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HHPOPMAIIUA AJI1 ABTOPOB

CoopHuK HayuyHbBIX TpyaoB «HaHocucremu, nanomarepiaau, HaHorexHoJorii» (HHH) ny6iaukyer emé
Heony6JINKOBaHHbIE I HE HAXOAAIIMECH HA PACCMOTPEHHUN [JId ONyOJUKOBAHUSA B MHBIX N3TAHUAX HAyY-
Hble 0030PBI ¥ OPUTHMHAIbHEBIE CTATHY, COJEPIKAIIe U XapaKTePU3YIOllie Pe3yIbTaThl SKCIePUMEHTAb-
HBIX U TEOPETUYECKUX MCCJIEJOBAaHMUIL B 001acTu GUSUKHU, XMMUU, METOOB CUHTE3a, 00Pa00TKHU U JUATHO-
CTHKU HAHOPa3MEPHBIX CUCTEM M HAHOMACIITAOHBIX MaTepHUasoB: KJIACTEPOB, HAHOYACTHUIL], HAHOTPYOOK,
HAHOKPHUCTAJJIOB U HAHOCTPYKTYP (AmATUTONORXOGHBIX ¥ ApP. OuocucreM, aMOPOHBIX M KOJUJIOUJHBIX
HAHOPa3MEPHBIX CUCTEM, HAHOCTPYKTYPHBIX IJIEHOK ¥ IOKPBITHIT, HAHOIIOPOIIIKOB H T.A.).

CraTbu MyOJINKYIOTCA HAa OAHOM M3 JBYX A3BIKOB: aHIVIMHCKOM MJIN YKPAUHCKOM.

CraTbu, B 0hOPMJIEHNY KOTOPBIX HE COOJIIOEHEI cieayolye npasuia qid mybaukamuu 8 HHH, Bos-
BpaII[aloTCA aBTopaM 6e3 pacCMOTPEHUA IO cyinecTBy. ([laToit mocTymieHnsa canTaeTca JeHb IOBTOPHOTO
IPeJCTABJIEHUS CTATHY IIOCJIE COOJIIONeHUsI YKAa3aHHBIX HIKe IIPABUIL. )

1. CraTps 10/sKHA GBITH MOANIMCAHA BCEMU aBTOpPaMu (C yKa3aHueM MX aJpPecoB 3JIEKTPOHHOM [10YThI);
ciaenyeT ykasaTh (paMuUINIO, UMA U OTYECTBO aBTOPA, C KOTOPHIM pefaKnusa OyAeT BeCTU IEePENuCKy, ero
TIOYTOBRIH aspec, HoMep TesredoHa (hakca), agpec 3JIeKTPOHHOM ITOYTHI.

2. NanoskeHne NOJIKHO OBITH SICHBIM, CTPYKTYPUpPOBaHHBIM (paszenamu «1. Begenue», «2. Jkcue-
puMeHTasnbHasA/TeopeTnueckas MeTOguKa», «3. PesysnbTaTsl u ux obcyxaeHue», «4. BerBogsl», «Iluru-
POBaHHAS JUTEPATYPa»), COKATHIM, 6e3 AJIMHHBIX BBEAEHUN, OTCTYILIEHUN U IIOBTOPOB, AYOJUPOBAHUSA B
TeKCTe JAaHHBIX TabJIUIl, PUCYHKOB U MOANNCEH K HUM. AHHOTAI[UA U pasnes « BoIBOABI» HOJKHEI He 1y0-
JIMPOBATH APYT Apyra. YucaoBble JaHHbIE CJIeLYeT IPUBOAUTDH B OOIIEIIPUHATHIX eUHUIIAX .

3. 06BéMm craThu noKeH ObITH He 60s1ee 5000 cJI0B (¢ y4ETOM OCHOBHOT'O TEKCTA, TaGJINI], IOLIUCEH K
PUCYHKaM, cIiucka juteparypsl) 1 10 pucyHKoB. Bompocs!, cBA3aHHBIE ¢ IyOanKanueil HAyYHbIX 0030POB
(ue 6osiee 9000 ciooB u 30 pucyHkoB), pemarmTca penxosurerneiit HHH Ha ocHOBaHWYM IpeABapUTEIHLHO
IIpeoCTaBIeHHOM aBTOPAMY PACIIIUPEHHON aHHOTAI[UY PaGOTHL.

4. B pefaknuio mpegocTaBiasiercsa 1 9K3eMILIADP PYKONNCH € MIIIOCTPATHBHBIM MaTepuajoM, Haleda-
TaHHBIA Ha Oymare ¢popmara A4 yepes JBOITHOI HHTEPBAJ B OAMH CTOJIOE] C OLHOI CTOPOHBI JINCTA.

5. B pemaxknuio o0a3aTeqbHO IpefocTaBidercs (1o e-mail min Ha KoMIakT-gucKe) Gaila pykomucu
craTbu, HaOpaHHBINA B TeKCTOBOM pegakTope Microsoft Word 2003, 2007 mixu 2010 ¢ HagBaHUEM, COCTO-
AmuM us haMuIny IepBoro aBTopa (JaTuHuIei), Hanpumep, Smirnov.doc.

6. IleuaTHBII BapUAHT PYKOIIUCHU U €€ 3JIeKTPOHHA A BEPCUS JOJKHBI ObITH HACHTUYHBIMU U COAEPIKATH
5—7 ungexcos PACS (8 mocnexnneit pegaknuu ‘Physics and Astronomy Classification Scheme 2010’ —
http://publishing.aip.org/publishing/pacs/pacs-2010-regular-edition) u ammorammio (200—-250 cioB)
cratbu (BMecTe ¢ 5—6 KiaroueBbIME ciIoBaMu). TeKCTHI YKPAaWHOSASBIYHBIX CTATell JOJKHBI TaKXKe COLep-
JKaTh 3arJyiaBre CTaTby (BMeCTEe CO CIMCKOM aBTOPOB U aJpecaMy COOTBETCTBYIOIIUX YUPEeKAEHMHIt), pac-
mupensyto annoranuio (300—350 cioB), KIOUEBHIE CI0BA, 3aTOJIOBKY TA0IUI] U ITOAIINCH K PUCYHKaM Ha
aHIIMIICKOM s3bIKe. KpoMme TOro, cogepixkaHusi aHHOTAUM HA YKPAMHCKOM U aHIJIMMCKOM S3BIKAX
A OJIXKHBI 6]:1’1‘]: UJIEHTUYHBIMU 110 CMBICJIY.

7. PucyHKH (TOJIBKO 4Y€pPHO-0ejIble WJIN MOJYTOHOBbIE ¢ IPaJanueil ceporo) mIpeJocTaBIA0TCA Ha OT-
[eJIbHBIX JINCTAX C YKasaHWeM HOMepa PUCYHKa U (paMuInu IepBoro aBropa. Bce puCyHKY JOJKHBI OBITH
JIOIIOJTHUTEJIBHO IIPEICTaBJIEHBI B BUle OTAEIbHBIX (haiiioB (IIPeAIOUTUTENbHO B rpadudeckux ¢popmarax
TIFF, EPS nau JPEG) c HagBaHusaMu, cocToAIuMY 13 (GaMUINU IIePBOTO aBTOpa (JIaTUHUIEH) 1 HOMepa
pucyHka, Hanpumep, Smirnov_fig2a.tiff. KauecTBo manrocrpaimii (B ToM Yucje IOJTYTOHOBBIX) LOJIKHO
obecreunBaTh X BocupousBegenue ¢ paspemenrem 300—600 Touek Ha groiiM. [[OTOJIHUTEIBHO PUCYHKY
IIpeoCTaBIAATCA B hopMarTe IPOrpaMMbl, B KOTOPOI OHU CO3aBaJIUCh.

8. Hapnucu Ha pucyHKax (0COO€HHO Ha IOJIYTOHOBBIX ) HaZI0 110 BOBMOYKHOCTY 3aMEHUTb OYKBEHHBIMU
o6o3HaueHNAMU (HaOpaHHBIMU HA KOHTPACTHOM (hoHE), a KpUBbIe 0003HAYNTD IH(PaMU UJIN PASINIHOIO
THUIA TUHUSMYU/MapKepaMu, PasbsACHAEMBIMY B IOAIUCAX K PUCYHKaM uiu B Tekcre. Ha rpadukax Bce
JIMHUY/MapKEPHI JOLKHBI OBITH YEPHOIO I[BETA U JOCTATOYHBIX TOJIIIVH/Pa3MePOB IJiA KaueCTBEHHOTO
BOCIIPDOM3BEEHNUsI B YMEHBIIIEHHOM B 2—3 pasa Buje (peKoMeHIyeMmas IIMpPWHA pucyHKa — 12,7 cm).
CHUMKHU [OJIKHBI OBITh YETKUMU U KOHTPACTHBIMY, & HAANUCHU U 0003HAUEHUS JOJIKHBI HE 3aKDPHIBATH
CYII[eCTBEHHBIE AeTajy (s 4ero MOXKHO HCIIOJIB30BaTh CTPEJIKM). BMmecTo ykasaHWs B IOJTEKCTOBKE
yBeJIMYEHUs [IPU CHEMKE JKeJIaTeIbHO IPOCTaBUThH MaciITad (Ha KOHTpacTHOM (oHEe) Ha OAHOM U3 HAEH-
TUYHBIX CHUMKOB. Ha rpadukax moAnucy K 0CsiM, BBIIOJHEHHbIE HA A3BIKE CTAThH, JOJDKHBI COJEPIKATD
0003HaueHns (NI HANMEHOBAHU ) OTKJIAJbIBA€MBIX BEJIUUNH U Yepe3 3alsTYI0 UX eIUHUIIbI U3MEDPEHU .

9. ®opMmyasI B TEKCT HEOGXOJUMO BCTABIATH C IOMOIIbI0 pegakTopa popmysn MathType, mosrocThIO
cosmectumoro ¢ MS Office 2003, 2007, 2010.

10. Pucynku, a Tak:ke TaGJIUIbI U IIOJCTPOUYHbIC MPUMeYaHUA (CHOCKM) JOKHBI UMETh CILJIOIIHYIO
HyMepaIuio II0 BCeil craTbe.

11. CepLKu Ha JUTEepaTypPHBIE NCTOUHUKY CJIEAYET JaBaTh B BHE IOPAAKOBOIO HOMEpPa, HaledaTaH-
HOT'O B CTPOKY B KBaApPaTHBIX CKOOKax. CIIMCOK JUTepaTyphbl COCTABIAETCS B IIOPSAIKE IIEPBOT0 YIIOMUHA-
HUS UCTOUYHUKA. IIpuMepsl 0POPMIIEHUs CCHLIOK IPUBEEHbI HUYKe; IPOCUM 00paTUTh BHUMAaHNE Ha II0-
PANOK CJIeJOBAHWUA MHUIMAJIOB U (PaMUINi aBTOPOB, 6ubinorpadMuecKuX CBEAEHUN U HA Pasfe/UTelb-
Hble 3HAKU, a TaKyKe Ha HEOOXOAMMOCTh YKa3aHUs BCEX COABTOPOB IIUTHPOBAHHON paboTH U (B KOHIE
KasKI0i cchliku) eé nudposoro nuaentuduraropa DOI, ecsiz TaKoBOII MMeeTCA Y COOTBETCTBYIOIIEH Iy6-
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1.T. M. Radchenko and V. A. Tatarenko, Usp. Fiz. Met., 9, No. 1: 1 (2008) (in Ukrainian);
https://doi.org/10.15407 /ufm.09.01.001

2. T. M. Radchenko, A. A. Shylau, and I. V. Zozoulenko, Phys. Rev. B, 86: 035418 (2012);
https://doi.org/10.1103/PhysRevB.86.035418

3. A. Meisel, G. Leonhardt, and R. Szargan, Rontgenspektren und Chemische Bindung [X-Ray Spectra
and Chemical Bond] (Leipzig: Akademische Verlagsgesellschaft Geest & Portig K.-G.: 1977) (in Ger-
man).

4.J. M. Ziman, Printsipy Teorii Tvyordogo Tela [Principles of the Theory of Solids] (Moscow: Mir:
1974) (Russian translation).

5. M. A. Stucke, D. M. Dimiduk, and D. M. Hazzledine, High Temperature Ordered Intermetallic Al-
loys.V (Eds. I. Baker and R. Darolia) (Pittsburgh, PA, USA: MRS: 1993), p. 471.

6. Handbook of Mathematical Functions with Formulas, Graphs and Mathematical Tables (Eds.

M. Abramowitz and I. A. Stegun), Nat’l Bureau of Standards. Appl. Math. Ser. Vol. 55 (Washington,
D.C.: U.S. Govt. Printing Office: 1964).

7. B. B. Karpovych and O. B. Borovkoff, Proc. of Symp. ‘Micromaterials Engineering’ (Dec. 25-31,
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Physics, N.A.S.U.: 2015) (in Ukrainian).
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CiepyeTr IpUMEHSTH O0LIEeIPUHATHIE COKPAIeHUsI HA3BAHUH KYPHAJIOB ¥ COOPHUKOB TPYAOB:
http://www.cas.org/content/references/corejournals; http://rmp.aps.org/files/rmpguapb.pdf;
http://images.webofknowledge.com/WOK46P9/help/WOS/A abrvjt.html;
http://www.ams.org/msnhtml/serials.pdf

OGs3aTeIbHBIM TPEOOBAHMEM ABJISETCS IPESOCTaBIeHIe JOIIOJHUTEILHOTO 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 aHIJIOA3BIYHBIH mTepeBos. IIpu Tpancaurepamuu crareit us HHH nHamo ncnosbsoBats Hanucauue @ .1.0.

aBTOPOB, IIPUBEAEHHOE TOJIBKO B AHIJIOA3BIYHOM OIJIABJIEHUU COOTBETCTBYIOIIETO BBIIIYCKA, ¥ O(PUIUATIBHOE

TPaHCINTEPHPOBAHHOE HadBaHNe COOPHUKA (CM. TAKIKe CaiiT).

12. Koppekrypa aBToOpaM MOXKeT GbITh BBICJIAHA 9JIEKTPOHHON ouToi B Buze pdf-daiiia. Ha nposepky
KOPPEKTYpPBl aBTOPaM OTBOAATCA 5 paboumx mHEH, HAauWHAs CO AHsA, CJHEAYIOIIEero 3a JAaTOM OTIPABKU
KOppeKTypsl. ITo ncTeueHNN YKasaHHOTO CPOKA CTAThd aBTOMATUYECKU HAIPABJISETCS B TeyaTs. Vicmpas-
JIGHUA CJIeLyeT OTMETUTb U IPOKOMMEHTHPOBaTh B caMoM pdf-aiise au6o opopMUTH B BUAE IEePEUHS
WCIIPABJICEHUH U Iepecarh (0T UMEeHHU YIOJHOMOUEHHOT'O MIPEACTaBUTEINSA KOJIJIEKTIBA aBTOPOB) II0 JIeK-
TPOHHO¥ II0YTE B aJJpeC PeJaKIIUH.

TleuaTHbIe Bepcuy PYKOINCHU HAIPABJAIOTCA HEIocpeACcTBeHHO B pegaxkuuio HHH mo mouroBoMy azpe-
cy: oyasBap Akan. Bepuaackoro, 36, ka6. 210; 03142 Kues, Ykpauna 1160 4ieHY peJaKIIMOHHOMH KOJLIe-
ruu (COCTaB PEKOJIIIETNH YKa3aH Ha 2-i cTpaHuIle 00J0KKY). JIEKTPOHHBIN BAPUAHT CTATHU HAIIPABJIS-
erca 110 e-mail: tatar@imp.kiev.ua (¢ Temoit, HaunHaOmEiicA CIOBOM ‘nano’).

B cooTBeTcTBUU ¢ NOr0OBOPEHHOCTHIO Mexkay penakiueit HHH u yupenurensimu cO0pHUKA, PeTaKI[AA
CUNUTAET, YTO aBTOPHI, ITOCHLIAA € PYKONNCH CTaThbU, IEPeJaloT YUPEeJUTEJsAM UM PeAKOJJIErHU IIPaBO
Ony6INKOBATE 3TY PYKOIINCH HA AHTVIMICKOM (YKPAUHCKOM) A3BIKE, ¥ IPOCUT aBTOPOB CPa3y MPUKJIALEI-
BaTh K PYKOIIMCH

CorsanreHnue o nepegaye aBTOPCKOro mpasa

MbI, HUKEIOAIINCABIINECS aBTOPHI DYKOIIMCH « », IepefaéM yIPEJUTENISAM U PeJKOJLIET I

cOopHUKa Hay4YHBIX TPYAOB «HaHocucTeMu, HaHOMATEPialN, HAHOTEXHOJIOTiI» IPAaBO OMYOJINKOBATH 9Ty

PYKOIIMCH HA aHTJINNCKOM (YKPAMHCKOM) si3bIKe. MBI MOATBEP:KJaeM, UTO 9Ta TyOJUKAI[UA He HapyIliaeT

aBTOPCKOI'0 IIpaBa JPYTUX JIUIL NN OPraHU3aIUHA.

Ilommuen aBTOPOB: (®.1.0., gara, anpec, Tel., e-mail)

IIpu aToM 3a aBTOpaMM COXPAaHSAIOTCA BCE OCTAJbHBIE IPaBa KaK COOGCTBEHHHKOB DTOM PYKOIIHCH.

ABTOpBI MOT'YT IIOJIYUYUTH ONYOJMKOBAHHBIN BBIIIYCK CO CBOEI CTATHEN B peJaKIuKM COOPHUKA II0 BBIIIE-

ykasanHomy azpecy (tes. NeNe: +380 44 4229551, +380 44 4249042, +380 44 4241221), a Tax:xe 3arpy-

suth pdf-aiin craTeu ¢ caitra coopuuka: http://www.imp.kiev.ua/nanosys/ru/articles/index.html.
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HU3OTATEJIBCKAA 9TUKA
M IIPEJOTBPAIIEHUE HEJOBPOCOBECTHOM ITPAKTHKH ITYBJIAKAIIANA
Penaxkuunonnas Kojierns cGOPHUKA HAYUYHBIX TPYAOB « Hanocucmemu, Hanomamepiaiu, HaHome-
XHOJ02Il» CJefyeT 9TUUEeCKUM HOPMAaM, IPUHATHIM MEXKIYHAPOAHBIM HAYYHBIM COOOIIECTBOM, U
IesaeT BCE AJIs TPeJoTBpaIlleHus JI0ObIX HapyIIeHuil nx. B cBoell feATeIbHOCTH pefaKIiusA Omupa-
eTcs Ha pekoMeHzanuy Komurera mo sTuke HayuHbIx nyoaukamnuii (http://publicationethics.org).

O0s3aHHOCTH peJaKIuu

e Bce mpejcTaBeHHBIE CTATHU PELEH3UPYIOTCS 9KCIIEPTAMU B JAaHHON 00JIaCTH.

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

o Ilo pesyiabTaTaM peleH3WPOBAHUSA CTAThbs MOYKET OBITh IPUHATA K ONYOJIMKOBAaHUIO 6e3
IopaboTKU, IPUHATA ¢ JOPAOOTKON MM OTKJIOHEHA.

e OTKJOHEHHBIE CTAThU IIOBTOPHO HE PEIeH3UPYIOTCS.

e CraTbu MOTyT OBITH OTKJIOHEHBI 0e3 PeleH3WU, €CJU OHU OYEBUAHBIM 00pa3oM He MOAXOMAT
UL TyOJUKaALUN.

e Pepaknusa npuHUMAaeT pelleHWe O MyOJIMKAIMU, PYKOBOJACTBYSCH IOJUTHUKON JKypHAJa, C
YUETOM [eiCTBYIOIIEro 3aKOHOAATEJbCTBA B 00JIaCTU aBTOPCKOTO IIpPaBa.

e He gomyckaerca K nyOoaukamuy nHGOpPMAIUSI, €CJIU MMEeTCS AOCTATOYHO OCHOBAHWI moOJa-
raTh, YTO OHA ABJISETCA ILJIATAATOM.

ITpu BHanmuumum Kaxkux-au60 KOH(MIMKTOB MHTEPecoB ((pMHAHCOBBIX, aKaAeMUUYECKUX, JTUUHBIX)

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

HbIE BOIIPOCHI PACCMATPUBAIOTCS HA 3aCETaHUN DEeIKOJIIErUN.

IIpuHATbIe K ONYOJMKOBAHUIO CTAThU PAa3MEIAIOTCSI B OTKPBITOM JAOCTYIle Ha caiiTe cOOpPHUKA;

aBTOPCKHUE IIPAaBa COXPAHSIIOTCA 34 aBTOPAMU.

BTuqecmne NIPUHUMIIBI B J€ATEJbHOCTH PELEeH3eHTOB

o PeleH3eHTH OLIEHUBAIOT CTATHHU IO WX COAEP:KAHUI0, GE30THOCUTENbHO K HAIMOHAIBHOCTH,
IOJIy, CEKCYAJbHOM OPUEHTAINY, DPEJIUTHO3HBIM YOeKACHUSIM, STHUUECKON NPUHAIJIEMHKHO-
CTH WX MOJUTUYECKUM YOeKIEeHUAM aBTOPOB.

o COTpyJHUKU DENAKIMU He AO/KHBI COOOIIAaTh KaKyI0-In60 MHMOPMAIUIO O IIOCTYIUBIINX
CTaThbAX JIWIAM, He ABJIAMIINMCA PeleH3eHTaMM, aBTOPAMHU, COTPYAHUKAMU pefaKIuu U
U3aTe bCTBA.

o PeneHsun IOKHBI OBITh IIPOBENEHBI 00BEKTUBHO. llepcoHabHAA KPUTHUKA ABTOPA HEIPHU-
emisieMa. PeleH3eHTH 0653aHbI 000CHOBBIBATH CBOIO TOUKY 3PEHUA YETKO U OOBEKTUBHO.

o PenensupoBaHue IMOMOTaeT M3JATENI0 IPUHUMATDL PEIIeHne W IIOCPECTBOM COTPYIHUYECTBA
C PeleH3eHTaM! U aBTOPaMH YJIYUYIIUTH CTATBIO.

e Marepuasbl, HOJyYEHHBIE [JIA PElEH3UU, ABIAIOTCA KOHMOUICHINAILHBIMU IOKYMEHTAMHU U
PeLeH3UPYIOTCH aHOHUMHO.

o PemensenT Takke 00s13aH 00palaTh BHUMAHNE PEJAKTOPA HA CYIIECTBEHHOE WM YaCTUUHOE
CXOJICTBO IIPEJCTABJEHHON CTAaThU C KAKOM-I100 MHOM paboToi, ¢ KOTOPOIl PelleH3eHT HeIo-
CPEeICTBEHHO 3HAKOM.

IIpUHIUIBI, KOTOPHIMM JOJIKHBI PYKOBOJACTBOBATHCS ABTOPHI HAYYHBIX ITyOJIUKAI[MI

e ABTOpHI cTaTell MOJKHBI NIPEACTABJIATHL TOUHBIM OTYET O BBIIOJIHEHHON paboTe U OOGBEKTUB-
HOe 00CYsKJeHne eé 3HAYNMOCTH.

e ABTOpHI CTAThU JOJIKHBI IPEJOCTABJIATH HOCTOBEDPHBIE PE3YJILTATHI IIPOBENEHHOrO 0030pa U
aHaJIM3a KCCIeNOBaHUi. 3aBeIOMO OINNO0YHBbIe MU CHATbCUDUIIMPOBAHHLIE YTBEPIKICHUI
HEIIPUEMJIEMBI.

e CraTbs JOMKHA COAEPIKATH AOCTATOUHOE KOJIMYECTBO MHMOPMAIUY AJA IPOBEPKHU U IIOBTO-
peHUA SKCIEPUMEHTOB WJIM PACUETOB APYTUMHU HccaenoBarensaMu. MolleHHUYeCKUe MU 3a-
BEJOMO HeIpaBANWBLIE 3asBJICHUS MPUPABHUBAIOTCA K HEITUYHOMY IMOBEAEHUIO U SIBJISIOTCS
HEMPUEeMJIEMBIMU.

e ABTOpBI MOTYT MPEAOCTABJIATH OPUTHHAJbHBIE PEryJsipHble U 0030pHBIE padoTel. Ilpu wuc-
MOJIb30BAaHUY TEKCTOBON MM rpaduyecKoil wHpopMamuu, MOJYyUYeHHOU U3 PaboT APYTux
Ui, 00A3aTeJbHO HEeOOXOAUMBI CChLIKM HAa COOTBETCTBYIOIME MYyOJIMKAIMU HJIU MHUCHbMEH-
HOe paspellleHre X aBTopa.

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

e ABTOpPCTBO [JOJIKHO OBITH OIPAHUYEHO T€MHU, KTO BHEC 3HAUUTENHHBINA BKJAA B KOHIIEIIUIO,
pa3paboTKy, UCIIOJHEHNE MV WHTEPIPETAIUIO 3asBJICHHOTO UCCIeLOBAHUA.

o UVcrTouHuKM (pMHAHCOBOM HMOALEP:KKU MyOIMKYEMOTro HCCIEeOBAHUA MOTYT OBITH YKa3aHBI.
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PUBLICATION ETHICS

AND MALPRACTICE STATEMENT
The Editorial Board of the Collected Scientific Transactions ‘Nanosistemi, Nanomateriali,
Nanotehnologii’ (i.e., ‘Nanosystems, Nanomaterials, Nanotechnologies’) follows ethics norms
accepted by international scientific community and makes every endeavour to prevent any
infringements of the norms. The Editorial Board follows the guidelines of the Committee on
Publication Ethics (http://publicationethics.org).

Duties of Editors

o All submitted papers are subject to strict peer-review process by reviewers that are experts
in the area of the particular paper.

® The factors, which are taken into account in reviewing process, are relevance, soundness,
significance, originality, readability, and quality of language.

® The possible decisions include acceptance, acceptance with revisions, or rejection.

e If authors are encouraged to revise and resubmit a submission, there is no guarantee that
the revised submission will be accepted.

® Rejected articles will not be re-reviewed.

Articles may be rejected without review, if they are obviously not suitable for publication.

® The paper acceptance is constrained by such legal requirements as shall then be in force
regarding libel, copyright infringement, and plagiarism.

When a conflict of interests arising, all the participants of reviewing process should inform
the Editorial Board. All the contentions questions are considered in the Board meeting.

The accepted papers are allocated in open access on the journal site; copyrights reserved.

Duties of Reviewers

® The reviewers evaluate manuscripts for their intellectual content without regard to race,
gender, sexual orientation, religious belief, ethnic origin, citizenship, or political philoso-
phy of the authors.

® The staff must not disclose any information about a submitted manuscript to anyone other
than the corresponding author, reviewers, other editorial advisers, and the Publisher, as
appropriate.

® Reviews should be conducted objectively. Personal criticism of the author is inappropriate.
Referees should express their views clearly with supporting arguments.

® Peer review assists the Publisher in making editorial decisions and through the editorial
communications with the experts from the scientific board and the author may assist the
author in improving the paper.

® Manuscripts received for review are treated as confidential documents and are reviewed by
anonymous staff.

® A reviewer should also call to the Publisher's attention any substantial similarity or over-
lap between the manuscript under consideration and any other published paper of which
they have personal knowledge.

Duties of Authors

® Authors of contributions and studies research should present an accurate account of the
work performed as well as an objective discussion of its significance.

® 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.

® The authors should ensure that they have written original regular or entirely review
works, if the authors have used the work and/or words of others that this has been obliga-
tory and appropriately cited or quoted.

® 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.
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IIpoBeneHO TEOpeTWYHi MOCTIAMKEHHA MUHAMIKMN IEePepo3mOAily KOHIIeHTpAIlil
azcopbaTy y cucTeMax «ILTa3sMa—KOHIEHCAT» 3 YpaxyBaHHAM aHi30oTpoIii B me-
pexoax agaTOMiB MiK IIapaMu, COPUYMHEHO] Ii€i0 migABeaeHOro A0 ITiAKIa H-
KU 30BHIIITHBOTO €JIEKTPUUHOTO oJiA. [1o6ya0oBaHO y3araJbHEHU TEOPETUIHUH
MOJIeJIb JIJIA OIUCY TIPOIleciB (DOPMYBaHHS IIPOCTOPOBUX BiTOKPEMJIEHUX ITOBEP-
XHEeBHUX CTPYKTYP Ha OTHOMY 3 IIapiB OaraTomiapoBoi cucTteMu. Y paMKax OTHO-
pizEoi cucTeMu BCTAHOBJIEHO YMOBM peaJisallii mepexofiB IjiasMa—KOHIEHCAT
TIePIIIOTO poay. ¥ IPUIIYINEeHHi, 0 CHJIa aHi30TPOIIil 3MiHIOETHCA Yy Yaci mepio-
JIUYHUM i CTOXaCTUYHUM YMHOM, AOCJIiIPKEeHO 3aJIe}KHICTD Uacy IIepexo/ly CHUCTe-
MU BiJi cTaHy 3 HU3BKOIO I'YCTUHOIO aicopbaTy A0 CTaHy 3 BUCOKOIO I'yCTUHOIO aT-
copbaTy Bia mapaMeTpiB 30BHIIITHBOTO IIEPiOAUYHOTO Ta CTOXACTHUYHOTO HaBaH-
TaKeHHsdA. Y paMKax aHaJli3W Ha CTiKiCTh OMHOPIMHUX CTAIliOHAPHUX CTaHIiB IO
HEOAHOPIAHMX 30yPEeHb BCTAHOBJIEHO YMOBU CTPYKTYPYBaHHSA 3POCTAI0OUOI ITOBE-
PxHi. ¥ paMKax IIpOIeaypyu YHCJI0BOTO MOIEJIOBAHHA BCTAHOBJIEHO PEXKUMU KO-
HTPOJIIOBAHHS TUHAMIKOIO CTPYKTYPYBaHHSA IIOBEPXHi, MOP(OJIOTie€lo ITOBEPXHi,
TUIIOM i pO3MipOM MOBEPXHEBUX CTPYKTYP. BcTaHOBIIEHO BIJIMB TUCKY BCEepeaUHIL
Kamepu, eHeprii Bszaemomii amcopbaTy, cepefHBOTO 3HAUEHHSA HAMIPYIKEHOCTH
€JIEKTPUYHOTO TIOJIA HA CTATUCTUYHI BJIACTUBOCTI HAHOCTPYKTYPOBAHUX TOHKUX
IJIiBOK y cUCTeMax «IJlagMa—KoHJeHcaT». IIpoBeieHo y3araJabHEeHHS MOJEJIO 3
ypaxyBaHHAM (PIIOKTYyaIlill MoOBepPXHEBOTO MOTOKY aacop0aTy Ta BUSBJIEHO BILJIUB
IXHBOI iHTEHCMBHOCTM Ha MOPQOJIOTiUHi IIEPEeTBOPEHHA B CTPYKTYPi ITOBEPXHi
mapy, THII i JIiHifiHU# po3Mip MOBepXHEBUX CTPYKTYP, IXHIO KidbKicTh i posmo-
IiJ CTPYKTYP 3a po3mipamMu. BuBueHO BILIMB (DIIOKTyAaIlill HAIIPYKEHOCTH IIif-
BEZIEHOTO [0 MiAKJAAWHKN €JEeKTPUYHOTO MOJS HA NUHAMIKY YIOPAIKYBaHHSA
azcopbaTy Ha ITOBEPXHi Ta CTATUCTUYHI BJIACTUBOCTI IIOBEPXHEBUX CTPYKTYP IPU
KoHzeHcaril. JlociiyKeHo KOHKYPYBaJIbHUY BIJINB PETYJIAPHOIL Ta CTOXaCTUYHOI
YACTUH 30BHIITHBOTO IIOTOKY Ha AMHAMIKY cucteMu. IIpoaHasiizoBaHO 3aTHICTD
QUIOKTYyari iHayKyBaTu nporecu (G)OPpMyBaHHS MOBEPXHEBUX CTPYKTYP, KEPY-
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BaTU JUHAMIKOIO CTPYKTYPOYTBOPEHHS, IPOCTOPOBUM HOPAIKOM, MOpP(doI0Tieto
TIOBEPXHi, 3aKOHOM POCTY CEPEIHBOTO PO3Mipy OCTPOBiB azcopdaTy, THUIIOM i Ji-
HIifHUM PO3MipOM HOBEPXHEBUX CTPYKTYpP. ¥ paMKax 6araTolrapoBOr0 MOIEJIO
IIPOAaHATiZ0BaHO AUHAMIKY ITPOCTOPOBOTO IIEPEPO3IOALITY aacopbaTy Ha KOKHO-
MYy I1api 6araToIapoBoi CUCTEMU «IlIa3Ma—KOHIEHCAT» .

Theoretical studies of the dynamics of the adsorbate-concentration redistri-
bution in ‘plasma—condensate’ systems are provided. We take into account
anisotropy in the transitions of adatoms between the neighbour layers caused
by the action of the external electric field near the substrate. A generalized
theoretical model for describing the formation processes of spatial separated
surface structures on one of the layers of a multilayer system is derived.
Within the framework of the homogeneous system, the conditions of realiza-
tion of the first-order plasma—condensate transitions are established. Assum-
ing that the anisotropy force changes in time periodically and stochastically,
the dependence of the transition time of the system from the low adsorbate
state to the high adsorbate state on the external periodic and stochastic load-
ing parameters is investigated. By using the stability analysis of the homoge-
neous stationary states with respect to inhomogeneous perturbations, the
conditions for structuring the growing surface are established. Within the
framework of the numerical simulation procedure, the control regimes for the
dynamics of surface structuring, surface morphology, type and size of surface
structures are revealed. The influences of the pressure inside the chamber, the
interaction energy of the adsorbate, the average value of the electric-field
strength on the statistical properties of nanostructured thin films in plasma—
condensate systems are established. The generalization of the model by con-
sidering fluctuations of the surface flow of the adsorbate is carried out, and
the influence of their intensity on the morphological transformations in the
structure of the layer surface, the type and linear size of surface structures,
their number and distribution of structures by size is revealed. The influence
of fluctuations of the electric field near the substrate on the dynamics of the
adsorbate ordering over the surface and the statistical properties of surface
structures during condensation is studied. The competitive influence of regu-
lar and stochastic parts of the external flow on the dynamics of the system is
investigated. The ability of fluctuations to induce processes of surface-
structures’ formation, to control the dynamics of structure formation, spatial
order, surface morphology, the law of growth of the average size of adsorbate
islands, the type and linear size of surface structures is analysed. Within the
multilayer model, the dynamics of spatial redistribution of the adsorbate on
each layer of the multilayer ‘plasma—condensate’ system is analysed.

Karouori cioBa: cucremu «IuiasMa—KOHAEHcCAT», KOHJAeHcallisg, ajcopoar,
mpoIllecu afcopoIrii—mecopObirii, HaHOPO3MipHi MOBEPXHEBi CTPYKTYpPHU, MOP(dO-
JIOTid IOBepXHi.

Key words: ‘plasma—condensate’ systems, condensation, adsorbate, adsorp-
tion—desorption processes, nanosize surface structures, surface morphology.

(Ompumano 27 ciunsa 2020 p.; ocmamouna eepcis — 5 oepesns 2020 p.)
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1. BCTYII

ToHKi NmJIiBKM BiZHOCATLCA OO OYAb-AKOTO MaTepifly, KM Ma€ TOB-
IIMHY BiJ OJHOTO0 aTOMHOTIO IIIapy M0 AeK1IbKOX MiKPOMETpPiB, a HAHOCT-
PYKTYpH BimHOCATHCA OO0 OYIbL-AIKOT0 MaTEPiAly, IO CKJIATAETHCA 3 Ha-
HOPO3MipHUX YacTHHOK. I1i 06’eKTH cTaau HEBix €éMHOIO YaCTUHOIO CYy-
YaCHUX TEXHOJOTi#, i3 3acTOCyBAaHHAM Bil MiKpoeJeKTpoHikm (Oyayuu
YAaCTUHOI0 MiHIITIOPDHUX IPUJIaTiB) IO BUTOTOBJIEHHS pPisaJlbHUX iH-
CTPYMEHTIB AJid MiKpoobpobaauusa [1]. Ha cxoropmimniuiic mens Taki Ha-
HOCTPYKTYPOBaHi TOHKI IJIiBKM HabyBaioTh 3pPOCTAIOUOT0 iHTEepecy ue-
pes iX TeXHOJIOTiUHi 3aCTOCYBAHHSA B CYUaCHUX HAHOEJEKTPOHHUX IIPHU-
CTPOAX 3aBAAKU BUHATKOBUM (QYHKIIiOHAILHUM 34i0HOCTAM [2—5]. EK-
30THUYHI HOBi MaTepisju, 110 XapaKTepu3ylThCsI MaJIMU Po3MipaMu,
MOKYTb BUKOPHCTOBYBATUCA AJIA YTBOPIOBAHHS MeTacTabiIbHUX CILJa-
BiB, a00 IITiBOK 3 METOI0 CTBOPEHHSA 30BCiM iHIIIOI aTOMHOI CTPYKTYPH,
HaKJaJeHOol TifKJIaafuHKO. TOHKI ILIiBKU BUKOPUCTOBYIOTHCA ChHOT'OJI-
Hi B IIUPOKOMY IifAIAa30Hi 3aCTOCyBaHb, TaKNX AK MOKPUTTA AJIA iH-
CTPYMEHTIB pisaHHS, ONTUYHI Ta AeKOPATUBHI IIOKPUTTA, COHAYHI 0a-
Tapel, a TaKOX AK IUQy3ifiHi 11apu B iHTerpaJbHUX CXeMaX.

BuporyBaHHA JIiBOK MOKe 3[iliICHIOBATHCA 3a JOIIOMOI'OI0 DALY Me-
TomiB ocamkenua. Cepel HUX MOKHA BUILINTH XiMiuHe ocaaKeHHs 3 ra-
30Boi (hasu [1, 6], Kou XimMiuHi peaKIlii 3yMOBJIIOIOTh OCaKEHHA, a CTaH
xiMiuHOrO 3’€THAHHA afaTOMiB BiIpisHAETHCA BiJ 3’€THAHHSA YaCTUHOK B
ras3oBiii ¢asi. Iamri meTonu, a came, 30sb—T'eIb-cuHTe3 [ 7, 8], aToMHe oca-
IKeHHS I1apy, OCaIKeHHs eJIEKTPOHHUM IIyukoM [9], posnuaenns [10],
iMImyibcHe JasepHe ocalKeHHA [11], mipoais 3 yaIbTpasByKOBUM CIIPEEM
[12-15], posmopoIiryBasbHe HamopoiieHHA [16] mosxkHa 00’egHaT! v (i-
3UUHI IPOIeCH OCAMKeHHS, OCKLILKM MPU IIUX METOANKAX YaCTUHKU 3
mapoBoi a3y ocaIKyIOThCA Ha MiIKJIAAUHKY PisuuyHrMEy 3acobaMu.

M oHHO-IIJIa3MOBi IIPUCTPOi IIMPOKO BUKOPHCTOBYIOTHCA IJIS BHUPOO-
HUIITBA BiTOKpeMJIeHUX cPepUUHUX CTPYKTYP amcopbaTy Ha IIOBEPXHi 3
HEeBEeJIUKUM JiHiiTHuM posmipom [17, 18]. ¥V Takux cucteMax mpoIiec poc-
Ty BiJOKpeMJIeHNX 0araToIrapoBuX CTPYKTYP ajgcopdaTy BigOyBaeThCA 3a
HACTYIIHUM MexaHisMoM. VIOHU, POSIIOPOIIIeHI MarHETPOHOM, JOCATAIOTh
3pOCTal0Y0i MOBEPXHi, SKa pO3TaIlloOBaHA B IIOPOKHBOMY KaTO/Ii, i CTAlOTH
agaromMamMu. Yepes HAABHICTH €IeKTPUUHOTO IIOJIS MOOIU3Y HigKJIagIH-
KU TeBHA YacTHUHA aJaTOMiB IIOBTOPHO BUIIAPOBYEThCA (IecopOyeThed 3
MiAKJIATUHKHT), 11100 3HOBY HOHI3yBaTHCh, 1 TOBEPTAETHCI Ha3ald IO BepX-
HiX 1mapiB 3pocraiouoi moBepxHi [19]. OTike, cucTeMu «IIazMa—
KOHIEeHCAT» XapaKTepu3yIOThCSA aHi30TPOIIi€l0 B Iepexojax aJaTOMiB
MixK cycimHiMu miapu, 110 iHAYKYEThCA Ji€l0 eJIEKTPUYHOTO II0JIdA, ITiIBe-
JIEeHOTOo [0 MigKJIaguHKN. 3a JOIIOMOI'0I0 Pi3HMX METO/IIB OCAIKeHH MO-
JKHa BUTOTOBJIATH Pi3HI TUIIU CTPYKTYP, a caMe: IepPioguUHO Po3TaIlioBa-
Hi HAHOOTBOPM B MaTpuUuHiN (asi (ocTpoBu Barauciit) [20], BumoB:xKeHi
OCTPOBU aJicOPOOBaHMX HamiBOPOBiAHUKIB [21, 22] i meTtauis [23] Ta che-



778 A. B. IBOPHYEHKO, [I. 0. XAPYEHKO, B. 0. XAPYEHKO

puuHi BakaHCiiHi ocTpoBu (HaHOOTBOPH) ab60 OCTPOBU amcopbaTy (HamHo-
Toukm) [24—-28].

BiactuBocTi miaiBKu TicHO moB’s3aHi 3 i MiKpOCTPYKTypoOIO, KA, B
CBOIO UepTry, MOJKe OyTH 3MiHeHa IIiJ uac BUPOIIYBAHHS ILTiBKM. Bigmo-
BigHO MO poboTu [29], Mopdosoria HAHOCTPYKTYPOBAaHUX ILJIiBOK 3aJje-
KUTh BiJl TIeBHOI KiJTbKoCTi (DaKTOPiB, cepeln IKUX MOKHA BUILIUTU Te-
MIIEpaTypy, MaTepidaa migKJaguHKNA, TUCK BcepeauHi Kamepu. PaHimnre
0yJI0 ITOKA3aHo, 110 KOHIIeHTpaIlielo aacopbaTy Ha HigKJIASUHIIL Ta Bij-
noBigHMMHU (Ha30BUMHU IepexodaMU IepPIIoro poay MisK cTaHaMu 3 HU-
3bKOIO Ta BHUCOKOIO I'yCTHHOIO afcop0aTy MOKHA KOHTPOJIOBATHU 3a HIO-
IIOMOTOI0 3MiHU TeMIlepaTypHu, MIBUAKOCTI amcop6birii Ta gecopbirii [30—
37]. B Toit ke uac OyJi0 mOKasaHO, IO 0araToIapoBi CUCTEMH Tras-
KOHeHCcaT MPOABIAIOTh KacKakd (pasoBUX IIePeXO0/IiB mepInoro poay, Ko-
Jau GopMyeThCs HOBUM HOAAaTKOBUI 11ap aacopbary [38, 39]. Taxki cuc-
TeM B OCHOBHOMY BHBUYAJNCA 3a YMOBU PiBHOMMOBIPHUX IIEPEXOIiB
aZaToOMiB Mi cycimHiMu miapamwu, BiATIOBiZHO 0 CTaHZAPTHOTO MeXa-
HisMy BepTuUKaIbHOI 1udy3ii[40, 41].

3aJIesKHO BiJ TOro, 4 3B’SA30K MiK OZHAKOBHMU aJaTOMAaMU CUJIbLHI-
minii, HisK MisK agaToMaMM Ta aToOMaMu CyOCTpaTy, MOKHA BUALINTH TPU
OCHOBHUX PEXXUMU 3POCTAHHS TOHKUX ILTiBOK: @) PEKUM TPUBUMIiPHOTO
a00 OCTPiBKOBOT'O POCTY, TAaKOK BimomMmuii AK pe:kuM Boabmepa—Bebepa;
0) 2-BuMipHe abo IoIIapoBe 3POCTaHHSA, TaKOK Bimome gk pexxum Ppan-
kKa—Bau mgep MepBe; 8) 3MilaHuii pe;KuM, 110 POIIMOUNHAETHCA JBOBUMI-
PHUM 3pPOCTaHHSIM, fKe IIePEeXOAUTh B OCTPiBHUU PEXKUM IIiCJA 3aIl0B-
HeHHS OJHOT0 a00 JeKiJIbKOX MOHOIIIAPIB; Iell PeKUM TAKOMK BIIOMUH IK
pesxum CrpaHcbKoro—KpacranmoBa [42]. Kiactepu amaToMmiB ocTamHIM
YacoM IIPUBEPTATIU BEJIUKY YBary y Cy4acHUX HAIMPAMKAaX eJIeKTPOHIKH,
HaIiBIPOBiTHUKIB, OioMarueTukis, KaTanaisy Ta maraetusmy [43—46].

IIpomecu pocTy TOHKMX ILIiBOK Ta BiATMOBigZHMX ocTpoBiB BosbMmepa—
Bebepa BKJIIOUAIOTH B cebe 0e3siu aTOMHO-MAacIITAOHMX IPOIEciB, AKi
He 3aB)K/IU JIeTKO BUBUYATH eKCIepUMeHTaIbH0. Y1caoBe MOIeII0BaHHS
CAYTYyE aIbTePHATUBHUM METOAOM JAJIA AeTAJILHOTO BUBUEHHA TUHAMIKHT
GopMyBaHHS CTPYKTYP B TAKUX cucTeMax. Taki miaxomu MoKyTh OyTHu
BUKOPUCTaHI AJIA IPOTHO3YBaHHSI MOpPQoJIorii 3pocTarouoi moBepxHi B
PiBHMX yMOBaX POCTY TOHKUX ILIiBOK [39, 47]. [lna TecTyBaHHS Teope-
TUYHUX MOJEJIiB POCTY TOHKUX ILIIBOK BUKOHYBAaTUCA PisHI Tunum
KOMIT'IOTEPHUX CUMYJAIii. ¥ 3amauax (GOpMyBaHHA CTPYKTYpD 3a3BU-
yafl po3rIAmalOThLCSI peaKmiiiHo-mudysifiHi cucremMu, AKi BimirpamoTb
BaJKJUBY POJIb Y BUBUYEHHi 3arajbHOI IIPOCTOPOBO-UACOBOI ITOBEIiHKU
HepiBHOBasKHUX cucteM. I1i Momesi MicTATH OCHOBHI BHECKM, TTOB’ sI3aHi
AK 3 JIOKAJbHOIO AMHAMIiKOIO (XimMiuHi peaxiiii Tumy HapoAKeHHS Ta
cMepTi), TaK i 3 MaconepeHeceHHAM. TaKi cucTeMu IPOABJIAIOTH IPOILe-
cu caMoopraHisairii 3 popMyBaHHAM Pi3HUX IIPOCTOPOBO-YACOBUX CTPY-
KTyp. i cTpYKTYypu BUHUKAIOTh Y Pe3yabTaTi B3aeMoil HeiHifHOL Ki-
HeTUKU peakIiii, nudysii pyxomux uyacTuHOK Ta ix Bl3aemopnii. Taxi
ederTr HaOyBaIOTh HiBUINEHOI YBATX B PiBHUX 00JIACTSAX, BKJIIOUAIOUN
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disuky, ximiro Ta Giosoriio [48]. Camoopranisaiiis agcop6oBaHUX UYac-
TUHOK (amaToMiB) B aOcOpOIifiHMX OicTabilbHUX cucTeMax IPUBOSUTD
10 YTBOPEHHA cTabiIbHUX BiTOKPEeMJIEHUX OCTPOBIB azcopbaTy Ha MigK-
JaguHIl a00 YTBOPEHHS PO3AiIEHNX OTBOPiB ycepeanHi MaTpHUIIli ajicop-
oary [49-51]. Taxkuii migxig mae MOMKJINBICTE KOHTPOJIIOBATH JUHAMIKY
camooprauizarii ancamb60 agaTomMiB, MOPQOJIOriio 3pOCTal0UY0i mOBEp-
XHi, THII CTPYKTYP Ta JiHiHHUEI po3Mip cTPYKTYp ajgcopbaTy abo oTBOPiB
(BaraHcii) B MaTpuuHii dasi.

BicrabinbHi cucTeMu MOKYTH IPOSABIATH e(PEeKTHU CTOXACTUUHOTO pe-
30HAHCY B YMOBAaX IIePiOANYHO 3MiHIOBAHOTO THUCKY rasomomioHoi aTMo-
chepu (IuB., HATPUKJIAL, [52]), abo ximiuroro moreniianxy [53]. EdexT
CTOXAaCTUYHOTO PE30HAHCY BUKOPUCTOBYETHCS IJISA OomTmMizaiii cmis-
BiIHOINIEHHSA BUXiMTHOTO CUTHAJNY OO0 INMyMYy, KOJH KOJUBAHHS (IIIyM)
rpaTh KOHCTPYKTUBHY POJIb i MOCUJIOIOTH BiAAMOBii HerinifiHOl AUHA-
MiuHOI cucTeMu, miAgaHOI CIA0KOMY 30BHIIITHBOMY MEePiOAMYHOMY CHUT-
HajoBi[54, 55].

Henmimifini cuctemMu 3a3Buuail IPOABJISIOThH HEBIOPAAKOBAHY IIOBEi-
HKY 3a BimcyTHOcTi GuroKTyarnii. BriiuB ¢urrokTyariiii pisHoi mpupoan
Ha OWHAMiKy Ta CTATHCTUYHI BJACTHUBOCTI IIPOCTOPOBO-PO3MOIiICHUX
CHCTEM € IIPEeIMETOM ITiIBUINIEHOI YBAaTU TEOPETUUHUX AOCJIiIKEeHb IIPO-
TATOM OCTAHHIX mAecATUIiTHL [56—62]. Byao mokasaHo, IO IITyM MOXKe
CIPUUYMHUTH YIOPAAKYBAHHSA Ta iHAYKYBATH peaJisallilo HOBUX AWHA-
MiuHNX craHiB [63, 64]. Bararo mociimxenb Oyiu 30ocepem:KeHi Ha Bu-
BUEHHI 1HAYKOBAHUX (DIIOKTyaIiIMM SBUIL, AKi JeMOHCTPYIOTH 34AT-
HicTb QurrokTyaliii mpuBoauTu; 1o eeKTiB camoopranisaiii. Beauka ua-
CTMHA PaHHiX pobiT OyJa mpucBAYeHAa JOCJiMKeHHI0 eheKTiB QIIOKTYa-
il y HyJIbBUMIipHUX cucTeMax. OCTaHHIM YacoM CTaB OCJIiI:KyBaTHUCS
BILIUB (QJIIOKTyaIlill Ha CHCTEeMHU 3 BEJIMKUM UMCJIOM CTYIeHiB cBoOomu,
TaK 3BaHi IIPOCTOPOBO-PO3IOAijieHi cucremu. Haibinbin mikaBumu ede-
KTaMHu y TAKMX CHUCTeMaX € iHAYKOoBaHi IIrymMoM mporecu (opMyBaHHS
IIPOCTOPOBUX CTPYKTYP Ta (hpasoBi mepexonu [65, 66]. PasoBuii mepexin 3
(dopMyBaHHAM YIIOPSAAKOBAHOIO cTany ((hasu y TepMOAUHAMIUHOMY CEH-
ci) peasisyeTbcsd, KOJIU 10 AUHAMIUHOI CUCTEMU YBOJUTHCS BUIIAIKOBE
duaoKTyBaNbHE AKepeso [67—70]. PaoKTyariiiHo-iHAyKOBaHI ederTn
BUBYAJNCS B pisHUX KJacax 3azau [71, 72]. ¥ mporecax amacop0Oiii B
CTOXACTUUYHOMY MOJeJi «Ta3—KOHIeHcaT» (PIOKTyaIlii, 1o moB’a3aHi i3
BHYTPIIIIHLOIO TMHAMIKOIO CHCTEMU, PEr'yJI0Th (ha3oBi mepexoau Mix
IIiJTFHOIO Ta P0306aBJeHOIO (DasaMu Ta KEPYIOTh TUIIOM Ta PO3MipOM IIO-
BEePXHEBUX CTPYKTYP [36]. 3 hyHIamMeHTATILHOI TOUKM 30py TaKi ederTn
MalTh AWHAMiuHe NIOXOMKEHHdA: YV KOPOTKOUacHiil Mexxi (uiroxTyarril
IecTabilisyoTh HeBIOPAAKOBAHUY oguHopigauil ctaH. Illym Bimirpae op-
raHi3yI0uy poJib, AKIIO HOT0 aMILIiTya 3aJIesKUTh Bil 3MiHHOI moJs [63,
64]. Kpim Toro, ynopsizkoBaHa (paza MOKe iCHyBaTH IJIs IIEBHOTO AiAma-
30HY 3HaUeHb iHTeHcmBHOCTI mrymy. Ili edexTu, Bimomi AK peBepcuBHi
dazoBi mepexoau, Koy 30iIbIITeHHA iHTEHCUBHOCTI IITyMY IPUBOJIUTE 0
¢dopMyBaHHS BIOPAIKOBAHOTO CTaHY y (hikcoBamOMy mismasoHi 3aMiHu



780 A. B. IBOPHYEHKO, [I. 0. XAPYEHKO, B. 0. XAPYEHKO

iHTeHCUBHOCTI ITyMy. Taka peBepCUBHICTh € Pe3yabTaTOM CHiJIBHOI il
HeJiHIMHOCTI cUCTeMU Ta IPOCTOPOBOI B3aEMO/Iii.

Metoro mamoi pobOTH € BCTAHOBJIEHHsS YMOB peaJidaliiii Bimoxpem.re-
HUX CTPYKTYP amcopbaTy B OaraToIrapoBOMy MOJEJi CUCTEMHU «ILIa3Ma—
KOHJIeHCAT» i IMPOBEIEHHS TEOPEeTUUYHUX MOCTiM:KeHb IWHaMiKu Iepe-
po3moiay KOHIeHTpaIrii agcopbaTy Ha OZHOMY 3 ITapiB 6araTorapoBoi
CUCTEMMU «IlJJa3Ma—KOHJeHCaT» 3 ypaxyBaHHAM aHi30TPOIIi1 B mepexoax
aIaTOMIB MiK IIIapaM¥, BUKJIMKAHOI Ji€l0 TiBeJeHOro 0 MigKJIaTuHKHI
30BHIIITHLOTO €JIeKTPUUHOTO IoJA. Byae mobymoBaHo y3arajibHeHUH Teo-
PeTUYHUHA MOJEJIb JIJIA OIIMCY IPOIeciB (hopMyBaHHA IPOCTOPOBUX Bizo-
KpeMJIEHIX IIOBEPXHEBUX CTPYKTYP HA OJHOMY 3 IIIapiB OaraTorinapoBoi
cucrtemMu. ¥ IpUOYIEeHH], IO cuJja aHidoTpomii, AKa BU3BHAYAEThCA Ha-
IPYKEHICTIO eJIEKTPUYHOTO II0JIS, 3MiHIOETHCA y Yaci mepiogmyHUM Ta
CTOXACTUYHUM YUHOM, Oy/Je JOCJiI:KeHO OTHOPiIHY CHCTEeMY 3 METOIO
BCTAHOBJIEHHS 3aJIEKHOCTI Uacy mepexony CUCTEMHU Bill cTaHy 3 HU3LKOIO
TYCTHHOIO azcopbaTy 0 CTaHy 3 BHCOKOIO T'YCTHHOIO ajzcopbary Bin ma-
paMeTpiB 30BHIIITHLOT'O HaBaHTaKeHHA. Byle BUABIEHO YMOBU ONTHMi-
3a1rii mporo uacy. BcTaHoB/IeHHA YMOB Ta PeXKUMiB KOHTPOJIIOBAHHS IU-
HaMiKOIO CTPYKTYPYBAHHS ITIOBEPXHi, MOP(OJIOTi€I0 MOBEPXHi, THIIOM Ta
Po3MipoM ITOBEPXHEBUX CTPYKTYP Oyle IIPoBeJeHO B PAMKAX UMCJIOBUX
CUMYJISIIIHA IIPOCTOPOBO-PO3IOLiJIEHOI cHMCTeMM 3i cTallioHapHMM 3Ha-
YEeHHAM HAIPYKEHOCTi eJIEKTPUYHOTO MOJIA. Byle BCTAHOBJIEHO BILJIUB
THUCKY BCepeanHi KaMepu, eHeprii B3aeMoii agzcopbaTy Ta HaAIpyKeHocC-
Ti eJIeKTPUYHOTO IIOJIA Ha CTATHUCTHUYHI BJIACTUBOCTI HAHOCTPYKTYpPOBa-
HUX TOHKUX ILIIBOK B CCTeMaX «IlJIadMa—KOHJIeHcaT». Byme mpoBeeHo
ysaraJbHeHHS MOJIeJII0 3 YPaXyBaHHAM (DJIIOKTyaIlili ITOBePXHEBOTO II0-
TOKY agcop0aTy Ta BUABJIEHO BILINB IX iHTeHCUBHOCTI Ha MopdoJoriumi
IIepeTBOPEHHA B CTPYKTYpPi MOBEPXHI 11apy, TUII Ta JiHi#iHUYI po3mip mo-
BEePXHEBUX CTPYKTYP, IX KiJIbKiCTh Ta PO3IIOLiT CTPYKTYP 3a PO3MipaMmu.
Byne BuBueHo BIJIMB (PIIOKTyAaIlilli HAIPYKEHOCTI MiBEIeHOT0 A0 HMigK-
JAIVUHKY eJeKTPUYHOTO IOJIA HAa AUHAMIKY YOOPAAKYBAHHA amcopbaTry
Ha TOBEPXHi Ta CTATHCTUYHI BJIACTHUBOCTI IMOBEPXHEBUX CTPYKTYP IPHU
KoHJeHcarlii. Byae gocaimkeHo KOHKYPYBaJbHUY BIIJINB PEr'yJasApHOI Ta
CTOXaCTUYHOI YaCTUH 30BHIIITHBOT'O IIOTOKY Ha AMHAMIKY cuctemMu. Byme
IpoaHaJi30BaHO 3JATHICTL (PIIOKTyAIlill iHAYKyBaTu mpoiiecu (hopMy-
BaHHA IIOBEPXHEBUX CTPYKTYP Ta KepyBaTH JUHAMIKOIO If CTaTUCTUYHH-
MU BJIACTHBOCTSAMU CHCTeMH. ¥ paMKax 0araToiapoBOTo MOAesio Oyme
IpoaHajJi3oBaHO AMHAMIKY IPOCTOPOBOTO IIEPEPOIIIONLIY amcopbaTy Ha
KOXKHOMY ITapi 6araTolnapoBoi CCTeMU «IIJIa3Ma—KOHIeHCaT» .

Poboty opramizoBarno HacTynHuM YumHOM. ¥ Posmimi 2 6yage mobymo-
BAHO OJHOIIIAPOBUI MaTeMaTUYHHI MOMEJb, IO OIKCYE IPOCTOPOBO-
YacoBY €BOJIOIiI0 afcopbaTy ImIpu KOHIEHCAIlil 3 ypaxyBaHHAM e(eKTiB
B3aeMoJii agcopbary, aHi3oTpoIIii B mepexogax agaToMiB Mixk ITapamu,
BUKJUKAHOI IMiABEJeHUM [0 IMiAKJIaINHKU eJeKTPUUYHUM IIOJeM, Ta
duaoKTyalliii pisHoi mpuponu. ¥ TpeTboMy PO3aijii Oyme IIpoBeaeHe Ie-
TaJbHe JOCTiMKeHHsa OQHOPiAHOI cucTeMu 31 BCTAHOBJIEHHSIM YMOB pea-
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Jisarii mepexomiB MixK pos3baBJeHOIO Ta MIiabHOIO (pasamu. Posmin 4
OPUCBAYEHO aHAaJi3y CTIiMKOCTI OMHOPiAHMX cTallioHAapHUX CTaHIB 10
HEeOTHOPiZHUX 30ypeHb, e Oyae BCTAaHOBJIEHO YMOBHU peajisallii mosep-
XHEBUX CTPYKTYP IIpU KoHAeHcaltii. ¥ Poagini 5 mpeacraBieHo pesyib-
TaTH YMCJIOBOTO MOJIEJIIOBAHHS IIPOIleciB (hopMyBaHHA Ta POCTY IIOBEPX-
HEeBUX CTPYKTYP IIPM KOHJEHcallii Ta BCTAHOBJEHO YMOBU KOHTPOJIIO-
BaHHS MOP(OJIOri€i0 3poCcTaouol MOBEPXHi, TUIIOM Ta PO3MipoOM IIOBEP-
XHEBUX CTPYKTYP. Pe3yabTaTu 4YMCJI0BOTO MOAEIIOBAHHS IPOIIECiB poc-
TY CTPYKTYP afcopbaTy y 6araToIapoBoMy MOJAEJi «IIa3Ma—KOHIeHCaT»
noxauo y Poszaini 6. OcHOBHI BICHOBKM 3i0paHO B OCTAaHHLOMY PO3IiJi.

2. MATEMATUYHUI MOJIEJIb CHCTEMH «IIJTASMA—KOH/IEHCAT»

[ ommcy eBoJIIONil KOHIIEHTpAIIil azcopbaTy Ha migKJIagWHII y 6ara-
TOIIIAPOBiil cucTeMi mpu KOHAeHcallii 3 rasoBoi ¢asu (abo mrasmu) 0y-
IeMO JOCJIiAKyBaTH IUHAMIKY ITOJA KOHIIEHTPAIlil Ha KOXKHOMY 1-TOMY
piBHi (mmapi) x,(r, t) € [0,1], n=1,...,N, BUBHAUeHY AK BiTHOIIIEHHA Ki-
JBbKOCTi abcopOOBaHMX aTOMiB IO KiJIbKOCTI Micib masa amcopOirii (Bys-
JiB) y meBHi o6GJacTi JaHOTO IIapy; TYT r = {X, Y} BU3HAUAE IPOCTOPOBY
KoopAmHAaTy Ha I1api, a t Ie yacoBa 3MiHHa. ¥ TAKOMY pasi IIpOCTOPOBO-
YacoBa eBOJIIOIiA ITOJIA KOHIIEHTPAI[id agcopOaTy Ha KOXKHOMY PiBHIi 6a-
raToIrapoBoi CHUCTeMHU 3ala€EThCA PIBHAHHAM pPeaKI[iiHO-Iudys3itHOro
TUITY Y CTAHAAPTHOMY BUTJISTi:

atxn(lu t) = f(xn) - VJn (1)

ne f(x,) 3amae peakIliiiHy CKJIaJ0BY, III0 BUSHAUAE MPOIECU «HAPOIKEH-
HSI—CMepTi», Ta J, — moTiK agcopbary mo miapy, IIoB’A3aHuil 3 mepeHe-
CeHHSAM MAacH; iHJAEKC n 3aJae HOMEp Iapy 0araToIlapoBOi CHCTEMMU.
BigmosigHOo Mo cTaHZAPTHOrO IIiAXOAy OMHUCY IIPOIlECiB KOHAEHcAIlil pe-
akIrifina ckjagoBa f(x,) BKJoUae amcopOIriio (30iabIIeHHsA JIOKAJIbHOI
KOHIIeHTpAIlil afcopbaTy 3a paXyHOK TOT0, IIT0 aTOM/i0OH AocATae meBHO-
ro miapy i crae agaToMoM) Ta gecopOIfito (3MeHIITeHHSA JOKAJbHOI KOH-
meHTpaIlii agcopbaTy KoJau agaToM 3 HEeHYJbOBOIO MMOBIpHICTIO HMOKH-
nae map i mecopbyeThcsa Hazaa y rasony ¢asy). Kpim Toro, mpu onuci 6a-
raToIIapOBUX CHUCTEM, AVUCKPETHUX Yy BEPTUKAJIbHOMY HAIPAMKY (3a
KiJgbKicTIO I1apiB) HEOOXiTHO TAaKOK BpaxyBaTU IIEPEXOAUW agaTOMiB
Mix cycigaimu mapamu. IIpu npomy ciify BpaxoByBaTU AK i30TpPOIHI
nepexoau (3 OMHAKOBOIO IMOBIPHICTIO TTIEPEeXOAYy SK 3 BEPXHBOTO IIAPy
Ha HUJKHIiH, Tak i 3 HUKHBOT'O Ha BepXHill), Tak i aHisoTpomHi mepexonu,
KOJIX TaKi MMOBIpHOCTI pi3HATHCH, 110 MOKe OyTH iHAYKOBAHO 30BHIIII-
HiM BrimBoM. CxeMaTuuHe 300pakeHHA 0araToiapoBUX CTPYKTYP af-
copbaTy Ta BiAMOBiJHUX KBa3UXEeMiUHUX PeaKIliii, 1110 peatisdyloThCcA Ha
IMOBEPXHi, HaBeJeHO Ha puc. 1.

IIporecu amcop6OIrii onucyioThbesa cxkaamgosow k,x, (1 —x,)(1 — x,. ), Oe
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MNoeepxHesa
Avdysist

Jecopbuis Azicop6uis \
I Mepexogu

MiX Wwapamu

Puc. 1. Cxematuune 3o6pakeHHs 6araTolrapoBUX CTPYKTYpP aacopbaTry Ta
OCHOBHUX IIPOIIECiB, IO peati3yIoThCsA IPHU KOHZeHCAIIii.'

k, = wpexp(-E,/T) 1ie KoedimienT aacopbirii, BUBHaUEHUIT Yepes THUCK BCe-
penwHi Kamepu p, eHeprio akTuBarlii axcopbuii E,, remneparypy T, Bu-
MipsSHY B eHepreTUYHUX OAWHUIIAX, 1 uacToTHUH (haxTop w. I1i mpormecu
notrpedyiors (1 —x,) BimbHUMX MicHb JuA azcopObiiii Ha mAaHOMY IIIapi,
(1 - x,.,) BiIbHUX MicIIb Ha HACTYIIHOMY IIIapi Ta HEHYJILOBOI KOHIIEHTPA-
il agcopbarty X, ; Ha MOIepPeIHbOMY IIapi. IIT0 CAyryBaTUMe CyOCTPaToOM
ILIsT amcopOIrii Ha n-My 1mapi.

AgncopboBani yacTUHKH (a4aTOMIM) MOKYTDL JecopOyBaTucs 3 Imapy 3i
IBUJKICTIO B, = kg exp(U, / T), BusHaueHoi 4epes KoedimieHT fecopOirii
HEB3aE€MOAIMHNX YaCTUHOK kg =wexp(-E, /T), ne E, ne eHepria axkTu-
Barii gecopbirii, Ta moreuian Bzaemonii U, (r). Cepenniit uac KUTTS aja-
TOMA T, BU3HAYAETLCA Uepes Ky CTAHAAPTHUM YMHOM: T, = kg] . Poar-
JSAAI0UN BUIIAJOK OecopOIrii, 1Mo miATPUMYEThCA IOHEPEeIHIM IIIapoM,
AKUH Bifirpae poJb MiAKJIAINHKY OJIA JAHOTO IIapy, IPOIecHu gecopOIrii
OIMCYIOThCS BUpasoM — K x,x, (1 —x,.,). Ilepexogu amaTomiB Mixk cy-
cigHiMM 1MmapaMy BU3HAYAIOTHCA MMOBIPDHOCTAMHY PYXY 3BEPXY BHU3 M| Ta
3HU3Y BBEPX M. ¥ TPAHUYHOMY BUIIAIKY 01 = ) OAEPKYEMO CTAHIAPTHY
BepTUKAJbHY audyasito [38]. V sarambHOMY BUIIQIKY IIi HTMOBipHOCTI MO-
JKYTh piskHUTHCA. Hampukian, y BUnagKy KoHAeHcallii 3 ra3oBoi pasu y
cJaa0KOMYy BaKyyMi THCK ras3oBoi (pasu iHAYKYe aHi30TPOIIi0 Y BepTHUKA-
JILHUX IIepexoax aJfaToMiB MiK IITapaMu 3 IIepeBasKalourMy epexoiaMu
BiJ BepXHIiX HIapiB 0 HMMKHIX, ITT0 TPUBOAUTE 0 1/ ®, < 1 [39]. ¥ cucre-
Max «IIJladMa—KOHAEeHCAaT» IIiBefeHe 0 MiIKIaAUHKN eJIeKTPUUHe I0Je
iHAYKYy€ 3BOPOTHilI aHi30TPOIHUHA PyXx aTomiB 3 or/w, > 1 [47]. B ocran-
HBOMY BUIIQIKY MOJKHA ITOKJIACTHA Ot = O] + O, € CUJIa aHi3oTpoIrii mepe-
XOMiB aJaTOMiB MisK CcyCcimHiMM IapaMu 3 IIepeBaKalUNMU IIEPEX0IaMU
3HU3Y Bropy oy = |E|Ze/T mpomopiiiiHa 10 HAIPy»KeHOCTi eJeKTPUYHOTO
I0JIA O1iJId mimKJIagMHKNU |E ; Z — KOOpAUWHAITiliHe YHNCJIO, a e — 3aps/I eje-
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KTpoHa. BpaxoByrouwm, 1110 TaKi mepexoau MOKJIUBI JIMIlle HA BLJIbHI Mic-
51, MaEMO WYX, -1 + X, 11 — 2X,) + og[x, - 1(1 —x,) — x,(1 — x )] Ansz peak-
IIifi ImepexomiB aJaTOMiB MiK IIapamMu, Me IIEepIIui JOAAHOK BU3HAUAE
CTAHIAPTHY BEPTUKAJLHY AUQY3iio, a IPyruil IMoB’saI3aHUM i3 iHgyKOBa-
HOIO eJIEKTPUYHUM ITI0JIEM aHi30TPOIIIEO.

Posraanaroun amatroMm K MOOiIBHI B3aeMOAINHI YaCTHUHKU, IOTIK
azgcopbaTy Ha MeBHOMY n-MYy IIapi <J, Mae BKJIOUATH AK BiIbHY IIOBEPX-
HeBy nu@ysiio, 1110 3aJa€ThCs BiATIOBIAHO 1O CTAHAAPTHOTO BU3HAYCHHS
D Vx, 3 koediniearom nudysii D.,, Tak i 1udysiiiny cKJIamaoBy, 1110 BU-
3HAYAETLCS MIOTEHITiAIOM B3aemMoii agcopbary U,(r) y HacTynIHOMY BU-
raani: D, /Tu(x,)VU,, ne w(x,)=x,(1 — x,) BusHavae, 1o g gudysia
MOJKJIMBA JIMIIe Ha Micid, BiabHi Big amcopbary. BigmoBigHo 10 pobiT
[35—41, 47] moreumnisaa Bsaemonii U ,(r) Mmoxke OyTu BU3HAUEHUN B paM-
Kax alpoKCcHMAaIlii caMOy3TroAKeHoro Imigxony uepes3 OiHapHUM IMPUTs-
raJbHUH IMMOTEHITiAN IJIA IBOX aJaTOMiB, PO3iJIeHUX BiJICTAHHIO ' y Ha-
crymaoMy Buriagi U,(r) = —x,_ ,(r)u(r — r)x,(r')dr . Tyr HaMu Bpaxo-
BaHO, IO TaKa B3a€EMOisl HA IIEBHOMY 7-MY IIapi BimOyBaeThbCA 3a yMO-
BU HaSBHOCTI HEHYJIbOBOI KOHIleHTpAaIlii agcopbary Ha (n — 1)-my 1mapi
OararomrapoBoi cuctemu. BixmoBigao go pobiT [30, 33] Oyaemo BBaKa-
T, IO OiHAPHMUM IOTEeHIiAa u(r) Mae cuMeTpPHUUHY (opmMy, TOOTO

[P™ y(r)dr 0, m=1,..., ©. V sxocri Halinpocrimoi anpoxcumanii is
3aJaHIMU BJIACTHBOCTAMHU BubGepeMo I aycisH y cTaHAapTHOMY BUATJIALI:
2¢ r’
u(r) = ———exp| - |, )
4rry, 4r;

Ile € — eHepria B3aemoxii agcopbary, a 1, — pamiroc B3aeMoxii agaToMis.
IIpunyckaroun, 110 KOHIEHTPAIlid amcopbaTy X 3MiHIOETLCS OOCTATHLO
TOBiJIBLHO B MeKaXxX pajiioca B3a€MOMil, MOKHA BUKOPUCTATY PO3BUHEHHS
iHTerpay

.[u(r —r)x, (r')dr = Iu(r - r')z ﬂ V™x (r)dr'. 3)
~  m!

IlincraBnstoun piBHAHHSA (2) K0 piBHAHHA (3), OOEPIKYEMO ITOTEHITIA
B3aeMOJil y BUTJIAAI (40 CKJIALOBUX YeTBEPTOTO MOPSAAKY):

U(r) = —ex, , an + (1 +12V? )2 an , (4)
e Ju(r)xn(r)dr = 2¢ex,,

1/2) J'u(r)rZVan(r)dr =2eriVix,, (1/4) J'u(r)r4V4xn(r)dr =er)Vix, ,

2m

3 BUKOPHUCTaHHAM ymoBH 7, — 0 mpum m > 2.
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¥ sarajnbHOMY BUIIAIKY IJIA OIMUCY IIpolleciB (popMyBaHHA OaraTorra-
POBUX CTPYKTYP IIPU KOHAEHCAIlil Y BUIIAIKY IUCKPETHOTO MOJEJI0 V Be-
PTUKAILHOMY HAIPAMKY 3a KIiIbKicTIO mIapiB HeoOXiZHO OZHOUYACHO
posB’asyBatu N peakiiiHo-audysitinux piBHaHb (1). IIpu nromy 36i-
JBIIIeHHS KiJIBKOCTI ITapiB NPUBOAUTL A0 CYTTEBOI'O 30iJIBLIIIEHHS Uacy
00uMCcIeHb Ta MOTPedye BeIMKUX 00UNCIIOBATIBHUX IIOTYKHOCTEMH.

Y TakoMy pasi moctae akTyasbHa mpobJieMa o0y I0BH OJHOIIIAPOBOTO
MoOIes0, AKUHA OM ageKBaTHO OIMCYyBaB IIpoliecu (hOPMYBaHHS Ta POCTY
BiJOKpeMJIeHNX MOBEPXHEBUX CTPYKTYP Ha MeBHOMY ITapi 6araroIapo-
Boi cucremu. IIpu mboMy TaKuii OJHOIIIAPOBUY MOJEJb Ma€ 3a0BOJIbHS-
T HACTYIITHUM KpuTepiam: 1) KoHIleHTpaIlisa agcopbaTy Ha KOKHOMY Ha-
CTYIHOMY IIIapi Mae OyTH MEHIIIOIO 3a KOHIIEHTpAIlil0 ajcopbaTy Ha Io-
mepeaHbOMY ITapi; 2) JiHiHHWNA PO3Mip CTPYKTYP Ma€ 3MEHIITyBaTUCA 3
pocToM HOMepy IHIapy; 3) MalTh OyTH BpaxoBaHi II€pexXonu aJaTOMiB
MiK IITapamMu.

g moby1oBU TAKOTO MO0 HEOOXiZHUM € BCTAHOBJIECHHS HEeBHOIL
GYHKITIOHATBHOI 3aJIeKHOCTI KOHIIeHTpaIlii azcopbaTy Ha cycimmix
(n+1)-my ta (n—1)-my mapax Big KoHIeHTparii agcopbaty Ha n-my
miapi. KonmenTpaiiito agcopbary Ha Oyab-AKOMY n-My I1api 6ymeMo poa-
TJISATH AK BiTHOIIIEHHS IJIOII, IIOKPUTOi agcopbaToM Ha n-My Iapi,
S, 1 mromi nixknaguakn Sy, T006TO X, =S,/S): S, Lf, , ne L, — miniii-

o . . M M o -
HU#l posmip migkaaguHKM; S, = Zi S, = nzi r,, Be s, — Iuoma i-I

CTPYKTYpPHU Ha n-Mmy Iapi; cyma 6eperbcs mo Bcim M crpykrypam. [o-
TPUMYIOUNCHL OIPUHIIUIY MiHiMmizallii moBepxHeBoi eHeprii mpuiryckae-
MO, IO JiHIiAHU# Po3Mip KOKHOI i-I 6araToiapoBoi CTPYKTYPHU 3MeEH-

IIYETHCS 3 POCTOM KiJbKOCTI IIIapiB n Ha IMUPUHY Tepacu d = <d;> , yce-

penHenoi 3a Bcima M cTpyKTypamu Ta Bcima N mapamu (nus. puc. 1).
dopmagabHO MU MOKeMO 00’egHaTH Bci M MJIOIN, BKPUTUX azcopda-
TOM, Ha n-My IIapi, B OJHY CTPYKTYPY 3 JiHIiTHUM po3MipoMm r,, II10 Ja€
S, oc rn2 . ¥ Takomy BHUOAAKY 7, 3MEHIITYETHCA 3 HOMEPOM ITIapy 1 Ha Be-
JIUYUHY A, AKa IpeacTaBjse MINPUHY Tepacu IJid IIo0yaoBamoi 6araTo-
IIapoOBOi CTPYKTYPU. 3 HAIBHOTO POBIJISAAY BUILIHBAE, IO d <A< L, i
A=A(d, Ly, N).
¥ ma#mpocTinmomMy BUIIaAKY MW MOXKEMO HOKJactu r,=1; —(n— 1)A
[73]. Lleit BUpas mae BimHOINIEHHA MiK IJIOINE0, IOKPUTOI ajzcopbaTom
Ha OyIL-AKOMY n-MYy IIapi, Ta IJIOINEeI0 3alHATOIO0 agcopbaToM Ha mep-
momy mapi y Buraazgi: S, o« S;[1—-(n- 1A/r,]?. Takum uuHOM, AJS
KOHIIeHTpAaIlii agcopbaTy Ha n-My 1mapi ta cycigaix (n — 1)-my # (n + 1)-
MY IIapax Ofep:KyeMOo:
S ’ ’
x, =— 1—(n—1)é , xnﬂzi 1—(n—1)é F Al
S, r, S r,

n
) 1 0 1 n
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Sl AT a8 Al s (aY
_S—{l n ”J*z s{l (n -1 } U )

0 1 ) n S, \n
*n ENOVEN

ITicsia mpocTux anrebpaiyHux epeTBOPeHb 3Haxoaumo [ 73]:

%0 = (Vx, TB/2) ()

ne B =2A/Ly< 1. 3 @pisuunoi TOYKHU 30PY, 3HAUEHHS HIUPUH Tepac A Ta d
3ajiekaTh BJIACTHUBOCTEIH OCAAKYyBAaHOTO MaTepisay, TeMIepaTypu Ta
YMOB OCaI:KeHHS Ta MOKYTh OYTH BCTAHOBJIEHI B paMKaX peaibHOIO eK-
cuepuMenTy. IIpu mpoBemeHHI TeoOpeTUUYHUX PO3PAXYHKIB i YMCIOBOTO
MOJEJIOBAaHHSA y HAIIIOMY MOeJi BeJUUnHU A Ta d € mapaMeTpaMu MO-
meao. TakuM YMHOM, BUKOPUCTOBYIOUM piBHAHHA (6), pearminHii
CKJIAMOBIH f(x = x,) HagaeMoO BUTJISAAY:

1) = o~ i) - wvire ) L upE 20+ iBz (u+2D,), (D

N 0 0
ne yBeneHo OesposmipHi mapamerpu ¢=¢/T, a=k, /k,, u=o0,/k,;,
D =0,/ k) Ta BUKOPUCTAHO [IO3HAUEHHS:

v(x)=(J§+1/2B)Zt1—(\/§—1/2B)ZJ.

3arajabHUi OOTiK agcopbary J Mae BUTJIAL:

J=-D_ {Vx —ey(x)V {x (14 r2vE) x}J (8)

2
ae y(x) = u(x)(\/; +1/ 2[3) . INoTix azcopbary (8) mokHA e(EeKTHBHO

po3aiinuTHy Ha IBi CKIaJ0BUX, a caMe, J =J; +J,, 1e
J,=-D,_ (1 - ay(x)) Vx, J, = D_gy(x)Lg,x. 9

TyT y BU3HaUEeHHI ITOTOKY J, BUKOPUCTAHO MO3HaUeHHA oneparopa Csi-
dra—Xoenbepra Ly, = (1+r;V?)” [74].

[na omucy eBoJionii 3pocTarouoi MOBepXHi B GiIBINT peaTicTUYHUX
yMOBaxX HeOOXiJTHO BPaXOBYBATH CTOXACTUUYHY IPHUPOLY €JIEKTPUUHOTO
noss. Ile osHauae, [0 HATIPYKEHICTD eJIeKTPUYHOro 1o |E| Moxe pos-
rAanaTuca AK QUIIOKTYBaJbHUI mapaMeTep Mojmena0. BpaxoBymoun He-
BeJIMKI BiIXWJIEeHHA HANIPYKEHOCTI eJJeKTPUYHOrO II0JIA BiJi cepeTHbOTrO
sHauenHs |E,|, nani poskaagemMo peakIiitny ckaanosy f(u) pisaauns (7)
B OKOJIi U, Y pesynbrari omepxyemo: f =f(u,)+(of / 6u)|um0 £, ne &
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IIPEICTABJIAETHCA CTOXACTUUYHUM T10JieM, & = §(r,t), 10 Y HaNlIpOCTiIo-
MYy BUIIQAKY SABJISI€ c000i0 Oimii menbTa-KopeaboBauuii Iaycis mym 3
Bracrusocramu: (&(r,t)) = 0,(&(r, E(, 1)) = 26°5(t —t')8(r —r'), me o
— iHTeHCUBHICTH (PJIIOKTyaIlii HAIPYKEeHOCTi IigBegeHoro A0 IIigKJja-
OUHKY 30BHINMTHLOT'O €JIEKTPUYHOIO II0JIs, IIPOIOPIIiiHA 10 CEePEeIHbOIO
3HAUeHHS HAIpYysKeHocTi |E,|.

Ilpu Takomy migxoai xKepyouuii mapamMeTep U y PiBHAHHI IJII peak-
IiiHOI cKJIamoBoi f (x), 110 3a/lae CUJIY aHiBOTPOIIil y Imepexomax agaMiB
MiK cycimHiMu ImapaMu, MOo:Ke 3MiHIOBATHCH 3 YacoM. 3arajioM, Taxi
3MiHM MOKYTh OyTU BUKJINKAHI AK QIOKTYAIliAMI HAIIPYKEHOCTI II0-
Jsd, TaK i IepioAUYHOI0 3MiHOIO OT0 HAIIPYKEHOCTi. ¥ 3arajbHOMY BU-
magKy MoxKeMo (hopMaIbHO 3aICATH

U = uy + Asin(ot) + &(2), (10)

Ie u, = (u) BU3HAUae MeBHe cepelHe 3HAUEeHHA; A i 0 3a7al0Th aMILTiTy Iy
Ta YacTOTy IEPiOAMUYHUX 3MiH HAIPYKEHOCTi eJeKTPUUYHOTrO ITOJA Bij-
HOBigHO.

3 iHmioro 60Ky, mOTiK J, y piBHAHHI (9) onucye BIJIMB MiKpOpiBHA
(B3aeMmopmiiini agaTomMu) Ha mIpoiiec GOPMYBAHHA CTPYKTYP amcopbary Ha
Me30piBHi, e onuc AMHAMIiKY CUCTEMHU MPOBOAUTHCA 3 BUKOPUCTAHHAM
JIOKAJbHOI KOHIleHTpaIlii agcopbary, AK OCHOBHOI 3MiHHOiI. ¥ 3araJb-
HOMY BUIIQIKY IIOTiK J, Mae AK pPeryJIapHY, TaK i CTOXaCTUYHY YaCTUHMU:

Jy = De,ey(x)Lgyx + C(x; 1, 1), (11)

Jle IJIfl CTOXaCTUYHOrO NoxaHKY ((x; 7, ) BUKOPHUCTAHO fayCOBi BJIACTHBOC-
Ti: (C(x; 7, 1) 7, 8)) = 2D D, (x)3(t — t)d(r — '). Ty D,Ax) = Dosey(x), a
Y 3a/iae iHTeHCUBHiCTD IUX QurrokTyartii. O6’exuyrouu piBHAHHA (7)—(11),
BPaXOBYIOUYHM YACOBi 3MiHM B CIJIi aHi30TPOIIi1 BEPTUKAIBHOTO PYXY aJaTo-
miB misk mapamu (10), yBogaum mudysitiHy noB:KuHYy L, = . fD(_) / kg ,

PiBHAHHIO €BOJIIOIII KOHIIEHTpAIlil amcopbaTy Ha IIeBHOMY Iapi 6araro-
IIIaPOBOI CUCTEMH «ILIa3Ma—KOHAEHCAT» HATAa€EMO BUTJIAAY:

o _ f(x) + Ag(x) sin(wt) + o’g(x) % -LVdJ - %v : (v 4Dy
X

ot dx J+ (12)
+2(2)&(t) + VD, (0 1),

me (&(r,1)) = 0 ma (&, &, 1)) = 258(r — r)3(t — t').

Opep:xaHuUil MOIeJb €BOJIIOIil KOHIIeHTpaIlii agcopbaTy Ha IPOMiXK-
HOMY mIapi GararormapoBoi cucTeMu Mae ofnHe (ismuHe oOMeKeHHH,
OB’ sA3aHe 3 'PAHMYHUM 3HAUEHHAM KOHIIeHTpaIlii azcopbaTy Ha more-
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penuawomy (n — 1) mapi, x,_; = 1, 1m0 BignmoBigae migKIaguHIi. ¥ TaKOMY
pasi rpannyHe 3HAUEHHA KOHIEHTpAIlii amcopbaTy Ha moTouHomy (mep-
momy) mapi, X,., = (1 — 1/2B)* nosBojife BU3HAUMTH MiHiMalbHe 3HA-
YeHHA CUJIM aHi30TpoImii ¥ abo MakcuMaJibHe 3HAUEeHHA mapamerpa 3 i3
cuiseignomenss f(x,, )=0.

Ha pucyury 2 maBemeHO 3aJIeKHOCTI MiHiMaJIbHOTO 3HAUEHHS CHUJIU
amisorpormii u,,;, Big napamerpa . TyT 3anexHicTh u,,, () odmexye 00-
JacThb I mapameTpiB cucTeMu, KO KOHIIEHTPAIlid agcopbaTy Ha IOTOY-
HOMY IIIapi He MepeBUIy€e 3HAUEHHA X,,,. 3 PUCYHKY 2 BUIHO, IO Ha-
BiTh HECKiHUEHHO MaJie 3HAUEHH [3, 1[0 BUSHAYAE PIsKHUILIO B KOHIIEHT-
paiii agcopbaTy Ha cycigHix Iapax, BUMAarae€ HeHYJhOBOTO 3HAUEHHS
CUJU aHizoTpoImii u,;, IJa 3abes3lleueHHsI BUKOHAHHA YMOBHU X,_;< 1.
IIpu B — 0 KoHmeHTpAaIid agcopbaTy Ha Oy Ab-AKOMY IIapi 3aJIUIIAETHCA
IOCTiliHOI0, BI3HAUEHOIO KoedillienToM amcopoOIii oo Ta eHeprieio B3ae-
mozii €. ¥V npomy Bumnaaky piBHaHuA (12) omucye eBOJIONiI0 KOHIIEHT-
paiii agcopbaTy B OZHOIIIaAPOBOMY MOJEJi 6e3 ypaXyBaHHSA IIePeXOomiB
azaToMiB MixK mapamu (IIOIIIapoBe 3POCTAaHHSA TOBIIWHU ILTiBKH). 3Bil-
cU BUILINBAE, 1110 301imbITeHHA KoedilieunTa agcopbiIrii o abo eHeprii Bsa-
eMonii TPUBOAUTH OO 3MeHIIeHHA obyacTi I, Kou pearisyerbea 6ara-
romapoBuii pict. Ha BcTaBmi Ha puc. 2 HaBeIeHO 3aJeKHOCTL U,,;,(A)
mpu dikcoBanomy 3 = 0,1. Bugno, 1o y BUnaaxky maJuoro Tucky (o — 0)
faraTorrapoBe 3pOCTAHHSA ILJIIBKHY 3 IIipaMiZaJlbHUMU CTPYKTYPaMU MO-
JKJIMBe JIUIIe IPU HeHYJIbOBi#l cuii aHidoTpoImii u (mepeHeceHHs agaTo-
MiB MiXK cycigHiMU MapamMu, COpUUYMHEHE eJIEKTPUUHUM II0JIEM).

—-—-=0.05 =3
-—-u=02e=3
a=022:e=5

0.0 0.1 0.2 0.3

Puc. 2. SasexxHOoCTi MiHiManbHOrO 3HAYEHHA CUJIN aHizorpomil u,;, Bix mupu-
HU Tepacu 0araToiapoBUX CTPYKTYp azcopbdary : obsacts I BusHauae 3sHAUYEH-
HA IIapaMeTpiB CUCTeMHU, KOJU KOHIIEHTpAIlia amcopbaTy Ha AaHOMY DiBHI He
TepeBUINye 3HAYECHHS X Ha BcraBIi HaBemeHO 3aJiesKHOCTI U, (o) Tpm
B=0,1.7

max*
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Y HacTymHOMY PO3LiJIi Oyae OKpeMO JOCIiAKeHO OSHOPiAHY CHUCTEMY
npu Vx = 0 3 MeTOI0 BCTAHOBJIEHHS YMOB peaJiisallii mepexofiB Imiasma—
KOHIEHCAT IIEePIIOro POAYy Y HeTepMiHiCTHYHI# i cTOXacCTUUYHIN cucTe-
Max, Ta BCTAHOBJIEHHS BILJINBY MHEePiOAMYHUX OCIIUJAIINA Ta (PIOKTya-
i cuJIiM aHizdoTpomii y mepexogax aJfaTOMiB MisK ITapaMuy Ha 4Yac mepe-
XOJy CUCTEMHU BiJl pO3PiA;KeHoro CTaHy, IO BiAIoBigae MaaoMy 3HAUEH-
HIO KOHIIeHTpaIlil agcopbaTy, A0 IiJILHOTO CTaHYy 3 BHMCOKOI KOHIIEHT-
paitiero agcopbaTy, KOJIU TOCATAETHCI KPUTUUHE IIepecuUeHHs, JOCTaT-
He 1 POPMYBaHHS IOBEePXHEBUX CTPYKTYP.

3. CTAIIIOHAPHI CTAHU TA IIEPEXO/J U IIEPHIOTO POAY

OCHOBHOIO METOI0 JAHOTO PO3ALIY € HOCTiMKeHHs 3aJeKHOCTi cralrio-
HapHOI KOHIIeHTpAaIlil azcopbaTy Ha BHUIiJIeHOMY IIIapi 6araToriapoBoi
CHCTEMH BiJl OCHOBHUX KepYIOUNX IIapaMeTPiB CUCTEMU Ta BCTAHOBJIEH-
HA yMOB peaJsidarii IiepexojliB mepIioro poay B CHUCTEMi «Ijiasma—
KOHIeHcaT» , eBOJIIONiA AKO0I 3agaeThed piBuanHaM (12). aa mporo po-
3TJITHEMO BUIIAIOK OSHOPiAHOI cucTeMu, mokaaBmiu V-J = 0.

3.1. BicrabinsHicTs JeTepMiHOBaHOI cUCTEeMH

CrmouaTKy CKOHIIEHTPYEMO HAIITy yBary Ha JeTePMiHiCTUUHUX MOJEIAX
30°=0T1a X =0, 6e3 HAABHOCTI OCHUIAIIH cHIN aHizoTpOMmii 1, mMOKIa-
maioun A =0 ta o = 0. CraiioHapHi cTaHu OJHOPiAHOI CCTEMU OHEPIKY-
10Thesa 3 ymoBH 0,x = 0. OT:Ke, 3aJIe;KHICTD CcTAI[ioOHAPHOI KOHIIEHTPAILil
agcopbaTy Bim Kepyoouux IIapaMeTpiB CHCTeMU, IO 3BOAATHCA IO Koe-
dimienTa agcopobItii o, emeprii B3aeMoii agzcopbaTy € Ta CUIN aHIZ0TPO-
il BepTUKAJIBHOTO IIEPEXOY aJaTOMiB MisK ITIapaMu U, BUKJIUKAHOIL [Ii-
€10 MMiABeIeHOr0 M0 MiAKJIATUHKN eJIeKTPUYHOIO II0JA, BUSHAYAETHCA 3
posB’a3kiB piBHaHHA f(x) = 0. Y mogaablInxX po3paxyHKax 3adikcyemo
p=0,1. Coepmry mpocaifKyeMo 3MiHy cTallioHapHOI KOHIIeHTpAILil aj-
copbaty x,, Bim KoedilieHTa amcop0biii o mpu pisHUX 3HAYEHHAX CUJIN
aHi30TPOIIil BEpTUKAJIBLHOTIO IIepexXoly alaTOMiB MisK IlIapaMu U Ta eHe-
prii Bzaemozii amcopbary ¢. Bigmosiguy sameskuicTh x (o) momamo Ha
puc. 3. 3 puCcyHKa BUAHO, 1[0 IPKU MaJIOMY 3HAYEHHI CUJIM aHi30TpOIIii U
B cucTeMi 3i 30imbIeHHAM KoedilienTa agcopbIrii o pearisyeTbesa mepe-
Xim mepioro poxay (AuB. CyIiibHY KpuBY Ha puc. 3 mpu u = 0,5). TobTo €
mmeBHAa 00J1acTh 3HaUeHb KoedilieHTa agcop0birii, Koo MOMKJINBUM € TPU
3HAUEeHHS CTaI[iOHAPHOI KoHIeHTpaIllii. Tak, 3i 30iabIIeHHAM Koedilrie-
HTa afcopoOIrii Big HyJId IpU JOCATHEHHI IeBHOTO KPUTUYHOTO 3HAUCHHS
o= 0, cTallioHapHa KOHIIEHTpAIlis aacopbaTy cTpuOKOM IpHUiiMae IIin-
BUIlleHe 3HaueHHs. HaBmaxku, mpu s3MeHIIeHHI KoedilienTa agcopoOirii
IIpU JOCATHEHHI KPUTUYHOTO 3HAUEHHS O = O, CTAI[iOHapHa KOHIIEHTPA-
1mia agcopbary ctpubKoM HabyBae 3aHUKEHOTO 3HaueHHA. CTpiakamu
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Puc. 3. 3anexHicTb cTamionapHoi KOHIIEHTpAIlil agcopbary x,, Bix KoedimieHTa
azcopOIrii o Ipu pi3HUX 3HAUEHHAX CUJIN aHi30TPOMIii BePpTUKAIHLHOTO IePexXony
aZlaToMiB Mixx Iapamu u Ta eHeprii B3aemonii agcopbary € mpu = 0,1.2

HaBeJleHO BiATOBimHI mepexoau. 3MeHINIeHHS 3HAaYeHH eHeprii B3aemo-
Iii agcopbaty € BuMarae GilbIux 3HaueHb KoediltieHTa amcopOrii o,
KOJIM JIOCJIiI;KyBaHa cucreMa € OicTabisbHOIO; mupuHa inTepBaty (o4,
O,) iCHyBaHHA TPhOX CTAIliOHAPHUX CTAHIiB 3BYXKYETHCA (IIOP. CYIiJIBbHY
Ta IMITPUX-TIYHKTUPHY KpUBi Ha puc. 3). 30iJbIlIeHHA iHTEHCUBHOCTI
aHizoTpormii u npu iHmux pikcoBaHMX MapaMeTpax CUCTeMU IIPUBOAUTD
IO BUPOKEeHHA iHTEpBaNy (0, Oy), KOJIW Pealisyl0ThCs IIEPEXOaN IIep-
roro poay (mop. CyIiJbHY Ta IITPUXOBY KpuBi Ha puc. 3). Takum um-
HOM, IPU BeJUKUX 3HAUEHHAX U B CUCTeMi 3aBXKAU iCHYe JuIlle OAUH
po3B’a30K x,,(o). Cuix 3ayBaskuTH, 1110 3HAUEHHA CTAI[iOHAPHOI KOHIIEH-
Tpamii azcopbary TyT oOMe:KeHe MaKCHUMAJbHUM 3HAUEHHAM X,..([3)
(musB. puc. 2).

Jlasi posriiaHeMo 3aJIe}KHICTh CTAI[iOHAPHOTO 3HAUEHHS KOHITeHTPAaIril
azcopbarTy X, Ha AOCTiAKYyBaHOMY IIapi 6araTomiapoBOi CUCTEMH BiJ Cu-
JI1 aHi30TpoIIil BepTuKaJIbHOI nudysii azaToMiB u pu 3MiHi KoedimienTa
azcopObIrii o Ta (ikcoBaHMX IHINMX IapaMeTpax cucreMu. PesyibraTn
BiIIOBiIHMX po3paxyHKiB momaHo Ha puc. 4. TyT, npu Mainx sHAUEHHAX
KoegimienTa agcop61ii o (muB. mameas o = 0,04 Ha puc. 4) Ta MaJaux 3Ha-
YeHHAX CUJIM aHi3oTpomil BepTukaabHOI qudysii u,;, < U <u; B cUCTeMi
peasisyeThbcsa Tpu cTarioHapHi cranu. IIpu mboMy OqUH CTaH XapaKTepu-
3yeThbCcA MaJuM 3HAUEHHAM KOHIleHTpalii (posbasnenuit cran abo dasa
IJIa3Mu), a JABa iHIII CTaHW XapaKTepU3YIOThCA BEJIUKUM 3HAUEHHIM
KOHITEHTpAIlii: TPOMiKHUH CTaH € He CTIiKUM, TOAi AK CTaH 3 HANOiIb-
IITUM 3HAYEHHAM KOHIleHTpalii (misnpHa dasa) € critikum. I1pu u = u, Bi-
I0yBaeThCsA MEPEXiJ MePIOro POAyY i Ipu U > U, PeaisdyeThbeA JIUIIE OJHE
cTallioHapHe 3HAYeHHs, He3aJIe:KHO Big u. IIpu 36inbineHHi KoedimienTa
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Puc. 4. 3ane:xkHicTh cTamioHapHOi KOHIIEHTpAIIii afzcopbarTy x,, Bix cuiau axizo-
TPOIIii BePTUKAJIHLHOTO IIEPEeX0y afaTOMiB MiK ITapaMu U IIPYU Pi3HUX 3HAUEH-
HAX KoedilieHTa agcopbuii o mpu dikcosanux ¢ =4,0Tapf =0,1.*

azcopOIrii MaeMo OiJBINT CKJIAHY 3aJIe’KHIiCTh CTaIliOHapHOI KOHIIeHTpAa-
il Big cuiim aHi3oTpoIrii BepTuKaiabHoI gudysii azaTomiB u (quB. maHe b
o =0.06 ma puc. 4). Tyt Tpu cramioHapHi cTaHu pPeali3ylOThCA AK IIPU
Maiux u<Uu,, TaK i TpPU ITiABUINEHUX BHAUEHHAX CUJH aHiZ0TPOITil
U, < U < us. IIpu 11b0MYy, 30iIBITIEHHA 00 HPUBOIUTD A0 30iMbITeHHd U,. Ta-
KM YMHOM, MaeEMO TPU TOUKU (HasoBOTO MEPEXOAY: U;, U, TA Us. Ilogain-
re 36iabIIeHHA KoeditienTa ancopOitii oo mpuBOAUTE A0 TpaHchopMaIlii
3aJIEXKHOCTI X, (1), KOV OJJUH CTaH XapaKTepu3yeThCA BEIUKUM 3HAUYEH-
HAM KOHITEHTpAaIIiil agcopbarty (iiabHa (hasa), a ABa iHIINX BiAmoOBiZa0ThH
MaJiii KOHIIeHTpaIlii agcopbaty (auB. maHeas o= 0,15 ma puc. 4). Hape-
IITi, IPU JOCUTHL BEJIMKHUX 3HAUEHHAX KoedillieHTa amcopbIii o Mmaemo
OOHO3HAUHY 3ajexkHicTh X,(u) (mguB. manemr a=0,2 #Ha puc. 4) 3
x,(u) > 0,5 (urinpHA asza). Ak i y Bumagry samexHocTi X, (o) TYT cTaiio-
HapHe 3HAUEHHA KOHIIEHTpAIlil ajcopbary o6MesKeHe SHAUEHHAM X, (),
TOIl AK MiHiMaJbHe 3HAUEHHA CUJIU aHi30TpoIii, Koau GopMyBaTUMYTh-
¢ 6araToIrapoBi CTPYKTYPHU 3 PiKCOBAHOIO MINPHUHOIO TEPACH, BUSHAUCHY
yepes 3, JaeTbCA BEIMUUHOIO U, () (AUB. puc. 2).

Opmep:xaHi 3aJ€KHOCTI cTallioHapHOI KOHIleHTpaIlii Big Koedimiernra
agcopOItii x,,(o) Ta cuam aHizoTpomii BepTuKaabHOI nudysii x,,(1) 1amoTsb
MOJKJIMBiCTh BCTAHOBUTHU BUTJIAL (PasoBoi miArpamu, 1o odbMeKye 00-
JIaCTh iCHYBaHHS TPhOX CTAIlioOHapHUX cTaHiB (00sacTh 6icTabiabHOCTH]).
1 pospaxyHKYy BiamoBigHoi pasoBoi gisrpamu ou) AaA KOMKHOTO 3HA-
YeHHS CUJIM aHi30TPOIIil BepTUKaJbHOI nudysii u BusHauamuca KpUTH-
YHi 3HAUeHHA mapaMeTpa aacopOIrii o, Ta o, i3 BiamoBigHoi 3a1eKHOCTI
x,(0) mpu (pikcoBaHMX 3HAUEHHAX eHeprii Bzaemoxii agcopbary €. Bin-
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MOBiAHI pe3yJabTaTH MOJAHO Ha pPHC. 5. 3Bijicu BUIJIMBAE, IO BCS IIJIO-
muHa (o, %) po3mijieHa Ha IIiCTh PidHUX obJacTell YoTUpMa KPUBUMU.
TyT cymninbHi Kpusi (6imomasi) BusHauaoTh mapameTpu cucteMu (o, (u)
Ta ay(u)), KoJIu JOoCaia:KyBaHa cucTeMa € 6icTabilbHo0, 110 peali3yeThb-
ca Mk HuMU. llITpux-TyHKTUPHA KPUBA BiATIOBiTa€ 3aI€KHOCTI U, (0l)
(ouB. puc. 2). Bona o6mexye obsacTs 6icTabimbHOCTH 3JIiBa 3HAYEHHS-
MU HapaMeTpiB CUCTeMHU, KOJU BUKOHYETHCA CITiBBIAHOMIEHH Xy < Xy
Bceepenuni obsacri I cmiBBigHOIIIEHHA X ) < X, ,, HE BUKOHYETHCA i (isu-
YHO peaJsii30BaHOT0 CTAIliOHAPHOIO 3HAUEHHSA KOHIIEHTPAIil azcopbary
He icaye. B ob6mactax III Ta IV ¢asosoi miarpamu ou) cucrteMa € MOHOC-
TabiJIbHOIO, 3 OAHUM CTAI[iOHAPDHMM CTAHOM He 3aJIe}KHO BiJl 3HAUEHb
nmapaMeTpis cuctemu; B obaactax II, V ta VI peanisyeTbes Oiabilie HixK
OJIVH CTaIliOHAPHUI CTaH.

Bapro BimsmaumTu, mo obsaacts 6icTabisbHOCTH cuCcTeMU, oOMerKeHa
CYIiJIbHUMY KPUBUMHU (3HH3Y Ta 3BEPXY) Ta MITPUX-IYHKTHUPHOI KPH-
BOIO (3J1iBa), 0OOMesKeHa cIIpaBa 3HAYEHHSAM U;. BiJbII TOTO, JeTaJabHu
aHaJi3 HMKHBOI 6iHOZAJI MO3BOJIAE€ BU3HAUUTH XapaKTepPHI 3HaueHHS
KoedimienTa amcop0OItii: o, = o(u4) = au;) Ta oy = o(Uy), e BHAUCHHS U,
MosKke OyTu BusHaueHe 3 piBHauuA 0,00 = 0. [Ipu dpixcoBanomy o, B3ATO-
MYy 3 iHTEpBaIy 0, < A < Oy, 301TBINIEHHA CUJIN aHi30TPOIIi1 ¥ TPUBOIUTH
0 peBepCUBHOI KapTuHU (HasoBUX HePeXOiB mepIroro poay (auB. 3a-
JesxHicTb X, (u) mpu o = 0,06 Ha puc. 4).

Ha Bcrasiii Ha puc. 5 HaBeIeHO xapakTep 3MiHu obJiacTti 6icTabiirbHo-
CTHU IIIJIAXOM BapiloBaHHA eHeprii Bzaemoaii agcopdaTy € Ta MINPUHU Te-
pacu GararomapoBux CTpYKTyp B. TyT cyuinbeHi KpuBi BiAmoBimaioTh

0.20 4

0.0 0.2 0.4 06 0.8 1.0

Puc. 5. @asoBa giarpama o(u) icuyBaHHs obaacTi 6icTabinpHOCTH TTPU € = 3,5 Ta
f=0,1. Ha BcraBui HaBeneHo giarpamy o(u) npu: € =4,0 ta f =0,1 (cyuinpui
kpuBi); €=3,0 Ta B=0,1 (urpux-myHKTHUpPHi Kpusi); ¢=3,0 ta f=0,15
(mtTpuxosi Kpusi).®
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€=4,0,=0,1; mrpux-nyHKTUPHI KpuBi oxep:kano npu £=3.0, 3 =0,1;
IMITPUXOBi KpuBi Binnosinarors sHavenuam € = 3.0, =0.15. 3 oxep:xa-
HUX JAaHUX BUILJINBAE, 110 3i 30isbieHHAM 3 obsacTs GicTabiibHOCTH
3BY/KYETHCA AK II0 3HAUEHHAX KoedimieHTa amcoplbIiii o, Tak i mo 3Ha-
YeHHSAX CUJIU aHi30TPOImii ¢ (IIop. INTPUX-MTYHKTUPHI Ta IMITPUXO0BI KPUBiL
Ha BCTABIIi HA puc. 5). 30iNAbIIeHHA CUJIN B3AEMO/il TPUBOAUTE A0 PO3-
HIAPeHHs 00J1acTi 6icTabiIbHOCTH 10 3HAUEHHAX CHUJIN aHizoTpomii Ta 10
3BY:KEeHHA 10 KoedimieHuTy agcopbiii Ta moasu intepsBaay (a,;, O..2) pea-
Jisaril peBepcuBHUX (Pa30BUX IIEPEXOIiB IIEPIIIOTO POAY.

JJia merasbHOTO aHaJi3y CTaHIiB CUCTEMHU IIPOAHAJIIBYEMO XapaKTep
aMmiHu epexTHBHOrO moTeHmiany V(x)=—/f(x)dx B KokHiil obiacti (a-
30BOI miArpamu ou) 3 puc. 5, a TAKOK IIPU 3HAUYEHHAX O Ta U, IO BiAmo-
BimaroTs 6iHOmamAM (cyLinbHi KpuBi Ha puc. 5). IIpu boMy, TOJIOMKEH-
HS eKCTPeMyMiB moTeHIiany V(x) BiAmoBigaoTh cTallioHapHUM CTaHAM:
mimimymu V(x) BigmoBifaioTh CTIHKUM cTaHAM, MAKCUMYMU — HECTiii-
KuM. PospaxoBaHi HOTeHIIisAIM B TOUKAaX a—h 3 puc. 5 HaBeJleHO Ha pIC.
6. Tak, B ob6sacTi Il cucTemMa XapaKTepu3y€eThCI OTHUM CTIHKKUM i omfHUIM
HeCcTiKuM cTaHaMu (OAUH MiHiMyM i ofMH MakcUMyM 3aJjeKHocTi V(x)
B TOuIli a Ha puc. 6, a). O6macti Il i IV BigmoBizarors mapamerpam cuc-
TeMU, KOJI CUCTeMa XapaKTepU3yEThCI €INHUM CTAIliOHAPHUM CTaAHOM
3 HU3bKOIO Ta BUCOKOIO I'YCTUHOIO agcopbaTy, BigmoBigHo (AuB. maxesi b
Ta ¢ Ha puc. 6 115 Touok b Ta ¢ Ha puc. ). PiKkcyouu cuay aHi3oTpPOITii
U < Uy 31 sMeHIITeHHAM Koe(ilienTa amcopbIrii o, MU mepexogumMo 3 00-
aacti IV ogHOTO cTany BuCOKOI HIiJbHOCTI (TOUuKa ¢) K0 o6JacTi 6icTabi-

Puc. 6. Ebextuauii norenuian V(x) npu € = 3,5, f = 0,1 i pisEnx 3HaUEHHAX O
6
Tau.
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apHOCTH V (TOuKa e) uepes OiHomamb (Touka d). ¥ IIbOMY BUIIAIKY
3’ABNIAETLCA JOMAaTKOBUU MiHiMyM moTeHIiaay V(x) i cucrema mepedy-
Ba€ y CTaHi BUCOKOI ITiIBHOCTI (MiHiMyM ITpu BeIuKuX x riubdie). IIsa
MiniMymMu noteHIiasy V(x) cTaloTh €KBiBaJIEHTHUMHU IIPU 3HAUEHHAX
mapaMeTpiB cucTeMHu, IO BiAMOBiZalOTL comHOAAJI (IIITPHUXOBA KPUBa
Ha puc. 5), IM0 IIpeAcTaBJeHo Ha maHexi f ma puc. 6). Ilomanbine 3HU-
JKeHHsA KoedillienTa amcopOIii mpuBOAUTE A0 Iepexony OicTabimbHol
CHUCTEeMHU B CTaH HM3BKOI IIiILHOCTI (AUB. maHe b g Ha puc. 6). Ilepexin
Biz o6JacTi 6icradinpHOCTH VI M0 06s1acTi icHYyBaHHS € TMHOTO CTaIlioHA-
pHoro sumaueHHsa III BimGyBaeThca uepes mepetuH Oimomaii (Touka h),
KOJI BUPOIKYETHCA MIiHIMYM IIOTEHI[iAJY IPU BeJIUKUX X.

3.2. IngyKoBaHi 30BHIIIHIM IIIyMOM II€PEeXOIH IEPIIOT0 POXY

Bimomo, m1o BHyTpintHi uroKTyarii, ki BiAmoBigamoTs QIOKTyaIiiHO-
IUCUIIATUBHIiNA TeopeMi, a00 30BHIMIHI QuriokTyallii MoKyTh iHAYKyBaTH
¢as30Bi mepexoau B CKJIaAHUX cucTeMax (OuB., HampukJaazn, [63, 64,
71]). V umbomy po3mijii MM BCTAHOBUMO BILJIUB YBEAEHUX BS0BHIITHiX
(IIIOKTyaIii Hapy»KeHOCTi eJIeKTPIUYHOIO II0JIA 3 iHTeHCUBHiCTIO 6% Ha
CTiiKiCTh OZHOPiIZHOIO CTAHY X, AKUI BUSHAUYAETHCA 3 PIBHAHHA

f(x) + o”g(x)d.g(x) = 0. (13)
Bidypraniitny giarpamy x,(c”) opu €= 3,5, u=1,0 Ta a.= 0,1 Hase-

JIeHO Ha BCTaBIIi Ha PUC. 7. 3 OeP:KaHOI 3aJIe;KHOCTi BUILJINBAE, M0 IIPU
36imbIIeHH] iHTeHCHBHOCTI (hIIOKTYyaIiil 6 BinbyBaeThca mepexin mep-

0.11 4

0.10

0.09+

0084 ®

0.07 H

0.06

2.0

Puc. 7. ®aszoBa miAarpama ogHOpPigHOI cucTeMu IIpu € = 3,5 Ta Pi3HUX 3HAUCHHIX

cunu amisorpomii u. Ha Bcrasmi HaBeneno 6idypkaniiiny aiarpamy x,,(c?) npu
— 3 _ 7

u=1,0ia=0,1.
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oTo pofy Tpu G- = G.. Bapitoroun KoedimienT amcopbii o, MokHA
BCTAHOBUTY KPUTHUUYHE 3HAUEHHSA iHTEHCHMBHOCTI IITyMYy, IO BiAmoBimae
yMoBi peasmisarii Takoi 6idpypxramnii. Bigmosigaa dasosa giarpama o(c?)
IOKas3aHa B AKOCTi OCHOBHOrO rpadika Ha puc. 7 s Pi3HUX 3HAUEHD
cuau arisorpomii u. Tyt B o6iacti I cucTrema xapakTepu3y€eThbCI €TUHUM
CTaI[iOHaPHUM CTAaHOM X,,; B o0sacTi I (Bcepenuui BigmoBigHoi oOMeke-
HOI oOJjacTi) cucreMma € OicrabinbHoi0. Bummo, 110 30iJbITeHHA CHUJIN
aHiB0TpOIIil ¥ BUMAarae ImiBUNIeHUX 3HaUeHb iHTeHCUBHOCTI 11 (QJIIOKTY-
amiit o ;s peasisamii mepexoxy meprmoro poxy. OT:ke, KOHKYPeHIis
JeTepMiHOBAHOI Ta CTOXaCTUYHOI YaCTHUH 30BHIITHLOI'O IIOTOKY, iHAYKO-
BAHOTO eJeKTPUUYHUM HOJIEM ITO0JIM3y MiAKJIaAWHKU, Kepye (PasoBUMU
nepexoJaMu IIEPIIOTO POAY B laHill cucTeMmi.

3.3. Ilepexomu Bix cTaHy 3 HU3bKOIO KOHIIEHTPAILi€I0 IO CTAHY
3 BHCOKOIO KOHIIEHTPAIi€I0 Y CTOXaCTUYHil 0icTa0iabHil cucTeMi

Y npomy posaisi Hamu OyIe SOCJIiIKeHO IepeXoau Bil cTaHy 3 HU3bKOIO
TYCTHHOIO aficopbaTy [0 CTaHy 3 BUCOKOIO KOHIIEHTPAIIi€o aacopdaTy B
O0icTabilbHUX cHUCTeMaX «IJasMa—KOHAeHcaT» 3 ypaxXyBaHHAM aHi3oT-
porrii y mepexomax agaToMiB MiK cycigHiMu 1mmapamMu, BUKJIMKAHOI Ji€to
MiIBeIEHOTO 10 MiAKJAAUHKY €JIEKTPUYHOTO IT0Jid. B paMKax ysaraJb-
HEHOTO OJHOIIIapOBOT0 MOJENI0 Oyae mocaifskeHOo edeKTHU OB’ A3aHI 3
MepiofMYHUMY KOJUBAHHAMU Ta PIOKTYAIliIMI HAIPYKEHOCTi eJIeKT-
puuHOro mossi. OCHOBHOIO METOIO PO3JAiJy € BCTAHOBJIEHHA OCOOJIMBOC-
Tell 30BHIIITHBOTO BIJIMBY Ha CEPENHIiN yac mepexoay BiJl cTaHy 3 HU3b-
KOIO TYCTHHOIO aJicopbaTy [0 CTaHy 3 BUCOKOIO KOHIIEHTPAIi€I0 aJcop-
6aTy y MOZeIi, 1[0 ONKUCYEThCsA noTeHmiamom V(x) = —[f(x)dx.

dazoBy miArpamy, IO iJIOCTPYE BILJIUB HAIPYKEHOCTI €JIEKTPUUHOTO
IIOJIA Ha CTaHU CUCTeMU, HaBeaeHO Ha puc. 8. TyT Bcepenuui obsacti I1
cucreMa € 06icTabiibHOI0. 3 PUCYHKA BUIHO, 110 30iJIbIIIeHHS HAIIPYKe-
HOCTi eJIeKTPUYHOTO MOJIA 3BY KY€ 00J1acTh 6icTabilbHOCTH IO Koedilri-
eHTa afcopOILii oo Ta moTpedye GibIIINX 3HAUEHB eHeprii B3aeMoii ajmco-
pbary € mna ii peasisarii. Ilorenmian V(x), mokasaHuii Ha BCTaBIIi Bij-
moBimae cmHOmaNi Ta omepikauo npu o = 0,064, ¢ =4,0 ta u=0,7 (dop-
Ha TOUKa BCepeanHi KINHY Ha puc. 8). 3 aHaJIidy OZHOPiAHOTO PiBHAHHSA
(12) BuntuBae, 110 IPH X = Xy, KOIU Y(X,y) = 0 BIJINB €JIEKTPUIHOTO OIS
0ina migKJIagTUHKY HAa KOHIIEHTPAI[ilo agcopbaTy sHUKAE, 1 piBHOBasKHA
cucTeMa OIMCYETHCA JIUIIEe aficopOITieto, recopOIliero Ta i30TPOIIHOO Be-
prukanbpHOi0 audysiero. Ilpu oMy X, He € MOTJIMHAJIBHOI TOYKOIO
(rpamueo), ockiabku f(x,) = 0.

3asBuuaii KoMOiHOBaHU e()eKT BILIUBY IEPiOAUYHOL TA CTOXACTUYHOL
cuiu y 0icTabiIbHUX IMOTEHINiANaX IPUBOIUTL OO CTOXACTUYHOT'O Peso-
HaHCY. 3rifHOo 3 UM e)eKTOM cJadKa mepioguyHa cujaa pyxae epeKTUB-
HY «BpOYyHOBY YaCTUHKY», 110 3HAXOAUTHCA B OAHOMY MiHiMyMi ITOTeH-
Misaay, 10 MaKCUMyMYy IIOTEHITiANyY, i Y BUIIaAKY, KOJIU MepiognyHa cuia
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v{x)

0.2 0.4 06

Puc. 8. ®azoBa miarpama cucteMu «ILIasMa—KOHIEHCAT», IO ONUCYETLCS PiB-

Hauuaam 0,x = f(x): I — obsacts moHOcTabinbHOCTH; II — 0OGJsacTs GicTabinbHO-
8

CcTH.

CHUHXPOHi3yeThCA 31 CTOXaCTUYHOIO, OCTAHHSA IepeKugac « BpoyHoBy uac-
THUHKY» Uepes IMOTEeHIIiAJbHUNA 0ap’ep Ta BigOyBaeThcA mepexig MixK IBO-
Ma cTaiioHapHuMU cTaHaMu. OCHOBHOIO 3aJaYei0 B IIbOMY JOCTim:KeHHi
Oyze ommcaTu IIepexou CUCTEMH «ILIadMa—KOHIEHCAT» 3i cTaHy 3 MaJoio
T'YCTHHOIO aicopbaTy A0 CTaHy 3 BUCOKOIO I'YCTUHOIO axcopbary. s mpo-
ro OyJeMo po3paxOBYBaTH CepefHill uac, HeoOXimHUi AJIA TAKOTO Iepe-
XOAy B 3aJIXKHOCTI BiJl mapaMeTpiB MepPiogMYHOrO Ta CTOXaCTUYHOTO Ha-
BaHTa)KeHHA. {15 iboTo OyZIeMO IIPOBOIUTH YMCJIOBE MOJAEITIOBAHHS OJI-
HOpinHOI cucTemu 414 10* TOUOK 3 BUKOPHCTAHHAM METO/IB PO3PAXYHKIB
Ha rpadiuyHMX KapTax, po3B’sas3yioun piBHAHHS Jlam:keseHa (12) 3 Vx 3
uyacoM iHTerpyBamHa At = 1072, Taki pospaxyHKHU JalOTh CYyTTEBE IPUCKO-
peuHsa (mopaaxy 500 pasiB) B omep:kaHi pesyJbTaTiB, HOPiBHAHO i3 Bif-
THOBITHMMHY PO3paxyHKaMH Ha IIPOIecoPi AJaA JaHoi KOHKPEeTHOI 3agayi.

Ha pucyHKy 9 HaBezeHO eBOJIIOIIiI0 KOHIleHTpaIii agcopbary (omHa
peaJisaria mpeacTaBaeHa CipuMM KOJILOPOM) i cepedHBbOI KOHIIEHTpAIril
agcopbaTy, ycepenseHoi 3a 10* peamisamiamu (uopHa Kpusa). B ycix
CUMYJAIIAX V AKOCTi IMIOYaTKOBUX YMOB [IJIs KOHIeHTpAIlil azcopbarTy
O0yJ10 oOpaHo MiHiMyM moTeHITisany V(x), aKuUi BigmoBimae craimioHapHO-
MY CTAHOBI 3 HU3BKOIO I'yCTHHOIO. 3 OJIep:KaHnX pPe3yJbTaTiB BUIIJINBAE,
10 IIPOTATOM €BOJIIOIII cucTeMu KOMOiHOBAHUM e(peKT BIJIUBY IIepio-
OUYHOI Ta CTOXaCTUYHOL CUJI IPUBOAUTD IIEPEX0ly CUCTEMH B CTaIlioHA-
PHUI cTaH 3 BUCOKOIO KOHIIeHTpAaIlieto agcopbary. Ileit nmepexia BixoOy-
Ba€THCA B CEPEJHBOMY 3a Jac ¢,, KOJIH JucIepcid (dx)?) mus arcamOuIio
TPAEeKTOPill cmazae Ao HYJA IIicad MaKCHUMaJIbHOTO 3HAUEHHSA (IUB.
BCTAaBKY Ha puc. 9).

Hani O6ymeMo mOCHimKyBaTH BILINB IIEPiOAUUYHOTO HaBaHTAXKEHHS
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Puc. 9. EBosionias KoHIeHTpaIii agcopbaty (omHa peaJisaliig mpeacTaBiieHa
cipuM KOIBOPOM) Ta cepefHBLOI KOHIIeHTpAIii, ycepenHernoi 3a 10* pearizamis-
mu (dopHa KpmBa). Ha BcTaBIli HaBeJeHO YacOBY 3ajeKHicTh gucmepcii. Pe-
syabTaTu ofep:kano npu A = 0,06, o = 10 rac? =0,05.°

(aMIIiTy U IepioguUYHNX KOJIMBAHb A Ta iX 4acTOTH M) Ta PIIOKTyaIlii
iHTeHCHBHOCTI G° Ha cepeHiit uac (mpt) mepexoAy 3i cTaHy 3 HU3BKOIO
TYCTHHOIO azcopbary (pospimxeHa ¢dasa), 1110 BiAmmoBigae MimiMymy mo-
TeHIiAMy V(x) 3 MaJuM 3HAUEHHAM X IO CTaHY 3 BUCOKOIO I'yCTUHOIO aJI-
copbary (1rinbHa (asza), 110 Bigmosigzae mimimymy V(x) 3 BeIUKUM 3HA-

o o . -1 N
YeHHAM X, AKNHN BUU3HAYAETHCA Y HACTYIIHUN croci6: mpt =N Zi*ltp 3

N = 10* peanizamiii. Cmepmry Mu CKOHIIEHTPYEMO HAIITy yBary Ha JOCJIi-
MKeHHi BIJIMBY HePioUYHOrO HaBaHTAXKEHHA Y T'PAHUIL MaIuX (JIOK-
Tyaniii 3 6% = 107, BajeXHOCTi cepelHBOTO Yacy mepexoxy mpt 3 pospi-
IKEeHOI o IMIiabHOI (pady Bif aMILIiTyau mepiogudyHOol cuan A Ta pisHux
3HAUEHHAX YaCTOTU KOJMBaHbL o HaBeleHo Ha puc. 10, a. 3anexkHocTi
mpt Big yacTOTH ® IPU PiBHUX 3HAYEHHAX aMILIiTyaAu A mpeacTaBieHi
Ha puc. 10, 6.

3 pucyHKy 10, a BUIIInBaEe, 110 IpKU MaJINX 3HAYCHHAX aMILIiTy I IIe-
pioguuHOi cuan A mepexin 3 pos3pisikeHol 4o IiabHOI (has3u cTae HEMOMK-
JIUBUM Y 3B’A3KY 3 THM, I110 log(mpt) — oo, Hesaae:KHO Big uacToTH ®. 3i
301JIBIITEHHAM aMILTITYyaIu A 3HAUEHHS Yacy Iepexony mpt pisko 3MeH-
IIyeThbCcA Ta HaOyBae HEe3MiHHMX 3HAUEHb IIPH BEJUKUX 3HAUEHHAX A.
30iabIIeHHS YaCTOTH IIEePiOAMYHOI CHJIM ® MOTPedye HMigBUINEHUX 3HA-
YeHb aMILIITyIn A IJs Iepexoay Ao IijabHoi (¢asu, 3 OZHOro OOKY, Ta
MIPUBOAUTD [0 3MEHIIIEHHS Yacy IIepexoay IIPU BeJUKUX SHAUEHHSIX aM-
mwriTyam A, 3 inmioro 6okyo. 3asesxHicTs mpt(®), mpeacTaBaeHa Ha PUC.
10, 6 mae OiTBII CKJIAAHY CTPYKTYPY. TYT cllocTepiraeThbcs mMeBHUN BU-
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Puc. 10. 3ane:xHOCTi cepeHBOTO Yacy nepexony mpt 3 po3pifKeHoi 10 miiabHol
tasu mpu o2 = 107° Bix a) aMmiTynu nepioguyHoi cuinu A Ta PisHEX 3HAUEHHAX
YaCTOTH KOJUBAHD ) 0) YACTOTH () 32 Pi3HUX 3HAUEHD aMILTiTyAu A.°

HaJoK CUHXPOHizalii: mpu pikcoBaHOMY 3HAUEHHI aMILIiTyaIu mepioau-
YHOI cuin A 301i/IBIIEHHA YaCTOTH OCIUJIAIIN IIPUBOAUTE 0 3MEHIITeHHS
yacy mepexony Mo IIijabHOoI (hasu, MOKM He JOCATAEThCSI MiHiMaIbHe 3Ha-
YeHHA Mpt,,;,; 3 MIOAAJBIIUM POCTOM YaCTOTH (O CEPENHiN yac mpt 30ib-
myeTbesa. Kpim Toro, 1e mimiMaabHe 3HAUEHHS Yacy HepeXxoay M0 IMihb-
HOI (hasu mpt,;, SMEHITYETHCA 3 POCTOM aMILIiTy AU epiogmuHol cuam A.

TaxuMm unHOM, Yac, HEOOXimHUN IS mepexony cucTeMu 3 pos3basie-
HOI 710 1IiIbHOI (ha3u mpt, ONTUMIBYETHCA 3 YACTOTOIO IIEPiOANUHOI CUIIT
y HeaisiOaTUYHOMY PesKUMi.

Hani, npoanasisyemMo 3MiHy B 3HaUEHHI yacy mmepexony mpt npu 3mMiHi
iHTeHCHMBHOCTI (IOKTYyaIill 6° Ta Pi3HMX 3HAUYEeHb aMILTiTyAu A Ta Jac-
TOTH O Hepiogmunoi cuau. Bigmosinui samexnocti mpt(c?) npu A = 0,06
Ta PisHMX 3SHAUEHHSIX YaCTOTHU ® HaBemeHO Ha puc. 11, a. 3 pucyHKa Bu-
IHO, IO OPY MaJWX 3HAUEHHAX YACTOTHU NepioamuyHoi cuam o 30ib-
IIeHHS iHTeHCUBHOCTI (hJIIOKTYAIIil Melfo 3MeHIIIy€e Yac mepexony (ams.
KpuBYy 3 3anmoBHeHUMHU KBazpatamu npu o = 0,001 Ha puc. 11, a). Koan
G° cTae LOCTATHHO BEJIMKHM, G- > anax , TO CTOXACTHUYHA CHUJIA IIOYNHAE
BimirpaBaTu HJOMiHAHTHY POJIb B AUHAMIIIL cMCTeMHU i momajbIile 30iJb-
IIIeHHSA iIHTeHCUBHOCTI IIIyMy IIPUBOAUTD A0 CYTTEBOTO 3MEHIIIEHHA Yacy
mepexony 3 po30aBJIeHOI [0 ITiIbHOI (pasu. 30iIbITeHHA YaACTOTH Iepio-
IUYHOI CUJIM IIPU MaJuX o° Aie y cmocib, HaBemeHuil Ha puc. 10, 6: mpt
3MEHIITYETHCA, AOCATAE MiHiMaJIbHOTO 3HAUEHHA mpt,;, i moTiM 36iab-
myerses. pu o> < anax 3HaueHHA mpt,;, caabo 36idbITyeTHCA 3 G°.
IIpu BenmMKMX 3HAUEHHAX UYACTOTHU IEPIOAMUHOI CHJIM Iepexia Bif poas-
0aBJIeHOI [0 IIiIBLHOI a3y BiAOYBaE€ThLCA IMPHU IIiABUINEHNX 3HAUCHHIX
iHTeHCHBHOCTI (PIIOKTyaIliii. ¥ BY3bKOMY iHTepBaJi 3HAUYEHb YaCTOTHU
3aJIE}KHICTDL CepelHbOr0 Yacy Mepexoay CHUCTeMH 3 PO030aBJIEHOTO [0
HIIiJIBHOTO CTaHY BiJ iHTeHCHMBHOCTI (PJIIOKTyaIliii HaIpPy:KeHOCTi eJIeKT-
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—a—» =0.001
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log{mpt})

log(s)
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Puc. 11. 3aye:XHOCTi cepeHBOr0 Yacy mepexony 3 pos3dbaBiieHol 10 MiiIbHOI (a-
31 Bij iHTeHcmBHOCTI durokTyariii o mpu: a) A=0,06 Ta pi3HUX 3HAUEHHAX
yacToTu ® mepioguunoi cuan; 6) ® = 0,01 Ta pisHMX 3HAUEHHAX aMILIiTyau A
nepioguuHoi cuam. !

PUYHOTO HOJIA MPOSABJSIE€ HEMOHOTOHHY MOBEAiHKY (AMB. KPUBi 3 3a10B-
HeHUMU Ta mycTuMu Kpy:KkKamu mpu o = 0,005 ta 0,007, Ta kpuBy 3 3a-
moBHeHUMHU TPUKyTHUKamMu npu o = 0,0074). Tyt 3i 36inbmieHnam in-
TEHCHUBHOCTI IITyMYy 4Yac IIepexoay A0 IiIbHOI (asu 36iJbITyETHCA, [0-
cArae MaKCUMaJIbHOTO 3HAUEHHS, Ta IIOTiM 3MEeHIITyE€ThCA.

TakuM YMHOM, IPU MAJUX 3HAUEHHAX iHTEHCHBHOCTI IHIymy ii 30i1b-
IITeHHS IPUBOIUTD A0 3aTPUMKU B IUHAMIIIi ITepeXxoiB 3 po30aBaeHoi 10
uriabHOI (hasu. [HITMMY cjioBamMu, IPU TaKUX YMOBaxX KOMOiHOBAHOTO 30-
BHIIITHBOTO HABaHTAKEHHSA PeasiByeTbCsA aCMHXPOHiZaIlia mepiogmuHOl
Ta CTOXaCTUYHOI CUJIU: IIOKU IlepiofnyHa cuja pyxae « BpoyHiBCBKY uac-
TUHKY» OO0 MaKCUMyMy 0icTabiJbHOro mMOTeHIlisay (IioKTyarrii moBep-
TaIOTh 110 YACTHUHY HA3aJ B MiHiMyM IIOTeHIIifAay, 110 BiAoBigae po36bas-
JeHii ¢asi. 3 moganbpIIIM 361IbIIeHHAM iHTEHCUBHOCTI (IOKTyaIiil 6
IIyM IIOYMHAE BiirpaBaTy BU3HAUYAJIBHY POJIb B AMHAMIIII CUCTEMHU Ta IIe-
PeBOAUTE cUCTEMY IO IMiIbHOI (ha3u uepes HOTeHIiAIbHII 6ap’ep.

Ha pucynky 11, 6 mpeacTaBjieHO 3aJ€KHOCTI cepeTHBOTO Yacy Iepe-
XO04y BiJ iHTeHCUBHOCTI (OJIIOKTYyallili mpu (ikcoBaHOMY 3HAUEHHi yac-
ToTu nepiogmuHoi cuau ® = 0,01 Ta pisHMX 3HAUEHHAX aMILIiTyAU Hepi-
oguuHOI cuau A. 3 pUCYHKa BUIHO, 110 3i 30iIBINTEHHAM aMILIiTyau A
mepexia 3 posbanBieHol 40 HIiabHOI a3y BigOyBaeThCsa MIBUAIIE. 30iIb-
IITeHHA iHTEeHCUBHOCTI (QJIIOKTyaIliii IpUBOAUTE [0: a) 3MEHIIIeHHA Yacy
mmepexony Bim posbaBieHoi [0 IIiIbHOI (pasy IIPpU MaJIUX 3HAUCHHAX aM-
Ty AU mepioguuHoi cuin; 0) 3aTPUMKY y AUHAMIIII Tepexoay MpH IIij-
BUIEHNX 3HAUEHHAX aMILTiTy 1N IepioguuHoi cuan A; B) IpuU HOigBUIIle-
HUX 3HAUeHHAX A QIIOKTyaIlii BusHauaoTh TUHAMIKY CUCTEMU IIPU Be-
JUKUX 3HAUEHHAX IXHBOI iIHTEHCUBHOCTH.
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4. YMOBU ®OPMYBAHHS CTIMKHUX BITJOKPEMJIEHUX
IIOBEPXHEBUX CTPYRKTYP

MeTo10 1aHOTO PO3ALJIY € BCTAHOBJIEHHA yYMOB (DOPMYBAHHSA BiJOKpPeEM-
JeHUX CTPYKTYP azcopbaTy Ha BUAiJIEHOMY ITapi 6araTomapoBoi cucTe-
MU IIpM KOHJeHcAalliil B cucTeMi «IjasMa—KoOHIeHcaT». [[1d mboro HaMu
Oyze IpoBeAeHO JiHiMHMI aHAIi3 HA CTilKiCThL OJHOPIZHOrO cTaIlioHAp-
HOT'O CTaHy X,, 1O HEOOHOPiZHUX 30ypeHb 3 MeTOI0 BU3HAUEHHA 00JIacTi
3HaUeHb OCHOBHUX IIapaMeTPiB CHCTEeMU, KOJHU IIPOCTOPOBi 30ypeHHS
OPUBEAYTH 4O HECTIAKOCTI OMHOPiAHOrO cTarmy. ByzemMo po3risanaTi BU-
najloK BiICYTHOCTI MepiofMYHMX 3MiH B HAIIPYXKEHOCTi MiJIBEJIEHOTO 10
OiAKJIaIUHKY eJIEKTPUYHOTO MoJisd, moKJaBmn A =0Taw=0.

4.1. Mucnepciiine CIiBBiTHOIEHHA

B paMKax cTaHZapTHOI IPOIeAyPH JiHIAHOTO aHAII3Y CUCTEMU Ha CTi-
KicTb po3rissHeMo BigxXmieHHA KOHIleHTpaIlii agcopbaTty Bifm craiiomap-
HOT'O OJHOPiZHOTO 3HAUYEHHA: OxX = X —X,,, Jle X, BU3HAUAETbCA 3 PiB-
Hauud (13). Posrnamaioun BigxugeHud dx SK MaJUi ImapaMerep, Ipo-
BeJleMO JliHeapuaallio piBHAHHA (12) MIIAX0M PO3BUHEHHA B PAJ Peak-
miuoi ckaamosoi R(x) = f(x)+ ng(x)dxg(x) B OKOJIi CTaI[ioOHApHOTO
PiBHOBasKHOT'O CTAHY X,,:

R(x) ~ R(x,,) + (dR(x)/dx)| _ &x. (14)

X=Xt
B pamkax cTaHZapTHOrO aHaJi3y Ha CTiHKiCTh BiAXMJIeHHS KOHIIEHT-
paii agcopbary x Biz cTamioHapHOTO 3HAUEHHSA X, IPUAMEMO Y BUTJIAI1

dxx = x — x, o exp(ME)t +ikr), (15)

e k — XBUJILOBE YUCJIO, a M(E) — MOKa3HUK CTiHKOCTiI OJHOPiZHUX CTa-
IIIOHAPHUX CTaHiB 0 HEOAHOPiAHMX 30ypeHb. Toai moxigui Big sminienusa
dx(t, r) 3a 4acoM i ITPOCTOPOM BU3HAUAIOTHCA HACTYITHUM YMHOM:

ﬁ ox(t,r) = AME)dx, ng(t, r) = ikdx. (16)
ot or

TakuM 4YMHOM, BUKOPUCTOBYIouM 3B’ aA3KU (16) i pienanua (14), pis-
HAHHA eBouiolii (12) s BigxuieHHs d.x Bif cTallioHApHOT'0 OAHOPigHO-
ro cTaHy HabyBa€e HACTYITHOTO BUTJIALY

Mx)dx = R(x,,) +

dR(x)
dx

2 17
8x — D x*| 1 —gy(x, )1+ (1 -plx®)’} - %g ddy(j‘ ) Sx, 17
X

X=X X=Xt

+
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Ie K = kL, — 0e3po3MipHe XBUJIbOBE UMCJIO. BpaxoByouu Te, 110 CTAIli-
OHapHe OJHOPiTHe 3HAUEHHSA KOHIIEHTpAaIlii agcopdaTy X, BU3HAUAETHCS
3 ymoBu R(x)=0, B pesyabraTi maemo R(x,)=0. Bepyuu mgo yBaru
d0x # 0, ckopouyeMo 3JIiBa i cmpasa Ha dx i IPUXOAMMO IO PiBHAHHS Ha
MOKA3HUK CTIiMKOCTiI OJHOPIAHOTO CTAIliOHAPHOI'O CTAaHY J0 HEOAHOPiHd-
HUX 30ypeHb A(K) (Aucmepciiiie CIIiBBiAHOIIIEHH) Y BUTJISAII:

2
AK) = 1(0) — D | 1— ey(e, WL+ (L — iyt — = ETE) | (1g)
2 dx e,
dR 2
ne MO0) = # » v(x,) = M(xst)(\/xst +1/2B)°.

X=Xy

3rigHo 3i craHZAPTHOIO TEopielo, MaeMo, 1o y Bumaaky A(k) < 0 Bci
BiAXmjaeHHS BiJf OJMHOPIAZHOrO CTaHY 3 YacOM EKCIIOHEHI[iIHO 3MEeHIITY-
I0ThCHA, 1 agcopOaT OJHOPIAHO 3aIIOBHIOE HOCJIIIKYBaHUN I1ap. Y BUOA-
Ky, kKoau A(x) > 0 mpu x € (0, k,) Ta A(x) < 0 mpu k¥ € (k,, ) Oyme peayiso-
ByBaTHCs cIleHapiil (pasoBoro poamiapyBanasa. HaTtomicTs, koau A(k) > 0
npu k € (k;, Ky), B CTAlliOHaPpHOMY PEKUMi B cucTeMi OyayTh icHyBaTu
IIPOCTOPOBL CTPYKTYPHU azcopdaTy, IO XapaKTepu3yBaTUMYThCs IIEPio-
oM (cepeIHBOIO BifICTAHHIO PO3TAITYBAHHSA) K = Ky: K; < Ko < Ky, AKE BU-
3HauaTHMe MaKCcuMaJbHe 3HAUeHHS IMOKa3HHWKAa CTiMKOCTi Ta BHU3HAUA-
eTbcd 3 piBHAHHA: d A(K) = 0. OcKinbku BeauuuHa py << 1 (pg =ry/Lp, Be
paziroc Bzaemozii agaromis r, ~ 107° M, a qudysiiina goBxuHA 114 Oiab-
mIocTi MeTatiB i HaniBnpoBigEUKiB Ly ~ 107° M, py = 107°), To, mOKTaBIIN
p3K4 ~ 0, piBEsauuA (18) MOKHA 3aIIMCATH Y CIIPOIIEHOMY BUATJLAI

Mx) = M(0) - D,x*| 1-2ey (x,,) (1 - pox®) = =

3 piBHAHHSA HaA MOKa3HUK cTifikocti (19) BunauBae, o GIOKTYyAaIii
TIOBEPXHEBOT'0 IIOTOKY aAcopbaTy CIpUATHMYTH cTabimisarii cumcremu

BHACJIIIOK dfxy(x) |x=x.t < 0. Craagosa 3 x* Takox crabinisye cucremy 3a

paxyHOK Y(x,,) > 0. 3 inmoro 60Ky, mepIinii ujaeH B IpaBiii YaCcTUHI B Pi-
BHAHHI (19) Mae OyTu HETaTMBHUM AJIA BUKOHAHHA YMOBH k; > 0. 3 aHa-
Jaigy piBHaHHA (19) BumImBae, 0 B I'PAHUI BEJIWKUX K IIOKA3HUK
crifikocti A(k) 6yae Big’emauM. TakuM YMHOM, HEOOXiTHUMU Ta JOCTAT-
HiMu ymMoBaMu AJisA (DOPMYBaHHSA BiJOKpeMJIEHUX CTPYKTYP azcopodary B
JOCJIiI;KYyBAaHOMY MOJEJ «IIJasMa—KOoHAeHcaT» €: 1) cTifiKicTh ogHOPI-
JHOTO CTAIiOHAPHOTO CTAHy X, III0 BU3HAUaeThcAd 3HauenuHaM A(0) Ta
mocsaraerbest yMoBoio A(0) < 0; 2) icHyBaHHA HPOCTOPOBOI HECTiMKOCTL

Mx) > 0 B meBHOMY 00Me:KeHOMY iHTepBaJji XBUILOBUX uncesa K > 0. Or-
JKe, BapilouM ImapaMeTpy CHUCTEMM Ta PO3PaxOBYIOUU 3aJE€KHICTH IIO-
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Ka3HUKAa CTiHKOCTi BiJ xBuiboBoro umcia (19) mMokHa 3HAWTH YMOBU
BUHUKHEHHS IPOCTOPOBUX HecTilikocTel. Takmii miagxin mo3BoJisge one-
pexaTu Gpas3oBy Aisirpamy, IO iJIIOCTPyBaTHMeE 00JIaCTh ITapaMeTPiB Cuc-
TeMU, KOJU MOMKJINBUM Oyae (popMyBaHHS BiJOKPEMJIEHUX CTPYKTYP
azcopbaTy Ha MOCJLMKYBAHOMY IIapi 6araToIlapoBOi CHCTEMU «ILIA3-
Ma—KOHIeHCcaT».

4.2, YMOBU KOHTPOJIOBAHHS MPOIeCAMHN CTPYKTYPYBaHHSI MOBEPXHi B
JeTepMiHiCTHUYHINA cucTeMi

[as gocmimkeHHsS AeTepMiHiCTHYHOro Mome o OyaeMo BBayKaTH, IT0 iH-
TEeHCHUBHICTH (OIIOKTYaIliil HAIPY»KEHOCTi eJTeKTPIIHOrO HOJIA G € MAJIOO
BEJIMUMHOIO. ¥ TAKOMY Pasi BIUIMB 30BHIIITHHOTO €JIEKTPUYHOTO IOJIA 0Y-
JIEMO OIMCATHU CEePENHIM 3BHAUEHHAM, TOKJIABIITN Y MOJAJIBIIIOMY PO3TJIAII
y piBaanHi (12) 6° = 0. By/e pO3IIAHYTO YUCTO AeTepMiHiCTHUHY CHCTe-
MU, BpaxoByioum (UIIOKTyallii IOTOKY aacopbaTy MaJIiMU, IOKJIABIIIN
2 =0. PesynbraTu momo obJacTi peasizartii BiJoKpeMJIEHUX CTPYKTYP
azcopbaTy momaHo Ha puc. 12 y ILIOMMHI cujia aHidoTponii BepTUKAaIbHOI
mudysii — xoedimierT agcoporii (¢, o). IIpu sHaueHHAX IapaMeTpiB CHU-
cTeMu 330BHi obme:keHoi obsacti (o6aacts II) 3 maumHOM "acy amcopbar
OIHOPiMHO IMOKpUBATUME NOCHiMKyBaHUU MIap, i sKOAZHUX BillOKpem.ie-
HUX CTPYKTYP aacopbaTy He BUAIIUTHCA. TUIIOBY 3aI€:KHICTh TOKa3HUKA
cTifikocTi B o0sacTi peaJisarrii omHOpiZHOTO posmoainy agcopbary (B 00-
aacrti Il giarpamu puc. 12) nmomano Ha puc. 13, a. Buano, 1110 npu Bcix
3HAUEHHSAX XBUJIBOBOTO UMCJa K MOKA3HUK CTiHKOCTI mpuiiMae Big emHi
3HaueHHd. [Ipy 3HaUeHHAX MapaMeTpiB B cepenuHi oOMexkeHOl obsacTi
(obsacts I) 3 mamHOM Yacy Ha JOCIiAKyBaHOMY ITapi 6yayTh (hopMyBaTHU-
¢ BiJOKpeMJIeHi CTPYKTYpH aacopbary. TUIOBY 3aJIeKHICTh ITOKa3HUKA
crifikocti B o6acti I gisrpamu puc. 12 mpeacrasiaeno Ha puc. 13, 6. Ty
TIOKABHUK CTiHKOCTI A(K) IpUiiMae MOSUTUBHI 3HAUEHHA B 00OMEKEHOMY
iHTepBasi XBUIBOBUX yucesn (K;, K,). Ile cBiquuTs mpo Te, 1110 B cucreMi
OyayTh hOpPMYyBaATUCS IPOCTOPOBi 30ypeHHA (CTPYKTYpPHU), mepioa posra-
ITyBaHHA AKWX y 7r-IPOCTOPi mpumiiMaTuMe 3HAUYEeHHA Bix r; o 1/x, IO
ryoc 1/%;. AHajisyouu ofiep:KaHi 3aJIeKHOCTI (14, 0) IpU PiBHUX € TEPII
3a BCe CJIi] 3a3HAYUTH, 1[0 ¥ BUNAAKY 130TPOIIHOI BePTUKAJIILHOI Au@y3il
(BiZCYTHOCTI €JIeKTPUYHOrO MOJA Oisd HmigKJIagWHKM, IO 3aJ0BOJILHS-
eTbcst ymoBoio u = () Hesase;kHO Big KoedilieHTa amcopoOIrii o Ta eHeprii
B3aeMO/Iii azicopbaTy € peasisallid BiTJOKPEMIEHUX CTPYKTYP € HEMOMKJIN-
Boro. IIpoanainisyemo metanbHO 3ajiekKHicTh (1, o) pu € = 3,3 (AuUB. cy-
IiTbHY KPUBY Ha puc. 12).

O6uacTh peasisalrii mpocTopoBux CTPYKTYyp (06sacTh I) € o6Merkeno0
Tak, 110 MiHiMaJibHe MOMKJINBE 3HAUEeHHA KoedirieHTa amcopOIrii o,
MIPAMYE IO HYJIS IPU OPAMYBaHHI 0 HYJIA CUJIY aHi30TPOMii BEpTUKATE-
HOl nudysaii. IIpu nbomMy TaKOK iCHYy€e BepXHA MeKa B 3HAUEHHAX AK KO-
edimienTa amcopoOIIii, 10 BUSHAUYAETLCA 3HAUEHHAM Q,,,, 1 CUJIN aHi30T-

max
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Puc. 12. Jlisrpama cTifiKOCTi 0fHOPiTHOTO CTAIliOHAPHOI'O CTAHY [0 HEOAHOPi-
HUX 30ypeHb: IPU 3HAUEHHAX IMapaMeTpiB cucTemu 3 obiacti I 6yayTs popmy-

BaTHCA BiJOKpeMJIeHi CTpYKTypu ancopbary; obsactbk II xapaKTepusyeTbecs
12

OJHOPIAHMM PO3IIOAiJIOM agcopOaTy Ha JOCIiA:KYyBaHOMY IIapi.

k)

Puc. 13. 3anmeXHOCTi mOKa3HUKA CTiMKOCTI BiJf XBUJILOBOTO YKCJIa: @) B 06JIacTi
II ma gisrpami puc. 12; 6) B ob6xacri I Ha giarpami puc. 12.'3

porii u,,,,. OT:Ke, pikcyoun 3HAYEHHS CHUJIM aHi30TPOIIil BepTUKAIBLHOL
mudysii (Hampy:KeHiCTh TiABEAEHOTO M0 MiAKJIAAWHKU €JeKTPUYHOTO
TMOJIsI) SHAUEHHAM U = U, Ta 30ijbInyioun KoedilieHT amcopOitii (Tmck
BCEPEAMHI KamMepHr) 0, Ma€MO HAaCTYITHI CTPYKTYPHI ITIePETBOPEHHS B MOP-
¢oorii mocaigykyBaHoro mapy. Ilpu Hu3bKOMY TUCKOBi miaasmu (MaJri
o) azcopbaT OTHOPiMHUM YMHOM ITIOKPUBAE IIap 3 MaJIOI0 KOHIIEHTPAILi€I0
(o6sactp II HMKYe cymisbHOI KpuBoi). Ilpu o > o, B obaacti I agaTomu
anaTHi opmMyBaTH BimoKpeMJeHi cTpyKTypu. Ilomasbine 30iibIieHHA
KoedilrieHTa amcopOIlii IpUBOAUTE 10 mepexony 3 odoaacTi I B o6acTs 11
IIpU O, = O, 1 Ha IOBEPXHIi IIapy peaisyeTbCs OMHOPITHUX POIMOAIJT aj-
copbaTy BuCcOKoi Kouientparlii. Ile osHauae, 1110 iHTeHCUBHICTEL IpoIIe-
ciB azicopOILii CyTTEBO IIepeBakae mporecy AecopOIrii Ta ImoaBJsaAe aHizo-
TPOIIilo BepTUKaabHOI Audysii agaTomis.
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TaxuMm unHOM, 30iIbIITIeHHS KoedimienTa agcopOIii IpuBOAUTE OO pe-
BEPCUBHOT'O XapaKTepy VHOPAIKYBaHHA (CTPYKTYPOYTBOPEHHS) HaA IOC-
JdimxyBamomy mapi. IIpu nmbomy, y BUDagry o < o, cJIabKuil TUCK B Ka-
Mepi He 3maTeH IMPOAYKYBaTH HeoOXiTHY KOHIIEHTpAIIil0 amcopbaTy Ha
JOCJimKyBaHOMY IIapi AJd KJjacTepusallii azaToMmiB 3 (OpMyBaHHAM
BiJOKpeMJeHUX CTPYKTYpP. ¥ TaKkoMy pasi aacopbar mecopOyeThes 3 Ia-
Py abo 3 MaJo KOHIIEHTpAaIlicl0 PiBHOMIpHO IMOKPHBAE IMiAKJIALUHKY.
IIpu BenmmKux 3HaueHHAX KoedimienTa amcopbIirii o > o, pearisyeTbcs
IPOIleC POCTY IIOBEPXHI IIap 3a I1apoMm 0e3 MOXKJIMBOCTL CTPYKTYPYBaH-
Ha azcopbary. AHajoriunuii edeKT pPeBepCHUBHOCTI cmocTepiraerhed i
mpu 30iJbITTeHH]/3MeHITIeHH]I HAIIPY KeHOCTi IIiABeqeHoro A0 IigKJIaan-
HKU eJIEKTPHUUYHOTO II0JIA U IPH CTAJOMY 3HaUeHHi KoediiieaTa amcopo-
il o = 0. TyT Opu Manux 3HaAUEHHAX CUJIM aHizoTpormii (u < u,) ii Hexo-
CTaTHBLO IJIsI TOTO, IIfO0 iHiIfiroBaTu mporiecu (QOPMYBAHHSA CTPYKTYP, a
IIPU BEJIUKUX U > U, CUJIbHA aHi30TPOMIisd IPUBOAUTE IO CYTTEBOTO 3MEH-
IIeHHA KOHIIeHTpaIlii agcopbaTy Ha JaHOMY IIapi, a OT:Ke HeMOKJIUBUM
€ TocATaHHA HeoOXimTHOro mepecuueHHs I1apy agcopbaTom, 1106 popmy-
BaJIMCA BiloKpeMJeHi cTpyKTypu. IlopiBHIOIOUM CYIIIJIbLHY Ta INTPUXOBY
KpuBi Ha puc. 12 moxkHa 6aunTH, IIT0 3MEHIIIeHH eHeprii B3acMoii an-
copbaTy € IPUBOAUTE [0 3BYKeHHA obJacTi peasisarii cTifikux mpocTo-
POBUX CTPYKTYD.

Ha pucynry 14 HaBemeHO 3MiHY KPUTUYHUX 3HAUEHb mapamerpa [,
1IT0 BU3HAYAE IMUPUHY TepacHu IIipaMigalbHuX 6araTolliapoBUX CTPYK-
TYp IIPU 3MiHi cuiu aHidoTpomii u. 3 PUCYHKY BUILJIMBAE, IO JOCTiAKY-
BaHU{ MOJEJIb YMOXKJIWBJIOE IIPOBOAUTU OIIMC IIPOIleciB (hopMyBaHHA
mipaMifaJdbHUX CTPYKTYP 8 PiBHMM 3HaUeHHAM IMupuHYU Tepacu . [Ipu
IIBOMY 151 (QOPMYBaAHHS OLJIBINI IVIAAKUX CTPYKTYP 3 MAJIUM 3HAUCHHIM

10° 5

Puc. 14. liarpama crifikocti mpu o = 0,2. B obsacti I popmytoTses cramionapHi
IPOCTOPOBi CTPYKTYpH; B obacrti II agcopbaT ofHOPiAHO IOKPUBAE IOBePXHIO. 14
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HINPUHN Tepacu HeoOXiTHMM € BHCOKA HAIPYKEHICTh eJeKTPHUUHOIO
HOoJIdA Oid NigKJIagUHKH,

Jlaji posriisaHeMo 3aJIe3KHOCTI XBUJIBOBUX UMCE Ky, Ky, IKi BUBHAUAIOTH
TPpaHUIli iHTepBaTy MO3UTUBHUX 3HAUEHDb KoedillieHTa cTifiKocTi A, Ta K,
AKUI BU3HAYAE CepelHill mepios pos3TalllyBaHHS HPOCTOPOBUX 30YpPEHD
(BiZOKpeMJIeHUX IIOBEPXHEBUX CTPYKTYP) Bil CHIM aHi30TpoOImii BepTuKa-
JbHOI qudysii u, KoediiienTa agcopbIrii o Ta eHeprii B3aemoaii agcopdaTy
€. Bigmosigui samesxHoCcTi mogaHo Ha pucyHKax 15, a, 0, 8 BigmosigHo.
CrouaTKy pO3IJISHEMO JeTaJbHO 3aJIEKHICTh XBUJILOBUX UIMCEJ BiJ cCUIn
aHizoTporii BepTuKaibHOI Au(y3ii mpu (GikcoBaHUX IHINKUX ITapaMeTpax
cucremu (guB. puc. 15, a). 3Bijcu BumINBaE, 110 IPU U < U; BCA 3aJEMK-
HicTb M(K) JeoxuTh HuKue piBHA A =0. IIpu © > u; HOKaBHUK cTiHKOCTI
cTae MO3UTUBHUM B iHTepBaJIi (K;, K,), KU 301bIITyEeTHCA 3i 3pOCTAHHAM
u. TyT K, 30iIBITyETbCA 3 U, 03HAYAIOUN YTBOPEHHSA HOBUX OCTPOBIB ajco-
pbaTy Ha mIapi, 110 IPUBOAUTEL M0 3MEHIIIEHHS CepeIHbOro BifcTami Mix

Puc. 15. 3aneXHOCTi XBUIBOBUX UUCET K, Ky, IKi BU3HAUAIOTH T'PAHUII iHTED-
BaJIy MOBUTUBHUX 3HAUEHDb KoedimienTa cTifikocTi A, Ta k,, AKUii BU3HAYAE Ce-
penHiii mepion mpocTopoBUX 306ypeHb (BiZOKPEMJIEHNX ITIOBEPXHEBUX CTPYKTYDP)
Bifg a) cusm amisoTpormii BepTuKaabHOI Audysii u; 6) KoedimienTa agcopbiii o;
6) eHeprii B3aemozii agcopbary €.
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HuMu B r-pocropi. Ipu u > u,; Bigcranp MiX KjacTepaMu afcopOary Io-
YMHAE 3MEHIITyBaTUCHA, 1[0 03HAUAE YTBOPEHHS MEHIITOl K1JIBKOCTi OCTpPO-
BiB azcop0baTy 3 OLIBIIINM IePiofoM IX PO3TAIIIYBAHHS 34 PAXYHOK aHi30T-
porIii B peaKIlisgx mepeHeceHHs aacopdaTy MiK IIIapaMu.

Y Bunmagry u > ug IIOKa3HUK CTiHAKOCTi cTae HeraTUBHUM, a CHUJIbHA
aHiBOTPOIIiA MPUBOAUTE OO TOTO, ITIO B CTAIliIOHAPHOMY PEKUMi peasriza-
IIisI CTPYKTYP amcopbaTy € HeMOKJIMBOIO. 3aJIe’KHOCTI XBUJILOBUX UHCEJ
Ky, Ky Ta K, Bim KoepiiienTa agcopobitii o, moxaui ma puc.15, 6, € amaso-
rivHMU A0 nouepenHix. Peasrizaris BigfokpeMJeHNX CTPYKTYP MOKJIM-
Ba JIMIIIEe IIPU 3HAUEHHAX O 3 iHTepBaay (0, Os). SMEHIIIeHHA 3aJIeKHOC-
Ti Ko(0) TYT 0O3HAUaE 30iNbINTeHHA JiHiAHOTO PO3Mipy OCTPOBiB ajmcopba-
Ty. 3aJeKHiCTh XBIUJILOBUX UMCeJ Bia eHeprii Bzaemoxii agcopbarty €
(ouB. puc. 15, 8) BigpisuAaeThCA TOIOJOTIYHO Bij] ITOIIepeIHiX TBOX THUM,
IO TYT iCHY€ OJlHe KPUTHUUYHEe 3HaUeHHs eHeprii B3aemozii aacopbary €,
Tak, IO IIPU € > €, Ha MOBEPXHi 1mapy O0yayTh opMyBaTUCA BiZoKpeM-
JeHi cTpykTypu azacopbary. IIpu mpboMy 36iJIbINTeHHA € IPUBOAUTH OO0
3MEHIIIEHHA CepeqHbOI BificTaHI MiXK CTPYKTypaMu; POIIINPIOE iHTEp-
BaJI (K, Ky) Ta IPUBOAUTD 0 3POCTAHHA K.

4.3. Crabimizamia cuctemu 3a paxyHOK (DIIIOKTYyalIliil IOTOKY amcopoary

Jlajri mpoBeeMo eTaIbHUM aHAaIi3 BIJIUBY (DIIOKTyaIlil ITOBEPXHEBOTO
IIOTOKY ajcopbaTy Ha yMOBU peaJisallii cTallioHapHUX IIOBEPXHEBUX
CTPYKTYD, nokJaBiu X # 0. AHaisyoun MoKasHUK CTiMKoCTi A(Kk) mpu
BapiloBaHHA OCHOBHUX KEPYIOUMX IapaMeTPiB cUCTeMHU Ta iHTeHCHUBHO-
cTi (parrokTyarliit moTorky amcopbary, 6yJI0 ogepsKaHo mJiArpaMu cTifikoc-
Ti, aKi HaBegeHo Ha puc. 16. 3 omep:KaHUX Pe3yJIbTATiB BUIJINBAE, ITIO
301JIBITTeHHA iHTeHCUBHOCTI (QJIIOKTYAaIliil TOTOKY amcopbaTy IpUBOIUTD
IO TIepexXoay cucTeMu 3 obJiacTi (GhopMyBaHHSA CTAIliOHAPDHUX BilOKpeM-
JIeHUX IPOCTOPOBUX CTPYKTYP «CTPYKTYPYBaHHS» IO 00JacTi omgHOpiz-
HOTO POBIOAiay azcopbaTy Ha IIapi «IJiaJgKa MOBEPXHA» IPU KPUTUU-
HOMY 3HauUeHHi inTeHcuBHOCTI QuIoKTyatii X, (puc. 16, a). IIpu dikco-
BAaHUX 3HAUEHHAX iHTEHCUBHOCTI IIIyMy IIOTOKY azcopbary X 30iabIIeH-
Hs cuJu aHizoTporii u abo KoedimienTa agcop0bIrii oo TpUBOAUTE 0 pe-
BEPCUBHOTO IIPOIECY YIOPAJKYBAHHA IOBEPXHIi, IO CYIIPOBOIKYETHCS
dopMyBaHHAM CTAIliOHAPHUX IIPOCTOPOBUX CTPYKTYD (AuB. puc. 16, a, 6
BimmIoBigHO).

TumoBi 3a1eXHOCTi MOKA3HUKA CTiMKOCTi A(K) IpU PiSHUX 3HAUCHHAX
iHTeHCHUBHOCTI ()IIOKTyaIliii MOTOKY ajgcopbaTy HaBegeHo Ha puc. 17. 3
PUCYHKA BUILIMBAE, IO 3 POCTOM iHTEHCHBHOCTI (DIIOKTyaIliii mMOTOKY
amcopbaty (3/1iBa HammpaBo) BCA 3aJIeKHICTD A(K) 3MimTyeThbes B Oik Hera-
TUBHUX 3HAUYEHb, 03HAYAIOUM II€PEXil Bil CTPYKTYpPYyBAHHSA [0 OAHOPIA-
HOT'0 CTaHy. 3aJIe;KHOCTi IIePEeHOPMOBAHUX XBUJILOBUX UMCEJ Ky, Ky TA Ky
BiJl iIHTEHCUBHOCTI MIyMy X Opu iHImMuX QikcoBaHMX ITapaMeTpax CUCTe-
Mu momaHo Ha puc. 18. Cmagaroua 3ajeKHIiCTh IIepiofy IPOCTOPOBUX
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Puc. 16. [{iarpamu crifikocti: B obsacti I hhopmMyroThCs BiTOKpeMJIeHi TOBEpPX-
HeBi cTpyKTypH; B obaacri II agcopbaT ogHOpPigHO mokpuBae map. 6

30ypeHb K, O3HaUae 30iJbIIIeHHA CepeaHbOI BifcTaHi MixK BimoKpemJe-
HUMU IOBEPXHEBUMU CTPYKTypamu. IIpuHIIMTIOBUM € TOl (haKT, 1110 IPU
¥ =%, maemo k # 0. Ile o3umauae, 110 y rpanuiii X — %, — 0 moBepxHs I11a-
Py XapaKTepus3yeThCA CKiHUeHHO0 KiJIbKiCTIO TIOBEPXHEBUX CTPYKTYP 3
¢ikcoBaHOIO CEPeHBOIO BiICTAHHIO MijK HUMU.

4.4. CTpyKTypyBaHHSI MOBEePXHi iHAyKOBaHe (QJIIOKTyal[iIMHu HAIIPY-
SKEeHOCTIi ImoJIs

IIpoBegemo aHai3 BIINBY (DJIIOKTyaIlilli HAIIPYMKEHOCTI ITIiBeIeHOTO 10
MigKJIaAVMHKY 30BHIIITHBOTO €JIeKTPUYHOIO II0JIf, 110 XapaKTepu3yioTh-
cA iHTeHCHBHICTIO G° Ha MOKJIMBICTEL peasizamii cTifiKMX MOBepXHEBUX
CTPYKTYP, nokJasiu X = 0.

PospaxoBaHy Aiarpamy cTifikocTi B KoopauHaTax (6%, u) Ipu pisHHUX
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Puc. 17. 3anmexHOCTI MOKa3HUKA CTIHKOCTi A BijJi IePEHOPMOBAHOTO XBUJIBOBOTO

YKcJa K IPU Pi3HUX 3HAYEHHAX IHTEHCUBHOCTI QIOKTyaiit T npue=5,u=1,
17
a=0,1.

Puc. 18. SanexHOCTi XBUIBOBUX YUCE K;, K, K, Bifl iHTeHCHBHOCTI (hroKTYyAa-
mift Sopm:e=5,u=1,0=0,1.18

3HAUEHHAX O i € MOKasaHo Ha JIiBi# mawmesi Ha pue. 19. TyT Bcepenuni
obsacTteii A; Ta A; IOKa3HUK CTIiHKOCTI mpuiiMae Bifl’€eMHi 3HaAUEHHSA IIPU
Bcix k > 0 (muB. TUIIOBY 3aJiesKHiCTh A(K) V IpaBiii maHesi Bropi Ha puc.
19). B ob6macti B, oOMe:keHOI KPUBUMU OJHAKOBOTO THUMNY, IMOKA3HUK
cTitKoCTi A(K) TpuiiMae MO3UTUBHI 3HaUEHH B iHTepBaJi (K, Ky). Turo-
Ba 3aJIEKHICTh IMMOKA3HUKA CTIiHKOCTi A Bil XBUJILOBOTO YHCJA K BCepe-
IuHi o6JacTi B moKasaHa B IIpaBiil maHe i BHuU3y Ha puc. 19.
Posraaremo crmouyaTKy BIJIMB KOHKYPEHIIil peryasapHoOi Ta cToOXacTu-
YHOI YaCTHH 30BHIIIIHBOTO IIOTOKY U Ta G° Ha CTifikicTh cramioHapHOTO
OTHOPiMHOTO CTaHY X,, 10 HeogHOPigHUM 30ypens mpu o = 0,2 Ta € = 3,5,
170 IIPeZCTaBJIEHO CYIiJIbHUMY KPUBUMMU HAa JIiBi#i maHesi Ha puc. 19. 3
IIHOTO BUILINBAE, IO B pasi cuiabHOI aHizoTpomii (u = u") y kBasuzerep-
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Puc. 19. [lisrpama crifikocti (J1iBa maHes b) Ta MOKa3HUKMU CTilKocTi A(K) (mpa-
Ba IIaHeJb) Y PiBHUX obyacTax miarpamu criifikocri.!®

MiHOBaHi# cucremi (62 — 0) MIBUAKUI PyX afaTOMiB 3HM3Y Bropy IIPH-
BOJIUTL IO 3HMKEHHSA KOHIleHTpAaIlii agmcopbaTy Ha 11api i HeobxigHe me-
pecuueHHA KOHIeHTpAIlii azmcopbary, HeoOXigme mas (OpMyBaHHS
CTPYKTYP, He TOCATAEThCA. S0iIbIIIeHHA iHTEHCUBHOCTI IITyMYy iHAYKY€E
dopmyBaHHsA CTPYKTYD B cucTeMmi mpu o” = * (mepexin 3 obnacti A; B
o6macts B). Ilpu mojasbIioMy 3poCTaHHI G° 3pocTaioua IOBePXHA 3a-
JUIIAETHCA CTPYKTYPOBaHo0. IIpy MpoMisKHIX 3HAUEHHSIX CHUJIM aHi3o0-
tpomii u = u' HaBiTH y meTepMiHOBaHIH cucTeMi mOBepXHEBi CTPYKTypH
6yayTh crifikumu. TyT 36imbIIeHHES iHTeHCHBHOCTI IITyMy ° 3a6esmedye
crabirisamnifo oZHOpiAHOrO CTAHY X, IPH G~ = Gfl .

3MeHIIIeHH CUJIN B3aeEMO/ii € mpu ¢ikcoBaHOMY KoedilieHTi agcop-
O11ii o IPUBOAUTL OO 3BYy:KeHHsA objacTi B, me MOKJINBE YTBOPEHHS
CTIHKMX CTPYKTYD (AMB. IMITPUXOBI KpUBi Ha JiBiit maHesi Ha puc. 19).
Tyt npu pikcoBaHUX 3HAUEHHAX JETePMiHOBAHOI YACTUHYU 30BHIiIITHHOT'O
IOTOKY U =u' peasidyeThcsa iHIYKOBAHI ITyMOM peBepCHBHI IpoIlecu
CTPYKTYPYBaHHS IIOBEPXHi: y BUNankax, 0 < ¢® < o’ Ta c® > o°, amcop-
0aT OqHOPiAHO pOSl’IOIéiJIHTIéIMezTBCH o mapy i popMmyBaHHSA CTPYKTYD €
HeMOKJIMBUM; Ipu G~ € (G, C,,) v Tporeci Konmencarii 6yayTs peaJi-
30BYBATUCA BiTOKpeMJIeHI TOBEPXHEBI CTPYKTYypU. SMEHIIIEHHA Koedi-
mieHTa agcopOIrii IPUBOAUTD A0 3SMEHITEHHA KPUTUUYHNX 3HAUEHDb CUJIN
aHizoTpomii u, Koiu MOMKJIuBe (POPMYBaHHA CTIHKUX CTPYKTYpP (IOp.
CYIILJIbHI Ta MITPUX-IIYHKTUPHI KPUBi Ha JiBill mamesi Ha puc. 19). Ily-
HKTHPHA KpPUBa Ha JiBi#f maHesai Ha puc. 19 Bigmosizae cmiBBigHoIIEH-
HIO U =2,5+0,16188c% nmpu a.=0,2, ¢=3,5 i 6yge o6roBopoBaTHCA Y
HACTYIIHOMY PO3/IiJii Ip¥ YMCIOBOMY MOIEJIIOBaHHI.
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3aJIe;KHIiCTh MaKCHUMAaJIbHOI'O 3HAUEHHS IIOKasHMKa CTiHKOCTi, 10 Bix-
TOBilae HAMOiMBIN HECTIHKiHA MOl K, (IUB. IIpaBy HUKHIO IaHe b Ha PHUC.
19) Bix cunm amisorpomii u Ta iHTeHCHBHOCTI ITyMy G° Ipu (hiKCOBAHIX
a.=0,2 tae=3,5 (cyminbui kpusi Ha puc. 19) moxkasano ua puc. 20. 3Bigcu
BUILIUBAE, 10 TpH 301iJIbINEHH] JeTepMiHoBaHol abo CTOXaCTUYHOI YacTu-
HU 30BHIIITHLOTO IIOTOKY 3HAUEHHA MOKAa3HNKA CTinKoCTi M(K,,) XapaKkTepu-
3y€eTbCA HAABHICTIO MaKCUMAaJIbLHOTO 3HAUeHHA. Ile o3Hauae, 110 IIPOCTO-
POBUIL TOPSIOK CUCTEMHU 30iJILIITYETHCA, JOCATAE MAKCUMAJILHOIO 3HAYUEH-
HA i TOTiM BMeHIIIyeThCSA 3 POCTOM HK U, TaK i 6°. 3HAUeHHSA csfn , IKe BiaIio-
Bilae MaKCUMAJIBHO YIIOPAAKOBaHill ITOBEPXHi, 30ibIIIYETHCSI 3 POCTOM U,
1170 ITOKa3aHo Ha BeTaBlli Ha puc. 20. KpiM Toro, 3i 30iIbIIIeHHAM CUJIN aHi-
3oTporii ¥, BpaXOBYIOUN G° = G,zn(u) 3 BcTaBKHU Ha puc. 20, MaKcuMaIbHe
3HAUEHHS ITOKas3HUKa CTifiKocTi A(k,,) 30imbinyeThbea. OTike, 30iIbITTeHHS
AK CTOXaCTUYHOI, TaK 1 JeTepMiHOBAHOI YACTHH 30BHIIIITHHOTO IIOTOKY
crupusie (OPMYBAHHIO J0Ope BIIOPSAIKOBAHOI IIOBEPXHi IIPU OCAMKEHHi B
CHCTEeMi «ILTadMa—KoHAeHcaT». Taka HeMOHOTOHHA 3aJIeKHICThL MaKcruMa-
JIbHOT'O 3HAUEHHS IMOKA3HUKA CTIiAKOCTI Bif JeTepMiHOBAHOI Ta CTOXACTHY-
HOI YaCTHUH 30BHIIITHLOTO ITIOTOKY O3HAUAE 3MiHY TUITY IIOBEPXHEBUX CTPYK-
TYyp, IO PeaIidyioThCA IIpy ocaaKkeHHi. Takum ynHOM, MOYKHA OUiKyBaTH,
110 yBeAeHi (IOKTyallii mpuBeayTh M0 MOP(OJIOTiYHOrO ImepeTBOPEHHS
CTPYKTYPHU IIOBEPXHi 3i 361ILIIIEHHAM IHTeHCHBHOCTI IITyMY G

Caim migkpecauTu, IO IIPOBeNeHUWN aHAJi3 CTiiKOCTi omHOpimHOro
CTAI[IOHAPHOTO CTaHy OO0 HEOTHOPIZHUX 30ypeHb M03BOJIIE€ BU3HAUUTHU
yMOBHU (3HaUeHHS KepyBaJbHUX IIapaMeTpPiB), KOJIU IIPOCTOPOBA HECTii-
KicTb mpuBene 10 YTBOPEHHS CTAI[iOHAPHUX OaraToIlIapoBUX IIOBEpPXHeE-

2N
0.4 ‘ inzs u

Puc. 20. 3anexkHicTh MOKa3HMKA CTiKOCTi A, PO3PAXOBAHOTO IJA HAMGiJIBII
HecTitikoi moau k,, npu o= 0,2 Ta & = 3,2.%°
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BUX CTPYKTYDP B JOCJi’KyBaHIiM cucTeMi «IJasMa—KOHJeHcaT». ¥ TOU
JKe Jac, IeH aHajia He Jae KoaHol indgopMmallii mpo mopgdoJoriio mosep-
XHi, TUT ITOBEPXHEBUX CTPYKTYP, a caMe, BiJOKpeMJIEHI CTPYKTYpH aj-
copbary Ha 11api, abo BiJOKpeMJeHi oTBOpH B MATpUIIi agcopbaTy, abo
BUIOBIKEHI IePKOJIAIiITHI OCTPOBU.

IlpoBemenuii aHaJsi3 cucTeMM Ha CTIiHKiCTL JO3BOJISIE ITPOTHO3YBATHU
MOKJIMUBICTL (pOPMYBaHHS ITPOCTOPOBUX CTPYKTYP V CTAIliOHAPHOMY pe-
skumi. [[1a mpoBeeHHA eTaJbHOTO aHa i3y BILINBY (QIIOKTyAIlil ITOTO-
Ky aacopbaTy Ha IMHAMIKY CTPYKTYPOYTBOPEHHS Ta MOXKJINUBIiCTH KOHT-
poJiroBaHHs MOP(OJIOTi€I0 IIOBEPXHi, TUIIOM Ta PO3MipOM ITOBEPXHEBUX
CTPYKTYP YV AOCJiIKyBaHill CTOXaCTUYHI CUCTEMI «IIJIadMa—KOHJIEeHCcaT»
Y HACTYITHOMY PO37iJi HamMu Oyie MPOBeIeHO YMCJI0Bl CUMYIAITii.

5. YUCJOBE MOJEJIIOBAHHS ITPOIIECIB ®OPMYBAHHSA TA
POCTY IIOBEPXHEBHUX CTPYKTYP

Hani OymeMo IPOBOAUTU YMCJIOBI CUMYJIAIl PO3B’A3YyIOUM PiBHAHHS
JlamxeBena (12) Ha ABOBUMIDHi TPUKYTHiN I'paTHUI 3 JTiHIAHUM PO3-
mipom L = 256Ax Ta mepiognyHUMU Me:xKoBuMHu ymoBamu. IIpocToposi
MOXiTHI IPYTroro Ta 4eTBEPTOTO MMOPAMAKIB po3paxoByBaJIUCh BiIIIOBITHO
IO CTaHIapTHOI CKiHueHHO-piKHUIEBOI cxeMu. Kpok iHTerpyBamusa 3a
yacoM cKafaB BeaumumHy At=10"°, Kpok iHTerpyBaHHS y IpocTOpi
Ax=0,5. Y axocri [OYATKOBUAX yMOB 6yJsio0 o6pano IayciB posmoxin 3
<x(r, O)> = <£8x(r, 0)) §)= 1072, V pospaxyHKOBiil cxeMi 3araapHU PO3-
Mip cucTemu ckiaanas L ~ 40L,,.

5.1. KouTrpoaioBarHa Mop(doJIOTi€cIo MOBEePXHi B TPAHMIIL CIA0OKHX
daroxTyaii

Y maHoMy po37ijsii BCTAHOBMMO PEXUMU KOHTPOJIIO AUHAMIKOIO POCTY
TMOBEPXHi, il MOpdoJIoTieio, TUTIOM Ta PO3MipPOM ITOBEPXHEBUX CTPYKTYP
mpu KOHAeHcallii y rpamuili ciaabKkmx QIOKTyallifi, TOKJIaBIIN
¥ =c®=0, Bapiroloun KoedimienT agcopbuii (Tuck BcepeauHi Kamepnu),
cuJy aHisoTpomii B mepexojax ajaTOMiB MiK cycigHimu miapamu (Ha-
IPYKEeHICTh ITiBeJeHOTO 0 IMiAKJIANHKY eJJeKTPUUYHOrO I10JIA) Ta eHe-
prito B3aeMogmii agcopbary.

Ha pucynky 21, a, 6 HaBeieHO 3HIiMKU €BOJIIOIil CUCTEeMHU IIPU Pi3HUX
3HAUEHHAX CUJIY aHi30TPOIil y Ilepexoiax agaToMis Mixk mapamu u. Tyt
y BiATiHKax ciporo KoJanopy HaBeIeHO PO3IOAiJ amcopbaTy Ha Irapi Bifg
YOopHOTO (MiHiMa bHe 3HAaUEHHS) 10 0i/10TO (MaKCcUMaJIbHE 3HAUEHHS ) I
KO’KHOT'O MOMEHTY Yacy.

Ha pucynky 22, a, 6 IpecTaBJIeHO eBOJIIOIiI0 CepeIHbOI KOHITEHTPAaIlil
agcopbary Ha Imapi (x) i ogucmepcii moas — KoHIIeHTpAaIrii
<(8x)2> = <x2> —<x>2 IpU PiBHMX 3HAUEHHAX KePyBaJbHUX MapaMeTpPiB
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0

Puc. 21. Brivku eBosmonii cucremu mpu o = 0,15, e = 8,2 ra:a) u=0,4; 6) u = 0,6.%

cucremu. BenmuwmHa <(6x)2> Biirpae posib ImapaMeTpa HMOPAAKY Yy IIPO-
6memax popmyBaHHA CTPYKTYP [30, 36, 37]. ¥V Bumaaky <(8x)2> =0 cyr-
T€BOI PisKHUIII B KOHIIEHTPAIIii afcopbaTy x B pisHMX KoMipkax oburuc-
JIIOBAJILHOI I'PATKU He iCHYE, a OT:Ke afcopbaT PiBHOMIpPHO 3aIIOBHIOE Ja-
HUi map. SpocTanusa Benmunun ((8x)°) 3 yacoM BKasye Ha IPOXOLIKEH-
HA IPOIECiB YIOPAAKYBAHHSA HA MOBEPXHI 3 YTBOPEHHAM ITiJIbHOI (36a-
rayeHoi Ha ajncopbaT) Ta posbasiieHi (30imHeHi Ha amcopbar) das. Ilpu
I[bOMY, IMM GiiIbIlle 3HAUEHHSA mapaMeTpa mopagky ((5x)°), Tum Glibin
CTPYKTYPOBAHOIO € MOBEPXHA: (DOPMYyBaHHA OiJBII YiTKOI MeXi momiay
BKasaHUX (a3, a 0T:Ke, IPOCTOPOBUI ITOPAOK ITPOCTOPOBOI KOHMITypaItrii
azcopbaty B cucTeMi € 6iabIiuM. Y BUIAAKY, KOJIU MapaMeTep MOPAAKY
(8x)”) nocsArae cramioHAPHOrO HEHYJIHOBOTO 3HAYEHHS, IIPOCTOPOBA
Koudiryparia crae crabiabHOIO (IIpollecu Mepepo3nomiay amcopbary 3a-
BEPIIYIOTHCH) i chopMOBaHa CTPYKTYPOBaHA IOBEPXHA € CTiHKOIO.

3 ozZep:KaHUX Pe3yJIbTATiB BUILIUBAE, IO HiJ Yac €BOJIIOIil cucTeMu
cepenHs KOHIIEHTpAIlid agcopbary Ha Imiapi spocrtae 3 uacoM (AUB. pUC.
22, a). Ilpu nmpomMy mapaMeTep MMOPAIKY ?(8x)2> =0 (gusB. puc. 22, 6) i
azcopbaT OJHOPIAHO POSIOAINAETHCA IO IIapy. ¥ MOMEHT dacy t =1,
KOHIIeHTpAIliA afcopbaTy AocATae KPUTUYHOTO MePecuUelHsd i mapame-
Tep MOPAAKY (6x)2g moumHae 3poctatu (AuB. puc. 22, 6), 03HAUYAIOUN
IMoYaTOK IPoIeciB camooprauisailii agcopbary 3 GOpMyBaHHAM IIPOCTO-
poBUX CTPYKTYp aacopdarty (puc. 21, a) abo oTBOpiB B MaTpuili aacopoda-
Ty (puc. 21, 6), B 3ayeXKHOCTI Big KoedilienTa agcopbirii o, eHeprii Bsa-
emMopnii a,z:co;z)GaTy € Ta cuyiu anizorponii u. Ha misHix cramisax BeqnunHu
(x) Ta <(8x) > HaOyBalOTh KBA3HCTAI[IOHAPDHUX 3HAYEHL i HA IIOBEPXHi
mapy GopMyIOThCS CTifiKi IPOCTOPOBi CTPYKTYypU. 3 PUCYHKIB 22, a, 6
BUILINBAE, M0 30iJbINEeHHA CHUJIM aHI30TPOHii U IIPHCKOPIOE IIPOIlecHu
CTPYKTYPOYTBOPEHHS Ta IMPUBOAUTDH [0 3MEHINEHHS SK CTallioHapHOI
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Puc. 22. EBosiollis @) cepeHbOI KOHIIEHTPAIlii agcopbarty Ta 6) gucmepcii moJs
KOHIeHTpPAIlil Ipy pPi3HNX 3HAUEHHAX IapaMeTpPiB CCTeMH.

KOHIIeHTpaIlii amcopbary, {x),,, TaK i mapaMmeTpa IOPAIKY <(8x)2> (mop.
CYIIiJIBHY Ta IMITPUXOBY KpuBi). 30iablieHHa eHeprii BzaemMomii Sslt'IpI/IBO-
IUTH A0 aHAJIOTIYHUX Pe3yJbTaTiB, IIPOTE CTallioHapHe 3HAUEHHA Iapa-
MeTpa IOPALKY <(8x)23 HabyBae OiJbINNX 3HAYEHD, IO CBIAUUTE IIPO
peasisamito 6inpln yHoOpAgKOBaHOI IPOCTOPOBOI KoHMiryparmii (gus.
IITPUXOBY Ta MITPUX-TYHKTUPHY KPUBi Ha puc. 22, a, 6). 36iabIIeHHA
KoedimienTa axcopbItii o0 IPUBOAUTE [0 3aTPUMKHU Y MPOIECaX YIIOPSI-
KyBaHHsS IIOBepXHi Ta 30iabllleHHA KOHIIEHTpallii azmcopbary (Iop.
MITPUX-TYHKTUPHY Ta TYHKTUPHY KPUBi Ha puc. 22, a, 0).

3a pesyJgbTaTaMu aHAJNi3y OOCJHiMKYBaHOI CHCTEMM «IlJasMa—
KOHJeHcaT» Ha CTifiKicTh BUMIMBaE, 1110 (opMyBaHHSA CTaIliOHADHUX
IIPOCTOPOBUX CTPYKTYP MOKJINUBE B oOMe:KeHiil ob0jacTi xoedirienra
agcopbItii a € (o, 0y) Ta CUJIM aHi30TPOIIi1 TePeXoAiB afaTOMIB MiK IT1a-
pamu u € (uy, U,). lllnAaxom BapifoBaHHS KepyBaJbHUX HapaMeTPiB Mu
Oymemo aHaJTisyBaTU 3HAYEHHA MOMEHTY 4acy f,, KOJIU ITOUNHAIOTh pea-
JigyBaTucsa mpoliecu ()OPMYBaHHA CTPYKTYP (KOJM MOUYMHAE 3POCTATHU
rnapamMeTep MOPAIKY <(8x)2> ). BigmoBiaui 3aymexHOCTi ITOKa3aHo Ha puc.
23. 3 omep:KaHUX Pe3yJabTATiB BUILINBAE, IO Npu (PiKCOBAHOMY 3HA-
YyeHHi eHeprii BBaeMoii agcopbaTy € i HATPY:KEHOCTi eJIEKTPUIHOTO TI0-
Js u 30inbIeHHA KoedimienTa agcopOIrii Big o, IPUBOAUTE 40 3HUMKEH-
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Puc. 23. 3amexxHOCTi MOMEHTY Uacy t,., KOJU MIOUYMHAIOTH PeaaidyBaTUCs IIPOIe-
cu GopmMyBaHHA CTPYKTYp, npu: a) €¢=3,3, u=0,6; 6) €¢=3,2, a=0,15; 8)
a=0,15,u=0,6.%2

HA t,, 110 O3HAYa€ IPUCKOPEHHS IIPOIeCiB YHOPSAAKYBaHHA (IUB. PHC.
23, a). MomeHT yacy £, OIITUMi3yeThCA 3 KoedimieHTOM amcopobiIrii o, mo-
cArarYy MiHiMaJIbHOTO 3HAYEHHA IPU o = ,,. [loganpmie 36inbpIIeHHEA
KoedimienTa amcopOIfii mpu3BOAUTEL OO 3aTPUMKN B AUHAMII YIIOPAI-
KyBaHHs, OCKiJIbKHU f, 3pocTae 3 o. AHajoOriuHa cHUTyallisa cmocrepira-
€ThCS TAKOMK 31 3MiHOIO CHMJIM aHi30TPOIil ¢ Ipu iHIINX PiKCOBaHUX Ma-
pamerpax: B inTepBaJi (i, U,) BHAUEHHA MOMEHTY YacCy MOYATKY yHODA-
OIKYBaHHS B CHCTeMi f, mocsrae MiHIMaJIbHOrO 3HAUEHHSA IPU U= U,
(puc. 23, 0). 30inbIIeHHA CUJIM B3aeEMOMii ajmcopbaTy € MPUBOAUTDL MO
MIPUCKOPEHHA IIPOIeCiB yIopsaAKyBaHHA (f, ciagae 3 €), 3a YMOBU, KOJIT
€ IepeBUIIlye KPUTUYHE 3BHAUEHHA &, (IUB. puc. 23, 8).

Ciix 3a3HauUMTH, M0 KPUTUYHI 3HAUYEHHA O 5, U, TA €, OfEPKAaHi B
paMKax Opoleaypyd YKCJIOBOI'O MOIEIIOBAHHS M00pe Y3TOomKYIOThCS 3
BiATIOBiAHMMY 3HAUEHHAMU, OJEP:KAaHMMU B PaMKax aHAJIi3y cuCTeMHu
Ha cTi#iKicTs (quB. puc. 14 Ta puc. 23).

Jlaji posriiaHeMO 3aJIeKHOCTI CTallioHApHUX 3HAUEHb CEPETHBOI KOH-

meHTparii agcopbary (x), Ta mapaMeTrpa IOPAIKY <(8x)2> ) BiJ KepyBaJb-
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Puc. 24. 3ane)xHOCTi cTarjioHapHUX 3HaUEeHb CepeIHbOI KOHIIeHTpaIlil axzcopba-
Ty (x),, Ta mapamerpa mopaaky ((5x)%),, mpu: a) ¢=3,3, u=0,6; 6) £=3,2,
o=0,15;8)0=0,15,u=0.6.%

HUX IIapaMeTpiB cCTeMH, 1110 HaBeleHi Ha puc. 24. 3 pUCyHKA BUIHO, IT10
3i 30inpHIeHHAM KoedimieHTa agcopOirii 3HaUeHH A CTAI[iOHaPHOI KOHIIeH-
Tpallii agzcopbaTy 3pocTae, TOAi K B iHTepBaJi a € (0, Oy) CTAIliOHAPHUHI
rmapamerep IMOPALKY IPUIIMAae HeHYJILOBE 3HAUCHHS: BiH 301/IbIITyeThCA 3
HYJIsI O MaKCUMaJIbHOTO 3HAUEHHs, a IIOTiM clagae a0 HyJd (IuB. puc.
24, a). 3i 3MiHOI0 HATIPYKEHOCTI €JIEKTPUYHOTO TIOJIA P U < U; BEJIUYU-

Ha (x),, 3pocTae, aje <(8x)2> = 0. B inTepnaui (u,, u,) napamerep TOpPAA-

Ky onTUMi3yeThed (auB. puc. 24, 6). 36iabllIeHH eHeprii B3aecMoii aaco-
pbary € < €, IPUBOAUTH A0 3POCTAHHSA CTAI[iOHAPHOT'O 3POCTaHHS KOHIIEH-

Tpaiii agcopbary 3 <(8x)2> =0 (muB. puc. 24, 8); IpHU € > &; KOHIIEHTpPA-

st

id agcopbary (X),, BMEHIITYETHCS 3 POCTOM € i TOBEPXHA CTA€ GiJIbII BIIO-
PAIKOBAHOIO 32 PAaXYHOK 3PDOCTaHHSA <(8x)2> 3E.
st

TakuM YMHOM, 3 OZEPKAHUX PE3yJIbTATIB B paMKaxX aHAJII3y CHCTEMU
HAa CTifIKiCTh Ta YMCJI0BOTO MOAEIIOBAHHSA MOKHA 3PO0OUTY BUCHOBOK, IIIO
30imbIIeHHS ab0 KoedimieHTa agcopObIrii a00 HATTPYKEHOCTi eJTeKTPUUHO-
ro moJid Ho0JaM3y IiAKJIAAMHKYN HIPUBOAUTEL A0 PEBEPCHUBHOIO IIPOIIECY
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BIIOPAAKYBAaHHS IIOBEPXHi, IO CYOPOBOMKYETLCA IIpoliecaMu (opmy-
BaHHSA CTAIliOHAPHUX IIPOCTOPOBUX CTPYKTYP, B OaraToriaposiii cucremi
«IJIa3Ma—KOHIeHCAT» .

Jaii, mpoaHaJrisyeMo BIIJIMB OCHOBHUX KEPYBaJIbHIX MapaMeTPiB cuc-
TeMM Ha 3MiHYy MOpP(QOJIOTiil ITOBEPXHi, TUII, KIJIbKIiCTh i JiHIHHUN po3Mip
CTPYKTYpP azcopbaTy/OTBOPiB, AKi peasisyloThbCca IIPU OCAMKEHHi B KBa-
3ucTaIlioHapHOMY pe:kuMi (1ipu Beaukomy uaci). Ha pucyuky 25, a, 0, 8
HaBeJIeHO 3MiHy MopdoJorii moBepxHi npu 3MiHI KoedimienTa agcopoOIrii
O, CHJIH aHi3oTpoIii u Ta eHeprii B3aeMomil amcopdaTy &, BiAmmoBimHO.
CmouaTKy po3IJITHEMO BILIMB KoedimieHTa amcopOIirii Ha mopdoJoriio
mapy (quB. puc. 25, a). 3 HbOTO BUILIUBAE, ITI0 Y BUIIAAKY O, > O, Ha IIOBe-
pxHi mapy GopMyOThCA BiToKpeMJIeHHI OCTpoBa amcopdaTy (IuB. 3HIMOK
nas suaveHHdA o = 0,13). 3i 36inbimenHaM KoedimieHTa agcopobIrii cTpyK-
TYpPH 3POCTAIOTh B po3Mipax i craioTh BUTATHyTUMHU. IIpu o~ o, (quB.
puc. 23, a) omep:KyeMo JabipUHTOIOAIOHY CTPYKTYPY (AUB. 3HIMOK AJIA
o=0,175)inopu o > o, BOHA IEPETBOPIOETHCA B OKPEMi OTBOPU BCEPEUHI
MaTpuili agcopbary (auB. 3uHiMok miad o= 0,2). Iloganbiie 36iIbIITEeHHS
3HAUEHHSA O J03BOJIsI€ 3MEHIINTHU JIiHiMIHI po3Mipu X OTBOpPIB i Ipu
o > 0, amcopdaT 3 BUCOKOIO KOHITEHTPAIli€l0 OJHOPiTHO HOKPHUBAE IIap.
AOGCOJIIOTHO TIPOTHJIEKHA CUTyallisd BigOyBaeThcA i3 30iJbIITeHHAM Ha-
MIPYKeHOCTi IifBeleHOoro A0 MiAKJIAAUHKY eJeKTPUYHOTO IOoJsd U (IuB.
puc. 25, 6). Tyr spocTanHsa u > u, 3a0e3nevyye mepeTBoOPeHHa MOPQOJIOTii
mapy 3 BiJOKpeMJIEHUMY OTBOPAMU BCEpeAUWHi MaTpulli amcopodary (3Hi-

ELANN
a
u=0.42 u=0.45 u=0.52 u = 0.65

= . = 5

Aot
AN “\
“._..,D'".II!";\ D .(, .'.A\\' o n at
0
g=23.2 e=33 =34 €=23.5

)

\ Y )

0%, QNN 7

x

Puc. 25. Tumnosi imroctpairii Mmopdosorii moBepxHi y KBa3uCTaIliOHAPHOMY PEKU-
Mi, omepsxani mpu: a)e = 3,3, u=0,6;6)e=3,2,a=0,15;8) 0= 0,15, u = 0,6.%°



816 A. B. IBOPHYEHKO, [I. 0. XAPYEHKO, B. 0. XAPYEHKO

307 2=0156=32,u=04

259 -~ 4=015:=32,u=06
2.0

1.54 hi

1.0 .-
N - 2=015:=33,u=06
0-57 ---- @=020,:=33,u=06
0.0 —— ' ———— T
10° 10*

time

<R>ILg,
7
A
F
|.
g
i
|

Puc. 26. EpoJtionisi cepeJHLOT0 PO3Mipy CTPYKTYP ajacopbary/orBopiB (R), yce-
PenHeHOro 3a yciMa CTPYyKTypamu, IIPY PisHUX 3HAUEHHSAX KepyBaJbHUX IIapa-
MeTpiB. 2

MoK miisa u = 0,42) uepes 1abipuHTONIOAIOHY CTPYKTYPY IPHU U ~ U, (IUB.
puc. 23, 6 Ta 3uiMoK g u = 0,52) mo BijokpeMIeHIX CTPYKTYP ajacopba-
Ty (3HiMOK msa u = 0,65). 30inbIieHHs eHeprii B3aemMozii agcopbary € 3a-
Oesmeuye CUJIbHY B3a€EMOiI0 c(hepUUHUX OCTPOBIB afcopbary i, AK HaCJi-
IOK, QOpMYyBaHHA BUTATHYTUX CTPYKTYP (OUB. 3MiHu B MopdoJiorii mmapy
i3 3pocTaHHAM € Ha puc. 25, 8).

3 MeTOI0 BCTAHOBJIEHHSI BILIMBY OCHOBHIX KEPYIOUUX IIapaMeTpiB cuc-
TeMU Ha JIHIAHWN PO3Mip MOBEPXHEBUX CTPYKTYP MU BUKOPHUCTAEMO Me-
TOJ IEPKOJIAIIl Ta BM3HAUMMO 00JAaCTh §; KOXKHOI'O KJjacTepa azacopba-
Ty/OTBOPY B OJUHUILAX L% . Hauri, posrasmaoun KOXKeH KJIacTep K JIUCK 3
Ti€I0 3K ILJIOIIEeI0, MU BU3HAUAEMO JIiHiHMI po3Mmip (pazitoc) R = ,fsl. /T B
omuauilax L,. Ha pucyuky 26 moKasaHO eBOJIIOIII0 CePeqHLOTO PO3Mipy
CTPYKTYpP azacopbary/oTBopiB (R), ycepemHeHOro 3a yciMa CTPyKTypaMu,
IpU PisHUX 3HAUCHHSIX KePYIOUNX HapaMeTpiB. 3 PUCYHKY BUILINBAE, ITI0
micaa imkyOalrifimoro nepioxy (craxmii ¢popMyBaHHS Ta POCTY) CEPEIHilT Po-
3Mip IIPOCTOPOBUX CTPYKTYP (K CTPYKTYP aAcopdaTy, Tak i oTBOPiB) mocs-
rae craiioHapHoro sHaueHHs. III1axoM MOpiBHAHHSA CYIILILHOI TA IIITPH-
XOBO1 KPUBUX, OJEPKAHUX IIPU PiSHUX 3HAUEHHIX HAIIPYKEHOCTi eJIeKT-
PHUYHOTO OIS U, MAEMO, IO JIHIHHNI PO3Mip OCTPOBiB afcopbaTy € MeH-
MM 3a JiHiAHWHN PO3Mip OTBOPiB B MaTpuIli agcopbaTy. 30iIbIIeHH eHe-
prii Bzaemoxii agcopbary € (IIop. IITPUXOBY Ta ITyHKTUPHY KPUBi) IIPHUBO-
IUTH OO 30iIBINIEHHS CTAI[IOHAPHOT0 3HAYEeHHS CePeTHLOTO JIiHIHOTO POo3-
Mipy OCTPOBiB afcopbaTy BHACIITOK (popMyBaAHHSA BUAOBKEHUX ITOBEPXHE-
BUX CTPYKTYP. 3 pocToM KoeditienTa aacop0OIrii o BHACIIIOK CTPYKTYPHO-
IO TIEPETBOPEHHA B MOP(OJIOTii IMOBEPXHi, OTBOPU XapaKTepU3YIOThLCs Oi-
JIBIITIMHA PO3MipaMu, IIOPiBHAHO 3i CTPYKTypaMu afgcopoary.

Ha pucysary 27 HaBeZileHO 3aJIeKHOCTi KinbkocTi N,, BiOKpeMJIeHUX
CTPYKTYD, ITI0 PeaisyloThbCA Ha IOBEPXHIi ITapy, Ta iXHBOTO CEPEeTHBOTO
poamipy (R,,) Bim koedimienTa azcopbrii o (puc. 27, a), HaIpyKeHOCTI
eJIEKTPUYHOTO moJs u (puc. 27, 6) Ta eHeprii B3aemonii ¢ (puc. 27, ). Cmo-
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Puc. 27. 3anexHicTh cepeJHbOTO JiHIAHOTO PO3MipYy CTPYKTYpP azcopbary (3a-
TIOBHEHI KPY:KKHU) (R,) i1 oTBOPiB (IOpPO:KHI KPy:KKU) (R,) Ta KinbKicTh CTPYK-

TYyp amcopbaty (3amoBHeHi KBangpatm) N, i oTBopiB (moposkHi KBagpaTtu) N,
mpu:a)e=3,3,u=0,6;6)e=3,2,0=0,15;6)a=0,15,u=0,6.>"

4aTKy AeTajJbHO ooroopumo 3anexkHocti N, (o) Tta (R, )(co). Ilounnatoun
3l BHAYEHHS 0L = 0, JIHIAHUA PO3MID BiIOKPEMJIEHUX CTPYKTYD aacopbary
(R,) 3pocTae o o. < d,. IX KinmbKicTb N, 3a71eKUTh Bix KoedilienTa agcopo-
il o0 HeMOHOTOHHUM unHOM. IIpu maaux o > o; KiJIbKiCTh BiJoOKpeMJIeHUX
CTPYKTYP azcopOary 3pocTae. ¥ BUIAIKY O > O, PeaTi3yIOThCA BUTATHYTI
CTPYKTYPH aJcopbaTy pasom 3i chepuuHNMHU, a 3arajbHa KiJIbKiCTb CTPYK-
Typ N, crtagae 3 poctoM o. B inTepsaui a € [a,, o,] Maemo 1abipuHTOIOAIO-
Hi cTpyKTypu (muB. suiMok mid o =0,175 Ha puc. 25, a). Bigokpemieni
chepryHi Ta TOAOBMKEHI OTBOPY B MATPUIIL acopbaTy MOYNHAIOTh OPraHi-
30ByBaTHCA IpU O > 0, (IuB. 3HIMOK a5 o = 0,2 Ha puc. 25, a) i mogabiie
30LIIBIIEHHA O < O, 3a0esneuye (HOPMyBaHHA BiOKPEMJIEHUX CHeprUIHUX
oTBOpiB. Ix KinmbKicTe N, 3pocTae, a JiHitiHui posmip (R,) 3MEHIITYEThCS 3
poctoMm o.. 3i 30iIBIITeHHAM HAIPYKEHOCTi eJIeKTPUYHOTO II0JIA Oi/Id miaK-
JIAIUHKY PEATi3yeThCA IPOTUIIEIKHA CUTYaIlid.

IlouuHarouu 3 U = U;, KIIBKiCTh BiJOKpEeMJIEHUX OTBOPiB B MaTPUIIi aj-
copbaTy 3MEHITYETHCS 31 30iIbIITEHHAM IX JIiHiTHOrO po3Mipy (OuB. puc.
27,6 Ta suimku gma u=0,42 ta u=0,45 Ha pwuc.25,06). B imrepaii
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u € (u,, u,) peanisymornsca JabipuHTHI cTpyKTypHu. Ilpu u > u, 306inbITeHHA
HaIpPYKeHOCTi eJIeKTPUYHOTO II0JIA U < U, 3abe3mmeuye 3pocTaHHA KiTbKoC-
Ti BiJOKpPEMJIEHIX CTPYKTYP afcopdaTy HeBeJUKOro po3mMipy. Ilpu 30ianb-
IIeHHi eHeprii B3aemopmii agcopbary &, IMOUMHAIOUM 3 &, BiOKpeMJIeHi
CTPYKTYPH afcopdaTy CTAIOTh BUAOBKEHUMHU (301/IbINIeHHA JiHiTHOTO PO3-
Mipy) Ta iX KigbKicTh 3MeHITyeThHCA (QUB. prc. 27, 8).

5.2. KepyBanua mopdoJioricio moBepxHi 3a paxyHOK (DIIOKTyaIrii
IOTOKY aacopoary

3 MeTO0 BCTAHOBJEHHS BILINBY (DIIOKTYAI[ill IOBEPXHEBOr'0 IIOTOKY a/l-

=80 t=100 t = 500 t = 1000
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Puc. 28. 3uimru eBosronii cucremu npu (a) £ = 0,05 ta (6) *=0,115.%2
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Puc. 29. (a) EBouatortia cepequboi KoHIleHTpaIlii agcopbary (x) Ta mapamerpa
nopanky ((8x)?) mpu: 1) £ =0, 2) £ =0,01, 3) £ =0,1. Ha BcraBui HaBegeHo 3a-
JIe}KHICTh MOMEHTY 4acy f;, KOJU IOYNHAIOTHCS IPOIECU CTPYKTYPYBaHH, Bij
iHTeHCUBHOCTI (uioKTyariit X. (6) 3ajie’KHOCTiI cepefHiX cTalioHapHUX 3HAa-
YeHb KOHIIeHTpaIii amcopbary (x,,) Ta mapamerpa mopaaky ((8x,,)?) Bix inren-
cuBHOCTi mymy 2.2
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copbaTy Ha TUHAMIKY CTPYKTYPYBaHHS IIOBEPXHi Ta ii MmopdoJorito ma-
Jina 3adikcyeMo OCHOBHI ImapamMeTpu cucrteMmu, a came, u = 1,0, £=5,0,
o=0,1, o® = 0 Ta 6y1eMO IPOBOLUTY CUMYJIAII] 32 CXEMOIO, OIIICAHOIO ¥
nonepenHboMy posaiai. Ilpu poss’asanui piBHAHHA JITH;KeBeHA 3 MY-
JbTUILIIKATUBHUM IITyMOM, IO iHTEpPIpeTyeThca y ceHci CTpaToHOBU-
ya, OymemMo BUKopucTOByBaTu ajaroputm Minwmmreiina [75]. :xepeio
O0imoro mymy OymeMo r'eHepyBaTH 3 BUKOPUCTAHHAM MeTony Boxca—
MioJepa, 110 LO3BOJIAE I'eHepyBaTH BUIIALKOBI uncia 3 I aycoBuM pos-
moxisom [76]. Ha pucyuky 28, a HaBeneHo ittocTpariii eBosoIrii cucre-
mu pu X = 0,05. IIpu pikcoBaHMX 3HAUEHHAX ITapaMeTPiB CUCTEMU Ta
MaJuX iHTEHCUBHOCTAX (PJIIOKTyaIlili BIIPOAOBIK Yacy KOHIeHcalil ¢go-
PMYIOThCS BiToKpeMJeHi cTpyKTypu ancopbary. Ilpu migBumienux 3Ha-
YeHHAX iIHTEHCUBHOCTI (QIIOKTyaIliii moToKy agcopobary X = 0,115 ua ga-
HOMY ITTapi 3 yacom (hOPMYIOTHCA BiJJOKpPeMJIeHI OTBOPU B MaTPUIILi a/ico-
poary (musB. puc. 28, 6). Takum unHOM, 3i 30iIbIITeHHAM iHTEHCUBHOCTI
GIIOKTYyAaIlill MOTOKY agcopbaTy peatisdyeThbcss MOPGOJIOTIiUHNY mepexisn
BiZ BiZOKpeMJIEHUX CTPYKTYP amcopbaTy M0 BiTOKpeMJIeHUX OTBOPiB B
MaTpHuIli agzcopbary.

3 MeTOoI0 IIPOBEeJeHHA AeTAJLHOIO BUBUEHHA AUHAMIKM CHCTEMH Ta
BCTaHOBJIEHHS BILJIMBY (QIIOKTyaIlifli iHTeHCUBHOCTI X AaJIi po3TJIAHEMO
eBOJIIOIIiI0 cepeqHbOI KOHIIeHTpAaIlii (x) Ta aucmepcii <(E‘>x)2 , HaBeJeHy
Ha puc. 29, ¢ Ipu pi3HUX 3HaUEHHAX iHTEeHCUBHOCTI IITyMy X.

3 ofep:KaHUX Pe3yJbTATiB BUIIJINBAE, IO Ha IIOYATKOBUX CTamidAX
€BOJIIOIIi1 crmcTeMm (DIIIOKTYyAaIlil He BILIMBAIOTh HA 3MiHY cepeaHbOI KOH-
meuTparlii agcopbary {(x), AKa 3pocTae 3 YacoM. ¥ MOMEHT uacy ¢ = ¢; Ha-
CTyIIa€ HACHMUEHHS i mpoliecu B3aeMonii agcopbary, Bimirpatmouwm momi-
HAHTHY POJb, IPUBOIATL A0 (POPMYBaHHA BiTOKPEMJIEHUX CTPYKTYP
(muB. suiMmku npu t = 20 Ha puc. 28, a Ta npu ¢t = 80 Ha puc. 28, 6). TyT
(x) HaOyBae MaKCHUMAaJILHOTO 3HAUEHHS Ta 3 MOJAJNBITNM 30iIbIIIeHHAM
yacy ocaJ»KeHHs CIIafae 0 HeHYJIbOBOTO CTaIliOHAPHOTrO 3HAUEHHA (X ,),
AKe 3aJIeKUTh Bif iHTeHCHMBHOCTI (QIIOKTyalliii X. SMeHIIeHHsA cepel-
HBOI KOHIIEHTpAIlii ajcopbaTy moB’s3aHO 3 IIPOXOAKEHHAM IIPOIeciB
B3aeMOZii azcopbaTy: MaJii CTPYKTYPH 3 JiHIAHUM POo3MipoM, MEHIITUM
3a MeBHUN KPUTUYHUN PO3Mip, SHMKAIOTh; TOAL AK BeJINKi CTPYKTYypHU
3pPOCTalOTh, AOKM iX JIHIAHUN po3Mip He MOCATHE CTaIliOHApHOTO 3HA-
YeHHA, AKEe BU3HAYAEThCA ITapamMeTpaMu cucrtemu. [ucmepcis <(8x)2>
Ha0yBae HYJIbOBUX 3HAUeHb IIPH ¢ < t;, TOBOPSAYH IPO OJHOPiAHiCTEL PO3-
noxiny agcopbary Ha mapi. Ilpu ¢ = ¢, Benuunna ((8x)”) mounHae spoc-
TaTH, CUTHAJI3YIOUX IIPO IIPOXOAKEeHHA IIPoIleciB yrnopankyBanaa. Ha
BEJIMKUX 4YacoBUX iHTepBasax ((8x)®) pmocsrae cramioHapHOrO HEHY-
JIBOBOTO 3HaUeHH: ((8x)°), 3aje’KHOrO Bix iHTeHCHBHOCTI QUIIOKTYALiil
Y, osHauaouu (POPMYBAHHSA CTAIliOHAPHUX IIPOCTOPOBUX CTPYKTYP.
MowmeHT uacy t;, KOJU MOUMHAIOTHCA IPOIeCH YIOPAIKYBaHHA, 3aje-
JKUTh BiJl iHTEHCUBHOCTI MIyMy X, IO IIPEACTABJIEHO Ha BCTaBIIi 10 puUC.
29, a. Bugno, mio BpaxyBaHHA QIIOKTyallii MaJiol iHTeHCHBHOCTI
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2 =0,01 mpuBOAUTDL O MPUCKOPEHHA IIPOIECiB YyIOPAIKYBaHHA (3MeH-
IIeHHA 3HAYeHb t,) 3 JeIl0 MeHIITUM 3HaUeHHAM CepelIHbOol KOHIIeHTpa-
mii agcopbary, MOPiBHAHO 3 JeTepMiHicTMuHMM BHHagkoM mpu % =0
(muB. BcTaBKy Ta cyuinabHi KpuBi 2 Ta 1). [Ioganbiie 36iabITeHHA iHTEH-
CUBHOCTI (QITOKTyaIliii MpUBOAUTH A0 VIIOBiIbHEHHA NTUHAMIKM (opMy-
BaHHA CTPYKTYP (8pocramusa t,(X)); (x.) 3pocrae (cylinbHa KpuBa J).
CramionapHe 3HaueHHA ImapaMeTpa Hopanky ((0x)°) sMeHIIyeTbCA 3
poctoMm X (DuB. MITPUXOBi KpuBi Ha puc. 29, a).

Ha pucyury 29, 6 HaBemeHO 3aJIeKHOCTi cTallioHapHUX 3HAYEHb Ce-
penHBOI KOHIIEHTpAIlil amcopbary (x,) Ta mapaMeTrpa IMOPIAKY <(8x)2>
Big imTeHcuBHOCTI (purokTyarii X. Bugto, 1o 3 pocToM X BeudmnHa (X,,)
cIIajiae, JocATae MiHIiMaJIbHOTO 3HAUEHHA NPU X = X, Ta IIOTiM 3pocTae

0

Puc. 30. (a) SanexHicTh cepeAHbOI BificTaHiI MiK BiJOKpPEeMJIEHUMHU CTPYKTYpa-
mu (R,) Big inTeHcuBHOCTI (harokTyanii moTory azcopbary X. (6) S3HIiMKU ITOBe-
PXHi mmapy y KBa3uCTAIliOHADHOMY DPeXXUMi IIpU PisHUX 3HAUEHHAX iHTEHCUB-
HOCTi mrymy 2.%°
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Puc. 31. EBoutortis cepegHbOTO JiHIITHOTO Po3Mipy (R) CTPYKTYP azcopbary (a)
Ta OTBOPIB (0) Ipu pisHUX 3HAUYEHHAX IHTEHCUBHOCTI mymy. BcTaBku Ha pucy-
HKAaX LTI0CTPYIOTH 3aJIe3KHOCTI TOKasHUKAa pocTy O Bix X.5!



MOIEJIIOBAHHA IMHAMIKA ®OPMYBAHHSA TA POCTY HAHOCTPYKTYP 821

IOKHU X < X, (AuB. 3aII0BHEHI KBagpaTu Ha puc. 29, 6). Beanunna <(8x)2>
cmajgae 3 X Ta HaOyBae HyJIbOBUX 3HAUEHB IIPH X > X, (IIyCTi KBagpaTu Ha
puc. 29, 60). Ile osHauae, 10 y BUIAAKY X > X. GOpMyBaHHS cTaIlioHap-
HUX IPOCTOPOBUX CTPYKTYP He MOKJIUBE; TYT 30iJbIIIeHHA iHTeHCUBHO-
CTi IITyMy He BILJIMBAa€ Ha CTAIliOHAPHY CepeaHI0 KOHIIeHTpaIlilo ajcopoba-
Ty Ha 1mapi (3amoBHeHi KBagpaTu Ha puc. 29, 6 nmpu X > X.). Heobxinuo
BilsHAUNTH, III0 KPUTHUYHE 3HAUeHHA 2.~ (0,12, omepskaHe B pamMKax
aHaJisy Ha cTifikicTs (quB. puc. 16, a Ta puc. 17) nodbpe y3romxyeTbcs
3i 3HAUEHHAM, OJEpP:KaHUM B paMKaX IIPOIEIYPU UKUCIOBOTO MOIEJIIO-
BaHHA IpU (PiKCOBaHMX 3HAUEHHAX 1HIMX ITapaMeTpPiB CUCTEMMU.

HocmimxenHua sMinu mMopdoJiorii moBepxHi Moke OyTH IPOBeIeHo 3
BUKOPUCTAHHAM CTATUCTUYHOTO aHAJ3y, PO3IJIALAIOUN CTaIlioOHADPHY
IBOTOUYKOBY Kopenaamifiny pyakiio C(r) = (x(r)x(0)). Bona moxxe 0yTu
IIpeAcTaBJIeHA Y BUTJIAII:

C(r) = Aexp(-r/R,)cos(2nr/Ry + ¢), (20)

Ie R, Ta R, BUSHAUAIOTh KOPEJAIIMHUI Pagiloc Ta CepemHIO BicTaHb
MiK CTpyKTypamu (IepioJ IpoCTOPOBMX MOAYJAIii) Bigmosimmo. I1i
BEJIUUYMHN MOXKYTb OYyTHM BUKODPHMCTAHI AJIA BCTAHOBJEHHS KPUTUUYHUX
3HaUeHb IapaMeTpPiB CUCTEeMH, KOJU BigOyBaeTbca MopdoIoTiuHMi 1Ie-
pexin [47, 77]. BanexHicTb Ry B oquHUIAX 1uQPy3iiiHOI JOBKUHU L, Bix
iHTEeHCHBHOCTI ImyMy X HaBemeHo Ha puc. 30, a 3 THIOBOIO 3aJIEKHICTIO
Kopenamniinoi ¢pyukmii C(r) Ha BcraBmi. Bugno, 1o BeaxuunHa R, 3poc-
rae npu X € (0, X,) i Ha moBepxHi GOPMYIOTHECA BiTOKPEMJIEHI CTPYKTYpPH
amcopbaTy. 30iJMbINIeHHA X IIPUBOAUTL A0 (POPMYBaHHS BUAOBIKEHUX
CTPYKTYP amcopOaTy pasoM 3i chepuuHNMHU CTPYKTypamMu (IuB. 3HIMKH
npu ~ =0, 0,01 ta 0,06 ma puc. 30, 6). B okoJi X, cepenus BigcTaub Mix
cTpyKTypamu R, HabyBae MaKCHUMAaJILHOTO 3HAUYEHH i Ha MOBepPXHi pea-
JizyeTbcs JIa0ipMHTHA CTPYKTypa HEePKOJJIOBAJILHUX KJIACTEDPIB a/Icop-
oary (muB. 3HiMoK mpu X = 0,095 ma puc. 30, 6). 3 TOZAJBIIIUM POCTOM
iHTeHCHMBHOCTI IMymy B iHTepBai X € (Z,, X.) BeanuuHa R, 3MeHIITyETh-
cd, IO CYIPOBOMKYEThCA (DOPMYBaHHA BiTOKPEMJIEHUX OTBOPIiB B MaT-
puiii axcopbary. Ilpm migBuineHMX iHTEHCHMBHOCTAX X <X, chepmuHi
OTBOPU XapaKTepU3yIThCA OAHAKOBUM pO3MipoM (AuUB. 3HIMOK mpu
2 =0,11 ua puc. 30, 6).

3 MeTOI0 TPOBEIEHHS aHANI3Y BIJIMBY iHTEHCUBHOCTI QUIIOKTYAILili HA
JiHIAHUN PO3Mip CTPYKTYpP OyAEeMO BUKOPHUCTOBYBATH METO]] ITePKOJIIO-
BaJILHOTO KJIACTepa Ta pPo3paxyeMo JiHiituuii posmip (pamiroc) chepimy-
HUX CTPYKTYP B OAMHUNIAX AuPy3iiinol noskunu L;. ¥ 1ifi npouenypi
HaMM He BPaXOBYBATHUMYThCS BUIOBKEHI CTPYKTypu. HacoBi 3aie:xHO-
CTi cepeHLOTO JiHINHOTO PO3Mipy BilOKpEeMIEHIX CTPYKTYP azcopbaTy

Ta chepuuHUX OTBOPIiB (R) IpU PisHUX 3HAYEHHAX iHTEHCUBHOCTI ()JIIO-
KTyalliii X mpeacTaBJjeHo Ha puc. 31, a, 6 BiIIOBiAHO y JOorapuTMiuHOMY
macirrabi. Bemmuwmma (R) Moyke OyTu acollifioBaHa i3 cepemgHiM
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1/2N )ijLi , PO3pPax0OBaHUM Ha n-My Iapi, cyma 6eperbed 3a Bcima M

cTpyKTypamu (auB. puc. 1).

CrmouaTKy po3risgHeMO BUOAJOK MAJNX 3HAUEHb iHTeHCUBHOCTI (hJIio-
KTyaliii, KoJu peaidyloThbCsA BiJOKpeMJIeHi CTPYKTYpH amcopbary, IIo
HaBeaeHo Ha puc. 31, a. TyT MoKHa BUAIINTY YOTUPHU PiSHUX TUHAMIU-
HUX PEKMMU €BOJIIOIII cepeaHbOro PO3Mipy CTPYKTYpP amcopbary (aus.
KpuBy 3 myctuMu kKBaapatamu mpu X = 0,01). ITounHarouu 3 MOMEHTY
yacy t = t; pearisyeTbcsa cramisg GOpMyBaHHA BiJOKPEMJIEHUX CTPYKTYP
(crazia I). Cragis pocty (cramis II) mounHaeTbcsa B MOMEHT Hacy =1, i
XapaKTepU3yEThCs CTEIeHeBOI0 acuMITOTHKOW. . IIpu ¢ = t, 1i amMiHIOE
cramisa orpyoOinusa (cragis IIT), konu smiHioeThCA AK (popMa, TaK i poaMip
CTPYKTYP ajcopbaTy BHACJIiIAOK ix B3aemoaii mixk coboro. Ha mismix ua-

Puc. 32. Posmozinu cTpyKTyp amcopbaty it oTBOpiB 3a posmipamu R/(R) Ha cTa-
nii pocTy B pizHi MoMenTH uacy npu (a) = = 0,01 Ta (6) X = 0,115, Bigmosizno.%2

Puc. 33. 3anmexHocTi (a) cepeIHBOTO JiHIAHOTO PO3Mipy CTPYKTYp amcopda-
Ty,/OTBOpiB Ta (6) KiIbKOCTi CTPYKTYD Bij iHTeHCHBHOCTI IIyMy .33
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cax, nmpu t >t,, HacTyllae KBasWCTAIliOHADHUU PEKUM, KOJU CEpeIHii
PO3Mip CTPYKTYP amcopbaTy CyTTEBO He 3MiHIOEThCS 3 yacoM (cramia IV).
Ha BcTaBmi g0 puc. 31, a HaBeeHO 3aJeKHICTL MOKA3HIKA POCTY O Bifg
iHTeHcuBHOCTI mrymy X Ha craxii II. Buawuo, 1110 B yncTo AeTepMiHicTHY-
Hi#l cucteMmi (mpu X = 0) peasizyeTbcsa HOpMaJIbHUI 3aKOH pocTy 3 0 =1
(muB. 3amoBHeHi KBaapaTu Ha puc. 31, a). YpaxyBaumusa (QIOKTyallii
OPUBOAUTL A0 YIOBiIbHEHHS AUHAMIKM POCTY CEPEAHLOTO PO3Mipy: &
craziae 3 X, JocArae MiHiMaJIbHOTO 3HAUEHHA IIPU X~ = X, 1 MOTiM ITOUYMHAE
3pocratu 3 X. Ha pucynky 31, 6 aHajgoriuHi 3aJIeXKHOCTI IIpeacTaBIeHO
OPHU IIiABUINEHNX 3HAUEHHAX iHTEHCUBHOCTI IITyMY X, KOJIU (pOPMYIOThCS
BiZJOKpeMJIeHi CTPYKTYpPH OTBOPiB B Marpuili agacopbary. TyT cepenHiii
po3Mip oTBOpiB 3pocTae Ha craxii II 3 acUMITOTIKOIO #* (KpuBa 3 3aI0B-
HeHUMHU KBagparamu mpu = = 0,115 ma puc. 31, 6).

Posmoginu cTpyKTyp amcopbaTy Ta OTBOPiB 3a posMipaMu Ha cTamii
pocTy B pisHi MOMeHTH uacy HaBeAeHi Ha puc. 32, a, 6 ipu X = 0,01 Tta
2=0,115 BigmoBimumo. Omepskami posmominu € yHiBepcadibHUMH, (He
3MiHIOIOTHCS 3 YacOM), a OJlePKaHi YMCJI0Bi JaHi 1o0pe aIpOKCUMYIOTh-
¢ posmoxaisom Jlopenrma (cyIinibHi Kpusi).

Jlajri meTasbHO IIpoaHAa i3yeMO BILJIMB iHTEHCHUBHOCTI IITyMYy X Ha Ki-
JbKicTh N IMOBEePXHEBUX CTPYKTYP Ta ix JiHifinuii posmip (R) y KBasuc-
TalrioHapHOMY BUIIaAKY. 3aje:kHocTi (R)(X) Ta N(X) momaxo Ha puc. 33,
a, 0, BinmoBimmo. Ha manmx 3ajie;KHOCTAX MOKHA BUIIIUTH TPU oOJac-
Ti, mosuaueni I, Il Ta III npu X € [0, X,). B o6sacri I mpu manux sHaueH-
HAX IHTEHCUBHOCTI ITyMy (DOPMYIOThCA BiIOKpPEMJIEH] CTPYKTYPHU aJiCoO-
poary (muB. suimku nmpu X = 0 ta 0,01 puc. 30, 6). Tyt npu X < X, QJIOK-
Tyalii IpuBOAATH MO 3MeHIIIeHHA JiHIHHOTO pPO3Mipy CTPYKTYP ajcop-
O0aTy Ta 30imbIIeHHa X KimbKocTi. Ilpu X, < X < X, IIyM IPUBOAUTH JI0:
1) 3ameHIIeHHS KiJIbKOCTi OCTPOBiB afcopbarty; 2) 30iabIieHHA X cepel-
HBOT'O PO3Mipy; 3) IPHUCKOPEHHA B IIPOIIECAX POCTY CEPEIHBOTO PO3MIipy
CTPYKTYPp azacopbary (AuB. BCTaBKy Ha puc. 31, a) ta 4) GpopmyBaHHs
BUIOBKEHUX CTPYKTYp azcopbary (mop. sHiMKu npu X =0,01 Ta
2 =0,06 ua puc. 30, 6).

B o6nacti II, koo X, <X <X, hopmMyeTheA JabipuHTHA CTPYKTYpA,
110 XapaKTepU3yeThCA HAABHICTIO IMIEPKOJIOBAIBHUX KJIACTEPiB aJcop-
bary (muB. 3HiMoK mpu X = 0,095 ma puc. 30, 6). 3 TOZAJBIIUM POCTOM
inTencuBHOCTI QurrokTyariin X B obJacti III, peasisyroTbcsa BiZoKpeM-
JIEHi OTBOPM B MaTpHUIli afgcopdary (auB. sHiMoK nipu ~ = 0,11 ua puc. 30,
0). Tyr 30inbIIeHHA iHTEHCUBHOCTI IIyMYy IPUBOIUTEL A0 (DOPMYyBaHHSA
cheprYHMX OTBOPiB Ta 3MEHINIEHHA IX JiHiNHOTO PO3Mipy (IOp. 3HIMKU
npu 2 =0,11 ranpu £ =0,118 na puc. 30, 6).

IIpoananidyeMo poO3IOAiiM IIOBEPXHEBUX CTPYKTYP 3a po3Mipamu y
KBa3WCTAIliOHADHOMY PeXKHMi Ipu PidHUX B3HAYEHHAX iHTEHCUBHOCTI
durroxTyarlriii X, HaBegeHi Ha puc. 34. BugHo, 1110 Ipu MaJIoOMy 3HAUCHHS
iHTEeHCUBHOCTI IIymMy (IuB. puc. 34, a), Koau GopMyOThCA BiJoKpeMIeHi
CTPYKTYpU amcopbaTy, BiAIOBiAHMI PO3IOIia J0Ope Y3roAKyeEThC 3 PO-
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Puc. 34. Postoginu cTpykTyp 3a posamipamu R/(R) y KBa3ucTallioHapHOMY pe-
KUMi IpU Pi3HUX 3HAUEHHAX iHTeHCHBHOCTI mrymy .34

snoxismoMm Jlopenra. IIpu X = 0,075, Kosu peanisyioTbesa AK chepuuHi oc-
TPOBU afcopbaTy, TaK i BUAOBMKEHI CTPYKTYPH, BiAMOBiMHMI PO3IIOIiI €
6iMomaILHUM Ta JOOpe alpPoOKCUMYETLCSA 3MIIIaHUM Po3moaisom JlopeH-
1a, AKU IIpeacTaBIAEThCSI cyMoo ABoxX JlopeumisuiB (muB. puc. 34, 6).
Amnajoriuna cutyairia peasisyerbed i mpu X =0,11, Komu GopMyOTHCA
cepuuHi Ta BUIOBKEHI OTBOPU B MaTpUIli axcopbary (quB. puc. 34, 8).
IIpu BesMKUX 3HAUEHHAX iHTEHCUBHOCTL (WIIOKTYyaIlili po3moAisl OTBOPiB
3a posMipaMu € YHiMOZAJIBLHUM Ta HAEThCA poamnomisom JlopeHiia (mus.
puc. 34, 2). Arayoriuti 6iMomaIbHi PO3MOAiIN eKCIIEPUMEHTAIBLHO CIIO-
crepiranucsa opu ancopbirii Rh(CO)y(acac) ma Al,O;/NisAl (111) [78] Ta
mpu popMyBaHHI HaHOKJIacTepiB Ag Ha moBepxHi TiO, (110)[79].

5.3. Buutue ¢QurrokTyaliii HAMPY:KeHOCTi MoJiA Ha TUHAMIKY (opmy-
BaHHA MOBEPXHEBUX CTPYKTYP

Hanpuxkinamni posginy mocaigumo BILIUB GQIIOKTyaIiil HaIpy:KeHOoCTi Iri-
IBeleHOTO [0 MiJKJIAJUHKY eJIeKTPUYHOTIO II0JIA 3 iHTeHCUBHICTIO G° Ha
IWHAMIKY CTPYKTYPYBaHHA 3POCTAI0UO0l MOBEPXHi, TUI Ta PO3Mip IOBe-
pxHeBUX CTPYKTYP. Haa nporo mokaagemo X = 0. EBoutorizo mopgoorii
MOBepXHi py (piKCOBaHMX 3HAUEHHAX OCHOBHUX ITapaMeTpiB cucTeMU,
a=0,2, €=3,5, u=1,0, Ta pisHUX 3HAYEHHAX IHTEHCUBHOCTi (QIIOKTY-
aliit cuyam aHizoTpoIil BepTuKaabHOI Audysili agaToMiB Mixk mapamu
c% o° < an Ta 6° > an (muB. puc. 20) mpeacTaBJIeHO 3JIiBa HAIIPaBO Ha
puc. 35, a Ta puc. 35, 6 BimmoBigHoO.

3 ozep:kaHUX Pe3yabTaTiB BUILINBAE, III0 B IPOIeci KOHAeHcaIlii mic-
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Puc. 35. EBouronisi MmopgoJiorii mosepxHi (3siBa Hampaso) npu o= 0,2, £ = 3,5,
u=1,0ra:a)c?*=0,5;6)c%=2,5.%°

JIS TIeBHOTO iHKyOaIiiiHoro mepioay BHACIiIOK B3aeMozii agcopbaTy pe-
aidyoThCs MIPOIECH caMoOopraHisaiii (CTpPyKTypyBaHHs) azcopbary:
YTBOPEHHS BeJUKOI KilbKocTi ApiOHMX KJacTepiB agcopbary. I1i kiac-
Tepu B3AEMOIIIOTH MisK c000I0 i B 3aJIeXKHOCTI BiJ YMOB KOHIeHcAIlil
YTBOPIOIOTh CTAIliOHAPHY KapTUHY MOpPQOJIOTii MoBepXHi, MoKa3aHoi B
ocTaHHiIN KoJoHII Ha puc.35. IlpoamanisyeMo meTaabHO MTUHAMIKY
CTPYKTYPYBAHHS IIOBEPXHI IIpM PisHMX 3HAYEHHAX IiHTEHCHMBHOCTI
GIIOKTyAIlid HAIIPYKEHOCTI IiABeIeHOro M0 MiAKJIaANHKN 30BHIIITHHOTO
eJeKTPUYHOrO 1moJis. [Ipu Mainx 3HaUeHHAX iHTeHCUBHOCTI IITyMy (IUB.
puc. 35, a npu o= 0,5) chopmoBari, 38 mouarkoBoi I aycoBoi KOHPIry-
paii, HeBeqUKi KJaacTepu amcopdaTy POCTYyTh y po3Mipax i mpu Besu-
KHX yacax KOoHIAeHcallii GopMyOTh CTallioHapHYy KapTuuy MopQoJorii
IOBepPXHi 3 PiKCcoBaHOIO KiMBbKicTIO OCTPOBiB amcopbary pisHoi opmMu
(chepuuni i BUTATHYTI Kaactepu). IIpu migBuinennx 3HAUEHHAX iHTEH-
cuBHOCTi mymy (zuB. puc. 35, 6 mpu o° = 2,5) QurrokTyamnii HampyxKeHO-
CTi eJIEKTPUYHOTO II0JA 0iid miAKJIAIUHKY IIPUBOAATEL M0 30iJbITeHHS
KOHIleHTpaIlii agcopbary Ha 11api, i B mpoiieci KoHIeHcaIlii B3acMois
chopMOBaHUX KJACTEPiB agcopOaTy IPHUBOAUTL A0 (POPMYBAHHSA Bigo-
KpeMJeHUX OTBOPiB pisHoOi popMmu Bcepeamui marpuili agcopbary. Ta-
KUM YUMHOM, (OJIIOKTyallil HAIpPyKeHOCTi eJIEKTPUYHOTO IT0JIA BILJIUBA-
IOTh HAa IUHAMIiKy IPOIleciB CTPYKTYPYBaHHSA IIOBEPXHIi Ta KepPyIOTh TH-
TIOM TIOBEPXHEBUX CTPYKTYP; a 30iIbIITeHHA iHTeHCUBHOCTI QIIOKTYaIliit
30BHIIITHBOT'O TTOJIA IPUBOAUTE A0 MOpP(oaoriuHoi TpaHchopMaIlil apoc-
TAal0U0l MOBEPXHi 3 BIJOKPEeMJIEHNX OCTPOBiB agcopbaTy Ha IIi AKJIASUHIT
o BiIOKpeMJIEHX OTBOPiB BcepeAnHI MaTpUIli agcopbary.

1A meTaabHOTO aHAJI3y BIJIMBY (WJIIOKTyAIlilfi HAIPY:KEHOCTL eJeKT-
PUYHOTO MOJA 6iIA MiAKJIAAUHKY HA TUHAMIKY CTPYKTYPOYTBOPEHHS Ja-
JIi PO3TJIAHEMO €BOJIIOIIII0 CepeqHbOI KOHIleHTpaIlii ajcopbary Ha miapi,
(x)(¢) Ta gucmepcii moss koumerTparmii ((dx)?)(t). BigmosigHi uacosi sa-
JIe;KHOCTI HaBeneHo Ha puc. 36, a Ta puc. 36, 6, BigmosigHo, mpu ¢ikco-
BaHUX 3HAUEHHAX KoedirienTa amgcopbiIrii o, emeprii B3aemMomii agcopbaTy
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Puc. 36. Erosrontia cepenHBbOi KOHIIEHTpaIlii azcopbary (x) Ta mapamerpa IIo-
pagky ((8x)?) opu o= 0,2, ¢ = 3,5, u = 1,0 Ta pisHUX 3HAUEHHAX iHTEHCUBHOCTI

(oK Tyamiit HaIpyKeHOoCTi eJeKTPUIHOTO oI G2, 3¢

€ Ta HAIPYKEeHOCTU eJIeKTPUYHOrO MOJIs 0iia miagkIagsnuky (CUIN amHiso-
Tpomii BepTuKaabHOI audysii agaTromiB Mixk cycigmimu mapamu) u. TyT
IUHAMIKY JeTepMiHiCTHYHOI cMCTeMHU IIOKA3AaHO CYIiIbHUMU KPUBUMU.
CrmouaTKy OpoaHAi3yeMO BILTHUB (DJIIOKTyAalliii 30BHIIITHLOTO MOTOKY Ha
IMHAMIKY cepeqHBOI KOHIIEHTpAIii ajgcopbary, Ta gucrepcii mpu o = 2,
110 IIPEACTABJIEHO IIITPUXOBUMY KPpUBUME Ha puc. 36, a Ta puc. 36, 0, Bi-
nmoBigmo. Ilepin 3a Bece, chin sasHAUMTH, ITIO I Yac iHKyOaIiiiHOTO me-
piomy cyTTeBOI PisKHHUIII B AMHAMIII 000X CTATHUCTUYHNX MOMEHTIB He
cmocTepiraerbed. IIpore, cam iHKyOaIifiHMI Yac I CTOXACTUYHOT'O MO-
IeJito t, € MEHIINM, IIOPiBHAHO i3 yacom tf IJIS DeTePMiHiCTUYHOTO MO-
Iettio (IOpiBHSAITE CYIIiIbHY Ta MITPUXOBY KpuBi Ha puc.36, 0).

TaxkuM YMHOM, BpaxyBaHHA (QIIOKTyaIliil Hanpy:KeHOCTHU MiJBeleHO-
ro 0 HMiAKJAAWHKYN eJeKTPUUYHOTO IT0JISI IPUBOAUTH A0 iHAYKOBAHOTO
IITyMOM IIPUINBUAIIEHHSA IIPOIeCiB yHopAAKYyBaHHsA. Tomosoria yacoBoi

. P oee 2
3aJIE}KHOCTI Aucmepcii moJia KOHIeHTpAaIril <(8x) > Y CTOXaCTUYHOMY

MozelIi 3 6° = 2 € MOAi6HOIO JI0 JeTepMiHiCTHYHOr0 MO/eJI0: IIOYNHAIOUN
J— S .
3 t =t, mapameTep MOPAAKY 3POCTA€E Ta JOCATAE CBOTO CTAIliOHAPHOTO

S . .

HEeHYJIbOBOTO 3HAUEHHS <(8x)2> . Ilpu mpoMy BUKOHAHHSA HepiBHOCTI
st

2\% 2\d . . .

<(8x) > > <(6x) > CBimuuTh TIpo PopMyBaHHS OLJIBIIT BIOPAIKOBAHOL

st st

IPOCTOPOBOI KoHGirypaiii agzcopbaTy Ha IIapi y CTOXaCTUUYHOMY MOJe-

JIi: MOBEPXHEBi CTPYKTYPH CTAIOTH OiJIBIN NIIIFHUMY BHACiOK opMy-

BaHHSA OiJbII YiTKOI MeXK U MiK ITiIBLHOIO Ta po3baBienoio pazamu. Cuaig
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TAKOXK BiAMIiTHTH, IITO0 Y CTOXAaCTUYHOMY MOZEJi IIPOIecy caMOoOprami-
sarii agcopbaTy npu t = ¢, He IPUBOAATH [0 3MEHIIIeHHA KOHI[eHTpanii
azcopbaTy, MOPiBHAHO i3 JeTepMiHicTHuHOIO cucTemoio. IIpu o = 2 ce-
pefHaA KOHIleHTpAaIlid afcopbaTy MOHOTOHHO 3pOCTaE Ta, npu t >t , no-

. S
cATae CTAIliOHAPHOTO 3HAUEHHA (x}st (nuB. puc. 36, a).
JuHaMiky 000X CTATHCTUYHMX MOMEHTIB IIPU JOCUTH BeJIUKUX 3HA-
. . 2 2 . . .
YeHHAX iHTeHCHUBHOCTi mymy 6° =4 > o, (AuB. CyIigbHi KpUBi HA puc.

19) maBemeHO MITPUX-TYHKTUPHUMU KpUBUMHU Ha puc. 36, a, 6. Bugno,
10 cepenHs KOHIIeHTpAaIlid agcopbaTy MOHOTOHHO 3POCTA€ 3 YacOM Ta
Ipu TpUBAJNill KouaeHcarlii maOyBae cTaljioHapHOTO 3HaueHHs. [Ipu
IIFOMY, IIOPiBHIOIOUY Pe3yIbTATH MJIA G- = 2 Ta 6° = 4 BUIHO, III0 CTAILiO-

s . . .
HapHe 3HAUeHHA (x)st 361JIBIITYETHCA 3 POCTOM iHTEHCUBHOCTI (PIIOKTY-
arniil Hampys»KeHOCTi IIiABeIeHOro A0 MiAKJIaINHKY, 30BHIIITHHOTO €JIEKT-
. 2 . .
puuHoro moJiA. [uHamika mapaMerpa HOPAIKY <(6x) > CYTTEBO Bimpis-

HSETHCA B 000X BUIIAIKAX CTOXACTUYHOrO Momento. He 3apaxkatouu Ha Te,
1o iHKyOauitHmii yac ¢, Maii’Ke He 3aJIe’KUTh BiJ iHTeHCHBHOCTI (UIIOK-

Tyalliii, mapamMeTep HOPSAKY 30iJIbIITYETHCA 3 UACOM, JOCATAE CBOTO Ma-
KCHMMAJbHOTO 3HAUYEHHS Ta 3MEHIIYEThCS, MPUHUMAIOUM CTallioHapHe
3HAUYeHHA <(6x)2 >zt = 0. OcTaHHE CBiTUNTEL IIPO TOMOTEHi3aI[i10 PO3IIOIi-
Jy ajgcopbaTy Ha miapi (mepexin B o6sacTh Ay Ha gigrpami crifikocTi Ha
puc. 19). Takum unHOM, IIPU BeJINKNX 3HAUEHHAX IHTEHCUBHOCTI ()JIio-
KTyalliif HalIpysKeHOCTi eJIEKTPUYHOTO IT0JIA MOKJINBI TiIbKY IepeximnHi
CTPYKTYpHU: 30iIbIIIeHHA iHTeHCUBHOCTI IITyMYy IPUBOAUTD 0 PO3YIIOPSI-
IKYBaHHS CCTeMU, TOOTO cTabiiisarii ogHOpigHOrO CTAaHYy.

3 MEeTOI0 IPOBeAeHHA NeTAIbHOTO JOCTiAMKEeHHA BIJIUBY (QMIIOKTYAaIliii
HAOpPYsKEHOCTi IIiABeIeHOro M0 MHiAKJIAAWHKN eJeKTPUUYHOrO MOJS Ha
CTAI[iOHAPHY KapTHUHY PO3IOAiay agcopbaTy Ha IIapi mpoaHaisyeMo 3a-
JIeJKHOCTI CTaIlioHApHUX 3HaUeHb CepedHbOI KOHIeHTpaIlii amcopbary

(x}st Ta IapaMeTpa MOPAAKY <(8x)2 >s Bij iHTeHCUBHOCTI mymy 2. Oge-
s st

p:xaHi pesynabTaTu npu (piKcoBaHUX 3HAUEHHAX KoedillieHTa amcopOrrii
o =0,2, cunu amizorporii u = 1,0 Ta exeprii Bzaemogii agcopbary €= 3,5
HaBeleHO Ha puc. 37 3 TUIOBMMHU iJIOCTPAIIiAMU KBa3WCTAIliOHAPHOTO
posmominy amcopbaTy IpM PisHMX 3HAUEHHSX iHTEHCHBHOCTI (hIroKTya-
mifi. Ix OyJio mokasamo Ha puc. 19 Ta puc. 36 mpu TaKuX 3HAUEHHSIX IIa-
paMeTpiB cucTeMHU HaBiTh B eTepMiHOBaHOMY BUIAAKY (6° = 0) IIpU KOH-
IeHcallil BHACJTIZOK HpoIleciB caMoopraHisailii Ha moBepxHi 1mapy ¢op-
MYIOTBbCSA CTifiKi BIMOKpEeMJIeHI CTPYKTYpHU afcopbary. 3 pucyuky 37 Bu-
HO, 10 3i SGiIBIIEHHAM iHTEHCHBHOCTH ()IIOKTyaumiil o° < Gi obuaBa
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Puc. 37. 3amexkHocCTi cTanmioHapHUX 3HAYEHDb CePeHbOI KOHITEHTpAIlii asmcopbaTy
(x),, Ta mapamerpa mopaaky ((8x)?), Bin iHTeHcmBHOCTI mymy * mpu a=0,2,
u=1.0 Ta ¢ =3,5. 3Bepxy IpeACTaBJIEHO iJ0ocTpallii KBa3UCTAI[iOHAPHOTO PO3-
IOy amcopbaTy IIpK PisHIX 3HAUEHHAX iHTeHCUBHOCTI (uroKTyarii. 3

CTaIlioHapHi 3HAUYEeHHS cepelHbOl KOHIleHTpallii (Xx), Ta mapamerpa IMo-
PAIKY <(6x)2> 3pOCTAaIOTh: BiIOyBa€ThCS YIIOPAAKYBAHHSA IPOCTOPOBOTO
st

. . . o 2 2
posnofinty agcopbary 3i 30iIblIeHHAM Horo kKoHmeHTparii. IIpu ¢° = o
rmapaMeTep HOPAIKY AOCATAE MAKCUMAJbHOTO 3HAYEHHS 1 TOTiM 3MEHIITY-

€ThCA IPH G- < Gf (muB. 3aTyIIoBaHi KPy:KKM Ha puc. 37). ¥ BUNAIKY
o’ > Gf Ma€eMo <(8x)2 >st ~ 0, Tomi AK cTallioHapHe 3HAUEHHSA CepemHboi
KOHITEHTpAaIlil agcopbaTy IPOAOBIKYE 3pOCTATU 3i 361IBIITeHHAM iHTEHCH-
BHOCTI UIIOKTyaItii (guB. mycTi Kpys:KKu Ha puc. 37). [Ipu BeruKux 3Ha-
YeHHAX iHTEHCUBHOCTI IITyMYy HOT'0 3pOCTAaHHS He BILJIMBAE Ha BEJIUUYUHY
(x),. ¥ BepxHili maHes i HA puc. 37 HaBeeHO irfocTparlii THIIoBOI KapTUHA
CTAI[I0HAPHOT'0 IPOCTOPOBOI0 PO3IIOALITY azcopOaTy Ha Iapi.

Bunno, 110 36i/IbIIeHHS iHTEHCUBHOCTY (DIIOKTYyAaIlil (3/1iBa Hampagso)
IPUBOAUTE M0 3MiHU MOP(dOoJO0rii moBepXHi Bifl BiJOKpeMJIeHUX CTPYK-
TYyp azcopbaTry I0 BiJOKpeMJIEHMX OTBOPiB B MaTpuIli ajzcopbaTy (auB.
suimMku npu 62 = 0,2, 1,0, 2,5 Ha puc. 37). IIpu BeInKUX 3HAUYEHHAX iH-
TEHCHBHOCTI (DIIOKTYAIlill agcopbaT 3 BICOKOIO KOHIIEHTPAI[i€I0 OTHOPI-
ITHO PO3IIOAiNAEThCA IO IMapy (AuB. 3HIMOK Ipu 6° = 4 Ha puc. 37). Crix
Big3HAUMTH, IO OJEep:KaHe B paMKax HPOIEeIyPU UKUCIOBOTO MOEJIIO-
BaHHA KPUTHUYHE 3HAUEHHS iHTEeHCHUBHOCTH (DIIOKTYyAaIlilt Gf IobOpe yaro-
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IJKYETBCS i3 pe3yJbTaTaMH JIIHIMHOTO aHaJi3y CHUCTeMM Ha CTiKicTb
(muB. misrpamy criiikocti Ha puc. 19). Kpim Toro, mopiBuioouu pesyib-
TaTH aHAJi3y Ha CTiHKIiCTh Ta YMCEJHLHOTO MOJEJJIOBAHHA OHEPKYEMO
o> <o’ (auB. puc. 20). Ile o3Hauae, MO MaKCHMAaTbHE 3HAYCHHS MOKA-
3HMKa crifikocTi A(X,), IITO0 BiamoBimae GiL , TIOB’A3aHe 3 KPUTHUHUM
3HAYEeHHAM iHTEHCUBHOCTI ITyMy, KOJU peaji3yeTbCcsa MopgoJioriuHe
nepeTBOpeHHsA noBepxHi. Takum unHOM, IIpU G° = G, HAa IIOBEPXHI I1a-
Py peaiizyeThbed IabipMHTOMOAIOHA CTPYKTYPA 3 IEePKOIAIIAHIMY KJIa-
crepaMu aacopbary. IIpu 1mbomy HaAHOiIbII YIOPAIKOBAHA CTPYKTYPO-
BaHa ITIOBEPXHI peaidyeTbCA IPU G = G, , KOJIM BCepeJnHi MaTpuIli aj-
copbaTy yTBOPIOIOThCS BiZloKpeMIeHi oTBOpH (ZUB. 3HIMOK mpu 62 = 2,5
Yy BepxHilt manesi Ha puc. 37).

Hani posriauemo Bunaaok o= 0,2, u=1,0 Ta ¢ = 3,2. fIx OyJo moka-
3aHO IIPHU JiHiTHOMY aHaJisi (IuB. MITPUX0Bi KpuBi Ha puc. 19), opu ra-
KoMy Habopi mapaMeTpiB cucTeMu 30iJIbIIIeHHA iHTEHCUBHOCTL (PJIIOKTY-
aniit 6? IPUBOIUTH L0 IePexXony 3 00JIaCTi OMHOPiLHOTO POBIOALTY amco-
pbaTy 3 Majyoio KoHIleHTpallieio (06aactb A;) mo obmacTi opmMyBaHHS
CTIHKMX IIPOCTOPOBUX CTPYKTYP (061acTh B) npu o° = csi Ta 10 obJsacTi
OTHOPiMHOro po3moaiay amcopbaTy 3 BUCOKOIO KOHIleHTpaIlieio (061acTs
Ap) mpu 6° = sz . PesysnbTraTit ynca0BUX CUMYJIAIIIN ITIOA0 3aJI€KHOCTI
cTallioHapHOI KOHIIEHTpAIIii agcopbaTy (x),, Ta CTAl[iOHAPHOTO 3HAUCHHS
mapaMeTpa mopanky ((dx)? ,, HABEJIHO Ha pUC. 38. 3 pucyHKy BUIHO,

Puc. 38. 3amekHoCTi cTarioHapHEuX 3HAYEHb cepeHbOI KOHITeHTpAaIlii agzcopbaTy
(x),, Ta mapamerpa mopaaky ((8x)?), Bin iHTeHcuBHOCTI mymy * mpu a=0,2,
u=1.0 Ta ¢=3,2. 3Bepxy IIpeAcCTaBJEHO iJIOCTpaIlil KBa3uUCTAI[iIOHAPHOTO PO3-
HOZiTy azcopbaTy IpH Pi3HUX 3HAYEHHAX IHTEHCUBHOCTH (DIIOKTyaIiii. >
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110 CTallioHapHe 3HAUeHHS CepemHbLOl KOHIleHTpaIlii agcopbaTy MOHO-
TOHHO 3pOCTac 3i 30iIbITeHHAM iHTEHCUBHOCTI MIIyMy (IUB. IIYCTi KPYIK-
Ku Ha puc. 38). 3ajeKHicTh cTallioHAPHOr0 3HAUYEeHHS HapaMeTpa Io-
PAOKY Bif iHTeHCHMBHOCTI mIymMy (IuB. 3aTYIIIOBaHI KPYsKKHU HaA puc. 38)
irocTpye, onucaHy B po3IiJii aHAJi3y Ha CTiliKicTb, peBepCUBHY KapTH-
HY yIOPAIKYBaHHA. ¥ AeTePMiHICTUUHOMY MOJIeJIi Ta IPU MaJUX 3HA-
YEeHHAX iHTEHCUBHOCTI IIIyMy, Ipu G < O, , JJId IapaMeTpa IOPALKY
MaeMo <(6x)2> ~ 0. TyT agcopbaT OAHOPiAHO PO3MOAIIAETHCSA IIO IIa-
PpoBi 6e3 6y,zu;-§1c1/1x CTIIKUX ITPOCTOPOBUX CTPYKTYP (AWB. iTtocTparriro
IIPOCTOPOBOTO PO3IOALIY aAcopbaTy Ha BepXHil mamesi puc. 38 mpwm
6*=0,2). Ipu o>, <o° < 6’, CTalioHapHe 3HAUEHHS MapaMeTpa TTOPS/I-
Ky IIOYMHAE 3POCTATH 3i 30L/IbIIIeHHAM iHTeHCUBHOCTI (PJIIOKTYyaIrii, g0-
cArae MaKCUMAaJbLHOT'O 3HAUEHHA Ta cHajac (IWB. 3aTYIIOBAHI KPYKKU
Ha puc. 38). IIpu mbomy Mopd0JIoTisa MOBEPXHA 3MiHIOETECA 3 BiJOKpe-
MJIEHUX CTPYKTYP ajcopdaTy oo BiJOKpeMJIEHUX OTBOPiB B MATPUIIi aj-
copbary (zuB. imocTpanii posmoxinis agcopbary npu o? =1 ta o° = 2 Ha
BepxHil maHesi Ha puc. 38). IIpu BeIUMKUX 3HAUEHHAX iHTEHCHBHOCTI
QoK TyaIin o’ > Gfl IIyM IIPUBOAUTHL IO TOMOTeHisarii posmominay
azcopbarTy (ZUB. imocTpaliio posmoisy azcopbaTy Ipu G° = 3 Ha BepX-
Hill maHesni Ha puc. 38). TakuM YMHOM, IIPOBEJEH] UMCJIOBI cCUMYyJIAILil
Y3roIKYIOThCA 3 pesyJbTaTaMH JIiHIiAHOTO aHaJi3y Ha CTiliKicTb, IIpo-
BeJeHOTO Y IIOIEPeIHbOMY PO3/iai, MI0M0 iHAYKOBAHUX IITYMOM pPEBEP-
CUBHUX IIPOIIECiB CTPYKTYPYBaHHA IOBEPXHi.

Jlajri mpoaHaaidyeMo KOpEeNAIlifiHiI BJIaCTUBOCTI KBasuCTaIliOHAPDHUX
posmoxiniB agcopbaTy mpu pisHMX 3HAUEHHAX (PIIOKTyalliili Hampy:xe-

0.60+

Ry/Lp

0.484

0.44

Puc. 39. 3ane:xkHocTi mepiogy mpoctopoBux 30ypeHb R, (@) Ta KopeaariiiHoro
pazitoca R, (0) Big inTeHcuBHOCTI rokTyaniii ° mpu o= 0,2, u = 1,0, ¢ = 3,5.%°
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HOCTi eJIEKTPUYHOIO II0JISI, HilBeJeHOr0 A0 HiIKJIAAMHKN, aHAJIi3yIOUn
IBOTOYKOBY aBTOKOpeNANiiiHy @yHKIrio (20) Ta po3paxoByoUnu pamiioc
KopenAlnii R, Ta mepion mpocTopoBuX 30ypeHsb R, Ipu pisHUX 3HAUEHHAX
irTeHCHMBHOCTI uIIOKTYamiit 2. OfepsKaHi pe3yIbTaTH IPEACTABICHO HA
puc. 39, a, 0.

Ha pucynrky 40 HaBemeHO THUIIOBI ijfocTparrii cramioHapHUX IPOCTO-
PoOBUX PO3MOAiTiB amcopbaTy IpM Pi3HMX 3HAUEHHAX iHTEHCHUBHOCTI
daoxTyaliii Ta pikcoparux o = 0,2, u=1,0Tas=3,5.

3 oiep:kaHUX PE3yJIbTATIiB BUIHO, IIT0 3 POCTOM iHTEHCHUBHOCTI (DJIIOK-
Tyalliif mepiof IPOCTOPOBUX 30ypeHb R, 3pocTae HEMOHOTOHHUM UMHOM.
Ha s3aesxH0CTi Ry(0%) BUAHO TPHU MiKH, M0 3HAXOAATLCSA TIPA G- , G- Ta
ci (muB. puc. 39, a). 3ane:xuicTs R,(c%) Ha puc. 39, 6 TaK0XK XapaKTe-
pHU3yeThCA HAABHICTIO TPHOX MiKiB IPHU TUX caMUX 3HAUEHHAX iHTEHCHU-
BHOCTI (urokTyaniit 6. OcraHHiil miK mpu o’ = Gf BigmoBizae MaKcCu-
MAJbHOMY B3HAUYEHHIO CTAI[iOHAPHOrO IIapaMeTpa MHOPAIKY <(6x)2
(zuB. puc. 37). Ananisyioun sameskHOCTi Ry(0?) Ta R,(6%) Ta 8MiHY MOD-
(doJrorii moBepxHi mpu 36iNbIIIEHH] iHTEHCUBHOCTI (JIIOKTYyaIliii, ITOKa-
saHi Ha puc.40, MOKHA 3POGUTH BUCHOBOK, II[0 IIPH G~ = Gi peanisyeThb-
cA MopdoJoTiuHU Tepexis y IIPocTOPOBOMY PO3IOIiai amcopbaTy Bin
BiOKpeMJIEHUX CTPYKTYP ajzcopbaTy o JabipuHTOmogi0HOI CTPYKTYpPHU
3 TEepKOJIOBAJIbHMMHU KJlacTepaMu ajcopbary (AuWB. SHIMKU IIpu
6®*=0,75 Ta ¢® = 1,5 Ha puc. 40). IIpu nepebinbinenHi iHTeHCUBHICTIO
(IIIOKTyaIiil BHAYEHHA G = 012) azcopbaT caMoopraHidyeTbcs 3 OpMY-
BaHHAM BiJJOKpDEMJIEHHMX OTBOPIiB B MaTpuili ajxcopbary (mop. 3HIMKHU
npu 6= 1,75 ta 6° = 2,0 Ha puc. 40). Bapro BifzHAUNTH, II0 KPUTHUYHE
3HAUEeHHA Gi , AKe BixmoBimae 3a 3MiHy Mop@oJorii moBepxHi Bif Bigo-
KpeMJIeHUX CTPYKTYP aacopbary uepes3 JabipMHTOHOAIOHY CTPYKTYPY

"{<r52‘=625 c2=20
N7
5 ¢

Puc. 40. Tunosi igrocTpaitiii cramnioHapHUX IPOCTOPOBUX PO3MOAiIiB amcopbaTy

IOpY PiSHWX 3HAUYEHHAX iHTeHCHBHOCTI (uiokTyamiit o mpu o=0,2, u=1,0,
40

£=3,b.
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0 BiTOKpeMJeHUX OTBOPiB B MATPHUILi afcopdaTy, 1odpe y3romKyeThCs
i3 3HaUeHHAM Gi, oJlep;KaHM B paMKax JiHIAHOro aHajidy Ha CTii-
KiCTb, IIPOBEAEHOIO Yy IOIIePeIHbBOMY PO3Iiji, KON MOKAa3HUK CTiAKOCTI
Mx,,) TpUiMae MaKCUMaJIbHe 3BHAUEeHHA ([UB. BCcTaBKY Ha puc. 20).

Hamni mpoaHaiidyeMo 3MiHY KiIbKOCTU ITOBEPXHEBUX CTPYKTYP (0CTpO-
BiB azcopbaTy Ta oTBOpiB) N Ta ix po3mipy mpu 30iJbIlIeHHi iHTeHCUBHOC-
Ti QparoKkTyariii. [[asa po3paxyHKyY po3Mipy CTPYKTyp OymemMo aHAIi3yBa-
TH CepPeIHIO ILIONIY BigmoBimumx cTpykTyp (S). Omep:xaHi pesyibTaTu
HaBegeHO Ha puc. 41, a, 6. CrioyaTKy poO3rISHEMO BUIAJOK MaJMX 3HA-
YeHb {HTEHCHBHOCTI IMyMy G° < G-, KOJIU y TIpOTeci KoHmeHcarii ¢op-
MYIOThCA BiJOKpeMJIeHI CTPYKTypu amcopbatry. BimmoBigHi pesyabTaTu
MMOKa3aHO KPUBUMHU i3 3aTyIIOBAaHMMHU KPY:KKaMHU Ta 3aTyIIOBAHUMU
KBagpaTtamMu Ha puc. 41, a, 6. 3 pUCYHKIB BUIHO, IO 31 30iJbIIIeHHAM
3HAUEeHHs 1HTEHCHBHOCTI (DJIIOKTyaIlili cepemgHs ILJIOIIA OCTPOBIB amcop-
0aTy MOHOTOHHO 3POCTAaE, a iX KiIbKiCTh 3MEHIITYEThC.

TaxuM YMHOM, iHIYKOBaHi QIIOKTYyaIliIMU IPOIECH B3AEMOIil OCTPO-
BiB azcopbaTy MixK c00010 MPHUBOAATH A0 (POPMYBaHHAM BUIOBIKEHUX
CTPYKTYpP aacopbaTy 3 HomajbIIuM (OPMYBAHHAM IIE€PKOJIIOBAILHOTO
KJactepa azacopbary. Taxi kKjgacTepu MOMKJINBI, KOJM iHTEHCUBHICTD
durokTyamniit 6% npuiiMae 3HAYEHHS 3 iHTEepPBAIY (03,03) . IIpu o* > O'i
IIpocTopoBa Komiryparisa amcopbaTy IpeacTaBjsie CO00I0 MATPUIIIO 3
BimoKpeMJIeHUMU OoTBopamMu BcepenuHi. IIpu domy, cepemgHs ILIoIa Ta-
KHUX OTBOPiB MOHOTOHHO 3MEHIITYETLCA 3 POCTOM iHTEHCHUBHOCTI (PIIIOKTY-
alii (IuB. KPUBY 3 IIyCTUMU Kpy:KeuKaMu Ha puc. 41, a), Toai K Kijab-
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Puc. 41. 3ane:XHOCTi cepeqHbOI ILIOIIi ITOBEPXHEBUX CTPYKTYP (a) Ta ixX Kijab-
Kocri (6) Big iETeHcHBHOCTI (omroKTyarii o® mpu: o= 0,2, u = 1,0, = 3,5.4!
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KicTb OTBOpPiB 3pocrae, HaOyBae MaKCHUMAJIBLHOTO 3HAUEHHS Ta 3TOJOM
2 2
BMEHIIIYEThCA 3 G < O, (AMB. KPUBY 3 IIyCTUMU KBaZpaTaMu Ha puc. 41,
0). Taka HeMOHOTOHHA IMOBeNiHKA KiJILKOCTHU OTBOPIB CBiUUTD, IT0O IIPHU
. . . . e . 2 .
30isIbIIIeHH] iHTeHCMBHOCTI (OIIOKTYaIlill Bif G, NPpUBOAUTH IO OpraHisa-
il (BUIiJIEHHIO) OTBOPiB BEJIMKOTO PO3Mipy, 3ToOM iX KiJbKicTh 3poc-
Tae, TOMAL AK CepegHIid po3Mip 3MeHIIyeThCcsa. IIpu migBUIMeHNX 3HAYEH-
HAX iHTeHCHMBHOCTH (DIIOKTYAIlifl MaJi OTBOPH, PO3MIip AKHX He IepeBU-
IIy€ IeBHe KPUTUYHE 3HAUEHHSA, CTAlOTh HEeCTiHKUMM, i 3arajbHa KiJb-

KicTb oTBODiB 3MeHITyeThbCs. Ieit pesyabTaT 100pe Y3roAKy€eTheA i3 3po-
CTAI0YO0IO 3aJIe;KHICTIO CTAIliOHAPHOTO 3HAUEHHS CePeaHbOI KOHITeHTpAaIlil

azcopbary (x)st Bij iHTeHCHBHOCTI (hIIOKTYaITiit 62 (AuB. puc. 37).

Joci Mu mochaisKyBasiv BIJIUB iHTEHCHUBHOCTI 30BHINTHIX (IIIOKTya-
il HAIIPYKEHOCTi eJIeKTPUUYHOTO HOJIA 0iJIsd HigKJIaUHKY HA TUHAMIKY
(opMyBaHHSA IIOBEPXHEBUX CTPYKTYP Ta iX CTATHUCTUUYHI BJIACTHUBOCTI
npu ¢piKcoBaHUX ITapaMeTpax CUCTeMU. ¥ TOH yKe uac BiATIOBiHO 10 IO-
OyZIOBAaHOT'O MOIEJI0 POCTY HAHOCTPYKTYPOBAHUX TOHKUX ILJIiBOK IIPHU
KOHJIeHcallil y cucreMax «ILJIa3sMa—KOHJEeHCaT» iHTEHCUBHICTb (DJIIOK-
Tyaniit 6> HaIpy»KeHOCTi eJIEKTPUYHOTO II0JIA € IIPOIOPIifHOI0 K0 cepe-
OIHBOTO 3HaUeHHA Iiel Hampy:keHocTi u. TakuM YMHOM, B PEASTHLHOMY
eKCIePUMEHTi 3POCTAaHHS CEpPeIHBOI BEJIWUYMHU HANPYsKEHOCTi II0JA
IPUBOAUTD IO 3POCTAaHHA iHTeHCHBHOCTI Ii (hrrokTyatiii. IlpoBegenuii y
monepeaHbOMY PO3Iijai aHAJI3 AOCTiMKyBaHOI cucTeMU Ha CTiAKicTh Ta
IPOBEIEH] Y ILOMY PO3iJIi UMCJIOBI CUMYJISAIil MOKa3yIOTh, IIT0 OHOYA-
cHe 36iJBIIeHHA K U, TaK i 6° BcepeauHi o61acti B Ha puc. 19 3a6esme-
YuTh GOPMYBAHHA CTIiHKNX TOBEPXHEBUX CTPYKTYP IiJ Uac OCaJKeHHs.
BusaBsiene imgyxkoBaHe ITyMOM MOP(OJIOTiIUHE IIepPeTBOPEHHS B CTPYK-
TYpi mapy BiJ BiIOKpeMJeHUX CTPYKTYP aacopOaTy Ha IIOBEPXHI IiIK-
JaIuHKHA [0 BiTOKpeMJIEHNX OTBOPiB B MATPUIIi azcopbaTy BKasye Ha Te,
110 hopMyBaHHA BiJOKPEMJIEHNX KOMIAKTHUX OCTPOBIB azcopbary mpu
dikcoBaHUX iHINIMX IMapaMeTpax CHUCTEMU, Oyle pealisoByBaTHCH IIPHU
3HAYCHHAX HAIPYKEHOCTi eJIEKTPHUYHOTO II0JIA U Ta iIHTEeHCUBHOCTI OT0
darokTyaniit 6 mo6au3y BepxHBOI rpaHuni obnacri B (quB. 3xiBa Ha
puc. 19). Ilpu nmogansmux pospaxyHKax 3adikcyemo o.=0,2 i1 €=3,5
(cyuinbHi mpaMi Ha puc. 19 371iBa) Ta CKOHIIEHTPYEMO HAIIly yBary Ha
BCTAHOBJIEHHI BIIJIMBY BiJHOIIIEHHS iHTEHCHBHOCTI (IIOKTyaIlii Ha-
IPYKeHOCTi eJeKTPUYHOIro IOJA A0 HOT0 cepeJHbOTO 3HAUEHHS G°/u
(NOSr — Big noise-over-signal ratio) Ha 3MiHY CTaTHUCTUYHUX BJIACTU-
BOCTEH BiTJOKpPEMJIEHUX CTPYKTYP azcopbaTy, BpaxoByooun (yHKITioHA-
JbHY 3aJIeXHICTh 6°=qau — b npu u > 2,5 (AUB. IYHKTUPHY NPAMY Ha
puc. 19 aiiBa); a Ta b meBHiI KOHCTAHTH.

CoouaTtky mpoanaiaizyemo BmamB NOSr Ha gmHaMiky (GopMyBaHHSA
TMIOBEPXHEBUX CTPYKTYP Ta CTYIIiHb MIOPAAKY B IPOCTOPOBOMY PO3IIONiJIi
IIOJIA TMOKPUTTS B JOCIIIMKYBaHIN cucreMi «Imasma—KoHAeHcaT». Ha
pucyHKY 42, a HaBeJleHO TUIIOBI KBa3UCTAIliOHAPHI 3HIMKY MopPdoIorii
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c?/u = 0.04 I
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Puc. 42. Tunosi imoctpairii mopgoJiorii moBepxHi npu pisHUX 3HAUEHHAX Bij-

HOILIeHHA 62/u (a). SanesxHocrTi (6) iHKy0OaIifizoro nepiozy ¢, Ta (6) cramionap-
HOTO 3HAUeHHS HapaMeTpa nmopaary ((5x)?%),, Bix cuispiznomennsa o?/u.*?

noBepxHi npu pisHux sHavennax NOSr c¢?/u. 3Bifcu BUIIUBAE, IO Y
BUIIAAKY (PYHKI[IOHAJIBHOI 3aJIEKHOCTI iHTEHCUBHOCTI (OJIIOKTYyAaIliil 30-
BHIIITHBOTO IIOTOKY G° Bif #oro cuiam u Mop@oJoria moBepxHi saxnma-
€ThCSI HEe3MiHHOIO: iCHYBaHHSA BiJoKpeMJIEHHX KJacTepiB ajzcopbarty
chepuunoi popmu.

Ha pucynky 42, 6 HaBeieHO 3aJIe}KHICTH MOMEHTY Yacy t,, 110 BU3HAa-
Yae TPUBAJIICTD iIHKyOaIiiTHOTO IepioAy Ta ITOYaTOK HpoIieciB (hopMmyBaH-
HsA OCTPOBIB, Bif cHiBBigHOINEHHA 6°/u. 3 PUCYHKY BHUAHO, II[0 Yy IIOPiB-
HAHHI 3 leTepMiHOBaHUM BUIAAKOM 3 6°/u = 0 36inbmenns NOSr npuso-
IUTH 10 3MEHIINIeHH 3HAUeHHA Yacy t,, II[0 03HaUa€ IPUCKOPEHHSA ITPOILe-
CiB ymopsaaKyBaHHS (CTPYKTYPYBaHHS moBepxHi). IIpu BeInKMX 3HAUCH-
HAX 6°/U MOMEHT uacy t, He3HAUHO 3MeHIITyeThes 3 poctom NOSr. Anano-
riyamii pesysabTar OyB 3HalJeHWUI NPU (HiKCOBAHOMY U IIIAXOM 30iJThb-
IIIeHHs iHTeHCUBHOCTI myMy 6° (1uB. puc. 36). OfHaK y ILOMY BUIAIKY
TaKe IPUCKOPEHHA 0yJio OB’ A3aHe 3 QIIIOKTYaIlifiHO-iHAyKOBaHUM TIepe-
TBOPEeHHAM MOPGdOoJIoTii moBepXHi Bix posmileHMxX KJacTepiB amcopbaTy
IO PO3IiJIEHNX OTBOPiB BCEPEANHI MAaTPHUILL agcopbary. ¥ BUOAIKYy PYHK-
IIiOHATBHHOI 3aJI€3KHOCTI iHTeHCUBHOCTI IITyMy G Bifi cepeHBOTO 3HAUEH-
HS CHJIM aHiB0TpPOIril ¥ Mop(doJIoTia MOBepXHi 3aJIMINAETHCA HE3SMiHHOIO
(muB. puc. 42, a). OT:Ke, IPUIITBUIIICHHS IIPOIECIB YIIOPAIKYBaHHSA, II10
imocTpye puc. 42, 6, MoB’A3aHO 3i 3POCTAIOUNM BILINBOM AK JeTePMiHO-
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BaHOI, TaK i CTOXaCTUYHOI YaCTHH 30BHIIIIHHOTO IIOTOKY, BUKJIUKAHOTO
HASIBHICTIO eJIEKTPUYHOTO IIOJIS ITO0JIU3Y i AKJIaIUHKI.

Ha pucynky 42, 6 HaBeeHO pPO3paxoBaHy 3aJIeKHICTD CTAI[I0HAPHOTO
3HAUEHHsd IIapaMeTpa IOPAAKY V KBasWCTAI[IOHAPHOMY BUIAIKY

2 . . .
<(6x) > . Bix cmiBBiAHONIEHHSA 6°/u. 3 HLOTO BUILINBAE, III0 TapaMeTep
S

IIOPAJKY MOHOTOHHO 3pocTae 3i 36iapimenHaM 62/u. OcTaHHE CBigUnThH
po opMyBaHHA GiJbIN BIIOPAIKOBAHOI (oOpe CTPYKTYPOBAHOI) ITOBe-
pxHi Ipu 6inpmnx 3HaUeHHAX o°/u. Ileit eeKT TaKox MOB’A3aHUIL i3
OIHOYACHUM BILJIMBOM SIK CHUJIM aHi30TPOIIii B IIepexogax agaTOMiB Misk
mrapaMu, Tak i ii (UIoKTyaliamu, a He 3 MOp(oJIOTiYHNMU TpaHchop-
MallisMH1 IOBEePXHi, AK e 0yJ0 Y BUOAAKY ITOCTiAHOTO 3HAUYEHHS U (qUB.
puc. 37 ta puc. 38).

Hani mpoanasidsyeMoO €eBOJIIOIiI0 CepelHBOr0 PO3Mipy chepuuHmX
CTPYKTYP afcopbaTy Ipu 3MiHi cniBBigHOmenHA 6°/u. PospaxyHOK Ji-
HifiHOTO po3Mipy R KOXKHOTO KJacTepa amcopbary OymeMo MPOBOIUTH,
BUKOPHCTOBYIOUM cIiBBigmomienuns R =./S/7n . Humamiky ycepenue-
HOTrO JIiHiHOT0 Po3Mipy (R) II0 BCiX CTPYKTypax amcopdary IOJasa mgeTep-
MiHOBaHOI (IIOPOKHI KBaJipaTH) Ta CTOXAaCTUYHOI (3aIlOBHEHI KBaapaTH)
cHCTeM MOKa3aHo Ha puc. 43.

Tyt uac BizpaxoByeTbCs Bif BigmoBimmoro sHaueHHs ¢, (IIicjs sakinueH-
HA iHKyO6aIifiHoro mepioxay), fike Imajae 3 POCTOM BifHOIIeHHAM G°/u (IUB.
puc. 42, 6). Ha zanexnocTi <R> (1) MOXKHA BUILINTY YOTUPU Pi3HUX eTann

0.6 -
] 2,
] —o— 5% =00
0.5 ] —=— o2 = 0.04
fa) ]
— 4
A ]
x ]
Vo o04]
] 002 004 1 2 3
] GZIU
0.3 ————
10’ 10°

Puc. 43. EBoutioniia cepefHBOTO JiHifHOTO po3Mipy ocTpoBiB azcopbary (R) B
ONVHUIAX AU(Py3ifiHOI MOBKHUHU, PO3PAXOBAHOIO IIiciaA 3aKiHUeHHS iHKyOa-
miftHOTO Mepiony f, IpHU PisHUX 3HAUEeHHAX CIiBBigHomeHHS o2/u. Ha Berasmi
HaBeJ[eHO 3aJIeKHICT TOKAa3HIKA POCTY CepeJHLOro po3Mipy d Bix o?/u.*
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€BOJIIOIIi1 cepeqHLOr0 pajioca (IUB. KPUBY 3 3aIIOBHEHUMHU KBaJpaTaMu Ha
puc. 43): dopmyBamHsa ocTpoBiB aacopdary (I); cramisa pocty (II); cramia
orpy6inusa (III); xBasucTallioOHAPHUN PEKUM €BOJIIOIII cepeTHLOTO PO3Mi-
py ocTpoBsiB aacopbaty (IV). BapTo 3asHaunTu, 1110 CTamis pocTy Xapakxre-
PHBYETHCSA CTETIEHEBO0 aCUMITOTHKOW (R) (¢) o ¢° 3 HOKasHUKOM pocTy .
§Ik 6yJI0 IOKAa3aHO BUIIE, AJIA JeTePMiHOBAHOL CCTeMH 3 G- = () IOKABHUK
pocty mpuiiMae 3HaueHHsS 1, IO CBigUMTHL IIPO peastisalliio JiHifiHOTO 3a-
KOHY POCTY CepeHbOT0 PO3Mipy OCTPOBiB azcopbary (IuB. KPUBY 3 IIyCTH-
MU KBagpaTamu Ha puc. 43). Y cToXacTuuHill cucTeMi 3MiHa 3HaAUeHHS
CIIiBBiZHOIIEHHA G°/u IPUBOIUTE A0 3MiHM B 3HAUEHHI IOKA3HUKA POCTY
CepeIHBOI0 PO3MIPY CTPYKTYP O, AK Ile IMOKa3aHO Ha BCTaBI[i Ha puc. 43.
36iabIIeH A BifHOIIEHHA 6°/u 3a6e3meuye 361iIbIIeHHA TOKA3HIKA POCTY
Io 6~ 1,4, 1110 03HAUAE IPUCKOPEHHS IIPOIIECIB POCTY JiHifTHOrO Po3Mipy
CTPYKTYP amcopbaTy 3a paxXyHOK CYMiCHOTO BILIMBY AK CHJIM aHi30TPOIMii,
Tak i iHTeHcUBHOCTI i1 QuroKTyaliii. 3 MOJAJBIITNM 3POCTAHHAM CIIiBBif-
HOITIEHHAM 3HAUYEHHS 6>/ U IIOKa3HUK POCTY O IPUIIMae MeHIITi 3HAUeHHSA Ta
DY BEJIMKUX G°/U > 2 3aIMIIAETHLCA He 3MIHHUM, IPUHMAOYN 3HAUECHHS
5~0,65 (nuB. BcTaBKy Ha puc. 43). TaKUM UMHOM, BiIHOIIEHHA G°/U BU-
3HAUa€ TUHAMIKY POCTY CEePeIHBLOTO PO3Mipy CTPYKTYP amcopdary JuIiie
IIPY HeBeJIMKNX 3HAUeHHAX iHTeHCUBHOCTH (DIIIOKTYAIIiH 6° < 2.

Haji po3rasHeMo BIJIUB 30BHIIITHLOTO IIOTOKY, BUKJINKAHOTO €JIeKT-
PUYHUM TI0JIEM, Ha CepenHill po3Mip BiJOKpeMJIEHUX OCTPOBiB azcopba-
Ty Y KBasducTallionapHoOMYy pe:xumi. BignoBinui pesdyabTaTu mokasaHi Ha
puc. 44. Ha pucyury 44, a moKasaHO PO3MIOJIiJ OCTPOBiB ajmcopbaTy 3a

0.68 -

0.64 -

<R=,/Lp

0.60+

0.56+

a 0

Puc. 44. Posmoginu cTpyKTyp agcopbaTy 3a podMipaMu y KBa3uCTaI[iOHAPHOMY
pesKuMi IpH Pi3HMX 3HAUEHHAX CIiBBiIHOIIEHHS 6°/u (@) Ta 3aJeXKHIiCTh cepe-
JHBOTO CTAIliOHAPHOTO 3HAUEHH JiHiHHOr0o po3Mipy cTpyKTyp azxcopbary (R),,
Big 6%/u.*
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posmipamu mpu mManux (6°/u = 0,04) Ta Beaukux (62/u = 2,57) 3HaueH-
Hax NOSr: cuMBOJIM BiAIOBiZarOThL UMCIOBUM JAHUM, AKi m0oOpe ysro-
IKYIOTHCA 3 PO3HOL1JIOM JIopeHIia, IIOKa3aHuM KPUBUMU.

BunHo, 110 36iIbIIeHHA BigHOIIEHHA 6°/u IPUBOAUTD IO 30iIbIIeHHSA
mupuHT posnoxiny (gucnepcii) (R). OcTaHHE CBiTUUTH TIPO TE, IO OCT-
poBu amcopbaTy XapaKTepU3yIOThCS pisHMMEM posMmipamu. Kpim Toro,
HaMOiIbII IMOBipHEe 3HaUEHHSA PO3Mipy OCTPOBY ajgcopbary, 110 BigmoBi-
lae MaKCUMaJIbHOMY 3HaueHHIO O(R) (I0Ka3aHO NYHKTUPHUMY JiHiAMYT
Ha puc. 44, a) 36iabITyeTHCA 3i 3pocTaHHAM cHiBBigHOMeHHA 6°/u. He-
TaJBHUI aHAI3 BIJIMBY CIiBBifHOIIEHHA 6°/U Ha cepefHii po3Mip ocT-

PoBiB amcopbaTy M03BOJISE OAEPIKATH 3aJIEIKHICTH (R)St (c® /u), moka-
saHy Ha puc. 44, 6. BugHo, mo 3 pocToM 62/u BeImunHA (R>st 3MEHIITY-

€ThCH, TOCATAE MiHIMaILHOTO 3HAUEHHH IIpU 6°/u ~ 1 i moTiM MOHOTOHHO
30imbmIyeTheda. TakuM YMHOM, CIiIbHUI BIJIUB JAeTEePMiHOBAHOI Ta CTO-
XACTUYHOI YaCTHH 30BHIIITHBOTO IIOTOKY IIpu (POpMYyBaHHI BigoKpem.ie-
HUX OCTPOBiB afcopbaTy Kepye AMHAMIK0I0 (DOPMYBaHHSA CTPYKTYP, BIIO-
PAIKOBAHICTIO 3POCTAIOUOi IIOBEPXHi, 3aKOHOM 3POCTAaHHS CEePeIHLOTO
PO3Mipy OCTPORBiB azicopbaTy TO HOTO0 CTAIliOHAPHUM 3HAYCHHAM.

5.4. BaraTomapose mMogaHHA Pe3yJbTATiB OHOIIAPOBOr0 HAOIHIKEeHH S

IIpencraBieni pesyabTaTu BiAmoBigamoTh mporecamMm (GOPMYyBaHHS CTPY-
KTyp Ha IPOMiKHOMY n-My Iapi cucremu 3 N miapis. 3rigHo 3 mo0ymgo-
BaHUM MOJeJieM IINPHHA Tepacu 0araToIrapoBoi IIipaMigalbHOI CTPYK-
TypH, TO0OYAOBAHOI 3 yCiX BiJOKpPEMJIEHUX CTPYKTYP, BUSHAUAETHLCA Ia-
pameTpoMm A, AKUii /i KOHKPETHOr'0 BUIIaJKy O0UMCIIOBAIBHOI I'PATKHU
Jginitinoro poamipy L, =256 i ¢irkcoBanoro =0,1 qae A =13 B oguHU-
ax rparku. [[Jigd BUsHaueHHA 3HAUEHHSA IMTUPUHY Tepacu d I KOXKHOI
mipaMigaabHOI 6araToIapoBoi cTPYKTypu (AuB. puc. 1) B OqUHUIISAX 00-
YUCIIOBAJIBHOI CiTKM OyAeMo OiATH y HAaCTyIHUH cmocib. 3rigHo 3 Bu-
3HAaYeHHAM 3arajbHoOl IIJIOINi, 3aiiMaHol agcopbaToM Ha n-My Iapi,
S, = nrf , IJIsI BimmoBimuol 3arasbHOI miomli Ha momepenasomy (n — 1)-
My mapi maemo S, | = nrnz_l , Ipuuomy r,_, =r, + A. Ile nae:

S, , =S, +2A[nS, +nAZ. (21)

3 immroro 60Ky, JiHIHUI PO3Mip KOKHOI i-1 mipaMigaabHOI CTPYKTYpH
r,; SMEHIITYETHCS 3 POCTOM HOMEPY IITapy 1 Ha BeJIUUYNHY IMUPUHU Tepacu
d HACTYIHWUM YWHOM: I',_;; =T, ;+ d (guB. puc. 1). Takum unnHOM, ILIO-
1a, AKY 3aiiMae KOKHA i-Ta CTPYKTypa Ha (n — 1)-My piBHI BU3HAYAETE-

=8, T 2d«fﬁ8n,i +nd®. Bepyuu cymy 3a Bcima M

n—1,i

CTPYKTYpPaMU OLePKyEMO:

cA 3 PiBHAHHA: $
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M
S,, =8, +2dY \[rs, + Mnd®. (22)

Posp’ssasiu pisHaaHa (21) i (22), BcTaHOBUMO HMINPUHY Tepacu KO-
HOI ImipaMigaabHol CTPYKTYpPU d K PO3B’A30K KBaIPATHOTO PiBHAHHSA:

9 1/2
d= LM [iﬂ/nsm} +nM (ZA,fnSn + TcAz) - iﬂlnsni . (23)
n i i=1

TaxuM YMHOM, BUKOPHCTOBYIOUHN OOUMCJIEH] 3HAUEHHS ILJIOII KOXKHOI
CTPYKTYPH §,; Ta 3arajJbHe YMCJIO CTPYKTYpP M, MOXXHaA BCTAHOBUTHU 3HAa-
YeHHSA MINPUHU Tepacu d B OAUHUIISAX PO3Mipy 00UMCII0BAJIbHOI I'PATKHI
L, i mobyayBaTu 6araTormiapoBy cuctemy 3 N IapiB, Ae JiHiAHMUI po3Mip
KOJKHOI i-# CTPYKTYPHU 3MEHIITYEThLCA Ha d 31 3pOCTaHHAM HOMEPY IIapy
n. Ina pociaim:xysanoro Bunanky L, =256 i 3 =0,1 3 pisuaunsa (23) oxe-
p:xyemo d = 1. IIpu BinTBOpeHrHi OaraToiapoBoi CTPYKTypu O0ymeMo Bpa-
XOBYBaTH, IO MEPIIN II1ap IOBHICTIO 3alHATUII agcopbaToM, a HAWBU-
ITUH I1ap XapakTepU3yeThCA CTPYKTypaMu afcopbaTty 3 JiHiHHUM pos-
Mipom, piBHMM mupuHi Tepacu d. TumoBi pesyabTaTy AJA JBOMipHUX
CTPYKTYP Ha IPOMiKHOMY n-My IIIapi Ta BigmoBimHmx mobymoBaHUX N-
IIIapOBUX CTPYKTYP 3 MIUPUHOIO Tepacu d = 1 mpu pisHUX 3HAUEHHAX CU-
JU aHisoTpoIii u HaBemeHO Ha puc. 45, Je BKasaHO HOMEpP IIOTOUHOI'O
mIapy n AJisg IBOBUMiPHOTO MPEJCTaBJIEHHSA Ta 3araJibHy MOMKJIUBY KiJb-
KicTh mapiB N y 6araTorapoBux CTPyKTypax. TaKuM YMHOM, Bapiloouu
mapaMeTpH MOJEJII0 MOKHA oJeps:KaTu 6araToIiapoBi OTBOPU B MATPHUILi

Puc. 45. Tumnosi imrocTpanii moBepxHeBUX CTPYKTyp npu L,=256, $=0,1,
0=0,15,¢=3,2,6°=0,>=0rTa: a) u=0,4, 6) u=0,5 ra 6) u=0,6. Bepxniit
PAZOK — JOBOBUMIPHI CTPYKTYypU Ha n-TOMy Iapi 6araToirapoBOi CHUCTEMU;
HIUKHIN PAZOK — CKOHCTPYIHOBAaHi 6araTomiapoBi CTPYKTypH B CUCTEMI 3 3ara-
JIBHOIO KinbKicTio N mapis.*®
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agcopbary (puc. 45, a), mabipuHTONIOAiIOHI cTPYyKTYpHU (pHC. 45, 6) Ta Bi-
TOKpeMJIeHi KOHYCOIIomiOHi cTpyKTypu aacopbary (puc. 45, 8).

J1a IpoBeIeHHA OIIHKY OleP:KaHUX TaHUX 1100 JIiHIHHOTO Po3Mipy
IIOBEPXHEBUX CTPYKTYP BUKOPHUCTAEMO (POPMYJIY IJis BU3HAUCHHSA -

(dysiitaol goBxkunu L, = «fkﬁ /kg =a? exp([E, — E,]/T) ra Binomi ek-
cuepumenTaabHi gaui [80]: E, =0,24 eBrta E,= 0,44 eB. [In1a peanbHUX
3HaYeHb TeMIiepaTrypu Bcepenuni kamepu T = 773 K omep:xyemo L, ~ 50
HM. TakuM YmHOM, AJIA Pe3yJIbTaTiB MIOA0 JiHiHOTO PO3Mipy CTPYKTYD
agcopbaTy/orBopiB Ha puc. 41, a maemo (R,) € 63—90 um (x5 Bigokpe-
MJIeHUX KJIacTepiB agcopbary) Ta (R,) € 40—90 HM (a4 BimToKpeMJIeHUX
OTBOPiB BcepequHi MaTpuIli aacopbarty) Ha IpubIM3HO TOJOBUHI BUCOTH
3pocTraiouoi moBepxHi. [Jyia pesyabTaTiB 1040 JiHIAHOTO PO3Mipy CTPY-
KTyp 3 puc. 44, 6 maemo R € 28—35 um. Oxep:xaHi gaHi 100pe y3romKy-
I0TBbCS 3 eKCHePUMEHTAJBbHO CIIOCTEPEKYBAHHUMU BEJIUUYMHAMU IITOI0
Po3MipiB mOBepPXHEBUX CTPYKTYP Ipu KoHAeHcarii [80—-83].

6. IPOCTOPOBO-YACOBA EBOJIIOLISL AZICOPBATY IIPU
BATATOIIAPOBIN KOHAEHCAIIII

Y momepenHix pospmisax HaMu OyJO TOCIiAKEHO IPOCTOPOBO UACOBY
€BOJIIOILiI0 azcopbaTy Ha BUALJIeHOMY (cepegHbOMY) ITapi 6araToIrapo-
BOi cuctemu. Iyis GisIBIN MeTaJIbHOTO aHAJII3Yy IIPOIECiB IepPepO3IOmiTy
azcopbaTy Ha KOMKHOMY PiBHI y IIbOMY po3aiji OyzeMo IIPOBOIUTH UMC-
JIOBE MOJEJIOBAHHSA IIPOIECY POCTY 0araToliapoBUX CTPYKTYD, PO3TJIA-
Ialouy CHCTEMY 3 CeMH IIapiB, BBAKAIOUM IO OCTAHHIN CLOMMUH IIIap
IpeacTaBJd€ ra3oBy asy.

6.1. BaraTomapoBuii MOJEeJIb CHCTEMH «ILJIa3Ma—KOHIEHCAT»

Bespoamipuuit mozgens 6araTorapoBoi KouaeHcarrii (1) B cucremi «mia-
3Ma—KOHJeHcaT» Ha0yBae HACTYIIHOT'O BUTJIALY:

0,2, =a(l-x)(1-x,)—2x(1- xz)efzgx1 +D, (x,—x,) -
2 (24)
—ux, (1 - x2) +V [Vxl —eu(x,)V {x1 + (1 + p(z)Vz) xlﬂ +&,(r,t);

o0,x,=0x,,(1-x,)(1-x,,)-x,(1-x,,)e "'+

+D, (%,,, +%,, - 2x,)+ulx, , (1-x,)-x,(1-x,,) |+ (25)

n+1l

+V [Vxn —gu(x,)x, V {xn + (1 +pav? )2 x, H +& (r,1);
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0y =a(1—xy)—xye VN4 D (xy, —xy)ruxy, (1-x,)+

t
2 (26)
+V [VxN —ep(xy)xy,V {xN + (1 + pﬁvz) XNH + &, (ryt).

TyT Mmu BBesim QIIOKTYAIiliHi CKJIan0Bi &, Aaa 3a0e3MeUeHHA CTaTUCTH-
YHOTO onmucy AuHaMmiku cuctemu. Ili croxacTuuni mxepena Bubpami y
BUTJIALL afuTUBHEX | AyCOBUX CTATHCTHYHO HE3aIe;KHUX [ITyMiB 3 BJIac-
tuBoctamu: (£,) =0, (E,(r,t)E,(r', t'))=9,,0(¢ —t)o(r—r'). Cuix 3asnHa-
YUTH, 10 Y JAHOMY BUOAAKY KOHIIEHTPAIlid agzcopbaTy Ha KOXKHOMY 7i-
TOMY IIIapi PO3PaxoBYEThCSA 0e3MOCEePEeaHLO 3 BiAIOBiIHOTO €BOJIIOIIil-
HOro piBHAHHA. TakuM YMHOM, IIMPHUHA Tepacu 0araToIIapoBUX IIipa-
MiaJbHUX CTPYKTYP HE € IeBHUM HapaMeTPoOM cucteMu (mapamMerep  y
TOCTiMmKeHHAX B PaMKaX OMHOIIIapOBOTO HAOMM:KeHHSA), a BU3HAUATHU-
MeThCA 3HAUCHHAMU OCHOBHHUX IIapaMeTpPiB CUCTEMH, IO 3BOAATHCA IO
KoedimienTa agcop0bi1ii o, eHeprii B3aemomii amcopbaTy € Ta cuau aHizo-
Tpotii u. IJigd mpoBeleHHA BiNOBIMHUX PO3paxyHKIiB y AKOCTi Imouar-
KOBUX YMOB IOKJazeMo: (x,(r,0))=((dx,(r,0))=0 gma n=2,..,N;
{(x,(r, 0)) = 0, {(5x,(r,0))*) = 0,1, BpaxoByioun x,(r, 0) > 0.

6.2. lunamika pocTy 0araTouiapoBUX CTPYKTYP

Tumosi imocTparii eBosrorii cucTeMu HaBeneHo Ha puc. 45. Bugno, 1110
3 IJIMHOM 4Yacy Ha MiAKJaJMHII peasli3yloThcA Pi3Hi TUIIN IOBEePXHEBUX
CTPYKTYP: 32 YMOBU HEBUCOKOI CUJIM aHi30TPOIil # KOHIIeHTpAIlid a/ico-
pbaTy B cucTeMi € BeJIMKOIO i, AK HACJIiZOK, peaaisyioThesa JIabipuHTO-
momiOHa CTPYKTypa aacopbaTy 3 BiTOKpeMJIeHUMU OTBOpaMu (CTPYKTY-
paMu BaKaHCcii), 1Mo mpencTaBiieHO Ha puc. 45, a. Ilpu migBuimeHux
3HAUEHHAX HAIPYKEHOCTi eJeKTPUYHOTO IIOoJd Oiad HigKJIaguHKU
IIPUIIBUAIIIEHUN PYyX afaTOMiB 3 HMIKHIX IIapiB 0 BEPXHiX IPUBOAUTH
Io (hopMyBaHHA BiZJOKpeMJIeHNX OaraTomiapoBuUX CTPYKTYP azcopbary,
1110 IIPeICTaBJIeHO Ha puc. 45, 0.

PoarasaaemMo eBoIIOIII0 cepelHbOl KOHITEHTPAIlil aaTOMiB HA KOXMKHO-
My mapi (x,) Ta Biznmosiznoi gucnepcii ((8x,)?), moxkaszani Ha puc. 46. TyT
IPOHYMEPOBAaHI KPUBi BilHOCATHCA 0 cepeaHBOI KOHIIEHTPAIil ajcop-
bary (puc. 46, a) Ta nucnepcii (puc.466) Ha BixmoBiAHOMY ITapi. 3 pucy-
HKiB BUHO, 1110 iepInuii map (Kpusa I Ha puc. 46, a) 3pocrae Bif mouar-
Ky Ipolecy KouzeHcanii. IIpu npomy aucmepcia ((8x;)?) ~ 0 mporarom
imKyOarifinoro nepiomy tc1 (muB. kpuBy I Ha puc. 46, 6). Konu nocsara-
€ThCsA HeOOXiHe mepecuyeHHA acopbaToM Ha MEePIIoOMY Itapi, agcopbar
IIOYMHAE B3aEMOIiATH, YTBOPIOIOUY BiTOKPEMJIEHI CTPYKTYPHU aacopoaTy
(muB. puc. 45, 6 ipu t = 10). HeHy1h0Ba KOHIIEHTPAIliA HA APYTOMY IIapi
3’ABJAETHCA IIiCJs MEeBHOro iHKyOallifiHOTO mepiomy, HeoOXigHOTO AJs
arsomeparrii azaTomMiB Ha mepIoMy mrapi B mIiibHY (pasy, 1o Bimgirpae
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Puc. 46. TumoBi imroctpaliii fmHaAMiKKM pocTy 6araTolrapoBUX IIOBEPXHEBUX
CTPYKTYD IpHU KoHgeHcamii mpu o= 0,2, & = 4,0.46

poab cyocTpaty (IigKJIagUHKM) IJIA YTBOPEHHA HacTynHOTO miapy. Ilei
IIpoIiec ITOBTOPIOETHCS AJIA HACTYIHUX ITapiB (quB. puc. 45, 6 mpu t = 50
ta t = 100). Ik Oyso mokasaHo BuUIle, (GOPMYBaHHA CTPYKTYP (OCTPOBiB
azcopbary) Ha Oyab-axoMy (n + 1)-My 1mapi MOMKJIMBe HPU AOCATHEHHI
KPUTHUYHOI KOHIIEHTpAIIil ascopbaTy Ha JaHOMY IIapi Ta peaJisarii Bia-
IIOBiTHOTO PO3Mipy OCTPOBiB azscopbaTy Ha n-my 1iapi[47, 73].
Posraapaioun AuHAMIKY Auclepciit Ha kosxHOMY mmIapi ((8x,)?) (mus.
puc. 46, 6) 110 BimoOpaskae IIPoIlec CTPYKTYPOYTBOPEHHS, BUSBJIAETLCS,
110 IJIA HUKHIX IMIapiB (IIepIoro i Apyroro) aucmepcia spocrae, Jocsarae
MaKCHMaJIbHOTO 3HAUEHHS, a IIOTiM 3MEHIIYETHLCA OO CTaIliOHAPHOTO
3HAYEHHSA, SKe BU3HAUYAEThCS OCHOBHUMHU IIapaMeTpaMu CUCTeMU. 3poc-
TAaHHSA AUCHepcii o3Hauae yTBOPEHHS BiTOKpeMJEHUX CTPYKTYP Ha Bij-
noBizHOMY miapi (auB. puc. 45, 6 mpu t=10). 3menmenna {((5x,)?)
OB’ sI3aHO 3 B3aEMOJi€I0 KJacTepiB agcopbary, i, AK HACJIOOK, 3 (hopMy-
BaHHA CTPYKTYP azcopbary Beamkux posmipiB. Ili cTrpykrypu Bimirpa-
IOTh POJIb CYOCTpaTy AJA YTBOPEHHS IMiJILHOI ra3oBoi (asu aToMiB Haf
aumu. [Ipu xoHmeHcaIii agaToMiB 3 1iel (pasu yTBOPIOETLCA APYTUH IIIAD
azcopbary. Ilpumuomy Mopdosoria CTpYKTyp aacopdaTy Ha KOXKHOMY Ha-
CTYIIHOMY IIIapi MOBTOPIOE IIPOCTOPOBU M POIIIOLLI afscopbaTy Ha momepe-
nuboMy Imapi. Ileit crieHapiii mMOBTOPIOETHCA IJi HACTYIITHUX IIapiB, i B
pesyabraTi hopMyIOThCA OaraToIapoBi moBepxHeBi cTpyKTypu. Hucre-
pcisa s BepxHiX IIapiB MOHOTOHHO 3POCTA€ M0 CTAIliOHAPHOTO HEHY-
JbOBOTO 3HaueHHdA. IIpu TpuBagiii KoHAeHcalii (Ha BeJMKHX UaCOBUX
iHTepBasax) AK KOHIIEHTpAIlid agcopbaTy, Tak i BiAmosigHa guciepcis
Ha KOXKHOMY IITapi 6araTomiapoBoi cucTeMu JOCATal0Th CBOIX CTAIliOHAD-
HUX 3HaueHb. OCKiJIbKM cTallioHAPHA KOHIIEHTPAI[isd agcopdaTy Ha KO-
HOMY HOBOMY IIIapi MeHIIle, HijK Ha momepegHbomy (puc. 46, a) To B pe-
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3yJIbTaTi KOHIeHcaIlii (opMyIOThCA IIipaMigaJabHO HMOAiOHI CTPYKTYpH
agcopbary (muB. puc. 45, 6 ipu ¢t = 1000). B Toi1 :Ke yac MIIAX0OM IIOPiB-
HAHHS CTaIlioOHAPHUX 3HAUEHb AucIiepcii 3 puc. 46, 6 BUABIAECTLCS, IO
BOHA 3MIiHIOETHCA 3 HOMEPOM IIapy HEMOHOTOHHUM YMHOM, IPUAMAIOYN
MaKcHMaJIbHe 3HAUeHHS IJIA IPOMiKHOTO I1apy (KpuBa 3).

6.3. CranmionapHuii pe:xuM

Jlaji mpoaHasisyeMo BIJIMB OCHOBHIX ITapaMeTPiB CMCTeMH Ha cTallioHa-
PHi 3HaUeHHA cepeIHbOI KOHITEHTpAIlil agcopbarTy (x,), Ta mapaMeTpa IIo-
panky ((8x,)?),; Ta MopdoJoTio 3pocTarouoi MOBepXHi IpK KOHJEeHcAIil.
CrouaTKy pOsIJISHEMO BILINB KoedillieHTa amcopOIrii o, moB’sa3aHoro 3
THCKOM rasy B KaMmepi. BimmoBigHi sasie;kHoCTi mmokasano Ha puc. 47, a
Oopu pidHUX o. BuaHO, 1110 3 TiABUINIEHHAM THUCKY KOHJIEHCOBaHi aToMu
B3a€MOJiI0Th, YTBOPIOIOYM OCTPOBU 3 JeKiJIbKoMa IapamMu (Iop. 3HiMKHU
mpu o= 0,11 Ta 0,15). IIpu moganbiioMmy 36iJbIIIEHHI THCKY Ia30BOi (hasu
po3Mip ocTpoOBiB azicopbaTy 30iIBIITYETHCA, i PABOM 3i CTPYKTypaMu afco-
pbaTy yTBOPIOIOTHLCA BiZOKpPEMJIEHi OTBOPUM — OCTPOBU BaKaHCiii (mmop.
siMku nmpu o = 0,15 ta 0,2). IIpu migBuIieHnX 3HAYEHHAX O Y CTAIliOHAa-
pHOMY pe:KHMi peasisyloThesA JabipmHTOmOAiOHI ocTpoBUM amcopbary 3
OTBOpaMM BcepeanHi HuX (AuB. 3HiMOK 1ipu o = 0,25).

Binmosigui samesxmocTi (x,),, Ta ((8x,)?) Bix HoMepy mapy mokasaHo Ha
puc. 47, 6, 8 BiATIOBiAHO JJIA pisHUX 3HaUeHb KoedimienTa agcopobirii. TyT
KOHITEHTpAIlid afcopbaTy cTae HUMKUe 3 POCTOM HOMEPY Iapy i 30iabIry-
€ThbCS 3 POCTOM THUCKY Ta3oBoi (pasu. 3HaueHHA muciepcii Bix mapy mo

0.25+

0.20 4

0.05 4

Puc. 47. Yacosi 3ayie;KHOCTI cepeAHBOI KOHIleHTpaIlii aacopbary (x,) (a) Ta gu-
crepcii monsa KormenTpamnii ((5x,)?) (6) Ha Ko:xHOMY n-My mIapi 6araTomaposoi
cucremu npu o. = 0,2, e = 4,0, u =0,3.47
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mIapy 30iJIbIIYETHCA 3i 301ILIIIEHHAM HOMEPY IIapy 3a PaXYHOK YTBOPEH-
Hs OCTPOBIB aficopbaTy Ha IIUX IIapax i 3MEeHITYeThCA Ha BEPXHiX Iapax
B 3aJI€2KHOCTI Biz 3HaueHsb o. Ile o3Hauae, 1110 OCTPOBU aacopdaTy CTaioTh
MEeHIITMMHY Ha BepxHix mapax. I[Ipu Maaux o Ha HUMKHIX ITapax YTBOPIO-
IOThCA IJIBHI OCTPOBHU aAcopbaTy 3 BUCOKMMU 3HAUeHHAMHU BiIIOBiIHIX
IUCIIepCiii (CyTTeBa PLMKHUILST Y KOHIIEHTpAIIii azcopbaTy B OCTPOBI Ta 1mo-
3a HUM), TOJi K Ha BEPXHiX IIapax peaisyeThcs JUIle po3pigikeHa pasa
aToMiB, AKi pyxXaroThcA OO MOBEPXHi aaa amcopoiii. Tomy, aucmepcii y
BEPXHIiX IIapax AOCATaOTh MaJnX CTAIliOHAPHUX 3HAUYEeHb. SMEHIIIeHHSI
{(5x6)*),, mpu oo = 0,2 Ta o = 0,25 y BepxHiX IMapax A0JAaTKOBO OB’ A3aHO 3
YTBOPEHHSIM OCTPOBiB BaKaHCi (OTBOPiB B MATPUIIi amcopdary).

Jlasi mpoaHaisyeMo MOMKJINBICTh KOHTPOJIIO AUHAMIKOIO CTPYKTYPY-
BaHHA IIOBEPXHIi Ta Ii MOpQoJIorieio y cTarionapHOMY PEKIIMIi 38 PAXYHOK
eHeprii Bzgaemoxmii agcopdary €. 4 1poro sadikcyeMo mapaMeTpu o, Ta U.
BigmosigHi pesyabTaTu mpeactasiaeHo Ha puc. 48. IlopiBHIOIOUM 3HIMKHT
CTAIliOHAPHOTO PO3UOMiNIy amcopbaTy Ha migKJgamuwHIl (DuB. puc. 48, a),
MOXKHA 0auuTH, ITT0 Ipu MaauXx € (cjabKka B3aeMOIisd afaTOMiB) CTPYKTY-
PYBaHHS MOMKJIUBE JIUIIE Ha IepInoMy miapi. BigmoBigna cramionapHa
KOHITEHTpAIlid amcopdaTy MIBUAKO 3MEHIITYEThCSA 3 POCTOM HOMEPY IIapy
(muB. KpUBY 3 KBajgparamu Ha puc. 48, 6). Tyt (x,) opu n > 2 no3uavae
JINIIIe KOHIIEHTPAIIiI0 ATOMIB y ra3oBiii (asi mobJim3y ocTpoBiB amcopbdaTy
Ha IepHIoMy Imapi.

BignosigHa mucmepcia mpuiiMae cramioHapHe HEHYJIbOBE 3HAUEHHSA
JuIlie OJs mepiroro mapy. OcTaHHe CBiTUMTEL PO MOMKJINBICTL hopMy-
BAHHA CTPYKTYP JIMIIIE Ha IIepIoMy Iapi (piBHOBiCHI ocTpoBu amcopbaTy
3 MaJINM JiHifTHUM posmipom npu € = 3,0 Ha puc. 48, a). 3i 36iabIIeHHAM

«@=0.11

T ———
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Puc. 48. Tunosi imtoctparii sminu craimionapaoi mopdoJiorii moBepxHi mpu pi-
3HUX 3HAUYEeHHAX Koedimienra agcopbuii (a). Pucyuku (6) Ta (8) imocTpyoTh
3aJIe’KHOCTI CTallioOHAPHUX 3HAUYEHb CEPeAHBOI KOHIIEHTpalil amcopbary (x,),,
Ta mapameTpa Iopaaky ((8x,)%),, Ha KoxxHOMY n-My mapi Bizmosizno. Pesys-
TaTu omepiKano mpu: € = 4,0, u = 0,248



844 A. B. IBOPHYEHKO, [I. 0. XAPYEHKO, B. 0. XAPYEHKO

eHeprii Bzaemozii agcopbaTy € BijoKpeMJIeHi ocTpoBH ancopodary popmy-
I0ThCA Ha IepIInX TPhOX ITapax (AuB. 3HiMOK Ha puc. 48, a mpu € = 3,5).
TyT BigmoBigHI cTamionapHi 3HaUeHHA cepeIHboi KOHIeHTpaIlil agcopba-
Ty (x,) i {(8x,)?) BigminHi Bix Hyas ana mapis n < 3 (auB. AaHi, HaBedeHi
Ha puc. 48, 0, 8). [Ipu nomipHNX 3HaUEHHAX €Heprii B3aeMoii agcopbaTy
dopMyIoThCcs GaraToInapoBi CTPYKTypu amcopbary (auB. puc. 48, a mnpu
€=4,0). IIpu nmboMy Ha BepXHiX IMapax Ii€ei CTPYKTYpPU peasis3yioTbCs
OCTPOBU BaKaHCi#l (0TBOpHM) BcepeanHi ocTPOBiB agcopbaTry. OcTaHHE y3-
TOIKYETHCSA 31 SHMMKEHHAM CePeIHbOI CTaIlioHapHOI KOHIIeHTPAIIil ajico-
pbaTy Ta BigmoBigHOI AUCIIEpCii AaA BepxXHixX mapiB. ¥ pasi JocuTh CUJIb-
HOI IIPpUTATAILHOLI B3a€MOJil JaHA KapTHUHA HPOABJISIETLCSA OiJIbII YiTKO
(muB. 3HiMOK mpu € = 4,5 Ha puc. 48, a Ta BignmosBimHi 3amesxmocTi (x,) Ta
{(5x,)?) Binm HOMepa mapy Ha puc. 48, 0, 8).

Hani synuauMocs O6iJbII JeTaJIbHO Ha BCTAHOBJIEHHI BIJIMBY 30BHIIII-
HBOT'O eJIeKTPUUYHOTO MOJIA, HAIPYKEHiCTh AKOro BU3HAYAE CUIY aHizo-
TpoOIii u y mepexoiax agaTOMiB MiK cycimHiMu mapamu, Ha IUHAMIKY
¢dopMyBaHHSA IIOBEPXHEBUX 0araToIapoBUX CTPYKTYP Ta ix mopdo.Jio-
riro. 3ajie;KHOCTi cTallioHApHUX 3HaUeHb KOHIIEHTpAIlil amcopbary Ta
BimmoBigHOI amcmepcii Big cuim aHisorporii u, pasom 3 ijgrocTpamiamm
TUIIOBUX 0AraToIIapoBUX CTPYKTYP, III0 peaisyioThCcs IPU PisHUX 3HA-
YeHHAX U, IpeAcTaBieHo Ha puc. 49. Pucynok 49, a imrocTpye omuca-
HUii BUIlle MOPGOJIOTIYHUN epexisl B CTPYKTYPi ITOBepXHi 3i 30iIbIIeH-
HSM CUJIY 30BHIiIITHBOTO BILJIUBY.

Tak, mpu pikcoBaHuxX o i € B isoTponHOMY Mozei mpu u = 0 Ha moBe-
pxHi peanisyoThca JabipUHTOIOAIOHI CTPYKTYPHU agcopdaTy 3 oCTpOBa-
MU BaKaHCiii (oTBopamMm) BcepeauHi. 3i 30iIbIITEHHAM CUJIM aHiBOTPOIIil
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Puc. 49. Tumnosi imtocTparii aminu cramionapuoi KapTuHu MOPGOJIOTII TOBEPX-
Hi Ipu pisHMX 3HAUEHHAX eHeprii Bzaemoxaii agcopbdaty (a). Pucyuku (6) Ta (8)
iTIOCTPYIOTH 3aJIEKHOCTI CTallioHAapPHUX 3HAUEHb CEPENHBOI KOHIIeHTpAaIlii aj-
copbary (x,),, Ta HapameTpa mopaaky ((8x,)%),, Ha KOKHOMY n-My ImIapi Bigmosi-
nHo. Pesynbraru omepixano mpu: o. = 0,2, u = 0,3.4°
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U aJaToOMHU IIEPEMIIYIOThCA 3 HUMKHIX IIapiB 3 OLIBIIOI0 MMOBipHiCTIO,
Hi’K Y OPOTUJIEKHOMY HanpAMKY. IlopiBHIOIOUM CTPYKTYpPH, OJlep:KaHi
OpH Pi3HUX 3HAUEHHAX U, MOMKHA 0aumMTH, II[0 CTPYKTYPH amcopbary 3
OTBOpaMHu TpPaHCPOPMYIOThHCA B 3MiIlIaHy CTPYKTYPY, e chopmMoBaHi
OCTPOBU ajicopbaTy XapaKTepU3yIOThCA HASBHICTIO OTBOPiB (OUB. pucC.
49, a ipu u = 0,15). IIpu momanbIIIOMy 3pPOCTaHHI HAIPYKEHOCTi 30BHi-
IIHLOTO IOJA (POPMYIOTECS BiOKpeMJIeHI ocTpoBHU ancopodary, 1o o0y-
MOBJIEHE JOAATKOBUM IEPEHECEeHHAM aJaTOMiB, BUKJUKAHUM 30BHIiIII-
HiM BILZITBOM. ¥ BUIIaAKY (GOPMYBAHHSA BiToKpeMJIeHNX 6araToIapoBux
CTPYKTYP azcopbaTy KOHIIEHTpAaIlia agcopbaTy Ha KOXKHOMY IIapi 3me-
HIIIYETHCS 3 POCTOM U, IO JOOpe BUAHO 3 puc. 49, 6. I3 3amexHocTel
CTaIiOHApHUX 3HaUYeHb gucHepcii ((5x,)?),, BiA HapysKeHOCTi eleKTpu-
yHOTO ToJIA U (quB. puc. 49, 6), BUAHO, 1o Ha Hepuromy mapi ((5x;)%),,
MOHOTOHHO 30iJILIITyETHCA 3 U, 1[0 O3HAYAE YTBOPEHHA Ha IbOMY ITTapi
HAA3BUYANHO MIiIbHOI (ha3u OCTPOBiB agcopbary (TyT icHye Haa3BUUAM-
HO BHCOKA PLKHUIIA MiXK IIiJbHOIO ha3010 i razoBoio pazoio). CrarioHa-
PHi 3HaUeHHA MUCHepciii Ha CYCifHIX ITapax xapaKTepus3yThCA HEMO-
HOTOHHUMHU 3ajekHocTaMu Big u. IIpu s6inbimenwi u Bix u = 0 peanisy-
€ThCA KapTUHA, aHaJOTiuHa IJid mepimoro mapy (aus. puc. 50). Burime
IIEBHOTO KPUTUYHOTO 3HAUEHHA U, TIOB’ A3aHOTO 3 MOJIOKEHHAM MaKCHU-
MyMy I8 KOoxKHOI 3anexxuocTi ((8x,)%),(1), po3Mip OCTpOBY Ha IIbOMY
mapi 3MeHIITYEThCA Yepes3 MaJy KOHIIEHTPAIIil0 aJaTOMiB Ha HOMY, III0
nobpe IPOCTiIKOBYEThCA IIPK MOPiBHAHHI 3HaueHb {(5x,)%),, mpu dikco-
BaHOMY U.

Jlajri mpoBeneMo KOPeNAIiNHUN aHaIi3, JOCTiIKYI0UN KOpeadliiny
dyHKIIi0, 1110 TpeacTaBaAeThesa BupaszoMm (20). 3adekHiCcTL po3paxoBa-
HOT'0 3HAUEHH IIepioy IpocTopoBuX 36ypeHsb R, BUMipAHOr0 B OJUHU-
uax Ly Big cunu aHizoTponii BepTukaibHOI qugysil ¥ HaBeJjeHO Ha pUC.
51 3 TMOBUMU CTPYKTypaMu y KBasHUCTAI[iOHADHOMY PEKUMi IpH Pis-
HUX 3HAUYEHHAX U. 3 PUCYHKA BUIHO, IO IIPU ITOYATKOBOMY 30iJIbIIIEHH]
cuiau amisorpomii R, 3pocTae; B OKOJi u = u, HabyBae MaKCHUMAaJbHOTO
3HAUYEHH i 3 TOAAJIbIIINM 301IBIITeHHAM CUJIN aHi30TpoIIii cnagae.

TakuM YMHOM, 3HAUEHHA U = U, XapaKTePU3ye TOUKY CTPYKTYPHOTO
nepexoay B MopdoJiorii moBepxHi: mpu 1 <u < u, mig yac agcopobItii 3po-
cTaioua IIOBEPXHS Ha BEJIMKUX YaCOBUX iHTepBajax Oyle xapaKTepusy-
BaTHCS HaABHICTIO OTBOPiB B MaTpuIli agcopbaTy, ToAi AK Opu u > u, 0y-
IyTh (GPOPMYBATHCS BiTOKpeMJIeHI CTPpYKTypu aacopbarty [47]. 3a ymoBu
U = u, MacMO KapTHHY eKBiBaJeHTHY 0 clleHapiio (a30BOro posmiapy-
BaHHA 3 BUAIJIEHHAM MEPKOJIOBAJLHUX KJacTepiB agcopbary. Ha Bepx-
Hili maHesi mo puc. 51 mpeacTaBJIeHO THUIIOBI KBA3MCTAIiOHAPHI CTPYK-
Typu Tpu 30iJBIIEHHI CUJIM aHiBOTpOIii BepTUKAJIbHOI AMQy3ii, AKi
imrocTpyioThk 3MiHy B MopdoJorii spocTaipuoi moBepxHi. Ha BcTaBIi 10
puc. 51 mpencTaBieHO 3aJeKHOCTI Kopensamiiinoi Gyukmii C(r), aki
1JIIOCTPYIOTH OCIIUJIIBHY IIOBEeAiHKY 3 PiSHMM 3HaUEHHAM Ilepioay mpoc-
TOPOBUX OCITUJIAITIHA.
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Puc. 50. Tunosi imrocrparnii sminu cramionapuoi KapTuau MopgoJIorii moBepx-
Hi IIpy pi3HUX 3HAUEHHAX CUJIM aHizoTpouii BepTukranbHOI nudysii agaTomin
(a). Pucyuku (6) Ta (8) i110CTPYIOTh 3aJIe;KHOCTI CTAIliOHAPDHUX 3HAUYEHDb cepe/I-
HLOI KOHIIeHTpaIii agcopbary (x,), Ta mapaMmerpa mopaaky ((5x,)?),, Ha Komx-
HOMY n-My Imapi Biznosiguo. PesyabraTu ogepsxano npu: o= 0,2, ¢ = 4,0.%
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Puc. 51. 3anexHicTh cepegHboi Bigcrani misk crpykTypamu R, Bix cuinu aHizo-
Tpomil BepTukKaabHOl Au(dysii u. Tumosi cTPpyKTypu B KBasUCTAI[iOHAPHOMY
pPeXuMi HaBeIeHiI 3BepXy IPHM PiBHMX 3HAUEHHAX u. BigmoBimHi 3ameskHOCTI
JIBOTOYKOBOI cTalioHapHOI KOPeJAIiiiHOI QYHKIII 11 cucTeM 3 Pi3HOIO CHUJIOIO
aHisorpomii BepruranbHOi Audysii © HaBegeHo Ha Berasmi."!

6.4. CtaTucTUYHI BJIACTUBOCTI MPOIieCy 0araTonapoBoro pocTy CTPYKTYP

Hani cpoKycyeMo HaAIlly yBary Ha BCTAHOBJICHHI CIIOCO0iB KOHTPOJIIO TH-
IIOM Ta PO3MipOM IIOBEPXHEBUX CTPYKTYP Ha KOKHOMY ITapi 6araToiia-
poBoOi cucTeMu «IIasMa—KOHAeHcaT». [Jid MbOTO IMIPoaHaIi3yeMo eBo-



MOIEJIIOBAHHSA IUHAMIKA ®OPMYBAHHSA TA POCTY HAHOCTPYKTYP 847

1.2

0.8

0.6

<RIl

04

0.2 4~ : ———rr
o’ 10°

Puc. 52. EBouonia cepeHbOTO JiHiTHOTO po3Mipy cTpyKTyp axcopbary (R,) B
oquHUNAX nudysifinoi qoBxuHYN L, Ha KOXKHOMY n-My miapi. Pesyabratu ofe-
pxano mpu: € = 4,0, u=0,3raa=0,2.%

JIIOITiT0 cCepeHbOro JiHIHOTO po3Mipy ocTpoBiB agcopbary (R,) HA KO-
HOMY IIapi, 1o mpeacTaBjeHi Ha puc. 51 npu pikcoBaHMX mapaMeTpax
cuctremu. MomeHnTu uacy t;,..., tg BIAIOBiTaloTh ITOYATKY (hopMyBaHHSA
OCTPOBiB Ha BigmoBimHOMY Iapi. Ak OyJso mokasaHo panimre (guB. [39])
IIi Yacu BUBHAUAIOTHCA [BOMA, BUKOHYBAHMMMU OJHOYACHO, YMOBaMu, a
caMe: IIepecUUYeHHAM ra3oBoi asu Ha IIOTOYHOMY IIapi i KpUTUUHUM
posMipom ocTpoBy aacopbaTy Ha momnepegHboMYy Itapi. Ha mpexacrasie-
HUX 3aJie’KHOCTAX (R,)(f) MOKHa BUAIJIUTH TPU CTAJii POCTY OCTPOBIiB.
Ilepmia cragis moB’s3ama 3 GOPMYBaHHAM 3apPOAKiB i 3pOCTAHHAM OCT-
poBiB (mBuaKe 3pocTtaHHA (R,) 3 uacom). Ileit eTanm xapakTepusyeTbCcs
acumnroTurow (R,) o« t” 3 H ~ 0,5 (kpim HaiiBuimoro mapy). Ha apyrii
cranaii BimOyBaeThCcs Mepepos3momia aacopdbary MiK ocTpoBaMu (YIIOBi-
JbHeHe 30iJIbIITeHHs cepeHbOro paaiioca ocTpoBiB). Ocrauuiit eTan Bif-
IIOoBifae KBasuCTAIliOHAPHOMY Pe:KMMOBi 0e3 IMOMIiTHOTrO 36iJIbIIIeHHS
cepeHbOTO PO3MiPY OCTPOBY Ha IOTOYHOMY IIIapi.

Hani po3rassHeMO BILJINB aHi30TPOIIil BepTuKaJabHOI Audysil Ha 3MiHy
CcepeIHbOTO JiHIHOTO Po3Mipy CTPYKTYP aacopbary (R) (mpu u > u,) Ha
piBHI moJIOBMHM BUCOTU 3pocTaruoi moBepxHi. EBostortito (R(t)) B oxu-
HuUIEax audysiitnol goB:xuHU L, HaBegeHO Ha puc. 53 mpu pisHux 3Ha-
YeHHAX U. 3 PUCYHKAa BUJHO, IO IPU HEBEJIMKUX 3HAUEHHAX CUJIU aHi-
3oTporii cepenuiii minifiHMI pajgitoc cTPyKTYyp aacopbary (R) spocrae 3
YyacoM HaBiTh HAa BeJIMKUX YaCOBUX iHTepBasjax (OIUB. KPUBY 3 KBajapa-
ramu npu u = 0,2), Koau cepenHsd KOHIIEHTpAallid amcopbary mabyBae
CTaIioHapHOTO 3HAUYEHHA. 30iJbIIIEHHA CUJIN aHi30TPOMIii BepTUKAJIBHOI
nudysii u mpuBoaAMTH A0 crabinisaiiii mporeciB pocTy (AMB. KPUBY 3
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Puc. 53. EBoatonisi cepefHBOTO JIHIHHOTO PO3Mipy CTPYKTYD azcopbary (R) B
onuHUNAX nudysiiiHnol qoBKMHU L, Ha PiBHI MOJOBMHU BUCOTH 3POCTAIOUOL
IMOBEePXHi NMpU pisHUX 3HAUEHHSAX CHUJIM aHisoTpomii BepTumkaabHOI mudysii u
(31iBa) Ta eBOJIIOIiA CTPYKTYD afcopbary npu u = 0,4 (cupasa).®

rpukyTHuUKamu npu u = 0,3). TyT micaa saBepienHs cragii pocty (3po-
cTaioua 3aJjeKHicTh (R)) cepenHii JiHilTHUI PO3Mip CTPYKTYp HabyBae
CTaIlioOHapHOTO 3HAYeHHs HA BEJUKHNX YacOBUX iHTepBajax. IIpu Buco-
KUX 3HAUEHHAX CHJIM aHizoTpomii u 3amemxuicTs (R(f)) IpPOsSBisie HEMO-
HOTOHHUM XapaxTep (IuB. KPUBY 3 Kpy:KKamu npu u = 0,4): giHiiHMI
PO3Mip CTPYKTYp amcopbaTy 3pocTae 3 4acoM, HaOyBae MaKCHUMAaJIbHOTO
3HaYeHHs, IIOTIiM cHajae M0 cTalioHapHOro 3HauvenHs. CmamHa 3ajiek-
HicTb (R(t)) 03Hauae, 110 IepeBaKHUN PYX aJaTOMiB 3 HMKHiX ITapiB Ha
BePXHIi IPU BeJIUKUX U IIPUBOAUTH 10 (POPMYBaHHA OiJIBII KOMIIAKTHUX
CTPYKTYpP azacopbary. Ilpu mpomy cTamioHapHe 3HAUEHHS CepPegHBOTO
JiHIAHOTO PO3MIipPy CTPYKTYP aAcopOaTy 3sMeHIITYEThCA 3i 301MbIIIeHHAM
cunu aHisorpomii u. Ha pucyuky 53 cmpaBa mpeacTaBJIeHO €BOJIIOIiI0
CTPYKTYP azcopbaty mpu u = 0,4, 1110 BiATIOBia€ HEMOHOTOHHIN 3aJI€K-
HOCTi cepeIHBOrO JiHilTHOTO PO3Mipy CTPYKTYP Bix uacy.

Bunano, 110 Ha cragiax pocty (R(t)) Ha mOBepXHi peai3yioThCa AK Be-
JUKi 6araToIrapoBi CTPyKTypH ajgcopbaTy, Tak i MaJji ocTpoBu ajgcopoda-
Ty Ha HUJKHBOMY I1api (quB. puc. 53 cupasa npu ¢t = 50). IIporarom ax-
copO11ii 11i Masi ocTPOBU B3AEMOZIIOTh MisK CO00I0 Ta 3 BEINKUMU CTPYK-
Typamu ajgcopbary. Ile mpuBOAUTE [0 IITBUIKOIO POCTY CEPEIHBOTO PO3-
Mipy cTPYKTYp ancopbary (auB. puc. 53 cupasa upu ¢ = 200). IIpu moxa-
JIBIIi# eBOJIIOIII cCTeMU CUJILHA BEPTUKAIbHA aHI30TPOIIid IPUBOAUTE
Io 3MiHu ¢opMu He chepUUHHX CTPYKTYp azcopbary. B pesynabrarti
CTPYKTYpHU amcopbaTy HaOyBawoTh ranTesenoniouoi ¢opmu (qus. puc. 53
cupaBa npu t=1000), i Koau mMUpPUHA IEPEMHUYKMN CTAE€ MEHIIIOI0 3a
KPUTHYHE 3HAUEHHS, TaKi CTPYKTYPH PO3ALIAIOTHECS Ha OBa BiTOKpPEM-
JeHi ocTpoBu aacopbary. Ileit mporiec MPpUBOAUTD A0 CIIAAHOI 3aJIesKHOC-
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Ti cepeaHbOro JIIHIAHOTO PO3MiPY CTPYKTYP 3 UaCOM.

OnepsxaHi pesyabTATH YMOMKJINBJIIOIOTE BCTAHOBUTH (PYHKILII po3mo-
iy cTpyKTyp amcopbary 3a poamipamu ¢(R/(R)). Bigmosigui pesyibra-
TH IIOLAaHO Ha puc. 54, 3 AKOro BUILINBAE, 110 YV PiKCOBAHUIT MOMEHT Ua-
Cy Ha cTafii pocTy JaHi PO3IOLiaN € YHiBepCaAJIbHUMHA AJIA KOMKHOIO ITIa-
py. Ha Bcrasiii Ha puc.54 HaBegeHO PO3IOLiIN CTPYKTYP afgcopbary Ha
TPeTHOMY IITapi B PidHi MOMeHTH Yacy Ha CcTafgii pocTy. 3 ofep:KaHuXx aa-
HUX MOJKHA 3pOOMUTYH BUCHOBOK, IO po3moxia ¢(R/(R)) He 3aJIE}KUTH Bif
yacy, To0To € yHiBepcambuuM. Ilepexin g0 KBa3uCTAI[IOHAPHOTO PEKI-
MYy 3aJIeKHUTh Bil yMOB KOHAeHcaIlii. 3 ofep:Kainx pe3yabTaTiB BUILINI-
Ba€, IO Y KBA3UCTAIliOHAPHOMY PEKHMi PO3Mip OCTPOBiB Ha KOXKHOMY
mapi (Kpim mepiroro) MeHmui 3a gudysiiay gopxuny: (R,) < Lp. Ilei
e(peKT OB’ A3aHUM i3 B3aEMOJicI0 aJaTOMiB Ha KOKHOMY IIIapi, AKe Ja-
€ThCS MOTEHIIIAJIOM IPUTATAHHA U(r) 3 pagitocoM B3aeMoii ry << L.

Opmep:xaHi JaHi MIOJ0 IUHAMIKY POCTY CEPEeTHLOTO PO3Mipy OCTPOBiB
azcopbaTy Ta posImoiJly CTPYKTYP ajxcopbary 3a posMipamu Jo0pe CIiB-
BigHOCATHCA 3 MogudikoBaHoio Teopieio OcTBanbaa [84, 85]. ¥V pamkax
IbOTO ITiAXOY OCTPOBU POBIJIAMAIOTHCA AK AWUCKU po3mipoMm R i Buco-
TOIO h, po3TalioBaHi Ha migkJganuHII npu Temnepatypi T. Poamip ocrt-
POBY eBOIONiOHYE 3i mBHUAKicTIO vy = R'(1/R,— 1/R), ne XxapaKkTepHuUii
pafitoc R* BU3HAUAETLCA BIACTUBOCTAMU MAaTepisry. 3aKoH 30epeskeH-
Ha Macu Mae Burasag: R'/R, +AJR2¢(R, t)dR =1, ne KPUTUYHUIN PO3Mip
octpoBy R, =cQ)/Th{ Bu3HaUa€eThCA y CTAHAAPTHUN CIIOCi0 Uepes mepe-
cuueHHA (, IUTOMY IIOBEPXHEBY €HEPTiI0 G Ta aTOMOBUII 00’€M OJHOTO
KOHJIeHCOBaHOTO aToMy 2, A € KoHCcTaHTOIO (200, Yy 3araJbHOMY BUIIA[I-
Ky, 3aJIe}KHOIO Bi yacy pyHKIIi€0).

DyHKIIA pOoSNOAiNy HMiANOPAAKOBYETHCA PIBHAHHIO HEIlePEepPBHOCTI
Buny O0(R,t)=—"0g(Vgd(R,t)) B8i cTaHZapTHUMHU BJIACTUBOCTIMU
O(R, 0) = Nodo(R), [0(R)dR =1, e N, — mo4aTKoBa KiIBKiCTb 3apOAKiB
CTPYKTYP 38 iX posmozijsiom 3a po3mipamu ¢(R). Ak Oyao mokasaHo y po-
6oTi [85], suHamika pocTy ocTpoBy Ha craaii OcTBaJIbI0OBOTO BU3PiBaH-
Ha MaciiTabHO iHBapigHTHA, 1 PO3B’A30K PiBHAHHS HEIEPEePBHOCTI mo-
IIyCKae PO3B’A30K y aBTOMOJEJbHOMY pesknuMi 3 R,(t) ~ (R(t)) o t/2 pna
KPUTUYHOTO PO3Mipy ocTpoBY, N(t) oc t ' ass KinbKocTi ocTpoBis Ha 1i-
IKJaAUHIL i yHiBepcaysbHOIO (YHKI[i€I0 posmoniay 3a posmMipamu
0(x) = Az(z - o) exp(-2/(2, — 2)), ne 2= R/(R), z,=r./(R)~ 1,677, A —
napamerep momenio [85]. Taki sk acumnrToTuku OyJsim 3HANAEHI 1A ce-
PeqHBOTO POBMIPY OCTPOBY HA KOMKHOMY Iapi, 3a BUHATKOM OCTaHHBO-
ro, Ta AJIid PO3IIOAiJIYy OCTPOBiB ajmcopbaTy 3a podamMipamu (AUB. CYILILHY
KpuBYy Ha puc. 54). Oxep:kaHi pesyabTaT H00pe Y3TOMKYIOTHCA 3 €KC-
TIEPUMEHTAJIbHUMHU CIOCTEPEKEHHAMH II[OJ0 YTBOPEHHA HAHOUYACTUHOK
MeTaJIiB IpU KOHIeHcAallil 3 rasoBoi pasu (IuB., HaIpuKJIam, podoru [82,
83]) Ta 3 TeopeTuuHUME docaimixeHHamu [39, 47].

Toii hakT, 1110 cepefHill pO3Mip OCTPOBIB amcopbaTy BipisHAETHCA Bif
mapy Ao mapy (3MeHITyeTbCA Bif HMIKHIX ITapiB A0 BEPXHiX), O3HAUAE
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YTBOPEHHS Tepac mipaMifaJlbHUX CTPYKTYP, CEpenHsd IMUPUHA AKUX Ja-
etbcst BupasoMm (L, =(R,)—(R,.;). 3aJleXHOCTi CepegHbBOr0 PO3Mipy
CTPYKTYP azcopbaTy Ta cepelHbOI IITUPUHU Tepacu Ha KOMKHOMY IHapi y
KBa3HUCTAIliOHAPHOMY PEeKMMi BiJf HAIPY:KEHOCTH IIiABEeIeHOT0 0 IIiTK-
JAUHKN eJIEKTPUUHOTO MOJIA U IIOKasaHo Ha puc. 55. I3 zamesxkHocTi
(R,)(u) (nuB. puc. 55, a) BUILIUBAE, M0 3i 361IBITEHHAM U PO3MipP OCTPO-
BiB Ha KOKHOMY IIIapi cTae MEHIINM, a OT:Ke, Ha IIiAKJIaINHIIL peasisy-
IOThCs 0araToIIapoBi mipaMizaJdbHO IMOLIOHI CTPYKTYPH i3 cepeaHim pos-
MipOM OCTPOBY, MEHIIUM 3a Audy3itiny moB:xuny. CepeqHs IITUpPUHA Te-
pacu 3MiHIOETHCSA HEMOHOTOHHMM YMHOM 3 POCTOM U HOJIS BCiX Imapis,
KpiMm ocTaHHBOTO (AUB. puc. 55, 6). TyT npu Maaux u mimpuHa Tepacu 30i-
JBITYETHCA 3 U 38 PaXyHOK MaJIOT0 BHECKY aHi30TpoIIii, iHAYKOBaHOI 30B-
HIITHiM BIIMBOM.

OcHOBHI MexaHisMu, 110 KePYIOTH POCTOM OCTPOBiB, IIOB’sI3aHi 3 Tep-
MiuHOIO ajacopOIriero/mecopOIliel0 Ta KBasWi3OTPOIHOI BEPTUKAJILHOIO
nudysiero. Buile meBHOTO 3HAUEHHA CUJIU aHiBOTPOITil & OCHOBHY POJIb Y
¢dopMyBaHHI MOBEPXHEBUX CTPYKTYP BiZlirpae aHizoTpommHa BepTUKAJIbLHA
mugysia, iHgyKoBaHa 30BHINIHIM nosieM. Ilpu BesmKux u sHaueHHA (L)
3MEHIIIYETLCS BHACTIIOK PYXY aZaTOMiB BiJ HMKHIX IIapiB 4O BepXHiX.
Benuuuna (L) (0B’ si3aHa 3 OCTPOBOM Ha IIepefoCTaHHbOMY I1api) Hady-
Ba€ BeJIMKUX 3HAUEHDb. 3 POCTOM U CepeaHe 3HAUCHHA ITUPUHU Tepacu (L;)
3MEHITYETHCA 32 PAXYHOK YTBOPEHHA OCTPOBiB Ha OCTaHHLOMY IITapi, BU-
KJIMKAHOTO aHi30TpomHO augysiero agaromiB. IlikaBo BigsHauuTu, 1o
BiZHOIIIEHHS MiK cepeIHIMHU IMUPUHAME Tepac IpPU MaJaux u (10 Ioporo-
BOT'0O 3HAUEHHS, IIOB’I3aHOT'0 3 MAKCIMYMOM 3aJie;kHocTi (L,)(1)) Mae Bu-
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0.20

0.00 1= T T T T
02 0.4 0.6 0.8 1.0 12 14 1.6
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Puc. 54. Posmoxin cTpykTyp azcopbarTy 3a po3MipaMu Ha PisHMX Iapax
(n=1,..,5) Ha craxii mepeposnoaiay amcopdbaTy Mik cpOpMOBAHUMU KJACTe-
pamu. Ha BcTaBIi npencTaBiaeHo PO3NOAINY AJif TPETHOTO IIIapy B Pi3HiI MOMEH-
TH Yacy cTaznii mepeposmonainay agcopbary. Pesyabratu ogeps:kano npu: € = 4,0,
u=0,3taa=0,2.
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Puc. 55. KBasucramionapHi sHaueHHSA CepeIHBOr0 JiHiMHOro pPoaMipy CTPYK-
Typ aacopbary (R) (a) Ta cepeHbOI MIMPUHU TePACU HipaMiJaJbHUX CTPYKTYP
(L) (0) B oguHUIAX nudysiiinoi noB:KuHU L, Ha KOKHOMY n-My IIapi mpu
e=4,0Taa=0,2.5

raan (L,)<{L,.. Tyr amcop0iisi/mecopbiiiss i1 i3oTponHAa BEpTUKAJIbHA
I1u(ysia cIpuaTs, PyXy aJaTOMiB [0 HMKHIX mapiB. Ilpu migsumnienwi u
(Buite mopory) piskHuIA B (L,) BMEHITYETHCA, i OLJIBIIICTD IIIapiB XapakK-
TepUBYIOThCA OJHAKOBOI INMHPHHOI0 Tepacu. lleil edeKT 3ymMoBiIeHUI
aHizoTpoITHOIO AU y3i€io afaTOMIB MiK IITapaMu.

Ha pucyuky 56 HaBemeHO pe3yJbTaTH IOA0 3MiHM CTAI[iOHAPHOTO
3HAYEHHS CEPEIHLOTO PO3MIPYy CTPYKTYP aAcopbaTy Ha KOKHOMY IHapi
IpHU BapiloBaHHi YMOB Ooca:KeHHs. AHAII3yIOUN ofep:KaHi JaHi mpu pi-
3HUX 3HAUEHHAX THCKY BCcepeanHi KaMepHu (3MiHa mapameTrpa o), Ma€Mo,
1170 301iJIBIIIeHHS TUCKY IPUBOAUTEL M0 30iJIbIMEHHS CEPEIHLOT0 PO3Mipy
3a PaXyHOK e(peKTHuBHOI agcopObIlii agaTomin (Imop. KPMUBi 3 KBagpaTaMu
Ta KpysKeukamm). 30iibIeHHA eHeprii B3aeMomii azcopbaTy € IIpPUBO-
IUTH 10 aHaJOTivHOro edeKTy (IIop. KpuBi 3 KBagparaMu Ta pombamu),
IIpOTe 3a TAKUX YMOB BHUPOIIyBaHHSA HPOIlECH AecopOIlii cTaroTh MeHII
e(PeKTUBHIMHY y IOPiBHAHHI 3 agcopOirieto. 3i 30iIbIIIeHHAM HAIIPYIKe-
HOCTHU 30BHIIITHLOTO €JIEKTPUYHOTO mOoJiA (IOp. KPUBi 3 KBajgpaTaMu Ta
TPUKYTHUKAMN) CEPEIHil PO3SMIp CTPYKTYP CTA€ MEHIITIIM.

6.5. Ilepexin Big 6GaraTonapoBoro MOaeJIo 10 OJHOIIAPOBOT0 HAGIMKEHH S

OpepsxaHi maHi 100 3aJ€KHOCTH CTAIliOHAPHOTO 3HAUEHHS KOHIIEHT-
pairii agcopbaTy Ha KOKHOMY IIIapi 0araToinapoBoi CUCTeMH IPU Pi3HUX
3HAUEHHAX KePYBAJbLHUX IapaMeTpPiB YMOKJIUBIIOIOTh BCTAHOBUTHU 3a-
JIeXKHICTh KOHIIeHTpaIlii agcopbary Ha (n + 1)-my Ta (n — 1)-my 1mapax
BiZ KOHIIEHTpAIIil azcopbaTy Ha n-My mapi. 3 1ieio MeToo, aHAIi3yIoun
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Puc. 56. KBasucramionapHi 3HaueHHA CepeJHLOTO JiHifHOrO PO3Mipy CTPYK-
Typ azacopbary (R) B oxmHuIAX nudysiiinoi noBKuHU L, Ha KOXKHOMY N-MYy
Imapi nIpu pisHNX 3HAUeHHAX ITapaMeTpiB cucTeMu. >

pesyabratu (x,).(u) (muB. puc. 49, 6), 6yJa0 PO3paxoBaHO 3aJE€KHOCTIL
x5(x3) Ta x4(x3), 110 IPEACTABIEHO Ha PUC. 57 3aTYIIIOBAHUMHU Ta IIyCTHU-
MU KpysKeuKamu BimmoBigHo. CyIiJibHOIO Ta IITPHUXOBOIO KPUBUMH IIO-

NAHO 3aJIeXKHOCTL X, | = (\/Z +B/ 2)2 y Xy = (\/Z -B/ 2)2 npu 3 =0,1.

ITpux-IyHKTUPHA IPAMA 3a7A€ X+ = X,,.

3 ozep:KaHUX Pe3yJabTaTiB BUIHO, IO TEOPETUUHI 3aJIeKHOCTI J00pe
Y3rOJKYIOThCS 3 UMCJIOBUMU JaHNMM, a, OTKe, 00y IOBaHUI MaTeMa-
TUYHUHN MOJEJNb eBOJIIOIiI agcopbaTy Ha MPOMiKHOMY ITapi 3 GyHKITio-
HAJBLHOIO 3aJeKHICTIO KOHIleHTpaIllii agcopbary Ha cycimmix mapax Bin

2
KOHIIeHTpalil Ha BHUJlTeHOMY IIapi, X, , = (,/xn FB/ 2) , BimTBOpIOE

AKiCHY KapTHHY IIPOCTOPOBO-UYACOBOI eBOJIOINiI agcopbaTy mpu Gararto-
II1apoBil KoHAeHcaIrii.

7. BACHOBKH

¥ maniii poOOTi IPOBEIEHO TEOPETUUYHNI ONNC i UMCJIOBE MOJETIOBAHHSI
mpoiieciB (popMyBaHHSA CTaIliOHAPHMX IIPOCTOPOBUX BiJoKpeMJIeHUX
CTPYKTYP HA IIOBEPXHSAX TOHKMUX ILIIBOK IIPM OCAIKEHHI B cHcTeMax
«IIJIasMa—KOHIeHcaT» . ByJyio mobygoBaHo y3araJbHEeHNUH OSHOIIIAPOBUI
MOJeJb IJIA OHMCY IIpoIlieciB (opMyBaHHS IIipaMiZaJbHUX CTPYKTYP
npu GaraToIIapoBiil KoHAeHcallil 3 ypaXyBaHHAM IIPOIleciB ajzcopOIrii,
IecopOIrii, moBepXHEBOi Ta BepTUKAJIbHOI fu@y3ii, a TaK0K aHisdoTpomil
B IIepexo/ax aJaToOMiB Mix cycimmiMu mapamu, 3 mepeBakaJlbHUMU IIe-
pexomaMu Bif HMKHIX IIapiB 40 BePXHiX, BUKJINKAHOL Ji€lo IIigBegeHo-
ro 10 HiAKJAIUHKN €JeKTPUUHOro moJid. PO3TIAHYTO BUIIAAOK IIepio-
IUYHUX i CTOXaCTUUYHUX 3MiH CHJIM TaKoi aHizoTpoIii Ta (guoKTyarii
IMOBEPXHEBOro IIOTOKY azcopbdary.
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Puc. 57. 3anmexkHOoCTi cTamioHapHOTO 3HAUEHHA KOHIIEHTpalii azcopbary Ha
(n+1)-my (mycti Kpysxku) Ta (n— 1)-my (3aTymioBaHi KpysKKH) IIapax Bin
KOHIleHTpaIril agcopbary Ha n-my miapi npu o= 0,2, € = 4,0 Ta n = 3 npu pisHHX
3HAUEHHAX CUJIM aHi30TpPOIii y mepexomax agaTOMiB Mixk miapamMu u (HaBeaeHO
Ha BepxHi#l oci). CymiabHOIO Ta INTPHUXOBOI KPUBUMMU IIOJAaHO 3aJI€KHOCTI
X, =, 2+ B/2)2, x,,, = (x,Y2 - B/2)? mpu B = 0,1. IITpuX-IyHKTUPHA IPIMA
3aJA€ X1y = X,.°7

PosriguyTo BUIIaAOK OTHOPiAHOI cucTeMU i OJep:KaHO 3aJIeKHOCTL
cTal[ioOHapHUX 3HAUEeHb KOHIIeHTpaIlii ajcopbaTy BiJ OCHOBHUX KepyBa-
JbHUX TapaMeTpPiB cucTeMH, IO 3BOAATHLCA N0 KoedilieuTa amcopbirii,
eHeprii Bzaemomii agcopbary Misk co00I0 Ta cuaM aHi3oTpomii BepTuKa-
JbHOI Audysii amzaToMis, 110 BU3HAUAETHCA HAIPYKEHiCTIO IIiBEIEHOTO
IO MiAKJIaAUHKY 30BHIIITHBOTO €JIEKTPUYHOTO IOJIA B CUCTEMI «IJIazMa—
KOHIeHcaT». BcTaHOBJIEHO YMOBHU peaJizallii mepexomiB mepIimoro poay B
IocaimryBaHill cucTeMi it ofepsxkaHo (hasoBi JiArpamu, 110 JIIOCTPYIOTH
3MiHy obaacTu 6icTabiTbHOCTH.

IIpoBeneHo meTaabHE MOCTIAMKEHHA IEPEXO/IiB CHUCTeMH i3 cTaHy 3 HU-
3bKOIO T'YCTHHOIO afcopbaTy J0 CTaHy 3 BHCOKOIO I'yCTHUHOIO, KOJU OCS-
raeThbCs HeoOXigHe ImepecuyeHHs s MOAAIbIIIOI caMoopraHisarlii agcop-
b6aTy 3 (popMyBaHHAM IIOBEPXHEBUX CTPYKTYpP. TyT OCHOBHY yBary 3oce-
pemsKeHo Ha MOCTiAKeHHI 3MiHM cepeqHLOTO Yacy TaKoro IIepeXoay IIpu
BapifoBaHHI aMILIITyIM Ta YacTOTHU IIEPiOAMYHOI 3MiHM, a TAKOXK iHTeH-
CUBHOCTH (DJIIOKTyAaIliil BUIagKOBOI 3MiHM CUJIU aHi30TpOMIil BEepTUKAIb-
HUX TIepexofiB amaToMiB Mixk 1mapamu. IlokasaHo, 1110 y BUIaAKy cJiab-
Kux QUIroKTyaIiil cepeHiit uac nepexo/1iB 3SMeHIITYETHCA 3 POCTOM aMILITi-
TYIU IePioANUYHNX 3MiH HAIIPYKEeHOCTH eJIEKTPUYHOTO IMOJIA ¥ OITUMIi3y-
€ThbCS 3 YACTOTOIO ITMX MePioguUYHUX OCIUIAIili. BeramoBieno, mio 36i-
JBIMeHHA iHTEHCUBHOCTHY (WJIIOKTyAI[illi HATPYXKEHOCTU TiBEeIeHOTo eJe-
KTPUYHOTO MOJA IPU MajluX 3HAUEHHAX 3aTPUMYE TWHAMIKY IIUX Iepe-
XOJiB BHACJiIOK e()eKTiB acCMHXpPOHizaIii mepiofnyHol Ta CTOXaCTUYHOI
KOMIIOHEHT. 3POCTAHHSA IiHTEHCHUBHOCTH QJIIOKTyaIlili Hampy:KeHOCTHU
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€JIeKTPUYHOTO HOJIA IPU BEIUKUX iHTEHCUBHOCTSIX IPUBOIUTDL 10 3MEH-
IIeHHA Yacy IepexoiB BiJl CTaHy 3 MaJIOIO I'yCTHHOIO IO CTaHy 3 BUCOKOIO
T'YCTHUHOIO.

B pamrkax amaJsisy Ha CTiHKiCTb JOCJIiAKEHO IIPOCTOPOBO-PO3IOLLIIEHY
CHICTEMY Ta BCTAHOBJIEHO CTiMKiCThL OJHOPIAHUX CTAIliOHAPHUX CTAHIB IO
HeomHOpPigHMX 30ypeHb. BcTaHOBJIEHO iHTepBaaM 3HAUEHL HapaMeTpiB
CHUCTEeMHU, KOJIX 3 IIMHOM Yacy Ha HiAKJaIMHIIL (POPMYIOTHCS BiZOKpEM-
JeHl cTpyKTypu aacopdbary. Omepsxaso (asoBi miarpamwu, 1Mo iJIoCTpy-
IOTh BiAmOBiAHI o6JIacTi 3HaUeHL MapaMeTpiB cucTeMu. BcTaHOBIEHO 3a-
JIEKHOCTI cepeIHbOT0 MIepPioy po3TalllyBaHHA BiJOKPEMJIEHUX CTPYKTYP
azcop0baTy Bil OCHOBHUX ITapaMeTpPiB CUCTEMMU.

JlocaisKyoun IIPOCTOPOBO-PO3MNOIiJIeHy NeTEPMiHICTUUYHY CHUCTEMY
3a YMOBY HEe3MiHHOCTH y Uaci HAIIPYsKEHOCTHU eJIEKTPUYHOTO IOJIA BCTa-
HOBJIEHO 00JI1acTi 3MiHM OCHOBHUMX KepyBaJbHUX HapaMeTpPiB cuUCTeMU,
3a IKMX MOKJIMBOIO CTA€ peaJIisallif CTIHKUX IIPOCTOPOBUX CTPYKTYP.
BuaBieHO MOMKJIMUBICTh KOHTPOJIOBAHHA AWHAMIKM IIPOIIECIB CTPYKTY-
poyTBOpeHHs, Mop(oJioril 3pocTarouoi IoBepxXHi, TUIY Ta PO3Mipy mo-
BEePXHEBUX CTPYKTYP, 3MiHIOIOUMN THUCK BCepPeInHi KaMepu, TeMIepary-
Py Ta HaIPYKEHiCThb IIiIBEIEHOr0 0 HiAKJIaIMHKY eJIeKTPUYHOTO IT0JIA.
Bcranosieno, 1o 36ibIITeHHA TUCKY BCepeqUHi KaMepH IIPUBOIUTD J0:
a) 30iJblIIeHHA KOHIIeHTpaIlii agcopbaTy B CUCTEMi; 6) MPUIIIBUAIIICHHS
mporiecie opMyBaHHA BiTOKpeMJEHUX CTPYKTYP amcopdaTy; 8) pocTy
JiHifiHOrO PO3Mipy CTPYKTYP azcopbary; 2) popMyBaHHA BUIOBXKEHUX
CTPYKTYp; 0) VIOBiIbHEHHA AWHAMiKM (OpMYBAHHSA BiJOKpEeMJIEHUX
OTBOPiB y MaTpuIli agzcopbaTty Ta 3MeHIIIeHHA IXHLOTO JiHiAHOTO PO3Mi-
py. Ilpu 36inbIeHH]I HATPYKEHOCTH €JIeKTPUUHOTO MOJIA PealidyeThCs
3BOPOTHSA KapTuHa MOPGOJIOTIiUHOI Ta CTPYKTYPHOI mepedyIoBU IIOBEP-
XHi 3 IIepexo/IoM BiJi BIIOKpeMJeHUX CTPYKTYP OTBOPiB y MaTPUILi aco-
pbaTy uepes IabipUHTHY CTPYKTYPY IEPKOJIOBAIbLHUX KJIACTEPiB alco-
pbaty mo BimoxpeMmaeHuX chepuUHUX CTPYKTYP azcopbary. IIpu ¢dixco-
BaHMX 3HAUEHHAX THCKY BCEpPeANHI KaMepu Ta HANPY:KEHOCTU EJIEKT-
puuHOro 1Mo 30iMbINIeHHs eHeprii B3aemoii agcopbaTy IPUBOAUTE IO
¢dopMyBaHHSA BUAOBIKEHUX CTPYKTYP agcopdaTy pas3oMm iz chepuuHIMU.

IIpoBemeHO meTanbHE MOCIiAMKEHHSA BILJINBY (DIIOKTYAIlill TOBEpXHE-
BOT'0 TOTOKY ajcopbaTy Ha AWHAMIKY CTPYKTypPyBaHHS IIOBEpXHi, ii
MOpP(OJIOTiio Ta CTaTUCTUYHI BJIACTUBOCTI. ¥ paMKax aHaJIidy Ha CTiii-
KicTh i 3 BUKOPUCTAHHAM YHCJIOBOTO MOJIEJTIOBAHHSA BCTAHOBJIEHO, IO
301JIBIITeHHA iIHTeHCUBHOCTH ITUX (PIIOKTyaIliil IPUBOAUTE 4O TOMOTEHi-
3aIrii posmominy agcopbaty B cucTeMi. BcTamoBiieHo, 1110 Y BUIAAKY CJIa-
OKuX QIIOKTyAaIlill 30ibIIIeHHA IXHBOI iIHTEHCUBHOCTY IIPUBOIUTD 110 )
MIPUIIBUAIIIEHHS IIPOIlECiB CTPYKTYPOYTBOPEHHA, 0) YIIOBiIbHEHHS IU-
HaAMiKH1 POCTY CepeIHbLOTO PO3MIipy CTPYKTYP ajzcopdarTy, (8) 3MeHIIIeHH
JiHiHOTO po3Mipy cheprUHUX OCTPOBiIB ajmcopbary. Busasieno, 1o gia
IBOTO IITYMYy IPUBOJAUTH 10 aHOMAJBLHOTO POCTY CEPEAHBOTO PO3MIpY OC-
TPOBY 8 ACHMIITOTHKOIO £ Ta & < 1, MOpiBHAHO i3 umcTO AeTepMiHicTHY-
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HUM BHUIOAJKOM, KOJIU peai3yeThCsa HOPMAJbLHUI 3aKOH pocTy 3 6= 1.
IToxasano, 110 PO3TOIiJ CTPYKTYP aAcopdaTy 3a posMipaMu € yHiBepca-
JBHUM Ha CTaAil poCcTy CTPYKTYpP. BuABaeHo, 1110 TP ITiABUIIIEHUX 3HA-
YeHHAX iHTEHCHBHOCTU (PIIOKTyaIlili MOTOKY ajcopbarty, ii sapocTaHHS
OPUBOAUTE 40 MOP(OJIOTIUHOI0O IIepPexoay BiJl BIJOKPeMJIEHNX CTPYKTYP
azcopbaTy uepes JabipMHTHY CTPYKTYPY OO0 BiZJOKpeMJIEHUX OTBOPIB y
MaTpHIIi agcopobary.

IIpoBegeHo BUBUEHHSA BILIMBY (OJIOKTyallili HalIpyKeHOCTH MHiBeje-
HOT'O JIO MiAKJAANHKY eJIEKTPUYHOTO 0/ Ha JUHAMIKY YIIOPAIKYBaH-
HA agcopbaTy Ha MOBEPXHi Ta CTATHMCTHUYHI BJIACTHBOCTI IIOBEPXHEBUX
cTpyKTyp. IloKasano, mio mpu (pikcoBaHMX 3HAUEHHAX CEPeIHBbOI iHTEeH-
CUBHOCTH HANPYKEHOCTH EJEeKTPUUHOTO ITOJA MOOJIM3y MigKJIaTuHKU
duaoKTyalii iHAyKyIOTh YOOPAAKYBAaHHA afcopbaTy Ha migKJaIWHIL,
OPUBOAAUYN OO YTBOPEHHSA OKPEMUX HAHOPO3MiIPHMX OCTPOBiB azcopba-
Ty. 30iJIbIIIeHHA iIHTEeHCUBHOCTH (PIIOKTYAI[ill IPUBOIUTE 4O: MOPQOJIO-
TiYHOTO IIePETBOPEHHSA ITOBEPXHI 3 PO3AiJIEHUX OCTPOBIB azcopbaTy ue-
pes MepKOJAIAHY CTPYKTYPY aAcopOaTy 0 BiTOKpeMJIeHuX HAaHOOTBO-
piB BcepeauHi MaTpuili agcopbaTy; IPUINBUANICHHSA IIPOIECiB yIopsam-
KyBaHHs; 30iJbIIIeHHA IPOCTOPOBOTO HOPAIKY 3POCTAIOUOl ITOBEPXHi.
CunbHi QurokTyarlii cradinisyioTs cucTeMy, IPUBOIAYM OO0 TOMOTreHi3a-
mii mosia mMOKPUTTA. ¥ pasi Kopeasdalliil MisK cepedHIM 3HaUeHHAM Ha-
MIPYKEHOCTHU eJIeKTPUYHOTO II0JIA Ta iHTeHCUBHICTIO il (hIoKTyaIin mpu
dopMyBaHHI BiJOKpeMJIEHUX CTPYKTYpP ajcopbaTy 36iabIlleHHsS BigHO-
ITeHHA iHTEHCUBHOCTHU IITYMY OO0 CePeIHBOr0 3HAUEeHHS HAIPYXKEHOCTHU
€JIeKTPUYHOIO IIOJS IPUBOAUTEL JO: IPUIIBUIIICHHSA IIPOIECiB CTPYK-
TYPOYTBOPEHHs; 3a0e3meuye (h)OPpMyBaHHSA J0Ope BIIOPAIKOBAHUX CTPY-
KTyp; IPUBOAUTE A0 aHOMAJIbHOI IMHAMiKU CepeqHbOT0 PO3Mipy OCTpo-
BiB azmcopbary.

IloGymoBaHo ys3arajJdbHeHUH MOJeNb (POPMYBAaHHA IIOBEPXHEBUX
CTPYKTYp y OararTormapoBiii cucTeMi «mmasMa—KoHAeHcaT». IlokasaHo,
1110 ITOEJHAHHSA TPhOX OCHOBHUX IIapaMeTpiB, OB’ A3aHUX 3 TUCKOM a3y
B KaMepi, eHeprieio BzaemMoii agcopbaTy Ta HaOpyKeHiCTIO 30BHIITHBO-
ro IoJisd, COpHusde (POPpMYyBaHHIO Ha KOKHOMY Iapi 6araTomiapoBoi cuc-
TeMU IIOBEPXHEBUX CTPYKTYP i3 3a7aHOI0 MOpP@doJIorielo Ta po3sMipaMu.
ITokasaHo, 1110 Ha cTafii PoCTy AWMHAMIKA CHUCTEeMU HOOpe ONMUCYEThCS
monudikoBaHoO Teopiero OCTBAILIOBOTO BU3PiBAHHA, a PO3IOIia OCT-
POBiB 3a po3MipaMu € yHiBepcaJbHUM JJId BCixX IIapiB Ha Iiit ctazii Ta
Io0pe Y3TroIKYETHCS 3 TECOPETUYHUM IIepeq0aueHHaM.

IIpoBoasAYM OIiHKY pPes3yJbTaTiB IOJ0 JiHITHOTO PO3Mipy mOBEpPXHE-
BUX CTPYKTYP, IIOKa3aHO, I1I0 BiTOKpeMJIeHI KiacTepu aacopbaTy y KBa-
3UCTAIliOHAPHOMY PEXKUMi XapaKTepuayThea po3mipamu Big 60 mo 90
HM, TOJi K BiJOKpeMJIeHi OTBOPU BCepeanHi MaTPHUIli agcopbaTy MaoTh
posmipu Bix 30 1o 90 HM (Ha MPUOJIMBHO MOJOBUHI BUCOTH 3POCTAIOYOL
moBepxHi). Ogepskani gaHi 1oOpe y3romKyIOThCA 3 €KCIIePUMEHTAIbHO
CIIOCTePeKYBAaHUMU BeJINUMHAME IOAO0 PO3MipiB ITOBEPXHEBUX CTPYK-
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TYp IPU KOHAeHCcAIlii.

OnepsxaHi pe3yabTaTh MOXKYTE OyTH BUKOPUCTAHI IJIA IPOTrHO3yBaH-
HA TUHAMIKM IIPOIleciB KOHIeHcallil agcopbaTy B cUCTeMaxX «ILIasMa—
KOHJeHcaT». BOHM YMOKJIWBIIIOIOTH BU3HAUUTU PEXKUMU KOHTPOJIO
mopgoJiorii moBepxHi, TUNY Ta CEPeIHHOT0 PO3MiPy IOBEPXHEBUX CTPY-
KTYpP i MOXXYTh BUKOPHCTOBYBATHCA IIPU KOPEryBaHHI TEXHOJOTIUHMX
YMOB BUPOINYBaHHA HAHOCTPYKTYPOBAHUX TOHKHUX ILIiBOK i3 Harepen
3aJIaHVUMU CTATUCTUUYHUMMU BJIIACTUBOCTAMU MOBEPXHEBUX CTPYKTYD.
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! Fig. 1. Schematic presentation of the multilayer adsorbate structures and main processes, real-
ized during condensation.

2 Fig. 2. Dependences of the minimal value of the anisotropy strength u,,;, on the terrace width of
the multilayer adsorbate structures f: domain I defines values of the system parameters, when
the adsorbate concentration on the current layer does not exceed the maximal value x,,,,. The
inset shows dependences u,,;, (o) at f =0.1.

3 Fig. 8. Dependence of the stationary adsorbate concentration on the layer x,, on the adsorption
coefficient o at different values of the strength of the anisotropy in transitions of adatoms be-
tween layers u and interaction energy of adsorbate e at § =0.1.
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4 Fig. 4. Dependence of the stationary adsorbate concentration on the layer x,, on the strength of
the anisotropy in transitions of adatoms between layers u at different values of the adsorption
coefficient a at fixed e=4.0 and $ =0.1.

% Fig. 5. Phase diagram o(z) illustrating domain of the system bistability at ¢ = 8.5 and f=0.1.In
the inset, the diagram o(u) is shown at: ¢ = 4.0 and = 0.1 (solid curves); ¢ = 3.0 and = 0.1 (dash-
dot curves); ¢ =3.0 and B = 0.15 (dash curves).

5 Fig. 6. Effective potential V(x) at e = 3.5, p = 0.1 and different values of a and u.

"Fig. 7. Phase diagram of the homogeneous system at &€ = 3.5 and different values of the anisotro-
py strength u. In the unset, the bifurcation diagram x,,(c?) is shown at u = 1.0 and o. = 0.1.

8 Fig. 8. Phase diagram of the plasma-condensate system, described by the equation 0,x = f(x): I—
domain of the monostability; II—domain of the bistability.

9 Fig. 9. Evolution of the adsorbate concentration (single realization is presented by the grey colour)
and the mean adsorbate concentration averaged over 10* realizations (black curve). The inset shows
the temporal dependence of the dispersion. Results were obtained at A = 0.06, ® = 107® and = 0.05.
10 Fig.10. Dependences of the meat transition time mpt from the diluted phase towards the dense
phase at 62=10"° and a) amplitude of the periodical driving A and different values of the fre-
quency of oscillations w; 6) frequency w at different values of the amplitude A.

11 Fig.11. Dependences of the meat transition time mpt from the diluted phase towards the dense
phase on the noise intensity ? at: a) A = 0.06 and different values of the frequency of oscillations
®; 6) ® =0.01 and different values of the amplitude A of the periodic driving.

12 Fig. 12, Stability diagram of the stationary homogeneous state to inhomogeneous perturba-
tions: in the domain I, stable surface structures will be formed; in the domain II, adsorbate will
cover the whole layer homogeneously.

13 Fig. 13. Dependences of the stability exponent on the wavenumber: a) in the domain II in the
diagram Fig. 12; 6) in the domain I in the diagram Fig. 12.

4 Fig. 14. Stability diagram at o = 0.2. In the domain I, stable surface structures will be formed;
in the domain II, adsorbate will cover the whole layer homogeneously.

15 Fig. 15. Dependences of the wavenumbers «;, k5, which define the limit values of the interval of
positive values of the stability exponent A, and «,, that determines the mean period of the spatial
perturbations (separated surface structures) on a) anisotropy strength of the vertical diffusion u;
0) adsorption coefficient o; 8) interaction energy of adsorbate €.

16 Fig. 16. Stability diagrams: in the domain I, separated surface structures are realized; in the
domain II, adsorbate will homogeneously cover whole layer.

17 Fig. 17. Dependences of the stability exponent A on the wavenumber « at different values of the
noise intensity X ande=5,u=1,0=0.1.

18 Fig. 18. Dependences of the wavenumbers k;, ¥y, k; on the noise intensity T at: e=5, u=1,
a=0.1.

19 Fig. 19. Stability diagram (left panel) and the stability exponent A(x) (right panel) in different
regions of the stability diagram.

20 Fig. 20. Dependence of the stability exponent A, calculated for the most unstable mode «x,, at
a=0.2ande=3.2.

21 Fig. 21. Snapshots of the system evolution at o= 0.15, ¢ =38.2and: a) u = 0.4; 6) u = 0.6.

22 Fig. 22. Evolution of the a) mean adsorbate concentration and 6) dispersion of the concentra-
tion field at different values of the system parameters.

23 Fig. 23. Dependences of the time instant t., when the processes of pattern formation start to
realize, at: a)€=38.3,u=0.6;06)£=3.2,a=0.15; 8) . =0.15, u =0.6.

24 Fig. 24. Dependences of the stationary values of the adsorbate concentration (x),, and the order
parameter ((5x)?),, at: a)e=38.8,u=0.6;6)e=3.2, a=0.15; 8) .= 0.15, u = 0.6.

25 Fig. 25. Typical snapshot of the surface morphology I the quasi-stationary limit, obtained at: a)
£€=38.3,u=0.6;6)£=3.2,x=0.15;8) a=0.15, u =0.6.

26 Fig. 26. Evolution of the mean linear size of adsorbate structures or holes (R), averaged over all
structures, at different values of the control parameters.

27 Fig.27. Dependences of the mean linear size of adsorbate structures (filled circles) (R,) and
holes (empty circles) (R,) and the number of adsorbate structures (filled squares) N, and holes
(empty squares) N, at: a)e=3.3,u=0.6;06)c=3.2,a=0.15;8) a =0.15, u = 0.6.

28 Fig. 28. Snapshots of the system evolution at (a) = = 0.05 and (6) == 0.115.
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2 Fig. 29. (a) Evolution of the mean adsorbate concentration (x) and the order parameter ((5x)%)
at: 1) =0, 2) £=0.01, 3) 2=0.1. In the inset the dependence of the time instant #;, when the
patterning starts, on the noise intensity X is shown. (6) Dependences of the mean stationary val-
ues of the adsorbate concentration (x,,) and the order parameter ((5x,,)?) on the noise intensity X.
30 Fig. 30. (a) Dependence of the mean distance between separated structures (R,) on the fluctua-
tions intensity of the adsorbate flux X. (6) Quasi-stationary snapshots at different values of the
noise intensity X.

31 Fig. 31. Evolution of the mean linear size (R) of adsorbate structures (a) and holes (6) at differ-
ent values of the noise intensity. Insets show the X-dependent growth index 8.

32 Fig. 32. Distributions of adsorbate structures and holes over sizes R/(R) at the growth stage at
different time instants at (a) £=0.01 and (6) £ = 0.115, respectively.

33 Fig. 33. Dependences of (a) the mean linear size of adsorbate islands and holes and (6) the num-
ber of separated structures on the noise intensity X.

34 Fig. 34. Distributions of structures over sizes R/(R) in quasi-stationary regime at different
values of the noise intensity X.

35 Fig. 35. Evolution of the surface morphology (from the left to the right) at a.= 0.2, €¢=3.5,
u=1.0and: a) 6® = 0.5; 6) 6° = 2.5.

36 Fig. 36. Evolution of the mean adsorbate concentration (x) and the order parameter ((5x)?) at
a=0.2, €=3.5, u=1.0 and different values of the fluctuation intensity of the electrical field
strength o2.

37 Fig. 37. Dependences of the stationary values of the mean adsorbate concentration (x),, and the
order parameter ((5x)?),, on the noise intensity 6? at a.= 0.2, u=1.0 and ¢ = 8.5. In the top, the snap-
shots of the quasi-stationary distribution of adsorbate are shown at different values of the noise
intensity.

38 Fig. 38. Dependences of the stationary values of the mean adsorbate concentration (x),, and the
order parameter ((5x)?),; on the noise intensity o at o =0.2, u =1.0 and &= 3.2. In the top, the
snapshots of the quasi-stationary distribution of adsorbate are shown at different values of the
noise intensity.

39 Fig. 39. Dependences of the period of spatial perturbations R, (a) and the correlation radius R,
(6) on the noise intensity o? at o.= 0.2, u = 1.0, £ = 3.5.

40 Fig. 40. Typical snapshots of the stationary distribution of adsorbate at different values of the
noise intensity s2at o = 0.2, u = 1.0, ¢ = 3.5.

41 Fig. 41. Dependences of the mean area of surface structures (a) and their amount (6) on the
noise intensity o2 at: . =0.2, u=1.0, ¢ = 3.5.

42 Fig. 42. Typical snapshots of the surface morphology at different values of the ratio c?/u (a).
Dependences of (6) the incubation time ¢, and (8) stationary value of the order parameter ((5x)?),,
on the ratio ?/u.

43 Fig. 43. Evolution of the mean linear size of adsorbate islands (R) in units of diffusion length,
calculated after the incubation period ¢, at different values of the ratio o?/u. In the inset, the
dependence of the growth exponent & on 6%/u is shown.

44 Fig. 44. Distributions of adsorbate structures over sizes in quasi-stationary regime at different
values of the ratio 6%/u (a) and dependence of the mean stationary value of the linear size of ad-
sorbate structures (R),; on 6%/u.

45 Fig. 45. Typical snapshots of the surface structures at L, = 256, = 0,1, a.= 0,15, ¢ = 3,2, 2= 0,
¥=0and: a) u=0.4,6) u=0.5and 8) u =0.6. The top row—two-dimensional structures on the n-
th layer of multilayer system; bottom row—constructed multilayer structures in the system with
the total amount of N layers.

46 Fig. 46. Typical illustration of the growth dynamics of multilayer surface structures at con-
densation at a=0.2, £ =4.0.

47 Fig. 47. Temporal dependences of the mean adsorbate concentration (x,) (a) and dispersion of
the concentration field ((5x,)?) (6) on the each n-th layer of the multilayer system at a=0.2,
£=4.0,u=0.3.

48 Fig. 48. Typical illustrations of the stationary surface morphology change at different values
of the adsorption coefficient (a). Figures (6) and (8) illustrate dependences of the stationary val-
ues of the mean adsorbate concentration {x,),; and the order parameter ((5x,)?),; on the each n-th
layer, respectively. Results were obtained at: e =4.0, u =0.2.



862 A. B. IBOPHYEHKO, [I. 0. XAPYEHKO, B. 0. XAPYEHKO

4 Fig. 49. Typical illustrations of the stationary surface morphology change at different values
of the interaction energy (a). Figures (6) and (8) illustrate dependences of the stationary values of
the mean adsorbate concentration (x,),; and the order parameter {(5x,)?),, on the each n-th layer,
respectively. Results were obtained at: o« =0.2, u =0.3.

50 Fig. 50. Typical illustrations of the stationary surface morphology change at different values
of the anisotropy strength in the vertical diffusion of adatoms (a). Figures (6) and (8) illustrate
dependences of the stationary values of the mean adsorbate concentration (x,),, and the order
parameter ((5x,)?),; on the each n-th layer, respectively. Results were obtained at: a.= 0.2, ¢ = 4.0.
51 Fig. 51. Dependence of the mean distance between structures R, on the strength of the anisot-
ropy of vertical diffusion u. Typical quasi-stationary snapshots are shown in the top at different
values of u. The corresponding dependences of the two-point stationary correlation function for
the systems with different anisotropy strength in the vertical diffusion u are shown in the inset.
52 Fig. 52. Evolution of the mean linear size of adsorbate structures (R,) in units of diffusion
length L, on the each n-th layer. Results were obtained at: e=4.0, u = 0.3 Ta .= 0.2.

5 Fig. 53. Evolution of the mean linear size of the adsorbate structures (R) in units of diffusion
length L, on the level of the half-height of the growing surface at different values of the anisot-
ropy strength of the vertical diffusion u (in the left) and evolution of the adsorbate structures at
u = 0.4 (in the right).

5% Fig. 54. Distribution of adsorbate structures over sizes on different layers (n = 1,...,5) at the
stage of redistribution of adsorbate between formed clusters. Inset shows distributions for the
third layer at different time instants at the same stage. Results were obtained at: e=4.0, u=0.3
and o =0.2.

% Fig. 55. Quasi-stationary values of the mean linear size of adsorbate structures (R) (a) and
mean value of the terrace width of pyramidal structures (L) (6) in units of diffusion length L, on
each n-th layer at e=4.0 and a.=0.2.

% Fig. 56. Quasi-stationary values of the mean linear size of adsorbate structures (R) in units of
diffusion length L, on each n-th layer at different values of the system parameters.

57 Fig. 57. Dependences of the stationary value of adsorbate concentration on the (7 + 1)-th (emp-
ty circles) and (n — 1)-th (filled circles) layers on the adsorbate concentration on the n-th layer at
a=0.2,e=4.0 and n = 3 at different values of the anisotropy strength in the transference of ada-
toms between neighbour layers u (shown on the top axes). Solid and dash curves correspond to the
dependences x,-; = (x,Y2 + B/2)?, x,.1 = (x,Y/2— B/2)? at B = 0.1. Dash-dot curve relates to the con-
dition x4 = x,.
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With the application of the simplex-centroid method, a plan of experiments
in the studied area of factor space for the four-component heterogeneous sys-
tems is developed. The required number of points in a plan is 14. The place-
ment of points-candidates in a simplex is performed by means of the McLean—
Anderson algorithm. To calculate the coordinates of the experiment-plan
points, a program is developed in Delphi environment. The results of the ex-
periments created a mathematical model in the form of a set of regression
equations, which establishes the relationship between the content of ingredi-
ents and the properties of the four-component composition. The optimization
of the composition of polypropylene/copolyamide (PP/CPA) mixture, which
contains silica as a nanofiller and silicone substance as a compatibilizer, is per-
formed using the generalized Harrington criterion. As found, the combined ac-
tion of both modifying additives with a total content of 2.0 wt.% allows to real-
ize the process of formation of the PP microfibrils within the CPA matrix and to
increase the concentration of dispersed-phase component to almost 45 wt.%.
Complex polypropylene filaments obtained from composition with optimized
percentage are characterized by high strength, self-abrasion resistance, and hy-
groscopicity.

3a I0IOMOT0I0 CUMILIEKC-IEHTPOIAHOI MeToAu PO3PO6JIeHO IIJIaH MPOBEAEHHA
eKCIepUMEeHTiB y JocaimKyBauiii o6acTi ¢aKTOPHOTO IPOCTOPY AJIA YOTHUPO-
KOMITOHEHTHHUX TreTeporeHHUX cucTeM. HeobOximHa KiJbKiCTh TOUOK ILJIAaHY B
Hill ckimagae 14. Po3mileHHA TOUOK-KaHIUIATIB Y CUMILJIEKCI IpoBeleHOo 3a
anroputrmom Makiaina—AnHgepcona. I po3paxyHKY KOOPAUHAT TOUOK IIJIaHY
eKCIIEPMMEHTY po3pobJieHo mmporpamy y cepemosuiili Delphi. 3a pesyasraTamu
eKCIIEPUMEHTIB CTBOPEHO MAaTEeMAaTUYHIHA MOJEJIb Y BUTJIAIL CHUCTEMU perpecii-
HUX PiBHAHD, I1T0 BCTAHOBJIIOE B3AEMO3B’ I30K MisK BMicTOM iHI'pemieHTiB i Bia-
CTHUBOCTAMU YOTHPOKOMIIOHEHTHOI KomMno3uirii. OnTumisarito ckiaany cymimri
nosrinporrisien/cmiBmoaiamin (IITI/CITA), aka micTuia SK HaHOHAIIOBHIOBAY
KpeMHe3eM, a K KoMIaTubisisaTop — KpeMHiIHOpPraHiuyHYy PEeUYOBUHY, BUKO-
HAHO 3 BUKOPHCTAHHAM y3arajbHEHOT0 XapPUHITOHOBOTO KPUTEPito GarKkaHoC-
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T1. BeTanoBIeHo, 110 cyMicHa Aisg 060X MoandiKyBaIbHUX J00ABOK 3araJlbHUM
BMicToM y 2,0 Mac.% yMOKJIMBIIIOE peaidyBaTu mpoliiec QOpMyBaHHA MiKpo-
¢i6pmn III1 B maTpuni CITA Ta gocartu 36igblIeHHA KOHIIEHTPAIil KOMIIOHEH-
Ta gucnepcHoi ¢asu Maiike 1o 45 mac. % . KomniekcHi moainpomisieHoBi HUAT-
KM, OJlep:KaHi 3 KOMITO3UIIil i3 ONTUMiZ0BaHUM CKJIAJ0M, XapaKTepU3yIThCA
OiABUIIEHU MU MiIlHiCTIO, CTiMKiCTIO 1O caMOCTUPaHHSA Ta MirpOCKOIIiYHIiCTO.

Key words: simplex-centroid design, plan of experiment, software, mathe-
matical model, four-component system.

Karouori cmoBa: cuMILIeKC-IIeHTPOIAHMH I1JIaH, IJIaH eKCIIePUMEHTY, IIporpa-
MHe 3a0e3IeUeHHA, MaTeMaTUIHA MO/I€JIb, YOTUPOKOMIIOHEHTHA CUCTEMA.

(Received 28 February, 2020; in revised form, 23 September, 2020 )

1.INTRODUCTION

The leading global trend in the production of synthetic fibrous materi-
als is the development of methods of modifying properties in the direc-
tion of reducing the diameters of individual filaments to micro- and
nanosize and introducing into their structure of substances in
nanostructure. Fibres with micron sizes are obtained by aerodynamic
formation, and with nanosizes, by electroforming. Today, one of the
most effective ways to obtain ultrathin fibres is to process melts of
thermodynamically incompatible polymer mixtures. The formation in
situ micro- or nanofibrils of one component in the matrix of another
has been implemented for many pairs of polymers by extrusion meth-
ods [1-T7], blow-out [8,9], uniaxial stretching [10—-12], and 3D-forming
(fused deposition modelling) [13]. In this case, diameter of the micro-
fibrils is largely determined by the rheological characteristics of the
components of mixture and the degree of their compatibility at the in-
terphase. Improvement of microfibrillary morphology (reduction of
diameters of fibrils and increase of their mass fraction) is achieved by
introduction of special substances into the mixture, namely, compati-
bilizers[14, 15], nanoadditives [5—7, 11] or their compositions[11, 16,
17].

The modifying effect of the additives on the structure of the three-
and four-component compositions is manifested in the decrease of val-
ue of interfacial tension and the increase of stability of liquid cylinders
(fibrils). In modified systems, the degree of dispersion of the fibre-
forming polymer and the kinetic stability of the melts increase, and
drops aggregation processes are inhibited. Thus, the use of silicone flu-
id as compatibilizers allows to increase the content of the dispersed
phase component in the polypropylene/copolyamide (PP/CPA) mix-
ture and to realize the microfibrillar structure for the ratios of compo-
nents related to the phase change region [14, 15]. Thus, obtained PP
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microfibrils with average diameters comparable with that were ob-
tained from mixture of the composition 20/80 wt.% . Nanofillers in
the melt mixture of thermodynamically incompatible components play
a dual role. First, they act as compatibilizers contributing to the im-
provement of morphology. Secondly, they give the fibrous materials
unique properties inherent in the substances in the nanostructure. By
introducing into the melt a mixture of PP/CPA of carbon nanotubes
[7], silica nanoparticles [5, 6], or composite additives based on it [18,
19] have obtained complex threads of nanofilled PP microfibrils with a
high specific surface area and improved mechanical properties indica-
tors. The hygroscopicity of modified filaments increases 15—20 times,
compared to textile polypropylene threads obtained by traditional
technology. The use of silver-containing additives (Ag/SiO, and
Ag/Al,0,) made it possible to provide bactericidal properties to fibres
and filter materials [19, 20]. It should be emphasized that filters ob-
tained from the processing of nanofilled systems combine high clean-
ing efficiency with increased productivity [20]. The simultaneous use
of compatibilizer and nanoadditive is more effective than of individual
substances due to their synergistic action [11, 16, 17]. Thus, the intro-
duction of nanoparticles Ag/SiO, and sodium oleate (compatibilizer)
into the melt mixture PP/CPA led to decrease of the average diameter
of microfibrils from 3.5 um (for the original mixture) to 1.1 um (for
four-component) [16]. Polyethylene terephthalate (PET) fibrils in the
PP matrix with the maximum length and minimum diameter were ob-
tained by modifying the PET /PP mixture with simultaneous introduc-
tion of grafted maleic anhydride and TiO, nanoparticles intoit[11].

The technology of obtaining ultrathin fibres by processing of poly-
mer mixture melt involves two main stages: the formation of compo-
site products (films, monofilaments) with a given structure (isotropic
matrix, filled with micro- or nanofibrils of the other component) and
the extraction of matrix polymer with an inert solvent [5]. When se-
lecting the composition of mixture to obtain thin-fibre materials, it is
important to combine their desired properties with the maximum con-
tent of the component of the dispersed phase. This is due to the fact
that increasing the concentration of fibre-forming polymer is a pre-
requisite for improving the economic performance of production and
reducing the ecological burden on the environment.

In order to determine the relationship between the content of ingre-
dients in the investigated four-component compositions and their
properties, a considerable number of multifactorial experiments
should be performed (even without parallel experiments). Studies of
polymer systems are associated with significant time and material
costs, as the impact of each factor is evaluated separately. Occasional-
ly, the number of experiments is artificially decreased by reducing the
amount of factor-space under study or the number of levels of parame-



866 V. G. REZANOVA and N. M. REZANOVA

ter variation. In both cases, the degree of reliability of the conclusions
that are made according to the results of the experiments decreases.
One of the ways to accelerate scientific research and find solutions that
are as close to optimal as possible with minimal cost is to use mathe-
matical methods of experiment planning and analysis [21].

The goal of the work is to investigate and automate the process of
experiment planning in order to optimize the composition of a nano-
filled polypropylene/copolyamide mixture with the maximum possible
content of PP to obtain complex microfibrillar filaments with predict-
ed characteristics.

2. MATERIALS AND METHODS

For planning of experiments, we chose the simplex-grid method, which
is used to study multicomponent systems [21].
The ratio of ingredients in the compositions must sati.fy the follow-
ing condition:
q
x =1, (1)
=1

13

where x; is relative concentration of ingredients (x; > 0); ¢ is a number
of ingredients (¢ > 2). This condition defines the range of allowable
variables, the so-called simplexes. For a four-component system, it
looks like a tetrahedron. In this case, its faces correspond to the sim-
plexes of three-component mixtures, and the points in the middle cor-
respond to the four-component mixture. In simplex-grid plans for the
construction of models of degree n, the experimental points are ar-
ranged symmetrically in the simplex, using for each component x;
(i=1, g)of (g + 1) equally-spaced levels ranging from O to 1: x,=0, 1/n,
2/n, ..., n/n=1. All possible combinations of these levels are plans or
simplex grids that are completely saturated (the number of experi-
ments in them is equal to the number of unknown coefficients of the
corresponding model). The experimental points are located mainly on
the periphery of the simplex. Simplex-centroid plans were used to take
into account of the results of experiments in the middle of the simplex
[22]. They contain points with coordinates: (1;0;...;0);
a/21/20;...;0); ... ; A/q;1/q;...;1/q), as well as any points,
which can be obtained by rearranging these coordinates. The experi-
mental points are located at the vertices of the simplex, the middle of
the sides, the centres of faces of different dimensions, one point in the
centre of the simplex. In this case, from 27" experimental data, ¢
points have one non-zero component, qu , Cq3 . C; points have two,
three and four non-zero components, respectively, and one point con-
tains all components.
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To automate the process of creating plan of experiment, software
was developed in Delphi environment in Object Pascal [23—25].

Experimental studies were performed using a thermodynamically in-
compatible polypropylene (PP)/copolyamide (CPA) mixture, in which
the A7 isotactic polypropylene was dispersed phase, and the alcohol-
soluble copolyamide of brand PA-6/66 (caprolactam and hexameth-
ylenedinipinate 50:50 copolymer) was the dispersion medium. As nano-
filler, pyrogenic silica (Si0,) of brand A-300 with a specific surface area
of 324 m?/g was selected, and as a compatibilizer, silicone substance
(polyethylsiloxane) of brand PES-5 was selected. Mixing of components
was carried out on a worm-disk extruder. Modifying additives were pre-
introduced into the PP melt, and the obtained granules were mixed with
a matrix polymer (CPA). The processes of structure formation of PP in
the matrix were investigated using an optical microscope brand MBR-
15; then, the average diameter of the microfibrils in the beam after ex-
traction of CPA from the composite extrudate was determined. Complex
monothreads were formed from the tested mixtures on a laboratory
stand through a 780 um-diameter die at 190°C, with drawing degree of
1000% . Thermoorientation elongation was carried out at a temperature
of 150°C with a multiplicity of 5. Complex threads of nanofilled PP mi-
crofibers were obtained by extracting a matrix polymer from composite
threads with 70% aqueous ethyl alcohol at 70 = 5°C in a Soxhlet appa-
ratus. The strength of complex filaments at break (P) was determined
using a breaking machine of the KT 7010 AZ brand. The hygroscopicity
of the filaments was evaluated by the weight method with an air humidi-
ty of 98%.

To build the _experiment plan, two-way restrictions,
0<a,<x,<b <1,i=1,q, were imposed on the contents of the indi-
vidual ingredients of the four-component system, where a,,b, are the
upper and lower bounds of the constraints of each of the components
should not be equal to each other. The input variables were x,, x,, x5,
x,, i.e., relative concentrations of PP, CPA, nanosize SiO, and organo-
silicon fluid, respectively. The concentration of the ingredients of the
test composition is subject to the following restrictions:

0.2<x,<0.45;0.55<x,<0.80; 0.001 < x3<0.010; 0.005 < x, < 0.040.
(2)

The condition (1) must be fulfilled. Output parameters: y, is average
diameter of PP microfibers; y, is strength of complex filaments at
break; y; is the hygroscopicity of the filaments.

3. RESULTS AND DISCUSSION

When planning an experiment, the choice of a mathematical function,
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which describes the object under study, is made, namely, its adequacy
and simplicity. The response function links the initial parameters to
the factors that change during the experiments: y=¢ (x;, x5, x5, X,).
Response surfaces for multifactor systems are complex. To describe
them, polynomials of high degrees are required and, as a result, a large
number of experiments, since a polynomial of degree n of ¢ variables
has C; , coefficients. To develop a model that interconnects the con-
tent of the components of the compatibilized nanofilled PP/CPA mix-
ture and the properties of the microfibrillar filaments, a third-order
incomplete polynomial was used, as it well describes the behaviour of
four-component systems [21, 22]:

Y =By + By + By + By, + Broy Xy + Byagkiacg + By, + Bogkys +

+B23x2x3 + 623x2x3 + BIZlexzx3 + B124x1x2x4 + Bl34xlx3x4 + 3234x2x3x4’

(3)

where B,, B, B, are coefficients of the polynomial, and i #j= k; i, j,
k=1,2,3,4

To estimate the numerical values of the coefficients of Eq. (3), it is
necessary to draw up a plan for conducting experiments in the studied
area of factor space.

When designing an experiment plan that meets some criterion of op-
timality, the coordinates of the candidate points were determined,
namely: vertices of the polygon, midpoints of edges, centres of faces,
general centroid. To this aim, we used the McLean—Anderson method
[22], according to which all possible combinations of lower and upper
levels and for each component were selected, omitting the contents of
one of them. For the studied four-component mixture, one of the options
may be a,;b,; b, , with the total number of combinations (at g = 4) equal
to 32. Subsequently, from combinations obtained where selected those,
for which the concentration is less than one, and added the contents of
the missing component. Variants with added components that satisfy
conditions (1) and (2) represent the vertices of the desired polyhedron.
The resulting figure contains the edges of the first and second orders:
the first order is the edges that have two identical coordinates and the
second one has one coincident coordinate. The recurring vertices were
excluded.

The next step was the selection of r-dimensional faces, or hyperfaces
of polyhedron, and 1<r<qg-2. At r=1, we have an edge; at r =2,
this is a face, and at r = 3, this is a hyperface. A face with dimension r
is formed by a group of vertices that have the same coordinates in
number of ¢ —r —1. For a four-component system, a three-dimensional
polyhedron is formed. Its edges have vertices with two identical coor-
dinates, and its faces are with one identical coordinate. The maximum
number of vertices having ¢ —r—1 same coordinates was chosen be-
cause they form the r-dimensional face. The total number of r-
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dimensional faces was calculated by the formula:
q-2
Cg—r—l 2q—r—1 . (4)

qg-r-1=1

In each of the selected faces, the coordinates of the centres (cen-
troids) were determined as the average of the coordinates of the verti-
ces forming the corresponding face. The coordinates of the common
centre of the polyhedron were then calculated as the average of the co-
ordinates of all vertices. As a result, 27 points-candidates for the ex-
periment plan were obtained. To determine the numerical values of the
coefficients of polynomial (3), it is sufficient to have 14 points of plan
[21]. In order to select specific points for experiments, a method of
drawing a plan containing a given number of experiments was used. It
lies in the fact, that these points must be as far apart as possible from
each other in the factor space defined by constraints on the simplex. To
do this, the distance between all candidate points and the centre of the
polyhedron (d,,,) was calculated using the formula:

12

2
X . —X .
d — mi ni , 5
” [Z(—b_a ” (5)

where m and n are numbers of two points; i is a number of the compo-
nent.

Two points that are at the largest distance from the centre were in-
cluded in the plan. Between each point obtained and the remaining
points, the distances were calculated by the formula (5). Then, we
chose the normalized distance (d ) , using the condition:
1/2

ar <d,, <(2d7) (6)
where d.” is the average distance of the point from the centre.

Points that have distances to two already selected points of the plan,
which are greater than the normalized distance, are included in the
plan and the rest are eliminated.

In order to automate the process of experimental studies to optimize
the composition of a nanofilled compatibilized PP/CPA mixture, soft-
ware was developed in Delphi [23—-25]. In the created program, the re-
searcher must only input the content of each of the components of the
mixture (arrays a and b). The program then performs the following
steps, according to the algorithm described above:

— determines coordinates of the vertices of polyhedron;

— selects r-dimensional faces of the polyhedron (1<r<g—-2) and
determines coordinates of their centroids;

— calculates coordinates of the common centre of polyhedron;
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— finds distances from the candidate points into the plan to the
common centre and identifies two points that are in the largest dis-
tance from the centre;

— eliminates points for which the distance to the two selected is less
than normalized;

— determines coordinates of the points included into the plan.

Thus, in a few seconds, the program draws up plan of experiment for
studying of the composition PP/CPA/nanoadditive/compatibilizer
according to the McLean—Anderson algorithm, which contains 14 nec-
essary points (Fig.).

Experimental studies, carried out in accordance with the drawn up
plan, showed that microfibrillar structure is realized for all composi-
tions. The ratio of organosilicon fluid and silica significantly affect
the formation of the morphology of the mixture PP/CPA (the average
diameter of microfibrils varies from 1.6 to 7.1 um). All modified sys-
tems are stably processed into composite monothreads. After extrac-
tion of the matrix polymer from them, complex polypropylene microfi-
brillar filaments were obtained, the properties of which are given in
Table.

Based on the table data, the coefficients of the polynomial (3) are
calculated using the least squares method in matrix form. The calcula-
tions were made using a previously created program in the Delphi en-
vironment in Object Pascal [27]. The result is a system of equations (7),
which is a mathematical model that describes the process under study:

y =3,46x, +5,24x, + 4,17x, — 5,33x, + 2,78x,x, + 6,37x,x, —
-46,83x,x, +7,89x,x, — 24,61x,x, — 49,05x,x, —161,35x,x,x, —
-0,97x,x,x, +4,94x,x,, + 3995x,x,x,;
y = 359,9x, +340,4x, + 408,8x, — 263,98,x, + 457, 7Tx,x, +
+548.6x,x, — 2878x,x, —1128B,,x,x, —1034P,,x,x, — 2311x,x, — (7)
-5155x,x,x, — 446,1x,x,x, + 248,4x,x,x, — 71890x,x,x,;
y =0,85x, +0,79x, +1,01x, — 3,69x, + 0,86x,x, +1,58x,x, —
-19,72x,x, — 8,00x,x, — 9,78x,x, —16,87x,x; — 40,47x,x,x, —

-9,79x,x,x, +1,34x,x,x, —116,3x,x,x,.

After determining coefficients of the regression equation, the sta-
tistical analysis of the obtained results is performed; equations are
tested for adequacy, that is, the ability of the model to predict the re-
sults of studies in some area with the required accuracy [26, 27]. For
this purpose, additional experiments were carried out at the so-called
checkpoints; the values of the Fisher criterion were calculated for all
output variables and compared with tabular data. The obtained values
of the specified criterion testify to the adequacy of the developed mod-
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Fig. Program obtained plan of experiment for studying of the composition
PP/CPA /nanoadditive/compatibilizer.

el.

The system of regression equations (7) was used for multicriteria
search of the optimal composition of the test mixture using the gener-
alized criterion of desirability D (Harrington criterion) [22]. Possible
values of D are within the interval [0, 1] (O corresponds to the totally
inappropriate value of the given response; 1 corresponds to its best
value). To determine criterion D, the set response values were convert-
ed to a dimensionless scale of desirability for each output parameter.
The calculated value of the Harrington test was 0.9276. The optimum
composition of PP/CPA/nanoadditive/compatibilizer mixture was de-
termined using previously developed software [27]. With the specified
value of the criterion of desirability, the ratio of the components of
mixture for forming monofilaments was as follows [wt.% ]: polypro-
pylene — 43.6; copolyamide — 54.4; nanosize silica — 1.9; organosili-
con fluid — 0.1. Investigation of the properties of complex microfibril-
lar filaments formed from the mixture of the optimal composition,
showed their significant improvement.

Therefore, the tensile strength is at the level of the best samples of
traditional textile PP threads (410 MPa). The use of silicone fluid pro-
vides a significant increase in the resistance of the tested threads to self-
abrasion (1027 against 516 thousand cycles for textile threads). Obvi-
ously, this may be due to the fact that the silicone liquids are not com-
patible with most organic substances and are displaced to the surface
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TABLE. Influence of the composition of the mixture on the average diameter
of PP microfibrils and on the properties of complex filaments.

Plan point |The average diameter of Strength of Hygroscopicity of
number microfibrils, um the filaments, MPa | the filaments, %
1 1.6 250 0.51
2 4.4 280 0.43
3 3.3 345 0.69
4 7.1 410 0.63
5 3.4 365 0.37
6 6.2 325 0.31
7 3.5 380 0.40
8 5.4 355 0.29
9 2.7 420 0.53
10 6.5 400 0.48
11 4.2 410 0.34
12 3.7 445 0.68
13 4.4 390 0.59
14 3.2 470 0.73

when injected in small amount. In the melt of the PP/CPA mixture, pol-
yethylsiloxane migrates to the interphase area, and after extraction of
the matrix polymer remains on the microfibril surface and reduces the
friction coefficient of the filaments. It should be noted that the modified
complex filaments are also characterized by improved hygienic proper-
ties: their hygroscopicity is 17 times higher than that of ordinary textile
filaments.

4. CONCLUSIONS

Using a simplex-centroid algorithm, a technique was developed to plan
experimental studies on the effect of the ratio of ingredients in a four-
component heterogeneous polymer system on its morphology and
products properties. Points-candidates for experiment plan were
placed in a simplex by the McLean—Anderson method. To calculate the
coordinates of the points of the experiment plan, the contents of which
are subject to two-way restrictions, a program was developed in Del-
phi.

According to the results of the experiments conducted according to
the plan, a mathematical model of the process under study in the form
of a system of regression equations was developed. The model was used
for multicriteria searching for the optimal composition of nanofilled-
compatibilized mixtures using the generalized Harrington criterion. It
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is established that the simultaneous introduction into the melt mix-
ture of PP/CPA of nanosized silica and silicone fluid in the amount of
1.9 and 0.1 wt.%, respectively, allowed realizing microfibrillar mor-
phology in a four-component composition. In this case, the content of
the polymer of dispersed phase in it is almost 1.5 times higher than in
the nanofilled one. The use of two modifying additives has made it pos-
sible to give complex PP threads, along with improved durability and
hygroscopicity, high abrasion resistance.

Increasing the concentration of fibre-forming polymer in the com-
position is one of the prerequisites for improving the economic per-
formance and environmental safety of the production of thin-fibre ma-
terials by processing mixtures of polymers.

Developed software for mathematical planning and analysis of ex-
periments in the study of four-component systems will accelerate the
execution of research and obtain the results as close as possible to the
optimum.
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The modern challenge of materials science is the analysis of the surface of
nanostructures, which is complicated by the small sizes of the nanoobjects and
their number. In the presented study, we demonstrate a technique for evaluat-
ing the basic indices of the micromorphology of porous surfaces by analysing
the microscopic image of the surface. Image processing and analysis software
packages, such as Imaged and Origin, are used for optimization, automation,
and accuracy of analysis. Such an analysis allows us to evaluate the surface of
nanostructures by various indicators: the shape and number of nanoobjects,
their location and distribution by diameter, perimeter, etc. In addition, model-
ling the growth of nanoobjects in the depth of the crystal allows to trace the dy-
namics of the nanostructures’ synthesis process and to design nanostructures
with predetermined parameters. Such studies are necessary to ensure reproduc-
ibility, uniformity, and accuracy of experiments for the fabrication of
nanostructures at an industrial scale.

CyuyacHMM BUKJINKOM MATePifO3HABCTBA € aHAJi3a IOBEPXHi HAHOCTPYKTYP,
110 YCKJAAHIOETHCA MaJIIM PO3MipoM HAHOOO’€KTiB Ta iXHBOIO KiJdbKicTio. ¥V
IIpeJICTaBJIEHOMY IOCJiIKEeHH]I MU JeMOHCTPYEMO METOAUKY OI[iHIOBAHHS OCHOB-
HUX IIOKa3HUKiB Mikpomopdosiorii mopyBaTuX NOBEePXOHb IIJIAXOM aHAIi3M Mi-
KPOCKOMIIUHOTO 300paskeHHA moBepxHi. [[J1a onTumisarrii, aBromaTusarii Ta Tod-
HOCTH aHaJIi3u OYJIO 3aCTOCOBAHO IIPOTPAMHI ITaKeTH oOpOOJIeHHA I aHAII3U 30-
OpasKeHb 1 MacuBY JaHuX, a came, Imaged Ta Origin. Taka aHaiza yMOKJINBIIIOE
OIIiHIOBATU MOBEPXHIO HAHOCTPYKTYP 34 PiBHUMU IIOKa3HUKaMM: (DOPMOIO Ta Ki-
JBKICTI0O HAHOOO’€KTiB, IXHIMM pPO3TAIIIyBAaHHAM i POBIOAIJIIOM 3a TiAMETDPOM,
mepuMeTpoM TOIf0. MoenoBaHHS POCTY HAHOOO €KTiB BIVIMOMHY KPUCTALY
YMOXKJIBIIIOE IIPOCTEKUTY AMHAMIKY IIPOIleCy CUHTE3U HAHOCTPYKTYD i CTBOPIO-
BaTU HAHOCTPYKTYDPU i3 3asmajierinb 3amaHnuMy napaMmerpamu. Taki mociigsxeH-
HS TOTpiOHI Aa 3abesleueHHs BiATBOPIOBAHOCTHM, OZHOPiIZHOCTH Ta TOUYHOCTH
€KCIIePUMEHTIB JJI BUTOTOBJIEHHA HAHOCTPYKTYP Y IPOMMCIOBOMY MacITabi.
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1. INTRODUCTION

Nanotechnology has long occupied leading positions in terms of studies
[1, 2]. These studies relate to methods of synthesis [3, 4], the chemical
and physical properties [5, 6] application [7, 8], and environmental risks
[9, 10]. Interest in nanostructured materials every year is only increas-
ing, as evidenced by the increasing number of publications and patents
[11]. Such an interest leads to the improvement of not only synthesis
technologies [12, 13], but also methods of researching nanomaterials
[14] and their properties [15]. The researchers’ attention is focused on
the chemical [16], optical [17], electrical [18], physical [19] properties
of nanomaterials.

The peculiarity of nanostructures is that all these properties can be
radically different from the properties of structures in monophase
[20]. This is due to quantum-size effects [21], which are brought to
light in the transition of geometrical parameters of the structure to
the nanoscale [22]. Detection of the experimental characteristics of
nanostructured surfaces is one of the key tasks of modern documen-
tary science, which investigated the process of creating nanomaterials
and products at their level [23, 24]. Therefore, of the key methods for
studying nanostructures, there are methods related to the analysis of
microscopic images [25]. Images of nanostructures obtained by mi-
croscopy allow us to estimate the type of nanostructure [26], the pres-
ence of additional phases [27], the size and shape of nanocrystallites
[28], the uniform distribution of them over the surface [29], and so on.
However, very often such an analysis is purely descriptive in nature
[30], while a contemporary complex is research aimed at obtaining a
large body of data comparison, verification, and statistical analysis of
research results.

This is conditioned, first of all, by need to predict the properties of
nanostructures during their formation and synthesis of nanomaterials
with predetermined parameters[31, 32].

The implementation of high-quality analysis is associated with
known difficulties, which are caused by:

— subjectivity of observations [33];

— low speed of the research process [34];

— the complexity of conducting research [35];
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— the necessity of applying statistical methods [36];

— the need to use high-value equipment [37], etc.

Therefore, a simple analysis of nanoobjects photos taken with mi-
croscopes is often not enough.

Since small changes in the analysis and processing of images have a
great impact on the subsequent fate of the finished product [38], the
methods of non-destructive and rapid control, which determine and
analyse these changes [39], can be successfully used as a tool for quali-
ty control of nanostructures.

The evaluation of the properties of the microstructure of materials
has a dual purpose: on the one hand, it is an assessment of the adequacy
of the process of managing the structure [40]; on the other hand, it is
to ensure the optimum quality of the finished product [41].

The purely visual analysis of the samples under study does not pro-
vide complete and accurate information regarding the size of the na-
noobjects and their density.

Today, there are many techniques for measuring the size of nanoob-
jects [42]. However, most of them are based on measuring the size of
each object separately [43]. Such an approach is time consuming and
requires a lot of time [44]. Under these conditions, it is almost impos-
sible to investigate the distribution of particles or pores by size, to es-
tablish statistical regularities, etc.

In addition, the results of such work are, in most cases, dependent
on the subjective judgment of the researcher, and as a result may con-
tain a large number of faults and significant errors [45]. They may dif-
fer from one researcher to another and have poor reproducibility [46].

In this regard, microscope manufacturers develop special programs
for the study of microscopic images in situ [47]. However, these pro-
grams are costly, applied to a particular brand of microscopes, and are
often difficult to use [48].

Such programs work mainly with the electronic image of the sample
[49], which is in the microscope at this time.

In practice, it is often necessary to analyse the image without the
sample itself (over time or for any other reason). Therefore, it is ap-
propriate to choose a program that lets you work with objects photomi-
crographs obtained using different types of microscopes.

With this in mind, programs that can work with an image rather
than a real-time sample, i.e., in vitro, are becoming more common.

There are all necessary for the processing of microscopic images al-
gorithms in the arsenal of these programs:

— high-frequency and low-frequency filtering [50];

— selection of image borders[51];

— arithmetic and logic operations [52];

— brightness/contrast correction, etc.[53].

Image processing in this case is not aimed at improving visual per-
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ception, but at preparing it for further analysis [54].

In all applications of this specificity, a certain sequence of algo-
rithms is proposed for processing and obtaining characteristics of the
studied sample structure [55].

Despite the level achieved in the analysis of microscopic images,
there are a number of problems. These problems may be due to poor im-
age quality, microscope resolution limit, imperfect data processing
techniques, and more.

The goal of this study is to analyse and improve techniques for ana-
lysing micrographs of nanostructures using software packages that
allow us to evaluate nanoobjects with accuracy sufficient to identify
and build nanostructures statistical dependences.

2. MATERIALS AND METHODS

The plate of indium phosphide synthesized on the surface of porous
layer was used as the test sample.

The porous layer was formed by the method of anode electrochemical
etching by immersing the semiconductor in a fluoroplastic cell filled
with electrolyte [66]. The etching conditions were selected as follows:
10H,0 + 1HCI electrolyte; etching time ¢=20 min, current density
j=150mA/cm?.

The raster electron microscope JEOL-6490 was used to analyse the
morphology of the investigated nanostructured sample. Image prepa-
ration and analysis were performed using Imaged and Origin.

3. RESEARCH METHODOLOGY

The objectives of the analysis of micrographs of the surface of
nanostructures in the general case are:

— statistical processing of object characteristics obtained in the
measurement process [57];

— determination of average values of the obtained quantities [58];

— construction of graphical dependences for visualization of the
analysis process [59].

It is necessary to select the main stages for qualitative analysis of
micromorphology of nanostructures (Fig. 1). First of all, the crucial
point is the presence of a quality image obtained with a microscope.
The choice of areas for analysis and optimal increase is an important
point here. It will be difficult to identify too small surface elements
with insufficient magnification. The image quality will be lost at too
high magnification. Therefore, the first step will consist of two key
steps: selecting the sample area for analysis and selecting the optimal
magnification value.
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Fig. 1. General scheme of analysis of morphology of nanostructures.

Photos taken with a microscope tend to lack contrast. Therefore, it
is necessary to prepare the resulting image for analysis. For this, the
image must be opened in ImagedJ and calibrated [60]. To increase the
contrast of pore boundaries, it is advisable to use the Bandpass filter
using the Fourier transform [61]. It will allow removing both high and
low spatial frequencies in the image. In doing so, it is necessary to ex-
perimentally select the cut-off frequency levels. This provides the
most contrasting image. Therefore, the most contrasting image is pro-
vided. It is advisable to use the Watershed algorithm for the separa-
tion of adjacent crystallites and pores with fuzzy boundaries [62]. Be-
fore processing the image according to this algorithm, the photo is pre-
binarized for the transition from grayscale to two-colour image [63].

Further analysis of the morphology of the sample is carried out. It is
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necessary to choose the characteristics to be tested for this. The Im-
aged program automatically calculates. In addition, using Imaged, we
can hold the count (Count) of analysed particles, their perimeter (Pe-
rimeter), average size (Average size) and solidity (Solidity), which
characterizes the ratio of the area of the selected section to the total
area, the distribution of particle size, etc. [64, 65].

The program calculates the number of pores in the selected area,
however, the pores located on the boundary of the image, it is advisable
to count according to the following rule: the pores are counted only on
two adjacent sides of the rectangle; on the other two sides, the pores
are not taken into account. According to the obtained data, diagrams
are drawn and conclusions are made.

4. RESULTS AND DISCUSSION

Figure 2 shows the micrograph of porous indium phosphide sample ob-
tained using the scanning electron microscope JEOL-6490. According to
the analysis of visual images SEM, the pores are round, most of the pores
are isolated from one another, and are uniformly across the surface. In
some areas, the pores form etched grooves due to the fact that they fit
snugly along each other along the straight lane. These bands can be sur-
face defects in the specimen (microscratches) and growth defects (impu-
rity segregation lines).

A two-dimensional image obtained with a microscope can be imag-
ined as a matrix whose indices describe the numbers of rows and col-
umns, and the numerical values of the elements characterize the inten-
sity of colour [66]. The main parameters characterizing a digital image
are its resolution (the number of pixels in the original image and the
colour depth) [67].

Figure 3, a—c demonstrates bitmap processing of micrographs per-
formed in Imaged [261]. Such a treatment is performed to analyse the
surface according to the selected morphological characteristic (in our
case, the pore diameter and surface porosity). Further, the program
automatically calculates the number of pores (Fig. 3, ¢), their diameter
and the surface area occupied by the pores (i.e., surface porosity).

Imaged has a 3D-image modelling feature. For this, the sections of
the REM image are coloured differently depending on the intensity of
the black colour. The program draws a diagram of the distribution of
these sites by the area of surface coverage, which allows estimating the
area of untreated areas and etched with different depth (Fig. 4). Figure
5 shows the simulation results.

The analysis of the conducted simulation (Fig. 5) leads to the conclu-
sion that the pores in this case move into the depth of the sample with long
parallel channels. Branching of pores below the surface is not observed.
Such behaviour is typical of indium phosphide crystals with a surface ori-
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Fig. 2. Morphology Por-InP: electrolyte 10H,0 + 1HCI; etching time ¢t =20
min; current solidity j = 150 mA/cm?.

b

Fig. 3. Results of sequential processing of microscopic image of por-InP sur-
face: a—Bandpass filter; b—binarization and Watershed algorithm; c—
calculation of the average crystallite size.

entation (100) that has been confirmed by several studies [68, 69].

For the area of the test sample, the number of pores was calculated

(there were 558 of them) and their distribution by diameter was made
(Fig. 6).
Determination of the Main Characteristics of the Pore Shape. The con-
cept of circularity, which can be implemented by several methods, is
used to describe one of the main characteristics of pore shape in the pro-
gram.

The first method of estimating the factor of the pore shape, namely,
circularity (Circularity), involves the calculation by the formula:

4nS
=22 (1)

where S is the pore area, p is the perimeter of the pore.

The value of the form factor F, =1 indicates that the pore section is
an ideal circle. The closer the value of roundness to 0, the more elon-
gated or deformed the pore section will be.

The second method of Round estimation is based on the expression:
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Fig. 4. The SEM-image colorization and intensity chart of the sample surface
por-InP etching, made in the program Imaged.

Fig. 5. Modelling of pore growth in depth of the sample, made in Imaged.

48
Fo=—7—) (2)

2
T lmax

where [,,,, is the larger axis of the pore.

Both methods provide identical results for pores that have the cross-
sectional shape of the correct circle. For pores and digestive pits whose
shape deviates significantly from the circle, the aspect ratio (AR) is
used, which shows the magnitude of the ratio of the major axis to the
smaller one.
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Fig. 6. Histogram distribution of pore diameter, por-InP sample.

Fig. 7. Diagram of pore diameter distribution.

As an example, Table 1 shows the results of determining the basic
quantitative characteristics of the sample, obtained on the basis of the
analysis of the microstructure of por-InP (100).

The results of the generalized analysis of these characteristics for
the section of the porous surface 20 of the samples tested and synthe-
sized under similar conditions also show almost complete coincidence
of these characteristics (Table 2).

The analysis allows describing morphological parameters of
nanostructures with high accuracy. The pores by area are distributed
according to normal law. The area of most of them (86%) is in the
range (0.03-0.12) microns, indicating that the surface is
macroporous. The shape of the pores approaches the round, but is not.
In addition, some pores tend to merge.

Thus, the presented method of analysis of nanostructured surfaces
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TABLE 1. Quantitative characteristics of the morphological parameters of
the surface of por-InP (100) (fragment).

Form Aspect|Integrity,

2 . . .
No. Area, pm*|Perimeter, pym factor Circularity ratio | firmness
1 0.005 0.293 0.690 0.522 1.917 0.954
2 0.006 0.327 0.708 0.629 1.591 0.887
3 0.007 0.331 0.793  0.673 1.485 0.918
4 0.002 0.161 0.848 0.603 1.659 0.921
5 0.002 0.177 0.868  0.804 1.243 0.935
6 0.003 0.220 0.767  0.687  1.455 0.929
7 0.013 0.567 0.501  0.443  2.257 0.790
8 0.003 0.197 0.850  0.840 1.191 0.936
9 0.012 0.530 0.558  0.710  1.408 0.860
10 0.009 0.387 0.745 0.675 1.481 0.931
11 0.005 0.299 0.724 0.516 1.938 0.915
12 0.007 0.363 0.683  0.707 1.414 0.908
13 0.004 0.278 0.681 0.399 2.503 0.928
14 0.005 0.323 0.567 0.456  2.193  0.902
The average 0.0516 0.294 0.723  0.671 1.604 0.894
Standard ;) 5560 0.104  0.114 0.175 0.451 0.0567
deviation
Stjg})ird 0.00114 0.0189  0.0208 0.0319 0.0824 0.0103
Mzﬁféﬂal 0.00233 0.0387  0.0424 0.0651 0.168 0.0211

TABLE 2. Averages for 20 por-InP samples.

9 . Form | .. . Aspect .
Parameter |Area, pm*|Perimeter, pm factor Circularity ratio Integrity
The average 0.0532 0.324 0.652 0.587 1.511 0.953
Standard 474 0.111 0.098 0.165  0.402 0.0687
deviation

using computer programs for microscopic imaging allows us to identi-
fy the type of nanostructure, the nature of the distribution of nano-
crystallites/pores by area, effective diameter, perimeter and shape.
Such studies are necessary, first of all, to evaluate the quality of
nanostructures, to study the convergence and reproducibility of meth-
ods for synthesis of nanomaterials with established quality levels, to
compare samples and to identify defects. In addition, the statistical
processing of the data obtained from the analysis of nanostructured
images allows us to trace the systematic or random nature of the ap-
pearance of defective areas on the surface, which gives an understand-
ing of the kinetics of the nanostructures synthesis process and the
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mechanisms under which nanostructuring occurs. The issues of
nanostructures modelling and the study of correlations between tech-
nological factors of synthesis and morphological indices of nanostruc-
tures need further research.

5. CONCLUSIONS

The study presents the methodology of evaluation of nanostructures
by analysing the microscopic images using software and statistical
methods of processing results. As an example, the analysis of
nanostructure of porous indium phosphide was performed by the
pores, transverse diameter, number of pores, and their perimeter, so
on. It is established that the distribution of pores by area is subject to
normal distribution. The nanostructure can be classified as
macroporous; the pores are mutually parallel cylindrical holes. This
analysis allows us to evaluate nanoobjects with accuracy sufficient to
identify nanostructures and construct statistical dependencies. This
analysis allows us to evaluate nanoobjects with accuracy sufficient to
identify nanostructures and construct statistical dependences.
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IIpoananizoBaHo MEePCHEKTHUBHICTL CTBOPEHHS HAHOCTPYKTYPOBAHUX CKJOK-
PHUCTANIYHMX MATEPisJiB 3 MO3UIlili camMoopraHiszalii AUCHUIIATUBHUX CTPYK-
Typ. BcTaHOBIEHO MOIIJMBLHICTL PO3POOKYU JIiTifamioMOCHIiKATHOI CKJIOKEpa-
MiKM IpHU OJep:KaHHI BUCOKOe()eKTUBHUX €JIeMEHTIB 3aXNCHUX KOHCTPYKITiiA.
BusHaueHO Ba)KJUMBICTH PEr'yJIOBAHHSI HAHOCTPYKTYPU MaTepiAnay Ha erami
3apPOAKOYTBOPEHHS IIPY CTBOPEHHI BUCOKOMIITHMX CKJIOKPHCTAJTIUHNX MaTepi-
aniB. O0paHo KpuTepii mJsg po3poOKH CKJIOMATPHUILi, OOI'PYHTOBAHO BUOIp
CKJIaAy Ta KaTaji3aTopiB KpucTaJiszalil npu olep:KaHHI CKJIOKPUCTAJIIUHUX
MaTepisaaiB O 3aXUCTy CIelisgabHol TexHiku. CHHTE30BaHO MOJEJbHI CTEK-
Ja, MaTepisaan Ha IXHill OCHOBI i1 00paHo ONTHMAaJbHI CKJIAAN AJIS OJepP KaHHsda
CKJIOKPUCTAJNIIYHUX MATEPiANiB 3 BUSHAUEHUM PiBHEM CBITJIONPOHUKHOCTHU Ta
XapaKTepoM KpHcTajisaiii 3a CKJIAHOI i KepaMiuHOO TexHoJorismu. Bera-
HOBJIEHO 0CO0JIMBOCTI (Da30YTBOPEHHS AOCTIAHUX CTEKOJI IIicJs BapKU Ta B
mpoIieci TepMiuHOTO 00POGJIEHHA, AKi MOJATAIOTH B YTBOPEHHI QuIOKTyami i
3apOJIKiB KPUCTAJiB METACUJIIKATY JIiTiI0 3 HACTYIITHUM (DOPMYBaHHAM IIPHU Te-
pMiuHOMY 06PO6JIEHHI TOHKOAUCIIEPCHOI 00’ € MHO3aKPUCTAJi30BaHOI CTPYKTY-
pu marepianiB. Jocaim:KeHo ocobamnBoCTi (hOpMyBaHHSA HAHOCTPYKTYPHU obOpa-
HUX JiTiaJioMOCMIIIKATHUX CTEKOJI Ha IIOYaTKOBUX eTallaxX 3apoJKOyTBOPEH-
HA. BcTaHOBIEHO MexaHiI3M CTPYKTYPOYTBOPEHHS JIiTiHaIioMOCUIIKATHUX
CTEKOJI IIPU TePMiuHOMY OOpPOOJIeHHi, SKUH IIOJArac y mepediry HacTyIHHX
TIOCTiIOBHUX MPOIeciB: (popMyBaHHI cUOOTAKCUYHUX TPYI y CKJIOPO3TOI 3
HACTYIIHUM YTBOPEHHSM HAaHOPO3MipHUX 3apoAKiB KpucTasisalii 3a paxyHOK
¢daszoBoro poamimeHHs; mepebiry camoopradisailii CTPYKTYpU 3 YTBOPEHHSAM
KPHCTAJiB QUCHIIKATY JiTito podmipom y 0,4 MKM y Kinbkocti 50 06.% Ta [3-
cogyMeHy posmipom <1 MKEM y KinskocTi 85 00.% , 10 € 3aIIOpyKOI0 IXHIiX
BHMCOKO1 MIiITHOCTM Ta CBIiTJOMPOHMKHOCTU. [/ po3poOJeHMX HA OCHOBI JIi-
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TiAAJIOMOCUJIIKATHUX CTEKOJ CKJIOKPUCTAJIIYHMX MAaTepidniB GopMyBaHHSA
IVCUIIaTUBHOI CUTAJIi30BaHOI CTPYKTYpPU 3a MexaHi3zMoM (ha3oBOro po3/ijieHHA
B YMOBaxX HU3bKOTEMIIEPATYPHOTO TePMiUYHOTO 00POOJIeHHSA YMOKJIUBJIIOE 3a-
Oes3meunTH iXHi BUCOKI eKciyaTariiiHi Biaactusocti (H = 8,9-9,0I'lla, HV =
=8,74-8,9TTla, K, = 3,1-3,4 MIla-m"/?). Ile yMOKIMBIIIOE BBAXKATH iX Imepc-
MeKTUBHUMU IIPU CTBOPEHHI KOHCTPYKITiM AJIs 3aXUCTY CHeIlisiJIbHOI TeXHiKH.

The prospect of design of the nanostructured glass—ceramic materials from
the standpoint of self-organization of dissipative structures is analysed. The
feasibility of developing lithium-aluminium-silicate glass—ceramics in the
fabrication of highly effective elements of protective structures is estab-
lished. The importance of regulating the material nanostructure at the nu-
cleation stage when high-strength glass—ceramic materials are created is de-
termined. The criteria for the development of glass matrices are selected; the
choice of composition and crystallization catalysts in the fabrication of
glass—ceramic materials to protect special equipment is justified. Model
glasses and materials based on them are synthesized, and the optimal compo-
sitions for the fabrication of glass—ceramic materials with a definite level of
light transmission and the type of crystallization using glass and ceramic
technologies are selected. The phase-formation features of the obtained
glasses after melting and during the heat treatment are revealed. They con-
sist in the formation of fluctuations and incipient of lithium metasilicate
crystals with the subsequent formation of finely dispersed mass devitrifica-
tion materials’ structures during heat treatment. The features of the
nanostructure formation for developed lithium-aluminium-silicate glasses at
the initial stages of nucleation are investigated. The mechanism of structure
formation of lithium-aluminium-silicate glasses during heat treatment is
established. It consists in the following sequential processes: the formation
of sibotaxic groups in the glass melt, followed by the formation of nanoscale
grain crystallization due to phase separation; the behaviour of self-
organization of the structure with the formation of both lithium disilicate
crystals with a size of 0.4 um in an amount of 50 vol.% and B-spodumene with
a size <1 um in an amount of 85 vol.% that is the key to their high strength
and light transmission. For the developed glass—ceramic materials based on
lithium-aluminium-silicate glasses, the formation of a dissipative metal
structure using the phase-separation mechanism under conditions of low-
temperature heat treatment allows their high performance properties
(H =8.9-9.0 GPa, HV =8.74-8.9 GPa, K, = 3.10-3.40 MPa-m'/?) to be en-
sured. This allows us to consider them promising when creating structures
for the protection of special equipment.

Karouori cioBa: sitifiamoMocuIiKaTHI CKJIOKPUCTAJIiUHI MaTepidam, HaHO-
MacIiTabHa JUCHUIIATHBHA CTPYKTYpa, 3apoAKU KpucTaJisaiii, ¢pasoBe posmi-
JIeHHS, MeXaHiuHi BJacTHUBOCTI.

Key words: lithium aluminosilicate glass—ceramic materials, nanosize dissi-

pative structure, grain of crystallization, phase separation, mechanical char-
acteristic.

(Ompumano 11 rucmonada 2019 p.)
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1. BCTYII

CTBOpeHHsA CcyyacHMX (PYHKI[IOHAJIbHUX MAaTepidliB moTpedye HOBUX
OiIXOo[iB IIPM BCTAHOBJIEHHI OCHOBHMX UMHHUKIB, SKi BU3HAYAIOTH 1X
CTPYKTYpPy Ha HaHopiBHi. IlikaBicTb 10 HaHOMATEPiAJNiB 3yMOBJIEHO
MOXKJIMBicTIO Mogu(iKaril i HaBiTh IPUHIIUIIOBOI 3MiHM BJIACTHUBOCTEH
BiloMUX MaTePiAJiB Ipu Mepexoi B HAHOKPUCTAJIIYHUY CTaH i HOBUMHU
MOXKJIMBOCTSIMU, SIKi BiIKpHMBae HAHOTEXHOJIOTisS IIPU CTBOPEHHI BHPO-
0iB i3 HAHOPOBMIPHUX CTPYKTYPHUX ejieMeHTiB [1]. OgHuMU 3 mepcieK-
TUBHUX HAHOMATEPisIiB, AKi YCIIIIHO BUKOPHUCTOBYIOTLCA B iHHOBA-
MiHEX o0JacTAX HAYKM Ta TEeXHiKM, € HAHOCTPYKTYPOBaHi CTeKJa Ta
CKJIOKPHCTAJIIUHi MaTepidasau Ha iX ocHOBI [2].

HaxocTpyKTypyBaHHA B CTEKJAaX i CKJIOKPHUCTAIIYHMX MAaTepidigax
BiIOyBaeThCsA MepPeBAKHO 3a PAXYHOK KPHCTAIi3allii aMoppHUX CTPYK-
TYyp HLIAXOM (PIIOKTyaliiiHOro 3apoiKeHHA HYKJIeaTOPiB HaHOKJacTe-
piB i3 HacTynHuUM ix poctoM. IIpomecu camooprasisarii, sk Ha cTazmii
¢dopMyBaHHA 3apOAKiB 3a paXyHOK (ha30BOro PO3/iJIeHHS CKJIa B IIepef-
KpucraJisamniiimomy mepioni, Tak i mpu ix momanabiioMmy (pasoyTBOPEeHHI
IpU TepMiuHOMY OOpPOOJIeHHI, YMOMKJIUBIIOIOTH CDOPMYBaTH YHiIKaJIbHI
IUCUIIATUBHI CTPYKTYypHu. Taki MaTepianau xapakTepusyloThcsa ederTu-
BHUM YIPaBJIiHHAM BJIACTUBOCTell Ha HAHOPiBHI, I110 YMOXKJIUBJIIIOE Ofl€e-
psKaTu cydyacHi HaHOCTPYKTYPOBAHI MaTepidau 3 NPUHIIMIIOBO HOBUM
KOMILJIEKCOM BJIACTUBOCTEM, AKi y pAMl BUIIAAKIB € HecyMicHMMMU, Ha-
IIPUKJIa]] IPY CTBOPEHHI BUCOKOMIITHUX PE30POI[iAHNX CKJIOKPUCTAIY-
HUX MaTepisaiB, AKi 0OfHOUACHO MalOTh XapaKTepu3yBaTUCA BUCOKUMU
MeXaHIYHUMU BJIACTUBOCTAMU, 110 3a0€3I1eUYIOTHCA BUCOKUM CTYIIEHEM
3B’A3aHOCTU KPEeMHEKNCHEeBOI CiTKHY CKJIa, TA HeTOKCUYHICTIO I 6ioJori-
YHOI0 aKTUBHICTIO, IO B 3HAYHiN Mipi 3ase:karTh Bij piBHA pe3opOIrii
crexoJ [2].

OCHOBHUM acCIIeKTOM IPUW CUHTE3i HAHOCTPYKTYPOBAHUX CKJOKPUC-
TaJiYHUX MaTepidaiB € 3abesmnmeueHHsa 06’€MHOI PiBHOMIpHOI TOHKOMC-
epcHOI KpucTajisallii, 3o0KpeMa 3a paxXyHOK peaJisarrii JikBaIiiifHOTo
MeXaHi3My B3apoJKOyTBOpPeHHA. BUHUKHEHHS BTOPMHHOIO pO3IIapy-
BaHHA SAK eTally I'eTePOTe€HHOTO 3apOiKeHHA KPUCTAJIYHUX ITeHTPiB
OB’ sA3aHe 3 YTBOPEHHAM cTabijlizoBaHMX KJacTepiB — rerepodasHux
oK TyaIli, 10 yTBOPIOIOTHE HAHOCTPYKTYPY, AKa CaMOOpraHis3yeTbcs
[3]-

3 mosurliii camoopraHisarii AUCUIIATUBHUX CTPYKTYP TE€MIEPaTypy
IIpoIlecy 3apOJKOYTBOPEHHA — TeMIlepaTypy MaKCUMyMy YTBOPEHHS
IeHTPiB Kpucraiisalii (3a I'. TammanoM), AKa BUBHAUAETHCA B iHTEP-
BaJIi CKJIyBaHHSA, MOYKHA TPAKTYBaTU AK TOUKY Oidyprairii, mpu mocAr-
HEeHHi AKo0i B MeTacTabiibHOMY po3Tomi mepebirae KineTnunuii paszoBuit
nepexin 3 popmyBaHHAM (QIIIOKTyaIliil, y TOMY YHMCJIi 3a paXyHOK (aso-
Boro posxinenusa. Ile BusHauae camoopranisaliiro MikpokJjacTepiB y Bu-
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IIAL1 3apOAKiB KpucTasridarii 3 mupokumMu Mesxkamu mpoiiecy. Iloga-
JbIIle TepMiuHe OOpOOJIEHHS 3a TeMIIepaTyPU POCTY KPHCTATIIB YMOMK-
JUBJIOE chopMyBaTU HABKOJIO HAHOKPUCTAJIUHNX 3aPOAKiB aMOpP(HUX
KJIACTepiB AUMCUNIATHUBHI HaHOCTPYKTypu. Curamgisailis 3paskiB IpoBoO-
JIUTHCA 3a TeMIIepaTypu MaKCUMYyMY JiHIHHOI IITBUJKOCTHA POCTY KPHUC-
TaJiB.

IIpuknamoM yCIIITHOTO BUKOPUCTAHHS HAHOCTPYKTYPOBAHUX CKJIO-
KPUCTAJiUHUX MaTepidiB Ha OCHOBi AMCUJIIIKATy JiTil0 € CTOMATOJIOTI-
YHi IpoTe3u Ta BiHipu 3 BUCOKMMU MilHicHUMU (MIITHiCTL Ha CTHCK Y
450 MIIa) Ta ecTeTUKO-IeKOPAaTUBHUMHU BJaacTuBocTaMu (puc. 1, a) [4].

Po3pobseHo HOBY pamiomnpos3opy JiTialoMOCHIIKaTHY CKJIOKEePaMi-
Ky OTM-357-O Ha ocHOBi 3aKkpucraigidoBaHoro ckja. Came 3aBIAKU 3a-
0e3IeueHHIO Ha eTalli 3apOoIKOYTBOPEHHA (POPMYBaHHSA HAHOCTPYKTYPHU
3aKPUCTATIB0BAHOTO CKJA JOCATAETHCA (IPY BUBHAUEHOMY DEXKUMI Te-
pMiuHOTO 06pPOGJIEHHSI) OOJHOPiMHICTh 3aTrOTOBKM CKJIOKEPaMiKM Ta IIo-
JgimmenHa ii BracTuBocTeill (ymapHa B’askicTs > 2,2 kllxk/m?). Iomik-
pucCTaNiUHiCTh MaTEPifANiB AK BUSHAYAIBHIUN YNHHUK 30epesKeHHA BJa-
CTUBOCTEN IpU 3MiHI HAIPAMKY IX MipAHHA JOCATAETHCA HMIJIAXOM 3a-
OesmeueHHA TOHKO3ePHUCTUX KPUCTAJIIB, IX IMOPiBHAHHOI BeJIUUYNHU Ta
Xa0THUUHOTO po3MimienHsa (puc. 1, 6) [5].

JlitiamomMocuirikaTHa CKJIOKEPaMiKa Ma€ BUKJIIOUHO BaKJIMBe 3HA-
YeHHA IIPU po3polbIli HAAiAHUX BUCOKOE(HEKTUBHUX €JEeMEHTIB 3aXucC-
HUX KOHCTPYKIILiii [6, 7].

Opmak iXHe BUKOPUCTaHHS mepembavae icTOTHe HMigBUINTeHHA MeXa-
HigvHUX (yAapoCTiAKOCTH, TPiIIMHOCTIMKOCTH, MIiITHOCTM Ha CTUCK TO-
110) Ta GamicTmuHuUX BiacTuBocTell [8]. 3abesmnmeueHHsa BUCOKOMIITHOI
CTPYKTYPU CKJIOKEPAMIKM Ha OCHOBI JIiTiflaIIOMOCHIIIKATHIX CTEKOJ B
YMOBaxX HUSBKOTEMIIEPATYPHOTO TEPMiUHOTO OOPOOJIEHHSA peaisyeTbCsa
IIJIAXOM Per'yJIIOBaHHA HAHOCTPYKTYPHU MAaTePidAly Ha eTalli 3apogKoyT-
BODEHH.

Puc. 1. CTpyKTypa CKJIOKepaMiKu Ha OCHOBi JuCHIiKaTYy JIiTito (a) Ta Ha OCHOBI
3aKPUCTAIi30BAHOTO JiTifiamoMocumikaTHOro cKa (6).!
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2. EKCIIEPUMEHTAJJIBHA YACTHHA
2.1.ITocTaHoBKAa MEeTH Ta METOZUKA JOCIiIKeHH

MeToio po6OTH € BU3HAUEHHSA 0CO0JIMBOCTell (hopMyBaHHA HAHOCTPYK-
TYypU B JiTiAaIIOMOCUIIIKaTHUX CKJOKPUCTAJIUHIX MaTepidjax Ha Mo-
YaTKOBUX eTalax 3apOJIKOYTBOPEHHSI.

IIpu pocaimsxenHi mpoiieciB (Da30yTBOPEHHA, CTPYKTYPH Ta (pa30BOT0
CKJIAJy MaTePisiliB BUKOPHUCTOBYBAJN B3a€MOIOIIOBHAJIBHI MeTOAM (Pi-
3UKO-XeMiuHoil aHamisu: peHTreHodasoBy (audparxromerp IPOH-3m),
nudepeniifino-repmiuny (mepuBatorpad cucremu Ilaymik—ITaymik—
Epneii), rpagieaTHo-TepMiuny (r'pagieHTHa Tpybuacra miu), merporpa-
diuny (ontuunuii mikpockor NU-2E).

CTpyKTypy IIOBEPXHEBOTO ITTapy AOCILIMKYBAJIN 34 JOIOMOTOIO PEHTI'e-
HOCIIEKTPAJIbHOI aHaJis 3 BUKOPHUCTAHHAM CKAHYBAJbHOTO €JeKTPOH-
Horo mikpockomna PEM Tesla 3 LMU 3 poazinbuoio 3gaTHicTIo y 1 HM Ta
eHeproauciepciinoro cnekrpomerpa Oxford X-max 80 mm.

[na BUBUEeHHA MexaHisMy HyKJealrii Ta (popMyBaHHSA CTPYKTYypPU B
IUX Marepidnax Oyau oOpaHi HACTYHHI XapaKTepHUCTHUUYHI TeMIepary-
pu: t; — micyas BapKu; t, — MicJsg TepMiuHOro o6pobaeHHA T00IU3Y Te-
MIIepaTypu Io4YaTKy posm’ axmeHnHd (T,,); t; — POCTy KpPUCTaNiB; t, —
«KiHIIeBOi» Kpucraiisallii, mpu akiii BimbyBaeThcsa ocraTouie (opmy-
BaHHA CTPYKTypu Martepiany. Ilna igeHTudiraliii cTpyKTypHu cKJoMa-
TepifAJy Ha IIOYATKOBUX eTallaX 3apOoJKOYTBOPeHHA Oy oOpaHi mijlaH-
KW, BiJIbHI Big Kpucramisarrii.

2.2. Po3po0Ka cTeKoJI Ta OfepsKaHHS CKIOKPUCTAJIYHUX MATEPisijIiB HA
ixHill ocHOBI

OCHOBHUM KpPUTEPieM IIPU BUOOPi CKIOMATPHUIIL € MOKJIMBICTE Iepediry
TOHKOAMCIIEPCHOI 00’ eMHOI KpucTaisailii ckJia 3a MexaHisMoM (hasoBo-
IO PO3IiJIeHHA 3 YTBOPEHHSAM BUCOKOMIITHMX KpPUCTaJTiyHMX (a3 Ijid
3a0e3meueHHA BUCOKMX MeXaHiuHMX BjaactuBoctei [9]. Ckaagu cTekos
OyJsiu oOpaHi B obsracTi Kpucrasisarii gucuiikary Jjitiio (MapKyBaHHA
CJI) a6o B-ciogymeny (mapkyBauusa CII) 3 BuBHaueHUM BMiCTOM CKJIO-
Ta (pa3oyTBOPIOBAJILHUX OKCUIIB (Taba. 1).

BucokoMminHi ckJIoOKpUCTaAIiUuHI MaTepidAgu BigHOCATHCA MO CKJIOYT-
BOPIOBAJIBHUX CHCTEM, B AKMX MOJKJUBi mepebiru mporieciB (azoBoro
posginenusa (MikpoJaiksaiii). BigMinzicTio ux mpoliecis € Te, 1[0 BOHU
MIPOXOMATH B yMOBaX MiIBUIIEHOI B’ ABKOCTH AK BUXiTHUX PO3TOIIiB, TaK
i 06ox (as, 1110 YTBOPIOIOTHCA, TOOTO MPOXOAATH BiTHOCHO MOBiIbHO. B
pesyJabTaTi € MOMKJIMBUM OJepP:KaHHA HAHOHEOJHOPiITHUX MaTepidaiis,
K1 CKJIa4al0ThCs 3 TBOX a00 6iybIe pidHUX 3a CKJIAJ0M, CTPYKTYPOIO Ta
BiactTuBocTaAMu (as. Ile € BusHAUAIBLHOIO YMOBOIO IpU 3a0e3meueHHi
BHCOKOI CTPYKTYPHOI MIITHOCTM MAaTepisjiB, AKi eKCIIyaTyIOThbCSA B
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TABJINIIA 1. BigminzocTi 3a XeMiyHUM CKJIaOM TOCJIiTHUX CTEKOJI, TeMIIe-
paTypa BapKHU Ta XapaKTepPHUCTUKA IXHLOI CTPYKTYPH IIicjas BapKu.?

BigmingOCTi 38 XeMiYHUM T XapakTepucTuKa
MapKyBaHHA CKJIaZoM, Mac. % iﬁiiﬂag%pa CTPYKTYPH Iiciis
Si0,|R,0|R0O,[R,04P,0, RO ’ BapKH

peHTI'eHOaAMOpP(-

Cla12 60,517,010,5 5,0 2,0 4,0 1270 HiCTh, HAABHICTH
daoKTyarii

peHTI'eHOaAMOP(-

CII10 60,0 9,0 4,5 19,5 3,0 4,0 1450 HiCcTh, HAABHICTDH
darokTyarin

YMOBaX BUCOKOIIIBUIKICHUX MUHAMIUHNX HAaBAHTAKEHb (YParKeHHA KY-
JAMU H yIaMKaMu).

IIpu pos3pobIli ONTMYHO TPO30OPUX CKJIOKPUCTANIUHUX MATEPidATiB
JUISl BaXUCTY CHEIiAJBHOI TEXHIKM Ba)KJIUBUMM HapaMerpaMu Gopmy-
BaHHA OJHOYACHO BUCOKOMIITHOI ¥ OIITHYHO ITPO30POI CTPYKTYPU CKJIO-
KPUCTaJiuHOTO MaTepiANy Ha OCHOBi JUCHUJIIKATYy JiTi0 € BMicT Kpucra-
Jgiunoi (pasu He Giabime 50 006.% i posmip Il YaCTUHOK MEHIIe JOBXKUHUI
XBUJIL Yy BUANMIN 4aCTUHI CIEKTPY; B CBOIO Uepry, MJIA YAAPOCTIAKUX i
BOTHECTiMKHNX CKJOKPUCTANIUYHUX MAaTEPiANiB I 3aXUCTy JEeTrKobpo-
HBOBaHOI TexHiKU — 6inbIirie 80 06.% P-cmogymeny. Ile Mmoxke 6yTu mo-
CATHYTO MIJIAXOM BBEJIEHHS IO CKJIAIy CKJIOMATPUIII BU3SHAUEHOT0 BMicC-
Ty (hazoyrBopioBambHUX (Si0,, Li,O, Al,O;) KoMIoHeHTiB i KaTaaisaTo-
piB kpucraiizanii (P,0;, CeO,, TiO,, ZnO ta Zr0,).

s moHM:KeHHA B’ SIBKOCTHU CKJIOYTBOPIOBAJIBHOTO PO3TONY IIPU Bap-
i CTEKOJI i peryIloBaHHA TePMIiUHUX 1 MEXaHIUHNX XapaKTepPUCTUK 3a-
JINIITKOBOI CKJIO(asy Ta KpUCTATIuHOI (Dasy CKJIOKPUCTATIYHOTO MaTe-
piany 6yau BBemeHi moaudirkysanabHi godaBku Na,O, K,O, ZnO, MgO,
MnO, Ta dpTopusu.

CrekJjia Oy 3BapeHi B IITaMOTHUX TUIJISAX Y CHUJIITOBill meui 3a Temie-
parypuy 1200—-1350°C 3 HaCTYyITHUM OXOJOAKEHHAM HA METAJIEBOMY JIV-
cti. Hocaigui crekia cepii CII 6ysu gep:xaHi 3a KepaMi4HOIO TeXHOJIOT-
€10:

— TOAPiOHEeHH A CKJIa 0 IIOBHOTO IIPOXOMKEeHHA Kpisb cuTo Ne 125 i3
sanumiKom: Ha cuti Ne 063 (poamip dpaxmiit 63—-125 mxm) ~ 70 06.%,
Ha cuTi Ne 025 (25—63 MmxM) — He 6inbIte 15 06.% ;

— TpucTafiliHe IPeCyBaHHA MacCH MAaTepisdjy 3 BUKOPUCTAHHAM SK
3B’a3Ku 10% -po3umHy KCAHTAHOBOI KaMeli B TiApaBJIiuHOMY IIpeci 3
TcKOM Ha 1-#1 craxii — 7,36 MIla, 2-i cragii — 11,78 MIla ta 3-i1 cTa-
mii — 14,71 MIla;

— cymIiKa 3paskis 3a Tremmeparypu y 120—150°C mo ocTaTouHOi BOJIO-
roctu He 6iyabmr 0,5% ;

— IBOCTafiliHe TepMiuHe 00pPO0IeHHA.
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Hocaigai crexna cepii CJI O6yio omep:kaHO 3a CKJIAHOIO TeXHOJIOTIEO,
sAKa BKJIIOUAJa IIOHepeNHiil TepMiuHMil Bimmaa mo0Jamus3y TeMIepaTypu
CKJIYBAHHSA AJIA 3HATTA HAIPYT V CKJIi, 3Baskaroun Ha piaMNIio y TKJIP
ckJodasu Ta QIOKTyalliii, i ABocTamiliHe KOPOTKOTPHUBAJe TepMiuHe 00-
pobJieHHS.

3a pesyJabTaTaMU IIPOBEIEHUX ITomnepenHix mociimxens [10—12] 6yo
BCTAHOBJIEHO, IO cKJOKpucTasiuui maTepismu CJI 12 ra CII 10 (Taba. 1)
BiATIOBiZAIOTH KPUTEPIIM CTPYKTYPU CKJIIOMATPHUILL, AKi € HeoOXigHMMMI
I CUHTE3U YAAPOCTINKUX CKJIOKPUCTATIYHNX MaTePidAIiB.

3. PESYJIBTATH TA IX OBTOBOPEHHSA

IIporecu pazoyTBOPEeHHSA AJIOMOCHIIKATHNX MaTepialiB OyJu geTajb-
HO JIOCJi:KeHi Ta mpoaHadidoBaHi 6araTrpma aBropamu [13-15], axi
BKas3yIOTh Ha Te, III0 KPUCTAJIi3allis CTeKOJI Imepedirae uepes yrBOpeHHs
mpoMiKHIUX a3 3 POPMYyBAHHAM TBEPAUX PO3UMHIB, Y TOMY YHCJIi 3a
MexaHisMoM ()a30BOTO PO3AiIeHHA.

XapakTepHi BiAMiHHOCTI XeMiUHOro cKJany IJIs MOCHiHMX JiTiiia-
aomocuiaikaTHux crexos CJI 12 ta CII 10 mosHauaioThea Ha 0COBIMBOC-
TAX IXHiX 3apOIKOYTBOPEHHA Ta KPUCTAJi3aIlii mpu TepMivHOMYy 00P00-
JeHHi. 3a ganumu nudepeHIiino-repmivnoi ananisu ([[TA) 6yJo BeTa-
HOBJIEHO XapaKTEePUCTUUYHI TeMIIepaTypu IJA TOCIiZHUX CTEeKOJ, 3a
SAKUX BimOyBaeThbCsi (DOPMYBAHHS CTPYKTYPH IPHU TEePMiuHOMY 0OOpPOO-
JeHHi (puc. 2).

s crexon CJI 12 ta CII 10 popmyBanHA QIIIOKTyaIliil Ipu TemMIepa-
Typi nouarky posm’axkmenHsa (T;) y 580 ra 550°C BignoBigHO, AKi peect-
pyiorbcs Ha KpuBux JITA aK eHgoedeKTH, IPUBOSAUTD A0 IIOABU IIPU TEM-
neparypax y 630 i 660°C BimmoBigHO BUCOKOTO iKY eK30e(eKTy, AKU
BimmoBimae Kpwucrasisalrii meracmyikary JiTito. ¥ pesyabTaTi IIbOro
ckyo CII 10 30imHIOETBCS OKCHUAOM JIiTiiI0, TaK IO [-eBKPUOTUTOBUI
TBEPAUN PO3UNH, AKUI IPU3BOAUTL J0 3HEMIIIHEHHSA CTPYKTYPHU, YTBO-
poeThCs B He3HaUHiH KinbKocTi. [Ipu Temnepatypiy 790°C (puc. 2) ans
ckjaa CJI 12 comocTepiraeTbca He3HAUYHUH ITiK, MOMKJINBO, KPUCTAJIiYHOI
dasu (B-KBapiy, AKUN BHACJTiTOK HAHOPO3MIiPHOCTU HE PEECTPYETHCH
MeTOJaMM PeHTTeH0o(as30Boi Ta meTporpadgiyHoi anais.

3a 6impr Bucokux temiepatyp v 800—850°C mgia ckaa CJI 12 Binby-
BAa€ThLCSA IIEPETBOPEHHA METAaCUIIIKATy B JUCUJIKAT JIiTif0, 0 3BiAbHA-
€ThCA ¥ PE3YyJIbTATi IIBOr0 (pa30BOTro MEePETBOPEHHA i BXOAUTD 0 CKJIALY
[-crmogyMeHOBOTO TBEPJOTO PO3UMHY, AKUIN CTaOiIbHUN y o0JacTi 1mmx
TeMIIepaTyp.

PopMyBaHHSA CTPYKTYPU CUTAIIZ0BAHOTO TUITY 3 BMiCTOM 3HAUHOI Ki-
JIBKOCTH [3-CIIOAYMEHY BU3HAYAETHCS 34 BUCOKMMHU CTPIMKUMM ITiKaMu
repmorpamu ckJa CII 10 3 maiiBuimoro inTencusHicTio ipu 850°C (puc.
2).

[ BUSHAUEHHS PEKUMY TEePMiuHOTO 00po0seHHA 6yJI0 AeTaabHO
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Puc. 2. Tepmorpamu focaifEIX cTeKkou.®

IIpoaHaJIi3oBaHO 0CcOOJIUBOCTI (POPMYBaHHA iIXHBOI CTPYKTYPU AK ITicjd
BapKu, TaK i B Iporieci TepMigTHOTO OOPOOIAHHA.

3a maHuMHu peHTI'eHo(a30BOI aHATII3Y MOCTIiMHI CTeKJA IicJaa BapKH €
peHTreHOaMOphHUMU. 3a JaHUMHU HeTporpadiunoi aHamisu (taba. 1)
JUISI CTEKOJI ITiCJIA BapKM € XapaKTepHoIo QIIOKTyallifiHa CTPYKTypa 3
XapakTepHUMU CMyTaMH1 IIePeXO0/iB MTOKAa3HUKIB 3aJIOMJIEHHA. 3a JaHU-
MU I'paJlieHTHO-TEePMiuHOI aHajidu B o0sacti Temmeparyp 550—-600°C
CIIOCTepiraeThcA OmajiecIeHIlisa, AKa MOXKe cBigunTu mpo mepebir ¢gaso-
BUX mepexoniB (hasoBe posmijeHHs, (opMyBaHHA 3apOAKiB KpHCTAaJIi-
3a1rii).

ITe migTBepIKy€ETHCA pesdyabTaTaMU eJIeKTPOHHOI Mikpockomii. ITic-
JIs BApKU IIPU TEMIIEPATYPi ¢; CTPYKTypa JOCJIiTHUX CTEKOJI € HeOJHOPi-
IHOIO: Ha 3arajbHOMY (hoHi HaHOCTPYKTypu (puc. 3, a, 6) cuocrepira-
I0ThCS OKpeMi i3osboBaHi rerepodasHi durroxTyarrii posmipom Big 10 mo
100 M (puc. 3, a I, 6 I), aki chhopmoBaHi Ha OCHOBI CO0TAKCUUHUX I'PYIT
KpucrtaaiB meracuiaikary Jitito (LS). IIaa ckaa CJI 12 xapaKTepHUM €
iHTeHCUBHe YTBOPEeHHA cTabili3oBaHUX KJacTepiB, Ki GopMyioTh Ha-
HOCTPYKTYPY HaABKOJIO YiTKO BUpParKeHUX 3apOJKiB Kpucrasisamii (puc.
3, a II) posmipom mo 0,1 mxm. [as ckaa CII 10 cmoctepiraroTbes Juiie
OKpeMi HeOJZHOPiMHOCTi, AKi MalOTh BUTJIAJ BUCOUUH 3 XapaKTEePHUMU
3apoJKaMM’ KPUCTAJiB Ha BepiinHax (puc. 3, 6 I). Came HaBenmeHuUit xa-
pakTep TepMiuHOI ITepeaicTopii MaTepiAaiB Bigirpae BaKIuBe SHAUEHHS
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OpHu IofaJIbIIIoMy (hopMyBaHHI caMOOpPraHi3zoBaHol HAHOCTPYKTYPU.
BesniepepBHuUit pict HeogHOPiAHOCTEH podmipom no 0,1 mxMm (puc. 3, 8
I) mo6u3y TemmepaTypu po3m’ariieHusa t, = 580°C y pospobieHoMy Ma-
repiamai CJI 12 moxke cBiquuTy mpo nepebir MeTacTabiabHOIL JIiKBAIlil AK
dazoBoro mepexony. Ilicisa TepmiuHOTro 06POOIEHHA JOCJIiTHOTO CKJIOMA-

Puc. 3. CtpykTypa po3pobiaeHnx cKIoKpucraniunux marepianis: CJI 12 micaa
BapkKu (a) Ta Tepmoodpobaennas mpu 580°C (8), 630°C (9); CII 10 micis BapKu
(6) Ta TepmoobpobaerHsa mpu 550°C (2), 650°C (e).*
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repisgay CII 10 mobausy ¢, = 550°C cmocTepiraerbes JiKkBallifina HEOTHO-
pimHa cTpykTypa 3 (h)OpMyBaHHA I'pyn HaHOHeOAHOpimHOCTEH mo 10-20
HM (puc. 3, 2 I), mo GpopmyoTs yrpynyBauasa posmipom g0 100 HM y BU-
miAni rpebeHiB, AKi opieHTOBaHiI B HaUPAMKY (DPOHTY KpuCTaTisarrii
(puc. 3, 2 II).

IIpu repmiunomy o6pobiaenHi gociaigaoro ckaa CJI 12 nmpwm t; = 630°C
KinbKicTh HaHOHEOTHOPiAHOCTEH 30iabITyeThes (puc. 3, d, I), omHak, po-
3Mip ix ameHIyeTbesa 1o 10—15 um. Crmocrepiraerses popMyBaHHA KPUC-
TaJIiB y BUIIAAL 060’eMHUX chep posmipom y 100 M, AKi iHAMBIAyaTiz0-
Bami (puc. 3, d, II). Ile mo:ke OyTu MMOB’sA3aHO 3 HAABHICTIO Y CTPYKTYPi
Li,0-25i0,. 3a ganumu B. 1. ABep’aHOBa AUCUIIKAT JiTiI0 3a TOPiBHAHO
HU3BKUX TEMIEPATypP KPUCTATIIByeTbCA Y (hopMi chepotiTiB, AKi mepexo-
IATH 3a BUMIUX TeMIIEpaTyp Y MOHOKpucTaau. BusHauaapbHUH BILJIUB Mi-
KpopoalniapyBaHHA AK MpPOIleCy, AKWN rajabMye picT cdepoitiB, mad
ckaa CJI 12 3 Bmicrom Li,O=15 mac.% mpoaBaseTbca B opMyBaHHI
CTPYKTYpH 3 isoboBanuMu Kpamaamu 2Li,0-Si0,. B Takux cTexaax cJIin
yexkaTy e()eKTUBHOTO 00MEKEHHA PO3MipiB KPUCTAIB JUCUIIKATY JiTii0
mpu OigBUIeHHI Temneparypu. IIpu TepMooOpobieHHI CKIoMaTepiaTy
CII 10 nmpu Temnepatypi t;=650°C mopan 3 YKpyOHEHHAM chepuyHmnx

2

Puc. 4. CTpyKTypa CKJOKPUCTAJIUHUX MAaTEPisIiB IicjiA TepMOOOPOOJIEHHA:
CJI 12 mpu 820°C (a), 850°C (6); CII 10 mpu 850°C (s, 2).”
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HeomHOpimHOCTel (puc. 3, e I) cmocTepiraeTbes picT KIMHOBUIHUX KPHUC-
TaJiB, AK1 BUHUKJIMN Ha iXHilt Mexi (puc. 3, e II) Ta mpuBogATHL 10 YTBO-
peHHsA TpimuHyBaTol cTpyKTypu. Ile MoKke CBiUMTH PO HAABHICTH Y
CTPYKTYPi MaTepiany -eBKPUNTUTY 3 T€KCATOHATBHOIO I'DATHUIIEIO, IO
HeraTUBHO IIO3HAUYNTHCA HA MEXaHIUHUX BJIACTHUBOCTIX MaTePiamy.

IIpu kpucramisallii y cTpyKTypi JaHOTO CKJa AUCUJIIKATY JiTiio JiK-
BalIliliHi HEOMHOPiMHOCTI He PpYUHYIOThCA, a JIUIIEe IPUNNHAETbCA 1XHIHN
mojaJabIinii pict. ToMy Ipu mogaJbIIOMY TEPMiUHOMY OOPOOJIeHHI CKJIa
mpu t, = 820°C cmocTepiraroThcsad HEOTHOPIAHOCTI y BUTJIAAL YBIrHYTHUX
chep Li,0-2Si0, (puc. 4, a, I), axi GopMyOTh yIrpyIyBanHa y BUTJIALL
rpoxu (puc. 4, a, II). IIpu mogansItoMy OigBUIEHHI TeMIepaTypu t, 10
850°C chepuuni Kpucrtaau o0’e€IHYIOThCA Ta POPMYIOTH OJHOCIPAMO-
BaHy IIOIIIAPOBY CTPYKTYPY Ha OCHOBi mIacTmHUACTHUX KpucraiiB LS,
poamipom 6aussko 0,4 MM (puc. 4, 0).

Haa crpykrypu ckiaomarepianay CII 10 mpu Temmeparypi ¢, = 850°C
XapaKTepHOIo € I'ycTa ciTka KpucTaJis poamipom y 1,0 MKM cToBOUACTO-
IO IIJJAaCKOT0 MPU3MATUUYHOTO rabiTyCcy 3 MO3MOBXKHIM INTPUXYBAHHAM i
posieneHHAM KiHIiB (puc. 4, 8 1), 1110 3yMoBJIeHO JBIHHUKYBAHHAM [3-
cunonymerny. Ha pebpax KpuCTaJiB CIIOCTEPIralOThCsA HAHOPO3MipHi He-
omHopimuocTi (puc. 4, 2 1), AKi € TOZATKOBUM UMHHUKOM 3MilTHEHHS
cTpykTypu. Takuii Xifg Kpucraisailii € HAWOiJIbINI XapaKTepHUM I
YTBOPEHHS TOHKOKPUCTAJIYHOI CTPYKTYpPHU, IITO0 3abe3medye OiIbIN BHU-
COKi 3BHaUeHHA MeXaHIUYHUX BJACTHUBOCTEN MaTePiAIiB.

IToganbiie migBuiienHs Temnepatrypu 3paska CII 10 mpuBoguTh 10
30iIbINIeHHA JiHIHHNX PO3MIipiB KPUCTAJiB i, K HACTITOK, 3HEMIITHeHHS
CTPYKTYPHU MaTEPisaay Ta MOHWKEHHA oro eKCILIyaTalifHuX BJIaCcTHUBOC-

TABJUIIA 2. TemmepaTypu cTafiil TepMidHOTO O0POOIAHHA, XapaKTePUCTHUKA

KpucTaJivHuX (as i BIacCTHBOCTI PO3POOJIEHUX CKJIOKPUCTAJNIUYHUX MaTepis-
s, 6

JiB.

MapxyBanus
ITokasHuKu CIL12 CII 10
T, 450/30 —
Temneparypu Bignaiy (T,), Icr. 630/30 550/120
cTafill TepMidYHOrO 0OPOOIAHHA T, °C/t, XB.
Ta IXHA TPUBATICTSD (T) IIcr. 850/5 850/120
XapaxkTepuCTHUKa KPUCTAJIUHUX Bun IJI/B-CII B-CII
a3 y cuTajax Iicjsd TepMiuHOTo
e e - Kinbxicrs, 6. % |  45/5 85
H, TI'Tla 8,9 9,0
Mexaniuni BracTuBocTi HV,T'lla 8,74 8,9
K., MITa-m'/2 3,10 3,40
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Tell.

[ 3abe3mmeuedHsa ONTUMAJILHOTO PEKUMY TEPMiuHOTO 06po0IeHHA
MaTepisaaiB 6yJao o0OpaHO TeMIepaTypu, AKi JagyTh 3MOTY 3a0e3IMeUnTHn
(dopMyBaHHS CUTAJIi30BaHOl CTPYKTYPU MaTePiAIiB.

3abesreueHHs HAABHOCTH COOTAKCUUYHUX I'PYH Y CKJIOPO3TOIIi Ta (a-
30BOT'0 PO3AiJIeHHs 3 po3Mipom ¢urtokTyariit y 10—20 uam i popmyBamHIM
HAHOPO3MipHUX 3apoAKiB KpucTasisallii Ha cranmii ixaporo pocty (550—
630°C) ymo:kJIMBIIOE Ha cTamii iXHBOI curasdiszarii chopmyBaTu: HeoO-
xigny kinmskicts (50 006.% ) Kpucraiis gucuiaikary Jitiro (JIJI) posmipom
mermre 0,4 MKEM i, THUM caMuM, 3a0€3IeUNTH CBITJIOIPOHUKHICTE 10 72%
UL CTBOPEHHSA IPO30pUX OPOHEEJIEMEHTIB; Kpucranau [-cuoxymeny (p-
CII) posmipom < 1 MKM y KinbkocTi 85 00.% [IJisi CTBOPEHHS JIOKAJBLHUX
OpOHeeJIEMEHTIB.

[ po3pobaeHnX CKIOKPUCTATIUHNX MaTepisajiB Ha OCHOBI JiTiiia-
JIOMOCWJIIKATHUX CTEeKOJI (DOPMYBaHHSA IUCUIIATHUBHOI CHTAaJIi30BaHOI
CTPYKTYpPHU 34 MeXaHi3MOM (pasoBOro po3aijieHHS B YMOBAaX HU3bKOTEM-
IIepaTypHOro TePMiuHOro 00pPOOJIEHHA YMOMKJIUBIIOE 3abe3eunT IXHi
BUCOKI eKcIryaTalifiai BaacTuBocTi (Tabii. 2) Ta MOKJIUBICTH BUKOPUC-
TAaHHI 1X B YMOBaX SHAYHUX MeXaHIYHUX i TepMi‘:IHI/IX HaBaHTaAMEHb.

4. BUCHOBRKH

PospobuieHo JgiTifiaaoMocuIiKaTHI cCTeKJa Ta CKJIOKPUCTANiUHI MaTepi-
S Ha IXHill OCHOBiI B yMOBaxX HM3bKOTEMIIEPATYPHOTO TEPMiYHOTO 00-
pobyeHHs.

IIpoamasnizoBaHo 0COOIMBOCTI (DOPMYBAHHS HAHOCTPYKTYPHU B JiTiiia-
JIIOMOCWJIIKATHUX CKJOKPUCTAJIYHUX MaTepiAiaX Ha MMOYaATKOBUX eTalax
3apPOJKOYTBOPEHHSA Ta iXHill BOuB Ha (opMyBaHHA CaMOOPTaHiZ0BAaHOI
CUTaJII30BaHOl CTPYKTypu. BcTaHOBJIEHO BIUIMB TepMiuHOI IlepeficTopil
PO3pOo0JIEHNX CTEKOJI HA IXHIO CTPYKTYPY B IIPOIleci TepMivHOTO 00pOo0IeH-
HA. BusHaueHo MexaHisM (hasoyTBOPEHHA B CTeKJaxX 06a30BOi cuCTEMU
K,0-Li,0—RO—-R0O,—-Al,0,—B,0,—P,0;—Si0,, axuii mojasrae y mnepeodiry
06’eMHO1 TOHKOAMCIEPCHOI KPUCTAJII3allil CKJIa 38 PaXYHOK iHTEHCUBHOTO
dopMyBaHHA 3apOAKOYyTBOpPIOBaUiB Meracuiaikary JiTiio (T = 550—-580°C)
y dopmi chepostiTiB, YyTBOpEHHS KPUCTAJIIB MeTaCHUJIiKaTy JiiTifo abo -
eegpuntuty (T = 630—-650°C) Ta ixHi nepekpucrasisaiii B crabiibHi miac-
TuHYaCTi Kpucraau gucuiaikary Jitiio (T ~ 820°C) i B-cnoxymeny cToB6Ua-
croro mrackoro mpusmatuuHoro rabitycy (7'=850°C), aki mimHo cmoury-
YeHi.

[ po3pobaeHnX CKIOKPUCTAJTIUHUX MaTepisaaiB Ha OCHOBI JiTiiia-
JIOMOCHJIIKATHIUX CTEKOJ (DOPMYBaHHSA AUCUIIATHMBHOI CUTAaJIi30BaHOI
CTPYKTYpPHU 3a MeXaHi3MOM (pasoBOT0 pPO3AiJIeHHA B YMOBaX HU3BKOTEM-
ePaTypPHOTO TePMiUHOTO 00POOJIEHHA YMOMKJIMBIIIOE 3abe3meunT IXHi
BUCOKi eKcILIyaTallifiHi BJIaCTMBOCTI Ta BUKOPUCTAHHA IX B yMOBax
3HAYHUX MEXaHIUHUX i TepMiUYHUX HaBaHTAXKEHb.
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Pospobieni miTifiamoMoCHIiKaTHI CKJIOKPHCTANIUHI MOKPUTTA MO-
JKYTh OYTH PEeKOMEHIOBAHI JJId BUKOPHUCTAHHA Y KOHCTPYKIIAX /I 3a-
XUCTY CIEIiAJbHOI TeXHIKMY I o0Ja JHaHHA.
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3 Fig. 2. Thermograms of experimental glasses.
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IIpencrasiaeno cmoci6 poToxeMiuHOro CyOHAHOIIOJMiPYBaHHSA MOBEPXHI KBAPILY
He BiOMBaHHA CBiTJIa. PO3rIsSHYTO eIeKTPOAMHAMIUHI YMOBY CTBOPEHHS OII-
TUMAaJIbHOTO €JIEKTPUYHOTO IOJSA HAJ IIOBEPXHEI0 KBapIy 3 CUHYCOIZaIbHUM
mpodisiem, 110 3a6e3neuye eheKTUBHE IIABJIEHHA BUCTYIIiB ITIOBEPXHI Ta Bimcy-
THIiCTH TAKOTO IaBJeHHA y 3amagnHax. IlokasaHo, 110 Hale()eKTUBHIIIINM €
OCBiTJIeHHSA HMOBEPXHi KBapIly Hiff KPUTUUYHUM KYTOM I[iTKOBHTOTO BHYTPIiIII-
HBOTO BimbuBaHHA. [Ipu bOMY IS TOBEPXHi KBapIy 3 CUHYCOIZAJIbHUM IIPO-
dinem BucoTra BuCTymIiB Mae He nepesBuintyBatu 30 HM. B Toii :Ke uac, KOHTpac-
THICTH €JIEKTPUYHOTO IIOJIA B 00JIaCTi BUCTYIIB i 3amaguH TaKol IOBEpPXHi
MPaKTUYHO He 3aJIeKUTh BiJ JOBKUHU XBWJII MaJHOTO BUIIPOMiHEHHS Ta 3Me-
HIITYEThCS TPU 30iJbINEeHHI HOBKUHU Kopeadalii mpodinaio moBepxHi. Taxkox
BCTAHOBJIEHO, ITI0 AJIA BUIIAAKOBOro Ipodiio 3 I'aycoBoo KoperamiiHowo GyH-
KI[i€Io cmouaTKy HalliHTeHCHBHIiIIIe BifOyBaeThCs IABJIEHHA CKJIAJOBUX IIPOC-
TOPOBOTO CIIEKTPY IMOBEPXHi, JJIA AKUX 3MiHa aMILIITyAu 3 TPOCTOPOBOIO YacC-
TOTOIO € MAaKCUMAaJIbHOIO. Ilic/isg mouaTKy HiaBJaeHHSA 31 30iIbIIIeHHAM JOBXKUHNI
KOpeJAlii moBepxHi MaKcUMaIbHa iIHTEHCUBHICTH IIABJIEHHA IUX CIEKTPAJIb-
HUX CKJIAJOBUX IIOBEPXHi 3MEHIIYEThCA, 3MIIIIYIOUNCh Yy OiK HU3LKUX IIPOCTO-
POBUX YACTOT.

The method of photochemical subnanopolishing of the quartz surface, when
it is illuminated from the side of the quartz at an angle realizing total inter-
nal reflection of light, is presented. The electrodynamic conditions for form-
ing an optimal electric field over a quartz surface with a sinusoidal profile,
which ensure effective etching of surface protrusions and the absence of such
etching in troughs, are considered. As shown, the most effective is the illu-
mination of the quartz surface at the critical angle of total internal reflec-
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tion. Moreover, for a quartz surface with a sinusoidal profile, the height of
the protrusions should not exceed 30 nm. At the same time, the contrast of
the electric field in the region of the protrusions and troughs of such a sur-
face is practically independent on the wavelength of the incident radiation
and decreases with an increase in the correlation length of the surface pro-
file. As revealed for a random profile with a Gaussian correlation function,
the components of the surface spatial spectrum, for which maximum change
in the amplitude with the spatial frequency occurs, are etched most intensely
at the beginning. After etching beginning, with an increase in the length of
the surface correlation, the maximum etching intensity of these spectral
components decreases, shifting toward lower spatial frequencies.

KarouoBi croBa: po3cisiHHA IIACKUX €JIeKTPOMATHETHUX XBUJIb, ['€IbMI0JILI[0BE
BEKTOPHE PiBHAHHS, IIIEPCTKiCTb HOBEPXHI, (DOTOXEMiUHE CyOHAHOIIOIipyBaHHS.

Keywords: scattering of plane electromagnetic waves, vector Helmholtz
equation, surface roughness, photochemical subnanopolishing.

(Ompumano 25 mpaeus 2020 p.)

1. BCTYII

ITosBa Ta PO3BUTOK HOBMX HAIIPSAMIB B OIITHUIl, TAKMUX K BOJOKOHHA OII-
THKAa, Tojorpadis, iHTerpajgbHa OITHKA Ta (DOTOHIKA, IPUBOAUTE IO IIOC-
TiAHOTO HMiABUIITEeHHA BUMOT SK IO SKOCTY MATEpPisiIiB, Tak i 4O TOYHOCTH
BUT'OTOBJIEHHSI ONITUYHUX ejieMeHTiB. JloHegaBHaA MOIIycKH, IO 3a0eslie-
YyyBaJI HASIBHI MeTOau 00poOKI, Oyyu OiibIN HixK JOocTaTHI ms dopmy-
BaHHS 300paskeHb BICOKOI TKOCTH 3rimuo 3 PeneitoBum kpurepiem. IIpore
CLOTOMIHI HOBi OIITHYHI TEXHOJOril BUMAramwTh, 100 BigxuaeHua dopmMu
THOBEPXHi BiJi MaTeMaTHYHO TOUYHOI Oy HabaraTo MeHIIi 3a JOBKUHY
xBuJIi BunpoMiHeHHdA [1]. B Takomy BHIagKy BasKJINBOIO XapaKTePUCTHU-
KO0 0araThbOX ONTHUYHUX E€JIEMEHTIB IIOCTA€ PiBEHBb IIEPCTKOCTU IXHBOL
noBepxHi. Ha manuit uac 1is 3MeHIIIEeHHS IIIEPCTKOCTHY IOBEPXHIi 3aCTOCO-
BYIOTH XeMiKO-MexaHiuHi crocobu mosripyBaHHdA [2] Ta BaKyyMHE ILJIa3MO-
xemiuHe [3] maBaerHa. Cruenudika mux mporeciB o0pobIeHHA Bu3HAYA-
€TheA (Pi3UKO-XeMiUHNME BJIACTHUBOCTSIMI OIITUUYHNX MATEPisyaiB, aKi Bi-
IPiBHAIOTHCA KPUXKICTIO, MIMPOKUM HiANIa30HOM TBEPAOCTH, Pi3HOIO Xe-
MivHOIO cTifikicTio Ta inmuM. Vixe mocTifiHuil moUyK HOBUX, GiIbII edek-
TUBHUX CHOCO0iB 00pPOOIeHHSA ONTUYHNX IIOBEPXOHb, Cepel SKUX MOMKHA
BUIIJIUTH METONY BUKOPHCTAHHS OINTHMAJIBHOTO OJMKHBOTO IO [4],
SIKY 3aCTOCOBYIOTH JJIA HAHOIIOJipyBaHHSA, HAIIPUKJIAM, KBapiy. B 3ara-
JBbHOMY BUIIAJIKY IS METOHA IIOJIATAE Y 3aHYPEHHi IMepPCTKOI MOBEpPXHi
KBapILy y CepeIoBUIIle, 110 MiCTUTh MOJIEKYJIAPHUN XJIOP, i CTBOPEeHHI Ha
Ii€}0 TOBEPXHEI0 €BAHECIIEHTHOI'0 MOJIfA, IIJIAXOM il IPAMOro OIpPOMiHIO-
BaHHS CBITJIOM 3 IMEeBHOIO IIOTYKHICTIO Ta JOBXKMHOIO ImamgHoil xBuii. EBa-
HECITeHTHE II0JIe, IO YTBOPIOETHCSA IIPH OIIPOMiHIOBAHHI ITO0JIN3Y ITOBEPX-
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Hi, Oy/ZIe HeOJHOPiAHNM uepes3 HAasABHICTL HA MOBEPXHi BUCTYIIIB i 3amaamH.
Bing BucTymiB eleKTpUUYHAa CKJAJ0BA €JIEKTPOMArHETHOTO ITOJIA JIOKAJTi-
3yE€TBCSA Ta Mae€ IIiABUIIEHY HAIPYKEeHiCTh IIOPIBHIHO 3 MJIACKUMUY JiJITH-
KaMu moBepxHi. B obsacTax migBHUINEHOI HAIPYKEHOCTH eJeKTPUUHOTO
MIOJISI TIPY HMPABUJIBHOMY BMOOpPi JOBMKMHU XBUJII Ta IMOTYKHOCTHA BUIIPO-
minenusa [5] BimbyBaeTbcsa (POTOAUCOIIAIIA MOJEKYJIAPHOrO XJOPY 3
YTBOPEHHAM aTOMapHOro XJOpy Ta Moro ioHiB, AKi, IOJAPUSYIOUUCH ¥
30BHIIITHBOMY TOJIi, IPUTATYIOTHCA /10 BUCTYIIiB IIOBEPXHi Ta BBAEMOIIIOTH
3 HuMu. Ile TpUBOAUTH [0 JIOKAJIBHOTO ITaBJIEHHA BUCTYIIB ITOBEPXHI
KBapIry, 110 3MeHIITye ii rmepcTKicTsb. B poboTtax [6, 7] 6yJio mokasaHo, I110
KOH(ir'ypallisi eBaHecIieHTHOTO II0JA 0iJid IMOBEePXHi KBapIly iCTOTHO 3a-
JEeKUTH BiJi HAIIPAMKY MOINTUPEHHA BUIPOMiHEHHSA Ta IIOKa3HUKA 3aJI0M-
JIeHHsA cepeloBUIITA HaJ ITOBepXHer0 KBapiy. lle BignmoBigHO BIBae Ha
e(peKTUBHICTh IPOITeCy HAHOIIOJipyBaHHS.

Iummii migxin, 1Mo mpeacTaBIeHWN B AJaHil pobori i B [7] AK anabTep-
HaTHUBa PO3IJIAHYTOMY BHUIIIE, IOJISATAE YV CTBOPEHHI eBaHECIIEHTHOT'O 110-
JIs1 HaJl IIOBEPXHEIO0 KBapIly 3a JOIOMOI0OI0 BUKOPUCTAHHA e(DEKTY IIiJ-
KOBUTOTO BHYTPIiIITHLOrO BimOmBamuA. B 1IboMy BUIIaAKY OCBiTJIEHHS
IIepCTKOI MOBepXHi KBapIly BimOyBaeTbcsa 3 00Ky KBapily. Pearisaris
TaHOro IIiAX0ny Iependadae, 110 KBapIioBy IIJIACTUHKY 3 HAHOMETPOBUM
piBHEM IIIEPCTKOCTU IIOBEPXHi PO3TaIlOBYIOTh Ha T'OPU3OHTAJbHiN IO-
BEPXHi TPUKYTHBLOI MPpU3MHU TaKOK i3 KBapiy. [Ipu onpominioBanHi 60-
KOBOI I'paHi IpU3MU JIa3epHUI IPOMiHb IPOXOAUTH KPi3h IPUSMY, IOT-
pamise B IIJIaCTUHKY Ta YaCTKOBO BiOMBa€eThCA Bif il BepXHBLOI CTOPO-
HU. Y BUOAIKY, KOJIU IIpoIec BimbuBaHHS BigOyBaeThcA mig KyToM, Oi-
JBIIIUM HiX KYT IiJIKOBUTOrO BHYTPIITHLOTO BiAOMBaHHSA, HAl BepX-
HBOIO TTOBEPXHEI0 IJIACTUHKUN YTBOPIOETHCA €BAHECIIEHTHE II0Jie, SKe
CIIpUUYMHEeHe AK e()eKTOM BiCTpsdA, TaK i ABUIIEM ITiJTKOBUTOTO BHYTPIIII-
HBOTO BimbuBaHHS, IO iCTOTHO BimpisHse maHWil migxin Bim momepen-
HBOT'O BapigHTY.

B pob6orax [6—8] Bu3HAUEHO ONTUMAJBLHI €JIeKTPOAUHAMIUHI yYMOBH,
IpU BUKOHAHHI AKUX IIaBJEHHS BUCTYIIB MIOBEPXHi 3MiCHIOETHCS OII-
TUMAJBLHUM YMHOM. 30KpeMa, IJId peadisallii Mux yMOB y cXeMi 3 mps-
MUM OCBiTJIEHHAM HOBEPXHi KBapIly CBiTJIO Mae ImajgaTW Ha MOBEPXHIO
mig kyrom y 0°. ¥V cxemi 3 BUKOPUCTAHHAM ITiJIKOBUTOTO BHYTPIIITHLOTO
BigOMBAHHSA ONTHUMAJbLHUIN KYT MaZiHHA CBiTJIa JOPiBHIOE KPUTUYHOMY
KYTY I[iTKOBUTOT'O BHYTPIIITHBOTO BifOMBAHHA.

s Toro 1106 3MiiCHUTH ONTUMAaJIbHe CyOHAHOIIOJIipYBaHHA IIIEPCT-
Kol ImoBepxHi KBapIy, Heo0XigHo, 1100 00acTi migBUIleHol HaIpyKe-
HOCTY €BaHECIIEHTHOTO MOJIf, e MOMKJIUBA (POTOAMCOIIAIISA XJIOPY, JO-
KaJtigyBajiucsa, HacaMIIepe., HajJ BUCTyIIaMu noBepxHi. IIpu nmbomy, BO-
YeBUIb, iHTEHCUBHICTE IpoIlecy oTomucoidmii xaopy 6yae sagexaTu
BiJl cCTyNeHA IIEPEBUITIEHHA PiBHA HANIPY:KEHOCTU €BaAHECIIEHTHOTO IT0JIA
HaJl TOPOTrOBUM 3HAUEHHAM, IPU IKOMY Ma€ Miciie (DOTOAUCOITiAIiA, a
OoTKe, BAYKJIMBUM apaMeTpoM Oyie TaKOXK KOHTPACTHICTD eJIeKTPUUHO-
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o IOJIA HAJ BUCTYIaMU Ta 3alafuHaMM IIOBEPXHi, IPpU AKill HAOIpyKe-
HicTh moJIig B 00JacTi 3amaguH 3aJUIIAETHLCI HUMKUE IIOPOTOBOTO 3HA-
YeHHd i, BiAmoBigHO, GOTOAUCOIIAIIA XJIOPY TaM He BimbyBaeTheda. s
BU3HAUEHHS YMOB, AKi 3a0€3IMeUyI0Th TaKy KOHMIr'ypaIllio eJIeKTpHUyIHO-
r'o I0JIiA 0iJid IMoBEPXHI KBapIly, HacaMIIepes, IIOTPiOHO MPOBECTH eJIeK-
TPOANMHAMIUHNY PO3PAaXyHOK HMapaMeTpPiB eBaHeCIeHTHOTO II0Jsa B OJIu-
JKHill 30Hi HAHOHEOJHOPiJHOCTEH IIOBEPXHI KBAPITY.

TaxuM YMHOM, METOIO JaHOol POOOTH € PO3PaXyHOK KOH(pIryparrii ese-
KTPHUYHOI CKJIaIOBOI eJIEKTPOMATHETHOT'O BUIIPOMiHEHHS B3IOBYK PO3i-
JBbYO0I MEXKi «KBapI—BaKyyM» i BUBHAUEHHS YMOB, IT[0 3 €JIEKTPOAMHA-
MiuHOI TOUKH 30pYy 3a0e3meuyioTh HeOOXifHY KOHTPACTHICTD eJIeKTPuY-
HOT'O IT0JIA HaJl ITIOBEPXHEIO 3pa3Ka, a TaKoK e)eKTUBHeE IaBJIeHHA KBa-
PIIy B 00JI1aCTSX BUCTYIIIB MOBEPXHi KBApITy Ta BiICYTHICTH TAKOrO IITaB-
JIeHHS B obJsacTAX 3amaauH. 11i ymMoBH, BoueBUIb, OB’ I3aHi 3 (hOPMOIO
IOBEPXHiI 3pasKa, mapamMerpaMm ii IIEPCTKOCTH Ta MOBKHHOIO XBUJIi
eJIeKTPOMAarueTHOro BUIIPOMiHeHH . /14 BuU3HaueHHs 3B’ 3Ky IapaMe-
TPiB IOJIA 3 IIPOCTOPOBUM CIIeKTpOM (hyHKIII mpodisro moBepxHi HaAM-
KpaImiuM KPOKOM JIJIA JaHOT'O JOCTiIKeHHs € BUOip cuHycoizaabHOi ¢o-
pMu Ipo@disio, OCKiNIbKY OYAL-AKY MOBEPXHIO MOMKHA MPEICTABUTHU CY-
KYITHIiCTIO CHHYCOIAAJIbHIX TPO(disIiB pisHOI IPOCTOPOBOI YaCTOTH.

[ BUKOHAHHA PO3PaxyHKiB OyJio po3pobJieHO BjacHe IIporpamMue
3a0es3IeueHHsd, IO peajidye po3B’A30K cucteMu MaKcBeIJI0OBUX PiB-
HSHDb 3 BUKOPUCTAHHAM METOIM CKiHUeHHNX eJIeMeHTiB.

%7777/

%7/

- ” Ty

Puc. 1. IBoBuMipHa KOMipKa AJA PO3paxyHKYy HapaMeTPiB eBaHeCIIeHTHOTO
ToJIA B OJIMIKHIiY 30HI HaHOHeoZHOPiAHOCTeH MoBepxHi kBapny. Hinauku 1-4 €,
BiIIIOBigHO, AiMAHKOIO BEePXHBLOTO IIOTJIMHAJLHOTO IIApy, IIIapoM KBapIily, Ba-
KYYMOM, AiISHKOI0 HMKHBOT'O IOTIMHATILHOTO IIapy.
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2. MOAEJIb NJI51 YUCJIOBOTO POSPAXYHKY ITAPAMETPIB
EBAHECIHEHTHOI'O I1I0JId B BJNMAHIN 3OHI IIOBEPXHI
KEBAPIY ITPH OCBITJIEHHI 3 BORY KBAPIY

Posnogin Mmoayiss HaIPyKeHOCTH eJeKTPUYHOTO 1oad Ta IloHTHHT'0BO-
I'0 BEKTOpa Y3I0BK PO3AIIbUNX MEK «KBapIl—BaKyyM» MOXKHA OJepPiKaTu
YKCeJIhHO 3a JOIOMOIOI0 PO3PaxyHKOBOTO MO0, AKUH IOSiOHUIT MO-
IeJIsIM, PO3TJIAHYTUM Y poboTax [6, 7].

Jlanuii Mozeab OMUCYETHCA 3a JOIIOMOI'OI0 JBOBMMiPHOI PO3PaxyHKO-
BOI KOMipKH, Ky IIoKasauo Ha puc. 1. O6Jacti 2 Ta 3 0yaeMo posTIsagaTi
AK o0JIacTi KBapIly Ta BaKyyMmy BigmoBigao. ObsacTi 1 Ta 4 Ha puc. 3 mo3-
HaUYeHO IK MOTJIMHAJBHI I1apu, AKi MOJe 00T, YMOBY BUTPOMiHEHHA HA
HecKinuenocrti [9, 10]. Ha me:xax po3paxyHKOBOI KOMipKH, IO PO3TAIIIO-
BaHi ITpaBoOpyY i JiiBOpyY, HaKJaJleHO YMOBU IiepiogmuyHocTu. g Toro
1100 BUKJIIOUUTH MOXKJIMBICTH BimOMBAHHA XBUJIb Bill MeXK PO3PaxyHKO-
BOI KOMipKH, TOBIIMHA IIUX HOTJIMHAJILHUX IIapiB Mae 6yTU OiabIIO0 3a
MIOJIOBUHY JOBXKUHY XBuIi. O6’eMHUI KBapIl y AilaHIl 2 Mae KoedillieHT
sasiomyeHHA n = 1,5168. ToBIMUHY AiISHOK KBapIly Ta BaKyyMy BuOHUpa-
€MO 3 TAaKMM PO3PAXYHKOM, IIM00 y HUX BKJIAJAJIOCS IIPUHAWMHI IBi ITOB-
SKMHU XBWJIL y BiTbHOMY IIpocTopi. Brparamu HexTyemo. IllepcTka moBe-
PXHS KBapIy Mae Ipodinb cuHycoigaabHOI dopMU, IO YMOMKJINBIIIOE,
SKIIO 3aJIaTU BificTaHi A Ta w, — BiAIOBiAHO, BUCOTY IPOQiaio mOBepxXHi
KBapIly Ta IMUPUHY PO3PaAXyHKOBOI KOMipKM, — 3’sICOBYBaTH BILIUB
OKpeMUuX MPOCTOPOBUX T'apMOHIK mpodisiio Ha KOHTPACTHICTD eJIEeKTPUY-
HOTO IIOJIA HaJ IMOBepXHeI 3paska. J[;KepesoM cCBiTJA € IJIacKa XBUJIA,
fAKa IOoJIAPM30BaHA B IJIOIIMHI HNaJiHHA Ta PO3CIIOETHCA HA PO3AIIBUIN
MeXKi «KBapI—BaKyyM». li HaIIpAMOK pPyXy Ha pHC. 2 IIpeICTaBJIeHMIl
IlofinTHHTOBUM BeKTOpOM P,,, 1110 HanmpaBjaeHu# mig KyToM 0,, BimTHOCHO
ociY, mpuuomy Ha BKasaHy PO3IiIbuy Me:KY XBUJIA Magac 3 00Ky KBapIry.

IIpodink cuHycoizaabHOI IOBePXHI KBapIly MOKHA OXapaKTepusyBa-
TH IapaMeTpaMHu IIIePCTKOCTH O Ta o, e 0 — cepeIHbOKBaIpaTUUHE Bij-
XUJIEeHHA OPodiso, ¢ — mOBXKMHA Kopendarii. g sumagry mpodirio
TIOBEPXHi, 1110 Mae ()OPMY CUHYCOIM, cepeaHe KBaApaTUUYHe BigXWIeHHS
0 mopiBHIOE h 2\/5 . € besmocepenuiit 3B’H30IZQ Mi}K eHepreTUYHUM IIPOC-
TOPOBUM CIIEKTPOM IITePCTKOI MOBEPXHi |S(v)| Ta ImapaMeTpaMU IIepCT-
KocTu O i o 1iei moBepxHi. AKIT0 BumagKoBa QyHKILiA (GOpMU MOBEPXHI
Mae GopMy CHHYCOIJaIbHOI ITOBEPXHi, TO Ieil 3B’ A30K B OJJTHOBUMipHOMY
BUIIAIKY MOKHA 3anucaTy y Buraani [11]

1S,V = (h/4)" (v — &) + 8(v + &)

, (1)

Ie 0 — menbTa-QyHKIIiA, a mapamerep g =1/ T Biamosimae mpocTopo-
Bilf yacToTi cUHYyCOiaJIbHOTO IPO@iio IMOBEPXHi i3 3afaHuM nepiogoM
T. TakuM YMHOM, AKIIIO POSBUHYTHU BUMAAKOBY (DYHKI[i}O IITEPCTKOI I10-
BepXHi, 1110 Ma€e Kopeadaliiny ¢GyHKIlio 3  aycoBuM posnoaisom, y paxa
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Puc. 2. Posmozis MOAyIsi HAIPYKEHOCTH eJIEKTPUYHOTO OIS Y340BK PO3I1IbU0L
Me:Ki «KBapl—BakyyM» (IIIKaJia JIiBOpPydY) 3a PisHMX 3HaAUEHb KyTa MHaTiHHA:
0,, = 0°(xpuBa 1), 0, =30°(xpusa 2), 0,, = 42° (xpusa 3), 0, = 70° (xpuba 4).

Posmogis BucoT IpodiTio y3moBk srafaHoi Mexxi (IIKaja IpaBopyd, Kpusa 5).2

N e N e e
B
S VNSNS N N
PINN S VNN s/
VNN~—r 7} VNN~ /]
Lk\\/{{[ l}\\/!{[
L7~ Pl 72~
1/ A=~ P 7=\
\ P N N O B s A
NS AN SN
I — —— — —]
/&i’/
b = — J
PN N -
R e =i
7\ ——— N\ ——— ]
L~ \ —~ — e N —— |
-~ N~ =N T
N N |
D e e i
- \ ——————— e — ‘\\____‘,_,____4/_

Puc. 3. [IBoBuMipHUII POBMOAIN aMIIiTYyAN €JeKTPUYHOI CKJIALOBOI €JIeKTPO-
Mar"geTHOTro moJid (cipuit ¢oH) i moTokiB IIoMHTUHTOBOrO BeKTOpa (CTPiIKM) y
OJIMIKHITT 30HI Po3Aibuoi MexKi «KBapI—BaKyyM» NOpPH KYTi MafgiHHS CcBiTJa
0, =0, =42°7°

dyp’e, TO MOXKHA 3MOIETIOBATH ITI0 MIIEPCTKY ITOBEPXHIO 34 JOIIOMOTOIO
CYKYITHOCTH CHHYCOITaJbHUX IIOBEPXOHBb i3 3aJaHUMU IPOCTOPOBUMU
YacTOTaAMU g, AJIid AKNUX BUCOTH /i BUBHAUAIOTHCS 3i cmiBBigHomenua (1)
3a YMOBWH, ITIO |Sl(g)| = |S(g) , TOOTO A(V) = 4|S(v) . Ilpu npromy mepion
BUCTYIIiB CHHYCOiZA/IbHOI MOBEPXHi TaK0OK MOJYKHA IIOB’SI3aTH 3 JOBKIU-
HOIO KopesArii o, 3HaueHHs K01 BiATIOBifTae 3sHAUEHHIO apI'yMEHTY KO-
peadAniiaoil QYyHKIII IIIepCcTKOI ITOBePXHI KBapIly, 3a SKOT0 KOPeIAIlii-
Ha QYHKIIiA 3MEHIITYETHCA B € pasiB.

s po3paxyHKy KOHTpacTHOCTH K eBaHeCIIeHTHOTO IIOJIs, IO YTBO-
pIOETHCA HAJ BUCTYyHAMHM Ta 3adafvHaMU y3AOBXK PO3TIIBY0L Merki
«KBapIi—BaKyyM», OyIeMO0 3aCTOCOBYBATH CIiBBiJHOIIIEHHS:

K =|E -E,)|/(E +E,),

e E, , E, — aMIIiTyu eBaHECIIeHTHOTO NOJIA y AiIAHKAaX BACTYIIB i 3a-
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HaJarH, PO3TANITYBAHHSA AKX BI3HAYAETLCS 110 BiIHOIIIEHHIO 0 CEPEeIHbOI
JIiHiI 3ragaHol MerKi.

Posmogin manpy:kenocTu eneKkrpuunoro moad E B ooaactax 2—-3 (puc.
2) po3paxoBY€ETHCA Ha OCHOBI po3B’ 13Ky oqHOPigHOr0 'eTbMTIOIBLITOBOTO
BEeKTOPHOrO piBHAHHA [12]:

V' V-E,) ks E, =0, (2)

Je €., I, — TeH30pU JAPYToro IOPAAKY BiIHOCHOI KOMILIEKCHOI JieIleKT-
PUYHOI Ta MarHeTHOI TpoHUKHOcTel; E,, — KoMILJIeKCHI aMIIiTy 1 Be-
KTOPiB €JIEeKTPUUYHOTO IIOJA MOHOXPOMATHUYHOI XBUJIi; By — XBUJIbOBE
YMCJIO Y BiIbHOMY IIpocTOpPi. BBaxaemo, 1110 06’€KTH, IKi 0XOILII0E PO3-
paxyHKoOBa KOMipKa, He MalOTh MarHeTHHUX BJlacTuBocTeil (p, =1).
Posp’azasinu piBHAHHA (2), MOYKHA TAK0K OJePKaTH IIPOCTOPOBUIT PO3-
HOJiJI KOMIIJIEKCHIX aMILIITyJ MarHeTHOrO BEKTOpPa MOHOXPOMATHYHOI
XBUIJIi B CTaIlioHAPHOMY ejieKTpoMaraeTHomy moJi H,,.
Ilo#iHTHHT'iB BEKTOD MOKEMO IIPEICTABUTU AK

P=P,_+P

1 1 ;

r s Puy = 5 Re [E, <H, ], P, = S Re [E, xH, > ], (3)
Ie o(t) = ot — dasa nmagHOI XBUJIi, ® — IUKJIIYHA YacToTa, { — 4ac, P,,
— mocTiitHa cKJaanoBa [loHTUHT'OBOrO BeKTOpa (aKTHMBHA IMOTY KHIiCTB),
P,,, — swminHa ckiamoBa IlofHTMHI'OBOTO BeKTOpa (PeaKTUBHA TOTYK-
HicTh). 3ayBasKUMO, IIT0 CIIiBBigHOIIEHHA (3) Jal0Th MOKJINBICTHL OTHO3-
HAYHO OITMCATH XBUJILOBUU IIPOIEC IIOIIUPEHHA eHeprii, sKa PO3IOBCIO-
IKYETHCA B PO3PAaXyHKOBIA KOMipITi.

g posB’a3Ky piBHAHHSA (2) BubepeMo CKiHUeHHOeJIeMeHTHUH IIia-
Xim, AKWHI CKJIagaeTbesa 3 MmeToau I'aabopKiHa Ta, BJacHe, 3 METOIHU CKi-
HYeHHUX ejeMeHTiB [9, 10]. Ik BeKTOpHIi CKiHUEHHi eJJleMeHT BUKOPU-
CTOBYBaJIUCA TPUKYTHUKU. UwmcjgoBa peasisalfisi yYMOB BUIPOMiHEHHS
Ha HecKiHueHocTi B obmacTax I Ta 4 3miHiCHIOETHCA IIJIIXOM 3aCTOCY-
BaHHSA MeTOAU a0COJIIOTHO HOTJIMHAJILHUX m1apis [13, 14].

Bepupikaiirzo mo0ygoBaHOTO YMCJIOBOTO MOAEJNIO OyJI0 ITPOBEAEHO 3a
JIOTIOMOT00 MOJEJTIOBAHHSA MPOIIECY TOMTUPEHHS IIJIACKOI eJIeKTpOMAarHe-
THOI XBUJIi Uepes IJIaCKy PO3AiJIbYy MEXKY «KBapIl—BaKyyM» 3a PisHUX
KyYTiB IaAiHHA CBiTJIa Ta IMTOPiBHAHHSA OJleP:KaHUX PE3yJIbTaTiB 3 po3pa-
XYHKaMU, 3p00JIEHNMY 3 BUKOPUCTAHHAM aHAJTITUYHUX BUPasis [8].

3. AHAJIISA OJEPKAHUX PESYJIBTATIB

1106 mpoaHasidyBaTy BHECOK OKPEMUX MapMOHIK IPOCTOPOBOTO CIIEKT-
Py pO3AinbUOol MeKi «KBapll—BaKyyM» Yy KOHTDPACTHICTh €JIeKTPUUHOTO
TMOJIsI HaJ IOBEPXHEIO 3paska, CIIoYaTKy HeoO0XiJHO 3AiICHUTH PO3paxy-
HOK KOHGpir'ypariii eJJeKTPUUHOI CKJIAJ0BOI €JeKTPOMarHeTHOTO BUIIPO-
MiHeHHS B3JOBJK 3raJlaHOl PO3AiIbyuoi MerKi Ta BUBHAUUTU YMOBU, SAKi
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3a0e3meuyioTh eheKTHBHE II[aBJIEeHHA KBapIly B 00JIaCTSIX BUCTYIIB IIO-
BepPXHi Ta BiICyTHiCTL TAKOrO0 IITaBJIeHHA B 00JIACTAX 3aIlaAnH.

Pawmimre y po6ori [ 7] Bike OyJIo ZOCTiI:KEeHO YMOBHU, 38 AKUX MOXKJINBE
e()eKTHBHE CyOHAHOMIOJIipYBaHHA IIOBEPXHI KBapIly, MpodiJb KO omm-
CYETLCS BUMAIKOBOIO (PYHKI[I€IO i3 3aJaHMMM XapPaKTEPUCTHUKAMU, Y
CXeMi, KOJI OCBITJIEHHS PO3MiJIbUOl MerKi «KBapI—BaKyyM» 3IiHCHIO-
eTbcs 3 00Ky KBapiry. IIpoTe 1e He o3Hauae, IO BU3HAYEHi YMOBU MO-
JKYTH OyTU HOITMPEHi Ha BUIIAIOK CUHYCOITaIbLHOTO Mpogdiaio moBepxHi,
OCKIJIbKU BiloMO, 11O MO PEHHS CBiTJIa y cepeloBUIlax 3 IePiofUUHOI0
3MiHOIO BJIaCTMBOCTEII Ma€ IIeBHi 0COOJIMBOCTI, OB’ sI3aHi 3 Pe30HAHCHMU-
mu edpexramu [15]. Tomy 1yia BU3HAUEHHS ONTUMAJILHUX €JIEKTPOIMHA-
MiYHMX YMOB e(peKTHUBHOI'O MOJipyBaHHSA IIOBEPXHIi KBapIily HeoOXimgHO
ITPOBECTH JOCJIiI:KeHHs, aHajoriumi [ 7].

PosrasgueMo po3moiji MOAYJIA HAIPYKEHOCTHU eJIEKTPUUHOTO IO y3-
JIOBXK PO3MLIbUOL MeXKi «KBapIl—BaKyyM», 1[0 Ma€ CUHYCOITAJILHUM IIPO-
dine 3 mepiogom T =125 uM, npu pisHUX 3HAUEHHAX KyTa MagiHHA AJI
TOBXKUHU MagHol XBui y BakyyMi A = 500 HM i BuUCOTH BUCTYIIiB MOBEPXHi
KkBapiy h = 28,2 um (puc. 1). ¥ ganomy Bunaaky, koJu 0,, = 42°, mpocTo-
poBuii mpodiss (puc. 2, Kpusa 5) i posmoais moss (puc. 2, Kpusa J) B IIi-
JoMy OyIyTh IIOBTOPIOBATU OJHE OJHOIO, a OTKe, (POTOAMCOIIAILA MOoJIe-
KyJI XJIopy Oyme smificHioBaTHUCS B 00JIACTi BUCTYIIB IIEPCTKOI ITOBEPXHi
KBapIly Ta IaBJeHHA KBapIily Oyme 3mificHIOBATUCS IIepeBakKHO B obJjac-
TAX BUCTYIIiB, a He sanaauni. OcBiTIeHHs 3pasKa Hif iHITUMEY KyTaMu, AK
TIOKa3ye MOPiBHAHHSA IIPOCTOPOBOTrO IIpo(iifo 3pasKa 3 BiITIOBITHUMHU PO-
3MIOiJIaMI HAIIPY:KEHOCTU E€JIEKTPUYHOTO IIOJISA Y3JO0BMK 3rajlaHOl po3mi-
JbYOI MEXi, € HEeIIPUUHATHUM 3 TOUKM 30py e()eKTUBHOI'O HAHOIOJipy-
BaHHA ITIEPCTKOI MOBEPXHI KBapIly, OCKiTBKM MaKCUMyMHU Ta MiHiMymMm
IIOJISI BiKe He Oy Ay Th 36iraTucs 3 MaKCUMyMaMU Ta MiHiMyMaMu Tpodiio.
Omxe, dopMa (PYHKIIII, IO OONUCYE HAIPYIKEHICTH €JIeKTPUYHOIO ITOJIA
B3JIOBXK PO3ILILUOI MEXKi «KBapIii—BaKyyM», IIOBTOPIoE (hopmy mpodisio

Puc. 4. Posmogis HanpyKeHOCTH eJIeKTPUYHOIO M0 Y3J0BXK PO3AiabU0l MexKi
«KBapIl—BaKyyM» IIPW Pi3HUX 3HAUEHHAX BHCOTH BHCTYIiB IIOBEPXHi KBapIly:
h=2,82 am (kpuBa 1), h = 28,2 am (kpuBa 2), h = 84,6 am (kpusa 3).*
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Imiel Mexki TIIBKM 3a YMOBH, IO KYT MaAiHHA CcBiTJIa Oyae JOpiBHIOBATH
KputuuaHomy KyTy (0, =0, = 42°). Ha pucyuky 3 mokasamno JBOBUMIipHUI
PO3IOAiI aMILIITYyAW MOXAYJS HAOPYsKEHOCTH eJeKTPUYHOL CKJIamZOBOL
eJIeKTPOMAaTHeTHOTro 1oJid (cipuii ¢oH) i moTokiB IloHHTHHTOBOrO BeKTOpa
(cTpinKu) y OMMKHINA 30HI po3miIbuol MeKi «KBapIii—BaKyyM» IPHU KYTi
naminHa cBitaa 0,,=0,..=42°, 110 ACKpaBo ilTocTpye (aKT IIOBTOPEHHS
MOZYyJIeM HaIIPYKeHOCTH II0JIs (popMu IPOo(ijIio IIOBEPXHi KBAPILY.
3HauM KyT NagiHHA IPOMEHs, IIiJ Ji€i0 SK0To HeoOXilHO BUKOHYBATHU
HaHOJIOKAJbHE IaBJeHHA KBapIly, HeoOXimTHO 3’AcyBaTu, B IKOMY Jisma-
30HI mapameTpa £ AOoIiJIbHO BUKOHYBATH HAHOIIOJIipyBaHHA. Brucora Hepi-
BHOCTEH ITOBEPXHi Mae icTOTHUI BILJINB Ha (JOpMyBaHHA €BaHECIIEHTHOTO
mossi. Ha pucyHKY 4 mMOKasaHO PO3IIOILN HAIPY:KEHOCTH eJeKTPUYHOTO
OJIA Y3/IOBXK PO3ALIbUOL MeXKi «KBapIi—BaKyyM» 3a Pi3HUX 3HAUY€Hb BU-
CTYIIiB IIOBepXHi KBapIy A Ta KyTa IaJiHHA ILJIacKol xBuii 0, = 42° . 3ri-
JIHO 3 IIUM PUCYHKOM, 3a PisHUX 3HaAUeHb ITapaMeTpa A pOo3momija MaKCH-
MyMiB 1 MiHiMyMiB MOAYyJIA HAIPYKEHOCTH €JIEKTPUYHOIO MOJIA Y3IOBIK
PO3ILILUOI MeXKi He 3MiHIOETHCA i B I[iJToMy ITOBTOPIOE (hopmy mpodhisrio
mepcTKOol moBepxHi KBapiy. OHaK i3 301abIIIeHHAM BUCOTH TPOQiJfo Ma-
KCUMAJbHI aMILTiTyIu IIOJIA KOHIIEHTPYIOThCA OJIM:KUe OO0 BEPXiBOK BU-
CTYIIiB, i mmoJie HA GIUYHMX MOBEPXHAX BUCTYIIB IIOUYMHAE 3MiHIOBATUCS 3
BHCOTOIO BCe OiJILIIT HeTPOIIOPITitiHo (IuB. KpuBYy 3 Ha puc. 4 nia h = 84,6
uM). Ile TpuU3BOIUTE MO TOTO, ITTO0 (YOTOAMCOIIAIIA XJIOPY Ta IaBJIEHHS
TIOBEPXHIi KBapIy Bi0yBaTUMETHCS TiJIBKY B 00MesKeHiit obiracTi Gesmoce-
penuno 6ins BepxiBOK BucTymiB. IIpu 1bomy GiuHi mOBepXHi BUCTYIIIB
MOXKYThb ITaBUTUCS a00 my:ke ciaabo, abo BaaraJi He MIaBUTUCA. B miboMy
BUIIQIKY e(DeKTUBHICTE IIPOITeCy IIaBJIeHH Oy/Ie MTOHMKYBaTHC.
Pucynox 5 mae 3MOry BUSHAUUTH JiANA30H 3MiHM BUCOTY MOBEPXHi, 3a
SIKOTO II0JIe B3IOBYK MIOBEPXHi BUCTYITY OyAe POSIOILIATHCS IPOIOPITiiiHO
BHCOTi ITOBepxHi. 3rajaHuil pPUCYHOK MOKAa3ye, IO B AiANAa30Hi 3MiHu BU-
cotu npodiio moBepxHi mpuban3Ho A0 30 HM KOHTPACTHICTH ITOJIA Y3-
OB PO3MiIBUOI MEXKi «KBapIl—BaKyyM» Ma€ MaiKe JIHIAHY 3ajex-

45

Puc. 5. KorrpactHicTs K e1eKTPUYHOI CKJIALOBOI €JIEKTPOMATHETHOTO TOJIS Ha
PO3ZiTBUiil MexKi «KBAPI—BaKyyM» B 3aJI€sKHOCTI BiJ BcoTH mpodimo A.°



912 B. I. KAHEBCBKHU, C. 0. KOJICHOB

HiCTB Big 2. Y BUIIAAKY, KOJH KOHTPACT II0JIS 3MiHIOETHCS JIHIAHO 3 BH-
coTox0 IPo(ijIo IOBEPXHi, aMILTiTyIa ITOJA Y 3aHaAnHaX 1 6e31ocepesHbo
HaJ BUCTYIaMM TaKoK Oy/e JiHiiiHO 3ajekaT Big BucoTu. B Takomy pa-
3i 3MiHa HaIPy:KEeHOCTU €JIEKTPUUYHOTO II0JIA B3AOBK MPOQiat0 MOBEepXHi
KBapity Oy/e 3HaUHO TOUHIIIIe IOBTOPIOBATH (hOPMY IIHLOTO IPOdiio.
Omxe, JimifiHa 3MiHa HAIIPYKEHOCTH €JeKTPUYHOIO II0JIS 3 BUCOTOIO
BUCTYIIY IIOBEPXHI YMOYKJIUBIIIOE CTBOPUTH YMOBH JJis e(hpeKTUBHOIO I1a-

Puc. 6. Posnozin moxyna akTuBHOI ckjaafoBoi P, IlofiHTHMHIOBOro BeKTOpa
(xpuBa 1) Ta moxyaa IlofiHTMHTOBOTO BeKTopa P y3moB:k posmisbuoi merxi
«KBapI—BaKyyM» B 3ajie;KHOCTI Bix dasm maguoi xBuiai: ¢ =0 (xpuBa 2),
¢ =n/4 (xpuBa 3) Ta ¢ =3n/7 (kpuBa 4). [loBxKUHA NagHOI XBUJIi B BAKyyMi
A =500HuM, BMcOoTa BHCTYIIIB IOBepxHi kBapumy h=28,2 HM, KyT OamgiHHA
0,, = 42°, noB:KKMHA KOpeAIlil IoBepXHi KBapoBoi miaTisku ¢ = 23,7 aM.®

a 0

Puc. 7. Posnogin mozxyns akTupHOI ckiaamoBoi P, IIofHTHMHI'OBOrO BeKTOpa
(xkpuBa 1) ta moxyna IlofitHTMHTOBOTO BeKTOpa P y meprmeHAMKYJIAPHOMY Ha-
OPAMKY IO PO3IiIbuol MeXKi «KBapI—BaKyyM» B 3aJIeXKHOCTI Bin (pasm mamHOL
xBuai: ¢ = 0 (kpuBa 2), ¢ = /4 (kpusa 3) Ta ¢ = 3n/7 (kpusa 4); npuIOMYy me-
PIEHINKYJIAPHUNA HAIPAMOK IIPOXOAUTH KPisb: BuctyI (a), sanaauny (6). Io-
B)KMHA mMagHoi XxBuJi B Bakyymi A = 500 HM, BCOTa BUCTYIiB ITIOBEPXHi KBApPIly
h =28,2 aM, KyT naginaa 0,, = 42°, 1oBXUHA KopeJAlnii moBepxHi KBap1OBOi
mWIaTiBKY 6 = 23,7 HM.”
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BJICHHS yCi€l oI BUCTYyny, a He TiJIbKU 10T0 BEePXiBKHU.

TaxkumM umHOM, IJIS CHHYCOIZAJLHOTO NPO(diIo KBapIy 3 TOUKH 30Dy
¢dopMyBaHHA ONTUMAJLHOTO TOJIA HaJ HOT0o MOBEPXHEI0 (hoToxeMiume
IIaBJIEHHA Ifi€el IIOBEePXHI MaTUMe MaKCUMAJbHY e(eKTHUBHICTb, SKIITO
BHcoTa Ipodisio moBepxHi He mepesutirye 30 Hm.

Ha pucynky 6 300paskeHo0 pO3IOALIN MOAYJIA aKTUBHOIL CKJIanoBoi P,
IloiitrTHHTI'OBOTO BeKTOpa Ta MoAyJsd IloiiHTHHI'OBOrO BeKkTOopa P y3m0BxK
PO3IiabUOl MEXKi «KBapI—BaKyyM», OAepsKaHl s pisHmx (a3 magHol
XBWJIi IPHU OOBXKUHI maamol xBuiri y Bakyymi A = 500 HM Ta KyTi nmamginas
cBiTna 0,, = 42°. 3ayBa)Xxumo, II[0 XapaKTep PO3MOJALIY aKTHBHOIL CKJIa-
nosoi IloitrTUHIOBOrO BeKTOpa P, y3m0B:K pO3Ainbuoi Mexi «KBapu—
BaKyyM» € aHAJOTIUHUM XapaKTepy po3noaisly moayJida BekTopa E i mpu
OCBIiTJIEHHI 3pasKa OiJf KpUTUYHUM KyTOM IIOBTOPIOE (hOpMY ITPOCTOPOBO-
ro npodijao 3a ymosu, 1o A < 30 HM. 3 iHIIIOr0 OOKY, BPaXOBYIOUU TOI
daxT, mo IlotaTUHIIB BeKTOp P CK/IamaeThca 3 BEKTOPHOL CyMU BEKTO-
pis P,, i P, ToOTO 3anmexuTh BifJ (hasu ¢, MOKEMO CTBePKyBaTH, 1110
3i 3miHoI0 (hasu mamHOI XBUJIi i1 MakcuMaJabHe 3HaUeHHA (IpebiHb BeK-
Topa P) npeiidye y3moBK pos3aiabuol MeKi «KBapIi—BaKyyM», CTBOPIOIO-
YH ONTUMAJIbHI YMOBHU AJIA CYOHAHOIOJIipYBaHHS JaHOI IIOBEPXHi.

Y 3B’A3KY 3 TUM, I10 eHepria moada (BeKTop P) Mae sMiHHY CKJIaI0BY,
aMILIiTyza K01 3MiHIOEThCA 3 (ha30i0 MaJHOI XBUJIi, B podorTi [ 7] 6yito mo-
TATKOBO IIOKA3aHO, AK 3MIiHIOETHCA II0JI€ B HAIPAMKY, IEPIEHIUKYIAP-
HOMY MeKi Iominy, 100 YTOUHUTH MOMKJINBICTD IABJICHHS caMe BUCTY-
miB. Uepes iHiry dopmy mpodiiio, 110 PO3TIAZAEThCSI y JaHiil poboTi,
oZiep;KaHU paHile (pakT MOMKJIMBOCTY TAKOTO HAHOII[ABJIEHHA ITOBEPXHI
noTrpedye yTOuHeHHA. PUCYHOK 7 YMOMKJIUBJIIOE ITIOKA3aTH, IO JJIA CUHY-
coimambHOTO IPOMiai0 MOBEePXHi HAHOIIABIEHHA OijbIll eeKTHUBHE Ha
IingHKax BUCTYIIiB, Hik 3amaauH. IlopiBHAEMO po3momiiu MoayJid ak-
TUBHOI cKJan0Boi IlotHTHHTOBOTO BeKTOpa P, Ta Moaysisa IloAHTHHT'OBO-
ro BeKTOpa P y mepneHAMKYJIAPHOMY HAIPAMKY OO0 PO3AiNBUiil Merxi
«KBapIl—BaKyyM» Ha JiIAHKAaX BUCTYIIY Ta 3alafUHU, AKUX IIOKa3aHO HA
puc. 7, A BUNIAKY AOBKUHY MaqHOI XBUJIi y Bakyymi A = 500 HM Ta Ky-
ta magigeEa 0,, = 42°. Takum YMHOM, MOKHA 3POOMTH BUCHOBOK: e(eK-
THUBHICTH HAHOIABJIEHHA (3 TOUKM 30pYy 3HaueHb BeKTopiB P,, Ta P Ha #i-
JSHKaX BUCTYIIiB II0 BiTHOIITIEHHIO 0 HiJIAHOK 3alaNH IIIEPCTKOI IIOBEP-
XHi KBapIry) 6iJbIll BaromMa Ha TiJIAHIIL BUCTYIiB, aHi}K 3amauH 3a YMO-
BU, II10 KYT NaJiHHA TOPiBHIOE KPUTUUYHOMY KYTOBI.

Posraapatoun puc. 6 i puc. 7, MOKeMO CTBEPAKYBATH, 110 38 YMOBU
I[ITKOBUTOT'O BHYTPIIITHBOTO BiIOMBaHHA IepeHEeCeHHA eHeprii Big0yBa-
€ThCS TIEPEBAKHO Y3I0B:K I'OPU30HTAJILHOI KOOPAUHATH (CIIOCcTepiraeMo
XBIJI, 1110 0isKaTh), Y3H0BIK BePTUKAJIbHOI KOOPAMHATH IIPAKTUYHO Bi-
CYTHE IIepeHeceHHs eHeprii (cmocTepiraemo crTosui xBmii), a Bigbura
XBUJIA YaCTKOBO 3aXOAUTh V BAKYYM, 3aTyXalouM II0 eKCIIOHEHTi mpu
BimmamauHi Big po3misbuoi Mmexi.

Ax 6yio sasuaueno B [6, 7], 3 TOUKU 30PY e(peKTUBHOCTU 3AiMCHEHHA
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HAHOIAaBJEeHHA IIePCTKOI IOBEePXHi KBapIly BaXKJIUBOIO XapaKTePUCTH-
KOIO € KOHTPACTHICTh IIOJIA Ha 3rafaHii moBepxHi. OCKiJIbKY JOBiIbHMHI
mpodisb TOBepXHiI MOXKe OyTU IIpeaCcTaBJIeHUN CYKYIIHIiCTIO CUHYCOiga-
JbHUX NPO(hiiB MOBepPXHi PiBHOI aMIJIITy I Ta YaCTOTH, BasKJIUBO J0C-
JiIUTH K KOHTPACTHICTD II0JIS, IO YTBOPIOETHC 0iis TaKoi MOBEpXHi,
IIOB’ A3aHa 3 mapaMeTpaMi OKPEeMOT0 CUHYCOIgaIbLHOr0 Ipodiio.

Ha pucyuky 8, a moxasano rpadik KoHTpacTHOCTU K eBaHEeCI[eHTHOT'O
IOJIS Ha PO3ALIBYIN MeKi «KBapI—BaKyyM» B 3aJIXKHOCTI BiJ JOBMKUHNI
KOpeJIdaIlii ¢ moBepXHi KBapIOBOI IJIATIBKU 3 CHHYCOIZaJIbHIM ITPOQi-
JIeM 3a YMOBU, IIT0 cepenie KBaapaTuuHe Bigxuaenus 6 = 0,7 um (Bigmo-
Bimae BUCOTi BUCTYyIIiB (3amaani) MOBEepPXHi KBapmy k=2 HM), KyT Ia-
nigEa 0, =42° paa poexkuH nagHOl xBmai A =400 Bm (xkpuBa 1),
A =500 um (kpuBa 2) Ta A = 600 HM (kpuBa 3). 3ayBasKuMo, 110 Ipu 36i-
JBINIEeHHI TOBMXKUHU KOPEJIAIil KOHTPACTHICTh IIaga€, OCKiIbBKY B IILOMY
BUNAIKY IIOBEPXHA KBaPIly cTa€ OiJbIN IMJIACKOI0, KOJUBAHHA KOHTpAacC-
THOCTH HPaKTUUYHO BifcyTHi. B mimomy KpuBi 1—3 sbiraiorbcsa, ToOTO
KOHTPACTHICTh MPAKTUYHO He 3aJIeKUTDH BijJf JOBKUHU IIaAHOI XBUJL 3a
YMOBH, IIIO C€peqHE KBaIpaTUUHe BiAXmniIeHHd 0 He3HauHe. Ha pucyHKy
8, 6 mokasaHo rpadik KouTpacTHOCTH K eBaHECIIeHTHOrO II0JA Ha pos-
Iinpuili MeKi «KBapI—BaKyyM» B 3aJI€KHOCTI BiJ MOBMKUHU MHaTHOI
XBHWJIi A 3a YMOBH, IO cCepeaHe KBaapaTuuHe Bigxuaenua 6 = 0,7 am (Bi-
JIIIIOBilae BMCOTi BUCTYIIB (3amaguH) MOBEPXHiI KBapmy A =2 HM), KyT
naginea 0, =42° n1a NOBXUH KopesdAlii moBepxHi KBapIloBOl ILIaTi-
BKU © = 14,2 ™M (KpuBa 1), 6 = 23,7 um (kpuBa 2) ta ¢ = 33,1 M (KpuBa
3). KpuBi 1—3 mpaKTHUUYHO He 3ajeKaTh BiJl MOBKWHU MMaJHOI XBUJIi 3a
YMOBH, IO cepelHe KBaApaTUUHe BigxuaeHnua o mesHaune. Ile migTeep-

s
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& o 1.2
& o
— i
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S 3
064 T -
15 20 25 30 35 420 480 540 600 660
o, HM A, HM
a 0

Puc. 8. KoutpacTtricts K eBaHECIIEHTHOTO OJIs, 110 YTBOPIOETHCA IIPU KYTi Ia-
JiHHA IJIACKOl eJeKTpoMarseTHol xBuii 0,, = 42° Ha po3minbuiil Mexi «KBapI—
BaKyyM», B 3aJIKHOCTI BiJi TOBKMHM KOPEJIAIlil G TOBEPXHI KBApPIIOBOI mJaTiB-
Ku (a) 3a yMOBH, II10 AoB:KMHA maguoi xBuiai A =400 uam (xkpusa 1), A =500 um
(kpuBa 2), A =600 M (kpuBa 3), a TAKOK B 3aJI€KHOCTi BiJf JOBXKUHU IIaJHOI
xBuJi (0) 3a yMOBHU, IO AOBXKMHA KOpeJAIii moBepxXHi KBapIIOBOI ILIaTiBKH
o =14,2 5m (xpuBa 1), 6 = 23,7 am (kpuBa 2), ¢ = 33,1 M (kpuBa 3).°
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I)KY€ BHCHOBOK, OIepP:KaHWII IpH PO3rIALi puc. 8, a: KOHTPACTHICTh
OPaAKTHUYHO HE 3aJIe’KUTD BiJ JOBMKMHU IIaTHOL XBUJIi.

Ha ocHoBi pesybTaTiB IIOIIEpeIHiX PO3PaXyHKIB MOKHA JOCTiIKyBaTH
BILTUB Ha KOHTPACTHICTL MapaMeTpiB IMOBePXHi GinbIl cKJIagHOI (hopMu,
TOOTO Bif ImapaMeTpiB CMHYCOIZaJIbHOI IOBEPXHi, OCKIIbKI OyIb-aKy QY-
HKI[iI0 TOBEPXHI MOXKHA IPEeCTaBUJIN CYKYITHICTIO CUHYCOITAaJbHUX IIO-
BEPXOHb 3 PiBHOIO BHCOTOIO IMPO(ijIio Ta IIPOCTOPOBOIO YacToTow. Harrpu-
KJIaJ, MOKHA POSTJIAHYTH BILINB HA KOHTPACTHICTH OKPEMUX CKJIATOBUX
IIPOCTOPOBOTO CIIEKTPY BUIIAJAKOBOI IIIEPCTKOI IIOBEPXHi, 1110 XapaKTepu-
3yeTbes ] ayCOBOIO KOPEIAIiHO0 (DYHKIIIEIO i3 3aaHOI0 JOBIKIHOIO KO-
pendanii Ta cepeIHLOKBAAPATUUYHUM BiIXMJIEeHHSIM HPOQMIiI0 IIOBEpPXHi.
7151 ITHOT'0 3 TPOCTOPOBOIO CIIEKTPY TAKO1 MOBEPXHi BUOMPAIOTHCSI OKPeMi
rapMOHIKM, SKi 3aal0Th CHUHYCOITaJbHNT TPOo(diab IMOBepXHi 3 BiAIOBiI-
HOIO YaCTOTOIO Ta BHCOTOIO, IIT0 BUBHAUAETHCA Y BiAIIOBiIHOCTI 3 BUpa3soM
(1). Hami, oy KOKHOTO TaKOTO IMPOQiaio BU3HAUYAETHCA KOHTPACTHICTD
€BaHeCIIeHTHOTO IToJsd. IIpy mboMy BHCOTA yCiX CHMHYCOITAaIbHUX IIPOQi-
JIiB, IO MOCJTiAKYIOThCA, Ma€ He mepeBuntyBatu 30 HM, 1110, 3TiAHO 3 PUC.
5, Tae 3MOry 3aJuIIaTUCA B MeyKax JIHINHOI JiMAHKN 3aJIeKHOCTH KOHT-
PacTHOCTHU BiJi BUCOTU CUHYCOITaJIbHOI0 ITPOdiro.

Posrimaaemo BunagkoBy (opmy Ipodisifo IIoBepxHiI KBapily, KOpeJd-
mifina GyHKIia akoi mae I aycoBy same:xHicTs (4). Monmyi ¢pyHuKITii mpoc-
TOPOBOTO CIIEKTPY AaHOl IOBEPXHi B 3aJIeXKHOCTI Bif i1 TPOCTOPOBOI yacTo-
TH IIPEJICTaBJIEHO Ha puc. 9; mapamerpamu ix €: 0 = 1 M, 6 = 14,2 HM (Kpu-
Ba 1), 6=23,7 am (kpuBa 2), 6 = 33,1 um (xpusa 3). JI1a KoKHOI i3 3rama-
HUX (PYHKITiH, BiAIIOBIAHO, Ofep:KaHO KPUBi KOHTpacTHOCTU K TakoK B
3aJIe’KHOCTI Bif i1 mpocTopoBoi wacToTu maHoro npodisaio (puc. 10), opu-
YOMY JOBKUHA XBUJIi BunpoMinenusa A = 500 HM, KyT magiHHa JaHOI XBUJIL
Ha IOBepXHIo KBapity 0,, =0, = 42°. Takum YMHOM, 3aJI€KHOCTi, IpeacTa-
BieHi Ha puc. 10, 1ai0Th MOKJINBICTE ITOOAUYUTH BHECOK PiSHUX ITPOCTOPO-
BUX 4acTOT IIpohiJito MOBepPXHi KBapIly B iHTer'panbHu napametp K.

I1a BUIIAZKOBOI IIIEPCTKOI MOBepXHi, 10 Mae I aycoBy KOpeaAmifiny

S|, am

=

v-1072, am!

Puc. 9. Moayab QYHKIIII IPOCTOPOBOTO CIIEKTPY BUIAAKOBOI0 IPo()iio moBepx-
Hi KBapIy, mo Mmae [ aycoBy Kopenamniininy (DyHKIIiI0 3 PisHIMHU HOBXKUHAMHU KO-
pensamnii: 6 = 14,2 am (kpusa 1), 6 = 23,7 5m (kpuBa 2), 6 = 33,1 aM (kpuBa 3).°
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v:1072, av!

Puc. 10. KourpacTtricTs K eBaHECIIEHTHOTO MOJISA Ha PO3MLAbUiil Mexi «KBapIi—
BaKyyM» B 3aJIe3KHOCTI BiJj IPOCTOPOBOI YACTOTU V BUIIAAKOBOIO IIPO(iIio IToBep-
XHi KBapIy, mo Mae I'aycoBy Kopeaaniiiny GyHKII0 3 PI3HUME JOBXKUHAME KO-
penanii: o = 14,2 um (kpusBa 1), o = 23,7 am (kpusa 2), c = 33,1 um (kpusa 3).1°

dyHKIIiI0 3 mapamMeTpamu ¢ = 23,7 HM Ta d = 1 HM, Ha TOYAaTKOBil cTamii
I[aBJE€HHS OCHOBHHN BHECOK Yy KOHTPACT POOJATH CKJALOBi CIEKTPY
(puc. 10), g1 SKMX IPOCTOPOBA YACTOTA IMEPCTKOI ITOBEPXHi KBapIly
6amsbka 10 0,013 EM ' i 3BHAXOAUTHCA B MeXKax JiHIHOI YaCTHHI MOZY-
Jd CIeKTpaJbHOI (PYHKIIII mpodimio moBepxHi KBapiy (puc. 9). Takum
YHMHOM, B Pe3yJbTaTi IIlaBJIeHH M0JId 3raaHuX CKJIAJI0OBUX IIPOCTOPOBO-
ro CIeKTPy Oyme 3MeHIITyBaTHucCs. BigmoBigHo, B IOJAIBIIIOMY B IpoIieci
IaBJEeHHSA IIPOCTOPOBUIL cIeKTep IPodilio moBepxHi Oyae BTpadyaTH IIo-
yaTKoBUiI I ayCiB POBIIOALNT CLIEKTPAIBHAX CKIIALOBHX.

Taxo:x oTPiOHO 3ayBaKUTH, ITI0 ITOAI0OHI (haKTU MAaIOTEL Miclie I y BU-
nagrky kpuBux 1 ta 3 Binmosigmo Ha puc. 9i 10, TobTO Y BchoMy miAmaso-
Hi TOBMKUH KOPEJAIill, 110 po3rasagaTbca Ha puc. 8, a. I[Ipuuomy 3a-
BaAKu puc. 10 gobpe BUAHO, IO i3 30iJbIMEHHAM JOBKHUHU KOPEJIAIlil
BUIAIKOBOI (DYHKIIIT IIIepCcTKOI MOBepXHi KBapIly BimbyBaeThca BiAIoBi-
IHe 3MEHIIEeHHSA BeJIWYWHN MaKCHMyMy KOHTPACTHOCTH, a HOro II0JIO-
JKeHHS 3CYBAEThCA Y 01K MEHIIINX IPOCTOPOBUX yacToT. OT:Ke, BUXOASIUN
3 yChOTO BUINE3a3HAUYEHOT0, MOKHA 3pO0UTH BUCHOBOK, IO IIPOIlEC Ia-
BJICHHS, AKUN 3aJIEKUTL BiJl PiBHA KOHTPACTHOCTH II00JM3Y IIOBEPXHi
KBapILy, € HeJMiHiNHNM HeOZHOPIAHNM IIPOI[ECOM.

4. BUCHOBKH

B pesyibTaTi aHaIi3u PO3MOBCIOMKEHHS CBiTJIOBOI XBIJIi, AKA Magae Ha
TIOBEPXHIO KBAPITOBOI IIIaTiBKY 3 00Ky KBapIly, OJePKaHo 3B’ I30K KOH-
TPACTHOCTHU IIOJISI, IO YTBOPIOETHCS ITAMHOI0 XBUJIEIO, 3 IPOCTOPOBOIO
YacTOTOI (PYyHKIII mpodino moBepxHi KBapIily, TOOTO KOJU IIOBEPXHS
IJIaTiBKM Mae cuHycoigaabuy dopmy. Ilpu mpomy Bu3HAUYEHO, IO BHE-
COK Y KOHTPACTHICTh KOKHOI CHEKTPAaJbHOI CKJIaZOBOI IPOCTOPOBOTO
CIIEKTPY JAOBiJIbHOI IIIEPCTKOI ITOBEPXHi, IO Mae I‘aycmay dopmy KOpe-
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JAAMiHOI PYHKIIII, He € OHAKOBHNM. BCTaHOBJ/IEHO, IITO HA IIOYAaTKOBOMY
eTalli IIpollecy IaBJeHHA eBOJIIOIiA IIIePCTKOI IT0OBEePXHi KBapILy Oy/e Bi-
IOyBaTHCA TaKUM YMHOM, IO CIOYATKY HAMOGLILIIT iHTEHCMBHUM € IIaB-
JIEHHS CKJIAJOBUX ITPOCTOPOBOTO CIEKTPY IIOBEPXHi, AKi BiAIIOBiZaioTH
MaKCHUMAJbHiI KOHTPACTHOCTI B JiANAa30HI JOBMKUH KOPEJAIili, III0 PO3-
TJIAAAI0OThCA B JaHill poboTi. B xof4i 11b0T0 mpoIiecy MOBKMHA KOPEeIaIril
OBEPXHi Oyae 30iJbITyBaTHCA, 4 MAKCUMYM KOHTPACTHOCTH, a OTXKe, i
MAaKCUMyM IIBUIKOCTH ITIaBJIEHHA, Oy/le 3MEHIITyBATHCA, 3MIIITYIOUNCDH ¥
0ix OiJIBbIII HM3BLKUX IIPOCTOPOBUX YACTOT. IIpW IIbOMY HA IOUYATKOBOMY
eTatri 1iei eBosroIlii moBepxHA OyAe cTaBaTH OLIBII IJIACKOI0. AJle BOJHO-
yac mMOTPiOHO BpaxoBYBATH, IO PYHKILA KOpPeJIAIil TaKoil IepcTKol IIo-
BepXHi Bixe He Oyge MaTu modaTkosuii I ayciB posmogin. Ile mae posymin-
HS MOJKJMBOCTH IIPAKTUYHOTO 3aCTOCYBAaHHS TaHOIO ABUIIA, HAIPHU-
KJIam, A poToXeMiuHOTo cyOHaHOMIOMipyBaHHA ITIOBEPXHI KBapITy.

IIpu ocBiTJIeHH] ITOBEPXHI KBapILy, III0 MAa€E CUHYCOITaIbHUHN TPOQiab,
3 OOKY KBapIly, 3a YMOBH I[iIKOBUTOT'O BHYTPIIITHLOTO BifOMBAHHSA CBiT-
Ja (Ipu KyTi magiHHsA, 110 JOPiBHIOE KPUTUYHOMY), KOJII BICOTa BUCTY-
IIiB OBepxHi € HesHaunoo (He mepeBumrye 30 HM), a JOBKUHA TaIHOI
CBiTJIOBOI XBUJIi 3HAYHO OiJIbIa JOBMKUHU Kopeadrnii pyHKIii mpoditio
IaHol MMoBepXHi, 6yJI0 BCTAHOBJIEHO, IO 3i 3MiHOIO a3y mamHoi XBUJI i
MaKcUMaJibHe 3HaueHHA (rpebinb) apelihye Y3MOBMK PO3IiIbLUOI Mexki
«KBapi—BaKyyM». [Ipu mpboMy aMILIiTyma KOJHWBaHb eHeprii B oOisacTi
BUCTYIIiB Mae€ OinbIi 3HAUeHHs, HidK B ob0jacTi samamuH. TinbKu mpu
KPUTUYHOMY KYTi HagiHHA IPO(dib HAIPYKEHOCTHU €JIEKTPUUHOIO IIOJIA
Y3I0BXK PO3IiIbUOl MEXKi «KBapIl—BaKyyM» IIOBTOPIOE (DOPMY IIPOCTOPO-
Boro mpodiyio moBepxHi KBapiy. 1le cTBOpioe onTUMAaJIbHI €JIeKTPOIN-
HaMiuHi yMOBHY 1Jid e()eKTUBHOTIO IT[aBJIEHHS BUCTYIIiB IIOBEPXHi.
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! Fig. 1. 2D cell used to calculate evanescent field parameters in the near-field region of the
nanoirregularities of the quartz surface. Regions 1—4 are respectively the region of the upper
absorbing layer, the quartz layer, the vacuum, the region of the lower absorbing layer.

2 Fig. 2. The distribution of electric field strength module along the ‘quartz—vacuum’ interface
(the scale is located on the left side) at the different incident angles: 6,,=0° (curve 1), 6,,=30°
(curve 2), 0;,=42° (curve 3), 0,,="70° (curve 4). The distribution of the profile height & (curve 5)
along interface (the scale is located on the right side).

3 Fig. 3. 2D distribution of the amplitude of the evanescent field strength (grey background) and
the flows of the Poynting vector (arrows) in the near zone of the ‘quartz—vacuum’ interface at the
angle of light incidence 0,, =0, = 42°.

4 Fig. 4. The distribution of the electric field strength module along the ‘quartz—vacuum’ inter-
face at different values of the quartz surface protrusion height: 2 =2.82 nm (curve 1), h =28.2
nm (curve 2), = 28.2 nm (curve 3).

% Fig. 5. The contrast K of the evanescent field at the ‘quartz—vacuum’ interface depending on the
quartz surface profile height A.

5 Fig. 6. The distributions of the module of active component of the Poynting vector P,, (curve 1)
and the module of Poynting vector P along the ‘quartz—vacuum’ with the different incident wave
phases: ¢ =0 (curve 2), ¢ =n/4 (curve 3) and ¢ =3n/7 (curve 4), for parameters: A =500 nm,
0,,=42° h=28.2nm, 6 =23.7 nm.

" Fig. 7. The distribution of the module of active component of the Poynting vector P,, (curve 1)
and the module of the Poynting vector P in the perpendicular direction to the ‘quartz—vacuum’
interface depending on the incident wave phase ¢ =0 (curve 2), ¢ =n/4 (curve 3) and ¢ =3n/7
(curve 4), when the perpendicular direction passes through the protrusion (a) and trough (6), for
parameters: A = 500 nm, 6,, =42°, h=28.2nm, c=23.7 nm.

8 Fig. 8. The contrast K of the evanescent field, which is formed at the ‘quartz—vacuum’ interface when
plane electromagnetic wave falls at the angle 0,, = 42°, depending on the length of the surface correlation
o of the quartz plate (a) for the incident wavelengths };, =400 nm (curve 1), A;, =500 nm (curve 2) and
Ain =600 nm (curve 3); depending on the incident wavelength A;, (6), for the correlation length of the
quartz rough surface 6 = 14.2 nm (curve 1), c=23.7 nm (curve 2) and ¢ = 33.1 nm (curve 3).

9 Fig. 9. The module of the spatial spectrum functions for the random surface profiles characterized
by a Gaussian correlation function with correlation length of: 6 =14.2 nm (curve 1), c=23.7 nm
(curve 2), 6 =33.1 nm (curve 3).

10 Fig. 10. The contrast K of the evanescent field at the ‘quartz—vacuum’ interface depending on the
spatial frequency v of the random quartz surface profile, characterized by a Gaussian correlation func-
tion with correlation length of: o= 14.2 nm (curve 1), o= 23.7 nm (curve 2), c = 33.1 nm (curve 3).
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The present work focuses on synthesizing and deep cryotreatment of hybrid
Silica—Iron oxide structure followed by finding out the effect of deep cry-
otreatment on nanoscale structure of nanoparticles by using x-ray powder
diffraction, Fourier transform infrared spectroscopy, field emission gun
scanning electron microscopy, transmission electron microscope, Brunauer—
Emmett—Teller surface area analysis. Results show that the deep cryotreat-
ment has no effect on the composition of nanostructure; however, the size of
nanostructure is shrinking and specific surface area is increased. Hence, po-
rosity is decreased and indicates possible enhancement in thermal conductiv-
ity due to an increase in bonding strength. These cryotreated nanostructures
can possibly be suspended in various conventional base fluids for all heat-
transfer processes with a little compromise on the viscosity of respective base
fluids.

Hany poboTy 30cepemKeHO Ha CHUHTe3i Ta rInboKoMy KpiooOGpobieHHi ribpua-
HOI CTPYKTYPH OKCH/ 3aJIisa—KpeMHe3eM 3 HOJAJBINNUM 3’ ACYBAHHAM BILJIUBY
TJINOOKOTO KPiOOUMITIEeHHA HA HAHOMACIITAOHY CTPYKTYPY HAHOYACTUHOK 3a
momomorom mudpaxiii PerTrenoBux npomeHis, iHppauepBoHOI crieKTpocKomii
3 ®@yp’e-mepeTBOPOM, CKAHYBAJBLHOI €JEeKTPOHHOI MiKpPOCKOIii 3 MmOJILOBOIO
eMicifiHOI0 rapMaTo0, IIPOCBIT/IIOBAJILHOI €JIeKTPOHHOI Mikpockomii, aHasmisu
mwiromnti noBepxHi 3a Bpynayepom—EmmerTom—Tennepom. PesynbsraTu mokasy-
I0Th, 110 IJIN60Ke KPiooOpoOIeHHs He BILJIMBAE HA CKJAA HAHOCTPYKTYPH; Of-
HaK PO3Mip HAHOCTPYKTYPU 3MEHIITYEThCS, & TUTOMA IIOBEPXHS 301/IbIITYeThCA.
Ot:xe, IOPUCTICTH 3MEHIITYETHCSA Ta BKA3Y€E HA MOYKJIVBE IIiIBUIIEHHS TEILJIOI-
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POBiZHOCTH 3a PaxXyHOK 30iJbIlleHHA MiITHOCTH 3ueraeHHs. I[i Kpioouurieni
HAHOCTPYKTYPU MOKYTH OYTH CYCHeHIOBaHi B Pi3HUX 3BUUYAWHUX 0a30BUX Pi-
OIWHAX AJIA BCiX IIPOIECiB Temiomepenadi 3 HEBEJIUKUM KOMIIPOMiCOM II[OZO
B’A3KOCTHU BiATIOBiAHMX 6a30BUX PigMH.

Key words: hybrid nano, deep cryotreatment, XRD, FTIR, FEG-SEM, TEM,
B.E.T. surface area.

Karouosi cioBa: riopugHe HaHO, riInO0OKe KPiooOpoOaaHuA, nudpariisa Penrt-
TeHOBUX IIPOMEHiB, iH)pauepBoHa CIEKTPOCKOMisa 3 Pyp’e-mepeTBopoM, CKa-
HyBaJIbHA €JIEKTPOHHA MiKPOCKOIIiA 3 IOJIBOBOIO €MiCifiHOI0 rapMaToo, IIPOo-
CBiTJ/IIOBaJIbHA €JIEKTPOHHA MiKPOCKOITifA, aHaJIida oI moBepxHi 3a BpyHay-
epom—EmmerTom—Tenniepom.
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1.INTRODUCTION

Conventional heat transfer fluids play a significant role in many in-
dustrial processes. However, the use of these liquids results in lower
heat exchange rates in thermal engineering devices. This is attributed
to the lower valve of their thermal conductivity. One of the ways to
overcome this hurdle is by suspending ultrafine solid particles in con-
ventional heat transfer fluids such as water, Ethylene Glycol, Brines,
etc. to improve their thermal conductivity. The suspension of nanosize
particles typically larger than 10 nm and less than 100 nm in a base flu-
id is called a nanofluid. [1]. Hence, one can say that it may be solar en-
ergy, machining, lubrication, medicines, food, electronics, fuel cells or
any other area of the science and technology nanofluids have indisput-
ably changed the direction of research.

The basic idea of dispersing solid particles in a fluid to improve the
thermal conductivity is not the trend of the 21st century. It finds roots
right back from 1873 when Maxwell proposed a theoretical concept of
improvement of effective thermal conductivity of liquid/solid suspen-
sion. This is because of the fact that solid particles generally possess
higher thermal conductivity than any conventional heat transfer fluids.

Various researchers tried their best to augment the inherently poor
thermal conductivity of conventional heat-transfer liquids for more
than a hundred years. The foremost setback with the use of large -size
particles (millimetre & micrometre) was the quick settling of the parti-
cles in fluids the large size particles and the complexity in the produc-
tion of small particles are the preventive factors for the liquid/solid
suspension to be examined for practical applications [2].

Nanotechnology facilitates to overcome these limitations by sus-
pending nanometer-size particles quite stably in fluids instead of large-
size particles an important step in the development of nanoscience.
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The results of the experiments carried pioneered by Choi and then
followed by others showed that nanoparticles stay suspended longer
than millimetre or micrometre particles. In addition, nanofluids ex-
hibit excellent thermal properties and cooling capacity. Hence,
nanofluid research could be a cornerstone in the evolution of coolants
for various current as well as next-generation applications. Better
ability to manage thermal properties transforms into better energy ef-
ficiency, compact thermal systems, lesser operating costs, and eco-
friendly development [3].

John Philip and P.D. Shima reported that, although the topic of the
thermal property of nanofluids is rich with the large database, there are
many inconsistent reports on thermal conductivity augmentation. This
includes an enhancement in thermal conductivity with a decrease with
the size of nanoparticles and otherwise also. This was attributed to the
poor characterization of nanofluids and inaccuracies in the measure-
ment techniques. However, in general, most of the studies report in-
verse relation with particle size [4].

dJ. Srakar et al. reviewed research, developments, and applications of
hybrid nanofluids and concluded that as far as mononanofluids are con-
cerned stability is one of the most vital constraints. Stability of nano-
particles dispersion for a prolonged time and synthesis of homogeneous
suspension still a technical challenge. Due to this application front of
nanofluids is limited. It is worth to note that hybrid nanofluids are no
exception for the same. Suspension of two different types (shape and
size) of nanoparticles may cause enhanced viscosity and consequently
larger pressure drop and pumping power in comparison with mono-
suspension nanofluids [5].

L. Shyam Sundar et al. reported that the stability of hybrid nanopar-
ticles in the base fluid is a major challenge, while for mononanofluids,
the stability of the particles is accomplished with customary techniques.
As far as hybrid nanofluids are concerned, the suspension of two differ-
ent materials in the base fluid poses a substantial difficulty due to the
surface charge, which contrasts from one to another particle [6].

Hence, it can be stated that the advantage of the enhanced thermal
conductivity is counteracted by increased viscosity. Both of these fac-
tors are greatly influenced by the size of the nanoparticles. Thermal
conductivity of nanofluids is inversely proportional to the size, and vis-
cosity of nanofluids is directly proportional to the size of the nanopar-
ticles. However, to synthesize the nanoparticles of the lowermost size is
really a herculean task. Hence, one of the via media could be to synthe-
size nanoparticles by the best available methods and subsequently treat
the nanoparticles in such a way that, their size is reduced.

The practice of cryotreatment on metals has been comprehensively
used for many years mostly for improving the life of cutting tools.
Numerous researchers have reported that cryotreatment applied for
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cutting tools has enhanced the performance. This enhancement was in
terms of tool life, either directly or indirectly through related parame-
ters such as wear resistance, hardness, dimensional integrity, etc.[7].

This is mainly due to the refined grain structure. It is a known fact
that microstructural changes not only affect mechanical properties but
also thermo-physical properties of the cryotreated specimen, which
may be a solid or nanoparticle. Hence, it can be considered for the op-
tion via media for the reduction in the size of nanoparticles.

Nevertheless, very a few works have been reported to study the ef-
fect of cryotreatment on microstructure tests of nanoparticles and
consequently their usage in heat transfer technology [8—10]. However,
best to the knowledge of the authors, hardly any work has been report-
ed the effect of cryotreatment of the several microstructures of hybrid
nanoparticles. The primary objective of this work is to present the ef-
fect of deep cryogenic treatment on hybrid silica—iron oxide nanopar-
ticles on the selected structural studies. Consequently, the possibility
of using these nanoparticles in various applications.

2. SYNTHESIS OF NANOPARTICLES

In literature, many methods have been employed for the preparation of
hybrid nanoparticles [6]. In the present work, Fe,O; nanoparticles were
prepared by simple combustion technique, whereas hybrid nanosilica is

Fig. 1. Synthesis of nanoparticles.
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prepared by using the sol—gel technique in line with the method de-
scribed by Chate et al. [11]. Sodium silicate and hydrochloric acid are
used as primary materials.

Figure 1 shows the apparatus used and the process of preparing the
hybrid nanosilica.

3. CRYOTREATMENT

As stated earlier, cryotreatment is basically applied to cutting tools to
enhance the tool life. However, based on the different factors the cry-
otreatment or cold treatment can be categorized into three major clas-
ses: deep cryogenic treatment (DCT), cryogenic treatment (CT) and
sub-zero treatment (SZT). A comparative evaluation DCT, CT, and SZT
as applied to tool materials have been given in Table 1[12].

Shirbhate et al. reported that the soaking temperature and soaking
time predominantly affect the performance of the drilling operation.
[14]. Hence, deep cryogenic treatment of nanoparticles was selected and
carried out at Kryo Space, Pune. The treatment was done at —193°C (80
K). Some of the process parameters of treatment are given in Table 2.

TABLE 1. Comparative evaluations of DCT, CT, and SZT.

Particular DCT CT SZT
Temperature in K 80 163 193
TimeTaken Hrs" 80-100 10-20 5—6

any time after within 1 hr of

When to process after tempering

heat treatment quenching
Wear Resistance 100-500% 30-40% max 20%
Stress Relief complete some what no
Grain Structure refines slight none

Note: *Including tempering if any.

Fig. 2. Cryotreatment cycle.
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TABLE 2. Process parameters employed for deep cryotreatment (DCT).

Process Temperature range, K | Time in hrs
Cooling 300-80 24 hrs
Soaking 80-80 24 hrs
Warming 80-300 24 hrs
a b

Fig. 3. a, b XRD of UT and CT nanoparticles.

4. STRUCTURAL STUDY

To know the effect of the cryotreatment on nanoparticles, following
morphological tests were conducted.

4.1. X-Ray Powder Diffraction (XRD)

XRD is carried out for phase identification of crystalline material. The
XRD patterns are shown in Fig. 3, a (UT) and b (CT).

X-ray powder diffraction (XRD) of Untreated hybrid nanoparticles
shows peaks at 31.65°, 38.36°,45.42°, 56.37°,66.1°, 75.2°, whereas
XRD of cryotreated hybrid nanoparticles shows peaks at 31.66°,
38.34°, 45.48°, 56.42°, 66.2°, 75.38°. In addition, the half-width full
maximum for the cryotreated hybrid nanoparticles is less than that of
untreated particles. Hence, deep cryotreatment decreases the particle
size of the hybrid silica—iron oxide nanoparticles.

4.2, Fourier Transform Infrared Spectroscopy (FTIR)

FTIR is for the identification and characterization of a functional
group. The same has been shown in Fig. 4, a (UT) and b (CT).
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b

Fig. 4. a and b FTIR of UT and CT nanoparticles.

The test shows no change has been brought by cryotreatment in the
composition of the nanoparticles.

4.3. Field Emission Gun Scanning Electron Microscopy (FEG—SEM)

FEG—-SEM is meant to know the exact composition of the specimen.
The images of the same have been shown in Fig. 5, a (UT) and b (CT).
Elemental analysis of untreated and cryotreated hybrid nanoparticles
by field emission gun scanning electron microscopy (FEG—SEM) indi-
cates the presence of silicon (Si), iron (Fe) and oxygen (O) elements con-
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a b

Fig. 5. a and b FEG—SEM of UT and CT nanoparticles.

Fig. 6. a and b TEM of UT and CT nanoparticles.

firming hybrid silica—iron oxide (SiO,—Fe,0;) nanoparticles.

4.4. Transmission Electron Microscopy (TEM)

TEM is the most common method employed for magnification details
up to 1.000.000x. The TEM image of both untreated and cryotreated
nanoparticles are shown in Fig. 6, a (UT) and b (CT).

It is observed that due to cryotreatment the morphology and size of
the nanoparticles have been reduced considerably, which subscribes
with XRD results. The reduction in size leads to an increase in
strength and thermal conductivity. In addition, the bonding strength
of the particles has been enhanced due to cryotreatment, and, com-
pared to untreated particles, the porosity of the nanoparticles has re-
duced in case of cryotreated particles.
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4.5. Brunauer—Emmett—Teller (BET) Surface Area

This test is to know the change in specific surface area of a sample.
Surface area measurement shows that the surface area of the hybrid
nanoparticles increased from 24.65 m?/g to 28.36 m?/g after cry-
otreatment. This also shows reduced porosity in the case of cryotreated
nanoparticles. This is in line with TEM analysis.

5. CONCLUSIONS

From the morphological tests conducted and their analysis, following
conclusions can be drawn.

Deep cryotreatment decreases the particle size of the hybrid silica—
iron oxide nanoparticles.

Deep cryotreatment did not affect the composition of the nanoparti-
cles.

The nanoparticles the specific surface area increased due to deep
cryotreatment.

The bonding strength seems to be enhanced due to cryotreatment.

Finally, the authors opine that cryotreated nanoparticles may be
employed in various conventional base fluids for all the applications of
heat transfer with considerably enhanced thermal conductivity and
little compromise on the viscosity of respective base fluids.
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In this paper, the structure, thermal, physical, and mechanical properties of
magnesium oxide (MgO)—nickel oxide (NiO)/copper oxide (CuO) nanostruc-
ture are studied for renewable energy applications. The MgO—NiO compound
is synthesized with concentration of 80 wt.% MgO nanoparticles and 20
wt.% NiO nanoparticles; then, CuO nanoparticles are added to MgO—NiO
with different weight percentage (1, 2 and 3). The samples are mixed, and
then pressed at 225 MPa, and sintered at 1250°C for 1 hour. The effect of
CuO promoter on the thermal, structure, physical, and mechanical properties
of MgO—NiO nanoparticles is investigated by means of x-ray diffraction, op-
tical microscope, DTA, apparent density, apparent porosity, water absorp-
tion, and HV microhardness. The experimental results of XRD show for-
mation the MgNiO, compound. It is found the increase in apparent density
and HV microhardness, while the apparent porosity and water absorption
decrease with raise in concentration of CuO nanoparticles. The results indi-
cate that the MgO—NiO/CuO nanostructure may be used for different appli-
cations such as solar cell, integrated circuits, transistors and other modern
applications.

Y maniii poOOTi pPOBrIAZAIOTHCA CTPYKTYPH, TEIJOBi, (pisuuui Ta MexaHiuHi
BJIACTHMBOCTI HaAHOCTPYKTypu «oKcug Maruito (MgO)—-okcun Hikiio
(NiO)/oxcun Kynpymy (CuO)» s 3acTocyBaHb yV BiIHOBIIOBAaHUX IKepeax
eneprii. Cnonyka MgO—-NiO cuHTesyeThcA 3 KoHIleHTpatielo 80 Bar.% HaHO-
vyactuaoKk MgO ta 20 Bar.% umamouacTmHOK NiO; mamouactuaku CuO motim
momarorbea B MgO—NiO 3 pisuumu BaroBumu Bimcorkamu (1, 2 i 3). 3pasku
3MiIIyIOTBCSA, a MOTiM cTucKyoThca 3a 225 MIla Ta cmikarporbesa 3a 1250°C
npotsarom 1 roguuu. Brius npomorepa CuO Ha TemnoBi, cTpyKTypHi, isuuni
Ta MexaHiuHi BaacTuBocTi HanouactuHOK MgO—NiO mocaimxeHo 3a ZOIOMO-
roI0 PEeHTI'eHiBCBKOI Amdpakiiii, onTuyHoro Mmikpockomna, [[TA, mipanua Bu-
IUMOI I'YCTUHU, BUAMMOI IIOPUCTOCTH, BOJOIIOTJINHEHHS Ta MiKPOTBEPAOCTH 3a
Bikkepcom HV. ExcnepumMeHTaJIbHI pe3yabTaTy PeHTI'eHiBCHLKOI mudparirii
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mokasyioTh opmyBaHHsa cunoinyku MgNiO,. Busasiaeno s36isbiieHHa BuamMoi
IycTUHHU Ta MiKpoTBepaoctu HV, B Toli yac K BUAUMA ITIOPUCTICTH Ta MOTJIH-
HAHHA BOAW 3MEHINYIOThCA 3 MHiABUINMEHHAM KOHIEHTpPAIlil HAHOYACTHUHOK
CuO. PesynbTaTy moKasyioTs, 1o HaHOCTPYKTYPYy MgO—NiO/CuO mosxHa Bu-
KOPHCTOBYBATHU IJIA Pi3HUX 3aCTOCYBaHb, TAKUX AK COHAYHI eJJleMeHTHU, iHTer-
paibHi cxemMu, TPAH3UCTOPHU Ta iHIIT cydyacHi 3acToCcyBaHH4.

Key words: magnesium oxide, magnesium—nickel oxide, copper oxide, appar-
ent density, differential thermal analysis, apparent porosity.

Karouosi cioBa: okcug Maruiro, oxcua Maruiro—Hikiro, okcun Kynpywmy, Bu-
IuMa I'ycTuHa, nudepeHIlifina TepMmiuHa aHajisa, BUAUMA IIOPUCTiCTh.

(Received 25 March, 2020, in final version, 1 April, 2020)

1. INTRODUCTION

Nanoparticles are dissimilar from bulk materials because of their ex-
clusive chemical, electronic, and optical properties. They have very
attractive and practical properties, which can be used for a diversity of
non- structural and structural applications. Throughout the past dec-
ade, the nanooxides have acquired greatly concentration due to their
broad potential technical applications in numerous fields like conver-
sions of solar energy, as a heterogeneous catalysts and gas sensors [1].
One of the greatest normally using metal oxides transition for a broad
range of field is NiO. NiO is a NaCl-type antiferromagnetic oxide semi-
conductor. Uniform sized and well-dispersed nickel oxide nanoparti-
cles like a type of useful material has concerned wide interests owing to
its novel mechanical [2], optical, magnetic, electronic [3], and thermal
properties and potential application in battery electrodes, catalyst,
electrochemical films, gas sensors, and photoelectronic devices. In
these fields, it is yet wanted to manufacture ultrafine powders with
high quality to obtain properties in their morphology, dimension,
magnetic properties, optical characterizations, etc., which are the ma-
jority basic factors, which determine the features of the final products
[2]. Magnesium oxide (MgO) has exceptional properties like chemical
inertness and electric insulation. MgO has numerous advantages in ap-
plications such as microwave communication, protective layers, optoe-
lectronic devices [4] and materials of refractory [5, 6]. Copper oxide is
a transition metal oxide and has a monoclinic structure. Copper oxide
compounds are industrially famous materials used in applications like
electronic materials, solar energy materials, magnetic media, gas sen-
sor, catalyst, and batteries [7]. In this paper, the preparation of MgO—
NiO/CuO nanostructure and studying their structure, thermal, physi-
cal and mechanical properties to use it for modern industries and elec-
tronics applications.
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2. MATERIALS AND METHODS

In this paper, samples of MgO, NiO and CuO nanoparticles were fabri-
cated by using powder metallurgy, MgO (NanoShel USA company, par-
ticle size 50 nm and high purity 99.9% ), NiO (NanoShel USA company,
particle size range (15—35 nm) with purity 99.5%) and CuO (US Re-
search Nanomaterials, Inc., USA, particle size 25—55 nm purity with

Fig. 1. XRD of MgO—NiO nanocompounds at: (a) 0 wt.% CuO; (b) 1 wt.% CuO;
(c) 2 wt.% CuO; (d) 3 wt.% CuO.
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99.5%). The MgO—NiO nanoparticles were prepared with concentra-
tion 80 wt.% MgO and 20 wt.% NiO, CuO nanoparticles added to MgO,
NiO at (0, 1, 2, 3) wt.% . The mixtures mixed in electric mixer for (6
hrs) then the samples pressed at 225 MPa with 12 mm diameter. They
sintered at 1250°C with heating rate 5°C/min.

The structural, thermal, physical and mechanical properties were

Fig. 2. Microscopy images of MgO—-NiO—-CuO at: (a) 0 wt.% CuO; (b) 1 wt.%
CuO; (¢) 2 wt.% CuO; (d) 3 wt.% CuO.

Fig. 3. DTA of MgO nanoparticles.



INFLUENCE OF CuO NANOPARTICLES ON THE MgO—-NiO NANOPARTICLES 933

studied. X-ray diffraction and optical microscope, differential thermal
analysis, apparent density, apparent porosity, water absorption, HV
microhardness were studied. The characterizations (apparent density,
apparent porosity, water absorption) were calculated by using ASTM
C373-8818].

3. RESULTS AND DISCUSSION

Figure 1 shows x-ray diffraction of MgO, NiO nanocompounds with
different concentrations of CuO nanoparticles. From Figure 1, a, b,
and ¢ explaining formation compound MgNiO, from the reaction be-

Fig. 4. DTA of NiO nanoparticles.

Fig. 5. DTA of CuO nanoparticles.
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tween MgO and NiO, magnesium nickel oxide (MgNiO,) compound was
specified due to JCPDS card number 00-024-0712. In addition to find
MgO and NiO, magnesium oxide (MgO) and nickel oxide (NiO) were
matched with JCPDS card numbers 00-004-0829 and 04-0835 respec-
tively. This behaviour returned to the oxide amounts, ., dissolved in
magnesium oxide lattice based largely on the oxides character, addi-
tion foreign cations and the conditions of calcinations [9].

Figure 1, d shows formation MgNiO, compound with availability of

Fig. 6. Relationship between apparent density and CuO nanoparticles content.

Fig. 7. The variation of apparent porosity and CuO nanoparticles content.
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MgO. These results agree with the results of researchers [10]. Copper
oxide does not appear in XRD due to little addition from it and the
XRD apparatus does not fumble the copper oxide.

Figure 2 represents the microscopy images of MgO—NiO—-CuO at dif-
ferent weight percentages of CuO nanoparticles. This figure shows
uniform distribution of (MgO—NiO—CuO) nanoparticles.

Figure 3 shows DTA of MgQO; the first peak shows inorganic evapo-

Fig. 8. The relationship between water absorption and CuO nanoparticles con-
tent.

Fig. 9. The variation between Vickers microhardness and different concentra-
tions of CuO nanoparticles.
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ration at 350°C and the second peak explains phase transformation at
380°C [11] while Fig. 4 shows no change during heating to NiO nano-
particles, Fig. 5 explains DTA of CuO with appearing peak at 50°C
which meaning moisture evaporation.

Figure 6 shows the relationship between apparent density and dif-
ferent weight percentages of CuO nanoparticles, this figure explains
the increase in apparent density with increase concentrations of CuO
nanoparticles, which may be return to full the spaces among particles
by CuO nanoparticles because elevated catalyst activity [12] and for-
mation MgNiO, compound.

Figure 7 shows the variations between apparent porosity and con-
centrations of weight percentages of CuO nanoparticles. The effect of
CuO nanoparticles weight percentages on water absorption is shown in
Fig. 8. From Figures 7 and 8, apparent porosity and water absorption
decrease with raise the weight percentages of CuO nanoparticles. The
reducing in apparent porosity/water absorption may be explained by
increasing in the apparent density.

Figure 9 explains the variation between Vickers microhardness with
CuO nanoparticles concentrations. Vickers microhardness arises with
increase weight percentages of CuO nanoparticles. This increasing re-
lated to increase the compaction and decrease in porosity in addition to
formation MgNiO, compound. In addition, CuO nanoparticles have dif-
ferent mechanical strengths from their bulk materials [13].

4. CONCLUSION

The XRD results of MgO—NiO samples with addition various ratios of
CuO nanoparticles shows formation MgNiO, compound with appears
MgO and NiO compounds. The thermal properties of MgO—-NiO/CuO
samples included DTA of MgO, the two peaks of MgO show at 350°C
and 380°C while shows no change during heating of NiO, DTA of CuO
explains peak at 50°C. The physical properties of MgO—NiO samples,
the apparent density increase while apparent porosity and water ab-
sorption decrease with raise concentrations of CuO nanoparticles. The
mechanical properties showed that the HV microhardness of MgO—NiO
increases with the increase in CuO nanoparticles concentrations.
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Nanoferrites are materials with the main element being iron and with, at
least, one dimension less than 100 nm. They have superior magnetic, electron-
ic, structural, morphological, and optical properties. These properties are ide-
al for electronic data devices’ fabrication among other application areas. The
properties could be further tuned by doping with either trivalent or divalent
elements. It is hypothesized based on existing literature that the capacities of
ferrites could be stretched further to suit the application at hand by introduc-
ing dopant cations, change of method of applications that change the cation
distribution in the tetrahedral or octahedral sites of the spinel cubic structure
of ferrites. Consequently, the search for a perfect nanoferrite for application
in electronics and for other applications continues. In this work, copper-doped
magnesium—nickel ferrite nanoparticles with composition Cu, Mg, ,NiFe,O,
(x=0.00, 0.15, 0.30, 0.45, 0.60, 0.75, 1.00) are prepared using autocombus-
tion technique, using citric acid as a chelating agent with a maintained pH of
7, and calcined at 700°C. Elemental analysis confirmed the expected stoichi-
ometry of the samples. The resulting powders were characterized by infrared
spectroscopy (IR), Fourier transform infrared (FTIR), x-ray diffraction
(XRD) techniques, and the morphology was determined by transmission elec-
tron microscopy (TEM) and scanning electron microscopy (SEM). The XRD
patterns of the samples show spinel cubic type of structure, depicted by the
signature intense peaks at Miller indices (311) with the lattice parameter var-
ying slightly with copper concentration and crystallite sizes in the range of
4.1-35.58 nm. FTIR showed dominant bonds between 400—499 cm ! and 500—
599 cm ! as characteristic of a spinel ferrite. Morphological studies by high-
resolution electron microscopy and scanning electron microscopy showed
spherical nature of the samples, and particle size range between 16 nm and 45
nm as determined by Imaged software. The data show that the synthesized
ferrite Cu,Mg, NiFe,O, could be applied in memory and electronic storage
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devices as well as in high-density recording media.

Hanodepuru — 1e maTepisiiy, OCHOBHUM eJiIeMeHTOM SKux € Pepym i 3, mpu-
HaliMHi, ogHUM po3mipom mewnrre 100 umM. Boru MaioTh uyn0oBi MarueTHi, ejie-
KTPOHHI, CTPYKTYPHi, MopdoJoriuHi 1 ontruHi BiaactuBocti. Ili Br1acTuBocTi
imeanbHO MiAXOAATH AJIs BUTOTOBJIEHHSA €J€KTPOHHUX IIPUCTPOIB TaHUX cepes
iHmux obJiacTeil 3acTocyBaHHsA. BiaacTuBoCTi MOKYTH OyTH HOJATKOBO HaJja-
IIITOBaHi JIET'YBAHHAM 3 TPUBAJIEHTHUMU a60 IBOBAJIEHTHUMU ejieMeHTaMu. Ha
OCHOBIi HasIBHOI JIiTepaTypu rinoTesa IIpo Te, 10 MOKJINBOCTL (DePUTIiB MOKYTH
OyTH PO3TATHYTI Aaji, mo6 BiAmoBigaTH mMiAPYYHOMY 3aCTOCYBAaHHIO, BBEIeH-
HAM JIeI'yBaJbHUX KaTiOHiB, 3MiHOIO CIIOCO0Y 3aCTOCYBaHb, III0 3MiHIOIOTH PO3-
MOJiJ KaTioHIB y TeTpaeApMUYHUX ab0 OKTaeAPUUYHUX MO3UIIAX IINiHEeJIbHOI
Ky0iuHOi cTpyKTypu (hepuTiB. OT:Ke, HOIIYK ifTeaJ bHOTO HAHOMEPUTY A 3a-
CTOCYBaHHSA B €JIEKTPOHIII Ta AJA iHIMUX BUKOPUCTAaHb TPUBAE. ¥ IIilf pobOoTi
aerosaui Kynpymom maruieBo-HiKJIeBi ¢epuTOBI HAaHOUACTHUHKU 3i CKJIAZOM
Cu,Mg, NiFe,O, (x=0.00, 0.15, 0.30, 0.45, 0.60, 0.75, 1.00) roryiorbcsa 3
BUKOPUCTAHHAM TeXHIKY aBTOBTOPAHHA, BUKOPUCTOBYIOUY JUMOHHY KUCJIOTY
AK 3aci6 remaryBamua 3i 30epexxenum pH 7, i € xaxprnuuoBaui mpu 700°C.
EnemeHTHa aHaji3a miATBepaMIIa OUiKYBaHY cTexioMeTpito 3paskiB. OxeprkaHi
MOPOIIIKY XapaKTepusyBaaucs iHdpauepBoHow crneKkTpockotmieio (I9), indpa-
YEepBOHOIO cIeKTpocKomico 3 Pyp'e-mepersopom (PIIIY), peHTreHiBCBKOIO
mudpaxiiero (PI), a mopdosoriio 6y10 BU3HAUEHO IPOCBIiTIIOBATBHOIO €JIEKT-
porHOI Mikpockomnieo (ITEM) i ckaHyBaJbHOIO €JIEKTPOHHOIO MiKPOCKOIi€0
(CEM). PII-kapTuHu 3pa3KiB IOKa3yIOTh IINiHEJIbHUN KYOiUHUI THUI CTPYK-
TypH, 300pakeHni HmignucoM iHTeHCHUBHUX IIiKiB mpu MinaepoBux iHgeKcax
(311), 3 mapameTpoM I'PATHUIIi, IO HE3HAYHO 3MIiHIOETHCA 3 KOHIIEHTpPAIi€I0
Kynpymy Ta KpucTaliuHuMHU po3MipamMu B miAmnasoui 4,1-35,58 um. ®IIIY-
CIIeKTPOCKOIIif II0OKa3aja JoMiHyBaabHi 3B A3Kky Mimxk 400—499 cm i 500-599
cM ! K xapaKTepHi AJA mmiHeabHOro depuTy. MopdosoriuHi nocminxenHa
eJIEKTPOHHOI0 MiKPOCKOIIi€I0 3 BICOKOIO PO3IiJIbU0I0 3JATHICTIO Ta CKaHYyBa-
JBHOIO eJIEKTPOHHOIO MiKPOCKOIIi€Io MMOKAa3aau chepuuHy IPUPOAY 3pasKiB, a
PO3Mip YaCTHMHOK KOJUBAEThcA Big 16 HM 1o 45 HM, K BU3HAUEHO IIPOrpaM-
HuUM 3abesmeueHHaM Imaged. I[aHi mOKasymoTh, 10 CUHTE30BaHUH (epuT
Cu, Mg, .NiFe,O, mosxe OyTu 3aCTOCOBAaHUH y 3amaM ATOBYBAJIbHUX TaA €JIEKT-
POHHUX MOPUCTPOAX 30epiraHHs JaHUX, a TAKOK y HOCisIX 3ammcy BHCOKOI
MIiJIBHOCTI.

Key words: spinel ferrite, nanoparticles, structure, doping, morphology.

KarouoBi cioBa: mminesneBuit ¢hepuT, HAHOYACTUHKY, CTPYKTYpa, JeTr'yBaHHA,
mopdoJorisa.

(Received 31 March, 2020, in revised version, 1 April, 2020 )

1. INTRODUCTION

Nanotechnology has experienced substantial development and creates
materials with enormous potential to change society. Nanomaterials
are those with one of their dimensions less than 100 nm and show
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unique characteristics when compared to the bulk, mostly due to the
high surface area to volume ratio [1]. Among the most promising na-
nomaterials are nanoferrites, which are materials containing iron ox-
ide as the major constituent. They have the general formula MFe,0,
where M can be occupied by one two or three different types of cations,
be they trivalent or divalent and the cations can be placed in either oc-
tahedral and/or tetrahedral sites of the ferrites [2]. By changing the
cation occupancy, the properties of ferrites change [3], and this is de-
sirable as it gives the ability to tune ferrite properties.

The preference of cation distribution depends on ionic radius and
electronic configuration [4]. Considering this distribution, spinel fer-
rites can be categorized into two varieties: inverse and normal spinel
ferrites and an intermediate state between the normal and inverse
structures. For example, nickel ferrite has an inverse spinel structure,
which may exhibit a mixed spinel structure when its grain size is re-
duced to nanometer range [5]. Copper ferrite is mostly also an inverse
spinel with tetragonal structure that changes to cubic symmetry at
high temperatures, and it has been shown computationally that both
normal and inverse structures of copper ferrite may be half metallic
[6]. Magnesium ferrite is a pertinent magnetic material showing in-
verse spinel structure for wide applications owing to its high resistivi-
ty, high Curie temperature and environmental stability [7, 8].

Nanoparticles of copper, nickel and magnesium spinel ferrite, possess
superior structural and morphological properties [9], which have appli-
cation in technology such as in storage devices, ferrofluids, memory de-
vices, sensors recording devices [10, 11]. Remarkably, these properties
are influenced and can be adjusted through composition, method of
preparation, pH and cation distribution in the tetrahedral and octahe-
dral sites [12]. However, the search for a novel ferrite continues for ap-
plications in electronic industry through doping [13] to change cations
and their distribution, and change of the method of synthesis. Several
methods such as ceramic, emulsion, sol-gel, co-precipitation, hydro-
thermal and combustion methods [14] have been used in the synthesis of
ferrites. The Citra gel autocombustion method has good stoichiometric
control and allows production of ultrafine nanoparticles in nanorange at
relatively low temperature [15]. Sol—gel synthesis method products are
of good chemical homogeneity and of high purity [16].

This work reports on the synthesis of the ferrite Cu,Mg,_,NiFe,O, by
substitution of copper in magnesium nickel ferrite with a fixed nickel
proportion. This work is aimed at investigation of nanostructure and
morphology of copper-doped magnesium—nickel ferrite nanoparticles
at a varied doping ratio but same method of preparation. The method
of synthesis was Citra gel autocombustion method. The structural and
morphological properties as well as elemental composition were stud-
ied using XRD, FTIR, SEM, TEM, and XRF, respectively.
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2. EXPERIMENTAL PROCEDURE
2.1. Preparation

The Citra gel autocombustion method was used to synthesize the doped
ferrite. The required stoichiometry of nickel nitrate hexahydrate
(Ni(NO,),-6H,0), copper nitrate trihydrate (Cu(NO;),-3H,0, ferric na-
nohydrate (Fe(NO;);-9H,0), magnesium nitrate hexahydrate
(Mg(NO,),-6H,0) based on their molecular weights were dissolved in
pure water under magnetic stirring for 30 minutes to get a homogene-
ous solution. 3M solution citric acid (CcHzO,-H,0) was added to the so-
lution containing metal nitrate solution. Ammonia hydroxide was add-
ed to maintain pH at around 7. The temperature of the resultant mix-
ture was raised to 90°C and stirred continuously for 3 h to form a vis-
cous gel. The gel was heated up to 100°C until it gave out brown fumes
and eventually autocombusts to form loose powders. The powdered
sample was then calcined in a furnace at 700°C for 5 h to remove organ-
ic materials as done by Rosnan et al. in 2016 [3]. The calcined sample
were then ground to obtain the final Cu,Mg,_NiFe,O, with (x =0.00,
0.15,0.30, 0.45, 0.60, 0.75, 1.00) samples.

2.2. Characterization

The XRD analysis of the synthesized nanoparticles was done by a pow-
der XRD (Bruker D2 Phaser Diffractometer) using a CuK, radiation at
L =1.54060 A operating at a voltage of 30 kV and a current of 10 mA at
a 20 range for 10-90° with a sweeping rate of 2°/min. FTIR-4700
JASCO with ATR was used to study the presence of the metal oxide
bonds in the samples. It was also used to check the presence of other
impurities as well as the vibrating frequencies in the sample. It was
operating at a range of 850—4000 cm*. Morphologies of the synthe-
sized ferrite were determined using a Zeiss DSM 982 Gemini field
emission scanning electron microscope (FE-SEM), with a Schottky
emitter at accelerating voltage of 10 kV with a beam current of 1.0
mA. HR-TEM micrographs were obtained using JEOL JEM-2100 high-
resolution electron microscope. Elemental analysis was done using S1-
TITAN BRUKER x-ray fluorescence spectroscopy (XRF).

3. RESULTS AND DISCUSSIONS
3.1. Structural Studies
X-ray spectra of Cu, Mg, NiFe,O, for x =0, 0.15, 0.3, 0.45, 0.6, 0.75,

and 1 are shown Fig. 1.
The peaks show characteristic of cubic spinel phase. The sharp peaks
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Fig. 1. XRD defractographs of Cu,Mg,_ NiFe,O, for x = 0.00, 0.15, 0.30, 0.45,
0.60, 0.75, and 1.00 for ferrite nanoparticles synthesized at pH 7, calcined at
700°C. The most intense peak is at Miller index (311).

signify crystalline nature of the copper—magnesium—nickel ferrite na-
noparticles[3, 17].

Peaks were located at 20° = 30°, 35°, 37°, 43°, 57° and 62°, for the
Miller indices (220), (311), (400), (422), (511) and (440), respectively.
The highest reflection peak appears at 35° that corresponds to Miller
index (311) and indicates that nanocrystalline ferrite samples were
synthesized. The sharp peaks signify high degree of crystallization and
fine particle formation [18, 19]. Particles show some noise in the back-
ground, which is a characteristic of nanoparticles [20]. The particle
size was calculated from the Scherrer’s formula,

D =0.9)/(Bcos0),

where D is the crystalline size; A—the x-ray wavelength; B is the angu-
lar line width at half-maximum intensity, given by p=0.5aFWHM,
and 6—the Bragg’s angle [21]. The particle size was found to be be-
tween 4.1-35.58 nm. The small size can be attributed to the stoichiom-
etry of the cation. In a mixed spinel ferrite like Cu,Mg,_,NiFe,O,, a
number of cations are integrated in the structure. In regard to this,
growth and nucleation of nanoparticles can be affected by capability,
probability and affinity of cations to occupy the available sites [22].
The concentration with smallest nanoparticles was found to be
x=0.15, as it recorded the highest intense peak. The lattice parame-
ter, a, for the samples was calculated using the relation:

a=dJh: +E +1?,
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where h, k and [ are the Miller indices from the most intense peaks [23].
The relationship between particle size, lattice parameter and sample
concentration are shown in Fig. 2 and Table 1.

The lattice parameters increase with increase in concentration up to
the ratio x = 0.15, then decreases for the ratio x = 0.43 and finally re-
mains constant for the other ratios. This variation may be attributed to
the difference in ionic radius between Cu®" (0.73 A) and Mg?* (0.72 A),
where copper ions migrate to B sites while magnesium migrate to A
sites [24]. For the particle size, samples with ratios (x =0, x =0.15 and
x =0.75) obey the Vegard’s rule whereby there is an increase in particle
size as doping is done. This is brought about by the both the chelating
agent and the sintering temperature. On the other hand, samples with
ratios (x =0.30, x =0.45, x =0.60 and x = 1.00) also show little varia-
tions in the particle size with copper content. This clearly confirms

Fig. 2. A graph of particle size and lattice parameter against concentration of
Cu, Mg, NiFe,O, for x=0.00, 0.15, 0.30, 0.45, 0.60, 0.75, and 1.00 ferrite
nanoparticles, synthesized at pH 7, calcined at 700°C. It shows that copper
doping varies the lattice parameters as well as the particle size.

TABLE 1. Relationship between sample concentration, d-spacing, lattice pa-
rameter and particle size of Cu,Mg,;_,NiFe,O, ferrite nanoparticles.

Concentration| d-spacing Lattice parameter, nm| Particle size, nm

X=0 0.252 0.8357 7.92
X=0.15 0.252 0.8357 9.68
X=0.3 0.254 0.8424 7.91
X =0.45 0.256 0.7240 7.92
X=0.6 0.252 0.8667 8.71
X=0.75 0.252 0.8337 7.91

X=1 0.252 0.8358 7.92




STRUCTURAL AND MORPHOLOGICAL ANALYSIS OF Cu-DOPED Mg—-Ni FERRITE 945

that copper doping changes the structure of the ferrite.
Figure 3 shows FTIR spectral graphs with peaks between 400—499
cm ', which are assigned metal—-oxygen vibrations in octahedral sites

Fig. 3. FTIR spectrum of Cu Mg, NiFe,O, for x =0.00, 0.15, 0.30, 0.45, 0.60,
0.75, and 1.00, respectively, synthesized at pH 7, calcined at 700°C. They
show octahedral and tetrahedral bonds between 400—600 cm™ as characteris-
tic of spinel ferrites nanoparticles.
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and 500—600 cm™, which are attributed to metal-oxygen vibrations in
the tetrahedral sites [25].

In Figure 3, the sample with ratio x = 0.00 shows two octahedral met-
al-oxygen vibrational bonds observed between 409—499 cm™, and tet-
rahedral vibration is observed at 556 cm™. In x = 0.15, we observe an
increased vibration with octahedral one between 400-496 cm ™ and tet-
rahedral one at 557 cm ™ as effect of copper doping on the structure of
ferrite nanoparticle. For x=0.30, octahedral vibrations are observed
between wave number 426—499 cm ™! and tetrahedral ones at 551 cm™,
while in x = 0.45, octahedral ones are observed between 407-465 cm !,
and tetrahedral ones are between 505—558 cm ™' an effect of copper dop-
ing. In x = 0.60, we observe octahedral vibrations between 413—-442 cm™
and tetrahedral ones between 510—555 cm . In x = 0.75, octahedral ones
are observed between 407—-439 cm™ and tetrahedral ones between 509—
560 cm ' and, finally, in x = 1.00, we observe octahedral ones between
407-495 cm ™" and tetrahedral ones at 560 cm ™.

The peaks at wave numbers 400-499 cm™ are accredited to metal—
oxygen vibrations octahedral metal complex, with bonds between oxy-
gen ions and the octahedral sites ion due to bending vibrations. The
peaks at wave numbers 500-600 cm™, which are assigned to metal—
oxygen vibrations in the tetrahedral sites due to stretching vibrations
[21]. These characteristic vibrations are caused by copper migration to
octahedral sites while magnesium to tetrahedral site [25]. This differ-
ence in bands, lower at (400-499 cm™) and higher at (500—600 cm™) is
caused by the dimensions of octahedral being lager than that of tetrahe-
dral. Further, the intensity of the band is caused by the fraction change
in dipole moment with inter nuclear distance [26]. The wave numbers
3729-3739 cm ™' are ascribed to OH stretch while 2352—2866 cm™ are
due to CO, absorbed in the air. Other bands being weak shows that dop-
ing was successfully done [27]. The characteristic vibrations observed
are caused by copper migration to octahedral sites while magnesium to
tetrahedral site [28]. This difference in bands is caused by the dimen-
sions of octahedral sites being higher than that of tetrahedral ones. Fur-
ther, the intensity of the band is caused by the fraction change in dipole
moment with inter nuclear distance [27]. The wave numbers 3729-3739
cm ™' are ascribed to OH stretch while 2352—2366 cm ' are due to CO, ab-
sorbed in the air [28]. Other bands being weak shows that doping was
successfully done [26].

3.2. Morphological Studies

The micrographs of high-resolution transmission electron microscope
are presented in Fig. 4.

The images show presence of dark and bright regions on the micro-
graphs, which are due to high and low concentration of the samples re-
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Fig. 4. HRTEM images Cu, Mg, .NiFe,O, for x =0.00, 0.15, 0.30, 0.45, 0.60,
0.75, and 1.00 for ferrite nanoparticles synthesized at pH 7, calcined at
700°C. They show particle distribution and morphology. The particle size is in
the range of 16—45 nm.

spectively [25]. The copper-doped magnesium—nickel ferrite nanoparti-
cles show spherical shaped particles a characteristic of spinel ferrites.
The size of the particles is between 16—45 nm as determined by Imaged
software, which confirms formation of nanoparticles. The samples also
are seen to cluster or agglomerate, which shows a good sign of interpar-
ticle separation [30]. Clustering of the nanoparticles is attributed to ad-
dition of ammonia solution, which causes nucleation and grain growth
in short duration [31].

Further, the microstructures of the samples as determined by the
scanning electron microscopy are presented in Fig. 5.

From the images in Fig. 5, it is evident that doping brings about
changes in the microstructure of the synthesized samples. This is seen
from different distribution of the particles for different ratios [10].
Some micrographs show spherical shaped nanoparticles (x=0, x=0.15
and x =0.3), which agrees with HRTEM [28], while samples (x =0.45,
x=0.6, x=0.75 and x = 1) depicts angular morphology [32]. The SEM
images reveals properties associated with cubic spinel structured syn-
thesized samples [3]. Copper doping increases particle separation.as
seen from the images.

Clustering of particles is noted in all the micrographs as such parti-
cles experience permanent magnetic moments. High calcination tem-
peratures can also affect particle formation [31]. This agrees with TEM
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Fig. 5. SEM images Cu,Mg,_.NiFe,0, for x =0.00, 0.15, 0.30, 0.45, 0.60, 0.75
and 1.00 for ferrite nanoparticles synthesized at pH 7, calcined at 700°C.
They show particle distribution and morphologies. Samples with x =0.45-1
clearly show particle separation an effect of doping.

analysis.

Further, there is evidence of some formation of plate-like shaped par-
ticles that indicates crystalline nature of particles [27]. It is worth not-
ing that particles at nanoscale possess high surface energy hence they
tend to agglomerate [33].

3.3. Elemental Analysis

The x-ray fluorescence elemental composition of the samples is as
shown in Table 2. The percentage composition of the copper-doped
magnesium—nickel ferrite is as expected. Though there are traces of
impurities in the sample, the synthesis process of the nanoparticle was
a success [26]. The XRF that is a semi-quantitative chemical analysis
and showed that the synthesized samples have low level of impurities
and do not have heavy metal contamination.

4. CONCLUSION

Nanotechnology is the art of manipulating matter in nanometer scale.
This knowledge helps in coming up with materials for fabrication of
electronic devices. In this study, copper-doped magnesium—nickel fer-
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TABLE 2. Elemental composition of Cu,Mg,;_.NiFe,0, for x = 0.00, 0.15, 0.30,
0.45,0.60, 0.75, and 1.00 ferrites nanoparticles.

Sample x=0 |[x=0.15| x=0.3 |[x=0.45| x=0.6 |[x=0.75| x=1
Mg 11.710 4.810 3.149 1.926 1.445 5.265 —
Ni 67.671 58.121 53.342 43.100 43.516 56.838 44.509
Cu 0.691 20.444 28.803 43.100 43.516 21.99 44.509
Fe 17.099 14.352 12.571 10.096 9.806 13.847 9.246
Impurities 2.829 2.273 2.135 1.778 1.717 2.068 1.736
% total 100 100 100 100 100 100 100

rite was successfully synthesized thorough Citra gel autocombustion
method. The focus of the analysis was structural elucidation using XRD
and FTIR, morphological using SEM and TEM and elemental analysis
using XRF. In XRD analysis, the samples showed cubic spinel character-
istic with intense peaks at Miller indices (311). The size of the particles
was 4.1-35.58 nm. The lattice constant was in the range 0.7240-0.8667
nm. FTIR analysis indicated frequencies between 400-499 cm™ and
500—600 cm™, which are indicators of vibrations in octahedral and tet-
rahedral sites, respectively. From SEM and TEM, the samples showed
spherical nature with presence of dark and bright regions. The size from
TEM was in the range of 16—45 nm. SEM indicated angular morphology
of the particles. XRF showed the expected stoichiometry of the samples.
It is concluded that samples with x = 0.15 and x = 0.30 had the smallest
crystal size, which can be applied in memory and electronic storage de-
vices [2]. They can also find application in high-density recording media
as they can help in attaining a desirable signal-to-noise ratio.

ACKNOWLEDGEMENT

The authors acknowledge Chuka University, University of Kwa Zulu
Natal and United States International University (USIU).

REFERENCES

1. I. Khan, K. Saeed, and I. Khan, Arabian Journal of Chemistry, 12, No. 7: 908
(2019); https://doi.org/10.1016/j.arabjc.2017.05.011

2. C. Venkataraju, G. Sathishkumar, and K. Sivakumar, Journal of Magnetism
and Magnetic Materials, 322, Iss. 2: 230 (2010);
https://doi.org/10.1016/j.jmmm.2009.08.043

3. R. M. Rosnan, Z. Othaman, R. Hussin, A. A. Ati, A. Samavati, S. Dabagh, and


https://doi.org/10.1016/j.arabjc.2017.05.011
https://doi.org/10.1016/j.jmmm.2009.08.043

950

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

G. A. OSAMONG, P. K. KAMWERU, J. M. GICHUMBI et al.

S. Zare, Chinese Physics B, 25, No. 4: 047501 (2016);
https://doi.org/10.1088,/1674-1056/25/4/047501

Y. K. Dasan, B. H. Guan, M. H. Zahari, and L. K. Chuan, PloS One, 12, No. 1:
e0170075 (2017); doi: 10.1371 /journal.pone.0170075

J. Jacob and M. A. Khadar, Journal of Applied Physics, 107, Iss. 11: 114310
(2010); https://doi.org/10.1063/1.3429202

X. Zuo, A. Yang, C. Vittoria, and V. G. Harris, Journal of Applied Physics, 99,
Iss. 8: 08M909 (2006); https://doi.org/10.1063,/1.2170048

P. P. Hankare, V. T. Vader, N. M. Patil, S. D. Jadhav, U. B. Sankpal,

M. R. Kadam, and N. S. Gajbhiye, Materials Chemistry and Physics, 113, Iss.
1: 233 (2009); https://doi.org/10.1016/j.matchemphys.2008.07.066

T. Smitha, X. Sheena, P. J. Binu, and E. M. Mohammed, IOP Conference Series:
Materials Science and Engineering, 73, No.1: 012094 (2015);
https://doi.org/10.1088/1757-899X/73/1/012094

S. Y. Mulushoa, N. Murali, M. T. Wegayehu, S. J. Margarette, and K. Samatha,
Results in Physics, 8: 772 (2018); https://doi.org/10.1016/j.rinp.2017.12.062
A.I. Ahmed, M. A. Siddig, A. A. Mirghni, M. I. Omer, and A. A. Elbadawi,
Advances in Nanoparticles, 4, No. 2: 45 (2015); doi: 10.4236/anp.2015.42006
A.E. A. A. Said, M. M. A. El-Wahab, S. A. Soliman, and M. N. Goda, Nanosci-
ence and Nanoengineering, 2, No.1: 17 (2014); doi:10.13189/nn.2014.020103
F.S. Tehrani, V. Daadmehr, A. T. Rezakhani, R. H. Akbarnejad, and

S. Gholipour, Journal of Superconductivity and Novel Magnetism, 25, No. 7:
2443 (2012); https://doi.org/10.1007/s10948-012-1655-5

D. Cao, L. Pan, J. Li, X. Cheng, Z. Zhao, J. Xu, Q. Li, X. Wang, S. Li, J. Wang,
and Q. Liu, Scientific Reports, 8, No. 1: 8989 (2018);
https://doi.org/10.1038/s41598-018-26341-4

K. K. Kefeni, T. A. Msagati, and B. B. Mamba, Materials Science and Engi-
neering: B, 215: 37 (2017); https://doi.org/10.1016/j.mseb.2016.11.002

A. Sutka and G. Mezinskis, Frontiers of Materials Science, 6, No. 2: 128
(2012); https://doi.org/10.1007/s11706-012-0167-3

S. Zahi, A. R. Daud, and M. Hashim, Materials Chemistry and Physics, 106,
Iss. 2—3:452(2007); https://doi.org/10.1016/j.matchemphys.2007.06.031

T. Shanmugavel, S. Gokul Raj, G. Ramesh Kumar, and G. Rajarajan, Physics
Procedia, 54: 159 (2014); https://doi.org/10.1016/j.phpro.2014.10.053

J. Azadmanjiri, H. K. Salehani, M. R. Barati, and F. Farzan, Materials Letters,
61, Iss. 1: 84 (2007); https://doi.org/10.1016/j.matlet.2006.04.011

Z.K. Heiba, M. B. Mohamed, A. M. Wahba, and L. Arda, Journal of Supercon-
ductivity and Novel Magnetism, 28, No. 8: 2517 (2015);
https://doi.org/10.1007/s10948-015-3069-7

T. K. Pathak, N. H. Vasoya, V. K. Lakhani and K. B. Modi, Ceramics Interna-
tional, 36, Iss. 1: 275 (2010);
https://doi.org/10.1016/j.ceramint.2009.07.023

S. Thankachan, B. P. Jacob, S. Xavier, and E. M. Mohammed, Physica Scripta,
87, No. 2: 025701 (2013); https://doi.org/10.1088,/0031-8949/87/02/025701
A. Magsood and A. Faraz, Journal of Superconductivity and Novel Magnetism,
25, No. 5: 1025 (2012); https://doi.org/10.1007/s10948-011-1343-x

V. Jeseentharani, M. George, B. Jeyaraj, A. Dayalan, and K. S. Nagaraja,
Journal of Experimental Nanoscience, 8, Iss. 3: 358 (2013);
https://doi.org/10.1080,/17458080.2012.690893


https://doi.org/10.1088/1674-1056/25/4/047501
https://dx.doi.org/10.1371%2Fjournal.pone.0170075
https://doi.org/10.1063/1.3429202
https://doi.org/10.1063/1.2170048
https://doi.org/10.1016/j.matchemphys.2008.07.066
https://doi.org/10.1088/1757-899X/73/1/012094
https://doi.org/10.1016/j.rinp.2017.12.062
http://www.scirp.org/journal/PaperInformation.aspx?PaperID=56201&#abstract
http://www.hrpub.org/download/20131215/NN3-16501369.pdf
https://doi.org/10.1007/s10948-012-1655-5
https://doi.org/10.1038/s41598-018-26341-4
https://doi.org/10.1016/j.mseb.2016.11.002
https://doi.org/10.1007/s11706-012-0167-3
https://doi.org/10.1016/j.matchemphys.2007.06.031
https://doi.org/10.1016/j.phpro.2014.10.053
https://doi.org/10.1016/j.matlet.2006.04.011
https://doi.org/10.1007/s10948-015-3069-7
https://doi.org/10.1016/j.ceramint.2009.07.023
https://doi.org/10.1088/0031-8949/87/02/025701
https://doi.org/10.1007/s10948-011-1343-x
https://doi.org/10.1080/17458080.2012.690893

STRUCTURAL AND MORPHOLOGICAL ANALYSIS OF Cu-DOPED Mg—-Ni FERRITE 951

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

R. Sridhar, D. Ravinder, and K. V. Kumar, Advances in Materials Physics and
Chemistry, 2, No. 3: 192 (2012); doi: 10.4236/ampc.2012.23029

J. Balavijayalakshmi and M. J. Saranya, NanoSci. NanoTechno, 2, Iss. 4: 397
(2014).

D. Mott, J. Galkowski, L. Wang, J. Luo, and C. J. Zhong, Langmuir, 23,

No. 10: 5740 (2007); https://doi.org/10.1021/1a0635092

M. Maria Lumina Sonia, S. Blessi, and S. Pauline, International Journal

of Research, 1, No. 8, Pt. 3: 70 (2014).

C. Venkataraju, G. Sathishkumar, and K. Sivakumar, Journal of Magnetism
and Magnetic Materials, 322, Iss. 2: 230 (2010);
https://doi.org/10.1016/j.jmmm.2009.08.043

L. Khanna and S. K. Tripathi, Research Journal of Recent Sciences, 6, Iss. 2: 1
(2017); Microsoft Word - 1.ISCA-RJRS-2017-002.docx

A. Gaber, M. A. Abdel-Rahim, A. Y. Abdel-Latief, and M. N. Abdel-Salam, Int.
J. Electrochem. Sci., 9: 81 (2014); 90100081 .pdf (electrochemsci.org)

N. Sanpo, C. Wen, C. C. Berndtn, and J. Wang, Microbial Pathogens and Strat-
egies for Combating Them: Science, Technology and Education (Spain: For-
matex Research Centre: 2013), vol. 1, p. 239.

H. Arabi and N. Khalili Moghadam, Journal of Magnetism and Magnetic Mate-
rials, 335: 144 (2013); https://doi.org/10.1016/j.jmmm.2013.02.006

S. Sagadevan, Z. Z. Chowdhury, and R. F. Rafique, Materials Research, 21,
No. 2: 20160533 (2018); https://doi.org/10.1590/1980-5373-mr-2016-0533


http://dx.doi.org/10.4236/ampc.2012.23029
https://doi.org/10.1021/la0635092
https://doi.org/10.1016/j.jmmm.2009.08.043
http://www.isca.in/rjrs/archive/v6/i2/1.ISCA-RJRS-2017-002.pdf
http://www.electrochemsci.org/papers/vol9/90100081.pdf
https://doi.org/10.1016/j.jmmm.2013.02.006
https://doi.org/10.1590/1980-5373-mr-2016-0533




Hawnocucmemu, HaHomamepiaiu, HAHOMEXHOLO2IT © 2020 IM® (IactuTryT MeTanodisukm
Nanosistemi, Nanomateriali, Nanotehnologii im. I. B. Kypaiomosa HAH Vkpainun)
2020, 1. 18, Ne 4, cc. 953-960 HaznpykoBaHo B YKpaiHi.
doroKonioBaHHA JJO3BOJIEHO

TiJbKY BigmoBigHO M0 JineHsil

PACS numbers: 68.37.Ps, 68.55.Nq, 73.50.Jt, 73.61.At, 75.47.Np, 85.70.Kh, 85.75.-d

CrpykTypHO-(ha30BUil CTAaH i MATHETOPE3UCTUBHI BJIACTUBOCTI
CHiH-KJIAIAaHHUX CTPYKTYP Ha ocHOBi Co Ta Ru

A. M. Jlorsunos, I. B. Yemxko, C. I. IIpomenko

Cymcvruil deprcasHuil ynisepcumem,
eys. Pumcvrozo-Kopcakosa, 2,
40007 Cymu, Yrpaina

BcranoBiieHo (pa3oBuil cKJIaL i BUBUEHO MArHEeTOPE3UCTUBHI BJIACTHUBOCTI CBi-
JKOCKOH/IEHCOBaHUX i BiqmaneHux sa Temneparypu y 600 K TpumapoBux mi-
BKOBUX cucteM Ha ocHOBi Co Ta Ru y misimazoni ToBmuH okpeMux mapis 5—40
uM. IToxasano, 110 mIiBKu Ru 3 epeKTUBHOIO TOBIITMHOIO MeHIIIe 15 HM, oxep-
skaHi Ha migirpity o 500 K ckaokepamMiuny miAKJIaAUHKY, CTPYKTYPHO HECy-
minepHi. ¥ BUmaaky HaaBHocTH mapy Co miaiBkum Ru cTpyKTypHO CyIiabHI 3a
TOBINUH dp, 6inbIlle 5 HM. 3aIPONIOHOBAHO ONTUMAJLHI YMOBU (hOPMYBaHHA
cuHTeTnyHUX aHTUGepomarneTHuX (CADP) mapis Ha ocHoBi Ru ta Co nisa me-
TaJeBUX CIIiH-KJANaHiB i3 cTabiIbHUMU KPUCTATIUYHOIO CTPYKTYPOIO Ta MarHe-
TOPEBUCTUBHUMHU BJIACTHUBOCTAMU. Habinbin edeKTUBHUMHU 3 TOUKH 30DPY
3HAUEHHS BeJIUYNHU MarLetoomnopy € tpuiinapoBi ctpykrypu Co/Ru/Co/II 3
TOBIIUHOIO I1apiB dg,= 20 HM i TOBIMHOIO HpoIIapky dg, = 5—20 HM 3 moza-
JApIINM Bignanaosanaam go 600 K.

The features of phase composition and magnetoresistive properties of three-
layer film systems based on Co and Ru within the thickness range of 5—-40
nm, which condensed at 300 K and annealed at 600 K, are revealed. As
shown, the Ru films with an effective thickness of less than 15 nm obtained
on glass-ceramic substrates heated at 500 K are not structurally continuous.
In the case of a Co buffer layer, the Ru films are structurally continuous over
thicknesses exceeding 5 nm. Optimal conditions for the formation of func-
tional synthetic antiferromagnetic (SAF) layers based on Ru and Co for metal
spin-valves with unchanged crystalline structure and magnetoresistive prop-
erties are proposed. The most effective in terms of magnetoresistive proper-
ties are three-layer Co/Ru/Co/S structures with a thickness of Co layers
dc, =20 nm and a thickness of the Ru interlayer di, = 5—20 nm under subse-
quent annealing to 600 K.

KarouoBi cioBa: ToHKa IJIiBKa, (GasoBUil CKJal, CIiH-KJalaHHA CTPYKTYpa,
MarHeToolip, KOePIUTUBHA CHJIA.

Key words: thin film, phase composition, spin-valve structure, magnetore-
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sistance, coercive force.

(Ompumano 27 ciunsa 2020 p.; ocmamouna epcia — 9 gepecna 2020 p.)

1. BCTYII

HanocTpyxTypu Ha ocHoBi Ru Ta Co y BUIIALL TPUIIAPOBUX ILITiBKOBUX
CHCTEM 3 TOBIITMHOIO OKPeMUX IapiB Bix 5 1o 20 HM BUKOPUCTOBYIOTHCS
I (GopMyBaHHSA CUHTETUUYHUX aHTH(EepOMarHeTHUX (GpyHKIIOHAJIBHUX
n1apiB y MeTaJIeBUX CHiH-KJAllaHHUX CTPYKTYpPax IIPY CTBOPEHHI CeHCOPiB
MarseTHOro mnoJid [1], eremenTiB cninoBoi mam’aATi [2], cniHOBUX TpaH3uUC-
TopiB [3] Toro. Ha Bimminy Bix mpocTux anTH(epoMarHeTHUX IIapiB, Ha-
mpukJan Ha ocHoBi MgO [4], cunTeTnuHi anTudepoMarieTHi CTPYKTYpHU
BUTOTOBJIAIOTECS Y BUTJIAAL OaraTomapoBUX ILTiBKOBUX CTPYKTYp. s
ixHbOI edeKTUBHOI PoOOTH Mae 30epiraTuch iHAWBIAYaIbHICTE OKPEMUX
mIapiB y IIporieci eKcIiuTyararlii CIriH-KJIallaHHOTO eJIEMEHTY B 3alaHOMY
iHTepBaJIi TeMnepatTyp i min xieto 3oBHIMIHIX (hisuunMX 10JiB. Ile MoxxHA
pearnisyBaTu B OaraTomiapoBuX IIIBKOBUX cucTeMax Ha ocuHoBi Ru Ta Co,
copMoOBaHUX 3a KIMHATHOI TeMIIepaTypHu, OCKLIbKHM, 3TigHo 3 [5], B3aeM-
Ha nudysida aTromiB Ha Me:xki moxmiay miapiBs Ru Ta Co He cmocTepiraernes.
BaskauBuMU cTaOTh JOCTiIKEHHA CTPYKTYPHO-(a30Boro crany ta ¢isu-
YHUX BJIACTUBOCTEM OJHOIIIAPOBUX ILTiBOK AK Ru, Tak i Co. ¥ pazni pobit
[6—9] moBimomsgeThCA, IO IIPU TOBIMUHAX d < 25 HM miriBkz Ru Mmaiors
IpioHOAVCTIEpCHY KBasdnaMOp®HY CTPYKTYypy. PiswuHi BIacTUBOCTI TOH-
Kux mrapiB Ru He mocaigskeHo, a BUBYAJIMICA JIAITIE Y IIOETHAHHI 3 iHIITIMY
Merajgamu, Hanpukian, Cu ado Al[10-11], ocobauBocTi iXHLOI KpucTaTi-
YHOL CTPYKTYPH.

Meta mamoi poboTu moJiArae y BUBYE€HHI (ha30BOTO CKJIAAY, KPUCTAJi-
YHOI CTPYKTYPU Ta MarHETOPE3UCTUBHUX BJACTUBOCTEHN (PYHKIIiOHAIH-
HUX I1apiB cuiH-KJjamnaHiB Ha ocHOBI Co Ta Ru y mismasoHi Temnepatyp
Bix 300 mo 600 K. Ile yMOKINBUTH BUSHAUNTY YMOBU (hDOPMYBAHHSA ILJTi-
BKOBUX CUHTETUUHUX aHTHU(hEePOMarHeTHUX ITapiB AJI MeTaJeBUX CIiH-
KJIaTIaHiB 3 TepMOCTabiIbHUMU POOOUYMMHU XapaKTepucTuKaMmu. Kpim
TOTO, AOCJIiAsKeHHs MOPQOJIOTili MOBEPXHI CTPYKTYDP YMOMKJIUBUTDH OILi-
HUTH AKicTh inTepdeiicy misk CAD-1mapamu i pobounMu ImapamMu CIiH-
KJIAaTIAaHHUX CTPYKTYP.

2. METOOJUKA ERCIIEPUMEHTAJIBHUX OTOCJIIJKEHD

OpHorrapoBi Ta TpuiapoBi ITiBKOBi cuctemu Ha ocHOBiI Ru Ta Co 3 ToB-
HUHOIO I1apiB 5—40 um Oyau ofep:kaHi y BAKYYMHilT Kamepi (3aIUIIKo-
BUii TMCK — 107* IIa) mmraxom moyeproBoi KOHIEHcAIlil MeTaJIiB i3 1BOX
He3aJIe)KHUX IKepes eJIeKTPOHHO-IIPOMEHEeBOI0 MeTom00. KOHTPOoJIb To-
BIIUHU 3MiHICHIOBABCS 3a JOIOMOTOI0 METOAM KBApI[OBOTO Pe3oHaTopa.
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Iliciis KoHgeHcaIlil TOBIIMHA IJIIBOK JOAATKOBO YTOUHIOBaJIacs iHTepde-
poMerpuuHOoO MeTomoo. IIIBuaxicTs KommeHcarlii cramosmiaa 0,2-0,4
uM/c. Ilicaa 3aBepiieHHA IIpollecy KOHAEHCcAITil 3pasku cTabirisyBanucs
IIPOTATrOM 8 TOAWH Y BAKYYMHil KaMepi, a TepMOBinnagoBaancsa B iHTep-
Bayi Temmepatyp T, = 300—-600 K miisxom HarpiBaHHA ¥ 0XOJIOMKEHHS
3i mBuaKicTio y 5 K/xB i Burpumiu npu T, mporarom 30 xB.

JlocaikeHHSA KPUCTAJNIYHOI CTPYKTYPHU Ta (Pa3oBOT0O CKJIAAY ILJIiBOK
IPOBOAMJIOCS €JIEKTPOHHO-MIKPOCKOIIIYHOIO i eJIEKTPOHHO-IN(PPaAKITiH-
HOI0O METOJaMM 3a KiMHATHOI TeMIIepaTypHu 3a JOIOMOTI0OI0 IPOCBiTJIIO-
BaJIBHOTO eJIeKTPOHHOTro Mikpockoma ITEM-125K.

BuBueHHA ITOBEPXHi 3pa3KiB IIPOBOAMUIIOCA METOA0I0 aTOMHO-CUJIOBOL
MiKpoCKoIIii 3 BuKopucranuamM npuctporo Dimention Edge 3a momomo-
roio 30HAiB TESPA-SS (posainbua sgaTHicTh — MeHINIe 5 HM) y HAITiB-
KOHTaKTHOMY PEXKUMi poOOTH, IO 3HAYHO 3MEHIITY€E BIJIUB CKaHYBaJIb-
HOT'0 30HIa Ha IIOBEPXHIO 3pasKa.

Pospaxyuok Bemumuuuu maraeroonopy (MO) saiticuioBanau 3a hopMy-
JIOIO:

MO =[R(B) - R(0)]/R(0) x100%,

ne R(B), R(0) — omip 3paska B MarHeTHOMY II0JIi Ta 6e3 moJa BigmoBiz-
Ho. Omip BUMipioBaIy YOTUPOTOUKOBOIO CXEeMOIO B IO3TOBKHIiN reoMer-

pii (j I B) .
3. EKCIIEPUMEHTAJIBHI PE3YJIbTATHU TA IX OBI'OBOPEHHA

fAx Gysio morkazano Hamu padite [12], cTpyKTypa OZHOIIIAPOBUX TOHKUX
mriBok Ru sames uTh Biff iXHbOI TOBIWHU Ta TeMIIePATyPH IIiKJIaINH-

I'ur-Co

100
@amill
101

10—

a 0

Puc. 1. Enexkrponorpamu Bizg 3paskis Ru(40)/II (a) tra Co(20)/Ru(5)/Co(20)/I1
(6) micana BiznmamioBanua g0 T, = 600 K. [IIT — BigbuTTa Big nedeKTy naxysaH-
ma B I'TI[II-Co. ¥V ny’kKax BKa3aHO TOBIIHHY B HM.!
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ku. Ognormtaposi mriBku I'IIIII-Ru 6e3 crigiB okcuny 6yiu ogep:kaHi mpu
d > 20 um Ha migirpity go 500 K migkaIaguHKy 3 HACTYIHUM TEPMOOOPOO-
aeaaam g0 T,=600 K (puc. 1, a). PosdpaxoBaHi 3HaueHHSA HmapaMeTpiB
rpatauni ckiaagaotsk a=0,270+0,001am i ¢=0,430+ 0,001 aMm, 110
0M3BbKO 0 TAaOMWYHUX 3HAUeHb A mMacuBHOTo Ru (a,=0,2705HM i
co=0,4281 uwm [13]). IIpu ToBmuuax, mermux 20 am (T, =300 K), ixaa
CTPYKTypa € KBasumamopdHoo. ABTopu podoTu [14] cTBEPIKYIOTH, IO
KBasuaMop(pHICTL yAbTPATOHKUX HIapiB Ru 3yMOBJI€HO BILIMBOM AOMi-
mKoBux aromiB Kapbomy, 1110 BUCTYIalOTh IeHTpaMu amopdizarii. ¥V
TabJUIIL HaBeJeHO po3Iu@pPyBaHHA eJeKTpOHOrpaMu Bif 3paska
Co(20)/Ru(5)/Co(20)/I1 mmicna BimnamtoBamusa 1o 600 K.

IIpu 36inbIlIeHHI TOBIMUHN 3Pa3KiB BILIMB JOMIIIIOK IOHMMKYETHCH, 1
omHoIapoBi miriBku Ru mMaioTh ApiGHOAMCIEPCHY KPUCTATNIUHY CTPYK-
TYypy, IIIO B IIPOIECi TEPMiUHOIO BiAIIa/JIlOBaHHS, BHACJIJOK IIPOIIECiB
pekpucragisaiii, HaOyBae JabipuHTHY (opMy Ta 30iJbIITye KOHTPACT-
HicTh. CepenHiii po3Mip 3epHA Iicaa BiAa oBaHHA cKJaagae 16 HM.

Ha emexTponorpami Bix Tpumaposoi mirieku Ru/Co/Ru/Il cniocrepi-
raloThCA IBi rpynu JiHii, mio Bizmosizarors pasam I'IIIII-Ru Ta I'IIIIT-Co
3 mapaMeTpaMu I'DaTHUIlb, OJU3BKUMHU OO0 TAOJMUYHUX 3HAUeHb (puc. 1,
0). PosmudpyBaunusa exexkrponorpamu 3paska Ru/Co/Ru/II naBeneHno y
rabauiti. HalimeHIlle sHaueHHA TOBIHIMHU I1apy Ru, mpu axomy ¢ikcy-
oTbed JiHii Bim Ru Ha ejleKTpoHOrpami, AJIA OTHOIIAPOBUX 3pPas3KiB cTa-
HOBUTH 15 HM, a IJId TPUIIAPOBUX — D HM. SMEHIIeHHs TOBIIUHU ITapy
Ru, 3a aK0i BiH 3a/MINIAETHLCA CTPYKTYPHO CYHLIBHUM, Y BUIAAKY TPHU-
IITIaPOBUX ILTIBKOBUX CHCTEM MOXKHA ITOB’SI3aTU 31 3MiHOIO MOT0 CTPYKTY-
pu B mportieci opmyBanHs Ha 1mapi Co y IopiBHAHHI 3 IpoiiecoM Gopmy-

TABJUIIA. PaszoBuii ckaasn maiBkosoi cucremu Co(20)/Ru(5)/Co(20)/I1 mic-
a4 Bignamosamssa g0 T, = 600 K.2

Ne I, B.O. d ey HM hkl daza a, HM ¢, HM
n/m

0,231 100 TIIIII-Ru 0,2668 0,4286

1 Cp 0,216 100 T'IIII-Co 0,2494 0,4072

111 T'IIK-Co 0,3568 —

2 Cp 0,206 101 I‘I?IH-Ru 0,2664 0,4288

3 acC 0,194 101 T'IIII-Co 0,2546 0,4157

4 Cp 0,154 102 THIII-Ru 0,2698 0,4301

5 Cp 0,134 110 THIII-Ru 0,2680 0,4305

0,125 110 T'IIII-Co 0,2500 0,4082

6 Cp 0,118 103 TIIIII-Ru 0,2661 0,4280

IIpumimra: ay(Ru) =0,2686 um; cy(Ru) = 0,4272uM; ay(Co) = 0,2514 um; ¢y(Co) = 0,4105 aM; @
(Ru)=0,270 am; ¢ (Ru)=0,429 am; a (Co)=0,251 um; ¢ (Co)=0,407 am. Tabnuuni 3HaUeHHS
napameTtpiB musa Co ta Ru B3saTo 3 po6oru [13]. [IC — ny:xke cunbHa; C — cunbHa; Cp — cepenHs.
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BaHHA Ha aMopdHil Byrienesiii miaisii. Takosx HeobxXigHO BigMiTHTH,
IO Y BCiX POBIVIAHYTUX TPUINAPOBUX ILIIBKOBUX cUCTeMax (Da3oBUIi CTaH
i KpucrasiyHa CTPYKTypa 3pasKiB 3aIMMIATNCA HE3MiHHUMMU IIPY IIOBTO-
pHUX IIUKJAX HarpiBaHHS ¥ oxoJsomkeHHA B iHTepBasi 300—600 K. Or-
JKe, IIPOIleC TeMIIEpaTypPHOro o6pobJieHHA He BILJIMBAE iCTOTHO Ha (haso-
BUM CKJIQJI.

Ha pucyuky 2 masegeno ACM-300pakeHHsI TOIIOJIOTil ITOBepXHi, CBi-
JKOCKOHIeHcoBaHoi (puc. 2, a, 8) Ta BinnaueHnoi 1o remmneparypu y 600 K
(puc. 2, 0, 2) onmomtapoBux MmiIiBok Ru ToBmuuoio d = 10—-40 um 10 Ta
micyaa BigmadoBaHHA. AHaisyoun 300paskeHHsSI, MOMKHA ITPOCTEKUTH
3arajibHy TEeHIEHIIil0 (hJopMyBaHHS PiBHOMipHO PO3IIOAiJIEeHOI IMOBEePXHi
3paskiB. CepenHi 3HaUeHHS IIIEPCTKOCTU IMOBEPXHIi CBiXKOCKOHIEHCOBA-
HuX maiBok Ru ToBmimuooo y 10 i 40 uMm cKiaagaroth h=25M i A =4 HM
Bigmosiguo. Ilicisg TemmepaTypHOro oOOpOOJIeHHS IIOBEPXHS 3pasKiB
TpaHC(POPMYETLCS A0 KOHTPACTHIIIIe BUPAYKEHO]1 i3 cepeHiM 3HAUYeHHAM
mepctkocT h =4 um (mpu d = 10 am) i £ =9 M (ipu d = 40 HM).

Buxogsguu 3 Toro, mio Tpuiiaponi mriBkoBi cuctemu Co/Ru/Co/Il
MOKYTH OYTH BUKOPHUCTAHI AK CUHTETUYHI anTHU(hepoOMarHeTHi IIapu B
CIiH-KJIaDaHHUX CTPYKTYpax, HACTYIIHUM eTamoM pobotu OyJio 3mific-
HEHO IOCJimKeHHs MarHeTOPe3MCTUBHUX BJiacTuBocTeii. I[asa aHamisu
oIep;KaHUX Pe3yJIbTATiB JOJATKOBO OYyJaM IIPOBEJEHi MOCJiIKeHHS Of-
HoIapoBux mIiBok Co, TOBIMWHA AKUX MOPiBHIOE 3arajbHili TOBIIMHI
MmarHeTHux mapiB y cucremi Co(20)/Co(20)/11, ne cTBOpioBasacda IITYY-
Ha Meika IMONiJy IMJIAXOM 3YIMHKN KOHJEHCAIlil UM TO IIepexony IO
tpurtapoBoi cucremu Co(20)/Ru(20)/Co(20)/11. IlITryunuii inTepdeiic y
Bunagry cuctemu Co(20)/Co(20)/I1 ¢popmyeThbea mig uac 3yIUHKY IPO-
Iecy KOHIeHcallii Ta BUHUKA€E BHACIIJOK IepeposIoAily aTOMiB IO II0-

h,um h,uM

=l 16

12

8

4

0

100nm “
= -8

, HM

h
Il | 50
40
30
20
100 nm 10
— 0

Puc. 2. ACM-306paskennsa mosepxHi miriBok Ru(10) (a, 6) ra Ru(40) (s, 2) no (a,
6) Ta micasa BigmamoBarua 10 600 K (6, 2). Ilnoma ckaryBasaa — 1 Mem>.?

h,um
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Puc. 3. Marueroomnip 3paskis Co(40)/II (a), Co(20)/Co(20)/II (6), Co(20)/Ru(5)/
/Co(20)/11 (8), Co(20)/Ru(10)/Co(20)/II (2), Co(20)/Ru(20)/Co(20)/1I (9) micasa
Bignamosauaa 1o T, = 600 K.*

BepxHi mapy Co i3 popMyBaHHAM MATHETHOI JOMEHHOI CTPYKTYPH HU-
JKHBOTO II1apy.

IIpu BimHOBJIEeHHI mpoIlecy KoHAeHcallil (popMyBaBCcs BePXHIH IIap
Co. ITopiBHAHHS MOJBOBUX 3aJIEKHOCTEHl MATrHETOOIIOPY 3pasKiB 0e3 i 3
mITyuHuUM iHTepdeiicom (puc. 3, a, 6) mMoKasajo, 10 B 000X BHUOAIKaX
MAarHeTOOIIip Mae BUPaKeHH aHi3OTPOIHUN XapakTep. Benrmnunma mar-
HeToomopy ckaagae 0,1-0,2% i e TuIoBoIO AU MIIBKOBUX 3pa3KiB umc-
TuX (pepoMarHeTHIX MeTasaiB [15].

Pospinennsa marmeraux mapis Co mporrapkom Ru Morke mpuBoauTu 10
HOSABY MiK HUMHU HempsaMmoi anTudepomaraeTHoi Bzaemonii. IIpu makia-
MaHHi 30BHIIITHHOT0 MArHETHOI'O II0JISI CUCTEeMA IIePeXOoauTh 10 hepoMarHe-
THOI KOH(pir'ypaifii, 1110 CyIIpOBOAKYETHCSA IIOMITHOIO 3MiHOIO OIOPY 3pas-
Ka. Ha puc. 3, 8, 2, 0 HaBegeno sauesxkuocti MO TpUIIapoOBOI CHUCTEMU
Co/Ru/Co 3 ograroBoro ToBImHOIO mapis Co Ta ToBmmHOIO mapy Ruy 5,
10 i 20 M. AHarizyoun IIOJLOBI 3aJI€KHOCTI MAarHeTOOIIOPY AJS TPHUIIA-
POBUX 3pasKiB y MOPiBHAHHI 3 OHOIIIAPDOBUMH, CJIi BigMiTHTH mIepexin 1o
isoTpomuoro xapaxkTepy MO. lleii mepexin 3ymoBiaeHMT pearisallieio B Ta-
KMX CHCTeMaXxX CIIiH-3aJIeKHOTO PO3CiI0BaHHS eJeKTPOHIB IPOBiOHOCTH.
Tako:x 3asHauaeMo, IO 30iJBIIIEHHSA TOBIMUHU IIPOMiKHOrO Iapy Ru
MIPUBOAUTD [0 AEAKOr0 3POCTAHHSA aMILIITyA1 MarHeTOPe3uCTUBHOrO ede-
KTY.

4. BAICHOBRH

BceramosieHno pasoBuii CKJIAM i BUBUEHO MATrHETOPE3NCTHUBHI BJIACTUBOC-
Ti OLHO- Ta TPUIIAPOBUX MJIiBKOBUX cucTeM Ha ocHOBi Ru Tta Co B miama-
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30Hi TOBIIUH OKpeMux 1mapis 5—40 M 3ajIe;XHO BiJ YyMOB Oofep:KaHHA Ta
TeMIIepaTypHoro oopodaenns. IlokaszaHo, 110 y BUIIAAKY OZHOIIIAPOBUX
miaiBok Ru HaliMeHIille 3HaYeHHA TOBIMUHU 3paska A OJepP:KaHHSA
CTPYKTYPHO-CYIiJIbHOI KpHCTAJIIUHOI MJIiBKM CTAHOBUTH 15 HM, y Toi
sxe yac tpurntaposux cucreM Co/Ru/Co/II — npu dg, = 5 am. Ha ocHoBi
oJlepsKaHIX 3aJIeKHOCTEeHl MarHeTOOIOPY Ta Pe3yJbTaTiB HOCJiIKeHHS
CTPYKTYPHO-(a30BOT0 cTaHy 0yJI0 BCTaHOBJIEHO:

— JIOILIBHUM 3 TOUYKU 30pYy 3MEHIINeHHA KiJIbKOCTH nedeKTiB € dop-
MYBaHHS OJHOIIAPOBUX ILTiBOK i Tpuinaposux cucrteMm Co/Ru/Co/II Ha
oigirpitux mo 500 K migxmaguHKax;

— 3a ymoBHU (popmyBanHsa miriBok mpu 1,= 500 K mporiec mogaabIoro
repMmoBinmamoBanua 10 600 K He BHOCUTDL iCTOTHUX 3MiH ¥ CTPYKTYPY
TOCJiT:KyBaHUX 3PasKiB;

— OITHUMAJBLHOIO AJA (popMyBaHHA POOOUMX IIAPiIB CIiH-KJIAIaHiB €
roBIuHA ILIiBOK Co i Ru 6ausbko 20 HM;

— 1Jid 3a0e3neueHHA CTA0IIBHOCTH POOOUMX XapPaKTEPUCTUK ILIiB-
KOBHUX (PYHKIIIOHAJbHUX AHTH(PEPOMArHETHUX CHHTETUUYHUX IIapiB Ha
ocHoBi Co Ta Ru HeoOxiHO mpoBOAUTH TePMOOOPOOIEHHA iX B iHTEpBAaJTi
remnepatyp 300—600 K 3a ymoBu popmysanus npu T,= 300 K.

Poboty Bukomano y pamkax HIIP Ne 01170003925 (2017-2020 pp.).
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! Fig. 1. Diffraction of Ru(40)/S (a) and Co(20)/Ru(5)/Co(20)/S (6) after annealing up to T,= 600
K. DP—reflection from packing defect (stacking fault) in h.c.p. Co. The thickness in nm is shown

in brackets.

2 TABLE. Phase composition of the Co(20)/Ru(5)/Co(20)/S film system after annealing to

T,=600K.

3 Fig. 2. AFM image of surface of the Ru(10) (a, 6) and Ru(40) (s, z) samples before (a, 6) and after

annealing up to 600 K (6, 2). Scan area is 1 mkm?.

4 Fig. 3. Magnetoresistance of Co(40)/S (a), Co(20)/Co(20)/S (6), Co(20)/Ru(5)/Co(20)/S (s),

Co(20)/Ru(10)/Co(20)/S (2), Co(20)/Ru(20)/Co(20)/S (9) after annealing up to T, = 600 K.
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Designing spintronics materials with high T, is a big challenge in the modern
nanomaterials’ research. V[TCNE], is considered to be an excellent candidate
for spintronics applications with some advanced properties. Ferrimagnetic
resonance (FMR) of three high-T. organic-based magnetic V[TCNE], films is
reported. These samples prepared by chemical vapour deposition (CVD)
method under different preparatory conditions have different transition
temperatures: >300 K (sample A), 280 K (sample B), and 220 K (sample C).
Their different magnetic parameters such as effective magnetization, full
width at half maximum, etc. have being studied in the temperature range 10—
300 K. Sample A shows long-range ordered magnetic behaviour, while sam-
ples B and C exhibit spin-glass-like behaviour.

IIpoekTyBaHHA MaTepidAdiB AJIs CHIHTPOHIKU 3 BUCOKUM T, € BeJIUKOIO IIPO-
6seMOI0 B Cy4YacHUX HociaimkeHHAX HaHomarepianiB. V[TCNE], BBarkaeTnca
YygOBUM KaHIWAATOM IJA 3aCTOCYBAaHb y CHIiHTPOHIINI 3 AesIKMMHU PO3IIHpe-
HuMHu BiactuBocTAMu. IloBimomaserbeca mnpo ¢GepuMarHeTHUN PE30HAHC
(FMR) Tprox BucoxkoTeMueparypaux maraetTHux miriBok V[TCNE], ua oprasi-
yHill ocHoBi. Ili 3pasku, MIPUrOTOBaHI METOZOI0 XeMiUHOTO OCAAKEeHHA Iapu
(CVD), B pisHMX HiATOTOBUMX yMOBAX MAaIOTh Pi3Hi TeMIepaTypu IIEePeXOony:
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> 300 K (spasok A), 280 K (spasox B) i 220 K (spasox C). Ixui pisui marmersi
mapaMeTpHu, Taki 9K epeKTUBHA HAMATHETOBAHIiCTD, ITOBHA IITUPUHA B TTOJOBU-
Hi MAaKCUMyMYy TOIIO0, BUBUAJUCA B miAmasoui tremmepatyp 10—-300 K. 3pasox
A meMoHCTpye MarHeTHY MOBEiHKY AAJbHBOTO NiAMNAa30HY, TOAl K 3pasku B i
C IeMOHCTPYIOTH CXO0KiCTh Ha ITOBEAiHKY CHiH-CKJIA.

Key words: ferrimagnetics, spintronics, EPR spectroscopy, magnetization
dynamics, surface magnetic properties.

Karouosi cioBa: pepumarmeTuku, cuintporika, EITP-conekTpockomisa, guHa-
MiKa HaMarHeTOBaHOCTHU, ITIOBEPXHEBi MarHeTHi BJIaCTUBOCTI.

(Received 17 January, 2020 )

I. INTRODUCTION

V[TCNE], (TCNE = tetracynoethelene) films (room temperature organ-
ic-based magnet) attracts a lot of attention from scientists nowadays.
It is being reported spin-valve working at room temperature using
V[TCNE], as the spin injector/detector [1]. These films exhibit a large
positive magnetoresistance (MR) with the maximum at the ferrimag-
netic ordering temperature [2]. The spin polarization of mobile charges
in V[TCNE], makes it potentially good for spintronics usage at differ-
ent temperatures. Among the large number of organic-based magnets,
V[TCNE], is especially unique, because it has the highest magnetic-
ordering temperature: T.= 400 K [3]. Another advantage of V[TCNE],
films is the possibility to tune their T. by changing preparatory condi-
tions; for example, by oxidation of vanadium or by thermal treatment
[4]. In our work, we consider three different films: sample A with
T.>300 K, sample B with T,=280 K, and sample C with T,=220 K.
V[TCNE], molecule consists of V** with spin S =3/2 and two [TCNE]
with spin S =1/2 (one unpaired electron in the n* orbital). Because of
antiparallel alignment of V**ions and [TCNE] radicals, we can observe
saturation moment of approximately 1 per each V[TCNE], [5].

We use FMR as a very powerful technique to study magnetization dy-
namics and surface magnetic properties of V[TCNE], films [6]. Due to
this study, we have a view of the magnetic structure of the film samples
on the microscopic level with very high resolution and sensitivity. In
this work, we do emphasis on the correlation between the magnetic-
ordering temperature and the magnetic properties of studied films to-
gether with the structures of the three samples, which were thoroughly
examined. The obtained results are important for further magnetotran-
sport analysis and for use of studied films in spintronics devices.

FMR studies of thin CVD films of V[TCNE], have already been re-
ported by Plachy et al. Those films have several advantages: FMR exhib-
its very narrow linewidths near T,; the temperature dependence of the
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FMR as a function of the orientation of film provides an accurate meas-
ure of the anisotropy field; measurements of the FMR intensities and
line widths give estimates of the porosity of the films; the occurrence of
spin waves provides an estimate of the exchange stiffness constant [7].

II. EXPERIMENTAL

V[TCNE], films were of different thickness: 4 microns for sample A, 2
microns for sample B, and 6 microns for sample C. They were deposited
on the glass substrates at room temperature by means of the CVD
method. The process of preparation of the samples was performed in
the glove box and described in details in Ref. [4]. After that, samples
were sealed in special ESR-grade quartz tubes. The FMR experimental
measurements were made by using commercial Bruker Instruments
ESP 300 (X-band) EPR spectrometer equipped by TE,,, resonant cavi-
ty. For temperature measurements in the range of 10-300 K, the Ox-
ford 900 continuous flow helium cryostat had being used.

III. RESULTS AND DISCUSSION

In Figure 1, the temperature dependence of absorption intensity,
which is proportional to magnetization, is shown for three samples.
The onset temperature of spontaneous magnetization in each case is
directly related to the ferromagnetic ordering temperature of each
sample. We recorded FMR spectra at different angles between the
plane of film and applied magnetic field, 6: 0°, 30°, 60°, and 90°. Such
spectra are shown in Fig. 2, a, b, ¢ for samples A, B, and C, respective-
ly. As the angle 0 increases, the resonant field is also increases as we
expect for thin films because of the demagnetization effect.

Fig. 1. Magnetization as a function of temperature for samples A, B, and C
obtained by double integrating the FMR derivative absorption curves.
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Fig. 2. a, b, c. FMR spectra for samples A, B, and C, respectively, at different
angles between the plane of film and applied field.

For the given radio frequency, we can write such formulas for the
film sample for the parallel and perpendicular resonance fields:

H™ = (o/y) - 2rM,,, , (1)
H™ = (o/y) +4nM,, - (2)

From formulas (1) and (2), we can get value of effective magnetization:
M, = (H™ - H™)/67). (3)

The angular dependence of ferromagnetic resonance field is shown
in Fig. 3, a, b, ¢ for sample A, B, and C, respectively. The data are simi-
lar to the results reported by Plachy et al.[7]. These data were fit using
the resonance frequency condition for samples with small anisotropy
given by [8]

(o/y)" = (H, +4nM,,, cos 20)(H, — 4nM,,, sin 0), (4)
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a b c

Fig. 3. a, b, c. The theoretical and experimental FMR field H, against angle 6
between plane of film and applied field.

Fig. 4. Temperature dependence of effective magnetization, M . M, is deter-
mined from the resonance fields in the parallel and perpendicular configura-
tions.

where ® is the radio frequency, y is the gyromagnetic ratio (2.80
GHz/kOe), H.—FMR field, 6—angle between the plane of film and ap-
plied magnetic field, and M ,—the effective magnetization of the sam-
ple. It is assumed, of course, that the directions of magnetization are
coincident with the applied field H.

A look at the FMR spectra of sample B (Fig. 2, b) reveals that the
sample has several domains (inhomogeneous regions) with different
magnetization. Same we can say about sample A (Fig. 2, a) as many
small resonance spectra are superimposing main broad peak. It also has
to be mentioned that complexity of the spectra is very sensitive to the
angle 0. Similar spectra got Plachy et al.in Ref. [7].

In Figure 4, M, is shown for all three samples as a function of tem-
perature, found from the resonance fields in the parallel and perpen-
dicular configurations. For sample A, we got an almost constant M in
the whole temperature range 10—-300 K. For sample B and C, M, in-
creases with decrease in temperature, then reaches maxima (at = 230 K
and = 130 K, respectively), and then decreases when temperature down
to 10 K. Such temperature variations of M.; demonstrate that the
sample A has long-range magnetic-order behaviour, and both samples
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B and C have spin-glass-like ordering behaviour. The difference in be-
haviour of samples B and C compared to sample A together with re-
duced transition temperatures related to the fact of having more struc-
tural disorder.

Figure 5 displays temperature variations of line widths (full width
at half maximum) for angle 45° for all samples. At angle 45°, the com-
plexity of the spectra is minimal. The line shape is almost Lorentzian
in the entire temperature range for all three samples indicating that
electron exchange in the samples is three-dimensional, and that the
relaxation processes are mainly responsible for the width of the lines.

Line widths of samples A and B increase monotonically as the tem-
perature goes down. Samples A and B have rather small line width at
room temperature, sample C has rather large FWHM at room tempera-
ture compare with two other samples. At lowest measured temperature
(10 K), the line width of all three samples is almost same. The tempera-
ture dependence of FWHM for sample C is very similar to previously
reported powder sample V[TCNE],, which had T,= 160 K [9].

Becker made a special model and calculated EPR-line width for spin-
glasses with anisotropy. According to him, in case of no remnant mag-
netization in the system, the line width is given by the formula[9, 10]:

ABT

AHZW, (5)

b c

Fig. 5. FMR linewidth (full width at half maximum—FWHM) as a function of
temperature.
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where A=gu;K/(hoy) and B=M,/(Kkz»), K is the anisotropy constant,
M, is constant related to spin relaxation; g—Landé factor, h is
Planck’s constant; uz;—Bohr magneton; y—static transverse suscepti-
bility; o is the frequency of microwaves.

By doing fit analysis of the data in Fig. 5 (fit curve is shown in Fig.
5, a) by above formulae, in our case, we have values for parameters A
and B of 46 Oe and 6.8 K, respectively. For the previously reported
sample, they were 309 Oe and 5.5 K, respectively. One conclusion we
can make is that the anisotropy in the film is much smaller than in the
powder sample.

We can also do fit analysis of our data for resonance field (Fig. 6) by
using formulae for the resonance field for the region of temperatures
below T, [9]:

AT?
B2 +T?’

where Hy,= ho/(guz), A and B are same as in formulae (5). Parameters A
and B found from fit analysis of the resonant field are not same as
found from data for the line width at low temperatures. For parame-
ters A and B, we have values 34 Oe and 83.1 K, respectively (fit curve is
shown in Fig. 6, a). This non-standard behaviour of physical parame-
ters at low temperatures makes research of the samples at the low and
very low temperatures interesting for further studies.

According to Long, for temperatures T = T., we have a critical re-
gime given by the formulae [9]:

H,=H,+ (6)

T 4

min

AH =a, + b’ , (7)

where a, is the residual line width, and T',,;, is the temperature of the

a b

Fig. 6. Temperature variation of FMR field.
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minimum line width. The exponent n shows the disorder of the system.
In our study, it has the value of 2.1 (fit curve is shown in Fig. 5, b),
which is close to 2.0 reported before.

For T >> T, we have thermal broadening regime [9]:

AH = (a, —b0) +bT, (8)

where a, is the residual linewidth, 6—the Curie—Weiss temperature, b
is thermal broadening constant. Regime of thermal broadening can be
observed only for sample C. For samples A and B, we do not observe re-
gime of thermal broadening because temperature range is short.

IV. CONCLUSIONS

It was shown the consistence of the Becker model with respect to the
V[TCNE], films at different temperature regimes. The angular-
dependence of the EPR data is in the perfect agreement with the theo-
ry. Based on the spectra, we know a lot about the structures of the
films and many parameters as functions of temperature. Discrepancies
in fitting parameters at low temperatures are pushing forward to the
further research at very low temperatures. Obtained data are coincided
with the data of Plachy et al. very well especially for resonant field.
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In this paper, fabrication of polyvinyl alcohol (PVA)/tin dioxide nanoparti-
cles (SnO, NPs) nanocomposites for UV-shielding is investigated. The struc-
tural and optical properties of (PVA—-SnO,) nanocomposites are studied. The
results of optical properties for (PVA—-SnO,) nanocomposites show that the
absorbance (A), absorption coefficient (o), extinction coefficient (K), refrac-
tive index (n), real (¢;) and imaginary (g,) parts of dielectric constant, and
optical conductivity (c,,) of PVA increase, while transmittance (T') and ener-
gy band gap (E,) decrease with an increase in SnO, nanoparticles’ concentra-
tion. The results show that (PVA—-Sn0O,) nanocomposites can be used for flex-
ible electronics applications.

Y 1miit poboTi mOCTiAKEeHO BUTOTOBJIEHHA HAHOKOMIIO3UTIB 3 HAHOYACTHUHOK
miokcuay Cranymy (SnO,) Ta moaiBinimoBoro cimpry (PVA) nna Y®-zaxucry.
BuBueHO CTPYKTYPHO-ONTUYHI BJacTUBOCTI HaHOKOMIO3UTiB PVA-SnO,. Pe-
3yJBTATH LIOAO ONTUYHUX BJACTHUBOCTell HaHoKommo3utie PVA-SnO, moxa-
3YIOTh, IO CIIEKTPaJbHAa MOTJINHAIbHA 30aTHICTE (A), KoedilieHT morInHAHHA
(o), KoedimieHT exkctuHKII (K), TOKa3HUK 3aJoMJieHHA (n), peanbHa (&) i
yABHA (g;) YACTUHHU [ieJleKTPUYHOI KOHCTAHTH Ta ONTHYHA IPOBiAHICTE (G,,)
PVA 36inbiyioTbes, Toai K KoeditienT mponyckauud (T') Ta mupuHa eHep-
reTU4HOl MianEY (E,) 3MeHIIYIOTLCA 13 30iIbIIIeHHAM KOHIIeHTpaIlii HaHoJac-
TuHOK SnO,. PesyabTaTu moKasymoTs, 1m0 PVA—SnO,-HaHOKOMIO3UTH MOKHA
BUKOPUCTOBYBATU IJIA 3aCTOCYBAHb y THYUYKill eJIeKTPOHIIi.

Key words: optical properties, tin dioxide, PVA, UV-shielding, nanocomposites.

KarouoBi ciroBa: oITHUHI BJIACTHUBOCTI, Hiokcun Ctanymy, MoJiBiHiIOBUI cliupT,
Y®-expanyBanaa, HAHOKOMIIO3UTH.
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1. INTRODUCTION

Protection against ultraviolet radiation is an important issue in mod-
ern technological era. The oxidation caused by the action of UV rays
can form basis for acute mutilation to both living organisms and mate-
rials, e.g., action of photonic energy may produce undesired breakage
of chemical structures in non-UV protecting materials, which can be
detrimental to living organism. Additionally, skin photoaging might
take place under intense ultraviolet light. UV-rays can also cause deg-
radation of the organic molecules including polymers, bleaches, tinc-
tures and semiconductor photocatalysis. UVC range (100—-290 nm)
light rays having energy of about 4.43—12.4 eV can cause more serious
harm than that of UVB (290-320 nm) and UVA (320-400 nm) light
rays possessing energies of about 3.94—-4.43 eV and 3.10-3.94 eV, re-
spectively. Therefore, it is intensely desired to develop a material,
which can block various ranges of ultraviolet rays particularly in the
UVC range to minimize the possibility of damage. Such materials can
be tailored by reinforcing inorganic fillers into a transparent polymer
matrix, so that band gap in the desired region can be achieved which
can further help in UV blocking. In order to make practical use of such
materials, it is appropriate to use them in the form of either solutions
or polymeric films of fine powder. The use of reinforced polymer ma-
trix is advantageous over host material because such composites can be
employed as UV protecting shields. The inorganic nanoparticles hav-
ing capability of cutting the UV absorption can be incorporated in pol-
ymer leading to the enhancement in their properties so that their utili-
ty in day-to-day life is dramatically enhanced [1].

The production of novel polymeric nanocomposites have been widely
studied by the current applications on nanosize inorganic fillers in the
food packaging field, barrier applications, sensors, antimicrobial, con-
ductive, coatings, antiballistic products and other materials. The char-
acteristics and properties of the nanocomposites are influenced by the
type of filler used as well as by the polymeric matrix. The applications
encompass several areas such as electronic, medicine, military, aero-
space, marine, and vehicles [2]. Polymer-matrix composites (denoted as
PMCs) have consistently been of interest for decades, because they pos-
sess markedly improved mechanical properties (tensile modulus and
strength), thermal stability, chemical resistance, flame retardation and
barrier resistance as compared with pure polymers. It is well known
that the interfacial effect between nanoparticles and the polymer ma-
trix greatly affect the properties of nanocomposites. It is generally be-
lieved that the dispersion of fillers in the polymer matrix is an im-
portant issue for improving the properties of nanocomposites [3].

The optical properties of doped polymers have been attracted con-
siderable attention because of the range of technological applications
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that include solar cells, coatings, light emitting diodes, sensors and
electrochemical cells. The attention of researchers has drawn to study
effect of doping on the optical properties of solid polymer electrolytes
be tailored to a specific requirement by the addition of suitable dopant
substances.

Measurements and determination the optical absorption and espe-
cially the absorption edge present a useful method for the investiga-
tion of optically induced transition and for getting information about
the band structure [4]. Polyvinyl alcohol (PVA) is a polymer with car-
bon chain backbone attached with hydroxyl groups. These OH groups
can be a source of hydrogen bonding and hence assist in the formation
of polymer blends. PVA is non-toxic, water-soluble synthetic polymer,
which is widely used in the polymer blends due to its good physical and
chemical properties, excellent film forming characteristics, emulsify-
ing capability, non-carcinogenic, biodegradable and biocompatible
qualities. These unique characteristics enable it for its applicability in
pharmaceutical fields, drug-coating agents, material for surgical
structures and cosmetic industries [5].

The new production of composites contain carbides [6—12], metal
and oxides [13—25], ionic materials, and biomaterials [26—28]. The
nanocomposites have different modern applications such as piezoelec-
tric and pressure sensors [29], antibacterial, etc. [30]. Tin oxide is
widely used and studied n-type semiconductor with wide band gap and
crystalline structure. Studies have been carried out on tin oxide based
gas sensors, dye sensitized solar cells optical devices, optoelectronic
devices and hybrid microelectronic devices. The compound has lately
also been identified as possible electrode material for lithium cells and
photo catalysis. With properties such as transparency in semi-
conductivity, it is an oxide of great interest from the technological
point of view for white pigment for conducting coatings. Tin oxide na-
noparticles are synthesized through different chemical roots such as
co-precipitation, hydrothermal, sol—gel, sonochemical polymer, pre-
cursor method among others [31]. Tin dioxide is an n-type semiconduc-
tor oxide with a wide energy gap.

Tin dioxide (SnO,) has attracted much attention for its various ap-
plications, such as catalyst, catalytic support, biomedical, pharmaceu-
tical, gas sensor, rechargeable Li battery and optical electronic device.
However, the catalytic activity of gold supported on tin dioxide is
gearing up attention in recent years. It is observed that these nano-
composites showed excellent catalytic property of CO oxidation at low
temperatures [32].

2. MATERIALS AND METHODS

The (polyvinyl alcohol and tin dioxide) nanocomposites were fabricated
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by using casting technique. The PVA/SnO, nanocomposites were pre-
pared with different concentrations of PVA and SnO, nanoparticles
where dissolve 1 gm of PVA in 20 ml of distilled water by using magnet-
ic stirrer to mix the polymers for 1 hour to obtain more homogeneous
solution. The SnO, nanoparticles were added to the PVA solution with
concentrations of 2, 4 and 6 wt.% . The optical properties of PVA/SnO,
nanocomposites are measured by using the double beam spectropho-
tometer (Shimadzu, UV-1800°A) in wavelength 200—-800 nm.

The absorption coefficient (o) of nanocomposites is given by the
equation [33]:

o=2.303A/t, (1)
where A is the absorbance of sample, and t—the sample thickness in
cm. The non-direct transition model for amorphous semiconductors
was determined by following equation [34, 35]:

ahv = B(hv - E,)", (2)
where B is a constant, hv is the photon energy; E, is the optical energy
band gap; r = 2 or 3 for allowed and forbidden indirect transitions.

The extinction coefficient (k) of PVA/SnO, nanocomposites is given
by using the following equation [36, 37]:
K = o)\/(4n). (3)

The refractive index (n) of PVA/SnO, nanocomposites can be calcu-
lated by using the following equation [38, 39]:

n=(1+R"?)/(1-R"). (4)

The real and imaginary parts of dielectric constant (g; and &,) were
calculated by using equations [40, 41]:

&1 = nz_ kz, (5)
82 = 2nk. (6)

The optical conductivity was calculated by using the equation [42]:

c = anc/(4n). (M

3. RESULTS AND DISCUSSION

The optical absorbance of pure PVA and SnO,—PVA nanocomposites is
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presented in Fig. 1. The pure PVA film is highly transparent in nature
because its spectrum does not display any peak in the visible region but
it displays a peak in ultraviolet region of electromagnetic spectrum, so
it can be used as a polarizer [43], flexible electronic applications and
UV-shielding.

By increasing the loadings of SnO, nanoparticles, the transparency
of PVA was further decreased as shown in Fig. 2. The pure PVA spec-

Fig. 1. Optical absorbance of pure PVA and SnO,~PVA nanocomposites.

Fig. 2. Transmittance spectra of pure PVA and SnO,—PVA nanocomposites.
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Fig. 3. Microscopy images (x10) for (PVA—-SnO,) nanocomposites: (a) for PVA;
(b) for 2 wt.% SnO,; (¢) for 4 wt.% SnO,; (d) for 6 wt.% SnO,.

trum shows an absorbance peak at 200 nm due to (CH=CH),—CO-
structure. It also displays two other absorbance peaks at 280 and 330
nm due to n—n" and v—n" transitions, respectively [43]. The absorbance
of (SnO,—PVA) nanocomposites is increased as well as the transmit-
tance with an increase in SnO, nanoparticles’ concentration. This is
due to increase the number of free electrons, which absorb the incident
light [44], as shown in Fig. 3.

The variation of absorption coefficient of SnO,—PVA nanocompo-
sites with the photon energy for different concentrations of tin dioxide
nanoparticles is shown in Fig. 4. The absorption coefficient of SnO,—
PVA nanocomposites is increased with the increase in SnO, nanoparti-
cles’ concentration that is attributed to increase the number of carries
charges in nanocomposites. The absorption coefficient values are less
than 10* cm™; this means that the SnO,—PVA nanocomposites have in-
direct energy gap, which is shown in Figs. 5, 6 for allowed indirect and
forbidden indirect transition of nanocomposites, respectively. The en-
ergy band gap of PVA is decreased with the increase in tin dioxide na-
noparticles’ concentration; this is due to increase of the localized level
in energy band gap [45].
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The refractive index and extinction coefficient of SnO,~PVA nano-
composites are shown in Figs. 7, 8.

Fig. 4. Variation of absorption coefficient of SnO,—PVA nanocomposites with
the photon energy for different concentrations of tin dioxide nanoparticles.

Fig. 5. Energy band gap for allowed indirect transition of nanocomposites.
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Fig. 6. Energy band gap for forbidden indirect transition of nanocomposites.

Fig. 7. Refractive index of SnO,—~PVA nanocomposites.

The figures show that the refractive index and extinction coeffi-
cient increase with the concentration of SnO, nanoparticles, which are
related to the increase in the density of nanocomposite that lead to the
scattering and the number of charge carriers as a result of the increase
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in the reflectance and absorption coefficient [46].

The real and imaginary parts of the dielectric constant of the SnO,—
PVA nanocomposites shown in Figs. 9 and 10.

The dielectric constant of compound (¢) is divided into two parts: re-
al (g;) and imaginary (e,) ones. The real parts of dielectric constant is

Fig. 8. Extinction coefficient of SnO,—PVA nanocomposites.

Fig. 9. Real part of the dielectric constant of the SnO,—PVA nanocomposites.
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associated with the term that shows how much will slow down the speed
of light in the material and the imaginary parts shows how a dielectric
absorbs energy from an electric field due to dipole motion [47].

The optical conductivity of the SnO,~PVA nanocomposites with

Fig. 10. Imaginary part of the dielectric constant of the SnO,~PVA nanocom-
posites.

Fig. 11. Optical conductivity of the SnO,~PVA nanocomposites with wave-
length.
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wavelength is shown in Fig. 11.

The term ‘optical conductivity’ means the electrical conductivity,
which is resulted from the movement of the charge carriers due to al-
ternating electric field of the incident electromagnetic waves. From
this figure, it is noticed that the optical conductivity of PVA increases
with increasing SnO, nanoparticles. This increase due to creation of
new levels in the band gap leads to facilitate the crossing of electrons
from the valence band to these local levels to the conduction band; con-
sequently, the band gap decreases and the conductivity increase [48—
52].

4. CONCLUSION

The optical absorbance of pure PVA increases, while the transmittance
decreases with increase of SnO, nanoparticles’ concentration. The ab-
sorbance of SnO,—~PVA nanocomposites have higher values at UV re-
gion, which can be used for flexible electronics applications and flexi-
ble UV-shielding. The optical energy band gap of polyvinyl alcohol de-
creases with increase in SnO, nanoparticles’ concentration. The ab-
sorption coefficient, extinction coefficient, refractive index, real and
imaginary parts of dielectric constant and optical conductivity of PVA
increase with increase in SnO, nanoparticles’ concentration.
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In this paper, structural and optical properties of PMMA-ZrO, nanocompo-
sites doped with silver nanoparticles are investigated. The silver nanoparti-
cles are added to PMMA-ZrO, nanocomposites with concentrations of 2, 4
and 6 wt.% . The experimental results show that the absorption coefficient,
extinction coefficient, refractive index, dielectric constants, and optical
conductivity of PMMA-ZrO, nanocomposites are increased, while both the
transmittance and the energy band gap are decreased with increase in silver-
nanoparticles’ concentration. The obtained results for the structural and op-
tical properties show that the PMMA /ZrO,/Ag nanocomposites can be used
for different medical and industrial applications such as solar cells, diodes,
sensors, UV-detectors, etc.

VY 11iii po6oTi OCHIMKYIOThCA CTPYKTYPHI I OIITUYHI BJIACTHBOCTI HAHOKOMIIO-
autiB PMMA—-Zr0O,, o6po6ioBaHux HaHOYaCTMHKaMu cpibna. HanouacTuHKM
cpibaa gomarorhbesa o HaHoKoMmo3uTiB PMMA-ZrO, 3 KoHIleHTpaIiavu 2, 4 i
6 Bar.% . EkcriepuMeHTAIbHI pe3yIbTaTH MOKA3YIOTh, IO KoedilieHT morau-
HaHHA, Koe(illieHT eKCTUHKIIi], TOKa3HUK 3aJOMJIEHHS, HieJeKTPUYHI KOHC-
TAaHTH ¥ ONITUYHA IPOBigHicTh HaHOKOMIIO3UTIiB PMMA-Zr0O, 36ins1u1ytoThCs,
B TOIf Yac SK IIPO30PicTh Ta 3a60poHeHa 30HA eHepriil 3MeHIYIOThCA 31 361b-
IIIeHHAM KOHIleHTpallii maHouacTMHOK cpibsa. Omep:xaHi pe3yabTaTd AJISA
CTPYKTYPHHUX i ONTHUYHMX BJACTUBOCTEH IIOKA3yIOTh, IO HAHOKOMIIO3UTI
PMMA /Zr0O,/Ag MOKXyTh BUKOPUCTOBYBATHUCA IJIA PIBHUX MeIUUYHUX TA iHAY-
CTpiaJIbHUX 3aCTOCYBaHb, TAKUX AK COHAUHI eJIeMeHTH, MioAu, JaTUUKHU, Ae-
TeKTOpHU yabTpadioseTy TomIo.
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1. INTRODUCTION

In latest years, the expansion of new polymers, blends, composites and
progressing materials becomes necessity for modification of mechanical,
electrical, optical and thermal properties to fulfil the desired features.
The expansion runs parallel with intense series of studies aiming to en-
lighten the structure—property relationship of the revised materials [1].
The optical, electrical, and thermal features of new polymeric films are
essential for the development of these films. Transparent films can be
hired as optical filters, polarizers, total reflectors, narrow pass-band fil-
ters, etc. Films of dielectric materials have been successfully utilized in
certain optical devices and materials [2]. Integration of macro and nano-
composites has led to the development of a new class of nanocomposite
materials, which find vital approach in medicine, biology, industry and
defence.

Polymers and organic materials have been receiving a great deal of
attention for their unique features offering to realize lightweight, en-
vironmental friendly, flexible and cost effective electronic devices [3—
5]. Polymethylmethacrylate (PMMA) is one of the important transpar-
ent thermoplastic plastics, which has been utilized to make windows,
lenses, and other optical devices and used to improve the mechanical
properties and process ability of PANI. PMMA is chosen as a dielectric
matrix because of its high transparent ability in the visible spectral
range, which is important for optoelectronics, sensors, and smart-
window applications [6—8]. Polymers and particularly hybrid (organ-
ic—inorganic) composites are attracting increasing attention from re-
searchers due to their use in many manufacturing sectors. Introducing
metal oxides like ZrO, into organic matrices offers more high physical
and chemical stability. Inorganic nanoparticles as filler and organic
polymers as matrices can endow the resulting nanocomposites with ex-
cellent electrical, optical, and mechanical properties [9—13]. These
nanocomposites exhibit the merits of blending the advantageous prop-
erties of metal oxides with the process ability and flexibility of poly-
mers. Among the most important metal oxides, ZrO, (zirconia) is a ma-
terial of great technological importance, having good natural colour,
high strength, transformation toughness, high chemical stability, ex-
cellent corrosion resisting material, and chemical and microbial re-
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sistance [14—17]. Zirconium oxide ZrO, is a wide band gap p-type semi-
conductor that exhibits abundant oxygen vacancies on its surface.

The high ion exchange capacity and redox activities make it useful
in catalysis. Zirconium oxide ZrO, is also an important dielectric mate-
rial for potential application as an insulator in transistors in future
nanoelectronic devices [18—-20]. ZrO, nanoparticles have found uses in
solid oxide fuel cells and in nitrogen oxide, oxygen gas sensors. The
fully stabilized ZrO, nanoparticles are also well suited for high-
temperature energy conversion systems, attributed to its high oxygen-
ion transport capabilities and long-thermostability. Composites are
widely utilized our day-to-day life [21—23]. Because of their low weight
and ability to be tailored for specific end use they have gained a consid-
erable ground in the high execution applications, like aerospace and
automobile industry.

The idea of connecting two or more various constituents into on sub-
stance grant almost infinite possibilities to make new engineering ma-
terials recognized by variety of different properties. Composite mate-
rials because of these diverse properties are successfully used in almost
all areas of industry and science [24]. One advantage of nanoparticles,
as polymer additives appear to have is that compared to traditional ad-
ditives, loading necessities are quite low [25].

Microsize particles used as reinforcing agents scatter light, there-
fore reducing light transmittance and optical clarity. The efficient na-
noparticle dispersion combined with good polymer—particle interfacial
adhesion eliminates the scattering and allows the exciting possibility
of developing strong yet transparent films, coatings and membranes
[26]. The optical properties of polymers constitute important aspects
in study of electronic transition and the possibility of their application
as optical filters, a cover in solar collection, selection surfaces and
green house. The information about the electronic structure of crystal-
line and amorphous semiconductors has been mostly accumulated from
the studies of optical properties in wide frequency range [27]. The
composites and nanocomposites have huge applications as humidity
sensors [28—32], radiation shielding [33—38], antibacterial [39, 41]
and thermal energy storage and release [42—46]. The adding of bio-
material, micro- or nanoparticles to the polymer or polymer blend aims
to improve in optical properties [47—-54], dielectric and electrical prop-
erties [65—62]. The aims of current paper, a study the impact of silver
(Ag) nanoparticles on structural and optical of (PMMA-ZrO,) nano-
composites.

2. MATERIALS AND METHODS

The nanocomposites of (PMMA-ZrO,—Ag) are prepared by dissolving
(0.98 gm) of PMMA with (0.02 gm) of ZrO,, and the Ag nanoparticles
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are added to (PMMA-ZrO,) nanocomposites with different concentra-
tions of 2, 4 and 6 wt.% dissolved in beaker 20 ml of chloroform using
magnetic stirrer to mix the polymer and nanoparticles 30 min to
achieve more homogeneous solution. The casting method is used to
prepare the specimen of (PMMA-ZrO,—Ag) nanocomposites placed in
Petri dish 10 cm diameter. The optical properties of (PMMA-ZrO,—Ag)
nanocomposites were recorded for wavelength (220—-820) nm using the
spectrophotometer double beam (Shimadzu, UV-1800 A). Optical prop-
erties of materials are very important due to it can achieve information
about the internal structure, the nature of the bonds and their em-
ployment by knowing the amount of absorbance, reflectance and
transmittance of these materials [63].

By using Lambert’s law, it can be calculated the absorption coeffi-
cient, which states that absorbance of a material sample is directly
proportional to its thickness (path length) (¢), and it can be written as
follows:

Sme, (1)

where (I/I,)—the ratio of the transmittance intensity of the incident
wave to the incident intensity of the same wave, which represents the
transmittance of the electromagnetic wave (T) and because the absorb-
ance (A) written as:

I
A=log—. 2
og - (2)

0

The absorption coefficient o can be calculated from the absorption data
as[64]

o= 2.303%, (3)

where o is the absorption coefficient for higher photon energies. The
simplified general equation is [65]

ahv = B(hv-E,)", 4)

where B is a constant; hv is the photon energy; E, is the energy band
gap, and m is the parameter connected with distribution of the density
of stales. The index m = 1/2 for allow direct transition energy gap, and
m = 2 for indirect transition one [66—69]. Thus, from the straight-line
plots of (ahv)? versus hv and (ahv)'/? versus hv, the direct and indirect
energy gaps of insulators and/or dielectrics can be determined. The
Beer—Lambert law has implicit assumptions that must be met experi-
mentally for it to apply; otherwise, there is a possibility of deviations
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from the law to be observed [70].

The refractive index represents the ratio of the electromagnetic wave
speed in vacuum to the electromagnetic wave speed inside the material.
Equation (5) gives the law used to calculate the refractive index [71]:

2
o 4R—K2 _R+1 -
(R-1° R-1

where R is the reflectance, which can be calculated in terms of the ab-
sorption and the transmission from the energy conservation law [72]:

R=1-A-T. (6)
Complex refractive index can be written as follows:
n" =n-ik, (7)

where n is the real part of refractive index; K is the extinction coeffi-
cient represents the imaginary part; n" is a complex number represent
the complex refractive index that depends on several characteristic
factors such as crystal defect and crystal structure. The extinction co-
efficient represents the amount of attenuation of an electromagnetic
wave that is traveling in a material, where it values depends on the
density of free electrons in the material and on the structure nature,
this coefficient can be calculated by using the following equation [73]:

k= o)/(4m), (8)

where A is the wavelength. The extinction coefficient (k) is directly
proportional to the absorption coefficient as seen from Eq. (8).

The complex dielectric constant (¢" = ¢, + ig,) characterizes the opti-
cal properties of the solid material, where real part (¢;) and imaginary
part (g,) of the dielectric constant, and can be calculated by the follow-
ing relations [74]:

g, =n’ -k, 9)

6, = 2nk. (10)

The real (g;) and imaginary (g,) parts of the dielectric constant are
related to (n) and (k) values as seen from Eq. (9) and Eq. (10). The cal-

culation of these two parts supplies information about the loss factor.
The optical conductivity has been determined by [75]

o = anc/(4r). (11)
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3. RESULTS AND DISCUSSION

The optical properties of (PMMA-ZrO,—Ag) nanocomposites involve
the absorbance, transmittance, the absorption coefficient, energy band

Fig. 1. Absorbance as a function of wavelength for (PMMA-ZrO,—Ag) nano-
composites.

Fig. 2. Transmittance as a function of wavelength for (PMMA-ZrO,—-Ag)
nanocomposites.
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gap, extinction coefficient, reflection index, dielectric constants, and
optical conductivity.

From equation (2), it can be measured the absorbance of (PMMA-
Zr0Q,—Ag) nanocomposites. Figure 1 shows the absorbance as function of
the wavelength of the incident light for (PMMA-ZrO,) with deferent
concentration of Ag. It is observed from figure that the absorption for
all specimens of nanocomposites was taken high value near the absorp-
tion edge 220 nm UV region with the increasing of the concentrations
for Ag nanoparticles. This is because of the excitations of valance band
to the conduction band at these energies. At UV region, the high absorb-
ance of specimen for (PMMA-ZrO,—Ag) nanocomposites assigned to the
energy of photon enough to interact with atoms; the electron excites
from a lower to higher energy level by absorbing a photon of known en-
ergy [76—-80].

The absorbance of all specimens for (PMMA—-ZrO,—Ag) nanocompo-
sites at visible and near-infrared regions has low values; this behaviour
assigned to the energy of incident photons does not enough energy to
interact with atoms. Therefore, the photons will transmit if the wave-
length increases [81].

The optical transmittance is defined as the ratio of the intensity of the
transmitted light to the intensity of the incident light. The transmit-
tance spectrum depends on the chemical and crystal structure, thickness
and the surface morphology of the films, and depends on the important
parameter effect on films’ transmittance. Figure 2 shows the optical
transmittance spectra as a function of wavelength of incident light for
(PMMA-ZrO,—Ag) nanocomposites. It is noticed from figure, the
transmittance decreased with the increasing of the concentration for Ag
nanoparticles. This is because of the agglomeration of nanoparticles
with increasing concentration and increase of the number of charge car-
riers [82—-86].

The size and shape distributions of the (PMMA-ZrO,—Ag) nanocom-
posites were analysed using a scanning electron microscope (SEM). Fig-
ure 3 shows that the distribution of Ag nanoparticles in (PMMA-ZrO,)
nanocomposites at magnification power (x10). The optical microscope
images expose that Ag nanoparticles are aggregated as a bunch at low
ratios as shown in this figure, while, at high ratios, the presence of na-
noparticles, which are uniformly distributed inside the (PMMA-ZrO,)
nanocomposites where charge carriers are allowed to pass through the
paths [87-90].

Figure 4 shows the SEM images (PMMA-ZrO,—Ag) nanocomposites.
Scanning electron microscopy has been used to study the compatibility
between various components of the polymers, Ag nanoparticles.

The films exhibit uniform density of grain distribution at surface
morphology and surfaces morphology of the (PMMA-ZrO,—Ag) nano-
composites show many aggregates or chunks randomly distributed of
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Fig. 3. Photo images (x10) for (PMMA-ZrO,—Ag) nanocomposites: (a) for
PMMA; (b) for (PMMA-ZrO0,); (c) for 2 wt.% Ag; (d) for 4 wt.% Ag; (e) for 6
wt. % Ag.

nanoparticles on the films’ surface [91-94]. The results show an in-
crease in the number of aggregations on the surface in accordance with
increasing concentration of Ag nanoparticles [95].

From equation (3), it can be calculated the absorption coefficient o of
nanocomposites. The variant of absorption coefficient for (PMMA-
ZrO,—Ag) as a function of photon energy of the incident light are pre-
sented in Fig. 5. It can be observe that absorption is comparatively small
at low energy.

This means that the possibility of electron transition is low due to the
energy of the incident photon not sufficient to move the electron from
the valence band to the conduction band (hv < E,) [96—100]. Absorption
is high at high energies; this means that there is high possibility for
electron transition, where the energy of incident photon is sufficient to
transfer the electron from the valance band to the conduction band. This
means that the energy of the incident photon is larger than the energy
band gap. This shows that the absorption coefficient contribution is fig-
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Fig. 4. SEM images (x10 pm) of (PMMA-ZrO,—Ag) nanocomposites: (a) for
PMMA; (b) for (PMMA-Zr0,); (c) for 2 wt.% Ag nanoparticles, and (d) for 6
wt.% Ag nanoparticles.

uring out the nature of electron transition.

When the values in the absorption coefficient of material are high
(o> 10*cm™) at high energy, the electron transmission is possible to be
direct transition of electron but the electron transmission will be pos-
sible to be indirect transition if the values of the absorption coefficient
of material are typically low o < 10* cm ™ at low energy.

The values of absorption coefficient of (PMMA—-ZrO,—Ag) nanocom-
posites are low o < 10* cm™; the transition of electron is indirect. The
absorption coefficient of nanocomposites increases with increasing of
silver nanoparticles concentrations; this is because the increasing of
number of charge carriers as shown in Fig. 5.

The absorption coefficient of (PMMA—-ZrO,—Ag) nanocomposites is
less than 10* cm™; this clarifies that the electron transition is indirect
[101].

Figures 6, 7 show the energies’ gaps for allowed and forbidden indi-
rect transitions of (PMMA-ZrO,—Ag) nanocomposites. From these
figures, we can observe that the energies gaps for allowed and forbid-
den indirect transitions of nanocomposites are decreased with the in-
creasing of the Ag nanoparticles concentrations.

This behaviour is because of the creation of levels in the energy gap;
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the transition of electron in this case is conducted in two stages that
include the transition from the valence band to the local levels in ener-
gy gap and to the conduction band as a result of increasing the Ag na-
noparticles concentrations; the electronic conduction depends on na-
noparticles concentrations [102-104].

Fig. 5. Variation of absorption coefficient (a) for (PMMA-ZrO,—Ag) nano-
composites with photon energy.

Fig. 6. Variation of (akv)"/? for (PMMA—-ZrO,—Ag) nanocomposites with pho-
ton energy.
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Figure 8 shows the extinction coefficient variant as a function of
wavelength for the (PMMA-ZrO,—-Ag) nanocomposites. The figure
shows that the extinction coefficient £ of (PMMA-ZrO,—Ag) nanocom-
posites increase with increasing of the silver nanoparticles concentra-
tion; this is due to the increasing in optical absorption and photons
dispersion in the (PMMA-ZrO,-Ag) nanocomposites. The extinction
coefficient of nanocomposites has high values in UV region; this be-
haviour attributed to high absorbance of all samples of nanocomposite.

Fig. 7. Variation of (akv)'/? for (PMMA-ZrO,—Ag) nanocomposites with pho-
ton energy.

Fig. 8. Variation of extinction coefficient for (PMMA-ZrO,—Ag) nanocompo-
sites with wavelength.
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In addition, extinction coefficient of nanocomposites increases with
the increasing of the wavelength at visible and near infrared regions,
which attributed to the absorption coefficient of (PMMA-ZrO,—Ag)
nanocomposites is approximately constant at visible and near-infrared
regions; hence, the extinction coefficient increases with the increasing
of the wavelength according to Eq. (8) [105].

Fig. 9. Variation of refractive index for (PMMA-ZrO,—Ag) nanocomposites
with wavelength.

Fig. 10. Real dielectric constant as a function of wavelength for (PMMA-
Zr0O,—Ag) nanocomposites.
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The refractive index can be calculated by using Eq. (5). Figure 9
shows the refractive index n as a function of wavelength; it is clear
from figure, the refractive index of nanocomposites increases with the
increasing of the silver nanoparticles concentrations, such as refrac-
tive index is decreased with the increase of the wavelength. This recit-
al attributed to the density of nanocomposites. When the incident light
interacts with a sample, it has high refractivity at UV region; hence,
the values of refractive index will be increased [106—108].

The real dielectric constant (¢;) and imaginary (g,) dielectric con-
stant connected to the refractive index (n) and extinction coefficient
(k) values. From equations (9) and (10), it can be measured the values
of &; and g, dielectric constant respectively. The real (g;) and imaginary
(e;) parts of dielectric constant as functions of wavelength for
(PMMA-ZrO,—Ag) nanocomposites are shown in Figs. 10 and 11, cor-
respondingly. The ¢, dielectric constant depends on n? and k2, but ¢, di-
electric constant depends on n and k& [109]. The figures show that the
real and imaginary parts of dielectric constant are increased with the
increase of Ag nanoparticles’ concentration. The increase of real and
imaginary parts of dielectric constant with Ag nanoparticles concen-
tration is because of the increase of refractive index and extinction co-
efficient. As shown in these figures, the real and imaginary parts of
dielectric constant of (PMMA-ZrO,—Ag) nanocomposites are changed
with the wavelength; this is due to the real part of dielectric constant
depending on refractive index. Due to this fact, effect of extinction
coefficient is very small, and the imaginary part of dielectric constant
depends on extinction coefficient especially in the visible and near-
infrared regions of wavelength where the refractive index is approxi-
mately constant while extinction coefficient increases with the in-
crease of the wavelength [110].

Figure 12 shows the variation of optical conductivity with the wave-
length of nanocomposites. The figure shows that the optical conductiv-
ity of all samples of nanocomposites are decreased with the increasing
of the wavelength; this behaviour is attributed to the optical conduc-
tivity depends strongly on the wavelength of the radiation incident on
the samples of (PMMA-ZrO,—Ag) nanocomposites. The increasing of
optical conductivity at low wavelength of photon is because of high ab-
sorbance of all samples of nanocomposites in that region and, there-
fore, increasing of the charge transfer excitations. The optical conduc-
tivity spectra indicated that the samples are transmittance within the
visible and near infrared regions. Too, the optical conductivity of
nanocomposites is increased with the increase of Ag nanoparticles’
concentration; this behaviour is related to the creation of localized lev-
els in the energy gap; the increase of Ag nanoparticles’ concentration
increases the density of localized stages in the band structure, hence,
increase of the absorption coefficient consequently increasing the op-
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Fig. 11. Imaginary dielectric constant as a function of wavelength for
(PMMA-ZrO,—Ag) nanocomposites.

Fig. 12. Variation of optical conductivity for (PMMA-ZrO,—Ag) nanocompo-
sites with wavelength.

tical conductivity of (PMMA-ZrO,—Ag) nanocomposites[111, 112].

4. CONCLUSION

The optical properties, which include absorbance, absorption coeffi-
cient, extinction coefficient, refraction index, optical conductivity,
real and imaginary part of the (PMMA-ZrO,) nanocomposites, are in-
creased with increase in sliver nanoparticles’ concentration.



STRUCTURAL AND OPTICAL PROPERTIES OF (PMMA/ZrO,/Ag) NANOCOMPOSITES 997

The optical transmittance and energy gap for indirect transition (al-
lowed, forbidden) are decreased with increasing the concentration of
the silver nanoparticles.

The obtained results show that the (PMMA /ZrO,,Ag) nanocompo-
sites may be used for different medical and industrial applications.
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This paper reports a comparison between the performances of photovoltaic
cells based on perovskite materials and cells based on organic materials. Pho-
tovoltaic cells based on perovskite materials have better performance com-
pared to cells based on organic materials. To study the influence of the donor—
acceptor composition on the performance of the organic cells, three different
active layers are used: PSHT:PCBM, PSHT:ICBA, PTB7:PC,,BM. The organic
cells are produced and characterized in the glove box. Results show that cells
with PSHT:ICBA give the best yield of 5.58% . Perovskite solar cells are pro-
duced under atmospheric conditions and using similar structure and devices
for producing organic cells. The yield obtained from the perovskite cells is
better than the organic cells: 1,¢verite = 8.81% . A discussion on the degrada-
tion and stability of organic and perovskite solar cells is presented.

B miit cTaTTi MOBiOMISAETHCA IPO MOPiBHAHHSA MiXK eKCILIyaTalliiHUMU AKOC-
TAMHA (POTOEJIEKTPUUYHUX €JEeMEeHTiB Ha OCHOBI IIePOBCKIiTHMX MaTepidAaiB i
eJIEMEeHTiB Ha OCHOBi opraHivHux marepiaaiB. PoToeeKTPUYHI eleMeHTH Ha
OCHOBi IEPOBCKITHUX MaTepisjiB MamTh Kpallli MOKA3HWUKW B IOPiBHAHHI 3
eJlIeMeHTaMM Ha OCHOBi opra"HiuHmx MmarepisaaiB. [[J1g BUBUeHHS BILJINBY JOHO-
PHO-aKIIeNITOPHOTO CKJIAJy Ha IPONYKTUBHICTH OPTaHiUHUX €JIeMEeHTiB BUKO-
pucToByioThcAa Tpu pisHux axkTuBHuUX mapu: P3HT:PCBM, P3HT:ICBA,
PTB7:PC70BM. OpraniuHi e1eMeHTH BUPOOISAIOTHCA Ta XapaKTePU3yIOTLCA B
pykaBuuHil Kamepi (Ama poboru 3i mMKigzmmBUMU pedyoBmHaMmM). PesyabraTtu
MOKAa3yIoTh, 110 KiaiTunu 3 PSHT:ICBA mators Kparuii Buxina 5,58% . Ilepos-
CKiTHi COHSUHI eJleMeHTH BUPOOJIAITLCA B aTMOC(hEepPHUX YMOBaX i BUKOPUC-
TOBYIOTH aHAJIOTiUHY CTPYKTYPY Ta IPUCTPOI M/ BUPOOHUIITBA OPTAHIiUHUX
esieMeHTiB. Buxin, omep:kaHuil 3 MePOBCKITHUX eJIEMEHTIiB, JimIe, HixK 3 op-
TaHIYHUX eNeMeHTIB: Myuovskite = 8,81% . IIpeacraBieHo 0OGTOBOPeHHSA IOAO
merpagairii Ta ctabiJIbHOCTY OPraHiUHUX i MEPOBCKITHUX COHAUYHNX €JIeMEHTIB.
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1. INTRODUCTION

Organic and hybrid perovskite photovoltaic cells present the third gen-
eration of solar cells. Three types of cells can be distinguished in the
third generation: polymer based solar cells: fullerene bulk heterojunc-
tion, small molecules based cells, and dye-sensitized hybrid cells (Grit-
zel cells). The production of organic solar cells can be done at low tem-
peratures with a low manufacturing cost. In addition, the use of the
mixtures in solution makes it possible to use active layers in the form of
inks or paints, and consequently, these layers can cover large areas and
be deposited on flexible substrates. Cells efficiency based on polymer
blends: fullerene has increased steadily. The use of PSHT as donor and
PCBM as acceptor polymers allowed a great advance in performances of
P3HT:PCBM based cells; the efficiency exceeded 3%, then yields
around 5% were shown in 2005 [1], to exceed finally 6% in 2007 [2].
Perovskite solar cells have attracted enormous interests in recent years
with power conversion efficiencies (PCE) leaping from 3.8% in 2009 to
the current word record of 22.1% [3]. Density functional theory (DFT)
is used to investigate the structural, elastic, magnetic, and thermody-
namic properties of the perovskite materials [4—8]. A conversion effi-
ciency of 14.5% is achieved with cells based on perovskite materials in
the structure FTO/Graphene/TiO,/perovskite/spiro-OMeTAD/AU [9].
Although organic solar cells have advantages over silicon-based
photovoltaic cells because of their low cost, unlimited materials, their
flexibility and ease of implementation, their low-temperature technol-
ogy and the possibility of producing them over large areas, however,
they have disadvantages: the operating time of these components is
short, because of the low stability of the organic materials against
moisture and oxygen [10, 11]. Perovskite preparation via simple and
inexpensive solution processes demonstrates the immense potential of
this thin-film solar technology to become a low-cost alternative to the
presently commercially available photovoltaic technologies [12]. The
major importance in the organic cells concern the synthesis of new low-
gap electron—donor materials, allowing widening the absorption spec-
trum, and whose energy levels are better adapted than those PSHT to
form mixtures with PCBM that may have higher open circuit voltage
[13]. Doping of interfacial layers improves the performance of organic
photovoltaic cells by reducing series resistance and increasing open
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circuit voltage [14]. P3HT is the most donor material used in organic
solar cells and PCBM is the most used acceptor material. Other donors
and acceptors are used such as PTB7 and ICBA, respectively.
PTBT7:ICBA active layer is used to have higher yields, n=7% [15]. To
improve cell stability, encapsulation systems can be used for the pro-
tection of cells against rapid ageing.

In this work, a state of the art of the recent results obtained on pho-
tovoltaic cells based on perovskite materials and on organic photovol-
taic cells is presented. The results reported by literature show that the
cells based on perovskite materials have better yields compared to the
organic cells.

Three different active layers were made: PSBHT:PCBM, P3HT:ICBA,
and PTB7:PCBM. The results show that the efficiency of the organic
cells depends on the type of materials used as active layer. The best
yield is obtained in the case of the active layer P3HT:ICBA,
Npsuar:cea = 2-895% . To compare the yields of the organic cells with those
of the perovskite cells, a series of cells based on perovskite materials is
realized. The structure of the cells realized is FTO/TiO,/perovskite/
spiro-OMeTAD/Au; PCE of 8.81% is obtained. These results show that
the yield of the perovskite photovoltaic cells is better than the yield of
organic cells.

This study searches the reason for the difference between the per-
formances of the two categories of the photovoltaic cells, some of the
high-efficient devices from organic and perovskite devices are selected
and presented.

A discussion on the stability of perovskite and organic cells is pre-
sented and solutions to improve the efficiency and the stability of the
third generation solar cells are proposed.

2. COMPARISON BETWEEN PERFORMANCE OF PEROVSKITE
SOLAR CELLS AND ORGANIC SOLAR CELLS

The schematic structures of both OSCs and PVSCs are fabricated based
on two configurations called as normal and inverted. The organic solar
cell contains an active layer sandwiched between two electrodes. In
polymer solar cells, the active layer consists of a blend of conjugated
polymers as a donor and an organic or inorganic conjugated polymer as
acceptor to form an interpenetrating network. When incident photons
are absorbed in the active layer, excitons are generated in the conju-
gated polymers. In normal structure, excitons are dissociated into free
hole and electrons at the donor—acceptor interface. Subsequently,
holes are transferred throughout the highest occupied molecular or-
bital (HOMO) of the polymer and collected at the anode, and electrons
are transferred from the lowest unoccupied molecular orbital (LUMO)
of the donor to the LUMO of the acceptor, and finally transported to
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the cathode and collected. In contrast to the normal structure, after
excitons dissociation, electrons and holes are transported to the trans-
parent anode and metallic electrode, respectively. Both the hole
transport layer and the electron transport layer are used to improve
selectivity towards electrons or holes while blocking others.

The structure of the PVSCs can be divided into three categories:
perovskite sensitized mesoporous or n—i—p structure, planar hetero-
junction structure, and inverted p—i—n structure. In all PVSCs config-
urations, after absorbing the incident photons by perovskite materials,
excitons with a low binding energy are generated and dissociated into
the free charge carriers without needing the acceptors. In mesoporous
devices, halide perovskite is sandwiched between two contacts of anode
and cathode, a thin film of compact TiO, layer was deposited under the
mesoporous layer. Further, an appropriate HTL such as spiro-
OMeTAD is deposited on the top of the perovskite layer to improve the
performance of the device. The planar heterojunction structure is
more similar to the OSC. In this architecture, a perovskite material is
sandwiched between ETL and HTL with a mesoporous scaffold. Two
heterojunction are provided which are the junction between the ab-
sorber and HTL, and the junction between the absorber and ETL. Dif-
ferent types of materials are used as HTL, and a compact layer such as
TiO, layer is usually used as ETL. In the inverted devices, photogener-
ated electrons are collected in anode, Pedot:Pss and fullerene deriva-
tives are commonly used as HTL and ETL, respectively. The ad-
vantages of this structure are as follow: TiO, compact layer is replaced
by organic ETL, which avoids the high-temperature annealing process,
and the device structure is simpler. The stability of devices can be im-
proved by removing TiO, layer, which causes instability under UV
light. The materials and process methods of this structure provide the
fabrication of flexible PSCs, because flexible devices do not support
high temperatures. The high-cost spiro-OMeTAD can be replaced by
other organic materials. In both PVSCs and OSCs, ITO and FTO are
widely used as anodes. Different metallic materials such as Al, Ag, Cu,
and Au are used as cathodes in both PVSCs and OSCs.

The performance of perovskite solar cells or organic solar cells de-
pends on several parameters such as the structure, the glass/FTO or
glass/ITO substrates, the materials used for the active layer, the hole
transport layer and the electron transport layer [16, 17], as shown in
Table 1 and Table 2.

Comparison of the two categories reveals that their structures are
almost similar. The main difference between them is related to the bulk
heterojunction configuration of OSCs.

ETL and HTL in solar cells are commonly used for facilitating
charge separation, charge transporting, and improving device stabil-
ity. The materials are chosen according to their hole/electron
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TABLE 1. Parameters of perovskite solar cells for different structures.

mg;cc’mz FF, % | PCE, % [Ref.

Cell 1 ITO/Pedot:Pss/MAPbIL,/PCBM/Ag0.981 19.65 74 14.32 [18]
Cell2 ITO/NiO,/MAPDLI,/PCBM/Ag 1.101 21.28 71 16.74 [18]
ITO/NiO,(undoped)/MAPbDI,/

Cells | Structure of the perovskite cells V., V|

Cell 3 oG 1.01 21.38 65  14.04 [19]
IT0/C-NiO,/MAPbI, /bis-Cyo/Ag  /

Cell 4 0.5 mol.% 1.02 21.34 71 15.48 [19]

Cell 5 1.0 mol.% 1 2147 74  16.20 [19]

Cell 6 2.5 mol.% 1.03 22.07 74  16.82 [19]

Cell 7 5 mol.% 1.04 2246 75  17.52 [19]
ITO/Zn-NiO, (5 mol.% )/MAPbL,/

Cell 8 e e e 1.04 19.83 59  12.23 [20]

Cell 9 FTO/SnO,/perovskite/c-Se/Au 0.86 19.89 48.3 8.3 [21]

FTO/Sn0O,/perovskite/
Cell 10 oM A 1.12 21.06 70.4 16.6 [21]
Cell 11 ITO/Sn0,/MAPbI,/ 1.02 1891 50  9.68 [24]

/spiro-OMeTAD/Ag
Cell 12 ITO/Sb:SnO,/MAPbI,/HTM/Au 1.06 22.5 67.8 16.2 [24]

FTO/NDb,0;/perovskite/ 1.04 21.12 67  14.78 [27]

Cell 13 /spiro-OMeTAD/Au

transport properties, processing methods, and their energy levels.
Their energy levels should be well matched with the energy levels of
the active layer materials.

Pedot:Pss is a promising HTL for both organic and perovskite solar
cells. Consequently, inorganic HTLs were attended as more stable and
low cost materials to replace organic ones. Moreover, inorganic HTLs
have higher mobilities than the organic ones.

All conjugated polymers employed as HTLs in PVSCs are the poly-
mers utilized as donors or absorbers in OSCs. The inorganic HTLs in
both categories are common.

The general aspects of the fabrication methods of these two types of
solar cells are similar. The methods used are spin coating, printing,
and roll-to-roll. For PVSCs, perovskite layer morphology and crystalli-
zation are more dependent on the process parameters such as tempera-
ture, composition, solvents, atmosphere conditions, and time of depo-
sition than morphology of polymers. In the case of OSCs, achieving in-
terpenetrating network morphology with a domain size between 10 and
20 nm has still remained as a challenge. The high toxicity of lead based
perovskite materials as usual material in PVSCs is one of the most im-
portant challenges in this area.
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TABLE 2. Parameters of some organic photovoltaic cells.

Joo | FF, % | PCE, % [Ref.

Cells Structure of the organic cell [V, V] mA Jem?

ITO/Pedot:PSS/Mo0,/
/PDBTDPTz:PC,,BM/PFN-Br/al 087 904 523 4.1l [28]

Cell 15 ITO/ZnO/P3HT:PCBM/Mo0O,/Ag 0.64 8.82 61 3.46 [29]

Insulated steel/Al/P3HT:
:PCBM/Mo0,/Au 0.6 11.2 43 289 [30]

Cell 17 ITO/PETE/PC,,BM:PTB7/Mo00O,/Al 0.758 14.2 69.9 7.52 [31]
Cell 18 ITO/Pedot:PSS/P3HT:ICBA/Ca/Al 0.81 6.51 61 3.19 [32]
Cell 19ITO/ZnO/P3HT:ICBA/Pedot:Pss/Ag 0.81 8.9 48 3.5 [33]

ITO/Pedot:Pss/H,BO,/P3HT:
Cell 20 :PCBM/Al

Cell 14

Cell 16

0.62  7.57 46.9 2.14 [34]

The photovoltaic performances of some perovskite solar cells are
presented in Table 1. The doping of the hole transport layer improves
the performances of perovskite solar cells. Nickel oxide is used as hole
transport layer. High-quality solution processed NiO, thin films were
prepared by optimizing ethylenediamine (EDA) concentration from 0
to 10% in the NiO, precursor solution [18]. With the proper EDA con-
tent 5% , the electrical resistivity could be decreased.

By applying this NiO, as HTL for planar perovskite solar cells a PCE
of 16.7% is obtained, cell 2. Whereas, device made with EDA free NiO,
showed 13.9% . For cells using Pedot:Pss as HTL, the PCE is about
14.3% (cell 1). In addition, the effect of cobalt doping NiO, (Co—NiO,)
on the photovoltaic performance of planar heterojunction perovskite
cells was reported in the inverted structure [19]. It is noted that better
charge transport and low energy loss is expected with devices with Co—
NiO, because of the well-matched energy levels to CH;NH,;Pbl; (MAP-
bl;) than the pristine NiO,.

The PCE of the devices were optimized by varying the cobalt doping
concentration from 0.5 mol.% to 5 mol.% to show the parameters of
perovskite solar cells using pristine NiO, and Co—NiO, as HTL. The de-
vice with undoped NiO, (cell 3) delivers PCE of 14.04% with open cir-
cuit voltage of 1.01 V, a short current density of 21.88 mA/cm?, and a
fill factor of 65% . The device using Co—NiO, as HTL exhibited an im-
proved PCE of 15.48% (cell 4), 16.20% (cell 5) and 16.82% (cell 6) for
a cobalt concentration 0.5, 1.0, and 2.5 mol.%, respectively. As cobalt
concentration increased to 5 mol.%, the device (cell 7) showed 17.5%
with a Ve of 1.04 V, J, of 22.46 mA/cm?® and FF of 75% . Co—NiO, re-
duced internal resistance and charge leakage of PVSCs[19].

Pristine NiO, possesses unsatisfactory electrical properties such as
high surface trap density and low electrical conductivity, which could
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deteriorate the device performance. Zn doped NiO, is also employed as
HTL in planar heterojunction, because Zn forms highly crystalline ox-
ide materials. 5% Zn doped devices (cell 8) achieved PCE up to 12.23%
with improvement of V. by 4%, J,.. by 16.7% and FF by 8.9% as com-
pared to the undoped NiO,. Zn-doped NiO, as hole transport layers are
promising material, with which to construct efficient and stable per-
ovskite solar cells [20]. Crystalline selenium (c-Se) prepared by thermal
evaporation by annealing at low temperature was used as inorganic
HTL for the planar PVSCs (cell 9) in the device structure
FTO/SnO,/perovskite/c-Se/Au[21].

TiO, is demonstrated to be the best choice as an electron transport
laver in PVSCs. Because of its inferior mobility and high crystalliza-
tion temperatures (400-500°C), its applications are limited to glass
substrates only. Tin oxide (SnO,) has advantages over TiO, and ZnO
through its superior inherent features such as wide gap about 3.6 eV,
and low processing temperature (< 100°C). These characteristics make
it a viable alternative ETL in PVSCs fabricated on flexible polymer
based substrates. The PCE of up to 21% has been achieved for ETL
based pure SnO,, its composite with ZnO or PCBM and doped forms
synthesized at low temperature [22]. Sb-doping SnO, significantly en-
hanced the photovoltaic performance of PVSCs by increasing the FF
and V¢, and reducing photocurrent hysteresis [24]. The incorporation
of Mo dopant within the pure SnO, enhances the conductivity and facil-
itates the photogenerated charge carriers. The PCE for pure SnO, and
Sn0,:Mo based PVSCs was about 8.74% and 10.52% , respectively [25].
Reduced cerium oxide CeQ, is used also as ETL in PVSCs [26]. Niobium
oxide (Nb,O;) has been used as electron transport layer for PVSCs (cell
14) due to its excellent optical transmittance and similar Fermi level
with TiO, [27].

Table 2 gives some results obtained recently on organic photovoltaic
cells. Pedot:Pss is the most material used as HTL in OSCs. However, it
suffers from acidity and hygroscopicity which results in degraded ef-
ficiency of the OSCs. Semiconducting metal oxides such as MoO,, G-
MoO;, V,05, WO,, NiO, RuO, are used as alternatives to Pedot:Pss due
to their advantages of excellent optical and electrical properties, which
can achieve high efficiency. Organic devices based on
BDTDPTz:PC;,BM as active (cell 14) layer exhibits PCE of 4.11%, V4
of 0.87V, J.. [mA/cm?] of 9.04% and FF of 52.3% [28]. Buffer layers
take an important parameter, which enhances performance of OSCs
and PVSCs. Various materials have been used as ETL in OSCs such as
zinc oxide (Zn0), aluminium-doped ZnO (AZO), zinc—tin oxide (ZTO),
indium—zinc oxide (IZO), titanium oxide (TiO,), Cs,CO;, CsF,, PbO,
and CdS [29]. The use of ICBA as an acceptor and PTB7 as a donor in
0OSCs improves performance [31—33]. Doping of Pedot:Pss by boric ac-
id (H;BO;) improves the efficiency of the organic cells. The best yield is
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obtained for a concentration of 1.25 mg/ml of boric acid in the Pe-
dot:Pss (cell 20); the PCE achieved is about 2.14% [34]. Inorganic HTL
are used because the hygroscopic nature of Pedot:Pss degrades the ITO
electrode and decomposes the perovskite absorber layer. Other factors
affect the parameters of PVSCs and OSCs, such as thermal annealing
and additives incorporated into active layers. Both organic materials
and perovskite materials are deposited in solution by the spin-coater
device. This allows the realization of large area cells at low cost.

3. EXPERIMENTAL
3.1. Production of Organic Solar Cells

The cells produced are composed of a transparent glass ITO cathode.
The cathode is covered with an electron transport layer based on zinc
nanoparticles (ZnO (NP)), then with the active layer consisting of a
mixture of conjugated polymers. Three different active layers are
used: PSHT:PCBM, P3HT:ICBA, and PTB7:PC,,BM. To improve the
transport of holes a layer of PEDOT (F010) is deposited on the active
layer and finally silver electrode is deposited as anode. In inverted pho-
tovoltaic cells, the electrons are collected by the transparent electrode,
and the holes are collected by the upper metal electrode. The photoac-
tive layers, the electron transport layers, and the hole transport layers
are deposited using spin-coating device. The silver anode is evaporated
under vacuum at 10°® mbar using thermal evaporation device r. Final-
ly, the structure of the realized cells is shown in Fig. 1.

3.2. Production of Perovskite Solar Cells

The cells produced are composed of a transparent glass FTO cathode.
This cathode is covered with an electron transport layer based on TiO,,

Fig. 1. Structure of the organic solar cells realized.
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then with the photoactive layer consisting of a perovskite material. To
improve the transport of holes, HTL is deposited on the active layer
and finally, the gold is evaporated as anode. The final structure is
FTO/TiO,/CH;NH,PbI; ,Cl, /spiro-OMeTAD/Au. The perovskite ab-
sorber layers, the electron transport layers, and the hole transport lay-
ers are deposited using spin-coating device. The gold anode is evapo-
rated under vacuum at 10°® mbar. The structure of the PVSCs realized
is shown in Fig. 2.

4. RESULTS AND DISCUSSIONS

The structure of the organic cells realized is Glass/ITO/ZnO(NP)/donor:
acceptor/PEDOT (F010)/Ag. The performance of the cells is given ac-
cording to the type of the donor:acceptor mixture. The J(V) character-
istics are measured using solar simulator.

The results on the characteristics J(V) presented in Fig. 3 are those

a b

Fig. 2. (a) Structure of the perovskite solar cells realized; (b) photogener-
ated of charges in the PVSCs.

Fig. 3. Comparison between J(V) characteristics of organic solar cells and
perovskite solar cells.
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TABLE 3. Comparison between performances of organic cells and perov-
skite cells realized in this work.

Cells Photovoltaic cell ‘VOC, Vid,., mA-cm'z‘FF, %, %
Cell A ITO/ZnO/P3HT:PCBM,,/PEDOT(F010)/Ag 0.52 11.69 55 3.32
Cell B ITO/ZnO/PTB7:PCBM,,/PEDOT(F010)/Ag 0.57 10.09 68 3.89
Cell C ITO/ZnO/P3HT:ICBA/PEDOT(F010)/Ag 0.79 11.83 63 5.85
Cell D FTO/TiO,/perovskite/spiro-OMeTAD/Au  0.81 16 67 8.81

of the cells with the best efficiency for each of active layer. The electri-
cal parameters of the cells for the different active layers are shown in
Table 3. The results show that in the case of organic cells; cell with
P3HT:ICBA gives the best yield compared to cell with PSHT:PCBM or
cell with PTB7:PCBM; NMpsur.pcem= 3-32% (Cell A), Nprpr.pcen= 3.89%
(Cell B) and Mpsuracea= 5.85% (Cell C). In the case of the perovskite so-
lar cells (Cell D), the yield achieved 1,¢ovsuite = 8.81% . Photovoltaic cells
based on perovskites materials have the best efficiency this due to the
improvement of the open circuit voltage V. and the increase of the
short circuit current Jg, = 16 mA /cm? as is mentioned in Table 3.

The photovoltaic performance of a solar cell depends on the optical
and electrical properties, and the morphology of the absorber layers.
The absorption coefficient of perovskite materials (around 10° em™) is
higher than the absorption coefficient of organic materials (10* cm™).

The excitons binding energy (E,) plays an important role on the gen-
eration and recombination of charges. E, of the conjugated polymers is
between 0.5 to 1.2 eV, while in perovskite materials, E, is between 2—
100 meV. The diffusion length of excitons in organic materials is be-
tween 5 and 10 nm. In PVSCs, the diffusion length of charge carriers is
about 10 pm. Perovskite have highly crystalline structure, the
transport of charge is ambipolar (both electrons and hole participate on
the conduction), and the mobility of the charge carriers of perovskite
materials is higher than the mobility of charge carriers of organic ma-
terials, because organic materials have a semi-crystalline structure.

5. STABILITY OF PEROVSKITE AND ORGANIC SOLAR CELLS

Perovskite and organic materials are sensitive to atmospheric condi-
tions and especially to humidity. To improve the performance of pho-
tovoltaic cells and protect cells from degradation, an encapsulation is
required. The encapsulation is used to protect the cells against the pen-
etration of O, and H,O into the cells and to improve their efficiency and
stability. Significant enhancement in the device lifetime is observed
for devices stored under ambient humidity and temperature conditions
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compared to non-encapsulated control device. Partially encapsulated
devices retained more than 80% of their initial PCE over 400 h, with a
rapid performance loss after 400h. The devices encapsulated, using
complete encapsulation architecture, were stable over the duration of
the storage time (500 h) [35].

The stability of the PVSCs was improved by employing Norland Op-
tical Adhesive and Polyethylene Terephthalate (NOA/PET) encapsula-
tion. Solar cells encapsulated with NOA /PET show stability under ap-
proximately 540h exposure to moisture. However, the non-
encapsulated solar cells are immediately deteriorated in PCE [36].

In addition, the typically used spiro-OMeTAD hole transport layer,
and additives limit long-term stability. The morphology of spiro-
OMeTAD can cause perovskite solar cells to degrade. The macro- and
micropinholes in spiro-OMeTAD film form channels that facilitate the
inward and outward diffusion of gas species. A pinhole free spiro-
OMeTAD can enhance stability. The Au electrode can cause degrada-
tion when Au atoms diffuse into the spiro-OMeTAD and perovskite
layers under high temperatures, which deteriorates performance. Low-
cost Ag electrode reacts with perovskite degrading its performance
even in an encapsulated device. Exposure to high temperatures also
causes degradation of the perovskite layer. The decomposition of the
perovskite under high temperature is given by the following equation:

CH,NHPbI, — Pbl, + CH,NH, T +HI T .

To improve stability, it is good to use passivated structure by replac-
ing Ag and gold with Al1/MoQO; electrodes in order to reduce trap densi-
ty and enhance diffusion length.

To further develop advanced fabrication process, minimizing mate-
rial costs and lessening environment impacts, the following actions
may be considered: (i) avoid the use of ITO or FTO, which, from its high
cost, has high environment impact (CO, emissions) and is the cause of
lower efficiencies due to increased resistance, also indium is a rare ma-
terial and is expensive; (ii) avoid the use of Au or Ag electrodes (carbon
electrodes are promising alternatives); (iii) HTL free perovskite solar
cells are desirable; (iv) development of recycling technology; (v) devel-
opment of less-toxic solvent; encouraging of lead free perovskite; (vi)
develop new alternative materials that will make this technology more
attractive to industry.

Another solution to enhance the performance of the cells is to re-
place organic electron/hole transport layers with inorganic materials.
And to use materials with complementary optical absorption spectra to
build a tandem solar cell, since tandem solar cells can harvest more
photons and improve the open circuit voltage of the devices thus im-
proving the efficiency.
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6. CONCLUSION

Two categories of third generation solar cells including OSCs and
PVSCs were introduced comparatively. Photovoltaic cells based on
perovskite materials have better performance compared to cells based
on organic materials. Several parameters affect the performance of
perovskite devices such as active layers, electron transport layers, hole
transport layers, and electrodes. Inorganic oxide films used as HTL or
ETL display better environmental stability than their organic counter-
parts. To improve the performance of the cells, the inorganic HTL lay-
ers were doped.

In the experimental part of this work, in the case of perovskite cells
with structure FTO/TiO,/perovskite/spiro-OMeTAD/Au, a better
yield of 8.81% is obtained. The best yield obtained in the case of the
realized organic solar cells is of 5.85% for the active layer PSHT:ICBA
because of the low-band gap of the acceptor ICBA.

Photovoltaic cells are unstable in the presence of moisture and oxy-
gen. The proposed solution to improve stability of these devices is en-
capsulation, and to improve environmental impact lead-free perovskite
materials are required.
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Y nmaHiii poOoTi mpeacTaBiIeHO Pe3yJabTATH OOCIiMKeHb TepMOMEXaHiuHmX i
pejlakcamifHUX BJIACTHBOCTEH IIOJiMepHUX KOMIIO3UIIIMHNX MaTepiAniB Ha
OCHOBi BUCOKOMOJIEKYJIAPHOTO IoJaiedipy meHTamaacty. JlocaimgxeHo TenoBy
medopMaIliro KOMIIOBUTIB CUCTeM MHeHTamjaacT—ioaun cpibaa (Agl) i menran-
Jact—6ararorrapoBi ByrierieBi HanoTpyoku (BHT) B oKoJi TeMmepaTyp CKJIy-
Baumua neHramnjaacty (253 K< T <373 K). BuasieHo, 1110 mpolec CKJIyBAaHHA
aMOp(HOI YaCTUHU IT0JiMepa pPO3AiII0eETHCA HA ABi CKJIAA0BI — HU3BKO- Ta BU-
coxoTeMieparypay. IIpoananizoBano ocobnBOCTI MOAM(DPIKYBaJIbHOrO BILIN-
BY Pi3HMX HANOBHIOBAUIB Ha HIapaMeTpPH IIPOIleCY CKJYBAHHS IIOJIiMepHOI
CKJIAZOBOI Y BiILHOMY CTaHi Ta CTaHi MPUCTIiHHOTO A0 YAaCTMHOK HAIOBHIOBAUA
mIapy is pisHuMM CTyIIeHeM BIOPAAKYBaHHS CTPYKTypu. IloKasaHo, 1Mo 10 mo-
JiMepHUX KOMIIOSUIIMHUX CHUCTEM, 0 CKJIaAy AKUX BXOAATH IIOJIiMepu, 34aT-
Hi 10 KpucTasaisallii, a came, BUCOKOMOJIEKYJIAPHI moJiedipu Ta nucmepcHi um
TO HAHOHAIIOBHIOBAYi, MOKe OyTH 3acTOCOBAHOIO TepMOMEXaHiuHa MeToja
aHaisu pesaakcariifinux mporeciB. Ha mpukimani cucrem memramiaact—Agl i
nenrannactT—BHT BuKoHaHO aHalidy MYJbLTUILIETHUX 3ajexkHoctreit de/dT
KOMOO3UTIB Yy TeMIIEPATYPHOMY iHTepBaJIi CKJIYBaHHA, (POPMY AKUX CIIPUUU-
HEHO BILIMBOM CTPYKTYPHO-aKTUBHUX YACTUHOK HoAuMAy cpibia Ta ByrJelie-
BUX HAHOTPYOOK. Ofep:KaHo po3paxyHKOBi CIiBBiAHOIIIEHHA [JIf BUSHAUEHHS
KOMILIEKCY peJIaKCaIlifHUX XapaKTePUCTHUK HAIIOBHEHOTrO IIeHTaIjacTy. Bu-
3HAUYEHO TeMIepaTypHi iHTepBaJau peJjlaKCaI[ilHUX IIepPeXomiB, IIOCJiTOBHICTH
mepebiry ix mpu HarpiBaHHi, a TAK0K PO3PaxX0BaHO KiHEeTUYHI TapaMeTpH CIO-

1017



1018 M. L. IIIYT, M. O. POKUITBLKU, B. JI. TEMYEHKO ra in.

CTepeKyBaHUX peJlaKCallifHMX IepexofiB, a caMe, IepeleKCIIOHEHTHUX MHO-
JKHUKIB y piBHAHHI BonbriMarHa—AppeHitoca I eHepriii akTuBaIii BigmIoOBiA-
HUX peJlaKcaIliiiHuX ITPOIECiB.

This paper presents the results of the thermomechanical and relaxation prop-
erties’ studies of polymer composite materials based on high-molecular-
weight polyester penton. Samples for research are obtained by thermal press-
ing. The thermal deformation of composites of the penton—silver iodide (AgI)
and penton—multilayer carbon nanotubes (CNTs) systems in the vicinity of
the glass transition temperatures of the penton (253 K < T' < 373 K) is stud-
ied. As revealed, the glass transition process of the amorphous part of the
polymer is divided into two components, low- and high-temperature ones,
associated with the existence of a more ordered phase located near the filler
particles and a less ordered phase, respectively. The last one is not affected by
the filler and, in fact, represents an unfilled polymer or a polymer in a vol-
ume that is not affected by the influence of filler particles. The features of
the modifying effect of various fillers on the parameters of the glass transi-
tion process of the polymer component with varying degrees of structure or-
dering are analysed. As shown, for polymer composite materials, which in-
clude polymers capable of crystallization, namely, dispersion-filled high-
molecular-weight polyesters, a thermomechanical method for analysing re-
laxation processes can be applied. Basing on the penton—AgI and penton—
CNT systems, the composite multiplet dependences of de/dT, the shape of
which is caused by the influence of structurally active particles of silver io-
dide and carbon nanotubes on the molecular mobility of various structural
units of the polymer component, are analysed in the glass-transition temper-
ature range. For determining the parameters of relaxation processes, the
graphical method of analysing the experimental results presented in the
Int = f(1/T) coordinates, where t is the relaxation time, is used. The calcula-
tion relations for determining the complex of relaxation characteristics of a
filled penton are obtained. The temperature ranges of relaxation transitions,
the sequence of their occurrence upon heating, and the kinetic parameters of
the observed relaxation transitions are calculated; namely, the pre-exponent
in the Boltzmann—Arrhenius equation and the activation energies of the cor-
responding relaxation processes are determined. As revealed, unlike penton—
Agl composites, most penton—CNT composites are characterized by a de-
crease in the intensity of the relaxation o/-transition. This is additionally in-
dicates a strong structuring effect of carbon nanotubes on the penton and the
formation of a penton layer adjacent to the filler particles with a more or-
dered structure comparing to pure polymer structure.

Karouogri caora: mosrimep, meHTaniIacT, togun cpibia, ByrieneBi HaHOTPYOKH,
TepMOMeXaHiuHa MeToa, peJaKcalis.

Key words: polymer, penton, silver iodide, carbon nanotubes, thermome-
chanical method, relaxation.

(Ompumano 26 2pyous 2019 p.; nicaa doonpayrweanus — 9 epydus 2020 p.)
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1. BCTYII

Bigomo, 110 pesakcalliiigi mepexoAu B IoJiMepax IIOB’A3aHiI 3 MOJIEKY-
JSAPHOIO PYXJIMBICTIO PiBHMX CTPYKTYPHUX €JEMEHTIiB, IKi BXOIATH IO
TUX UM iHIMUX ITiACHCTEM IIoJriMepa. ¥ IiJloMy pejaKkcaIliiiii mepexoau Ta
XapaKTepHI yacu peJsiakcallii CTPYKTYPHUX €eJeMEHTIB BU3HAUAIOTHCH
OUCKPETHUM CIIEKTPOM YaciB peJsakcarlii mmx ejemeHTiB. Mogudikairisa
MOJIIMEPHUX MAaTEPiANiB AMCHEPCHUMM HANMOBHIOBAYaAMM HPUBOAUTH IO
3MiHU CTPYKTYpPHU IIOJiMepa K CUCTEMHU Ta HPUBOIUTDL M0 BUHUKHEHHS
HOBUX peJIaKCallifHMUX IIporieciB. B 3ayiesKHOCTI Bifl BJacTHUBOCTE HAIIO-
BHIOBaUiB ixHi#l Moau(iKyBaJabHIUY BILJINB Ha pejlaKcalliiiHi BJacTUBOCTI
IOJIIMEPHMX KOMIIO3UIII THNX MaTePifAiB € pisHUM.

Mertoio mamoi poboTu 6yJi0 3’sAcyBaHHA BILIMBY HAIIOBHIOBAUiB PidHOIL
IPUPOIU HAa pejlaKCcallifiHi BJaCTUBOCTiI BUCOKOCTA0iIBHOTO Ta XeMiuHO
CTiAKOT'0 BUCOKOMOJIEKYIAPHOro moaiedipy — meuTarmmacty [1].

Bigomo [2], 1110 BBeIeHHS HAIIOBHIOBAUiB A0 CKJAAY IIOJiMEePHUX Ma-
TepidasiB 3MiHIOE CTPYKTYpPY ITOJIiMepPa B Pe3yJabTaTi BBaeMOii cerMeH-
TiB MAKPOMOJIEKYJI i3 IMOBePXHEI0 YaCTUHOK HAIIOBHIOBauYa, IT0 IIPUBO-
IUTH O YTBOpeHH: hisuyHMX 3B’sAB8KiB moJriMep—HamoBHIoBaY. Hamos-
HeHi moJiiMepu MOKHA YaBUTU AK OaraTtodasHi cucTemu, IT0 CKJazaa-
I0ThCs 3 OiIbII BIOPALKOBaHOI a3y, po3Milenoi 0ija YaCTHHOK HAIIO-
BHIOBaYa, Ta MEHIN BIOPAMKOBAaHOI (asu, Ha AKY He IIOIIUPIOETHCA
BILINB HaloBHIOBaua. ToOTo mosiMepHa cucTteMa 3a MeKaMHu il yacTu-
HOK HaIIOBHIOBAUA IIO CYTi ABJIA€ cO00I0 HeHATIOBHEHUH moIiMep abo Imo-
Jimep, B 06’eMi AKOTro He BiTuyBaeThCA BILJINB YACTHMHOK HAIIOBHIOBAYAa.
[1a TakuX HATOBHEHUX MHOJIMEpPHUX CHCTEeM XapaKTepHUMHU € IBi abo
IeKiJbKa TeMIlepaTyp CKJIYBaHHS, IO BiAMMOBiJal0Th CKJIYBAHHIO MEHIII
BriopankoBauoi (T,) Ta 6inbin BoopaakoBanoi dasu (Ty). Ak mpasuiio,
Ty > T,, OCKiNIBbKY y OiNBIII BHOPAAKOBAaHI (pasi icTOTHO MOHMMKeHa ce-
I'MEHTaJIbHA PYXJUBICTH MaKpPOMOJIEKYJ. SIK HOKa3yiOTh pe3yJIbTaTh
HAIIUX OOCJiIMKeHb, TAKUHM XapaKTep BIJIMBY HAIIOBHIOBAUiB € Xapak-
TEePHUM i JJIg KOMIIO3UTIB cucteM neHTamnracT—Agl i mearanmact—BHT.

2. EKCIIEPUMEHTAJIBHA YJACTHUHA

B axocTi HamoBHIOBaUiB Oy BUKOPUCTAHI CyNIePHOHHUMI MaTepiaa, —
ogun cpibaa (Agl) [3] 3 posmipamu yacTuHOK ¥ 1—6 MKM Ta ¢opMoIo,
MoAi0HOI0 10 MPAMOKYTHOTO IapaJieelinesa i3 cuiBBiIHOIIIEHHIM CTO-
pim1:1:3i1:1:2, — i KMCJOTHO OUUIIEH] BiJ MiHepaJIbHUX JOMIIIIOK 6a-
raromiapoBi ByrueneBi Hanotpyoxku (BHT) is soBHimHIM miameTrpoMm y
10—-40 uM, nuTtomoro noBepxHeio y 200—400 M?/T i TUTOMUM eeKTpUY-
uHuMm omopom y 0,05—-0,1 Om-cm.

3pasku cucteM nenramiaact—Agl i nearanmactT—BHT rorysanu B Ha-
crynmHomy T—p—t-pesxkumi: HarpiBaHuA 3i mBuaKicTio y 0,058 K/c, Bu-
Tpumka npu 483 K mporarom 15 xB. mig Tuckom y 20 MIla, oxomomxeH-



1020 M. L. IIIYT, M. O. POKUIIBLKU, B. JI. TEMYEHKO ra in.

Hd i3 poarony 3i mBuakictio y 0,008 K/c, 1o Bigmosizae onTuMaIbHUM
TEeXHOJIOTiYHNM YMOBaM MIepepoOKM KOMIIO3UTA 3 ypaxXyBaHHAM BJac-
TUBOCTEH AK HAIIOBHIOBAaUa, TaK i ITOJiMepHOI MaTPUIIi.

Oco61BOCTI TepMOMEXAHIUHOI IMMOBEeNiHKYM KOMIIO3UTIB CHUCTEM II€H-
ramaacT—Agl i mearammact—BHT gocaim:xyBaim MeTomoIo meHeTpalrii B
pe:xumMi omHOBicHOrO mocrifiHoro HaBaHTa)KeHHaA (c=0,5MIla) nHa
ycranoBii YUII-TOM. Jlimifinuii Harpis 3paskiB 3milicHOBaIN 31 IIIBU/I-
Kictio y 0,042 K/c. [locaig:xeHHs IIPOBOANIN B TeMIIepaTypPHOMY iHTe-
pBaxi 173-453 K.

3. PEBYJIBTATH TA IX OBTOBOPEHHS

PesyabTaTué gociimKeHb TeII0Bo1 gedopMallii KOMIIO3UTIB CUCTEM II€H-
ramnacT—Agl i menranmact—BHT B o6s1acTi cKaIyBaHHA mOJiMepHOI Ma-
TPHUILL Ofep:KyBaIn y BUTJIAAL rpadikie sanexkuoctu € = f(T') (puc. 1, 2),
Ile € — BiTHOCHEe BUJIOBXKEHHA 3Pas3KiB 3a O{HOYACHOI i1 Ha moJriMep cu-
JIOBOT'O Ta TEMIIEPATYPHOTO OJIiB.

Amnaniza pesgysabTaTiB Ha puc. 1 i puc. 2 mokasye, 1110 y TeMIIEpaTyp-
Homy intepBaidi 273 K< T <353 K Ha TeMIepaTypHUX 3aJIEKHOCTAX
BigHOCHOI medopmarliii KoMIIO3UTiB cucteM meutamaacT—Agl i meuran-
aact—BHT criocTepiraerbcsa penakcaliiiHU# IIporec CKJIyBaHHSA IIeHTa-
ILJIACTY, 1110 PO3IiIAEThLCA Ha ABi cKIaM0Bi — HU3LKO- (T,) Ta BUCOKOTeE-
mneparyphry (Ty). HusbkoTeMnepaTypHUii o-pesiakcamiiHuil nepexis y
cuctremi nenranaact—BHT cnocrepiraerbesa Ha 4—5 K HMiKue, HiXK y cu-
cremi meHTammacT—Agl, a KoHmeHTparifini sanesxuocti T, f(¢) mna
000X cHCTEM € HOCTATHBLO cxoxkuMu. Tak, y KOHIIeHTpalliliniii obJsacti
0<0<0,500.% Temnepatrypu a-penakcaiii cucrem nerrammactT—AgI i
nenrammacT—-BHT nabGyBatoTs minimanbHUX 3Hauenb y 287 K i 282 K
BigmoBigHO, a mpu 30iibIlIeHHI KoHIIeHTPAaIlil 10 2 06.% — 3pocTaoThb
Ha BeIuunHy 6;113bK0 6 K.

OT:xe, 3a XapaKTepoM 3MiHN KOHIIEHTPAIIiHHOI 3aJIeXHOCTH TeMIIe-
paTypu peJiaKcalliifHOTO O-TIEPEXO0y MOKHA YSIBHO MOIiINTH Ha ABi mi-
aaaku — 0<9 <£0,5% i 9> 0,5% . Ha meprriii gijiAHIli 3 KOHIIEHTPAITLi-
samu HanoBHIOBaua Bix 0 mo 0,5% 3i 36inbiennam Bmicty Agl i BHT
CIOCTepiraeTbcAa OesdAKe IOHMKEHHS TEeMIIepaTypPyd HOYATKY IIPOIleCy
CKJIyBaHHS, 0 HAWOINBIIT IMOBIpHO BUKJINKAHO CTPYKTYPHOIO aKTUB-
HicTiO HamoBHIOBadYa. SIK mokasain PeHTIeHOCTPYKTYPHI JOCIIiaKeHHA
[4], Tpm HeBeJMKUX KOHIIEHTPAIlisiX HaAMOBHIOBAUYa CIIOCTEPiraeTbcs
TMIOHMKEHHA 3arajJjbHOTO CTYNEHs KPUCTAJTIYHOCTH HeHTamaacTty. Lle
CIPUUYNHIOE MiABUINEHHA PYXJHUBOCTH KiHETUUYHUX OAWHUIL IIOJiMep-
HUX JAHIIOTIB i crIpuse 6iJbIl iHTEHCUBHOMY IXHBOMY MOJEKYJIAPHOMY
pyxy. Ha ppyriii ginanmi npu 30iJbIlTeHHI KOHITEHTpAIlil HallOBHIOBaYa
Big 0,5 1o 2% uactuaku Agl i BHT BucTynawoTh y poJii 3apoaKiB CTPYK-
TYPOYTBOPEHHA 1 TAKMM YMHOM OOMEKYIOTh PYXJIMUBiCTh OKPEMUX Jia-
HOK MaKpPOMOJIEKYJI 0013y CBOEI ITOBEPXHi, a B pesyJbTaTi TeMiepa-
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Puc. 1. Temneparypsi 3aynesxkuocTi BigHocHol gedopmallii KOMIIO3UTiB cucTeMuU
nenramnactT—Agl 3 o6’emEUMUu KoHUeHTpatiamu 0% (1), 0,19% (2), 0,37%
(3),0,75% (4) 1a 2% (5).

Puc. 2. TemneparypHui 3amesxHocTi BigHOCHOI edopMallii KOMIO3UTIB cucTeMu
nenrannact—BHT 3 06’emuumu kouneutpamiamu 0% (1), 0,19% (2), 0,37%
(3),0,75% (4) Ta 2% (5).2

Typa MOYaTKY IPOIeCcy CKJIYBaHHS ITiIBUIITYEThCS.

BucokoreMmnepaTypHa CKJIaJJOBa IIPOIIECY CKJAYBAHHA JJIsd KOMIIO3U-
TiB 000X CHCTEM XapaKTepu3yeThCA O0EPHEHUM 0 HU3LKOTEMIIepPaTyp-
HOI CKJIam0Boi xapakTepom sasesxkuoctu T, = f(¢). IIpu ibomy BinOyBa-
€ThCA IesdKe 3MIIMeHHA B 0iK MeHIITUX KOHIEHTpAallill, AKe TAK0XK MOXKe
O0yTu poaminene Ha aABi gimsauky — 0< 0 <0,37% i¢p>0,37%.

Jlisa mocaigsKeHHA pejaKcallifHUX BJACTUBOCTEN MOJIMEepHUX MaTe-
pianiB, oKpiM MeTOAM pesaKcaIliiiHOI CIeKTpOMeTpii, MOKe OyTH BUKO-
pHCTaHOIO TAKOK TepMoMexaHiuHa MeToaa. [[1o MeTony MOKHA BUKOPHU-
CcTaTU AJIA BUSHAUEHHSA TeMIIepaTypu peJsiaKcalliiilHOro mepexoay 3a 3Mi-
HaMM KyTa HaXUJy TeMIepaTypHOI 3ajIe;KHOCTU TEeIJIOBOI medopmartii
MoJiMepHUX 3pasKiB abo mo cTpUOKOMOAIOHMX 3MiHAX TeMIIEPaTypPHOTO
KoedirieHTa JiHifiHOTO PO3IIIMpPEHHS ITOJIiMepa Ipu HArpiBaHHI [5].

Bimomo, 1110 3a BimcyTHOCTH (pasoBuX i pemakcalifiHux mepexoznis 306i-
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JBIeHHA JiHIMHUX POo3MipiB moJliMepHOro 3pasKa IIpu HarpiBaHHI oIu-
cyerhed piBHAHHEAM [ = [(1 + oT), me l, i | — sinitini posmipu 3paska mpu
OYaTKOBil TeMIlepaTypi Ta Temiiepatypi T BiIIIOBiIHO; 0L — TeMIIEpaTy-
pHUi KoegiltrieHT JiHiTHOTO po3mupenHA. [0 3ameKHicTh MOXKHA TIpe/I-
cTaBUTHU TaKoK y Burisani € = oT. Ilicasa gudepeHtizoBaHHS OCTAHHBOT'O
PiBHAHHA II0 Yacy i3 BpaxyBaHHAM, II0 B yMOBaX HarpiBaHHA 3 ITOCTii-
Horo mBuaKictio T = Ty + vt, ne T, — moyaTKOBa TeMIlepaTypa, BiJl AKoil
3MIiliICHIOETbCA HaArpiBaHHA, Vv — IIBUAKICTbL HArpiBaHHdA, { — Yyac Harpi-
BaHH#A, ofiepkuMo de/dt = av. OTiKe, 3a BiICYTHOCTH TEMIIEPATYPHUX
nepexo/liB y MoJIiMepi NPy HarpiBaHHi BeTMYnHA dg/dt , sika siBJIsie COGOIO
MIBUKiCTE TEILIOBOI medopmariii, € crajoro. Ii 3MiHM cBiguaTh IIPo mepe-
0ir y mosimepi mpu HarpiBaHHi peslakcaIlifHIX IPOITeciB.

3a pesyJibTaTaMu, IpeAcTaBIeHNMY Ha puc. 1 i puc. 2, 6yJio TpoBeAeHO
PO3PaxXyHKU TeMIIEPATYPHUX 3aJeKHOCTeld Bennunan de/dt mJist KoMIIo-

Puc. 3. TemnepaTypHi sanesxkHocti Benuuunu de/dt AIA NeAKUX KOMIIO3HUTIB
cucremu nerramiactT—Agl 3 06’emuumu Koumenrpamiamu 0% (1), 0.19% (2),
0.37% (3), 0.5% (4), 0.75% (5) Ta 2% (6).?

Puc. 4. TemnepaTypHi 3anesxHocti Bennuunu de/dt A1 HeAKUX KOMIIOZUTIB
cucremu neHramaacT—BHT 3 06’emauMu Koumentpaiiamu 0% (1), 0,19% (2),
0,37% (3), 0,5% (4), 0,75% (5) Ta 2% (6).*
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autiB cuctem nenTamaactT—AgI (puc. 3) ra meuranaact—BHT (puc. 4).

Amnagiza puc. 3 Ta puc. 4 mokKasye, IO TeMIEePATYPHi 3aJIeKHOCTI
dg/dt nyisi KOMIIO3UTIB HA OCHOBI IEHTAIJIACTY XapPaKTePU3YIOThCI MY-
JBbTUILIETHICTIO i A1 JeTaJbHOI aHANi3M mapaMeTpiB MOTPeOyIOTH BU-
KOPHCTAHHS 3aIPONOHOBAHOI HAMU METOAUKY PO3AiJIeHHA MaKCHIMYyMiB
[6]. Makcumymu Ha KpuBux sanexuoctu de/dt = f(T) BiamosigaoThb
peaakcalifiHuM ImepexogaM, 10 BiJ0yBarOThLC B IoJiMepax.

CxeMaTUYHO 3araJbHUMN BUTJIAL TeMIIEPaTyPHUX 3ayieskHocTedl de/dt
IS KOMIIO3UTiB cucTeM meHTamaacT—Agl i memrammact—BHT B oxoui
HU3bKOTEMIIEPATYPHOI Ta BUCOKOTEMIIEPATYPHOI CKJIAJOBUX peJaKca-
IMiIAHOTO IPOIleCy CKJIYBAHHSA B IIOJiMEPHUX CHCTEMAaX CXEeMaTHYHO MO-
JKe OyTH IIpeACcTaBJIeHUHA, AK Ha PHUC. .

Ha pginaukax cd Tta fg sanexuocreit de/dt = f(T) BimHOIIEeHHA
dg/dt = av = const (v~ 0,042 K/c 3 yMOB IIPOBEICHHSA €KCIIEPUMEHTY);
TOMY CTa€ MOXKJIUBUM BU3HaUeHHA KoedilieHTiB JIiHiITHOTO po3IIUpeH-
HA 1A KoMo3uTiB cucteM neHTanaactT—Agl i merrammacT—BHT. 13 pe-
3yJbTATiB IPOBEIEHUX IOCIiI:KeHb Koe(ilieHT JIiHITHOTO PO3IINpeHHSA
nopiBuIoe 8:107° K ™! Ta 36iraeThcsa i3 pesyaIbTaTaMu ZOCJIiKeHDb TEILIo-
BOT'0O PO3IINPEHHS HAaIOBHEHOT'O IIeHTAIJIACTy, IPOBEJeHNX HAMU Y Po-
0oti [ 7] meTomot0 JiHitIHOI fUIaTOMeTpii.

B obaactax temmepatyp 278-308 K i 328—-358 K myisa KoMIO3uUTiB
060x cuctem BesuuHa de/dt HaGyBae MAaKCUMAaIbHUX 3HAUEHbD, 1[0 CBij-
YUTH IIPO IIepedir y mosiMepHi#l cKJIamoBill KOMIIO3UTa peaKcalliiiHux
mepexomiB.

Bigomo, 1m0 Benmnuuna de/dt niHiliHO OB’ A3aHa 3 KoedimieHTOM O, a
BeJIMUMHA O, B CBOIO UEPTY, IIPAMO IPOIOPITifiHA TEIIJIOEMHOCTI y Bifmo-
BigHOCTI i3 rpmHaﬁaeHOBnM CIIiBBiJHOIIIEHHAM

oK, =yC, V', (1)
ne K, — MoxyJb 06’€MHOTO CTUCHEHHs, Y — I pioHaiiseHiB mapamerep,

C, — TeIJI0eMHiCTh IIPU cTajIoMy 00’eMi, V — 06’eM Tina.
TakuM YMHOM, MOXKHA IPUIIYCTUTH, 1[0 PE3YJIbTATH AOCIiIKEHDb Te-

de/dt, % /c
0,02

0,01

273 323 3BT, K

Puc. 5. CxemarnuHe 300paskeHHS TeMIlepaTypHOI sajeskHocTi de/dt nns me-
AKUX KOMIIO3HUTIB crucTeM nenTamnact—Agl i nenramntact—BHT.®
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IIJIOBOTO PO3IIMUPEHHA Ta TeIJIOEMHOCTH J00pe KOpeaioloTh, 0 i3 He-
3HAUHUM BiIXWJIEHHAM B 00JIACTH BUITUX TeMIIEPATYP MiATBEPAKYETh-
cs pesyJbTaTaMM HAIMNX OOCHIIKEHb pPeJjaKCaliiiHMX BJIACTHUBOCTEM
PO3TIANYBaHUX CUCTEM, BUKOHAHUX KaJOPUMETPUUYHOIO METO0IO.

I penaxcaliifHoro mporiecy cupaBeaauBuii Bupas [8—11]

Ax = Ax, exp(-t/1,) , (2)

e Ax, i Ax — BiiXujJeHHS BUMipIOBaHOI BeJIMUYUHU BiJl PiBHOBaKHOTO
3HaYeHHA JJIA II0YAaTKOBOTO Ta JAaHOT'O0 MOMEHTY dacy £, T, — 4Yac pesjak-
carii. ¥ manomy BHUIAAKy MipsSHOIO BeJUUYMHOIO € AedopMallid €; ToMy
Bupas (2) Mo:KHa 3aIIuCcaTy Y HACTYIIHOMY BUTJIATI:

e, —€=(g, —g,)exp(-t/1,), (3)

IIe €, £ 1 € — piBHOBasKHE, IOYATKOBE TA IIOTOYHE 3HAUEHHS BEeJIUYNHUI
TEeTJI0BO1 Aedpopmarrii BigmoBimHo.

IIpoaudepeniiroemo Bupas (3) mo uacy i3 BpaxXyBaHHAM TOTO QaxTy,
1110 3HAYEHHS £, 1 &, AJIA IILOTO PeJIaKCcalliiiHOro IIePexXo1y € CTAJIIMU:

de exp(—t/t,)
E = (80(: - 80) i / .

OpepsxaHuil BUpPa3 MOKHA 3aIlMcaTH B TaKii popmi:

(e, —5) 3
T, _—ds/dt exp(—t/t,).

I3 BpaxyBaHHAM Bupasy (3) omepryemMo:

g, —¢

T; ZW. (4)

B cBoto uepry, 3ajie;KHICTh Yacy pejlakcallii T, Bi TeMmnepaTypu omnu-
cyeThbes Bimomoro hopmyioio Bonbiimanua—Appenitoca [12, 13]:
1, = 1., exp(U,/(RT))). (5)
IlepenexcroHeHIitiHUIT MHOXHUK T, Vy (Gopmyni DBoabnmmanua—
Appenioca (5) — 1e xoeditieHT, 3HaUCHHA SKOTO 3aJ€KUThH BiJ po3Mmi-
piB i-i1 kKiHmeTHuuHOI OgMHMII, IIT0 Oepe YUaCTh ¥ JaHOMY peJiaKcalliiiHoOMy
mporieci, Ta ocobsmBocTell il BHYTpPilIHBOI CcTPYKTypu. KoyKHa rpyma
pesakcaliiHux IIepexXofiB XapaKTepU3YEThCA CBOIM 3HAYEHHAM T;.
Hampuraan, nja rpynu cerMeHTAJIbHUX O-IIPOIleciB pesakcalrii (CKIy-
BaHHS) MaEMO 3HAUeHHd Ty, = 5102 ¢ (£20%) (1110 i miaTBepAKy€ETHCA
TaHUMU, SKUX HaBeJeHO HUKYe y Tabi. 1 i 2; kpim Toro, Taki 3HaUeHHA
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OiATBEePIKYIOTECA MOaHUMM, OAEeP:KAaHMMU MeEeTOHOI0 Iu(epeHIliinHol
cKaHiBHOI KasmopumeTpii). [ad mpocTuX KiHEeTUYHUX OAMHUIIL (hismy-
HUH 3MiCT ITepeqeKCIIOHeHTH MOsKe OyTH iHTepIIpeTOBaHUH SK Yac OJHi-
€l cupobM KiHeTHUYHOI OOWHUIIL IIepeiiTH uepe3 eHepreTUUHUI Oap’ep
3aBAAKN AKTHUBAI[il TENJOBUMHN KOJUBAHHAMM, HPHUUYOMY dYac OIHiel
cIpobu JOpiBHIOE Mepiony KOJMBAHG i-i KiHeTnuHOl ommuuIli. Takox y
(5) U, — eHepria akTusBaIiii i-ro pejaxcaiiifnoro nepexony, a R — yHi-
BepcaJibHa rasoBa craJa.
ITigcraBumo Bupas (4) y Bupas (5):

€, —¢€ U,
- = . — . 6
de/dt eXpLRTiJ ©

IIponorapurmyBasiiiu piBHAHHSA (6), 0OCTATOYHO MAaEMO:

(D

— =lgrt, +

1 —*
& de/dt

Ui
2,3RT,
Axio i ockinbku 1y Ta U, He 3ajesKaTh Biff uacy, To B KoopauHaTax 1gt,—
1/T omep:KyeThbCs IpAMa I i-TO pesiaKCcaI[iifHOTO IIPOoIiecy, ToOTO 3 pi-
BHAHHA (7) BUAHO, IIIO BUpPAas, IO CTOITh y JiBill YacTUHI Ta HOPiBHIOE
lgr;, minifino 3aymeXuTh Big obepHeHol Temmeparypu. Ilpu BusHaueHHi
mapaMeTpiB peJlaKcaIliiiHOTO IIPoIlecy BUKOPHUCTOBYEMO rpadiuHy Me-
Toxy [8] aHaIi3M eKclIepUMEHTAIBHUX PE3YJIbTATiB, IIO IIOAAIOTHCA 3a-
nexxHicTIo 1g T = f(T™') : eHeprito akTuBaNil 3HAXOAMMO 3 HAXUIY IPH-
moi, ockiabku d(1gt,)/d(1/T)=U,/(2,3R), a IepeeKCIIOHeHTY T, BU3HAa-
YaeMOo 3 BiIpisKy, 110 BiATMHAETLCSI Ha OCi OpauHAT.

Ha pucynkax 6 i 7 HaBeIeHO 3aJIE;KHOCTI JIOTaPUTMiB UaciB pejakca-
mii Bixg o00epHEHOI TeMIlepaTypu [Jid peJaKcalliiiHUX IIepexXoniB,
OB’ A3aHUX 3 HU3bKOTEMIIEPATYPHOIO Ta BUCOKOTEMIIEPATYPHOIO CKJIa-
JOBHUMMU IIPOIECY CKJIYBAHHA Yy KOMOO3uUTax cucteM meuTamaact—Agl i
nenrangact—BHT BigmoBigmo.

Taxum yMHOM, HA OCHOBI aHaJi3u mapaMeTpiB HU3LKOTEMIepaTypHOL
O- Ta BUCOKOTEMIIEPATYPHOI o-peJsiaKkcailii meHTamaIacTy y cKJajli cuc-
tem neHtamaacT—Agl i mearanmact—BHT 0yJio mpoBenesHo po3paxyHOK
KOMILJIEKCY peJlaKCallilHUX XapaKTePUCTUK KOMIIO3UTIB, Pe3yJIbTaTH
AKOro HaBemeHo y Tabua. 11 2.

4. BUCHOBKH

Amnaiza omep:kaHux pedyabrarTiB (Tads. 11 2) cBiguuTh Ipo Te, 10 IIPOo-
mecu o-peslakcaiiii y cucremi nenramnaact—Agl mposaBiaAmTbLCS iHTeH-
cuBHime, HidK y cucremi neHranjact—BHT. Ha me BkasyoTh TeMIiiepa-
TYypu IIOYATKY Ta KiHIA peJslakcaitiiimoro o' -mepexony (puc. 11 2), a ra-
KOJK BeJMYMHA 3MiHM BiZHOCHOI medopmairii (A€) B Merxkax Iepexony.
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Puc. 6. 3anexxuocri lgt Bin 06epHEeHOI TeMuepaTypu AJSA AeAKUX KOMIIO3UTIB
cucremu nesramitact—Agl B oxoui a- (1) Ta o -penakcanii (2).°

Puc. 7. 3ane:xHocrti lgt Bix 00epHEeHOI TeMuepaTypu AJSA AeAKUX KOMIIO3UTIB
cucremu nesramtact—BHT B okoui a- (1) Ta o' -penakcanii (2).”

BukioueHHsA CTAHOBUTS JIUIIe KOMIIO3UT i3 BmMicToM ¢ = 0,19% BHT.

A Bcix iHIMMMX MOCTimKeHWX KOMIIOSUTIB CHCTEMU II€HTAIJIACT—
BHT cmocrepiraerbcsa 3MeHITIEHHSA iHTEHCUBHOCTH O -IIEPEX0y, 110 0e3-
3alepPevHo CBiAUUTH PO iHTEHCUBHUIN CTPYKTYPYBAJbLHUU BIJIUB BYT-
JIeIleBUX HAHOTPYOOK Ha MEeHTAILJIACT Ta YTBOPEHHSA IPUCTIHHOTO 10 Ya-
CTUHOK HAIIOBHIOBAaYAa IIapy MEHTAIJIACTy 3 OiJbIN BOOPAIKOBAHOIO IIO
BiTHOIIIEHHIO IO IMoJiiMepa B 00’eMi cTpyKTypoio. OueBuIHO, 1110 Y OiIbIIT
BIIOPSAKOBaHil (pasi IPUCTIHHOrO IMIapy ceI'MeHTaJIbHA PYXJINBICTH MaK-
POMOJIEKY.JI IIOJIiMepa IMMOHUIKYETHCA, IO i TiATBEPIKYETHCA BUIITIMU Te-
MIepaTypaMu Ta SHaUeHHAMM eHeprii akTuBallil o -mepexony, XxapakTep-
HUMH IJId KOMIIO3UTiB cucrtemu neHraniaact—BHT.

Okpim TOTO, AK BUJHO i3 MOPiBHAHHS Pe3yJIbTATiB, OJePKAHUX IIPU
TociimxeHnHi MexaHiuHOI Ta CTPYKTypHOI penakcarii [14], i sHaueHHs
eHeprii akTuBaIii gj1sa 060X mepexomiB MpaKTUUYHO 30iraioTbes. Takum
YUHOM, TEPMOMEXaHiuHa MeToAa MOCITiMKeHHA YMOMKJINBIIIOE BU3HAYA-
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TABJINIIA 1. Kommieke peakcalifiHnx xapakKTepPUCTUK HU3bKOTEMIIepaTy-
pHOI (0) Ta BUCOKOTEMIIEPaTypHOI (') CKIIaZOBUX MPOIECY CKIYBAHHS AeAKUX
KOMIIO3UTIB cucTemu neHTamiact—Agl.?

0, % | T B |Tu, K| 10102 ¢ | 1501072, ¢ RHH&V’I . KI[}I[CJ/OLI;/,IOJIL
0 299 345 4,7 5,3 7 88,6
0,19 290 350 45 5,4 75,3 90,0
0,37 287 248 45 5,4 74,5 90,0
0,5 2838 246 4,5 5,3 74,6 88,6
0,75 288 342 45 5,3 74,8 87,3
2 202 332 4,6 5,1 75,9 84,7

TABJUIIA 2. Kommieke pelakcaliiHUX XapaKTepUCTUK HU3bKOTEMIIepaTy-
pHOI (o) Ta BUCOKOTEeMIIEpaTypHOi (o) CKJIaMOBUX MPOIEeCY CKIYBAHHA JeAKUX
KOMIIO3HUTIiB cucTeMu neHTamiact—BHT.®

0, % | T K |Tu, K| 10102 ¢ | 1501072, ¢ RHHE]/‘;I o | KT ;g/an';mm
0 299 345 47 5,3 7,7 88,6
0,19 292 351 4,6 5,2 76,0 87,3
0,37 282 353 4,4 5,5 73,2 91,3
0,5 283 350 4,4 5,5 73,3 90,3
0,75 283 346 4,4 5,4 73,5 90,0
2 289 338 45 5,3 75,0 89,6

T TeMIlepaTypHi iHTepBajau pesiaKcallilHMX IIepeXOiB Yy HAalOBHEHUX
mojiiMmepax, IOCIiOBHICTE mepebiry ix mpu HarpiBaHHI, a TaK0K po3pa-

XOBYBaTU KiHeTHMUHi TapaMeTpu pejlaKcalliliHUX mepexomiB.
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! Fig. 1. Temperature dependences of the relative deformation of penton—AgI system composites
with volume concentrations: 0% (1), 0.19% (2), 0.37% (3), 0.75% (4) and 2% (5).

2 Fig. 2. Temperature dependences of the relative deformation of penton—CNT system composites
with volume concentrations: 0% (1), 0.19% (2), 0.37% (3), 0.75% (4) and 2% (5).

3 Fig. 3. Temperature dependences of the de/dt values of some penton—Agl system composites
with volume concentrations: 0% (1), 0.19% (2), 0.37% (3), 0.75% (4) and 2% (5).

4 Fig. 4. Temperature dependences of the de/dt values of some penton—CNT system composites
with volume concentrations: 0% (1), 0.19% (2), 0.37% (3), 0.75% (4) and 2% (5).

® Fig. 5. Schematic representation of de/dt—temperature dependence of some penton—Agl and
penton—CNT systems’ composites.

5 Fig. 6. Dependences of 1gt on inverted temperature of some penton—Agl system composites in
the a- (1) and o'-relaxation (2) vicinity.

" Fig. 7. Dependences of 1gt on inverted temperature of some penton—CNT system composites in
the a- (1) and o'-relaxation (2) vicinity.

8 TABLE 1. The complex of relaxation characteristics of the low-temperature (o) and high-
temperature (o') components of the glass-transition process of some penton—AgI system compo-
sites.

9 TABLE 2. The complex of relaxation characteristics of the low-temperature (o) and high-
temperature (a') components of the glass-transition process of some penton—CNT system compo-
sites.
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Potentiodynamic and galvanostatic investigations of hybrid electrochemical
capacitor (HEC) models formed on the base of nanoporous carbon material
(NCM) are performed. NCM is obtained from raw materials of plant origin
(hemp fire) and modified lithium—manganese spinel Li; ,Mn,; ;O,. The influ-
ence of the surface morphology of carbon material on the electric capacity of
the HEC is revealed. The total electric capacitance of the HEC models is de-
termined, and its distribution is carried out on the capacitance, which is en-
sured by the formation of a double electric layer (DEL), and the redox capaci-
tance due to the passage of Faraday reverse reactions.

IIpoBenmeHo moTeHIioAMHAMIYHI Ta raJbBaHOCTATHYHI HOCTiAKEHHS MaKeTiB
riopugamnx emexkrpoxemiunmux KouzaeHcaTopiB (I'EK), chopmoBanmx Ha OCHOBIi
HaHOIIOPUCTOro ByriereBoro marepiany (HBM), oxgep:kaHOro i3 cuipoBUHHU pPOC-
JIMHHOTO MOXOJKeHHA (KOCTPU KOHOILIi), Ta MogudikoBaHo] yiTifi-MaHraHOBOIL
mmineni Li; ;Mn, gO,. Bcranosieno Bmius mopdosorii mosepxri HBM Ha Be-
anunny enektpomictkoctu 'EK. Busnaueno 3arajibHy €JeKTPUUYHY MIiCTKiCTD
maketiB 'EK i npoBegero posmoaii il Ha MicTKicTh, AKa 3a0e3meuyeThbes (op-
MYBaHHAM TOABIAHOIO €JIEKTPUYHOIO IIapy, i OKMCHIOBAJIBHO-BiTHOBHY MiCT-
KicTb 3a paxyHOK IPoxoMKeHHA DapalefloBUX 3BOPOTHIX peaKIIiii.

Key words: nanoporous carbon, hybrid electrochemical capacitor, aqueous
electrolyte, capacity, electrochemical properties.

KarouoBi cioBa: HAHOTOPUCTUHM BYTJIEIlb, TiOPUAHUIN €JIEKTPOXeMiUHUN KOH-
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1. INTRODUCTION

Modern batteries provide high specific energy, which makes them ide-
ally suited for wide practical application, but their low specific power
is their disadvantage. Nevertheless, electrochemical capacitors (su-
percapacitors) have significantly higher values of specific power,
which is several times higher than the specific power of batteries, but
do not have sufficient specific energy. The specific capacity of such
devices is mainly determined by the electrolytically accessible surface
area of the electrode material. Supercapacitors content is based on
high-porosity materials such as nanoporous carbon, carbon nanotubes
or graphene. Moreover, the HECs concept is aimed at filling the energy
range formed between batteries and electrochemical capacitors. Thus,
in HEC research, the design of a single cell is asymmetric, in which
both the capacitance of the DEL in the carbon electrode and the pseu-
docapacitance of the electrode material of the supercapacitors and bat-
tery respectively are used [1]. HEC have a higher specific energy com-
pare to symmetric capacitors, due to the higher operating voltage of
the cell. The operating voltage of such capacitors is in the range of 1.8—
2V of aqueous electrolytes, which can significantly increase their spe-
cific energy [2]. In this work, we conducted a research of the relation-
ship between the energy parameters of hybrid electrochemical systems
in a 1 M aqueous solution of Li,SO, salt and the parameters of the po-
rous structure of carbon materials.

2. OBJECTS AND METHODS

NCM was obtained by the method of thermochemical activation of plant
biomass with orthophosphoric acid hemp fires in an argon atmosphere
at a temperature of 550°C. The ratio between the amount of acid and the
precursor was 0.25:1-2.00:1 in increments of 0.25 [3]. The obtained
activated carbon was used as the cathode material for the HECs. The
synthesis of modified lithium—manganese spinel with the composition
Li, ,Mn, 4O, was carried out using ceramic technology, which was tested
and research. A heterogeneous single-phase system was obtained in the
process of solid-phase sintering with a predictable composition, mor-
phology, and structure for use in HEC as anode material [4]. The specif-
ic energy characteristics of the NCM/Li,SO,/Li; ,Mn; O, hybrid elec-
trochemical capacitor were carrying out by the potentiodynamic and
galvanostatic methods using a two-electrode cell. The preparations of
electrodes were based on a mixture of the active material, the conduc-
tive additive SUP T-50 (China) and the polyvinylidene fluoride material
(F-42L) at a ratio of 75:20:5, respectively. Li, ,Mn, ;O, and NCM were
used as positive and negative electrodes, respectively, and 10 mg of
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each were pressed into a 5 mmx5 mm nickel wire mesh and placed in an
electrochemical cell. The unipolar aqueous solution of lithium sulphate
was used as an electrolyte. Electrochemical research were performed an
Autolab PGSTAT/FRA-2 spectrometer in galvanostatic and poten-
tiodynamic modes. The charge—discharge measurements were done at
current value at 1 mA. Cyclic voltammetry measurements were per-
formed at scan rates from 1 to 16 mV/s.

3. RESULTS AND DISCUSSION

The energy characteristics of electrochemical systems largely depend
on the characteristics of the polarized electrode. Theoretically, high
values of material capacitance are provided by a large surface area of
NCM. However, the practical situation is more complicated, and usual-
ly, the measured capacitance does not have a linear relationship with
the specific surface area of the electrode material. The main reason for
this is that nanopores with a small diameter are inaccessible to the
electrolyte solution due to the fact that the ions, together with their
solvations, are shells too large to enter the nanopores. Therefore, the
surface area of these inaccessible nanopores will not contribute to the
total capacity of the DEL of the electrode material. In order to improve
the specific energy characteristics of the HEC, it is necessary to re-
search the relationship between the structural characteristics (specific
surface area, pore size distribution and pore volume) of the carbon ma-
terial and redox reactions on the Faraday electrode. Thus, potentiody-
namic investigations with a scan rate from 1 to 16 mV /s within the op-
erating potentials of 0—1V (Fig. 1) were performed in order to obtain
information on the boundaries potentials, turnover reactions, kinetics
and the capacity of the electrochemical cell.

The shape of voltammograms (Fig. 1) is typical and almost the same
for all systems. It is characteristic of electrochemical systems, with
polarized and non-polarized Faraday electrodes, on which redox reac-
tions occur (the process of intercalation—deintercalation of lithium
ions into a spinel structure). The specific capacity of the HEC based on
carbon material was determined (Fig. 2) due to obtained potentiody-
namic curves (Fig. 1).

The determination of the maximum working voltage of the research
electrochemical system was carried out by voltammetry. The cycling
procedure of sample was carried out by increasing the maximum work-
ing potential from 1 V to 1.8 V with 0.2 V steps. The CVA voltam-
perograms for HEC based on cathode of CO75 is shown in Fig 3. More
than 50 charge—discharge cycles were conducted for each potential
window to detect gas evolution and degradation of the electrodes. In
the entire potential window, the electrochemical behaviour of the HEC
is stable.
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a b

Fig. 1. Cyclic voltammograms of HEC based on materials: a) C025-C100; b)
C125-C200.

Fig. 2. The specific capacity of HEC based on the obtained NCM.

Fig. 3. Cyclic voltammograms of HEC based on material C075.
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However, with a potential increase of more than 1.8 V, gas evolution
processes occur, which lead to the destruction of the electrochemical
system. At potentials of 0—0.2 V, the capacity of the electrochemical
system is provided solely by the capacity of the polarized electron
based on the NCM (Fig. 3). At potentials of 0—0.2 V, the capacity of the
electrochemical system is provided by the capacity of the polarized
electrode based on the NCM (Fig. 3). The voltammograms for other
systems are almost identical in shape, but the values of charge—
discharge are current differ.

The dependence of the specific capacity of the HEC on the used car-
bon material and the working voltage window was determined based on
the voltammograms data (Fig. 4). Moreover, it was determined that
the HEC based on the cathode material of carbon C075, has a maximum
specific capacity of 35 mA-h/g with a maximum cell voltage of 1.8 V.
Thus, the obtained result is explained by the properties of NCM mate-
rial (CO75) has the highest specific surface area (Sgzy = 1990 m?/g) and
the optimal pore distribution for access of the electrolyte solution into
the volume of material, which has one of the highest surface areas
among the obtained (investigated) samples [3].

The kinetics of charge accumulation in the HEC was research with
increasing scan rate from 1 to 16 mV/s in a potential window of 0.2—
1.8 V. The dependence of the specific capacitance on the scan rate for
HEC is presented in Fig. 5.

The dependence of the specific capacitance on the scan rate for HEC
is presented in Fig. 5. There is a monotonous decrease in the specific
capacitance with increasing of scan rates for all electrochemical sys-
tems. Thus, at relatively high scan rate, the intercalation—
deintercalation process of Li" ions into the spinel structure on a non-
polarized electrode does not have time to fully occur, as well as insuffi-
cient mobility of electrolyte ions within the certain pores on the carbon
electrode (especially, submicropores whose surface only partially
available for electrolyte).

The total capacity of the HEC can be divided into the capacity, of a
double electric layer (Cpg) on the polarized electrode and diffusion-
controlled redox capacity due to the Faraday reverse redox reactions
(Cy) of the non-polarized electrode [5], which can be calculated based on
obtained curves Fig. 5. In the kinetic model [5], it is assumed that the
scan rate affects the total specific capacity of the electrochemical sys-
tem, since the diffuse component of the capacitance (Cy) is a function
of the reaction time. Therefore, the scan rate can be considered inverse
to the time of diffusion C = C,_. + as™"/? where a is a constant, C,, = C,_.
The specific capacity of electrochemical systems linearly depends on
s'2, as follows from Fig. 6.

The decrease of the scan rate leads to an increase in the specific ca-
pacity of the electrochemical system.
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Fig. 4. Specific capacity of HEC based on materials of C025-C200.

Fig. 5. The dependence of the specific capacitance on the scan rate for HEC.
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Fig. 6. The dependence of the specific capacitance on s '/%: a) C075, C100,
C125, C150; b) C025, C050, C175, C200.
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Thus, the dependence of the specific capacity on the scan rate can be
extrapolated to the other side to s = 0 using the functional dependence
on s [5]. Since the C increases linearly with s'/?, then, 1/C should de-
crease linearly with s'/2. Then, 1/C=1/C,,+ bs'? where C,, is the
maximum specific capacity available, b is a constant value (Fig. 7).

The determination of the capacitance, which is ensured by the for-
mation of DEL (Cpg) and the maximum specific capacity (C,,,,) of the
studied electrochemical systems (Table), is possible based on of extrap-
olation of the dependences of C on s? and C' on s'2 of the Y-axis
(Fig. 7). It can be concluded that the specific capacity provided by the
formation of DEL is within 60-70% of the total specific capacity for
all hybrid electrochemical systems under research, and the maximum
capacity that can be provided by HEC formed on the base of the ob-
tained materials is = 39 mA-h/g, when analysing the data in the Table.

A chronopotentiometric research method was used to evaluate the
electrode stability and to determine the specific capacitance and ener-
gy and the internal resistance of the HEC. Typical charge—discharge
curve for HEC based on NCM/Li,SO,/Li; ;Mn; ;O,, which were obtained
at 1 mA charge—discharge process (Fig. 8).

The electrochemical cell shows an oblique voltage profile that is
characteristic of the capacitive behaviour of supercapacitors formed
based on of carbon materials.

Considering the aqueous electrolyte solution, oxygen is simultane-
ously released on the positive electrode when lithium ions deintercala-
tion from the Li, ;Mn, O, spinel (charging process) and hydrogen is re-
leased on the carbon negative electrode during the adsorption of lithi-
um ions (charging process). However, the voltage of the galvanostatic
charge—discharge process of the electrochemical system was controlled
in the range from 0.2 to 1.8 V (safe voltage window without O, and H,
emission).

The specific energy characteristics of the HEC were calculated based
on the obtained discharge curves (Fiig. 8). The highest specific capacity
is demonstrated by the C075/Li,SO,/Li, ,Mn, ;O, electrochemical cell,
about 38.6 mA-h/g at a charge—discharge current of 1 mA, which is
correlated with the corresponding values obtained using the poten-
tiodynamic method.

4. CONCLUSIONS

Hybrid electrochemical cells were formed based on of synthesized elec-
trode materials, namely NCM. Thus, NCM was obtained by thermo-
chemical activation of hemp fire with orthophosphoric acid and lithi-
um-—manganese spinel of the composition Li; ;Mn; ;O,, synthesized ac-
cording to ceramic technology. The maximum specific capacitance of
the HEC was calculated from the data of potentiodynamic and gal-
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a b

Fig.7. The dependence of C! on s'%: a) C075, C100, C125, C150; b) C025,
C050, C175, C200.

TABLE. The capacity of the DEL and the maximum specific capacity of the
HEC.

HEC C025 | CO50 | CO75 | C100 | C125 | C150 | C175 | C200

Cpm, MAh/g 20.89 25.13 26.05 25.02 23.43 22.40 20.06 18.27
Co» MAh/g 34.28 37.74 39.06 37.45 37.04 34.48 33.33 32.26
Cpp/Cox 0.61  0.67 0.67 0.67 0.63 0.65 0.60 0.57

Fig. 8. Charge—discharge curves of HEC.

vanostatic investigation. It was determined that the highest value of
specific capacity is about 35 mA-h/g at a cell voltage of 1.8 V and is

possessed by an electrochemical system, for which the cathode was
made of carbon material CO75.
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Thus, the specific capacity of the investigated HEC is dependent on
the electrochemically accessible surface area of the carbon electrode
that is involved in the formation of the DEL. The separation of the to-
tal specific capacity of the HEC by the capacity, which is ensured by
the formation of a DEL and diffusion-controlled redox capacity due to
faraday reverse redox reactions on polarized and non-polarized elec-
trodes, respectively. It was determined that the specific capacity pro-
vided by the formation of DEL is in the range of 60—70% of the total
specific capacity for all the research hybrid electrochemical systems,
and the maximum capacity of the HEC based on of the obtained materi-
alsis=39mA-h/g.
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CyuacHi HATIPAMY PO3BUTKY TE€XHOJIOTI] JITi-HOHHNX aKyMYJIATOPIB

. O. TpeTbsakoB

Tucmumym copbuii ma npobaem endoexonozii HAH Yrkpainu
eya. I'enepana Haymosa, 13,
03164 Kuis, Yxpaina

IIpencraBieHO OCHOBHI HaIpAMU PO3BUTKY JiTili-MOHHUX Ilepe3apsAmHUX CHUC-
TeM HaKonmuueHHA eHeprii. [IokazaHo cupobu BAOCKOHAIEHHA KATOAHUX Ta aHO-
THUX MaTepianiB. 3a3HaueHO IepeBaru Ta HeJOJIKM HAaHOCTPYKTYPOBaHUX aK-
TUBHUX MaTepiaiiB i cmpoOu BUKOPUCTAHHSA MOKPUTTIB PisHUX TuHOiB. Po3risa-
HYTO HaIIpAMU BIOCKOHAJEHHSA PiIKUX, HMOJiMepHUX i TBEPAUX €JIEKTPOJIITiB.
OmnucaHo HANTIOMINPEHIIII TeXHOJIOTI] TepepodK IiTii-HOHHNX aKyMYJISTOPiB.

The main directions of development of the lithium-ion rechargeable energy
storage systems are presented. Attempts to improve the cathode and anode
materials are shown. Advantages and disadvantages of nanostructured ac-
tive materials and attempts to use coatings of various types are indicated.
The directions of improvement of liquid, polymer, and solid electrolytes are
considered. The most common technologies for processing the lithium-ion
batteries are described.

Karouosi cmoBa: JiTifi-fioHHUN aKyMyJaATOpP, aHOAHUI MaTepids, KaTOTHUMN
MaTepifaa, HAHOTEXHOJIOTil, HAaHOCTPYKTYPOBAHUHA MAaTepids, HOoJiMepHUHR

eJIEKTPOJIIT, TBEPANIL €JIEKTPOJIIT.

Key words: lithium-ion battery, anode material, cathode material, nanotech-
nologies, nanostructured material, polymer electrolyte, solid electrolyte.

(Ompumano 18 scoemus 2019 p.)

1. BCTYII

Jliriii-fionni akymyaaropu (JIMA) IIIpPoOKo 3aCTOCOBYIOTECA B €JIEKTPO-
MO00iJIAX, cTalioHapHUX cUCcTeMaXx 30epiraHHsA eHeprii Ta iHINNX eJIeKT-
poHHUX mpuctTpoAx. CydyacHMMH HanpAMaM# BIOCKOHAJEHHS, OKPiM
MiABUINEHHA TUTOMOI eHeprii, € TaKOoK HOJIiNIIeHHA 0e3mneKu, 36iJb-

1041
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IIIeHHA IOTYKHOCTH Ta Pecypcy IMKJIyBAaHHA HaABHUX TumiB JIMA 3
MeTOI0 BiamoBimmocTu cyuacHuM BuMoraMm. OcTaHHi mocaimsxenHHs [1-—
10] mokasyoTs, 110 mosinmenasa BiaacTuBocTeil JIMA ricHO mOB’sA3aHe 3
BUKOPUCTAHHAM HAHOTEXHOJOTIiH B 00JIaCTi KATOZHUX TA AHOLHUX Ma-
Tepidaiis.

2. KATOOJHI MATEPIAJIN

ITuToMa €MHicTH OCHOBHUX THIIB KaTomHuxX Marepianis JIMA 3a ge-
AKUM BUKJIIOUeHHAM He mepeuirye 200 mA rox/r. TeopeTnuna eMHICTD
THUIIOBOTO MaTepisaay aHogu, — rpadirty, — ckaagae 372 mA-roxn/r. Ilo-
pan 3 UM, € OOMe)KeHHsI, OB’ A3aHi 3 PpecypcoM ITMKJIYBaHHSA Ta IIUTO-
MOIO IIOTYKHicTI0. Ha choromHimmuiil yac 3aIpoIOHOBAHO JeKiJbKa TH-
miB kaTogHUX Marepianis JIMA, ane mporpec B ix KoMmepiisarisamii goc-
TaTHBO NOBibHUII. HaiibinbIll IMUPOKO B/KMBaHI KaTOAHI MaTepidim
JIVA MarioTh mapyBaTy CTPYKTYPY, CTPYKTYpPY LImiHeJi it oxiBiny. Ha-
IIPUKJIaJ, A0 MIaPYBaTOI CTPYKTYPHU HaJeKaTh TaKi MaTepiaau AK Koba-
aptut Jgitiro LiCoO, (LCO) — kaTomHmii MaTepisaj, HA OCHOBI AKOTO
KoMIaHia Sony BumycTtuia B 1991 p. mepmruit komepiiiauit JIMA, i-
Tiro—HiKI0—-KobaneTy—Manrany okcup (LiNi,Co,Mn,0, — NCM), ui-
Tiro—HiKI0—KobaneTy—amominilo okcup (LiNi,Co,AlLO, — NCA); mo
CTPYKTypHU InmniHesi — Jjitito—manHrany okcuj (LiMn,0, — LMO), Ji-
Tilo—MaHraHy—Hikmo okcug (LiMn, ;Ni, ;0, — LMNO); 1o cTpykTypn
oniBiny — mitito—depymy docdar (LiFePO, — LFP). CrocoBHO KaToau,
cIpobu 30iNbIIeHHS TNTOMOI eHeprii JIVA mosxHa mogisuTH Ha fBa Ha-
MIPAMU: 3MilIeHHA 00JIaCTH POOOUUNX IMOTEHITIANIB y OiJIbIIT TO3UTUBHUI
0ik i 301TIBITIEHHA TUTOMOI EMHOCTH KaTOZHOTO MaTepisanay. KaTomui ma-
Tepifan 3 BUCOKUM pPoboduuM noTeHnmisaom (4,5—5,0 B sBizaocHo Li/Li")
PO3TIANAIOTh B IKOCTI MOTEHIIIHHUX KaHAUIAATIB AJId MiABUINEHHA eHe-
prii JIMA.

Cononykm LiMn, ;Ni;;0, 3i crpykryporo mmineni, LiCoPO, Ta
LiNiPO, gi crpyKTypoto osiBiny Ta LiNiVO, 38i cTpyKTypoio 3BOPOTHHOI
IIOiHeN i € TUIIOBUMU IPEACTAaBHUKAMU «BHUCOKOBOJBTHUX» KaTOTHUX
MaTepianis. Ix po3po6IeHo 3 MeTO0 JOCATHEHHSA GiIBII BUCOKOTO HOTe-
HI[iAJY 3apAIY 3aBAAKY G1IBINT IIMO0KOMY PiBHIO JeiHTepKAJIAIil OHIB
JIirito. Cepen Hux ciuif BiamitTuTu katoguuit marepian LiMn, ;Ni, ;0,,
AKUN Mae 3HAUYHUU pecypc MUKJIYBaHHA y Aisinasoni 4,7—4,8 B. Takox
el MmaTepidaa € TepMmiuHO cTabinbHUM 0 Temiepatypu y 250°C, 1110 mo-
3UTUBHUM UYMHOM BILJINBA€E Ha 6esmneKy cuctemu. OgHaK OOHIEIO 3 TOJIOB-
HUX IIPo0JieM BUKOPHUCTAHHS KATOAHUX MAaTepisjiB 3 BUCOKUM IIOTEH-
MiAJOM 3apAny € eJeKTPOXeMiuHUI PO3KJal eJeKTPOJITy, OCKiIbKH
IIIUPOKOBKUBAHI €JIEKTPOJIITH 3 BUKOPUCTAHHAM OPraHiuHUX KapOoHa-
TiB € HecTabiNbHUMY IPU MOTeHITiANaxX BuIle = 4,4 B[11-13].

Y manpami 30iJblIeHHA ITUTOMOI €EMHOCTH 0COOJIMBA yBara Ipumijia-
€ThCA IIapyBaTUM OKCHUIHUM KAaTOSHUM MaTepidjaM 3 HAIJIUIITKOBUM
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BMmicToMm Li, aki wacTo npencTaBaAaoTs v Buraani xLi,MnO,(1 —x)LiTO,
(T — Mn, Ni, Co). Taki maTepisiau ABJIAIOTL COO0I0 iHTET'POBAHY CTPYK-
TYpPY OIBOX YiTKO BUpasKeHUX Kpucrajgorpadiunamx ¢as Li,MnO,; (MmoHo-
kJainHa, C2/m) i LiTO, (Tpuronansua, R3m), ne T — 3d-nepexinui me-
raau [14—16]. OcHoBHUMU HepeBaramMu 0araToIrapoBUX OKCUIHUX Ma-
TepianaiB mepexigHMX MeTaJsiB, 30araueHux Li, € TeopeTuuHa €MHICTH
(> 250 MmA Toz/T) IpU BUCOKOMY XeMiuHOMY moTeHIiaai (> 4,6 B BigHo-
cuo Li/Li"), migsumena TepmocTabiibpHiCTE i HM2KYA BapTicTh y MOpPIiB-
HAHHI 3 TpaguIifHMMM KaTomgHuUMHU MaTepisiaamu (Hampukiaazn, LCO,
NMC, NCA). Opgnak ajd BKasaHUX MaTepiANiB XxapakTepHa 3HaUHa He-
000poTHA BTpaTa eMHOCTH Ha mepriomy mukii (40—-100 mA-roxn/r) [17—
19]. IloHM>KeHHA MOTEHIIANY 3aPAAY—PO3PAAY IIPU MOAATLIIIOMY ITUK-
JYBaHHI — IITe OOWH IOJIOBHUM HeJOJIiK TaKux MaTepiamis [20—21].

EnekTpoxemiuna moseminka 3barauennx Li MaTepisaris MosKe xapak-
TePU3YBATHUCA IBOCTAMINHOIO PeaKIli€io, 0 HPOSIBIAECTLCA Ha I'aJibBa-
HOCTATHUYHiN KpuBiii mepimroro nukjay. Ilmato mpu = 4,5 B BigHOCHO
Li/Li" BigmoBizae okucHIOBaIbLHO-BimHOBHIN peakmii Ni*'/Ni®'/Ni*" i
Co®"/Co*". IIpu 6isbII BECOKMX IOTEHIiAIaX Ha IepIIOMY IMKJII IJIaTO
BUHUKAE B miamasoni 4,5—4,8 B, me BimbyBaeThcsa meinteprassaia Jli-
Tifo 3 ¢pasu Li,MnO;. HeobopoTHY BTpaTy €MHOCTH Ha IEPIIOMY ITUKJIi
BifHOCATDL 0 BUAiJMeHHA oKcupay Jitio (LiyO) 8i crpykrypu Li,MnOs,,
1110, B CBOIO Uepry, IIPUBOAUTD 10 YTBOPeHHA mmapyBaToro MnO,. Anao-
riumo marepiary NMC, nas sbarauenoro Li xaTogHOro MaTepisany mpu
3apani BimOyBaeThbecs (ha3oBUiI Iepexin Bif IapyBaToi CTPYKTYPHU IO
CTPYKTYPH IIIIIiHe i, moB’a3aHuii 3 Bumisenuam Li,0, 110, B cBOIO uepry,
BUKJUKae medopmaiiito rpatauii [18, 19, 22, 23]. OxucHOBaJIbHO-
BiJHOBHI mapu mepexigHUX MeTaJiB € HaWBaKJIUBIIIUM YUHHUKOM J0-
CATHEHHSA BMCOKOI EMHOCTHU KaTOIHOTO MaTepiaay JIVMA. HegmaBHi moc-
nmimxennsa sbarauenoro Li marepissy 3 mepexomom Mn?'/Mn*" iz BBe-
IeHHAM KaTioHy 3 BUCOKOI0 BaseHTHicTIO (Nb®*, Ti*") 3 uacTkoBoOIO 3aMi-
moto O* ma F~ noBesnu, 1m0 Takuil miAxis yMOMKINBIOE MiABAIIUTH €M-
HicTh (> 300 MA-rox/r) i muTomy eHepriio (~ 1000 Br-rox/kr) [24].

IIle ogHMM KJacoM KaTOAHUX MaTepifaiB JINA BucOKOi €eMHOCTH €
mapyBari okcugHi Marepianu, 36araueni Ni. [IIBugKuii po3BUTOK TeX-
HOJIOTi# eIeKTPOMOOiIiB IPUBIB N0 BiIHOBIEHHS iHTEpeCy 4O KaTOTHUX
marepianiB Tuny NMC 3 6iibIlI BCOKOIO KOHIeHTpaIieo Ni, Takux aK
Li[Ni, ;Co, 2Mn, 3]0, (NMC532), Li[Ni,,Co,3;Mn, 3]0, (NMC433), L?-

[Ni; 6C0psMn, ,]O0, (NMC622), LiNi;gCog15Al050; (NCA) Ta
Li[Ni,¢Coy ;Mn, ;]0, (NMC811), saBaaku Oinbmiiii nmuTomiil €MHOCTL
(215-220 mA'Tron/r) i meumriit Baprocti mopiBaaHo 3 LCO Ta MmaHTraHO-
BUMH INITiHeIAMU. 30iIbIlIeHHS KoHIeHTpaIii Ni B eleKTpogHOMY Ma-
Tepisasi icTOTHO cIIpuUsAe 3POCTAHHIO EMHOCTHY 3aBAAKY AJBOETANHIN 3MiHi
crynens oxkucHenHa Ni*/Ni*" i Ni*'/Ni*". Ogmax po6ora B miamasoni
BUCOKUX IIOTeHIisaiB (= 4,5—4,8 B Bignocuo Li/Li") npusoguTs mo ge-
rpagaiii, moB’sI3aHOI 3i cTPYKTYypHUMH HmepexogamMu. OTHUM 3 MigX0omiB
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1A 3MEHITIeHHA TaKol Jerpajallil € CMHTe3a HaHOCTPYKTYPOBaHUX BU-
COKOEHEPreTHYHNX KaTOMAHMX MAaTEepPisiiB 3 rpaJieHTOM KOHIIEHTPAIlil
Ni, Mn ta Co mixk mapamu [25] (puc. 1).

OcHOBHI TeHAeHITII JOCHimKeHbh HAHOCTPYKTYPOBAHMUX MATEPidIiB
CIIPDAMOBAHO Ha IifBUINEHHS edekTuBHOCTH JIVIA HACTYDHOrO IOKO-
JiHHA. Y HAaHOPO3MipHUX YaCTUHOK MaKcuUMAaJIbHe BiHONIEHHS ITOBEP-
xHi 10 06’emy. Ile o3Hauae 30iTbIIeHHA IIJIOITI B3aEMOMil MiK eJIeKTpo-
JITOM i YaCTMHKaMU €JIEKTPOJIHOIO0 MAaTepiday, 1[0 IPUBOAUTEL 0 3Me-
HIITeHHS IIOJAPM3aIlili, CKOPOUEeHH MOBXKUHU Au@Py3ii Ta 30iablIeHHd
CTyIeHsA BUKOPUCTAHHS eJIEKTPOTHOr0o MaTepiany. OgHak 306iJbIeHHS
ILJIOII[L IIOBEPXHI B3aEMO/il MOXKe CIPUUYNHUTU IIPO0JIEeMI 3 HAHOCTPYK-
TYPOBAHUMU €JIEKTPOSHUMM MaTepisdjgaMu IIPU KOHTAKTi 3 eJIeKTPOJIi-
TOM, IIJ0 IPU3BOAUTDL OO 301JbIIMEHHS Aerpaaallii moBepXHi eJIeKTPOLU.
Y 11boMy BUIIAAKY BUKOPUCTAHHS IOKPUTTIB YMOKJIUBIIIOE 3MEHIITUTH
B3AaEMO/Iil0 MiK aKTHUBHUM MAaTepidjoMm i exeKrpositom. Hampurian,
ByTJIelleBe IMOKPHUTTS JOCTATHLBO e(PeKTHBHO CcTabijlidye MOBEPXHIO aK-
TUBHOTO MaTepidaay. IIoKpuTTA HAHOUYACTMHOK KaTOMHOI'0 MaTepidary 3
HU3BKOIO eJIEKTPOHHOIO ITPOBiTHICTIO IIIapOM BYTJIEITIO ITiABUIITYE €JIEK-
TPOHHY IPOBiAHiCTE eleKTponu. ByrielieBe MOKPUTTA BUCTYIIAE B POJIi
POBIIOAiIEHOT0 KOJEKTOPY CTPYMY Ta 3a0e3leuye Oe3mepepBHUIM ILIAX
IJIA MIBUAKOTO IepPeMillleHHsA eJIEKTPOHIB y CTPYKTYPi einekTpoau. Ta-
KMM YMHOM, KOHTAKTHUH OIIip MiK CyCilHIMM yacTHHKaMU iCTOTHO II0-
HmkyeTbea [10]. Touki Byriemnesi mokpuTTA, AK MPaBUJIO, € IIPOHUK-
HuUMU nada HouiB JIiTiro i He MOHMMKYIOTH MIBUAKICTE 1XHBOI Audysii B
akTuBHNN Martepida. IloHMKEHHSA BHYTPINIHLBOTO OMOPY KOMIIO3UTHOI
KaToAy TPUBOJAUTH N0 3MEHIIeHHS MOoJAPU3allii Ipu BUCOKil rycTuHi
CTPyMYy i, OTiKe, MiABUINeHHA HOTYKHOCTH. HaaIuIIIoOK ByTJIeIio B KOM-

NigBuLEeHHUM BMICT
Ni — BUCOKa EMHICTb

MiasuweHHK BMicT
Mn — BUCcOKa cTabinbHicTb

0O6nactb 3MeHwWeHHA BMicTy Ni
Ta 36inbleHHA BMiCTY Mn

Puc. 1. I'pagienTHuit kaTogamMit MaTepisi. '
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MO3UTHUX eJeKTPoJlaX 3MEHIIye CyMapHy eHepriio ejgektpoau. Takum
YMHOM, KiJILKiCTh ByTJIeIio Ma€ Oy TH OITHMAaJIbHOIO.

Ha croromui 6arato okcugis merauiB (Takux gk TiO,, ZrO, it Al,O; Ta
iH.) YCIiIITHO BUKOPUCTOBYIOTh B AKOCTIi ITOBEPXHEBUX MOKPUTTIB aKTH-
BHUX MaTepianis [26—32]. Ixua pyHKIioHAIRHA PO HOJATAE Y 3aI0-
OiraHdi mpAMOMY KOHTAKTY KAaTOOZHUX MATEPisdjiB 3 eJIeKTPOJiToOM i3
30epesKeHHAM PiBHA MOHHOI IPOBiJHOCTHM, IPUTHIiUEeHH] BUIiIeHHA KN-
CHIO Ta peaJrizarrii (pa3oBOro mepexoay i3 3MeHIIIeHHAM KiJIbKOCTHU BUBI-
JbHEHUX KaTiOHiB y KpuUcTamiunmx mingukax [33, 34]. Hanpuxkaan, mo-
Kputrta TiO, Ha LCO MexaHiuYHOIO METO0I0 YMOXKJIUBIIIOE ONEpP:KaTHU
O0inbIn BucOKi mokasHumku mukiayBamuda [35]. Haa LCO 3 moxkpurram
ZrO, omepsKaHo JIMIIi TOKa3HUKY POOOTH aKyMYJIATOpAa B IIOPiBHAHHI 3
BUXITHMM MaTepiAJoM 3a KiMHATHOI TeMIlepaTypHu Ta IIPY IIigBUITIeHiH
remiepartypi mo 55°C [28]. Ilokasano, 1m0 ToHKe mokpurta Al,O; Ha
LiCO mpuBOAUTHL OO0 iCTOTHOTO IIiABUINEHHSI 00ePHEHOI €MHOCTHU IIOPiB-
HAHO 3 moBepxHelo 0e3 mokpuTta [30]. 3 Tphox pidHMX KOHQiryparii
MIOKPUTTSA IIOBEPXHi, a caMe, TOBCTOTO MMOKPUTTA, HOKPUTTS CTPYKTYPHU
obosouKH (shell structure coating) i TOKpuTTA yILTPATOHKOIO IIIiBKOIO
[32], mepiiia He MOKe ITOBHICTIO MOKPUTHU KATOAHUII MaTepisj, Hesaii-
HATA 00JIaCTh 3aJIUINIAa€ KaTOAy BPA3JIMBOIO O MOOIUHMX peakIliii 3 eje-
KTposiToM. J[Jiss MOPiBHAHHESA, APYTUi BuOip € YCIINITHUM Y IIOBHOMY IIO-
KPUTTi KaTomgHOro MmaTepiany. Ha kainb, ogep:KaHi HOKPUTTSA YaCTO AY-
’Ke TOBCTi Ta TMM caMUM IIePeIlIKOAKal0Th TPAHCHOPTY HoHiB JIiTiio i
enexkTpoHiB. ToMy yJIbTpPaTOHKE IJIiBKOBE IMMOKPUTTSA 3a3BUUall BBayKa-
IOTh HAUTIEPCIEKTUBHIINNM IIiIX0A0M 3aBAAKYN OJEPIKAHHIO CYITIJIbHUX
IIJIIBOK 3 MIOBHUM 3aXUCTOM Bij emexktpoity [32]. [ia BUKOHaAHHS Ta-
KOr0 IIpollecy MPUuIiIsaoTh Bce 6iIbIlle yBaru MeTo i OCaIKeHHs aToMa-
puux mapis (ALD), 1o moB’sa3aH0 3 il yHiKaJIbHUMU MOYKJIMBOCTAMHU Y
HaHeCEeHHI KepoBaHUX TOHKUX IJIIBOK BHCOKOI AKOCTU Ha aTOMapHOMY
piBui. IIInpoKo omrcaHo ocaAKeHHs OKCUAiB MeTaiB MeTomoo ALD Ha
pisHux cybcTparax. Bararo sycusab 0yJs0o 30cepeisKeHO Ha IMOKPUTTAX
meTomoro ALD ma Katoguux matepianax [36—41], aHogHux MaTepidiaax
[42—-44] i cemapaTopax [45] AaA MiABUIIIEHHS €JIEKTPOXEMIUYHUX TOKAas-
Hukis JIFA.

3. AHOOHI MATEPIAJN

Byrueneri anogui marepianu (B mepiity uepry, rpadir) € HabigbII Bi-
IOMUMU Ta KOMepPIIiAJai30BaHMMU aHOOJHUMU MaTepisjgaMu, B AKUX pe-
amizyeTbcAa MeXaHidM peakiiii iHTepranAmnii—meinTeprassaii. Iamri
HAMOiNbII BU3HAHI TUNINW aHOOZHUX MaTepiANiB, AKi IPaIliolOTh 3a TUM
JKe MexaHiZMOM, HpeACTaBJIAITH coboio TuraHat Jjirtioo (Li,Ti;O;;) Ta
miokcun turany (TiO,). Bararo 3ycunb 3ocepemkeHO Ha TOCIiIMKeHHI
BYTJIEIleBUX HaHOMATePiANiB y pisHUX MOPQDOIOTiax, TAKUX AK BYyIJe-
1eBi HAHOTPYOKM, BYIJIEIeBi HAHOBOJIOKHA, KCEPOTeJb BYTJIEII0, BYT-



1046 O. O. TPETbAKOB

JIelleBl HaHOIIPY KW HI, BYTJIeIleBi HAHOCTPUIKH1, CTOCOBHO MOKJINBOCTH
BUKOPUCTAHHA IX B AKOCTi aHmogHuX MaTepianais. Haibigbin gocaimxe-
HUM TUIIOM HaHOPO3MipHMX BYIJIEIeBUX MAaTePidAJiB € ByTJIeIleBi HaHO-
TPYOKM, AJSI SAKMX BCTAHOBJIEHO, IO e(PeKTHBHICTh iHTepKaIAIii—
neinreprasadamnii JIitiro BusHauaeThCcs MOP(OJIOTi€io Ta CTPYKTYPOIO Ha-
HOTPYOOK [46—60]. [Iy1a ByTryielieBUX HAHOTPYOOK OJepIKaHo IIiIBUIIEeHi,
B IIOPiBHAHHI 3 rpadiToM, 3HAUEHHA €MHOCTHU HA IIEPIITOMY ITUKJI 0JIu-
3pKk0 1000 MA'Ton/r mis OaraTOCTiHHMX HAHOTPYOOK i 6amsbko 500
MA'TOI/T HOJA ONHOCTIHHUX HAHOTPYOOK. AJje imTepranAiis JliTiio
OPUBOJAUTH IO 3MiH CTPYKTYPH, a B PedyabTaTi — A0 3HAUHOI BTpaTH
emuocTu (1o 80%) mas mepmux 10 muriais. [omyBamHs, HaOpUKJIALI,
BopoM yMOMKIMBIIOE TiABUIIUTU o0epHeHYy e€MHicTh [61]. Byraemesi
HAHOBOJIOKHA IIPUBEPTAIOTh yBary 3aBAAKN MOMKJIUBOCTI OJep:KaHHS
3HAUYHOI'O CTyHeHsa rpadirmsarii 3a HU3bKUX TeMIIepaTyp, II0 Ma€ Be-
JUKI ImepeBaru AJas MOMKJINBOCTY BUKOPUCTAHHS B SKOCTi aHOIHOT'O Ma-
tepisany JIMA. I'padirusoBani Byrienesi HanoBosokHa (CNF), ogepsxa-
Hi MeTomoI0 XeMiuHOT0 OcaJ»KeHHA 3 ra3oBoi (as3u mpu TeMIepaTypi y
550-700°C, meMOHCTPYIOThH EMHICTH Ha MHEPIIOMY IITUKJI B isimasomi
297-431 mA'ron/r, 3HAUHA YacTHHA AKOI IPUIIagac Ha 00JIaCTh IIOTEH-
isgaiB, 6JM3bKUX A0 METaJIiYHOTO JIiTi0, 3 KYJOHIBChKOIO e(DeKTHUBHIiC-
TIO Ha IePIIOMY ITUKJIi 6;1113bK0 60% [62].

OpHuM 3 MiAXOAiB IIiABUINEHHS €JIeKTPOXEeMiUHNX BJIACTUBOCTEH Ta-
KuX MaTepiaaiB € gonyBarnHA HiTporenom a6o :x Oxcurenom. CNF 3 Hi-
TporexoBuM a060 OKCUI'€HOBUM AOIIaHTAMU MalOTh AedopMarrii y rpadi-
TOBill CTPYKTYPi Ta MOKYTh I€MOHCTPYBaTH MoYaTKOBi emHOCTi v 2000
Ta 755 MA'Toxn/r mpu ctpymax y 5 ta 10 A/r BignoBiguo. Hagits micsia
500 muKIIiB fomoBaHUM MaTepisan 36epirae eMHicTs mpubausuo y 1250 i
305 mA roxn/r mpu 0,51 10 A/r BinmoBiguo [63]. Oguum 3 mocaimKyBa-
HUX TUNIiB HAHOPO3MipHUX BYTJIEIIEBHUX MATEPiAJIiB € HAHOIIPYXKUHU,
1170 IIPEACTABIAIOTEL CO00I0 CIIipaJbHy HaHOTPYOKY 3 pamitocoM ByTJIelie-
BOTO Kinbita npubsausuo y 50 uM. [64]. Mopdosoria npy:XKuHu 3 po3Mi-
pom 6sin3bK0 150 HM mpeacTaBiisie cO00I0 CTPYKTYPY 3 BUCOKOIO €JIaCTH-
YHIiCTIO, KA MOJKe e(peKTUBHO KOMIIEHCYBaTH 3MiHU 00’ €My B pe3yJibTa-
Ti inTeprananii Jliriro, 1o migBuItye pecypce nukiaIyBaHHA. [[ad aHOMI-
HOT'0O MATEPifANy 3 BYIJIEIIeBUX HAHOMNPYKHUH OJepP:KaHO OOepHEeHY €M-
Hicth y 160 MA-Toxn/r mpu crpymi 3 A/r. Ilicaa neKkiTbKOX IMUKJIIB He
cIocTepiraau iCTOTHUX BTPAT EMHOCTH IJIA AHOAHU AK IPU HU3LKill, Tak
i Ipm BUCOKi# r'yCcTUHI CTPyMYy.

I'paden € qgy:xe MONyIAPHUM MaTePifAIoM 3 BUHATKOBUMU BJIACTHUBO-
CTSIMH Ta IMOTEeHIIiNHUM 3aCTOCYBAHHAM y IIIUPOKOMY CHEeKTPi TeXHOJIO-
riti. CTOCOBHO BMKOpPHUCTAHHA rpad)eHOBUX IIapiB B AKOCTi aHOJZHOTO
marepiany JIMA, moxasaHo, IO iX HeIOIIJIBHO BUKOPUCTOBYBATU B
SIKOCTi OCHOBHOT'O AaKTHUBHOTO MaTepisday uepes BeJIUKY HeoOepHeHy eM-
HIiCTB 1 HUBBKY KYJOHIBCHKY e()eKTUBHicTh. [lomyBaHHA B MedAKiit mipi
nojyinurye (isuuHi i1 esleKTpoxeMiuHi BiIacTuBOCTI rpadgeHOBUX I1apis,
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ajie OiJIBIN IIePCIEeKTUBHUM € BUKOPUCTAHHA iX Y CKJIAAi KOMIO3UTIB 3
iHIMIYMY aKTUBHUMU MaTepidjlaMu, TAKUMUI AK OKCUIM MepexXiTHuX Me-
TaJiB, CHJIIMil i mMuHa. B ocTaHHI POKM HOCTiAKYIOTh MOKJINBICTL BHU-
KOpUCTaHHA rpad)eHOBUX IIapiB B AKOCTi KAICYJII0BAJILHOTO KOMIIOHEH-
Ta OJI BKadaHux mMarepisaiis. I'padeH K TOMOMiMKHUEI MaTepPisaa akTH-
BHUX HAHOCTPYKTYPOBAaHUX METaJiB a00 OKCHIIiB MeTaJjiB, PO3IOomije-
HUX Ha Horo moBepXHi abo MixK rpad)eHOBUMU IIapaMu, € AysKe Iepcie-
KTUBHUM, BPaxoOBYIOUM BEJIMKiI muTOMYy IaoHNly rpad)eHOBOI IOBEPXHI
(2630 m?/r), MmexaHiuHi BJIacTHBOCTi it eJeKTpUuHy IpPOBiAHicTEL [65—
70].

OxuuM i3 Hai6igbm 6araToobimgounx Marepianis anoxu JIVA e cu-
JIiTifi 3 BUCOKOIO TeopeTuuHo0 eMHicTIO y 4200 MA Tox /T, 1110 IPUGIM3-
HO B JecATh pas3iB IepeBUINYE€ TEOPEeTHUHY €MHicTb rpadiry (372
MA-ron/r). Kpim Toro, cuiiniii mpwu JiTitoBamHi Mae miaTo B AiAmasoHi
0,2-0,3 B Biguocuo Li/Li" (< 0,1 B Bigmocuo Li/Li" qus rpagiry), 1o
MOTEHI[ITHO YMOKJIUBIIIOE YHUKHYTH HeOaKaHOTO OCAMKEeHHS MeTaJli-
YHOTO JIiTiI0 Ta MOMKJINBOTO YTBOpPeHHA meHapuTis [71-83]. IIpomuco-
B€ BUKOPUCTAHHA CUJIIIIiI0 B AKOCTi aHOAM HMOTpPeOye BUPIIIEeHHA I1iJI0l
HU3KU nuTanb. Haiibiabimowo mpobieMoo € Ay:Ke BeJuKe 30iJbIleHHs
06’emy B pesyabTaTi JiTiroBamHs cuiirniio (280%) [84-100]. Taka Be-
JIMKa 3MiHa 00’ €My IPU3BOAUTH 10 HETATUBHUX HACIIAKiB, K IIPaBUJIO,
BKJIIOUAIOUM PO3TPICKYBAHHSA Ta PO3PUB CUJIIIIFOBOI aHOIM, PYHHYBaH-
Hs Ta IOCTilfiHe OHOBJIEHHA IIIapy TBepaoro eaekTpoJity (SEI) ma mosep-
XHAX PO3JIOMIB i IOHUKEHHS eJIeKTPOHHOI npoBiguoctu. Ii ynHHUKYK
Ta IXHi HacJiIKM 3arajoM Ha3WBaIlOTh XEMiKOo-MexaHiuYHUM e(eKTOoM,
110 6e31mocepeIHbO CIPUAE IIIBUAKOMY IMaTiHHIO EMHOCTH aKyMYyJIATOD-
HOI cucTemu. [[yig BUPINIeHHA IUX MPOOJIEM IIPOTATOM OCTAHHIX KiJb-
KOX POKiB 3’ABUJMCA iHHOBAI[ilTHI KOHITENI[ii BUKOPUCTAHHA HAHOCTPY-
KTYp, TAKUX AK HAHOTPYOKHU Si, HAHOBOJOKHA Si, KOMIO3UT Si—ByTIJIelb
i mopucrti ctpykTypu Si. ITogioHi migxoau cTBOPIOIOTHL OCHOBY IJISA BUKO-
PHUCTaHHA OITHMi30BAHOTO MaTepiaay Ha ocHOBI Si B axocTi anogu JIMA
3 MigABUIIIEHNMHU XapaKTepUCTUKaMu. 3 MeTo0 cTabintisalii HamouacTu-
HOK Si B mporieci JiiTitoBaHHA POOIATHCA CIPOOU BUKOPUCTAHHSA METAaJi-
YHUX MOKPUTTIB [88] a00 MOKPUTTIB 3 €JEKTPOIPOBIAHUX IOJiMepPiB
[75].

OmuuM 3 MiaAXOoiB ofep:KaHHS aHOAM 3 HAHOUACTHUHOK Si € BUKOpPHUC-
TaHHS KOMIIO3WTY Ha OCHOBI CHMJIIIit0 Ta BYTJIEITIO AJIA MiIBUIIIEeHHS eJie-
KTPOIIPOBiIHOCTY Ta 3MEHIINeHHA BILINBY PO3MINPEeHHs 06’ eMmy. Po3po0-
JeHo KommosuTu Si—C 3 HaHOYaCTUHKaMU Si, 1110 BKJIOUEHi ¥ MaTPUILIO
3 BYIJIEIIEBOTO BOJIOKHA [72]. OmHAK BCTAHOBJIEHO, IO BYyTJIeIleBa MaT-
puid He 37aTHA KOMIIEHCYBATHM HAaNpPYTHW, IO CTBOPIOIOTHCA IIPU
00’eMHOMY PO3IIUPEeHHI YacCTUHOK Si mpu JitiroBanHi. JliTitoBanHA yac-
TUHOK Si BCepeAMWHi BYTJIEIIEBOTO BOJIOKHA BUKJINKAE PO3TPiCKyBaHHA
BYTIJIEIIEBUX BOJIOKOH. PO3PUB BYTJIEIIEBOTO BOJIOKHA HE3MiHHO IIPU3BO-
IUTH O MMOABU HOBUX IMMOBEPXOHb, HA AKi BUTPAYAETHCS €JIEKTPOJIIT I
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yrBopenHsa SEI Ha 11itfi moBepxHi. Kpim Toro, yrBopeHHs TpilliuH i pyi-
HYBaHHS BYTJIENeBOI MAaTPUIi HOPU3BOAATL IO BTPATU EJIEKTPUUHOTO
KOHTaKTy ycepenuui amonu. Ileii MmexaHism migxpecsioe HeoOXiTHIiCTD
BiJILHOTO IIPOCTOPY B MaTepisaji AJA KoMIIeHcallii aMiHu 06’eMy, 11100
HAHOYACTUHKU Si MOTJIM BiJILHO PO3IIMPIOBATHCA B XO[i JiTiroBamHA.
Taxosx OJA BIJOCKOHAJNIEHHS IIOMIOHMX MaTepisfJiB AOIiIbHE BUKOPHUC-
TAaHHS DOKPHUTTIB 3 MeTOI0 AOAaTKOBOI crabimisarii SEI, ame miap mae
OyTH AyKe TOHKHUM, II[00 He YIIOBiILHIOBATH IIpollec iHnTepramamii JIi-
Tiro. OxHiero 3i cupod KoHTpooBaTu SEI Ha moBepxHi HAHOTPYOOK Si €
BUKOPUCTAaHHS HAHOTPYOOK 3 moaBitiHuMu crinkamu. Ilepenbauaernes,
10 IPOHUKHUU AJis HOHIB JIiTiI0 Imap OKCHUAY CHJIiIiI0 HAa 30BHIITHIN
000JIOHIII TPYOKM BHCTYIIA€ B POJIi MATPUIli, AKa MOXKe e(PeKTHUBHO 3a-
MOOirTH PO3MIMPEHHIO 30BHIMTHBLOI TPYOKY Si; HATOMIiCTDL iHTepKAIAIia
MIPUBOIUTE IO BHYTPIIITHBOTO PO3MINPEHHA TPyOKu. Yepes Te, 110 BHYT-
piiHA cTiHKa HaHOTPYOKHM Si He migmaeThcsA BILIMBY PiLKOTO eJIeKTPO-
JIiTy, HAQ 30BHIIIIHi# CTOPOHI TPYOKU YTBOPIOETHCA CTiMKUM MisKpasHMI
Iap TBEPAOTO eJeKTpoiiTy. IIpomemMoHcTpoBaHO, mo Makeru JIMA 3
MOAiIOHMM MAaTepisajJoM MalOTh EMHICTh TPUOJIU3HO y BiciM pasi GijybIime
y NOpiBHAHHI 3i 3BMuUaliHOIO rpad)iToOBOI0 aHOAO0I0, 1 IMaAiHHA €MHOCTHU
nmocarae 85% micasa 6inbi Hixk 6000 ukiais [100]. Kpim Toro, 3aBgsaxku
BUCOKi mJIOIi moBepXxHi HaHOTPYOOK Si iCTOTHO HmigABUIITYyEThCA IITBU/I-
KicTh 3apany. Taka KOHIENIiA JeMOHCTPY€E 3MEHINEeHHA BIJINBY XeMi-
KO-MeXaHiuHOTro eeKTy.

OpurinaJbHUM IIiIXOJOM OO0 BUPIIlIeHHsS IpobjeMu 00’€MHOTO PO3-
mupeHHsa Si mpu JitiroBanHi 3 KouTpoJsieM SEI € komnoaut Si—C 3 ymoB-
HOIO Ha3BOIO «JKOBTOK—0000HKa» (‘yolk—shell’; puc. 2)[96, 97, 101]. B

Puc. 2. Kommosur Si—C «KOBTOK—0060JI0HKA» .2
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AKOCTL «JKOBTKa» BUCTYIAa€ HAHOUACTUHKA CHUJIIIiI0, TOMl K «IIIKAPJIy-
ma» — 11e 000JIOHKA, IO CKJIAJaeThCd 3 TOHKOTO ITapy ByrJelo. Haii-
TOJIOBHiIIIe, IITO0 Mi «KOBTKOM» Si i ByTJIerieBoio 000JI0OHKOIO € JOCTaT-
HBO BLJILHOT'O IPOCTOPY, III0 YMOMKJINBJIIOE «KOBTKY» Si PO3IINPIOBATH-
csa 0e3 pyHHYBaHHSA YM TO MoApiOHeHHA. IIoposKHMHA MijK «KOBTKOM»
Si Ta oboaoHKOI0 C 3aIOBHIOETHCA IIif uac JiTiroBaHHA Si. Byriaemesa
000JIOHKA HiATPUMY€E CTPYKTYPHY CTiHKicTh i mimicHicTh 3 MiHiMaabHOIO
3MiHOI0 06’eMy B X0fi JiTitoBaHHA. TaKUM YMHOM HMiATPUMYETLCS eJIeK-
TPUUHUN KOHTAKT «KOBTKa» 3 BYIJIEIleBOI0 000J0HKOI0. Yepes Te, 1110
ByTJIelieBa 000JIOHKA 3HAXOAUTHCA B KOHTAKTI 3 PIIKUM eJIeKTPOJIiTOM,
miap SEI, 1110 yTBOpPIOETHCA Ha BYTJIEIeBill 000JI0HII, MaliiKe He PYHHY-
€ThCA IIPU MUKJIyBaHHI. Taka KOHIENIlisg MaTepifaay aHOAW YMOMKJIMB-
JII0€ ITUKJIYBATH MATePisaa 0e3 MoOMiTHOTO 3MeHIIIeHHA IIOTYKHOCTH, TP
SAKOMY KOMIIO3UTHA CTPYKTypa aHoau 30epiraec 100% emHOCTH HpPOTH-
rom mepiaux 300 mukiais. ITicaa 1000 muKIIiB 3HaAUEHHA €MHOCTH CTa-
HOBUTE 74% [97].

Y HanpAMi moeTHAHHSA BYTJIEIIEeBUX MaTePiAiB 3 CUIIIIieM TaKOMXK J0-
CALMKYIOTH KOMIIO3UTHI MaTepisgau kceporento Byrierio (CX) 3 oxkcu-
mom cuiirito (SiO), 1110 mpeacTaBiisge co00I0 MaTepisa Ha OCHOBI ByTJIe-
IT10 3 CYIIiJIbHOIO HAHOIOPUCTOIO CTPYKTYPOIO 3 HU3bKO0IO rycTuHOI0. Ta-
Ki KOMIOO3UTHI MaTepifAIu MpeacTaBIAIOTL CO00I0 MOETHAHHSA aKTHUBO-
BaHOrO ByTIJIEII0, rpadiry, SiO ta mucnepcuoro Si [102]. B miTepatypi
HaBeJeHO Pe3yJabTaTH eJIEKTPOXEMIiUHUX AOCIHimKeHb KoMIo3uty CX-—
SiO, B axux emHicTh CX—SiO y mopiBHAHHI 3 ByIJIelieBUMU MaTepisia-
MU 30iJBIITYETHCS, TOJJOBHUM YMHOM, B pPe3yJbTaTi iHTeprasaiii Li B
cTpyKTypy Si—SiO. PesyabraTé gocaig:KeHb IiITBePIKYIOTh, III0 KOM-
nosutr CX—SiO € mepcIeKTUBHUMYU aHOTHUMHK Marepianamu JIMA Bu-
COKOI EMHOCTH.

Amnajoriuno cuiiiio, IMHA BCTyIlae B o6epHEHY peakKIrifo 3 JiTiem 3
YTBOPEeHHAM cTony 3 BmicToMm JliTito mo 4,4 ma onguu arom Cramymy 3 Te-
opeTuuHOIO eMHicTiO y 993 MA ron/r. OgHak, AK i y BUIIaAKY CHJIIIiIO,
IpU IIbOMY Bi0yBaeTheA icToTHe 306iabIenHsa 06’emy mo 260% . 3 me-
TOIO HiBeJTIOBaHHSA 3MiH 00’ €My POOJIATHCA CIIPOOY BUKOPUCTAHHA OKCH-
Iy CTaHYMY, II[0 IPUBOAUTE A0 YTBOPEHHS ITYIKOI CiTKM 3 OKCHUIY JIiTiiO0,
sAKa Mae crabimisyBanbuuil BoauB. IIpoBegeHo UMCIeHHI JOCTiIKeHHS
KommosuTiB rpadea—SnO, [103—110]. Ha 1eii uac € Bgaii cripodu oxep-
JKaTu obepHeHy eMHicTh 01u3bK0 500 MA Toxn /T naa monan 100 mukIis.
Ase BUKOPUCTAHHA OKCHUAY CTAHYMY IPU3BOAUTH IO 3HAUHOI BTPATU
€MHOCTH Ha IIePIIOMY ITUKJi, SKa cArac IPAKTUUYHO IOJOBUHI TEOPETHU-
YHOI EMHOCTH, 38 PaXYHOK YTBOPEHHS OKcuAy Jiitito. Tomy 6isbi mepe-
MeKTUBHUM BUTJIALA€ BUKOPUCTAHHSI KoMmo3uty rpaden—Sn. Hampu-
KJaJg, miia KommosuTy rpaden (10—20 mapiB)-mokpuTi ByriememM HaHO-
vyacTuHKU Sn—Sb (50—150 HM) ofep:KaHO HOCTATHBO BUCOKY OOEPHEHY
eMHicTB 6in3bK0 700 MA -Ton/T ipu rycTuHi ctpymy y 1,6 A/r[111], mro
iCTOTHO TepeBUITyE Pe3yabTaTU, OAepP:KaHi AadA iHAMBiZyaJ bHUX T'pa-
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(peHOBHUX ITAPiB i MUHMA.

4. EJIERKTPOJIITHA

EneKTpouiT € ogHuM 3 HajfiBaskauBimux komnoneHTiB JIMA. OcHOBHOIO
GYHKITi€I0 eJIeKTPOJIITY € 3a0e3leueHHsa HOHHOI IIPOBiJHOCTH MiK aHo-
JIOI0 Ta KaTOJ0I0, OJJHOYACHO 130JII0I0UYM €JIEKTPOHHY HPOBifHicTh. IIpu-
CYTHICThH €JeKTPOAM 3 BHUCOKUM BiJHOBHUM IIOTEHIisAIOM (HeraTuBHA
eJeKTPOZia) Ta 3 BUCOKUM OKHCHIOBAJLHUM ITOTEHIiSIJIOM (IIO3UTHUBHA
eJeKTpoa), IO € HeBil’ €éMHOI0 YaCTHHOIO BCiX BMCOKOEHEPTeTHUHUX
XeMiuHUX IJKepesl CTPyMY, HaKJaaJae CyBOPi BUMOTH 0 CKJIAAY eJIeKT-
poJiTiB, cTabibHA poboTa AKMX MOMKJINBA JIUIIIE 34 PAXYHOK IIacuBaIrii
TIOBEPXHi eJIEKTPO/ IIIJIAX0OM PO3KJIAJaHHA IMIeBHUX KOMIOHEHTIB eJleK-
tposity. YrBoperua SEI Ha mexi enextpona—enekrpouit y JIMA e Haii-
OinbII MOMITHHM IPUKJIaAOM TaKol macuBartii. IToxioma mixkdasHa cra-
Oinisarlis pasom 3 iHIIMMU BJIACTUBOCTAMU, BKJIIOUAIOUN BUCOKY HOHHY
MIPOBigHiICTh, HU3BKY BapTiCTh, CTA0iIBHICTE Yy pOOOUOMY AiANAa30HI Ha-
mpyru Ta 0e3leKy, € HeoOXiZHMMU ITapaMeTpaMu eJeKTPOJITY IJs
MPaKTUYHOrO BUKOpUCTaHHA. OCcTaHHI JOCTiIKeHHSI HOBUX €JeKTPOJIi-
TiB 30cepelKeHO Ha JOCATHEHHI HAWJIMIIIIOr0o IIOETHAHHA WX KJIOYO-
BUX BJIACTUBOCTEIl, ITT0 B KiHIIEBOMY IiICYMKY YMOKJIUBUTL PO3POOUTH
BIOCKOHAJIEHI aKyMYyJIATOPH 3i 30i/IbIIIEHNM pecypcoM, eHePTi€lo Ta Io-
Tys:KHicTI0. KpiM TOro, po3po0Ku HOBUX €JIEKTPOIHUX MaTepiAIiB 3 Me-
TOIO PO3IIUPEHHA POOOUNX MeK aKyMYJIATOPiB BUMAaraioTh OJHOUYACHOL
PO3POOKM eJIeKTPOJIITiB, afalTOBAHUX MO BUMOT, HEOOXiZHUX AJIA 3a-
OesneueHHA e)eKTUBHOCTU POOOTU IUX cucTeM 30epiranusa eHeprii. Ha
TaHUA MOMEHT y PO3BUTKY €JIeKTPOJIITiB JIVA Mo:kHA BUAITHTH Tpu
OCHOBHi HaNIpAMM: BIOCKOHAJIEHHA CKJIAAY PiIKUX eJIEeKTPOJITiB, po3-
POOKM MOJIiMEPHUX €JEKTPOJiTiB, POBPOOKYM TBEPAUX KEPAMIUHUX eJjie-
KTPOJIiTiB.

BroockoHasieHHA CKJIAAY PIAKMX €JEKTPOJITIiB MOMKJINBE 3a PAXYHOK
PisHUX mOeTHAHD OPTAHIUHNX POSUMHHUKIB Ta €JIeKTPONPOBiIHIX KOM-
IIOHEHTiB, a TAaKO0K 3a PAXYHOK (PYHKI[IOHAJIbHUX JOMIIIIOK, HEOOXiTHUX
I YTBOPEHHSA ILIIBOK HA IIOBEPXHi eJeKTpona. B3aeMo3B’sA30K Mixk
yTBOpeHHAM cTabinsaoro SEI Ta pecypcom i 6esmexoro JIMIA mizTeep-
IKYEThCSI YKNCJIeHHUMU IIyOrikamiamu. HeobximgHicTh BUKOpPHCTaHHS
(DYHKIIOHATHHUX N06ABOK, y IEPIIy Uepry, akTyanabHa nad JIMA 3 ano-
IOI0 Ha OCHOBI rpadiTy, 110 Ha JaHUI Yac JOMiHYIOTh 3a BUKOPUCTAaH-
HAM cepey iHmux tunis JIMA.

B o6acTi po3pobok yrBOpenHs crabisbHOT0 SEI Ha moBepxHi rpadiTy
MOJKHA BUIIINTH BUKOPUCTAHHSA CIIONYK, IO MalOTh Y CKJIaAi HeHaCH-
yeHuii 38’30k Kap6on—KapOou. Haiib6inpin momysAapHOI 3 MOAiGHMX
cuoayk € Binimenxapoouat (VC). Bukopucranua VC y ckaagi eaexTpo-
JiTy B KOoHIIeHTpAaIlii 2% y AedKUX BUIAJKaX YMOMKJINBIIOE 30iIbIITUTH
pecypc JIMA 3 300 mukais go 2000—3000 muKJIiB 3a TeMIIEpaTypH y
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40°C mo nmaginua emuoctu Ha 20% . JoBeneHo e()eKTUBHICTh BUKOPUC-
TaHHA cyMilnell 100aBok, Takux Ik 2% VC + 1% erunencyiasdary adbo
2%  @roperunenrapbouary + 1% LiPO,F, mma cucrem rpagir—
NCM532. Ane HeoOXigHO BigMiTUTH, 110 CKJIAL JOOABOK, KU e(DeKTU-
BHO IIPAIIOE 3 OJHUM IIOETHAHHAM MaTEPisAiB IO3UTUBHOI—HETraTUBHOI
eJIeKTPOJ, He 000B’I3K0OBO Oye epeKTUBHUM 3 iHIIINM XeMiuHNM CKJa-
IOM eJIEKTPO[, HaBiTh y BUIAAKY HEBEJNKOI BiAIMiHHOCTH MiX THIIaMU
eJIeKTPOL. 3 MeToo migBuineHHA 6esmeku JIMA mpoBOAATHCA HOCIII-
MPKEeHHA aHiBOJBHUX CIIOJIYK, Oi(DeHiIBPHUX CIOJIYK, TaJoreH00eH30JIb-
HUX CIIOJIYK Ta aJIKiJIOeH30JbHUX CIOJIYK B AKOCTi 100aBOK I 3a1100i-
raHHA mepesapsany, a Takok (dochaTHUX croayK i pochaseHoBux cio-
JYK B AKOCTi 00aBOK IJIsI HOHMYKEHHS JIETKO3aMICTOCTH.

JJ1sa aHO 3 MeTaJIiuHOTO JiTit0 TBep/i eJIeKTPOJIiTH BBaKAIOTh IIOTe-
HIIIHHUMA 3aMiHHUKAMH! OPTaHIYHUX PiAKHX ejieKTpoJtiTiB. BoHu 3a-
0e3IIeuyIoTh YyAOBi MeXaHiuHi BJIACTUBOCTI, 3aBAAKN AKUM MOXKe OyTH
IIPpUTHiYeHe ABUIIE OCAMKEeHHS AMCIEPCHOTO MeTaJiuHoro Jirtiro [112,
113]. Ix Mo:xHa HoOZiNMTHM Ha TPU OCHOBHI KaTeropii: Heopramiummit
TBEPAUIU €JIEKTPOJIT, TBePAUU MOJiMepHUH eJeKTPOJIIT i TOHKOIIiBKO-
BUH TBEPJAOTiNBbHUN esieKTpoJiT [114]. B manuii yac B AKOCTi 3aMiHHU-
KiB piIKMX OpraHiuyHMUX €JEeKTPOJITiB POOIATHCA YMCJIeHHI cIIpoOu BU-
KOPUCTaHHA ITOJiMEpHUX €JEKTPOJITiB, a TaKoK TBepPAUX JIiTiHoBUX
€JeKTPOJIiTiB, IIT0 MiCTATEL HeopraHiuui KepamiuHi ab6o cKJomoai0HI Ma-
repigau [113, 115]. TBepai mosriMmepHi eI€eKTPOIiITH CKIANAIOTHCS 3 II0-
JiMepHOI MaTpuili, B AKilf po3uuHeHo JiTiiioBy cinb. IlepeBakHO BUKO-
PUCTOBYIOTH IIOJiMepHI MaTpUIli 3 BiATIOBITHUMY TOHOPHUMU aTOMaMU
(0, N), aKi KOOPIUHYIOTH KaTiOHU AJIA (POPMYBaHHS KOMILIEKCiB II0OJIi-
mep—cinb [116].

Ha panuit uac B AKOCTi MaTpuUIli IOJiMEepHUX eJIEKTPOJITiB AOCJIi-
JI’KEeHO BeJINKY Pi3HOMAaHITHICTH CTPYKTYP IIOJIiMepiB, BKJIIOUAIOUU I'O-
MotmosriMmepu (JIiHIAHMEN JaHIIOT) i comosriMmepu (JIiHiNHI, 3 PO3BUHEHOIO
CTpyKTypoio Ta 3mmuTi) [117-125], HampukjJajn, IOJIieTHUJIEHOKCULI
(PEO), monimeruameraxkpuaar (PMMA), momiakpuionitTpun (PAN),
noaiBinizigeugropun (PVDF) a6o comonimepu, taki sk PVDF-HFP,
PEO-PMMA, PEO-PS. PEO B xomb6iHaIiii 3 consamu Jitiio, mpuBepra-
I0Th 3HAUHY yBary 3aBAsKU TOMY, II10 € HETOKCUUYHUMU, MalOTh HU3BKY
BapTiCTh i JOCTATHRO BUCOKY XeMiuHy cTifikicTs [126, 127]. OgHak mpo-
BimHicTs Honis Jlitito (~ 1077 CM-cM ') 3a KiMHATHOI TeMIIepaTypu icToT-
HO HIMIKYA, HiK I PIAKUX eJeKTPOJIiTiB Ha OCHOBI opra"HiuHux Kapo6o-
HatiB [128]. IligBuIleHHsa TPOBITHOCTH TBEPAUX €JEKTPOJITIB € KJIIO-
YOBOIO IIPOOGJIEMOIO ITPOTATOM TPHUBAJIOTO Yacy, i JOCi 3aauIIaeThCcA He-
3pO3yMiiuM, UM MOKYTh KpHCTaJiuHi abo amMopdHi CTpyKTypu MarTu
JIOCTaTHBO BUCOKY IIPOBiAHICTE f10HiIB. BUKOpHcTanHusa mmojaimMepis B AKO-
CTi TBEPAMX €JeKTPOJIITIB Mae 3arajbHi IIepeBaru y BUTJIA1 eJ1aCTUUYHO-
CTH Ta BMCOKOI XeMIiUHOI cTiliKocTH A0 MeTaJiuHoro Li, aje ajisg HUX xa-
paxTepHa HHU3bKa TepMiuHa cTabilbHicTh, HM3bKA HOHHA IIPOBIAHICTSD i
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JOCTATHBO HUBbKUM XeMiUHUY IMOTeHiAN okucHeHHA. 1[i nuTanHA 110-
TPeOyIOTh iCTOTHOTO JOCJiMKEeHHA AJA NPAKTUYHOTO BUKOPUCTAHHA
TBePANX IIOJiMEepPHUX eJeKTPoJiTis. IlosiMepHi eJeKTPoiT Ha OCHOBI
PEO MaoTh HeIOCTATHIO MOHHY IIPOBiAHiCTE uepes OiJIbIINY YaCcTKY KOH-
TaKTHUX HOHHUX Hap, HoHHuUX arperatie [129, 130] a60o BeIUKY KiJab-
KicTh KpucTaJivHMX AOoMeH. TmM He MEHIN, IJA TaKUX eJeKTPOJIITiB
ofepskaHi 3HaueHHA fioHHOI MpoBigHOCTH > 0,1 MCM-cM ! 3a Temmepary-
pu y 70°C. B aKocTi HOHOT€HHOTO KOMIIOHEHTa Y PisHUX ITOJiMepHUX
MATPUIFAX MIHPOKO 3acTocoByioTh LiN(SO,CF;), (LiTFSI), ockinbku
a"ion TFSI™ € MoJeKyJI0I0 3 BICOKOIO JeJOKaJIi3aIlicio 3apAay Ta HHU3b-
KOIO eHeprilo I'paTHHII, 1110 3amobirae Kpucrajisallii mojaiMepHoro JaH-
miora [131]. Ha Bigminy Big piZKMX eJIeKTPOJiTiB, TBEPAi €JIeKTPOJJIiTH
MOXKYTBb OOJHOYACHO BUCTYIAaTH B AKOCTI cellapaTopa Ta IIPOBiIHMKA HO-
HiB JIiTifo, 11 YO0 €JIEKTPOIiTY HEOOXiJHAa JOCTATHS MeXaHiuHa CTi-
Kicts [132]. IomimepHi eneKTpoiTi yacTo KJaacu(iKyoTh II0 THUIIaX:
cyXi mosiMepHi eleKTpoiTu Ta reyesi exekTpositu [133, 134] B 3ae-
JKHOCTI Bim masBHOCTHM abo BiacyTHocTu pimkoi das. Cyxi mosimepni
€JIEKTPOJIITH € TBEPAMMHU 3a CBOEIO IIPUPOIOI0 1 HEe MicTATH muIacTudika-
TOpiB ab0 PiAKUX CKJIAMOBUX, TOAi AK T'ejieBi IOJiMepHi eJeKTpoJiTu
CKJIAJAIOThCA 3 0araThboxX KOMIIOHEHTIB, BKJIOUaOUM pigki. 3HAUHY Ki-
JBKICTh HAYKOBUX [IOCTIJKEeHb 30CEPEIKeHO Ha 3MEHINEeHHI CTymeHsA
KPUCTAJiYHOCTHU IIOJIiMepa 3a PaxXyHOK [IOMaBaHHA HAIOBHIOBaYa abo
3IIUBAHHSA 3 METOIO ITi IBUIIIEHHS IIePEeHOCY HOHIB ab0 3a PAXyHOK IIOCH-
JIEHHA PYXY CeI'MEHTIB ITOJIiMEepHUX JIAHI[IOTiB, a00 yCKJIaIHEHHS Peop-
raHisalii mojimMepHUX JIAHITIOTIB.

3 MeTOI0 HiABUINEHHA MOHHOI IPOBIJHOCTH HOJiMEPHUX €JEKTPOJIi-
TiB IIMPOKO BUKOPUCTOBYIOTH HAHOPO3MipHI OKCHIHiI HaIOBHIOBaYi.
ImeprHi HamoBHIOBaYi, Taki AK P-Al,O5, v-LiAlO, Ta meoiT, posrasana-
IOTHb B AKOCT1 « HEPO3UMHHOI (ha3u» AJId IOCUJIEHHA MeXaHiuHO]l 1isicHo-
cTu, MixK(pasHol aaresii, eJIEKTPOXeMiUHOI CTIMKOCTY Ta TPAHCIIOPTHUX
BJIACTHUBOCTEH 3a PaXyHOK 30ijbIlleHHA YacTKu amopduoi ¢asu [135,
136]. IlosiMmepHi KOMIIOBUTHI €JIEKTPOJIITH MOMKYThH OyTH 3MiIlaHi 3 iH-
UMY HEOPTaHiYHMUMU KepaMiuHHMN YaCTUHKAMH, IO MalOTh HOHHY
npoBignHicTs (Hanpukaan, Li;LasZr,0,,, Li; 3Al, 3T, (PO,)s). Onnak mi-
IBUIITEHUH OITip Ha MeXKi 3epeH i HeoAHOPiAHWIT PO3TOIia YaCTUHOK 3a
PO3MipoM 3aIUINAIOTHCA OCHOBHUMHY IIPOOJIEMaMuU.

TBepanii eJIEKTPOJIIT € KJIIOUOBUM KOMIIOHEHTOM, AKUH YMOMKJIUBJIIIOE
PO3BUBATY HAIPAM TBEPJOTIILHUX aKyMYJIATOPHUX cucTeM (solid-state
battery). HesBaskaiouu Ha mepeBaru HEOPTaHIUHUX KepaMiuHUX—
CKJIOTOAiIOHUX TBEPAUX €JIEKTPOJIITIiB y NMOPiBHAHHI 3 PiIKUMU €JEKT-
poJsiTaM1, BUKOPUCTAHHA IX CTaBUTH Iepe] co00i0 icTOTHI mpobiieMu.
Jo HuX HajJeXaThb: TEXHOJIOTiUHICTh, TOPiBHSAHO BUCOKA BapTiCTh, OIip
Ha MeJKi 3epeH, HU3bKa HOHHA MPOBiAHICTS 1 MOOiUHI peakIrii 3 meTasiu-
HuM Jitiem asoau [113, 137]. [lyia geAKuX TBePAUX KEPAMIUHUX €JIEKT-
poriTiB KoHIleHTpAaIlid foHiB JIiTito Moike OyTH HaA3BUYANHO BUCOKOIO,
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110 30iJbINy€e HEeOOXiAHICTh BUKOPUCTAHHA HAAAUIIKY Li, a TaKOoX Ie-
penbauae BUCOKY BapTicTh Iux Marepianis. Cepen HaOiIbII IOy IAP-
HUX JOCJIKYBaHUX HEOPTaHiYHWX TBEPAUX €JIEKTPOJITIiB MOXXHA BU-
OiIUTHU CHOJYKW 3 I'PAaHaTONOAiOHOIO CTPYKTYypoio (HAIIPUKJIAM,
Li;LasZr,0,,) [138], Tumy NASICON (mampuriman, LiZr,(PO,)s,
LiTi,(PO,); Ta LiGe,(PO,);) [139, 140], cyasdigaoro Tumy (Ha OCHOBIi
Li,S—SiS, abo Li,S—P,S;) [131, 132] Ta 3i cTPYKTYpOIO II€POBCHKITY
(Li; La2/; ,TiOg) [143, 144]. Cepen HuX HaWOinbIINi iHTEPpEC BUKJIN-
KamoTh okcugHi martepianu (rpanatu, NASICON i mepoBcbKiTH), OCKi-
JIbKY BOHU MAIOTh IIEBHIi IepeBaru s TBEPAOTIIbHUX aKyMYJJIATOPHUX
CHICTEM, a caMe, BUCOKY XeMiuHYy CTifKiCTh, rapHi MexXaHiuHi BJIACTHUBO-
CTi Ta BUCOKY 0e3IIeKy P BiJHOCHO AJOCTATHHOMY PiBHIi €JIEKTPOIIPOBI-
maocTtu (107*—107% Cm-cm ') [114]. HesBaxkaroun Ha ImepeBaru, ixHi Hee-
JACTUYHICTD i BUCOKA BapTiCTh IPU BEJIMKOMACIITAOHOMY BUPOOHUIITBI
MEePenIKoIKal0Th YCIIITHI KoMepITiairisarii.

3 iHmoro 60Ky, eJIEKTPOJIITH CYIb()iTHOTO TUITY MAlOTh BUCOKY €JIEK-
TponpoBinuicTs (1072 Cm-cm ™), rapri Mexaniuni BIacTuBOCTi Ta rEyu-
KicTh, HUBBbKUI OITip Ha MeKi 3epeH [114, 145]. Oguak HemogikamMu Ta-
KMX MaTepiAJiB € HU3bKAa CTiHKiCTh IIPU IIOTEHI[iAJIaX OKUCHEHHA, CTa-
O0ibHiCTD i HeTOCTATHA CYMiCHICTE 3 eleKTpogHUMH MaTepidaam. Kpim
TOTO, BOAHA TigpoJiza 3 BumitenaaM rasy H,S Takox oOMekye MOMKJIIN-
BoCTi ekcmyararliii Takoi cucrtemu [145]. ToukomapoBi TBepai erekT-
POJIiTH TaKOMK IIPUBEPTAIOTH YBary y HampAMi POSBUTKY TOHKOILIiBKO-
BUX aKyMYJIATOPiB, AKi MalOTh OiJILIITYy TI'yCTHHY €Heprii, HOTeHIifHO
0isbIr Oe3meuHi Ta OiNIBIII KOMIIAKTHI ITOPiBHAHO 3i 3BUYATHUMU TUIIA-
mu JIMA. JI1s ocafskeHHA TOHKHUX ILTiBOK €JIEKTPOJIITiB BUKOPHCTOBY-
0T METOAU BUCOKoUacTOoTHOrOo Hanoporienud (RFS) [146], imnyascHo-
nazepHoro ocamxkenua (PLD) [137], xemiuHOro ocamKeHHS 3 Ia30BOi
daszu (CVD) [148] Ta ocamsxenua aromapuux mapie (ALD) [149, 150].
OmHUM i3 MINPOKO MOCTiMKeHNX TOHKOIIIAPOBUX €JeKTPOJIITiB I IIe-
pesapagHux cucrteM € Jjgitiii-pochopuirporcun (LiPON) [141]. LiPON
MOKe OyTH BUTOTOBJIEHUI METONOI0 MATHETPOHHOTO HATIOPOIIIEHH A, BU-
kopucrtoByiouu Li;PO, B sixocti mimreui B atmocdepi asory. OcHOBHA
nepeBara Bukopuctanua LiPON — Bucoka cTifikicTh 3 MeTaJiYHUM JIi-
TieM i meaKuMMU KaTomgHUMHU Marepisnamu. O6gacTh eleKTPOXeMidHOI
crabinbrocTu LiPON cramosuts Bixm 0-5,5 B BimHocmo Li/Li" [152].
LiPON Tako:k € JOCUTh TBePAUM i Ma€e JOCTATHIO TEPMiUHy cTabiIbHICTD
[153]. Axymynaropra cucrema Ha ocHoBi LiPON LiNi,;Mn, ;0,/
LiPON/Li) mo:xe 3abesneuntu pecypc y 10000 nmukaiB iz 36eperkeHHIM
emuocTtu 00 90% mpu Hanpysi go 5 B[154]. LiPON ocTanHiM YacoMm cTas
3araJIbHOBKMBAHUM TBEDPAOTIIBHUM €JIEKTPOJJITOM /IS TBEPAOTLIHHUX
TOHKOILTIBKOBUX aKyMyJaaToOpiB. (18 momasbIioro BAOCKOHAJIEHHS
TOHKOILTiBKOBUX aKyMYJISATOPiB BUCOKOI EMHOCTH HEOOXiTHO mOm0JIaTH
BiJTHOCHO HMKUY HOHHY IIPOBiAHICTH y IOPiBHAHHI 3 OKCUIHUMU MaTe-
pianamu.
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5. TEXHOJIOT'ISI IEPEPOBKHU JIHA

3pocTaroui 00’eMU BUKOPUCTAHHA JiTifi-HOHHUX aKyMyJIATOPiB BUMa-
raioTh 30iJIbIIEeHHA IMOTYYKHOCTH IXHLOT'O BUPOOHMIITBA Ta MiHimiszarii
IXHBOTO eKOJIOTiUHOTO BILIUBY. KpiM Toro, Ha TeMOu pO3IIUPEHHA BU-
pOOHUIITBA HEr'aTMBHO BIJIMBAE 3POCTAHHA I[iH Ha CHUPOBUHY. 3MEH-
ITeHHA MATePiAILHUX BUTPAT MOJKJINBE, B TOMY YUMCJi 3a PaXyHOK IIe-
pepobKU BiAIpaibOBAHUX JiTiH-HOHHUX aKyMYJIATOPHUX OaTapeit, oco-
0JIMBO 3 €JIEKTPOMODIIiB, 1 TOBepHEHHS CUPOBUHU YV ITUKJ BUPOOHUIITBA
MaTepidaiB.

Ha chorogui pospo6ieHo pang TexHosorii mepepobru JIMA. Haiimo-
IIIpeHIMUME TexHoJoriaMu nepepobru JIVA e Tax sBani mipomeray-
pri#iamii mpoiec (komnauia Umicore), MexaHiuHO-TigpoMeTaNypriiumii
(kommania Toxco) Ta BAOCKOHAJNIEHUH MeXaHiuHO-TigpoMeTa ypriiumii
(xommanisa Dusenfeld) [155]. Ilipomerasypriiinuii mpoiec mepepooxku
mmpencTaBisdge coboo mipomeranaypriiine ouninerndsa Ni Ta Co [156] y To-
nuabHiN neui. Ile#t mporec yMOMKJIMBIIIOE BUAIIUTA KOMIIOHEHTHY 3 HaM-
0iJBIIIOI0 BAPTiCTIO, TaKi AK K0OAJBT, HiKeJb i MiAb, ITTO Tae 3MOT'Y CHUH-
Te3yBaTH HOBi eJeKTpoaHi mMarepianu. OgHAK iHIIi MaTepigam, BKJIIO-
Yapuu JiTid, monagaioTh y IIIJIAK i TOMY BTPadYalOThCA AJIA IIOAATbIITIOTO
BUKOPUCTAHHS B IIpPOIleci BUPOOHUIITBA aKyMyJasaTopa. Komiamxieio
Toxco po3pobIeHo MeXaHiuYHO-TiApoMeTaIypriiHuii mMpoIlec IepepooKu
JIVA. JIVIA 0X0JIOIKYIOTH PIIKUIM a30TOM O TeMIIepATypPU IPUGINZHO
y —160°C, 1m0 poOuTrh Oe3meuHMM HACTYIHUII IIpOIleC HOApPiOHeHH.
JIMA monpiGHIOIOTE HA HEBeJMKi IIMATOYKH, MEXaHIYHHM CIIOCOOGOM
BIIIIAIOTh 3aJUIITKKU MeTAJiUHUX KOJEKTOPiB CTPyMy Ta BiampaBiid-
I0TH Ha O0pOOJIeHHS TeXHOJIOTIiYHMM po3umHoM 3 BucokuMm pH. B pe-
gyabTari 00pobsenua JliTiit ocamkytoTs y Buraaai Li,CO;. 3 Heposun-
HeHoro npoayKTy MmoxxkHa BuaiauTu Niii Co npu BUKOpuCTaHHI IpoIiecy
kommauii Umicore [157]. ITpomec komnawii Dusenfeld ma choroguinaii
yac € HAWOiJbII BIOCKOHAJEHUM i IIOEOHYE eJeKTpuuHe, MexaHiume,
M’sIKe TepMiuHe Ta rizpoMeTanypriiiae o0pobieHHs 3 MeTOI0 BUIiJIeHH
Maiixke BCix minEuX Martepianis JIMA pisaux Tumis [158, 159]. B mpomy
IIpoIieci MeTaIu HiKeJsb, K0OaJbT ab0 MaHI'aH 0CAAKYIOTh 3 PO3UUHY 3a
nmorromoroio 3aminu pH. JIiTi#t TakoK BUIIIAIOTH 3a JOIIOMOTOI0 KpHCTa-
Jisariii 3 posunHy y BUIISAL KapOoHATy Ta riapokcuny. Opramiuui pos-
YMHHUKY BUNIJIAIOTL OPU IOHMIKEHOMY THUCKY B XOHIi HmOApiOHEeHHA.
SKicTh omep:kaHMX B IILOMY HIPOIECI MATEPifAJiB YMOMKJIMBIIIOE IIOMA-
JIbITIle BUKOPUCTAHHA AJid Burorosaenssa JIMA.

6. BUCHOBKH

Bnockonanenua JIMA y HanpAaMi 30igbIIeHHA TUTOMOI eHepTii, oKpim
pPo3po6OK HOBMX THHOIB KaTOAHUX Ta AaHOAHUX MAaTEpPifAJiB, dYacTo
OB’ A3aHe 3 IMePeX0J0M A0 HAHOPO3MipHUX CTPYKTYpP. B GinbimocTti Bu-
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HagKiB IIe YMOMKJINBJIIOE MiABUIUTH CTA0IIbLHICTE eJIEKTPOXEMiUHOI C1-
CTeMHU 3a PaXyHOK KOMIIeHcAIlil 3MiH 00’eMy BHACJIILOK iHTepKAIAIiI—
IeiHTepKaJdaIlii, ajle BUMarae KOHTPOJIIO MOOIiUHMX peaKIliii B3aemomil
AKTUBHOTO MATEPiAJAYy 3 €JIeKTPOJIiTOM BHACIIZOK 30iMbIIIeHHS IIJIOIIi
noBepxHi. IlIoHM:KEeHHA TaKO1l B3a€MO/il MOMKJINBE 38 PAXYHOK BUKOPUC-
TaHHSA IIOKPUTTIB aKTUBHUX MaTePidAiB i BIOCKOHAJIEHHA eJIEKTPOJIITY,
y TOMY UHCJIL 3 BUKOPUCTAHHSIM IIOJIIMEPHUX i TBEPAUX €JIEKTPOJIITIB.
Ily:xe aKTyaJIbHUM acIeKTOM PO3BHUTKY TexHouoriit JIMA e mpomec ix-
HBOI IMMOJAJILINOI IIepepoOKU 3 MOKJIMBICTIO ITOBEePHEHHS CUPOBUHU Y
IIUKJ BUPOOHUIITBA.
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Titania nanoparticles (nTiO,) are synthesized by sol—gel technique. Charac-
terization of nTiO, is accomplished with XRD instrument. SEM is used to
analyse the structure of nTiO, samples and to determine nanoparticle sizes.
Various concentrations of nTiO, (0.5, 1, 1.5, 2 and 2.5 ml) blended with DCM
laser dye blended with polymer (polystyrene) are synthesized via casting
technique. Investigations of the effect of these additions on both optical
properties and electronic-transition energy gaps in cases of Tauc’s model and
derivative absorption spectra are carried out. The results of the allowed di-
rect electronic transition energy gap indicate decreasing from 2.3 to 2.23 eV
as nTiO, concentration increase, whereas the energy gap magnitudes found
from the first absorbance derivative decrease from 2.348 to 2.313 eV as
nTiO, concentration increase.

Hanouactuaku giokcuay turany (nTiO,) cuHTE30BaHO 3a HOIOMOIOI0 30Jb—
resb-MeToAuKU. Xapaktepusaitito nTiO, BUKOHAHO 3a JOIIOMOTOIO PEHTI'€HiB-
CBbKOT0 Aud)pakKIiiiHoro incrpymenrapio. CKanyBajlbHy €JIeKTPOHHY MiKpoc-
KOIIil0 BUKOPUCTAHO AJIA aHawisu cTpyKTypu 3paskiB nTiO, Ta BusHaueHHA
posmipiB HaHOUacTuHOK. PisHi Koumeurparii nTiO, (0,5, 1, 1,5, 21 2,5 mn) y
cymimii 3 Jasepuum OGapBHuUKOM 4-(dicyanomethylene)-2-methyl-6-(p-
dimethylaminostyryl)-4 H-pyran, smimaauM 3 mojJiMepoM (IIOJiCTHPOJIOM),
CHHTE30BaHO 3a NOIIOMOT0I0 MeTOAYU JUTTs. IIpoBefeHO HOCTif:KeHHS BILIUBY
IUX IPHCAJOK K Ha ONTUYHI BJIACTHUBOCTi, TAaK i Ha eJEeKTPOHHI mepeximmi
eHepreTUYHi MIinHM y BUnagkax mozento Tayka Ta mMOXiZHMX CIIEKTPiB IIOT-
anHaHHsg. PesyabTaTy 103BOJIEHOI IPSAMOI eJIEKTPOHHOI ITepexigHol eHepreTu-
YHOI IiJINHU CBifUaTh PO MOHMMKEHHA 3 2,3 10 2,23 eB y mipy 306inbIieHHs
koHneHTpatii nTiO,, Toal AK BeJIWUYNHU €HEePreTUYHOI IIiINHYU, BUABJIEHI 3a
TIepIIoio MoXigHOoI0 abecopbirii, smenmyooThesa 3 2,348 no 2,313 eB y mipy 36i-
JbIlleHHA KoHMeHTpalrii nTiO,.

Key words: optical absorption, titania nanoparticles (nTiO,), first absorbance
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derivative, energy gap, Urbach’s energy.

KarouoBi cioBa: onTuuHe MOTINMHAHHA, HAHOYACTUHKHN MTiOKCUAY TUTAHY
(nTiO,), nmepmIa moxigHa MOTJIMHAHHSA, €eHePreTUYHA I[iJINHAa, eHepria Ypobaxa.

(Received 25 April, 2020; in final version, 28 May, 2020 )

1. INTRODUCTION

Extensive research contributions have been done to improve amorphous
polymeric materials with a high ionic conductivity at room temperature
besides good mechanical, optical, and thermal characteristics [1]. Dop-
ing of polymers had attracted more interest by scientists and techni-
cians because of their wide applications. The blend in polymer can
change the polymer structure and hence the microstructural character-
istics of the polymer [2]. One of the techniques that are used to obtain
amorphous kind of electrolyte is based on dissolving the salt in the im-
mobilized polymer matrix. Moreover, this polymer is considered as an
excellent host matter for various composites. Different research groups
are examining the obvious trace of blending on all optical, thermal,
structural, and mechanical characteristics [3]. The polymer optical
characterizations can be enhancing by addition of blends to be depend-
ent on their reactivity with the host matrix. Many researchers have ex-
amined the properties of acid-based polymer electrolyte complexes such
as proton conductors and their potential usages in solid-state devices
[4]. Polystyrene (PS) is one of unique polymeric material, which has
wide applications in industry and its relatively low cost [5]. PS is a po-
tential matter, which exhibits a higher dielectric strength, better ca-
pacity for storage of the charges, and improve optical and electrical
characterizations for dopants [6]. Recent researches show the water
molecules inside the PS-based electrolyte enhanced the conductivity
while it preserved the dimensional stability of the electrolyte [7].
Titanium dioxide (TiO,) has energy gap of (3.2 eV) for n-type semi-
conductor with variety important properties such as a high refractive
index, low absorption coefficient in visible light, and good chemical
stability [8]. Recently, nanocomposite semiconductors get more inter-
ests comparing with traditional semiconductor materials due to its
unique advantages such as cheap manufacturing, easy techniques used
to prepare, a large variety of applications, and very suitable candidate
for substrate choice [9]. TiO, nanoparticles have been widely used as
dye-sensitized solar cells (DSSCs) [10], gas sensor [11], and UV sensor
[12]. UV sensors can be used as sensors in almost chemical and envi-
ronmental detecting applications such as emitter calibration, analysis
of chemical and biological samples, telecommunications, flame detec-
tion, and atmospheric and space studies [13]. TiO, nanoparticles have a
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high sensitivity to UV light, and much higher surface-area-to-volume
ratio can enhance the total photoreactivity [14]. Some researches re-
veal that the salts are excellent proton donors to the polymer matrix,
and salts blended with PS are rare. In the present work, the prepara-
tion and properties of polymer electrolytes based on polystyrene blend-
ed with DCM laser dye and (nTiO,) nanoparticles have been studied.
Tetrahydrofuran (THF) was used in this process as a solvent.

Absorbance (A) is measured using UV-VIS dual beam spectropho-
tometer, which has a range of wavelengths of 190-1100 nm. The ab-
sorption coefficient (o) was calculated using relation (1) [15]:

2.3034
o=—-,
x

(1)

where x is the film thickness.
The absorption coefficient is a crucial parameter because it supplies
specific data about the electronic transition by using Eq. (2)[16]:

h _E 1/2
azB—( v-E)
hv

where B is constant, and v is frequency.

The absorption spectra measurement (and particularly the peak of
absorption curve) is a good tool to investigate the optical behaviour of
prompted transitions and provides significant data about the configu-
ration and optical energy gap in thin films. The absorption edge in dif-
ferent composites follows the known Urbach’s rule as in the following
Eq. (3)[17]:

, (2)

o = o, exp L%J . (3)

u

The extinction coefficient (K) can be expressed in terms of the ab-
sorption coefficient as Eq. (4) [18]:

Ao
K=—. 4
. (4)
The refractive index (n) can be calculated using Eq. (5)[19]:

1+\E
= . 5
n N (5)

In order to determine refractive index for dispersion of DCM-PS
blend with nTiO, nanoparticles in thin films at various annealing tem-
peratures, the single-oscillator model developed by DiDomenico and
Wemple is considered [20]. The refractive index can be expressed in
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terms of the dispersion energy E, and single-oscillator energy E, ac-
cording to Eq. (6):
n®=1+ —ZE“E" 5 (6)
E? — (hv)

2. EXPERIMENTAL PART

The adjustment amount of DCM dye was dissolved in alcohol (in our
experiment, it was 5-107% mole/litre) to get the suitable concentration
of laser dye solutions. Sol—gel method was used to manufacture titani-
um dioxide nanoparticles with 10 ml of titanium alkoxide as a raw ma-
terial mixed with 40 ml of 2-propanol in a dry atmosphere. This mix-
ture was then added drop wise into another mixture, which consists of
10 ml water and 10 ml of 2-propanol. One hour of stirring, transparent
gel with yellow colour is produced. The prepared gel was subsequently
dried at temperature 105°C for several hours until totally turned into a
yellow block structure. The examined materials are calculated by put-
ting it at 500°C for six hours in a furnace.

The nanopowder structure was investigated with a Shimadzu 6000
x-ray diffractometer using CuK, radiation (A =1.5406 A). The mor-
phology of nTiO, samples is achieved via a scanning electron microsco-
py (SEM) in order to control the size of nanoparticles.

To prepare PS blend with DCM thin films, firstly, 0.015 gm from
DCM dissolved in 10 ml of tetrahydrofuran (THF) solvent and stirrer
for around 30 minutes to obtain homogenous solution; then, 2 gm PS
dissolve in 30 ml THF and stirring for 2 hours to obtain the polymer
solution. To synthesize the final thin films, 1 ml DCM solution was
mixed with 5 ml PS solution and in situ casting on glass substrate at a
room temperature. Various concentrations of obtained nTiO, nanopar-
ticles (0.5, 1, 1.5, 2, and 2.5 ml) were suspended separately one by one
into THF solvent and added to the mixture of DCM—PS. The final pre-
pared films were marked as (4, B, C, D, and E) as the nanoparticles
concentration increased.

The thickness of prepared thin films was measured by using the op-
tical interferometer process with employing He—Ne laser of 0.632 um.
The thickness was roughly of 0.45 um for all samples.

3. RESULTS AND DISCUSSION

The scanning electron microscopy (SEM) image of nTiO, nanoparticles
is shown in Fig. 1.

Determination of titania particle size was carried out with (SEM)
pattern after preparing nTiO, at pH3 and 500°C calcination tempera-
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Fig. 1. Scanning electron microscopy of the nTiO, nanoparticles.

Fig. 2. XRD pattern of the nTiO, nanoparticles.

ture; the prepared nanoparticles are suspended as film using spin coat-
ing process. The achievement value of nTiO, nanoparticles’ size is
about of 55.82 nm.

In addition, the XRD pattern of the nTiO, nanoparticles, which were
synthesized via sol—gel technique at pH3 and calcination of the synthe-
sized material accomplished at temperature of 500°C for 6 hours in
furnace, is shown in Fig. 2.

The anatase phase was identified at 20 of 25.40°, 38.10°, 48.20°,
53.90°, and 55.10°. The characteristic peak of anatase is sharp and
clear to observe, in particular, at 25.40° degree.

The absorption spectra for PS doping with DCM and nTiO, nanopar-
ticles’ thin films at room temperature is illustrated in Fig. 3.

It can be seen that, for PS blending with DCM and nTiO, nanoparti-
cles’ thin films, the intensity of absorption band is increased with in-
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Fig. 3. Absorbance for PS blend with DCM thin films filled with various con-
centrations of titania nanoparticles.

Fig. 4. Absorption coefficient for PS blend with DCM thin films filled with
various concentrations of titania nanoparticles.

creasing nTiO, nanoparticles’ concentration as shown in Fig. 3. The
reason of these variations is due to increasing of concentration of
nTiO, nanoparticles, which causes increasing the number of molecules
in volume unit that leads to change in energy level of nTiO, nanoparti-
cles as a result of increasing in perturbation field on the molecules;
this agree with the explanation of Tsiaousis and Munn (2002) [21].

Figure 4 shows the absorption coefficient trend as a function of pho-
ton energy for PS blend with DCM thin films filled with various con-
centrations of titania nanoparticles. Absorption coefficient is deter-
mined from absorbance measurements using Eq. (1).

The absorption coefficient of PS blend with DCM thin films filled with
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Fig. 5. Relationship between (a/v)? and photon energy (eV) for PS blend with
DCM thin films filled with various concentrations of titania nanoparticles.

various concentrations of titania nanoparticles decreased in the end of
visible region because it is inversely proportional to the reflectance. This
can be linked with increase in grain size, and it may be attributed to the
light scattering effect for its high surface roughness [22].

The energy gaps (E,) of PS blend with DCM thin films filled with
various concentrations of titania nanoparticles were evaluated from
the absorption spectra, and the optical absorption coefficient (o) near
the absorption edge for allowed direct transitions is given by Eq. (2).

The characteristics of (ahv)?® vs. photon energy are plotted for evalu-
ating the band gap (E,) of PS blend with DCM thin films filled with
various concentrations of titania nanoparticles, and extrapolating the
linear portion near the onset of absorption edge to the energy axis as
shown in Fig. 5.

As can be seen clearly, E, of PS blend with DCM filled thin films has
various values of 2.3, 2.285, 2.26, 2.25, and 2.23 eV corresponding to
nTiO, concentrations of 0.5, 1, 1.5, 2, and 2.5, respectively, as shown
in Table. In other words, the band gaps of films become tight as nTiO,
content increases, where titania nanoparticles’ concentration will pro-
duce more localized levels close to the structure valence and conduc-
tion band that leads to gather electrons and generate tails lowering the
optical energy gap, which is consistent with [23].

Figure 6 indicates the effect of the first absorption derivative on the
photon energy for all thin films.

The spectra obviously show that the increase concentration of pre-
pared titania declined the energy gap for all samples. Table lists the
energy gap values, which are obtained from the first derivative; this is
identical with the results of Tauc’s model of the energy band gap val-
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e

Fig. 6. Relationship between the absorption and photon energy.

ues, which are agree with [24].

The Urbach’s energy magnitudes were calculated by taking inverted
incline of the straight line of the curve. Moreover, Figure 7 shows the
relation of Ina vs. photon energy (eV) for DCM—PS blend with nTiO,
nanoparticles’ thin films. Urbach’s energy values are indexed in Table.

Urbach’s energy values were rising with grows up of tiny particle
density of titania because the sum of localized energy levels in the opti-
cal energy gap had increased and caused an increase of the tails of Ur-
bach’s energy. These changes lead to a decrease in the optical energy
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TABLE. The calculated parameters for examined mixtures.

= . Q
=] E o = (&)
S2¢ | 2% | 5% | #° : F
o BEE = s S 2 = 5 =@ S
5| 224 1% 52 | 8% X = EB3T
< SRR~ o B 2 & o B » & o QS
N QO ug B, S5 2 55 S Sy £ & o
§°¢8 8 = A e = g s'=®
(@) < = o [H) o ~
=i w & A
A 0.5 5.097 4.920 2.106 2.3 2.348
B 1 4.689 4.822 2.468 2.285 2.340
C 1.5 4.611 4.669 2.788 2.26 2.331
D 2 4.354 4.638 2.840 2.25 2.322
E 2.5 4.191 4.469 2.981 2.23 2.313

Fig.7. Urbach’s energy as a function of photon energy (eV) for prepared
films.

gap. This means that the optical attitude of the energy value of Ur-
bach’s tails is conflicting to the optical trend of the optical energy gap,
and thus, the structure turns into well-crystallized one [25].

Extinction coefficient (K) is correlating with the absorption of light
and then related to absorption coefficient by the Eq. (4). Therefore, K
can be measured using the previous relation. The curves of extinction
coefficient for PS blend with DCM thin films are shown in Fig. 8.

Extinction coefficient and absorption coefficient behave similarly
because both they are joined by previous relation, and extinction coef-
ficient increasing with increasing of concentration.

Reflectance spectra for prepared thin films were investigated at
room temperature and presented in Fig. 9.
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Fig. 8. Extinction coefficient vs. photon energy.

Fig. 9. Reflectance curves for all samples.

The reflectance plots indicate that the rise in nanoparticles’ concen-
tration causes the decline in reflection intensity; it was assumed that
the existence of (nTiO,) nanoparticles in starch-based polymer highly
enhanced the UV-resistance ability of the polymer.

The refractive indices of prepared films are determined from Eq.
(5). Figure 10 shows the variation in refractive index with energy for
various nTiO, nanoparticles’ concentration.

This trend shows an increase of the value of refractive index with
higher concentration. The increase may be resulted from higher pack-
ing concentration of the films and, hence, caused change in the refrac-
tive index.

The relation 1/(n*-1) vs. (hv)® is plotted in Fig. 11, and from the
curves, it can be determined the single-oscillator energy (E,) and dis-
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Fig. 10. The relation between refractive index and energy at various concen-
trations.

Fig. 11. Relationship between 1/(n? — 1) and (hv)? for various concentrations’
samples.

persion energy (E,) values. E, is an average energy gap and can be re-
lated to the band gap, E,, in close approximation E,~ 2E,[26].

The values of E, and E, were calculated from the slope and intercept
on the vertical axis of 1/(n?—1) vs. (hv)® plot; they are listed in Table.

4. CONCLUSION

In this work, titania nanoparticles (nTiO,) were synthesized via sol—gel
technique. Various (nTiO,) concentrations are co-doping with (DCM)
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laser dye blend with polystyrene (PS) and prepared using casting
method. The effect of addition of various (nTiO,) concentrations on the
optical properties is studied and investigated by using UV-VIS spec-
trometer. Increases of (nTiO,) concentrations for all films cause de-
creasing in the direct electronic transitions in magnitude of 2.3-2.23
eV. The energy gap from derivative absorption spectra was 2.348-
2.313 eV. This decreasing also affects to decrease in the refractive in-
dex values, the single-oscillator energy (E,) and dispersion energy (E,).
Whereas, it causes increasing in extinction coefficient and absorption
coefficient for all fabricated films. In addition, Urbach’s tail assures
that the crosslink is increased as the titania nanoparticles’ densities
increase: 2.106—-2.981 eV.
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Using the density functional theory to quantum-mechanical calculations in
the Gaussian 09w software package, antitumor drug of target action on the
basis of titanium dioxide and pyrrole derivative 1-(4-Cl-benzyl)-3-Cl-4-(CF-
fenylamino)-1H-pyrrol-2.5-dione (chemical compound MI-1) is simulated. MI-
1 compound has high therapeutic potential as an antitumor agent. Titanium
dioxide is insoluble in the stomach and used as a filler and sheath of medi-
cines. There is reason to use TiO, to transport MI-1 to the site of the affected
tissue for targeted effect on colorectal tumours. Computational tools of the
software package reveal that titanium dioxide TiO, together with MI-1 forms
a stable nanocomplex. Upon penetration into the tumour tissue, due to the low
pH in comparison with healthy tissue, a significant proportion of these nano-
complexes will be dissociate with the separation titanium dioxide and MI-1
compound that will be have a therapeutic effect on damage tissue.

3acTocyBaHHAM Teopii PYHKIIIOHATY I'YCTUHH A0 KBAHTOBO-MEXaHiUYHUX 00UM-
ciaeHb y makeri mporpaMm Gaussian 09w BIKOHAHO MOAE/JIOBAHHSI HAHOKOMILIe-
KCy aHTUIIYXJUHHOTO IIPenapary TapreTHol Aii Ha OCHOBi JioKcuAy THUTaHY Ta
noxiguoi miposy 1-(4-Cl-6eusmin)-3-Cl-4-(CF;-peninamin)-1H-mipoa-2,5-gion
(xemiuna crioayka MI-1). Crmoryka MI-1 Mae BUCOKUH TepameBTUYHUM ITOTEH-
miAJg AK npoTunyxJumHHui 3aci6. Hiokcun turany TiO, He pPO3UMHAETHCA Y
IIJIYHKY, 3aCTOCOBYETLCS B IKOCTi HAIIOBHIOBAUIB i 000JIOHOK MEIWUYHUX IIpe-
napartiB. € nmigcraBu Bukopucratu TiO, nua tparncmopry MI-1 mo micua ypa-
JKeHOl TKaHWHU IJIA IIiJIhOBOTO BILIMBY Ha KOJOPEKTanbHi myxamuu. Oounc-
JIIOBAJIBHUMHU 3aco0aMU TPOTPAMHOTO ITaKeTy BCTAHOBJIEHO, IO JiOKCUJ TUTA-
ny TiO, pasom 3 MI-1 yTBOpIOE cTabinbHMUIT HAaHOKOMILIEKC. IIpu IpOHUKHEHH]
y TKAHWHY IYXJWHU, 3aBAAKU IMOHM:KeHOoMY PH y mopiBHaHHI 3i 3m0poBOIO
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TKAHMHOIO, 3HAYHA YaCTHHA HAHOKOMILIEKCiB Oy/e AUCOIiloBaTU 3 BiJOKpeM-
JIEHHAM Bif mioKcuay Turtany moximguoi mipoay MI-1, aka i Oyze cupuumHATH
TepaleBTUYHY Mii0 HAa YPasKeHy JiISHKY TKaHUHU.

Key words: modelling of nanocomplexes, quantum-mechanical methods, an-
ticancer and anti-inflammatory agents, titanium dioxide, pyrrole.

Kuarouosi ciaoBa: Mozen0BaHHS HAHOKOMILIEKCiB, KBAHTOBO-MeXaHiuHi MeTo-
I¥, aHTUIYXJUHHI OpOoTHU3anaJibHi MeIWYHI mpernapaTru, JiOKCUI TUTaHY, ITi-
poJ.
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Targeted therapy is an undoubted achievement of medical oncology in
recent years. The use of means of directed action can selectively inhibit
the growth of tumours with minimal damage to healthy body tissues.
The most common targeting agents are antibodies against basic pro-
teins of signalling pathways (usually protein kinases) that are overex-
pressed in a malignant cell, or low molecular weight compounds that
are inhibitors of these proteins [1]. The former are highly specific,
while the latter cover a wider range of targets, are easier to use and less
expensive to manufacture [2]. However, since action of these agents
also have an effect on healthy cells and the use of these antitumor
agents is systemic, the side effects of therapy cannot be avoided, alt-
hough they are certainly weaker and less critical than traditional
chemotherapy [3]. One of the advantages of low molecular weight pro-
tein kinase inhibitors is the possibility of their oral administration.
This method allows targeted delivery of the agent to the tumour in the
digestive tract that reduces the burden of drug loading on other organs
and systems. However, the development of targeted delivery systems
to a specific section of the digestive tube with the possibility of local
and prolonged release of the therapeutic agent is extremely small [4].
The pyrrole derivative 1-(4-Cl-benzyl)-3-Cl-4-(CF;-fenylamino)-1H-
pyrrol-2,5-dione (named MI-1) has a high therapeutic potential for the
correction of colon cancer [5, 6]. Titanium dioxide TiO, in its properties
is insoluble in the stomach that gives grounds for its use for the
transport of therapeutic compounds, in particular, of MI-1 compounds,
to the colon to correct its pathologies, including malignant ones.
Nanoparticles of metals and their oxides smaller than 10 nm in size
are systems with excess energy and high chemical activity. Particles of
about 1 nm with virtually no activation energy enter the aggregation
processes leading to the formation of metal nanoparticles, and in reac-
tions with other chemical compounds, cause the formation of sub-
stances with new properties. The conserved energy of such objects is
noted, first of all, by the uncompensated bonds between surface and
near-surface atoms. The latter can cause new unusual surface phenom-
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ena and reactions.

Among the well-known metal oxide nanoparticles are titanium diox-
ide (chemical formula TiO,) based complexes that can be used to
transport the agent to a particular area of damage. Titanium dioxide is
widely used as a component in the shell of medicines, heterogeneous
catalyst, photocatalyst [7], and is used as a food colouring. It has E
number E171.

At present, many studies are devoted to the study of the effect of
TiO, on human and laboratory animals. Nanoparticles based on titani-
um dioxide are capable of forming agglomerations with proteins,
which also gives grounds to consider it a good candidate for transport
to the affected area [8].

In our work, on the basis of the quantum-chemical method of molec-
ular orbitals, implemented in the Gaussian 09w software package [9], a
method for modelling nanocomplexes for the transport of antitumor
and anti-inflammatory agents is developed. The geometrical optimiza-
tion of clusters was performed and the energy spectrum of electrons
was calculated. The binding energy of the clusters was calculated [9].
The width of the energy gap (HOMO-LUMO) is determined between
the energy values for highest occupied molecular orbital (HOMO) and
the lowest unoccupied molecular orbital (LUMO).

Simulations were performed for nanocomplexes based on anatase,
one of the mineral forms of titanium dioxide. Anatase is a metastable
mineral form at all temperatures and pressures; it is stable near room
temperature. Nevertheless, anatase is often the first titanium dioxide
phase to form in many processes due to its lower surface energy. The
(101) plane of anatase is the most thermodynamically stable surface
and, thus, is the most widely exposed facet in natural and synthetic
anatase[10].

The structural formula of anatase and MI-1 compound are shown in
Fig. 1, a. The energy values are given in atomic units for filled and un-
filled molecular orbitals of nanocomplex are shown in Fig. 1, b. The
width of the HOMO-LUMO energy gap (Fig. 1, b):

AE =0.00457 a.u. ~0.1243 eV.
The binding energy of nanocomplex TiO, with MI-1:
E,,..,=-12549.13 a.u.
The anatase nanocluster, mineral form of titanium dioxide, is shown
in Fig. 2, a. The nanocluster consists of 33 atoms: 11 atoms of titanium

and 22 atoms of oxygen. The width of the HOMO-LUMUO energy gap:

AE =0.05479 a.u. = 1.4903 eV.
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The binding energy of the TiO, nanocluster is equal:
EY =-10864.14 a.u.
The structural formula of pyrrole derivative MI-1 is shown in Fig. 2,
b. The width of the HOMO—-LUMO energy gap:

a b

Fig. 1. (a) The structural formula of TiO, (anatase) with 1-(4-Cl-benzyl)-3-Cl-
4-(CF;-fenylamino)-1H-pyrrol-2,5-dione; (b) energy values for filled and un-
filled molecular orbitals of nanocomplex; the energy values are given in atom-
ic units.

a b

Fig. 2. (a) The structural formula of anatase; (b) the structural formula of 1-
(4-Cl-benzyl)-3-Cl-4-(CF;-fenylamino)-1H-pyrrol-2,5-dione.
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AE =0.0171a.u.~0.4651¢eV.
The binding energy of compound MI-1:

E(2)

bind

=-1681.06 a.u.

The dissociation energy of the anatase nanocomplex TiO, with the
pyrrole derivative MI-1 is calculated by the formula
=E _ E(l) _ E(2)

bind bind bind *

Edis
From the above results, it follows that the dissociation energy of a
nanocomplex with TiO, separation from MI-1 is

E,;,=-3.93a.u.~-106.9eV.

The average energy of thermal motion per atom at a temperature
T=300 K is k;T=0.026 eV, magnitude of the dissociation energy
|E ] >> kpT. This indicates that the nanocomplex is stable. Upon pene-
tration into the tumour tissue, due to the low pH compared to the
healthy tissue [12], it is likely that a significant proportion of these
nanocomplexes will dissociate with the separation of titanium dioxide
TiO, from compound MI-1. In this case, the latter will cause a thera-
peutic effect on the tumour.

The energy values of filled and unfilled molecular orbitals and
HOMO-LUMO slit width can be used to determine the degree of disso-
ciation of titanium dioxide nanocomplex TiO, with compound MI-1 by
comparing experimentally obtained positions of the longwave edge of
absorption and luminescence values HOMO-LUMO.
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CocTossHIE BOOBI B 300TJIee THOETCKOT0 MOJIOYHOTO rpuda
M BJIUSHUE Ha Hero KUIKOro MoJNIUMeTHICUIOKCaHA

T. B. Kpynckas

Hnemumym xumuu nogepxrnocmu um.A. A. Yyiiko HAH Ykpaunot,
ya. 'enepana Haymosa, 17,
03164 Kues, Ykpauna

MeTozmom HuskoTeMuepaTypHo#t 'H SIMP-cIIeKTPOCKOINY U3yUeHO COCTOAHME
BOJBI B 300TJIee THOETCKOTO MOJIOUHOT'O rpuda ¢ pas3Hoii CTemeHbIo ero Tuapa-
TUpoBaHHOCTH (£, T'/T) B BOSAYIITHON cpejie U IIPU KOHTAKTE C IMOJUIUMETHIICH -
aoxcanom IIJIMC-1000, MoIeKyJIbI KOTOPOTO MOTYT HIPOHUKATH B MEXKKJIe-
TOUHBIE 3a30PHI 300IJIEN, YMEHbIIAaA MeKKJIETOUHbIe B3aumMoaeticTBusa. IToka-
3aHO, UYTO MaKCUMaJIbHAA T'UIPATUPOBAHHOCTH CUMOMOHTA cOCTaBiAeT h =32
r/T (CyXOT0 BeII[eCTBa), a BoJa HAXOAUTCSA B BUJE IIOJINACCOIIATOB (KJIaCTepPOB
WJIX JOMEHOB) CUJIBHO- U CJIab0acCcOIMNPOBAHHOI BOILI.

Mertozoro HU3bKOTeMIepaTypHOI 'H SIMP-creKkTpocKomii BUBUeHO CTaH BOAU B
cuM06ioHTI Ti6eTChKOT0 MOJOUYHOro rpmba 3 pPisHMM cTymeHeM rigpararii (4,
I'/T) y IOBiTPAHOMY CePeJJOBUIIL Ta MPU KOHTAKTI 3 MOJIiINMeTUICUIOKCAHOM
IIIMC-1000, moseKyau STKOTO MOKYTh MPOHUKATH B MIMKKJIITHUHHI NIiINHNA
300rJ1€el, 3MeHINyluYn MiKKJIiTHHHI B3aemoxnii. Ilokasamo, 1m0 MmakcuMaabHA
rizpaToBaHicTh cuMbioHTa cKIamae h=32 r/r (cyxoi peuoBUHM), a BOJIa 3HAXO-
IUThCS y BUTJIAAIL TToJIiacomiATiB (KaacTepiB abo qoMeH) CUIbHO- Ta caadoaco-
ifioBaHoI BOAM.

The structure of the hydration layers of water bonded in the symbiont Tibet-
an kefir grains with a different degree of its hydration (%, g/g) in the air me-
dium and in a contact with polydimethylsiloxane PDMS-1000, whose mole-
cules can penetrate into the intercellular gaps of zoogloea, reducing cell—cell
interactions, is studied by the low-temperature 'H NMR spectroscopy. As
shown, the maximum hydration symbiont is =32 g/g (dry matter), and the
water is in the form of polyasociates (clusters or domains) formed by the
weakly and strongly associated water.

KnaioueBble caoBa: THUGETCKHUII MOJOUHEIN Tpub, HU3KoTeMIepaTypHas '‘H

AMP-crIeKTPOCKOIINS, CUJIBHO- U cIab0CBA3aHHAaA BOAA, IIOJUAUMETUICHAIOK-
caH.
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KrouoBi ciroBa: TubeTchbKuil MosouHMit rpub, HU3bKOTeMIeparypHa ‘H SIMP-
CHEKTPOCKOIIifA, CUJIBLHO- Ta cJ1a003B’I3aHAa BOJA, HOJIiUMETUICUJIOKCAH.

Key words: Tibetan kefir grains, low-temperature 'H NMR spectroscopy,
strongly and weakly bound water, silicon oil.

(ITonyueno 17 nosabps 2019 z.; nocae dopabomrxu — 27 Hoa6ps 2019 e.)

1. BBEJEHUE

3oores mpeacTaBiadeT coboil cuMOM03 APOKIKEBOTO I'PubKa ¢ YKCYCHO-
KUCJBIMU 0aKTEPUAMM, KOTOPhIE XapaKTepuayoTcd (GyHKIIMOHAIBHOMN
cuernuagusanuen ciarapiux nx KjieTok. CoeinHAACh, KJIeTKU OaKTe-
puii 00pasyoT CTYyIeHUCThIe reie00pasHble MacChl Wian IIEHKU. Kier-
KU, ()OPMUPYIOIINE 300TJIEI0, UMEIOT DPAJ MPEUMYIIECTB COBMECTHOTO
cocoba COCYIIIeCTBOBAaHUS, TAKUX KAaK IOBBIIIEHHAA YCTOHYMBOCTH K
aHTUOAaKTEepUAJLHBIM areHTaMm, 0OoJsiee 3(h(HEeKTUBHOrO MCIIOJIb30BaHUA
MMUTATEJIBHBIX CYyOCTPATOB, OCOOEHHO B YCJOBUAX IITPOCTPAHCTBEHHO
OTPAaHMYEHHBIX 9KOJIOTUUYECKUX HUII, BKJIOYAA OPTaHU3M MHOTOKJIE-
TOYHOT'O KMBOTHOTO (pacTeHus) Kak xo3auHa [1-4]. Kax u B 1060M re-
Jie, ero cTabMJIbHOCTh M DHEPTUA B3AUMOIEHCTBUSA OTAEJNHHBIX dJIEMEH-
TOB (6MOIIOTMMEDOB U KJIETOK) OIIPEe/IsIeTCA CTPOEHNEM BOABI, KOTOpasd
MIPaKTUYECKN BCA HAXOAUTCA B CBA3AHHOM COCTOSHWU, T.€. BXOJUT B
COCTaB IM0JIUACCOIATOB, JIOKAJN30BAHHBIX KaK BHYTPHU KJIETOK, TaK U B
MeXKKJIETOUHOI cpefie. B mepcunexkTuBe cospanme s3(h(HeKTUBHBIX METO-
OB BOBAEMCTBUA HA CTPYKTYPY BOJBI B resie0OpPasHBIX BEIEeCTBaX, CO-
IepsKalux KJETOUHbIE KOJIOHUU, MOKET OTKPBLITh HOBBIE MEeXaHU3MBI
YIpaBJIEHUA MPOIECCAaMU KU3HEAEeATEHHOCTH KJETOK W HaIKJETOU-
HBIX 00pa30BaHU, YTO HAUJAET MPUMEeHEHNE BO MHOTUX OMOTEXHOJIOTH-
YeCKUX IIPOIIeccax.

Bopa ABiAeTCS ecTeCTBEHHON cpenoil GYHKIIMOHUPOBAHUA 300TJIEH.
IToaToMmy 11e1BI0 HACTOAIIEl PabOThI OBLIIO U3YUEHME CBASBIBAHUA BOJBI
300TJIeeil THOETCKOTO MOJIOYHOTO Ipuba M OIpefeieHre CTPOEHUA BOJI-
HBIX TI0JINACCOIIMATOB B MCXOMHOM COCTOSHUU W B MIPUCYTCTBUU OMOJIO-
TUYECKU WHEPTHOTO BEIeCTBA — IOJUAMMETUJICUIOKCAHA, KOTOPHIH
MOJEJNPOBAJ yUacTue ;KUPOB U KUPHBIX KUCJOT, IPUCYTCTBYIOINX B
MOJIOUHBIX M KMCJIOMOJIOUHBIX IPOAYKTaX B BUJE JKUPOBOM 9MYJIbCUH.

9pDeKTUBHBIM METOAOM H3YyUYE€HUS COCTOAHUA BOJABI B OMOJIOTHYE-
CKuUX O00beKTax #ABJIAeTCA MeToj Hu3KoTeMmIeparypuoit 'H SIMP-
CHEeKTPOCKOIINMU, KOTOPHIHN IMO3BOJIAET OIPENeasaTh KOHIIEHTPAIIUI0 He-
3aMep3arolieii (CBA3aHHOIT) BOJIbI, HAXOAAIIeHcA KaK BHYTPU MUKPOOP-
TaHM3MOB, TaK U B3AMMOECTBYIOIIEN C TOBEPXHOCTHIO HAAKJIETOYHOTO
MaTpuKca, B remneparypaom uarepsase 200—-273 K [8—10]. IIpexnmona-
ras, 4To 3aMep3aHue (TasgHUe) MOJNACCOIMATOB BHYTPUKJIETOUHOM BO-
bl OIIpefedeTcA X JUHEHHBIMU PasMepaMu, B COOTBETCTBUU C ypaB-
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HenueMm I'm66ca—Tomcona [11-13], Ha OCHOBaHUU 3aBUCUMOCTEN M3Me-
HEeHHUsA KOHIIEHTPAIlUM He3aMep3alolleill BOALI OT TeMIlepaTyphl, e€ 3a-
Mep3aHUsa MOTYT OLITh PACCUMTAHLI pacIipelesieHus 0 paguycaM KJa-
cTepoB (HAHOKAIleJb) CBA3aHHOU BoAbl. IIpm sTOM KJacTepaMu BOXBI
MOJKHO CUMTATH II0JMACCOIINATEI, PASUYC KOTOPLIX HE IIPEBLIIIIAeT 2 HM.
B IpoTHBHOM cJyuae BOAHBIE IOJUACCOIUATEI CONEPIKAT ThICIUM MOJIE-
KYJ BOJBI I UX MOKHO XapaKTepu30BaTh KaK JOMEHEBI HedaMep3aloIieii
BOJEL.

2. 9RCIIEPUMEHTAJIBHAA YACTD

Mamepuanw. Vicionb3oBasach KyJbTypa THOETCKOI'O MOJIOYHOTO T'DU-
0a, mosTyuyeHHAas MPY CKBAIIMBAHUY I€JLHOTO MOJIOKA B TeUEeHUE CYTOK
mpu Temneparype 298 K, xoropaa nMeeT BUJ TKaHENOLOOHOTO 006paso-
BaHUA, TAe OTHeJbHbIe MUKPOOPTaHU3MBI CBA3AHBI MEKKJIETOUHBIMU
BaaummojieticTBuAMu. [[Jig TPUTOTOBJIEHUA oOpasiia rpuld MPOMbBIBAJICS
OONBIIMM KOJWYECTBOM MAUCTUJINPOBAHHONM BOILI, IIOMEINAJICSI Ha
(uabTPOBANIbHYI0 GyMary u mMOACYIINBAJICA IIPY HOPMAJbHBIX YCJIOBU-
ax B Teuenne 1 yaca. KoimruecTBo BoABI B 00pasiie, onpeaeéHHOe Beco-
BBIM MeTOJIOM IIyTéM BhIAep:xkuBaHusa npu 380 K B Teuenue uaca, moxa-
3aJ10, YTO CYXOIf OCTATOK KJIETOUHOM MACChI COCTABJAT 3 Macc.% .

AMP-usmepenusa IpoBOAUINCHL B CTAHAAPTHLIX O MM amnyJjax. Mc-
moab3oBaJsica ITIIMC-1000 (Oxane 1000) npousBozacTBa, Bausch&Lomb
(CIITA). [na mpuroroByieHuA 00pasiioB, comepsxamiux ITJIMC-1000 u
HaABECKY, 300TJIeN CMEIITUBAJIN C OIPeAeJIEHHBIM KOJUUYECTBOM CHUJINKO-
Ha. Bcé aTo TIaTenbHO IepeMeInBain 10 00pasoBaHUA MaKCUMAIbHO
OJHOPOJHOM MACCHI.

Muxpogomozpagupoéanue TOPOUIKOB U dMYJBCUI IIPOBOSUIU C
moMoI b0 MuUKpocKkomna Primo Star (Carl Zeiss, 'epmanus) npu yBeiu-
yeHuH X400 1 x1000 ¢ ucmoIb30BaHEM UMMEPCUH.

AMP-cnekmpockonusa. Cnekrper $IMP caumamu msa AMP-
CIEeKTpOMETPe BBICOKOTO paspemteHus (Varian ‘Mercury’) ¢ paboueit
yacrorout 400 MI't. Mcnosmb3oBanu BoceMb 60° 30HIUPYIOIINX UMITYIb-
COB, IUINTENbHOCTHIO 1 MKC mpu mupuHe moaockl 20 kI't. TemmepaTtypa
B JaTuuKe peryaupoBajach tepmornpucraBkoit Bruker VT-1000 ¢ Tou-
HOCThIO +1 rpas. HTEeHCUBHOCTY CUTHAJIOB ONPEIEJIANNCEH IYTEM U3Me-
peumus IJOIaAX NUKOB C MCIIOJHL30BAHWEM IMIPOIEAYPHI Pa3JIoKeHUs
CUTHAJIa Ha ero COCTABJAIONIME B IIPEIOJ0KEHNN I'ayCCOBCKOM (hopMBI
CUTHAJIa ¥ ONTUMHUBAIUY HYJIeBOH JUHUY U (has3hbl C TOUHOCTHIO, KOTOPAasd
[JIS XOPOIIIO PasperéHHbIX CUTHAJIOB Oblia He HuKe 5%, a A mepe-
KpbIBaoouxcsa curaaioB £10% . g mpemgoTBpallleHus mepeoxJiakIe-
HUS BOABLI B UCCJEAYyEeMbIX 00beKTaX, U3MEePEeHNA KOHIIEHTPAIIUY Hesa-
Mep3aroleil BoAbl MIPOBOAUIN IPU HArpeBaHuUUW 0O0pasIoB, IMIpeaBaApPH-
TeJLHO OXJaKAEHHBIX A0 TeMmnepatypbl 210 K. TemnepatypHbie 3aBu-
CUMOCTH MHTEHCUBHOCTHU curHaioB AMP mpoBoguim B aBTOMaTU3UPO-
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BAHHOM ITMKJIEe, KOTIAa BpeMs BLIIEP:KUBAHUA 00pasiia IpPU IIOCTOAHHOM
TeMIepaType COCTAaBIANIO 9 MUH, a BpeMA usMepeHusa — 1 MUH.

B KauecTBe OCHOBHOTO ITapamMeTpa, OIIPEAEAIOIIEr0 CTPYKTYPY CEeTKYU
BOJOPOAHLIX CBA3€H BOABI, MCHOJH30BAJACh BEJIHMUMHA XUMHUUYECKOTO
caBura mpoToHoB (8y). IIpenmosiaramocs, 4TO BoZa, B KOTOPO# KasKIgas
MOJIeKyJia yuacTByeT B (pOpPMUPOBAHUU UYETHIPEX BOJOPOAHBIX CBA3EH
(IByX 3a CUET IPOTOHOB M ABYX 3a CUET HEMOMEJEHHBIX JJIEKTPOHHBIX
Imap aToOMOB KHCJIOPOJA) MMeeT XUMUUYEeCKUH CABUT Oy = (7 M.I. (peasu-
3yeTrcs IJis TeKcaroHaJbHOTO Jibla), a ciaboacconmupoBanuasa Boga (He
yuacTByomias B GOPpMUPOBAHNY BOJOPOIHBIX CBA3EH B KauecTBe IPOTO-
HOIOHOpPA) — XuMuuecKkuii caBur o, = 1-1,5 m.a. [8—10].

s onpenesieHNA reOMETPUYECKUX Pa3MePOB KJIACTEPOB afcopOUpo-
BaHHOII BOABI MCHOJIL30BaJ0oCh ypaBHeHne I'no6ca—TomcoHna, cBA3BIBA-
o11ee pagnyc c)epuuecKoro Uan IUJINHAPUYECKOr0 BOJHOTO KJacTepa
uiu gomena (R) ¢ BeInUnHOI Jelpeccuy TeMIepaTyphbl 3aMep3anud [8,
13]:

2GSleoo
AT, =T, (R)-T,, =——F—%= > (1)
“ AH,pR

rae T, (R) — TemMmepaTypa ILJIaBJeHUS JbIa, JOKAJIM30BAHHOTO B IIOPax
paguyca R, T, . — TeMmepaTypa ILIaBIeHUs O0OBEMHOIO JbJa, P —
ILJIOTHOCTDH TBEPAOM (hasdbl, G, — dHEPrud B3aUMOAEHCTBUSA TBEPAOTO Te-
Jla ¢ JKUAKOCTBIO U AH ; — 00b€éMHAA 9HTANBNNUA II1aBIeHudA. [lya npak-
TUYECKOT'0 HCIOJb30BaHUsA ypaBHeHHe (1) MOKHO IPHUMEHATL B BUIE
AT, = Ek/R, rie KOHCTAaHTA k OJIA MHOTHX T'€TEPOTEHHBIX CUCTEM, COHEp-
sJKamux Boxy, 6amska K 50 rpag-am [9]. Meroguka npoBenenusa SIMP-
M3MepeHnii U CIIOCO00B OIIpeAeeHNS PaAnyCcOB KJIACTePOB MeK(pasHou
BOIBI moapobHOo onmcana B [8—10].

3. PE3YJIBTATDBI 1 UX OBCY/RIEHHE

Muxpodororpaduu THGETCKOr0 MOJOUYHOT0O I'prda MCXOIHOTO U IPHU J0-
o6asiaenuu IIJIMC-1000, mpuBenens! Ha puc. 1. B mporecce cmaunBaHus
CHUJINKOHOM IIPOUCXOAUT HEKOTOPOe HaOyxaHue BCe Macchl 300TJIeu 0e3
pacmaza Ha oTHeJbHBIE KJEeTOUuHbIe oOpasoBaHusa (puc. 1, 8). Ilpu us-
obiTke IIIIMC-1000 yacTs KJIETOK HEePEeXOAUWT B CUJINKOH B BHE ONU-
HOUHBIX KJIETOK MJM UX COBOKYIHOCTE (puc. 1, 2), YTO MOKET CBHUIE-
TeJbCTBOBATH O BO3MOXKHOU CBA3W CUJINKOHA CO CJIN3bI0, 00pa3soBaHHOM
COOOIIEeCTBOM MUKPOOPTAaHM3MOB 1 BBIXOJOM €€ BMECTe C KJETKaMHU C
IIyCTOT MaTPUKCA 300TJIEH.

CHATBIe IPU Pa3HBIX TeMIIepaTypax crekTpsl 'H IMP 06pasios Kie-
TOYHOM MACChI MOJIOYHOro rpmba, cozepskamgero 97 macc.% BOAbI Ha
Bosayxe (a) u ¢ mobasienuem 30% moauaumeruacuaokcana IIITMC-
1000 (0) npuBeneHE! Ha puc. 2.
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8 2

Puc. 1. Mukpodororpadhuu cuMOMOHTA THOETCKOTO MOJIOYHOTO Ipuba, IOJIY-
yenHsle npu yBeauuenuu x400 (a) u x1000 (6, 8, 2) n1s o6pasiia, ComepKaIIero
32 r/r Bogbl Ha Bo3ayXe (a, 6) u ¢ fo0aBIeHneM CUINKOHA (8, 2).!

ITosaBnenue Gasbl CUINKOHA MIPUBOIUT K OMPEAEJEHHBIM N3MeHeH!-
M B HAAKJETOUYHON CTPYKType 300TJIeN U Iepexoay B (asy cuInKoHa
HEKOTOPOr'o KOJIMUeCTBa KJIETOK MJIM MX arperaTos. Boga mabuiogaercs
B BUjie IIIMPOKOI'0 CUTr'HAJIa, MHTEHCUBHOCTh KOTOPOT'O YMEHBIIIAeTCS C
MOHMKEHUEM TeMIIePaTypPhl BBUIY YaCTUUYHOTO 3aMeP3aHus CBA3AHHOMN
BOJbI, 8 XUMUYECKUI CABUT IPOTOHOB (8;;) YBEINUUBAETCA OT O = 5 M.J.
mpu T=280 K mo 6,;,=6 m.n. mpu T =220 K. &5 Boabl ompenensercsa
CPeIHUM YKCJIOM BOJOPOIHBIX CBA3€H, B KOTOPHIX YUaCTBYeT KaiKIaas
MOJIeKyJia BOABI. B wacTHOCTH, ycTaHOByeHO [9], UTO ms MOHOMEPOB
BoAbI (razoBas (pasa WM PACTBOP B cpeje CJIaOOIMOJAPHBIX OpraHmdye-
CKMX PacTBOPHUTEJEHN) XapaKTepeH XUMUUECKUi ¢caBur oy = 1-1,5 m.a1. C
IPYTO¥ CTOPOHBI JIA TeTPAKOOPAUHUPOBAHHOM BOJBI BO JILIY HAWIEeHO,
uT0 8= 7 M.A. Torga B COOTBETCTBUY C MPUHIIUIIAMU, U3JT0XKEHHBIMY B
[9], Mo:kHO cUMTATL BOMY, UMEIOIIYI0O XUMUUYECKUIN COBUT Oy < 2 M.I.
ciaboacconmupoBanHoii. JKugKas Boja OTHOCUTCS K CUJIbHOACCOITUU-
POBAHHBIM KUAKOCTAM, I'Jle CpeJHee UNCJIO BOJAOPOAHBIX CBs3ell, B KO-
TOPBIX YUACTBYeT KasKAasa MOJIeKyJja, cocTaBiseT 2—5—3. BennuuHa oy
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8

Puc. 2. CHATEIe TP PasHBEIX TeMIlepaTypax ciekTpsl 'H SIMP KieTouHoii Mac-
ChbI MOJIOUHOTO rpuba, comepskariero 97 mac.% BombI, HCXOIHOTO (@) u ¢ 700aB-
snerrem IIJIMC-1000 npu cooTHOIMEeHNAX KoHIeHTpanuii 2:1 (6) u 1:3 (8).2

BOJLI, MOPHCYTCTBYIOIEN B 300TJIeM THOETCKOTO MOJIOYHOro rpuba
(0g=4,5-5 M.1.), cCBUAETEIBCTBYET O TOM, UTO BOJIa HAXOJUTCA B CUJIb-
HOACCOIIMMPOBAHHOM COCTOSHUM, AHAJOTMYHOM COCTOSHHUIO KUIKOM
BoAbI. HecKoJIbKO 0OJbININE, YeM IJId JKUIKOU BOLbI, 3HAUYCHUA XUMMU-
YeCKOTI'0 CABUIA IIO3BOJIAIOT IOJIATaTh BEICOKYIO YIIOPALOUYEHHOCTD CBSA-
3aHHOM BOJHI.

B npucyrereuu 30% cunuxona (puc. 2, 6), B CIeKTPax IOABIAETCS
curHaa MeTuiabHBIX rpymni IIIIMC npu 65=0 m.x., a TemoeparypHas
00J1aCTh, B KOTOPOIl PErMCTPUPYETCA CUTHAJ BOABI, 3aMETHO CYJKAETCH.
IToT 3 (deKT ycuImBaeTcsa ¢ poCTOM AOJM CUJINKOHA B oOpasiie (puc. 2,
8). [lomoMHUTEeIbHO B CIEKTPax ITOABJIAETCA CUTHAJ BOALI B 00JIacTH
Oy~ 1 M.ZI., KOTOPBIT MOKeT OLITH O0YCJIOBJICH CJIa00aCCOIIMNPOBAHHOMN
BOJOIi, oOpasyroleiica Ha Me:K(asHoii rpaHuile 0roMarepuaa ¢ THUf-
podobuoit cpemoit [8—10]. Cmexgyer oTMeTHUTh, UTO B I9TOU Ke CIEK-
TPaJBLHOM 00JIACTH MOYKHO OKUAATH CUTHAJ ITPOTOHOB OT METUJIbHBIX U
METHUJEHOBBLIX TIPynn ajdudaThdeCcKux (PparMeHTOB, KOTOPbIE COCTAaB-
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JSAIOT OCHOBY (PpoCOIUIUAHBIX KJIETOUHBIX MemOpan. OgHako, BBUAY
MAaJIOr0 KOJIMUECTBA CYXOro MaTepruaja B KJIETOUHON MacCe M OTHOCIH-
TeJIbHO 0OJIBIIONM MHTEHCUBHOCTYA CUTHAJIA, KOTOPas COOTBETCTBYET 6 I
IIPOTOHCOIEPIKAIIEro BerecTsa Ha 1 I KJIeTOYHO# MacChl, MOYKHO OTHE-
CcTHU HAOJII04aeMbIi CUTHAJI K cJIa00acCOI[MUPOBAHHOM BOJE.

ITocKOJBKY MHTEHCHUBHOCTb CHUTHAaJIa BOmbI B cruexktpax '‘H SIMP mo
3aMoOpaKMBaHUA oOpasiia (MJIM IIocJie ero OTTAMBAHUISA) OIIPenesseTcs
BCel IIPUCYTCTBYIOIIEH B 00pasiie Bomol (KoTopas MOKeT ObITh U3Mepe-
HaA BECOBBIM METOJOM), 10 N3MEHEHHNI0 MHTEHCUBHOCTH CUTHAJA C TeM-
mepaTypoi JIerKo MOTYT OBITH PACCUNTAHBI 3HAUCHUS KOHIEHTPAIINU
He3aMeps3aloleil BOAbI JJIA KasKI0l TeMIIepaTyphl B IpoIlecce Harpesa-
Husd obpasma ot 210 mo 280 K.

3aBUCHUMOCTH KOHIIEHTPAIIMN He3aMep3aloleil BOAbl OT TEeMIIEPATY-
P&l IpeAcTaBJIeHBI HA PUC. 3, 4, a4 HA PUC. 3, 6 — pacCUMTAHHBLIE B COOT-
BeTcTBUMU ¢ ypaBHeHUeM 'm66ca—Tomcona (1) pacrpeneseHus mo paguy-
caM KJacTepoB (JOMEeHOB) CBSI3AHHOM BOILI.

B coorBeTcTBUM C JAHHBIMUA PHC. 3, @, 300IJIesl CBA3LIBAET OUYEHD
00JIBIIIOE KOJHMYECTBO BOABI, KOTOPOE JOCTUraeT 32 I' Ha OAUH I' CYXOT0
BemiectBa. Ha s3aBucumoctu C, (7T) nmpu T = 260 K nabaiogaerca mepe-
ru0, JeJsaInuil eé Ha Ba yYacTKa, KOTOPhIE OTBEYAIOT CUJILHOCBA3aHHOMI
(SBW) u crabocBasannoii Boge (WBW) [8]. YMmenbitieHue apPeKTUBHO-
CTH MEXKKJIETOUHBIX B3aMMOIEeHCTBUH KUAKUM CHUJINKOHOM BJIEUET 3a
c000¥1 CHUKEeHEe KOJIUYeCcTBa cIabocBaA3aHHOI BOBI OT b 10 2 r/T (puc.
3, a). CymiecTBeHHbIe pa3Inuusa HAOJIIOZAIOTCSI TaK:Ke Ha paclipemelie-
HUSAX IO paguycaM KJAcTepoB BHYTPHUKJETOUHOM Boxabl (puc. 3, 6). B
MCXOMHOM KJIETOYHOI Macce IIOBEIIIEH BKJIAJ OT KJIACTEPOB U JOMEHOB
Boabl ¢ R<10 u R=100 um. B o6pasue, comepsxarmem 30% cuiainkoHa,

a 0

Puc. 3. 3aBucuMOCTh KOHIIEHTPAIINY He3aMepaaloleil BOAbI OT TeMIepPaTyphl
IJis o0pasIiioB MOJIOYHOKMCJIOr0 Ipmuba, McXomHOro u comep:kaimero ITIITMC-
1000 (a), paccunTaHHBIE HA UX OCHOBE PacCIIpeAesieHus II0 paguycaM KJIacTePOB
BHYTPHKJIETOYHOMH BoAEI (6).2
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MUHHMAaJILHBINA PAIUyC PErUCTPUPYEMbIX KJIACTEPOB BOALI cOCTaBJsdgeT 1
HM, a Ipu U30bITKE CUJINKOHA — 2 HM.

ITockoabKYy KJEeTOUHasA Macca MOJOUYHOKMCJION 300TJIeU COIEPIKUT
00JIbIIT0e KOJMYECTBO CBA3AHHOUN BOXLI, CIENYET OXKUAATL, YTO THIPO-
¢obuble momuMepHbIe MosieKyabl IIJIMC He mpoHHKAOT B KJETKHU, a
pacmosaraiorca Ha TuAPOo(OOHBIX YUaCcTKaX MX IIOBEPXHOCTHU B CTPYK-
TYPHBIX TOJIOCTAX MJIN MEKKJIETOUHBIX 3a3opax. I'mapodobubie Moe-
KYJBI MOTYT B3aMOJEICTBOBATE C ITIOBEPXHOCTHIO KJIETOK WM HaIKJIe-
TOYHOTO MATPHUKCa TOJLKO II0 BaH-Iep-BaabcOBOMY MexaHusmy. Ilo-
ATOMY s 00bACHEHUSI YMEHbBIIeHNA CBA3BIBAHUSA BOMLI IO BIUAHUEM
IIIMC caemyeT mpeamoJiO:KUTL, uTO MoJeKyabl IIJIMC mponmkaioT B
3a30pHI MEXKIY aAcOPOMPOBAHHOMN BOJOM U CTPYKTYPHBLIMH 3JIeMEeHTaMU
3ooryeu. To ecTh ruApPoOOHBIE B3AaMMOIEHCTBUA OKA3BIBAIOTCA CUJIb-
Hee, YeM B3aMMOIeHCTBUA C IIOBEPXHOCTBLIO KJACTEPOB (IOMEHOB) aj-
COpPOMPOBAHHON BOJBI, OCYIIECTBJAEMbIe HPENMYIIIECTBEHHO ITOCpe[-
CTBOM BOJIOPOJTHBIX CBA3EH.

Pamee momo6HbBIN 9 deKT ObLI 00HaAPYKEH IPU N3YUEeHUN COBMECTHOI
amcopOITy BOJABI M HEHOJMAPHLIX OPraHUYECKUX BeIeCTB Ha II0OBEPXHO-
CTU MUHEPAJLHBIX ancopO0eHTOB (HAHOKPEMHE3EMbI, CUJIUKATEJN,
CTPYKTYPHO yaopamoueHHbIe oKkcuanl) [9]. Torma mcuesnoBeHue Ha pac-
npeneneauax AC(R) KaacTepoB BoabI ¢ R < 2 HM MOXKHO O0BACHUTL TeM,
YTO TaKue KJIacTepPhl IPEeUMYIIIeCTBeHHO JOKAJIN30BAHEI B MEXKKJIETOY-
HBIX 3a30pax (UM CTPYKTYPHBIX HYCTOTAX HAAKJIETOUHOTO MATPUKCA)
3oorjeu. B pesyiabTaTe, CUIMKOH, IPOHUKAS B MEXKKJETOUHOE IIPO-
CTPAHCTBO, BBITECHSAET BOAY M3 T'HMAPOPOOHBIX HAHOPA3ZMEPHBIX II0JIO-
cTeil, a MeKKJIETOUHAsS BOJA, PACTBOPAACH B CUJIMKOHE, TpaHCHOPMU-
pyeTcd 3 CUIbHOACCOIMUPOBAHHOIO B CJIa60aCcCOIIMUPOBAHHOE COCTO-
HUe, XapaKTepu3yolleecs XUMUUYECKUM CABUTOM O ~ 1 m.a. (puc. 2, 8).
W3 cooTHOIIeHN ST MHTEHCUBHOCTEH CUTHAJIOB CUJIBHO- U CJIab0acCoIn-
poOBaHHON BOABI MOJKHO CHEJATh BBIBOJ, UTO B MEYKKJETOUHOM IIPO-
CTpaHCTBe HAXOAUTCS OK0JI0 15% OT Bceii BOAbI, cofepsKaleiicsas B Mo-
JIOUHOKMCJIOI 300TJIEe.

4. 3ARJIIOYEHHE

C wucnonn3oBaHMEM MeTofa HHU3KoTeMmeparypHoit 'H  SIMP-
CIIEKTPOCKOIUY IT0KA3aHO, UTO THUAPATHPOBAHHOCTH MOJIOUYHOKUCJION
300TJIed COCTaBJseT 32 I BOJABI Ha IPaMM BeI[eCTBa CYXOH KJIETOUHOM
Macchl. BHYTpUKJIeTOUHAsA BOJA HAXOAUTCSA MIPEUMYII[eCTBEHHO B BHU/E
KJIACTEPOB U HoMeHOB ¢ paauycoMm 2—100 aM. MoJieKyJabl CHINKOHA MO-
Ir'yT IPOHUKATh B MEKKJIETOUHBIE 3a30PbI 300TJIeN, YMEHBINAA MEeMKKJIe-
TOYHBIe B3auMojeicTBus. [Ipu 9TOM YacTh KJIETOK IIePeXOIUT B CUJIU-
KOH B BUe OJVHOUYHBIX KJIETOK WJIM UX arperaToB. MesKKJIeTOUHASA BO-
a4, HAXONAIIAACA B BUJE KJacTepoB ¢ R < 2 HM, 3aMeIlaeTcsa CUJINKO-
HOM ¥ II€PeXOAUT B cJIa00acCOMUPOBAHHOE COCTOAHNE C XUMUUECKUM
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caBUTOM Oy ~ 1 M. .

ABTOp BBEIpA)KaeT 0JIATOJAPHOCTh UJIEHY-KoppecmoHaenty HAH

Yrkpaunsl B. B. TypoBy 3a 1ieHHBIE COBETHI M 3aMeUYaHUA IIPU HaMuca-
HUU paboThI.
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! Fig. 1. Microphotographs of a symbiote of a Tibetan milk mushroom obtained with an increase
of x400 (a) and x1000 (6, 8, 2) for a sample containing 32 g/g of water in air (a, 6) and with the
addition of silicone (s, 2).

2 Fig. 2. The 1 H NMR spectra of the cell mass of a milk fungus containing 97 wt.% Water, taken
(a) and with the addition of PDMS-1000 at concentration ratios of 2: 1 (6) and 1:3 (8), taken at
different temperatures.

3 Fig. 3. Dependence of the concentration of ice-free water on temperature for samples of lactic
acid fungus, the initial and containing PDMS-1000 (a), calculated on the basis of their distribu-
tion over the radii of the clusters of intracellular water (6).
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