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HHPOPMAIIUA AJI1 ABTOPOB

CoopHuK HayuyHbIX TpyaoB «HaHocucremu, nanomarepiaiau, HaHorexHosorii» (HHH) ny6iaukyer emé
Heony6JINKOBaHHbIE U HE HAXOAAIIMECH HA PACCMOTPEHHUN [JId ONyOJUKOBAHUS B MHBIX N3TAHUAX HAyY-
Hble 0030PBI ¥ OPUTHMHAIbHEBIE CTATHY, COJEPIKAIIe U XapaKTePU3YIOllie Pe3yIbTaThl SKCIePUMEHTAb-
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MEPHBIX CUCTEM, HAHOCTPYKTYPHBIX IVIEHOK U IOKPBITU, HAHOIIOPOIIIKOB 1 T.X.).

CraTbu IyGINKYIOTCS HA OJHOM U3 IBYX S3BIKOB: AaHTJIMHCKOM MJIN YKPAUHCKOM.

CraTbu, B 0)OPMJIEHNH KOTOPBIX HE COOJIIOEHEI cieaylolye npasuia qid mybaukamnuu 8 HHH, Bos-
BpAII[aloTCA aBTopaM 6e3 pacCMOTPEHUA IO cyinecTBy. ([laToit mocTymieHnsa cuuTaeTcsa JeHb IIOBTOPHOTO
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[eJbHBIX JINCTAX C YKasaHWeM HOMepa PUCYHKa U (paMuiny mepBoro aBropa. Bece pucyHKH JOIKHBI GBITH
[OTIOJIHUTEILHO IIPE/ICTaBJIEHbI B BUE OTAeIbHBIX (PailioB (IIpeJrouTuTe IbHO B rpaduueckux opmarax
TIFF, EPS nau JPEG) c HagBaHusAMU, coCcTOAIIUMY 13 (GaMUINU IIEPBOTO aBTOpa (JIaTUHUIEH) 1 HOMepa
pucyHka, Hanpumep, Smirnov_fig2a.tiff. KauecTBo mumrocrpanuii (B TOM Ynciie IIOJYTOHOBBIX) ZOJIXKHO
obecreunBaTh X BocupousBegenue ¢ paspemenueM 300—-600 Touek Ha groiiM. [[OIOJTHUTEIBHO PUCYHKY
IIpeoCTaBIAATCA B hopMare IPOrpaMMbl, B KOTOPOI OHU CO3aBaJIUCh.

8. Hagnucu Ha pucyHkax (0CO0€HHO Ha ITOJYTOHOBBIX ) HA/O 110 BOBMOYKHOCTY 3aMEHUThH 6YKBEHHBIMU
o6o3HaueHnAMHY (HaOpaHHLIMU HA KOHTPACTHOM (DOHE), a KpUBbIe 0003HAUYNTD IHMPaAMU WU PA3IHIHOIO
THUIIA JUHUAMYI/MapKepaMu, pas3bACHAEMBIMY B IOAINCAX K PUCYHKaM uiu B Tekcre. Ha rpadukax Bce
JIMHUY/MapKEPHI JOKHBI OBITH YEPHOIO I[BETA U JOCTATOYHBIX TOJIIIVH/Pa3MePOB IJiA KaueCTBEHHOTO
BOCIIPOU3BEJEHUSA B YMEHBIIIEHHOM B 2—3 pasa Buje (peKoMeHAyeMas MIMpWHA pucyHKa — 12,7 cm).
CHI/IMKI/I JOJIXKHBI 6I:ITI: ‘{éTKI/IMI/I " KOHTPACTHBIMM, a HAAIIUCU U 0603Ha‘{eHI/Iﬂ JAOJIKHBI HE 3aKPBIBAaTh
CyII[eCTBEHHBIE AeTajy (s 4ero MOXKHO HMCIIOJIb30BaTh CTPEJIKM). BMmecTo ykasaHWs B IOJTEKCTOBKE
YBeJIMUEHNs NIPU ChEMKE JKeJIaTeIbHO IPOCTAaBUTh MaciITad (Ha KOHTpAcTHOM (hOHE) Ha OAHOM U3 HAEH-
TUYHBIX CHUMKOB. Ha rpadukax moanucu K ocsiM, BHINOJHEHHbIE HA A3bIKe CTAThH, JOJLKHBI COJEPIKaTh
o0603HaueHns (NI HANMEHOBAHUA) OTKJIAJbIBA€MBIX BEeJIUUNH U Yepe3 3alsTYI0 UX e IUHUIILI U3MEDEHU .
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OGs3aTeIbHBIM TPEOOBAHMEM ABJISETCS IPESOCTaBIeHe JOIIOJHUTEIBHOTO CINCKA IIUTUPOBAHHOM JuTepa-

Typs! (References) B matunckoit rpancanrepanun (cuicrema BGN/PCGN; pekoMeHAyeMble TPAHCIUTEPATO-

poi: http://www.slovnyk.ua/services/translit.php; http://ru.translit.net/?account=bgn). ITocse Tpamc-

JINTEPUPOBAHHBIX HA3BAHUM KHUT, JUCCEPTAINIA, TATEHTOB U IIP. HAJ0 IPUBOAUTEL B KBaAPATHBIX CKOOKAX

UX aHIJIOA3LIYHBIH mTepeBos. IIpu Tpancaurepamuu crareit us HHH Hamo ncnosbsoBats Hanucauue @ .1.0.

aBTOPOB, IIPUBEAEHHOE TOJIBKO B AHIJIOA3BIYHOM OTJIABJIEHUU COOTBETCTBYIOIIETO BBIIIYCKA, ¥ O(DMIUATIBHOE

TPaHCINTEPUPOBAHHOE HadBaHUe COOPHUKA (CM. TAKIKe CaiiT).
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HU3OTATEJIBCKAA 9TUKA
M IIPEJOTBPAIIEHUE HEJOBPOCOBECTHOM ITPAKTHKH ITYBJIAKAITANA
Penaxkuunonnas Kojierns cGOPHUKA HAYUYHBIX TPYAOB « Hanocucmemu, Hanomamepiaiu, HaHome-
XHOJ02il» CIeLyeT 9TUUECKUM HOPMAaM, IPUHATHIM MEXKJYHAPOAHBIM HAYYHBIM COOOIIECTBOM, U
IesaeT BCE AJIs IPeJoTBPAIlleHus JI0ObIX HapyIIeHuil nx. B cBoell feATeIbHOCTH pefaKIlusA Omupa-
eTcs Ha pekoMeHzanuy Komurera mo sTuke HayuHbIX nyoaukamnuii (http://publicationethics.org).

O0s3aHHOCTH peJaKIuu

e Bce mpejcTaBieHHBIE CTATHU PELEH3UPYIOTCS 9KCIEPTAMU B JAaHHON 00JIaCTH.

o Ilpu paccMOTpeHHU CTaThbM YUYMTHIBAIOTCS €€ COOTBETCTBHE IIPEJMETHOH 00JacT, 00O0CHO-
BaHHOCTb, 3BHAYMMOCTb, OPDUT'NHAJIbPHOCTB, LII/ITa6eJII>HOCTI> " A3BIK.

o Ilo pesyiabTaTaM peleH3UPOBAHUSA CTAThbS MOKET OBITh IPUHSTA K ONYOJMKOBAaHUIO 6e3
IopaboTKU, IPUHATA ¢ JOPAOOTKON MM OTKJIOHEHA.

o OTKJOHEHHBIE CTATHU IIOBTOPHO HE PEIeH3UPYIOTCS.

e CraTbu MOTYT OBITH OTKJIOHEHBI 6€3 PeleH3WU, eCJU OHU OYEBUAHBIM 00pa3oM He MOAXOLAT
UL TyOJUKaLUN.

e Pepaknusa npuHUMAaeT pelleHWe O MMyOJIMKaIUi, PYKOBOJACTBYSCH MOJUTHKON JKypHAajia, C
YUETOM [eiCTBYIOIIEro 3aKOHOAATEJbCTBA B 00JIaCTU aBTOPCKOTO IIpaBa.

e He gomyckaerca K nyOoaukamuy nHGOpPMAIUS, €CJIU MMEeTCSd AOCTATOYHO OCHOBAHWI moOJa-
raTh, YTO OHA ABJISETCA ILJIATUATOM.

ITpu BHanmuumum Kaxkux-au60 KOH(MIMKTOB MHTEPecOB ((pMHAHCOBBIX, aKaJAeMUUYECKUX, JUUHBIX)

BCe YYACTHUKU IIPOIecca peleH3NpPOBaHUA AOJKHBI COOOIUTHL 00 9TOM peakosureruu. Bee cmop-

HbIE BOIIPOCHI PACCMATPUBAIOTCS HA 3aCeTAaHUN DEeIKOJIIErUN.

IIpuuAThIe K ONYOJMKOBAHUIO CTAThU PAa3MEIAIOTCSI B OTKPBITOM JOCTyIle Ha caiiTe cOOPHUKA;

aBTOPCKHME IIPAaBa COXPAHSIOTCA 34 aBTOPAMU.

BTuqecmne NIPUHUMIIBI B J€ATEJbHOCTH PELEH3€eHTOB

o PeleH3eHTH OLIEHUBAIOT CTATHHU [0 WX COAEP:KAHUI0, GE30THOCUTENbHO K HAIMOHAIBHOCTH,
IOJIy, CEeKCYAJbHOM OPUEHTAIUV, DPEJIUTHO3HBIM YOeKACHUSIM, dTHUYECKOHU MPUHAJIEKHO-
CTH WX MOJUTUYECKUM YOeKIEeHUAM aBTOPOB.

o COTpyOHUKU DENAKIMU He AO/KHBI COOOIIAaTh KaKyI0-In60 MHMOPMAIUIO O IOCTYIUBIINX
CTaThbAX JIWIAM, He SABJIAMIINMCA PeleH3eHTaMM, aBTOPAMHU, COTPYAHUKAMU PefaKIuu U
U3/aTeIbCTBA.

o PeneHsun IOKHBI OBITh IPOBEAEHBI 00BEKTHBHO. llepcoHaIbHAA KPUTHKA AaBTOPA HEIPHU-
emisieMa. PeleH3eHTHI 0653aHbI 000CHOBBIBATH CBOIO TOUKY 3PEHUA YETKO U OOBEKTUBHO.

o PelnensupoBaHue IMOMOTaeT M3JATENI0 IPUHUMATDL PEIIeHre W IIOCPEJCTBOM COTPYAHUYECTBA
C PeleH3eHTaM! U aBTOPaMU YJIYUYIIUTH CTATBIO.

e Marepuaibl, HOJyYeHHBIE IJIA PELEH3UN, ABIAITCA KOHPUICHINAIbHEIMYA JOKYMEHTAMU U
PeLleH3UPYIOTCH aHOHUMHO.

o PemensenT Takke 00s13aH 00palaTh BHUMAHNE PEJAKTOPA HA CYIIECTBEHHOE WM YaCTUUHOE
CXOJICTBO IIPEJCTABJIEHHON CTAaThbU C KAKOI-I100 MHOM paboToi, ¢ KOTOPOIl PelleH3eHT HeIo-
CPeICTBEHHO 3HAKOM.

IIpMHIUIBI, KOTOPHIMM JOJIKHBI PYKOBOACTBOBATHCS ABTOPHI HAYYHBIX ITyOJIUKAI[MI

e ABTOpHI cTaTell MOJKHBI NIPEACTABJATHL TOUHBIM OTYET O BBIIOJIHEHHON paboTe U OOGBEKTUB-
HOe 00CY:KJeHne eé 3HAYNMOCTH.

e ABTOpHI CTAThU JOJIYKHBI IPEJOCTABJIATEH HOCTOBEDPHBIE PE3YyJIbTAThI IPOBEAEHHOTO 0030pa U
aHaJIM3a WCCIeNOBaHUil. 3aBeIOMO OINNO0YHBbIe MU CHATbCUDUIINPOBAHHLIE YTBEPIKICHUI
HEIIPUEMJIEMBI.

e (CraTbs JOJKHA COAEPIKAThH AOCTATOUHOE KOJIMYECTBO MHMOPMAIUY AJA IPOBEPKHU U IIOBTO-
peHUA SKCIEPUMEHTOB WJIM PACUETOB APYTUMHU HccaemoBarensMu. MolleHHUYeCKUe MU 3a-
BEJOMO HeIpaBAMBLIE 3asBJICHUS MPUPABHUBAIOTCA K HEITUYHOMY IMOBEAEHUIO U SIBJISIOTCS
HENPUEeMJIEMBIMHU.

e ABTOpBI MOTYT MPEAOCTABJIATH OPUTHHAJbHBIE PEryJsipHble U 0030pHBIE padoTsl. Ilpu wuc-
MOJIb30BAaHUY TEKCTOBON WM rpaduyecKoil wH(popMamuy, MOJYyUYeHHON u3 paboT Opyrux
Ui, 00A3aTeJIbHO HEOOXOAUMBI CChLIKM HAa COOTBETCTBYIOIME NMYyOJIMKAIMU HJIN MHUChbMEH-
HOe paspellleHre X aBTopa.

e TIlomaua craTbu Gojiee yeM B OAWH JKYPHAJ PACIleHUBAeTCS KaK HEITUUHOe IOBeJeHue U
ABJIAETCA HEIPUEMJIEMO.

e ABTOpPCTBO [JOJKHO OBITH OI'PDAHUYEHO T€MHU, KTO BHEC 3HAUUTEJILHBLIA BKJAA B KOHIIEIIIKIO,
pa3paboTKy, UCIIOJHEHNE MM WHTEPIPETAIUIO 3asABJICHHOTO UCCIeLOBAHUA.

o UHcrTouHuKM (pMHAHCOBOM HMOALEP:KKU MyOIMKYEeMOTro NCCIEeIOBAHUA MOTYT OBITH YKa3aHBI.
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® A paper should contain sufficient details and references to permit others to replicate the
work. Fraudulent or knowingly inaccurate statements constitute unethical behaviour and
are unacceptable.
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® Submitting the same manuscript to more than one publication concurrently constitutes
unethical publishing behaviour and is unacceptable.

® Authorship should be limited to those who have made a significant contribution to the
conception, design, execution, or interpretation of the reported study.

® Sources of financial support for the reported results can be specified.

X1V ISSN 1816-5230. Harocucremu, HaHOMAaTepiaau, HaHoTexHOJIOrii. 2019


http://publicationethics.org/

Hawnocucmemu, HaHomamepiaiu, HAHOMEXHOLO2IT © 2019 IM® (IactutyT MeTanodisukm
Nanosistemi, Nanomateriali, Nanotehnologii im. I. B. Kypaiomosa HAH Vkpainu)
2019, 1. 17, Ne 3, cc. 409-424 HaznpykoBaHo B YKpaiHi.
doroKonioBaHHA JJO3BOJIEHO

TiJbKY BigmoBigHO M0 JineHsil

PACSnumbers: 81.16.Fg, 82.39.Jn, 87.16.dp, 87.16.dr, 87.16.Tb, 87.19.Ff, 87.64.Dz

Applying C;, Fullerenes Improve the Physiological State of
Rats with Ischemia—Reperfusion Injury of Skeletal Muscle

D. M. Nozdrenko, T. Yu. Matvienko, K. I. Bogutska,
0. Yu. Artemenko, O. V. Ilchenko, and Yu. I. Prylutskyy

Taras Shevchenko National University of Kyiv,
Volodymyrska Str., 64,
UA-01601 Kyiv, Ukraine

The effect of water-soluble pristine Cg, fullerenes as powerful antioxidants
on the biochemical parameters of blood of rats under the ischemia-
reperfusion injury of the skeletal muscle depending on its active and inactive
states, as well as duration of this pathology, is studied. Levels of enzymes
(creatine phosphokinase and lactate dehydrogenase) and their metabolic
products (creatinine and lactic acid) in blood are measured for the evaluation
of general physiological state of experimental rats. Moreover, levels of some
components of antioxidant system, namely catalase, reduced glutathione,
thiobarbituric-acid reactive substances, and hydrogen peroxide as indicators
of lipid peroxidation and oxidative stress, are also measured. The pronounced
tendency to decrease of these biochemical parameters of the blood at average
by 20—25% in the experimental groups (1 mg/kg intramuscular introduction
of water-soluble pristine Cy, fullerene immediately after muscle reperfusion)
compared to animals without the Cgy-fullerene introduction is shown regard-
less of the muscle-ischemia duration of 1, 2 or 3 h.

Hocrim:xeHo BILINB BOJOPO3YNHHNX HeMogudikoBaHux Cqy-DyiiepeHiB AK 1mo-
TYKHIX aHTUOKCHUIAHTIB Ha 6ioxeMiuHi MOKa3sHUKM KPOBi ITypiB 3a imemiuno-
pernepdy3iiiHOro MOIIKOAKEeHH CKeJIeTHOTO M’ s3a 3aJIe}KHO BiJ 0T0 aKTHUBHO-
ro Ta HEaKTUBHOI'O CTaHiB, a TAKOXK TpUBAJIOCTH Iriei martosorii. [iad ominku
3araJibHOro (hiziosoriuHoro crany migmocaigHMX IMypiB BU3HAYaJ W PiBHI (ep-
MeHTiB (KpeaTuH(MochoKiHAZY Ta TaKTaTAeTiAPOoTeHA3M) I IXHiX MeTa00 TivHIX
MIPOAYKTiB (KpeaTuHiHy Ta MOJOUYHOI KucyoTu) vy KpoBi. Kpim Toro, 6yniu Bu-
3HAUEHi PiBHI AeAKMX KOMIIOHEHTIiB aHTHMOKCUIAHTHOI CUCTEMHU, 30KpeMa Ka-
Tajaasu, BiTHOBJIEHOI'O IJIyTATiOHY, PEaKTUBHUX PEYOBUH Tio0apbiTypoBOi K1c-
JIOTH Ta MEePOKCUY BOAHIO AK iHAUKATOPIB IIEPEeKUCHOTO0 OKMCHEHHA JIMigiB Ta
OKMCHIOBAJIBHOTO cTpecy. IlokasaHo, 110 y Aocaigfamx rpynax TBapuH (1 Mr/Kr-
BHYTPIITHbOM’130B€ BBEJIEHHA BOAOPO3UYMHHOTO HeMoaumpixkoBanoro Cgq-
dynnepeny oapasy micasa pemepdysii m’a3a) cmocTepiraeTbcs BUpakeHa TeH-
JeHIliA 00 3MEeHINeHHA IMUX 6ioxXeMiuHuX IMOKa3HUKIiB KPOBi B cepegHLOMY Ha
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20-25% mnopiBHSAHO 3 KOHTpoJeM (TBapuHu 6e3 BBegeHHA Cyy-QyiiiepeHny) He-
3aJIe’KHO Biff TpUBaAJIOCTH inmemisarrii m’a3a B 1, 2 uu 3 roquHM.

HccimemoBaHo BIUAHWE BOAOPACTBOPUMBIX  HeMOAUDUIIUPOBAHHBIX  Cgy-
¢ yIepeHOB KaK MOIIMHBIX AHTUOKCUAAHTOB Ha OMOXMMHUYECKUE IIOKAas3aTesu
KPOBM KDPBIC IIPU UIIEeMUYECKU-PernepHy3MOHHOM MIOBPEKAEHUU CKeJIeTHOM
MBIIIIBI B 3aBUCUMOCTH OT €€ aKTUBHOI'O ¥ HeaKTHUBHOTO COCTOAHUM, a TaKKe
IIPOJOJIKUTEIBHOCTHU 3TOM maToJaoTuu. [[Jia oeHKY 0011ero (hu3noJ0THIEeCKOTO
COCTOAHUSA IOJOIMBITHBIX KPBIC U3MePsIn YPOBHU (epMeHTOB (KpeaTuHMOCHO-
KMHA3bl U JIAKTATAETHIPOTeHAa3bl) U UX MeTa0OJNUEeCKUX IIPOAYKTOB (KpeaTu-
HUHA U MOJIOUHOM KUCJIOThI) B KpoBU. Kpome TOro, ObLIM M3MepeHbl YPOBHU He-
KOTOPBIX KOMIIOHEHTOB aHTHOKCHUAAHTHOM CHCTE€MBI, B YACTHOCTH KaTaJjashbl,
BOCCTaHOBJIEHHOTO TJIYTATHOHA, PEAKTHUBHBLIX BEIIECTB THO0APOUTYPOBOM KuC-
JIOTHI ¥ TIEPOKCHIa BOZOPOIa B KAUECTBE UHAUKATOPOB IIEPEKMCHOTO OKUCIEHN A
JUTHUI0B ¥ OKHUCJIUTEILHOTO cTpecca. [fokaszaHo, UTO B OMBITHBIX I'PYIIIIaX JKU-
BOTHBIX (1 MI/Kr-BHYTPUMBIIIIEUHOE BBeJeHNEe BOJAOPACTBOPHUMOTO Hemoampu-
nupoBarHOTro Cqy-yiliepeHa cpasy mocie perepdys3uy MBIIIIIB) HaGI0naeTCs
BLIpAKEHHAS TEHAEHIINA K YMEHBIIEHUIO dTUX OMOXMMHUUYECKHUX ITOKasaTeseit
KpoBu B cpenueM Ha 20—25% Mo cpaBHEHUIO ¢ KOHTPOJIEM (KHMBOTHBIE 6e3 BBe-
meaud Cg-QysiepeHa) He3aBUCHUMO OT HPOAOJIKUTEIHHOCTH UIIEMU3AINN
MbIIIIe B 1, 2 niau 3 uaca.

Key words: Cg, fullerene, skeletal muscle, ischemia—reperfusion injury, bio-
chemical blood parameters.
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1. INTRODUCTION

Ischemia—reperfusion injury of skeletal muscle could be explained via
the cascade of cellular events, which were triggered by the following
reperfusion [1]. During ischemia, the constant decline of the cellular
energy store takes place. Despite the role of creatine phosphate that is
present in muscles, the concentration of ATP falls. Also by producing a
little energy and lactate, the glycogen store becomes depleted [2]. Un-
der the reperfusion, reactive hyperaemia develops that leads to the in-
crease of blood circulation in a muscle. However, this flow of blood
washes out the substances, which are needed as precursors of adenine
nucleotide resynthesize.

Reactive oxygen species (ROS) are formed in a process of membrane
lipid peroxidation (LPO) and reoxygenation under the effect of im-
paired phosphorylation in mitochondria. Sequestration of white blood
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cells and molecules of leucocyte adhesion into the muscle provokes the
enlargement of injury during reperfusion. This leads to the consequen-
tial damage of organs, which are located far from a place of injury,
namely, lungs, heart and kidneys [3]. Therapy of ischemia injuries de-
pends on its level that has a connection with the time of ischemia in-
duction. Early-stage treatment of the light forms of ischemia gives
near 100% positive results. In contrast, curing of severe forms of is-
chemia almost always is ineffective. Time wasted for incorrect therapy
of full damaged muscle often leads to the complications related to or-
ganism intoxication or even death. The future of therapeutic ap-
proaches for minimization of ischemia trauma belongs to those, which
are focused on modulation of ischemia—reperfusion effect for effective
diagnostic of severity of ischemia-induced damage. In this context, an
antioxidant therapy may play an important role [3, 4].

The ability of the biocompatible Cg, fullerenes and their derivatives
to inactivate the ROS was first demonstrated in Ref. [5]. Cg4, fullerene
is more powerful antioxidant than natural antioxidant Vitamin E in
preventing the integrity of membranes from damage and, thus, con-
tributes to the maintenance of transmembrane potential [6]. It has
been established that pristine Cg, fullerenes have a dose-dependent
protective effect against oxidative-mediated muscle trauma [7, 8].

The majority of experimental data show that pristine Cg, fullerenes
are not toxic nanostructures of in vitro and in vivo systems [9, 10]. So,
Ceo fullerene aqueous colloid solutions show no in vivo toxicity in doses
lower 25 mg/kg [11]. Water-soluble Cy, fullerene derivatives do not
show acute in vivo toxicity for 200—-500 mg/kg [12]. It was established
that intraperitoneal introduction of Cg4, fullerene suspension in a dose
of 2.5 g/kg does not lead to mice death or to violations of their behav-
iour within 8 weeks [13].

Moreover, Cq, fullerene aqueous colloid solutions protect rats’ liver
for the ROS [14, 15]. Herewith, the concentration of accumulated Cg,
fullerenes in hepatocytes decreased in time that indicates their ability
to excrete from rats’ liver.

Water-soluble pristine Cg, fullerenes in low concentrations are not
toxic for normal cells [16]. Recently, the impact of water-soluble pris-
tine Cg4, fullerene on Drosophila melanogaster at DNA, tissue and or-
ganism levels was tested [17]. It was found that Cg, fullerene at the
concentration of 40 ug/ml does not affect the reproductive system and
embryogenesis. At the same time, Cg, fullerene can induce DNA dam-
age, but activation of DNA-repair decreases this negative effect at the
organismal level. It contributes for further medical and biological ap-
plications of C4, fullerene.

Given the accumulated data about the powerful antioxidant proper-
ties of G4 fullerenes [18, 19], the purpose of this work was to study
their effect on the some biochemical parameters of blood in rats under
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ischemia—reperfusion injury of the skeletal muscle depending on its
active and inactive states as well as duration of this pathology.

2. EXPERIMENTAL
2.1. Nanomaterials

A highly stable reproducible Cg,-fullerene aqueous colloid solution
(CsoFAS) was prepared according to protocol [20, 21]. Briefly, for the
preparation of C4,FAS, we used a saturated solution of pure Cg, fuller-
ene (purity > 99.99%) in toluene with a C4 molecule concentration
corresponding to maximum solubility near 2.9 mg/ml, and the same
amount of distilled water in an open beaker. The two phases formed
were treated in ultrasonic bath. The procedure was continued until the
toluene had completely evaporated and the water phase became yellow
coloured. Filtration of the aqueous solution allowed separating the
product from undissolved Cg, fullerenes. The purity of prepared
CeoF'AS samples was determined by HPLC and GC/MS techniques using
standard programs. The concentration of Cq, fullerene in the prepared

Fig. 1. The scanning tunnelling microscopy image of C4, fullerenes deposited
from C4 FAS (0.15 mg/ml) on Au(111) surface (SPI Supplies, USA). Scanning
parameters: I, =93 pA, U,= 713 mV. The height of nanoparticles was estimat-
ed along the cross-section line (Z-profile) marked by yellow.
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CeoFAS sample was determined as the concentration of total organic
carbon in aqueous solution (Analytik Jena TOC Analyser multi N/C
3100). In our experiments, the C4;,FAS sample with 0.15 mg/ml con-
centration of Cg, fullerene was used.

The scanning tunnelling microscopy (STM; NT-MDT, Russia) data
(Fig. 1) clearly indicates the presence in C4FAS of both the individual
Ceo fullerenes (0.72 nm in diameter) and their nanoparticles with a
height more than 1.2 nm.

2.2. Animals

Animals (male rats of Wistarline) were kept under standard conditions
in the vivarium of the ESC ‘Institute of Biology and Medicine’, Taras
Shevchenko National University of Kyiv. Animals had free access to
food and water. All experiments were conducted in accordance with the
international principles of the European Convention for protection of
vertebrate animals under a control of the Bio-Ethics Committee of the
above-mentioned institution.

All studied animals (weight 150-170 g) were divided into following
groups: intact group (n = 10), control group (animals after ischemia
with saline 1 mg/kg intramuscular injection immediately after reper-
fusion; n =10), and experimental group (animals after ischemia with
CsoFAS 1 mg/kg intramuscular injection immediately after reperfu-
sion; n = 10).

Under deep anaesthesia (ketamine; 100 mg/kg ‘Pfizer’, USA), after
tracheotomy, an artificial lung ventilation has been started. In a re-
gion of popliteal fossa, a musculus soleus was separated, cut proximal-
ly and mounted to the force transducers. The animal was immobilized
in the stereotaxic frame with strong fixation of head, pelvis and limbs.
Nerve that innervates a musculus soleus was mounted on the bipolar
platinum electrode, which was used for stimulation. During the sur-
gery and the whole experiment, the animal heart rate was constantly
monitored. To develop ischemia injury, the branch of femoral artery,
which supplies blood flow to muscle, was ligated for 1, 2 or 3 h.

The control of muscle contraction force was performed using strain
gauges [22]. Electrical impulses lasted 2 ms with frequency 2 Hz were
applied during 30 min for stimulation of afferents in L7-S1. External
load on the muscle was controlled by the system of mechanical stimula-
tors[23].

2.3. Biochemical Analysis

Levels of enzymes (creatine phosphokinase (CPK) and lactate dehydro-
genase (LDH)) and their metabolic products (creatinine and lactic acid
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(LA)), as well as components of antioxidant system (catalase (CAT),
reduced glutathione (GSH), thiobarbituric acid reactive substances
(TBARS) and hydrogen peroxide (H,0,)) in blood of rats, which charac-
terize their muscle activity, were examined by clinic-diagnostic meth-
ods and equipment (Selectra Pro XL EliTechGroup, France).

Biochemical data are expressed as the means + SEM for each group.
The differences among experimental groups were detected by one-way
ANOVA followed by Bonferroni’s multiple comparison test. Values of
p <0.05 were considered as significant.

3. RESULTS AND DISCUSSION

Such oxygen active compounds as superoxide and hydroxyl radicals
could mediate microvascular and parenchyma damage induced by is-
chemia—reperfusion injury of the skeletal muscle [3, 4]. Death of the
majority of muscular cells occurs to chemical substances, which are
formed during and after ischemia and can last several days even after
normalization of blood supply [3]. That is why biochemical changes in
blood under ischemia are important parameters during the prophylac-
tic treatment and, especially, for making fast decisions.

Until now, it is known that, after 2 h of the skeletal muscle ischemia
with following reperfusion, an ATP concentration decreases dramati-
cally. At the same time, the level of lactate significantly increases. Af-
ter 3 h of ischemia, the pool of ATP in a muscle is only 5% from initial
value, and glycogen stored falls up to 88% [2]. This indicates the sig-
nificant amount of energy used for homeostasis maintenance, especial-
ly, during the first hour of ischemia [24]. As a result, the metabolic
disturbance leads to a marked increase of muscular fatigue.

However, the ROS production is the main pathological cause in a
process of ischemia—reperfusion damage of muscular tissue. Free radi-
cal processes include triggering of LPO, direct inhibition of mitochon-
drial respiratory chain enzymes, inactivation of glyceraldehyde-3-
phosphate-dehydrogenase, suppression of APTase activity, inactiva-
tion of membrane sodium channels, and some other pathological events
[3, 25].

All facts listed above make ischemia—reperfusion trauma to be con-
sidered as the complex pathological process that affects many metabol-
ic aspects directly in site of injury as well as in the whole organism. Be-
cause biochemical changes in blood were found to reflect those in a
muscle during pathological process, evaluation of blood biochemical
content give direct data about biochemical changes in an active muscle.
Blood parameters selected for this investigation display a strong ten-
dency to enlarge both with the development of pathology and after in-
tensive physical activity [2, 3, 24, 25].

For the evaluation of the general physiological state of the ischemic
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muscle, we chose those markers, which could be measured using stand-
ard biochemical methods and are specific for ischemia-damaged mus-
cles. Such markers include CPK, LDH, creatinine and LA.

CPK is an enzyme that catalyses transfer of phosphate group from
ATP to creatine with formation of creatine phosphate, which is the en-
ergy substrate. When muscle is damaged, this enzyme is released from
cells into the blood. We suggest that increase of a CPK fraction with
the increase of ischemia time (Fig. 2) from 789 units/I in a control up
to 1178, 1346 and 167 units/1 after 1, 2 and 3 h of ischemia (without
muscle stimulation), respectively, is the result of pathological destruc-
tion of myocytes’ cell membrane that is followed by intracellular-
enzymes’ release into the tissue environment. This is also the reason
for the increase in CPK level after activation of ischemia-damaged
muscle from 854 units/l in a control (intact rats) to 1334, 1664 and
2208 units/1 after 1, 2 and 3 h of ischemia, respectively. It is im-
portant to note that, in active state of a muscle, a CPK level after 1 h of
ischemia is almost equal to that after 2 h of ischemia but for an inac-
tive muscle. After 2 h of ischemia in active muscle, a CPK output is the
same as in resting muscle after 3 h of ischemia.

LDH catalyses oxidation of lactate to pyruvate with generation of
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Fig. 2. Levels of enzymes (CPK and LDH) and their metabolic products (creat-
inine and LA) in blood of rats without muscle stimulation (a) and after 30 min
of stimulation with 2 Hz-frequency of a current (b): control—intact rats; 1, 2
and 3—experimental rats under ischemia—reperfusion trauma of muscle for
1, 2 and 3 h, respectively. Values are M + SD, n = 10; “p < 0.05 in comparison
with control (experiment without muscle stimulation); “p < 0.05 in compari-
son with control (experiment with muscle stimulation).
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NADP in almost all cells in the body. In diseases, which are followed
with tissue damage and cell destruction, the LDH blood level increases.
The LDH concentration had elevated after even 1 h of ischemia of mus-
culus soleus (without stimulation): from 261 units/l in a control (intact
rats) to 578 units/1 (Fig. 2). Moreover, it was increasing with the en-
largement of ischemia period: up to 649 and 742 units/1 for 2 and 3 h of
ischemia, respectively. These data are consistent with those from other
studies [2, 3, 22] in the aspect of LDH concentration increases in re-
sponse to enlargement of ischemia duration. Activation of ischemic
muscle results in significant increase of LDH level, namely, up to 690,
724 and 887 units/l for 1, 2 and 3 h of ischemia, accordingly. It is
worth mentioning that mostly LDH concentration was higher in active
ischemic muscle than its level in inactive muscle during increase of is-
chemia time.

Creatinine is formed in muscles from creatine, which provides the
body with energy for muscle contraction. In case of ischemia—
reperfusion trauma, significant increase of creatinine release from
impaired tissue occurs. This creatinine elevation is observed after even
1 h of muscle ischemia (Fig. 2) and reaches from 50 to 98 uyM/1 compar-
atively to the control group (intact rats). At ischemia time of 2or 3 h, a
creatinine level rises up to 161 or 167 nM/Il, respectively. This is the
evidence of serious mechanic damage of muscular fibres in experi-
mental limb. At 30 min of muscle activation, a creatinine level increas-
es a little (from 50 to 54 uM/1) in a control (intact rats) and illustrates
long relaxation activity of experimental muscle. The described eleva-
tion of a creatinine level is much higher under ischemia: 98 uyM/]1 with-
out activation and 134 pumol/l during muscle activation at 1 h of is-
chemia, 121 and 164 pM/l—at 2 h of ischemia, as well as 167 and 208
nM/1 after 3 h of ischemia. Finally, as well as in case of a CPK, in ac-
tive state of a muscle, a creatinine level after 1 and 2 h of ischemia is
almost equal to that after 2 and 3 h of ischemia, respectively, but for
an inactive muscle.

LA level significantly increased compared to the control value 4.2
mM/ml for 1, 2 and 3 h of muscle ischemia and was 7.7, 10.8 and 14.1
mM /ml without muscle activation, accordingly (Fig. 2). After stimuli,
these rates increased to 15.4, 17.4 and 19.3 mM/ml, respectively, with
a significant increase in the level of LA in control (intact rats)—12.8
mM /ml.

Membrane lipids become more sensitive for peroxidation after cell
death, which occurs in severe forms of ischemia. This should be taken
into account in evaluation of the general state of ischemic muscle.
There are well-known mechanisms for elimination of the harmful hy-
droperoxides of fatty acids [2, 26]. Nevertheless, when they are over-
loaded, it is obvious that damaged cell is going to die. This actually
happens under severe ischemia. Collagen and hyaluronic acids are
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those extracellular components, which are mostly affected by free rad-
icals. Thus, an activation of free-radical formation under ischemia
triggers the complex process that complicates determination of the
level of ischemic trauma based on biochemical parameters [27].

Obtained data give the evidence that ischemic cell damage is a two-
stage process with the primary effect during ischemia itself and sec-
ondary during reperfusion [28]. Primary effects of ischemia are well
characterized; energy deficit in the cell that causes homeostasis and
ion gradients shifting accompanied with enzymatic insufficiency lead
to the cell death. Injury due to reperfusion is developed because of free
radicals, endothelial factors and neutrophils [28]. Under ischemia in-
jury during the reperfusion time, several types of free radicals are
formed, among which the most reactive is hydroxyl due to its ability to
trigger LPO. Endothelium is the most sensitive in this case. Its damage
changes the intracellular environment, can provoke muscular fibre
fragmentation and neutrophils chemotaxis. Ischemia—reperfusion im-
pairs the balance that maintains homeostasis in microcirculation. It
results in involvement, activation, adhesion and migration of neutro-
phils that leads to local tissue destruction by released proteases and
free radicals[3, 4].

At the same time under prolonged stimulation of a muscle, the
changes in its metabolism rise that is the main factor in the develop-
ment of muscular fatigue. Special tests have revealed accumulation of
LPO derivatives and changes in antioxidants quantity in muscular tis-
sue that becomes fatigued [29, 30]. Obtained data demonstrate the ele-
vated level of such indicators of LPO and oxidative stress as CAT,
TBARS, GSH and H,0, after activity of muscle.

Experiments on ischemic inactive muscles show that these biochem-
ical markers were significantly higher in comparison with intact mus-
cles and, for 1, 2 and 3 h of ischemia, they were as follow: 2.9%,
145.1% and 224.3% —for CAT; 62.5%, 109.2% and 161.7% —for
TBARS; 71.6%, 138.1% and 245.6% —for GSH, as well as 262%,
329% and 414% —for H,0, (Fig. 3).

After 30 min of muscle stimulation, levels of these substances sub-
stantially rise in comparison with inactive muscle with the same rate of
ischemic trauma. Increase of H,0, under physical activity of ischemic
muscle leads to the elevation of CAT activity. CAT develops protective
antioxidant function facilitating transformation of hydrogen peroxide
into water and oxygen [30]. In experiments, a CAT level significantly
raises from 2.21 to 2.83 ptM/min/ml (28% ) in a muscle under 1 h of is-
chemia, from 3.31 to 4.12 pM/min/ml (24%) in 2 h of ischemia, and
from 4.48 to 5.41 pM/min/ml (22% ) in case of 3 h of ischemia (Fig. 3).

During an activation of ischemic muscle, the elevation of a TBARS
level was found from 4.21 to 5.25 nM/ml (24%), from 5.42 to 6.26
nM/ml (15%), and from 6.78 to 7.32 nM/ml (7.9%) for 1, 2, and 3 h of
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Fig. 3. Components of antioxidant system in blood of rats without muscle
stimulation (a) and after 30 min of stimulation with 2 Hz-frequency of a cur-
rent (b): control—intact rats; 1, 2 and 3—experimental rats under ischemia—
reperfusion trauma of muscle for 1, 2 and 3 h, respectively. Values are
M + 8D, n=10; ‘p<0.05 in comparison with control (experiment without
muscle stimulation); “p < 0.05 in comparison with control (experiment with
muscle stimulation).
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ischemia, respectively, compared to resting ischemic muscle (Fig. 3).

Increased quantity of GSH in stimulated ischemic muscle (in com-
parison with that muscle in rest) indicates a compensatory activation
of endogenous antioxidant system in response to the irritant of a
threshold value (Fig. 3). A significant decrease of GSH and increase of
its oxidized form under intensive physical activity were described in
Ref. [30]. Investigation shows the elevation of GSH level from 2.97 to
3.68 mM/ml (23%) for 1 h of ischemia, from 4.12 to 5.32 mM/ml
(29%) for 2 h of ischemia, and from 5.98 to 7.18 mM/ml (20%) for 3 h
of ischemia.

Based on the data obtained, it can be concluded that, during the in-
duced muscle stimulation, the level of LPO and oxidative stress mark-
ers TBARS, CAT and GSH increased by more than 20% (p <0.05) in
comparison with their levels in muscle at rest.

A significant increase in the amount of H,0, in the stimulated is-
chemic muscle in comparison with the muscle at rest was established.
Quantitative indices were 3.68, 4.32 and 5.15 uM/ml, respectively, for
1, 2 and 3 h of muscle ischemia. In percentage rate to ischemic muscle
without activation, the growth of H,O, level was 123%, 116% and
110% (Fig. 3).
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Thus, we showed that muscle stimulation led to an increase in the
metabolic products (LA) and intensification of the oxidative processes,
namely, a significant increase in ROS production and LPO. As a result,
an increase in CAT and GSH activity relative to the intact muscle oc-
curs. The increased LA level further reduced the pH value, which could
induce various biochemical and physiological effects during muscular
contractions, including glycolysis, phosphofructokinase and calcium
release. Therefore, LA is an important marker for evaluating the de-
gree of fatigue of aliving organism.

With a moderate external load on the muscle, the metabolism in it
occurs aerobically. In the muscle, which is actively contracting, me-
tabolism increases significantly that leads to accumulation of products
of secondary oxidation in the muscle fibres [31]. It was proved that
such metabolic processes become a source of ROS and contribute to the
intensification of LPO [32, 33]. The presence of such metabolic prod-
ucts increases the level of ischemic damage and prevents an adequate
diagnosis of ischemic injury levels. In this case, an antioxidant thera-
py may be effective.

In the case of water-soluble Cg, fullerene introduction, all afore-
mentioned biochemical markers of muscle tissue damage tended to de-
crease regardless of muscle-ischemia duration. So, the CPK level was
978, 1123 and 1388 units/l for inactivated muscle, and 1121, 1267 and
1764 units/1 for activated muscle for 1, 2 and 3 h ischemia, respective-
ly (Fig. 4). The therapeutic effect of C;,FAS compared to ischemic ani-
mals without C4, fullerene introduction (Fig. 2) was 83%, 83% and
82% for inactivated muscle, and 84%, 76% and 79% for activated
muscle for 1, 2 and 3 h of ischemia, respectively.

The LDH level was 321, 478 and 623 units/1 for inactivated muscle,
and 598, 678 and 776 units/l for activated muscle for 1, 2 and 3 h of
ischemia, respectively (Fig. 4). The therapeutic effect of C;FAS com-
pared to ischemic animals without Cg, fullerene introduction (Fig. 2)
was 65%, 73% and 82% for inactivated muscle, and 86%, 83% and
87% for activated muscle for 1, 2 and 3 h of ischemia, respectively.

The level of creatinine was 68, 95 and 123 uM/I1 for inactivated mus-
cle, and 79, 121 and 134 uM/1 for activated muscle for 1, 2 and 3 h of
ischemia, respectively (Fig. 4). The therapeutic effect of C;FAS com-
pared to ischemic animals without Cgy-fullerene introduction (Fig. 2)
was 69%, 73% and 79% for inactivated muscle, and 57%, 64% and
73% for activated muscle for 1, 2 and 3 h of ischemia, respectively.

Finally, the LA level was 5.7, 8.6 and 11.8 mM/ml for inactivated
muscle, and 14.3, 16.1 and 18.7 mM/ml for activated muscle for 1, 2
and 3 h of ischemia, respectively (Fig. 4). The therapeutic effect of
CsoFAS compared to ischemic animals without Cgy-fullerene introduc-
tion (Fig. 2) was 74%, 77% and 83% for inactivated muscle, and 92%,
92% and 96% for activated muscle for 1, 2 and 3 h of ischemia, respec-
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Fig. 4. Levels of enzymes (CPK and LDH) and their metabolic products (creati-
nine and LA) in blood of rats without muscle stimulation (a) and after 30 min
of stimulation with 2 Hz-frequency of a current (b): control—intact rats after
intramuscular injection of 1 mg/kg saline; 1, 2 and 3—experimental rats after
intramuscular injection of 1 mg/kg C;FAS under ischemia—-reperfusion trau-
ma of muscle for 1, 2 and 3 h, respectively. Values are M +SD, n=10;
*p < 0.05 in comparison with control (experiment without muscle stimulation);
“p < 0.05 in comparison with control (experiment with muscle stimulation).

tively.

After water-soluble Cgy-fullerene introduction, a decrease in the lev-
els of LPO and oxidative stress markers was established. So, the CAT
level was 2.02, 2.87 and 3.43 uM/min/ml for inactivated muscle, and
2.2, 3.41 and 4.11 uM/min/ml for activated muscle for 1, 2 and 3 h of
ischemia, respectively (Fig. 5). The therapeutic effect of C;FAS com-
pared to ischemic animals without Cgy-fullerene introduction (Fig. 3)
was 91%, 86% and 78% for inactivated muscle, and 77%, 72% and
75% for activated muscle for 1, 2 and 3 h of ischemia, respectively.

The TBARS level was 3.77, 4.02 and 5.15 nM/ml for inactivated
muscle and 4.05, 5.23 and 6.31 nM/ml for activated muscle for 1, 2
and 3 h of ischemia, respectively (Fig. 5). The therapeutic effect of
CeoF'AS compared to ischemic animals without Cg,-fullerene introduc-
tion (Fig. 3) was 89%, 74% and 79% for inactivated muscle, and 77%,
82% and 79% for activated muscle for 1, 2 and 3 h of ischemia, respec-
tively.

The GSH level was 2.21, 3.45 and 4.28 mM/ml for inactivated mus-
cle, and 3.04, 4.56 and 5.88 mM/ml for activated muscle for 1, 2 and 3
h of ischemia, respectively (Fig. 5). The therapeutic effect of C;,,FAS
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Fig. 5. Components of antioxidant system in blood of rats without muscle
stimulation (a) and after 30 min of stimulation with 2 Hz-frequency of a cur-
rent (b): control—intact rats after intramuscular injection of 1 mg/kg saline;
1, 2 and 3—experimental rats after intramuscular injection of 1 mg/kg
CeoF'AS under ischemia—reperfusion trauma of muscle for 1, 2 and 3 h, respec-
tively. Values are M = SD, n = 10; “p < 0.05 in comparison with control (exper-
iment without muscle stimulation); “p < 0.05 in comparison with control (ex-
periment with muscle stimulation).
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compared to ischemic animals without Cgy-fullerene introduction (Fig.
3) was 74% , 83% and 72% for inactivated muscle, and 82%, 85% and
81% for activated muscle for 1, 2 and 3 h of ischemia, respectively.

Finally, the H,0, level was 2.12, 3.06 and 3.78 pM/ml for inactivat-
ed muscle, and 2.65, 3.67 and 4.43 uM/ml for activated muscle for 1, 2
and 3 h of ischemia, respectively (Fig. 5). The therapeutic effect of
CeoF'AS compared to ischemic animals without Cg,-fullerene introduc-
tion (Fig. 3) was 71%, 82% and 80% for inactivated muscle, and 72%,
84% and 85% for activated muscle for 1, 2 and 3 h of ischemia, respec-
tively.

Thus, the treatment groups marked tendency to decrease above-
mentioned biochemical parameters at average by 20—25% compared to
animals without C4y-fullerene application.

During ischemia development, there is a significant depletion of cel-
lular energy substances, especially, ATP decomposition, which leads to
a sharp disruption of homeostasis and loss of ionic gradient through
cell membranes [34]. At the same time, there are NAD, lactate and H"
accumulation, and, consequently, acidification of the intracellular and
extracellular media [35]. The ATP-production decrease suppresses the
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activity of Na'—K'-ATPase that leads to increase in intracellular Na*
concentration and, as a consequence, intracellular Ca®*" [36]. The high
K" content causes a delay in the action potential generation and, ac-
cordingly, its distribution in T-tubes [37]. It can be assumed that ionic
changes impair the ability of muscle to respond to electrical impulses,
because the loss of ischemic muscle ability to a contraction is associat-
ed with the depolarization of membrane systems of myocytes and viola-
tion of intracellular conductivity that prevents the development of ex-
citation and leads to its extinction.

At the same time, the ischemic injury leads to the ROS overabun-
dance [38]. It was shown that ROS are formed during both ischemia
and reperfusion. The main radicals produced in the myocytes are su-
peroxide anion (O, ) and nitric oxide (NO), which lead to the formation
of several secondary reactive compounds such as hydrogen peroxide
(H,0,), hydroxyl radicals (HO), and peroxynitrites (ONOO") [39]. In
case of ischemia, a xanthine dehydrogenase, which is contained in the
microvascular endothelial cells of the skeletal muscle, converted into
xanthine oxidase [40], which, in turn, catalyses the conversion of hy-
poxanthine to xanthine by forming a superoxide anion. Other poten-
tially important sources of free radicals’ generation include NADP ox-
idase, NO synthase and XO [41]. It has been established that physical
activity results in muscles’ fatigue and H,0, formation that normally
do not have a significant effect on changes in myoplasmic Ca?" levels
during single and tetanus muscle contractions [40, 42], but, in case of
ischemia, they inhibit Ca®" withdrawal from a sarcoplasmic reticulum
during muscle contraction.

The obtained results show the pronounced therapeutic effect of Cg,
fullerene on the ischemic pathological process development in a muscu-
lus soleus of rats. Such impact, in our opinion, is due to the neutraliza-
tion of part of the ROS by water-soluble Cg, fullerenes at the early
stage of the development of the ischemic process.

Thus, the development of biomedical nanotechnologies using the
water-soluble pristine C4, fullerenes, as powerful antioxidants [43],
opens up new opportunities in the therapy and prevention of the skele-
tal-muscles’ ischemic pathologies, in the basis of which is the action of
free radical processes.
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Nickel—Yttrium Ferrite Nanopowders for Solving Environmental
Problems
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Among the family of spinel ferrites, nickel ferrite NiFe,O, obtained by ce-
ramic technology was widely studied due to its tremendous properties such
as high electromagnetic performance, excellent chemical stability and me-
chanical hardness, and moderate saturation magnetization, making it as a
good contender for the application as soft magnets and low-loss materials at
high frequencies. The structure, mechanical, magnetic, electrical, and die-
lectric properties of nickel ferrite are dependent on several factors includ-
ing the method of fabrication, sintering time and temperature, chemical
composition, type and amount of dopant, grain structure. The sol—gel pro-
cessing with autocombustion (SGA) technique was used for the synthesis of
NiY Fe, O, (x=0.0, 0.1, 0.2, 0.3, 0.4, 0.5) ferrite nanoparticles. The
mixed solution was dried at temperature around 403 K. During evapora-
tion, the solution becomes viscous and finally formed as a xerogel. At fur-
ther elevation of temperature, the organic constituents are decomposed
with the generation of gases such as CO,, N, and H,0O; therefore, the xero-
gel automatically ignited. The autocombustion was completed within a few
seconds, yielding the nanopowders of nickel-yttrium ferrites. The XRD re-
sults confirm single-phase formation of the as-prepared NiFe,O, sample.
The powders substituted with Y3* ions, except the spinel-type phase, contain
additional o-Fe,O; and Y,0; phases too. The powder sizes decrease from 43
nm to 17 nm with increase in amount of Y®* ions. The EDX results confirm
the presence of Ni, Fe, Y, and O elements in Ni—Y-ferrite powders. The in-
frared (IR) spectra were recorded at the room temperature in the range
from 400 cm™ to 4000 cm™; they confirm the spinel structure. As found,
the adsorption capacity of Ni—Y ferrite increases, while the substitutions
with Y3* ions increase. The adsorption process increases with increasing pH,
has a maximum at pH =7, and depends on the dye type.

Cepen depuriB 3i cTpyKTypoio mminesi BaactuBocti depury uHikmao NiFe,O,,
OJIePsKaHOTO 3a KepaMiuHOI0 TEeXHOJIOTi€l0, € MIMPOKO BUBYEHi, OCKiJIbKU BiH
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Ma€ BHCOKY eJIeKTPOMAarLeTHy IPOAYKTHUBHICTH, BiAMiHHI xeMiuHYy cTabiib-
HicTh 1 MexaHiUHY TBepZicTbh, a TAKOM IIOMipHY HaMarHeTOBaHIiCTh HACHUTY,
10 PoOUTH HMOTr0 XOPOIIMM MPETEeHAeHTOM JJSA 3aCTOCYBaHHS SAK M AKOIrO
MarHEeTHOTO MaTepifsy 3 HUBbKMMM BTpaTaMM Ha BUCOKUX yacTorax. CTPyK-
Typa, MexXaHiuHi, MarHeTHi, eJJeKTPUYHI Ta JieJleKTPUUHI BJIacCTUBOCTL depu-
Ty HIKJIIO 3ajie;KaTh BiJl MeKiMTbKOX UMHHUKIB, BKJIOUAIOUN CIIOCI0 IIPUTOTY-
BaHHdA, 4ac i TeMIlepaTypy CIiKaHHSA, XeMiuHUI CKJIa[, TUI 1 KiJbKicTb Je-
I'yBaJIbHOI JOMIINIKM Ta 3€epPHUCTY CTPYKTypy. HamouacTuHKU Qdepurin
NiY, Fe, O, (x=0,0, 0,1, 0,2, 0,3, 0,4, 0,5) Oysim cuHTE30BaHi 3a MOIOMO-
TOI0 METORM 30Jb—Telb 3a yuacTio aBroropimua (3T'A). Omep:xaHWi PO3UMH
Oys0 BucyiieHo 3a temneparypu 0ausbko 403 K. Ilig uac BumaproBaHHS po-
3YMH IIOCTYIIOBO CTaBaB B’A3KHM, B Pe3yJbTaTi 4oro chopMyBaBCS KCEPO-
TeJdb. 3a TMOAAJBINIOTO IIiABUINEHHS TeMIIepATypPU OPraHiuHi CKJIagoBi pPO3K-
Janucsa 3 yTBOpPeHHAM rasiB, Takux Ak CO,, N, i H,0. IIpomec aBromaTuu-
HOTO B3TOPaHHA KCEPOTeJI0 3aBEPIINBCA IPOTATOM AEKiIbKOX CEKYHJ, IIIo
IIPUBEJIO 10 YTBOPEHHSA HAHOIOPOIUIKIB HiKeab-iTpiifioBux (epuriB. Pesyib-
Tatu X-IPOMEHEeBUX IOCIiIKeHb IIiATBEPAKYIOTh YTBOPEHHS OZHO(pAa3HOTrO
spaska NiFe,0,. Samimeni ftomamu Y*" mopomxkwu, kpim dasu mmizemri, mic-
TATH TaKOK HomaTkoBi dasu a-Fe,O; i Y,0;. I3 36inbmmenuam kinbkocTu i#o-
HiB Y*" posmipu mopomkie depuriB smenmIyorbes Bim 43 M g0 17 M. Pe-
gynabratu EDX-amarisu migTBepAKYIOThH HadBHicTh enemeHTiB Ni, Fe, Y i O
y mopoikax Ni—Y-gepuris. IndpauepBoHi CIIeKTpU peecTpyBaan 3a KiMHa-
THOI TeMIlepaTypu B Aiamasoni Binm 400 cm ! mo 4000 cM '; BOHM TakoXk IifT-
BEPIKYIOTh, IO MOPOIIKW MAalOTh CTPYKTYpy InmmiHesi. BcTraHoBiIeHO, III0
amcopoOIitina smatHicTh Ni—Y-depuris spocrae, B TOl Uac AK 3aMillleHHSA
ftomamu Y*" 36inmpmryernca. ITpomec ancop6mii spocrae 3i 36igbIIeHHAM piB-
Ha pH, € MmakcumaabauM npu pH = 7 i 3ajme:xuTh Bif Tumy 0apBHUKA.

Cpenu (eppuTOB CO CTPYKTYPOH IIIMHEJINW CBOHCTBA (eppuTa HUKEIS
NiFe,0,, IOJIy4eHHOTO IO KepaMUYeCKON TeXHOJOTUHU, IMIUPOKO M3YUEHBI, TaK
Kak OH 00JaJaeT BBLICOKOM 3SJIEKTPOMATHUTHON IIPOBOAMMOCTBLIO, OTJIHYHON
XUMHUYECKON CTAOMJIBHOCTHIO U MEeXaHUYEeCKOM TBEPIOCTHIO, 4 TaKiKe yMepeH-
HOM HAMarHWMYeHHOCTHIO HACBLIIIIEHUS, YTO eJIaeT e€ro XOPOIINM MPeTeHeH-
TOM [JIsI IPUMEHEHUA KaK MATKOI0 MATHHUTHOTO MAaTeprayia ¢ HUSKMMM IIOTe-
pAMH Ha BBICOKHX udacToTax. CTPYKTypa, MeXaHW4YeCKue, MAarHUTHbBIE, 9JIEK-
TPUYECKHNE M OUIJIEKTPUUYECKHe CBOMCTBa (eppuTa HUKENIA 3aBUCAT OT He-
CKOJIBKMX (DAKTOPOB, BKJIOUYAA CIOCO0 IPUIOTOBJIECHUS, BPEMsS M TEMIEpPaTy-
Py CIleKaHusA, XUMUYECKUI COCTAB, TUI ¥ KOJUYECTBO JIETHPYIOIIEH IIpuMe-
cHU, 3€pHUCTYI0 CTPYKTypy. Hamouactumsr ¢deppuroB NiY, Fe, O, (x=0,0,
0,1, 0,2, 0,3, 0,4, 0,5) 6BLIM CHHTE3UPOBAHLI C IIOMOIILI0 METOAA 30Jb—TeJb
¢ yuactuem aBrocropauus (3['A). IlonydueHHBIHT PACTBOP OBLT BBICYIIIEH IPU
remmeparype okosio 403 K. Bo Bpems BbIapuBaHUSA PaCTBOP ITOCTEIIEHHO
CTAHOBUJICSI BSSKMM, B pesyJbTare 4ero cQopMuUpoBajcsa Kceporesb. Ilpum
JajJbHENINeM IIOBBIIIEHUN TEeMIEePATyPhl OPraHNYECKHE COCTABJIAIOIINE pas-
JIOKUJINCH ¢ o0pas3oBaHmeM ras3oB, Takux Kak CO,, N, u H,0. IIpomecc aBTo-
MaATHUUYECKOI'0 CrOPaHUSA KCeporejieil 3aBepIIMICS B TeUeHHEe HECKOJLKUX ce-
KYHJ[, 4TO IIPHUBEJIO K OOPa30BAHMUIO HAHOIOPOIIKOB HUKEIb-UTTPUEBBIX (ep-
pUTOB. Pe3yibTaThl PEeHTIEeHOBCKUX MCCJIEIOBAHUN IOATBEPKIAIOT 00pas3oBa-
Hue oxHO(MasHoro obpasma NiFe,O,. Bameménnble moHaMu Y°© IOpOIIKH,
KpoMe (pasnl INMUHEJN, COAEePIKAT AOMOoJHUTENAbHBIe (asbl a-Fe,0; u Y,0,. C
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yBeJMueHHeM KOJMJYecTBa MOHOB Y°' pasMephl IIOPOIIKOB (DEPPUTOB YMeHb-
matorcss oT 43 HM g0 17 M. Pesynbrarsi EDX-amanmsa HOATBEpP:KIAIOT
Hanuuue sjaemeHTOB Ni, Fe, Y u O B mopomkax Ni—Y-deppuror. UuDpa-
KpacHbIe CIIEKTPHI PEeruCTPHUPOBANIN IIPKM KOMHATHON TeMIepaType B Auara-
soHe or 400 cm ! mo 4000 cm!; OHM Tak’Ke IIOATBEPIKIAIOT, UTO IIOPOIIKIU
UMEIOT CTPYKTYPY IIIIMHENN. ¥ CTAHOBJIEHO, UTO aJfCOPOIIMOHHAS CIOCOOHOCTH
Ni—Y-(eppuroB pacTéT, B To BpeMsA KaK 3aMelljeHHe moHaMu Y°' yBermumBa-
erca. IIporecc amcop6Iiu Bo3pacTaeT ¢ yBeauueHueM ypoBHA pH, aBidercs
MaKCUMAaJbHBIM IIpu pH = 7 1 3aBUCUT OT THNA KPACUTEJI.

Key words: ferrite, nanopowder, EDX analysis, IR spectroscopy, adsorp-
tion capacity.

Karouosi cimosa: ¢epur, Hamomopoinok, EDX-amaniza, IY-cmexkTpockoris,
BOMpPHA 3MaTHICTh.

KaroueBsie caoBa: hepput, HaHomOopotok, EDX-ananuns, UK-cnekTpockonus,
abcopOIMOHHAA CIIOCOOHOCTD.
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1. INTRODUCTION

The development of society is inextricably linked with the increase
in volumes of toxic waste that the environment cannot reprocess.
With wastewater from industrial enterprises, a significant amount
of pollution enters in the environment that is environmentally in-
appropriate. The most dangerous pollutants are highly toxic heavy
metal ions. In recent years, the adsorption process in conjunction
with magnetic separation technology is widely used to remove dyes
from sewage. In this case, nanosize magnetic materials are used for
production magnetic nanosorbents [1].

Recently, several works [2, 3] have been published, in which the
removal of dyes from sewage by means of spinel oxide materials is
investigated. The ferrites with spinel structure are widely used as
refractory materials, catalysts or carriers of catalysts, humidity
sensors, microwave dielectric and ceramic capacitors [4, 5].

The nanopowder spinel oxide materials have high mechanical
strength, good thermal stability, and firmness to chemical influ-
ences. They are also durable and inexpensive. Nanosize spinel mag-
netic particles are effective adsorbents in connection with them
large surface area. Since, ferrites with a spinel structure exhibit
good magnetic properties their unique advantage is the easy separa-
tion under the action of an external magnetic field. This leads to
their widespread use, in particular for the separation of dyes.

The nickel ferrite NiFe,O, is a soft magnetic material, which
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crystallizes to the cubic mixed spinel structure with space group
Fd3m [6]. This compound is represented as (Ni2'Fel",)[NiZ*Fe’’ ]0,,
where cations inside the round and square brackets occupy A-sites
and B-sites, respectively, and 6 (degree of inversion) depends on
thermal history and preparation condition. Its magnetic ordering
temperature is of about 580°C [7] that is far above the room tem-
perature. It exhibits moderate saturation magnetization, excellent
chemical, thermal and structural stability at room temperature [8].
Hence, this material is a promising candidate for a wide variety of
technological applications at room temperature such as drug deliv-
ery, magnetic sensors, actuators, memory and high frequency de-
vices [9].

The magnetic behaviour in this material is governed by the spin
coupling of the unpaired 3d electrons of the Ni* and Fe®' cations
presented at the A and B sites. Among these superexchange interac-
tions, the interaction between moments at the A and B sites is the
strongest one, which mainly controls the magnetic behaviour of the
NiFe,0,.

The physical properties of nickel ferrite nanoparticles depend up-
on its size and composition. The size of the particle can be con-
trolled by restricting particle rate of the nucleation and its subse-
quent growth with introducing a large strain at the lattice site by
incorporating suitable substituent element [10]. Rare earth elements
(Y?*, La*', Gd*, Sm*', etc.) have larger ionic size than that of the Ni
and Fe ions. Substituting of rare earth cations at the Ni and/or Fe
sites will create a large strain at the lattice site, which may restrict
the rate of the nucleation of the particle and its subsequent growth.

The synthesis of rare earth cations substituted spinel ferrite by
solid state route suffers from drawbacks like phase segregation of
metal monoxides, hematite and orthoferrites even for very low con-
centration of rare earth cations substitution [11]. However, the syn-
thesis of rare-earth substituted nanocrystalline spinel ferrites in
single-phase form is possible using chemical route despite having
big difference in ionic radius of rare-earth cations and Ni*" or Fe®"
cations.

Hence, the present report is aimed to synthesis the nickel ferrites
substituted by Y?' cations using SGA-technique and investigates
their structural, chemical, and adsorption properties.

2. EXPERIMENTS

Yttrium (Y?*") substituted nickel ferrite compound with empirical
formula NiY Fe, O, (x=0.0, 0.1, 0.2, 0.3, 0.4, 0.5) has been syn-
thesized by SGA-technique. The nickel nitrate (Ni(NO,),-6H,0), iron
nitrate (Fe(NO,);-9H,0), yttrium nitrate (Y(NO,),-6H,0), and citric
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acid (C4Hz0,-H,0) supplied with 99.9% purity were used as starting
materials.

The x-ray diffraction patterns were recorded at room temperature
on DRON 7 x-ray diffractometer using CuK, radiation. The mor-
phology of nickel-manganese ferrite powders were observed by
scanning electron microscopy (SEM) with a Hitachi S-4700 electron
microscope operating at 20.0 kV. The atomic weight composition
(%) of the constituent elements in the as-prepared samples was car-
ried out by energy dispersive x-ray spectroscopy (EDX) performed
on the EXPERT 3L atomic composition analyser.

Infrared spectra (IR) for the gel precursor and the SGA powder
were recorded on a NICOLETIS 10 spectrophotometer in the range
400-4000 cm™ by the KBr pellet method. Processing of the results
was carried out in software OMNIC 8.1. The surface absorbance ca-
pability of NiY,Fe, ,0, nanoparticles were determined using
Brunauer—Emmett—Teller (BET) surface-area technique using N,
adsorption/desorption studies. The specific surface area of the sam-
ples was calculated for a linear graph of dependence
1/[W(P,/P)-1] on P/P, in the area of adsorption isotherm in lim-
ited range of P/P,=0.05-0.35.

3. RESULTS AND DISCUSSION

3.1. X-Ray Diffraction (XRD)

The XRD pattern recorded at room temperature for the samples
NiY,,Fe; 40;, NiY,,Fe, s0,, NiY, ;Fe, ;0,, NiY, ,Fe, O, and
NiY,;Fe, ;0, are shown in Fig. 1. The diffraction patterns consist of
well-resolved peaks, which have been indexed to Fd3m space group
in cubic symmetry. The peaks can be indexed to (111), (220), (311),
(222), (400), (422), (511) and (440) planes.

For NiFe,O,, it has not been observed any additional peaks [4].
The powder doped with Y®' ions, except the spinel-type phase, con-
tains additional phases of a-Fe,O; and Y,0;. The x-ray diffraction
patterns of NiY,;Fe, 0, powder confirm the presence of an addi-
tional phase of a-Fe,O; because these powder has peaks at 24.50°,
33.44°, 36.30°, 41.62°, 49.72°, 54.33°, 57.46°, 62.05°, 64.06° from
crystallographic planes (012), (104), (110), (113), (024), (116),
(018), (214), (300). For NiY, Fe, O, powder, corresponding peaks
are observed at 24.29°, 33.29°, 35.90°, 41.16°, 49.64°, 54.25°,
57.17°, 61.83°, 63.85°. Thus, for NiY, Fe, ,O, spinel with height x,
there is a slight shift of Bragg’s peaks to the right, indicating a
change in the lattice parameter a. It is also worth noting that the
increase in the content of Y®' ions in ferrites increases the amount
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Fig. 1. X-ray spectra of NiY, Fe, ,O0, powders, where m corresponds to the
spinel phase; * and e correspond to a-Fe,0; and Y,0;, respectively.

of a-Fe,0; and Y,0; oxides.

In addition, one could observe closely from the above XRD pat-
terns that intensity of the diffraction peaks decreases, and the
peaks become broader by substitution of Y** ions in place of Fe ions.
For the clarity of the apparent peak broadening and decrease in
peak intensity, the zoom plot of intense peak (311) has been depict-
ed in Fig. 2. It indicates a related decrease of the crystallite size
and/or presence of lattice strain.

The average size of coherent scattering regions (CSR) in the pow-
ders of nickel-yttrium ferrites was found from the most intense
peak (311) of spinel phase using the Scherrer relationship:

Fig. 2. The comparison of the (311) peak for the NiY, Fe, ,0, samples with
x=0.0 and 0.5.
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- BcosO’

where B is the effective half-width of the diffraction peak for x-
rays with wavelength A at an angle 20. The average size of CSRs of
powders was in the range 17-43 nm.

The lattice parameters for the NiY Fe, ,O, samples (x=0.0, 0.1,
0.2, 0.3, 0.4, 0.5) were obtained from x-ray data analysis. It has
been observed that the lattice constant decreases slightly with sub-
stitution of Fe* by Y*" ions. The radius of the octahedral site is
larger than the tetrahedral site in the spinel lattice. The ionic radi-
us of the Y*" ion (0.091 nm) is large enough for octahedral site. One
can assume that small amount of Y*" cations can be substituted for
Fe®' cations, which enter into the octahedral sites by redistribution
of cations between the tetrahedral and octahedral sites to minimize
the free energy of the system. It appears that there is a partial mi-
gration of Ni*" ions (0.069 nm) from B sites to A ones accompanied
by an opposite transfer of equivalent number of Fe®' ions (0.0645
nm) from A sites to B ones in order to relax the strain at the octa-
hedral sites.

The decreasing of lattice constant is also evident from Fig. 2, be-
cause the Bragg peak position for NiY, Fe, ;0, is shifted a little to
the right of the NiY,,Fe, O, ferrite samples. The increase in dif-
fraction angle means a decrease in the lattice constant for the Y?**
substituted samples.

3.2. Morphology Study

SEM micrographs of as-prepared ferrite powders are given in Fig.

-4 p

Fig. 3. SEM micrograph of Ni-Y ferrites: a—NiY, ;Fe;,0,; b—
NiY, ;Fe, ;0,.
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3. Figure 3, a, b shows the surface of the NiY,,Fe;,O, and
NiY, ;Fe, 0, samples. Both samples have been characterized by SEM
microscopy to study their morphology, size, shape and agglomera-
tion. The SEM image of NiY, Fe, 0, (Fig. 3, b) reveals that the
morphology of the particles was dispersed uniformly with a wider
range of particle sizes, whereas grain growth was apparent in
NiY,,Fe, O, (Fig. 3, a). The particles are agglomerated due to in-
teraction between magnetic nanoparticles. This is a typical charac-
teristic feature of spinel ferrite nanoparticles synthesized by sol-gel
method [12, 13].

3.3. Elemental Analysis

A typical EDX spectrum of the as-prepared NiFe,O, and
NiY, ;Fe, 0, samples are depicted in Fig. 4. As it was expected, the
Fe*" concentration is the highest one for x =0.0. The percentage of
Fe®" decreases as the Y*' substitution increases. The contents of the
metals in the resulting spinel ferrites are close to the theoretical

a b

Fig. 4. EDX spectra of NiY, Fe, ,O, samples: a—0.0<x< 0.2; b—
0 .5.

TABLE 1. The chemical formula of the Ni—-Y ferrites.

x Theoretical Experimental
0.0 NiFe,0, Ni; g3Fe;.9104.06
0.1 NiY, ,Fe, 40, Ni; 02Y0.10F€1.8604.04
0.2 NiY, Fe, 0, Ni; 02Y0.20F€1.7304.05
0.3 NiY, ;Fe, ;0, Ni; 03Y0.28F€1.6504.03
0.4 NiY, ,Fe, O, Ni; 02Y0.40F€1.5604.02

0.5 NiY, ;Fe, ;0, Ni; 05 Y0.50F€1.4204.06
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TABLE 2. Atomic weight composition of the constituent elements of the
NiY, Fe, 0,.

El ¢ Theoretical Experimental

* emen wt. % | at.% wt. % | at.%

(0] 27.31 57.14 28.03 58.05

0.0 Fe 47.65 28.57 45.91 27.24
Ni 25.04 14.29 26.06 14.71

(6] 26.93 57.14 27.32 57.67

0.1 Fe 44.64 27.14 43.46 26.28
’ Ni 24.69 14.29 25.33 14.57

Y 3.74 1.43 3.89 1.48

(6] 26.56 57.14 27.07 57.80

0.2 Fe 41.71 25.71 40.43 24.73
' Ni 24.35 14.29 25.15 14.64

Y 7.38 2.86 7.35 2.83

0 26.20 57.14 26.61 57.61

0.3 Fe 38.86 24.29 38.03 23.59
' Ni 24.02 14.29 25.01 14.76

Y 10.92 4.28 10.35 4.03

(6] 25.85 57.14 26.02 57.39

0.4 Fe 36.09 22.86 35.34 22.34
’ Ni 23.70 14.29 24.15 14.52

Y 14.36 5.71 14.49 5.75

(6] 25.51 57.14 26.19 58.00

0.5 Fe 33.38 21.43 31.94 20.27
' Ni 23.39 14.29 24.20 14.61

Y 17.72 7.14 17.87 7.12

values as shown by EDX analysis. The theoretical and experimental
chemical formulas of the Ni—Y ferrites are listed in Table 1.

The theoretically expected stoichiometric molar amounts of vari-
ous elements of the samples are comparable with the wvalues ob-
tained by the EDX analysis (Table 2). For example, for nickel fer-
rite, the atomic composition ratios of Ni, Fe and O were found to be
14.71%, 27.24% and 58.05%, respectively. For NiY, Fe, 0, fer-
rite, the atomic composition ratios of Ni, Y, Fe and O were found to
be 14.61%, 7.12%, 20.27% and 58.00% , respectively, which match
well the amount of Ni, Y and Fe used in the respective precursors.

3.4. IR Spectroscopy

The IR spectra of the ferrite materials are an important tool to de-
scribe the various ordering problems, also, in the investigation of
the structural properties of the mixed ferrites. They give infor-
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mation not only about the positions of the ions in the spinel lattice
crystal, but also about their vibrational mode. The vibrational spec-
tra can be indicated to the valance state of the ions and their occu-
pation in the spinel lattice crystal. Application of the IR spectros-
copy to the ferrite materials is to detect the completion of the solid-
state reaction, the cations distribution, and the deformation of spi-
nel structure [14].

The IR spectral adsorption bands mainly appear due to the vibra-
tions of the oxygen ions with the cations corresponding to various
frequencies in the unit cell. In a certain mixed spinel ferrite mate-
rials, as the concentration of the divalent metal ions increasing, it
gives rise to a structural change or cation distribution in the spinel
crystal lattice without affecting the spinel ferrite structure. The
structural changes brought about by the metal ions that are either
lighter or heavier than divalent ions in the ferrites strongly influ-
ence the lattice vibrations. The vibrational frequency depends on
the cation mass, the cation oxygen distance and the bonding force.

Figure 5 shows the IR spectra of the nickel ferrite. The dried gel
shows the characteristic bands at about 1300, 1600 and 3250 cm™
corresponding to NO® ion, carboxyl —COO- group and the O-H
group, respectively. The existence of the characteristic bands of
NO?* indicated that the NO® as a group exists in the structure of
citrate gel during the gelation of the mixed solution formed from
nitrates and citric acid. The band at about 3050 cm™ is assigned to
the stretching vibrations of the O—H groups of hydrogen bonding at
short distances [15].

The spectrum of the as-prepared powder gives a significant band
at 560 cm ™, which is the characteristic band of ferrite. The absence
of spectroscopic band corresponding to the carboxyl group and ni-
trate ion at 1600 and 1300 cm™, respectively, suggests that these

Fig. 5. IR-spectra of the dried gel and as-prepared NiFe,O, powder.
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groups take part in the reaction during the combustion process.
Therefore, the combustion can be considered as a thermally induced
anionic redox reaction of the gel wherein the citrate ion acts as a
reductant and the nitrate ion acts as an oxidant. This autocombus-
tion reaction forms the spinel structure of ferrite with the evolu-
tion of heat.

3.5. BET Surface Area

The specific surface area values were obtained by BET isotherms
with N, adsorption. The surface area of NiY,:Fe, 0, (31.8 m?/g)
was found to be higher than that of NiFe,O, (7.2 m?/g). High sur-
face area of NiY,Fe; 0, is due to the smaller particle size of the
sample, which is confirmed by XRD. Thus, the surface area increas-
es with addition of Y®' ions’ content in the Ni—Y ferrites due to de-
creases of particles’ size. This dependence of the specific surface
area on the particles’ size has been already observed in Ref. [16].
From this, it is expected that the high surface area of NiY,;Fe, ;O,
could enhance the catalytic and adsorption properties, than that of
NiFe,0,.

Figure 6 shows nanopores’ size distributions obtained from the
adsorption branch of nitrogen sorption isotherms, using Barrett—
Joyner—Halenda (BJH) analysis. All samples show relatively narrow
pore size distribution with pore size varied from 2 to 5 nm, thus, in
the mesoporous range (2—50 nm) according to IUPAC classification.
The experimental result showed that nanopores with a radius of
about 3 nm exercise the main contribution to the total pore volume
for sample with x =0.5 and, for sample NiFe,O,, 4 nm.

Fig. 6. Nanopores’ size distribution for NiY, Fe, ,O, powders.
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3.6. Adsorptive Properties

At present, the study of the adsorption properties of magnetic spi-
nel nanomaterials in relation to a variety of synthetic organic dyes
is enough actual. Adsorption studies are aimed at determining the
adsorption capacity of the adsorbent (spinel nanomaterial), pH in-
fluence, mixing time, output concentration of dye on the adsorption
process, data analysis of adsorption isotherms, and include kinetic
and thermodynamic calculations.
Adsorption capacity q,, (mg/g) is calculated by the formula:

_ (G -C,)V
m b

ads (2)
where ¢q,, is the adsorption capacity, in mg of dye per 1 gram of
dry adsorbent (mg/g); C,—initial concentration of dye in solution
(mg/l), C,—final or equilibrium concentration dye in solution
(mg/1); V—volume of the investigated solution (1), m—mass of ad-
sorbent (g).

The efficiency of synthesized spinel nanoparticles as adsorbents
for removal of various organic dyes from solutions was investigat-
ed. Adsorption studies of methylene blue and Congo red dyes were
performed at pH =7 and at temperature T = 20°C. The results of the
adsorption studies are presented in Table 3.

The NiY,;Fe; ;0, has the highest adsorption capacity among the
above spinel ferrites, in particular, it is by 1.84 (for methylene
blue) and 2.35 (for Congo red) times greater than that of NiFe,O,.
This is explained by the decrease in the particle size, on the one
hand, and the partial inversion of the structure that is the location
of bipartite cations in the A and B positions of the spinel lattice, on
the other hand. Thus, the distribution of cations in the spinel fer-
rites can be one of the important factors influencing their adsorp-
tion capacity.

The influence of the initial concentration of dyes on the adsorp-
tion capacity of Ni—Y ferrites was investigated. The increase in the

Table 3. The adsorption capacity of magnetic spinel nanosorbents.

x| Dye 1 Guss» mg/g | Dye 2 Guis» ME/E
0.0 131.2 96.8
0.1 142.1 123.5
0.2 methylene blue 162.4 Congo red 156.3
0.3 190.7 189.7
0.4 225.9 216.3

0.5 240.8 227.2
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initial concentration of dyes by 3 times (from 50 to 150 mg/l) re-
sults an increase in the adsorption capacity of the ferrite nanopow-
ders by 40% . For example, for NiY,;Fe, ;O, sample, adsorption ca-
pacity increases from 189.7 mg/g to 265.6 mg/g.

Thus, the adsorption process is very much dependent on the ini-
tial concentration of the solution. It is important a simple and fast
separation of adsorbed dyes from nanoferrite spinel that can be
achieved by the action of an external magnetic field.

4. CONCLUSION

The NiY, Fe, ,0, ferrites were synthesized by the SGA technology.
Except NiFe,0,, the samples were non-phase and contain additional
of a-Fe,O; and Y,0; phases. The size of powders was found to be in
the range of 17 nm to 43 nm. The addition of Y*' ions contributes
to the more uniform and causes to decrease particle size. The room
temperature infrared spectra of yttrium-substituted nickel ferrite
confirm the presence of cubic spinel ferrite phase. All the doping
samples clearly show the ferrite formation at 560 cm™.

Thus, Ni—Y ferrite nanomaterials are promising adsorbents for
the removal of organic dyes from sewage. These materials have high
chemical resistance, thermal stability and durability, and, conse-
quently, longer lifetimes, unlike traditional adsorbents. The study
of adsorption kinetics indicates that the mechanism of adsorption
depends on the nature of the adsorbate and adsorbent. It can be
concluded that on the adsorption capacity of spinel ferrites affects
the distribution of cations between the A and B positions, the pH
value of the solution, and the initial concentration of the organic
dye.
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This work presents the synthesis of zeolite (Z), magnetic zeolite (MZ) and bio-
surfactant-modified magnetic zeolite (BMMZ) by direct fusion of sodium hy-
droxide, coal fly ash, and magnetite. The precursors and the synthesised zeo-
lites were characterised by scanning electron microscopy (SEM) equipped
with an energy dispersive spectroscopy (EDS), thermogravimetric analysis
(TGA), Fourier transform infrared spectroscopy (FTIR), X-ray diffraction
(XRD), and Brunauer, Emmett and Teller (BET) surface area analyser. The
SEM analysis of Z and BMMZ showed the presence of distinct nanocube struc-
tures, while the MZ showed aggregated irregular surfaces with crevices at
the surface. XRD indicated that the fly ash consists of sillimanite, quartz
and mullite, the sodalite in Z, MZ and BMMZ as indicative of NaOH used in
the preparation of the zeolites. The EDS analysis based on the Si/Al classifi-
cation showed that zeolite X was produced. The functional group signified
asymmetric and symmetric stretching vibrations of O—H and internal tetra-
hedron vibrations of Si—O and Al-0O. The modification of the surface of Z
with biosurfactant increased the BET surface area by 56.2% in comparison to

439



440 O.S. AMODU, T. V. OJUMU, S. K. NTWAMPE, and O. S. AYANDA

the unmodified Z. Therefore, the synthesised Z, MZ and BMMZ would be ef-
fective for the removal of organic contaminants, owing to excellent and im-
proved properties.

¥ nawiit pobOTi IpeAcTaBIIeHO CUHTE3Y Ie0IiTy (Z), MarHeTHOTO 11e0JiTy (MZ)
Ta MmoaudikoBanoro 6iocypdakTaHTOM MarseTHoOro 1eoity (BMMZ) muiaxom
IPAMOI CUHTE3U TiPOKCUAY HATPilo, BYTiJIbHOI JIETIOUOI 30JI Ta MarHeTuTy.
ITommepeHMKY Ta CHHTE30BAaHI I1€0JIiTH OYJI0 0XapaKTepPU30BAHO 3a JOIIOMOTOIO
CKaHYBaJbHOI eleKTpoHHOI MiKpockonii (CEM), sabesmeuenoi eHeproauciep-
ciftroio cmexTpockomieio (EIIC), TepmorpaBimerpuunoio ananisoo (TTA), ix-
¢pauepBoHOIO cHeKTpocKormieio 3 Pyp'e-nepersopom (PIIIY), Perrrenosoro
mudparmiero (PI) # amamisaTopom 1mtomii moBepxHi 3a DBpyHayepom—
Emmertrom—Tennepom (BET). CEM-anamiza Z i BMMZ nokasajsia HagBHiCTH
Pi3HMX CTPYKTYp HaHOKYOiB, B TO# uac Ak MZ mpoABWB arperoBaHi HepiBHi
IIOBEPXHI 3 TpiMMuHKaMU Ha N0oBepxHi. PeHTr'eHOrpamMa mokasaja, IIfo IOHijIb-
HUM IINJ CKJIAJAEThCA 3 CUIIMaHITY, KBapIiy Ta MYJiTy, comaiity B Z, MZ i
BMMZ sk moxasauka NaOH, BUKOPHMCTOBYBAaHOIO IIPU OJEeP:KaHHI ITe0JiTiB.
EIC-anaxisa, sacuoBaHa Ha KJaacudikarii Si/Al, mokasaia, 1o 6yB ogep:Ka-
Hui neouit X. OyHKIioOHAIbHA IPylla O3HaUaJaa aCUMEeTPUYHI Ta CUMeTpUUYHi
BaseHTHI KosmBaHHaA O—H i BHyTpimHi TeTrpaegpuuni KonmuBauua Si—0 it Al-
O. Moaudikarmia moBepxHi Z 6iocypdaKTaHTOM 306iJbINIMIA IIJIONITY IIOBEPXHi
3a BET ua 56,2% y nopiBusiaHi 3 HeMmoaudikopauum Z. OTike, cuHTe30BaHi Z,
MZ i BMMZ 6yau 6 edpeKTUBHUMHU OJIs BUIAJCHHS OPraHiuyHMX 3a0pyaHEHb
3aBAAKHY UyJOBUM i MOJIIIIIIIEHNM BJIACTUBOCTSIM.

B namnoit paboTe npeacTaBIeH CUHTES IeoauTa (Z), marautHoro neosurta (MZ)
u MoaupuIupoBaHHOrO O1ocypdaKkTaHTOM MarHuTHOrO 1eoauta (BMMZ) oy-
TEM IPAMOTO CHHTE3a I'UAPOKCHUIa HATPUS, YrOJbHOM JeTyueil 30JIb M Marte-
tura. IIpeAIlecCTBeHHUKY U CUHTE3UPOBAHHEIE [[€0JUThI OBLIN 0XapaKTepuao-
BaHBI C IMIOMOIILI0O CKAHUPYIOIIEHN sJeKTpoHHON Mukpockonuu (COM), cHab-
JKEHHOI 9HEeProAucIepcuoHHO# cmekTpockonueii (9I1C), TepMorpaBUMeETPHU-
yeckuM aHasusoMm (TT'A), wunbpakpacHO# cHeKTpocKommeili ¢ Qypbe-
npeobpasoBanuem (PTUK), penrrenoBckoit nudparinueii (PI) n amamusaro-
poM 1LIOoIaAuM moBepxHOcTH Mo Bpynayspy—9Ommery—Temnmepy (B3T). COM-
ananus Z u BMMZ nokasas HaJauune PasjMnYHbIX CTPYKTYP HAaHOKYOOB, B TO
BpeMs Kak MZ nmokasaJj arperupoBaHHbIe HEPOBHEIE IIOBEPXHOCTH C TPEIMHA-
M1 Ha MOBEPXHOCTU. PeHTreHOrpaMMa IIOKasajia, UYTO 30JbHAas MBLIbL COCTOUT
W3 CUJIJIMMAHUTAa, KBapIlla U MyJIInUTa, cogaauTra B Z, MZ u BMMZ B kauecTBe
mokasarens NaOH, ucmosmb3yemMoro mpu mojaydeHuu 1eoautos. I C-ananus,
OCHOBaHHBIN Ha Kjaccuduranuu Si/Al, moxasas, 4To OBLI IIOJIyYeH [eoauT X.
dyHKIMOHANbHAA I'PYIIIa O3HAYAJIA aCMMMETPUYHbIE M CHUMMETPUYHLIE Ba-
JeHTHBIE Kosiebauusa O—H u BHyTpeHHUE TeTpasapuueckue Koaebanuda Si—0 u
Al-0O. Mogudukaius moBepXHOCTH Z 6mocypdaKkTaHTOM YBeJIUYNJIA IJIO0IAlb
noBepxHoctu 1o BAT Ha 56,2% no cpaBHeHUIO ¢ HEMOAMMDUIITPOBAHHBIM Z.
CremoBaTesbHO, CHHTe3UpPOoBauubie Z, MZ u BMMZ 6b11u 061 5 (eKTUBHBIMU
Ui yOAJeHUS OPraHWYeCKHX 3arpAsHeHuil O0Jarogaps IPEeBOCXOMHBIM U
YJIYUIIIEeHHBIM CBOMICTBAM.

Key words: adsorbent, biosurfactant-modified zeolite, characterisation,
magnetite, nanoparticles.
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Karouosi croBa: agcopbeHT, MmogudikoBaumnii 6iocyppaKkTaHTOM II€0JIiT, Xapa-
KTepu3allisi, MarHeTuT, HAHOYACTUHKH.

KaroueBbie ciaoBa: amcopOeHT, MOOU(PUITMPOBAHHBIN O0MOCypdhaKTaHTOM IIeo-
JIUT, XapaKTepU3alud, MarHeTUT, HAHOUYACTHUIIGI.
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1. INTRODUCTION

Zeolites are inorganic crystalline aluminosilicates; they are categorised
as microporous materials [1] and are valuable in catalytic cracking,
waste management, cation exchanger, gas dryer and adsorption. Zeo-
lites have the properties of excellent ion exchange capacities, high se-
lectivity, high catalytic properties, and easy regeneration without los-
ing their adsorption capacities [2, 3]. Consequently, zeolites have re-
ceived more attention, particularly, for the removal of oily contami-
nants [4-6]. The discovery of a good precursor such as fly ash (FA) for
the synthesis of zeolites with magnetic properties has enhanced the ap-
plication of zeolites for the adsorption of hydrocarbon contaminants
[7-10]. However, since zeolites are hydrophilic and do not have large
adsorption capacities for hydrophobic organic compounds, their appli-
cations for the removal of hydrophobic contaminants may be a chal-
lenge. Nonetheless, adsorption-dependent parameters such as Si/Al ra-
tio, including cation type, number and location of cation on the zeolites
surface, are often manipulated to improve the adsorption efficiency of
zeolites for hydrophobic compounds. One of such treatment methods is
the use of surfactant modification by ion-exchange mechanisms [5]. In
addition, surfactant modification of zeolites is influenced by hydro-
phobic effects and cation exchange, whereby the positive moieties of
cationic surfactants are readily exchanged with the replaceable cations
on the external surface of the zeolites, forming surfactant layers [11].
The modification process allows for the exchangeable cations on zeo-
lites surface to be replaced with cations from the surfactant molecule.
The commonly used surfactants are the quaternary ammonium com-
pounds, for example, hexadecyltrimethyl ammonium bromide, with
cationic head groups and a hydrocarbon long-chain molecule as the sur-
factant tail [5, 12—14]. Thus, the zeolite surface becomes hydrophobic
that allows the adsorbent to retain organic compounds [15].

Although an array of contaminants such as anions, cations, and or-
ganics-phenol, 4-chlorophenol, orange II, bisphenol A, and sodium do-
decyl benzene sulfonate have been reportedly removed by surfactant-
modified zeolites (SMZ) from aqueous solution [9, 15-19], however,
the environmental friendliness of the nanocomposite still raises con-
cerns. Hence, modification with environmentally benign surface-
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active agents (biosurfactants), rather than with chemical surfactant,
is necessary to sustain the novel technology.

The objectives of this research were as follow: synthesis of zeolite
(Z) and magnetic zeolite (MZ) from FA (a low-cost precursor produced
as waste from coal fired plants); modification of the synthesised Z with
biosurfactant produced from Beta vulgaris waste; and finally, charac-
terization of the precursors and the synthesised zeolites by modern an-
alytical techniques.

2. MATERIALS AND METHOD
2.1. Coal Fly Ash and Chemical Reagents

The coal FA used in the present study was obtained from a coal-fired
plant in Gauteng, South Africa. Sodium hydroxide (NaOH) and anhy-
drous sodium aluminate were obtained from Sigma-Aldrich, while the
magnetite nanoparticles (Fe;O0,) were obtained from Merck. The bio-
surfactant used was produced by Bacillus licheniformis STK 01 and
characterised as reported in our previous study [20].

2.2. Synthesis of Zeolite and Nanocomposite

Magnetic zeolite (MZ) was synthesized, in a batch system, by direct fu-
sion of FA, NaOH, and Fe;O,, in a ratio of 1:1.5:y, in grams, respec-
tively, where y represents 0.1, 0.2, 0.3, 0.5, and 0.75. Zeolite (Z),
without the addition of magnetite particles, was also synthesized from
the FA. The optimized ratio of FA and NaOH combination has been re-
ported earlier [21, 22]. Since the magnetite ratio can influence the af-
finity of the nanocomposite for the hydrocarbon contaminants, the
quantity used was varied. The resultant magnetic zeolites were desig-
nated MZ1, MZ2, MZ3, MZ4, and MZ5, while the respective biosurfac-
tant-modified magnetic zeolites (BMMZ) were represented as BMMZ1,
BMMZ2, BMMZ3, BMMZ4, and BMMZ5. The combination of the pre-
cursor that gave the highest adsorption was found to be 1:1.5:0.3 (in
grams), for FA, NaOH, and Fe;O,, respectively, based on the prelimi-
nary experiments on naphthalene adsorption (results not shown).
Hence, MZ3 and BMMZ3 were shown to be better adsorbents and, as
such, they were characterized.

2.2.1. Magnetic Zeolite Synthesis

The raw FA samples were screened through a 212 ym sieve to eliminate
larger particles. A mixture of NaOH, FA, and Fe;0, in a predetermined
ratio of 1:1.5:y (by weight), respectively, was milled and fused in an ov-
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en at a temperature of 550°C for 1%2h [20, 21]. The quantity of magnet-
ite (y) in this composite varied from 0.1-0.75. The resultant fused MZ
was then cooled to ambient temperature, milled further, and dissolved
in distilled water (1 g/5 mL water). The slurry obtained was stirred at
1500 rpm and at room temperature for 2 h. The resultant precipitate
was filtered and washed repeatedly with distilled water to remove the
remaining solids. Thus, the filtrate obtained was mixed with
NaAlO,(aq) in a ratio of 2.5:1 (v/v), stirred for 20 min and crystallized
at 100°C for 2—4 h. The purpose of the addition of the aluminate solu-
tion was to control the molar ratio for single-phase Z synthesis.

2.2.2. Modification of Zeolite with Biosurfactant

Twenty-five (25) grams of the synthesized MZ was mixed with 0.5 L of
biosurfactant solution. The mixture of the MZ and the biosurfactant
solution was stirred for 7 h at 100 rpm at ambient temperature of 25°C.
The suspension formed was filtered and oven dried at 70°C for 10 h.

2.3. Characterization
2.3.1. Morphological Studies

For the morphological studies, samples were sprinkled on a special
glue, mixed with carbon graphite and mounted on an aluminium stub,
and analysed with a S200 scanning electron microscope (SEM)
equipped with an energy dispersive x-ray spectroscopy (EDS) to deter-
mine the elemental composition of the samples.

2.3.2. X-Ray Diffraction

Mineralogical determination of the synthesized zeolites and fly ash
was carried out by a Bruker D8 Advance X-Ray Diffractometer
(Bruker Corporation, Germany) equipped with a Co source and a Van-
tec position-sensitive detector. Powder x-ray diffraction (XRD) pat-
terns were collected within the 2-theta range of 5 and 70°, with a step
size of 0.0062°, and a step time of 360 s under continuous rotation of
the sample during the scan. The identification of the mineral composi-
tion and phases in the samples were carried out using MATCH—a
commercial software for phase identification.

2.3.3. FTIR

The different functional groups and bonds present in the crystal sam-
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ples were examined using a Fourier transform infrared (FTIR) spec-
trophotometer (PerkinElmer Ltd, UK). The crystalized samples of zeo-
lites and the powdered sample of FA were prepared for FTIR assays by
milling the extracts with KBr subsequent to pressing with an 8,000-kg
load (Specac Bench-Top Hydraulic Presses) for 20 min to form a thin
wafer. IR spectra were monitored from 400 to 4000 (cm™) wave num-
bers. Spectra showing the functional groups were used to study the
composition of the biosurfactant. Absorption spectra were plotted us-
ing a built-in plotter, while the KBr disk was used as a background ref-
erence.

2.3.4. Thermogravimetric Analysis

Thermogravimetric analysis (TGA) was performed using a Mettler To-
ledo TGA-DSC 1 analyser. The experiment was carried out using ni-
trogen as a purge gas in the temperature range from ambient to 800°C,
with a heating rate of 10°C/min and an inert gas flow rate of 70
mL/min.

2.3.5. BET Surface Area Determination

For the Brunauer—Emmett—Teller (BET) surface area determination,
samples were degassed prior to analysis at 90°C for 60 min, thereafter
at 250°C for 12 h, using a Micromeritics VacPrep® 061 Sample Degas
System (Micromeritics, USA), while a 3Flex surface characterization
analyser (Micromeritics Instrument Corp., USA) was used. To deter-
mine the surface area, the temperature of the degassed samples was
first reduced to that of liquid nitrogen. Then, the absorbing gas (nitro-
gen) was admitted in incremental doses. The accumulated gas quantity
adsorbed versus gas pressure data at one temperature were then plot-
ted to generate an adsorption isotherm using the Barrett—Joyner—
Halenda (BJH) method. The data obtained were treated in accordance
with the BET gas adsorption method to calculate the specific surface
areas for the sample in units of square meters per gram.

3. RESULTS AND DISCUSSION
3.1. Morphology, Phase and FTIR Characterization

The morphology and crystallographic examination of the synthesized Z
and BMMZ using SEM, at 5000x magnification, showed distinct
nanocube structures, while the MZ revealed aggregated irregular sur-
faces on a 20 ym scale (Fig. 1). The FA is spherical, and the surfaces
indicated the presence of occluded OH™ condensate and very few amor-
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Fig. 1. Scanning electron micrographs of fly ash (a), zeolite (b), magnetic
zeolite (¢), and biosurfactant-modified magnetic zeolite (d).

phous carbon.

The phase identification of the zeolites and FA by XRD revealed that
the samples are crystalline. The peaks observed are similar to those of-
ten reported for zeolites synthesized from FA as containing basically
sillimanite, quartz and mullite (Fig. 2). The most predominant peak
for FA, which occurred at 20 of 30°, is often due to the presence of
quartzite mineral [22, 23]. The presence of sodalite in Z, MZ and
BMMZ resulted from the use of NaOH to synthesise these samples. The
phases matched in the diffraction pattern and their relative percentage
contributions are presented in Table 1.

The FTIR spectra of Z and MZ, represented in Fig. 3, showed highest
bands from 8457 cm ™ to 8415 cm ™, which signified asymmetric and
symmetric stretching vibrations of O—H. Bands between 453 cm ™ and
465 cm™ represented internal tetrahedron vibrations of Si—O and Al-
0, 1450 cm! and 866 cm ! denoted Z formation, while band at 1449
cm ' is an O—H bending mode.
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Fig. 2. XRD diffraction pattern of fly ash, zeolite, magnetic zeolite, and
biosurfactant-modified magnetic zeolite.

TABLE 1. Phases matched in the diffraction pattern and their relative

percentage contributions.

X
R g
[=% 5 :0: o e
g 'g Phase _g Empirical Formula
® |- T
]
S
(&)
A Sillimanite 85.3 Al,0,Si
Silicon oxide .
FA B ($-beta Quartz high) 13.9 0,81
C Mullite 0.7 Al, 5.0, 571181y 75
7 A Nag; KeoAlgs 44Sigs 60584 80.1 Alg; 44 KgoNag; 40355196 6
B Sodalite 19.9 Al,CINa,0,,Si,
A Jadeite 35.8 Al 5,Ca, ;Fe, 45 Na, 530451,
MZ B Omphacite 26.7 Al 755Ca0 286F€0.052ME0 205N 20 6020651,
C Sodalite 24.8 Al,ClFe, ,,Na, ,0,,Si,
D Wonesite 12.7 Al, Fe, ,,Mg, .. Na, ,:0,,5i, ,
A Sodalite 83.4 Al,ClFe, ,,Na, ,,0,,5i,
BMMZB Mordenite 10.9 Al g;Feq 00 H10.00aN@0.547025 5655110.153

C Fe, [Nay(Si;,Al,0,4) (H,0)148

5.6

Al Fe, Hyg (Nay,Ogy 651,

The shifting of Si—O or Al-O band was signified at 1096 cm™, with
stretching vibrations to lower frequencies at 984 cm™ as shown for Z
and BMMZ. In addition, the weak bands at 1646 cm ' and 1651 cm ' are
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Fig. 3. FTIR spectra of fly ash, zeolite, magnetic zeolite, and biosurfac-
tant-modified magnetic zeolite.

attributed to the bending mode of H,O molecules. The shifting of Si—O
or Al1-0 at 1096 cm ' appears to be more conspicuous in FA.

3.2. TGA Analysis and Energy Dispersive X-Ray Spectroscopy

The TGA was performed to assess the thermal stability of the zeolites.
The mass change observed as temperature changed from 22 to 795°C
was due to the evaporation of volatiles such as water.

The TGA analysis revealed a weight loss, which accounts for about
20% of the original weight for both Z and BMMZ tested (Fig. 4). The
weight loss for the samples occurred in two stages—the evaporation of
the more volatile fractions, which is often ascribed to the evaporation
of the OH™ condensate, was observed from 22 to 200°C, followed by the
evaporation of the less volatile fractions, usually occluded hydrocar-
bon compounds. Typically, the evaporation of strongly adsorbed frac-
tions within the intrapores of the zeolites occurs at a relatively higher
temperature. A similar trend had been reported earlier [24].

The elemental distribution of the samples was assessed with EDS. As
shown in Table 2, the increase in the Fe content of the MZ may obvious-
ly be due to the presence of Fe* /Fe®" of the magnetite particles. Fur-
thermore, according to the International Zeolite Association (IZA) and
the International Mineralogical Association (IMA), zeolites with a
Si/Al ratio of 1-1.5, in their framework, are classified as zeolite X
[25—2T7]. Thus, a Si/Al ratio of 1.2, obtained from the EDS analysis,
showed that the synthesized Z is zeolite X with pore sizes ranging from
0.45-0.80 nm.
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Fig. 4. Thermogravimetric analysis of zeolite and biosurfactant-modified
magnetic zeolite.

TABLE 2. EDS analysis of fly ash, zeolite, magnetic zeolite, and biosurfac-
tant-modified magnetic zeolite.

Chemical Element FA Z MZ BMMZ
C 34.40 22.55 20.68 —
0] 46.63 46.38 46.19 45.48
Na — 9.97 23.83 14.13
Al 4.44 8.78 3.19 11.74
Si 19.04 10.44 3.09 16.07
Ca 2.25 1.29 0.22 1.50
Fe — 0.59 2.80 9.69
K — — — 1.38

3.3. N, Adsorption

Typical N, adsorption/desorption isotherms for the synthesized Z, MZ,
and BMMZ are shown in Fig. 5. Further, to understand the adsorption
capacity of the synthesized zeolites, a t-plot was generated using Eq.
(1) proposed by Harkins—Jura to determine the micropore volume (V,,;.)
and mesopore volume (V) as well as the external surface area:

0.5

t=[18.99/(0.034-log(P/R))| . 1)

The V,,. and V,,,. were obtained from the intercepts of the curves with
the y-axis, with the thickness range from 8.5 A to 6 A. Moreover, the
BET and Langmuir surface areas were determined for the zeolites by
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c

Fig. 5. Nitrogen adsorption isotherms of zeolite (a), magnetic zeolite (b),
and biosurfactant-modified magnetic zeolite (c).

measuring the amount of N, adsorbed at different relative pressures.

The N, adsorption isotherms obtained for the synthesised Z (Fig. 5)
showed a type-4H hysteresis loop as characterized by the IUPAC,
which is often associated with slit-shaped pores—the type that is main-
ly obtained with activated carbons [28]. This hysteresis loop resulted
from capillary condensation in the mesopores. Considering that this
type of loop does not peak at P/P,, it was difficult to establish the lim-
iting boundary of the desorption curve. The adsorption of N, onto the
zeolites was generally slow that, for Z, about 70% of the gas was ad-
sorbed at P/P, between 0.9 and 1.0. Similarly, for MZ, about 78% of
the pores were covered at P/P, between 0.8 and 1.0, while for the
BMMZ only about 30% of the sorption capacity was used up to P/P, of
0.8. The slow rate of adsorption observed was due to the unexpectedly
low BET surface area determined for these nanoparticles (Table 3).
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TABLE 3. BET analysis of fly ash, zeolite, magnetic zeolite, and biosurfac-
tant-modified magnetic zeolite.

Parameters FA Z MZ BMMZ

Sggr, m2-g! 6.05 12.56 11.16 28.68

S;, m%g™! 27.00 46.78 48.73 125.52

Spxr, m2-g! 7.44 14.92 14.47 31.35
Average pore diameter, A 58.19 121.17 178.70 162.51
Ve cm3g! 0.0007 0.0015 0.0018 0.0015

Note: Sggr—BET surface area, S;—Langmuir surface area; V,,;,—micropore volume; Spxr—
external surface area.

a b

Fig. 6. The ¢-plots (a) and BET surface area plots (b) for zeolite, magnetic
zeolite, and biosurfactant-modified magnetic zeolite.

However, it is remarkable to note that the modification of Z with bi-
osurfactant increased the surface area by 56.2% . Furthermore, N, ad-
sorption increased with respect to increased surface area, with BMMZ
recording the highest adsorption of 75.21 cm®g ' at standard tempera-
ture and pressure. In observing that the two branches of a loop cannot
satisfy the requirement of thermodynamic reversibility, this means
that some distinctive metastable states exist in the process of adsorp-
tion and desorption of the adsorbate.

The adsorption capacity of the synthesized zeolites was further ex-
plicated using a ¢-plot, which indicated an increase in adsorption with
increasing pore volume for the BMMZ, while, for the Z and MZ, the ad-
sorption capacities tend towards equilibrium at higher pore volumes
(Fig. 6, a). The V,,. and V,,, were obtained from the intercepts of the
curves with the y-axis, with the thickness range from 3.5 A to 6 A. In
addition, the BET and Langmuir surface areas were determined for the
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zeolite materials by measuring the amount of N, adsorbed at different
relative pressures (Fig. 6, b), and the results are presented in Table 3.

4. CONCLUSION

In this study, Z and MZ were successfully synthesized by fusion of FA,
NaOH, and Fe;O, nanoparticles, and subsequently modified with a bio-
surfactant produced from agrowaste. The optimum ratio of the Fe;O,
in this composite was found to have significant effects on the adsorp-
tive capacity of the synthesized zeolites. The combination of the pre-
cursor that gave the highest adsorption was found to be 1:1.5:0.3 (in
grams) for FA, NaOH, and Fe,0;, respectively. The elemental composi-
tion by EDS of the synthesized Z showed that zeolite X was produced
based on the Si/Al classification by the International Zeolite Associa-
tion. The micrographs revealed the zeolite X and the biosurfactant-
modified magnetic zeolite as nanocubes, while the MZ showed aggre-
gated irregular surfaces with crevices at the surface. The FTIR analy-
sis signified asymmetric and symmetric stretching vibrations of O—H
and internal tetrahedron vibrations of Si—O and Al-0O. TGA showed
about 20% loss in the weight of the zeolites, over a temperature range
of 22 to 795°C, that occurred in two stages—the evaporation of the
more volatile fractions (often the OH™ condensate), followed by the
evaporation of the strongly adsorbed and less volatile fractions (usual-
ly occluded hydrocarbon compounds). The BET surface area for FA, Z,
MZ and BMMZ were unexpectedly low, being the highest for BMMZ
(28.68 m?.g ). However, it is remarkable to note that the modification
of Z with biosurfactant increased the Z surface area by 56.2% . Conse-
quently, the improved properties of the zeolites after modification
compared with the precursors suggested that Z, MZ and BMMZ would
be effective for the removal of organic pollutants.

ACKNOWLEDGEMENT

This research was partly funded by the Cape Peninsula University of
Technology, South Africa. Amodu O. S. wishes to thank the Nigerian
Government through the Tertiary Education Trust Fund (TETfund)
for the financial support provided during this study. Ojumu T. V.
acknowledged the funding support from National Research Founda-
tion (NRF) for this project.

CONFLICT OF INTEREST

Authors declare that there is no conflict of interest regarding the pub-
lication of this paper.



452 0. S. AMODU, T. V. OJUMU, S. K. NTWAMPE, and O. S. AYANDA

REFERENCES

-

A. Feliczak-Guzik, Micropor. Mesopor. Mater., 259: 33 (2017).

2. A. A. Mahabadi, M. Hajabbasi, H. Khademi, and H. Kazemian, Geoderma,
137: 388 (2007).

3. M. Khalid, G. Joly, A. Renaud, and P. Magnoux, Ind. Eng. Chem. Res., 43:
5275 (2004).

4. C. F. Chang, C. Y. Chang, K. H. Chen, W. T. Tsai, J. L. Shie, and
Y. H. Chen, J. Colloid Interface Sci., 277: 29 (2004).

5. E. M. O. Kaya, A. S. Ozcan, O. Gok, and A. Ozcan, Adsorption, 19: 879
(2013).

6 S. Wang and Y. Peng, Chem. Eng. J., 156: 11 (2010).

7. I. Ali, M. Asim, and T.A. Khan, J. Environ. Manage., 113: 170 (2012).

8. D. Sun, X. Zhang, Y. Wu, and X. Liu, J. Hazard. Mater., 181: 335 (2010).

9 D. Fungaro, M. Yamaura, and T. Carvalho, Journal of Atomic and Molecular
Sciences, 2: 305 (2011).

10. D. A. Fungaro and C. P. Magdalena, Environ. Ecol. Res., 2, No. 2: 97 (2014).

11. J. A. Simpson and R. S. Bowman, J. Contam. Hydrol., 108: 1 (2009).

12. Y. Park, G. A. Ayoko, and R. L. Frost, J. Colloid Interface Sci., 354: 292
(2011).

13. 0. Gok, A. S. Ozcan, and A. Ozcan, Desalination, 220: 96 (2008).

14. Y. H. Shen, Chemosphere, 44: 989 (2001).

15. C. B. Vidal, G. S. C. Raulino, A. D. da Luz, C. da Luz, R. F. do Nascimento,
and D. de Keukeleire, J. Chem. Eng. Data, 59, No. 2: 282 (2013).

16. Y. Dong, D. Wu, X. Chen, and Y. Lin, J. Colloid Interface Sci., 348: 585
(2010).

17. J. Lin, Y. Zhan, Z. Zhu, and Y. Xing, J. Hazard. Mater., 193: 102 (2011).

18. J. Schick, P. Caullet, J. L. Paillaud, J. Patarin, and C. Mangold-Callarec,
Micropor. Mesopor. Mater., 142: 549 (2011).

19. T. Anirudhan and M. Ramachandran, Process Saf. Environ., 95: 215 (2015).

20. 0. S. Amodu, S. K. Ntwampe, and T. V. Ojumu, BioResources, 9: 3508
(2014).

21. D. Mainganye, T. V. Ojumu, and L. Petrik, Materials, 6: 2074 (2013).

22. N. M. Musyoka, L. F. Petrik, W. M. Gitari, G. Balfour, and E. Hums,
J. Environ. Sci. Health Part A, 47: 337 (2012).

23. C. D. Williams and C. L. Roberts, Fuel, 88: 1403 (2009).

24, N. M. Musyoka, L. F. Petrik, E. Hums, A. Kuhnt, and W. Schwieger, Res.
Chem. Intermed., 41: 575 (2015).

25. D. Verboekend, N. Nuttens, R. Locus, J. Van Aelst, P. Verolme,
J. C. Groen, J. Pérez-Ramirez, and B. F. Sels, Chem. Soc. Rev., 45: 3331
(2016).

26. M. Rivera-Garza, M. Olgum, I. Garcia-Sosa, D. Alcantara, and G. Rodriguez-
Fuentes, Micropor. Mesopor. Mater., 39: 431 (2000).

27. Z. Liu, C. Shi, D. Wu, S. He, and B. Ren, J. Nanotechnol.,
do0i:10.1155/2016,/1486107 (2016).

28. P. Chang and Z. Qin, Int. J. Electrochem. Sci., 12, No. 3: 1846 (2017).



Hawnocucmemu, HaHomamepiaiu, HAHOMEXHOLO2IT © 2019 IM® (IactutyT MeTanodisukm
Nanosistemi, Nanomateriali, Nanotehnologii im. I. B. Kypaiomosa HAH Vkpainu)
2019, 1. 17, Ne 3, cc. 453-464 HaznpykoBaHo B YKpaiHi.
doroKonioBaHHA JJO3BOJIEHO

TiJbKY BigmoBigHO M0 JineHsil

PACS numbers: 68.37.Hk, 72.80.Tm, 81.05.uf, 81.07.Bc, 82.80.Pv, 87.85.jj

Nanocomposite Based on Calcium Hydroxyapatite and Ultrafine
Graphite

L. I. Karbivska, S. S. Smolyak, V. L. Karbivskyy, D. A. Savchenko,
A. O. Romansky, E. A. Pashchenko, and P. O. Teselko

G. V. Kurdyumov Institute for Metal Physics, N.A.S. of Ukraine,
36, Academician Vernadsky Blvd.,
UA-03142 Kyiv, Ukraine

Composites based on both nanodispersed calcium hydroxyapatite and ul-
trafine graphite are synthesized for the first time. The morphological fea-
tures and electronic structure of the complexes are investigated. As revealed,
the modification of a composite based on nanodispersed apatite, ultrafine
graphite, cellulose fibres by means of the epoxy oligomer with a hardener has
a significant effect on the complex properties of the material obtained, in
particular, leads to the appearance of electrical conductivity of the sample.
Two types of samples are obtained: I) composite of Ca,y(PO,)¢(OH),+ graph-
ite + cellulose fibres; II) composite of Ca,y,(PO,)s(OH),+ graphite + cellulose
fibres + epoxy oligomer. Electron scanning microscopy and x-ray photoelec-
tron spectroscopy are used to study the structural features and electronic
structure of the samples. Composite I is a connection, in which there are con-
ductive and non-conductive components. Modification of the composite by
means of the epoxy oligomer with a hardener leads to the appearance of elec-
trical conductivity in the material. As shown, the addition of an epoxy oligo-
mer makes minor change in the morphological parameters of the sample at
the nanolevel. For composite II, an increase in the relative share of C=0
bonds in the total balance of carbon bonds is observed. The resulting compo-
sites have a high thermal stability inherent in hydroxyapatite and may be
promising for use in a wide range of applications.

Bmoepiire cuHTE30BaHO0 KOMOO3UTH HAa OCHOBI HAHOAMCIEPCHOTO TipoKcoama-
TUTY KaJbllil0 ¥ yJabTpagucunepcHoro rpadiry. Hocaimxeno mopdosoriuni
0COOJIMBOCTI I eJIEKTPOHHY OyIO0BY KOMILJIEKCiB. BeTamoBieHo, 1110 MoguGiKy-
BaHHA KOMIIO3UTY HA OCHOBiI HAHOAUCIIEPCHOTO allaTUTY, YJIbTPALUCIEPCHOTO
rpagiTy, IIeJI0JO3HUX BOJOKOH €IMOKCUIHUIM OJIITOMEPOM i3 3aTBepAKyBadyeM
Ma€ iCTOTHHY BIIJIMB HAa KOMILJIEKC BJIACTHBOCTEH OIEPIKaHOr0 MaTepisiry, 30-
KpeMa TPUBOIUTH A0 BUHUKHEHHS €JIeKTPOIPOBimHOCTH 3paska. OmepikaHO
3pas3ku aBox Bugis: I) kommosut Ca,y(PO,)s(OH), + rpadirt + 11e/10/103H1 BOJIOKHA;
IT) xommosur Ca,,(PO,)s(OH),+rpadiT-+11e/1t0/103Hi BOJIOKHA + €TTIOKCUAHUM O0JIiro-
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mep. MeTomaMu eJleKTPOHHOI CKaHyBaJbHOI MiKpocKomii Ta peHTI'eHiBChbKOI
¢ oTOeIeKTPOHHOI CIeKTPOCKOMiil JOCTiAKeHO CTPYKTYPHI 0COBIMBOCTI i1 ese-
KTpOoHHY OynoBy 3paskiB. Kommosut I aBisde co6oio 3’egHaHHA, B IKOMY IIPHU-
cyTHi IpoBiznHi Ta HenpoBinHi ckaanoBi. MogudikyBaHHA KOMIIO3UTY €IIOKCU-
IHUM OJIITOMEpOM i3 3aTBep/sKyBaueM IPUBOIUTH 0 IIOSABU eJIeKTPOIIPOBiIHO-
ctu y marepiany. IlokasaHno, 110 AoJaBaHHS €IOKCHUIHOTO OJIirOMeEpy MaJo
3MiHIOe Mopdosoriuni mapamerpu 3paska Ha HaHopiBHi. [iua xKommosuty II
crocrepiraetrbea 30igbITeHHA BimHOCHOI yacTKu 3B’sA3KiB C=0 B 3araJbHOMY
b6ananci 3B’askiB Kapb6ony. Omep:KaHi KOMIO3UTH MAalOTh BHUCOKY TEPMiuHY
CTifiKiCTh, BJIACTUBY TiJPOKCOATIATUTY, i MOXKYThH OYTH MEPCHEKTUBHUMU AJI5
BUKOPUCTAHHSA B IIMPOKOMY CIIEKTPi 3aCTOCYBaHb.

Bunepsbie cCMHTE3UPOBAHBI KOMIIO3BUTHI HA OCHOBE HAHOAVCIIEPCHOTO TUAPOKCO-
amaTuTa KaJblud U yJIbTpagucuepcHoro rpadura. McciegoBaHbl MOPHOIOTH-
YyecKue 0COOeHHOCTH U 9JIeKTPOHHOE CTPOeH e KOMILJIEKCOB. ¥ CTAHOBJIEHO, UTO
MoAMMpUIIMPOBaHNEe KOMIIO3UTA HA OCHOBE HAHOAWCIEPCHOTO alaTUTAa, YJb-
TPagUCIEPCHOr0 rpaduTa, 1Me/II0J03HbIX BOJOKOH SIMOKCUIHBIM OJIUTOMEPOM
C OTBEPAUTEJIEM OKA3hIBAET CYIIeCTBEHHOE BINAHNE HA KOMILJIEKC CBOMCTB IIO-
JIyYeHHOTO Marepuaja, B YaCTHOCTHU IPUBOAUT K BO3HUKHOBEHUIO 3JIEKTPO-
npoBoauMoOCTH obpasma. IlomydeHbl o00pasibl OBYX BHIOB: I)KOMIIO3UT
Ca,((PO,);(OH), + rpadur + 1esmtono3ubie BosokHa; II) kommosur Ca,(PO,)s(OH), +
rpauT + IeJIJII0JIO3HbIe BOJIOKHA + 9IOKCUAHBIN oauromep. Meromamu asJieK-
TPOHHOU CKaHUDPYIONell MUKPOCKOINY U PEHTTeHOBCKOU (DOTO3JIEKTPOHHON
CHEeKTPOCKOIIMK HCCJIEeIOBAHLI CTPYKTYPHBIE OCOOEHHOCTH U 3JIEKTPOHHOE
crtpoeHne o0pasios. Kommosurt I mpeacraBisger coboil coefnHeHe, B KOTOPOM
IIPHUCYTCTBYIOT IPOBOAAIIME ¥ HEIPOBOAIIME cOCTaBAoNne. Monguduranusa
KOMIIO3UTA SMOKCHUIHBIM OJIMTOMEPOM C OTBEPAHUTEJIEM IIPUBOIUT K IIOSBIIE-
HUIO BJIEKTPOIIPOBOAUMOCTU y Marepuaja. IlokazaHo, 4YTo JoOaBJieHUE SIIOK-
CHUIHOTO OJIMrOMepa MaJio MeHseT MOp(OoJIOrMYecKre IapaMeTpbl o0pasiia Ha
Ha"HoypoBHe. [lna xommosurta II HaGiiomaeTcA yBequdYeHHE OTHOCUTEJIHLHOM
nmoau cBaseit C=0 B o061iem OasaHce cBsa3seli yriaeponaa. IloayueHHbIe KOMIO3U-
Thl UMEIOT BBICOKYIO TEPMUUYECKYIO YCTONUMBOCTD, IPUCYIIYIO THIPOKCOAIa-
TUTY, X MOTYT OBITh IIEPCIIEKTUBHBIMY AJIA UCIIOJb30BAHUSA B IITMPOKOM CIIEK-
Tpe IPpUMeHeHUHA.

Key words: composite, nanodispersed hydroxyapatite, ultrafine graphite,
epoxy oligomer, current-conducting ceramics.

KarouoBi cjoBa: KOMIIO3UT, HAHOAUCTIEPCHUI TiIPOKCOATIATHUT, YIAbTPAAUCIIE-
pcHU rpadiT, eNOKCUTHUNA 0JiroMep, CTPYMOIIPOBiTHA KepaMiKa.
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JUCIIEPCHBIN rpad)uT, SIOKCUIHBIN OJIUIOMED, TOKOIIPOBOAAIIAA KepaMuKa.
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1. INTRODUCTION

The development of technologies for producing new composite mate-
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rials based on calcium hydroxyapatite (HAP), a chemical analogue
of the bone mineral, is primarily aimed at improving the properties
of existing bioimplants based on HAP. When restoring bone, one of
the important conditions is the electrical conductivity of the im-
plant, which is necessary for the passage of electrical nerve impuls-
es; that is why recently the main attention of researchers engaged
in the synthesis and properties of composites based on HAP has
been paid to the problem of high electrical conductivity. In addi-
tion, to obtain a composite, you can use either a polymer with high
electrical conductivity, which is biotolerant, or various carbon ma-
terials. In addition to biomedical applications, HAP recently used in
sensory and other microelectronic devices. Composites based on
HAP and carbon materials have high thermal stability. Stoichio-
metric HAP is stable up to 1350 degrees Celsius. In the work of F.
Chen et al. [1], based on hydroxyapatite nanowires, a design of elec-
trically conductive paper was proposed. Since electronic devices are
susceptible to the environment, for example, humidity, gas pollu-
tion or high temperature, the improvement of their applied proper-
ties, in particular electrical conductivity, remains a key condition
for research in this direction. A number of publications are devoted
to this problem, in particular, Refs. [1-6].

It is known, including from our works, that the native bone has a
significant piezoelectric effect, which implies the use of composites
based on calcium hydroxyapatite and ultrafine graphite as bone
substitutes. In works [7—9], it was shown that external electrical
stimulation of the damaged bone promoted progressive healing. In
addition, the use of carbon nanomaterials, in particular, carbon
nanotubes, significantly improves the mechanical properties of im-
plants.

In this work, we synthesized composites based on nanodispersed
calcium hydroxyapatite, ultrafine graphite, cellulose fibres, and
conductive epoxy oligomer. Such composites are highly thermally
stable and can be used for various medical and technical purposes.

2. METHODS OF FABRICATION OF SAMPLES

To obtain conductive samples of composites, the following basic re-
agents were used: 4-water crystal hydrate of calcium nitrate
(Ca(NO;),4H,0), 12-water crystal hydrate of acid salt of sodium
phosphate (Na,HPO, 12H,0), ammonia hydrate (NH,OH), cellulose
fibres, ultrafine graphite, epoxy oligomer, hardener for epoxy oli-
gomer.

The method of obtaining samples was as follows.

Ca(NO;),-4H,0 40 g and Na,HPO,-12H,0 40 g separately dissolved
in distilled water under heating. After dissolving, the solution
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Na,HPO,-12H,0 was added to the solution Ca(NO;),-4H,O, wherein
ammonia hydrate was added in parallel to maintain the acidity of no
less than 10. After adding ammonia hydrate, the solution was left
to warm for 1.5 hours with constant stirring, then, 10 g of ul-
trafine graphite and 4 g of cellulose fibres were added to the solu-
tion, following which the solution was left for another 24 hours
without stirring and heating. As a result of the operations carried
out during the specified time, precipitate was formed, namely, hy-
droxyapatite, the particles of which were located in the interfibre
space of cellulose along with graphite particles. After the end of the
24-hour period, the resulting mass was filtered and dried.

From the dried mass of HAP + graphite + cellulose fibres in the
fluoroplastic form, a sample of a given shape and size was formed.
The sample was impregnated with a solution of epoxy resin and
hardener and heated for 1 hour.

Two types of samples were obtained: I) composite Ca,o(PO,);(OH), +
+ graphite + cellulose fibres; II) composite Ca,(PO,)s(OH),+ graphite +
+ cellulose fibres + epoxy oligomer.

To study these composite materials, we used the methods of
scanning electron microscopy (SEM), x-ray photoelectron spectros-
copy (XPS), energy dispersive x-ray spectroscopy (EDS).

X-ray photoelectron spectra of the composites under study were
obtained on a ‘JSPM-4610° photoelectron spectrometer of the
‘JEOL’ company using non-monochromatic MgK, (1253.6 eV) x-ray
source. During the experiment, the vacuum in the analytical cham-
ber was 1077 Pa, the accuracy of determining the electron binding
energy was 0.1 eV. Due to the study of the conductive properties of
the composites, upon receipt of the photoelectron spectra of the el-
ements, gold was not deposited on the sample surface.

a b

Fig. 1. SEM images of samples Ca,,(PO,);(OH), + graphite + cellulose fibres
(a) and Ca,((PO,)s(OH), + graphite + cellulose fibres + epoxy oligomer (b).
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3. RESULTS AND DISCUSSION

At low magnification in SEM images (Fig. 1), there is a significant
difference in the morphology of the samples. The composite
Ca,((PO,)s(OH), + graphite + cellulose fibres (Fig. 1, a) represents
separate massive sphere-like fragments, while the presence of an
epoxy oligomer in the structure of the second composite (Fig. 1, b)
contributed to the formation of fibres that bind the particles.

With increasing resolution, one can observe the transformation
of the morphological features of the samples (Fig. 2). As can be
seen at 20 um scale (Fig. 2, a, b) in sample I, objects of a regular
shape with a size of 1 to 10 um are observed, while the sample II
shows an almost uniform morphological pattern over the entire sur-
face under study. In some cases, on the samples of I** type were
clearly observed plates of various shapes with the above dimensions.
The first sample is characterized by the presence of pores with sizes
up to 1.5 um. It is obvious that the presence of epoxy oligomer in

d e f

Fig. 2. SEM images of samples of Ca,,(PO,);(OH),+ graphite + cellulose fibres
(a, ¢, e) and Ca,;(PO,)s(OH),+ graphite + cellulose fibres + epoxy oligomer (b, d, f).
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the second sample leads to a continuous pattern without pores and
clearly observed microobjects.

Turning to a larger increase (Fig. 2, ¢, d) in sample I, two-
dimensional objects with a size of up to 3 um are observed in detail.
Oblong fibre-like inclusions with the same characteristic dimensions

Fig. 3. Cls XPS-spectra of the sample Ca,y(PO,)s(OH),+ graphite + cellulose
fibres.

Fig. 4. Cls XPS-spectra of the sample Ca,y(PO,)s;(OH),+ graphite + cellulose
fibres + epoxy oligomer.
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also can be seen. At the same magnification, the second sample
shows significant differences characterized by the monotony of the
observed surface. However, at the same time, characteristic inclu-
sions with a size of 1.0-2.0 um are observed in a considerable part
of the surface. For the first sample, observation of pores with even
smaller sizes is noteworthy.

At the nanolevel, both samples are characterized by the presence
of fibres with a diameter of = 20 nm and a length of up to 300 nm.
Consequently, the addition of an epoxy oligomer changes a little the
morphological parameters of the second sample at the nanolevel.

Using the XPS method, it is found a significant difference in the
electronic structure of the synthesized composites. A comparative
analysis of the XPS spectra (see Figs. 3 and 4, which show the Cls
spectra of both composites) showed that the samples contain —C—-C—
bonds as well as bonds characteristic for complex carbon compounds
of the —C—-0O- and C=0 types.

The carbon spectra for a composite containing an epoxy oligomer
have a more complex fine structure, since the epoxy oligomer con-
tains a significant amount of different carbon bonds. The position
of the components of the decomposition of the Cls electron spectra
for both composites is given in Table.

The decomposition of the spectra into components was carried out
with preservation of characteristic full width at half-maximum in-
tensity for the corresponding carbon bonds. As can be seen from the
experimental data, the number of O—C—-0O bonds (peaks around 287.6
eV) for both samples remains almost the same. There is a greater
variety of C—O bonds for the first sample, which indicates a greater

TABLE. Binding energy (eV) and full width at half-maximum intensity
(eV) of the core levels of atoms of the compounds at issue.

Compound | O1s | P2p | Ca2p,, | Cls
284.1 (1.7) —C=C-
285.4 (2.0) -C-0-

Composite

531.7 134.0 348.1 287.6 (2.0) -C-0-
. éfi;“ﬁi?l“ﬁ?ﬁ?fole) (3.9) (4.0) (3.0) 289.8 (2.0) -C=0
291.2 (2.0) -C=0
293.6 (2.3) satellite
284.1 (2.0) —C=C-
Composite 286.3 (2.0) —C-0—
(Ca,o(PO,)s(OH) + 532.2 347.3 287.7 (2.0) —-0-C-0-
+ graphite + cellulose + (3.0) o (2.0) 289.0 (2.0) -C=0
+ epoxy oligomer) 290.1 (2.0) —C=0
290.9 (2.0) -C=0
Ca (PO, ),(OH), 531.2 133.3 347.3 .

(2.0) (2.4) (2.0)
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variety of the local environment of carbon atoms.

At the same time, the number of non-bridged carbon bonds of the
—C—-0O- type is significantly reduced in the second sample. This fact
correlates with the change in the Ols line width in the second sam-
ple, that is 0.9 eV less than in the first one. This indicates a

b c

Fig. 5. XPS-spectra of the sample Ca;o(PO,)s(OH), + graphite + cellulose fibres:
(a) Ca2p, (b) P2p, (c) Ols.

Fig. 6. Ols XPS-spectra of the sample Ca,,(PO,)s(OH),+ graphite + cellulose
fibres + epoxy oligomer.
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greater structural ordering of carbon atoms.

In the second sample, an increase in the relative share of C=0
and C-O bonds in the total carbon bond balance is observed. Based
on the ratio of the experimental intensities of the peaks of = 290.0
eV, it can be argued that the increase parameter is in the range
from 1.3 to 1.4. The peak at about 293.6 eV in the first sample
characterizes the satellite structure of the carbon spectrum. Its ab-
sence in the second sample indicates a significant change in the
crystal field near carbon atoms. An increase in the number of de-
composition components in the second sample also indicates an in-
crease in the number of inequivalent carbon positions in the com-
pound with the epoxy oligomer.

An analysis of the XPS data of both composites showed (Figs. 5,
6, Table) that the presence of an oligomer in the composite struc-
ture leads to a redistribution of the charge of atoms. As seen from
Table, modification of the composite with an epoxy oligomer leads
to a decrease in the negative charge on oxygen and an increase in it
on calcium atoms, which indicates a decrease in the ionic component
of the chemical bond in the overall balance of the chemical bond.

It is noteworthy that for composite I, the x-ray photoelectron
lines of the Ca, P, O elements have ‘clones’ and are shifted toward
higher energies that indicates that the sample is charging during
the process. Moreover, the intensity of doublet lines for the first
sample is substantially higher. At the same time, XPS spectra of a
composite with an epoxy oligomer do not have twinning of lines
(see, for example, Fig. 6). This indicates that sample I contains both
conductive fragments associated with graphite and fragments exhib-
iting the dielectric properties of hydroxyapatite. The SEM image of
sample I obtained using energy dispersive x-ray spectroscopy con-
firms that carbon is unevenly distributed across the composite (Fig.
7). In the second sample, the presence of an epoxy oligomer pro-
vides the percolation effect of conductive areas and, consequently,
the sample exhibits conductive properties.

The full width at half-maximum intensity of the spectrum of
Ca2p for the studied compounds varies by almost 2 times. For stoi-
chiometric calcium apatite, Ca;o(PO,)s(OH),, according to Table, it is
2 eV. At the same time, for the composite I, the full width at half-
maximum intensity of the Ca2p spectrum is 3.9 eV. Upon transition
to composite II, the full width at half-maximum intensity decreases
to 3.0 eV. This kind of result shows that nanodispersed calcium ap-
atite having a large portion of calcium atoms on the surface, be-
cause of interaction during the synthesis of composites, forms a
significant number of bonds leading to a large number of non-
equivalent calcium positions. The presence of a significant amount
of calcium on the surface of not only nanodispersed apatite, but al-
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Fig. 7. SEM image of sample Ca;,(P0O,)s(OH),+ graphite + cellulose fibres
obtained using energy dispersive x-ray spectroscopy.

so composites has been confirmed by electron-microscopy studies
(Fig. 7). There is a significant crimson colour of the image, which,
as indicated on the palette, is characteristic of oxygen. With the
oligomerization of the first composite, a significant ordering and a
decrease in the number of non-equivalent positions of calcium atoms
are observed. Thus, in the second composite, the full width at half-
maximum intensity of the Ca2p spectrum is significantly reduced
compared with composite I.

The positions of the maxima of the Ca2p spectrum for composite
II and stoichiometric apatite coincide, while for composite I, there
is a significant energy shift up to 0.8 eV towards higher binding
energies that indicates a significant offset of electron density from
calcium atoms. With regard to the behaviour of the Ols level max-
imums, a significant symbasis is noted.

During the transition to the composite, both position and width
of the phosphorus line change significantly (Table) that is a conse-
quence of the significant deformation of the phosphorus tetrahedra
and, as a result, the presence of a significant amount of non-equivalent
phosphorus positions, which affects the width of the P2p line.

4. CONCLUSIONS

Composites based on nanodispersed calcium hydroxyapatite and ul-
trafine graphite were synthesized for the first time. Two types of
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samples were obtained: I) composite Ca;o(PO,)s(OH), + graphite + cel-
lulose fibres; II) composite Ca,o(PO,)s(OH), + graphite + cellulose fi-
bres + epoxy oligomer. Electron scanning microscopy and x-ray pho-
toelectron spectroscopy were used to study the structural features
and electronic structure of the samples. Composite I is a compound,
in which there are conductive and non-conductive components. Mod-
ification of the composite with an epoxy oligomer with a hardener
leads to the appearance of conductivity in the material.

Composites have a different surface structure on almost all scales
of the hierarchical structure. However, it was shown that the addi-
tion of an epoxy oligomer does not significantly change the morpho-
logical parameters of the sample at the nanolevel.

Analysis of the XPS data from both composites showed that the
addition of graphite or/and epoxy oligomer significantly changes
the charge states of atoms and the nature of the chemical bond in
the sample. Adding an epoxy oligomer to the composite leads to a
decrease in the negative charge on oxygen and an increase in the
negative charge on calcium atoms that indicates a decrease in the
ionic component of the chemical bond in the overall balance of the
chemical bond.

In addition to —C—C— bonds, —C—0O— and C=0 bonds’ characteris-
tics of complex carbon compounds are found in the compounds un-
der study. For composite II, an increase in the relative share of C=0
bonds in the total balance of carbon bonds is observed.

Microscopic and XPS data showed the presence of a large number
of both conductive and non-conductive sites in composite I. The
presence of a percolation effect is revealed, which leads to a slight
electrical conductivity of the composite I. Adding an epoxy oligo-
mer to composite II contributes to the formation of much stronger
bonds between the conductive fragments of the sample, and, there-
fore, composite II is much more uniform in conductivity and exhib-
its conducting properties. The resistive and reactive impedance of
samples was measured by electrophysical methods.

The resulting composites have a high thermal stability inherent
in hydroxyapatite and may be promising for use in a wide range of
applications. Thus, it was found that modification of the composite
based on nanodispersed apatite, ultrafine graphite, cellulose fibres
with an epoxy oligomer with a hardener has a significant impact on
the complex properties of the material obtained, in particular, leads
to the appearance of electrical conductivity of the sample.
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Comb-type siloxane belongs to graft polymers with high density in seg-
ments of main backbone, which have considerable attracted interest of
researchers due to unique architecture. Hydrosilylation reactions are used
for synthesis of graft polymers. The aim of presented work is obtaining of
photopolymers based on polydimethylsiloxane (PDMS). For this purpose,
we have conducted hydrosilylation reaction of polymethylhydrosiloxane
(PMHS) with allyl acrylate and vinyltriethoxysilane in the presence of
Karstedt's catalyst in toluene. Nanocomposites are fabricated based on
PDMS and reduced graphene oxide with different content in the range of
0.5-0.8 wt.% . Materials’ structure and composition are characterized by
FTIR, NMR, TGA, DMTA, Raman, and SEM analyses in order to deter-
mine the structure, morphology, filler dispersion, defects and other char-
acteristics.

Cusiokcan rpebGiHYACTOrO THUNY HAJNEKUTH OO IPHUIEIJIEHNX IOJiMepiB 3
BHCOKOIO MIiJBHICTIO y CerMeHTaX OCHOBHOI'O KiCTSKOBOIO JaHITIOTa, SKi
BUKJIMKAJW 3HAUHWI iHTepec NOCIiTHMKIB 3aBOAKMN YHIKaJIbHINA apXiTeKkTy-
pi. Peakmii rigpocuninyBaHHs BUKOPUCTOBYIOTHCA AJIA CUHTE3U IIPUIIEILIe-
HuUX moJjimepiB. MeToo mpezncTaBiaeHoi poGOTH € omep:KaHHA (poTomosimMepis
Ha ocHOBi moaizumeruicunokcany (IIIMC). [daa mporo HaMu OGyJIO IpPOBe-
IeHO peakIriio rigpocuiaisyBaHHs mosimMeruarigpocunokcany (IIMI'C) 3 aui-
JaKpUJIATOM i BiHiITpHeTOKcHCHIaHOM y ImpucyTHocTi KapcrearoBoro Kara-

465



466 N. JALAGONIA, A. HRUBIAK, T. KUCHUKHIDZE et al.

JgizaTopa B ToayoJi. HaHoKoMmo3uTu BUTOTOBIAAIOTHCA Ha ocHoBi IIJIMC i
BiIHOBJIEHOTO OKcuAy rpadeHa 3 pisHmM BMmicToM y gianmasoni 0,5-0,8
mac.% . CTpyKTypa Ta CKJIaZ, MaTepidAJiB XapaKTepu3yIOThCA METOZaMU’
OIIIY, AMP, TTA, OIMTA, Pamanosoi amanisu ta CEM 3 meToo BU3HA-
YeHHA CTPYKTYpH, MopdoJorii, aucmepcii HamoBHIOBaua, medexkTiB Ta iH-
IIUX XapaKTePUCTUK.

CusioKkcan rpebeHYaToro THUIa OTHOCHUTCS K IPUBUTHIM IIOJHMEPaM C BBICO-
KO¥ IIJIOTHOCTHIO B CEIMEHTaX OCHOBHOM OCTOBHOI IeM, KOTOPHIE BHI3BAJIU
3HAUNTEJbHLINI WHTEepec HcciiefoBaTesieil OJjiarogaps YHUKAJbLHOU apXUTEK-
Type. PeaKnum rugpoCUINIUPOBAHUSA HCIIOJL3YIOTCA IJsd CUHTE3a MIPUBU-
TBIX TOJUMepOB. Ilenbio mpeacTaBaeHHON PabOTHI SABJSETCA MMOJydeHUe (o-
TOIOJIUMEPOB Ha ocHOBe mosmguMmeruacuiaoxkcara (ILIIMC). [na storo HaMu
ObLIa IPOBEJEeHA PEaKINA TUAPOCUINJINPOBAHUA MOJUMETUITUIPOCUIOKCA-
Ha (IIMI'C) ¢ annmiakpuaaToM U BUHUJITPUITOKCUCUJIAHOM B IPUCYTCTBUU
karanusatopa Kapcreara B Toayose. HaHOKOMIIOBUTHI M3TOTABIMBAIOTCS Ha
ocaoBe IIJIMC m BoccTaHOBJIEHHOTO OoKcuaa rpadeHa C PasIuUYHBIM COIEp-
kanuem B auanasone 0,5-0,8 macc.%. CTpyKTypa um cOCTaB MaTepHUaJIOB
xapaxkTepusyiorca meromamu DPIIMK, AMP, TTr'A, IIMTA, paMaHOBCKOTO
amanmusa u COM c 1enbl0 OIpeesieHUus CTPYKTYPhI, MOPQOJOTHU, TUCIEP-
CUU HATIOJHUTEJA, 1e(PEeKTOB U APYTUX XapaKTEePUCTUK.

Key words: comb-type siloxane, hydrosilylation, nanocomposite, 3D print-
er.

Karouori cioBa: cuiiokcaH rpebiHUacToro THUIY, TiAPOCHJIiyBaHHS, HaHO-
KOMOOo3uT, 3D-TIpunTep.
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1. INTRODUCTION

Organo-siloxane polymers belong to hybrid materials, where organic
groups are grafted on main inorganic siloxane backbone, and they
are composed of organic groups hanging on the main inorganic sili-
con backbone. They also belong to semi-inorganic polymers’ class.
Interest towards organo-siloxane increases because of unique prop-
erties such as low glass-transition temperature, temperature and
oxidative stability, low surface temperature, stability to UV irrita-
tion, hydrophobicity. It is possible to create new polymers by graft-
ing various functional groups (epoxy, amine, carboxyl, anhydride,
nitro, hydroxyl, vinyl, acryl and others) on main and side backbones
[1-3].

Comb-type siloxane belongs to graft polymers with high density
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in segments of main backbone, which have considerable attracted
interest of researchers due to a unique architecture [4—7].

Hydrosilylation reactions are characterized by great practical
significance. They are the most effective and convenient methods
for obtaining of relevant silicon-organic compounds. Silylation is
used to obtain low-molecular compounds as well as molecular com-
pounds and their modification. Great interest is due to the simplici-
ty, convenience and absence of co-product [5, 6].

Recently, hard and elastic materials with low density are used,
and great attention is paid to composites based on polymers and
carbon nanostructures (graphene, carbon nanotubes), owing to their
unique electrical and mechanical properties [8—10].

Addition of carbon nanostructures into polymer materials gives
very new properties of the obtained composite. For example, less
than 1% carbon nanostructures in polymer increases electroconduc-
tivity by 10 times, thermal conductivity by 2—3 times, etc.

2. MATERIALS AND METHODS

Materials. Polymethylhydrosiloxane (PMHS), allyl metacrylate, vi-
nyltriethoxysilane, platinum (0)-1,3-divinyl-1,1,3,3-tetramethyl dis-
iloxane complex (2% -solution in xylene), diphenyl (2,4,6-
trimethylbenzoyl) phosphine oxide supplied from Sigma Aldrich.
Toluene was dried over and distilled from sodium under an atmos-
phere of dry nitrogen.

FTIR spectra were obtained on a Nicolet Nexus (Thermo Nicolet
Corp., Madison, WI) 470 machine with a mercury—cadmium-
telluride detector type B (MCTB). 'H-NMR spectra were recorded on
a Bruker (Rheinstetter, Germany) ARX400 NMR spectrometer at a
400 MHz operating frequency with CDCIl; as the solvent and an in-
ternal standard.

Dynamic mechanical thermal analysis (DMTA) was also carried in
temperature range from —80°C to 20°C; regime of oscillation was as
follows: load =1 N, frequency =1 Hz.

Hydrosilylation Reaction of PMHS to Allylmetacrylate and Vinyl-
triethoxysilane. 1 g polymethylhydrosiloxane, 1.26 g allylmetacry-
late, and 0.95 g vinyltriethoxysilane were placed into a 50 ml flask
under nitrogen. Then the mixture was dissolved 15 ml of toluene,
and 3 uL Karstedt's catalyst was syringed into the flask. The ho-
mogeneous mixture was degassed and placed into an oil bath, which
was previously set to 60°C, and reaction continued at 70°C. The re-
action was controlled by decrease of intensity of active =Si—H
groups (Scheme 1). Then 0.1% activated carbon was added and re-
fluxed for 3 h for deactivation of catalysts. All volatiles were re-
moved by rotary evaporation, and the obtained product was precipi-
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tated at least three times into pentane to remove side products. Fi-
nally, all volatiles were removed under vacuum, and colourless vis-
cous product was obtained.

Synthesis of Reduced Graphene Oxide (rGO). Synthesis of graphene
oxide was carried out by modified Hummers method. 300 ml flask
was placed into an ice bath, 3 g natural graphite was added into a
mixture of 30 ml 98% H,SO,, 2.5 g K,S,0; and 2.5 g P,O;, and the
solution was stirred at 80°C during 5 h. Pre-oxidized graphite was
washed and dried in vacuum. Obtained product was mixed with 100
ml 98% H,SO,, and 7.5 g KMnO, was added at a temperature bellow
15°C; 150 ml H,0 was added and stirred during 2 h; additional 200
ml H,O and 15 ml 30% H,0, dropwise were added into a solution.
Resulting mixture was washed, and product was obtained after dry-
ing in a vacuum oven. Ethanol was added in the obtained product,
and sonication was carried out during 30 min to obtain stable sus-
pension. Reduction of GO solution was carried out in microwave.

3. RESULTS AND DISCUSSION

The aim of presented work was obtaining of photopolymers based on
PDMS [11-13]. For this purpose, we have conducted hydrosilylation
reaction of polymethylhydrosiloxane (PMHS) with allyl acrylate and
vinyltriethoxysilane in the presence of Karstedt's catalyst in tolu-
ene. Obtained polymer is liquid and well soluble in organic solvents
with specific viscosity n,,~0.4. The end of reaction was tested by
FTIR, where peak at 1260 cm ™ belonging to Si—H bonds disappears.
After this, the polymer was distilled in vacuum; cross-linking agent
was add about 1% and cured by UV during 1 h.

Second step was the addition of photoinitiator, which is dissolved
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in monomer and reduced graphene oxide. Nanocomposite was ob-
tained by solution-mixing method. Then, polymer surface was treat-
ed by Ar and curing by UV for 2-3 h.

The structure and composition of the obtained compounds were
studied by determination of molecular masses, FTIR, '"H-NMR spec-
tra data, SEM, TGA, and DMTA.

In the FTIR spectra (Fig. 1, a), we observed absorption bands
characteristic for =Si—CH,—Si= bonds at 1044 cm™ and absorption
bands characteristic for —CH,— at 2860 cm™. Results showed that
all active Si—H bonds of PMHS enter in hydrosilylation reaction
with allyl methacrylate and vinyltriethoxysilane. In the 'H-NMR
spectra (Fig. 1, b), we observed signals characteristic for methyl
protons of =Si—CH,; and =Si—(CH;); with chemical shifts 5~0.09
ppm. Triplet signal with centre of chemical shift at 6 ~2.30 ppm
and &~ 2.50 ppm corresponds to protons’ methylene-groups’ frag-
ment.

Synthesized GO was characterized by Raman spectroscopy and
SEM (Fig. 2, a, b). In the Raman spectrum, the G-band and D-band
of GO appear at 1595 cm™* and 1847 cm™, respectively. SEM shows
that obtained rGO layers have thickness ~ 20—40 nm.

Mechanical properties of obtained polymers depend on intensity
of UV irritation. These eco-friendly photopolymers can be used suc-
cessfully in SLA 3D printer.

rGO/polymer nanocomposites were prepared by physical mixing
method. At first, filler mixed into liquid polymer, which is dis-
solved in organic solvent. Then, solvent is removed by evaporation,
and composite is obtained, where filler is distributed well in poly-
mer. Results show that addition of carbon nanostructures in poly-
mers improves number of composite properties.

Dynamic mechanical measurements are very sensitive to the

a b

Fig. 1. FTIR data (a¢) and 'H NMR (b) of UV curable PDMS.
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a b

Fig. 2. Raman spectrum (a) and SEM (b) of reduced graphene oxide.

chemical and physical structures of polymeric materials. In this
work, DMTA was used to verify the composite morphology and to
measure its glass-transition temperatures (Fig. 3, a). The results
were obtained with a frequency of 1 Hz.

In the DMTA data, the low-temperature zone corresponds to the
glassy state of the polymer, where the storage modulus is high and
decreases slowly with the increase of the temperature. Storage
modulus increases as the concentration of GO rises (Fig. 3, b). Ac-
cording to TGA data, rGO/siloxane nanocomposite starts slow losing
mass between 250—400°C due to polymer degradation, and the rest
of the carbon material remains stable up to ~ 700°C.

a b

Fig. 3. Storage modulus and loss modulus as functions of temperature (a)
and TGA (b) of nanocomposite.
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4. CONCLUSIONS

The UV-curable PDMS samples were successfully synthesized by hy-
drosilylation reaction in the presence of Karstedt's catalyst. The
optimal reaction condition for completely converting —SiH groups to
methacrylate and vinyl groups were used with a ratio of 1:20:30.
The synthesized polymers were investigated by FTIR, 'H NMR,
TGA, and DMTA. Results showed that all active Si—H bonds of
PMHS enter in hydrosilylation reaction with allyl methacrylate and
vinyltriethoxysilane. Mechanical properties of the obtained poly-
mers depend on intensity of UV irritation. These photopolymers can
be successfully used in SLA 3D printer. Nanocomposites were pre-
pared by physical mixing method.
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The plasmon properties of hybrid metal—dielectric nanostructures on the base
of thin Cu films protected from oxidation under atmospheric conditions by
dielectric HfO, layer and/or graphene layer are considered. The ellipsometry
experiment and polarimetry with the excitation of surface plasmons into thin
films within the Kretschmann’s geometry at a probe light wavelength of
A =625 nm are fulfilled. The angular dependences of the ellipsometric param-
eters y(0) and A(D) as well as an internal reflection coefficient R (0,y) are
measured. These experimental data are compared to corresponding depend-
ences calculated by using the matrix method in accordance to the proposed
theoretical model of the multilayer structure. The numerical values of the
heterostructure-layers’ optical constants n and %k, by means of the calcula-
tions, are a subject to variation in order to achieve the minimum error devia-
tion between the experimental and calculated data. This gives a possibility for
additional control of the optical parameters of the structure layers. The angu-
lar dependences of the internal reflection coefficient R (0;y) of the samples
investigated possess a typical form of failure (deep minimum) at a certain an-
gle, which is concerned with surface plasmon-resonance excitation. According
to the feature of behaviour of these curves, conclusions due to suitability of
using these heterostructures as plasmon sensors are made. To estimate the
level of such sensors’ efficiency, theoretical calculations of the internal re-
flection coefficient at variation of the refractive index values of the medium,
which is in contact with the upper structure surface, are performed. The ap-
propriate graphs possess the inclination, which determines sensitivity of the
sensor. Typical sensitivity value for these heterostructures is equal to 100—
200 deg/RIU (Refractive Index Unit) in the vicinity of n = 1.3 RIU.

PosriianyTo maasMOHHI BJIACTUBOCTI MOPUAHNX METAJIOMieIeKTPUUHIX HAaHOPO-
3MIpHUX CTPYKTYP Ha OCHOBi TOHKUX ILTiBOK Cu, 3aXHUINEHNX BiJ OKMCHEHHS B
yMoBax TOBITpAHOI armocdepu miemektpuuynuMm iapom HfO, ta/a6o rpadeno-
BuUM I1apoM. EKcIIepruMeHT IpoBefeHO MeTO0I0 elincoMeTpii Ta moaspumerpii
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i3 30yAKeHHAM MOBEPXHEBUX ILIa3MOHIB y TAKUX CTPYKTypax y KpeumanHOBiit
reoMeTpii mpu AOBKUHI XBUJIi 30HAOBOTO CBiTyIa A = 625 HM. 1715 HUX BUMipSAHO
KYTOBI 3aJI€3KHOCTi ejlincomeTpuyHmx mapameTpis y(0) i A(0), a Takox Koedirrie-
HTa BHYTPIIITHBOTO BinomBaHuA R(Oy). Lli ekcnepuMeHTaNbHI faHi TOPiBHAHO 3
BIATIOBiAHMMHY 3aJIE;KHOCTSIMU, PO3PAXOBAHMMIM MATPUYHOIO METOAOIO 3TiTHO 3
MoiesieM 0araToInapoBoi CTPYKTypu. UMCIOBi 3HAUCHHA ONTUYHUX CTAIUX N i k
IIapiB reTepoCTPYKTYPHU IIiITaHO BapilOBaHHIO AJIA MTOCATHEHHS 30iry 3 MiHiMa-
JILHOIO TOXMOKOI0 Mi’K eKCIIePUMEHTAILHIMY Ta TeopeTuyHuME ganumu. Kpusi
3aJIeKHOCTeH BHYTPiNTHBOTO BimbmBaHHA R;(0Ory) ZOCiim:KeHMX 3paskiB MaroTh
XapaKTepHY 0COOIUBICTD Y BUTVIAAL TJIMOOKOTO MiHIiMyMy IIpU ITIeBHOMY KYTi ma-
IiHHA P-TIOJSAPU30BAHOTO CBiTJIA, IIIO € OAHO3HAUHUM AOKA30M iCHYBaHHA Y HUX
TIOBEPXHEBOT0 IJIA3MOHHOTO Pe30HaHCY. 3a 0COOJIMBOCTAMU IOBEIIHKY ITUX KPH-
BUX 3’ SCOBAHO MOKJIMBiCTh BUKOPHCTAHHSA TAKUX IeTePOCTPYKTYP B SKOCTI IJIa-
3MOHHUX CeHCOpiB. 1 oiHnKY piBHA e()eKTUBHOCTY TAKOT'O TUIIY CEHCOPiB BU-
KOHAHO TEOPETHYHiI pO3PaxyHKMU Koe(illieHTa BHYTPIIHLOTO BiIOMBAHHA IPU
BapilOBaHHI ITOKA3HWKA 3aJIOMJIEHHSA CEPEJOBUIIA, AKE KOHTAKTYE 3 BEPXHBOIO
MOBEPXHEI CTPYKTypu. Ofep:kaHo KPUBI BiIIMOBiAHMX 3ajie;KHOCTell, 3a HAXU-
JIOM SIKMX 3aIIPOIIOHOBAHO BU3HAYATU UYTJUBICTH ceHcopa. TuiloBe 3HAUEHHS
Imiel BeIUYMHY AJIA JOCTiAKeHUX reTepocTpyKTyp craHoBuTh 100—-200/RIU (Re-
fractive Index Unit) B okoxi n = 1,3 RIU.

PaccMoTpeHBI IIIa3MOHHBIE CBOMCTBA MMOPUIHBLIX METAJJIOANIJIEKTPUUECKUX
HAHOPasMEePHBIX CTPYKTYP HA OCHOBE TOHKUX IJIEHOK Cu, 3aIUINEHHBIX OT
OKHCJIEHUS B YCJOBHUSX BO3AVIIHON aTMocdepsbl AUSIeKTPUUYECKUM CJIOeM
HfO, n/unu rpadeHOBHIM cjIoeM. OKCIIEPUMEHT IIPOBENEH METOAOM 3JLJIUIICO-
METPUU U HOJAPUMETPUU C BO30YKJeHUEM IIOBEPXHOCTHBIX IIJIa3MOHOB B Ta-
KHX CTPYKTypax B reoMmeTpunu KpeumaHHa mpu JJMHE BOJHBLI 30HAOBOTO CBETA
A =625 um. [na HUX U3MepeHbI YIJIOBbIEe 3aBUCUMOCTH dJIINIICOMETPUIECKUX
nmapameTrpoB y(0) u A(0), a Takxe Kos(dUIIMEHTa BHYTPEHHET'O0 OTPAKEeHUA
R(6y). OTH sKCIepHMeHTAJIbHBIE HAaHHBIE CPABHEHBI C COOTBETCTBYIOIUMU
3aBUCUMOCTAMM, PACCUUTAHHLIMU MATPUYHBIM METOJOM COTJIACHO MOJEJN
MHOTOCJIOMHOM CTPYKTYpPbI. UMCIOBbIe 3HAUEHUA ONTUYECKUX IMOCTOSHHBIX 7
u k CJIOEB reTepOCTPYKTYPHI IOABEPTHYTHI BaPHUPOBAHUIO IJIA AOCTUKEHUS
COBITAJIEHU S C MUHUMAJIbLHON IIOIPEIIIHOCTBIO MEXKIY SKCIEePUMEHTANbHBIMY U
TEOPETUYECKNMHU NJaHHBIMU. KpHUBbIe 3aBUCHUMOCTEH BHYTPEHHEr0 OTPAKEHU A
R(6;y) mccaemoBaHHBIX 00Pa3I[0B UMEIOT XapPaKTEePHYI0 0COOEHHOCTH B BUJE
ryIybOKOTr0 MUHUMYMa IPHU OIPEAEeJIEHHOM yIJie NaJeHuA pP-IoJIAPU30BaHHOTO
CBeTa, UTO SBJIAETCA OJHOSHAUHBIM JOKAa3aTEeJIbCTBOM CYIIIECTBOBAHUA y HUX
TIOBEPXHOCTHOTO IJIA3MOHHOTO pe3oHaHca. I1o 0cO0eHHOCTAM MOBENEHUSA 3TUX
KPUBBIX YCTAHOBJIEHA BO3MOYKHOCTD MCIIOJb30BAHUA TAKUX I'€TEPOCTPYKTYD B
KauecTBe IIJIa3MOHHBIX CEHCOPOB. JJIs OIleHKYU YPOBHS 3(D(HEKTUBHOCTH TAKOTO
THUIIA CEHCOPOB BBLIMOJHEHBI TEOPETUUYECKHE PACUETHI KO (PUIMEHTAa BHYTPEH-
HEro OTpPasKeHUA IPU BapbUPOBAHUYU MIOKA3aTeNs IPEJIOMIECHUS CPeNbl, KOTO-
pas KOHTAaKTHUPYET C BepXHelH MOBEPXHOCTHIO CTPYKTYPHhI. [loyueHbl KPUBHIE
COOTBETCTBYIOIIMX 3aBUCUMOCTEM, IT0 HAKJIOHY KOTOPBIX IPEAJI0KEHO Ompee-
JIATH YYBCTBUTEJILHOCTH CeHcopa. TummuHoe 3HaueHuwe STON BEJIUYUHBI AJIS
KCCJIeOBAaHHBIX reTepocTpyKTyp cocrasisier 100—200/RIU (Refractive Index
Unit) B okpectrocTu n = 1,3 RIU.

Key words: multilayer structures, dielectric layer, hafnium oxide, gra-



OBSERVATION OF SURFACE PLASMON RESONANCE IN METAL-DIELECTRICFILMS 475

phene, surface plasmon resonance, biosensors.

Karouori cioBa: 6aratomiapoBi CTPyKTypH, AieJeKTPUUHUN IIap, OKCHUL Ta-
dwuiro, rpaden, moBepxXHeBU ILJIA3SMOHHUNA pe3oHaHC, 6ioceHcopH.

KaroueBsie cI0Ba: MHOTOCJIOMHEIE CTPYKTYPBI, HUIJIEKTPUUECKUN CJIOM, OK-
cun rapuua, rpadeH, MTOBEPXHOCTHHIN IIJIa3MOHHBIN pPe30HAHC, 6MOCEHCOPHI.

(Received 20 March, 2019)

1. INTRODUCTION

The one of major applications of surface plasmon physics has started
from the theoretical prediction and experimental confirmation of the
huge sensitivity of surface plasmons to their local dielectric envi-
ronment to characterise the growth of films [1] and the electrochemi-
cal and biological processes [2]. Nylander et al. extended this state-
ment to show that surface plasmons could be used as a basis for sens-
ing antibodies in fluids [3]. These experiments paved the way for the
first commercial surface-plasmon resonance (SPR) sensors released by
Biacore [4]. Strong interactions between the surface plasmon and bi-
omolecules on the metal surface have two important consequences,
namely, light can be confined in an area smaller than that predicted
by the diffraction limit, and the local electromagnetic-field intensity
can be enhanced by many orders of magnitude [5, 6].

Metals as materials with high free-electron density and possible
weak interband transitions in the visible range are the most suitable
materials for plasmon applications. Traditionally, gold is widely
used, though silver and copper are perspective as well [7]. However,
these metals have high chemical activity and tend to oxidize in air
ambient. It is clear that SPR response of such sensors will decrease
in time.

In this work, main purpose is to find a way to prolong plasmon
sensors lifetime. A potential solution is to use graphene as a protec-
tive barrier on copper or silver thin film as a base for SPR sensor
within the broad spectral region, namely, from blue to near infrared
[7, 8]. Very stable and flat thin graphene layer can also help to
solve such a problem of functionalization of thin metal film with
biomolecular recognition elements. Usually, the passive adsorption
of receptors to the metal surface represents the most simple and
straightforward functionalization method. It may be note that the
graphene-protected copper and silver SPR sensors also survive only
during 0.5—1 year [7].

We have studied optical properties of plasmon heterostructures of
hybrid systems with atomically thin materials such as graphene and
thin dielectric layer (< 10nm). The graphene coating can provide not
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only additional corrosion barrier but also allow the targeted bio-
functionalization of its surface. The combination of plasmon film
with dielectric layer and graphene has yielded significant advances in
SPR sensing due to the interference of the reflected waves on inter-
faces metal/dielectric and dielectric/graphene and promotes the ex-
tension of the plasmon wave propagation. The aim of the work was to
find out what will be the surface-plasmons’ excitation process in thin
copper films protected from oxidation by a dielectric layer, and to
evaluate the efficiency of their functioning as plasmon sensors with
an additional top graphene layer deposited.

2. GETTING EXPERIMENTAL DATA

All metal films studied were deposited using electron-beam evapora-
tion with glass substrates thickness of 1 mm. To grow these films,
we used a commonly available deposition apparatus with base pres-
sures in the interval of 107 to 107® Torr. To control growth of the
metal film, a calibrated quartz microbalance (QCM) was used. We
also deposited Cr adhesive layers about of 1.5 nm thick on clean
glass substrates before Cu-films’ deposition. For Cu films prepared,
the good adhesion and random grains were achieved, when Cu depo-
sition rate was equal to =1 nm/s. On the top of Cu films, HfO, lay-
er was also deposited with small rate of 0.05—-0.1 nm/s.

The surface morphology and RMS surface roughness of HfO, lay-
er deposited was characterized by atomic force microscopy (AFM).
AFM analysis is performed in the tapping mode on the sample to
examine the surface morphology in a scan area approximately of
1.5x1.5 pum? Cu/HfO, heterostructure maintains a quiet smooth
surface morphology (RMS roughness changes from 2 to 3 nm). It is
also worth noting that the investigated hybrid nanofilms exhibit the
continuous (without any islands) morphologies.

Chemical vapour deposition (CVD) graphene transfer on Cu—HfO,
surface was performed as follows. CVD graphene grown on copper
film was removed by etching the copper in 0.15 Mol ammonium
persulfate for 8 hours. Before etching, graphene was covered by

A B C

Fig. 1. The structure of the samples investigated.
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~ 500 nm of PMMA with a tape window cut out and placed on the
PMMA; so, the membrane can be mechanically moved after etching.
The free-floating graphene membrane was transferred to a clean
dish of deionised (DI) water for 10 min, then to a second dish of DI
water for a further 10 min to remove contamination from etchant
solution. The PMMA-—graphene film was then transferred onto the
target Cu—HfO, films into a desired position. Finally, the PMMA
layer was removed in acetone.

A set of three samples was fabricated, the structure of which is
shown in Fig. 1. The first (A) consists of a thin copper film coated
with a protective oxide HfO, layer; the second (B) has a similar
structure, but still contains an additional graphene monolayer; the
third (C) has only a copper film with deposited graphene layer on
its surface. The graphene surface of sample C was further cleaned
by argon/hydrogen annealing at 150°C for 30 mins.

Optical constants of thin films obtained (refractive index n and ex-
tinction coefficient k) were firstly verified by ellipsometric measure-
ments (Fig. 2, a). In the previous paper [9], ellipsometry was used to
check, if there is some optical anisotropy of such heterostructures, and
its absence was established. In this paper, the studies were also per-
formed on a multifunctional experimental setup described in [10, 11].
This setup allows one to perform various types of optical research, in
particular, polarimetric measurements. Ellipsometric experiment was
carried out according to the typical scheme of rotating analyser [12].
The radiation source was a LED with wavelength A =625 nm and spec-
tral FWHM AA =10 nm. The probe ray fell on the top (thin film) side
of the samples during ellipsometry.

In order to detect plasmon resonance in the manufactured speci-
mens, an optical polarimetric experiment was conducted in the ge-
ometry of surface-plasmon excitation based on Kretschmann’s

a b

Fig. 2. Two methods of conducting an experiment: ellipsometric (a) and
reflectometric with surface plasmon excitation (b).
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scheme (Fig. 2, b). The sample glass substrate was coupled with in-
ternal reflection prism, through which a probe beam polarized in p-
plane passes. Vaseline oil was applied to create an optical contact
between the specimen and the prism. Its refractive index in the
spectral region selected amounts n =1.464 (refractive index of the
prism is n=1.511, and the glass substrates have n=1.506). When
passing inside the prism, immersion and substrate, the beam was
subjected to attenuated internal reflection, went outside and was
recorded by a photodetector.

Output radiation intensity was being recorded, while scanning
the selected external incident angle Ogxr range (the angle of inci-
dence onto the first prism face). The internal incident angle 6;y onto
heterostructure was changing accordingly. At certain values of O,
favourable conditions were created for the occurrence of a surface
plasmon resonance in the metallic film, because of which a part of
light-wave energy passed into the sample. Thus, it is possible to ex-
perimentally register its SPR-curve R (Oy)-

The calculation of optical characteristics of thin-film structures
was carried out using the matrix method described in [13]. Mathe-
matically, determining the coefficients of reflection, transmission
and absorption of multilayer systems was to find the stationary am-
plitudes of the electric field intensity vectors at all boundaries of
the interface medium, taking into account the interference phenom-
ena in each layer. To find the ellipsometric parameters y and A,
such calculations were performed for p- and s-polarized waves.

TABLE. Comparison of layers parameters n and k& obtained from experi-
ments and given in literary sources [14—16].

Sample | Material, nm Ellipsometry Plasmon excitation
n k n k
Cr (1.5) 3.155" 3.308" 3.155" 3.308"
A Cu (43) 0.11 3.24 0.06-0.55 3.26—-3.37
HfO, (7) 2.107" 0.00" 2.107" 0.00"
Cr (1.5) 3.155" 3.308" 3.155" 3.308"
B Cu (40) 0.16 2.39 0.06-0.55 3.26-3.37
HfO, (30) 2.107" 0.00" 2.107" 0.00"
Graphene 2.724" 1.345" 2.724" 1.845"
Cr (1.5) 3.155" 3.308" 3.155" 3.308"
C Cu (43) 0.11 2.88 0.07-0.66 3.00-3.16
Graphene 2.724" 1.845" 2.724" 1.845"

Note: “The marked values were fixed at variance and accepted to be equal to liter-
ary data [14-16].
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In obtaining the R (0;y) dependences, the probe beam refraction
and reflection during its passing the prism, immersion and sample
substrate were also taken into account. Corresponding correction of
the reflection coefficient was carried out using the Fresnel formu-
lae.

3. RESULTS AND DISCUSSION

At the first stage of the experiment, angular dependences of ellip-
sometric parameters y(0) and A(0) of each sample were measured.
They were compared with theoretically calculated ones, and optimal
n and k values, giving the minimum curves difference, were found.
Because of the impossibility of simultaneously combining both the
curve pair for y(0) and the pair of dependences for the ellipsometric
parameters A(0), which can be caused by the scattering of light in
the samples, only the limits of the values n and k£ can be estimated.
The results of the corresponding variation of the optical constants n
and k are given in Table.

The parameters of thin Cr layer as well as graphene were consid-
ered to be known [14, 16], because their change almost did not af-
fect the form of the dependences wy(0), A(0) and R (O). Neither
dominant was influence of HfO, constants. To compare the results
of the optical constants n and k variation, we note here the corre-
sponding data [17], according to which Cu has n=0.113 and
k=3.484 at the selected wavelength.

For each sample, the R;(0;y) SPR-curve was also being measured
in p-polarized light. The corresponding graphs are presented in Fig.
3. They demonstrate a good qualitative agreement between the ex-
perimental data and numerical results, with the exception of sample
B.

Fig. 3. Experimentally measured (circles) and theoretically simulated
(lines) SPR-curves of the samples studied.
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All these obtained dependences are characterized by a slightly
smoothed form and a smaller amplitude of experimental-curves’ de-
viation compared with the theoretical ones. In the corresponding
spectral range, such ‘blurring’ of the contours may be caused by an
insignificant statistical spread of the thin-film layers’ thickness on
different parts of their surface, to which theoretical calculations
are sensitive. Because of this, the interference conditions for optical
radiation that passes through these layers are violated. As far as
sample B is concerned, the deviation of data for which is the most
significant one, it is possible to assume significant heterogeneity of
its HfO, oxide layer, which, moreover, has a maximum thickness in
comparison with other samples. This is confirmed by the variation
in the optical thickness of the HfO, layer (nd, where n is refractive
index, d is the layer thickness) used in the theoretical model from
30 nm to 13 nm. Then, the minima position of R(6,y) curves and
their depth are almost identical, although their general shape in
this case is still different.

Similar to ellipsometric data, for the experimental and simulated
R;(6;y) curves shown in Fig. 3, fitting with optimal n and %k con-
stants, search was also been performed. Variation of HfO, layers’
refractive index within n =2.00-2.25 range, as it turned out, only
leads to the curve minimum bias approximately 0.5 without signif-
icantly altering its shape. Therefore, this parameter also left fixed.
The resulting values of the layers n and k obtained are presented in
Table.

The aforementioned theoretical model was also been applied to
assess efficiency level of the investigated structures, when used
them as plasmon sensors. For each of the samples, angular position
of the SPR-curve minimum was computed as a function of an ana-

Fig. 4. Dependences of the SPR-minimum angular position from the ana-
lyte refractive index n for the sensors considered.
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lyte refractive index (the medium contacting with the top layer of
the sensor). Such dependences are presented in Fig. 4.

It can be seen that the curve for sample A protected by HfO, lay-
er has a certain bias relative to the curve for graphene-protected
sample C. At the same time, for the sample B, this shift is very
significant. Although its functioning as a plasmon sensor in this
case is possible, the available range of analyte refractive indexes for
determining will be limited to 2 1.12 RIU (Refractive Index Unit).

The criterion for the effectiveness of SPR-sensors based on the
structures considered may be their sensitivity to the analyte refrac-
tive index change, which should be determined by the corresponding
curves’ inclination. As one can see from Fig. 4, the inclination
changes somewhat at different of refractive index values. Thus, in
the vicinity of n =1.05 RIU, the sensitivity is about 71 deg/RIU for
sample A, 125 deg/RIU for sample B, and 65 deg/RIU for sample
C. In the vicinity of n = 1.31 RIU, one has 173 deg/RIU for sample
A and 130 deg/RIU for sample C.

The obtained dependences have shown that the available refractive
index range to determine and the sensitivity of the A and C sensors,
coated with oxide and graphene layers, respectively, differ insignifi-
cantly.

4. CONCLUSIONS

Thin Cu films protected from atmospheric oxidation by dielectric
HfO, and/or grapheme layer are characterized by surface-plasmon ex-
citation at an angle of internal reflection 0;y~46° (probe light wave-
length A =625 nm). They can be effectively applied as plasmon sen-
sors, if the oxide-layer thickness does not exceed 30 nm. An overly
thick HfO, layer causes a decrease in the range of analyte refractive
indexes available for registration by such sensors. The typical sensi-
tivity value for optical diagnostics of condensed media using these
structures will be about 100—-200 deg/RIU near n=1.3 RIU.
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The photoconductivity of thin B-Ga,0; films obtained by radio-frequency
(RF) ion-plasma sputtering, depending on the conditions of obtaining, is
investigated. As established, the highest value of photoconductivity cur-
rent is observed in freshly deposited films and decreases when films are
reduced in a hydrogen atmosphere, at annealing in an argon atmosphere
and especially in an oxygen atmosphere. The analysis of spectral shift of
the photoconductivity maximum of the excitation spectrum via the heat
treatment atmosphere is carried out.

HocnimsxeHo ¢oTonpoBigHicTs TOHKMX IIiBOK P-Ga,0;, oJep:KaHUX MeTo-
JIOI0 BHCOKOYACTOTHOTO HOHHO-IIJIA3MOBOTO PO3MOPOIIEHHA, B3aJIe’KHO Bif
YMOB ojep:kaHHA. BcTaHoBieHO, IO Haiibijbilla BeJIWUYMHA CTPYMY (OTOII-
POBiIHOCTH CIIOCTEPITae€ThCA y CBiKOHAHECEHUX IJIiBKax i 3MEHIIYETBHCS
IpY BiHOBJIEHHI ILIiBOK B aTMocdepi BOAHIO, IpMW Bigmaiyi B aTmocgepi ap-
TroHY i ocob6suBO KucHI0. IIpoBeseHO aHAi3y CHEKTPAJbHOTO 3MII[eHHS Ma-
KCUMYMYy CIEKTpPY 30yAsKeHHA (OTONPOBiJHOCTH 3aje;kKHO Bif aTmochepu
TePMOOOPOOIEeHHA.

HccregoBana (HoOTOIPOBOAMMOCTE TOHKUX ILIEHOK [-Ga,0;, IONIydYeHHBIX
MEeTOJOM BBICOKOYACTOTHOTO MOHHO-IIJIA3MEHHOT'O PACIIBLIIEHUS, B 3aBUCHUMO-
CTHU OT YCJIOBUM MOJyYeHUA. Y CTAHOBJIEHO, UTO HAaWOOJbIIAsd BeJIUUYNHA TOKAa
$OTOIPOBOAUMOCTY HADOJIIOLAETCA B CBE)KEHAHECEHHBLIX ILNIEHKAX WM YMEHb-
IaeTcsl IPU BOCCTAHOBJIEHWHU IIJIEHOK B aTMocdepe BOAOPOAa, TP OTKUTE B
aTmochepe aproHa u ocobeHHO Kuciaopoga. IIpoBeéH aHAIW3 CHEKTPATIbHO-
r0 CMeIleHWsI MAaKCHUMyMa CIeKTpa BO30YKIeHUSA (POTONPOBOANMMOCTH B 3a-
BUCHMOCTHY OT aTmMochepbl TepMOOOpPabOTKM.
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1. INTRODUCTION

Recent studies have revealed a number of interesting properties of
B-Ga,05 films obtained by various methods. On this basis, the films
based on B-Ga,0O; are widely used as thin-film materials for field-
effect transistors (FET) [1], gas sensors [2], and electrodes, which
are transparent in the UV region [3]. Depending on the method of
obtaining and the dopant impurity, such films are used as photolu-
minophors [4, 5], cathodoluminophors and electroluminophors [6,
7]- In the general case, the optical and electrical properties of B-
Ga,0; films are determined by the methods of obtaining, the modes
of deposition and subsequent technological techniques as well as the
introduction of impurities, which can controllably change the prop-
erties of thin films. One among the important tasks for expanding
application of B-Ga,0s;-based phosphors is to improve the conductivi-
ty of these materials. Several methods are used to change the con-
ductivity of B-Ga,0; films, one of which is annealing in different
atmospheres at high temperatures; it is discussed in this work. We
studied thin films of B-Ga,0; obtained by radio-frequency (RF) ion-
plasma sputtering, which is optimal for obtaining of homogeneous
semiconductor and dielectric films.

2. EXPERIMENTAL

The thin B-Ga,0; films with thickness of 0.2-0.8 pum were obtained
by RF ion-plasma sputtering on the fused v-SiO, quartz substrates.
After that, they were thermally treated in oxygen or argon atmos-
phere at 1000-1100°C and in hydrogen atmosphere at 600—-650°C.
X-ray diffraction studies have shown the presence of a polycrystal-
line structure, which differs depending on the method of thermal
treatment of films. The characteristic diffraction patterns for f-
Gay0; films annealed in different atmospheres are given elsewhere
[8]. At annealing in oxygen atmosphere, the predominant orienta-
tion of films is observed in the (400), (002), (111) and (512) planes.
At annealing in argon atmosphere, the orientation in the (400),
(002), (111) and (512) planes is also dominant, however, there is a
relative decrease in the orientation in the (400) plane, the increase
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in the (111) plane, and the growth of orientations in the (113)
plane. For films annealed in hydrogen atmosphere, a weakly devel-
oped structure of the diffraction spectrum is observed, in which re-
flections from the (400), (002) and (512) planes are also predomi-
nant. The reflexes, which do not correspond to B-Ga,0;, are not
found on the diffraction patterns; thus, the presence of other phas-
es was not detected.

The photoconductivity of B-Ga,O; thin films with the change of
the spectral composition of the exciting light with the support of a
constant number of quanta falling on the film (isoquantum spectral
sensitivity) was measured on an automated installation mounted on
the base of SF—4A spectrophotometer. The normalization in the
spectral region of 3.5-5.6 eV (350-220 nm) was carried out by yel-
low luminogen, the quantum yield of luminescence of which does
not depend on the energy of the exciting photons. An electrical
voltage of 10-100 V was applied to two point contacts with a diam-
eter of 1 mm, which were spatially separated by 1 mm. When meas-
uring the current flowing in thin B-Ga,0O; films, the main require-
ment is the use of ohmic not rectifier contacts, which do not create
additional barriers at the interface. Metals, whose work function is
close to the electron affinity of the semiconductor, create the best
ohmic contacts with semiconductors. We applied the silver paste
with the work function of 4.3 eV. The electron affinity of 3-Ga,0,
is of 4.0 eV [9]. This type of contact material forms a conductor
with a linear current—voltage characteristic [10], and many publica-
tions have reported about its use in the study of diamond, garnet
and other high-resistance oxygen-containing samples [11-15]. The
application of contacts on the surface of film allows recording the
sum of the surface and bulk photocurrents simultaneously.

The spectra of the luminescence excitation in the spectral region
of 220—-300 nm (5.6—4.1 eV) were recorded on a Horiba Fluoromax-
4P spectrophotometer.

3. RESULTS AND DISCUSSION

The studies have shown that photoconductivity effect is observed in
B-Ga,0; thin films, regardless of the composition of the heat-
treatment atmosphere. Figure 1 shows the characteristic photocon-
ductivity spectra of the obtained films. The obtained spectra show
that the smallest value of the photocurrent is observed in B-Ga,O,
films annealed in oxygen atmosphere, which contains the least
amount of oxygen vacancies. The largest value of the photocurrent
is characteristic of unannealed films with an incompletely shaped
structure. As one can see in Fig. 1, two bands of photoconductivity
are observed in the 220-270 nm spectral region and overlap each
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Fig. 1. Photoconductivity spectra of thin pB-Ga,0; films (T'=295 K) after
annealing in oxygen atmosphere (1), in argon atmosphere (2), and after
reduction in hydrogen atmosphere pre-annealed in argon atmosphere (3)
and unannealed thin films (4).

other in the photoconductivity spectra of annealed B-Ga,O; films,
regardless of the composition of the annealing atmosphere. The re-
sulting spectrum forms the superposition of these bands.

It is well known that luminescence spectrum of (-Ga,O; shows
two characteristic emission bands in the ultraviolet (UV) region
with a maximum at 397 nm and in the blue region with a maximum
at 449 nm [16—18]. This is also confirmed by our studies of the sta-
tionary and thermally stimulated luminescence of thin -Ga,0; films
[19, 20].

The characteristic excitation spectra of the UV and blue bands of
luminescence in thin (-Ga,0; films measured at 295 K, at the tem-
perature of the photoconductivity measurements, are shown in Fig.
2. As it can be seen from Fig. 2, regardless of the influence of
thermal treatment of thin f-Ga,0; films, the maximum of excitation
band for the UV luminescence is located in the region of 245 nm,
and for the blue emission, in the region of 250 nm. Considering the
presence of spectral shift for the excitation maxima of these bands
and the fact that they are excited almost in the same spectral re-
gion of 230-270 nm, it can be assumed that the bands of the UV
and blue luminescences in -Ga,0; films, most likely, have a differ-
ent nature. At the same time, the luminescence centres responsible
for these bands interact strongly enough with each other. These
centres, according to [19], are most likely associated with singly
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I, a.u. 1, a.u

223 250 275 A, nm
c

Fig. 2. The excitation spectra of luminescence for the UV band of lumines-
cence with a maximum at 397 nm (I) and the blue band of luminescence
with a maximum at 449 nm (2) for the annealed thin p-Ga,0; films in the
oxygen atmosphere (a), the unannealed thin films (b) and ceramics (c);
T =295 K.

charged associates of the vacancies of oxygen and gallium (V,, V;.) .
Two photoexcitation bands are well correlated with two photocon-
ductivity ones, which form the total photoconductivity spectrum. It
should also be noted that the photoconductivity spectrum of unan-
nealed B-Ga,0; films correlates well with the photoexcitation spectra
of the UV and blue luminescence bands of -Ga,05; ceramics (Fig. 2,
¢), which were used for thin p-Ga,0; films’ deposition.

Taking into account that the band gap of thin -Ga,O; films an-
nealed, for example, in oxygen atmosphere is equal to 4.60 eV (270
nm) [21], the excitation of the luminescence and photoconductivity
bands occurs in the region of the band-to-band transitions with the
formation of free charge carriers in conduction band. This is the so-
called own optical generation and, accordingly, intrinsic photocon-
ductivity. According to the calculations of the electronic structure
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of B-Gay0O; [22—-24], such electronic transitions occur from the 2p-
states of O, which form the upper filled level of the valence band to
the bottom of the conduction band formed by the hybridous 2p-
states of O and 4s-states of Ga. The total energy required for such
an electronic transition to a distance r,, according to [25], is deter-
mined as

Hv=¢g. +¢e — ez/r0+ X(Ozi) - I(Ga2+) ~ Wpols

where ¢, and ¢_ are the values of the electrostatic energies of the
gallium and oxygen sublattice, respectively, y—the oxygen electron
affinity, I—ionization potential of Ga*', and wv,,, is the polarization
energy of a dipole formed by charge transfer. According to this ra-
tio, the most influence on change of the electronic-transition energy
has w,,, which, according to [25], can attain 1-2 eV. Taking into
account that freshly deposited films are characterized by an incom-
pletely formed structure and an increased number of oxygen vacan-
cies, this can lead to a decrease in the value of electrostatic energy
of the oxygen sublattice. In such deformed lattice, the average val-
ue of r, decreases and, accordingly, the component e?/r, is increas-
es, and the polarization energy of the dipole y,, is increased too.
All these factors lead to a decrease in the energy of transition of
the released electrons from the top of the valence band to the bot-
tom of the conduction band in unannealed films. This is revealed
out in the spectral shift of the photoconductivity excitation band
maximum from 245 nm (5.05 eV) for f-Ga,O; films, which were an-
nealed in oxygen atmosphere to 270 nm (4.60 eV) for unannealed of
B-Ga,05 films.

Taking into account that, according to [21], the optical band gap
E, of thin B-Ga,0; films increases from 4.60 eV (270 nm) for films
annealed in oxygen atmosphere, up to 4.65 eV (267 nm) for films
annealed in argon atmosphere and to 5.20 eV (240 nm) after the re-
duction of annealed films in hydrogen atmosphere, this most likely
results in the spectral shift of the photoconductivity maximum of
thin B-Ga,0; films after annealing in argon atmosphere and reduc-
tion in hydrogen atmosphere in the region of 235 nm (5.27 eV).

4. CONCLUSION

The carried out research show that the phenomenon of photocon-
ductivity is observed in the p-Ga,O; films obtained by RF ion-
plasma sputtering, regardless of the composition of the thermal
treatment atmosphere. The most photocurrent value is observed in
freshly deposited films, and the lowest is observed in B-Ga,0O; films,
which are annealed in oxygen atmosphere. A comparison of the pho-
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toconductivity and the luminescence excitation spectra as well as
the band gap shows that the photoconductivity in thin p-Ga,0; films
is due to band—band transitions with the formation of free charge
carriers in the conduction band. The spectral shift of the maximum
of the photoconductivity excitation spectrum depending on the con-
ditions of obtaining is analysed.
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B maniii po6oTi mmpencTaBieHO Pe3yabTATH AOCIHiAMKEHb (PisMUYHUX BJIACTHUBO-
crell miaaHapHuUX i HaHocTpyKTypoBaHux mionx ITortki Ni/n-Si, Buroronie-
HUX IIJIAXOM HaHeCceHHA TOHKUX IIiBoK Ni Ha myiaHapHi Ta HaHOCTPYKTY-
POBaHi MigKJaAUHKYU KPEMHiI0 METOJ0I0 MAarHETPOHHOTO DPO3IOPOIIEHHA IPHU
mocTiiHi#t Hampysi. HocaimsxeHo emeKTpuuHi Ta (HOTOENEKTPUUYHI BJIACTUBO-
cti omep:kanux mpionx IlorTki Ni/n-Si i BcTaHOBIIeHO HOMiHYBaJIbHI MeXaHi-
3MHI CTPYMOIIEpEeHECeHHSA NpH IPSIMUX i 3BOPOTHIX 3MilleHHAX. BecraHoBie-
HO, 110 g miaaHapHux giox Ilortki Ni/n-Si mpu mpamMux 3MileHHSX B
ob6macti mampyr 3kT/e <V <0,1 B gominyBalbHUM MeXaHisMoM € Haabap e-
pHa emicig, a B o6aacti Hanpyr V> 0,1 B — TyHeabHUII MeXaHiZM CTPYMO-
mepeHeceHHA; AasA HaHocTpyKTypoBaumx miox Illorrki Ni/n-Si gma mouar-
KOBUX MNPAMHUX 3Mill[eHb JOMiHYBaJbHUM € eMiciliHO-peKOMOiHAI[IAHUNA Me-
XaHi3M CTpyMoIlepeHeceHHs, a ajd Hampyr V> 0,2 B — TyHeabHU# Mexa-
HiBM cTpymomnepeHeceHHA. IIpu 3BOpPOTHiIX 3MiIeHHAX A IJIaHAPDHUX i
HamocTpykTypoBanux gmion Illortki Ni/n-Si momimyBalbHHUM MexaHiZ3MOM
CTPYMOIIEPEHECEHHA € TYHEJIOBAHHsS. 3alPOIIOHOBAHO HOBY METOAY BU3HA-
YeHHsA AKTHBHOI ILIOIII HAHOCTPYKTYPOBAHUX IIOBEPXHEBO-6ap €pHUX CTPY-
KTyp. BusHaueHo 3HadyeHHa omnopy 36imHenoi ob6jacti Ta 6ap e€pHOI €eMHOCTH
IOCHiMKyBaHUX CTPYKTYpP. Becramosieno, mio mocaimkyBaHi miogm IIlorTki
Ni/n-Si MoKHa yCHIiIlIHO BUKOPUCTOBYBATH AK (oToxionu y doTomiogHOoMy
pexumi poboTu.

This paper presents the results of studies of the physical properties of the
planar and nanostructured Schottky diodes Ni/n-Si fabricated by means of
the thin nickel films’ deposition by the magnetron sputtering onto the pla-
nar and nanostructured substrates of n-type Si. The electrical and photoe-
lectric properties of the Schottky diodes Ni/n-Si are investigated, and the
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dominating current-transport mechanisms are established: at forward bias,
it is well described by the over-barrier emission in the voltage range
3kT/e<V <0.1V and the tunnel mechanism in the voltage range V> 0.1 V;
at reverse bias, there is the tunnel mechanism for the planar Schottky di-
odes Ni/n-Si; at forward bias, it is well described by the emission recombi-
nation in the region of initial forward displacements and the tunnelling
mechanism in the region of voltages V> 0.2 V; and at reverse bias, there is
the tunnel mechanism for the nanostructured Schottky diodes Ni/n-Si. The
obtained Schottky diodes Ni/n-Si possess sharply determined rectifying
properties with height of the potential barrier ¢,=0.27 eV. A new method
for determining the active area of nanostructured surface-barrier struc-
tures is proposed. The resistance value of the depleted area and the barrier
capacity of the studied Schottky diodes are determined. As established, the
studied Schottky diodes Ni/n-Si can be successfully used as photodiodes in
photodiode operation.

B nmamnoii paboTe IIpeAcTaBJI€HBI Pe3yJabTaThbl MCCIEAOBAHUUN (U3UIECKUX
CBOMCTB ILJIAHAPHBIX M HAHOCTPYKTypupoBaHHBIX auomoB Illorrkm Ni/n-Si,
M3TOTOBJIEHHBIX IMyTEM HaHECeHUS TOHKUX ILIEHOK Ni Ha mIaHapHbIe W HAHO-
CTPYKTYPHUPOBAHHBIE HMOAJIOKKYN KPEMHUSA METOJOM MarHeTpPOHHOTO pacIbLiIe-
HUSA TPU TOCTOAHHOM Hampsi:keHuu. VcciemoBaHBI diIeKTpuUecKue u (hoTo-
9JIeKTPUUEeCcKre cBoiicTBa moaydeHHBIX amonoB Illortkm Ni/n-Si m ycranos-
JIEHbI JOMUHUPYIOINEe MEeXaHM3MBbI TOKOIIEpEeHOCA MPU MPSAMBIX ¥ OOPATHBIX
CMeII[eHUAX. ¥CTAHOBJIEHO, YTO /A miaaHapHbx amomoB Illortkm Ni/n-Si
IIPU IPAMBIX CMEIleHusAX B objactu HanpskeHuit 3kT/e<V<0,1 B nomunu-
PYIOIIIMM MeXaHM3MOM fABJsdeTca HaabapbepHasd 3JMUCCHUA, a B 00JacTu
Hanpsarkeruit V>0,1 B — TyHHeJIbHBIH MeXaHM3M TOKOIIepPeHOCa; MJisd HaHO-
cTpyKTypupoBaHHBIX AuoaoB Illortkm Ni/n-Si B obsacTu HAYaJIBHBIX IIPS-
MBIX CMeINeHUII JOMUHUPYIOIIUM SBJIAETCS SMHCCHOHHO-PEeKOMOMHAIIMOHHBIHN
MeXaHN3M TOKOIepeHoca, a B obJiacTu HanpskeHuin V>0,2 B — TyHHeIbHBIHI
MeXaHW3M ToKomepeHoca. IIpu OOpaTHBIX CMEIEeHUAX A IJIaHAPHBIX U
HaHOCTPYKTypupoBaHHBIX auonoB Illortkm Ni/n-Si moMumHUpyIOIIUM MeXa-
HU3MOM TOKOIEpPeHoca ABJAeTCA TyHHeJIupoBaHue. IIpeaoKeH HOBBIN MeTO[
ompeseleHnAa aKTUBHOIN TJIOMIAAM HAHOCTPYKTYPUPOBAHHBIX ITOBEPXHOCTHO-
6apbepHBLIX CTPYKTYyp. OIpemesieHO 3HAUEHNE CONPOTHUBIEHUS OOeTHEHHON
obsacT U O0apbepHOM EMKOCTH HCCIELYEeMBIX CTPYKTYP. ¥ CTAHOBJIEHO, UTO
ucciaenyembie puonbl IllorTkm Ni/n-Si MOKHO YCIEIIHO HCIOJIB30BATHL KaK
doTonmoasl B hoTOAMOAHOM pPEKUME PAOOTHI.

KarouoBi caoBa: Hikeslb, TOHKaA ILIiBKaA, KPEMHill, HAHOCTPYKTYpH, Hioga
IToTTKi, MexaHisMUu CTpyMONEepeHECEeHHS.

Key words: nickel, thin film, silicon, nanostructures, Schottky diode, cur-
rent transport mechanisms.

KaroueBble cjaoBa: HUKeJIb, TOHKaA ILJIEHKA, KPEMHUI, HAHOCTPYKTYPHI,
auon IlorTKku, MexaHu3MBI TOKOIEepeHoca.
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1. BCTYII

Bap’epu IlloTTKi MaoOTL pAA AKOCTel, He3aMiHHMX AJIA CydacHOI eje-
KTPOHiKU, JIe OCHOBHMMM BUMOraMu € e(peKTHBHICTH i IMBUAKICTH PO-
ooru [1, 2]. Ha Bimminy Bim eleKTPOHHO-TipKOBUX HEPEXOmiB, TaKi
0ap’epu omepyioTh OCHOBHMMM HoOciaMmu 3apsanmy; Tomy giogm IIlorTki
MaloTh MaJie IMamiHHS IPSAMOI HAIpPyru, MaJWil yac peJakcallii Ta BH-
COKY IIIBHUIKOMiIO, ITI0 BH3HAYAE MEPCIEeKTUBHICTb iX IJA HOAAJIBLIIOrO
pos3BuTKy enekTpoHiku. Ille onHieio IlepeBaror € MOPiBHAHO MpocTa
TexHoJoTidg BurotroBjaeHHA miof IIloTTki, ToMy 1110 mpu iX BUTOTOBJIEH-
Hi He mOTpiOHI HaAATO BMCOKiI TeMIepaTypu, AKi HeoOXimHi s yTBO-
penusa p—n-nepexony [3, 4].

Taxosx BimoMuiti cmoci®6 BUroToBJeHHsS (HOTOLiON HA OCHOBI KOHTAK-
Ty IIloTTKi, e HAHOCATL TOHKWI HAIIiBIIPO3OPHI IIap MeTajly Ha Ha-
niBopoBigHuK. OCHOBHUM HEIOJIKOM Takux (OTOLioN € BimHOCHO Ma-
Jle TIPOIYCKaHHA CBiTJIa HAIiBIPO30OpPUM IIIaApOM MeETally, i TOMY Taki
doTomionu mMOTPiOGHO BUTOTOBIATU GiJIBLINTOI IO B MOPiBHAHHI 3 Io-
MO- Ta reTeporepexoaMu.

OpauM i3 maxiB 3MeHIIeHHA po3MipiB ¢oromion IloTTKi € BUKO-
pucTaHHA HAHOCTPYKTYpPOBaHOrO 0asoBOro marepisanay. Bemmka akTu-
BHA ILJIOITA HAHOCTPYKTypoBaHux miox IIoTTKi migBuMITye mOTJIWMHAH-
HA cBiTya, a TaKOoXK e(peKTUBHICTH po3nijeHHA (POTOI'€eHEPOBAHUX HO-
ciiB sapanmy. B Toii ke yac, BeJUKe BiJHOIIEHHSA ILJIOIIL A0 00’€My
BUKJUKAE 3POCTAHHA IIIBUAKOCTH IOBEPXHEBOI peKoMOiHAaIii, 110 €
OCHOBHUM UHWHHHKOM OOMe:KeHHA e(eKTUBHOCTH (POTOEJeKTPUUHUX
npuyaniB. Tomy BUTroTOBJIeHHA HaHOCTPYKTypoBaHux mion IIlorTki Ta
Jocaimxenua ixHix Oap’epHHMX HapaMeTpPiB, YMOB CTPyMOIIepeHEeCeH-
HA Ta (OTOEJIEKTPUUHUX IIapaMeTpiB 3aJIMINaeThbCs aKTyaJbHOIO 3a-
Jayero IJis IIOJAJIBIIOrO IOJinmIeHHsa e()eKTUBHOCTU HOBITHiX HaHOC-
TpyKTypoBanux nion HloTTki.

KpemHiii € HalinmomupeHiInM HaMiBOPOBIAHUKOBUM MAaTEPisdjoM B
eJIeKTPOHiIli. 3aBAAKM BEJWKHUM 3alacaM KPEeMHIil0 Ta JOCKOHAJIOCTi
BiTIparibOBaHUX TEXHOJIOTIHA #10T0 BUKOPUCTOBYIOTH JAJIS ITPOMMCJIOBO-
ro BupobHUITBA (horomion. IloBepxHi KpeMmHi0o, MoaudiKoBaHI Macu-
BaMM HAHOAPOTiB, MAalOTh HU3bKe BiIOMBaHHSA Ta BeIUKY AKTHUBHY
ILJIOIY, IO YMOMKJIMBJIIOE VCIIIIIHE MPaKTHUUYHE 3aCTOCYBaHHA iX [H].
HaiinepcneKTUBHIIIIOI MeTO0I0 BUPOUIYBaHHA KPEeMHIMOBUX HAHOJ-
PoOTiB € xeMmiuHe IIaBJeHHS NPH CIPUSHHI HAHOUACTHHOK cpibJa,
OCKIJIbKU IIe — IIpocTa i JelreBa MeToja AJsA BUTOTOBJEHHS MacUBIB
KpPEeMHIi0OBUX HAHOJIPOTIB BEJIMKOI ILJIONIi 3 KOHTPOJHLOBAHUMM BJIac-
tuBocTamMu [6]. Tomy mama MeToa BUKOPUCTOBYBaJacA OJIA BUTOTOB-
JeHHA HAHOCTPYKTYPOBAHUWX IIiAKJIAJWHOK IJA BUTOTOBJEHHSA Iion
ITorTKi.

Kpemuiit yrBopioe 6ap’ep IIloTTKi 3 6ararbmMa MeTamamMu. AJje Imep-
CHeKTUBHIIMUM aJd BuroroBjieHHa paion IlorTki € KpemHi#l n-tumy
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MIPOBiTHOCTH, TOMY IO PYXJIUBICTL €JIeKTPOHIB y KpeMHIil € 6inbIoio
3a PYXJUBICTH AipOK Y HHBOMY, IO MPUBOAUTH 0 3POCTAHHS IITBUIKO-
mii miogu IMlorTki. [Ins iX BUTOTOBJIEHHS BUOMPAIOTH METAJIUW 3 BEJIHU-
KOI0 po0OTOI0 BUXOAY €JIeKTPOHiB, 30Kkpema Au, Pt, Ni Ta im.

B nawmiit pob6oTi BUTOTOBJIEHO ILJIAHAPHI Ta HAHOCTPYKTYPOBAHI Hio-
mu Ilortri Ni/n-Si, mocaim:xeno ixHi eleKTpuYHi Ta QOTOCTEKTPUUHIL
BJIACTHUBOCTi, 3aIpPOIIOHOBAHO HOBY METOAY BHM3HAUEHHS AaKTUBHOI
ILJIOITI HAHOCTPYKTYPOBAHUX IOBEPXHEBO-0ap’€pHUX CTPYKTYP.

2. EKCIIEPUMEHTAJIBHA YACTHHA

Jia suroroBaenHda gion IIIoTTKI BUKOPHUCTOBYBaJM MOHOKPUCTAJIU-
HUHA KPEeMHI#A n-TUOy ITpOBigHOCTH TOBIIUHOIO Vv 330 MKM 3 TUTOMUM
omopoM p=5 OM-cM i KOHIIleHTpaIlieo HociiB sapany n = 7,4-10™ cm®
mpu Temneparypi 295 K. I'mimbuna sanaranua piBHa Pepmi craHo-
BuTh E.— E;=0,27 eB.

KpemuiiioBi migkJIaguHKM OpOMHUBAJUCA Y OiMCTUILOBaHINA BOmi i
aleToHi B yJbTPa3BYKOBill BaHHI 3 IIOJAJIBIIINM MIaBJIEHHAM y PO3YU-
Hi cipuamoi Kumciaoru Ta 30% mnepexucy BomHo (H,0,) y cmiBBimHO-
mrenHi 3:1 ans BumajdeHHs opraHiuHux 3abpyaHeHb. Ilicaa mboro ua-
CTHMHA B3pasKiB BUKOpPUCTOBYBajsacad nAJA cTBopeHHa npiox IIMorTki
Ni/n-Si, a iHma — ayia BUPOIIyBaHHS HAHOIPOTIB.

Ilicna oumcTKM KpPEMHIMOBiI 3pasku 3aHYypIOBaJUCA y BOIAHI po3uu-
Hu 0,02M AgNO,; i 5M maaBukoBoi kuciaotu (HF) y cmisBimmomenmi
1:1 ma 5-10 cerkyunm masa Toro, mo6 HaHOYACTHMHKU cpibJyia ociimu Ha
migkmaguHKu. HacTymHuM KpPOKOM OyJIO ITaBJIeHHS KPEeMHiIHOBUX Mi-
IKJAINHOK 3 HaHOYacTHHKaMu cpibaa B posumui 5M HF i 30% H,0,
y cmoiBBigmomienni 10:1 gas cTBopenusa HaHoaporiB. OcTaHHIiN eram
— IIe BUII[aBJIEHHS HAHOYACTUHOK cpibja 3 mMiAKJIaAMHKHU 3a JOIIOMO-
TOI0 a30THOI KUCJIOTH.

HawmecenHsa TOHKmMX MIiBOK Ni Ha moBepxHiI HaHOCTPYKTYypPOBAHOTO
Ta IIJaHAPHOTO0 MOHOKPHCTAJIYHOTO KpeMHio (po3mip 5x5x0,33 mm) 3
opienTarieio (100) mpoBoguocs B YHiBepcanbHili BaKyyMHiil ycTaHO-
Bii Leybold-Heraeus L560 3a momoMororw MarLeTpPOHHOTO PO3IOPO-
mieHHa MinteHi ymctoro Ni y atmocdepi aprony mpu crajriii Hampyai.

s Toro, 1100 3a0e3meunTH OSHOPIAHICTL ILIiBOK IO TOBIIWMHI mi-
IKJAOAVHKY PO3MIITyBaJ Iy HaJ MarHeTPOHOM 3 IOAAJBIINM 00epTaH-
HAM cTosimKa. Ilepen mouaTKoM HAMOPOIIIEHHA BaKyyMHa KaMmepa Bi-
nxauvyBaznacsa 10 THcKy 5107 Ila.

B mporeci mamopoliieHHA THCK aproHy B BaKyyMHIilI KaMmepi cTaHO-
BuB 0,4 ITa. BecramoByeHa moryskHicTh marmerpona — 30 Br. Ilpoiec
HaAIIOPOIIIeHHA TPUBAB 5 XB. IPU TeMneparypi migkaaguuok = 430 K.

DpoHTAJBHUN TOUKOBUI €JeKTPUUYHUIN KOHTAKT [0 TOHKOI IIJIiBKU
Ni ¢opmyBaBcsa 3a HOIMOMOTIOI0 CTPYMOIIPOBiHOI ITACcTU Ha OCHOBI Cpi-
osa.
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1 2

Puc. 1. CxemaTtuuse 300pasKeHHs BUTOTOBJIEHUX IIaHapHuUX (I) i HaHOCTpPY-
krypoBarux (2) miox IMortki Ni/n-Si.!

106 yHuKHYTH peKoMOiHaIlii HA THUJIOBili CTOPOHI KpeMHiI0 Ta 3a-
OesmeunTu Xopolne 30mpaHHA (OTOTeHEepOBAaHWX HOCIIB 3apAny, Mu
BUKOPHCTOBYBAJM IIiAKJaIUHKN, AKi BiKe MaJyd TUJIOBUN KOHTAKT 3
BOYZIOBaHUM BHYTPilTHiM mojem. Bim OyB BUTIOTOBJIEHUU MIJIAXOM Ha-
TIOPOIIIEHHA IMTapy BJACHOTO TipOreHi30BaHOrO aMOP(HOr0 KPEMHiIo
(a-Si:H) roBmuuoio y = 10 HM 1Jis macuBallii mOBepxXHi HigAKJIATUHKHA.
Hacrynauii miap cuibHoJeroBanoro ®PochopoMm rigporeHisoBaHoro
amopduoro xpemsuio n' (a-Si:H) TtommuON0 =20 HM AJA CTBOPEHHSA
isoTunHOTO TEpexony 3 Bucorow 6ap’epy = 0,1 eB Ha 3anHiii cTOpoHi
Si, a ocramHiM HaHocusim Iap Al MeTOMOI0 TEPMIiUHOrO BUIIAPOBY-
BaHHA [7]. CxemaTuuHe 300pakeHHa omep:kaumx mion IllorTki moka-
3aHO Ha puc. 1.

BuwmiproBanua BAX cTpyKTyp HPOBOAMIU HA YCTAHOBIL JJIA TOCJi-
IKEeHHs BOJIbT-aMIEePHUX XapaKTepUCTUK, moOymoBaHiii ma 6asi ke-
POBaHMX KOMII' IOTEPOM BOJBTMETpA, aMIlepMeTpa Ta I:Kepejia KUB-
aerHsa. IIporpamMmy aasa KepyBaHHSA UMM BciMa OJloKaMu IIig vac BHU-
miproBanHa BAX crBopeno y mporpamHomy cepenoBuinii LabView.
BumipoBaHHA iMIOeZaHCHUX XapaKTEPUCTUK MOCTiMKYyBaHUX ITiof
IMTorTki mpoBoguaucsa Ha BuMipHOMY npucTtpoi LCR Meter BR2876.

3. PE3YJIBTATH TA IX OBTOBOPEHHS
3.1. ®doroenexTpuuni BaacTuBocti miox IMorTki Ni/n-Si

Ha pucyHKy 2 mpeacTaBieHO TEMHOBI Ta CBiTJIOBI BOJIBT-aMIIEPHI Xapa-
KTEePUCTUKY IIJaHapPHUX i HaHOCTpyKTypoBauux miox Illorrki Ni/n-Si.
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Ax BugHO 3 puc. 2, IpU OCBITJIEHHi 3BOPOTHIi cTpyM I, 3pocTae B
NOpiBHAHHI 3 HOr0 BEJIWUYMHOIO IIPU 3aTeMHEHHi [,,, BHACJiJJOK pPO3-
IiJIeHHS (pOTOreHEepPOBaHUX €JIEKTPOH-AIPKOBUX IIap.

Benuke BimHOmIEHHS (POTOCTPYMY Ta TEMHOT'O 3BOPOTHLOTO CTPYMY
Ligni/1 40, (puc. 3) mokasye, mo gmociaimsxysasi giogum IMorrki Ni/n-Si
MOJKHA YCIIIITHO BHUKOPHUCTOBYBaTHU AK (hoTomionm y (POTOXiOgZHOMY pe-
JKuMi poboTu.

OmiHuT; OpOAYKTHUBHICTE (poTompuiiMaua KiJIbKicHO MOKHa uepes
BU3HAaUeHHA uyTauBocTu (R) i merextupHocTm (D), aAki Bimobpaka-
I0OTh YYTJIUBiICTE (hoTOompUiiMaUa M0 MaJHOrO BUIIPOMiHeHH [8]:

I.. -1
R — light dark , (1)
F,
n ] — Dark
10 1 — Dark
¢ 2 — Light

o2 _ Light

Puc. 2. Temnosi Ta cBiTioBi BAX nnanapaux (1) i HaHOCTPYKTypOoBaHUX (2)
miox ITorrki Ni/n-Si B HamiBnrorapurMiusoMy macmiTabi.”

Puc. 3. 3anexnicTts Bignomenua I,,,/1,,, Bif Hanpyru niasapaux (1) i HaHo-
crpykrypoBauux (2) mioxg IlorTki Ni/n-Si. Ha BcTaBKax HaBeIeHO 3aJIEXKHOCTL
uyrauBoctu (R) Ta gerextusHOCcTH (D) Bif Hanpyru gua asox miox ITorTki.?
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D' = iR. (2)

2quark

Ha BcraBkax mo puc. 3 HaBemeHO Kpusi same:muocreir R=R(V,,,) Ta
D'=D'(V,,), 3 AKX BuUAHO, IO UyTJauBicTe (R) mpu 3MiIeHHAX
Viw>0,2 B nisa 3paska 1 BUXOOUTh HA HACUUEHHS i IIPAKTUYHO HeE 3a-
JEeKUTh BiJl HAIpPyru, a IJs 3pasKa 2 ILIaBHO 30iJbINYETLCS IIPU 3pPOC-
TaHHi 3BOPOTHBOIO 3MiIlleHHs, IO 3yMOBJEeHO poammpenuaam OII3,
BHACJIIIOK YOTO 3pocTae e@eKTUBHICTH PO3AijeHHs (POTOI'eHEePOBAHUX
eJIeKTPOH-JipKoBuxX map. JerekTusHicTs (D), AKa omMcye HOPMOBAHY
HOTYKHIiCTh OIIPOMiHEHHSA, HEeOOXigHY IS OJIep:KaHHSA CUTHANY Bin
¢oTompuiiMaua Ha PiBHI IITyMy, 3MEHIITYETLCS IJS IBOX CTPYKTYP, IO
3YMOBJIEHO 3POCTaHHAM TEMHOBOTO 3BOPOTHBOT'O CTPYMY I 44/

3.2. EneKTpUYHi BJIACTHBOCTI IIJIAHAPHUX i HAHOCTPYKTYPOBAHUX
niox Ilortri Ni/n—SI

Ha pucyuky 4 mpezcTaBjieHO BOJbT-aMIEPHI XapaKTepUCTUKHU IIJaHa-
pHuUX i HamoctpykrypoBauux mion Illortki Ni/n-Si. Excrpamonsiiieio
Jdiniiaux pingmox BAX mo mepeTuHy 3 BicCI0 HAIpyr BU3HAUYEHO
3HAUEHHs BMCOTH IOTEHIisJIBHOro 60ap’epy. ¥ Tabauili Ha BCTaBIIi 10
puc. 4 HaBeJeHO UMCJIOBI 3HAUEHHSI BMCOTH MIOTEHIiSIIBHOI'O 6ap’epy
Ta MOCJiJOBHOTO OIOPY AJA ABOX mocJhaim:kysanux miox ITorTki.

Benuumny mocaimoBHOro omopy R, Ta IIyHTyBaJbHOTO omopy R,
mioxm IMToTTKi MOKHA BU3HAUNUTHU i3 3aJ€KHOCTU iX AudepeHIinHOro
onopy R,; Big manpyru (puc. 5).

3 pUCYHKa 5 BUAHO, 10 KpuBi R;{(V) BUX0OAATh HA HACUYEHHA IIPU
npamomy 3mimienHi V >V,,. Ile cBigunTh 1Ipo Te, 110 cHaj HAIIPYTX Ha

Puc. 4. BoabT-aMnepHi xapakTepucTuku IiaHapHux (1) i HAHOCTPYKTYpPOBAa-
mux (2) giox IlorTki Ni/n-Si.*
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Puc. 5. Banexuicts audepenmiiinoro omopy miaaHapHux (I) i HaHOCTPYKTY-
poBarux (2) miox IlorTki Ni/n-Si Big Hampyru.®

00JacTi IIPOCTOPOBOIO 3apAAy CTAE€ IOCTiHMM, TOOTO Oap’ep mion
IITorTki BimKpuBaeThcs, i crpyMm uepe3 miogu IlloTTki oOMe:KyeThHCA
TiTBKM HMOr0 IIOCHiZOBHUM OIOPOM. SHAUEHHSA IMOCJIiJOBHOTO OIOPY
(R,) Moxxke OyTu JIETKO BUBHAYEHO ILJIAXOM EKCTPAmoJAIii obJsacTu
HacHUUYeHHsS 0 HepeTHHY 3 BiCCIO OIIOPiB, a HMPH BiICYTHOCTi 3MiIlleH-
HsS BUBHAYAEMO MIYHTYBaJbHUI ouip R,,.

Taxosx 3 puc. 5 BUAHO, IO CTBOPEHHA HAHOCTPYKTYPOBAHOI IIOBe-
PXHI Ha ODiAKJIaAMHKAX n-Si OPUBOAUTH M0 iCTOTHOTO 3POCTAHHS IIOC-
aigoBuoro omopy miox IIToTTki Ta 3MeHIIIEHHSA HOro MIYHTYBAJbHOTO
OIIopy. 3pOCTAHHSA IIOCJiTOBHOTO OIOPY 3YMOBJIEHE OKMCHEHHSIM Ha-
HOCTPYKTYPOBAHOI IIOBEPXHi KPEMHil0 y IIpolieci XeMiuHOro BHUIIaB-
JIIOBaHHSA HAHOYACTUHOK cpibiia y asoTHi# Kucaorti [9].

3.3. MexaHizMHu cTpyMoOIIepeHeCeHHsT
3.3.1. IIpami smiuenna

Amnamiza npamux rimok BAX giog Iortri Ni/n-Si, mobymoBaHmx B
HammiBaorapuTMiuHomy macmiTabi (puc. 6) 3 BpaxXyBaHHAM BILIUBY IIO-
CIiTOBHOTO Ta INYHTYBAJLHOTO OIIOPiB, MHOKasajga, IO 3aJIe:KHiCThb
In[I-(V~-IR)/R,]=1(V-IR) ckiragaerecsa 3 ABOX NIPAMOJiHIi-
HUX OiJISHOK, a IIe CBIIYMTH IPO €KCIIOHEHI[INHY 3aJIeKHICTh CTPYMY
Bil Hampyru Ta HASBHICTH JBOX NOMiHYBaJbHUX MEXaHi3MiB IIepeHO-
Cy 3apdany B IOCHiAKyBaHOMY iHTepBaJsi Hampyr. 3HaueHHA Koedilri-
eara HeigeampHocTM Aln[l-(V -IR)/R,]/A(V —-IR) =e/(nkT),
Ie n — KoedillieHT HeimeaabHOCTH, BU3HAYEHI IJd 000X AiJISHOK Ha-
Opyr, HaBeJeHo B TAOJMMIII HAa BCTaBIi g0 puc. 6.

HeBenuke 3HaueHHA BUCOTH IIOTEHIIiAJBLHOTO 6ap’epy ¢, = 0,27 eB,
AK IIPaBUJIO, MPUBOAUTH OO IIPOTiKAaHHA Ham0ap €PHOTrO CTPyMy. 3Ha-



BIIJIUB HAHOCTPYKTYPUBAIII KPEMHIIO HA BJIACTUBOCTI JIOM ITIOTTKI 499

Puc. 6. IIpawmi rinku BAX mmanapamx (I) i HaHocTpyKTypoBauux (2) mion
ITorTri Ni/n-Si B HamiBimorapuTMiuHOMYy MacmiTabi 3 BpaXyBaHHAM BILJIUBY
IOCJIiZJOBHOTO Ta IIYHTYBAJILHOTO OIOpiB.°

YeHHA NMOKAa3HWKA HeifeaJIbHOCTHU AJA IJIAaHAPHOI CTPYKTypu B obJiac-
Ti MOYATKOBUX IPAMUX HAIPYr OJM3bKiI A0 OOWHUIIL, IO € JOKA30M
IOMiHyBaHHA Hamdap’epHOI emicil musa mocuigsKyBaHol CTPYKTYpH IpHU
MaJuX IPAMUX 3MIiIlleHHAX, a B obsacti manpyr V > 0,1 B meBenrukuii
HaxWJ (BeJWKe 3HAUEHHd IOKA3HMWKAa HeifeaJabHOCTU N > 2) eKCIepu-
MeHTaIbHUX 3asexsHocredl In[l - (V -IR)/R,]=/f(V -1IR) € cBin-
YeHHSAM TYHEJbHOI IPUPOAU MexXaHisMy crpyMomnepeHecenss [10].

Hnsa crpykTypu Ne2 B obJiacTi IMOUYAaTKOBUX HPAMUX 3MillleHb 3a-
aexkuicts I(V) nmobpe omumcyeTbCcAa BUPaA3oM AJNA  eMiciiiHo-
pexoMOiHAIIHOr0 MeXaHi3My CTPYMOIIEPEHEeCEeHHA 3 ypaxXyBaHHIM
BILIMBY IMOCJIIOBHOTO Ta IIIYHTYBaJLHOI'O OIOPiB (ImpsiMa peKomOiHa-
1Iisg HOCiiB 3apAnNy uepe3 eHePreTUYHi cTaHUW Ha PO3Aiibuiil moBepxHi,
KA BU3HAYAETHCA BHCOTOIO IMOTEHIIisAIbHOTrO O0ap’epy) [11]:

I=1]exp mj_l JYoIR 3)
nkT R,

nel, = B)exp(o,(T)/(nkT)), B, — koebimienr, axuii cmabo saie-

KUTh BiJl TeMIIepaTypu.

Hna Bumagky OOMiHyBaHHSA eMiCifHO-peKoMOiHAIiiHOTO MeXaHis-
MYy BBasKaloTh, IO IIeHTPU pPeKoMOiHaIii piBHOMipHO posmojmigeHni 3a
eHeprieo Ta 3o0cepelsKeHi y By3bKiii objacTi 0inma posmimpbuoi Mexxi;
HasABHICTh OCTAHHIX 3YMOBJIEHO BEJMKOIO KiJIbKicTIO 00ipBaHHMX KOBa-
JEeHTHHUX 3B SA3KiB y KpeMHii BHACTiOK Oro HaHOCTPYKTYypH3aIrii.

IIposmorapurmyBasiiu Bupas (3), 0IepKyeMO:

1n[1——V_IRs(T)] ~ I+ LW IRD), (4)
h nkT
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Puc. 7. 3soporHi rinku BAX mnanmapaux (1) i HaHocTpyKTypoBanux (2) mion
ITorTki Ni/n-Si.”

3Bigcu BuAHO, 1o sanexHocTi In[I —(V -IR)/R,]=/f(V-1IR) Mma-
OTh aPOKCUMYBATHUCA MPAMUMY JiHiAMU 3 HAXUJOM, IO i crocTepi-
raeTbcA B miticuocTi (puc. 6).

B o6macti manpyr 0,2<V <0,4 B 114 HAaHOCTPYKTYPU TAKOXK CIIO-
cTepiraeThbCcs HEBEJIUKUU IMOCTIiHHUNA Haxuj (BeJIUKEe 3HAUEHHS MOKAa3-
HUKa HeigjeaJdbHOCTH n>2) eKCIHePUMEHTAJbHUX 3aJIe’KHOCTeHl
In(I)=7(V), 1m0 € CBiZUYeHHAM TYHEJbHOI IPUPOAU MEXaHiZMY CTPY-
momnepeHeceHHs [10].

3.3.2. 36opomHni 3miwennsa

Y Bumaaky pisKoro Imepexoay BUpas Jsd TYHEJIbHOTO CTPyMy NIpHU
3BOPOTHBOMY 3MiIenui mae Buriaazn [12]:

I ~aexp| ——2 (5)
rev 0 b W ’

Ie a, i by — mapameTrpu, He3aJeXKHI BiJf HAIPYTHU.

TaxuMm YmHOM, 3TigHO 3 BUpas3oM (5), 300paKeHHs 3BOPOTHIX TiJIOK
BAX mnpsamumm gimiamm y koopammartax In(Il,) = f (((po —eV)V 2)
(puc. 7) migTBepIKYyEe AOMiHYBAaHHS TYHEJIBHOTO MEXAaHI3MYy CTPYMO-
mepeHeceHHA B 00JacTi 3BOPOTHIX 3MiIlleHb, KOJIU |V| >3kT /e, nnsa
mocaimkysauux giox IMorrki.

3.4. Imnenanc-cnexkrpockomnia miox Illorrki Ni/n-Si

HocmimxeHHA €MHICHMX BJIACTUBOCTEHM HAIIBIPOBIZHUKOBUX CTPYK-
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TYyp 3 IMOTEeHIiAJbHUM Oap’e€poM IIpeACTaBJIAE 3HAUHUI iHTepec i €
e(eKTUBHUM iHCTPYMEHTOM /JIsI BUBHAUEHHS €JIEKTPUUYHUX BJIACTUBO-
cTell HAMiBIPOBIAHUKOBUX IPUJIAIIB Ta IXHIX KOMIIOHEHTIB.

Huxue Bu3HaueHo gificHe 3HaAUYeHHa Oap’epHOI €MHOCTH [Iiomu
ITorTki Ni/n-Si ma ocHOBI mpocToi MeTomuM, OCHOBAHOI Ha aHaJisi
CIIEKTPaJbHOI 3aJIe’KHOCTU iMIeJaHCy JOCJHiJKyBaHOI CTPYKTYpH
Z(®). Posrngumemo omep:kani miomgm Illortri Ni/n-Si B pamxax sara-
JbHOIPUHAHATOI eKBiBaJIeHTHOI cxeMu (BCTaBKa A0 puc. 8).

Bigomo, 1o iMmmemamc cuctemMu, 300paykeHOl Ha BCTaBIli g0 puc. 8,
BU3HAUAEThLCSI Bupasom [13]:

R
Z=R +—%—, (6)
1+ioC,R,
Ie o =21y — IuKJivHa yacrtora. Ilicaa meperBopeHb Bupas (6) Hady-
BA€ BUTJIALY:

R oR’C
Z=R + zdz 7 i 2d 2b 7 =2 +izZ", (7
1+ o°C, R, 1+ o°C, R,
mne Z' i Z" — piticua (aKTMBHA) U ysaABHA (peakTWBHA) YacTHUHA iMie-
JaHCcy BiAmOBigHO:
R
Z' =R +—5— (8)
1+o°C R;
R’C,
7= 9)
1+ o°C/R;
10°
R + R, = 23,8 xOm -1

—— 2

104 -
R +R,= 10,1 ¥Om

s 10°
o R
C
10 ’
IDG |7 I 1 L |
00 10° 100 10°  10° 107
o, ¢!

Puc. 8. CnexTpasbHa 3aJeKHICTh AifiCHOI YAaCTHMHM BUMIPAHOTO iMIemaHCy
7' npna nnamapuux (1) i manocrpykrypoBaunux (2) miox Ilorrki Ni/n-Si. Ha
BCTaBIIi — eKBiBaJeHTHA cxeMa JOCHiMKyBaHMX miox.®
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CrouaTKy OpoaHaJIi3yeMO BUpas JJs CIEKTPAJLHOIO PO3IOAiIY HiiA-
CHOI uacTMHU BuMipaHOro immemancy Z' (8). OckinbKu 06ap’epHa eM-
Hicte C, HaOyBae Iy:ke MaJeHbLKOT'O 3HAUEHHS, TO AJA 00JIacTi HU3b-
KX dYacToT asMiHHoro curHamy (<20 c') MoKHaA B3ammcaTu, IO
(oC,R,)? << 1; Tomy gificHa uacTHHA iMIIeZaHCY IepecTae 3ajeKaTH Bif
YacTOTH i BU3HAUaeThed AK Z' = R, + R, (puc. 8). [l1a BUNagKy BHUCOKOL
yacToTH 30ym:KyBajabHOro curHary (o> 107 ¢ ') mMoskHa 3ammcaTu, IO
(wC,R,)? >> R,;; TOMy KpHBa CIEKTPAIbHOI BaTeKHOCTH Z' Mae BUXOU-
i Ha HacuueHHA (Z' = R,). IIpore, Ak mokasaHo Ha puc. 8, KpuBi He
BUXOAATHL Ha HACHYEHHS, OCKIIbKM JJid BUKOHAHHS BUIIEOIIHMCAHOI
YMOBH HEIOCTATHLO YACTOTU, SIKA OOMEKYETHCA TEeXHIUHUMU MOYKJIU-
Boctamu LCR-merpa (f,. =1 MI'm).

Ilepen amairizoio CIEKTPAJBHOTO PO3IOAINY YSIBHOI KOMIIOHEHTH
iMmmenancy Z” BapTo BigmiTuTu, 1110 IOCJaigoBHUI omip R, He BXOIUTH
y Bupas (9). Ila obcraBuHa, AK Oyme MOKasaHO HUKUE, A€ MOIKJU-
BiCTh OysKe IIPOCTO BU3HAUMUTHU [IilficHe 3HAYEHHSA Oap’€pHOI €MHOCTH
HAIIiBOIPOBiAHMKOBOI miogm 0e3 HeoOXiZHOCTM BpaxyBaHHS BILJIUBY
[IapasUTHOrO IIOCJiZOBHOrO omopy [14].

3 Bupasy (9) BumHO, IO CIEKTPaJbHA 3aJeKHICTH YABHOI KOMIIO-
HeHTU BUMipaHOro immemancy Z” € KpuBoio 3 Mimimymom (pmc. 9).
151 BUBHAUEHHS YaCTOTH 3MIHHOIO CHUI'HAJIY ©,;,, 34 SIKOI yABHA 4Yac-
THHA iMIemaHcy HaOyBae MiHiMaJabHOTO 3HaueHHA Z",, BisbMeMO
noxiguy dZ"/do (puc. 10):

dZ" o’C’R!-C,R’
do  (1+’C’R’)’

(10)

3 mporo Bupasy BHUAHO, mo dZ"/dow=0, xomu o°C,°R;—-C,R:=0. 3a
Imieli yMOBH OHep:Kye€MO BUpPAa3 AJIA IMUKJIIUHOI YaCTOTH O, IPU AKil
ysBHA CKJA0OBa iMIegaHcy HaOyBae MiHiMaJbHOTO 3HAUEHHS:

1 _1 (11)

. . = =
min
C,R, 1

me 1=C,R; — XapaKTepUCTUUYHUU Uac.

IligcraBuBImiN O, Y piBHAHHA (9), BpaxoByiounu (11), 6aumnmo, 1110
MOJAYJIb MiHIMaJIbHOTO 3HAUYEHHSA PEaKTHUBHOI CKJAJ0BOI iMmMIlemaHcy
|Z”mm| IOPiBHIOE IIOJIOBMHI OIIOPY 00JaCTH HMPOCTOPOBOTO 3apany R,:

2
Z" _ (DmianCb _ Rd (12)
min 2 2p2 :
1+, C 'R, 2

IlizcTaBUBIIN BuU3HAUYeHe 3HAUEHHSA OMOpPY 30imHeHOi obaactu R, 3
CHEKTPAJBLHOTO PO3MOAiNYy YABHOI yacTmHU immenmancy Z” (puc. 9) y
Bupas (11), Mo:xxHa JIerKO pospaxyBaTu ilficHe 3HaueHHSA Oap’epHOI
emuoctu C, (Tabu.):
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Puc. 9. CnexTpanbHa 3aJIe}KHICTH MOAYJA YABHOI YaCTMHU BUMIipPAHOTO iM-
nenancy |Z"| nna nnamapaux (1) i mamocTpykTypoBanmx (2) miox Iorrki
Ni/n-Si.°

Puc. 10. IToxigHa Bif cmeKTpaJbHOI 3aJI€KHOCTH YSIBHOI YaCTUHU BUMipsSHO-
ro imnemaucy dZ"/do pnsa nmanapHux (1) i HaHocTpyKkTypoBaHux (2) mion
ITorTki Ni/n-Si.t°

TABJUIIA. 3uauennsa omopy 36igHeHoi obsiactu Ta 6ap’epHOI €MHOCTU AJIA
minasapanx (1) i sagocTpykTypoBanux (2) miox IlorTxki Ni/n-Si.tt

R,, kOm | C, @
1) Ilnarapna gioga IoTTri Ni/n-Si 23,8 4,94.1071°
2) HanoctpykrypoBaHna gioxa IlTortki Ni/n-Si 10,1 1,55.10°°

(13)
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Bigomo, m1o 6ap’epHa emuicTh miogu IIloTTKiI BusHAUaeThCA aHaJo-
TiYHO O €EMHOCTHU IIJIACKOTO KOHJAEHCATOpa:

€56, A
Cb — Si~0°7 , (14)
w
Ie g, — abcoJIIoTHA AieJIeKTPUUYHA IIPOHUKHICTL BaKyyMy, &g — Bif-
HOCHA [JieJIeKTPUUYHA IPOHUKHICTL KpeMHiio, A, — aKTHBHA IJOIIA,

W — mupuHa 06J1acTH IPOCTOPOBOrO 3aPALY.
3 Bupasy (14) MoKHA JIETKO BU3HAUYUTU MIMPUHY 00JIACTU HPOCTO-
poBoro z3apany pocaim:kyBauux mion IITorTki:

— 8818014b

C

b

w (15)

3 ocTaHHBOI TabGJUIII BUAHO, IO €EMHICTh HAHOCTPYKTYPOBAHOI mio-
au ITorTri Ni/n-Si Ha mopAmok OijibIla Bifi €eMHOCTH IJIAaHAPHOI mio-
nu ITorTki Ni/n-Si. Ile 3ymMoBiIeHO GiJBIITOI0 AKTUBHOIO ILJIOIIEIO IIe-
pexony B HAHOCTPYKTypOoBaHOMY KpeMHii. BuxopucToByooun BH3HAa-
yeHy IIMPUHY 00JIACTH IIPOCTOPOBOTO 3apanmy, AKa ckiaagae 3,24-107*
cM, i 3HaueHHs Oap’epHOI €MHOCTH HaHOCTPYKTypoBamoi miogm Illor-
ki Ni/n-Si, MOoXKHA BUBHAUNTH AaKTUBHY ILJIOINY HepPexXony IJs HaHO-
crpykrypoBanoi miogu IlorTki Ni/n-Si:

wWC,

A = . (16)
€gi€

Bapro BimmiTuTH, IO BM3HAUEHA aKTWBHA ILIONIA IIePexXOony IJsa
HaHOCTPYyKTypoBaHoi miogu IMortki Ni/n-Si (4',=0,51 cm?) 6Ginbiie
Hi’K BTPUUYi IEepeBUINyE AaKTUBHY ILIOMIY IIEPEXONy IIJIaHAPHOI miomm
ITortki Ni/n-Si (4, = 0,16 cm?).

4. BAICHOBRH

BuroroBieno miaamapHi Ta HaHOCTPYKTypoBaHi miogu IMlortri Ni/n-Si
MeTO0I0 MarHeTPOHHOT'O PO3MOPOIIEeHHS IIPU NOCTiiiHiN Hampysi Mi-
IIeHi YMCTOTO HiKJII0 Ha OiAKJIAAVUHKU ILJIaCKOTO Ta HAaHOCTPYKTYypOBa-
HOro KpeMmHil0o. HaHOCTpYKTypoBaHi HiAKJAAUHKN KPEMHiIO OJepiKy-
BaJU IILJISIXOM II[aBJI€HHA KPEMHIiMOBUX MiAKJIaIWHOK 3 HAHOUYACTUH-
Kamu cpibsaa B posunui 5M HF i 30% H,0,.

3 BOJIbT-aMIIEPHUX XapaKTEPUCTUK BCTAHOBJIEHO, IO OAEp:KaHi mi-
omu IMlorTki Ni/n-Si mMaioTh AcKpaBo BUpa)KeHi miomHi xapakTepuc-
TUKU 3 BUCOTOIO IOTEHIIiAJHLHOTO 0ap’epy 3a KiMHATHOI TeMmOepaTypu
@, =0,27 eB.

Amnamniza npamux rimoxk BAX ogep:xanux miox Illortki Ni/n-Si, mo-
OymoBaHMX B HAaIIiBIorapuTMiuHoOMy MaciiTabi, IIOKasaja, II0 [IJs
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mranapaux gion Ilortki Ni/n-Si 3HaueHHsS MOKa3HUKA HeimealbHOCTHU
(n) B obmacti manpyr 3kT /e <V <0,1 B 6iusbKi 10 oguHuUIl, 110 € OO-
Kas30M JOoMiHyBaHHSA Hamoap’epHOI emicii, a B o6macTi Hanpyr V> 0,1 B
MOKA3HUK HeileaJbHOCTH OopiBHIOE 4,8, IO € CBiAUYEHHAM TYHEJIbLHOI
IPUPOIN MeXaHisMy cTpyMomnepeHeceHHs. I8 HaHOCTPYKTYPOBaHUX
mion ITortri Ni/n-Si B 06sacTi moyaTKOBUX IMPAMHUX 3MillleHb ITOKas-
HUK HeifgeaJbHOCTH mopiBHioe 1,5; ToMy, i3 BpaxyBaHHAM HASBHOCTH
IeHTPiB pexoMOiHaIlii, AKi 3yMOBJeHi BeJIMKOI0 KiJbKicTiO obipBammx
KOBAJIEHTHUX 3B’A3KiB Y KpeMHil BHACTiOK #10T0 HAHOCTPYKTYpHU3aIllii,
JOMiHYBAJbHUM € eMiciliHO-peKOMOiHAIiliHMII MeXaHi3M cTpyMoIepe-
HecenHs. B o6macti manpyr V> 0,2 B nmoxkasHuUK HeimeaibHOCTH HaOy-
Ba€ BEJIUKOro 3uHaueHHsa (n=4,1), 110 € cBifUeHHAM TYHEJIbHOI IPUPO-
I1 MeXaHi3My CTPyMOIIEpEeHEeCEeHH .

IIpu amamisi 3BopoTHix rimok BAX mocaimxysaHmx CTPYKTYpP BCTa-
HOBJIEHO, MIO MJIA ILJIaHAPHUX i HaHOCTpyKTypoBauHux miox IIMorTki
Ni/n-Si goMiHyBaJIbHMM MeXaHi3MOM CTPYMOIEpPEHECeHHS € TYHeJIOo-
BaHHA.

AHanizo0 CcHeKTpaJbHUX 3aJIesKHOCTeH nivicHoi (Z') i yaBHoi (Z")
YacTUH BUMIPAHOIO iMIlelaHCy IJA TJaHAPHUX 1 HaHOCTPYKTypOBa-
Hux miox ITortri Ni/n-Si 6y10 BusHaueHO 3HAUEHHA OMOPY 30immeHol
obsacTu Ta O6ap’epHOI EMHOCTH IOCJTIIMKYBAHUX CTPYKTYpP. Taxomx Oy-
JI0O BUB3HAYEHO AaKTHUBHY ILJIONIY IIePeXOny MAJA HAHOCTPYKTYPOBaHOIL
miogu IMorTki Ni/n-Si (4',=0,51 cm®), akxa Ginblre HiXk B Tpu pasu
IepeBUINIyE AaKTUBHY TIJIONTy Mepexony ImaHapHoi pmiogm ITlorTki
Ni/n-Si (4,= 0,16 cm?).

Byso BcTanoBIeHO, 1o mociaimxyBaui miomu IlorTri Ni/n-Si Mmoik-
Ha YCIIiIITHO BUKOPHCTOBYBaTHU AK (oTomionu y (OTOTIOTHOMY PErKIi-
Mi pobormu.
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! Fig. 1. Schematic representation of the planar (I) and nanostructured (2) Schottky diodes
Ni/n-Si.

2 Fig. 2. Dark and light I-V characteristics of the planar (1) and nanostructured (2) Schottky
diodes Ni/n-Si on the semi-logarithmic scale.

3 Fig. 3. Dependence of the ratio I;;z,/I4,. on the voltage of the planar (1) and nanostructured
(2) Schottky diodes Ni/n-Si. The inset shows the dependences of sensitivity (R) and detectivi-
ty (D) on voltage for two Schottky diodes.

4 Fig. 4. I-V characteristics of the planar (1) and nanostructured (2) Schottky diodes Ni/n-Si.
® Fig. 5. Dependence of the differential resistance of the planar (1) and nanostructured (2)
Schottky diodes Ni/n-Si.

5 Fig. 6. Forward I-V characteristics of the planar (1) and nanostructured (2) Schottky diodes
Ni/n-Si on the semi-logarithmic scale with accounting the effect of both series resistance and
shunt resistance.

" Fig. 7. Reverse bias of the I-V characteristics of the planar (I) and nanostructured (2)
Schottky diodes Ni/n-Si.

8 Fig. 8. Spectral dependence of the real part Z' of the measured impedance for the planar (1)
and nanostructured (2) Schottky diodes Ni/n-Si. The inset shows the equivalent circuit of the
Schottky diodes Ni/n-Si.

° Fig. 9. Spectral dependence of the module of the imaginary part |Z"| of the measured imped-
ance for the planar (1) and nanostructured (2) Schottky diodes Ni/n-Si.

10 Fig. 10. Derivative dZ"/do of the spectral dependence of the imaginary part of the meas-
ured impedance for the planar (1) and nanostructured (2) Schottky diodes Ni/n-Si.

1 TABLE. Values of depleted-region resistance and barrier capacitance for the planar (1) and
nanostructured (2) Schottky diodes Ni/n-Si.
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TiJbKY BigmoBigHO M0 JineHsil

PACS numbers: 07.60.Fs, 78.20.Ci, 78.67.Rb, 81.05.Cy, 81.40.Tv, 81.70.Fy

Oco6.1uBOCTi Oy/TOBM i ONTHYHUX BJIACTUBOCTEN IPUIIOBEPXHEBOTO
mapy mopyBaToro KpeMHito

B. A. Ogapuu, JI. B. Ilonepernko, I. B. IOpreaxesuu

Kuiscvruil Hayionanvruil ynisepcumem imeni Tapaca Illesuenka,
8ys. Bonodumupcvra, 64/13,
01601 Kuis, Ykpaina

BukoHaHO MipAHHS eJiICOMETPUYHMUX NapaMeTpiB cBiTJsa, BimburToro Bifn
IOBEePXHi 3pasKa IMOPYyBAaTOTO0 KPEMHil0, BUTPUMAHOTO HAa BiAKPUTOMY MOBi-
Tpi mpoTAroM moHAan ABa poKu. Omep:kaHi 3aJeKHOCTI eiIlCOMEeTPUUYHUX
mapaMeTpiB Biff KyTa HagiHHSA CBiTJIa SKiCHO OIIMCAaHO JIBOIIIAPOBUM MOJE-
JieM ITOBEPXHEBOI IJIiBKM TOBINWHOK IpubsmsHo y 140 mm. 3oBHIimIHIN mIap
IJIiBKY Ma€e MEHINWIM NMOKa3HUK 3aJoMJeHHA (mpumbausuo 1,33 y Bugumiit
obyacTi cuekrTpa), Hisk BHyTpimHi#i (1,6), mpuneranii 6e3mocepesHbO IO TIO-
pyBaTtoro kpewmuiro. IIpuBemeHHAM IJIiBKM B KOHTAKT 3 i30MPOMIiJIOBUM
CIIMPTOM IIOKa3aHo, IO IIJIIBKA Ma€ y CBOill TOBIIi IIOPOKHI MOPU HAHOMET-
PoBUX PO3MipiB, 34aTHI 3amoBHIOBATHCS PiguHOI0. B mpolieci mTpoHUKHEHHS
CIIUPTY y NOPY 3MIiHIOIOTHCA MOKA3HUKHU 3aJOMJIEHHA IapiB i, Bigmosimwo,
KapAMHAJIbHO 3MiHIOIOTHCA KPUBiI esilcoMeTpMUYHUX IapaMeTpiB. 30KpeMa,
BUABJIEHO, IO OCOOJIMBO UYTJWBUM A0 IMPUCYTHOCTH PiAWHU B ILIiBIi € ma-
pamerep tgy, axumil KOpPiBHIOE BimHOIIeHHIO KoedilieHTiB BifOuBaHHA OpPTO-
TOHAJBHUX CKJAJAOBUX BEKTOpAa MOJAAPU3aIlii, mMoB’sA3aHUX 3 IJIOIIUHOIO IIa-
OiHHS cBiTJIa Ha 3pas3oOK, i MOMKe cAraTwu BeJIWKHX 3HAUEeHb BHACJIOOK IIPO-
HUKHEHHSA 130IIPOIiJIOBOTO CIUPTY B IJIiBKY. Buxomauwm i3 pesysnbraTiB aHa-
Ji3WM OHep:KaHWX eKCIepUMeHTAJbHUX (aKTiB, MOKHA CIOgiBaTHUCSI Ha
CTBOPeHHA e(eKTUBHUX NOJIAPUBAIINHUX CEeHCODPIiB i JiHIAHUX mOJAPU3ATO-
PiB, IITI0 BUKOPUCTOBYIOTh MOPYBAaTUUA KPEMHil.

Measurements of ellipsometric parameters of light reflected from the sur-
face of the porous silicon sample, namely, the phase difference A between
the p- and s-components of the electric wave vector as well as an arctangent
of the ratio of the reflection coefficients in the p- and s-planes of the sam-
ple, y, are performed. The measurements are made within the wide interval
of the light incidence angles of 46—80° at the light wavelength of 632.8 nm.
The sample of porous silicon in the form of a plate of about 1 mm thickness
is obtained by electrochemical etching for 8 minutes at a current density of
10 mA/cm? of p-type monocrystalline silicon in an electrolyte HF + acetone
in a ratio of volume fractions 2:1. The porous silicon plate is presented in
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air during more than two years. On surface of the sample, the bright inter-
ference pattern in the form of several multicolour stripes is visually ob-
served. To determine the parameters of the reflecting system, a package of
automated programs operating with ellipsometric parameters cosA and tgy
is used. The obtained angle dependences of ellipsometric parameters are
qualitatively described by a two-layer model of a surface film with the
thickness of about 140 nm. The outer layer of film has a lower refractive
index (approximately 1.33) than the inner one (1.6) adjacent to the porous
silicon. By bringing the film into contact with isopropyl alcohol, it is shown
that the film along its thickness has some empty pores of nanometre sizes,
which can be filled by a liquid. In the process of the alcohol penetrating to
the pores, the refractive index of the layers changes and, accordingly, the
ellipsometric curves change radically. As found, the tgy parameter is par-
ticularly sensitive to the presence of a liquid. This parameter is equal to the
ratio of the reflection coefficients in the p- and s-planes of the sample and
can reach large values due to the penetration of the alcohol into the film.
Based on the experimental evidence obtained, it is proposed to create polar-
ization sensors and linear polarizers, which use such-type porous silicon.

BrinmoTHEHBI W3MEPEHUsS JJIUICOMETPUUYECKUX IIapaMeTPOB CBeTa, OTpa-
JKEHHOTO OT IIOBEPXHOCTH 00pasila IOPUCTOT0 KPEMHUsS, BBIIEP’KAHHOTO Ha
OTKPBITOM BO3AyX€ HA IPOTS:KeHuu OoJiee NBYX JeT. IlosyueHHBbIE 3aBUCHU-
MOCTH 9JIIUIICOMETPUUYECKUX IIapaMeTpPOB OT yrja IaJeHus CBeTa Kaue-
CTBEHHO OIIMCAHbI ABYXCJIOMHOM MOJEJIbI0 IIOBEPXHOCTHOUN IIJIEHKU TOJIIIH-
Hoii mpubausuTenabuo 140 um. BHemnruuit ciaoil NI6HKN MMeeT MEHBIIHUM II0-
KasaTeJb IpejoMJeHUA (mpubamsuTeabHo 1,33 B BUAMMOM 00JaCTU CIIEK-
Tpa), ueM BHyTpeHHUH (1,6), mpuseraioninii HEIIOCPEACTBEHHO K IIOPUCTOMY
KpemHHuio. IlpuBemenneM IJIEHKM B KOHTAKT C H3OMPONUIOBLIM CIHPTOM
IMOKAa3aHo, UTO MJEHKA B CBOEH TOJIIE COMEPIKUT IIYCThI€ IIOPHI HAHOMETPO-
BBIX PasMepoB, KOTOPbIe MOTYT 3aIOJHSTHCA JKHUIKOCTHIO. B mpoliecce mpo-
HUKHOBEHUS COUPTa B IOPHI UBMEHAIOTCA IIOKA3aTeJ! IPEJOMJEHUSA CJIOEB
U, COOTBETCTBEHHO, KapAWHAJLHO HN3MEHSIOTCA KPUBBLIE 3JIJIUIICOMETDPUYE-
CKUX IapaMeTpoB. B YacTHOCTH BBIABJIEHO, UTO OCOOEHHO YYBCTBUTEJIHHBIM
K IIPUCYTCTBUIO KUJKOCTU B IIJIEHKe fABJgeTcA NapaMeTp tgy, KOTODBIN
PaBHAETCS OTHOIIEHUIO KO3(M(MUIIMEHTOB OTPAKEHUS OPTOrOHAJIBHBLIX CO-
CTABJIAIOIINX BEKTOPA MOJAPU3AINU, CBASAHHBIX C IIJIOCKOCTBIO IIAJEHUS
cBeTa Ha 00pasell, U MOYKET JOCTUTATh OOJBIINX 3HAUEHUII BCJIEACTBUE IIPO-
HUKHOBEHUS W30NPOIMJIOBOTO CIUPTa B IJIEHKY. Mcxoma W3 pe3ysbTaToB
aHaJaM3a IOJIYUEeHHBIX JKCIEPUMEHTAJIbHBIX (PAKTOB, MOYKHO HaIeATHCI Ha
cosganue 3(PPEeKTUBHBIX MOJIAPUSANMOHHBIX CEHCOPOB M JMHEHMHBIX HOJISPHU-
3aTOPOB, HUCIOJL3YIOIUX ITOPUCTHIN KPEMHUMA.

Karouosi croBa: mopyBaTuii KpeMHil, MIiBKa, MOKa3HUK 3aJIOMJIEHHS, €JIi-
mcoMeTpid, JiHifiHA moJIsapuaaIii.

Key words: porous silicon, film, refractive index, ellipsometry, linear po-
larization.

KaroueBbie cjaoBa: MOPUCTHIM KPEMHUM, MJIEHKA, MOKAa3aTeJ b MPEJIOMJIECHUS,
3JIJINIICOMETPUS, JINHeHAA MOJAPU3aIins.
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(Ompumano 22 6epesus 2019 p.)

1. BCTYII

ITopyBatuii kpemuiii (IIK) € 06’ekToM, B 00’€Mi AKOTO MiCTUTLCS Be-
Jnye3Ha KIJIbKiCTh HAHOCTPYKTYPOBAHMX UYAaCTHUHOK, AKi (PpopMYyIOTH
CTiHKM TIOp, CTOPOHHIX BKJIIOUEHB TOIO. Taka ocobiauBicTs MOPQOJIO0-
rii ITK, soKpemMa pO3BMHYTa BHYTPIIIIHA IIOBEPXHSA IIOP, 3YMOBJIIOE
HOT0 CBOEPiAHI BIACTHMBOCTI Ta MpPaKTHYHE 3aCTOCYBAHHS.

Ha pmanwmit yac BCTAHOBJIEHO, IO B CBiJKONPUIOTOBJIEHUX 3pPasKax
IIOPYBaTOro0 KPEeMHil0 BHACJIITOK IlepeOyBaHHA y MOBIiTPi PYHHYIOTHCS
3B a3Kku Si—H, yTBOopeHi BHACJIIZOK eJIeKTPOXEeMiuHMX peakIliii, i ma-
TEepifAs CTIiHOK IIOp IIEPETBOPIOETHCA y IPUPOAHINI OKcuA KpeMHiio,
CUJBbHO 3a0pyIHEeHUIl HOMIITKaMHU i3 BKPAILJIEHHAMU HEJOOKMNCHEHOTO
KpeMHi0 y (popMi HAHOKPUCTAJIIB i MiKpOYacTUHOK aMOpP(HOIO Kpe-
muifo. I1i 3aminu BimOyBaroThbCs, HepPIl 3a BCe, y IIPUIIOBEPXHEBi 00-
Jacti. B pesyabTaTi Ha MOBepXHi BJacHe MOPYBaTOro KPEeMHiIO yTBO-
pIOEThCS ILIiBKa, 00MABI MexKi AKoi B 1-My HAOJIMMKeHHI € ILTaCKUMU
i AKa € mPaKTUYHO IIPO30POI0 V BUAMMIiil obmacTi cmekTpy [1, 2]. ITi-
IKJIQOIUHKOIO JJIA ITiel IUIiBKM CIIyTye BJIacHe IIOPYBATUN KPEMHill, Kyau
abo He MPOHUWK aTMOC(EepHUIl KHCeHb, ab0 IIOPM SAKOr0 IOBHICTIO 3a0MTi
IPOAYKTaMU eJIEKTpPoxeMiuHuX peakiliii. IIpore, maHi nipo TpanchopMmaliito
OymoBu mpurioBepxueBoro miapy IIK B same:kmocTi Bim uacy mepeOyBaHHS
Ha IIOBiTpi BiACyTHi.

CuexTtpoenincomerpuuHi Bumipu [3—6] cBiguaTe mpo cKJIagHy, Ki-
apKamiapopy oymoBy IIK, ame Hesposymino, AKoro o6’eKTy IIi maHi
CTOCYIOThCA: IIpUHoBepxHeBoro mapy ITK, uu HapoIneHoi mIiBKHU.

IIpegmeToM maHOTO AOCTiIMKEHHS € 3’SICYBAaHHSA OINTUYHOIO METOHOIO
0co0JIMBOCTEN OyAOBU MPUIIOBEPXHEBOTO MIApPy Ta MOPQOJIOTii IIIiBKH,
YTBOPEHOI B3a€EMOMi€I0 IMOPYBaTOr0 KpeMHil0 i3 moBiTpam. 3o0Kpema,
HaMM 3aCTOCOBAHO OOpPOOJIEHHsS IIOBEPXHi i30MPOMiJIOBUM CIIMPTOM,
Axuii Mmoxke OyTu mxepesnom rpyn OH, smaTHuUX meKOpyBaTH HPUIOBE-
PXHEBY ILIiBKY.

2. ETAJI EKCIIEPUMEHTY

Hocmimxenua O0yJ0 BUKOHAHO Ha JasepHoMY eiimcomerpi JIOD-3M-1
Ha JOBXKMHI cBiTsI0BOI XxBuiai y 632,8 uMm. O0’€eKTOM mOCTimAKeHHsS OyB
spaszok IIK y BuUrasami miacTUHU TOBIIMHOIO 0ifsgs 1 MM, omep:kaHuMii
€JIeKTPOXEeMIiUHMM IMABJCHHAM IIPOTATOM 8 XBMJWH NPU TI'yCTHUHI
ctpymy y 10 MA/cM® MOHOKDPHMCTATIYHOIO KPEMHII0 p-TUIY B eJIeKT-
poxiti HF + ameron y cmiBBimHomienui 06’emHuUx moieir 2:1. 3pasok
nepebyBaB Ha MOBITPi IPOTATOM KiJbKOX POKiB MicJigd BUTOTOBJIEHHA.
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Ha mosepxHi 3paska Bi3yaJbHO CIIOCTEpPiraeThbcs sICKpaBa iHTepdepe-
HIIifHA KapTUHA Y BUIVIAAL KiJIbKOX Pi3HOKOJIIPHUX CMYT.

BuwmiproBanHA BUKOHYBaJII B YMOBaX MOBITPAHOI aTMochepu AK 10
00pOo0JIeHHs ILIiBKM i30IIPOIILJIOBMM CIKMPTOM IIJIAXOM HAHECEHHS Ha
MMOBEPXHIO ILIIBKM TA BUTPUMYBAHHA Ha Hill IPOTATOM 5 XBUJIWH, TaK
i micama Hboro mpoTarom 3 MicAriB. BumipoBanumu BerwuumHAMU OyIM
€JIITICOMeTPHUYHI IMapaMeTPH CBITJIOBOI XBHMJi, BigOMTOI Bim JOCTimKY-
BaHOI IIJJacKOI TIOBEePXHi 3paska: piskHHIA Gas A MK p- Ta S§-
KOMIIOHEHTAMU €JIEKTPUYHOI'0 BEKTOPa CBITJIOBOI XBWUJIi, a TaKOMK apK-
TaHI'€eHC BigHONIeHHS Koe(irieHTiB BimOwWBaHHA B p- Ta S-IJIOIMIMHAX
3paska . [[1a BUBHAUEeHHA TaKMWX IMapaMeTpPiB BiIOMBHOI CHUCTEMU SAK
MMOKAa3HUKK 3aJIOMJIEHHS Ta TOBIMUHMU IIApiB 3aCTOCOBAHO HAKeT aBTO-
MmaTtusoBanux mporpam [7]. IIporpamu omepyioTh i3 eIinncoMeTpUuYHUMU
nmapamMerpamMu cosA i tgy. MipaHHSA BUKOHAHO B IITUPOKiil 00JacTi KY-
TiB maginaa 46—80° 3 inTepBamom y 2°.

3. OEP/KRAHI PE3YJbTATH

OpnepsxaHi naHi HaBeleHO Ha puc. 1, a pedyJbTaTU PO3PAXYyHKIB ma-
pameTpiB BimOMBHOI crCTeMHU B OJHO- Ta JBOIIAPOBOMY MOJEJIIO ILJIiB-
KU IIPEJICTAaBJECHO Y TaOJIMIIi.

B mocmimxeniit obimacti KyTiB mamiHHA ejimicoMeTpumYHA (PYHKITiS
Mae IIMPOKUM MaKCUMyM IlapaMeTrpa tgy, a mapameTrep COSA IIJIaBHO

a 0

Puc. 1. 3anexkHocTi enincoMmeTpuuHUX mapameTpiB cosA (a) i tgy (6) miiBKku
IIOPYyBaTOro KPEMHiI0 Bif KyTa magiHHA ¢ g0 00pobseHHs cuuptoMm (5.04) i
micia HbOTO (HACTYIHI faTm BUMIipiB).
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TABJIUIIA. ITokasHUKY 3aJIOMJIEHHS 71 i TOBIMUHU d BePXHLOTO Ta HUIKHBOTO
mapiB, sHaueHHa (QyHKIioHany @ rTa rpazienty G B miHimywmi, o6umcieHi B
omHO- (mepImi pAAkM Tabauili) Ta ABOIIapoBoMy (Apyri il pagkm) mMomenax
ILJIiBKH.

Tlara 3oBHiNTHIN mIap Buyrpim#uii map @, G |di+d,, m
n, d,, HM n, | d,, HM
5.04 1,5775 132 — 11_6— 0,0031 1,25 132
’ 1,337-1,338 17-21 1,589-1,593 120 0,00263-0,00265 0,440 137
12.04 1,481 127 — — 0,0474 0,0571 127
7 1,378-1,414 79-86 1,589-1,607 49-59 0,04180-0,04240 0,220 129-138
23.04 1,5203 123,5 — — 0,0543 * 123,5
7 1,369-1,464 71-99 1,641-1,851 35-67 0,04030-0,04060 * 136-137
3.07 1,5207 140.7 — — 0,0303 7,60 141

1,427-1,522 63-86 1,571-1,648 59-80 0,01690-0,01720 0,127 143-145

Ipumimka: “Haaro BenvuKe 3HAa4YeHHA I'DAfi€eHTy, He CIPMIHATE TPOrpaMoio s o6pobieHHs
pesybTaTy.

3MiHIOETBCA Bij Bix’emumx smaudeHb (—1) mo momarHix (+1), MmimAmoun
3HAK Ha IPOTHJIEKHWI HPKM TOJOBHOMY KyTi HmamiHHA, Oe, 3a HMOTO0
osHaueHHaAM, A =90° i, BigmoBigHo, cosA = 0. HasgBHicTs Juire ogHOro
maxkcuMyMy GyHKIIL tgy i mimaBHa 3miHa (QyHKIIT cosA cBiguaTe mpo
Te, IO TOBIIMHA ILJIiBKM CTAHOBUTL BEJIUUYMHY, KA HE IIEPEBUIIYE
mepios 3MiHM eiICOMeTPHMUYHUX IIapaMeTpPiB i3 TOBIMHOIO (IPMOJII3-
HO 1—-2 coTHi HamoMeTpiB).

Iz pucynxky 1 BuaHO, II[0 B pe3yJbTAaTi B3ae€MOZii i30mpoIrijioBoro
CHOUPTY Ta IMOAAJBIIIOTO0 BUTPUMYBAHHSA ILIIBKM B yMOBaX IOBITPAHOL
atMoc(hepu (Hazamdi OymeMo HA3MBATH IIEH IIPOIEC AEKOPYBAHHSAM ILTi-
BKM) KYTOBi 3aJIEJKHOCTi eJilICOMeTPUUYHNX HapaMeTPiB 3a3HAIOTH 3HA-
yaux 3MmiH. Tak, mopiBHaHO i3 BuMipamu Bim 5.04 (mosHaueHo 3a na-
TOI0 IIPOBEAEHHS EKCIEePUMEHTY), SKNX BUKOHAHO OO0 JIeKOPYBaHHS
cnupToM, Bixpasy micia mexopyBaHHA (12.04) dyurmia tgy smirniaca
MaJio, ajie (PYHKIiA cosA 3MicTuiaacsa B 00JIaCTh BeIMKUX KYTiB HMamiH-
HA npubausHo Ha 7°. B moganbeiiomy Ha KpuBiil tgy mocTymoBo BupOC-
Tae MOTYKHIilI MAaKCUMyM, a (PYHKIiA cOoSA 3a3Hae piskoro crpubra Bin
Big’eMHMX 3HAUEHL OO0 OOJATHIX HpU KyTaxX IMamiHHA, IO TPUOJIN3HO
BigmoBimaoTh, MakxcumMymy. IIpubaIn3HO Uuepes YOTUPU TUMKHI BUTPUMY-
BaHHA Ha NOBiTPi 3HaueHHA mapamerpa tgy y maxkcumyMmi BimmosimHOI
KpPHBOI IOUMHAE 3MEHIIYBAaTUCh, a (PYHKI[isg COSA 3MIiIyeThcss B 00-
JACTh MEHIINX KYTiB HMaAiHHA, i uepesd 3 MicAIlli BUTPUMYBaHHA B YMO-
Bax moBiTpsHOI aTtMocdepu (Bumipm Bim 3.07) obuasi Kpusi Maitixke
«IIOBEPTAIOTHCS B CTAH», IO Hepeaye AeKopyBaHHIO (5.04).

BesymMoBHO, cmocTepe:keni TpaHchopMallili eimcoMeTpUUYHUX KpPHU-
BuX OyJI0O BUKJIMKAHO 3MiHAMM CTPYKTYpPH Ta MapaMeTpiB ILIiBKH, 30-
KpeMa IOKasHMKAa 3aJOMJIEHHS Ta HMOr0 PO3MOIiJy B TOBIIi MJIiBKH,
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AKI € HacJHiIKOM NOPOHMKHEHHA PiAuHM BcepeauHy NaiBKu. g
3’sAcyBaHHSA OCOOJIMBOCTEH IIepebiry IIbOoro IIpoliecy HeoOXigHo OyJo
BUKOHATH O0OUMCJIEHHS IIapaMeTpiB BigOMBHOI cucTeMu, AKi 0 aJeKBa-
THO OIIMCYBaJIU OJlep:KaHi eKcIepuMeHTaJ bHI JaHi.

4. OBYUCJIEHHS OIITUYHUX ITAPAMETPIB I TOBIIMHA
ITAPIB ITOBEPXHEBOI IIJJIBKH ITOPYBATOT'O KPEMHIIO

3 MeTOI0 MONIYKY HaAWBiPOTiAHIIIIOr0 IIOSCHEHHS OJEeP:KaHUX TaHUX
3aCTOCOBAHO OJHO- Ta JIBOIIAPOBUII MOJei BimbmsBHOI cucTeMu. B of-
HOIIIAPOBOMY MOJEJI0 BU3HAUYBAHUMH IIapaMeTpaMiu OyJaM IIOKA3HUK
3aJIOMJIEHHSA 7, i TOBIUHA d; MJIiBKU, a B ABOIIIAPOBOMY — IIOKA3HIU-
KU 3aJIOMJIEHHS N, N, Ta TOBIMUHU d,, d, BepxHBKOro (1), 1110 KOHTaK-
Ty€e i3 HABKOJUIIHIM CepemoBUINEM, i HUMKHLOTO (2), IPUJIETJOr0o IO
BJIacHe 00’€MHOI YaCTUHU IMOPYBATOr0 KPEMHIiI0, IIapiB IJIiBKHU.

IIpu o6umcIeHHSX BUKOPHCTAHO OITHYHI CTaJi HiAKJIaIUHKH Ta
IIOPYyBaTOro KpeMHiio, 3HalileHi IJd IILOTo K 3paska B [2]: n;=3,681,
Kk3=0.

4.1. O6unciIeHHSI B OMHOIIAPOBIM MOIEJII0

B mporeci mipAaHb Ha KOKHOMY 3 KYTiB HaTiHHA OJEPKAaHO IBa EJIiIl-
COMETPUUYHUX IIapaMeTpy, AKi YMOKJIMBJIIOIOTHL B OJHOIIAPOBIM Moje-
JII0 OOYMCJIMTU OBa HEBiIoMUX IIapaMeTpH: IOKA3HUK 3aJIOMJIEHHS Ta
TOBIIUHY ILIiBKMU.

3’scoBaHO, IO 3HAYEHHS ITOKA3HMKA 3aJIOMJICHHS Ta TOBIIWHU ILIiB-
KU, OJlep:KaHi 3 BUMIpiB Ha pidHUX KyTax IaAiHH:A, 3aJieKaThb BiJ KyTa
HamiHHA, TPUUYOMY IIi 3aJIeKHOCTI MalOTh HEIIEpEepBHUII XapaKTep, a He
XaOTUYHUM, BUKJIUKAHUHN Oi€l0 MOXMOKU eKciepuMeHTy. IIpu mbomy
HaAMOLIBII 3MiHN ITOKA3HUKA 3aJIOMJIEHHS Ta TOBIIWHU ILIiBKU 3 KYyTOM
MamiHHA CIIOCTEePiraloThbesA B 00JIAaCTi BEIMKMX KYTiB MAAiHHSA, IO IIepe-
BUIITYIOTH 70°.

IIpuponHo, 1110 Taki 3aJIeKHOCTI IMapaMeTpiB AOCTiA:KyBaHOI cucCTe-
MM He MalOTh CIOCTEPIiraTuch, OCKiJIbKM KYT HaJiHHS € IIPOCTO YMOBOIO
eKCcIIepuMeHTy. §IcHO, IO CIIOCTepe’KeHi 3aJIe;KHOCTI o0uMcJIeHUX ma-
paMeTpiB ILTiBKU BiJi YMOB €KCIIepUMEHTY 3yMOBJIEHiI HeBifmoBimHiCTIO
BUOPAHOro ieaJbHOT0 OJHOIIAPOBOTO MOJEJI0, 3aCTOCOBAHOIO IJI 00-
YHCJIeHb, 3 TUM, II[0 IPUTAMaHHUI BiIOMBHOMY IIOBEPXHEBOMY IIIapy
HacHopasmi.

B rabuui (mepiri pAAKM) HaBeAeHO cepeqHi apudMeTnuHi 3HAUEH-
HsS MOKA3HMUKA 3aJIOMJIEHHS Ta TOBIIMUHU IJA KOMKHOTO i3 BuMipis. 3a
IUMU 3HAUEHHAMHU OOUMCJIEHO KPUBi eJillcCOMeTpMYHUX ITapaMeTpiB i
Ha puc. 2 IpeACcTaBJIeHO HOPiBHAHHS EKCHePUMEHTAJILHUX TaHUX i3
pesyJabTaTaMu pPo3paxyHKiB.
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8 2

Puc. 2. Sanexuocti enincomerpuuynux napamerpis cosA (1) i tgy (2) Big Ky-
Ta mamiHHA ¢ Ao (BuMipu 3a martoio 5.04) (a), Bimpasy micaa (Bumipu 3a zma-
toro 12.04) (6) Ta B HACTYIHi TMKHi IicJaA KOHTAKTYy i3 cmupToM (BUMipu 3a
maramu 23.04 (8) i 3.07 (2)). CumBoIM — eKcHepMMeHTaJbHI pes3yJbTaTH,
IITPUXOBi Ta CyIiJMbHI KpuBi 00UMCIIeHO 3a 3HAUEHHAMHU IIapaMeTpPiB OJHO-
IIapoBOi Ta [OBOIIIApPOBOI cucTeM NOOYAOBM ILIIBKKM IIOPYBaTOT0 KPEMHilo,
IpefcTaBJIeHAMHU B Tabuani.?

Is pucyHKY 2 BUIHO, II[0 OZHOIIIAPOBUU MOJEJb JINIEe HAOJIMIKEHO
OIICY€e eKcliepuMeHTabHI KpuBi. Tak, IoJOKeHHS MaKCHUMyMy 3a-
JexHocTH tgy(() Ta cTpmOKa COSA HA TEOPETUUYHUX KPUBUX T00pe
36iraloThCcsa i3 BiAMOBIAHMMU OCOOJMBOCTSIMHU B IIOBEHiHIII eKCIIepHU-
MEHTaJbHUX KPUBUX. PO3XOMKEeHHA cIocTepiraeThbcsa Jimie B abco-
JIIOTHUX OOUYMCJEHUX i BUMIpAHMX 3HAUEHHAX EJIIICOMETPUUYHUX IIa-
pameTpisB.

MoskHa OUiKyBaTH, IO B OLJMBII PEaJiCTUUHIIIIOMY MOMEJIO Biadu-
BHOI CHCTEMHU MOKHa OyAe AOCATTH KPAIOTo Y3TOKEHHA €KCIIepU-
MEHTAJbHUX PE3YJIbTATIB i3 TEOPETUUHUMM PO3pPaxXyHKaMu. 3 IIi€i0
MeTOoI0 HaMu OyJi0 MpoBeZeHO oOpaxyHKu mapameTpiB miiBku IIK sa
TUMHU K eKCIepUMEeHTAJIbHUMM JaHUMU, ajle BXKe B MOJeJI0 JBOIIAa-
POBOI TLITiBKH.
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4.2. O0uncieHHI B TBONIAPOBIM MOIEII0

3HaueHHA IIapaMeTpiB IBOIITapPOBOTO MOENIO ILIiBKM (IIOKa3HUKIB 3a-
JIOMJIEHHA 1., N, TA TOBIUH d,, d, IEPIIOro, 30BHIIIHHOTO, Ta PYyTo-
ro, BHYTPIIIIHBOTO, IMIapiB IIJIiBKM) 3HAWAEHO METOIOI0 HaNMEHIITHUX
KBaJpaTiB, B AKiA 3HAXOAATH TaKi 3HAUEHHsS IapaMeTpPiB, 3a SIKHX
PO3KHUJ BUMIPAHUX €JiICOMETPUYHUX IIapaMeTpiB BiTHOCHO TeOpeTu-
yHOi KpuBOI Oyae MimimMaapHHii. PYyHKIII0, AKa BMU3HAYAE PO3KUI
IUX MIapaMeTpPiB BHACJTIZOK MOXMOKM BUMipioBaHb ((PYyHKIIioHAaJ), 00-
PaHoO y BUTJIAAL

N

me N — KimbkicTh BuUMIipiB (B maHoMy pasi — KyTiB mamiHHs), a iH-
mexcu E i T crocyioTbcd, BiAIIOBiZHO, eKCHepHMMeHTAJILHUX i Teope-
TUYHUX 3HAUEHD eJIilCOMETPUUYHUX IIapaMeTpiB.

ITomyxk miniMmymy (QyHKIioHaay B aBTOMATHM30BaHiA mporpami Bu-
KOHYE€ThCA I'PAZieHTHOI0O MeTo[0I0. B TabmuIi mpemcraBieHo 3HalimeHi
PO3B’ABKMU JJIA KOYKHOI JaTu BUMIpiB B OfHO- (IepImi paAxKu 1iei Taod-
auii) Ta nBomapoBoMy (apyri ii pagkm) momenax. Ilpu mbomy HaBe-
IIeHO TaKOXK MiHimMasbHe 3HAUeHHA (PYHKI[IOHAJNY i BelnumHy Ipajie-
HTY B MiHiMyMi.

Bennumna pyHKIioHay Mae (GismuHUM 3MicT KBajapaTa CepeIHbOTO
KBaIpPaTUYHOTO PO3KUAY EeKCIepUMEeHTAJIbHUX BEJIUYNH BiJHOCHO
3HAUEeHb TEOPETHUYHOI KPUBOi, a OJU3bKIiCTL I'PASi€HTyY OO HYJIA MOXKe
CBiIUMTH IIPO MOCATHEHHA MiHiMyMy (pyHKI[iOHAJY.

IIim uac peasisalrii aBToMaTu30BaHoi IporpaMu 3’ ABISETHCSA BeJIN-
Ka KiJbKiCcTh pO3B’A3KiB, BHANJEHUX JIA KOKHOI mapu KPUBUX tgy—
CcosA, 30KpeMa, i3 OIM3LKUMHU 3HAUeHHAMU (QYHKIIIOHATY B MiHiMyMi.
HasBemo 11i po3B’si3KM eKBiBajeHTHUMH. B Tabiauili exBiBaeHTHI
PO3B’S3KM IIPEACTABJICHO y BUIJIAAL PO3KUAY 3HAUEHL IIapaMeTpiB
mapy (mapyri panxu 1iei Tabmumiti), B MeKax AKOro (pyHKIIiOHAT €
MPaKTUYHO OJHAKOBUM. Tak, HAIIpUKJIAL, y BUMipax M0 HeKOPYBaHHS
(5.04) sHaueHHA MOKa3HUKA 3aJOMJIEHHS B30BHIIITHBOTO IIapPy 3MiHIO-
oTecsa B Mexxax 1,337-1,338, a y Bumipax Bim 23.04, mpoBemeHUX
Maii;Ke uepes JBa TUIKHI ITicjd HOT0 IMOYaTKy, PO3KUJ ITOKa3HUKAa 3a-
JIOMJIEHHSA CTaHOBUTL 1,369—1,464. CX0Ky HOBEAiHKY CIIOCTEPErKEeHO
IJA MMOKa3HWKA 3aJIOMJIEHHS BHYTPIIHLOTO INAapy: HAWMEHIIIUH POS3-
kug 1,5689-1,593 sadikcoBanHo y BuMipax I0 JeKOpyBaHHS, a HauOi-
apmui 1,697-1,999 (abo 1,641-1,851) — y BuMipax, IpOBeIeHUX
Maii:ke uepes TukIeHb (16.04 1 23.04), Kosm isompomis BiKe HOBHIiC-
TIO 30CEPEIUBCA B TOBIII ILJIiBKU.

3 aHaJOTiYHOI IPUUYMHU B €KBiBaJIGHTHUX PO3B’A3KaX CIIOCTepira-
€ThCA BEJIUKHUU PO3KHI 3HAUEHL TOBIIUMH 30BHIIIIHBOT'O Ta BHYTPIIII-
Hboro miapis. Ile#t posxkung 30iabIyeThesa Big 4 HM Iepel OeKOPYBaH-

@ (tgy, —tgy, )” + (cos A, —cosA, )2} ,
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HaM 10 28—32 um uepe3 3—4 TmKHI micas #oro mouaTtkKy. Ilpu mpomy
3a3HAUYAEMO, III0 B OJHOMY i TOMY K €KBiBaJeHTHOMY PO3B’A3KY HpHU
PiSHMX CIIiBBiIHOIIIEHHAX TOBIMWH IIEPIIOr0 Ta APYIoro ImapiB cyma
ix (ocTaHHifl CTOBIMUMK TabJMUIli) € MPAKTUYHO OJHAKOBOIO Ta IOPiB-
HIOE€ TOBIIWHI IIJIiBKY, 3HAHAEHIA B OTHOIIIAPOBOMY HAOJIMIKEHHI.

Bennuumunu poskuAiB 3HaueHb mapaMeTpiB mirisxku IIK, a cawme,
od,=23-29 um, od,=13-23 am, on,=0,02-0,1, on,=0,04-0,2,
MOJKHA MPUUHATH 3a y3arajbHeHi IMOXMOKM BU3HAUEHHSA IIapaMeTpiB
JOCJiIKYBAHOI CHUCTEMH, AK1 BKJIOUYAIOTh AK IMOXMOKM BUMipIOBAHHSI,
Tak i MoXMOKM MOAEJIbLHUX PO3PaXyHKIB.

5. OBTOBOPEHHA OJEPKAHUX PE3YJIbTATIB

3razami BUIlle eKCIIepUMEHTAJbHI (haKTH MOXKHA IIOSICHUTU OCOOJIMBOC-
TAMU eJircoMeTpuuHol (GYHKIII ZOCHimKyBaHOI ILIiBKU. 30KpeMa, fAK
mokasaHo B [7], eximcomerpuuna (GYyHKIIiA TPO30pOi ILIiBKYU, HaHECeHOl
HA TPO30py MiAKJAAWHKY, IPU ii TOBHIMHAX, IIIO JOPiBHIOIOTH UBEPTi
nepiony, i Ipu IIEBHOMY CITiBBiJHOINIEHHI MOKA3HUKIB 3aJIOMJIEHHS ITiJI-
KJIaIMHKN Ta ILTIiBKY Ma€ 0co0JIMBi Touku. B HUX HA IIEeBHOMY KYTi Ia-
niHHa GyHKIia tgy 3asHae pospuBy (PpeHeqiB aMILIiTygHUN Koeditri-
€HT BifOWMBaHHA CBiTJIa B s-mosApuaarlii 7,=0), mpAMyoun IO HECKiH-
YEeHHOCTHU, a (PYHKI[iA COSA Ha IIbOMY K KYTi IMagiHHA CTPUOKOIIOAiOHO
3MiHIOE 3HAaK.

Pismoro pomy Bimxuiam peasbHOI OymoBHM BigOMBHOI cucTeMu Binm 3a-
ITaHOTO MOZEJNIo ii HPUBOAATL OO STJAAKYBAHHA IIUX OCOOGJMBOCTEH
esqincomerpryHoi QyukKIii. A peasbHOI cucTeMu MOOIM3Y TOUKU PO3-
puBy cmocrepiraetescsa 0isbilie ab0 MeHIIle BUPAKEHUN MaKCcuMyM (hyH-
Kiii tgy, a mua piskaumi Gas cosA mepexoAuTh Bif Big'eMHUX 3HAUYEHD
IO HONATHIX B JOCTATHLO BY3bKiii 00JacTi IeBHMX KYTiB HagiHHSA, IO
BKJIIOYAE TOUKY PO3PUBY.

OueBUAHO, 3arajbHa TOBIIMHA TOCHIAKYBAHOI IIJIiBKM BUABUJIACS
0/M3BKOIO0 OO0 Tiei, ITo BiAmoOBiZae Takiii ocobauBiit Toulli. B mporeci
MPOHUKHEHHA COUPTY B TOBINY ILIiBKU e(eKTUBHUUN HOKA3HUK 3aJio-
MJIeHHS ILTiBKM 3MiHIOETHCS, BIAIIOBIIHMX 3MiH 3a3HA€ ¥ eJjimcomer-
puuHa (PYHKIiS, 3aJaHa eKCIePUMEeHTAJILHUMY 3HAUEeHHAMU IIapaMe-
TpiB tgy i cosA. Toxi mapamerpu BiZOMBHOI cucTeMu HaAOIMIKAIOTHCA
IO THX, IO XapaKTepusyIoTh OCOOJUBY TOUKY. B pesyiabTari mapame-
Tep tgy 3HAYHO 3pocTae, AK Ile BUAHO HA puc. 1 i3 mOBeiHKM KpU-
BUX, BUMIPSHUX HPOTATOM IIEPIIIOTO MiCSAIld JeKOPYBaHHII.

Is mammx, mpexactaBieHumXx Ha puc. 1 i 2, MokHa 3pPOOUTHM BUCHO-
BOK, IO AKpas3 y Bumipax 19.04, 23.04, 3.05 i 10.05 mposaBuiocs
icHyBaHHSA O0COOJMBOI TOUKH: TYT CIIOCTEPiraeThCcs pisKuii cTPuOOK
¢dyHKIil coSA Ta riraHTcbKe 3pOCTaHHA 3HAYEHHA Iapamerpa tgy y
MaKCUMyMi — Bif 2 mepen JeKOPYBAHHSAM CIIHPTOM 10 22.

B poboti [8] BusABIEHO BUCOKY UyTJIWBICTH ITapamerpa tgy o IpOHU-
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KHEHHA PiiVH y TOBITY ITOBEPXHEBOI ILTiBKM, a TaKOXK HOro 3HauHe 3pO-
CTaHHA B MAaKCHUMyMi, III0 CTBOPIOE MOMKJIMUBiCTL 3acTrocyBamua IIK nma
PO3pOOKY JiHiHOr0 BiAOMBAJILHOTO IOJApH3aTOpa abo ceHcopa Ha HMOTro
ocHOBI [9].

3rigHo i3 mammMu TaOiauIli, 3HAAeHlI 3Ha4YeHHA MiHiMizoBaHOIO
(GYHKIIioOHaAJ Yy B ABOIIAPOBIM MOJEJNIO 3aB:KIW MEHIMi, HisK B OHOIIIA-
poBiMm. Tomy amBoIIapoOBMiII MOIEJIb KpAallle OMMCYE OJep:KaHi eKcIIepu-
MeHTaJbHi pesyabTaTH, HiK omHomiapoBuii. Mix Tum, AK BUAHO i3
puc. 2, eJilicoMeTPUYHIi KPUBi y ABOIIAPOBIM MOMEJIO JHINE AKiCHO
OIIMCYIOTh Pe3yJbTaTH eKCIePHMMEHTY Ta IIOBHUI 30ir eKcIliepuMeHTa-
JbHUX PE3yJbTATIiB i3 KPUBUMHN TEOPETHUYHMUX PO3PaXYHKIB He CIIO-
crepiraeTncs.

ITeit parT, a TakoK BedmKa KiJbKicTh po3B’da3KiB, AKi OMMUCYIOTH
eKCIIepuMeHTaJbHiI KPUBi, 1, BIAIIOBiIHO, BEJIMKUUA PO3KHUL 3HAUYEHD
mapaMeTpiB IIapiB, 0coOJMBO IXHiX TOBIIMH, O3HAUAE, IO AOCIimKe-
Ha IIJIiBKa € HeOJHOPiZHOI0 i Mae HEOTHOPiAHWI MmO TINOMHI MIiBKH
posmonin mop Ta amcopboBamoro izompominy. Tomy cucTeMy MOKHA B
1-my HaOam:KeHHiI HoOpe ommcaTH ABOIIIAPOBOIO CTPYKTYPOIO, A€ IIO-
Ka3HUK 3aJ0MJIEHHS BEPXHLOTO miapy (AKuil Me:xKye i3 aTmocdeporo)
MEeHIINH, HiK HMKHBOrO (AKUIH MeXKye i3 MiIKJIaguHKOI0).

CuiBBimHOINIEHHA TOBINMH BHYTPIiIITHBOTO Ta 30BHIIIIHBOTO IIapiB,
sIKe 3MIiHIOETHCS 3 YaCcOM, B TaAKOMY BUIAJKY y 3arajJbHUX pHcax Xa-
PaKTepusye PO3IMOAiJ mOop Ta isompomiay mo rambuumi. B Toit ke uac
cyMa TOBIIUH B3aJIAINAETHCSA IMIPAKTUYHO OJHAKOBOIO, IO BAKJIUBO B
SAKOCTI KpHUTEepilo BiporimHOCTU pe3yJbTaTy PO3PaxyHKY, i € sarajgom
HEe3MiHHUM aTpuOyTOM ILIiBKH.

3pasy mmicas KOHTAKTY ILIiBKHU i3 COMPTOM IMOKA3HUK 3aJIOMJIEHHS
IPUIIOBEPXHEBOTO IAPYy BiAUyTHO 30iJbITyETHLCS, B TOM Yac AK IOKa-
3HUK 3aJIOMJIEHHS TJIMOMHHMX O0JacTell IJIiBKM €ja00 3MiHIOETHCS B
MeKax OJep:KaHor0o PO3KUAY TOBIIMWH; Ile O3Hadae, 110, IPUHANMHI,
BePXHIi# mI1ap mMae ImycTi mopu, 34aTHI 3aIOBHIOBATUCS CIHPTOM.

BpemiTi Mo;XHA CcTBEPI:KYBaTH, IO TOBINMWHA IILOTO 30BHIIITHLOTO
mapy, 3aJeKopoBaHOro cuupTom, mocsarae 70—100 am. IIpore, uacTu-
Ha 3arajbHOI TOBINMWHHN ILIiBKW, a caMe, BHYTPIIIIHiNA Iap, s3ajuima-
€ThCS HEe3aJeKOPOBAHOIO0 IIPOTATOM, MIPMHANMHI, HOepiioro wicsasa
cumocrepe:xkenHs. OueBHUAHO, IIe IIOB’sI3aHe i3 THM, IO 37e0iJLIIIOTO
IOPW BHYTPINIHBLOI 00JaCTU ILJIIBKM 3allOBHEHO IIPOAYKTAMU OKIC-
HeHHs abo/Ta TMPOAYKTAMHU eJeKTPOXEeMIiUHMX peakIliii, 110 3aBaKa-
IOTh aAcopOIlii cIupTy.

6. BUICHOBRH

HocmimxeHna miriBka, IO yTBOpMJIACA HA IIOBEPXHI MOPHCTOTO KpEM-
Hil0 IPOTATOM HMOTr0 TPUBAJOTO IepeOyBaHHS y IIOBiTpi, MicTuUTH Yy
CBOEMY CKJIAAl MOPOKHI mmopu, AKi 3maTHI amcopOyBaTu piguHM, a B
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JaHOMY pasi — isompomijyioBuii cuupT. B mpomeci IpPOHMKHEHHS
CIIMPTY Yy TOBINY ILIIBKM €JIIIICOMETPUYHI IIapaMeTpH HOoJApu3aIii Bi-
IOUTOI CBIT/IOBOI XBWJII 3MiHIOIOTHCSA: 3HAUHO 3POCTAE mapamerep tgvy,
AKUHA JOpPiBHIOE BimHOmIeHHIO KoedirieHTiB BimbwuBanmHa B p- i s-
miaormuHax. Ile cTBOPIOE MOMKJIMBICTD KOHCTPYIOBAHHA PIIMHHUX CEH-
COPiB IMOJMAPU3AIiAHOT0 THUIIY, a4 TaKOXX BiAOMBaJbHUX JHIAHUX IIO-
agpusaTopiB. 3’sAcoBaHO, IMO 0araToKyTOBi eJimcoMeTpwuHi KpuBi
MOXKHAa ONMCATH JIMIIe AKiCHO ABOIIIApOBUM MOJEJIEM ILIiBKH, B AKO-
MYy IIOKa3HUWK 3aJIOMJIEHHS 30BHINTHBOTO IMapy MEHINUH 3a IIOKa3HUK
3aJIOMJIeHHsS BHyTpimranoro. OueBuaHo, chopMoOBaHAa IJIIBKOBA CHCTE-
Ma B IPUIIOBEPXHEBOMY IIapi IIOPYBaTOTO0 KPEeMHiI0 Mae HellepepBHUMN
PO3IIoAis MaTepifAay B3OOBMK TOBIIL IJIIBKU i, BiAMOBiZHO, Ma€ mJjaB-
HY 3MiHy mpodijio ImoKasHHWKa 3aJIOMJEeHHA B CTOPOHY IHOTO 36iJb-
e HHA.
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! Fig. 1. Dependences of the ellipsometric parameters cosA (a) and tgy (6) of the porous sili-
con film on the angle of incidence ¢ before treatment with alcohol (5.04) and after it (subse-
quent dates of measurements).

2 TABLE. The refractive indices n and the thicknesses d of the upper and lower layers, the
values of functional @ and gradient G at a minimum calculated within the one- (first lines of
the table) or two-layer (second lines of the table) film models.

3 Fig. 2. Dependences of the ellipsometric parameters cosA (I) and tgy (2) on the angle of
incidence ¢ to (measurements by date 5.04) (a), immediately after (measurements by date
12.04) (6), and in the following weeks after contact with the alcohol (measurements by date
23.04 (8) and 3.07 (2)). Marks are experimental results, dashed and continuous lines are cal-
culated curves from the values of the parameters of the single-layer or double-layer systems
of the porous-silicon film structure presented in Table.
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MoaenoBaHHS PO3MOALIY €JIeKTPOCTATHYHOTO MOTEHIIiATY Y
MOpyBaTOMY KpeMHii

JI. C. Moumactupcbkuii, I. B. Onennu, B. C. CokoJI0BCbKMIt

JIveiecvruil HayionaavHull yHigepcumem imeni Ieana Pparnka,
s8y.a. [[pazomanosa, 50,
79005 Jlvgis, Ykpaina

TeopeTUYHO AOCIIiMTKEeHO 0COO0IMBOCTI eeKTy IoJid y MOPyBaTOMY KpPeMHii 3
MUIIHAPUUYHOIO (GOpPMOI0 mop. IIpocTOPOBMiI PO3IOMiN IMOTEHIIANY OAepPIKAaHO
MIJIAXOM aHAJIITHUYHOTO po3B’A3aHHA IlyaccoHOBOTO piBHAHHA y JiHiliHOMY Ha-
oam:keHHi. KoopaumHaTHI 3a/IeKHOCTI €JIeKTPOCTATUUYHOTO MHOTEHIIATYy Hpo-
aHaJIi30BaHO IJIs PiSHMUX 3HAUEHDb pajitoca mop i Biggasi mixxk mopamu. Ha ocHo-
Bi ofiep:KaHUX 3aJI€KHOCTEH BCTAHOBJIEHO, 1Mo JlebaiioBa eKpaHiBHA TOBXKUHA
3MEHIIY€eThCA 31 30i/bIIeHHAM KpUBUHU IToBepxHi. [IokasaHo, 1110 eeKT MO
y IOPYyBaTOMYy KPEMHil 3yMOBJIIOE 3MiHY €JIEKTPOIPOBiJHOCTH [IOPYBATOrO IITa-
py. HaiiGinpia 3a MmomyjieM BiJHOCHA 3MiHA IPOBiAHOCTH BiAmoBimae 3HauHiit
KPUBUHI IIOBEPXHI Ta HeBeJIUKil Biggari MisK mopamu.

In this study, the field-effect peculiarities in porous silicon with a cylindrical
pore shape are theoretically studied. The spatial distribution of the potential
is obtained by means of the analytical solution of the Poisson’s equation with-
in the linear approximation. The coordinate dependences of the electrostatic
potential are analysed for different values of the pore radius and the distance
between pores. As established, based on the obtained dependences, the Debye
screening length depends not only on the physical parameters of the semicon-
ductor but also on the surface curvature. So, a decrease in the pore radius
leads to a decrease in the Debye screening length. In addition, an increase in
the surface curvature causes a reduction in a surface potential. The carrier
redistribution, which accompanies the field effect, gives rise to changing the
electrical conductivity of the porous layer. The largest relative change in con-
ductivity corresponds to a considerable surface curvature and a small distance
between the pores. The obtained results can be used to improve the functional
characteristics of gas-adsorption sensors based on the porous silicon.

TeopeTruecKy UCCIeOBAHBI 0COOEHHOCTH 3)EeKTa OIS B IOPUCTOM KPEMHUH
¢ MUInHAPHUYecKoi hopmoii mop. IIpocTpaHcTBEeHHOE pacpeseieHYe TOTEHIIY-
ajia IOJIydeHO IIyTEéM aHAJIUTUUECKOIo pellleHUs ypaBHeHud IlyaccoHa B ju-
HellHOM npuoamKeHnn. KoopauHaTHBIE 3aBUCHUMOCTH 3JEKTPOCTATUYECKOTO
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IMOTeHIMAaJa IPOAaHAJIU3UPOBAHBI AJA PA3JMYHBIX 3HAUEHHWH pajmyca Iop u
paccrosaHmua Mexxay nopamu. Ha ocHOBe mOJIydeHHBIX 3aBUCUMOCTEN yCTaHOB-
JIEHO, 4YTO AebaeBCKad AJIMHA SKPAHUPOBAHUA YMEHBIIIAETCS C YBEJINUEHUEM
KPUBUBHBI MoBepXHOCTHU. IlokazaHo, uTo 3(PEeKT MOJaA B IIOPUCTOM KPEMHUU
IIPUBOAUT K UBMEHEHUIO SJIEKTPOIIPOBOANMOCTH HOpucToro ciaosi. Haubosbiee
IO MOZYJII0O OTHOCUTEJIbHOE M3MEHEHNE IIPOBOJUMOCTH COOTBETCTBYET 3HAUM-
TEeJIbHOM KPUBU3HE IOBEPXHOCTH U HEOOJIBIIIOMY PACCTOSHUIO MEK Y IIOPaAMU.

KarouoBi cmoBa: mopyBaTuii KpeMHil, eDeKT Mo, MOAeII0BaHH, eJIEKTPOCTAa-
TUYHUHA IOTEHIIiAJI, eJIEeKTPOIIPOBiAHICTD, [lebaitoBa eKpaHiBHA TOBKUHA.

Key words: porous silicon, field effect, modelling, electrostatic potential,
electrical conductivity, Debye screening length.

KaroueBsle ClIOBa: IOPUCTLIN KPeMHNM, 5()()EeKT I0JIA, MOAEJIUPOBAHNE, JIEK-
TPOCTATUYECKUI ITOTEHIINAJ, SJIEKTPOIIPOBOJHOCTh, Ne0aeBCcKas IJIUHAa dKpa-
HUPOBAHUS.

(Ompumano 30 6epesns 2019 p.)

1. BCTYII

Ilopysaruii kpemuin (IIK) mpuBepTae migBuilieHy yBary IOCJHiTHUKIB
3aBASKM HUBI KOPUCHUX BJIACTUBOCTEHM, AKMX 3YMOBJIEHO He JIHIIIE
KBAHTOBO-PO3MipHUM e(eKTOM, aje ¥ 3HAUHOI0 IIHMTOMOIO IIOBEPXHEIO
nopysatoro miapy [1-3]. 3aBagaru posBuHeHin noBepxHi IIK i cTpyKTy-
pu Ha HOr0 OCHOBIi € HAaA3BUUYANHO IIEPCIeKTUBHIMU caMe B Tay3i ceH-
copHOi eseKTpoHiKY [4—7]. CinbHOIO PHCOI0 OiIBIITOCTH ra30BUX CEH-
copiB Ha ocHoBi IIK € BuKopucTamHA amcopOOeeKTPUUYHUX e(deKTiB.
Agncop0OIris ToHi30BAHMX aTOMIB UM MOJAPHUX MOJEKYJ 3YMOBJIOE 3Mi-
HY €eHepreTuYHOl CTPYKTYPU eJIeKTPOHHUX CTAHIB Ha ITIOBEPXHi IIOp BHA-
CIimoK OOMiHY eJleKTpoHaMM Mix a7copOOBaHOIO YaCTHUHKOIO Ta IIOBEp-
XHeI0 KpeMHio y pasi xemiunoi agcopbirii abo Jokamaisarii HociiB 3aps-
Iy B obsacTi (isumuHO amcopOoBaHoi yacTuuKu. [Ipu nmpomy s3apam:xeni
IMOBEPXHEBi CTAHMN CHPUYNHSIOTH 3MiHY €JIeKTPOCTATUYHOTO IMOTEHI[is-
Jy B IIPUIIOBEePXHEBiil obsacTi mamiBmpoBimHuKa. 1K Hacaimok, BigOy-
Ba€ThLCA IIepepo3noaia HociiB sapany y IIK, yrsopenHs: 06’eMHOTO 3aps-
Iy Ta 3MiHA eJIEKTPUYHUX MapaMeTpiB mopysBartoro mapy [8—10].
Bpaxosyiouu 3HauHe Bigmomenusa noBepxHi ITK go itoro 06’emy, ciig
OUiKyBaTHU, III0 TOIIOJIOTiA IIOPYBATOTrO IIapy 3 BEJNKOI0 KPUBUHOIO II0-
BEPXHi IOp BILIMBATHME HA ITPOCTOPOBUY POIIIOAiJ €JIeKTPOCTATHUHOTO
noreuniany y IIK ma BigMminy Big TpaguiliiiHoro epexTy IO A ILIac-
Koi moBepxHi HanmiBmpoBigauKa [11]. HesBarkatoum Ha yeminiHi crrpodu
OpakTUYHNX 3actocyBaub IIK y ceHCOpHIiN eleKTpoHIiIi, edeKT moad y
IIOPYBaTUX HAITiBIPOBiAHMKAX ITle MeTaJabHO He BUBUEHO. ¥ pobori [12]
TEOPETUUYHO BUBUEHO 0CO0IMBOCTI edpeKTy moJa y mozesto IIK 3i chepu-
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YHUMHU TIOpPaMHu, IJId AKOTO0 MOXKHA JIETKO OJep:KaTu JIiHeapHU30BaHUM
aHaJiTHUHNI po3B’A30K. OOHAK, Pe3yJAbTATH MOCJIIIMKEHHS METOZAMU
eJeKTPOHHOI MiKpockoii [2, 9] moka3yoTh, 1110 peaJbHUM HaHOCTPYK-
rypam IIK y 6ixbImiit mipi BigmoBizae Mogens 3 MUIIHAPUUHIMU IIOPa-
mu. Tomy MeTa HaIoi podoTu mojAraja y BUBUEHHI 0COOJIUBOCTE IIPO-
CTOPOBOT'O PO3IOAiNY eJeKTpocTaTuuHOoro moreHiiany y IIK 3 muaing-
puuHOIO POPMOIO ITOP. Y POOOTi TEOPETUUHO MOCTiKeHO BILINB TOIIOJIO-
rii mopyBaToro I1apy Ha eJeKTPUUYHI ITapaMeTpy MaTepidnay, I0 MOXKe
CIPUATH MOJIIMNIIEeHHI0 (PYHKI[IOHAJbHUX XapPaKTEePHUCTHUK rasoazcopo-
IiHUX ceHcopiB Ha ocHoBi ITK.

2. JIOCTAHOBEA SAJTAYI TA METOAUKA MOJEJIOBAHHA

IIpocTopoBuUii POBMOAIN €JIEKTPUYHOTO IMOTEHIIANY® ¢ Y HAIiBIPOBi-
HUKY MOKHa 3HaliTH po3B’a3auuAM IlyaccoHOBOro piBHAHHA:

Ab= - p(r), (1)

€9

e € — BiHOCHA AieJIeKTPUYHA IPOHUKHICTh MaTepisaay, &, — eJeKTPHU-
YHA HOCTilfiHA, p(r) — TycTHHA 00’€MHOTO 3apsany, AKWH BU3HAUYAETHCS
3apAnOM HOHIZ0BAaHMX MOMIIIOK i BimbHMMU Hocismu 3apany. Ilas Bu-
HagKy HEBUPOIKEHOI CTATUCTUKY BiILHUX HOCIIB 3apanmy

__ ed ) _ _ed _
p(r) = e{noexp(kTJ poexp( kTJ+NA NDJ’ (2)

Ile Ny, Py — KOHITEHTPAaIlil BIILHUX eJIeKTPOHIB i JipOK 3a yMOBU BiACYyT-
HOCTU IIOBEPXHEBOTOo 3apany, N,, N, — KoHIeHTpaIlii fioHi30BaHUX aK-
1menTopiB i moHOPiB. ¥ piBHAHHAX (1) i (2) moTeHIIiANbHA €HEPrisa ed Bi-
paxoByeThcs Big piBHa Pepmi B 06’eMi HamiBOpoBigHUKA, Je BiACyTHi
e(peKT mosid.

s 3HaXOAKEHHA PO3MOAINTY eJeKTPOCTaTUYHOTO moTeHIiany y [IK
IOIiJIBHO PO3TJIAHYTU MOJEJb IIOPYBATOT0 MIapy V BUIJIAAL ITepiofnIHO
PO3MiIeHNX MUJIIHAPUYHUX IIOP PaJilocoM 1y, Biamaab MiK IeHTpaMu
AKX CTAHOBUTL 2R, K To moKasaHo Ha puc. 1. [Ipumyctusiiu, 1o pos-
IIO/IiJI TOBEPXHEBOTO 3aPANY G € PiBHOMIipPHUM II0 BCiii rambuHi Top, AKa
nasa ITK smauHo 6inbIa Bif iXHBOTO pamiioca, posrysgayBaHa 3ajava Ha-
O0yBae muiaiHApUYHOI cumeTpii, ToOTO O(r) = §(r) v 2D-mpocropi. Oue-
BUIHO, MOXuOKa Takoi (popmastizaliii sagaui Oyge TMM MEHIIIOO, UM
Oinbita Bigmans mMixk mopamu (2R). PiBHauHs (1) y BUIaAKY IUIiHIPHU-
YHOI CUMeTpil MOKHA 3anucaT y BUTJIALL

d2¢+1@:iLnOeXp(%J—poexp(—Z—ij+NA—NDJ. 3)

dr? rdr e
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Puc. 1. Mogess mapy mopyBaToro KpeMHizo. !

PiBaaunsa (3) HeoOXiZHO JOTOBHUTU ABOMAa Me:KOBUME ymMoBamu. Ilepima
3 HUX BUILJIMBAE 3 YMOBM CHUMeTPpii (IlocepeanHi MiK ITopaMu IIOTEHITisA
Mae€ cATaTU eKCTPEMYMY), a Apyra 3aJla€ HOPpMaJIbHY CKJIaIOBY HaAIIPysKe-
HOCTHY €JIEKTPUYHOTO IT0JIA Ha ITOBEPXHIi ITOPY PaIitocoM r:

a0 Lo, (4)
dr r=R
4 __o (5)
dr r=r0 880

st omep:KadHsa aHAJIITHYHOTO Po3B’ A3KY HeJiHiliHoro piBHIHHS (3)
HeoOXimHO mpoBecTH JIiHeapusallilo Horo IIpaBoi YaCTUHU, IO BiAIOBi-
Iae HAOJIWIKEeHHI0 He3HAYHOTO BUKPUBJIEHHS 30H: ed << BT . PozBuny-
BIIIY €KCIIOHEHTY B PS, OAEPIKUMO PiBHAHHA:

2 2
d'y 1db_(n+p)e’

, 6
dr® rdr ee kT ©)

B AKOMY BPaXOBaHO YMOBY €JIEKTPOHENTPAJIbHOCTU B 00’€Mi HamiBIIpO-
BimHUKA (0e3 BIINBY e(heKTy I0JIs1) 3a ITOBHOI H0oHi3aIlil JOMIIIIOK:

ny—N,-p,+N,=0. 0]

3acTocyBaBIlix y 3amaui 6e3po3MipHi BeIuunHI

- e - r _ 1n = R _ c
(I):—(I) r:—’roz—O’R:—’G:

: 8
KT L, L )

- L, (ny, + py)eL, ’

e OMMHUIIEIO NOB:KUHY € [lebaiioBa eKpaHiBHA JOBXKIUHA

eg kT
= ,—(no ) 9)

D
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OJIepP:KMMO KpalioBy 3amauy mJjsa piBHAHHA IlyaccoHa B MuIiHAPUMUYHUX
KoopamHaTax:

a9 1dp _+

d72+7d7_¢’ (10)
dol  _

dFF:R—O, (11)
dg|

ar| ~ 5. (12)

PiBuauusa (10) € mogudikoBanum BecceleBuM piBHAHHAM YSABHOTO
apryMeHTy HYJILOBOIO MOPAAKY. SarajJbHUI PO3B’A30K TAKOr0 PiBHSH-
HA MOJKHA 3aIucaTH y BUTJIALL JiHiMHOI KombiHarmii momudikoBanmx
BecceneBux GpyHKIIiIH HYJILOBOTO IOPAAKY:

o) = CI,(7) + C,K,(F), (13)

ne C,, C, — meski mificHi koepdimienTu. 3aramom Indenbaosa GpyHKIIA v-
IO IOPAAKY Ma€ BUTJISAL,

(szkﬂ}
L=y ——2

, (14)
Z(k+DI(E+v+1)

ne I’ — rama-dpyurnia. MakgoHaabaoBy GyHKII0 K (X) MOKHA BUpas3u-
1 uepes I, (x) Tal_,(x):

T

K, (x) = ZST(Tw)[LU(x) ~I,(x)] (v=n) (15)
abo
Y |(aL () (dL(x)
K@= M v j ( ov jJ (10)

Kouu n — 1ijge uucao. Koedimientu C,, C, MOXHA 3HAUTH 3 KPaloOBUX
ymoB (11)1i(12):
R L €1 A— (17)
L,(7)K,(R) - L(BK, (7;)

) 51,(R)
L,(7)K,(R) - L(R)K,(7;)

(18)

2

Toxi po3s’sa30K piBHAHH (10) HaAOy 1€ BUTIAAY:
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o) = - oL, (R)K, (R) {Io(fhKo(f)] (19)

L(R) K (R) - L(R)K, (%) | L(R)  K(R)

3. PESYJIBTATH TA IX OBTOBOPEHHSA

MogentoBaHHA e()eKTy IIOJIS 3AiHACHIOBAJIOCA ¥ CTPYKTYpPax Me30IIopy-
BaTOro KpeMHii0, MisKIIOpoBa Biffab Y AKOMY IIEPEBUIIYE XapaKTepHi
I KBAHTOBOTO OOMEIKEeHHs PO3MipH, AJA BUIAIKy HEe3HAUHOT'O BUTHU-
HY 30H, IO BiAIIOBiJae HeBeJIMKili KOHIIEHTpAIlil aJcopOOBAHMNX YACTU-
HOK. 3arajioM BeJIMYMHA 3YMOBJIEHOTO aAcOopOIlieio TOBEPXHEBOTO 3apsi-
Iy MOKe 3MiHIOBATHUCH Y IIIUPOKOMY MifANasoHi, HA0OyBalOUM IJIsI MOHO-
MoJIeKyasapHoi JleHI'MIopoBOi amcopObIrii MakCcUMaJIbHOI TYCTUHU G, .y,
110 BiATIOBilae MaKCUMaJIbHiN I'yCTHHI MOBepXHEBUX CTaHIB JOHOPHUX
a00 aKIeNTOPHUX TUIIB, fAKa ;s [IK cranoBuTs 6usbko 10 cm 2.
IIpocTopoBUII PO3HOAiN €JIEKTPOCTATUYHOrO IMOTEHIiAdy O(F) mia
pisHUX cHiBBigHOIIeHDL Mixk R i 7, mokasaHo Ha puc. 2. AHamisa ojep-
JKaHUX Pe3yJabTaTiB A€ 3MOT'Y 3pOOUTH BHCHOBOK, ITIO 3MEHIIIEHHS pa-
Jiroca Iop 7, CYyIPOBOIXKYETHCSA MOHOTOHHUM 3MEHIIEHHAM eJIeKTPOC-
TaTUYHOTO IMOTEeHITiANYy V HamiBnpoBiguuky. Kpim Toro, y Bumaaky, Ko-
Ju Miknoposa Bifzgans y IIK nopiBranHa 3 [le6aiioBoio ekpaHiBHOIO 10-
BXKHMHOIO, TOOTO R —7, ~1, BiIXun KoHIeHTpAaIil HOCiiB 3apany Bix ix
piBHOBasKHUX 3HAUEHDb BilOyBaeThCcs y BChOMY 00’€Mi HaIliBIIpPOBigHU-
Ka. Ile cBigumuTh PO Te, IO IiJ BIIMBOM aaCcOpPOITii iOHi30BaHMX aTOMiB
YU MOJAPHUX MOJEKYJ BiOyBaeThCs 3MiHA €JEKTPUYHUX HapaMeTpPiB

Puc. 2. KoopauHaTHI 3aJI€KHOCTi €JIEKTPOCTATUYHOTO IIOTEHIIIANY AJNA PISHUX
pagirocis mop npu R =2 (cynineHi aginii) ra R =5 (myHKTHpPHI JiHiI): 7 = 0,1
(1), ,=0,2(2),7,=0,5(3),71,=14).?



MOIEJIIOBAHHSA EJJEKTPOCTATUYHOI'O IIOTEHIIAJY ¥ IIOPYBATOMY Si 525

BCBHOT'O IIOPYBATOTO ITIapy, IT0 CIPOIITYE PEECTPAIlii0 eTeKTPUUYHOIO Bif-
IryKy Ia30BHX CceHCOpiB Ha ocHOBI IIK.

Y Bunagky R >>1, 7, MOKHa 3HEXTyBaTH €JIEKTPOCTATUYHOIO B3ae-
MO/JIi€fo 3apANy Ha IIOBEPXHIi cycigHix mop. Toxi, BpaxoByrUnu acuMIITO-
TUYHUN BUTJIAL Mogu(ikoBanux beccesieBux QyHKILii

1 1
- 2
s exp(x) {1 +0 Lx} , (20)

K, (x) = \/gexp(—x) {1 +0 (i)} , (21)

IPOCTOPOBUM POIMOMIJ EJEeKTPOCTATHUYHOTO MOTEHIIiAJIY MOKHA Ha-
OJIM K EeHO OIIMCAaTH 3aJIEXKHICTIO

I,(x) =

K, (r)

(I)(f) ~ aKl(FO) .

(22)

Bukopucrosyrouu opmyiy (22) i1 acuMnToTuuHuN BUrIAn MakaoHa-
abnoBoi pyHKIii (21), ogep:xkumo Bupas nisa lebaiioBoi eKpaHiBHOI 10-
BIKUHHU L, y TOPYyBAaTOMY HAIiBIIPOBIJHUKY 3 IIMIiHAPUYHIME IOPAMHU:

-1
L, ~L, 1+L—D . (23)

27,

3 (23) cuainye, o npu Bix’eMHiN KPpUBUHI IMOBEPXHi (IIEHTP KPUBUHU
3HAXOAUTHCA 3a MeyKaMu HamiBUpoBigHuKa) IlebaiioBa eKpaHiBHA JOB-
JKUHA € MEHIIIO0I0, HijK B MaTepisaJi 3 MJIaCKOI0 TOBEPXHEI0, IPUUOMY

w L
L ~1L, L1 _ —DJ mpu L, << ro, (24)
27y
L, ~2r, upu L, >> r,. (25)

Mo:xHa OKas3aTu, I0 Y BUMAAKY AOAATHBOI KPUBUHU ITOBEPXHi (Ha-
IpUKJIaL, y HaIiBIIPOBIIHMKOBUX HAHOAPOTMHKAX) llebaiioBa eKpaHiB-
Ha JOBKMHA 30iJILIITyBATUMETLCA 31 3MEHIIIEHHAM pailoca HaHOIPOTH-
HEKM. 3a3HAUMMO, 10 AJI MUJIIHIPUYHOI CUMeTpPil KpuBHUHA IIOBEPXHI ¥
MeHIIIi#l Mipi BIimBae Ha 3HaueHHA [{e0aiioBoi eKpaHiBHOI JOBXKUHU Y
IIK mopiBHAHO 31 chepuunoio (hopmoio mop [12].

HocainsxeHHsa BUABUJIN, IO Bif TONOJOriI MOPYyBATOrO IIapy 3aJe-
UTH TAKOXK 1 BeJIMYMHA ITIOBEPXHEBOI'0 MOTeHIiAly ¢, = ¢(7;) . Sadex-
HOCTI eJIeKTPOCTATUYHOI'0 OTEHIIAIY Ha IIOBePXHi 1mopu Bix 7, i R 30-
OpasxeHo Ha puc. 3. Ha ocHOBi aHaJIi3U Oflep:KaHUX 3aTeKHOCTEH MOXK-
Ha 3pO0UTH BUCHOBOK, IT[0 IOBEPXHEBU IMMOTEHIIiAN (, CTPIMKO 3POCTAE
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Lot
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05k

0 . . .
0.2 1 2 3 4 5 0’02 4

o Y
Ul af

Puc. 3. 3anexHOCTi TOBEePXHEBOTO €JIeKTPOCTATUYHOI'O MIOTEHIIiANy Bix paziro-
camop(a) R=1 (1), R=2 (2), R=5(3), R=10 (4)iBiggani mik mopamu (0)
n=02),7r=05(2),1r=103),1r=1.5 @.2

3i 30iJIBIIIeHHAM pajiioca MOpH Y BUOAAKY, KOJM MiKIIOPOBA BimggaJb €
nopiBHAHHOIO 3 [le6aiioBOI0 eKPaHiBHOIO JOBXKUHOIO Lj, (uB. puc. 3, a).
g BemuKkux 3HaUeHb R, KOJIM BiICYTHS eJeKTPOCTATUYHA B3aEMOIisa
MiK cycimmiMu mopamu, HOBePXHEBUU MOTEHIiAJ BUXOAWUTH HA HACH-
YeHHd 3 POCTOM pafiroca IIop 7, i IPaKTUYHO He 3aJIeKUTh BiJj MisKIIOpO-
BOi Biggaui (puc. 3, 0).

3HauHNN iHTepec 3 MPAKTHUYHOI TOUKHU 30PY BUKJINKAE TOCTiIKEeHHS
BILIMBY '€OMETPUYHHIX IIapaMeTPiB IIOPYBATOrO IIapy HA 3MiHY eJeKTpPo-
npoBigmocTu IIK, immykoBamy moBepxHeBUM 3apsamoM. IIpoHWKHeHHS
€JIeKTPUYHOTO IIOJSA IIOBEPXHEBOTO 3apAny BriambO HaIiBIIPOBIZHMKA
CIPUUNHSE 3MiHY JIOKAJIbHOI KOHITEHTPAIIil BiTbHUX HOCIiB 3apany i, Ak
HACJiTOK, 3MiHy e(eKTHBHOI eJIeKTPOIIPOBIAHOCTH IOPYBATOTO IIIapy.
Bigaocuy smimy enexktpouposigmoctu IIK mna Bumagky eJIeKTPOHHOTO
THUITY IPOBiTHOCTH B JIIHIiTHOMY 3a IIOTEHITiAJIOM HAOJIMIKEHHI MOKHA 00-
YUCJINTHU 3a POPMYJIIOI0

a_q 2° ["(5) + 1) 7ar + (§(R) + 1) (4F* — n?)
Q, AR — i’

,  (26)

fKa BifITIOBiflae MpUNyIeHHIO, III0 Y YaCTUHAX IapaJeJlellinesia 3 KBaapa-
THOIO OCHOBOIO 2R x 2R, AKi 3HAXOJATHCA 3a MeXaMu IIUIiHApa pajiio-
com R, GesposmipHa KOHIEHTpalid BiJIbHUX Hocii 3apAAy CTaHOBUTH
O(R)+1.

PesynbraTyé unceIbHUX PO3PAXyHKIB /1A BULAIKY |6| = 0,05 nmokasamo
Ha puc. 4. AHajiza ofepKaHuXx Pe3yJabTATiB BKa3ye Ha MOHOTOHHE 36iJb-
IIIeHHS eJIeKTPOIIPOBigHOCTY 3i 301/IbINIeHHAM pajitoca mop 7, mpu (ikco-
BanoMy R , mpuuomy HaiibGijbIlla 3a MOAYJIEM BilHOCHA 3MiHA IIPOBiAHOCTH
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o/, -1 /0, - 1
oo 1 z 0,08
0,06 0,06
0,04 g 004
0,02 0,02
4
0,00 ; ' 0,00
0,2 ! 2 3 4
o R
a 0
2uc. 4. 3anmeKHOCTi BiJHOCHOI 3MiHU eJIeKTPOIIPOBiAHOCTH Bix paxiroca mmop (a)
R 1), R=2 (2) R=5(3), R=10 (4) i Bigmani misx nopamu (6) 7, = 0,2
(1), 7y = 05() 2 =1(3), i, =1,5 (4) npu |5| = 0,05 .*

BiATIOBiZae HeBeMMKill MiXKIOpoBil Bigmami. 30inmblreHHsa R 3yMOBJIIOE
3MEeHIIIeHHSA BILINBY IIOBEPXHEBOIo 3apsaay Ha ejlekTpuuHi mapamerpu I1K.

4. BAICHOBRH

Teoperuuna anairiza eperty moada y IIK 3 muringpudusoo gopmoro mop,
BUKOHAHA B JiHIHOMY HaOIMKeHHi, ITOKas3aJja iCTOTHUII BIJIUB TreoMe-
TPUUHUX IIapaMeTpPiB MATepisay Ha IIPOCTOPOBUII PO3IIOAiJ eIeKTPOoC-
TaTUYHOTO IIOTEHITiATY.

BcramosieHo, IO €JIEeKTPOCTATUYHHUI IIOTEHIIAJI MOHOTOHHO 3MEH-
IIyE€ThCSA He TLIbKHY 3i 30iIbIIIeHHAM BifggaJIi Big moBepxHi mmop, aJje i i3
3MEHIIIeHHAM IXHBOTO pajfifoca. ¥ BUIAAKY, KOJU BiIgab MiK mopaMu
€ mopiBHAHHOIO 3 [[e0aili0BOI0 €KPaHiBHOIO JOBXKUHOIO, e()eKT HOJIA 3Y-
MOBJIIOE€ IIEPEPO3IMOAiJ BiIbHUX HOCIIB 3apsAay y BChbOMY IIOPYBATOMY
mrapi.

Ha ocuoBi anamisu omepsxanux mias IIK samemxmocTeir BCTAaHOBJIEHO,
IIT0 KPMBWHA IIOBEPXHi IOP TAKOK BILIMBAE HA 3HAUYECHHS IIOBEPXHEBOTO
eJeKTPOCTaTUUHOrO moTeHIiaAay Ta IlebaitioBoi eKpaHiBHOI MOBKUHU.
HebaiioBa eKpaHiBHA JOBKMWHA y MOPYBAaTHX HAIIiBIPOBiZHMKAX 3MEH-
HIyeThCs 31 3MEHIIIeHHAM pafifoca mop. AHajiza 3ajeXHOoCTel BimgHOoC-
HOl 3MiHU eaexTponpoBigHocTu IIK Big reoMeTpruHMX mapaMeTpiB II0-
pyBaToro Iapy BUABMJIA, 1110 BIJIUB e(DEKTY I10JIA HAUTIOMITHIIINMN s
3HAYHOI KPUBUHU IIOBEPXHi Ta HeBeJWKOl Bigmanai mixk mopamu. Bu-
BUEHHS 0COOJMBOCTEI IIPOCTOPOBOTO PO3IIOALIY HMOTEHIIIANY V IIOpyBa-
TUX HAMiBIIPOBIZHMKAX MOJKe OyTH BUKOPUCTAHO I IiIBUITEHHS Uy T-
JUBOCTHU Ta CEJIEKTUBHOCTHU T'a30aACOPOIiiHNX CEeHCOPiB PEe3UCTUBHOTO
YUY €MHICHOT'O TUIIiB.
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IlepmronpuHIUIIHE MOEJNIOBAHHSA €JIEKTPOHHUX i MPysKHIX
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IIpoBemeHo MEPIIONPUHIIAIIHNN PO3PAaXYHOK aTOMAPHOI i1 eJIeKTPOHHOI CTPY-
KTYp, a TaKOXK IPY:KHIX BJIACTHUBOCTEN HAAKOMIpKM cHJiIiio 3 64 aTomiB 3a
HAABHOCTY BJACHUX TOUKOBUX Oe(EeKTiB, OCHOBHUX moMmimkoBux atomis (O,
C) ra nerysanmpuux gomimok (N, B, P, As, Al, In). PospaxyHOK IIPOBOAMBCS
METO/I0I0 (PYHKITIOHAJTY TYCTHUHY B y3araJbHEHOMY I'DAJi€eHTHOMY HaOJIM:KeHH1
3a momomoroio maxera mporpam ABINIT. IIpoanasisoBamo 3MillleHHS aTOMiB
Cuinizo HaBKOJIO JOCTII:KEeHUX TOUKOBUX Ae(eKTiB axk A0 9 KoopaumHAIiHOI
cepu BKIIOUHO. OGpaxoBaHO Ta MMPOAHATIIZ30BAHO OCOOJJIMBOCTI 3MiHM PiBHO-
Ba)XHOro 00’eMy Ta Koe(iljieHTa BCeOIYHOTO CTHCHEHHS HAIKOMipKu 3 64
aromiB Si i3 pisHuMum ToukoBuMH AedexTamu. IloxkasaHo, 110 medopMarlris
CTPYKTYPH 3a PAXYHOK TOUYKOBUX Ae(EKTiB MPUBOAUTEL A0 3MEHIIEHHS MOIY-
JIs1 BCeOIiUHOTO CTHMCHEHHSA AJIA BCiX JOCHiMKeHMX BUMAAKiB, KPiM MiiKBYy3JIO-
BuuHOTO OKcureny. IIpeacraBiieHo Ta IIPOAaHAIi30BAHO €JEKTPOHHI CIEKTPU
HaZKOMipOK CHJIiIIif0 3 pi3HUMU TOUKOBUMH AedekTamu. Ilokasamo, 1o Has-
BHICTH BJIACHHX TOUKOBUX Je(eKTiB, a Takoxx Oxcureny ta KapboHy B cui-
il TPpUBOAUTH N0 MOABU BY3bKUX NOMINIKOBUX IiKiB B OKOJi piBHaA Pepwmi,
K1 y BUMAAKy MiKBY3J0BUHHOTO OKCHUI'€HY MOXKYTHh MPUBOAUTH A0 (HOpPMY-
BaHHS MardHeTHUX MOMEHTIB HA JOMIIITKOBMX aTOMAaX.

The first-principle calculation of the atomic and electronic structures as
well as elastic properties of supercell composed of 64 Si atoms with its
intrinsic point defects, the main impurity atoms (O, C) and dopants (N, B,
P, As, Al, In) is presented. The density functional theory with the general
gradient correction using the software package ABINIT is used for numer-
ical calculation. Displacements of silicon atoms around the examined point
defects up to 9 coordination sphere inclusive are analysed. The peculiari-
ties of changes in both the equilibrium volume and the bulk modulus of
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supercell composed of 64 Si atoms and with various point defects are cal-
culated and analysed. As shown, the structure deformation due to point
defects leads to a decrease in the overall compression modulus for all the
studied cases except interstitial oxygen. Electron spectra of silicon with
various point defects are presented and analysed. As shown, the presence
of intrinsic point defects as well as oxygen and carbon in silicon leads to
the appearance of narrow impurity peaks in the vicinity of the Fermi level
that can lead to the formation of magnetic moments on impurity atoms in
the case of interstitial oxygen.

IIpoBenéH MEePBONPUHIINIIHLIN PAcUyET aTOMHOM M 3JEKTPOHHOM CTPYKTYP, a
TaKJKe YIPYTUX CBOMCTB CBEPXBbAUEHKN KpeMHUsS 1u3 64 aTOMOB IIpU HAaJU-
YUU COOCTBEHHBLIX TOUEUHBIX He()eKTOB, OCHOBHBIX IpUMecHBIX aToMmoB (O,
C) u nerupyromux npumeceii (N, B, P, As, Al, In). Pacuér npoBoguicsa me-
TomOM (PYHKIMOHAJa IJOTHOCTA B OOOOIIEHHOM TIpPaZWEHTHOM IIPUOJIMIKe-
HuUu ¢ momoInbio naxkera mporpaMmMm ABINIT. ITpoamaninsupoBaHo cMellleHIe
aTOMOB KPEMHUS BOKDPYT HCCJIEJOBAHHBIX TOUEYHBIX MedeKTOB M0 9 Koop-
IWHAITMOHHOM c(ephbl BKJIIOUYUTEILHO. PaccuumTaHbl M IIPOAHATM3UPOBAHBI
0COOEHHOCTM W3MEHEHUs PABHOBECHOTO 00BEMA M KOI(DOUIMEHTa BCECTO-
POHHEro C:KaTUA CBepXbAUYENKH u3 64 aTOMOB KPEeMHUS C Pa3JINUYHBIMU TO-
yeyHbEIMU gedexramu. Ilokasano, uto gedopmMamus CTPYKTYPHI 3a CUET TO-
YeUHBIX Ae(PEeKTOB HPUBOAUT K YMEHBIIIEHUIO MOAYJS BCECTOPOHHETO CiKa-
TUA AJA BCeX UCCJIETOBAHHBIX CIYyYaeB, KPOMe MEXKIOY3eJILHOTO KHCJIOpOoa.
IIpencraBiaeHbl ¥ OTPOAHATHM3UPOBAHBI 3JIEKTPOHHBIE CIEKTPHI CBEPXBAUECEK
KpeMHHUA ¢ Pa3HBLIMH TOYeUHBIMH nedertamu. IlokasaHo, YTO IPUCYTCTBUE
COOCTBEHHBIX TOUEUHBIX Ae(EKTOB, a TaK/Ke KUCJIOPOJa U YIJIepoJa B KPeM-
HUY TPUBOAUT K TOABJICHUIO Y3KUX IIPUMECHBIX NMHUKOB B 00JIaCTU YPOBHA
depmu, KOTOPBIE B CIyUYae MEXKAOY3€JbHOTO KMUCJIOPOAa MOTYT HIPUBECTH K
¢opMUPOBAaHNIO MATHUTHBIX MOMEHTOB Ha IIPUMECHBIX aTOMAax.

KarouoBi cioBa: KpemHil, TOYKOBI HedexTu, aromMapHa CTPYKTypa, €JIeKT-
POHHA CTPYKTYpa, MOAYJIb BCEOIUHOTO CTUCHEHHS.

Key words: silicon, point defects, atomic structure, electronic structure,
bulk modulus.

KaroueBble cIoBa: KpeMHWI, ToueuHble medeKThI, aTOMHas CTPYKTYypa,
9JIEKTPOHHAS CTPYKTYPa, MOAYJIb BCECTOPOHHEIO CKATUS.

(Ompumano 2 kgimusa 2019 p.)

1. BCTYII

Bimomo, mio egeKTpuuHi Ta MeXaHiYHI BJIACTMBOCTI HAIIiBOPOBimHM-
KOBUX MAaTepidAiB 3HAYHOI MipoI0 BUBHAUAIOTHCA IXHBOIO Ae(DEKTHOIO
CTPYKTYpoI. 30KpeMa, TOUKOBi medexkTH (BiacHI TOUKOBi medeKTu Ta
TOMIIITKOBI aTOMM) BIJIMBAIOThL HAa MeXaHiuHi, ONTWYHI @I eJIeKTPOHHI
XapaKTEepPUCTUKM MOPUJALIB i MalOTh BPaxOBYBAaTHCS BXKe Ha eTali
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iH)KeHEepPHOr0 MPOEKTYBAHHA €JIEKTPOHHUX MaTepidAJiB i mpucTpois
[1, 2].

Ha manwmit momMeHT medeKTH B KPeMHil OiIbBII IIIMPOKO AOCIiIKEHO
3 ypaxXyBaHHAM IXHLOI'O BILIMBY Ha €JIeKTPOHHI BJIACTHBOCTI, Hi)K Ha
MmexaHiuHi. OgHaK, 3 TOABOIO BCe OiJBIN YYTJAMBUX MiKpOeJIeKTpoMe-
XaHIYHUX TPUCTPOIB 3POCTAE BAXKJUBICTHL TOUHMX 3HAHL IIPO MeXaHi-
YHi BJIACTHMBOCTI KOMIIOHEHTHUX MAaTepiAJiB, OCKiJIbKM 3MiHU Mexa-
HIiYHUX BJIACTUBOCTEM MOMKYTBH IOPYINUTU (PYHKI[IOHYBaHHA BHCOKO-
YYTJAUBOTO IIPUCTPOI0. TaKMM UMHOM, CTa€ 3pO3yMiJo, YoMy 3 PO3BHU-
TKOM OOUYMCJIIOBAJIBLHUX METOH i PO3PaXyHKOBUX MOKJIMBOCTEH yBara
JOCJHIJHUKIB IIE€PiOAUUYHO IIOBEPTAETHCA OO BCEOIUHOTrO BMBUEHHS CTa-
HY (aTOMOBOTO, IIPY:XHBOT'O, MAaTrHETHOTO, EJEeKTPOHHOTO) TOUYKOBUX
IedeKTiB KpeMHil0 Ta IXHBOTO BILIUBY Ha (DidWUHi BJIACTHMBOCTI KpeM-
HiloBUX MaTepiAgiB, 30KpeMa Ha NPYKHi BJIACTUBOCTL Ae(deKTHOTO
KpeMHilo.

Ham BimoMo Juilie KinbKa TeOpeTUUYHUX PoOGIT 3 HOCTim:KeHHS
BILIUBY Ae(deKTiB Ha IIPY:KHI BJIAaCTUBOCTI KPEMHiI0, B OCHOBi AKUX
JIEKUTh MeToJa MOJEKyaapHoi auHaMmiku [2—4]. OckKinbKu pesyJsbTa-
TH PO3PaxXyHKIB JaHOIO METOMIOI0 iCTOTHO 3aJiesKaTh Bif BuOOpPY IIOTe-
HIiAJYy B3aeMOJil, BUCHOBKY IT[OJ0 BILIMBY Ae(EKTIiB Ha NMPY:KHI BJa-
CTUBOCTi KpPEeMHil0 B JaHMX pPo0OOTaxX BUABUJINUCS HEI0 CYIepeuInBIU-
mu. Tak, aBTopu po6oTu [3] 3poduaM BUCHOBOK, ITTO i BakaHcii, i mi-
JKBYBJIOBUHHI aToMm 30iJIBIIYIOTH NPYKHI KOHCTaHTHM KpeMmHiio. Ha
IIPOTHUBATY IILOMY, B po0oTi [4] OyJyio moKasaHo, 110 AedeKTH BCix Tu-
miB, AK i30Jb0BaHi TOUKOBI medexTu (Baxamcii Ta BTijeHI ZOMIITKOBi
aToMu), TaK i KoMILIeKcu nedeKTiB, BUKJIUKAIOTh 3MEHIIIEHHA MOMIY-
asg IOHra Kpemuiio, a OpyKHi KOHCTAHTH 3MIiHIOIOTBCA 3aJIEXKHO Bin
KOHIIeHTpaIlil gedekTiB Mai:Ke JIiHIAHO 3a KOHIIEHTpaIiii medekTiB
1o 0,3%.

Came TOMy MeTOIO0 AaHOi pob6oTu OyJa0 BCTAHOBUTU OCOOJIMBOCTIL
eJeKTPOHHUX CIIEKTPiB Ta aTOMHOT'O CTAHY BJIACHUX TOUYKOBUX HAede-
KTiB (BakaHCii Ta MiKBY3JIOBUHHUX AaTOMiB), JOMIIITKOBUX aTOMiB
Oxkcureny ta Kapbony, AKi € JOMiHyBAJILHUMUH TOUKOBUMHU IedeKTa-
MU B MOHOKPHCTAJaX KPEMHiI0, a TaKOK OCHOBHUX JIEI'YBAJIBLHUX [IO-
mimmok (N, B, P, As, Al, In) Ta mpoananisyBaTu ixHi#i BIJIMB Ha
IPY:KHi BJIACTUBOCTI Ne)eKTHOTO KPeMHiro.

2. PE3YJIBTATH PO3PAXYHKIB TA iX OBI'OBOPEHHA

Hns 3’AcyBaHHA €JEeKTPOHHOTO Ta KPUCTAJNIUHOTO CTaHy KPEMHiio 3
TOUKOBUMHU HAedeKTamu (BracHUMHU AedeKTaMHU, AOMIIITKOBUMHU aTo-
mamu Oxcureny i KapOboHy Ta OCHOBHUX JieI'yBaJbHHX IOMIIIIOK) Ha-
Mu OyJ0 IIPOBEAEeHO MOJEJIIOBAHHSA CTaHy €eJeKTPOHHOI IimcucreMu
HaAKOMIpKU KpeMHiio 3 64 aToMiB MeTOm0I0 (YHKI[IOHANY TYCTUHU B
ysarajJbHeHOMY I'paJicHTHOMY HaOJIM:KeHHi [5] 3a momomoroio makera



532 I. B. IUTIOIIAT, T. B. TOPKABEHKO, T. JI. ITAPETPAIICBKA, O. I. IJIIOIITAN

mporpam ABINIT [6]. Homimku Oxcureny ta Kapbony posraamganucs
B CTaHi BTiJleHHA y TeTpaeApuuHiit mopi. Homimiku, AKi 3BUUYaiHO
BUKOPHCTOBYIOThCA IJs JieryBanusa Kpemuimo (N, B, P, As, Al, In),
posraamannucsa B CTaHi 3amiineHHsa. Po3aMipyu HagKOMiIpKH CTAaHOBUJIN
mpubausso 1,3 HM®; oTiKe, BiAIOBiZHA KOHIEHTpaIid AoMimok OyJa
= 7-10* cm %,

g xoxHOI HagKOMipKY OYB IIPOBEIEHUN «UHCJIOBUUM Bimmaja» mo-
JoxKeHb atomiB Cuiilliro HaBKOJO TOUYKOBOTO JedeKTy, ToOTO OyJo
po3paxoBaHO AedopmMaIriio KpUCTAJIYHOI I'PATHUIIL HABKOJIO JOMIIIKMH.
ITonoxxenua artomiB Cuiimiio HaBKOJO TOUKOBOTO MedeKTy 3MiHIOBA-
JUCH Y BIAIIOBiAHOCTI 3 cujaMu, PO3PaXxOBaHUMU 3 MEePHINX IIPUHIU-
miB. AJTr'OPUTM «YHCJIOBOIO Bigmamy» OyJo meTalbHO OIIMcaHo B [7].

Ha pucyuky 1 mpexacTaBieHo BUTJIAL HagkoMipku Sig,O, Aka wmic-
TuTh 64 aromu Si Ta BrineHuii arom OKCUI'€eHY B TeTpaeIpUUHiil mopi
B3m0B:K HampaMmkKiB <100> i <110>. Bamos:x HanpamiKy <110> aTomu
IiAMaHTOIOAiOHOI I'PATHUIII KPEMHiI0 YTBOPIOIOTH KaHAaJU AisgMETPOM
mpubausuo y 0,3 HM, AKi, 30KpeMa, BUKOPUCTOBYIOTHCA AJSA iMIIJIaH-
rarii pisHoMaHiTHUX ITOHIB ryIMO0KO B MimmeHb Si. IIpexcraBieno Bu-
VIR HaJKOMIpKM BiKe IicJf «4YHCJIOBOTO Bifnanly» IIOJOMKEHb aTo-
MiB; OT:Ke, Ha pHc. 1 MOXKHA CIIOCTepiraTh HeBeJWUYKi 3MilleHHs
aromiB Cuiiniro HaBKoJio BrimeHoro aroma Oxcuremy. Tax, atomm
Cuiimito mepimmoi KoopamHaIliiiHoOi cdepr HABKOJO Mi’KBY3JOBUHHOTO
O smimyrorsea o goMmimkosoro aroma Ha 6,2% (puc. 1); a aromu Si
3 IPyroi Ta TPeThOi KOOpAMHAIINHUX c(ep, HaBIaKHU, 3MIIyIOThCA
Bix momimkoBoro atoma Ha 3,1% Ta 0,9% BigmosimHo. 3MileHHA
aTOMiB HACTYHOHUX KOOPAWHAIIMHUX cdep (BChOTo HaIlla HaIKOMipKa
MiCTUTL aToMH A0 9 KooOpAMHAIINHOI cepu BKJIIOUYHO) € He3HAUHUMU
i sracaroTh Mo Mipi BigmameHHA Big moMmimmKoBoro aroma. Burpar
eHeprii eJleKTPOHHOI IIiicucTeMN HAAKOMIPKU 3a PaXYHOK peJiakcariil
aTOMOBUX WO3UIIili HaBKOJO BriseHoro Oxcureny craHoButs 0,2 eB
(7-107° raprpi).

Hns Brinenoro aroma KapOoHY TaKOK CIIOCTEPIraeThbCcs 3MEHITIEHHS
Bigmasent mixk aromamu Cuiiifito, 1o GOpMyIOTh BiATIOBimZHY TeTpaen-
pUUYHY TIOpPY, aje Ha MEHIIY BeJWUYUHYy — IpubausHo Ha 3,9%. k-
110 K y TeTpaefpUUHy IIOPY BTiIuTH momaTKoBuii atom Curimiio, To,
HaBIAaK", CIOCTEpPiraeTbcsa 30iJMbINEHHSA JiHIAHUX PO3MIipiB Iiei mopu
mpubausHo Ha 5% .

[1a BU3HAUEHHSA MEXAaHIUHMX XapaKTEePUCTUK HAIKOMIpKU KpeM-
Hil0 i3 ToukoBuUMU HOedeKTamu (BaacHuuMmMu Aedertamu, OrkcureHom i
Kapbonom) HamMu OyJi0 IpPOBEAEHO CUCTEMATWYHI PO3PAXYHKU CTAHY
€JIEKTPOHHOI IIiIcCCTEeMN HAIKOMipOK KPEMHiI0 3 TOUKOBUMU JedeK-
ramu (Sig,O — i3 Brimenum aromom OKcureny, SizV,. — i3 Bakamciero,
Sig,C — is Brinmenum aromom KapOony, Sig,Si — i3 MisKBY3JI0BUHHUM
aromoMm Cuiiio) mpu i30TPOMHOMY CTHCHEHHI Ta PO3TATHEHHI iX. K
BUIHO 3 PHC. 2, PO3PAXOBAHUN 3 MEPIINX IPUHIUIIIB THUCK IPU I[LOMY
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a 0

Puc. 1. Hagrkomipka 3 64 atomiB Si (MaJieHbKi KyJbKH) i3 BTiJIeHUM y TeT-
paenpuuny nmopy OKcureHoMm (BeJuKa KyJabKa); BUTJIAJL B3IOBMK HaANPAMKIB
<100> (a) Ta <110> (6).}

Puc. 2. 3miHa TUCKY Ipu BCEOIYHOMY CTHCKY/PO3TATY HAZKOMIPOK KPEMHiI0
3 ToukoBuMu gedertamu (Sig,O — i3 Brimenum atromom Oxcureny, SigV,. —
i3 Baxanciemw, Sig,C — i3 Brimenum aromom Kapbory, Sig,Si — mikBy3I0-
BuHHUM aTomoM Cmiimiro) ta Kpucraniugoro Si.?

3MIiHIOETBCA JIHIAHO, M0 Ja€ MOXKJINBICTH BU3HAUUTH MOAYJb BCceOiu-
HOTO cTHCHEeHHA 3a (opmyaoo B=-V(dP/dV). 3a niniiiHoo ampoxcu-
MAaIli€lo 3aJIe;KHOCTU TUCKY Bix 00’emy Hamkomipxu (puc. 2) 0yao oge-
piKaHO 3HAUEHHS PiBHOBAsKHOTO 00’€My HAAKOMIpPOK i Momyisa BceGiu-
HOTO CTHCHEHHs B, AKUX IIpeacTaBiieHo B Ta0i. 1.

Caim sasHauuTH, IO ONep:KaHWil HaMHU 3a pe3yJbTaTaMU IepPIIOoIl-
PUHIIMIIHUX PO3PaxyHKiB KoedillieHT BCeGIYHOTO CTHUCHEHHSA [IJIs
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TABJINIIA 1. PiuoBaxkuuii 06’em V,,; i momynb BcebiuHOTO cTHMCHEeHHA B
HaJKOMipOK KpeMHiio 3 ToukoBuMU nedexrtamu (Sig,0O — i3 Brinmenmm arto-
mom Oxcureny, SigV,. — i3 Bakanciero, Sig,C — i3 Brinenmm aromom Kap-
6ony, SigSi — iz mimkBysmoBuEHUM aromom Cuiiimiro) Ta Kpucramiugoro Si.?

Cxiazm HaZKOMipKHu I V(P =0), Bop® | B+ AB, I'Tla
Siy,0 8508 99,5+ 0,5
SigsV,. 8621 88,4+0,5
Siy,C 8693 94,6+ 0,5
Si 8723 95,0+0,1
Sig,Si 8777 92,5+ 0,5

Puc. 3. Enepreruuna 3ajie;KHICTh T'YCTUHU €JIEKTPOHHUX CTAHIiB HAAKOMipKHU
i3 64 aromiB Cwmiimito, 1o MicTuTh MisKBy3noBuUHHUI aToMm KapboHy y Ter-
paegpuuHiit mopi.t

KpHucTaJiuHoro KpemHio cranoBuTh 95,0 I'lla i € mermo meHInuM Bin
eKCIIepIMeHTaJIbHO BuU3HaueHoro sHauenua 97,6 I'lla [8]. Hamy pixk-
HUITI0O MOYKHA TOSCHUTU THUM, III0 HAIl YUCJIOBUM €KCIEPUMEHT IIPO-
BOAUBCA 0e3 BpaxXyBaHHA BILJIMBY TEMIIEPATYPHUX UMHHUKIB.

fAx BummO 3 Taba. 1, BriseHi (y Terpaenpuuny nopy) aromu C ta Si
HECWJIbHO BILJIMBAIOTh Ha PiBHOBaKHUI 00’€éM HaIKOMipKu Ta Ha KO-
edimieHT BcebiuHOrO cTHCHEHHsS. MU IMMOACHIOEMO Iieii (pakT HasIBHiC-
TIO Yy OiAMaHTOHOAiOHi# CTPYKTYpi KpeMmMHit0 mop (KaHamiB), AKi Mo-
JKYTh BMIiCTUTH BHUINle3a3HaUYeHi aTtomMm 0e3 3HauHUX mgedopmartiit
cTpykTypu (puc. 1, 6), ajie i3 3MiHOIO eJIeKTPOHHUX CIEKTPiB.

Ha pucyukax 3 Ta 4 mpeAcTaB/IeHO eHEPreTHUUYHY 3aje:KHiCTh Tyc-
TUHU eJeKTPOHHUX CTaHiB HaZKOMipokK iz 64 aromiB Si, mo micTATh
MixkBy3aoBuHHHII atrom Kapbory abo Cuiimiio y TeTpaeapuuHiii mopi.
PiBenp @epmi TyT i gasi mosHaueHO BepTUKAJIBLHOIO JiHiero. Bupho,
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Puc. 4. EHepreTruHa 3aJIe;KHICTh T'YCTHMHU €JEKTPOHHUX CTaHIB HaZKOMIipKU i3
64 aromiB Cuiirito, 1[0 MicTUTL MiXKBYy3J0BUHHMIU aToM Cuiiliro y TeTpaenpu-
uHi nopi.’

Puc. 5. Eneprerununa 3aje’KHICTh T'YCTUHU €JEeKTPOHHUX CTAHIB HaJKOMipKM
iz 64 aTomiB Cmuirmito, o MicTuTh Bakancio.®

110 BTijIeHi y TeTpaempuuny mopy momimmkoBi aromu C a6o atommu Si
He NPUBOAATH [0 3HAUYHOI I1epedymoBM €JeKTPOHHMUX CIEKTPiB B IIi-
JoMy, a juilie 10 (JOPMYBAHHS BY3bKHX MOMIIIIKOBUX MiKiB Oilg mHa
30HHN IIPOBIMHOCTH i3 HMOTPAILIAHHAM PiBHS PepMmi B 10 06JaCTh, IO
Io0pe y3TOMKYEThCA 3 OJlep:KaHUMMHU paHimie manumu [9, 10].
HaspricTs BakaHcil B CKJaAi HAZKOMIPKM 3aKOHOMIPHO 3MEHIITYE
AK PiBHOBAXKHUI 00’€M HAIKOMipKHM, Tak i KoediiieHT BcebiuHOoro
ctucHenHudA (Tabs. 1). OcTanHe, HA HaIy OIYMKY, BiZOyBaeTbcs 3a pa-
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XYVHOK JIeSIKOTO «OCJa0JeHHA» KOBAJEHTHOI CTPYKTYPH — BUJIYUYEHHS
KimTbKOX KoOBaJeHTHUX 3aB’a3KiB. Taxko:k cmocrepiraeTbcsi 3HauHaA
3MiHa eJeKTPOHHUX CHEKTPiB i3 IIOABOIO cepii JoAaTKOBUX IIiKiB B
obmacTi 3abopoHenoi 30Hu (puc. 5). OCKinIbKU mMOIepeqHbO IPOBOIUB-
Ccs «YHCJOBUM Bigmaji» MHOJIOMKEHL aTOMiB HAaJIKOMIpPKH i3 BaKamHCci€lo,
TO I[IIKOM 3aKOHOMipHO, IIf0 piBeHh Pepmi morpamase B 00JacTh Mi-
HIMyMYy €JIeKTPOHHOI T'YCTHMHH, IO BiAIIOBiZae 3MEHIIEHHIO eHeprii
€JIEKTPOHHOI ITifiCuCTEeMH.

IlikxaBy moOBemiHKY JEMOHCTPYE HAAKOMipKa, IO MIiCTHUTH BTiJIEHUM
arom Oxcuremy (ta6s. 1). PiBHoBasKkHUIT 00’eM Takoi HaIKOMipKM BHU-
ABUBCS HAaBITh MEHIINM, HiK I HaJIKOMIpKM i3 BaKaHCi€o, B TOH
yac K KoedillieHT BceOiuHOro CTUCHEHHS IIOMITHO BUIIUM, HijK Y BCix
iHmmx pociuimskenux Bunanskax. OCKLIBKY JOCIHIIMKEHHS KOJUBHHUX
mopn [11] mokasyioTh, 110 Brisenuit OxcureH y KpeMmuii ¢opmye mces-
momosiekyny Si—O—Si, To Mu mOB’A3YEMO TaKy «HE3BUUYAMHY» IIOBEIi-
HKY i3 (popMyBaHHAM IOJATKOBUX KOBAJEHTHUX 3B A3KiB, 110 «cTabi-
JiBYIOTh» CTPYKTYPY.

Ha pucymky 6 mOpeacTaBieHO eHEPTeTUYHY B3aJIe’KHiCTh TI'yCTUHU
eJeKTPOHHUX cTauiB n(E) magxomipku Si 3 64 aTomis, III0 MicTUTBL
oouH MixkBysnoBuHHHII atrom O y TeTpaempuuniii mopi. B mimomy,
oIep:;KaHUIl eJeKTPOHHUII CIeKTep BiAIOBimae cIeKTpy uuctoro Si.
€nuHoI0 AKicHOI BiAMiHHiCTIO € GOPMYBaHHS BY3bKOT'O AOJATKOBOTO
mika B 3a00poHeHi#l B30HI 0e3mocepegHBO HaA BAaJIEHTHOIO 30HOIO.
IIpunIIUIIOBUM € Te, IO HOMIINTKOBa Hif30HA eJeKTpoHHUuX cTaHiB O B
Mi}KBY3JIOBUHHOMY CTaHi € Ay:Ke BY3bKOMO (IIJIACKOI0O) Ta YaCTKOBO
3amoBHeHO. OcTaHHE MOKe IPUBOAUTU M0 BUHUKHEHHS 30HHOTO Ma-
THETUBMY, SK Ile Bifi0yBaeTbcsa B rpadiToBux cTpykrypax [12]. Buxo-
naum 3i CroHepoBoro Kputepito [13], MarHeTHi MOMEHTH MOMKYTH (o-
pMyBaTuCSa TOMi, KOJU € YacTKOBO 3allOBHEHOK BY3bKa JOMIiNTKOBa
30Ha (acoliroeThbeca 3 obipBaHMMU 3B’sA3KamMu). TaKuM UYMHOM, IIPOBe-
IeHi po3paxyHKU eJeKTPOHHMX CIEeKTPIiB CBigUaTh IIPO MOMKJIUBICTH
dopMyBaHHA MarHeTHHX MOMEHTIB Ha BTiJIeHUX Yy TeTpaeqpuUuHy IIO-
py B KpemHii gomimkoBux aromax Oxcureny [9, 10].

Takox HaMu OyJI0 IIPOBEAEHO CUCTEMATUYHI ITePIMOIPUHIIAIIHI PO3-
PaxyHKM CTaHy eJeKTPOHHOI MmiAcucTeMU HAAKOMIpOK i3 64 aromis
Cunimito 3 TunoBuMm JeryBaabHuMu gomimkamu (N, B, P, As, Al,
In), 10 BUKOPUCTOBYIOTHCA IJIA (DOPMYyBaHHA HAIiBIPOBIAHUKIB n- Ta
p-TUIly Ha OCHOBi KpeMHito. JoMilIKu npu IIbOMY 3HAXOAUJIUCSA B IIO-
JOKeHHI s3aMilleHHsaA i KOHIIeHTpAIlid iX, TaKMM UYHWHOM, CTAaHOBIJIA
mpubansao 1,5% (7-10%° cm™®), mjo sBUUaiiHO [eIo BUIe TUIIOBUX
3HAUEHb HAaBITh MJIA CUJIBHOJEIOBAHWX HAIIIBOPOBIAHUKIB, i cuim oui-
KyBaTu, IO IIPW TaKii BUCOKi#l KOHIIEHTpAI[il JOMIiIITOK HamiBIIPOBif-
HUK OyIe BUPOMKEeHIM.

Ax BugHO 3 puc. 7, po3paxoBaHUIl 3 MEePIINX NPUHIIUIIIB TUCK IPU
i30TPOITHOMY CTHUCKY Ta PO3TATY HaJKOMipokK SigA (me A — Jerysa-
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Puc. 6. EHepreTryHa 3aJIe}KHICTh I'YyCTHHU €JE€KTPOHHUX CTAaHIB HAJKOMipKHU
iz 64 aromis Cwuiimiio, 110 MicTHUTEL MiKBYy3JO0BUHHUNA aToM OKCUIEHY y TeT-
paenpuuHiii mopi.’
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Puc. 7. 3mina Tucky mpum BceOiYHOMY CTHUCKY/PO3TATY HAAKOMiIPOK KPEMHIii0
3 TOUKOBUMU AedeKTaMu 3amiiieHHA Sigd (me A — N, B, P, As, Al a6o In)
Ta KpucTaiiugoro Si.?

JbHA OOMIIIIKA) 3MiHIOETbCA JiHillHO, [0 JA€ MOXKJINUBICTL BUBHAUUTHU
MOJIYJb BcebiuHOTro cTHCHEHHs. B Tabuauili 2 mpeacTaBieHO 3HAUYECHHS
piBHOBaskHOTO 06’eMy V., HAZKOMIpOK KpeMHil0 3 pisHMMHU Jerysa-
JbHUMHU TOMIIIIKAMM Ta MOIYJiA BCeOiUHOro CTHCHEHHs B, omep:kaHi
3a JIiHiIHHOI0O ampoKcHUMAIli€l0 3aje:KHOoCTH (puc. 7) THCKY Bim 00’emy
HaJKOMipOK.

IIpoBemeHe HaMM MHEPIIONPUHIINIIHE MOIEIIOBAHHA IMIOKA3aJI0, IO
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piBHOBa:KHMIT 00’eM HaZKOMipoK SigA (me A — JeryBajbHa AOMIITIKA)
3aKOHOMIpHO 30iJIbIIYeThCSA 31 30iJbIIIeHHAM KOBAJEHTHOIO pafiroca
JeryBayibHOlI momimiku. KoBaseHTHI papmifocu JeryBaJbHHX aTOMiB i
aroma Cwmiirmito, 110 BiAIOBiZAIOTH TPUILIETHOMY 3B A3KY [14], TaKoxk
IIpeAcTaBJIeHO B Ta0J. 2.

JetanbHa aHaJi3a 3MiH po3TalllyBaHHA aTOMiB HABKOJIO JIeTI'yBaJIbHOI
OOMIIITKM, Oep:KaHNX 3 MePIINX HPUHINIIB, IIoKasaja, I0, HaIIPH-
KJIaJ, MidKaToMoBa BigmaJyb «JIer'yBaJIbHUI aToM B—HalOJIMKUNii aToM
Si» mpubsamsuo Ha 11% wmenma, HiXK MixaromoBa Bigganp Si—Si y
HagxoMmipri SigB. Bigganb mo Apyrux cycimiB Jer'yBajbHOI JOMIITKU
Bopy sMeHIIIyeTbCA MiCas «YMCJIOBOTO Bimmany» Bcboro Ha 2% . Bigmo-
BigHO, IJIS Jer'yBaJIbHOI JHOMIIIKM i3 HAMOIJIBIINM KOBaJEHTHUM pPaji-
I0COM, HaBIaKH, CIOCTepiraeThbca MixkaTomoBa Bigmaab In—Si, Ginbina

TABJIMIISA 2. KoBasenTHU#l pagiroc, piBHOBakHUHA 00’eMm V,,, i Moxysb Bce-
6iuHOro crucHeHHa B HagKoOMipok KpeMHio Sig;A 3 ToukoBuUMU AedeKTaMu
samimenna (e A — N, B, P, As, Al, In) Ta kpucramigzoro Si.°

Crnan flebexr | p Bop | V(P =0), Bop® [Tun| B+ AB, I'la
HaIKOMipKu | samimenusa
SN N 1,02 8470 7 94,4%0,6
SigB B 1,37 8598 p 91,4+0,6
Sig,P P 1,77 8686 n o 93,1+0,5
si si 1,92 8723 —  950+0,1
SigsAs As 2,00 8730 n 91,1+0,4
SigAl Al 2,09 8761 p 91,2+0,4
SigIn In 2,75 8808 p  9L,1+0,5
2000+
3 Si, As E|
E}
2 15001
[=]
k9
.
=)
E 1000 1
i)
s
T
:
2 500
)
: /
0 T T T T T T
—0,2 -0,1 0,0 0,1 0,2 03

E, Xaprpi

Puc. 8. EEepreTnuna 3aje:XHIiCTb I'yCTUHHU eJIeKTPOHHUX CTAHIB HATKOMipKuU
SigsAs i3 nerysanbEuM aToMoM As y crani samimenms.'’
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Puc. 9. EnepreTuuna 3ajie;KHIiCTh T'YCTUHU €JeKTPOHHUX CTAHIiB HAZKOMipKHU
SigIn i3 nerysansaum aromoM In y crami samimenns.!!

npubausuo Ha 8% y MOpiBHAHHI i3 MiMKaTOMOBOIO Bimmasrio Si—Si mi-
CJIA «YMCJIOBOTO Bimanmy» HaZKOMipKuU Sigln.

Ax BugHo 3 Tabm. 2, 3amiHa ommoro aroma Cuiimiro HagKoOMipKu
Sig, Ha JeryBajJbHy IOMIINIKY OPUBOAUTHL A0 3MEHIIIEHHA MOIYJS BCe-
O0iuHoro ctucHeHHs. MU IOACHIOEMO ITeil ()aKT TUM, IO HABiTHL Bix-
HOCHO HeBeqmkKa AedopMallid HiAMaHTOIOMiIOHOI CTPYKTYPHU KPEMHiio
MIPUBOIUTEL IO 3MEHIIEeHHS CTYIIeHS MePeKPUTTA TiOpuaAm30BaHUX Op-
OiTaseir, 110 GOPMYIOTh KOBaJIEHTHUI 3B A30K, a OTKe, OO0 3MEHIIIeH-
HS «KOPCTKOCTH KapKacy» aToMapHOi cTpyKTypu. Ocob0JIuBO ACKPABO
e NPOABJIAETHCA [AJA HAIIBIPOBIAHUKIB p-TUNY, KOJU [IOJaBaHHSA
TPUBAJEHTHOI JOMIIIIKKM BUJIYYa€ OAWH i3 KOBAJEHTHUX B’SA3KiB, IO
3aKOHOMIipHO 3MEHIIIy€ MOAYJb BCEOIUHOTO CTUCHEHHS, IIOAIOHO 1O
TOT0, AK II€ CIIOCTEPIiraeThCcsa /s HAAKOMIPKH i3 BaKaHCi€lo.

Opnep:xkaHi HAMU €JI€KTPOHHI CIEKTPU AJA HAZKOMipokK Sigd (me A
— Jler'yBaJIbHA JOMIINIKA), AK IIe I 0YiKyBaJioCh, € TUIIOBUMU OJIA BU-
POIKEeHNX HaAOiBOPOBIZHUWKIB. K mpuKIam TUIOBOTO eJIeKTPOHHOTO
CIIEKTPY BUPOAKEHOT0 HAIIiBIPOBiIHWKA n-TUIy, Ha pHUC. 8 IpeiacTa-
BJIEHO CIIEKTEep HAAKOMIpKM SigAs, a IPUKJIAA BUPOAMKEHOT'0 HAaIiBII-
POBiIHUKA p-TUITy — eJeKTPOHHUM CIEeKTep HaAKOMipKu Sigln (puc.
9). Cmocrepiraerbcss posTalryBaHHA piBHA Pepwmi (IIo3HaUeHOrO Bep-
TUKAJBHOIO JIiHi€eI0) GesmocepeHbO HAL JHOM 30HU HPOBimTHOCTH I
HaAIIiBIPOBIAHMKIB n-TUNY Ta MijJ] BEPIIINHOIO BaJeHTHOI 30HU AJIA Ha-
iBIPOBIAHUKIB p-TUIY.

3. BUCHOBRH

IIpoBeneHuit «4umcaOBUII Bifmasi» BHYTPIIIHIX HaOpy:KeHb HABKOJIO
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IOMIITKOBUX aToMiB (Mi:kBysmoBuHHuUX Cuiimnito, Okcuremy ta Kap6o-
HY, a TaK0K OCHOBHUX JIeTyBAJbHUX JOMIIIIOK) Y KpeMHil mokasas, II0
GaKTUUHO CIIOCTEPIraroThCsa B3MIIeHHA MTOoJIOMKeHb artomiB Cuiilriro
TiILKY IEPIIOol KOOPAUHAIIIHOI c)epr HaBKOJO AOMIIIIKOBOIO aToMa i
He Oiybine, ik Ha 11%.

B xoni mpoBeleHUX MEPHIONPUHITUITHUX PO3PaxyHKIiB BCTaHOBJIEHO,
K 3MiHIOIOTBCS €JEeKTPOHHI CIIeKTPU, PiBHOBAKHUU 00’eM i Koedilri-
€HT BCeOIYHOTO CTHCHEHHA HaAKoMipku 3 64 aromiB Si iz pismumu
ToukoBuMu nmedexramu. Takr, mixkBysmoBuHHI aTromu C Tta Si (y Ter-
paenpuuHiii mopi) He CMJILHO BIJIMBAIOTL HA PiBHOBasKHUII 00’eM i Ha
Koe(ilieHT BceOiuHOTO CTHCHEHHSA HAZKOMIipKM Si, OCKiJIBKM JiAMaH-
TOIOMiOHA CTPYKTYpa KpeMHil0 MicTuTh mopu (KaHaaum), AKI MOMKYTb
BMicTUTH BUIIle3a3HaueHi aToMu 0e3 3HAUHHX AedopMalliii CTPYKTY-
pu. HaaBHicTh HesHauHOl medopMaiiii aToMapHOI CTPYKTypu 3MeEH-
IIy€ CTYIIiHL HePeKPUTTS eJeKTPOHHUX opbiTajeil i IPUBOIUTL M0
He3HaUHOTO 3MEHINeHHSA KoedimienTa BcebiuHoro crucHeHHs. Hasas-
HicThb Bakamcii y cKJami HaaxoMipku Si 3aKOHOMipHO 3MEHIIIYE K
piBHOBasKHUI 00°eM HAAKOMIpKU, TaK i KoedimieHT BcebiuHOrO CTHC-
HeHHs, IO MOKe OyTH HOSCHEeHO BUJIYUEHHAM JIedKuX 3aB’A3KiB Ko-
BaJIEHTHOI CTPYKTypu. IIpoTune:xkuuii epeKT CTBOPIOE Mi’KBY3JIOBUH-
Huit arom O (y TeTpaeApUUHill MOPi), AKUH IPUBOIUTEL O 3MEHIIIEHHA
piBHOBasKHOTO 06’€My HAZKOMIpKH Si Ta 10 3HAYHOIO 3POCTAHHA KO-
edimienTa BCceOGIUHOTO CTHCHEHHS, IO MOXKe OyTH MHOSICHEHO (opmy-
BaHHAM IceBIoMoJieKyan Si—0—Si.

TaKo:X IMOKas3aHo, IO PiBHOBaKHUN 00’€M HAAKOMIpOK SigA (me A
— JeryBajibHa IOMIIIIKA) 3aKOHOMIpHO 30iJdbITyeThcA 3i 30iabIeH-
HAM KOBAJEHTHOTO pajifoca Jier'yBaJibHOI momimnikm. HaaBHicTh Jsery-
BaJbHUX MOMIIIIOK Y HaAKOMipIli Sig, OPUBOAUTH MO 3SMEHIIIEHHSI MO-
IyJis BCeOIUHOTO CTHCHEHHS, IO TAKOXK MOYKHA ITOSACHUTU 3MEHIIIeH-
HAM <«KOPCTKOCTH KapKacy» KOBAJEHTHOI MiAMaHTOIOAIOHOI CTpyK-
TYypHu KpeMHiio uepes medopMaiiiio.

IIpoBeseHe MHepIIONPUHINIHE MOAEJTIOBAHHA €JIeKTPOHHUX CIIEKT-
piB ToukoBUX nmedeKTiB (BmacHux nedekTiB, Oxkcureny ta Kapbony) B
KpeMHil BUSABUJIO MOSABY BY3bKUX JOMIINIKOBUX IIiKiB, AKi y BUIAJIKY
Mi}XBY3JOBUHHOTO OKCHUT'€HYy MOKYTh IPUBOAUTHA MO0 (QOPMYyBaHHS
MarHeTHUX MOMEHTIB Ha JOMIIIIKOBUX aToMax. B Toli ke uac eJIeKT-
POHHI crIeKTpu HagKOMipok SigA (e A — JgeryBajbHa JOMIIIKa) Ipu
IaHili KOHIIeHTpaIlii JeryBaJbHUX AOMIIIOK € TUIIOBUMHU MAJIsI BUPO-
IKEeHUX HalliBIIPOBiIAHUKIB.
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! Fig. 1. Supercell of 64 Si atoms (small balls) with an oxygen embedded in a tetrahedral pore
(large ball); view along directions <100> (a) and <110> (6).

2 Fig. 2. Change of pressure in silicon supercells with point defects (Sig;O—interstitial oxy-
gen; SigV,.—vacancy; SigsC—interstitial carbon; Sig,Si—interstitial silicon) and in crystalline
Si at their isotropic compression and stretching.

3 TABLE 1. Equilibrium volume and bulk modulus of silicon supercells with point defects
(SigsO—interstitial oxygen atom; SigV,.—vacancy; Sig,C—interstitial carbon atom; SigSi—
interstitial silicon atom) and crystalline Si.

4 Fig. 3. The energy dependence of the electron density of states of 64 silicon-atoms’ supercell
containing an interstitial carbon atom in a tetrahedral pore.
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® Fig. 4. The energy dependence of the electron density of states of 64 silicon-atoms’ supercell
containing an interstitial silicon atom in a tetrahedral pore.

5 Fig. 5. The energy dependence of the electron density of states of 64 silicon-atoms’ supercell
containing a vacancy.

" Fig. 6. The energy dependence of the electron density of states of 64 silicon-atoms’ supercell
containing an interstitial oxygen atom in a tetrahedral pore.

8 Fig. 7. Change of pressure in silicon supercells Sig;A with substitutional point defects
(where A—N, B, P, As, Al, In) and crystalline Si at their isotropic compression and stretch-
ing.

9 TABLE 2. Covalent radius, equilibrium volume and bulk modulus of silicon supercells SigA
with substitutional point defects (where A—N, B, P, As, Al, In) and crystalline Si.

10 Fig. 8. The energy dependence of the electron density of states of Sig;As supercell with the
doping As atom in the substitutional state.

11 Fig. 9. The energy dependence of the electron density of states of Sig;In supercell with the
doping In atom in the substitutional state.
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IIpumecHble KOHpUTypanuu HA KBaIPaTHON pelIéTKe

A. C. Jlonros
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«XapvKoscKUll ABUAUUOHHBLI UHCMuUumMYym»,
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61070 Xapvros, Ykpauna

PaccmaTpuBaeTca KMHETHKA MUTPAIMM B3aUMOAEHCTBYIOIIUX ATOMOB MOHO-
aTOMHOTO C€JIOA. BBOAATCA COOTHOIIEHUS, YCTAHABJIMBAIOIINE CBASU MEMKIY
BEPOSATHOCTAMHU peajin3allidl BCEBO3MOMKHBIX AaTOMHBIX KoH(puUrypamuii B
mpezesiaXx MOHOCJOA. B paMKax AOMyIIeHUs 0 MaKPOCKOIUYECKOH OJHOPOI-
HOCTH 3aIlOJTHEHUSA CJOS ¥ TePMOAMHAMHUYECKOM DPAaBHOBECUM 3alUCAHBI 00-
e TpaBuja OTHLICKAHUS BEPOATHOCTEH BOSHUKHOBEHUS TeX WJIN WHBIX
pasMellleHWiI Ha NTOBEPXHOCTH. B KauecTBe CIenMaJbLHOTO BapuaHTa pac-
CMOTpPeH cJyydail ciaboii KOppeadalnuyd B ABMIKEHUU pPAa3JINUYHBIX aTOMOB.
M3yueHbl 3aKOHOMEPHOCTU (hOPMUPOBAHUA CTYCTKOB, COCTABJIEHHBIX U3 He-
OOJIBIIIOTO YMCJIa aTOMOB. B ciiyuae MPUTSAKEHUSA MeXKIY aTOMaMMU IIPU HU3-
KOM YpOBHE cCpeAHell IJIOTHOCTM NPeobsafailoT M30JMPOBAHHBIE aTOMBI, a
IIPYU TOBBINIEHUY CTENEeHU 3aIOJIHEHUA OHU YCTYIAIOT MECTO CTyCTKaM, YUC-
JIO KOTOPBIX TIPU AaJbHEHINeM YIJIOTHEeHUN HauWHAEeT CHMKAThCA. OTxesb-
HO 00OCy:KIaeTcd BapmMaHT KOMIIAKTHBIX O00pas3soBaHWU M3 UETHIPEX aTOMOB.
BrisiBiieHa TeHOEeHIUA K IIPUOPUTETHOCTH HauboJiee IJIOTHOTO OTHOCUTE]b-
HOTO pasMeIlleHus aToMOB B crycTKe. OZHAKO IPU TOBBHIINIEHHBIX YPOBHAX
cpenHel TJIOTHOCTY BBITECHEHVE KOMIIAKTHBIX MEJKUX CT'YCTKOB 00Jiee BBI-
Pa'KeHo, HeXKeJil BBITAHYTHIX.

Posrasapgaerbecss KimeTwka wMirparii B3aeEMOOiHHMX aTOMIB MOHOATOMOBOTO
mapy. BBogAThCA CIiBBiAHOIIEHHS, IKi BCTAHOBJIIOIOTH 3B’ A30K MisK MMOBI-
pHOcTAMMK peajizarmii pisHOMaHITHMX aToMapHHX KOHQIrypamiii y merkax
MOHOIIapy. B paMKax HpUIIYIIeHHS IPO MaKPOCKOIIIYHY OOHOPiZHIiCTE 3a-
MOBHEHHA IIapy Ta TePMOAMHAMIUHY PiBHOBAry 3alMcaHO 3araJibHi ITpaBuJja
BiJHAXOMKEeHHA WMOBIipHOCTEH BUHUKHEHHS THUX UM IiHIIUX PO3MIiIlleHb Ha
moBepxHi. B AKOCTi chmemisapbHOTO BapiAHTY PO3TJISHYTO BUIIQAOK CJaa0KOI
KopesdAIii B pyci pisHmx aromiB. BuBueHo 3aKoHOMipHOCTI (hopMyBaHHSA
3TYCTKiB, CKJIaJIeHWX 3 HEBEJHKOTO YNCJIa aTOMiB. ¥ BUIIAAKY HPUTATAHHS
MiK aToMaMm IIpY HU3BKOMY PiBHiI cepeaHBbOl I'yCTHMHHU MepeBaKaioTh i30-
JBbOBaHI aTOMU, a IPU IiABUINEHHI CTyHeHA 3allOBHEHHA BOHU IIOCTYIIAIOTH-
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csd MicIleM B3TryCTKaM, YHCJIO AKHX IIPU IMOJAJIBIIIOMY VIiJbHEHHI HMOYMHAE
moumKyBaTtuca. OKpeMO OOGTrOBOPIOETHCSA BapigHT KOMIAKTHUX YTBOPEHH 3
YOTHUPHOX AaTOMiB. BUABIEHO TeHAEHIII0 OO0 IIPiOPUTETHOCTH HANOIIBIIT
ITiTLHOTO B3a€EMHOT'O PO3MiIlleHHA aTOMiB y 3rycTKy. OmHak mpum migBuiie-
HUX PiBHAX cepedHbOI I'YCTMHH BUTHUCHEHHS KOMIAKTHUX APiOHUX 3TYCTKiB
OiJIBINI BUpasKeHe, HidK BUTATHYTUX.

The kinetics of the migration of interacting atoms of a monoatomic layer is
considered. Relations establishing the relationships between the probabili-
ties or all possible atomic configurations within the monolayer are intro-
duced. Within the assumption of both the macroscopic homogeneity of fill-
ing the layer and the thermodynamic equilibrium, general rules for deter-
mining the probabilities of the occurrence of certain locations on the sur-
face are written. As a special case, the weak correlation in the motion of
various atoms is considered. The regularities of formation of bunches com-
posed of a small number of atoms are studied. In the case of attraction be-
tween atoms at a low level of average density, isolated atoms predominate
and, when the degree of filling increases, they give way towards bunches,
whose number begins to decrease with further compaction. A variant of
compact formations of four atoms is separately discussed. The tendency to
prioritize the densest mutual arrangement of atoms in a bunch is revealed.
However, at elevated levels of density, the displacement of compact small
clumps is more pronounced than that of elongated ones.

KiroueBble ciioBa: MOHOCJION, KHWHETHKA, CTYCTOK, BEPOATHOCTH KOHQPUTYpAa-
.

KarouoBi croBa: MoHOIIIap, KiHeTHUKA, 3TYCTOK, MMOBipHOCTI KoHMIrypariii.

Key words: monolayer, kinetics, bunch, configuration probabilities.

(ITonyueno 28 mapma 2019 2.; nocae dopabomrku — 9 anpens 2019 2.)

1. BBEAEHUE

OpHoll M3 TeHOEHIINMH B M3YUYEHUU CBOMCTB IIOBEPXHOCTU SBJISAETCS
yCUJIeHNe WHTepeca K MHUKPOCKOIIMYECKMM XapaKTepUCTHUKaAM IIo-
BEPXHOCTHOTO MOHOATOMHOTO CJIOS.

BosHuKHOBeHME CBOEOOPA3HBIX ITOBEPXHOCTHBLIX MUKPOCTPYKTYP U3
MIPUMECHBIX U TaKyKe, MOKeT OBIThb, COOCTBEHHBLIX ATOMOB MOIJIOMKKIU
OTJINYAeT u3yuyaeMble OOBEeKTBI OT HEHMCKAKEHHBLIX CTPYKTYp U, B
YACTHOCTH, CO3TAET IIPEAIIOCLIIKM CEJIeKTHBHOIO OTKJINKA HA BHEII-
HUe BO3AeNCTBUA, UTO, B CBOIO ouepelb, BIAMUAET Ha oOIIHe cBOIicTBa
moBepxuocTH [1-3].

Ony6JMKOBaHO HeMajJoe KOJUYECTBO paboT, I'le Ha3BaHHBIE 00OCTO-
ATEeJILCTBA ABJIAIOTCA JUO00 00HEKTOM OCHOBHOTO BHUMAHUS MCCJIENO-
BaTesel, aub0 OIpPeNeTEHHBIM acleKTOM OJIM3KOM mpobJsieMbl (HAIpu-
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mep, [4-8]).

B Hacrogmieir paboTe B paMKax HEKOTOPOI YIIPOIIEHHON CXEeMBbI
UIMYTCA BEPOATHOCTU pPeaNu3alluy PasJIuUYHBIX MUKPOCKOIMUYECKUX
KOH(MUTYypaIuii, BOSHUKAIOIINX B MOBEPXHOCTHOM CJIOE.

2. CXEMA AHAJ/JIUSA

ITonaraeM, uTO HMOBEPXHOCThL OOBEMHOM CTPYKTYPBI, HUIpaolias POJIb
MATPUIILI IJIA OCAXKIEHWS MOHOATOMHOI'O IPUMECHOTO IOKPBITUS, CO-
3MaéT KBaJIPATHYIO CETKY Pa3MeIIeHuA 0CaKIAI0IINXCI aTOMOB.

HNmeeTcad HECKOJIBKO BApHMAHTOB PABHOBECHOT'O pas3MeIlleHus oca-
JKIEHHBIX ATOMOB OTHOCUTENLHO Y3J0B MATPHUILI (MO3UIIUIL), OJHAKO
IJIs KBaJpPaTHOM PEINETKU KaKIbIA W3 9THUX (PU3MUECKU HEeUIeHTHUY-
HBEIX BapHMaHTOB TaKiKe IIPEICTABJISIOT cO00M KBaJpaTHYIO CETKY, UTO
ITaéT BO3MOJKHOCTH B paMKaXxX IIpeljiaraeMoro HCCJIEJOBAHUSA OCTABUTH
YKa3aHHYI0 BapHAHTHOCTEL 0e3 obcy:xkmenusd. Habop BapuaHTOB 3aIloJi-
HEHUs BO3MOXKHBIX ITO3UIINI HEOTPAaHUYEH, OSHAKO IIOBTOPSIEMOCTDb TeX
WM WHBIX KOHPUTypaluil cBA3aHa C OOIMUM KOJHUYECTBOM AaTOMOB
npumecu (CpefHeH IJIOTHOCTBIO) U CYIIECTBEHHO 3aBUCUT OT OCOOEHHO-
cTeil B3aMOEHCTBUA STUX ATOMOB MEXKIY COOOI.

Takum oOpasoM, 00ITad KapTUHA 3aIOJHEHUS HO3UIIUHA M COOTBET-
CTBYIOIIIE XapPaKTEpPUCTHUKU IIOBEPXHOCTHU 3aJal0TCad HAaOOpPOM BepOsAT-
HOCTell BOBHMKHOBEHUS PA3JIMUYHBLIX HPUMECHBIX KOH(MUTYpaIUi, UTo,
B CBOIO ouepelb, B KauecTBe OJHOI 13 3aJaU M3YyUeHUsI CBOHCTB O0BHEK-
Ta oIpemesseT HeoOXOAUMOCTb OTBICKAHUSA 3THUX BEPOATHOCTEMH.

BsaumogeiicTBre MeXKAy aToOMaMH OIIpefesideT HOIMPaBKYy K BeJIH-
YrHe IIOTEeHIIMAJbHOTO 0apbepa, IpeomoJieHre KOTOPOro HeoOXOAMMO
IO IIePEecKOKa, B CUJY UYero BEePOATHOCTH IIePEeCKOKOB IJA aTOMOB,
OKAa3aBIMUXCA B OJMIKaAKNIIIEeM COCENCTBE, OTJIUYAIOTCA OT AaHAJOTWY-
HBIX XapaKTePUCTUK M30JINPOBAHHBIX ATOMOB.

Kpome Toro, o0ieii 0COOEHHOCTBIO CTPYKTYPhI MOMKET CUHUTATHCS
HecoBIIaJleHe PABHOBECHOTO YIAJeHUA MeXKIy OOCYyKIaeMbIMU aTo-
MaMM C COOTBETCTBYIOIIIUM IIapaMeTPOM MATPHUIBI. ITO 00CTOATEJNb-
CTBO HPOABJSIETCS KaK JOHOJHUTEJIbHOE IPUTKeHHue, JuO0 KaK OT-
TaJKUBaHUE IJA ATOMOB B COCEACTBYIOIINX MO3UINAX.

KopoTkoaeiicTBre IIO3BOJAET YUeCTh HA3BAHHBIN (DAKTOP BBEIEHII-
€M COOTBETCTBYIOIIEr0 IIOBLIIIAIONIEr0 JKU0O0 ITOHMIKAIOIIEr0 MHOMKHU-
TeJs IJIs BEPOATHOCTEH MepPecKOKOB 3a eNUHUIY BPeMeHH’, KOTOPBIH
Iajgee 0003HAUAETCSA CUMBOJIOM U.

WcxoaHbIMU yPaBHEHUSIMU SABJIAIOTCSI COOTHOIIEHUS OajaHca OJIsa
MUKPOCKOIIMUYECKNX KOH(pUTrypaIinii BCeBO3MOYKHBIX BUIOB.

IIpenmosio:keHre 0 MAaKPOCKOIIMYECKON OJHOPOIHOCTH pPas3MeIeHui
Ha IOBEPXHOCTU MCKJIOUaeT MAKPOKOOPAMHATHBIE 3aBUCUMOCTH, COXpa-
HAdA, pasyMeeTcs, HeoOXOAMMOCTh COOTBETCTBUU MEXKAY MUKPOCKOIIMUEe-
CKUMU Pa3MeITeHUIMU.
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3. OIIPEAEJAIOIMUE COOTHOIMEHU

Ypasuenmne ana BeauuuHbl @(11), — BEPOATHOCTH peaiMs3aruu KOH-
durypanum U3 AByX COCEIHUX 3aIIOJHEHHBIX ITO3UMNII, — TAKOBO:

1 1
=20%[1 1 0 1|+20%|0 1 0 1|+
1 1

1 do (11)
o, dt

1 1 0

+40%Q 1 0 1{+4vp|0 1 0 1|+2vp(1 1
10 0 0

0 1

+20/0 1 0 1|+40°p|1 1

0 0

1|+ 4v%|1 0+
1 1
0
1{+4vpl1 1 1|+
1 01
0
0|+40|0 1 O0|-
1 01
1
1|-8v%|0 1 1|-
0

+40°p| 0 1|+4v%|1

+4vp| 0 +4vp| 0

O R O O R K+

1
20°%(0 1 1|-4v°p|1
1

[y

0 0
4v%p|1l 1 1|-6vp|0 1 1|,
0 0 @

3meck @ — o003HAaUYEHVE BePOATHOCTH KOHDUTYypamuy, IpefCTABIIEH-
HOMl KakK aprymeHT («l» — 3samomHeHHBIN y3es, «0» — mycToii).
FKaxnoe u3 cinaraemserx (1) mpexcraBiseT HEKOTOPBHIM BapMaHT IIepe-
CKOKOB, Benymux K msmeHeHuio ¢(11). Crenenb v mepen KasKIbIM U3
( COBIIaJaeT C KOJHWYECTBOM B3aIlOJHEHHBIX IMO3UIUN B OJIMKaNIIEeM
COCEeJICTBE, UYTO YUMUTHIBAET CMBICJI U KaK JOIOJHUTEJIHLHOTO MHOMKUTE-
1, uMeromiero Bug paxtopa I'm6oca. Yucimennrsie KoapdumueHTH 3a-
JAIOTCS CTATUCTUYECKUM BecOoM Habopa KoOH(UIypanuii, COBIIaLaio-
X C TpeJcTaBJeHHON ¢opMoit u (uau) GUIUUECKU UIAEHTUUHBIX.
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ITapameTp ®, — BEPOATHOCTL IIEepPEeCKOKA 3a eIWHUIy BPEeMEeHU s
M30JIMPOBAHHOTO aTOMa; BeJIWUMHA W0’ — aHaJoTUYHadA yIaeabHas
BEPOSATHOCTH B IIPUCYTCTBUU P ATOMOB B OJIMKAMIIIEM COCEICTBE.

Ypasuenue (1) HeE3BaMKHYTO, T.e. BKJIOUaeT B cebA B KauecTBe He-
M3BECTHLIX BEJUYNH BEPOATHOCTH O0OpPa30BaHUM, pPa3IMYaAIOIIUXCS
KaK KOJHUYECTBOM OXBATBIBAEMBIX Yy3JI0B, TAK UM XapaKTepOM 3aIoJ-
HeHUs 3Tux mosuiuii. OOpallleHre K ypaBHEHUAM OJSI MHOTI'OY3eJb-
HBIX KOH(MUTYpAIIUi BBOIUT B PACCMOTPEHNE BEPOATHOCTH eIllé GoJiee
TPOMOBIKMX PasMeIleHWi, B CHJIy Uero KejaeMasd 3aMKHYTOCTDL CH-
CTeMBbl YPaBHEHUI AJIA (p HE MOMKeT ObITh mocturHyra. Tpebyrorca mo-
TOJTHUTEJIbHBIE COOTBETCTBUA MEXAY DYHKIMAMU (@ Pa3JINUAIONIUXCA
apryMeHTOB.

DyHKIUY (@ CBA3AHBI PAJOM YCJOBUI, oIpeneaseMbIX (hU3MUECKUM
comep:kaHueM 9Tux BenuuwmH. Ecau ¢(M, ) — BepoOATHOCTH KOHDUTY-
panuu, BKJIOUAIOINell HEKOTOPhI MAacCuB 3allOJTHEHHBIX U He3amoJI-
HEHHBIX y3JI0B, ILJTIOC AOIOJHUTEJbHBLIA y3eJ ¢ YPOBHEM 3allOJHEHUA
«k» (K=0,1), TO

o(M,1) + o(M,0) = (M) . (2)

Kpome Toro, majas KOH(MUTypAIlUii, CBOOUMBIX K BUIY JMHEMWHOH IIOCJIEeIO-
BaTeJIbHOCTU 60JIee IIPOCTBIX PasMeIleHnii, UMeIOTCSI COOTBETCTBUA BUAA:

_o(M,)o(M,)
o(M) = o(My,)

rage maccuB M cocrtaBiieH U3 MaccuBoB M, u M, ¢ mepeKpBITUEM B
JuamnasoHe MaccuBa M,.

IIpaBuia (2), (3) mo3BosAT mepenucaTh ypaBHeHue (1) B dopwme,
rJle IPUCYTCTBYIOT BEPOSATHOCTH OTHOCHUTEJIHHO HUBKUX IOPAIKOB (HE
BBHIIIIe YeTHIPEX). COOTBETCTBYIOIIME BBIKJAAKU [IJIA PaBHOBECHBIX
pacupefieJIeHNH OXBaTBIBAIOT TPeODOBAHUS OETAJNBHOTO PAaBHOBECHUSA
I BCEBOSMOMKHBIX KOH(MUTYypanuil 1 IPUBOAAT K COOTHOIIIEHUAM:

1o 1
@[1 1]_2(1—1))

¢ (10)[ve@) + A - v)e10)] , , ¢*(10) _, [o() ~¢(10)]@(10)
() (1 - o(D)) 1-o0() ¢(1) ’

rae ¢(1) — cpenHUH ypoBEeHb 3aIOMHEHUS TO3UITUU.

(3)

4. CIABOE B3AUMOJEVICTBUE

Cootnoiieane (4) — TouHoe. BO3MOMKHOCTH €ro HCIOJIb30BaHUS
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OrpaHN4Y€Hbl OTCYTCTBHEM [JOIIOJTHUTEJIBHOI'O ABHOI'O COOTBETCTBUA
MeXIAYy BEePOATHOCTBIO JJIEMEHTAapHOI'o IIJIOCKOCTHOI'O 06pa30BaHI/IH

10
(1 1 U Pa3IUYHBIMHU BEPOATHOCTAMHU BTOporo mopsazaka. OgHaxko B

BapuaHTe U = 1 (KMHeMaTHUYeCKOoe B3aMOIENMCTBUE, OTCYTCTBUE BJIU-
SAHUSA GJIM3KOr0 COCEICTBA HA BEPOATHOCTH IIEPECKOKOB) paBeHCTBO (4)
TpebyeT obOpallleHns B HYJb BbIpAKeHUA B (PUTYPHBIX CKOOKax (4), u
oJIyJaeTcA:

¢(10) = o(1) (1~ j(1)), 0(11) = *(1), @(111) =¢’(1) (5)

" T.0.
flcHO, uUTO BammMcaHHBIE BBIPAKEHUA OTPAXKAIOT KapTUHY HE3aBU-
CHMOTO pacupefiejieHusA dJacTull. IIpm 3TOM BepOATHOCTH IIPOU3BOJIb-
HOUM KOH(UTypanuu 3aBUCUT TOJBKO OT KOJUYECTBA YACTHUI], HO HE OT
UX B3aMMHOTO Pa3MeIlleHus.
TakuMm o6pa3oM, IPU 3TOM

10 ,
@[1 J = ¢(1101) = ¢’ (1) (1 - ¢(1)). (6)

PasenctBo (4) mosBojigeT MPUOJMMKEHHO HAWTH BEePOSTHOCTU MHTE-
pecymoIiinx KOHPUTypaluii B ciaydyae MaJioro OTJHYHSA U OT eIUHUIIBI,
YTO oO3HauaeT cjaboe BJIMUSHUE OJM3KOIO0 COCEACTBA HA BEPOSATHOCTHU
IIEePEeCKOKOB.

CrouT obpaTuTh BHMMAaHMWE Ha TO, UTO CMBICJ IIapaMeTpa U Mpej-

ompeneinsaer Gopmy
U = exp L
kT )

roe V — opHeprusa B3aMMOLEHCTBMA; 5Ta BeJINUYNHA HE3aBHUCHUMO OT
sHaka V mpubiam:KaeTcsa K eQUHUIIE IIPU JOCTATOYHO BBICOKUX TeMIIe-
parypax.

Taxum oOpasoM, «caaboe» B3aMMOIEHCTBHE MOMKET TaKiKe KBaJIl-
dumupoBaThCs KaK BLICOKOTEMIIepaTypHoe.

PaccmarpuBas Bweipakenusa (5), (6) Kax HysJgeBoe IpPUOIMKEeHUE U
HUCIIOJIb3YyA ypaBHeHUe (4), HeTPyAHO HauTm JuHelHble Mo (1 — V) mo-
IIPaBKU K MHTEPECYIOIUM ABYXY3eJbHBIM BepoATHOCTIM. [lomyuaem

o(11) = ’ (1) + (L - )’ W) [1- p()] - (D

Breipa:xenue (7) DeMOHCTPHPYET OKMIaeMOe BO3pacTaHNE BEpPOSTHO-
CTH HEIOCPeACTBEHHOI'0 COCeICcTBa A 3HaueHuit V, ycTyIamIimux
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eIVMHUIE, 1 yOBIBaHME B IIPOTHBOIIOJOXKHOM cJjyuae. KauecTBeHHOe
oTJaNYMEe BTOPOro cjaraemMoro (7) OT HYJIeBOTO IPUOIMIKEHUA — B
HaIUuuu MHOxHTeas ¢°(0). Bugum, uro poap mobaBkm Hambojee
CylieCTBEeHHA IIPM HU3KHUX O6]lII/IX IIJIOTHOCTAX IIOBEPXHOCTHOI'O IIO-
KpBITHSA, a ecau BesmumHa @(1) mpubimkxaerca K QuUaMIecKOMy IIpe-
Ieny — eIWHUIEe, TO U3MEHEHNE CTYINeHUsS CTAHOBUTCS IPAKTUYECKU
HEBO3MOXHBIM.

5. O'PAHUYEHHBIE IBYMEPHBIE OBPASOBAHHUA

CoorHoitieare (4) mpeacTaBiaseT B3aMMOOOYCJIOBJIEHHOCTbH MOHOATOM-
HBIX Llemno4edHbx cTpyKTyp (¢(11),9(10),¢(111),...) u BepoaTHOCTEH

10
ILJIOCKOCTHBIX 00pasoBaHuMii [1 N B TEPMHUHAX BEPOSATHOCTEH 00-
pasoBaunuii. OmnpezenéHHbIe 3aMeUaHUs MOTYT OBITh CAEJAaHBI Ha OC-
10
HOBe caMoOTo (paKkTa IPUCYTCTBUS BEJINUYUHBI ) 11 B paBeHcTBe (4)

(TpenIiecTBYIOMINHA TYHKT), OQHAKO 3TO COOTHOIIIEHNE HE3aMKHYTO U
B O0IlleM cJiyyae He IIO3BOJIAET HAUTH 3aKOHUEHHBIE BHLIPAKEHUS JIA
MCKOMBIX BE€POSTHOCTEI.

Curyanua aHAJOTMYHA TOM, UTO MMEET MECTO JJid IIEIOYKHU ypaB-
HeHuii BoromoboBa [9]. Kax msBecTHO, paspelllenueM OpPoOJIEeMbI He-
3aMKHYTOCTH SABJSAETCA IIPOIEAypa «pacleIlIeHnsa», OIpenessaeMas
almmpoKcuMaIueil BBICIINX (QYHKIIUI paclpegeieHUs KoMOMHaIuerd
(mpousBemenreM) QYHKIIUN HUBMINX IOPATKOB.

IIpaBOMeEpHOCTh aNNPOKCHUMAIINK OIIpPeAesisdeTcsd MHTYUTUBHO HeCco-
MHEHHBIM IOIYIIeHNEeM, UTO POJIb TOHKUX AeTajieil obIieil KapTUHEI,
CBSBAHHBIX C (PYHKIMAMHU pacHpeiesieHuA BBICOKUX MOPAAKOB, I
MpaKTUYeCKU HamboJiee BAKHBIX (DYHKIININ HIKHUX IIOPSATKOB He SB-
JsIeTCs TJIaBeHCTBYIOIIeH. ITO MO3BOJISIET YUUTLIBATh (QYHKIIUU BBICO-
KUX MOPSAAKOB YCPEAHEHHO MM IIYTEM MHBIX CXOIHBIX OT'PYyOJIeHUI.

ITesnecoobpa3Ho 00paTUTHCA K YPAaBHEHUAM, OIPEAEIAIONINM KHHe-
TUKY (OPMUPOBAHUA — PA3PYIIeHUA HANMEHBIINX IIJOCKOCTHBIX
KoHpurypamnuii. ¥ 400HO COCPeIOTOUNTh BHUMAaHNE Ha KOHpUTyparuun

11
)
BosnuxHoBeHUe, 100 MCUE3HOBEHIE YeTHIPEXATOMHOIO IIJIOTHOTO
1
o0pasoBaHUA IIPU B3aHATBIX IMO3UIIUAX [1 1J oIpefesdeTcA 3aIoJI-

HEeHueM, anbo OITyCTOIIIE€EHNEM quBépTOI‘O u3 yrJjosB. Kuneruxa stux
COOBITHI IIpeacraBjadeTCA COOTHOIIIEHMEM
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0
11 1
iﬁ%$ A e PR LIRS (8)
@o 11
11

rIe TOUKaMi 00O3HAUEHLI IMO3UIINU, 3alI0JHEeHNEe KOTOPLIX BJINAET Ha
BEPOSATHOCTDH IIEPECKOKA M MOYKeT BapbUpPOBaThCsa. B cTporom moaxome
Kaskaoe 13 BbuIpaskenuit (8) moskHO OBI, MOZOOHO TOMY KaK B ypas-
Herauu (1), mpeacTaBIATHCA HECKOJLKMMM cJlaraeMbIMM, UTO BO3Bpa-
maJso 0Ll Hac K mpobseMe HesaMKHyTocTu. Popma (8) mpemmosiaraer
alIIPOKCUMAIINIO, COCTOAINYIO B 3aMeHe UMCeJl 3aIllOJHEeHUA B II03U-
MUAX, O0003HAUEHHBIX TOUKAMM, CPEJHMMU 3HAYCHUSIMHU UKCEJ 3a-
HOJHEHUS HO3UIUUA CTPYKTYPEI. IIpu sToM Koah(PpummeHT B3auMOIgeH-
CTBUS U TaK’Ke IPUCYTCTBYET B HEIeJOH CTeHeHW, COOTBETCTBYIOIIe
CpeHEMY YPOBHIO BAIOJHEHM:A NPUMBIKAIOIUX Hosuuui (¢ = ¢(1)).
BBogumas anmpokcuMAaIiisa KOPPECIOHIMPYeT ¢ Hiaeell pacllelIeHUs
IIOCJIeIOBATEILHOCTH YpPaBHEHWU, wuMesd, pa3yMeeTcs, HEeKOTOPYIO
CIeIU(PUKY, TUKTYyEeMYyI0 CBOMCTBAMHU O0HLEKTA.

Wcmonbadya coorBercTBuA Buma (2), (3), us paseucrtna (8) mas pas-
HOBECHOT'O COCTOAHUA HAXOIUM

11) ¢y
q’(1 1]_k+(1—7»)(p’ ®
1 1) al-¢)
@@ J_&+Mﬂ—@®a” (10
0 0y _ p+2u(1-0)
(P(l 1]—([)(11) 1 —(p[k+(1—7»)(p] o(11), (11)
A = 0209, (12)

Jlerko BumeThb, uTO B caydae U =1 («KMHEMATHYECKOE» B3aUMOEM-
ctBue) BeIpakeHus (9), (11) me oramuarTCcsa OT TOro, UTO IIPEACTAB-
aero dopmyaamu (5), (6). To ke camoe ciemyer cKasaTb O ciydae
JIOCTATOYHO ILJIOTHOTO 3amosiHeHus (¢ — 1).

ITapamerp A (12) g1 AByMepPHOM CTPYKTYPBI UTPAET POJIb, CXOTHYIO C
TOM, YTO IPUHAAJIECKUT BEJINUYNHE U B OTJHOMEPHOU ITenu (0COOEHHO B
ACHUMIITOTHYECKUX BapuaHTtax). Ilpu ypoBHe samosimenuss ¢ =1/2 st
[Be BeJMYUHBI coBmanaioT. C yMEHBIIIEHUEM (p Pasaudue MeXIYy A U U
YBeIMYMUBAETCA. ITO 3HAYUT, UTO 00JACTh HUBKUX CPEIHUX ILJIOTHOCTEH
— 9TO 30HA O00OCTPEHUSA TeX TEHIEHIINH B CTPYKType pasMeIeHUsd, UTO
IIPOSIBJIAIOTCA ¥ B OZHOMEDHOU IIenu. Y BeJMUeHUe () CBepx ypoBHA 1/2
COOTBETCTBYET IPUOIMKEHHUI0 A K eIUHUIe, YTO CJAeAyeT PACIIEHUTh KaK
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a(hdeKT momaBaeHUA BKJIAZAa MEKATOMHOTO B3aWMMOIEHCTBUA, OIpeaes-
€MbLIl, II0-BUAMMOMY, YBEeJIWYEHHEM KOJUUYECTBa OPHUEHTAIIMA BO3MAel-
CTBUA.

ITomcramoBka BbIpaskenusa (10) B ypaBHeHume (4) OPUBOAUT €ro K
BUIY

(1-0v)9*(10) + (3v +2(1-v)p - B) ¢°(10) -

: (13)
- (8v0(1 - ¢) - 20B) (10) - Bo® = 0,
ML= o)
B=21-v)———. 14
A-v) (14)

Cootnorterne (13) BmecTe ¢ obosnauenueMm (14) aBiserca aaredopau-
YeCKUM ypaBHEHUEM TPeThbell cremeHu Juia BeauuuHbI (O(10), ompene-
aAa e€ Kaxk (YHKIWIO CPEeJHEro YPOBHA B3allOJHEHUA CTPYKTYPHI.
Orwickanue ((10) mo3BOJsAET IO HOPMUPOBOYHBIM COOTBETCTBUAM (2)
HaWTU U JPyrue BePOATHOCTU BTOPOTO MHOPAAKA, a TaKyKe BEPOATHO-
CTU MeJhYaMINNX IIJIOCKOCTHBIX KoHGurypamnuii (9)—(11) u ¢ ucmouan-
30BaHMeM IIpaBuJ (3) CKOHCTPYMPOBATH BBLIPAIKEHUA [JI BEPOATHO-
cTell pasHOOOpasHBIX KOH(MUTYypaIuil CKOJb YIrOJHO BBICOKUX IOPSAJI-
koB. Cienyer o0paTuTheA K clelnuaJbHBIM BapuaHTam (13), (14).

6. CHJIBHOE ITPUTAKEHNE

TepMUHBI «CHUJIbHOE» HUJIU «cjJaboe» B3amMomeiicTBHMe B JTaHHOI paboTe
MMOHMMAIOTCA KaK OTHOCHUTEJIbHAA XapaKTepPUCTUKA — OIeHKa Mac-
mraba n3MeHeHUs HAOJII0JaeMOil BEPOATHOCTHU TEPECKOKa B Pe3yJibTa-
Te GJU3KOTO COCENCTBA CYyOBEKTOB Murpanuu. Takum obpasom, Ha3Ba-
HUe JAHHOT'O IYHKTA OXBaThIBaeT YCJIOBUS, KOrga U << 1, UTO MOJKET
UMeTh MECTO KaK IIPHU HeMAJbIX aOCOJIIOTHBIX 3HAUEHUAX dHEPruu B3a-
UMOJIeHICTBUA, TaAK U IIPU AOCTATOUYHO CJIa0OM B3auMMOJeHCTBUU B 00Ja-
CTU HU3KUX TeMIIepaTyp.

CrolicTBa 00CYy:KIaeMOIi CTPYKTYPHI OIIPENeJAITCA YPOBHEM 3aIloJi-
Henua ¢. Ecau v<<1, ¢ << 1, To ypaBuenue (12) ¢ yuérom (13) mpuob-
peraet Bun

9>(10) + (2(p +3v-— ZU—J ¢*(10) — (3vg — 4v° ) p(10) — 20%p = 0. (15)
¢

I'maBHBIE cBolicTBa ypaBHeHus (15) 3aBuCAT TakKe W OT COOTHOIIIE-
HUA BeJM4uH U, ¢. BEcam ¢ << v? (BecbMa HHU3KAs ILIOTHOCTH), TO IIPU
COXpaHeHNHM TJaBHLIX cJlaTaeMbIX ypaBHeHue (15) mepemmcrwiBaeTcs
Kak

—02¢*(10) + 20%pp(10) — v?¢* = 0,
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T.€. OKa3bIBaeTCH, 4TO
¢(10) = .

TaxuMm o0pasoM, KapTWHa HOKPBITHUS IpPeACTaBIeHa HaboOpoM pej-
KMX HMB30JUPOBAHHBIX aTOMOB. OPQPEKT IPUTIKEeHUS, OIlpeaessieMblil
BeJIUYUHON U, B JOBOJIHLHO IIHNPOKOI 00JIACTM M3MEHEHUs 9TOIl BeJIu-
YMHBI, IPAaKTUYEeCKH He CKasbIBaeTcsA Ha O00Iell KapTuWHe paclpeme-
JIeHUA.

Ecnu e v << ¢ Ipu coXpaHeHWU MaJIOCTU IIOCJefHell BeJIUUYMHBEI,
TO Mepapxus cJaraeMbIX ypaBHeHUus (15) mperepiieBaeT CyIIeCTBEH-
HbIe U3MEHEHUs, 1 II0JIyYaeTcs:

(p3 (10) + 2([)([)2 10) — 3vep(10) — 202(p =0,

OTKyJa
3
¢(10) ~ Pk (16)

YTO MHOTO MEHBIEe (. IJTO O3HAUAET, UTO B OTOBOPEHHBIX YCJIOBUAX
IIPUCYTCTBUE aTOMa B KaKOM-JINO0 13 BO3MOYKHBIX IIO3UIINII HE COIIPO-
BOYKIAeTcA, KaK IIPaBUJIO, COCEICTBOM C HYCTHIM y3JoM. WHBIMU CJO-
BaMM, paclpejiejieHue MIPEeJCTaBJIeHO IPENMYIIIeCTBEHHO OTHOCUTEIBHO
KPYIHBIMU CT'yCTKaMM aTOMOB, Pa3AeJIEHHBIMU eIé 0ojiee 3HAUUTEh-
HBIMU yYacCTKaMU’, CBOOOAHBIMU OT MOKPBITUA. OTCYyTCTBHE 3aBUCHMO-
ctu (16) oT @ CBUAETENBCTBYET O COXPAHEHUYW HA3BAHHOM CTPYKTYPBI
TMIOKPBITUSA MPU IIMPOKOM BapbUPOBAHUHU (@ B IIPeejax OTOBOPEHHBIX
BBIIIIE OTPAHUYEHUH.

XapaKTepHBINl pasmep (pagWyc) CrycTKa, M3MEPEHHBLIH B KoJauue-
CTBE Pa3PEIEHHBIX O3UIUH, OIeHUBAETCA BEJIUUYNHON

49
3v’
a KOJIMYECTBO CI'YCTKOB IIPOMOPITNOHAILHO vz/ 0.

TakuMm o0pasoM, IIpU yBEeIWYEHUU OOINEro YpPOBHA 3alOJHEHUS
pasMepbl CTYCTKOB PacTyT, a UX KOJUYECTBO YMEHbIaeTcA (IIPOUCXOo-
IUT CJAUSHUE CTYCTKOB).

B cuny KapAMHAJIBHOTO Pa3JIUUYUsA CTPYKTYPHI 3alOJHEHUS IIO0-
BEPXHOCTH B aJbTEPHATHMBHBLIX BapuaHTax U >> @, ¢ >>U, IeJecoob-
pasHo o0paTHTh BHMMAaHWE Ha MOBOJBHO CIIEIMAJbHBINA, HO BIIOJIHE
peanusyeMblii BapuaHT v ~ ¢@. Ilomyuaerca: ¢(10) =~ o, rme oo — OKo-
go 1/2. 9ro 3HAUUT, YTO YCJOBUE @ =V — MOPUOJUBUTEIHHO (PUKCHU-
pyeT MOTrpaHUUYHBIN PEKUM, XapaKTepUayIoluiicad HadyaJbHBIMU ITPU-
3HAKAMU KOHCOJUIAIIMKA aTOMOB HA IMOBEPXHOCTU, KOTJA KOJUUYECTBA
M30JUPOBAHHBIX W OOBEIMHUBIIUXCA B IMapbl aTOMOB COIIOCTABUMO.
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IIpu sTom OoJiee CIOMKHBIX 00pas3sOBaHMM MPAKTUYECKU HET.

B curyanum BBICOKOI cTenmeHuM TOKpbITHUA (@ — 1) cpexum ciarae-
MbBIX ypaBHeHUs (13) riIaBeHCTBYIOT UJeHBLI BTOPOTO W HYJIEBOTO IIO-
panka ¢(10), auro gaér

¢(10)~1 -9, ¢(11)~2¢ -1, (17)

a BesmumHa ((00) C TOYHOCTHIO HCIOJB3YEMBIX ANIIPOKCUMAIUA He
OTJINYAETCS OT HyJs. TemM caMbIM OOHAPYKMBAETCH, UTO IPU BEICO-
KMX ILIOTHOCTSX IIOSIBJI€HHE JIAKYH, OXBATBHIBAIOIIMX HECKOJBLKO IIO-
BUIUIH, IOUTH HUCKJIIOUEeHO. I[IpeodaagaroT M30IMpPOBAHEBIE BAKAHCHUMN.

IIpu IpPOMEKYyTOUHBIX YPOBHSAX ILJIOTHOCTH ((p = 1/2) HANMEHbBIIIM
OKasbIBaeTcsa KybmuHoe ciaaraemoe ypaBHeHusa (14). OcraabHbIe ompe-
IeJISAI0T BEIPAKEHNE

®(10) = v (1~ ). (18)

CorutacHo (18) cHMiKeHMe U, TPOUCXOXdAIlee, HAIPUMEp, IIPU ITOHUMKe-
HUM TeMIIepaTyphbl, BEAET U K yMeHbIIeHni0 BeauuuHbl ¢(10). 910 MoO-
JKeT IIPOMCXOAUTL TOJBKO B pe3yJbTaTe (QOPMHUPOBAHUS CI'YCTKOB yBe-
JUYEHHBIX PasMepPOB, I'Zle OTHOIIIEHNEe UMCJa «KPAaeBhIX» aTOMOB K UIC-
Jy «TJIyOMHHBLIX» yMeHbIlaercs. HasBamHasa TemmeHmnus Haubosee OT-
YETJIMBO BBIPAKeHA IIPU OTHOCUTENIHLHO HU3KHX OOIMUX YPOBHAX ILIOT-
HOCTH.

7. CIIEITUAJIBHBIE KOH®OUT'YPAIIUN

Peanusanusa mpocTeiinux (oOpM pasMeleHUWil aTOMOB Ha MOBEPXHO-
CTH IIpENOIIpEeNesAeT BO3MOYKHOCTA BOSHUKHOBEHHS 00Jiee CJIOKHBIX
o0pasoBaHUil, YTO B COOTBETCTBUU C JIOTMKOH BBIIIOJHAEMBIX ITOCTPO-
eHUIl yCTaHABJIMBAET 3aBUCUMOCTbH BEPOSATHOCTEH YCIO0KHEHHBIX KOH-
durypamnuit or BepoAaTHOCTEl Gojiee MPOCThIX. IIpM 3TOM BEPOSATHOCTH
MOABJEHUSA TOM MJAM WHOM KOH(MUTypalluM 3aBUCUT KaK OT YMCJA
aTOMOB, IIPEJACTABJIAIONINX AaHHOE pasMelleHNe, TaK U OT (hOPMBI CO-
OTBETCTBYIOIIEr0 O0pasoBaHUA. B KauyecTBe WJLIIOCTPAIlMU IIPEICTa-
BUM 9TU OOCTOSATENIbCTBA AJIS PA3SHBIX BAPUAHTOB M30JMPOBAHHBIX Ue-
THIPEXAaTOMHBIX oOpasoBaumii. CpaBHUM HauboJiee IJIOTHOE M HamOO-
Jiee Pa3BEPHYTOE YETHIPEXATOMHBIE 00pa30BaHUSA, OTBEYAIOIUE Pas-
MeIeH UM

00
0 00O

0110
u 011110

0110
0 00O

00
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BeposaTHocTH mOABJeHUA OO0BLEIWHEHWII W3 UEeTLIPEX aTOMOB, He
KOHTaKTHUPYIOIINX C KaKUMHU-JIN00 MHBIMU aTOMaMU, B COOTBETCTBUU
¢ npaBuaamu (2), (3), IpeacTaBIASIOTCA BhIPDAKEHUIMU

L(0 0) (1 1 s(0 0
ol 2ol ) oY)
¢'(11) " ¢’ (11)9*(10)

COOTBeTCTBeHHO. TakuM 00pas3oM, COOTHOIIIEHNE STHUX BeJUUYUNH O ecTh

(P[l IJ ¢*(10)
g L1

) . (19)
? 11
® 4 1cp()
Ecau v =1, To Beipamkenue (19) npuodbperaetr BuUI
-1 (20)
1-9)

CBUIETEJLCTBYIOINENl O IIpeodJiaflaHmy KOMIIAKTHBIX CTYCTKOB HAal
PAa3BEPHYTLIMU TOTO Ke (pusmueckoro oobéma. IIpym HM3KUX MJIOTHO-
crax (¢ << 1) aro passmuue BbIpaskeHo cjaabo, HO, ecaum ¢ — 1, TO Be-
POATHOCTM HABYX OOCY:KIaeMbIX BapHMAHTOB pasMEIleHUs HeCOIIoCTa-
BUMBI. IIpMYuMHBI 3TOTO OOCTOATENBLCTBA HPEUMYIIIECTBEHHO I'€OMET-
PHUYECKOr0 XapaKTepa: peaaus3alusa UYeTHIPEXaTOMHOTO H30JIMPOBAH-
HOTO KBajapara TpeOdyeT 8 JOHOJHUTEJIbHBIX HYCTBHIX y3J0B, B TO Bpe-
MsA KaK ueThIpéxaTroMHas memouka — 10. HamomHMM, UTO peub UIET
0 CJIyuyae YMCTO KMHEeMAaTUYEeCKOr0 B3aMMOIEeHCTBUA.

B ycmoBusx v<<1 wmepapxms CTATUCTUYECKUX MIPEAIOUTEHUH
nHad. A KpailHe HU3KUX YPOBHEH IIJIOTHOCTH ¢ << U (opMabHO
BBIUMCJIEHHOE 3HaueHMe 0 enBa Jiu IMPEACTABIAET WMHTEPEC, TAK Kak
BCAKME CTYCTKH, JaKe eIé 0ojee MeJKHWe, IPU dTOM, KaK OTMeua-
JIOCh BBIIIIE, BCTPEUAIOTCA KpaliHe peako. IIpu IMOBBINIEHHBIX YPOBHAX
¢ (¢ >>v) npu obecrieueHUY HEBBLICOKOU CpPeIHEl IIJIOTHOCTH MCIIOJIb-
3oBaHue BuIpaskeHuiu (9), (11), (12), (19) oumpenenser mpubInKeHHBIE
3HAUEHUS

0~1-52,

2¢
9TO 3HAUUT, YTO BAapPUAHTHI CKATOM M PasBEPHYTOM KOHQMUTYpaIMit
IMOUTH PABHONPABHBI C HEKOTOPBIM, BIPOYEM, AOBOJBHO CJIA0BIM
MIPEAIIOUTEHUEM <«IIEIIOUEeK» CPAaBHUTEJBHO C «KBaJpaTaMu». Y BeJIu-
YeHME IJIOTHOCTU B 3TUX YCJIOBUAX NPAKTUYECKU YCTPAHAET 3STOT
nucbasmanc. OgHAKO, €CJau CPedHUIl yYPOBEHb 3AIOJHEHUSA IIPEBOCXO-
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mut 1/2 u npubnaukaercsas K eIUHUIE, BOSHUKAIOT HOBLIE TEeHIEHIIUU.
Omnpenenstomee cooruomenue (19) ¢ yuérom dopmya (9), (11), (12),
(17) mpu sTOM HaéT

1 1

0—>——.
4(1-9)

(21)

Bripaskenue (21) oramuaercsa ot (20) Tombko muHOMKUTesmeM 1/4. Oba
coorHorierna (20), (21) GUKCUPYIOT TEHAEHIUIO K TOAABJIEHUIO BO3-
HUKHOBEHUS KOH(MUTypaIluii, mIpeAloaraioninx yBeJIndeHHbIe yJacT-
KV IOBEPXHOCTH B pacuéTe HAa OAWH aTOM IIOKPLIBAIOINE KOMIIOHEH-
ThI, HO IIPU HAJUUYUN CUJILHOTO IIPUTIKEHUS O5TAa TEeHAEHIIUS He-
CKOJBLKO ocjabJyieHa. ATO 0OCTOATENLCTBO BRITVIAAUT HEOKUIAHHBIM.
CremyeT moJiaraTh, UTO B YCJOBUAX MJOCTATOYHO IIJOTHOTO 3aIlOJHEe-
HUS MO3UIUHN CTPYKTYPLI CXBaThbIBaHUE MeKIy CyOheKTaMu Murpa-
IUW IIpefoIpenedeT IIPeAIOUYTUTEILHOCTh MJOCTATOYHO KPYIIHBIX
CT'YCTKOB, BCJIEACTBHE UEro CTAaTHUCTUUECKAas 3HAUMMOCTL (DOPM OTHO-
CUTEJbHO HeOOJBIINX 00pa30oBaHUU OKas3bIBAaeTCs OCJIa0JIeHHOI.

8. SAKJIIOYEHUE

BrinmosrHeHHBIE PaspabOTKM BBIABIAIT BO3MOYKHOCTH W YCJIOBUA BO3-
HUKHOBEHUS MUKDPOCTPYKTYP Ha IIOBEPXHOCTU MAaTpPUIIBI, KOTOpbIe MO-
TyT TaKiKe TPAKTOBAaThCA KaK YCTOHUYMBBIE (DOPMBI KOPPEJIAIUN B pas-
MeIleHUN IIPUMECHBIX aTOMOB Ha IIOBEPXHOCTY MaKPOCKOIUYECKU Of-
HOPOAHOU KBaapaTHOU peméTku. Penbed moreHmnmasna, popMupyeMmbrit
HabopoM KoOHGUTrypaluii Ha IIOBEPXHOCTHU, ONIPENeIdeT KOJUYECTBEH-
HBIEe U, MOKeT ObITh, TaKyKe KaueCTBEHHBIE CBOICTBA IIOBEPXHOCTH,
TaKye KaK SMUCCHOHHAA CIIOCOOHOCTb, aKKOMOJAIIUS SHEPTUU, MeXa-
HU3M B3auMOJeHCTBUA MeIJIEHHBIX aTOMOB C IIOBEPXHOCTHIO, AUDDY-
3VOHHBIA IIEPEHOC U IP.

ITapameTpsl B3amMOJEMCTBUA MEXKIY aTOMaMM IIPUMECHOTO CJIOs,
0003HaUEHHBIE BBIIIE KAaK U, A TeMIepaTypOOOYyCJIOBJIEHBI U IIIUPOKO
BapbUPYIOTCA IIPU U3MEHEHUU TeMIepaTyphbl, UTO He CBS3aHO C Aall-
MIPOKCUMAITMOHHBIM XapaKTepPOM UX BBeJEeHUS U BO3MOMKHBIMU KOJIH-
YeCTBEHHBLIMU OTrpaHmMYeHUAMU. TeMIlepaTypHasd 3aBUCUMOCTBL OIIpe-
leJIseT DBOJIIOIIUU IIOBEPXHOCTHBIX MUKpPOpAacIpelesieHUl IIpu Bapbu-
poBaHUM TeMIepaTypbl U OIpeJesdeT 3HAUYNTEJIbHBIE PeCypPCHI
HaAIIPaBJIEHHOTO M3MEeHEeHUA XapaKTePUCTUK IIOBEPXHOCTU HIYTEM BBI-
0opa mJiu M3MEeHEHUA TeMIIePaTyPHOTO peKuMa.

Jlormka BBIIOJIHAEMOTO aHAJIW3a YKAa3bIBaeT, UTO IIPeo0Jafaromias
YacTh YCTAHOBJEHHBIX TEHAEHIINI, MPEAIIOUTEHUNH B OTHOIIEHUU Be-
poATHOCTEH MeJbuaimux (B YaCTHOCTH, UETHIPEXY3eJbHBIX) KOH(DU-
rypamnuii MosKeT OBITH pacHpOCTpaHeHa W Ha 0oJiee KPYIHBIE WU Ja-
JKe MaKpOCKoImuecKue 00pa30BaHUA Ha II0BEPXHOCTH.
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MeTtoanuecKkue IpuUEMbI JaHHON pPabOThI, MOXKET ObITh, IIPH HEKO-
TOPOii MX MOAM(PUKAIIMK, MAOMNYCKAIOT IIPUMeHEeHNe K HN3yYeHUIO
CBOMCTB pPsAJA MHBIX CTPYKTYP, CXOAHBIX C IPEACTABICHHBIMU 3€Ch.
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Modelling of Transition Metal High-Entropy Solid Solutions
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The compositions of high-entropy alloys based on the elements Ni, Co, Fe,
Cr, Mn, Ti, V, Cu, Al, Zr, and Si are evaluated with use of thermodynam-
ic approach. Optimal compositions for alloys with minimal Gibbs energy
are obtained, and influence of various factors on formation of the alloys is
described. As shown, the most stable alloys are nonequiatomic. The com-
positions for alloys, which will be in the state of homogeneous multicom-
ponent solid solutions, are determined.

Kommosunii mis BHUcOKoeHTpoImiiiHmx cromiB Ha ocHOBi ememeHtiB Ni, Co,
Fe, Cr, Mn, Ti, V, Cu, Al, Zr, Si omninioBaiyn 3 BUKOPUCTAHHAM TEPMOIM-
HaMmiuHOoro mizxomy. Omep:;KaHo ONTHMAaJbHI KOHIEHTpAIlil AJsg cTOmiB 3 Mi-
HimMasbHOI Ii66COBOIO €HEPri€l0 Ta OIMCAHO BIIMB Pi3HMX YMHHUKIB Ha ix
dopmyBanHA. [lokasamo, 10 HaMCTAOiNBHIIII CTOIM He € eKBiaTOMOBHMM.
BusHaueHo CKJIAAu CTOIIB, AKi mepebyBaTUMyTh y CTaHi OgHOPigZHMX Oara-
TOKOMIIOHEHTHUX TBEPAMUX PO3UUHIB.

CocTaBbl BBICOKOSHTPOIHUUNHBIX CILIaBOB Ha ocHoBe sjsemeHToB Ni, Co, Fe,
Cr, Mn, Ti, V, Cu, Al, Zr, Si paccMaTpuBaJINCh C MCIOJL30BAHMEM TEPMO-
INHAMUYECKOTO Ioaxona. IloaydueHBI ONTHMAJbHBIE KOHIEHTPAIIUU MIJIA
CILJIABOB ¢ MUHUMAaJbHOM sHeprueii 'mb66ca 1 omucaHO BANAHNE PA3TUUYHBIX
dakTOpoB HAa WX (popMHUpoBaHMWe. BEBLIO MOKAa3aHO, UTO Hambojee CTaOUIb-
HbIe CILJIaBbl He SABJAIOTCA dKBUATOMHBIMHU. OIpemeeHbl COCTABHI CILJIABOB,
KOTOpbIe OyAyT HaXOAUTHCA B COCTOSHHUN OJHOPOAHBIX MHOTOKOMIIOHEHT-
HBIX TBEPABIX PACTBOPOB.

Key words: high-entropy alloys, solid solution, Gibbs energy, transition
metals.

KarouoBi cioBa: BHCOKOeHTpOMImifHI cTomu, TBepauil posunH, Ii66coBa eHep-
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risg, mepexigHi merasn.

KaroueBbie clIOBa: BHICOKOYHTPOIMMHLIE CILIABBI, TBEPABLIA pPACTBOD, HED-
rusa 'm60ca, mepexoaHbIe MeTaJlJIbl.

(Received 27 March, 2019 )

1. INTRODUCTION

The idea of high-entropy alloys (HEAs) was proposed by Yeh et al.
in 2004 [1] and based on the concept that the high configurational
entropy would stabilize the solid solution (SS) phase. HEAs are
multicomponent (5 or more) bulk solid solutions, intermetallics or
glasses with near equiatomic composition [1-5]. This can provide a
large value of change mixing entropy (AS,;.) for the formation of
homogeneous system. For regular solution,

AS,,, = —kici In(c,), (1)
i=1

where c¢; is the atomic fraction of i-th element, k—Boltzmann con-
stant.

According to (1), the maximum effect of the entropy factor will
be for the equiatomic case.

In recent years, high-entropy solid solutions (HESS) have attract-
ed increasing attentions, because they exhibit special structure and
unique properties. Many HEA studies are devoted to the search for
single-phase SS [6, 7].

The thermodynamic properties of alloy are very important for
understanding of relative stability of single-phase SS. In concord-
ance with thermodynamics, a system will be in a stable equilibrium
state, if it has the lowest Gibbs free energy. The difference between
the Gibbs free energy of solid phase and liquid state is as follows:

AG = AH —TAS,

where AH is the formation enthalpy, T—absolute temperature, S—

total entropy.

Many methods have been devised to estimate the formation en-
thalpies and other thermodynamic properties of alloys with a single
solid-solution phase:

1) first-principles’ calculations within the framework of density
functional theory combined with atomistic simulation techniques
like ab initio calculations, molecular dynamics simulations, and
Monte Carlo methods [8—13];

2) solution thermodynamics based on extrapolation of experimental
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data as in the CALPHAD [14-16];

3) semi-empirical Miedema’s model and empirical thermophysical

parameters based on the Hume-Rothery rules [17].

It should be noted that first-principle calculations and atomistic
simulation techniques have a high computational difficulties for
multicomponent systems. The CALPHAD method needs extensive
database of experimental thermodynamic functions of multicompo-
nent alloys. Various thermophysical parameters were proposed to
predict formation of single-phase solid solutions. Among them are:
mixing entropy AS,;. [18], mixing enthalpy AH,; [18], differences
of atomic sizes §, [18], Q=T,AS,./|AH .| [19], valence-electron
concentration (VEC) [20], electronegativity difference 5, [21], the ¢-
parameter [22] and other. An analysis of these parameters gives
possibility to conclude, whether the alloy will be in the state of sol-
id solution. However, such an approach is semi-quantitative and do
not allow to optimize the alloy composition. For estimations that
are more accurate, the Miedema’s method has to be adapted.
Takeuchi and Inoue [23] supposed that, for multicomponent glasses,
AG is proportional to free energy AG,;, of liquid-phases’ mixing:

AGmix = AHmix - TASmix ;
here, H ;. is an enthalpy of mixing. In solid solutions, where atoms
of different sizes occupy equivalent lattice positions, an additional
elastic contribution (AH,) has to be taken into account:

AH = AH,, + AH,, AG = AH,, +AH, —TAS,, .. (2)

Regular solution model has been adopted in order to simplify the
calculation of (2) and for minimization of AG on element concentra-
tions [24]. Thus, it is possible to obtain the most stable multicom-
ponent solutions.

Since Cantor alloy [25], single-phase NiCoFeCr-based HEAs are
the promising materials with high tensile ductility and fracture
toughness [26]. Development of NiCoFeCr-based HEAs was contin-
ued by adding elements into equiatomic NiCoFeCr base for
strengthening. The composition of the most stable HEA may be dif-
ferent from the equiatomic one because some contributions addi-
tional to entropy. To find the compositions of stable solid solutions
including Ni, Co, Fe, Cr, Mn, Ti, V, Cu, Al, Zr, Si elements, we
minimize Gibbs free energies of investigated systems.

2. MODELLING

Compositions for HEAs with minimal Gibbs free energy were ob-
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tained based on thermodynamic approach developed in the article
[24], where substitutional solid solutions were considered with the
regular-solution approximation. The parameters for expression (2)
were determined as follow. The mixing enthalpy of multicomponent
alloy consisting of n elements is as follows [27]:

AH . = > ¢cQ,, (3)

ij=1 i#j

where Q; is parameter characterizing the interaction between i-th

and j-th elements of the regular solution; Q,=4AHY;; c,—atomic

fraction of i-th component; AH" ,,—mixing enthalpy for binary liq-

uid equiatomic alloy. The values AH” , were taken from Ref. [28].
The elastic distortion energy for the solid solution AH is:

A =S e p WD VD) 4)

el — i=Z1Ci i ZK(T)

here, V(T) is the average volume of atom in the alloy; V,(T)—atomic
volume and B,—bulk modulus of i-th element.

V(T) =V (1+ 0, (T-T,)),

o; is linear expansion coefficient for the i-th component; T, =293 K.
V(T)=) ¢BV(T)/ > ¢B, .
i=1 i=1

The effective melting temperature of solid solution, T,, was cal-
culated as

n
_ i
T, = E c¢T, ,
i=1

where Tni is melting temperature of the i-th element.
Then, Gibbs free-energy concentration dependence can be written
as

3 e (DY)
AG(e)= D ecQy,+ ;ciBi 2V (T) kTm;ci In(c,) . (5)

i=1+n i,j=1 i#j

AG minimization was carried out using the Monte Carlo method.
The values of the constants o, V,, B;, T, in expression (5) were
taken from tables of Ref. [29]. The minima of AG correspond to the
compositions of stable alloys. To analyse the state of alloys, a num-
ber parameters were used: AG, AH,,, AH,, AS T, and

mix?
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Q = TmASmix/|AHmix|,

S

where r, = (V, )1/3, r

I
o
o

3. RESULTS AND DISCUSSION

The calculation results are summarized in tables for different ele-
ment combinations (Table 1 for equiatomic alloys and Table 2 for
alloys with minimal Gibbs free energy).

TABLE 1. Calculated parameters AG, AH
equiatomic alloys.

AH,, 5, Q, AS,i, and T, for

mix?

3 E’ s g
=) o)
No Allo §a 7| 5| = Q £ |
' Ve = T SIS
S | z ] :
< E ‘g
1 NiCoFe ~16.971 —1.333 0.52211.06812.119 9.135 1769
2 NiCoCr ~21.873 -4.889 0.29881.373 3.535 9.135 1892
3 CoFeCr ~19.853 —2.667 0.34921.134 6.576 9.135 1920
4 NiCoFeCr ~24.850 -3.750 0.47551.306 5.753 11.527 1872
5 NiCoFeCrCu ~19.784 3.200 0.68891.241 7.398 13.382 1769
6 NiCoFeCrAl ~24.896-12.320 9.959 5.281 1.829 13.382 1684
7 NiCoFeCrSi ~31.258-26.400 19.695 7.966 0.930 13.382 1834
8 NiCoFeCrMn —26.864 —4.160 1.400 1.4545.794113.382 1801
9 NiCoFeCrTi —27.569-16.32013.984 6.1531.5461 13.382 1886
10 NiCoFeCrZr ~23.063-22.72025.390 10.21 1.132 13.382 1923
11 NiCoFeCrV ~31.089 —8.960 3.752 2.896 2.888 13.382 1934
12 NiCoFeCrCuAl ~20.823 -4.778 8.233 4.867 5.081 14.898 1630
13 NiCoFeCrCuAlSi  -25.463-18.857 19.8947.476 1.405 16.180 1638

14 NiCoFeCrCuAlSiV -31.985-20.68718.199 7.00 1.425 17.2901706
15 NiCoFeCrCuAlMnV  -28.919 -7.625 7.840 4.424 3.821 17.290 1685
16 NiCoFeCrCuMnV -27.841 -1.959 3.119 2.46714.80216.1801792
17 NiCoFeCrCuAlMnTiZrV -30.050-18.84022.3878.186 1.783 19.1451755
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Optimized alloy compositions differ significantly from equiatom-
ic. Gibbs free-energy—composition diagrams for ternary and quasi-
ternary alloy systems (Figs. 1, 2) illustrate the differences of com-
positions.

If we consider a system consisting of 4 base elements (Ni, Co, Fe,
Cr), we can observe the existence of a wide range of concentrations
near the equiatomic point, where a single solid solution will be
formed (see Fig. 1 and Tables 1, 2). CALPHAD calculations with
experimental verifications [26] indicate the same result.

What elements can be added to the base composition to reduce
Gibbs energy and not destroy the solid solution? Let us explore this
question. If we examine equiatomic compositions (see Table 1), the
additions of Al, Si, Mn, Ti, V to the base elements decreases the
Gibbs energy, while other components increase it more (Cu) or less
(Zr). Parameters AH ., 0, Q2 play a special role in formation of solid
solutions. When 6<6% and AH,;,, > —10 kdJ/mol, solid solution is

0 0
AG, kJ/mol AG, kJ/mol
O ~17.00 ~22.00
g @3 ~18.00
N 25 it 5
R 75 o ~13.00 1400
' 2 Gl e
:‘7 = B -9.000 10,00

—-5.000

—-1.000

Fig. 1. The calculated Gibbs free energy of solid solutions (AG) for ternary
Ni—Co—Fe (a), Ni-Co—Cr (b), Co—Fe—Cr (c) alloy systems.
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28,00
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20,00
-1E8
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13,00

10O

0
0 25 50 75 100 0
Fe, at.% Fe, at.%
d e f

g

Fig. 2. The calculated Gibbs free energy of solid solutions (AG) for quasi-
ternary Niy, sCo,g 5(FeCrAl) (a), Niy, 3Coig (FeCrMn) (b), Niy, ;€045 ¢(FeCrSi)
(¢), Niyg ;C0y95(FeCrTi) (d), Niyy Coir(FeCrV) (e), Niy 3C04,5FeqsCri5,Cuo,
(AIMnV) (f), Ni,, 3Coy5 JFe 1 5sCrigs (CuMnV) (g) alloy systems.

crystallized [30].

According to Ref. [31], relations Q2 >1.1 and 6 <6.6% should be
considered as criteria for forming solid-solution phase. Thus, it can
be concluded that the (NiCoFeCr, NiCoFeCrCu, NiCoFeCrAl, NiCo-
FeCrMn, NiCoFeCrV, NiCoFeCrCuAl, NiCoFeCrCuMnV, NiCo-
FeCrCuAlMnV) equiatomic alloys will crystallize as a solid solution.
Addition of silicon to the base elements leads to a significant de-
crease in Gibbs energy, but, at the same time, the energy of elastic
deformation increases to a level incompatible with the existence of a
solid solution.

Using optimization procedure, we obtain alloys, which are superi-
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or in energy stability as compared to equiatomic ones (Table 2).
They differ in composition from equiatomic HEAs. Let us consider
these differences. If we consider the relationship between the base
components (Ni, Co, Fe, Cr) in optimized alloys, the element pre-
dominance (Cr in system 2, 3, 4, 5, 6, 7, 8, 12, 13 of Table 2; Ni in
system 9, 10, 11, 15, 16, 17 of Table 2) is observed. Optimization
of compositions leads to a significant decrease in Gibbs energy
mainly due to a change in the energy of elastic distortions, enthalpy
of mixing, or melting temperature.

4. CONCLUSIONS

1. Compositions of alloys based on Ni, Co, Fe, Cr, Mn, Ti, V, Cu,
Al, Zr, Si elements with minimal Gibbs free energy were calculated
using thermodynamic approach in approximation of regular solid-
solution model.

2. The alloy compositions with minimal Gibbs free energy differ
considerably from equiatomic ones.

3. The compositions of alloys favourable for formation of single-
phase solid solutions were determined.
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PACSnumbers: 34.35.+a, 06.60.Vz, 62.25.Vn, 81.20.Wk, 81.40.Np, 81.70.Bt, 83.50.Uv

JHepreTnYecKne IMpPouecchl B 30HE MPEOI0JIeHUS CLeINJIeHNT
MeKAy aTOMaMHu, CBA3aHHBIE ¢ IJIa3MeHHBIM 3¢ deKToM,
0o0pa3yromuMcs B IIpolecce pe3aHus

A. U. Comiro, B. A. Comiko

XepcoHcKull HAYUOHALLHBLI MeXHUYeCKUll YHusepcumem,
Bepucnasckoe wocce, 24,
73008 Xepcou, Ykpauna

ChopmynaupoBana mpobjeMa [galbHEHIIEro pPasBUTUA MeETaJI000paboTKH;.
IToxasaHO, YTO MHTeHCU(DUKALIUA U COBEPIIIEHCTBOBaHUE IIPOIlecCa pe3aHUsd
BO MHOTOM 3aBWCHUT OT MMOHMMAaHUSA (PUBUYECKOI CYITHOCTU SIBJICHUH, COIPO-
BOMKIAIOIIUX STOT IIpolecc. Ha ocHoBe 0000IleHUA MCCIEJOBAHUN MPEIJIO-
JKeHa TUIIOTe3a PaAuKAJIbHOIO YJAYUIIeHUs o0pabaThIBaeMOCTH [eTajeil ¢
3aJJaHHOM TOYHOCTHI0O M KAYeCTBOM IOBEPXHOCTH IIPU OJHOBPEMEHHOM [O-
CTHKEHUU OSKOHOMHUYECKHUX Pe3yJabTaTOB IIYyTEM BO3AeliCTBUA Ha 30HY
CTPYsKKO000pa3oBaHus O0BEKTOB W MAaTepPHaJOB HAHOMETDPOBOTO qUAIla30Ha.
ITomaranoch, YTO CUHTE3 TAaKUX YACTHUIL, OTINUYAIONINUXCS BBICOKOM XUMUUE-
CKOIi aKTHBHOCTHIO, MOJKHO OCYIIeCTBUTH B B30HE CTPY:KK00OpasoBaHUA
BCJIEJICTBME BO3AEUCTBUA Ha MOJMMEPHYIO OCHOBY CMAa30YHO-OXJIAMKIAIOIIEH
Kugkoctu (COK) pasnamyHBIX GUBUMKO-XUMHUUYECKUX ITPOIECCOB W SABJIEHUI,
UMEIUX KBAHTOBYIO IIPUPOAY W COIPOBOMKIAIIINX pe3aHue. Pe3yabTaThl
TTPOBEEHHBIX MCCJIEAOBAHUN IMOATBEPAUIN TPEAJIOKeHHYI0 Tumoresdy. CoBo-
KYIHOCTh IOJYUYEHHBLIX SKCIePUMEHTAJbHBIX MTaHHBIX IMOKasajia, YTO pas-
JUYHbIE KOHTAKTHBIE B3aMMOJENCTBUA 3JIEMEHTAPHBIX UYACTHUI[ C PeaJbHOM
CTPYKTYPOH MeTajljla, BO3SHHKAIOIIENM BCJIEICTBME MEXaHHMUYEeCKOTO0 BO3Ieli-
CTBUfA, CBA3AHBI, B IEPBYIO 0UEPEAb, C BJIEKTPUUYECKUMHU IIPOI[eCCAMU MEKIY
3apAKEHHBIMU YaCTUIIAMU U JJIEKTPUUYECKU AKTUBHOM CTPYKTYpPO# Belle-
ctBa. Takue KpaTKOBPEMEHHBIE W JOCTATOYHO JOJITUE 3JIEKTPUUECKUE TIPO-
IIeCChl CIIOCOOCTBYIOT OOJIETUEHWIO IIPOIIECCOB AedopMaliiyl U pPa3pyIlleHUsd.
YcraHoBieHUe CBA3W MUKPOKOHWYECKUX ITPOIIECCOB B3aMMOAEMCTBUSA dJie-
MEHTapHBIX YAaCTHUI[ C PeaJbHOM CTPYKTYypoil AedopMHpPyeMOro Teja II03BO-
JINJIO TIPEAJOKUTH MEXaHOIJIa3MEeHHBIH CIIoco0 06paboTKM MeTasiia.

ITocTaBiaeHo mpoGJieMy MOTAJBIIIOT0 PO3BUTKY MeTaaoo00pobieHHs. Ilokasa-
HO, IT0 iHTeHcH(iKaAIlid Ta BAOCKOHAJEHHS MNPOIECYy pisaHHs 3HAYHO 3aje-
JKUTH Bil po3yMiHHA (PiBWUYHOI CYTHOCTH SBHII, AKi CYIPOBOIKYIOTH Il
mporiec. Ha ocHOBi ysaraibHeHHS MOCIiAMKeHb 3aIlPOIIOHOBAHO TimoTe3y pa-
IUKAJIBHOrO IOJIIIIIIeHHA 00po0JI0BAaHOCTH JeTaJIiB i3 3aJaH00 TOUHICTIO Ta
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AKIiCTIO ITOBEpXHi IIPpW OJHOYACHOMY MOCSATHEHHI eKOHOMIiUHUX pes3yJIbTaTiB
yepe3 BILIUB Ha 30HY CTPYKKOYTBOPEHHA 00’€KTiB i MaTepianiB HaHOMETpO-
BOrO Aismas3oHy. BBaskajiocs, IO CHUHTE3y TAKUX YACTHUHOK, SIKi BUPi3HA-
IOTBCA BUCOKOI0 XEMiUHOIO0 AKTHUBHICTIO, MOKHA 3QiMCHUTH B 30HI CTPYIKKO-
YTBOPEHHS Uepe3 BILIUB HA HOJiMEPHY OCHOBY MAaCTMJIBLHO-OXOJIOAKYBAJb-
HOl pigmam (MOP) pisHux (ismKo-xeMiuHHMX HpoIleciB i SBHUII, IO MAalOTh
KBAHTOBY HOPUPOAY Ta CYIPOBOMKYIOTH pisamuA. PesaynbraTy IpoBemeHUX
IOCTiMKeHDb MiATBepPAUIN 3alPOIOHOBaHy rimore3dy. CYKYOHICTL ofepKaHuX
eKCIepUMeHTAJIbHUX AAaHMWX IIOKasaja, IO PisHi KOHTAKTHI B3aemogii eJe-
MEHTapHUX YaCTHHOK 3 PeaJbHOI0 CTPYKTYPOIO MeTasly, AKa BUHUKAE BHA-
CIiTOK MexXaHiuHOTO BIJIWBY, IIOB’S3aHi, B MHepIIy UEpry, 3 eJIeKTPUUHUMU
mpoliecaMy MidK 3apAAKeHUMM YaCTUHKAMU 1 eJeKTPUUYHO aKTUBHOIO CTPY-
KTypoio peuoBmHHU. TaKi KOpPOTKOYacHi Ta AOCTAaTHLBO TPUBAJI €JeKTPUUYHI
IpOIleCH CIPHUAIOTh TOJIETIIIEHHIO IIpolleciB medopmarliii Ta pylHYyBaHHA.
3’sacyBaHHA 3B A3KY MiKPOKOHIUHHX IIPOIIECiB B3a€MOAil eJleMeHTApHUX dUa-
CTUHOK 3 PeaJIbHOI0 CTPYKTYpOoI0 AedOopMiBHOTO Tija yMOKJIMBUJIO 3aIIpo-
MOHYBaTH MeXaHOIJIa3MOBHII CIIOCi0 00pOOJIeHHA MeTaJy.

The problem of further development of metalworking is formulated. As
shown, the intensification and improvement of the cutting process de-
pends largely on the understanding of the physical essence of the phenom-
ena accompanying this process. Based on a review of research, a hypothe-
sis is proposed for a radical improvement in the machinability of parts
with a given accuracy and a surface quality, while simultaneously achiev-
ing economic results by influencing the chip-formation area of objects and
materials of the nanometre range. As suggested, it is possible to carry out
the synthesis of such particles characterized by high chemical activity in
the zone of chip formation due to the impact on the polymer base of the
coolant by means of various physicochemical processes and phenomena of
quantum nature accompanying the cutting. The results of the studies con-
firmed the proposed hypothesis. The totality of the experimental data
show that various contact interactions of elementary particles with the
actual metal structure, arising because of mechanical action, is associated
primarily with electrical processes between charged particles and the elec-
trically active structure of the substance. Such short-term and sufficient-
ly long-term electrical processes facilitate the processes of deformation
and fracture. Revealed connection of microconic processes of interaction
of elementary particles with a real structure of a deformable body allows
us to propose a mechanoplasmic method of metal processing.

KaroueBsle cjaoBa: IJjiasMa, CUHTE3, dJIEMEHTApPHBIE UYACTHUIBI, B3aWMMOJei-
CcTBUeE, paspylnenue, moauMepcogep:xkaiiad COK, sapdheKTruBHOCTD.

KarouoBi cioBa: minasma, CHUHTe3a, eJeMeHTapHI YacTMHKU, B3aeMOXid,
pylinyBaHHs, noaimepBMmicaEa MO, ehexTuBHICTS.

Key words: plasma, synthesis, elementary particles, interaction, destruc-
tion, polymer-containing coolant, efficiency.

(ITonyuerno 29 mapma 2019 e.; nocae dopabomku — 16 anpens 2019 e.)
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1. BBEAEHUE

PasBuBaeMble TIpeACTaBIeHUA O MeXaHU3Me SBJIEHUI, BO3HUKAIOIIIE
B IIpoIleccaxX MeXaHWUYEeCKOH 00pabOTKM TBEPALIX TeJ B IIOBEPXHOCTHO-
aKTHBHBIX CpelaxX, OTHOCATCS K CaMbIM PAasHOOOPA3HBIM CJIydYasM
IIPEOIOJIEHUA CIIEILIeHUA MeKIy aTOMaMH B Pa3JHUUYHBIX TEXHOJIOTH-
yecKux Iporeccax. Cpeaum HUX 0coboe MeCcTO 3aHMMaeT MCKJIIOUM-
TeJLHO CJIOMKHAsA II0 CBOEM MHOTOIJIAHOBOCTH M OSKCTPEeMaJbHOCTHU
yCcJOBUII IPOTEeKaHUs IMpollecca MexaHWdYecKas o0paboTka MeTajiia
pesanueM, BKJIIOUAlOlasg TPeHUeE, IJacTHUecKoe AedopMuUpOBaHUE U
paspyllleHre MaTepHajia IPW HEIpPepbIBHOM IIOJKMBE 30HBI paspyiie-
HUS TEXHOJOTHYECKOM KUIKOCTHIO C HECKOJbKHUMH [IecaTKaMHu pac-
TBOPEHHBIX U 9MYJbI'MPOBAHHBIX B HEWl KOMIIOHEHTOB — CMAa30YHO-
oxnaxkgamomuM TexHogormueckuM cpeactBom (COTC). Ilpomeccer u
SIBJIEHUS, BOBHUKAIOIINE MPHU pPaspyIlleHHu TBEPAOr0 TejJa B TaKUX
IIpelesbHBIX YCJIOBUAX, OOLIUHO HE BCTPEYalOTCA HU IIPU CTAHAAPT-
HBIX HUCIBLITAHUAX, HA B JPYTUX TEXHOJOTHUYECKHX IIpoIleccax.

Haxxe OersibIlii 1, eCTECTBEHHO, HEIIOJHBIA IepedYeHb HCCIAEeTYEeMBIX
B 9TOU 00JIacTHM HayKM IIpo0JeM, CBUAETEILCTBYIOT O 3HAUUTEJIHLHOM
WHTepece K Hell MHTEHCHMBHO DPAa3BMBAaeMbIX MOJEKYJIAPHON (Quanku
TBEPIAOTO Teja, (GPUBUUECKON XMMUU IIOBEPXHOCTHBIX SBJEHUHN M pAIa
oTpacjiell TeXHOJOTHH.

B mamHoii pabore 0000IaioTCs MCCIEIOBAHNS aBTOPOB B 00JIacTu
GUBUKO-XMMUUYECKOTO B3aHMMOIENCTBUA CPeIbl C TBEPABLIM TEJIOM B
MOMEHT ero pas3pyIleHus.

2. TEOPUS XUMUYECKOU AKTUBAIIUH COTC

OO01TIenIpUHATELIE MIPEACTABICHUA O MeXaHU3Me BIUAHUS IIOBEPXHOCT-
HO-aKTHBHOH JKHIKOCTH HaA IIPOYHOCTH TBEPIOr0 Teja Hauaau (op-
MUPOBATHCA C Benylel uaen BbickazaHHou II. A. PeGunmepoMm eiré B
HavaJyie mpormaoro Beka [1]. B manbHeiinmem oua ObLiIa BCECTOPOHHE
HCCJIeJOBAHA €r0 COTPYOHMKAMU U IIOCJIEJOBATENSIMHU U B IPUHIIUAIIN-
aJbHOM OTHOIINEHWK 3TH MHpPEACTABJEHUA He IIpeTepreJu H3MeHeHUi
o Hacrosnero Bpemenu [2—10]. @usuuecKuii cMbICJI JAHHON I'PYHIBI
ABJIEHUII 3aKJIOUaeTcad B TOM, UTO oOJerueHme HIpoIiieccoB medopma-
MUY ¥ PaspyllleHusa Teja B OKPYysKalolleil cpele sBJsSeTCA pes3yJbTa-
TOM CHMKEHUS ero CBOOOJHOII TOBEPXHOCTHON SHEPTUHU BCJIEICTBUE
obpatumoro (aZcopOIIMOHHOTO0) B3auMOAeHCcTBUA HAedopMuPyeMOTo
TBEPJIOTO TeJjia cO cpenoii. Bo Bcex 3TuxX mccaegoBaHMAX I10JIaraJioch,
YTO B IpOIeCCe Pa3PYIIEeHMA Teja MCXOIAHBIE CBOMCTBA OKPYIKAIOIei
Ccpenbl OCTAIOTCA HeM3MEeHHBIMU.

UckirounTenbHOE 3HAUEHUWE IIPEJCTABICHUN O (hUBMUECKOU IPUPO-
e BJIVWAHWUA PA3JIMYHBIX CPeJl Ha mpoliecchl AedopManvu U paspylie-
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HUS OTPaKaeTcsd B HEIPEPLIBHOM POCTE MCCIENOBAHMUI, Pe3yJbTaThbl
KOTOPBIX CHCTEMATHUYECKH OOCY KIAIOTCA M 00O0OIIeHBI BO MHOTHX 00-
3opax um moHorpaduax [3, 11-14]. 1, Tem He MeHee, HeCMOTPSA Ha
JOCTUTHYTEIE YCIIEXM, B TPAKTOBKE MeXaHM3Ma IIOHMKEHHA IIPOYHO-
CTU TBEPJOrO TeJia IPU €ro KOHTAKTE C IIOBEPXHOCTHO-aKTHBHOM Cpe-
IO JOIyCKaeTcs P HEeTOUHOCTEN M Ja)ke IIPOTHUBOPEUYUI M OH, 0es-
VCJIOBHO, HYKJaeTCA B JAJbHEHIINX MCCJIETOBAHUAX, IPOPabOTKe U
ampooaiuu.

B 51011 cBA3M HEOOXOAMMO BBIAEJUTEL SKCIEPUMEHTAJIbHELIE Pe3yJIb-
TaThl, KOTOPHIE AEMOHCTPUPYIOT HAJIWUYME BOJOPOLA B CTPYKKE U B
00paboTaHHBIX IOBEPXHOCTAX apMKO sKejes3a M CTaJU IOCcJe pe3aHus
B J1000i1 yriieBomoponHou cperme m B Boge [11]. IlocKosnbKy BOmOpPOZX
MokeT Tu(PYHINPOBATE B OUar paspylleHnus MeTajja TOJbBKO B IIPO-
TOHHOM cocTogHuu [12—15], To 3TO O03HaUaeT, UTO UCXOAHAS BOJIOPO-
ITocoaepikalasa IMOBEPXHOCTHO-aKTUBHAS cpela IIpPeBpalllaeTcs B 30He

-
& s

a 0 8

Puc. 1. CxemaTuueckoe wusobpaskeHMe IIpollecca 0O0pas3soBaHUA BOJOPOTHOM
IJIa3Mbl B INEeJIEBOM IIPOCTPAaHCTBe: (a) B30HA CTPY:KKooOpasoBaHusA: I —
3arOTOBKA, 2 — 30HA IJacTUdecKoi maedopmarimm; (6) cxema IIJIa3MEeHHOTO
TMMOTOKA B II[eJIeBOM IIpocTpaHcTBe: I — 3aroroBka, 2 — HHCTPYMEHT, 3 —
1IeJieBoe MPOCTPAHCTBO, 4 — BepIIIMHA TPEIUHBI, 5§ — 00JIaCTh HEOTHOPO.-
HOTO MaTepuajga, 6 — 30HA olleperkaroleil ImIacTUUecKoi medopmaruu; (8)
cxeMa yoapHOM MOHM3AIUU B pe3yJjbTaTe CTOJKHOBEHUI W B3aMMOJIEHCTBUI:
1 — 57eKTPOHOB C HEHUTPAJTbHLIMU MOJEKYJIaMU U HeHTPaJSbHBIMU aTOMaMU
c o0pasoBaHMeM BTOPUUYHBLIX JJIEKTPOHOB ¥ MOJIOKUTENbLHBIX WOHOB, 2 —
BTOPUYHBIX DJEKTPOHOB C aTOMaMM, 3 — IIOJOXKUTEJIbHBIX MOHOB C aTOMaMU
c obpasoBanmeM (poToHA, 4 — (POTOHA C HEHTPAJSBHLIM ATOMOM M €ro MOHU-
3alusi, 5 — MOJIOKUTEJbHBIX MOHOB C aTOMaMM ¥ WX WOHU3AIHUA, 6 — TIIO-
TOKa MOHOB C aTOMaMH.'
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paspylieHnsa B PaAWKAJIbLHO-aKTUBHYIO T'a30BYIO CMeCh, COJEDIKAIIYIO
IUCCOIMUPOBAHHBIA BOAOPOJ, KOTOPBIHA, AudpdGyHIMPYA B MaTepual,
CTAHOBUTCA aKTHUBHBIM YUYACTHHUKOM IIpolliecca medopMaliiuul U paspy-
mrenusda. OTciofa ciaegoBajsl BBLIBOM: M3MeHeHUe (pU3mMUecKUX U MeXa-
HUYECKHX CBOMCTB MeTajljla mpu ero aedOpMUPOBAHUU B IIOBEPX-
HOCTHO-aKTUBHOII cpelle HTPOUCXOAUT He BCJIEACTBUE CHUIKEHHSA ero
CBOOOIHOM HOBEPXHOCTHOM SHEPrUU B Pe3yJIbTaTe aacopOIuu HCXOI-
HOI cpennl, a 6iaromapsa YHUKAJIbHLIM CBOMCTBAM IIPOTOHA BOAOPOIA.
JlanbHelne ucciieloBaHUA IMOJATBEPAUIIN TepBble SKCIEePUMEHTAJb-
Hble maHHbIE [11, 13].

Brlo ycTaHOBJIEHO, UTO B 30HE pe3aHus MeTajja B YTrJIeBOAOPOI-
HbIX cpemax (COTC) xmmmuecKuii coctaB aTMoc(ephl IIPeACTaBSIET
€000l Ta30BYyI0 CMeCh, COCTOAIIYIO M3 BOAOPOMAA, IIPEAeJbHBIX aauda-
THYeCKux yriaeBogopogos oT C, no C; a Takske aacopOHMpPOBAHHOIO Ha
JIe3BUY WHCTPYMEHTA NIHPOIIOJUMEPHOT0 OCTaTKa — aJIJIOTPOIUYe-
CKOll mMopmduKanmum yriepona B Bujne rpadwura. lanbHelilue panu-
KaJlbHble M3MEHEeHUs CBOICTB 00pasoBaBIlelicsa yIJIeBOJAOPOIHON ra-
30BOIl CMeCH IIPOJOJI;KAIOTCA HEIOCPEJCTBEHHO B 00JIaCTH paspylile-
HUS MeTaJlia ¢ oO0pasoBaHHeM Ha IOCJeIHEeM JTale IIpeBpalleHuil Bo-
mopomuoi miaasmbl [11, 15]. YeraHOBIEHO, UTO XUMHUUYECKAasd aKTHBAa-
IIUA cpelbl IIPOMCXOIUT B Hauajle Ha TOPSUYUX IIOBEPXHOCTSIX CTPYIK-
KM ¥ WHCTPYMEHTA, a 3aTeM Ha KaTaJluTUUYeCKU aKTHUBHBLIX BHOBL 00-
pasyionuxcsa TOBEePXHOCTAX TPEIWHLI X B IPOCTPAHCTBE, OT'pPaHU-
YeHHOM ITOBEPXHOCTBIO BEPIIHHLI pPe3lla M MHOJIOCTAMU TPeIUHLI pas-
pyurenus (puc. 1). IMeHHO 37eCh, B PeaKIIMOHHOI I, CO3Tal0TCs
HeoOXOAUMBbIe YCJOBUSA IJI MHUIUUPOBAHUSI M CAMOYCKOPEHUS XU-
MUUYECKUX IIPeBpallleHuil 00pa30BaBIINXCA paHee I'a30BBIX YIJIEBOMO-
POZIOB BILJIOTH 0 BOMOPOHOI miasmsbl [12].

Beimu Tak:ke BU3yaIU3WPOBAHLI MOHU3ATOPHI CpeAbl, KaKOBBIMU
SABJIAIOTCS IIOCTOSHHBIE CIIYTHUKHU Pa3pyIleHusa MeTajljaa: TEePMOIJIeK-
TpUUeCKUe, JJIEKTPOXUMUUECKNEe M MeXaHOXUMNUYECKHEe IIPOIIeCCHl U
SBJIEHUS, a TaKsKe 00pasymoolnasaca B MOMEHT pas3pbiBa CHUJI CBA3EH HO-
Bas KaTAJIuUTUUYECKHW aKTuBHas moBepxHocTh [12]. Kak msBecTHO Ta-
Kad cBeKeoOpas3oBaHHAs AJIEKTPUUECKM aKTHBHAA CTPYKTypa Xapak-
TepudyeTcd IMMePUOSUYECKHM paciIpelesieHueM TOUYeUHBIX 1edeKToB,
CTYIEeHbKaMH CKOJIa, a TaKyKe BBIXONAIINMH Ha €€ IIOBEePXHOCTH JIU-
HeWHBIMU JedeKTaMu KPUCTAJLINUYeCKON PeliéTKu, rpaHulaMu 3€peH,
a3 um OBOMHUKOB. IloKasaHo, UYTO TaKue JJIEKTPUUYECKU aKTHUBHEIE
9JIEMEHThI IIOBEPXHOCTU, IIPEACTABIASI COO0M MUKPOIJIEKTPOILI, SB-
JISIIOTCS, C OOHOM CTOPOHLI, MCTOUYHUKAMU 3JIEKTPOHOB M HOHOB, IIPHU-
HUMAaIIIUX yYacTHe B MMOBEPXHOCTHBIX pPeaKkIuAX, a ¢ APyroii, — Mo-
IyT OBITH AeHCTBYIOIMUMU KaK TOPMOSIAIINMI, TaK U YCKOPSIIOIIIMI
MOTEHIINAJIAMY IIPU PasINUYHBIX (PU3MUYECKUX IMpOoIleccax MPU MUTPa-
Y SJeKTPOHOB M HMOHOB HA TaKMX IIOBEePXHOCTAX. Ha aKTHUBHBIX
IIeHTPaxX HEeOAHOPOAHOII BHOBL O0Opa3yIONIeIiCs IIOBEPXHOCTH MOIKET
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MIPOUCXOMUTh JeKTPUUECKUH KOHTAKT C YaCTUIAMU CPenbl, UTO BEI-
3bIBaE€T WX XUMHUUECKUEe IIpeBpallleHus ¢ o0pasoBaHMEM WOHU3UPO-
BaHHOTO Bojmopoxa [13].

W3syuenne xeMocCOpPOIIMY M IIPOCTHIX XMMHUUYECKUX pPeaKkIuii Ha IIo-
BEPXHOCTH, 00pPa30BAHHOU B pe3yJbTaTe pas3pylIeHusd MeTajjia, IoKa-
3aJi0 [11], UTO IIpU 5TOM AOCTUTAETCSA BeCcbMa 3HAUNTEJIbHOE ITOBBIIIIE-
HUe XWMHUYECKOW aKTUBHOCTH aJACOPOMpPOBAaHHBIX MoJeKkya. Tax,
HaIpuMep, XeMocopOIumA MOJIEKYJ BOJOPO/a, a3oTa WM KHCJI0poAa Ha
YHUCTON TOBEPXHOCTH ’KeJjie3a IMIPUBOIUT K MX AUCCOIHAINU ¢ 00paso-
BaHMe aToOMOB M HOHOB. IIpmuém, aumccommuanus OPOTEeKaeT OYEHb
66icTpo (107 c), mpaKTHYecKH 0e3 SHEPruUU aKTHBANMHU. [IpyruM HC-
TOYHUKOM HOHU3AIMU BOJOPOJA MOMKET OBLITH ero TeIlJioBas W ymaap-
Has MOHUBAIUSA IIOTOKOM JJIEKTPOHOB, BLLIETAIOIINX W3 BEPIIUHEI
pacryieil TpeIuHLI, a TaKKe CaMOYCKOPAMIIUecs B IeJeBOM IIPO-
CTPAHCTBE IIPOIECChl B3aMMOAENCTBUS IIOJOKUTENbHLIX WOHOB C
2JIEKTPOHAMM, aTOMaMHt U HEeHTPAJbHBIMU MOJIEKyJIaMU Bomopojaa [8,
11, 12]. Oo6pasyromieiica caab0 MOHM3UPOBAHHBIA Ta3 IIPeACTABIIAET
coboii, Mo KpaiiHell Mepe, CMeCh JJIEKTPOHOB, OJHOKPATHO 3apsaKeH-
HBIX MOHOB, ATOMHBIE I MOJIEKYJIAPHBIe NOHBI Bomopoaa [16].

OmHOBpEMEHHO € IIPOIIeCCOM MOHHU3AIIUM r'a3a B PEaKTOPHOU 30He
UIET OOpaATHBINA IIPOIECC — IMPOIlecC PeKOMOMHAIINN: ITOJOKUTEIbHEIE
U OTPHUIlaTeIbHbIE MOHLI, BCTPEUASICHh C dJeKTPOHAMU, COeIUHAIOTCA C
HUMU ¢ 00pas3oBaHMEM aTOMOB M MOJEKYJ BOAOPOIA, UTO COIIPOBOMK-
laeTcsa BbIJeJeHUEM OOJIbINION TemsoBoii sHepruu [9, 12, 16]. Ecau
peakusa sK30TepMUYHA, T.e. UAET C BLIJEJIEHMEM TellJa, KaK B pac-
cMaTpuBaeMOM CJyuae, TO OHA MOYKET CaMOYCKOPATBLCH, IIOCKOJBKY
O00OBIYHO CKOPOCTH PEeaKIIMM PACTET C IIOBLINIEHHWEM TeMIepaTypbl. B
CBA3U C T€M, UTO B PEAKIIMOHHON IeJN MMeeT MEeCTO TEeIJOOTBOJI W3
I1eJV, BO3HUKAET KOHKYPEHIINA TeILIOBBLIJENIeHNS U TeILIOOTBOAA.
OmHaKo MOYKHO II0JIaraTh, YTO B IMEJE€BOM HPOCTPAHCTBE TEILIOBLIIE-
JIeHUSA MIPEBBIIIAIOT TEILJIOOTBOM, PeaKIUsa caMOyCKopsAeTcA U IIPuos-
peTaeT B3PBIBHOII XapaxKTep, UYTO HOPUBOAUT K JABUHOOOPA3HOMY
HapacTaHMIO UYHCJIa AaKTUBHBIX uyactuil. OOpasoBaBIlasicsa TrasoBas
CMeChb, COCTOAINAA W3 MOJIOKUTEJIbHO W OTPHUIlATeJIbHBIX YaCTHIL,
«(pUIBTPYETCS» BEPIINHON TPEIuHbI, 00Jagaolneli OTpUIlaTeIbHBIM
3apAOOM, WM KJIWHOM HHCTPYMEHTa, MMEIOITUM IIOJOKUTEeIbLHBIN 3a-
PAn: BOOJH Y3KOrO MPOCTPAHCTBA K BEPIIMHE TPEIUHEI IIepeMeIiaioT-
CA TIOJOMKUTEIHHO 3apAKeHHBIe YACTUIILI, 4 K MHCTPYMEHTY — OTPH-
mareabuble. CBoeBpeMeHHOe ITOCTYIIJIeHNe IIPOTOHOB B 30HY paspyllle-
HUSA Teja Iepel BepPIINHON TPEIUHBI JOCTUTAETCA 3a CUET M3BECTHO-
ro ad)(deKTa 3JIEKTPOHHOTO «BETPa».

Takum 00pa3oM, KOHTAKTHBIE B3aMMOAEHCTBUA IIPOTOHOB IIPOMCXO-
IAT C JIOKAJbHBIMU 3JeKTPUUYECKU aKTUBHBIMU Ae(PeKTHBIMU IIOBEPX-
HOCTAMUN W C HOBOUW BJEKTPHUYECKM AKTUBHOU CTPYKTYpPOH, BO3HHKA-
oiell B yJIbTPAMUKPOCKOINUYECKUX O00JIaCTAX HEIOCPEeICTBeHHO B
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30HE TPEOJOJEHUS CIEIVIEHUA MEeXIy aToMaMWu. JTO O3HAYaeT, UTO B
IIpoliecce pesaHmWs Ha mporecc AedopMalnuy U Pa3pyIlleHusa MeTajiia
OKa3bIBAET COBMECTHOE JefiCTBUE MEeXaHWUEeCKad U TEIJIOBad dHEePTrusd.
B pesysabraTe mapajiesbHOTO XO0Ja MEXaHUYECKOTO M TEePMUUYECKOTO
mporecca IIPOVCXOJUT, CHUIKEHMNE YCTOMYMBOCTH KPUCTAJLIUYECKON
pemérku [17], a Takas obOpaboTKa (pakTHUUECKH SABJIAETCA MeXaHo-
mrasMeHHoOI obpaborkoii (MIIO).

W3 momenm akTuBaIiuym MCXOLHOM CPeIbl BBITEKAeT BaKHBIA IIPaK-
TUUYECKUH BBIBOA: AJs moBbienus sdpdextuBHocTn COTC meobxomm-
MO WCKaTh K HUM IIPHUCAAKV HE CPeIu IIOBEPXHOCTHO-aKTUBHBIX Be-
IIECTB, KaK 3TO IPOWCXOAUT CETONHSA, a CPeAU COeIMHEHUI, CIOCO0-
HBIX B YCJIOBUAX B30HBI PE3aHUA JaTh MaKCUMAJBLHBIN BBIXOJ BOJIOPO-
nma. TakmMu cBoiicTBaMu 06JIaal0T BHICOKOMOJIEKYJIAPHBIE COEIUHE-
HUA, Hampumep, aaudaTuyecKue TeTepOIlelHbIe NpeAeSIbHbIE ITOJIY-
MepBI. TU MOJUMEPHI, IJIABHBIE IIEM KOTOPBHIX ITOCTPOEHBI 13 aTOMOB
yriaeposia, a B OOKOBBIE T'PYHIILI BXOMUT BOAOPOA (IIOJMITUJIEH) WU
BOJOPOA M XJOD (IIOJMBUHUJIXJIOPHUI), O0JamaioT SHEPruel aKTHUBa-
UM pacuajfa MOJEKYJ Ha HECKOJbKO IMOPAJKOB MEHBINIE CBOUX HUS3-
KOMOJIEKYJIAPHBIX aHaJoroB [12].

ITOT BBIBOJ MHOTOKDATHO IIOATBEDP:KAEH Pe3yJIbTaTaMU IIPOMBIIII-
aenHoro npumenenusa COTC c pob6aBrkamu mosmatuiaena (I19) u mosu-
puHuaxjJopuga (IIBX), xorophble MmoKasajn YpPe3BHIUANHO BBICOKYIO
a(heKTUBHOCTD, B IpoIleccax pe3aHmA U 00pabOTKe MeTaJlIOB JAaBJie-
HueMm [11].

TakuM 06pas3oM, BHIBOABI, KOTOPhIE CIEAYIOT U3 SKCIEPUMEHTATIBHO
MMOATBEPIKIEHHON MOJEIN aKTUBAIMU CPEJbI, CBUAETEIBCTBYIOT O pe-
MIAIOIIell POJM BOAOPOAA B OOJIETUYEHUM IIPOIECCOB PaspyIIeHUS u
nedopmarmu. OHU Ke COTJIACYIOTCA C Pes3yJIbTaTaM’ ITPOMBIIIJIEHHBIX
ucnbiTauuit COTC Ha mosmMMepHON OCHOBE, UTO OTKPBLIBAET HOBBIE
BOBMOYKHOCTH [JIA MPUMEHEHUS BOAOPOAA B Pa3JIMUYHBIX oOpabaThIBa-
omux TexHogoruax [12, 18].

W3 mumpoKoro Kpyra IPOBEeAEHHBIX KCCJIEJOBAHUM Jajee paccMar-
puBampTCA HauboJiee BayKHBIE BOIIPOCHI, PEIIeHVEe KOTOPBHIX ITO3BOJIUT
yBA3aTh PErucTpupyeMbie MaKpoahdeKTh, oTpasKalolue BIUSIHUE
cpenbl Ha MPOIlECChl AedopMaluu M PaspyllieHua OpU pPesaHuu, ¢ ad-
dexTaMu, NTPOABIAEMBIMHM B MHKpOMAcIITabe, BOSHUKAWOIINMU B
CBSIBW C BBIJEJIEHUEM TEIJIOBON SHEPTUU BCJIEACTBHE KOHTAKTHBIX
B3aMMOJIEHCTBUM ITPOTOHA C PeajibHON CTPYKTYpPOH MaTepuaJia.

Crnenyer OTMETHUTH, YTO M3yUYEeHHE B3aUMOMAEHCTBUS 3JIEKTPUUYECKU
aKTHUBHOTO BOIOPOJA C PeasibHON 3JeKTPUUYECKU AKTUBHOU CTPYKTY-
poit TBEépAoOTO Tesa, a TaK:Ke ABUIKEHHE BOAOPOAA B Y3KOM IIeIH IIpu
SPKO BBIPAKeHHOM MOJSAPHOM d(ddeKTe (medopMmarmsa peIIETKU) B
AJIEKTPOMATHUTHOM IIOJIe TIPEACTABJISAEeT OJHO U3 WHTEPECHEMIITUX
HampaBJeHuil B obyacTu (uaudyeckoil xumuu. Taxkue mcciiefoBaHUA
MIPEACTABJIAIOT €Ié U METOAUUYECKYIO IPUBJIEKATEIbHOCTD, TOCKOJIBKY
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37eCh, NMPAKTHUYECKH B <«UYMCTOM» BHE, MOKHO pPa3fejbHO M3y4aTh
MHOMXECTBO (I)I/I3I/IKO-XI/IMI/IT'IOCRI/IX 1 MeXaHHMYEeCKUX IIPOIeCCOB MU dAB-
JIEHUWH, COMYTCTBYIOIUX Pa3pyIeHUI0, HO COCTABJIAIOIUX OOIIYIO
GusHUeCKyI0 KapTUHY MeXaHUYECKOM 00pabOTKM TBEPABLIX TeJI.

3. PEHOMEHOJOI'NMYECKUE OCOBEHHOCTH ®OPMUPOBAHUA
IIJIASMEHHOT'O 9®PDPEKTA

Kak y:ke oTmeuasioch, XMMHWUYECKas aKTUBAIIMS WCXOMHOI ITOBEPX-
HOCTHO-aKTHUBHOM CpeIbl IPOTEKAeT B HECKOJLKO STAIlOB, KOTODBIE
XapaKTepus3yioTcA M3MEHEHUAMN e€ XWMHUUYEeCcKOro coctaBa. Ha mep-
BOM JTalle IIPeBPAI[eHNi Ha IOpSYMX IIOBEPXHOCTAX IPOUCXOMUT IIH-
ponus Bxopsamux B coctaB COTC yriieBogopoaHbIX coeauHenuii, ¢ 00-
pasoBaHMEeM Tas30BOH CMeCH YIJIeBOJAOPOJOB M TBEPAOTO OCTATKA —
yriaepona. B manbHeliriiem, moj AefCTBHEM PasINYHBIX MOHH3ATOPOB,
oOpasoBaBIlIagcA CMeCh IIpeBpalllaeTcAd CHauaja B cJIab0 MOHUBUPO-
BaHHBIN BOJOPOAHBIA ras3, a 3aTeM B BOJOPOAHYIO ILIadmMy. Bce aTm
IpeBpaIeHusa MPOTEeKaloT 0 X0y MeXaHWUYecKOro Mpollecca: Hauu-
HAIOTCS HA IOPSAYMX IIOBEPXHOCTAX 3arOTOBKM WM CTPYKKM, a 3aKaH-
YMBAIOTCA y BEPIIMHBI TPeHWHBI. B majbHelleM o0pa30BaBIINECS
DJIEKTPUYECKH AKTHBHBLIE YACTHUI[BI BOAOPOJa BCTYIIAIOT B KOHTAKTHBIE
B3aMMOJIEHICTBUSA C HEMPEePHIBHO OOHOBJIAIONIEHCS 9JEKTPUUYECKU aK-
TUBHOH CTPYKTYpPOil MaTepuasa, cOpMUPOBAHHOI HA IIOBEPXHOCTH, B
MIPUIIOBEPXHOCTHOM cJioe ¥ B 00bEéMe MaTepuasia, T.e. B 00JIaCTU IIe-
pen ocTpueM TPEINUHBI, I'le MATePUAal CTAHOBUTCS, HEOSHOPOIHBIM. B
pesyJbTaTe TAKMX B3aMMOAEHMCTBUI BBIAENAETCS OOJBINAS TEILIOBAS
PHeprusi U obpasyeTcss aTOMApPHBINA, a 3aTeM W MOJIEKYJISPHBIN BOMO-
pon. B cBsasu ¢ stuMm umameHeHnume (obJierdueHme) IMPOIECCOB aedopma-
O ¥ paspylleHus ne)OpMHPYEMOr0 MeTaJljIa CJeLyeT CBI3LIBATH
MMEHHO C 9TUMH IIPOIECCAMMU W SIBJICHUSIMMU.

3mech ciaeayeT OTMETHTh JBAa BAaXKHBIX (DaKTa, HAINUYKE KOTOPBIX
IOKAa3aHO SKCIEPMMEHTAJbHO. BO-IEepBBIX, YCTAHOBJEHO, YTO [eli-
CTBUTEJHHO IMOBEPXHOCTHO-aKTUBHBIE cpeabl (B ToMm uuciae u COTC) B
YCJIOBUAX 30HBI PE3aHUA IIPETEPIIEBAIOT XMMUYECKNEe IIPEeBPAIeH’s C
obpasoBaHMEM AaKTHBHBLIX (opM Bomopoma. MV, BO-BTOpPBIX, 00pasylo-
muiics BOAOPOJ COAEPIKUTCA B CTPYsKKE M B HMOBEPXHOCTHBIX CJIOSX
obpaboranHo# 3arotoBku [11]. Takum obpasom, mOJIyUeHHBIE PE3YJIb-
TaThl HCCJENOBAHUN IOATBEPIKIAIOT pPaHee BBICKA3AHHBIE IIPEHIIOJIO-
JKEHUSA 0 XMMUYECKUX IIPEBPAIlleHUAX MCXOTHON Cpembl.

Hanbuelinue wuccienoBaHUs OBLIM CKOHIIEHTPUPOBAHBI Ha perle-
HHUM OCHOBHOI'O BOIIPOCA — O MeXaHM3Me XMMWUYECKUX PeaKIuil II0-
BEPXHOCTHO-aKTUBHOM CpeAbl B pPajuKaJbHO-aKTHBHYIO. Ilpm perre-
HUM 9TO# 3amauyd HeOoOXOAMMO OBLLIO YUYHTHIBATH, YTO TAKMeE IIpeBpa-
IIIeHNsI, CBA3AHHLIE C M3MEHEHNEM XMMMUUYECKOr'0 COCTaBa CPeAbl, IIPO-
TeKaloT B Y3KOH 30HE, I'e OIPOMHOE 3HAaUeHNWe MMeIT (U3UUYeCKUe
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daKTOpPhI, KOMILIEKC KOTOPBIX M CO3TaéT HeoOXOAMMbI€ YCJIOBUS IJIs
MMOJIyUYeHNA WNOHU3MPOBAHHOTO BOIOPOJa. PeIIaroIiyi0 poJb B JTOM
ciaydae UrpaeT KMHETHUKA XMMHNUYECKUX peaxIuii, TaK Kak a(pPeKTHuB-
HOCTh CpeAbl 3aBHCHUT OT CKOPOCTH OOpPAa30BaHUS OINTHUMAJIBHON KOH-
LEHTPAIlNY DJIEMEHTAPHBIX YACTHUI[ I CBOEBPEMEHHOTO MX IIOCTYILIE-
HUS B OUar paspylleHus.

IKCIIepUMEeHTAJIbHBIN MaTepuaJl, IOJyUYeHHbII HA HauaJILHOM 3Tale
HMCCJICIOBAHUM, IIO3BOJISIET 3aKJIIOUNTh, 4TOo sPdexTuBHOCTL MIIO,
maske Oojiee TOro, caMa BO3MOJKHOCTL IPOTEKAHUSA XHUMHUUYECKUX pe-
aKInii, 3aBUCUT OT MCKJIIOUNTEJIbHON POJM TPEIUHBI B 9THUX IIPOIec-
cax " SBJIEHUAX. BaXXKHO OTMETHUTh, UTO PACIPOCTPAHEHHE TPEeI[UHEI
CBSI3aHO HE TOJIBKO C CAMHMM OCHOBAMMU TEOPHH IIPOYHOCTH U Paspy-
mieHusi. B 1aHHOM cJiiyyae TPEI[UHY MOYKHO IIPEACTABUTh KaK IIYCKO-
BOE YCTPOMCTBO, BKJIOUAOIIEe IPOIeCC MHUINNPOBAHNA XUMUUECKIX
peaxiuii, a Take 00yCJIaBIMBAET UX CKOPOCTH M CBOEBPEMEHHOE IIO-
CTYILIeHNE AKTHBHOTO MaTepHajia HEIOCPEeACTBEHHO B 00JIACTh IIepe-
CTPOMKM M pas3pbiBa MeyKaTOMHBIX cBaseit [12]. Takum obpasom, Ku-
HeTHKa paspylleHus, T.e. OCHOBHLIE IIapaMeTPhl POCTa TPEIWHEI,
IaloT 3aKJIOUYEeHHEe O BO3MOMKHOCTH W CKOPOCTH HPOTEKAHUSA XUMUYE-
CKOr'0 IpeBpallleHus, KOTOPhble IIPKY IPOUYNUX PABHBIX YCJIOBUAX, CBS-
3aHBLI C IIapaMeTpaM{ MeXaHHUYeCKOH o0paboTKu. ITO O03HAUaeT, UTO
CYII[ECTBYET B3aMMOCBS3b KHHETUKN POCTA TPEINUHBLI C (PUIUKO-
XUMHUUYECKMMH IIPOIeCCAMHU M SBJIEHUAMU, KOTOPBLIE CO3LAI0T HEeo0XO-
OINMbIe YCJOBHS [IJd wHoHM3aumuu cpegbl. IlosTromy  ¢usmKo-
XUMHUUYECKUHA KOMILIEKC IIPOIECCOB M SBJIEHWM, KOTOPBII SBJISAETCS
IIOCTOSIHHBIM CIIYyTHHKOM PACTYINEN TPeIUHbI, II03BOJIAET Peainso-
BaTeb MIIO. [l 9TOro Heo6X0amuMO, UTOOBI:

— MPOCTPAHCTBO PEAKIIMOHHON 30HBI HPOHU3LIBAJIOCH IIOTOKOM 3JIEK-
TPOHOB BBLICOKOI 9HEPruy M OOJIBIIION MHTEHCHUBHOCTH, HCIIYCKAEMOI'O
M3 BEpPIIMHLI TPEIUHBLI B IIPOIECCE IIEPECTPOMKN M paspbiBa CHJI
MEXKATOMHBIX CBsizell ne()OpMHPYEMOr'0 Tejd, a TaKyKe DJIeKTPoMAr-
HUTHBIM I10JIeM, OOPasyIOI[UMCA B CBSI3U C HAJIUUYNEM TEPMODJIEKTPO-
OBUIKYINE CHJIBI B CHCTEME «CTAHOK—HMHCTPYMEHT—3aroTOBKA»;
MOMKHO II0JIaraTh, UTO TaKWe YCJIOBUS COOJIONAIOTCS B IIPOIlECCE pesa-
HHUS, IOCKOJBKY M3BECTHO, UTO B MOMEHT POCTA TPEIMHBI NU3JyYalOT-
cA BJIEKTPOHBI ¢ dHeprueit npumeprno 10° 3B ¢ unTeHCHBHOCTBIO 6-10°
UMITyJbCOB B MUHYTY [19];

— B pe3yJIbTaTe MCIIOJb30BAHUS SHEPruu, 3allacéHHONM Ha CBexxkeobpa-
30BAHHBIX IIOBEPXHOCTAX, HA HUX HHUIHMHPOBAJINCL U CAMOYCKOPSI-
JIACh XVMMHUYECKHE PeaKIliu;

— HaJnuyye dJJIEKTPUUYECKMH aAKTHUBHBIX Je()eKTHBIX YYACTKOB CBEXKe-
00pa30BaHHLIX IIOBEPXHOCTEH MpeACTaBJAAM Obl CO00M MUKPOIIEK-
TPOALI, ABJIAIOIINIECSd, C OJHOM CTOPOHLI, MICTOUHMKAMU 3J€KTPOHOB U
MOHOB, NPUHMMAIOIINX YyYaCTHE B IIOBEPXHOCTHBIX pPeaKIUAX, a C
IPYroi, — [eNCTBYIOIINE KaK TOPMOS3AINNEe HJIN YCKOPSIOINe IIOo-
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TEHIIMAJLI P MUTPAIAN DJIEKTPOHOB M MOHOB HA IOBEPXHOCTU KPH-
CTAJIJIOB IIPU Pa3JHUYHBIX (PUBUKO-XUMUUYECKUX IIPOIleccax;

— objacTh MaTepuaJja y BepIINHBI TPEIUHLI Ipurodperasia Ipeaeib-
HO CKOHIIEHTPHPOBAHHBIA OTPUIATEJbHBLINA 3JeKTPUUYECKHN 3apsn
(ahdexr Xosma) B cBA3U C 3aTPyAHEHUEM IBUKEHUA SJIEKTPOHOB
BCJIEICTBUE KOHIIEHTPAIINU OOJBIIIOr0 KOJUUYECTBA Pa3INUYHBIX AedeK-
TOB M HEYIOPSANOUEHHBLIM COCTOSHMEM MaTepuajaa, a TaKKe BCJel-
cTBUe nedopMalium pPemiéTKu BOKPYTr aroma Bomopoza [20, 21];

— OBLLIO HaJIWUYME OTPUIATENLHOTO JJeKTPUUECKOro 3apAla B Bep-
IIAHE TPEIUHBI UM IIOJOKHUTEILHOTO 3apsma, KOTOPBIM ObI obJamga
KJIVH HWHCTPYMEHTA, KOTOPLIE OIIPEIeNAI0T BEKTOpP IIepeMeIleHUs B
II[eJICBOM IIPOCTPAHCTBE 3apSAyKEeHHEBIX 4acTHIl Bojopoga: H' — B crTo-
POHY BepIIMHBLI TpeluHbl, a H — B HampaBjIeHUM HHCTPYMEHTAa
[12];

— HaJlInyue dJeKTPUUYECKOTO IOJIA B CHUCTEME MeTaJJI—BOJOPOJ WHU-
IUUPOBAJIO ObI 3PPEKT 2IeKTPOHHOTO «BeTpa», UTO TOJIIKHO obecre-
ynTh aMOunoaapHyio muddysuo H' Bray6r MeTanna co CKOpPOCTHIO,
IIPEBLIIIAIONIe CKOPOCTh AedopmupoBanuda Tea [12].

CoryacHo IpeajiaraeMoil MOJEJNN B IIPOIlecce pPe3aHusA B JOKAJIUSU-
poBaHHOM MHKPOOOBEME IIIACTUYECKH HAedopMHUpPyeMoOro MeTasjia,
TOBENEHHOTO 10 Pa3pyIIeHusd, CO3TAI0OTCSI TaKyKe YCJOBUS, KOTOpLIE
IOCTATOUYHBI JJIA WHUIMHAPOBAHUSA M 3aBepIIeHUS aKTHUBAI[UU CPEIEbl,
a Tak’Ke OJIA IIepeHoca SJIeKTPUUYECKHU 3apsasKeHHBIX UACTHUIL BOIOPOIa
13 rasoBoil (pasbl K IMOBEPXHOCTSIM y BEPIINHBI TPEIWHBI, a 3aTeM U
B 00BbEM MaTepuaJa.

Ypouiéuuo uaeaInsupoBaHHAS (pusnuecKas MOJeNb PeaKIINOHHOMI
30HBI IpeJCcTaBleHa Ha puc. 1. Ta 30HA COCTOUT M3 MUKPOIIEIN, 00-
pasyiolieiica MeXAy JIe3BUeM MHCTPYMEHTa M MEeCTOM OTHAeJIeHUs ua-
CTUIl MeTajlJla OT IIOBEePXHOCTH 3arotoBku (puc. 1, 6). Ilomaraercs,
YTO MUKPOIIEJIh CONpPATraeTcsa C MUKPOTPEIUHOI, IIepexomsdaIilneil B
o0sacTh MaTepuasa, T'le OCYIIEeCTBIAIOTCS aKThl IIEPECTPONMKMN W pas-
priBa cuJy cBsA3eil. BayXHO OTMETHTB, UTO IIPU HOCTPOEHUU MOMEJIU
KMCIOJB30BAH PAJ IOMIYINEHWNA 1 HeONpPeAeJEHHBIX IapaMeTPOB IIPO-
Iecca paspylleHus. B yacTHoCTH, ¢ Yy4éTOM HaHoMacIiiTaba IOCTpoe-
HUS MOJEJNHU, II0Jarajgoch, UTO:

— pesanme MeTajlJla OCHOBAHO Ha IIpollecce ILIACTUYECKOIr'0 TeUeHUs,
a TpeluHa 00pasyeTcs B pe3yJabTaTe CKOJbMKEHUS CJIOEB MeTaJlia
IPYT OTHOCHUTEJIBHO IPyra B CBA3U C JOCTHKEHHEM JIOKAJIU30BaHHOM
B MaJIoOM 00béMe MCKJIIUYNTEIbHO BLICOKOI AedopMalinm;

— YaCTUIILI MEeTAJJa, HaXOASINecsd Ha MOBEPXHOCTU I'PAHUIILI 30HBI
CTPYKKOOOpPa30BaHUA U OCTAJIBHOI Maccoii MeTajja o0pabaThIBaeMOi
3aTOTOBKU He KOHTAKTHPYIOT C JIe3BHUEeM MHCTPYMEHTa, 00pasysd MUK-
poitienb;

— KOH(pHUTypalus TPeHInHbI I0J00HA KJIUHY C YCTheM, CXOOAIIUM 0
aTOMHOTO MacITaba;
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— TpeIMHA IIPEAIIeCTBYEeT KaK BA3KOMY, TaK W XPYIIKOMY paspylie-
HUIO MeTaJja;

— 30HAa OIepeKalolNell MJaacTUUYecKol Aedopmaiiuy Iepen BepIINHON
TPEI[UHLI JOCTHUTAaeT IPUMEPHO mepel pe3roM 5—6 MKM, a IIoJ pes-
moMm — 3 MKM [22]; B aTOif 30He (hopmMuUpPyeTca JoxKe OymyIei Tpe-
OIMHBI B BUJle TOHKON KaHaBKMU.

BosHukamwIimue B peakIIMOHHON 30HEe KOHTAKTHBLIE B3aMMOIEHCTBUS
BOJOPOJHOM T'a30BOM CMECHU C DJEKTPHUUYECKU AaKTHUBHON HOBOI CTPYK-
Typoil B MOMEHT e€ 00pa3oBaHUs, KOMILJIEKC PasHOOOpasHbIX (U3UKO-
XUMUYECKUX SABJIEHUH, MMEIOINX KBAHTOBYIO mpuponxy (puc. 1, 8) u
BBIBBIBAIOIIUX YCKOPEHNE IIPOIIeCCOB XMMUUYECKON aKTUBAIIUU CPenbl,
a TaKiKe BO3MOKHAs CaMOAKTHBAIIUA pPeaKIuu B pe3yJabTaTe meli-
CTBUS IIOJIOXKUTEJIbHON O0pPaTHOI CBA3U MeXKIy (PUBUKO-XHMHUUYECKU-
MU ¥ MeXaHMYEeCKMMHM IIPOIlecCaMU UTPAIOT IJIABHYIO POJb B obJerue-
HUU gedopManum 1 paspyrieHusa IpU MeXaHOILIa3MeHHOH o0paboTKe.

Kax wm3BecTHO, BOZOPOA B IIPOTOHHOM COCTOSHHUN CBOOOZHO mIud-
GyHAUPYeT uepes KPHUCTALINUYECKYIO PEIIETKY, HO 3aXBaTbIBAETCS
JOBYHIKAMM — pasauuHbIMU AedexTamMu. IlosToMy Ipu pesaHuUU Of-
Ha YacThb IIOTOKA HPOTOHOB OyIeT 3aXBATBHIBATLCS IIOBEPXHOCTHBIMU
IedexTaMu, a OCTaBIIHECA IIPOTOHLI — OO0BEMHBIMU.

W3syuenrne mMexaHM3Ma pPeaKIUP Ha UYHCTHIX HOBEPXHOCTAX II03BO-
JseT BBIAEeJUTH B paccMaTpUBaeMOM IIPOIlecce IBe CTaauM: 3JIEKTPO-
XUMUYECKHNe, CBSI3AHHLIE C IePeHOCOM JJIEKTPOHA M CTAAUSA XUMIUUe-
CKUX IpeBpallleHuil B IIeJIeBOM IIPOCTPAHCTBE BBLICOKO PeaKIIMOHHO-
CIIOCOOHBIX YAaCTHUII YIJIEBOAOPOIHOM ras3oBoil cmecu. IIpu sTom obpa-
3yIoIecsa B IIPOCTPAHCTBE IIPOAYKTHI MOTYT BCTYIIATh B 9JIEKTPOXI-
MHUUYECKYI0 PEeaKIiii0o Ha IOBEePXHOCTH Ineau. K sTomy ciexyer moba-
BUTH, UTO B JJIEKTPOXMMUUYECKYIO PEeaKIIMI0 BCTYIalOT He TOJLKO ua-
CTUIbI, MMeEIOIINe 3apAl IIPOTUBOIOJOMKHEINA 3apany 3JeKTPUUYECKH
AKTHUBHBLIX 95JEMEHTOB IIOBEPXHOCTH SBJAIOINNECT WCTOUYHUKAMU
SJIEKTPOHOB M MOHOB, HO M HeHTpaJbHbIe MOJIEKYJIbI BOOOPOIA U JaKe
MIPOTOHLI, MMEIOIEe TOT YK€ CAMbBIN 3apsAl, UTO M MHKPOIJIEKTPOILI
Ha moBepxHocTHu mieau. OJHAKO B 9TUX CIAydYasx ajgcopOIius Ha KarTa-
JUTUYECKN AKTHUBHOM MOBEPXHOCTH OYAET OCYIIeCTBIATLCS He 3a CUET
IeMCTBUSA DJIeKTPUUECKUX 3apANOB, a NyTEéM AUDGDY3UM U KOHBEKIIUU
[19, 20].

IlnactTuuecku mepopMUpPOBAHHAA 00JacTh MaTepHajia mepem OCTPH-
€M TPEeIUHBI COAEeP;KUT OO0JILIITOe KOJWUYECTBO PA3JIUUHLIX Ie(eKTOB
— TOUYEUHBIX, JUHEHHBIX, MOBEPXHOCTHBIX U OOBLEMHBIX. JOTH dedex-
TBI 3aXBAThIBAIOT IIPOTOHBI, C 00PA30BAHMEM ATOMOB M MOJEKYJ BOMO-
pox, UTO CONMPOBOMKIaeTCs BhIAEJNEHMEM Tellia. B ¢cBoio ouepennb oOpa-
30BaBIIMECS aTOMBI W MOJIEKYJBI, B pe3yJbTaTe B3aMMOAENCTBUS
MeK Iy coboii, MOTYyT 0O0pas3oBEIBATh KJacTepsl [23].

Taxkum 0o06pa3oM, B II€JIOM, BOJOPOJ MOKET 3aXBATBIBATLCSI B CUJIb-
HO medOPMUPOBAHHELIX 00JACTAX BOKPYI YCThEeB TPEINUH, AUCJIOKA-
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nuii, B IIeJIOM pPsAJe MECT, I'lle ero BINAHUE CHUMKAET MEXaHUUYECKYIO
IIPOYHOCTL MeTajja. BHe obiacTu miaacTHuecKu AeOpMUPOBAHHOTO
MaTepuaJja 3a HavaJbHOUW I'paHUIlel 30HLI CTPYKK000pa3soBaHUS KOH-
meHTpanus ae)eKTOB 3HAUNTEJIbHO CHUYKAETCA 1 YMEHBINIAeTCsa B Hel
cojiep;kaHue Boaopona. IIpu BeIXozAe TOUeK AedopMUPYyeMOTo TeJsa U3
30HBI KOHTAKTa C IIOBEPXHOCTAMM MHCTPYMEHTA MaTepHaJl COXPaHAET
CTPYKTYPY, OOpasoBABIIYIOCA WOJ BINAHWEM BOAOPOIA B IIOAPE3IIO-
BOM YacTH ILIacTHUYecKu aedopMuposaHHOro Teaa. CiemoBaTesbHO, B
30HE CTPYKK000pa3oBaHUs BIIEPeIU PEKyINell KPOMKM MHCTPYMEHTa
HaXOAUTCA yiKe IIJIacTUUYecKu AeOpMUPOBAHHBLIN CJIOM MaTepuaJa,
CTPYKTypa KOTOPOTo c(pOpMHPOBAHA AEMCTBHEM BHEIIHETO0 MeXaHWYe-
CKOTO YCHJIMWS U BOZOpoja. JTa 00JacTh OXBATBHIBAET KAaK cpe3aeMbIi
cJIOl, TaK M YacThb 3arOTOBKU, HAXOIAIIEN 3a JUHUEHN cpe3a, KoTopasd
oymer medopMHUpoBaHA U pas3pyllieHa IPKU HOBOII BCTpeue C KJIMHOM
MHCTPYMEHTa. ITO O3HadaeT, UTO (PaKTUUYECKH B 30HY CTPYsKKOOOpa-
30BaHUSA IIOCTyIlaeT MAaTEPUAJ, CBOMCTBA KOTOPOTO OTJIUYAIOTCA OT
CBOMCTB 3arOoTOBKH.

B peaknuoHHOI 30He OCYIIECTBJIAETCSA TaK:Ke HaIIpaBJEeHHOe Iepe-
MeIlleHe 3apAKeHHBIX YacTUIl K BepIIMHE TPEHIMHLI M B CTOPOHY
MHCTPYMEHTa. ITOT MPOIIeCC CTAHOBUTCS BO3MOXKHBIM B CBA3HU C TeM,
YTO Iepes BepIINHOM MUKPOIINEJN B 00JACTU ILIACTUYECKH He)OpPMU-
pyeMoro MeTajljia KOHIIEHTPUPYETCS OOJILIIIOe KOJUYECTBO pasimu-
HbIX nedekToB. Takue medeKTsl 3aTPYIHAIOT IBUMKEHUE DJIEKTPOHOB B
KPUCTAJJINUECKO PeIleTKe U ABJIAIOTCA MX JOBYyIIKamMu. Beieacrsue
9TOTO B IIJIaCTHUUECKHU Ae()OpPMUPYEeMOM 06JIacTU mepeln YCTheM TpPeIllu-
HBI HAOJIOJaeTcsd IIOBLINIEHHAA KOHIEHTpAIuA 3JeKTPOoHOB. Iloisap-
HBII 3(dexT HabaomaeTca Tak:ke B CBA3U C gedopMalueil peréTKu
BOKpPYr aToMa Bogopona. CiemoBaTeJbHO, 00JacTh MaTepuaja, TIe
IPOUCXOMUT IIePeCcTPOiKa U PpaspbiB CUJI CBA3EH MeXKAYy aToMaMu,
npuobpeTaeT MOpeaelbHO CKOHIIEHTPUPOBAHHBINA  OTpUIlATeIbHBIH
DJIEKTpUUeCKUil 3apan. BceiemcTBue sToro m3 oOpasoBaBImeilics mJas-
MBI UYACTHIILI BOAOPOHA, O00Jagalol[ue IIOJOKUTENLHBLIM 3SJIeKTpUUe-
CKUM 3apdAiaoM, IIepeMeIaioTcsd B CTOPOHY OTPHUIlATEJBHOrO, T.e. B
ouar paspyIiieHmsd, a vyacTullbl H JaBUTaOTCA B CTOPOHY ITOJOMKMU-
TEeJBHOTO 3apAla K WHCTPYMEeHTY. IIoJIOMKUTENbHBIA 3apsaj] UHCTPY-
MEHT IpHUoOpeTaeT B CBA3U C TE€M, UTO JJEKTPOHLI C KJIMHA WHCTPY-
MEeHTA CTEeKAalOT B CTPYKKY, KaK 0oJee HArpeTyo obJiacTh MaTepHaa.

TakumM 00pasoM, pPeaKIMOHHYI0 30HY MOJKHO IIPEACTABUTH KAakK
€CTEeCTBEHHO CO3JAaHHBINA B ITPOIIECCE PE3aHUA PEaKTOpP, B KOTOPOM IIO-
CTyIIAIOIasA B ero HMPOCTPAHCTBO cpela IIOABepraeTcAd KOMILIEKCHOMY
BO3IEHCTBUIO COIIPOBOMKIAIOIINX MPOIECC PEe3aHUSA PAlIUUYHBIX (DU3U-
KO-XMMHUUYECKUX IIPOIleccOB M sABJeHuii. Kpome sToro, B pesyiabTare
IeliCTBUS TOJIOKUTEJIbHOM OOpaTHOM CBASU MEXKAY XUMUYECKUM
IPOIleCCOM U MeXaHWYECKUM paspyIleHUeM, IIPOUCXOIUT eIlné MU ca-
MOYCKOpPeHIEe XUMUUYECKUX pPeaKIlui.
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4. BO3BMOYKHBIE ®OPMbI BBAUMOJEVICTBUSI HAHOPASMEPHBIX
IJIEKTPUYECKU AKTUBHBIX YACTHIT BOJOPOJA C METAJIJIOM

Tor ¢axT, 4YTO IPOCTEUINNNA U3 BCEX XMMUUECCKUX DJIEMEHTOB BOIOPOM
UTPaeT peIIaloIlyi0 PoJbh B M3MEHEHUN MeXaHWYEeCKMX CBOMCTB Me-
Tajja IPU ero paspylleHuH B JI000H TeXHOJOTUYECKOH YIJIeBOIOo-
POAHON MOBEPXHOCTHO-aKTUBHON MKUJIKOCTH, CTABUT 3amavy Ogajib-
Helilllero u3y4yeHUA 3aKOHOMEDHOCTeN ero BJIUSHUSA Ha IIPOIECCHI Je-
dopmanuu u paspyuleHud. Takue HccaeLOBaHUA NIPEACTABIAIOT KC-
KJIIOUNTEJbHOE 3HAUEHNE KaK IIPU pPaspaboTKe pasHOOOPasHBIX CIIOCO-
00B, B KOTOPBIX II0 TEXHOJOTMUYECKOMY IIPOIECCY HEOOXOAMMO IIpe-
07l0JIeBaTh MeE)KaTOMHOe CIlellJIeHle TBEPJBIX TeJ, TAaK U B CO3LaHUU
METOJOB 3aIllUThl METAJJINYECKUX KOHCTPYKIHMI OT HEeraTUBHOTO
BJIMAHUA BOJOpPOJA.

Bsaumogeiicteue npoToHos H' ¢ meramiom B 067acTH ero paspy-
IIeHUS — CJOMKHBIN IIPOIeCC, BKJIOUAKIINN PasIuUHble XUMUUYECKUE
peakIuu, IPOUCXOAAINNE Ha BHEITHUX W BHYTPEHHUX ITOBEPXHOCTAX,
Ha TPaHUIlaX 3€peH U Cy03EpeH, B3aMMOAEMCTBUE BOAOPOJAA C AUCJIO-
KalusaMy, aToMaMU TBEPAOTO TeJja, HeMeTaJJINUYeCKUMU BKJIOUEHUS-
Mu u ap. Hampumep, mIpu B3amMOAEHCTBUYM IPOTOHOB C MOHAMHU Me-
Tajja MOTYT IPOTEKATh PeaKIlnli, KOTOPhbIe BBLI3LIBAIOT MJIM HE BELI3HI-
BAIOT CTPYKTYPHBbIE M3MEHEHUs, He MPUBOAAIINE K 00PAa30BAHUIO XU-
MHUUYECKUX COeTUHEHWHN Ha BHYTPEHHUX MOBEPXHOCTAX U PeaKIu’ C
0o0pasoBaHMEM BTUX COEIMHEHUH, a TaKKe PeaKIMM, IPU KOTOPBIX Ha
BHYTPEHHUX MOBEPXHOCTAX 00PA3YIOTCA MOJIEKYJIBI XUMUYECKOTO CO-
eINHEeHUs, TYT JKe mepexonsdallue B rasoByio ¢asy [15].

IIpu mMexaHMYECKOU 00pabOTKe pesaHMeM pa3JMUYHBbIEe KOHTAKTHBIE
B3aUMOJIEMCTBUA BJIEKTPUUECKN aKTUBHBIX UYaCTHUI] BOAOPOJa C 3JEK-
TPUUECKN AKTHUBHOM peaibHON CTPYKTYpPOH MeTaJijia, obpasyrolieiics
B IIpoliecce aedopManuu W paspylleHud, MIPOUCXOIAT IO BCEMY O0H-
éMy YIOPYTO-ILJIacTUYecKW JaeopMUPYeMOro CJOs MeTajjia Iepej
BEPIIIMHON TPEIUHBI. XapaKkTep IPOABJIEHUA TAKUX IPOIECCOB MMEET
CBOU OCOOEHHOCTHM, M OH CBA3aH C PasIUdYMAMU BO B3aMMOJAEHCTBUU
BOZOpOZla C peaybHOM CTPYKTYpoll MaTepumaJja, U3MeHAIoIleiicad Ha
BCeX CTaauAax ero Ae)opMUpPOBaHUSA U pa3pyuleHusd. Bmecrte ¢ TeMm,
pasHooOpasue 3THUX B3aMMOJAEUCTBUN U (opMa WX TPOABJIEHUA IIPHU-
BOAAT, B KOHEUHOM CUETe, K OAMHAKOBOMY pPe3yJbTaTy — o00Jerde-
HUIO TIpoIleccoB Ae)OpMHUPOBAHUA W paspylineHusa. Hampumep, BbIge-
JAIONIaacA TellJIoBasdg SHEPTUs IPU B3aMMOJEUCTBUU BOAOPOAA C Me-
TaJJIOM OKa3bIBaeT BJIMAHMWE Ha IIpoliecchl AedopManum W paspyliie-
HUA aHAJOTMYHO MEXaHWYEeCKMM HArpysKaMm, T.e. CIIOCOOCTBYIOT 00-
JerueHUI0 uX IporexkaHus [24]. BceaexcTBue B3ammomeiicTBUA BOIO-
poza ¢ mpeaBapuUTeIbHO BBeIEHHBIMU B MeTaJll aTOMAMU PACTBOPEH-
HBIX B HEM 3JIEMEHTOB, YACTHUIl BLIAEJEHUHN, TBEPALIX (a3 U CUAIUUX
IVCJIOKAIITMOHHBIX TeTeJIb YCTPAHAIOTCA IPENATCTBUA IBUMKEHUIO
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IUCJIOKAINi, CHUKAsA TeM CAMBIM YPOBEHL CTPYKTYPHOrO YIIPOUYHE-
Husa [24, 25]. Takue mpoIiecchbl CIIOCOOCTBYIOT YBEJIMYEHUIO CKOPOCTH
mepeMeIreHusa AUCJOKAIui u 00Jerdaior, JuOO BOOOINE YCTPAHAIOT
SHEpreTHUEeCKNe 3aTPaThbl HA MX BBIXOJ Ha BHYTPEHHNE IIOBEPXHOCTH,
T.e. YBeJINUUBAIOT CKOPOCTD IJIacTUUecKoii medopmariuu [23].

Cienyer pasiuyaTbh KOHTAKTHBIE B3aMMOJEHCTBMS IIPOTOHA C IIO-
BEPXHOCTBHIO MeTaJlia, C IPUIeKAIIUM K Hell cJioeM, T.e. B IIePexOo/-
HOU o0JjiacTH, a TaKKe B YJIBTPAMUKPOCKONMUECKUX O0JaCTAX TeJja
HEIIOCPEACTBEHHO B 30HE IIPEOJOJIEHHA CIeIJIeHWs Medy aTtomamu. B
0011IeM BHuIEe TaKUe B3aMMOMEMCTBUS yiKe OBLIM PacCMOTPEHBI. 3aech
MBI OCTAHOBHMCS HA IEPEXOJHOI 00JIACTH OT HOBEPXHOCTH B O0BEM U
ILIACTAYECKHU OeOpMUPYEeMBIM MATEPHAJIOM IIepe] OCTPUEM TPeIlu-
HBI, I'Jle IPOUCXOLSAT IIePEeCTPOKa 1 PasphiB CUJI CIIEILICHHUA.

IIpu «BXOme» IIPOTOHOB B TBEPAOE TEJIO OHU AuMpPyHIUPYyeT uepes
IIEePEeXOAHYI0 00JacThb, MEXKIY IIOBEPXHOCTHI0 M O0BEMOM MeTaJLia.
BcesencerBue sTOro B IIepexomHOM o0jacTu obpasyeTcsa HOBas rasoBas
CMeCb, COCTOAINAS M3 3JIEKTPOHOB MIPOBOAMMOCTH M IIOJIOMKHUTEIbHO
3apSAMKEHHBIX YACTUI] BOAOPOLA, B KOTOPOH 9JIEKTPOHBI OKAa3bLIBAIOTCS
OKPYKEHHBIMU «O0JIAKOM» IIOJIOMKUTEJBHOr0 3apsana. PesyJabTHPYIOo-
Iiasg BeJHYMHA TAKOr0 00pasoBaHMUs OyJeT IIPEeBLINIATEL JJIEKTPOHHBII
3apAn U IIO9TOMY 3JEKTPOH, BMECTE C OKPYIKAIOIIMM €ro «00JIAKOM»
IMOJIOYKUTEJILHOIO 3apdAna, OymeT IPUTATMBATLCA K IPYyroMy CBOOOI-
HOMY dJeKTpoHYy [20]. 9IeKTPOHLI IPOBOAMMOCTH M IIPOTOHLI (haKTH-
YeCKU CTAHOBATCS <«IPUBSI3AHHBIMU» IPYr K APYry U IOJ IeHCTBUEM
BHEIITHEr0 3JIEKTPUUYECKOr'0 IIOJIA IIPOJOJIAKAIOT COBMECTHOE IIepeme-
IIIeHNre BIOJIb cpe3aeMoro cjosg. Takum oO0pasoMm, B IIePeXOmHOI 00Jia-
CTH CO3MAIOTCA YCJOBUA AJS MPOABICHUA M3BECTHOTO s(pdeKTa dJeK-
TPOHHOTO «BeTpa» [20], 6iaromaps ueMy CKOPOCTH IIepEeMeIeHUA BO-
Iopoga OymeT 3HAUMTEJIBHO IIPEBBIIIATH CKOPOCTHL IIPOIlecca paspyille-
Hus. Takoe IpeNIIOOKeHNe IIOATBEPMKIACHO CJEAYIOIMMMU SKCIepPH-
MEHTAJIbHBIMI JAHHLIMH.

IIpoBoguiochk cBepJieHNEe CTaJU B BoJe U B Boje ¢ mobasroii (1,5%)
JaTekca mnoauBuHuaxJgopuza [11]. IoaydeHHble OTBepCTHA paccBep-
JMBAJIA HA BO3JyXe CBEPJIOM, AUAMETP KOTOPOro Ha 1 MM HpPEBBIIIAJ
IMaMeTp HAaJYaJbHOI'O OTBEPCTUS M MX IIOBEPXHOCTH AaHAJM3WPOBA-
auchk. A oOHApY KeHUs BOAOPOLA B MaTepuaJie IIPUMEHSJICA METO[
TEeMIIEPATYPHO-IIPOrPaMMUPYEMOT0 Harpesa o00pasIlOB, IIOMEIEHHBIX
B BaKyyMHUPYEMBIII 00BEM C OZHOBPEMEHHON MAacCC-CIIEKTPOCKOIIYE-
CKOI perucTpamnmeil BbIgesdionierocss Bogopoxaa [11]. Berio ycranos-
JIEHO, YTO MACC-CIEKTPOMETPUUYECKHUI CUTHAJ, XapaKTEepPHLIN BOZOPO-
Iy, daBaju o0pasibl KAaK IIOCJIe CBEPJIEHUS B BOIE, TAK U B BOJE C
mobaBkoil monumepa. OZHAKO MUK CUTHAJA BOZOPOJA IIPHU CBEPJIEHUU
B BOZie C IIOJIMMEPOM MHOTOKPATHO IIPEBBIIIAJ IIHNK CHUIHAJIA BOLOPO-
Ia, KOTOPBIA maBaju o0pasIibl IIOCJE CBEPJIEHWS B Boje 0e3 IoJIimMe-
pa, 4TO CBHUAETEILCTBOBAJIO O XMMHUUYECKHMX IIPeoOpa3sOBAHUAX IIOJIM-
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Mepa, coaepiKalerocsa B Boje, ¢ oO0pasoBanueM OOJIBIION KOHIIEHTpA-
UM Bomopona. B cmexTpe oOpasia IIocjie pacCBepPJANMBaHUS Ha BO3MY-
Xe Takske OOHApPY:KHMBAJICS IHK BOIAOPOMAa, XOTA U C MEHBINEN MHTEH-
cuBHOCThIO paBHOM 10% or mcxoxHoro sHaueHus. IlosyueHHBIE pe-
3yJIbTAThl JOKA3bIBAIOT BBICOKYIO CKOPOCTh Aud@ysum Bomopona B
mractuuecku aedopMUpPyeMoii o6JacT MeTajia.

CienyeT OTMETUTDH, UTO yBJIeUeHIE IIPOTOHOB JIEKTPOHAMU ITPOBO-
IUMOCTH HACTOJBKO BEJINKO, UTO MOJIOMKUTEJIbHO 3apssKeHHbIe MOHBI
BOZOpOa ABUTalOTCA B CTOPOHY amHoOMa, IIPOTHUB MOJA, IOJZOOHO da-
CTUIIAM ¢ oTpuHaTeabHBIM 3apanoM [13]. Taxkaa auddysus mporexa-
€T CO CKOPOCTBhIO KOJIIEKTHUBHOI'O IIepeMeIlleHns, KOoTopas yMeHbIIa-
eTcs IO CPaBHEHUIO CO CKOPOCTBLIO MepeMeIleHnaA OTJHUX 3JIEKTPOHOB B
(m. /mp,)/Z pas. Haxxe mpu ToM, uTO Macca mportoHa B 1836 pas
00JbIlle MAacChl SJIEKTPOHA, W MPU OAUHAKOBOM YCKOPAMOIIEeM HAIPs-
JKeHUU JIMHelHasd CKOPOCTh IIPOTOHA, XOTA B 43 pasa M MeHbLIIIe CKO-
pocTu sJIeKTpPOHA, OAHAKO OHA BCE Ke 3SHAUUTENLHO IPEBBIIIaeT CKO-
pocTs pocra Tpemuubl. ClemoBaTebHO, IIPU PE3aHUU B IOJUMEPCO-
mep:katreit COK Bomopon cBoeBpeMEHHO IIOCTYHAaeT K BepIInHe Tpe-
IIUHBI 1 B 00BEM MaTepuaja Iepel €€ OCTPpUEeM, B3auMOAEHCTBYA C
BHOBBL 00pasyoIuiica peaJbHOM CTPYKTYPOH MeTasa.

ITapanieabHO 3TOMY IIPOIlECCY IIPOTOHBI, IIOM BIUSHUEM 3DJIEKTPIH-
YeCKOTO MOJIA, IIPOXOAAT CBOOOAHO CKBO3b HAEANLHO IIPABUJILHYIO
KPHCTAJINUECKYIO PeIIeTKy, 0e3 paccedHus Ha ysjaax [15]. Tarkas
pemiéTka He OKAas3LIBaeT CONPOTHUBJIEHME TOKYy wuoumsanuu. OTHaKO
paccesHne IIPOTOHHBIX BOJH M CBSI3aHHOE C HHUM COIPOTHBJICHUE Ma-
Tepruaja UX IepeMeIleHUI0 BCE Ke BO3HMKAET, eCJM B KPUCTAJINYe-
CKOU peIlETKe CYIIMeCTBYIOT IIEHTPhI pacceaHUs — HCKaKeHUs IIpa-
BUJIBHOCTH KPUCTAJJIMUYECKON PeNIETKU, a TaKyKe IIOpPbl, I'PaHUIIGI,
mpuUMecHble aTOMbl W Apyrue nedeKThl. IIoCKOJIbKY Bce peasbHbIe
TBEPALIE TejJa COAep:KaT TOUYeUHBIe, JUHEWHbIe WU IIOBEPXHOCTHLIE
IedeKTbl, KOTOpbIe IIPEACTABIAIOT C000Ii O0BEMHBIC JIOBYIIIKU IS
Bomopoaa [23], To B mpoliecce ambumosiapHOil auddysuu, U3 IOTOKA
COBMECTHO IIepeMeIaloniuxcsa SJeKTPOHOB UM BOAOPOJa, IIOCTIeTHIIA
Oyzer 3axBaThIBaThCA AedeKTaMu, T.e. 00BEMHBIMU JIOBYIIKaMu [23].
IIporiecc 3axBaTa CTAHOBUTCS BO3MOKHBIM, KOT/JA COCTOSHIE aTOMOB
MeTaJljia II03BOJISAeT YAEPIKUBATh IPOTOHLI CBOUM 3JIEKTPUUECKUM IIO-
JeM, KOTOpOe IIPeBLIIaeT CUJIYy BHEIIHEero JJIEKTPUUYECKOTO IIOJIA.
BoabIInHCTBO HCCIeqoBaTeNIel CUMTAET, YTO SHEpTrus 3axBaTa IocCTa-
TOYHO OOJIBIIIAA M COCTaBJISIET HECKOJIbKO HeCATBIX 3JIEKTPOH-BOJBTA,
YTO 3HAUNUTEJHHO IIPEBEIIIAET CUIY 3JIEKTPOHHOTO «BeTpa» [23].

W3BecTHO, UTO M3 BCETO MHOI000pasus JIOBYIIIEK BOAOPOAa Haumbo-
Jee 3(peKTUBHBIMU ABJIAIOTCA HMOPbI, KOTOPbIe 00Pas3yioTCs B PEe3y.Jb-
TaTe B3aMMOJEHCTBUA IIPOTOHOB MEXKAY c000ii, 1u60 B CBA3U C KJa-
cTepusalnueil BakaHcHUii, 00 KaK pe3yJabTaT MeXaHWUYECKOU, TepMI-
YyecKoil, pagualioHHON M JAPYyrux BUIAOB o00paboTkm wmetasma [20].
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KoHcTpyKIIMOHHBIE MaTepHaJbl Jaske B MCXOAHOM COCTOSAHUU COAEp-
JKaT IIOpPBI, KOTOpbhle MMEIOT TeXHOJOTmuecKoe mpoucxo:kiaenue. 00-
i 00BEM IOP MOYKET JOCTUraTh AECATKOB IIPOIEHTOB O0BLEMAa Ma-
repuaja [24]. Pe30HHO IPeAIOIONKUTL, YTO HAJUUMNE IIOP MOMKET CY-
IITeCTBEHHO BJUATH He TOJLKO Ha CIOCOOHOCTL MaTepuaja HaKaIlJIu-
BaTh, HO U IIPOIIyCKaTh BOmopoa. Takoe mpeamosiokeHnre 000CHOBLIBA-
eTcs TeM, YTO JOCTHrasd IIOBEPXHOCTU IOPLI, IIPOTOHLI BOAOPOIA pe-
KOMOUMHUPYIOT C APYTMMHU IIPOTOHAMHU WJN C 3JIEKTPOHAMHU IIPOBOIY-
MOCTH ¥ MOTYT IIPOHMKATh BHYTPDL IIOJIOCTH, HAKAIJIMBATHCA B BHUIE
MOJIEKYJISTPHOTO T'as3a, a 3aTeM IHCCOIIMUPOBATL HA €€ IMOBEPXHOCTU U
00paTHO pacTBOpPATCA B MaTepuajie. IlosToMy KosimuecTBO BOAOPOIa B
IIOJIOCTH OyAeT ompenesaThbCcs ABYMs IIOTOKAMU Uepe3 €€ IIOBEePXHOCTD
— IIOTOKOM JecopOIuy M3 MaTepuajia B IOJIOCTL M IIOTOKOM aacopo-
Y W3 IIOJIOCTH Ha IoBepxHocTu Marepuana [23, 26]. B mporecce
pesanua Ojaromaps HeIpPepPLIBHOCTH aMOUIOIApPHON aud@ysuu BOIO-
poza, B IIopax MOMKeT IIPOMCXOIUTh HAKOILJIeHNe BOAOpoIa.

CiemoBaTebHO, UMEIOTCS BCE€ OCHOBAHUSA MOJIaraTh, UTO B IIPOIiecC-
ce pe3aHUs B CHCTeMe MEeTAJJI—BOIOPOJ MMEIOTCS ABAa BHUIAA O0BEMHBIX
JIOBYIIEK: JIOBYIIIKM B KOTOPBIX BO3MOXKHO HAKOILIEHNE BOIOPOAA
(KJIacTepbl, IOPHBI, T.e. 00OBLEMHBIE He()EeKThI) U JOBYIIIKU, KOTOPBIMU
BOJOPOJ 3aXBaThIBAETCs, HO He HaKOILIAeTcA (TpaHUILI 3€peH u cyo-
3épeH, BaKaHCUU, IPUMeECHBLIe aTOMBI, OUCJIOKAIIUU, T.e. TOUEUHLIE U
JUHeNHbIe TedeKTh).

Takum ob6pa3oM, Ha MepPBOI CTAAWM B3aUMOIEHCTBUA IMIPOTOHA C
IedeKToOM HPOUCXOAUT OLICTPBLIA HEePEeHOC OTHOTO JJEeKTPOHAa C JJIeK-
TPOHHOII 000JOUKM aToMa ’KeJjie3a M obOpasoBaHme aToMa BOIOPOAA,
T.e. peajus3yeTcs M3BeCTHAsd YHUKaAJbHAS CIOCOOHOCTL ITPOTOHA IIO-
JSPU30BaTh 9JEKTPOHHLIE OOOJOUKMN B3aUMOAEHCTBYIOIINX C HUM
aToMOB Kejie3a. B pesyiabTare nedopMainuy 3JEKTPOHHOTO o0Jiaka
aToMa JKeJjie3a YMEHBIITaIOTCA CUJILI CBSA3M MEXKIYy ero aToMaMu, a Ta-
KMe TPYIIOBbIe B3aMMOJEHMCTBUS OTPA3ATCA Ha SHeprosaTparax Ha
paspyilieHne MeTaJLia.

O6pasoBaBIIuiica B pesdyJbTaTe peKOMOMHAIIMKM HpPoToHA aTtom H,
ABJAACH SJEKTPUUYECKU HEWTpaJbHBIM, CKOpee Bcero, OyneT, BHeI-
PATBbCA B MeyKATOMHBIE IIPOCTPAHCTBA PEIIETKM, a TaKyKe 3aMeIlaTh B
Hell BaKaHTHBIe MecTa. B CBA3M C 9TUM, KaKIbIi BHEIPEHHBIN aTOM
BOZOPOJa MOJKET BBI3LIBATL CMEIlleHHe aTOMOB MeTaJljia U3 UX PaBHO-
BECHBIX TOJIOMKEHUI, 1 BO3HUKAIOIINE MCKAMKEHUA KPUCTAJLINUYECKOH
pemiéTku OyAyT OPUBOAUTH K IIEJIOMY PAAY U3MEHEHUHN (PU3UUECKUX
CBOMCTB U CHHUXKEHHUIO IpouHocTy MeTtasaa [23, 27]. Hanpumep, KoM-
ILJIEKCHOE BJIMSAHWE BOIOPOAA, B pe3yJjbTaTe ero B3aMMOIENCTBUS C
aTOMOM J’KeJie3a BBIBBIBAET YBeJNHNUEHNE HANPAMKEHUMN, COCTABIAIOIIIX
8—10 kr/mMM?, U IO TNOPAAKY BeJIUUYUH NPUOIUKAETCA K IIPOUYHOCT-
HBIM XapaKTepUCTUKAM JKeJIe30yIJIePOANCThIX CIIaBoB [15].

B oTO0i1 cBs3SM caemyeT TaK:Ke OTMETHTb, UTO AasKe OOUH aToM Y-
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JKeJie3a CBA3LIBAeT A0 5 MPoTOHOB Bomopona [23]. Bmaromapsa smaumn-
TeJIBHBIM DJIEKTPOCTATHUYECKMM CHJIAM B3aMMHOTO IPUTAMKEHHUSA IIPO-
HCXOAUT «3aXBaT» BOIOPOJA, TO €CTh B JTOM CJIydyae CIIOCOOHOCTH
aToMa JKejesa yAep:KMBATh BAJEHTHBIN 9JIEKTPOH cJjiabee CIIOCOOHOCTH
IIPOTOHA BOAOPOJa MPHUCOECIWHUTHL JJIEKTPOH. B pesyibrare IPOTOH
BOZOPOJa IPHUCOeAUHAET dJIeKTPoH u obpasyer atom (H'+e — H), a
peaxiusa MPOXOAUT C BBIJEJICHHEM TEILIOBOM SHEPruH, COCTABJSIONIe
npumepHo 100 xxanx/monb. B panbHeiinieM peaxkIiid IIPOXOAUT IIO
crenyiomeii cxeme: H+ H, > hv; 2H+Fe > H, + Fe" + hv, Fe+ H, —>
—>Fe+H+H+ hv u t.1. IIpuuém, mpoiiecchbl, IIPOTEKAIOIIE OT BO3-
HUKHOBEHUS IIePBUYHLIX MOHOB IO 00pPa3OBaHMUS HOBBIX, a TAKMKE MO-
JIEKYJIAPHBIX IPOAYKTOB M CBOOOJHBIX PAIMKAJIOB, IIPOTEKAIOT C BhI-
IeJleHMeM Tellja U 3aBeplIaioTcsa Bcero 3a 107° cex [12].

OO0IenTPU3HAHHON ABJIAETCSA TOUKA 3PEHHUSA, UTO ILJIACTHUUYECKAs [e-
opmanua u (as3oBble IIpeBpallleHUusd CTAHOBATCA BO3MOMKHBIMU U
YCKOPAIOTCA 3a cuéT aBum:kenusa puciaokamuii [10]. CiemoBaTenbHO, OT
TOrO B KAKOU CTEIeHM M KakK BOIOPOX OyZeT BJIUATH Ha IepeMeIleHUs
IUCJIOKAIMY B TOM HJIM MHOM KPHCTaJlle, B 3HAUUTEJLHON Mepe 3a-
BHUCUT IpPeIesl ero yOpyroil M IJIACTHUYECKON medopManuu, a TaKKe
HaIpsyKeHUe, IPUBOIAIIee K Pa3pYIIeHni0 KPUCTAaJLIa.

Ilo Bompocy MexaHm3Ma BIMSHHUSA BOJOPOJA Ha IBUIKEHHE IHCJIO-
Kanuii MPOBOAUJICA U IPOBOAUTCA IIEJBIN PN CIEIHAJbHBIX KCCJIe-
IOBAHUI M B OOJIBIIMHCTBE IIPEAJIOKEHHBIX TI'MIIOTE3 M TEOPHUIl POJIb
BOZOPOZA B OJHMX M TeX JKe IIPOIleccax U SABJIEHUAX TPAKTYeTCs IIO0-
pasHoOMy B 3aBHCHMOCTH OT Pa3BMBAEMLIX aBTOPaAMM KOHIenmui [3,
8, 11-14, 28].

Tak, HaIpUMep, CTOPOHHUKYN MeXaHM3Ma B3aMMOIEHMCTBUS BOLOPO-
Ia C AUCJIOKAIUAMN, IIOCTPOCHHOI'0 HA TEOPHUH XPYIKOI0 paspyllle-
Hua [3, 28], yTBep:KgarT, UTO HNPUCYTCTBHE BOLOPOJA HPUBOIUT K
YBEeJIUUYEHUIO XPYHIKOCTU Bcex 0es3 MCKJIoueHuUA mMeTasioB [3, 14, 15].
B Toxxe Bpemsa B paborax [9, 10, 11] mokasaHo, UTO BOJOPOJ MOIKET
pasbJIOKHPOBATE OHUCIOKAIMM U O00JeryaTh ILJIACTUYECKOE TeUueHUe
MeTrasia. MOKHO IIPOBECTH U APYyrue MPHMepPhbl, KOrJa HEeOJHO3HAUYHO
TPAKTYIOTCA MEXaHW3Mbl IIPOTEKAHMUS IIPOIECCOB, IPUBONAINUX Ha
KOHEUHO! CTaAuy PaspylleHns K OUHAKOBLIM PE3yJIbTAaTaM.

Kak ye ormMeuasoch, XMMHUYECKNE PeaKkIUM KMCXOMHON II0BEpX-
HOCTHO-aKTHUBHOM CpeAbl B 30HE PE3aHUs IPOTEKAIOT C BhIJEJICHHEM
0OJIBIIIOTO KOJIMUECTBA TEILIOBOM sHepruu. C yBeIHMUYeHHEM YHCJIa
YYACTBYIOIIUX B PEAKIIUAX BEIeCTB MHTEHCUBHOCTL IHCCOIMHPYEMO-
ro TeIljla BO3pAacTaeT, B Pe3yJbTaTe Yero MIOBLIMIAETCS JIOKaJbHAS
TeMIlepaTypa B MHKpPOOOBEMe oOpabarTbiBaemoro marepuajia. Cienmo-
BATEJIbHO, B IPOIECCE PE3aHUsA PasjaNuYHble B3aMMOAEHCTBUSA BOLOPO-
Ia, Kak MeMJy ero akTHBHBIMM 4YacTHUIAMU, Tak u ¢ gedopMupye-
MBIM METAJIJIOM, COIIPOBOXKJAIOTCSA CBOCOOPA3HLIMM TEILJIOBBIMU MUK-
pOB3pLIBAMM, MNPUBOAAIINNE K «IPYIINOBOMY» TeILIOBBIAeNeHnio. Ta-
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KHe MUKPOB3PLIBLI, COIIPOBOKIAEMBIE BBIJEJIEHUEM TeIljia, IIPUBOIAT
K YBeJINUYeHUIO BHYTPEHHEN SHEePTUU CUCTEMEI, UTO OyIeT CIIocoO0CTBO-
BaTh CHUIKEHUIO CYMMAapHOII SHEPTUU, 3aTpaudBaeMOi Ha paspylile-
Hue TBEpHoro Tena. IlomoOHBIE TEIJIOBbIE SBJIEHUA CIOCOOCTBYIOT
Tak:ke 00pa3’0BaHUIO 3apPOJLIIIEBLEIX Pa3PBIBOB CILJIOIIHOCTEN — CyO-
MUKPOTPEITUH U YCKOPEHHOMY POCTY TPEIINH yKe MMEBIIUXCSA B Ma-
TepuaJie, UTO COIJlacyeTcs C M3BecTHOU Teopueir BopHa, B KoTOpoit
MeXaHMUYecKoe paspyllleHre paccMaTpuBaeT KaK IJIaBJeHHue, BLIZBaH-
HOe JelicTBHEM BHemrHUX cuJi [17].

Bopopon B3amMmozeiicTByeT He TOJBKO C JJIEKTPOHAMM WM Pa3jinmd-
HBIMU JUHEHHBIMHU Je(eKTaMU KPUCTAJINYECKON pemréTKku. IIpoToHbI
MOTYT 3aXBaThIBAThCA 1 B3aMMOJEMCTBOBATH C OOBEMHBIMU AedeKTa-
MU — IIOCTOAHHBLIMU IIPUMECSIMU, JIETUPYIOIIUMU dJIeMeHTaMu, HeMe-
TaJJINYeCKMMU BKJIIOUEHUAMU W Ap. Hampumep, ycramosieno [15],
YTO BOJOPOJ C IpuMecaMu obpasyer coemmuenusa SiH,, Si,Hg;, NHj,
PH;, P,H, u np. Kpome aToro, Bogopos MoO:KeT B3aMMOIENCTBOBATDL C
yriepomoM, HaxoxaimuMca B pactBope (4H + C=CH,), Tak u yriepo-
IOM B cocTaBe Kapoumos, paspyiiad ux (4H + Fe;C = 3Fe + CH,). IIpu
aTOM obpasyeTcsa TemaoBoii 3(@PEeKT, COCTABIAIOIIUN COOTBETCTBEHHO
npumepuo 20 u 34 Kxaa/moib [15].

IIpucyTcTByIolie B cTaJIU HeMeTaJJInuecKre BKJIIOUEeHUSA (CUIMKA-
THI, TJIMHO3EM, KPEeMHE3€éM, HUTPHUALI TUTAHA) TaKiKe ABJSIOTCA JIO-
BYIIKAMH BOJOPOJA W €ro B3aMMOAEHCTBUA C BKJIIOUEHUSIMU IIPUBO-
IAT K 00pasoBaHUIO KOJIJIEKTOPOB, XPYIKMX XUMHUECKUX COeIUHe-
HUA M OPYIruX PasiIWYHBIX KOHIIEHTPATOpoB Hamps:xeHus [12]. Bce
S9TU PeaKIiuy TaKKe IPOUCXOAAT ¢ 00pa3oBaHUEM TeIJIOBOI SHEpPTUHU.

B cBA3U ¢ 3TUM MMeIOTCA BCe OCHOBAHUSA MOJIaraTh, UTO OCHOBHAS
poab B obJieryeHUH IIPOIECCOB AedopManuii 1 paspylieHnsa MeTAJLIOB
B COTC mpuHaaIe:XUT BOAOPOAY, BXOASAIIEMY B COCTAB TeXHOJIOTHYE-
CKOU cpenbl, B3aUMOJEHCTBUE JJeKTPUUYECKM AKTUBHBLIX UYACTHUIL KO-
TOPOT0 C pPealbHON CTPYKTYPOU medopMHPyeMOro MeTaJlia IPUBOIUT
K BBIZEJEeHHUIO TeIlJI0Boi sHepruu. CiaemoBaTeabHO, IIPOTOHBLI BOJOPOAA
M3MEHSIOT MPOYHOCTL MaTepuajia, HellOCPeACTBeHHO B3aWMOIEHCTBYS
C aToMaMHu MeTaJljla, 1 KOCBEHHO 3a CUET TeIllJIOBOIl dHepruu, oopasy-
[olelicss BCIeICTBUE UX PEKOMOMHAIINN.

B 1enoM, TakKuM o0OpasoM, KaKIbIM M3 OTAEJLHO PACCMOTPEHHBIX
IIPOIIECCOB KOHTAKTHOTO B3aWMOJEHMCTBUA JJIEKTPUUECKN AKTHUBHBIX
YaCTHUIl BOAOPOAA C PeaJbHOI dJIEKTPUUYECKU AKTHUBHOU CTPYKTYPOI
MaTepuaJja, obpasyiomielicsi B MOMEHT ero paspylIeHHus, a TaKKe
MHUNMUUPYEMble MMM BCHBIIIKKM TEILIOBON SHEPTHUU COIPOBOMKIAIOTCS
Pa3INYHBIMI MHUKPOMACIITAOHBIMY M3MEHEHUAMH (PU3UKO-MeXaHUUe-
CKHUX CBOMCTB MeTa/Lia. KoMIJIeKCHOe BIMSHUE 3THUX IIPOIECCOB IIPIH-
BOAUT K MAKPOMACIITAOHBIM HM3MEHEHUAM U O0JerYeHMI0 MaKpOIIPo-
1eccoB gedopMalnuy 1 pas3pylieHnsa MeTaJLia.

CrelleHb BINAHUA KAXKIOTO U3 OTHEJIbHBIX MEXAHN3MOB 3aBUCHUT OT
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coctaa COTC, @(usmKo-MexaHMUYeCKNX CBOMCTB 00pabaThIBAeMOIO
MaTepuaja, a TaKyKke OT pesKMMa ero MexXaHuuecKoil o0paboTKu, KOH-
Tpoaupyomero spPeKTHBHOCTL HMOHM3AaTOPOB U TEPMOSJIEKTPOIBHU-
skymryio cuny (TOIC). 3mech BaKHO OTMETUTH, UTO IIEPEUHCIEHHLIE
GaKTOPBEI 00YCJIOBIMBAIOT TOJBKO BO3MOYKHOCTL ITPOTEKAHUS IIpesa-
raeMbIX MEeXaHM3MOB B CHCTeMe METAJLJI-BOAOpPOoXa. B mpaKTuuecKoM
3HAYEHUU STUX B3aUMOJEMCTBUU BasKHYIO DPOJb MI'DAET CKOPOCTh XU-
MUYECKOTro IIpeBpallleHnsa MCXOAHON ITOBEPXHOCTHO-aKTUBHOMU Cpelbl B
pPaguKaIbHO-aKTUBHYIO, OTUYEr0 BO MHOTOM 3aBUCUT KOHEUHBIA pe-
3yJIbTAT HEeHMCTBUS CPeabl, T.e. eé ahpPeKTUuBHOCTL. KaK ObLIO IIOKasa-
HO, HaA MUKPOCKOIMYECKOM YPOBHE TEOPUA CTPOEHUSI aTOMOB M MOJIE-
KyJ ¥ UX B3aMMOJEMCTBUSA MOKET IaTh 3aKJIIOUEeHWE O BO3MOYKHOCTH
¥ CKOPOCTH 3JEeMEHTapHOT0 aKTa XMMHUYeCKOro BzauMomeiicTBua. Ogn-
HAKO B paccMaTpuBaeMOM HpuMepe, — MeXaHumdecKoii o0paboTke me-
rajna pesanuem B COTC, — orpomMHoe BIuAHNE Ha CKOPOCTH XUMHU-
YeCKUX peariuii umMeioT puandecKkue (haKTOpbI: OOJILININE MAacchl pea-
TUPYIOIIUX BeIeCTB, TEIJIOOTBOI Uepes3 IIOBEPXHOCTU PeaKIMOHHOM
30HBI, CKOPOCTEL IIOABOJA PEareHTOB M3BHE, YPOBEHDL 3JIEKTPOMATHUT-
HOT'O TOJII B CHUCTEMEe CTAHOK-UHCTPYMeHT u ap. OueBUAHO, UTO OTBET
HA 9TH BOIIPOCHI MOKET OBITH HOJIyUYeH OyOYITUMU HCCJIETOBAHUIMU.

5. HEKOTOPBIE OCOBEHHOCTHU PASPYIIEHUA METAJLITA
ITPU ITAPAJIJIEJIBHOM XOJE MEXAHUYECKOI'O ITPOITECCA
1 BO3IENCTBHUA TEIIJIOBON S9HEPTHHU

PasBuTue mpencraBiieHWIT 0 MeXaHM3Me BJIWUAHUA BOJOPOAA Ha IIPO-
mecc pesanua (UM BOOOINE Ha paspyllleHHe) OCYIIEeCTBIAETCA IIyTEM
BBIAABJIEHUSA POJHM BOAOPOJA HAa PA3NIMUHBIX CTAAUAX HPOSIBIEHUSA OT-
IeIbHBIX MEXaHMU3MOB IIpollecca pas3pylIeHus B JIOKAJbHOI o6JiacTu
mepeJ KOHUMKOM TPEIWHBI, HAUMHASA OT Pa3BUTHUA ynpyroiun medop-
MaIli1 IO PACIPOCTPAaHEHUSA pPaspyIIaionieil TPEITuHbI.

XapakTep paspylieHHA MeTajljla B YCJIOBUAX Pe3aHUA, KOTAa pesell
mpu GOJIBIIONH CKOPOCTH pabouero MIBUMKEHHUS B PE3yJIbTaTe BLICOKOTO
KOHTAKTHOT'O JaBJEeHUS JIE3BUA CPE3aeT JIUIIbL He3HAUUTEJIbHBIN CJIOH
MaTepuaJja, CYIIeCTBEHHO OTJHMUYAeTCS OT XapaKTepa paspyllieHusd
OpU CTATUYECKMX WJIN AUHAMHUUYECKHX CTAHAAPTHBIX MeXaHWYECKUX
WCIBITAHUAX. ITO pPa3jnyue CBI3aHO C TeM, UTO (PU3UUECKUEe YCJIOBUSI
paspylieHnsd MaTepuaia Py pesaHuU XapaKTepPU3YIOTCA 3HAUYUTEIb-
HO 0oJiee BLICOKMMHU 3HAUEHUAMU [IapaMeTPOB, YeM Y OOJILIIIMHCTBA
IPYTUX IIPOIIECCOB, CONPOBOMKIaeMbIx medopmarueii. Hanpumep, npu
pesaHumn, B 30HE ILJIACTUYECKOH medopmManum OAelCTBYIOT OOJbIIIIE
CXKUMAIOIIMEe HAIPAMKEHUsI, KOTOPble HPEHATCTBYIOT pPaspbIBy MaTe-
puaJia, HECMOTPsS Ha TO, UTO OTHOCHTeJbHaA AedopMalius IIPEeBOCXO-
IUT 3HAUEHWe, IIPU KOTOPOM pas3pyIIaeTcs MaTepuas IIPU pacTake-
Huu [22].
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Croenuguueckne yCJIOBUS, B KOTOPBIX IIPOMCXOAUT IIPOIECC pas-
pylileHus OpW pesaHuu, AaloT OCHOBaHMeE IIoJiaraTh, UTO B 9TOM CJIY-
yae AOJI:KHA HaOJNI0JAThCA BHEITHAS aHAJNOTHWA HapacTaHUS MeXaHU-
YecKUX HANPAKEHUH B Tejle CO B3PLIBOM 3apsla B3PhEIBUATOTO Bellle-
ctBa [15]. B Tom u mpyrom ciydasx MMeeTCsS UMIYJbC AaBJIE€HUSA, CO-
3maloNINii paspbhIBaoINUe HaOpAKeHHe, YIPYIyI0 U ILIaCTHUYECKYIO
Iedopmanuu, HapacTawInue ¢ O0OJbIION CKOPOCTHIO TOJILKO B OTAEJb-
HBIX yuacTKax Marepuaja (puc. 2). BmecTe ¢ TeM, B OTJHUHE OT
B3pPLIBA, IIPU PEe3aHUMU JaBJeHUE pes3lla BBI3BIBAET CJOKHOE paclpeje-
JeHre BHYTPEHHUX CHJI.

IIpu BpaBiImMBaHMM KJIWHA HWHCTPYMEHTA B 3aroTOBKY HAUYMHAETCS
pacmpocTpaneHre BOJHBI CXKATHA, HUAYINEH ¢ OOJBIIOH CKOPOCTHIO.
ITocne pmocTu:keHUA MaKCHUMyMa BOJIH, B MaTepuaje TOCTUTAeTCS
MaKcuMyM ngedopMaliuu, 1 B pe3yJbTaTe CKOJIbL)KEHUA CIOEB MaTepu-
aja OPYr OTHOCUTEJbHO APYra IOABJIAIOTCA TPENINHBI, HIYIIHAE OT
IeHTpa pajuyca 3aKpPyIJIeHHUSA OCTpUS Je3BuUs. llpu ymajdeHUM OT
IeHTpa HANPAKEHUS CiKAaTUSI YMEHBINIAIOTCA, W paspyIleHue Teja
npekpamaercsa. OgHAKO, IOcJe MTPOXOXKIEHUS BOJIHBI CXKATUA, IIOJ
IeCTBMEeM CHJI YIPYTOCTH CMECTHBIIHECS CJOM BO3BPAIAIOTCA K
IeHTPY, BOBHUKAIOT HANPAKEHUA PaCTAKEHUs, B peayJbTaTe KOTO-
PBIX B MeTaJlile IMOABJSIOTCA KOJIbIleBble TpelnuHbl (puc. 2). Taxum
00pa3oM, B HEIOCPEICTBEHHON OJM30CTH K OCTPHUIO KJIMHA IIPOUCXO-
IUT M3MeJbueHue 1 ApobjieHre MaTepuaJa.

Kax ms3BecTHO, MIeaJbHO, BOKPYT TPEINUHLI BO3HUKAET psana obJia-
cTeil, IpUUYEM KaKAasd W3 HUX OAET IPaHUYHBIE YCJIOBUA IJS CJIETY-
fomreii. Ha 0oJbIINX pacCTOAHUAX, KOTHA AEHCTBYIOT IIPUJIOMKEHHBIE
HAIPAKEHUs HOMUHAJIbHON BeJIMUYNHBI, MaTepruaj HAXOAUTCS B VIPY-
roi obsactu. Bamike K BepIInHe TPEINIMHLI PACTET KOHIIEHTPAIUS

Puc. 2. Pacupeje/ieHre TPeI[UH IIOCJE TEIJI0BOro yaapa: I — 30HA BCIIBIII-
KM XHMHWYECKOro IIpeBpalleHusi, 2 — 30HA pasfaB/IMBaHUA Marepuana, 3 —
pacmpejeeHNe TPEIIUH B 30He pacTpecknBauus [29].2



ITPOITECCHI B 30OHE ITPEOOOJIEHUA CIEIIJIEHNA MEKIY ATOMAMM 587

Hampsokenuii. Emé Onmixke mMeeTca IaacTuuecKas obJsacts. Haxo-
Hell, cJemyeT 00JacTh, Te MaTepuaj CTAHOBUTCA HEOTHOPOITHBIM,
cHauaJia BCJIEICTBME T'PAHUI] 3€pPeH, a 3aTeM CyO03€peH, AUCJIOKAIuil u
aTomoB [24].

Biuamuwe mpoToHa Ha 9TH PasJMYHLIE 3TAIlbl IpoIlecca paspylile-
HUS 00YCJIOBJIEHO e€ro B3aMMOIeHCTBUEM C PeaibHOM CTPYKTYpO# Me-
Tajjia, YTO cHadaja OyJeT oTpaskKaThbCcd Ha peaKIMM MaTepuajia B
CBA3U ¢ HaJaWuneM (MM BHOBDL 3apOKIEHMEM) B HEM OCTPBIX TPEIUH
B IPUCYTCTBUU BOAOPOJa, a 3aTeM M Ha OKOHUYATEJNLHOHN (opMe mIpo-
ABJIeHUA 3TUX dPPEKTOB — CYIIMEeCTBEHHOM CHHXKEHUU CYMMAapPHBIX
CIJI, IEeMCTBYIOIIMX HA cpe3aeMbIl cJoii. Kak OBLIO IOKas3aHoO B
IpenbIayINeM pasfiesie, B CUCTEMe MeTaJJI—BOJOPOJ CYIIeCTBYeT MHO-
roobpasue IIPOIeCCOB B3aMMOMAEHCTBUA BOAOPOAA C peaibHON MeTall-
JIUYECKOH CTPYKTYpOil, BOBHMKAIOIEe!l Ipu NJaHHOM BapuaHTe pas3py-
IIeHusd, YTO B KOHEUHOM COBOKYIHOM pe3yJbTaTe OKa3biBaeT BJIMS-
HUe Ha CTeIlleHb CHIKeHUA MeXaHMUYeCKUX CBOMCTB MeTajjia. B 3aBu-
CUMOCTH OT CIeINU(PUKN WHTEHCHUBHOCTU HOTOKAa IIPOTOHOB, KOHKpPET-
HOII B3aMMOJeHCTBYIOIEH CHUCTEeMbl M BHEIIHUX, HaKJAAbIBAEMBIX Ha
9TU IIPOIleCCHI, YCJOBUHI, B KOTOPBIX OHU MPOTEKaloT, OO0JierdueHue
mporieccoB geopMaliiy U Pa3pyIIeHWsA MeTajja o[ BIUSHUEM BO-
Iopola MOMKeT MMeTh Jinbo Hes3HauuTeJIbHOe, Ju00, HaoOOpOoT, IIpe-
UMYIIIeCTBeHHOE UJIN JajKe MCKJIIUYNTEJIbHOe Pa3BUTHE.

Paspyiienue wMerasjia OpU pe3aHUW, B OCHOBHOM, HOCHUT KBa-
3UXPYNKUIl xapakTtep. IlosToMy Korga BCKpPBITHE OBICTPOM TPEIUHEI
IIPOUCXOMUT BCJIEICTBHE MPAMOTO pas3phbiBa CBA3el B €€ yCThe, UTO
XapaKTepHO IPU XPYIIKOM paspyIlleHuU, OCHOBHOE BIUAHNIE HA U3Me-
HeHMe IIPOYHOCTH MaTepuajsia 6yaAyT OKasbIBAaTh IMOBEPXHOCTHBIE IIPO-
1mecchl B3amMmogeiicTBusA ¢ Bomopomom. M, HaobopoT, Korma mpeob.ia-
IaeT IIJIACTUYECKHI XapaKkTep paspyIleHus, BO3pacTaeT BIUSIHUIE
IIPOTOHOB B 00BEME MeTajljla B 30HE MaKCHMAaJIbHON KOHIIEHTPAIIUS
HATIPAXKEHUH y BepIIMHLI TpemuHbl. ClemoBaTebHO, €CJIN CKOPOCTD
SHEePrOHmOANUTHEIBAHUSA TPEIUHBI MOYKEeT ObITh HACTOJbKO BEJINKAa, YTO
KOMIIEHCHUPYeT 3aTpaThl Ha ILJIAacCTUUYEeCKyio medopMAaIlinio, TO paspy-
mexnue, 0yger ob6JagaTh BCEMU BUAMMBIMU OCOOEHHOCTAMU XPYIIKOTO
paspyieHusi. B aToM ciyuae pelaioilee BINSHNE HA POCT TPEIUHBI,
a SHAUWT M Ha SHeprosaTparsl IIpollecca pesanusd, OyAyT OKa3bIBAThL
IIOBEPXHOCTHBIE IIPOIECChl B3aMMOIeHCTBUA BOAOPOJa C METAJIJIOM Ha
KOHUMKe TpeliuHbl. IlosTOMYy IIpu MeXaHHUECKON 00paboTKe pesaHu-
eM B BOIOPOIOCOAEPIKAIINX CpelaX BBICOKOIPOUYHBIX, 3aKaJEHHBIX
cTajieil BIUAHNE TOBEPXHOCTHBIX IIPOIECCOB B3aMMOLEHCTBUA CPENbl
CTAaHOBUTCA 60Jiee 3aMETHBIM.

To 06CTOATEIBCTBO, YTO NPHU paspAfKe MPOTOHA HPOUCXOAAT TeIl-
JIOBBEIE MHUKPOB3PLIBBI, B Pe3yJbTATe UEro B ATOMHBIX I'DYIIIMPOBKAaX
MeTaJlla TeMIIepaTypa MOKeT 3HAUNTeJIbHO IIPEBBIIIATL TeMIePaATypy
ero IJIaBJIEHUsI, HAaXOAUT IIOATBEP:KIEHNE B TEOPUMN HEePaBHOBECHBIX
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COCTOAHUUA M TePMOAMHAMUYECKHX (PIYKTyallnil, a TaKiKe COrJjiacyer-
CcAd C M3BECTHBLIMM NAHHBIMM O BJIUSHUU HA (PasoBble U CTPYKTYPHLIE
IpeBpallleHusa KPaTKOBPEMEHHOro (MMIYyJbCHOT'O) HAarpeBa IKeJjeso-
YTJIEPOMUCTRIX CILIABOB, HAXOAAIIUXCSA B METACTAOMILHBIX COCTOSHU-
ax [30].

CorsiacHO  CYIIIECTBYIOIIUM IpeaCcTaBIeHUIM Ha  aTOMHO-
MOJIEKYJISIPHOM YPOBHE, OCHOBHBIM (PaKTOPOM IIPOIlecca paspylieHud
SABJSIETCA TeIIoBoe ABM:KeHUMe. 1I0CKONBKY pasphIBBI CHUJI CBA3EH JIO-
KaJM30BaHbI B OCHOBHOM B MeCTaxX KOHIIEHTPAIIMM HaIPAKEHUN pas-
HOT'O IIPOMCXOKAEHUA, HO TJIABHBIM 00pa3oM B MUKPOOOJIACTAX, IIPHU-
Jeraiomninx K BepIInHaM TPeIluH, TO MeXaHu3M paspyIlleHus TBEPHO-
ro TejJa CcJelyeT CBSA3BIBATH C COBMECTHLIM AEHCTBUU Ha CBSI3U TEILJIO-
BBIX KoJiebaHUU u Hanps:KeHwui [31]. VIsBecTHO, UTO BCJIEACTBUE TEII-
JIOBOII BCIIBIIIIKM, oOpasymolelicss B pe3yiabTaTe PeKOMOMHAIIUU ITPO-
TOHA, YBEJIUYUBAIOTCA (POHOH-aTOMHBIE B3aMMOAENCTBUA aTOMOB, KO-
TOpBbIe MOTYT IPHOOpPeTATh KUHETUYECKYIO0 9HEepPruio, AOCTATOUHYIO
nasa paspbiBa cBasu [30]. Takum obpasom B obIieM OajaHce sHepre-
THYECKUX 3aTpaT Ha Pa3pbIB MeKAaTOMHLIX CBS3€l MeTajja IPOUCXO-
IUT CYIeCTBeHHOe CHIKEeHHEe MeXaHWUYeCKOH CcocCTaBJAoIneii, Imo-
CKOJILKY B OOJIBIIIMHCTBE CJydaeB oOpasylomiasca MOIOJHUTENbHAA
TeIJIOBasA SHEPrus MPaKTUUYEeCKM COBIIAMAeT C SHepruell XmMHUYecKOoi
cBA3U. B manbHeiilieM KBasuHE3aBUCUMbIe aKThI pas3phbiBa OTIEIbLHBIX
CBA3el, JIOKAJIN30BaHHLIE B 30He I Ha puc. 2, B OUPEIEeJIEHHLIX YyCJIO-
BUAX CTAHOBATCA OOBEMHBLIMM U IIOBBIIIIAIOT TEeMIEpPaTypy B MeCTe
OTAEeJIeHUSA YaCTHUIl MeTajjia OT IOBEePXHOCTH 3aroTOBKU. Bo MHOTMX
caydasx sTa TeMIepaTypa MOKeT 3HAUNTeJbHO IPEBBIIIATL TeMIIepa-
TYypy IJIaBJIeHUSA MaTepuaja. B CBA3M ¢ 3THM MOYKHO CUHUTATH, YTO
IpoIlecC JIOKAJM30BAHHOI IIJACTUUYECKOUH maedopManuu, AOBEHEHHOM
IO paspyllleHus, a 3aTeM U IOTePU YCTOWUYMBOCTU TBEPIOTrO TeJia BhI-
3BaH MMapaljieIbHBIM XOIOM TePMHUUECKON UM MeXaHWUYEeCKOUN SHepruu.

TakuMm o0pazoM, B mpobjieMe MexXaHOIJIadMeHHOro adeKTa ocoboe
MeCTO 3aHHMAaeT TeIlJIOBOM MMIYJbC HepemaBaeMbIii MeTasy BCJe[-
CTBUE PEKOMOMHAIIUY IIPOTOHA.

B mpakTruecKoM 3HAUeHUHU 3(P(PEeKTUBHOCTL IPOABJICHUA MeXaHOo-
mrasMeHHOTOo 3(G@eKTa, a 3HAUUT, U CHUIKEHUS SHEPrOCHUJIOBELIX 3a-
TpaT Ha pesaHue, OyAEeT 3aBUCETh OT cJeAyIOIMuUX (haKTOpoB: 1) cKo-
pocTu 00pas3oBaHUA U IIOCTYILICHUSA YIJIEBOJAOPOAHOM ra3oBOil CMeCH B
PEaxkIMOHHYIO IIeJib, €€ KOHIIEHTPAI[UU W COCTaBa; 2) CKOPOCTH XU-
MUYECKOTO TPEeBPAIlleHusa Ia30oBOM CMeCH B BOJOPOAHYIO IJIasMy; 3)
CKOpOCTM ¥ BeKTopa Aud@dysuu MOHMBMPOBAHHOTO BOAOPOAa KaK K
BepIMHEe TPeIINHbLI paspylleHus, TaK M HEIOCPEeICTBEHHO B 30HY
IIPEOJIOJIEHUA CIeIJIEHUA MEeXKIYy aTOMaMMu.

YUpesBbIUaHO BAXKHYIO POJb B MHPOABIEHUU MEXAHOILJIA3MEHHOTO
a(ppexTa UrpaeT COCTAB WMCXOJHOM ITOBEPXHOCTHO-AaKTUBHOM CpEIbI
(COTC), mocKOJBKY OT CBOICTBAa XHUMHUECKUX COeIWHEHUIN U Be-
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miecTB, BxogAmnux B coctaB COTC, Bo MHOTOM 3aBHCUT BO3MOYKHOCTH
BOBHUKHOBEHUA IJIa3MEHHOTO 3 (PeKTa U CTeIeHb ero IPOSABIECHU.

IlpencraBiaeHusa 0 (PUBHMKO-XMMUYECKOW NPHUPOJE AKTHUBAIMU IC-
XOOHOI Cpeabl M0 IIJIa3MEHHOTO COCTOSHUS, BBI3BIBAIOIIETO MEXAaHO-
IJa3MeHHBIT d(P(eKT IIOATBEPKIAIOTCA HEe TOJBKO COBPEMEHHBIMU
TeoOpeTHUYeCKUMHU paboTaMu B CMEKHBIX HAYUYHBIX 00JIACTAX, HO U M3-
BECTHBIMM IIPAKTHUUYECKUMH pe3yJbTaTaMM WX HCIOJb30BaHUsA. Tax,
HAIIpUMep, ecJIi BBECTH B MOTOK MOHU3WPOBAHHOTO BOJOPOJa MeTaJl-
JITYECKYIO IIJIACTUHKY, TO €€ IMOBEPXHOCTb OBICTPO PACIJIABUTCSA U 00-
pasyerca cBapoyHad BaHHA. 1lo m3MepeHMAM W TEOPETUUECKUM pac-
yéraM TeMIlepaTypa IJIJaMeHM B 3TOM CJIy4ae COCTABJISAET OKOJIO
3700°C. Ha »TOoM mpuHIHIIE pPa3paboTaH HPOMBIIIJIEHHBIHI CIOCO0
«aTOMHO-BOJIOPOHAS cBapkKa». llosyumyia pacmpocTpaHeHme TaKiKe
TeXHOJIOTUA IIJIa3MEHHON PEe3KMW MeTajljia, KOrja Y3KWIl HOTOK WOHU-
3WPOBAHHOTO BOAOPOAA HAIPAaBJIAETCSA HA METaJlJ, PACIIaBJAA €Tr0 B
TOHKOM CJIO€.

B mesom, Takum oOpasom, MexaHUYECKOe BO3JefiCTBUE Ha MeTaJLl,
obpabareiBaemblii ¢ mpumenenueM COTC, compoBoKIaeT XUMUUECKUeE
IIpeBpaIeHus cpeabl ¢ 00pasoBaHMEM BOJOPOAHOI IIIa3Mbl (IJIas-
MeHHBIN 2(dEKT), pasjIuUYHbIe B3AUMOJIEHCTBUSI KOTOPOIH C peasbHOM
CTPYKTYpPO# MeTaJjljla BBIBBIBAIOT 3HAUUTEJNLHOE 00JerdeHue IIpoliec-
coB nmedopMamum u paspylieHusa. B sTom ciyuae ocoboe 3HAUEHUE
IpUOOPETAIOT TEIJIOBBIE IIPOIECCHI, KOTOpPhIE CIIOCOOHBI HE TOJBKO
MIPUBECTHU K OILJIABJEHUWIO MaTepuajia, HO W, KOrja ILJIOTHOCTBH ILJIa3-
MEHHOIO IIyYKa HeJOCTATOUHAa, OTAEeJIbHBIMU TeIJIOBLIMU MMITYJILCAMU
Y BBICOKOM CKOPOCTBHIO WX IIPUJIOMKEHUS CIIOCOOHBLI B OIIpPeeIéHHBIX
YCJIOBUAX IPUBOAUTL K BO3HUKHOBEHUIO CTPYKTYPHBIX M3MEHEHUH,
OOJBINIMX HANPSKEeHWH M oxpynumBaHuio Mmarepmasa [12]. Kcrartu
CKa3aTh, IPOIECCHl BIUAHUSA JOKAJILHBIX TEILIOBBIX BCIBIIIIEK B CTAa-
JW Ha M3MEHEHUs €€ CBOUWCTB IIPAaKTHUUYECKU He m3ydeHbI. Tem He Me-
Hee, MBBECTHBI MCCJIEAOBAHUS IO BIMAHUIO CKOPOCTHOTO HArpeBa Ha
obpasoBanue aycrenurta [30]. ABTopaMu 5TUX HCCIETOBAHUI OBIIO
YCTAaHOBJIEHO, YTO, KOTZA TEIJIOBAs 9YHEPTUsA CO3NAETCSI HEIOCPes-
CTBEHHO B pearupymoiineM o0béMe, a He IMOCTyHaeT K HeMy U3 IIepu-
depuiinpix o6JacTeil 3a CUET TEIJIOMPOBOAHOCTU, (hopMUPOBAHUE
CTPYKTYP B 9TOM 00BEME IIPOMCXOIUT B IOJHOM COOTBETCTBUHU C Me-
xaHn3MOM (Da30BBLIX IIPEBpAaIlleHUi, IPU MOABOIMMOI TEILIOBOUN SHEp-
TUU NOYTEM TeIJIOIPOBOAHOCTH. BeposTHO, MMIYJbCHAA BCIBIIITIKA
TEILJIOBOM SHEPruy B 30HE Pa3pyIIeHusd HPU Pe3aHuu B IIOJHUMEpPCOo-
nmepsxarreit COMK nmpuBoOoAUT K aHaAJOTMUYHBIM pe3yJbTaTaM, IMOJyUYeH-
HBIM IIPX CKOPOCTHOM 3JIeKTpPoHarpese.

HeobxogmmMo Tak:ke OTMETHTH, UTO IIOCJE BBIXOAA 3arOTOBKHU U3
30HBLI Pa3pyIIeHUsS MOKET IIPOUCXOINUTH OTIYCK CJIOEB 3aKaJIEHHOM
cTasu, pasanyHbie (pasoBble MpPeBpaIeHnusd YIJIepPOANCTOrO0 MapTEHCHU-
Ta, peJakcanua HAIPAKeHUN 3aKaJEHHON M OTHYINEHHON CTajlu, UTO
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CYIIIECTBEHHO BJIMSET Ha pe3aHue MeTaJja.

TakuM 00pas3oM, MOJKHO II0JIaraTh, YTO BBISICHEHNE IIPUPOLLI BJIH-
SHUA KMMIIYJbCHOTO TEIJIOBOrO HArpeBa, BO3HUKAIOIINEro B IIPOIecce
pesanusa B COTC, mMo)xxeT IMpHUBECTH He TOJBKO K 0ojiee IIOJHOMY IIO-
HUMaHAIO MeXaHW3Ma IIPOIIECCOB Pa3pyIleHus, HO U K OO0OCHOBAHUIO
HOBLIX METOIOB YIIPOUHeHMA oOpabaThIBaeMBLIX AeTajiell B IIpoliecce
pesanua mytém MIIO.

CyMMHUpYSA H3JI0KEeHHbIe Pe3yJIbTAThl BAXXHO OTMETHUTh, UTO IIOBBI-
IIeHNe TeMIIEpaTyphl B 30HE PE3aHUsd, B CBA3H C B3aUMOIEHCTBUSIMU
BOoJOpoJa ¢ mJedopMUPyeMBIM MeTaJJIOM, OyAeT CIIOCOOCTBOBATh:

— YBEJINYEHUIO0 KNHETUYECKON SHEepPruud aTOMOB, B CBS3H C UeM YCKO-
pAeTcA mepeMeleHre TOUEUHBIX Ae(EeKTOB M CO3MAIOTCA YCJIOBUS AJS
rnepepacipeneeHus: JUCIOKAIINIl U YMEHbBIIIEHNA UX KOJNUYEeCTBa;

— o6JieryeHUIO ITPoIlecca CKOJIbKEeHUA KPUCTAJLIOB;

— OCBOOOXKIEHUIO NUCJOKAIINNA OT IMPUMECHBIX aTMoc(ep, UTO CHUSUT
HaNps)KeHre TPeHWs KPUCTalLia, a, cjefoBaTe]bHO, W HaIlpsKeHUe,
HeoOXOAMMOe AJIA HavaJla IBUMKEHUN TUCJIOKAIMI;

— YBEJIMYEHUIO CKOPOCTH MePeMeIeHNs TUCIOKALII;

— YCHUJIEHHIO MHTEHCHUBHOCTH CHJIOBBIX IIOJIEH aTOMOB METAaJLIa, CIIO-
COOCTBYIOIUX BTATMBAHUIO IIPOTOHA B DJIEKTPOHHEIE O00OJOUKM HMOHOB
JKeJie3a BILJIOTH IO CAMBIX INIyOOKHX YPOBHEIR;

— VBEJUYEHUIO KOHIIEHTPAIIMM BOAOPOAA B JIOBYIIKAX, UTO MOJKET
IIPUBECTH K OOPA30BAHMIO KJIACTEPOB M X BO3MOXKHOMY IIEPEXOAy B
aTOMApPHO OCTPYIO TPEIUHY;

— H3MEHEHHIO XapaxKTepa paspylleHWs MeTaJljia B CBA3H C TEM, YTO
MeKKPUCTAJINYeCKe CBSA3WM MOTYT OKashIBAThCA cJjabee caMuUx 36-
peH, U paspyllleHre B 3TOM CJydae IPOUCXOIUT II0 I'PAHHUIAM 3EPEH,
a He BHYTPU HX.

Baxxuo ormMeTuTh, uTO 3(h(PEeKTUBHOCTE MEXAaHOILIA3MEHHOI o0pa-
0OTKM MOATBEP:;KAAeTCA Pe3yJabTaTaMH IIPOMBIIIJIEHHBIX WCIBITAHUI
mpu (GopMOOOPaA30BAHNN METAaJIJIa He TOJBKO Pe3aHneM, HO U BCEeMU
IPYTUMH BUJAMM MeXaHHUecKoil o0paboTKu wMeTayia (pesaHnueM,
IaBJIeHHEeM, IIPU ILIN(OBAHMK U IIOJHUPOBAHNM), a TaKsKe ILInu(OBa-
HUY U IOJHUPOBAHUHU CUJIUKATHBIX CTEKOJ, PE3aHUU IIOJYIPOBOMSHU-
KOBBIX MAaTepPHAJIOB, OYyPEeHUN TOPHBIX IIOPOX, U3MEJbUEHUN CUJINKAT-
HBIX cucTteM u ap. [11].

Hampumep, npu MIIO cymMapHble sHePreTHYECKHE 3aTpPaThl Jake
C yBeJIHMUYEHHEM I[IapaMeTpPoB pesaHua cHmkaiorca mno 40% c omHo-
BPEMEHHBIM yBEeJHYEHNEM M3HOCOCTOMKOCTH MHCTPYMEHTa 0ojiee uem
Ha IOPANOK. Ilpym 3TOM BBIAEPKMBAETCA 3aJaHHAS TOUYHOCTBL, YJIyU-
IIaeTcs YKUCTOTA 00pPabOTaHHOI IIOBEPXHOCTH, IIOBLIIIIAETCA JKCILIya-
TallMOHHAs OJIOBEUYHOCTh mamgeanii. Tak, Ipemes yCTaJOCTH CTaJu
9XC Ha BO3ayXe mOCJie MeXaHOIJIasMEeHHOM 00pabOTKM yBEJINUYUBaET-
ca Ha 20%, a mpemes KOpPpPo3uoHHOM ycramoctu — Ha 40% . Ycuaue
BoJioueHus mpoBosoku 1X18HI9T B mommMmepcomep:Kaleil cMasKe C
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nuamerpa 46 MKM Ha auamerp 44 MKM CHUKaeTcs mpumepuo B 10
pas Ipu OJHOBPEMEHHOM YBEeJIHMUYEHUU CKOPOCTH BoJoueHus B 4,5 pa-
3a. IIpu sToM yBeamumMBaeTCsA M3HOCOCTOMKOCTH aJIMas3HOTO HHCTPY-
MeHTa, YAydIlIaeTcsd KauecTBO MPOAyKInu. IIpon3BoguTeIbHOCTDL CTAa-
HOB [IJIs M3TOTOBJEHUS CTAJbHBIX TPYO0 MeTOoJaMu IIPOAOJBbHOM M IIO-
IepevHoil XOJIOAHON HpokaTKu yBeauuwmsaercs Ha 20-25% mpu mo-
0aBjeHUN B IIPUMEHAEMYIO CMas3Ky IoJmMepa. Pes3yabTaTbl paboThI
Ha 5 OypOBBIX YCTAaHOBKAxX IIpuM OypeHUM C IPpUMEHeHUeM OOBIUYHO
IpUMeHseMOoil cMecHu T'yAPOHOB, a TaKyKe B JTOH Ke cpene, HO C IIO-
JUMEPHOII M00aBKOM MIOKasaJju, uTo, Korga peaausdyercsa MIIO, Tex-
HUKO-d9KOHOMHUYECKNEe II0OKa3aTeau VJIYYIIaloTCA: CPeIHHH pacxofn
MOIITHOCTU CHUBUJICSA B 2 pasa; OPU 9TOM MeXaHWUYecKas CKOPOCTD
Oypeuusi Bospocsia Ha 20%, IPOXoAKa Ha OLHY KOPOHKY YBEJINUH-
jJack Ha 3,2 M/4yac, a yAeJbHBII pacxoj aJMa30oB YMEHBIIUJICS Ha
25% [11].

HanHas cTaThs OrpaHMYeHa pPacCMOTPEHHEM TOJbKO OCHOBHBIX
B3aMOJIECTBUH B CHCTEME€ MeTaJJI—BOJOPOJ, BeNyIINX K IN3MeHe-
HUWIO, B OCHOBHOM, MeXaHWYECKHX CBOUCTB Merajyia. llanbHelilee
BBIABJIEHNE POJIY OTAEJbHBIX MEXaHMW3MOB TaKUX B3aMMOIEMCTBUII Ha
¢GoHe (PU3UKO-XMMHUUYECKHUX MIPOIECCOB, BO3HMKAIOIINX B Pe3yJIbTaTe
paspyllieHus MeTajljia, — HeOOXOAUWMBIH ITar K CO3HATEJILHOMY W3-
MEHEHUIO ero CBOMCTB C IeJbI0 IOJYUYEHUSA HYKHBIX KPUTUUYECKUX
ImapaMeTpPoOB U CO3JaHUIO BBICOK03(h(EKTHUBHBIX CIOCO00B MeXaHUuUe-
CKOII 00pabOTKM TBEPIABLIX TeJl.

6. BbIBOJ1bI

IIpennosxeH MexaHmsM oOOJierdeHUsT medopMalluu U PaspyIIeHUs Me-
Tajja B IIpollecce pes3saHus B IIOBEPXHOCTHO-aKTHUBHBLIX CMAa30YHO-
OXJIAKIAIOIINX TEXHOJIOTHUYECKUX CPEeICTBaX, COAEePs;KallluX Pasind-
HbIe PACTBOPUMbIE U 9SMYJIbIHPOBAHHBIE KOMIIOHEHTHI.

YcraHoBiaeHo, 4yTo obOpatuMmoe (aacopOIIMOHHOE) B3aWMMOJEIiCTBIE
TeJla ¢ TeXHOJIOTMUYECKOM Cpeloil He OKas3bIBAeT 3aMeTHOe BIUAHNE Ha
SHEeProCUJIOBbIe ITapaMeTphl pesaHus. Taxue cpelbl He3HAUUTEIBHO
YyMeHbBIIAlOT PabdoTy, 3aTpauyMBaeMyI0 Ha IIPOIlECC Pe3aHUs, BCJel-
CTBUE CHUKEHUS CHUJbl TPEHUS II0 IepeaHel u 3aAHell IIOBePXHOCTIM
MHCTPYMEHTA.

YcTaHOBIEHO, UTO OCHOBHOE CHIUIKEHME SHEeProCUJIOBBIX IIapaMer-
poB mpu pesanuu merayia B COTC BEIZBBAHO KOHTAKTHLIMHU B3aKMMO-
IEeMCTBUSAMM YaCTHUIT BOAOPOJa, O0JAZAIOIIUX ITOJOKUTEIbHLIM dJIEK-
TPUUYECKUM 3apsaoM, C HOBOM JJIEKTPHMYECKU AaKTUBHOU peaJibHOM
CTPYKTYPOH Tesa, BOBHUKAIOIIEl BCJEACTBHE MeXaHUUYECKOro IIpoIiec-
ca.

Ha ocHoBammm 0000IIIeHNs MCCIeNOBAHUII, IMOCBAIIEHHBIX Pa3JInu-
HBIM (PU3UKO-XMMUYECKUM SABJIEHUSAM HAOJIIOZaeMbIX B TBEPABIX Te-
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Jax B IIpollecce paspylIeHusd, IIpeajioKeHa MOJAeJb aKTUBAIIUU IIO-
BEPXHOCTHO-aKTUBHOTO TEXHOJOTHUECKOTO CPeICTBa BILJIOTH MO o0Opa-
30BaHUS BONOPOMHOM mJja3Mbl. IIoKaszaHO, UTO aKTHUBAIUMA MCXOTHOM
BOZOPOIOCOAEPIKAaIlleil cpelbl MHUIITMUPYETCSI U IPOTEeKaeT BCJIECTBUE
CHAEAYIONTUX (PUBUKO-XUMUUYECKUX IIPOIECCOB:

— TeIJIOBOTO PAa3JIOKEeHUsS BOAOPOIOCOAEP:KAIINX COeTWHEHUN U Be-
II[EeCTB Ha TOPAUYNX IIOBEPXHOCTIX CTPYKKU M MHCTPYMEHTA, UTO BBI-
3LIBaeT oOpasoBaHue yriepola M BOJAOPOJa B aTOMApPHON M APYrou
aKTuBHOUI (opMe (paImKaybl, MOHBI, MOH-PAAUKAJLI), a TaK:Ke T'OMO-
JIOTUYECKOTO psaga aaudaTrnuecKUX IpeaebHbIX YIJIeBOIOPOIO0B;

— KOHTAKTHBIX B3aMMOJEHCTBUU BOJOPOJA M T'a30BO CMECH C dJIeK-
TPHUUECKN AaKTUBHBIMH CBEXe00pa3sOBAHHBIMU IIOBEPXHOCTAMU Tpe-
IITUHBI 1 PEaKIINOHHOMN 30HEI;

— coyIapeHUs B IIOJIOCTH PEaKIIMOHHOM 30HBI 3apAKEHHBIX YaCTUIL
MeK Iy co00ii, C SJIEKTPOHHOH JIaBUHOM, MCIYCKAEeMOM M3 BepIINHEI
TPeIUHLI, a TaKKe B3aUMOJENCTBUA 3apsKeHHBLIX YacTUIl C
HeUTpaJbHLIMI aTOMaMHi BOIOPOAA, UYTO HPUBOAUT K YBEJIUUYEHUIO
CTelleHy MOHM3aIliU rasa BOAOPOoa.

YcTaHoBIE€HO, UTO CHUHTE3 HAHOMATEPUAJIOB U XUMHUUECKUX 3JIe-
MEHTOB THIIA BOIOPOAA, ABIAIOMNINXCA OO0BHEKTaMH’, BBIZBIBAIOIIMIUI
o deKTsl obserueHus medopManuy W pas3pylieHus OPU pPe3aHuu B
COTC, ocymiecTBiasgeTca B IIeJIeBOM IIPOCTPAHCTBE MEXKAY KJIMHOM
MHCTPYMEHTa W BepIIMHOI TpelnmuHbl. IlokaszaHo, uTO CBOICTBa dJe-
MEHTAPHBIX YACTHUIL OTJIUYAIOTCA OT CBOMCTB CBOOOAHLIX aTOMOB HJIU
MOJIEKYJI UPEe3BLIUANHO BBICOKOM XMUMUUYECKOM aKTHUBHOCTBIO.

YcTaHoBIE€HO, UTO HUCKJIIOUYUTENLHO BaKHAs POJIL B IITeJIeBOM IIPO-
CTpaHCTBe IPUHALJIEKUT Tperninie. OHA UrpaeT POJL CIOYCKOBOTO
YCTPOMCTBA, BKJIOUAIOIIET0 B pabOTy B MOMEHT POCTA TPEIUHEI BCe
XUMUYECKHe IIPOIeCChl, 1 KOHTPOJUPYET BO3MOKHOCTL U d(hPEeKTUB-
"HocTh MIIO.

ITokasaHo, uTo 3d(PeKTsl, cBA3aHHBIe ¢ BauaHMeM H' Ha MexaHu-
yecKUe CBOMCTBA MeTaJlla, MHOTOOOPA3HBI B CBOUX MUKPOCKOIUUE-
CKUX MIPOABJCHUAX, OJHAKO B KOHEUHBLIX MaKPOCKOINYECKUX Pe3yJib-
TaTaX OHU BCerJa BBISBIBAIOT 00JIerYeHIe IIPOIecCcOB AedopMAaIluU U
paspyllieHnss WM CHMMKEHINE SHepro3aTpaTrT Ha IIPOIecc MeXaHUYeCKON
00paboTKU.

OCHOBHYIO POJIb B 00JIeTUeHUU IIPOIlecca Pe3aHUsA B IMOBEPXHOCTHO-
AKTHUBHBLIX TEXHOJIOTMUYECKUX CpeJaxX UTrpaeT TeIIoBoil s(HeKT, BO3-
HUKAIOIUHN BCJIEJCTBHE KOHTAKTHLIX B3aMMOJEHCTBUM IIOJOMKUTEIHLHO
3apAKEeHHBIX UYACTHUI[ BOJOPOJa C PEATbHOMN 9JeKTPUUYECKU aKTUBHOI
CTPYKTYPO# TBEPAOTO Teja, oOpas3yIoIIeiicai B XOJe MeXaHHYeCKOTO
mpoliecca.

Yayumienue obpabareiBaemoctu Metaniaa B COTC BwI3BaHO COB-
MECTHBIM [eliCTBHEeM BHEIIIHEeH MeXaHWUYeCKON M JOIOJHUTEJIbLHOMI
BHYTPEHHE! TeIJIOBON SHepruu.
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O6pasoBanue miaasMbl BodaMoskHO Ipu Hajamuuu B COTC BeICOKOMO-
JEeKYJIAPHOTO COeINHEeHN OIIPeaeJéHHOr0 COCTaBa M KOHIEHTPAIUU.

ITokasano, uro mpu MIIO BO3MOKHO TporpaMMUpPyeMoOe HachIIe-
HUe 00paboTaHHOM IMOBEPXHOCTU JIETUPYIOITUMU 3JIeMEHTaMHU.

ITomTBep:KAeHA IPAKTHUECKUMHU pPe3yJabTaTaMU BO3MOXKHOCTHL WC-
MMOJIL30BaHUA MeXaHOILIadMeHHOoro sd@eKTa B HAHOTEeXHOJIOTUU obpa-
6OTRI/I I[eTaHeﬁ MAaIIMH C OJHOBPEMEHHBIM IIOBBIIIIEHMEM HNX I9KCILIya-
TAIlUOHHON [OJITOBEYHOCTH, a TaKiKe APYTrMX TBEPABIX TeJl NIYTEM
BBefenusa B coctaB COTC BBICOKOMOJEKYJAAPHOTO COeIHMHEHNd,
HaIIpyuMep IIOJIMITHUJIeHA MJIN IIOJUBHUHUMJIXJIOPHUAA, KOTOPHbIE IIPU HM3-
KOI SHeprum akKTHUBAIIMM NUPOJN3a JAIOT BBICOKHI BBIXOJ BOAOPOJA B
PasInUYHBIX aKTUBHBIX (OpMax.

B 3akiaroueHue OTMEeTHUM, 4YTO CerogHsda I/IHTeHCI/I(l)I/IRaI_[I/IH IIPDOMBIIII-
JIEHHOT'O IIPOM3BOJICTBA, KaK HUKOTJA IIpekne, TpedyeT s3pdeKTUBHOIH
IIOMOIINM HAYKHW U BHEAPEHUA eé ,Z[OCTI/IDKGHI/Iﬁ B IIPAKTUKY. BaxxHoCcTb
IIOCTABJIEHHON B CTAThE Hay‘IHO-TeXHI/IIIeCKOfI HpOﬁ.HeMBI n 9KOHOMU-
yeckuii 5PHEKT, KOTOPLI MOMKeT OBIThL IIOJYYeH OT e€ pelleHud,
IIPUBOAAT TaKie K IIOCTaHOBKE€ HOBBIX HAYYHBIX 3aJa4, PeIlleHnue KO-
TOPBIX MOJI?KHO NPUBECTH K CO3JAHUIO KOMILJIEKCHOTO IIpoliecca (op-
MOO0OpAa30BaHUS MeTANIJINUYeCKUX u3oeJauil, ob6ecleurBaIoniero BO3-
MO HOCTb B OJHOM TE€XHOJOTMYECKOM IIMKJI€ OCYIIE€ECTBUTH MEXAaHM-
YeCKYI0, PUIUKO-XUMUUYECKYIO U TEPMOXUMUUECKYI0 06paboTKYy.
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! Fig. 1. Schematic representation of the process of formation of hydrogen plasma in the slot-
ted space: (a) the zone of chip formation: I—billet, 2—zone of plastic deformation, (6) dia-
gram of the plasma flow in the slit space: I—blank, 2—tool, 3—slit space, 4—the tip of the
crack, 5—area of non-uniform material, 6—zone of advanced plastic deformation; (8) scheme
of impact ionization as a result of collisions and interactions: I—electrons with neutral mole-
cules and neutral atoms, followed by the formation of secondary electrons and positive ions,
2—secondary electrons with atoms, 3—positive ions with atoms, followed by the formation of
a photon, 4—photon with a neutral atom and its ionization, 5—positive ions with atoms and
their ionization, 6—the flow of ions in atoms.

2 Fig. 2. Crack distribution after thermal shock: I—the flash zone of chemical transfor-
mation; 2—the crush area of the material; 3—distribution of cracks in the cracking zone
[29].
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