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HHPOPMAIIUA AJI1 ABTOPOB

CoopHuK HayuyHbIX TpyaoB «HaHocucremu, nanomarepiaiau, HaHorexHosorii» (HHH) ny6iaukyer emé
Heony6JINKOBaHHbIE U HE HAXOAAIIMECH HA PACCMOTPEHHUN [JId ONyOJUKOBAHUS B MHBIX N3TAHUAX HAyY-
Hble 0030PBI ¥ OPUTHMHAIbHEBIE CTATHY, COJEPIKAIIe U XapaKTePU3YIOllie Pe3yIbTaThl SKCIePUMEHTAb-
HBIX ¥ TEOPETUYECKUX MCCJIEJOBAaHMUIL B 001acTu GUSUKYU, XMMUU, METOOB CUHTE3a, 00Pa00TKHU U JUATHO-
CTHKU HAHOPa3MEPHBIX CUCTEM M HAHOMACIITAOHBIX MaTepHUasoB: KJIACTEPOB, HAHOYACTHUIL], HAHOTPYOOK,
HAHOKPHUCTAJIJIOB M HAHOCTPYKTYP (AIaTUTOMOZOOHBIX GHOCUCTEM, aMOP(MHBIX U KOJUIOUJHBIX HAHOPAas-
MEPHBIX CUCTEM, HAHOCTPYKTYPHBIX IVIEHOK U IOKPBITU, HAHOIIOPOIIIKOB 1 T.X.).

CraTbu MyOJNKYIOTCA Ha OAHOM M3 [BYX A3BIKOB: aHIVIMICKOM MJIN YKPAUHCKOM.

CraTbu, B 0)OPMJIEHNH KOTOPBIX HE COOJIIOEHEI cieaylolye npasuia qid mybaukamnuu 8 HHH, Bos-
BpAII[aloTCA aBTopaM 6e3 pacCMOTPEHUA IO cyinecTBy. ([laToit mocTymieHnsa cuuTaeTcsa JeHb IIOBTOPHOTO
IIPeJCTABJIEHNUS CTATHY IIOCJIE COBJIIONeHUsI YKAa3aHHBIX HIKe IIPABUIL. )

1. CraTps 10/sKHA GBITH MOANIMCAHA BCEMU aBTOpPaMu (C yKa3aHueM MX aJPecoB 3JIEKTPOHHOM [10YTHI);
ciaenyeT ykasaTs (paMuINIo, UMA U OTYECTBO aBTOPA, C KOTOPHIM pefaKnus OyAeT BeCTU IEePENucKy, ero
TOYTOBRIH aspec, HoMep TesredoHa (hakca), agpec 3JIeKTPOHHOM ITOYTHI.

2. N3noskeHne NOJIKHO OBITH SICHBIM, CTPYKTYPUpPOBaHHBIM (paszenamu «1. Beegenue», «2. Jkcie-
puMeHTasnbHasA/TeopeTuueckas MeTOguKa», «3. PesysabraTsl u ux obcyxaeHue», «4. BeiBogsl», «Iluru-
POBaHHAS JUTEPATYPA»), COKATHIM, 6€3 AJIMHHBIX BBEAEHUN, OTCTYILIEHUN U IIOBTOPOB, AYOJUPOBAHUSA B
TeKCTe JAaHHBIX TabJIUIl, PUCYHKOB U IOANNCEN K HUM. AHHOTAI[UA U pasxes « BoIBOABI» HOKHEI He 1y0-
JIMPOBATH APYT Apyra. YucaoBble JaHHbIE CJIe[yeT IPUBOAUTD B OOIIENIPUHATHIX €UHUIIAX .

3. 06BéMm craThu noKeH ObITH He 60s1ee 5000 ciI0B (¢ y4ETOM OCHOBHOT'O TEKCTA, TaGJINI], IOLINCEH K
PUCYHKaM, cIiucka jureparypsl) 1 10 pucyHKoB. Bompocs!, cBA3aHHBIE ¢ IyOanKanueil HAyYHbIX 0030POB
(ue 6osiee 9000 cooB u 30 pucyHkoB), pemarmTcs penxosurerneiit HHH Ha ocHOBaHWYM IpeABapUTEIHLHO
IpeoCTaBIeHHOM aBTOPAMY PACIIIUPEHHON aHHOTAI[UY PaGOTHL.

4. B pefaknuio mpegocTaBiasiercsa 1 9K3eMILIADP PYKONNCH € WIIIOCTPATHBHBIM MaTepuajoM, Haleda-
TaHHBIN Ha Oymare ¢popmara A4 yepes JBOIHOI NHTEPBAJ B OAMH CTOJIOEI] C OLHOI CTOPOHBI JINCTA.

5. B pemaxknuio o0A3aTeqbHO IpenocTaBidercs (1o e-mail min Ha KOMIakT-IucKe) Gailal pyKomucu
craThby, HaOpaHHBINA B TeKCTOBOM pegakrope Microsoft Word 2003, 2007 miau 2010 ¢ HagBaHUEM, COCTO-
AmuM us haMuIny IepBoro aBTopa (JaTuHuIei), Hanpumep, Smirnov.doc.

6. IleuaTHBII BApUAHT PYKOIIUCHU U €€ 3JIeKTPOHHA S BEPCUS JOJIKHBI OBITH HACHTUYHBIMU U COJEPIKATH
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 YKPAaWHOASBIYHBIX CTATell JOJKHBI TaKXKe COLep-
JKaTh 3aryiaBue cTaTby (BMeCTEe CO CIMCKOM aBTOPOB U aJpecaMy COOTBETCTBYIOIIUX yUPEeKAEHMHIt), pac-
mupensyto annoranuio (300—350 cioB), KIOUEBBIE CI0BA, 3aTOJIOBKY Ta0IUI] U ITOAIINCH K PUCYHKaM Ha
AHIIMIICKOM si3bIKe. KpoMe TOro, TEKCThl YKPAMHOSSLIYHBIX UM AHIVIOASBIUHBIX CTATEH NOJIKHBI GBITH
JIOTIOJTHEHBI 9TOH Ke MH(pOopMaIueil Ha PYCCKOM A3bIKe (CoaeprKaHuA aHHOTAIIMHM Ha YKPAWHCKOM U pyC-
CKOM SI3BIKaX JAOJKHBI ObITh UAEHTUYHBIMHU).

7. PucyHKH (TOJIBKO 4epHO-0eJIble WM MOJYTOHOBbIE C TPaJanyeil ceporo) mIpeJocTaBIA0TCA Ha OT-
[eJbHBIX JINCTAX C YKasaHWeM HOMepa PUCYHKa U (paMuIny mepBoro aBropa. Bece pucyHKY JOIKHBI GBITH
IOTIOJIHUTEIHLHO IIPE/ICTaBIEHbI B BUE OTAeIbHBIX (PailioB (IIpeJrouTuTe IbHO B rpaduueckux opmarax
TIFF, EPS nau JPEG) c HagBaHuAMU, coCTOAIIUMY 13 (aMUINU IIEPBOTO aBTOpa (JIaTUHUIE) 1 HOMepa
pucyHka, Hanpumep, Smirnov_fig2a.tiff. KauecTBo mumrocTpanuii (B TOM YucJie TOJYTOHOBBIX) ZOJIMKHO
obecreunBaTh UX BocupousBeenue ¢ pasgpemenueM 300—-600 Touek Ha groiiM. [[OIOJTHUTEIBHO PUCYHKY
IIpeoCTaBIATCA B hopMarTe IPOrpaMMbl, B KOTOPOI OHU CO3aBaJIUCh.

8. Hagnucu Ha pucyHkax (0CO0€HHO Ha ITOJYTOHOBBIX ) HA/IO 10 BOBMOYKHOCTY 3aMEHUTDH 6YKBEHHBIMU
o6o3HaueHnAMHY (HaOpaHHLIMU HA KOHTPACTHOM (DOHE), a KpUBbIe 0003HAUYNTD IUMPaAMU UJIU PA3IHIHOIO
THUIIA JTUHUAMYI/MapKepaMu, pas3baCHAEMBIMY B IOAINCAX K PUCYHKaM uiu B Tekcre. Ha rpadukax Bce
JIMHUY/MapKEPHI JOLKHBI OBITH YEPHOIO I[BETa U JOCTATOYHBIX TOJIIIVH/Pa3MePOB IJiA KaueCTBEHHOTO
BOCIIPOU3BEJEeHUA B YMEHBIIIEHHOM B 2—3 pasa Buje (peKoMeHIyeMas NIMpWHA pucyHKa — 12,7 cm).
CHI/IMKI/I JOJIXKHBI 6I:ITI: ‘{éTKI/IMI/I " KOHTPACTHBIMU, a HAAIIUCU U 0603Ha‘{eHI/Iﬂ JAOJIKHBI HE 3aKPhIBAaTh
CYII[eCTBEHHBIE AeTajy (s 4ero MOXKHO HMCIIOJIB30BaTh CTPEJIKM). BMmecTo ykasaHWs B IOJTEKCTOBKE
yBeJIMUEHNs NIPU ChEMKE JKeJIaTeIbHO IPOCTAaBUTh MaciITab (Ha KOHTPACTHOM (hOHE) Ha OAHOM U3 HAEH-
TUYHBIX CHUMKOB. Ha rpadukax moanucu K ocsiM, BHINOJHEHHbIE HA A3bIKe CTAThH, JOJLKHBI COJEPIKATh
o0603HaueHns (NI HANMEHOBAHU ) OTKJIAJbIBA€MBIX BEJIUUNH U Yepe3 3alsTYI0 UX eTUHUIILI U3MEDPEHU .

9. ®opMyasl B TEKCT HEOGXOJUMO BCTABJIATH C IOMOIIbI0 pegakTopa popmysn MathType, mosHOoCTHIO
cosmectumoro ¢ MS Office 2003, 2007, 2010.

10. Pucynku, a Tak:ke Ta0JIUIbI U IIOJCTPOYHEIE MPUMeYaHUA (CHOCKM) JO’KHBI UMETh CILJIOIIHYIO
HyMepaIuio 10 BCeii cTraThbe.

11. CebLiku Ha JUTEpPATypPHBIE NCTOUHUKY CJIEAYeT AAaBaTh B BUE MOPAIKOBOIO HOMEpPA, HalleuaTaH-
HOT'0 B CTPOKY B KBaAPAaTHBIX CKOOKax. CIIMCOK JIUTEepaTypPhl COCTABISAETCS B MOPAJKE IIEPBOro YIIOMUHA-
HUS UCTOUYHUKA. IIpuMepsl 0POPMIIEHUS CCHLIIOK IPUBEEHbl HUYKe; IPOCUM 00paTUTh BHUMAHNE Ha II0-
PANOK CJIeJOBAaHUSA MHUIINAJIOB U (haMuinil aBTOpOB, 6ubinorpaduuecKux CBeLEHUN U HA PasJe/uTeb-
Hble 3HAKU, a TaK)Ke Ha HeOOXOAMMOCTh YKa3aHUS BCEX COABTOPOB IUTUPOBAHHON pa6GoTHI U (B KOHIE
KaK Aol cchliIkm) e€ mudposoro nagenTuduraropa DOI, eciu TakoBoil UMeeTCA y COOTBETCTBYIOIIEH Iy0-
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1.T. M. Radchenko and V. A. Tatarenko, Usp. Fiz. Met., 9, No. 1: 1 (2008) (in Ukrainian).
https://doi.org/10.15407/ufm.09.01.001

2. T. M. Radchenko, A. A. Shylau, and I. V. Zozoulenko, Phys. Rev. B, 86: 035418 (2012).
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3. A. Meisel, G. Leonhardt, and R. Szargan, Rontgenspektren und Chemische Bindung [X-Ray Spectra
and Chemical Bond] (Leipzig: Akademische Verlagsgesellschaft Geest & Portig K.-G.: 1977) (in Ger-
man).

4.J. M. Ziman, Printsipy Teorii Tvyordogo Tela [Principles of the Theory of Solids] (Moscow: Mir:
1974) (Russian translation).
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M. Abramowitz and I. A. Stegun), Nat’l Bureau of Standards. Appl. Math. Ser. Vol. 55 (Washington,
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CiepyeTr IpUMEHSTH O0LIeIPUHSATHIE COKPAIeHUsI HA3BAHUH K YPHAJIOB ¥ COOPHUKOB TPYAOB:
http://www.cas.org/content/references/corejournals; http://rmp.aps.org/files/rmpguapb.pdf;
http://images.webofknowledge.com/WOK46P9/help/WOS/A abrvjt.html;
http://www.ams.org/msnhtml/serials.pdf

O06s3aTeIbHBIM TPEOOBAHMEM ABJISETCS IPESOCTaBIeHe JOIIOJHUTEILHOTO CINCKA IIUTUPOBAHHOM JuTepa-

Typs! (References) B matunckoit rpancaunrepanun (ciicrema BGN/PCGN; pekoMeHAyeMble TPAHCIUTEPATO-

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

JINTEePUPOBAHHBIX Ha3BaHUWII KHUT, AUCCEPTAIIV, IATEHTOB U IIP. HAJO MPUBOAUTEL B KBaJIPATHBIX CKOOKaX

WX aHTJIOA3LIYHBIH mepeBos. IIpu Tpancaurepamuu crareit us HHH nago ncnosbssoBats Hanucanue @ .1.0.
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ruu (COCTaB PEKOJIIIETNH YKa3aH Ha 2-i cTpaHuIle 00J0KKY). JIEKTPOHHBIN BAPUAHT CTATHU HAIIPABJIS-
erca 110 e-mail: tatar@imp.kiev.ua (¢ Temoit, HaunHamEiicA CIOBOM ‘nano’).

B cooTBeTcTBUU ¢ HOr0OBOPEHHOCTHIO Mexkay penaknueit HHH u yupenurensimu cO0pHUKA, PeTaKI[AA
CYUTAET, YTO aBTOPHI, MOCHLIAS € PYKONINCH CTATHY, MEPEAIOT YUPEAUTENSIM UM DeJKOJJIETHM IIPABO
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ykasanHoMy azpecy (tes. NeNe: +380 44 4229551, +380 44 4249042, +380 44 4241221), a Tax:xe 3arpy-
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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 3aKOHOAATEJIBCTBA B 00JIACTH aBTOPCKOTO IIpaBa.

e He gomyckaerca K nyOoaukamuy nHGOPMAINS, €CJIU MMEeTCA AOCTATOYHO OCHOBAHWI mOJa-
raTh, YTO OHA ABJISETCA IJIATXaTOM.

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.

QTuqu}cne NIPUHUMIIBI B JE€ATEJbHOCTH PEL€H3€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 000CHOBBIBATH CBOIO TOUKY 3PEHUS YETKO M O0OBEKTUBHO.

o PeneHsupoBaHue IMOMOTaeT M3JATENI0 MIPUHUMATDL PEIIeHHe W IIOCPEICTBOM COTPYIHUYECTBA
C pelleH3eHTaMM M aBTOPpaMM YJYUYIIINTH CTAaThIO.

e Marepuajbl, HOJyYEHHBIE [JIA PELEH3UN, ABIAITCA KOHPUICHINATbHEIMYA JOKYMEHTAMU U
PelLeH3UPYIOTCH aHOHUMHO.

o PemenseHT Takke 00s43aH 00palaTh BHUMAHNE PEJAKTOPA HA CYIIECTBEHHOE WM YACTUUHOE
CXOJICTBO IIPEJCTABJIEHHON CTAThbU C KAKOM-I100 MHOM PaboToi, ¢ KOTOPOIl PEIleH3eHT HEeIo-
CPEeICTBEHHO 3HAKOM.

IIpUMHIUIBI, KOTOPHIMM JOJIKHBI PYKOBOACTBOBATHCS ABTOPHI HAYYHBIX ITyOJIUKAI[MI

e ABTOpHI cTaTell MOJYKHBI MPEJACTABIATH TOUHBIA OTUET O BBIMOJHEHHON paboTe M O00BEKTUB-
HOe 00CY:KJeHne eé 3HAUNMOCTH.

e ABTOpHI CTAThU JOJIYKHBI IPEJOCTABIATL HOCTOBEDPHBIE PE3YJILTATHI IIPOBENEHHOrO 0030pa U
aHaJIM3a WCCIeNOBaHMUi. 3aBefOoMO OINNOO0YHBbIe MU ChHATbCUDUIIMPOBAHHLIE YTBEPIKACHUA
HEIIPUEMJIEMBI.

o CraTbs JOKHA COAEPIKATH AOCTATOUHOE KOJIMYECTBO MHMOPMAIUY AJA IPOBEPKHU U IIOBTO-
peHUA SKCIEPUMEHTOB WJIM PACUETOB APYTUMHU HccaenoBarensaMu. MolleHHUYeCKUe MU 3a-
BEJOMO HeIpaBAMBLIE 3asBJICHUS MMPUPABHUBAIOTCA K HEITUYHOMY IMOBENEHUIO U SIBJISIOTCS
HENPUEeMJIEMBIMHU.

e ABTOpBI MOTYT MPEAOCTABJIATH OPUTHHAJbHBIE PEryJsipHble U 0030pHBIE padoTel. Ilpu wuc-
TOJI30BAaHUU TEKCTOBON MM rpaduyecKoil mH(popMamuy, MOJYyYeHHOH U3 pPaboT APYTUX
Ui, 00A3aTeJIbHO HEOOXOAUMBI CChLIKM HA COOTBETCTBYIOIME NMYyOJIUKAIMU HJIU MHUCHbMEH-
HOe paspellleHre X aBTopa.

e TIlomaua cratbu Gojiee yeM B OAWH JKYPHAJ PACIEHUBAETCA KAK HEITUUHOE IOBEJeHHE U
ABJIAETCSA HEIPUEMJIEMOI.

e ABTOPCTBO IOJI’KHO OBITh OrDAHUYEHO TE€MH’, KTO BHEC 3HAUUTEJHHBIN BKJIaJ B KOHIIEIIUIO,
pa3paboTKy, UCIIOJHEHVE MM WHTEPIPETAIUIO 3asBJIEHHOTO UCCIeLOBAHMUA.

o Hcrounuku HUHAHCOBOU HMOAAEPIKKU IMYOJUKYEeMOTO UCCIETOBAHUSA MOTYT OBITH YKa3aHBI.
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Gold Nanoparticles for Treatment of Experimental Burns

N. Volkova, M. Yukhta, and A. Goltsev

Institute for Problems of Cryobiology and Cryomedicine,
N.A.S. of Ukraine,

23, Pereyaslavska Str.,

61015 Kharkiv, Ukraine

At present, among many types of nanoparticles, gold nanoparticles
(AuNPs) are the most promising in biology and medicine due to the wide
range of valuable chemical and physical properties. The goal of the pre-
sent study is to investigate a possibility of cell-free application of the
AuNPs in methylcellulose gel (MG) to treat full-thickness experimental
burns in rats. Thermal burns of grade 3 are modelled in rats. The next
day after the injury, the animals were randomly divided into three
groups: control group without a treatment; research group 1 with applica-
tion of MG; research group 2 with application of both MG and AuNPs (6
pg/ml). As shown, the superficial application of MG containing AuNPs
improves the general status of animals, accelerates the wound-healing
process by increasing cell proliferation and subsequent regulation of col-
lagen synthesis/degradation. The results concerning the effect of AuNPs
application in regenerative processes in burns provide some pre-conditions
for the following advanced nanomedical-technology developments.

Huni, cepen 6araThbox TUMiB HAHOYACTUHOK, HaHOUACTHHKU 30Jsi0Ta (AuNPs)
€ HaAWOIJIBLIN IMepCHeKTUBHUMEU B OioJiorii Ta MeAUITMHI 3aBAAKU IIUPOKOMY
CIIEKTPY I[IHHUX XeMiuHuX i QismuyHmMX BaacTHBOCTed. MeTow I[hOTO IOCJIi-
IKeHHsS 0yJI0 BUBUEHHS MOMKJIMBOCTH 0e3KJIiTHHHOTO BUKopucTanHA AuNPs
B MeTmimeiogosaomy remi (MI) mus giKyBaHHS TIHGOKHMX eKCIepHMeHTa-
abHUX omikiB. Tepmiunui omikm 3-ro cTymeHs MomenaioBaJau Ha miypax. Ha
HACTYHOHUN JeHb MHicJsd TPaBMM TBAPUHU BUIAAKOBUM UHMHOM OyJIM PO3Aijie-
Hi Ha TpM TPyOU: KOHTPOJbHA Tpyma 0e3 JiKyBaHHA; eKCIepuMeHTaJIbHa
rpyna 1 i3 mHanecennam MI; ekcoepuMeHTaJIbHA rpymna 2 i3 3acTOCYBaHHAM
MI' it AuNPs (6 mkr/mia). Byno mokasaHo, I0 HOBepXHEeBe BHKODHCTAHHS
MI, mo mictuts AuNPs, mominmmryBaso saraibHHUH CTaH TBapWH, IPUIIBHU-
OIITYBaJIO IIPOIleC 3arolOBaHHS paH 3a PaxXyYHOK 30iabIeHHA mposidgeparrii
KJiTUH i momasnbimoi peryndArnii cuHTesm/merpasmaiiii xosaarenmy. Omepskani
TyT peadyabraTty BnauBy AuNPs Ha pereHepaTWBHI mpoliecu HpM OIIiKax Ja-
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IOTh AeAKi IepefyMOBHM IJA IIOAAJIBIIIOT0 PO3BUTKY HAHOMEIUYHUX TEXHO-
JIOTiM.

Hbine, cpeim MHOTMX THIIOB HaHOYACTHUIL, HamouacTHIbl 30j0Ta (AuNPs)
ABJAIOTCA HamboJiee MEePCIeKTUBHLIMM B OMOJIOTHMH UM MeAUIMHe OJjaromaps
IIUPOKOMY CHEKTPY IEeHHBIX XUMHUUYEeCKHX U usuyecKux cpoiicTs. Ilenbio
HACTOAINET0 WMCCIEMOBAHUA OBIJIO M3yUeHMNe BO3MOKHOCTH OEeCKJIEeTOUHOTO
ucnonb3oBanusa AuNPs B metunmnesnntonosaom resne (MI) gaa geueHus riay-
GOKUX HKCIEePUMEHTAJbHBLIX 0KOT0B. TepMuuecKme O0KOTU 3-i CTEIeHU MO-
IeIupoBail Ha Kpbicax. Ha ciaeaymooinuil AeHb IIOCJe TPaBMbl JKHUBOTHBIE
cIy4JyalHBIM 00pa3oM ObIIM pasfiesieHbl HAa TPU T'PYIIILI: KOHTPOJbHAS T'PYII-
na 6e3 JeueHUs; dKCIepUMeHTaJbHas rpynna 1 ¢ mamecenmumem MI'; skcme-
puMeHTanbHaA rpynmna 2 ¢ npumeHenueM MI' u AuNPs (6 mir/mi). Briio
MOKa3aHo, UTO IIOBEPXHOCTHOe mcmosb3oBanume MI, comepsxamiero AuNPs,
yay4Inanso oblee COCTOAHUE KUBOTHBIX, YCKOPSAJIO IIPOIlECC 3aKMBJIEHUSA
paH 3a CUET yBeJMUEHHUS MNPOaudepanuu KJIETOK U IIOCIeAYIOIIell peryJs-
MY CUHTe3a/merpagamuy KoJjuiareHa. IlonydeHHBIE TYT Pe3yJabTaThl BJIMA-
Hua AuNPs Ha pereHepaTMBHEBIE HPOIlECCHI MPH O0XKOTaX JAalOT HEKOTOPEIE
MIPeAIIOCHIIKY AJA HaJbHeHNIero pasBUTUA HAHOMEIUITNHCKUX TEXHOJIOTUI.

Key words: gold nanoparticles, methylcellulose gel, experimental burns,
regeneration.
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1. INTRODUCTION

In the years, a more intensive study of various new materials has
been observed in science. This is primarily due to the rapid devel-
opment of nanotechnology in general and nanomedicine in particu-
lar [1]. The close attention of researchers all over the world to nan-
otechnology is explained by the fact that the properties of nanosize
materials differ sharply from these same substances in the ordinary
state due to their increased relative surface area as well as due to
the quantum size effect of nanoforms [2].

The use of nanomaterials and primarily nanoparticles of noble
metals in the field of biomedicine has a great potential. Noble met-
als are unreactive and does not form complex with other elements
that has find multiple applications including targeted drug deliv-
ery, protection against infection, cancer treatment and imaging.
The small size of the nanoparticles cause their easily interact with
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biomolecules both at surface and inside cells, yielding better signals
and target specificity for diagnostics and therapeutics [3].

Amongst many types of mnanoparticles, gold nanoparticles
(AuNPs) are the most important in biology and medicine due to the
wide range of valuable chemical and physical properties [4], believ-
ing that they are acting as antioxidants due to their high catalytic
activity and serving as a promising tool for reduction of inflamma-
tion. The possibility to use gold nanoparticles for the purposes of
regenerative medicine is being considered too. In this field, the
main function of AuNPs is assigned to the enhancing scaffolds
properties, delivery efficiency and direct impact on cells differenti-
ation. Thus, it has been demonstrated that AuNPs—chitosan compo-
sites enhanced proliferation of human fibroblasts in vitro in com-
parison with pure chitosan [5]. In recent study by Akturk et al. [6],
it was shown that incorporation of AuNPs in collagen scaffolds en-
hanced the stability against enzymatic degradation and increased
the tensile strength. These nanocomposites displayed also inhibition
of the inflammatory and had a pronounced effect on skin tissue
formation by increasing neovascularization and granulation tissue
formation. Early, we also demonstrated that inclusion of AuNPs in
the cryopreserved human fibroblasts enhances the regeneration of
the skin by these cells in case of burns [7].

Although there is a multitude of studies related to the biomedical
use of AuNPs as mentioned previously, only little is known about
its potential in vivo effects such as induction/inhibition of inflam-
matory responses and possible contribution to the collagen synthesis
by skin cells in the process of its regeneration. Therefore, in the
present study, histoimmunological analysis was also performed to
evaluate the role of AuNPs in methylcellulose gel (MG) on burn
healing. It can be stated that the data in this area of research are
still very limited. It was hypothesized that the inherent beneficial
properties of AuNPs (good biocompatibility, antioxidant and anti-
inflammatory effects, contribution to the stimulation of prolifera-
tion of fibroblasts) might have a positive influence on the healing
process of skin wounds when incorporated into MG. Thus, the aim
of the present study was to investigate a possibility of cell-free us-
ing the AuNPs in methylcellulose gel (MG) to treat full-thickness
experimental burns in rats.

2. MATERIALS AND METHODS
2.1. Animals

All the manipulations were carried out in a strict accordance with
the requirements of the ‘European Convention for the Protection of
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Vertebrate Animals used for Experimental and other Scientific Pur-
poses’. The protocol was approved by the Committee on the Ethics
of Animal Experiments of the Institute for Problems of Cryobiology
and Cryomedicine of the National Academy of Sciences of Ukraine
(Permit No. 2014-02).

The experiments were performed in 20 outbreed male white rats
weighing 210 + 20 g, which were housed in plastic cages (one animal
per cage) and kept at normal conditions (18-22°C, 30—70% humidi-
ty, 12-hour lighting mode, standard diet with free access to food
and water). The rats were acclimated for at least 7 days and were
daily monitored for a health status during experiment. No adverse
events were observed.

2.2. Manipulations with AuNPs
AuNPs were obtained by citrate synthesis [8] with an initial metal

concentration of 45 ug/ml. The average size of AuNPs was 15 nm.
AuNPs at a final concentration of 6 ng/ml were added to 1 ml of MG.

2.3. Study Design

The scheme of the experiment is shown in Fig. 1.
Thermal burns grade 3 were modelled with a special stainless-

Fig. 1. Experimental scheme.
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steel device with a 5.4 cm® operational area and equipped with a
control thermometer [9]. For all the manipulations, the animals
were anesthetized by an intraperitoneal injection of ketamine (10
mg/kg, Biolik, Kharkiv, Ukraine) and xylazine (1 mg/kg, Bioveta,
Prague, Czech Republic). The hair over the left dorsal part of the
back was shaved off and an applicator heated up to 100°C was ap-
plied to this area for 5 sec. During the 5-day postoperative period,
the animals received ketofen (2 mg/kg, Merial SAS, Lyon, France)
for anaesthesia.

The next day after the injury, the animals were randomly divided
into three groups: control group (n=15) with naturally occurred
healing (without treatment); research group 1 (n =5) with MG using
on the burn surface; research group 2 (n=5) with application of
both MG and AuNPs (6 ng/ml) to a burn surface.

2.3. General Animal Status Monitoring and Planimetric Study

For all animals, a clinical observation was daily performed. On days
4, 7, 14 and 21 after the treatment, the animals were also weighed,
the area of the burn wound was measured, and blood was taken
from the tail vein to determine the number of white blood cells and
the level of total protein.

Planimetric study of burns was performed by digital imaging
method described in [10]. The number of white blood cells was de-
termined on an automatic haematology analyser Mindray BC-3600
(Mindray, PRC).

The level of total protein were determined in serum of experi-
mental animals on a RT-9200 semi-automatic analyser (Rayto, PRC)
using Bio Systems (Spain) reagent kits.

2.4. Histological Methods

The rats were taken out from the experiment on day 21 after the
treatment. The skin samples were fixed in 10% neutral formalin
aqueous solution and coded by a third person, who was not involved
in the experiment, to maintain the blinding. Serial paraffin sections
of the skin (4—5 um) were stained with haematoxylin and eosin and
investigated by microscope LSM 510 Meta (Carl Zeiss, Germany).

2.5. Immunofluorescent Methods

For assessment of types I and III collagen content in a cryostat, sec-
tions (7-um) of the skin were stained with monoclonal antibodies to
type I collagen (1:2000, COL-1, Sigma-Aldrich, USA) with
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CF™488A (Sigma-Aldrich, USA) and monoclonal antibodies to type
ITI collagen (1:80, Millipore, USA) with goat anti-rabbit IgG Alexa
Fluor® 647 conjugate (Millipore, USA) according to the manufactur-
er’s instructions. The fluorescent microscopy was performed with a
laser-scanning microscope LSM 510 META (Carl Zeiss, Germany).
Autofluorescence was quenched by 0.3 M glycine solution (PAA,
Austria) for 20 min [11].

2.6. Statistical Analysis

The Mann—Whitney U-criterion was used to determine the statisti-
cal significance of the differences in continuous variables when
comparing between the groups with multiple (more than two) com-
parisons Kruskal-Wallis ANOVA tests using Excel (Microsoft,
USA) and Statistics 8 (StatSoft, USA) software.

3. RESULTS
3.1. General Animal Status

The animals were daily monitored for a health status during whole
investigating period, and adverse events were not observed. In in-
tact animals, it was possible to note a gradual weight gain during
the experiment, while in animals with burns this dynamics was
smoothed out (Fig. 2, a). The control animals even lost some weight
on the 7™ day after injury, and, as a result, they most of all lagged
behind intact rats by weight at the end of the experiment.

The level of total protein in the serum of all animals with experi-
mental burns had a similar dynamics at the early stages of the study.
At first, this indicator sharply decreased on the 4™ day of monitoring,
and then, it was slightly higher than the values of intact rats (Fig.
2, b). Later, a normalization of the level of total protein could be
noted in research groups 1 and 2, while, in the control group, this
indicator remained at a high level until the end of the experiment.

Modelling of a burn wound also provoked an increase in the num-
ber of white blood cells, but it should be noted that, in research
group 1 and, especially, in group 2, it was less pronounced, and to
the 7™ day after therapy, this indicator returned to normal values
(Fig. 2, ¢). In control animals, the number of white blood cells was
normalized only on the 21° day of experiment.

3.2. Planimetric Results

In the both research groups 1 and 2, the burn wounds were clean,
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Fig. 2. Dynamics of general status indicators of experimental animals: a—
the body weight; b—the level of total protein; c—the number of white
blood cells. *—the difference is statistically significant relative to the in-
tact group; #—the difference is statistically significant relative to the
control (M + m; n=>5; p<0.05).

with no signs of inflammation in contrast to the control group,
where the burns were reduced due to the surface tension.

The area of burns in control decreased in dynamics with the low-
est rate in comparison with experimental animals (Fig. 3). If we
compare the research groups 1 and 2 with each other, it should be
noted that burn wounds restored faster in case of MG with AuNPs
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Fig. 3. Dynamics of the wound area in rats after therapy. *—the differ-
ence is statistically significant relative to the control (M +m; n=>5;
p<0.05).

application.

3.3. Histological Studies

The morphological assessment (Fig. 4) showed a typical layered skin
structure of the intact group’s rats. The skin of control animals on
21% day of experiment had a signs of purulent burn wound; there
was an intense lymphoid infiltration that held the formation of a
granulation tissue. The morphological assessment of burn place in
case of MG application showed a reduction in wound area and depth
compared to the control. At the same time, lymphocytic infiltration
of granulation tissue was moderately pronounced. These results
showed a more intensive course of healing processes compared to
the control. After AuNPs with MG application, a partial epitheliza-
tion of burns was observed. The newly formed connective tissue was
penetrated by microvessels, which are very important for wound
healing due to the activation of regeneration. Thus, histologically,
the healing rate after application of MG with AuNPs significantly
exceeded one in the rest groups.

3.4. The Average Square of Collagen Types I and III in Burn
Wound

Collagen fibres of types I and III are the main extracellular compo-
nents of skin. The collagen of type III is actively synthesized by fi-
broblasts at the early stages of wound healing, type I collagen fibres
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Intact Control

MG MG + AuNPs

Fig. 4. Burn wound of research group on 21 days. Hematoxylin and eosin
staining.

in turn have high-strength properties and maintain mechanical
properties of tissues.

Analysis of obtained results showed that type I collagen content
in all groups after burn injury decreased and content of type III col-
lagen on the contrary increased (Table). As a result, ratio of type
I/type III collagens was significantly lower than in the intact group.
But if compared research groups I (application of MG) and II (appli-
cation of MG with AuNPs) with control, it can be noted that con-
tent of type I collagen within them was significantly higher in 1.26
and 1.58 times, respectively, without statistical differences in type
III collagen content. This resulted in a lower decrease in the ratio of
type I/type III collagens in research group, especially, after MG
with AuNPs application. It is known that cell synthesis of various
types of collagen in optimal proportions provides the adequate
strength characteristics of tissues and prevents scar formation dur-
ing wound healing. Thus, the use of MG with AuNPs promoted the
restoration of the collagen ratio largely than using the MG sepa-
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TABLE. The average square of collagen of types I and III in burn wound of
experimental animals on day 21.

Ratio of collagen

0, 0,
Collagen type I, % |Collagen type III, % type I/type IIT

Intact 68.63 £ 2.37 15.1+2.18 4.54+0.78
Control 32.96 +2.18" 30.25 +4.72" 1.02 +0.44"
MG 41.72+1.97% * 27.78 + 3.28" 1.51+0.37"%
MG + AuNPs 52.31 +1.45™% 28.57 +3.16" 1.83+0.56"

Note: *—the difference is statistically significant relative to the intact group; #—
the difference is statistically significant relative to the control group (M * m;
n=>5; p<0.05).

rately.

4. DISCUSSION

Burns are a global public health problem, accounting for an esti-
mated 180 000 deaths annually, the majority of which occur in low-
and middle-income countries [12]. Non-fatal burn injuries present
significant challenges in the functional and cosmetic repairs of pa-
tients. Large-area burns often lead to complications such as hyper-
trophic scarring, facial disfigurement, and loss of muscle and func-
tion.

One of the important tasks of treating patients with burns re-
mains the rapid and full restoration of the skin. Tissue perfusion is
of paramount importance to improve wound healing by bringing
more nutrients and creating hyperoxia conditions suitable for heal-
ing. Effective wound dressings, which induce functional reconstruc-
tion following burn injury, would have a profound impact on pa-
tients with large area burns. The use of antioxidants in such dress-
ings has attracted much attention. AuNPs were shown to have anti-
oxidation effects, and so, it could be helpful in wound healing [13].

In our studies, it was shown that the superficial application of
MG containing AuNPs improved the general status of animals (ear-
ly normalization of the level of total protein and the number of
white blood cells), accelerated the wound healing process (increased
the rate of reducing the burn area) by increasing cell proliferation
and subsequent regulation of collagen synthesis/degradation as well
as alteration of types I and III collagen composition in the injury
site.

Our results are consistent with data published by Leu et al. [14],
which reported that topical AuNPs application together with other
antioxidants significantly increased burn contraction rate, restored
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skin histological structure and regulated collagen synthe-
sis/degradation. Thus, AuNPs contributed to the healing of the
burns.

The obtained results of the effect of AuNPs application on regen-
erative processes in burns provide some pre-conditions for the fol-
lowing advanced bio- and nanotechnology developments.
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¥ craTTi HaBeIeHO Pe3yIbTATU BUBUEHHS B YMOBaX in vitro aHTUO0AKTePiAIbHOL
aKTHUBHOCTH Ae3iH(iKyouoro 3acody Ha OCHOBI HAHOYACTHUHOK cpibja Ta MoJIo-
yHOl Kucjaotu BigHocHO Escherichia coli (muram 1257) ta Staphylococcus
aureus (mram P-209). ¥V BeTepuHapHiil IPaKTUI[I Ha CHOTOAHI MPAKTUYHO He-
Mae BomHouac epeKTUBHUX, €KOJOTIUYHO UMCTUX i Oe3meuHmux Ae3iH@ikyoumnx
3aco6iB. AJBTEPHATUBOIO HAMOLIBII YACTO 3aCTOCOBYBAHUM [TiIOUMM PEUOBU-
HAM cy4YacHUX Ae3iH(iKyrounx mpernapaTiB MOKYTb OYTH HaHOYACTUHKU MeTa-
JiB, AKi MaloTh aHTUMIKPOOHi BiacTuBocTi. HocaimxenHsa mpoBoguanCca Bin-
TMOBiHO [0 3araJIbHONPUMHATUX METOOUK i «PekomMeHpmalliii oo caHiTapHo-
MiKpo06ioJIoTiYHOTO JOCHiAsKeHHS 3MUBIB 3 IIOBEpPXOHBL TeCcT-00’€KTiB Ta
00’eKTiB BeTepMHAPHOI'0 HATJIALY i KOHTPOJIIO». 3aci6 BUIIPOOOBYBaIN B KOH-
mearpamiax y 0,05%, 0,5%, 1%, 2% ra B meposBegenomy crani 3a 10, 30 i 60
XB. eKcnosuirii. 3a masasuocTu pocty E. coli komip cepemosuria KOIA i3 zese-
HOrO 3MiHIOBaBCcA Ha KoBTuil. [lani 3MiHU cnocTepiranucs Jjuiie B KOHTPOJIb-
HOMY gocJigi. 3a KoaHOI i3 JoCTaiMKyBaHNX €KCIIO3UIIiH i KOHIIeHTpAIliil 3aco-
0y POCTYy KHUIIIKOBOI IMaJWUYKHN BigMiueHO He OYJIO, OCKIIBKH CepegoBUIIlEe He
3MiHMJIO CBi#l Koutip (Basurmuiocsa 3eaenuM). Ile cBigumio mpo Te, 1110 Aes3ingi-
Kymouuii 3aci0 3He3apasuB IIOBEPXHIO TecT-00’eKTy. PicT somoTucToro cradio-
KOKa 3a BCiX JOCJIIIXKYBaHMX eKCIIO3UIIill 1 KOHIlEHTpallill mperapaTy TaKoX He
BigmiuaBcsg. B KOHTPOJBLHOMY [OOCTiAi IIpM IIOMYTHIiHHiI COJBOBOTO M’fCO-
MEeIITOHHOTO OYJILHAOHY IJISd HiATBEPAKEHHSI POCTY S. aureus 3MUBU IepeciBaan
Ha MOJIOUHO-COJILOBUH arap i cTaBuUJIM B TepMOCTAT 3a Temieparypu y 37°C Ha
24 ron. 3’aABasABCA iHTeHCUBHUIT PicT 6iIyBaTO-KOBTHUX B’SI3KUX KOJOHIiH cepe-
IHBOTO po3Mipy. TakKuM YMHOM, JOBEAEHO, III0 B YMOBAaX in vitro pict 30JioTHUC-
TOro cTaiJioOKOKa Ta KUIIIKOBOI HaJIUYKM, 3a Ail Ha HUX AesiHdikyodoro 3aco-
0y Ha OCHOBi HAHOYACTUHOK Ccpibja Ta MOJIOUHOI KMUCJIOTH, BiICyTHili.

The results of the study in vitro of antibacterial activity of disinfectant based
on the silver nanoparticles and lactic acid with respect to Escherichia coli
(strain 1257) and Staphylococcus aureus (strain P-209) are presented. In vet-
erinary practice today practically, there are no effective, environmentally

609
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friendly, and safe disinfectants. Alternative to the most commonly used ac-
tive substances of modern disinfectants can be the nanoparticles of metals,
which have antimicrobial properties. This study is carried out in accordance
with generally accepted methods and ‘Recommendations for Sanitary-
Microbiological Study of Flushing from Surfaces of Test Objects and Objects
of Veterinary Supervision and Control’. The instrument is tested in concen-
trations of 0.05%, 0.5%, 1%, 2% and in undiluted state at exposure of 10,
30 and 60 min. In the presence of E. coli growth, the colour of the medium
KODA from green colour changes to yellow one. Only these changes are ob-
served in the control study. In none of the studied exposures and concentra-
tions of the agent, the growth of the E. coli is not observed, since the envi-
ronment does not change its colour (remaining green one). This indicates that
the disinfectant disinfects the surface of the test object. The growth of
Staphylococcus aureus is not observed at all the study exposures and concen-
trations. In the control experiment, with turbidity of the salt meal-peptone
broth to confirm the growth of S. aureus, the rinses are transferred to milk—
salt agar and placed in a thermostat at 37°C for 24 hours. There is an intense
growth of white-yellow viscous colonies of moderate size. Thus, it is proved
that, under in vitro conditions, there is no growth of Staphylococcus aureus
and E. coli, due to the action of disinfectant based on the silver nanoparticles
and lactic acid. The investigated disinfectant exhibits an effective bacteri-
cidal action against E. coli and Staphylococcus aureus. The smallest concen-
tration of disinfectant studied and the exposure, at which the strains of mi-
croorganisms are died, are 0.5% at 30 min.

B craThe mpuBeneHbI pe3yJIbTAThl M3yUEHUS B YCIOBUAX in vitro aHTHOAKTE-
pHaIbHON aKTUBHOCTHU Je3MH(MUIINPYIOIIEro CpeacTBa Ha OCHOBEe HAHOUACTHI],
cepebpa ¥ MOJIOYHOM KMCJIOTEI OTHOCUTEIBbHO Escherichia coli (iitamm 1257) u
Staphylococcus aureus (mramm P-209). B BeTepuHapHOII IPAKTUKE CETONHS
IpaKkTUUYeCKU HeT 3(PpPheKTUBHLIX, S9KOJOTUUYECKN UNCTHIX 1 0e30IIacCHBIX Je3-
VUHPUIIUPYIOIIUX CPeACTB. AJbTepHATHBON HauboJjiee YaCTO MPUMEHAEeMBIM
IeHCTBYIOIMM BeIlleCTBAM COBPEMEHHBLIX Me3MH(MUINPYIONINX IIPernapaToB
MOT'YT OBITH HAHOUACTUIBI METAJJIOB, O00JIaMAIONNX AHTUMUKPOOHLIMU CBOII-
crBamu. McciiemoBanus IIPOBOAUINCE B COOTBETCTBUM C OOINEIPUHATHIMU Me-
TOAUKAMUA U <«PeKOMeHZAIUAMN II0 CAHUTAPHO-MUKPOOMOJIOIMUYECKOMY WC-
CJIeJOBAaHUIO CMBIBOB C IIOBEPXHOCTEH TECT-00'bEKTOB M 00'HEKTOB BeTepUHAP-
HOTO HAA30pa M KOHTPOJsA». CpeacTBO WHCHBITHLIBAJN IIPU KOHIIEHTPAIIUAX
0,05%, 0,5%, 1%, 2% u B Hepa30aBJIeHHOM COCTOSHUM IPU SKCIO3UIIUU B
10, 30 u 60 muu. IIpu manuuuu pocta E. coli et cpenbsl KOIIA ¢ 3eméHoro
MeHsJCcA Ha KEAThIH. [[aHHble u3MeHeHUA HAOJIOZANNCh JIUIH B KOHTPOJIb-
HOM ombITe. Hu mpu OmHON m3 McCIeAyeMbIX 9KCIIO3UIINI M KOHIIEHTPAIUi
CpeACTBa POCT KUIIIEUHOM ITaJ0UKK OTMeUeH He ObLI, IOCKOJBbKY cpela He U3-
MeHUJIa CBO# IBeT (ocTajach 3eJ€HOI). ITO CBUAETEILCTBOBAJIO O TOM, UTO
Ie3nHPUIIIPYIoIlee CPeICTBO 00e33apasmiio IOBEPXHOCTh TecT-00beKTa. PocT
30JIOTUCTOT'0 CTAPMIOKOKKA MIPU BCEX MCCIAEAYEMbIX 9KCIIO3UIINAX U KOHIEH-
TpanuAax mpemnapara ToKe He oTMeuajicd. B KOHTPOJIBHOM OIIBITE IIPU ITOMYT-
HEHUU COJIEBOTO MJACO-TIEIITOHHOTO OyJhOHA A TOATBEP:KIeHMSA pocTta S.
aureus CMBIBBHI TIepeceBay Ha MOJIOYHO-COJIEBOU arap-arap U CTaBUJIU B Tep-
moctaT npu temieparype 37°C Ha 24 4. [TosBisAICa NHTEHCUBHBIH pOCT GeJo-
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BaTO-KEJITHIX BA3KUX KOJIOHUH cpegHero pasmepa. Takum ob6pasom, 1oKasaHoO,
YTO B YCJIOBUAX in Litro POCT 30JI0TUCTOTO CTA(QMIOKOKKA U KUIIIEYHON Iajaou-
KU, IPU AeMCTBUU HA HUX AE3WHPUIIUPYIONIET0 CpeJCcTBa Ha OCHOBEe HaHOYA-
cTur cepebpa 1 MOJIOUHOM KUCJIOTHI, OTCYTCTBYET.

Karouosi croBa: nesingixkyrounii 3aci0, HaHOUYACTUHKY cpibiaa, aHTUMiIKpOOHA
AKTUBHICTD, 30JI0TUCTUH CTADIiIOKOK, KMIITKOBA ITAJINYKA.

Key words: disinfectant, silver nanoparticles, antimicrobial activity, golden
staphylococcus, E. coli.

Karouessie caoBa: Ae3suH(pUINPYIOIlee CPeICTBO, HAHOUACTUIILI cepedpa, aH-
THUMUKPOOHAA AKTUBHOCTD, 30JIOTUCTBIN CTA(PUIOKOKK, KAIIIeUHAS IAJI0UKA.

(Ompumano 14 nromoezo 2019 p.; nicas doonpaurosanns — 25 kgimusa 2019 p.)

1. BCTYII

HosiTHi mocATHeHHA y rajysi HAHOTEXHOJIOTIA YMOMKJINBJIIOIOTH PO3T-
JAmaTA HAaHOMATEPiAJM y HaNOMMK4YOMYy MaiOyTHBOMY AK peaJbHY
aJbTEePHATURY IIKiAJUBAM CKJIAIHUM XEMiUYHMM CIIOJyKam, dKi Ma-
COBO 3aCTOCOBYIOThCA IpU Ae3iH(deKIlii y TBApUHHUIITBI Ta ITaXiBHU-
utBi. O6’exkTaMu AOCTiIKeHb BeTepMHAPHOI ririeHu Ta cauiTapii Mo-
JKYTh CTaTU METaJu, II[0 XapaKTepU3YIOThCA ITUPOKUM CIIEKTPOM aK-
TUBHOCTU — aHTUOAKTEPiAJBHOIO, IPOTUBIiPYCHOIO, ITPOTUTPUOKOBOIO,
ImpoTusanajabHoIo giamu [1, 2].

Cpibo — MiKpoesreMeHT, HEOOXimHUIT AJIA HOPMAJIbHOI HisJIbHOCTHU
3aJ103 BHYTPIIIHBOI ceKpertii, MO3Ky, MeYiHKH, KiCTKOBOI TKaHWUHU
roirio [3]. OmHouacHO cpibyio € MOTYKHUM Je3in()eKTaHTOM i aHTHCe-
ITUKOM. 3a JaHUMU BUEHUX Jis cpiOHOI BOAU 3a OJHAKOBUX KOHIIEH-
Tpaliif cuiabHimIe Aii XJOpy, XJIOPHOTO BallHa, TiOXJOPUAY HATPiio
Ta iHMINX CUJIbHUX OKUCHUKIB [4].

Kosoinne HaHOposMipHe cpibj0 — TPOAYKT, IO CKJIAZAETHCA 3
MiKPOCKOIIIUHINX YaCTHUHOK cpibJia, AKi yTBOPIOIOTH 3aBUC y OeMiHe-
panisoBaHilt i geiioHi3oBaHiNl BOAi, OJEPIKYETHCA €JIEKTPOJITUUHOIO
meTrono. Ilepexis y HAHOPO3MIpHUII CTAH CYIIPOBOMMKYETHCSI 3MiHOIO
dbyHIaMeHTaJIbHUX BJACTHUBOCTENH peuoBmHU. CaMe 3 TaKUxX MipKy-
BaHb JMOCJTi’KeHHS Ta 3aCTOCYBAaHHS HAHOTEXHOJIOTIUHUX JOCATHEHDH B
ycix cepax JIIOACHKOTO KUTTS CTAIOTh BCE MOMYJIAPHIIIIUMU.

BayxkauBOI0 TakoK € BeJUKA BiAMIHHICTH Yy TOKCHUYHOCTiI CIOJIYK
cpibaa mia HuKYnX GopM KUTTA (OAHOKJIITUHHUX, 6aKkTepiit, rpubis,
BipyciB TOIIIO) Ta [Jid BUIIMX OPraHisMiB (TBapuH, JIOAEHN) — PiKHU-
g ckiaagae 100 tuc.—1 maH. pasis [5]. Hanoposuunu cpibia y KOH-
IeHTpalliagx, 3alIPOMOHOBAHUX IJd Ae3indexiii, 6esmevuni aasa TBapuH
i JoAMHN; HAYKOBIAMN OyJaM IIPOBEAEHI MOCTiMKeHHS TOKCHUYHOCTHU
Ta KyMyJdAIlii cpibsa y TKaHMHAX Ta OopraHax IIPW 3aCTOCYBaHHI iioro
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y HaHocmoJyKax [6, 7, 15].

HoBemeno, 1Mo KoJoigHe cpibmo: ctumysioe imMmyumy cucremy [13];
OPUINBUAIIYE pellapaTUBHI Ipollecy; IMMO3UTUBHO i€ HAa KPOBOTBOPEH-
H, 10 BUABJSETHCSA YV 3BHUKHEHHI Mosonux ¢opM HeHTpodinis, 36ian-
MIeHHi KiJTbKOCTH JiM(OIUTIB i MOHOITUTIB, ePUTPOIUTIB i BMiCTy reMo-
rJI00iHYy, YIOBiTbHEHHI OCiTaHHA epUTPOIUTIB; aKTUBi3ye 0OMiHHI mpo-
Iecu; IMOHMIKYE TOKCHUHY Aif0 0i0oJIOTiUHO aKTHUBHUX PEUOBUH; 30iJb-
IIIye aHTUMiKpPOOHY aKTHUBHiCTL MaKkpodaris i mimdomuris [8, 9]; suer-
komxye moHan 1000 BupiB mixkizmmBux OaxTepiii, BipyciB i rpuOKis
(cumexTep aii 6yab-axoro auTudioTnka — awutie 5—10 suxgis) [10, 11].

MosouHa KHMCJIOTa — HaAWOIJIBIN HIMPOKO 3aCTOCOBYBAHUII y BeTe-
puHapii mpemapar. BoHa BimHOoCUTHCS OO e(@eKTMBHUX 3acobiB s
ne3iH(eKIil moBiTPAHOTO cepefoBUINA TBAPUHHUIIBKUX 1 IITaxiBHU-
YMX NOPUMIIIeHb Yy BUIJVISALI aepo30JiB, oOMamgHaHHA U iHBeHTaplo.
Kpim Toro, sa JOmoMororw OpraHiuHMX KHCJOT IIPOBOAATHL cCaHiTapHe
00pOo0JIeHHA IMPUMIIleHb 1 BUPOOHMUYMX JiHilT KOMOiKOpMOBUX IIexis,
CXOBWUII], TPAHCIIOPTY 3 IIePeBe3eHHA CUPOBUHU Ta KopMmis [12].

Cunepriute moeIHAHHS IIUX PEUYOBUH, Ha HAIy AYMKY, YMOMKJIH-
BUTH JOCATTU KpallluX Pe3yJabTaTiB 3a MiHimizalii KoHIleHTpaIliii 3a-
IiAHUX PEYOBUH.

2. EKCIIEPUMEHTAJIBHA METOJUKA

Bunpob6oByBanu y AKOCTi me3iH(pikyoUuoro mpemapaTy CyMiIll MOJIOY-
Hol Kucyotu (15%) Ta Komoimumoro posumuy Aprearymy (y 0,2%) i
Bonu (84,8%).

Metogu mgochig:keHHS OaKTePpHMIHMIHOI AKTHBHOCTH IIOJ0 TeECT-
KYJbTYp Ha TecT-00’cKTax. 3aci6 BUIIPOOOBYBAJIM B KOHIIEHTPAIiAX Y
0,05, 0,5, 1,0, 2,0% Ta B Hepo3BeZEHOMY CTaHi.

JlocaimkeHHs ITPOBOAMJINCSA BiAIIOBIiAHO 0 3arajJibHOIIPUAHATHX
BuMor. [lJis mpoBemeHHS OOCIIiIKeHb BUKOPHCTOBYBAJIU MiKpobioJio-
riumo moxasoBi TecT-KyabTypu KEscherichia coli (mram 1257) Tta
Staphylococcus aureus (murtam 209-P).

Hesindikyounii 3acié mocaimyxyBasum B JabopaTOPHUX yMOBax Ha
TecT-00’eKTax. [Jid 1mporo roryBaau tect-o6’ekTu poamipom 10x10 cm
3 Oetony. IlomepeaHbo iX OUMINYBAJNK Ta CTEPUJII3yBaJau B aBTOKJIABI
3a temneparypu y 120°C mporarom 60 xB.

IIpu BM3HaueHHi MPOTUMiKPOOHOI aKTUBHOCTU Ae3iH(MIKyOUOro 3a-
co0y Ha IIPOCTePUJIi30BaHi MOBEPXHiI TecT-00’€KTiB HAHOCUJIU CTEpPHU-
JIbHOIO TimeTkoio 1 mJa omHomoboBoi kyasTypu E. coli Ta S. aureus is
BMicToM wMikpoopranismis y 2-10° B 1 cm®. KomramizmoBami Tect-
00’€KTU 3aJUITaJN B TOPU30HTAJILHOMY MHOJIOXKEHHI O ITOBHOTO BUCH-
xauud. I[ToriMm TecT-00’€KTH PO3Mill[yBa/in Y KIOBETaX TOPU30OHTAJIBHO
Ta BEePTUKAJbHO i MyJIbBEPU3ATOPOM HAHOCHUJN Ha TeCT-00’€KTU PO3-
YMH JOCTiAKyBaHOTO Ae3iH(iKyrouoro 3aco0y, 3asHauaiouu IPU IO-
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MYy EeKCHOO3HI[i}0, KOHIIEHTpAaIlil0 Ta KiJbKiCTh BUTpPadeHOTo 3acoly.
KouTtposem Oyaum TecT-00’€KTH, 0OpOOJIEHI TAKOIO K KiJbKiCTIO cTe-
pPuILHOI BOOUPOBigHOI Bomu. Yepe3 3azHAUEHUN IMIPOMIMKOK UYacy
CTEPUJIBHUM BATHUM TaMIIOHOM POOMJIM 3MWUBH 3 HOCJHIZHMX 1 KOHT-
poabHUX TecT-06’eKTiB. IToTiM 3 KokHOI 3 IMUX mMPobipok Opanm mo 1
MJI BUXiZHOI cycleHsii Ta BHOCHJIM y BiAIOBigHe cepemoBUIle. SMUBU
3 TecT-00’€KTiB, AKi Oyam KoHTamiHoBaHi E. coli, BuciBaau Ha cepe-
mosuitie KOIA, a S. aureus — Ha cOJbOBUII M’ACO-IENTOHHUN OYJb-
tou (6,5% KyxomHOI coui) i craBuau Ha 24 rog. B TepMoOCTaT IIpU
remuepatypi y 37°C. IlociBu meperasagaau uepes 24 i 48 roauH, Bif-
CIiTKOBYBaJIM HaABHICTH POCTY Ta paxyBajM KiJbKiCTh KOJOHI€yTBO-
poBanbaux oauHuIs (KYO0). Hocaim moBTOpOBAIN TPUUi.

BaxrTepunuany aKTHUBHiCTL Aesim@ikyrouoro sacody B JabopaTop-
HUX yMOBaxX BH3HAUaJH{ 34 HASBHICTIO UM BiJICYTHICTIO POCTy MiKpO-
¢JI0pU Ha MOBEPXHAX NOCIiIKYyBaHUX TECT-00’€KTiB.

3acib, axuii BUABUBCA e(PeKTUBHUM y JaOOpaTOPHUX yMOBaX, MO-
JKe OyTU PeKOMEeHIOBAHUI AJIA HOJaJILIIIOT0 BUBUCHHS.

3. PE3YJIBTATH TA IX OBTOBOPEHHS

3 MeToio nmesindekIii podoui posUnHM TOTYBaJM y CKJAAHUX abo mJiac-
TMaCOBUX MIiCTKOCTAX MIJIAXOM JOJaBaHHA PiBHUX 103 3ac0o0y OO0 BO-
ITompoBinmoi Bogu KiMuaTHOI TeMmmepaTypu. OOpobjaeHHA MOKHA IIPO-
BOIUTH Pi3HUMU CHOCOOAMMU: IPOMUBAHHAM, 3MOUYYBAHHAM, 3aHYpPEH-
HAM, OPOTHUPAHHAM, OONPUCKYBAHHAM, S3POIIEHHAM; Ie HiAXOIUTh
IS TIOTOYHOI caHallil BOJOTOHIB i HANyBaJIOK Yy IPUCYTHOCTL IITUILI.

s mpuroTyBaHHA PO3UMHIB HEOOXiMHOI KOHIIEHTpAIlii 3MilryBaiu
CKJIATHUKK B 00’eMax, 3asHadyeHuX y Tabdia. 1.

IIpoBemeHUMY OOCTiAKEHHAMHN BCTAaHOBJIEHO OaKTepUIIMIAHI BJac-
THUBOCTi 3ac00y 3a Pi3HUX KOHIIEHTPAI[ili Ta eKCIIO3UITil.

3a maaBHocTu pocty E. coli komip cepemosuiia KOJIIA i3 3ememoro
3MiHIOBaBCA Ha KOBTHiH. JlaHi 3MiHU cmocTepiramucsa mpuU MOCIiIKY-
BaHill KoHieuTpalii sacoby y 0,05% cpi6aa Ta 4% MOJIOUHOI KUCJIO-
T B 3aco0i Ta HMOpiBHIOBAIM 3 KOHTPOJILHOIO Ipoboro. B KomHiil i3
iHIMUX OOCHiAKYyBAHMX EKCIO3UIIi i KOHIeHTpaIliii 3acoby pocTy
KHUIITKOBOI TMaJMYKM BigMiueHO He OyJI0, OCKIJIBKUM CepeoBHUINE He
3MiHMJIO CBi#i Kouip (3amuiuiocsk 3eneHum). lle cigumio mpo Te, 1110
Iesingikyrounii 3acib6 3Hes3apasuB IIOBEPXHIO TecT-06’eKTy (Tada. 2).

Pict 3osotucroro crad)iJiokoKa B COJBOBOMY M’fCO-IIEIITOHHOMY
OyJIbIIOHI cIlocTepirajau TaKOK JIMINE IPU JOCIIMKYBaHill KOHIIEHT-
pamii y 0,05% cpibaa y 3acobi i y KOHTpPOJbHOMY 3paskKy. IIpu mo-
MYTHIHHI COJIbOBOTO M’SCO-IEIITOHHOTO OYJIbMOHY IJs MiATBEPAKEH-
HA POCTY S. aureus 3MUBU TepeciBaju HAa MOJOYHO-COJBOBHM arap i
craBuJu B TepMocTaT mpu temiepatypi y 37°C Ha 24 rox. 3’aABaaBcA
iHTeHCMBHUN picT 6iMyBaTO-KOBTUX B’ A3KUX KOJOHIN cepegHBOTO PO-
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TABJINIIA 1. IIpuroryBanusa pobounX PO3UMHIB Aesindikyouoro sacoby Ha
OCHOBI HAHOUACTMHOK cpibia Ta MOJIOUHOI KuCIoTH. !

KinskicTs iHrpenmienris (mi),
KoHueHTpaIis pOsYnHY HeoOXifHa JJId IPUTOTYBaHHA:
(%) 3a sacobom 1 1 po6ouoro posumny | 10 1 po6oUOTO POBUMHY
3acib Bona 3acio | Boza
0,1 1,0 999,0 10,0 9990,0
0,3 3,0 997,0 30,0 9970,0
0,5 5,0 995,0 50,0 9950,0
1,0 10,0 990,0 100,0 9900,0
2,0 20,0 980,0 200,0 9800,0
3,0 30,0 970,0 300,0 9700,0
3Mipy.

B ycix iHMUX HOCHigKyBaHUX E€KCIIO3SUIIIAX Ta KOHIEHTpAIiax 3a-
co0y pocTy He 0yJIo.
Takum umHOM, OYyJ0 BCTAaHOBJIEHO, IO AOCJiAKyBaumuii 3acié mpo-

TABJUIIA 2. Bakrepunuaaa edbekTuBHicTh AesiHdiKyoUoro sacoby Ha oc-
HOBi HAHOYACTHHOK cpifia Ta MOJIOYHOI KHCJIOTH B YMOBAaX in vitro; n = 3.2

EdexTuBHicTh 3acTOCyBaHHA Pi3HUX KOHIIEHTpPAIliil

,Hocm,zm‘cyBaHa IPpU Pi3HUX eKCHO3UIiIX
JCOHIECHTDAIIA POSHMHY Excnosunisa | E. coli | S. aureus
0,5 rox. - -
Konmeunrpar 1 rox. - -
1,5 rozx. - -
0,5 rox. + +++
0,05% 1 rox. + +
1,5 roz. + ++
0,5 rox. - -
0,5% 1 rox. - -
1,5 rozx. - -
0,5 rox. - -
1% 1 rog. - -
1,5 roz. - -
0,5 rox. - -
2% 1 rox. - -
1,5 rozx. - -
Koutposas (cTepuabHa Oi5 rox.
. Tox. + ++++
BOJIOTIPOBiAHA BOxA) 1,5 rox.
ITpumimku: — — picT BimcyTHiiti; + — pict mpucyrHiii; ++ — Big 10 mo 30 KYO;

+++ — Big 30 mo 70 KYO; ++++ — iHTeHCUBHUI picT.
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ABJse edeKTHBHY OaxkTepuIugHy gifo 1moxo KEscherichia coli Ta
Staphylococcus aureus. HailimeHIia mociiyKyBaHa eKCIIOSUIIiA Ta
KOHIleHTpallid Aes3iHdiKkyouoro sacody, mpu AKili 3aruHyJan IITaMHA
Mikpooprauismis, cranosuts 0,5% mnpu 30 xB.

BuBuanu Tako;K OaKTepuUIlMAHE PO3BeIeHHs Aes3iHdiKyrouoro saco-
0y Ha OCHOBiI HAHOYACTHMHOK Cpi0Jia Ta MOJIOYHOI KMCJIOTH IIOJAO TECT-
KyasTypu E. coli.

3a 48 rox. imkyo6arii i 10 xB. eKcmosuIii Bigmiuasu Iporpecy:o-
YMi picT KOJIOHili, MOUMHAIOUM B)Ke 3 IIePIIOro pos3BegeHHs, 3a 30-
XBUJIMHHOI — 3 APYTOro.

HocmimxeHHAMN BCTAHOBJIEHO, IMO micasa 24-rogmHHOl iHKyOaIrii sa
10-xBUIMHHOI eKCIIO3uIlil BigMiuanm mporpecyroouunii picT KojaoHii E.
coli, mounHaoun 3 KOoHIeHTpaIllii 3acoby y 0,265%, y Toii uac ax 3a
30-xBuanuHOI ekcrosumii — 3 0,189%.

Opep:xani pesyabraté cBimuars mpo 90-100% -mesingikyrouy miro
mono E. coli mporarom mepiroi mobu sacrtocyBanHA. OgHAK BiKe Ha
IPpyry mo0y mis mesim@ikyrouoro saco0y Ha OCHOBI HaHOYACTHHOK CPpi-
0J1a Ta MOJIOUHOI KMCJIOTH iCTOTHO MoHu3MUaacd. ducre OaxTepuUIIUIHE
posBemenHsa micaa 24 roguH imkyoOarii 3a 10- Ta 30-xBMIMHHOI eKc-
mo3utii ckaagamo 1:268,9, mio BiamoBizae po3sunHy 3 KOHIIEHTPAIIIEIO
y 0,371% (Tabm. 3).

HacTynHuM eramoM HAIIWX AOCJHiAKeHL OyJ0 BUBUEHHA OaKTepu-
IIUIHOTO PO3BeIeHHs Ae3iHdikyrouoro sacody Ha OCHOBI HaHOYaCTH-
HOK cpibJia Ta MOJIOUHOI KHCJIOTHU IOAO0 TECT-KYJLTYPU S. aureus.

IIpoBemeHUMY OOCTiMKeHHAMU, 34 PO3BEIEHHSA OCJiTHOTO 3aco0y
y 1:50 i HMKUe, peecTpyBaJIu PiCT KOJOHIiM, AKWI 3aJieskaB Bil KOH-
IeHTpaIii JociaKyBaHOI PEUOBUHM.

3a ganumu Taba. 4, micaa 24 rogmHHOI iHKyO6arii 3a 10-xBuUIMHHOL
eKCcIlo3ullii Bigmivasu mnporpecyrumil picT KOJIOHiM, IouMHAIOYU 3
KoHIleHTpaIlii 3acody y 0,189%, y Toit yac Ak 3a 30-XBUJIMHHOI eKc-
mosumii — 3 0,135% . 3a 48-roguHHOi iHKyOarii Ta 10-XBUJIMHHOI
eKCIIO3UILil BigMiuaau mporpecyrouuil picT KOJOHiM, MOUMHAIOUU BiKe
3 TPEThOr0 PO3BeIeHHA, 3a 30-XBUIMHHOI — 3 IPYTroOro.

PesynbraTtu gocaimixkenb cBimuaTts mpo 90-100% -mesindixkyrouy
mito 1momo S. aureus TPOTATOM Iepiioi mobu sactocyBaHHs. OmHaK
BJKe Ha Apyry no0y nisa mesiHdixkyiouoro sacofy Ha OCHOBiI HaHOYac-
TUHOK CcpibJia Ta MOJIOUHOI KHCJIOTHU iCTOTHO moHm3uiaacsa. ducre Oax-
TepUIIUAHE PO3BeleHHA mmicada 24 roauH imkybdarii sa 10-xBuUJIMHHOI
excro3urlrii ckaazamno 1:376,5, 30-xsuanunoi — 1:527,1.

OTiKe, KOMILIEKC PEYOBMH 3 PiSHUMU XeMiUYHMMU BJIACTHUBOCTIMU
Ta i€ MOMKHA BimmecTu mo Kareropii 3acobiB 3 aHTHMiKPOOHOIO Ii€io
MIPOTU TPAM-IIO3UTHUBHUX Ta IpaM-HeraTUBHUX OaKTepiAJdbHUX (POPM.
IloemnanHA poO3uMHIB opraHiuHOoi (MOJOYHOI) KHCJIOTH 3 POIYUHOM
HAHOYAaCTUHOK cpibja Jae cuHepriuHe migcuiaeHHA Ail 3a paxXyHOK pi-
3HOCIIPSIMOBAHUX MEXaHidMiB BIJIMBY Ha 0aKTepiAJbHY KJIITUHY.
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4. BAICHOBRH

Hesindikyrounii 3aci0 Ha OCHOBI HAHOUACTHMHOK cpibiia Ta MOJOYHOIL
Kucaoru y 0,5% xommenrparnii 3a exkcmosumnii y 30 xB. mae epeKTUB-
Hi GaKTepuIIMAHI BIacTHUBOCTL miomo S. aureus i E. coli. BunpoboBy-
BaHUU Oe3iH()eKTAHT MOJYKEe 3aCTOCOBYBATHCS IIPM IIPOBEIEHHI BeTe-
puHapHO-caHiTapHUX 3aXO0/[iB Ha TBAPUHHUIBKUX (pepMax Ta Iepepo-

TABJINIIA 3. PesyiabraTy BUBUEHHS 0AKTEPUIIUAHOTO PO3BeAeHHS Aesimdi-
KyI0ogoro 3acoby momo E. coli; n=5.2

KinbkicTs KoJIOHIH
micaa 24 ron. micasa 48 rog. am:( w
Excoosuiis, xB. § %
Ne|PosBenenns KoumenTpania, % 8
o m
10 30 10 | 80 |28
@
1 1:50 2,0 — — 7 3
2 1:70 1,428 — — 15 10
3 1:98 1,020 — — 22 29 1)
4 1:137,2 0,728 o o 42 37
(8) (5)
5 1:192,1 0,520 (11%) (10%) 64 75
6 1:268,9 0,371 15%) 13%) 127 83 2)
. 20 9
7 1:376,5 0,265 (30%) (19°) 152 128
. 32 16
8 1:527,1 0,189 (1027 (79°) 165 147
. 37 27
9 1:737,9 0,135 (138"  (116Y) 220 176
10 1:1033,1 0,096 52 40 283 210
11 1:1464,3 0,068 74 65 316 290
12 1:2024,8 0,049 173 146 354 311
13 1:2834,7 0,035 217 198 469 356
14 1:3968,6 0,025 231 210 517 479
15 1:5566,0 0,0178 303 267 609 551
K — — 389 682

Ipumimrxu: K — KOHTpONIb; * — 3 CHPOBATKOIO KPOBi; 1) — GaKTepUIuIHEe PO3BEIeHHS
3 CUPOBATKOIO KPOBi 3a pisHOl ekcmoaurii micas 24 rox. imkyoOarrii; 2) — uncre 6axTe-
punugae po3segenns 3a 10- Ta 30-XxBUIMHHEOIL eKcmo3uIlil micas 24 rox. inky6arrii.
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6HUX HigmpueMcTBax. Mloro MosKHAa BUKOPHCTOBYBATH JIJIA OUUII€HHSA
BOOM Ta 3HUIIEHHS XBOPOOOTBOPHUX MIiKpPOOpraHiaMiB y BOJOroHax,
dinrbTpax, BOgOHAIIipHUX OaIiTax TOIIO.

TABJINIIA 4. PesyabraTy BUBUEHHS 0AKTEPUIUIHOTO DPO3BeAeHHS Aesimdi-
KyIouoro 3aco0y Ha OCHOBI HaHOUACTHMHOK cpibJia Ta MOJIOUHOI KMCJIOTHU IIO-
o S. aureus; n=5.1%

KinpKicTs KoJIOHIM
micaa 24 ron. micsa 48 2 w
- Tox. § =
b= Excnosuiis, xB. =g
S |Possenennsa | Konmentparisa, % s
o &8
Z 2 3
10 30 10 30 ;8 2
1 1:50 2,0 — — — —
2 1:70 1,428 — — — 2 1)
3 1:98 1,020 — — 7 3
4 1:137,2 0,728 — — 15 10 2)
5 1:192,1 0,520 e s 22 29
6) ()
6 1:268,9 0,371 11y (109 44 37
7 1:376,5 0,265 5"  (13%) 53 59 3)
4 —
8 1:527,1 0,189 10" (10%) 65 47 4)
8 5
9 1:737,9 0,135 w . 40 27
ar) (9)
5 _
10 1:1033,1 0,096 . w 22 18
(7) @13)
11 1:1464,3 0,068 10 12 112 86
12 1:2024,8 0,049 15 19 54 51
13 1:2834,7 0,035 36 58 69 56
14 1:3968,6 0,025 30 19 117 89
15 1:5566,0 0,0178 33 55 161 149
K — — 57 119
Hpumimxu: R — KOHTPOJIb, f— 3 CHPOBaTKOIO KpOBi; 1) — YUCTe 6aI{TepI/ILU/I,I_IHe po3Be-

neunusa 3a 30 xB. ekcmosuii micas 48 rox. inky06airii; 2) — 6aKkTepUIluIHE PO3BEIEHHA 3
CHPOBATKOIO KPOBi 3a pisHOI ekcrosumnii nicia 24 rox. imxy6arii; 3) — umcre 6akTepuU-
nmuaHe po3Benenusa 3a 10 xB. ekcrnosurlii micas 24 rog. inky6arii; 4) — uncre 6aKTepu-
nmuaHe pos3BeaeHHA 3a 30 XB. eKco3uIrii micas 24 rox. iHky6arrii.
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Ha Bigminy Big xeMiuHO CHMHTE30BaHMX CKJIAAHUKIB JaesiH(peKTaH-
TiB, BAJMUIIKN SAKUX MOKYTh CIPUUYNHATH TOKCUUYHY Oil0, IIOTPAILI-
I0OYM B OPTraHi3M JIOAMHYW i TBAapuH, Ae3iH(EeKTaHT Ha OCHOBi MOJIOY-
HOI KHCJIOTH Ta HAaHOYACTHMHOK cpibja € HaTypaJ bHUM i 6e3IMeuHuM.
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TiJbKY BigmoBigHO M0 JineHsil

PACS numbers: 81.05.Lg, 81.16.Fg, 83.80.Mc, 87.85.jf, 87.85.Rs, 87.85.M-

Hogi TexHo0rii e(heKTUBHOTO 3aXMCTY TEKCTUJIIIO
Big MiKpOOioIOTiYHMX IMOIIKOIKEHb
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B ocTaHHi poKu B 0OGPOOHOMY TEKCTHUJIBHOMY BUPOOHUIITBI Iife mocTifiHMI
MOIIYK OGiJILIII JOCKOHAJMX Ta €KOJOTiuHO Oe3meuHuxX 3acobiB I aHTUMIiK-
pob6HOTO0 00POOJIEHHS IIEJI0JI030BMICHUX TKAHWH Pi3HOrO IiJILOBOTO IIPH3HA-
yeHHdA. AIKe mpobjeMa 3aXHCTy TEeKCTHMJIBHUX MarepisaiiB i BUpo6iB Bix
Mikpobiosoriunoi mecTpykiii ckiaamgHa Ta GaratorpaHHa, Ta ii ycIimHe Bu-
pilleHHA BUMarae CKOODAWHOBAHUX 1 IisiecnpAMOBaHUX 3ycujab (haxiBiiB
pisHoro mpodimio. OcobaMBO aKTyaJlbHUM € MOMIYK e(eKTUBHUX IILIAXiB
3aXMCTy Big MiKpob6ioJsioriuHoi mecTpyKIii TeKcTuabHMX MaTepiaaiB. I HuHI
OJHUM i3 TaKMUX CIIOCO0IB B3aXMCTy € HaJaHHA TEeKCTHJIbHUM MaTepisjaam
GiOIMMAHMX BJIACTUBOCTEIl, 1[0 He TiJbKM 3am00irae po3BUTKY Ta POCTY Oak-
Tepiii, ase ¥ Moike 3a0€3IEUUTU BUCOKUII piBeHb 3HOCOCTIMKOCTM TKAHWH.
OpauM i3 HampaMiB Iiel po6OTHM € BIPOBAMKEHHS HOBUX BHUAIB GiOIMUAHUX
mpernapariB I HaJaHHA IeJI0J030BMiCHMM TKAHMHAM OJHOYACHO 6iocTiii-
KocTu, aTrMocdepocTiiikocTu i ekoJioriumoi Oesmeunoctu. Hamm Bmepiie
BUBYEHO MOJKJIMBICTH BHKOPHCTAHHSA HOBUX IIpellapaTiB Ha OCHOBiI TioCyJb-
doHaTiB A aHTUMiIKPOOHOTO 3aXMCTY TEKCTUJLHUX MaTepianiB. OOTpyH-
TOBAHO aKTYaJbHICTh NOIIYKY HOBUX EKOJIOTIiUHMX OiOIMIHUX IpemapariB
I aHTUMiKpOOHOTO OOpOOJIeHHA TEKCTUJILHUX MaTepidiB, 30KpeMa AJs
BUTOTOBJIEHHSA CIEIiAJIBLHOTO OZATY. P03po0JieHO TeXHOJOrilo HaJaHHA aH-
TUMIKPOOHMX BJACTHUBOCTEH I[E/JII0JI030BMIiCHMM TeKCTUJILHUM MaTepisjaam

621
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CIIEIiANBLHOTO IIPpU3HAUeHHsd. EKCIepumMeHTAaJIbHO BCTAHOBJIEHO MiHiMaJbHO
IieBy KOHIIEHTpAIlifo GiOIMMAHUX PEUOBUH TioCyJabGOHATHOI CTPYKTYPHU I
HagaHHA GiocTifikocTu. OOTpPyHTOBaHO BUOip KpuUTEpPiiB OIMiHKU eheKTUBHO-
CTH BUKODPHCTAHHA OiOIMMIHMWX TIpelmapaTriB Tiocyab(pOoHATHOI CTPYKTYPH IJIA
00po0JIeHHSA IIeJI0JIO30BMICHUX TKaHWH i CHEIisgJIbHOrO OAATY 3 HHUX. Bu-
3HAUEHO aHTUMIKPOOHY aKTHUBHICTH GioMuUAHMX IIpermapariB TiocybpoHATHOL
crpyktypu ETC, MTC ta ATC. BcranoBieHo, 10 BeJIUUYNHA 30HU 3aTPUMKH
POCTY MiKpOOpraHisaMiB 3ajie;KUTh He TiJIbKM Bif (isiosoriunoi rpymnu i Bu-
oy 6Gakrepiii- i rpubiB-0iomecTpyKTOpiB, ajie @i Bif BOJOKHUCTOTO CKJAIY
TKaHUHU.

In recent years, there is a constant search for more advanced and envi-
ronmentally friendly means for antimicrobial treatment of cellulose-
containing tissues of various intended uses in the textile industry. After
all, the problem of protecting textile materials and products from micro-
biological destruction is complex and multifaceted, and its successful so-
lution requires the coordinated and purposeful efforts of specialists of
various profiles. The particular relevance is a search for effective ways of
protecting against microbiological destruction of textile materials. And
today, one of such methods of protection is to provide textiles with bio-
cidal properties, which not only prevents the growth of bacteria, but can
also provide a high level of wear resistance of tissues. One of the direc-
tions of this work is the introduction of new types of biocidal prepara-
tions to provide cellulose-based materials at the same time with biore-
sistance, weather resistance, and environmental safety. We first study the
possibility of using new preparations based on thiosulfonates for antimi-
crobial protection of textile materials. The actuality of search of new eco-
logical biocidal preparations for antimicrobial treatment of textile materi-
als, in particular for fabrication of special clothes, is substantiated. The
technology of providing antimicrobial properties to cellulosic-textile mate-
rials of special purpose is developed. The minimum effective concentration
of biocidal substances of the thiosulfonate structure has been experimen-
tally established to provide bioresistance. The choice of criteria for as-
sessing the effectiveness of using biocidal preparations of the thiosul-
fonate structure for processing cellulose-containing fabrics and special
clothing from them is substantiated. Antimicrobial activity of biocidal
preparations of thiosulfonate structure of ETS, MTS and ATS is deter-
mined. As revealed, the magnitude of delay in the growth zone of micro-
organisms depends not only on the physiological group and the type of the
bacteria and fungi biodestructors, but also on the fibre composition of
tissue.

B mocaegHme roabl B TEKCTUJIBHOM HPOM3BOICTBE WAET IIOCTOAHHBLINA ITOUCK
6ojiee COBEPIIEHHBIX W 9KOJOTMYECKU Oe30IIaCHBIX CPEeACTB IJId aHTUMUK-
poOHOIT 06pPabOTKM IEJIII0JI030COAEPIKAINNX TKaHEeH pas3JInYHOTr0 I[eJIeBOTr0
HasHaueHUA. Benb mpobjeMa 3aIuThl TEKCTUJIBHBIX MATEPUAJIOB U U3AEJIUN
OT MHKPOOMOJOTHYECKON OEeCTPYKIIMK — CJIOXKHAd W MHOTOTpaHHasd, W eé
yCIIEIIIHOe pellleHre TpedyeT CKOOPANHMPOBAHHBIX U IleJIeHAIPaBJIEHHBIX
YCUJIUM CIenUaJnucTOB pasaundHoro npoduisd. Oco0eHHO aKTyaJbHBIM SBJIS-
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ercss TMOUCK OS(M@AEKTUBHBIX IIyTEH S3allfUThBI OT MHKPOOMOJIOTUYECKOI me-
CTPYKIINU TEKCTUJIbHBLIX MaTepuaJyioB. VI cerogHs OgHUM M3 TaKUX CIIOCOO0OB
3alllUTLI SABJSETCS TpUAaHWE TEKCTUJILHBIM MaTepuajaM OMOIUIHBIX
CBOMCTB, IpegoTBpAaIllad IIPU STOM Pa3BUTHE U POCT GaKTEepHil ¢ OZHOBpE-
MEeHHBLIM o0ecIleueHreM BBLICOKOT'0 YPOBHS M3HOCOCTONKOCTU TKaHei. OgHUM
W3 HaAIpaBJIeHUIl 5TOW paboThl SABJIAETCS BHeAPEHNEe HOBBIX BUIOB OMOITU-
HBIX IIPerapaToB AJs HPUIAHUS I[eJJII0J030COAEPIKAIUM TKAaHAM OMOCTOI-
KOCTHM, aTMOC(EPOCTONKOCTH U 9KOJOTUUYECKOoil 6GesomacHocTu. Hamu Biep-
Bble M3yueHa BO3MOKHOCTDL WCIIOJIb30BAHMWS HOBBIX IIPENapaToB HAa OCHOBE
THOCYJIb(MOHATOB AJA AHTUMUKPOOHOMN 3alUTHI TEKCTUJILHBIX MAaTEpPHUAJIOB.
O0ocHOBaHA aKTyaJbHOCTb IMOUCKA HOBBIX 9KOJIOTUYECKUX OMOIMAHBIX IIpe-
ImapaToB MOJsd AaHTUMHKPOOHOII 00paGOTKM TeKCTUJILHBIX MaTepuajioB, B
YACTHOCTU IJIA M3TOTOBJEHUS CIeIMaNbHON oAe:kabl. PaszpaboTrama TexHO-
JOTUS TPUAAHUA AHTUMUKPOOHBIX CBOMCTB IIEJIIIONIO30COAEPIKAIIUM TeK-
CTUJIBLHBIM MaTepuajiaM CIeINaJbHOT0 HasHAUeHUSa. IKCIepUMEeHTaTIbHO
yCTaHOBJeHAa MUHUMAJIbHO 3S(P(eKTUBHAS KOHIEHTPAIUA OMOIIUAHBIX Be-
IIeCTB THUOCYJIb(MOHATHON CTPYKTYPBI AJA HpUAaHUA OumocToiikoctu. O6oc-
HOBaH BBLIOOP KpHUTEPHEB OIEHKU 9(P(HEKTUBHOCTH HCIIOJH30BAHUS OMOIM-
HBIX IIPemapaToB THOCYJIb(OHATHOM CTPYKTYPhI IJIs 00PAabOTKU IeJIII0JI030-
CcoepsKaIuX TKaHell M CIeruaabHONM oxekAbl m3 Hux. OmpemeneHa aHTH-
MUKPOOHAA aKTUBHOCTH OMOIIMIHBIX IIPerapaToB THUOCYJIb(POHATHON CTPYK-
Typsl ETC, MTC u ATC. YcraHOBJIE€HO, UTO BeJUUMHA 30HBI 3aJEePIKKU DPO-
cTa MHKPOOPraHM3MOB 3aBHCUT HE TOJBKO OT (PM3MOJIOTMUYECKON TPYINbI U
BHUJa O0axkTepuii- 1 rpubOB-6MOAECTPYKTOPOB, HO M OT BOJIOKHICTOT'O COCTABa
TKaHU.

KarouoBi cioBa: 1esniosio3oBMicHI TKaHumHH, O6iocTifikicTh, TiocyabdoHaTH,
Oiomum.

Keywords: cellulosic fabrics, bioresistance, thiosulfonates, biocide.

KaroueBble cioBa: ITEJJII0JIO30COAEPKAIINE TKAHU, OMOCTOMKOCTD, THUOCYJIb-
douaThl, OMOIU/I.

(Ompumano 3 aunnsa 2019 p.)

1. BCTYII

B ocranHi poku B 0O6pOOHOMY TEKCTHUJIBHOMY BUPOOHUIITBI Iifie IOC-
TiHHWI TOITYK OiJIbIII JOCKOHAJIUX 1 €KOJIOTIUHO 0e3MeYHUX TEXHOJIO-
riii BUKOPUCTAaHHA HAaHOMATEPiAJIB AJA aHTUMiKPOOHOTO 00POOIEeHHA
11eJI0JIOB0BMIiCHUX TE€KCTUJIBHUX MAaTepiAJiB pi3HOro IiJILOBOTO IIPU3-
HaueHHA. 30KpeMa, MUTAHHIO PO3POOKM TEeKCTUJILHUX MAaTepiAsiB 3
QHTUMIiKPOOHMMU BJIACTUBOCTSAMM IIPUCBAYEHO 0araTo mpaib BUEHUX,
AKVUMM BCTAHOBJIEHO, IO 3aXWCT HATYPaJbHUX TEKCTUJIbHUX MaTepi-
AMiB Big 6GiomecTpyKIlil MOMKIMBUII 3aBOAKU Hii OioMUAHWX PEUYOBUH,
a JedKi 3 HUX HABiTH COPUAIOTH IMOJINIIEHHIO YKUTKOBUX BJIACTUBO-
creit [1-10].
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AJe, He3Ba)KaoOUM HA HaIBHI PO3pPOOKM, ChLOTOJHI mpobieMa MiK-
pobiosoriuHoi CTiliKOCTH TEeKCTHMJIBHUX MaTepiAliB, AKi eKcmayary-
IOTBCA B Pi3HUX KJIIMaTHUYHUX 30HAX, 3AJUIIAETHCA JOCTATHBO aKTy-
arbHOI0. AIKe Ha CBIiTOBOMY PUHKY IO TEHEpPiIlTHLOTO Uacy IiepeBa-
JKaIOTh TPaguIliiigi OiommaHi mpemapaTu: XJOPAKTHUBHi, YeTBEePTHHHI
aAMOHIMOBi CIIOJIYKM, a TAKOMK CIIOJYKU, SIKi MICTATh TOKCHUYHI pedo-
BUHU MiJi, KaaMiio, 0JI0OBa, CBUHITIO TOII[O. I pa3oM 3 TUM, € P IPO-
0JieM IPM CTBOPEHHI TEeKCTMJIbHMUX MATEPiAJiB i3 OaKTepUIUIHUMU
BaactuBocTaMu. CyuacHi GionmuAHI peuyoBMHM, XOoua I HPUTHIUYIOTH
picT GinmbIiTocTH MiKpoopraHismiB, ajJe HeJOCTAaTHLO e(PeKTHBHi, a me-
AKI 3 HMX TOKCHUHI Ta He0esIeuHi IJA JIOIMHKN i HaBKOJHUIIHBOTO
cepeloBUIIA.

Bigomo, 110 ogHMUM 3 HAWUIIOINUPEHIMNUX BUAIB PYWHYBaHHA TeKC-
TUJABHUX MAaTePifAiB IIiJi BIJMBOM HABKOJHUIIHLOTO CEPeIOBUIIA €
ixHe MiKpoOioJjioriuHe IOIIKOMKEHHSA, AKe BiAOyBaeThbcA BHACIIIOK
PO3BUTKY TPHOX OCHOBHMX THUIIIB MiKpoOopraHidmiB: O0axTepiii, akTu-
HoMimeTiB i rpub6iB. Taxkok Bimommii Toii (axT, II0 HA MMOBEPXHi
OyIb-AKOT0 TEKCTUJIBHOTO BOJIOKHA MOKHA BUABUTU MiKpodJopy,
fAKa IPU BUCOKiM BifHOCHINM BoJOrocTi HmOBiTpA U onTuUMAaJNbHIN s
CBOT'O PO3BUTKY TeMIIEpATypi 3JaTHa 3 YacOM OCBOIOBATU BOJIOKHA B
SAKOCTi MOKWBHOrO cybGcTpaTy i mpusBOAUTH OO pyuHYyBaHHa ix [1,

11].
Hait6iasn cXuabHi 10 MiKpPo0ioJOTiYHNX HOMIKOIKeHb TeKCTUIbHIL
MaTepifAayu Ha OCHOBI HATypaJbHUX BOJIOKOH — OaBOBHAHI, JIIAHI Ta

immmi, Aki yTuiaisyooThea campo@iTHOIO MiKpodiopoio B Ko0J0006iry 6i-
oreHHUX peuoBuH. IIpore, i choromui mpobaema MikpobGioaoriunoi
CTiIKOCTU TEKCTUJIBHUX MATEPidAJiB, AKi eKCIJIyaTylTbCA B PiBHUX
KJIiMaTUYHUX 30HAX, OCOOJIMBO 3 MiJBUIIEHOIO BOJIOT'OI0, 30KpeMa B
MOPCBKHUX 30HAaX, 3aJIUINAETHLCSI HJOCTATHBO aKTyaJbHOIO [12—15].

IIporiec MiKpoO6GioJIOTiUHOTO PO3KJIAAY POCIUHHUX BOJIOKOH IIPOXO-
IUTH TO-Pi3HOMY i 3 Pi3HOIO iHTEHCUBHICTIO, 3aJIE}KHO BiJ yMOB 30epi-
raHHA ¥ eKcmuyaraiii roroBux BupoO6iB. BmimB MikpoopraHizmin
3pocTae B Pe3yJabTaTi TPUBAJIOro 30epiraHHA CUPOBUHU # eKcILTyara-
1[ii TOTOBMX BUPOOIB Y BOJIOTMX NPUMINEHHAX, IPU IOCTIHHOMY KOH-
TaKTi 3 TPYHTOM ab0 BOAOI0. PO3BUTOK rpubiB y BUpoOax BUABJIAETH-
cA y BUIJIALI TIJIAM Pi3HOrO KOJLOPY, a caMme, KOBTO-TIOMapaHYeBi
IJIAMUA € Ppe3yJabTaToM po3BUTKY rpubiB Oidium aurautiacum,
Aspergillus flavus, A.ochraceus, A.glaucus; 3ejeHi Ta OJUBKOBO-
sdeneHi — Penicillium crustosum, P.glaucum, Aspergillus versicolor,
A.glaucus, A.fumigatus, a takox Trichoderma viride i pony Botrytis;
yepBOHi maavMu — Aspergillus ruber, A.roseus; dioneroBi nmiaamm —
rpubu poxny Fusarium; 0poH3oBi muamu — rpubu poxay Cladosporium
(C.herbarum); TemMHO-OpOH30Bi Ta wopHi maamum — Mucor mucedo,
Rhizopus nigricans, Aspergillus niger, A.terreus, a Tako rpubu po-
niB Stemphylium i Curvularia [12, 13].
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Haamipuuii picT i po3BUTOK MiKpoopraHidmiB pisHOMaHITHUH i He-
baxkaHUil, TOMY IIIO 3 IOABOI0 HEIIPUEMHOIO 3aIaxy, IJIiCHABUX ILIAM
yyx 3MiHM 3a0apBJIeHHA BOHM MOMKYTH IIPU3BECTH OO IIOHM:KEHHS
VJKHUTKOBUX BJIACTHUBOCTEHM, 30KpeMa B3HOCOCTIMKOCTH TEeKCTUJIbHUX
MaTepidaiB.

Y 3B’A3Ky 3 IIUM CBOTOJHI B yChOMY CBiTi aKTyaJbHUM € IIOIIYK
MaJIOTOKCMUYHUX Oionuauux mpemnapariB [15—20], aki He TinbKu BuU-
pimmau 6 mpobieMy 3aXUCTy TEKCTUJILHUX MaTepiAsiB i BUpobiB Bin
MiKpoG6iosoriuHoro pyiHyBaHHSA, ajle ¥ YMOMKJIUBUJIN O IIiABUIMUTH
AKicHI xapakTepucTuKu. I OgHUM i3 HOBUX HEPCHEKTHUBHUX E€KOJIOTi-
YHUX PO3PO00JEeHDb B IILOMY HAIPAMi CHOTOAHI MOKHaA BBaKaTu 06ioIlu-
OHI IIpenapaT TiocyJb(hOHATHOI CTPYKTYPU, CHHTE30BaHiI Ha Kadenpi
TexHoJOorii 6ioJ0riuHO aKTUBHUX CIIOJYK, (papmarii Ta GioTexmoJiorii
HamionanwHoro yuiBepcuTeTy «JIbBiBchbKa moiiTexuika». Ilami 6io-
IUIHI IpenapaTu eeKTUBHO BUKOPUCTOBYIOThCA AK OGiomuam mja 3a-
XUCTy JaKohapboBUX TOBApiB, MOOABKH IJId 3aXUCTy Bid 6GioIIOIIKO-
IKeHb MaCTUJIbHO-OXOJIOMKYBAIbHUX PiguH, GiomuaHa cKJaagoBa aH-
TUKOPO3iifiHOI KoMIo3uIlii Ajd TPyOOIpPOBOAiB cucTeM 0OOPOTHOIO BO-
JOIOCTAaUYaHHA, HA(PTOOPOAYKTIB, OymiBeJIbHUX MaTepidAJiB i KoHC-
TPYKI[i#, adbriliuay AJid 3aXUCTy IIOBEPXOHb, ITaKyBaJbHUX MaTepid-
JiB, mJa cTepuiisamii KyJabTypaJbHOI piguHM y O0iOoTeXHOJOTiUHUX
BUPOOHUIITBAX TOIo [21—-24].

Tiocynbdonarui 6ionmuay ie He Oyau ampoOOBaHiI B JeTKiili mpoMu-
CJIOBOCTi, i HamMm BIepie OyJ0 BUPIIIEHO eKCIepHMMeHTAJIbLHO TOCJIi-
IUTH AHTUMIKPOOHI BJIACTMBOCTI HAHUX IIpeIapaTiB [AJA TEeKCTUJIIO.
Ile TpoAMKTOBaHO He TiJIBKU IIHPOKUM CHEKTPOM Aii TiocyiabgoHAaT-
HUX CIIOJYK, aje i CcIpo00i0 BUPIMIUTH HPOO6JIeMy MHOIIYKY MAaJOTOK-
CUYHUX Ta eKoJsoriunmx Oiomuais [25, 26]. Iaui mpemapartu, Ha Ha-
nry AyYMKY, MOMKYTh ifleaJbHO ITiAXOAWUTH MiJl TEPMiHOJIOTiIO «EKO0JIO-
riuni Giomuam», OCKiJIBKM BOHM € TaKOXX [Oil0U0Oi0 CyOCTaHIIi€lo mJId
JiKyBaHHA DPi3HUX MIiKO03iB IIKipu 1 oHiXOMiKO3y HIrTiB, KOHKYpEH-
TO3MaTHOTO 3 HizopaJjoMm i KjoTpimasosom. EKoOJOriyHiCTh Ta HEIIKi-
IJIUBICTh JaHWX MpeapaTriB TaKOK IMiATBEPAKEHO PO3POOHHMKAMU 3a
pesyabTaTaMu IOCIimKeHb Ha Imypax [25].

BpaxoByioun BuiliesasHaueHe, JOTiUHO IPUITYCTUTH, IO AaHI IIpe-
mapatu abCoJIIOTHO HeNIKiAJIWBiI OJid opraHisMy JIOAUHM Ta HABKO-
JUNTHBOTO CEPEIOBUINA, i MAae CEHC eKCIIEPUMEHTAJbHO MTOBOAUTH JO-
IJIbHICT, BUKOPUCTAHHA IX TaKOMK 1 B TeKCTUJBHIN IIPOMUCIOBOCTI,
e TiJIO JIOAVHY NIPSAMO KOHTAKTY€ i3 TKAHWHAMU.

Tomy mpeacTaBIA€TbCA AOIMIIBHUM AOCIiMKYBATH MOMKJIUBICTH BU-
KOpPUCTAaHHS HOBUX IIpelapaTiB Ha OCHOBi Tiocysb(oHATIiB AJIA aHTU-
MiKpPOOHOTO 3aXUCTy TEKCTUJIBHUX MAaTePisiB.

B paniit po6oTi Mu 00MeKHMJIMCA TMOCTAHOBKOIO Ta IOIITYKOM ITLJISA-
XiB BUpIIlIeHHS TiIBKU OeAKUX acIeKTiB Iiei 6araTorpaHHoi mpobJe-
mu. HasBeMoO OCHOBHI 3 HUX:
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— BUBYEHHS MOJKJMBOCTH Ta OOT'DYHTYBAHHSA JOIIJIBHOCTH BUKO-
pHUCTaHHSA HOBUX THUIIIB aHTUMIKPOOHMX HIpemapariB Tiocyab(poHATHOL
OPUPOAU IJs HALAHHA OOATOBUM OABOBHSIHO-IIOJIieipHMM Pi3HOKOM-
IOHEHTHNM TKAHMHAM OJHOYACHO OiOCTiMKOCTH Ta eKOJOoTiuHoi 6e3-
TIEYHOCTH;

— BHUKOPHUCTAHHSA JOCJIMKYBAaHUX TKAHWH, MOAU(PDIKOBAHUX TAHU-
MU IpenapaTaMu, IJd CTBOPeHHA Ha IXHi OCHOBiI BiTUM3HAHOTO CIIe-
IiAJBbHOTO OOATY AJIs IOTPed IIOPTOBMX POOITHUKIB, pubaOK, MIC-
JUBIIIB Ta 1HIINX.

HominbHiCTs BHUKOPUCTAHHS HOBUX AaHTUMIKPOOHUX IIpelapaTiB
I 3aXVWCTY TEKCTHJIbHUX MATEPisaaiB Bia MiKpoO6GiosIoTiuvHMX MOIIKO-
[UKeHb Mae OasyBaTucA Ha BpaXyBaHHI HACTYIMHWUX OCHOBHUX UMHHU-
KiB:

— BU3HAUEHHA HAABHOCTU HA JOCIIiIKYBAaHUX ONATOBUX MaTepid-
Jax i Bupobax MikpoopramismiB (6akTepiit i rpubiB), IKi € OCHOBHU-
Mu OiofecTpyKTOpaMu TEKCTUJIBHUX MaTepidaiB i BupobiB;

— Bubip Ta 0OOTpyHTYBaHHA OaKTepiii i TecT-rpmbiB, AKi cmpuum-
HAIOTH pPeajJbHUIN IPOoIleC MOMIKOIMKEHHSA AOCJiKyBaHUX O0aBOBHAHO-
nosrie)ipHUX OXATOBUX TKAHUH;

— OOT'pyHTYBaHHS BUOOPY KPUTEPiiB OIMiHKM e(EeKTUBHOCTU BUKO-
pucTaHHA OioIMUOHUX IIPenapaTiB TioCcyJab(MOHATHOI CTPYKTYPHU [JId
00pOo0JIeHHA MOOCHiZHMX BAPiAHTIB TKAHUH i CIEIigJIbHOTO OOATY 3
HUX.

OkpiM 11bOro, HOBiTHI GiOIMAHI mpemapaTy MaioTh:

1) 3abesmeuyBaTu BUCOKUIl i cTabiabHMI edeKT OiocTifikocTH moc-
JiKyBAHOTO MaTepidly IIpu MiHiManabHiNT #oro KOHIleHTpAaIlii Ha BO-
JIOKHi;

2) OyTH HETOKCUUYHWMHU AJA JIOAUHU IPU BUKOPUCTAHHI iX y IIpO-
1meci o6pobIeHHSA TKaHWUH;

3) He MaTM HEI'aTMBHOIO BIJIMBY Ha 3MiHY MeXaHIUHUX, (GhiswuyHUX
Ta ¥ eCTeTUMUYHUX BJACTUBOCTEHM MOCJiMKYBAaHUX TEKCTUJIBHUX MaTe-
pisaiiB i BupoO6iB B mporieci ekcmiyararii ix;

4) OyTu 3pyYHUMU ¥ €KOHOMIYHMMM B IIpOIleci BUKOPUCTAaHHA ixX
IpU 3arajJbHOMY O0POOJEeHHI TEKCTUIBHUX MaTepPiAiB;

5) BsalbesmeuyBaTu 3aJaHuil TepMiH eKcILIyaTallili CIeIisiJIbHOTro
OIATY;

6) rapaHTyBaTH BUCOKY KOHKYPEHTO3JATHICTH ampeTUPYBaHUX IIU-
MU IIpenapaTaMy TeKCTUJIBHUX ONATOBUX MaTepiAJiB i BUpPOOiB;

7) OyTM E€KOHOMIUHO BUTiJHUM y BMKOPHUCTAHHi iX IJA BiTUMBHA-
HUX TEKCTUJbHUX ITIiIIIPUEMCTB.

IIpu mpoMy cJifi BpaxyBaTu BiTUMBHAHUN i 3apyOisKHMIT mOCBin
BUKOPHCTAaHHA MOAIOHUX TUIIIB aHTUMiKDPOOHMX OOPOOHUMX IIperaparis
TEeKCTUJIbHOTO IIPU3HAUEHHA 3a OCTAHHI POKU.

Ciaim sasmaumTu, 10 B HaHili poOOTI MU OOMEKMMOCS PO3TJISIIOM
TIIBKY TUX JIiTEpaTypHUX IKepes, AKi OesmocepelHBO IOB’A3aHi i3
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MOITYKOM e(EeKTUBHUX MIIAXiB 3aXUCTy ITEJIOJ030BMiCHUX OISATOBUX
TeKCTUJIIbHUX MaTepidsiB Bif Aii Ha HUX IeJI0J030PYHHYBaJbHUX i
maToOreHHUX MiKpooprauismis [27—-30].

Astopamu po6oTtu [27] BuBUEHO HaABHICTL i HOBedeHO HOILJILHICTH
BUKOPUCTAHHA TioCcyJIb(DOHATHUX IIpelapaTiB He TiJIbKU IJA 3aXUCTY
Bii HOIIKOMKeHb (piTomaToreHHMMHN MiKpoopraHismMamu, ajie M Bif
BOJIOKHOPYHAHYBAJIbHUX MIiKPOOPraHi3MiB TEKCTUJIO, BPaXOBYIOUU
IIMUPOKUI CIIEKTep aHTUMIKpPOOHOI Mil HasBaHMX IIpelaparis.

Bceranosieno, mo mpemapatu ETC, MTC i ATC za xowmmiexcoMm
CBOIX EKCILTyaTaI[iiHMX BJACTHUBOCTEH BiAIIOBiZalOThH CYy4YaCHUM BHIMO-
raM aHTHMiKPOOHMX MpelapaTiB TeKCTHUJIbHOTO IPU3HAUEHHS, i BOHU
MOXXYTh OYyTU PEKOMEHAOBAaHI A e()EKTHUBHOIO 3aXMCTY BiJ MiKpoOi-
OJIOTIYHUX IIOIIKOAMKEHb TEKCTUJIbHUX MaTepidasaiB i BUpobGiB pisHOTO
I[iJIbOBOTO NPM3HAUEHHS Ta BOJOKHMCTOTO CKJAaIy, OCOOJHBO i3 BMic-
TOM IIeJIFOJIO3HUX BOJIOKOH.

Agropom pobGotu [28] po3pobiieHO if OOTPYHTOBAHO CYyUYacHY HAyKO-
By KJacu(dikaililo aHTHUMiKPOOHUX IIperapaTiB TeKCTUJIHHOTO IIPU3-
HauenHudA. J[aHO OOI'PYHTyBaHHA chep 3aCTOCYBaHHS IIUX IIpeHaparis
Y TEeKCTUJILHOMY BUPOOHUIITBi. OCHOBHY yBary IpPHUAiJIEHO HACTYIIHUM
BHUJaM IIUX IIpeIrapaTiB:

— Migb, 0JI0BO, IIUHK, (bTOp Ta PTYThBMiCHI IIperapaTu;

— coii cpibma, XpomMaTH, IMOXigHI YHAEIUJIEHOBOI KHCJIOTHU, CAJIi-
MMJIAHLITiT;

— Ha(TeHaTH, MOXiMHI cCeUOBMHM, IMOXiaAHI heHOTY;

— KaTaMiH, MeTaIlu Ta iHImi.

B poboti [29] BuBUeHO MOKJIMBICTH i OGI'PYHTOBAHO AOIIiJIBHICTH
IIMPOKOTO BUKOPUCTAHHSA HOJII(DYHKIIIOHAJbHUX KpeMHillopraHiuyHUX,
dropopraniunmx i KapbaMoJbHUX 0OPOOHUX TIpPeHaparTiB A HaZaHHA
TeKCTUJIbHIM MATepisijiaM OAATOBOTO, BAYTTEBOT'O TAa TEXHIUHOTO MHPIU-
3HAYEHHA OJHOYACHO JEKiJNBKOX OasKaHWX BjacTuBocTed (0io- Ta ar-
Moc(hepOoCTiHKOCTH, BOJAOTPUBKOCTHY H iHININMX eKCITyaTalifHmMX BJac-
TUBOCTeM). JlaHO MOPiBHAJIBHY XapaKTEepPUCTUKY MaTepianiB, o0poo-
JeHUX TpagulliiHuMu Ta noai)yHKI[ioHaJIbHUMU IIpenapaTtamMu. Bu-
BUEHO [OOIIiJIbHICTL CYyYacCHOTO BUKOPUCTAHHA TPASUIIHHUX OiomlumiB
Ta HA3BaHUX MNOJi(YHKIIOHAILHUX IIpemapaTiB. Po3kpuTo poJsb 0io-
IMUIHOTO 00POOJIEHHA TEKCTUJIBLHUX MAaTepPifAiB y BU3HAUEHHI TepMi-
HiB iXHBOTO 3HOITyBaHHA. CHOPMYJIHOBAHO KOHIIEHIIiI0 (POPMYBaHHS
3a/1aHOI 3HOCOCTiNKOCTU Ta (POPMOCTIMKOCTHM TEKCTUJIbHUX MAaTEPifd-
JiB, MoaqudGiKoBaHNX aHTUMIKPOOHMMU IIperapaTaMu PisHOI XeMiuHOl
O0ymoBu. PO3KpPHUTO POJIb OCHOBHUX CIIOCO0iB 00pPOOJIEHHS TeKCTUJIbHUX
MaTepisainiB y ¢opmyBaHHI IXHBOI 3HOCOCTIIKOCTH, (hopMOCTifiKOCTH,
ririemiunoctu # exojoriumoi 6esmeunoctu. ChopmyanLoBaHO Ta 00-
I'PYHTOBAHO BHUMOTH 1O0 (POPMYBaHHS AaCOPTUMEHTY, BJIACTHUBOCTEI,
piBHA dAKocTH Ta 0E3MEYHOCTH EKOTEKCTHJIIO. 3allpPOIIOHOBAHO aJiro-
put™M GOpMyBaHHS aCOPTHUMEHTY, PiBHA SKOCTH Ta 0E3IeYHOCTH eKO-
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TeKCTUJIIO. 3HAUHy yBary IMIPUIIJIEHO IIOIMIYKY HOBUX e(peKTUBHUX
c1IocobiB 3aXMCTy TEKCTUJIIO Bix Mikpobiosoriunoi gectpykirii [30].

Mertoro HaIIoi pobOoTH € OOr'PYHTYBaHHS JOIiJIBHOCTH BUKOPHCTAH-
HSA HOBHUX IpemapaTiB TiocyJab(POHATHOI CTPYKTYPH AJIA AHTHMIKPOO-
HOTO 00po0jeHHA OaBOBHAHO-TONiehipHUX TKAHUH CHIEIigJIbHOTO
MIpuU3HAYeHHS.

2. EKCIIEPUMEHTAJIBHA METOJUKA

BukopucroByooun I aHTUMiKPOOHOTO OOpOOJEHHS AOCIIiIKyBaHUX
TKAHWH HOBI THMOM OiomMUIHUX IIperapaTiB Tiocyab(OHATHOI CTPYKTY-
pu ETC, MTC, ATC, aBTopamMu CTaBUJINCS HACTYIIHi 3aBIAHHSI:

— MPUTHIUEHHA PO3BUTKY Ha AOCIiMKyBaHUX TKAHWHAX 1 cmelisa-
JBHOMY OJs31 3 HUX INKIiZJMBUX IJIA JIOZUHU YMOBHO-IIATOT€HHUX i
BOJIOKHOPYHHYBAJIbHUX MiKpPOOpPraHisMiB;

— e(deKTUBHUHA 3aXUCT HA3BAHUX TKAHUH i OomATy 3 HUX Big MiK-
pobiosoriunoi mecTpyKIlii B mpoIieci ekcmiryararii ix.

O6’exTaMu OOCJiIKeHb IIPU BUPIIIeHHi IIOCTaBJIEHUX 3aBAaHbL Oy-
Jau 0aBOBHSHO-TOJiedipH] oaaroBi TKaHmMHMU, 3alpaBHI AaHi AKMUX Ha-
BeZeHo B TabJ. 1.

AHTUMiIKpOOHe 00poOJieHHA O0OaBOBHAHO-TIONieipHUX OJATOBUX
TKaHUH IIPOBEIEHO 3a HACTYITHOI0 METOAUKOIO. 3pasKy TKAaHWH IIPO-
couyBaJyiica coupro-BogHuUM posumHoM (60/40) mpemaparie ETC,
MTC i ATC y marocoBIIi 3a KiMHATHOI TeMIIepaTypu i BimHOCHOI BOJIO-
roctu moBiTpss y 63—-65% . IloTiMm 1i 3pasky TKAHWH BiATHCKAaJX Ha
ILJIIOCOBIII 0 3aJUINTKOBOI Bosoroctu v 6—8% 1 BucymmyBaiu 3a TeM-
neparypu y 75, 60 i 50°C BigmoBiguo. [lieBa KOHIIeHTpAllis IIpemapa-
tiB ETC, MTC i ATC ckanagamna 0,05-0,5% ; npu 11poMy, OIHIPAOUYNCh
Ha pe3yJbTaTH MOIEPeAHIX MOCIiIKeHb, MOMKHA CTBEPIKYBaTH, IO
IUISl 3aXUCTy TKAHWH Biff MiKpo06iosioriuHOr0o pyiHHYBAaHHA MiHiMaJbHO
miesa roumenrtpamia ckiaazae 0,05%, ame mpu sacrocysanui 0,5%
PO3UMHIB cmocTepiraeTbca Jginmuii GyHridakTepunuaHuit edexrT, Imo
YMOJKJIMBJIIOE TTOAOBKUTH TPUBAJICTL aHTUMIKPOOHOI mii micns Gara-
TOPas0BOT0 IIPAHHA.

Y mociimkeHHAX OyJiM BUKOPUCTAHI KYyJbTypU I'pubiB, 1[0 JEMIOHO-
Baui B HamionanbHoMy meHTpi mramiB mikpoopranismis JJHKIBIIIM:
Trihoderma viride Pers. ex S.F. Gray, Aspergillus niger van
Tieghem, Penicillium funiculosum Thom, Paecilomyces variotii
Bainier, Chaetomium globosum Kunze. AKTUBHiICTH CIIOJYK BU3HA-
yajau cycmeusiiimoro meromoro. KyabTypu rpubiB BUpoIyBaau Ha Oy-
abiioni Cabypo mporarom 2 fi6 i BurpumyBasu 3—5 OHIB Y TEMHOMY
MicIti, Imicss Yoro BUTOTOBJIAJM CYCIIEH3i0 cmop y Qisiosmoriunomy
PO3UMHi 3 KIITHHHNM HaBaHTaKeHHAM y 2:10° KYO/M1 3a onTUYHNM
craamaprToM KasamyTHoctu ([lemcunamerp, Bpuo, Yexis). 'orysanu
0,5% po3umHM AOCHTiIKYBaHUX CIOJNYK, AKi BHOCWUJIM y OPOOipKuU 3
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TABJIAIISA 1. XapakTepHUCTHKA 3alpaBHUX JAHUX JOCHLMKYBAHUX TKAHWUH.'

Jiniitaa Tycruna P
rycTHHA = — 1Heno 3
e T ’ z HUTOK Ha | 3 &
z ) TORC o 100 mm | & -
Z| Cuposumnmit S 5o
2 S8 g BapsBHUK
o = Qo b
< ckaanm, % © Mm g o oo
n 2 | @ g @ | 2 | 3E
Z £ 8 @ £ e E>
3} > = o > ~
3 3
6aBoBHA — Ipsammit
1 100 49 38 Cap:xeBe 307 292 245 opaHKeBUH
o Indosol
6aBoBHa — 50% Hucnepcruii
2  moaiedpip — 42 25 Cap:xeBe 292 220 245 «Foron»
50% RD-SN
6aBoBHa — 35% ]:?H;S;ggaﬁ
3 momiedpip — 40 23 Cap:xeBe 278 227 220 CBIé-X (OBA
65% 351)
6asoeua — 20% I[I/;ZIJI;?I ;I;IHH
4 momiedip — 31 27 Komb6imoame 247 198 220 «Foron»
0,
80% Green — S

cepemosuilieM Cabypo, 3 MOJAJBITINMY TPUKPATHUMU CEPiHHUMU PO3-
BegeHHamu g0 0,0002% . IHOKyJIAIi0 MPOBOAWIN IIIAXOM OOLABAH-
HA V KOXKHY IpoOipKy cycmeH3sii TecT-rpmba 3 KJIITMHHMM HaBaHTa-
KeHHAM y cepegoBumi y 10° KYO/mia, nepemimryBanu BmicT, ckormry-
BaJIM HA IITATUBi s 30iabIieHHA oI aeparii. Iuxky0ailiro mposo-
auau B TepMmocTtati 3a Temmeparypu y 28°C. IloBTopioBaHicTh mocCIigy
— TpupasoBa. OOJiK PO3BUTKY TECT-KYJLTYP IIPOBOIUIHN IIOJEHHO
BIOPOMOBK OBOX TH KHIB. BusHauamu HasgBHicTh abo BifiCyTHICTBH poc-
Ty HOPiBHSHO 3 KOHTPOJIEM, SKUM OyJO pigKe IMOKMBHE CepeIOBUIIE
0e3 JOoCIiAKyBaHOI CIIONYKH.

IlokasHuKM MiHiMaJabHOI OaKTepUIMAHOI/PYHTIUIAHOI KOHIIEHT-
pauii (MBK/M®K) ta minimanpHOi iHTiOyrouoi KouieHTparii (MIK)
CIOJIYK BUBYAJHM 34 JOIOMOTOI0 METOAU CEePifiHMX PO3BeIeHb 3a CTaH-
JapTHOI0 METOAUKOIO.

Hocmimxenua OaxTepiocTifikocTm Ta rpuboCTiHKOCTH 3pas3KiB TKa-
HUH 3iMCHIOBAJM 3a CTAHAAPTHOIO MeTOoamKoio [31]. 3pasku TKaHUH
(20x20 mm) momepenHBO 00POOIANM TiocyimbdoecTepaMu (KOHTPOJbHI
3pa3Ky TKAHWH He MicTuam TiocyabgdonartiB). isa mociimy BUKOpuC-
TOBYBAJIM CTEPUJBbHI cepemoBuinia — M’ sco-tientoHHmi arap (MIIA)
nasi 6akrepiit i cycmo-arap (CA) mas rpubiB. ¥ BuUmpoOyBaHHAX BU-
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KOPMCTOBYBAJNM HACTYOHI BUAM MiKpooprauismis: OaxTtepii Esche-
2ichia coli, Staphylococcus aureus, Mycobacterium luteum ta rpubu
Candida tenuis, Aspergillus niger, aki 3me6iabIITIOr0 PyHHYIOTH TeKC-
TUJbHI BoJIoKHA. [inda nboro y uamku IleTpi HanmuBaau cTepujibHe U
oxosom:kene no 40—45°C arapmsoBaHe cepefoBHUINE, Y SIKe IOIepen-
HBO IHOKYJIOBaJNIM CYCIIeH3il0 MiKpoopramismiB (MiKpoOHe HaBaHTA-
xenna: 6aktepiit — 10° KYO/mu; cnop rpu6is — 10° KYO/min). Bu-
TOTOBJIEHI 3pasKM 3aHYPIOBAJM y arapus3oBaHe CepPeIOoBUIIEe, YAITKU 3
JOCJHIZHMMHI Ta KOHTPOJLHMMU 3pasKaMHu iHKyOyBaJlum B TEPMOCTATI
24—-48 rox. 3a Temmeparypu y 37°C misa IpopoleHHs OaKTepiii Ta
48-72 rox. 3a tremneparypu 28—30°C — aaa rpubis.

OmigKy BeJIMUYMHN aHTHUMiKPOOHOTO edeKTy Ha JOCIIiA:KyBaHUX Oa-
BOBHAHO-TIONieipHUX ONATOBUX TKAHWMHAX Micas o00pobiieHHA ix
npenapatramu ETC, MTC ta ATC mpoBoamiam 3a KPUTEPiEM 3MeH-
ITeHHA 30HU POCTY KOJOHi#M MikpoopramismiB (y [MM]) Ha mociimxy-
BAHUX TKAHWHAX.

3. PE3YJIBTATH TA IX OBTOBOPEHHS

ITokasHuKM MiHiMaJbHOI KOHIIEHTpAIlil OiomuAHMX IIperapaTiB Tiocy-
JAb(OHATHOI CTPYKTypU maasa (yurinuamoro (A) Ta (QyHTicTATHUHOTO
(B) 06pobiieHs 6aBOBHAHO-IONieipHUX OAATOBUX TKAHUH MJIA 3aXUC-
Ty iX Big GiomecTpykIlii BOJIOKHOPYHHYBaJIbHUMU MiKpoopraHizMamu
HaBeZeHO B TabJ. 2.

BcraHnoBieno, MOCHimKyBaHI CIONYKM IIPOABUJIM BUOIPKOBY mifo
CTOCOBHO Pi3HHX KYJBLTYpP rpubiB. 3oKpema, HaibGiIbIT edeKTUBHOIO
CIIOJIYKOI0, IO BUABMJIA (PyHTicTaTUUHUN e(eKT 3a KOHIeHTpallii y
0,006% , momo Gimbmroctu TecT-KyabTyp € ETC. Iemio Hu:KUi mokas-
HUKM QyHrinmuaHol mii cmocrepiratorbed mpu aii MTC ta ATC, mpore
3a xoumenrpaiii y 0,003% BusaBuiaca MiHiMambHa (QyHricTaTmuHa

TABJUIIA 2. MimiManbHa KOHIEHTpAIlid OiOMMAHMX IIpenapaTriB TioCyJb-
douaTHOI cTPYKRTYpHU nasa ¢yurimuaaoro (A) ta dyuricraruunoro (B) o6po6-
JIeHb 0aBOBHSAHO-TOJie(ipHUX OZATOBUX TKAHWH.Z

MinimanbHa qieBa KOHIlEHTpPAIisg, %
Bupg mikpooprauismis ETC MTC ATC
A B A B A B
Trichoderma viride 0,055 0,006 0,055 0,012 0,025 0,012
Aspergillus niger 0,055 0,0185 0,05 0,008 0,05 0,008
Penicillium funiculosum 0,0185 0,006 0,0185 0,006 0,0185 0,006
Paecilomyces variotii  0,0185 0,006 0,0625 0,003 0,625 0,003
Chaetomium globosum 0,055 0,006 0,055 0,006 0,12 0,03
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Iig moxno Paecilomyces variotii.

3 MeTom0 mmimbopy edexTmBHOI MiHiMaJbHOI iHriOyrouoi, O0axTepu-
OUAHOI Ta (PYHTIMMAHOI KOHIEHTPAIil MOCIiMKyBaHUX PEUOBHUH IJId
IOJAJILIIIOTO O0OPOOJeHHA TKAHMHHUX 3Pa3KiB BCTAaHOBJIEHO ITOKA3HU-
ku MIK, MBK i MIK Tiocyab(oHATHMX CIOJYK METOAOI0 CepiiiHmX
pos3Beaenb. PesyabTaTil X AOCIiIAKeHb HIpPeAcTaBJIeHo ¥ Tabua. 3 i 4.

3a aHaJIi30I0 Pe3yJbTATiB IPOTUTPUOKOBOI aKTUBHOCTH IIPOCIiIKO-
BYEThCA HaMOLAbII edeKTuBHA (PYHricTaTHUHA Iid JOCIiIKyBaHUX
cuoayk Ha pict apisxmxiB Candida tenuis (MIK cramoBmia 1,9-3,9
MEKr/mi). Ilpore, wmaiticrormimy Qyurinugay giro moxo C.tenuis,
A.niger suasus ETC.

HactynHuM eramoM mOCJif)KeHL OyJI0 BHBUEHHS OaKTepiocTiiiKoc-
T Ta TPUOOCTINKOCTHM 3pasKiB TKaummH, o0podaenux ETC, MTC Ta
ATC 3a kounenrpamii y 0,5%.

Iuribyioua misgs xapakTepusyeThCA THUM, [0 HAJ 3PasKOM TKAHUHU
pict momysanii MmikpooprauismiB BiacyTHi#. EdQekTuBHa mia xapak-
TePU3YETHLCA THUM, IITO0 HABKOJO TKAHWHU € 30Ha IIOBHOI 3aTpUMKH,
IIT0 IePeXOAUTh Yy 30HYy CUJLHOI 3aTPUMKH Ta HOTIiM y 30HY YaCTKOBOI
3aTPUMKM PO3BUTKY MiKpoopraHismis.

Opmep:xaHi pes3yIbTaTH OOCJIiIKeHb HaBedeHo Ha puc. 1.

TABJUIIA 3. IloxkasHukum MiHiManbHOI OAaKTepUIIUAHOI KOHIIEHTPAIlil
(MBEK) i mimimanbuoi imri6yrouoi xkonmenrtpariii (MIK) cmoayk s3a MeTom0io
cepifiHMX posBeeHb.’

KyabTypu 6akTepii |
C Escherichia coli Staphylococcus Mycobacterium luteum
IIOJYKa aureus
MIK, MBEK, MIK, MBEK, MIK, MBEK,
MKT/MJI MKT/MJ | MKI'/MJI | MKT/MJI MKT/MJ MKT/MJI
ETC 62,5 62,5 31,2 62,5 15,6 31,2
MTC 62,5 125,0 31,2 62,5 7,8 31,2
ATC 31,2 62,5 3,9 31,2 3,9 7,8

TABJUIIA 4. IToxkasuuku Minimaabuol (pyHrimuaHoi KoumenTpallii (M®PK)
i mimimansHOI iHri6yrouoi kKommeutparii (MIK) cmonyk 3a meTomoro cepiii-
HHUX pO3BeeHb.!

Kynabprypu rpubis

Croanyka Candida tenuis Aspergilllus niger
MIK, MKr/mMa | M®K, mxr/ma | MIK, MEr/mMa | M®K, Mxr/mia

ETC 1,9 7,8 7,8 62,5

MTC 3,9 7,8 31,2 62,5

ATC 3,9 7,8 15,6 62,5
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Puc. 1. AHTUMiKpOGHA aKTHUBHICTH IEJIOJIO30BMiCHUX TKaHWH, 00POOJIeHUX
mpenaparamu ETC, MTC ta ATC.5

Ha pucyuky 1 maHo mopiBHAJIBHY XapaKTEePUCTUKY 30HU 3aTPUMKU
POCTY IesSKMX BUOIB IEJNI0JO30PYAHYBAILHUX i YMOBHO-TATOTEHHUX
OakTepiii, IBiJIeBOTO Ta OPLKIKOBOTO TpubiB Ha OaBOBHAHO-
nosieipHUX OOATOBUX TKAHMHAX B PE3yJabTATi aHTUMiKPOOHOTO 00-
pob6nenna mux npenapatamu ETC, MTC ta ATC. 3riguo 3 pesyJbra-
TaMM OOCJiMKEeHb Ta aHaJisuW JaHuUX puc. 1, HAMH BCTAHOBJIEHO, IO
obpami HaMB [OJId AaHTUMIKPOOHOTO 00poOJeHHsS O0aBOBHSAHO-
nomieipHUX OAATOBUX TKaHUH TiocyabdouaTHi mnpemapatu ETC,
MTC Ta ATC BuOipKOBO raJbMyIOTh KUTTEIIANLHICTL HAABHUX HA
MUX TKAHMHAX MikpoopraHismis. IIpo Iie mepexoHJIMBO CBigUaThL UMC-
JIOB1 3HAUYEHHS MOKA3HUKIB 30HM 3aTPUMKH POCTY KOJIOHIlI TecT-
KyJIbTYyp oOpanux OaxTepiit i rpubis.

Hami pucyHky 1 AeMOHCTPYIOTH HEeBHY aHTUMiKPOOHY aKTHBHICTH
JOCJHiI;KyBaHUX OiOMUIHUX IIpemaparTiB, sAKa OiJbIIIOI0 Mipol mIpo-
asujgaca npotu C.tenuis, M.luteum, p[eii0 MeEHIIIOI — IIPOTH
S.aureus Ha BCix TKaHHWHaxX. AJle ciij 3a3HauYMTH, IO Id AKTHBHICTH
IeImio IMOHMKYEThCA MHapajielIbHO i3 HOHMKEHHSAM BMicTy 0aBOBHHU B
Hux. OCco0JMBO CJif BiA3HAUUTH BiACYTHIiCTH AHTUTPUOKOBOI aKTUB-

HOCTH YCiX mOCJIMKYyBAaHMX CIIOJNYK Ha 3pasKy Ne 4 — TKaHuHi i3
HaimeHnmuM BMmicrom 0aBoBHu Ta ATC mHa TKammui i3 BmicToM 0aBOB-
Huy 35%.

BunarkoMm € HasgBHICTBH pocTy A.niger Ha 3pasky Ne 3, o0pobyeHuM
ATC, ta Ne 4, o6pobaenum MTC, iHTeHCHBHICTh AKOTO JOPiBHIOBAJIA
50% Bix pocTy HaBKOJIO 3paska. Ha posButok Escherichia coli npu-
CYTHICTB yCiX TPBHOX OiOMUIHMX PEUYOBUH TiOCYJIb(POHATHOI CTPYKTYpPH
mo3HaumMJjacsa JUIlle Ha OABOBHAHIN TKaHWHI, i 30Ha 3aTPUMKU POCTY
miei KyabpTypu OyJja HaWMeHIIIOO.
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IIpu mmboMy BCTAHOBJIEHO, IO BeJIWUYMHA 30HU 3aTPUMKU POCTY 00-
PaHUX TeCT-KYJbTYpP MiKpPOOpPraHi3MiB 3ajie:KUTh He TiJAbKHU Big Tio-
cyJb(doHaTy, o0OpaHOro AJsA OOpPOOJeHHs MOCTHimAKyBaHMX TKaHWH, i
IXHBOI KOHIIEHTpAI[il Ha BOJIOKHIi, aJjie & Binm (pisiosoriunoi rpymu Ta
BUAy OaKTepiii- i rpubiB-6iomecTPYKTOPiB, AKi 3HAXOAATLCSI Ha TKa-
HUHi, a TaKkoX BOJIOKHHCTOTO CKJAAy caMUX TKaHUH (BigmoBimHOTO
CIIiBBiZHOIIIEHHS OAaBOBHAHUX i IMOJie@ipHMX BOJOKOH y HOCIiIKyBa-
HUX TKaHMHAX).

Tax, HaOpUKJIAL, IPU aHaJIizi pesyabTaTiB Ha 3pas3ky Ne 3 i3 Bmic-
TOM BOJIOKOH 0aBOBHU y 35% Ta mosiedipy y 65% cmocrepiraerscs
HacTymHe: Ha iHriOyBanHa pocty Oaktepiit Mycobacterium luteum i
Staphylococcus aureus BuiauBaioTh Bci obpani cnmonyku — ETC, MTC
ta ATC, npore O0axTepuniugumnii edpext mono Escherichia coli cmocTe-
piraersca tinepku Big ETC.

IIlo cTocyeThCcst POCTYy KOJIOHiNM rpubiB A.niger i IpiKIKOBUX T'PHU-
0iB C.tenuis Ha maHili TKAaHWHI, TO (QyHTicTaTUYHA i CIIOCTEPIiraeTh-
ca tiabku 3a aii ETC i MTC (puc. 1).

30KpeMa, HaMu 0yJI0 BCTAHOBJIEHO, ITIO I'puOOCTiHiKicTs 3paska Ne 1
(100% 6aBoBua), obpobsenoro ETC i MTC, s306epiraerbcs mIpoTsarom
TPUBAJIOTO Yacy B MOPiBHAHI 3 KOHTPOJILHUM 3Pas3KoM, AKUU BiKe Ha
Ipyry mod0y imkyOarmii moBHicTio OyB ypaskenuii wmimermiem A.niger
(puc. 2).

Hna oOTr'pyHTYyBaHHS MOIIiJIBHOCTH BUKOPHUCTAHHS AJA aHTUMiKpPOO-
HOT'0 O0pPOOJIEHHST MOCTIMKYBaHUX TKAHUH OKPEeMUX BUIIB TiocyJbdo-
HATHUX CIIOJYK HaMu OyJo 3icTaBjeHO MOKA3SHUKU 30H 3aTPUMKHU PO-
CTy BCiX oOpaHMX HaMH TeCT-KYyJIbTyp OaxTepiii i rpubiB Ha mpukJIanmi
yncTo0aBOBHAHOI (3pasoxk Ne 1) i 6aBoBHaHo-mosiedipuoi (20/80%)
TKaHUH (3pasok N¢ 4). B pesysabTaTi BCTaHOBIEHO:

2 Jo0a 6 J00a 7 a00a 14 go0a

ETC

1

MTC

Puc. 2. I'pubocriiikicTs 3paska Ne 1, o6po6aernoro ETC i MTC B KoHIleHTpAa-
mii v 0,5% 1moxmo Aspergilllus niger.’
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— Ha unMcTOOABOBHAHIN TKaHWHI HaiOiJbII mieBuUM AJd iHriOyBaH-
HS POCTY TeCT-KYJbTyp O0axTepiii i rpubiB BusBuBca ETC;

— Ha 6aBoBHsHO-TIoMiedipHin TRanuui (20% 6aBoBuu i 80% mouri-
edpipy) ETC nmpugatHuii mjaa IPUTHIUYEeHHA PpPOCTy OOpPaHUX TeCT-
KyabTyp (okpim E.coli).

Sk BUAHO i3 3icTaBiIeHHA ITOKA3HUKIB 30HW 3aTPUMKU POCTY MiK-
poopraHiamMiB Ha 0aBOBHAHO-IIOJieipHUX ONATOBUX TKAHWMHAX B pe-
3yabTaTi o0pobseHHA ix cmoayxamu ETC, MTC ta ATC, mimmmmit
eeKT OiOoCTIMKOCTH MOOCATAETHCA HA UYMNCTOOABOBHAHMX 1 3MiIIaHmX
TKaHWHAaX 3 JOMiHYBaJbLHUM BMiCTOM 0ABOBHAHUX BOJOKOH.

4. BAICHOBRH

BuBueno MOKJIMBICTH i OOI'PYHTOBAHO AOILILHICTE BUKOPUCTAHHS ¥
BiTUMBHAHOMY TEKCTUJIBHOMY BUPOOHUIITBI TiocynabdoHATHUX 00POO-
Hux npemnaparie ETC, MTC i ATC gna antTumMikpoOHOTO 00poOJIeHHA
0aBOBHAHO-TIOJIie)ipHUX ONATOBMX TKAHWH 3 METOI e(DEeKTHMBHOTO 3a-
XUCTY iX Bif OiomecTpyKIrii IMesio/i030pyHHYBAIBHUMU Ta HMATOTE€HHU-
MU MiKpoopraHismamu.

BcranoBieHo, 10 BeJIMYMHA 30HU 3aTPUMKHU POCTY OOPAHUX TECT-
KYJBbTYpP MiKPOOpPTaHi3MiB 3aJie;KUTh He TiJIbKU BiJ oOpaHOTO Tiocy-
Jb(OHATHOTO Ipemnapary, o0paHOTo IJid O0POOJEHHA MOCIiAKYyBaHUX
TKaHUH, 1 IXHbOI KOHIleHTpaIii Ha BOJIOKHi, ayse % Bim (isiosoriunoi
rpynu Ta Bumy OaxTepiii- i rpubiB-6iogecTpyKTOPiB.

OcHOBHOIO IlepeBarol OiOIMAHMX mpemapaTiB TiocyabdoHATHOI
CTPYKTYPHU € Te, III0 BUKOPUCTAHHA IX rapaHTy€e AOCATHEHHS Ha 0aBo-
BHAHO-TIOJIie)ipHUX OXATOBUX TKAaHWMHAX BUCOKOI Ta crabinbHOI Gioc-
TifiKocTn 0e3 moripieHHs IXHBOI ririeHiyHOCTH I €KOoJIOTiuHOI Oesme-
YHOCTH.
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Onucano aHaJIiTUUYHUII MOJENb PO3PAXYHKY eJeKTPOMATHETHOTO IIOJIS Ha
IJIACKi¥ ITOBEPXHiI KBapIly B3AOBXK MEXKi mominy «KBapi—Bakyym». Ilokasa-
HO Ta IpoaHaJi30BaHO PO3IOMAiJ I'YCTUHHU €Heprii mojsd IpH OCBiT/IeHHI Ta-
Koi moBepxHi 3 O0OKY KBapIly, KOJU KYT IMaAiHHS CBiT/JIa JOPiBHIOE KPUTUU-
HOMY KyTy. Ilpm mpoMmy omep:KaHO HAacTymHi pesyabraTtu: (a) 3i 3miHOO (ha-
CKOI MeXi moAily «KBapI—BaKyyM», CTBOPIOIOYY ONTUMAJbHI yMOBHU IJd
CcyOMiKpOHHOTO IaBJieHHsA; (0) MepeHeceHHA eHeprii BigOyBaeThbCcs IepeBak-
HO TiJIBKM Y3MOBXK MeiKi; (8) BimbmrTa XBUJIA YACTKOBO 3aXOAUTH Y BaKYyM,
3aTyxauy eKCIOHEHIIHO mpW BigmandeHHi Bixg Mexxi mominy; (2) mpu 36i-
JBIIEHHI KyTa IagiHHA IIagHOI XBWJII aKTHWBHA Ta pPeaKTHUBHA CKJAI0Bi
IToiHTHHI'OBOrO BeKTOpa B 00JacTi eBaHECIEHTHOTO IIOJIS 3MEHIIYIOThCHd,
IIT0 TIOTiPINIye YMOBH IJisi CYOMiKpPOHHOTO I[aBJE€HHS AAaHOI ITOBEepPXHi.

An analytical method for calculating of electromagnetic field on the plane
quartz surface along the ‘quartz—vacuum’ interface is described. The dis-
tribution of field-energy density, if such a surface is illuminated from the
quartz side, is shown and analysed for the angle of incidence of the light,
which is equal to the critical angle. The following results are obtained: (a)
as the phase of the incident wave changes, its maximum-amplitude value
(crest) drifts along the ‘quartz—vacuum’ interface and creates optimal
conditions for submicron etching; (b) the energy transfer occurs mainly
along the interface; (c¢) the reflected wave is partially penetrates vacuum
volume decaying exponentially as it moves away from the interface; (d) as
the angle of incidence of the incident wave increases, the active and reac-
tive components of the Poynting’s vector in the region of the evanescent
field decrease that worsens the conditions for submicron etching of the
surface.
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Omnucana aHaAJIUTHUYECKas MOJEJIb pacuéra dJIEKTPOMATHWTHOIO IIOJIs Ha
IIJIOCKOM IIOBEPXHOCTH KBaplia BAOJh T'PAHUIILI pasiesia «KBapIil—BaKyyM».
IToxasaHO W TPOAHAJIUBUPOBAHO pAacCIpeesieHNe IIJIOTHOCTH SHEPTUU II0JIA
IIPX OCBEIIEHUM TAaKOIl IIOBEPXHOCTH CO CTOPOHBI KBapIia, KOrZa yroJ Iaje-
HUSA CBeTa paBeH KPUTHUUYECKOMY yriy. IIpu aTOM IOJy4YeHBI CJemyIoIue
pesyabTaThl: (a) ¢ m3MeHeHHeM (Pasbl IaAalolneil BOJNHBI €€ MaKCHUMAaJbHOE
sHaueHne (rpebeHb) apeidyeT BAOJb MJIOCKON TI'DAHUIILI pasfesa «KBapl—
BaKyyM», cO3[laBad ONTUMAJILHBLIE YCJIOBUA IJIA CYOMUKDPOHHOTO TPaBJIEHU;
(0) TIepeHOC SHEPTUU HPOUCXOIUT IPEUMYIIECTBEHHO TOJHKO BIOJb TPaHU-
1bl; (8) oTpakéHHAA BOJHA YAaCTUYHO 3aXOAUT B BaKyyM, 3aTyXasd IO 9KC-
IIOHEHTe IIPU OTHAaJIeHHMU OT TPaHUIlbl paszaena; (2) OpU yBeJWUYEHUU YrJa
majeHus majgarolnell BOJHLI aKTHBHASA W PeaKTUBHAS COCTABJSIOIINE BEKTO-
pa IloitHTHMHTa B 06JIACTM SBAHECIIEHTHOT'O IIOJII YMEHBIIAIOTCA, UTO YXY/I-
IIaeT YCJIOBUSA JIA CYOMUKDPOHHOTO TPaBJEHUS NaHHOM ITOBEPXHOCTH.

Karouori ciaoBa: moBepxHeBUH IJIa3MOHHUII PE30HAHC, PO3CiAHHA IJIACKUX
eJIeKTPOMArHeTHUX XBUJb, ['€IbMTI0OJIbII0BE BEKTOPHE PiBHAHHS.

Key words: surface plasmon resonance, scattering of plane electromagnet-
ic waves, vector Helmholtz equation.

KaroueBbie cJjoBa: MTOBEPXHOCTHBIM IIJIA3BMOHHBIA pE30HAHC, paccedHUe
ILJIOCKUX 3JIEKTPOMArHUTHBIX BOJIH, BeKTOPHOE ypaBHeHUe ['eJbMToJbIla.

(Ompumano 3 aunus 2019 p.)

1. BCTYII

KBapioBe ckJ0 Mae yHiKaAIbHY CYKYHHICTH XapaKTEPUCTUK: BUCOKY
TeIJOCTiNKiCTb, XeMiuHy CTiliKicTb, HPO30pPicThb; IIe HIPUBOAUTEL IO
IIPOKOT0 3aCTOCYBaHHA IIbOro Marepisay. Haibinbin saTpebyBaHmit
KBapIl, B €JeKTPOHIiIli, ONTHII Ta B IOBeJipHi# mpomwuciioBocTi. Tomy
IIOITYK HOBUX METOJiB XeMiuHOIO IIaBJIEHHA KBapIly € BeJIbMH aKTy-
aJbHUM B3aBIaHHAM. BimoMuii pag MeTOmiB, 3aCTOCYBAHHSA SAKUX
YMOJKJIMBJIIOE BUKOHYBATH INABJEHHS IIOBEPXHI KBapmy, AK To: (a)
xemiune miaBiaeHHA [1], () BakyyMHe HOHHO-IPOMEHEBe IIaBJICHHS
[2], (¢) BukopucTamHA onmTMMAaJBLHOrO OsmM3bKoro moJs [3]. B ocran-
HBOMY BUIIaJIKY, 3arajioM, mpoiieaypa (GoTOXeMiuHOrO HaHOIIABJIEHHS
IOBepPXHi mojsigrae B HacTymHomy. IlnariBKy (migkjaagmHKYy) 3 KBap-
1y, IO MAa€ IiATOTOBJEHY AJIA IaBJeHHSA MJACKY IOBEPXHIO, PO3Ta-
IIIOBYIOTH HAa TOPM30HTAJBHIN MOBEPXHi TPUKYTHOI HPH3MH TAKOXK i3
KBapry (puc. 1). Haii, ix posminryioTs y BaKyyMHi#l Kamepi, 3aImos-
HeHilli MOJIEKYJAPHUM XJIOPOM, XeMidyHOI aKTHBHOCTH SKOTO HeJOCTa-
THBO, 1100 BCTYIUTHU B PEAKI[il0 3 KBApIIOM 3a KiMHATHOI TeMIieparTy-
pu.

IIpu ompomineHHi OOKOBOI I'paHi MPU3MU Ja3epHUN ITPOMiHb TPOXO-
INTHb KpPis3h IpM3My, HOTPAILJIAE€ B ILIATIBKY i YACTKOBO BigOMBaETHCS
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Puc. 1. 3aranpHa cxemMa (OTOXEeMiUHOTO CYyOMiKPOHHOTO IABJIE€HHA IMOBEPXHi
kBapny, ge k, i E,, — XBUJIBOBUH BEKTOP i HAIIPyXeHICTL eBaHECIIEHTHOTO
IoJIA BiATIOBiAHO; 0, — KyT HmaJiHHA Ja3epPHOTO BUNPOMiHEHHA Ha BEPXHIO
IIOBEPXHIO KBApIOBOi MifKJIaAWHKN; 0, — KPUTUUHLH KyT.!

BiJl BEPXHBOI CTOPOHM AAHOI IJIACTUHKU. Y BUIAAKY, KOJU IIPOIEC Bi-
IOMBaHHA BiIOyBa€eThCcA Wi KYTOM, He MEHIIWUM, HiK KYT ITOBHOTO
BHYTPIIIIHBOTO BiOMTTS, HaJ BEPXHBOIO IIOBEPXHEIO IIATIiBKY YTBOPIO-
eThbCcA eBaHeclleHTHe moJie. lle mose, AKe PisKo cuazae mpu BigmaneHHI
Bim il moBepxHi, IIpW MOCATHEHHI MEeBHOTO PiBHA cOpHUAE (POTOMMCOITis-
il MOJIEKYJIAPHOTO XJIOPY, IO BHAXOAUTHCA MOOJJIM3Yy 3TaJaHOi ILIaTi-
BKU. fIK pesyabTaT, B 00JaCTi MaKCUMAJbHOI aMILIITyAu €BaHECIIEHT-
HOTO TIOJIA BUHUKAIOTH YMOBU JJIA YTBOPEHHS aToMapHOro XJIOpY Ta
pioro ioHiB. BKazaHi mpoayKTH, HMOJNAPUIYIOUUCH Y 30BHIIITHBOMY eJie-
KTPOMArHeTHOMY IIOJIi, IPUTATYIOThCA IO TMOBEPXHi ILIATiBKM, dKa Ta-
KOXK HOJIAPU3YEThCA I Aielo BKasaHoro moad. K mokasano B [4], min
€0 HaMpaBJEHOTO €eJEeKTPOMArHeTHOTO BWUIIPOMiHEHHA B3aEMOis
aToMapHOTO XJIOPY 3 ILIACKOIO IIOBEPXHEIO IIATIBKM KBapIly Mae€ aK-
TUBHUH XapaKTep y3IOBXK Tiel 4YaCTMHU IIOBEPXHi, KyAU CIPAMOBaHUN
Ja3epHUM MPOMiHb, TOOTO BimOyBAEThCA CEJNIEKTUBHUU ITPOIlEC CyOMiK-
POHHOTO IIABJIEHHA MOBEPXHI KBapIiy. B mpocToMy BUIAAKy € MOMKJIU-
BicTb 3milicHIOBATHU ITABJIEHHA BCiel ITOBEpPXHi 3pasKa.

MeToto mamoi poboTu €: (i) aHaTiTUUYHUIE PO3paXxyHOK KOHGiryparrii
€JIEKTPUYHOI CKJIAOBOI €JIEKTPOMATHETHOTO BUIPOMIHEHHSA B30BK
MexKi Imominy «KBapIli—BaKyyM», IO 3abesleuye HeoOXigHi yMoBU s
e(eKTHUBHOTIO IMaBjeHHd KBapiy; (ii) moscHeHHA eIeKTPOIUHAMIUHUX
mpoIieciB, 110 BigOyBaloThcA mO0OJAM3Y MexKi mominy. B ocraHHBOMY
BUIIAAKY HEOOXiTHO POITJIAHYTHU, K PO3MOAINSAIOTHCA IMOTOKU €Heprii
eJIeKTPOMAarHeTHOI XBWJIi B mpolieci ii poscisHHs Ha mexi moxminmy. Ile
JacTb 3MOTY MOSCHUTH eJIeKTPOAMHAMIUHI IIpOoIlecH IIPU OIPOMiHIO-
BaHHI IOBEPXHi KBapIly IIP¥M HOBHOMY BHYTPillTHbOMY BifOWTTi Ta Bi-
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OIIOBiAHO 3pO3yMiTH, 3a AKMX YMOB BifOyBaeThCsa ONTHUMAaJbHE II[AB-
JeHHs.

g BUKOHAHHA PO3PaxyHKiB OyJi0o po3pobJieHO BjacHe IIporpaMue
3abe3meueHHs, IO peaidye Po3B’A30K cucTeMu MAaKCBEJLJIOBUX PiB-
HAHb 3 BUKOPUCTAHHAM METOAY CKiHUeHHUX eJeMEeHTiB.

2. AHAJIITUYHUN MOJEJb

Ha pucyary 2 300pa’keHO YMOBHY IIOBEAiHKY eJIeKTPOMATHETHOI
XBUJII mMOOJIM3y IJIACKOI MeXKi Iomisy «KBapl—BaKyyM» yV BHUIAIKY,
KOIU KyT HaAiHHA gaHoi xBuiai 0, Ha BKasaHy MexXy IOALTYy He
MEeHIINI, HiX KyT IIOBHOT'O BHYTPiIIHBOTO BifOuTTA 0, (KpUTUYHUN
KyT magimaa); n=1,5168 — moxkasHUK 3aJOMJIEHHsS KBapIly; BTpaTa-
Mu  HexTyemo. IlagHa  ejleKTpomarsHetHa XBuad Mae TM-
MOJIAPU3aIlifo. 3ayBasKUMO, IO HAa puc. 2 YMOBHO 300paskeHo IIyHK-
TUPHOIO JIiHi€I0 3aJloMJIeHy XBUJIIO, IO Ma€ KyT 3ajJoMJeHHa 0",
axuii nepesuintye 90 rpaxayciB i crae yaBauM. PosrisaHeMo mpoiieny-
Py aHAJNITHUYHOrO PO3PaXYHKY PO3MOALNY eJeKTPOMArHeTHOrO IIOJISI B
po3paxyHKOBi#l KoMmipIii (puc. 2) y BUIAAKY, KOJMU KYT HaIiHHS eje-
KTPOMAar€eTHOro XBHUJi 0, Ha BKasaHy Me)Xy IOJiJy He MeHIIWI,
HIXX KyT IOBHOTO BHYTPilIHBOTO BifbuTTaA 0, .

3rizHo 3 puCyHKOM 2, MalOTh Miclie BUPasuW IJS IIPOEKIIiHl BEKTO-
piB enexkTpomartetnol xBuyi E ta H.

1. s magHOl XBUJIi:

Puc. 2. JIBoBuMipHa KOMipKa [AJA aHAJITUYHOTO PO3PAXYHKY POIMOTiTY
eJIEKTPOMAarHeTHOTO IoJiA y BUNAAKy nafginaa TM-miaackoi XBUJIi Ha TJIAAKY
MeKy MOy «KBapI—BaKyyM» IiJ KyToMm 0, , He MEHIINM, HiX KyT IIOBHOTO
BHyTpimHBOro Biadurra 0, . O6macti 1 i 2 — me obnacTi KBapIoOBOi IIACTHH-
KU 3 IIOKa3HUKOM 3aJOMJIEHHA N i Bakyymy Bizmosizmo. H',H ,H" — mHa-
IPYXEHOCTI MarHeTHUX MOJIiB HmagHOI, BiZOMTOI Ta 3aJIOMJIEHOI XBMJIb BigmO-
Bigzno. E',E,E" — HanpyeHoCTi eJIeKTPUUYHUX IIOJIB majgHOI, Big6uToi Ta
3ajJoMJIeHOI XBMJIb Bismomigmo. O,,,07,0" — Kyru naxinma, BigOuTTa Ta 3a-
JIOMJIEHHs BigmoBigumx xBmiab. P ,P ,P" — IIoMHTHHIOBI BEKTOpM HaAHOI,
BimbuToi Ta 3asoMJIeHOI XBUJIb BigmoBimHo.2

in?
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E =E' cos(ein)exp(—i (klxx - klyy)) , (1)

E; = E sin(0,, ) exp(~i(k,x — k,y)), (2)

H = (E+ /Zl)exp(—i(klxx - klyy)) , 3)

ne Z, =Z,/n — XBUJIbOBUH OIip KBaply; Z, — XBUJIbOBUI OIIip Ba-

Kyymy; ky, =k sin(0,,), k, =k cos(6, ) — IPOEKIii XBUIBOBUX BEK-
TOPiB HAa KOOpAMHATHI oci; B, — XBWJIbOBE YWUCJIO, IKE BiNIIOBimae maj-
Hil XBHUJIi.

2. [lna BigbuTol XBUJIi:

E, =—E cos(6,,)exp (—i (klxx + klyy)) , 4)
E, = E sin(6,,) exp(—i (klxx - klyy)) , (5)
H, = (E /7, )exp(i(k,x +k,y)), (6)

ne 0, =0 sriguo 3 mepmum CHeJJIiyCOBUM 3aKOHOM.
3. Ina 3ayioMJIeHOI XBHMJIi:

E =-E" cos(eA)exp (—i (kax + kzyy)) , (7

E =E" sin(eA)exp(—i (kzxx - kzyy)) , (3)

H, =(E" / Z,)exp(~i(kyx +kyy)) )

e k, =k, sin(GA), ky, =k, cos(GA) — IIPOEKIIil XBUJBbOBUX BEKTODiB

Ha KOOpAMHATHI oci, B, — XBUJIBOBE UMCJIO, IKE BiIIOBimae 3ajiomJie-

.o . . . . . 2
Hifi XBWJIi, OPUYOMY CIiBBiJHOIIIEHHS COS (GA) = l\/(n sin(0,), )) -1
ofep:xaHo 3 Apyroro CHesniycoBoro sakoHy 3a ymoBu, 1o 0, >0, , a

KyT 0" — KOMILIEKCHUA.

TakuM YMHOM, PO3MOAiJI €JeKTPOMATHETHOTO ITOJIA HaJ MeXKelo IIO-
Iiny «KBapm—Bakyym» (puc. 2, Y > 0) omepsKmuMo, mimcymMyBaBIIHN IIa-
OHY Ta BimOuTy XBuUJi, a TaKOK BPaxOBYIOUHM 3CYB BimOMTOI XBHJIi Bi-
OHOCHO MaaHOl, IPeACTABUBIIN BifOUTY XBUJIO Y BUTJIAII:

E = E"exp(i2y,), (10)

oe 2y, — 3cyB ¢asu Bimburoi xBmIi BigHOCHO magHOi, cmiBBimHO-
IIeHHA IJIs AKOoro 0yJo omep:xkaHo B [5]:

\j(sin (8,, ))2 -n?

n®cos(6,,)

y, = arctg (11)
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S peadyabTaT, OZEP:KNMO BHPA3UW AJIS IPOEKIIiNT BEKTOPIiB €JEKTPO-
maraeTHol xBui E Ta H Hag MeKeio MOy «KBapI—BaKyyM»:

E, =2iE" cos(ein)sin(klyy - \yo)exp(—i (klxx - \1/0)) ’ (12)
E, =2E" sin(em)cos(klyy — wo)exp (—i (Fyx — \VO)) , (13)
H, = 2(E+ / Zl)cos(Gm)sin(klyy — \yo)exp(—i (B —v,)). (14)

Bupasu nna npoekiiii BeKTopiB ejgekTpomarteTHol xsuui E ta H
IIiJ IMOBEpPXHEIO0 IIOBHOIO BHYTPilIHBOTO BimdbuTTsa (puc. 2, Y <0) ozxe-
pKuUMO Ha OCHOBI cmiBBimHoIIeHDb (7)—(9)

E, -
= —iEA\/(n sin(em))2 —lexp (kzy\/(n sin(é)m))2 - 1jexp (~ikynxsin(,,)),
(15)

E) =E'n sin(em)exp(k2y\/(n sin(em))2 —lexp (—i(kznx sin (Om))) , (16)

H) = l;: exp (kzy\/(n sin(em))2 - 1jexp (<iknxsin(0,,)). (17)

3ayBasKkuMo, o ammiairygu noxais HY, H, H", E', E*, E" Bu-
3HAYAIOTHCA 3 YPAXYBAHHAM MEXOBHX YMOB Ha MeyKi HOIiIy «KBapIi—

Bakyym» (Y =0):
E (+0)+ E_(+0) = E;(-0), H;(+0)+ H_ (+0)=H)(-0). (18)

BpaxoByiouu Toi (haKT, 110 HalpysKeHocTi erexkTpuuHoro E Tta ma-
raeTHoro H mosiB MoKkHA 3anmcaTy y BUTJIAML

E= %(Emejmt +E,e”); H= %(Hmejmt +He ™),

1O IIOMHTUHTIB BEKTOP MOKeMO IIPECTABUTH SIK

1 1

P=P +P ,P =—RelE H |,P ==-Rel{[E H |e*?"!, (19)
av var av 2 [ m m:l var 2 {[ m m] } (

ne ¢o(t) = ot — ¢asa magHOl XBUJIi, ® — IMKJIiYHA YacToTa, [ — dac,
Em,Efn,Hm,H;1 — KoMILTeKcHI amimitTyau BexkTopis E, H Ta ixHi

KOMILICKCHO-CIIPSAXKeH]l 3HaueHHsA, P, mocriiina ckiaagosa IloiHTHH-
r'oBoro BeKTopa (akTuBHa moTy:xkHicTe); P, 3MminHa criaagosa Iloiin-
THHT'OBOT'O BeKTOpa (peakTWBHA MOTY:KHIiCTb). 3ayBa)KMMO, IO CIIiB-
BiguomrenHsa (12)—(17) maroTh MOMKJINBICTL OSHO3HAUHO OIMCATHA XBU-

JIbOBUH IIPOIleC TOIIMPEHHS eHepril, dKa MOIIUPIOETHCA B PO3PaxyH-
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KOBilf KoMipIIi.

3. AHAJI3A OJEPKAHUX PE3YJIBTATIB

OpuuM i3 cmocobiB mepeBipUTH MPaBUJIbHICTL PO3PaxXyHKIB aHa iTHU-
HOTO MOJEJI0 € UNCeJbHI PO3PaxXyHKH PO3IOALIY HAIPYy:KeHOCTeHn
eJeKTPOMAarueTHOTO MOJII B PO3PaxyHKOBilt obsacti (puc. 2) 3a ymo-
BU, III0 MAEMO ILIaCKYy MEXKY IIOILNy «KBapll—BaKyyM», Ha AKY IIajlac
ILJIaCKa XBUJIA Hif KyToM 0, , He MeHIINM, HiX KyT IIOBHOI'O BHYTpi-
mHbBoro Bizourra 0, . Takwmii mifxin, 30KpemMa, YMOMKIUBIIOE IIPOBECTH
YacTKOBY Bepu(ikKallifo po3paxyHKiB, olep:KaHUX 3a JIOIIOMOIOI0 aHa-
JITUYHOT'O Ta YMCJIOBOrO MoAegiB. OmuIieMo ABOBUMIpHWII UMCJIOBUI
MOJIeJIb, AKUU YMOMKJIUBJIIOE 3AIMCHUTY YUCEJbHI PO3PAXYHKU PO3IMO-
Iidy HaOpy:KeHOCTeH eJeKTPOMArHEeTHOTO IIOJA B PO3PaXyHKOBii 06-
Jaacrti (puc. 2).

BepxHI0 Ta HUMKHIO TOPU3OHTAJbHI JIiHI1 ABOBMMipHOI KOMipKu (puc.
2) Bubepemo, BinmoOBimHO, AK I:Kepeso Ta MpUAMay IIagHOT'O0 BUIIPOMi-
HeHHA. IIpaBopyu i JiBOpyY pPo3paxyHKOBY KOMipKy 0OMEKMMO BEpPTHU-
KaJbHUMU JIIHIAMU, B3LOBM SAKUX BUKOHYIOThHCS IepioguuHi Kpaiiosi
ymoBu. Ob6gacth 1 aABiAe co00i0 06’eMHUITI KBapil, KoedillieHT 3ayi0M-
JeHHA saKoro mopiBHioe n=1,5168; Brparamu HexTyemo. O6macTs 2 —
1Ie BaKyyM.

Posmogin mampyskeHocTu ejekTpuuHoro moiada E B obmactax 1, 2
(puc. 2) po3paxoByeTbCA HA OCHOBiI Po3B’A3KYy omHopimuoro I'esbmro-
JIBIIOBOT'O BEKTOPHOT'O PiBHAHHA [6]:

v -1 v 2 _

Vx[ur : VxE]—koar-E—O, (20)
me €, L, — TEH30PU APYroro IOPSAKY BiZHOCHOI KOMILIEKCHOL nie-
JIEKTPUYHOI Ta MAarHeTHOI HPOHUKHOCTEH, K, — XBUJIbOBE YHUCJO ¥

BimbHOMY mpocTopi. BBaskaemo, mio 06’eKTH, AKUX OXOILTIOE pPO3pa-
XYHKOBa KOMipka, He MalOTh MarHeTHUX BjacTuBocTed (p, =1).

Hnsa poss’sasky piBuanua (20) BubepeMo CKiHUEHHO-eJIeMEeHTHUH IIi-
Ixim, AKUi cKJaxaeThca 3 MeTonu lasbopKiHa Ta, BjIacHe, 3 METOXLY
CKiHueHHUX ejeMeHTiB [7]. SIK BeKTOpHI CKiHUeHHi ejleMeHTU BUKODPU-
CTOBYBQJIUCA TPUKYTHUKMU.

3ayBasKMMO, III0 BEPXHS Ta HUMKHSA MeKi DPO3PaXyHKOBOI KOMipKHU
(ropusoHTaNbHI JiHii; puc. 2) obMeKeHi TOTIMHAJILHUMU ITapaMu, AKi
MOJEJI0I0Th 30MMepP(deJIbI0Bi YMOBI BUIIPOMiHEHHS HA HECKiHUEHHOCTI
[6, 7]:

r—w

limrL@jtjkoEJ =0, (21)
or

e r — BigmaJib MiK TOYKOIO PO3CiIAHHA IIPOMEHS Ta TOYKOIO CIIOCTe-
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pPe!keHHs, PO3TAIIIOBAHOI0 B majieKiil 3omi. YmcaoBa peaJisalris yMoOB
BunpoMmineHHA (21) 3gificHoBasacAd IIJIAXOM 3aCTOCYBaHHSA JIOKAJIBLHO-
ro HaOJMKeHHS, B paMKax AKOro OyJo BHOpaHO MeTOAy aOCOJIIOTHO
MOTJIMHAJIBHUX IIapis [8, 9].

Ax mxepeno cBiTiia BukopucraeMo miaacky TM-xBmio, sIKa II0JIs-
pu3oBaHa B ILJIOIIWHI IAAiHHS Ta PO3CIIOETHCA HA MeEXi momiry
«KBapI—BaKyyM». li HampAMOK PyXy IIPeJCTaBHMO 3a IOIOMOTOIO
ITotitrTHTOBOTO BeKTOpa P, 1110 HampaBJeHUH mig KyToMm 0, BimmHocHO
oci Y, mpuuomy Ha BKasamy Me:xxy moxisy TM-xBuiad magae 3 OOKY
KBapIty.

TakuM YMHOM, YMCJIOBUU PO3B’A30K piBHAHHA (20) yMOMKIMBIIOE
onep:xkatu pos3mnoxis IIoMHTHUHI'OBOTO BEeKTOpa B PO3PaXyHKOBil JBO-
BUMIipHi# ob6aacti (puc. 2) 3 MOTPiOHOIO TOUHICTIO TAa ITPOBECTH YACT-
KOBY Bepu@ikallito po3paxyHKiB, OJlep:KaHUX 3a JOIOMOTOI0 aHaJiTH-
YHOTO Ta YHCJIOBOro mojmerniB. Ha pucyHky 3 300paskeHO PO3MOMiIu
noToKiB IIOMHTHUHI'OBOTO BEKTOpa Ta MOAYJSA MAHOTO BEKTOpPa B PO3-
paxyHKOBi#i Komipmi (puc. 2) mua moBXRMHU magHol XBuJi A, =500
HM, pO3paxoBaHi 3a momoMororw umnciaoBoro mozaexio (19)—(21) opu
KyTax mafieEa 0, =0, =42° (puc. 3, a) Ta 0, =70° (puc. 3, 0).
ImerTunuHi posmoxminm OyJo omep:KaHO TAKOMK i 3a MOIOMOIOIO0 aHaJIi-
TuaHOTO Mozesio (12)—(19) mpu TUX caMuxX yMoOBax.

Ha ocHoOBi pucyHKy 3 MOKHa 3poOuUTM HacTymHi BuCHOBKU. lIpu
OCBiTJIeHHi 3rajaHoi HIOPCTKOI IIOBEPXHi 3 OOKY KBapIy, 3a yMOBU
IIOBHOTO BHYTPIiIITHLOTO BiIOUTTS cBiTJIIa (Gm =0, = 420), OyJ0 BU3HA-
YyeHo, IO 3i 3MiHoi0 (hasu mamHoi XxBuJi ii MakcuMaibHe 3HAYEHHS

e e
[af =N NN
) Sm——~~\\ | /S~

| - e 3

/-~\\\
==~ N\ \
N\

=

M—— | N\~ | N\
MN——/ | \ =/ | \ N/
N~/ \\\\///‘ } Naae

) 2 2

L TR \
N—/ | \ }' \ N~ }‘
N~/ | \ N~/ | \ N/
N~/ | \ N~/ | \ N/
N~/ | \ N~/ | \ N~/
N~/ | \ N~/ | \ N~/
N~/ | \ =/ | \ N/

a 0

Puc. 3. [IBoBumMipuuii podmonais moTokiB [IoHHTUHTOBOTO BeKTOpa (CTPiaKM) Ta
MOAYJSA TaHOTO BeKTopa (cipuii (oH) y PO3pPaxyHKOBiHl KOMIpIIi AJId BUTAOKiB,
KOJU KYT IaJiHHA IJIACKOI XBWJIi JOPiBHIOE KPUTUYHOMY KYTOBi (a) Ta 6ijb-
e KpUTUYHOTO KyTa (6). 300parkeHHs € pe3yjbTaTaM{ PO3PaxXyHKiB, AKUX
BUKOHAHO HE3aJIeKHO 3a JOIIOMOT'0I0 aHAJiTUYHOI'O TA YMCJIOBOTO MOJEJIIB, IO
€ igemTrurTME.®
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(rpebiub) apeiiye y3mOBIK Me:Ki IMOMiNy «KBapI—BaKyyM», CTBOPIOIO-
YK ONTHMAaJbHI YMOBHU IJIs HaHOINABJEHHA mamoi moBepxHi. Ilepewme-
CeHHs eHeprii BifOyBaeThcA IIepeBaKHO TIMIBKU B3J0BXK TOPMU30HTA-
JbHOI KOOPAMHATH. ¥ 3[I0B)K BEPTHUKAJIBHOI KOOPAWHATH HPAKTHUYHO
BificyTHEe IIepeHeceHHsA eHeprii. BigmduTa XBHJIA YACTKOBO 3aXOAUTH Y
BaKyyM, 3racaiouy eKCIIOHEHI[iiHO IIpU BiamgajeHHI Big MerKi momimy.
IIpu 36inbIIeHH]I KyTa MagiHHA magHOol XBUJIiL BigOyBaeThca 3cyB (pasu
BiOMTOI XBMJIi BiJHOCHO MAajHOI, IO BUKJIMKAE 3MEHIIEHHSI aMILIITy-
OV aKTHBHOI Ta PeaKTHUBHOI CKJIANOBUX IIOMHTHMHI'OBOTO BEKTOpa B
00JIacTi eBaHECI[EHTHOIO MOJIdA, II[0 BiAIIOBiJZae IOTipIIeHHI0 YMOB IJIA
CyOMiKpPOHHOT'O IIABJIEHHSA NAHOI HMOBepXHi. 30ir Hesalle:KHUX po3pa-
XYHKIiB posmoxisy moTokiB IIofHTMHI'OBOTO BeKTOpa 3a JIOIIOMOTOI0
aHAJITUYHOTO Ta UYKCJOBOTO MOJEJIiB Y IBOBUMIpHiNl po3paxyHKOBil
KOMIpIIi yMOMKJIMBIIIOE 3POOMTH BUCHOBOK: IIOOYIOBaHWII aHaJiTHU-
HUN MOJeJb € KOpeKTHUM. l[aHi BUCHOBKM IiATBEePIKYIOTHbCA II0JAa-
JBIITUMU PO3PAXyHKAMU.

3ayBa:xkumo, 1o IloiiHTHHTiIB BeKTOp P cKIamaeTbcsa 3 BEKTOPHOIL
cymu BekrtopiB P,, i P,,., ToOTO 3anme:xkuTth Bix dasu ¢. Ha pucyHky 4
300pakeHo PO3paxoBaHi 3a MOIIOMOIOI0 AHAJITHYHOTO MOIEJIO PO3IIo-
Iimyu MomyJid aKTUBHOI cKJamoBoi P,, IIofHTUHI'OBOrO BEeKTOpa Ta MO-
nynasa IloiiHTmHTOBOrOo BeKTOpa P y3m0BMK MeMKi momiay «KBapIii—
BaKyyM» B 3aJIe}KHOCTiI Biny (asu ¢ magHOIl XBUWJIL 3 JOBKUHOIO
A, = 500 uMm. IIpoaHanmisyBaBIlIM Ofep:KaHi 3aJIe}KHOCTi, MOYKHA CTBEp-
IKyBaTH, 1110 3i 3MiHOIO (hasu mamgHol XBuUJi il MaxcuMalbHe 3HAUeH-
Ha (rpebGinb BexkTopa P) npeiidpye ys3moBK MeKi HOHiny «KBapi—
BAKyyM», CTBOPIOIOUM OITHUMAJbHI YMOBHU AJIA PiBHOMipHOro CyOMiK-
POHHOTO ITaBJIeHHA JaHOI IOBEePXHi.

Posnoginu momgyasa aktuBHOI ckaamoBoi P,, IToitHTMHI'OBOTO BEKTOpA
ta monynasa IlofinTuHTOBOrO BeKTOpa P B 3asiesxkHOCTi Bifm hasu ¢ man-
HOI XBUJIi y MEePHeHIUKYJIIPHOMY HANOPAMKY M0 MeKi MOmiay «KBapii—
BaKyyM» IIOKasaHo Ha puc. 5. [laHuii pucyHOK BKasye Ha Te, III0 y3-
IOBX BePTUKAJILHOI KOOPAWHATHA NPAKTHUYHO BiJICYTHE NIepeHEeCeHH:
eHeprii (crmocTepiraeTbCcsa PesKUM CTOAYMX XBUJb). Bimbura XBuIA dac-
TKOBO 3aXOJUTh Yy BaKyyM, 3Tracaluy eKCIIOHEHIIIHO IIpU BimmadeHHi
Big mMexxki momiiry.

4. BAICHOBRH

Heszane:xxHuil po3paxyHOK po3mominy MmoToKiB IIoHHTMHI'OBOTO BEKTO-
pa 3a ZOIOMOTOIO0 aHAJITUYHOTO Ta YMCJIOBOTO MOJIEJIiB ¥ JBOBUMIipHI
PO3paxyHKOBi#l KOMipIli, AKi 36iraucsa, YMOMKJIUBIIIOE 3POOUTH BUCHO-
BOK: IIOOymOBaHMUIl aHANITUYHUIN MOIENb € KOPeKTHUM.

B pesyabraTi aHani3m mOmMIMPEHHS CBITJI0BOI XBUJi, AKa Iajae Ha
MMOBEPXHIO KBapIIOBOI ILIATiBKY 3 OOKY KBapIily, 3a JAOIIOMOIOI0 aHAaJIi-
TUYHOTO MOJEJIO OJePKaHO HACTYITHI pe3yJbTaTu.
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Puc. 4. Posnozinu moaynsa akTuBHOI ckJagoBoi P, IlofiHTHHI'OBOro BeKTOpa
(xkpuBa 1) Ta wmoxayna IlofimTmHTOBOTO BeKTOpa P y3moBXK Mexi momimy
«KBapI—BaKyyM» B 3aJIe’KHOCTi Bim ¢asu ¢ mamuoi xBumii, Koau ¢ =0 (kpuBa
2), ¢ =n/6 (xpusa 3), ¢ = /3 (xpusa 4).*

Puc. 5. Posnoginu moxyna akTuBHOI ckJaagosoli P, IlofHTMHTOBOrO BeKTOpa
(xpuBa 1) Ta monynsa IloliHTHMHTOBOrO BeKTOpa P y TepmeHAMKYJIApHOMY Ha-
IPAMKY [0 MeXKi IIOfiny «KBapl—BakyyM» B 3ajJesKHOCTL Bif ¢asu ¢ magHol
xBuii, Komu ¢ =0 (kpusa 2), ¢ = /6 (kpusa 3), ¢ =n/3 (kpusa 4).°

IIpu ocsiTaenui sragamoi mIepCcTKOI ImOBepxHi 3 OOKY KBapIiy 3a
YMOBHU, IO KYT IaAiHHS MJIACKOI XBUJII HOPiBHIOE KPUTHUYHOMY KYTO-
Bi, OyJi0 BU3HAUYEHO, IO 3i 3MiHOIO (hasu mMamgHOI XBUJIL Il MakcUMaJb-
He 3HaueHHs (rpebiHb) apeldye VY3MOBK Me:Ki IMOAIITYy «KBapi—
BaKyyM», CTBOPIOIOUM ONTHUMAJbHI YMOBM OJig CyOMiKPOHHOIO IIaB-
JeHHsa Imackoi moBepxHi. IlepeHecenmusa eHeprii BigOyBaeThcs Iiepe-
BaXHO TiJIbKHU Y3[I0BYK T'OPM30HTAJBbHOI KOOPAMHATH. ¥ 3[I0BYK BEPTH-
KaJbHOI KOOPAMHATHA HPAKTHUYHO BiJICYTHE IIepeHeceHHs eHeprii. Bixg-
0uTa XBUJIA YAaCTKOBO 3aXOAUTH Y BaKyyM, 3racaiuy €KCIIOHEHI[iHO
npu Bigmanenni Big mexxi moxminmy. Ilpu 36igbileHHi KyTa magiHHA ma-
OHOI XBUWJIL BigOyBaeThca 3cyB (pasum BigOmTol XBHWJi BigjHOCHO mamHOi,
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10 BUKJIMKAE 3MEHINEeHHA aMILIITyIu aKTUBHOI Ta PEeaKTUBHOI CKJa-
moBux IIOMHTMHI'OBOTO BeKTOpa B 00JIACTI MeKi momiay «KBapii—
BaKyyM», II[O0 BiATIOBiZae IIOTipIIIeHHIO YMOB [IJA CYyOMiKpPOHHOTO IIfa-
BJIEHHSA JTAHOI IMOBEPXHi.

OpmepsxkaHuil aHANITUUYHUN MOJEJNbL YMOJKJIMBIIIOE aHAJJi3yBaTH Ta
migdupaTy mMOTPiOHI mapamMeTpu mOJIA MamgHOI XBUJi, AKi 0 3abe3meuy-
BaJIM YMOBH OITHMAJLHOTO IIABJIEHHSA IMOoBepxHi. IIpu mboMy moTpid-
HO BpPaxXxOBYBAaTH, IO IIPOIleC INABJEHHA BimOyBaeThcA, TaK OM MOBIU-
TH, IIIap 3a IIapoM, AKWI 3HIMAaeThCA B3JOBIK IIOBEPXHI B HAIPAMKY
nomupenHa eHeprii. Ile 3ymoBJIeHO BiAIIOBiAHOI B3MiHOIO Yy uaci
IloiiHTHMHI'OBOTO BEKTOPAa B3AOBXK IIOBEPXHI KBapILy.
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! Fig. 1. The general scheme of photochemical submicron etching of the quartz surface, where
k,, and E, are the wave vector and the strength vector of the evanescent field, respectively,

0,, is the incident angle of laser radiation on the upper surface of the quartz substrate, 6., is the
critical angle.

2 Fig. 2. 2D cell used for the analytical calculation of the electromagnetic field distribution
when the TM-plane wave falls to the plane ‘quartz—vacuum’ interface at the 6,, angle that is
greater than the 0, angle of total internal reflection. The regions 1, 2 are areas of the quartz

plate with refractive indices n and vacuum, respectively. H',H ,H" are the strengths of mag-


https://doi.org/10.1002/mop.4650071304

648 B. I. TPUTOPVK, B. I. KAHEBCBKU, C. 0. KOJIEHOB

netic fields of incident, reflected and refracted waves, respectively. E',E",E" are the strengths

of electric fields of incident, reflected and refracted waves, respectively. 0, ,07,0" are the an-

in?

gles of incidence, reflection and refraction of the corresponding waves. P, ,P~,P" are the Poyn-
ting’s vectors of incident, reflected and refracted waves, respectively.

3 Fig. 3. Two-dimensional distribution of Poynting’s vector flows (arrows) and the module of
this vector (grey background) in the calculation cell for the case when the angle of incidence
of a plane wave is equal to the critical angle (a) and more then critical angle (6). Images are
the results of calculations performed independently using analytical and numeric models,
which are identical.

* Fig. 4. The distribution of the module of active component of the Poynting’s vector P,
(curve 1) and the module of Poynting’s vector P over the ‘quartz—vacuum’ interface depend-
ing on the incident wave phase ¢, when ¢=0 (curve 2), ¢=n/6 (curve 3) and ¢=mn/3
(curve 4).

® Fig. 5. The distribution of the module of active component of the Poynting’s vector P,

(curve 1) and the module of the Poynting’s vector P along the perpendicular direction to the
‘quartz—vacuum’ interface depending on the incident wave phase ¢, when ¢ =0 (curve 2),

¢ =m/6 (curve 3) and ¢ =rm/3 (curve 4).
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BausHne MUKPOCTPYKTYPHI H3JI0OMOB 0€TOHA HA IIPOYHOCTH
0ETOHHBIX KOMIIO3UTOB BHICOKOH CTPYKTYPHOM IMPOYHOCTH
M IIJIOTHOCTH
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IIpoBenéH cpaBHUTEJIbHBINI MUKPOAHAJIN3 U 3JI€MEHTHBIN aHAIN3 PA3TUUHBIX
obJiacTeil 13JI0MOB OETOHHBIX KOMIIO3WTOB PA3JIUYHOIN CTPYKTYPHOM IIPOUYHO-
CTH U ILJIOTHOCTH C HCIIOJIb30BAHMEM METOHO0B PEHTTeHOBCKOUN AUPPaKIIUU U
SHEPTroAMCIIEPCUOHHOM PEeHTTeHOBCKOM CIEKTPOCKomuu. McciaemoBaHO BJIMS-
HUe YJbTPAANCIEPCHBIX MOAUMUKATOPOB HA IIPOIECCHI CTPYKTYpPooOpasoBa-
HUA IIeMeHTHOTO KaMHs. [IpoaHaIu3upoBaH XapaKTep PaCKPBITUS TPEITuH U
¢a30BBII cOCTAB MOBEPXHOCTHY U3JI0MAa B IIporecce ux paspymenusa. [lokasaxo,
YTO yeM 0O0JIbIIIe AUCIIEPCHOCTD (Da30BBIX COCTABIAIOINNUX KAJbIIUTA, TEM BbIIIIE
KOHIIEHTPAIUA B HUX aTOMOB QJTIOMUHUA 1 HUMKE — KPEeMHUA, UTO U ABIACTCA
BO3MOJKHON IIPUYNHON CHUIKEHUA CTPYKTYPHOM IPOYHOCTH KOMIIO3UTA HA Ha-
HOYPOBHE.

IIpoBeneHo MOPiBHANBHY MiKpoaHaJi3y I eleMeHTHY aHaAJisy pisHuUX obJjac-
Teil 3J1aMiB OETOHHUX KOMIIO3UTIB Pi3HOI CTPYKTYPHOI MiIfTHOCTU Ta I'yCTUHU 3
BUKOPHCTAHHAM MeETOHiB X-IpoMeHeBOl nudpakiiili it eHeprogucmnepcinaoi X-
mpoMeHeBOi cueKkTpockomnii. [locaifgskeHO BIIUB yaAbTPaAUCIEPCHUX MoOnmdi-
KaTOpiB Ha IIpoliecy CTPYKTYPOYTBOPEHHA IleMeHTHOro KaMmeHo. IIpoananiso-
BaHO XapaKTep PO3KPUTTS TPIIuH i (pa3oBUH CKJIAL ITIOBEPXHI 31aMy B mpoIieci
ix pyiinyBauHsa. [lokasaHo, 110 YuM 6iJbIlla AMCHEPCHICTH (a30BUX CKJIAI0-
BUX KaJbIUTY, TUM BUIIla KOHIEHTPAIlisd B HUX aTOMiB AJoMiHii0 Ta HIKUA
— aromiB Cuiimiro, 1110 i € MOKJIMBOIO IPUUYNHOIO HOHMMKEHHS CTPYKTYPHOIL
MiITHOCTH KOMIIO3UTY HAa HAHOPiBHI.

A comparative microanalysis and elemental analysis of different areas of the
breaks of concrete composites of various structural strength and density us-
ing the X-ray diffraction and the energy dispersion X-ray spectroscopy are
carried out. The influence of ultrafine modifiers on the processes of struc-
tural formation of a cement stone is investigated. The character of the crack
opening and the phase composition of fracture surface in the process of their
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destruction are analysed. As shown, the greater the dispersion of the phase
components of calcite, the higher in them of aluminium atoms and the lower
the concentration of silicon atoms that is a possible cause of reduction of
structural strength of the composite at the nanoscale level.

KaroueBble cioBa: 0eTOHHBI KOMIIO3UT, YJIbTPAAMCIEPCHBIE MOAMMPUKATO-
pBI, HAaHOKPEMHE3EM, MeTaKaoJIMH, KBapIlleBas IyJApa, PEHTTeHOBCKAas IU-
dpakmusa, CKAaHUPYIOIad dJIeKTPOHHAA MUKDPOCKOIIHA.

Karouori ciaoBa: 6GeTOHHWII KOMIIOSUT, YJbTpPagucHepcHI momudikaropu,
HaAaHOKpPEeMHe3eM, MeTaKaoJIiH, KBapIllioBa IIyJapa, X-IpoMeHeBa AuUPpaKIlisd,
CKaHyBaJIbHA €JeKTPOHHA MiKPOCKOIIid.

Key words: concrete composite, ultrafine modifiers, nanosilica, me-
takaolin, quartz powder, X-ray spectroscopy, SEM.

(ITonyueno 30 masa 2019 e2.; nocae dopabomrxu — 12 urona 2019 2.)

1. BBEAEHUE

HeoO0xomquMbIM yCJIOBHEM [AJISI TOJYUYEHUS BBICOKOIIPOYHBIX OETOHOB
sABJseTCA 00OCHOBaHWE IPUYMHHO-CJIEACTBEHHBIX CBA3EH CTPYKTYPO-
o0pasoBaHUA U HAXOMKAEHUA HOBBIX IMOAXOJOB XWUMHUYECKOTO MOIM-
dunupoBauua OerounHoil cmecu [1]. OgHaxo cyiiecTByeT pan (PaxTo-
POB, KOTOpBIE CIIOCOOHBI HOBJUATH Ha (DUBUKO-MEXaHUYECKUE CBOI-
crBa OeroHa. IIpesxne Bcero, 9T0 MUKPOTPEIIUHBI, O0YCJIOBJIEHHBIE
ayTOTeHHOM YyCaJKOH, YTO S3HAUUTENHLHO YMEHBIIIAET YCTOMYUBOCTH
0eTOHOB K arpecCUBHBIM cpeaaM, U AedeKThl B Me:K(pasHON mepexo/-
HOMl 30HE MEXKIy IIEMEHTHOM MaTpuIleii M OOJBITMMU arperaTHbIMU
damosHuTeaamu [2, 3].

Cpenu TexHoJOTMYECKUX (hAaKTOPOB, BIUAIOIIUX Ha (hopMUpOBaHUE
0ETOHHOI MAaTPUIIBI BHICOKON CTPYKTYPHOM HPOYHOCTH U IIJIOTHOCTH,
BBIAEJIAIOT BHEIPEHVE KOMILJIEKCA MEJIKOIUCIEPCHBIX MOAUMUKATOPOB
Ha OCHOBe aMOP(HOr0 KOHJAEHCUPOBAHHOTO HAHOKPEMHE3EMA C yAesb-
HOI moBepxHOCTELIO ~ 250 M?/r [1-10]. B uactHOCTH, B paborax [1, 3]
KCCJIEJOBAHO BJIUSHWE KOMILJIEKCA Pas3JIUYHBIX HaHOHAIIOJHUTEJEH Ha
dopmupoBaHme 0oJjiee IJIOTHON CTPYKTYPHI IeMeHTHOro Kamusa. Or-
MEUYEeHO, UTO CTPYKTypa BBICOKOIPOYHBLIX OETOHOB (hOpMHUpYETCA mpe-
UMYIIEeCTBEHHO M3 HUBKOOCHOBHBIX THIApOocuaInKaToB Kaablima CSH-I
U TaKUX CTPYKTYPHBIX MOZeJieil I[eMEHTHOTO TeJsd, KaK I:KeHUT
CagH,,03,Si5 u Ttobepmoput Ca,H;0,,Si; [2—5]. B pa6orax [10—13] mo-
Kas3aHo, YTO BHICOKOAKTHUBHBIE ITYIIIOJAHBI IPUBOAAT K YMEHbBIIIEHUIO
TMIOPUCTOCTU W coAep:KaHus ruapokcuza kaiabiua Ca(OH),, uro, B
CBOIO Ouepelb, BINAET Ha FeHepUpPOBaHUE THUIPOCUIUKATOB KaJIbITUA.

B manHoii paboTe MeTogaMU PACTPOBOM 3JIEKTPOHHON MUKPOCKOIINHN
(P9M) 1 peHTreHOBCKOU AuGPaKTOMETPUMN HCCIEeIOBAHBI OCOOEHHOCTH
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dopMHUPOBaHNA MUKPOCTPYKTYPHI M3JIOMOB 0eTOHA KakK 0e3, Tak U C
mobaBlIeHMEeM VJIbTPAAUCHEePCHBIX MoaumuKkaTopoB. Ilpoanammsupo-
BaHO BJMAHMNE (Pa30BOTO cocTaBa OOpa30OBaHHBIX COEIMHEHWII Ha Xa-
paxTep pacKphITHUA TPEIIUH B IPOIlECCE PaspyIIeHUusa KOMIIO3UTA.

2.1. OBBERTHBI HCCJEJOBAHUSA

Oass pUsHKO-MeXaHNUYECKMX WCIBITAHNI HCIIOJb30BAHLI [IBE JKCIIE-
pUMeHTaJIbHBIE PelenTypsl 6eToHHOM cMecu: Nel (mexomuasa) u Ne2 —
MOAU(PUIIMPOBAHHAA KOMILJIEKCOM MEJIKOOUCIIEPCHBIX MOIU(PUKATO-
poB Ha ocHoBe HaHokpemHeszéMa (HK) u meraraonuma (MTK). Cocra-
BBl PEIenTyp OpuBefeHbl B Taba. 1. BrlIo mM3roToBI€HO HECKOJBKO
cepuii 00pasioB B ¢opme Ky6a pasmepamu 10x10x10 cm®, xoTopsle
BBIIEPyKUBAJINCE B HOPMAJILHBIX ycaoBuAX (mpu Temmeparype 20°C u
OTHOCUTEJIBHOH BJaxkHOCTH 95% ).

Hast pementypbl Nel, momoOpaHHOI Ha OCHOBE aHAJIM3a aHAJATHYE-
CKMX KPHUBBIX, ONKCHIBAIOINUX O0OPA30BAHUS OITHMAJLHONM Me30- u
MAKPOCTPYKTYPLI OETOHHOIO KOMIIO3HTA, IIPOYHOCTH OOpPas3IOB Ha
coxkatue cocraBuaa =50 MIla [6]. B To ke BpeMsa, A pelenTyphl
Ne2 mpouHOoCTh 00pasioB Ha cixkaTue cocrasuia = 120 MIla. Iaa mpo-
FHO3UPOBAHMUS Me30- U MAaKPOCTPYKTYPhl MOIU(DUIIMPOBAHHOIO 0EeTo-
Ha WCIOJb30BaHBbI peKoOMeHmanuu HemelKkoro crauzapra DIN EN
1045, B KOTOPOM PEKOMEHIOBAHBLI COCTABLI OCHOBHBLIX KOMIIOHEHTOB,
pasMephl HaIOJHUTEJIell 1 UX HPOIleHTHOe colep:kanue [5, 6].

2.2. METO/IbI UCCJIETOBAHUM

Ompepesnenre MPOYHOCTH Ha ClKATHe IIPOBOAMJIOCH Ha T'HUAPaBINYE-
ckom mpecce I1250. Harpysku Ha 00pasibl OCYIIECTBIAJJNACH HeIpe-

TABJIMIIA 1. Penmentyps! cmeceit Nel u Ne2.!

Cocrasasmolue cMmeceit Penenrrypa Nel, | Penentypa Ne2,

Kr/m® Kr/m®
IHemernt" CEM-I 52,5 600 600
ITecok kBapIeBbIii, ppaxmua 0,4—0,63 Mmm 584 654
I[Ile6enp rpaHUTHBIN, QpaKIusg 2/5 MM 315 212,86
IITe6Gensr rpaHuTHLBIN, Gpakmua 5/10 MM 315 255,71
IITe6ens rpanuTHbIi, Gpaknusa 10/20 mm 660 543,81
Hanokpemuezem, ¢pparnus 100-300 am — 180
Meraxkaoaun, ppaxkmud 1-40 MKM — 30
Boga puctunauposanHasd 160 160

ILracTudurarop 5% 5%
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pBIBHO co ckKopocThio 0,6 + 0,4 MIIa/c, uTo obGecreumBaao paBHOMED-
HOe pacIlipejejieHre HAIPSKeHUs B oOpasiie.

Ananns ocobeHHOCTeHl MUKPOCTPYKTYPhI CKOJIOB 0€TOHA IIPOBOIILI-
CcA C IIOMOIIBI0 CKAHUPYIOIIEro 3JeKTPOHHOrO0 MHUKPOCKOIIA (PUPMBI
Hitachi SU 70 ¢ ucnoassoBanuem CCD-gerexTopa. OjIeMeHTHBIN aHAa-
13 00'beKTOB IPOBOAMJICA HA OCHOBE JAHHBIX 9HEProAUCIIEPCHOHHOM
perTrerHoBckoi (3X) CIeKTPOCKOINN.

CTpyKTypHBEIe HCCIefoBaHUA (hasoBOTO COCTABa IeMeHTa um 00pas-
IIOB I[eMEeHTHOIr0 KaMHsA IIpoBefeHbI Ha audparTomerpe X’Pert PRO
MRD B oxmokpucranbaoi cxeme (CukK,;-usiayuenue).

1A mocTpoeHusa TpagyUpPOBaHHBIX TI'padMUKOB oOpasIlbl IIpeaBapu-
TeJIbHO M3MeJbYAJNCh B MEJIKOIMCIIEPCHBIN IIOPOIIOK 1 IIPOCEUBAIU

Puc. 1. Tunnunaa audpakTorpaMma (as3oBOTO COCTaBa I[€MEHTa, KOTOPBIH
COJIepKUT PasJnuHble KINHKePHbIe MUHepasl (Tadua. 2).2

Puc. 2. ludppaxTorpaMmMa coefuHeHNH runparanuu nemenra u HK, MTK.?
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Puc. 3. [ludppakrorpaMmMa coefuHeHNI TUAPATAluU IleMeHTa. *

yepes CUTO, AUAMETD SAUYeeK KOTOPOIr'0 COCTABJAET = 8 MKM.

OKcIepuMeHTalbHBIE pPeHTTeHoAu(PaKIIMOHHBIE KpPUBbIe o6Gpaba-
THIBAJIVICH C WUCHOJB30BaHUEM IpPOrpaMMHOTO o0ecneuenusa Match3.

TunuuHad peHTreHOBCKasaA AudpaKTorpaMma IieMeHTa IpuBegeHa
Ha puc. 1. Ha mudpaxrorpamme BbIJeJeHLI OCHOBHBIE KPUCTAJINUE-
cKkme (asbl, KOTOPBIE CYIIECTBEHHO BJIMSAIOT Ha (popMUPOBAHUE IIPOU-
HOCTHBIX XapaKTepPUCTUK OeTOHHBIX KOMIIO3uToB (puc. 2 u 3). B
YAaCTHOCTH, OJA XapaKTepHCTHK 00pasmoB Nel u Ne2 ObLim BBIOPaHEI
TUNUYHBIE AJS lleMeHTa (asbl, KOTOPHIM Ha PEHTTeHOBCKOI Mudpax-
TorpamMme (puc. 1) COOTBETCTBYIOT CJIEAVIOIINE MaKCUMyMbl MHTEH-
cunoctu [8]: maa daser C;A 20 =33,18 rpag (mepuonx peméTku
d=2,70 A); nna daser C,AF 20 = 33,94 rpag (d = 2,64 A); ngna daser
C,;S xapakTepHa IIOBTOPAEMOCTH MAaKCHUMYMOB WHTEHCHBHOCTH
(d=3,04 A). Ina dassr B-C,S GOIBITNHCTBO MAKCHMYMOB MHTEHCHB-
HOCTM HAKJAIbIBAE€TCA HAa COOTBETCTBYIOIIIME MAKCUMYMbI APYTUX
KINHKEPHBIX MHUHEpPaJoB, B YacTHOCTH, (Pasel C;S (mpum 20 =29,38
rpaxn). IlosTomy, O sTOro MHUHepasa ObIJ BBIOPAH MAKCUMyM IIPHU
20 = 30,94 rpaz (d = 2,89 A).

CooTHOIIIEHYe OCHOBHBLIX (Da3 KJIMHKEPHBIX MUHEPAJIOB B IleMEHTe
IpUBEEeHO B Tabd. 2.

3. PE3YJBTATBI UCCJIAEITOBAHU

JaHHbIe PEHTTEHOBCKOTO ¥ CIEKTPAJbHOTO aHajin3a CBULETEJIbCTBY-
0T, 4TO B cepum o0pasioB nmpounoctu 120 MIla (coctaB Ne2) B mpo-
Imecce TUApaTAMU KJIWHKEPHBIX MHHEDPAJIOB IIPU 3aTBepAeBaHUU Oe-
TOoHa obpasyeTcs Pl XMMUUYECKH aKTUBHLIX BelrecTB (puc. 2). 9T0, B
MEPBYIO ouepenb, — TUAPAT OKUCHU KaJbIUA, TUAPAT CUJINKATA KaJb-
nus ('CK) u Takue CTPpYKTypHBIE MOJEJIU Tejid, KaK AKEHUT U TO-
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TABJINIIA 2. KoauuecTBeHHBIE COOTHOIIeHUs (B %) MeXAY OCHOBHBIMU
(dasamu memenTa.’

Ne I Kaunkepuble MuHepaabl | Xumuueckas hopMmyJia ICoaepmaHne, %

1 C3S Ca;0,Si 52,2
2 C28 Ca,0,Si 22

3 C4FA Al,Ca,Fe,0,, 11,6
4 C3A Al,Ca,0, 14,5

TABJIAITA 3. Cocrasaaomue ¢as obpasma Ne2 (puc. 2).5

Ne | Xumuueckas cbopMyJIa| d/n | Hassanue coegquHeHUA
1 Al,CagHg60,49 6553 0,974, 0,563, 0,388 ErTpunrur

2 CaCoO, 0,278, 0,303, 0,191 Kanpmur

3 Ca(OH), 0,491, 0,262, 0,192 IToprnanTun

4 CazH,0; 551, 5 0,278, 0,335, 0,181 TuapocHIUKAT KaJIbIUI
5 CagH,,0,,Sig 1,049, 0,262, 0,278 H:xeHuT

6 Ca,H,0,,Si, 0,308, 0,297, 0,351 To6epmopurt 1,1-HM
7 Ca, ;H,,0,, 5515 0,552, 0,310, 0,301 To6epmopur 1,4-HM
8 Ca,H,,0,,Sig 0,307, 0,301, 0,279 KamaorobepmopuTt
9 Ca,H,0;Si 0.287, 0,269, 0,260 I'CK

10 Ca,H,0,,Si, 0,303, 0,277, 0,256 I'CK

11 Al,CaH,,0,,Si, 0,305, 0,275, 0,268 TACK

12 Al,CaHg0,,Si;, 0,263, 0,262 TACK

13 Al; ;CazH, ;045 0,276, 0,309 TAK

6epmoputr. PesynbraTbl uAeHTH(GUKAINYN CIOKUBIIUXCA (had IpuBe-
IeHbl B TabJa. 3.

XapaKTepHBIM IPOAYKTAM THIpPATAIIMH IIOPTJIaHAIleMeHTa AJA 00-
pasmos N2 Ha gudpaxTorpamme puc. 2, 6 OTBEUAIOT MAaKCHMyMaM
VHTEHCUBHOCTH, KOTOPHIE IPOHYMEPOBAHLI X COOTBETCTBYIOT COEIU-
meruam errpuHruTa (1 — AlCagHg040 6553 — d/n=0,975 A), To-
o6epmopura (2 — Ca,H;0,,Si; — ¢ Tommmuoit ciaosa 1,1 HM) u ruapo-
cunukaroB Kaapnua (d/n=0,278, 0,335, 0,181 A). Baxxso, uTOo 3TH
MAaKCUMYyMbl HAaXOAATCSI B TeX K€ YIJIOBBIX IIOJIOMKEHUSIX, UTO U MaK-
CUMYMbl MHTEHCHUBHOCTH IJIA KJIMHKEPHBIX MUHEPAJOB, B YaCTHOCTU
nasa anura (CsS) m 6enura (C,S). 9TO CBUIETEIBCTBYET 00 MX OIIpeje-
JA0IIeN posiu B (GOPMUPOBAHUU IT€MEHTHON MAaTpuilbl. TpeéxraabIiu-
eBuii amomuHAT (C;A), BamMmogeiicTBya ¢ Bomou m rumcom (CaSO,),
o0pasyeT HepPacTBOPUMBIN ruapocyiabpoamioMuHaT Kaabiiua (3Ca0-—
A1,0,—3CaS0,—31H,0), KOoTOpEI# cO BpeMeHEeM TpaHCHOPMUPYETCA B
TUAPOAIIOMIUHATEI KAJbIIUSA PA3JIUYHON OCHOBHOCTHU, YTO M HaOJIOAAa-
eTca Ha gudpaxTorpammax (puc. 2 u 3).

s cepuu obpasiioB coctaBa Nel, Kak ciaemyer m3 audpaKTorpam-
MBI Ha pHuC. 3, TaKiKe XapaKTepeH COCTAB TeX OCHOBHBIX COEMMHEHUI
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MANSID-USV 20.0kV x2.

Puc. 4. 9JIeKTPOHHO-PACTPOBLIE M300pPaKeHUsT IIOBEPXHOCTH K3JIOMOB Ife-
MEHTHOM MaTpuIbl cocTasa: a) Nel, 6) Ne2.”

ruapaTranuu, u4To u AJad oopasioB Ne2. OmHaKo ecTh U HeKOTOPbIe OT-
Juuusi. B 4acTHOCTH, MHTEHCUBHOCTh HNUKOB (0003HAUEHHBIX I{pa-
My 3) Ha puc. 3 OT KajbliuTa 3HauuTeJbHO BhImie (Ha 10%), uro,
BO3MOJKHO, CBUIETEJIbCTBYeT 00 MX OOJIbINlell KOHIleHTpanmuu B (asax
THIpaTAIllii, YeM B OETOHHBIX KOMIIO3UTAX C MEJKOAHCIEPCHBIMU
MopupuraTopaMu.

BakHo, UTO MCIOJIB30BaHUE IIeMEHTA ¢ HU3KuUM coaep:kanumeM C;S
(menee 50%) 3HAUMUTEJIBHO YCJIOMKHSIET IIOJyYEHHE BBICOKOIPOUYHBIX
0eTOHOB, B UaCTHOCTH, IIPU HCIIOJH30BaHUM HaHOKpPEeMHe3EéMa M MeTa-
KaoJuHa. ITO OOYCJOBJIEHO TeM, YTO 3(GHEKTUBHOCTh NPUMEHEHUA
TaKUX OOOABOK IIpefycMaTpPHUBaeT HAJIWUYNE B 3aTBepAeBaloIleil cu-
creme u3bbpiTouHoro moptiaauTuga (CH), Torma Kak cucrteMa ¢ HUSKUM
comep:kanmeM C;S =xapakTepusyeTcd MNOHUMKEHHBIM COAEPKaHneM
rugpokcuga kKanabiua Ca(OH), [9, 10].

Has1 Gojiee IMOJHOIO IIPeACTaBJIEHHA O (popMupoBaHuu (a3 ruapa-
TalMy B OETOHHBIX KOMIIO3UTAX BBICOKOI IIPOYHOCTH M BIUSIHUSA YJIb-
TPAAUCIIEPCHBIX MOAU(PUKATOPOB, HCCJIELOBAHO MHUKPOCTPYKTYPY IIO-
BEPXHOCTU M3JIOMOB 1 uX (ha30BbII COCTaB C IIOMOIIbIO CKAHUPYIONIei
AJIEKTPOHHON MUKpocKonuu (puc. 4) M 3HEProAUCIEPCUOHHON PEHT-
TeHOBCKOII cmeKkTpockonuu (puc. 5). Ilepeuensb siemMeHToB B Taba. 4 u
MX IIPOLIEHTHOE COLEep KaHle YKasbIBAIOT HA HaJuuue B OETOHHOI
matpuiie Nel momaBisatomniero umciaa xaiabiiura CaCO;. Ilpu mHamumuunm
BJIaTH B PE3yJIbTAaTe PEaKIUU KaJbIUH OKCHAA C YIJIEKHCJIBIM I'a3oM
aTMoc(epsl, KaK IpaBujJo, obpasyeTcsa cioucTas CTPYKTypa (puc. 6)
c MaJioii aaresuweil m Koresumeil K memeHTHomy Kamuio [11]. Ilo maH-
HeIM J]X-aHanmusa usaom GeToHHOTO KommoauTa Nel mpoxomuT mpe-
UMYIIEeCTBEHHO II0 00JacTAM, TIe MMEIOTCA BBICOKME KOHIEHTPAIINU
kanpiiura (Tabs. 4). WUraxk, ueM BBIIIe AUCIEPCHOCTb (DAas30OBBIX CO-
CTABJAIONINX KaJbI[ATA, TEM BBIIlIe KOHIIEHTpPAIWs B HUX aTOMOB
aJIOMUHUA W HUMKE — KPEMHUSA, UTO W ABJAETCA IPEIIOJOMKUTEND-
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0

Puc. 5. 9nemeHTHBIH cocTaB 6eTOHHBIX 00pasmoB a) Nel u 6) Ne2 mo pesy.ib-
TaTaM SHEPTOAUCIIEPCHOHHOI0 PEHTTeHOBCKOTO aHajn3a II0 KapTUHAM pPHC.
4, a, 6 COOTBETCTBEHHO.?

Puc. 6. COM-usobpakeHre MUKPOCTPYKTYPHI Cpe3a MOBEPXHOCTH ITeMEHTHOMR
MaTpuIiel cocrasa Ne2.°

HOIl MPUUYMHON CHUXKEHNS IMPOUYHOCTH KOMIIO3UTA HA MUKPOYPOBHE.
CTpykTypa obpasiia coctaBa Ne2 orTianuuaerca OGOJBIITNM KOJMUe-

cTBOM (pa3 M UX HEOJHOPOIHOCTBIO (Tabi. 4 m 5 cooTBeTCTBEeHHO). B

CTPYKType GeToHa cocraBa Ne2 mpeobsamaior dassl HU3KO- (2 1,8%) u
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TABJINIIA 4. KosnuecTBeHHBIE COOTHOIIEHUS MEKJY OCHOBHBIMHU COCTAB-
JAIIMTIME 3JIeMEHTHOTO COCTaBa majoMa GeToHa cocraBa Nel.!”

AnemeHT|Bugumasa KOHIIEHTPAIIUSA Ronuer;/fpaunﬁ, XuMuuecKoe coefrHeHUe
C 108,28 19,27 C
(0] 285,15 44,50 SiO,
Na 5,13 0,45 Albite
Mg 2,27 0,21 MgO
Al 10,60 0,82 Al O,
Si 55,79 3,86 Sio,
K 19,90 1,07 KBr
Ca 495,17 29,03 Wollastonite
Fe 10,54 0,79 Fe

TABJUIIA 5. KoinuecTBeHHbIE COOTHOIINEHUS MeKIY OCHOBHBIMU COCTAaB-
JISIOMMMH 5JIEMEeHTHOTO COCTaBa B3JoMa 6eToHa cocTraBa Ne2, !l

AnemeHT|Bugumasa KOHIIeHTPAIINAS Ronuerg/:paunﬁ, XuMnuecKoe coemurHeHre
(0) 393,92 50,40 Sio,
Na 3,87 0,34 Albite
Mg 3,43 0,31 MgO
Al 19,98 1,52 Al, 0,4
Si 257,48 17,81 SiO,
S 12,53 0,90 FeS,
K 17,78 1,03 KBr
Ca 439,97 26,75 Wollastonite
Fe 12,70 0,94 Fe

BBICOKOOCHOBHBIX (~2,6%) Ca0O/SiO,, a Tak:ke He IpopearupoBaB-
XX YacTUIl HAHOKpeMHes3éMa. BeposATHO, 3HAUUTENLHO O6OJIbIIas
IPOYHOCTL Ha CiKaTue s cocTaBa Ne2 cBsasama ¢ 0ojiee pasBUTOM
yIeJNbHOII MOBEPXHOCTHIO MYII[OJAHOBBIX YACTHI[, KOTOPHIE CIIOCOOHBI
onicTpee pearupoBath ¢ Ca(OH),, 06pasysa ImJIOTHYI0O MUKPOCTPYKTYDY
[12].

Paspymierue Oeromuoro obpasma Ne2 (mox maBiaenmem 120 MIla)
MIPOMCXOMMJIO ITI0 TEM IIOBEPXHOCTAX (M3IoMaM), Ha KOTOPBIX IIPeood-
JagamT Gasbl TUAPOKCUAOB KaJbI[Ud, KOTOPbIe ABJSIOTCA IJIOTHEE U
IIpoYHee CTPYKTYPBI KaJbIIMTA, KOTOpas IIpeobJiafaeT Ha UM3J0Max
o0pastmoB perenTtypbl Nel [12].

Takum o6pasom, mMomm@pUKANUA OETOHHOTO KOMIIO3UTA KOMILIEK-
com HK 1 MTK cosgaior ycioBusA A IpeoOpasoBaHUsS HeCTaOUJILHO-
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ro m PacTBOPUMOIO THAPOKCHUIA KaJbIMUSA B IPOYHBLIA KPHCTAJIMUE-
CKUll ruapaT cuaukara Kaabiiud [13—-15]. YoimorHéHHas TakuM obpa-
30M CTPYKTypa OeTOHA JaeT 3HAUUTEJNbHBI IIPUPOCT IIOKA3aTeJsd
npounoct. Kpome storo, mpu BBefgenuu HK B Kuarkyo dasy Ie-
MEHTHOI'0O TecTa, obpasyeTcsa rejib OKCHIA KPEMHUS, KOTOPBIA B
manpHeiimeM angcopbupyer cBobomuble noubl Ca?’ m OH u cmoco6-
cTByeT (DOPMHUPOBAHUIO CJIa00 3aKPUCTAIIN30BAHHBIX HU3KOOCHOBHBIX
I'CK (raba. 3). Ilpu orpaHmnuyeHHBIX YCJIOBUAX HU3KoocHOBHLIe ['CK
MIPUBOAAT K YBEJIMUYEHUIO KOJHMYECTBA TeJNEBBIX IOP U CHUMKEHUIO
OTKPBITO# mopucTocTi. TaKkme 3aMKHYTBbI€ IIOPBLI IPEMSTCTBYIOT pac-
IIPOCTPAHEHHUIO TPEIUH B IIyOMHY TBEPIOr0o Tejaa, TaK KaK HAIIpPs-
JKeHIe OYeHb OBICTPO CHAJaeT OT BBHICOKMX 3HAUEHUM HA IIOBEPXHOCTHU
OPEl K HU3KUM 3HAUCHUSIM B €€ BHYTPEHHHX 00JaCTAX, TO €CTh
MeJIKHE 3aMKHYThIE€ IIOPBI IIPEISATCTBYIOT IIPOIECCY PAas3pyIIeHUs Ma-
repuaJja [16, 17].

4. BBIBOAbI

1. Yem BBIIlIe AUCIIEPCHOCTEH (Pa30BBIX COCTABIAIOIINX KAJbIIUTA, TEM
BBINIIE KOHIIEHTPAIIA B HUX ATOMOB aJIOMUHUA W HUKE — KPEeMHUSI,
YTO U ABJSAETCA MPENIOJOKUTEIbHON MPUUNHON CHUMKEHUS IIPOYHO-
CTH KOMIIO3UTA HA MUKPOYDPOBHE.

2. TuapocuINKaT KaJbIluA ABJISETCA OCHOBHBIM BSKYIIIMM areHTOM B
IIeMeHTHOM MaTpHIle M OTBEUAeT 3a MPOYHOCTDH M ILIOTHOCTEH CTPYKTY-
poi. Coemunenme C—S—H ¢opmupyercsa B pesyabTaTe XUMUYECKOTO
BaauMojeticTBusa ¢das mopraanxanemerta -C,S, C;S um Bogbl. 'mapo-
cuwimkar Kauabliusa (C—S—H) aABigeTca mNpoAyKTOM TuUApaTaluud U
dopmupyer mpumepuo 60% das OeroHHOro Kommosuta. MoJsAapHOe
orHorteane CaO K SiO, B C—S—H aBasercda oJHUM M3 OCHOBHBIX IIPU-
YMH ONpelesieHnuss U KOHTPOJS CBOMCTB CHCTEMBLI TI'HMIPOCUJIMKATA
KaJIbI[UA.

3. MoaudunupoBanue GeTOHHOrO KommosuTa Komiiekcom MK wu
MTK cosmaér ycioBusA mjsA mpeoOpasoBaHUsA HeCTaOMJILHOTO M pac-
TBOPUMOTO THAPOKCHUIA KaJbIUA B HPOYHBLIM KPUCTALIUYECKUH THU.I-
parT cuiauKaTa Kajabliusa. YIJOTHEHHAS B TaKOM BHUIe CTPYKTypa Oe-
TOHA JaeT 3HAUUTEJNbHBIH IPUPOCT MOKA3aTeNA IPOUHOCTH.
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3 Fig. 2. Diffractogram of cement hydration compounds and NS, MTK.

4 Fig. 3. Diffractogram of cement hydration compounds.

> TABLE 2. Quantitative ratio (in %) between the phases of cement.

5 TABLE 3. Components of the phases of sample No. 2 (Fig. 2).

" Fig. 4. SEM images of fracture surface of the cement matrix of composition: a) No. 1, 6)
No. 2.
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8 Fig. 5. The elemental composition of concrete samples, a) No. 1 and 6) No. 2, according to
the results of energy dispersive X-ray analysis corresponding to the pictures in Fig. 4, a, 0,
respectively.

9 Fig. 6. SEM image of the microstructure of the cut surface of the cement matrix composi-
tion No. 2.

10 TABLE 4. Quantitative relationships between the main components of the elemental compo-
sition of fracture of concrete composition No. 1.

1 TABLE 5. Quantitative ratios between the main components of the elemental composition
of cracking concrete No. 2.
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A method and application parameters for hardening of oil-scraper piston
rings by multilayer ion-plasma TiN/CrN nanocoating are proposed. An
increase in the microhardness of piston rings by 143 times relative to se-
rial rings is shown. An increase in the wear resistance of piston rings by
12 and 15.7 times is achieved at sliding speeds of 1 and 1.3 m/s, respec-
tively. The chemical-composition study of friction surface of the rings
with hardening is carried out. Structurization of the adjacent surface of
both variants of rings due to cyclic effects during friction is revealed. A
method for estimating diffusion of the Fe rings towards the strengthening
multilayer coating is proposed.

3ampoIoHOBAHO METOJ i mapaMeTpHW 3MillHEHHS MAaCTUJIO3HIMHUX IIOPIIHEe-
BUX Kijelnp GaraTorrapoBuM HOHHO-mIasMoBuM HaHOTMOKpuTTAM TiN/CrN.
IToxkasamo 30inbIlIeHHS MiKpPOTBEPJOCTH IIOPIIHEBUX Kijmenpb y 143 pasu B
MOPiBHAHHI 3 cepifiHUMU KinblgMu. JocArHyTo 30iJBbIITeHHA 3HOCOCTiMKOC-
TH TOPIITHeBUX Kijmens y 12 i 15,7 pasu mpu IMIBUAKOCTAX KOB3aHHA B 1 i
1,3 m/c BigmoBimuo. IIpoBemeHO AOCITimKeHHS XeMiUHOTO CKJIAAy MOBEPXHi
TepTa Kisenp i3 3sMinmHeHHAM. BuABJIEeHO CTPYKTYypU3allilo IPUJIETJIOol IOBe-
pxHi 000X BapisgHTIB Kijlemp Ipu IUKJJIIYHOMY BILJIHBiI Ipoliecy TepTda. 3a-
IPOIOHOBaHO MeTo[ oilinku audysii Fe kimens y 0ik smimHIOBaJIbHOTO 6a-
raToIIapoBOro MOKPUTTH.
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IIpeniio:keHBI METOA U IApaMEeTPhl YIIPOUHEHUSA MACJIOCHEMHBIX ITOPIITHEBBIX
KOJIel, MHOTOCJIOMHBIM MOHHO-IJIadMeHHBIM HaHomoKpweiTeM TiN/CrN. Ilo-
KasaHO yBeJIWYeHWE MWKDPOTBEDPAOCTH MOPINHEBHIX KoJjen B 143 pasa mo
CPaBHEHUIO C CEPUUHBIMU KOJbIlaMu. [[OCTUTHYTO yBeJIWUYeHTE M3HOCOCTOI-
KOCTH IOPIITHEBBIX KoJell B 12 u 15,7 pasa Ipu CKOPOCTAX CKOJb:KeHud B 1
u 1,3 m/c coorBercTBeHHO. IIpoBeeHO HccaenoBaHe XMUMUYECKOTO COCTAaBa
TIOBEPXHOCTH TPEHUS KoJell ¢ yinpouHeHueM. OO0HapyKeHa CTPYKTYpPU3aAIUA
IIpUJIETaoIiell MIOBEPXHOCTH O0OMX BApPMAHTOB KOJEI[ IPU IMKJINUYECKOM
BO3JelicTBUM Iporecca TpeHusa. lIpennosxen meton omeHku auddysuu Fe
KOJIeI] B CTOPOHY YHPOYHAOIIEr0 MHOTOCJIOMHOI'0 TOKPHITHS.

Key words: piston rings, ion-plasma multilayer nanocoating, wear, micro-
hardness, X-ray microanalysis, diffusion.

Karouori cioBa: TOpIIHEBI KinbIs, HOHHO-IIJIa3MOBe OaraTolapoBe HaHO-
MMOKPUTTS, 3HOC, MiKPOTBEPHiCTh, MiKPOPEHTIeHOCIEKTpaJIbHA aHajiza, Ou-

dyaida.
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aHanus, nupdysud.
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1. INTRODUCTION

In operating conditions that differ in the type of engines, the pa-
rameters of the actual loads, both different sizes of piston rings
and the material for their manufacture are used. The main parame-
ters varying under their operating conditions are the speed of slid-
ing and pressure on their working surface. These processes deter-
mine their physicochemical and structural changes that characterize
wear. A detailed analysis of changes in operating parameters under
specific conditions can only be carried out based on the information
obtained about their influence and the choice of the most effective
method of hardening and the use of parts.

This study presents the results that analyse the effect of differ-
ent sliding speeds from 0.7 up to 1.6 m/s on the wear of hardened
piston rings with an ion-plasma coating. Of particular interest are
sliding speeds of 1.0 and 1.3 m/s, which are accompanied by both
the same ratio of components during the test and a sharp drop in
the proportion of the coating with a different friction path.

The results of previous studies conducted by the authors to de-
termine the degree and nature of wear of serial oil-scraper piston
rings of the diesel generator (engine) D100 confirmed their low
wear resistance [1].

To solve the problem of increasing their operational durability,
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the working surfaces of such grey cast iron rings were hardened
using TiN/CrN multilayer ion-plasma nanocoating and individual
wear resistance was evaluated under different friction conditions
[2, 3]. So, in each case, a multiple decrease in wear of the hardened
rings relatively to serial ones was revealed. However, when taking
into account different operating modes of the engine (acceleration
and braking) and, consequently, different moving speeds of the pis-
ton group, a consistent comparative assessment of the physical and
mechanical properties at different sliding speeds of such rings is of
great interest, since it does not appear to predict their changes in
operation possible.

Purpose of the work is determination of the wear rate at differ-
ent sliding speeds of the oil-scraper piston rings of the diesel engine
D100, hardened by multilayer ion-plasma nanocoating TiN/CrN and
evaluation of diffusion processes developing during the life cycle of
their operation.

2. OBJECT, MATERIALS AND RESEARCH METHODS

An object of the research is the process of wear of the oil-scraper
piston rings of the engine D100 before and after their hardening.
The cross section of the ring with a working surface of 0.2 mm
high, that Figs. 1 shows, was analysed. The working surface is de-
signed to remove the oil from the walls of the cylinder into the en-
gine crankcase, which prevents it from entering the combustion
chamber.

To assess the degree of the wear resistance increase of the rings,
a multilayer ion-plasma coating of the TiN/CrN system was applied
on Bulat-type equipment. The deposition of the coating was carried
out at an arc current I =100 A with a substrate bias voltage of
U =-200 V. Alternately, 6 layers of CrN and 5-TiN were applied,

Figs. 1. A sketch of the cross section of the oil-scraper piston ring of D100
diesel engine.
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pre-spraying a sublayer of pure Cr of 50 nm thickness. The thick-
ness of the 1% layer of TiN is 49 nm, and the CrN is 240 nm. The
CrN/TiN ratio was 5.8. The total thickness of the multilayer coat-
ing reached 1.7 um (taking into account the chromium sublayer).

According to serial manufacturing technology, these products are
subjected to galvanic tinning to reduce the period of their burn-in
due to the formation of a tin layer on the working surface of the
ring. The tin coating has a non-uniform grain structure consisting
of individual fragments and ironed areas. Serial rings were tested
along with the TiN/CrN ion-plasma coating hardened ones for com-
parative evaluation of their tendency to wear.

To determine the nature and rate of wear of such rings, bench
tests were performed on a specialized machine under conditions of
sliding friction during reciprocating motion. In the machine was
installed one sample taken from the cylinder liner and two ones
from the piston rings of the compared variants. The moving part
was a sample cylinder liner. Samples of cylinder liners are made of

Figs. 2. A scheme of bench tests samples of oil-scraper piston rings. 1—
sample cylinder liner; 2—drip feed oil pipe; 3—samples of oil-scraper pis-
ton rings; 4—cargo; 5—sample holder.

Figs. 3. Wear samples of the cylinder liners at a speed of 1.3 m/s: 1—wear
of the cylinder liners that worked with the hardened rings; 2—wear of the
cylinder liners that worked with the serial ones.
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grey cast iron and subjected to phosphatization (serial technology).

The constant moving speed of the moving samples for each vari-
ant was 1 and 1.3 m/s. The value of the specific pressure on the
working surface of the ring was 0.8 MPa. This allowed obtaining a
modelling process of wear for a shorter test period. The scheme of
bench tests samples is presented in Figs. 2.

The length of the stroke of the cylinder liner sample was 100 mm
(Figs. 2). The feed of SAE 40 oil in the friction zone was 1-2 drops
per minute. The total test time was 100 hours, of which the first
stage was 3 hours, the second stage of the main tests was 25 hours,
and the third stage of the main tests was 72 hours. The total length
of the traversed friction path for specimens tested at a speed of 1
m/s was of 360 km, and at 1.3 m, it was of 468 km. Between the
stages of testing, the level of weight wear, the change in micro-
hardness, and the height of the working surface of the rings were
recorded. After testing, the working surface of the rings samples
was evaluated by X-ray microanalysis to determine changes in the
chemical elements of the ion-plasma coating.

3. RESEARCH RESULTS

For all stages of testing, the total weight wear of cylinder liners (I)
installed in a pair with the hardened rings is 6% lower at a speed of
1.3 m/s (Figs. 3), compared with the serial ones. At the same speed,
during the first stage of the test, the wear of the cylinder liner,
which worked in a pair with the hardened rings, is 3 times higher
than the serial ones. This is explained by the presence of tin coating
on serial products, intended for accelerated run-in of tribopairs. At
the second stage of testing, a higher wear (3 times) is observed for
the cylinder liner, which worked in tandem with the serial rings,
relatively the hardened ones by the coating. At the third stage of
testing, the weight wear of the cylinder liner, which worked with
the hardened rings, is by 13% lower than the serial ones. It should
be noted that the total wear rate of the cylinder liners, assessed by
weight loss, paired with the hardened piston rings is also by 6%
lower. Considering the high microhardness of rings with the ion-
plasma coating, the processes of local transfer of material from the
cylinder liner surface were recorded, which caused increased wear
at the initial stage of testing (Figs. 3).

Another picture is observed at a sliding speed of 1 m/s. The total
weight wear of the cylinder liners (I) tested with the hardened rings
is by 42% higher than serial ones (Figs. 4). It follows that in-
creased wear is characteristic of the cylinder liner that worked in a
pair with the hardened rings, which also falls on the period of run-
in. In this case, the weight wear is 3 times higher, compared with
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Figs. 4. Wear samples of the cylinder liners at a speed of 1 m/s: 1—wear
of the cylinder liners that worked with the hardened rings; 2—wear of the
cylinder liners that worked with the serial ones.

the cylinder liner, tested with the serial rings. This is explained by
the presence of tin coating on the serial products, intended for ac-
celerated run-in of tribopairs. However, at the second stage of test-
ing, at the same speed, the weight wear of the cylinder liner, which
worked in a pair with hardened rings, decreases by 43% compared
to the serial ones, and at the third stage, it decreases by 29%. At
the same time, the wear rate of cylinder liners, estimated by weight
loss, worked in a pair with hardened piston rings is by 42% lower.

A slight gain of the hardened rings of 1000 ug at the 2" and 3™
stages (Figs. ) is also associated with the local adhesion of individ-
ual zones of the friction surfaces. Evaluation results are character-
istic of higher wear rates of the serial rings. Such process of hard-
ening by the ion-plasma coating at a higher speed of testing showed
that wear decreases by 12 times.

The increase of the samples weight of both variants of the rings
at the last stage of testing (Figs. 6) at a sliding speed of 1 m/s is
also associated with the local adhesion of individual zones of the
friction surfaces. The test results indicate about a high rate of the
serial rings wear, and with an ion-plasma coating ones, they show
that it decreases by 15.7 times.

Table 1 shows the increase of the working surfaces height of the
serial and hardened rings after testing at a sliding speed of 1.3
m/s, and Table 2 shows the same indicator of the rings at a sliding
speed of 1 m/s respectively. The height of the working surfaces of
the serial rings after testing increased on average by 0.04 mm, and
the height of the hardened rings increased by 0.01 mm. The ob-
served is the result of the process development of plastic defor-
mation of the rings working surfaces, especially in the absence of
hardening. The wear rate by changing the height of the ring work-
ing surfaces shows that, for hardened ones, it is lower by = 4 times
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Figs. 5. Degree of the oil-scraper piston rings wear at a sliding speed of
1.3 m/s: 1—wear of the hardened rings; 2—wear of the serial ones.

Figs. 6. Degree of the oil-scraper piston rings wear at a sliding speed of 1
m/s: 1—wear of the hardened rings; 2—wear of the serial ones.

at both friction speeds.

The tin coating ensures the stability of indicators only during the
period of running-in, and after the 2™ stage of testing, the differ-
ence in the degree of hardening is recorded (Figs. 7, a, b). This
trend is characteristic of both sliding speeds. The average initial
microhardness of the rings samples with TiN/CrN coating is 148
times higher than the serial ones before testing. The microhardness
of the hardened rings after the 2" stage of testing increases by 3
times, after the 3™—by 2 times relatively to the serial ones at a
speed of 1.3 m/s. The microhardness of the hardened rings after
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TABLE 1. Increasing the height of the working surfaces of the rings at a
sliding speed of 1.3 m/s.

Variant of piston rings Height
of the rings working surfaces, mm
) ) . sample No. 1 0.01
th the TiN/CrN t
W e TIN/CrN coating sample No. 2 0.01
le No. 3 0.04
the serial of piston rings EZEEIZ NZ. 4 0.04

TABLE 2. Increasing the height of the working surfaces of the rings at a
sliding speed of 1 m/s.

Variant of piston rings Height
of the rings working surfaces, mm
i ; .. sample No. 1 0.01
th the TiN/CrN t
™ ¢ TIN/CrN coating sample No. 2 0.02
le No. 0.05
the serial of piston rings sample No. 3
sample No. 4 0.07

the 2™ stage of testing at a speed of 1 m/s is higher by 3.6 times,
after the 3™ —by 17% relatively to the serial ones.

The microhardness of the rings samples with the ion-plasma coat-
ing after the 2" stage of testing decreases by 3.7 times when two
speeds are combined, and after the 3"'—by 6 times at 1.3 m/s and
11 times at 1 m/s, respectively, relative to the initial value of the
traditional variant. The average microhardness of serial rings in-
creases by 11 times from the initial indicator of the second stage of
testing, and does not significantly change in the third (Figs. 7, a,
b).

The results of local X-ray microanalysis of friction working sur-
faces of the serial rings and TiN/CrN hardened by multilayer nano-
coating ones and tested at a speed of 1.3 m/s are presented in Table
3 and 4, and at a speed of 1 m/s, in Table 5 and 6, respectively. The
initial (before the tests) chemical composition and after the tests of
the serial ring surface at a speed of 1.3 m/s are shown in Table 3
(spectrum 1 and 2, respectively), and after testing at a speed of 1
m/s—in Table 5 (spectrum 2). Figure 8 shows the zones of deter-
mining the chemical composition of the initial surface (spectrum 1)
and the friction zone (spectrum 2) of the serial ring at a speed of
1.3 m/s, and similarly, Figs. 9 (spectrum 1 and 2)—of the hardened
ring tested at increased sliding speed. Figure 10 shows the zones
for determining the chemical composition of the initial surface
(spectrum 1) and the friction zone (spectrum 2) of the serial ring at
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b

Figs. 7. Microhardness of the rings hardened by ion-plasma coating (1, 2)
and the serial ones (3, 4): a—after the testing at a sliding speed of 1.3
m/s; b—at a sliding speed of 1 m/s.

a speed of 1 m/s, and Figs. 11 shows the similar zones (spectrum 1
and 2) for the hardened ones at the same speed. The depth of the
analysed zone was 2 um.

It should be noted that tin in the samples of serial rings, due to
their complete wear, was not found on either of the working surfac-
es in both test speeds. This is also confirmed by the increase in mi-
crohardness after the 2"! and 3™ stages of testing to the level of the
base metal (grey iron).

At the same time, the effect of plastic deformation of the area
was revealed, which is expressed in violation of the integrity of the
tin coating of the surface adjacent to the friction one (Figs. 8 and
10). This is due to the Saint-Venant’s effect [4] accompanied by the
localization of the stress—strain state of nearby material, as a result
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TABLE 3. Chemical composition of the initial (spectrum 1) surface and
friction zone (spectrum 2) of the serial piston ring tested at a speed of 1.3
m/s.

Analysis zone‘ C ‘ (0] ‘ Al ‘ Si ‘ Mn ‘ Fe ‘ Sn
spectrum 1 1.09 — 0.29 0.29 — 1.14 97.21
spectrum 2  2.69 — 0.23 1.86 1.25 94.20 —

TABLE 4. Chemical composition of the initial (spectrum 1) surface and
friction zone (spectrum 2) of the ring coated by TiN/CrN tested at a speed
of 1.3 m/s.

Analysiszone| C [0 | Al | 8i | P [Ca | Ti | Cr |Mn| Fe
spectrum 1 0.8 0.13 — 0.16 — — 14.5 83.77 0.63
spectrum 2 3.59 — 0.55 1.77 0.59 0.20 0.80 2.20 1.28 89.03

TABLE 5. Chemical composition of the friction surface (spectrum 2) of the
serial piston ring tested at a speed of 1 m/s.

Analysiszone | C | 0 |Al| Si | P |[cal cr [Mn | Fe | sn
spectrum 1 1.09 — 029029 — — — — 1.14 97.21
spectrum 2 2.23 — 0.23 1.65 0.52 — 0.42 1.66 93.28 —

TABLE 6. Chemical composition of the friction surface of the ring with a
TiN/CrN coating tested at a sliding speed of 1 m/s.

Analysis zone‘ C ‘ (0] ‘ Al ‘ Si ‘ P ‘ Ca ‘ Ti ‘ Cr ‘ Mn ‘ Fe
spectrum 1 0.8 0.13 — 0.16 — — 14.5 83.77 0.63
spectrum 2 4.41 0.91 0.60 1.25 — 0.77 10.7639.08 — 42.22

of which external loads are applied to the area of the working sur-
face. The change in the macrorelief in the area of contact of the in-
clined surface to the working one corresponds to a value close to the
size of 2 (0.45-0.5 mm.

The friction surface is characterized by the formation of longitu-
dinal bands on the working surfaces of all analysed variants of the
rings. They are formed due to friction in the direction of their
movement during operation. The appearance of friction and graph-
ite mesh on the working surface of the serial rings is also observed,
which are presented in the form of individual, chaotically located
and oriented black plate inclusions (Figs. 8 and 10, spectrum 2),
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Figs. 8. A zone of determining the chemical composition of the initial sur-
face (spectrum 1) and the friction zone (spectrum 2) of the serial ring test-
ed at a speed of 1.3 m/s (Table 3).

Figs. 9. An area of local chemical analysis of the initial surface (spectrum
1) and the friction surface (spectrum 2) of the ring with the TiN/CrN
coating after testing at a sliding speed of 1.3 m/s (Table 4).

which corresponds to the original metal.

The analysis results of the initial surface of the samples tested at
a speed of 1.3 m/s of oil-scraper piston rings with the TiN/CrN
multilayer ion-plasma coating showed that the initial ratio of the
components of Cr/Ti coating was 5.77. The proportion of compo-
nents in the coating (in terms of the ratio of Ti and Cr) after test-
ing was 3% in total and the proportion of the base (C, O, Si, Mn,
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Figs. 10. A zone of determining the chemical composition of the initial
surface (spectrum 1) and the friction zone (spectrum 2) of the serial ring
tested at a sliding speed of 1 m/s (Table 5).

Figs. 11. Local chemical analysis zones of the initial (spectrum 1) and
working surface (spectrum 2) of the ring with the TiN/CrN coating after
testing at a sliding speed of 1 m/s (Table 6).

Fe) increased up to 95.67% that indicates about significant wear of
the deposited coating at this speed of friction. At the same time,
the Cr/Ti ratio decreased from 5.77 to 2.75, where the proportion
of Cr after the tests decreased by 38 times, and the proportion of Ti
decreased by 18 times.
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According to the previously proposed calculation method [5], the
residual thickness of the TiN/CrN coating after testing is 50 nm.
After the test, Al (0.55%), P (0.59%) and Ca (0.2%) were found on
the working surface. Perhaps the appearance of phosphorus is due
to its partial transfer from the surface of the counterbody (phos-
phated sample of the cylinder liner) during testing, and the appear-
ance of Al and Ca on the surface is possible due to friction under
lubrication conditions, which, in turn, can be the result of local ad-
hesion (characterized by weight gain of the ring samples at the 2
and 3™ stages of testing).

Total proportion of the coating of the ring tested at 1 m/s is
49.84% , and that of the base is 48.77%. The ratio of Cr/Ti de-
creased to 3.63 compared with the original one. The proportion of
Ti decreased by only 1.35 times, and Cr by 2.14 times in relation to
the initial composition of the coating. The residual thickness of the
coating was 850 nm. At the same time, there is a partial transfer of
phosphorus (Table 5, P=0.52%) to the surface of the serial ring
from its counterbody. The observed is due to the weight gain of this
sample after the tests (Figs. 6).

At the same time, the fact of a pronounced structuring of the tin
coating in the inclined surface of the serial ring adjacent to the
friction zone with a length of = 0.45-0.5 mm was revealed (Figs. 8
and 10, spectrum 1). It also indicates the degradation of the base
metal and its low resistance to cyclic exploitation. In this case, in
rings with the ion-plasma coating, a similar structuring of an in-
clined surface is not observed (Figs. 9 and 11, spectrum 1), which is
explained by the high degree of the coating resistance to the devel-
opment and propagation of deformations caused by cyclic friction.

The characteristic longitudinal stripes on the working surface of
both variants of the rings are formed due to friction in the direc-
tion of movement of the ring during operation. The formation of a
graphite grid in the working surface of the serial rings is also ob-
served, which are also presented in the form of individual, random-
ly arranged and oriented elongated and black inclusions (Figs. 8 and
10, spectrum 2) that corresponds to the structure of the original
metal.

To predict diffusion processes and wear by changing the propor-
tion of coating during friction, a method [6] was proposed, which
consists in estimating changes in the local chemical composition in
the friction zone taking into account the initial surface of the pis-
ton rings in depth taking into account the coating area, the transi-
tional layer and the layer formed after operation, that is a general
change in the content of components in the coating-base system.

As shown in Table 7, the initial ratio of the base element of cast
iron (Fe) to the elements of the ion-plasma coating of the piston
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TABLE 7. The ratio of the components of the substrate to the coating at
different sliding speeds.

Sliding |Concentration Sioftl?,i ifctj;e Ratio Characteristic of
speed, m/s of Fe, % g o > |(Fe)/(Ti,Cr) transition zone
(0]
Initial state 0,63 98,27 0,006 No d1ffus1f)n, high wear
of the system resistance

Low diffusion of Fe and

0,7 23,4 73,6 0,32 . .

high wear resistance

Moderate diffusion of

1,0 42,22 49,84 0,85 Fe and high wear re-
sistance

Diffusion of Fe and

1,3 89,03 3,0 29,7 coating wear increase
sharply

1.6 94,2 absent initial state Wear of the coating,

of the metal low wear resistance

ring (Ti,Cr) is 0.006. Operation at a speed of 0.7 m/s intensifies the
processes of diffusion and destruction of the coating on graphite
inclusions and the ratio is 0.32 (increases 53 times). After operation
at a speed of 1 m/s, the ratio increases by 142 times to 0.85 rela-
tive to the initial state with the coating, which indicates about sig-
nificant increase of the Fe diffusion into the coating due to friction
already with increasing speed. At a speed of 1.3 m/s, the total Fe
content is increased by 4950 times, to 29.7 from the original. At a
sliding speed of 1.6 m/s, as a result of friction, the ion-plasma coat-
ing completely wears out on the ring surface. At the same time, for
a speed of 0.7 m/s, an initial (relatively low) Fe content in the coat-
ing can be observed, which characterizes a high level of wear re-
sistance and a slight diffusion of iron from the substrate.

The results of the change in the concentration of iron and the
components of the coating at different sliding speeds are shown in
Figs. 12. As can be seen from the graph, a change in one of the
most important parameters of operation (sliding speed) affects the
intensification of the coating wear process and local diffusion of
iron toward the surface. This is especially noticeable at sliding
speeds of 1.3 and 1.6 m/s (Figs. 12).

Based on the results of an X-ray microanalysis, the scanning
probe of which forms a spherical zone when evaluating the chemical
composition of the ring friction surface with a penetration radius of
2 pm, a simultaneous assessment was made of the wear amount of
the coating and diffusion of the piston rings main element of Fe as
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Figs. 12. Dependence of changes in the concentration of the components of
the coating and the base at different sliding speeds: 1—the basic compo-
nents of the ion-plasma coating (Ti+ Cr); 2—the basic component of the
serial ring (Fe).

Figs. 13. Scheme of changes in the concentration of the base (Sg,) and
coating (S cn): I—initial coating analysis zone (S ¢y = 5.9 um?, Sy, =0.4
um?®); 2—analysis zone at a speed of 0.7 m/s (S cy=5.3 um?, Sy, =1.0

[}

um?®); 3—analysis zone at a speed of 1 m/s (Suc,=3.8 um?, Sg,=2.5
um?®); 4—analysis zone at a speed of 1.3 m/s (S cy=0.2 um?, Sy, =6.1
nm?®); 5—analysis zone at a speed of 1.6 m/s (S cy=0.0 pm?, Sy, =6.3

pm?).

a result of operation. For this purpose, at each sliding speed, the
cross-sectional area of the residual coating was calculated from the
content of Ti, Cr, and Fe (Figs. 13), using the previously developed
method for such coatings [5]. After that, the difference in the
changes of the chemical composition before and after the test of the
coating and the base separately (%) were related to their area. The
difference in the chemical composition and area in the hardened
ring corresponds to an estimate of the local wear value, and the
same difference corresponds to an increase in the base fraction—the
level of diffusion of Fe. Table 8 presents the calculation results,
and Figs. 13 presents their influence.

Studies have shown that the wear resistance of such a coating
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TABLE 8. The ratio of the percentage change in the elements of the coat-
ing and the basics of the rings.

Ratio Ratio
[(T1,Cr)yex — (T1,Cr), | | [(Fe)yex — (Fe),,

Residual coating| Base area

’ ’

Sliding
speed, m/s

area S + or)» um? S(reys pum? |S(Ti,0r)MCX _S(Ti,Cr)Tp |S(Fe)MCX _S(Fe)w
%/umz Y% /pmz
2
o &
= o
=¥ % 5.9 0.4 16.7 1.6
- Y= D
2o uw
=
0.7 5.3 1.0 41.1 38
1.0 3.8 2.5 23 19.8
1.3 0.2 6.1 16.7 15.5
1.6 0.0 6.3 16.7 16

substantially depends on nanolayers with titanium nitrides, which
are differed by higher hardness. Increasing their thickness to fur-
ther increase wear resistance in other conditions may not be effec-
tive due to the propensity for damage under operating conditions.
Probably, if necessary, this problem can be solved by increasing the
number of nanolayers TiN and reducing the thickness of CrN.

4. CONCLUSIONS

The technology of hardening of piston rings by multilayer ion-
plasma coating TiN/CrN is proposed. The coating was deposited
with an arc current I,=100 A and the substrate bias voltage
U,.=-200 V. Alternately, 6 layers of CrN and 5 layers of TiN were
applied, after spraying with a pure Cr sublayer =50 nm of thick-
ness. The thickness of the TiN layer is 49 nm, and the CrN layer is
240 nm. The CrN/TiN ratio was 5.8. The total thickness of the mul-
tilayer coating is 1.7 um.

Estimated wear characteristics of the oil-scraper piston rings at
different sliding speeds (0.7-1.6 m/s). As established, the wear oc-
curs both in weight and in increase of the height of the working
surface. The test results of the rings during hardening with a mul-
tilayer ion-plasma coating showed that the weight wear rate de-
creases by 12 times at a sliding speed of 1.3 m/s and by 15.7 times
at a speed of 1 m/s, which correspond to different values of friction
path. The height of the working surface in such rings is kept more
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stable to the original size with respect to the serial.

The evaluation of the local chemical composition of the friction
surface of the piston rings with TiN/CrN coating was carried out in
tests with a sliding speed of 1.3 m/s, equal to 468 km of the trav-
ersed friction path. At the same time, the chromium after tests de-
creased by 38 times, and the titanium—by 18. Tests at a sliding
speed of 1 m/s are characterized by a decrease of the titanium by
only 1.35 times, and the chromium by 2.14 relative to the original
composition.

The fact of structurization of an inclined surface adjacent to the
working surface of the serial piston ring is revealed by an amount
close to the height of the working surface (= 0.45—-0.5 mm). This is
especially true for piston rings without a special multilayer coating,
which can lead to degradation of the structure in this zone and the
onset of damage.

Based on the obtained results about the effect of operating pa-
rameters and the features of structure formation in the process of
friction, it is recommended to use multilayer coatings, which differ
by levels of hardness and their ratio that determines the perfor-
mance and reliability of the product.
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Po3po6s1eHO MeTOy CHHTE3U BYTJIEIeBUX HAHOCTPYKTYD (BYTIJIeIeBi HAHOTPY-
6ku (BHT), amopdHUil rpaden) Ha HOHHO-ILJIa3MOBUX YCTAHOBKAaX THUIY «DBy-
JlaT» 3 IYrOBUM PO3IOPOIIEHHAM KAaTOAM HA METAJeBUX IiIKJIaTUHKAX 3 TH-
TaHy Ta 3ajyisa. [ samobiraHHA XxeMiuHili B3aeMomii MeTameBUX migKJIamm-
HOK 3 ILUTIBKaMM MeTajJy-KaTajisaTopa 3a BHUCOKUX TeMIIepaTyp BUHANAEHO
cnocib cTBopeHHA qudysiiiHoro 6ap’epy 3 HiTpuAiB abo rigpuaie B ogHil Tex-
HoJoriuHil omeparnii. IIpu cTBopeHHI KOMIIO3UIIAHOTO MOKPUTTA Ha THUTAHO-
BUX CTOIIaX i 3aiisi, saminmuenoro BHT, Bupimnieno npob6jaeMy BiAcyTHOCTHU B3a-
emozii MiK HuMHU Ta KapbifoyTBOPIOBAJILHUM METAJOM-MATPHUIIEIO IILIAXOM
HAIIOPOIIIeHHS 3aXMCHOro HMOKPUTTA 3 Mimi. CymiibHe MigHe HOKPUTTA Ha
BHT, karaniTuuHuX IeHTpax i MeTajieBiii HMigKJIaAUHIIL 3 BEJIUKOIO ILJIOIIEI0
TIOBEPXHi ABJISE€ MEPCIEKTUBHY CTPYKTYPY AJSA BUPIillIeHHA OpobjeMu Bifgmo-
BigHOCTH TabapuTiB MiHiATIODHUX eJEeKTPOHHUX IIPUCTPOIB i pagiaTopiB ix
oxomomKeHHA. OmeprKaHo MOKPUTTS 3 HAHOUYACTUHOK aMOP(HOT0 BYTJIEII0 Ha
KPeMHIiOBUX i MeTalleBUX IIiAKJaIMHKAX, M0 ABJAE IIEPCIEKTUBHY OCHOBY
IJIS PO3POOKM MPSAMHUX IIEPETBOPIOBAUIB COHAYHOI eHeprii B eJIeKTPUUHY.

The method for synthesis of carbon nanostructures (carbon nanotubes (CNT),
amorphous graphene) by ion-plasma ‘Bulat’-type plants with arc sputtering
of cathode on metal titanium and iron substrates is developed. In order to
prevent the chemical interaction of metallic substrates with films of metal-
catalyst at high temperatures, the method of creating a diffusion barrier of
nitrides or hydrides in one technological operation is invented. When creat-
ing a composite coating on titanium alloys and iron strengthened by CNT, the
problem of the absence of interaction between them and the carbide-forming
metal-matrix by spraying a protective coating of copper is solved. Solid cop-
per coating on CNT, catalytic centres and metal substrate with a large sur-
face area is a perspective structure for solving the problem of matching the
dimensions of miniature electronic devices and their cooling radiators. The
coating of carbon amorphous nanoparticles on silicon and metal substrates is
obtained that is a perspective base for the development of direct converters of
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solar energy into electric one.

Paspaboran MeTOn CHMHTe3a YIJIepPOAHBIX HAHOCTPYKTYP (YriaepomHble HAHO-
Tpyoru (YHT), amopdHBIi rpadeH) HAa MOHHO-IIJIa3MEHHBIX YCTAHOBKAX THU-
na «BymaT» ¢ IyroBbIM pacHbLIEHVMEM KaToJa Ha METAJIMYECKUX IIOIJIONK-
Kax u3 TUTaHa U Kejesa. [Jid mMpemoTBpaIleHUA XUMHUUYECKOTO B3aUMOMAEH-
CTBUS METAJJIMYECKUX IOAJOMKEeK ¢ MJIEHKaMHu MeTajja-KaTaausaTopa Ipu
BBICOKUX TeMIlepaTypax paspaboTaH cmocob cosmanua auddys3moHHOTO 0a-
phepa u3 HUTPHUAOB UJIW TUAPUIOB B ONHON TEeXHOJOTHUYECKOM OIlepaliuu.
IIpu cosmaHuU KOMIO3UIIMOHHOTO HMOKPBITHSA HAa THUTAHOBBIX CILJIABaX U JKe-
aese, yupounéunoro Y HT, pelrena mpobeMa mpemoTBpallleHNs B3auMOIei-
CTBUA Me:KJIy HHUMH M KapOMZ000pasyoINiMM MeTaJJIOM-MaTPUIIeH IIyTEM
HATIBIJIEHUS 3alllUTHOTO IMOKPBLITUA M3 Menu. CIIJIOIIHOE MeJHOe IOKPLITHE
Ha YHT, katamuTudyecKMx I€HTPAX ¥ METAJJINUYECKON ITOAJI0KKe C 6OJIb-
II0H TIJIOIIAbI0 IOBEPXHOCTU MIPEACTABISAET CO00H MEePCIeKTUBHYIO CTPYK-
TYpy IJis peIleHus NTpoOJIeMbl COOTBETCTBUSA TabapuTOB MUHHATIOPHBIX
9JEKTPOHHBIX YCTPOWCTB U PAAMaTOPOB MX OXJaKAeHUA. [loyuyeHO MOKPHI-
THe M3 HAHOYACTHI[ aMOP(HOTO yriaepoia Ha KPEMHUEBBIX M MeTaJInue-
CKHUX IIOJIOKKAX, UTO IIPEeACTaBJIAET IePCHeKTUBHYIO OCHOBY MIJd paspa-
6OTKHM MPAMBIX IIpeoOpasoBaTesiell COMTHEUHOI 9HEePruu B SJIeKTPUUECKYIO.

Karouori ciaoBa: MeToza CMHTE3U BYTJIEIeBUX HAHOCTPYKTYDP, MeTAJeBi miA-
KJIAOVUHKYW, HAHOPO3MipHI pamisTopu, aBTOEJEeKTPOHHA eMicis.

Key words: carbon-nanostructures synthesis method, metal substrates,
nanosize radiators, autoelectron emission.

KaroueBbie ciioBa: MeTOJ CHHTE3a YIJIEPOAHBIX HAHOCTPYKTYD, MeTaJJInue-
CKUe IONKJAIKN, HaHOPa3MepHbIe PaAuaTOpPhl, aBTOAJIEKTPOHHASA d9MUCCUA.

(Ompumano 26 uepsns 2019 p.)

1. BCTYII

VY Bcix TexHiUYHO PO3BHMHEHMX KpaiHax IIPOBOAATHCS iHTEHCUBHi IIO-
IIYKM HOBITHIX TEXHOJIOTIH ofep:KaHHs HAHOCTPYKTYPHHUX MOAMMi-
Karin Byriernio (dyairepeHu, rpadeH, HAHOTPYOKM, HAHOBOJOKHA,
Kap6in Toio) [1]. IlepeBaskHy OinbIIicTF HAHOBYTIJIEIIO, Y BarOBOMY
BUPAKeHHi, BUPOOJIAIOTh V¥ BUTJISAAL IIOPOIIKY, JIEBOBY YaCTKYy SIKOTO,
ckJIamaoTs ByryenesBi HaHoTpyoxu (BHT) pismoi mopdosorii, goB:xKu-
HU, TisgMeTpy, OAHO- abo OaraTocTimui, pisHoi xipaabHOCTH, HedeKT-
HOCTH, a BiiTaK, BJIACTUBOCTEH — MeXaHiUHUX, €JIEKTPUUYHUX, XE€Mi-
YHUX, onTuuHMX ToIo. lllopiuHe cBiTOBe BUPOOHUIITBO IIOPOIIKY
BHT carae mHe memmme 1000 T.; mimimaapHa IIiHa MOMKe CKJIaZaTU
=~ $2/Kkr, 110 3aJ0BOJBHAE PUHKOBY IIOTPe0Yy MOTEHI[IAHMUX CIIOKKBA-
YiB 1 YMOMKJIUBJIIOE BUKOPUCTOBYBATU 1X B AKOCTiI 3MillHIOBaJbHOI (ha-
31 OJIs CTBOPeHHs pisHoMaHiTHMX Kommosuiliii. BHT mobaBiaioTes y
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0eToH, MJIacTMacHu, IIoJiMepu, rymy, (papbu, HaJIWBHY IIiIJIOTY; BUPO-
OJIAIOTHL Mamip 3 YHiKaJbHUMM BJIACTUBOCTAMMU; 1 Iel Iepesik IIoc-
TifHO IIOZOBIKYETHCH.

KpiMm po3pobrku TexXHOJOTiiT BUPOOHUIITBA IIOPOIIKY HAHOCTPYKTY-
PHOTO BYIJIEITIO, HAYKOBI[I TEXHIYHO PO3BMHEHUX KpaiH IIPOBOIAATH
iHTEeHCUBHI IIOMIYKOBi JOCJIi»KeHHS IJd CTBOPEHHS HOBITHIX 3agaHUX
HAaHOPO3MipPHUX CTPYKTYpP, TaKMUX SK: CBITOBL Jiasdepu, eJeKTPHUUHI
CXeMHU, CBITJIOZiOAMW, HAIIIBOPOBIZHMKOBI €JEeMEHTH eJeKTPUUYHUX
cxeM, cKJamoBi HanopoboriB Toro [2]. IIi mikpockomiuni Bupobu cu-
HTe3YIOThCA, BUPOIIYIOTHCA ab0 KOHCTPYIOIOTHCS PiBHUMU METOAAMU
HaHoIepeMimeHHsa Ta (ikcarii oxkpemux atomiB a6o ixX yrpymyBaHb
Ha TBEPIAOTIILHUX MHiAKJAIMHKAaX, IO € He MEHII BaXKJIMBUM 1 mepc-
MeKTUBHUM HAIIPIMOM BUKOPHUCTAHHS HAHOBYTJIEITIO.

B Tmcturyri meranodisuxku im. I'. B. Kypaiomoa HAH VYikpainu
BIIepIlle, Ha 0as3i MOJepHi30BaHOI YCTAHOBKUW HOHHO-IIJIA3MOBOTO Ha-
MOpoIIeHHA TUNy «Bymar» 3 IyroBUM pPO3MOPOIIEHHAM KATOIU, 0YJIO
CUHTE30BaHO BYIJIeIleBi HAHOTPYOKHU ¥ aMop(Hiil Byrielns Ha HigKJa-
muHKax 3 Si0, ta AlLO; [3]. 3aBagaxku opuUriHAJIBHOMY AOZATKOBOMY
MIPUCTPOIO A0 YCTAHOBKHU Yy BUIJIALL AxKepesa iiouiB Ilenmiura (puc. 1)

Puc. 1. IlopiBusauHA Tpaguiliiinoi (BepxHiii psax) i HOBOI TexHOJOTII cCUHTE3U
BHT na moBepxHi KOHCTPYKIIiHHMX MeETaJIiB 3i cTBOpeHHAM Au(y3iHHOrO
6ap’epy 3 HiTpuAiB abo rigpuxis (EmxHIiH par).!
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TakKi K caMi HAHOCTPYKTYpPH BYIJIEII0O CUHTE30BAHO Y BUTJIAML TOK-
PUTTIiB Ha MeTaJeBUX MiAKJAAMHKAX — THUTAHOBUX CTOHAX i CTAJIAX
[4]. IlepcueKTUBHICTL IILOTO PE3YJLTATY IOJATAE B TOMY, IO Bigk-
PUBAIOTHCA MIMPOKI MOJKJIMBOCTLI CTBOPEHHA (PYHKIIOHAJILHUX IIOK-
PHUTTIB 3 BUCOKMMU TPUOOTEXHIYHMMU BJIACTUBOCTAMM Ha IIOBEPXHi
MeTaJIiB, 0COOJIMBO TUTAHY, AKWUN HPU TEePTi CXOMIIOETHCA 3 KOHTP-
TiJIOM, Ma€ HH3bKY BHOCOCTIMKiCTh, BUCOKUII Koe(il[icHT TepTd Ta
okucHenHuA. IlimBuimenHa TpuUOOTEXHIUHMX XapaKTEePUCTUK THUTAHO-
BUX CTOIIIB € Ba)KJIMBUM PIiIllleHHAM, OCKiJIbKM iCTOTHO POSIIHUPUTH
00J1aCcTh MPAKTUYHOTO BUKOPUCTAHHS iX Y By3JjlaX TepTH.

BigminmicTs cTBopeHoi TexHoJsorii (pmc. 1) moasirae B TOMY, IIO
TPAOUITINHI TiAKJIaIUHKN € i30JATOpaMM, i KOJHM Ha iXHIO HOBEPXHIO
HAIIOPOIIYEeThCeA TOHKa (B 1—2 HM) mIiBKa Merajay-KaTajaisaTopa, TO
BOHA He 3MiHIOE CBOTO CKJIamy, TOOTO He B3aeMmonie xemiuno. Tax ca-
MO BOHA He 3MiHIOE CBOT'O CKJANy, KOJU B IIOAAJBIIIOMY HilZaeThCA
BHCOKOTEMIEPATypPHOMY BiAmlaJay y BakyyMi nasa mepebiry Koaseciie-
HIIii #1 yTBOopeHHsA oKpeMux KaraiditTuuHux I1eHTpiB (KII). Ockinrbxu
isonAmiina migKJIaIMHKA € XeMiuHO iHepTHOIO0, TO B3aeMOJii 3 MeTa-
JIeBOIO ILIiBKOIO 3a BMCOKOI TeMIIEpaTypHu BiAliany HeMae, i Ha mOBep-
xui KII BigOyBaeThCcA OUCOIIAIig BYIJIEIeBMiCHOTO rasdy 3 BUIiJIEH-
Ham atomiB Kapbony Ta mactymnuuii pictr BHT.

IIpu mamopoIllleHHi KaTaJdiTMYHOI IJIIBKM Ha IIOBEPXHIO MeTaJieBOl
OiAKJIaIMHKY 11 HeoOXimHO 3axXMCTUTU Bij xemiuHoi B3aeMomii 3 Me-
TaJoOM-KaTaJIidaTopoM 3a BUCOKOI Temmeparypu. Ilio mpobiemy OyJio
BUpIiIIeHO HIIJIAXOM HacCUYeHHS IOBepXHi MerasjeBol minkiaaguaku Hi-
Tporedom a6o I'imporenom (puc. 1) [5].

Omnepartiitzo asoTyBaHHS ab0 TiApyBaHHsA MeTAJNEBOI HiAKJIATUHKN 3
YTBOPEHHAM, BifIIOBigHO, HiTPpUAIB i TrigpuaiB, BUKOHAHO B €IUHOMY
TEeXHOJOTIUHOMY IMKJi. 3axXuIlleHa TaKUM YHNHOM IIOBEePXHSA MeTaJe-
BOI MigKJAAMHKM XEMIiUYHO He B3aEMOJi€ 3 IIJIiBKOIO MeTaly-
KaTaJjizaTopa.

dopmyBaHHA HAHOCTPYKTYP BYIJIEII0 Ha MOBEPXHI MeTaylly PO3K-
puBae IepCIeKTHUBU CTBOPEHHSA (PYHKIIIOHATLHUX KOMIO3UIIiIMHMIX
nokputrTiB, B akux BHT, maioui yHiKaibHiI BiIacTMBOCTi, BUKOHYIOTH
Poab e)eKTUBHOTO 3MIiIIHIOBAYA, a MPOCTIP MiK HUMU 3aIIOBHIOETHCS
MeTajsieBol0 Marpulieio. IIpu cTBOpeHHI TaKUX KOMIIOSUIIiYI BUHUKAE
mpobaemMa 3amobiraHHsa MOMKJIMBIiN XeMiuHilT B3aemomii MiK moBepx-
Heio BHT Ta mMeragoM-MaTpuiieio, SKIIO Iell MeTaa KapOimzoyTBopio-
BambHUil. ¥ pesyiabTaTi xemiumoi B3aeMomii OGyAyTh CHUHTE3yBaTUCS
Kapbigu, BIaCTUBOCTI AKMUX iCTOTHO BiApisHAOTHCA Big BiacTUBOCTEI
BHT, a epexT KOMITO3UITIIAHOTO 3MiITHEHHSA HiBEJIOETHCA.

2. PE3YJIBTATH

¥ wmamriii pobori mpobiieMy BiZCyTHOCTM XeMiuHOI B3aeMomii Ha Mix-
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¢asuii moBepxHi BHT Ta mMeTaseBoi maTpuili BUPIillIeHO NILJISIXOM Ha-
IIOPOIIEeHHA Ha ITOBEPXHIO KOMKHOI TPYOKM TOHKOTO IIApy Mimi, aKumi
ABJIsie coboro audysiiHuii 6ap’ep, OCKiIBKK Migb He B3aEMOMI€ 3 BY-
raereM [6]. ¥V BakyyMHiII KaMepi YCTaHOBKH JOJATKOBO BUTOTOBJIEHO
MPUCTPili IJId TepMiUuHOrO BUIIApPOBYBaHHA Mini, a mapu Kympywmy
POSIIOBCIOIMKYIOTLCA B YChOMY IIPOCTOPi BAaKyyMHOI KaMepu, HIPOHU-
Katoun y mpoctip misxk BHT. Kompemcyioumcs Ha mosepxuHax BHT,
OiIKJaIMHI Ta KaTaJiTHUYHUX IEeHTPax, 3 AKUX BUPOCTAIOTL HAHOT-
pyoru, nmapu Kynpymy yTBOPIOIOTH CYIIiJIbHE IMOKPUTTS, 3AaTHE ede-
KTUBHO 3aXHUINaTH Bif xemiumoi B3aeMomii 3 Kap6ioyTBOPIOBAJILHUM
MeTaJioM-MaTpuiieio (puc. 2).

Kpim BKasanoi Builie pyHKIii, HaHeceHe CYIlLJIbHE MigHe IMOKPUTTSA
Ma€e BeJIMKY 3arajibHy ILJIOINly HOBEPXHi, AKa KOHTAKTY€E 3 ITiAKJIaIu-
HKOIO, IIT0 IIPEeACTaBJAE C000I0 KOHCTPYKIIIHHMI MeTas, HaIpUKJIaI,
cTanlb. 3arajbHa IJIOINA IIOBEPXHi CYIiJILHOTO MiJHOTO IOKPUTTA €
IysKe BeJIMKOI0, OCKiJIbKM caMi HAHOTPYOKM € HaHOPO3MipHUMU
o0’eKTaMu Ta MalOTh BJIACHY CHJLHO PO3BUHEHY IIOBepxHI0. Tary
«KOHCTPYKITil0o» MOXXHa e()eKTUBHO BUKOPHCTOBYBATU IJs BUPIIIEH-
Ha 3a7aui posCigHHA Telja, IO BUHMKAE B IIpoIeci po0OTH eJIeKT-
POHHUX IIPUCTPOIB, OCOOJMBO MaJUX PO3MipiB, MId AKUX IIpobeMa
OXOJIOJKEHHSA CTOITh NysKe TOCTPOo. ¥YCi HasdBHI TeXHOJOril BUTOTOB-
JeHHSI pamiaTopiB mependaualoTh MexaHiuHe 00pPOOJeHHS MACHUBHUX
MeTaJleBUX 3arOTOBOK, IIEPEBAKHO 3 aJIOMiHiI0, 3 METOI PO3IIUPEH-
HA 1XHBOI BUIPOMIiHIOBAJIbLHOI TJIOMNTI ITOBEPXHIi JJIA AUCHUIIAIil TeIIo-

8

Puc. 2. Crpykrypu audysiiimoro 6ap’epy 3 mizni, Hamopomreni ma BHT (a —
BHJ, 3BepXy; 6 — BHJ 300Ky), Ta cxeMa iX yTBopeHHH (8).2
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BOl eHeprii B HABKOJIWIIHIN mpoctip (moBiTpA, BoOxa, PigKMiT as30T)
(puc. 3) [7]. Taki xKoHCTPYKIIil € Mayio epeKTUBHUMYU, ajle 3aMiHa IIO-
BiTPSHOTO TEIJIOHOCisT Ha Bomy abo HaBiTh pimkuit asot (puc. 4) awuie
YCKJIQAHIOE KOHCTPYKIIiI0 (ZOZATKOBI Hacoc, TPyOOIIPOBOAM, apMary-
pa) Ta MOHMKYE HAAIMHICTL POOOTH M YCKJIAOHIOE TeXHiuHe 00CIIyro-
BYBaHHA OXOJIOJKYBaJbHOI cucremu. Ilpm IboMy uepes HUIBKHUU
KKl Ta ckjJagHy KOHCTPYKIIil0o rabapuTH pamifiTOpPiB 3pOCTAIOTH IIe
OinpIle ¥ iCTOTHO MEPEBUINYIOTH PO3MIpM cCaMUX €JIEKTPOHHUX IIPU-
CTPOIiB, AKi BOHU OXOJOMKYIOTh. TaKMM UMHOM, BUHUKAE TYIMUKOBa
CUTyallisi: 3arajbHa TEeHIeHIiA mo MimiaTiopmsallii 6a30BuUX ejgeMeH-
TiB €JIEKTPOHHUX CXEM BTpPada€ CEeHC, OCKiJIbKW rabapuTu pagiaTopis
icTOTHO MepeBUIIYIOTH iXHi po3mipm.

Hna Bupimrennsa 1miei mpobjemMu moTpiOHO BigHAWTHM HOBUM mimxinm
IO PO3POOKM IIPUHIIUIIOBO iHIMOI TEeXHOJIOTii BUTOTOBJEHHS PaIisiTo-
piB MiHIiATIOpHUX €JIEKTPOHHUX IIPUCTPOIB. ¥ pPOOOTI IPOMOHYETHCA
OPUHIIUIIOBO HOBUM ITiAXiZT 70 CTBOPEHHA PaliATOPiB OXOJIOMKEHHS
€JIeKTPOHHUX IIPUCTPOIB 3 MiKPOHHMMHN Ta HAHOMETPOBUMU rabapu-
ramu. I'oJloBHAa BuUMOra [0 TaKMX PafisiTOPiB HOJArae B TOMY, II00
ixHi poboui esemMeHTH (IOBEPXHA PO3CIAHHSA) Maju PO3MipH Ha PiBHI

a . 0

Puc. 3. Tpagumniiiai pagisTopu, BUTOTOBJIEHI 3 MACHUBHUX 3arOTOBOK AaJIIOMi-

Hit0, (@) Ta MOpPiBHAHHSA rabapuUTiB eJIEKTPOHHUX MPUCTPOIB i iXHiIX pamisaTo-
: 3

piB (6).

Puc. 4. CknagHi cucteMu IPUMYCOBOTO OXOJIOMKEHHS BOAOIO (@) Ta piaKuM
asorom (06).*
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HAHOMETPiB, IO 3a0e3MeUMTh BEJUKY IIJIOIIYy IIOBEPXHi pO3CigHHJg.
BuroroBnAaTu Taki pajiATopm 3a TPaAUMiNHUMU TeXHOJOTiAMHU He-
MOKJINBO.

OcKinmbKu po3pobseHa B PoOOTI MeTOAMKA YMOMKJIMBIIIOE CHUHTE3Y-
Batu BHT ma moBepxmi meramniB (3amizo, Turam), 3 HUX BUTOTOBJISA-
€ThCA MiAKJaIMHKA, Ha AKil 3 04HOr0 OOKY PO3TAIIIOBYETHCS MaJiora-
0apuUTHUI eJeKTPOHHUHN HNPUCTPiii, a Ha iHIITOMY BUPOIIYIOTHCA HAHO-
TpyOoKu. OZHUM KiHIleM HaIOpOIIeHi MiAAo HAHOTPYOKHM 3aKpimiaexi
Ha moBepxHi KII i MafoTh 3 HUMM HaZiHWNA TeEIJIOBUIT KOHTAKT, a
iHmMU# KiHelb PO3TAIIOBAHWI AOBiJIBHO B HABKOJIMIIHBOMY IIPOCTOPI,
Kyau Oyze poscitoBaTucs TemJoBa eHeprisa. ¥ cBoio uepry, KII B mpo-
Ieci HAIOPOIIIEHHA Ta BUCOKOTEMIIEPATYPHOTO BiAmasly TaKOXK MaloTh
HamgiAHUNA TeILIOBUM KOHTAKT 3 HiAKJAIMHKOIO i, TAaKMM UYMHOM, yCS
«KOHCTPYKIIifA» e(@eKTWBHO BiIBOAUTH TEILJIO Yepesd IiAKJIaTuHKY Bif
IPAaIfIOIUOTro eJeMeHTy eJIEKTPOHHOI cxeMmu. IIpuMycoBuil pyx IIOBiT-
PAHOTO TEIJIOHOCiA HmpU IILOMY He IIOTPibeH.

3 BUKOPUCTAHHAM IIOIepenHboro gocBimy cumtesu BHT B ymoBax
CVD-mporiecy Ha ycramoBIi Ttumy «Bysaar» i miTepatypHi mami 6yJio
OIeps;KaHo IMIOKPUTTS 3 TaK 3BAHOTO aMOP(HOTO BYIJIEII0, AKUMN ABJIAEC
co0010 IIap i3 HAHOPO3MIPHMX YACTUHOK rpad)eHOBUX ILJIOIIMH, IO
KOHJIeHCYyBaJINCA HA MOBEPXHI MiAKJIaAWHKYN IIPU IUCOIIAIIl ByrJere-
BMmicHoro rasy CO, (puc. 5). Posamip yacTuHOK HempaBuiabHOI (opmu
CKJIaJa€ COTHi, a TOBIIMHA — JEeCATKH HaHOMeTpiB. 3irmyra ¢opma,
Biporimmo, € HacHiZKOM HAasSBHOCTH BHYTPIIITHIX HAIIPY:KeHb. 3BepTa€
yBary Te, IO IIpeJcTaBlieHe Ha puc. 5 300pakeHHA y BTOPHUHHUX
eJIeKTPOHaX He PO3MUTEe, TOOTO 3apsm, IO YTBOPIOETLCSI HA ITOBEPXHI
3pasKa i mi€lo IMepBUHHOTO MYyYKa eJIeKTPOHIB y KOJIOHI pacTpoOBOTO
MiKpOCKOIly, CTiKae, He HAKOONMUYEThCA i He poddorycye Imyuok. Ile
TOBOPHUTH IIPO Te, IO HiAKJAAWMHKA 3 KPEMHiI0 Ta Imap aMop@HOTO
BYIVIEI[}0 HA Hi#l € cTpyMOmpoBigHMMU. AHaJOTiUHi BYIJIEIeBi CTPYK-
Typu OyJI0 ofep:;KaHo Ha MiAKJIaINHKaX 3 MOHOKPHCTAJIIB BOJIb(ppamy.

Ha pucyHKy 5 TaKoX BUOHO, III0 IIPAKTUYHO yci pedpa amopdHUX
YAaCTUHOK BYTJIEI[I0, PO3TAIIOBAHI BUIIle 3a iHIi, € Hal6GiILII AcKpa-
BuMu. BiamoBimHO 10 yMOB (hopMyBaHHS 300pasKeHHA B PEKUMIi BTO-
PUHHUX eJeKTPOHiB, Ile TOBOPUTH IIPO Te, IO BUXiJ BTOPUHHUX eJie-
KTPOHIB (CTPpyM) 3 IIMX MicCIlhb € HAWOiJbIIUM, TOOTO pobOoTa BUXOAY
MimimanabHa. BoueBunb, Iie MOB’sI3aHO 3 AYysKe MaJUM PamilocOM pe-
0ep, IO BU3HAYAE BEJUKY HAIPYIKEHICTh eJIeKTPUUHOTO IIOJA Ta
CIIpUSAE aBTOEJIEKTPOHHIN eMmicii, OCKiJIbKM TemIlepaTypa JIOCJiIKyBa-
HOTO B MiKPOCKOIMi 3paska € KiMHaTHOIO (TepMoeMicia BimcyTHs).

ITimrcymoByloun BUIIleHaBeleHe MOXKHA 3pOOMTH BHCHOBOK, IO Be-
JUKA I'yCTHHA HAHOYACTHMHOK aMOP(HOro BYIJIEII0 HAa OSWHUIIL IIOBE-
PXHi migKJIagMHKM, BUCOKA CTPYMOIIPOBiAHICTh, IXHiI poamipu, dopma
Ta MaJauil pagiloc 3aKpyryieHHs pedep poOJATH Ofep:KaHi CTPYKTypHu
BeJIbMU IEPCIEeKTUBHUMU AJIA PO3POOKM Ha IX OCHOBi eMiTepiB ejek-
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WD: 3.43 mim
View field: 1.60 um Det:InBeam  200nm
SEN MAG: 241 kx

Puc. 5. Ilnarieku amopdHOTO ByrJelio, cuHTe3oBaHi 3 CO, HA HmigKJIAZWHITL
3i cnabo oxucHeHOro KpeMHilo. PEM; pe:XUM BTOPHMHHUX eJeKTPOHiB.®

TPOHHUX IIPUCTPOIB, 30KpeMa JJis NPAMUX IIepPeTBOPIOBAUiB COHAYHOIL
eHeprii B eseKkTpuuHy [1].

BUCHOBERH

Pospobsieno MeTonmKy (opMyBaHHSA HA TUTAHOBUX i 3aJiBHUX ITiIK-
JagmHKax audysitinux O6ap’epiB 3 rigpumiB i HiTPUAIB y BaKyyMHIi#
KaMepi MOHHO-IIJIA3MOBOI YCTAHOBKM BYIJVIEIIEBUX HAHOTPYOOK Ta
amMop(hHOro BYIJEN0 AJIA CTBOPEHHA (DYHKI[IOHAJIbHUX KOMIIOSUILiH-
HUX IIOKPUTTIB.

CrBopeno audysiiiai 6ap’epu 3 mini ma moBepxui BHT, merasnesiit
migkmaguuii ta KII ans samobiranua xeMmiuHiil Bzaemonii 3 xap0imo-
YTBOPIOBAJIBHUM METaJIOM-MaTpPUIlelo mpu (GpopMyBaHHI KOMIIO3UILil-
HUX IIOKPUTTIB.

Po3po6sieHO METOUKY CTBOPEHHS IPUHIIUIIOBO HOBUX PaiATOPIB 3
BEJIUKOIO TIJIOIEI0 PO3CIAHHA AJA OXOJIONKEHHA MiKpo- Ta HaHOPOS3-
MipHUX €JIEKTPOHHUX NPUCTPOIB Ta €JEKTPOHHUX CXEM, IO BUPIIIyE
mpobyeMy 30epekeHHA IxHiX MiKporabapuTis.

OpepsxkaHi TOKPUTTA 3 aMOpGHUX TI'padeHOBUX YACTHHOK Ha MeTa-
JIEBUX TiAKJaIUHKaX i c1a00 OKMCHEHOMY KPEMHii € HmepClIeKTHUBHU-
MU IJIs1 PO3POOKM HNPAMHUX IEPETBOPIOBAUIB COHAYHOI €Heprii B ejeK-
TPUYHY.
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! Fig. 1. Comparison of the traditional (upper row) and new technologies of CNT synthesis on
the surface of structural metals with the creation of a diffusion barrier of nitrides or hy-
drides (lower row).

2 Fig. 2. The structures of a diffusion barrier made of copper sprayed on CNT (a—the top
view; 6—the side view) and the scheme of their formation (s).
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3 Fig. 3. Traditional radiators made of massive billets of aluminium (a) and comparisons of
the dimensions of electronic devices and their radiators (6).

4 Fig. 4. Complex forced-cooling systems with water (a) and liquid nitrogen (6).

® Fig. 5. Plates of amorphous carbon synthesized from CO, on substrate of weakly oxidized
silicon. SEM; secondary electron mode.
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In this work, conditions and regimes for the formation and modification
of B-Ni(OH),/C nanocomposites by means of laser irradiation and ultra-
sound are optimized. In particular, as established, the specific capacity of
the condenser-type electrochemical system formed on the base of f-
Ni(OH),/C nanocomposites exposed to ultrasound is of 554 and 472 F/g at
currents of 5 mA and 10 mA, respectively.

VY 1miifi poboTi ONTMMi30BAHO YMOBHM Ta PEXMMM YTBOPEeHHSA i mommdikrarii
JIa3epDHAM OINPOMIiHEHHAM i yJbTPasBYKOM HaHOKoMmmosuTis B-Ni(OH)?/C.
3oKkpeMa, OyJIO BCTAHOBJIEHO, IO MATOMA IOTY:KHIiCTh €J€KTPOXEMiduHOI cu-
CTeMU KOHIEHCATOPHOrOo TuUiy, c)OPMOBAHOI HA OCHOBI HAHOKOMIIOBUTIB [3-
Ni(OH),/C, 1o migmaroThbcA BIJIWBY YJIbBTPa3BYKY, CTAaHOBUTL 554 Ta 472

@ /r npu crpymax y 5 MA Ta 10 MA BigmosigHo.

B mamuO#l paboTe ONTMMU3UPOBAHBLI YCJIOBUA W PEKUMBI (DOPMUPOBAHUA U
Moam(pUKaAIUY JIa3ePHBIM OOJIyYeHVMEeM U YJIbTPAa3BYKOM HAHOKOMIIOBUTOB [3-
Ni(OH)?/C. B uacTHOCTH, OBLIO YCTAHOBJIEHO, UTO yAeJbHAA EMKOCTH BJIEK-
TPOXMMHUUECKON CHUCTEeMBbI KOHIEHCATOPHOTO THUIIA, CDOPMUPOBAHHOM HA OC-
HoBe HaHOKOMIIO3UTOB B-Ni(OH),/C, mOABEPTrHYTHIX BO3LEHCTBUIO YJIbTDPA-
3BYyKa, cocTaBiaeT 554 u 472 ®@/r npu Tokax 5 MA m 10 MA COOTBEeTCTBEH-
HO.

Key words: nickel hydroxide, carbon, nanocomposites, ultrasound, laser
irradiation.

Karouori cioBa: rigpokcuj HiKJIIO, ByrJelb, HAHOKOMIIO3UTH, YJIbTPa3BYK,
Ja3epHe ONPOMiHEHHA.
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1. INTRODUCTION

The necessity to provide high specific characteristics for electrical
energy storage devices stipulates the study of the possibilities of
using certain materials. Nickel hydroxide is among such materials
as it has a high theoretical capacity and at the same time its
charge/discharge lithium electrode potential is =3 V. However, it is
high resistor, which prevents it from being used as an electrode ma-
terial for hybrid supercapacitors and lithium power supplies. The
use of conductive additives namely the activated carbon modified by
laser irradiation and ultrasound is one of the promising ways of
solving this problem. The formation of carbon nanocomposite struc-
tures makes it possible to overcome coagulation processes, which is
important in the electrodes manufacture.

2. OBJECTS AND METHODS OF INVESTIGATION

The study of modified nickel hydroxide electrochemical behaviour
in aqueous electrolytes was carried out in a three-electrode cell. The
working electrodes were formed from the investigated materials by
mixing them with a conductive additive (acetylene soot) in a pro-
portion of 75:12% and by application of it onto the 0.49 cm? nickel
grid. A platinum electrode served as a compliment and a chlorosil-
ver Ag/AgCl one was used as a comparison electrode. 33% aqueous
potassium hydroxide (KOH) solution was used as an electrolyte.

The specific hybrid systems energy characteristics were deter-
mined by performing potentiodynamic and galvanostatic measure-
ments in a two-electrode electrochemical cell (EC) using the Autolab
PGSTAT/FRA-2 spectrometer at a working voltage of 0—1.5 V and
by impedance spectroscopy obtained at an open-circuit voltage of O
V in the frequency range of 10 MHz to 100 kHz.

3. RESULTS AND DISCUSSION

The distinctive behaviour feature of the studied electrochemical
systems is that there are two oxidation—reduction peaks responsible
for pseudo-power on the pure Ni(OH), voltammogram (at the scan-
ning rate of 1, 5, 10 mV/sec) (Fig. 1, a). One of the peaks is anodic
(positive current value) at 0.29 V due to the oxidation of Ni(OH), to
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a b

Fig. 1. Cyclic voltamperegram of B-Ni(OH), (a), B-Ni(OH),/C,,ppesite = 90:10
(b).

NiOOH corresponds to the charge while another is cathode-ray (neg-
ative current value) at 0.24 V is the discharge [1]. These peaks rep-
resent the fast-reversible oxidation—reduction processes taking place
at the interface between Ni(OH), on the one side and the electrolyte
on the other according to the equation:

Ni(OH), + OH <> NiOOH + H,0 + ¢". 1)

The mechanism of the discharge can be conventionally divided
into three stages:

1) the recovery of nickel Ni*" + e” — Ni*" ions;

2) proton entrance into the areas of crystal characterized by an
increased number of proton vacancies thereby forming two energet-
ically unstable cells in the nickel hydroxide ([Ni*'(OH),]" and
[Ni**O0OH]) crystal grid;

3) the migration of the proton vacancies from Ni*" to Ni**, which
does not require the ion displacement, is energy-efficient and has an
immediate effect; this mechanism allows to explain the long-term
electrical conductivity sustention at the electrode/electrolyte
boundary and in the crystal grid area.

It is possible to write the Randles—Shevchik equation for quasi-
rotation systems, which defines the diffusion coefficient D at 298 K
as the slope of the linear part of the peak currents dependences I,
on the square root of the scanning speed [2, 3]:

I,=2.69- 10°n**AD"?c%"?, (2)

where n is the number of electrons involved in the reaction; A—the
surface area; c’—the initial concentration of the reagents.
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The ion diffusion coefficient calculated according to the equation
(2) for B-Ni(OH), is 9.8-107'° sm?/s, which is sufficiently close to the
value 1.7-10° sm?/s obtained by the authors of [4] using the method
of accelerated impulse discharge. The peak currents’ dependences on
s'/? is linear (Fig. 1, a) that indicates the diffusion kinetics.

The calculated specific capacity at a scanning speed of 1 mV/s of
pure B-Ni(OH), is 238 F/g and of the B-Ni(OH),/C composite of
90:10 is 292 F/g. It is obvious that the pseudo-power contribution
is dominant in the B-Ni(OH),/C composite. Carbon provides bigger
quantity of oxidation—reduction centres by specific surface area in-

a b

Fig. 2. Voltammograms for 3-Ni(OH), and B-Ni(OH),/C composite subjected
to ultrasonic dispersion (a) and laser irradiation (b) at the scanning speed
of 1 mm/c.

a b

Fig. 3. Galvanostatic charging curve for B-Ni(OH), and B-Ni(OH),/C com-
posite subjected to ultrasonic dispersion (m, O) and laser irradiation (A, V),
at the scanning speed of 5 mA (a) or 10 mA (b).
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TABLE 1. Specific-capacity values for composites based on 3-Ni(OH), [F/g].

Ultrasonic Laser irradiation
Material Scanning [Current discharge,| Scanning |Current discharge,
speed, mm/s mV/s speed, mm/s mV/s
1| s5]10] 5 | 10 1510 5 | 10

Ni(OH), 341 113 58 433 353 282 146 85 265 215
Ni(OH),/C 411 279 140 554 472 326 236155 328 306

creasing and leads to the electrode specific resistance decrease. The
value of specific capacity calculated using cyclic voltammograms
(Fig. 2) and galvanostatic curves materials (Fig. 3) subjected to ul-
trasonic dispersion and laser irradiation are presented in Table 1.

As can be seen from Table 1, both ultrasonic dispersion and laser
irradiation lead to the improvement of the B-Ni(OH), composite spe-
cific characteristics. The subjected to ultrasonic dispersion and la-
ser irradiation (5654 and 472 F/g at current of 5 and 10 mA, respec-
tively) Ni(OH),/C composite has the highest specific capacity proba-
bly due to weak van der Waals bonds between nickel hydroxide lay-
ers and the formation of guest positions for ions under the action
of ultrasound. Besides, the laser irradiated composite exhibits quite
high specific capacity values (328 and 306 F/g at current of 5 and
10 mA, respectively) due to the defect increasing under the action
of irradiation. The concentration of free carriers increases with the
rise of defect concentration [5].

Figure 4 shows cyclic voltammograms of the studied systems and
the 1gI = f(lgs) dependences (on the inserts to them). According to
Eq. (2), if the dependence slope is equal to 1, the system behaves
like an ideal EC. If the angle of inclination is 0.5, then there are
diffusion processes in the system. The straight-line angle of inclina-
tion for the studied composites is 0.47-0.55 (the error of computa-
tion of 0.01). It testifies to the presence of diffusion processes,
which are intensified due to ultrasound and laser irradiation, and
therefore the ion diffusion coefficient increases. It happens due to
smaller particle size and a larger specific surface area that provides
the better particles contact with an electrolyte solution and pro-
motes the rapid ions translocation, accelerates reaction and reduces
the electrode polarization during the charge/discharge processes.

Impedance spectroscopy followed by Nyquist plots modelling was
applied to study the electrochemical behaviour of the studied mate-
rials (Fig. 5). Selection of the elements allowed to obtain an equiva-
lent electrical circuit (Fig. 6) consisted of connected in series re-
sistance R,, link R,—CPE,, and a constant phase element CPE,. The
high-frequency area is associated with the process occurring at the
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c

Fig. 4. Voltammograms for B-Ni(OH), and B-Ni(OH),/C composite (a) sub-
jected to ultrasonic dispersion (b) and laser irradiation (c). Insert: peak
current dependence from s/2 chart.

material/electrolyte boundary. It can be modelled in parallel to the
connected element of the constant phase CPE,, which corresponds to
the double electric layer capacitance and the ion resistance R, aris-
ing when the charge is transferred through the electrode/electrolyte
boundary. The linear Warburg impedance can be observed at lower
frequencies simulated by an element CPE, connected in series,
which is responsible for the diffusion processes of ions’ transloca-
tion along the intercrystallite nickel hydroxide boundaries and car-
bon particles.

As can be seen from Fig. 5, a, the B-Ni(OH), modification by ul-
trasonic dispersion and laser irradiation leads to Nyquist plots sem-
icircle radius decrease in the high-frequency range that relates to
the reduction of active material resistance, contacts and electrolyte.
It can be explained by the processes occurring at the elec-
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c d

Fig. 5. Nyquist plots for: a—p-Ni(OH),, b—p-Ni(OH),/C composite with
different carbon content, c—laser irradiated B-Ni(OH),/C composite, d—J3-
Ni(OH),/C composite subjected to ultrasonic dispersion.

Fig. 6. Equivalent electric circuit for modelling Nyquist plots.

trode/electrolyte boundary, which can be simulated with paralleled
constant phase element CPE,, which is responsible for the double
electric layer capacitance and the ion resistance R; arising when the
charge is transferred through the electrode/electrolyte boundary
(Fig. 6).

At lower frequencies, Warburg’s curve angle of inclination mod-
elled by an element CPE, connected in series, which is responsible
for the diffusion processes of ions’ translocation along the inter-
crystallite nickel hydroxide boundaries and carbon particles de-
creases with modification, which can be explained by the intensive
oxidation-reducing processes. The CPE element reflects both an ex-
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ponential parameters’ distribution of the electrochemical reaction
connected with the overcoming of an energy barrier at the charge
and mass transfer and the impedance behaviour caused by the frac-
tal structure of the investigated electrodes surface. In general, the
CPE element can be regarded as a manifestation of the properties of
fractality in the frequency space.

The semi-circle of the Nyquist plots decreases after carbon addi-
tion into the B-Ni(OH), composites owing to lower charge transfer
impedance thanks to the composite’s higher conductivity. Thus, the
activated carbon reduces the distance for ionic intercalation, and
the presence of macro/mesopores formed by nanoplates’ shift of the
subjected to ultrasonic dispersion nickel hydroxide contributes to
the improvement of the electrolyte ions diffusion into the porous
structure, which also reduces the value of charge transfer imped-
ance.

We carried out a comparative analysis of the specific energy
characteristics of hybrid systems. Subjected to ultrasonic dispersion
or laser-irradiated B-Ni(OH), and B-Ni(OH),/C composites acted as a
positive electrode. A negative electrode was formed based on na-
noporous carbon. 33% KOH solution served as electrolyte. As estab-
lished, the peaks observed on the cyclic voltammograms (Fig. 7) in
the intervals of 0.2-0.5 V and 1-1.3 V are responsible for oxida-
tion—reduction reactions mechanism.

The plateaus responsible for the course of fast reversible oxida-
tion-reduction reactions or electrochemical adsorption/desorption
can be observed on the discharge curves (Fig. 8) at currents of 10
mA and 20 mA [6]. The course of cyclic voltammograms confirms
it. When the current increases, the values of the specific capaci-
tance of hybrid capacitors drops sharply (Table 2).

a b

Fig. 7. Cyclic voltammograms of the investigated hybrid systems at scan
rate of 10 mV/sec.
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c

d

Fig. 8. Galvanostatic charge/discharge hybrid systems curves at current of

10 mA (a, b) and 20 mA (c, d).

TABLE 2. Specific capacitive and energy characteristics of the hybrid ca-
pacitors, the positive electrode of which is under study.

Cs, F/g
Cathodic material I, A E, .xo W-h/kg
0.01 0.02 | 0.05 0.1

B-Ni(OH), 104 60 50 42 36
B-Ni(OH),, US 257 96 76 33 90
B-Ni(OH),, L 179 80 46 26 63
B-Ni(OH),/C 169 75 53 45 51
B-Ni(OH),/C, US 319 282 213 132 113
B-Ni(OH),/C, L 221 216 137 76 77
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On the one hand, the reason can be carbon material, where the
ohmic resistance increases at current growth due to the presence of
micropores [7], which limit access to the inner surface of the mate-
rial. And, on the other hand, it probably can be caused by the irre-
versibility of oxidation—reduction reactions at high discharge cur-
rents.

As can be seen in Table 2 and Fig. 9, the hybrid capacitors one of
the electrodes of which is formed based on [B-Ni(OH),/C US] has the
highest specific capacity of 319 F/g and specific energy of 113

Fig. 9. Dependence of specific energy from specific capacitance for hybrid
systems [B-Ni(OH),]-[C] (1), [B-Ni(OH), US]-[C] (2), [B-Ni(OH), LI{C] (3),
[B-Ni(OH),/C]-[C] (4), [B-Ni(OH),/C US]-[C] (5), [B-Ni(OH),/C L]-[C] (6).

Fig. 10. Dependence of Coulomb’s efficiency on hybrid capacitors’ cycling
with modified Ni(OH),/C composites.
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W-h/kg. The accumulation of the charge in such a system may be
due to the reaction of cations with the electroactive material fol-
lowed by the oxidation—reduction reaction. Solid-state oxidation—
reduction reaction involves electrochemical charge transfer in com-
bination with H* cations intercalation from an electrolyte into the
nickel hydroxide laminar structure, where they are held and pre-
vent the phase transition.

Ion intercalation can increase the charge storage in hybrid capac-
itors without affecting the charge/discharge kinetics.

Hybrid capacitors with subjected to ultrasound and laser irradia-
tion Ni(OH),/C composites as cathodic materials are characterized
by the highest specific energy characteristics (Table 2, Fig. 9). The
cyclic stability was estimated for 500 cycles at current of 50 mA
(Fig. 10).

It has been established that the Coulomb’s efficiency for hybrid
capacitors with Ni(OH),/C composites’ cathode subjected to laser
irradiation reaches 97% after 50 cycles and practically does not
change after 500 cycles. However, in hybrid capacitors with
Ni(OH),/C composites’ cathode material subjected to ultrasound the
efficiency increases gradually reaching 99% after 100 cycles and
does not change after 500 cycles.

4. CONCLUSIONS

Modified by ultrasound and laser irradiation Ni(OH),/C composites
for the formation of hybrid capacitors are presented for the first
time.

It was clarified that the modification by ultrasonic dispersion and
laser irradiation leads to the increase in the B-Ni(OH),/C nanocom-
posites’ specific capacity (554 and 472 F/g at currents of 5 mA and
10 mA for a subjected to ultrasound composite) due to the re-
sistance reduction of the active material, contacts and electrolyte
and is explained by Faraday and capacitive processes. Their imped-
ance model includes capacitance and resistance arising at the time,
when the charge is transferred through the electrode/electrolyte
boundary and the element responsible for the diffusion processes
and ions’ translocation along the intercrystallite nickel hydroxide
boundaries and carbon particles, which reduces with the modifica-
tion. It indicates an increase of the oxidation—reduction processes
intensity.

A comparative analysis of the specific energy characteristics of
hybrid systems has been carried out, and it has been established
that the hybrid systems where one of the electrodes is formed based
on [B-Ni(OH),/C US] have the highest specific capacity of 319 F/g
and specific energy of 113 W-h/kg, respectively.
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Mixing energies (17.2—44.9 kJ/mole), critical temperatures of decomposi-
tion (1029-2700 K), and decomposition temperatures for systems of na-
noscale REE oxyorthosilicates Ln; ,[(SiO,),50,5]:Ce, (Ln=Tb—Lu, Y) for
compositions with x =0.01, 0.02, 0.05, 0.10, and 0.20, which have lumines-
cent properties, are calculated by means of the crystal-chemical method with-
in the regular-solution approximation. A diagram is presented, which allows
to determine decomposition temperature with a given equilibrium substitu-
tional limit (x) or substitutional limit with a given temperature as well as to
assess areas of stability, instability, and metastability of solid solutions.

KpucramoxeMiuH00 MEeTON0I0 ¥ HAOIMKeHHI PeryJIapHUX PO3UNHIB po3paxoBa-
HO eHeprii amimranuda (17,2—-44,9 kI /M0JIb), KPUTHUUHI TEeMIIEPATYPH PO3TATY
(1029-2700 K) i remmeparypu posmany Anas ckiaaaiB Ln, [(SiO,) 50, 5]:Ce, 3
x=0,01, 0,02, 0,05, 0,10 Ta 0,20 gya cucTeM HAHOPO3MipPHUX OKCHUOPTOCHIIi-
KaTiB pigxicHoszeMmesbHuX eneMeHTiB pany Tb—Lu ta Y, axki maioTh JoMiHec-
meHTHiI BiaactuBocTi. IlpeacraBiaeHo misirpamMy, sSKa yMOMKJINBIIOE rpad)iuyHO
BM3HAYATH TEMIIEPATYPY POBIAaAy 3a 3aJaHOI0 PiBHOBAXKHOIO I'PDAHUIIEI0 3aMi-
meHHs (x) abo TpaHUII0 3aMillleHHA 3a 3aJaHOI0 TeMIIePaTypPOI0 pos3Imany, a
TAKO0K OI[IHIOBATH 00JIACTI cTabiIBHOCTH, HeCcTablILHOCTH Ta MeTacTadiIbHOC-
TH TBEPAUX PO3UUHIB OKCHOPTOCUJIIKATIB PifKicCHO3eMeJIbHUX €JIeMeHTiB, 3a-
mimrenux Iepiem.

KpucraimoxuMuyecKUM METONOM B HPUOJIMIKEHWM PeryJapHBIX PacTBOPOB
paccumuranbl sHepruu cmernnenus (17,2—44,9 kl3K/M0JIb), KPUTUUECKUE TEM-
nepatypsl pacnaza (1029-2700 K) um TtemmepaTyphl pacmaza AJsS COCTaBOB
Ln,;_[(Si04) 50 5]:Ce, c x = 0,01, 0,02, 0,05, 0,10 u 0,20 cucrem HaHOPa3Mep-
HBIX OKCHOPTOCHJIMKATOB PEeAKO3eMeJbHBIX djieMeHTOB paga Tb—Lu u Y, 06-
JIaIaoIuX JIOMUHECIIEHTHBIMY cBolicTBamu. Ilpecrasiena quarpaMmma, mos-
BOJISIOIIIAA TpaUUeCKM OIpPeNeJaTh TeMIIepaTypy paclaza o 3aZaHHOMY
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paBHOBECHOMY IIpeeay saMelnieHus (X) Jubo mpeaes 3aMellleHns 110 3aJaHHOI
TeMIepaType pacmaja, a TaKyKe OI[eHMBATh 00J1acTU CTaOMJILHOCTH, HeECTa-
OGUIBLHOCT M MEeTACTAOMJIBLHOCTH TBEPIABIX PACTBOPOB OKCHOPTOCUINKATOB
PenKO3eMeJTbHBIX 9JIEMEHTOB, 3aMEIIEHHBIX IePUEM.

Key words: solid solution, energy of mixing, isomorphous substitution, ox-
yorthosilicate of rare-earth elements, cerium.

KarouoBi croBa: TBepAMii po3unH, eHepTid 3aMimmanusd, isomopdHi 3amitenns,
OKCHOPTOCUJIIKATH PiIKicHOBeMeNbHUX eeMeHTiB, Ilepiii.
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MelleHN A, OKCUOPTOCUINKATEL peIKO3eMeJIbHBIX 9JIeMeHTOB, IIepuii.
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1. INTRODUCTION

The solid solutions of nanoscale oxyorthosilicates Ln,SiO,; (Ln = Th—
Lu, Y) doped with rare-earth elements (REE) are known to be potential-
ly attractive as materials for luminophores, scintillators, lasers, light-
emitting diodes and other purposes [1-5]. In particular, solid solution
based on lutetium oxyorthosilicate doped with cerium, which composi-
tion can be presented as Lu,_[(SiO,),;0,5]:Ce,, has better spatial reso-
lution and sharpness of image than famous luminophore Gd,0,S:Tb
that was used in recent decades in most medical imaging methods [3].
Solid solutions based on other REE oxyorthosilicates might have prac-
tically important properties as well. That is the reason they are active-
ly investigated now.

Currently, there is an urgent task to find optimal quantity of dopant
(value of x) as luminescence intensity, wavelength and other proper-
ties change significantly depending on composition of the solid solu-
tion. Information about substitutional limits as well as solid solutions
stability at different temperatures is necessary for studying depend-
ence of the properties on solid-solution composition. That gives possi-
bility to avoid decomposition during synthesis, service and storage.
But in the literature, there is only information about phase diagrams
of systems involving Ln[(Si0,), ;0,.5] and their substitutional limits at
temperatures higher than 1873 K [6, 7]; at the same time, nanoscale
low-temperature modifications of Th—Lu and Y oxyorthosilicates that
crystallize in P2,/c space group, which were found relatively recently,
are stable at temperatures lower than 1173-1373 K [1]. As cerium ox-
yorthosilicate crystallizes in space group P2,/c too, formation of solid
solutions in Ln,_,[(Si0,), 50.5]:Ce, (Ln = Tb—Lu, Y) systems at tempera-
ture range of 1173—-1373 K can be expected.

As is known, composition influence on luminescent properties of
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Lu,SiO; and Y,SiO; oxyorthosilicates doped with cerium were studied
only. System Lu,_[(Si0,),;0,5]:Ce, was studied at composition range
from 0.1 to 12 at.% of cerium [8]. It was found that maximum lumi-
nescence intensity (12 a.u.) exists at cerium concentration being close
to 1% ; it is considerably weaker at lower (4 a.u.) and higher concentra-
tions (approximately 3 a.u.). Such a considerable decrease in lumines-
cence at same time with increase of dopant can be caused by lumines-
cence quenching as well as transition from homogeneous form of the
solid solution to heterogeneous. Unfortunately, it was only reported
that, by X-ray powder diffraction, phase purity of oxyorthosilicate
was proved, but the evidence was not presented. Furthermore, medium
size of crystallites was =30 nm; in this case, X-ray phase analysis
would be ineffective. Besides that, in the Y, _[(SiO0,)50,5]:Ce, system
studied in composition range x = 0.00125-0.04, dependence of lumi-
nescence radiance intensity on the quantity of dopant is similar to pre-
vious system at x =0.005 [9]. Unfortunately, results of X-rays phase
analysis are not presented as well; so, it is impossible to define whether
composition range x =0.00125-0.04 is a homogeneous solid solution
or it includes two-phase area as well.

Experimental defining of solubility areas in REE oxyorthosilicates in
solid phase is a separate task, which needs special equipment, expensive
reagents and increase of research time. Besides that, their disad-
vantages are challenge at achieving equilibrium at both relatively low
temperatures because of low diffusion rate and high ones as a result of
decomposition of solid solutions at cooling because of high diffusion
rate. Implementing calculation approaches, which are deprived of
above-mentioned disadvantages, can be beneficial in this case.

So, the purpose of this study is to predict phase stability and substitu-
tional limits in luminescent materials based on the solid solution of na-
noscale REE oxyorthosilicates Ln,_[(Si0,),50,.5]:Ce, (Ln = Th—Lu, Y).

2. THEORETICAL APPROACH

The calculation was carried out relying on Urusov’s crystal-chemical
method [10—12] for pseudo-binary systems (Ln,_,Ce,)[(SiO,) 500 5].- The
Becker equation was used for calculation of substitutional limit (x) at
given temperature of solid-solution decomposition (T',) or decomposi-
tion temperature at given substitutional limits [13]:

_(1 - 2x)/ln[x/(1 - x)] = RTp/Qmix,

where R is universal gas constant, @, is mixing energy (or interaction
parameter). It can be used, if size parameter does not exceed 0.1 [10—
12]. In all the above systems, value of size parameter calculated among
primitive cell volumes (5= (V3. -V*3,)/V*3.) is lower than 0.059
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(see Table 1); that is why implementation of the Becker equation is jus-
tified. Authors [1] described the low-temperature modifications of
Ln[(Si0,),.500 5] and give cell parameters only for compounds of other
REE of yttrium subgroup, but not for Lu[(SiO,),;0, 5]. Therefore, vol-
ume of low-temperature modified primitive cells Lu[(SiO,), 0, 5] was
defined in this study with extrapolation of primitive cells of low-
temperature modifications of Ln[(SiO,),;0, 5] by dependence, given in
[1], on ionic radius of REE (by R. Shannon). According to Urusov’s
theory, if system components are isostructural, energy of mixing can
be defined as the sum of two contributions due to the difference in size
of replaceable structural units (®s) and the difference in the degree of
ionicity of chemical bond in systems’ components @,:

Q.. =Qr+Q.=Cmnz,z,5" + 1390mz,,z, a(Ac)?/(2D).

In this equation, C is a constant that equals 112.6 kJ calculated from
C=20(2Ay + 1) [12] by degree of difference between cation and anion
electronegativities Ay [14, 15]; m is the number of formula units in
pseudo-binary approximation at the calculation of 1 mole of substitut-
ed structural unit (1 + 0.5+ 0.5 =2); n is coordination number of the
substituted structural unit in the pseudo-binary approximation (n="7
(6 Si0,* tetrahedra and O%) in the first cation site, and n = 6 (3 SiO,*
tetrahedra and three O?") in the second one, i.e., on average n = 6.5); z,,,
z, are formal charges of the substituted and common structural units
in the components z,, = 3, z, = 4-0.5 + 2-0.5 = 3; size parameter is calcu-
lated for each system according to volume of primitive cells givenin[1,
16]; o is a given Madelung constant that equals 1.9 calculated by
Hoppe’s formula [17]:

(a/n)?+a=1.81,

where n = 6.5 is coordination number in pseudo-binary approximation
of structure. Degrees of iconicity in the chemical bond € were evaluated
from the difference in electronegativity (y) of anions and REE cations
given in [15]. The value y for SiO,* anion was taken equal to y for O*
anion, y(Si0,*)=y(0*)=3.7 [15, 19]. D is average interatomic dis-
tance cation—anion in pseudo-binary approximation, calculated for
earlier studied structures of this structural type, Gd[(Si0,), ;0,.5]. Dis-
tance cation—tetrahedral anion was taken into account as a sum of dis-
tances (Gd—O + Si—0) and distances cation—oxygen not bonded with
silicon atom (Gd—0) for two positions of gadolinium [16].

For first position, surrounding of cation is 6 tetrahedra and 1 oxy-
gen; the average distance equals [6:(2.49 — 1.63) + 2.35]/7 = 3.86 A.

For second position, surrounding of cation is 3 tetrahedra and 3 ox-
ygens; average distance equals [3:(2.39 + 1.63) + 3-2.30)]/6 = 3.15 A.
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TABLE 1. Calculation of mixing energies and critical decomposition tempera-
tures of Ln,_,[(Si0,), 50, 5]:Ce, solid solutions.

T,K[1]
V. A3 Qr; . | Phase
Ln A 8 J/mole Xin ae e K(iy ]ijlhseis(l)s transition
22775 in Lin,SiO;
Ce 455.2 1.348

Tb 409.2 0.03610 17237 1.410 0.012 1029 1323 1373
Dy 404.0 0.04058 21780 1.426 0.014 1300 1323 1373
Ho 397.5 0.04610 28109 1.433 0.016 1678 1273 1348
Er 395.6 0.04781 30233 1.438 0.017 1805 1273 1323
Tm 389.7 0.05312 37322 1.455 0.020 2228 1273 1323
Yb 387.0 0.05558 40859 1.479 0.025 2439 1223 1273
Lu 384.0 0.05841 44947 1.431 0.015 2700 1173 1173
Y 397.4 0.04624 28280 1.340 0.002 1688 1323 1348

Average distance on two positions of cation equals 8.5 A. According
to recommendation [11], if the difference in degree of chemical ionici-
ty is less than 0.05, the contribution of @, in the total energy of mixing
can be neglected. Since Ag is less than 0.025 (Table 1), @, ~ @ Was
taken.

3. RESULTS AND DISCUSSION

Some input data, calculation results, and final temperatures of synthe-
sis by sol—gel method, temperatures of polymorphic transition accord-
ing to data [1] are given in Table 1. According to the data, in all the
systems, values of the volume parameter do not exceed 0.1 (maximum
value is 0.058). Therefore, according to [11], dependence of tempera-
tures of solid-solution decomposition vs. composition of the systems
will be practically symmetrical, and decomposition temperatures (T,)
can be calculated by the Becker equation of regular solid solutions.

The calculation of critical temperatures of solid solutions decompo-
sition T. was carried out by the equation [11] as follows:
T, = Q..ix/2kEN, where k is Boltzmann constant, N is Avogadro number.
According to Table 1, their values naturally increase with the increase
of REE number that is caused by increase of differences in volumes of
the substituted structural units. For the Y, [(Si0,),.5005]:Ce, system,
the values of mixing energy and critical decomposition temperature
practically equal to respective values for the Ho,_[(SiO,),;0,5]:Ce,
system; the reason is the proximity of ion radiuses Y*" and Ho®*".

Based on the calculated decomposition temperatures of regular solid
solutions by Becker equation, we constructed their dependences on the
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REE numbers (Fig. 1) for substitutional limits x = 0.01 (curve a), 0.02
(curve b), 0.05 (curve c), 0.10 (curve d), and 0.20 (curve e) for limited
solid-solutions series.

These can be used for graphical calculating of REE substitutional
limit for cerium at a given temperature, or based on substitutional lim-
it,—for decomposition temperature, accordingly [18, 19]. These tasks
are solved more accurately with calculation of each system using Beck-
er equation. Calculated equilibrium substitutional limits for the most
often used temperatures for REE oxyorthosilicate systems (REE = Ho—
Lu, Y) are given in Table 2. They can be useful for studying dependence
of luminescent properties on quantity of cerium for systems with both
isostructural components of space group P2,/c as well as with non-
isostructural ones provided that the quantity of dopant does not exceed
a few percent.

Fig. 1. Diagram of thermodynamic stability of Ln,_.[(Si0,). <O, =1:Ce, solid so-
lutions: x = 0.01 (a), 0.02 (b), 0.05 (¢), 0.10 (d), 0.20 (e), and 0.50 (f).

TABLE 2. Calculated substitutional limits of the most used temperatures of
synthesis for REE oxyorthosilicates (Ho—Lu, Y) systems.

T,K

973 [1073[1173 1273 | 1373 | 1473 | 1573 | 1673 | 1773 | 1873
Ho 0.04 0.06 0.09

Er 0.03 0.04 0.06 0.09

Tm 0.01 0.02 0.03 0.04 0.05 0.07 0.09

Yb0.007 0.01 0.02 0.03 0.04 0.05 0.06 0.08
Lu0.0040.0070.01 0.017 0.02 0.03 0.04 0.05 0.07  0.08
Y 0.04 0.06 0.08

Ln
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On the contrary to components of the systems described earlier in
the study [18-19], Ln[(SiO,),;0, 5] oxyorthosilicates’ solid solutions
obtained with sol—gel method [1] or with solution combustion synthe-
sis method [20—21] are subject to polymorphic transition from P2;/c to
C2/c space group. This influences on phase content in the systems. At
temperatures of synthesis and exploitation, which are less than poly-
morphic transition temperature of Ln[(SiO,),;0, 5], both components
in systems are isostructural, and calculation results can be used for
choice of activators quantity. If temperatures of synthesis and exploi-
tation are higher than temperatures of polymorphic transition in
Ln[(Si0,)y.500 5], unlimited miscibility is prohibited, since cerium ox-
yorthosilicate does not undergo a polymorphic transition to C2/c space
group structure, and calculation results without enthalpy of polymor-
phic transition can be incorrect. At the same time, at small substitu-
tional degrees (usually from fractures of percent to a few percent),
polymorphic-transition enthalpy influence on energy of miscibility is
negligibly small, and calculation in this case can be reliable.

Figure 1 also allows assessing areas of thermodynamic stability of
solid solutions. At T > T,, in the area higher than curve f, unlimited
solid solutions, which were synthesized at temperatures smaller than
temperatures of polymorphic transition, are thermodynamically stable
within the whole range of concentrations, 0 < x < 1. Unlimited solid
solutions at T < T',, are thermodynamically unstable and can decompose
in phases with limited solubility in the area lower than curve f. In the
same manner, limited solid solution series with limit value of x = 0.01,
0.02, 0.05,0.10, and 0.20 in the areas higher than curves a, b, ¢, d, and
e, correspondingly, are thermodynamically stable, and in the areas
lower, they are unstable.

As it was shown [22], spontaneous quenching of solid solutions is
possible in Ln[(SiO,), 50, ;] systems at cooling to temperatures lower
than temperatures of polymorphic transition (1173-1373 K) (Table 1),
i.e. solid solutions might become metastable at lower temperatures. Un-
limited solid solution series in Lin;_ [(Si0,), 500 5]:Ce, (Ln = Dy—Lu) sys-
tems are thermodynamically stable at temperatures higher than the
critical one; at lowering temperature in the area between T',,and 1173—
1373 K, they are thermodynamically unstable and can decompose. This
occurs, if diffusion rate and time are high enough for appearance and
beginning of new phase growth. They become metastable at lower tem-
peratures. Critical temperature of decomposition (1029 K) in
Th,_[(Si0,) 500 5]:Ce, system is lower than temperature of possible
spontaneous quenching, unlimited solid solutions are not supposed to
decompose at cooling and will be stable at temperatures higher than
critical ones and metastable at lower ones. Critical temperature of de-
composition (1300 K) in Dy, ,[(Si0,);50,5]:Ce, system differs from
temperatures of synthesis and polymorphous transition of its compo-
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Fig. 2. Fragment of calculated decomposition-temperatures’ dependence for
Lu, [(S5i0,), 50, 5]:Ce, solid solution vs. Ce mole fraction, and experimental da-
ta for compositions with x = 0.01 at 1273 K[23], and x = 0.02 at 1373 K [24].

nents Dy, [(Si0,),.;0, 5] at a value lower than calculation error (x100 K
[10—12]); that is why conclusion about possibility of decomposition and
solid-solution stability in these conditions cannot be made. Critical
temperatures of decomposition (1678—-2700 K) in systems with REE
(Ho—Lu, Y) are substantially higher than temperatures of sol—gel syn-
thesis and polymorphous transitions; that is the reason why unlimited
series of solid solutions based on nanoscale modifications cannot exist,
and only limited series of solid solutions can.

As far as we know, there is no data in literature on mixing energies
and substitutional limits of REE with cerium for solid solutions of na-
noscale REE oxyorthosilicates with limited miscibility of components.
Of course, this impedes credibility assessing of calculations. Although,
there is data on compositions and temperatures of Lu,_[(Si0,),50,.]:Ce.
solid solutions with x=0.01 at 1273 K [23] and 1373 K [24]. Graphic
dependence of calculated decomposition temperatures  of
Lu;_[(Si0,) 504 5]:Ce, solid solutions vs. mole fraction of Ce (Fig. 2)
shows that calculation results do not contradict experimental data, since
this solid solution is in predicted area of thermodynamic stability—a bit
higher than decomposition curve. Besides that, system (x = 0.01) is close
to these calculated temperatures (x = 0.016 and 0.023, accordingly).

4. CONCLUSIONS

Using crystal-chemical method within the approximation of regular
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solutions, mixing energies (parameters of interaction) of solid solu-
tions of low-temperature modifications of REE oxyorthosilicates
Ln,_[(Si0,)5005]:Ce, (Ln = Tb—Lu, Y) doped with cerium were calcu-
lated.

It was found out that, with increasing of REE number, the calculat-
ed energies of mixing and critical decomposition temperatures of solid
solution increase accordingly.

A diagram of thermodynamic stability for Ln,_[(Si0,),50,5]:Ce.
systems was constructed that allows to assess not only stability of solid
solutions in a wide range of compositions and temperatures but also to
predict substitutional limits with a given temperature of decomposi-
tion or temperature of their decomposition with a given substitutional
limit.

Unlimited series of solid solutions in Ln;_[(Si0,),;0,;]:Ce,
(Ln = Dy—Lu) systems are thermodynamically stable at temperatures
higher than the critical one, but become thermodynamically unstable
and can decompose at lowering temperature in the area between T'., and
1173-1373 K. For the Tb,_[(Si0,),;005]:Ce, systems, critical decom-
position temperature (1029 K) is lower than the temperature of possi-
ble spontaneous quenching, unlimited solid solution should not de-
compose at cooling, and they will be stable at temperatures higher than
critical ones and metastable at lower temperature.
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The Y,0;:Eu thin films were obtained by radio frequency (RF) ion-plasma
sputtering in different atmospheres. The phase composition of the ob-
tained films was investigated based on x-ray phase analysis and various
causes of diffraction stripes expansion were considered. It is shown that
an increase in the O, sputtering atmosphere of Ar leads to a decrease in
the size of the nanocrystallites forming the Y,05:Eu film from 5.9 to 5.0
nm and a decrease in the structural perfection of the films and an in-
crease in their mechanical stresses.

Metogom BucokouacToTHOro (BY) f0OHHO-IIJIa3MOBOTO PO3MOPOIIEHHSA B Pi3-
HuX aTMochepax ozep:kanHo ToHKiI miaiBku Y,05:Eu. Ha ocHoBi peHTreHO(DA-
30BOi aHAJNi3W AOCJHiA:KeHO (pas3oBUIl CKJIAJ OJEP:KAaHUX ILJIiBOK i PO3TIIAHYTO
pisHi mpuuMHM posmIMpeHHA AuPparkmiiiHux cmyr. IlokasaHo, M0 30iJb-
IIeHHS Y POBIOPOINTyBaNbHi#T arMochepi Ar Bmicty O, TPUBOAUTEL IO 3MEH-
IIeHHA PO3MipiB HaHOKpHcranitiB, aki Gopmyrors muisry Y,0,;:Eu, Big 5,9
Io 5,0 HM i 3MeHIIIeHHA CTPYKTYPHOI MJOCKOHAJIOCTU IJIIBOK Ta 30iJbIlIeHHS
B HUX MeXaHiUHUX HAIPYKEeHb.

Metogom BbICOKOUYacTOTHOTO (BY) MOHHO-IJIa3MEHHOTO PACHBLIEHUA B pas-
JIUYHBIX aTMocdepax MoJydeHbl ToHKMe mIEHKU Y,05:Eu. Ha ocHOBe peHT-
reHo()a30BOTO aHAIM3a UCCIAENOBAH (ha30BBII COCTAB IMOJYUEHHBIX IJIEHOK U
paccMOTpeHbl pa3JIWdYHble TPUUYUHBI YIMUPEHUA AUPPAKIIMOHHBIX II0JIOC.
ITokazamo, UTO yBeJqMUeHNE B PACHBLLIUTENLHON aTMochepe Ar comep:KaHuA
O, TPUBOAUT K YMEHBIITEHUIO PAa3MEPOB HAHOKPUCTAJINUTOB, (POPMUPYIOIITNX
mnéHry Y,0;:Eu, or 5,9 mo 5,0 HM, YMEHBIIIEHUIO CTPYKTYPHOTO COBEPIIIEH-
CTBA IIJIEHOK M YBEJWYEHUIO B HUX MeXaHUUYECKUX HAIPIKeHUH.

Key words: yttrium oxide, thin films, nanocrystallite.
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1. INTRODUCTION

Among the materials for optoelectronics, luminescent materials
used in the creation of displays, scintillators, devices for recording
and visualization of information occupy a special place. The cubic
yttrium oxide is one widespread the crystalline matrix of phos-
phors, which activated by rare earth ions [1-3]. Among them, the
most investigated phosphor of micron dispersion is the Y,0;:Eu
phosphor with red colour of emission. The results of the study of
this material can be used as basic information to analyse the char-
acteristics and mechanism of luminescence in the study of the effect
of dimensional effects on the radiation efficiency of submicron
phosphors [4]. In recent years, studies on Y,0; nanoparticles acti-
vated by rare earth metals have been actively pursued in this area
[56, 6]. Such systems have unique spectroscopic properties, such as
anti-Stokes luminescence, quantum firing and prolonged afterglow,
due to the presence of rare earth metals [7]. The combination of
small sizes of crystalline particles and the presence of alloying im-
purities—luminescent centres—of rare earth metal ions ensures the
high efficiency and stability of the luminescence of such materials,
which contributes to the expansion of potential applications. This
led to structural studies of thin Y,0O,;: Eu films obtained by radio
frequency (RF) ion-plasma sputtering, depending on the composi-
tion of the sputtering atmosphere. This method is optimal for the
production of homogeneous semiconductor and dielectric films.

2. EXPERIMENTAL TECHNIQUE

Y,0;:Eu thin films 0.2-1.0 um thick obtained by RF ion-plasma
sputtering on fused quartz v-SiO, substrates. RF sputtering was
carried out in an atmosphere of argon, oxygen or a mixture of these
gases in the system using the magnetic field of external solenoids
for compression and additional ionization of the plasma column. As
the raw material were used Y,0,; grade UTO-1 and Eu,0; with grade
‘oc.u’. The activator concentration was 1 ml.%.

The method of x-ray diffraction analysis (Shimadzu XDR-600)
for the structure and phase composition of the obtained films was
investigated. X-ray diffraction studies have shown the presence of a
polycrystalline structure with a predominant orientation in the
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plane (222). However, in the Y,0;:Eu films obtained in an argon
atmosphere, the reflex from the plane (440) has a somewhat higher
intensity. All diffraction peaks are identified according to the selec-
tion rules and belong to the space group Y}Z = Ia®, which indicates
the cubic structure of the films obtained.

3. RESULTS AND DISCUSSION

X-ray phase analysis is one of the most reliable ways of determining
the composition and structure of a test substance. Figure 1 shows
that x-ray diffraction patterns of thin films of Y,0;:Eu obtained by
RF ion-plasma sputtering in different atmospheres. A detailed ex-
amination of the diffraction patterns of Y,0;:Eu films deposited on
a non-heated substrate (without additional annealing in air) shows
that they contain a relatively wide band in the region 20 ~ 28-31°,
which is caused by the reflection from the plane (222) in Y,0; cubic
modification. For the ordered structure of Y,0;, the value of maxi-
mum is 20 = 29.18°. At the same time, we found that with an in-
crease in the oxygen content in the composition of the sputtering
atmosphere (Fig. 1, curves 1-5), the reflection maximum is shifted
towards larger values of the 20 angle and its asymmetry increases.
The reason for this shift may be a partial decrease in the inter-
planar spacing in Y,0;:Eu. Using RF sputtering, the structure of
the obtained films depends on such factors as the substrate temper-
ature, the energy and composition of the bombarding ions, and the

Fig. 1. X-ray diffraction patterns of Y,O;:Eu thin films obtained by RF
sputtering (without annealing), deposited in an atmospheres of 100% Ar
(1), 75% Ar+25% 0, (2), 50% Ar+50% 0O, (3) 25% Ar+75% 0O, (4),
100% O, (5).
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composition of the sputtering target. In the presence of oxygen in
the sputtering atmosphere, determining for the formation of films
is the creation of defects, which include excess oxygen, because of
the interaction of oxygen that contained in the plasma with the cre-
ated of Y,05:Eu film. In particular, our studies have shown that
under the same conditions of sputtering of the target, the tempera-
ture of the Y,O;:Eu films are approximately 1.5 times higher at
sputtering in an oxygen atmosphere than at sputtering in an argon
atmosphere. Most likely, the observed increase in temperature is
caused by an increase in the intensity of the bombardment by O ions
of the created film [8].

Another reason the high sensitivity of the structure of Y,0;:Eu
films to the content of oxygen in the sputtering atmosphere can be
a change in the properties of the target itself at reactive deposition.
As shown in [9], the material of target is sputtered as a result of
direct impulse transfer from the ion that is bumping and the ob-
taining energy by a surface atom, and also due to the process of en-
ergy release in the surface zone of the target, when elastic colli-
sions of internal atoms are sufficient to knock out surface particles
[10]. Most experimental studies, especially when sputtering dielec-
trics and refractory materials, vindicate on the benefit of the mech-
anism of the first type. However, in the reactive environment, the
second mechanism can also have a significant influence on the pro-
cess of sputter [11]. At the increase of the partial pressure of oxy-
gen in the sputtering atmosphere, the darkening of the surface of
the yttrium oxide target was observed. This indicates a change in
the composition and structure of the target surface due to the re-
lease of energy in the surface zone of the target because of the oc-
currence of physic-chemical processes involving oxygen.

As known, the width of the diffraction bands depends on the
presence in the sample of defects, mechanical stresses and on the
size of the regions of coherent scattering (the size of the nanocrys-
tallites). Thus, the data on the widths of diffraction bands on dif-
fraction patterns can be used to determine the size of the particles
forming the sample and the mechanical stresses in them [12]. Ac-
cording to Debye and Scherrer, the relationship between bandwidth
and crystallite size d (nm) is given by the equation

d =0.94)/BcosO, (1)

where A is the wavelength equal to 0.15418 nm (CuK,-radiation),
is the width of the band at half height, 0 is diffraction angle.

The second reason for the expansion of the bands on the diffrac-
tion patterns may be the defects and imperfections in the structure
of the crystallites, which cause the stresses in the crystals. Expand-
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ing of bands associated with stresses described by the relation

& = p/4tgo, (2)

where ¢ is the average value of the crystal-lattice stresses.

In the second case, for the characteristic bands on the diffraction
pattern, the ratios B /(4tg0) will be close in magnitude. If, however,
the band expansion is due to the presence of very small particles in
the sample, then the values of fcosO will be close for the character-
istic bands. Table shows the results of calculations of the crystallite
sizes d and the average values of the crystal-lattice stresses ¢ in
Y,0;:Eu films, depending on the composition of the RF sputtering
atmosphere, performed for the main characteristic band—29.2°
from the plane (222).

A graphical representation of the obtained results is shown in

Fig. 2. The dependence of the nanocrystallite sizes (I) and the average
stresses of the crystal lattice (2) in Y,05:Eu thin films on the O, content in
the sputtering atmosphere Ar.

TABLE. Analysis of diffraction band extensions from the plane (222) in
thin films Y,0;:Eu, depending on the composition of the atmosphere of the
RF-sputtering.

Sputtering atmosphere |Ang1e 20, degree| B | d, nm | €
100% Ar 29.2 0.0279 5.9 0.0125
5% Ar+25% O, 29.2 0.0314 5.3 0.0140
50% Ar+50% O, 29.3 0.0332 5.0 0.0148
25% Ar+75% O, 29.4 0.0332 5.0 0.0147

100% O, 29.6 0.0332 5.0 0.0146
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Fig. 2. The analysis of the results in Table and Fig. 2 indicates that
for films deposited in a sputtering atmosphere containing 50% or
more O,, defects in nanocrystallites that cause mechanical stresses
are the main reason for the expansion of diffraction bands. This in-
dicates that the addition of O, to the sputtering atmosphere reduces
the structural perfection of Y,O;:Eu thin films and results in a re-
duction in the size of nanocrystallites forming a film from 5.9 to
5.0 nm, respectively.

4. CONCLUSIONS

Based on x-ray analysis data, it is established that Y,0;:Eu films
obtained by the RF sputtering are formed in cubic modification of
Y,0;, and the composition and type of formed modification are in-
dependent of the content in the sputtering atmosphere of Ar and O,
gases. Analysis of the diffraction band expansion based on the es-
timation of the magnitude of the crystal lattice stresses and the size
of the coherent-scattering regions showed that the increase O, in
the sputtering atmosphere of the Ar results in a decrease in the size
of the nanocrystallites forming the film Y,0;:Eu from 5.9 to 5.0 nm
and a decrease in the structural thickness and increase their me-
chanical stresses.
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Within the proposed model, the calculated Urbach energy of the undoped and
Bi-, Sn- and Fe-doped ZnO thin films is studied as a function of doping levels.
The Bi-, Sn- and Fe-doped ZnO films were deposited by spray depositions at
various conditions such as ZnO-based solution molarity and doping levels.
The measurements by means of this proposed model are found to be in a quali-
tative agreement with the experimental data with high correlation coeffi-
cients of 0.92-0.98. The Urbach-energy calculations for doped films are im-
proved to maximum enhancement corresponding to minimum error, which is
found for the Sn- and Fe-doped ZnO films to be 5.5 and 5.1%, respectively.

Y pamMkax 3alrpoIIOHOBAHOTO MOJIEJII0, PO3Pax0oBaHy eHeprio Ypbaxa HeJero-
BaHUX i Jerosanux Bicmyrom, Cranymom i @epyMoM TOHKUX ILTiBOK ZnO Bu-
BUEeHO AK (pyHKIIiI0 piBHIiB JieryBanusa. Jlerosaui Bicmyrom, Ctanymom i Pe-
pyMmom miiBku ZnO 6y HaHeceHi ocaKeHHAMU MaTepiday, 110 PO3IMOPOIIY-
€ThCs, 38 Pi3HUX YMOB THUOY MOJSAPHOCTH PO3YMHY Ha OCHOBi ZnO Ta piBHIB
JeryBaHHA. MipsaHHA 3a TOIIOMOTOIO ITHOTO 3aIIPOIIOHOBAHOTO MOJIENI0, K BU-
ABJISETLCS, IIepPe0yBaloTh ¥ AKiCHill 3rofi 3 eKCIIepUMeHTAJbHUMU TaHUMU 3
BUCOKUMHU Koedimiearamu xopendmnii y 0,92—-0,98. O6uuciennsa exeprii ¥Yp-
6axa JJId JIeTOBAHUX ILIiBOK IIOJIIIIIIEHO ak 10 MAaKCHMAaJbHOTO IIiABUIeHHS,
110 BiAmoBizae MiHiMaNbHiN moMuali, AKY 3HalgeHo Ajag miaiBok ZnO, jero-
Bauux Cranymom i @epymom, piBHOMIO 5,51 5,1% Bigmosigmo.

B aToi1 paboTe, B paMKax IIPeAJIO:KEHHOU MOJIeJIN, PACCUNTAHHASA dHEePTUA ¥ p-
0axa HeJIETMPOBAHHBIX U JIETMPOBAHHBLIX BHCMYTOM, OJIOBOM M JKEJIE30M TOH-
Kux miIéHok ZnO msydeHa Kak GQYHKIUS ypoBHell jerupoBaHus. JlerupoBau-
HbI€ BUCMYTOM, OJIOBOM U JKeJjie3oM ILIEHKM ZNnO Oy HaHeCeHBI OCAMKIeHU -
MU PaCHBLIAEMOr0 MaTepuaJjia B PasinYHbIX YCJIOBUAX THUIA MOJAPHOCTH pPac-
TBOpa Ha ocHOoBe ZnO u ypoBHeii JjerupoBaHusd. MI3MepeHNA IOCPEACTBOM STOM
IPeAJOKeHHON MOoJesn, Kak OOHApy:KMWBaeTCA, HAXOMATCA B KAUeCTBEHHOM
COTJIACUU C SKCIEPUMEHTAJbHLIMI JAaHHBIMU C BBICOKHMHU KO3(PUIIMEHTAMU
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koppenamuu 0,92-0,98. Beruucienusa suHepruii ¥ypbaxa OJs JeTHPOBAHHBIX
IJIEHOK YJYYINEHBbI BILJIOTh A0 MaKCHMAaJLHOTO TOBBIIIIEHUA, COOTBETCTBYIO-
1Iero MUHUMAJBHOI oIubKe, KoTopasd HalifieHa AJd MIeHoK ZnO, JerupoBaH-
HBIX 0JIOBOM U JKeJie30M, paBHOM 5,5 1 5,1% cooTBeTCTBEHHO.

Key words: ZnO, thin film, semiconductor doping, correlation.

KarouoBi caoBa: ZnO, ToHKa TWJIiBKa, Jiel'yBaHHA HAIIiBOPOBiZHMKA, KoOpe-
JAIiA.

Karouessie ciaoma: ZnO, ToHKas ILJIEHKA, JerMpOBaHMNe IIOJYIIPOBOSHUKA,
KOppeJIAnus.
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1. INTRODUCTION

In past years, the investigation of new materials for photovoltaic
applications was depended and related to the experimental and mod-
elling parameters of any properties. However, zinc oxide is one of
the most important semiconductor materials for its semiconducting
characteristics. It is an inorganic compound with the formula ZnO,
which has a wurtzite structure. This is a hexagonal crystal struc-
ture; ZnO is available as large bulk single crystals [1-4]. Transpar-
ent conducting oxides (TCO) (such as ZnO) based glasses have
gained much interest in science and technology; they are a unique
class of materials based on metal oxides that exhibits both optical
transparency, low resistivity, and good optical-gap energy due to
their interesting applications such as transparent conductive, fer-
romagnetism, semiconductors, piezoelectric and solar cells [1-3].
However, in the past years, ZnO was used as primary films for a
gas sensing due to their high optical transmission and high electri-
cal conductivity. So far, ZnO as a thin film can be used with verity
of investigated application for optoelectronic, piezoelectric, and
photovoltaic applications such as sensors [4], thermoelectric devices
[6], catalysis [6], fuel-cell electrodes [7], dye-sensitized solar cells
(DSSCs) [8], and electrochromic material for displays [9].

Zn0O is one of the most important binary II-VI semiconductor
groups. The native doping of the semiconductor due to O vacancies or
Zn interstitials is of n-type. ZnO has a wide-band gap of 3.37 eV at
room temperature and a large exciton binding energy (60 meV)[9, 10].

ZnO thin films can be produced by some techniques such as reactive
evaporation, thermal annealing, molecular beam epitaxy, magnetron
sputtered technique, low-temperature solution method, potentiostatic
electrodeposition, sol—gel technique, pulsed laser deposition, chemical
vapour deposition, electrochemical deposition, and spray pyrolysis
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[11-18], which have been reported to prepare thin films of ZnO.

The main object of this work is to present a new-proposal model
to calculate the Urbach energy of Bi-, Sn- and Fe-doped ZnO thin
films; these estimations were studied by varying the precursor mo-
larities and doping level of doped films.

2. MATERIALS AND METHODS

In this work, we have investigated a correlation to be used for
study the relation between the Urbach energy and the preparing
conditions of ZnO thin films, which were studied, the influence of
evolution of the precursor molarity, doping level and the band-gap
energy on Urbach energy. The optical properties of ZnO such as
band-gap energy and the Urbach energy of undoped and doped films
were taken from the literature [19—34] (Tables 1 to 4) to study the

TABLE 1. Experimental data [29]. Undoped ZnO thin films with
a~3.28711 and b~ 0.0184683.

) & O ; S S

s e = - o 5
« 3}‘3 E O %> é-"’ - %‘0 E °
2| B3 | §7 | =° 5 i g

s E = 8 < o ]

= 5 2 g g 3

& o fi 2 o

= -

[19] 0.05 350 3.08 0.9221 0.938 1.72
[19] 0.075 350 3.22 0.3186 0.281 11.80
[19] 0.1 350 3.37 0.085 0.069 18.82
[19] 0.125 350 3.15 0.1757 0.201 14.39
[20] 0.1 350 3.10 0.2734 0.279 2.05

[21] 0.1 350 3.267 0.108 0.108 0
[22] 0.02 350 3.19 0.08 0.071 11.25
[23] 0.1 350 3.25 0.064 0.074 15.62
[24] 0.1 350 3.304 0.1139 0.101 11.32
[25] 0.1 350 3.317 0.0983 0.097 1.32
[26] 0.1 350 3.27 0.17 0.165 2.94
[27] 0.1 350 3.25 0.209 0.203 2.87
[28] 0.1 350 3.23 0.490 0.444 9.39

Note: E,,—experimental optical-gap energy; E,,—experimental Urbach energy;

E .,—correlate Urbach energy.

ule)
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TABLE 2. Experimental data and the Urbach energy correlate for Bi-doped
ZnO thin films with 0.02 mole-1™?, A ~-1.37189 and B ~ —39.00365 .

S i Lﬂ% S S 5

= |5, | e 3 I
e = 50 o £ £ S
@ e < =

0 = 2 E E =

.g ot 8 g g ~

()

0 350 3.19 0.08 0.071  11.25

1 350 3.195 0.011 0.035 _

2 350 3.21 0.08 0.081 1.25

3 350 3.21 0.095 0.102 7.37 122
4 350 3.225 0.52 0.487  6.34

5 350 3.239 0.53 0.498  6.04

0 450 3.250  0.2527 0.281  11.19

1 450 3.240  0.4159 0.454  9.16

3 450 3.200  0.4573 0.465 1.68 1301
5 450 3.120  0.4954 0.462  6.74

effect of precursor molarity, doping level and substrate temperature
on physical properties of undoped and doped ZnO thin films with
Bi, Sn and Fe. The thin films were deposited on glass substrates by
chemical spray ultrasonic and pyrolysis techniques. The proposal
model to calculate the Urbach energy of Bi-, Sn-, and Fe-doped ZnO
thin films was based on estimation for the undoped films that is
found in nonlinear format as expressed in Ref. [29].

2.1. The Urbach Energy Evaluated

The Urbach energy for ZnO thin films was calculated by Eq. (1)
[29]:

E, =exp[lnM+%lnEiJiAEu, if X, =0, 1)

g

where E,—Urbach energy [meV]; a, b—empirical constants for un-
doped film; M—concentration molarity (mole/l); AE, is the result-
ing error for Urbach energy; E, is the optical-band gap, and X, is
the doping concentration.
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In this work, the estimate of the Urbach energy for doped ZnO
thin films was investigated by the following Eq. (2):
1 a(l+ AX,
n
b(1+ BX,) E

g

E, = exp[lnM+ )JiAEu, if X, >0, (2)

where A, B—empirical constants for doped film; E,—optical-gap
energy [eV]; X,—concentration of doping [%].

The resulting errors for Urbach energy (AE,) can be measured
from Egs. (1), (2) by the following relationships as expressed in
Egs. (3), (4) [35]:

InE, -In(a(1+AX,))=(b(1+ BX,))[InM -InE, ], (3)

(b(1+BXo))[%—dﬂMJer(b(lJrBXo))(lnEu ~InM)=
d(a(1+AX0)) _dE, (4)

"~ (a(i+Ax,) E

g

The difference found about the doping concentration of doped
thin films was limited, so we have d(a(l+AX,)=0 and
d(b(1 + BX,))=0.

Equation (4) can be written in the following form of Eqgs. (5), (6):

AE, AE,
(b(1+BX,)) Eu“ “E (5)
AE = 1 A, o (6)
“ (b(1+BX,)) E,

2.2. The Relative Error Measurement

The relative error value was measured between the experimental
data and correlate values by the following Eq. (7):

€= ‘(Eu exp Eu corr) / Eg exp

The correlation coefficient R depends on both relative errors and
doping via Eq. (8):

-100. 0]

N
Zgi
R=1-5—. (8)
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TABLE 3. Experimental data and the Urbach energy correlate for Sn-doped
ZnO thin films with 0.2 mole:l™!, A ~-1.91294 and B ~ 33.62015.

= & = R ey 5
= | i0 | B | B | B | g= |
= & 8 < < 2
o g 2 g 2 3
= e S £ = <
QO ) )
0 450 3.37 0.055 0.052 5.00
1 450 3.26 0.054 0.053 1.85
3 450 3.25 0.058 0.058 0.83 [31]
5 450 3.18 0.058 0.089 1.02
0 400 3.125 0.301 0.411 -
1 400 3.03 0.675 0.655 2.90 [32]
400 2.985 1.143 1.161 1.56
2 400 2.88 1.352 1.427 5.563

TABLE 4. Experimental data and the Urbach energy correlate for Fe-doped
ZnO thin films with A ~ -13.92950 and B ~ -941.53779.

= & 5 K & 5
> 5 £ S z & 3
:E : s E &) % > :&3 > E-‘.) - :j o b
=z EX | g7 | 2| 8% | 8% | B¥ &
= = 2 g < < =
= |5 |2 | % |% |3
P8 8 |2 L f
()
0 300 3.29 0.073  0.074 1.37
0.2 molel 1 300 2.67 0.136  0.131  3.67 [33]
2 300 2.75 0.136  0.129 5.14
0 410 3.255  0.081  0.085 4.93
410 3.115 0.164 0.165 0.61
) 11 4
0.01 mole:l ™ 410 3135 0197 0196 051 o4

2 410 3.105 0.219 0.215 1.82
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Table 1 presents the summary results of experimental data,
which were obtained from published papers and the correlated Ur-
bach energy and relative error for undoped ZnO thin films [19].

3. RESULTS AND DISCUSSION

Figure 1 shows the variation of experimental and correlate Urbach
energy for undoped ZnO thin films.

The correlate values were scaled parameter values according to
Eq. (1), as represented in Table 1, which were estimated as a func-
tion of solution molarity and optical energy. As can be seen, all es-
timated values are proportional to the experimental data. Thus, the
calculations by the proposed equations are in qualitative agreement
with the experimental data, so it is found that the correlation coef-
ficient is of about 0.92, i.e. the maximum agreement of the estima-
tion was found to be minimum error.

Table 2 presents the summary results of experimental data and
the Urbach energy correlate for Bi-doped ZnO thin films, which are
calculated from Eq. (2).

Table 3 presents the summary results of experimental data and
the Urbach energy correlate for Sn-doped ZnO thin films, which are
calculated from Eq. (2).

Table 4 presents the summary results of experimental data and
the Urbach energy correlate for Fe-doped ZnO thin films, which are
calculated from Eq. (2).

As shown in Fig. 2, the doping evolution of Bi-, Sn-, and Fe-
doped ZnO thin films influence on the estimation of Urbach energy
with doping levels and their optical-gap energy; here, the investiga-

Fig. 1. The variation of Urbach energy experimental.
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Fig. 2. The variation of Urbach energy experimental and correlate of Bi-,
Sn-, and Fe-doped ZnO thin films.

tions were carried out on the basis of Eq. (2).

As can be seen in Fig. 2 with comparing with undoped films, the
estimation of Urbach energy in the Bi-, Sn-, and Fe-doped films
have a high correlation coefficient of 0.9322, 0.9733 and 0.9742,
respectively. Besides, the calculation wvalues are in qualitative
agreement with the experimental data, i.e. the maximum agreement
of the estimations was found to be with minimum relative error.

In Figures 3 and 4, we obtained that the relative errors of Ur-
bach energy of undoped and doped thin films, respectively.

For undoped films, all calculations have errors smaller than 18%,
however, we found after calculate that the relative error of the Ur-
bach energy for doped films are improved, and the maximum en-
hancement of minimum errors was found for Sn- and Fe-doped ZnO
thin films with 5.53 and 5.14%, respectively. It was confirmed that
these models are suitable for calculation of optical properties with
varying of some parameters. The decreases in the relative errors for
undoped films to doped ones can be explained by the good optical
properties, which can be observed with the fewer defects and less
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Fig. 3. The variation of error value of calculated Urbach energy for un-
doped ZnO thin films.

Fig. 4. The variation of error value of calculated Urbach energy for Bi-,
Sn-, and Fe-doped ZnO thin films.

disorder.

4. CONCLUSIONS

In summary, the undoped ZnO and Bi-, Sn-, and Fe-doped ZnO films
were chosen for studying the calculation of Urbach energy with
same variations. Thin films were investigated by spray techniques
such as ultrasonic and pyrolysis. The model proposed to calculate
the Urbach energy of undoped and doped ZnO thin films were inves-
tigated. These relations suggest that the Urbach energy can be es-
timated by variations of optical-gap energy, concentration of ZnO
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solution and doping level. The measurements by means of these
proposed models are in qualitative agreement with the experimental
data that has been reliable in this work, because of the high correla-
tion coefficients, which were found to be in the range 0.92-0.98.
Thus, it is found that the relative errors for undoped ZnO films
in all calculation are smaller than 18% . However, we found after
calculate that the relative errors of the Urbach energy for doped
films are improved with the maximum enhancement corresponding
to minimum errors for Sn- and Fe-doped ZnO thin films, which are
equal to 5.53 and 5.14%, respectively. As confirmed, these models
are suitable for calculation of Urbach energy with variation of some
parameters. The decreases in the relative errors of undoped ZnO to
doped ZnO films can be explained by the good optical properties,
which can be observed with the fewer defects and less disorder.
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CTpykTypa Ta eJIeKTPMYHI BJIACTHUBOCTI TOHKUX ILIiBOK

C. I. Pab6mes, O. B. Cyxosa

I ninposcvruil Hayionanvruil ynieepcumem imeni Oaeca I'onuapa,
npocn. I'azapina, 72,
49010 Ouinpo, Yrpaina

Touki mriBku HOMiHamBHOTO CKIaRy Alg;Cu,;Co,4 Ta AlgyCo:Ni;; TOBIITUHOIO ¥
85—100 uM, oxosomKeHi 3i mBuakicTio y 10'2-10'* K/c, 6yso0 BIepIe ogep-
JKaHO METOJOM MOJEPHiIZ0BAHOTO TPUEJEKTPOJHOTO HOHHO-IIJIa3MOBOTO DPO3-
TOPOIIIeHHSA CKJameHunx MimreHeii. IIIiBKOBi MOKPUTTS ocamKyBaju Ha MigK-
JaguHKMN, BUTOTOBJIEHI 3 HaTpio xjopuny abo curanry. CTpyKTypy HOKPUTTIB
aHaJIidyBaji 3a JOIOMOIOI0 DEHTIeHOCTPYKTYypHOI aHanisu. EmekTpuunuii
OIIip BUMipiOoBajay YOTHPO3OHIOBUM MeTOAOM. B CTPYKTYpi cBisKOHAamopoIiie-
HUX ILTIBOK CIIOCTEpiraeThbcA peHTreHoaMopdHa (asa Ta cirigfu KBa3mKpUCTa-
giunoi mexkaroHasbHOI D-(hasu. O6aacti KorepenTHOTO po3dciguua (OKP) mi-
BOoK AlgCuy5Co0,6 Ta AlgyCoyNiy; mopiBuIOIOTE 2,8 HM i 3,2 HM BigmoBigHO.
3MiHa eJIEKTPUYHOTO OMOPY TOHKUX ITiBOK AlggCu,3Co. Ta AlgyCo,4Ni,; v pasi
HarpiBy mo TeMmepaTtyp, Biamosiguo, y 600 K i 640 K mae obopoTHiii xapakTep,
III0 BKa3y€ Ha TePMiUHY CTiliKicTh iXxHBOI cTpyKTypH. Ilomanbiuit HArpiB 10
920 K cynpoBOIKYEThCA HEOOOPOTHHOIO 3MIiHOIO €JeKTPUUYHOTO OIOpPY, IO
CIIPUYMHEHO 3HMKHEeHHAM amMopdHOi (pasu Ta 0SB0 MeTaJeBoi (asu Ha oc-
HOBi aOMiHi0 B cTPYKTYypi miaiBoK. ITicas Burpumku 3a remneparypuy 923 K
npotsarom 10 xBusuH posmipu OKP D-dasu 36iIbIIyIOTECA ¥ IOHA ABa Pasu
Ta caramoTb 6,0—6,5 uM. B cTpyKTypi MIiBOK cmocTepiraroThCcsa HAHOUACTUHKN
KBa3UKPUCTAJIB B ajlfoMiHilioBi#1 maTpuni. TemnepaTypHUuii KoedimieHT omo-
py (TKO), ak mix yac HarpiBy, TaK i oXoJ0oAKeHHA, Mae HeTaTUBHI 3HAYEHHS,
IO TiATBEPIKYE MIPUCYTHICTL Y CTPYKTYPI IIIBOK KBasUKpHUCTAJIIYHOI (hasu.
Ilixg yac oxomomkenHs Bix Temmeparypu y 920 K no kimHatHOI TemnepaTypu
TKO Tonkoi maisku AlgCu,4Co,4 36inpmyerses sig =-4-10* K 1o -1,2-107°
K™, a maieku AlggCo,¢Ni; — Big —5-10* K™ 10 -2,4-107* K1, ITe ymoxauBIIOE
pexoMeHayBaTu TOHKY ILIiBKY AlggCu,3Coi6 A1 BUTOTOBJIIEHHS TPEIU3iHHUX
HU3bKOOMHUX TOHKOILJIIBKOBUX PE3NCTOPiB.

For the first time, thin films with the AlgCu,3Co,6 or AlgyCoq6Ni;; nominal
compositions and of 85—100 nm thickness cooled at 10?-~10'* K/s are pro-
duced by method of modernized three-electrode ion-plasma sputtering of
composed targets. Thin films are deposited on sodium chloride or glass-
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ceramic substrates. The coatings are analysed with x-ray diffraction (XRD).
Electrical resistivity is measured by four-probe method. An amorphous phase
and traces of quasi-crystalline decagonal D-phase are observed in the struc-
ture of the deposited films. Coherent scattering regions (CSR) of as-
sputtered AlsCu,sCo,6 and AlgyCoy¢Ni,; thin films are found to be 2.8 nm and
3.2 nm, respectively, in size. Over a temperature range from 293 K to 600 K
or 640 K for these AlyCu,Co,4 or AlgCo,4Ni,,; films, the reversible change in
an electrical resistivity of the deposits is observed that indicates absence of
phase transformations. As the temperature is raised up to 920 K, irreversible
decrease in electrical-resistivity evidences that the structure of films starts
changing. An amorphous phase disappears, and aluminium-based metallic
phase appears in the films’ structure. After annealing for 10 minutes at 923
K, the films exhibit coarser structure. Post-annealing treatment reveals that
CSR of quasi-crystalline icosahedral phase become of ~ 6—6.5 nm in size, so a
twofold increase in their dimension is observed as compared to that of the as-
sputtered films. The films consist of isolated quasi-crystalline nanoparticles
embedded in the aluminium matrix at the given compositions and deposition
conditions. Under both heating and cooling, temperature coefficients of re-
sistance (TCR) are of negative values that relates to quasi-crystalline struc-
ture of films. With temperature decreasing from 920 K to room temperature,
TCR of the Alg;Cu,3Co,6 film increases from = -4.-10* K ' t0-1.2-10° K, and
that of the AlgCo,eNi,; film—from —-5-107* K to -2.4-10~* K. Therefore,
the AlgCuy5Co,4 film shows promise as the material for fabrication of thin-
film precise low-ohmic resistors.

ToukVe MIEHKK HOMIHAJIBHOTO cocTaBa Al Cu,4Co,¢ 1 AlgyCoy6Ni, 5 TOMIIMHEON
85—100 uM, oxJIakAéHHBIEe co cKopocThio 10'2—10'* K/c, 66111 BIepBEIe HOTY-
YeHBI METOJOM MOJEPHU3NPOBAHHOTO TPEXIJIEKTPOIHOTO NOHHO-IIJIa3MEHHOTO
pacubLIEHUA COCTaBHBIX MuIlieHeli. I[IEHOUHBIE MOKPBITUA OCaKIaau Ha IO/I-
JIO’KKY, M3TOTOBJIEHHbIE M3 HATPUS XJOopuia miau curaiia. CTPyKTypy Io-
KPBITUI aHAJN3UPOBAJIU C IIOMOIILI0 PEHTTEHOCTPYKTYPHOTO aHaMn3a. JJeK-
TPUUYECKOE COIPOTHUBIIEHNE M3MEPSJIN UYeThIPEXB0HIOBLIM METOIOM. B CTPYK-
TYPe CBEKEHAIBLIEHHBLIX MJIEHOK Habiiomaercs peHTreHoamopdHas dasa u
cebl KBa3UKPUCTAINUYECKO AeKaroHaabHo D-dasbl. O0JacTH KOTEPEHT-
Horo paccesnus (OKP) mnénork AlgCu3Coiq u AlgyCoygNiy; nMeroT pazmepsl
2,8 um u 3,2 HM coOTBeTCTBEeHHO. VI3aMeHeHMre 3JeKTPUUECKOr0o COIIPOTHUBIIE-
Hua ToHKUX IIEHOK AlgCu,3Co,4 u AlgoCoy¢Ni;; mpu HarpeBe Ko TeMueparyp,
coorBeTcTBeHHO, 600 K 1 640 K nMeeT 00paTUMBIi XapaKTep, YTO YKa3bIBaeT
Ha TEPMUYECKYIO YCTOMYMBOCTD UX CTPYKTYPHI. [lanbHelimuiil Harpes 1o 920 K
COIIPOBOKIAETCS HEeOOPATHMMBLIM WM3MEHEHHEeM 3JIeKTPUUYECKOTr0 COIPOTUBIIE-
HUS, BBI3SBAHHBIM MCUYE€3HOBEeHUEM aMOPGhHON (Pashl U MOABJICHUEM METAJLINYE-
CKOIi (pa3bl Ha OCHOBE AJIOMHUHUA B CTPYKTYPe IJIEHOK. Ilocie BEIAEPIKKY IIPHU
remneparype 923 K B Teuenne 10 muuyTt pasmepsl OKP D-(asbl yBemrnumnBa-
oTca O0osee ueM B aBa pasa, gocturas 6,0—6,5 mm. B cTpyKType IIEHOK
HaOJIOAIOTCS HAHOYACTUIILI KBa3UKPHUCTAJJIOB B AJTIOMUHNEBOM MaTpuIle.
TemmepaTtypHblit KoadhdurnuenT conporuBiaernus (TKC), kak mpu Harpese, Tak
U OpU OXJaKIeHWU, UMeeT OTPUIlaTeJbHbIe 3HAUEHWS, UTO HOATBEPKIAET
IPUCYTCTBUE B CTPYKTYpPe IJIEHOK KBasdmMKpuUcTaaindeckou ¢aswl. IIpu oxaa-
&Kaenuu ot temmepatyphl 920 K go komuaTtHO#l Temmepatypsl TKC ToHKOI
mnéakn AlggCu,4Co, yBemmuuBaercsa ot = —4-10* K™ g0 -1,2.10° K™, a mién-
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K1 AlgCogNijs — ot —5-10* K 10 —2,4-10™* K. DT0 nosBoIgeT peKoMeH/0-
BaTh TOHKYIO MIEHKY AlgCu,3C0.4 118 MBrOTOBIEHNA IPEIUBNOHHBIX HUBKO-
OMHBIX TOHKOIIJIEHOUHBIX PE3UCTOPOB.

KarouoBi croBa: HIOHHO-IIJIa3MOBE HAIOPOIIEHHA, TOHKI IJIIBKY, KBA3UKPUCTA-
JiuHa JexkaroHabHa ()asa, eJIeKTPOOIIip, TeMIIepaTypHUN Koe(illieHT onopy.

Key words: ion-plasma sputtering, thin films, quasi-crystalline decagonal
phase, electrical resistivity, temperature coefficient of resistance.

KaroueBble caoBa: MOHHO-IIIa3MeHHOe HANBLIEHWEe, TOHKWEe ILJIEHKU, KBa-
BUKpHCTA/INUYecKad JeKaroHaJbHad (asa, dJIeKTPUUeCKOe COIPOTHUBIIEHUE,
TeMIlepaTypPHBIN K03(h(HUIINeHT COIPOTUBIEHUA.

(Ompumano 11 aunusa 2019 p.)

1. BCTYII

B ocranui poxu yBary mociimHukiB mpuBepraioTh cromu Al-Cu—Co i
Al-Ni—Co, B cTPYKTYpi AKMX 32 3BUYANHUX IMIBUIKOCTEIH OXO0JIO[KEeHH
KpHCTaJIi3yeThCca KBasMKPUCTAJIiIUHA AJeKaronaabHa (asa (D-¢asza) [1].
BsmoB:x oci cumeTtpii 10-ro mopaaKy ii KpucTaaIu MalOTh IePiOgUIHUN
MOPANOK y PO3TAallTyBaHHI aTOMiB, a B IePHEeHANKYJIAPHIN 10 IIHOTO Ha-
MIPAMKY IJIOIUHI — KBasumepioguuuuii mopAamok. Taka cTpyKTypa xa-
paxTepHa s IBOBUMIpHHX KBasuKpucraiiB. Ile o0ymMoBI0€ YHIKAIE-
HY Mopdosorito D-pasu, sxa B IIOIEPEUHOMY Iepepisi Mae BUTIAL
I’ AThOX MEHAPUTHUX TiJIOK, IO BUXOAATE i3 IleHTpa JeHApuTa. 3aBI-
KU alepiofuyHOMY JaJieKoMy Imopanky D-(dasa xapakTepusyeThCs BU-
COKOIO TBEPJIiCTI0O Ta 3HOCOCTiIMKiCTIO, HATZHUSBKUMM KoedirieHTamMu
TEPTA Ta IOBEPXHEBOr0 HATATY, HAAIIJACTUYHICTIO 3a BUCOKUX TeMIIe-
paTyp i 3maTHiCTIO 0 IPY*KHBOTO BigHOBIEeHHA [2, 3]. OgHAK TpaKTHy-
He 3aCTOCYBaHHSA KBa3WKPUCTAJIUHUX CTOIIIB Y BUIJIAII MACUBHUX BU-
po6iB oOMerKeHe uepesd IXHIO BUCOKY KPHUXKiCTh, HETATUBHUN BILJINB
SAKOI MOKHA 3MEHIIIUTH, BUKOPUCTABIIHY I[i CTOIIX ¥ CKJIAA1 JUTUX KOM-
MO3UIIHHUX MaTepiariB[4, 5] a0o naiBKOBUX MOKPUTTIB [6].

Touki mwriBgu Al-Cu—Co Touuuow menrmre 200 HM, ogepKaHi MeTo-
IOM TEepMIiUHOTO OCAAKEHHsS 3 IIapHu, XapaKTepuayIThCsI aMoOpPdHOIo
CTPYKTYPOIO, AKAa 3 YacoM TpaHchopMyeThcsa B Kpucraiiuny [7]. Kea-
BUKPUCTAJIYHY CTPYKTYPY MaloTh IIiBKHu ToBIuHOI Bigx 1000 xo 2000
HM. BigmimzocTi CTPyKTypum TJIiBOK Pi3HOI TOBIIMHU AaBTOPU
OB’ A3YIOTH 3 Pi3HOIO IMIBUAKICTIO OCaMKeHHS KOMIIOHEHTIB uepes pis-
HUIIO IapIligJbHOT0 TUCKY Imapu. HameceHHS KBa3sUKPUCTATIIUHUX IIO-
kpuTTiB Al-Ni—Co TaKo:XK MOKJIMBE 3 OTVISAAY Ha 30epe:KkeHHA BMicTy D-
a3y B CTPYKTYPi MIBUIKOOXOJOMKEHNX TOHKNX CTPiUOK, OIep:KaHUX
3arapTyBaHHAM 3 posTony [8].

Bepyuu mo yBaru BaKJIMBiCTh BpaXyBaHHA BILIUBY ITBUIKOCTU 0X0JIO-
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MKeHHS Ha CTPYKTYPY TOHKHUX ILTIBOK, IO MIiCTATH AeKaroHaJbHY KBa-
BUKPUCTAIIUYHY (asdy, IepClIeKTUBHUM € OJepKaHHA IIOKPUTTIB i3 3aCTO-
CYBaHHAM  METOJYy MOJEPHI30BAHOIO TPHEJIEKTPOSJHOTO  MOHHO-
ILJTa3MOBOT'O PO3IIOPOIIeHHA cKIamenux Mmimrtewneii [9]. Lleit meTon 3abes-
neuye 30inbImenHa KimeTnunoi eHeprii fioriB 1o 100—200 eB, 1m0 B 57
pasiB mepeBUIIly€e eHepriio, ofep:Kany B pasi 3acTOCyBaHHS TPASUIIAHIX
MeTOHiB MOHHO-ILJIa3MOBOr0 poamnoporttieHud [10]. IIpu oMy MIBUAKICTD
penakcanii emeprii atomis carae 10'2—10™ K/c, a oT:e, CTpyKTypa ILTi-
BOK hOpPMY€ETHCA B HAJHEPiBHOBAXKHUX YMOBaX 3arapTyBaHHA 3 IapH.

3 oruiAny Ha cKasaHe B PoOOTi HOCIiIKyBaIu CTPYKTYPY I eJTeKTPUYHI
BiaacTuBocTi ToukuX mIiBoK Al-Cu—Co i A1-Ni—Co, omep:kanux mojep-
Hi30BaHUM METOAOM TPUEJEKTPOAHOTO HOHHO-IIJIA3MOBOT0 PO3IIOPOIIIEH-
H{ CKJIQIeHUX MiIlleHel, 3 MeTOI0 BUOOPY CKJIaay MaTepidary AJA BUTOTO-
BJIEHHS IIPEIU3iHHNX HU3bKOOMHNX TOHKOILIIBKOBIX PE3NCTOPiB.

2. METOJUKA EKCIIEPUMEHTY

IIniBKOBi MOKPUTTA HOMiHAMBHOTO cKIALy AlgCu;3C0.4 Ta AlgeCoq6Niys
OIep:;KyBajlll METOJOM MOJEPHI30BAHOTO TPUEJEKTPOIHOTO MOHHO-
ILJIa3MOBOT'O POS3IIOPOINEHHS Y BaKyyMi cKiameHux mimrewmeii [11]. Mi-
IIeHSIMHY CJYTYBaJIU OKpeMi mapaJenerinenu posmipamu y 20x20x5 v,
BUI'OTOBJIEHI 3 unmcTux eineMeHTiB (He meHie 99,99%), poaxiseni mix
co0010 0ap’epHUMU KOMipKaMu 3 (PYHKII€I0 eIeKTPOCTATUUHUX JiH3.
TosIrHA MJIIBOK, HAMOPOIIEHUX HA MiIKJAAMHKU 3 HATPiIO XJIOPUIY
abo curany, gopiBHIOBama 85—-100 am. Ckian miaiBoK BuOupaau 3 ypa-
XyBaHHAM BimoMocTell IpPO KOHIEHTPAIilHUII OisgmasoH iCHyBaHHS
KBasWKpUCTAIiuHOI AeKkaroHaabHOi D-pasu [1]. BmicT eremenTiB y mii-
BKax oIliHioBaJiu 3 TouHicTIO 10 0,5 aT.% 3a MeToAMKOIO, AKa BPaXOBYE
3aJIeKHICTh MiK BiJHOCHOIO ILJIOIIEI0 MillleHi, 3aMHATOI0 eJIeMeHTOM, i
oro BMicToM B ocajmkeHin 1iBii. Ilicisa posunHeHHA ODigKJIagfUHKA 3
HATPilo XJIOPUAY, CTPYKTYPHUH i (pa30BUl CKJIAAN TOHKUX IJIiBOK JOC-
JiIKyBaJ METOAOM PEHTIeHOCTPYKTYPHOI aHaaisu y BigdiabTpoBauo-
my CoK ,-BunpominenHi Ha amapaTi YPC-2.0.

3MiHY eJIeKTPUYHOI0 OIIOPY ILTiBOK, HATIOPOIIeHUX Ha CUTAJIOBY IigK-
JaguHKY, I Yyac HemepepBHOro HATPiBY v BakyywMi (= 1,3 mIla) 3i mBug-
KicTio y 18 K/XB mocaimsxyBaau 4oTUPO30HAOBUM MeTonoM. IlociyroBy-
IOUNCh OJIEPKAHOI0 3aJIeKHICTIO, JOCTIAMKYBAJIN CTPYKTYPY ILJIiBOK MicJIs
izoTepmiuHOi BuTpUMKU 3a Temueparypu y 923 K mporsarom 10 xBuinmH.

3. PE3YJIBTATHU TOCJIAKEHHA 1 OBTOBOPEHHSA

Hamopomrena miaiska AlgCu;3C0,4 MiCTUTE y CTPYKTYPi PEeHTI€HOAMOP-
duy Pasy Ta ciaigu xBasurpucragiunoi gpasu D-AlCuCo. Ilpo e cBif-
YyaTh Pe3yJbTaT! PeHTIreHo(has30Bol anaxisu (puc. 1, a) i ominka po3mi-



CTPYKTYPA TA EJIEKTPITYHI BJIACTABOCTI INTIBOK Al,Cu,sCoy; TA AlyCo, Ni,; 733

piB oOmacreit korepeuTHOTo posciaaaa (OKP) 3a ¢popmyaoo CenaxkoBa—
IITeppepa. ¥ cBixomamopoiienoMmy ctati poamipu OKP D-dasu cTauHoB-
JATh = 2,8 HM.

Ha rpadiky samesxuoctu eaekTpoonopy (Rg) maiBku AlgCu,sCoyg Bix
TeMIIepaTypu HarpiBy AijJisHKa B iHTepBati remoepartyp Big 290 mo 600 K
XapaKTepu3yeThCcsa 000POTHBLOIO 3MiHOIO ITiel xapaKkTepucTuku (puc. 2).
Ile cBiguuTh Tpo Te, IO Y BKA3aHOMY iHTepBaJi CTPYKTypa 3pasKa 3a-
aumaeTbesa crabinbaomo [12]. Temmeparypuuii Koeditient omopy (TKO)
Mae HeraTusHe 3HaueHHA =—4-107* K. Jlinanka B iHTepBaJi Temmepa-
Typ Bix 600 mo 920 K xapaxTepusyeTbcsi HEOOOPOTHLOIO 3MiHOIO €JIeKT-
pooropy, 1110 BKasye Ha IouaTok ()a30BUX IEePETBOPEHb, AKi CIIpUUMNHA-
IOTh 3MiHY CTPYKTYpH ILIiBKU. EHeprisa akTuBaIii CTPYKTYPHUX 3MiH,
pospaxoBaHa 3a Kuccem:xepoBUM METOIOM, CTAHOBUTE = 34 KJI[:K/MOJb.
B xoxi oxosomxenHs 1o KiMHaTHOI TemiepaTypu ILIiBKU AlgCu;3C0o46,
Harpitoi mo 920 K, TKO sMmiHoeTbcA OO0 MIpernusiiiHoro 3HAUEHHSA Y
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Puc. 1. Penrrenorpamu miiBm AlgCu,3Co,4 ¥ cBizKOHamopomieHoMy cTaHi
(a) Ta micaa urpuMiu 3a 923 K nporarom 10 xsuaus (6).!
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Puc. 2. 3aneXHiCTh €JeKTPUUHOrO OIOPY Biff TeMIlepaTypu HarpiBy ILIiBKH
AlCu,4Co,4 3a mBuAKOCTH HarpiBy y 18 K/xB.2
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-1,2-10° K™, 1110 3a10BOSIBHAE BUMOTAM [0 HI3bKOOMHUIX TOHKOILTiBKO-
BUX PE3UCTOPiB.

Hna 3’acyBaHHA XapaKTepy CTPYKTYPHUX 3MiH, IO BimOyBaioThCA
mig vac HarpiBy miaiBku AlgCu;3C044, i1 BUTPUMYBAIH 3a TEMIIEPATYPHU Y
923 K nporsarom 10 XBuJINH, a MOTiM 0XOJIOAMKYBAJIN 0 KiMHATHOL T€M-
neparypu. ITicaa Bigmany Ha peHTr'eHOrpaMax TepMooOpobJIeHOl MIiBKYU
CcIIOCTepPiraeTbCcs B3BY:KEeHHA IiHTepdepeHIiMHuUX JiHif, BUKJINKaHe
BHATTAM HAIPYKeHb i sSHUKHeHHAM amopduoi pasu (puc. 1, 6). ¥ cTpy-
KTypi miiBKu, okpim D-dasu, 3’aBasgeTbcsa MeTanaeBa (haza Ha OCHOBI
AJIIOMiHiIO, IIT0 MOSCHIOE MOPiIBHSHO HEBeJIMKe 3HAaueHHs omopy. Mera-
JeBa (asa mae mosuTuBHe 3HaueHHsa THO; Tomy nmpu HArpiBi # oxoJio-
IKeHHI 3MiHM OIIOPY KBa3SHMKPHCTAJNIUHOI Ta MeTaJieBOi (pa3 B3a€MHO
KoMIIeHCYIOThbCA. OTHOYACHO CIIOCTEPira€Thcs MOMITHUII 3CYyB Yy II0JIO-
JKeHHi JiHi Ha peHTreHoTrpaMax, AKWUH CBIIUUTDL IIPO AUPYIIAHUN Ie-
peposmonis KoMImoHeHTiB Mixk D-(daszoio Ta matpuren. Poamip OKP D-
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Puc. 3. Penrrenorpamu miaiBeu AlgCo4Ni;; y cBiskoHamopoimieHOMy cTaHi
(a) Ta micaa Burpumiu 3a 923 K nporarom 10 xsuaus (6).°
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Puc. 4. 3ane:XHicTh eJeKTPUUHOrO OIOPY Biff TeMIlepaTypu HarpiBy ILIiBKH
Al Co,(Ni, 5 3a mBuaKocTi Harpisy y 18 K/xs.*
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dasu micia TepmMoodpodIeHuA 30iabIIyeThes Big 2,8 10 6,0 HM.

¥V crpykTypi Hamoporienoil maiBku AlgCo,sNi;; TaK0OK MTpUCYTHI peH-
TreHoamMopdHa ¢asa Ta caigu kBasukpucragiuuoi ¢pasu D-AINiCo (puc.
3, a). IlopiBHAHO 3i cBisKOHaMOpOIIEeHOI0 TIiBKOIO AlggCu,3C0,4 posmipu
OKP y pasi saminu migi gikiem 36iabinyoTbes 10 3,2 HM.

B imTepBasi Temmeparyp Bim 290 mo 640 K emekTpoomip miaiBKu
AlgyCoy6Ni,; 3MeHITTyeTHCSA 000POTHIM YUMHOM, 1110 BKA3y€e Ha BifICYyTHICTD
¢asoBUX mepeTBOpeHs y ii cTpykTypi (puc. 4). TKO mae HeraTuBHe 3HAa-
uenHa —5-107* K!, xapakTepHe mia kBasukpucraitiunoi dasu. B intep-
BaJjii Tremmepatyp Big 640 go 920 K Bin6yBaeThcsa HEOOOPOTHE 3MEHIIIEH-
HS eJIEKTPOOHIOPY, AKe CBiIUNTh IIPO 3MiHU B CTPYKTYPi miaiBKku. Exepria
aKTuBallii ha3oBux mepeTBopeHb gopiBHIOE = 110 K[:x/Moab. B mporeci
OXOJIOIKeHHA ILIiBKHU, Harpitoi 7o 920 K, mo xiMmHaTHOI TemMmepaTypu
sHauenasa TKO sminoersesa 1o —2,4-10* K. A romy miiBry AlgCo,sNi,5
He MOKHa BBaXKaTU IEPCIEKTUBHUM MATEPisijIOM IJIs BUTOTOBJIEHHS
OpenusifHnX HU3bKOOMHNX TOHKOILIiBKOBUX PE3UCTOPIB.

IMMupuna iHTepdepeHIitiHUX JiHiI Ha peHTIeHorpamMax ILJIiBKU
AlgCo6Ni; 5, BuTpUManoi 3a 923 K nporarom 10 XxBUINH, 3MEHITYETHCA
(puc. 3, 6). lla sminy o0yMoBJIeHO 3SHUKHEHHAM aMOop(HOoi (a3u Ta mos-
BOIO MeTaJjIeBOi (pa3y Ha OCHOBI aJIOMiHiIO0 B CTPYKTYPi IJIiBKU, IIIO0 KO-
pesioe 3 pesyabraramu BusHaueHHaA TKO. Jlimii Ha peHTreHOrpamax
3CyBalOThCA B OiK OiIbIINX KYTiB, IO IIOB’A3aHe 3 MepPeXoqoM ILIiBKHU B
OinbIl piBHOBasKHUI cTaH i nudysiiiHUM Iepepo3moAijioM KOMIIOHEH-
rTiB. O0JsacTi KOorepeHTHOro po3ciguusa D-dasu 30iabITyIOTECA Y TOHAT
IBa pasu 1o 6,5 HM DOPiBHSHO 3i CBiXKOHAIIOPOIIIEHUM CTAHOM. A TOMY
CTPYKTYypa TepMOOOPOOIeHOI IJIIBKY CKJIAAAETHCA 3 HAHOUACTUHOK KBa-
BUKPHUCTAJIB Y MaTPUILi HA OCHOBI aJIfoMiHif0.

4. BUCHOBRKH

Y poboti Bmepiile oAep:;KaHO TOHKI ILTIBKM HOMIHAJBHOTO CKJIALY
AlgCu5Cos Ta  AlggCoigNi;; mMeTomomM MoepHizoBamoro HoOHHO-
ILJIa3MOBOTO POBIIOPOIIIEHH, IO 3a0e3meuye MiABUINEHHA eHeprii oca-
mxenux atomiB 1o 100 eB. Ilicia HamopoIlleHHA IIJIiBKY MiCTATH PeHT-
reHoaMopdHy (asy Ta CaiAm KBasHUKPHUCTAIIYHOI AeKaroHaabHOI D-
dasu. Poamipu o6sacTeii KOTepPeHTHOTO PO3CIAHHA OJA ILIiBOK
AlgCu,3Co,4 Ta AlgCoyNi;; cTamoBATs 2,8 M Ta 3,2 HM BiAmoBigHO.
HocmifgxeHHa 3MiHM eJIEKTPUYHOTO OIIOPY TOHKUX ILIiBOK
AlgCu,Coy6 Ta AlgCoiNi, 5 3 TEMIIEPATYPOIO CBiAUATE IPO IXHIO TeMIIe-
paTrypHYy crifikicTs 10 Temmnepatyp 600 K tra 640 K BigmoBiguo. ¥V pasi
OIaJbIIIOT0 HAarpiBaHHA B CTPYKTYPI IJIiBOK CIIOCTEepPiratoThCsA HaHOYA-
CTUHKHN KBasukpucrajgiunoi D-¢asu B MaTpuIli Ha OCHOBi ajroMiHiro0.
IIpucyTHicTh y nIiBKax KBa3MKPUCTAJIIUHOI a3y HigTBEPAKYIOTH He-
raTUBHI 3HaUeHHS TeMIiepaTypHoro Koedimienra omopy (TKO) ak min
Yac HarpiBy, Tak i oxoJsiomskeHHdA. Iliciia BUTPUMKEY 3a TeMIepaTypu y
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923 K npotsarom 10 xBuJuH po3Mipu 06JiacTeil KOTepeHTHOr0 PO3CiAHH S
D-dpasu 30iIbIIYIOTHECSA Y IIOHAJ ABa Pasy IMOPIBHSAHO 3i cBiXKOHAamOpO-
IITeHUM CTAHOM.

ITlig uac oxosomskeHHA TOHKUX IIBOK AlgCu,3Coiq Ta AlggCoqgNiy
Big 920 K nmo xkimuHaTHOI Temmneparypu 3HaueHuHsa THKO 36iabinyioTbes
MOPiBHAHO 3i CBiI’KOHAIIOPOIIIEHWM CTAaHOM. BpaxoByiouM pes3yJIbTaTHh
mipauuaa TKO, gisa BUTOTOBJIEHHA NPENU3iiHNX HI3bKOOMHNX TOHKO-
ILIIBKOBUX PE3UCTOPiB MOKHA peKoMeHayBaT ILIiBKY AlyCu,5Co16.
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1 Fig. 1. X-ray patterns of AlgsCu;3Co;6 thin film as-sputtered (a) and post-annealed at 923 K for
10 minutes (6).

2 Fig. 2. Temperature dependence of electrical resistance of AlgCu,3C0,6 thin film at heating rate
of 18 K/min.

3 Fig. 3. X-ray patterns of AlgyCo;sNi,; thin film as-sputtered (a) and post-annealed at 923 K for
10 minutes (6).

4 Fig. 4. Temperature dependence of electrical resistance of AlgCo;4Ni,; thin film at heating rate
of 18 K/min.
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JJIeKTpUYecKHe U (DOTO3IeKTPUUECKIEe CBOMCTBA reTePOCTPYKTYPhI
CdS/CdMgTe piia TaHAEMHBIX COTHEYHBIX 3JIEMEHTOB

0. JI. Macasaauyk, T. 1. Mukutiox, 1. M. ®doguyk

Yeprosuykuil HayuoHaavbRbLil yHusepcumem umenu IOpus Pedvrosuua,
ya. Koyrobunckozo, 2,
58012 Yepnosuwt, Ykpauna

HccnenoBaHbl TOHKOILIEHOUHBIE TeTepOoCTPYKTYpPhI CdS/Cd, ¢,Mg osTe mus
IPpUMEHEeHWs B TaHAEMHBLIX COJHEUYHBLIX djeMeHTax. IlokazaHo, 4TO u3Me-
perHble BAX co/IHEUHBIX 5JIEMEHTOB OIIMCHIBAIOTCSI B paMKax Teopuu Caa—
Hoiica—Illoxau remepanmnu—peKOMOMHAIIMKM B O0JACTH IPOCTPAHCTBEHHOTO
3apsana reTepocTPYKTypbl. CIEeKTP KBAaHTOBON 3(M@MEKTUBHOCTH C YUYETOM
apeiioBoit m AUGPPYSMOHHON COCTABIAIOINX, PEeKOMOWHAIUM Ha (GPOH-
TAJIbHOM M TBHIIBHON INOBepXHOCTAX ciosi moriorurens CdS/Cdgg,Mg,sTe
XOPOIIIO OIIMCHIBAET WH3MepPeHHbIe CIeKTpPhl. ColocTaBjieHMe pPe3yJbTaTOB
pacuéra ¢ SKCIePHMMEHTAJbHBIMU NAHHBIMU II03BOJISIET OIIPENeJUTbh OCHOB-
Hble napameTpsl caosa CdS/Cd g,Mg, osTe u cTpyKTypYy Aumoza.

Hocrinsxeno ToHKOIIiBKOBiI rerepoctpykrypu CdS/Cd,¢,Mg, sTe masa sa-
CTOCYBaHHA y TaHAEMHUX COHAYHMX ejJeMeHTax. IlokasaHo, 1110 BuUMipsHi
BAX comsuHMX eJeMeHTiB OmucymoThcs B pamkax Teopii Caa—Hoiica—
IITokai remeparii—pexkom6iHallii B o6JsiacTi IIPOCTOPOBOTO 3apsany I'eTepOCT-
pykTypu. CrekTep KBaHTOBOI e(eKTHBHOCTHU 3 ypaxyBaHHAM apelidoBoi Ta
nu(dysifiHoi cKagoBuUX, peKoMmOiHalii Ha (POHTANBHIN 1 TUIABHIA TOBEpX-
HaAX mapy nornauHada CdS/Cd,¢,Mg, sTe nobpe omucye BUMipAHi cIeKTpH.
3icTaBieHHsA pPE3YJAbTATIB PO3PAXYHKY 3 EKCIePUMEHTAJIbHUMU JaHUMU
VMOKJIMBIIOE BU3HAUUTH OCHOBHI mapamerpu mapy CdS/Cdgg,Mg,sTe i

CTPYKTYPY Hionu.

Thin-film CdS/Cd,¢,Mg,sTe heterostructures for applications in tandem
solar cells are investigated. As shown, the measured I-V characteristics of
the solar cells are described in terms of the Sah—Noyce—Shockley theory of
generation—recombination in the spatial-charge region of the heterostruc-
ture. The quantum efficiency spectrum describes well the observed spectra
taking into account the drift and diffusion components, recombination on
the front and rear surfaces of the CdS/Cd,¢,Mg,,sTe absorber layer. Com-
parison of the calculation results with the experimental data allows de-
termining the main parameters of the CdS/Cd, ¢,Mg,.sTe layer and diode
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structure.

KaroueBsie caoBa: CdMgTe conmeuHble 3JIeMEHTHI, MeXaHM3MBI IIepeHoca
3apAna, TaHAEMHbIE€ COJHEUHBLIE JIEMEHThI, (DOTO3IEKTPUUECKUE XapaKTepu-
CTUKHU COJHEUYHBIX 3JI€MEHTOB.

Karouosi camoBa: CdMgTe coHsuHi elemMeHTH, MeXaHi3MM IIePEHECeHHs 3a-
pPAny, TaHIeMHI COHAYHI eIeMeHTH, (POTOEJeKTPUUYHI XapaKTEePUCTUKU CO-
HAYHUX €JeMeHTiB.

Key words: CdMgTe solar cells, charge-transport mechanisms, tandem so-
lar cells, photoelectrical characteristics of solar cells.

(ITonyueno 5 mas 2019 e.)

1. BBEAEHUE

B TeueHme mocaegHUX AECATUJIETHUH OBICTPO PA3BUBAIOTCSI TOHKOILIE-
HOUHBLIE TEeXHOJOTMM KaK aJbTePHATHBA COJHEUYHLIM MOIYJASAM Ha
KpeMmHMeBbIx miactuuax. CdTe Bmecte ¢ amopdHBIM KpemHuNeM (a-Si)
u Culn,Ga,_,Se, (CIGS) saBiaamTcsa Haubojsee pPaCIPOCTPAHEHHBIMU
$OTO2IEKTPUUECKUMH MaTepuajlaMu, HCIOJb3yeMbBIMH B HACTOAIEe
BpeMsa B MAacCOBOM IIPOM3BOJICTBE TOHKOILIEHOUHBIX COJHEUHBIX MO-
nyaeii. 9pheKTUBHOCTL (POTOITEKTPUUECKOTO IIpeodpasoBaHuA Jiabo-
paTopubIX 00pasnoB coHeuHbIX 3jJaeMeHTOB CdS/CdTe HebGoJbIION
ILJIOIIAAY YBEJUYUBAETCA M3 roja B IOJ W B HACTOsAIEe BPeMs CO-
crasiasiet 22,1% npu comneunom uaayudenuu AM1.5 [1]. Ogumako ad-
(EeKTUBHOCTh CTAHAAPTHBIX coJHeuHbIX wmoayiaeii CdTe 6oubimoii
miromaau B Havase 2015 roga mocruriaa Jutib 18,6% [2]. ITockoabKy
9T0 3HaueHue 3PGHEKTUBHOCTU COCTABJIAET OKOJIO IIOJOBUHBLI TEOPETH-
yeckoro mpegeaa (28—-30%), moswimienue sdpdextuuoctu CdTe mo-
nyJeii ABJsSeTCA UPE3BBIUAHO aKTyaJbHOII HAYUYHO-TeXHHWUYECKOU 3a-
madeii.

Hna yBemuuenusa 3ddeKTUBHOCTH (OTOIPeoOPa30BaHUSA CJEAYEeT
YMEHBIIUTL IIOTEePHU, CBA3AHHBIE C OTPakeHueM u morJoiinenueMm. Ot-
paskeHue OT MOBEPXHOCTH COJIHEYHOTO JI€MEHTA MOYKHO YMEHBIIUTH C
TIIOMOIIIBI0 AHTHUOTPAYKAIOIIEro MOKPbITUA. OQHUM 13 CIIOCO0OB CO3Ia-
Husg 5GGeKTUBHOr0 OAWHAPHOrO AHTHUOJIUKOBOIO CJIOA SBJSIOTCS
HAHOBOJIOKHA, KOTOPbIE IIO3BOJIAIOT MOJYUYNUTh COJHEUHBIE 9JIEMEHTHI C
9(HEeKTUBHOCTHIO, HE YCTYHAaIOIell MHOTOCJIONHOMY IIOKPBITHIO 0e3
HaAHOCTPYKTYpP [3]. B uwacTtHOCTM, CcOSHEUHBIe 3JIEMEHTHI HAa OCHOBE
TEJUIYPUIa KagMHsSI, B KOTOPBIX ILTaHAPHBIA ciaoil CdS ObLi 3aMeHEH
Ha cyoit CdS c¢ maHoBosOKHamu, mokaszaa sdderkTuBHOoCcTh 11% [4].
IIpuumnHoit BospacTauusa 3(PpPeKTHUBHOCTH CTPYKTYPHI ObIIO yBeJMUe-
HUe TPONYCKAHUA CJ0S M3-3a IMIPUCYTCTBUSA HAHOBOJIOKOH. Kpome To-
Tr0, HAHOBOJIOKOHHBIE CTPYKTYPhI MOTYT 3HAUUTENBHO YJIYUIIUTHL IIO-
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TJIOIeHNe M3JIydYeHUsd [D], a TaKsKe CO3mAIOT YCJOBHA IJI paszaee-
HUS HOCUTEJIeH 3apsAla, HeJOCTYIIHLIE B ILNIAHAPHBIX CTPYKTypax [6].
daxTopaMu, KOTOpPbIe OrPAHMUYMBAIOT HCIIOJbL30BAHKE HAHOBOJIOKOH B
COJTHEUHBIX 9JIEMEHTaX, ABJIAIOTCA TEXHOJIOTMYECKUHEe MPOOJIeMbl, CBS-
3aHHBIE C TIPOIECCOM CO3JaHUA HAHOBOJIOKOH, & TaKyKe BO3MOXKHOE
mepelnjeTeHue BOJOKOH, UTO, B CBOIO OYepelb, MPEISITCTBYET pasje-
JeHUWIO HocuTesaeit 3apazma [7].

OgHMM M3 CaMbIX PaCIPOCTPAHEHHBIX CIIOCOOOM IIOBBIIIIEHUSA -
dextuBHocTn moxayseit CdTe sABiaseTcA MCIOAB30BaHWE MHOTOIIEDE-
XOOHBIX YCTPOMCTB, rae (hOTOAMOLHBIE CTPYKTYPBLI HA IIOJYIPOBOISHU-
Kax ¢ PasHBIMH B3allpel[éHHBIMK 30HAMHM HAKJAILIBAIOTCA CJIOSIMU
onuH Ha apyroui. IllupuHa 3ampelnéHHON B30HBI B HUMKHEM CJIOE
MeHbIIIE, YeM B BEpPXHEM; II09TOMY H3JydeHHe, IIPOIIeJIlee dUepes
BEPXHUH CJIOH, IOIJIOILIAETCS B HUMKHEM CJioe, U 9(PPEeKTUBHOCTh Ta-
KOTO TaHAEMHOTO COJIHEUHOTO 3JIeMeHTa BoapacraeT. B ciayuae coJi-
HeuHoro sjaeMeHTa Ha ocHoBe CdTe mumpuHa 3ampeniéHHON 30HBI I
IOTJIOTUTEJS BEPXHEro 3JeMeHTAa B [IBYXIEPEXOAHBIX TaHIeMHBIX
COJTHEUHBIX 3JIeMEeHTaxX HOJKHa cocTaBaaTh 1,6—1,8 5B; mosTomy mo-
JIYIIPOBOAHUKOBEIE TBEPABIe pacTBOpPbl CdTe ¢ Zn, Mn u Mg aBiaoT-
CA MEePCHeKTUBHBIMU C TOUKM 3PEHUSA yIOBJIETBOPEHUS DTOMY KPHUTE-
puto. IIupuna sampemiénnoii 3oHbl Cd;_ Mg, Te MoxkeT OBLITH JETKO
usMeHeHa B auamasoue oT 1,48 mo 3,5 sB (0 < x < 1), u, ciemoBaTenn-
HO, 9TOT MAaTepuaj ABJAETCSA MHOTOOOEIIAoNMM KaHIUAATOM A
paspaboTku BepxHell AYelKU B TAHAEMHBLIX COJHEUHBLIX dJieMeHTax. B
KayecTBe MOAXOAIIEr0 IMOJYIPOBOAHMKOBOTO MaTepuajia s IIOTJIO-
TUTEJS B HUKHUX SYEMKaxX TAKUX TAHAEMHBIX (DOTOIJIEKTPUUECKUX
YCTPOMCTB MOTYT OBITH MCIOJB30BAHBI XOPOIIO M3YUYeHHBIE TBEPIBIE
pactBopsl Culn,Ga, ,Se, u Hg,Cd,_,Te ¢ mupuHoii 3anpemniéHHoi 30-
"Bl 1-1,1 5B.

IIpu usyuenuu Cd, Mg,Te B KauecTBe MaTepuaja AJA IIOTEHIIU-
AJBHOTO TOIJIOTUTENSI B TOHKOILIEHOUHBIX TAHAEMHBIX COJHEUHBIX
aJIEMEHTaX CTPYKTypa, MOpGOJIOTHA, dJIEKTPUUECKUE, ONTUYECKUE U
OIITO3JIEKTPOHHBIE CBOMCTBA TOHKWX IIJIEHOK WKCCJIEIOBAJUCH OOCTA-
TOYHO INUPOKO. B JuTepaType moJyueHHbIe Pe3yJIbTaThl 00CYKIAIOT-
cA C aKIeHTOM Ha WX BJUAHUWE HAa TOK KOPOTKOTO 3aMBLIKAHWSI,
HAIpsyKeHre PasOMKHYTOHN IIelu, KO3(PPUIMEeHT 3aloJHEeHWs W, B
KOHEYHOM UTOTe, 3(pPEeKTUBHOCTL (POTOIIEKTPUUECKOTO IIPeodpasoBa-
HuAa. OJHUM U3 BayKHBIX KPUTEPUEB IIPU pPa3pabOTKe BepxHeN Aueli-
KM ABJAETCA KO3(M@OUIIMEHT MIPOIYCKAHWA KOPOTKOBOJHOBOTO W3JIY-
YeHHUs 4Yepe3 CTPYKTYPY YCTPOMCTBA, KOTOPBIM [JOJIKEH IIPEBLIIIATD
80% . K coxamenuio, nHopMalusa o HamboJgee BasKHBIX XapaKTepu-
CTHUKAX, OIPEeNeSIONNX OCHOBHBIE MMapaMeTPhl COJHEYHOTO 3JJIeMEH-
Ta, a UMEHHO, CIEeKTPhI KBAHTOBOU (hOTO3JEKTPUUYECKON 3(h(HEeKTUBHO-
CTH W BOJbT-aMIIEPHBIE XAPAKTEPUCTHKMN TOHKOILJIEHOUYHON TIeTepo-
ctpykTypbl CdS/Cd,_ Mg, Te, mpakTuuecKu OTCYTCTBYeT B JILTEepaType
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3a oueHb HeMHOrumu uckjJwueHusamu [8]. IIlpuBenénuble HUKe pe-
3yJILTAaThl B HEKOTOPO# CTEIeHN BOCIIOJHAIOT TAKOM IIpo0eJI.

2. CTPYKTYPBI J1JIsI HCCJIETOBAHUI

Toukue mméaku CdS u Cd, Mg, Te Hamocuiauch Ha TPOBOASAIIUAE
cTeKaAHHbIe momaoxkKu Tec?, moayuenubie or Pilkington. ILnéuxu
Cd,_.Mg,Te ¢ mupuHoil 3ampelnéHHoil 30HEI 0K0JI0 1,6 3B u Touu-
HOit 1,3 MKM OBLIM HOJyUEHBI BaKYyMHBIM OCaKJIeHHUEM C COBMECT-
uoiMm ucnapenuem CdTe m Mg Ha nmomimo:xku, Harpersie go 300—
400°C. IInéugu CdS rommmuoi okoso 0,1 MKM IOJIyYeHBI METOHOM
HansLtenud npu 250°C. Meranauueckue 3aJHne KOHTAKTHI K YCTPOIi-
crBaM cocroanu us 3 HM Cu, a 3arem — 30 uM Au. OT'KUT CTPYKTYP
CdS/Cd,_.Mg.Te B mapax CdCl, npoBoaunca B meuu npu 387°C B Te-
yeHre 5—10 MUHYT Ipu HEIPEPHIBHOM IIOTOKE CYXOTr'0 BO3AyXa.

Ha pucynxke 1, a mpuBeméH CIEKTP OITHUYECKOTO MPOIMYyCKaHU
T(\) ucciaemyemoii cTpyKTyphl crekyso/SnO,:F/CdS/Cd,_ Mg, Te. Kak
BUAHO, 3HaueHne T'(A) mpu A > 850 um cocraBiger 63—65% . OnTuue-
CKHMe ToTepUu M3-3a OTPAKEHUSA OT MepeaHeil MOBEPXHOCTU COCTABJIS-
10T OKoso 4%; oTpaskeHHA OT rpaHull pasgena cTexsgo/SnO,:F,
SnO0,:F/CdS u CdS/Cd;_,Mg,Te no6aBasioT HECKOJLKO IIPOIEHTOB IIO-
tepb [9]. Topasmo GosbIlire MOTEPW BOSHUKAIOT HA T'paHUIle pasieiia
Cd,_,Mg,Te ¢ Bosmyxom. IIpenmosaras, uro majaa A > 850 HM moxasa-
renb npeaomaenus n Cd,_ Mg, Te 6yaer rakum ke, kaxk gias CdTe, To

a 0

Puc. 1. CuekTp OITUYECKOTO MIPOIMYCKAHUA IPU KOMHATHOM Temmeparype (a)
U oIIpelesieHre ITUPUHBLI 3alPEeniEHHON 30HHI (6) m0 Kpaio (yHIaMeHTaJIbHO-
ro morjommennus caosa Cd, g,Mg, osTe.!



SJIEKTPUYECKUE U ®OTORJIEKTPUYECKUE CBOVICTBA TETEPOCTPYKTYPEI 741

ecTb 2,67, MOXHO HOJYUYUTh KO3(PPUIMEeHT oTpaskeHud R=
=(n-1)%/(n+1)>=0,207. N3 »TOro ciexyeTr, UYTO NCCJeJOBAHHBIE
ciaou Cd;_,Mg,Te B cmekTpanbHOii obsactu A >850 HM moCTATOUHO
IIPO3pavHbl, YTO BaXHO [AJIAd HMX MHMCIIOJBb30BaHUA B TaHAEMHBIX COJI-
HEUYHbIX 3JIEMEeHTax.

Ha pucyuke 1, 6 mpuBemeHO cpaBHeHHE Kpas IIOTJIOIIEHNS CJI0SA
Cd,_.Mg,Te c Beipa:xenueMm o = ay(hv — E,)/hv 018 MeXK30HHBIX Ilepe-
XOZOB B MIPSIMO3OHHBIX IIOJYIPOBOAHMKAX. KaK BHIHO, Ha KPHUBOU
OTUETJIMBO MPOABJISETCA NIPAMOJHHelHAasd 00JacThb, OTCEKAIlas Ha
ocu abcmmucc 3HadeHme hv=1,59 3B. Cormacao ¢opmyre E,=
=1,46 + 1,71x, sueprusa 1,59 sB coorBercTByeT X = 0,08 [10].

3. 9JIEKTPHYECKUE CBOMCTBA TETEPOCTPYKTYP

BosbT-amMnepHasa XapaKTepucTuKa (BAX) TeTepPOCTPYKTYPHI
CdS/Cd, ¢ Mg, osTe morasana Ha puc. 2 Kpyxkkamu. Kaxk BugHo, rere-
POCTPYKTypa obJjiaflaeT APKO BHIPAKEHHBIMY BBITPAMJISIONIAMU CBOT-
crBamMu (mpAMOI TOK mpu 8 B mpeBbimmaer o0paTHBIN HAa 4 TOPAAKA).
OKCIIOHEHI[MAJIbHOE YBeJWUYeHHe IMIPAMOr0 TOKa C HampsayKeHueM
I < exp(qV/nkT) (n = 2) Ha yuactre V=0,1-0,5 B aBraerca Hauboee
XapaKTePHBIM IJIA MCCIeAyeMbIX 00pasioB (¢ — 3apan sJeKTPoHa, k
— mocrosauHad Boabiimana).

Ncnonn3oBanue MOAeAM TeHepaluu—pPeKoMOMHAIIMM B 00JacTu
mpoctpamctBenuoro 3apana (OII3) Caa—Hoiica—Illokau xXoporro 00b-
scHsaeT Habaogaemble BAX rerepoctpykrypbel CdS/Cd,_ Mg, Te, Tak
JKe, KaK 9TO [eJlaeTcsi B OTHOIIEHUW COJHEUHBIX JJIEMEHTOB

a 0

Puc. 2. 3aBucuMoCTH IIJIOTHOCTU ToKa (a) u auddepeHInaIbHOr0 COMPOTUR-

nerus (6) rerepocTpykTypsl CdS/Cd,¢,Mg, osTe oT mpmio:xeHHOTO HAIpPHA-
2

JKeHHud.
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CdS/CdTe [11]. CormacEo Teopum, CKOPOCTh TIeHepaluu—
pexkomoOuHanuu B ceuenuu x OII3 mpu mamps:xeHuu V ompenesseTcs
BBEIPAKEHHUEM:

n(x,V)p(x,V) —n?
T [n(, V) + ]+ 1, [P, V) + py ]

U(x,V) = (1)

rae n(x, V) u p(x, V) — rounenrpanuu Hocureseir B OII3 B 3oHe mpo-

BOAVMMOCTHU ¥ BAJEHTHOUM 30HE COOTBETCTBEHHO; N; — KOHIIEHTPAIUA
COOCTBEHHBIX HOCUTEJEHd B MOJYHOPOBOAHUKE; T, =1/0,0.,N, u
T,0=1/0,04N, — BpeMeHa XH3HM BJIEKTPOHOB M [LIPDOK B IIOJYIIPO-

BOJHHMKE pP- U N-TUINA; G, U G, — CeYEeHHUA 3aXBaTa 3JEeKTPOHOB U [bI-
POK COOTBETCTBEHHO; Ly, — TEILJIOBad CKOPOCTb HOCUTeEJeH 3apazna; IV,
— KOHIIEHTPAIUs IIeHTPOB reHeparuu—pPeKoMOMHAIIN.

Besnuwnnusl n, u p; B (1) onmpenenAwTcA dHeprueil MOHMUBAINU Il€H-
Tpa TreHepanmuu—peKoMOmHaNum FE;, W3MEpPeHHON OT BEPIIWHBI Ba-
JIEHTHOM 30HBI: 1, = N.exp[—(E,— E,)/kT], p,=N.,exp(—E./kT), rne
N,=2(m,kT/2nh*)?** u N, = 2(mka/ZTEh2)3/2 — 3G deKTuBHbIE ILJIOTHO-
CTH COCTOAHHI B 30He IIPOBOJAMMOCTH WM BaJIeHTHOI 30He, a m, U M,
— a(ddeKTUBHBIE MacChl BJIEKTPOHA W ALIPDKU COOTBETCTBEHHO. BhI-
pakenusa nia n(x, V) u p(x, V) B OII3 umeror Bug [12]:

E, —Au—d)(x,V)—qVJ

n(x,V) = N_ exp L— (2)

kT
p(x,V) = N, exp _ At o, V) , (3)
kT
rge Al — DSHepreTMUecKOoe pacCTOAHHEe MeAy ypoBHeM Pepmu u

BepPINMHONM BaJIeHTHOII 30HLI B 00BEMHOI uactu ciaosa Cd,_ Mg, Te.
IL1oTHOCTE TOKA PEeKOMOMHAIIUY MIPU MPAMOM CMEIeHUU U TOK reHe-
panum mpu OGpPATHOM CMEIeHWU HAXOAAT NYTEM HHTEerPUPOBAHUSI
U(x, V) o Bcemy 00eTHEHHOMY CJIOIO.

Ha pucynke 2, a mpuBeleHO cpaBHeHUe ms3MepeHHBIX BAX coJi-
HeuHBIX daeMeHTOB CdS/Cd,q¢,Mg,sTe (KpyKH) ¢ pesynabTaTamMu
pacuéra (cmioiruble Juauun). IIpu pacuére HeoOXOaAMMO OBLIO 3HATD
ynensHoe comporuByenue p Cd; Mg, Te. 3HaueHUMe p MOKHO HaWTHU
U3 3aBUCUMOCTU IuPdepeHITnaIbHOT0 COMPOTUBIEHUA Ry, AMOIHON
CTPYKTYPHI OT HANPSKEHUs, IOKa3aHHOTo Ha puc. 2, 6. Ilpu 6oib-
IMIUX TMPAMBIX HAIPKEHUAX CMeIeHus IOTeHIUAJIbHbIN 6Gapbep
KOMIIEHCUPYETCS, U MO0ITOMY 3Hauenune R,; coOBIamaeT ¢ COIPOTHUBIIE-
uuem ciaoda Cd,_ Mg, Te — B mamuom caydae 3 Om. 3Had WJIOIIAAbL U
TOJIIAHY CJIOS, MOXKHO HaiiTu p=2-10° OM-cM, KOHIIEHTPaIUIO IbI-
pok Kak p=1/qpp,= 710" cMm® u suepruio ypoBHsa PepMu HiA MOK-
cranoBku B ypaBHeHua (2) u (3) Ap=kTIn(N,/p)=0,31 sB (upu
w, =40 cm?/B-c [13]).
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Opyrumu napamerpamu cjosa Cd;_ Mg, Te aBasioTcss KOHIIEHTPAIUS
HEKOMIIEHCUPOBaHHBIX ItpuMeceii N,— N,, olpenendolias ITHUPUHY
OII3 m Bpemsa xusHM HocuTenei sapaga B OII3 t,, m t1,. CormacHo
Treopun Caa—Hoiica—Illokau, IpsaMOi TOK OIpeneseTCs BeJINUYNHON
[’EnOTPO(Na—Nd)]I/z. IMpurumaa Bo BHuMaHuHe N,— N;=5-10" cm® u
(Ta0T0)"?=10"° ¢ mas TMHUUHOrO cosHeuHOro asneMeHra [14], umeem
[Ta0T0(N, — N)1?=7-107 c-em 2. s HaWJIydIIero cOBIAZEHUs pac-
CUMTAHHBIX 3HAUEHWI TOKA C JKCIEPUMEHTAJIbHBIMU DPe3yJbTaTaMU
Ha puc. 2, a, CIeayer MPUHATD [T,0T,0(N, — Ng)]"/?=3-10"* c-em *?. Ta-
Koe pacxoikIeHne MOKeT OBITh 00'bsICHEHO 00jsiee KOPOTKUM BpeMeHeM
JKVMBHU HOCUTEJIeHl 3apsia, KOTOPOe YacTo HaOJIoJaeTcs AJIA TOHKUX
maénok CdTe.

W3 pucyHka 2, a BUJHO, pe3yJIbTaThl PACUETOB OYEHb XOPOIIIO CO-
TJIacyIOTCA C dKCIepUMeHTaJbHBIMU AaHHbIMEU npu V = 0-0,8 B. Ilpu
ATOM IIPAMOM TOK caenyer 3aBucuMmocTH I o« exp(qV/nkT) B npemenax
4 mopanko npu n=1,9. OTimure B 3HaUEHUHW 71 OT 2 00BACHAETCA
TeM, YTO, COTJIACHO TEeOPUHU, B3aBUCHUMOCTh TOKA PEKOMOMHAIIUU OT
HaIpAKEeHUA oIpenensdercsa Kak mnokasareaeM exp(qV/2kT), tax u
IPeASKCIOHeHINANbHEIM MHOKuTeneM (E, — 2Ap—qV)"?, uro me-
CKOJIBKO YCKOPAET yBeJIMUeHNEe TOKA ¢ HaIupAMKEeHUWEeM UM, TeM CaMbIM,
yMeHbIaeT ¢aktop uaeanbHocTu [12]. Teopus Taxike maéT TOUHOE
ontmcaunue 3apucumoctu J(V) npu V> 0,5 3B, ecau npuaats ¢,=0,76
8B (puc. 2, a). OTmeTuM™m, UTO HmaJeHUEM HANPAKEHUA HA IIOCJIEOBA-
TeJabHOM comnpoTuBgeHuu cyod Cd,g.Mg, sTe Toamumuol B HECKOJIBLKO
MuKpoH (p =2-10° OM-cM) MOKHO IpeHeOpeub Aaske IPU MAKCHMAJb-
HO BO3MOJKHBIX IIJIOTHOCTAX TOKa. Kak Bummo (puc. 2, a), Teopusa Xo-
POIII0 OTIMCHIBAET M O0PATHYIO BOJIBT-aMIIEPHYIO XapaKTEPUCTUKY.

4. CIIEKTPBI KBAHTOBOM 9®®EKTHBHOCTH

M3MepeHHBIH CIEeKTP KBAHTOBON 5()(EKTUBHOCTU WCCJIEAYEeMOTO COJI-
HeuHOro syemeHTa CdS/Cd, ¢,Mg, osTe mokasan Ha puc. 3 Kpy:KKaMmu,
a pe3yJbTaThl pacuéTa — CIJIOIITHON JmHMel. PacuéT BBIMOJHEH Ha
OCHOBE TEOPeTHUUYECKON MOesiu, MCIIOJb3yeMOI [Jif COJHEUHBIX 3JIe-
meuToB CdS/CdTe [15].

IIpu pacuérax yuuThIBajlacb (hoTOreHepanusa  BJIEKTPOHHO-
neipounbrx map B OII3 (mpefidoBasa KOMIIOHEHTa) M B HEUTpaJIbHON
vyactu cyos mnorygorutensa CdTe (muddysmonuasa xommonenTta). s
npetioBoil cocraBiasamoneil s GEeKTUBHOCTH MOYKHO HCIIOJIH30BATH pe-
syabratel Teopuu Ajaa auoga CdTe IIloTTku ¢ yuéToM pPeKOMOMHAIIAN
Ha (PPOHTAJIBHON IIOBEPXHOCTHU CJIOA HOrJoTuTead [16]:

n :1+Sf/Dp[a+(2/W)(¢o‘qV)/kT]71—e’“W
" 148, /D,[@/ W) (4 -aV)/RT]

, (4)
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rge o — KO03((PUIMEHT ONTHUYEeCKOro IOTJIOIIeHHsd, S; — CKOPOCTh
pekoMOnHanWu Ha (PPOHTANbHOM moeepxHoctu, D, kTw,/q — Ko3(d-
dunuent auddysunm ABIPpoK, W = (2e80p/q(N,— Ny)"? — mupuna
OII3, ¢ — oTHOcuUTeNbHAA OUAJIEKTPUUYECKAS MPOHUIIAEMOCTDH IIOJIY-
IIPOBOJHUKA, €, — 9JeKTPUUecKas IIOCTOSIHHAS.

Jina nupdysnoHHON KOMOOHEHTHI (POTORIEKTPUUYECKOTO0 KBaHTOBO-
r0 BBIXOZA, KOTOpasd YYUTHIBAET IIOBEPXHOCTHYIO PEeKOMOMHAIIMIO Ha
THIILHOM moBepxHOCTH caos CdTe, MBI MOKeM MCIIOJIB30BATH TOUHOE
BBIpasKeHUe, MOJIyUYeHHOe JJIs p-CJ0s B COJIHEUYHOM 3JIeMeHTe C p—1n-
mepexomom [17]:

L
ndif = ;x‘TneiaW {G’Ln - SbLn /Dn x
a'll -1

[cosh (@-W)/L,)- e’“‘d’W)] +sinh((d-W)/L,)+aLe ™ (5)

X
S,L, / D, sinh ((d -W)/ Ln) + cosh ((d -W)/ Ln)

rae d — TOJMIWHA CJIOA MOTJIOTUTENA, S, — CKOPOCTb PEKOMOMHAIINY
Ha TBLILHOH moBepxHocTH ciod, L, (t,D,)"? — nnuna guddysun
BJIEKTPOHOB B HEHTPAJIbHOM YaCTU MOTJIOTUTE.

Cienyer TaksKe YUYUTHIBATH TOT (haKT, UTO COJHEUHOE U3JIyUeHUe
o Toro, Kak oHo mocturaet caosa CdTe, mpoxogur yepes CTEKJIAHHYIO
ILIACTUHY, IIpo3pauHblii mpoBogdAinmuii ciaoit (TCO) m maéuxy CdS,
CIIeKTpaJibHOe paclpefeseHre KOTOPbIX T(A) MOMKHO OINpPeeNuTh,
3HAA ONTUYECKNEe KOHCTAHTHI MCIIOJL3YeMbIX MAaTEPUAJIOB M UX TOJI-
muny [9]. Takum o06pa3oM, BHEITHUN KBAHTOBBIN BBIXOHA (DOTOIJIEK-
TpUUECKOro mpeobpasoBanmusa coiaHeuHoro saemeHta CdS/Cd, Mg, Te
MOJKHO 3anucarth B Buje: N, = T(A) My + Nae) -

CpaBHeHUE pe3yJILTATOB PACUETOB € MCIOJIb3oBaHUeM Qopmya (4) u
(5) ¢ UBMepeHHBIMHU CIIeKTPaMU, MMOKA3AHHLIMU Ha PHC. 3, YKA3bIBAET
Ha MPaBUJBHOCTH BHIOPAHHON MOJEIU AJis OIMMCAHUS IIPOIIECCOB.

Haunyuiiiee cOOTBeTCTBUME pe3yJIbTATOB PACUETOB C 9KCIEPUMEH-
TaJlbHBLIMUA MAHHBIMU [JOCTUTAETCS HPU KOHIIEHTPAIIMN HEKOMIIEHCH-
POBaHHBLIX aKIenTopoB N, — Ny=4-10" cMm™® u BpeMeHM XU3HU dJIeK-
TpoHOB B cioe Cd, Mg, Te 1,=9-10"" c. Jlma HamIydIero cosmaje-
HUA C 9KCIEPUMMEHTAJLHBIMU AAHHBIMU ToJuainuHa IEHKU CdS dcgg
Oblia TpuHATa paBHOW 50 HM, XOTA IPU M3TOTOBJIEHUU TeTE€POCTPYK-
Typbl ToJainuHa caosa Obma CdS oxomo 100 mm. HaGmarogaemoe
yMeHbIlleHre TOJMIMUHL IIEHKT CdS MoKeT OLITh 00BACHEHO CMEIIIH-
BanmeM (BHyTpeHHeil nuddysueii) mexkay ciaoamu CdS u Cd, Mg, Te.

Ha pucynke 3 Tak:Ke AJs CpaBHEHUS IOKasaH CIEKTP KBAHTOBOM
adpdexTuBHOCTH comHeuHoro saemenTa CdS/CdTe, n3roToBIeHHOTO II0
TOM Ke TexHosiormu. Hamiyuiiiee COOTBETCTBHE MEXKIY Pe3yJIbTaTaMM
pacuéToB U M3MepPeHUAMU B 3TOM cjyuae JOCTUTaeTcs mpu T,=2-107°
cuN,-N;=1,210" cm 3.
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Puc. 3. VIsamepeHHbBIe CIEKTPHI KBAHTOBON 5(hGEKTHUBHOCTH COJHEUYHBIX 3Je-
mentoB CdS/Cd,q,Mg,.sTe u CdS/CdTe (kpyKum u KBagpaThl COOTBET-
CTBEHHO) II0 CPaBHEHMIO C Pe3yJbTAaTaMM PACUETOB (CILIONMIHEIE JUHKN).

Kak u ciemoBaso o:KuUIaTh, HauboJiee CYIIECTBEHHBIM pPas3aIudueM
MeX Iy creKkTpamu 3(P(EeKTUBHOCTU COJHeUHBIX asjiemMenToB CdS/CdTe
u CdS/Cd,_,Mg,Te aBasercs cABUT AJIUHHOBOJHOBOTO Kpas YyBCTBU-
TeJbHOCTH coJiHeuHoro sjementa CdS/Cd, Mg, Te B ob6iacTtb KOpOT-
KMUX IJUH BOJIH, IIOCKOJBLKY IIUpHHA 3amperniéanoii sousl Cd,_ Mg, Te
6onpmie, yuem y CdTe. Kpome Toro, KBaHTOBasag 3(p(PeKTUBHOCTH
Cd,_.Mg,Te yBesmumBaeTcsa C yMeHbIIIeHHeM A 06ojiee IJIaBHO u3-3a
Toro, uro Kpait morusoirenusa Cd;_ Mg, Te sHauuTeIbHO Pa3MBIT IIO
CPaBHEHUIO C OMHAPHBIM IIOJIYIIPOBOIHUKOM.

5. BBIBOJbI

HccaemoBaHbl 9JIeKTPUUECKNE U CIEKTPAJbHbIE XapPAKTEPUCTUKHU COJI-
HeuHBIX dyeMeHTOB CdS/Cd,¢,Mg, osTe. Xoporree coriacme pacuér-
HBIX MaHHBIX W PE3yJbTATOB M3MEPeHWH MIOKa3bIBaeT, UTO (uamue-
CKHe MOoJesHn, paspaboTaHHBIe A MHTeprnperanuu BAX m KBaHTO-
BBIX CIIEKTPOB 9((PEeKTUBHOCTH TOHKOIIJIEHOUYHBIX COJTHEUHBIX DJI€MEH-
TOB CdS/CdTe, MOJIHOCTBIO IIPUMEHIMEI JLIsE CTPYKTYD
CdSs/Cd,_.Mg,Te.
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! Fig. 1. Optical transmission spectra at room temperature (a) and calculation of band gap E,
(0) by Cdgy 9:Mg, 0sTe layer absorption edge.

2 Fig. 2. Current density (@) and differential resistance (6) dependences on applied voltage on
CdS/Cdg 9oMg osTe heterostructure.

3 Fig. 3. Measured quantum efficiency spectra of CdS/Cd ;Mg sTe and CdS/CdTe solar cells
(circles and squares, respectively) in comparison with calculation results (solid lines).
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IlepcnekTHBa BUKOPUCTAHHA B COHAYHI i eHepreTuii Ti-BmicHux
eIOKCHYPETAHOBUX KOMIIO3UTIB
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?Ruiscvkuil nayionanrvHuil ynieepcumem imeni Tapaca Illesuenka,
8y.. Borodumupcvra, 64/13,

01601 Kuis, Ykpaina

30/Ib—T'eJIb-MEeTOAOM CHUHTE30BAaHO THUTAHOBMICHI eIOKCHMYypeTaHOBi oJjirome-
pu (Ti-EYO) 3 pisauM BwmicToMm mnoiaitutanokcugy (—TiO,—),, Ha ocHOBi
AKUX oJep:xkaHo enokcuyperaHoBi nmosimepu (Ti—EY) aurigpupzoro TBepn-
HeHHA. MeTomoM CBiTJI0BOI MiKpOCKOIil BU3HaUeHO, III0 3pa3KU MOJiMepHUX
ILUTIBOK IIPO30Pi Ta TroMoreHHi. BBemeHHS MOJNITHTAHOKCUAY B CTPYKTYPY
eIIOKCUYPEeTaHOBOTO MoJiMepy 30inbInye riazpodobHicTh i 3MeHIITye BOIOIOT-
JUHEHHA, TiBUIINYE TBEPAiCTh Ta aaresiro. JociimkeHHS ONTUYHUX XapaK-
repuctTuk Ti—E¥Y-momimepis mokasasyio, 110 BBeAeHHA MaJuX AOOABOK IOJIi-
TUTAHOKCUAY IIPUBOAUTH IO B3HAYHOTO 30iJbIlleHHA Koegiiienta cBiTI0
mponycKaHuA, — 3 59% maa BuxigHoro emokcuyperany mo 88% maa Ti—
EY, — Ta 3cyBy HOr0o CHEKTPAIbHOI 3aJIeKHOCTH B KOPOTKOXBUJIBOBY 00-
JIaCTh, IO A€ TMEepPCIeKTHUBY BUKOPHCTAHHA iX AK 3aXMCHUX OITUYHO TIPO-
30pUX MOKPUTTIB KpeMHiT0oBuX coHauHUX eneMeHTiB (CE). BuBueHHs enek-
TPODiBUUYHNX XapPaKTEPUCTUK CTPYKTYPU «COHAYHUHN KpeMmHi#T + Ti—EV»
3acBiqumiIo (PaKT iCTOTHOTO 3POCTAHHS UYaCy KUTTS HEePiBHOBajKHUX HOCIIB
3apsany IpU HaHeCEeHHI MOKPUTTIB, III0 BKa3ye Ha NEPCHEKTUBY Ta MOIKJIU-
BicTh migBuiienus edextusHoctu CE.

By means of the sol-gel method, titanium-containing epoxyurethane oli-
gomers (Ti—-EUO) with different content of polytitanium oxide (-TiO,-),
are synthesized. Based on them, the anhydride curing epoxy urethane pol-
ymers (Ti—EU) are obtained. As determined by means of the light micros-
copy method, the samples of polymer films are transparent and homoge-
neous. The introduction of polytitanium oxide into the structure of the
epoxy urethane polymer increases hydrophobicity and reduces water ab-
sorption, increases the hardness and adhesion. Investigation of the optical
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characteristics of Ti—EU polymers has shown that the introduction of
small additions of polytitanium oxide leads to a significant increase in the
light transmittance from 59% for the initial epoxyurethane to 88% for
Ti—-EU, and to the shift of its spectral dependence to the short-wave re-
gion that gives the prospect of their using as protective optically-
transparent coatings for silicon solar cells (SE). The study of the electro-
physical characteristics of the ‘solar-Si + Ti—EU’ structure has shown that
the lifetime of nonequilibrium charge carriers increases significantly for
coated solar-Si, indicating the prospect and the opportunity of increasing
the efficiency of the SE.

30/Ib—TeJIb-MEeTOIOM CHHTE3WPOBAHLI THUTAHCOAEP Kallliie SIOKCUYPETAHOBLIE
osuromepsb!l (Ti—9¥Y0), comep:kaliiue pasHoe KOJIMUECTBO MOJUTUTAHOKCHUIA
(-TiO,~),, 1 Ha UX OCHOBe IOJIyUEHBI BIOKcUypeTaHOBbIe mosimMepsl (Ti—
9Y) auruaApuUIHOTO OTBEpAeHUsI. MeToooM CBETOBOM MHUKPOCKOIHU YCTAHOB-
JIeHO, YTO 00pasmbl IOJMMEPHBIX IIJIEHOK HpOo3pauHble M I'OMOTeHHLIe. BBe-
IeHre IIOJUTUTAHOKCHAA B CTPYKTYPY SHOKCHYPETAHOBOTO IOJIMMEepa yBe-
JUYNUBAET TUAPO(POOHOCTh M YMEHbIIIaeT BOIOIIOIJIOINEeHNEe, IIOBLIIIIAET TBEP-
IocTh u anresmwio. FMcciaemoBaHuMe OITHUYECKHX xXapakTepucTuk Ti—9V-
MOJINMEPOB II0Ka3ajio, UTO BBeJeHHe MAaJbIX MJ00AaBOK MOJUTUTAHOKCHUIA
MPUBOAUT K 3HAUUTEJIHLHOMY IIOBBIIIIEHUI0O KO03(h(UIIMEeHTa CBETONPOmyCcKa-
HuUA — oT 59% [/ MCXOLHOTO smoKcuyperana no 88% mua Ti—9Y, a Tax-
JKe COIBUTY €ero CIeKTPaJbHON 3aBHCHMOCTH B KOPOTKOBOJHOBYIO 00JIaCTh,
YTO OAaeT IEePCIeKTHUBY UX HCIOJL30BAHUS B KaueCTBE Bal[UTHBIX OIITHYE-
CKU TPO3PavYHBLIX IMOKPLITHUN KPEeMHHEBBIX COJHEUHBIX ayieMeHToB (C9).
WNsyueHune 31eKTPOGU3UUECKUX XapPaKTePUCTUK CTPYKTYPHI «COJHEUHBIH
KpemuUii + Ti—-9¥Y» mokasayio CyII[eCTBEHHOE BO3pacTaHWEe BPEMEHU KU3HU
HepaBHOBECHLIX HOCHUTEJEeHN 3apsaa IpKU HaHeCeHUU IIOKPBITHUM, UTO CBHUIE-
TEJBCTBYET O IIEPCIEKTHBE M BO3MOKHOCTH IOBBIIIEHUS 3((EKTUBHOCTH
Ca.

Karouori croBa: 30/Ib—T'€JIb-METOM, EIOKCUYPETAHOBI KOMIIOBUTU, COHAYHUI
KpeMHill, TBepAiCThb, 3MOYYBAHICTbH, CBITIONPONYCKaHHS, eJeKTpo@ismuHi

XapaKTePUCTUKMH.

Key words: sol-gel method, epoxyurethane composites, solar-Si, hardness,
wettability, light transmission, electrophysical characteristics.

KaioueBbie ciIoBa: 3071b—Te/JIb-METOH, SMOKCHYPETAHOBLIE KOMIIO3UTHI, COJI-
HEYHBIA KpPEeMHUI, TBEPIAOCTH, CMAUYMBAEMOCTH, CBETOIPOITyCKAaHUE, 3JIEK-

Tpou3nUeCKre XapaKTEePUCTUKU.

(Ompumano 3 yepeus 2019 p.)

1. BCTYII

CroroHi HaYKOBI[I iHTEHCHBHO HOCJIiMKYIOTH MOJKJIMBOCTI BHKOPHC-
TaHHA B Pi3HUX Traay3AaX TiOpHUIHUX OpPraHO-HEOPTaHiYHMX MAaTepisd-
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JiB AK 3aXMCHUX, TePMOPEIyJIOBAJbHUX Ta OINTHUYHO IIPO30PUX ITOK-
putrtiB [1-3]. HayxoBuii iHTepec 10 TakMX MaTeEpPiANiB 3yMOBJIEHUI
MOETHAHHAM Yy HUX IIepeBar OpraHiuHMX HoJiMepiB (elacTUYHOCTH,
MaJioi Baru, XOPOIIOi yZapOCTiMKOCTH) 3 TaKMMHU HEOPraHiYHUX OK-
cunmiB (TBEpHiCcTIO, XEeMiUuHOIO CTabiJIbHiCTIO, ITPO30PiCTIO), IO IIOJIII-
IIy€e 3arajJbHi BJACTHBOCTI TiOpMAHMX IIOJiMepiB, Taki AK CTilKicThb
IO IOAPANNH i CTHUPaHHA, TepMiuHa crabijabHicTH ToIo. Boammouac
OIJIAXOM 3MiHM CKJAAy KOMMIO3HUILl IIi BJIACTHBOCTI MOJYKHA JIETKO pPe-
I'yJII0BaTH, BPaxXOBYIOUM YMOBM KOHKPETHOTO 3acTocyBaHHa [4—T7].
30KpeMa, 3aXUCHI ONITUYHO ITPO30Pi MOKPUTTA HA OCHOBI HATOBHEHUX
MoJIiMepiB YMOKJIUBIIOIOTL iCTOTHO HOIOBMKUTH TEPMiH CIYy:KOM Ta
OigBUIMUTU e(PEeKTUBHICTDL HAIIiBIIPOBiTHMKOBUX COHAYHUX €JEMEHTIiB
(CE) [8, 9].

3Bajkaioun Ha posinupenud 3actocyBanua CE, akTyanbHOIO € CUH-
Te3a HOBUX TiOpUAHUX IOJiMepiB 3 BiAMOBIiZHMMMU ITOKA3HUKAMU OII-
TUYHUX XaPaKTEePUCTUK AJA BUKOPUCTAHHSA iX AK 3aXWCHUX IIOKPUT-
TiB BiJ BILIMBY B30BHIIIHiX AecTabinisamiiHMX YMHHUKIB pisHOTro IIO-
XOMKEeHHS.

3ayBasKuUMO, IIT0 B CHUHTE3i HAIIOBHEHHUX IIOJiMepiB omHieio 3 Hali-
OinbIN BasKJIMBUX 1 aKTyaJbHUX IPo0JEeM € BBeIeHHsS HAIIOBHIOBaUa
Ta #oro piBHOMipHUiI posmonis y moaiMmepHiit matpuini. @opmMyBaHHA
HAIIOBHIOBaUa 30Jb—T'elIb-METOJMOM y peakIiiimiii cymimri (in situ) sa-
Oesmeuye TOMOTeHHe MHepeMiIllyBaHHA Ta IIPOCTe PeryaioBaHHA yMOB
peakiItii oHOPiIHO AMCIIEPI'OBAHOTO HEOPTaHiYHOTO KOMIIOHEHTA B Op-
raHiuHi# moJiMepHili mMaTpwuili, o0 3amobirae yTBOpPEHHIO arjoMepa-
TiB, AKi, 30KpeMa, IPU3BOAATH A0 IOHMMKEHHA MeXaHIUHUX XapaKTe-
PHCTHK Ta ONTUYHOI mpo3opocTu KommoauTa [10—12].

Ogmep:xaHa paHillle 30Jb—T'€JIb-METOJIOM OITHUUYHO IIPo3opa Si-BMicHa
eIIOKCHYypPETAaHOBA KOMIIO3UITiA BUABUJIACS IIEPCIEKTUBHOIO AK 3aXIC-
He TOKPUTTA KpeMmHitioBux CE mromo migBuinieHHs iXHBLOI epeKTUBHO-
ctu [13] Ta samobiramHs gerpagailii 3a (PYHKIIIOHYyBaHHA B yMOBax
BILIUMBY MarHeTHOTo moJia [14] Ta peHTreHiBCHKOTO BUIIPOMiHEHHS
[15]. BuHauHUI iHTepec IpPeACTaBJASAIOTh TiOpUAHI opraHo-HeopraHmiumHi
HAHOKOMIIOSBUTU 3 PiBHOMAHITHMMM MOAUGDIKAIMiAMH TOJITUTAHOKCH-
Iy, III0 MalOTh YHiKaJbHI BJACTUBOCTIi: ONITUYHI, €JIEKTPUYHI, XeMiuHi
Ta iH.

Agropamu [16] 6yso omep:xkano emokcunHi/TiO, riopuaHi mIiBKHT
CUHTEe30I0 AUTIINuANIOBOTO edipy Oichenony A 3 isomiaHaTompoiij-
TPUETOKCUCUJIAHOM K BITUBAJbHUM areHTOM, 3 AoJaBaHHAM c(op-
MOBAHOT'O 30JIb—TeJIb-MeTOA0M KoJjoiguoro posuuny TiO, Ta momgaJb-
UM CTBEPAiHHAM MeTHUJITreKcariapodraneBum auriapugom. Metomom
IudepeHIliinol cCKaHyBaJbHOI KajJopuMeTpii mokasaHo, IO TeMmImepa-
Typa CKJIYBAHHSA Ta TePMOCTAOiNIbHiCTh ribpuAHMX MaTepidaaiB min-
puIyBasucsa 3i s0imbireHHaM Bmicty TiO,. IlposopicTs ri6puaHmMx
TOHKHUX ILIiBOK Oyja Buinoio 3a 90%, a sHaueHHsa KoedimieHTa 3ajo-
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MJIeHHS (3a JoB:KMHU XBui y 633 mm) spocio Bix 1,450 mo 1,638 si
36iapmenaam Bmicty TiO, Bim 0 mo 50 mac.% . Ogpep:xami maTepisnu
JIEMOHCTPYIOTh HU3bKY TiI'DOCKOIIUHICTL IIPU BUCOKill BOJIOTOCTi Ha-
BKOJIMIITHLOTO CepefoBUIIIA.

B pobGori [17] wmamowactmku TiO,, chopmoBaHi 30JIb—T'e€Jb-
MEeTOAOM, OyJM AuciieproBaHi 0OesmocepefHBO B IIOJiMepi Ha OCHOBI
eIIOKCHUIHOI CMOJH Ta MeTHJITeKcarigpodTaseBoro aHrigpuzay. Omep-
sKaHi ribpugHi moaimepu 3 momaBanHaM 3010 TiO, B KixbKocTi 10—90
Mac.% XapaKTepusayIOTbCS BHCOKMM KOe(DiIlieHTOM NpOmyCKaHHSA y
BuamMomy miamnasoni (6inbirte 90%). Ileii HAHOKOMIOBUTHUIT MaTepi-
AJI MOKe BUKODUCTOBYBATUCA AK OITUYHE HMOKPUTTA 3 BUCOKUM IIO-
Ka3HUKOM 3aJIOMJIEHHS, IpoTe Hpu BBeAeHHI Oiabire 30 mac.% 300
TiO, Ha 7i0TO MOBEPXHIi 3’ABIAAIOTHCA TPIIUHU.

Agropamu [18, 19] omep:kaHO THTAHOBMiCHI B3a€MOIPOHUKHI IIO-
aimepui citku (BIIC) Ha 0CHOBiI TMTaHOBMIiCHOI'O KOIIOJIiMepYy Ta IIOJIi-
TUTAHOKCUY, CUHTE30BAHOTO 30JIb—IeJjib-MeToxoM. MeTomoM oOIITHY-
HOI cneKTpodoToMeTpil BCTaHOBJIEHO, IO OJepiKaHi 3pasKu TUTAHOB-
micaux BIIC, mesajesXHO Bim cmocoOy BBeIeHHS TUTAHY, IE€MOHCTDPY-
IOTh BUCOKY OIITUYHY IIPO30OPiCTh 3i 3HaUeHHAMHU KoedimieHTa c¢BiT-
Jompornyckauus B Mexxax 89-91% (A =650 um).

B mamiii poboTi Ak moJsliMepHa MATPHUILT BUKOPUCTAHiI eImoKcuype-
TAHOBI oJiiroMepu, fAKi XapaKTepU3yIOThCA KOMILIEKCOM YHiKaJIbHUX
BJIACTMBOCTEN B pe3yJIbTAaTi IOETHAHHA B IXHIN MOJEKYJIAPHIN CTPYK-
Typi THYYKHX ypeTaHoBUX OJIOKiB Ta AKTHBHUX (PYHKIIIOHAJIbLHUX
eIOKCUAHUX Ipyn. ToMy B CHHTe3l TUTAHOBMICHOI eIOKCUYypeTaHOBOI
KOMIIO3UIIil 3 OUiKyBaHOIO BHCOKOIO IIPO30PiCTIO MOJIITUTAHOKCUJ BU-
KJIWKae MPaKTUYHUHM iHTepec AK HAIOBHIOBAY, TUM Iaue, IO, 3TiTHO
3 [20, 21], HaBiTH #10TO0 HU3BKWII BMIiCT y MOJiMEPHil MaTpPUIli 3aTeH
MOJITIIIIUTA MeXaHiuHi XapaKTepPUCTHUKU Ta IiJBUIIUTH TepMocTadi-
JBHICTH MOJIIMEPHOTO MAaTepPidaly.

MeTa poboTu mojsaraja B OJEP:KaHHI KOMMIOBUILM IJId 3aXUCHUX
OIITMYHO IIPO30PUX IOKPUTTIB HA ocHOBi Ti-BMiCHUX elOKCUYpeTaHO-
BUX OJIiITOMEpiB aHTiAPUAHOTO TBEPAHEHHA 3 yJbTpaMaJUM BMicTOM
noaituranokcuny (—TiO,—),, CHHTE30BAHOTO 30JIb—T'€Ib-METOIOM B Ce-
pemoBurii momiokcunporninenraikoaio (IIOIIT), mochimsxenHi ixHiIX
BJIACTMBOCTEN i BWBUEHHI NEePCIEKTHUB BUKOPUCTAHHA B COHAYHIN
eHepreTulli aAadA miasuineHasa epextuBuHoctu CE.

2. EKCIIEPUMEHTAJIBHA YJACTHHA

O6’ekTaMu JOCTiMKeHHA B JaHill poboTi Oyam BUXiTHUI emokcuype-
raHoBuii oxgiromep (EVO), turamoBmicai EYO (Ti—E¥YO0), 1o BKJIO-
yaioTh moaitTuranoxkcun (—TiO,—),, Ta emokcuypeTaHOBi moJiiMmepu Ha
ixHi#t ocHoBi (EY, Ti—EY).

Cuuresy Buxignoro EYO spificHioBaiu B ABi ctazmii: 1 — cumuTesa
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dopmoaimepy mpu B3aemonii mosiokcumnpotminenraikomaio (IIOIIT MM-
1000) Ta Toamyimenpmiisomiamarty (cymim isomepiB 2,4- i 2,6-TIOI —
80/20 mac.%) mpu MoOJBHOMY cHiBBigHOIImeHHiI 1:2; 2 — BBeIeHHS B
omep:;kaumuii ¢oproaimep emokcumiamoBoi cmonu EJ[-20 mpu cmiBsin-
momreHHi NCO:OH = 1:2. Peakmiro Benu mo yrBopeHHa EYO 3i Bmic-
oM NCO-rpynn y 0%.

CuHTe3y HeopramiuHol CKJaJ0BOI IPOBOAMIN 30Jb—I'€Ihb-METOLOM
3a peakIlicio rifipoaiza—KoHAeHcalis isompomokcuay tutany Ti(OPr),
B cepemoBumli IIOIIT mpu cmiBBimmomenHi Ti(OPr'),:H,0 =1:2, 3a Te-
mnepatypu y 25°C Ta mpu IOCTiiHOMY HepeMilTyBaHHI IIPOTATOM 5
TOIVH 3 IOJAJbIIIUM BUTPUMYBaHHAM mpoTaroMm 48 rogmua. Ik kara-
JizaTop rigposisu BUKOpHCTOBYBaau coiaany kuciaory (pH = 1,5-2,0).
ITicna saximuennsa peaxiii IIOIIT 3i chopmoBaHUM 30J€M BAKYyyMY-
Baly mpoTaroM 5 romuH 3a Temmeparypu y 90°C ta Bakyymy y 0,2
MM PT. CT. IJId BUIAJEHHA MOGIYHUX HTPOAYKTiB.

Hna cunresu Ti—EYO mo IIOIIT 3i chopmoBanuM 30J€M IOCTiTOB-
HO BBOIWJIN PO3PAXYHKOBY KimbkicTb 2,4-, 2,6-TII (an1s curTesu do-
pooaimepy) Ta emoxkcumuuii osiromep EJ[-20 (masa cuHTesu HaIoOBHe-
HOT'0 €OKCHYPEeTaHOBOT'O OJIiromepy).

Bwumict nmoaituranokcuny B Ti—EYO B mepepaxyury ma TiO, crano-
Bus 0,005 1i 0,02 mac.%.

TuranoBMmicHi emoxcuyperanoBi moaimepu (Ti—EY) omep:xyBanu
npu 3mimyBanHi Ti—-EYO i3 sarBepm:xyBaueMm (i3o-meTuarerparigpo-
draneBum auriapuaom (i-MTI'PA)) i npumBuAiryBayeM TBEPIHEHHSA
(2,4,6-tpuc-(N, N-mumerumaminomerun)penomom (YII-606/2)); xom-
MO3UIlil BUIAMBAJM Ha CKJISHY IIiAKJAINHKY, MIOIEPEeIHbBO 3MAIIeHy
aHTHaATe3nBOM. TBepIHEHHSA KOMIIO3UIIili IPOBOAUIN B CTYIIEHEBOMY
pexxkumi: 1 rog. — 80°C + 2 rox. — 100°C + 2 rox. — 125°C. Kineru-
Ky ¢opmyBanua Ti—-EYVO mocaim:xyBanu, BUKOPUCTOBYIOUM MeTOH iH-
dpauepronoi (I4) cuexTpockormii 3 Pyp’e-nmeperBopom. CreKkTpu 3pa-
3KiB, HaHeCEHMX TOHKMM IITapoM Ha IIOBepXHIO ILmacTuHu KBr, pe-
€CTpyBaJIn dYepe3 IeBHiI Ipomixkku dyacy Ha IY-cmexTpodoromerpi
«Tenzor 37» dipmu Brucker Optics (HimeuumHa) B mifimasoHi yacToT
Biz 4000 mo 400 cm ' .

Hna aHanisy xapakKTepy PO3IOJijy IOJITUTAHOKCUAY B IOJiMep-
Hili MaTpuUIli 3aCTOCOBAHO METOJ CBiTJIOBOI MiKpockormii. 3pasku ILTi-
Bok Ti—EY pocraimxyBaiu 3a mOIMOMOTOI0 OITHYHOTO MiKpPOCKOIIa
MBMH-6 B mpoxigHomy cBiTii 3a 36imbirenHsa x2250 (00’eKTuB 3 uuc-
JoBoI0 ameprypoio A =1,25, posginbua sgataicTs R = 300 HM).

Posranaparoun omep:xaHi Ti—EYO AK oCHOBY O 3aXHUCHUX IIOK-
puttiB, 6yau mocaimskeHi spasku miaiBok Ti—EY muraxom amasisu pi-
3HUX BJIACTHUBOCTEM, TAaKUX AK TBEPIiCThb, 3MOUYyBaHiCTb, aAresiiHa
MiITHiCTB, OIITUYHI Ta TEPMiUHi BJIAaCTHUBOCTi, BOAOTIOTIMHEHHA.

Hocaimkenusa rigpododroctTu Ti—EY mpoBogmam 3a J0OMIOMOIOI0
BUMIpIOBAHHA CTATHYHOTO KOHTAKTHOTO KyTa 3MOYYBaHHA Bojgu 0,
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MEeTOJIOM «Kpalljis Ha IJIacTuHy» [22], BUKOPHUCTOBYIOUM T'OPH30HTA-
JpHUN Mikpockon MI'. 3a gomomoromo Hu@POBOI KaMepH-OKYJIdpa
MDC-320 omep:kyBasiu MiKPOCBITJIMHM T’ SITHOX KAaIlleJb IIiCJIA JOCAT-
HeHHSI HUMHU pPiBHOBa)KHOI (Gopmu. Omep:xkaHi s3HiMKU 06po0aanm 3a
TOIIOMOTOI0 MPOTPAMHOT0 IaKeTa o0pobOjeHHA 300paskeHb Imaged
[23]. 3HaueHHA KOHTAKTHUX KYTiB 3MOUyBaHHA OyJi0 OoOUYMCJIeHO 3a
momomororm aJgroputrmy DropSnake [24], pearnisoBamomy B Iniarimi
Drop Shape Analysis. BiibHy IIOBEpXHEBY €HEPril0 €IOKCHYpPeTaHO-
BUX IIOBEPXOHL OYJI0 pO3paxoBaHO 3a MOIOMOroo piBHaHHA IOHTa:

Vm =7,(1+cos®),

ne Y, — IOBepXHeBa eHepria TBepAOro Tila, y, — IIOBepXHeBa eHep-
ria pigmam, cos® — KOCHMHYC KpaloBOTO KyTa 3MOUYYBAaHHA PiagwmHMN
TIOBEPXHi TBepaoTo Tija.

MeTtonom creKTpooTOMETPil AOCTIMKYBaJ OINTUYHI BJIACTUBOCTI
EY ra Ti—EY nniBok ToBmuuoio y 0,6 mm. CreKTpu IpOmyCcKaHHS
3HiMasiu Ha cuekTrpodoromerpi Shimadzu UV-2401PC 3 mpucraBKOIO
ISR-240A. CoexTpu sHimMaau B miamasoHi uactor Big 800 mo 240 um
3 TOBIIMHOIO IMiMWHUN ¥ 5 HM. fIK Oiuii cTaHZapT BUKOPUCTOBYBAJIH
BaSO,, sanpecoBaHUil BPpYUHY.

BopomoriimHenHA OIiHIOBAJIM 3a AWHAMIKOIO 3MiHM Baru 3pasKiB
Ti—EY, sanypeHux y BOAy, yepe3 II€BHI MPOMiKKH Yacy [0 ITOBHOTO
HaCUUYeHHs.

Teepaicte 3spaskie Ti—EY gocrimgsxyBasm MeTOAOM BU3HAUEHHA
TBEPAOCTH 3a OJIiBIeBo0 IIKasoio (pencil test method) asrigmo 3
ASTM D-3363-00. 15 excIiepuMeHTY BUKOPUCTOBYBaJU OJiBIIi Koh-
I-Noor (Yexis).

PiBenn axaresii moKpurTa A0 asroMiHiioBOI (oJii, AKy BUKOPHUCTO-
ByBaJId SK MOJEJbHY IIiAKJIaIWHKY, BU3HAUYAJIN METOAOM pelriTdac-
X HaapisiB srigao 3 ASTM D 3359-B. 14 1mporo Ha aaoMiHifioBy
doairo Hanocunm EY- ta Ti—-EY-mokpurra rtopmuHOoi y 0,5 MM Ta
TBepAHYIu (pPeKUM TBepIHEeHHS HaBefeuuii Buire). Ilicasa TBepaHeH-
HS poOMIM MapaJjiefibHi Ta HepIneHANKYJIAPHI Haapisw, BHACIIIZOK YO-
ro yTBOPIOBaJNIMCA HaApisu ciTuacToro Buay. AAresito oIiHIOBAIW 3a
CTYIIEHEM BiAIlIapyBaHHA MOJIIMEPHOTr0O MOKPUTTA Bix douii Bix 4 mo 1
basa.

3axucHa (yHKIiA momimepHoi Kommoawuiiii moxo CE BusHauanaca
MOCTiI}KeHHAM 3a JOIOMOTOI0 KOHIEeHCATOPHOTO MeTony [25] kiHeTu-
Ku cuany ¢oTo-epc y 3pasKax 0a30BUX KPUCTAJIB KPEMHIiI0 «COHAY-
HOI» AKocTH ($-Si) — BUXiIZHUX i 3 HAHECEHMM Ha MOBEPXHIO ILJIACTUH
s-Si Ti—-EY-nokpurram. B pobori Bukopucrano Kpucraiau s$-Si, Jero-
Baui Bopom g0 muTomoro omopy y 5 Om-cM, AKi Manum KpucTajgorpa-
(diuny opienrarmito moBepxHui {100}. 3a KiHeTHUHMMU 3aJTE€KHOCTAMU
cuany (oTo-epc po3paxoByBasimCcA KOPOTKOTpUBaJa (T;) Ta JOBTOTPU-
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Bajya (T,) KOMIIOHEHTH CHAafy, IO BiAIOBiZalOTL yacy JKUTTA HEepPiBHO-
BajKHUX HOCIiB 3apany Ha IIOBEepXHiI Ta B NIPUIIOBepPXHEBi# ob6Jacti
3paskiB s-Si.

3. PE3YJIBTATH JOCIIAKEHHSA TA IX OBTOBOPEHHA

Turanosmicai EYO omep:xyBanu 3 BukopuctanHaMm IIOIII' 3 pisaum
BMmicToMm mosriTutanokcuny (—TiO,—), y Tpu eramm, KOXKeH 3 AKUX ITi-
arBepmkenuin ganummn lY-crmexTpockorii. Ha mepriomy eramri mposo-
OUJIN CHUHTEe3y HEeOPTraHiuHOI CKJIAJOBOI 30Jb—TI'€/Ib-METOJIOM 3a Peak-
miero rigposiza—KoHAeHcania isompomnokcuay tutany Ti(OPr'), B ce-
penosuiri ITOIIT', ocobauBoCcTi hopMyBaHHSA AKOrO AeTAJIbHO BUBUEHO
B poboti [26]. IIpoBemeni aBTOpamMu IOCTiAKEeHHS IOKasaju, IO B
IIPOIIECi BOJb—TENb-CUHTE3U YTBOPIOETHCA IMOJITUTAHOKCH PO3TAJY-
sKeHol cTpyKTypu. OKpiMm 1mboro, npu ¢opmysauui Ti-Bmicaux ITOIIT
mepebiraloTh AK peakilia mepeerepudikarmii 3 yrBopemmam Ti-
BMicHOTO mojiedipy 3a paxyHOK peakIiii HyKJeo()iJbHOTO 3aMiIleHHA
HEIPOTiAPOJII30BAHNX i30MPOMOKCUAHUX TPYI TiAPOKCUJIBLHUMHU T'DY-
namu IIOIIT, Tak i yTBOpeHHA KOMILIEKCHUX CIIONYK.

Ha ocuoBi ogep:xauux IIOII' 3 moniTUTaHOKCHUAOM uYepe3 CTamiio
dopmyBaHHA (popmosiMepy OyJI0 CHMHTE30BAHO TUTAHOBMICHI eIIOKCH-
yperanori osiromepu (Ti—-EYO). ®opmyBanusa dopnonaimepy BindyBa-
aoca mpu BBemeuHi T/I B TturanoBmicuumii IIOIIT, mio migzTBepm:Ky-
€TbCA AAHUMHU CIEKTPAJIbHUX OCJHiIKeHb (CIIEKTPU He HaBOAATHCH).
B IY-cmekTpax cmocTepiraeTbcsA 3MEHIIEHHS iHTEHCHMBHOCTU CMYTH
nornuHaHHEA npu 2270 cm !, BigHecenoi mo NCO-rpym, mossa cMyTu
opu 1732 cm ', xapakTepHOI [J1A ypeTaHOBOi Ipymu, Ta (OPMyBaHHS
C=0- i N-H-cmyr yperanosux rpyn npu 1630-1680 cm ' i 1518—
1581 cm ! BigmosizHO.

OpnaouacHo 3 MeromoM [Y-cmeKTpocKomii mocaim:KyBaiu KiHETUKY
dopmyBanua GopuosimepiB (puc. 1). Ilokasawmo, mio (-TiO,—), BUCTY-
mae AK KaTajis3aTop peakIlii ypeTaHOyTBOPEHHI.

Hani mo ¢oprmoaimepy BBoauau enokcunuy cmoay EJ-20. Peaxiito
KOHTpOJIIOBaMu MeTonoM IY-crmekTpockomii. SHUKHEHHS CMYTHW IIOT-
auHaHHEA Tpu 2270 cm ', BigHecenoi o NCO-rpym, migTBepAsKye pea-
KI[il0 Mi’K ypeTaHoBMMU TrpynamMu (GOpPIOJIiMepy Ta BTOPUHHUMU Tif-
pokcunbHuMu rpynamu EJI[-20.

3a pesyabTaTaMu JOCTIIMKEHHS MeETOAOM CBIiTJIOBOI MiKpOCKOIIii
oIeps;KaHO 3pasKy HPOo30pUX i romoreHHuX miaiBok Ti—EY 6e3 Bumu-
MUX BKJIOUYEHb, II[0 CBiIUUTHL IIPO BiICyTHiCTH y moJriMepHiil maTpuiri
arperaTiB HOJIITUTAHOKCHUIY, PO3Mipum AKuUX OJu3bKi ab0 IepeBUIILy-
I0Th MeXKy pospiskHeHHA R~ 300 HM ONTUYHOI CHCTEeMHU MiKpOCKOIIA.
Ho Toro :xk, Bimomo [27], 110, AK OpaBUJO, IIOJiMepHA KOMIIO3WUTHA
IUIIBKA € ONTHYHO ITPO30POI0, KOJM HEOPTaHiuHi BKJIIOYEHHS MAalOTh
posmipu, 3HauHo MeHImi, Hixk 200 HM.
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Puc. 1. KouBepcia isomiamataux rpyn y mpoiieci ¢popmMmyBaHHA GopIorimMepy:
1 — sBuxiguuii ¢opmnoaimep; 2 — ¢dopmoaiMep Ha OCHOBI THTAaHOBMiCHOTO
IIOIIT 3 0,02 mac.% TiO,.!

IIpu BuBuUenHi aaresiiimmx BJacTHUBOCTEI OyJI0O BCTAHOBJIEHO HACTY-
ITHi 0cOBJIUBOCTI.

Ax BugHo 3 Tabaumi 1, 3i 36imbmmenuam Bmicty TiO, aaresis mo
aJIIOMiHiIOBOI moBepxHi 3pocTtae Bixg 3 6aJsiB mo 1. PesyabraTtu mpose-
JeHHS peIriTyacTuX HAAPisiB AysKe CXOKi OJd BCiX THIIB THTAaHOBMI-
CHUX IOKPUTTIB — Kpai HaapisiB i micoa ixHix mepeTwHiB He MAaiOTh
BUAMMUX CJIifiB pyHHYyBamHs a0o BigmriapyBaHHs, IO CBiYNUTL IIPO
BHCOKY aJTe3il0 MOKPUTTIB A0 MiAKJIAJNHOK.

PesyabraTi BuU3HAUEHHS TBEPIAOCTH 3Pas3KiB ILIIBOK 3a OJIiBI[EBOIO
mIKajgoio HasemeHo B Tabs. 1. Ilpu mopiBHSHHI TBEepAOCTH BUXiZHOTO
EY 3 Ti—EY cnocrepiraerhcsa ii 3HauHe MIiABUINEHHS 3a PAXYHOK
yrBopeHHs Ti—O-Ti-sB’saA3KiB, 110 3abe3meuye 30iIbINTEHHA KOBAJEHT-
HuX 3B’a3KiB B EY, BHACJIZOK YOro mOJINMIyIOTHCA MeXaHiuHi BJjac-
THUBOCTI.

TizpodobHicTh TUTAHOBMiICHOTO €IOKCUYPETAHOBOTO IIOKPUTTS OIli-
HIOBAJIM 3a 3HAUEHHAMM CTATHYHOTO KyTa 3MOUYYBAHHSA IIOBEPXHi BO-
I0o10. 3HAUEeHHSA KOHTAKTHUX KYTiB, AKHX OyJO 3aCHOBAHO HA I’ ATHOX
BUMipax, HPOBeAEHUX y I AThOX PIiBHMX TOUKAX IIOBEPXHi IJIiBKH
(1110 TOBOAUTHL ONHOPiAHICTL MOBEPXHi), Ta Po3paxoBaHy BiJILHY IIOBe-
PXHEBY €HEepriio emoKCUypeTaHOBOTO IMOKPUTTS HaBemeHo B Tabim. 1 i
Ha puc. 2. Ak BugHO 3 TabmuIili 1, HaABHICTL HaIOBHIOBAUA IPHUBEJA
o 30i7bIlIeHHA 3HAUEHHS KOHTAKTHOro Kyrta — 3 63,0° (BuximHuii
EY) mo 74,5° (i3 0,005% TiO,) ta 81,6° (i3 0,02% TiO,), 110 BKasye
Ha IMiABUINEHHS TiApodOOHOCTU HOBEPXHI HOKPUTTA IPU 30iJILITTEeHHI
BMicTy HamoBHIOBaua. BinmoBigHo, moBepxHeBa €HEPTris 3MEHIIHJIACS
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TABJINIIA 1. Bracrusocti nrisok EY ta Ti-EV.2

No Ki?u,}cicm; KonrakTauii 8ms TsepaicTs Anresis,| BomomorimHenus,
TiO,, % KyT O, °  |MIx/M> Gann %

1 0 63,0 52,34 2H 3 1,26

2 0,005 74,5 45,62 5H 1 0,3

3 0,02 81,6 41,26 5H 1 0,5

EY Ti-EY Ti-EY
(0,005 mac.% TiO,) (0,02 mac.% TiO,)
© = 63,0° 0 =174,5° ©=81,6°

Puc. 2. 3o6paskeHHA MipIHHA KyTa KOHTAKTY 3 Bogoio Ti—EY mrisok.?

3 52,34 (EY) no 45,62 mx/m? (i3 0,005% TiO,) Ta 41,26 mIIx/m>
(iz 0,02% TiO,).

IIpoBemeHo mociim:xkeHHA IOA0 BOIOIOTJIMHEHHS HAIIOBHEHUX eIlo-
KcuypeTaHOBUX ILTiBOK (Tab6xa. 1). Ak BMIHO, BOJOHOTJIMHEHHS BUXi-
IHOTO emoKcuypeTany ckiagae 1,26% . Beemennsa yabTpamMasol Kiab-
KOCTU MOJIITUTAHOKCUAY IPUBOIUTL A0 IoMiTHOrO 3memineHHs (0,3—
0,5%) BomomorsimueHHs. Ile MoxKe OyTu IOB’A3aHO 3i B3aeMHOIO (i-
3WYHOI0 B3AaEMOJI€I0 MiX OpPraHiuHOI0 MATPUIEI0 Ta HEOpPraHiuHuM
HAIIOBHIOBAUeM, IO IIPUBOAUTHL OO MEHIIOI MOCTYIIHOCTH KHCHEBUX
rpyn maas Baaemomii 3 Bomoio. IlomiOme cmocTepe:KeHHs BKasye Ha
BILIMB HAIIOBHIOBAYA IMOAO 3MEHIIIEHHS BOJOMIOTJIMHEHHS THUTAHOBMI-
CHUMU eIIOKCUYPETAHOBUMHU ILIiBKaMMU.

Ilepenbauatoun Bukopuctanuda Ti—EY aK 3aXMCHUX ONTUYHO IIPO-
30pUX IIOKPUTTIB, BU3HAYAJIHN iXHIO OIITUYHY IIpo30opicTh. Ha pucyury
3 HaBeIeHO CIIEKTPU CBITJIOHNPOIYCKAHHsA, a B Tabia. 2 — 3HaueHHA
KoedimieuTa cBiTnonponyckauusa (T) miaiBok EY ta Ti—-EY 3a mos:xu-
Hu xBuJi A =540 um. [[na 3paskiB miiBok Buxigmoro EY sHaueHHsA
KoedilienTa cBiTIOOpOIyCKaHHA CTaHOBUTL 59%, a mpu BBeIeHHi
Big 0,005 mo 0,02 mac.% TiO, fioro sHaueHHA OJd 3PasKiB ILIiBOK
Ti—EY 3poctae mo 88 ta 86% BigmoBigHO.

Taxkoxx npaa Ti—EY HasaBHe 3MillleHHS CIEKTPAJbHOI 3aJI€KHOCTU
KoedilieHTa cBiTJIONPONYCKAHHA B KOPOTKOXBUJIBOBY 00JIaCTh.

Oxpim B3aemopii Ti-BMicHMX TOKPUTTIB 3 aIlOMiHilIOBOIO TTOBEPX-
Helo, SKa posriAfaach AK MOJAEeJbHA, B POOOTI JOCTiAKyBalnCh OCO-
OJMBOCTiI BILIMBY IIUX IIOKPUTTIB Ha BJACTHUBOCTI $-Si mMigKJIaguHKU,
saxa BUKopuctoByetrbca B CE. JlocimimKeHHA eleKTpodismuHMX Xapa-
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Puc. 3. Cnexrpu nponyckauua miisok Ti—-E¥Y: 1 — 0, 2 — 0,005, 3 — 0,02
mac.% TiO,.*

TABJUIIA 2. Ontuuni xapaktepuctuku miaiBok EY ta Ti—-EY mpm A =540
5

HM.
TiOZ, mac. % T, %
0 59
0,005 88
0,02 86

KTEPUCTUK 3Pa3KiB $-Si 3 HOKPUTTAMHU 3QiMCHIOBAJN 3 BHKOPHCTAH-
HAM KiHeTMUHMX 3ajIesKHOCTell cmamy doro-epc. OOUMCIeHHs, IPOBe-
JeHi Ha OCHOBI IIMX 3aJIeKHOCTEH, MOKa3aJd, IO HAHECEHHS Ha IIO0-
BepxHIO ITacTuH S-Si kommosuTHoro Ti—EY-mokpurra (0,02% TiO,)
IIPUBEJIO 0 iCTOTHOrO 3POCTAHHS KOPOTKOTPHBAJIOL TA JOBrOTPUBAJIOL
KOMIIOHEHT cIiazy (poTo-epc, a OT»Ke, OO0 3POCTAHHS Yacy MKUTTSA HOCI-
iB 3apaAny SK Ha MOBEPXHi, TaK i B mMpuIloBepXHeBiii o0sacTi: T, 3poc-
Tae Bim 5 us mo 25 us, 1, — Bixm 100 us mo 400 us. To6To 3HAUEHHA

nmapametrpa T, 3poctrae Ha 400%, a mapamerpa t, — Ha 300%. Cuin
3a3HAUNTH, III0 HaHECEHHs Ha MOBepxHio §-Si Buxigzmoro EV-
MMOKPUTTA IPUBOAUTL OO TOTO, IO T; 3poctae Ha 86%, a 1, — Ha

36% . Takum uywmHOM, TpM HaHEecCeHHI Ha moBepxHIO §-Si Ti—EVY-
TIOKPUTTIB CTBOPIOETHCS MOMKJNBICTH OAEP:KAHHA iCTOTHUX ITO3UTUB-
HUX Pe3yJbTATiB 3 TOUKU 30PY MEPCIEKTUB MPAKTUYHOTO BUKOPUC-
TaHHA 1X.

g po3yMiHHA ofep:KaHUX y HAaIIill poboTi pesysbTaTiB ciig 3Be-
PHYTHCS O TAKOTO IMOHATTA AK moBepxHeBi sBuiia [28]. IloBepxHeBi
SABUINlA BUHUKAIOTH Ha MeKi moxminy aBox (a3 3 pisHmMu Qismko-
MeXaHiYHUMU BJIACTUBOCTAMU, y HAIIOMy BUIAAKy — HAIiBIPOBiI-
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HUK—IIOJiMepHEe TOKPUTTA.

3araabHNi miAXig 0 PO3rIALy HMOBEPXHEBUX SBUII] IIOJATAE B TO-
MYy, IO IIOBEPXHS BBAXKAETHCA MAaKPOCKOIIIYHUM JaeeKTOM, SAKUH
HOpyHIye IEPiOAWYHICTL IOTEHIIiANYy B Kpucrtajgi. BHaciigok Iporo
BUHUKAIOTH JOKAJbHI moBepxHeBi edexTpouHi cranu (IIEC) B me:xax
3a00pPOHEHOI 30HU.

30inblIeHHA T OPU HAHECEHHi IMOJiMepHMX HOKPUTTIB Ha IIOBEpX-
HIO $-Si Mo)Ke OyTH IOB’sA3aHO 3 IIACHBAIli€l0 IMMOBEPXHI KpeMHiI0, AKa
3MEHIITy€e Ha moBepxHi KimbkicTs ITEC.

Bwmict TiO,-xommonenTu B EVY-mokpuTri mosimmiye aparesifimi, a
BiATaKk i macmByBaJIbHi BJIACTHUBOCTI IIOKPUTTIB. MeToam macuBarii
MMOBEPXHi, AKUM IPUILIANACE yBara i B Halliii poboTi, BUBUAIOTLCA B
rajysi HaykKoBo-TexHiuHmMX pociimkenb CE [29-31] Ta cupamoawni
Ha 3’dCyBaHHA NPUYMH Aerpajallii HamiBIPOBIZHMKOBUX NIPUJIANIB i
HecTabiJILHOCTM IXHiX mapaMeTpiB, AKi HOB’A3aHi 3 NOBEPXHEBUMU
SABUIIIAMU.

MmoBipHO, HasBHicTs ri6puasoro Ti—EY-IOKpUTTS copuse 3MeH-
MIEHHI0 KiJIBKOCTH IOBEPXHEBUX EJIEKTPOHHUX CTaHIiB, AKi MOMXKYTHb
BUCTYyIAT! IOTEHI[IMHMMHU ITIeHTpaMu peKomOiHariii HociiB 3apsanmy, a
BiiTaK CBiAUUTH ITPO e(PeKTUBHICTh HOro 3axucHOl PyHKIII.

4. BAICHOBRH

Y nmamiii poboTi O6yJ0 CHHTE30BAHO THTAHOBMICHI eIOKCHYypeTaHOBi
omiromepu, cdopMoBaHi uepe3d cuHTe3y mnoaitTutaHokcunmy (—-TiO,-),
30Jb—T€JIb-MEeTOJOM in Situ B CEPENOBUIIi MOJIIOKCHUIPOMiJIEHTJIiKOII0
3 MOJANBLIIINM BBeleHHA emokcuguoi cmouu EJI[-20, Ha ocHOBI AKUX
OJlep:KaHoO TIOoJiMepw AaHTiApuAHOTO TBepAHeHHs. Metomom IY-
CIIEKTPOCKOMil mOKasaHo, IO MHOJITUTAHOKCHUJ BHCTYIA€e SK KaTali-
3aTOpP peakIliii ypeTaHOYTBOPeHHs IIpu (opMyBaHHI (oplosimepis.
ITokasaHo, IO BBeIeHHSA MaJUX O00ABOK IIOJITHTAHOKCUIY 3HAUHO
TOJIITIIITYEe BJACTUBOCTI moJiMepiB: 30isibitye ixHI0 TrimpodoObHicTh i
3MEHIIIY€ BOIOIOIJIMHEHHS, HigBuIlye TBepaicts 3 2H mo 5H 3a oui-
BIIEBOIO IIKAJIOIO I aAresiro A0 aJoMiHiIOBOI ITOBEepPXHi.
CrocTepiraeTbes iCTOTHe IIiABUINEHHA 3HAUYEeHHS KoedilieHTa cBiT-
JOIIponycKauusa, — 3 59% gm0 88% , — OJA TUTAHOBMIiCHUX EIIOKCHU-
ypeTaHiB; IIpm IIbOMY HOro CHEeKTpaJibHA 3aJeKHICTh 3CYBA€ThCSA B
KOPOTKOXBHUJIBOBY 00JIaCTh, II[0 CIIiBBiJHOCHE 3i CIEKTPaJbHOIO UYT-
auBicTio KpemuiiioBux CE. BusaBieno, 1[0 HasgBHICThP HA IIOBEPXHi
ILJIACTUH S$-Si TiGPUIHOr0 EMOKCHUYPETAHOBOTO IIOKPUTTSA IPUBOSUTD
IO 3POCTAHHSA YACY KUTTA HePiBHOBasKHUX HociiB sapanmy. Ocramne
CIiBBIiJHOCUTBCS 3 MACHUBYBAJbHOIO (PYHKIII€I0 BUKOPUCTAHUX Y POOO-
Ti TOKPUTTIB, IO 3BOAUTHCA OO 3MEHIIIEHHS KiJbKOCTHU ITOBEPXHEBUX
€JeKTPOHHUX CTaHiB, AKi BHCTYIIAIOTh HOTEHIIIMHUMU IEeHTpaMHu pe-
KomOiHamii mociiB. Takmm umHOM, 3a cBoiMH BJacTuBocTaAMu Ti-
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BMiCHi eIIOKCHMypeTaHOBi IIOJiMepH € IIepCIeKTUBHUM MAaTepidaom
IJIsT BUKOPUCTAHHSA AK 3aXMCHi OIITUYHO IIPO30Pi IIOKPUTTHA, 30KpeMa,
Iad nigBullleHHA eeKTUBHOCTH KPeMHIiMOBUX (POTOETEeKTPUUHUX IIe-
peTBoOpoOBauiB, AKi, 3rigHO 3 aHAJiI30I0 JiTepaTypHUX MaHUX, B JOCS-
JKHOMY MaMOyTHLOMY 3aiMaTUMYTh BEJIWKUI CerMeHT iHmycTpii co-
HAYHUX €JEeMEHTiB.
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! Fig. 1. Conversion of isocyanate groups in the process of prepolymer formation: I—initial
prepolymer; 2—prepolymer based on titanium-containing POPG with 0.02 wt.% TiO,.

2 TABLE 1. Properties of EU and Ti—EU films.

3 Fig. 2. Water contact-angle measurement images of Ti—EU films.

4 Fig. 3. Transmittance spectra of Ti—-EU films: 1—0, 2—0.005, 3—0.02 wt.% TiO,.

5 TABLE 2. Optical characteristics of EU and Ti—EU films at A = 540 nm.
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Some theoretical models of thermal conductivity of the polymeric nano-
composites based on thermoelectric analogy are proposed, and their ac-
cordance with experimental results are analysed for the polymer—carbon
nanotubes (CNT) systems. The specificity of thermal conductivity of the
polymer—CNT systems chosen for modelling is in the presence of a perco-
lation transition, which is not taken into account by majority of thermal-
conductivity models. Therefore, using the thermoelectric analogy, we used
models that well describe the percolation behaviour of the electrical con-
ductivity of polymer—CNT systems, namely the Bruggeman’s model, the
Fourier model, and the scaling model, and applied these models to de-
scribe the thermal conductivity. As established, a model based on the the-
ory of effective medium (the Bruggeman’s model) does not take into ac-
count the existence of a percolation threshold at low CNT content and
cannot be used for accurate description of experimental data. As discov-
ered, the Fourier model demonstrates a good accordance with an experi-
ment, however, it is applicable only for the systems, in which a large in-
crease of thermal conductivity under reaching the percolation threshold is
observed; these are systems with low own conductivity. As shown, the
best accordance with experimental data is demonstrated within the scaling
model that, besides the percolation threshold, takes into account the
structural characteristics of clusters, which are formed by carbon nano-
tubes.

3anpoIoOHOBAHO JeAKi TeOpeTHMUHi MOJesi TEeIJIOMPOBiZHOCTH IIOJiMEPHUX
HAHOKOMIIO3UTIB, IIf0 0a3yiOThCA Ha TEPMOEJeKTPUUHiN amasorii, Ta Ipo-
aHaJII30BaHO BiAIIOBiAHICTE IX eKCIIepPMMEHTAJbHUM pe3yJabTaTaM OJA CHUC-
TeM moJriMmep—ByrJaerieBi HaHOoTPpyOKHu (BHT). Oco6amBicTIiO TEemIOTPOBigHOC-
T cucteM nosimep—BHT, obpanux njasa MozeNioBaHHSA, € HAABHICTH IEPKO-
JAMiNHOTO Hepexoay, M0 OiJbIIicTh MOJENIiB TemJIOIPOBiTHOCTH He BPaxo-
Bye. Tomy, I'DYHTYIOUNCH Ha TePMOEJIEKTPUYHIN aHAJIOrii, MU BUKOpPHCTAIU
MoJesi, AKi JoOpe OMHCYIOTh IEPKOJAIINHY IIOBEIiHKY eJeKTPOIPOBigHOC-
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1 cucteMm mosimep—BHT, a came, momesi Bpyrremana, @yp’e Ta cKeiljiH-
I'iB Momesnb, i 3acTocyBayii IIi MOAeJi AJis OIKCY TeIJompoBimHOCcTH. BeTa-
HOBJIEHO, IO MOJeJib, AKUM I'PYHTYEThCA Ha Teopii e)eKTUBHOTO CepemoBU-
ma (Momenh Bpyrremana), He BpaxXOBy€ HASBHOCTU IIOPOTY IIEPKOJIAII 3a
Hu3bKoro Bmicty BHT i He MoKe BHKOPHUCTOBYBAaTHUCA AJISI TOUYHOTO OMIHCY
eKCIepUMeHTAJIbHUX JaHuX. BusBieHo, 110 MoAeJb Pyp’e NeMOHCTPYE ra-
PHY BiAIOBiAHIiCTL eKCIIEPUMEHTY, IIPOTE€ 3aCTOCOBHUU JIMUIIE IJA CUCTEM,
IS AKUX CIIOCTEePIira€eThCs BEJMKUI CTPUOOK TEILJIONMPOBIAHOCTH HPU MOCH-
THEHHIi IIOPOTY HepKOoJIAIil, TOOTO CUCTEM 3 HU3BKOIO BJIACHOIO IIPOBifHiCTIO.
ITorkasano, 110 HaWKpaIlly BiAIOBimMHICTL eKCIEepMMEHTAJBHUM MJaHUM [e-
MOHCTPYE CKEeHJIHI'iB Momesb, AKHUIl, OKPIM IIOpOry IIEepKOJAIii, BpaXoBYye
CTPYKTYPHI XapaKTepHCTHUKU KJacTepiB, AKi (opMyIOTbCA 3 BYIJIEIEBUX
HaAHOTPYOOK.

IIpeno:keHbl HEKOTOPHIE TEOPETHUECKHe MOIEeJU TEeIJIOIPOBOTHOCTU IIOJIU-
MEPHBIX HAHOKOMIIO3UTOB, OCHOBAHHBLIE HA TEPMOIJIEKTPUUECKOI aHAJOrUu,
¥ MIPOAHAJIM3UPOBAHO HX COOTBETCTBME SKCIEPUMEHTAJILHLIM Pe3yJbTaTaM
Ins cucreMm moaummep—yrieponabie HaHOTPYOKH (YHT). OcobenHocThIO Tem-
JompoBogHOoCcTH cucteM moaummep—yY HT, BBIOpaHHBIX AJA MOIEeJIHPOBAHUSI,
ABJAETCA HaJIUUYNE IEePKOJAINMOHHOTO IIepexona, KOTOPBIA OOJBIITUHCTBO
MozeJiell TeIJIOIIPOBOAHOCTH He YUUTHhIBaeT. I109TOMy, OCHOBBIBAsACH HA TEp-
MO9JIEKTPUYECKON aHAJOTMU, MBI HCIIOJH30BAJIN MOIEIH, KOTOPBLIE XOPOIIIO
OINMCBHIBAIOT IEPKOJIAIMOHHOE IMOBeIeHNe 3JeKTPOIPOBOJAHOCTU CHUCTEM IIO-
aumep—YHT, a umenHo, momenu Bpyrremana, ®Pypbe M CKEHJIUHTOBY MO-
Ielb, ¥ MPUMEHUJU 5TU MOJENU IJd OMHUCAHUA TeIJOIPOBOTHOCTU. ¥YCTa-
HOBJIEHO, UTO MOJeJb, KOTOpas OCHOBBLIBAIOTCSA Ha TeOpUHU 3PPEeKTUBHOMN
cpennl (Momens Bpyrremana), He YyUMTHIBAET CYIECTBOBAHUSA IIOPOTa IEPKO-
JAIUY IPpU HUBKOM cojep:kanuu YHT um He MOKeT MCHOJIB30BATHCA OJIA
TOYHOI'0 OIMCAHUNS SKCIEPUMEHTAJIbHBIX TAHHBIX. BBIABIEHO, YTO MOIEJb
dypbe IeMOHCTPUPYET XOPOIllee COOTBETCTBUE SKCIIEPUMEHTY, OJHAKO IIPHU-
MEHWMa TOJbKO JJIS CHUCTEM, IJs KOTOPBIX HAOJIOHAaeTcs OOJbIION CKAYOK
TEILJIONMPOBOAHOCTH IIPU JOCTHUIKEHHUU IIOPOTa IEePKOJAIUNA, TO €CTh CUCTEM C
HU3KOI COOCTBEHHOM MpoBOAMMOCTHIO. IIoKasamo, YTO HaAWJIydIllee COOTBET-
CTBUE SKCIEPUMEHTAJbHBIM IAHHLIM JeMOHCTPUPYET CKEHJIMHIOBA MOIENb,
KoTOopas, KpoOMe IIOpOora IePKOJISINK, YINTLIBAET CTPYKTYPHBIE XapaKTepu-
CTUKU KJIACTEPOB, (POPMUPYIOMINXCA U3 YyIIePOIHBIX HAHOTPYOOK.

Key words: percolation behaviour, polymer nanocomposites, thermal con-
ductivity, carbon nanotubes, thermal-electrical analogy.
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1. INTRODUCTION

Polymer nanocomposites filled with carbon nanotubes (CNT) are the
subject of intense research over the past years. A great interest in
the study of systems of this type is associated with their wide ap-
plication for the production of polymeric materials with improved
functional characteristics [1-3]. As a result of a large number of
experimental studies of a variety of polymeric nanocomposites filled
with CNT, a number of materials with unique properties have al-
ready been obtained due to the combination of polymer and nano-
filler characteristics [4, 5]. Most of the polymeric nanocomposites
are characterized by percolation behaviour, which manifests itself
in the sharp increase in properties when introducing some critical
concentrations of filler and is associated with the formation of a
percolation cluster. Due to the high thermal conductivity of CNT,
which are characterized by highly anisometric forms, nanocompo-
sites on their base also exhibit a high thermal conductivity at small
fillings [6].

However, for most of the investigated polymer—CNT systems, no
percolation jump is observed [7]. The reason for this is the presence
of the boundary thermal resistance between the nanotubes and the
polymer matrix, which limits the heat flow in nanocomposites filled
with CNT. Nevertheless, there are works where the step-like in-
crease of thermal conductivity is observed when reaching the criti-
cal concentrations of filler [6, 8].

Mathematical and computer simulations are widely used to pre-
dict the thermal conductivity of polymer nanocomposites, but exist-
ing models are not universally versatile and have their limitations.
There are a few models, which can describe the percolation increase
in the thermal conductivity [6, 9]. However, there are many models,
which describe percolation behaviour of electrical conductivity of
polymer nanocomposites [10]. As known, two systems are analogous
when they are mathematically equivalent, i.e., the governing equa-
tions are of the same type, as between diffusion and heat conduc-
tion, liquid flow and electric current flow. Therefore, thermal con-
ductivity and electric conductivity are also equivalent [11]. For in-
stance, the analogy between heat and electric conductions has al-
ready been used to solve complex steady state and transient heat-
conduction problems.

Therefore, the purpose of this work is to determine the possibil-
ity of use models based on thermal-electrical analogy to describe the
experimental data of the thermal conductivity of polymer—CNT sys-
tems, for which percolation behaviour is observed. The selection of
the optimal model will allow predicting the functional properties of
polymer nanocomposite materials filled with CNT.
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2. MODELS OF THERMAL CONDUCTIVITY BASED ON
THERMAL-ELECTRICAL ANALOGY

Several attempts have been made to predict the thermal conductivi-
ty of binary polymer composite systems by applying different theo-
retical models [12, 13]. However, there is still no such a general
model that can be applied to predict accurately the conductivity for
all the systems. In this regard, we should consider models well de-
scribing the behaviour of the electrical conductivity of polymer—
CNT systems and apply these models to simulate the thermal con-
ductivity. According to [14, 15], the most frequently used models
for simulating the electrical conductivity of such systems are the
Bruggeman’s model, the Fourier model, and the scaling model.

2.1. The Modified Bruggeman’s Model

To describe the concentration dependence of electrical conductivity
of filled heterogeneous composite systems, one can use the basic ap-
proaches of the effective medium theory and symmetrical Brug-
geman’s formula [16]. Using thermal-electrical analogy, Brug-
geman’s formula in the terms of thermal conductivity can be re-
written as follows:

_ (k_km) (7\'_7\7)_
@ (p)zmxmﬂpzmxf_o’ )

where L., A, and A are the thermal conductivities of filler, polymer
matrix, and composite, respectively. This equation can be solved by
determining A, and then, we obtain [17]

1 ) 1
xzﬂm(s +8xmxf)2J, (2)

where & =Bp-1DA, +(2-39)A,.

Some research [18] showed that there is a smaller deviation be-
tween the experimental data and the theoretical value of Brug-
geman’s model. The thermal conductivities of epoxy/silica,
epoxy/alumina, and polyimide/aluminium nitride, based on the ex-
perimental data and Bruggeman’s model, are in a good agreement
when the volume fraction of fillers attains 40% . For lower amounts
of filler particles, Bruggeman’s model is not valid.

Xue [19] modified Bruggeman’s model and suggested the exist-
ence of two types of the volume content of filler particles, namely,
the real (o) and the effective (¢). The relation between ¢, and ¢ is
written as follows:
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¢ =0, 3)

where o is the increasing factor and, at that, o >1. This factor de-
pends on the polymer and filler nature, on the particles’ shape and
sizes, the volume content and their space distribution.

Taking the Bruggeman’s equation as the basis, Xue suggested
that electrical conductivities of filler and matrix depend on the fill-
er content. Assuming that all particles in a composite have a spher-
ical shape, based on the Maxwell-Garnett theory, and correlation
between two distinct topological structures (symmetrical and asym-
metrical ones) [20], electrical conductivities of filler and matrix can
be represented as in Ref. [19]. For thermal conductivity, this equa-
tion can be written as follows:

= 20y g0 2029, (4)
3—-0¢ 2+0¢

Substituting (3) and (4) into (1) [19, 20], we can obtain the equa-
tion for the calculation of the effective thermal conductivity of
composite systems:

A=A A— AL
(z“x”;)mcpo( f)=0. (5)

1_
(1-0g,) 20+ AL

2.2. The Fourier Model

In Ref. [21], Fourier et al. have proposed the analytical model,
which is based on the Fermi—Dirac distribution and describes the
dielectric—conductor transition.

Using thermal-electrical analogy, the basic equation of this model
can be rewritten as follows:

log (%,,) —log(%,)
1+ exp[b((p— q)c)] ’

where A, A;, A, are the thermal conductivities of composite, filler,
and polymer matrix, respectively; ¢ is the filler content, b is the
empirical parameter, which leads to the change in the thermal con-
ductivity of the system when reaching the percolation threshold o..
In general, the Fourier model is very similar to the sigmoidal
model [22] by both the ‘S’-like shape, which qualitatively corre-
sponds to a typical percolation curve, and the influence of most pa-
rameters on the value of the total thermal conductivity of the sys-
tem. The main variable parameter of Fourier model is the parameter

log(X) = log (%, )+

(6)
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b, which changes the shape of the curve.

2.3. The Scaling Model

The scaling model assumes that the appearance of high thermal
conductivity is explained by the probability of formation of the con-
tact between the filler particles within the composite [23]. The basic
equation of this model is the power law, which is written as follows:

e (e-o,)" (7)

where A is the thermal conductivity of the nanocomposite, ¢ is the
filler volume fraction, ¢, is the percolation threshold, i.e., the min-
imum filler content, at which a continuous cluster of particles is
formed, k is the critical thermal-conductivity index, which mainly
depends on the topological dimension of the system and does not
depend on the structure of particles, which form clusters, and their
interaction.

However, Eq. (7) allows defining the thermal conductivity only
after the percolation threshold. To expand the application range of
this model, Efros and Shklovskii for electric conductivity [24] as
well as Sun et al. [9] for thermal conductivity have proposed to use
not one scaling equation, but the set of equations of the type

A - kf >0,
k:{m(cp ¢.) for ¢>¢, @

A (9. —9)" for ¢<e,

where A, A, A; are the thermal conductivities of composite, matrix,
and filler, respectively, ¢ is the critical thermal-conductivity index
characterizing the number of particles, which form the percolation
cluster. This set of equations is a universal one and allows describ-
ing the thermal conductivity of filled polymer systems in the vicini-
ty of the percolation transition with a high degree of accuracy.

3. RESULTS AND DISCUSSION

The experimental results of the concentration dependence of the
thermal conductivity for polyethyleneoxide (PEO-10000)-CNT [25],
crosslinked polyurethane (CPU)-CNT [26], polyethylene (PE)-CNT
[27] systems were used to establish the correspondence between the
theoretical models and the experiment.

In general, the Bruggeman’s model (Eq. (1)) provides a sharp
change in thermal conductivity when certain filler content is
reached, but the value of this concentration is fixed and equal to
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1/3 of the volume fraction. This model gives only a qualitative de-
scription of the behaviour of thermal conductivity for such transi-
tions.

The main disadvantages of the Bruggeman’s model were elimi-
nated in the work of Xue, which has proposed the modified Brug-
geman’s model. Using the thermal-electric analogy, we propose to
rewrite Xue’s equation in the terms of thermal conductivity. As
seen from the analysis of the results of simulation of the thermal
conductivity for the polymer—-CNT systems using the modified
Bruggeman’s model represented in Fig. 1, the modified Brug-
geman’s model provides a good match between the numerical calcu-
lations and the experiment at low filler concentrations. Introduction
to the model of the increasing factor a gives the possibility to shift
the region of a sharp change in the thermal conductivity towards
lower concentrations (much less than 1/3 for the original Brug-
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Fig. 1. The experimental data simulated using Eq. (5) for nanofilled sys-
tems based on PEO-10000 (a), CPU (b), and PE (¢). Solid lines correspond
to the modified Bruggeman’s model.
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geman’s model). This, in fact, allows compensating the absence of
the percolation threshold in this model. However, the modified
Bruggeman’s model describes poorly the change in the thermal con-
ductivity at concentrations higher than the percolation threshold.
In essence, this model describes only half the percolation curve of
thermal conductivity responsible for forming a percolation cluster.
Further processes of growth of the percolation cluster and its influ-
ence on the thermal conductivity of the system are not considered
by the Bruggeman’s model and, therefore, cannot correctly describe
the properties, which exhibit percolation behaviour.

In Figure 2 we show the modelling of the experimental data for
the polymer—CNT system by using the Fourier model. The shape of
the Fourier model curve depends significantly on its parameters
[14]. Thus, by gradually varying the percolation threshold, the
thermal conductivity is changed at lower filler concentrations, and
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Fig. 2. The experimental data simulated using Eq. (6) for nanofilled sys-
tems based on PEO-10000 (a), CPU (b), and PE (¢). Solid lines correspond
to the Fourier model.
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the maximum value of the system thermal conductivity can be
achieved for any value of ¢.. Therefore, the value of ¢, substantially
influences the maximum thermal conductivity of the nanocompo-
site. The value of filler thermal conductivity also influences the
maximum thermal conductivity of the system. The system conduc-
tivity increases with increasing filler conductivity.

This model describes well enough the experimental data on the
thermal conductivity of the polymer—CNT systems (see Fig. 2). It
allows determining the value of the percolation threshold for poly-
mer—CNT systems. Thus, the values of percolation threshold de-
fined by the Fourier model are 0.003, 0.004 and 0.0035 for systems
based on PEO, CPU, and PE, respectively. However, to fit the func-
tion (6), the values of the parameters A; and A, were substantially
lower as compared with the intrinsic thermal conductivities of the
CNT and polymer matrix. This is especially applying to the thermal
conductivity of carbon nanotubes, which, according to the literature
data, is of 1-3 kW/m-K [28]. This significantly decreases the accu-
racy of the model and limits its application. Such a discrepancy is
explained by a small jump of the thermal conductivity when passing
through the percolation threshold in the polymer—CNT systems. The
authors of a given model described the results of the electrical con-
ductivity for the systems, in which the leap of the electrical con-
ductivity equal to 10—11 orders of magnitude was observed [21].

Using the thermal-electric analogy, we propose to rewrite scaling
equation in the terms of thermal conductivity. Figure 3 illustrates
the simulation of the experimental data for the polymer—CNT sys-
tem with using the scaling model. As seen from the analysis of
functions (8) (see Fig. 3), the thermal conductivity of the system
increases with decreasing critical index k, and a decrease in the
critical index g leads to the decrease in the system thermal conduc-
tivity. After analysing the system of Egs. (8), we can say that, as
for the electrical conductivity, change in the value of the critical
index %k does not lead to the change in the maximum thermal con-
ductivity of the polymer composite, which is specified only by the
filler thermal conductivity. The change in the percolation threshold
of filler in the composite does not result in the change of the sys-
tem thermal conductivity.

The scaling model demonstrates a good correspondence with the
experimental data of the thermal conductivity for the polymer—CNT
systems (Fig. 3). Theoretically, for electrical conductivity, scaling
model assumes that the critical indexes are universe for the systems
with the same dimensions. However, the physical content of ther-
mal-conductivity critical indexes is not established. This requires
deep development of the scaling model, using thermal-electrical
analogy of polymer nanocomposites.
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Fig. 3. The experimental data simulated using equation (8) for nanofilled
systems based on PEO-10000 (a), CPU (b), and PE (c¢). Shaded area is the
percolation threshold region, and lines correspond to the scaling model.

4. CONCLUSIONS

As a result of this work, we have analysed the basic theoretical
models based on thermal-electrical analogy of polymer nanocompo-
sites and the possibility of their application for the description of
the experimental data for polymer—-CNT systems. As established,
the models based on the provisions of the effective medium theory
describe poorly the experimental data. This is explained by the fact
that these models (Bruggeman’s and Xue’s ones) do not take into
account the presence of the percolation threshold. As revealed, the
Fourier model, whose graph is the classical logistic sigmoidal func-
tion, describes well enough the experimental data of thermal con-
ductivity of the polymer—CNT systems. However, this model is not
suitable for describing systems on the base of polymer matrixes
with high intrinsic thermal conductivity because of a low thermal
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conductivity in the percolation transition. As shown, the model,
which is based on the scaling approach for describing properties of
the structurally nonuniform systems, demonstrates a good corre-
spondence with the experimental data. This model accounts the
presence of the percolation threshold, at which the functions have
discontinuity at infinity. The advantage of this model is the ac-
counting of the structural features of the percolation-cluster for-
mation, which are expressed through the universal critical indexes
k and q. However, the physical content of thermal-conductivity crit-
ical indexes is not established. Therefore, from all the theoretical
models describing the percolation behaviour of electrical conductivi-
ty, only a scaling model can correctly describe the jump-like behav-
iour of the thermal conductivity of polymer—CNT systems. The
main reason for the incorrect application of other models is a small,
as compared with electrical conductivity, jump of thermal conduc-
tivity when reaching the threshold of percolation.
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Y ®izuko-TexHoJOTiuHOMY iHCTHUTYTiI MeTasiB i cmmasiB HAH Vxkpaiumu po-
3po06JIEHO TeXHOJIOTiI0 TepeMiIllyBaHHSA PO3TOINY MAarHeTOTiApOAMHAMiUHUM
metomom (MI']I) i3 momaBaHHAM ras3oBoi maasMu B 06°eM Meraay. ¥ poOOTi
nocaigsxeno BmiuB MI'Jl-mepemimnyBaHHsA Ta ra3oBoi maasMu HA CTPYKTYDY
Ta CKJIaJA JOeBTeKTHYHOro cuiayminy. Ilokasamo, o Oid IJIa3aMM Ha PO3TOIH
IPOTATOM 5 XB. IPUBOAUTH A0 (pparmMeHTaIii mepBUHHUX KPUCTAJIB TBEPHO-
0 PO3UMHY Ha OCHOBi amtomiHiio (a-Al), 3MeHIIIeHHA PO3MipiB KPYHIHUX €B-
TEKTUYHUX 3€PeH i3 KOJOHIAJBHOIO CTPYKTYPOIO IIJIACTUHUYACTUX KPUCTAJIB
KpeMHiI0 Ta YacTKOBOTO BUDOMKEHHS €BTEKTUKU. BUPOAIKEHHA IIPOABIIA-
€ThCA B TOMY, III0 Ha 3aMiHy KOOIEPATHBHOTO POCTY €BTEKTUUYHUX KOJIOHIN
OPUXOIUTHL HE3AJEeKHUH PICT CKJIAAOBUX EBTEeKTUKU, NPUUYOMY aJIOMiHin
KPHUCTANI3yeThCS Ha NEePBHMHHMX Kpucraiax o-Al ax Ha migkaagmHii, a
KPEMHI#I — y BUTJIALL He3aJeKHO BUHUKAIOUYMX i 3POCTAI0OUMX AUCIEPCHUX
KpucraiuiB okpyryoi ¢opmu. Taka ¢popmMa eBTEKTHUHUX KPUCTAIIB KPEMHIiIO
€ TepeBaXKHOI0 y IIOPiBHAHHI 3 IJIACTUHYACTOIO, OCKiJIbKM He CIPUYUHSIE
JIOKAJIbHUX HAIPYKeHb Ha Mixxdasuiin mesxi 3 a-Al. Ilicas npunuuenusa mil
IJIa3MM, Yepes = 5 XB. CTON IIparHe MOBEPHYTHUCS MO0 BUXiMHOI CTPYKTypu 3
KPYOHMMHA IEPBUHHUMHN KpHcCTajJaMu o-Al Ta KOJOHIAIBLHOI eBTEeKTHKM i3
IIJIacCKUMU KpucrajamMu KpemHiro. KopoTKouacHy Ailo miasmMu MOPiBHIOIOTH
3 Moau(iKyBaHHSAM PO3TONY e€JeMeHTAMM, IO IIiABUIIYIOTH 3MOYYBaHHS
pizuHOIO MEPBUHHUX KpHCTaIiB o-Al, ajle BOHO He € JOBroTpUBAJIUM Y Uaci.

Physicotechnological Institute of Metals and Alloys of the National Acad-

emy of Sciences of Ukraine developed the technology of mixing the melt
by magnetohydrodynamic method (MHD) with the addition of gas plasma
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into the bulk of metal. The effect of MHD mixing and gas plasma on the
structure and composition of the pre-eutectic silumin is investigated in
this paper. As shown, the action of the plasma on melt during 5 minutes
leads to the fragmentation of primary crystals of a solid solution based on
the aluminium (a-Al), to reducing size of large eutectic grains with the
colonial structure of flat silicon crystals and to partial degeneration of the
eutectic. The degeneration is manifested in the fact that, instead of the
cooperative growth of eutectic colonies, the independent growth of the
components of eutectics comes, with aluminium crystallizing on the pri-
mary o-Al crystals as on the substrate, and silicon in the form of inde-
pendently emerging and growing dispersed crystals of boll shape. This
form of eutectic silicon crystals is preferable with regard to the flat form,
since it does not cause local stresses on the interfacial boundary with o-
Al. After stopping the plasma, after @ 5 minutes, the alloy aspires to re-
turn to the original structure with large primary a-Al crystals and a colo-
nial eutectic with flat silicon crystals. The short-term effects of the plas-
ma are compared with the modification of the melt with elements, which
increase the wetting by liquid of the primary a-Al crystals, but it is not
long-term in time.

B ®PusuKo-TeXHOJOTUUYECKOM HWHCTUTYTe MeTaJjioB u ciiaBoB HAH Vkpawu-
HBI paspaboTaHa TEXHOJOIHWs IIePEeMEINWBAHUA PACIJIaBa MaTrHUTOTUIAPOIM-
Hammueckum metomgom (MI'Il) ¢ moGaBieHmeM rasoBO#l ILJIa3Mbl B 00BEM Me-
ramina. B pabore mcciaemoBano BausuHume MI/l-mmepeMerninBaHuA M Ta30BOM
IJIa3Mbl HAa CTPYKTYPY W COCTaB JOSBTEKTHUUYECKOrO cuiaymMuHa. Ilokasamo,
YyTO AelicTBUe IJIa3Mbl HA PaCIJIaB B TeUeHUEe D MUH. IPUBOIUT K (pparmMeH-
Talluy IIEePBUYHBIX KPHUCTAJJIOB TBEPAOTO pPacTBOpa Ha OCHOBE AJIOMUHUA
(a-Al), yMeHBIIEHNIO Pa3MEPOB KPYIHBLIX SBTEKTUUYECKHX 3EPEeH C KOJIOHU-
aJbHOM CTPYKTYPOH ILIACTUHYATHIX KPHCTAIJIOB KPEMHUA M YACTUYHOMY
BBIPOKIEHUIO 9BTEKTUKM. BBIPOKIEHNE ITPOABJISETCA B TOM, UTO HA CMEHY
KOOIIEPATUBHOMY POCTY SBTEKTHUUYECKUX KOJIOHUN IPUXOIUT HE3aBUCUMBIH
POCT COCTABIAAIOINNUX BTEKTUKHU, IPUUYEM AJIOMHUHUNA KPUCTAJIINU3YETCA Ha
MePBUYHBLIX KpUCTaAIax o-Al Kak Ha MOAJOXKKEe, a KpeMHUI — B BHUIe
HE3aBHCHMO 3aPOKIAIOIIUXCSA W PACTYI[UX [IHUCIEPCHBIX KPUCTAJJIOB
okpyrJoi (opmel. Taxkas ¢popma 3BTEKTHUECKUX KPUCTAJIIOB KPEMHUS SB-
JIAeTCS MPEAIOUYTUTEIbHON II0 CPABHEHUIO C ILJIACTUHYATOM, IMOCKOJBLKY He
BBIBBIBAET JIOKAJNBHBIX HAIPAKEHUH Ha Mexx(asHoi rpanuiie ¢ o-Al. ITocie
mpeKpalieHusa OeficTBUA ILIas3Mbl, Uepe3 =5 MUH. CILJIaB CTPEMHUTCA Bep-
HYTbCA K HMCXOMHOM CTPYKType C KPYIHBLIMH IMEPBUUYHBIMU KPUCTAJJIAMU O.-
Al ¥ KOJIOHMAJIbHON 9BTEKTHKE C IIOCKMMHU KpHCTaJIaMu Kpemuusa. Kpar-
KOBPEMEHHOe [eiCTBHe IIJIasMbl CPAaBHUBAIOT ¢ MOAU(UIIMPOBAHHEM pac-
ILIaBa SJIEMEHTAMU, IIOBBIIIAIOIIUMYN CMAUYMBAHUE JKUIKOCTHIO IIE€PBUYHBIX
KpucTaiIoB o-Al, HO OHO He ABJSETCS AJUTEJbHBIM BO BPEMEHH.

Karouori camosa: MI'[[-nmepeminiyBaHHsA, CHIAYMiH, IJ1asMa, AUCIEPIYBaHHS
CTPYKTYPH.

Key words: MHD mixing, silumin, plasma, structure dispersion.

KaroueBsie caoBa: MI'/[-nepemernimBanme, CUJIYMHUH, ILJIasMa, AUCIEPTUAPO-
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BaHUE CTPYKTYDHI.

(Ompumano 4 aununs 2019 p.)

1. BCTYII

HesBarxaroun Ha Te, IO CTOIM AJIOMIiHiI0O 3 KpeMHieM (CHJIyMiHNI) Bi-
IOoMi IIfe 3 BiCIMHAAIIATOrO CTOJITTSA, V 3B A3KY 3 IMMPOKUM 3aCTOCY-
BaHHAM, iHTepec 0 PO3IIHPEHHS TEeXHOJIOTIH oJep:KaHHA iX Ta Kepy-
BaHHA IXHIiMH BJIacTMBOCTAMHU He 3racae i mo cboroxui [1]. Ocranhi
Po3pobKu B 06JiacTi HOBITHiX TeXHOJIOTi#i BHUI'OTOBJEHHS TA BILIUBY
Ha (QOPMYBaHHA CTPYKTYPH CUJIYMiHIB BUKOHYIOTHCS B YCiX TEeXHIUHO
PO3BHMHEHMX KpaiHaX.

Y ®TIMC HAH VYxpainu po3po0JieHO HOBiTHIO TeXHOJOTiI0 iHTeH-
CHUBHOT'O MEepeMillTyBaHHS PO3TOIY MeTaJiB 3 BUKOPHUCTAHHSAM Tiapo-
INHAMIiUYHOTO e(PeKTy, III0 BUHMKAE NPU HAKJAJAHHI MOTYXKHOTO eJie-
KTPOMATHETHOTO IIOJA Ha PyX METaly B TPYOOIPOBOIi, AKHII ABJSE
co00I0 BUTOK BTOPMHHOI 00MOTKM TpaHchopmaropa [2,3]. OxgHOoUuacHO
3 UM BUKOHYIOThCA AocaimskeHHsa BrnaumBy MI'l[-rexnosorii ta mii
IIJ1a3MOBOI KOMIIOHEHTH Ha (DOPMYBAHHA CTPYKTYpPHU, (pa30BOro CKJia-
Iy Ta BJIACTHUBOCTEH CTOIiB, 30Kpema cucTemu Al-Si [4].

OcobsmBocti MT'Il-TexHoJsOTii HAZAIOTH HOBI MOMKJIMBOCTI BILJIIMBY
Ha CTPYKTYpPHO-(as30Bi 3MiHM, a BiATaK i BIacTUBOCTI MeTasy:

— [ucCIepryBaHHSA KJIACTePiB y pimmui mobamsy Jrimii JiKkBimyc;

— piBHOMipHUII POSIOAiJ JIETYBAJbHUX aTOMIB i TBepAMX dYaCTHU-
HOK IO yChOMY 00’eMy pimguHM;

— padinyBaHHA, KOHTPOJHOBaHE BUIAJCHHSA POSUMHEHUX TasiB;

— BMCOKA IIBUAKICTH OXOJIOMKEHHA HPU Iepexofi uepes JiKBimyc
(dikcaria HepiBHOBAsKHUX CTaHIB y TBepAin (asi);

— ¢isuuni Meroxm mii Ha po3TOm (EJEKTPUUYHI Ta MarHeTHI HOJId,
MexXaHiuHi KOJIUBaHHI);

— i BUCOKMX CTPYMIiB i 4acTOT Ha PO3TOII.

Y ®TIMC HAH Vkpainu po3po0JieHO TaKOK ILIa3MOTPOH, SKMH
YMOKJIMBIIIOE TOJABATH Tas30By IIJIa3My 0Oe3mocepegHLO Ha I3ePKaJo
MeTasry abo BBoauTH ii B 00’eM [5]. BBemennsa mia3sMoBoi KOMIIOHEHTH
OesmmocepeHBO B 00’€M PO3TONY YMOKJIMBJIIOE:

— JIler'yBaTH CTOI AaKTUBHMMHU Ta JETKOTONKMMM MeTajlaMu B Ma-
JauX KinbKocTax (MoamdikyBaHHA), PiBHOMIPHO POSIOAIIA0OYM IX IIO
ychoMy 00’eMy;

— BUKOPHUCTOBYBATH BUTPATHY €JEKTPOIY IIJIa3MOTPOHA MAJIA BBe-
IEeHHs MTUCIIEPCHUX YACTUHOK;

— BIYBaHHA HAHOYACTHMHOK BYTJIEII0, KPEMHIiI0 Ta iH. 3 BUKOPUC-
TAaHHAM PEeaKI[ifl AMCOIIAIIil ByIJIEIIeBMICHMX ras3iB Ha KaTAJIITUUYHUX
IMeHTpax i3 MeTaJiB i CIIOJIYK, IIT0 BAYyBalOTLC;

— BUKOPUCTOBYBATH Bimomi edeKTm rasoBoi mimasmu (ZUCOIiAIlia
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rasy, akTHUBAaIlid MOJIEKYJI, HOHizaIlisg aToMiB, peryJjoBaHHS eHeprii
Ta TYCTUHU 3apAMKeHNX YaCTHUHOK).

2. EKCIIEPUMEHTAJIBHA YACTHHA

Y 1mnpomoHOBaHi# PoOOTI PO3TOI JOEBTEKTHUYHOI'O CHJIYMIHY CKJIALY
(Bar.%): 6,53 Si, 1,26 Cu, 9,7 Fe, 0,21 Mn, 0,04 Mg, 0,11 Ti (pem-
ta — Al) micasa postony B iHAYKINifiHIN meui 6yjo migmamo iHTeHCHB-
HOMY IIO3amiuHOMY IlepeMmimntyBaHHI0O 3 mmigirpiom B MI'Il-ycTanoBITi
Ta THMYacoBoMy (5 XB.) BIJIMBY aproHOBOI ILTasMu, iHimiitoBaHol
eJIeKTPUYHOI0 Ayroo. IloTy:XKHicTh maasMoOTpoHY ckiaazana 4—6 xBrT.
Bynao mpoBemeno merasmorpadiuHe MOCTiIKEeHHsS IPO0 CTOIY, B3SATHUX
Ha pi3HMX eTamax TeXHOJIOTii 00po0JeHHA IJA aHAJi3u CTPYKTYpH,
TOOTO 1O, Wix yac Ta micaA Aiil miaasmMoBoi KoMImoHeHTH. Ha puCyHKY
1 mpexcTaB/IeHO CTPYKTYPY BUXITHOTO CTOIY, IO (DOPMYETHLCA B pe-
3yabTaTi nmepeminryBaaus mpotarom 20 xB. 3a MI'[[-meTomom.

¥V BuximHi#l CTPYKTypi cTONy CIOCTEpPirarThbcA BEJUKi 3a po3Mipom
MEepBUHHI JeHADPUTH TBEPJOr0 PO3UYMHY Ha OCHOBiI amiomimito (o-Al),
BUTATHYTI B3IOBXK OCi IepIIIOro IMOPAAKY, MiK AKHMMH pPO3TalloBaHi
00JacTi 3 YACTKOBO BUPOKEHOI0 €BTEKTHUYHOIO KOMIIOHEHTOI0 (puc.
1, a) Ta BeauKi 00sacTi eBTEKTUUYHUX 3€PeH, IO CKJIAJalOThCSA 3 Je-
KIJIBKOX eBTEeKTUYHMX KOJIOHIi i3 XapaKTepHOI KOJIOHiAJIBHOIO CTPY-
KTYpOIiO, 3YMOBJIEHOIO KOOIIEPATHUBHUM POCTOM (has, IO YTBOPIOIOTH
eBTeKTUKY (puc. 1, 0) [6]. CepenHiii posamip s3epeH ckiaamae 40 MKM,
MaxkcuMaybHii — 110 MKM; TOBIIWHA IJACKWX KPUCTAJIB KPEMHiIO

R

2
3
3
i

3epua o-Al

POBUHEY

EBTekTHKA

AlCu

Puc. 1. CrpyKTypa JO€BTEKTUYHOTO CUJIYMiHY OO0 BIJIUBY ILJIa3MOBOT'O 0OPO-
OJIeHHs. @ — TNEePBUHHI JeHApUTH a-Al; 6 — BeJUKi eBTeKTHUUHI 3epHA 3 KO-
JIOHISJIBHOIO CTPYKTYPOIO. !
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3aBASAKMN KOOIIEPATMBHOMY POCTY €BTEKTHYHUX KpPUCTAJIIiB 000x a3
cTaHOBUTH (3—7 MKM). ¥ TaKMX €BTEKTUYHUX KOJIOHiAX (has30r0, IO
3apO/)Kye Ta Bele KpuUcTajdiszamiro, € Kpemuinn [6, 7]. HducmepcHi
BKJIIOUEHHS I1HIMIWX CKJAJOBUX CTONy, 3a pPe3yJbTaTaMU JIOKAaJbHOI
PEeHTTeHOCIIeKTPAJIbHOI aHaJisu, IIpeAcTaBjIeHo Ha puc. 1, a.

Taka cTpyKTypa CTOIYy, 3a aHaJi30i0 BigiOpanmx mpob pimxkoro me-
Tajxy, 30epiraeThbcAa OPOTSATOM YCHOTO MEpiomy iHTeHCHBHOTO II€peMi-
mryBauHa (20 xB.) y MI'/I-BarHi Ta KaHajgax yCTaHOBKHY, TOOTO € pPiB-
HOBaYKHOIO Ta JOCTATHBO CTabiJBHOIO.

Ilicaa miaasmoBoro o6pobieHHA (TIMOMHA 3aHyPEeHHS IIJIa3MOTPOHY
B pigkumit metanm KosumBajaca Bim 10 mo 20 mm), mpordarom 5 XB., B
CTPYKTYPi CTONY SABHO IPOABJAETHCA AUGEPEHIIAIIA MePBUHHUX Je-
HAPUTIB o-Al, B AKMX MiK OCAMHK IIEPIIOro MOPAAKY 3’ SIBJISIOTHCS
mpoIIapKkyu abo OKpPeMUX eBTEKTUUYHUX KOJIOHil, a00 BUPOKEHOI eB-
reKTuKHU (puc. 2). Posmipu mepBUHHUX KpucTaliB o-Al 3MeHIIYOTH-
csa. Takum ymHOM, BeluKi 06’emu M’saKoi o-Al-marpwuili, xapaktepHi
Uil BUXIiTHOI CTPYKTYpPH, IiCJA IIJIa3MOBOTO OOPOOJEHHA 3MEHIITY-
IOThCS, III0 MOJKe MO3UTHUBHO BimbuTucA Ha XapaKTepPUCTUKAX MiITHO-
cTu Ta 3HOcocTifikocTu. CTPYKTypa CTOmy craJia 0iJbI piBHOMipHOIO,
yaTyBaHHA M AKHX i TBepAmX obJjacTeil cTajio OiJbII pPeryJasapHUM,
10, fAK IIPaBUJIO, CIPHUAE IIiJBUINEHHIO XapaKTEePUCTUK MiIlHOCTH.
ITopymuaaca TaKOM CXWJIBHICTHh MEPBUHHUX MeHAPUTIB a-Al mo me-
PEeBaKHOTO 3POCTAHHA B HAIPAMKY OCi IEpINOro MOpPAIKY; BOHU CTa-
au Oinbin piBHOBicHMMM, iXHiI cepemHi posmipu smeHITUINCA. ¥
CTPYKTYpPi cTomy 3’sdBUJiacAd HEBeJWKa KiJbKiCTh IOp, II0 MOKe BKa-
3yBaTH Ha Ta30BUOIJIEHHS, CIIPOBOKOBaHe i€ ILadmMu. BiporigHo,

Puc. 2. CrpykTypa cTomy B KiHIIi m1asmMoBoro o6pobjeHHs. a — mpoba 3
raubusn v 10 MM, 6 — 3 raubunn y 20 mm.2
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10 3i 30iJMBIIEeHHAM Uacy IJIa3MOBOTO OOPOOJIEHHS 3a D XB. ra30BUIi-
JIeHHSI TPUMUHUTLCA, TOOTO IMIOPUCTICTh 3HUKHE.

SKIMO B CTPYKTYPi BUXiZHOIO CTAHY € JOCTAaTHBO BEJHKi 3a PO3Mi-
paMu eBTEeKTHUYHi 3epHa, 3 ABHUMHU O3HAKAMU KOOIEePATHUBHOTO POCTY
KoJioHi#t (pue. 1, 6), To micasa maasMoBOr0 OOpOOJIEHHS €BTEKTHYHI
KOJIOHII BHpPOMIKYIOTBCA, 1 Taka CTPYKTypa 30epiraeTbcs IIPOTITOM
ycboro uyacy mii miaasmm (5 xB.). Kpucranm KpeMHi0 y BHUPOAKEHil
€BTeKTHUIli, HOPIiBHAHO 3 BUXIJHMM CTAaHOM KOJIOHIN i3 XapaKTepHUM
KOOIIEpAaTUBHUM POCTOM, € OiJbIIl PiBHOBiCHMMM, 3HUKAE IIOMOBIKeE-
HiCTH y HampPAMKY HaMOiNbIIOI IMIBHUAKOCTH pocTy (maacka dopma),
BimcyTHI Miclg 3 MaauM pamitocoM KpuBMHU (pedpa ILTacKuUX Kpuc-
TajgiB), AKi € KOHIIEHTpaTOpaMM HaIpy’KeHb. Taka CTPYKTypa Kpuc-
TajJiB KPEMHil0 € OiJbII CIPUATIMBOIO 3 TOUKHK 30py MeXaHiuHMUX
BJIACTUBOCTEM.

3aMiHy IIJIaCKMX KPUCTAJIIB KPEeMHiI0 B KOJOHIAJIBHUX CTPYKTYpax
IO IIJIa3MOBOrO OOpOOJIeHHS, Oe peaisyeThbcd KOMMIO3UITiliHe 3Mill-
HeHHs, Ha KPUCTAJi3allilo 3 BUPOIKEHOI0 eBTEeKTHUKOI0, TOOTO Mexa-
HisM AucHepciiHOTO 3MiITHeHHs, KU peajisdyeTbcsa micjs oOpobieH-
Hs, He MOKHA OI[IHUTH Hi AK IIO3UTHBHE, Hi AK HeraTUBHE SBUIIE.
EdexTuBHiCTh BIJIMBY CTPYKTYPHM HA BJIACTHUBOCTI 3aJI€KUTH Bix Oa-
raTboX YMHHUKIB (JIOKAJIBHOTO PO3IOIiNy HaIpy:KeHb, BJACHUX BJac-
TUBOCTEN KPUCTAJiB, MiK(dasHOI B3aeMoOmil TOIO); TOMY HPOTHO3U
OIITIMAJbHOI CTPYKTYPHU CTAIOTH HEeBU3HAUEHUMU, IMOTPiOHI momarbImri
eKCIIepUMEHTAJIbHI TOCTiIMKEeHH .

ITicna sakinuenusa uepe3 10 XB. mIasMoBOTO 00pOOJeHHSA (BUKJIIO-
YeHHS IIJIa3MOTPOHY) Ta HPOAOB:KEHHSA y Ieli uac iHTeHCHBHOTO IIe-

Puc. 3. Crpykrypa crony uepes 20 xB. micid m1a3sMoBOTO OOPOOJIEHHS. @ —
BeJINKi eBTeKTUUHi KoJIOHIT; 6 — mepBuHHI genapuTtu o-Al.>
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peMinTyBaHHS PO3TOIY €JeKTPOMATHETHUM IIOJIeM 3 OJHOYACHOIO ce-
mapalrieio mOTOKY MeTajJy 3a KPUTEepieM eJeKTPOIIpoBigHOCTU (YacTu-
HKM 3 OiJIbIIIOI0 eJeKTPOHPOBimHicTIO mepeminiyioTbea y 0iK 6inbImmoi
HAIIPY:KEeHOCTH TOJIdA, a 3 MEeHIo — y OiK MeHIoi) 60yao Bimibpamo
Opo0y I CTPYKTYPHOI aHAaJIi3m.

BcranoBieHO TeHeHIIiI0 TOBEPHEHHA CTPYKTYPH MeTanly A0 BUXIik-
Horo crany. lle mpoaBasIocAa B TOMY, IO BUHUKAIOTH 00JIacTi 3 Ko-
JOHIANBHOIO €BTEeKTUKOIO0, i iXHi poamipu 30inblryioThca 3i 30ib-
IIeHHAM Yacy IIicjia mpunuHeHHs il nmnasmu (puc. 3, a). Coocrepi-
ra€TbCs TAKOMK YKPYIHEHHSA IIePBUMHHHUX KpHCTAIiB o-Al 3 omHouac-
HOIO TEHIEHITi€I0 70 BUTATYBAaHHSI B OJHOMY HampaMKY (Biporimmo oci
MIePIIIOro MOPAAKY). 30iIBITYyeThCA TaKOMK HEOTHOPIAHICTL Y PO3IOMmi-
JIEHHI eBTeKTUKU MijK IepBUHHUMU Kpucrtajamu. CepenHiii posmip
3epHa 30inbmuBea mo0 22 MKM (y 1,2 pasu). Poamipu obGsacreit cKyIi-
YeHHS eBTeKTUKU CTalu JopiBHioBaTH B cepegubomy 200 MM, a ¢o-
pMa KpHCTaJiB KPeMHil0 mouajia MOBEpPTATHCA M0 MJIACTHHYACTOI, iX
CHiBBiTHOIIIEHHA M0 KOMIIAKTHUX KpucTajiB mopiBaioe 1:1 (y BuUXin-
HOMY CTaHi Ile crmiBBigHOIIeHHs mopiBHioBayio 1:9). Iliamason posmi-
piB KpucraiyiB Si B eBTEKTUIII POIMIMPUBCS 38 PAXYHOK MaKCHUMAaJlb-
HUX 3HAUeHb i cKkJaB 3—14 MKM.

3. PE3YJIBTATH TA IX OBTOBOPEHHS

Hapeneni mopiBHANBHI XapaKTEePUCTUKU CTPYKTYP CTOINB, BimiOpa-
HUX y PiBHMX YacOBUX NPOMIisKKaxX MO, IIiJ yac Ta IIicJsa BIJIWBY ILIa-
3MHU TOKAa3yIOTh, IO IIiA Oi€l0 miIasMu BigOyBaeThbcsa AudepeHIridlisa
MEPBUHHUX KPHUCTANiB o-Al, 3MEHITyeThCA TOBIUHA IJIACKUX KPUC-
TaJiB KPEMHIi0, TOAPiOHIOIOTHCA BEJIUKOTO PO3Mipy 30HU €BTEKTHUUHOI
CKJIAZOBOI Ta HigBUIIMYETLCS PEryJAPHiCTh posmomiieHHa ixX B o6’emi
CTOTYy, OiJIBIII TOBHO NPOSBJISIETHCA BUPOAMKEHHS €BTEKTHUKU. Bupo-
MUKEHHA €BTEeKTUKU IPOABIAETHCA B TOMY, IO aToMu AJlOMiHii0 3
piivHU EBTEKTHUYHOI'O CKJIaQy BOYIOBYIOTHCA y 3pocTaioumii (hpoHT
KpucTaJjisallii mepBUHHOTO KPUCTAJy aJIIOMiHiI0 AK Ha TOTOBY IIiJK-
JaAMHKY, a 3barauyeHa KPeMHI€EM pifuHA MOUYMHAE KPUCTAJIi3yBaTHUCH
y BUIJIAMI CAMOCTifHO 3poCTaloumMX KPUCTAJIB KpeMHiio. BigcyTHicTs
KOJIOHiAJILHOI CTPYKTYPU €BTEKTHUKU BKasye Ha Te, IO O0OUIBA KOM-
IIOHEHTU KPHUCTAJi3yIOThCA CaMOCTiiHO, KOOIlepaTUBHUU picT mnpu
1IBOMY BifCyTHii.

HapeneHni Builie eKCHepUMEHTAJbHI pe3yJbTaTH MOKHA MOACHUTU
HAaCTymHUM YMHOM. [lifd mjIasMm Ha PO3TOI AOEBTEKTUYHOTO CHJIYMi-
HY, AKU# iHTeHCUBHO mnepemimyerbcsa MI'I[-meTomoM, IPUBOAUTH [0
icToTHOTO TMOAPiIOHEHHA YCiX CTPYKTYPHUX CKJIAJOBUX CTOIY: €BTEK-
TUKU, IIePBUHHUX KPUCTAJIB aJIOMiHiI0 Ta KpHCTaJiB KPEMHil0 B €B-
TeKTuIli. YacTKOBO Big0yBaeThCA BUPOMIKEHHS €BTEKTHUKHU 3 BUHUK-
HEHHAM OKpPeMUX KPHCTAJIB KpeMHilo, IpuuyoMy ixHs (popma 3 mJjac-
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Kol mepexoAuTh y ApiOHOAWCIIEPCHY MOeHAPUTHY. 3aMiHa ILIACKUX
KpHCTaJiB KpeMHil0 Ha OiabI piBHOBicHI KpucTanum 3 OiabIIMMH pa-
TitocaMu 3aKpyTJIeHHs pebep IIOTEHITIMHO CIpUsEe 3MEHIITeHHIO JOKa-
JBbHUX HAIPYKeHb B o-Al, OigBUIyIOUM THM caMUM XapaKTePUCTUKU
3araJibHOI MiITHOCTH Ta 3HOCOCTiMKOCTH.

MosxkHa TIPUIYCTUTHU, N0 ONMCAHUIN MeXaHi3M BUPOMKEHHS €BTEK-
TUKM, III0 po3TallloBaHa MiK IIEPBUHHUMU KpUCTaJaMU aJIOMiHifo,
3yMOBJIeHUII 30iJbIIIeHHAM 3MOUYBAHHSA PiIKMM MeTaJiOM IIOBEpPXHi
Kpucrtanay o-Al, mo pocre. Boiue miasmMu NPUBOAUTH OO0 3MEHITIEHHS
CUJI Mi’KaTOMOBOI B3aeMOJii B PifMHI — BOHM CTAIOTh MEHINUMHU ¥
TMOPiBHAHHI 3 cuiaMu 3B’A3KY B TBepAiil ¢asi; Tomi aromam Auomi-
Hif0, 3 eHepreTUYHOI TOUYKHU 30Dy, Jeriile IMOKUHYTU PiAuHYy Ta BOyIy-
BaTHcA y 3pocraiounii GpoHT Kpucrasisaiii a-Al. Tobro gig miasmu
MIPUBOAUTE IO IIOJETIIEHOr0 IOCTauYaHHA, «BUCMOKTYBaHHA» aTOMiB
Aurominiio 3 piguHM Ha GPOHT KpHcTasidailii MepBUHHOTO KPUCTATY.
SAK10 Tak, TO i3 BHUKHEHHAM IJIa3MU 3MOUYBaHHS IIOBEPTAETHCA IO
IMOYaTKOBOTO 3HAYEHHA, i 3 YaCOM HEepPBUWHHA CTPYKTypa Oyle BiJHOB-
gioBatuca. IlpoBereHe maasMoBe OOPOOJIEHHA MOYKHA IIOPiBHATH 3
Iiel0 MOBEPXHEBO-aKTUBHUX PEUOBMH, KOJM BBEIEHHA iX Yy piauHy B
HEBEJUKIN KiJIBKOCTI IMPOABIAETHCA Ha Mik(asHIil Mexi AK 3Mouy-
BaHHI.

BrasaHi mO3WTHBHI 3pYIIIEHHA CTPYKTYPH AOEBTEKTUYHOTO CTOITY
i gi€ero miIasMu MOYKHA BBaKaTW HEPiBHOBaKHUMM, OCKIJIBKU ITic/id
MPUNMHEHHA Ail MJIa3MMU CTON AK TEePMOAWHAMIiUHA CHCTeMa MparHe
10 TIOBEPHEHHA B IOIEpPenHili, OijnbIN piBHOBasKHUI cTaH, TOOTO MO
nii nmasmu. IlpakTuuHOo yci ommcaHi CTPYKTYpHiI 3MiHUM IOBepTaloTh-
cA OO0 XapaKTEepUCTUK BUXIAHOrO crTamy. 3 IIiel TOUYKHM 30py MOKHA
BBasKaTH IIPOBEJleHE IJIa3MOBe 00POOJIEHHA JOEBTEKTUUYHOTO CUJIYMiHY
aHaJIOTiYHUM a0 nil Momm@ikaropa, AKWMN B3MiHIOE 3MOUYyBaHHA Ha
Me:xKi pimmHa—TBepAuii cTaH i 3 YacoM HOBiIbLHO BUIANAETLCA (HAa-
MIPUKJIaJ], BUNAPOBYETHCA) 3 PO3TOIY, HE BaJUIIAIOUN ITOSUTUBHOTO
BILIBY. 1[I0 0COOJIUBiCTE ILIa3MOBOTO 00pOOIEeHHS Tpeda BpaxoByBa-
T Yy MOJAJBINNX OCTIIKEHHAX, OCKIJIBKM MOifd IIJa3MU € TUMYaCO-
BOIO i Bipasy micas mpumnumHeHHA Ii Aii Meras Tpeba ITBUIKO KpUC-
TaisyBaTH A (ikcallii mo3UTUBHUX CTPYKTYPHUX 3PYIIEHbD.

4. BAICHOBRH

O6pobyIeHHS PiAKOro MeTaJly aproOHOBOIO ILIasMoi0 B ymoBax MI'JI-
mepeMilllyBaHHsS IIPUBOAUTH OO iCTOTHOTO AUCIEPI'YBAHHSA CTPYKTYP-
HUX CKJIAZOBUX MTOEBTEKTHUYHOIO CHUJIYMiHY, a TaKOK YACTKOBOTO BU-
POIKEeHHS eBTeKTHUYHOI CKJIAJZOBOI.

Bupoa:xeHHA €BTEeKTUKU B AOCIIAKYBAHOMY CUJIYMiHI IIPUBOIUTH
IO 3MiHM MexaHi3sMy 3MIiITHEHHS B MeXKaxX eBTEeKTHUYHOI KOJIOHii: 3a-
MiCTh KOMIIOBHMIIITHOTO, XapaKTepHOro IJII BUXiTHOTO CTaHy, peasi-
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3y€ThCS MeXaHi3M JIHCIIePCHOTO 3MIiITHEHHS, IO CHPHUIE 30iJbIIIeHHIO
ILJIACTUYHOCTHU CTOITY.

Jisg nnasMuy BIJIMBAE Ha CTPYKTYPY TUMUYACOBO i 3 HacoM HPUNU-
HAETBhCA ITic/IA il CKacyBaHHSA; IIPM ITbOMY CTPYKTypa CTOIy IparHe
MOBEPHYTHUCA [0 IEPBUHHOTO cTaHy. BiATak, BCTaHOBJIEHI CTPYKTYpPHI
3MiHM B JOCJIIIPKYBAHOMY CTOIIL ITiJi Ai€I0 MJIa3MM € HePiBHOBAYKHNMU,
ajie MOXKYTh OyTH CTablILHMMMU B Yaci Imicjada KpucTaJjisarrii.

Bcranmosiaenuit B po0OTi BIIMB IIJIa3MU HA CTPYKTYPY AOCIiIKyBa-
HOTO JOE€BTEKTUUYHOT'0 CHUJIYMiHY IIOACHIOETHCA 3MiHOI0O 3MOUYYBaHHSA
PO3TONOM HOBEPXHi TBepaoi (hasm.
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! Fig. 1. The structure of pre-eutectic silumin before the influence of the plasma treatment.
a—the primary dendrites of a-Al, and 6—large eutectic grains with a colonial structure.

2 Fig. 2. The structure of the alloy at the end of the plasma processing. a—a sample from
depth 10 mm; 6—from a depth 20 mm.

3 Fig. 3. The structure of the alloy after 20 min plasma treatment. a—large eutectic colonies;
0—the primary o-Al dendrite.
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