo, HACKOJIBKO pas3lindaeTcsi MOBEPXHOCTh 00Pa3loB B 3aBHCUMOCTH OT KOJIU-
yecTBa MonudukaTopa B anekrponute. Jis Bcex o0pasnoB ucmoib3oBaHo yBeaudenue 1000 (a—e).
OG6pa3sen 5 UMel OBEPXHOCTHBIE Ae(EKThI, HAMTyIIIUM 00pa3oM oTobpaxkaeMbie ipu 500™ (f). ITopsr,
XapaKTepHbIE IS KePAMUYECKUX MOKPBITHH, UIMEIOT Pa3HbIe ()OPMBI M Pa3MEpBL.
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B Tabma. 4 mpeacraBiaeHbl pe3yiasraTel EDS-aHanmn3a MCXOMHBIX MOKPBITHI. Hanmuuue B coctaBe
AHTU(PPUKIIMOHHOTO TOJIMMEpa MOXKHO HACHTH(PHUIIMPOBATH MO COACPXKAHHUIO (PTOpa, KOTOPHIN MpH-
CYTCTBYET BO BcexX oOpasmax. [IpiueM HET Y4eTKOH KOPPEIAIUU MEXKIY KOIHIECTBOM MoaupHuKaropa
B 2JIEKTPOJIUTE ¥ (PTOpa B MOBEPXHOCTHBIX CJIOSIX 0Opasia (bosbiine Bcero Gpropa B 0Opasiiax ¢ Hau-

MEHBIIIMM U HAUOOJIBIIUM COJICPKAHUEM MOJIU(DUKATOPA B DJICKTPOJIUTE).

Ta6nnnad4d. CompepkaHnue XUMHYECKHX 3JIeMEHTOB B HCXOIHBIX MOKPBITHSAX

T able4. Content of chemical elements in the initial coatings

XHUMHUYECKUH 2IeMeHT, Mac.%

Cepus dKCrIepUMEHTa Chemical element, wt.%

Experiment series

C O F Na Mg Al Si P K Fe Cu
1 16,86 | 40,15 1,31 1,92 0,92 | 22,61 11,10 1,07 2,71 0,68 0,68
2 17,49 | 3741 0,73 1,27 0,89 | 26,66 | 9,59 1,03 2,26 1,49 1,17
3 17,74 | 37,11 0,46 2,01 0,50 | 20,01 | 13,19 0,58 3,58 2,79 1,85
4 25,11 | 35,66 1,12 2,03 0,84 | 20,29 | 8,99 0,82 2,34 1,57 1,24
5 19,84 | 38,59 1,30 1,06 0,57 21,43 | 12,41 0,97 2,06 1,18 0,59

Ha puc. 5 nmokazaHbl CylieCTBEeHHbIE pa3inuyuus B penbede gopoxkek oopasuos | u 5, BBIOpaHHBIX
JUTSL aHAJIN3a U3-3a COAEPKAHMUSI MUHUMAJIbHOTO U MaKCHMAJIbHOTO KOJIMYEeCTBa MOAU(UKATOPA B 3JIEK-

Puc. 5. COM-u300paskeHus MOBEPXHOCTEH JOpOKeK TpeHus 00pasios 1 (a, b)u s (c, d);
a,c—500"ub, d—1000"

Fig. 5. SEM images of surfaces of friction tracks of samples 1 (a, b) and 5 (c, d);
a,c—500"and b, d— 1000"
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TPOJIMTE U MPUMEPHO OIMHAKOBOTO KOJIMYECTBA PTOPA B MOBEPXHOCTHBIX ClIOsIX 70 TpeHus. Ha COM-
n300pakeHHIX HAOIIONAIOTCS XapaKTepHbIE TPU3HAKU pa3pylleHHs (JIOKaJlbHbIe TpelnHbl). [Tpu 3ToM
oTMeuaeTcsi o0lIee CriiaKMBaHUE MOBEPXHOCTHU M0 CPABHEHUIO C MCXOJHBIM COCTOSHHEM, YTO MOXKET
OBITH 00YCIIOBJICHO aOpa3uBHBIM M3HOCOM U/miu eopManiuel B mporecce Tpenus. st oopasma 5 xa-
PaKTEpHO O6pa3OBaHI/Ie KpYHOHBIX JIOKAJIbHBIX TPCHIWH, NPUBOAANICC K OTCIIAaMBAHNIO BEPXHUX CIIOCB
NOKpbITHsI. OYEBHIHO, ITO CBS3aHO C U3HAYAIBHOW JIEPEKTHOCTHIO MOBEpXHOCTH. ClielyeT OTMETHUTH,
YTO XUMHYECKUH aHaiin3 odnacter 1 u 2, HN3HaA4YaJIbHO HAXOUBHIUXCH 10 ITOBEPXHOCTHIO M OTKPLITHIX
B pe3yJibTaTe pa3pylleHus, moka3ail Hajaunaue gropa (tadm. 5).

Tabnunas. Cogepkanue 3J0eMEHTOB HA IOBEPXHOCTH JOPOKKH TPEHHU S

Table5. Content of elements on the friction track

O6paser, HWccneoBanublit XHUMHUYCCKHIH dJIEMEHT, Mac.%
yBeJIUYEHHE Y4acTOK Chemical element, wt.%
Sample, magnification Investigated area C o) F Na Mg Al Si P K Fe Cu

1 4,22 145,63 | 0,97 | 0,98 | 0,86 | 28,78 | 13,19 | 1,58 | 2,24 | 0,49 | 1,06
2 1,08 | 41,69 | 0,93 | 0,41 | 1,14 | 42,18 | 9,19 | 2,04 | 0,83 | 0,22 | 0,29
1, 1000 3 473 [ 48,55 1,05 | 0,75 | 0,74 [ 25,01 [ 14,33 ] 1,29 | 2,22 | 0,39 | 0,94
4 2,36 | 41,57 | 0,66 | 0,83 | 0,88 | 35,19 | 11,99 | 1,68 | 2,58 | 0,64 | 1,62
Becs / All 6,24 | 47,11 | 1,48 | 1,13 | 0,81 | 25,63 | 13,29 | 1,48 | 2,15 | 0,23 | 0,45
1 1,02 | 40,87 | 0,77 | 1,30 | 0,67 | 28,50 | 16,66 | 1,62 | 3,66 | 0,92 | 4,01
5. 1000 2 0,93 (42,68 | 0,17 | 0,46 | 0,40 | 34,70 | 11,58 | 1,02 | 4,02 | 0,90 | 3,14
’ 3 2,63 | 48,78 | 1,55 | 0,79 | 0,77 | 30,12 | 11,09 | 1,60 | 1,37 | 0,39 | 0,91
Becs / All 3,10 | 4731 | 1,25 | 0,73 | 0,66 | 31,63 | 10,84 | 1,41 | 1,77 | 0,26 | 1,04

3akaouenue. Takum oO6pazom, BBeeHHE Moar(rKaTopa B 31eKTpoauT npu popmuposanuu MO-
MOKPBITHH NPUBOAMUT K MOSBICHUIO B OKPHITUAX aHTUPPUKIIMOHHON T00aBKU U CHMKEHUIO K02 du-
nueHTa TpeHus. [Ipu ’ToOM KOIMYeCTBO MOJIMMEPA HE HAXOAUTCS B YETKOM KOPPENISLUU C KOTUYECTBOM
Moaudukaropa B anekTponute. Hanbomnpliee U3 pacCMOTPEHHBIX KOJTHYECTBO MOAU(PHUKATOPa PUBO-
IUT K Je(EKTHOCTH MOBEPXHOCTHOTO CJIOS U €r0 Pa3pylICHUIO TPU TPEHUH. 3aBUCUMOCTH 00 BEMHOT0
H3HOCA OT KOHLIEHTPaLUU J00aBOK MMEET HETMHEWHBIHM XapakTep: HaOII0aeTCs €r0 YMEHBIICHUE MTPH
YBEJIIMUYCHUH KOHUEHTpauu 10 3 1/1. CieaoBaTenbHO, AJIsL AAHHBIX YCIOBHH (PPUKIIMOHHOTO KOHTAaK-
Ta CyHIECTBYET ONTHUMaJIbHAs KOHLEHTpalus MOIU(pHKATOpa, 0OecreunBaromas CHUKCHUE TPEHHUS,
IIpY 3TOM HE NPUBOAAINAS K KPUTHYECKOMY YBEJIIMYEHHUIO IMOPUCTOCTH IOKPBITHUS U, KaK CIEICTBHUE,
K TOBBILICHHOMY M3HOCY. Ba)kKHBIM pe3yJIbTaToM SIBIISICTCS TAK)Ke HAJIMYUE aHTU(QPUKIIMOHHOM J100aB-
KM B TTOJIIMOBEPXHOCTHBIX CJIOSIX MOKPBITUS, YTO 00YCIaBIUBACT CTA0MIIbHOE 3HAaUeHHe KoddduiineHTa
TPEHHUS B IPOLIECCE U3HAILIMBAHMUS.
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O EHKA BJUAHUSA TPUPOJABI ITIOJJTOXKXKHN HA MOP®OJIOI' 11O
U CBOVMICTBA IMJIEHOK MOJU®UIIUPOBAHHBIX CONOJIUYPETAHUMU OB
METO/IOM ATOMHO-CHAJIOBO MUKPOCKOIIAN

AnnoTtanus. [IpoBeseHb! HCCIIEIOBAHUS BIUSHUS ITOJUIOKKH HAa CTPYKTYPY M CBOHCTBA IICHOK CONOJINYPETAHUMUIOB
(collYH) ¢ moMomipi0 METOI0B aTOMHO-CHIIOBOM MuKpockonuu (ACM), HaHOMHASHTHPOBAHUS U JIe(pOpPMAIIMOHHO-TIPOY-
HOCTHBIX MCHBITAaHUH. YCTaHOBJIECHO, 4TO MOp¢osorus nosepxHoctu mieHok collYU (P-2300T/IU-P)(COAm) Gonee ogHO-
ponHa o cpaBHeHuto ¢ collYU (P-AItTAU-P)(COMm). IlneHku XapakTepHu3yrTCS KpailHe HU3KOU KECTKOCTHIO (MOIYJIb
ynpyroctu coctasui 3,6-3,7 MIla, npounocts — Huxe 4 MIla). MeToioM HaHOMHJEHTUPOBAHHSI YCTAHOBJICHO, UTO Y NIEPBO-
ro colIYU ogHOBpeMeHHO CYIECTBYIOT Be (ha3bl: IepBas, yCIOBHO Ha3biBaeMas «aMopduoit» (£ = 30—40 MIla), u BTopas
YCIIOBHO Ha3bIBaeMasi «4aCTHYHO ymopsaodeHHoi» (£ = 10-25 I'Tla). Muxpotseprocts ans collYU (P-2300T11-P)COAn
HaxonuTcs B nuanasone ot 2 10 4 Mlla. C momomisio ACM omnpeneneHo, 4T0 HanOOoIbIIasi BETUYMHA CHITBI aIT€3UN U COOT-
BETCTBEHHO y/IeJIbHAs HOBEPXHOCTHAs SHeprus Habmonarores y collYU (P-2300TAU-P)(CO/In). [IpoBenensr MeXaHHUECKHUE
UCIBITaHUsI ¥ MOJy4YeHbl JedopManroHHble KpUBbIe TUIeHOK collY U, HaneceHHBIX Ha pa3Hble momioxku. [lokazaHo, 4uTo
MOPGOJIOrHs U CTENeHb IEePOXOBATOCTH MOBEPXHOCTH IIJIEHOK, OBIBIIEH B IPOLECCE NPUTOTOBICHHS B KOHTAKTE C IOAJIOXK-
KOM, CyIIECTBEHHO 3aBHCAT OT MPUPOABI MOANOXKKH. IlomydeHHbIe Pe3ybTaThl MOTYT OBITH HCTIOIB30BAHBI IS CO3JaHUS
AHTH(PUKIIMOHHEIX ITOKPBITHH, MeMOpaH JUIsI IePBATIOPAI[HOHHOTO BBIJICIICHNST apOMaTHYECKUX YTIIEBOIOPOIOB U3 KUIKUX
cMmeceil anudaTHIecKuX U apOMaTHYECKUX yTIEBOJOPOJIOB, YTO aKTYyaJIbHO ISl HepTEeXMMHUYECKOW TeXHOJIOTHH. J[aHHbIe
CHHTE3MPOBAHHbBIC MaTepHaIbl MOT'YT MPUMEHITHCS B KauecTBe MeMOpaH JJisi pa3/eieH s CMecei ra30B a30T/yTIIEKUCIIbIH
ra3 B LENAX yJIaBIMBAHUS YIJIEKUCIOTO ra3a U3 TOMOYHBIX Ta30B TETJIOBBIX NEKTPOCTAHIUN, KOHCTPYKIIHOHHBIX TEPMO-
3JIACTOILIACTOB THIIA MOJINYPETaHOB A 3D-meuaTn, a Takke MOUIOKEK ¢ KOHTPOIUPYSMOH afre3nei 1Ist yAepKaHus MU-
KPOOOBEKTOB.

KiroueBble ci10Ba: CONMOIMYpETaHUMU/IbI, HAHOKOMITO3UTBI, aTOMHO-CHJIOBAsi MUKPOCKOMHSI, MOP(OJIOTHSI, IIEPOXOBa-
TOCTb, CUJIBI AATE3UU
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EVALUATION OF THE INFLUENCE OF THE NATURE OF THE SUBSTRATE
ON THE MORPHOLOGY AND PROPERTIES OF MODIFIED COPOLYURETHANEIMIDE
FILMS BY ATOMIC FORCE MICROSCOPY

Abstract. The effect of the substrate nature on the structure and properties of copolyurethaneimide (coPUI) films has
been studied using atomic force microscopy (AFM), nanoindentation, and strain-strength testing. It was found that the mor-
phology of the surface of the films of coPUI (R-2300TDI-R)(SODp) is more homogeneous than coPUI (R-AltTDI-R)(SODp).
The films are characterized by extremely low rigidity (elastic modulus — 3.6-3.7 MPa, strength — below 4 MPa). Using
the nanoindentation method, it was found that the first coPUI has two phases simultaneously — one conventionally called
“amorphous” (£ = 30—40 MPa), and the second conventionally called “partially ordered” (£ = 10-25 GPa). Microhardness
for the coPUI (R-2300TDI-R)SODp is in the range from 2 to 4 MPa. Using AFM it was determined that the highest value of
the adhesion force and, accordingly, the specific surface energy is observed in coPUI (R-2300TDI-R)(SODp). Mechanical
tests were carried out and the deformation curves of the coPUI films deposited on different substrates were obtained. It is
shown that the morphology and degree of surface roughness of films that were in contact with the substrate during the prepa-
ration process significantly depend on the nature of the substrate. The synthesized materials can be used in creation of anti-
friction coatings, membranes for the first-generation separation of aromatic hydrocarbons from liquid mixtures of aliphatic
and aromatic hydrocarbons, which is important for petrochemical technology; as membranes for separating nitrogen/carbon
dioxide gas mixtures in order to capture carbon dioxide from flue gases of thermal power plants; structural thermoplastics
such as polyurethanes for 3D printing, as well as substrates with controlled adhesion to hold microobjects.
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BBenenue. /[7151 co3naHust MOTMMEPHBIX MaTEPHAIOB HOBOT'O MOKOJICGHUSI HA OCHOBE MHOTOKOMIIO-
HEHTHBIX CHCTEM HEOOXOJMMO U3y4YeHHE MOP(OJIOrUH, MEXaHUYECKUX W MHBIX CBOHCTB 3THX CHUCTEM
B CyOMHUKPOHHOM M HAHOMAaCIITaOHOM Juana3zoHax. MI3BeCTHO, 9TO MOBEPXHOCTHBIE CIION TIOTMMEPHBIX
00BEKTOB CYIIIECTBEHHO OTIIMYAKOTCS 110 CBOMCTBAM OT X 00beMa. JJaHHBIC CJION UTPAIOT PEIIAFOIIY O
POIb B Pa3IMYHBIX MPHIIOKEHUSIX, 0COOCHHO TIPH UCIIOJIB30BAaHNH B KAaUeCTBE MIICHOK U TMOKPHITHI [1].
B mocnenHue roabl sl UCCIIEAOBAHUS TTOBEPXHOCTH TBEPIOTEIIBHBIX OOBEKTOB YCIICIIHO IMPUMEHSI-
FOTCSI Pa3JIMIHBIC 30HIOBBIC METOBI, CPEIH KOTOPHIX HAnOOJIee MOMYJISIPHBI aTOMHO-CHJIOBAsi MAKPO-
cxorrsi (ACM) u HanounaeHtupoBanue (HUW) [2—4]. TlepBblii ymOMSHYTBI METOA HE 3aMEHUM IIPH
M3YUYCHUH PA3TUIHBIX MOBEPXHOCTHBIX siBIcHH. ACM MO3BOMISET OIIEHUTH HE TOJIBKO IMIEPOXOBATOCTH
MIOBEPXHOCTH, HO M PACIIO3HATH Pa3IMYHbIE JIOKATN30BaHHBIC (ha3bl, BRISBUTH PACIPE/IEIICHNAE CHII TPe-
HUS TI0 TIOBEPXHOCTH U OIICHUTH TPUOOJIOTHYCCKUE XAPAKTECPUCTUKHU MOJUMEPHBIX MaTEPHAJIOB B MU-
KpoO- ¥ HaHOMacITabe.
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MynbTHOI0YHBIE (CErMEHTUPOBAHHbBIE) COMOJIMMEPBI — 3TO OJIOK-COMOIUMEPBI, COACPIKAIIHE KECT-
KUl 6710k MOHOMepa A U ruOKomenHoi monuMepusiid 050k (B)k ([A — (B)k]n) [2, 5]. U3mensis xumuye-
CKYIO CTPYKTYPY ¥ COOTHOIICHHUE KECTKUX U THOKHUX OJOKOB B cononuyperaHumMuaax (collYI), mox-
HO U3MEHSITH CTPYKTYPY, MOP(OJIOTHIO, MEXaHHMUECKUE U TEPMHUUECKUE CBOHCTBA [6—9]. Moandukanus
MynsTHONOUHBIX coll YU BBeeHneM HaHOpa3MEpHBIX J00ABOK yTiiepoja M XaJbKOT€HHI0B HaIlpaBe-
Ha Ha pacllMpeHHe TeMIIEpaTyPHOTrO AUana3oHa uX NpuMeHeHus 0e3 nmotepu anactuaroctH [10].

Hakownen, Ha ocHOBe MynbTHOI0OYHBIX cOollY W mmaHupyeTcs moaydaTh HOBOE MOKOJIEHHE MaTepua-
JIOB — TE€PMOBJIACTOIIIACTHI, 00Ia1al0NIMe YHUKATBHON PE3NHONOI00HON 3TAaCTUYHOCTHIO B HMIMPOKOM
JUana3oHe TemIeparyp U 0osee BBICOKOH TEPMOCTOMKOCTBIO, YeM TEPMOILJIACTHYHBIC MOJIUYypeTa-
HEI [2, 10]. Monudukamus conoJnypeTaHUMHUIOB Ja€T BOBMOXHOCTE CYIIECTBEHHO TTOBBICUTH MHOTHE
WX XapaKTepucTHKHU. Hampumep, nmpuMeHeHre HaHOYacTUI TpadeHa uin aucyibduia Boirbppama mo-
3BOJISIET YIPABIATH TEMJIOCTOMKOCTHIO M IMHAMHYECKHUMH MEXaHUYECKUMH CBOMCTBAMHU MYIJIBTHOIIOU-
HBIX cOIIY U [11]. Bnusate Ha cBoticTBa collYU M0XHO Takke U uepe3 OJ0UHYI0 CTPYKTYPy HOJTuMepa
[12, 13]. B [12] noka3ana, BO3MOKHOCTD [IEPEX0/Ia MEKY JIACTOMEPOM M TEPMOILIACTOM IIyTEM HU3Me-
HEHUS OTHOCUTEIBHOTO COIep)KaHus OJOKOB B MaTepHae.

B nannoii paboTe ¢ TOMOIIBIO aTOMHO-CHIJIOBOM MUKPOCKOITUH, HAHOMHACHTUPOBAHUS U eopma-
[IHOHHO-TTPOYHOCTHBIX HCIBITAHUN OMPEICISIH BIUSHUAE MPUPOIBI MOJI0KKH HA MUKPOCTPYKTYDY,
IIePOXOBATOCTH MOBEPXHOCTH, CHJIBI aJIre3UN M (PU3MKO-MEXaHUUECKHE CBOWCTBA TIEHOK Pa3NYHbIX
MoauduuupoBanHbix col YU, cocToAmmx n3 MaKpoMOJIEKyJI pa3IMuHON ATHUHBL.

Martepuanabl 1 MeTOAbI HccaenoBanusa. O0bekTaMu U3ydeHus ctaiu 1ieHku collY U pasmmyano-
ro cocraBa. B xoze uccnenoBanus onpeaeisii MoppoIOTHIO «CBOOOIHOW» (K BO3IYXY) M «3aMKHY-
TOM» (K MOMIIOKKe) TToBepXHOCTH TuteHOK collYU. Cunte3 collYU ocyrmiecTBisiim Ha OCHOBE JTUAH-
runpuna 1,3-6uc(3',4-mukapOokcu-peHokcn)-o6en3ona (nuanruapua P) n nuamuna 4,4-aMmuHOPEHOK-
cu(audennncynsdon)a (COLn) (Marpuua 50), 4,4-amunopenokcu(audenumna (OADO) ¢ r¢upHbIMH
(hparMeHTaMH Ha OCHOBE aM(aTHUECKOro comoiaudpupa Alt, BTOpHYHO TEPMUHHPOBAHHOTO 2,4-TO-
nyunen-nquusornmanaToM (TAN) u cononumepa (P-TAN2700-Alt-TJU 2700-P)COdn. [Tnenku collYU
(P-ALTAU-P)COAn u (COAn-P-AUtTAU-P-COAn)P conepxar umuanable ¢pparmeHThl P-COJ-P win
P-CO/I-P-CO/I-P, a collYU (P-AItTAM-P)OADO nmeroT B cocTtaBe rerepoapoMaTnyeckue (pparmMeH-
o1 P-OIDO-P. st Bcex Tpex Tumnos colIYU B kauecTBe anudaTnieckoid pa3BsizKu ObLI HCIOIb30BaH
HEOTICHTUIITIINKONb aIUTAT — rekcaMeTUIIeHTTuKoNb anunaT (Mn = 900). [letanu cuHTE3a H3y4aeMbIX
collYU uznoxens! B [11, 12].

HUccnenoBanust MophoIOTHH TTOBEPXHOCTH, IIEPOXOBATOCTH, CHIIBI aJIT€3UU IPOBEIEHBI C UCIOb-
3oBanueM ACM monenu NT-206 (benapycs). [IpuMmeHsann KpeMHUEBBIN 30HI V-00pa3HOro THIA Map-
ku NSCI11 (MicroMasch, Dctonus) ¢ paguycom 3akpyriaeHus 10 HM U jKecTKOCTbIO KoHconu 3 H/m.
JlokanbHble (DM3MKO-MEXaHMYECKHE CBOWCTBA OMNpeAeNsyii Ha HaHowHneHTope Hysitron 750 Ubi
(Bruker, CILIA).

[lo pesynbraraM MeXaHMUYECKHUX HCIBITAHMM Ha yHHUBepcaidbHOM ycTaHOBKe AG-100kNXPlus
(Shimadzu Corp., SInoHus) B pekuMe OJHOOCHOTO PACTSIKECHHUS OMPEACIISIIN MOAYJb yrpyroctu (E),
IPOYHOCTH [PU PACTSUKEHUH (G ), HPEAEIIBHYI0 Ae(pOPMALIMIO 10 Pa3pylIeHust (€,), B 3aBUCUMOCTH OT
peo0IaIaoIero MexaHu3Ma pean3aluu 1e(opMalmoOHHOTO TIpoIecca — MpeelT BEIHYKISHHON dI1a-
CTUYHOCTH (G,) 1100 Ipeaes MIACTUYHOCTH (G,) CHHTE3UPOBAaHHBIX 00pa3LoB. DTH XapaKTePUCTUKU
CpPaBHUBAJIN CO 3HAUYEHUSAMM JIOKAJIBHOIO MOJYJISI YIPYTOCTH, MUKPOTBEPAOCTH, MOITYUYEHHBIMU METO-
noM HU, uTo BniepBbIe MO3BONIIIO TIPOBECTH CPAaBHEHHE MEXaHUYECKUX XapaKTEPHUCTHK TEPMOAIIACTO-
[1JJACTOB HA HAHOMETPOBOM U MaKpOYPOBHSIX.

PesynbTraTel m ux o0cy:xkaenue. Mopdororus moBepxHOocTH IUIeHOK collYUW  marpuiisr
(P-2300TAU-P)(COAn) oxHOpOAHA, €€ MEepOXOBAaTOCTh HAMMEHBINIAsi U3 BCEX MCCIIEOBAHHBIX 00pa3-
oB u cocrapnser 1,1 am. Marpuna (P-AItT/IU-P)(CO/Im) umeeT mepoxoBatocTs 4,6 HM U B pEKUME
JaTepalibHbIX CHUJI COCTOWT M3 KOHTPACTHBIX oOnacTell — MUKpodas, 9To 00yCIaBIMBaEeT ee HEOIHO-
POIHOCTH B OTHOUIEHUH CUJI TPEHUS U aATe3HUH.

PesynbraThl MEXaHWYECKHMX HCHBITAaHWN IIeHOK cerMeHTHOro collYU (P-2300T/IU-P)(CO/An),
[PUTOTOBJICHHBIX METOJIOM OTJIMBKH PACTBOPOB Ha MIIOCKHE MOJIOKKH JIBYX THIIOB — CTEKJIO U TOpO-
JacT, MpuBeAeHHI B Ta0M. 1, a ;ehopManioHHbIe KpUBBIE — HA puC. 1.
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Tab6numnal. Mexanuueckue xapakTepucTuku mienok collYHU (P-2300TAU-P)COdn,
MOJIY4YCHHBIX HA PA3HBIX NOJJI0KKAX

Table 1. Mechanical characteristics of films coPUI (R-2300TDI-R)(SODp) obtained on different substrates

Mogyns ynpyrocTu, IIpenen BEIHYKACHHOM [IpoyHOCTS NpU pacTsIKEHUH, Ipenenshas nepopmanns
Tun nomIoKKu E, MIla 9JIACTHYHOCTH, G, MITa* Gps MIla 10 paspyuICHHUS, €, %
Type of substrate Modulus of elasticity, Limit of forced elasticity, Tensile strength, Maximum deformation before
E, MPa c,, MPa* G, MPa fracture, £, %
Crekio
3,62+0,19 ~0,35 3,8+0,3 148 + 14
Glass
®dTopomtacTt
P 3,76 £ 0,20 ~0,36 3,840,3 139+6
Fluoroplast

*Hepexoz[ yepes npeaei BLIHy)KZ[eHHOfI OJIACTUYHOCTHU TSI MCHBITAHHBIX MAaTCpHaliOB BbIPAXKEH OYCHb cnabo Ha zLe(bop-
MAallMOHHBIX KPUBBIX, IIO3TOMY JJIA 9TON BEJIMYUHBI TMPUBEACHBI JINIIb HpI/I6JII/13PITeHI>HI>Ie, OIICHOYHBIC 3HAYCHMUSI.

*The transition over the forced elasticity limit for the tested materials is very poorly expressed on the deformation curves,

therefore, only approximate, estimated values are given for this value.
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Puc. 1. Jlepopmannonnsie kpussle (@) ucrbiTaHHBIX TuIeHOK colIYU (P-2300TAU-P)CO/In (1 — oTiinBKa Ha CTEKJIO,
2 — oTniMBKa Ha QToporuiact) u nukiIndeckas nedopmanuonHas kpusas (b) mienku collYU (P-2300TAU-P)COLn

Fig.1. Deformation curves (a) of the tested films coPUI (R-2300TDI-R)SODp (1 — casting on glass,
2 — casting on fluoroplastic) and the cyclic deformation curve (b) of the film coPUI (R-2300TDI-R)(SODp)
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CpaBHeHue JeOpMalMOHHBIX KPUBBIX Ha pHC. 1, @ MOKa3bIBaeT, YTO CHHTE3MPOBAHHBIC IMJICHKH
XapaKTepU3yIOTCsA KpalHe HU3KOW KECTKOCTBIO (cM. Tabm. 1, momyne ympyroctu E — 3,6-3,7 Mlla,
IPOYHOCTH G, — HUke 4 MITa). 3aMeTHBIX pasanyuii B CBOHCTBAX ABYX MaTepUaioB, IPUTOTOBICHHbIX
Ha pa3HBIX MOJIOKKAX, HE 3apErHCTPUPOBAHO HU Ha KOJWYECTBEHHOM, HM Ha KaUeCTBEHHOM YPOBHE
(cMm. Tabm. 1). s TICHOK XapaKTepeH IpoIecc OIHOPOTHOrO MehOopMHUPOBAHUS, TIPH 3TOM IIpeodiia-
JAIOIUM MEXaHU3MOM Ae(hOPMHUPOBAHUS SIBIISIETCS, TO-BUJUMOMY, PEajIn3alisl BBICOKOIACTUYHOCTH.
B nonb3y 3T0# rUMoTe36 CBUETENBCTBYET KaK BU/ Ie)OPMAIlMOHHON KPUBOH, TaK U BEICOKAS CTETICHb
o0paTuMocTH JeopMaIiii IPH UCIIBITAHUHN B IIUKJIMYECKOM pexuMe (pactspkeHne odpasma Ha 120 %
€0 cKOopocThI0 20 MM/MUH C MOCIENYIOMNUM HEMEJIEHHBIM BO3BPAaTOM MOABHKHOW TPaBepChl UCTIBITA-
TEJIHHON YCTAaHOBKH B HCXO/IHOE TIOJIOKEHUE C TOU K€ CKOPOCTBIO).

Kax BuaHO M3 mukinyeckor aedopMannoHHON KpuBod (cMm. puc. 1, b), 3 120 % nedopmannu
pacTsbKeHUs, KOTOPOH ObLT moaBepruyT obpasen, aumb 20 % NpUXOAMTCS Ha JONI0 OCTaTOYHOH Jie-
(hopmarny, HEOOpPAaTHMOM HETTOCPEACTBEHHO B Iporiecce ucmbiTanus. ClenyeT OTMETHTh, YTO TOCIe
BO3BPALLICHUSI 32)KUMOB, B KOTOPBIX 3a()MKCUPOBAaH 00pasel, B UCXOIHOE TOJIOKEHHE MpoLecc o0part-
HOM MOJ3y4ecTH MPOAOJIKAeTCs, TaK 4TO Yepe3 15 MUH Hociae OKOHYaHHS 3KCIIEPUMEHTa OCTaTOYHas
nedopmalus CocTaBmiIa y>xke ToIbko 7 %o.

ACM-n300pakenus1 MOp(OJIOruy MOBEPXHOCTH IeHOK Ha ocHose (P-TDI 2700-Alt-TAW 2700-P)CO/mn,
IPUTOTOBJICHHBIX Ha PA3JIMYHBIX MOJJIOKKAX, PUBEICHBI HA PUC. 2, a, d, g, T *Ke (parMeHTHl MOBEPX-
HOCTH B peKHUME JaTepaTbHBIX CHJI Ha pUC. 2, b, e, h, TpoduIn IOBepXHOCTH IIeHOK colIY U moka3aHb!
Ha puc. 2, ¢, f, i. BuaHo, 4T0 MOpPQOIOTHs MOBEPXHOCTH IJICHOK, KOTOpasi HaXOAMJIACh B HEMOCpel-
CTBEHHOM KOHTAaKTE C MOJJIOKKOW B IIPOIIECCe TPUTOTOBIIEHUS, CYIIIECTBEHHO Pa3InYaeTCsl U 3aBUCUT
OT TIPUPOABI MOIOKKH JUIsl TieHOK collY U, momydennsix Ha monuumuaaoi (I1M) mommoxke (a—c),
dTopornnacToBoil (d—f) win CTeKISTHHON (g—i) mo/iokKax. 3HaueHus cpenHel apupmerndeckoit (R,)
¥ CpeHeH KBaApaTHYHOW (R;) mIepOXoBAaTOCTEH MOBEPXHOCTH HCCICAOBAHHBIX 00pA3LOB TaKke 3a-
BUCST OT IPUPOABI MOMJIOXKKH M Bo3pacTaroT B psany IIM-¢ropomnacroBas-cTekIsSHHAS MOMJIOKKH
(puc. 2, ¢, £, i).

Omnpenenenre 3aBUCHMOCTH MOZYJISI YIIPYTOCTH U MUKPOTBEPIOCTH OT TIIyOWHBI BHEIPEHHS METO-
noM HU nst cunTesupoanusix collYU (P-2300TAMN-P)COdm u (P-TAU-Alt-TAM-P)COn mokasano,
YTO JJaHHBIE COMOJIUMEPHI KApAWHAIBHO OTIUYAIOTCS 10 3HAYCHUSIM (PU3UKO-MEXaHUYECKUX XapaKTe-
PUCTHK W BUIYy HX pacrpenenenus [2]. boree mmpokuil nuamna3oH 3Ha4eHUNH MOAYJA YIPYTOCTH Xa-
pakrepen st collYU (P-2300TAU-P)COLn — no 35 I'Tla B moBepxHOCTHBIX cinosix. CollYU (P-TU-
Alt-TAN-P)COAn oTnnyaeTcs CymecTBEHHON OIHOPOAHOCTHIO 3HaueHui (10 4 I'Tla) u BeICOKOH MU-
kpotBeprocThio (mo 0,45 I'Tla). [lupokuit guanma3oH 3HAYEHUH MOAYJISI YIIPYTOCTH TIPHU HEU3MEHHOMH
mukpotBeprocta collYU (P-2300TAU-P)COLAn oObsicHsieTcss HAIMYUEM YaCTUYHO YIOPSIOYCHHOM
(a3bl, Upe3BBIYAITHO YYBCTBUTEIHHOM KaK K YCIOBHSIM CHHTE3a (CKOPOCTH HCIIApEHUsI PACTBOPUTEIS),
TaK U K IOBEPXHOCTHBIM 3¢ dexTam. Takass 4yBCTBUTEIBHOCTD II03BOJISET BAPbUPOBATH JIOKAIU3ALMIO
JaHHOM (ha3bl J0OABKaMH yTJIEPOAHBIX HamoHUTeNnel. Hanbonpine n3MeHeHnsl B yIpYTUX CBOUCTBAaX
matpuist (P-2300TJU-P)COAn Obimu panee oOHApYKEHbI HAMH MU go0aBineHnn 1 mac.% onHOCTEH-
HBIX yTIepoaabix HaHoTpyOok (OCYHT) [2].

YcranosieHo, uto y collYU (P-2300TIH-P)COAn omHOBpEMEHHO CYIIECTBYIOT JBe (ha3bl — YCIOB-
HO Ha3bIBaeMas «amopduoii» ¢ £ = 30—40 MIla u yciioBHO Ha3biBaeMas «4aCTUYHO YHOPSIOUCHHOW)
¢ £ =10-25 I'Tla. IlockonbKy 1o JaHHBIM PEHTT€HO(A30BOT0 aHAIH3A TaHHBIE TUICHKHU SBIISTFOTCS aMopd-
HBIMH, CYIIECTBEHHBINH POCT e(OPMaLMOHHO-IIPOYHOCTHBIX CBOICTB Ha rnyoune oT 1000 mo 4000 um
MOXHO CBSI3aTh C YACTUYHBIM JIOKAJIBHBIM yHopsaodeHueM ¢a3. Ha 3aBHCUMOCTH MOAYISl yIIPYyTOCTH
OT riIyOMHBI BAABIMBAHUS B Marepuall NPUCYTCTBYIOT JBE KPHUBBIX — HA IMOBEPXHOCTH pacrojara-
eTcst MeHee yrpyras ¢asa, a B riyoune — Oonee ynpyras. [Ipuy 5ToM MHUKPOTBEPAOCTH sl MATPULIBI
(P-2300TIM-P)CO/dm mMeeT oqHOMOTAIBHOE pacIIpeiesieHrne co 3HadeHUAMH oT 2 10 4 Mlla [2].

PesynpraTel Mexannueckux ucnbsitTanuit ieHok collYU (P-AItTAN-P)COAn u (COAn-P-AltT/IU-
P-COAm)P, conepxamux umuansie ¢pparmentsl P-COA-P unu P-COA-P-CO/-P, a taxxke collYU
(P-AItTAU-P)OADO c rerepoapomarrueckuMu pparmentamu P-OADPO-P u anudarnyeckoil paspss-
KOM HEONEHTUJITIIMKOIb auIaT — FeKCaMeTHIICHIIIMKOIIb agunat (Mn = 900), monyueHHBIX Ha pa3HbIX
HOUIOKKaxX — Ha cTekie u [IM-tuienke, npuBeneHs! B Ta01. 2, a JeopMaOHHbIE KPUBBIE TOKa3aHBI
Ha puc. 3.
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Puc. 2. ACM-u300paxxerus Mmophonoruu (a, d, g), B pexKIMe JIaTepalIbHBIX CHll (b, e, h) u podueii (c, f, i)
noBepxHoCcTH miIeHoK collYU na ocuose (P-TAU 2700-Alt-TAU 2700-P)CO/I-nt mocyie KOHTaKTa ¢ MOTUUMHUIHON

MOIOXKKOH (@—¢), ¢ PTOPONIACTOBON MOIIOKKOH (d—f) M CO CTEKIITHHOM MOITI0KKOM (g—i)

Fig. 2. AFM images of morphology (a, d, g), in lateral force mode (b, e, &) and profiles (c, £, i) of the coPUI films based
on (R-TDI 2700-Alt-TDI 2700-R)SODp after contact with a polyimide substrate (a—c), with a fluoroplastic substrate (d—f)

Tab6numa?2. ledpopManmoHHO-NPOYHOCTHBIE XaPAKTEPUCTUKH MIeHOK collY U,
MOJY4YeHHBIX HA PA3HBIX MOAJI0KKAX

and with a glass substrate (g—i)

Table?2. Deformation and strength characteristics of films of coPUI obtained on different substrates

CocraB Toniuua, MKM E, I'lla G, MIla Cps MIla o
Composition Thickness, pm E, GPa c,, MPa G,, MPa Ep 70
(P-AtTAU-P)CO/lnm — cTekiio " " " i
(R-AI-TDI-R)SODp - glass 180 1,02 + 0,07 53+3 64+4 357+ 46
(COAn-P-AltTAN-P-COAm)P — crekmno N N N "
(SODp-R-AItTDI-R-SODp)R — glass 88 1,22£0,05 70£2 60+4 80+ 11
P-CO/]
+ + + +
R-SOD 45 2,01 £0,14 107 £5 104 £ 6 44 + 17
(P-AITAN-P)OADO — crekino
(R-AITDI-R)BARB - glass 112 0,85 +£0,05 36+ 1 59+2 376 + 28
(P-AITH-PYOLI®O —nouumnn 142 0,80 + 0,08 3542 53+3 353 +26

(R-AltTDI-R)BARB — polyimide
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Puc. 3. lepopmanronnbie KpUBBIC (@) CHHTE3UPOBaHHBIX TUIeHOK colIY U (1, 2 u 3 — oTiiMBKa Ha CTEKJIO,
4 — oTNIMBKA HA MOJMUMUIHYIO IUICHKY) U AedopmanuonHas kpuBas (b) menku P-COlm, oTauTON Ha CTEKIO0

Fig.3. Deformation curves (a) of synthesized coPUI films (1, 2, and 3 — cast on glass, 4 — cast on polyimide film)
and the deformation curve (b) of the R-SODp film cast on glass

Bce Tpu Tuma ucnpITaHHBIX MaTepUasioB, B oTiaudue oT mieHok collYU (P-2300T/IU-P)(CO/dn),
XapaKkTepHU3yIOTCs MPEUMYIIECTBEHHO IUIACTUYECKUM XapaKTepoM aeQOpMAIlIOHHOTO TTOBEICHHMSI
(cm. puc. 3, b). Ha nedopMalimoOHHBIX KPUBBIX BCEX 00pa3IoOB SCHO BUJEH BBIPAKEHHBI MAaKCUMYM —
npeen MIACTUYHOCTH, TIOCKe Mepexo/ia uepe3 KOTOphId B oOpasiie MosBuiachk Iielka. JlanpHeiiiee
neGopMUpoBaHUE MPOTEKAJIO MyTEM PacIpOCTpPaHEHHs MWK BIOJIb 00pasua, BIUIOTH 10 BETMYUHBI
nedopmaruu 100-120 %. Cyns mo nedopMalMOHHBIM KPHBBIM, MOJKHO TIPEANONOKHUTH, YTO CTPYKTY-
pa obpasua (COAn-P-AltT/IU-P-CO/lm)P naubosnee rereporenna. B mporecce nehopmupoBanus uc-
cieyemMoro oOpasia HabIIIaI0Cch OCIeA0BaTeIbHOE 00Pa30BaHNE HECKOIBKUX IICEK B PA3TUYHBIX
ceueHHsIX 00pasia (Mmociae0BaTeNIbHbIC CKAUKK HAMPSOKEHUS Ha 1e()OpMAIIMOHHON KPUBO) ¢ UX I10-
CIICYIOLIMM paclpocTpaHeHueM 4yepe3 o0pasel] HaBCTpedy Apyr Apyry. UMeHHo Ha 3ToM sTane Je-
¢dbopmupoBanus npoucxoauio paspyuenue oopasua (COAn-P-AltTAN-P-COAn)P.

Oo6pasen (P-AItTAU-P)OADO nedopmupoBaicss HECKOJIBKO 00JIee OJHOPOAHO, TpH JehopMaIusiX
BoIIe ~ 120 % oTMeuasock 3aBepIIeHre MPOIeCCOB pACIPOCTPAHEHUS MIEHKH 1 TIEPEX0/l K CIeAYIoIIe-
MY YYaCTKy — Y4acTKy Je()OpPMaIMOHHOTO YIIPOYHECHUS MaTepuaa: HaOIroaancs onpeelieHHbIA poCT
HAOPSOKEHMS 110 Mepe 1e(hOPMHUPOBAHHMSL.
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st cpaBHeHus B Ta01. 2 BKJIIOYEHBI MTOJyYeHHBIE paHEee JaHHBIE [0 CBOWCTBAM IJICHOK TTOJIMUMU-
na P-CO/lm, a takske Ha puc. 3, b npuBeaeHa neopManMOHHAs KPUBas TAKOH MJICHKH.

AHanN3 MOMy4YEeHHBIX Pe3yIbTaTOB MOKA3aJl, YTO BBEICHHUE B 2JIEMEHTAPHbIE 3BEHbS MOJIMMEPa aJlu-
(daTudecKux pas3Bs30K ¢ HU3KOH MoJjIeKyJisspHoi Maccoit (Mn = 900), mpuMepHO paBHOM Macce reTepo-
apoMaTH4YecKnX (parMeHTOB, IPUBOIUT K MPHOIH3UTEIBHO JIByKPATHOMY CHIKEHHIO MOAYJIS YIIPY-
TOCTH W IpeJielia MIACTHYHOCTH MaTepuala Py COXPAaHEeHHH KaueCTBEHHOTO XapakTepa JedopMaliu-
OHHOTO TIpoIiecca.

VYeranosneno, uro mieaka (P-AIUTAN-P)OADO, conepxamas ¢pparmentsl P-OJ1DO-P, sBHO Me-
Hee xectkas, yeM (P-AItT/IN-P)CO/dn u (COAn-P-AltTAU-P-COAn)P (3Hauenus £ u G, ONpeaeIceHHO
HIKE), 7eOPMAIIOHHBIN MTPOIIECC HOCUT MEHEee BBIPAKEHHBIN TUIACTHYSCKHUI XapaKTep — yYacTOK Je-
(hopMaIMOHHOTO YIIPOYHEHUSI HAUMHASTCs yke pu aedopmarusix ~ 50 %. 13 aAByX III€HOK, couepika-
mmx gparmentsl SO,, obpazen (COLAn-P-AItTAN-P-COLn)P asnsiercst Oomnee kecTKUM, YeM 00pasel
(P-AItTIU-P)(COm), conepxamuii 60yiee KOPOTKHE TeTepoapoMaTHIeCKue (YparMeHTHI.

[IpoBeneHHbIe MEXaHMYECKUE UCIIBITAHHS HE BBISBUIN 3aMETHOTO BIUSHUS THUIA MOMJIOKKH, HA
KOTOpYI0 oTuBasu rieHkn collYU (crekxno, [TH-nnenka, proporuact), Ha MeXxaHU4YeCKHe XapaKTepu-
CTUKH TIOJTYYCHHBIX MaTepHAaJIOB.

Hccenenosanus anre3noHnbIx cui (F, ), yleIbHOM MOBEPXHOCTHOM S9HEPI UM (Y) M OTHOLIECHUS a/Ir €31~
OHHBIX CHUI K TTOIIAIH KOHTAKTA (S collYU (P-AItTAU-P)(COdm) u colIYU (P-2300TIN-P)(CO/m)

KOHT)
npoBoamin MetoroM ACM B niporiecce CKaHUPOBaHHUS MOP(HOJIOrMH OBEPXHOCTH (Tabi1. 3).

Tao6nuua 3. PesyrbraTsl, noayyeHnsie Metogom ACM
T able3. Results obtained by AFM method

[apaverp colTYU (P-AItT/TU-P)(COMIm) | colTYU (P-2300T/TU-P)(COIm)
Parameter coPUI (R-AITDI-R)YSODp) | coPUI (R-2300TDI-R)(SODp)
Harpyska, HH
Load, nN 100
F,.H . —
Adhesion strength, N 2,68 10 4,53-10
v, H/m o .
Specific surface energy, N/m 1,77 - 10 2,99 - 10
FEJ/SKOHW H/M2
Relationship of adhesive forces to 8,23 - 10* 1,39 - 10°
contact area, N/m?

CpaBHeHHUE pe3yIbTaTOB UCIBITAHUI MMOKA3bIBACT, UTO aAI€3HOHHBIC CHUJIBI IOUTH B 2 pasa Oonblie
y marpuiibl collIYU (P-2300TJM-P)(CO/m).

3akmouenne. [IpoBeneHbl UCCneOBaHUS BIUSHUS MOJJIOKKH Ha CTPYKTYPY M (PH3HKO-MEXaHHU-
YecKHe CBOWCTBA TUIEHOK COTMOJNYpEeTaHMMUIOB. B KauecTBe METOJO0B MCCIEOBAHUS MCIOJIB30BAIH
ATOMHO-CHJIOBY 0 MUKPOCKOITHIO, HAHOUHICHTUPOBAHHE U JIe()OPMAIIMOHHO-TIPOYHOCTHBIE UCTIBITAHMSL.

IToxazano, uTo Mopdoorus moBepxHocTH MwieHok collYU (P-2300TAU-P)(COdn) 6o1ee ogHOpOI-
Ha 1o cpaBHeHUIO ¢ colIY U (P-AItTI-P)(CO/dm). [Ipu cpaBHeHNH MehOpMAITHOHHBIX KPHBBIX YCTAHOB-
JICHO, YTO TICHKH XapaKTepU3yIOTCs KpaifHe HU3KOW KECTKOCTHIO (MOIYIh yrpyroctu — 3,6-3,7 Mlla,
MpoYHOCTh — Hike 4 Mlla). MeTomoM HaHOMHIEHTUPOBAHUS OMpPEENIeHO, 4To y TiepBoro collYU ox-
HOBPEMEHHO COCYIIECTBYIOT JiB€ (ha3bl — OJ{HA, YCIOBHO HasbIBaeMas «amopgHoi» (E = 30—40 Mlla),
U BTOpasi, yCJIOBHO Ha3bIBaeMasi «4acTUYHO ynopsaodeHHoi» (£ = 10-25 I'Tla). MukpoTBepaocTh AJis
collYU (P-2300TAM-P)CO/ln nMeeT ogHOMOAAIBHOE pacipeaeiicHie o 3HaueHusM ot 2 g0 4 MIla.
Metonom ACM ycTaHOBIIEHO, YTO HAUOOJIbIIAsI BETUYMHA CHIIBI aJIT€3UH U COOTBETCTBEHHO YACTbHAS
MOBEpXHOCTHAs SHeprus HabOmtonaercs y collYU (P-2300TJU-P)(COdm).

IIpoBeneHbl MEXaHHMYECKHE NCTIBITAHUS U TIOTYYeHbI Ie(pOpMallMOHHbIe KpUBBIE 1S T1eHOK col Y U,
MPUTOTOBJIEHHBIX HA Pa3HBIX MOasIoKKax. [lokazano, 4To MOp(doIOTHs M CTENeHb MIEPOXOBATOCTH TO-
BEPXHOCTH IIJICHOK, OBIBIIEH B MPOLECCE IPUTOTOBJICHUS B KOHTAKTE C IOAJIOKKON, CYIIECTBEHHO 3a-
BUCSIT OT HPUPOABI MOJJIOKKH.

Ilomy4yennble pe3yabTaThl TOKA3BIBAIOT, YTO TAKWE MaTepUaJIbl BEChMA MTEPCIIEKTUBHBI I TPUMe-
HEHHsSI B a9POKOCMHUYECKOW TEXHHKE, CyJI0- U aBTOMOOMIICCTPOCHUH, MUKPOIIEKTPOHUKE, MEMOpaH-
HBIX TEXHOJIOTHSX.
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Opuzuﬂaﬂbﬂa}z cmamov

I'. b. MeabHukoBa*, A. A. MaxaHnék, C. A. Unkuk

Hnemumym menno- u maccoobmena umenu A. B. Jlvikosa Hayuonanvhoti akademuu nayk berapycu,
ya. I1. Bpoexu, 15, 220072, Munck, Pecnyboauxa berapyce

HEPA3PYIIAIOIAY KOHTPOJb MEXAHUYECKHUX CBOHUCTB
U TOJIIUHBI IJEHOK JEHIMIOPA-BJIOJI2KETT METO/J10M
CTATUYECKOUN CUJOBOU CIEKTPOCKOIIUU

AHHOTanus. PaccMOTpeHbl MEXaHMKO-MaTeMaTHYECKHE MOJEIH JUIsl pacyeTa (GH3MKO-MEXaHHYECKHUX CBOHCTB OJHO-
1 MHOTOCJIOIHBIX MaTepHaOB HAHOMETPOBOH TONIIMHEL, BEIOOPAa TOYKU KOHTAKTa C y4E€TOM THIA B3aUMOAEHCTBUS KaHTHU-
JeBepa ¢ MOBEPXHOCTHIO MaTepHalia, X MPeuMyIecTBa U HepocTaTku. Iloka3aHa BO3MOXKHOCTE pacueTa TOJIIUHBI MHO-
TOCIIOMHBIX MaTepHAJIOB MyTeM pelleHHs oOpaTHON 3anaun. PazpaboTaHa MeTOIMKA HEPA3PYIIAIOMIET0 KOHTPOIS MOAYIIS
YHPYTOCTH M TONIIMHBI MI€HOK JIenrMiopa—biomkeTT Ha OCHOBE MONMMETHIMETAKpUANaTa MO JaHHBIM CTaTUYECKON CH-
JI0BOM MHUKpOCKONHU. MeTOI0M aTOMHO-CHIIOBOH MHUKPOCKOIIMH ITPOBEAEH aHAIU3 CTPYKTYPBI M JJOKATbHBIX (HU3UKO-MeXa-
HUYECKUX CBOWCTBA MIIeHOK JIeHrMiopa—bioakeTT Ha OCHOBE MONMMETHIIMETAKPUIATa U KOMIO3UIIMOHHBIX, COAEPKAIIUX
41,7; 83,3; 167; 333 monb HanouacTul SiO, u3 pacuera Ha 1 Moiab noaumMepa. Pazpabortana nporpamma AFMI juist ananu-
3a JaHHBIX CTATMUYECKOH CHUIIOBOH CIIEKTPOCKOMMHM, B KOTOPOH peasn30BaH BEIOOP TOUKHM KOHTAKTa 10 MoJenu J[»oHcoHa—
Kennenna—Pobeprca (JIKP), peanusoBan pacueT 3HadeHUit Moayss ynpyroctu no moaenu Iepua, JIKP, Croo—Mupanna,
MaxkymkrHa u Menmuka. IIpoBeneHo cpaBHEHHE PACUETHBIX 3HAUCHUI MOAYNIS YNPYTOCTH M TOJIIMHBI IMOKPBITUN
C UCIOJIb30BAaHUEM BBILICYKAa3aHHBIX MOJeNel. YCTaHOBJICHO, YTO 3HAYEHUS TOJIIUHBI IJICHOK, PACCYUTAHHBIC 110 MOAEIH
MakyuikrHa, KOppeIupyIoT ¢ SKCIePUMEHTAIbHBIMHI JAHHBIMH, T0JIyYEHHBIMU [Ty TeM CO3JJaHUsI HCKYCCTBEHHOTO ie(eKTa
B 1ieHKe. [lomydeHHbIe pe3ynbTaThl aKTyaJIbHBI U1l TUarHOCTUKY M aHAJIN3a CBOWCTB HOBBIX (DyHKIIMOHAIBHBIX HAHOMATE-
pHAJIOB.

KuroueBble cjioBa: aTOMHO-CHJIOBAasi MUKPOCKOIUS, HAHOIUIEHKH, TexHoJorus Jlenrmiopa—binomxert, Mmexanuueckue
CBOWCTBA, TOJIIMHA

BuaarogaprocTn: padora BbINONHEHA ITPHU (UHAHCOBOW nojaep)xke ['0cyaapcTBEHHOI MporpaMMBbl Hay YHBIX UCCIIEHO0-
BaHUI « DHEPreTUYECKUe U s1IepHbIe IpoLecchl U TexHonoruuy Ha 2021-2025 roasl, noamnporpamMmma « JHepreTuYecKue mpo-
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NON-DESTRUCTIVE TESTING OF MECHANICAL PROPERTIES AND THICKNESS
OF LANGMUIR-BLODGETT FILMS BY STATIC FORCE SPECTROSCOPY

Abstract. Mechanical and mathematical models for calculating the physical and mechanical properties of single- and
multilayer materials of nanometer thickness, selecting the contact point taking into account the type of interaction of the can-
tilever with the surface of the material, their advantages and disadvantages are presented. The possibility of calculating
the thickness of multilayer materials by solving the inverse problem is shown. The structure and local physical and mechani-
cal properties of Langmuir—Blodgett films based on poly(methyl methacrylate) and composite films containing 41.7; 83.3; 167,
333 mol of SiO, nanoparticles per 1 mol of polymer were analyzed using atomic force microscopy. The AFMI1 program has
been developed for analyzing static force spectroscopy data, which implements the selection of the contact point according to
the Johnson—Kendall-Roberts (JKR) model, and the calculation of the elastic modulus values according to the Hertz, JKR,
Hsueh—Miranda, Makushkin, and Mencik models. A comparison of the calculated values of the elastic modulus and coating
thickness was carried out using the above models. It was found that the film thickness values calculated using the Makushkin
model correlate with the experimental data obtained by creating an artificial defect in the film. The results obtained are rele-
vant for diagnostics and analysis of the properties of new functional nanomaterials.
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Beenenue. VccnenoBanne GuU3NYeCKUX CBOMCTB IJIEHOK HAHOMETPOBOH TOJIIIUHBI BHI3BIBAET OOJTh-
IIOM WHTEPEC B CBSI3U C MIMPOKHUM CIIEKTPOM WX MPUMEHEHHS M HEOOXOJUMOCTHIO OIIEHKH IKCILTyaTa-
OHUOHHBIX CBOMWCTB B IMponecce MCIIO0JIb30BaHUA. OnpeneneHHe TOJIIIMHBI TOHKUX IIJICHOK aKTyaJIbHO
IIPU COBEPIICHCTBOBAHUY MPOU3BOACTBEHHBIX MPOIECCOB C IEIBIO TMOBHIIICHUS KAYECTBA U YKOHOMHU-
4yecKor IPPEKTUBHOCTH TTIPOU3BOIUMBIX MaTEPHAIIOB.

Meton aToMHO-CHIIOBOM MUKpockonuu (ACM) BBICTynaeT yHUBEpPCAJIbHBIM MHCTPYMEHTOM JIJIS
HEPA3Pymaromero KOHTPOJId MEXaHNYCCKUX CBOWCTB U TOJIIMUHBI TOHKUX IIJICHOK. OcHOBHBIE JOCTO-
WHCTBA JIAHHOTO METOJa: BHICOKOE pa3pellieHue, MUHUMAaJIbHBIC TPEOOBaHUS K MOJATOTOBKE 00pa3IoB
W Hepazpyliaromuii xapaktep uccienoanus. ACM 1o3BoisieT NONydnuTh HHGOpMauo 0 MopgoIio-
THYECKUX XapaKTePUCTHKaX TUICHKH, B TOM YHCJIE €€ OJHOPOJHOCTH M HAJMYUU MOTEHITHATBHBIX Jie-
¢dextoB. B otnmuuue ot npodriiomerpuyeckoro metoga ACM naeT He TOIBKO OAPOOHYIO TPEXMEPHYIO
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Tororpaduyeckyro nHPOPMALIHIO, HO U pacnpeaeicHne PU3NKO-MEXaHMUECKUX XapaKTePUCTHK TI0 T0-
BEPXHOCTH (KapTorpadupoBanue GU3NIECKUX CBOMCTB TIOBEPXHOCTH).

B nuTeparype npuBOAUTCS HECKOJIBKO CIIOCOOOB OMPECIICHUS TOMIIMHBI TOHKUX IIEHOK METOIOM
ACM. MeTtox «11apamanus» BKIIOUAET JIBa ATAla: CO3JaHNe HCKYCCTBEHHOTO JepeKkTa B IIICHKE My TeM
MIPUKJIAIBAHUS MAaKCHMaJIbHON HATpy3KH 30H/a HA TIOBEPXHOCTH 00pasiia W MOCJeayIoIee n3Mepe-
HUE COOTBETCTBYIOILIEH BBICOTHI CTYIEHBKH Ha OTKPBITOM Kpato. OOpaser He TpeOyeT nepeMereHus,
MOCKOJIBKY apanaHue ¥ U3MEPEHUs BBITIOTHSIOTCS C TIOMOIIBIO OTHOTO U TOTro ke mpubopa. lannas
METOJIMKa MIMPOKO MPUMEHHMA, OJHAKO MMEET P/ OrpaHHYEHUH: TIIEHKA JOJDKHA 00JajaTh MEHB-
miel KeCTKOCTBIO 10 CPAaBHEHHUIO C MOJJIOKKAMH U KPEMHHUEBBIM 30HI0M, HEAOCTOBEPHOCTH KOHTPOJIS
«TIpolapamnbIBaHUsD» 0 TOI0KKH u 1p. [1-3].

Pexum «cTaTudecKkoi CHIIOBOW CIIEKTPOCKONTUMY (HAHOMHACTHPOBAHH ) aTOMHO-CHIIOBOTO MUKPO-
CKOTla Ha OCHOBAHHMH CHJIOBBIX KPHBBIX 3aBHCHMOCTH M3TH0a KaHTHIJIEBEpa OT AedopManuu odpasua
MO3BOJISIET MONTY4YaTh WHPOPMALMI0 00 YNPYTUX, BI3KOYNPYTHX MM TUIACTUYECKHX XapaKTepPHCTHU-
KaxX MaTepHalia, a IMEHHO: OCYIIECTBISATHh KOJIMYECTBEHHOE OIpEeJeIeHne BEIUYHHBI JeOopMaIlii,
XKecTKocTH, Monyiist FOHra, aaresnn obpasua, JUCCUTIAIMN SHEPTUHU B ITPOLecce HAHOUHICHTHPOBAHU S
IIPH YCIIOBUU KOPPEKTHOTO BBIOOPA MOJICIH JIJIsl OLICHKH YIPYTUX XapaKTepUCTHK MaTepuana. Bo Becex
CITydasx TpU U3MEPEHUH MEXaHMYEeCKIX CBOMCTB CTEIIEHb B/IaBIIMBAHUS 3aBUCUT OT PaJINYCOB KOHTAK-
Ta U KPUBU3HBI KAaHTUIIEBEPA, a TaKXKe OT CUJBI anre3uu [4]. [IpunokeHHas cuiia HAPSMYIO CBsI3aHa
C OTKJIOHEHHEM KaHTHIIeBepa 1o 3akoHy ['yka.

Lenv pabomer — pazpaboTKa METOJUKH HEPA3PyILIAIOIIET0 KOHTPOJISI MOAYJIsl yIIPYTOCTH U TOJIIH-
HBI TUIEHOK JleHrMiopa—biokeTT Ha OCHOBE MOJTMMETHIIMETaKpHUalaTa Mo JaHHBIM aTOMHO-CHIIOBOH
MHKPOCKOTTHH.

MexaHuKoO-MaTeMaTHYeCKHe MOAeJH UIs pacueTa MeXaHHYeCKHX CBOHCTB MAaTepPHAJIOB.
Kunaccuueckas teopust (Monenb ['epiia) onuchiBacT MEXaHHYECKUH KOHTAKT UJICAIbHO YIIPYTUX TeIl IPH
OTCYTCTBUM WJIM MUHUMAJIBHOM aJr€3MOHHOM B3auMmoaeicTBuH [S]. [IpyHUMaOT, 4TO BEIUYUMHA MO-
IyJis yIpyTOCTH 30Ha 3HAYUTENIbHO OOJIbIle, YeM MOIYJIsl yIPyTOCTH MaTepuaia oopasiua, a moBepX-
HOCTBH 00pa3iia B TOUKE KOHTAKTa sBJIsieTcs TIockoi. Monenb CHellJioHa MO3BOJISIET YUUTHIBATh (hOpMy
WTJIBI TIPY pacyeTe MOMYIS YIIPYTOocTH, a hopma ACM 30H7a anmpoKCHMHUPYETCs KOHycoM [6].

BcrnencrBue Heydera aAre3MOHHOTO B3aMMOICHCTBHS, a TaKKe BIUSHUS KECTKOCTH TMOIJIOKKH
3HAYEHUsI MOJYJISI YIIPYTOCTH TOHKHX TIOJIMMEPHBIX MJICHOK HA MaJIbIX INTyOWHAX BHEIPEHUS KaHTHIIE-
Bepa MOIYUYaloTCs 3aBBIIICHHBIMH, YTO 3aTPYAHSAET HHTEPIPETAIUIO JAHHBIX U3MEPEHUH.

Jl1s1 yueta mOBEpXHOCTHBIX CHJI pa3sinuHoOM npupoas! (Ban-nep-Baanbca, kanmiispHble, 31€KTpo-
CTaTHYECKUE, MATHUTHBIC U JIP.), B OOIBIICH CTETICHH CHUJIBI aATE3UH MEX Y 30HI0M U 00pa3oM BOJIH-
31 00J1aCTH UX KOHTAKTa, 3aBUCAIINX HE TOJIBKO OT XMMHUYECKOTO COCTaBa MaTepuaja 30Ha U o0pasiia,
HO M OT CBOMCTB OKpY’Karoleil cpelbl, ucrnonb3ytorces monenu Jxxoncona—Kenaenina—Pobeprca (mMo-
nens AKP) [7] u Hepsrura—Mromnepa—Tomoposa (Mogens JIMT) [8]. Mogemu JIKP u IMT sBasroTcs
MpeaeNbHBIMU CIIy4asiMU €IUHON TEOpHH, MPUMEHUMOCTh KOTOPBIX OMPEAESeTCS XapaKTEepPHbIM Ia-
pamerpom — kodpdunrentom Teitbopa (T). Moxens JIMT npumennma, xorna T < 0,08, a IKP — ecnu
T > 5 [9]. B obmactu mpoMeXyTOUHBIX 3HAUCHHH KodddunuenTa Tefibopa mpuMeHnMa Momeas Maxu
[10]. B paMkax 3TOH MOAEIN MOBEPXHOCTh KOHTAKTa pa3AesicHa Ha JBE 00JacTH, B OJHOW M3 KOTOPBIX
KOHTAaKTHOE JIaBJICHUE ONHUChIBaeTcs Teopuel I'epua, a Bo BTopoil — Teopueit Jarmsiina uis aare3nox-
sHoro Hamnpspkerus. K. JI. JIxoncon u JIx. A. ['puHByn rpaduyeckn oToOpas3miik quana3oHbl IpUMe-
HUMOCTHU Pa3IMYHBIX MOJEJNe KOHTAKTHONH MEXaHWKHU JJIsI KOHKPETHOH SKCIepUMEHTalbHOH CHCTe-
Mol [7]. Tlpu nedopmanuu o0Opasia B MIACTHYSCKOM PEKHMME HCIOJIb3YIOT Mojesib Onusepa—Ddappa
(anre3smoHHOE B3aUMOJICHCTBHE MEX/TY HHIACHTOPOM U ITOBEPXHOCTHIO0 00pa3iia He YYUTHIBACTCS).

B nuteparype mpuBOAMTCS ellie A aHATUTUYECKUX M YUCICHHBIX Mojesel: bépnema—Kontona—
[onnoka, Kapnuka—Ornetpu—Canmepona, [lerpementa—Tpoiiona, Cana n Mayruca—/larmiina, — KoTo-
pBI€ YUYHUTHIBAIOT Pa3HbIEe THUIIBI BIUSHUS Ha 3HAYCHUS YIIPYTOCTH MaTepuaa (are3noOHHOe B3auMOIeH-
cTBHE, (popMa KaHTHIIEBEPA, )KECTKOCTD MOAJIOKKH | Jp.). OHAKO B MPEACTaBICHHBIX MOJCISAX HE TPU-
HHMAeTCsl BO BHUMAaHKE POJIb MOJIEKYJISIPHBIX XapaKTePUCTHK MaTEPHUaJioB, KOTOPBIE MOTYT OKa3bIBaTh
CYILIECTBEHHOE BIIMSHUE HA YIIPYTUH MEXaHUYECKHUI OTKJIMK TOHKUX ITOJIMMEPHBIX TUICHOK C TTOJIJIOKKOH.

B ciy4ae TOHKHMX IJIEHOK B COOTBETCTBHM C IpaBHJIoM bakia riyOnHa MPOHUKHOBEHHS 30H[A
B oOpasen goykHa ObITh Menee 10 % oT oOmield TONIIMHBI MJIeHKH. Tak, IPU UCIOJIb30BAHUU 30HJIOB,
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MoAM(UUIMPOBAHHBIX Cc(hEepUUecCKUMHU YacTULAMU AuaMmeTpoM 570 HM, HaOmromanu oOyCIOBIEHHOE
BIIUSTHUEM TOJJIOKKH TOBBIIICHUE MOIYJISl YIPYTOCTH CTEKJIO00pa3HBIX NOJTMMEPHBIX IJICHOK TOJNIIH-
Hoii ~ 300 HM TI0 CpaBHEHHIO ¢ 0OBEMHBIM MTOBEIEHNEM TP T1yOnHe BHeApeHus 3 HM. CyIiecTBeHHOe
MIPEBBINICHUE OTHOIICHHS Pajiyca KOHTAaKTa 30HJa C 00pa3IoM, MPOMOPIIMOHATIBHOTO TIyOHHE MPo-
HUKHOBEHHUS M pa3Mepy 30HJa, K TOJIMMHE IeHKH (> 0,1) MOXKET MPUBECTH K 3aBBILICHUIO MOJYJIS
YIPYTrOCTH MOJIMMEPHBIX MIJICHOK, 3aKPEIJIEHHBIX Ha KECTKOM MOJJIOKKE. DTO O3HAYAET, YTO JAaKe PU
OJMHAKOBOW IITyOMHE MHICHTHPOBAHMSI MOT'YT OBITh OYUYEHbI Pa3IMYHbIC JaHHbIE 00 N3MEHEHUH MO-
IyJis YIPYTOCTH B 3aBUCUMOCTH OT TOJILIMHBI Ja)Ke IPU UCIIOJIb30BAHUH 30H0B C Pa3HBIMU 3HAYEHU -
MH paguyca KpuBu3HH [11, 12].

MuHuMHU3aMsT BO3MOXXHON OIIMOKH TP ONpeNieIeHUH MOYJISI YIIPYTOCTH (TUCTIEpCHsl 3HAYCHU I
MOJKET COCTaBIATH 110 + 25 % [13]) mocTuraercs myTeM OnpeaesieHus TOYKH KOHTAaKTa C YY4ETOM pas-
JWYHBIX CUJI B3aUMOIEHCTBHS MEXIy KaHTUJICBEpOM M oOpasnom. B [14] mpemnoxen 3P heKTUBHBIT
aJITOPUTM OTpPEAETIeHNUsI TOUYKM KOHTakTa — anroput™ Kpuka m ero momudukamnus. Ilpu paspaborke
9TOr'0 METOJa aBTOPbHI UCIIOJIb30BAM PEUICHNEe KOHTAKTHOM 3aa4y JJIsS 30Ha KOHYCOMAanbHOH (op-
MBI CO ChepUIECKHUM HAKOHEUHHUKOM.

OmnpezneneHre MOAYNsl YNIPYTOCTH MHOTI'OCIOMHBIX MaTE€pHUajioB W TOJIIMHBI IUICHKH BO3MOXKHO
¢ ucnosb3oBanueM mozenu Cros—Mupanpa [15], B koTopoil Mopynb ynpyroctu muieHku (E.) paBeH
poU3BeAEHHUIO 3(GEKTUBHOIO MOIYJS YIPYrOCTH KOMIO3UTHOro Marepuana (E;) U MONPaBOYHOTO
ko durmenta (o ):

E = oflEeﬂv. )

B cBoro ouepenb > PeKTUBHBINA MONYITh YIPYTOCTH BBIYHCIISETCS B IMPEATIONOKEHUN OTHOPOIHO-
CTH uccaemyeMoro oopasma cormacHo moaenu JIKP, To ecTh ¢ y4eToM CHIT AT e3nH:

4E*d’ 3 172
F =——8mya’ E R
IKP = " p Bmya’E")

5 _i_ 2nya 1/2
AKP = p B :

@

3necs E = E /(1 — V%), a mapametp v — kodpduuuent [lyaccona. AJre3MoHHas dHEPrHs y CBA3aHA
C BEJIMYMHON a/JIr€3MOHHON CHJIBI B TOUKE MHUHUMYMa CHJIbI B3aMMOJCHCTBHUS 30Ha U 00pa3ina BbIpa-
keHueM F, = —1,5nyR. Paguyc KpUBU3HBI OCTPHS 30HAA R M CUJIBI aiAre3uu F, SIBIAIOTCS U3MEPSIEMBbl-
MU BCINYHUHaAMMU.

Cornacuo moznenu Cros—Mupana MonpaBOYHbIH MHOKUTEIb o B BhIpaxkennn (1) Haxoaures 1o

dopmyne
i 1—-v, I-v,

G)

E /{1-v2)
E /(1-v2)

JIOXKKHU Ec u Es’ napamMeTphbI 7\.1 u }\.2 — OT OTHONICHUS TOJIIMHBI IJICHKU H K BEIMUHHE paaunyca MsTHa
KOHTaKTa a: Tt = H/Cl, 1 BBIYHUCIIAKOTCA COIIaCHO CJIICAYOIIUM q)OpMYHaM:

A = @2)(1 + 1) —1—b(1 + 1), @)

[TapameTp J = 3aBUCUT OT MCKOMBIX 3HAQYEHHU MOJyJeH yNpyrocTH IUIEHKH U IIOJ-

Ay =— @/2)(1 + 37%) + 31— b(1 + 37, ()

rie b = arcsin[t(1 + ) "2].

ANTOPUTM COBMECTHOT'O OIPE/IENICHUs] MOAYJIEH YIPYyTrOCTH IUIEHKH U MOAJIOKKH, a TAK¥Ke TOJIIIHU-
HbI IJIEHKYM OCHOBAaH Ha MUHMMHM3aLuM ueneBod pynkuun O(E, E, H) = Z (E_, — E_,)* = min, B xo-
TOPOM M3BECTHAS U3 COBMECTHOrO penieHus ypasuenui (1) u (2) dynkuns £, = f(F,, 5,, R, v, v, E,,

E, H) conepxuT nzBectHsele (R, v,, V,), u3mepsieMslii (£,) u uckomsie (£,, £, H) napaMeTpsl.
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OTMCTI/IM, 4TO TJIaBHBIM ITPU3HAKOM aJICKBATHOCTH HpHMCHﬂCMOﬁ MOACIN OJIA aHaJIn3a MEXaHUu4C-
CKHX CBOWCTB JIBYCJIOMHBIX MaT€PHAJIOB SIBJISETCS MMOJYYSHHE OJHOPOAHOTO PACIPE/IEIICHUS BETUYNHBI
MOJIYJIsl YIIPYTOCTH TUICHKY B 3aBUCHMOCTH OT BEJIMYWHBI BHEJIPCHU S 30H]Ia B HCCIIEYEMBbIii 0Opaserl.

TTomumo NEPCUYNCIICHHBIX BBIIIC MO)ICJ'ICﬁ HN3BECTHA TAKXE€ MOACIIb BSaHMOHeﬁCTBHH HECX)KNMaAEMO-
ro c(hepruuecKoro MHACHTOPA C YIPYTUM CJIOEM Ha JOCTATOYHO TOJCTON moiokke [16]. Ona onuckiBa-
eTcs BeIpakeHueM (0) Ju1s pajuyca MmsiTHaA KOHTaKTa CEepPUUSCKOro 30Ha C IOBEPXHOCTHIO ABYCIONHO-
ro Matepuana:

43 /4
a pJ +
— = 6)

dr 1+ 12

1 0,001<J<I;

7
4725 1<J <100, @

p:

rie = 0,8Hlar; j=E; | ES; ¢= [g(J)]%26ar

®opmynsr (6) 1 (7) mpeAcTaBIIIOT co00H anPOKCUMAIUIO PE3YJIbTaTOB BBIUUCITHTEIBHOTO IKC-
nepuMeHTa u cupaBeuBbl B auanaszone 0,001 < J < 100 mist cityyas, KOrja BHEIIHUN CIIOW KECTKO
CKpEeTUIeH ¢ OI0KKOI. Monens MakyIkiHa UCTIONIb30BaHA B psifie padOT ISl aHATN3a MEXaHMYEeCKIX
CBOMCTB JIBYXCJIOMHBIX cUCTeM, Harpumep B [17]. OTMeTHM, 4TO MOJIENb IPUBOANT K apTedakTaM mpu
MaJIOM Pa3IUYUU MEXAY NPUBEACHHBIMU MOAYISIMU YIIPYTOCTU BHEIIHETO CJOS U MOAJIOKKHU, TaK KaK
B 3TOM cirydae J = 1, moatomy 1o popmyste (6) BEIYUCISIOT KOPPEKITHIO B painyc KOHTaKTa 1o [epiry.

[TapameTp o paccauTHIBaeTCs MO GopmMysie

aJ,tp) = [(pJ4/3 Frp) /Al }1/4. ®)

HedhopmupyeMocTb OAJIOKKH YUYUTHIBAET TaKkke Mozesib MeHmuka [18]. Beipaskenust 1u1st onpene-
JeHus 3HaueHUS () (HEKTUBHOTO MOAYJISI yIPYTOCTH JBYCIOHHON CUCTEMBI UMEIOT BUI:

Ef =E{'@q (1) + E; ' [1-0g (1)), )

D,(1)= %arctan(r) + ﬁ[(l —2vy )tIn(1+ 1772) - " :12 } (10)
v

a(J,7)=[J +(1=J)D: (D] . (11)

Heckompko Momeneit, B Tom uncie Jumurpuanuca [19], onucbiBaroT 3 PEeKTUBHBIN MOAYIb YIIPY-
TOCTH JBYCJIOMHOM CHCTEMBI B Cily4ae, KOrAa BTOPOHM CJIOH (MOAJI0XKKA) SABIISIETCS] Hene(hOPMHUPYEMBbIM
(KeCTKHUM).

Takum 006pa3om, BEIOOP aJeKBaTHON MEXaHUKO-MaTeMaTHYECKOW MOJICNIH, YIUTHIBAIOLICH TOMUHU-
pyIOIINe CUIIBI IPH KOHTAKTE 30H/a C MOBEPXHOCTHIO MaTepuaja, MO3BOJSET ONPEASIUTh JOKAIbHbIE
(hM3UKO-MEXaHWUYECKHE XapaKTePUCTHKH TOTUMEPHBIX MMOKPBHITUH HAHOMETPOBOH TONIIIUHEI.

MarepuaJbl 1 MeTOABI HccJie0BaHUsl. DOPMUPOBaHNE MOHOCIOWHBIX IIJICHOK IOJIMMETHIIMETa-
kpuinara (IIMMA, Mr ~ 10 000, nmpousBoactso — Sigma-Aldrich Inc., 'epmanus) Ha npenBapuTeIbHO
TUAPOPUIN3NPOBAHHBIX KPEMHHUEBBIX TOAJIOKKAX OCYIIECTBIISLIN MeTooM Jlenrmiopa—biomxkeTT Ha
YCTaHOBKE «ABTOMATH3WPOBAHHBIH KOMIIJIEKC AJIsi MOIU(PHUIIMPOBAHMS MOBEPXHOCTEH MeMOpaH Mo-
JeKYJISIPHBIMU M YIBTPATOHKUMU cinosiMu» (MHCTHTYT Temio- U MaccooOMeHa nmenn A. B. JIsikoBa
HAH benapycwn). [loBepxHocTHOE nmaBiieHne GopMupoBanus (1) miieHoK — 25 MH/M (ompeneneHo Ha
OCHOBAaHUU aHAJIM3a U30TEPM CXKATHUS MOHOCIOS «T — A», KOTOpble PErUCTPUPOBAIIN MPU CKOPOCTH
cxatust MoHocnos 0,4 mm/c u Temneparype BogHoi cy6dassr 20 °C). [lorpemHocTs U3MepeHus mo-
BEpPXHOCTHOIO JaBieHus cocraisuia £ 0,01 mH/m.

Konnenrpanus pactBopa [IMMA B xnopodopme — 1 mMr/mi. B cocTaB MONMMMEpHBIX MOKPBITHI
BBOJIWJIM HAHOYACTHIIHI (HU) DTUOKCHIA KPEMHUS, COMepKaHUe KOTOPBIX coctamisuio 41,7, 83,3; 167;
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333 monb Hu SiO, u3 pacuera Ha | Monb noaumMepa. [loxpobuas MeTonuka GopMUPOBaHUS HAHOKOMIIO-
3UITHOHHBIX MOHOCTOWHBIX TIeHOK [IMMA npencrtasiena B [20].

JlokanbHBIE MEXaHMYECKUE CBOKWCTBA MOBEPXHOCTH, TOJIIHNHY CHOPMUPOBAHHBIX MOHOCIIOEB OlLie-
HUBaJIM Ha OCHOBAHWH CHUJIOBBIX KPHUBBIX, MTOYUYEHHBIX B pexknme padoTsl ACM (NT-206, O[IO «Mux-
porecTMmamnHbl», benxapych) «cratmueckas cuioBasi Mukpockonus» (CCC, HaHOWHIEHTHPOBAHUE)
C UCTIONIb30BaHUEM KpeMHHEBbIX KaHTuieBepoB NSC 11 A (cpemHss KeCTKOCTh, COTJIaCHO MacropTy
npousBoguTens, 3 H/m, mpousBoactBo — Mickromasch, Dcronms).

Jns ompeneneHusl TOJMIIMHBI METOJOM HAHOMHJEHTHUPOBAHUS HCHONIb30Bajdu Monenun Cron—
Mupanna, MakymikuHa 1 MeHuka. PacueT mpoBoaHIIM 10 KPUBBIM «OTBOJIa», TOUKY KOHTAKTa OIpe-
nensinu o metony JAKP [21].

TonmuHy MOHOCIOHHOTO IMOKPBITHS Ha KPEMHHEBOM IOIJIOXKKE OLIEHWBAIM IO HCKYCCTBEHHO
CO3IaHHOMY JIe()eKTy Ha MOBEPXHOCTH MOHOCIIOSl B COOTBETCTBUU C ONMHUCAaHHBIM PaHEe METOAOM «Iia-
panaHus.

Pesyabrarel m ux ob6cyxaenume. Ctpykrypa JIb-minenok IIMMA mnpencrasinena Ha puc. 1.
IToxazano, uto JIb-ienkn [IMMA u xomnosunuonssle (IIMMA + SiO,) xapakTepu3yoTcs OTHO-
pPOIHON ceTyaTol CTPYKTypol. OTMEUEHO HAMYue €IMHUYHBIX KOHIJIOMEPATOB MPU COAEPKAaHNN Ha-
HouacTul SiO, B konndecTBe 333 moab Ha 1 Monbs [IMMA. C yBenuueHueM copepxKaHus HAHOYACTUI]
B ITOJTUMEPHON MaTpHUIle OTMEUCH HE3HAUUTEIBHBIN POCT 3HAUCHUH cpeaHeapudmeTnyueckoit (ot 1,1 mo
1,3 HM) ¥ cpeaHeKBaIpaTuyeckoil mepoxosarocteii (0T 1,4 1o 1,8 Hm).

Jns pacdera 3HAUYEHWH JIOKAJBHOTO MOAYJS YNPYTOCTH W TONIIMHBI JIB-TIEHOK WCHoiIb30Ba-
JY JaHHBIE CTAaTHYECKOM CUJIOBOW crekTpockonuu. B MHcTHTyTe Temno- u mMaccooOMeHa HWMEHH
A. B. JIeikoBa HAH benapycu paspabdotana nporpamma AFMI1. MuTepdelic okHa BBOJa TaHHBIX T10
HAHOWHJICHTUPOBAHMIO M JPYTUX MMapaMeTPOB MOKA3aH Ha puc. 2.

PesynpraTel 00paboTKM JaHHBIX HAHOMHJICHTHPOBAHMS TI0 KPUBBIM «OTBOJZIa» C YYETOM BhIOOpa
Touku KoHTakTa mo mozaenu JKP nns mienok Jlenrmiopa—brnomxert Ha ocHoBe [IMMA u I[IMMA
¢ HaHouactunamu SiO, IpeacTaBiIeHbl B TaONUILE.

Ha ocHoBaHMM paccUMTaHHBIX JAHHBIX IIOKA3aHO, YTO NPH INTyOnHax BHeApeHus 10 10 HM oTMeya-
€TCsl apMUPOBAHNE TOHKUX MOJUMEPHBIX IJIEHOK C YBEIMYEHHUEM COAepKaHUs HaHodacTul (333 Moub
Ha 1 mons [IMMA) B monumepHOW MaTpHIIE: JTOKAJIbHbIE 3HAYSHHS MOAYJIS yIPYTOCTH YBETNYUBAIOT-
Csl HE3aBHCUMO OT BbIOOpa pacueTHON Mozenu. CileayeT Takke OTMETUTb U yBEJIWYCHUE JAUCICPCHH
3HAUEHHWI MOJYJIsl YIPYTOCTH, YTO OOYCIOBICHO HEPABHOMEPHOCTBIO paclpeesieHIs] MEXaHHUECKUX
CBOMCTB I10 MMOBEPXHOCTH MOJIUMEPHBIX IJICHOK.

Ilo monmenmn JAKP momyns ynpyroctu JIb-mnenkn IIMMA coctaBnser 482,77 + 55,6 Mlla.
Paccuntannbie 3HaUEHUS] MOAYJIS yIpyTocTH 1Mo Moxensm Croa—Mupanga, MakymkuHa 1 MeHInka
B 2—3 pa3a HHUIKE 110 CPaBHEHUIO CO 3HAYEHUAMH, nosnyueHHbIMU 1o Mozenu JJKP. Monens JIKP yuntsI-
BaeT TOJIbKO aAT€3MOHHOE B3aUMOJICHCTBHE KaHTHIIEBEPA C TIOBEPXHOCTHIO OTHOPOIHOTO H30TPOITHOTO
MaTepuala, HO HE paccMaTpUBAET BIMSHUE KECTKOM MOMJIOKKH Ha MEXaHWYECKHE CBOWCTBA IJIEHOK
HaHOMETPOBOM TOJIIIMHBIL.

B [22] noka3aHo, uyTo mipu TONIIHHE Oosiee 40 HM CpemHHMI MOAYJIH YIPYTOCTH Uil 0OBEMHOTO
I[IMMA cocrasnsiet ~ 3 I'Tla (2,7-3,7 I'Tla) npu xectkoctu kantmiesepa 31,1 H/m. Ilpu ymeHbIeHIH
TOJIIUHBI TVIEHKH HUXE 20 HM Ha jKECTKOM MOAJI0KKE MOAYJb YIPYrocTH MoxeT nocturath ~ 9 I'Tla,
YTO CBSI3aHO 3PPEKTOM BIUSHUS NOANOKKH [23, 24]. B ciiywyae npumenenust moaenu Onusepa—®Pappa
JUIsL pacueTa MOIYJIs YNPYTOCTH IO JaHHBIM CTaTUYECKOM CHIJIOBOM MHMKPOCKONHUHU (MAaKCHMajbHas
Harpyska 5 MH), momy4eHHBIM C HCTOJIB30BAHHWEM KaHTUJIEBEPOB C KECTKOCThIO 56,9 H/M, cocTaBun
(2,5 £0,1) I'Ta [25]. [Tpu ucionp3oBaHuM 00001IEHHON Mol MaKcBeia 3Ha4eHU s MOy yIIpyro-
cTU Ha 2 nopsiaka Menblue U pasabl 500 MIa.

B wactu pacyeTHBIX 3HaYEHUI TONIIHUHBI MOJMMEPHBIX IMJICHOK 10 MoAean MaKyIllKiHa B coueTa-
Huu ¢ Mozeinbto JIKP nomydens! HanOonee OnM3Kue 3HAYCHUS C ONPEIEIEHHBIMU MO MPOMUITIO UCKYC-
CTBEHHO co3faHHoro gedekra. Tommuna mienku [IMMA Ha KpeMHHYM METOJIOM «IlaparaHus COCTaB-
nsget = 7,5 am. Tak kak xonneHtpamus [IMMA npu ¢popMUpOBaHHN KOMITO3UITHOHHBIX TICHOK OBIIa
OJMHAKOBOM, cunTaeM Tonumuny mieHok [IMMA-SiO, onunakosoii [20].
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z, nm

I pm

e
Puc. 1. Crpykrypa JIBb-uienok [IMMA 1 KOMIO3MIIHOHHBIX IUICHOK C Pa3IHMYHBIMU COOTHOIIEHUAMH HaHodacTul Si0,
Ha 1 Mo [IMMA Ha kpemHHeBbIX Iu1acTHHAX [20]: a — [IMMA; b — 41,7 moins SiO,; ¢ — 83,3 monsb SiO,;

d — 167 monb SiO,; e — 333 momb Si0,. O6nacTh CKAHUPOBAHUA 5 X 5 MKM
Fig. 1. Structure of LB films of PMMA and compositional with different ratio of nanoparticles SiO, to 1 mol PMMA
on silicon substrate: « — PMMA; b — 41,7 mol SiO,; ¢ — 83,3 mol SiO,; d — 167 mol SiO,; e — 333 mol SiO,.
Scanning surface 5 X 5 um
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Puc. 2. Oxna nporpammbl AFM1.exe: a — BBOJia MapaMeTpOB U UCXOAHBIX JAHHBIX HAHOUHICHTUPOBAHMUS;
b — pe3ynbTaToOB aHANN3a JTAHHBIX HAHOWHICHTUPOBAHMUS

Fig. 2. Program windows AFM].exe : @ — input of parameters and initial data of nanoindentation;
b — results of the analysis of nanoindentation data
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Taxum 06pasoM, Opr aHAJIN3C JaHHBIX HAHOMHACHTUPOBAHUA JJIS MMOJIUMCPHBIX MAaTCpUaJIOB CJIC-
JIyeT YUYUTHIBATE: (PU3UKO-XMMUYECKUE XaPAKTEPUCTUKH M TOIIIMHY HCCIENYEeMbIX MaTEPHAIIOB, ITPH-
KJIaJIbIBA€MbIe HATPY3KH KaHTUIIEBEpa K MOBEPXHOCTH 00pasna (B TOM YHCIIE )KEeCTKOCTb, painycC 3a-
KpyTaeHus u GopMy KaHTHIIEBEpa), BEIOOP MOJETH MPHU pacueTe YyINpyTruX XapaKTepUCTHK MaTepHaa
(y4er BIMSIHUS aJIl€3MOHHOTO B3aUMOJICHCTBHS, )KECTKOCTh MOJJIOKKH, (OPMBI KaHTHIIEBEpa U JP.).
Hcxoas u3 Bcero mepevmrciIiCHHOrO B pe3yiabTaTe MOJydaeMble 3HAUCHUSI MOTYT pa3lIMdaThesi OT 2 A0
5 pas.

3akJ/rouenue. Ha ocHOBaHWYM MTPOBENCHHBIX MCCIIEAOBAHNN MMOKa3aHa JOMMYCTUMOCTh TPAMEHEHN S
psijla MOJIEJIe IpU pa3jJMuyHBIX CBOMCTBax Marepuaja. IIpogeMoHCTprupoBaHa BO3ZMOXKHOCTbH HCIOJIb-
3oBanusa Mmoxeineil Croo—Mupanga u MakylmikuHa I8 MHOTOCIOMHBIX MaTepualioB C IENbI0 ydeTa
JKECTKOCTH TOJJIOKKHU TIPU pacyeTe MOYJIsl yIIPYTOCTH MOTUMEPHOU MICHKA HAHOMETPOBOU TOJIIIUHBI
Ha JKeCTKOH (HemepopMupyeMoii) KpeMHUEBOW MOIOKKHU. [lomydeHa Koppensius pacueTHBIX 3Hade-
HUH TOJIIWHBI IIJICHKU IMOJUMETHIIMETAKpUjiaTa (7 HM) C JaHHBIMHU, ITOJTYYECHHBIMU MCTOAOM CO3aaHUA
HCKYCCTBEHHOTO Je(eKTa. YCTaHOBIECH POCT 3HAUCHHH MOAYJSl yIPYTOCTH C YBEIHMYEHUEM COAEpIKa-
HHUS KOJIMUECTBA HAHOYACTHUIL OKCUJA KPEMHHUS B MOJIMMEPHON MaTpHIIC.

Pesynbrarh! nccie0BaHu IEPCIIEKTUBHBI JIS1 THaTHOCTHKY U aHAJIM3a CBOMCTB HOBBIX (D)yHKIIHO-
HaJBbHBIX HAHOMATEPHUAJIOB.
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IHPABUJIA JJI51 ABTOPOB

I. Crarbu o pesynbrarax paboT, MIPOBEICHHBIX B Ha-
YUHBIX YUPESKICHUSAX, JOJDKHBI UMETh pa3pelieHue Ha
oIy OJTMKOBaHME (COMPOBOAMTENBHOE MUCEMO PEeKTOpara
WM JUPEKIAU COOTBETCTBYOLIETO HHCTUTYTA JINOO BBI-
IUCKY U3 IMIPOTOKOJIA 3aCEaHMsl yUCHOT0 COBETa, OT/ea
niu Kadenpbl, a TAKXKE aKT IKCIEPTU3BI).

II. CraTbs IpenoCTaBIsACTCS B PENAKIHUIO B OJHOM
9K3EMILISIPE Ha OEIOPYCCKOM, PYCCKOM HMIIH aHTTTHHCKOM
a3bikax; WpudT — Times New Roman, xernbs — 11 (B ToM
yyciae B (OpMyNnax); MEXKCTPOUHbI uHTepBan — 1,5.
3anymepoBaHHbIe (OPMYJIBI BBIKIIOUAIOTCS B OTHEIb-
HYI0 CTPOKY. B TekcTe He JOIYCKalOTCs PYKONHCHBIC
BCTaBKM M BKJCHKH. CTaThsl JOJKHA OBITh TOANMCAHA
BCEMH aBTOPAMU.

III. CtaTps momkHA UMETH CIEAYIONIYIO CTPYKTYPY:

1. Unnexc mo YHuBepcaapHOW AECATUYHOM KIacCh-
¢ukanuu (YK); naunmans 1 GaMUAIdd aBTOPOB; MOJ-
HOE HANMEHOBAHHE YUPEXKACHHUH, T1e padoTaloT aBTOPHI,
C yKa3aHHeM MOYTOBOT'O aapeca; Ha3BaHHE CTATHH.

2. AHHOTanus (aBTOpCKOe pestome) odbemoMm 150—
250 cnoB IOKHA KPaTKO TPEACTABISITH PE3YJIBTATHI
paboTHl U OBITH MOHATHOM, B TOM YHUCIE U B OTPHIBE OT
OCHOBHOT'O TEKCTa CTaTbu; OBITh HH)OPMATUBHOI, XOPO-
IO CTPYKTYPUPOBAHHOM (OIMH U3 BAPHAHTOB HAIACAHHSI
AHHOTAIIMH — KPAaTKOE MOBTOPEHUE CTPYKTYpPhI CTAThH,
BKJIIOYAIOIIee BBEJCHWE, IICIM U 3aJa4d, METOIBI, pe-
3yJIBTAThI, 3aKJIOUEHHIE HIJIU BHIBOJIBI).

3. KiitoueBble ciioBa — HabOp CIJIOB, OTPasKalOIIUX
CoZlep)KaHKUe TEKCTa B TEPMHHAX OOBCKTa, HAYYHOH OT-
paciu U METONOB UCCIEIOBaHUS, PEKOMEHAYEMOE KOIH-
YEeCTBO KJIIOYEBBIX C10B 5—10.

4. Ecnu mpucyTcTByeT HH(pOopManus o GUHAHCUPOBa-
HUU (MOJJICP)KKE TPAaHTAMH MPOCKTOB M T. I1.), €€ CIey-
eT JaBaTh Ha pycckoM (0OesopyccKoM) M aHTIMHCKOM
s3bIKaX MoJ 3aroyioBkoM «biaromapuoctuy («Ilam3ski,
«Acknowledgementsy).

5. llpuBoautcst uHbopmaius O KOHMIUKTE HHTE-
pecoB.

6. udopmarus 06 aBTopax JoikHa BKIoyate GHO
(MOTHOCTHIO), YUEHYIO CTEIeHb, 3BaHUE, MECTO padOTEHI,
ORCID u e-mail. ABTOp, OTBETCTBEHHBIH 3a TIEPEIHCKY,
oMeyaeTcst 3BE3T0UKOM.

7. JaeTcs uHdopManms 0 BKIaIe KaxJ0ro aBTopa.

8. MeTarekcToBBIe JaHHBIC (BCE TO, YTO IIPE/IIC-
CTBYET OCHOBHOMY TEKCTY CTAaTbH) IPUBOJASTCS Ha aH-
TIIUACKOM SI3bIKE, TPUYEM AaHHOTANHUs [OJDKHA OBIThH
OPUTHHAIIBHOIA (T. €. He SBIATHCS JOCIOBHBIM IIEPEBOIOM
PYCCKOSI3BIYHOW aHHOTAIMM). ECM cTaThs aHTIIOS3bIY-
Has — BBIIICYKa3aHHbIC JaHHBIC IPUBOAATCA HAa PYCCKOM
(6enopycckoM) si3bIKE.

9. OCHOBHOI TEKCT CTAaTbU HE JIOJKEH IPEBBILIATH
16 c. (1. e. okono 40 THIC. 3HAKOB); B ITOT 0OBEM TaKXKe
BXOJST TaOMUIbI U pUcyHKHU (o 7-8). Marepuan no:n-
JKEH OBITH YEeTKO CTPYKTYPHPOBAHHBIM: BBEICHUE, IIEITH
1 3a7a49H, METOJBI, PE3yIbTaThl, 3aKII0UCHHE (BBIBOJIBI).
B pyccko- n 6enopyccKOS3bIYHBIX CTAaThsIX PEKOMEHMIY-
eTCsl JeNaTh MOAPUCYHOYHBIE TMOMMUCH M HaJIIUCH Ha
CaMUX HMJUTFOCTPAIMX Ha JIBYX SA3bIKaX — pyccKoM (6eso-
PYCCKOM) ¥ aHTJIUHCKOM.

10. Criucok MCHOIb30BaHHON JUTepaTypsl (HEe 00-
nee 40 cchl1ok) 0hOPMIISIETCSI B COOTBETCTBHH C TIPUKa-
30M Beiciieii arrectannoHHOW KoMHCCHH PecnyOimuku
Benapycp ot 01.10.2024 Ne 230. LlutupoBaHHast iuTe-
parypa IpPUBOIUTCS OOLIMM CIHCKOM IO Mepe YIOMHU-
HAHMSI, CCBUTKH B TEKCTE JAIOTCS MOPSIKOBBIM HOMEPOM
B KBaJIpaTHBIX CKOOKax (Hamp., [1]); ccpuiku Ha HeomyoO-
JIMKOBaHHBIE pa0OTHI HE JIOMTYCKAIOTCS.

11. Criucok MUTHPOBAHHBIX UCTOYHUKOB MPHBOIUTCSI
B poMaHCcKoM aidasure (tarununa) — «References» — co
CJIEYIONICH CTPYKTYpPOM: aBTOpBI (TpaHCIUTEepalus), Ha-
3BaHHUE CTaTbH B TPAHCIMTEPUPOBAHHOM BapHaHTe [mepe-
BOJ Ha3BaHHUA CTAaTbU HA AHTJIMMCKUH SI3BIK B KBaJApaTHbBIX
cKOOKax|, Ha3BaHHE PYCCKOSI3BIYHOTO MCTOYHHMKA (TpaHC-
JUTEpanus) [epeBo/ Ha3BaHHsI HICTOYHUKA Ha aHTITMHCKHUN
sI3bIK — Tapadpas (uist )KypHAJIOB MOXKHO HE JIeNIaTh)|, BbI-
XOJHbIE JaHHBIE ¢ 0003HAYEHUSIMH Ha aHTJIIMHCKOM SI3BIKE.

I'V. DnekTpoHHBIN BapHaHT CTaThH MTPEAOCTABISAETCS
HA JUCKe, (IIdIIKE, IPUCHIIAETCS 110 SJIEKTPOHHOH IouTe
B pelakiuio xypHaia — ftvesti@mail.ru u 3arpysxaercs
Ha caiiT xypHana (vestift.belnauka.by). Tekct momxen
obITh HaOpaH B Word nmox Windows, ¢popmynbsl — B pe-
naktope MathType. CoOCTBEHHBIM peakTopoM Gopmydt
Bepcuit Microsoft Office 2007 u BbIlIe HONB30BAThCS
HEJb3sl, TAK KaK B PEIaKIMOHHO-U3aTeIbCKOM MpPOIIeC-
ce OH He NOAJEpKHUBaeTCs. BCTaBKy CHMBOJIOB BBIINOJ-
HATh Uepe3 MeHIo «BcTtaBka\CHUMBOI». BBIKITIOUKY BBEpX
u BHM3 (C2, C4) BbImonHATH 4yepe3 MeHI «Popmar)
HIpudpT\Bepxuuit ungexcy, «@opmat\Ipudt\Hux-
Hull ungexc». Jlatnnckue OyKBbI HEOOXOAUMO HaOUpaTh
Kypcugom, rpedeckue — npsMo (a1 Habopa IpedecKux
CHUMBOJIOB CJIEYET TOJIb30BaThCs rapHUTYypoir Symbol).
O6o3HaueHus mareMatudyeckux QyHkuuit (lim, sup, In,
sin, Re, Im u T. 1.), CHMBOJIBI XUMHUYECKHX AJIEMCHTOB
(N, Cl) Takxe HaOUPAIOTCS MPSMBIM HIPUDTOM.

V. UepHo-0enble U IBETHBIC PUCYHKH BCTABIISIOT-
cs1 B Teker crathu (Word), a Takke JaroTcs B BHIE OT-
nenbHbIX ¢aitnoB B ¢opmate tif (600 Touek Ha mroiim).
XKenareapbHO TakKe MPEJOCTABIATH UX B hopmare opu-
runana (Corel, nuarpammer B Excel, Origin Pro u 1. 11.),
T. €. B TOH mporpamme, B KOTOPOHl OHH BBIIIOJHEHBI.
TekcT Ha pUCYHKaxX HaOHpaeTCs OCHOBHOM TapHUTYpPOH,
NpuYeM HadepTaHHe CUMBOJOB (IpedecKoe, JTaTHHCKOE)
JIOJDKHO COOTBETCTBOBAaTh MX HAuyepPTAaHUIO B TEKCTE.
Pasmep kerns comsmepuM C pazMepoM pHUCyHKa (kesa-
TeapHO 8 myHKTOB). Ha oOopoTe pucyHKOB (eciu OHH
Ja0TCs OTJENBHO) YKa3blBalOTCs (haMHUIIUU aBTOPOB, Ha-
3BaHue cTarbd. PoTorpaduu npenocTaBisAIOTCS B BUIC
(aiinos (tif, jpg, png, eps) U B pacrieuaTaHHOM BH/JIE.

VI. IloctynuBias B peakLUIO CTaThs HAPaBIAET-
Csl Ha PEILEH3UIO, 3aTeM BHU3HUPYETCS UYJIEHOM DPEIKOIe-
rur. OCHOBHBIM KPHUTEPHEM IIeJeco00pa3HOCTH MyOun-
KallMU SBISETCS HOBU3HA U MH(GOPMATHUBHOCTH CTAaThHU.
Ecnu no pekoMeHJauy pereH3eHTa CTaThs BO3BPAIlaeT-
csl aBTOPY Ha A0paboTKy, TO nepepaboTaHHAs PYKOIHChH
BHOBb paccMarpuBaeTcsi peakoiierueil. Ctateu HE IO
npodIIIo KypHalla BO3BPALIAIOTCS aBTOpaM Iocjie 3a-
KiIrodeHus: peakosaerun. OdopmiieHHBIE HE MO TPaBHU-
JIaM CTaThH peJaKiuel He MPUHUMAIOTCSL.

Mamepuanvl 015 nybauxayuu ciedyem Hanpasisims no aopecy:

yi. Akademuueckas, 1, k. 118, pedaxyus swcypuana «Becyi HAH Benapyci. Cepulia pizika-maxHiuHbIX HABYK»,

220072, 2. Munck, Pecnybnuka Benapycs, menegon onsa cnpasox: +375 17 374 02 45 aub6o no snekmpouHou noume:
ftvesti@mail.ru, a maxoce uepes onnraun-popmy na caiime vestift.belnauka.by.



