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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 M 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 aQHIJIMMCKOM 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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HU3OTATEJIBCKAA 9TUKA
M IIPEJOTBPAIIEHUE HEJOBPOCOBECTHOM ITPAKTHKH ITYBJIAKAITUIA
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 YUHUTHIBAIOTCS €€ COOTBETCTBHE IIPEeIMETHOM 00JacTu, 00OCHO-
BaHHOCTb, 3BHAYMMOCTb, OPDUT'NHAJIbBHOCTB, LII/ITa6eJII>HOCTI> " A3BIK.

o Ilo pesynabTaTaM peleH3WPOBAHUSA CTAThbs MOYKET OBITh HPUHATA K ONYOJMKOBAHUIO 6e3
IopaboTKMU, IPUHATA ¢ JOPAOOTKON WM OTKJIOHEHA.

e OTKJOHEHHBIE CTATHU IIOBTOPHO HE PEIEeH3UPYIOTCS.

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

e Pepaknusa npuHUMAaeT pelleHWe O MyOJIMKaIUi, PYKOBOJACTBYSCH MOJUTHUKON KypHAaja, C
Y4ETOM [eiCTBYIOIIEro 3aKOHOAATEJBCTBA B 00JIaCTH aBTOPCKOTO IIpaBa.

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

ITpu BHanmuumum Kaxkux-au60 KOH(MIMKTOB MHTEPecoB ((pMHAHCOBBIX, aKaJAeMUUYECKUX, JIUUHBIX)

BCe YYACTHUKU IIPOIecca PeleH3NPOBAHUA AOJKHBI COOOIIUTEL 00 9TOM peAKoJuiernu. Bee crmop-

HbIE BOIIPOCHI PACCMATPUBAIOTCS HA 3aCETAaHUN DEeIKOJIIErUN.

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

aBTOPCKHUE IIPAaBa COXPAHSIOTCA 34 aBTOPAMU.

BTuqecmne MNPUMHUMIIBI B JE€ATEJbHOCTH PEIeH3€HTOB

o PeleH3eHTH OLIEHUBAIOT CTATHHU [0 WX COAEP:KAHUI0, 6E30THOCUTENbHO K HAIMOHAIBHOCTH,
IOJIy, CEKCYAJbHOM OPUEHTAIUY, DPEJIUTMO3HBIM YOeKACHUSIM, STHUUECKOU NPUHAIJIEMHKHO-
CTH WX MOJUTUYECKUM YOeKIEeHUAM aBTOPOB.

o COTpyJHUKU DENAKIMU He AO/KHBI COOOIIAaTh KaKyI0-In60 MHMOPMAIUIO O IOCTYHIUBIINX
CTaThbAX JIWIAM, He ABJIAIINMCA PeleH3eHTaMM, aBTOPAMHU, COTPYAHUKAMU PefaKIuud U
U3aTeIbCTBA.

e PeneHsun IOKHBI OBITh IIPOBENEHBI 00BEKTUBHO. IlepcoHaNIbHAA KPUTHKA AaBTODPA HEIPHU-
emisieMa. PeleH3eHTHI 0653aHBI 000CHOBBIBATEH CBOIO TOUKY 3PEHUA YETKO M O0OBEKTUBHO.

o PenensupoBaHue IMOMOTaeT M3JATENI0 IPUHUMATDL PEIIeHNe W IIOCPEJCTBOM COTPYIHUYECTBA
C PeleH3eHTaM!U U aBTOPaMU YJIYUYIIUTH CTATBIO.

e Marepuaibl, HOJyYeHHBIE MJIA PELEH3UN, ABAAITCA KOHPUICHINAIbHEIMYA JOKYMEHTAMU U
PeLeH3UPYIOTCH aHOHUMHO.

e PemensenT Takke 00s43aH 00palaTh BHUMAHNME PEJAKTOpPA HA CYIIECTBEHHOE WM YaCTUUHOE
CXOJICTBO IIPEJCTABJEHHON CTAaThU C KAKOM-I100 MHOM paboToi, ¢ KOTOPOIl PeleH3eHT HeIo-
CPEeICTBEHHO 3HAKOM.

IIpUMHIUIBI, KOTOPHIMM JOJIKHBI PYKOBOACTBOBATHCS ABTOPHI HAYYHBIX ITyOJIUKAI[MI

e ABTOpHI cTaTell MOJKHBI IIPEACTABJATH TOUHBIM OTYET O BBIIIOJIHEHHON paboTe U OOBEKTUB-
HOe 00CY:KJeHne eé 3HAUNMOCTH.

e ABTOpHI CTAThU JOJIYKHBI IPEJOCTABIATL HOCTOBEDPHBIE PE3YJILTATHI IIPOBENEHHOrO 0030pa U
aHaJIM3a WCCIeNOBaHMUi. 3aBeIOMO OINNO0YHBbIE MU CHATbCUDUIIMPOBAHHLIE YTBEDPIKICHUA
HEIIPUEMJIEMBI.

o CraTbs JOKHA COAEPIKATH AOCTATOUHOE KOJIMYECTBO MHMOPMAIUY AJA IPOBEPKHU U IIOBTO-
peHUA SKCIEPUMEHTOB WJIM PACUETOB APYTUMHU HccaenoBarensaMu. MolleHHUYeCKUe MU 3a-
BEOMO HeIpaBANWBbIE 3asBJICHUS MPUPABHUBAIOTCA K HEITUYHOMY IMOBEAEHUIO U SIBJISIOTCS
HENPUEeMJIEMBIMHU.

e ABTOpBI MOTYT MPEAOCTABJIATH OPUTHHAJbHBIE PEryJsipHble U 0030pHBIE padoTel. Ilpu wuc-
TOJIb30BAaHUY TEKCTOBON MM rpaduyecKoil wH(popMamuy, MOJYyYeHHOH U3 PaboT APYTUX
Ui, 00A3aTeJbHO HEOOXOAUMBI CChLIKM HAa COOTBETCTBYIOIME NMYyOJIMKAIMU HJIU MHUCHbMEH-
HOe paspellleHre X aBTopa.

e TIlomaua craTbu Gojiee yeM B OAWH JKYPHAJ pAaCIleHUBAeTCs KaK HEITUUHOe IIOBeJeHue U
ABJIAETCSA HEIPUEMJIEMOI.

e ABTOpPCTBO [JOJKHO OBITH OIPDAHMUYEHO T€MHU, KTO BHEC 3HAUUTENHHBINA BKJAA B KOHIIEIIUIO,
pa3paboTKy, UCIIOJHEHNE MM WHTEPIPETAIIUIO 3asBJICHHOTO UCCIeLOBaHUA.

o UVcrTouHuKM (pMHAHCOBOM HMOALEP:KKU MyOIMKYEeMOTro HCCIEeOBAHUA MOT'YT OBITH YKa3aHBI.
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KupaapHOoCTh U CHOHTAHHOE HapyHIeHHE PAleMUYHOCTH
B HaHOCHCTEMax

A. B. Babuu, B. ®. Kinenukos, E. A. MexakoBa
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PaccmoTrpena mpobJsiemMa ONMCAHWS CIOHTAHHOTO HAPYIIEHWA CUMMETPUU
IS paleMHUYeCKHX CMecell 3epKaJibHO [OUCCUMMETPUUYHBIX MOJIEKY.JI.
Ilepuoasl mpPOCTpPAHCTBEHHO-IEpUOAMUYECKUX (a3, BOSHUKAWOIIUX IIPU
CIOHTAHHOM HAPYIIIEHUM CUMMETPUU, HECOU3BMEPUMBLI C€ IEPUOIOM
KPUCTAJLINYECKUX  PEIIETOK W  MOT'yT UMeTh pasMephbl IOpAAKa
Ha"HoMaciiTaboB. OO6cy:KJaeTca BauMAHNE QIYKTyalluil IIOJA IIapaMeTPOB
IopAAKa Ha HPUMEHUMOCTL IPUOIMIKEHUs CpPeJHETO IOJIA [JiA ONNCAHUA
KPUTUYECKUX SBJECHUUN IMPU COIOHTAHHOM HAaPYIIIEHUU CUMMETDUU.

Posrasanyro mpo0iieMy OmHCY CIOHTAHHOTO IIOPYIIeHHA cuMerpii aada
paneMiuHUX cyMimiell JA3epKajJbHO [AUCCUMETPUUYHUX MoJieKyJs. Ilepiogu
IIPOCTOPOBO-TIEpioAMUYHUX (a3, II0 BUHUKAIOTL IMIPU CIHOHTAHHOMY
MOPYIIIeHHI cuMeTpii, HecIiJIbHOMIPHI 3 mepiofoM KpHUCTATIUHUX I'PATHUID i
MOJKYTh MATH PO3Mipu MIOpaAKYy HaHoMmacmiTabiB. OOroBOpIOETLCS BILIUB
QIOKTyaIiil Imojd ImapaMeTpiB MOpPAAKY Ha B3aCTOCOBHICTL HAOIMIKEeHHS
CepeJHLOTO TIIOJIA AJA ONKUCY KPUTUUYHUX HABUI TIPU CIOHTAHHOMY
IOpyUIeHHi cuMeTpii.

The problem of description of spontaneous breaking of symmetry for
racemic mixtures of mirror-dissymmetric molecules is considered. The
periods of spatially periodic phases arising during spontaneous breaking
of symmetry are incommensurable with the period of crystal lattices and
can have sizes of the order of nanoscales. The influence of fluctuations of
the field of order parameters on the applicability of the mean field
approximation for the description of critical phenomena in spontaneous
breaking of symmetry is discussed.

KaroueBble cjioBa: KupajdbHas YKUCTOTA, PaIEeMHUYHOCTh, TEOPUA IIOJIA,
(ha3oBbIe ITEPEXOAbI.

KarouoBi cioBa: KipasbHa uYmMCTOTa, paleMidyHicTh, Teopida moJssd, dasoBi
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Iepexoau.

Key words: chiral purity, racemism, field theory, phase transitions.

(ITonyueno 4 dexabpsa 2019 e.)

1. BBEAEHUE

OrkpeiTe IlacTepoM KUpaJbHON ONTHYECKONH M30MEPUU BEIECTB
MMOJIOXKMJIO HAYAJIO MHOTOJIETHUM IIONBITKAM (PHU3UKOB, XUMHUKOB U
O0MOJIOTOB HaWTH O0BJACHEHHWE 9TOMY HABJIEHWI0O U JIaTh €ro
TeopeTuuyeckoe onumcanme. OKasajioch, UTO Hambojiee BaKHbBIE
BelmlecTBa (AMMHOKMCJIOTBI, caxXapa ¥ T.HI.), U3 KOTOPBIX IIOCTPOEHEI
JKUBBIE OPTaHU3MBbI, COCTOAT M3 HEUTPAJLHBIX MOJIEKYJ, TO €eCThb
MOTYIIIUX CYIIIeCTBOBAaThL B JOBYX 3€PKaJbHO CHMMETPUYHBIX
IIPOCTPAHCTBEHHLIX (hopMax, HO BCTpedvaioTcsa B Omocdepe TOJBKO B
omHOM w3 »aTux ¢Qopm. Ilpemmarasoch MHOMKECTBO MeEXaHU3MOB
OIMCAaHUS STOT0, B TOM UHNCJe M TaKue KakK, HAIIpuMep, CIOHTAHHOE
HapyIlleHre YETHOCTH B CJA0BLIX B3auMojelicTBuaAx. HabOiaromaromiuecs
KOpeHHbIe OTJHNYUSA BeIlecTB, 00JamaloninxX OITHUYeCKOil m3omepueii,
B <« KHUBOW» U <«HEXKUBOI» IIPUPOJE COCTOAT B PAIEeMUUYHOCTH
«HE)XUBBLIX» O0BEKTOB (KoTopas ¥ HOPUBOAUT K OITHYECKON
HeUTPaJbHOCTH CMeCell PABHOTO KOJMUYECTBA <«IIPABBIX» U «JIEBBIX»
MOJIEKYJI BeIllecTBa, IIOJYUEeHHOTO S3KCIePUMEHTAIbLHBIM IIYTEM).

Yrobbl ameKBaTHO oOmOHcCaTh (PasoBble II€PEXOAbI, CBI3AaHHBIE C
3apOKICHIEM <«JKUBOI» IIPUPOALI U3 «HEXKMUBOM», HeOOXOAMMO, Ha
HAIll B3TJIAM, MCOOJL30BAaTh B KauecTBe IMOJIA IlapaMeTpa IIOpsaaKa
(IIIIII) mepuoguyeckue MYHKIIUYU TULA:

ND(x)—NL(x)J

Np(x) + N (%) @

o(x) = cp[
OIIPeNEeSAIONINEeCd COOTHOIIEHNEM KOJIMYecTBa «mOpaBbix» (Np) u
«n1eBbIx» (N;) MoJyieKysl B ToukKe x; mpu 3arom o¢(x)=0 B ciuyuae
pamemMuueckoii ¢paswl (N,=N;).

B :xuBo#l mpupome, KaK M3BECTHO, [ITOMUHUPYeT a0COJIOTHASA
KHUpaJbHAsA YKUCTOTA: BCE aAMUHOKMKCJIOTHI — 9TO JIeBble, a caxapa —
IIpaBble 3epKajJbHBIE n30MepshI [1].

B ¢usuke ecTh ABa OCHOBHBIX THIIA ONHNCAHUSA B3aNMOIEHCTBUIM:
a) majbHOJelcTBUE, 0) OJIU3KOIECTBIE.

BiauskopeiicTBue obeclieunBaeTCs BBeNeHHEM B DHEPTUIO CHCTEMBbI
rpaJueHTHBIX cjlaraeMbIX LS OIIMCAHUS B3auMOIeliCTBUSA
0ecKOHeUHO OJM3KMX JOPYyr K [OPYry CTeleHeil CcBOOOABLI IIOJA,
3Ha4YeHUEe ((X) KOTOPOro B JIIOOOU TOYKE IIPOCTPAHCTBA IIPEICTABJISAET
co0o0ii OTAEeJbHYIO CTeIeHb CBOOOAEI IIOJIA.
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Ananus @asoBbix mpespamnenuit agaa IIIIII Tuma ¢(x) Tpebyer
BKJIIOUEHUSA B HYHEPTHUI0 CHCTeM KOHKYPHUDPYIOIIUX MEXKIY Cco0oii
TPaIEHTHBIX CJIaraeMbIX (B TOM 4YMCJie BbICIIUX Ipou3BoAHBbIX IITTIT)
[1-10]. IIpm sToM HapylieHWe YETHOCTH WO X U ((X) MOMKeT OBITH
peann3oBaHO B ()OpMe CHOHTAHHOIO HAPYMIEHUS KOHCOJUINPOBAHHON
yérnocTn (CHKY): o¢(fx) =z¢(x). CoouTanHOoe HapyIllleHWe CHUM-
metpuu (CHC) mpeacraBisgeT co0oii ofUH M3 IPUMEPOB HMapaMeTpuye-
cKkobl sBostonuu cucteM. OcoObIfi MHTepec IIPEACTaBJIAIOT KOMIIEH-
cupyloniue peaxknuum Ha CHC, BoccTaHaBImBalolye HaPYIIIEHHYIO
cuMMeTpuio. Boobie, KoMOeHcannonuble (KaanOpOBOUHLIE) IIpaBUJIA
¥ CUMMETPUUN AOMUHUPYIOT B ONMMCAHUMN SBOJIIOIIUN W CTAOUJILHOCTH B
mpupoe.

KannOpoBOUHBIA NPUHIIAI JEKUT TaK)Ke B OCHOBe O0OBheqUuHEeHUS
Bcex BaamMopeilicTBuii. B cooTBeTcTBUM ¢ KaJMOPOBOUYHLIM ITPUHITU-
IIOM BCE€ B3aMMOJeHCTBUA B IIPUPOJe BO3HUKAIOT W3 JATPAHIKMAHOB,
VMHBAPUAHTHLIX OTHOCUTEJIBHO JIOKAJbHBIX IPeo0pasoBaHUIl CHMMET-
pHuHM, U IIO9TOMY OH ABJISAETCS CAMBIM Ba)KHBIM OTKPBITHEM COBPEMEH-
HOH (PUBUKM YACTUIl U Hojieil. VayueHne KalnOpPOBOUHBIX MOJIEH —
riaBHaa samada Gusuku [1]. KommencamuonHble (KaamOpPOBOYHEBIE)
mpaBUJia ¥ CHUMMETPUH [JOMHUHUPYIOT B ONMCAHUM OBOJIOIUU U
CTaOUJIBLHOCTU B IIPUPOIE.

Peaknmusa ¢usumuyecKuX CcCHUCTeM Ha JIoOble BO3AEMCTBUSA, Kak
MIPaBUJIO, HOCUT KOMIIEHCUPYIOIIUH XapakTep. 9To — u 3aKoH Hbio-
TOHA, W NPUHIIUIILI OTHOCUTENbLHOCTH [annies u OUHINITEHHA, IPUH-
mun Jle-IllaTenbe, mpuHIUO cuMMeTpuu Kiopu, DIPUHIIUII HeomIpese-
JEHHOCTU B KBAHTOBOM TEOPUM U KaJIMOPOBOUHAS MHBAPUAHTHOCTD.

KoukypeHumnusa, KOMOPOMHCC W KOMIIeHcAIlusd o06eclieurBaiOT BOC-
CTAHOBJIEHIE HaPYIIeHHOM CUMMETPUU M AUKTYIOT IIpaBuia oTbopa
Iasa jJarpam:kuadHoB. OcoObIil MHTEpec IIPU 5TOM BEISLIBAIOT B3aMMO-
IeMCTBUS He TOJbKO aMILIUTYJ (U3WUYEeCKUX IMOoJiell, HO U CTemeHeil
cBOOOIBI IIOJIeli, KOTOpPhbIe KOMILIEKTYIOTCA M3 TPAAUEHTHBIX cJjarae-
MBIX moJjieii mapamerpa mopaaka (IIIIIT) mo mpuHIMIY OJIM3KOAEHCT-
BUdA, 6e3 KOTOPBIX HEBO3MOXKHO ONMCATh MHOTHE IIPOCTPAHCTBEHHO-
MonyaupoBaHHble CTPYKTypbl IIIIII Kak »sKcTpeMyMbl CBOOOIHOI
SHEPruMu.

IBosonusa (PUBMUYECKUX CHCTEM pPeryJupyeT IIPoIlecChl yCTaHO-
BJIEHUSI PaBHOBECUS U BOCCTAHOBJEHUS CUMMETPHUHU, KOTOPLIE Pas3BIU-
BAlOTCS HEIPepPLIBHO: WJM SBHO (B peaJlbHOM BpeMeHM — 9TO
00OBIUHAS 9BOJIONUA), WJIM HeABHO (IIapaMeTpuyecKas 3SBOJIOIMUA,
conytctByiomiaa CHC).

CoBpemenHasas (puU3UMKa CTPOUTCA HaA OCHOBe JarpaHKHUaHOB
(raMuUJIBTOHMAHOB), COHEPIKaIllNX, KaK MOPaBUJO, TOJbKO II€PBLIE
MIPOU3BOAHELIE TOJIEH M KOOpPAMHAT. JTO OrpaHnYeHre He II03BOJISAET
paccMoTpeTh MHOTHE IIPOIecchl B (U3UKE KPUTUUYECKUX SABJIEHUH,
AnepHoil pusnKe U GU3UKE YaCTHUIl U HOJIeH, KOCMOJOTUYN U T..I.
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B mocrnemnee BpemMsA B PasNUYHBIX 00JacTAX (GUSUKU HEpPemKo
paccMaTpUBAIOTCA TEOPUHU C BBICIIMME HPOM3BOAHBIMU (CM., HAIIPU-
mep, [2—6]). Hamre Bcero, sTo mMeeT MECTO B HETOUEUHBLIX TEOPUIX,
rIe sJeMeHTapHble 00HLEeKThI MMEIOT HEeHYJIEBYI0 pasMepHOCTb: CTPY-
HbI, MeMOpaHbl, d-Opadbl u T.m. llo-BUAMMOMY, BBeJeHME BBICIINX
MIPOM3BOAHLIX HEOOXOAMMO MJid JIarPAaHKMAHOB, OIIMCHIBAIOIITUX
yCKOpeHHoOe pacinupenue (c:xatue) Bcenmenmoii, Kak u BooOIe IIpu
MCCJIeJOBAHUM €€ CKPBITOTO «TEMHOI'O» CEKTOpa, a TaKKe B TeOpUU
coamutonoB. Kpome TOro, cOOTBETCTBYIOITUII (opMaIu3M B TaKUX
TEOPUAX II03BOJISET VJIYUIIUTL CBOMCTBA CXOAMMOCTH JHarpaMM
deiiaMaHa, CIYKUAT 3PHEKTUBHBIM CIIOCOOOM Peryaapu3aIinui.

IIpocreiiiniue JarpaH:KMaHbl ¢ BBICIIIMMU ITPOM3BOMHBLIMU Hem30eiK-
HBI Tak:ke B Teopuu (PA30BLIX IIPeBpAaIlleHUW, KaK 1 BOOOIe B cayda-
ax CHEKY. Bixaromaps ogJHOMEPHOCTH IIOJIEBBIX T'PAJHNEHTOB YAAETCSA
IIPU 3TOM PEINUTh TOUYHO BapUAIIMOHHYIO IIP0O0JIEeMy, OIpenesIsaeMyIo
nuddepennuagabEpiMy ypasHeHuamMu (YY) BeICIINX TOPALKOB.

I'pammeHnTHBIE cjaraeMble B IIOTEHIIMAJbHOIN »Hepruu (JarpaH;Ku-
aHe) ToJIeBOH (hM3UMUeCKOll CHUCTeMbI UT'PAIOT 0C000 BaKHYIO POJIb, TaK
KaK OHM OIIMCHIBAIOT XapaKTepHoe IJId TeOPHU II0JA OJU3KOIeiicT-
BMe, KOTOpOe BhIpa)kaeT CO00H B3aMMOIeliCTBHE CTemeHell CBOOOIEI
IIOJIA B cOCeIHUX (B IPOCTPAHCTBE) O€CKOHEUHO OJM3KUX TOUKAX.

Ommako 5To B3auMopeilicTBue (M KOHKYPEHIINA, WM KOMIIeHCAIWA)
I CTemeHeil cBOOOABI TIIOJA TpebyeT BKJIIOUEHUS B DSHEPTUIO
HeCKOJbKUX (IBYX MM 0oJjiee) TPASUEHTHBIX UJEHOB. XOTA ObI OAUH
M3 9TUX UJIEHOB MJOJKeH COIepiKaTh BbBICIHINE (BBIIIE IIEePBOIi)
IIPOU3BOAHELIE II0JeH.

Tak, HampuMep ecyqu II0Je f(x)wfoe””, roe f, u kB — Majnie
aMILIUTYyAa U MacHiTad, TO B 9HepPruu HAA0 YUEeCTh B IIEPBYIO ouepenb
cnaraemele f> ~ f7, (f”)2 ~ f’k*, a He uJeH (f’)4 ~ fi'E* ® T.I.

Ilepuomuueckue cTpyKTypbl IIIIII mmeioT B mupoxoii objactu Ima-
paMeTpoB IMepUOALl IMOPAAKA HaHOMAacHITab0B. Momeau Takoro THUHA
Tak:ke HeoOXOAMMBLI B CBS3U C IIEPEXO0J0M MaTepuaJoBeIUeCKHUX WC-
cJeIOBaHUI B OUAIA30H HAHOMACIITAOOB, TPeOYIOININM IPEOdOJIeHUS
IBYX 6apbepoB — TEeXHOJIOTMYECKOro M (pyHIaMeHTaJILHOro (husmvec-
Koro.

2. MOAYJINPOBAHHBIE HAHOCTPYKTYPBI IIAPAMETPOB
TIOPSITKA

PaccmoTpuM TeOpMIO CKAJISAPHOIO CTAIlMOHAPHOTO BeIeCTBEHHOTO
monss @(x) ¢ omHomMepHBIMH rpamueHtamu. Onwucanme CHC pna
KoHcOoMuaupoBaHHOoi uérHocTH ((P(+x)==1p(x)) TpebyeT KOHCTPYyHUPO-
BaHUA Jarpamkuana [id wmonsa ¢(x), B3HauUeHWs KOTOPOro B
MIPOCTPAHCTBEHHON TOUKE X ABJISAIOTCA OOOOIEHHLIMU KOOPAMHATAMU
MaHHO CHUCTEeMBI, UMeIoINeil OeCKOHeUHOe UMCJIO CTeleHeill cBOOO/bI.
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BsauMogeiicTByIOII[Ie COCEIHIIE B IMIPOCTPAHCTBE CTEIIeHH CBOOOJBI,
onuceiBaemblie rpaauenTamu IIIIII, cooTBeTCTBYIOT NPUHIIULOY OJIM3-
KOJleMiCTBUA, XapaKTepHOMY MJd IIOJeBbIX Teopuit. Iiada omucanumsa
CHC B mozneBoii cucreMe HeoO0XOAMMO OOECIeUUTDL IIpeBpallleHue
cummerpuyHOi dasel ¢ O(x) =0 B MOAYIMPOBAHHYIO (IJIMHHOIEPWO-
IUYEeCcKyI0, HecopasdMepHyo) dasy ¢(x) ¢ 6eCKOHEUHO MaJIOM aMILJIV-
TymOi M OECKOHEUHO OOoJbIIMM IepuomgoM 1T myTéM (as3oBOro Iepe-
xozxa (PII) II poma. CBobGogHAS SHEPTUS CUCTEMBI (COOTBETCTBYIONIA
€€ MOTeHIMAaJIbHOI 3Heprun) umeetr Bun [9, 10]:

17 17 2 2 2 s P 4 h
®==|Ldx == |dxi(¢") —g(e9) +v(¢) +q0°> +=0¢* +—=0°}, (1
T! T! {(cp) (00)" +7v(e) +g0" + S0 3 @
rme &, ¥, ¢, p, h — mapaMmeTphbl, B3aBUCAIIWE OT BHEIIHUX U
BHYTPEHHUX YCJOBUI.
Bapuamnuonnoe ypaBHenue Jiinepa—Ilyaccona, peanmayioiiee 5KCT-
pemym dyHKIuounaaa @ (1), umeer Bum:

0" + 2| 9’9" + 00" |~ 19" +qp + po’ + ho® = 0. (2)

BapuanuoHHas 3amaya IO MOUCKY IEePHOSUMYECKUX (as:
T T
(p(x +T) = (P(x)’ L|x+ E = L(x), Qg | X+ Z = lF[-J{;tl(x)a 3)

rme L(x) — ojarpaH:kmaH, II03BOJIAeT (B HEKOTOPHIX O0O0JIACTAX
mapaMeTpoB g, Y, ¢, P, h) TOJyYUTH TOYHBIE BBIPaKeHUSA 1A (a3
THIA ceMeHcTB cocrogHuii ¢ =c+ A(9?), MONYCKAOIIMX KaK
YyE€THBIE, TAK W HEUYETHBIE IO X pEeIIeHuA. ITO CTAJO0 BO3ZMOKHBIM
61arogaps MCIOJb30BAHMIO MOZeIu ¢, KoTopasd TaKsKe HOIIyCKaeT
paccmorpernue PII I poxa.

Hanbueiinmaa MuHUMU3ANuA dHeprum @O 10O TIPOMSBOJBHBIM
KOHCTAHTAM WHTErPUPOBAHUA pellaeT 3aJady OTBhICKaHuA @as,
COOTBETCTBYIOIINX a0COTIOTHOMY MUHUMYMY ITOTEHITMAJIbHOU dHEPTUU
®, npuuéM poJsib IapaMeTpa NOPAAKAa B HEKOTOPBIX CJaydadx
BBITIOJIHAET cpenHee 3HaueHue IIIIII <(p(x)>T . B orpensHBIX 00MacCTAX
MHOTOMEPHO# (g, v, ¢, p, h) ®a30Boii AUArpaMMbI CUCTEMBI B IIETIOUKE
@II or daswr ¢ @ =0 K ynopamoueHHou ¢gase ¢ ¢ const ecTb TOJIBKO
@II II poma (xorsa BosmoxkHBI 1 PII I poma, nasd omucaHUA KOTOPBIX
B Mojenb U ObLI BBegéH uieH o ¢°). Ilemouka (a3 mpu sTOM HMeeT
Bug: 0 > MSI - MSII - N, rone MSI u MSII — momyiupoBaHHLIE
daser; N — ¢daza ¢ ¢(x)=const # 0. Ilapamerp mopsaaxka ¢(x) HOCHUT
JOKAJNBHBIA XapaxKTep, T.K. MOJA UYETHO-HeueéTHOH ¢aser MSI
<(p(x)>r =0. B ¢ase MSII (¢(x)), #0, u ®II II poga. MSI <> MSII
mpu ¢ = A(9?), ¢=0.

B cayuae ¢ = 0 peanusyercs BeIpOKAeHHasa asa:
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¢(x) = a/ch (Bx), (4)

B BHJe CTAIMOHADHOTO Gesn-comurona; mpu sroM T(c), , [Infe| — .
Penykumus 1o mOArpyImaM TpPYIObl BpallleHuii, oO0yCJOBJIeHHAA
HOHM)KEeHMEeM Pa3MePHOCTH HPocTpamcTBa d, 03HAYAET, UTO IJad d = 2
HEeBO3MOKHO pasanmdaTh (QepMmu- u 06o3e-moysa (Trpymnma 2 MepHBIX
IIOBOPOTOB al0eJjieBa M He MONYCKAaeT BBeJeHUE MOHATUA CIMHA MOJIelt).
B cayuae d=1 rpymnma BpallleHMH BBIPOXKAAETCSI B TPYIOY
OTPaKeHUM, W IPUMHUTHUBHBIMKA aHAjJOraMu d-MepPHBIX IIOJIell ¢
HEJBIMU U IIOJYLEJBIMU CIHHAMU SBJSIOTCS UETHBIE M HEUYETHBIE
MMoJifd, KaK 9TO MMEeT MEeCTO B CKAJAPHBIX MOJEJAX C OJHOMEPHBIMU
rpaJueHTaMu, pacCMaTpPpUBaeMbIX B JaHHOU palore.

Kax wusBecTtHO, omepatop (G, mepeBomAIluii 0o3e-moasa B (epmu-
moJiA M HaobopoT obiamaer cBoiictBoM G?=P, tme P — omeparop
TpaHcaanuii. CoOOTBETCTBYIONIAA 9TUM OPEeoOpPa3oBAHUAM CHUMMETPU
moJyumnja HasBaHme «cymepcuMmmerpus» [7, 8]. 3mech mokasaHo, YTO
UL CKAJIAPHBIX ToJel ¢(x) ¢ ONHOMEPHLIMU T'PajueHTaM’, KOTOPLIe
MepeBOAAT YETHBIE IIOJIA B HEUETHBIE W HA000OPOT, peaausdyeTcs
OUCKDETHBINI BapHaHT CylepcUMMeTpuu, Tak Kak L(x +T/2) = L(x),
a omepanusa AUCKPeTHOro casura Ha 71/4, peanusyoiiad YETHO-
HEUETHYI0 CHUMMETPHIO, IIOBTOPEHHAA OBAKIbI, COOTBETCTBYET
TPAHCIAAIMOHHON CHUMMETPUHU JiaTpaH;KMaHa A 1oJyeid  ¢(x),
HUCCJeyeMbIX B JaHHOM paboTe.

Taxum o0pasom, UETHO-HeuéTHada cuMMerpus ¢assl MSI aBasercs
JIOKAJILHBIM JUCKPETHBIM IIPUMEPOM CylIepcuMMeTpuu (Tak Kak
nytém caBura Ha T /4 uérHaa ¢asa MoKeT OBITHL IIpeBpallleHa B
HeUETHYI0 U HAo6opoT).

Cama xe cumMmerpuuHaa dasa ¢(x)=0 aBiderca riobaJbLHO CyHep-
CUMMETPUYHON, Tak Kak (yHKnumA ¢(x)=0 — 2T0 eguHCTBEHHAA
byHKIIUA, KOTOpasd OJHOBPEMEHHO SABJSIETCA KaK UETHOM, TaK W He-
yérHoii. IIpucyrcTBre cylmepcUMMETPUN B IIPUPOE OOLIUHO CBS3BLIBA-
IOT C BO3MOJKHBIM OTKPBITHMEM YaCTUIl — CYIIEepIapTHEPOB B 00JaCTH
CBEePXBBICOKUX sHepruii. OgHAKO AUCKpeTHas cymepcuMMerpus (1 eé
CIIOHTAHHOE HAapyIlleHue), a TaKiKe COOTBETCTBYIOII[ME CBOICTBA
OIIEPATOPOB MMIPEAMHIEPOBCKOr0 THUIA B KBAHTOBON MeXaHHKe MOTYT,
KakK MbI BUANM, IIPOSBJIATHECS U IIPY HUSKUX SHEPIrUAX.

3. TPAHUIIBI IPUMEHNMOCTH ITPUBJIUKEHNA CPETHEI'O
I10JIA AJId OIINCAHUA KPUTHYECKUX ABJEHNU

B mpepmiayiem paspesie IpU OOCYKICHUN KPUTUUYECKUX SBJIEHUI
KCIIOJH30BAJIOCh TAaK HasbIBaeMoe MPUOIMIKEeHre CpeJHero I0oJisd
(IICII). IIpenckasanus teopuit B IICII HocAT KauecTBEHHO BePHBIH
xapakTep. Hampumep, npeackasbiBaeMas WMHU CTeleHHAs 3aBUCHU-
MOCTH OCHOBHBLIX TEPMOAMHAMMUYECKHUX BEJIWUYNH OT IIPUBENEHHOI
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TeMIOepaTypbl MeHCTBUTEILHO HAOJMIOZAaeTcs B SKCIEPUMEHTaX; MIpHU
9TOM, OJHAKO, UHCJIeHHbIe 3HAUEeHUs CTeIeHHLIX IoKasaTejei
(HA3BIBAEMbBIX OOBIYHO KPUTUYECKHMMM WHIEeKCAMM) OKa3bIBaIOTCS
BOJMM3M TOUKM IIepexofa OTJIWYHBIMU OT HUX HSKCHePUMEHTAJILHBIX
3HayeHUM. BayXHBIM BoIIpocoM (QU3UKU KPUTHUUYECKUX ABJIEHUN
ABJseTca Bompoc 00 obmactu npumenumoctu IICII. MsBecTHO, UTO B
pange cayuaeB IICII mHempumMeHMMO B 00JIaCTH, OJHM3KON K TOUKe
dasoBoro mepexona. B aToM ciiyyae IPUXOAUTCA MCIOJIL30BaTh OoJiee
CJOKHBIE METOIbLI, ONHUM M3 KOTOPBLIX MABJSIETCSI MeTOI PeHOpPM-
TPYIIIIBLI, BIIEPBble NMPUMEHEHHBIA K ucciaegoBanuio PII Buisconom.
OpuuM u3 Ba)KHBIX IIapaMeTPOB MOJeNieil, NPUMEHSAEeMBIX s
OMMMCAHUS KPUTUYECKUX SABJCHUI, SABJIAETCA PasMepPHOCTL IIPOCT-
pamcTBa d, KOTOpas paccMaTpuBaeTCsd KaK HeIpepbIBHAA BeJIMUYMHA.
CBA3aHO 95TO C CYIIIECTBOBAHMEM TaK HA3LIBAEMBIX KPUTUUYECKUX
pasmepuocreii (KP) — wmwmkHeil um BepxHell. Ecam pasmMepHOCTH
ImpocTpamcTBa MeHbIlle HmEHeir KP, To B Takoiél cucreme
BO3HUKHOBEHMNE YIIOPSAJAOUEHHBLIX COCTOSHHUIN HEBO3MOXKHO U3-3a
CUJbHBIX (QuayKryanuii. Bepxuas KP omopezenser IpuUMeHUMOCTD
TeOpuil cpemHero IOJS JJs ONMCAHUA KPUTHUYECKUX aABJIeHuii. Eciu
pasMepHOCTL IIPOCTPAHCTBA OOJbIle HMKHEI, HO MeHbIle BepxXHell
KP, TOo BO3HMKHOBEHMHE YIIOPAJOUEHHELIX COCTOAHUMN BO3MOYKHO, HO
GAYKTyalluum JOCTATOYHO BeJWKHU, UTOOBI cHejaTh NIpUMeHeHUe
Teopuii, OCHOBAHHLIX HA PACCMOTPEHUM CPEJHUX PABHOBECHBIX
3HAUEHUH TepMOANHAMHUECKUX BeJIUYNH, HEBO3MOKHBIM. B mpocTt-
pamcTBe Ke OoJblllell pasMepHOCTH QIYKTyalluu IOJaBJIeHbI, U
mpeicKasaHnsa TeOpUUM CpPeJHero TIIOJs BepHBI. KpuTudeckue
pasMepHOCTH BaXHBI He TOJbBKO KaK TI'PaHUIILl, OIIpeIesIAaioline
cTeleHb BAMAHUA (QAyKTyamuii. VX 3HaueHUs TaK:Ke HeoOXOIUMEI
I BBIUKNCJICHUA KPUTUYECKHX IoKasaTejaelli BO (QIYKTYaIlMOHHOM
00JacTH C IIOMOINBLI0 ACUMIITOTMYECKMX METOJO0B, OCHOBAHHBIX HAa
MIPpUMEHEeHUY PEHOPMTPYIIIEI.

PaccmoTrpum cucTeMy ¢ raMuJIbTOHHMaHOM, oboOmiarormum (10) mHa
cayuail cucTeM ¢ aHMB3OTPOIHON MOIYJIAIUEH:

1 2 1 2 p 2
m -m r Y P ) 2 B 2 N+1
H=|d"xd" "x {—0*+~| A2 | +=| A2 0| +=|A2¢| +u , (5
f : g ® T AR TG ANe| F5| AN ® (5)
rme o¢(x) — cranapubii IIII; d — pasmepHOCTH (HUIUYECKOTO
mpoCcTpaHcTBa, r, Y, O, [, U — MarepuajabHble TapaMeTpHI.

PusnueckKoe IIPOCTPAaHCTBO pa36I/ITO Ha [JBa IIOAIIPOCTPaHCTBa C
PasMEPHOCTAMU M N d—m, B OIHOM U3 KOTODPBIX JieXaT BOJIHOBBIE

BEeKTOpa MOOyJadaIuu, a B jgpyrom — HeT. OHH o00603HaUYEHEI
UHIeKCAMU [ U ¢ COOTBeTCTBeHHO. Mpbl OymemM cuutathb d u m
HelIpePBLIBHBIMU BesanuuHaMu. A, um A, — oneparopsl Jlamiaca,

I[efICTByIOLHHe B COOTBETCTBYKIIUNX IIOAIIPOCTPaHCTBaX. HpI/I 3TOM
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Al(...)zA(AH)(...). Ilna HelenbIX B3HAUYEHWII | COOTBETCTBYIOIUE
olepaTophl  OIMpeNeasdioTca C  IIOMOIIbI0  oOpaTHOTo  (ypbe-
mpeobpaszoBanus. B kputmueckoit Touxke (KT) r(T,X)=vy(T,X)=0.
Hanmee crapmuii mOPAIOK TpaaueHTOB (p) MBI OygeM Ha3LIBATh
nopagkom Touku Jludmima.

Hu:xuioro KP Mo:XHO HaliTu M3 TpeOoBaHUA KOHEUHOCTU SHTPOINU
B Touxke @DPII. CooTBeTCTBYIOIINE BBLIUUCJIEHUSA MIPUBOAAT K
cIeyIOIeMy BhIpasKeHuio s HinxHenn KP:

dl=m[1—1J+2. (6)
p

Bepxuaa KP mosxer ObITh HalieHa M3 yCJI0BUA, YTO npu d =d,
KpHUTHUYECKoe moBeJeHNe (IYKTYaIlMOHHOM HOIPaBKH K TepMOJIMHA-
MUYECKUM BeJIWYNHAM OOJIKHO OBITH TaKUM Ke, KaK Y PaBHOBECHBIX
3HAYEHUN COOTBETCTBYIOIIMNX BEJIMYMH. 3aBUCUMOCTL BepxHeir KP ot
ImapaMeTpPoOB MoOJesu uMeeT ciaexyrormuii Bug [MPL]:

d =ml1-1]i2N*L (7
p N-1
Cpasuusada (6) u (7), BUZHO UTO:
4
d —-d=——. 15
u 1 N—]_ ( )

Taxkum obpasoM, lim(du—dl)zo, T.e. 00JIaCTb, B KOTOPOH IJs
N—>x

OIMCAHMUS KPUTUUYECKUX SABJCHUIN HEIPUMEHMMA TEOPUS CPEIHEro
IMOJIsi, YMEHBIIIaeTCsI C BO3pacTaHMEM HEeJIWHeHHOCTH MOIeau. ITO
COOTBETCTBYeT (PUBMUYECKUM IIPEACTABJIEHUAM O TOM, YTO B CHCTEeMax
¢ 6oJsiee CUIBHOI CBA3BIO MIYKTYAIUU AOJIKHEI OBITH ITOAABJIEHBI.

4. SAKJIIOYEHUE

PaccmoTpena mpob6sema onmcanua CHC pisa pamemMuuecKux cMmeceit
3epPKaJbHO AVMCCUMMETPUYHBIX MOJIEKYJI. Ileproabl mpocTpaHCTBEHHO-
nepuoauveckux @as, Bosuumkratomux npu CHC, HecousmMepuMEBI C
IEPUOJIOM KPUCTAJIMYECKUX PEIIETOK M MOTYT WMETh pa3Mephl
nopsaaka HanoMmaciiTaboB. O6cy:kaaerca Bauanue Qayrryanumit TITITT
Ha TPUMEHUMOCTh NPUOJIMIKEHUA CPEJHEro IoJiA [ OINCAHUSA
Kputnueckux Apyenuit mpu CHC.

Pobora BuImOJHEHA IIPU YaCTHUUYHON  HOAIep:KKe  IIeJIeBOii
KoMmIuieKcHOIT mporpammbl HAH  Vkpamnbsl «DPyHIamMeHTATbHI
mpobjieMr CTBOPEHHS HOBUX HaHOMAaTepialiB i HAHOTEXHOJIOTii»
(mpoexT Ne 62/19-H).
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BnimB moteHnisamy 6a3u Ha eJIeKTPOJIIOMiHECIIeHI[il0
B MOJIEKYJApHii ¢oTomioni

B. O. Jleonos, €. B. Illesuenko, E. I'. Ilerpos

ITncmumym meopemuunoi ¢isuxku im. M. M. Bozoanbosa HAH Ykpainu,
eyn. Mempoanoziuna, 14°,
03143 Ruis, Ykpaina

Y poboTi mocmimkeHo MexaHi3M BUHMKHEHHS eJeKTPOJIIOMiHEeCIIeHIil y Mo-
JeryJi-gpaoopodopi, 110 Mae acCHMETPUUYHUIN PO3MOAiJ eJeKTPOHHOI I'yCTH-
HM Ha opbOitanax, AKi 0epyTh yduacTb y IIepeHeceHHi eJeKTpPOHiB uepes
CTPYKTYPY <«eJieKTpona 1-moiaexyia—enexkTpona 2». Daoopodop 3HaAXO-
IUTBCS B €JIeKTPUUHOMY IIOJi, AKEe CTBOPIOETHCA MilKeJEeKTPOTHOIO PilKHU-
e moreHiaxiB V ra moreHmigiaom 6asu V. IloTeHIisanu 3cyBaioTh MOJIO-
JKeHHA eHepreTUYHUX PiBHIB MOJIEKYJIAPHUX opbiTameii mMoseKysaum (Jioo-
podopa BimHocHo piBHIB Pepmi MeTamleBUX €JIEKTPOA i, TaKUM UYHHOM,
CIPUAIT, BUHUKHEHHIO PE30HAHCHOTO CTPUOKA eJeKTPOHIB MiXK MOJIEKYJISA-
pHUMH OpOiTaNIAMMH Ta CTaHAMHU HPOBiAHOCTH ejleKTpon. IlerTasbHO aHATiIZY-
IOThCA CHCTEMH, B AKUX AKTUBHUMU MOJIEKYJIAPHUMH OpOiTaJIIMH € Haii-
HM)KUa 3all0OBHEHA Ta BUIA Hes3aloBHeHa opbiTani. OcKilbKU IeHTPU eseK-
TPOHHUX TYCTUH opbiTaseii posTalmoBaHi Ha pisHil Bigmani Big eaxexkTpon-
HUX IIOBEPXOHb, II€ IPHUBOAUTH A0 PisHUX IIBUAKOCTEIHl HepecTpuOyBaHHS
€JIEKTPOHIB MiK B0HHMMMU CTaHAMH €JIEKTPOA Ta opbiTamaMu MOJIEKYJIH-
¢payopodopa. AK HacaimoK, BUHMKAE IOJAPHICTE y (OPMYBaHHI e€JeKTpo-
JIOMiHecCIeHIlil, AKa IIPOABJIAETHCA B TOMY, IIIO IIOTYKHOCTi BHIPOMIiHIO-
BaHHA urroopodopa mpu V > 0 ta V < 0 momiTHO BigpisHAoThcA. 3HAAEHO
KPUTUYHI 3HAUEHHA NOTEHIAJNIB, AKi BiAOOBifaioTh BMUKAHHIO Ta BUMMU-
KaHHIO eJIEKTPOJIIOMiHECIIeHIIil, a TaKO IIOKa3aHO 3aJIe’KHICTh WX IIOTEH-
isgaiB gK Big moJsioskeHHs PiBHIB eHeprii opbitaimeit, sagigHux y TpanHcmicii
eJIEKTPOHIB, TaK 1 BiJ BeJMUYMHHU IMOTEHI[isgay O0asu. ITloxkazaHo Taxkoik, IO 3a
TIeBHUX 3HAYeHb V,; BMUKaHHA eJeKTPOJIOMiHecieHIIil BiZOyBaeThcsa mpu
MEHIIUX 3a BeJIUUYNHOI0 3HaueHHAX V. Ile MoKe 6YTH BUKOPUCTAHO IJA KO-
HTPOJIIO eJIEKTPOJIIOMiHEeCIeHIlil y MOJIeKyIAPHUX (POoToxiomax.

In this work, we studied the mechanism of formation of the electrolumi-
nescence in a fluorophore molecule, which has an asymmetric distribution
of electron density on the orbitals involved in electron transfer through
the ‘electrode 1-molecule—electrode 2’ structure. The fluorophore is locat-
ed in an electric field created by the voltage bias V and the gate potential
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V.. These potentials shift the position of the energy levels of the molecu-
lar orbitals of fluorophore molecule relative to the Fermi levels of metal
electrodes and, thus, contribute to the appearance of resonant electron
hopping between molecular orbitals and conducting states of the elec-
trodes. Systems are analysed in detail, in which the lowest occupied and
highest unfilled orbitals are the active molecular orbitals. As the centres
of the electron densities of the orbitals are at various distances from the
electrode surfaces, it leads to different electron hopping rates between the
band states of the electrodes and the fluorophore orbitals. As a result,
polarity arises in the formation of electroluminescence that manifests it-
self in the fact that the radiation powers of fluorophore at V>0 and V<0
are noticeably different. The critical values of the potentials correspond-
ing to the switching-on and switching-off of electroluminescence are
found, and the dependence of these potentials on both the position of the
energy levels of the orbitals involved in the electron transmission and the
gate potential is shown. As shown, at certain values of V, electrolumines-
cence is switched on at lower values of V. This can be used for controlling
the electroluminescence in molecular optoelectronics.

B paGoTe mccienoBan MexXaHWU3M BO3HUKHOBEHUA JEKTPOJIOMUHECIIEHIIUN B
MoJeKkyJie-payopodope, KOTOPBIM KMMeeT acUMMETPUUYHOE pacipeeeHune
9J€EKTPOHHOHN IIJIOTHOCTH Ha OPOUTANAX, YYACTBYIOIIMX B HEePEHOCe dJEK-
TPOHOB Uepe3 CTPYKTYPY «dJeKTPohd 1—MojeKyaa—asjaexTpon 2». @iryopodop
HaXOQUTCS B JJIEKTPUUYECKOM IIOJIe, CO3JaBA€MOM MEXKIJIEKTPOAHON pas3Ho-
CTBIO IIOTEHIMAJOB V m moTeHInmasioM 6a3bl V. IloTeHIIMaNbl CMeEIaioT IO-
JOKeHNre YHepPreTUUYEeCKUX YPOBHEIN MOJIEKYJIAPHBLIX opbuTajgeil MOJIEKYJIBI
dayopodopa oTHOCUTEIHLHO ypoBHell PepMu MeTalINUYECKUX JI€KTPOIOB M,
TaKuM 00pa3oM, CIIOCOOCTBYIOT BOBHMKHOBEHHMIO PE30HAHCHOTO IE€PECKOKa
9JIEKTPOHOB MEKJY MOJIEKYJIAPHBIMU OPOUTAIAMU U ITPOBOASIMMU COCTOSI-
HUAMH dJEKTPOAOB. [leTanbHO aHANMUSUPYIOTCS CHUCTEMBI, B KOTODPBIX akK-
TUBHBIMU MOJIEKYJIAPHBIMU OPOUTAIAMU SABJIAIOTCA HU3IIASA 3alO0JHEHHAS U
BBICIIIAA HesaloJlHeHHasdA opburanu. II0CKOJBKY IEeHTPHI SJeKTPOHHBIX
ILJIOTHOCTeI opOuTaiell HaXOAATCA Ha PasiNYHOM PACCTOSHUU OT dJIEKTPOI-
HBIX IIOBEPXHOCTEH, BTO HPUBOAUT K PA3JIUYHBIM CKOPOCTAM II€PEeCKOKa
9JI€KTPOHOB MEKAY 30HHBIMU COCTOSHUSAMM JIEKTPOLOB M OPOUTATISIMU MO-
Jeryasl-payopodopa. Kak pesyiabTar, BOSHHKAET IIOJAPHOCTE B (hOPMUPO-
BAHUU 3SJEKTPOJIOMUHECIICHIINN, IIPOSABISAIONIAACA B TOM, UTO MOII[HOCTU
uanyuenusa guyopodopa npu V > 0 u V < 0 samerno orinuaorca. Haiigerb:
KpUTHYECKNE 3HAUEHUs IIOTEHIINAJIOB, COOTBETCTBYIOIME BKJIIOUEHUIO U
BBIKJIIOUEHUIO JJIEKTPOJIOMUHECIIEHIITNM, a TaKKe IOKasaHa 3aBUCHUMOCTbH
9THX IIOTEHIIMAJIOB KAaK OT IIOJOKEHHUs YPOBHEH sHepruu opOouTajeii, sameii-
CTBOBAHHBIX B TPAHCMUCCHUU 3JIEKTPOHOB, TaK ¥ BEJWUYMHBI IOTEHI[MAaa 0a-
3pl. [IoKkasaHO TakKKe, UTO NPU ONPENEJEHHBIX 3HAUEHUAX V BKJIOUEHUE
9JI€KTPOJIOMUHECIIEHIIUY ITPOUCXOAUT MPU MEHBIINUX II0 BeJUUYMHE 3IHaUe-
HUAX V. 9TO MOKeT OBITh HCIIOJIb30BAHO AJA KOHTPOJIA 3JIEKTPOJIOMUHEC-
IEeHIIUY B MOJEKYJIAPHBIX (OoTOAMOmAX.

Karouosi cmoBa: remepaitia ¢gorona, Garoopodop, IOTEHIiAN 3aKPUBKU, MO-
JEeKYJAPHA eJIEKTPOJIIOMiHEeCIIeHI[isA, ONTOeJIeKTPOHIKA.
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1. BCTYII

CyuyacHuil pPO3BUTOK OIITOEJEKTPOHIKMN CIPIMOBAHHI HA MiHisTIOpH-
3arfifo ii pyHKIiOHAJBRHUX OOUHUIIL — (poTomion i poToTpaH3mCTOPIB.
CroiTh 3aJlaua CTBOPEHHS HAHOIPUCTPOIB, B AKMX I'eHepallisa (POTOHIB
BimOyBaeThCA 3a PaXyHOK eHepTii eJeKTPOHIB, IO TPAHCIOPTYIOTHCS
yepe3 MOOAUHOKY MOJIEKYJIY.

Y 3B’A3Ky 3 IIUM OZHUM i3 BaKJIMBUX 00 €KTiB BUBUEHHSA CTAJO
3’egHaHHA «MeTaa 1-moserkyna—merana 2» (1M2-cucrema), e BOJbBT-
aMIIepHi XapaKTepUCTUKU ICTOTHO BimpisHaioTbcA Bix Jgimitimmx [1-—
4]. Ona BuxkoHaHHA QYHKII doromionu mo ckiaaxy 1M2-cucrem
BKJIIOUAIOTh MOJIEKYJU-0apBHUKU, IMII'MEHTH UM TO MOJEKYJIU MmMopdi-
puny, AKi BigmoBimanbHi 3a r'emepariito gotoHiB [5—10]. Mexauism
reHeparnii ()oToHiB IosATaEe B TOMY, IO 3a PiKHUIII IMOTEHIiAJIB Ha
eJeKTposax V crae MOXKJIUBOIO HENIPYKHA TPAHCMIicis ejleKTpOHA Bix
OIHOI eJIEKTPOAUW OO0 IPYroi 3 YTBOPEHHAM 30y/:KEHOTO CTaHy MOJe-
Kynau. Ilomi6uuit mporec BimbyBaeThcsa i B opramiummx goTomiomax,
ajle y BUOAIKy MOJEKYJAPHOI ¢oTomionu € icrorHa BigMiHHicTB. Bo-
Ha IIOJIATAaE B TOMY, IO B Takiil HawmoposmipHiii 1M2-cucremi crae
MOXKJUBUM YTBOPEHHS IIOBEPXHEBUX IJA3MOHIB, AKi 3maTHi mimcu-
JIOBATH Ha MOPAAOK abo O0inbIille iHTEHCHMBHICTL BUIPOMiHIOBAHHS
moseryau [11, 12, 13].

MexaHisM Hempy:KHBOI TpaHCMicii 3yMOBJIEHU#I CTPUOKOBUMHU Ta
IUCTAHIINHUMU CYIepOOMIHHUMHU eJeKTPOH-TPAHCIOPTHUMU IIpOIle-
caMHu, B SKUX OepyTh ydYacTh 3apsamoBO-HeHTpasabHi Ta ioHisoBaHi
crauu moJiekyau [14—-17]. IIpu unwomy ¢oroemicia morke OyTu yHi-
abo Gimosapuoro [11, 18], m10 3ajeXKUTH BiJl POSIOAiNY €JIeKTPOHHOI
TYCTUHU Ha MOJIEKYJApPHuUxX opbitamax (MO), axi O6epyTb ydacTh B
eJIeKTPOHHIN TpaucMmicii. Byso mokasawHo, 110 mopsaz 3 eJIeKTPOCTaTH-
yauMm (ITapkoBuM) MexaHizsMoM (opMyBaHHS OiMOJAPHOI €JIEeKTPO-
aominecrnennii (EJI) Mmae wmiciie TakoK KiHeTMUYHME MeXaHi3M.
OcranHiii 3yMOBJIeHUII BiAMiHHICTIO KOHTAKTHUX IIBUAKOCTEH CTPUO-
Ka emexTpoHa Mixk MO durroopodopa Ta 30HHUMU CTaHAMHU €JIEKTPO
[19]. EdexTuBHicTs 000X MexaHi3MiB (GopmyBaHHA moasapHocTu EJI
BU3HAYAETHCA TUM, AK CHJBHO BejquumHa V BigpisHAeTbcA Bim 3HA-
YeHb KPUTUUYHUX DPLKHUIL IIOTEHIiAJIIB Vk(i) . OcranHi BiATIOBiZAIOTH
TUM HeT'aTUBHUM a00 IMO3UTUBHUM 3HaueHHAM V, 3a axux eHeprii MO
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duroopodopa ¢, 306irarorbca i3 XeMiYHMMU TOTEHIiAJIaMU L, 1 U, ejie-
KTpO/I.

Mertoro 11iei poboTu € 3’sgcyBamHa MexaHismy peryadanii EJI, symo-
BJIEHOI'O0 CyMapHHUM BIIJIMBOM Mi’KeJIEKTPOJHOI PisKHUIII ITOTEeHI[iAJIIB
V ra moreunisanry 6asu V, Ha moyo:keHHA piBHIB eHeprii MO ¢uoopo-
dopa. IIpu nmpomy posap moTeHHiAmy V. 3miHCHIOETHCA 4Yepes3 3MiHY
BesauuuH V.. ¥V sarocri akTMBHEX OpO6iTasedl POSrIALAIOTHCA BUINA
3alIOBHEHA Ta HAWHM:KYA He3alOBHEHa MOJEKYJIApHi opbitami (HOMO
ra LUMO sBigmoBimmo), umi eHepreTwuHi piBHI mOTpamiasaioTh, abo He
HOTPAILIAITE y TpaHcMiciliHe BikuHo. Omnuc mporecy popmyBanHa EJI
B 1M2-cuctemi posrasggaeTbcad AK KiHEeTHUUHHNI IIPOIEC, B AKOMY eJlie-
KTPOHHA TPAHCMicifd «KepyeThbCA» WMOBIpHOCTAMUN 3HAUTU €JEKTPOH-
Hi TepMU MOJIEKYJM B PidHUX Ii 3apAJ0BUX CTaHaX.

2. MOAEJDb TA OCHOBHI ®0OPMYyJHN

My BHUKOPHCTOBYEMO HAIOGIiIBLINT POIMOBCIOMKEHUI MOIeJb (JII00PO-
dopa 3 gBoMma pobounmu opbitamamu, — HOMO ta LUMO, — eHeprii
AKUX IO3HAUUMO fAK &, i ¢, Bimmominno. IlepenbauaeTncs, 110 OCHO-
BHA eJeKTPOHHA I'yCTHHA Ha BKasaHUX opbOiTaiax BimcToiTh Bim mose-
pxHi enexkTposu 1 Ha Bigmamax m, Ta m,. 3B’A30K opbiTamneil 3 ese-
KTPOJaMM XapaKTepU3YEThCA IIapaMeTpaMu F(lfz’H’ (puc. 1). Ina Bu-
HukHeHHsa EJI HeoOxigHe BUKOHAHHSA YMOBU

leV] > ho, (1)

Puc. 1. Cxema dopmMyBaHHS 30yAKEHOTO CTaHy MOJIEKyau-dioopodopa B
pamxax HOMO-LUMO-mozeno. Ao piKHUIE XeMiUuHHUX IIOTEHIIATiB
erextpox 1 i 2 p, —p, nepesumye LUMO-HOMO-minuny &, —€&, , To Ipu
n, >¢g, i p, <g, emexkTpoH 3 exexTpoiu 1 morpamnse ma LUMO-piens, a
eleKTpoH i3 aBiui samoBHemoro HOMO-piBHA yxoauTh Ha ejeKTpony 2. Ak
pesyabTaT, OCHOBHMI ctaH (uoopodopa M, 3 enepriero E; = 2g, meperso-
proeTbes B 30yaKkeHuit cran M. 3 eHeprielo E, =g, +¢g, .'
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Je e=—|e| € 3apaj eleKTpoHa, how=Aeg=¢g, —g, — eHepria omTuUd-
HOTO IIepexoqly B MoJeKyJdi-¢uaroopodopi. Ilpu 1mpomy piBHI eHepriit
HOMO ta LUMO maioTh HOTPAIIATHA OO TPAHCMiciliHOTro BiKHAa:

€, <MW, € > U, (V>0) (2)
abo
€, <MWy, €5 > (V<O0). 3)

Y mpomeci MiiKeJIeKTPOSHOTO TPAHCHOPTY EJeKTPOHIB (aroopodop
MOJKe IepeOdyBaTu B ocHOBHOMY cuHTJIeTHOMY (0), 30yI:KeHOMY CHHT-
aetraomy (S), 36ymxenomy TpumiaetHomy (7'), a Takok ABOX HOHizo-
BaHUX (+ Ta —) eJeKTpPoHHUX cTaHax. Ilepexomm MixK cramamm 3mific-
HIOIOTHCS 34 PaXyHOK B3A€MOJil MOJIEKYJHN 3 eJeKTPOodaMM, BHYTPIIII-
HBOMOJIEKYJIAPHUX B3aEMOil, a TAKOXX B3aeMO[il i3 30BHIIIHIM eJre-
KTpOMarHeTHUM IT0JieM. Bupasm njd BiAIIOBIiAHMX IMTBUAKOCTEH IIepe-
XomiB x,. Ta IXHIX 3ajesxHOCTeld BiJ pixHuMII moreHnianis V Hase-
nmeno B [17-19]. Ilpunyckatouu CTpuOKOBUI MeXaHi3M eJIEKTPOHHOI
TpaHcMicii, IpuxXoAMMO M0 cucTeMU PiBHAHL OajlaHCcy AJIA 3acejeHocC-
Tel cTaHy m:

de /dt = _Z [qmm’Pm - qm’um' ]' (4)

Cepen m = m' -mepexofiB € Ti, AKi BiAOyBalOThCA Mi He3apsaIsKe-
aumMu 0-, S- Ta T-craHaMum MOJeKyJu. BoOHM XapaKTepuU3yIOTHCS
HIBUAKOCTAMU

e = B0 (B +88,00) + S (8o + 8y (So + s )) [ K- (5)
HJpyruil Tun mBuAKOCTEN IIepexoniB:

1 3

qmm' = (Sm’,o + §6m’,s + §6m’,TJ Kmm” qm'm = (28m',0 + 6m’,S + 6m',T )Km'm (6)

BUPAXKAETHCA Uepes IBuAKOCTI mepesapsaaku K, . = > K\, ne
r=1,2

KO = E %
X[l - N(AEr(t:riz')jI I:Sm',O (Sm,+8k,H + 6m,—ak,L) + 6m’,S(T) (Sm,+6k,L + 8m,—87\,H ):I '
Tyt pyuriii

N(AE?) = {exp[AED) /(k,T) ]+ 1}, N(AED) =1- N(AEY)) (8)
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3aal0Th PEKUM CTPHUOKOBOTO II€EpeHEeCeHHs eJeKTPOHIB y cucremi
1M2, 110 mocsaraeTheA IIJIAXOM 3MiHM 3HAKY TPAHCMIiCiHHMX ITianmH

AE?) = (E, +u,)—E;, AE?) =E_—(E, +p,) 9)
mna j=0, S, T. Tak, HanpukjJag, AKIIO0 I0 AKUXOCh 3HAUEHbD
V <V mimuua AE{? mosurumsHa, To emepria 1M2-cucreMu 3 Moe-
KyJ010, AKa 3HAXOOUTLCA B ogHOMY 3i cramiB j=0, S, T, 6yme mepe-
BUIIyBaTU €HEPTiI0 Tiel K cucTeMu, aJjie 3 MOJIEKYJIOIO, KA 3HAXO-
INTHCA y HOHiZ0OBaHOMY cTaHi + abo —. TakuM UmMHOM, 34 JOIIOMOTOIO
PLKHUIL mOTEeHIiAMiB V MOMKHA 3MiHIOBATM 3HAK TPAHCMICIMHUX IITi-
auH i pikcysatu 1M2-cucTteMy B cTaHi, Je MoJeKyJa Oyae 3HAXOIN-
THCS IepeBakHO B 30ymxeHomy craui S (T), cTBOPIOIOYN TUM CAMUM
HeoOximui ymoBu mia EJI.

Y nmamiii poboTi pos3riaAamaeThCcAa AOJATKOBUII MeXaHi3M peryJioBaH-
HS TpaHcMicii eJIeKTPOHIB 3a JOIIOMOIOI0 €JIeKTPUUYHOrO IOJIA 3aKpH-
BKU. B mpomy Bumajgky 3cyB piBHiB eHeprii g, opGitameii A =L, H
3yMOBJIEHUU MiKeJIeKTPOIHOIO PisKHUIIEIO IMOTEHIiANIB V Ta mOTeHIIi-
samom 6asu V. O0MeKyounch JiHIAHUM HAOJIMKEeHHIM, MAacMO:

g, = —|e|Vm,—|el|V,. (10)
TyT 8&0) — TMOJIOYKEHHS He3CyHyToro piBHA emeprii MO, y aKoi ocHOBHA
JIOKaJIizallia eJIleKTPOHHOI T'YCTUHU pPO3TAallloBaHa Ha Bianmasi 1, BiJg ejek-
tpomau 1 (puc. 1).

Posrianemo cutyarrito, Koau JioKasisarii enextpomis ma HOMO Ta
LUMO momiTHO BiApi3sHAIOTBCS, BHACHimOK uoro KysomoBa i1 oOMiHHA
KopenAarii MiK eJleKTpoHaMmMu, AKi sHaxomaTbkesa ma HOMO i LUMO, ma-
JIO BILIMBAIOThL Ha eHeprii mosekyau E, y cramax m=0, S, T, +, —, 110
saziani y ¢dopmysanni EJI. Tomy E, ~2¢,, E~E,=E, =¢, +¢,,
E ~¢,, E =2¢, +¢, (muB. nogpobuni B [16—18]), i, Takum unusOM,
3a gomoMmoromo (10) omepiKyeMo aHaNITHUYHY 3aJesKHICTh TpaHCMicifHmX
urismH (9) Big V ta V. Hanpuknag,

AE?) = —g,+ | e] V(ﬂL - 8r,2)+ le| Ve,

AE?) =&, —|e |V (ng =8,,)+|e| Vg,

ne €,,=¢ —E, >0 (g,; = E; —¢;; >0) € HeacyHyTOIO eJeKTPUYHUM

oJIeM eHepreTHYHa Bigmanab MixK piBHeM PepMmi eJeKTpomu Ta piBHEM
LUMO (HOMO).

Tpaucwmicitiai mrisvmam (9) 3MiHIOIOTE CBi#l 3HAK IIpHU AE;';) =0, TobTo
opu V = Vi(]’) . 3 1miei yMOBM BUILIMBAIOTh Taki BUpasu AJA IIOJIB Iepe-

V(r) . : : V(i) .
3apAOKN +] Ta, BIAIIOB1AHO, KPUTUYHUX IIOJ1B V, "1
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VO =V =y = e/l e|=Va , VO =y O o _SLF/| e|-V, ,
L 1-n,
PO —yo Zyo - _M, Py -y Z o _ M,(H)
MNu Mg

3. PESYJIbTATH TA TUCRYCIA

ITory:KHicTh BUIIPOMiHIOBAaHHS MOJeKyJu-(aoopodopa y 3 eTHAHHI
1M2 BupaskaeTrbcsa GopmyJioo [19]

W =W_ .Fs, (12)

2 2 2 . .
ne W_.. =40 |d, | / (3c ) — IOTY’KHICTh CIIOHTAHHOI'O BUIIPOMiHIO-
BaHHA Ha 4YacToTi ; d, — AUMOILHUI MOMEHT II€PeXOny MOJIEKYJIU

Mi’X OCHOBHHUM i 30yAKeHMM CHHIJIeTHUMU cTaHamu. Bupas (11) mo-
Kasye, mo edpexTuBHicTs EJI BusHauaeThca 3aceieHicTio Py 36ym:xe-
HOTO CHHIJIETHOTO cTamy dQuioopodopa. B 1M2-cucremi ma sacee-
HIiCTBH iCTOTHO 3aJI€KUTH Bif 3B’A3KY OpOiTATBLHUX CTaHIB MOJIEKYJIU 3
€JIEKTPOIaMHU.

Posraamemo ycrajeHUil peskuM TpaHcMicii eqexTpoHiB uepes 1M2-
cucTeMy, 3a AKOTO 3acejeHocTi P, mosekyndapHuUx craHiB m =0, S,
T, +, — He 3anexaTb Bigm uyacy ¢. Beawuwmam P, 3HaxXogATbCA 3
PO3B’A3aHHA CHCTEMU KiHeTMUHWX piBHAHL (4) mpu dP,/di =0 i3

BpaxyBaHHSAM yMOBM HOPMYBAHHS Zm P =1. Ilpu npomy nepexonu

Mi}K cTamamMu 3aJaioTbhed MmBHUIKocTAMU (5) i (6). 3amaueio € 3HalTHU
Taki CHiBBiZHOINIEHHA MiK eJeKTPUYHUMHU moTeHIismamu V Ta Vi, 3a
AKX 3aceyieHicTh Pg cArae cBoei MaKCHUMAaJIbHO MOYKJINBOI BeJIMUMHU.

Enepria csiTnmoBux KBaHTiB, #aka sBigmoimae HOMO-LUMO-
miiinHi, 3HaX0AUTLCSA B Aiamasoni 1,7—3,2 eB. Tak, mampukiaan, mJisd
MoJiIeKyau TiodeHy g, — e~ 1,8 eB [11], npuyomy IeHTPH eJIEKTPOH-
HOI T'YCTMHHU 3CYHYTi Ha OOJHAKOBY BiAmaJyb Bif roJKu, IO IPUBOIUTH
mo yainmoaspaoi EJI. ¥V saranpHomMy Bunaaky moJasapHicts EJI symos-
JIeHO PiKHUIIEI0 MiK (paKTOpaMM 3CYBY IIEHTPiB €JeKTPOHHUX T'yCTHH
N. 1 Ny, HeinerTHuHicTIO KOHTakTy HOMO Ta LUMO 3 enexrpomamu,
a Tako:x acuMmerpumuHuUM mogokeHHAM HOMO- ta LUMO-piBHiB Bifg-
HocHO cepenmuau HOMO-LUMO-mtinuau [19]. Hnaa 3’scyBaHHS BIJIN-
By moreHnisny O6asu Ha EJI Mu posraaHemo acumerpuuny 1M2-
CHCTEeMY 3 MOJeKyJoio-(GaioopodopoM, v axkoi koutakt HOMO 3 eie-
KTpomooo 2 CUJbHIIINI, aHiK 3 eJeKTpomor 1, y Toil uac AK A4
LUMO curyamia e mporuie:xkHorm. Ile osnauae, 1mio 3o0pakeHi Ha
puc. 1 BeIWUYWHU 3a70BOJBHAIOTL yMoBam ') >T¥ ta TQ <« T,
Taxi cmiBBigHOIIIEHHS B 3HAUHINA Mipi 3yMOBJIEHO THUM, IO II€HTPU
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8 4

Puc. 2. Kineruka mepexonie y 1M2-cuctemi nmpu BMUKAHHI IO3UTHMBHOI Mi-
JKeJeKTpoaHol pikHHMII moreHmianis V. 30ym:xeuuii cran ¢uaroopodopa M.
YTBOPIOETHCS 3a YYaCTIO IMPOMiKHOTO HOHiBoBaHOro crany M, AKIIO BUKO-
HYIOTBCSL YMOBU M =€, —€, Ta €, <, €5 > Wy.°

eJeKTpoHHuX rycTuH MO HeomHaKOBO BiJICTOATH BiJ eJEKTPOX, IPU-
YoMy M, <Ny -

PucyHok 2 mokKasye HPUHIUMIIOBY KiHeTHMUYHY cxXeMy (GopMyBaHHS
30ym:xeHoro cramy (aoopodopa M, = (M, S,MT) 3a Takol IMO3UTUBHOI
piskauni morenmianis V, komu V > V7, VY. Ockinbku npu mpomy
BUKOHYETBhCS yMoOBa (2), TO CTae MOMKJINBUM SAK CTPUOOK eJIeKTpoHa 3
nBiui sanosHenoi HOMO ma emekTpony 2 (3i mBuAkKicTo ¢, ), Tak i 3
exrektporu 1 Ha piBenp LUMO (3i mBuakicrio ¢..). Hexaii, manpu-
kaag, V" >V.?. Toxi npu V, =0 36inbmennas V nIpuBoguTh croya-
TKY A0 YTBOPEHHS HMOHi30BAHOTO CTaHy MoJeKyaum M,, a mami — mo
crany M.. BunpomiHIOBaHHA i3 CUHIJIETHOTO CTaHY S, IO BXOAUTH IO
M., mopom:Kye JmroMiHecieHIIito. JlomaBaHHA mOTeHIIiaay 6asm Vi,
AKUN pmie Jauine Ha Qiaoopodop, OJAHAKOBO 3MiIlllye piBHiI eHeprii
HOMO Tta LUMO, conpusoun IOTPAILISHHIO IIMX PiBHIB y TpaHcMi-
cifize BikHO (2) a00 BUXOAy V BiKHA.

Ha pucynky 3 mokaszaHO curyaitiio, Koau ymoBa (1), HeoOximHa
nna moaBu EJI, Buxomyerncs, ame EJI He Moike cmoctepiratucs.
[lpuuuna B TomMy, mo mpu V, =0 i VIV >V >V’ jume pisenn
HOMO po3srammoBauunii Buille piBHs enektTponu 2. Ile mae 3amory enek-
TPOHY 31 MBHUAKICTIO ¢,, IepecTpubHyTH 3 ABiui 3amoBHenoro HOMO-
piBHS Ha eJexTpoay 2, V TOH uUac AK eJEeKTPOH 3 eIeKTpoau 1 MoKe
norpanutu Ha LUMO-piBeHs Juille aKTUBAIIMHUM IIIJIAXOM, TOOTO 3
MaJIol0 IMoOBipHicTIO. B pesyabTari (haroopodop 3HAXOAUTLCSA B TEM-
mepaTypHOAKTHUBOBAaHOMY @HoHizoBanmomy crami M,.. Ilpu BmMumkammi
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1 &L H1
e eud ™
V(} =0 €L
€L~ [ V>0
€1 > 2 qo+ C< e
— L <l —
i—:;—r’""/-\A &> W2 - —>
153 H L ¢
M, - M. -
1 2 1 2
a 0
8 2

Puc. 3. YupaBiiHHS TpaHCMici€eo eJleKTpoHiB mojsiem 3Mmimienua V >0 Ta
nonem 3akpuBku V, > 0. Ilpu BMukanHi morermiany 06asu BiZOyBaeTbcsA
OHAKOBE 3MiIlleHHA PiBHIB 3 OpOiTaJIbHUMU eHepriAMu &; Ta &y. lle cupusae
norpamnaaaio HOMO- ta LUMO-piBHiB y TpaHcMiciiiHe BiKHO [Hsz]’ 10
CTBOPIOE YMOBH A KiHeTmuyHOro mepexony M, — M, — M, . Buxin is Bik-
Ha BigOGyBaeTbca mpu V <V}, i cyIpOBOAKYETHCA yTBOPEHHAM HOHiZ0BaHOIO
cragy M , akwuii 610kye EJI.2

V, (> 0) HOMO- ta LUMO-piBHi 3MimniyoTbca yHH3, i CTa€ MOXKJIU-
BOIO CUTyallifd, KOJM OoOMIBa IIi PiBHI HOTPaANIAIOTHL M0 TPAHCMiciiiHo-
ro BiKHa, COPUAIOYM YTBOPEHHIO 30ysKeHOTO crany M. Ta, BiagmoBism-
HO, mmoaBi EJI.

PucyHok 4 pmeMOHCTpye 3arajibHy KapTuHy BmiuBy V Ta V, Ha
MOBipHOCTI 3acesleHHA MOJeKyJIApHux craHiB P,. Coocrepiraerbcs
pisKe mepeMUKaHHS PEXKUMY eJeKTPOHHOI TpaHcMicii mobamusy Kpu-
TUUYHUX 3HaueHb (11).

Ha pucyHKy 5 moKasaHO PeryJiATOPHY POJIb MOTEHIiATy 6a3u B Kepy-
BanHi nmotyskHicTio EJI. Posrisanaerncsa HOpMOBaHa IOTYXKHicTh R BuU-
poMiHIOBaHHA Quioopodopa i3 CHHIJIETHOTO CTaHy. 3TigHO 3 BU3HA-
YeHHAM

R=W/W, (13)

pont

i Bupasom (12), maemo R = P,. B mamomy Bunaaxky, ne E, ~ E,
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Puc. 4. O6nacri, B AKX i3 HafOLJIBIIIOK MNMOBIpHICTIO peaJizylOThCA MOJIe-
KynaapHi saceneHocti. IloToBmieni Jimii BimmoBimaroTs mepexigHUM midAH-
KaM, e Bin0yBaroThCA 3MiHU 3acesieHOCTel. PospaXxyHKM BUKOHAHO 3 BUKO-
PHCTAHHAM KiHeTHYHUMX piBHAHL mHpu dP, /dt =0 Ta HAaCTyNHUX Napamer-
pax: IV =T? =1.107° eB, r;? =I'Y =1.-10° eB, K{) = K%% =2,4-10° ¢!,
K@} =K =0, k,=24-10°c", kK, =24-10°c’, K =24-10° ¢,

&, =1,4 eB, &, =0,7 eB, n, =0,4, n, =0,6, T =300 K.*

omep:kyemo P, = (1/4)P., P, = (3/4)P., i romy iromiHecueHUisa Bixmo-
Bizmae (hyrroopeciieHirii.

CramionapHuii po3B’sA30K CHUCTEMU KiHeTWUHHX piBHAHL (4), cupa-
BensuBuii ipu V > V7, nokasye, mo

R — QO+Q+* . (14)
Q0.9 + Guo (Do +.+)

IIBugkocti gq,, BusHaueHo B (9)—(7). Moxxna Oaumrtu, 110, AKIIO
V<Vv®, 10 q.~0, i, Takum umnrom, P, < 1. Ile BKasye Ha MO-
JUBICTH JuIlle Oy:Ke ciaabKoi TemmeparypHoakTuBoBanoi EJI. Bmu-
KaHHsa KaHaJly Pe30HAHCHOro ImepecTpuOyBaHHSA eJIeKTpPOHa Big eiex-
tpogu 1 mo LUMO Bigbysaerscsa npu V =V, . Tomy, axmo V > V",
noryxkuicte EJI (13) cdarae cBoro MakcuMaJbLHOrO 3HaueHHA. Taxk,
nmanpukaan, opu I'V =T® =y, T? =TQ =k i y>> v, maemo

T S (15)
4 krad + knrad + Y

Mu Bpaxysamu Toii akt, mo Ky ~ k., +k, ., e k., € BHyTpim-
HBOMOJICKYJISIPHA HepamidllifiHa IBUIKICTL merpagarmii s30ymsKeHHS,
AKa s MOJIEKYJI-PIoopodopiB y posumMHAX i CTEKJIaX CKJIALAa€E Be-
auanry nopanky 10% ¢'. Toit camMuii IOPANOK BeJIMYMHHM Ma€ pamid-
nitina meuzakicts k= 40°d’ / (3hc3) , AKa 30iraeThca 3i mMIBHAKiCTIO
CIIOHTAaHHOTO BuIpoMiHOBaHHA. OmHax B 1M2-HaHOCHCcTeMi 3a paxy-
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Puc. 5. Crpubromnonione spocranusa EJI npu nqocArHeHHI KPUTUYHOLI PiIsKHUITL
norennianis V =V[}, (nus. Bupasu (11)). PospaxyHKH BMKOHAHO 3a THX
caM1X HapaMeTpiB, 1o i Ha puc. 4. HalimeHIi 3a abCOJTIOTHOIO BEJIUYHHOIO
KpuTuuHi 3HaueHHa V =V.” i V =V gocaraiorbcs 3a paxyHOK TaKOTO
norennisany 6asu V,, npu axomy V) =V i V) =V ignosiguo. B na-
HOMY BUIAJKY Ile Binmdysaerbcsa npu V, =0,35 B.5

HOK 3B’A3KY 3 IJIa3MOHHUM IUMIOJLHHUM MOMEHTOM BUIIPOMiHIOBaHHS
pagmigamiiina MIBUAKICTh MOMKe CTaTHU BUIe Ha OAMH—ABA mopsaaku [11,
20].

4. BUICHOBOR

B pob6ori mociimykeHO CHIMTBLHUWI BIJWB IIOTEHIIIANY 3MimleHHa V Ta
noTeHIiany 6asu V, Ha GopmyBaHHA EJI y HAHOCTPYKTYypHOMY IIpH-
cTpoi «exexkTpoma l1—¢aoopodop—enaextpona 2» (1M2-cucrema). VY
momiOHill cucTeMi iHTEHCHMBHICTH CIIOHTAHHOT'O BUIIPOMIHIOBAHHSA MO-
aekyan-guoopodopa MOKe Ha MOHAJA HMOPAAOK BEJIUYUHU TEPEBUIILY-
BaTH IHTEHCUBHICTH BUIIPOMIiHIOBAaHHS Tiel K MOJIEKYJIM B PO3UUHI
abo ckui [11-13]. ¥ Toii cammuii yac 3a paxyHoK B3aemoxii MO ¢urroo-
podopa 3 IPOBIAHMMHU CTAHAMU €JIEKTPOJ MOMKJNMBE 3HAUHE IIPUTHI-
yenua EJI. B ekcnepuMeHTaxX Take NPUTHIUEHHA YCYBAETHCA IMJISAXOM
igosaArii xpomodopHoi rpynu (Guioopodopa Bing mMeTasmeBoi eJIeKTPOAU
3a JOIIOMOTOI0 OKCHUAHOIO Imapy abo IIapiB HENPOBiAHUX MOJIEKYJI
[18, 21, 22]. BuinenasBaHi ob6cTaBuHMN OyJiMm HAaMU BPaXOBaHi IIpU BU-
0opi mapameTpiB, IO XapaxTepusyoTh moTy:kHicTs EJI. IIlo crocy-
eTbcsa 3’sicyBauHa (isuku dopmyBanua EJI, To amasisa mpoBoguiacsa
B PaMKax IITUPOKO Bimomoro mogmenio 1M2-cuctemMu, oe BIJIUB €JIEKT-
pPOZ BpaxOBYBaBCsA 3a JOIOMOTIOI0 IapaMeTpiB posmupenHa I, (r). Ak
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i B faraThox 3ajauax MOJEKYJIAPHOI eJeKTPOHiIKM, IOJOBHI BUCHOBKU
npo mMexaHism GopmyBanHsa EJI Oyaum 3pobJieHi i3 BpaxyBaHHAM JIBOX
pobouux opbitaseir duoopodpopa — HOMO ta LUMO (puc. 1). ¥V Bu-
KOpHCTAaHOMY HaMM Higxomi eHeprii mux opbiTasedt 3asmaiorh IllTap-
KOBOT'O 3CYyBY IIiJi Hi€i0 eJeKTPUUYHUX IIOJiB, BUKJIUKAHUX IMOTEHITid-
aamu V ta V. ByJjio mokasaHo, III0 TepPeTBOPEHHS eJIEKTPUYHOI eHep-
rii | eV | B eHeprito KBaHTa BUIIPOMiHeHHA how = ¢, — €, , 110 BigOyBa-
€ThCA B MOJIEKYJIAPHIN (oTOmiONi, PEryaI0eThCs IIOTEHI[ISJIOM 3aKpPH-
BKU V. OcranHill 3cyBae IOJIOXKeHHA DiBHIB €, Ta &, y TpaHCMiciii-
HOMY BiKHI [pl, pz] (puc. 1) i moxxe BUBOAUTU OAWH i3 HUX i3 BikHa.
Ha pucynky 3 B SKOCTi mpuKJIany IoKasaHO BUXia i3 BikHa piBHA 3
eHepriero ¢, . Buxin BinOyBaeTbca npu Takomy 3HaueHHI V, >0, Ko-
qu HepiBHicTs V > V" Tpamchopmyerses y V < V. Takum uuHOM,
BMHUKAHHA 0a3uM MOKe OyTHM BHKOPHCTAHO AJIs OJOKYBAaHHS abo po36-
JokyBanHa EJI. BamawmBo BimsHauuTH, M0 BMUKAHHA MOOTEHITIATY
6asu 3matHe 3anmyckatu EJI mpu MeHIuxXx 3HaueHHaX V, aHiXK Ti, 1110
BUBHauaoThcsa ymoBow V7 >V > V7 mo Bigobpaxae posramryBaH-
Ha LUMO- ta HOMO-piBHiB y TpaHCcMicifiHOMY BikHI [ul, uz] . ¥YMmoBH
BMuKaHHA EJI 3a HMKUMX 3HAUeHb V BUHUKAIOTH IIPU TaKUX IIOTEH-
nissax 6asu V,, xomu VO =V =V . Pucynok 5 imocTpye Imio
curyario. [aa 1M2-cuctremMu, SAKYy MU PO3IJIATAEMO, MAaeMO
V. =0,35 B, mo gae V¥ =2,63 Bi V) =-1,75 B, y Toit uac Ak y
BigmoBigHocTi 3 (11) minimanbHui Bestmunay BMukKauuaa EJI ckiamarors
V= VL“) =35Bi V= VL(*) =-2,33 B. BigmosigHi 3HaueHHA IPOAB-
JAI0ThCA W Ha puc. 4, Je BimobOpaskeHO MOBEIIHKY 3acesieHOCTel Ki-
JBbKOX eJeKTPOHHUX CTaHiB (urroopodopa. BimsHaummo Ime onguH Ba-
JKJIUBUI BHCHOBOK, IO BiIHOCUTLCA M0 KiHeTuKu dopmyBaHHsa EJI.
Ha pucyHKy 5 BMpasHO BUIHO 3ajJeKHiCcTh moTysKHocTu EJI Bim mo-
agpaoctu V. IIpu V >0 mnory:xuicts EJI BusHauaeThbcAd BHPa3oM
(15). Ta xx dopma cupaBemiuBa npu V <0, ase 3 BpaXyBaHHAM 3a-
MiHE y Ha Y. Y Hamomy BHUOaAKy Y>>y Ta, oKpim Toro, vy <k, .
Tomy mpu V <0 Buxing EJI npubimsHo Ha HOPANOK MEHINUWM, aHiK
mpu V > 0. Ile i Bino6paxaeTbca Ha rpadiky.

IlincymoByioun onepsKaHi pe3yJbTaTH, MOYKHA CTBEPIKYyBaTU, IO
CIiJIbHA i MiKeJIeKTPOSHOTO IOTEeHIisaay V Ta moTeHmisany 6asu Vg
OPUBOAUTH 0 YIIPABJIHHA €JIEKTPOJIOMiHECIIEHITI€EI0 B MOJEKYJIAPHiN
miomi Ak uepesd morpamasauHHa MO B TpaHcMicifiHe BiKHO, Tak i uepes
BMHUKAHHA Ta BUMHKAHHSA IITBUAKOCTEH MEePeCKOKY eJeKTpPoHa MixK
MO i1 exrexTpomaMu.

Pobory BuKoHamo B pamkax mpoekty 0116U002067 HAH VYxkpai-
HU.
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! Fig. 1. Scheme of formation of the excited state of the fluorophore molecule within the
framework of the HOMO-LUMO model. If the difference of chemical potentials of electrodes

1 and 2, p; —py, exceeds LUMO-HOMO gap, &; —&5, then, at p; >¢; and p, <ep, the

electron from electrode 1 falls on LUMO level, and the electron from twice filled HOMO level
goes to electrode 2. As a result, the ground state of the fluorophore M, with energy

Ey = 2ey is converted into an excited state M. with energy E. =gy +¢p .

2 Fig. 2. Kinetics of transitions in the 1M2 system when a positive interelectrode potential
difference V is switched on. The excited state of the fluorophore M. is formed with the par-

ticipation of the intermediate ionized state M,, if the conditions hw=¢, —¢, and ¢, <p,,
€y > |, are satisfied.

% Fig. 3. Control of electron transmission by bias field V >0 and gate field V, >0. When
the base potential is switched on, the levels with orbital energies ¢, and ¢; are shifted equal-
ly. This promotes the HOMO and LUMO levels to enter the transmission window [u;,p,] that
creates the conditions for the kinetic M, -» M, — M., transition. Output from the window

occurs when V <V and is accompanied by the formation of an ionized state M_ that blocks

electroluminescence.
4 Fig. 4. Regions, in which molecular populations are most likely to occur. The thickened
lines correspond to the transition areas, where population changes occur. The calculations are

performed using kinetic equations for dP,/dt=0 and the following parameters:
r=r®=1.10"ev, I?=rY=1.10°%ev, K2=K2=24.10°s", K2=K@ =0,
Frog = 2.4-10° 871, kg

Ny =0.6, T =300 K.

=2.4-10° s!, K{ =2.4-10° s%, ¢, =1.4 eV, g, =0.7 eV, n, =04,

® Fig. 5. Abrupt increase in electroluminescence when a critical potential difference V = VL(fI’ﬂ
is reached (see expressions (11)). The calculations are performed at the same parameters as in

Fig. 4. The smallest in absolute value critical values V =V and V =V are achieved due
to the base potential Vi, at which V) =V and V =V, respectively. In this case, it oc-

curs at V, =0.35 V.
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The photoluminescence from CdMgTe/Cd, ;MnO (;Te/CdMgTe/CdTe/CdMgTe
double quantum wells with Cd,¢;Mn, ,;Te well width of 46 ml (15 nm) and
with several various CdTe wells’ widths is experimentally studied at the
temperature of about 2 K in magnetic field up to 4.5 T in the region of
intersection of magnetic-field dependences of exciton lines for spatially
direct and spatially indirect exciton states. The discussed exciton lines
correspond to the direct exciton localized in the Cd,g¢;Mn,,;Te quantum
well and the indirect exciton with both the electron localized in the CdTe
well and the heavy hole localized in the Cd;4;Mn, ;Te one. The energies of
the exciton states are calculated within the variation approach. Differ-
ences between the magnetic-field dependences of the exciton lines in the
region of the lines’ intersection and far from this region are revealed in
experiments and are found in fulfilled calculations. As concluded, the re-
gion of these exciton lines’ crossing corresponds to the crossing of the
energy positions of lowest spatially-quantized state of the conductivity
electron in CdTe well with magnetic-field dependence of similar electron
state in Cd, ¢;Mn, ,;Te well.

ExcnepumenTanbuo BuBYasiaca (hOTONIOMIHECHEHINA Bif MOABIAHMX KBAHTO-
Bux am CdMgTe/Cd, ¢sMn, o;Te/CdMgTe/CdTe/CdMgTe 3 muprHOIO KBaHTO-
Bol aMu CdggsMny o;Te y 46 ma (15 HM) i 3 KinbKOMa pi3BHMMEN ITMPHUHAMH AM
CdTe 3a remmeparypu y 2 K ta y marmersomy moJi go 4,5 T B oxoui meperu-
HY MATrHETHOIIOJIbOBUX 3aJIeKHOCTEH EeKCUTOHHUX JIHIA s TPOCTOPOBO
MPsIMOr0 Ta IIPOCTOPOBO HempsaMOro excuToHiB. CrmocTeperkeHi eKCHTOHHI
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Jimii BimmoBiZalOTH IPAMOMY E€KCHUTOHY, JIOKaJIi30BaHOMY y KBaHTOBil swmi
Cd, sMn, ¢sTe, Ta HeIpAMOMY €KCHUTOHY 3 €JIeKTPOHOM, JOKAalIi30BaHUM y AMi
CdTe, i BamxKoIO gipKolo, JoKamtizoBaHolo y ami Cd,¢sMn, sTe. Ereprii excu-
TOHHHUX CTaHiB OyJIO po3paxoOBaHO y BapidAliiimomy migxoxmi. BusBieHi ekcme-
PUMEHTAJBLHO Ta YNCEJIbHUMM PO3PaxXyHKaMU BiIMiHHOCTI Yy MarHETHOIIOJILO-
BUX 3aJIE;KHOCTAX €KCHUTOHHUX JIIHiMl B OKOJII Ta BigmaJieKu Bif IXHBOTO mepe-
TUHAHHSA BiJIOBial0OTh IEePEeTUHY eHepriifi HaHMIKYOr'0 IIPOCTOPOBO KBAHTO-
BAaHOTO CTaHY ejJeKTpoHa mpoBimHoctu y aAmi CdTe Ta Mar€HeTHOmOJIBOBOI 3a-
JIeKHOCTH HaWHMKYOr0 IIPOCTOPOBO KBAHTOBAHOTO €JIEKTPOHHOIrO PiBHA y aMi
Cdy 9sMn, o5 Te.

OKcIepUMeHTaIbHO M3ydaeTcsd (DOTONIOMUHECIEHIINSA OT JBOMHBIX KBAaHTO-
Beix AM CdMgTe/Cd, gsMn, osTe/CdMgTe/CdTe/CdMgTe ¢ mupunOili AMBI
Cdy,9sMn, ¢sTe B 46 M1 (15 BEM) U C HECKOJBKUMHU Da3JUYHBIMU ITHPHHAMEI
am CdTe npu Temneparype okoso 2 K B marautHoMm moJie 1o 4,5 T B ob6aa-
CTU TepeceYeHns MarHUTHOIIOJIEBBIX 3aBUCUMOCTEl dKCUTOHHBIX JUHUH AJIA
IIPOCTPAHCTBEHHO MPSAMBIX U IPOCTPAHCTBEHHO KOCBEHHBIX SKCHUTOHHBIX CO-
croaauii. O6GCcy:xXnaeMble 9KCUTOHHBIE JIMHUU COOTBETCTBYIOT IIPAMOMY 3K-
CHUTOHY, JOKAJTHN30BAHHOMY B KBaHTOBOH same Cd,q;Mn,¢;Te, u KocBeHHOMY
9KCHUTOHY C BJIEKTPOHOM, JoKanns3oBaHHBEIM B ame CdTe, u Tamxénoil AbIpKe,
JoxanuzoBanHoil B aAme CdjgsMn,sTe. OHeprunu OSKCUTOHHBIX COCTOAHUM
PacCUMUTHIBAIOTCA B pPaMKaxX BapHAIMOHHOTO NoAXona. Pasnuuusa MexIy
MarHUTHOIIOJIEBEIMU 3aBUCUMOCTSIMU SKCHUTOHHBIX JIMHUN B 00JIacTH Iiepe-
ceueHUd JUHUN M BAAJU OT dTOi 00JIacTH OOHAPYKMBAIOTCS B DKCIEPUMEH-
TaxX W OOHAPYKHUBAIOTCSI B BBIMMOJHEHHBIX pacuérax. Ob0JacTh ImepeceueHUs
9TUX SKCUTOHHBIX JIMHUHI COOTBETCTBYET IIePECEUEeHUI0 HHEPTeTUYECKUX IIO-
3UIUII caMOT'0 HU3KOTO IPOCTPAHCTBEHHO-KBAHTOBAHHOTO COCTOSIHUS 3JIEK-
TpoHa npoBoguMocTu B AMe CdTe um MarHMTHOMOJIEBOII 3aBUCUMOCTHU aHAJO-
T'UYHOTO 3JIEKTPOHHOTO cocToaHUA B AMe Cdg¢sMny o5.

Key words: double quantum well, electron tunnelling, direct and indirect
excitons, giant spin splitting of the exciton branches.

Karouori croBa: moaBiiiHi KBaHTOBI AMU, €JIEKTPOHHE TYHEJIOBAHHS, IPAMIi
Ta HEONPsAMi eKCHUTOHH, TiraunTChKe CIIiHOBE PO3IIENJIeHHS eKCUTOHHUX CTa-
HiB.

KaioueBsie cjioBa: IBOIiHLIE KBAaHTOBBIE SIMBI, DJEKTPOHHOE TYHHEJIHPOBA-
HUe, MpAMbIe U HEIPSIMBIE 9KCUTOHBI, TUTAHTCKOE CIIMHOBOE pAaCIlelJeHIe
SKCHUTOHHBIX COCTOSHMUI.

(Received 3 December, 2019)

1. INTRODUCTION

As it was theoretically substantiated and experimentally confirmed
about twenty years ago, in double quantum wells (2QWs), elementary
excitations of so-called indirect excitons (IXs) can be created. The
maxima of the wave functions of electrons and holes forming such
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excitons are localized in different adjacent quantum wells. Most of-
ten, experimental studies of IXs are carried out for symmetric double
wells in electric fields applied normally to the plane of the wells.
Such fields violate symmetry of wells in 2QW. The photolumines-
cence (PL) is usually observed from one out of two possible IX transi-
tions upon optical excitation with quanta energy close to the Pl ener-
gy of the direct excitons (DXs) in this structure. The energy of the
investigated indirect exciton in this case becomes the lowest one
among the excited states in this structure, whereas the energy of the
second possible IX state is higher than for DX, so the PL of this IX
is not observed. The authors of [1-8] showed that the states of indi-
rect excitons observed in this way show a tendency to Bose—Einstein
condensation, which becomes possible due to the accumulation of in-
direct excitons, in which the probability of radiative recombination is
very small compared to the probability for direct excitons.

Another way for experimental observation of indirect excitons in
double quantum wells is to study double quantum wells, one of
which is either created from a diluted magnetic semiconductor
(DMS) or its external in respect to 2QWs barrier is created from
DMS (see, for example, [9—14]). In this case, the quantum wells are
asymmetric. Here, tuning the energy positions of the carriers’
states in the DMS QW (or in QW bordering with DMS barrier) is
possible due to the giant spin splitting of the exciton states in the
external magnetic field [15, 16]. Spin splitting leads to the fact
that the energies and conditions of observation of excitons with dif-
ferent spin polarization of the charge carriers forming the exciton
will be different. In particular, in the luminescence, only spin-
polarized excitons with the lowest energy between spin-splitted
states will be observed. A theoretical study IX in such systems in
the variational approach was carried out in [17, 18].

It is possible to select parameters of the quantum wells in the
asymmetrical double-well structure so that at least the lowest spa-
tially quantized zones of the electrons in two neighbour wells will
have matching energies. In this case, tunnelling of electrons be-
tween these zones will become resonant.

The main subject of this work is the observation of excitons in a
double well structure where tunnelling of electrons between the
coupled wells is close to resonant. In principle, the same can be real-
ized for heave holes too, but the probability of the tunnelling for
heave holes is much less than for electrons due to the larger effec-
tive mass of the holes.

In addition, for holes in the DMS well, dependence of the energy
of the hole states on the magnetic field is stronger than for elec-
trons that complicates observation of possible effects. Therefore, we
will not consider this case in this paper.
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2. STRUCTURES UNDER STUDY AND EXPERIMENTAL
RESULTS

In the paper, we investigate magnetic field dependences of the lu-
minescence of direct and indirect excitons formed by charge carri-
ers of the lowest spatially quantized states of electrons and heavy
holes of two coupled quantum wells. One of these QWs is made of
magnetically mixed (diluted magnetic) Cd;_,Mn,Te semiconductor
with x =0.05, and the other is formed with the CdTe. In such struc-
tures, it is possible to observe IX transitions of two types depending
on in which of QWs, the electron and/or hole are located with dom-
inant probability. Herein, we will name such states as leggyme—
1hhoyr, state and legype—1hhcgnre State. The indices CdMnTe and
CdTe indicate the material of the well, in which the electron (e) or
the heavy hole (hh) is predominantly located. The oscillator
strengths for these indirect transitions are caused by the mixing of
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Fig. 1. a) Distribution of intensity of PL in the structure with 18ml-width
CdTe well for different values of the magnetic field up to 4.0 T in case of
the G-excitation (2.376 eV). Positions of the L1 and L2 lines are arrowed
in the field of B=2 T. The magnetic field values to which correspond the
shown lines are pointed only near of the L2 line maxima. One can see that
the charged exciton (trion) line from the CdTe QW prevails in the spec-
trum and exceeds by almost two orders of magnitude the DX line intensity
for this @W; b) Dependence of the exciton lines’ maxima on the magnetic
field for the structures with QW CdTe wells widths equal to Lg4, =18, 21
and 24 ml for R and/or the G excitations. The lines’ positions for the di-
rect excitons and trions from the CdTe QW, which do not depend on the
magnetic field, are not shown. Positions of the PL maxima for different
lines in each structure and for the structures with different L., widths
are shown by the different symbols. Assignment of each line of the shown
dependences to a concrete studied structure or the PL line connected with
this structure is indicated by the inscriptions in the Fig. 1, b.
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the state of direct excitons to the corresponding indirect excitons.
This mixing is caused in main part by the matrix elements of elec-
tron tunnelling between the wells. At the same time, a contribution
of heavy holes’ tunnelling can be neglected because this process is
much less probable. So, each of mention indirect excitons obtain in
main part its oscillator strengths due to some mixing with that di-
rect exciton which has heavy hole in the same well that and this in-
direct one.

Studied Cdy zMgy ssTe/Cdy 95Mny osTe/Cdy 7sMg, 25Te/CdTe/Cdy, 7;Mgy 25Te
structures were grown by the MBE method (0416 series). The width
of the Cdg¢;MngosTe @W, Lopmres Was equal to 46 ml for all the
samples, whereas the widths of the CdTe wells were different,
namely, equal to Lggp. =27, 24, 21 and 18 ml. The barriers width
between the DMS and CdTe @W's were equal to L,=6 ml=1.944 nm
for all the samples. Hereinafter, 1 ml=0.324 nm is the thickness of
the monatomic layer in [100]-oriented structures based on CdTe.
The PL measurements were predominantly carried out with the
above the barrier excitation with the E,,=2.376 eV energy (green,
G) or sub-barrier one with the E, . =1.878 eV energy (red, R) with
non-polarized light. A typical spectral distribution of the intensity
of the exciton PL lines for the c"-polarization and their energy posi-
tion for 2QW with Lqyp. = 18 ml under the G-excitation are shown in
Fig. 1, a.

One can see from Fig. 1, b that the magnetic field induced energy
shifts of the Linel, Line2 exciton lines are almost the same, and
their field dependences are almost parallel over the all magnetic field
interval up to 4.5T. The energy distance between them approximately
equal to AE~6+1 meV, and the shift of the lines in the magnetic
field reaches the value of 33 meV in the field of 4.5 T. Such lines’
behaviours do not agree with representation that one of lines con-
nected with DX and other with IX in our structure. The magnetic
field induced energy shifts for PL line from the IX of considered
type should be on 20% smaller than for PL line from DX in DMS
QW. In Figure 1, b, we can see that for the samples with CdTe QW
width 18 and 21 ml there are a group of lines that coincide (up to
measurement error values) with the line of the direct exciton for the
sample with the CdTe @W width of 24 ml. The PL lines of the direct
exciton in the DMS well and indirect lecyr.—1Ahcamre €Xciton are in
this sample energetically well-spaced. The lines of this group for the
samples with the 18 and 21 ml CdTe QW widths deviate somewhat in
energy from the dependence for a sample with the 24 ml CdTe QW
width in small and large magnetic fields. The values of these devia-
tions small exit beyond the experimental errors, so, we will not build
any conclusions about their nature. We only note that the magnetic
field dependence of the DX’s energy in the CdMnTe QW should not
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depend on the width of the adjacent CdTe well. So, the lines of this
group, even with their small mismatch, are genetically related to the
direct exciton in the CdMnTe QW.

At the same time, we have one more line in Fig. 1, b for each of
the samples with the CdTe QW widths equal to 18 and 21 ml, which
in intensity is comparable with lines that are part of the above-
mentioned group of the PL lines (Linel) associated with DXs in the
DMS wells of these samples. In the sample with Ly, = 18 ml, this
additional component of the doublet of lines PL, L2, is strongly de-
pendent on the magnetic field and is shifted with respect to the
mentioned group of the lines connected with DX in DMS QW to the
high-energy spectral region. At the same time, this, second line of
the PL doublet, L2, which depends on the magnetic field for the
sample with the 21 ml width CdTe QW, is already shifted to the
low-energy spectral region with respect to the lines connected with
DX in the DMS QW. Therefore, in the range of the CdTe QW
widths from 18 to 21 ml, there is the intersection of the magnetic
field dependences of the direct exciton in the DMS QW and the in-
direct one leqyr.—1hhcpmre type, that is, they are passing through
the resonance.

In Figure 2, a, b, the maps of the logarithm of the intensities of
the PL spectra for two structures with different CdTe widths of the
quantum wells on each sides of this ‘resonance’ are presented. One
can see from these maps dependences of the intensities of the lines,
which energies depend on the magnetic field magnitude. It is seen
also that Linel in both cases, for 18 and 21 ml CdTe QW width,
have in main part close one to another magnetic field dependences
in the same time as L2 has higher energy than L1 in case of 18 ml

0 1 2 3 4 pH, T 0 1 2 3 4 uH, T
e 18 ml, T - 2K 168}
s =
[y [+
5 167 P
% &
~ =~
(53 L
3 166
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E 165 :‘:S
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} - : : .
0 1 2 3 4
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Fig. 2. Maps of the PL intensity (in a logarithmic scale) of the spectra of
the structures with the 18 ml (a) and 21 ml (b) CdTe widths in case of the
PL excitation by 2.376 eV quanta. A duplicate structure of lines of L1 Ta
L2 is the article of this article and comes into question in text.
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CdTe QW width and lower in case 21 ml. Therefore, the Linel in
bigger part is more substantially connected with DX in DMS QW
and Line2 with IX. In addition, dependences of PL energy on the
magnetic field for these excitons are crossed one another in 18-21
ml interval of CdTe QW width.

3. DISCUSSION OF THE EXPERIMENT AND SOME ESTIMATES
CONCERNING EXCITONS IN 2QW STRUCTURES

The exciton energy in a particular quantum well consists of the dif-
ference in the energies of the spatially quantized states in which
the electron and the hole are located minus the Coulomb binding
energy between of the electron and the hole. The hole is localized in
the same spatially quantized state for both the direct and indirect
excitons that we consider. It concern to both for the parameters re-
gion of coinciding of the electron energies in different wells with
taking into account the hole’s electrical fields for these excitons
and for regions where energies of these electron are noticeable dif-
ferent. As it is known from quantum mechanics (for example, [19]),
when take place the energy resonance of two eigenstates in the same
basis, their wave functions form a superposition such that in the
region of ‘exact resonance’ the superposition turns into their sym-
metric and antisymmetric combination. Contributions of both un-
perturbed states to this combination should be the same. If we ne-
glect the possible difference in the Coulomb binding energy of the
hole in the DMS well with the symmetric and antisymmetric elec-
tronic state in the wells, then the binding energy of the symmetric
and antisymmetric hybrid (semi-direct and semi-indirect) excitons
will be the same. In this case, the resonance of the excitons is
caused by the energy resonance of the spatially quantized states of
the electron in the wells with taking into account of action on these
states of electrical field of heavy hole in DMS QW. In this case, the
splitting (antiresonance) of two states of the excitons in 2QWs
structure that include the symmetric and antisymmetric electron
states in 2QW's structure will be close or will coincide with the val-
ue of the matrix element of the resonant electron tunnelling be-
tween quantum wells. This matrix element may be not so small tak-
ing into account the small width of the barrier between the wells (6
ml =1.944 nm) and the small effective electron mass (about 0.1m,,
where m, is the free electron mass).

To estimate the magnetic field dependence of the exciton lines
close to the doublet, first, the energy difference of the le and 1ih
states was calculated for the DMS Cd,o;Mn,;Te QW and CdTe QW
at different widths of the CdTe wells.

The calculated difference of energies of spatially quantized levels
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a b

Fig. 3. a) Calculated energy differences for the le states and for the 1hih
ones in the @Ws Cd, ¢;Mn, sTe and CdTe for different widths of the CdTe
wells, namely, 18, 21 and 24 ml; b) The magnetic field dependences of the
energies of the direct excitons for CdTe and CdMnTe @Ws and indirect
excitons of the lecyr.—1hAcqymre @a0d lecaymre—1RAcqre types. Calculations car-
ried out without taking into account a possible change of the bounding
energies of the excitons in the region of the energy resonances of different
excitons.

le and 1ih in different wells of 2QWs system that shown in Fig. 3,
a indicate that in certain fields for the samples with 18 ml and in
other fields for 21 ml, the 1le levels for the CdTe and CdMnTe wells
coincide. Under these conditions, the tunnelling should take place
as resonant with repulsion of the energies of the le states located in
such case simultaneously in the both wells and mixing of the initial
le wave functions of different QWs. Under such conditions, the no-
tion of direct and/or indirect excitons becomes meaningless. The
electron will be delocalized with noticeable probabilities to be found
in both quantum wells and its two states should be classified as
symmetric and antisymmetric ones with respect to the electron in
these wells. At the same time, the heavy hole of these excitons will
be localized mainly in one of the wells, because it tunnels through
the 6 ml barrier much worse than the light electron.

The calculations of the energies of the le states for the 46 ml-
width Cd,_,Mn,Te QW and the CdTe @Ws with 13 to 24 ml widths,
(see Fig. 4) indicate that upon the resonance of the unperturbed 1le
states in the CdMnTe and CdTe wells their splitting due the tunnel-
ling takes place. This splitting at the anticrossing point reaches the
value of AE_ .= 4.75 meV. The calculation shown in Fig. 4 shows that
the resonance tunnelling affect is expanded over the widths’ region of
CdTe QW +1 ml from the conditions of exact resonance. So, under
the condition of the resonance of the electronic states considered with
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Fig. 4. Calculated 1le energies in the considered 2QW system. The energy is
counted from the barrier position. The tunnel splitting in resonance is
equal to d=4.775+0.05 meV. The tunnel matrix element between the 1le
states in the @Ws is equal to d/2 ~ 2.4 meV. The thin lines show the un-
perturbed dependence of the le states’ energies.

taking into account the influence of electrical field of the hole, the
splitting of the hybrid excitons due to the ‘anticrossing’ can reach a
value that goes beyond the limits of measurement errors. In this case,
for both the lines of the direct and indirect excitons, their magnetic
field dependences should deviate from the unperturbed values in the
vicinity of the intersection, although their dependences that unper-
turbed by resonant tunnelling intersect. So, we can expect deviations
of the dependences of the energies from magnetic field for the direct
excitons in the DMS QW within ~ 3 meV for the samples with CdTe
QW widths of 18 and 21 ml from the case of a sample with a CdTe
well width of 24 ml, where the effect of the intersection of the field
dependences of DX and considered IX is surely absent. Such devia-
tions are present in the experiment (see Fig. 1, b).

The question arises, why is the resonance not localized in certain
magnetic fields, and the parallelism of the magnetic field depend-
ences of both PL lines of the doublet (Fig. 2) is observed over al-
most all the interval of the magnetic fields used in the experiment?
To answer this question, several circumstances should be taken into
account. First, it is necessary to take into account dependence of
the exciton binding energy on the difference of the unperturbed
values of their energies, or in other words, on the hybridization of
the le electronic states in the wells. This difference unperturbed
values energies realized in our experiment through dependence
these values on the magnetic field.

This dependence will ‘deform’ the magnetic field dependence of the
observed difference in the exciton PL energies. In addition, the
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structures under study had a certain inhomogeneity of parameters,
which was manifested in small changes the energies of the PL line
maxima as the PL excitation point moved along the sample plane.
That could contribute to an inhomogeneous distribution over the
sample’s plane of the magnetic field corresponding to the ‘exact res-
onance’ field of the unperturbed energies of the hybridized excitons.
This effect will also ‘stretch’ the resonance conditions over the
fields. Especially, if we take into account that the entire dependence
of the energy of the electronic state in Cd;_ . Mn,Te with x=0.05 from
the magnetic field is about 7 meV at T=2 K. In the same time, the
tunnel splitting of the symmetric and antisymmetric le electronic
states that was calculated by us is 4.75 meV at L,=1.944 nm.

Thus, the above considerations show that for samples with CdTe
Q@Ws width 18 and 21 ml instead of the states DX in the CdMnTe
QW (Linel) and IX lecyr.—1hhcpmr. states (Line2), we deal with the
excitons, each of which has the heavy hole in the DMS well and the
hybridized electronic state whose wave functions are localized simul-
taneously in both the @Ws in the symmetric and antisymmetric
states. Of course, the levels of hybridization for the each pair of ob-
served doublets of PL lines are dependent on the applied magnetic
field and are different for two discussed samples. Nevertheless, these
levels are enough for transformation of the different magnetic field
dependences of the discussed DX and IX states in the discussed sam-
ples in the doublets of the parallel curves. It should be noted that the
calculations of the energies of the excitons were made by method
used in [17, 18] which automatically take into account the hybridiza-
tion effects and the Coulomb interaction of the electron and hole in

a b

Fig. 5. a) The calculated energy positions of the DX and IX states for the
structures for Lgyr. =21 ml and their hybridization in certain fields; b)
Splitting between two PL lines of the hybridized states (Linel and Line2)
for the 21 and 22 ml-width CdTe QWs.
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the exciton. The dependences of the binding energies on the magnetic
field (and hence on the degree of hybridization) were taken into ac-
count too. One can see the results of such calculations in Fig. 5, a, b.
From these calculations, we can draw a conclusion that the ‘hybrid-
ized’ DX in CdMnTe QW and IX (lecgre—1hhcamre) €xcitons should be
observed in this system.

One can see from Fig 5, a, that energies levels of the IX and DX
transitions unperturbed by the tunnelling at the approaching one to
another of the (in different fields for the samples with different
CdTe QW width), are repulsed due to the anticrossing on the energy
distance of almost 3 meV. Figure 5, b shows the calculation of the
energy difference between the components of the doublet of these
lines to estimate of the mentioned repulsion for the samples with
CdTe QWs with the widths of 21 and 22 ml. The minima of the
splitting energy in certain magnetic fields correspond to the an-
ticrossing repulsion for these structures, which indicates the hy-
bridization of these states and on the field values of the ‘precise
crossing of unperturbed states’.

The goal of these calculations was not to achieve a complete nu-
merical agreement between the calculated spectral parameters and
experiment, but to get a qualitative coordination with experiment.
All possible energy shifts associated with the stresses, diffuse inter-
faces, etc. were not taken into account. With taking into account
above-mentioned one, the putted goal was reached.

The study of excitons in dual structures deserves additional experi-
mental and theoretical attention. One of the ways of such studies can
be time-resolving experiments or methods for observing photon echo
(FWM) [20, 21] in magnetic fields and for @Ws widths where the
probability of hybridization causes a possibility of changing the condi-
tions for the unperturbed resonance of the electron states by applying
magnetic field.
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Bnus nedekTiB BeIUKNX PO3MipiB Ha KOT€PEHTHY KOMIIOHEHTY
po3cigsaHa PeHTreHOBUX IMIPOMEHIB B MOHOKPHCTAJIYHIX MaTepidiax

C. B. Imitpies, B. B. Mosnoakin, M. I'. Toamauos, C. M. OnixoBchKuii,
B. B. Jlisynos

Tucmumym memanogisurxu im. I'. B. Kypoomosa HAH Ykpainu,
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PoboTy mpucBAYEHO HOCTiMKEeHHIO BILINBY AedeKTiB MOHOKPHCTAJIIB Ha KO-
TepeHTHY KOMIIOHEHTY Au(epeHIiiiHol BigOMBHOI 3TaTHOCTH NPU KOCOHECHU-
MeTpuuHil gudparnii PenTreHoBux InpoMeHIB y reomerpil amdparmii sa
Bperrom. IlokazaHo MOMKJIMBiCTH B3HAUHOTO IOJINIIEHHS IiATHOCTUYHUX
MOJKJINBOCTeH (pasoBapidmiiimol mmHamiuHol mudparKTOoMeTpii, sSKe 3yMOB-
JI0EThCA BILIUBOM (0COOJIMBO e(PeKTHBHHM 3a aCHUMeTPUUYHOl Audparirii)
YMOB €KCIIeDUMEeHTY Ha IIPoAB Je(deKTiB BeJIUKUX PO3MipiB y KapTuHiI po3-
cigsauda. IIpoeMOHCTPOBAHO MOYKJIMBICTH PO3JiJIeHHA BHECKIB DPi3HOIO TULY
medeKTiB y audparoBaHy iHTEHCUBHICTH IILJISIXOM BHOODPY OITHMAJIbHUX
YMOB eKCIePUMEHTY.

The effect of defects on the coherent component of differential reflectivi-
ty is considered in the case of asymmetric Bragg x-ray diffraction geome-
try for single crystals. The possibility of a significant improvement of the
diagnostic capabilities of phase-variational dynamical diffractometry is
shown. This is due to the influence of experimental conditions on the
manifestation of large defects in the scattering pattern and is especially
effective in the case of asymmetric diffraction. The possibility of separat-
ing of the contributions of various-type defects to the diffracted intensity
by choosing the optimal experimental conditions is demonstrated.

PaGora mocBsllieHa MCCIEIOBAHUIO BIUAHUA Ne(PeKTOB MOHOKPHUCTAJJIOB HA
KOTEPEHTHYI0 KOMIOHEHTY Aud@depeHIINaJIbHON OTpa’kaTeJbHOM CIOCOOHO-
CTH IIPU KOCOHECHUMMETPUUYHON AUPPaAKIINM PEHTTeHOBCKUX Jiyueil B TIeo-
MmeTpun audpaxnuu mo Bparry. IloxasaHa BO3MOXKHOCTH 3HAYUTEIHLHOTO
VIYUIIEHUA OUATHOCTUYECKMX BO3MOKHOCTEH (hasoBapHAIlMOHHON IUHAMU-
YyecKo# mmdppaKkTOMETpUu, 00yCJIOBIAMBaeMOro BausHueM (0cobeHHO adder-
TUBHBIM IIPY ACHMMETPUYHON Au(PAKIIUM) YCIOBUN SKCIEPUMMEHTA Ha IIPO-
ABJeHUE AedeKTOB OOJBIINX pPasMEpPOB B KapTHHe paccedaHusa. IIpomemoH-
CTPUPOBaHA BO3MOKHOCTH PasfejieHUs BKJAJOB Pas3JUYHOTO TUIA Ae(DEKTOB
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B AudparupoBaHHYI0 MHTEHCUBHOCTH BHIOOPOM OIITHUMAJBHBIX YCJIOBUH BKC-
epuMeHTa.

Karouori cioBa: guHamiuna audpakiiid, HecuMeTpUUYHA AUDPAKIisg, Kore-
PEeHTHe PO3CiAHHA, PEeHTTeHOAUMPaKIIiliHI MeToau AiATHOCTUKMU.

Key words: dynamical diffraction, asymmetric diffraction, coherent scat-
tering, x-ray diffractometric diagnostics.

KaroueBble ciaoBa: uHaMuuecKas AUMPAKIUSI, HeCUMMeTpuUuHas Audpak-
usI, KOTepPeHTHOe paccesdHue, PEHTTeHOAM(PPAKIIMOHHBIE METOALI AMarHo-
CTUKH.

(Ompumano 4 epydns 2019 p.; nicas doonpayiosauns — 24 wepgus 2020 p.)

1. BCTYII

CyuacHa MiKpoOeJeKTpPOHHAa IIPOMICJIOBICTh IOTPeOye CTBOPEHHS MO-
HOKPHUCTAJIUHNX MATEPiAaiB i3 Hamepen samanmMu (PisMUHUMHU BJIAC-
TUBOCTAMU, AKi BU3HAUAIOTHCA SK ieaJbHOI KPHUCTAJNIYHOIO CTPYK-
TYPOI0 MAaTepisiy, Tak i pPO3MOAiIEeHMMH II0 HOT0 00’eMy CTPYKTYP-
HuUMU JgedektaMu. BusHauenHA HeeKTHOI CTPYKTYPH 3a AOIIOMOTOIO
mudpaxiii PeHTr'eHOBMX IIPOMEHIB Ma€ BaKJNBI 3 TOUKH 30py IIpaK-
TUKM TepeBaru Haj iHITNMK MeTOJaMl, 30KpeMa HepyHHiBHMU xapa-
KTep OiITHOCTUKMU, BUCOKY UYTJUBICTH Ta eKcipecHicTb. Iis gisrHo-
CTUKHU JIe(PeKTHOI CTPYKTYPH MOHOKPHUCTAJIB PEeHTIeHOAU(PPAKIINHY-
MU MEeTOJAaMU PO3BUHYTO ILIMNA P IMiAXOomiB, 110 0a3yioThCsI SK Ha
KimemarunuHiii [1], Tak i Ha guHAMiYHIA Teopiax audpakriii [2].

IlepcuexTUBHMMM I8 IPAKTHUUYHOTO BUKOPMCTAHHSA € iHTerpajbHi
In(dppaKToMeTPUUYHI MeTOAM Ha OCHOBI AmHaAMiuHOI Teopii poscisHHS,
OCKiJIbKM BOHHM HAIOTh 3MOTY IIPOBOAUTH OiATHOCTUKY JedeKTHOI
CTPYKTYpPHU 3 HaNOiJBIIIOI UYTJIMBICTIO Ta 3HAUHO IIBHUAIIE, HiXK Me-
TOOU, IO 0a3yiOThCSI Ha BUMIipIOBaHHI AudepeHIiHHNX KPUBUX BijI-
OMBaHHA.

Kimematnunuii migxig 6as3yeThcsi Ha BUKOPHCTAHHI HAOIMMKEHHS
OTHOPA30BOTO PO3CiAHHA SK KOTepPeHTHUX, TaK i AU(Py3SHUX XBUJIb.
IIpu mpomy BUIMB Ae(eKTiB 3BOAUTHCA IO 3MEHINIEHHS aMILIITyau
KOTepeHTHUX XBUJIb 34 PAXYHOK BILINBY KpPUBOIIa30BOTO CTATHUYHOTO
daxrTopa (Beruuunu, aky M. O. KpuBorias masuBaB cTaTUUYHUM (PaK-
Topom Ilebas—Baimaepa) [1]. IuTerpasbua iHTEeHCHMBHICTL KiHeMaTHu-
HOTO AU y3HOTO PO3CIAHHS TAKOMK 3aJIE}KUTHh BiJi XapaKTEePUCTHUK [e-
deKTiB uepes BKasamuii partop. OgHaK HaOJMIKEHHS OTHOPA30BOTO
posciguHsa mo30aBiide KiHeMATUUYHWN ITigXiJ MOMKJINBOCTU TiATHOCTH-
Ku medeKTiB y Kpucrajax 3a JOIIOMOI0I0 MeTOJ IIOBHOI iHTerpayibHOI
iHTeHCHMBHOCTH, OCKIiJbKN MNPHU KiHEeMATHMUYHOMY PO3CiTHHI BelnumHa
3MEHINIEHHS 3a PaxXyHOK HasSBHOCTH Me(eKTiB iHTEeHCMBHOCTH Korepe-
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HTHOI KOMIIOHEHTHU IOPiBHIOE iHTerpasbHi#i iHTeHCUBHOCTiI AuQy3HOI
KOMIIOHEHTH, i, TAKMM YMHOM, ITOBHa (cymMa Bperrosoi ta audysHoi
CKJIAOBUX) iHTerpajibHA BigOMBHA 3MATHICTHL 3aBiKIM MOPiBHIOE Bij-
OMBHIiN 34aTHOCTI ieaILHOTO KPUCTAJY.

IIpu mpuunamiuniii nudpakrilii, Ak OyJo BcTaHOBJEHO panimre [3, 4],
ITe(peKTH MPOABJIAITHECSI B KAPTHUHI PO3CITHHA He JINIIE Yepel3 aMILJi-
TYAu XBUJb, a i uepes ixHi ¢asu. Ileit momaTkoBuUil (D0 aMIIiTymHO-
ro) ¢asoBuil MexXaHi3M BIOJUBY HAedeKTiB Ha iHTEHCHBHICTHL eKCIIOHe-
HIIWHO IOCUJIIOE i3 TOBIMMHOIO KPUCTAJJIB YYTJAMBICTH AMHAMIiUHOI
oudpakxifii 7o CIIOTBOpPeHb KpUCTAJNiuHOl rpatHurni. IIpu mpomy 3me-
HIITEHHS iHTeHCUBHOCTH KOT€PEHTHOI'O PO3CiAHHA BiKe He KOMIIEHCY-
€ThbCA 30inmbIIeHHAM ANUQY3HOTO, a TOMY 3’ SABIAECTHCA MOMKJIUBICTD
HamiHOI KiJbKiCHOI IiATHOCTHKHN Oe()eKTHOI CTPYKTYPHU MOHOKPUC-
TaJiB i3 BUKOPHCTAHHAM METOJ IIOBHOI iHTerpaJibHOI iHTEHCUBHOCTHU
IuHaMiuHol mudpaxiii. OKpiM camoro GaxTy eKCIOHEHI[iMHOro mis-
CUJIEHHA BHeCKY Oe(eKTiB B iHTEHCHUBHICTh AMHAMiIUHOI Aum@pakriii,
BaXKJIUBUM € Te, IO BEJIMUYMHA TAKOIO ITiJICUJIEHHSA NPU AUHAMiUHOMY
PO3CifAHHI 3aJeXUTh, KPiM TOBHIMHU KpPHCTAJIy, TaKOK 1 Big ymoB
eKCIIepUMEHTY (ZOB:KHHU XBUJi, BeKTOpa AuU(PAaKIlii, a3uMyTaJIbHOTO
KyTa IpU KOCOHeCUMeTPUuUHi# audpakriii Tormro). Binbime Toro, momi-
OHe ImOCUJIeHHA € PisHUM I medeKTiB pisHMX THUHOIB, AKiI ogHOUYACHO
MpUCYTHI y KpucTtaxi. IK Hacaimok, 3’ABIAE€THCA MOMKJINUBICTL icTOT-
HO ITiICUJIIOBATH AK OpoAB NedeKTiB y KapTHUHI PO3CiAHHA B Iijomy,
Tak i BUOipKOBO BHECOK KOXKHOTO TUNY nedeKTiB okpemo. Ile ymorx-
JUBJIOE MIJIAXOM BapidIlii eKCIIOHeHITiTHOTO ()a30BOTO0 BHECKY 3a pa-
XYHOK BHOOPY ONTHMAJbHUX YMOB €KCHePUMEHTY IIPOBOAUTH HAIii-
HY KiTbKicHYy miarHocTuKY gedeKTiB KiJbKOX THUIIB, IO MOXKYTh Oy-
TU OPUCYTHIMU OJHOUYACHO Y MOHOKPHUCTAJNIYHUX MaTepidiax.

BubipKoBicT, UyTIMBOCTY AWMHAMIYHOI KapTUHU PO3CIAHHA IO Ie-
dekTiB pidsHUX TUIIIB 3a0e3meUyeThCA, 30KPEMa, PiSHUM XapaKTepoM
IXHBOTO NIPOSABY B KOTepeHTHiN i audysHil KoOMIOHeHTaxX pO3CiAHHA
[6]. Soxpema, mudysHe posciguua Bix mgedexTiB Maaux (Habararto
MEHINNX TOBMKUHU €KCTUHKIIII) pOo3MipiB Mae HOCTATHHBO INMUPOKUHN, V
MOPiBHAHHI 3 KOTePEeHTHUM MaKCHUMyMOM, KYTOBHU POS3IOAiJ HaBKO-
JIo By3Ja obepHeHOI rpatuui. Ile osHauae, 110 JOCTATHLO MaJia JOJIS
po3cissHOTO BUIIPOMiHEHHS IIOTPAILISAE Y KYTOBY 00JIacTh, AKa BiAmo-
Bimae muHaMiuHill nudppakiii, i Tpu oxep:KaHHI BHpPAasiB yid iHTerpa-
JbHUX 3a BHECKOM JAM(PY3HOTO PO3CIAHHSA BEJIMYUH MOXKHA KOPHUCTY-
BATHCh ACUMIITOTUUYHMMH HaOJIMm:KeHHaAMU. Koam y MOHOKpHcTaJi
MPUCYTHI AedeKTn BeIUKMUX Po3MipiB (HOPIiBHAHHUX i3 JOBMKUHOIO
eKCTUHKII Ta Oinbimx 3a Hei), Bce aAudys3He DPO3CIAHHA Bim HUX
KOHIIEHTPYEThCA IO0JM3y By3Ja 00epHeHOl I'paTHHUIIi, TOOTO came B
IuHaMiuHiit obaacti. OTike, M5 iHTer'paJbHUX BeJIUUYUH BUHUKAE He-
00XimHicTh BpaxyBaHHA AK B KOTePEHTHOMY, TakK i B Audy3HOMY pO3-
ciauui guHaMiuHMX e(eKTiB Bim Taxux medeKTiB, a came, daraTopa-
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30BOCTH PO3CiIAHHA HA IEePiOAMYHIN 1 (QpaoKTyaIliiiHiil yacTHAX KPH-
cTajiuHOoro moTeHHiAay. OTHMMM 3 HACJHIAKIB Takoi 0araTopasoBOCTH
€ e)eKTH IIOBHOTO BiOMBAHHA W aHOMAJbHOTO IIPOXOMKeHHA Audys-
HOT'O PO3CiAHHSA, SAKi CTAOTh iCTOTHUMM i IJaA HOro iHTerpajsbHUX
BHECKIiB.

SAx Bimomo, B reometpii auppakrmii 3a Bperrom KorepeHTHa 4acTH-
HA PO3CiTHOTO BUOPOMiHEHHS IPOHUKAE Yy KPUCTAJ He TJIMOIe mOB-
JKUHM DBperroBol eKCTUHKIII, TOoAi AK IuU@MY3HO pO3CisgsHe BUIIPOMIi-
HeHHsA 3JaTHe IIPOHUKATH Ha TVIMOMHY AU(Y3HOI eKCTHUHKIII, IIo 3a-
3BUYAl iCTOTHO mepeBUINye TaubuHy abcopOrii [5, 6]. Bracaimox
1IbOTr0, caMe IyIuOuHa abcopOIlii BusHauae 00’eM, y AKOMY (POPMYETH-
ca pudysHe posciguHsa. OcKiabKu riambmua adbcopOirii madarato 0ijab-
I1a 3a JOBXKMHY Bperrosoi eKCTHMHKIII, TO 06’eM, 3 AKOTr0 BUXOJIHUTH
Iu()y3HO PO3CifAHe BUIPOMiHEeHHS, 3HAUHO IIEPEBUINYE TAKWI IJISI KO-
TePeHTHOro po3cidHHs. B pesyinbraTi BHEeCOK au(py3HOTO PO3CIAHHSA
MOKe OyTH 3HAUHUM HABiTh IIPM BiZHOCHO HEBeJIUWKill KOHIIEHTpAIlil
nedekTiB y MoHOKpucTadi. Ilpy mpomy, y BUOAAKy BeIUKUX Hedek-
TiB, Tudy3HO PO3CisTHE BUIPOMiHEHHA TOJOBHUM UYMHOM IMOTPAILISAE B
o0sacTh mmHaMiuHOl mudpakilii mpu BuUXOAi 3 IIMOMHU KPUCTATY Ta
IONaTKOBO IIiICUJIIOETHCA 3@ PaxXyHOK e(eKTy aHOMAaJbHOTO IIPOXO-
MKEeHHA, IO NPUBOAUTH OO0 30LJIbINEHHA iHTeHCUBHOCTH IAUQYIHOTO
po3CiAHHA MOOAM3Y €KCTUHKIIIMHOTO IIPOBaJIy, 3yMOBJIEHOTO eheKToM
moBHOTO BimOomBamuaA. IllupwHA E€KCTHHKIIINHOTO NIpOBaNy, AKUH 3y-
MOBJeHUH edexToM Bperropoi eKCTUHKIIIT (3a paxyHOK IIOBHOTO Bif-
OMBaHHA) I IUPY3HUX XBUJIb, III0 BUXOAATL 3 KPUCTANY, 3aJIEIKUTD
BiT YMOB eKCIIEpUMEHTY, 30KpeMa BiJ asuMyTaJIbHOrO KyTa IIPU KO-
COHeCHUMeTPUUHiN audpaxriiii. 3MiHIOIOUN a3UMyTaJIbHUN KYT, MOYKHA
3MIiHIOBATHU IWPUHY E€KCTUHKI[IHHOTO IPOBaJy i, TMM caMuM, 30iJab-
mryBaTu ab0 3MEHIIyBaTH YacTKY BperroBoi eKCcTHMHKINI Ta augysHO-
ro po3CifgsHHA, mincuiieHoro e(eKTOM aHOMAaJbHOT'O IIPOXOIKEeHH.
IIpu npomy gpedexTu KysoHOBOro THUNY, aJjie MOCTATHBO BEIUKUX
(cmiBBUMIpHMX i3 JOBKMHOIO €KCTUHKIIi) PO3MipiB, 3a PaxXyHOK Iu-
HaMiuyHUX edeKTiB y iHTerpayibHifl iHTeHCHUBHOCTI AUGY3HOTO PO3Ci-
AHHA MOXKYTh e(peKTUBHO NPOABIATUCHL AK Ae(deKTU APYroro KJacy.
Bce 1me mae MOMKJIMBICTH PO3AIJIATH BHECKU B iHTerpajibHy iHTEHCHUB-
HicTh IU(Y3HO PO3CiAHOTO BUIPOMiHEeHHA Bix nedeKTiB pisHUX pOS3-
MipiB.

OpHaxk mpu MipAHHI iHTerPaJbHUX iHTEHCUBHOCTEH B €KCIEePUMEH-
Ti Olep:Ky€eThCs MOBHA iHTEerpajibHA iHTEHCUBHICTH, TOOTO cyMa Kore-
peHTHOI Ta mudysHoi cKiIamoBux. OTiKe, OJA IPOBEAEHHS MiATHOCTHU-
KM XapaKTepUCTUK JedeKTiB NeKiJIbKOX THUIIIB HeoOXiJHO CIIOUaTKY
JOCJIiIVTH BILJIUB YMOB €KCIIEDUMEHTY IIPU KOCOHECUMETPHUUHINH aud-
paxIil TaKoK 1 Ha KOTepPeHTHY KOMIOHEHTY PO3CifAHHA, IO YMOIKJIU-
BUTH KepyBaTU AK BHECKOM y Hel Bij gmedeKTiB pisHuMX TUHiB, Tak i
BEeJIMUNHOIO BHECKY KOTE€PEHTHOI KOMIIOHEHTH B CyMapHY iHTerpajbHY
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iHTeHCUBHiCTL. 3 Iicl0 MeTOI B JaHiil pPoOOTI HpoBeAeHO AaHAJI3Y
BILTUBY He(eKTiB Ha KOrepeHTHY KOMIOHEHTY audepeHIriiinol BimOum-
BHOI 3IaTHOCTH MOHOKPHCTAJY.

2. BIJINB JTEGEKTIB HA KOTEPEHTHY KOMIIOHEHTY )
BIIBUBHOIL 3TATHOCTH B YMOBAX KOCOHECUMETPUYHOI
IUDPAKIIIT

AwmiuriTygauit KoedillieHT BigOuMBaHHA KOTePEHTHOI KOMIIOHEHTH PO3-
CiAHHA B HaOJMKeHHI HAliBHeCKIHUEHHOTO KPHCTAJIy MOJYKHA 3alluca-

™1 y Buraani [7, 8]:
_§+sgn){y* - o ’ "
CEY_u + AYon
g =~bla+ay), b =70 /lra,
oy = (o + M)/ 2 + Glo + AXoo)/(2D),
o’ = (CEyy + Ao WCEY 4 + AYon)-

=

TyYyT %o, Am» ¥X-u — BLAMOBigHI KOMIOHEeHTHM Dyp’e KOMILJIIEKCHOI
cupuiHATINBOCTU Kpucrany, E — KpuBormasis cratuunuii paxTtop,
1[0 OMKCYE BIAXWJ CepelHbOl CIPHUUHATIMBOCTA KpHCTATy 3 dedek-
TaM¥ Bij cupuiHATIMBOCTH (a00 IIOTEHIiAJY) iZeaJbHOTO KPUCTAJY,
AYoo>s AYmos AYon 1 AYum — ZDUCIEPCiliHI mOIpaBKUW 3a PaXyHOK B3ae-
MO3B’SI3KY KOI'€PEHTHOI0 PO3CiAHHA 3 AUPY3HEM [0 BiaHOBigHMX
KoMIIOHEeHT Pyp’e CHPUNHATINBOCTA Kpucrayay, C — MOOJApU3aIiii-
Huii MHOKHUK (C =1 gas o-moaapumsarnii i C = cos(20) maa 7-
nonsapusanii), 6 — BperriB ryT, a = ABsin(20;), v 1 Yy — Haumpamui
KOCHHyCH TIafiHOI Ta audparosanoi xBuab, w, =Im(g”-c°), A0 —
Bigxmi Kyra magiHHs Bijg BperroBoi ymosu. 3HAaK i/x O3HAUae, IO
IpHU BiAITyKaHHI KBaApPaTHOTO KOPEHSA 3 X CJig OpaTu JuIlle HOro Io-
JaTHE 3HAUEHH.

Korepentna xoMmmoHenTa AudepeHIliiiHOl BigfOMBHOI 3mMaTHOCTHM, Bi-
amosigHO 10 (1), BUBHAYAETHCS BUPA30OM:

2
R Ae _ 2 _ g+sgn(wi)+\lg2 _02| 2
coh( )_|rH| - CE.X +AX . ( )
-H OH

3ane:kHicTh Big medekTiB y Bupasi (2) BuHUKae 3a paxyHOK Kpwu-
BOIJIA30BOTO CTATHMYHOTO (haKkTopa Ta aucnepcifinmx mnompaBok. Ilpum
IIBOMY CJIiT MaTH Ha yBasi, [0 BUpPAa3U [Jis KOTePEHTHOI KOMIOHEHTH
BimOuBHOI 3maTHOCTHU (2) OMep:;KaHO B paMKaX Teopii 30ypeHb, a TOMY
BOHU CIIPAaBEJINUBi JIUIIE 38 YMOBU
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€p = |AXGG'|/(E|X¢H|) <1.

Jia imroctparil BuuBy nedeKTiB Ha KOTEePEHTHY CKJIAJIoBY PO3Ci-
STHOTO BUIIPOMiHEHHs Ha puc. 1-3 300paKeHOo KYTOBi 3aJIeKHOCTi Bi-
OHOIIIEHHS KOTepPeHTHOI KOMIIOHEHTH BiJOMBHOI 3JaTHOCTH KPUCTAJIY
3 medpexTaMu 4O KOTE€PEHTHOI KOMIIOHEHTH BifOMBHOI 3MATHOCTHU imea-
JBHOTO KPHCTATy B yMOBax KocoHecuMeTpuuHoi amdpaxiii (a—a).
[a mopiBHAHHA BEJIWYWH BILIUBIB eeKTiB Audys3HOl eKCTUHKILI (3a
paxyHoK nud)y3HOTO PO3CiAHHS) Ta CTAaTUYHOrO (paKTopa Ha KOTEepeH-
THe po3cigHHA Ha puc. 1-3, z—e mpencTaBJIeHO KYTOBY B3aJI€KHICThb
BiTHOIIIEHHS KOTEePEHTHOI BiZOMBHOI 3JaTHOCTHM KPUCTANy 3 ypaxy-
BaHHAM KpuBorsiazoBoro cratmuHoro axTopa Ta kKoedimienra audy-
3HOI eKCTHHKIIII 40 KOrepeHTHOI KOMIIOHEHTH BiIOMBHOI 34ATHOCTH 3
ypaxyBaHHSAM JIMIIe cTaTHuYHOro (paxTopa. Take BigHOIIIEeHHS Xapak-
Tepuldye BILINB €KCTUHKIIII 3a paXyHOK AM(Py3HOTO PO3CiAHHS Ha KO-
TepeHTHY KOMIIOHEHTY iHTEeHCHUBHOCTH. PO3paxyHKU IIPOBEIEHO IS
IUCJIOKAIiMHUX meTeasb podmipamu y 0,02 MM, 3,5 MKM, 7 MKM, aKi

2 0 e

Puc. 1. 3anexHoCcTi BifHOIIIEHHS p; KOTePEHTHOI KOMIIOHEHTH AmpepeHIiii-
HOI BiZIOMBHOI 3JaTHOCTU KpPHUCTANY 3 AedeKTaMU M0 KOTE€PEHTHOI KOMIIOHEH-
T audepeHtiiinol BimOMBHOI 3mAaTHOCTH ifealbHOro KpucTtaay Bim A6 (a—a)
Ta BiZHOIIEHHA P, KOTePEHTHOI KOMIOHEHTH! BifOMBHOI 3IaTHOCTU 3 ypaxy-
BaHHAM CTaTHYHOTO (paKTopa Ta KoedimieHTa audy3HOl eKCTHHKIII m0 Bi-
OMBHOI 3MAaTHOCTH 3 ypaxXyBaHHAM JHIIle cTaTUYHOTO (haxTopa (2—e). Pospa-
XYHKHU TPOBEAEHO AJA MOHOKPHCTANY Si 3 TUCIOKAIINHUMU MeTIAMU Pami-
focom R =0,02 MM i kommenTtpamieo c¢ = 3-1071°, sumpomimenna MoK,,,
v = 35,27°, BigouBaunua (220) (a, 2), BigouBauua (440) (6, 0), BigOmBaHHA
(660) (s, e).
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2 0 e

o

Puc. 2. Texx came, mio i Ha puc. 1, aje AJA AUCIOKAIIMHUX HeTeJab Pagiy-
com R = 3,5 MKM i KoHIeHTpamieo ¢ = 2,5-10716.2

2 0 e
Puc. 3. Texx came, 110 i Ha puc. 1, ajge IJs AUCIOKAIiMHUX IIeTelb Pamiy-

com R = 7 MKM i KoHIeHTpatiemo ¢ = 4,1.10717,3

OymeMo maJii HAsWMBATH MAJNHUMU, CePeIHIMH Ta BEJIUKUMU IMIEeTJISIMU
BigmoBimHO.
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B mepimry uepry, caig BigmiTmTu, mo zHaiibinbine medexTH 3MiHIO-
IOTh KOTePEHTHY KOMIIOHEHTY B THX KYTOBHX 00JIaCTAX, AKi € Ham-
OiNbII UYyTAWBUMU A0 AUHAMIUYHUX edeKTiB y Audys3HOMY pO3CidHHI,
T0o6TO OOy BperroBoro MmakxcumMymy. BKasaHi 3MiHU mOIATaOTh Y
3MEHINIeHHI KorepeHTHOI KoMmmomeHTu (puc. 1-3, a—8), 10, y CBOIO
uyepry, Aa€ 3MOry OiJbII UiTKiIlle MPOABUTHCA AUHAMIUHOMY IHQPYS3-
HOMY po3sciguuio. IIpu mpoMy came BeJUKi JMCJIOKAIiNHI ImeT/i Ham-
CUJBHIIIIe 3MEHIITYIOTh KOTE€PEeHTHY KOMIIOHEHTY II00su3y Bperrosoro
MaKCHUMyMYy, aJKe PO3CiAHHS Bix aedeKTiB BeJMKHX PO3MipiB KOH-
IeHTPYEThCA MOOJM3y o0JacTH IOBHOro BimomBaHHsa. Kpim Toro, B
yMOBaX KOCOHecUMeTpuuHOl mudpaxiiii, AK BugHO 3 puc. 1-3, 8,
MOJKHA iCTOTHO IIiACUJINTH BKasaHe 3MEHIIEeHHS KOrepPeHTHOI KOMIIO-
HEHTH AK 34 PaXYHOK BHOOPY OLJBIIIOro MOAYJSA BeKTopa Audpakriii,
TaK i 3a paxyHOK 3MiHU a3mMyTaJIbHOTO KyTa.

BakinBoI0 3 TOUKM 30Ppy NPAKTUUYHOTO BUKOPHCTAHHA AUHAMIUHO-
ro PO3CigHHA y KpucTajiax 3 gedeKTaMud B YMOBAaX KOCOHECHMMETPUU-
HOl mudpaxiiii € BuGIPKOBICTh UyTJAMBOCTU OO0 AedeKTiB PisHUX pPO3-
MipiB. AHasiza MexaHi3MiB BIJIUBY AedeKTiB HA KOTePEHTHY KOMIIO-
HEHTY YMOXKJIUBJIIIOE BUKOPUCTATH HeAKi CIPOIIeHHA IPU PO3B’A3aHHI
obepueHoi 3amaui. 30KpeMa, AK BUIAHO 3 puc. 1, z—e, BIJIUB Koedilri-
€HTa EeKCTUHKIII Ha KOTepeHTHY KOMIIOHEHTY PO3CiAHHA y BUIAAKY
JUCJOKAIIHUX IIeTeJb MaJuX PO3MipiB CKJajae KijbKa AecATHUX Bi-
JICOTKa, II0 3HAYHO MEHIIe ITOXUOKM eKCIepUMEeHTy. Y BUOAIAKY IIPHU-
CYTHOCTU B KpHUCTaJi Ae(PeKTiB JeKiJIbKOX THUIIB 3araJbHUN Koepili-
€HT eKCTUHKIIII € cyMoio Koe(illieHTiB eKCTUHKIIII BiJ KOXKHOTO TUITY
medexTiB. OTike, IpU PO3PAXYHKY KOTE€PEHTHOI KOMIOHEHTU BigOUB-
HOI 37aTHOCTM y KPUCTAJNi 3 JeKiJbKoMa Tunamm aedeKTiB MOKHA
HeXTyBaTU B Koe(illieHTi eKCTMHKIIII AOJaHKOM, IITO BiAIIOBimae ma-
aum aeperTam. Brime manux gedeKTiB Ha KOrepeHTHY KOMIIOHEHTY
MIPOABIAETLCA TiAbKU uepe3 KpuBorsaasie cratuunuii (pakTop, B AKO-
My cJig 30epertu BigmoBimuuii momaHoK. IIpu IIbOMYy BeJIUYHHY IIPO-
sIBY CTAaTUYHOrO (paKToOpa MOKHA 3MiHIOBATH 34 PAXyHOK BUOOPY BeK-
Topa gudpaxriii (puc. 1, a—a).

OxHaxk HaBiTH MPOAB Maaux Ae(eKTiB y KapTUHI PO3CiAHHA JIUIIE
yepes3 CTaTUYHUN (PaKTOp Ma€ IIeBHi 0COOJIMBOCTI B AUHAMIUHIN Teopii
y mopiBHAHHI 3 KiHemaruuHoto. [ificHo, B KiHemaTuuHili Teopii cTa-
TUYHUHN (PaKTOp TiIBKU 3MEHIIIye IHTEHCUBHICTH KOTepPeHTHOI'0 PO3Ci-
aaaa B E? pasiB, ToAi AK Ipu AMHAMiuHOMY pO3CigHHI BimOyBaeTbcs
TaKO0K IIePEepPOo3IoIiJ KorepeHTHOI iHTeHcuBHOCTH (puc. 1, a—8). Ak
BUIHO 3 BKa3aHUX PUCYHKiB, KOTepeHTHA KOMIIOHEHTA iHTEHCUBHOCTH
3MeHIIyeThbcsa B E° pasiB (rOpU30OHTAIbHA CYIiIbHA JiHiA) JUIIe Ha
XBOCTax KpUBOi BimOWMBaHHS, TOAi AK B 0o06JiacTi AMHaAMIUYHOTO pO3Ci-
SAHHS BILIUB CTATUYHOTO (DAKTOpPa 3yMOBJIOE IEPEPO3MOMiJ iHTEHCUB-
HocTu. 30KpeMa, B obJsacTi moBHOro BimbuBauHsA (mobausy A6 = 0)
CTATUYHUN (PaKTOp HPaAKTUUYHO He BILIMBAE Ha e()eKT IOBHOI'O BimoOu-
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BaHHSA, i BigOMBHA 3JaTHICTh 3aJUINAETHCA OJU3LKOI OO0 OAMHUIIL Ha-
BiThb mpu 30iJMbINIeHHI (paKkTOpa 3a paxyHOK 30iJILIIIeHHS BEeKTOpa Iu-
dpaxkii (puc. 1, 8). IlprunHa TaKoi MOBEAiHKM KOT€PEHTHOI KOMIIO-
HeHTHU iHTeHCcHMBHOCTH Impu 3MiHi KpumBorsasoBoro craTuduoro (axro-
pa moJdArae B TOMY, IO BiH BIJIMBAE€ He JIMINE HAa HOTJIMHAHHS y Bij-
OMBHIiN 3maTHOCTI, a i Ha 3aJOMJEHHS, TOOTO IPU AUHAMIUHOMY PO3-
cianHi craTnuHui (GarkTOp TeX BIJIMBAEe Ha (pasoBUil MexaHi3M IIpPO-
ABY medeKTiB.

BoniuB nmedeKTiB cepelHixX i BeJIMKMX PO3MipiB Ha KOTepPEeHTHY
KOMIIOHEHTY PO3CiAHHSA BiApPi3HAETHCA Big BIIMBY AeeKTiB MaJamx
poaMmipiB (puc. 2, 3). 3okpema, B:Ke A HedeKTiB cepelHiX po3Mipis
BILIUB KoedillieHTa eKCTUHKIII icToTHO 36imbiryeTheda (puc. 2, 2—e) i
moske caratu 50% . Ilpu mpoMy BeJMUMHA BILINBY €KCTHUHKINII 3a pa-
XYHOK PO3CigHHA Ha AeeKTaX ICTOTHO 3aJie’KUTh SAK BiJ BeKTOpa
oudpakirii, Tak i Big asumyTagbHOTro KyTa. Ilpm 3MeHIIeHHi mapame-
Tpa acuMeTpii b BiJHOCHO cuMeTPUUYHOro 3HAUeHHA b = 1 MPoAB eKc-
TUHKIII] TOMITHO 3MeHINyeThcA (puc. 2, z—e, IITPUXOBA JiHiA), TOmi
AK mpu 30inbIieHHI mapamerpa acuMeTrpii b > 1 TpPOAB eKCTHUHKILI
icToTHO 3pocTae (puc. 2, z—e, TOUKOBA JiHig). [Ipu 3MeHIIeHHI BILIU-
BY EKCTHHKIIiI Ha KOTepeHTHY KOMIOHEHTY poaciauua (puc. 2, e,
MITPUXOBAaHA JIiHiA) xapaKkTep BIJINBY nedeKTiB cepeaHix po3MmipiB Ha
KOTepeHTHY KOMIOHEeHTy (puc. 2, 8, IITPUXOBaHA JIiHisA) cTae amaJo-
rivHumM 0 XapaKTepy BILIUBY Maiaux nedexTtiB (puc. 2, a—8), a came,
B 00JIacTi ITOBHOrO BimOWMBaHHS KOTepPeHTHA KOMIIOHEHTa 3MiHIOETLCS
caabo. OgHak mpu 30iJbIIeHH]I BIJINBY eKCTUHKIII (puc. 2, e, TOUKO-
Ba JIiHisA) xapaxTep BIJIUBY JedeKTiB Ha KOTEePEHTHY KOMIIOHEHTY
poscisiHHA icTOTHO 3MiHIOETBCA (AWB. IJs IIOPiBHAHHA TOYKOBY Ta
IITPUXOBAHYy JIiHil Ha puc. 2, g). Ilpu 3HauHOMY BIJIMBI €KCTHUHKILiI
KOTepeHTHA KOMIIOHEHTHAa BiZOMBHOI 3JaTHOCTH B 00JACTi IIOBHOTO
BiIOMBAHHSA 3MEHIIIYETHCH.

Amnajoriuna moBemiHKa cmocTepiraeTbea i aas medeKTiB BeIUKUX
poamipiB (puc. 3). Om:ke, IpU OKpPEeMUX MIiPAHHAX KOTEPEHTHOI Ta
In(Qy3HOI CKJIAAOBUX y TPUBICHIN cxeMi 3MeHINIEHHS BUCOTU KoTepe-
HTHOTO MakKcumMyMy mpu b > 1 (AKe JOZaTKOBO MOYKHA HiICUJIUTH
IIIJISXOM BHOOPY OiIBIITOT0 MOAYJIA BeKTopa Au@pakiiii) mMo:xe cBin-
YUTU PO HAABHICTH Yy KpUcTasi nTedeKTiB BeJIUKUX PO3MipiB.

TakuM YUMHOM, BapidAlid asuMyTaJbHOIO KyTa IPU KOCOHECUMET-
puuHill gudpakriii (0co0MBO IPU BEeJIUKOMY MOAYJII BeKTOpa Audpa-
KI[ii) yMOXKJIUBIIOE e(PEeKTHUBHO PO3IIIATA BHECKH B KapTUHY pPO3Ci-
AHHA Bifg medeKTiB manux i BenquKmx poamipis. Ilpu mbomy ciix 3a-
YBaKUTH, III0 BEJUYNHA KOTEPEHTHOI KOMIIOHEHTU MOXKe iCTOTHO
3MEHIITyBaTUCA IIPU acuMeTpPuuHill mudpaxirii. Taka moBeminka Kore-
PEHTHOI KOMIIOHEHTU € XapaKTEepPHOM A MedeKTiB JPYyroro KJacy
mpu KiHemaTuuHin paudpaxiii. 3HauHe B3MeHIIEHHA KOTE€PEHTHOI
KOMIIOHEHTH BiZOMBHOI 3JaTHOCTU 3a PAXyHOK BUOOPY YMOB eKcIie-
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PUMEHTY, B AKUX Ae(eKTH BeJUKHX PO3MipiB IIOBOIATH cebe AK me-
deKTu APYroro KJacy, YMOMKJIWBJIIOE 30LMBIINTH BiJHOCHUN BHECOK
In@dys3HOl KOMIIOHEHTM PO3CigHHA i, BigmosBimHo, 36igbmuTé iHdop-
MaTUBHICTb MiATHOCTHUKHU HOe(eKTHOI CTPYKTYPHM MOHOKPHUCTAIIUYHUX
MaTepidANiB 3 BUKOPMCTAHHAM iHTEIPAJIbHUX PEHTTeHOAU(PAKITIHHUX
MEeTO[I.

3. BUICHOBRH

B poboTi mocaimxeHO KOrepeHTHY KOMIIOHEHTY BiZOMBHOI 34aTHOCTH
B yMOBax KOCOHECHMETPUUHOI auppakiiii PeHTreHOBUX HOpOMeEHIB y
MOHOKPHUCTAJIUHUX MaTepifdjax 3i CTATUCTUYHO POSIMOMIJIEHUMU MiK-
pomedpexramu. Iloxasamo icToTHuMI BILIMB acuMeTpili audpakiiii Ha
BUOIpKOBICTHL UYTJIMBOCTM KapTuHU Audpakiiii mo pisHoro tumy me-
dekTriB. IlpoananizoBaHo aMIIITYyaHUI 1 AuUcHepciiHUA MexXaHiI3MU
npodABY HdedeKTiB y KOrepeHTHiNI KOMIIOHEHTi poscisHHA. BcTaHOoBIe-
HO eKCIIepUMeHTAaJIbHI YMOBU, AKi yMOMKJIMUBJIIOITL HalledeKTUBHiIe
KepyBaTy BHeCKaMM aMILIITyAHOTO I eKCTUHKIIIITHOTO MexaHisMiB, Ta
MOKAa3aHO 3HAUHE MOJIIIIIEeHHA AiATHOCTUYHUX MOXKJIMBOCTEH 3a pa-
XYVHOK BILIMBY HA KOTepPEeHTHY KOMIOHEHTY BiZOMBHOI 3JaTHOCTHU
acumerpii audpaxiii. Onucano yMoBHU, AKi OPUBOAATH OO TOTO, IO
nedeKTu MepIioro Kjaacy e(eKTUBHO NPOABIAIOTHCA y AUHAMIUHIN
KapTUHi poscigaHHA AK JedeKTu apyroro kKjacy. lle yMOMKJIUBIIIOE IO-
MTaTKOBO MiABUINMUTUA iH(OPMATHUBHICTL AiATHOCTHUKU 3a PAXyHOK 30i-
JIBIIIEHHA YacTKU AU(Y3HOro pO3CissHHA B IOBHIilM iHTerpaybHiil inTe-
HCUBHOCTI AuHaMiuyHOI nudppaKrIrii.

Pobotry BukoHano 3a (imancoBoi miaTpumku HAH Vkpaiuu (moro-
Bip Ne 28/19-H).
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L AB-dependences of both the ratio of the coherent component of the differential reflectivity
of the crystal with defects to the coherent component of the differential reflectivity of the
perfect crystal (a—6), p;, and the ratio of the coherent component of the reflectivity with
taking into account static factor and diffuse extinction coefficient to the reflectivity with
taking into account only static factor (z—e), p,. Calculations are performed for a single crystal
Si with dislocation loops of radius R=0.02 um and concentration c¢ = 38-107%, radiation
MoK,;, v = 35.27°, reflection (220) (a, 2), reflection (440) (6, 0), and reflection (660) (s, e).

2 See the caption of Fig. 1, but for dislocation loops of radius R = 8.5 pm and concentration
c=2.5-10716,

3 See the caption of Fig. 1, but for dislocation loops of radius R =7 um and concentration
c=4.110",
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HaHOCTPYKTYpPHBINI KOMIO3UT A (POTOKATAJIUTUIECKOTO
npumenenusa 0-g-C;N,/TiO,, mosryueHHBIH CMHTE30M
O-1oMUpPOBAaHHOTO HUTPHAA yIiIepoJa HAa MOBEPXHOCTHU
HAHOYACTUIL aHATa3a

M. 3. Bougapenko, II. M. Cuneuko, }O. M. Cononun, A. B. Paryns,
H. . T'y6apenun, M. H. 3aropsusriii, O. I0. XumxyH, H. JO. Ocranmosckasa

Hucmumym npobrem mamepuanogedenusum. . M. Ppanyesuna HAH Yrpaunut,
ya. Kpacuaicanosckozo, 3,
03142 Kues, Yxkpauna

HoBeiii HaHOCTPYKTYPHBINI KoMmmosuTHbIi Mmatepuan 0-g-C;N,/TiO, (dasa
aHaTas3a) CUHTE3WPOBAH raso(asHBIM METOAOM IIOCPEACTBOM ocakaeHus O-
monmpoBanHoro g-C;N, Ha HaHOpasMepHBIEe YaCTHIBI IIOPOIIKa aHaTasa (C
pasmepom dyacTtuil, = 10 HM) B 0COOGBIX PEAKIIMOHHBIX YCJIOBUAX IIHUPOJIM3a
MeJaMHHa B IPUCYTCTBUU (PUKCHPOBAHHOTO 00bEéMa Bodmyxa. Ocaxkaenue O-
g8-C;N, (25-6% 0O) Ha TOBEePXHOCTM HAHOYACTUI[ IIOPOIIKa aHATasa IO-
TBEPIKIAaeTCd MeTOAaMM PeHTreHOo(a30BOTO aHAIM3a, CKAHUPYIOIIeH dJeK-
TPOHHON MUKPOCKOIINU, PEHTTeHOBCKOM (POTORJIEKTPOHHON CHEKTPOCKOIINU
u wuHppaKpacHOH# CcIeKTpockonuu ¢ Qypbe-ipeobpasdoBanuemM. COM-
Mukpodororpadpum HaHouactun, kKommosura O-g-C;N,/TiO, (amaras) meMoH-
cTpupyloT pacnosokeHnue TiO, B BuUAe OTAENBHBIX TJIOOYJIAPHBIX HaHOYA-
CTUIl U T'PO3JAed MeXKIy MJAaCTHHAMU ¥ B KaHaJlaX IIOPUCTBHIX YeIIyHdYaThbIX
mnactuH O0-g-C;N,. Merogom Y®- 1 BUAMMOI CIEKTPOCKOINU YCTAHOBJIEHO,
uyto B paxy or g-C;N,/TiO, no O-g-C;N,/TiO, B cnekTpax Habaiomaercs Oa-
TOXPOMHBIN CABUT IJUHHOBOJHOBOTO Kpas MOJIOCHI (PYHAAMEHTAJIBHOTO IIO-
TJIOIIIEHUs, a IMUPUHA 3alpeIléHHoN 30HLI yMeHbInaercs oT 2,6 3B mo 2,3
3B coorBercrBenHO. CmHTE3 HaHOCTPYKTypHOro kKommnosura 0O-g-C;N,/TiO,
(basa amHaTasza) OZHOCTAOIMIHLIM METOJOM MOKET OBLITh MCIOJB30BaH KaK
9KOHOMUYECKU 3P (PeKTUBHBIN cnoco6 m30erKaTh HeJOCTATKOB KasKIOro KOM-
TIOHEHTa M Peajin30BaTh CUHEpPrudYecKuil shdeKT co3qaHusA 0OJbIIETro YucJia
IEHTPOB aJcopOIuy M aKTHUBHBIX IIEHTPOB PEaKIMU BCJEICTBUE AOINPOBAa-
HUA aToMaM! KUCJOPOoJa U KOHCTPYUPOBAHUS TeTepolepexofa s IIOBbI-
meHus POTOKATAIUTUUECKON aKTUBHOCTU MaTepuaa.

HoBuii HaHOCTPpYKTYpHUII KommosuTHuit marepian O-g-C;N,/TiO, (dasa

aHaTasy) CHHTE30BaHO ra30o()asHOI0 METOJOI0 3a JOIOMOTOI0 ocamkeHHsa O-
momoBaHoro g-C;N, Ha HAHOPO3MipHI YaCTMHKM HOPOIIKY aHaTasdy (3 po3mi-

265



266 M. 3. BOHOAPEHKO, II. M. CUJIEHKO, 10. M. COJIOHVH u znp.

poM HacTUHOK y = 10 HM) B 0cOOJMBUX peaKIiMHMX yMOBaxX MHipoJisu mesa-
MiHy 3a mpucyTHocTH (ikcoBarHoro o6’emy moBitpA. Ocamxenaa 0-g-C;N,
(2 5-6% O) Ha MOBepXHiI HAHOUACTHMHOK IIOPOIIKY aHATA3y MiATBEPIKYETh-
cA MeToJaMU PeHTI'eHO(as30BOi aHAJIi3MW, CKAaHYBaJbHOI €JIEKTPOHHOI MiKpo-
CKOIIil, peHTTr'eHiBCbKOI (DOTOEJIEKTPOHHOI CIEKTPOCKOIii Ta iH(pauepBOHOI
crekTpockotii 3 @yp’e-nmeperBopom. CEM-mikpodoTorpadii HaHOUaCTHHOK
kommosury 0-g-C;N,/TiO, (aHarasd) meMOHCTPYIOTHL posramryBaHHA TiO, y
BUTJIALL OKPEMUX IJIOOYJIAPHWX HAHOYACTHMHOK i I'DOH MijK IJaCTHHAMU Ta
B KaHajax mopucTux JyckyBatux miaactu 0-g-C;N,. Meromoro Y®- i Bu-
OIUMOI CIeKTpocKomii BcraHOBJeHO, Imo B paxy Big g-C;N,/TiO, mo O-g-
C;N,/TiO, B cumekTpax cmocTepiraerbcs 6aTOXPOMHUH 3CYB AOBTOXBUJIBOBO-
ro Kpamo cMyra (pyHZaMeHTAJLHOTO IOTJIMHAHHSA, a IIUPUHA 3a00pOHEHOI
30HU 3MeHINyeThbcA Bim 2,6 eB mo 2,3 eB BigmoBigmo. CuHTe3a HAHOCTPYK-
typHOoro kommnosury 0-g-C;N,/TiO, (dhasza anaTazy) ogZHOCTaLiiHOIO METOIOIO
MOKe OyTHM BUKODHCTAaHA SK €KOHOMIYHO e(eKTUBHUH CIIOCI0 YHUKHYTH
HEIOJIKIiB KOXXHOTO KOMIOHEHTa Ta pealidyBaTH CHUHePriiiHuil edeKT CTBO-
PeHHA OiIBIIOro YMcJa IEeHTPiB ajacoplbiii I aKTHBHUX IIEHTPIB peakIrii
BHACJiMOK momyBaHHA aromamu OKCUI'€HY Ta KOHCTPYIOBAHHS reTeporepe-
XOOy AJA MiABUINEHHS (POTOKATAJITHYHOI aKTUBHOCTU MATEPiddy.

The new nanostructured composite material O-g-C;N,/TiO, (anatase phase)
is synthesized by means of the gas-phase method by deposition O-doped g-
C;N, on nanosize particles of anatase powder (with a particle size of =10
nm) under special reaction conditions of melamine pyrolysis in the pres-
ence of fixed volume of air. The deposition of O-g-C;N, (= 5—6% O) on the
surface of anatase powder nanoparticles is confirmed by x-ray phase anal-
ysis, scanning electron microscopy, x-ray photoelectron spectroscopy and
infrared spectroscopy with Fourier transform. SEM micrographs of the O-
g-C;N,/TiO, composite (anatase) nanoparticles demonstrate the arrange-
ment of TiO, as separate globular nanoparticles and clusters between the
plates and in the channels of the porous bladed plates O-g-C;N,. Using the
UV and visible spectroscopy, it is found that, in the series from g-
C;N,/TiO, to 0-g-C;N,/TiO,, a bathochromic shift of the long-wavelength
edge of fundamental absorption band is observed in the spectra, and the
band gap decreases from 2.6 eV to 2.3 eV, respectively. The synthesis of
the nanostructured O-g-C;N,/TiO, composite (anatase phase) by means of a
single-stage method can be used as a cost-effective way to avoid the dis-
advantages of each component and to realize the synergic effect for creat-
ing more adsorption centres and active reaction centres due to doping
with oxygen atoms and the construction of a heterojunction to increase
the photocatalytic activity of the material.

Karouessie caoBa: Hanokomnosutr 0-g-C;N,/TiO,, armaras, O-zonnpoBaHHBIN
HUTPUJL yriiepojaa, MeJaMuH, (hOTOKATAIN3aTOP, ITUPOJIU3.

Karouosi caosa: manoxkomnosur 0-g-C;N,/TiO,, amarasz, O-gomoBauuii HiT-
PHUI BYTJIEII0, MeJIaMiH, ()oTOKaTarizaTop, mipoJisa.

Key words: nanocomposite 0O-g-C;N,/TiO,, anatase, O-doped carbon ni-
tride, melamine, photocatalyst, pyrolysis.
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(ITonyueno 3 dexabpsa 2019 e.; okonuamenvHas eepcus — 12 dexabps 2019 2.)

1. BBEAEHUE

OrpoMHBIZI HAaYYHBIA M OPaAKTUUYECKHI MHTEpPEC K TeXHOJOTHUECKUM
mpoiteccaM (hOTOKATAIUTHUUECKON OUYMCTKY BOABI M BO3AYyXa OT TOK-
CUYHBIX OPraHMYECKUX IIPUMECEll M HaTOTeHHON MUKPOQJIOPELI, OCY-
IIECTBJIEHNA CUHTE3a BOJOPOJAA C HMOMOIIBLIO (hOTOJSIM3a BOABI, a TaKIKe
dororaramuTuueckoro BoccranosyieHua CO, no CH, u ero romoJsioros
00yCJIOBJIEH T€M, YTO OHM HANpPAaBJIEHBLI HA peIlleHue TJIO0ATbHBIX TIPO-
0sem smHeprocoepe:xenus [1-7]. Cosmanue cOBpeMeHHBIX MATEPUAJIOB
Ha OCHOBE IOJIYIPOBOJHUKOBBIX CHCTEM, 00eCIIeurnBaOIUX MCIIOJIb30-
BaHUWe COJHEYHOTO M3JIYUeHWs B KauecTBe HEUCUEPIIAEeMOTO UCTOYHU-
Ka pHeprum — OJHa u3 Hambojiee aKTyaJ bHBIX 3aJa4 MaTepHUasOBele-
HUA.

I'paduronomobubIil HUTPUA yriaepona (g-CsN,), XxapaKTepusyroInii-
cA KaK [JeIEéBLIil B M3rOTOBJIEHUM, HETOKCHUYHBIA M XMMUUYECKHU BbI-
COKOCTOMKMI MOJTUMEPHBIN MaTepuaj, IPUBJIeKaeT 0co00e BHUMAHUE
B KauecTBe MEPCIEKTUBHOTO (poTOKaTammsaTopa JJid BO30OHOBISIEMOI
(3enéHoi1) sPHEPreTUKMU, CIOCOOHOI0 IIOTJIONIATh BUAUMEIN cBeT. OmHa-
KO, KakK (poToKaTaams3aTop HUTPHUA yrJiepoja obJiafaeT PAAOM HeIO-
CTAaTKOB, B YaCTHOCTH, INTMPUHA 3ampelrnéunuon 3oubl g-C;N, cocraBis-
eT = 2,7 3B, UTO IO3BOJISAET MCIIOJB30BAThL TOJLKO UACTh BUAUMOI 00-
JIACTU COJIHEUHOI'O CBeTa C IJIMHOM BOJHBI 1o = 460 M.

CnemoBaTelbHO, aKTyaJbHON 3ajauvell HnJs paciimpeHud chepsl
MpUMeHeHUA HUTPHUA YIJepoja SBJISETCA ONTUMHU3AIUA ero KaTaju-
TUYECKUX, SJeKTPOHHBIX ¥ OINTHYECKUX CBOMCTB, B UACTHOCTH, IIO-
cpeAcTBOM MOAMMUIIMPOBAHUSA ITUPUHBI 3aMpPEIEéHHoH 30HbI. I10aTo-
My OOBEKTOM BO3PACTAIOIIeT0 MHTEpeca MCCJIefoBaTelell CTAHOBUTCA
MONMUPOBAHHBIN aToMaMu APYTUX 3JeMeHTOB (MerasuioB [8, 9] miam
HeMeTaJlJIoB, B ocobenuocTu KucJygopoza [7, 10-19]) g-C;N,. Ilepsrie
HUCCJEIOBAHUA MTOKa3aJul, UTO MOAUMUIIMPOBAHHBIE KMNCJIOPOIAOM 00-
pasiubsl HUTpHAA yrjaepona 06ojiee aKTUBHBI KaK (POTOKATaIM3aTOPHI
(®PK), uem Gecxucmoponusniii g-C;N, [7, 10—-19]. TomupoBaHMe KHCJIO-
pozmom cmocobcTByeT 3(hGEKTUBHOMY pasiesieHuio (OTOTeHEePUPOBAH-
HBIX BJIEKTPOHHO-IBIPOYHBIX ITap ¥ IIOJaBJEHUIO IIPOIECCOB HMX pe-
KOMOMHAIMM, pAacIIUpeHWI0 Aualas3oHa IIOTJIOIIeHusA cBeTa. B pe-
gyJabTaTe TpaHuIa (GOTOUYBCTBUTEJILHOCTU JIETMPOBAHHOI'O KMUCJIOPO-
mom Hutpuza yriaepoma O-g-CsN, B BUAUMOM CHEKTPE CIBUTAETCA
10500 um u Gomee [10-12, 14, 15]. Habarogamock cylliecTBeHHOE
noBsilieHrEe 3Q(PeKTUBHOCT (POTOKATAIUTUUYECKOIO BbIJEJIeHUS BO-
JIOPO/ia M PA3JI0KEHUA TOKCUUYHBIX OPTaHUYECKUX COEIMHEHUMN BCJIe-
crBue O-moampuImpoBaHua HUTPUIA yriepoaa. Hampumep, Jerupo-
BaHHBIN Kucsopomom g-C;N, neMOHCTPUPYeT MPeBOCXOAHBIE (DOTOKA-
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TAJIATUUYECKNE XapPaKTEePUCTUKN CKOPOCTH (poTomerpasanuu pogaMuHa
B (RhB) 0,249 Mua ' u cKOpocTH BBIJeJeHHA Bojopoza 3174
MKMOJELY T ',uTo B >385 pas u B =4 pasa BbIllle, YeM y OOBIYHOTO
yuctoro g-C;N, (0,007 mun ' u 846 MKMOJbLY '-I"' COOTBETCTBEHHO) B
sugumom cBere [1]. Karaausarop, comepakamnuii 40% mopuctoro O-g-
C;N,, moxxer pasnaraTh 6uchenon A (15 mr-m') B Teuenue 240 mu-
HyT [18]. OOpabGoTaHHBIA O30HOM HUTPHUI VYIJIEepoJa YBeJINUUBAET
KOHCTAHTHI (poToKaTamuTuueckon gerpaganuu RhB nmpumepno B 6 pas
[14], yckopseT doTopasio:KeHNe MEeTHUJIeHOBOTO CMHEro B 5 pas u B 2
pasa yckopser obpasoBanme H, mo cpaBHeHHIO ¢ HeoOpaOOTaHHBIM
HUTPHUIOM yIJepoja.

B uccnemosanuu [13] mokasano, uro JerupoBauubiii O-g-C;N, mpo-
aBjaseT B 6,1 pas 0ojiee BBICOKYIO aKTHBHOCTbL PEAKIINU BbIJEJICHUS
Bomopoza (C Kakylelics KBaHTOBOH sdderTuBHOCTHIO 7,8% mpu 420
HM), ueM HemomupumnupoBauubiii g-C;N,. IIpu mcmonbsoBaHUU Tep-
MUYECKHN OKMCJIEHHOI'0 MOPHUCTOIO0 HUTPHAA YIJIEPOJa CpeaHee BhIJe-
JeHre  (POTOKATAIUTUUECKOrO  BojopoJa B  0oO0BEMe 1430,1
MKMOJIB'T 4 ' JocTUraeTcss 3a 8 4acOB IPU OOJYUEeHUM BUAMMBIM
cBeTOM, uTO B 4,3 pasa BbIllle, ueM ucXomHOro obpasmna g-C;N, (334,3
MEMOJLT u ') [12]. ITo gamEBIM [16] cKOpPOCTHL BBIAENeHUS (OTOKA-
TAJIATUYECKOIO0 BOAOPOJA IIPH MCIIOJb30BaHUU JernpoBaHHOro O-g-
C;N, B 13,9 pasa BbIllle, ueM aaa HegonupoBaHHoro g-C;N,. Cormacuo
[15], merupoBaHme KHCJIOPOAOM U3MEHsSET CBOICTBA HUTPUI-
YIJIePOAHOro KaTaau3aTopa, HIPUBOLSA K MOBLIIIEHHON (POTOKATAIUTHI-
yecKoi cmocobHocTu K obpasoBauuio H,0,, 6osee uem B 7,6 pas BbI-
e, yem y umcroro g-C;N, [15]. OTmeTuM, UTO HEeMHOTOUMCJIEHHLIE
M3BECTHEIE CIIOCOOBI (PYHKIIMOHAMU3AUN KHCJIOPOAOM HUTPHULA YIJIe-
poZa IpencTaBJSIOT cO00N MHOrocTaguiiHble (KaK MUHHMYM IBYXCTAa-
IUHBIE) METOJbI, TAK KAK IIPEAIIOJIAralT IOCT-CUHTE3HYI0 00paboTKY
030HOM, a30THOM KHCJIOTON HJM IIePEeKKCHhI0 BOJZOPOLA IIPEABAPUTEIID-
HO CUHTe3MPOBaHHOTO HemomupoBanumoro g-C;N, [10-12, 18, 19].
Hanpumep, B [10] O-g-C;N, (mo 7% O) moayuaaum IMOCPEICTBOM IIpej-
BapuUTEJNbHOTO cuHTe3a OecKkuciaopoxmoro g-C;N, c¢ mocaenyrorieit
npauteabHoi (6omee 10 u) 06paboTKOII ero mepeKuchio BOAOPOIa B Te-
daonoBoM aBTOKJaBe mpu 140°C. B HUucTtuTryTe mpobyieM MaTepuao-
Benenusa HAH VYxkpawunsr (MIIM) BuepBble TPEAJIOMKEH OJHOCTAMUI-
HBIII MeTOJ IIPSIMOrO CHHTE3a AOINPOBAHHOIO KIKCJIOPOAOM HUTPHUIA
yraepoaa B 0co0bIX ycaoBuAx muposausa [20, 21] mupuguna [22], me-
adamuHa [23], moueBuHBI [24—26] uau cMecu ITUAHYPOBOM KUCJIOTHI U
MOYEBUHEI [27].

Hapsgy ¢ meromoM MOAM(MUIMPOBAHUA KHCJIOPOAOM HUTPHUAA YI-
Jepoja nJas yBeanueHus aktuBHocTH @K Ha ero ocHoBe IepPCIEKTHB-
HBEIM TaKKe SABJSETCA APYroi IIOAXOH: CO3JaHNe OMHAPHBIX KOMIIO-
BUTHBIX (DOTOKATAIUTHYECKMX MAaTepUaJioOB, B UYACTHOCTH, g-
C;N,/TiO, [2-5]. duoKkcun TUTaHA OTHOCUTCA K IIOJYIPOBOAHUKAM C
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IIUPOKON INMUPUHON 3ampeltéHHoi 30HLI (= 3,2 8B mma amarasa) u
ABJSETCA OJHUM M3 CAMBIX DPaCIPOCTPAHEHHBIX (POTOKATAIM3aTOPOB
Onaromaps [AeleBU3HE, IIPOCTOTE B MBTOTOBJIEHWM, OTCYTCTBUIO TOK-
CUYHOCTU U YCTOMYMBOCTH B (DOTOKOPPOBMOHHBIX PACTBOPAX BJIEKTPO-
autoB. Opmako mnpumenenme TiO, B KauecTBe (oToKaTaIM3aTOPa
OTPaHUYEHO PAIOM HEJOCTaTKOB, B YaCTHOCTM HUB3KON KBaHTOBOM
3(h(peKTUBHOCTBIO TIpoIecca M3-3a OOJIBINIENl CKOPOCTH PEKOMOWHAIIN
doToreHepUPOBAHHBIX 3JEKTPOH-ABIPOYHBIX Tap, YeM CKOPOCTH 3a-
xBaTa (POTOreHEepPHUPOBAHHLIX 3apPALOB M, IJIaBHOE, OrPAHUYEHHBIM
yabTpadmosieToBO 00JIACTHI0 CHEKTPOM IIOTJIOIIEHUS, KOTopad Co-
craBiasger MeHee 7% wusnyuenus CoJiHIIA, UTO AejaeT HEBO3MOMKHBLIM
HMCIIOJIb30BAHNE JHEPTUM COJHEUHOro cBerTa. OTIMUNTENbHON uepToii
doToKaTAIUTHUYECKUX MATepuayioB Ha ocHoBe Kommoaura g-Cs;N,/TiO,
SABJSETCA HaJIUYWE TeTePOIEePEXOIOB, KOTOPHIE CIIOCOOCTBYIOT pasie-
JIEHNIO0 3apdAfa B (oToKaTajimsaTopax U, COOTBETCTBEHHO, yBeJIUUe-
HUI0O KBAHTOBOTO BBIXOJla IIEJIEBOTO IIporecca. Psamom wmcciemoBaHU
[2—5] mokasano, uTo cuHepreTudecKkuii sddext KomOmuanuu g-C;N,
u TiO, (B uwacTHOCTH, (ha3pl aHaTasa) IPUBOIUT K YJIYUIICHUIO IIO-
TJIOIIEeHUA BUIUMOTO CBETA W YCHUJIWBAET (POTOKATAIUTUYECKYIO aK-
TUBHOCTDb, B YACTHOCTHU, IJIA MWHAKTUBAIIMYU OAaKTepUil B BOJE IIO]] BO3-
IeiicTBMEeM BUAMMOTO cBeta [6].

OgHako, MpU MCIOJb30BAHUM KOMIIOBUTA Ha OCHOBE HEIOIMPOBAH-
vHoro g-C;N,/TiO,, TakKe Kak ¥ TPU WCIOJH30BAHUU OOBIYHOTO g-
Cs;N,, BOBMOKHO OTpaHMYEHHOE WCIIOJIL30BAHWE COJHEUHOIN SHEPIuH,
T.K. OHM TPOABJIAIT (POTOAKTUBHOCTL TOJILKO B OJMIKHEN CUHEH 00-
JacTu BUAMMOTO cuekTpa (¢ aiauuHOoi BosHBI MeHee 460 mm). Ilo-
CKOJIBKY Yy MOAU(MUIIMPOBAHHBIX KHCJIOPOJOM 00pasIioB, CHHTE3UPO-
BaHHBIX B UIIM, (poTOUyBCTBUTEIHLHOCTD ITPOABJIAETCA IIPAKTUUYECKU
BO BCceH 00J1aCTM BUAMMOIO CIIEKTpa, IOJaraeM, UTO IJIA HOJYyUYeHUS
HOBOTO 3(P(EKTUBHOTO MHOJYIPOBOJHUKOBOrO (POTOKaATAIM3aTOPa XO-
porieii crparerueii aBiadeTca coueranue O-gmommpoBanHOro g-CsN, ¢
TiO, B (haze aHarasa.

2. OKCIIEPUMEHTAJBHAA METOJUKA

OcaskeHre IONMPOBAHHOIO KMCJIOPOAOM HHUTPHIA yrjepoia Ha IIo-
BEPXHOCTh HAHOUYACTHUIL[ aHATA3a OCYIIECTBJSJIN B COOTBETCTBUU C OJI-
HOCTAAUMHBIM METOIOM, paspaboranHbiM B WIIM niasa cuHTEe3a KOM-
mosura 0-g-C;N,/TiO, (dbasa pyrusna) [28]. B cBooo ouepenb, ocarkie-
HIe JIErMPOBAHHOI'O KIHCJIOPOJAOM HHTPHIA YIJIEPOJa HA YACTHUIBI IIO-
POIIKa pPyTHUJa HPOBOAUIN B COOTBETCTBHUHU C raso(asHbIM METOLOM
MIPAMOro CHUHTe3a MHAWBUAYaJbHOTO moporika O-g-C;N, B 0coOBIX pe-
AKIIMOHHLIX YCJIOBHAX muposusa Menamuua [23]. Oco6eHHOCTHL OIHO-
craguiiHoro Meroga (MCKJIOUAOINEro IIPeIBapUTENbHBINA CHUHTE3 Oec-
KucJyoponuoro g-C;N, ¢ mocienymoIuM ero OKHCJICHHEM) IIOJIYYeHMs
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MOMMPOBAHHOTO KMCJIOPOAOM HUTPHAA YIJIEPOJA 3aKJIIYAETCSA B TOM,
yro 0-g-C;N, obpasyerca B IPUCYTCTBUU (PUKCHUPOBAHHOTO OOBHEMA
BO3IyXa B IIapOTa3sOBOM DPEaKIIMOHHOM IIPOCTPAHCTBE U IMIPEUMYIIfe-
CTBEHHO JIOKAJM3YyeTCA IIOCPEICTBOM OCAKIAeHUS B 0ojiee HU3KOTEM-
mepaTypHBIX (OTHOCUTENbHO HamboJsiee BBICOKOTEMIIEPATYPHOI 30HEBI
JIOKaJIM3aIuM IIPEeKypcopa) 30HAX KBapleBoro peakrtopa. C 1mesabio
MOJyueHUsa HAHOCTPYKTypupoBamuoro npoaykra 0-g-C;N,/TiO, (dasza
amaTasa) MCCJeMOBAaHUA IIPOBOAWJMN IIPU BaphbUPOBAHUU Pa3TUUHBIX
TexXHOoJormuecKuX (BuI6op sombl jJokanmsanuu O-g-C;N, Ha uacTumax
amaTas’a) W DPEaKIMOHHBIX (TeMIlepaTypbl WM BpeMeHU TpeOhIBaHUA
mpeKypcopa B Hambojiee BBICOKOTEMIIEPATYPHOH 30HE) IIapaMeTpOB.
O0Opasisl 6JyiegHO-KENTOTO IIBeTa mopoInka kKommoaura 0-g-C;N,/TiO,
(aHaTasHoO# (hasnl) IMOJyUATH TepMOoOpaboTKol MemamuHa mpu 540-—
580°C B Teuenwune 0,5—1,5 u.

CuHTe3upoBaHHBIEe 00pas3lbl OLIIM ATTECTOBAHBI METOJaMIU PEHTTe-
HodazoBoro amanusa (PPA), ckaHUPYIOIEH 9JTeKTPOHHON MHUKPOCKO-
nuu (COM), pEeHTTeHOBCKON (POTOJeKTPOHHON CHEeKTPOCKOIUN
(P®3C) wu wundpaxpacuoir (MK) cmekrpockonuum ¢ Qypbe-
npeobpasoBanuemM. ONTHUUECKUE CBOCTBA CUHTE3WUPOBAHHBIX MAaTEpPH-
aJIOB MCCJIEMOBAHBI ITOCPEACTBOM yabTpaduosieToBoii (YP) u Bugumoit
CHEKTPOCKOIINH.

Kpucrannuueckasa CTPYKTypa CHHTE3WPOBAHHBLIX ITOPOIIKOB ObLIA
ompesieIeHa METOIOM PEHTreHOo(ha30BOTO aHAJIM3a C MCIOJh30BAHUEM
mudppaxrTomerpa YM-1 (CuK,-msiayueHme C HUKeEJIEBLIM (PUILTPOM,
A=0,154 am) B reomerpuu DBparra—Bpenrano (20=5-60°). Mex-
ILJIOCKOCTHOE paccTosHue (d, HM) PacCUMTHLIBAJIUA C IIOMOIILIO ypaBHe-
HuA Byasgha—DBparra.

deKTpoHHBIE MUKpodoTorpadhuy 006pasioB PETHUCTPUPOBAIUA HA
cKaHUpYyMoIIeM djJeKTpoHHOM Muxpockone MIRA3 TESCAN. O6pas-
IIBI TIOPOIIKOB B KosmyecTBe 10 MI HAHOCHJIM Ha OTIIOJMPOBAHHEIE Si-
ILJIACTUHBI (5X5 MM) ¢ TMOCHAEAYIONIMM HANbLIEHUEM 30JI0Ta TOJITUHOMN
30 HM B TeueHue 15 MUHYT.

Cuoextpsl UK B pekuMe oTpaskeHUA ObLIM 3alMCaHBI B JUATIa30HE
or 4000 mo 400 cM ' co cCIeKTpaJbHBIM paspelleHHeM 8 ¢M = ¢ HC-
monb3oBaHueM crnekTpomerpa Nicolet Nexus FTIR (Thermo
Scientific). Mccaenyemblie o0pasibl OBLIN CIIPECCOBAHLI B TAOJETKU C
opomucTeiM KasueM B coorHoineHuu 1:100. PentrenHoBckue ¢oro-
aJeKTpoHHBIe (P®Y) creKTpbl 00pasioB ObIIM M3MepeHbl Ha (oTo-
SJIEKTPOHHOM cIeKTpoMmeTpe mpousdBogcTBa SPECS Surface Nano
Analysis Company (I'epmanuda) c moaychepruecKUM aHaJIN3aTOPOM
PHOIBOS.

CrnexTpsl nud@dy3HOTO OTPaAKEHUs B YJIbTPA(UOIETOBOM U BUIU-
moMm auamnasoHe (200—1000 um) ObLIM 3amucaHbl HA CHEKTPOQOTOMET-
pe Perkin-Elmer Lambda Bio 35 UV-Vis ¢ uHTerpupyioieii chepoii
Labsphere RSA-PR-20 (¢ umcmonb3oBanumem BaSO, B KauecTBe cTaH-
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IapTa paccedHMs) WM IIpeoOpasoBaHbl B KoopamHaTax Gyurinuum Ky-
O6enxku—Mynka [29]. Ilupury sanpemésHOR 30HBI (E,) IOTy4YeHHBIX
00pasIioB OLIEHWBAJIKM B TOUYKE IE€pPecedyeHuss C OCbhbio abciiucc Kaca-
TeJIbHOII, MOCTPOEHHON K [IJIMHHOBOJHOBOMY KpAalo IIOJOCHI (PyHIa-
MEHTAJILHOI'O IIOTJIOIIeH! .

3. PE3YJIBTATBHI U UX OBCYHKIAEHUE

IIpu TepmoobpaboTke mMemamuHa B Teuenue 0,5, 1,0 u 1,5 u B Haubo-
Jlee BBICOKOTEMIIEPATYPHON peaKIMOHHON 30He mpu 575°C, B mome-
IMEHHOM B HU3KOTEMIIEPATYPHYIO 30HY KepaMUYeCKOM THUTJE C IIO-
POIIIKOM aHaTasza o0pas3yIOTCs IIOPOIIKOOOpasHbIe IIPOAYKTHI, 0003Ha-
yenubpie kKax 0-g-C;N,/Ti0,-0.5h, 0-g-C;N,/TiO,-1.0h u O-g-
C;N,/TiO,-1.5h coorBeTcTBeHHO. CHHTE3UPOBaHHBIE IOPOIIKU OGJIe]-
HO-’KEJITOTO IIBETa, OTTEHOK KOTOPBIX CTAHOBUTCA 0OJiee HACHIIIEH-
HBIM C YBeJMUYEHNEM BPEeMEHU TEPMOBLIIEP;KKH. B OIBITaX HCIIOJIb30-
BaH IIOPOIIOK aHaTasa (paspaborxa WIIM); cbIpbéM AJd ero mojyue-
HuA OblIa CycIeH3uA TUApaTUpoBaHHOTO amokcumga tutana TiO(OH),
(MeTaTuTaHOBAsA KUCJIOTA), KOTOpAA ABJIAETCA IIPOAYKTOM IIPOMEIKY-
TOYHOH CTaAuM mepepabOTKY TUTAHOBHIX KOHIIEHTPATOB M IIJAKOB Ha
ITAO «Cympixumnpom». UTOOGBI HOATBEPAUTL COOTBETCTBUE MPOIYK-
ToB coctaBy kKommoautra 0-g-C;N,/TiO,, B sKcmepuMeHTe TaKiKe WC-
mosb3oBau mopolnku uucTeix O-g-C;N, (paspaborka WUIIM [23]) u g-
CsN,.

AHaIn3 CTPYKTYpPhI CHUHTE3MPOBAHHBLIX KOMIIO3UTHBIX 00pas3ioB (1
B3ATHIX MOJA cpaBHeHua mopoinkoB 0-g-C;N,, g-C;N, m mcxomHOTO
TiO, aHaTasHO# (pasbl) MPOBOAMJICA METOAOM PEHTTeHOBCKOM [U-
dpakmuu c¢ wucnoabsoBanueMm guppaxromerpa [[POH-2M (CukK,-
uanayuenne, Ni-puasrp). Ha audpakrorpamMmax BceX CHUHTE3UPOBAH-
HBIX 1pu bH75°C KoMIO3uUTHBIX 00pasmoB (puc. 1, Kpusble 2, 3)
HabmomaoTcsa pedieKCchl, MPUCYTCTBYIOINE KaK B PEHTreHOTpaMMe
YMCTOTO AUOKcuza turama (puc. 1, KpmuBasg I), Tak M B PEHTTEHO-
rpaMMax J[JOIMPOBAHHOTO KHCJOpomoMmM Hutpupaa yriepoma 0O-g-C;N,
(puc. 1, kpuBada 4) u Hemonupoauuoro g-C;N, (puc. 1, xpuBas 5).

Kpome Toro, B peurrenorpamme ob6pasmna O-g-C;N,/TiO,-0.5h, mo-
JIyUYEHHOI'0 TpPY HaWMeHbIIIeM BpPEeMEeHU TEePMOBBIAEPIKKM, HaOJoma-
IOTCA CJIeAbI OCTATKOB IIPEKypcopa — OUYeHb cyabble pedJieKchbl MeJia-
MuHa mpu 20=26,2° u 13,2°. Haligemnble 3HaUEHUS IIapaMeTPOB
CTPYKTYPBI IUOKCHUIA TUTAHA COOTBETCTBYIOT JUTEPATYPHBLIM JAHHBIM
IUIsT KPUCTAJINYECKON MoampuKammu aHaTaza. XapaKTepHble MTUKU
opu 20=25,4°, 37,0°, 37,9°, 38,7°, 48,3°, 54,1° u 55,4°, orBeuarlo-
e maocKocTaMm amartasa (101), (103), (004), (112), (200), (105) u
(211) cooTBeTCTBEHHO, UAEHTHU(MUIIMPOBAHBI C IIOMOINBLIO 0ashl IaH-
vEIX (JCPDS 21-1272). B peHTreHorpamMmax JOIMMPOBAHHOTO KUCJIO-
pomom O-g-C;N, (puc. 1, kpuBasa 4) u 6eckuciaoponuoro g-C;N, (puc.
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Puc. 1. [udpakrorpammsbr mopoikoB: I — TiO, (amaras); 2 — xommoaura
0-g-C;N,/Ti0,-0.5h; 3 — kommosuta O-g-C;N,/TiO,-1.5h; 4 — 0-g-C;N,; 5
— g-C;N,.!

1, xpuBas 5) IPUCYTCTBYIOT [OBa XapaKTepHBIX pedJexca MOpu
20=27,56° (002) u 12,4° (100), cooTBeTcTByIOIIUX 0ase MJaHHBIX
(JCPDS 87-1526). Pedaerxc npu 20 =27,5° xapaKkTepusyeT PaccTOs-
Hue (= 0,324 HM) MEXIY CMEKHBIMU HUTPUI-YTJICPOIHLIMY MOHOCJO-
AMU, CBSI3aHHBIMH cuaaMu Bam-mep-Baanbca. Vinupenue mM yMeHb-
IIIeHre MHTEHCUBHOCTH 3TOT0 muKa B peHTreHorpamme O-g-C;N, (puc.
1, xpuBasa 4) CBA3BIBAIOT C Pa3yMOPAAOUYEHMNEM CJIOMCTON CTPYKTYPHI
JOIMMPOBAHHOTO KMCJOPOAOM HHUTPHIA yrJepoja M3-3a IIPUCYTCTBUS
KHCJIOpOAcoAepKaMnX (GpyHKIIMOHAJBHEIX rpyt [1].

Anajornuboe yIIupeHHe IHNKA, OTBEYAIOIIEro Me:KCJIOMHOMY pac-
CTOSAHMIO, HAOJIOJAETCA M B PeHTreHorpaMMmax o0pasIioB KOMIIO3UTA
0-g-C;N,/TiO, (pmc. 1, rpussie 2, 3). Cunabbrii pediexc mpm 12,4°,
orBevapmuii nepuogmuHocTu (= 0,714 HM) MeKIYy UepPemyIOIMTMMUCS
reITasMHOBLIMU (PparMeHTaMHK B IIpeJesiaXx OTAEJbHBIX MOHOCJIOEB g-
C;N,, Ha pPEHTreHOBCKUX Au@paKTOorpaMMax 00pasIioB, COMEPIKAIIUX
ITOTMUPOBAHHBIA Kucaopomom uHutpun yriaepoza (0-g-C;N,, O-g-
C;N,/Ti0O,), mparkTuueckm He HaOmiomaercs. IIpakTuyeckKoe OTCYT-
cTBUe MuKa mpu 12,4° HamboJiee BEPOSTHO CBA3AHO C Pa3pPBIBOM He-
KoTopuIX cBazeii C—N Me:xAy renTasmHOBLIMU (parMeHTAMU W Tpe-
TUYHBIM aToMoM asoTra B miockoctu O-g-C;N, BciaeacTBue IpUCOeRM-
HEHUsS KHCJIOPOACOAEeP:;KalluX I'PYHI. BO3HMKHOBEHINE TOIIOJHUTEDb-
HOTO pedierca (mmpokoe ramo) npu 20 =21,45° (d=0,414 am) Ha
mudpaxrorpamme O-jermpoBaHHoro Hutpuzaa yriaepoza 0-g-C;N,
(puc. 1, xpuBas 4) BBI3BAaHO, YACTUYHBIM HCKAKEHUEM ILJIAHAPHOCTHU
ero monumepHoil cetu ((C¢N,)—N), m3-3a meapomaTmsanuy HEKOTOPBIX
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TeTepOIMKJIOB IIpu okKuciaenuu [23—25]. BakHO OoTMETHUTH, UTO Ha
IudpaKTorpaMMax IIOPOITKoB 6mHapHOro Kommosura (0-g-C;N,/TiO,-
0.5h u 0-g-C;N,/TiO,-1.5h) Takxe oTUET/INBO HAOJIIOZAETCA IIMPOKOE
rajo npu 21,45°, xapakrepHoe aasa O-ZomMpPOBAaHHOTO HUTPHUAA YTIJIe-
poza.

COM BBLICOKOrO paspelleHHs II0OKasajga, UTO o0pasel] MCXOIHOTO
TiO, anmarasuoii ¢assl (puc. 2, @) COCTOUT U3 MATKUX arperaToB pas-
mepom oT 50 mm mo 500 HM, cpemHUI pasMep HearperupoBaHHBIX,
MIPAKTUYECKN MOHOIMCIIEPCHBIX UYACTHI] KOTOPBIX cocrtaBiser 10 mm.
Muxpodororpadpuu moporika TiO, TOKA3BEIBAIOT TJIOOYIAAPHYIO (opMy
"HaHouactul. Kak Bugno m3 COM-mzo0paskeHmnii, 4acTUIbl IOPOIIKA
JTOIMPOBAHHOTO KMCJIOpPOoAOoM HuTpuza yriaepoxa 0-g-C;N, (puc. 2, 6)
COCTOAT W3 HAJNOMKEHHBIX IPYr HaA APYyra PacCHOMUBIINXCHA IIOPUCTBIX

SEM HV: 10.0kV. WD: 4.18 mm 1 | MIRA3 TESCAN| SEM HV: 10.0 kV.
View field: m Det: InBeam 2pm View field: 9.62 pm
SEM MAG: 36.1 kx SEM MAG: 30.0 kx

SEM HV: 10.0 kV WD: 3.96 mm |
View field: 2.72 ym [ 500 nm
SEM MAG: 133 kx

8

Puc. 2. COM-mukpodorTorpadumu mopomkos: TiO, (amaras) (a); 0-g-C;N, (6);
rommosura 0-g-C;N,/TiO,-1.5h (s, 2).2
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YeIIyeK-IIJIACTUH OCKOJIOUHOM (POPMEI, CTPYKTypa IJIACTUH OJM3KA K
rpadpury. COM-muxpodororpadpum HaHOuacTul, Kommosuta O-g-
C;N,/TiO, (amaras) (pwuc. 2, 8, 2) HAEMOHCTPUPYIOT PACIIOJOKEHUE
TiO, B Buse OTAeIbHBIX TJIOOYJIAPHBLIX HAHOUACTHUIL U T'PO3AEH MEKIY
IIJIaCTUHAMU W B KaHasax udemmyidyareix miaactuH O-g-C;N,. Ilpu ne-
3HAUYNTEJNbHLIX YBEJINUYEHUAX OTUETIMBO BHUIHO, YTO B ILIACTHHYATBIX
YacTUIIaX MMEIOTCA MOPhI pasHoro pasmepa (puc. 2, 2).

Ocaxgpenue 0-g-C;N, Ha TOBEPXHOCTH UYACTHUIL IIOPOIIIKA aHaTasa
TakyKe moaTBepikgaerca meromom HMK-cunexkrpomerpuun. VsBecTHO, UYTO
KoJsiebaTeJabHBIE CIEKTPHI (pumc. 3) KaK HegomupoBaHHOTO, Tak u O-
MOAUPUIIMPOBAHHOIO HUTPUAA YIIEPOLa COAEPKAT PAJ MHTEHCUBHBIX
XapaKTepuCTUUYeCKUX II0JOC IorJolneHus B wmHTepBase 1200-1650
cM ! m moJsiocy morsomeHus OKoso 810 cM !, oTBeualonIyio BHEILIOC-
KOCTHOMY Ie(OpMAIlMOHHOMY KOJIE0AHHIO TPHA3SMHOBOrO IHKJAa. Ilo-
gocel morgomneHus B UK-cmexktpe g-C;N, (puc. 3, xpuBaa 1) mpu
1635, 1564, 1462, 1328, 1245 cM ! COOTBETCTBYIOT BaJIEHTHBIM KOJIe-
banumsam apomarndeckux CN-cBssell KOHAEHCHPOBAHHBIX a30TOCOLEP-
sKamux rereponukaos. CienyeT OTMETUTh, UTO B CIIEKTPax o0pasIios,
cogepskamux O-IOMMPOBAHHLIN HUTPHUL Yyriepoma, HaOJIIOZaeTcs He-
3HAUYNTEJNBHLIN KPACHBLIM CABUI 3HAUCHUN XapaKTEePUCTHUYECKUX KO-
nebarnii umHTepBase 1200-1650 cm'. Hampumep, B MK-cmexTpe
kommosura 0-g-C;N,/Ti0,-0.5h (puc. 3, xpuBag 2) xkoaebanusam CN-
cBsazell B renTasdwHOBBEIX (parmentax (CgN,;) oTBeuaroT mOJIOCHI IIO-
riomenud npu 1641, 1570, 1469, 1335, 1249 cm'. Kpome Toro, mo-
MMPOBaHNE KHCJIOPOAOM HHUTPHUIA YIJEpOoJa IMPUBOAUT K CHUMKEHUIO
VHTEHCUBHOCTH XapPaKTEePUCTUUYECKUX II0JIOC IIOIJIOINEHWS B [IUAalla-
goHe 1200-1650 cM !, uTO TakKe MOXKeT GLITH CBABAHO C YBEJIUYEHU-
eM CTeIeHU Pa3yIOopPSALOYEeHHOCTH CTPYKTYPhI 00pasioB KommosuTa O-

Puc. 3. UK-cuexTps! o6pasmos: I — g-C;N,; 2 — romnosura 0-g-C5N,/TiO,-
0.5h; 3 — xommosura 0-g-C;N,/Ti0,-1.5h; 4 — 0-g-C,N,.?
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g-C;N,/TiO, u, B ocobernnoctu, uncroro 0-g-C;N,.

BakHolt oTamumTenbHON ocobeHHOCThI0O MK-cmeKTpoB 00pasIios,
cogep:kamux O-TOMMPOBAHHLIN HUTPHUL YIrJIepOna, ABJAETCSA IIPUCYT-
crBue (HApsAAy C IIOJIOCAMHU IOTJIOIIEHWSI, OTBEUAIOINUM KOJIeOaHUSIM
CN-cBageit B rentasmuoBbIX (hparmentax (CgN;)), Taxkke ciaabbIX IIO-
JIOC IIOTJIOIIEHHUS KHCJIOPOJACOAEeP KAUX (PYHKIIMOHAJLHBIX TIPYIIII
—OH, >C=0 u —COOH [23-25]. IIux npu 1079 cm ', orBeuaromuii Ba-
geuTHoi Bubpanuu C-0, HApALY C YIIMPEHHOHN IIOJOCOM IIOTJIOIEeHIMs
O-H B o6amactu 3000—3300 cM ' 06BIYHO CBA3LIBAIOT C IPHCYTCTBHEM
IUAPOKCUIBHBIX rpymm. Ciabelii curHan npu 1755 cm ', Hambosee
OTUETINBO IpodABadIuiica B UK-cueKTpe mosydueHHOro npu Hambo-
Jee IJUTENbHOH TepMoobpaborke Kommosuta O-g-C;N,/Ti0,-1.5h
(puc. 3, KpuBaa 3), CBHIETEILCTBYET O (OPMUPOBAHUU KapPOOHUJIb-
HBIX (KapOoKcuIbHBIX) Trpyna. O OPUCYTCTBUM KapOOKCUJILHBIX
rpyna B cuexkTpax mnopomikos 0-g-C;N,/TiO,-1.5h, 0-g-C;N,/TiO,-
0.5h u O-g-C;N, ykaswiBaeT cjabasd moJioca morjomienus mnpu = 2700
cM !, xapakTepHasa a4 cBasu —O-H kapOoKCUILHON TPYIIEL.

OTMeTHuM, UTO HaJIHUYMEe KHCJOPOACOAEPKAINX (PYHKIIMOHAJIBHBIX
rpymai B cTpykType O-g-C;N,, X0pOIIIo coryiacyercsi ¢ JIUTepPaTyPHBIMUI
mamaeiMu [10, 11, 15, 17, 30]. Tem He MeHee, HEKOTOPLIE MCCJIEIOBA-
TeJN CUMTAOT (M TaKyKe MNPeACTABJIAIT yOeSUTeIbHBLIE NOKA3aTEeJb-
cTBa), uTO BHeApeHHe aToMoB O IIPEeHMMYIIeCTBEHHO IIPOUCXOAUT B II0-
JOXKeHUU ABYXKOOPAMHUpPOBaHHOTO aszora [13, 16, 18]. Haubosee Be-
poATHO, uTo B cTPyKType pemérku O-g-C;N, BO3MOMKHO KakK IIPHCO-
eIMHEeHNEe KHCJIOpoJga B BuAe (PYHKIMOHAJLHBIX IPYIN, TAK KU 3aMe-
IeHNre JBYXKOOPAMHUPOBAHHOIO asoTa Kucaopogom [31].

B UEK-cuexTpe mamokommosauta 0-g-C;N,/Ti0,-0.5h (puec. 3, Kpu-
Bas 2) mabmamomaerca xapakTepHbIl maas TiO, caaOblii MINPOKUI CUT-
Han B ob6aactu 500-800 cm™'. Ommako, B cmekTpe o6pasma O-g-
C;N,/TiO,-1.5h, monyuenHoro mpu O6ojiee AJUTEILHOM OCAMKIEHUU
mpeKypcopa, Imupokad mojoca moriornienusa Ti—O-Ti-cBasu yike He
MIPOSBIIAETCA.

MeTomoM PEHTTeHOBCKOM (hOTO3eKTPOHHOU creKTpockonuu (PPIC)
KCCJIEIOBAIN XMMHUUYECKHUI COCTAB M 9JEKTPOHHOE COCTOSHNE aTOMOB
Ha IIOBEPXHOCTH CHUHTE3HMPOBAHHOIO KOMIIOSUTHOr0 Marepuaia. O030p-
Helit P@9-cnexkTp obpasma 0-g-C;N,/TiO,-1.5h (puc. 4) comep:xutr ue-
ThIpE CUTHajJa, Korophkle cooTBeTcTBYIOT Cls-, Nls-, Ols- m Ti2p-
CIIEKTPAJIBHLIM JUHUAM. B yCIOBUAX ocayKIeHMs M30BITKA IPeKypcopa
(MenaMyHA) IIOBEPXHOCTh YACTUI[ IIOPOIIKA AaHaTasa IPAKTUYECKU
[IOJIHOCTBIO IIOKPBITA O-ZONMPOBAHHBIM HUTPHUIOM yrjepoza (o gaH-
HeIM P®IC cozep:xanme TiO, Ha moBepxuocTu obpasia 0-g-C;N,/TiO,-
1.5h memee 10%). 3roT paxT 00BACHSAET caabyI0 MHTEHCUBHOCTH CUT-
Hasa Ti B 0630pPHOM CIIEKTpe. OHeprud CBA3UW 3JeKTpPoHOB Ti2p (mmKu
npu 459,3 u 465,3 aB oraocarca k Ti2p*? u Ti2p'/?) (puc. 5) cooTser-
cTBYIOT cremenHu okucienus Ti'' B amarasmoii (ase muokcujge TuTaHa
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Puc. 4. 0630puLI P®I-cnexTp obpasma 0-g-C;N,/TiO,-1.5h.*

Puc. 5. Ti2p-cnexTp o6pasmna 0-g-C;N,/TiO,-1.5h.°

[2]. CuexkTpanbubie sunauu Cls, N1s u Ols mpexacraBasior coboii accu-
MeTPpUYHble IUKW, YTO YKa3bIBaeT HAa CYIeCTBOBaHWE B HUTPHUI-
YIJIEPOJHOM CeTKe PAa3HbIX THUIOB XMMHUUECKMX CBSA3ell MexxJy aroma-
MU a30Ta, yrjiaepoja M KHCJI0POoJAa, KOTOpPble MOTYT OBITh 3aMETHHI IIPU
Pas3IoKeHUM CJIO0KHBIX CIIEKTPOB HA WHAWBUAYyaJNbHBIe OuUKH. laa
KasKIOTO M3 TPEX CIEKTPOB AEKOHBOJIONMA NUKOB ObLIA cAejaHa ABY-
MSA TayCCOBBIMU JUHUAMMU.

ITuk Cls (puc. 6) BKJIOUAET [Be BCeraa MPUCYTCTBYIOIE B CIIEKTPE
HUTPUIA YTJEpoAa OCHOBHBLIE JIMHWUMU, IIEHTPUPOBaHHLIE npu = 288,1 u
284,5 5B, KoTopble cooTBeTCTBYIOT cBA3siM C—C mpumecHOro yrJepoja
u cBazaM N-C=N renrasmsHoBoii miaockoctu g-C;N, COOTBETCTBEHHO
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Puc. 6. Cls-cnexTp ob6pasna 0-g-C;N,/Ti0O,-1.5h.°

[10, 11, 32]. Kpome Toro, mosoroe 1iedo nuka npu = 288,1 ykasbiBa-
eT Ha BKJIaJA caaboi creKTpaybHOl guHusa npu = 290,0 5B, orBeuaro-
mreir cBasaM C—O mam C=0 B mommMpoBAHHOM KMCJIOPOAOM HUTPHUAE Y-
aepoga [10, 11, 32]. HexouBomtomus cuekrpa N1s (puc. 7) KoMmmosuTa
0-g-C;N,/TiO, mokasanma Hajgmuue ABYX OCHOBHBIX HHKOB C IIeHTPAMU
opu 398,4 u 399,7 5B, KoTOpbIe OBLLIM OTHECEHBI K ABYXKOOPIUHUPO-
BamHOMYy as30Ty (C=N-C) u TpPEXKOOPAUHUPOBAHHOMY MOCTUKOBOMY
azory (N—(C);) B HUTPUA-YIJIEPOAHONM MAaTPUIE COOTBETCTBEHHO.

HexonBomatonua cuektpa Ols xommosura O-g-C;N,/TiO, morasana
HaJIM4Yle OBYX OCHOBHBLIX MAaKCHMyMOB (puc. 8). ITH HHUKU C dHEPTU-
amu cBasu = 531,2 u 529,1 5B 8 XPS-cmeKTpe BBICOKOTO pasperrie-
Hua OIls wmoryr OBITH OTHECeHBI K aromMaM Kwuciaopogza B O-
aerupoBanHoM yriaepomHoMm uutpuzae (C=0, C-0) u pyrune (Ti—O) co-
oTBeTCTBEeHHO. B cooTBercTBum ¢ pesyabratamu P®IC comep:xamue
KHCJIOPOJa, CBA3AHHOrO ¢ yriiepomoM, B obpasie 0-g-C;N,/TiO,-1.5h
cocrasisger 5,3% .

ITocpemcTBOM CiieKTPOB Au(M@GY3HOrO OTPaIKEHUs, IIPeodpas0BaHHbBIX
B KoopamHaTtax (QyHKIuu Kybeaxkm—MyHKa, ObIIM M3yUYe€HBLI CBETOIIO-
TJIOIIAIOIIME CBOMCTBA AOIMMPOBAHHBIX KIHCJIOPOAOM OOPA3IlOB HUTPHAA
yraepomxa O0-g-C;N, m rommosura O-g-C;N,/TiO, mo cpaBHEHUIO C HC-
xomHo# (haszoii amaraza u HejserupoBaHHBIM g-C;N, (puc. 9). CmeKTphl
OIITUYECKOTO IOTJIOIIEHNA IIOKA3hIBAIOT, UTO IIOPOIIIKU UYHCTOTO HEMO-
In(UIIMPOBAHHOTO HUTpHAa yrJiepoga (puc. 9, xpuBaa 1) u aHarasa
(puc. 9, KxpuBasg 5) UMeEIOT COOCTBEHHOE IIOJYIIPOBOAHMKOBOE IIOTJIOIIE-
HMe B CHHEM 00JacTH BUAMMOIO CHEeKTpa U yIbTPa(roJIeTOBOM 00JacTu
COOTBETCTBeHHO: Kpaii morioieHusa TiO, maxomurcsa oxoso 380 HM, a
HeserupoBanHoro g-C;N, — okrosmo 460 HmM. B cmekTpax IOTJIOIIEHUS
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Puc. 7. N1s-cuexrp obpasna O-g-C;N,/TiO,-1.5h.7

Puc. 8. Ols-cexTp o6pasna O-g-C;N,/TiO,-1.5h.8

BCeX [OIMPOBAHHLIX KHCJIOPOAOM o00pasmoB (puc. 9, Kpusble 2—4)
HaOJgIOmaeTcss O0ATOXPOMHLIN CABUT AJWHHOBOJIHOBOTO Kpasd IIOJOCHI
dyHgaMmenTagbHOro morioineHusa mo 600 am. KpacHoe cmerieHue BO3-
pacraer B pagy g-C;N, - 0-g-C;N,/TiO,-0.5h — O-g-C;N,/TiO,-
1.5h —» 0-g-C;N,. IIpeamonaraercs [16, 31], uTo KpacHoe cMeIlleHUe
IJIVHBI BOJHBI Kpas IIOIVIOINEHNWsI YKAasbIBaeT Ha TO, UTO BBeJeHHEe
KHCJIOPOJA IIPUBOAUT K IIOIJIOIEHMIO OOJIBIIIEr0 KOJMYECTBA CBETOBON
SHEPrum, OoO0Pa30BAHMUIO OOJIBIIIEIO0 KOJMYECTBA (POTOreHeprpPOBAHHBIX
DJIEKTPOHHO-ABIPOYHEIX IIAP, KOTOPbIE CIIOCOOCTBYIOT YJIYUIIIEHUIO (o-
TOAKTHUBHOCTH KaTaJIN3aTOPOB.

OHeprum B3alpeniéHHOll 30HBI MATEPHAJIOB OIEHHBAJINCH IO YpPaB-
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Puc. 9. Y®-Bugumbie creKTphl AUG@GYSHOTO OTPAKeHUS MMOPOIIKOB, IIpeodpa-
soBaHHble Qynknmeidn Kybemku—-Mynra: I — g-C;N,; 2 — O0-g-C;N,; 3 —
kommoaura 0O-g-C;N,/TiO,-1.5h; 4 — xkommosura O-g-C;N,/Ti0O,-0.5h; 5 —
TiO, (arnaras).’

nHenuio KyGenku—MyHKa IIyTéM Ipeo6pas3oBaHUA CIeKTpoB B (akv)'/?
B 3aBucumocTu oT hv (masa g-C;N, KaK HOJTyIPOBOAHUKA C HEIPAMOMN
3aIIpeniénHol 30HON 3HaueHue n paBHo 1/2). Illupuny 3ampeniéHHOMN
30HHI (E,) mosyueHHBIX 00pasIiOB OI€HUBAJM B TOUKe II€pECeUeHHs C
ochIo abcIimce KacaTeJbHOM, MOCTPOEHHON K JJIMHHOBOJHOBOMY KpPaio
IIoJIOCH! (PyHJaMeHTalbHOro moryomenus. Onenka sHaueHuil E, cuH-
Te3UPOBAHHBIX 00pasmoB (puc. 10) mokasasia, YTO JOIUPOBAaHWE KUC-
JIOPOJIOM TPUBOAUT K CYJKEHWIO INMUPUHBI 3alpPEeIéHHON 30HBI CHUHTE-
3UPOBAHHBIX ITOPOIIKOB (oT 2,6 9B anxsa uumcroro g-C;N, mo 2,35 9B,
2,39B u 2,25 5B gna obpasmoB O-g-C;N,/TiO,-1.5h, 0-g-C;N,/TiO,-
0.5h u 0-g-C;N, coorBercTBeHHO). IIOBBIIIIeHE IIOTJIONIEHUS CBETA U
CysKeHUre INMUPUHBI 3aIpPeléHHON 30Hbl HUTPUA-YIJIEPOAHBIX MaTepu-
ajJI0B IpU JOIMMPOBAHUYM KUCJOPOAOM XOPOIIIO COTJIACYEeTCSA C JIMTepa-
TYPHBIMHU OAaHHBIMU W, KaK IIpexamoJaraerca [31], o0yciaoBiuBaeT ux
6oJiee BBICOKYIO (DOTOKATAIUTUUECKYIO aKTUBHOCTb.

4. BBIBO/1bI

Takum o0pasoM, paspaboTaH ONHOCTAAMUHLIN METOHA CHUHTe3a HAaHO-
cTpyKTypupoBanHoro kKommoauta 0-g-C;N,/TiO,, (doToUuyBCTBUTEID-
HOTO B 3HAUUTEJNLHON UYacTH BUAMMOII oOjacTu cmexTtpa. Iloaaraem,
YTO CUHEPTru3M CO3JaHUsS GOJILINEro Yucja IeHTPOB aacopOoIiuy m ak-
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Puc. 10. Ouenka sHepruii sampeméHHoOl 30HBI E, amsa obpasmos: I — g-
C;N,; 2 — 0-g-C;N,; 3 — xommnosura 0-g-C;N,/TiO,-1.5h; 4 — xommosura
0-g-C;N,/Ti0,-0.5h; 5 — TiO, (anaras).'’

TUBHBIX IIEHTPOB PeaKIMM BCJEICTBUE IOMMPOBAHUS aTOMAMU KHC-
JIOpOoJla U KOHCTPYMPOBAHUSA TeTepolrepexofa B CUHTE3UPOBAHHOM OU-
HapaoMm kKommosure 0-g-C;N,/TiO, (dhasa amarasa) HoKeH CIIOCOO-
CTBOBATh YJVUIIEHUIO TOTJIOIIEHMWsS CBeTa U pasiesieHuio (oToreme-
PUPOBAHHLIX 3apPAI0B, UTO OOYCJIOBJIMBAET IIOBBIIIIEHNE (DOTOKATAJIM-
THUYECKOM aKTUBHOCTU MaTepuaja Ijad 6ojee 3(pGHEeKTUBHOTO HCIIOJb-
30BaHUA COJTHEUHOH SHEePTHUH.
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! Fig. 1. X-ray diffraction spectra of: I—TiO, (anatase); 2—composite O-g-C;N,/Ti0,-0.5h;
3—composite O-g-C3N,/Ti0O,-1.5h; 4—0-g-C3Ny; 5—g-C3Ny.

2 Fig. 2. SEM microphotographs of the powders: TiO, (anatase) (a); 0-g-C;N, (6); O-g-
C3N,/TiO,-1.5h composite (s, 2).

3 Fig. 3. FTIR spectra of: 1—g-C;N,; 2—composite O-g-C3;N,/Ti0,-0.5h; 3—composite O-g-
C3N,/TiO,-1.5h; 4—0-g-C3Ny.

4 Fig. 4. XPS survey spectrum for the sample O-g-CsN,/TiO,-1.5h.

% Fig. 5. Ti2p spectrum of the sample O-g-C;N,/TiO,-1.5h.

5 Fig. 6. Cls spectrum of the sample 0-g-C;N,/TiO,-1.5h.

" Fig. 7. N1s spectrum of the sample O-g-C3N,/TiO,-1.5h.

8 Fig. 8. Ols spectrum of the sample O-g-C;N,/TiO,-1.5h.

9 Fig. 9. UV-Vis diffuse reflectance spectra of the powders converted by the Kubelka—Munk
function: 1—g-C;N,; 2—0-g-CsN,; 3—0-g-C3N,/TiO,-1.5h composite; 4—0-g-C;N,/Ti0,-0.5h
composite; 5—TiO, (anatase).

2 Fig. 10. Estimation of band gap energies, E,, for the samples: 1—g-C3N;; 2—O0-g-CsN; 3—
0-g-C3N,/TiO,-1.5h composite; 4—0-g-C;N,/Ti0,-0.5h composite; 5—TiO, (anatase).
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The laws and mechanisms of adsorption of Ni(II) and Cu(II) ions by well-
characterized as-prepared and oxidized N-doped multi-walled carbon nano-
tubes (N-CNTs) are described and discussed. The samples are synthesized
by catalytic chemical vapour deposition method using n-butylamine as
carbon source and Ni(NO;), + MgO as catalyst and purified by treatment
with HCI. The surface functionalization is performed using oxidation with
mixture of concentrated H,SO, and HNO,. As shown, adsorption of Ni(II)
and Cu(II) reaches equilibrium value within 20—-30 min; adsorption results
in a moderate decrease in the suspension pH for pristine N-CNTs (1.0-1.5
pH unit) and a considerable lowering the pH for oxidized sample (up to
2.5 pH unit); the adsorption isotherms are described by the Langmuir
equation; the plateau amounts of adsorption (25-30 mg/g for Cu and 35—
40 mg/g for Ni) are almost the same for both as-prepared and oxidized
samples; at pH 8.0 and higher for Ni and pH 6.5 and higher for Cu ions,
a sharp increase in adsorption is observed that is caused by the hydrox-
ides’ precipitation. The spectroscopic, adsorption, electrophoretic and pH
measurements’ data testify that below pH of hydroxide precipitation, the
major mechanism of adsorption by as-prepared N-CNTs is the donor-—
acceptor interaction between the free electron pair of N atoms incorpo-
rated into nanotubes’ lattice and vacant d-orbital of the adsorbing Ni(II)
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or Cu(II) ions. For the oxidized N-CNTs, ion-exchange processes with a
release of H" may play minor role.

B pobGoTi posriaHyTo 3akoHU Ta MexaHidMmu azcop6iii fioris Ni(II) ra Cu(Il)
OXapaKTepH30BaHMMHN BUXIJHUMH Ta OKHMCHeHMMH N-JeroBaHuMH OaraToc-
TinauMu ByrieneBuMu HaHopypkamu (N-CNT). 3pasku cuHTe3yBajlud MeTO-
I0I0 KaTAJIITUYHOTO XE€MiYHOTO OCaIKeHHs mapu n-0yTuiaamMiHy aK miKepesa
Kap6ony Ta Ni(NO;), + MgO arK karajsmizaTopa 3 HOJAJBIIOI OYUCTKOKO ixX
HCl. ®yukmionanisamito moBepxHi N-CNT mpoBoguiu 3a JOIIOMOTOIO0 OKMC-
HeHHa cywMimmiio KoHneHtpoBanux H,SO, ta HNO,;. Bymo mokasamo, 1m1o:
agcopo6iia itoumiB Ni(II) ta Cu(Il) mocsarae piBHOBAsKHOTO 3HAUEHHS MPOTS-
rom 20-30 xB.; amcopOIiAg IPUBOAUTHL OO IIOMipHOro 3MeHIneHHs pH cy-
cuengii ana Buxigamx (1,0-1,5 ommauni pH) Ta 3Haumoro moHwm:xeHHa pH
(mo 2,5 ommuuns pH) mnaa oxkucHenux N-CNT-zpaskiB; isorepmu amcop0Oirii
ONUCYIOTHCA JIEHT'MIOPOBUM DPiBHAHHSAM; IIOJOMKEHHA ILIATO amcopoIrii (25—
30 mr/r gasa Cu ta 35—40 mr/r gua Ni) maiiske ofHAaKOBe AK AJIA BUXiTHUX,
Tak i 119 oKucHeHuX 3paskis; nmpu pH > 8,0 mxaa itouiB Ni ta pH > 6,5 nia
oHiB Cu cmocrepiraerbcsa piske 30iJIbIIEHHSA BeJIUUYMHU aAcopoOIlii 3a paxy-
HOK OCa[:KeHHs rimpoxcumiB. JaHi CIIEKTPOCKOIIIYHUX, afcOpOIifiHmX, eJje-
KkTpodopernunux i pH-mipasb cBiguath npo Te, npu pH, HuKUYMX 3a 3HA-
YeHHdA, IPU SKOMY BifOyBA€ThCA OCAIKEHHS TiJPOKCHUAIB, OCHOBHUM MeXa-
HismMom azcop6mii Buximmmmum N-CNT € g0oHOPHO-aKIeNTOPHA B3aEMOIisd
Mi)K BiJIbHOIO mapoio eJeKTpoHiB aToMmiB HiTporemy, poamimieHux Ha r'part-
HUIII HAaHOPYPOK, Ta BaKaHTHOIO d-opbitasiio woniB Ni(II) abo Cu(Il) Biamo-
BigHo. Maa oxucHemux N-CNT mporecu #oHOOOMiHY 3 BHUBiIbHeHHAM H'
BiirpaioTh HE3HAUHY POJIb.

B paboTe paccMOTpeHBI 3aKOHBI M MexXaHU3MbI ancopbrum moHoB Ni(Il) u
Cu(Il) oxapaKTepn30BaHHLIMU HCXOAHBIMU UM OKUCJIEHHBIMHU JIETHMPOBAHHBI-
MU a30TOM MHOTOCJONHBIMU yrieponHbiMu HamoTpybramu (N-CNT). O6pas-
IIbI CHHTE3WPOBAJM METOJOM KAaTaJUTHUUECKOTO XMMUYECKOTO OCAKIeHUS
nmapoB N-6ytunamuua (uctounuk yriepozna) u Ni(NO;), + MgO (xaranusa-
Top) ¢ mocaexnymwoIneit ux ounctroir HCl. DdyHKIMMOHAIN3AIUA ITOBEPXHOCTH
N-CNT mpoBoamaach ¢ IOMOINBIO OKMCJIEHNS CMEChI0 KOHIIEHTPHUPOBAHHBIX
H,SO, u HNO;. Briio nokasano, uro: agzcoponusa moHoB Ni(II) u Cu(Il) mo-
cTUraeT paBHOBecHOTo 3HaueHuUs B TeueHue 20—30 MuH; amcopOIus IPUBO-
OIUT K yMepeHHOMY yMmeHbIneHuio pH cycnmensum Ha umcxomuerx (1,0-1,5
enmauntl pH) m 3HaumTenbHOMy cHMKeHui0 pH (mo 2,5 egunun pH) gna
okucia€éHHBIX N-CNT-00pasioB; M30TepPMbI aACcOpPOIIMM OMHCHIBAIOTCA ypaB-
HeHUeM JIeHrMopa; moJjoskeHue maarto agcopbrum (25—-30 mr/r gaa Cu u
35—40 wmr/r gns Ni) mouyTu OAMHAKOBO KaK [IJs HMCXOMHBIX, TaK U OJA
OKMCJEHHBIX ob6pasios; mpu pH > 8,0 nias monos Ni u pH > 6,5 gia nouos
Cu nHabuiomaeTcs pes3Koe yBeJUUYeHMEe BEJUUYMHBI aAcopOiuy 3a CUET oca-
JKIEHUs TUIPOKCHUAOB. JlaHHBIE CHEKTPOCKOIMMUYECKUX, aJCOPOIMOHHBIX,
ajiekTpoopernueckux u pH-m3mepeHmit mokaspiBaioT, uTo npm pH HmxKe
3HAUEHUA, IIPU KOTOPOM IIPOMCXOIUT OCAMKIEeHNEe T'MAPOKCHUI0B, OCHOBHBIM
MexaHuU3MOM  aacopbmumu  ucxomubiMu @ N-CNT  aBaserca  SOHOPHO-
aKIeNTOPHOE B3aMMOJENCTBIE MEKY CBOOOMHOII ITapoii 3JIEKTPOHOB aTOMOB
azoTa, pa3sMeENIEHHBIX Ha PEIIETKe HAaHOTPYOOK, WM BAaKAHTHOH d-0pOUTAJIBIO
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noHoB Ni(II) mau Cu(Il) coorBercTBeHHO. 151 oKucaeéHHBIX N-CNT mpoiec-
ChI IOHOOOMEHA ¢ BBICBOOOKAeHHeM H' urparmoT He3HAUNTeILHYIO POJIb.

Key words: N-doped multi-walled carbon nanotubes, Ni(I) and Cu(II) ions,
adsorption, kinetics.

KarouoBi cmoBa: N-yierosani GararormiapoBi ByrJieleBi HAHOPYPKHM, HOHH
Ni(IT) ra Cu(II), agcopbriis, KiHeTUKA.
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1. INTRODUCTION

Among variety of practical applications of carbon nanotubes
(CNTs), an increasing important segment is related to their use as
sorbents for toxic substances, heavy metal ions, and organic com-
pounds [1]. For example, CNTs are intensely studied as sorbents for
water purification from individual nickel and lead [2], copper and
cobalt [3], chromium [4] ions, and other individual or mixed ions of
different metals [5].

Nickel (IT) is a hazardous heavy metal ion, which is increasingly
accumulated in potable, ground and wastewaters. Copper is an es-
sential nutrient, for which the World Health Organization (WHO,
1998) recommends a daily intake of 30 pg/kg body weight. Drink-
ing water standards have been established to prevent adverse health
effects resulting from ingestion of too much copper. WHO (1998)
recommends a limit of 2 mg/dm?® Cu to prevent adverse health ef-
fects from copper exposure. There are numerous studies devoted to
extraction of these ions by single-walled (SWCNTSs) or multi-walled
carbon nanotubes (MWCNTs), both pristine and oxidized by differ-
ent agents. The kinetics of adsorption, shape of adsorption iso-
therms, impact of pH and degree of CNT surface functionalization
has been elucidated. A short review of the recent results obtained is
summarized below.

Authors [6, 7] have shown that the adsorption of Ni(II) onto oxi-
dized CNTs is strongly dependent on pH and nanotubes concentra-
tion and, to a lesser extent, ionic strength. The adsorption data well
fit the Langmuir model, and the adsorbed Ni(II) can be easily de-
sorbed at pH < 2.0. It was speculated that ion exchange might be
the predominant mechanism of Ni(II) adsorption on oxidized CNTs.
Adsorption of Ni(II) on oxidized CNTs was increased from zero to
99% at pH 2.0-9.0 and then maintained the high level with in-
creasing pH. The adsorption achieved equilibrium within 2 h [7].
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The mechanism of adsorption was attributed to surface complexa-
tion and ion exchange. It was also shown that the adsorption capac-
ity for nickel ions from aqueous solutions increased significantly
onto the surface of the oxidized CNTs compared to that on the as-
produced CNTs, and the maximum adsorption by these adsorbents
was determined as 18.08 and 49.26 mg/g, respectively [8]. The
number of functional groups, total acidic sites and negatively
charged carbons on CNTs surface were greatly increased after oxi-
dation by NaOCl, which resulted in sorption of more Ni ions [9].
Typically, 60—95% of Ni(II) can be extracted from aqueous solution
by MWCNTSs depending on the initial solution concentrations [10].
As suggested by the distribution coefficient values, increased initial
Ni(IT) solution concentrations resulted in lower adsorption, while
the total amount of ions removed from the equilibrating solutions
increased.

Higher adsorption was observed at pH > 6.0, and the sorption
process reached equilibrium at 60 min. The sorption mechanisms
are complicated and appear attributable to electrostatic forces and
chemical interactions between the nickel ions and the surface func-
tional groups of the CNTs [10].

Carbon nanotubes were shown to possess good adsorption proper-
ties and high capacity (3.5 mg/g at initial concentration of Cu?'
ions of 20 mg/dm?) in respect to Cu(II) ions. The affinity of this ion
to the CNT surface and the adsorbed amounts were found to be
higher compared to other heavy metal ions such as Co, Zn, Pb, Mn.
The adsorption data were well described by the Freundlich isotherm
[11].

The adsorption capacity of oxidized N-doped bamboo like
MWCNTs in respect to Cu(Il) ions reached 15 mg/g [12]. Authors
[13, 14] have shown that the interaction of Cu(Il) ions deposited on
the N-CNT surface by thermal decomposition of copper acetate is
realized via their strong coordination by pyridine nitrogen atoms at
the edge of the graphene sheets of the adsorbent reviewed the laws
and mechanisms of sorption of divalent metal ions (Cd**, Cu®**, Ni*,
Pb*, and Zn*") from aqueous solution by various kinds of raw and
surface oxidized carbon nanotubes. The sorption mechanisms appear
mainly attributable to chemical interactions between the metal ions
and the surface functional groups of the CNTs. The sorption capaci-
ties of CNTs remarkably increased after oxidized by NaOCl, HNO,
and KMnO, solutions and reached, for example, 6.9 Ni mg/g and
47.8 Ni mg/g onto CNTs oxidized by HNO; or NaOCl, respectively.
Similar results were obtained by authors [15], who have shown that
MWCNTSs can be successfully used for the removal of heavy metals
from aqueous solution. A competition among the metal ions for
binding was revealed on the MWCNTs surface with affinity in the
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order: Cu(IT) > Zn(II) > Pb(II) > Cd (II). Authors [16] have analysed
in detail the impact of CNTs properties (adsorption sites, pore vol-
ume, BET surface area, surface total acidity) and solution proper-
ties (ionic strength, effect of pH) on the adsorption of heavy metal
ions by carbon nanotubes. The contribution of physical adsorption,
electrostatic attraction, precipitation and chemical interaction be-
tween the metal ions and the surface functional groups of CNTs was
discussed.

Gao et al. [17] measured the adsorption isotherms of Cu(Il),
Ni(II), Zn(IT) and Cd(IT) onto carbon nanotubes oxidized by concen-
trated HNO; in single, binary, ternary and quaternary systems, and
have shown that isotherms reveal the effect of competition for ad-
sorption sites seen as a decrease in the amount adsorbed. The up-
takes at the equilibrium concentration of 0—0.04 mmole/dm?® in sin-
gle system and 0—0.15 mmole/dm? in binary system are in the order
Cu?" > Ni?** > Cd*" > Zn?" while for the ternary and quaternary, the
order is Cu®*" > Cd*" > Zn?*' > Ni?".

Summarizing the literature review, we can say that the major
factors affecting the adsorption of Ni(II) and Cu(II) by carbon nano-
tubes and the mechanisms of the process are at large clarified. At
the same time, surprisingly, there is a lack of information about the
laws and mechanisms of adsorption of these ions by N-doped carbon
nanotubes, i.e. adsorbents containing surface N atoms in different
state, potentially capable to form complexes with Ni(IT) and Cu(II)
ions. We tried to fill in, at least in part, this gap.

2. MATERIALS AND METHODS
2.1. Materials
2.1.1. Synthesis and Functionalization of N-Doped Carbon Nanotubes

The N-doped carbon nanotubes (N-CNTs) were synthesized by cata-
lytic Chemical Vapour Deposition method using n-butylamine
(VWR) as carbon source and Ni(NO;),-6H,0 (Sigma Aldrich) plus
magnesium oxide, Mg0O (Merck) as catalyst materials, as described
in the paper [12]. The product was purified from the catalyst by
treatment with concentrated hydrochloride acid (VWR). The surface
functionalization of N-CNTs was performed using oxidation with
mixture of concentrated sulphuric acid and nitric acid (V/V = 3:1)
at 80°C overnight using continuous stirring. After the acidic treat-
ment, the N-CNTs were filtered and washed with distilled water un-
til pH 5.0-6.0 was reached, then dried at 120°C. The mixture of
H,SO, and HNO; turned out to be very efficient for oxidation of
carbon nanotubes, as it was shown in our previous work [18].
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2.1.2. Characterization of N-Doped Carbon Nanotubes

The image of the N-CNTs obtained by High Resolution Transmis-
sion Electron microscopy—HRTEM (FeiTechnai G2, 200 kV) was
shown in Fig. 1. Figure 1, a shows that non-oxidized N-CNTs repre-
sent uneven fibres with length of 2—-3 um, and diameter between 7
nm and 22 nm, with a mean value of 12.4 nm. As a result of oxida-
tive treatment, the N-CNTs fibres were broken into shorter fibres,
with about 200—-800 nm sections in length (Fig. 1, b). This can be
attributed to the fact that the N-doped bamboo-like carbon nano-
tubes are easily ruptured, because their mechanical strength is low-
er compared to their non-doped counterparts.

The extraordinary structure of these nanotubes is demonstrated
on their schematic illustration (Fig. 1, ¢). A number of graphene
edges are seen on the wall of N-CNTs, containing sp® carbon atoms
and nitrogen atoms, which easily react with oxidants (Fig. 1, d). In
this sense, the N-CNTs can be oxidized to higher extent than the
non-doped, conventional MWCNTs or SWCNTSs. The fibre edges can
serve as high energy adsorption sites on the wall of bamboo-like
nanotubes, which are easily accessible for different ions or mole-
cules and can form relatively strong bounds with the adsorbent sur-
face (due to ion exchange adsorption, surface complexes or n—mn in-
teractions).
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Fig. 1. HRTEM image of the non-oxidized (a) and oxidized (b) N-CNTs;
schematic illustration of the bamboo-like structure (c); the graphene edges
on the CNTs wall (d).
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X-Ray Photoelectron Spectroscopy—XPS (SPECS instrument with
PHOIBOS 150 MCD 19 detector) and Fourier-transform infrared
spectroscopy—FTIR (A VERTEX 70 FTIR spectrometer, Bruker,
Germany) measurements were applied to identify the binding types
and the nature of surface functional groups.

Figure 2 shows the XPS spectra of the non-oxidized and oxidized
N-CNTs characterizing the binding energy of the C-N and C-O
bounds. The peak at 398.6 eV binding energy can be attributed to
the pyridine type nitrogen atoms (Fig. 2, a), the next peak at 401.1
eV originates from the graphitic nitrogen incorporation. A peak of
the oxidized nitrogen (pyridine N*—O~ species) can be also observed
on the spectrum at the binding energy of 404.7 eV. The N-doped
CNTs are easily oxidized at crystal distortions in the graphitic
structure. During the acidic treatment oxygen containing functional
groups are developed, which are located at the Cls band (Fig. 2, b).
The appearance of —C=C— and —C—C— bounds is reflected by a highly
intensive peak at 284.6 eV, and the C=0 peak was identified at

Fig. 2. XPS spectra with deconvoluted N1s band of the non-oxidized (a)
and oxidized (d) N-CNTs and Cls band of the non-oxidized (b) and oxidized
(e) N-CNTs. FTIR spectrum of the non-oxidized (¢) and oxidized (f) N-
CNTs.
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287.5 eV (Fig. 2, b). The peak of the carboxyl groups is shown at
the binding energy of 291.2 eV. These oxygen-containing functional
groups are visible on the FTIR spectra (Figs. 2, ¢, f): stretching vi-
bration of the C—O bond at 1205 cm™, carbonyl bond at 1628.7
cm ™, carboxyl groups at 1713.7 cm™ and hydroxyl groups at 3440.7
cm™ (Fig. 2, ¢). The latter bond is originated from the alcoholic or
phenolic hydroxyl groups and from the —COOH groups. Adsorbed
water can contribute to the appearance of this absorption bond as
well. The vibration mode of N-CNT structure (ve) was also found
in the FTIR spectrum at 1565.4 cm ™' wave number.

ZetaSizer Nano ZS instrument (Malvern, United Kingdom) was
used for determination of the electrophoretic mobility of N-CNTs in
aqueous media (0.01% wt., here-and-after %) at room temperature
(T = 298 K) in the range of external electric field gradients of 6-15
V/cm. The electrophoretic mobility was transformed into {-potential
using the classical Smoluchowski equation approach with the soft-
ware of the instrument. The presented values of the (-potential
were obtained by averaging three to six measurement results; the
measurements error was about 3-5%.

Figure 3 shows the pH-dependence of N-CNTs electrokinetic po-
tential in aqueous suspension. For the pristine N-CNT samples, the
isoelectric point (IEP) is observed near pH 7.2, which is higher than
the IEP values reported for regular (no N atoms in the lattice) N-
CNTs: pH 4.0 [19] or pH 6.0 [20]. This means that at lower pH, the
surface is charged positively. The positive charge of the surface in
acidic media (pH 3-7) is due to the presence of small amounts of

Fig. 3. Dependence of the (-potential of the pristine (squares) and oxidized
(triangles) N-CNTs on the system pH. Concentration of N-CNTs was
0.01%.
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oxidized species in the original N-CNTs (see spectra in Fig. 2) as
well as to the presence of pyridine type N atoms in the lattice capa-
ble to acquire positive charge due to proton transfer. The shift of
the IEP to higher values probably reflects the contribution of pro-
tonated N-atoms into the CNTs surface charge. After the acid
treatment, the IEP is not reached, and the surface charge remains
negative in the whole pH interval studied (pH 3—12). This is due to
the dissociation of oxidized negative species of various natures on
the N-CNTs surface. An increase in the number of oxidized speci-
men and a decrease in the number of low-oxidized groups formed on
the surface overcompensate the contribution of the positive surface
charge.

2.2. Methods: Adsorption Measurements

Ni(II) and Cu(Il) ions were adsorbed by the carbon nanotubes (typi-
cal adsorbent concentration of 0.1%) at room temperature in a pH
range of 2.0—12.0 under mechanical shaking the reaction mixtures
for designated period of time. The kinetic dependencies were meas-
ured during 36 h. The concentration of nickel and copper ions be-
fore and after adsorption was determined in acetylene—air flame
with an Agilent 240AA atomic absorption spectrophotometer (Ag-
ilent Technologies, US) operating at a wavelength of 429.0 nm and
an optical gap width of 0.5 nm. The chosen conditions enable to de-
termine the concentration of Ni(II) ions in the range of 1-100
ug/dm?. The adsorbed amount was calculated from the material bal-
ance of ions in solution prior and after adsorption.

3. RESULTS AND DISCUSSION
3.1. Kinetics of Adsorption

Figure 4 demonstrates the time dependencies of adsorption of Ni(II)
and Cu(Il) ions by pristine and oxidized N-CNTs at pH 5.5. The ki-
netics of adsorption of heavy-metal ions by carbon-containing
sorbents is a rather complex process. Most works consider a two-
step adsorption kinetics, i.e., an initial rapid uptake and a much
slower second stage of adsorption, which may last for several days
and even weeks [21-24]. Some authors reported an optimal contact
duration of several minutes [24], while others believe that the op-
timal time required to establish equilibrium is several hundred
hours [21, 23]. Generally, most authors suppose the optimal contact
time to be 1-5 h [21, 22].

Three regions can be distinguished on the kinetic dependences of
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Fig. 4. Time dependences of Ni(II) (filled symbol) and Cu(II) (empty sym-
bol) adsorption by the as-prepared (squares) and oxidized (diamonds) N-
doped CNTs at pH 5.5.

adsorption of Ni(II) and Cu(II) in our experiments. At N-CNTs—
solution contact duration ¢ < 10 min (region I), the specific adsorp-
tion drastically increases with time; in a contact-time range of 10—
100 min (region II), the adsorption equilibrium is established; at
t > 100 min, Ni(II) ions are in a small amount (up to 10% ) desorbed
from the nanotubes surface and saturation in the adsorption was
observed (region III). A further increase in the contact time up to 5
days gave an insufficient change (2—-3%) in the adsorbed amount.
Similar results were obtained while adsorbing Cr (III) ions on the
CNTs surface [25]. Contact time ¢, = 60 min was chosen to measure
the equilibrium adsorption isotherms. The data in Fig. 5 show that
this time is enough to establish adsorption equilibrium.

3.2. Effect of pH

To estimate the role of ion-exchange processes in the mechanism of
adsorption of Ni(II) and Cu(Il) ions by N-CNTs, it is useful to in-
spect the changes in the suspension pH as a result of adsorption of
ions. Inspecting the effect of pH on the adsorption of Ni(II) and
Cu(II) ions by carbon nanotubes, quite different effects should be
considered as follow.

(i) Ni(Il)and Cu(II) ions in aqueous solutions are hydrated by six
water molecules, they possess moderate resistance to hydrolysis.
Nickel ions predominantly exist in the form of species with charge
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a b

Fig. 5. pH-dependence of the nickel (a) and copper (b) ions’ adsorption by
as-prepared (squares) and oxidized (triangles) N-CNTs.

2+ in dilute solutions and hydrolysis products of Ni(OH)" (the equi-
librium constant of formation was determined as —19.8 [26] were
found at concentration of salts higher than 5-10% M of Ni(II) [27].
The type of specimen of copper ions also depended of their concen-
tration and pH value of solution, i.e., at low concentrations, the
dominant species is the copper ion, Cu®*" (up to pH 7.5), copper hy-
droxide, Cu(OH), (up to pH 12.3) and Cu(OH), (pH 12.3). At higher
copper concentrations, solid Cu(OH), is formed and precipitates out
of solution at copper concentrations above the solubility product of
copper hydroxide at 1.10® M. It is important to note that the do-
main of stability of solid Cu(OH), is expanding to lower and higher
pH values with increasing copper concentration. A small but signif-
icant amount of an important Cu(II) complex Cu(OH)' is formed at
low pH (3-7) [25]. Obviously, hydrolysis of nickel and copper salt
with a release of H' ions results in a change of the surface charge
of N-CNTs (see above) and possibly the adsorption of Ni(II) or Cu(II)
ions.

(ii) Increasing the system pH gives a rise to the negative surface
charge density of N-CNTs and to the adsorption of the positively
charged nickel or copper ions via electrostatic mechanism.

(iii) at pH 6.5 or pH 7.8-8.0, the process of precipitation of
Cu(OH), or Ni(OH),, respectively, starts [26] that leads to pseudo-
adsorption of the metal ion on the nanotubes surface.

The dependences of Ni(II) and Cu(Il) adsorption on the adjusted
pH values by N-CNTs are shown in Fig. 5. In acidic media (from pH
2.0 to pH 4.0), a marked rise in adsorption with an increase in pH
was observed; then in the interval of pH 4.0-8.0 for Ni(II) or pH
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4.0-6.5 for Cu(Il), a roughly constant value of adsorption was
measured. After that, a sharp elevation in the Ni(II) and Cu(II) ad-
sorption took place due to precipitation of nickel and copper hy-
droxide on the surface. The adsorbed amount of both ions by oxi-
dized samples is higher compared to that by as-prepared nanotubes
in the almost whole pH interval studied. This is explained by addi-
tional contribution of the ion exchange to the mechanism of adsorp-
tion in the first system (see below).

Figure 6 demonstrates the adsorption isotherms of the Ni(II) and
Cu(II) ions onto as-prepared and oxidized N-CNTs measured at ‘nat-
ural’, i.e., non-adjusted pH. In addition, the changes in the equilib-
rium pH of suspensions because of adsorption of heavy metal ions
are depicted in Fig. 6. It is seen that the shape of adsorption iso-
therms is similar: a stepwise rise in adsorption with increasing the
equilibrium concentration of the nickel or copper ions, with a ten-
dency to reach a plateau value of the adsorbed amount (Langmuir
type isotherm); the maximum adsorbed amount slightly increases
while moving from as-prepared (28 mg/g for Cu and 35 mg/g for
Ni) to oxidized (36 mg/g for Cu and 40 mg/g for Ni) samples; ad-
sorption of these ions gives a moderate lowering in the solution pH
for pristine N-CNTs (up to 1.0-1.5 pH unit) and a marked drop for
oxidized sample (about 2.5 pH unit) as a result of ion exchange of
surface H" ions for adsorbing nickel or copper ions. Note that the
plateau-adsorbed values by pristine and oxidized samples do not dif-
fer substantially.

a b

Fig. 6. Adsorption isotherms of the Ni(II) (a) and Cu(II) (b) ions by the as-
prepared (squares) and oxidized (triangles) N-CNTs at ‘natural’ pH of the
suspension (pH 5.0-6.0). In addition, the changes in the equilibrium pH of
a 0.1% suspension because of ions’ adsorption are also shown.
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Quite different changes in the equilibrium pH of N-CNT suspen-
sions having various adjusted pH values and different adsorbed
amounts of Ni(II) and Cu(II) ions were found. Addition of N-CNTs
to the salt solutions in acidic media with adjusted pH (in the range
of approximately pH 2-5 for as-prepared and pH 2—-4 for oxidized
samples) results in a measurable increase of the suspension equilib-
rium pH. For example, adsorption of Ni(II) in amount of 7.14 mg/g
or 17.8 mg/g resulted in the rise of the adjusted/initial pH from
2.83 to 3.48 or 5.23 to 6.18 in the 0.1% N-CNT suspension, respec-
tively (see Table 1). Similar rise of pH (up to 1.5-2.0 pH units) was
observed in the oxidized N-CNT suspensions in acidic media in the
event of either Ni(II) or Cu(II) adsorption. We attribute this rise in
pH to the transfer of H" ions from the solution to pyridine N-atoms
on the N-CNTs surface, i.e., we can hardly imagine the substitution
of surface hydrogen ions by adsorbing copper ions in the presence
of excess H' ions (low pH) in the system. At higher pH values, this
effect is overcompensated by the ion exchange of Cu(Il) with sur-
face H' ions that gives a moderate drop in pH for pristine N-CNTs
and a much bigger decrease of pH (up to 2.5 pH units) for the oxi-
dized samples (Table). In alkali media, an additional release of H"
ions occurs because of hydrolysis and precipitation of Ni(II) or
Cu(Il) ions in the form of hydroxides.

Obviously, different mechanisms are governing the adsorption of
Ni(II) and Cu(II) ions by N-CNTs. A release of H" ions from the oxi-
dized N-CNTs testifies the essential role of the ion exchange in
binding the nickel or copper ions for this adsorbent; this mechanism

TABLE. Changes of the equilibrium pH (pH,,) of 0.1% N-CNT suspensions
containing 29-31 mg of the Ni(II) or Cu(Il) ions per 1 g carbon nanotubes
at various initial/adjusted pH (pH,,; ) of the system (selected data).

Adsorption of Ni(II) Adsorption of Cu(II)
Pristine N-CNTs | Oxidized N-CNTs| Pristine N-CNTs |Oxidized N-CNTs
a, a,
pHadj. pHeq. mg/g pHadj.pHeq.a” mg/g pHadj. pHeq. a, mg/g pHadj. pHeq. mg/g

2.83 3.48 7.14 2.84 3.18 9.5 2.02 2.08 6.13 2.03 2.09 12.1
4.20 5.43 14.5 4.11 4.93 18.0 2.93 3.18 9.71 2.43 2.99 224
5.23 6.18 17.8 5.36 5.23 18.1 4.20 5.64 25.4 4.84 3.72 32.5
6.58 6.50 17.7 6.38 5.26 18.4 5.76 5.73 33.3 5.95 3.96 31.5
8.32 7.04 18.3 8.25 5.60 20.2 6.71 5.86 34.7 6.58 5.00 54.6
8.77 7.64 20.2 8.77 6.58 27.7 8.96 6.62 59.9 8.86 6.45 60.9
11.3 9.70 28.8 11.2 7.74 28.2
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is supported by the FTIR data (Fig. 4). To estimate the contribution
of this factor, we have compared the adsorbed amounts with chang-
es of the solution pH, i.e., the concentration of the substituted H"
ions by copper or nickel ions from the surface. For example, adsorp-
tion of 31.5 mg/g or 4.9-10™* mole/g Cu(Il) by oxidized N-CNTSs re-
sulted in a decrease of solution pH from 5.95 to 3.96, which corre-
sponds to an appearance of roughly 10 M ions in the suspension of
concentration 10 mg CNT/10 cm® or 1.0 g CNT/dm®. This means
that a part (approximately 20%) of Cu(II) ions is adsorbed via ion
exchange with H' ions of the surface.

At the same time, the majority of copper ions are bound to the
CNTs because of other type interactions, probably donor—acceptor
interaction between the free electron pair of N-atoms of the surface
and vacant d-orbital of the adsorbing ions. Similar calculations have
shown that adsorption of 16.3 mg/g or 2.8:10™* mole/g Ni(II) by
pristine N-CNTs, which decreased the solution pH from 8.32 to
7.04, resulted in appearance of 1.5-107" mole H' ions in a suspen-
sion with 10 mg N-CNTs or 1.5-10° mole H" ions per 1 g nanotubes.
This comprises only 5% of the adsorbed amount of nickel ions. In
the event of oxidized N-CNT adsorption of 18.4 mg/g of Ni(Il), the
drop in the system pH reached 1.12 pH unit, from 6.38 to 5.26
which corresponds to an increase in the H' concentration from
4.10"° mole/dm?® to 2-10° mole/dm?®, which is less than 10% of the
adsorbed amount of Ni(II) (3.2-10™* mole/g).

4. CONCLUSIONS

We describe and discuss in this paper the laws and mechanisms of
adsorption of Ni(II) and Cu(Il) ions by well characterized pristine
and oxidized N-doped multi-walled carbon nanotubes (N-CNTSs).

As demonstrated, the N-CNTs can serve for extraction of Ni(Il)
and Cu(II) ions from aqueous solution. The specific adsorption val-
ues (28—35 mg/g for copper and 35—40 mg/g for nickel) and degree
of extraction (10-99% from solutions of equilibrium concentration
of 580—-5.0 mg/dm?®) of these ions are comparable with those for the
non-oxidized and oxidized multiwalled carbon nanotubes described
in the literature. The main laws of adsorption observed can be
summarized as follow: (i) adsorption reaches equilibrium value
within 60 min; (ii) the degree of extraction of ions sharply increases
with a decrease in their concentration, (iii) adsorption of Cu(Il) and
Ni(Il) by as-prepared N-CNTs results in a moderate decrease in the
pH value of the suspension (up to 1.5 pH unit) and in a considera-
ble lowering the pH for oxidized samples (up to 2.5 pH unit); (iv)
the adsorption isotherms can be described by the Langmuir equa-
tion; (v) at pH > 6.5 for Cu(Il) and pH > 8.0 for Ni(II) a sharp in-
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crease in adsorption took place. We consider that the laws described
can be explained by accounting three types of binding of these ions
to the N-CNTs surface: (i) ion-exchange between Cu(II) or Ni(II)
ions and H' of surface functional groups, and this effect is more
pronounced for the oxidized N-CNTs sample but does not make de-
cisive contribution into adsorption; (ii) donor—acceptor interaction
between the vacant d-orbital of adsorbing transition metal ions and
N-atoms of the nanotubes matrix, and this effect seems to be uni-
versal and playing major role in the binding of transition metal ions
to both as-prepared and oxidized samples surface; (iii) precipitation
of Cu(OH), or Ni(OH), onto carbon nanotubes surface at hydroxides
precipitation pH values.
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Structural Features of Polymer Nanocomposite LDPE-MWCNT
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The behaviour of electrical conductivity, c,, in nanocomposites LDPE—
MWCNT, depending on the nanotubes’ content, in the formation of the
segregated filler morphology is considered. In this structure of nanocom-
posites, a low threshold value of percolation (¢,=0.00099 vol. fract.) is
obtained. As shown, only at low concentrations of nanotubes, there is a
correlation in the changes of the crystallinity degree and the indicated
physical-mechanical characteristics revealed by the methods of determin-
ing the crystallinity degree and the dynamic elastic modulus, shear modu-
lus, and Poisson’s coefficients from the ultrasonic propagation velocities
(~1 MHz). The orientational structure of the macromolecules adsorbed on
the surface of the nanotubes appears at higher concentrations of MWCNT,
when the crystallinity degree of the polymer matrix drops. The change in
the polymer parameters that affects both the tunnelling of electrons in
the region of interphase layers and, therefore, the change in electrical
conductivity can be achieved by modifying the polymer matrix with n-
conjugated materials, including dyes.

PosriaryTo NOBeAiHKY €JeKTPOIIPOBIAHOCTH G, y HaHokomnosurax IIEHI'-
BBHT 3zajne:xHO BiZ BMicTy HaHOTPYOOK, Hpu (OPMYBaHHI cerperoBaHoi
Mopdosorii HamoBHIOBaua. 3a TaKol CTPYKTYPU HAHOKOMIIO3HUTIB OJEepIKaHO
HU3BbKe 3HauUeHHdA mopory neprondamnii ¢.=0,00099 06. vact. Merogamu Bu-
3HAYEHHA CTYIEHA KPUCTAJIUYHOCTH, a TAKOMK MTMHAMIYHMX MOIYJIB IIPYK-
HOCTH, B3CYBY, IlyaccoHoBOro Koe@ilieHTa 3a IIBUAKOCTAMMN HOIINPEHHSI
yabpTpasByKy (~ 1 MTI'1) mokasaHo, II[0 JUINE 3a MAJUX KOHIIEHTpAI[iii HAHO-
TpyOOK Mae Miclle KOpesdAllid B 3MiHaX CTyHeHs KPUCTAJTiYHOCTH Ta BKasa-
HUX (PisUKO-MeXaHIUHMX XapaKTepUCTUK. S3a OiJbIIMX KOHIIEHTpPAaIlii
BBHT, xonu cTymiHb KPHUCTANIYHOCTH HOJiMEpPHOI MATPHUIll cHazae, BUHU-
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Kae opieHTAIlilfHA CTPYKTypa MaKpPOMOJEKYJI, aacopboBaHUX Ha IIOBEPXHi
HAHOTPYOOK. 3MiHY IIapaMeTpiB IIOJIiMepy, AKa BIJIWBAE€ Ha TYHEJLHUH Iie-
pexin eleKTpoHiB B obsacTi Mixk(pasHUx mapiB, a oTiKe, I Ha 3MiHY €JIEeKT-
POIIPOBiTHOCTH, MOKe OyTH JOCATHYTO NLIAXOM MOAUMIKYBaHHA IMOJiMep-
HOI MaTpUIli T-CIPAKEHNMHI MaTepifjiaMu, B TOMY YHCJIi OapBHUKAMMU.

PaccmoTpeHo moBeieHME 9JI€KTPOIPOBOAHOCTH G, B HAaHOKoMITo3uTax ITOHII—
MYHT B 3aBHCHMOCTH OT COJAEP)KaHUA HAHOTPYOOK Ipum (HOPMUPOBAHUU
CerperupoBaHHO MoOp(dosorny HamoJHUTENA. IIpyu Takoil CTPYKType HaHO-
KOMIIOBUTOB IIOJIyY€HO HU3KOe 3HaueHMe Iopora nepkonanum ¢, = 0,00099
006. moseii. MeTomaMu oIpeneeHNUs CTeIeHM KPUCTAJIJIUUYHOCTH, a TaKiKe
INHAMUYECKUX MOZYJel ympyroctu, casura, xoaddumuentra Ilyaccona mo
CKOPOCTAM pacIpocTpaHeHUus yabTpa3ByKa (~ 1 MI'm) mokasaHO, UTO TOJBKO
TP MaJIbIX KOHIIEHTPAIUAX HAHOTPYOOK MMEET MECTO KODPEeJANUs B M3Me-
HEHUAX CTEeleHU KPUCTAJIJINYHOCTH U YKa3aHHBIX (OUBUKO-MEeXaHUUYECKUX
xapakTepucTuk. Ilpum Oosbimux KoHneutpanusax MVYHT, korma cremneHb
KPUCTAJLIMYHOCTY ITOJUMEPHON MATPHUIIBI CIIafaeT, BO3HUKAET OPHUEHTaIM-
OHHAA CTPYKTypa MaKPOMOJEKYJ, aJACOPOMPOBAHHBIX Ha IIOBEPXHOCTH
HaHOTPYOOK. V3aMeHeHMe IapaMeTpPOB IIOJIMMEpPa, KOTOPOe BJIMAET HA TYH-
HEeJIbHBIA TIepeXoJ JJIEKTPOHOB B oOJslacTy Me:K(pasHBIX CJIOEB, a 3HAUUT, U
Ha M3MeHEeHUE 3JIEKTPOIPOBOAHOCTHA, MOKET OBITH JOCTUTHYTO IYTEM MOXIU-
GUMUPOBaHUA IOJUMEPHON MATPHUIIBI T-COMPSIKEHHBIMU MaTepualaMu, B
TOM YMCJIe KPACUTEJIAMU.

Key words: low-density polyethylene (LDPE), multi-walled carbon nano-
tubes (MWCNT), electrical conductivity, degree of crystallinity, dynamic
modules, dyes.
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1. INTRODUCTION

The use of polymers can be greatly expanded as a result of increas-
ing their electrical conductivity, physical and mechanical properties
[1, 2]. Today, such an increase is being realized at the expense of
the growth of internal and external conductivity [3, 4]. The direc-
tion of creation of external conductivity due to the synthesis of
polymeric composites of various natures is especially widespread [5—
8]. Polymer nanocomposites with carbon nanotube as fillers are es-
pecially important. Their application is due to the peculiarities of
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the structure, geometry and unique electrical, thermal conductive
(transport), mechanical, optical, emission, sorption and other prop-
erties [9-16]. In the case of polymer nanocomposites filled with
nanotubes, as a result of the high aspect ratio of I/D ~ 1000, it is
possible to expect an extremely low percolation threshold wvalue,
which essentially separates these nanocomposites among others [17—
23]. At the same time, due to the high values of the specific sur-
face, the excipients considered are prone to aggregation with the
formation of bundles as well as promote adsorption on their surface
of polymer macromolecules. The deposited polymeric layers lead to a
significant increase in the contact resistance between the adjacent
nanotubes and, consequently, to the slow growth of electrical con-
ductivity in the area of concentrations greater than the percolation
threshold. The change in contact resistance can be achieved due to
the influence on the structure of this layer, including due to the
modification of the polymer matrix. The modification of the poly-
meric base by n-conjugated systems is interest. At the same time,
the influence of the polymer matrix structure, its modification with
various additives is insufficiently studied [24, 25].

The purpose of this work is to study the percolation behaviour of
electrical conductivity in the LDPE-MWCNT system, influence the
threshold of percolation of the segregated distribution of nano-
tubes, establish the role of the degree of crystallinity and orienta-
tion of the structure of macromolecules immobilized on the surface
of the filler, in the concentration change of the and the dynamic
elastic modulus, shear modulus, and Poisson’s coefficient in the
percolation region transition, as well as modification of the poly-
meric composite with the DBSQ squaraine dye.

2. EXPERIMENTAL

Composites of low-density polyethylene with multi-walled carbon
nanotubes (MWCNT) synthesized by the method of low-temperature
catalytic conversion were obtained by hot compression method. To
obtain the polyethylene nanocomposites with MWCNT (PE-
MWCNT), high-pressure low-density polyethylene powder was thor-
oughly mixed with an appropriate number of MWCNT. Preparation
temperature was 125-130°C. The obtained LDPE-MWCNT compo-
sites were designed as discs with a diameter of 30 mm. The concen-
trations of nanotubes in the polymer matrix were 0—0.030 vol. fract.
The conductivity was determined at a constant current due to a
thermometer E6-13A at room temperature. The study of the struc-
ture of LDPE-MWCNT nanocomposites was performed using an x-
ray diffractometer DRON-8M with monochromatic Cug,, (A=
=0.154178 nm) radiation. For the investigation of mechanical prop-
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erties of nanocomposites LDPE-MWCNT, an ultrasonic KERN-4
computerized velocity meter was used. The dynamic elastic Young’s
modulus was determined by the formula:

E'=pV7, (1)

where p is the sample density, V, is the velocity of quasi-
longitudinal ultrasonic elastic waves. The dynamic shear modulus
was obtained by the formula:

E =pVy, (2)

where V,. is the velocity of quasi-transverse ultrasonic elastic
waves. The Poisson’s coefficient was calculated from the equation:

,_ 1V

Vi=——.
2V,

(3)

3. RESULTS AND DISCUSSION

The low value of the percolation threshold ¢, can be achieved in the
case of the formation of a segregated nanocomposite structure at
using the MWCNT in the carbon-based polymer of polyethylene.
Such a structure involves the formation of a continuous lead cluster
by placing the filler in the spaces between the blocks of the polymer
matrix [18].

Figure 1 shows the distribution of nanotubes in polyethylene with
the increasing of filler concentration.

It can be seen that at low concentrations (0.001 vol. fract.) nano-
tubes are localized on the boundaries of the blocks of the polymer
matrix, but they do not form a continuous conductivity cluster. The
MWCNT localization becomes more pronounced and the cluster
arises at the 0.002 vol. fract. concentration. With the subsequent
increasing of MWCNT from 0.005 to 0.030 vol. fract., the segre-
gated distribution disappears, and there is the aggregation of nano-
tubes, which densely fill the polymer volume.

Figure 2 shows the scaling behaviour of electrical conductivity in
LDPE-MWCNT nanocomposites.

The fitting of experimental data was carried out with the scaling
equation:

G:Go(q)_q)c)t’ (4)

where o, is the conductivity of the dispersed filler in the composite,
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Fig. 1. Optical microscopy images of LDPE-MWCNT nanocomposites with
0.001 (a), 0.002 (b), 0.005 (c), 0.007 (d), 0.015 (e), 0.030 (f) vol. fract.
MWCNT.

¢—the content of filler in the volume fractions, ¢,—the percolation
threshold, t—-critical index.

The values of the parameters of Eq. (4) are given in Table. A
very low value of the percolation threshold ¢,=0.00099 vol. fract.
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Fig. 2. Percolation curve of electrical conductivity of LDPE-MWCNT
nanocomposites. (The insert shows the logarithmic dependence ¢ o< ¢ — @,.)

TABLE. The value of scaling equation parameters of the electrical conduc-
tivity for LDPE-MWCNT nanocomposite.

Nanocomposite | Gy, Sm/cm | ¢, vol. fract. | t
LDPE-MWCNT 23.9 0.00099 2.7

occurs as a result of the segregated structure of the nanotube dis-
tribution. The last agrees with the results of similar nanocompo-
sites formation. At the same time, the critical index ¢ = 2.7 remains
close to the theoretical value obtained for the filler statistical dis-
tribution. The value o,=23.9 Sm/cm appears to be much less than
the electrical conductivity for the separated MWCNT, oy~ 10°
Sm/cm. Thus, the fabrication of nanocomposites with segregated
distribution of nanotubes is an effective method for improving elec-
trical conductivity at a small value for the percolation threshold.
However, the problem of obtaining high values of electrical conduc-
tivity due to the strong influence of contact resistance remains un-
resolved.

As seen, after percolation threshold, the segregated structure is
not stored due to the transition of nanotubes in the volume of the
polymer matrix. As can be assumed in this case, the nanotubes’ de-
posited polymer layer, which prevents the existence of osmotic con-
tact between the particles of filler. The resistance of the indicated
layer is significant (= 3 um), so, the increase in electrical conductiv-
ity, despite the increase in the content of nanotubes, is negligible
[26]. Since, in this structural configuration, the electrical conduc-
tivity is mainly provided by tunnelling of electrons through the



STRUCTURAL FEATURES OF POLYMER NANOCOMPOSITE LDPE-MWCNT 305

barrier created by the polymeric layer, it is important to modify
these polymer layers in order to reduce the role of the considered
potential barrier [27, 28]. Such a modification of the layer may be
due to a change in its structure by the orientation of the placement
of polymeric macrochains on nanotubes, which can be controlled by
the functionalization of the filler [29]. In addition, it is possible to
change the properties of the polymer matrix due to the introduction
of different nature modifiers. Thus, the external modification is
effective when the ion systems are applied to the polymer, which
greatly affects the electrical conductivity of nanotube composites
[30—36]. In the presence of modifiers in the polymer, a McLachlan
model, which takes into account the conductivity of the polymer
matrix [26, 28], is more suitable for describing the electrical con-
ductivity. Perspective modifiers may appear to be conjugate sys-
tems with delocalized =m-electrons, for example, dyes [37—-45], gra-
phene [46], fullerenes [47—50]. Thus, in the case of doping a
PVA/PVP polymer mixture with a methylene blue dye, with in-
creasing content of the modifier and temperature, the increase in
conductivity at a constant current o, is observed. Doping nanocom-
posite with 0.0092 vol. fract. of MWCNT, that is beyond the
boundary of the percolation region ¢ >> ¢, with the squaraine DBSQ
dye with concentrations of 0.0026 and 0.0156 vol. fract., leads to a
slight drop in electrical conductivity of lgo, from -3.47 Sm/cm for
the unmodified composite to —4.25 and —4.47 Sm/cm for the indi-
cated dye concentrations, respectively. It is evident that, with in-
creasing content of dye, the drop in electrical conductivity decreas-
es. One of the reasons of such decrease in electrical conductivity
may be competition in the deterioration of the conductivity of a
continuous cluster due to the disorientating effect of the dye and
its increase as a result of improved tunnelling of the charges in the
contact layer between adjacent nanotubes.

The parameters of scaling dependence change little with the doping
of LDPE-MWCNT nanocomposite by DBSQ dye (0.156 vol. fract.).

When forming the corresponding structure of the polymer matrix
in the contact layer, one can expect the effect of the modifier on
the electrical conductivity of nanocomposites. The appearance of the
characteristics of the polymer structure around the filler and the
effect on it of modifiers must be accompanied by a change in the
physical and mechanical properties, including the dynamic elastic
modulus, shear modulus [51-60]. An important part of the restruc-
turing of the structure in the presence of filler and modifier is the
change in the crystalline degree.

Figure 3 shows the x-ray diffraction pattern for LDPE-MWCNT
nanocomposite with different content of nanotubes.

As seen, the polyethylene crystalline structure remains un-
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c d

Fig. 3. X-ray diffraction patterns for LDPE-MWCNT nanocomposites with
0 (a), 0.002 (b), 0.01 (c), 0.03 (d) vol. fract. MWCNT (Aq.k,,,=0.154178

nm).

changed during doping with nanotubes. At the same time, a signifi-
cant change in the crystallinity degree is observed with the change
in the nanotubes content. The behaviour of the crystallinity degree
together with the concentration dependence of the dynamic Young’s
modulus E’, shear modulus G', and the Poisson’s coefficient are
shown in Fig. 4.

It can be seen that, with the increasing of MWCNT concentra-
tion, the crystallinity degree changes not monotonously, which also
occurs in other nanocomposites [61-63]. Two maxima of crystallini-
ty degree were observed at lower concentrations. There is one of
them at 0.002 vol. fract. MWCNT and second one, smaller in size,
at 0.01 vol. fract. MWCNT. The crystallinity degree decreases with
the increasing ¢ after the first maximum. The first maximum is
due to the sufficient dispersion of nanotubes, which act as crystalli-
zation centres in polyethylene when interacting with polymer
chains. With the nanotube formation harnesses during their aggre-
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c d

Fig. 4. Concentration dependence of the degree of crystallinity (a), dynam-
ic elastic Young’s modulus (b), dynamic shear modulus (c¢), and the Pois-
son’s coefficient (d) for LDPE-MWCNT nanocomposites (frequency of 1
MHz for E’' and 0.7 MHz for G').

gation, the mechanism of crystallization involves the appearance of
polymer layers between adjacent nanotubes, in which the crystalli-
zation process is amplified.

The behaviour of Young’s dynamic elastic modulus E’ with in-
creasing concentration of nanotubes is also nonmonotonic, but it
only correlates with a change in the degree of crystallinity in the
region of smaller concentrations. This shows that, for the higher
content of MWCNT, when the degree of crystallinity drops, the ori-
entation towards the structurization of macromolecules adsorbed on
nanotubes plays an important role. The role of these structured lay-
ers increases with MWCNT concentration increasing. It is seen that,
in the region of the crystallinity degree growth, the dynamic mod-
ule E’ sharply increases, and in the future, its increased value re-
mains with the tendency of a slight increase due to the formation of
the oriented structure in the considered layers. The specified struc-
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ture to a lesser extent correlates with the displacement module G'.
As can be seen, with the fall of the degree of crystallinity, this
module falls, but to a lesser extent than the crystallinity degree,
indicating an important role in maintaining the increased value of
G’ in a wide concentration range. The role of these polymeric layers
is especially noticeable when considering the concentration depend-
ence of the Poisson coefficient v'. The higher content of MWCNT
the more sharp value growth is observed.

Thus, the doping of polyethylene with nanotubes results not only
in the change in the degree of crystallinity, which plays an im-
portant role in increasing E’, G' modules, the Poisson’s coefficient
v' for the lower content of MWCNT. The orientation of the macro-
molecules’ structurization in polymer layers between adjacent nano-
tubes at higher concentrations of nanotubes plays important role.

4. CONCLUSIONS

By forming a segregated structure of MWCNT in LDPE polymer
matrix, a percolation curve with a low percolation threshold ¢.=
=0.00099 vol. fract. were obtained. As the content of nanotubes
increases, the segregated dispersion of the filler disappears and the
distribution of MWCNT becomes more homogeneous. When modify-
ing the nanocomposite of LDPE-MWCNT with DBSQ as a conjugate
molecule in the region ¢>¢., a slight drop in conductivity is ob-
served.

The determination of the concentration dependences of the crys-
tallinity degree and the dynamic elastic modulus, shear modulus,
and Poisson’s coefficient shows that the correlation between the de-
gree of crystallinity and the mentioned mechanical characteristics
takes place only for a small content of nanotubes. The higher
MWCNT content, the degree of crystallinity drops, and the speci-
fied modules and the Poisson’s coefficient retain their values due to
the structural orientation of macromolecules adsorbed on the sur-
face of nanotubes.
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Magnetization dynamics and surface magnetic properties of the magnetite
nanoparticles doped with platinum cations are studied on the microscopic
level using EPR spectroscopy. The composite samples are formed on the
steel surface contacted with Pt-containing water solutions under the rota-
tion—corrosion dispergation conditions. Increase in Pt part in the struc-
ture of nanocomposites is accompanied by the corresponding shift of the
EPR lines towards higher energies. Absorption EPR spectroscopy demon-
strates specific spectroscopic characteristics for Pt-containing samples
under controlled conditions. Spectroscopic parameters for the Pt samples
obtained by high-quality processing and analysis provide appropriate
mathematical model for the EPR spectroscopy results. Procedure of inter-
polation and fit for the EPR experimental data gives opportunity to de-
velop a theoretical model for a set of samples. From EPR absorption spec-
tra analysis for Pt-bearing samples, it is concluded that the Lorentz theo-
retical model is the most applicable for Pt data. The correlation between
the concentration of Pt ions and the location of the corresponding EPR
line in the spectrum is observed. An increase in Pt concentration in the parti-
cle structure leads to a corresponding shift of the EPR line towards higher
energies. The change in magnitude intensity of the obtained spectra is de-
scribed within the scope of the theory of Knight shift in ferromagnetics.

JduHaMiKky MarHeTyBaHHSA Ta NMOBEePXHEBI MarHeTHi BJIACTUBOCTI HAHOYAaCTU-
HOK MAarHeTuUTy, JiefoBaHUX KaTioHamu IlmaTwH®, BUBUAIM HA MiKPOCKOIIi-
yHomy piBHi 3a gomomoroio EIIP-cmexkTpockomii. KommosuTtHi 3pasku dop-
MYyBaJINCS Ha CTaJIeBilli MOBEPXHi, M0 KOHTAKTyBaJa 3 BOOTHUMU PO3UYMHAMU,
aki mictate Pt, B ymMmoBax o0epTaibHO-KOPO3iliHOTO AuCIEpryBaHHA. 30ijb-
mieHHA Pt y CTPYKTypi HAaHOKOMHIOSHUTIB CYHPOBOIKYETHCA BiAMOBiZHUM
acyBoM JinHiti EIIP y 6ik Bummux eHepriit. A6cop6iiiina EIIP-ciekTpocKomia
IeMOHCTpye crenudiuHi CIIEKTPOCKOIIiUHI XapakTepucTuku niad Pt-BMicHuX
3pas3KiB y KOHTPOJbOBAaHUX yMoBax. CIIEKTPOCKOMiUHi mapameTpu AJiA 3pa-
3kiB Pt, omep:kaHi BHUCOKOSKiCHMM OOpOOJEeHHSM Ta aHAaJi30l0, HAIOTHL Bif-
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MOBIiZHWIM MaTeMaATHYHUN MOJAeJb [IJA pe3yiabTaTiB coexTpockomnii EIIP.
IIpomenypa iHTepmosAlili Ta MPUAATHICTH NI €KCIEPUMEHTAJIbHUX NTaHUX
EIIP nae MOKJIMBICTL CKJIACTU TEOPETUUHUM MOMesb MJsa Habopy 3paskiB. 3
aHaiisu cuexTpiB morauuaunHsa EIIP pmaa spaskis, 1o mictats Pt, 3pobaeHo
BHCHOBOK, IO TeopeTudHuil JIOPEHTIiB MoAeJb € Hal3aCTOCOBHIIIIUM [IJ
maumx Pt. Comocrepiranmacsa Kopessiiisg MisK KOHIIeHTpallieio ioHiB Pt Ta po-
sramryBanuaAM BigmoBiguoi simii EIIP y cuekTpi. 36inbinenssa KoHIeHTpAaIlii
Pt y cTpyKTypi 4acTMHOK IPUBOAUTHL OO BigmoBizHoro 3cyBy Jjinii EIIP y
0ixk BUIMX eHeprifi. 3MiHY iHTEHCHBHOCTU BEJNUYNHU ONEPKAHUX CIEKTPiB
O0yJio onucaHo B pamMKax Teopii HaiiToBoro scyBy B hepoMarLHeTukax.

duHaMuKa HaMarHWYeHHOCTU U IIOBEPXHOCTHBIE MarHUTHBIE CBOMCTBA HAHO-
YaCTUI] MATHETHUTA, JeTUPOBAHHBIX KATHOHAMMY ILJIATUHBI, U3YUYEHBI HA MUKPO-
CKOIIMUEeCKOM ypoBHe ¢ moMoIinbio IIIP-cnekTpockonuu. O0pasiisl KOMIIO3UTA
¢opMupoBanuCch Ha MOBEPXHOCTU CTajdM, KOHTakTupymomein c¢ Pt-
colepsKaIuMU  BOJHBIMKM  PacTBOpaMM B  YCJIOBUAX  BpalllaTeJbHO-
KOPPOSUOHHOTO AUCIEPrUpPOBAaHUs. ¥ BeJandyeHne noau Pt B cTpyKType HaHO-
KOMIIO3UTOB COIPOBOKIAETCA COOTBETCTBYIOMINM caBuroM JuHuii IIIP B cTo-
pouy 6ojiee BLICOKUX sHepruii. AdcopbionHas IIIP-cieKTpoCKoIusa JeMOH-
CTpUpPYyeT cueluUUecKre CIEKTPOCKONUYECKNEe XapaKTepPUCTUKU 1A Pt-
coZiepsKaIux 00pasIoB B KOHTPOJUPYEMBIX YCJIOBUAX. CIIEKTPOCKOTIUYECKUe
mapaMeTpsl 4 00pasmoB Pt, momyueHHBIX BLICOKOKAUECTBEHHON 00paboTKOM
¥ aHAJIN30M, 00eCIIeUYrBAIOT COOTBETCTBYIOIIYIO MATEMATUUYECKYIO MOIEb JIJIs
pesyabTaToB crieKTpockonuu IIIP. Ilpomeaypa nHTEPHOJIAIINY U TOATOHKHU K
9KCIIePUMEHTAJIbHBIM AaHHBIM OIIP 1aéT BO3MOIKHOCTh COCTABUTH TEOPETHUE-
CKYIO MOJesb Jia Habopa o0pasmoB. V3 ananusa cueKTpoB noryoinenua IIIP
Ui 00pasIoB, comepskainux Pt, caesaH BBIBOM, UTO TeopeTHUecKas MOJeNb
JlopeHna saBaserca Hambojee HmpuMeHHMON aaA mamubix Pt. O6Hapy:keHa
KOppeJAlud MeXAy KOHIleHTpaluell noHoB Pt m pacmonokenuem coOTBeT-
crBymoteii muauu IIIP B cmexTpe. YBeaunueHnue KoOHIeHTpanuu Pt B cTpyKTy-
pe YacTull IpUBOIUT K COOTBETCTBYIOIEMY caBury Junuu IIIP B cTropoHy 60-
Jiee BBICOKUX dHepruii. MsMeHeHMNe BeJIUYNHBI MHTEHCUBHOCTU ITOJYUEHHBIX
CHEKTPOB OIIMCAHO B paMKax Teopuu cMmelienusa Haiita B eppomMarseTurax.

Key words: magnetite nanoparticles doped with Pt, EPR spectroscopy,
magnetization dynamics, surface magnetic properties.

KarouoBi cioBa: HaHOUYAaCTMHKU MAarHETHUTY, JerosaHi Pt, cmexkTpockormisa
EIIP, nuramika HaMarHeTOBaHOCTU, MOBEPXHEBI MarHeTHi BJIAaCTUBOCTI.
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1. INTRODUCTION

Nowadays, the interest in the creation of new kind of composite na-
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nomaterials is closely connected with their practical application for
technical and biological aims. So, the superparamagnetic magnetite
particles doped with precious metals, including platinum, may be
used as an effective agent for diagnostic and anticancer therapy [1].
The formation of magnetite particles in the presence of noble metal
cations results in the changes of magnetic characteristics of the sam-
ples, their morphology, physical and chemical properties as well [2].

Hence, complex of unique chemical and magnetic characteristics
of nanomagnetite when precious metal cations are present in their
crystal structure or on the particle surface gives the possibility to
obtain new preparative line for biomedicine. One of the powerful
methods for the investigation of the surface magnetic properties is
EPR spectroscopy.

For example, EPR measurements of the nanocrystalline magnetite
particles (the lattice parameter a =0.8409 nm) synthesized by a
chemical co-precipitation method, confirmed the superparamagnetic
nature of the samples. Their saturation magnetization was 42 emu/g
[3]. According to Ref. [4], it is possible to maximize catalytic activ-
ity of the Pt-bearing catalyst through the control not only of Pt
size and shape but also of its interaction with magnetite nanoparti-
cles [5]. Generally, the magnetic properties of particles are deter-
mined by many factors including: (1) the chemical composition of
the samples; (2) type of their crystal lattice and the presence or ab-
sence of structural defects; (3) particle size, their homogeneity,
shape and morphology; (4) the possible interaction of particles with
their surrounding matrix and neighbouring particles. Hence, the
control of several parameters such as size, shape, composition and
structure of nanoparticles, strongly effects on the magnetic charac-
teristics of disperse materials based on them [6].

The aim of the present work was to study magnetization dynam-
ics and surface magnetic properties of the magnetite nanoparticles
doped with platinum on the microscopic level with high resolution
and sensitivity of EPR spectroscopy [7]. The emphasis was made on
the Pt’-domain structures included into substrate Fe,O, using the
EPR spectroscopy study. The magnetic properties of Pt’° domains
under various conditions were detected by spectroscopy at room
temperature. A number of mathematical models are used to prove
the equations for magnetic characteristics and properties of the
domain structures. Size, shape, the surrounding of domains as well
as temperature may influence magnetic properties of the particles.
The EPR spectroscopy study allows obtaining detailed information
for changes in magnetic parameters of a certain domain or struc-
ture under controlled physical or chemical conditions during the
experimental study.

The physical magnetic properties of the particles were determined
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by a spectral line. The characteristics of the line that included in-
tensity ([,..), position (H,), broadening (FWHM), area under the
curve (A) and shape of the line allow making the conclusion about
mathematical description for properties of the particular particle.
Magnetic parameters of spectral line in the spectrum give the possi-
bility to determine and identify certain particle or an object by EPR
spectroscopy.

The controlled changes in parameters of the spectral lines provide
additional information about characteristics of a certain atom, par-
ticle or domain. An additional information included concentration
of atoms, number of spins, type of spins, existence and presence of
ferromagnetic and paramagnetic properties, atomic number, atomic
mass, and type of the ions, the presence of isotopes, existence of
additional atoms or chemical complexes.

Controlled changes in the spectral parameters give the reason to
make conclusion about composition and characteristics of material,
number of lattice parameters, size of the particles, and dimensional-
ity of the objects, magnetic properties of particles as well as matrix
they included in. It implies complex procedure of EPR spectroscopy
data processing due to complex mathematical model consideration
that included differential equation description. It also included non-
linear mathematical procedures of description for complex spectra
and EPR spectroscopy for hyperfine structures that imply addition-
al terms in the mathematical description. The physical consideration
terms requires additional tables to properly study and interpret ob-
tained results.

2. EXPERIMENTAL/THEORETICAL DETAILS

2.1. Synthesis of Nanoparticles

Magnetite nanoparticles doped with platinum cations were formed
on the iron—carbon alloy (Steel 3—St3) via the rotation—corrosion
dispergation (RCD) route [8]. The phase formation process was per-
formed under free entrance of air oxygen and carbon dioxide onto
the electrode surface. Before every experiment, the surface of St3
was exposed to mechanical treatment and chemical activation pro-
cedure. The initial concentration of Pt*" in the solution was chosen
in the range from 0.5 to 5 mg-dm™. The phase formation process
was carried out up to 72 h until the system reached the stationary
state. As-prepared magnetite powders doped with Pt were detected
using: (1) x-ray diffraction method (XRD) to determine the phase
composition and the primary particle size; (2) x-ray fluorescence
spectroscopy (XRFS) to find corresponding metal ratios; (3) magne-
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tometry to measure the magnetic properties of the samples such as
saturation magnetization, remained magnetization, and coercitivity.

2.2. Methodology of the EPR Study

Received samples were measured by methodology of electron para-
magnetic resonance (EPR). The study of magnetic dynamics and
surface properties of the ferromagnetic Pt-bearing magnetite sam-
ples had been performed. Magnetic characteristics and magnetic
structure were measured at the microscopic level under EPR condi-
tions with high corpulence and high resolution. Magnetic structure
of ferromagnetic was obtained by experimental EPR measurements
of the Pt-bearing magnetite samples. The magnetic characteristics
of d-"®Pt metal were studied at temperature 300 K.

2.3. EPR Equipment

The EPR experimental measurements were made using commercial
Radiopan 2547 SE/X spectrometer equipped by TE resonant cavity.
Liquid nitrogen cryostat unit for temperature dependence measure-
ments and investigation in the range of 77—300 K is also imbedded
into experimental EPR spectroscopy [9] apparatus. For EPR spec-
troscopic measurements, sealed glass tubes S16 were employed.

The results of the measurements demonstrate compliance with
the theoretical model for the EPR spectra of nanomagnetite doped
with Pt performed by the application of the radiospectrometer Ra-
diopan 2547 SE/X, equipped with TE resonator RCX 660 A, elec-
tromagnet ER 2505 and the high frequency unit MS 212 with a fre-
quency of 9.3 GHz. The module with a rare-nitrogen and a residual
unit RPG 221 for measurements in the range from 77 K to 273 K
complement the installation of EPR spectroscopy setup.

The EPR spectroscopy meter type ZS 202 equipped with magne-
tometer type JTM 247 and digital system scan CUP 203, the operat-
ing switch PF 204 and high frequencies block MS 212, and unit of
modulation type MW 203 and microwave frequency unit type BM
212 are used in the experiment.

The electromagnet ER 2505 with the PZP 80 power supply unit
and an HSP 203 field stabilizer were used in the studies along with
the AM 247 magnetometer measuring head and the probe with the
SH 203 Hall sensor and the SR 211 control unit.

2.4. Theoretical Models to Describe EPR Data

Generally, the obtained results showed good agreement with the



316 M. M. BATAIEV, Yu. M. BATAIEV, O. M. LAVRYNENKO, and O. A. KORNIENKO

theoretical model. When the spectra were processing, the Origin
and MatLab packages were used to carry out the procedure of inte-
gration, interpolation, and fitting of the obtained spectra. To im-
prove the result, the spectrum was recorded at various values (15—
25 ref. units) of the radiation power (Receiver Gain). All curves ob-
tained experimentally were processed using one formula. A distri-
bution formula was chosen depending on the result of processing
the curves. We considered the Lorentz distribution formula and the
Gaussian distribution formula for fitting the obtained spectra. To
obtain the best result with R-square coefficient value (Adjacent R-
Squared) at value of 0.99, the final versions were drawn by applica-
tion of a suitable theoretical model for this ferromagnetics.

The shape of the spectrum was determined by solving the mathe-
matical problem of a differential equation of the first order for the
Lorentz curve. So, the below-presented formula (1) describes the
form of the differential equation for this problem:

mx" +gx' + px =eE'. (1)

The solution method was derived in the form of the exponential
functions. For formula (1), the following equality holds:

E' = E, exp(—iwt). (2)
The following expression can be written for the coordinate:
r = r, exp(—iwt) . 3)

The functions (2), (3) allow finding the form of the solution for dif-
ferential equation.

The form of the solution is represented in formula (4) for the r-
value; for the above-mentioned equations, it is fair to write as follows:

ro_E (4)

m@w? —w?)

To find the distribution function for the differential equation, it
is necessary to multiply the r-value by the number of atoms and the
charge. Equation (5) represents the distribution function for the dif-
ferential equation in terms of mass, charge, and a number of particles
presented in distribution. From here, we obtain the value of P:

2 '
P=Np=Ner=Ne— 2E = -
mwy; —w

(5)

The solution of this equation is the function,
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2A w
=Y, +— . 6
¥=bhv 4(x — xc)® —w? ©)

Additional coefficient value for y is equal to

Y =Yo + 24 . 7N
w
A set of spectroscopic characteristics of nanomagnetite doped
with Pt corresponding high-resolution spectra is processed using the
Origin and MatLab software packages and interpreted according to
a theoretical model.

3. RESULTS AND DISCUSSION

3.1. Characteristics of the Magnetite Nanoparticles Doped with
Platinum Cations

According to XRD data (Fig. 1), performing the phase formation
process under the RCD conditions permits to obtain the homogene-
ous nanopowder typical for the magnetite structure (JCPDS file No
19-0629). In addition, the small reflexes of Pt are clearly seen in
the XRD-patterns. Average primary particle size equals = 20 nm. X-
ray fluorescence spectroscopy confirms the inclusion of two metals
in the crystal lattice of the samples, namely, in our case, Fe and Pt.
Hence, we may estimate the prepared via RCD route nanopowders
as magnetite doped with platinum. The measurement of magnetic

Fig. 1. XRD-pattern of magnetite particles doped with platinum. Numbers
correspond to: 1 —Lepidocrocite; 2—Magnetite; 6 —Platinum.
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characteristics of the platinum-containing magnetite nanoparticles
points to the absence of remained magnetization and coercitivity.
Hence, all samples belong to superparamagnetics. As revealed, the
saturation magnetization (M,) of magnetite particles formed in the
presence of platinum ions does not depend on the initial Pt*" con-
centration in the solutions. Therefore, in all cases, approximation
of M, lies within the narrow range 60—-62 A-m*kg™".

3.2. EPR Spectroscopy

The EPR line spectral parameters were analysed for each of the
spectra for the samples of nanomagnetite doped with Pt. The line
shape obtained on the EPR spectrometer was appropriate, and the
line width, centre line remained constant for Pt-containing magnet-
ite. The measurement quality of the machining, interpolation, and
fitting procedures by the theoretical model is confirmed by the val-
ue of Adj. R-square (adjusted squared R) is equal to 0.99 for each
of the samples.

The results of the study of Pt-containing magnetite by EPR spec-
troscopy are shown in Fig. 2. As follows from the results, the in-
troduction of Pt into the matrix of Fe;O, leads to an increase in the
spectral line intensity for Pt at 2000 Gauss. The line intensity at
2000 Gauss in the EPR spectrum corresponds to the presence of

Fig. 2. EPR-intensity dependences of absorption spectra for the Fe;0,&Pt
samples for a set of attenuation amplitudes.
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Fe;0, as the main phase.

In this experiment, the EPR lines that belong to the Pt ions into
the Fe;0, phase can be detected and measured. The intensity of the
line characterizes the relative proportion of Pt ions in the samples.
Increasing the mass fraction twice results in a linear increase in the
line intensity and area under the EPR spectrum curve.

In these samples, there is also the increase in intensity of the
EPR spectral lines of the Pt in the spectral range from 0 to 3500
Gauss. A linear increase of the receiver gain leads to a correspond-
ing increase in the intensity of EPR spectrum. The magnitude of
the increase of the spectrum is described within the groundwork for
the spectral lines in Pt-containing magnetite.

As follows from Fig. 3, the Pt intensity increases, the line inten-
sity and the area under the curve of the EPR spectrum also increas-
es according to the formation for the EPR spectral lines. The line
form of the EPR spectrum remains constant for ions Pt and has the
Lorentz line shape and meets theoretical models.

Based on the results of the EPR spectroscopy, the theoretical model
of the magnetic characteristics of Pt-containing nanomagnetite has
been established in a wide range of experimental conditions. For the
experimental data, the dependence of intensity of the EPR lines is in
accordance with the theoretical model. The characteristics for the Pt
samples, such as line width, centre of line, and line shape of the EPR,
remain constant. The line height and the plane under the curve show

EPR Spectroscopy for Pt 0.5-Pt 5 Samples at T = 300 K

Intensity, arb. units
|
| —
[ole]e]
e | ]
OI?
>

560 IObO 150020002500 30003500

Resonanse Field, Gauss

Fig. 3. EPR-intensity dependences of absorption spectra of the Fe;0,&Pt
samples.
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linear growth with the concentration of the ferromagnetic phase.

The relationship between the concentration of Pt ions and the po-
sition of the corresponding EPR line in the spectrum was investi-
gated. An increase in Pt concentration leads to a corresponding
shift of the EPR line towards higher energies. The magnitude of
the shift in the spectrum is described in the framework of the theo-
ry of Knight shift in ferromagnets.

4. CONCLUSION

The intensity dependences of EPR absorption spectra provide specif-
ic spectroscopic characteristics for Pt-containing samples under var-
ied conditions. Processed set of spectra was high quality integrated
and fit by theoretical model. Corresponding parameters of fit were
obtained and analysed for every spectrum for each sample. The
shape of the line was relevant and the width and centre of the line
remained constant for each set of samples. The intensity and the
area under the curve demonstrate linear growth for each Pt 0.5-Pt
5 samples. The quality of the measurements, procedures, interpola-
tion and fit by theoretical model are proved by the value of Adj. R-
square that equals to 0.99 for a set of the samples.

It was shown the consistence of the theoretical model with re-
spect to the magnetite particles doped with Pt, which were formed
in the wide range of platinum concentration. The intensity depend-
ence of the EPR experimental data is in the perfect agreement with
the theoretical model. Such characteristics for Pt-bearing samples
as width, centre and the shape of the EPR lines remained constant.
The height of the line and the area under the curve demonstrate
linear growth with attenuation amplitude.
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CunTte3a MoOHOKpUcTaAJiuHOrO rpadiry Ha migkmaaguakax i3 Ni
Ta Fe

B. €. ITamapiu, M. €. CaBinbpauii, B. O. Mockaaiok

ITuecmumym memanogpisurxu im. I B. Kypdiomosea HAH Ykpainu,
0yave. Axad. Beprnadcvkozo, 36,
03142 Kuis, Ykpaina

Ha wmopmepnisoBamiii ycTaHOBI[I HOHHO-IIJIA3MOBOTO PO3IOPOINEHHA 3 Iyro-
BUM PO3IOPOIIEHHAM KATOAW CHUHTE30BAHO BYIJEIeBi HAHOCTPYKTYypH Ha
MiKPOKpamIax, AKi ocamKyBanuca Ha miaacTunku SiO,, KBapIily, mOJiKoOpYy,
HiTpuay tTutamy. IIpoBemeHo mOCIiA:KeHHSA CTPYKTYP, AKi chopmyBanucs Ha
noBepxHi MiKpokpamneab Fe Ta Ni, AKUX omep:KaHO 3 BAKYYMHOI AYTU IILJIA-
XOM po3mopoIleHHA MeTasiuHoi Katonu. Ili Byrielesi cTpyKTypu € pisHOTO
posMipy mpaBuUabHOI (hopMHu (paceTHiI OaraTorpaHHUKHU, AKi ABISIOTH COOOIO
MOHOKPHCTAIN YK TO moJikpucranu rpadirty. IlepBUHHUMHN IJIOIIMHAMU
3apoakiB MomorpadiTy € KpucrajgorpadiuHi ILIOIIMHM 3aKpPHCTAIIZ0BaHUX
MiKpokpameab. MixxaToMOBi Bigmaai Ha IUX MJIOIIMHAX Ay:Ke OJM3bKiI 10
Bizmaneit Mixk aromamu y rpadeHi. @opMa MOHOKPHUCTaNIB rpadity crouar-
Ky IOBTOpPIOE (DOpMY ILJIOIIWH KpUCTAJIiB MiKpOKpamai, a HOTiM yTBOPIOE
CBOIO BJIACHY CTPYKTYPY BiATIOBimHO Ao peaJisaiiii mimimisamii BisbHOI eHe-
pril KOXXHOrO HACTYIHOTO CHHTE30BaHOTO rpadeHoBoro mapy. IIposemeno
aHaJgisy posMipy, (opMHu Ta CTyIeHS MeperpiBy MiKpoKpallejb MeTaly, IIo
KOHAEHCYBaJIMCA Ha IIJIACTUHKAX 3a PisHuX yMoOB. IIpoBemeHo mociimKeHHS
€JIEMEHTHOT'0 CKJIaAy Yy TOUKaX 3 ACKPaBO BUPAKEHUMU O3HAKaMMU KPHUCTa-
gisaimii Ta y TOUKax 3 HAagBHUM aMOPMHUM BYIJelleM. BCTaHOBJIEHO, IO
Ui YTBOPEHHSA KPUCTAJiuHOro rpadiTy HeoOXigHa HPUCYTHICTH IJIa3MOBOI
KOMIOHEHTH pPOo00UYoro rasy-uperkypcopa. OOGroBopreThCcs MeXaHi3M yTBO-
PeHHS KPHUCTANIYHUX CTPYKTYP rpadirTy Ha IIOBEepPXHi MOCHIIKyBaHUX MiK-
pokpamenb. Byriemnesi HAaHOTPYOKM Ha TAaKMX MIKPOKpAILIAX, AK IPaBIUIO,
He YTBOPIOIOTHCSA, Ha BiAMIiHY Bij KaTaJiTUYHUX I€HTPiB, AKi (hopMyloThCA
CIIEI[iAJIBHO i3 TOHKOI IJIIBKM KaTaJjisaTopa, II[0 HAIIOPOIIYEThCA Ha IILjIac-
TUHKH.

On the modernized installation of ion-plasma sputtering with arc sputter-
ing of a cathode, carbon nanotubes are synthesized on microdroplets,
which are deposited on plates of SiO,, quartz, polycortic, titanium nitride.
The investigation of formed structures on surfaces of the Fe and Ni mi-
crodroplets obtained by the vacuum-arc sputtering of cathode is carried

321
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out. These carbon structures are facetted polyhedra of different sizes and
of a correct form, which are graphite single crystals or polycrystals. The
primary planes for monographite embryos are the crystallographic planes
of crystallized microdroplets. Interatomic distances on these planes are
very close to the distances between atoms in graphene. The form of graph-
ite single crystals firstly repeats the shape of microdroplet crystal planes,
and then it nucleates its own structure in accordance with the implemen-
tation of minimizing the free energy of each subsequent synthesized gra-
phene layer. An analysis of size, shape, and degree of overheating of met-
al microdroplets, which were condensed on plates in different conditions,
is carried out. The study of elemental composition at points with pro-
nounced signs of crystallization and at points with available amorphous
carbon is carried out. As established, formation of crystalline graphite
requires a presence of a plasma component of precursor working gas. The
mechanism of formation of crystalline graphite structures on the surface
of microdroplets under study is discussed. Carbon nanotubes on such mi-
crodroplets, as a rule, are not formed, in contrast to catalytic centres,
which are formed specially from a catalyst thin film sputtered onto plates.

Ha momepHM3MPOBAHHON YCTAHOBKE HOHHO-IIJIA3MEHHOT'O HAILLICHHUS C AY-
TOBBIM pACIBIIEHMEM KaTola CHUHTEe3UPOBAHBLI YIJIEPOAHBIE HAHOCTPYKTYPBI
Ha MUKPOKAILIAX, KOTOPBbIe OCaKIajnmch Ha maactTuHKu SiO,, KBapia, Io-
JUKOpa, HUTpuAa TuTaHa. IIpoBeseHO wucciiefoBaHNEe CTPYKTYP, KOTOPHIE
cOopMHUPOBAINCh Ha IMOBEPXHOCTH MHKPOKAameab Fe m Ni, moryueHHBIX 13
BAaKyyMHOI OyTru IyTEM PAaCIbLIEHUS METAJINUYEeCKOTO KaTofa. ITU CTPYK-
TYpbl ABJSIOTCSA PA3HOTO pasMepa IPaBUJIbHON (OpMbI (paceTUpPOBAHHBIMU
MHOTOTPAaHHUKaMM, KOTOPBLIE IIPEACTABJISIOT CO00H MOHOKPUCTAJIBI WU
MOJIMKpPUCTAJILl Tpadura. IIepBUUYHBIMH NJIOCKOCTAMHN 3apOILIIIEl MOHO-
rpauTra ABIAIOTCA KPHUCTAJINYECKNE IJIOCKOCTH 3aKPHUCTAIN30BABIIUXCS
MHUKpOKAaImeJgb. MeXaTOMHbIe PACCTOAHUS HA STUX ILIOCKOCTAX OYEHb OJIM3-
KM K pacCTOAHUAM MexKIy aTroMaMu B rpadene. @opmMa MOHOKPUCTAJIOB
rpaduTa cHavajga IMOBTOPAET (POPMY ILIOCKOCTel KPHCTAJJIOB MUKPOKAILIH,
a moToM 00OpasyeT CBOIO COOCTBEHHYIO CTPYKTYPY B COOTBETCTBUU C pPeasiu-
3aleil MUHUMAJLHON CBOOOMHOII SHEPruu KasKIOTO IIOCJEIYIOIIero CHHTEe-
3UPOBAHHOTO rpadeHoBoro ciaosd. IIposenén amanms pasmepa, GPOPMBI U CTe-
IeHN IIleperpeBa MHUKPOKAIleJb MeTAajja, KOTOPble KOHJAEHCHPOBAJINCL Ha
MOAJIOKKE IIPU PAa3JIMYHBIX yCJA0BUAX. IIpoBemeHO mcciemoBaHWE JJIEMEHT-
HOT'O COCTaBa B TOYKAX C SPKO BHIPAKEHHBIMU NPU3HAKAMU KPUCTAJIIN3a-
UMY ¥ B TOUKAX C HAJUYECTBYIOIMM aMOP(PHBLIM yIJIepPoaoM. ¥ CTaHOBJEHO,
yTO AJisg 0o0pasoBaHUS KPHUCTAJIINUYECKOTO rpadura HEOoOXOAWUMO IIPUCYT-
CTBHE ILJIa3MEHHOTO KOMIIOHEHTAa pabouero rasa-mpexypcopa. O6cy:xmaercs
MeXaHu3M 00pasoBaHUS KPUCTANINUECKUX CTPYKTYP rpadura Ha IOBEpPX-
HOCTH HCCJIeJOBAHHBIX MUKPOKAIeJdb. YTJEepOAHbIe HAHOTPYOKM HA TaKUX
MUKPOKAIIJIAX, KaK IIPaBUJO, He 00pasyioTcs, B OTJINUYME OT KaTaJuThue-
CKHUX IIEHTPOB, KOTOpPbIe (DOPMHUPYIOTCA CHEIMAJIbHO M3 TOHKOH IJIEHKU Ka-
TAJIN3aTopa, IMOJyJyaeMOro IyTEM HAILIJICHUSI Ha IJaCTUHKMH.

Karouosi cioBa: CVD-cuHTesa, ByIJeleBi HaHOCTPYKTYpPHM, MiKpOKpari,
IYyTrOBe PO3IIOPOIIeHHd, IIJasMa, KaTaJlisaTop.
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(Ompumano 19 uwepsus 2019 p.)

1. BCTYII

OpmepsKaHHS MTOCKOHAJIUX MOHOKPHCTATIB rpadiTy € cepio3HOI0 TeXHO-
Joriumoio 1mpobiaemoro. IlpmmHaiimui, g0 1965 POKY MOHOKpHCTAJIiB
rpadity Baaraii ie me O0ymo omep:xano [1]. Marepisaau, 1o rpadiry-
IOThCS, JIUIIIE ITOYMHAIOTH BUABJATA TPUBUMIPHY BIOPAJKOBAHICTH 3a
1600-1800°C, a magmiiine ofep:KaHHsS BIIOPSAAKOBAHOro rpadity Bimdy-
BA€EThCSA ILIAXOM TEePMOOODPOOJEHHA TaKMX MATEPiAJNiB IIPU TeMIlepa-
Typax, 6impmux 3a 2100°C [2]. MoHokpuctanau rpadity Oyam omepska-
Hi omfHUMU i3 mepImmx aBTopamMu [3] HMIIAXOM CIIOHTAHHOI KpHCTasisa-
ii i3 3aeBTeKTHUHOTO po3rony Fe—C. I'padiTori Turmi 3 posmimeHnMu
B HUX NIWJIiHIpaMHu i3 apMKo-3ajlida HarpiBaju [I0 TeMIepaTypu y
2950°C. IIpu mpoMy PO3TOII HAaCHUyBABCS BYTIJIEIIEM i3 CTiHOK THIJIA.
MoHOKpHCTAJI BUHUKAJN B YCAJOYHUX DPAKOBUHAX METAJEBUX 3JIUB-
KiB, 3BimKu ix i Buiimanu. Poamip ix OyB y MeKax OAMHUIL MiKPOHIB.
OpHielo 3 MOKJIMBUX METO Ofep:KaHHA MOHOrpadiTy € BUKOPHUCTAHHS
PECVD-cunresu (Plasma-Enhanced Chemical Vapour Deposition) Byr-
JIEIIEBUX HAHOCTPYKTYp 3 ByrieneBmicHux rasis (C,H,, CH,, CO, Ta
ig.). Ilpm oMy B SKOCTI TigKJIAAWHOK HaMNJIIIIEe BUKOPUCTOBYBATHU
KaTamiTuuHi MeTanw, HAIIpUKJAI, 3ajJid0 YM HiKeldb, Oe X0u Ou B
OKPEMUX MiCIIAX IIOBEPXHA IIUX HiAKJIAAWHOK ABJAJIA COD0I0, 3a MOK-
JINBOCTH, OHY i3 KpucTaysorpadGivyHmX IJIOIINH, MiAXOAAIINX 3a Iapa-
MeTpaMu T'PDATHUILL [JIA YTBOPEHHA IIEPBUHHOTO TIpadeHOBOTO IIapy
[4]. Ile — Taxk sBaHWI TPUHIIUI MAaTPUUYHOTO KomiloBaHHA. Hampu-
KJajg, IJd HiKJI0 Takoio mioiuHoio € (111) 3 mocriiiHOO rpaTHUI y
2,49 A, a mocriitma rpadenosoi rparmumni — 2,46 A. Taki BapianTu
ILJIOIIIMH MOYKYTh Peali3yBaTHCSA B YMOBaX, KOJIM Ha MiJKJIaIUHKY Oca-
IKYIOThCA meperpiti mikporparnii karasaizaropiB Fe i Ni, axi sasxau
YTBOPIOIOTHCS B eMiCiHHMX KaTOAHUX IJIAMaX BaKYyMHO-IYTOBUX PO3-
pAxiB [5—7] HA CTPYMONPOBIAHUX KaTOAAaX.

MeToio poboTH OYJIO CHHTE3yBAaTH MOHOKPHUCTAIUN rpadiTy Ha migk-
adaguakax 3 Ni i Fe 3a momomororo PECVD-meronu.

2. EKCIIEPUMEHTAJIBHA YCTAHOBEA I PE3YJbTATH

ExcnepuMeHTaJIbLHY YCTAHOBKY, Ha AKiMl OyJau ofep:KaHi MOHOKpUC-
rasnu rpadiry, npexcraBieHo Ha puc. 1.
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Puc. 1. CxeMa eKCIepHIMEHTAJIbHOI YCTAHOBKH /I CUHTE3H BYTJIEIeBHX Ha-
HOCTPYKTYP. "

3 pucyHKy 1 BuUIHO, IIIO JJIA OJEP;KaHHA BYTJIEIEBUX HAHOCTPYKTYDP
(ByrJeneBux HAHOTPYOOK, ITOJIiMEPHO-BYIJIEIIEBUX KOMIIO3UTIB, MOHO-
KpucrtaiiB rpadity Ta iH.) YCTaHOBKY OOJIaJHAHO ILJIa3MOBOIYTOBUM
npuctpoem (IIIII, mpaBopyu), AKepesoM ILIa3MU POOOUOTO BYIJIEIEB-
micuoro rasy (C,H,) y Burnani Ilenminrosoi uapyaku (610K JiBopydY) 3
PO3KapoBaHOI0 KaToJ0I0 i, BIacHe, OJIOKOM CUHTE3W BYIJIEIIEBUX Ha-
HOCTPYKTYP 3i CTOJMKOM DE3UCTUBHOTO HArpiBaHHA MiAKJIagUHOK (y
IIEHTPi), O0JIaJHAHUM CHCTEMOI0 KOHTPOJIIO TEMIIEPATYPU MHiJAKJIaJUHOK
i mapameTpiB miasMu poO3pAAY B 30HI cuHTe3u. DPopMyBaHHA KaTali-
TUYHUX IeHTPiB Ha migkjaagmuakax 3 SiO,, KBapIly, IOJiIKOPY, HiTpUIY
Tutany miA cuHtesu Meronoro PECVD (y BiTumsmaniii Jsitepartypi Bi-
JIoMa TaKOJK ITiJ] HA3BOIO «ILJIa3MOBO-CTHMMYJIbOBaHa rasod)asHa CUHTE-
3a») BimOyBasoca mpu BiAmasioBaHHi TOHKuX mapiB (5—10 HM) meta-
aie-karaiizaropiB Ni i Fe, aAKi KoHmeHcyBaamcsa Ha IIiAKJaIWHKAX ITi-
CJIA POBIOPOIITYBaHHA BifMOBiAHOI KaToau B ILJIa3MOBOIYTOBOMY POS3-
pani. Pesxxumu cuHTe3u Ta AuHaMiKa KpaneJybHOI (ha3u npu il mpoJiboTi
3 KaToou OO MicIid ii KoHAeHcAallii gJeTaabHO omucaHo B [6, 8].

MopdoJioria omepskaHUX IOKPUTTIB 1 CTPYKTYpP, a TaKOMX IXHIM
€eJIEMEeHTHUM CKJaJ JOCJIiIKyBaJCS 3a JAOIIOMOI'OI0 PACTPOBUX €JIEKT-
porHux MikpockoniB JEOL JSM 6700F i TESCAN MIRA 3, akuit 00-
JamHaHW eHeprogucnepciiuuMm cmekTpomerpoM Oxford instruments
X-max 80 mm?.

IIpu HameceHHi KaTajisaTopa B ILIa3MOBOMY IIOTOIli, IO TOIIMPIO-
BaBcA Bix muomuau Karoxum IINII (mue. puc. 1) mo meHTPYy pobouoi
KaMepH, e PO3MillleHi MJIacTUHKMU, Ha AKUX 3[iMicHIOBaJIacsd CUHTEe3a
BYTJIEIIEBUX CTPYKTYP, OKPiM HOHHOI KOMIOHEHTH, AK YyiKe 3ayBaiKy-
Bajiocs, OyJu IPHUCYTHI Tako:k i Mikpoxparuri karaimizaTopa. Ilpwui-
TalOuUM B 3Pi/yKEHOMY CTaHi Ha TOPU30HTAJILHO OPi€HTOBAHY MJIACTUH-
Ky, MiKpOKpAaIlJIi posSIIMBalOThCSI Ha Hill, yacTo HabyBamouum (GopMu
«oripka». TumoBuii BUIJIAL TaKOl BUTATHYTOI MiKPOKpPAILIi 3 0XO0JO-
MKEeHUM TBEPAUM IIEHTPOM, IO BUKOTHBCA 3 Ii cepequHU, HaBEeAEHO
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JSM-6700F S| .OkV X700 10um 79mm

Puc. 2. Buriasg mikpoxpalnii saaisa, Io saTBepiijia Ha IJIACTHUHIN 3 IIOJIi-
Kopy. ] — TBepAWil ImeHTP MIKPOKpamii; 2 — 3aTBepAjia MiKpOKpamid.>2

Ha puc. 2.

IIpu cuHTesi ByrieneBux HaHOTPyOOK (BHT) Taki mikpoxparnri
posmipom nmo 10 MKM 3aBKAu Oyau mpucyTHi [8] B HeBeMUKill Kiib-
KocTi Ha miacTmHKax mjas cuHTtesu BHT. BaxkamBo 3asHaumTwH, IIMo i
BUIJIAA MiKpOKpaliejb, i YMOBUM IXHBLOTO 3aTBePAiHHA Ha ILJIACTUHIL
IysKe 3aje)kaThb Bin pexuMiB dynKIionyBanusa IIIII i Tremnepatypu
miIacTuHKu. B exkcnepumeHTax i3 cuHTe3m BHT, ax mpaBusio, TOHKI
KaTaJiTUYHI IJIIBKM MeTay-KaTajisaTopa OCaJKyBajJucd Ha OXO0JO-
MUKeHY IJAacTMHKY, a IMOTiM BiAmajioBajucsa Ha Hill mporarom 5—35
xBuauH. [Ipu 1bOMy B pesyJibTaTi BUCOKOTEMIIEPATypPHOro AuUQy3iii-
HOTO Bimmayy BimOyBaeThCcs KoajecIleHIlisd HaIOpOIIeHoi TOHKOI Kara-
JITUYHOI IJIIBKU 3 YTBOPEHHAM OKpPeMHUX OCTPiBIIiB, AKi i € KaraJi-
ruaauMHu neHTpamMu (KI[), Ha AKUX y DOZANBIIOMY CHHTE3YIOTHCHA
BHT. B pisHuxXx TeXHOJIOTIYHMX yMOBaX Ha IUIACTUHKY pPa3oM 3 TOH-
KOI0 ILTiBKOIO KaTajli3aTopa MO’Ke BUCAJUTUCA TaKOXK 1 Jy:Ke Ilepe-
rpita mikpokpamas (06e3 TBepaOro, TOOTO HEPO3TOIJIEHOTO, IEHTPY,
AK Ha puc. 2) 3 «IIy0oio» Iapu HaBKoJIO Hel, i Toxi ii dopma micmia
3aTBePAiHHA Ha IIili IIJTaCTUHIIL € HellepeA0auyBaHOO, HAIIPUKJIAML, AK
Ha puc. 3.

B oxkpemux BuUIagxkax, SKII0, HAIIPUKJIAL, OysKe rapsada, meperpira
MiKPOKpAaIlJId OCalKyeThCsd HA KPEeMHIMOBY MIJIACTHUHKY, TO IO TEpPU-
depii ii rabiTycy, me TemmepaTrypa ILIAaCTUHKY HaWBUINA, MOKYTHb
YTBOPIOBATHUCH, BipoTigHO, cuainuau 3aiaisa (puc. 4).

Aune B meaxkux BuUIlagKax (30KpeMa OpU OCaKeHHI MiKpoKpamii Ha
XOJIOAHY TIJACTUHKY) OKpeMi MIiKpOKpaimi MOMKYThb B3acTHUraTH Ha
IIJIACTUHIT y Maii:Ke aMOPMHOMY cTaHi, K, HAIPUKJIAL, HA PUC. D.

Ilig yac BigmasmoBaHHA TOHKMX ILIIBOK Ha IJaCcTHHKAX AJad (op-
MYyBaHHS KaTaJiTUYHUX IeHTPiB i mogasbiol cuuTesu BHT amopdni
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Puc. 3. Burian saTBepAJiol Ay:ke IeperpiToi Mikpokparmi 3anisa Ha migkia-

OUHIIL 3 OKUCY KpeMHio. I — Mikpokpamas; 2 — obJacTi KOHAeHcaTy Ima-
3

pu.

MiKpOKpami TeX B IIell Yac BiAANIOIOTLCA Ta KPUCTATII3YIOThCA.
3BUUaiHO, KPUCTAIi3allid MiKpoKpaleJb MOKe BimOyBaTuca TaKoXK i
3i crany pimuHM, i TOAi mim yac BimmaJdOBaHHA KATAJITUUYHUX ILJIiBOK
BimOyBAlOTHCA PEKPUCTATISAIifHI IpoIecu B TAKMX MiKPOKpPAIJISIX.
IIpu mpomMy 3epHa MeTaJy Kpali BUXOOATH HA IIOBEPXHIO PisHUMU
KpucrajgorpagivyHUMU MIJIOIIMHAME 3 Pi3HOIO HOBEPXHEBOIO T'yCTHHOIO
aToOMiB, IITO0 BILJIMBA€ HA IIOBEPXHEBY AUMY3ii0 i NMEepBUHHY BUHUKJIY
CTPYKTYPY 3 afcopOOBAHUX ATOMiB, AKi IPUXOAATH HA IIOBEPXHIO ITi€l
mwromuun. SIKIMo mapaMeTpu KpuctaJjorpadiumoi rpaTHuHIi 3epHa,
AKe BUUIIJIO HA IIOBEPXHIO MiKPOKpAILIi, 30iraioThcs 3 mapaMeTpaMu
rpadgeHOBOI I'PATHUII, TO BUHUKAIOTHL CIPUATIUBI YMOBH IJi YTBO-
penHsa mepBUHHOI rpadeHoBoi citku 3 pobouoro rasy C,H,, axuit cme-
migabHO akTuBidyeThed B Ilemminroomy pospazi. Ilpu mpomy Ha Ta-
KMX 3epHaxX Ha IIOBEePXHAX KpucTajorpadivHmx IJIOMMH KpAalai 3a
PaxyHOK IIOBTOPEHHS MepBUHHOI rpadeHoBOl CiTKHM CHUHTE3YIOTbCS
MOHOKpUcTaIu rpadiTy, BUJ AKUX IPeACTAaBJICHO Ha puc. 6.

Mo:xza 6aunTi, IO MOHOKPHCTAJIM Trpadirty, AKi cuHTesyBaImcsa
Ha PisHUX MOBEPXHAX KpAaIlli, MaloTh Pi3Hy opMy, Xoua IIepeBaKHA
OinmbIricTh IX MAaIOTh BUIVIAL HEOPABUJIbHUX INMECTUKYTHUKIB PisHUX
poamipiB. IlepBuHHNII PO3Mip TAKMX YTBOPEHb i iXHill BUIJIAL BU3HA-
YaloThbCA PO3MipaMM Ta THUIOM KpHCTaJOrpaiuHmX IJIOIIWH KpHuCTAa-
JiB HIiKJI0, AKi yTBOpMJMCS IIiJ dYac KpucTaJjisarmii MiKpoKparwLri.
I'padenoBa ciTka Jwuille TOBTOPIOE MEPBUHHY HiKJeBY ILrommuuy. Ilo-
TiM, IPM IOJAJBIIIN cuHTe3i rpadiry HacTymHi aTomapHi rpadeHoBi
ILIOIMUHY IIOYMHAIOTh BTPAYaTH UYTJIMUBICTH IO 3apOAKOBOI IrpadeHo-
BOI IJIOIIWHM, i KOKeH HacTymHUB 1map rpadeHy Oyaye TaKy CTPYK-
TYpy, AKa 3a0esneuye HalMEHIITy BiJbHY eHepriio #oro 3B’SA3Ky 3 IO-
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Puc. 4. Burnan 3aTrBepasoi nmeperpitoi Mikpokpami 3ajiisa Ha KpeMHiHOBiHk
IIACTHHII 3 YTBOPEHHAM, BipOTifHO, CHIINMKAIB IO KOHTYPY Kparii.*

Puc. 5. Burasn amopdHoi Mikpokparti Hikmo Ha maactuami Si0,.°

mepeqHiM IIIapoM.

CaMe Taxk MOKHA TOSCHUTH 3MEHIIEHHS PO3MipiB HeIpPaBUJIbHUX
IIeCTUKYTHUKIB, IIT0 BUHUKJIN HAa OKPEeMUX KPHCTANITaX MiKpPOKpAaILIi
(puc. 6). Ak moxkHa OyJio I OUiKyBaTu, He BCA MOBEPXHA MiKpoKparl-
Ji BKpHUTaA IPAaBUJIBHUMHN MiKpOoKpHcTalaMu rpadiTy; € TaKOoXK Micisd
3 HEeCTPYKTYPOBAaHUM ByTJeleM (BOHM TEMHOIO KoJabopy). Ha 36iab-
mieHin gororpadii (puc. 6, 6) MoKHaA OAUNTH TEMHi IIATOUYKK Ha Be-
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SEM HV: 10.0 k. WD: 2.06 mm | miras TESCAN|

View fleld: 1.83 pm Dot: InBeam 500 nm
SEM MAG: 236 kx

a 0

Puc. 6. Burnaxg moHokpucraiiB rpadiTy Ha 3epHax HiKJeBOI MiKpOKparLii,
10 ocajaKkeHa Ha miaKAagUHKY SiO,. @ — 3arajJbHUHA BUTJIAJ MiKPOKpAILIi;
6 — YacTWHaA MOHOKDUCTAJIIB y 30iibpmenoMy BuUrIami.b

JUKUX MOHOKpUCTaJax KBagpaTHOI ¢GopMHU, 0 MOKe CBiAUUTU IIPO
AKich BKJIIOUEHHSA B CTPYKTYPy MoOHOKpuctaay. Kpim Toro, Tyt ¢op-
Ma OKpeMUX MOHOKPUCTAJIIB IIOKa3ye, IO KOKeH 3 HUX 3POCTae He-
3aJIe’KHO BiJl 3pOCTaHHA iHIIIOrO.

Ha mixkpokpamnax sajnisa (puc. 7) rpadiToBi cTpyKTypH BimpisHs-
IOTBCS CBOEIO OYIOBOIO Bif CTPYKTYp Ha HikJgi. TyT BoHU CKJIamaioTh-
ca 3 0araThb0X MOHOKPHCTAJIIB MEHIIMX PO3MipiB i iHmmoi, aHik Ha
HiKJgi, opmu. Ili cTPpyKTypu ABJIAIOTH cOO0I0 KPYITHI IOJiKpHCTAIN,
MMOBipHO, 3a paxyHOK TOT0, IO IIOCTiMiHI KpucrajorpadivHmux IIJI0-
ITUH I'PaTHUIIL 3ajisa Oijbllle BigpisHAIOTHCSA Bif mocTriiimoi rpadeHo-
Boi rpatHuii. Came TomMy, IMOBipHO, IIepBMHHI 3apoAKoOBi rpadeHoBi
IIJIOIIUHY ABJAIOTECA OiJBIT (parMeHTOBAaHUMMU, «IIIMATKOBUMU>.
Aune nnacka ¢opma rpaHeii Bcix mpezacTraBieHuX rpadiToOBUX KpucCTa-
aiB (dacerHicTh) i uiTki, mpami gimii pebep i3 mMasum pajgitrocom 3a-
KpYIJIeHb CBifuaTh PO JOCTATHLO JOCKOHAJIY (DOPMY OKPEMUX MOHO-
KpuCTajJiB B 000X BUHOAAKax CUHTe3u. AJjie oOKpeMi (hparMeHTH MOHO-
rpadiToBOl CTPYKTYpU, OJlepsKaHOl Ha 3aji3Hiil migkaaguHIili, IOBO-
IAThCA HOelo HecmoxiBaHo. CKJlalaeThCs BpPaKeHH:, IO TYT OKpeMi
rpaHi B KpucraJi rpadiTy MoKyTh 3poCTaTU 30BCiM He3aJIeKHO OJHAa
Bijx iHmoi, xoua, 3maBasocsa 0, mepBUHHA rpadeHOBa ILJIOIIWHA Ha 3a-
Jizi Mae HaB’A3yBaTU MOCTATHHO MepeAdauyBaHy HOAAJBIINY €BOJIIOIIII0
poCTy MOHOKPUCTAJY.

Y HM:KHIN yacTuHi puc. 7 MOMKHA TaKOK 0AUUTU YTBOPEHHS 3 IIPakK-
TUYHO amMop(diszoBaHOI'0 BYIJIEIIO, e, IMOBipHO, IEPBUHHI 3apoAKOBI
IIEHTPU BYTJIEII0 3 OKPeMUX OeH30JbHUX KiJellb He MaJiu pPeryJapHol
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SEM HV: 10.0 kV WD: 2.97 mm

View field: 3.25 pm Det: InBeam
SEM MAG: 88.8 kx

Puc. 7. Burusaj MOHOKpHCTaIiB rpadiTy Ha samisHii mikpoxparmmi.’

crpykTypu. IIpu PECVD-curTe3i oxpemi 36ymxeni xommiexcu C,H,,
CH’, a rakox itomizoBani C,H,", CH" MOXyTh 3aMUKATH HeTOCKOHAJI
0eH30JIbHi IIEHTATOHM YK TO TelTAaroHM abo CTBOPIOBATH 3aMKHEHi Ki-
JBIIA 3 OiJBINIOI0 UM MEHIITIOI0 BiJi HMX KiJbKiCTIO eJeMeHTiB, IOBTOPIO-
oun abo BUIO3MIiHIOIOUM IIEPBUHHY 3apPOAKOBY CTPYKTypy. Taxi spoc-
Taloui HepBUHHI YTBOPEHHS MOMKYTh OyTH ab0 y BUIJIAAI HEBEIUKUX
HeJOCKOHANINX TrpaeHOBUX «JIUCTOUKiB», ab0 y BUIVIANI HAPOCTaIOUOl
BYTJIEIeBOI chepr YHOPSIAKOBAHOIO XaoCy, AKi MOBOJI YacTO CIIOCTEPi-
raloThCs B eKCIIEpUMEeHTaX, i camMe ix mobpe BUAHO B HMKHIiN YacTHHI
puc. 7. IIi obsacti amop@disoBaHOTO BYIJIEII0 MOXKYTh TaKOXK YTBOPIO-
BATHUCA OPAMO BCePeOUHI OKpeMHUX MOHOKPUCTAIIB rpadiTy, AK Iie Mo-
’KHA 6aunTy Ha puc. 8 y Touxkax Spectrum 3, Spectrum 4. VImoBipHoI0
MIPUYNHOIO TAKOTO IIOYATKOBOT'O POCTY 00JIACTH aMOP(MHOro BYTJIEII0 Ha
AKiN-HeOynb ILIOIMUHI MigKJIaINHKN MOXKe OyTu «HabiraHHa» HeBiamo-
BiTHOCTY IIOCTIiMHMX T'PATHUIIL TiAKJIaAUHKU Ta rpadeny. Tomi B 1iit
ILTIOIIUHI YTBOPIOETBCS OiJIbIlTa UM MeHIa 06JIacTh 3 XAOTUUHUM PO3-
noxisom aromiB Kapb6oHy, siKa, IIOBTOPIOIOUNCH, IMPUBOAUTH IO CIIEIIU-
diuHOi ByTJIeIeBoi OyAOBM BCEpeAMHI 3pOCTal0uoro MoHOrpadiry.
Eneproaucnepciiina ejeMeHTHa aHaji3a B PiBHUX TOYKAX Ha MiK-
poxparnti Ta migkgaguHmIi (puc. 8) moKasye, 1[0 B MOHOKPHUCTAJTIUHUX
yTBOopeHHAX (Spectrum 1, Spectrum 2) mpucyrtHiii Byriemns 3 qeAK0I0
Iojeio KUCHIO (BOAHIO, 3BMYAilHO, He BUAHO). B TeMHUX TOUYKax, [Ie,
HaliMoBipHimIe, BuAHO aMOp(HUIl BYIJellb, KHUCHIO JeIo OiibIie, a
HiKeJIb TPUCYTHIN y MeHHIi#l KiJIBKOCTi, OCKiJIbKU TYyT aMOpdHUIl BY-



330 B. €. TIAHAPIH, M. €. CBABLJILHI!, B. 0. MOCKAJIIOK

Puc. 8. O6sacTi eleMeHTHOI aHANi3W B Pi3HMX TOUKAX MIKPOKPAILIi Ta MigK-
naguakn (Mikpokpamnsa Ni — Ha migkaagueni 3 Turany).®

TABJUIISA. Pesynbraty e€JeMEeHTHOTO aHAaJNi3y B Pi3HMX TOUKAxX MiKpOKpa-
wri Ta migrkmagmakn.®

Spertrum | In stats. C (0] Ti Ni
Spertrum 1 Yes 74,32 1,37 1,31 23,00
Spertrum 2 Yes 71,97 1,10 1,32 25,61
Spertrum 3 Yes 78,42 1,53 2,28 17,78
Spertrum 4 Yes 82,43 2,50 2,22 12,85
Spertrum 5 Yes 67,86 9,93 21,78 0,42

IIpumimka: Bci pesyibraTy HaBeIeHO B aTOMHUX IIPOIEHTAX.

TJIelb, IMOBipHO, TOYAB yTBOPIOBATHCS B MiCIIAX PO3KOJIYy MiKpoKpa-
i, To0TO B Miciax cTukKiB KpucraaitiB. Ha BinbHilT Big Mikpoxpart-
Ji maomri TuTaHoBOI miAKJaAMHKMN (TOoukKa Spectrum 5) BuaHO meIo
MEHIIYy KiJIbKiCTh BYyIJIeIl0, HijK y TOUKax aHaJi3W Ha MOBEPXHi Mik-
POKpaILti, Mo MOKe CBiIYMUTH IIPO Te, IO IPOIECH CUHTE3U BIIOPAI-
KOBAHUX BYTIJIEIEBUX CTPYKTYP B 00JaCTsIX MOHOKpPHCTAJIB i amopd-
HOT'0 BYTJIEI[I0 HAa OKpPeMHUX MiCIIX ITOBepXHi MiKpoKpami mepebira-
IOTh iHTeHCUBHIiIlle, HiK 6GeslocepeqHbO Ha ITOBEPXHi THTAaHOBOI ILac-
TuHKU. B Toumi Spectrum 5 Takok BUAHO AeAKY KiJbKicTb HiKJIIO
BiJl TOHKOI IJIIBKM KaTaJiidaTopa.
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3. BUICHOBRH

3 aHaJi3W BeJIMKOI KiJbKOCTH OJep:KaHMX y POOOTI JaHWX IIPO yTBO-
peHHA MOHOTrpadiTy Ha MiKpOKpamJiax HIKJIIO Ta 3aJjisa cTajio sICHO,
10 JJIs YTBOPEHHA MOCKOHAJIUX, 3 ICKPABO BUPa’KeHUMHU T'PaHAMU Ta
pebpamu GaraTorpaHHHKIB rpadiTy, AKi YyTBOPIOIOTHCA Ha IepeTHHAaX
rpaHeii KpucTajJiB MoHorpagdity, HeoOXifHa HIPUCYTHICTHL IJIA3MOBOI
KOMIIOHEHTH pobouoro rasy-mpexypcopa. He BukIooueHo, IO onep-
JKaHi Kpucranu rpaity MaiooTh B CBOEMY cKJani i T'imporen, axkuit
MOXKe TaK UM iHaKIme MoAum(ikyBaTu ifeanbHy I'paTHUIIO rpadiry,
aJjie IIPOBECTH PEHTI'€HOCTPYKTYPHY aHAJIiI3y Ha OyKe HeBeJHKild Ki-
JBKOCTI MiKpOKpaIejb, Ha SAKMX CHHTE3YEThCsI MOHOrpadir, He Baa-
€ThCA.

Ha BigMiHy Bim KaTamXiTHMYHMX IeHTPiB, OJep:KaHUX B pe3yJibTaTi
KoaJIeCIleHIlii TOHKOI ILIIBKM MeTalay-KaTajdizaTopa, Ha OiJbIII MacuB-
HUX MIiKpOKpamjifax 3 TUX caMUX MeTaJiB i B Tux Ke ymoBax, BHT
He CUHTe3YyIThCcA. lle cBimumTh mpo Te, IO OJHUMU 3 BUPIMIAIbHUX
Bumor ¢opmyBauua BHT y CVD-meromguiii, € Tum, reoMeTpuvHi pos-
mipu Ta mpodinb moBepxui KII.
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! Fig. 1. Scheme of an experimental installation for synthesis of carbon nanostructures.

2 Fig. 2. The appearance of iron microdroplet hardened on polished corundum plate. I—solid
centre of microdroplet; 2—hardened microdroplet.

3 Fig. 8. The appearance of solidified superheated microdroplet of iron on silicon oxide sub-
strate. 1—microdroplet; 2—the fields of metal vapours condensate.

4 Fig. 4. The appearance of hardened superheated iron microdroplet on silicon substrate with
the formation, probably, of silicides along the contour of droplet.

® Fig. 5. The appearance of nickel amorphous microdroplet on SiO, plate.

5 Fig. 6. The appearance of graphite monocrystals on grains of nickel microdroplet deposited on
SiO, substrate. a—general view of microdroplet; 6—part of monocrystals in magnified form.

" Fig. 7. The appearance of graphite monocrystals on iron microdroplet.

8 Fig. 8. The areas of amorphous carbon within the single crystals, and the results of ele-
mental analysis at different points of the microdroplet and the substrate (Ni microdroplet is
on the titanium substrate).

9 TABLE. The results of elemental analysis at different points of the microdroplet and substrate.
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Nanoscale Structures of Laser—Arc Welded Joints of High-
Strength Low-Alloy Steels
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Low-alloyed high-strength steels with a yield strength of above 600 MPa
are widely used for the manufacture of various types of critical-purpose
constructions (freight cars, bridges, pressure vessels, truck bodies of lor-
ries, parts of load-lifting cranes, pipelines, ship hulls, etc.). Arc welding
of these steels cannot satisfy the industry due to both the low productivi-
ty and the need for a heat treatment before or after welding. Without
heat treatment, cold cracks form in these steels in the overheating area or
in the weld where the metal is quenched during welding, and softening
zones appear in the heat-affected zone outside the quenching sites. The
hybrid laser—arc welding is becoming more common in the industry. This
is due to the prospect of introducing hybrid laser—arc welding instead of
arc processes, since such a replacement does not require a relatively large
expenditure on the re-training of production and provides a noticeable
increase in productivity. At the same time, a significant part of the ther-
mal power required to melt the metal in hybrid laser—arc welding is pro-
vided by the use of cheap arc power sources. Previously, the authors de-
termined the optimal speed of hybrid laser—arc welding from the point of
view of the phase composition of the structural components, dispersion of
the grain structure, the proportion of brittle fracture, etc. However, it
was not clear, what effect of the dislocation structure is on the crack re-
sistance measure—fracture toughness. The aim of this paper is to study
the effect of external bending load on the dislocation structure and on
fracture toughness of low-alloyed high-strength steel welded joints pro-
duced by hybrid laser—arc welding by the mode at optimum welding rate.
The structural factors, which guarantee a high level of strength and crack
resistance of welded joints of high-strength steel, are identified. As
shown, the complex of properties of welded joints under external loading
in a wide range of temperature conditions ensures the formation of frag-
mented lower bainite structure with a uniform distribution of the disloca-
tion density and nanoparticles of carbide phases.

333
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Huswsxomerosani BucokoMinui crani 3 mMexxero mamuzocTu mouan 600 MIla
IIUPOKO BUKOPUCTOBYIOTHCA OJIA BUTOTOBJIEHHS DIBHOTO THUIY KOHCTPYKIIiN
BiAIOBiga/IbHOTO HpU3HAUEHHS (BaHTa’KHiI BaroHW, MOCTH, CYAWHHU IIif] THUC-
KOM, Ky30Ba BaHTa’KHUX aBTOMOOiJiB, meTasi BaHTa:KOMigiiMaJbHUX Kpa-
HiB, TpyOOIIPOBOAM, KOPIIYCU CyIeH ToIo). JlyroBe 3BaplOBaHHS ITUX CTajiei
He MOJKe 3aJOBOJIbHUTH MPOMHCJIOBICTL Uepe3 HU3bKY IIPOAYKTHUBHICTH i
HeoOXimHiCTHL TepMiuHOTO 00pOGJIEHHA Ao abo Immicasa 3BapioBaHHS. Bes Tep-
MOOOPOOJIEHHA y IMUX CTAJAX YTBOPIOIOTHCA XOJIONHI TPIilmHM y 30HI mepe-
rpiBy abo y 3BapeHOMY IIIBi, e MeTaJl TapTyeThCS il Uac 3BapiOBaHHA, i B
30Hi TepMiYHOTO BIJIMBY I103a 30HAMM 3arapTyBaHHA, e 3’ SABJIAIOTHCSI 30HU
posm’akinenHs. ['iOpuaHe JasepHO-AYroBe 3BaplOBaHHSA CTae Bce OiJBII IIO-
mIupeHuM y mpomuciioBocTi. Ile moB’si3ane 3 mepCcIeKTUBOIO BIIPOBAAKEHHA
riOpuOHOTO JIa3epHO-IYTOBOTO B3BapIOBaHHA 3aMiCThb [IYroBUX IIPOIIECIB,
OCKiJIbKM TaKa 3aMiHa He BHMMAarae BeJUKHX BUTpPAT Ha Iepeo0amHaHHSA
BUPOOHUI[TBA Ta 3abe3meuye NMOMiTHe 36iJbIIIeHHA NPONYKTUBHOCTH. ¥ TOH
JKe yac sHauHa JacTWHA TeIJIOBOi eHeprii, moTpiOHOI AJA TOIJIEHHA MeTaJy
IpHy TiOpUAHOMY JIa3epHO-AYTOBOMY 3BapiOBaHHi, 3a0e3leUyeThCs BUKOPIC-
TaHHAM [IellleBUX AiKepes JKUBJIeHHS Ayru. PaHiille aBTOpu BU3HAUMUJIN OII-
TUMAJbHY MIBUAKICTh TiOPHIHOTO JIa3epHO-AYTOBOTO 3BApPIOBAHHSA 3 TOUYKU
30py (a30BOTO CKJIANY CTPYKTYPHUX CKJIQMOBUX, AVCIEPIYBAaHHSA 3epeHHOI
CTPYKTYPH, UYaCTKM KPUXKOTO pPyHHYBaHHA Ta iH. OgHaAK HeESICHO, AKUH
BILIMB MAalOTh AUCJIOKAIiMHI CTPYKTYpPH HA MOKA3HUK TPIiIMHOCTiIHKOCTH —
B’A3KicTh pyliHyBaHHA. MeToo maHoli po6oTH OyJI0O BUBUEHHS BILINUBY 30B-
HiIITHBOTO 3TMHAJBHOTO HaBAaHTAKEHHA Ha AUCJOKAIIHHY CTPYKTYypy Ta Ha
TPIIUHOCTiMKicTh, 3BapHUX 3’€IHAHDb 3 HU3bKOJIETOBAHOI BHMCOKOMIIIHOI CTa-
Ji, omep:KaHUX TiOPUAHUM JIa3ePHO-AYTOBUM 3BAPIOBAHHAM B PEXKUMIi 3 OII-
TUMAJBHOIO IIMBUAKICTIO 3BapOBaHHs. BH3HAUEHO CTPYKTYPHI UMHHUKU, IO
rapaHTyIOTh BHCOKHII piBeHb MIIIHOCTHM Ta TPIiIMHOCTIAKOCTH 3BapHUX
3’e¢THaHb BUCOKOMinHOI craji. ITokazaHo, IIJ0 KOMIIJIEKC BJIACTHUBOCTEI 3Ba-
pHUX 3’eIHAHL IPKU B0BHIIIHROMY HaBaHTA’KEHHI B IIMPOKOMY iHTepBaJi
TeMIIepaTypHUX YMOB 3abesneuye (GopMyBaHHS (parMeHTOBAHOI CTPYKTYpPU
HIKHBOTO OeHHUTY 3 PIiBHOMIpHUM pOBIIOAiJIOM T'YCTHUHHU AMCJIOKAaIliii i Ha-
HOUYACTHUHOK KapOigHux (das.

HuskosiernpoBaHHbIE BLICOKOIIPOUYHBIE CTAJM C IIPEIEJIOM TeKydecTu 0oJiee
600 MIIa mIupPOKO MCIOJB3YIOTCA AJIS M3TOTOBJEHUA PA3JUUYHOTO THUIIA KOH-
CTPYKIIMII OTBETCTBEHHOT'O HasHAUeHUs (IPy30BbI€ BaroHBLI, MOCTBI, COCYZbI
[IOJ AaBJIEHHEM, Ky30Ba I'DY30BBLIX aBTOMOOWUJIEH, MeTajlyd rPy30IMOAbEMHBIX
KPaHOB, TPYOOIPOBOALI, KOPIIyca CyJOB U T.A.). JlyroBas cBapKa 9THX CTa-
Jieli He MOKEeT YAOBJIETBODUTH IIPOMBIIIJIEHHOCTh U3-3a HU3KOUM MPOM3BOLU-
TEJbHOCTH W HEOOXOAMMOCTH TePMUUYECKOil 00pabOTKM A0 WJIM IIOCJIE CBap-
Ku. Bes TepM0o0OPabOTKY B 3THUX CTANSIX 00Pa3yIOTCS XOJOLHBIE TPEIUHEI B
30HE IeperpeBa MJIM B CBAPHOM IIIBe, I'Jle METAJlJI 3aKAJIMBAeTCS BO BPeMs
CBapKU, M B 30HE TEPMHUUYECKOr0O BIMSHWS BHE 30H 3aKAJIKU, I'/le IMOABJISIIOT-
cA 30HBI pasMArdeHus. ['MOpUIHAA Ja3epHO-AYTroBas CBApKa CTAHOBUTCS BCE
6ojiee PaACIIPOCTPAHEHHON B IIPOMBIILJIEHHOCTA. JTO CBA3AHO C IEPCIEKTH-
BOIl BHeApeHUs TUOPUIHOI JIa3epHO-AYTrOBOIM CBapKM BMECTO NYTOBBIX IIPO-
IIECCOB, TOCKOJIBKY TaKas 3aMeHa He TpeOyeT OTHOCUTENHHO OOJBININX 3a-
TPaT Ha Mepeo0OpPyIOBaHUE IPOM3BOJACTBA W O0ECIIEUMBAET 3aMETHOE YBeJIH-
YyeHMNEe IIPOU3BOAUTENHLHOCTU. B TO JKe BpeMsa 3HAUUTEJbHAA YaCTh TEIJIOBOM
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9HEpPTUU, HeoOXOAWMOM IJid IIJIaBJeHUS MeTaJlla IIPU THOPUIHOM Ja3epHO-
IyTOoBOI cBapke, o0eceuMBaeTCsA WCIIOJb30BaHUEM [OEINEéBbIX MCTOUHUKOB
nuTaHus Ayru. Pamee aBTOPHI ONpEeAeIUJIN OITUMAJIBHYIO CKODPOCTh TI'H-
OpPUIHOM JIa3epHO-AYTrOBOII CBApKM C€ TOYKM B3peHusa (asoBOT0 cocTaBa
CTPYKTYPHBIX COCTABJSIONINX, OUCIEPTUPOBAHUA 36PEHHON CTPYKTYPHI, IO-
JU XPYIOKOro paspymieHus u aAp. OJHAKO HEsICHO, KaKoe BJIUAHUE HMEeIOT
IVCJIOKAIIMOHHBIE CTPYKTYPHI Ha IIOKA3aTeJb TPEIMHOCTOMKOCTA — BA3-
KOCTh paspyireHusa. Ileabio paboThl ObLIO M3yUeHUE BINAHUSA BHEITHEN u3-
rubarorieii HArpy3KW Ha IUCJIOKAIMOHHYI0 CTPYKTYPY M Ha TPEIUHOCTOM-
KOCTDH CBAPHBIX COEMIMHEHUI M3 HU3KOJIETHPOBAHHON BLICOKOIIPOYHOM CTAJH,
MOJIYYeHHBIX TMOPUAHON JIa3epHO-AYTOBOM CBApKOM B pPeKHME C OITHUMAJb-
HO# CcKopocThbio cBapku. OmpenesieHbl CTPYKTYPHBIE (DAKTOPBI, TapaHTHPY-
[oIle BBICOKUI YPOBEHb IMIPOYHOCTH U TPEITMHOCTOMKOCTH CBAPHBLIX COEIU-
HeHUII BBICOKONPOYHOM cranm. IlokasaHO, UYTO KOMILIEKC CBOMCTB CBapHBIX
coeIWHEHUII TPM BHEITHEM HATPY:KeHUM B INHPOKOM HHTEpBajie TeMIlepa-
TYPHBIX YCJIOBHUI obecleunBaeT (popMUpoBanme (pparMeHTHPOBAHHON CTPYK-
TYPLI HUMKHEro OefHHTA C PaBHOMEDPHBLIM pacIpejesieHrueM I[LJIOTHOCTHU MAYC-
JIOKAIMi ¥ HAaHOYACTUI KapOUAHBIX (as.

Key words: low-alloyed high-strength steel, hybrid laser—arc welding,
structure—phase composition, nanoscale structures, dislocation density,
crack growth resistance.
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1. INTRODUCTION

Low-alloyed high-strength steels with a yield strength of above
600 MPa are widely used for the manufacture of various types of
critical-purpose items (freight cars, bridges, pressure vessels, truck
bodies of lorries, parts of load-lifting cranes, pipelines, ship hulls,
etc.) [1-6]. To increase the service properties and reduce consump-
tion of metal and weight, these structures are manufactured from
high-strength low-alloyed steels. Their welding is mainly carried out
by arc methods [1, 3, 5]. Proper efficiency of welded products is
achieved by ensuring the quality formation of welded joints. Heat
treatment at the stages of production of steel and workpieces, be-
fore welding individual components or after welding a product is
very important. However, it depends on the production capacity and
the cost of the heat treatment itself [1, 3].
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A special feature of welding of low-alloyed high-strength steels is
their sensitivity to overheating with deterioration of the metal
properties of the heat-affected zone (HAZ), the tendency to cold
cracks in the overheating area or in the weld where metal hardening
occurs during welding, and the occurrence of loss-of-strength zones
in the HAZ outside the quench areas [1, 3, 5, 7—11]. Cracking is
avoided by slowing down the cooling during welding, performing
various kinds of heating, which complicates the technological pro-
cess and worsens the working conditions of the staff, post-weld heat
treatment or using high-alloyed electrode materials [1-3, 12-14].
The last ones are characterized by high cost and negatively affect
the environmental friendliness of the process [15, 16].

Finding ways to improve the quality and properties of high-
strength steel joints, while ensuring enhanced welding productivity,
is an urgent task.

The hybrid laser—arc welding is becoming more common in the
industry [5, 7, 9, 14, 17-19]. Analysis [1, 3, 5, 8, 20-25] and
commercial inquiries of enterprises indicates the interest of re-
searchers and businessmen in the use of hybrid laser—arc welding
for the manufacture of metal structures from high-strength steels
with a yield strength o;> 600 MPa. This is due to the prospect of
introducing hybrid laser—arc welding instead of arc processes. Since
such a replacement does not require a relatively large expenditure
on the re-training of production, and provides a noticeable increase
in productivity. At the same time, a significant part of the thermal
power required to melt the metal in hybrid laser—arc welding is
provided by the use of cheap arc power sources.

As was shown in [5, 7-9, 14, 17-21], local heat input during hy-
brid laser—arc welding can lead to the formation of quenching
structures in the weld metal and HAZ of welded joints from high-
strength steels. This may adversely affect the mechanical properties
of welded joints [5, 8, 22, 25]. Nevertheless, it is known that, with
this method of welding, residual deformations are less than with
arc processes [9, 14, 21, 23].

It is known that the mechanical properties and resistance to the
formation of cold cracks in welded joints of low-alloyed high-
strength steels are significantly affected by the structure of the
weld metal and HAZ of the joints [1, 3, 5, 7-9, 13, 17, 18, 26—-30].
At present, the processes of structure formation in the weld metal
and HAZ of welded joints during arc welding are studied quite well
[831-36]. The effect of the thermal cycle in hybrid laser—arc welding
on the structure and properties of the weld metal and the HAZ re-
mains insufficiently studied, since, as a result of the synergistic
effect, during such a process, the above parameters can vary signif-
icantly.



NANOSCALE STRUCTURES OF LASER-ARC WELDED JOINTS 337

The formation of joints in the welding process occurs under the
influence of many factors, unfortunately not always favourable.
This is one of the causes of the formation of defects, namely: devia-
tions of the shape and size of the welds from the design, violations
of their continuity due to pores, slag inclusions, cracks, non-fusion,
undercuts and the like. Experience shows that even the widespread
use of non-destructive testing methods such as x-ray, ultrasonic and
magnetic flaw detection do not guarantee the detection of all small
and sometimes large defects, which can be a source of nucleation of
macrocracks. Since defects are a source of initiation of destruction
of welded structures, to ensure the reliability of their operation, it
is necessary to understand the nature of the formation and devel-
opment of cracks from defects under various loading conditions.

The authors [56, 7], using the methods of light and scanning mi-
croscopy, carried out the preliminary metallographic studies of the
structure and fractographic studies of fractures of welded joints
produced by hybrid laser—arc welding at various modes. The frac-
ture surfaces of welded joints obtained by impact bending tests at
various temperatures were investigated. The authors concluded
which mode is optimal (welding speed 20 mm/s) from point of view
of the phase composition of the structural components, dispersion
of the grain structure, etc. However, it is not clear, what effect the
dislocation structure is on the crack resistance measure—fracture
toughness.

The aim of this work is to study the effect of external bending
load on the dislocation structure and on fracture toughness (K,¢) of
low-alloyed high-strength steel welded joints produced by hybrid
laser—arc welding by the optimum mode at a welding speed of 20
mm/s.

2. EXPERIMENTAL DETAILS
2.1. Technology of Welded Joints Production

Hybrid laser—arc welding of butt joints of high-strength low-alloyed
steel NA-XTRA-70 (0.19% C, 0.63% Si, 0.85% Mn, 0.65% Cr,
0.12% Ni, 0.13% Mo; no more than 0.01% S and 0.02% P) 10 mm
thick was carried out on samples without bevel edges. For the gen-
eration of laser radiation in continuous mode Nd:YAG laser
‘DY044° manufactured by ‘ROFIN-SINAR’ (Germany) was used.
The parameters of welding modes are as follow: laser power—4.4
kW, the depth of focal plane of the lens relative to the surface of
the welded samples—1.5 mm, the speed of movement of the heating
source—72 m/h (20.0 mm/s), arc current—125 A, arc voltage—23
V. Union NiMoCr solid wire of 1.0 mm diameter was used as the
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TABLE 1. Mechanical testing of fracture toughness (K,.) of welded joints.

. K,., MPa-m'/?

Tiests °C Weld HAZ
+20 90.8 89.9
-20 87.7 84.9
-40 74.7 70.7

filler material.

2.2. Mechanical Testing

The tests were carried out for the weld bead and HAZ of welded
joints at temperatures T, =+20°C, —20°C and —40°C. The values of
crack resistance, namely, fracture toughness (K,.), are presented in
Table 1. From the test results, it can be seen that, at low tempera-
ture test (T =—-40°C), the value of K,, decreases slightly and, at
T...=—-20°C, almost remains at the level corresponding to
T.os = +20°C.

3. RESULTS AND DISCUSSION
3.1. Fractographic Studies

After testing at T, =+20°C (Fig. 1, a, b) and T, =-20°C (Fig. 1,
¢, d) of the metal of welded beads and HAZ of welded joints for the
microrelief of surface of fracture, the ductile fracture with a size of
1-8 um of dimples is typical. At T, =-20°C, the dimple relief is
mixed, i.e., these are dispersed dimples (up to 8 um) and larger ones
(15-45 pm) (Fig. 1, ¢, d).

Reducing the temperature of the test to T, =-40°C leads to a
decrease (up to 70%) of the proportion of the ductile component in
the weld metal. The nature of fracture is mixed, i.e., predominantly
ductile in combination with transcrystalline quasi-brittle (Fig. 1, e).
The ductile component contains both dispersed dimple s (2-5 um)
and ones with larger sizes (20—50 pum). The size of the quasi-brittle
fracture facets is 20—50 um. For HAZ at T, = —-40°C, a ductile type
of fracture is characterized (Fig. 1, f).

Thus, fractographic studies have shown that the weld metal and
the HAZ of a welded joint of low-alloyed high-strength steel pro-
duced by hybrid laser—arc welding at a speed of 20 mm/s after
bending at different temperatures have the nature of predominantly
ductile fracture, which evidences about high crack resistance.
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d e f

Fig. 1. The microstructure of fracture surface of the weld metal (a, c, e)
and HAZ (b, d, ) of welded joints at various test temperatures: (a), (b)
Ttest:+2OoC; (C‘), (d) Ttest:_ZOOC; (e)9 (f) Ttest:_4OOC; x1550.

3.2. TEM Studies

Further studies were carried out by transmission electron microsco-
py (TEM) on fracture samples of welded joints obtained at a test
temperature of —40°C. The fine structure of the weld metal (Fig. 2)
and the HAZ of the welded joint (Fig. 3) was studied in detail: the
change in density and distribution of dislocations in the structural
components, the nature of the emerging substructure, etc.

It is shown that, after loading by bending in the weld metal (Fig.
2) and HAZ (Fig. 3), the substructures of laths of lower (B;) and
upper (Byp) bainite are fractionized to #; =80-300 nm and #,=130-
400 nm, respectively. The width of the acicular structure of mar-
tensite (M) is b, =170-370 nm. The lower bainite is formed in the
weld (60%) and in the HAZ (80%) with 15-20% martensite. Dur-
ing the transition from the weld to the HAZ, the volume fraction of
upper bainite decreases from 20% to 5%.

In the lower bainite, there is a fragmented substructure with
clear boundaries of size d,=80-300 nm (in the weld, Fig. 2, a, b)
and d,=130-400 nm (in the HAZ, Fig. 3, a, b) at uniform distribu-
tion of dislocation density p = (8—9)-10'° cm2.
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c

Fig. 2. The fine structure of the weld metal of steel N-A-XTRA-70: (a), (b)
lower bainite (x22000); (c¢) upper bainite (x25000); (d) martensite (x35000).

The structure of the upper bainite is characterized by the for-
mation of dislocation clusters along the boundaries with a certain
increase in the density of dislocations up to p=9-10-10" cm™
(Fig. 2, c; Fig. 3, c¢). In the structure of tempering martensite, the
dislocation density uniformly increases in volume of the laths to
p=10" cm™@ (Fig. 2, d; Fig. 3, d). In this case, both the structure
of the lower bainite and martensite are characterized by the pres-
ence of nanoparticles of carbide phases. The sizes of nanoparticles
of carbide phases uniformly distributed throughout the bulk of the
structural components of the lower bainite and martensite are of
10-30 nm.

Thus, external loading contributes to the fragmentation of the
structure of lower bainite with a uniform distribution of the dislo-
cation density and nanoparticles of carbide phases in the structural
components of lower bainite and martensite. At the same time, the
volume fraction of the upper bainite is insignificant, and the crack
resistance of welded joints under external loading in a wide range



NANOSCALE STRUCTURES OF LASER-ARC WELDED JOINTS 341

c d

Fig. 3. The fine structure of the HAZ metal of the welded joint of steel N-
A-XTRA-70: (a), (b) lower bainite (x25000); (c) upper bainite (x25000); (d)
martensite (x25000).

of temperature conditions is ensured by the prevalence of the lower
bainite structure. This, accordingly, ensures the operational relia-
bility of high-strength steel welded joints N-A-XTRA-70.

3.3. Analytical Evaluation of Structural Hardening

Analytical evaluation of the change in strength (o;) of welded joints
after external loading (K,.), taking into account the contribution of
all structural parameters, was carried out according to the depend-
ences by Hall-Petch, Orowan, etc. [8]. The following structural pa-
rameters were taken into account: size of subgrains, dislocation
density, sizes of carbide phases in structural components and inter-
carbide distances, volume fraction of structures in the welding zone
(in the weld metal and HAZ).

Analytical estimates show that, under the conditions of a welding
speed of 20 mm/s in the weld metal and HAZ, the calculated value
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TABLE 2. Structural hardening weld metal and HAZ of welded joints.

Hardening Zone
Weld HAZ
Friction of lattice Gy, MPa 20-30 20-30
Solid solution Ogg, MPa 148 110
Grain Acg, MPa 91 113
B; 300 400
Subgrain Acgz, MPa By 75 19
M 75 56
B, 173 255
Dispersive AGpy, MPa By 12 6
M 67 30
Dislocation Aoy, MPa 195 243
Total YAc,, MPa 1161 1259

of hardening is YAc;=1161-1259 MPa as presented in Table 2. The
highest value of hardening, both in the seam and in the HAZ, is
substructural (Acg;=450-475 MPa), dispersive (Acpy=252-293
MPa) and dislocation (Acp=195-243 MPa) hardenings. At the
same time, the structure of lower bainite makes the greatest contri-
bution (70-80%) to these components of structural hardening.

Thus, studies have shown that the weld metal produced by hybrid
laser—arc welding at a speed of 20 mm/s after external loading at
low temperatures has high strength and crack resistance.

4. CONCLUSION

TEM studies have obtained data on the fine structure parameters of
lower and upper bainite, martensite: subgrain components, struc-
ture fragmentation, and on the distribution of dislocation density in
the metal of welded joints of low-alloyed high-strength steel N-A-
XTRA-70.

The relationship between the phase composition, structure pa-
rameters, fracture toughness and strength of welded joints has been
revealed.

The structural factors that guarantee a high level of strength and
crack resistance of welded joints of high-strength steel are identi-
fied. It is shown that the complex of properties of welded joints un-
der external loading in a wide range of temperature conditions en-
sures the formation of fragmented lower bainite structure with a
uniform distribution of the dislocation density and nanoparticles of
carbide phases.
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MeraneBa peruiika MOBePXHI HAHOCTPYKTYPHOTO TEMILIATY AK
iHCTPYMEHT «PO3yMHOI0» TEKCTUJIIO

M. IO. Bapa6amt’, H. I1. Cynpys?, II. O. I'punbko’, A. A. Konecriuenko',
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"Texniunuii yenmp HAH Yrpainu,

sy.a. IToxposcvra, 13,

04070 Kuis, Ykpaina

2Kuiscvkuil HayionalbHUil YHiepcumem mexnonozii. ma dusaiiiy,
eyn. Hemuposuua-/Januenka, 2,
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MeToio poGOTH € BCTAHOBJEHHSA MOMKJIWBOCTI BUKOPUCTAHHA METOAUKU THU-
pa'KyBaHHA TIOBEPXHi HAHOCTPYKTYPOBAHUX TEMILIATIB SK iHCTPYMEHTY
«PO3YMHOTO» TEKCTUJIIO. IIpoTecToBaHO TUpaKyBaHHA HAWIPOCTIIINX HAHO-
00’eKTiB — 2D-HAaHOCTPYKTYP 30JI0TO—aMOPOHUNA MOJEKYJIAPHUIN HaIliBIPO-
BizHuK (AMH) auTBOM mJjacTMacu i THCKOM 3 TEeMILJIATHUX OPUTiHAJIB.
3aBIaHHSA PO3POOKHU IIPOIECY CTPYKTYpPHOro (GapOyBaHHS TEKCTUJIIO 3a IO0-
IIOMOT0OI0 HAaHOTEXHOJIOTiM y mpollecaX HAaHOIMOPUHTY UM KPEN30yTBOPEHHS
€ aKTyaJbHUM. B mporeci pospobKu Oyau ogep:kaHi 3pasKu I'DATHUIL ILJIO-
mero O0ansbko 5 cM? 3 mepiogoM 6isa 700 HM 3a JOIOMOTOI0 €JIeKTPOCTATH-
YHOT'O TeMILJIATy CTBOPEHOro y roJiorpadiuniii jgitorpadii B 3ycTpiuHuUX my-
ykax. [loBepxHIO TeMmaaTy MeTajJi3yBajy 30JI0TOM 3a IJOIOMOIOI0 TepMiu-
HOT'O BUIIAPOBYBaHHA y BaKyyMi. Pemrikm rpaTHunlb omepKajy MeTOAAMU
raJbBaHOILIACTUKY. POPMOTBOPHI IMOBEPXHi JuBAPHUX (DOPM PEILIiKU Y BU-
TJIAZI TBEPJOTO MOBEPXHEBOTO IIapy TOBIIMHOIO Vv 150 MKM BupomryBamu 3i
crony Ni—Co. Hagani mapoIlyBaHHS peILIiKM HiKJeM OPOJOBIKYBAJIU B iH-
11i#f BaHHI 10 TOBIUHU ¥ 2 MM.

The purpose of the work is to establish the possibility of using the tech-
nique of replicating the nanostructured-templates’ surface as a tool for
‘smart’ textiles. The replication of the simplest nanoobjects—2D-
nanostructures of gold—amorphous molecular semiconductor (AMS) by in-
jection moulding of plastic from a template sample is tested. The task of
developing the textiles’ structural dyeing method using nanotechnology in
the processes of nanoimprint or crazing is relevant. The developed lattice
samples with an area of about 5 cm? and a period of about 700 nm are
made using an electrostatic template created by holographic lithography
in counter beams. The surface of the template is metallized with gold by
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thermal evaporation in a vacuum. Replicas of the lattice are obtained by
electroforming. The mould-forming surfaces of the casting replicas are
deposited from Ni—Co alloy as a solid surface layer with thickness of 150
pm. Subsequently, the upgrading of replica surface by nickel is continued
in another bath to a thickness of 2 mm.

Ilens pabGoThl — YyCTAHOBJEHWE BO3MOYKHOCTH HCIIOJH30BAHUS METONUKU
TUPAKUPOBAHUS MTOBEPXHOCTH HAHOCTPYKTYPUPOBAHHBIX TEMILJIATOB B Kaue-
CTBe WMHCTPYMEHTa «yMHOTO» TeKCTmaA. IIpoTecTMpoOBaHO THUPaKWPOBAHUIE
IPOCTEHIIINX HAHOOOBEKTOB — 2D-HaHOCTPYKTYP 30J0TO—aMOP(HBIN MoJie-
KyJaapHBIN moaynpoBogHUK (AMH) nauThéM miracTMacchl IO AABJIEHUEM C
TEeMILJIATHOT'O OpUTrMHAaJa. 3ajada paspaboTKU Ipolecca CTPYKTYDPHOTO
OKpAIIIMBAHUSA TEKCTUJIA C I[OMOIILI0 HAHOTEXHOJOTWII B IIpolieccax
HAHOMMIIPUHTA UJIU KPei3000pasoBaHUA ABIAETCA aKTyasbHOI. B mpoiecce
paspaboTKM OBLIM IOJYyUYeHbI 06pasibl PelISTKU ILJIOMAAbI0 OKOJOo 5 cMm? c
nepuogoM OKoJio 700 HM ¢ IIOMOIIBIO DJEKTPOCTATHYECKOrO TeMILIaTa, CO-
3JaHHOTO B roJiorpaduyeckoil Jurorpaduu BO BCTPEUYHBLIX IMyuyKaxX. IloBepx-
HOCTb TEMILIAaTa METAJJIU3UPOBAJIHU 30JI0TOM C IIOMOIIBI0 TEPMUYECKOI'0 HC-
MapeHus B BaKyyMe. PeIlIMKM PeIIETKU MOJYUYUIN MEeTOJaMU TaJibBaHOILIA-
ctuku. @opmMoobpasyroIie MOBEPXHOCTH JUTHEBLIX (DOPM PEIJIUKU B BHUIAE
TBEPAOTO IIOBEPXHOCTHOTO CJOS TOJIUHON 150 MKM BBIpAIMBaINd W3 CILJIA-
Ba Ni—Co. B ganbHeiilieM HapalliuBaHHe PEILINKU HUKeEJeM HPOMOJIXKAIu B
IPYTOoii BAaHHE MO TOJIIMUHBI 2 MM.

KarouoBi croBa: TeMmiaTi, HAHOIMIPUHT, KPEN30yTBOPEHHS, THUPAXKyBaH-
HA, aMOpGHUN MOJEKYJAPHUI HANiBIPOBiAHWK, moJiBiHKap6as30J, raJjbBa-
HOILJIACTHUKA.

Key words: template, nanoimprint, crazing-decoration, replication, amor-
phous molecular semiconductor, polyvincarbazole.

KaroueBble ciioBa: TeMILJIaThl, HAaHOMMIPUHT, KpeiizooOpasoBaHue, TUPa-
JKUpOBaHMe, aMOPMHBIN MOJEKYJIAPHBIN IOJYIPOBOAHUK, IIOJUBUHKApPOA-
30JI.

(Ompumano 3 yepsus 2020 p.; nicas doonpayreanus — 15 wepens 2020 p.)

1. BCTYII

Bupobu 3 manopeiabedoM MOKYTHL 3HAWTH YMCJIEHHI MacoBi 3acTocy-
BaHHSA B ONTOEJEKTPOHIiIi, mpuaazo0yAyBauHi iH(pauepBOHUX 1 MiK-
poMexaHiuYHUX TPHUCTPOIB, CEHCOPHUIli, OUTHUHINA i iHdpauepBoOHili
CIIEKTPOCKOIIil, COHAYHIN eHepreTHIll ¥ y HAHOTEXHOJIOTil TeKCTUJIb-
HOoro BupoOmmiiTBa [1, 2]. Jli1a MacoBo TUpasKOBaHMX HAHOOO €KTiB
iCTOTHOI0O XapaKTEepPHUCTHUKOI0 € BapTiCTh HpM 3a0e3leueHHI HeobXis-
HUX (QYHKI[IOHAJBbHUX XapaKTepUCTUK. IIpoiiec cTBOpPEeHHA CTPYKTYpPHU
Ha TOBEPXHi TeKCTUJIIO IIiJ] TMCKOM € OSHUM 3 e()EeKTUBHUX CIIOCO0iB
MacoBOT'0 THPaKyBaHHA. BiH 3 ycHiXoM TaKo0X BUKOPUCTOBYETHCA ¥



METAJIEBA PEIIJIIKA IIOBEPXHI HAHOCTPYKTYPHOI'O TEMIIJIATY 347

BUPOOHUIITBL ONTUUYHUX AUCKIB, 3aXMCHMX TOJIOTpaM, I[iHHUX IIale-
piB. BapTicTh 00’€KTiB, IIT0 THPaKYIOTh, BU3HAUAETLCSI BapTicTio (o-
pPMU OJA JIUTTS i 00CATOM THUPAKY.

IIpu TupakyBaHHi HaHOOO €KTiB iCTOTHMM CTa€ ypaXyBaHHS HUSKU
YUHHUKIB [3, 4], BIIMBOM AKWX IPU BUTOTOBJIEHHI 3BUUANHUX JeTa-
JiB MammHOOymayBaHHA [5—8] uwacTo HeXTyIOTh ab0 BpPaxoBYIOTH
CIIPOIIIEHO.

Cyuacui HaHOTeXHOJOriI HaZaOThL PO3POOHHKAM 0e3yriu HOBUX Me-
TOHA 3MiHM Bi3yaJIbHO CIPUATJIMBOTO 3ab0apBiieHHS (KOJLOPY) Hpeame-
TiB i pisHOMaHITHUX IIOBePXOHL. Il IBOro Bce GiNbIlle BUKOPUCTO-
BYIOTb «PO3YMHUI» TEKCTUJb i OAAT 3 HOBUMHU edeKTaMu, AKi MaroThb
OPHUHIINIIOBO HOBi BJIACTHMBOCTI Ta MOJKJINBOCTL Yy HOPIBHAHHI 3 Tpa-
IUIIPHUMEU TKaHuHaMU. «Po3yMHi» TKaHUHU 3maTHiI dikcyBaTm nmaHi
PO CTaH JIIOACHKOTO OPraHi3aMy, IPO HABKOJIUIITHE CEPENOBUIIE, 3Mi-
HIOBATHU KOJIip, CBiTUTHUCA, TPaHC(HOPMYBATH PUCYHOK.

2. MATEPIAJN TA METOAN

g xomiroBaHHA HaHopeabedy GopMHU JUTBOM HEOOXimHO ImomojaTu
THUCK IIil BUKPUBJIEHOIO ITIOBEPXHEIO0 PO3TOILJIEHOT'O II0JIiMepy 3 paniro-
cOM KPUBWHU, IO 3HAXOAUTHCA B HAHOMETPOBOMY MidAIasoHi, i 3a-
0e3meunTy NEpeTiKaHHSA B’A3KOr0 MOJIMepy V BY3BKMX KaHajgax @o-
pmu. JInd IBOrO JOBOAMTHCA BUKOPHCTOBYBATH THCK Oumsbko 108
H/m?. ¥V mpomeci aurTBa mixm TmcKoM BinOyBaeThcsa 06’e€MHA ycamka
moJriMepy B pe3yJbTaTi yHIiJIbHEHHSA TOIIOJOril MOJIEKYJIAPHUX JaH-
IIOTiB, mepebdiry xeMiuHMX peakIliii i TEemJOBOTO POSIIUPEHHA K
IjacTMacu, Tak i ¢GopMOTBOPHOI moBepxHi. A KOHTPOJIO IMX YWH-
HUKiB HeoOXimHO OyayBaTH TPUBUMIpHI Momesi Teuii, pO3MIUpEeHHA I
ycagKu IOJiMepy, AKi YMOMKJIUBIATHL NPOEKTYyBaTU (POPMOTBOPHY IIO-
BepXHIO )OPMU AJIS JIUTBA.

EdexTUBHOI0O METOHO0I0 BUTOTOBJIEHHA (POPMOTBOPHUX IOBEPXOHB €
KOITilOBaHHA OpUTiHAJY MeTOAO0I0 TajbBaHOILIacTUKU. MeToma 3acto-
COBHA TiJILKU 0 OPUIiHAJIB i3 reoMeTpicio moBepxHi, IO 3abesmeuye
posHiMaHHA JeTajiB IIicJaA HaApPOIyBaHHA Merasy. 1A TpuHIIMIIOBA
0COOJIMBICTh BPaxOBYETbCA NPU KOHCTPYIOBaHHI (opMu y BHUTIALL
0CO0JIMBOTO PO3TAIIyBaHHA HOBEPXOHBL Po3Himy. IIpoTe TouHiCcTH KO-
HifOoBaHHA ITOBEPXHiI METOMOI0 T'aJIbBAHOILIACTUKMN WMOBIPHO JiMiTy-
€ThcA IIpolecaMmu Ae()eKTOYTBOPEHHS HA MIKKPUCTAJIITHUX MerKax
MeKi mpoBizHaA (OPMOTBOPHA ITOBEPXHA—EJEKTPOJIT i MOMKe MaTu
MOPSATOK OAWHUITL HAaHOMETpPiB. I[Jid TOYHOCTH KOIIiIOBAHHSA BaKJIM-
BUM € CHOCi0 BUTOTOBJIEHHSA €JIEKTPOIPOBIAHOTO ITapy Ha MOBEPXHi
opurinany. IctorHuM € 1 MexaHiuHe BHYTpIIlITHE HAIIPYy)KeHHSA B Ha-
poIyBaHOMY MeTaJii, 10 MPUBOAUTH OO0 Aedopmaliii AK opurimaiy,
Tak i )OPMOTBOPHOI ITOBEPXHi IIPU HAPOIITYBAaHHI ITapy MeTaJy.

HapiTe mpocTuii mepesiik mnpobsem 3abes3redyeHHS TOUYHOCTU IIPU
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TUPaKyYBaHHI HAHOOO €KTiB JUTTAM IIOJiMepPiB IIifi THCKOM IIOKa3ye€
CKJATHICTH i 6araTorpaHHICTL TeXHOJIOTI].

B VYkpaiui pospob6iseno [5, 6] TexHOJOrii0o BUTOTOBJEHHS (OpPMO-
TBOPHUX 1 Ipec-hopM MeTOJ0I0 I'aJbBaHOILJIACTUKU HiKJeM i cTomom
HiKeJab—K00aJbT, IO 0araTo AEeCATUJIIThL YCHIIIITHO eKCIJIYaTYEThCA B
TOYHOMY IIPOMMCJIOBOMY BUpPOOHUIITBi. Tako:k B eKcmyararii € cy-
yacHi JiTifioBi mMamwuam i3 3ycusnam smukamaa Oiagbire 200 T. Ila
TEeXHOJIOTiA € i micaa HeBeamkoi Mommdikailii sgaTHa 3a0e3meuuTH
MacoBe THPaKyBaHHSA HAHOOO €KTiB.

IIpocTy OmIiHKY TOUHOCTH Ta PiBHA CKJIAAHOCTU IIPoOJeM, IO BU-
HUKAIOTh IIPM BUKOPHCTAHHI ITiel TexXHOJOTril aja TUpakyBaHHS Ha-
HOO00’€KTiB, MOKe OyTH HpPOBeIeHO MIISIXOM BUTOTOBJIEHHS Ta 06e3IIo-
CepeIHLOTO0 TEeCTYBAHHSA IIPOCTHUX OTHOBUMIPHUX IIEPiOAUUYHUX CTPYK-
Typ. lleBHU iHTEepec BUKJMKAIOTH OI[iHKA OINTUYHUX BJIACTUBOCTEH i
Mop@oJorii moBepxHi HPoCTUX HAHO0O' €KTiB — 1D-HAHOCTPYKTYP
30JI0TO—MOJIiMeD, OfepP:;KaHUX MEeTOIOI0 JUTTHA ILJIaCTMAacH MHiJi THCKOM
3 TEMILJIATHUX OPUTiHAJIB i3 HACTYIHUM TEePMiUYHUM HAIIOPOIIEHHAM
30Ji10Ta y Bakyywmi [9].

Opurinanu rpaTHuIb IIONMe0 6JM3bK0 5 cM? i3 mepiogom 6inxsa 700
HM BUTOTOBJIEHO OesrmocepenHiM (OopMyBAHHAM METOIOIO0 eJIeKTPOoCTa-
TUYHOT'O TeMILIATy Ipu rojorpadiuHiii eKcmosuIlili B 3yCTpiuHUX IIy-
ykax. [laa merasisariii moBepxHi BMKOPHCTOBYBaJIMW TepMiuHe BUIIa-
POBYBaHHA 30J0Ta y BaKyyMi. POpMOTBOPHI mIOBepxHi JiTifioBuUX
(opM BUTI'OTOBJIEHO METOLOI0 TraJbBAaHOILJIACTUKU 3 CcyJabpaMaTHUX
enexTpoJitiB. TBepauii moBepxHeBUil 1map (OPMOTBOPHOTO OeTaJIIO
¢dopmu ToBmIMHOIO Yy 150 MKM BupomyBanu 3i cromy Ni—Co; morim
HApOIIyBaHHA METAJII0 HiKJeM ITPOJOBMKYBaJMW B iHNIiMT BaHHI MO TOB-
IUHU § 2 MM.

0

Puc. 1. Mopdotoria popmorBopHOI HmOBepXHiI GopMU: @ — 300parKeHHsS IIOBEP-
XHi ITOJiMEPHOro Iapy TEMILIATy; 6 — 300pasKeHHsS MEeTaJIeBOl PEeILIiKHU I[hOro
TeMmIaTy.!
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IparHumi THpaKyBaIM JUTTAM IPO30POro MONiKapGoHATY Ha JIiTi-
toBit mamuai DEMAG-430 (Himeuumna) npu 3ycuii 3MUKaHHA Yy
100 T. [Ina omep:kaHHA METAJ-TieJIeKTPUUYHUX CTPYKTYP BUKOPHUCTO-
ByBaJIn TepMiuHe BUIIAPOBYBAHHSA Ta KOHJEHCAILil0 30JI0Ta y BaKyyMi.
Hna KoHmeHcarlii 3oyioTa Ha OGiYHMX IpaHAX pPeabedy HAIIOPOIIEHHS
OIPOBOAUJIN Iig KyToM y 6° 70 MOBepXHi moJiMepHOI I'paTHUIT.

Mopdgosorizo mOBEPXHiI MOCHIMKYyBall METOAOI0 CKaHyBaJbHOIL
ATOMHO-CHUJIOBOI MIKPOCKOMHii 3a AZOODOMOroi0 KPeMHiiioBOro 30HIa 3
paxirocom 3aokpyriieHHA v 10 HM B peXuMi IepiogUUYHOr0 KOHTAKTY
3 moBepxHeo Ha nmpuiaai FemtoScan. CrekTpu mpomycKaHHS BUTOTO-
BJIEHHUX I'PAaTHUIL peecTpyBau Ha ciaexTpodoromerpi Unico. Mopdo-
JIOTis IOBepXHi Ta piBeHb AedeKTHOCTH (OPMOTBOPHOI moBepxHi (mi-
CJsl TUPaKYBaHHS) MOMKYTL OyTH OIliHeHi i3 sarajibHOro IJaHy, Ha-
Bemenoro Ha puc. 1. Ilmomia mederTis ckiamae menrmie 1% moBepxHi.

3. PESYJIBTATHU TA OBI'OBOPEHHS

Penbepu popMOTBOPHOI ITOBEPXHI MOJiMEPHUX THUPaAKOBAHUX JeTajiB
i moBepxHi miciA HaMOPOIIEHHA 30JI0TA HaBemeHo Ha puc. 2. na
3PYUYHOCTU NOPiBHAHHA Npodiab (GOPMOTBOPHOI NIOBEpXHi opmu Bi-
ITobpakeHO B iHBEPTOBAHOMY BUIJIANI. 3apeecTpOoBaHi He3HAUHi Bin-
MiHHOCTI (hOPMOTBOPHOI Ta IIOJiMepHOI KOIiii MOYKHa BigHecTH [0
omuHUYHUX nedexTiB i 3abpymsueHb. Merommka IIiIKOM HamiiHO I
aJeKBaTHO TEeXHOJIOTil YMOKJIUBIIIOE BUMIpPATH TOBIIUHY I 0COGJIMBO-
CTi posTalllyBaHHS 30JI0Ta Y 3pasKax, IO BiATOBimaioTh KpuBuUM J i 4
Ha puc. 2. B MeKax TOUHOCTU MipsSHBb IPU BUKOPUCTAHHI 30HIA 3 pa-

Puc. 2. ITIpogdini moBepxui HaH000’e¢KTiB: I — QopmMoTBOpHOiI (iHBEpTOBa-
Huit); 2 — mnoJimepHol Komii; 3 i 4 — mosiMepHUX KOWiN IIicas HAIopo-
IIeHHs mapy 3ojoTra (3 — TOBIMHOI 0insa 15 M Ha 6iuHi mOBepXHi peJibe-
¢y i 4 — micasg piBHOMiIpHOTO MOKPUTTA BCiX MOBEPXOHB ITapPOM 3aBTOBIITKU
6sm3pko 40 mM).?
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mirocom 3aokpyrieHHda v 10 HM BigMinHOCTI MisX ()OPMOTBOPHOIO Ta
HOJIIMEPHUMHU KOIIiIIMU 3apeecTpyBaTH He BIAJIOCH.

Craix 3asmaumTH, 10 AieJeKTPUUHNI IPOoPiab CTPYKTYPH 3 Ha PHC.
2 Moxe OyTu BUKOPUCTAHUII [OJA  BUTOTOBJEHHSA  MeTaJ-
TieJIeKTPUYHUX CTPYKTYP 3 IIOABOEHOIO IITPOCTOPOBOIO UYACTOTOIO (B
HAIIOMY BUIAAKY Iepiog — 6ima 350 HM) 3a paxyHOK HaHECeHHs Me-

Puc. 3. Cunekrpu ekcTuHKIiI 1D-HaHOCTPYKTYP: II — BEKTOpP HAIpPY:KEHOCTU
€JIEKTPUYHOTO IIOJIS IlapajieIbHUM CTBOPIOBAHUM I'DAaTHUIAM; L — IepueH-
IUKYJIApHUIL.®

Puc. 4. CuexTpu eKCTHHKIII 2D-HaHOCTPYKTYpP Tpamelienoxiouoro mpodi-
JII0, [0 BKPHUTi Iapom 3oJioTa ToBIMmHOH y 40 MM, 3a/Ie:XHO Bim KyTa Ima-
minaa. Kyr maginea B rpagycax HaBeZeHO 6ind BigmoBimHMX cmekTpiB.*
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TaJeBOTO IIIapy HMepeBaKHO Ha MOXMJIi 00KOBi moBepxHi mpodiio.

CreKTpu IPONMYyCKAHHS BUTOTOBJEHUX HAHOCTPYKTYpP, AKUX HaBe-
IeHo Ha puc. 3, 4, AKicHO BigmoBimaioTh icumyiouuMm yaBaeHHam [10,
11, 12] mpo pudpakiio cBiTia Ha OTHOBUMIpHMX MeTaJ-
TieJIeKTPUYHUX CTPYKTYypax.

Kpaii morsmmuanHa moJdikapOoHATY CTaHOBUTL 345 HM. ExcTpemymu
nponyckanua nmpu 510 HM MoKHA BiJHECTH OO0 JIOKAJLHUX ILJIA3MOHIB
Yy HaHOYAaCTHMHKAX OCTpiBIeBoro zojsora. Excrpemymu mpu 800 mm i
700 HM BigIOBiZAIOTH MOBEPXHEBUM IIJIA3MOHAM-IIOJNAPUTOHAM, JIOKA-
Ji30BaHMM IMEepPeBa’KHO Ha MexKi 3osoTo—moJaimep. Excrpemymu B 00-
gacti 600 HM MOXKYTh OyTHM BimHeceHi 0o 30ya:KeHb, JOKAJIi30BaHUX
epeBa’KHO Ha MeXKi 30JI0TO—TIOBiTpA.

IlopiBHIOIOUM CHEKTPU EKCTHUHKILI TpamenienonioHux mpodiais i3
nepiogom y 700 HM i cmHycomozmibHoi rparmumi 3 mepiomom y 1200
HM, 0aumMmo, 10 A ocTaHHBOI Moau 350—380 M Biacyrui. Cainx 3a-
3HAUUTH, IO B CIEKTpaxX eKCTHUHKIII CTPYKTYp 3 TpalellienogioHuM
npodisemMm NMPUCYTHI TaKO 1 GLIBII BUCOKI ITPOCTOPOBiI YacTOTH, IO
BigmoBigaoTh 3a exkcrpemymu npu 350—-380 HM. IxX mMoKHa 3B’A3aTu
i3 miIasmMoHaMu Ha G0KOBUX CTiHKAaX TpAallelienoaioHoro mpodiiio.

3aJIe;KHOCTI CIIeKTPiB eKCTHHKINI Bia KyTa mamimusa OiabI CKJan-
Hi. B HUX HOpoaBIAEThCA Ile OAHA MoJa i3 MaxcuMymom mnpu 640—
680 HM, 10 3aJIe’KUTH BiJ KyTa HMamiHHS, IKa IIPU HOPMAJLHOMY IIa-
OiHHI € aHTHCUMeTPUYHOIO B IeHTpi BpinmioeHoBoi 30HU i He 30y-
mryerbes [13].

Cain sasmaumTH, 10 B poborax [13, 14] maBemeHO pes3yJbTaTH MO-
IeJIIOBAaHHA IIJIaHAPHUX MeTaJ-TieJJeKTPUUYHUX CTPYKTyp. Omep:kani
HaAMU MeTaJ-TieJIeKTPUUYHI CTPYKTYpH, AKUX HaBeIeHO, 30KpeMa, Ha
puc. 4, nuilie B IepIIOMY HAOJIMMKEHHI MOMKYTb POITJISAATHCA K
mranapHi. MoZeIIOBaHHSA TaKUX CTPYKTYp MeTogaMu I piHoBuX (yH-
KIi#i [15], MOKJINBO, BUSBUTHCA OiJIbII MPOAYKTHUBHUM.

Pospobieni xepoBaHi Temmiatu Ha ocHOBi AMH yMOKINBIIOIOTH
BUPIITyBaTH 3aBAAHHA MPAKTUYHOTO YIIPABIIHHA €JIeKTPOMATrHETHUM
BUIIPOMiHEHHAM 3a JOIOMOTOI HAHOTEXHOJIOTI# y TEeKCTHJIBHIA IIpo-
MMCJIOBOCTi 3 BUKOPUCTAHHAM IIpollecy KoJiipyBaHHs (hapOyBaHHS Ta
IPYKYBaHHA BOJOKHUCTUX MAaTepifAiB), HaIpUKJIAL y Tpolieci Kpeii-
30yTBOpPeHHsA. TepMiHOM Kpei30yTBOPEHHS MO3HAYAIOTH SBUIIE YTBO-
PeHHs MiKPONOPOKHUH i HAHONOp y IoJiiMepHiil maTpuiii B mporeci
nmedopMyBaHHS TIOJIiMEPY B aJcOpOIiffHO-aKTUBHUX PiIKUX cepemno-
Bumiax. Ilix uac medopMyBaHHSA BOJIOKHA BUHUKAa€E CHUCTeMa MiKpOT-
pimue i Hamomop, sKa 0e3lepepBHO 3AIIOBHIOETHCSI HABKOJIUIIHIM pi-
IKUM CepemoBUINEeM, 3a0e3Ieuyiour TUM CAMUM MOJKJINBiCTh BBeIEH-
HS Y CTPYKTYPY HOJiMepy OyIb-AKMX HECYMIiCHUX 3 HHM HHU3bKOMO-
JEeKYJIAPHUX CIOJYK i ix piBHOMipHUII posmonin y moJsimMepHiit mar-
pumi (pumc. 5). Pikcamia wmomupixkoBaHoi M00aBKM 3AiNCHIOETHCA
IIJISIXOM MeXaHiYHOI'0 3aXOIJIeHHS HU3bKOMOJEKYJIAPHOI KOMIIOHEH-
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100 mkm
a

Puc. 5. [lingaku HanpysKeHOro craHy moJiedipuoro BosokHa: (a) I — sapo-
I:xeHHs KpesiB, II — picrt, IIl — momwmpenHsa kpesiB, IV — ¢dopmyBaHHsA
GiOpunapHOl CTPYKTYPH BOJOKHA, CTIiHKM TPillMHU, TpimmHa, TAKi; (6) I
— VTBOPeHHA KpesiB, 2, 3 — picT 3 HOAANBIINM PO3PUBOM.°

Puc. 6. Texnosoria HamoimmpuHT-JiTorpadii [16]. BiaTBopeHHA MiKpOCTPY-
KTypUu KpuJa: @ — HaKJaJeHHd NOJiMepHOI IJIIBKM Ha MiAKJIAAVUHKY 3 Ha-
HOPO3MIipHUMHU TPiIUHaAMu; 6 — PO3M’ AKIIEHHS MAaTepisjy Ta BIABIIOBAH-
HA HOT0 y IOPH; ¢ — OXOJOAMKEHHS 3 BigmieHHAM IIOJiMepHOI ILTiBKHU Bif
marpuii; 0, e — HaKJaJeHHA TOPU30HTAJIBHOI CHJIM AJIA OCTATOYHOTO (hOp-
MyYBaHHS CTPYKTYPH.S

TU 3aBASAKHU CIIiBMipHOCTi MOT0 MOJIEKYJIAPHUX PO3MipiB i3 po3amipamu
IOp Y CTPYKTYpi BosokHA. IloBepXHA IMOJIiMepy MoOKe OyTH CTPYKTY-
POBaHOIO 3a AOMOMOTOI0 TEMILIATY.
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VAaBndaeTbcAd MOMKJIUBUM BUKOPHCTOBYBATU TEXHOJIOTiI0O HAHOIMII-
puHT-IiTorpadii (puc. 6). Y Hili BUKOPUCTOBYETLCA IIOJIiMep, KU 3a
MeBHUX TEeMIOepaTypu Ta THUCKY (TOOTO B THMX yMOBaX, KOJHU IIOJiMep
MepexXonuTh y B’A3KO-IIIMHHUM CTaH) «3araHdaju» B YIOPAIKOBAaHI
TPIIIIMHU MaTPUILi, & IMOTiM OXOJIOAMKYyBaBCH.

YTBopeHa mosiMepHa ILTiBKAa, AKa BiTOKPEMJIIOETHCS BiJf MaTPHUILL
3a pPaxXyHOK HaKJAaJeHHS OJHOYACHO BePTUKAJBbHOI Ta JiaTepajlbHOI
(cupamoBaHOi y 0ik) cui. ¥ pesyJbTaTi ofep:KaHO CTPYKTYPY, OITH-
YHi BJIACTHUBOCTI AKOI BUABUINCA OJU3LKUMU A0 IPHPOSHBOTO aHAJIO-
ry. Marpuma mo:ke OyTH CTBOpeHa y pPes3yJbTaTi TUpasKyBaHHA TEMII-
Jary.

1A KomitoBaHHS HaHOPeIbedy (opMHU JUTBOM HeOOXiZHO mOzO0JIa-
TH THCK HiJi BUKPUBJIEHOIO ITOBEPXHEIO0 PO3TOIJIEHOro IIoJiMepy 3 pa-
IilocoM KPUBUHU, IO 3HAXOAUTHCA B HAHOMETPOBOMY NiAMNAas3oHi, Ta
3a0e3IIeunTy IIepeTiKaHHA B A3KOTO IOJIiMepy y BY3bKHX KaHajJax
dopmu. JI1a mBOrO JOBOZUTHLCA BUKOPHUCTOBYBATH TUCK 6au3bko 108
H/M2. ¥ mpomeci IuTTA mix THCKOM BinfyBaeThbca 00’€MHA ycamKa IIO-
JiMepy B pes3yJbTaTi YIMiJIbHEHHSA TOIIOJOTil MOJEKYJIAPHUX JAaHITIO-
riB, mepebiry xeMiuHMX peaKIliil i TeIJIOBOTO POBIIHUPEHHA AK ILJIACT-
Macu, Tak i ¢opmoTBOpHOI moBepxHi. 1A KOHTPOJIIO WX UYUHHUKIB
HeoOximHo OyayBaTu TPUBUMIPHI Momesi Teuii, poslIupeHHA @ ycam-
KU IIOJiMepy, AKi YMOMKJIUBIATE IPOEKTYBaTH (DOPMOTBOPHY IIOBEPX-
HIO (hOopMU OJId JIUTBA.

4. BAICHOBRH

IIpoTecToBaHO METOAUKN THUPAKYBAHHA HANIPOCTIININX HAaHOOO €KTiB,
— 1D-HaHOCTPYKTYP 30JIOTO—MOJiMEDP, — JUTTAM IIJIACTMAaCHU IIiJ] TH-
CKOM 3 TeMILJIaTHUX OpUIiHaiB. BUTroTOBJIE€HO CTPYKTYypHU 3 Iepiogom
omusbko 700 mM. MeTomoioo CKAaHyBAJbHOI CHMJIOBOI MiKpockomii B
MeyKax TOUYHOCTH MipaHb y 10 HM piskHUII MiK (GOPMOTBOPHOIO Ta
IIOJIIMEPHUMHU KOIIiAMU 3apeecTpyBaTu He Brasiocsa. HaaBui mpomwuc-
JIOBI TeXHOJIOTil BUI'OTOBJEHHSA (HOPMOTBOPHUX I'aJbBAHOILJIACTUKOIO
Ta TUPAKYBAHHS JUTTAM ILJIaCTMacHU IiJf TUCKOM B IIiJIOMY € IPUIH-
ATHUMU [JII MacoBOTO TUPAKYBaHHSA peJIbe(PHUX HAHOCTPYKTYD 3 IIe-
piomom y 400—-700 uM i TouHicTiO BigTBOpeHHSA penbedy O6ausbKo 10
HM.

EdeKTrBHOIO METOL0I0 BUTOTOBJEHHSA (hOPMOTBOPHUX IIOBEPXOHb €
KOITilOBaHHA OpPUTiHAJY MeTOAO0I0 TajbBaHOILIacTUKU. MeToma sacto-
COBHA TiJILKU MO OpPUIiHAJIB i3 reoMeTpicro moBepxHi, 10 3abe3meuye
po3HiMaHHA [eTajiB Micjs HapOIIyBaHHA MeTauay. lla mpuHImMIoBa
0COOJIMBICTh BPaxOBYETbCA INPU KOHCTPYIOBaHHI (opMu y BHIIAILL
0COOJITMBOTO PO3TAIIyBaHHA HOBEPXOHBL PosHiMmy. IIpoTe TOUHiCTHL KO-
miroBaHHSA IIOBEPXHi METOM0I0 I'a/JIbBAHOIJIACTUKU WMOBIpHO JiMiTy-
€ThbcA IIpolecaMm Ae()eKTOYTBOPEHHS HA MIKKPUCTAJIITHUX MerKax
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Me)Ki mpoBimHa (OPMOTBOPHA MOBEPXHA—EJEKTPOJIT i MOXKe MaTu
HOPAIOK OAWHUIIL HAHOMETPIiB.

[ TOYHOCTH KOIIIOBAHHA BaKJUBUM € CIIOCIi0 BUTOTOBJICHHS
€JIEKTPOIIPOBiAHOIO IIAPy Ha IIOBEPXHi opurimaxy. IcToTHuM € i Me-
XaHiuHe BHYTPIIlIHE HAIIPYKEHHA B HAPOIIyBaHOMY MeTaJi, IO IIPU-
BOIUTHL A0 Aedopmallil AK opuriHaiy, Tak i (pOpMOTBOPHOI ITOBEPXHi
Ipu HaApOIMyBaHHI mrapy meraay. HaBiTh mpocTuil mepeiik mpobiem
3a0e3IeueHHsA TOYHOCTH HPU THUPAKYBAaHHI HAHOOO €KTiB JUTTAM IIO-
JiMepiB mif THCKOM IIOKa3ye CKJATHICTL i OaraTorpaHHicTh TEXHOJO-
rii.
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! Fig. 1. Morphology of the form-forming surface of form: a—image of the surface of the
polymer layer of the template; 6—image of a metal replica of this template.
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2 Fig. Surface profiles of nanoobjects: I—forming (inverted); 2—polymer copy; 3 and 4—
polymer copies after spraying a layer of gold (3—of about 15 nm thick on the side surfaces of
the relief, 4—after uniform coverage of all surfaces with a layer of about 40 nm thick).

3 Fig. 3 Extinction spectra of the 1D nanostructures: II—vector of electric field strength
parallel to the generating lattices; L is a perpendicular one.

4 Fig. 4. The extinction spectra of the 2D nanostructures of trapezoidal profile covered with a
layer of gold with a thickness of 40 nm, depending on the angle of incidence. The angle of
incidence in degrees is given near the corresponding spectra.

® Fig. 5. Areas of stress of polyester fibre: (a) I—the origin of crazes, II—growth, III—the
spread of crazes, IV—formation of the fibrillar structure of fibre, cracked walls, cracks,
strands; (6) I—the formation of crazes, 2, 3—growth followed by a gap.

5 Fig. 6. Nanoimprint lithography technology [16]. Reproduction of the microstructure of the
wing: a—application of a polymer film on a substrate with nanosize cracks; 6—softening of
the material and pressing it into the pores; s—cooling with separation of the polymer film
from the matrix; 2z, 3—the imposition of horizontal force for the final formation of the struc-
ture.
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The effect of collective trampoline ion-plasma sputtering on the surface
properties of metals, insulators, and semiconductors is studied. The struc-
ture of the surface, composition and structure of films obtained by tram-
poline sputtering of various targets (metals, ceramics, silicon and carbon)
are studied. The main parameters of the texturing processes and the for-
mation of high-adhesive coatings are determined. As found, the resulting
nanoscale surface structure provides extreme-adhesive fabricated films. In
addition, the high rate of film deposition during ion-plasma treatment of
the surface creates such submicron structures that the obtained dense
films contain few defects.

BuBuaerbca edeKT KOJEKTHBHOTO 0ATyTHOrO HOHHO-IIJIA3MOBOTO PO3IOPO-
IIeHHsI Ha IIOBEPXHEBi BJIACTUBOCTI MeTaJiB, i30y1ATOpiB i HamiBIpOBimHU!-
KiB. JlociimKyeTheca CTPYKTypa IOBePXHi, CKJAaX i CTPYKTypa ILJIiBOK, one-
peKaHUX OaTyTHUM pO3MOPOINEHHAM pisHUX Iijeii (MeraniB, Kepamikwu,
KPEMHiI0 Ta ByrIJelio). BusHaualoThCs OCHOBHI ITapaMeTpu IIPOIECiB TeKcC-
TYPYBaHHA Ta (OPMYBaHHSA BUCOKOAATE3iMHUX MOKPUTTIB. IK Oys0 BCcTaHO-
BJIEHO, OJlep;KaHa HaHOMAcIITa0Ha CTPYKTypa IIOBepXHi 3abe3ledye eKcTpe-
MaJbHY ajresito BUPOOJIeHWX IIIiBOK. Kpim TOoro, BHCOKa IIBUAKICTH oca-
[KeHHsd IJIIBKY i Yac HOHHO-IIJIa3MOBOTO OOpPOOJSHHSA TOBEPXHI CTBOPIOE
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TaKi CyOMiKpPOHHi CTPYKTYypH, II[O OfepiKaHi IMiJbHI NJIiBKU MiCTATH MaJjio
nedeKxTis.

Wsyueno BAMAHUE KOJIJIEKTUBHOIO 0ATyTHOTO MOHHO-IIJIA3MEHHOTO PACIIBI-
JIeHUSA Ha TOBEPXHOCTHHIE CBOMCTBA METAJIJIOB, M30JIATOPOB U IIOJIYIPOBOJ-
HUKOB. VccienoBaHa CTPYKTypa IMOBEPXHOCTH, COCTAB ¥ CTPYKTYypa ILJIEHOK,
MOJIyYEeHHBIX METOJOM OaTyTHOrO pAaCIbLIeHUS PAa3JUYHBIX MUIIeHed (Me-
TaJIJIOB, KepPaMHUKM, KpPeMHusA u yriaepoma). OmpeaeseHbl OCHOBHBIE IIapa-
METPHI IIPOIECCOB TEKCTYPUPOBaHUA M (DOPMUPOBAHUS BBICOKOAAT€3MOHHBIX
MOKpBITHH. Kak ycTaHOBJIEHO, IOJyYeHHAsdA HaHOMAcCHITaO0HAasA CTPYKTypa
IIOBEPXHOCTU OOECIEUMBAET HKCTPEMAJBHYIO aATe3WI0 IOJIYUEeHHBIX IJIEHOK.
Kpome TOro, BBICOKAs CKOPOCTH OCAKAEHUA IJIEHKWM IIPU UWOHHO-
IJIa3MeHHO#I 00paboTKe IMOBEPXHOCTU CO3JAET TaKKWe CYOMHKPOHHEBIE CTPYK-
TYPBI, UTO MOJYYEHHBIE IJIOTHBIE INIEHKHU COIep:KaT MaJio nedeKTOB.

Key words: trampoline sputtering, nanoscale structure, ultrahigh adhe-
sion, nanoclusters.

KarouoBi croBa: 6aTyTHe POIIOPOIIEHHS, HAHOMACIITa0HA CTPYKTypa, Hal-
BHCOKa ajresis, HaHOKJACTEPU.

KuaroueBsle caoBa: 0aTyTHOe pacIbliIeHUe, HaHOMaclITabHas CTPYKTypa,
CBEPXBBLICOKAA aAre3usi, HAHOKJACTEPHI.
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1. INTRODUCTION

During deposition, the initial surface structure is an important fac-
tor that affects the physical characteristics of the surface and the
properties of the deposited films [1]. Note that the ion-plasma film
deposition is always accompanied by a preliminary preparation of
the sample surface (see, e.g., [2]). The most effective known meth-
ods of surface preparation include heating a sample, processing in
glow discharge plasma, bombarding the surface with beams of ac-
celerated inert gas ions. Depending on the density and energy of ion
fluxes, the state of the surface after ion bombardment can change
significantly.

In gas-discharge systems intended to clean and activate the sur-
face before coating (where the ion current density constitutes sev-
eral mA/cm? and the energy is in the range of hundreds to thou-
sands eV), the sputtering of surface as a result of the ion bom-
bardment leads to its polishing and smoothens the submicron relief.

At ion energies of tens of thousands eV and fluxes of about 10"
cm?, sputtering by ions of inert gas can lead to the appearance of
pyramidal structures of submicron scale on the surface of metal
targets [3]. However, such treatment of the surfaces did not result
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in practically significant applications.

Technical characteristics of coatings depend both on the prelimi-
nary state of the substrate surface and on the parameters of the
coating material flow. Fundamental requirements for the quality of
functional coatings are as follow: (i) high adhesion of the coating to
the base material; (ii) preservation of the multicomponent sputtered
material composition; (iii) the absence or, at least, substantial re-
duction of coating defects. An important factor in obtaining a high-
quality coating is the high rate of its formation, when the influx of
impurities into the coating film is minimized.

In this paper, the authors studied the texturing effects for the
surfaces of metals, insulators, and semiconductors when exposed to
collective trampoline ion-plasma sputtering found by us recently
[4]. In particular, the trampoline sputtering leads to the formation
of the surface structure on the target with two characteristic scales:
nanoscale patterns (from several to tens of nanometres) and submi-
cron structures (from hundreds to thousands of nanometres). In the
case of ion-plasma deposition of films, nanoscale patterns ensure
strong adhesion of films to the base and a high rate of film for-
mation. Submicron structures give rise to dense films without de-
fects. This roughness is the reason why there is practically no re-
flection of light in the visible wavelength range.

Trampoline sputtering leads to the release of the target material
mainly in the form of nanoclusters with sizes from several to tens
of nanometres. The sizes of the nanoclusters of the sputtered mate-
rial depend on the trampoline sputtering modes and the type of ma-
terial. For metals, the sizes of nanoclusters are the smallest, where-
as when sputtering ceramics they are the largest. In trampoline
sputtering, the film is formed mainly by nanoclusters. Therefore,
the film is built essentially from the same material as the target
multicomponent material. That is, the material is transferred from
the target to the film without changing its composition. Such a
nanocluster film emerges at a high speed that is one to two orders
of magnitude higher than the film deposition rate for classic cas-
cade sputtering in more traditional magnetron sputtering sources

[5].

2. EXPERIMENTAL EQUIPMENT AND RESEARCH METHODS

The experiments were performed on the equipment [4], in which the
ion-plasma flow with a density of up to 50 mA/cm? and with energy
of up to 30 eV is created by a helicon source. If a negative potential
up to 700 eV was applied to the sample holder, it is possible to in-
crease the energy of ions that bombard the sample with practically
unchanged plasma parameters in the region of plasma flow genera-
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tion. Such conditions allow us to study the effects associated with
the formation of structures during the trampoline sputtering with
varying ion energy but for other characteristics of ion-plasma flow
being fixed.

The surface morphology of the targets after the treatment, the
structure and composition of films formed by the trampoline sput-
tering were studied using scanning electron microscopy (SEM),
atomic force microscopy (AFM), x-ray diffraction, Raman spectros-
copy, secondary ion mass spectroscopy (SIMS) and energy-dispersion
analysis. The parameters of the ion-plasma flow were controlled by
measuring the ion current to the sample holder and the radio fre-
quency (RF) power at a frequency of 13.56 MHz absorbed in heli-
con-discharge plasma.

3. EXPERIMENTAL RESULTS

The trampoline sputtering demonstrates a threshold character and
occurs when the ion current density on the j° sample exceeds about
10 mA/cm?, and the ion energy E, exceeds about 70—-100 eV [4].
Nanoscale structures were formed more efficiently near the thresh-
old values of the ion-plasma flow parameters. The surface structure
depends on the initial state of the surface associated with its previ-
ous processing. At short exposure times, the pyramidal patterns of
the nanostructure arise predominately in the regions of residual
surface inhomogeneities. Figure 1 presents SEM micrographs of the
surface of the single-crystal silicon wafers that were cut off by a

a b c

Fig. 1. SEM micrographs of the surface of single-crystal silicon wafers.
j*=15 mA/cm?, E,=200 eV (see explanations in the text). The exposure
times are 0.5 min (a), 1 min (b), 5 min (c).
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Fig. 2. SEM micrographs of the surface of single-crystal silicon wafers at
various parameters of the trampoline sputtering (see the text).

diamond wire and underwent preliminary plasma-chemical etching
to remove the defective layer. In Figure 1, a, b, ¢, the textures are
shown obtained by increasing (from left to right) the ion bombard-
ment fluence. In Figure 2, a, b, two texture scales are clearly visi-
ble, namely, nanoscale and submicron ones. With the intensification
of the trampoline sputtering process, the texture changes, and the
nanoscale structure appears as a modulation of the submicron struc-
ture.

In accordance with the previously mentioned, the trampoline
sputtering occurs if the ion current density exceeds the threshold
value j';,. The appearance of the resulting texture is practically in-
dependent of the current density, but is determined by the tempera-
ture of the sample and the ion energy in the flow.

In Figure 2, a, ¢, the transformation of the single-crystal silicon
texture is shown for various sputtering parameters (sample temper-
ature, ions energy). The depth of texturing significantly exceeds
the typical lateral size of the structure and equals to 1-2 um. Thus,
it is possible to control the size, shape and depth of the resulting
texture by changing the temperature of the sample and the ion en-
ergy in the ion-plasma flow.

It should be also noted that the nature of the trampoline-induced
structure of silicon depends on the type and degree of Si doping.
The micrograph of Fig. 3 shows the texture of the single-crystal sil-
icon samples with (i) a hole conductivity of 4.5 Ohm-cm (a) and (ii)
an electronic conductivity of 0.002 Ohm-cm (b).

An increase in the energy of ions and an increase in the initial
temperature of copper samples significantly affect the texture of
the latter. A change in the texture scale in the submicron range
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Fig. 3. SEM micrographs of the surface of single-crystal Si wafers of the
trademarks KDB-4.5 (a) and KEM-0.002 (b) after a simultaneous trampo-
line sputtering.

Fig. 4. Photographs of copper samples before and after trampoline sputter-
ing.

leads to a change in the colour of the copper sample from natural
red to brown and black. Figure 4 shows photographs of polished
copper samples with a diameter of 30 mm and a thickness of 3 mm,
being of different colours. The transition from brown to black col-
our can be obtained either by increasing the ion energy in the plas-
ma stream from 300 to 500 eV or by preheating the sample to
100°C without changing the ion energy. SEM micrographs of the
surface structure of the same copper samples as in Fig. 4 are shown
in Fig. 5.

To exclude any connection of the black colour of the copper sam-
ple to a possible oxidation of its surface, studies of the Raman spec-
tra were performed. In order to do this, the sample was placed on
the radial boundary of the ion-plasma flow in the non-uniform
treatment zone. The results representing the surface composition of
the sample using Raman spectroscopy are shown in Fig. 6.

The measurements showed that, on the reverse, intact side of the
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Fig. 5. SEM micrographs of the of copper sample surfaces at different val-
ues of the bombarding ion energy and the initial temperature, (a) corre-
sponds to the red copper, (b) corresponds to the brown copper, whereas (c)
and (d) represent the black copper.

Fig. 6. Raman spectra of the copper sample surface.

sample, lines corresponding to copper oxides are present in the Ra-
man spectrum.

On the side of the sample, which had been exposed to the ion flow
in the trampoline sputtering regime, the intensity of lines due to
copper oxides sharply decreases, approaching zero in the area of
black copper while passing from a light-coloured sample to a black-
coloured one. The colour change of a copper sample during ion-
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plasma treatment is associated with the submicron surface structure
with its size of the order of the visible light wavelength. This pat-
tern is formed by trampoline sputtering along with the nanosize
one.

The quality of functional coatings is determined by the state of
the wafer surface, and its composition, and the structure of parti-
cles in the flow of a coating material. Trampoline sputtering leads
to the nanoscale texturing of the wafer surface. We surmise that
the ejection of the material during trampoline sputtering is due to
the emission of not only individual atoms, but also the nanoscale
clusters. This assumption supported by high trampoline sputtering
coefficients [4], which are two orders of magnitude higher than the
coefficients of a classical cascade sputtering [3]. Experiments on the
formation of coatings during trampoline sputtering of targets from
various materials confirm this assumption.

The composition and structure of films, which were formed dur-
ing trampoline sputtering of pyrolytic graphite and such multicom-
ponent materials as chromium—nickel stainless steel, perovskite ce-
ramics, and highly-doped silicon, were also studied.

Figure 7 shows AFM images of the stainless steel (a) and perov-
skite ceramics (b) samples. These AFM images show that films dur-
ing trampoline sputtering of materials are formed from nanoscale
clusters. The size of those clusters lies within 9 nm with a root
mean square roughness (RMS) of 0.37 nm for stainless steel and
within 48 nm with RMS = 2.35 nm for the perovskite ceramics.

The formation of films from nanoclusters of the target material
makes it possible to preserve the multicomponent composition of
the target in the obtained film. This is confirmed by the results of
the energy dispersive analysis of the film and target compositions,
which is shown in the Table in Fig. 8.

Trampoline sputtering of highly doped silicon of the trademark
KEM-0.002 also ensures the preservation in the film of a dopant
As. This is confirmed by the data in Fig. 9, which show the results
of measuring the composition of the ceramics target and the depos-
ited film, carried out using the method of mass spectrometry of
secondary ions.

Raman spectroscopy studies showed that the trampoline sputter-
ing transforms the pyrolytic graphite into a carbon composite,
which contains structures with sp® hybridization, amorphous and
clustered crystalline graphite with the structural fragments up to
5-9 nm (Fig. 10).

Note that in the plasma-enhanced chemical vapour deposition
(PECVD) of silicon onto a stainless steel wafer with a surface,
which was nanostructured by means of the trampoline sputtering,
the films with a nanoscale structure were also formed. This is testi-
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5 ) 150 3
e RMS=0.37 nm Hm RMS$=2.35 nm
a b

Fig. 7. AFM images of stainless steel films (a) and perovskite ceramics (b)
formed by trampoline sputtering.

Perovskite Lag s5Li, 35Ti0;

Target Film

Element weight % atom % Element weight % atom %
OK 37.41 73.33 OK 33.16 70.41
TiK 29.23 19.14 TiK 25.85 18.33
LaL 33.35 7.53 LaL 39.71 9.71

Fig. 8. The compositions of the perovskite ceramics target and the film
formed by the trampoline sputtering.

fied by the data of x-ray diffraction analysis presented in Fig. 11.
The size of the coherent scattering regions is 2.1 nm.

The nanoscale structure of the substrate surface creates the con-
ditions for a strong adhesion, in particular, when sputtering com-
plex composite materials. Namely, to make lithium-ion batteries
(LIB), one needs to fabricate silicon composite anodes on a struc-
tured foil (current collector) [6, 7]. In particular, copper is a typical
material if a strong enough adhesion is ensured [8, 9]. However,
this goal is not easy to achieve. As shown in SEM micrographs of
Fig. 12, a, the necessary adhesion, which ensures the preservation
of the electrode during LIB cycling, occurs only if the copper foil
surface is properly textured at the nanoscale. We emphasize that
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a b

Fig. 9. The composition of the target (a) and the film (b) of highly doped
silicon.

Substrate |Sample, No. Og | I,/1, | L, A | sp®-cont.
Sio, 1 1559 cm™ 0.5 88 0.34
Sio, 2 1587 cm™  0.83 53 0.20
Sio, 3 1573 cm™ 0.7 62 0.27

Fig. 10. Raman spectra of carbon structures formed by trampoline sputter-
ing of the pyrolytic graphite.

this advantageous texturing was obtained only in the collective
trampoline regime.



NANOSIZED STRUCTURE FORMATION BY ION-PLASMA SPUTTERING 367

Fig. 11. Diffraction patterns of a nanocrystalline silicon film formed in
the PECVD process on a nanostructured surface exposed to the trampoline
sputtering (black curve) and the back of the sample (red curve).

The surface view of silicon composite film 8 um thick is present-
ed on the left side of Fig. 12, b. If the structure of foil surface be-
comes such as in Fig. 12, ¢ (for example, it may happen due to the
overheating of the foil during trampoline texturing), the composite
anode material peels off already during the formation of the LIB
anode. This situation corresponds to that shown on the right side of
Fig. 12, b. In this case, the deposition rate of the silicon composite-
anode material is reduced by 70% . The same effects are observed
during the fabrication of a silicon composite anode on an unstruc-
tured copper foil.

The strong adhesion of the silicon composite film to the copper
foil is confirmed by the fact that the integrity of the anode is main-
tained after 300 + LIB cycles for the anode, in which the active sili-
con fraction exceeds 50%. Such an anode increases its volume by
more than 1.5 times during lithiation. Despite the increase in the
linear dimensions of the anode structure by almost 15%, its integ-
rity is maintained during the LIB cycling due to strong adhesion.

We studied the adhesion of the silicon composite 8 um thick to a
copper foil 20 um thick. The tests were carried out by repetitive
bending of the sample by 90° until it broke. Actually, the structure
of the ‘foil plus silicon composite film’ broke after 94 bending cy-
cles. At the kink, there were no signs of peeling of film from the
substrate.

SEM micrograph of fracture is shown in Fig. 13, where the pres-
ence of a transition layer up to 2 um thick is visible in the struc-
ture of a copper foil. Such a thickness of the transition layer is con-
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b

Fig. 12. SEM micrographs of the nanoscale (a) and submicron (c¢) surface
structures of the copper foil after trampoline texturing. Photo of a silicon
composite film is demonstrated in panel (b).

Fig. 13. SEM microphotograph of fractured structure consisting of the
copper foil 20 pum thick (the structure is seen within the cursors) and the
silicon composite film 8 um thick.

sistent with the data of Fig. 2, where the depth of the texture after
the trampoline sputtering constitutes about 2 um.

Trampoline texturing eliminates strains that occur under the
damaged layer when the silicon ingot is cut into wafers. Figure 14
shows a SEM photomicrograph, in which the localization of the
strained zone is visible as a bright band under the dark zone of the
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a b

Fig. 14. SEM micrograph of the cleavage of a silicon wafer cut by a dia-
mond wire.

a b

Fig. 15. SEM micrograph of the silicon wafer cleavage cut by a diamond
wire after the damaged layer is removed by plasma chemical etching, and
the trampoline texturing occurred.

damaged layer of about 4 um thick.

After eliminating the damaged layer and trampoline texturing of
the surface, there are practically no strained areas in the bulk of
the silicon wafer, as is visible in Fig. 15. Strains relax in the sur-
face region of the microtexture with a thickness of less than 2 pm.
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4. DISCUSSION OF THE RESULTS

Experimental results show that, as a consequence of the trampoline
sputtering of solid surfaces, two kinds of structures are formed.
They are nanoscale and submicron structures patterns, strongly de-
pendent on the parameters of the processes. However, the very ap-
pearance of the surface structure induced by the trampoline sput-
tering turned out to be universal and observed regardless of the
type of material. In particular, it was found for metals, semicon-
ductors, and oxide ceramics. For different materials, the character-
istic sizes of nanoscale structures (from several to tens of nanome-
tres) are different and depend on the fabrication conditions. Submi-
cron structures can range in size from hundreds to thousands of
nanometres.

Nanoscale structures ensure strong adhesion of films to the sub-
strate during the formation of coatings from materials whatever
their varying physical characteristics. It is important that high ad-
hesion can be achieved without the application of transitional
matching layers. The totality of measurements suggests the conclu-
sion that the initial nanoscale texturing of the surface substantially
modifies well-known elementary processes (such as secondary ion or
electron emission) determining the substantial stages of the surface
structure formation. The surface, severely distorted by the trampo-
line sputtering, remembers its modified state. This phenomenon
makes the trampoline sputtering even more promising from the
technological point of view in addition to its advantageously high
productivity in target sputtering [4].

Nanosized structuring during trampoline sputtering creates the
conditions for the formation of nanostructured coatings during sub-
sequent film deposition in PVD and PECVD processes. In experi-
ments on the formation of coatings on nanostructured surfaces, the
rate of PVD and PECVD of the film deposition processes increased
by 50-70% as compared with the rate of deposition on unstruc-
tured surfaces.

The submicron structure of the sample surface formed by the
trampoline sputtering ensures the creation of dense defect-free
films. Submicron patterns ensure conditions under which there is
practically no reflection of light from such a surface in the visible
wavelength range. Films that are formed by the trampoline sputter-
ing are nanostructured. This is due to the fact, that the material is
released both in the form of atoms and in the form of atomic
nanoclusters that carry the bulk of the coating material. Therefore,
the composition of the multicomponent sputtered material is re-
tained in the coating films.

The surface is modified randomly at a nanoscale deep into the



NANOSIZED STRUCTURE FORMATION BY ION-PLASMA SPUTTERING 371

material bulk. Hence, the subsequent incident clusters of the coat-
ing material interact with the already modified surface. Such a
randomization is universal and hides the individual characteristics
of various materials. At the same time, the random structuring
processes prevent the movement of defects from the bulk to the
surface and prevent their consolidation, which reduces the likeli-
hood of microcracks and destruction of the desired products during
the processing. One can hope that, in such a way, the quality of
other coatings obtained in the suggested regime of the film for-
mation will remain high.

5. CONCLUSION

Structuring the surface at nano- and submicron scales and the ejec-
tion of nanoclustered material by trampoline sputtering creates the
conditions for the formation of high-quality functional coatings
with strong adhesion and preserving the multicomponent composi-
tion. The obtained films were substantially defectless and possessed
the desired reflection properties in the visible light range.

The trampoline technology for producing functional coatings was
applied successfully in the GreSem laboratory: (i) for the formation
of silicon composite LIB anodes with an active silicon fraction of
more than 50%; (ii) in environmentally friendly ion-plasma process-
es for creating black silicon for photovoltaics; (iii) in technology of
forming anti-corrosion wear-resistant coatings with a low coeffi-
cient of friction; (iv) in the technology of supercapacitors to modify
the surface of the electrodes in order to increase adhesion to the
active material and reduce the resistance of the transitional layers,
etc.
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JJIEeKTPOHHO-JIyueBoe (hu3MUecKoe ocaKIaeHne B BaKyyMe
OMOJIOTUYECKHN YMCTHIX (0e3IMTraHIHbIX) HAHOYACTHUIL OKCHIA
JKees3a

C. E. JIutrsur', I0. A. Kypanos!, E. M. Basxanuasa?®, . A. Crerpmax!,
C. M. Pomarenxo', E. 1. Opauckasa®

"Hucmumym anexmpoceapxu um. E. O. Iamona HAH Ykpaurot,
ya. Kasumupa Manesuua, 11,

03150 Kues, Ykpauna

2Vkpaunckas meduyuHCKas CMOMAMOLOZULECKAL aKademus,

ya. Illesyenko, 23,

36011 Ilonmasa, Ykpauna

SUncmumym xumuu nosepxnocmu um. A. A. Qyiitko HAH Ykpauhot,
ya. I'enepana Haymosa, 17,

03164 Kues, Ykpauna

PaccmoTpeHn ¢GusmuecKuil CHHTE3 HAHOUYACTHI] OKCHUIA Kese3a, IMOJYUEeHHBIX
u3 nmapoBoii (asbl ¢ ucnosab3zoBanueM mMetrona EB-PVD. IlpuBenenbl pesynb-
TaThl HCCJIEAOBAHUS CTPYKTYPHI IIOPUCTBHIX KOHAEHCATOB KoMmIrosunum Fe—
NaCl, xmmuuecxkoro m (pa30BOr0O COCTABOB M pasMepa HaHouacTuil. Ilpm
OBICTPOM W3BJIEUEHWM M3 BaKyyMa HAHOYACTHUIILI ’Kejieda OKMCJISIOTCA Ha
BO3JyXe MO0 MarHeTuTa. B MCXOAHOM COCTOAHUU OHU 00JaJal0OT 3HAUUTEIH-
HOIT COPOIIMOHHOM CIOCOOHOCTHIO II0 OTHOIINEHWIO K KMCJIOPOAY U BJIare; IIO-
9TOMY IPHU AAJbHEUIIeM HarpeBe Ha BO3AyXe MPOUCXOAUT CHUIKEHUNE MAaCChl
TMOPUCTOTO KOHJeHcaTa BILJIOTHL A0 TemiepaTypbl 650°C, B mepByi0 ouepenb,
3a Cuér mecopOIuy (PU3NUYECKUM COPOMPOBAHHOUN Bjaaru. PuUamUecKU aJcop-
OMPOBAHHBIN KUCJIOPOJ ydacTByeT B mookucienuu Fe;O, no Fe,O; B nuana-
soue 380-650°C. YBennueHne TeMIepaTyphbl KOHAEHCAIIMY COIPOBOKIAETCS
pocTOoM pasMepa HaHOUYACTHUIL, B PE3YyJbTATe YeTr0o 3HAUUTEJHbHO COKpAaIlaeTcs
cyMMapHas IJIOIAJAb ITOBEPXHOCTHM HAHOYACTUI[, a, CJIEIAOBATEJIBHO, W X
copOImoHHasa cmocobHocTh. [aske 6e3 crabuamsanuu TaKue HAHOYACTHUILHI,
uccjeqyeMble B BHUJe BOAHOW AUWCIIEPCUM, M3TOTOBJIEHHOU exX tempore, mMme-
IOT B AKCIHEePUMEHTe Ha JKMBOTHBIX XapaKTepHOe IMPOTHBOAHEMUYECKOe mei-
CTBUE, KOTOPOEe MOKEeT OBITh MCIIOJH30BAHO B MEIUITMHE.

HaBemeno pesyabTaTul [OCHIZKEHHS CTPYKTYPH IIOPUCTUX KOHJEHCATIB

kommosuiii Fe—NaCl, xemiunoro ta ¢a3oBoro ckjgafgiB i posmipy HaHOYAaC-
TUHOK, OJep:KaHuX (PiBMUHOIO CMHTE30I0 3 MapoBoi (a3 i3 BUKOPUCTAHHAM
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metonu EB-PVD. Ilpu miBuaKomMy BUJIYUYEHHI 3 BaKyyMy HAaHOUACTUHKMU 3a-
Jliza OKUCHIOIOTHCA Ha IOBITpPi O Mar"HeTury. ¥ HIOYaTKOBOMY CTaHi BOHU
MaloTh 3HAUYHY COPOIifiHY 3JaTHICTH IIO0 BiIHOIIIEHHIO O KMCHIO Ta BOJIOTH;
TOMY HOPHW IOJAJBIIIOMY HarpiBaHHi Ha TOBiTpi BimOyBaeThCsa MOHUIKEHHA
MacHu MOPHCTOTO KOHAeHcATy am Ao Temmnepatrypu y 650°C, B mepiry uepry,
3a paxyHOK mecopOrii ¢isuuHO copboBamoi Bosoru. PismuHo azcopObOBaHUIA
KuceHb 0Oepe yuacth B mookucHeHHi Fe;0, mo Fe,O,. 36inbmienHsa teMmiepa-
TYpPU KOHJEHCAIil CyIpOBOAKYETHCA 3POCTAHHAM PO3Mipy HAHOYACTUHOK, B
pes3yabTaTi uoro 3HaA4YHO CKOPOUYETHCA CyMapHa IJIOIIa HMOBEPXHiI HaHOUYAC-
TUHOK, a OTiKe, i ixHa copbmiiiHa s3maTHicTh. HaBiTh 0es3 crabimiszarii Taki
HAHOYACTUHKU, MOCJi:KyBaHi y BUIJIAAL BOAHOI AMcIepcii, BUTOTOBJIEHOI ex
tempore, MalOThL B €KCHEPUMEHTI HA TBapMHAX XapaKTepPHY IIPOTHAHEMIiUHY
Iifo, AKa MO:Ke OyTHM BUKOPHCTAHOIO Y MeIUIIMHI.

The results of study of the structure of porous condensates of the compo-
sition iron—sodium chloride, chemical and phase compositions, and size of
nanoparticles obtained by physical synthesis from the vapour phase using
the electron-beam physical vapour deposition method are considered. With
a rapid recovery from vacuum, iron nanoparticles are oxidized in the air
to magnetite. In the initial state, they have significant sorption capacity
with respect to oxygen and moisture. Physically adsorbed oxygen partici-
pates in the oxidation of Fe;O, to Fe,O;. An increase in condensation tem-
perature is accompanied by the increase in size of nanoparticles; as a re-
sult of that, the total surface area of nanoparticles is significantly re-
duced, and consequently, their sorption capacity is decreased. Even with-
out stabilization, such nanoparticles studied as ex tempore prepared aque-
ous dispersion have characteristic antianemic effect on the laboratory an-
imals that can be used in medicine.

Karouessie cioBa: EB-PVD, mHanouacTuisl oKcuma ’kejesa, coponus, (aso-
BBIA COCTaB, KOJJIOUAHBIE CUCTEMBI, aHTHaHeMUYeCKUi a(pdeKT.

Karouosi caoBa: EB-PVD, HamouacTUHKM OKCHIY 3ajiza, copOIlid, dasoBuit
CKJIAZ, KOJIOIgHI cucTeMu, aHTHaAHEMiuHUN e(peKT.

Key words: EB-PVD, iron oxide nanoparticles, sorption, phase composi-
tion, colloid systems, antianemic effect.

(ITonyueno 5 dexabpsa 2019 2.; nocae dopabomku — 26 gespansa 2020 2.)

1. BBEAEHUE

Hau6osiee m3yuyeHHBLIMU ABJISIOTCA HAHOUYACTUIIBI OKCHUIOB JKejaesa —
maruerura (Fe;O,) u marremura (y-Fe,03), KOTOphle HAXOOAT HpUMe-
HeHHe B 9JeKTpouHuke u Mmemuiimie [1-3]. Haubosbiliee KOJIUYECTBO
paboT IOCBAIIEHO MCCJAEJOBAHUAM HAHOUACTHUI[ MArHETUTA PasMepoM
mo 20 HM, KOTOpble HIPU KOMHATHOM TeMIlepaType HaXOASATCA B Cy-
meprnapaMarHuTHOM cocTosuuu [4, 5]. OHM XapaKTepuU3yIOTCA IpaK-



SJIEKTPOHHO-JIYUEBOE ®UBNYECKOE OCAXKIEHNE B BAKYYME 375

TUUYECKH HYJEBOM OCTATOUYHOM HaMArHUUYEHHOCTBIO, UTO OCO00 BaXKHO
IJIsT MeOUKO-OMOJIOTHUYECKUX IIPUMEHEeHNn, HAallpUMep, IPU TPAHCIIOP-
Te JIEKAPCTBEHHBLIX IIPeIrapaToB II0 KPOBEHOCHBIM COCyZaM MaJioro
IraMeTpa, B KOTOPBLIX KpaliHe HeikejaTesJbHa arperanus yactuil [6].

MmuosxecTBO paboT B IMOCJEIHNE TOALI IIOCBAINEHO M3YyUeHHIO KJia-
CTEepPOB cymeplapaMarHUTHBLIX HaHouacTui okcuza xeiesa (SPION) c
AAPOM-000JI0UKO0ii pasmepoM okosio 80 um [7, 8]. ABrops! [8] mccie-
IOBAJM MArHUTHBIE CBOICTBA TaKOro KJacTepa HW3 HaHOYACTHIL
marremuTra pasmepom 10 HM B amMop(dHOII 000J0UKe AUOKCHUIA KPEM-
Hus Toamuaor 15 HM. OKasayoch, UTO HapsaAy C cylepHapaMarHuUT-
HBIMM CBOMCTBAMM TAaKOM KJIAaCTep PEruCTPUPYeT BBICOKUU MAaTHUT-
HBIII MOMEHT, UTO 0CO00 BAjyXHO IIPU YIIPABJIEHUU C IIOMOIIbIO BHEIII-
HEero MarduTHOTO IIOJIS.

M=uoro paboT IIOCBAIIEHO Pa3paboTKe HOBLIX METOIOB IIOJYUEHHUS U
cTabuJIn3anuy HAHOUYACTHUI[ METAJJIOB. JIMAUPYIOT XUMHUUYECKHNE METO-
Ibl CHHTE3a YaCTUIl, CPeqyd KOTOPBLIX Hambojiee PACIPOCTPAHEH K-
Ko(hasHBIA MeTON XMMHUUYECKOH KOHIEeHCAIIUU, HPEeIJOKeHHBIH OJIMOo-
pom [9]. B saToM MeTome 3apoikAeHNe M POCT YACTHUI OCYIIeCTBJISIIOT B
00BbéMe, Ha KOHTAKTHUPYIOIUX C KUIKOU (hasoil IMOBEPXHOCTIX pas-
JUYHON mpupoxabl, opm m pasmepoB [10-12]. Sacay:kuBaeT BHHUMA-
HUS 30JIb—TeJb-MeTOJ CHHTe3a CylepHapaMarHuTHBIX HAHOYACTHIL
okcuma xkemesa (SPION) [13, 14]. O mo3BoJIMJ MOJYYUTH HAHOYA-
CTHUIILI T'eMATHUTa C BBICOKOI HAMAIHNYEHHOCTBI0O M MATHUTHBIM MO-
MEHTOM.

B pabGorax [15, 16] 6611 cuesiaHbl IEPBBIE YIIOMUHAHUA O IIOJTyYe-
HUY MArHUTHBIX HAHOYACTHUI[ (DUBHUYECKUM MEeTOAOM (METOLOM MOJIe-
KyJaapHBIX myukoB). O 6asupyioTca Ha (pu3mUYeCKUX IIpolleccax HcC-
mapeHus WUJIN PACHbLIEHUS BEIIeCTB C IIOCHEeNVIONINM OCaKIeHUeM
[mapoBoil (pasel B BaKyyMme, aTMoc(epe MHEPTHBIX WJIM aKTUBHBIX TI'a-
30B. B sTOM ciiyuae aJisi mMcIlapeHUS W PACHBLICHUS IIPUMEHSIOT, CO-
OTBETCTBEHHO, paJuAaIlMOHHbIE, BJJIEKTPOHHOJYyUYEBLIe, Ja3epHble u
MOHHO-IIJIa3MEHHbIe HMCTOUYHMKM Harpesa. MeToAbl IIOJIYUYEHUS Mar-
HUTHBIX HAHOYACTUI[ ¥ O0JACTH UX HPAKTHUYECKOr0 IIPUMEHEHUS W3-
JIO}KEeHBI B COOTBETCTBYIOIINX 0030pax, Hampumep [17, 18].

MeToxm 9JI€KTPOHHO-JIYUYEBOr0 MCIAPEHUS PAa3JIMYHLIX BEINeCTB B
BaKyyMe C IOCJenyIoIlell KOHAeHcaIlnel IIapoBbIX IIOTOKOB, KOTOPBIH
HAIIEJ NpUMEHEeHNe HPU OCAMKAEHNN (PYHKIMOHAJLHBIX U KOHCTPYK-
IMOHHBIX IMOKPBITUHA C MHUKPO- M HAHOPA3MEPHOUN CTPYKTYypOii, HC-
MOJIb3yeTcA TaKiKe AJIA CUHTe3a HaHodacTHIl MeTasioB [19—23]. 9tor
METOJ IIOMMMO OOJIBIIION ITPOM3BOAUTEJILHOCTH, 3aCHY KMBAET BHIIMA-
HIE CBOeil YHHBEpPCAJbHOCTBIO B I0AOOpE PAa3JMYHBLIX HEOPraHumye-
CKMX M OPraHMYEeCKHX MATPUI] IJI KOHCEPBUPOBAHUSA HAHOUYACTHIL
MeTaJLIoB W uxX oKcumgoB. Beioop NaCl B KauecTBe MaTpPUIILI OBII
000CHOBAH TeM, 4YTO STOT MaTepuajJ MIPpH KOHAEHCAIlMH B 00JacTu
remmeparyp 7 <0,3T,, [24] xapakTepusyeTcA OTKPBITOH ITOPUCTOM
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cTpyKTypoii. KoHAeHCHpPYsACh B BaKyyMe B OTKPBITBIX IIOpaxX dTOI
MATPHUIIbl, HAHOYACTHUIIBI JKejie3a CBOOOMHO OKHCJIAIOTCA J0 MarHeTUTa
B BosaymiHo# cpezge. Bosaee Toro, NaCl mmupoko mnmpumenserca B Me-
IUIMHE B KAaueCTBe MHIPEIMEHTOB MHOIMX JEKAPCTBEHHBLIX IIperapa-
TOB OJaromaps ero OMOJOTrMYecKOii COBMECTHMOCTH C JKUBBIMHI Opra-
HIU3MAMM ¥ XOPOIllell paCTBOPUMOCTH B BOJE.

Kak ormeuasoch, OJHUM M3 OCHOBHBIX HAIIPABJICHUN MPAKTHUUYECKO-
ro IpUMeHEHUS HAHOUYACTHUI[ MATHETHUTA ABJAETCA OMOJIOTHSA U MEIU-
muHa [25, 26]. 9T0 00yCcJIOBJIEHO MATHUTHLIMHU CBOMCTBAMM U HAaJIU-
ypeM B KX COCTaBe JKejesa, IM09TOMY TaKle HAHOYACTHUIILI HMEIOT
IPOTHBOAHEMHUECKOe [IelCTBMEe 3a CUET IIOIMOJHEHUs OOIIero IyJa
JKeJie3a B OpraHM3Me, CBOMCTBO BJIHMATL Ha BpeMs peJaKcalluy OKpYy-
JKAIOM[UX IIPOTOHOB, YJIYUYIIIAeT BU3YAJIU3aI[AI0 OIPEeNeEHHBIX CTPYK-
TYP HOPH MAarHAUTHO-PE30HAHCHON ToMorpa)uu, TrulepTepMuYecKoe
IeicTBMEe, a TaK:Ke TPAaHCIOPTHOE IeicTBMe, 3aKJIoualolneecsd B IO-
CTaBKe JIeUeOHOr'0 areHTa K KJIETKAM-MHUIIEHAM IIYTEM AKTUBHOI'O
rapretunra [27—30].

Hcnonbp30oBanue HAHOYACTUIL MarHeTUTa TPeOyeT MX CTaOMIM3aIlnU
B "KUJIKOU cpefie, YTO IMOPOXKAAET OIIpeAeséHHbIe IIPO0JeMbl B CBA3U C
TeM, YTO CTAOMJIM3UPYIOIHE BeIleCTBA CIOCOOHBI MOLYJINPOBATH
dapMaKOKNHETUKY MOKPBLITBIX HAHOYACTHI[ OKCHIA JKeje3a U MX B3a-
umogeiictsue ¢ Kjaerkamu [31-33]. C sToif TOUKU 3peHUs HAHOUACTH-
bl MArHETHUTAa, OCAKAEHHBIE B IOPHUCTYIO, JIEFKO PACTBOPUMYIO U
OMOJIOrMYEeCKY COBMECTHMYIO MATPHUILY, IIPEACTABIIIOT 3HAUNTEIbHEII
IpaKTUYeCKU UHTepecC.

Ilenpro mpoBemeHWS AAHHBIX WMCCJAEIOBAHUII CTaJI0 CHUHTE3NPOBATH
cylepliapaMarHATHBIE HAHOYACTHUIBI OKcuia skeinesa [33] mpu omHO-
BPEMEHHOM HCIIAPEHUHN JKeJjie3a M XJOPHUJA HATPUS U MCCIeIOBaThb
BINSAHUA KOHIEHTPAIIUK JKeje3a W TeMIIepaTypbl KOHIeHCAIMMd Ha
COPOI[MOHHBIE CBOMCTBA, PasMEPHOCTbL U (ha30BLIM COCTAB HAHOYA-
CTUII, a TAKyKe M3YUYUTL OMOJIOTMUYECKYI0 AKTHBHOCTH TAKUX YACTHIL
IpU aHEMUU, BBI3BBAHHOI OCTPOII KPOBOIIOTEPEH.

2. TEXHUKA 9KCIIEPUMEHTA

CuHTe3 HaHOYACTHUI[ OCYII[ECTBJISAIMA METOJOM KOHIEHCAIIMM CMeIaH-
HBIX MOJIEKYJIAPHBIX IIOTOKOB JKeJjiesa M COJMM B BaKYyMHOU dJleK-
TPOHHO-JIYUEBOIi ycTaHOBKe [34]. B BomooxJsiakmaeMblii THUTeJb AuAa-
merpoM 50 MM momemanu CAUTOK Fe, a B PSAJOM PACIIOJOMKEHHBIN
TUTeJ b moMeriaau mpeccoBauublii mranuk NaCl. B kamepe cosmaBa-
au Baxkyym (1,8-2,6)-10% Pa. IloBepXHOCTHM CIAHTKA M IITAIHKA
HarpeBaju 3JIEKTPOHHO-JIYUEBBLIMU IIYIIIKAMKU A0 paciiaBjieHus. B
pesyiabTaTe OBLI C(OPMUPOBAH CMEINAHHLIN mTapoBoil mOTOK Fe u
NaCl, xoTopblii KOHAEHCUPOBAJIN HA BOJOOXJANKAAEMYIO IIOJJIOKKY,
rae moxmepsxkuBanu Temiepatypy 40-50°C (puc. 1). Ilociae mamycka
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Puc. 1. Cxema 3JIEKTPOHHO-JIYUEBOT0 MCIApPEHUS W KOHAEHCAIMU B BaKyyMe
U3 JOBYX HE3aBUCUMbBIX MCTOUYHMKOB Ha HEHOABMIKHYIO BOJOOXJAKIAEMYIO
MeIHYIO MOAJOXKKY npu cuHTe3de HaHnouactul, Fe (Fe;O,) B mopucroii marpu-
e NaCl.?

BO3AyXa W MOJIHON pasrepMeTHs3alliyd KaMepbl KOHIEHCAT CUMINATIU C
MOAJIOMKKY M HAHOYACTUIIBI HCCJENOBaJM KaK B CyXOM KOHIeHcare,
TaK U B KOJJIOUIHOM pacTBOpe.

MUKpPOCTPYKTYPY KOHIeHcaTa M COJeprKaHue 9JIeMeHTOB B KOHJeH-
caTe HCCJENOBAJU C IIOMOIIBIO PACTPOBBIX BJJIEKTPOHHBIX MUKPOCKO-
noB VEGA 3 (pupmbr Tescan, Yexua) m CamScan (KemOpumx, Be-
JAuKoOpuTanus) c¢ peHTreHoBckord mpucraskoir INCA-200 Energy
(Oxcdopn, Beauxkobpuranusa). UccaenoBarnue mopdosoruu u (pasoso-
ro cocTaBa dYacCTHUIl IPOBOAUJIOCH METOAOM TPAHCMUCCUOHHON 3JIeK-
Tpouuoit Mmukpockonuu (TOM) ma muxpockome HITACHI H-800 (Xu-
raun, dmnonus) npu yckopsaomieMm manpskeHun 100 kB u penTreno-
dasoBoro amanusa (PPA) ma gudppaxromerpe JPOH-YM1 ¢ Kobaab-
ToBBIM (CoK,) m3ayueHreM U IrpadguTOBBIM MOHOXPOMATOPOM B OTpa-
JKEHHOM OydKe B amuamasoHe yrioB 10—85 rpagycoB. Cpemuuii pasmep
KPHUCTAJIJINTOB olleHMBau 1o ypaBHeHuio Illeppepa. IIpormeccs oxuc-
JIEHUA KeJjieda B MATPHUILE COJIM Ha BO3AyXe M3yUaJd IPU yBeJIUUYEHUU
remuepatypbl 10 650°C co ckopocthio 10°C/MUH ¢ IIOMOIIBIO TEPMO-
rpaBuMerpuueckoro amasumsatropa TGA-7 dupmber Perkin Elmer,
CIITA. Pasmep HAHOYACTHUII B KOJJIOMOHOI CHCTEME ONPEeAeJaId Me-
TOZOM AWHaAMUUYecKoro paccesnmusa cBera (DLS) [34—-36] ma sazepHOM
KOppeasanuonaoM caexkrpomerpe ‘Zeta Sizer-3000° ¢pupmer Malvern,
Benuxobpuranus.

Kounencar ¢ mamouactunamu marmerura (HUM) pactBopsanu B me-
MOHUBUPOBAHHOU BOJEe B cooTHOIeHuu 1 mMr/l Mg m wm3ydyaam Ha
mpeaMeT CTaOUJIbHOCTH W TUAPOAUHAMUYECKOTO pasMepa YacTHI] Me-
TogoM DLS, Kak ommcaHO BBIIIIE.

OnbIThI IO H3YYEHUIO Omojormueckoir axTumBHOocT HYUM Onlam
mpoBeleHBI Ha 28 0eJbIX TOJIOBO3PEJBIX KphIicax-camiiax (Rattus
norvegicus) auauu Bucrap maccoi tema 183—-221 r, a pacxokaeHMe
Macchl KphIC B rpymnme He mpesbimana 15—20% . Kpeicel Oblim paH-
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JTOMMU3UPOBAHbI, MapKMPOBAHbLI, pasfejieHbl HAa TPYNIBI U COJEPIKa-
JCh B CTAHJAPTHBIX YCJIOBUSAX BUBapusA. IIpoBefieHre sKcIepuUMeH-
TOB He BBHI3LIBAJIO BO3PaKeHUI KOMUCCHUU 10 OM0aTHMKe Briciiero roc-
yIapCTBEHHOTO Y4YeOHOTO 3aBefeHMs Y KPauHBI «YKpawmHCKas MeIu-
IIUHCKAA cTOMAaToJoTrnYecKad axajgeMus». OCTPY0 KPOBOIOTEPIO MO-
JeJINPOBANIM IIYTEM IYHKIIMU cepaita u uabarue 25% o0bEMa IUPKY-
JUpYyIoIied KpoBU oA 3(pUPHBIM HAPKO30M B XUPYPIrUUYECKOI cTaguu
(3—4 Mu/Kr mMacchl sKUBOTHOTO) [37].

g papmMakoIoTruuecKoil KOPPEKIIUU MCIIOJb30BaJII HETOKPHITHIE
HYM B Buae IOpOIIKOOOpasHOii CcyOCTaHIMI, KOTOPYIO IIOAPOOHO
OTIMCAJIX BBIMIE. ITOT MOPOINOK AUCIEPTHUPOBATIUA B BOJE A HUHBEK-
IUN HenocpedcmeeHHO neped npumeHeHuem U BBOIUIU OeJIbIM KPbI-
caM BHYTPUOPIOIIMHHO B Ao03e 25 mr/Kr maccel Tena (6,75 mr Fe/kr)
cpady 1mocJyie moTepu KpoBu. OOpasibl KPOBM MOJAyUYaIM M3 CepAlla
KMBOTHBIX IIOJA 3(pUPHBIM HAPKO30M uYepe3 3 M (2 yaca ¢ MOMEHTa
KpoBomoTepu. B HUX mM3ydasu reMaToJOTMUECKHe IIOKasaTesu: obIiiee
KosmuectBo spuTpornuToB (RBC), remarokpur (Hct), obmuii remor.io-
oun (Hb), cpenuuit oowem sputrporura (MCV), cpenHiolo KOHIIEHTpA-
muio remoraoouna B sputpornute (MCHC), cpenHee KOIMYeCTBO IreMo-
rnoouua B spuTtpornuTe (MCH) u muaekc aHusomuTosa (IIIHpUHA KPHU-
BOI pacmpeneneHnus sputrponutos) (RDW).

VKazanHbIe TOKa3aTeJ U WCCJe0BaJU C IOMOIINHI0 IeMaToJoTHuYe-
ckoro auammsaTopa MicroCC-20Plus Vet (High Technology Inc.,
CIITIA), samporpaMMHPOBAHHOTO Ha IIapaMeTPhl KPOBU OEJBIX KPBIC
[38]. Comep:xaume peruryaonutoB (Rt) ompemensanu, mcrmoab3ysd cy-
paBUTaANbHOE OKPAIlUBaHUEe METUJEHOBBIM CUHUM, B XOIe KOTOPOTO
PHK-comep:kaiue CTPYKTYPhI MOPOABIAIOTCA B BHIE 3EPHUCTO-
cetuaroit cyocraunuu [39]. OkpallleHHble MasKy HCCJIEIOBAJIUA C 00b-
extuBoM x100 Ha Murpockome AmScope T490B-10MT (United Scope
LLC, CIITA). IlonyueHHBIN MaTepHa CTaTUCTUUYECKU 00pabaThIBAIU C
IIOMOIIILI0 CTAaHIAPTHBIX KOMIBIOTEPHBIX IporpaMm Iakera Statistica
for Windows 8.0. BepoATHOCTH OIleHMBAJIUW PA3HUIIEH MEKJY TPYII-
maMu € TIOMOINbI0O OAHOMPAKTOPHOTO IUCIIEPCHOHHOTO aHaJIu3a
ANOVA c anmoctepuopubiM TecToM Fisher LSD.

3. PE3YJBTATBI HCCJIAETOBAHU

Bruemruuit Buj (puc. 2, @) U IOBEPXHOCTh MOJYUYEHHBIX KOHJEHCATOB
Fe—NaCl (puc. 2, 6) cooTBeTcTBOBajsia 1-i1 30He HU3KOTEMIIEPATYPHOTO
bopMuUpOBaHUA HAHOKPUCTAJLINYIECKON cTPYKTYpHI [40].

HccrenoBanus MaKpPOCTPYKTYPHI M COLEPIKAHUSA BJIEMEHTOB Ha IIO-
IIepevyHoM cKoJje mopuctoro koHzxeHcara Fe—NaCl noxasanu mamuune
0OJIBIIIOTO KOJIWYECTBA KHCJIOPOAA, aACOPOMPYeMOro HAHOYACTUIIAMU
13 BO3AyXa IIOCJe pasrepMeTM3aluy BaKyyMHOII KaMmephl (puc. 3,
Taba. 1).
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SEM HV: 10.0 kV. NaCl Fe12#2[4] { VEGA3 TESCAN SEM HV: 10.0kV | l!acl Fel12#2{3] | VEGA3 TESCAN|
View field: 381 ym Det: SE {100 ym View field: 40.7 ym | Det: SE 10 pm
SEM MAG: 569 x | Date(midly): 12123114 | SEM MAG: 5.33 kx |Date(midly): 12/23114 |

a (1]

Puc. 2. 3D-uzobpaxkenue (a) 1 BUI HOBEPXHOCTU (6) MCXOAHOTO KOHAEHcCATa
29 macc.% Fe+ NaCl, momyuennoro meromom EB-PVD npu Temmeparype
momIoxKy 45°C.2

Puc. 3. MUKPOCTPYKTypa IIOIEPEUYHOI0 CKOJIa MCXOLHOIO KoHzeHcara 29
macc.% Fe + NaCl, monyuennoro meromom EB-PVD mpu Temmeparype moz-
goxkn 45°C (cm. tadm. 1).2

PenrrenogasoBberii aHanua (puc. 4, a) moxkasaja, YTO YaCTHIIBI Ke-
Jjie3a B MaTPUIE COJIM HAaXOAATCS B 3aKOHCEPBUPOBAHHOM COCTOSHUU B
IByX cocTodaHusx: B Buze do-Fe u Fe;O,. IIpu maBieuenun gacTtuil ms
MATPUIBl TPU PACTBOPEHUM COJU B BOJAE IIPOUCXOAUT ITOOKUCJIEHUE



380 C.E. JIUTBHUH, 0. A. KYPAIIOB, E. M. BAJKHUYAS u 1p.

TABJINIIA 1. OseMeHTHBIH COCTAB IOIEPEYHOTO CKOJIa IIOPUCTOTO KOHAEH-
cara 29 macc.% Fe + NaCl, moayueHHOTO Tpu TeMIepaType momao:kKu 45°C
(cm. puc. 2).

Fe (0] Na Cl

CuexTp
macce. %

Cmexrp 1 28,6 23,3 19,8 28,3
Cmexrp 2 29,1 20,1 19,7 31,1
CroexTp 3 34,8 22,4 17,2 25,6
Cmexrp 4 29,0 25,0 19,4 26,6

a 0

Puc. 4. udpakrTorpaMmmbl 00pa3ioB KoHaeHcarta 29 macc.% Fe+ NaCl uc-
xonHOTO (a) u mocae orMbiBKU oT NaCl (6). g-FeOOH — y-dasa FeOOH, a-
FeOOH — o-dasa FeOOH.?

yucToro xenesa no Fe;O, (puc. 4, 6; Taba. 2). Ilepen pacTrBopeHueM B
BOJIe W INIPUTOTOBJIEHMEM KOJIJIOMJHBIX DPAacTBOPOB KOHIEHCAT pasMa-
JILIBAJIN B TOPOIIIOK 0 MUKPOHHBIX pPasMepoB.

Ha pucynke 5 mpeacraBjieH T'paHyJOMETPUUYECKUIN aHANU3 IIOJIY-
YEHHOTO IOPOINKAa II0CJie MHOTOYACOBOTO M3MeJbUeHUA KOHJeHcaTa B
araToBO# CTyHOKe.

TpaHCcMUCCUOHHAA JJIEKTPOHHAA MMUKPOCKONUA TOHKUX CKOJIOB
KOHJeHcaTa BBIABUJIA NPUCYTCTBME HAHOPAasMEPHON CyOCTaHIIUU C
MIPerMYyIIeCTBeHHBIM (Da30BBIM COCTABOM COOTBETCTBYIOIIMM MaTHETH-
1ty (Fe;0,). CaemoBaTenbHO, IPpU M3BJIEUEHNN KOHIEHCATa M3 BaKyyMa
Ha BO3JyX, KHUCJOPOI U BJara BO3JyXa CBOOOAHO NMPOHUKAIOT U aK-
TUBHO B3aMMOJENCTBYIOT C PAa3BUTOM OTKPBITON MOBEPXHOCTHIO HAHO-
YaCTUIl KeJieda, BKPAIJIEHHBIX B MHUKPO- M HAHOPa3MEPHBIX HOpax
TIOPUCTOM CTPYKTYPHI coJieBoii marpuilkl [24]. Ilpu OwnicTpoM u3BJE-
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TABJINIIA 2. ®a30BbIil cocTaB nCXOAHOrO Kougencara 29 macc.% Fe+NaCl
u mocie orMbIBKE oT NaCl.®

Obpaser DasoBbiii COCTAR Cpenuuii pasmep Conepﬁcaﬂng daswl,
KPUCTAJLJINTOB, HM mace. %
NaCl JCPDS # 75-306 20 89
Koupmencar o-Fe JCPDS #87-721 20 2
Fe;O, JCPDS # 88-315 11 9
Kongencar,
OTMBITHIII OT Fe;0, JCPDS # 88-315 10 100

NaCl HeussectHas gasza

YeHNHN KOHIEHCATa M3 BAKyyMa o0pasyeTcs OKCHJ sKejie3a ¢ OOJIbIIIIM
BBIJEJIEHHEM TeILIa, UYTO IOATBEPIKAAETCA Pa30orPeBOM BBLIOMKEHHOTO
Ha OyMary OTIeJEHHOI'0 OT IIOJIOXKKN KOHJIeHcaTa.

Kpome sTOro, HaHOUACTUIILI OKCHAA JKeJie3a MOT'YT JOIMOJHUTEIbHO
azcopOdMpoBaTh Ha CBOIO IIOBEPXHOCTL (DM3UUYECKU CBA3AHHBIN KMCJIO-
pox u Biary [19]. C yuétom, UTO BBICOKAd aacopOIlMOHHAaA CIIOCO0-
HOCTh K KMCJIOPOAY IIPHUCYINA B OOJIbIIEI CTelleHM HAHOUYACTHUIIAM Ma-
JILIX Pas3MepPOB, TO DTO MOJKET JOJIKHBIM 00pasoM CKasaThCsA IIPU KC-
CJIEIOBAHUM COLEPKAHUSA KHCJIOPOJa B KOHIEHCATe C Pa3JIUYHBIM KO-
JIMYECTBOM JKeJiesa.

HeicTBUTENBLHO, BEJINUYNHA OTHOIIEHUA aTOMAPHOI'O MPOIEHTa KIC-
JIOPOZa K aTOMapHOMY IIPOIIEHTY ’KeJie3a 3aBHCUT OT KOJIMYECTBA JKe-
Jie3a, MOHMMKAETCS C YBEJMUYEHHEM ero COIep:KaHWs B KOHIeHcaTe U
IIPEBBIIIIAET 3TO 3HAUEHHNE [IJs CTexXuoMeTpuueckoro cocrasa Fe;O,,
pasuoe 1,33 (puc. 6, kpuBaa 40°C). /I ToabKO OpU COAEpKaAHUU JKe-
Je3a B KoHpaeHcaTe okoio 30 ar.%, Korga BepOSTHOCTL CTOJKHOBE-
HUS HAHOYACTHI[ B CMEIIAHHOM IIaDOBOM IIOTOKE U IIPKM KOHAEHCAIINU
Ha IOAJIOMKKE BEeJIMKA, UYTO IIPUBOAUT K HEKOTOPOMY YBEJIHNYEHUIO
pasMepa HAHOYACTHUI[, 3TO COOTHOIIEHHE IIPUOJIMMKAETCA K CTEeXMO-
MmeTpudyeckomy (puc. 6, kpuas 40°C).

IT0o elé pas YKasbIBaeT HA BBICOKYIO aJCOPOIIMOHHYIO CIIOCOOHOCTH
HaHOYaCTUIl MaJibix pasdmepoB [10]. OxHoil m3 riIaBHBIX NPUYUH W3-
MEeHeHUs (pU3NUYEeCKUX U XMMHUUYECKUX CBOMCTB MAJBIX UYACTHUIL II0 Me-
pe YMEeHBIIeHWS MX Pa3MEPOB SABJAETCS POCT OTHOCUTEJLHON JOJIU
IIOBEPXHOCTHBLIX ATOMOB, HAXONAIIUXCA B HHBIX YCJIOBUAX (KOOPAU-
HAIIMOHHOE UMCJI0, CHUMMETPHUSA JOKAJLHOIO OKPYMKEHUS MU T.II.),
HeKeJ aTOMbl BHYTPH OOBEMHON (pasnbl. Y MEHBIIIEHNE Pa3sMepoB ua-
CTUIILI IPUBOAUT K BO3PACTAHUIO POJIM IIOBEPXHOCTHON SHEPIUU.

Ho B GoJbllleil cTemeHM Ha pasMep HAHOYACTHI[ BJIUIET TEeMIIepaTy-
pa xoumencamuu (puc. 7).

WUccnenoBaHme mpocBeumBAIOINell dBJIEKTPOHHON MUKPOCKOOMEN
B3BECH YACTHUI[, HOJYUYEHHBLIX PACTBOPEHUEM KOHIEHCATA B BOJE, BBI-
SIBUJIO IIPMCYTCTBUE HaHOpa3MepHOU cyb6craurnuu (puc. 8, a, 8, 0).
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YHCJIO I'PAHYT 7107 IIT.

_ |cpeguuit pasmep™ 15,1 MEKM

{cTragrapTHOE OT-
; Aap 8,9 MEKM

A Bapmanusa (pasbpoc)| 59,0 %

 MUHUMYM 2,8 MKM

% MaKCUMyM 94,9 MKM

#|pasopoc 92,1 MKM

‘ acCUMMeTpUs 54,9549
| puaa 94,6455

IIOmaAb U3MepeHus 4 Mm?2
“95% [oOBEepUTENbHBLIA UHTEPBAJ AJIS

8

Puc. 5. O6paboranuasa B mporpamme Statgraphics mukpoctpykTrypa (a), rpa-
HyJIoOMeTpuuecKuii coctaB (6) m 00BEMHOEe pacmpenesenme (8) pasmepa dUa-
CTHUII IIOPOIIKA IIocJie u3MeabueHusa KoHaeHcara 29 mace.% Fe + NaCl B ara-
TOBOI1 cTymKe.’

Cpemauit pasMep udacTuUll Bo3pactaeT oT 3—4 uM g0 15-20 HM mpwm
yBeqmueHun TeMmiieparypbl momiaoskkKu ot 20 mo 200°C (pumc. 7). Ilo
Mepe pocTa pasmMepa uacTuUll AUPPAKIUOHHBIE KOJbIA CTAHOBATCS
yérkumu (puc. 8, 06, 2, e). Pas30BbI COCTAB UYACTHUI[ COOTBETCTBYET
Fe;0,.

C yBesnuyeHHEM TeMIIEPATyPhl MOAJOMKKHK pasMep HaHOYACTHI[ BO3-
pacTtaer, B pesyJbTaTe Uero 3HAUUTEJIbHO COKpAalllaeTcsa CcyMMapHas
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Puc. 6. Oruomrenue O/Fe B rougencarax Fe—NaCl, moayuennsrx mpu 45°C
(1) u 400°C (2), B 3aBHCHMOCTH OT cofep:kanus Fe.®

Puc. 7. smenenue cpeguero pasmepa uactui Fe;O, B Kougercatax Fe—NaCl
B 3aBUCHMOCTU OT TeMIepaTypbl moiaoxku T,. I — u3 TOM wucciemoBanmii;
2 — us POA.

ILIOIIAAL IIOBEPXHOCTH HAHOYACTHUII, UTO U IPUBOAUT K CHUIKEHUIO
OTHOIIIEHNS aTOMapHOro IIPOIEHTa KHCJI0POZa K aTOMapHOMY IIPO-
LEeHTY JKeje3a B 3aBUCHUMOCTH OT KOJIMUYecTBa ikeiaesa (puc. 6, KpuBas
400°C).

KuneTKa OTHOCHTEJIBHOTO M3MEHEHUS MACCHI MOPUCTOTO KOHIEH-
cara Fe—NaCl npu marpese mo temmneparypbl 650°C u oxjaxgeHnn Ha
BO3IyXe, MCCJAeIOBAHHAS METOJOM TEePMOrPAaBUMETPUUECKOr0 aHAIM3a
(TGA), mosBoasamT 0ojee MOAPOOHO PACCMOTPETHL STH COPOIIHMOHHEIE
IIPOIIECCHI.



384 C.E. JIUTBHUH, 0. A. KYPAIIOB, E. M. BAJKHUYAS u 1p.

e

Puc. 8. Mukpocrpykrypa (a), (8), (0) u perrrenorpammsl (6), (2), (e) HaHO-
vactun Fe;0, B kouxencarax Fe—NaCl B 3aBUCUMOCTH OT TeMIEepaTyphl HOX-
moxku T.: (a), (6) — 30°C; (8), (2) — 100°C; (9), (e) — 220°C.*°

C moBBIIIIEHNEM TeMIepPaTyphbl IPOUCXOAUT CHUIKEHUE MacChl ITOPHU-
croro Kougeuncata Fe—NaCl Bmaots mo Temmeparypsl 650°C (puc. 9,
KpuBasg 2), Torja Kak KWHETHUKa OTHOCUTEJIHHOTO M3MEHEHUS MaCChI
nopuctoro Kougencara NaCl mpu Harpese mo Temmepatrypbl 650°C u
OXJaXKJEHUN Ha BO3qyXe HOKaswiBaeT (puc. 9, Kpuas 1) mpakTudye-
CKM OTCYTCTBHME WM3MEHEHMWs MacChl IIOPUCTOTO KOHJEHcCaTa 3a CYET
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Puc. 9. KuneTnka OTHOCHUTEJIBHOIO M3MeHeHus Macchl KoHzeHcaToB NaCl (1)
u 29 macc.% Fe+NaCl (2) ¢ nudpdepennuanbaoii KpuBoii (3) mpu MUKINUE-
CKOM HarpeBe—OXJIaXKJAEHUU Ha BO3AYyXe.

agcopOIIu BJaru.

4. OBCYRKIAEHHUE PE3YJbTATOB

YoOnIBaHME MacChl MOXKET OBITH CBA3AHO ¢ KOHKYPEHTHBIM XapaKTepoM
amcopOIIu 13 BO3AyXa Pa3HBIX I'a30B, MMEMOIUX pPasHoe BpeMs aj-
copbuuu [41-43] u/unm GONBINION AUATIa30H SHEPTUN CBASU MOJIEKYJI
BOJIbBI C IIOBEPXHOCTHIO OKCUIOB [44, 45]. Hampumep, MOJIEKYJIbI BOIEI
UMeIOT BpeMs afcopOIuu, M0 MEeHBINel Mepe, Ha MOPSAA0K BeJINUYMHEI
IIpeBLIIIAIONIee BpeMs aAcopOIMy OCHOBHBIX KOMIIOHEHTOB BO3AyXa
— KHCJOpOoJa M a30Ta. ITO O03HAYaeT, UTO IPOHUKHOBEHUE MOJEKYJ
BOObI B KOHAEHCAT K HAHOPAsMEPHBIM YACTUIIAM 3allasgbIBaeT BO
BpeMEeHUN OTHOCHUTEJIbHO OCHOBHBIX KOMIIOHEHTOB W3 BO3MyXa TaKiKe
Ha MOPSAAOK BeJUUYUHBI [41].

Takum o6pasoM, B IIEPBBI MOMEHT CONPHUKOCHOBEHUS KOHIEHcaTa
C BO3IyXOM, KHCJOPOJ BO3AyXa pacxoayercsd Ha oOpas3oBaHME OKCHIA
JKeJie3a ¢ OOJIBIIIMM BBIZeJIeHHEeM Tellja. B ¢cBoio ouepenb, HAHOYACTHU-
Ikl OKCHIA JKeje3a MOTYT JOHOJHHUTEJIbHO aacopOMpOBaTL HA CBOIO
IIOBEPXHOCTh KMCJIOPOI, a30T W Biary. Ha Bpemsa 3amasgbIBaHUS MO-
JIeKYJ BOJbLI BaKAHTHBIC IMO3UIIMK Ha IIOBEPXHOCTH aAcOpOeHTa 3aHU-
MaOT MOJEKYJLI a30Ta W KHCJI0POAa, HO MHOCJe HMOCTYILJIeHUS IOMOJI-
HUTEJBLHBIX MOJIEKYJ BOALI OHHM BBITECHSIOTCA TaKiKe II0 IIpUYNHE
0oJbIllero BpeMeHu afcopOriuu y BoAbl. Tak Kak MOJIEKYJIAPHBIN Bec
Y BOIBI IIOUTH BABOE MEHbLIIEe, UeM y asoTa U KHCJIO0poAa, M 3aHuMae-
Mble MOJIEKYJIAMHU IJIOIIAAYW CPABHUMBI, TO HPU STOM JIOTUUHO OXKIU-
IaTh CHUXKeHUs o0IIell maccwl agcopbaTos [41].
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CriemoBaTenbHO, Ha IepBOM aTale (puc. 9), Ipu HarpeBe MOPUCTOTO
KoHgeHcaTa o TeMmmoepatypbl 200°C, mpoucxXoguT gecopOiusa pusmue-
CKU copOmpoBamHOil BoAbl. Ha Kpusoii gud@depeHnaIbHOT0 TEPMU-
yeckoro aHamusa (I[TA) sTomy mpolleccy COOTBETCTBYeT HalJomae-
MbI# sHZO03(GGeKT ¢ mukoM mpu 100—120°C (puc. 8, xpuBas 3J). [anee
B nuanasoue 200—650°C mpoucxomuT gajibHeiilllee M3MeHeHNe MAacCh,
00yCJIOBJIEHHOE yIaJleHneM XHMHUUYECKN CBSA3AHHOIN BOABI (KPUCTAJLIN-
3aI[MOHHOM BJIATHM) W APYTUX ajcopbaTOB M3 CTPYKTYPhl KOHIAEHCATA
Fe—NaCl. Oxumospemenno B gumanasoHe 380-650°C mpoucxomur mo-
okucaenue Fe;O, mo Fe,0; [19], 3a cuéT ocrasieiica goau pusudecKu
amcopOMpPOBAHHOTO KHUCIopoaa Hamouactuiamu Fe;0O,.

ITonyuennslii KoHAeHcaT Hamouactuli Fe;O, pacTBopsaiics B Boje.
O6paaer, comep:kaa 1 Mr KoHAeHcaTa HAHOYACTHIl B 1 MJ OMIMCTIAI-
JUPOBAHHOM BOJLI, OBLI HIpPO3pavueH, MMeJ OypPOBATHIH IIBET, uepe3 3—
5 MHH. T1IOCJe BCTPAXMBAHMUSA  OOpPas30BBIBAJ  OCAAOK  TEMHO-

TABJIUIIA 3. BiuaHue HEIOKPBITHLIX HaHoUYacTHl Marmeruta (6,75 wmr
Fe/Kr) ma remaToJsiornuecKue moKasaTeJu ueped 3 m 72 yaca mociyie yaaje-
Hua Kposu (M + m).'?

I'pynmsl :KUBOTHBIX
E +_5A +Hm +£$ + = &
3 @ @ E o 25 .5 W = N0
5 £ s sg !l gEdf | g8l | 254,
£

3 =% SES | 56Ex | 58S | §S8E=
< i = =T °Sx e S & °esEE
o < ooo oi"m. OOO Oﬂ"@_
u H ~ [l oo o n < OEO
s m&bq mm@(ﬁ mE‘D" mmp(ﬁ

= 84%(:«3 8.“;” a%N 81““5‘

2 A 2 2 A= o

RBC, x10"/n 7,79+0,20 6,39+0,13' 6,98+0,12"* 5,71 +0,12' 6,42 +0,16"*
Hb, r/n 136,6+3,7 81,6+4,1' 102,4+3,1** 91,0+1,3' 105,0+3,0"*
Hct, ex. 0,42+0,02 0,32+0,01" 0,36+0,01"* 0,32+0,01' 0,37 +0,01"*

MCV, mxm® 54,8+1,2 50,0+1,0' 52,8+1,6 56,9+0,3 57,3+1,4
MCH, nr 17,55+0,5112,88 +0,46'14,80 + 0,46'?15,84 + 0,23" 16,30 + 0,30

MCHC, r/nn 824,1+8,8 255,4+4,41' 281,4+7,1' 281,6+3,5" 285,8+2,2!
RDW, % 11,08+0,3511,06+0,52 10,56 +0,32 10,46 +0,13 10,88 £ 0,69
Rt, %o 62,3+5,9 42,2+3,9' 82,2+6,2"* 107,0+2,0' 139,8 + 7,42

IIpumeuwanusa: ' p<0,05 Mo CpPaBHEHMIO C MHTAKTHLIMH JXUBOTHBIMH (KOHTDOJIB); 2
p<0,05 o cpaBHeHNIO C KPOBOIIOTEPEH C BBeJEeHMEM pPaCTBOPUTENA (KOHTPOJbHAA
TaTOJIOTUA); I — KOJUUYECTBO KMBOTHBIX B TPYIIIIE.
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KopuuHeBOro IBera. IIpuM mMccaemoOBaHWY pacupeneseHusA YaCTHIL IO
pasMepaM B HMOJUMOJATBHOM MPUOIMIKEHUN B 00pasile OIpeaesssoch
nBe ¢parnuu. Ilepsaa Oblia oOpasoBaHa uacTUIlaMmu pasmepaMu 13—
120 am ¢ makcumymoMm 23 M. VX xoamuecTBo coctaBumiio 99,9%, a
MaccoBasd noJasa pasHsagach 46% . Bropas gpaxkmusa comepskaa 4acTH-
el pasmepom oT 209 mo 3300 uM ¢ maxcumymom 209 M. Ilpu sTom
KOJIMUeCTBO TakKmx uactull cocrasiasiaa 0,1%, a maccoBas moirsa —
54% . WUrak, BogHAA AUCIEPCUA HAHOYACTHUI[ MATrHETHTA IIOCJIE IIPU-
TOTOBJIEHUSA COJiepsKajla HaHOpasMepHbIe YaCTUIlhI B ITOAABJIAIONIEM
yycjge W MOrJia OLITh BBeJeHa JabOpaTOPHBIM KMBOTHBEIM KaK HaHO-
JKUTKOCTb.

IIpu umcciaemoBaHMM OMOJIOTMUYECKOM AKTHUBHOCTH WCCJIEIyEeMBIX Ha-
HOYACTHUI[ U MOJEJIMPOBAHUN OCTPOIl KPOBOIOTEPU KOHTPOJIBHOU IIa-
TOJIOTUM uepe3 3 uac. mocie yaaneHus Kposu RBC cum:xkamacek B 1,2
pasa (p < 0,001) o cpaBHEHNIO C MHTAKTHLIMU KUBOTHBIMU (Tabii. 3).
Hb rak:xe ymensbianica B 1,7 pasa (p < 0,001), a Het camkamnca B 1,3
pasa (p <0,001). OTu cABUTH COMPOBOKIAINCH BEPOATHLIM yMEHBIIIE-
HUeM cpenHero oowéma spurponutoB (numexc MCV) (p < 0,05). Un-
mexcbl MCH u MCHC, xapakTepusyioIiue HACBIIeHNEe SPUTPOIUTOB
reMorJiobmHOM, CHm»Kaiaucb B 1,4 m 1,3 pasa COOTBETCTBEHHO
(p <0,001) mo cpaBHEeHWIO C WHTAKTHBIM KOHTpoJeM. M3meHeHU
RDW He npoucxoano.

IIpumenenne maHouacTul, MarHeruTa mosbeinaao RBC uepes 3 uaca
mocyie KpoBonorepu Ha 9% (p < 0,05) mo cpaBHEHUIO C KOHTPOJBHOM
marojmorueir (cm. Taba. 3). Yposeumr Hb Taxsxke poc Ha 25%
(p <0,005), a Hct — ma 13% (p<0,05) mo cpaBHEHHIO C TAKOBBIMU
0e3 BBeIeHUS HAHOUYACTUIl. OTH M3MEHEHUS MOPOUCXOoAuau Ha ¢oHe
BOBMOJKHOTO pocTa apurpomuTtapuoro muagekca MCH (p < 0,05) u Ten-
meunuu K pocty MCHC (p < 0,1) nmpu oTCyTCTBUU CYIIECTBEHHBIX M3-
menenuit MCV u RDW.

Yepes 72 yaca mocJie ymajeHus KPOBH Yy JKMBOTHBIX 0e3 ¢dapMaro-
KOPEeKIIMU COXPAHSJINUCH CYIIeCTBEHHLIE reMaToJIOrMYeCKue CABUTH, a
umeHHo: ymeHbirienue RBC B 1,4 pasa (p <0,001), Hb — B 1,5 pasa
(p <0,001), Hct — B 1,3 pasa (p<0,001) mo cpaBHEHUIO C MHTAKT-
HBIMHU KUBOTHBIMU (CM. TabJa. 3), UTO OBIJIO MOJO0HO COCTOSAHUS ITUX
rmoKasarejieil B MpeAbIAyIlleM cpoKe HabmomeHus. OTMedyasoch CHU-
sxkeaue MCH (p < 0,02) u MCHC (p < 0,005) npu oTCyTCTBUU H3MeEHe-
HUH APYyTUX UHAEKCOB.

KoppekTupyioiee Bo3eiicTBMe HAHOYACTHI[ B 3TOM CpPOKe HabJIio-
meHuit mposBiasigock yBeauuenuem RBC ma 12% (p<0,02), Hb
(p<0,02) u Het (p<0,05) — Ha 15% 1o cpaBHEHUIO C aHAJOTUYHBI-
MU TOKasaTeJAMM IIpPU KpoBomorepe 0e3 BBemeHus HUM (cm. Tabd.
3), X0TA yKasaHHbIE HapaMeTPhl OCTABAJINCH JOCTOBEPHO HUKE, UYeM B
VHTAKTHBIX JKHBOTHBIX. IIpM 5TOM BCe 3SPUTPOLUTAPHBIE HHIEKCHI
OBLIN TAaKUMMU JKe, KaK U IIPU KPOBOIIOTEepe 6e3 KOPPEeKIInu.
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O pereHepaTOpPHOM AKTUBHOCTH KOCTHOTO MO3Ta CYAUJU TIO KOJIH-
yecTBY Rt B KpoBu (cM. Tabn. 3). UHTAKTHBIE KPBICHI UMEJU COAEP-
skauue Rt 62,3 £5,9%0. Yepes 3 uac. mocje KPOBOIOTEPH STOT IIO-
KasaTeJb OBII JOCTOBEPHO HUIKE TAKOBOTO B MHTAKTHBIX KUBOTHBIX
(p <0,02), uTo MOKeT OOBACHATHLCI KaK IIOTepel 3TUX KJETOK C yha-
JEHHO! KpPOBBIO, TAK M YCKOPEHHBIM IIEPEXOIO0M ITUPKYJIUPYIOMINX
PETUKYJOIUTOB B 3pejbie SPUTPOIUTHI B YCIOBUAX HAMPIKEHHOTO
SPUTPOII093a, CIIPOBOIMPOBAHHOTO KpoBomorepeii. Yepea 72 waca mo-
cje ymajeHus KpoBu KoamuecTBo Rt pocma B 1,7 pasa (p <0,001) mo
CPaBHEHUIO C MTOKA3aTeJsIMM MHTAKTHBIX JKMBOTHBIX B Hayaje sKCIIe-
pUMeHTa, YTO ABJAETCA 3aKOHOMEDHBIM JJIA KOMIIEHCAIIUU KPOBOIIO-
TepH.

IToce BBemeHUA HAHOYACTUI[ MATHETHUTA B CPOKE 3 UACOB OT U3hHA-
T KpoBU comepsxkanue Rt poc u 6n11 B 1,9 pasa (p < 0,001) Goablie
Takoil B I'PYIIIEe ¢ KOHTPOJLHOM marosorueir (cm. Tada. 3). Uepes 72
yaca cofep:KkumMoe Rt y JKMBOTHBIX C BBeJeHMEM HAHOYACTUI[ TaKiKe
JIOCTOBEPHO IIPEBHIMIAJ KOHTPOJbHYIO maTosoruio (p < 0,002).

Hanuuwme mporexkTuBHOTO 3d)deKTa yKe uepes 3 yaca IIocjie BBeje-
HUSA BOIHOM AWCIEPCHUM HAHOUYACTHUI[ MArHETUTA MOYKET CBUETeNIb-
CTBOBAThb O TOM, UTO 3TU HECTAOMJIM3UPOBAHHBIE HAHOYACTUIIHI OBICT-
PO pacimpeenA0TCs B OpraHmM3Me, 3aXBaTHIBAIOTCS KJETKAMH pPeTH-
KYJOSHIOTeINATbHON CUCTEMbl M BKJIIOUAIOTCA B 9PUTPOIIOI3. ITO HE
IIPOTHUBOPEUYNUT M3BECTHBIM AAHHBIM O (papMAKOKMHETHKYN HAHOYACTHIL
MaTHeTHUTAa APYroro mpoucxoxmgenusd [31, 46].

HykHO oOTMeTHUTb, UTO aHTHAHEMUUYECKOe [eificTBMe HAHOYACTHUIL
MarHeTHUTa COXPaHAETCA W B CJIEAVIOIeM CPOKe HaOJoleHui, Kormga
Ha (hoHe BBEAEHHOM M03bI HAHOUACTHUIL reMaTOJOTrMUYecKre MoOKasaTesn
BBIIIe, YeM aHAJOTHMUYHbIE MapaMeTphl MPU KpoBomoTepe 0ea dapma-
KOJIOTUYECKOH KoppeKiuu. I[Ipr 5TOM MHTEHCHUBHEE MMaTOJOTUUECKUI
(oH pocT comep:KaHUsa PETUKYJIOIUTOB, OUEBUIHO, CBUIETEIbCTBYET B
MOJIb3y TOTO, UTO MCIOJb30BAHHBIE HAHOUYACTHUIILI MarHeTuTta obeciie-
YMBAIOT BOCCTAHOBJIEHME KJIOUEBHIX ITapaMeTPOB «KpacHOi» KpOBU
MMEHHO 3a CUET aKTHBAIIMU PereHepaTOPHOUN peakIuu 9PUTPOHA.

5. BBIBO/AbI

1. OcymiecTBi€H QUBMUYECKUI CUHTE3 HAHOYACTHUIL JKejiesa U3 IapoBOi
dassel ¢ ucnosmb3opanueM Meroga EB-PVD. Ilpu GeicTpoM M3BI€UEHUU
13 BaKyyMa HaHOYACTUIIBI )KeJie3a OKMCJIAITCA Ha BO3AyXe IO Mar-
HeTuTa. B MCXOAHOM COCTOSAHWM OHM 0O0JIaal0T 3HAUUTEJTHbHOM COpO-
IIMOHHOM CIIOCOOHOCTHIO IO OTHOIIEHWIO K Kucjopony u Biare. Ilpu
MaJbHEeHNIIeM HarpeBe Ha BO3AYyXe MPOUCXOAUT CHUMKEHWE MAaCChl IIO-
pHCcTOTO KOHAEHcaTa BILJIOTH A0 TeMmmoepaTypbl 650°C 3a cuét mecopOb-
nuu GU3NYECKn copOumpoBaHHOM Bjaru. PusmyecKu ajgcopOUpPOBaH-
HBIN KHUCJIOPOJ yuacTByeT B mookucaenuu Fe;O, mo Fe,O; B quamasone



SJIEKTPOHHO-JIYUEBOE ®UBNYECKOE OCAXKIEHNE B BAKYYME 389

380—-650°C. YBeamnuenme TeMIIepaTyphbl KOHJEHCAITMI COIIPOBOYKIAET-
csd POCTOM pasMepa HAHOUACTHUIL, B Pe3yJbTaTe Uero 3HAUUTEILHO CO-
KpalllaeTcsa cyMMapHas IIJIOIAaAb HMOBEPXHOCTH HAHOYACTHIl, a, CJe-
IOBATEJbHO, U UX COPOIMOHHAA CIIOCOOHOCTD.

2. HWrak, HaHoOUyaCTHIILI MAarHeTUTa, OCAKIAEHHLIE B KPUCTAJLILI
XJIOpUZA HATPUS IYTEM SJIEKTPOHHO-JIYUYEeBOII TEXHOJOTHMHN B BaKyyMe,
IUCIIEPTUPOBAHHLIE B BOJE€ U UCIOJL30BaHHBIE MIJIA KOPPEKIIUU
OCTPOU mocTreMopparmueckoii amemuu B mose 6,75 mr Fe/kr, mpowus-
Boxuyu nporexkTopHoe geiictBue Ha RBC, Het u Hb, uro perucrpupo-
BaJIOCh B pasHbIe CPOKU BOCCTAHOBUTEJILHOro mepmoma. OHU aKTHUBHU-
poBaIu pereHepaTOPHYIO PEeakIInio KOCTHOTO MO3Tra, UTO IIPOSBJIAIOCH
pocTOM UMCJIAa PETHUKYJIOIIUTOB B KPOBU. JTO 3HAUUT, UTO JasKe 0es
cTabuamsanuy uccJeJyeMble HAHOYACTUIIBI B BUIE BOJHOI OUCIIEDP-
CUH1, WBrOTOBJIEHHON exXx tempore, MMeT XapaKTEepPHOE IIPOTUBO-
aHeMHUecKoe OefcTBHe, KOTOpoe MOXKeT OBLITh MCIOJHL30BAHO B MeEII-
IMHE.

PabGora BbIIOJSIHEHA B3a CUYET CPEACTB OIOMKETHOM ITPOTPAMMBI
Yipaunel <«Ilogmep:kxa pasBUTUSA NPUOPUTETHBIX HAIIpPaBJIEHU
HayuubIxX ucciaenosauuii» (KIIKPK 6541230).
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! Fig. 1. Scheme of electron beam evaporation and condensation in vacuum from two inde-
pendent sources onto a fixed water-cooled copper substrate during the synthesis of Fe (Fe;0,)
nanoparticles in a porous NaCl matrix.

2 Fig. 2. 3D image (a) and surface view (6) of the initial condensate 29 wt.% Fe + NaCl ob-
tained by EB-PVD at a substrate temperature of 45°C.

3 Fig. 3. The microstructure of the transverse cleavage of the initial condensate 29 wt.%
Fe + NaCl obtained by EB-PVD at a substrate temperature of 45°C (see Table 1).

4 TABLE 1. The elemental composition of the transverse cleavage of porous condensate 29
wt.% Fe + NaCl obtained at a substrate temperature of 45°C (see Fig. 2).

® Fig. 4. Diffraction patterns of condensate samples 29 wt.% Fe +NaCl source (a) and after
washing from NaCl (6). g-FeOOH—y-phase FeOOH, a-FeOOH—oa-phase FeOOH.

5 Table 2. The phase composition of the starting condensate 29 wt.% Fe +NaCl and after
washing from NaCl.

" Fig. 5. The microstructure processed in the Statgraphics program (a), the particle size dis-
tribution (6), and the volume distribution (8) of the powder particle size after grinding the
condensate 29 wt.% Fe + NaCl in agate mortar.

8 Fig. 6. O/Fe ratio in Fe—NaCl condensates obtained at 45°C (1) and 400°C (2), depending on
the Fe content.

9 Fig. 7. Change in the average particle size of Fe;0, in Fe—-NaCl condensates depending on
the substrate temperature T,. I — from TEM studies; 2 — from XRF.

10 Fig. 8. Microstructure (a), (8), (9) and X-ray diffraction patterns (6), (2), (¢) of Fe;0, nano-
particles in Fe—-NaCl condensates depending on the substrate temperature T: (a), (6) — 30°C,
(8), (2) — 100°C, (), (¢) — 220°C.

11 Fig. 9. Kinetics of the relative change in the mass of NaCl (1) condensates and 29 wt.% Fe
+ NaCl (2) with a differential curve (3) during cyclic heating/cooling in air.

12 TABLE 3. The effect of uncoated magnetite nanoparticles (6.75 mg Fe/kg) on haematologi-
cal parameters 3 and 72 hours after blood removal (M + m).
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IIpencraBieHO eKCIIepUMEHTANbHI pe3yJIbTaTH BUBYEHHA MeXaHOCUHTE3U
KOMIIO3HuIlifiHOTO mopommky cucremu TiB,—MoSi, B mupokiii KoHIeHTpaIiii-
Hill obisacti 3 BmicTom 20-60 mac.% MoSi,. IlokasaHo, 1110 IPKU MeXaHOCHU-
HTe3i 6araTOKOMHOOHEeHTHuX peakmniniHux cywmimreii (Ti+ B+ Mo + Si) ozep-
sKaTu aBodasHui Kommosulliitauili mopoitok TiB,—MoSi, B obmacTi KoHIEH-
rpariti 40-80 mac.% TiB, HeMOKINBO, i KiHIIEBUM MPOAYKTOM B3a€MOIii €
cymim das: tBepauit posumH (Ti,Mo)B,, Mos;Si, Mo,Si;, MoB,. [xa peak-
nitiroi cywmimri (Ti+ B + MoSi,) aBodasuuit komnosuritiauii mopomok (TiB,
i MoSi,) yrBopoeThca 3a 30 XB. IpU CHiBBiAHOIIEHHI Macu KyJb N0 Macu
mopotiky 10:1. PesyabTaTy MaTeMaTUYHOTO MOJEJIOBAHHS PO3IONINY KOH-
TAKTiB Mi’K MOPOIIKOBMMM YaCTHHKAMH PeaKI[iMHUX cyMilieii mobpe IIOro-
IKYIOTBCA 3 €KCIIEPUMEHTAJIBHUMU Pe3yJIbTaTaMy MeXaHOCHHTE3U.

Experimental results of an investigation of the mechanochemical synthesis
of composite powder of the TiB,—MoSi, system in a wide concentration
range with a MoSi, content of 20-60 mass.% are presented. As shown, it
is impossible to obtain a two-phase TiB,—MoSi, composite powder during
mechanosynthesis of multicomponent (Ti+ B+ Mo + Si) reaction mixtures
in the concentration range 40-80 mass.% TiB,, and the final product is a
mixture of the following phases: the solid solution (Ti,Mo)B,, Mo,Si,
Mo;Si;, MoB,. For the (Ti+ B + MoSi,) reaction mixture, a two-phase com-
posite powder (TiB, and MoSi,) forms within 30 min at the ball-to-powder
mass ratio 10:1. The results of mathematical modelling of the distribution
of contacts between powder particles of the reaction mixtures agree well
with the experimental results of mechanosynthesis.

IIpencraBieHbl SKCIIePUMEHTAJbHBIE PE3YJAbTAThl M3YUEHUS MeXaHOCHUHTEe3a
KOMITOBUITMOHHOTO Toporika cuctembl TiB,—MoSi, B Imupokoil KOHIIEHTpa-
IIUOHHOM obsactu ¢ comep:kanmem 20-60 macc.% MoSi,. ITokasaHo, 4TO
IpY MEXaHOCHHTEe3e MHOTOKOMIIOHEHTHBIX peaKNuoHHBIX cmeceir (Ti+ B+
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+ Mo + Si) monyuuth AByx(as3HbIII KOMIIOSUIIMOHHBIN mopoinok TiB,—MoSi,
B obmactu koHnentpanuii 40-80 macc.% TiB, HeBO3MOXXHO, U KOHEUHBIM
IIPOAYKTOM B3auMMOLEMCTBUA ABJSIETCA cMech (had: TBEPABINL pPAaCTBOD
(Ti,Mo)B,, MosSi, Mo;Si;, MoB,. [lna peaknumonnoii cmecu (Ti+ B+ MoSi,)
IByx(asHbIii KoMmosunuoHubil mopoinok (TiB, u MoSi,), o6pasyercs 3a 30
MWUH TIIPU COOTHOIIIEHWM MAacchl HMIapoB K Macce mopoinka 10:1. PeayabraTsl
MaTeMaTUYeCKOr0 MOJeJUPOBAHUSA paclpee/ieHnsd KOHTAKTOB MEKIy IIO-
POILIKOBBIMUM YAaCTHUUKAMMU PEaKIIMOHHOM CMECH XOPOIIIO COTJIACYIOTCA C dKC-
TIepUMEHTATbLHBIMY pPe3yJbTaTaMU MeXaHOCHUHTe3a.

KarouoBi ciroBa: MexaHOCHMHTE3a, KOMIIO3UI[iHiHi MOPOIIMKM, OOpUA TUTaHY,
OUCHUJIIIIUI MOJiOmeHy, KOHTAKTH, MaTeMaTHYHe MOIeJIOBaHHA.

Key words: mechanosynthesis, composite powders, titanium boride, mo-
lybdenum disilicide, contacts, mathematical modelling.

Karouessie ciaoBa: MEeXaHOCHHTE3, KOMIIO3UIIMOHHBIE IOPOINKM, OOPHI TH-
TaHa, TUCUJUIUA MOJUOAEHA, KOHTAKThI, MaTeMaTHUYeCKoe MOJeJINpPOBaHIe.

(Ompumano 6 ezpyons 2019 p.)

1. BCTYII

Bopuau Ta cuminuau mepexiiHUX MeTaJiB IIOCiZailoTh 0COOJIMBE Miciie
cepesl CydacHMX BHCOKOTEMIIEPATYPHUX KOHCTPYKI[IMHMX MAaTepisiis,
OpU3HaAUeHUX IJA PoOOTH B yMOBaX BHCOKHX TeMIIEPATyp, adpasuB-
HOTO Ta rigpoabpasmBHOTO 3HOIIYBAHHSA B arPeCUBHUX CepPegOBUIIAX.
IITupoke KOJO CTaHZAPTHUX i MOTEHIIIMHMX 3aCTOCYBAaHL OOPUIIB IIe-
peximHMx MeTasiB BU3HAUYAIOTh, HAacaMIIepen, IXHi BHUCOKi TemIepary-
pa TomJIeHHS, TBEPAiCTb, MeXaHiuHa MIiI[HiCTh, CTIHKiCTH IO TEepMOY-
Iapy, KOposifiHa cTiliKicThb, XeMiuHa iHEepTHiICTBH, €JIeKTPO- Ta TeILIo-
mpoBigHicTs [1, 2]. Cujinmuam mepexigHMX MeTaJiB, OKPIiM BUCOKUX
TeMIIEpaTyp TOIJIEHHS, MeXaHiUYHuX BJIACTHBOCTEH, TePMOCTiHKOCTH,
MalOTh HAA3BUUYAMHO BHCOKY CTiHKICTh MO OKMCHEHHS 3aBASKU YTBO-
PeHHI0O HEeIPOHHMKHOTO CAMO3aJiKOBYBAHOTO INMAPy MiOKCUIY KPEeMHiio
Ha IIMX MaTepisgjgax 3a BUCOKHX Temiepartyp [3, 4]. ¥V ckmazxi Komiio-
BUIIIMHOI KepaMiKM Ha OCHOBiI OOpHAiB IepexifHMX MeTajiB BOHU IIO-
JIMIIYIOTE i1 KOHCOJiZAaIlilo, COIPUSAIOTh OAEeP:KAHHIO OiIbINOl IMiJIbHO-
CTH TPOAYKTIB IicJA CHiKaHHSA, a TaKOXK IMOHMIKEHHIO TeMIIepaTypu
CIiKaHHSA, TUM caMHM 3amobiraroum pocty 3epHa [5, 6].

OcTranHiM YacoM 0CcOOJMBOI aKTYaJbHOCTH HAOYBAIOTh MOCJIiT:KeHHS
METO/iB OJep:KaHHs MOPOIIKIB TAMKKOTONKUX CIOJYK y HAaHOPO3Mip-
HOMY CTaHi, AKi YMOKJIHBJIIOIOTL OJePKyBaTH MaTEPisIu 3 IIiBUIIe-
HUMH BJIACTUBOCTAMH Ta HABITHh BiAMiHHMMWN BijJ BJIACTHBOCTEN TaKMX
JKe MaTepidajiB y MiKpOHHOMY CTaHi.

Hamri gocaimskeHHsS B 00JaCTi MeXaHOCHHTE3UW TSAMKKOTOIKHUX CIIO-
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JYK YMOMKJWBUJIN BCTAHOBUTHU OCOOJIMBOCTI MeXaHi3My YTBOPEHHS SK
IubopuaiB, Tak i gucwmiainmuais. Jubopumau meranais IV ta V rpyno (Ti,
Zr, V, Nb) i mucuminmumu merasniB V Imepiofy HesaJae:KHO Bim rpymnu
(Zr, Nb, Mo) yTBOpPIOIOTLCA 32 MEXaHi3MOM MEXAaHiUYHO CTHMYJILOBAHOI
peakii (MCP) Tumy caMoOIIOIIMPIOBAHOI BHCOKOTEMIIEPATYPHOI CHUHTE-
su (CBC). [Iya pelnTu mepexigHmx MeTasiB (opMyBaHHS CIIOJYK Bif-
OyBaeThca 3a MexaHisMoM TBepaodasuoi mudysii (TI), i omep:xanmii
MPOAYKT IOTPedye MOAAJBIIIOr0 HU3LKOTEMIIEpATYypPHOTO BiAmaay y Ba-
Kyymi B imTepBani 600-800°C. Amajiza omep:kaHUX NAHUX CBiJUUTH,
1o MexamocuHTe3a 3a pexuMomM MCP mpuramMamHa TiTbKH CIOJYyKaM
i3 BucokuM ek3oedeKToM XeMmiuHOl peakmii. IIpum BuBueHHi cTamiifHOC-
T IPOIeciB TBepAo(a3HOI B3aEMO/il B CKJIAIHUX CHUCTEMAaX, IO MalOTh
Micile Mpu MeXaHOCUHTE3i, IMOKas3aHo, IMo (as3oBUi CKJIAA KiHIIEBOTO
IPOOYKTy (TBepAi po3umHM ab0 KOMIIO3UIIIHHI MaTepidin) 3aJeKUTh
Bim obylacTu KOHITEHTpAIlii Ha miArpami cramy, AKiil BiAmoBimae cKian
cymimi [7-11].

MeToio maHOI POOOTH € MOCHiMKeHHA MeXaHOCHHTEe3W KOMIIO3UITiii-
Hux mopomkis cucremu TiB,—MoSi, 3 IIHPOKOI0 00JaCTI0 KOHIIEHT-
paurii.

2. MATEPIAJU TA METOAU JOCJIIIJKEHHS

MexaHocuHTe3y KommosulliiiHux mopomkiB TiB,-MoSi, i3 BmicTom
20-60 mac.% MoSi, sgificuioBanu B miaaHerapHomy miauHi AIP-0,015
B CEPENOBUIINI aproHy MHPU CHiBBiMHOINEHHI MacH KyJb MO MacH IIO-
pomiky (CKII) 10:1 ta 20:1 mporsrom 30-60 xB. Ak BuximHi xommo-
HEeHTH BUKoOpucToByBasu mopormku Ti, B, Mo i Si. IIpogykTu mMexa-
HOCUHTE3W OI[iHIOBaJM 3a pesyJbTaTaMu peHTreHodasopoi (PPA),
€JIEKTPOHHO-MiKPOCKOITiYHOT Ta (POTOHHO-KOPEJAIiNHOI CIEKTPOCKO-
miunoi (PCS) anmauris.

Pisui piBHi exsorepmiuHOocTM peakiii yrBopenusa TiB, Ta MoSi,
BU3HAYAIOTh BeJUUYMHU T, .6 = AHj95/Cog, A€ AHyys — eHTanbIiA
yTBOpeHHs, C,y — TemjoTa yTBopeHHs cmoayk [10]. PospaxoBani
Hamu 3HadueHHA T, Aaa TiB, i MoSi, ckaagarors 7232 K i 1863 K
BigmoBigHo. Ile cBigumTs mpo Te, 1o yrBopeHHa TiB, ta MoSi, B
mporieci MexamocuHTe3u Iiepebirae sa wmexanismom MCP. MoxxHa
MIPUITYCTUTH, IO TEIJIOBA €HepTriA «BHUOyXy» B IIPOIIECi yTBOPEHHSA
TiB, 3a paxyHOK IIOCTifiHOTO IlepeMilTyBaHHA peakKIlifiHoi cyminri
(Ti+ B + Mo + Si) 3anyuuts y GpoHT peakilii Bech ii 06’em.

3. PE3YJIBTATH TA IX OBTOBOPEHHS

B Ta6aumi 1 mpexacraBieno gani P®A mpoayKTiB MexaHOCHHTE3U.
Mexanocuntesa TiB, Ta MoSi, 3a paHimie BCTaHOBJIEHHUM HaMHU pe-
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TABJINIIA 1. Pesyasratru PPA micaa MexaHOCHMHTE3W peakIlifiHol cymimri
(Ti + B + Mo + Si).!

p . . Pexumu
€arilnHa CyMLI, MeXaHOCUHTEe3Uu @ . Ilepiogu rpaTHHUIL
p03an0BaHaOHa T — a30BUIl CKJIaT (basn TiB,, mm
cxkiaan, mac.% |CKII - ’
; . . a=0,3029
TiB, 10:1 30 TiB, c=0.3227
MosSi, 10:1 60 o-MoSi,, Mo, —
30 TiB,, Mo,Si, Mo —
Cymis 1 10:1 60 TlBﬁolg/é(i):Sl, .
80 TiB,—20 MoSi
12 ORh 90:1 20 TiB,, Mo,Si, a=0,3039
’ Mo;Si;, TisSis c=0,3234
Cymiw 2 20:1 30 TiB,, B-MoSi,, a=0,3043
60 TiB,—40 MoSi, = Mo,Si, Mo ¢=0,3231
Cymiw 3 20:1 30 TiB,, Mo, a=0,3044
50 TiB,—50 MoSi, =~ B-MoSi,, Mo,Si ¢=0,3230
Cymiw 4 . . . a=0,3044
40 TiB,-60 Mosi, 201 30 Ti, Mo, TiB, ¢=0,3235

skuMoM [1, 11] ymosxkamuBuIa ONep:KaTh HAHOMWCIEPCHUI IOPOIIOK.
TexHOJIOTIUHI ITapaMeTpy MeXaHOCUHTE3U BUIIE3TaJaHUX CIOJYK, AKi
€ OCHOBHUMH (hazaMm KOMIIO3UIIIHOTO MaTepidsy, Opaau A0 yBaru
ISl BiATIpAIlOBaHHA PEXUMIB OJep:KaHHS Marepidaay ckjaaxy 80
mac.% TiB,—20 mac.% MoSi,. Bymo BcTaHOBJIEHO, IO HaBiTHL Hpu
s6inmpmienui CKII 20:1 oxmep:xaTu mBoGas3HUil IPOAYKT He BIAJIOCH.
Ckiuan kiumeBoro mpoxaykty € cymimimiio ¢as: TiB,, MosSi, Mo;Si; i
Ti;Siz. OcHoBHa pasa — TiB,, cymaum mo 3mMiHax mepiofiB r'paTHUIL,
e tBepaum poszumHoM (Ti,Mo)B,. B mporieci mexaHOCHHTE3U TPUBAJIO-
cTi iHAYKIifiHOrO mepiofy YyTBOPEHHSA CIIOJNYK 3HAYHO BiApiBHAIOTHCA
(mna TiB, Bim cxmamae 10—-15 xB. [1], gma MoSi, — 60-90 xB. [7]).
daza TiB,, 1110 yTBOPIOETHCA B HepIi 15 XB. CMHTE3U 3a PaXyHOK BU-
cokoi TBepmoctu (28—-34 I'Tla) [2] mpu mOBroTpUBAJIOMY OOPOOIAHHI,
MIPpUBOIUTEL OO0 Hameny 3aiaisa (3a 30 xB. — 1,31 mac.%). Bepyuu mo
yBaru, Ifo HaMeJI 3aJida € HebaKaHMM, HAMHU BUOPAHO ONTHUMAJbHUH
pe:xkum mexaunocuHTteau: CKII 20:1 3a TpuBasoctu y 30 XB.

3riguo 3 ganumMu PPA mpoayKTiB MeXaHOCHMHTE3W PEaKI[iHHUX Cy-
Mmimreit pisHOrO CcKJamy (cywmimri 2-4), mokKasaHo, IO JJiA BCiX peak-
MiHUX cyMilmeill oxep:kaTy ABO(MA3HWII MPOAYKT HE BIAJIOCHA; OTHAK
cIiocTepiraroTheca 3MiHM AK (PasoBOTO cKJIamy, TaK i iX KijgbKicHOro
nepeposnoniny (puc. 1). Has Bcix cymirmieii yTBOPIOETBCS TBepAMIt
posunu (Ti,Mo)B,, mpo 110 cBiguuTh 3MiHA mepioxis rparuuIli. ¥ BHU-
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Puc. 1. Iudpaxrorpamu npoaykTiB mexanocuHtesdu (CKII 20:1, 30 xB.) pe-
aknitinux cywmimreit TiB,—40 mac.% MoSi, (2), TiB,—50 mac.% MoSi, (3) i
TiB,—60 mac.% MoSi, (4).2

nanky cymimeist 2 ta 3 dikcyerbcsa yrBopenHa dasu 3-MoSi,. Bixcyrt-
HicTh ImiKiB KpeMHil0o Ha AudparKTorpaMax IPOAYKTIB MeXaHOCHUHTE3U
moB’si3aHa 3 HMOro AuCIepPryBAaHHAM, AedopMallieio KpHCTaJiuHOI I'pa-
THUII Ta IepexoJoM y PeHTIreHoaMopdHHUII CTaH, IO HiATBEPAKeHO
ITaHUMU IPOCBIiT/IIOBAJILHOI €JIEKTPOHHOI MiKpocKomii [11].

Amnajiza ofgep:KaHMX PeE3YJIbTATIB YMOMKJIMBJIIOE 3POOUTU BHCHOBOK,
1o yrBopenHs TiB, sgificHioeThesa 3a mexauismom MCP, me TpuBaJicTs
nepiroro erany (iHIYKIiMHOTO mepiony), IPOTATOM AKOTO cucTeMa Io-
cArae KPUTUYHOTO CTAHy OO «BUOyXy», cKjaamae 10-15 xB. (B ymoBax
ekcuepuMeHTy). pyruii eram, — «BUOyX», — IIPOIOBIKYETHCA OEKi-
JIbKA CEeKYH], a TPeTill, — POBIOBCIOKEHHA TEIJIOBOr0 (DPOHTY pPeak-
1ii Ha Bech 00’eM, — Moike 3avimatu o 5—20 xB. [12]. B mamowmy Bu-
magKy Ipu TexHoJoTriuHmx mapamerpax MmexanmocumHTesu (CKII 20:1 i
TpuBasocTi y 30 XB.) Ha TPETHLOMY eTalli TeIJIoBa €Hepris «BUOYXy»
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TaCUTLCA 3a PAaXYHOK BTPATU TeIlJla HA MPUCYTHiX BUXITHUX eJeMeH-
Tax i posMeJbHUX Tijlax, 1 MBUAKICT, ()POHTY TOPiHHA iCTOTHO 3MEH-
myerbed. lle TpUBOAUTL A0 HEMOYKJIMBOCTU MOCATHEHHS KPUTUYHOTO
crany cucrtemMu Mo—Si s spificHeHHs peakirii 3a mexanismom MCP y
«BUOYXOBOMY» pekuMi ¥ yTBopeHHs dasu MoSi,. Ax 6Gyno moxasaHo
HamMu pagirie [7], imgykiifinuii mepiox ajma yrBopemusa MoSi, cKiamae
90 xB.

B mporeci mexaHOCHHTE3W OAep:KaTH ABO(MA3HUI ITOPOIIOK KOMIIO-
surniinoro marepiany TiB,—MoSi, 3 mTpocTHUX eJeMeHTIB y ITUPOKii
00sacTi KOHIIEHTpAIlii HEMOKJINBO, i KiHIIeBi IPOAYKTU MOTPEOYIOTH
HUBBKOTEMIIEPATYPHOTO TOMOTeHi3yBaJILHOTO Bigmay.

Ha mam morysg, y BUOagKy, KOJU CKJIAZOBI KOMIIO3UIIIAHOIO Ma-
Tepiaay MamTh Pi3HUN piBeHb €K30TepPMIUHOCTH peakrIlii IXHBOTO
YTBOPEHHS, IOMiJIBHO, AK BUXiJTHI KOMIOOHEHTH peaKIlifiHoi cymimnri,
BUKOPHCTOBYBATH CHUHTE30BAHY CIOJNYKY i3 MEHIIUM 3HAYEHHAM T 0.
(B mammomy BuUHNagky MoSi,). [Ija miaTBepIKeHHS IILOTO IIPOBEIEHO
MEeXAaHOCUHTEe3y KOMIO3uIlifinoro marepisny ckJuaany TiB,—20 mac.%
MoSi,, me B peakmiiiHiii cymimri, okpiMm TuTaHy Ta 00pYy, TPUCYTHii
IoIepeqHb0 MeXaHOCHHTe30BaHuii mopoinok MoSi,. [Hami mpexncras-
JIeHO B TabJi. 2.

Hani PDA cBiguaths mpo Te, mo nmpoaykToMm MexaHocuHTesu (CKII
10:1, 15 xB.) € Ti, a-MoSi,, B-MoSi, Ta TiB,. Moxua nmpumycruru,
10 3aBASAKHU IIPUCYTHOCTI HaHOAMCIIepcHOro mopoimKy MoSi, mae wmic-
e i30JAIiA KPYIHO3EPHUCTOTO IIOPOIIKY TUTAHY, IO HPUBOIUTH IO
croBiibHeHHA yTBopeHHA TiB,, i TOMy B IIPOAyKTaX MeXaHOCHHTE3U
dixkcyerbca TuTaH. B ToOll Ke uac, 3a paXxyHOK MeXaHOaKTHBaIlil Ha-
HOTIOPOIIKY AUCUJIIIUAY MOJIiOAeHY BifmOyBaeThbCS YAaCTKOBE IIOJIiMOP-
dHe meperBopenHs a-MoSi, B MertacTabinbuy ¢asy [-MoSi,. Ilogansb-
e 30inbIeHHA Yacy MexXaHooOpobueHHs a0 30 XB. HPUBOAUTHL MO0
noBHoTO (hopmyBaHHA (asu TiB,. IIpucyTHicTs y KiHIIEBOMY IIPOAYK-
Ti MeractabinbHOI (pasu B-MoSi, Ta caifiB HMKYMX CHIINIUAIB TiAT-
BEPMAIKYE, Ha HAIIl TOIJIAJ, MOBHE 3aBepPIIEeHHA MOJiMOPMHOTO meper-
BopeHHA o-MoSi, > 3-MoSi, Ta HesHauHUi pO3maja MeTacTabiJbHOI
dasu -MoSi, [13]. PPA manux migTBEPAKYE, IO IPU MEXaHOCUHTE-
3i (CKII 10:1, 30 xB.) omep:kaHO ABO(MAsHUI KOMIIOSUIIiMHUI ITOPO-
ok cucremu TiB,—MoSi,.

HemoxkauBicTh omepikaHHA ABO(GA3HOTO IIPOAYKTY IJIA CyMilien
1-4 moKHa TOACHUTH 3 ypaxXyBaHHAM 00’€MHOI MOJIi KOMKHOTO eJie-
MEHTY BUXITHWUX KOMIIOHEHT, a caMme, IiJBHOCTH Ta KimbKoctu. Ilia
OIIiHKY B3a€EMOil KOMIIOHEHT PEeaKIiliHOI cyMilli BHKOHAHO MOJIEJIO-
BaHHA PO3IOAIIY KOHTAKTIB Mi’K YacTHHKaAMHU IIOPOIIKY B IIHUPOKIi
00sacTi KOHIIEHTpAIlii.

Ha pucyHKy 2 mpeacTaBjeHO PO3PAXYHOK POSIOAiJNy KOHTAKTIiB Y
cuctemi Ti—-B-Mo-Si pis pisHMX CcHiBBiAHOIIEHb CKJIAAy Ta PO3MipiB
YaCTUHOK TUTaHy, MOJIOAEHYy Ta KPEeMHil0 B peakIliliHMX cymiImiax,
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TABJINIA 2. Pesyasratu P®PA micia MexaHOCHMHTe3y peakI[ifiHoi cymirmi
(Ti + B + MoSi,).?

Peaxmiiina Pexxumu
cymir, MeXaHOCUHTe3Uu . Ilepiogu rpaTHMIL
pospaxoBaHa CKII Yac 06pobieHHA, Pazosmit cran dasu TiB,, aM
Ha cKJag, mac.% XB.
15 Ti, a-MoSi,, a=0,3028
— . . 3-MoSi,, TiB, c=0,3227
80 TiB,—20 MoSi, 10:1 TiB,, B-MoSi,, a=0,3029

30 Mo,Si,.. , Mo,Si,.  c=0.3228

Puc. 2. Posnogin xouTakTiB B cucremi Ti—-B-Mo-Si gnsa pisuumx cmiBBigHO-
IIIeHb CKJIALY 1 PO3MipiB YaCTHHOK THTaHY, MOJiOJeHy Ta KpeMHio.*

10 HATJIAAHO NEMOHCTPYE KapAWHAJIBHY BiIMiHY BMICTYy CKJIaZOBUX
Ti ra B Big Bmicty Mo Ta Si.

TakuM YMHOM, y IOJiguCIepCHiN cywmimii mopomikiB pospaxoBaHe
YKCJIO KOHTAKTIiB y peakuiiiniii mapi Ti—-B smauno mepeBakae 3Ha-
uyeHHs aaA mapu Mo-Si 3a ymoBu d(Ti)/d(Mo,Si) ~ 20. 3 TouKu 30py
BHYTPIIIHBOI reoMeTpii cucTeMu B3aeEMOiss KOMIOHEHT Y PeaKIifHik
napi Mo-Si € HemocTaTHBLOIO AJA cuHTe3u MoSi,.

3a manmmu amasizaropa CILAS 990 Liquid mexamocuHTesoBammii
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Puc. 3. Posnozgisn posamipy 4acTMHOK IOPOIIKiB, OJep:KaHUX IIPU MEXAHOCHU-
aresi TiB,-20 mac.% MoSi,.”

Puc. 4. MikpodoTorpagdii yacTMHOK IIOPOIIKY KOMIIO3UIIiHHOTO MAaTepisany
TiB,-20 mac.% MoSi, 3a pisEux 36inbIIeHD.°

mopoitok TiB,—20 mac.% MoSi, BizHOCHTBCS OO 3paskKiB 3 moaiMoma-
JbHUM PO3IOAiJIOM YaCTHHOK 3a POo3MipaMu, cepefHiil poaMip AKuUx
craagae =9 MM (puc. 3).

MikpogoTorpadii mopomry (puc. 4, a) BKa3yioTh, IO JaHi cepen-
HBOTO PO3Mipy BiamosimaioTh pos3mipy armomepariB. Ilpu Bumomy
36ismbmienHi (puc. 4, 0) 4iTKO BUAHO, IO arjJoMepaTy CKJIAJAIOTHCA i3
IPiOHIMMX YaCTUHOK.

4. BAICHOBRH

HocmimxeHHa MeXaHOCHHTE3M HAHOIOPOIIKIiB KOMIIO3UITIMHOTO MaTe-
piany B cucremi TiB,—MoSi,, me Ko)XHa CKJIafoBa BiJHOCUTHCS MO
TAMXKKOTOIIKOI CIIOJYKH 3 BUCOKOIO €K30TepMiuHicTIO peakiiii ii yTBo-
PeHHs, IOKasajau, I0 MJsd OAepP:KaHHA ABO(GA3ZHOTO MPOAYKTY IOIIi-
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JbHO, K OOHY 3 KOMIIOHEHT PeaKI[iliHOiI CyMiIlli, BUKOPHUCTOBYBaTHU
TrOTOBY cIoJayKy MoSi, 3 MeHIITUM piBHeM eKsoTepMiuHocTu. MexaHo-
CUHTE30I0 PeaKIiiHux cyMmimeir Buxiganx xommoHeHT (Ti+ B+ Mo+ Si)
omep:;katu mBodasumii KommoaumiviHuit mopormiok TiB,—MoSi, B o6Ja-
cri KoumeuTpariii 40-80 mac.% TiB, HeMOKJINBO, a MPOLYKTOM B3a-
emonii € cymim ¢das: TBepamit posumH (Ti,Mo)B,, MosSi, Mo;Sis,
MoB,. llna peaxmiiinoi cywmimti Ti+B+MoSi, nBodasuuii KoMIosu-
mitinuit moportok (TiB, i MoSi,), yTBopioeThea BIpomoB:xk 30 XB. mpu
CKII 10:1.

PospaxyHOK po3moAijly KOHTaKTiB Mik uacTuHKaMu Imopornkis Ti,
B, Mo ta Si BUABMB HEJOCTATHIO CEPEeIHIO KiJIbKiCTh KOHTAKTIB MixK
YacTUHKaAMI MOJIIOJEeHYy Ta KpeMHiio, II[0 3aBakae mepediry peaxirii
cuuresu MoSi,. [lna cyminri i3 oKpeMo MeXaHOCHHTE30BAHUM HaHO-
posmipHUM mopoirkoM MoSi, Mae Micile moTpamIaHHSA HOTO Ha IIOBe-
PXHIO YaCTUHOK THUTaHY i O0py Ta O0JOKYBaHHS KOHTAKTiB MijK HUMU,
3a paxyHOK 4YOro cepeiHd KinbKicTb KoHTaAKTiB Tumy Ti—B moHMKy-
€ThCA Ha TpeTHHY. Pe3yabTaT MATEeMATHYHOTO MOJETIOBaHHS PO3IIO-
IiTy KOHTAKTIiB Mi’K IODOIIIKOBUMM YaCTUHKAMU pPeaKI[iHUX CyMi-
mreii gobpe YSTOMKYIOTHCS 3 €KCIepUMEeHTAJILHUMH pes3yJbTaTHh Me-
XAHOCHUHTE3MU.
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L TABLE 1. Results of an XRD analysis after mechanosynthesis of the (Ti + B + Mo + Si) reac-
tion mixture.

2 Fig. 1. X-ray diffraction patterns of products of mechanosynthesis (BPR 20:1, 30 min) of
TiB,—40 mass.% MoSi, (2), TiB,—50 mass.% MoSi, (3), and TiB,—60 mass.% MoSi, (4) reac-
tion mixtures.

3 TABLE 2. Results of an XRD analysis after mechanical synthesis of the (Ti+ B+ MoSi,)
reaction mixture.

4 Fig. 2. Distribution of contacts in the Ti-B-Mo-Si system for different ratios of composi-
tions and sizes of the titanium, molybdenum, and silicon particles.

® Fig. 3. Distribution of powder particles obtained during mechanosynthesis of TiB,-20
mass.% MoSi,.

5 Fig. 4. Micrographs of particles of the TiB,~20 mass.% MoSi, composite material at differ-
ent magnifications.
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Bararomapogi rpanyaun amigsuyHol ceJiTpu
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B crarTi mamo oOGI'pyHTYBaHHA MOKJIMBOCTU ONeP:KAHHS IOPKCTOI aMisuHOI
ceqitpu (ITAC) 3 mekinbKOMa HAHOCTPYKTYPOBAHMMU MMOPUCTUMU IIapaMu y
BUXPOBUX IpaHyJsaTopax. IIpemcTaBiieHO OCHOBHI pes3yJbTaTH [IOCIiIKEHb
CTPYKTypHu HaHomopucTux IapiB rpamya IIAC, AKMX oJep:KaHO METOO0I0
3BOJIOKEHHA 3 HACTYIIHUM TePMOOOPOOJIEHHAM Y BUCOKOTYPOYyJIiZ0BaHOMY
COpPAMOBAHOMY (BUXPOBOMY) IIOTOIIi CYIIMJLHOTO areHTa. IlokasaHo, IIfo 3a
PaxyHOK migbopy rizpoamHaMiuHuUX i TepMOAMHAMIUHUX IIapaMeTpiB poboTu
BUXPOBOTO TI'PAHYJATOPA CTAE MOMKJIUBUM OAEP:KATHU 3aJJaHy HAHOIIOPUCTY
TMIOBEPXHIO 3 BU3HAUEHUM PO3MipoM mop. B paMKax mOCIiAKeHb 3alIPOIOHO-
BaHO BUKODPUCTAHHA JEKIiJbKOX THUIIIB 3BOJIOJKYBaUiB i mMOKa3aHO OCOOJIMBOC-
Ti CTPYKTypM HaAHOIOPHCTOTO INapy 3ajJe’KHO BiJl CKJIaAy 3BOJIOKYyBada. B
pesyabTaTi moTpi6bHO 3abesmeunmTn Taki BaacTuBocTi rpamya ITAC: 36epe-
"KeHHSA NEePBMHHOI KPHUCTAJIYHOI CTPYKTypu Ta (pa3oBOTO CKJALy Aapa I'pa-
HYyJIM; MillHe AApo 0e3 MeXaHiuHMX IIOIIKOIMKEeHb; MiHIMAIbHY KiJIbKicThb
«MeXaHiuHNX» IOpP IO BChOMY 00’eMy I'DaHYJIHW; BHYTPilIHI I1apu, B AKUX
Mae OyTH TeBHa KiJbKicTh MiKpomop (posmipom MeHIe 2 HM) i Me30Iop
(poamipom Bim 2 mo 50 mM); cepenmi mrapum, AKi mepeBa)XKHO MAIOTh CKJIamIa-
THCA 3 Me30Iop i AeAKOl KiabKocTu Makpomop (pos3Mmipom 6Ginbmie 50 HM);
TMOBEPXHIO, IO CKJAAAETHCA IIEPEeBAKHO 3 MaKPOIOp. 3alPOMOHOBAHO TOC-
JiZOBHICTh BUKOPHMCTAHHS 3BOJOMKYBauiB 1asa (GopMyBaHHA HeobXigHol
KoHGiryparii HaHOTIOPUCTOTO APy (Ha TPUKJIAAL I'PaHYJ PAMOBOI aMigduHOl
CeJIiTpu 3 JBOMAa HAHOIOPUCTUMHU IIapaM¥ PisHOI CTPYKTYypU Ta HOAATKOBUM
3BOJIOKEHHAM BOZoI0). IIpencTaBieHO pes3yJbTaTu BU3HAUEHHA BOMPHOL it
yTpuMyBaJbHOI 3maTHOocTed rpanys IIAC, maHomopucTi mapu aAxkoi chopmo-
BaHO pi3HOIO KOMOiHAaIli€0 3BOJOMKYyBauiB. 3allPOIOHOBAHO OCHOBHI TeXHO-
JIOTiuHi mapaMeTpu 3miliCHEHHS Ipoliecy (hOPMYBaHHS HAHOIOPHCTUX INAPiB
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Ta aJIOPUTM PO3PAXYHKY IisboBoro mporecy. HaBeneHo nmpukiag KOHCTPY-
KTHUBHOTO BUKOHAHHSA BUXPOBOTO I'DAHYJIATOPA IJd OAEP)KaHHA Oararorra-
poBux rpanya IIAC 3 HaHOOPUCTUMU IIAPAMU.

The article gives reasons for the possibility to obtain porous ammonium ni-
trate (PAN) with several nanostructured porous layers in vortex granula-
tors. The main results of studies regarding the structure of nanoporous lay-
ers of PAN granules obtained by the humidification method with subsequent
heat treatment in a highly turbulent directed (vortex) flow of the drying
agent are presented. As shown, it is possible to obtain a given nanoporous
surface with a defined pore size due to the selection of the hydrodynamic
and thermodynamic parameters of the vortex granulator. Several types of
humidifiers are proposed in this research, and features of the nanoporous
layer structure depending on the humidifier composition are shown. As a
result, it is necessary to provide the following properties of PAN granules:
preservation of the primary crystalline structure and phase composition of
the core in the granule; the strong core without mechanical damages; the
minimum number of ‘mechanical’ pores throughout the granules; inner lay-
ers, which should have a certain amount of micropores (with size of less
than 2 nm) and mesopores (with size of 2 to 50 nm); middle layers, which
should preferably consist of mesopores and a number of macropores (over 50
nm); a surface consisting predominantly of macropores. The technique to use
humidifiers for formation of necessary configuration of nanoporous layer
(on the example of the ordinary ammonium nitrate granules with two na-
noporous layers of different structure and additional moistening with water)
is proposed. The results regarding the determination of absorptivity and re-
tentivity of PAN granules, nanoporous layers of which are formed by differ-
ent combinations of humidifiers, are presented. The basic technological pa-
rameters to carry out the nanoporous-layers’ formation process and the al-
gorithm to calculate the target process are proposed. An example of the con-
structive implementation of a vortex granulator to obtain multilayer PAN
granules with nanoporous layers is demonstrated.

B crarbe gamo 000CHOBaHWE BO3MOKHOCTU IIOJYUYEHUS IIOPUCTON aMMMUAaU-
Hot cenutpsl (ITAC) ¢ HECKOJIBKUMU HAHOCTPYKTYPUPOBAHHBIMU IIOPUCTHI-
MU CJOAMHU B BUXPEBBHIX TpaHyJaATOpax. IIpeacTaBiieHbI OCHOBHBIE PE3YJIb-
TaThl MCCJENOBAHUI CTPYKTYPhl HAHOIOPUCTHIX CJ0EB rpanya ITAC, moiy-
YEHHBIX METOAOM YBJIAXKHEHHUS C IIOCJeNyIoIeil TepMooOpPaboTKON B BBICO-
KOTYypOyJIM3WPOBAHHOM HAIPaBJI€HHOM (BUXPEBOM) IIOTOKE CYIIUJILHOTO
arenra. IloxkasaHo, 4TO 3a CUYET IOAOOpPA TUAPOAMHAMHUUYECKUX U TEPMOIU-
HaMUYECKUX IIapaMeTpPOB PaboThl BUXPEBOT'O I'PAHYJISATOPA CTAHOBUTCA BO3-
MOKHBIM TOJIYUUTh 3aJaHHYI0 HAHOIIOPUCTYIO ITOBEPXHOCTH C OIPEAEJIEH-
HBEIM pasMepoM Mmop. B paMKax mcciaemoBaHWil IPEAJIOKEHO HCIIOJb30BaHUE
HECKOJIbKMX THIIOB YBJAKHUTEJNEel M MNOKa3aHbl OCOOEHHOCTH CTPYKTYPBI
HAHOIIOPKMCTOTr'O CJIOA B 3aBHCHMOCTH OT COCTaBa YBJAKHUTEs. B pesyibra-
Te Heo0X0oAMMO obeclieunTh TaKkue cBoiicTBa rpanya ITAC: coxpaHeHue mep-
BAYHOM KPUCTAJLINYECKOH CTPYKTYPHI M ()a30BOTO COCTaBa AApa T'PaHYJIBI;
IIPOYHOE AAPO 0e3 MeXaHWUYEeCKUX MOBPEKIAEHUI; MUHUMAJIBHOE KOJUUYECTBO
«MeXaHUYEeCKUX» IOP IO BCeMy O0BEMY I'pDaHyJIbl; BHYTPEHHUE CJIOU, B KO-
TOPBIX MOJIYKHO OBITH OIPEHeSIEHHOe KOJMYECTBO MUKPOIOpP (pasmMepoM Me-
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Hee 2 HM) u Me30mop (pasmepoMm oT 2 mo 50 HM); cpeaHHe CJIOU, KOTOPLIE B
OCHOBHOM JOJIKHBI COCTOATH M3 ME30IOP U HEKOTOPOT'O0 KOJMYECTBAa MaKpO-
mop (pasmepom 6osiee 50 HM); MOBEPXHOCTDH, COCTOSINYI0 IPEUMYIIECTBEHHO
u3 Makpomop. IlpeayoskeHa MmoCJIeq0BaTEIHLHOCTh MCIOJIb30BAHUA YBIAKHU-
Teaeit mas (GopMUPOBaHUA HeOOXOAMMON KOH(pUrypanmuud HAHOIIOPHCTOTO
ciaod (Ha mpuMepe T'PaHYJ PSAOOBOM aMMHAYHOM CEJIUTPHI C ABYMs HaHOIO-
PUCTBIMHU CJOSMU PA3JNUUYHON CTPYKTYPHI U JOIOJHUTENbHLIM YBJIAKHEHUEM
Bozoii). IlpencraBieHBI Pe3YyJAbTATHI ONPeeJIeHUA IOTJIOMIAIONIed W yAep-
sKmBalomieii cnocobHocreit rpamyn IIAC, HaHOHTOPHUCTBIE CJIOM KOTOPOM
copMUPOBaHbI pasHOl KoMOwmHaIueln yBiaaskuuTedeii. IIpeaioKeHbBI OCHOB-
HBbIe TEeXHOJOTMYECKMe ITapaMeTpPhl OCYII[eCTBJEHHS Mpoliecca (hOpMUPOBA-
HUSA HAaHONOPHCTHIX CJ0EB M aJITOPUTM pacuéra IejieBoro Imporecca. [IpuBe-
IE6H MpUMep KOHCTPYKTUBHOI'O HCIIOJHEHUS BUXPEBOr'0 I'PAHYJIATOPa s
TIOJTyYeHUA MHOTOCJOMHBIX rpanyJs ITAC ¢ HAaHOIOPUCTHIMU CJIOAMU.

Karouori cioBa: mopucra amisguHa ceyiTpa, HaHOIOPUCTA CTPYKTypa, BU-
XPOBUil I'PAaHYJIATOP, TeXHOJOTiA BUPOOHUIITBA.

Key words: porous ammonium nitrate, nanoporous structure, vortex
granulator, production technology.

KaroueBbie caoBa: mopucTas aMMHUavyHasA CeJINTPA, HAHOIOPUCTAS CTPYKTY-
pa, BUXPEBOI IPaHyJIATOP, TEXHOJOTUSA IIPOU3BOJICTBA.

(Ompumano 4 epyons 2019 p.)

1. BCTYII

HasaBuicTs po3BuHEHOI MOBEPXHEBOI Ta BHYTPIIIHBOI HAHOIOPHCTHUX
CTPYKTYP € 000B’A3KOBOI0 YMOBOIO 3aCTOCYBAHHSA OKPEeMHUX I'PAHYJIbO-
BaHUX MAaTepPisIiB AJA CHEeliAJIbHUX BUPOOHUITB. HasaBHicTs, mop pi-
3HO0I KOH(iryparii yMOKJIMBJIIOE 30iJbIINTH IUTOMY IIOBEPXHIO Ma-
comepenmaudi, s3abesmeunTn BOWMpPaAHHA HeOOXimHOI KiJIbKOCTH pPigKOro
Marepiaxy Tomio. Ilpu 1mMboMy Ba)KJIMBUMM XapaKTEPUCTUKAMU IIOPU-
CTOCTH € PO3Mipum Ta KoH@irypalia cumcTeMu IIOp i 3aKOHOMipHOCTI
ixHix 3miH 3a pagitocom rpamysu [1]. Oxpemo ciim BumiamTu Tary
XapaKTepPUCTUKY MHOPHCTOL IIOBEPXHi, AK BiHOIIIEHHS IJIOMIL IIOpP Ha
HOBepXHi r'panyy (abo mJjoIa HMOpP OKPEeMMUX HAHOIOPHCTUX IIIapiB y
pasi cTBOpeHHA 0araToIIapoBUX I'PAHYJI) B OAMHUIIL Macu I'DAaHYJILO-
BaHOTO Marepisany. g xapakTepucTMKa YMOKJIMUBIIOE BimoOpasuTu
3abesmeueHe IIPOHUKHEHHA pPigkoi (rasomoxmiOHoi) (hasu BcepemsuHy
I'PaHyJIMN OJIA 3OiMCHEHHSA I[IJILOBOTO IPOIECY.

3abesneuenHsa HeoOXigHOTO po3Mipy (mismasoHy pos3MipiB) mop Ba-
JKJIMBE 3 TOUKM 30PY CIIiBBiZHOIIEHHS WOTO 3 PO3MIpOM MOJEKYJIHN
peuoBUHN, SKA Ma€ NPOHMKHYTH B Ii mopu. Posmip i Komdirypaiis
Iop MAalTh OyTH 3abesleueHi 3a PaXyHOK OITUMAJLHOTO IIig0OPy Te-
XHOJOTil (hbopMyBaHHS HOPHCTOI CTPYKTYPH Ta KOHCTPYKIIil OCHOBHO-
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ro yCTAaTKYBaHHA IJIS peaJisalfii mboro mpoiecy.

I panysapoBaHa aMisuHA ceiiTpa SHAMIIA INHPOKE 3aCTOCYBAHHS B
CiJIbCBKOMY TOCHOZAapCTBiI AK edeKTHBHe a30THe Ao0pmBo. IIpomucio-
BicThb YKpaiHu BUITYCKa€ PAMOBY aMisguHy CeJIiTPy 3a BigmparboBa-
HUMHU TEXHOJIOTisIMM, AKi IOCTiHO YAOCKOHAJIOIOTHCS OCh YoKe ITOHA]
I’ ATHecAT POoKiB. ¥ TO# Ke yac € iHIlle 3aCTOCYBaHHA aMifAYHOI cesi-
TPH B IIPOMICJIOBOCTI — AK KOMIIOHEHTH IPOMMCJIOBOI BHOYX0OBOi pe-
yopuau ANFO (ammonium nitrate/fuel oil). Taka mopucra amisguna
cermitpa (ITAC) 3HauHO BiApi3HAETHCA 3a CBOIMH BJIACTUBOCTAMMU Bis
panoBoi amiaunoi cexitpu. ITAC Mae MaTm HAHOHOPHUCTY CTPYKTYPY
Iasa 3a0e3meueHHA OCHOBHUX (QYHKINIE — BOuMpaHHA W yTpUMaHHS
IUCTUIATY ausenbHoro magumsa. Ili BmactuBocTi ITAC meobOximHi mns
VCIIiIITHOTO BUKOPUCTAHHSA i IK KOMIOHEHTU MPOMUCIIOBOI BUOYXO0BOIL
peuoBuHu ANFO [2-5].

g mpoBemeHHAa BUOYXOBUX POOiT, AK IIOKasaB JOCBiZ aBTOPiB po-
06oTu, MOKe OyTH BHKOPHCTAHA aMiAdYHa ceyiTpa OyAb-aKOl AKOCTH —
Hemopucra, 3 JgedeKTaMu CTPYKTypH, HeKOHAuIiiHa (mpidma abo
3pyiHoBaHa). PamoBa amiguHa cesiTpa TaKoXK MOKe OyTH KOMIIOHEH-
Toto ANFO, mpoTre Boma Mae psja HEJOJiKiB.

1. PamgoBa amiguHa cejiTpa IIOKPUBAETHCS CHEIiAJIBLHOI0 O0OJIOH-
KO0, AKAa MepeIIKoaKac IepelyacHOMY PO3UMHEHHIO I'PaHYJIU Iicjas
BHeCeHHd ii B r'pyHT. 3axmcHa 000JOHKA IEPeInKOI:Kae TOCTYIY IO
BHYTPIUIHIX IIOp I'paHyJIU.

2. PagoBa amiguHa celiTpa MOKe BaIHYBATHUCS, IO NPU3BOAUTL
IO 3HAUHOrO HMOHM:KeHHA (i, paKTUUYHO, BTpaTu) BUOYXOBUX BJIACTHU-
BOCTeH y CYMIiIlIi 3 AM3eJbHUM IaJITBOM.

3. PagoBa amisiuna ceiiTpa He Mae MOCTATHBLOI MOPUCTOCTH IJIS yC-
IMITHOrO YTPUMAaHHSA BCEPeIUHI I'paHyJaN AUCTUJIATY AU3EJILHOIO Ia-
JuBa.

4. PagoBa aMisiuHa ceJliTpa Ma€ MeBHY KiJbKicTh yacy yTpuUMaHHA.
IIpore mpupoma mop € «MexaHiIUYHOIO», a He «Moaudikamiiinow»,
OCKIJIbKU IX OJlep’KaHO B pe3yJbTaTi pylHyBaHHA I'paHyJu (TpimuH",
BimKosu, KaBepHH). Taki mopum MarOTh MOCTATHBO BEJIUKUN PO3Mip
(10°-10™" ™), i yrpumMaTi B HEUX AMCTHJIAT AU3eJbHOIO IAJIUBA JOC-
TaTHBO CKJIagHO (mpum TpaHcrnopTyBaHHI ANFO 1o micia mpoBeneHHSA
BUOYXOBUX POOIT AUCTUIAT AU3EJLHOTO HaJBa BUTIKAE 3 I'PaHyIH i
B KpaIlloMy BHUIIaJKy 3aTPUMYEThCA HA IIOBEPXHi I'paHyJu, a B Tip-
IIIOMY — 3aJIUIIAE ITI0 TIOBEPXHIO).

Bupoouunteo ITAC 3 pamoBoi aMifAuHOI cesiTpu METOHOI0 3BOJIO-
JKeHHSI Ta TepMooOpoObieHHs (cmoci6 € ofHuM 3 HaWOiJIbIIl eHepreTuu-
HO edeKTHUBHUX 1 eKOJIOTiuHO 0e3leuHuX, I0 OOI'PYHTOBAHO B Pl
pobit, mampukigan [6, 7]) BumMarae cCHeIisgJbHUX TiAPOAWHAMIUHMUX i
TePMOAUHAMIUHIX YMOB, a TAKOXK PAaI[iOHAJBHOTO MiA0OpPy THIIY Ta
KOHCTDPYKIIii OCHOBHOTO TEXHOJIOTIUHOTO OOJaAHAHHA TI'PaHYJIANiAHOI
ycramoBKu. OcHOBHe 3aBHaHHA TexHoJorii omep:xanus ITAC 3 psanmo-
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BOi amMiA4YHOI ceyxiTpu — (opMyBaHHA MepeKi HAHONOP Ha ITOBEPXHI
I'padyJiu ¥ y IPUIOBEPXHEBUX ITapax 3i 30epe:KeHHIM MiITHOCTH -
pa [8]. Cepiro pobiT aBTOpiB 1iei crarTi [9—11] Oys0 mpHUCBAYEHO TEO-
PEeTUYHOMY OINCY ¥ eKCIePUMEHTAJbHOMY [IOCIiMKEeHHIO IIPOIlecy
dopmyBaHHa HamomopucToi moBepxHi rpanya ITAC B amaparax 3 iH-
TEHCUBHOIO TiAPOAWHAMIKOI0O — BUXPOBUX I'PAHYJATOpPaxX i3 HAIPAM-
JEeHUM IceBIo3pimxeHuM ImapoM. IIpollec 3BOJIOKEHHS Ta TepPMOOD-
pobyeHHA T'paHyJ PAMOBOI amMisguHOI cemiTpu (camMe BOHA BUKOPHUCTO-
BYEThCA AK BUXigHA cupoBuHaA Iasa BupooHunTBa ITAC y cxemi, aKy
IIpeAcTaBJIeHO Ha puc. 1) 3 BUAIIEHHAM HOBEPXHEBOI BOJIOTH Yy BHCO-
KOTypOyJ/Ii30BaHOMY BHXPOBOMY IIOTOIli YMOKJIMBIIIOE chopMyBaTH
PO3BUHEHY HAHOIIOPMCTY CTPYKTYPY Ha IIOBEPXHi I'PaHYJIU Ta B IIPHU-
OBepXHeBUX IMapax il. BuxpoBi rpanyasaTopm MaioTh TaKi mepeBaru
[12]:

— MOKJIMBICTH iCTOTHOTO 3MeHINIeHHA rabapuTHUX PO3MipiB (3o0Kpema
BHUCOTH) POOOUOr0o IIPOCTOPY 3a PAXyHOK 3MiHHOI 3a BMCOTOIO IIJIOIITI
mmepepisy Ta MOKJIMBOCTH BHYTPIITHLOI MUPKYJIAIII peTypy;

— KOHTPOJIb Yacy IepeOyBaHHA I'PaHyJi B POOOUOMY IIPOCTOPi;

Puc. 1. ITpunnumnoBa cxema BupobHHUIITBA ITAC: I — 3BOJOMKEHHA PATOBOI
amisgunoi cemitpu; II — TepmiuHe 06po0JIEHHA Ta CYIIiHHA PAAOBOI aMiAYHOI
ceqitpu micaa 3BosokeHHs; III — ¢imanpHe cymrinng rpamya ITAC; IV —
OUMITIeHHS Biaximumx rasis.!
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— MOKJIMBICTH YIPABIiHHSA PYXOM I'PAaHyJii B poOOUOMY IIPOCTOPi;

— MOKJIMBICTH CTBOPEHHSA B POOOUOMY IIPOCTOPi I'paHy iaTopa iHTeH-
CHUBHOI TypOyJIeHTHOCTH;

— YyHiBepcaJbHIiCTL (MOMKJIMBICTH IIPOBEIEHHS IIPOIIECIB I'paHyJIAIlil
Ta CyHIiHHA B 00’€Mi OJJHOTO HPUCTPOIO);

— TEeXHOJIOTIUHICTh 1 IPOCTOTA BUTOTOBJIEHHS;

— MOKJIMBICTH IIBUAKOTO IepPeHaarofKeHHsd Ta 3MiHM KOHCTPYKTH-
BHUX i TEXHOJOTiUHMX TapaMeTpiB y pasi mepexony Ha BHUPOOHUIITBO
iHITOrO TUIY I'PAaHyJIBOBAHOTO IPOAYKTY.

B pammii yac BegeThCsA IIOIIYK HOBUX CIIOCODOIB Ofep:KaHHA I'PaHYJI
TIOPUCTOI aMiAYHOI CeJiTpu AK KOMIIOHEHTH HPOMUCJIOBUX BUOYXOBUX
peuvoBuH. Oxpep:kani spasku IIAC mMaioTh MaTu BUCOKY HOPUCTICTh, J0-
CTATHIO MillHiCTh, BOMPHY Ta YTPUMYBAJIbHY 3TATHOCTI.

Hasasui cmocobu ogmep:xanus rpamys ITAC sacHoBaHO Ha 3acToCy-
BaHHI IIOPOYTBOPIOBAJBHUX i MOAM(MIKAIiliHUX O00ABOK, IO IIiABU-
mrye cobiBapTicTh roToBOI HmpoayKIrii. BBememmsa Taxux moOaBOK Ta-
KOXX MOXKe IIPMBECTH [0 HOHMKEHHS MOKAa3HUKIB MiITHOCTHU T'paHyJ
ITAC.

Ilepen mocaigHMKAMM ITOCTaBJIEHO 3aBAaHHS IIOIMIYKY HOBUX METO.
omep:kauua ITAC, aki MaioTh 3a0e3IeUnTH BUCOKiI MOKA3HUKU AKOCTHU
I'PaHYJ i 3BMEHINUTU KiJIBKICTh TEXHOJIOTIUHUX CTami#l Irporecy ¢op-
MYBaHHS HAaHOIIOPHMCTOI CTPYKTYPHU.

OkpeMuil iHTepec TaKOK MIPEJICTaBJISIE PO3POOKA TeXHOJOorii Bupo-
oummTBa OararomapoBux rpauya IIAC, KoikeH 3 mapiB AKoI Mae Iie-
BHY ILIOLIY IIOP i mepeBaskHUil posmip mop. Ipamyma ITAC 3 pisHoio
CTPYKTYPOIO KOKHOTO 3 HAHOIOPUCTUX ITapiB YMOIKJIUBIIOE 3abesie-
YUTH BiJibHEe MPOHUKHEHHSA AUCTHUJATY INU3eJbHOTO HajiiBa dyepes Io-
BEPXHIO I'PDAHYJIM Ta HaAillHe yTPpUMaHHSA HOro B 06’€Mi I'paHyJIN.

2. EKCIIEPUMEHTAJIBHA METOJUKA

PesynbTaTy gocaimikeHb, AKMX OyJI0O BimoOpakeHO B IomepemHix po-
6orax aBTopiB 1iei crarrti [13, 14], mokasaau, IO PisHiI THUOU 3BOJIO-
JKYBaUiB MOMKYTH YTBOPIOBATH PidHi BUAU TOP Y CTPYKTYpPi IopucTol
aMiAYHOI ceJiTpu ITic/sa CyIIiHHS BiAMOBimHO 0 Takoil Kjaacudikarrii:
— TPillIMHU, BiAKOIM, KaBepHU («MeXaHiuHi» IMOpH);

— KauaJym pisHOi hopmu («Moxmdikamiiini» mopm — MiKpo-, Me30- i
MaKpOmopu).

Hesari 3 mux mop yTBOpMJIUCA B pe3yJabTaTi TepMiuHMX HAIpPyT i
HEeJOCTaTHLOI MIiITHOCTHM Anpa BUXiAHOI I'paHysu («MeXaHiuHi» mopwu),
Iesski — O6esmocepeaHbO I Yac MOPOIleCy CYIIiHHA I'paHyJaud IIicjas
3BOJIOKEeHHA («Moaumdikaiiiini» mopu). PisHi Tunu 3BosioskyBauiB Ta-
KOJK iCTOTHO BIIJIMBAIOTH HAa CIIiBBiIHOIIIEHHA BEJIUYWH «MEeXaHIUHUX»
i «MommpikaifiHNX» IIO0DP.

B pesyabTaTi mIpoBemeHHS MOCTiIKeHb HOTPiOHO 3ab6e3meunTH TakKi
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BJaactuBocTi r'pamy ITAC:

— 30epeKeHHA MOePBMHHOI KPUCTANIYHOI CTPYKTypu Ta (as3oBOro
CKJIaoy Anpa Ir'paHyJiu;

— MinHe aapo 0e3 MeXaHIYHUX IIOIIKOIKEeHb;

— MiHiMaJbHY KiJBKIiCTh «MeXaHIUHMX» IOP IO BCHOMY 00’eMy I'pa-
HYJIN;

— BHYTPIillIHI Imapu, B AKUX Mae€ OyTH IIeBHA KiJbKicTb MiKpomop
(posmipom Mmemnrie 2 HM) i me3omop (poamipom Bim 2 mo 50 um);

— cepenHi mapu, AKi mepeBaskHO MAIOTh CKJIAJATHCS 3 Me30IIop i me-
SAKOI KiTbKocTH Makporop (pos3mipom 6imbire 50 HM);

— TOBEPXHIO, IO CKJIAJAAETHCA MEPEBAKHO 3 MaKPOIIOP.

CyTHicTh cmocoly ofep:KaHHA OaraToIIapoOBUX I'PAHyJ ITOPHCTOL ami-
AYHOI CeJIITPHU y BUXPOBOMY I'DAHYJIATOPI MOKHA OMUCATH HACTYITHUMU
CTamisIMU.

1. 3BoJIOiKEeHHA I'PaHyJu BOJOI0 3 HACTYIHUM TEePMOOOPOOIeHHAM
— (hopMyBaHHA BHYTPIITHLOI HAHOIIOPUCTOI CTPYKTYPH I'paHyau (Ma-
Ja KiJgbKicTh MiKpo- i MakpoImop, OCHOBHA YACTUHA — ME30IIOPH).

2. Moaupikarlisa rpaHyJ posuMHaMU aMiAYHOI cesiTpu, Kapbaminy,
cyminri amisgumoi cexiTpum Ta kKapbamimy (3amekHO Bim HeoOXimHMX
BJIACTUBOCTEH IOP) 3 HACTYIHUM TEPMOOOpPOoOJeHHAM — (OpPMyBaHHA
IIOBEPXHEBUX IIapiB I'DaHyJIM 3 JeAKOI0 KiJIbKicTioO Me3oIop i mepe-
Ba)KaHHAM Y HAHOIIOPUCTI# CTPYKTYypi MaKpomop; IfA CTamid MOKe
IIOBTOPIOBAaTUCA KiJIbKa pasiB.

3acTocyBaHHA 3aIlPOIIOHOBAHOTO CHOCO0Y OJep:KaHHA I'pDAHYJI IIO-
PHCTOI CTPYKTYPU Y BUXPOBOMY I'a30BOMY IOTOIIi YMOKJIUBIIOE [15]:
— CTBOPUTH PO3BUHEHY IIOPUCTY CTPYKTYpPYy Ha ii IIOBepXHi BiKe B
Me)Kax fAapa IICEeBA03PiyKeHOTo Iapy Ha MOYAaTKOBOMY eTami KOHTa-
KTY 3 BUXPOBUM IIOTOKOM BHCOKOTEMIIEPATYPHOTO TEIJIOHOCiA 10 BU-
XOIy T'PAHYyJM Ha M3€PKaJIO IICEBI03PiAKEHOTO MIapy;

— 3amobirTu yTBOpeHHIO I'paHyJ 3 (GOpMOI0, BimmiHHOIO Bin cdepuy-
HOI;

— IOBHICTIO BUKJIOUWTH UMHHUK BIJIMNBY Ha AUCIEPI'YBaHHSI — He-
PiBHOMipHiCTh HAAXOM:KEHHS A0 AHCIepraTopa pigKoro Mmarepiduy.

B pamMkax HayKOBO-HOCJHimHUX PoOiT «locaimskeHHA TigpoauHaMi-
YHUX Ta MAaCOTEIJIOOOMiHHMX XapaKTePUCTUK MPUCTPOIB 3 BUXPOBU-
MU Ta BUCOKOTYpOyJIi30BAaHMMU OAHO- Ta ABO(MASHUMHU ITOTOKAMU»,
«TigpoguHaMiuHi mOKasHMKM OBO(GA3HUX IIOTOKIiB TEIJIOMacOOOMiH-
HOT'0, T'PaHyJAIHHOrO Ta cemapaliiimoro obJagHaHHS» Ha Kadeapi
«IIpommecu Ta oOmamgHaHHA XiMiuHMX 1 HadTOmepepoOHHUX BUPOO-
HuUTB» CyMCBKOTO JeP/KaBHOTO YHiBEPCUTETY CTBOPEHO €KCIEePUMEH-
TaJIbHUM CTeHI aada omep:kanua rpanya ITIAC (puc. 2).
TepmogunamiuHi ymou omep:kanas rpanya IIAC. B xozxi npoBenenHnsa
eKCIlepUMEeHTAJILHUX JOCJiI)KeHb IIoNepefHill IporpiB rpawmysa 3xiiic-
HioBaBcA no Temmeparypu y 70°C. Ilpu 3polreHHi 3BOJIO}KYBaueM 3 Te-
mueparypoo a0 50°C BimbyBaeTbcs piske (CTpuOKOIOAIOHE) ITOHUIKEH-
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Puc. 2. ExcnepuMeHTalIbHUN CTeHA AJdA onepskaHHa rpamyna ITAC: 1 —
KOMIIpecop; 2 — TeIJIOOOMiIHHUK; 3 — BUXPOBUI I'paHyaATOD; 4, 5 — By30J
NPUTOTYBAHHS Ta IIOJaui PO3UMHY MO0 CEKIlili BUXPOBOTO I'PAaHYyJIATOpa IS
3BOJIOYKEHHA peTypy (pamoBoi amisuHoi cexitpu); 6, 7 — mgucmepraropu; 8
— Osok mopmaui perypy; 9 — wmicTkicTh rorosoro mpoxaykty; 10 — Bysoxa
OUMINeHHs BiAXimHMX rasis.

HA CEepeNHbOI TeMIepaTypu BUXPOBOTO IICEBIO3PIAKEHOTO Iapy, IO
IIPUBOJUTH [0 BUHUKHEHHS HAJINIIKOBUX TEPMIiUHUX HAMPYKeHb Y
I'paHyJi Ta BUHUKHEHHS «MEXaHiUHMX» IIOp — TJIMOOKMX TpimuH i
ckoiaiB. Ilpm 3porrrenHi 3BojokyBaueM 3 TemiepaTypoio Buile 80°C
BimOyBaeThCA iHTEHCUBHUII BUIIAP BOJIOTHU PO3UNHY 3 (haKesy POIIMUITY
3BOJIO’KYBAYa, IO TPUBOIUTEL A0 iHTEHCUBHOTO KOHIIEHTPYBAHHA HOTO
Ta CTBOPEHHS HOBUX IIEHTPIiB Kpucranisarii. OnTUMalbHUM € BUKOPHU-
CTaHHA 3BOJIOKYBAUa 3 TEMIIEPATYPOIO, OJMBBKOIO 10 TEMIIEpaTypu Ha-
rpitux rpanyJja. Ilicaa 3BosoKeHHA TpoIlec HArpiBaHHSA I'PaHyJI IIPOJIO-
BiKyBaBcA mo temieparypu y 110-120°C 3 BumaleHHAM IIapiB BOJIOTH,
AKa HamilIIa 3 pOSYNHOM.

linpogunamiuni ymoBu omepskanmnda rpamya IIAC. [[iamasoH criiikoi
po6GoTH BUXPOBOTO I'DAaHYJIATOPA BU3HAUAETHCSA ABOMAa MeyKaMU: IIOdYa-
TOK TICEBAO3PiAKeHHs (mepIilia KPUTUYHA IIMBUAKICTH PYyXy CYIIHJIb-
HOTO areHTa) Ta BUHECEHHA I'DaHyJ 3 poOOUYOTO IPOCTOPY I'PAHYJIATO-
pa (mepiia KpUTHWYHA MIBUAKICTH PYXy CYIIHMJIBLHOTO areHra). Kputu-
YHi IIIBUAKOCTI, AK MOKAasaHOo B poborax [16—19], same:xaTh Big pos-
Mipy r'paHyau, ii Macu (3MiHYy AKOI 3yMOBJIEHO 3BOJIOKEHHAM), a Ta-
KOJK CTYIIEHs CTUCHEHHSA MOTOKY I'pPaHyJI (BiOHOINEHHS 00’eMy, AKUH
3aiiMaloTh I'PaHyJaHW, OO 3arajJbHOT0 00’eMy r'paHyJaAaTOopa). Pospaxy-
HOK aBTOMATH30BaHO Ha 06as3i CTBOPEHOT0 aBTOPCHKOI'O MOJEJIIO PO3-
PaxyHKy TiApoAWHaMiUYHMX MapaMeTpiB poOOTH BUXPOBOTO I'DAHYJIA-
Topa [20, 21] 3a momOMOTOI0 IpOoTrpaMHUX MPOAYKTIB Vortex granula-
tor® [22] (puc. 3) i Classification in vortex flow® [23] (puc. 4).
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IIpunagu Ta obJaagHAHHA:
— IJIAd BU3HAUYEHHA TiIpOAMHAMIUHMX XapaKTepHCTUK PYXY MHOTOKiB

Puc. 3. IaTepdeiic mporpamMHoro npogykry Vortex granulator®.?

Puc. 4. Iarepdeiic mporpamuoro npoaykty Classification in vortex flow®.*



412 A. €. APTIOXOB, . KPMEJIA

— Ttepmoanemometp TES-1340;
— /I BUMipIOBaHHA TeEMIIEpaTypu IIOBIiTpA — PTYTHUIN TepMOMETD;
— @JIAd BUMipIOBaHHA BUTPATHU IOBITpA — KaMepHa Aisgdpparma, BuU-
MiprOBaJIbHUY IepeTBOPIOBaY Iepelaay TUCKY;
— [Ja BUMIipIOBaHHA BUTpATH BOAM, IO HAAXOJUTH OO MiCTKOCTH
JJI IPUTOTYBaHHA PO3YUHY — poTaMeTep;
— [IJId BUMIpIOBaHHA TeMIlEpaTypu B Kajiopudepi — TepmoIiapa
TC10-C, moreniiomerp peectpyBaabuuii camonucuuii KCII-3;
— [IJ BUMIipIOBAHHS TeMIIepaTypu B PoOOUOMY IIPOCTOPi I'paHyJISATO-
pa — temuosizop Fluke Ti25, mipomerep Victor 305B;
— Jid BUMIipIOBaHHSA BOJIOTOCTH I'DAaHyJ i HMOBITpA — MYJbTHUMETEP
DT-838, mienbkomerpuunuii Bosoromip UBIIM-2C;
— IJd BUSHAUYEHHS MIITHOCTH IpaHyJd — eKcremsomerep MIIT-1,
Opuaaf I BUMipoBaHHA Mminmaoct MUII-10-1;
— s BUMIpIOBaHHA YTPUMYBAJbHOI 3MaTHOCTH I'PaHysl — I€HTPU-
dyra xyrosa maJsorabaputua IITYM-1;
— IJIA JOCJIiKEeHHSA MiIKPOCTPYKTYpPHU I'PaHyJ — CKaHYBaJbHUI eJie-
KTpoHHui#l Mikpockon eTescan Vega 3 (O CTBOpPeHHS BYTJIEIeBOI
IJIiBKM Ha moBepxHi rpamyiau — Carbon evaporation head CAT625
ra SC7620 high resolution, manual Sputter Coater).

XapakTep, po3Mip i KijbKicTh IIOp BU3HaAuUaIUCA 3a JOIIOMOI'OI0 aB-
TOPCBKOTO mporpamMuoro nponykry Converter Image (puc. 5).

Puc. 5. Inrepdeiic mporpamuoro npoaykty Converter Image (Ha mpasiit uac-
THUHI PHCYHKY BHUIiJI€HO CEeKTOp 3 HOpUKJazaMm KoHQiryparmii Tta posmipy
mop).®
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3. PE3YJIBTATH TA OBI'OBOPEHHA IX

Pesynabratu mikpockomii rpamyn ITAC Ha pisHmx eramax ¢GopMyBaH-
Ha 6araToIlrapoBOr0 HAHOCTPYKTYPHOT'O IIOKPUTTA IIPEACTaBJIEHO Ha
puc. 6.

PesynbTaTyi MiKpPOCKOITiI YMOXKJIMBUIN BCTAHOBUTH TaKi 0COOJIMBOCTI
dopMyBaHHA CTPYKTYpPU HaHOIoOpucToro mapy ta rpamyau IIAC B 1mi-
JOMY:

— BBOJIO}KEHHSA PO3UMHOM aMisUHOI CEJIITPU YMOIKJIMBJIIOE Ofep:KaTu
MepeKy KPHUBOJIHIAHMX MIiKPOIIOP, B AKUX AUCTUJIAT AU3€JILHOTO
HaJrBa HALINHO YTPUMYEThCA MicJA HAAXOMKEHHsS A0 00’eMy I'pPaHy-
Ju;

— HACTYIIHUWU eTall 3BOJIOKEHH:A (PO3UMH aMiAdYHOI cesiTpu Ta Kapba-
MiZy) mae MOKIUBICTH chopMyBaTu 3AeOITBIIIOTO HEpPeximHi KPHUBOJIi-
HiliHi mopu;

— IOMaTKOBE 3BOJIOJKEHHSA BOJOI0 YMOMKJMBJIIOE ONepP:KaTU Ha ITOBEp-
XHi I'paHyd IPAMOJIIHIAHI Makpomopu, uepe3 fAKi AUCTHUIAATY OU3e-
JIBHOTO TIajinBa BiIKPUBAEThCA AOCTYIl IO BHYTPIIIHiX IapiB rpany-
Jau;

— B IIiJIOMY 3aIIPOIIOHOBAHO KOMOiHAIIil0 3BOJIOKYBaUiB.

B Tabauii HaBemeHO IOPIBHAJNLHY XapakKTepucTuky rpamya ITAC,
AKi OyJM 3BOJIOMKEHI PiSHMMM THUIIaMM PiIKUX MaTepidaxiB; Ha puc. 7
MIOKa3aHO BJIACTUBOCTI HAHOCTPYKTYPOBaHUX IIapiB, AKMUX OyJ0 omep-
JKAHO ILJIIXOM TePMOOOPOOIEHHS MiCJIA 3BOJOMKEHHSA Pi3HUMU THUIAMU
piIKuxX MaTepidaiiB.

AK BuUIIMBae 3 aHaJNiszW OAHUX TaOJMIli, 31 30iJbIIeHHAM ITHUKJIIiB

SEMHV 300KV

Vi wn | View fild: 277 pm
SEMMAG:500x | Date(midy)-06/2815 | Porformance in nancspace SEMMAG: 500 x | Date(midh}: 062619 Performance in nanospaca SEMMAG:500 % _ Dote(midy 062815 Performance i nanospace

Puc. 6. PesyabpTaTy MiKpPOCKOITil TOBEPXHEBOI CTPYKTYPH HAHOIOPUCTOTO IIa-
py B rpanmyai ITAC: a — 3BOJIO}KE€HHA PO3YMHOM aMisgdyHOI ceiTpu; 6 — 3BO-
JIOKEHHSA PO3UMHOM aMifAYHOI CeJIiTpU + PO3UMHOM aMisfdyHOI ceJiTpu Ta Kap-
baminy (mBa IIapu); 6 — 3BOJIOYKEHHSA POSUMHOM aMisTUHOI CEJIiTPH + PO3UMHOM
aMisuHOI ceniTpu Ta KapbaMizy + BOZOIO (ZOJATKOBHUI IMKJ 3BOJOXKeHH).®
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TABJINIIA. IlopiBuaabHa xapakrepuctuka rpaunyi ITAC, axi 6yau 3BoJo-
MeHi PiBHMMM THIAMM PiAKUX MaTepiamis.’

L Bigmommenusa
é % ILJIOIIi IIOp HAa
. Bo6upua YTpumyBaJibHA [IOBEPXHi IIapy B
Tun 3B0JI0XKyBada g8 ApHA PUMYyBaJIE DXHI mapy
= £ |smartHicTh, %| smaTHicTb, % ONVHUIIL Macu
o
SO I'PaHyILOBAHOTO
= Marepiany, M2/Kr
Posuun amigunoi cexitpu 0,44 8,3 9,4 2,24
Posumn amiagunoi cemiTpu
+ po3uuH aMiA4HOI cesiT-
P . 0,42 8,5 9,8 2,03
pu Ta xapbaminy (mBa 1ia-
pu)
Pogunn amisiunoi cenmiTpu
+ pos3umH amMiAYHOI ceJriT-
pu Ta xKapbaminy +Boaa 0,41 8,8 10,1 1,92
(mBa 1mIapu 3 JOJAaTKOBUM
3BOJIOKEHHAM)

Puc. 7. Boius Tumy 3BOJIOJKYBaua Ha XapaKTEePUCTUKYM HAHOIIOPHCTOTrO Ima-
Py: KinbKicTh mop 3azaHoro posmipy Ha ogumeMI0 miomd (1000 mrm?).®

3BOJIOKEHHS Ta TEepMOOOPOOJIeHHsS MIIlHICTh I'DAHYJIM IMOHUIKYETHCS.
Ile noHM:KeHHS He € KpUTUYHMUM (HOpMaTuBHe 3sHaueHHa — 0,4
Kr/TpaHyJjia) 3aBAAKH BHCOKOMY CTYIIEHIO TypOyJisailii mOTOKy cy-
IIIUJIBHOIO areHTa Ta, SK HACJHiJOK, HEeJOBrOTPHUBAJIOMY IIPOIIECY Tep-
MOO0OpPOOJIeHH Ha KOMKHIil 3i cTamiii.

Opmak 30inblieHHA KigbKocTu 1mapiB #Ha rpamyai ITAC (macaigkom
Yoro € 30iJbIIIeHHSA IIUKJIB TEPMOOOPOOJEHHA) MOKE 3MEHIIINTH Mill-
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HicTh I'paHyJIM HU)KYe 3a HOPMATHBHE 3HAUYeHHsd. TOMYy BaKJIMBOIO €
Po3pobKa HOBUX CIOCOOIB TepMOOOpPOOJIeHHs, AKI Moriau 6 Mimimisysa-
T IUKJIU KOHTaKTy rpaHya ITAC i3 mOTOKOM BHMCOKOTEMIEPATYPHOTO
CYIINJIBHOI'O areHTa.

IToxkasHuKY BOMPHOI I yTPUMYBAJBbHOI 3JaTHOCTEH 30iMBITYIOTHCS 31
30LIBINIEHHAM IIMKJIIB 3BOJIOKEHHS Ta TePMOOOPOOJIeHHs, IO IIOACHIO-
€ThbCs 301LIbIITeHHAM 00’eMy mop. 30iJbIMeHHS YTPUMYBAJILHOI 3TaTHO-
CTU JONATKOBO MOJKHA IIOSCHUTH PAaIliOHAJBLHUM HTiZ00OPOM I[UKJIiB
3BOJIOJKEHHA (TUIIy 3BOJIO}KYBaua), AKi 3a0e3meuyioTh BijlbHE MPOHUK-
HEeHHA IUCTUJIATY AU3EJLHOTO ITajiiBa 3a PAXyHOK IIPAMUX Me30- i
MaKpOIIOp, Ta HamiliHe YTPUMAHHA IVUCTUJIATY 34 PaXYHOK PO3raJIysKe-
HOI Mepe:Ki KPUBOMIHIAHMX (3BUBMUCTHX) MiKpomop. XapaKTep 3MiHHU
KiJTBKOCTH IIOP 3aJAaHOT0 PO3Mipy HiATBEPIKYETHCSI TaHUMU PUC. 7.

Ha 0asi omepsxammx pesyabTaTiB (TiATBepI:KeHHS ONTUMAJIbLHUX
rigpoArHAMIYHUX i TEPMOAMHAMIUHMX YMOB OJepP:KaHHS HAHOCTPYK-
TYpPOBaHUX IIOPUCTUX IIIapiB) CTae MOMKJMBOIO PO3POOKA METOAUKU
TEeXHOJIOTIYHOTO PO3PAXYHKY CTamili 3BOJIOMKEHHSA Ta TepMOOOpoOsIeH-
Ha rpanya ITIAC.

ITouaTKOBUMU OAHUMU OJIA TEeXHOJIOTIYHOTO PO3PaXyHKY IIPOIlecy
oIep:;KaHHsA HAHOIIOPUCTOTO IIapy €:

— BUPOOHMYA MOTYKHICTH I'panyasaropa G ;

— (pakuiiHui cKJag peTypy Ta/du cepealgiﬁ nismerep perypy d.. ;
— (dpaxrnifiaui ckiaaj rpaHysa (amapaTm g Oofep:KaHHA I'DAHYJ IIO-
PHCTOI CTPYKTYpH IIJIAXOM B3BOJIOKEHHS 3 HACTYIIHUM TepMO0OpO00-
JIEHHAM);

— MOYaTKOBUI i HeoOXimHMII KiHIIeBUI BOJIOTOBMICT I'DAHYJIU Ufp";H ,
Kim
UrpaH 4

— ToYaTKOBU# i HeoOXimHMH KiHIleBHU BoJioTrOBMicT moBiTpa U-Y

) mos
KiH

IOoB

JiameTep r'panyJI Iic/iA HaHEeCEHHS Ha HUX ILIIBKYM TOBIIUHOIO S_ :

d_=d"" +28_. (1)

p — %eep

06’eM PO3UUHY, AKUN HAHOCUTHLCA Ha ONHY I'PAHyJy peTypy (pAmo-
BOi amiAYHOI cesiTpu):

V.., =0,523[d% - (d")*]. 2)

‘cep

Maca posuuHy 3 T'yCTHUHOIO P, . , SIKAN HAHOCUTHCS HA OLHY I'DaHy-
JIy peTypy:

mp03 = posppos * (3)
06’eM Tr'paHyJIU PETYPY:
Vir =0, 523(d>")?. 4)

cep
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Maca rpanysu peTypy IpH yCTHUHL DETYPY P, :

mpe'r = peTppeT * (5)

Maca r'paHyJu Iicjid HaHeCeHHS PO3UUHY (pPo3Tomy):

m,=m, +m,. (6)
KinekicTs r'panys, BupobseHa 3a 1 rogmuHy pobOTH T'paHyJasaTOpa
Ipu BUPOOHUUil moTy:KHOCTI G :

Tpa”
N = GrpaH/mrp . (7
Heob6xigHa KigbKicTb peTypy:

G =Nm_ . (8)

per Pos

KinbkicTs posuuny:

G, = Gopou — G- (9)

03 = Tpas
O0’eMHa BUTpaTa CYLIMJILHOIO areHTra (IIOBiTps), AKa HeoOXimHa
b

IJIA BUJAJEeHHSA 3aJaHOl KiJIBKOCTH BOJIOTHU 3 I'PaHyJI IPU BMicTi Boau
y posuwnHi (poaromi) x°° ra rycTuHi moBiTpa p.__:

BOJL nos *

V _ GpOS xs(()): ( 1 O)
" U = Une P

IIoB

s omep:kaHHA 0OaraToIIapoBUX I'DaHYJ PO3PaXyHOK BeEeThCS 3a
AHAJIOTIYHMM aJI'OPUTMOM 3 YPAXYBAaHHAM KiJIBKOCTH HIapiB Ta IXHBLOI
TOBIIAHHU.

KinpkicTe Bosorm, AKa HeoOXimHA MJIA 3BOJIOXKEHHS IDaHYJ Bif
nouatkosoro (U™ ) no kinmesoro (U") Bosoroemicry:

G, =G,.U -UT". (11)

rpan

4. BAICHOBRH

Amnajiza pes3yibTaTiB eKCIEePUMEHTAIbLHUX MOCIiIKeHb MPOJAEeMOHCTPY-
Bajla, IO Pi8HI TUIM 3BOJIOMKYBAUiB IIiciisg cramii TepMooOpoOIeHHS
GopMYyIOTh HAHOIIOPMCTI IMapu pisHOl KoH(iryparii. B okpemux Buma-
IKax Ile — HerJuOOKi mpaMoJiHifimi mopmu, B iHIIMX — TrambOKi Ta
3BuBuCcTi. Tomy mporiec GopMyBaHHA HAHOIIOPUCTOI CTPYKTYpPU I'pDaHy-
au ITAC mo:xkHa 3miliCHIOBATH i3 3aCTOCYBAHHAM AEKIIBKOX 3pOIITyBa-
yiB B 00’eMi ommoro amapary. Taka peasisaris mpoiecy 6araTopasoBo-
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ro 3BOJIOXKEHHSA I'PaHyJ PAJOBOI aMiAYHOI ceJiTpm 3 HACTYOHUM Tep-
MOOOpOOJIEHHAM y Me:Kkax OaraTocTyleHeBHX i/abo GaraTodyHKIIioHA-
JbHUX T'PAHYJIAIIAHNX amapaTiB Ja€ 3a40BiJbHI pe3yJibTaTu.

Ha pucymkax 8, 9 moxasamo KOHCTPYKIIil I'DaHyJIATOPiB, B AKUX
peanisoBamo HoBuii cmoci6 omepsxamus rpamya ITAC [24, 25] — 6Gara-
TOCTYyIEeHEBe 3BOJIOKEHHS, BJIACHE CYIIiHHA Ta AOJaTKOBE OXOJOIKEH-
HA I'PaHyJ I'OTOBOTO IPOAYKTY.

3aBIAHHAM IIOJAJILIINX JOCJIIKEHbL € CTBOPEHHS Ta JOCJiIKeHHS
MeXaHi3MiB IigBUITIeHHS ILJIOII HaHomop y rpamyaax ITAC, Bimaecemoi
10 ONWHUIII Macu I'pPaHyJbOoBaHOrO marepisany. Ilporo moskHa I0CATTH,
30KpeMa, CTBOPEHHSIM 0araTocTyIleHeBOro (hiHAJBHOrO CYIIiHHS I'PaHy.I
ITAC B pesxumi cmagHol IIBUAKOCTH CYIIiHHsA. BigmpalifoBaHHS OCHOB-
HUX ITOKA3HUKIB POOOTH CYIIMJILHOI'O OOJIaSHAHHS Ha cTamii (iHaJnHOTro
cymrinasa (o cTamiio moKasaHo Ha puc. 1) € 00’€KTOM OKPeMOro IOCJIi-
ToKEHH.

IIpencraBieHy poboTy BuKoHamo 3a miaTpuMkum MOH Vxkpainu B
pamkax mpoekTy «MaJsiorabapuTHi eHeprosbepiraroui MmoxyJi i3 3acTo-
CcyBaHHAM OaraTo()yHKIIIOHAJLHUX alapaTiB 3 iHTEHCHUBHOIO Tiapoau-
HaAMiKOIO JJIsT BUPOOHUIITBA, MOoAMpiKallii Ta KalcyJaoBaHHA TPaHYJI»
Ne 01190100834 Ta sa miatpumiu Cultural and Educational Grant
Agency of the Slovak Republic (KEGA) B pamkax mpoexkty No. KEGA
002TnUAD-4/2019.

a 0

Puc. 8. BaraTo3oHuuil I'paHyJATOD AJA OIepP:KaHHsS 0araToIIapoBHUX I'DAHYJI
ITAC 3 HAHOIOPHUCTOI0 CTPYKTYPOIO: @ — PO3PAaXyHKOBA cxeMa; 6 — MOoJesb.”



418 A. €. APTIOXOB, 1. KPMEJIA

a

Puc. 9. BararocekifiHuii I'paHYJIATOD AJI OfeP:KaHHA 6araToIIapOBUX I'DAHY T
ITAC 3 HAaHOTIOPHUCTOIO CTPYKTYPOIO: & — PO3PaXyHKOBA cXeMa; 0 — Mo/eb. '
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! Fig. 1. Principle scheme of production of PAS: I—hydration of ordinary ammonium nitrate;
II—thermal treatment and drying of ordinary ammonium nitrate after hydration; III—final
drying of PAN granules; IV—cleaning of waste gases.

2 Fig. 2. Experimental stand for obtaining PAN granules: 1—compressor; 2—heat exchanger;
3—vortex granulator; 4, 5—assemblage of preparation and supplying of solution to sections
of vortex granulator for moisturizing retour (ordinary ammonium nitrate); 6, 7—
dispergators; 8 —retour feed block; 9—container of the finished product; 10—waste gas puri-
fication assemblage.

3 Fig. 3. ‘Vortex granulator©’ software interface.

* Fig. 4. ‘Classification in vortex flow©’ software interface.

® Fig. 5. ‘Converter Image’ software interface. (On the right side of the figure, there is a
sector with examples of configuration and size of pores.
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5 Fig. 6. Results of microscopy of the surface structure of the nanoporous layer in the PAN
granule: a—moistening with ammonium nitrate solution; 6—moistening with solution of ammo-
nium nitrate + with solution of ammonium nitrate and carbamide (two layers); 6— moistening
with solution of ammonium nitrate + with solution of ammonium nitrate and carbamide + with
water (additional moistening cycle).

" TABLE. Comparative characteristics of PAN granules, which were moisturized with differ-
ent types of liquid materials.

8 Fig. 7. Effect of moisturizer type on characteristics of nanoporous layer: number of pores of
a given size per unit of area (1000 um?).

9 Fig. 8. Multizone granulator for obtaining multilayer PAN granules with nanoporous struc-
ture: a—design diagram; 6—design model.

10 Fig. 9. Multisection granulator for obtaining multilayer PAN granules with nanoporous
structure: a—design diagram; 6—design model.
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CraTTioO IPUCBAUYEHO E€KCIEPUMEHTAJIbHOMY TOCJIIMKEHHIO Ipoliecy (iHaIb-
HOTO CyIIiHHA TpaHys mopuctoi amisunoi cexitpu (ITAC). O6rpyHTOBaHO
3aCTOCYBaHHs cTanil (piHAJIBHOTO CYHIiHHA B 3arajbHifl TeXHOJIOTiIUHIN JiHil
ozep:xanHa rpanya IIAC 3 HaHOMOPHCTUM IIOBEPXHEBUM IapoM abo Gara-
romapoBux 1paHya ITAC 3 HaHOmMOPHUCTOIO CTPYKTypoio. OmmcaHo ocHOBHI
mmepeBaru 0araToCTyIIEHEBOTO CYIIIiHHA Yy 3aCTOCYBaHHiI A0 mporecy (opmy-
BaHHS HaAHOIIOPHCTOI CTPYKTYpu Ha moBepxHi rpamyau ITAC. 3ampomoHoBa-
HO iHCTPYMEHT aBTOMATU30BAHOTO PO3PAaXyHKY TipOAWHAMIUHUX i TepMo-
IVHAMiYHMX yMOB peaJisarii crazmii ¢imambHoro cymrinag. OiiHeHO BIJIUB
yacy mepebyBaHHA I'panyau IIAC B o6’emi cymapku, XapaKTEePUCTUK Cy-
IIUJIBHOTO areHTa Ta CTYNeHA CTUCHEHHS MOTOKY (BimHOIIeHHS 00’eMiB r'pa-
"Hyn ITAC y po6Gouomy mpOCTOpPi CyIIapKM Ta 3arajJbHOTO 06’eMy amapary)
HA XapaKTep HAHOIOPHUCTOI CTPYKTYpH TIpamyiau («MeXaHiuHy» UM «MOIH-
dikamifiny» mpupony mop). IlpemcraBieHo pe3yabTaTH MiKPOCKOIII r'pamys
ITAC micia KOMKHOTO 3 TPhOX CTYIEHIiB (piHAJIBLHOIO CYIIiHHSA (I'paHyau Oyau
3BOJIOYKEHI PO3UMHOM aMiAYHOI ceJiTpu Ta IPOUIIIN CTALil0 TepMOOOpPOs-
JIEHHS Y BUXPOBOMY I'DaHYJATOPi), Y TOMY UHCJIi B PEKMMAaxX HEJOCTATHHO-
ro, ONTHUMAJHLHOTO Ta 3aBUIINEHOTO Yacy NepeOyBaHHS I'DAHYJU y CYIIapIii.
BcranoBieno BIJINB CTyIeHA CTHUCHEHHS MHOTOKY Ha AKiCTh HAHOIOPUCTOI
ctpykTypu rpanya IIAC. BusHaueHo 0cOGJMBOCTI 3MiHM HaHOIIOPHCTOL
CTPYKTYpHU T'paHyau Ta ii cmemmdivyHMX BJaCTUBOCTEH (YyTPUMYBaJbHOI Ta
BOUPHOI 3maTHOCTeM, BimHOCHOI IO HAaHOIOPUCTOI IOBEePXHi, MJIONI Ha-
HomopucTol moBepxHi B ommHumi Mmacu rpamyau ITAC) micas Ko:kKHOro 3i
cTyneHiB (iHanabHOTO cymrinusg. PesyibTaTy AOCHigKeHb YMOMKJIUBUJIN BU-
3HAYUTHU ONTHMMAaJbHUH Yyac i TeMmepaTypHUHN pexXuM (iHAJIBHOTO CYIIiHHA,
a TaKOXX BCTAHOBUTHM MaKCUMAaJibHe HaBaHTAYKEHHS CYIIMUJIBHOTO amapary
rpanyiaamMu ITAC (MakcuMaJbHUM CTYIiHb CTHUCHEHHS IIOTOKY), 3a AKUX

421
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rpanyau ITAC mpakTU4YHO He MAIOTh «MEXaHIUYHUX» IIODP.

The article deals with the experimental study regarding the final drying
process of porous ammonium nitrate (PAN) granules. The final drying
stage implementation in the general technological line to obtain PAN
granules with nanoporous layers or multilayer PAN granules with porous
structure is substantiated. The main advantages of multistage drying in
applying to the nanoporous-structure formation process on the PAN gran-
ules are described. The tool for the automated calculation of the hydrody-
namic and thermodynamic conditions to carry out the final drying stage is
proposed. The influence of the PAN-granules’ residence time within the
dryer workspace, the drying agent features, and the degree of flow com-
pression (i.e., the ratio of the PAN-granules’ volumes within the dryer
workspace and the total space of the device) on the nature of the nanopo-
rous structure of the granules (i.e., ‘mechanical’ or ‘modified’ nature of
the pores) is evaluated. The results of PAN-granules’ microscopy after the
three stages of final drying are represented (the granules are humidified
with ammonium nitrate solution and are heat treated in a vortex granula-
tor), including in the modes of insufficient, optimal, and excessive resi-
dence time for the granules. The influence of flow compression degree on
the quality of the nanoporous structure in PAN granules is established.
The peculiarities of changes of nanoporous granule structure and its spe-
cific properties (namely, retentivity and absorptivity, relative area of na-
noporous surface, area of nanoporous surface per mass unit of PAN gran-
ule) after each stage of final drying are determined. The findings of in-
vestigations allow to determine the optimal time and temperature of final
drying process as well as to establish the maximum load of the dryer with
PAN granules (maximum degree of flow compression), under which PAN
granules have no ‘mechanical’ pores.

CraTba mOCBAIEeHA BSKCIEPUMEHTAJIBHOMY WCCJIEJOBAHUIO Ipoliecca (u-
HaJILHOHN CYIIKK rpaHyJ mopuctoii ammuaunoii ceautpbl (ITAC). O6ocHoBa-
HO IpPUMeHEHUe CTaAuM (pUHAJLHOUN CYIIKKM B OOIeil TEeXHOJOTMUECKOMH JIu-
HumM nosyueHusd rpanysa IIAC ¢ HaHOMOPUCTHIM ITOBEPXHOCTHBIM CJIOEM WJIN
MHoOTOCHOMHBIX Tpauya ITAC ¢ HaHOIOPHCTON CTPYKTypoit. Omucambl oc-
HOBHBIE IIPEMMYII[eCTBA MHOTOCTYIIEHUATOH CYIIKM B IPUMEHEHUU K IIPO-
meccy GopMUPOBAHUA HAHOMOPHCTON cTPYKTYyphl rpanyabl ITAC. Ilpemio-
JKeH WHCTPYMEHT aBTOMATH3WPOBAHHOTO pAaCUéTa T'HUAPOAMHAMHUUYECKUX U
TEePMOAMHAMUUYECKUX VCJIOBUI peaausanuu CcTaguu (PUHAJBHOM CYIIKH.
OneHeHO BAMAHWE BpeMeHU npeObiBaHuA rpaHysbl IIAC B 00BEME CyIImMI-
KU, XapaKTEePUCTUK CYIIMJHHOTO areHTa U CTEeIeHW CTEeCHEHHOCTU IIOTOKa
(otHomIeHuA 00BEéMa rpanya ITAC B paboueM IIpPOCTPaHCTBE CYIIUIKK U 00-
mero o0pEéMa ammapaTra) Ha XapakKTep HAHOIOPUCTON CTPYKTYPHI I'DAHYJIBI
(«MexXaHUYECKYI0» WJIN «MOAMGMUKAIMOHHYIO» TpuUpony mop). Ilpexncrasie-
HBI pes3yabTaThl MuUKpockonuu rpanya IIAC mocie Kaskaoil u3 TPEX CTyIe-
Heli (UHAJIBHON CYIIKMU (TPaHyJbl OBLIN YBJIa’KHEHBI PACTBOPOM aMMUAYHOM
CEeJIUTPHI U MPOIIJIN CTAAUIO0 TEPMOOOPAGOTKYM B BUXPEBOM I'DAHYJIATODPE), B
TOM UHCJIe B PEXMMaX HEJZOCTATOYHOTO, ONTHMAJIBHOTO U IIOBHIIIIEHHOTO
BpeMeHU IIpeObIBaHUA I'DAHYJIBI B CYLIIUJIKE. ¥ CTAHOBJIEHO BJIUAHVE CTEIeHU
CTECHEHHOCTH IOTOKA Ha KaueCTBO HAHOIIOPHUCTOHN CTPYKTYphI rpamya ITAC.
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OmnpenenieHbl 0COOEHHOCTH M3MEHEHUS HAaHOIMOPUCTOM CTPYKTYPHI I'PAHYJIBI U
crenu(UUeCKUX CBOMCTB (yAep:KMBAIOIeH M IIOTJIOoIaloIiell crmocobHocTelt,
OTHOCUTEJbHON IJIOIIAAM HAHOIOPUCTOM IIOBEPXHOCTH, ILJIOIAAW HAHOIIO-
pHCTOM TOBEPXHOCTH B equHuIie Mmaccbl rpanyibl IIAC) mocie Kaykmoir u3
cTyleHell ()pMHAJIBHON CYHIKK. Pe3yabTaThl MCCJIEIOBAHUII IIO3BOJIMIN OIIpe-
IeJUTh ONTHUMAJbHOE BPEMs M TeMIEePATYPHBIN PeKuM (UHAIbHON CYIIKH,
a TakK/Ke YCTAHOBUTHb MAaKCHMAaJbHYIO HAUPY3KY CYIIMJILHOTO almapaTa IIo
rpanyiaam ITAC (MakcuUMaJbHYIO CTEI€Hb CTECHEHHOCTHU IIOTOKA), IPU KOTO-
peix rparyJabl IIAC mpakTUyecKU He MMEIOT « MeXaHWUECKUX» IIOP.

Karouori cioBa: mopucra amisuHa cesiTpa, HAaHOIOPUCTA CTPYKTypa, BU-
XPOBU I'PAaHYJIATOP, TEeXHOJIOTidA.

Key words: porous ammonium nitrate, nanoporous structure, vortex
granulator, technology.

KaroueBbie caoBa: mopucTas aMMHuavyHasA CeJINTPA, HAHOIOPUCTAS CTPYKTY-
pa, BUXPEBOU IpaHyIATODP, TEXHOJOTUA.

(Ompumano 4 epyons 2019 p.)

1. BCTYII

IpaHyau amifguHOi celiTpM € HEeoOXiJHMM KOMIIOHEHTOM IIPOMHUCJIO-
BUX BHOYXOBUX PEUYOBUH Yy CYMIIIi 3 AUCTHUIATOM AM3EILHOTO IaJNBa
(ANFO) [1-4]. 3aBgsaKu BimHOCHi# meleBU3HI TaKWH TUII IIPOMMCJIO-
BOi BHOYXOBOI PEUOBMHM YMOKJINBJIIOE IIPOBOIUTU ITUPOKUUA CIIEKTED
BUOYXO0BUX POOIT y ripHMUYOm00yBHiI mpomucaoBocTi [5]. 3asmaumnmo,
[0 HAWMOIIMPEHIMINM CHOCOOOM CTBOPEHHSA PO3BHMHEHOI IIOPHCTOI
CTPYKTYPU I'PAHYyJI aMiAYHOI CeJiTpu € moJaBaHHSA Yy PO3TOI IIOPOYT-
BOPIOBAJIbHUX i MOAu(iKyBaIbHUX A00ABOK i3 IMOZAJIBIIIOI KPHCTAJI-
3ariero 1mporo poarony [6]. Ileit cmoci6 moB’si3aHmMil i3 mHOTipIIEHHAM
eKOJIOTIYHMX YMOB B 30HI BUPOOHHUIITBA Ta B perioui B misomy [7].
IIpomec GopmMyBaHHS HAHOIIOPHCTOI CTPYKTYPM HAa IIOBEpPXHi Ta
BCEpenMHI I'paHyIn aMigdHOI celiTpu cmocoOOoM 3BOJIOMKEHHA 3 Ha-
CTYIHUM TepMooOpoOJeHHAM (AK 3ampomoHoBaHO B pobori [8]) cy-
MIPOBOIKYETHCA BUAOOYBAHHAM HapiB BOAM 3 MOBEPXHi rpanyJ (mep-
NI IIepiof CYIIiHHS — IOCTifiHA INBUAKICTL 3HEeBOSHEHHS) Ta 3 Ii
BHYTPIIIHIX mIapiB (Opyruii mepion CyWIiHHA — cIagHa IIBUIKiCTH
sHeBogHeHHA) [9, 10]. ¥V saranpHOMY BUTJIAAL mpoiiec GopMyBaHHS
HAHOIIOPUCTOI CTPYKTYpPH TI'PAaHYJIM MOYKHA IIPEACTABUTH Yy BUTJIALL
TIOCJiTOBHOCTH «3BOJIOKEHHA—TepMooOpobieHasa 1 (popMyBanusa Ha-
HOIIOPUCTOI MOBEPXHi)—TepmMooOpobieHHs 2 ((hopMyBaHHS BHYTPIII-
HBOI Meperxi maHomop)». Ilepmri aBi craxii (AK 3amrpPOIOHOBAHO B PO-
o6orax [11, 12]) 3 BuCOKOIO e(heKTUBHICTIO MOKHA ITPOBOAUTU B BU-
XPOBUX I'PAHYJISATOPax, TPETIO cTamiio (B pasi HeoOXigHOCTI) — B Cy-
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MIMJIBHUX alapaTax 3 PidHoi KOH@Irypaiiicio IIceBAO3PiAKeHOoro Ima-
py [13]. Tpera cramia omep:KaHHA HaHOIIOPMCTOI CTPYKTYPHU Y BUXPO-
BUX I'DAaHYJATOPAX MOKe He MaTH JOCTaTHIO e(heKTUBHICTH, a TaAKOXK
He 3aBXK]U € IOIJIILHOIO, AK Oy/[e IIOKa3aHo HUKUE.

Opep:xaHHA piBHOMipHOI (IO BCili mMOBepXHi I'paHyJi) Ta PO3BUHE-
HOI (B IPUOOBEPXHEBUX 1 TIIMOMHHUX IIapax, BHUKJIIOYAIOUN AIPO
rpanysu, AKe Mae OyTU HEIIOPMCTHUM i 30epiraTu HOPMATHBHI ITOKas-
HUKU MIiITHOCTH) MOKJIMBE B pas3i 3aCTOCyBaHHA BUXPOBOTO I'DAHYJIA-
TOpa B IIEBHOMY [AiANA30Hi BiJHOCHOTO BMicTy I'paHys B amaparti (cTy-
MeHA CTUCHEHHS MOTOKY). ¥ BUXPOBUX I'DaHYJSATOPax i3 BUCOKOIO
MMATOMOIO TPOAYKTUBHICTIO (BUCOKUM CTYIIEHEM CTHUCHEHHA IIOTOKY
¢ =0,4-0,5) mMoxkyTh OyTHm nedeKTH HAHOMOPUCTOI CTPYKTYPH, SAKi
OB’ sA3aHi 3:

— TPUBAJUM i HEPIiBHOMIpHMM KOHTAKTOM I'DaHYJ 3 TrapA4YUM TEILIO-
HOCiEM 1 BHACJiIOK IIbOTO0 BUHWKHEHHAM IiCTOTHUX TeMIIEpaTypPHUX
HaIpy:XKeHb — YTBOPEHHAM TPIilIUH («MeXaHiYHUX» IIOP) BCepeauHi
I'PaHyJIN, BEJUKOI KiJbKoCTU mpaAMuUX Makpornop (mo 500 HMm) i Hepis-
HOMipHOI OpPUCTOI CTPYKTYpPU HA IMOBEPXHIi;

— iHTEeHCUBHUM 3iTKHEHHAM I'DPaHyJ MijK co00OI0 Ta CTiHKaMu amapa-
Ty BHACJIiZOK BHCOKOI'O CTyIeHd TypOyiisarii moToKy TemaoHOCis —
BiKOJIiB, KaBepH i TPilMH Ha IIOBEPXHi I'DaHyJIU.

YHUKHYTH 3a3HaueHUX BUIle MedeKTiB HAHOHIOPUCTOI CTPYKTYPHU
I'PaHyJM MOXKJIMBO IIPW 3MEHINIEHHI Yacy KOHTAKTy I'DPAHYJIU 3 IIOTO-
KOM BUCOKOTEMIIEPATYPHOI'O TEIJIOHOCiA B BUXPOBOMY I'DAHYJIATOPi.
B Takomy Bumaaky B IiboMy amapaTi Oyme GaKTUUYHO BimOyBaTmca
(opMyBaHHS HAHOMNOPHCTOI MOBEPXHiI B IIEPIIIOMY Mepiofi CyIIiHHA.
Hns peasisarfii TOBHOTO IUKJY OAEP:KAaHHA IOPUCTOI I'DAHYJIM HEOO-
XiTHe 3MEHIIIeHHA IPOAYKTUBHOCTU I'DAHYJIATOPA.

Kinnere sunauenHAa BOupHOI 3maTHOCTU Tpanya ITAC (cnemudiunwmit
MMOKAa3HUK, AKUHU XapaKTepu3ye CTYIiHb IPOHUKHEHHSA IUCTUJATY
IU3eJIbHOTO ITaJiBa B HAHOIIOPM) MOKe OyTH IIiIBUINEHO 3a PaxXyHOK
OiJbII iHTeHCUBHOI CYIIKM B IIEPioJ CIAAHOI IMBUIKOCTH (APYTruUil Ie-
piox cymiHHA — BigmOBiAHO [0 NpUIHATOI TepMiHoJOrii; AUB.
puc. 1). 3xificHuTH 1€l mpoIlec IPU TPUBAJIOMY CYIIIiHHI B BUXPOBO-
MYy TOTOIIi CYIIMJBLHOTO areHTa MOJKJIUBO JIUINIE TIPW 3HUMKEHHI IIOKa-
3HMKa MillHOCTH T'paHyJsum. [ IOBHOTO 3aBEPINEHHSA IIPOIECy CY-
IIiHHA TOTPideH Giabinuii yac oOpo0IeHHA, a I'paHyJia Yepes aKTUBHY
TypOyIisalfito TOTOKIiB MOKe 3pyHHyBaTucsd. YTpUMyBajJbHA 31IaT-
HICTBh Te)X MOHMIKYETHCA ueped PYHHYBaHHA i YTBOPEHHSA «MeXaHiu-
HUX» 10p (pO3JIoMiB i TpimuH).

I'panymu ITAC 3 HaAJIMIIKOBOI KiHIIEBOIO BOJIOTICTIO XapaKTepH-
3YIOTBCA TAKUMU BJIACTUBOCTAMMU:

— HEeNOCTAaTHHO PO3BMHEHA HAHOIIOPHWCTA CTPYKTYPAa;
— BeJINKa KIJbKIiCTh «MeXaHIUHUX» MOp, AKi MaOTh NPAMOJIHINHY
KoH(pirypairio;
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Puc. 1. Ilepiogu cyminua rpamyau IIAC: I — mporpiB rpamynu; II — mepi-

on mocrifimoi mBuakocTu cymrinaA; [II — mepion cmagHOl IIBUAKOCTH CY-
3 1

HIiHHA.

— HeMillHe aApo Tr'paHyJu (BHACHIZOK HAABHOCTH B I'PAHYJi 3HAUHOL
KIJIBKOCTH «MeXaHiuYHuX» II0P);

— IepeBakKHA HASABHICTL IPAMOJIHIAHMX MaKpPOIOpP Y HAHOHOPUCTIH
CTPYKTYPi I'PaHyJIM, IO IMOSICHIOETHCS BMCOKOIO iHTEHCHBHICTIO BUIA-
JeHHs BOJIOTM B Iepiomi 3pocTaouoi HMIBUAKOCTH CYIHiHHA (Iporpis
MaTepisany Ta HepIIini Imepiof CYIIiHHS — BiAMOBIZAHO KO HMPUHHSATOL
TepPMiHOJIOTIT).

HomaTrkoBa crazisa (iHaabHOTO CYIIiHHA (JOCYIITYBAHHS) B PEXKUMI
CIIaAHOI IMBUAKOCTH B aAKTHBHOMY (ajie MeHII TypOyJi3oBaHOMY) Tif-
poAMHAMIYHOMY PEXKMMi YMOMKJIHUBUTL HOCATTH TaKUX 3MiH y HaHO-
HOPHUCTIHA CTPYKTYPi I'PaHyJ (B HOPiBHAHHI 3 HEAOCYIIIEHUM 3Pa3KOM):
— 30i7bIIIeHHS KiTBKOCTY Me30Iop KPUBOJIiHifiHOI KoH(Iiryparrii;

— 30iJbIIIeHHS YaCTKM KPUBOJIHIMHNX MaKpOHOp y 3arajbHill Kijab-
KOCTi HaHOIIOp;
— 30iJbIIIeHHS TJIMOMHY IIOBEPXHEBUX HAHOMIOP.

IIi smiEm yMOKJIMBIIIOIOTH 301JBITUTH ITOKA3HUK YTPUMYBaJIbHOL
3IATHOCTU T'PaHyJ i Yacy HALINHOTO YTPUMAHHSA OUCTUIATY IN3€JIb-
HOTO IIajJuBa B I'PaHYJIi.

Y nmamiii pobOTi MPOMOHYETHCA BBEAEHHS B HAABHY TEXHOJIOTIUHY
cxemy ozaep:kaHHa ITAC gomatxoBoi crazmii 6aratocrymimuacToro ¢i-
HaJLHOTO CYHIiHHA (JOCYITyBaHHS) B AU(MEPEHIiIOBAHOMY pEyKMMi
(mapamMeTpu CYIIIMJIBLHOTO areHTa Ta BUCYIIYBAHUX I'PAHYJ 3MiHIOIOTh-
csd Ha KOMKHOMY CTyHeHi mocyiryBaHHSA) (puc. 2). B SKocTi 0CHOBHOTO
TEeXHOJIOTiUHOTO O0JagHAHHS Ha Iifi cTafil IPOMOHYEThCA BUKOPIC-
TAaHHS T'PaBiTailHMX TOJUUYHUX CYIIAPOK, AKi JoOpe 3apeKoMeHIy-
BaJii ceOe B TEXHOJIOTII CYIIiHHS MOPUCTHUX KOHIEHTPATIB y TipHHUYO-
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Puc. 2. Texnosoriuna cxema BupobuumnTBa ITAC (misigHKa 3BOJIOKEHHS Ta
TepMooOpobseHHsa). Enementu pinauku: BI' — Buxposuii rpanyaarop; I'TIC
— rpasiraniiina moauuHa cymiapka; T — remmroobmimHuk; I' — rasomyBka;
H — macoc; K — kommnpecop; Tp — Tpancumoprep; B — O0yukep. ITororku: 1-
1 — peryp (r'panysau pamoBoi amiauyHOI cemiTpu); 2-2 — TemyoHOCi# (TexXHO-
JoriuHe moBiTpsa); 3-3 — 3BoJOKYyBau; 4-4 — WOBITPA Mia quUCHEpPIyBaHHA
3BOJIOJKYBaUa; 5-5 — rpamyau Ha ¢iHambHe cylrimHa; 6-6 — r'paHyam Ha
maxkyBaHHs; 7-7 — BigmpaiboBaHUI TeloHociit; 8-8 — mapa; 9-9 — Boxs-
HUIl KOHIeHcar. >

IoOyBHiM mpomucsoBocti [14].

OTxe, IIA CepPeSHHLOTOHHAKHWX 1 BEJINMKOTOHHAKHUX YCTAHOBOK
onep:kanua IIAC crazxia diHamabHOI CYIIKM 3 ONI[iOHAJBLHOI IIEPETBO-
pioeThesaA B 000B’A3KOBY. Bujasmenusa 3B’A3aHOI BOJIOTH 3 BHYTPIiITHIX
mapiB rpaHyiIu € O0OB’SA3KOBOI YMOBOIO (OPMYBAaHHA PO3BUHEHOI
MepeXKi KPUBOJIHINHMX MiKPOIOp AJIA YCHIiITHOTO YTPUMaHHSA AVCTU-
JATY OU3eJbHOTO THajimBa (KOMIIOHEHTH HTPOMMCJIOBOI BuUOYyXOBOi pe-
YOBUHMN).

2. EKCIIEPUMEHTAJIBHA METOJUKA

B pamMkax HayKoOBO-ZOCHigHUX poOiT «[ocaimsxeHHA rigpomumHamiu-
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Puc. 3. Cxema excnepumeHTanbHOTo creHma: I'IIC — rpasiTamifina moauyHa
cymapka; I — nmukaon; B — Bentunarop; € — wmictricTth; 1 — cymuabHUIA
areHT; 2 — BiAmpalnbOBaHWII CYIIMJLHUI areHT; 3 — OUUINEHHuM ras; 4 —
rpanyau ITAC; 5 — rpamynu ITAC micaa craxii dinampHOrO Ccymrinua; 6 —

npi6Hi yacTuHKM.?

HUX Ta MACOTEIJIOOOMiHHMX XapaKTEePUCTUK IPUCTPOIB 3 BUXPOBUMU
Ta BUCOKOTYpPOYJ/IiB0OBaHMMMU OJHO- Ta ABOGASHUMMU HOTOKaMm», «I[ix-
poouHAMIiUHI MTOKAa3HUKHU ABOMA3HUX IIOTOKIiB TEIJIOMacOOOMiHHOTO,
TPaHyJIANiNHOTO Ta celmapallifHoro obJamHaHHA» Ha Kadeapi «IIpo-
mecu Ta obsamHAHHA XiMiuHMX i HadTOmEpepoOHUX BUPOOHUIITE»
CyMCBKOTrO Jep:KaBHOTO YHIBEPCUTETY CTBOPEHO E€KCIIEPUMEHTAJIbHUMN
cTeHn ajsdA crafmii pimanbHoro cymrinaa rpanya ITAC (puc. 3).

3arajapHU BUTJIAL TPUCTYIIEHEBOI I'pPaBiTaIliiiHOl MOJMYHOI cyla-
pKu mpeacTaByiieHO Ha puc. 4. B eKcnmepumeHTaNbHIN cymiapiii BUKO-
pucTaHO OpUTiHAJbHE KOHCTPYKTUBHE pimteHHsA [15] 3 posramryBanHa
KOXKHOI IMOJINIII 3 PiBHMM 3a30pPOM II0 BiHOIIIEHHIO 0 CTiHKHU alapa-
Ty. KopoTkuii ommc (QismuHOrO MOS0 IPOIleCy CYIIiHHA MIOAAHO
HUKUe Ha 0asi omucy [15].

Ha Bepxwuiit moxmjiii KOHTAKTHIi# IOJHWIII IPM KOHTAKTi Auciepc-
HOTO MAaTepisajy 3 CYIIMJIbHUM areHToM (IpOrpiBaHHA), A€ BeJIUUYMHA
3a30py Mae MaKcuMaJbHe 3HAYeHHSA, MOBMKHWHA IIOJHUIII € MiHiMaJb-
HOIO, IO 3a0e3neuye MiHiMaJbHO HeOOXimHMI uvac KOHTaKTy Gas i
TOBHE TPOTpiBaHHA 0e3 IeperpiBaHHA AUCIEPCHOTO MAaTepisaay, IO
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Puc. 4. I'pasitanifina monuuna cymapka: 1 — Kopmyc; 2 — mepdopoBaHi 1mo-
s 4
JIUII.

MO’Ke Her'aTMBHO BILJIMBATH HA MPOIEC IPU CYIIiHHI TepMOJIabiIbHUX
MaTepidais.

B 1meit ke uac Ha Hill BimOyBaeTbcsa BuAaJeHHA Api6bHOI (Qpakirii,
TOOTO BEepXHA MOXUJA KOHTAKTHA IOJUIS BUKOHYE POJIb Ccemaparopa,
1IT0 MO3UTUBHO BILJIUBa€e Ha (hopMyBaHHA 3BayKeHOr'O IIapy Ha HaCTY-
MHUX IOJUIAX KOHTAKTY 3aBAAKYW BUDPiBHIOBAHHIO 3HAUYEHHS IIOPi3-
HOCTH.

Ha cepenniit moxmiriii KOHTAKTHIA ITOJUITi, e BeJIMUYMHA 3a30Py €
MEHII0I0, IPU KOHTAKTi AUCIEPCHOI'0 MAaTepiajay 3 CYLUIMJIbHUM aIreH-
TOoM (BUIAJIEHHA BOJIOTM 3 IIOBEPXHEBOTO IIapy) uac mnepeOyBaHHA IU-
CIEPCHOTO MAaTEePifAJy Ta KOHTAKTy 3 CYUIMJBHUM areHTOM 30iJbImy-
€ThCS BHACIIMOK 30iJbINIeHHSA [MOBKMHM KOHTAKTHOI MOJMI, IIO
cupuse iHTEHCUBHOMY BUJAJEHHIO HE3B’A3aHOI BOJOTU; TPU IILOMY
yac mepebyBaHHA OHCIEPCHOTO MAaTepisdJy Ha IOJHUIll BigmoBimae He-
00XiIHOMY 3HAUYEHHIO Yacy CYIIiHHA B IIbOMY Hepioni (mepion mocTifi-
HOI IMBUAKOCTY CYIIiHHA).

Ha HuxHiT noxmiifi KOHTAKTHiNl mosivii mpu KOHTAKTi Auclepc-
HOTO MaTepifAJy 3 CYIIMJIbHUM areHTOM (BUAAJEHHSA BOJIOTH 3 TJIUOU-
HU MaTepiany), Je BeJWUYMHA 3a30py Ma€ MiHiMajbHe 3HAYEHHHA, IO-
BJKUHA IOJHUII € MaKCHMMAaJbHOIO, IO 3abesneuye edeKTUBHE BUIA-
JIEHHA 3B’fA3aHOI BOJIOTM 3 TVIMOMHM MaTepiAly Ta MaKCUMaJbHO He-
00ximgHMIT uac KOHTaKTy (a3 B IboMy Iiepioni (mepiox cmamaHHA
IIBUAKOCTH CYIITiHHA).

SIKIII0 TPOMIKOK Y TOPM30HTAJBHIN IIJIOMIMHI MidK CTIiHKOIO KOPITY-
Cy Ta BiIbHUM KiHIIeM MOXWJNX KOHTAKTHUX IMOJUIL Oyae OiIbIum
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Hisk 0,5 mUpUHU KOpIycy, TO Oyae BimbyBaTuCsA KOPOTKOUACHUU KO-
HTaKT OUCIIEPCHOTO MAaTepidjy Ta CYMINJIbHOTO areHra 6e3 IIporpi-
BaHHSA OUCIEPCHOTO MAaTePisaay mo HeoOXimHol TemIepaTypu i omHoUa-
cHe BHUAAJIeHHA ApiOHOI ¢pakiii, mo Oyme HeraTMBHO BILIMBATHA Ha
SIKiCTh BHCYIIIEHOTO AUCIIEPCHOTO MATEepialy.

SAKIMO MPOMiKOK Y TOPU30HTAJBHINA ILIOIMUHI Mi’K CTIiHKOIO KOPILY-
Cy Ta BiIbHUM KiHIIeM IIOXMJINX KOHTAKTHUX IIOJUIL Oyle MeHIIINM
Hixk 0,15 mumpuENM Kopmycy, To Oyne BigOyBaTucs IeperpiB MaTepid-
Jy, MO0 PO3TPiCKYBaHHS Ta PYUHYBAHHS BHACJIJIOK JTOBrOTPUBAJIOTO
KOHTaKTy 3 CYIIMJIbHUM areHTOM, II0 OyJe HeraTMBHO BILJIMBATH Ha
SIKiCTH BHCYIIIEHOTO AMCIIEPCHOTO MATEePialy.

PospaxyHOK TeXHOJOTIiUHHX HapaMeTpiB poboTu r'paBitarmiiimoi mo-
JUYHOI CyIIapKHu, 30KpeMa, uacy mepedyBaHHsa rpamys ITAC i Temme-
PaTypPHO-BOJIOTICHIX MHOKA3HUKIB IIOTOKiB HIPOBOAMBCA BiAHOBigHO 10
aBTOPCHKOT0 MaTeMaTHYHOTO Mozeaio [16] i3 3acTocyBamHAM IIporpa-
MHOTO mpoxykTy Multistage fluidizer® [17] (puc. 5).

IIpu nmpomMy mporpaMHUii MPOAYKT YMOMKJINUBJIIOE IPOBOIUTHU PO3pa-
XYVHOK TeXHOJIOTIUHHX IIapaMeTpiB mpolecy ogep:kaHua rpamys ITAC
3 HAHOIIOPUCTOIO CTPYKTYPOIO 3aJeKHO BiJi KOHCTPYKTUBHUX 0OCOOJIH-
BoCTel mep(opoBaHOr0 MOJTUUYHOTO KOHTAKTY.

IIpuxmgan pospaxyHKy uacy mepebyBauus rpanyau ITAC B pobouo-
My IIPOCTOpPi CyIlIapKM HaBemeHO Ha puc. 6, IpUKJIag PO3pPaxXyHKY Te-
MIIePATyPHO-BOJIOTiCHIX XapaKTepUCTUK IIOTOKiB — Ha puc. 7.

IIpunanu i obiagHAHHSA:

— I BU3HAUEHHA TiAPOAWHAMIUHMX XapaKTepUCTHUK PYyXy IIOTOKiB
— repmoanemometrp TES-1340;

— IJIsT BUMipIOBaHHA TeMIIEpaTypHu IOBIiTpA — PTYTHUII TepMoMeTep;
— IJid BUMipIOBaHHA BUTPATHU NIOBITPA — KaMepHa fAisgdparma, BAMi-
pIOBAIbHUN II€PETBOPIOBAY IIepemnangy THUCKY;

— )1 BUMipIOBaHHS BUTPATH BOJAH, II[0 HAAXOAUTH JO MICTKOCTH AJIA
IPUTOTYBaHHA PO3UYUHY, — POTAMETP;

— JisS BUMIipIOBaAHHA TeMIIepaTypu B Kajgopudepi — TepMmomapa
TC10-C, nmorenmiomerp peectpyBaiabuuii camonucuuii KCII-+/3;

— IS BUMipIOBAHHSA TeMIepaTypu B PoOOUYOMY HPOCTOPi I'paHyIsaTOpa
— remaoBizop Fluke Ti25, mipomerp Victor 305B-%;

— I BUMIpPIOBaHHS BOJIOTOCTH I'PAHYJ i HOBITPA — MYJIbTHMETEDP
DT-838, mienbkomerpuunuii Bosoromip UBIIM-2C;

— IJs BU3HAUYEHHA MIiITHOCTH I'paHys — ekcreHsdomerep WIIT-1, mpu-
Jan ays BuMiproBamua mimmoctu MUII-10-1;

— IS BUMipIOBAHHSA YTPUMYBAJLHOI 3JaTHOCTU I'PAHyJ — IEHTPU-
dyra xyrosa masorabaputua I1YM-1;

— 1A JOCJTiIKEeHHSA MiKPOCTPYKTYPH I'DaHYJ — CKaHYBaJbHUM eJeK-
TpoHHUU MiKpockon eTescan Vega 3 (1151 CTBOpeHHS BYIJIEIeBOI ILTi-
BKU Ha moBepxHi rpamynu — Carbon evaporation head CAT7625 rta
SC7620 high resolution, manual Sputter Coater).
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Puc. 5. IaTepdeiic mporpamuoro npoaykTry Multistage fluidizer®.’

3. PEBYJIBTATHU TA IX OBI'OBOPEHHS

PesyabraTi MiKpOCKOIIil I'paHyJ 3a Pi3HMX yMOB iX Ofep:KaHHS Ha-
Beneno Ha puc. 8—10. Amanisa mammx puc. 8 moxasye, 110 y pasi He-
Iomep:KaHHA PO3PaXyHKOBOTO YacCcy CYIIiHHS BHYTpPilllHI Imapum r'pa-
HYJV TOYMHAIOTH PYHHYBATHUCA dUepe3 HAAMIpHY KiJIbKiCTh BOJIOTH
(puc. 8, a), a60 B MpUIOBEPXHEBUX IIapax I'PAHYJM Uepeld MIigBUIIeHi
TepMiuHi HANPYKeHHS ITOYMHAIOTh 3 SABIATHCSI <«MeXaHiuHi» mopu
(puc. 8, 8). ¥ pasi uiTKOro momep:;KaHHSA HeoOXimHoro uacy (piHaabHO-



@®IHAJILHE CYIITHHST TPAHYJI AMITYHOI CEJIITPU 3 HAHOCTPYKTYPOIO 431

o

Puc. 6. Brnus pagiroca rpanyam i 06’eMHOTO BMicTy aucmepcHoi (dasu B
nBoasHOMY TOTOIi Ha yac ImepeOyBaHHA YaCTUHKM.®

a 0

Puc. 7. Po3paxyHOK TeMIIepaTypPHO-BOJOTiCHUX XapaKTEePUCTUK IMMOTOKiB Impm
3MiHI KyTa HaXWIy MOJUIL: @ — CYIIMJIBHUH areHTt; 6 — rpanymau IIAC.”

ro CYIIiHHS I'paHyJjia Ma€ PO3BMHEHY PiBHOMIpHY HAHOIIOPUCTY CTPY-
KTypy IPUIOBEPXHEBUX i TIMOMHHUX IIapiB.

Amnanisza manux puc. 9 mokasye, 110 3i 30iIBIIIEHHAM CTYHEHS CTH-
CHEHHS MOTOKY HAHOIIOPKCTA CTPYKTypa IMPUIIOBEPXHEeBUX IIapiB cTae
O0inpI posBuHEeHOIO (puc. 9, a, 6). Ile mosACHIOETHCA 3MEHIIEHHIM
mBuAKocT pPyxy IpanHya IIAC B pobouomy IIPOCTOpPi CyHIapKm Ta
30iIBIIIEHHAM Yacy KOHTAKTY IX 3 MOTOKOM CyIujbHOro arerra. On-
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Puc. 8. Crpykrypa rpanyau ITAC 3ame:xHo Big uacy TepmooOpobienHs (Tpu-

CTyHeHeBe CYIIiHHA): @ — «TigpoAWHaAMiUHMI» Yac CYIIiHHS MEHIIEe «Tep-
MOJIMHAMIUHOTO»; 6 — «TigApoAMHAMIiUHMII» Yac CYIIiHHA AOPiBHIOE «TepPMO-
INHAMIYHOMY»; 6 — «TiApoAWHaMiuHMWIi» UYac CYIIiHHA OiJbIlle «TepPMOIU-

HaMiuHOTO» .5

a | 0 ] i 8

Puc. 9. Bunue crynmeHs CTUCHEHHA IOTOKY (0 HA XapakTep HAHOIOPHCTOL
cTpyKTypu: a — ¢=0,25; 6 — ¢=0,4; 68 — ¢=0,5.°

HaK IIicJasA MOCATHEHHA 3HAUEHHA CTyIeHA cTucHeHHs ¢ = 0,4 BHacJIi-
IOK IeperpiBy rpanyau (30iJbIlIeHHA «TiAPOAMHAMIUHOrO» uYacy IIe-
pebyBaHHA T'PaHYJIMW B CYIIIapIli B MOPiBHAHHI 3 «TE€PMOJMHAMIUHUM »)
CTPYKTypa HOp NOYMHAE 3MiHIOBATHUCA: KiJbKiCTh NPAMOJIHIAHUX
MaKpOIIOp cTa€ OijbIOI0, IO € HebaKaHUM [IJsA IIPUIIOBEPXHEBUX
mrapiB (puc. 9, 8).

OkpiMm TOTrO, OZEep:KaHi MAKPOMOpPU MAalOTh 31e0iJbIIIOro «MeXaHiu-
HY» IIPUPOAY. Y TBOPEHHS «MeXaHIuHHX» MAaKpoImop (AK i Bcix iHImmx
Iop, HesaJIe;KHO BiJ po3MipiB i KoH@iryparii) 36inmbirye BOUPHY 371a-
THicTh r'panyau [IAC BimTHOCHO AMCTHIATY OU3EJIbBHOTO MajuBa. B Toi
JKe uac yTpUMYyBaJIbHA 3JaTHICTL IPU 30iJbINIEeHHI CTyHmeHs CTHUCHEH-
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HSA IIOTOKY IIOYMHAE 3MEHITYBATHCS BHACJIIIOK MOKJINBOCTH BiJIBHOTO
BUXOAY AUCTUJIATY MM3€JILHOTO MaJnBa 3 IPAMOJIHIAHIX MaKpPOIIOP.

TakuM YMHOM, AK OITHMAJLHUHA CTYHiHb CTUCHEHHS IIPUAMAETHCS
nmoka3HuK ¢ = 0,4. Takox npum mogaJbIIIOMYy AOCHi:KeHHi OyAyTH BU-
KOpHCTaHiI gaHi, ofep:KaHi IJad BUOAAKy, KOJU HEOOXimHMU «Timpo-
IVHaMiUHUII» dYac CYIIiHHA JOPiBHIOE «TepMoAmMHaMiuHOMYy» (dacy
BUJAJIEHHSI BOJIOTH IO HOPMATHBHOTO MOKAa3HUWKA), K Ile 3a3HAYEHO B
[18].

XapakTep 3MiHM CTPYKTYypU NPUIOBEPXHEBUX 1 I'TMOMHHUX HaHO-
MOPUCTUX IMapiB Ha KOMKHOMY 3i CTYIIEHIB CyITapKU IIPOJEMOHCTPO-
BaHo Ha puc. 10 (CTPYKTypy I'paHyJIM IIicJA TPEThOTO CTyHeHsA (iHa-
JBHOTO CYWIiHHA HpeAcTaBjieHO Ha puc. 9, 6). B Tabauii HaBemeHO
mami miomo BiactuBocteil rpamya IIAC micas cragmii gimanpHOro cy-

Puc. 10. 3mina BHYTpPilIHBOI CTPYKTYPH HAHOIOP HA CTYNEHAX CYIIapKN:
a — Tmepmuii CTYmiHb; 6 — APyrHit cTymins. '

TABJUIIA. BaactuBocrti rpanya IIAC micaa crazmii ¢piHambHOTO CYITiHHS Ha
KOXKHOMY 3i cTymerniB cymaprn.!!

ot
¥a] < ~ H-H.Hclsa
& b < : EEHA >
iz s | S T e 282 SEESH
SN g 8 = = S B Ea2gae
> i B> | E <) =N SRS -S
B S o= « A B - EBH>E
b= =g H o 13 CGQ""' fas] Ome
© S, o X 2. ° ZH TS ga
o 8 CRe s = T g maE%
o B o= < 5 B 8 o g E 1_‘2
SRS = = o, s Z o S
g 2 g B E(gg S 58
. o o
o S < [ B E:Elgm
1 0,4 8,9 10,3 0,49 2,25
0,4 9,0 10,6 0,52 2,29
3 0,4 9,1 10,9 0,54 2,32
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IIiHHA Ha KOYKHOMY 3a cTymeHiB cymapku (mpu ¢ = 0,4). AHariza mi-
KPOCKOIIiI I'paHyJI i MTOKasHUKIB IXHBOI AKOCTH TIOKasaja, Io ITij Jac
(iHaabHOrO CYIIMiHHA MIITHICTH I'PaHYyJIM He 3MIiHIOETBHCH; Iell (aKT €
OificTaBOIO JJIA YCIIIIIHOTO TPAHCIOPTYBAHHS I'PAHYJ OO MiCIld IIPO-
BelleHHs BUOYXoBUX pobiT Ges ix pylimyBamua. Ha Bcix Tpbox cTyme-
HAX cyIlapku 3adgiKcoBaHO YTBOPEHHS MiKpO- Ta Me30HOp KPUBOJi-
HiftHOI KoH(Diryparii 3i 36iMbIIIEHHAM iXHBOI KiJIBKOCTH Bif CcTyIeHs
mo cryneHs. Ili HaHOIOpM MPAKTHUYHO He 3MiHIOIOTL 3HaUeHHS BOUD-
Hol 3marHocTu rpamynu ITAC, ajge BIIMBaOThH Ha 30iJIbIIIEHHA YTPU-
MYBaJILHOI 3JaTHOCTM Ta HOKA3HUKIB BigHOCHOI ILIOmIi mop. Taxkum
YMHOM, OCHOBHE 3aBIaHHs, — 30iJLINTEHHA YTPUMYBAJIbHOI 3aTHOCTH
rpauyn ITAC mpu s0epe:xeHHi IXHBOI MIiITHOCTH, — BUKOHYETBLCSA IIO-
BHicTiO. Ile mae mizcTaBu BBasKaTU CTaAilo iHaJIbHOTO CYHIiHHA ede-
KTHUBHOIO IJsA (pOPMYBaHHS caMe BHYTPIIIHBOI HAHOIOPUCTOI CTPYK-
TYpH.

4. BAICHOBRH

Hageneni B po0oTi pe3yabTaTu AOCTiAKeHb YMOMKJIUBJIIOIOTL 3MifiCHN-
TN miAbGip omTMMaJbHOI KOHCTPYKILI r'paBiTailifiHol MOJUYHOI cyIap-
KM, MMOKa3HUKA CTHCHEHHA NHOTOKY (AKWII BM3HAUA€ NPONYKTUBHICTH
CYIIIapKM) Ta XapaKTEPUCTUK CYIIUJIBHOTO areHTa.

Bubip xomcTpykiii mepdopoBaHoi moauili Ta xapaktepy ii posrta-
ITyBaHHSA B amapaTi BM3HAUa€ «TigpommHaMiuHuii» uac mepebyBaHHS
rpauyau ITAC 3 ypaxyBaHHAM CTYIeHA CTUCHEHHS IIOTOKY.

PospaxyHOK KiHeTHMKHN 3MiHU TeMIepaTypHO-BOJIOTICHUX XapaKTe-
PUCTHK CYIIMJIBHOTO areHTa i I'PAHYJ YMOMKJIMBIIIOE OJEPKaTH HeoO0-
XigHUN <«TepMoOOUHAMIUHUIi» uac mepebyBamHs rpamyaum ITAC y cy-
mapii. [licasa npoBefeHHA TAaKOTO PO3PaAxXYHKY Ta IIPOEKTYBAaHHSA CY-
IIapKy IiJ «TepMOAMHAMIUHMIl» uac mepedyBaHHS, AK IIOKAas3ajau pe-
3yJIbTATH MiKPOCKOIIil, B IIPUIIOBEPXHEBUX i I'MUOMHHUX Iapax rpa-
mysqu IIAC cTBOpoOEThCA Mepe:ka MiKpO- Ta Me30mop KPUBOJIiHiHHOI
KoHpiryparii. IIpu 11boMy BUKOHYETHCSA yMOBA 3a0e3meUeHHS MiITHO-
ro Anpa rpa”HyJin.

AHajiza CTPpYKTypu I'DaHYJM IIiCJA KOKHOTO 3i CTYIEHIiB CyIIapKu
YMOKJIMBJIIIOE KOPUI'YBATH TEXHOJIOTiUHI mapameTrpu pPobOTM amapara
y pasi sMiHM TOYaTKOBUX AAHUX IJA PO3PaXyHKY (IIOUYAaTKOBOI BOJIO-
TOCTHU Ta TeMIOEepPaTypu I'DaHYJU, CTYNEHS CTUCHEHHSA IIOTOKY TOIIO)
0e3 3MiHU KOHCTPYKIIii.

IIpencraBieHny poboTy BuKoHauo 3a miarpumxu MOH Vikpainu B
pamiKax mpoeKTy «TexHosoriuHi ocHOBU 6araToCTyImeHEBOTO KOHBEK-
TUBHOTO CYIIIiHHA B MaJloTa0apUTHUX yCTAHOBKaX 3 OJIOKaAMU YTHUJIi-
sarii Ta perymepairii Temma» Ne 01200100476 ta 3a miarpumiu Cul-
tural and Educational Grant Agency of the Slovak Republic (KEGA)
B pamkax npoekTy No. KEGA 002TnUAD-4/2019.
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02001 Puchov, Slovak Republic

! Fig. 1. Periods of drying PAN granules: I—warming of pellet; II—period of constant drying
rate; III—period of descending drying rate.

2 Fig. 2. Technological scheme of fabrication of PAN (hydration and thermal treatment area).
Area elements: BI'—vortex granulator; I'TIC—gravitational shelf dryer; T—heat exchanger;
I'—gas blower; H—pump; K—compressor; Tp—conveyor; B—bunker. Flows: 1-1—retour (pel-
lets of ordinary ammonium nitrate); 2-2—heat-transfer agent (technological air); 3-3—
humidifier; 4-4—air for dispersing the humidifier; 5-5—pellets for final drying; 6-6—
packing pellets; 7-7—spent heat-transfer agent; 8-8—pair; 9-9—water condensate.

3 Fig. 3. Scheme of experimental stand: TTIC—gravitational shelf dryer; IT—a cyclone; B—
air extractor; €—a container; 1—drying agent; 2—spent drying agent; 3—purified gas; 4—
PAN pellets; 5—PAN pellets after the final drying stage; 6—small particles.

4 Fig. 4. Gravitational shelf dryer: 1—vessel; 2—perforated shelves.

® Fig. 5. Multistage fluidizer® software interface.

5 Fig. 6. Exposure to the radius of pellet and volume content of the dispersed phase in the
two-phase flow during the particle residence time.

“ Fig. 7. Calculation of the temperature and humidity characteristics of flows when changing
the angle of the shelf tilt: a—drying agent; 6—pellets PA.

8 Fig. 8. The structure of PAN pellets depending on the time of heat treatment (three-stage
drying): a—‘hydrodynamic’ drying time less than ‘thermodynamic’ one; 6—‘hydrodynamic’
drying time equals ‘thermodynamic’ one; 6—‘hydrodynamic’ drying time more than ‘thermo-
dynamic’ one.

9 Fig. 9. The impact of the compression ratio of the flow ¢ on the nature of the nanoporous
structure: a—¢ =0.25; 6—¢ =0.4; 6—0 =0.5.

10 Fig. 10. Change of the internal structure of the nanopores on the shelves of the dryer: a—
first shelf; 6—second shelf.

11 TABLE. PAN pellets’ properties after the final drying stage at each shelf of dryer.



Hawnocucmemu, HaHomamepiaiu, HAHOMEXHOLO2IT © 2020 IM® (IacturyT MeTanodisukm
Nanosistemi, Nanomateriali, Nanotehnologii im. I. B. Kypaiomosa HAH Vkpainu)
2020, 1. 18, Ne 2, cc. 437-447 HanpykoBazo B YkpaiHi.
doroKonioBaHHA JJO3BOJIEHO

TiJbKY BigmoBigHO M0 JineHsil

PACS numbers: 61.05.cp, 68.37.Hk, 81.05.Rm, 81.20.-n, 87.15.La, 87.64.km, 87.85.Lf

Effect of Chitosan Coating on the Structure and Properties of
Highly-Porous Bioceramic Scaffolds for Bone Tissue Engineering

0. Eu. Sych!, A. P. Iatsenko?, T. V. Tomila', O. I. Bykov', A. Chodara?®,
R. Mukhovskyi?, J. Mizeracki®, S. Gierlotka®, W. Lojkowski?, and
Y.I. Yevych!

!Frantsevich Institute for Problems of Materials Science, N.A.S. of Ukraine,
3, Krzhyzhanovsky Str.,

UA-03142 Kyiv, Ukraine

2National Technical University of Ukraine

‘Igor Sikorsky Kyiv Polytechnic Institute’,

37, Peremogy Ave.,

UA-03056 Kyiv, Ukraine

3Institute of High Pressure Physics of the Polish Academy of Sciences,
29/37, Sokolowska Str.,

01-142 Warsaw, Poland

Highly-porous bioceramic scaffolds based on biogenic hydroxyapatite with
addition of 40 wt.% of glass (wt.%: 45.7 SiO,, 28.2 B,0;, 26.1 Na,0)
were prepared by foam replication method at 700°C followed by coating of
chitosan dissolved in 1% acetic acid solution and drying at 50°C. Bioceramic
samples were studied by XRD, IR spectroscopy and SEM. Phase composi-
tion, morphology, skeleton density, porosity, compression strength and in
vitro tests were evaluated. The results show that, during sintering, the
biogenic hydroxyapatite in bioceramic composition is stable and keeps hy-
droxyapatite phase without secondary phase formation. Chitosan coating
shows twofold increase in the compression strength in comparison with
pure bioceramics. Moreover, chitosan coating significantly influences on
the structure of highly-porous bioceramic scaffolds and dissolution rate in
saline. Thus, balanced porosity and compression strength and dissolution
rate make the prepared materials promising for bone marrow stromal cell
loading, drug delivery and bone tissue engineering application.

Bucokomopucti 6iokepamiuni migkJIagMHKT HA OCHOBI 6iOreHHOTrO TiApPOKCH-
anatuty 3 gomaBanusam 40 mac.% ckia (mac.%: 45,7 SiO,, 28,2 B,0;, 26,1
Na,0) 6ys0 omep:kaHO METOAOM AYOJIOBAHHA CTPYKTYPH IIOJiMepHOI MaT-
puni mpu 700°C i3 HacTymHMM HAHECEHHSAM IMOKPUTTS XiTO3aHy, PO3UMHE-
Horo B 1% -posunHi o1ToBoi KucaoTu, Ta cyirkoio mpu 50°C. 3pasku Gioke-
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pamiku Oyau mocaimsxkeni meromamu P®PA, IY-cuerrpockormii Ta CEM. Ouri-
HIOBaJqin (asoBUU CKJIaK, MOP(dOJIOTiI0, iCTUHHY I'yCTHHY, MOPUCTICTH, MIiIl-
HiCTh Ha CTHUCK i BUKOHYBaJM AOCainu in vitiro. PesymbraTu moxkasayu, II10
mpu cuikaHHi GioreHHUH rigpokcuanmatutr y 6iokepamiuniii Kommosuilii cra-
6inmbHMII i 36epirae ¢asy rigpokcuamaTuTy 0e3 yTBOPeHHsS BTOPUHHUX (as.
XiTo3aHOBe MOKPUTTS IMOKAa3aJyio 30iJIbIIIeHHA MiIlHOCTHA HA CTUCK y 2 pasu y
mopiBHAHHI 3 uncTol0 Giokepamikoro. Kpim Toro, xitosamoBe HMOKPHUTTA ic-
TOTHO BILINBAE€ Ha CTPYKTYPY BUCOKOIOPUCTUX OioKepaMiuHMX migkjIamu-
HOK i MIBUAKICTH po3uuHEHHS iX y (isiosoriuromy posumni. TakuM UMHOM,
0ajaHC IOPUCTOCTU, MIITHOCTM Ha CTUCK i IIBUAKOCTH DPO3UYMHEHHA DPOOUTH
oJlep:KaHi MaTepidayu MepPCHeKTUBHUMHU HOCiIMU CTOBOYPOBUX CTPOMAJBLHUX
KJITHH KiCTKOBOTO MO3KY, AJsA AOCTABKHU JiKapchbKuX 3acobiB i 3acTocyBaH-
HA B iHKeHepil KicTKOBOI TKaHUHMU.

BricokomopucThie OMOKepaMUUecKe MOMJIOMKKK Ha OCHOBE OMOTeHHOTO T'H-
pokcuanarura ¢ mobasienumem 40 macc.% crekaa (mace.%: 45,7 SiO,, 28,2
B,0;, 26,1 Na,0O) 6bL1y mOJy4eHBI METOZOM AYOJIUPOBAHUA CTPYKTYDPHI IIO-
aumepHoit Marpunbsl npu 7(00°C ¢ mocieayoIUM HaHeCeHHEeM HTOKPBITUSA
XUTO3aHAa, PacTBOPeHHOro B 1% -pacTBope YKCYCHOII KMCJOTBI, W CYIIKOH
mpu 50°C. OG6pasmbl OGHMOKEepaAaMHKM OBLIN HCCJIeTOBAaHBI MeTomamMu PDA,
NK-cuexTpockonuu u COM. Briiu oneHenbl ¢Gas30BbBIii cocTas, Mopdosorus,
WCTUHHAS IIJIOTHOCTH, MIOPUCTOCTDH, MPOYHOCTb HA CXKATHE U IIPOBEJEHLI Te-
CcThI in vitro. PesyabTaThl MOKasajaM, UTO IPU CIEKAHUYW OMOTeHHBIN TH/I-
POKCHANATUT B OMOKEPAMUUYECKON KOMIIOBUIIMM CTAaOMJIeH U coxXpaHsdeT (asy
rugpokcuanatuTa 6e3 o0pas3soBaHUA BTOPUUYHBLIX ()a3. XUTO3aHOBOE ITOKPBI-
THe IOKAa3ajio yBeJMUYeHNe MPOUYHOCTU Ha ciXKaTue B 2 pasa II0 CPaBHEHUIO C
yucTol GmoKepaMuKoii. KpoMe TOro, XMT03aHOBOE MOKPHITHE CYIIECTBEHHO
BIMWSIET Ha CTPYKTYPY BBICOKOIOPUCTBIX OMOKEPAMUUYECKUX IIOIJIOKEK U
CKOPOCTh MX PACTBOPEHUSA B (pmamosiormueckomM pacTBope. Taxum obpasom,
0ajlaHC MOPUCTOCTY, MIPOYHOCTH HA CHKATHE WM CKOPOCTH PACTBOPEHUS [ejaeT
TMOJIyYeHHbIe MaTepUasbl MEPCIeKTUBHLIMU B KauecTBe HOCHUTEJeH CTBOJIO-
BBIX CTPOMAJIbHBLIX KJIETOK KOCTHOTO MO3Ta, IJis AOCTABKH JEKapPCTB U IIPU-
MEeHeHUA B WHIKEeHePUU KOCTHOM TKaHU.

Key words: hydroxyapatite, chitosan, highly-porous material, foam repli-
cation method, biomaterial.
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1. INTRODUCTION

The organic/inorganic composites for the treatment of bone diseases
have been of great interest due to their ability to combine the ad-
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vantages of polymeric matrix with those of inorganic components
and their better properties compared with the pure components.

Bioceramics based on the synthetic and biogenic (natural) hydroxy-
apatite (HA), Ca,((PO,)s(OH),, is most widely used as scaffolds due
to significant chemical and physical resemblance of HA to the min-
eral constituents of human bones and teeth, its excellent biocompat-
ibility, bioactivity and osteoconductive properties [1]. The ability to
regenerate human tissue depends on the porosity of scaffolds struc-
ture that should be interconnected with proper pore size 100-600
um and more 70% to enable cell infiltration, tissue ingrowth and
vascularization, and nutrient delivery to the centre of the regener-
ated tissue [2]. In our previous works, it was shown that highly-
porous glass ceramics based on biogenic hydroxyapatite (BHA) pre-
pared by foam replication method [3—5] increase the cloning effi-
ciency and stimulate proliferation and differentiation of marrow
stromal cells [6].

At the same time, chitosan is a unique polysaccharide-based biopol-
ymer (deacetylated derivative of chitin) that shares a number of
chemical and structural similarities with collagen. The high content
of reactive functional groups along chitosan molecule provides pos-
sibilities of its structure modification. Chitosan has good biocom-
patible, non-toxic, biodegradable and inherent wound healing char-
acteristics, as well as bioactivity that includes haemostatic, fungi-
static, antibacterial, antitumoral, anticholesteremic and the most
important osteoconductive properties, supports the growth, func-
tion and cellular activity of osteoblasts. It is a flexible polymer and
does not meet the mechanical properties of natural bones, but modi-
fication of bioceramic scaffolds with controlled morphology by chi-
tosan is promising for medical use [7—11].

The present work is aimed on studying the effect of chitosan coating
on the structure and properties of highly-porous bioceramics.

2. METHODS AND MATERIALS

In the present work, the following starting materials were used for
samples preparation:

i) BHA obtained by calcination of cattle bones at 900°C followed
by grinding to particle size <160 pym. In our previous studies [12,
13], the BHA morphology has been investigated by the method of
transmission electron microscopy, and it was established that the
BHA powder was composed of irregularly formed agglomerates
from round 100-500 nm particles.

ii) sodium borosilicate glass (wt.%: 45,7SiO,, 28,2B,0,,
26,1Na,0) was produced by melting a mixture of the glass-forming
components at 1200°C followed by grinding to particle size <160



440 O. Eu. SYCH, A. P. IATSENKO, T. V. TOMILA et al.

pm;

iii) foamed polyurethane matrix (ST 3542, Interfoam) with a
permeable porous structure (porosity 95%);

iiii) commercial Chitosan-50 powder ((C;H,;NO,),, M = 500,000,
Wako Pure Chemical Industries Ltd.).

Highly-porous bioceramic samples (BHA/B,O; glass) were made
using foam replication method described in [3—4], which includes
the following procedures. Ceramic slurry was prepared based on
BHA and sodium borosilicate glass (60/40 ratio, wt.%) using 0.1%
gelatine water solution at ball mill. Prepared slurry was put on
foam template followed by drying at 80°C for 4 h and sintering in a
muffle furnace (SNOL-1,7.3.1,2/1200) at 700°C (heating rate
3°C/min, maintaining 1 h). Moreover, prepared bioceramic samples
were coated (impregnated) with 1% chitosan solution in 1% acetic
acid solution and dried at 50°C to constant weight.

The phase composition of starting powders and prepared highly-
porous samples was controlled by x-ray diffraction (XRD) analysis
using X’Pert PRO (PANalytical) diffractometer equipped with a
copper anode (L=1.54 A) and infrared (IR) spectroscopy using a
Fourier-spectrometer FCM 1202 (Infraspectr) in the frequency
range 4000—400 cm ™ using KBr pellets.

The structure of the samples was examined using scanning elec-
tron microscopy (SEM) by Zeiss Ultra Plus (Carl Zeiss Meditec AG,
Germany) microscope.

The total porosity of the samples was calculated using the skele-
ton density values measured by helium pycnometer AccuPyc II 1340
(Micromeritics) at room temperature according to ISO 12154:2014
and apparent density calculated based on geometric dimensions and
mass of the samples. Open porosity measurement was performed in
ethanol using the Archimedes principle.

Compression strength was determined with the aid of a multipur-
pose machine Ceram Test System (Ukraine) with loading rate 0.02
mm/min.

In vitro experiments of highly-porous samples, in particular dis-
solution rate in saline (0.9% NaCl water solution), was evaluated at
a solid/liquid ratio of 1:50 after 2 days soaking in a thermostat at
36.5+ 0.5°C followed by determination of mass loss on an analytic
balance ‘OHAUS Pioneer PA214C’ (OHAUS Corporation, China).

3. RESULTS AND DISCUSSION

Figure 1 demonstrates XRD patterns of initial chitosan and BHA
powders as well as highly-porous bioceramics with and without chi-
tosan coating. The pure chitosan powder showed the characteristic
peaks of chitosan at 20.2° and 39.9° (JCPDS Card No. 39-1894).
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Fig. 1. XRD patterns of starting chitosan, BHA and bioceramics with and
without chitosan coating.

BHA presented by the crystalline HA phase Cay(PO,);(OH), corre-
sponding to the standard data in JCPDS Card No. 09-0432. Ceramic
samples preserves HA phase composition, which confirms the litera-
ture information and our previous investigations of BHA thermal
stability [14-17]. XRD patterns of highly-porous bioceramics with
and without chitosan coating have peaks with lower intensity in
comparison to the initial BHA that connected with the presence of
amorphous phase of glass and organic chitosan in the samples.
These results are confirmed by IR spectroscopy data.

Figure 2 shows IR spectra of initial BHA and chitosan and
BHA/B,0; glass samples with and without chitosan coating. The
spectrum of initial chitosan showed characteristic peaks of methylene
(CH,) at 1420, 2875 and 2930 cm ', amide I (C=0) at 1655, 1635
and 1463 cm™, amide II (N-H deformation in NH,) at 1602 and
1560 cm™ and amide III (C—N) band at 1321 cm™ [18—-21]. The CH,
symmetrical deformation was confirmed by the presence of band
around 1380 cm™. The adsorption band at 1155 cm™ can be at-
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Fig. 2. IR spectra of starting chitosan, glass, BHA and bioceramics with-
out and with chitosan coating.

tributed to asymmetric stretching of the C—O—C bridge. The bands
at 1075, 1030 and 898 cm™ correspond to C—O stretching and band
at 670 cm ™ connected with free amine [20, 22]. The bands at
around 1260 and 3435 cm ' correspond to the stretching vibration
of hydroxyl groups overlapped with N—H stretching bands. All of
these identified bands are characteristic of chitosan [23].

The spectrum of sodium borosilicate glass indicates the presence of
asymmetric valence B—O vibrations in the trigonal coordination of
boron (BO;) in the range 1500—-1400 cm ™ and deformation vibrations
B—0-B at = 700 cm™'. The absorption bands in the region = 1150-950
cm ™' associated with the Si—O—Si and B—O-B valence vibrations and
band at =470 cm ™ corresponds to the deformation Si—O—Si vibrations
of SiO,*. Moreover, the spectrum contains bands the OH  group at
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~3440 cm ™ and = 1635 cm™, which connected with valence and de-
formation vibrations, respectively. The IR spectrum of BHA has
characteristic bands of crystalline hydroxyapatite related to the vi-
brations of PO,* (1090, 1050, 960, 604, 570, and 470 cm ™) and OH"
(3570, 3440, 1630, 630 cm') groups. In addition, the spectrum re-
flexes the vibrations of the carbonate group at = 1550, 1457, 1415,
880, and 800 cm™ and CO,*-ions are located in both the A-site (re-
placing OH™ groups) and the B-site (replacing PO,*" groups) [24—26].

For BHA/B,0O; glass bioceramics with and without chitosan coat-
ing we can see overlapping IR absorption bands of BHA, sodium bo-
rosilicate glass and chitosan and broadening and decreasing in the
intensity of all main line that attributed to HA that connected with
the presence of amorphous glass phase and organic chitosan. IR
spectroscopy did not fix formation of new bands.

Prepared bioceramic samples have an open interacted pore struc-
ture with pore size from 10 to 700 nym characterized by the presence
of arc-like separation walls, which prevent from formation of com-
pletely closed cells and disconnected volumes in the material (Fig. 3).
Moreover, ‘closed bubbles’ that forms due to the liquid-phase sinter-
ing and low viscosity of glass at sintering temperature and vitrified
particles are presented. After chitosan coating the surface of compo-
sites have ‘film’ and at high magnification the chitosan particles like
flakes have been observed. The total and open porosity for BHA/B,0,
glass samples is equal to 93.7 and 71.5%, respectively. After chi-
tosan coating, the total and open porosity was slowly decreased to
93.2 and 69.0%, respectively.

Figure 4 lists the results of skeleton density of starting materials
and bioceramics without and with chitosan coating. For BHA/B,O,
glass samples the density values is lower than the same one for
BHA and glass that could be connected with the features of liquid
phase sintering of materials and formation of 22% of closed porosi-
ty. Chitosan coating practically does not affect the density due to
low density and content.

It was established the significant influence of chitosan coating on
dissolution rate and structure of bioceramics after interaction with
saline. The dissolution rate of BHA/B,0; glass samples without and
with chitosan coating was found to be 3.3 and 5.5 wt.% /day. Ac-
cording to SEM results, the structure of the samples significant
changes after experiments in vitro (Fig. 3). After interaction with
saline, the surface of BHA/B,0O, glass composites leaches and parti-
cle of BHA have been observed (at high magnification). For bioc-
eramic samples, we can see decreasing the particle size on the sur-
face of the material due to its partial dissolution.

Moreover, it was shown that chitosan coating allows 2 times in-
creasing the compression strength of bioceramic samples from 0.25
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before experiments in vitro after 2 days soaking in saline

BHA/B,Os glass Lo D203 Elass BHA/B,Os glass DL/ /B20s glass
o chlto coating

x 200 x 150

x 500

x 5 000

x 10 000

x 40 000

Fig. 3. Structure of bioceramics without and with chitosan coating before
and after experiments in vitro.

to 0.55 MPa. It should be noted that the obtained strength of the
material is sufficient to perform the required manipulations during
implantation with no failure of the samples.

4. CONCLUSIONS

The prepared highly-porous bioceramic scaffolds based on biogenic
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Fig. 4. Skeleton density of starting chitosan, glass, BHA and bioceramics
without and with chitosan coating.

hydroxyapatite and sodium borosilicate glass with chitosan coating
were prepared by foam replication method and evaluated for their
composition, structure, mechanical properties and behaviour in vitro
(in saline). The XRD and IR spectroscopy results showed no phase
transformation of hydroxyapatite in bioceramics scaffolds. It was ob-
served that there was significant increase in the compression
strength of the bioceramic samples after chitosan coating from 0.25
up to 0.55 MPa as compared to the samples without coating. From
SEM and in vitro investigations, it can be concluded that chitosan
coating significant influences on the structure of scaffolds and disso-
lution rate in saline. These observations indicate the potency of pre-
pared scaffolds for the use in biomedical applications.
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B 1. Kuese (Ykpauna, 04053 Kues, yi1. Byrssapro-Kyapsasckasa, 11°)

Ha pacuérublii cuét Ne UA603223130000025308000000067

M®O 322313

nias «IIOCTABIMUKA» — HMucturyra Meramnopusuxku um. I'. B. Kypaiomosa HAH Vkpauubt
HABHAYEHUE ILJIATE¥A: 3a coopuuk «Hanocucremu, HaHOMaTepiaan, HaHoTexHOJOTII» st PO
NM® HAHY

OCHOBAHUE: npegomata 100%

IIpu 3TOM cocoGe MOAIMUCKH HEOOXO0IMMO COOOUIUTH PeJAKIMU COOPHUKA 10 IIOYTOBOMY aipecy:
PHIO (Ne83) UM® HAHY,

oyabB. AKan. Bepuaackoro, 36,

03142 Kues, YKpauHa

e-mail: tatar@imp.kiev.ua; daxc: +380 44 4242561 ; renedon: +380 44 4229551, +380 44 4249042

ATy OILIAThI, HA3BaHWE YUPEXKJEHUS WJIN UMs HOJINCYMKA, aApec AJIA IIOYTOBOM NOCTABKH, a IPU
HEOO0XOJMMOCTA — CBOM PEKBUBUTHI [JISI HAJIOTOBOM HAKJIATHOM.

IlepuoguuHOCTE — TOM U3 4 BBITYCKOB B TOJ.

C y4éTOoM MOYTOBOI IIE€PECHLIKYU

ISl TIOANUCYUKOB B Y KPAWHy MOANMCHASA CTOMMOCTh: OZHOT'O 9K3eMILIsApa BhIlycKa — 312 rpH., Toma
— 1248 rpH.;

na noanucyukos B crpanbl CHIT moANKMcHAsS CTOMMOCTD: OJHOTO 9K3eMILIApa Beimycka — 37 USSP, Toma
— 148 US$;

UL MHOCTPaHHBIX moanucyukoB BoBHe CHI' mopmmcHAas CTOMMOCTB: OZHOIO 9K3eMILIApA BhIycKa — 40
US$ (37 EUR), Toma — 160 US$ (148 EUR).

< Oo6pasey, 0as onaamol 2000680l NOONUCKU
Cuér-akrypa
«IIOCTABIIVK» : MHCcTHTYT MeTamrodusnkn HAH YVkpaunst
«ITONIYYATEIb» : @uanan AO «I'ocymapcTBeHHBIN SKCIOPTHO-UMIOPTHLIN 6aHK YKpauHbl» B I'. Kuese
(Yxpauna, 04053 Kues, yia. Byassapro-Kyapasckas, 11°)
Ha pacuérublii cuét Ne UA603223130000025308000000067, M®O 322313
HASHAYEHUE IUIATEM¥A: 3a coopuuk « Hanocucremu, HaHoMaTepiaiu, HaHOTeXHOoJIOTi1» g UM®P HAHY
«IIMATEIBIMUAK»:
OCHOBAHME: npegomaata 100%
N HaumenoBanue En. usm. Koa-so Ilena Cymma
1 cOopuuk «HaHocucTeMu, HaHOMAaTEpiagu, 9K3. 4 37 US$ 148 US$
HAHOTEeXHOJOril» (BKJOUas JOCTABKY IOUYTOMN)
CymMa K omjarte 148 US$



mailto:tatar@imp.kiev.ua

Ingexc 94919
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