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HHPOPMAIIUA NJII ABTOPOB

COopHuK Hay4yHBIX TPYROB «Hanocucmemu, Hanomamepianu, Hanomexnonozii» (HHH) ny6nukyer eré
HeoyOJINKOBaHHbBIE ¥ He HaXOAAIIVECS Ha PACCMOTPEHUM IJIs ONYyOJUKOBAHNSA B MHBIX UB3JAHUAX HAYY-
Hble 0030pPHI ¥ OPUTHMHAJIBHBIE CTAThU, COJAEPIKalllie U XapaKTePU3YIOIre Pe3yIbTaThl 9KCIIEPUMEHTAb-
HBIX ¥ TEOPETUYECKUX MCCJIEA0BAHUMN B 00JaCTH (PUBUKHU, XUMUU, OMOJIOTUN, TEXHUKHU, METOIOB CUHTE3a,
06pabOTKY 1 AMArHOCTUKY HAHOPAa3MEPHBIX CUCTEM U HAaHOMACIITAOHBIX MAaTEPUAJIOB: KJIACTEPOB, HAHOYA-
CTUIl, HAHOTPYOOK, HAHOKPUCTAJIJIOB 1 HAHOCTPYKTYP (aaTUTOMOAOOHBIX U AP. 6rocucTeM, aMOPMHBIX U
KOJIJIOUJHBIX HAHOPA3MEPHBIX CUCTEM, HAHOCTPYKTYPHBIX IJIEHOK M TOKPHITHU, HAHOIIOPOIIIKOB U T.x.).

Crarbu myOJIMKYIOTCA HA OAHOM U3 [BYX S3BIKOB: aHIVIMACKOM IV YKPAUHCKOM.

Crarbu, B 0popMIeHNN KOTOPBIX He COOMIIOAEHBI ClaeAyolre IpaBuia fiaa nyoaunkanuu B HHH, Bos-
BpAIIaloTCA aBTopaM 6e3 pacCMOTPEHUA IO cyinecTBy. ([laToit mocTymieHnsa cunTaeTca JeHb IIOBTOPHOTO
IIPeJCTABJIEHUS CTATHY IIOCJIE COBJIIONeHUsI YKAa3aHHbBIX HIUKe IIPaBUIL. )

1. CraThs K0JsKHA OBITH MOANIMCAHA BCEMU aBTOpPaMH (C yKadaHUEM HX aJAPeCOB 3JIEKTPOHHOM ITOYTHI);
ciaenyeT ykasaTh (paMuINIO, UMA U OTYECTBO aBTOPA, C KOTOPHIM pefaKnusa OyAeT BeCTU IEePENucKy, ero
TOYTOBRIH agpec, HoMep TesredoHa (hakca), agpec 3JIeKTPOHHOM ITOYTHI.

2. UsnoxxeHue NOKHO OBITH SICHBIM, CTPYKTypupoBaHHBIM (pasgenamu «1.Berym», «2.Excme-
pumenraabHa/TeopeTuuna MmeToquKa», «3. Pe3yabpraru ta ix 06ropopeHHs», «4. Bucuosku», «Ilurosa-
Ha JiTepaTypa»), C:KaTbIM, 0e3 AJIMHHBIX BBeJEeHUH, OTCTYIJICHUH U IIOBTOPOB, JYOJUPOBAHUSA B TEKCTE
MaHHBIX TA0JIUI[, PUCYHKOB U IOAIMCEH K HUM. AHHOTAus U pa3nes « BHCHOBKM» TOJIKHBI He Ty6aIupo-
BaTh APYT Apyra. YucioBble JaHHBIE CJIEyeT IPUBOAUTE B OOLIEIPUHATHIX eAUHNUIIAX .

3. 06bém craThu q0JKeH ObITh He 6osiee 5000 cii0B (¢ y4ETOM OCHOBHOI'O TEKCTA, TAGJINI], IOAIIUCEH K
PUCYHKaM, criucka gureparypsl) 1 10 pucyHKoB. Bompocs!, cBA3aHHBIE ¢ TyOanKanueil HAyYHbIX 0030POB
(e 6omee 22000 cioB u 60 pucyHkoB), pemiatorcsa penkosteruneii HHH Ha ocHOBaHWU IpeABapuTEIHLHO
IIpeoCTaBIeHHOM aBTOPAMUY PACIIIUPEHHON aHHOTAI[UY PAaGOTHL.

4. B pefaknuio mpegocTaBiasiercs 1 9K3eMILIADP PYKONNCH € WIIIOCTPATHBHBIM MaTepuajoM, Haleda-
TaHHBIM Ha 6ymare popmaTa A4 yuepes IBOMHOI MHTEPBAJ B OJUH CTOJIOEI] C OAHOI CTOPOHEI JIKCTA.

5. B pepakiuio o6s3aTeabHO IpefocTaBiasercs (o e-mail niu Ha KoMmakT-gucKe) Gaity pyKomucu
craThbu, HaOpaHHLINA B TeKCTOBOM pegakrope Microsoft Word 2003, 2007 mau 2010 ¢ HagBaHUEM, COCTO-
AmuM u3 haMuInK IepPBOro aBTopa (JaTuHuIel), Hanpumep, Smirnov.doc.

6. ITeuaTHBII BapUAHT PYKOIINCH U €€ 3JIeKTPOHHASA BEPCUS JOJYKHBI OBITH HACHTUYHBIMU U COZEPIKATH
5—7 ungexcos PACS (8 mocnexnneit pegaknuu ‘Physics and Astronomy Classification Scheme 2010’ —
http://publishing.aip.org/publishing/pacs/pacs-2010-regular-edition) u ammorammuio (200—250 cioB)
crarbu (BMecTe ¢ 5—6 KiaroueBbIMu ciioBamMu). TeKCTHI YKPAUMHOSSBIUHBIX CTATe JOKHBI TAKIKe COLep-
JKaTh 3aryiaBre CTaTby (BMeCTe CO CIMCKOM aBTOPOB U aJpecaMy COOTBETCTBYIOIIUX YUPEKAEHMHI), pac-
mupensyto annoranuio (300—350 cioB), KIOUEBBIE CI0BA, 3aTOJIOBKY TA0IUI] U TOAIINCH K PUCYHKaM Ha
aHrJIMiicKoM sa3bike. Kpome Toro, comeprxkaHus aHHOTAIWM HAa YKPAWHCKOM ¥ aHIJIMMCKOM S3BIKAX
JOJIXKHBI 6]:1’1‘]: UJOEHTUYHBIMU 110 CMBICJTY.

7. PucyHKH (TOJIBKO 4epPHO-0ejIble WIN MOJYTOHOBbIE C TPaJanueil ceporo) mIpeJjocTaBIA0TCA Ha OT-
[eJbHBIX JIICTAX C YKasaHWeM HOMepa PUCYHKa U (paMuiny mepBoro aBropa. Bce pucyHKH JOIKHBI GBITH
OTIOJIHUTEILHO IIPE/ICTABJIEHbI B BUE OTAeIbHBIX (PailioB (IIpeJrouTuTe IbHO B rpaduueckux opmarax
TIFF, EPS unu JPEG) c HagBaHuAMY, COCTOAIIMMY 13 (GaMUINU IIEPBOTO aBTOpa (JIaTUHUIEH) 1 HOMepa
pucyHka, Hanpumep, Smirnov_fig2a.tiff. KauecTBo mumrocrpaiuii (B TOM YncJie ITOJIYTOHOBBIX) ZOJIMKHO
obecreunBaTh UX BocupousBegenue ¢ pagpemenueM 300—600 Touek Ha groiiM. J[OIOJTHUTEIBHO PUCYHKY
IIPeoCTaBIATCA B hopMarTe IPOrpaMMbl, B KOTOPOI OHU CO3aBaJIUCh.

8. Hagnucu Ha pucyHkax (0CO0€HHO Ha ITOJIYTOHOBBIX ) HA/IO 10 BOBMOYKHOCTY 3aMEHUThH 6YKBEHHBIMU
o6o3HaueHNAMHY (HaOPaHHLIMU HA KOHTPACTHOM (hOHE), a KpUBbIe 0003HAUNTD IUMPAMU UJIU PASIHIHOIO
THUIA IUHASMYU/MapKepaMu, PasbsACHAEMBIMY B IOAIUCAX K PUCYHKaM uiu B Tekcre. Ha rpadukax Bce
JIMHUY/MapKEPHI JOLKHBI OBITH YEPHOIO I[BeTa M JOCTATOYHBIX TOJIIIVH/PAa3MePOB IJiA KaueCTBEHHOTO
BOCIIPDOU3BEIEHUA B YMEHBIIIEHHOM B 2—3 pasa Buje (peKoMeHAyeMas MIMpWHA pucyHka — 12,7 cm).
CHI/IMKI/I JOJIXKHBI 6I:ITI; ‘{éTKI/IMI/I " KOHTPACTHBIMU, a HAAIIUCU U 0608Ha‘{eHI/IH JAOJIKHBI HE 3aKPhIBAaTh
CYII[eCTBEHHBIE AeTajy (s 4ero MOXKHO MCIIOJIB30BaTh CTPEJIKM). BMmecTo ykasaHWs B IOJTEKCTOBKE
YBeJIMUEHNs NIPU ChEMKE JKeJIaTeIbHO IPOCTAaBUTh MaciITad (Ha KOHTPACTHOM (hOHE) Ha OAHOM U3 HAEH-
TUYHBIX CHUMKOB. Ha rpadukax moanucy K ocsiM, BHINOJHEHHbIE HA A3bIKe CTAThH, JOJLKHBI COJEPIKATh
o0603HaueHns (NI HANMEHOBAHU ) OTKJIAJbIBAEMbIX BEeJIUUNH U Yepe3 3aIsTYI0 UX eIUHUIILI U3MEDEHU .

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

10. Pucynku, a Takike TaGJUIbI U IIOJCTPOUYHbIE MPUMeYaHUA (CHOCKM) JOJKHBI NUMETh CILJIOIIHYIO
HyMepaIuio II0 BCeil craTbe.

11. CebLiku Ha JUTEpPATypHBbIE NCTOUHUKY CJIEAYeT HaBaTh B BUE MOPAIKOBOrO HOMEpPa, HalleuaTaH-
HOT'0 B CTPOKY B KBaAPaTHBIX CKOOKax. CIIMCOK JIUTEepaTyphl COCTABIISAETCSA B IIOPSAIKE IIEPBOr0 YIIOMUHA-
HUS UCTOUHUKA. IIpuMepsl 0POPMIIEHUs CCHLIIOK IPUBEEHbI HUYKe; IPOCUM 00paTUTh BHUMAHNE Ha II0-
PAIOK CJIeJOBAaHUSA MHUIINAJIOB U (paMuinili aBTOpOB, 6ubarorpad)uecKuX CBeAEHUN U HA PasJe/uTeb-
Hble 3HAKM, a TaKKe Ha HeOOXOAMMOCTh YKa3aHUs BCEX COABTOPOB IUTUPOBAHHOU pa6GoThl U (B KOHIE
KasKI0i cchliKku) eé nudposoro uaentuduraropa DOI, ecsiz TaKoBOII UMeeTCA Y COOTBETCTBYIOIEH Iy6-
nurkanuy (1 yKasaH Ha e€é MHTePHeT-CTPaHUIle U3JaTeIbCTBA):
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BUJABHHYA ETUKA

TA 3ATIOBITAHHA HECYMJITHHI ITIPAKTUIII ITYBJIK AT

Pepakmiiina Koseria 36ipHuka HayKoBux mpaib «HaHocucTeMu, HaHOMATEpiaain, HAHOTEXHOJIOTII»
JOTPUMYEThCSI €TUIHUX HOPM, NPUUHATUX MI’KHAPOJHWM HAYKOBUM CIIiBTOBAPKCTBOM, i pPOOHTH
yce sl 3amobiraHHA OyAb-AKUM IIOPYIIEHHSAM I1X. ¥ CBOIMl [isJIbHOCTI pefaKIlisi CIMpaeThCs Ha
pexomenzanii Komirery 3 ernku HaykoBux myouikariit (http://publicationethics.org).

000B’A3KM pegaKuii

. Bci npencrasiieHi cTaTTi peneH3yIOThCS eKCIIepTaMu B JaHil 061acTi.

. ITig yac posriAmy cTaTTi BpaXxoBYIOThCS Ii BiAgmoBigHicTh mpeameTHiit obJsacti, o6r'pyHTOBA-
HiCTb, 3HAYMMICTD, OPUTiHAIBHICTE, UNTAOEJbHICTH i MOBa (TIpaBomuc).

. 3a pesysJbTaTaMU PEIeH3YBaHHS CTATTS MOKe OyTU IPUIHSATA A0 OmyOIiKyBaHHS 0e3 Jopo6-
KU, IPUHHATA 3 JOPOOKOI0 abo BigxwuieHa.

. BigxuieHi crarTi moBTOPHO He PEIEeH3YIOTHCS.

. CrarTi MOKYyTh OyTH BigxwuieHi 6es3 pereHsii, SKIIO BOHM OYEBUJHUM UYMHOM HE IIiAXOAATH
I yOsTiKarrii.

. Pepakmia yxBaiioe pilieHHA oo myOsikaiii, Kepyroouuch MOJITHKOI 30ipHUKAa, 3 ypaxy-
BaHHAM JiI0YOTO 3aKOHOJABCTBA B 00JIACTi aBTOPCHKOTO IIpaBa.

. He momyckaeTrbes mo nmyouikaiiii indopmaliisi, SKIO € AOCTATHLO IiJCTAaB yBaskaTH, II[0 BOHA
€ miarisTom.

3a HagBHOCTH SAKUX-HEOynb KOHGIIKTIB iHTepeciB (piHaHCOBUX, aKaAeMiUyHUX, OCOOMCTHX) BCi

YYacHUKHU IIPOIlecy pelleH3yBaHHS IIOBUHHI cHoBicTUTH IIpo Iie penkosierii. Bei cmipui nuranHsa

PO3IJIALAIOThCA Ha 3acifjaHHi pegkKoJerii.

Ilpuiiaari go omyOJiKyBaHHS CTATTi PO3MIIAIOThCA y BiAKPUTOMY OOCTYII Ha caiTi 30ipHUKAa;

aBTOPCBHKIi ITpaBa 30epiraroThCsA 3a aBTOPaMU.

ETuyHi NpUHIUIN B JiSIbHOCTI PEeleH3eHTiB

. PerieHseHTH OI[IHIOIOTH CTATTi 3a IXHIM BMicTOM, 0E3BiZHOCHO J0 HAIIOHAJILHOCTH, CTATi,
CeKcyasIbHOI opieHTalii, peairiiHuX mepeKoHaHb, eTHIYHOI MPUHAJEKHOCTA a00 MOJITUYHUX
IepeKoHaHb aBTOPiB.

. CriBpoGiTHUKY pefakiiii He IMOBUHHI MOBIAOMJIATH SKY-HeOyAb iH(opMallio mpo crarTi, 110
HagiAmIM, ocobaM, AKi He € pelleH3eHTaMM, aBTOPaMU, CIiBPOOITHMKaMU pefakiiii Ta Buma-
BHUIITBA.

. PerniensyBanHs moBUHHE OyTH IIpoBedeHO 06’eKTHBHO. IlepcoHasbHA KPUTHUKA aBTOpa HEIPU-
nyctuMa. PereHseHTH 3000B’A3aHi OOIPYHTOBYBATH CBOIO TOUKY 30pPY UiTKO if 06’€KTUBHO.

. PenensyBanusi moroMarae BUJABIEBI mpuiiMaTy pillleHHA Ta 3a JOIIOMOIOI0 CIIiBPOOiTHUIITBA
3 pelleH3eHTaMU I aBTOpaMU MOJIIIIIINTH CTATTIO.

. Marepianu, orpumani nisa pereHsii, € KOHGIZEHIiHHUME JOKYMEHTaMH Ta PeleH3YIOThCA
aHOHIMHO.

. PerenseHnT Takoyk 3000B’s3aHUiI 3BepPTATH yBary peJaKTopa Ha iCTOTHY ab0 Y4acTKOBY MOZi0-
HiCTH IIpeACTaBJIEHOI CTATTi 3 AKOIO-HEOYIb iHIIIOK POOOTOI0, 3 AKOKI PEIEH3EeHT Ge3rnocepes-
HBO 3HAHOMUHA.

IIpuHIMIN, AKMMHU MOBHMHHI KePYyBAaTHCA aBTOPH HAYKOBMX ITyOJIiKaIlii

. ABTOpu craTell MOBMHHI HagaBaTU TOYHUI 3BIT IpPO BUKOHAHY POOOTY i1 00’€KTHUBHE OOr'OBO-
peHHs i 3HAYMMOCTH.

. AsBTopu craTTi DOBMHHI HaJaBaTU AOCTOBIpHI pesyJsibTaTH IPOBEAEHOrO OISy U aHamxisu
nmocaimxenb. CBiqoMo moMUIKOBI a60 chanbeudikoBaHi TBepKeHHA HEIPUHHATHI.

. CraTTss MOBMHHA MICTHUTH IOCTATHIO KiJbKicTh iHdopmarlii mjis ImepeBipKM Ta IIOBTOPEHHS
eKCIIePUMEHTIB a00 po3paxyHKiB iHmwumu pociaigumkamu. [Ilaxpaiicbki a6o cBimomo Hempas-
IVBi 3aABM MPUPIiBHIOIOTHCA IO HEETUYHOTO IMOBOAMKEHHS i € HeIPUNHATHUMU.

. ABTOpDH MOXKYTb HaAJaBaTH OPUIiHAJBHI PeryjsapHi # orasamoBi poGoTu. 3a BUKOPUCTAHHS
TeKcToBOI abo rpadiumoi indopmarii, orpumanol 3 pobiT iHmILX 0ci0, 060B’sI3KOBO HeoOXimHi
MOCUJIAaHHS Ha BiAmoBigHi myGiikarii abo muchbMOBHU [03BiJ iXHiIX aBTOpIB.

. Ilogaua craTTi OGiABII HijK B OQUH KYPHAJ PO3IIHIOETHCS SK HEETHMYHE IOBOIMKEHHS i € He-
TPUNHATHOIO.

. ABTOpPCTBO MOBUHHE OyTH O0OME)KEHe THMU, XTO BHIC 3HAUHUI BHECOK Yy KOHIIEII[il0, PO3PO0-
Ky, BUKOHAHHA a00 iHTepIIpeTaIliio 3asBJI€HOr0 AOCIiIKeHH.

. Ioxepesa (hiHAHCOBOI MiATPUMKYU IOCTiIMKEHHA, 0 TyOIiKyeThCs, MOKYTb OyTH 3a3HAUEHi.
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TeopeTuuna MeToa BU3HAYEHHA rpa(peHOBUX (Di3UYHUX TapaMeTpiB

I0. 1. Augpycuinusa

IIBH3 «IIpukapnamcovkuil HauionaavHuil yHieepcumem imeri Bacuas Cmeganura»,
eya. Illesuenka, 57,
76018 Isano-®Ppankiscvk, Yrpaina

HeTanbHOIO aHATI30I0 METOAU PO3PAXYHKY rpadeHOBUX IIapaMeTpPiB BCTaHO-
BJIEHO B3Aa€EMO3B’SI30K Mi)K KOHIIEHTPAI[i€l0 HOCiiB cTpyMy Ta HaAIpyromo 3a-
kpuBy. PosriignyTo pisHi MexaHiZMu po3cifgHHA HOCiiB y rpadeHOBiit rpart-
HUIIl Ta PYXJUBiCTh, AKY BOHU CIPUUYUHAIOTH. IIpakTuuHa cTOpoHa oOnep-
JKaHUX pPesyJbTaTiB IMOKAa3ye, AK KOHTPOJIOBATU MOKJIUBY I'Pad)EHOBY eJIeK-
TPONPOBiAHICTL, 3MiHIOIOUM 3HAUEHHS XEMiUHOTO ITOTEeHI[isgIy.

By means of the detailed analysis of method for calculating the graphene
parameters, the relationship between the current-carriers’ concentration
and the gate voltage is established. Different mechanisms of carriers’
scattering in graphene and the mobility they cause are considered. The
practical side of the obtained results shows how to control the possible
electrical conductivity of graphene by means of changing the chemical-
potential value.

Karouori caoBa: pyxJauBicTb, eJeKTpompoBimHicTh, MoTTiB MexaHisM, Tep-
MOeJIEKTPUYHA IOTYKHICTh, TEPMOEJIEKTPUYHA OIliHKA.

Key words: mobility, electrical conductivity, Mott mechanism, thermoe-
lectric power, thermoelectric evaluation.

(Ompumano 9 6epesns 2021 p; nicas doonpayrosanus — 22 6epesns 2021 p.)

1. BCTYII

Cepen TBepAMX MaCTUJLHUX MAaTEepPiANiB i HATIOBHIOBAUiB KOMIIO3UTIB
Ha ocHoBi Kapbony (caska, KOKC, MPUPOSHI Ta IMITYYHI rpad)iTu TOIIO)
rpadeH HaWMEHII JOCTiIKEeHO 3a TPUOOJOTIYHUMMU BJIACTUBOCTAMU.
TeopeTuuHi mociifxeHHA rpadeHOBUX IIAPiB pPO3IOUYAINCA 3aJ0BIO
10 TOrO, AK OyJiM Ofep:KaHi MpPaKTUYHO 3pas3Ku MarepisanaiB. I[BoBu-
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MipHY (opMy BYIJIEIlI0, TEOPETHUYHO OIMcaHy moHan 60 pokiB Tomy,
JOBT'O HEMOJKJMBO OYJIO OJep:;KaTH Ha HPAKTHIli, OCKiJIbBKHK BBasKAJIO-
cd, 10 ABOBUMIipHI KpHCTaJIX He MOKYTHb iCHyBaTH 4epes3 CBOIO He-
cTabiIbHICTD.

Y 2004 pori 6yy0o omep:kaHO Ta BimHOBJIEHO rpad)eHOBY CTPYKTYPY
[1, 2]. T'padpern Mae yHiKaJIbHi €JIEeKTPOHHIi ¥ OINTHMYHI BJIACTUBOCTI
IS 3aCTOCYBAaHHA B IIHPOKOMY IifAMasoHi poOOUYMX YaCTOT, IMOUMHA-
OUY BiJ pagioyacToT, MiKPOXBUJIb i 3aKiHUYIOUM ONTUUYHUM IiANa30-
HOM [3-5].

MeTo0 AAaHOTO JOCIIiAKEeHHS € OOUMCJIeHHS IIOBePXHEBOI HMPOBigHO-
cTu rpadeHOBOr0 MOHOIIAPY, AKa BH3HAUYAeThesa 3a popmynamu Kyoo
ta MoTTa, y MOAed0, AKUNA BpPaxoBy€ BHYTPIITHBOJIAHIIOTOBY Ta Mi-
JK30HHY IIPOBiJHICTH, 3a PiBHUX 3HAUEHb XEMIUHOT'0 MOTEHITiATY.

2. TEOPETHUYHA METOJUKA

I'padpern — miap aromiB Kap6GoHy, 3’eIHaHUX CIIIHOBUMU 3B’A3KaMU B
IBOBUMIpHi#l TeKcaroHaJIbHIM KpHCTaJiuHill I'paTHUII, Bigmanb Mix
IBoMa cycigaiMmu atromamu Kap6ony cranoBuTh 0,142 mwm.

Atom Kapbony Mae IIicTh eJIeKTPOHIB, PO3HOAiIeHUX IO opbiTamrax
y Buraani 1s°2s?2p®. BryTpimmui emexkTpou 1s «HefiTpanbHi» i He
OepyTh yuacTH B yTBOPeHHi XemiuHux 3B’askis. Opbirani 2s, 2p,, 2p,
riopuan3yITHCA, YTBOPIOIOUM TPW HOBi opbiTani 2sp y miomuHi Xy,
KOJKHA 3 AKUX MIiCTHUTB OnuH ejeKTpoH. I[i opbirasi opienToBaHi 1mo
JiHiAX, 110 BUXOOATHL Bim Aapa Ta sHaxomATbea mig Kytom y 120 rpa-
nyciB oguH Bixm ommoro. Came 1i opbiTasi cycimHix aToMiB yTBOPIOIOTH
MillHi G-3B’A3KH1, IKi BU3HAYAIOTH IMMECTUKYTHUK K OCHOBY rpadeHo-
Boi rparuumi. I1i sk 3B’A3KM BU3HAUYAIOTH, 30KpeMa, rpadeHoBi mexa-
HiuHi BJITaCTHBOCTI Ta BUHATKOBY IIYIKicTb [6].

Omuak Bce IIe icCHye If opTOToOHAJbHA IO IJIOIMHU aToMiB Kapbomy
opbiTanpHa «cuyaa» 2p,. Taki opbiTaji pisHMX aTOMiB yTBOPIOIOTH T-
3B’A3KMU, AKiI B rpadiri BimmoBimarorsr 3a caabxi Bam mep Baanncosi
cuam Misk miaomuuamu. Ha KosxkHi ABi opbiTasi 2p, € oquH eJeKTPOH;
TOMY B i30/bOBaHOMY TrpadeHOBOMY IIapi € OJHAKOBUU e€JEeKTPOH ¥
KOXXHOMY BYy3Jii rpaTHuii. Taki cucreMu HasMBaAIOThCA HAIIiB3aIIOB-
HeHUMU (a[2Ke 3arajiloM B OJHOMY €HepPreTUUYHOMY CTAaHi MOMKYTh OyTHU
IBa eJIEKTPOHA, AKi BimpisHAlThCA crminamu). PiBHI 2p,-opbiTani Bu-
KJIMKAIOTh UBOBUIKHI rpadeHOBi eJIeKTPOHHI BJIACTUBOCTI.

I'padenoBa KpucramiuHa I'paTHUISI — IIe CYKYIIHICTL IBOX B3ae€-
Mo3’eqHaHUX T'paTHUIlb BpaBe 3 aromiB C (Tunmy A i B) 3 eleMeHTap-
HOI0O KOMIipKOI0 y BUIIAAI 3BUYaiiHOro pomOy (puc. 1). Ilepiom miei
I'PATHUIL CTAHOBUTH d = ao\/3 ~ 2,46 A [6], me moB:kMHA 3B’A3BKY MiX
mBoMa cycigmimm aromamu Kap6ory a,= 1,42 A. I'padernosa Bpimrio-
€HOBa 30HA — Ile IPaBUJbHUN INECTUKYTHUK 3i cTopoHOoiO0 4/(37a)
(puc. 2).
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Puc. 1. I'padenoBa eremMeHTapHa KOMipKa (3 HeeKBiBaJIeHTHHMH BysjaamMu A i
B) Ta BexTop rparuuni Bpase [5].!

Puc. 2. EnremenrapHa KoMipKa Ta mepma Bpinmioenosa zona [6].2

HynboBa maca HociiB 3apany y rpadeHOBill Ir'paTHUIlI BU3HAUAE IX-
HIO HAA3BUUYANHO BHCOKY PYXJMBIiCTL — IapameTep, IO XapaKTepu-
3y€ IPUAATHICTL MATEPiAay AJIS BUKOPUCTAHHS B €JeKTPOHIIIi.

3. PE3YJIBTATH TA IX OBTOBOPEHHS
3.1. Po3paxyHKu eJIeKTPOIPOBiTHOCTH

YuHHUKOM, II[0 BM3HAYAE aHAJOTOBi 3aCTOCYBAHHS, € KPYTiCTh xapa-
Krepuctuku j(V;), AKa, AK OPaBUJO, CTAE€ HECKiIHUEHHOIO IT00JIM3Y
rPaHUYHOI HANPYTH, KOJU TeMIlepaTypa cliafae oo HyJd. Bucoruii
HaXMJ XapaKTepHCTUK TPAH3MCTOPa, OOUMCICHUH HaMM 3a KiMHATHOI
TeMIIepaTypH, MOXOANUTh Biff cTpuOKA HPOBIJHOCTH 3a HYJIHOBOI TEM-
nepaTypu.

AxKmIo 3a HYJIBOBOI TeMIIEpATypH CTPUOOK HPOBIZHOCTH OPiBHIOE
AG, TO TOXimHYy TPOBIZHOCTH B TOUYIi CTpHMOKAa 3a HEHYJLOBOI TeMIIe-
paTypu MOKHA OMiHUTHU AK [7]

dG _ AG "
dv, AV,
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Tarkox MaeMo BuUpas AJis KOHIIEHTpaIlil HOCiiB 3apdAny:

-1
2 (= Qo)
2(ele.T) nhzvz'[ +exp{ 2mviT } v @

Tmin

Ioe m — eeKTHBHA Maca eJIeKTPOHA, BU3HAUEHA CIIiBBiTHOIIEHHIM

-1
. E +2A/3
mg:m{nﬁ: 24/ } (3)

"E, (Eg + A)

Hna 3a3sHaueHUX BUIIe KOHCTPYKTUBHUX ITapaMeTpiB (TeMIiepaTypa
BUPAXKAEThCS B €JIeKTPOH-BOJIBTAX)

A(le|V,) = 4,266T +0,8775T , (4)
dG  AG(T =0 K)
dV, 4,266T +0,8775T

(5)

OmiHka BUABIAETLCA Iy:Ke TOUHOIO; Ha puc. 3 i B Tabua. 1 moxasa-
HO IOPiBHAHHA HAXUJIY, PO3PaxOBaHOI'0 3a PO3PaXyHKOBOIO (opMy-
JoI0 (IYHKTHPHA JiHid), 31 3HAUEHHAMU, OJepP:KAaHUMHU 3 TOUHUX UHU-
CeJIbHUX PO3PaxyHKiB.

600 717 »
dv,
500|!

400}
300|
\
2000 o
100 ~ .

— % e 4 .

0 60 120 180 240 300
Temmoepartypa, K

Puc. 3. IlopiBHAHHA PO3PaxXyHKOBOI XapaKTepuCTHUKU (IIyHKTHUDPHA JIiHisg) 3
TOUHMMIY UYHCeTbHUMM PO3paxyHKaMu (Toukm).’

TABJINIA 1.*

Ne 1 | 2 [ 3] 4] 5] e6 ] 7] 8] 9] 10
dG
v,
T,K| 5 20 35 70 120 165 200 240 270 300

600 248 195 132 105 98 91 88 87 87,5
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3ayBa)K1MO, II[0 HPUCYTHICTL HOZaHKA, IPOIIOPIiiiHOTO \/T, y 3Ha-
MEHHUKY 3HOBY 3yMOBJIEHO HAaABHICTIO iBOTPOITHOTO 3CYBY B3/IOBXK OCi
iMOyabCcy B cIeKTpi ABoBuMipHOi rpadeHoBoi rpatauiii. MoxHa 6yJ10
MPUIYCTUTHU, IO AJA OHepP:KaHHA HAXUJIY XapaKTePUCTUKU 3a HeHy-
JBbOBOI TEeMIIEpaTypU OOCTAaTHLO Oyne PO3OiMIUTH BEJIUUYNHY CTPHUOKA
Ha T; A MeToAa IpaIioe, HAOPUKJIIAL, OJA OMiHKU po3moniay Pepmi.

3.2. Po3paxyHKHU eJIEKTPOIPOBiTHOCTH

I'padeniB MoHoOIIap XapaKTepM3yeETbCSA MTOBEPXHEBOIO MIPOBiAHICTIO,
BU3HaUeHOI0 3a popmyaoo Kyb6o [3]:

—7 2
o (o,u,) = 21e kB_T He | o1p exp S T L
nh*(o—i2I') | kT kT

(exp [—wj + 1] - (exp (F’_““j + 1]
_ie*(w —i2l) T kT kT

h’ (0 —i2T) — (28/h)’

g, (6)

me ®=2nf — wuacrora, u=0-1eB — xemiunuii morenmian (1 eB=
=1,602-10"° Isx), '=10"% ¢ ' — ¢akTop penakxcamnii, T — Temmepa-
typa (=300 K), k;=1,3810% IIzx/K — BoxabiMaHHOBa crana, /=
=1,054-10** — IlnamkoBa crana, e=1,6-10""" K — sapsazn eseKkTpoHa.

3ajlexKHiCTL TPOBIAHOCTH ABOBUMIpPHOTO TIrpadeHoBOro Iapy Bifg
yactoru B misamasoxi Bixg 0,001 TTm mo 1000 TTm moxasamo Ha puc.
4. PospaxyHOK HIPOBOAMBCS IO IepiromMy gomauky dopmyau Kyoo (6).

EdexTuBHa mieseKTpUUHA TPOHUKHICTH BUKOPHUCTOBYETHCS B €JIEK-
TPOAMHAMIUHMX 3amauax, Ta MakcBeJIoOBi piBHAHHA MicTATh i
00’eMHY MPOBigHiCTL G, KA Mae OyTu BUpaskeHa SK IIOBEPXHEBa
OpoBigHiCcTE. ¥ pasi rpadeHOBOro MOHOIIIAPY BBOAUTLCSA CKJIATHA Tie-
JEeKTpUYHA ITPOHUKHiCTE [8]:

g(@’uc):1+w’ (7)
g,0d
e d=110"M — edexTuBHaA TOBIIMHA TrpadeHOBOro MOHOIIAPY,

g = 8,854:10 "2 ®/m — pmiesmexkTpuuHa cTaja.
MorTTOoBe PiBHAHHA € OiJbII IPOCTUM AJA OOUMCIeHHA rpad)eHOBOI
nposiguocTu [9, 10]. Bupas ajsa npoBigHOCTH Mae BUTJIAM:

_1/4
G = G, exp {— (%) } (8)

napamerep T, BU3HA4YaeThCa 3a (OPMYJIOIO:
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ro®
T =——, 9
kpg(Ey)

Ie o. — pafiroc posrainyBanusd, g(Ey;) — rycruHa crauiB Ha piBui De-
pMi, A € YncJa0BUM (PAKTOPOM.

Ha pucyHKy 5 moKasamo TeMIIEpATypPHY 3aJeKHICTL €JIEKTPUUHOTO
OIopy, HOPMOBAHOTO Ha 3HaueHHs omopy aasa T,=273,1 K, i3 Biccio
opaunar log[R(T)/R(T,)] ax ¢yuknii mapamerpa T "/*.

I'padenoBy moBepxHEBY HPOBIAHICTH PO3PaxoOBYBaJJIU 3a (POPMYJIOIO

(1),001 0,01 0,1 1 10 100 1000
’ , TTI'm
0,01
110
1-10+#
1107
1-10°¢ 1
1-107 2
1-10°8 3
1-107 4
S 1/0m

Puc. 4. IToBepxHeBa TPOBiAHICTE ABOBUMipHOTO I'padeHOBOTO ITapy, 3ajIeiK-
Ha Bim wacroru: I — pn=0,0 eB; 2 — pn=0,15eB; 3 — u=0,5 eB; 4 —
n=1,0 eB.?

1000
-
o
o 100 ¢
Il
&
/&
= 10f
)
8
1 " 1 i i i 1 " 1 "
2 3 4 5 0 7
(1000/T)17*

Puc. 5. BigHocHuii omip (morapuTmiuHa IIKaJjia) AJS 3Pa3KiB TOBIIUHOIO
rpageHoBOTO mapy B 3anexsocti Bix T /4 [11].°
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-4,5 L . + . :
-5,0]
—5.5]
—6,0
6.5
7.0
7.5
~8.01
-8.54
9,01
—9.5]
—-10,01
-10,51
11,0
-11,5

InGT"/2

024 026 028 030 032 034
T4 K

Puc. 6. 3ane:xuicTh mpoBimHOCTHM Bifg TemmepaTypu B MOTTOBUX KOOPAUHA-
Tax, ne G — BjacHe rpa)eHOBa HMPOBiAHICTH.

(8) nna rimuartmoi Temmeparypu T =300 K. Jlomyckaauesa Taki 3Ha-
yeHHA IapaMeTpiB: uactora pexakcamii I'=10'% ¢!, edexTnBHA TOB-
muHa rpadenosoro mapy d=1-10"° v, miamason xemiuHOro moOTEHIi-
any u — 0-1 eB.

3 rpadika 3aJIe:KHOCTH IIPOBiJHOCTH BiJ TeMIepaTypu BU3HAUAETh-
ca nmapamerep T, AKUU € KyToBUM KoedimieHTom (puc. 6). 3Haoum
el mapaMeTrep, MOMXHA BU3HAUUTU NOBXKHUHY CTPUOKA, €HePreTUYHUI
0ap’ep, KOHIIEHTpAIit0 goMmitok [12].

CepenHs OOBXKHHA KPOKY B JIOKAJBHUX CTaHAX I00au3y piBHA Pe-
pMi 1A 3aaHOI TeMIIEpaTypPHU €

1/4

3 (T,
R=—a|2]| , (10)

8 \T
Ie o — pafgioc poaralryBaHHA (Iad aMoppHMX HaANiBIIPOBITHUKIB

o= 10 A). Erepretnunuii 6ap’ep BU3HAYAETHCA 32 (DOPMYJIIOI0
3 -1

AE = 3(2nR’g(E,)) , (11)
ne g(Ey) — rycTumHA CTaHiB, POo3TalllOBaHUX NO0JaU3Yy piBHA Pepmi.

Koumenrpailia Iipok BU3HAYAETHCSA BEJIUUYNHOIO
N, = g(E,)AE . 12)

IIi mapameTpu xapakTepuU3yIOTh IIPOlleC 3MiHU IIPOBIZHOCTU Ta IIpej-
craBjeHi B Tabu. 2.

3 rabaumni 3 BUAHO, IO 3pPasKM, AKi MaoOTh OLILITY HPOBiAHICTH
(Ne 2), TakoK MalOTh BUCOKE 3HAUEHHA KOHIIEHTpAIlil TipOK, KOPOTKY
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TABJHAIIA 2.2
Ne 1 2 3 4
R(T), Om 0,49 0,45 0,42 0,41
T, K 553 573 673 693
R(T,), Om 0,68 0,68 0,68 0,68

TABJIMII 3 [12].°

o g(E;), eBlem™ R, EM AE, eB N,, e 3

1 | 1 1 | o I 11 I I
1’ — 1,1410° — 870 — 0,041 — 46,7410
27 8,6910° 1,510° 244 345 0,019 0,039 16510 58,5-10"
3" 3,39.10° 1,02.10° 329 373 0,020 0,045 67,8107 50-10"
42,9110 1,0210® 192 246 0,012 0,028 350.10'" 28,6-10"

TABJIAIA 4.1

Ne r | 2 | 3 | 4 | 5 6"
TCR, %°C| 0,58 0,6 0,6 0,61 0,43 0,54

IOBXKUHY XOOY Ta cepefHe (o o0umcIeHnX) 3HAUEeHHS IIOTEeHI[iSIbLHO-
ro Gap’epy. Ile mMoke BKasyBaTH Ha OLJIBINY KiJbKiCTH JIOKAJIBHUX
rpagiToBUX OIISHOK y ciTimi rpad)eHOBOTrO OKCHUAY IIiciad Bigmauy.
3paszok Ne 4 Mae MaKCUMAJbHY KOHIIEHTpAIliio ge)eKTiB.

1A BUBHAUEHHA TeMIIepaTypHOro KoedillieHTa eJIeKTPOOIIopPy BHU-
KOPUCTOBYETHCS CIIiBBiAHOIIIEHHS

rcr=E- (13)
RAT

PesysibTaTl pO3paxyHKY IIPEACTaBIE€HO B TabJ. 4.

3.3. I'ycTuHA cTaHiB i KOHIIEHTpaIlisE HOCIiB y rpad)eHOBOMY mIapi

BinpnricTs mociifxeHb rpa)eHOBOTO €HEPreTUYHOI'0 CIEKTPY I'PYHTY-
€ThCs Ha Teopil (PyHKIIioHATY I'YCTUHU.

YucyoBi po3paxyHKHU, IIPOBeIeHi 3a JOIOMOTOI0 Iiei meTomu, IIO-
Ka3ylTh DPO3pUB y rpa)eHOBOMY CIIEKTPi eHepriii uepe3 HaABHICTH
momitok. OgHaK HeOOXiHO MOACHUTH TPUPOAY IBOTO edeKTy; Kpim
TepepaxoBaHUX BUINE YUCEJTbHUX PO3PaxXyHKIiB, IPOBECTH aHAJIiTHUHI
MOCTi;KeHHs BILIMBY 3a0pyAHEHHS Ha €HEePreTWYHUII CIIeKTep i rpa-
(heHOBi BJIACTHBOCTI.
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Cruixg sasHaumTH, I10 Y pasi po3puBy rpadeHOBOTO CIEKTPY eHep-
rifi, y pasi nmonm:xkeHHa piBHa Pepmi B o001acTi IIHOTO HPOMIKKY,
MIBUAKICTh e€JIeKTPOHiB Ha piBHI Pepmi Moxke 3meHmmuTucA. Ile mo-
HU)KYE PYXJUBICTH €JIEKTPOHIB Ta eJeKTPONPOBIAHICTH, IO MOMKe
MIPU3BECTU IO IOTIpIeHHA rpad@eHoBUX (YHKIIOHAJILHUX BJIACTUBOC-
Tell IK MaTepifay IJd HOJHLOBUX TPAH3MCTOPiB.

JIipmuiiB oqHO30HHNE MOAEeJbh O0YB BUKOPMCTAHUM AJIA IMOSCHEHHS
OPHUPOAN BILIMBY BHIOPAAKYBAHHS AOOMIIIIOK Ha rpafeHiB cHexTep
eHepriil Ta eJTeKTPOIPOBIHICTE.

T'aminproHian y JligmuieBoMy oZHO30HHOMY MOIENI0, AKHUUN OITU-
Cy€ OIHOEJEeKTPOHHI cTaHMU rpad)eHOBOTO IIApy, JIETOBAHOTO aTOMaMU
3aMillleHHA, MOKHA IpPeIcTaBUTU Tak [3, 5, 13—15]:

H = Z|in>vm in|+ Z in)h, .. (i'n'l;
H=H+V,
(14)

b

H = Z|in>csi in|+ Z in)h, .. <i'n'
in

in,i'n'#in

V=38, 0, =|in) @, - o) in.
in

Barasua I pinoBa QyHKIiA s rpadeHOBOro IIapy, SKa € aHaIiTH-
YHOIO (DYHKIII€I0 Y BEPXHiM IiBIJIOIMIMHI KOMILIEKCHIX 3HAaUYeHbL eHep-
rii z, 3amaeThbcsa BUPA30M

Gkz)=(z-H)". (15)
I pinoBa (pyHKIIia 3am0BosIbHSAE JIafiCOHOBOMY PiBHAHHIO
G=G+GVG, (16)
e é; (z— H)' — IpinoBa dyukuia gaa epextusroro 'aminbTomHi-
sHa H y dopmyui (14).
Marpuisa poscigaaaa T 0o0UHCIIOETHLCS 3 BUMAAKOBUM IIOTEHIIISIIOM
i 3aM0BOJIbHSIE PiBHAHHIO
T=V +VGT. (17)
IIpeacraBuMo matpuiiio T y BUTJISALI:

T=>T,. (18)

IrHopyroum mpollecu pO3CiAHHA HA KJacTepax 3 TPbOX i Oisbime
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aToMiB, MaJi 3a JeAKUMH IIapaMeTpaMHu, I'YCTHHY OIHOEJEeKTPOHHUX
rpadeHOBUX CTAaHIB MOKHA HIPEICTaBUTU AK [15]

1 ;20
ge) =Y Pg" (o),
i\

| (19)
g% () =
- 2mlG+6aG+ Y P”l"“o"é[t”j @M T‘“”f’“’i}é
T (U)#(00)
A 0i0i

Ilig cramamMu po3yMieTbCcsA cepeHiil PO3IMOAIN AJOMINTKOBUX aTOMiB
o By3Jlax KpucTadiuHol rpaTHuIli. Po3dpaxyHKOBI piBHAHHA BUILIU-
BAIOTh 3 HaBeJEHOTO BUIIE KOTE€PEHTHOro moTeHIiany [15]:

G; = <vi> —(v, - Gi)émm(s)(vB - 0,), <Ui> =1-y)v, +yvy. (20)

dyp’e-306paskenHsa I piHoBoI GYHKIII 3a7aeThCA TAKMME BAPA3aMU
[15] (xBuaBOBUIT BEKTOP BMiHIOETHCA B MeyKaxX BpisoeHOBOI 30HU):

G (o) =202 Gk, e) = TatB)
e D(k,e)’ 7 D(k,¢)’
~ _h12(k). ~ _£€-0; A .
Gzl(ka 8) - D(k, 8) ’ Gzz(k, 8) - g — 62 Gn(k, 8)7 (21)

D(k,¢) = (¢ — 6,)(€ — G,) — hy,(K)hy, (k).

VY npomMy MOIeN0 eHepreTUUHUU CIEeKTep eJEeKTPOHIB y IeHTPi 30-
HU IIPEeACTABJI€HHI B OCHOBHOMY 3HAUEHHSAMH 0a30BOT0 XBUJIbOBOTO

(ball)

Puc. 7. 3amexxHicTh rpadeHOBOI MPOBIAHOCTH Bif KOHIIEHTpAIil HOCIiB CTPY-
my [6]."
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BekTopa k 3 obGmacreit HaBkosio [ipakoBux Touok. ¥ BpimrroeHosiit
30Hi € IBa TaKUX pPaiioHU.
Po3B’sa30K cucTeMu PiBHAHL Y MBOMY BHUOAAKY € HacTymHuM [15]:

~ _ <! 2 S _ o~
Golol(‘g) = _81(82 32) /w N _l%;
' nh vy (e-o))(e—0y) 2h°v;
~ o~ 2 S _ ~'
GOZ 02(8) == S1(82 Sl) ln rw N - .M.
' nhvy (e—o))e—o0y) 2h°vy
, S, (e —y,0 w’
o) = 3 -y, (1 - ye* HE— D)y, ~1;
nhv; |(s - y,0)(e - y28)| (22)
" S (S_y 8),
o, =-y,(1- !/1)52 W >
S, (e — y,0) w?
o, =y,8—y,1—-y,)8* = 1 In -1;
2 =0 m 80 e (& — 1:0)(e — 9,0)
2 S1(8 B y16)

14
62 y2(1 y2)6 2h/21)§.

Ha pucyury 7 mpeacTaBjeHO SKiCHY KapTHUHY 3aJjeKHOCTU rpade-
HOBOI IIPOBimHOCTM BiA KOHIIEHTpaIlil HOCiiB cTpymy: (a) OJIA KOPOT-
KOCSIKHUX IIOTEHIiAJJIB PO3CigHHA Ta OJA aKyCTHUUYHOTO (DOHOHHOTO
po3CigHHSA MPOBiAHICTE € moCTiitHO; (0) PO3CiAHHA Ha MOHiI3OBaHUX
(BapamxeHnx) 3a0pyAHIOBAIBLHUX MOMIIIKAX Ha€ JiHINHY 3ajeKHiCTH
3a 3a3HAUYEHUMH BUINle MexXaHizMaMHu. 3ajJeKHIiCTh pekuMy OasicTmd-
HOT'O ITPONYCKAHHA TaKOXK II0OKAa3aHO OKPEMO.

4. BAICHOBRH

1. 3pobseHO onuc I'yCTHUHHU eJeKTPOHHUX CTAHiB i B3a€MO3B’A3KYy MixK
KOHIIEHTpPAIli€l0 HOCiiB CTPyMy Ta HAIPYTroiO 3aKPHUBY.

2. BuaBjeHO 3ajIeKHICTh KiJIbKOCTH PEKMMIB IIPOBiITZHOCTH Bim eHep-
rii Ta BeIMUMHN MAKCHUMAJLHOI IPOBiHOCTH.

3. Ilokasano pisHi MexaHisaMmu poacigHHA HOCiiB y rpadeHosiii rpar-
HUI[I Ta PYXJUBICTH, SKY BOHU BUKJINKAIOTH.

4. 3HalifeHo 3aJie:KHicThL Tpa)eHOBOI HMPOBIAHOCTH BiJ TeMIepaTypu
Ta YaCTOTU, AKIIO MEXaHi3M HPOBiTHOCTH HOCIiB 3apAny BHU3HAUAETH-
¢ cTpuOKOBOIO IIPOBIAHICTIO Uepes eHepreTHWYHi AipKM, po3TaIlioBaHi
mo6amn3y piBHa Pepmi (MorTiB MexaHisMm).

5. IIpakTuuHa cTOpPOHA ONEepP:KAHUX Pe3yJIbTATiB IIOKa3ye, AK KOHT-
POJIOBATH MOKJINBY I'padeHOBY €JeKTPOIIPOBiAHICTh, 3MiHIOIOUM 3HA-
YeHHA XeMiUYHOTO IOTEHITifATy.
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“ Fig. 6. Temperature dependence of conductivity in Mott coordinates, where G is conductivi-
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11 Fig. 7. Dependence of graphene conductivity on the concentration of current carriers [6].
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Theoretical Study of the Conduction Band and Energy Gap of
GaInNAs/InP Quantum Well Structure
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66001 Al Samawa City, Iraq

Changes of temperature and composition play a major role in enhancement
of the electronic properties of low-dimensional semiconductor devices.
Therefore, the interest of researchers in this field is increased. In this
article, we study the effect of both the temperature and the nitrogen ratio
on the electronic structure of Ga,In, N, As,  /InP quantum well. The band
anticrossing model, Varshni model, and Bose—Einstein model are adopted
to determine the nitrogen effect on conduction band (E_ and E,). The band
gap of Ga,Jn, ,As as ternary alloy, and band offsets (AE,, AE,) for the
Ga,In, N, As, ,/InP quantum wells are estimated as functions of nitrogen
content and temperature. The splitting of conduction band into two non-
parabolic subbands due to adding the nitrogen to GalnAs alloy contributes
into increase of the band offset of Ga,n, N,As, /InP quantum well, and
thus, into increase of the number of energy states inside the quantum
well. The results may be useful for applications in electronic and optical
devices.

3MiHM TeMIepaTypH Ta CKJAAY BiZirparoTh BaXKJIWBY POJb Yy IOJIIIIEHHL
€JIEKTPOHHUX BJIACTUBOCTEN HU3BKOBUMipPHUX HAIiBOPOBIZHUKOBUX IIPU-
ctpoiB. Tomy imTepec mociaigHuKiB mo 1miei cepu migBuiyerbes. ¥ Ik
CTaTTi MM BMBYAEMO BIJIMB AK TeMueparypu, Tak i HiTporenoBoro cmiBBija-
HOINIEHHA Ha €JEeKTPOHHY CTPYKTypy KBaHTOoBOI amm GaJln, N As, /InP.
Mopgens aHTUIIEpETUHAHHA B30H, MOAeJdb BapimHi Ta wMozeab Bose—
Ajfnmraiina TpuiHATO AJA BU3HaueHHs edeKTy HiTporeHy Ha 30HY IPOBi-
naoctu (E_ i E,). Ilupuna saboponeHoi (eHepretudynoi) 3ouu qua Ga,ln;  As
K TEepHApHOrO CcTOomy Ta 30HHI 3mimenua (AE,, AE,) njnsa KBaHTOBUX fAM
Ga,In, N,As, ,/InP ouinmiororbca Ak ¢(ymknii smicty Hirporemy Ta Temme-
parypu. PosiienjeHHs 30HU IPOBiAZHOCTM Ha ABi HemapaboJuiuuHi migs3oHm 3a
paxyHoK momaBaHHa Hitporemy mo cromy GalnAs cupuse 30iJbIITeHHIO 3Mi-
IeHHI0 30HU KBaHTOBOI amu Ga,n, N As, /InP, i, Takum unHOM, 30i1B-
IIEeHHI0 KiJIBKOCTH €HepreTUYHWX CTaHiB BcepeamHi KBaHTOBOI amu. Pe-
3yJbTaTH MOKYTHb OYTH KOPMCHi IJid 3aCTOCYBaHb B €JEKTPOHHUX i ONTHUY-

15
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HUX TPUCTPOAX.

Key words: Ga,In, N As, /InP quantum well, conduction band, band an-
ticrossing, band offset.

Kmouosi cnosa: kBanToBa ama Ga,n, N As, /InP, sona mposigHOoCcTH, aH-
TUIEPeTUHAHHA 30H, 3MII[eHHS 30HU.

(Received 25 March, 2021 )

1. INTRODUCTION

GalnAs/InP is a semiconductor material formed of elements that
fall into Group III and V of the periodic table [1]. Indium phosphide
(InP) is a binary compound with a zinc blende (ZB) structure, has
direct band gap energy about 1.35 eV and 1.425 eV at 300 K and O
K, respectively. It is an important semiconductor material and is
used as a base for high speed electrical and optoelectronic devices
[2-5]. Dilute group arsenide—nitride compound semiconductors,
such as GaAsN and GaInAsN, attracted the interest of many re-
searchers [6]. The band gap energy versus lattice parameter relation
for GalnAsN, GalnAs, InP, and GaAs is shown in Fig. 1 [7]. The
InGaAsN/InP QW have been applied as waveguide diode lasers, and
diode lasers emitting [6].

In this study, we start by examining the conduction band and
electron effective mass effect with the presence of nitrogen content
of GaInNAs alloy by the BAC model. Next, it is explained the band
gap of GalnAs and GaInNAs alloys as function of temperature and

1.6}

= 14f
= 1.2}
g 1.0% ‘l
'
2 08t GaAs N
& / 1
0.6
g hJ'G'ac).'lTIHU.E:«:‘A —y.Ny
@ 04t
0.2

5.6
Lattice parametr, A

Fig. 1. Band gap energy versus lattice parameter of GaAsN, GalnAs and
GalnAsN calculated within the framework of the BAC model for an inter-
action parameter Cy,, derived in this work. The dotted line indicates the
band gap of GaIlnAsN lattice matched to InP.
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nitrogen content by means of the use of Varshni and Bose—Einstein
models. Then, we calculate the band offsets and energy states for
the GaInNAs/InP and GalnAs/InP quantum well (QW) structures.
Finally, there are discussed the advantages of temperature and ni-
trogen content effects on the electronic properties of GaInNAs/InP
and GalnAs/InP quantum well structures.

2. THEORETICAL PART

An anticrossing interaction between the narrow band of localized
nitrogen states and the extended conduction-band states of semi-
conductor alloys can be treated using perturbation theory, leading
to the following eigenvalue equation [8, 9]:

EN _EM VMN
V. E -E

MN M N

=0. (1)

The solution to this eigenvalue problem gives us the dispersion rela-
tion for the dilute nitride:

1
1 —
E.(k) = {EN +E, (k)£ [(EN — E, k) + 4V]5,N]2} , (2)
where
2712
EM(k) — Eg(GaInAs) +h_k* . (3)
2m
For k=0,
a aT?
E,(T) = E,/*"* = E (0) - T+’ (4)
and
alnAs 2a
E,(T) = E®" = E,(0) - -5, (5)
e -1

where E, and E, are the energies of the unperturbed conduction
band edge and of the N level relative to the top of the valence band,
respectively, and V,,y is the matrix element of the term describing
the interaction and hybridization between localized N states and the
extended states.

We have gathered all the parameters necessary for band an-
ticrossing (BAC) modelling in Table 1.
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TABLE 1. Parameters used for calculations within the framework of the
BAC model.

Parameters Value | Refs.
E, 1.64 [9]
Vi Conr Y [9]
Cym 2.7 [10, 12]

TABLE 2. The values of the important parameters, which are within the
Varshni and Bose—Einstein expressions.

| E(0), eV |0, eV/(K-109|B, K| E(0), eV |ag eV] 6 K Refs.
GaInNAs1.067 (0.961) 6 500 1.063(0.957) 0.137 360 [9]
GalnAs 1.347(1.221) 6 300 1.346(1.22) 0.07 180 [9]
InP  1.425(1.35) — — — — — 3]

Ei (k) =

2,2 272°\2 2| (6
1 [ B, + B 1 J , K B, - g0 ] anJ . 4%} ()
Within the Varshni model [11, 15],

oT?
T+B’

E,(T)=E,(0) - (7

where E (0) is the energy gap at absolute zero, T is an absolute
temperature, and

Eir(T) =

_1 (EN+Eg(O)— of” Ji[{EN—(Eg(O)— of” B +4me} ®
2 T+B T+B

Constants B and o have the values listed in Table 2.
Within the Bose—Einstein model [13, 14],

E,(T) = E,(0) - 2%, )

e —1

where 05 = E/kg is the temperature of the phonon oscillator.
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E(T) =

2 2
2a 2a (10)
o ||| By —| E,(0)— -2 +4V2,

e -1 el -1

1
= 1| Bs + B0 -

The electron effective mass m,” for the GaInNAs is much greater
than that for the GalnAs with the same In concentration, and in-
creases as the N concentration increasing up to 1% [17]. It can be
evaluated as in Ref. [19] from the dispersion relations displayed in

Eq. (2),
|EN — Eg| )
(Ey - E,) +4V2,

m,” = 2m," @91 1+

e

(11)

3. RESULTS AND DISCUSSION

According to the BAC model, the interaction between the highly lo-
calized nitrogen states (Ey) and the extended conduction band states
for the host GalnAs semiconductor matrix leads to a splitting of the
conduction band into energy states (E_. and E.,) as illustrated in
Fig. 2. Figure 2 shows a distinct flattening of the conduction band
E_ for energies approaching the E, (for k~0.15n/a). For compari-
son, the unperturbed GalnAs conduction band and the position of
the nitrogen level are shown.

Figure 3 shows dispersion relations for the conduction E, and E_

Energy, eV

0.8 : ; : . .
-0.15 -0.10 005 000 005 0.10 0.15
K(2n/a)

Fig. 2. BAC-model E(k)-band plots at 300 K.
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Fig. 3. Calculated dispersion relations E (k) and E.(k) for Ga,In, N,As,_,
for three different electron effective masses.

2.0 ‘ T ‘ T
1.94 E (Gag g7Iny 65Ng 015480 g85)
% }g ] E_ (Varshni) R
~ : E_ (Bose—Einstein)
% 16- E_(Varshni}
an 197 E_(Varshni)
B 149 —— E, (Bose—FEinstei
& 13 £ (Ga:[nAs) , (Bose—Einstein}
é} 12 g E_ (Bose—Einstein}]
= 7]
E 114 E (Gag g,Iny 6 Ng 615880 9g5) |
1.0+
0.9+
0.8 T

0 50 100 150 200 250 300
T K

Fig. 4. The theoretical temperature dependence of the band-gap energy E,,
E,, and E_ for Ga,n, N ,As, /InP QW at different nitrogen ratios (y =0,
0.015) by the Varshni and B-E formulas in the range 0—300 K. The upper
and under curves are calculated with Eqs. (7) and (10), whereas the middle
curves are calculated by Egs. (7) and (9).

subbands for Ga,n, N,As, , at different electron effective masses.
The strength of anticrossing interaction between the localized and
delocalized states varies across the different conduction-band mini-
ma (points X, L, I'), changing the fundamental nature of the gap.
As noted from Figure 3, the conduction E, and E_ subbands at the
I-point (k=0) is not changed with increasing electron effective
mass, and on the contrary, at X and L points.

The theoretical temperature dependence of the E, and E_ energies
for GaxIn, N As, , alloy at different nitrogen ratios in the range
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0-300 K is shown in Fig. 4.

The energy gap of semiconductors tends to reduce as the temper-
ature is increased. This behaviour can be better understood, if we
consider that the interatomic spacing is expanded due to the ampli-
tude of the atomic vibrations increased because of the increasing of
thermal energy. This effect is specified by the linear expansion co-
efficient of the material; however, the increase of interatomic spac-
ing will reduce the potential between the electrons in the material
that, in turn, reduces the value of the energy gap. Temperature de-
pendence of energy gap, E,, in Ga,In, ;As alloy (middle curves) was
calculated by means of the Varshni and B—E formulas.

Nitrogen-content dependence of E_ and E. transitions is shown in
Fig. 5. The results in Fig. 5 show a dramatic difference in the N-
composition dependence of the low-energy E_ and E. transitions at
the I' point. The E_ and E, transitions show a very strong, nonline-
ar dependence on the N content. The lines show the calculated de-
pendences for E_ and E, using the BAC model.

The calculated band offsets (AE., AE,) for N-containing system

Ga,In, N, As,

=)

Energy, eV

0.5+ E

0.0 . . . . . T
0.00 005 010 0.15 020 025 030
Nitrogen content, y, %

Fig. 5. Nitrogen-composition dependence of E_ and E, energies. The curves
represent the BAC-model predictions for Ga,In, ,N As, /InP QW.

TABLE 3. Calculated band offsets (AE,, AE,) for GaJIn, N,As, /InP QW
at different temperatures (7'=0 K, 300 K) and the nitrogen content (y =0,
0.015%).

y, % | T, K | AE,, meV AE,, meV
0 0 25 53
300 41 88
0.015 0 115 244

300 124 256
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TABLE 4. Bound state energies of the 10 nm thickness Ga,In, N As, /InP
QW at 300 K calculated using the finite well model.

Quantum number, | Electron energy e,, | Heavy hole kh,, | Light hole ki,

n meV meV meV
1 23 13 48
2 92 52 192
3 — 117 —
4 — 208 —

TABLE 5. Bound state energies of the 10 nm thickness Ga,In; ,As/InP QW
at 300 K calculated using the finite well model.

Quantum number, | Electron energy e,, | Heavy hole kh,, | Light hole ki,

n meV meV meV
1 17.6 6 31
2 — 25 —
3 — 56 —

QW and another N-free QW are shown in Table 3. The effect of
both temperature and nitrogen on the band offset is strongly ob-
served. As seen from Table 3, the band offsets are increased with an
increase in both temperature and nitrogen content in
Gay 37Ing 63N 015480 055 and Gag 57In, 45As alloys. This leads to an in-
crease in the energy states inside the quantum well that, in turn,
leads to an improvement in the electronic and optical applications of
the devices. This result is agreed with [18].

For comparison between N-containing system QW and another N-
free QW, the bound state energies [in meV units] for both systems
at room temperature are shown in Tables 4 and 5, respectively.

4. CONCLUSION

This study has shown that nitrogen has a large effect on the con-
duction band structure. The results show that the addition of a few
percent of N into GalnAs to form GaInNAs alloys leads to reducing
the energy gap close to the I" point. In addition, the dispersion rela-
tions show effective mass independent on electrons especially at the
points I' and L. In contrast, there are shown its temperature de-
pendence. The band offsets also are affected by an increase of ni-
trogen content. This one leads to an increase of the bound states
inside the Ga/Jn, N,As, /InP quantum well. Consequently, the
transported charge carriers in the well are increased, and this one
leads to improving the performance of the devices.
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Po3rnaHyTo poO3B’dA30K €JeKTPOAMHAMIYHOI 3a7aui AJA BUSHAYEHHSA OITHU-
MaJIbHOI KOHQIirypailii eBaHeCIeHTHOTO IO0Jis, SKe YTBOPIOETHCS II00JIU3Y
IIePCTKOI MOBEPXHi KBapIly IIPU OCBiTJIEHHI 3 OOKY KBapily, Imo 3abesmeuye
edbexkTUBHE (PoTOXEeMiuHe MOJipyBaHHA Iliel MOBEPXHi A0 CyOHAHOMETPOBOTO
piBHA ImepcTKOcTH. BcecTaHOBIIEHO, IO naJA Ipodis0 TOBEepXHiI KBapiy,
AKUHA Mae (PopMy TPUKYTHIX BUCTYHIB i 3amaguH, AKi mepioguyHO IIOBTO-
PIOIOTLCS, ONTHUMAJbHI yMOBH (POTOXEMIiUHOTO IOJipyBaHHSA HOCATAIOThCHd,
KOJIM KYT MAaJiHHS CBiTJIa JOPiBHIOE KPUTHUYHOMY, a BHCOTA BHCTYIiB IIOBe-
pxHi € HesHauHOIO (70 20 HM). TakKoK MOKasaHO, 3a AKUMU KPUTepiamMu
perynsapHuii npodisb y BUIIAAI BUCTYHIB i 3amaguH TPUKYTHHOI GopMu
MOKe OyTH BUKOPHUCTAHUM AK eKBiBaJeHTHUII 3a BUSHAUEHHSA ONTUMAJTbHUX
mapaMeTpiB IIOJIA AJIS BHUIIQAKOBOTO HPO(dijio IIOBEepXHi, IO XapaKTepHusy-
€ThCA rayCCOBOIO KOPEeJIAIiAHOI0 (PyHKIIiEHO.

The solution of the electrodynamic task for defining the optimal configu-
ration of the evanescent field formed near the rough quartz surface, when
lighting from the quartz side that provides effective photochemical polish-
ing of this surface up to a subnanometer level of roughness, is considered.
It is found that, for a quartz surface profile in the form of triangular
protrusions and troughs, which are periodically repeated, optimal condi-
tions for photochemical polishing are achieved when the angle of light
incidence is critical and the height of the surface protrusions is small (up
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to 20 nm). It is also shown what the criteria are, at which a regular pro-
file in the form of triangular protrusions and troughs can be used as
equivalent in defining the optimal field parameters for a random surface
profile characterized by the Gaussian correlation function.

KarouoBi croBa: moBepxXHEBUIl IIJIAa3MOHHHUI PE30HAHC, PO3CIAHHS MJIACKUX
eJIEKTPOMAarHeTHUX XBWJIb, BEKTOpHe ['eIbMToJIbIIOBE PiBHAHHSA, (POTOXEMi-
YHe MOJIipyBaHHA, eBaHEeCIleHTHe ToJie, IIiJIKOBUTe BHYTPIilllHE BigOMBaHHI.

Key words: surface plasmon resonance, scattering of plane electromagnet-
ic waves, vector Helmholtz equation, photochemical polishing, evanescent
field, total internal reflection.

(Ompumano 15 keimusa 2021 p.)

1. BCTYII

BaxkinBo0 XapaKTepHUCTUKOI 0AaraTbOX OITHYHUX €JEeMEHTIB € CTy-
OiHb HeoZHOpPigHOCTH (IIIEPCTKOCTH) iXHLOI mMOBepxXHi. Bimomwuit psan
METO[Zl, 3aCTOCYBaHHSA SAKUX 3MEHIIYE IIePCTKICTh MOBEPXHi, AK TO:
(a) xemirko-mexaHiuHi cnocobmu mosipyBauH [1], (6) BaKyyMHe HOHHO-
mpoMeHeBe IaBjeHHA [2], (¢) BUKOPUCTAHHA ONTUMAJIBHOTO OJIM3BKO-
ro moJas [3], 10 BUKOPHCTOBYETHCS IJis HAHOMOJiPYBaHHSA, HAIPU-
KJIaJ, KBapiy. B s3arajibHOMY BHIAAKY TakKa MeTOJa IIOJIAraE y 3aHy-
PeHHi IIepCcTKOI IIOBEPXHi KBAPIy B CEPEIOBUIIE, IO MiCTHUTL MOJIe-
KyaapHuii XJIop, Ta CTBOPEHHI HaJI I[i€l0 IMOBEPXHEI0 eBaHEeCIIEHTHOI'O
OJIsI, ILJISAXOM OIPOMiHeHHs ii cBIiTJIOM 3 MEBHOIO HOTY:KHicTiO. K
HaCJifoK BIJIUBY e(eKTy BiCTps, eBaHEeCIIeHTHE II0Jie IIO0JIM3y IIOBe-
pxHi Oymge HEOZHOPIZHUM Uepes3 HASBHICTH HA MOBEPXHi BHCTyIiB, Oi-
J SKUX IoJie Oyae JIOKaJidyBaTHCSA Ta MaTH MHiIBUINEHY HaMIpy:Ke-
HiCTh MOPiBHAHO 3 INIACKUMH AiMSHKaMH! IIOBepxHi. B obgacTax mif-
BUIIEHOI HANPY:KEeHOCTH II0JISI 3a IIPAaBUJILHOTO BHOOPY MOBIKUHU
XBUJII Ta MOTYsKHOCTH BUIIPOMiHEHHS BifOyBaeThbCsa (POTORMCOITiAITisA
MOJIEKYJISApHOTO XJIOPY 3 YTBOPEHHAM aTOMapHOro XJopy Ta HOoro
MOHIB, AKi, TOJAPUIYIOUNCH Y 30BHIIIIHHBOMY IIOJIi, IPUTATYIOTHCA IO
BUCTYIIiB IMOBEPXHi Ta B3aeMoAiloTh i3 Humu [4]. Ile mpuBoAMTHL mIO
JIOKAJILHOT'O IIaBJI€HHA BUCTYIIIB IOBEPXHi KBapIly, IO 3MEHIIye ii
IIepCTKicTh. 3ayBamKmUMO, IO KOHQIrypalid Ta HOTYy:KHiCTL eBaHec-
IIEHTHOTO II0JiA Oijig MOBepXHi KBapIy MOKYTL iCTOTHO BigpisHATHCA
B 3aJIE’KHOCTI BiJf HAaIPAMKY IOINMPEHHS BUIPOMIHEHHS Ta IapaMer-
piB cepemoBuIia Hag ToBepxHel Kaapmy. lle, BimmoBimHO, Oyme
BILTMBATH Ha e(eKTHUBHICTHL IIpollecy HaHOIOJNipyBamus. Ha ikauab, B
pobori [3] He 3BepHEHO yBary Ha KyT, HiJf AKMM CBiTJIO magae Ha IIO-
BEePXHIO KBapIly, I[0 MOKe BILJIMBATH Ha IIapaMeTpPH eBaHEeCIeHTHOTO
moJisgi Oijia moBePXHi KBapIly i, BiAOOBimHO, HAa SAKiCcTh IpoIllecy IIaB-
Jgenud. Tomy Iie MUTAaHHA IOTPEOYE MOJATKOBOIO YTOUHEHHSI.
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B mamiii poboTi, aK anbTepHATHBA PO3TIAHYTiN y [3] meroni, mpo-
HOHYETHCA IHIMWHA HiAXiJ, AKUH IIOJATa€ Yy CTBOPEHHI eBaHeCI[eHTHO-
ro moJisd HaJ MOBepXHEI0 KBapIly 3a JOIOMOT0OI0 BUKOPUCTAHHA e(deK-
Ty IiJIKOBHTOIO BHYTPiIIIHLOTO BigOMBaHHA. B 1IboMy BHUIIaAKY OCBiT-
JeHHS IIIEePCTKOI IIOBEPXHi KBapIly BigOyBaeThcA 3 OOKYy KBapmy, i
mpolieaypa PoToxeMiuHOTo CyOHAHOIIOMipYBaHHSA IIOBEPXHIi IIOJIATAE B
HactynHomy. IlmaTiBKy (migxkJaagmHKyY) 3 KBapIy, III0 Ma€e HAHOMET-
POBUII pPiBeHBb IMEPCTKOCTU MOBEPXHi, PO3TANIOBYIOTH HAa TOPM30HTA-
JbHi#l TTOBepXHi TPUKYTHLOI IPU3MHU TaKo:K i3 kBapmy (puc. 1). Haui,
iX PpoO3MINIyIOTh y BaKyyMHili Kamepi, 3amOBHEHIilI MOJIEKYJIAPHUM
XgopoMm, XeMiuHOI aKTUBHOCTH SKOTO HEIOCTATHHLO ITO0 BCTYIIUTH B
peakiiiro 3 KBaploM 3a KiMHATHOI TeMIepaTypH.

3a yMOBH ONpOMiHeHHSA OOKOBOI I'paHi IPU3MU Ja3epHUH ITPOMiHb
OPOXOAUTH KPi3h HPU3MY, IIOTPAILIAE B ILJIATIBKY TAa YACTKOBO Big0u-
Ba€ThCA Bifg il BepXHBOI IOBEPXHi. ¥ BUOAAKY, KOJH IIPOIlec BigOu-
BaHHA BigOyBaeTbCA Mg KyTOM, GiIBINTMM HiK KYT I[iTKOBUTOTO BHY-
TPiIITHBOTO BigOMBAHHSA, HAJ BEPXHLOIO IIOBEPXHEIO ILJIATIiBKU yTBOPIO-
€ThCS eBaHECIIEHTHE I10JIe, SKe CIIPUUYNHEHe AK e(peKToM BicTps, Tak i
SBUINEM I[ITKOBUTOI'O BHYTPIITHLOTO BigOMBAHHA, IO iCTOTHO Bimpis-
Hse maHuil migxim Bim BapisuTy, posraanytoro B [3]. Ile moime, sAke
pPisKo cmajmae mpu BigjaJsieHHi Bij maaTiBKmM, cnpuse (QOTOAMCOILiAIril
MOJIEKYJISIpHOr0 XJIOpy, IMO 3HAXOOUTHCA Mo0au3y ii moBepxHi. Ak
pesyabTaT, B 006JIaCTAX IIiABUINEHOTO €BAHECIIeHTHOr'o IOJid, a caMe, B
00JacTAX BUCTYIIIB HAaHOHEOMHOPiAHOCTEH, BUHUKAIOTH YMOBU IJs
YTBOPEHHs, 30KpeMa, aToMapHoro XJjopy Ta iHoro iuouiB. Brasani

@
& & < i @Clz@
% _@ ® E o ©

6, > 0, BakyymHa KaMepa

Jlazep

Puc. 1. 3arampHa cxeMa (POTOXEMIUHOTO CyOHAHOIIOJipyBaHHSA IMEPCTKOI II0-
BepxHi KBapny, ze k,, i E,, — XBUJIbOBUII BEKTOp i HaIpyKeHIiCTb eBaHecIie-
HTHOTO IIOJIA BimgmoBimHO; 0,, — KYyT IaAiHHA JIa3epPHOrO BUIIPOMiHEHHSA Ha
BEPXHIO ITIOBEPXHIO KBAPI[OBOI MifKJIagUHKY; 0, — KPUTUIHUHA KyT.!
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MIPOAYKTH, IMOJAPU3YIOUNCHL V 30BHIITHLOMY €JIeKTPOMAarHeTHOMY IIO-
Ji, IPUTATYIOTECS 0 IIOBEePXHi ILIATIBKHU, AKA TAKOMK HOJAPU3YETHCS
mig miero BKasamoro mojid. Sk moxasamo B [3], mim mieio elrexkTpomar-
HETHOI'O0 BUIIPOMiHEHHSA B3A€MOMisI aTOMapHOro XJIOPY 3 IIOBEPXHEIO
IJIaTiBKM KBapIly Ma€ OiJbIll akTUBHUM XapaKTep B 006JiacTi BUCTYMiB
HEOMHOpiAHOCTelH, IO MPUBOAUTHL A0 JOKAJLHOTO IMABJIEHHSA KBapIly
i, AK HACJigOK, 3MEHIIIYE IIIEePCTKICTL IIOBEPXHi 3paskKa.

g Toro, 106 3giicHUTH CyOHAHOIIOJiPpYBaHHS IIIEPCTKOI ITOBEPX-
Hi KBapIiy, HeoOXigHo, 1100 ob0JacTi ImigBUIIEeHOI HAIIPYKEHOCTH eBa-
HECIIEHTHOT'O IIOJIS, e MOKJamBa (oromuconiamnia XJopy, JIOKaJJIi3y-
BaJInCs, HacaMmepen, Haja BucTymamu moBepxHi. Toxi, BoueBuanL, iH-
TEHCUBHICTE IIpoliecy (oTomucolidmnii Xaopy Ta, BigmosimHo, cyOHa-
HOIOJIIpYBAHHS IIIEPCTKOI IMOBEPXHi KBapIiy Oyne sajiedkaTH Bif CTy-
MeHsA TepPeBUINleHHA PiBHA HAIPYKEHOCTU €BaHECIIeHTHOT'O MOJIA Hal
IOPOTrOBMM 3HAYEHHAM, 3a SKOro Mae Mmicrme (POTOAUCOIiAIisA, a OT-
JKe, BaXKJIMBUM IIapaMeTpoM Oyae TaKoyK KOHTPACTHICTL eJIeKTPUUYHO-
ro IIOJII HAJ BUCTYIIaAMH Ta 3allafuHaMU IIOBEPXHi, 3a AKOI HaIpy:Ke-
HiCTh moJIg B 00JacTi 3amaguH 3aJMHUIIAETLCSI HUMKUE IIOPOTOBOTO 3HA-
YeHHs i, BigmoBimHO, QoTommcoridmnia XJopy TaM He BigOyBaeTbCs.
Omixe, 0JA BUSHAUYEHHS YMOB, IKi 3a0e3meuyioTh TaKy KoHbirypairiio
eJIeKTPUYHOT0 I0Jsa 6ijid IMOBEePpXHi KBapIlly, BUHUKAE IIOoTpeda IpoBe-
CTU eJeKTPOAMHAMIUHUI PO3paxXyHOK IapaMeTpPiB eBaHeCIIeHTHOTO
moJsid B ONMU3LKill 30HI HAHOHEOTHOPiZHOCTEH IIOBEpPXHi KBapIy, dAKi,
BOUEBHUb, IIOB A3aHi 3 i mapaMmerpaMu IIIePCTKOCTH, a TAKOXK 3 JOB-
JKMHOI0O XBUJII €JIeKTPOMATHETHOTO BUIIPOMiHeHHsA. 3 iHIIoro OOKY,
3pOOUWBIIIY PO3PAXYHKHU MOJIA Ha OCHOBI omHiel peastizarii mpodiio
IIOBEPXHi, SKa OHNUCYETHCA BUIIAAKOBOIO (PYHKITi€I0, HEMOXKJIUBO Ofe-
pKaTH OmHO3HAUHI pedyabrTaTu. IS omepsKaHHA MTOCTOBIpHUX pe-
3yJbTAaTiB 3 HEOOXiJHOI TOUYHICTIO MOTPIOHO BUKOHATU PO3PAXYHKU
I 3HauHOI KiJIBbKOCTM TAaKUX peajisariii. Bce 1e morpebye sHAUHUX
00cATiB PO3paxyHKiB.

TakuM UYMHOM, 3aJadyy CYOHAHOIOJIPYBaHHS IIEPCTKOI IIOBEPXHi
KBapIly MOKHA YMOBHO PO3NiJINUTHU Ha JeKiJbKa uacTuH: (a) eIeKTpo-
IVHAMIUHUM PO3PaxXyHOK MapaMeTpiB €eBaHECIIEHTHOIO ITOJIA B OJIM3b-
Kilf 30HI HAHOHEOAHOPiAHOCTEN IMIEePCTKOI MOBepXHi KBapiy; (0) KBaH-
TOBO-XeMiUHUI PO3PaxyHOK B3aeMOAil HOPOAYKTIB (oToaUCOIiAILil
MOJIEKYJIsIpHOro XJIOPY 3 IIOBEPXHEI0 KpeMHe3eMy, AKHUUA BpPaXxoBYeE
BILINB 30BHIIIIHLOTO €JeKTPOMATHETHOT'O TOJIg, a TaKOM B3aeMOil
aToMapHOTO XJOpy Ta #oro MoHiB 3 IIOBEepXHEID KpeMHe3eMy; (8)
OIIKC Pe3yJbTAaTiB HATYPHOTO €KCIePUMEHTY OJM3bLKOI0JILOBOTO IOJIi-
PyBaHHSA HMOBEePXHi KBapIry.

Y Bunmagky (a), AKuUi pPosTIAAHYTO B JaHiil poboTi, mocrae AeKiabKa
3ajlau, akKTyaJbHUX OJA Po3B’A3KYy: (i) Bubip dopmu mpodinio posmi-
JbUOi MeXKi «KBapIi—BaKyyM» IILIAXOM 3aMiHN BUIIaAKOBOI (PYHKIIIL
npodisro, M0 ommCcyeThbCcs layccoBUM KOPEJAIiMNHUM PpPO3MOIiIoM,
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nepiognuHoio (yHKIieo; (ii) po3paxyHOK KoH(iryparii erexTpuuHOl
CKJIQJOBOI eJeKTPOMATHETHOTO BUIIPOMiHEHHsS B3JOByK BHOpaHOI po3-
ginpuol MerKi, 10 3abesmeuye HeoOXimHi ymMoBu a1d edeKTUBHOTO
ITaBJIEHHS KBapIily B 00JIacTAX BUCTYIIiB MOBEPXHi KBapIy Ta Bimcyrt-
HiCTH TaxKoro IMaBJIEHHS B o0JlacTAX 3amanuni; (iii) BUBHAUEHHS yMOB,
3a AKUX BuOpaHa (opMa IIOBEepXHi 3paska y MOPiBHAHHI 3 BUIIAIKO-
BOIO (hOPMOIO IIOBEPXHi 3a0e3meuye OSHAKOBI XapaKTEePUCTUKU IIOJIS
BUIIPOMiHEHHS II00JM3y MOBEPXHi.

g BUKOHAHHA PO3PaxyHKiB OyJI0o po3pobJieHO BjacHe IIporpamMue
3abe3meueHHs, IO peaidye Po3B’A30K cumcTeMu MAaKCBEJLJIOBUX PiB-
HAHBb 3 BUKOPUCTAHHAM METOAM CKiHUYEeHHUX eJIeMEeHTiB.

2. POSPAXYHORK ITAPAMETPIB EBAHECIHEHTHOTI'O II0JIS B
BJIN3bKIN 30HI HAHOHEOJHOPITHOCTEN ITIOBEPXHI
EBAPIY 3 ITPO®IJIEM ¥ BUTJIAAI BUCTYIIIB I SAITAIUH
TPUKYTHBOI ®OPMHU, AKI IIEPIOAUYHO IIOBTOPIOIOTHCS

Ha pucyHky 2 mokasaHO ABOBUMipHY 006JIACTEL IJIs PO3PAXyHKY IIapa-
MeTpiB eBaHECIIEHTHOrO MHOoJId y OJM3bKill 30HI HaHOHeOTHOpimHOCTe
IOBEePXHiI KBapIly, B AKif poaaiipua MerKa <«KBapIll—BaKyyM» Mae
npodisb y BUTVIAAL BUCTYHIB i 3anajuH TPUKYTHBOI hopMu, AKi 1mepi-
OIWYHO TOBTOPIOIOTHCA. TaKy dopmy mpodinaio BUOpaHO 3 HACTYIHUX
MipKyBaub: (i) BBa:KaeMo, II0 B IIPOCTOPOBOMY CIIEKTPi IIEPCTKOI II0-
BepXHi KBapIy BifcyTHiI HAcCIiAKM 0COOJMBOCTEH IIOIEpeIHLOTO O6po-
OsenHa (MoJipyBaHHA) IMOBEPXHI KBapIiy, TOOTO BifCcyTHE AOMiHyBaH-
HS BUCTYHOiB abo 3amanuf; (ii) TPUKYTHS (opma BHCTyIiB abo 3arma-

Ya

; 2

Puc. 2. [IBoBuMipHaA 00JIaCTh AJIA PO3PAaXYHKY IIapaMeTpPiB e€BaHEeCIIEeHTHOI'O
moasA B OJAM3BbKiH 30HI HaHOHEONHOPiAHOCTEI IIepPCTKOI MMOBEPXHi KBapIry.
O6acti 1, 2, 3 Ta 4 €, BigmoBigHO, 00J1aCTh BEePXHBOT'O IIOTJIMHAJLHOTO IIa-
Py, IIap KBapIy, BAKYYyM, 06JIaCTh HIKHBOT'O IIOTVIMHAJIBHOTO IIApy.>2
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OUH € OJHI€I0 3 HAHUIIPOCTINMINX (hopM MOAEJIIOBAHHS IIIEPCTKOI IIOBEP-
XHi, eHepreTUUYHUHA IIPOCTOPOBUII CIIEKTep AKOI MosKe OyTH moOpe Ha-
GIIKeHHI 0 CIHeKTPY BUIAZKOBOI IIepcTKOI moBepxHi, mo mae Ia-
YCCOBY KOpeaAliiiny (pyukIiio; (iii) umcjaoBe MOIETIOBAHHS PO3MOIi-
Jy TOJIA Y3J0BXK IIOBEPXHi, 10 Mae GopMy peryasapHoi QyHKIi (mo-
piBHAHO 3 BUIaAKOBOIO (OPMOIO), € HpOoCTimuM i edheKTHUBHIIIUM,
OCKiJIbKM He moTpebye 6araTopasoBUX MOJEIIOBAHL IJA OJep KaHHs
CTATHUCTUYHO yCepeTHEHUX Pe3yJIbTaTiB.

SAK mapaMeTpu IIEPCTKOCTH IIOBEPXHi, HA puc. 2 IIO3HAUEHO BUCOTY
h i mupumHy a BUCTyIy; 3amaAuvHa MAa€ aHaJOTiuHi mapamerpu. Bin-
Jalb w — IIHPUHA PO3PaxyHKOBOI Komipku. P, ,0, — IloiHTHHIIB
BEKTOP HMaJgHOI XBWJIL Ta KyT, IIiJ AKUM IIagac AaHa xBuJjd. IIpaBopyu
i miBOpYyY PO3paxyHKOBY KOMIPKY OOMEXKYEMO BEePTUKAJbHUMM JIiHi-
AMU, B3JIOBK AKUX BHUKOHYIOTHCA MepiognMuyHi KpaioBi yMOBH.
006’eMmHMIT KBapI B obsacTti 2 mae KoediiienTt samomiaeHasa n=1,5168.
Brparamu HexXTyeMo. S3HU3Y Ta 3BEpPXY PO3PAXyHKOBOI KoMipku (puc.
2) po3TaIoByIOTHECA abCOJNIIOTHO MOTJINHAJBHI mapu [5, 6].

3aMiHa BHUIIAAKOBOTO IIPOCTOPOBOTO CUTHAJY IIEPioAMYHUM i3 iMITy-
JbCAMU 3aJaHOI ITUPUHU YMOMKJIUBJIIOE IJIS CHPOINEHHS TOCJiIKeHb
BBECTH IIapaMeTep IIIIapyBATOCTH MJAHOTO IIEPiOAUUYHOTO CHUTHATIY
@ =w/2a. Ona BkazaHoro mmpoijio IMepcTKOol IMMOBEPXHI KBapIly Ta-
Ki mapameTpu, AK BucoTa h, ImupuHa a Ta niBnepiox T =w /2, Mo-
JKHaA 0esImocepeIHbO IIOB’SA3aTH 3 CepelHIiM KBaJPATHUUHUM BiIXuIoMm
BHUCOTHU IIPodiso O 3a JOMOMOI'0OI0 CHiBBiTHOIIIEHHS

_ple
3T 3@

B pobGori [7] Oyno mokasamo, 1o € 0Oe3mocepenHill 3B’sA30K %vmic
€HepreTUYHUM IIPOCTOPOBUM CIEKTPOM IIIePCTKOI IMOBEPXHi |S(v)| Ta
rmapaMeTpaMu IIIEPCTKOCTHU Iliel moBepxHi, a came, cepegHbLOKBajJpa-
TUYHUM BiIXWJIOM IOBEPXHi O Ta HOBIKUHOIO KOPEJAIlii IIepcTKOl IIo-
BepxHi 0. fAKmio Bunmagkosa (QYHKIIiA (GopMU IIOBEepXHi Mae KopeJsd-
mifiny QyHKIi0 3 I'ayccoBUM pO3IOAiIoM, TO Iei 3B’A30K B OXHOBHU-
MipHOMY BUIIQJIKy MOJKHA 3allUcaTU y BUTJIALL

) (1)

ISV = Vrd*oexp(-n*c®v?), (2)

Jle Vv — TIPOCTOpOBa uacToTa mpo(dia IepcTKol moBepxHi. 3ayBarKu-
MO, IO JOBXKMHA KOPeJAIil ¢ IIepcTKOl IMOBepPXHi KBapIy BiamoBimae
3HAUEHHIO apIryMeHTy KopeJadlliiHol ¢yHKIiI mamol moBepxHi, 3a
AKOTO0 1A Kopesdniiina GyHKIia BMEHIITYETHCH B € pasiB. Ilpu npomy
IpocTopoBuii crexTep eHeprii |S(v)|” curmamy, mo Bigmosizae dopmi
TPUKYTHUKIB i samaguH, AKi MepioAMYHO IOBTOPIOIOTHCA, Oyle MaTu
BUTJIAL, HaOMIKeHHH 10 IayccoBoi ()OPMU IIPOCTOPOBOTO CIIEKTDPY
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BUMIAIKOBOI IMEPCTKOI MOBEpXHi, AKINO: (i) IxHi ZOBKUHU KOpeadaIrii
o 36irafornes; (i) BucoTa TPUKYTHUKIB A 36iraeThesa 3 cepeqHbOKBA-
paTHYHEM BigxmjaoM O BHUIIAJKOBOI IIIEPCTKOI moBepxHi. B Taxomy
BUIIAAKY, i3 HPaBMJLHUM BHOOpPOM IIapamerpa @ mgamoro mpodisio,
mMaemo HacTtynHe. KoHTpacTHicTe K eBaHECIEHTHOI'O IIOJSA, SKa OIIU-
cye (hopMy IIepCTKOI IIOBEPXHi Yy BUIVIAAL BUCTYIIB i 3allalH TPUKY-
THBHOI (popmu, Oyae 30iraTmcsa 3 KOHTPACTHICTIO, AKY OJEPKaHO yV BU-
HagKy 3acTOCYBAaHHA BHUIAAKOBOI (DOPMM IIIEPCTKOI HOBEPXHi, IIpoc-
TOPOBHUI CIEKTED SKOI MOKHA AIPOKCHMYBATH I ayCcCcOBOIO (DYHKILIEIO.

Posmogin mampy:xeHocTu ejexkTpuuHoro moisa E B obmactax 2, 3
(puc. 2) po3paxoBy€EThCA Ha OCHOBiI pPO3B’A3KY OJHOPiTHOTO BEKTOPHO-
ro 'enbMrossiioBoro piBHauaAa [8]:

Vx(n'VxE,)-KeE, =0, (3)

Je €.,M, — TeH30pU APYTOoro MOPALKY BiZHOCHOI KOMILJIEKCHOI mie-
JeKTPUYHOI Ta MarHeTHOI IIPOHUKHOCTeH; kB, — XBHJIbOBE UYUCJIO Y
BimbHOMY npocTopi; E, — KOMIIJIEKCHI aMILIITyAu BeKTOPiB eJIeKT-
PUYHOTO ITI0JA MOHOXPOMAaTHMYHOI XBuJi. BBaskaemo, 1110 cepeaoBHUIINa,
AKi OXOILIIOE PO3paXyHKOBA KOMipKa, HE MAlOTh MarHeTHUX BJIACTU-
BocTeli (p, =1). Po3p’a3aBmu piBHAHHA (3) MOXKHA TaKOX OJep KaTh
IIPOCTOPOBUII PO3MOiJ KOMILIEKCHUX aMILIITyJ MArHEeTHOTO BeKTopa
MOHOXPOMATHYHOI XBUJIi B CTAIliOHAPDHOMY €JIEKTPOMATHETHOMY IIOJIi
H,.
g po3B’aA3Ky piBHAHHA (3) BUbepeMo CKiHUeHHO-eJIeMeHTHHUI mi-
Ixim, Aakuil ckJjJamaeTbcda 3 I'abOpKiHOBOI MeTonu Ta, BJIacHe, 3 Me-
Tonu cKimueHHUX ejeMeHTIiB [9, 10]. SIK BeKTOpHi cKiHUeHHi elemeH-
T BUKOPUCTOBYBAJNCSI TPUKYTHUKMU.

Ax mxepesio cBiTsa Bukopucraemo miacky TM-xBuiio, skKa II0Jd-
pu3oBaHa B IJIOIIWHI IMamiHHA Ta PO3CIIOETHCA Ha PO3TiAbUill Mexi
«KBapI—BaKyyM». li HampAMOK PyXy IIPeJCTaBHMO B3a IOIOMOTOIO
IlolinTunroBa BeKkTOopa P, 1o HampaBieHuil mix KyTtom 0,, BiJHOCHO
oci Y, npuuoMmy Ha BKasaHy pos3minbuy Me:ky TM-xBuid mamae 3 60Ky
KBapIy.

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

1 . . 1 . .
E= —(Eme’“’t +E e "’”), H-= —(Hme"’” +H e ]‘”t) ,
TO IIOMHTHHIIB BEKTOP MOXXKeMO IIPEACTABUTU AK
1Y b

var? av

P=P, + P = %Re(Em xH;), P, = %Re(Em xH ej2<p(t)) , (4)

Ie o(t) = ot — ¢dasa nmagHOol XBUJIi, ® — IUKJIYHA YacToTa, ¢ — Hac,
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E,, E;’n, H,, an— KoMILIeKcHI amiuriTyau BeKTopiB E, H rTa ixmix
KOMILJIEKCHO-CIIPAKeHUX 3HaueHb, P,, — mocriiina ckaagoBa Iloiin-
TUHT'OBAa BeKTopa (aKTHMBHA MOOTYyKHicTh), P,, — B3MiHHA cKJamoBa
IloinTHTOBA BeKTOpa (peaKTHMBHA MOTYKHICTH). 3ayBaKHMO, IIIO
cuiBBigHOIIEHHA (4) YMOMKJIUBIIIOTH OJHO3HAYHO OIMMCATU XBUJIbO-
BUH IPOIeC IIOIIMNPEHHA eHeprii, sKa PO3MOBCIOIKYETLCA B PO3paxy-
HKOBIi#l KOMIipIIi.

BBakaTumemo, 110 KOHTpacTHiCTb K eBaHECIEHTHOTO MOJA MiXK
BHUCTYIIaMH Ta 3alaJuHaMHK V3IO0BMK PO3OLIBUOL MexXi «KBapI—
BaKyyM» (puc.2) BusHauaerTbcsa BupasoM K =|E, - E,|/(E, + E,), ne
E,, E, — aMOIiTyau eBaHECIIeHTHOTO IIOJA B 0O0JIACTAX BUCTYIIIB i
3amauH, PO3TAIIyBaHHA SKUX BU3HAYAETHCSA IO BiTHOIIEHHIO IO ce-
PenHbLOI JIiHil 3ragaHol Mexi.

3. AHAJI3A OJEPKAHUX PE3YJIBTATIB

OpauM i3 crIoco0iB mepPeBipUTH TPAaBUJIBHICTE PO3PAXYHKIB UMCJIOBOTO
MOJeJII0 € PO3pPaxyHOK Koedimieura Bimburta R y BuUmagky, KoJiu,
HaOpUKJIAL, Mi’K 3pasKoM 3 KBapIly i3 ILJIACKOIO IIOBEPXHEI0 Ta BaKy-
YMOM PO3MIiCTUTH ILTiBKY 30J0Ta ToBIuHOIO d. KoedimieuT BigdouTTsa
IJIA IIBOTO MOXKHA OJIEPKATHU 31 CIiBBiAHOIIEHHA:

Eav
R=|—ot |, (5)
Eav
in
Eav Eav . : :
ae in » out cepeaqHl 3HaYeHHA KOMIIJIEKCHUX aMILIITyJ BEKTOP1B

HaprmeHOCTeﬁ €JIEKTPUYHOI'O II0OJIA Y3OOBX HUXKHBOI T'OPU30HTAJIb-
R
1,001
0,754

0,504

6 . rpagycu

Puc. 3. 3anexuicts Koepinienra BigdurTa R Bix Kyra maninua 0,, cBiTsioBOI
xBUJi 3 HoB:KUHOIO A =500 HM, KOJM TOBIMHA IIApy TJIagKOI IIOBEPXHi 30-
gora mae 3HaueHHA d=1 HM (KpuBa 1), d=30 M (xkpuBa 2), d=50 HM
(xpusa 3).2
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HOI JiHII BepXHBOrO HMOTJIMHAJBHOTO IIapy PO3PaXyHKOBOI KOMipKH y
BUIIAAKY IagHOI Ta BimOmTol XBMJIb BigmoBigHo. OONTHMUYHI KOHCTAHTH
n,n (n — TOKa3HWK 3aJIOMJIEHHA, AifiCHa YacTWHA; T — IIOKAa3HUK
3aJIOMJIEHHA, YABHA YacTHHA) IJd 30J0Ta 0ysao B3ATO 3 poboru [11],
3BiIKM BUIJIMBAE, IO B MifgmasoHi MOBXKUH XBUJIb A €400-650 HM
IOificHa yacTHHA AieJeKTpudYHOol mpoHMKHOCTH £'(A) Mae 0cobJIMBiCTh:
g <0 (€M) =n*-n?), TO6TO 3 PO3CIAHHAM IIACKOI eJeKTpoMar-
HeTHOI XBUJIi Ha 3pasKy i3 3oj0Ta (Y BKasaHOMY IiAMMa30Hi JOBKUH
XBUJIb) € YMOBU MJIs BUHUKHEHHS IIJIaA3MOHHOIO PEe30HAHCy Ha IOro
noBepxHi. B TakoMy BHIIQAKy, B 3aJIE;KHOCTL BiJi TOBIMWHHU ILIiBKU
30JI0Ta Ta OOBXKUMHM IIaJHOI XBUJIi, MAEMO Pi3Hi 3aJIe’KHOCTI Koe@iIri-
€HTa BiZOuTTA R Bif KyTa najgineHa 0, , AKUX 300pasxkeHO Ha pucC. 3.

3a ¢ixkcoBaHOI TOBHIMHH ILIiBKHU, 3 IiAJAIITYBAHHAM KyTa MaJiHHA
npomMeHA 0, , € MOXJIUBICTH 3aJOBOJBHUTH yMOBaM 30y/J:KeHHSA IIO-
BepxHeBux 1asMoHiB-nmosAgputoniB (IIIIII) wHa posminpuiit Mmexi
«KBapI—30JI0TO—BaKyyM» (OPUBECTH Yy BigZHOCHY BiAmoBimmicTh TaH-
T'eHI[iiHI KOMIOHEHTN XBUJIBOBMX BEKTOPiB (pOTOHA Ta MIJaa3MOHA Ha
IJIacKili moBepxHi miIiBKu 3oso0Ta). MinmiMmym KoedimierTa BigouTTa R
3a He3MIHHUX iHINIMX IIapaMeTpiB BiAmoBimae 3ragaHuM yMoBaM 30Y-
mxenna IIIIII i, Ak HacaimoK, YacTKOBOMY II€EPETBOPEHHIO e€Hepril
nagzepuoro mpomeHsa B IIIIII. SamaaTo TOHKA ILIiBKA 30JI0TA CIPUAE
npumBuaieHomy satyxamuio IIIIII (mocuieHe 3BOPOTHE IEepPeBUIIPO-
MiHIOBaHHA); 3aHAATO TOBCTA IJIiBKa 30JI0Ta TAKOXK CHPUAE IPUIIBHU-
nieHomy 3atyxanuio IIIIII (migBuilleHe IOTJIMHAHHSA B TOBIIH ILJIiB-
Ku). HynnoBe 3HauenHsa Koegimienra Bigburta R Biamosimae onTmMma-
apbHuM yMmoBaMm 30ymsxenusa IIIIII. Opmep:xaHi pesyabTaTy IIOBHICTIO
Y3rOIKYIOThCS 3 pesdyJbTaTaMu y podorax [12, 13]. Moxxua mpumyc-
TUTHU, IO JaHUHA edeKT OyJe MaTH Miclie TaKOXK i y BUIAAKy, KOJHU
3aMiCTh IIJIAaCKOI ITOBEpXHi KBapIly BUKOPHUCTATU IIEPCTKY IIOBEPXHIO,
MMOKPUTY TOHKOIO ILJIiBKOIO 30JI0TA, TOBIIMHA SIKOI HEe 3MiHIOETHCS
B3IOB:K IIOBEPXHi, mpuuomMy nmaumii ¢axt Oyae maTu Micie, KoJu
A>>0.

PosrisaeMo po3IOmiji MOAYJIA HANPYKEHOCTH E€JIEeKTPUYHOTO IO
Y3IOOBK PO3AiIbUOI MeKi «KBapll—BaKyyM», III0 Mae TPUKYTHIiN IIpo-
¢ins 3 miBmepiogom T = 125 HM i BHCOTOIO BUCTYIIIB MOBEPXHi KBapIly
h =25 uM 3a pisHMX B3HAUYeHb KyTa MamiHHA OJd OOBKHUHU IATHOI
xBuai y Bakyymi A =500 am (puc. 4). Hnaa nporo BubepeMo mapame-
Tep IImapyBaTocTu @ =4, OJd AKOro AOBXKHUHA KOPeJadllii moBepxHi
KBapIoBoi IIaTiBKu crJaagzatume o= 13,3 HM. Y BHUOAOKy, KOJU
0,, = 42°, npocropoBuil mpodins (puc. 2) i posmoxin moxasa (puc. 4,
KpuBa 3) B I[iloMy OyAyTh IIOBTOPIOBATU OIHE OJHOTrO, a OT:Ke, (poTo-
OUCOIiAIiA Mogerkya XJopy Oyae 3mificHIOBATHCSA B 00JIACTi BUCTYIIB
IIIePCTKOI TMOBEpPXHi KBapIly, i IaBJIeHHS KBapily Oyae 3ificHIOBATH-
cdA MepeBajkHO B 00J1aCTsIX BUCTYIIIB, a He samaauH. OcBiTieHHA 3pa-
3Ka Iij iHImMMEMU KyTaMu, AK II0Kasye IIOPiBHAHHA IIPOCTOPOBOTO
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Puc. 4. Posnozin mMomysa HAOPY'KEHOCTH €JEKTPUUYHOTO IOJSA Y3J0BXK PO3-
Oinbuol MeKi «KBapIl—BaKyyM» i3 mpodijieM y BUTJISAI BUCTYIIIB i 3amagmu
TPUKYTHBLOI (popMU, AKi IMEepPioAMYHO IIOBTOPIOIOTHCHA, 3a Pi3HUX 3HAUEHDb KY-
Ta nagiHea: 0, =0° (xpusa I), 0, =30° (xpusa 2), 0, =42° (xpusa 3),
0,, =70° (xpusa 4).*

i

npodisro 3paska 3 BiANOBIAHUMU pPO3MOAiJIaMHU HAIPYsKEHOCTU eJIeK-
TPUYHOTO TOJIA Y3IOBXK 3rajjaHol po3aijbuoi Mesxki Ha puc. 4, € He-
NPUAHATHUM 3 TOYKM 30Dy HAHOIOJipYBaHHS IIEPCTKOI ITOBEpPXHi
KBapIily, OCKiJIbBKM MaKCUMyMM Ta MiHIMyMu HOJA BKe He OyAyTh
36iraruca 3 MaKCUMyMaMH Ta MiHiMyMamMu mpodiro.

Or:ke, onmTmMajbHa KOHQIrypaiia HaOpy:KeHOCTH eJeKTPUYIYHOTO
OJII B3JOBXK PO3MIIbUOI MEXKi «KBapI—BaKyyM» IJd 3IilCHEeHHSA
edeKTUBHOTO IIABJEHHS caMe BUCTYIIiB HOBEPXHi KBapiy dopmysa-
TUMEThCSA, SAKINO KYT IMaJiHHA CBiTJIa AOPiBHIOBATHME KPUTHUUYHOMY
KyTy: 0, =0, =42°.

Ha pucynky 5 moxasamo ABOBUMIiPHUII PO3HOALN aMILIITyIu MOIY-
JI HANPYKEHOCTH eJIEKTPUUYHOI CKJIAJ0BOI eJeKTPOMAarHeTHOTO IIOJIA
(cipe Tsio) Ta morokie IloiiHTMHTOBa BeKTOpa (CTPiAKM) y OJIUBBKii
30HI PO3miNBbUOI MeEXKi «KBapI—BaKyyM» IJd KyTa NOagiHHA CBiTJa
0,, =0, =42°, mo AckpaBo imocTpye (paKT HAABHOCTH MAaKCUMyMy
HaAIpPyKEeHOCTHU IIOJIA caMe HaJ BUCTYIOM IIOBEPXHI KBapIly.

3HauM KyT HaJiHHA IIPOMEHs, IIiJ Ji€l0 AKOro HeoOXigHO BUKO-
HyBaTU HaHOJIOKAJbHE IIABJE€HHA KBapIily, IOTPiOHO 3’sacyBaTu, B
AKOMY JifAnasoHi mapamerpa / [IOIiJIbHO BUKOHYBATU HAHOIOJIpY-
BaHHA. Bucora HepiBHOCTell mOBepxHi Mae icToTHUII BB Ha (op-
MYBaHHS €BaHECIIEHTHOTO MHOJIA.

Ha pucyHky 6 moxasaHO POSIOJiJI HATPYKEHOCTH €JEKTPUUHOTO
OJIS Y3JOBMK PO3MIIbUOI MeKi «KBapI—BaKyyM» 3a Pi3HUX 3HaAUEHb
BUCTYNIiB IIOBEpXHi KBapuy h, KOoJIW KyT MaAiHHA ILJIJaCKOl XBUJIi
0,, = 42°, mepioj nmOBTOpeHHa mnpodinto moepxHi T =125 HM i mmna-
pyBaricTs @ =4.
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Puc. 5. JIBoBuMipHMI POSMOIN aMIJIITyIM €JIEKTPUYHOI CKJIAZOBOI eIeKT-
pomarHeTHOTO moJasa (cipe Ti0) Ta moTokiB IlofiHTUHTOBa BeKTOpa (CTPiIKIT)
y GIUBBKilfl 30HI po3Aisbuol MeXi «KBapi—BakyyM» IJd KyTa IMaJiHHSA CBIiT-
na 0, =0, =42°.°

0o 70 140 210

X, HM

Puc. 6. Posmogin Mongysis Hampy:KeHOCTU €JEKTPUUYHOTO IOJA Y3TOBMK PO3-
Oimbyol MeXKi «KBapIl—BaKyyM» y BUIVIAAL BUCTYIIIB i 3amagmH TPUKYTHBOIL
dopMu, AKi mepiogmYHO HOBTOPIOIOTHCS, 3a PiBHMX 3HAYEHb BUCOTU BUCTY-
miB moBepxHi KBapmy: h=3,5 um (kpuBa 1), h=35 um (kpusBa 2), h=105
HM (KpuBa 3).°

3rigHo 3 pUCyHKOM 6, 3a pidHMX 3HAUEHH ITapamMeTpa A IMOJIOKEeHHS
MaKCUMyMiB i MiHiMyMiB MoAy/Isa HANIPY:KEHOCTU €JIeKTPUYHOTO IIOJIS
BigHOCHO Tpo(ii0 NOBEepXHiI KBaply He 3MiHIOETHCA, IIPOTe 3a3HAE
icroTHMX 3MiH (hopma (PYHKIIii, IO ommcye 3MiHYy HANPY:KEHOCTHU IIO-
Ja 3a KoopamHaroio. Tak, i3 306iabIIIeHHAM BUCOTHU IPOQDiii0 HAIpY-
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Puc. 7. Koutpactuicth K eBaHECIEHTHOTO TOJIA Ha PO3TiAbUill Mexi
«KBapI—BaKyyM» Yy BUTJISAI BUCTYIIIB i 3amaguH TPUKYTHBOI GopMu, SKi
IepiofNYHO IOBTOPIOIOTHCA, B 3aJI€XKHOCTI Bij BucoTH BuCTymiB A.7

JKeHICTh eJeKTPUYHOIO IIOJA KOHIIEHTPYETLCSA OJIMKUEe M0 BepXiBKU
BHCTYIy Ta II0 Kpasgx 3amaiuHK. B Toi Ke Uac Ha AHI 3amaguHMN 3Mi-
Ha HAIPY:KEeHOCTH IIOJIs YIOBLIbHIOETHCA. 1le BiAmoBimHO IpU3BOAUTH
IO HEeIIPOHOPI[iMHOro IMaBJeHHS BUCTYIIIB 3 BHCOTOIO, a TAKOXK obJac-
Teil HABKOJIO 3amagnH. B boMy BUIIAAKY e(PeKTHUBHICTL IpoIlecy Ia-
BJIeHHA Oyne IOHMKYyBaTHCsS. BiJbIl TOro, 3a AOBOJII BeIWKUX 3HA-
yeHb mapamerpa h (auB. KpuBy 3 Ha puc. 6 mpaa h =105 am) Ha ami
3amaJuHA 3aMiCTh MiHIMyMy I0Js 3’ABJIAETHCA MAKCHMYyM, i I[e MO-
JKe IIPUBBECTH TAKOMK i J0 MOMKJIMBOCTH IABJE€HHS He TiJILKH BUCTY-
miB, ajie i 3amaguH, M0 € HEIPUUHATHIM.

PucyHoK 7 yMOKJIMBJIIOE BU3HAUNTH AiANTA30H 3MiHM BHCOTHU IIOBE-
PXHi, 3a AKOTO IIOJIe B3J0B:K IIOBEPXHIi BHCTYIIy OyAe PO3MOMLIATHCS
IPOIIOPIIifiHO BMCOTi moBepxHi. PucyHok 7 mokasye, IO B AiAmas3oHi
3MiHM BHCOTH HOPO(dinro moBepxHiI mpmbamsuo Ao 20 HM KOHTPACT-
HiCTh IIOJIS Mae MaiKe JIHIWHY 3aJeKHIicTh Big h. ¥ BuUmagky, KoJau
KOHTpPACT IIOJIg 3MIiHIOETHCS JIHIHHO 3 BMCOTOIO Ipodijo HOBepxXHi,
aMILIiTya IOoJA y 3amagumHax i Hag BUCTYIaMHU TaKoMK Oyme JiHiiiHO
3aJekaTu Bim BucoTu. B TakoMy pasi sMiHA HAIPY:KEHOCTU eJeKTPU-
YHOTO IIOJIA B3MOBXK HPO(dilio moBepXHi KBapily Oyge TOUYHO IIOBTOPIO-
BaTu (opmy Imboro mpodinio. Jlimifima samMiHa HaIpPyKEHOCTH eJIeKT-
PHUYHOTO MOJIA 3 BHCOTOIO0 BHUCTYIIy IIOBEPXHiI YMOMKJIUBJIIOE CTBOPUTHU
yMOBHU OJs1 e()eKTHUBHOTO I[ABJEHHA yciel IJIOIi BHUCTYIY, a HE TiJb-
Ku fioro BepxiBKu. OTike, I TPUKYTHHOTO HNPO(dilIio KBapiy 3 TOU-
KM 30py ()OPMYBaHHSA OITUMAJBHOTO IOJSA HaI ioro mosepxueio ¢o-
TOXEMiuHe IaBJIeHHA ITiel MoBepXHi MaTHMe MaKCUMAJILHY e(eKTUB-
HiCcTh, AKIIIO BHCOTa Hpodinio mosepxHi He mepeBurlye 20 HM.

Ha pucyuky 8 300pakeH0O PO3MOAiIM MOAYJsS aKTHBHOI CKJIAZOBOI
IloiteTuHr'OBa BekTopa P, = |P,| Ta moxyns IloliHTMHI'OBa BeKTOpa
P = |P| y310B% PO3Ainbuoi Mexki «KBapI—BaKyyM», OJepsKaHi AJs pi-
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Puc. 8. Posmoginu moxyna aktuBHOI cKiamoBoi P, IloifiHTMHTOBa BeKTOpa
(kpuBa 1) ta moxmynasa IlolfimTuHroBa BeKTopa P y3moB:K po3minbuoi Mexxki
«KBapI—BaKyyM» nAjd pisHux ¢das maxzoi xBmiui: ¢=0 (xkpuBa 2), ¢=n/4
(xpuBa 3), ¢ = 31/7 (xpusa 4).%

3EMx (a3 mamgHoi XBWJII 3a JOBKHHU IIQJHOI XBUJL y BakyyMmi
A =500 M Ta KyTa mamiHea cBiTia 0, = 42°, kKonu miBmepion mo-
BTOpeHHA npodinio moBepxHi T'=125 HM i mmapysaricts @ =4. 3a-
YBaXKUMO, IO PO3MOMiJ aKTHUBHOI cKJamoBoi IlofiHTMHI'OBA BEKTOpa
P,, y3moB:K po3mimbuoi Me:Ki «KBapl—BaKyyM», HOAIOHO POSIOAiIY
monysasa BekTopa E, mpu ocBiTieHHI 3paska IIifi KPpUTUYHUM KyTOM
moBTOPIOE (hOpPMY IIPOCTOPOBOrO mpodisio. 3 iHIIOro 60Ky, BPaXoBY-
oun Toit pakTt, 1o IloifinTuHTiB BekTOp P CcKiIamaeThcss 3 BEKTOPHOIL
cymm BekrtopiB P, Ta P, TOOTO 3ajsexuTh Big (asm ¢, MoKeMO
CTBEP/)KYBaTHU, IO 3i 3MiHOIO (hasw magHOI XBWJII il MaKcuMaJibHE
3HaueHHA (rpebiHb BeKTOpa P) «mpelihye» y3MOBMK pO3Miabuoi Meski
«KBapI—BaKyyM», CTBODPIOIOUM OITHUMAJbHI YMOBU IJs CyOHAHOIIOJI-
pPyBaHHSA TaHOI MOBEPXHi.

OpepsxkaHuii paninie (GaxkT MOKJINBOCTYA HAHOIIABJIEHHSA B3TajaHoi
MMOBEePXHi MOTpedye YTOUHEHHA, OCKiJIbKY HEOO0XiTHO BUKOHYBATH JIO-
KajJbHe IMaBJeHHS caMe BUCTYIIiB, a He 3amaamH. PucyHoxk 9 nae
3MOT'y TOKasaTH, II0 BKasaHe HAHOIIABJEHHA OinbIln edeKTUBHE Ha
IiTAHKaX BUCTYIIIB, aHixK samaamH. IlopiBHAEMO pO3MOAiju MOIYJIs
akTuBHOI cKJanoBoi IlofinTuHIOBa BekTOpa Ta Monyiad IloifiHTMHIOBaA
BEKTOpa y IEPHEeHAUKYJAPDHOMY HANPAMKY /OO pO3AiJbuoi MeKi
«KBapI—BaKyyM» Ha MiJIAHKAX BUCTYIy Ta 3alaJuHUA, AKUX ITOKasa-
HO Ha puc. 9, nad BUNAAKY MTOBXKUHU HagHOI XBUJIL Yy Bakyymi
A =500 ™M i Kyra mamimHa 0, =42°, Kouu HiBIepioJ, IOBTOPeHHS
mpodinto moBepxHi T =125 HM i mmapysaticts @ =4, a BucoTa BU-
crymiB h =35 HM. TakuM YMHOM, MOKHA 3POOUTH BUCHOBOK: e(DEeKTH-
BHICTHL HAHOINABJEHHA (3 TOUKM 30py 3HaueHb BeKkTopa P Ha mixan-
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Puc. 9. Posmozmin moayns axTuBHOI ckJaamopoi P,, IloifiHTmHI'OBa BeKTOpa
(xpuBa 1) i moxgyna IloliHTMHTOBa BeKTOpa P y HEepHeHAWKYISAPHOMY Ha-
IPAMKY [0 PO3IiNbUOl MerKi «KBapl—BaKyyMs» B 3aJIe;KHOCTi Bix (dasu maj-
Hoi xBmiai: ¢ =0 (kpuBa 2), ¢ =n/4 (kpuBa 3), ¢ =3n/7 (kpuba 4). Ilepmen-
IUKYIAPHUI HAIPAMOK IIPOXOAUTH KPishk BucTyH (a) i samaguny (6).°

KaX BHUCTYIIIB II0 BiHOIIIEHHIO 0 AiJITHOK 3amalWH IIEPCTKOI IIOBep-
XHi KBapIy) OijbIIl BaromMa Ha MiJMAHI[I BUCTYIiB, aHi)K 3amaguH, 3a
YMOBH, ITIIO KYT HaJiHHA TOPiBHIOE KPUTUYHOMY KYTOBi.

Posraaparoun pucyHKu 8 i 9, MOKeMO CTBepAKyBaTH, IO 3a yMO-
BU I[iIKOBUTOT'O BHYTPIITHLOTO BifOMBAHHSA I€peHecCeHHs eHeprii Bin-
OyBaeThCcA IEPEBAKHO Y3/IOB}K TOPU3OHTAJHLHOI KOOpAMHATH (CIIOCTe-
piraemo O6ikyui XBuJIi), Y3H0BK BePTHUKAJIbHOI KOOPAMHATU IPAKTUY-
HO BiJICYTHE IlepeHeCeHHSA eHeprii (cmocTepiraemMo crodYi XBWJi), a
BimOuTa XBUJIS YaCTKOBO 3aXOAUTL Yy BaKyyM, 3aTyXalouud €KCIIOHEH-
mifiHO 3 BigmaJeHHAM BiJ po3aiabuoi MeKi.

3 TOUKHU 30py e(PeKTUBHOCTH 3MiliICHEHHS HAHOIIABJICHHS ITIePCTKOIL
MMOBEPXHi KBapIly BaKJIMBOIO XapaKTEPHCTUKOI € KOHTPACTHICTH IIO-
Js Ha 3raJaHiii ITOBEePXHi, IO BU3HAYAETHCA MaKCHUMaJbHUM i MiHi-
MaJIbHUM 3HAUEHHAMHN aMILIITyAu IIOJIs B 00JlacTAX BUCTYIIIB i 3arma-
ouH BigmoBimHo. Ha pucyuky 10, a mokasamo rpadik KOHTPACTHOCTHU
K eBaHeCIIEHTHOIO IIOJA HA PO3MiJbUill MeKi «KBapIi—BaKyyM» B 3a-
JI€XKHOCTI BiJl MOBXKUHU KOPEJAIil ¢ MOBepXHi KBapI[OBOi MJATiBKU 3a
YMOBH, KOJM KyT mnaminaa 0,, =42°, BucoTa TPHUKYTHiX BHCTYIiB
h =1 M i mmapysBaTicTs @ =4, a9 OOBXKUH maguoi xBuii A =400 uam
(kpuBa 1), A=500 um (kpuBa 2) Ta A =600 am (kpuBa 3). 3ayBarKu-
MO, IO 3i 30iJbIIIeHHAM IOBKUHU KOPEeJdAIllil KOHTpPACTHIiCTL majaae,
OCKiJIbKM B IIbOMY BUIAAKYy IOBEPXHA KBapIly cTa€e OiJbII IIJIAaCKOIO,
KOJMBAHHA KOHTPACTHOCTU NMPAKTUYHO BifcyTHi. B misomy, kpusi 1—
3 3biraroTbcs, TOOTO KOHTPACTHICTH IPAKTHUYHO He 3aJIeKUTDL BiJ MI0-
B)KUHU TAJHOI XBUJi 3a YMOBHU, IO CEPEAHBOKBAAPATUYHUYN BiAxXuia O
e HesHauHuM. Ha pucynky 10, 6 mokasano rpadik KoHTpacTHOCTH K
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Puc. 10. KourpactHicts K eBaHECIIEHTHOTO IIOJA, IO YTBOPIOETHCS AT KY-
Ta NafiHHA IJACKOI eJleKTpoMarseTHoOI XBuai 0,, = 42° Ha posAinpuiil Mexi
«KBapI—BaKyyM»: B 3aJIe;KHOCTiI BiJ MOBKHHH KOpeJdAlil ¢ moBepxHi KBap-
IOBOI TJIATIBKY AJIA MOBKUH nmagHol xBuii A =400 um (KkpuBa 1), A =500 am
(xpuBa 2) Ta A =600 M (kpuBa 3) (a); B 3ajJ€KHOCTi Bif HOBKMHU MMamgHOI
XBUJi A 3a YMOBH, IO KOpPeJAIifiHA JOBKHWHA IIOBEPXHi KBapIIOBOI IJIaTiBKHU
c=8,1 um (xpuBa 1), c=13,5 M (kpusa 2) Ta ¢ = 18,9 ™ (xpusa 3) (6).'°

€BAHECIIeHTHOIO IIOJISI Ha PO3ILIbYiil Mexi «KBapI—BaKyyM» B 3aJjie-
JKHOCTi BiJ MOBMKHMHHN IIAaZHOI XBMJIL A 3a YMOBU, KOJU KYT HamiHHsA
0,, = 42°, Bucora TPUKYTHiX BHCTymiB h=1HM 1 moapysaTicTb
®@ =4, naa DOBXKUH KopeadAlil moBepxHi KBapioBoi miaTiBku o= 8,1
HM (kpuBa 1), c=13,5 am (kpuBa 2) ta 6 =18,9 um (kpuBa 3). Kpusi
1—-3 mpaKTHUYHO He 3aJIe;KaTh BiJ MOBMKUHN HagHOI XBHJLI 3a YMOBH,
IIT0 BHCOTA BUCTYIIIB IMOBepXHi A € He3HauHoro. lle migTBepm:Kye Bu-
CHOBOK, ofep:kKaHuii mpu posriaani puc. 10, a: KOHTpacTHIiCTL IpakK-
THYHO He 3aJIeXKUTHh Bil JOBYKUHMN HagHOI XBUJIL.

HacTynmHuM KPOKOM € 3HAXOIKEHHS MOKJMBOCTHA 3aMiHK BHIIA[-
KoBoro mpodiso moBepxHi KBapiy [14] peryaapuum npodinem 3
TPUKYTHBOIO (DOPMOIO BHUCTYIIIB i 3amagWH /i BU3HAUEHHS OITUMA-
JBHUX IIapaMeTPiB eBaHeCIIeHTHOTO IO0JifA, I0 3abe3neuaTh epeKTUBHE
IIaBJIEHHsS moBepxHi KBapmy. Iasa mboro morpibHo, 11100 00paHUM pe-
I'yJIapHUN Tpo@iJb MMOBepXHi KBapiy OyB eKBiBaJeHTHUM BUIIALKO-
BOMYy Impo(inio i3 s3amaHMMHK HapaMeTpaMM 3a IIeBHUM KpUTepieM.
OgHuM 3 TaKMX KPHUTEPiiB MoiKe BHCTYIATH KOHTPACTHICTHL eBamec-
meHTHOro mojs. Ilpu mpomy, SAK IIapaMeTep TPUKYTHHOTO IIPOodiiio
IOBEePXHi, AKWHA YMOKJIWBUTL Y3TOAUTH KOHTPACTHICTH €BAaHECIIeHT-
HOTO IIOJISI [IJisi PeryJiapHOro Ta BUIAAKOBOro mpodisis, mMoxxe OyTu
BuOpaHOIO MmImapyBaTicTh . Y BiamosigaocTi 3 (1) mapamerep @ Mo-
JKHa 3MiHIOBATU, 3MiHIOIOUM BHCOTY BUCTYIy A IPH CTAJIOMy 3HaUEH-
Hi cepeIHBOKBAAPATHYHOrO BiAxmiay 6 ab0 3MiHIOIOUM CepPeIHbLOKBAJI-
paTuYHUN Bigxwma § mpu cTaJoMy 3HAUEHHIi BUCOTH BUCTYITY A.

Ha pucyuky 11 zo0paxxeno rpadixk xoHTpacTHOocTu K eBaHecIieHT-
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Puc. 11. Kourpacthuictsh K eBaHECIEHTHOI'O MOJIA HA PO3AiIbUiil Mesxi
«KBapI—BaKyyM» Yy BUIJIAAI BUCTYIIB i 3amaguH TPUKYTHBOI (opMU, AKi
TIePiofNYHO MOBTOPIOIOTHCA, B 3AJIEMKHOCTI Bif mmapyBaTocTy @ OJid BUIIA-
KiB, KOJIM CTAJINM € CepeIHLOKBAAPATUUYHHUI BigXmi, 1o mopiBHIOE d =1 HM,
(kpuBa 1) abo cTajol0 € BUCOTa BUCTYIY (3alaguHM’), IO JOPiBHIOE A =1 HM
(xpuBa 2).!!

HOTO IIOJIS Ha PO3ALIbUiNl Me:Ki «KBapm—BaKyyM» y (opMmi BucTymiB i
3amaguH TPUKYTHBOI (opMM, AKi IepiogMYHO IIOBTOPIOIOTHCS, B 3a-
JIeXKHOCTI Bif IImapyBaTocTHd @ s TOBKMHM IMAAHOI XBUJIL y BaKyy-
Mi A =500 HM i KyTa nmaginea 0, = 42°, A4 BUNAAKIB, KOJIU CTAIUM
€ CcepeIHbOKBAAPATUUHUYN Biaxmi BucoTu mpodimio 6 =1 um (Kpusa 1)
abo cTaJIoI0 € BMCOTa BUCTYNY (3amagmHN) TPUKYTHLOI opmu h=1
HM (KpuBa 2). B mepimmomy Bumaaky (KpuBa 1) i3 3MeHIIIeHHSIM IIapa-
MeTpa @ Oyae 3MEHIITyBATHCS BUCOTa BHUCTYIIB (3amamguH) h = 04/3Q ,
a TaKoK Iepion moBTOpeHHsS T 3a He3MiHHOI INMHUPMHU 4 BUCTYIIiB
(samaguH). I3 3MeHIIIEHHAM BMCOTH BHCTYIIIB IIOBEPXHS CTa€ IJIACKi-
III0I0, a KOHTPACTHICTL OyAe 3MEHIIyBATHUCS. ¥ IAPYIOMY BUIIAAKY
(kpuBa 2) i3 306ijgbIIeHHAM ITapaMerpa @ Oyae 3MeHIyBaTHCS Cepel-
HBOKBAAPATUYHUNA Bigxuia O =h / \/‘3‘»% , 4 TAKOMK 30iJIbITyBaTHCS IIe-
piox moBTopeHHs T 3a He3sMiHHOI MUPUMHU a BUCTYHiB (3amamwuu). Ta-
KM UYHMHOM, IIOBEPXHS TaKOK Oylde cTaBaTH MJACKIiIIO0, i, K HACJi-
IIOK, KOHTPACTHICTH OyZe 3MEeHIITyBaTHCA. BUKOpPUCTaHHA KPWUBUX HA
puc. 11 yMOXKIMBIIOE MigiOpaTy mapaMeTpH PeryJaspHOro mpo@iaio 3
TPUKYTHBOIO (POPMOIO BHUCTYHIB i 3amaguH TakK, 00 HOCATTH 30iry
KOHTPACTHOCTH €BAHECIIEHTHOTO IIOJIS JMJid BUIAAKY BUIIAZKOBOTO
npodinio moBepxHi 38 [ ayCCOBUM PO3IOALIOM KOpPEIALifiHOI (PyHKII.
Ha pucyuky 12 mokasano rpadikm s3aje:KHOCTH KOHTpacTHocTu K
€BAHEeCIIeHTHOIO IIOJII Ha PO3MLIbUiil Mexxi «KBapI—BaKyyM» B 3aljie-
JKHOCTi Bil HOBMKWHUM KOpeJAIlii ¢ IMOBEPXHI KBapIlly 3a YMOBU, IIIO
IOBXKMHA TamgHOoi XBuJii y BakyyMmi A =500 M, KyT magiHHA AKOi
0,, =42°. KpuBa I Ha npOMy DHUCYHKY BiJIlOBifae 3aleXHOCTi, AKy
OIeps;KaHO IJIAXOM yCepeTHEHHsS KOHTPACTHOCTH 3a amcambjeM pea-
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Puc. 12. KonrpactHicts K eBaHeCHEHTHOTO IIOJA Ha PO3TIAbUiN Mexi
«KBapI—BaKyyM» B 3aJIe;KHOCTI BiJl MOBKHHU KOpeJIsAIlili ¢ IIOBEpXHiI KBap-
oBol miaTiBKM, mpo(diab AKoi ommcyeThes IayccoBOIO IIPOCTOPOBOIO KOpe-
aaniiinoo GyHKIieo (KpuBa 1) i Mae opMy TPUKYTHIX BUCTYIIIB i 3amaguH
(xpuBa 2), Bignosigso, 3 mapameTpoM @ = 4.2

Jisamifi BUOamKoBOTO MPO(dijiI0 MOBEPXHI KBapIOBOI ILJIATiIBKM, IO
onmcyroThea layccoBorwo KopenAnifiHolo (GYHKIi€l0 3 MOapaMeTpoM
0=1 um. KpuBa 2 BimmoBimae 3aie:kHOCTi, AKY OJep:KaHO AJIA BUIIA-
IKY peryiadapHoro mpodiato, 1o mae (popMy TPUKYTHIX BUCTYIIB i 3a-
nmaguH, BucoTa AKX kA =1 oM. Jlani KpuBi omep:xaHO AJA BUIAIKY,
Koy mapameTrep @ = 4; BOHU IIOKa3yIOTh 30ir y memax 5% -oxuoOKu.
Tob6To HajmaJi € MOKJIMBICTL BUKOPHCTOBYBATU HAeTePMiHOBaHY mepio-
IUYHy (YHKIIIO OJA OIKUCY PO3MiJIbUOI MerKi «KBapi—BaKyyM» 3a-
MicTh BUHOAAKOBOI (GYyHKIIiI, ajie TIIbKM y BUIAAKY, KOJIU B AKOCTI
iHTerpaJbHOTO HmapaMeTpa OJU3BKOTO IIOJA PO3TIILUOI MeXKi «KBapIi—
BAKyyM» BHUKOPHCTOBYETLCS KOHTPACTHIiCTL K eBaHECIIeHTHOTO MOJId.

4. BAICHOBRH

s pospaxyHKY IapaMeTpiB eBaHECIIeHTHOTO IOoJIA y OJIM3bKil 30HI
HAHOHEOTHOPiHOCTEHM ITepPCTKOI IMOBEPXHI KBapIily OyJIO BUKOPUCTAHO
MoJenb 3 npodiseM y BUIJIAAI BUCTYHIB i 3amaguH TPUKYTHBLOI ¢op-
MU, 1[0 NIepioJMYHO MOBTOPIOIOTHCA. Ilokasano, 1110, KOJIU KYyT IagiH-
Hf TPOMEHs NOPiBHIOE KPUTHMUYHOMY KYTy Ta KOJU CepelHBLOKBajJpa-
TUYHUN Bigxuia O miepcTkocTH € HesHauHUM (0 < 10 HM): (a) mpodins
HAIIPY’KEeHOCTU eJIEKTPUUYHOTO TIIOJA Y3IOBXK PO3AIAbYOI  Meixi
«KBapll—BaKyyM» IOBTOPIOE (OpMYy HIPOCTOPOBOTO NPOGdiiI0 Y340BIK
3rajamoi po3miabuoi Merki; (6) B sajmekHOCTi Bif (asu magHol xBuJi ii
rpebiHb 3MiHIOE CBOE MOJIOMKEHHS Y3M0BXK PO3Miabuoi Me:xi; (8) Beu-
YuHa JAHOTO IpebHA B 00JIaCTi BUCTYIIIB Mae 3HAUHO OiJIbIII 3HAUYEH-
Hs, Hi’K B 00JacTi 3amafuH, CTBOPIOIOUM ONTHMMAJIbHI YMOBHU IJiA CyO-
HAHOIIOJipYBaHHA MaHOI MOBEPXHi; (2) BigOuTa XBUJIA YACTKOBO 3aXO0-
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IUTH B 00’€M PO3UMHY, 3aTyXalOuM II0 eKCIOHEHTi 3 BiggaaeHHAM Bin
posainbuoi Me:xxki; (0) 3i 30iMbIIIEeHHAM TOBMKUHU KOPEJAIlil IMepcTKOl
HOBEPXHI KBapIy KOHTPACTHICTH MOJA Y3AOBYK 3raJaHOl IIOBEepPXHi
3MEHIITYEThCA, MPUUOMY BOHA IMPAKTHUYHO He 3aJIEKUTHh Bifl JOBKUHU
HagHOl XBUJIi.

B pesyabraTi aHanisu momimpeHHA CBITJIOBOI XBWJIi, KA majae Ha
IIOBEPXHIO KBApIIOBOi IIATiBKHU (3 O0OKY KBapIly) V BUTJISAAI BUCTYIIIB i
3amaguH TPUKYTHLOI (GopMHU, OAEep:KaHO 3B’SI30K KOHTPACTHOCTU IIO-
JIsl, III0 YTBOPIOETHCA MAIHOIO XBUJIEIO, 3 IIapaMeTpaMHu BKasaHOI Iie-
pcTirol moBepxHi. Ile mae posymMiHHA MOMKJIMBOCTE!l HAHOJOKAJIBHOIO
IIaBJIEHHS IIEPCTKOI IIOBEePXHI KBapIy i3 3amaHoio (popmoio mpodiio.

BcranoBieno, 10 KOPHCTyBATHCA 3TafaHUM IIpodiseM AJIA OIITH-
Mizarmili yMOB IIOJIipyBaHHS HIEPCTKOI MOBEPXHI KBapIy 3aMiCTh HIPO-
(im0, AKUI OMUCYETHCA I ayCCOBOIO IIPOCTOPOBOI KOPEIANMifHO0 dy-
HKI[i€I0, MOJKJINBO, KOJU, HAIIPHUKJAN, KOHTPACTHOCTI JAHUX IIOBEp-
XOHBL 30iraroThcs, a came: (i) KOJIM cepeIHLOKBAIPATHUUYHUIN BiIXuiI
npodijro, 110 Mae T'ayccoBy IPOCTOPOBY KOPENAIiNHY (QPYyHKIIiI0, BHU-
OupaeThbcAd AK BHUCOTA TPUKYTHUKIB (3amaguH) BuOpaHOTO IIPodiJiio;
(ii) moB:KMHA KOpeJasdllii BuIagKoBoro mpod)iiio BiAmoBimae TOBKMHI
KopenAlii BuOpanoro mpodinio; (iii) mpu HaJeXHOMY BHOOpPi mIimapy-
BaToCcTH BuOpamoro mpodinioo (B PO3TIAHYTOMY BUIAAKY HaMJIimIme
migxoauTs mapamerep @ =4). PospaXyHKM NMOKas3yIOThb, IO B TaKOMY
BUNAAKY KOHTPACTHOCTI maHux mpodimiB sb6iratorbesa. Ile icToTHO
CKOpOUye 0o0cAr po3paxyHKiB. 3ayBasKMMO, IO B PO3TJIAHYTOMY BH-
OHagKy JaHWP Oigxig Mae Micie TiJbKUM y BUIIAAKY, KOJW B SKOCTI
iHTerpaJbHOTO HmapamMeTpa OJU3BKOTO IIOJA PO3TIMTBLUOI MeXKi «KBapIi—
BAKyyM» BHUKOPHCTOBYETLCSI KOHTPACTHICTL K €BaHECIIeHTHOTO IIOJIA.
B iHmmomy BUIIaAKy BUHMKAE HEOOXiMHICTh HOBTOPHUTH 3aIpPOIIOHOBA-
HY OpoIeaypy IJs iHIITOro o0paHOro mapameTrpa.
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! Fig. 1. The general scheme of photochemical subnanopolishing of the rough surface of
quartz, 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, 0., is the critical angle.

2 Fig. 2. 2D cell used to calculate evanescent field parameters in the near-field region of the
nanoirregularities of the quartz rough surface. Regions I, 2, 3 and 4 are the region of the
upper absorbing layer, the quartz layer, the vacuum, the region of the lower absorbing layer,
respectively.

3 Fig. 3. Dependences of the reflection coefficient on the incidence angle 0,, of the light wave
with A =500 nm when the thicknesses of the gold film are d=1 nm (curve I), d=20 nm
(curve 2), d =30 nm (curve 3), d =50 nm (curve 4).

4 Fig. 4. The distribution of electric-field strength module along the ‘quartz—vacuum’ inter-
face with a profile in the form of protrusions and troughs of a triangular shape, which are
periodically repeated, for the different incidence angles: 6,, = 0° (curve 1), 6,, = 30° (curve

2), 0,, =42° (curve 3), 6,, =70° (curve 4).

® Fig. 5. Two-dimensional distribution of the amplitude of the electric component of the elec-
tromagnetic field (grey background) and the Poynting vector flows (arrows) in the near zone

of the ‘quartz—vacuum’ interface at a light-incidence angle 6,, =6, = 42°.

i

5 Fig. 6. The distribution of the electric-field strength module along the ‘quartz—vacuum’
interface with a profile in the form of protrusions and troughs of a triangular shape, which
are periodically repeated, for the different values of the quartz-surface protrusions’ height:
h=3.5 nm (curve 1); h=35 nm (curve 2); h=105 nm (curve 3).

" Fig. 7. The contrast K of the evanescent field at the ‘quartz—vacuum’ interface with a pro-
file in the form of protrusions and troughs of a triangular shape, which are periodically re-
peated, depending on the protrusions’ height A.

8 Fig. 8. The distribution of the module of active component P,, of the Poynting vector (curve
1) and the module of Poynting vector P along the ‘quartz—vacuum’ interface depending on
the incident-wave phase ¢ =0 (curve 2), ¢ =n/4 (curve 3) and ¢ =3n/7 (curve 4).
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9 Fig. 9. The distribution of the module of active component P,, of the Poynting vector (curve
1) and the module of the Poynting vector P in the perpendicular direction to the ‘quartz—
vacuum’ interface depending on the incident-wave phase ¢ =0 (curve 2), ¢ =n/4 (curve 3) and
¢ =3n/7 (curve 4). The perpendicular direction passes through the protrusion (a) and through
the trough (6).

10 Fig. 10. The contrast K of the evanescent field formed when the plane electromagnetic
wave-incidence angle 6,, = 42° at the ‘quartz—vacuum’ interface: depending on the length of

the surface correlation o of the quartz plate (a) for the incident wavelengths A =400 nm
(curve 1), =500 nm (curve 2) and A =600 nm (curve 3); depending on the incident wave-
length A (6) for the correlation lengths of the quartz rough surface c=8.1 nm (curve 1),
c=13.5 nm (curve 2) and ¢ =18.9 nm (curve 3).

1 Fig. 11. The contrast K of the evanescent field at the ‘quartz—vacuum’ interface in the
form of triangular protrusions and troughs, which are periodically repeated, depending on
the filling factor for cases when the standard deviation is constant and equal to =1 nm
(curve I) or the height of the protrusion (trough) is constant and equal to 2#=1 nm (curve 2).
12 Fig. 12. The contrast K of the evanescent field at the ‘quartz—vacuum’ interface, depend-
ing on the correlation length of the quartz plate surface with the profile, which is described
by a Gaussian spatial correlation function (curve 1) and which has the shape of triangular
protrusions and troughs (curve 2), respectively, with the parameter @ =4.
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Comparison of Strength and Competitiveness of Different-
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Based on a three-stage kinetic model for description of deformation of a
one-dimensional chain under tension in a plastic range, being applied to
the decay of defects in a single carbon fibre within the one-defect approx-
imation, the dependence of failure probability on tensile stress is ob-
tained. A comparison of strength and competitiveness for the two differ-
ent-length carbon fibres equipped with self-healing mechanism is carried
out. Concerning with a numerical simulation of the theoretical failure dis-
tributions by the use of the accessible experimental data, it is shown that,
in comparison with the longer carbon fibre, the shorter carbon fibre is
advantageous in strength since the stress-distribution curve for the latter
is on the right side, and that for the former is on the left side. On the
other hand, the former distribution looks like a bimodal one and appears
to be noticeably flatter than the latter distribution, which seems to be
unimodal. This means that the longer carbon fibre is more advantageous
in competitiveness than the shorter carbon fibre. It is concluded that,
compared to the latter, the former may tolerate the greater change in the
fracture stresses near the inflection point of the sigmoid distribution
curve by keeping a higher load carrying capacity in a plastic range.

erHTyIOqHCB Ha TPUCTALIMHOMY KiHETHMYHOMY MOJEJNI0 IJsd omucy aedop-
Maiii OJHOBMMIPHOTO JIAHI[IOTA I HANPYKEeHHAM y IJacTUYHill o6Jacrti,
3aCTOCOBAHOMY MO 3aracaHHA JedeKTiB y IOOAMHOKOMY BYTJIEIIEBOMY BOJIO-
KHi B omHOZedeKTHOMY HAaOJIMKEHHi, OJep:KaHO 3aJieKHicTh HMOBipHOCTH
py¥HYBaHb BiJi PO3TATyBaJbHOTO HaNpy:KeHHdA. IIpoBeleHO MOPiBHAHHSA Mi-
ITHOCTY Ta KOHKYPEHTOCIPOMOYKHOCTH MIJIA ABOX DPi8HOI JOBXKWHU BYTJIEIle-
BUX BOJIOKOH, YCTATKOBAaHMX MeXaHi3MOM camosaromoBaHHsdA. IliKayoouuch
PO BUKOPUCTAHHS €KCIEPUMEHTANBHUX MaHUX IJA IIPOBEeAeHHA UYUCEJIbHOL
CUMYJIAIIl TeOPeTUUYHUX POI3IOMiJIiB pPyHHYBaHb, MOKAa3aHO, IO AOBIIIE BYT-
JielieBe BOJIOKHO TIEpeBaska€e y MIiITHOCTi KOPOTIIle BOJIOKHO, 60 KpUBa pPO3IO-
Iiy HAIpyKeHHs O OCTAHHBOTO 3HAXOAWTLCA MPaBOpPYydY Big mepiioro. 3
iHmioro G6GOKy, MHepHINii PO3MOAiJ BUTJIAAAE OiMOZAJIbHUM i BUABJISAETHCS

45
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3HAYHO IIOJIOTIillIMM B3a OCTaHHill, AKWHA BUABIAETbCA yHimMomaabHuM. Ile
O3Hauae, IO JOBIIEe BYIJIEIleBe BOJIOKHO IIepeBa’ka€e KOPOTIIE 3a KOHKYpPEH-
TOCIIPOMOKHiCTIO. 3p00JIeHO BUCHOBOK, IO HOPiBHAHO 3 OCTaHHIM IIepIie
BOJIOKHO y 3MO3i BUTEpILIOBATH OiJbIly 3MiHY pyHHYBAaJIbHUX HAIPYKEHb,
6IMBBKUX OO0 TOUKMU IIePEerdHY KPUBOI CUTMOITAJIBLHOTO PO3IOMiNY, YTPUMY-
I0UM BUINY IepefaHy MiCTKiCTh HaBaHTA’KeHHS B ILTACTHUYHINA o0JacTi.

Key words: self-healing systems, failure-prone states, defect decay, single
carbon fibre, strength, competitiveness.

KarouoBi cioBa: camMosaromoBaHi CHCTEMM, CXHUJIbHI M0 pyHHYBaHHS CTAHU,
3aracaHHs He(eKTiB, MOOJMHOKE BYTJIEIleBe BOJOKHO, MiIlHiCTb, KOHKYPEH-
TOCIIPOMOKHICTB.

(Received 12 April, 2021)

1. INTRODUCTION

Many material systems from designed glass—ceramic composites to
advanced semiconductors are not perfect in structure but filled with
defects of various types. These constantly occur within the systems
in different numbers, which, when becoming too large, can be low-
ered below failure thresholds by using self-repairing and self-
healing mechanisms. Preventing the onset of defects in flawless
systems does not make sense for comparison of their competitive
advantage over one another. Instead, defect-containing fallible sys-
tems do compete in strength and competitiveness and, therefore,
are in need in comparison with each other [1, 2].

In competing systems, the source of their competitive advantage
in achieving maximum quality performance is of basic interest. If
system quality is associated with performance measured by produc-
tivity, the main source of competitive advantage is controllability
of the rate ordered to populating a safe functioning state of the
product manufacturing system [3]. In this case, the less the share
of source resource providing a change in population is, the more
controllable and hence performable system is. But, if the system
quality is associated with tolerability of the failure-prone functional
states with respect to defects, reliability and maintainability attrib-
utes typical of dependable manufacturing systems come into play [4].

In this case, instead, the more the share of source resource
providing a change in population is, the more tolerable and hence
competitive system is. There are also other sources of system com-
petitive advantage such as relative size of shared state space, pref-
erential attachment, quality durability, etc. [5, 6]. However, cardi-
nality of the state space of the system depends exponentially on the
number of its states. In the first case, these states are the right (or
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safe functioning) states, while in the second case, they are the de-
fect (or failed) states. However, quantifying competitiveness of sys-
tems requires consideration of their one-particle states in the mean-
field approximation, with making the number of states as small as
possible in both cases [7]. This allows quantifying a quality perfor-
mance of the system in comparison with other systems of the same
cardinality, based on the information only about their interstate
transition probabilities [8, 9].

As the competitive advantage of the system treated in its defect
state space is associated with the share of resource to provide a tol-
erable change in population of defect state appeared as weakest in
respect to failure, the system competitiveness can similarly be as-
signed to a slope of response curve of the maximum of population
of weakest defect state to a change in log failure rate. Thus, the
system with lower sensitivity of that maximum will be superior in
competitiveness compared to the system with higher sensitivity
[10]. To describe transition probabilities between the states and de-
rive the master equation for evolution of populations in a defect-
state framework, we may use a perturbative treatment for the dis-
ordered solid as a nonequilibrium system weakly coupled to an equi-
librium environment [11].

In this framework, the defect states are associated with the atom-
ic configurations of a disordered phase of a solid, between which
some atoms or groups of atoms move by random jumps from site to
site through the solid [12, 13]. The interaction needed for the de-
fect movement is treated microscopically as an effective coupling
induced by phonon exchange between a disordered solid and its en-
vironment in the second order of perturbation theory and with us-
ing the polaron transformation [14]. This allows us to describe the
temporal behaviour of a disordered solid, if the probabilities of
transitions between its defect states are properly defined, and a
comparison of theoretical predictions on fallible behaviour with ex-
perimental data on destructive testing is made.

There are a number of testing methodologies dependent on the
type of the test method and a kind of detected defect [15-17]. For
example, most detecting and correcting tests are non-destructive,
whereas all mechanical tests are destructive [18]. Especially, the
latter are ordered to obtain the cumulative distribution of probabil-
ity of failure of the tested material by associating its different
samples with some ad hoc systems and then counting a number of
their failures at the different stresses. Examples of ad hoc systems
running without interruption during a single testing event are nu-
merous, from industrial and engineering systems [19] to polymers
[20] and ceramics [21], and other brittle materials [22]. Further-
more, in order to be ready for the test, these systems must be
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equipped with self-healing ability applied in many areas such as civ-
il engineering, aerospace, common computer networks and intelli-
gent systems of systems [23—27]. However, despite ubiquity in ap-
plications, there is a lack of theoretical models providing a unified
description of strength and competitiveness of those systems based
on the particular-use cases.

In the present paper, we address the above challenge by using the
three-stage kinetic framework for evolution of decaying defects in a
single carbon fibre within the one-defect approximation. That
framework is regarded as a mesoscopic model for an ad hoc self-
healing system having a single failure-prone state such that, when
affected by the defect, is failed with non-zero probability, thus,
leading to irreversible damage of the system [10]. We describe this
model in detail in Sec. 2. Further, in Sec. 3, a probability distribu-
tion of a system failure in the dependence on tensile stress is found.
Then, in Sec. 4, experimental data accessible for the different-
length carbon fibres are compared with obtained theoretical results,
which, finally, are discussed and concluded.

2. MESOSCOPIC MODEL OF DEFECT EVOLUTION IN A SINGLE
CARBON FIBRE

There exist three characteristic scales for description of evolution
of defects in different systems. These are microscale, mesoscale and
macroscale. At the microscale, the defects are related to the excited
states of a nonequilibrium quantum system weakly coupled to an
environment [14]. It is assumed, despite different types of defects
may occur in a system in all possible occupation numbers, there is
the mean-field approximation that replaces an actual surrounding
of the defect by a locally averaged number of neighbouring defects
such that a single defect of most significant type will influence only
one set of measurements [10]. Consequently, the many-defect state
is specified in terms of occupation numbers (defect state popula-
tions) associated with the small elementary cells in the system in
the single-defect state space. Remarkably, the kinetic equation for
the state populations, being the result of averaging of the Liou-
ville—von Neumann evolution equation for the density matrix of the
whole system ‘a system + an environment + their weak interaction’
over fast fluctuations in the energy levels of defect states, is re-
duced to a population balance equation. An example of derivation of
this equation with its application to a three-stage absorbing Markov
chain within the one-defect approximation has been given in [10].
At the macroscale, the defects are related to macroscopic parti-
cles such as atomic or molecular species, whose concentrations vary
with time and behaviour obeys the generalized continuity equation.
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However, in the low-concentration limit and in the activated-state
representation for single-defect structures, the equation of diffu-
sion of defects can be reduced to the master equation for their
thermally activated Arrhenius-type transitions between the failure-
tolerant and the failure-prone defect states of the system [9, 11].

While microscale and macroscale defect descriptions are rather
general, the mesoscale defect model presented in this section is
more specific and gives a pictured description of the temporal be-
haviour of the material system in terms of its plastic-like distor-
tions. Of course, that description is simplistic, but provides a sim-
ple dependence of the defect concentration on applied stress in the
low-concentration limit.

Let us restrict ourselves to the mesoscale modelling of distortions in
a single carbon fibre due to vacancy defects of plastic deformation ap-
peared under tensile stress load. Consider a linear one-dimensional
chain consisted of M identical units interacting through plastic-
deformation fields characterized by the occurrence of extremely weak
bonds between the nearest neighbours. At the thermodynamic equilib-
rium of chain loading, the change in the energy AG_ of the tensile
stress o is compensated by the entropy mE,TInC, of
m,=1,2,..., M -1 noninteracting defects randomly distributed
among chain units with concentration C_ =m_(M -1)" =(M_ -1)",
where M_= M[C (M —1)+1]" is the reduced number of units per
one defect, with k; and T being the Boltzmann constant and abso-
lute temperature, respectively. However, at clamping of the tensile
stress, that equilibrium does not hold and should be changed for
transformation to take place, as additional stages would be emerged
in the chain temporal behaviour.

This is illustrated in Figs. 1, a—c (on the left side of Fig. 1) by
relating the defects to: the sector-like cavities randomly formed un-
der applied tensile stress ¢ between some chain units in starting
state | 3 > (Fig. 1, a); the rectangular cavity signifying a single in-
termediate failure-prone state |2 > (Fig. 1, b); and the inverted sec-
tor-like cavity designating a final irreversibly decaying self-healing
state |1 > (Fig. 1, ¢). Therefore, to describe the chain nonequilibri-
um dynamics in terms of kinetic equations for reversible and irre-
versible transitions between three nonstationary occupancy configu-
rations, we must first define the defect state space {|3>,/2>,|1>}
for these configurations, then determine the stress-independent in-
trinsic energy levels (or enthalpies) E;,, characteristic of them,
with accounting for self-healing ad hoc properties of one-dimensional
chain under modelling, and finally specify the rate constants
u, v, a, b, k fortransitions between the defect states in a one-defect
approximation for a chain with a single failure-prone state.

Note, in such a mesoscopic setting, the only parameter, which bears
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Fig. 1. Schematic for different configurations of one-dimensional chain with
defects (sector-like or rectangular vacancies) under tensile stress o in plastic
range. Left: (a), (b) and (c¢) are initial failure-tolerant, transient failure-prone
and pre-ultimate self-healing configurations, respectively. Right: kinetic
scheme of states |8 >,| 2 >,| 1> corresponding to configurations (a), (b), (c)
with transition rate constants u_, v, a, b, k (shown by arrows).

the dependence on the applied macroscopic stress o, is the defect con-
centration C, in state |8 > directly related to the rate constant for
transition of that state to state | 2 > as u_ =u C_, with u, being a mi-
croscopic rate constant in the high-stress limit o — o« where the defect
concentration in state | 3 > reaches unity: C, = 1. On the other hand,
the defect concentration is exponentially dependent on tensile stress,
corresponding to the reduced failure function as

C_ =C,+1-exp[-(c—05,)/0,], (1)

where C, and o, are the shift and scale parameters chosen as some ref-
erences. For instance, under plastic deformation, o, is of the order of a
few tens of MPa to be smaller than a representative yield strength, at
which plastic deformation begins, and C, > 0 is the defect concentra-
tion at the stress ¢ = o, that, in fact, does not start from the zero line
but from a value of ,. Therefore, low stresses ¢ ~ ¢, give a linear rela-
tion between stress and concentration, (c-o,) /o, =C, —C,, analo-
gous to the Hook’s law, while high stresses ¢ >> ¢, lead to the damage
of the system [28]. Hence, to characterize tensile stress experiments,
we can use an approximate logarithmic relation model
6 =0,[1-1In(C, / C,)] as a compromise between the two stress models,
that is: a linear model o = 5,C, for relation of hydrostatic stress to
concentration of atoms in a plate [29] with C, = 0 at low stresses, and a
log—log model 6 = -G, 1n ln(Cc)"1 for relation of tensile stress to defect
concentration derived from (1) in the large-concentration limit
1>C, > C, >0 at high stresses 6> c,. The latter model associated
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with the link activation function [30] is widely used in various applica-
tions. For example, in neural networks and Markov chains, it indicates
changes in the probabilities of states and the rates of transitions be-
tween states, which lead to the flattening of stress—strain plastic-
deformation curves during strain hardening [31].

2. MASTER EQUATION AND CUMULATIVE DISTRIBUTION
FUNCTION

The master equation for evolution of the nonnormalized state popu-
lations P,,,(t) is represented by the set of three kinetic equations
as follows:

B(t) = vB(t) — u Py(t);
B,(t) = bP(t) — (v + a)P,(t) + u_Py(t); (2)
B () =—(b+Ek)P,(t) + aBy(2).

For the initial conditions,
B(0) =1, B(0) = B(0) =0, 3)

typical for tensile testing materials [17, 32], solution of (2) for the
population P,(t) of a failure-prone state | 2 > in Fig. 1, b reads

Bty =u, Y e brE =Nt xp(ig). )

[T -2

U'#l

Here, the exponents A, ,,; are system eigenvalues, which corre-
spond to the nonnegative Debye relaxation rates obeying the charac-
teristic equation [10]:

A =N, +v+a+b+E)+A(u, +v)b+E)+a(u,+k)]-uak=0. (5)

Thus, the temporal behaviour of P,(¢) (4) represents an exponen-
tial rise and decay composed of three relaxation modes. Every mode
adds the particular contribution differing in its eigenvalue, ampli-
tude and sign. In general, the time dependence of (4) shows an in-
crease, peak and decline without oscillations. So, we can determine
for P,(t) the maximum

B, = B,(t}"") (6)

found at the peak time ¢ =t/ as a nontrivial solution of the
transcendent equation
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B =0, (7)

and, then, associate such a maximum with the failure distribution
of one-dimensional self-healing chain in the worst case.

Consequently, given the proportionality of the failure rate con-
stant to the defect concentration, u  =u C,, and a simplified rela-
tion between log of the latter and the reduced applied stress in the
form 6 /0,=1-In(C, /C,) obtained in the previous section, we can
calculate from (4)—(7) the stress-dependence of cumulative distribu-
tion function

P! = P[In(u, / u,)] (8)

in its functional dependence on the reduced logarithmic failure-rate
constant, which depends on the stress as

In(w, /uy) =In(u, /u,5) —In(w, /u,;) = —(c—0c,)/ oy

Uy =u, <u,=u

9
G*)OO; c7260’ ( )

So, we can compare either the cumulative distribution function (8) or
the correspondingly scaled and shifted failure-distribution function,

P! = Blog(u, / u,;)], (10)

with the experimental data on tensile-stress testing of a single car-
bon material, where u,; is an auxiliary rate constant, which de-
pends on the material (for instance, its length) meaning a half point
of failure-rate constant on sigmoid distribution curve (10). Fortu-
nately, the quantity In(y, /u,;) in (9) does not depend on the sort
of the material and may be accounted as the shift along the abscissa
axis with a constant parameter 2.303c,, where 2.303 is the loga-
rithmic conversion factor from log to In. On the contrary, the value
of u,; depends on the material and must be taken into account as an
adjusted parameter for purposes of comparison with experiment
from the very beginning.

3. COMPARISON OF EXPERIMENTAL DATA TO OBTAINED
THEORETICAL RESULTS WITH DISCUSSION AND
CONCLUSIONS

In the previous sections, we propose a three-stage kinetic model for
defect dynamics under the tensile stress in plastic range of one-
dimensional self-healing chain (see Fig. 1). To compare the obtained
theoretical cumulative distribution (8) with the existing experi-
mental data on the failure probability, we let the chain to be al-
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lowed to adopt only a single stress test by presenting itself as a
brittle material with no significant plastic deformation before dam-
age. At the same time, the chain is regarded as self-healing. There-
fore, it is not necessarily failed even when applied stress achieves a
particular threshold, but, according to self-healing ability, can tol-
erate any finite stress without failure with nonzero probability.
Just such behaviour is seen in the composite material case, for ex-
ample, a ductile matrix reinforced by a brittle carbon fibre. Re-
markably, the latter is fabricated in various length scales and diam-
eters, ranging from macroscale (as-received woven fabrics) to
mesoscale (fibre tow diameter) to microscale (a single fibre diame-
ter) and nanoscale (nanofibre diameter) [32, 33]. Moreover, the car-
bon fibre is generally characterized by the self-organizing capability
of the aromatic carbon to orient graphite crystallites, either spon-
taneously or by heat treatment, along the fibre axis in the relaxed
state [34]. Such a fibre is subjected to the number of intrinsic de-
fects associated, for example, with dislocations, disordered interfi-
brillar carbon, misoriented crystallites and other fracture-initiating
flaws of unknown kind [35]. Hence, it is natural to regard that to
be the strong, perfectly elastic material at the low stress in elastic
range, but only an occasionally (with a nonzero probability) brittle
material at the higher stress in plastic range, a single carbon fibre
must be equipped with its own self-healing mechanism manifested
itself as, for instance, an irreversible decay stage in the multistage
defect dynamics model (cf. Fig. 1).

Thus, leaving aside the problem on how defect can emerge in a single
carbon fibre within the one-defect approximation and using a formal
three-stage kinetic model for defect decay given in Fig. 1, we conclude
this paper with results of comparing cumulative failure distribution
(8) of that model with experimental data obtained in [36] from load-
deflection curves for the two different-length carbon fibres. As seen in
Fig. 2 displayed for long and short carbon fibres, respectively, the as-
sociated distribution plots appear to be essentially bimodal. Inspection
of a sigmoid distribution fit to the corresponding data points in Fig. 2
and Table 1 is summarized in the following conclusions.

First, the use of ad hoc adjustable parameters for the rate constants
U,s, U, a, b, k provides a good agreement between the theory and the
experiment with a concern on revealing bimodal character of sigmoid
cumulative distributions not falling into a family of the Weibull dis-
tributions [10]. This indicates the utility of a three-stage model in Fig.
1 to explain bimodality of failure distributions of carbon fibres by vir-
tue of self-healing mechanism favouring the defect decay in plastic
range.

Second, for longer and shorter carbon fibres, the corresponding pa-
rameters v, a, b, k are more close to each other than a parameter u, ,,
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Fig. 2. Theoretical cumulative probability distributions of failures (curves (8)
with parameters shown in insets) in comparison with experimental data
(adapted from [37]) for longer (right) and shorter (left) single carbon fibres.

which is, accordingly, very distinct (see Table). This can be well under-
standable by revealing the fact that shorter carbon chain is generally
stronger with higher strength than longer chain lower in strength.

Third, the sigmoid failure distribution for longer carbon fibre (left
curve in Fig. 2) is flatter than that of shorter fibre (right curve in Fig.
2). This means that, for the longer (L) and the shorter (S) carbon fi-
bres, the former tolerates greater change ratios of corresponding fail-
ure rate constants u'%® and u(%® at, say, 0.9 and 0.1 of sigmoid
curve, respectively, by keeping the higher load carrying capacity given
by the change in log failure rates as 6\;% , = log[u$%> / u{;®] than the
latter. From Table, we see that 6y ,, = 3.32 and 6?;2_0.1 = 2.85. In an-
other words, the load carrying capacity for a longer fibre is indeed
greater than that for a shorter one (cf. [37]).

Finally, in summary, we show that, in comparison to shorter carbon
fibres at dynamically varying stress loadings, longer ones are more ad-
vantageous in competitiveness, though, during static stress loading,
are less advantageous in strength. Interestingly, the analogous ‘max-
imizing-competitive-advantage-while-minimizing-strength-to-failure’
framework is characteristic of the high-energy systems such as mis-
sile windows [38] and explosives [39]. The final choice to select a

TABLE.
Up.1 Up.5 Up.g 00.9-0.1
Longer fibre 0.0585 6.764 123.17 3.323
Shorter fibre 0.0432 0.513 30.74 2.852
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measure for the competitive advantage of carbon fibres can be made
based on also the other requirements such as manufacturing cost
and dynamic environment behaviour.
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PosrasHyTo camoopraHizallifo OCTpPiBIIEBOTO Ocajy Ha HOBEPXHi IIiBKM Ha
OCHOBi aMOP(MHUX MOJIEKYJAPHUX HamiBOpoBigHUKiB (AMH) 3 mOoTeHIiANDL-
HUM peabedom mopazry 10% B/m, mo mpuBoguTh 70 (GOPMYBAHHS TOIOJO-
rii, saxa sb6iraeTbcA i3 TOIMOJIOTi€I0 EKCIOHYBAJbLHOTO CBITJIOBOTO IIOJIA.
EdexT peasizoBaHO y TeMIJIATHiINI MeTOAi BUTOTOBJIEHHS ABOBUMIDHUX Jie-
JEKTPUYHUX 1 MeTaJ-AieJIeKTPUYHUX CTPYKTyp. IIpoaHaniszoBamo dopmy-
BaHHA TeOMETPUYHOIO Pesibe()y TeMIJIaTy Ha TEePMOIIJIACTUYHINA HigKJIaguH-
ni. Onucano gAeopMyBaHHA BiJLHOI IIOBEPXHI HArPiTOrO A0 B A3KOILIMHHO-
ro CTaHy IIapy TEeMILJIaTy IIiJ Ai€l0 TAHTeHIIMHUX CHUJI, BCTAHOBJIEHO TOIO-
JIOTiuHi 0COGJMBOCTI TpaeKTOPil PyXy YACTHMHOK Ae(hOpMOBAHOTO CEPENOBU-
ma. IlokasaHo, 1[0 y 6araThbox cUCTeMaX PeJbe(HOTO 3alucy pesbed IoJd
CUJ, AKUX NPUKJAJEeHO N0 NedOopMOBAHOTO IIapy, TPAHCHOPMYETHCA y T'eo-
MeTpuuHUMN penbed iioro moBepxHi. Ileii mpoiec MoKe BimbyBaTmca K IpU
OOCTiHHINA TeMmepaTypi, Tak i mpu 3miHi ii 3a geakum s3axonom. IIpu Teope-
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TUYHOMY MOCJi:KeHHi i30oTepMiuHOTO mpoliecy aHajiza MoKe OyTH TpoBe-
IEeHOI0 aHAJITHMUYHUMHN MeTOJaMU, a Y BUNANKY eKCIepHMMEeHTAJbHOTO BU-
BUEHHSA MOT0 — II0JIETIITYETHCS BU3HAUEHHAM BIJIMBY ITapaMeTpiB medopmo-
BAHOTO IIapy Ha BEeJIUYUHY FeOMEeTPUUYHOTO peabedy MOBEPXHi.

The self-organization of island sediment on the film surface based on
amorphous molecular semiconductors (AMS) with a potential relief of
about 10® V/m, which leads to the formation of a topology that coincides
with the topology of the exposing light field, is considered. The effect is
realized in the template method of fabrication of two-dimensional dielec-
tric and metal—dielectric structures. The formation of the geometric relief
of the template on a thermoplastic substrate is analysed. The deformation
of free surface of the layer of the template heated to viscous-flow state
under the action of tangential forces is described; the topological features
of the trajectory of the deformed-medium particles are established. As
shown, in many relief recording systems, the relief of force field, which is
applied to the deformed layer, is transformed into the geometric relief of
its surface. This process can occur at a constant temperature as well as at
a temperature varying according to some law. In the theoretical study of
the isothermal process, the analysis can be performed by analytical meth-
ods, and, in the case of experimental study, it is facilitated by determin-
ing the influence on the magnitude of the geometric relief of the de-
formed-layer surface parameters.

KarouoBi croBa: camoopranisaiiis, mepiogmuyHa CTPYKTypa, TeOMETPUUYHUIMN
penbed, MeTas-AieIeKTPUYHI CTPYKTYpPHU, TeMIJIAT, pelabedHU 3amuc, TeM-
mnmeparypa CKJIYBaHHS, B A3KiCTb.

Key words: self-organization, periodic structure, geometric relief, metal-
dielectric structures, template, relief record, glass-transition temperature,
viscosity.

(Ompumano 20 ciunsa 2022 p.; nicasa doonpayrsanus — 10 aromozo 2022 p.)

1. BCTYII

CusibHI IPOCTOPOBO-HEOJHOPIAHI €JIEKTPUYUHI IOJIA MOOAM3y MOBEPXHI
TEeMILJIATy MOMKYTh OyTu chopMoBaHi ejgeKTpodoTorpadiyHoio MeTo-
moio [1]. IIporpamyBasHa TOIIOJOTII mOJIA MOXKHA 3miliCHIOBATH iHTEH-
CUBHICTIO CBiTJIOBOTO TOJiA. B eJIeKTPOCTATMUHUX TEMILJIaTaX IKepe-
JIOM HEOJHOPiJHOTO eJIEKTPUUHOTO MOJIA MOKe OyTU penbed MOBEPXHIi
(3a omHOpimHOI TTOBEPXHEBOI I'YCTUHU 3apAAYy), MOAYJhOBaHa IIOBEPX-
HeBa T'yCTHHA 3apAny ab0o MOAYJILOBAHHU 00 eMHHI 3apazn. Ocrammiit
TUII TEMILIaTy € eJjieKTpeTHuM. Taki Temmiatu moBiiie 30epiraioThb
CBOI BJIACTMBOCTiI Ta MOMKYTh BMKOPHCTOByBaTucs 6araropasoBo. OT-
JKe, TOHKi ImJIiBKU (POTONPOBIAHUX MATEPidAIiB MOKHA PO3TIIAATUA AK
cepenoBuIlle, a ejeKTpodororpadiuHmii mporec — SAK IHCTPYMEHT
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naa opmyBaHHA TeMILIaTiB. PenbehHa Ta moOJIbOBA TOIIOJIOTIl HMOBEp-
XHiI TemMILiaTy (GopMyIOThECA B ejieKTpodororpaivHomMy mpoiieci 3a
IOTIOMOTOI0 eKcmo3urii cBitimoBum mosiem [1-3]. Posmip Ttemmiary
CTAHOBUTL KiJbKa KBaJpaTHUX CAHTHMeTPiB. XapaKTepHa IIPOCTOPO-
Ba MPOTAMKHICTDL CHOPMOBAHUX TAKUM UWHOM CTPYKTYD JIEKUTH y CY-
OMixpoHHOMY mismasoHi. Hampy:keHicTh eJeKTPHUYHOIO IIOJSA Ha IIO-
BepxHi Temiiaty — mopAaky 120 MB/wm. JloxkanbHi monsa moBepXHi
IIJIiIBKY KOMIIEHCYIOThCS IIJIAXOM HAHECEHHA OPTaHIUYHUX MOJIEKYJIs-
PHUX CHOJYK, HAaHOYACTUMHOK, KOMIIO3UTIB OpraHika—HeopraHika Ta
6iosoriuaux 06 e€kTiB [4]. Tomosoriuamii MOTHUB TEMILIATY BUKJINKAE
IIPOCTOPOBY OpraHizaiiro HaHO0O €KTiB Ha MOr0 IOBEepXHi, AKA KOHT-
POTIOETHCA CyYacHUMU ONTUYHUMU MeTomamu [5, 6].

HanocTpyKTypoBaHi IIOBEepXHEBi Iapuw, opraHi3oBaHi 3a JIOIIOMO-
roio TEMILJIATIB, € ABOBUMIDHUMU IMEPIOAMYHUMU CTPYKTypaMu Yy BHU-
TJIA1 OCTPiBIIEBUX CTPYKTYP 3 MeTaJsiB, HAIliBIIPOBiMHUKIB, HAHOKJA-
cTepiB pisHOMAHITHOI IPUPOAM Ha JieJeKTPUUHiNl moBepxHi i3 mepio-
IuuHuUM peabedomM. CumeTpis Ta mepios CTPYKTYP 3aAai0ThCA TOIIO-
JIOTi€I0 OINTUYHOTO IIOJA, AKMM eKCHOHYIOThL Temiiatr [1, 7]. IIBoBu-
MipHe ONTHMYHE mojie MOKe edeKTuBHO (GopMyBaTucA roJorpadiuxm-
MU METOJAaMU, IIEPEHOCUTHCA Ha CTPYKTYPY TEMILIATY eJIeKTPOodOTOr-
padivaumu metomamu [1, 7—11] Ta dopMyBaTH TOIOJIOTiI0O HAHOCTPY-
KTYD.

Y GaraThox cucTeMax sanucy iHdopwmailii peabed MOJaA CHUJI, AKUX
IpuKJIageHo a0 Ae)OpMOBAHOTO INIapy, TPaHC(HOPMYETHCA y IeOMeT-
puuHHil peabed ioro moBepxHi. Ileit mpomec Mo:ke BimOyBaTHCA AK
3a IOCTilfHOI TeMIlepaTypH, Tak i 3i 3MiHOIO 1I 3a HeAKUM 3aKOHOM. ¥
TEOPETUYHOMY MAOCJiM*KeHHI i30TepMiuHOTO IIpOIlecy aHaJiza MOKe
OyTH TPOBEIEHOI AHAJITUUYHUMU METOJaMU, a y BUIAJKY €KCIepH-
MEHTAJbHOT'O BUBUYEHHS HOTO — IIOJIETIIYETHCS BUBHAUEHHAM BILJIUBY
nmapaMeTrpiB ned)OpMOBAHOTO IIApPy Ha BEJUYUHY T€OMETPUYHOTO pe-
abedy moepxHi [12, 13].

Mera pmamoi poboTm — GQOpPMyBaHHS ITIPOCTOPOBO MEPIOAUYHUX
CTPYKTYpP i BUBHAUEHHA MeXaHi3MiB yTBOPEHHS INeOMETPUUYHOTO PEJb-
e(py Ha TOBepXHi IMTapiB HAa OCHOBI MIIAXETHUX METAJB Ta aMOpP(pHUX
MOJIEKYJISIPHUX HaIliBIPOBiIHUKIB.

2. OB'€KTH TA METOIH TOCJLIKEHHS

PosrnsaHeMo MeTOAWKM BUTOTOBJEHHSA Ta BUKOPUCTAHHA TEMILIATIB B
esqekTpodororpadiuHomMy mporeci Ha OCHOBI (hOTOUYTIUBUX HAHOKO-
MIIOSUITIMHUX OPTaHiYHUX MOJEKYJIApPHUX Martepiainis [14, 15].
KapbazonBmicHi opramiuHi MOJeKyJIApPHI HAaHOKOMIIOSUTH € edeK-
TUBHUMHU (POTONMPOBIIHUKAMU B eJieKTpuuHuX moaax y 30-100
MB/Mm, Tonmi AK i3 MOHMMKEHHAM HAMNPYKEHOCTU EJIEKTPUYHOTO ITOJIA
ixHi oTO- I eIeKTPONPOBIHICTL 3MEHIITYIOThCA €KCIOHeHITitiHO [1], i
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MaTepifaau HaOyBaiOTh MieJJeKTPUUYHUX BJIACTHBOCTeH. B HaIloMy eK-
CIIEPMMEHTiI BHCOKa (POTOIPOBIHICTL TOHKOILIIBKOBOTO MAaTEPidATy
moTpidHa ANA (GOPpMYyBaHHA HPOCTOPOBOTO POBIONiNYy (OTOCTPYMY Y
BiATIOBiZHOCTI 3 iIHTEHCHUBHICTIO €KCIIOHYBAJILHOI'O CBiTJIOBOTO IIOJISA,
dAKe 3aJa€ TOMOJIOTiI0 Ta Po3Mipu TeMILIaTy. Pa3oMm i3 UM BaKJINBUM
mapaMeTpPoOM € I yac JieJIeKTPUYHOI pesakKcallil 3aXOIIJIEHOTO B IIACT-
KU 3apany. Bin BusHauae MaKcuMaJbHUI TepMiH MiK (opMyBaHHAM
€JIEKTPETHOTO0 CTaHy ILIIBKM U OcCaJKeHHAM (PYHKI[IOHAi3yBaJbHUX
CHOJIYK HA MOBEPXHIO TEMILIATY.

doTonpoBiAHUM 1TIap OJleP:KyBaJIU CIiJIbHOIO KOHIEeH cAIlielo Ha IIi K-
JaguHIIL y BakyyMi MouerkyJgapHux nyukiB CdSe Ta 2,4, 7-
TPUHITPO(DIIOOPEHOHY, OJlep:KaHUX BUIAPOBYBaHHAM i3 KHyIceHOBUX
KOMipOK, i MpOoAYKTiB BHUIIApOBYBaHHA MoHOMepy N-BiHijKapbOaszoiy,
ITOIATKOBO 30yI:KeHUX eJeKTPOHHUM IIpoMeHeM eHeprieio y 400 eB
ctpymoM y 0,7 MA /cm?, HaBeneHux y npanax [11, 16, 17]. V axocri mi-
IKJaOUHOK BUKOPHCTOBYBAJIU CKJIO i3 IIIapoM eJeKTPOIPOBiTHOTO OK-
cuny Cranymy 3 eaeKTpudauM omopoMm v 20 Om/kB. CKJag HaHOKOMIIO-
3WUTiB OI[iHIOBAJIW METO/IOI0 KBAaPIOBOI'0 PE30HATOPA IIJIAXOM MOPiBHAH-
HS 3MiHM Pe30HAHCHOI YacTOTHU JaTUYHKiB, POSMIIEHUX Y MOJEKYJIAP-
HUX OYYKaX TPhOX KOMIIOHEHTiB. ByJo omepskamo KOMIIOSUT 3 HACTYII-
HuMm  crJagagom: 1,56% (mac.) CdSe i 0,3% (mac.) 2,4,7-
TpuHiTpOo(dII00peHony. Omep:xauuii (QOTOMPOBITHUK MaB 00JIaCTh CIIEK-
Tpanbuoi uyTauBoctu y 300—850 uM; rosorpadiuna gyyTauBicTh 3a Ou-
dpakmiiinoi epexrunnocTu B 1% ckaagama 100 m?/JI3; cTpiuka mpoc-
TopoBux uacToT 300—1000 gin/MM — 3a ToBHIMHMN IIiBKE y 820 HM.

dopmyBaHHA JOKAJNiB0BAaHOTO 3apAly B ILIiBII HAHOKOMIIO3UTY
gmificuioBaiu eixexTpodoTorpadiunoo meromomo [1, 8, 9] i3 ekcmosu-
IIielo 3pas3ka ToJorpaMoi0 3a TPUIIPOMeHeBOI0 cxeMmoio. Peectparia
rojorpaM Ha ILJIiBIi HAHOKOMIIOSUTY BKJIOUAE TPU OCHOBHI cTajii.
3pas3oK i3 IUIIBKOIO HAHOKOMIIO3UTY PO3SMIITyBajsu IIO0JAM3Y aHOIU
KOPOHYBAJIBHOTO IIPHUCTPOIO B MOBiTPAHiNT aTmocdepi. B pesysabrari
ocaJKeHHdA MOHIB Ha NMOBEPXHi IJIIBKU B TeMpABi hopMyBaau OxHOPI-
IHO PO3MOJiJieHU# NO3UTUBHUI IoBepxHeBUil 3apsazn. Ilorenmian mo-
BePXHi maiBKu mpu 1somy craHoBuB 120 B. Posmogin imTeHCHMBHOCTHU
Y €KCIOHYBaJbHOMY CBIiTJIOBOMY IIOJIi (DOpPMY€ TOIIOJIOTiI0 TEMILIATY.
@PopmMyBaHHS HAWIIPOCTIIIIOTO CBIiTJIOBOTO MOJIS Yy BUIJIAIL TBOBUMIip-
HOI rpaTHUIi 3IifCHIOITHL 3a [JOIIOMOTOI0 ABOX iHTepdepyBaJbHUX
JasepHUX mpoMeHiB. KyT MimK mpomMeHaMu BusHauae Gas3oBUi 3CYB i,
OTKe, IIPOCTOPOBY YAaCTOTY I'PATHUIIL. SMiHIOIOUM KiJIbKiCTh JasepHUX
IIPOMEHiB, iXHE B3aeMHEe PO3TAIIyBaHHSA Yy IPOCTOPi Ta JOZATKOBO MO-
IyJIOIOUM aMILIITyOZHUMM a6o (a3oBUMH TpaHCHapaHTAMU, MOKHA
CTBOPHUTH CBiTJIOBE IOJIe IEBHOTO KJAacy cuMeTpii i3 Hamepen 3ajaHuUM
poamnonijioMm iHTeHCHMBHOCTH. B HaIMX eKcIepuMeHTaX MAJis eKCIIO3U-
I[ii TeMIITaTy BUKOPHUCTOBYBAJIU TPU JA3epPHUX IIPOMEHi, CIIpAMOBaHi
Ha MiAKJIaIUHKY B3TOBXK O0iuHOI ITOBEpPXHi MpaBUJIBHOTO KOHyCa i3 Ky-
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TOM IIPU BepIIuHi y 25°.

3a excmo3uIii CBIT/IOM MIIBKYM HAHOKOMIIO3UTY B EJIEKTPUUHOMY
HOJIi IIJIACKOrO0 KOHJEHCATOPa, YTBOPEHOIO €JIEKTPOIPOBiAHOIO MiIK-
JaIUHKOIO Ta IIOBEePXHEBUM 3apsAIoM, BimbyBaeThcsa GoToremepalris
HOCiiB cTpyMy Ta BuHHKae (orouposiguicTs [8]. 'yetuna cTpymy do-
TOIIPOBiTHOCTY BUABJIAETHCA MOIYJIHOBAHOI0 iHTEHCUBHICTIO CBiTJIO-
BOT'O MOJIA, AKMM €KCIOHYIOTH IIOBEPXHIO ILIiBKM. B pesysbrari mpo-
TiKaHHA (OTOCTPYMiB BiIIOBiTHO 3MEHMIYETHCA MOTEHIIIAJ ITOBEPXHI
niaiBxku. Iliciisas 3aBepiieHHA eKCIIO3UIlii Ha IIOBEPXHi (DOPMYETHCS He-
OHOPiIMHMI PO3MOMiJl MOBEPXHEBOro 3apdAny. I'YCTUHY TOBEPXHEBOTO
3apAny IPOMOIYJHOBAHO €KCHOHYBAJLHUM CBITJIOBUM I1ojieM. Mogay-
JbOBaHe y IIPOCTOPi IT0JIe TOBEPXHEBUX 3apsAdiB 37aTHe nedopMyBaTH
IIOBEPXHIO ILTIBKM 34 il pO3M AKIIIEHHA.

Yac ¢opmyBaHHS pPeabe(dy IMOBEePXHi CKJIaZaB KilbKa cekyHna. Biz-
TBOPIOBAHICTL XapaKTEePUCTHUK 3abe3leuyBajach aBTOMATH3AIli€lo
IpOIleCy peecTpallii rojorpaMm 3a AOIMOMOTOI0 KepyBaJbHOTO MOJYJIA
[18]. IIpu mporikauHi (oTocTpyMiB Uepes IJIiBKYy MOKe BimOyBaTuca
TaK0K 3aXOILJIEHHA HOCiiB 3apAny Ha ramboKi macTKu Ta GopMyBaHHS
00'€MHOI'0 JIOKAJIi30BAHOIO 3apAAY, IPOMOLYJILOBAHOIO E€KCIIOHYBAJIb-
HUM CBiTJIOBUM IIOJIEM. ﬂMOBipHiCTL 3aXOILJICHHS HOCif BM3HAUAETh-
cAd TYCTUHOIO 1 eHepreTUUYHMMHN XapaKTepUCTHKaMH TJIMOOKUX IIac-
TOK, AKi B HAIIWUX eKcIlepuMeHTax (opMyBaJamucs, IIEBHO, 3a oOca-
I'KeHHS HAHOKOMIIO3UTY CHiBKOHAeHcallielo y Bakyymi. OTyKe, B Mic-
AX OIIPOMiHEHHS IIJIiBKU MOMKJINBE (DOPMYBAHHA HE TiIbKU peabedy
(penbeHOTO TEMIJIATY), a ¥ 3aXOILJIEHOTO 3apAny (eJeKTPeTHOro Te-
MILIaTy) 3a cxeMoio puc. 1. I'ycTmHa JI0KaJIi30BAHOTO €JIEKTPUUHOTO
3apAny BUABJAETHCA MOJYJHOBAHOIO ITPOMOPIIiAHO iHTEHCUBHOCTI CBi-
TJIOBOTO IIOJII V €KCIHOHYBaJIbHINI TojiorpamMi Ta, OT:Ke, Mae Ty caMmy
TOIIOJIOTiO.

3. PE3YJILTATH 1 OBTOBOPEHHS

PesynbraTtu pociaimsxeHHA MopgoJiorii ITOBepXHiI ofepsKaHUX OCTPiB-
IEeBUX ITIOBEPXHEBUX CTPYKTYP HaBeneHO Ha puc. 2. IloBepxHA TeMII-
JaTy SABJsE€ COO0I0 JBOBUMIpHY MEPiOAUYHY CTPYKTYpPY i3 rekcaroHa-
JIbHOIO T'PATHUIEIO0 3 BUCOTOI0 penbedy 6ixa 200 um (puc. 2, 8). Kon-
JIeHcallisi 30J0Ta HaA MOJIIMEPHY ILIiBKY Bucotoio mo 150 HM BinOyma-
€ThCS CEJIEKTUBHO Ha rpebHAX penbedy TeMmiarty. B pesyabrati ¢o-
pMyeThea JIBOBUMipHA rekcaroHajibHa nepioguuHa MeTaJ-
IiemexTpuuHa CTPyKTypa (puc. 2, a, 0, 2) i3 cKiIagH0I0 MOP(OJIOTi€lo.

IloBepxHA mOJIiMEPHOTO TEMILJIATY Mae€ IepioguuHuil peabed BUCO-
Toto Oiaa 350 um (puc. 2), Tomi AK peabed TEMILIATY i3 IIIapoM 30JI0-
ra — 500 HM (puc. 2). TaKuM YMHOM, MOYKHA NMPUOJIU3HO BUSHAYUTHU
cepelHi po3Mipum 30JI0THX OCTPiBIIiB: miamerep cranoBuTh 400-600
HM, Bucota — 150 mm. MexaHi3aMHU caMOBIOPAAKYBAaHHS 30JI0Ta IIiJ
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Puc. 1. Cxema (opMyBaHHS Ha TOBEPXHIi TEMILIATy CHCTEMU BIIOPATKOBAHO
pO3TaIIOBaHUX B30JIOTUX KJIACTEPIiB: @ — €KCIO3UIliA CBITJIOM 3apAmKeHOl
ILUIiBKU (POTOMPOBIAHNKA; 6 — YTBOPEHHS 3aXOIJIEHUX 3apAIiB 3a €KCIIO3U-
ii; 8 — azcopOIliag 30J10Ta B 30CEPEIKEHHAX €JEeKTPUUHOI'O IOJIS 3a Hallo-
POIlIeHHSA 30J0Ta ¥ BaKyyMi I YTBOPEHHS 30JI0OTUX KJIACTEPiB; 2 — MopdoJo-
ria moBepxHi ¢oronporizHoro AMH, sadixkcoBaHa 3a JOIIOMOTOI0 CKaHYBa-
JIBHOI aTOMHO-CHJIOBOI MiKpockomii.?

Yyac TepMiUYHOTO HAIOPOINEHHA Y BaKyyMi Ha ITOBEPXHIO TEMILIATY €
TAKUMU: TPAHCIIOPT 3apsAM:KeHnX a00 MOJIAPU30BAHUX HAHOOO €KTIB i
(azoyTBOPEHHA HAa IIOBEPXHi y HEOAHOPiITHOMY eJIEKTPUUYHOMY IIOJIi.
TpaHcmopT aToMiB i KJacTepiB MOJIEKYJIAPHOIO IIydYyKa 30Ji0Ta B JIO-
KaJbHOMY €JIEKTPUYHOMY IIOJi MOOGJM3Y HOBEPXHi CTBOPIOE EJIEKTPO-
KimeTuunuii edpexT [19]. BuHUKHEeHHA y aTOMiB AypyMy AWUIOJBHUX
MOMEHTIB i BifTIOBIiZHUX CHJ, Ki BTATYIOTh aTOMU Ta HAHOUYACTUHKU
B obJiacTi r'paJieHTy €JIEKTPUYHOTO MOJIA TeMILIaTy, IIiJ Yac Hamopo-
IIeHHA MOYKe IPUBOAUTU IO TPAHCIOPTY aToMiB Aypymy mo objacreii
IIOBEPXHi, Ae JIOKaJizoBaHuii 3apsAmd, B AKUX i BigOyBalOThCA SBUIA
¢dopMyBaHHA TBepAoi (hasu i3 mapu.

Y HaBeneHOMY TEeXHOJIOTIYHOMY e€KcCIlepuMeHTi 00'em i posmipu
oCcaKeHUX 30JIOTUX HAHOKJIACTePiB BU3HauUaJduCAd KiJbKICTIO KOHIEH-
COBAHOI'0 Ha IIOBEPXHi TeMILIATy 30J0Ta, AKa MOMe BapiloBaTHUCSA B
Me:KaxX Bim amcopb6oBaHOTO IMapy MO0 Kimbkox MikponiB. Ileit dakxT
CBiIUNTL IIPO iCTOTHY CeJIEKTUBHICTL (ha3oyTBOpPeHHA Ha IIOBEPXHI
TEeMILJIaTy, OCKiJIbKU 3a TOBIIUHU 30JIOTOTO OCaAy y KijJbKa AeCATKIB
HAHOMETPiB HEOJHOpPi/lHe eJIeKTPUUHE I0JIe eKPAHYETHCA, i TPAHCIIOPT
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Puc. 2. CenekTuBHA KOHJEHCAIliA 30JI0Ta Ha IMOBEPXHi €JEKTPETHOTO TEeMII-
JaTy: a — JABOBHUMipHA IIepiogruHa CTPYKTypa 30JOTUX OCTPiBIiB (OIITHYHA
MiKPOCKOIIiA Ha MTPOCBiUYyBaHHsA, Iepion OJM3BKO 2 MKM); 6 — aTOMHO-
cujoBa MopdoMeTpis MeTak-AieJJeKTPUUYHOI CTPYKTYpH; 8 — IIpodisorpama
MMOYaTKOBOI IOBEPXHi TeMILIaTy; 2 — IpodisiorpamMa IMOBEPXHI micaa celiek-

THUBHOI KOHIeHcallil 3ojoTa.

CTa€ IPOCTOPOBO OJHOPIAHUM.

Hatimenmmuii nepion cpopmoBaHoi rojorpad)igyHoO MeTOI0I0 CTPYK-
TYypU CTAHOBUTH UBEPTH AOBKUWHU XBUJII 3a 3yCTPiUHOrO HOIIMPEHHSA
JasepHUx mpoMeHiB. OT:Ke, V BUNAAKY BUKOPUCTAHHA JIa3epiB, IO
BUIIPOMiHIOIOTh ¥ KOPOTKOXBUJIBOBi#l BuAMMIN i O0MusbKii yabTpadio-
JIETOBi#l 00JIaCTAX, MOMKJIMBO OIEP:KaTH HA MOBEPXHI TEMILIATYy CTPY-
KTypu i3 mepiomom y = 100 mm. Hampy:keHiCTh e€JI€KTPUUYHOIO IIOJSA
3pocTaTuMe NMPOMOPIIiiiHO, IIT0 MOXKEe BUKJIMKATH HEOOXiAHicTh IIpoBO-
IUTU IIPOIeC OCaAKeHHA (PYyHKI[iOHANIi3yBaJbHOI PEUYOBUHU BUKJIIOY-
HO y Bakyywmi. IcToTHa mpocTopoBa HemiHiHIiCTE ABUI (hopMyBaHHSA
JIOKaJII30BAHOTO 3apAAy M eJIeKTPOKIHETUYHOrO TPAHCIIOPTY MOJKe Ja-
TH 3MOTY Ile Ha MOPAAOK 3MEHIIUTH XapaKTepHUi posMmip GyHKILio-
HaJidoBaHUX 00JacTell Ha IOBEPXHI TEMILIATy 3a YMOBHU JOCTATHBOTO
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PO3BUTKY METOIUK BUTOTOBJIEHH.
TakuM YMHOM, 3aIIPOIIOHOBAHO HOBHI IIiAXim mo (popMyBaHHSA eJie-
KTPEeTHUX TEeMILJIATIB y ejleKkTpodoTrorpadiunomy mporeci Ta chopmo-
BaHO TaKMWiH TeMILIaT Iomelo y 1 cMm?, mepiogoM 6ind 2 MKM eJIeKT-
podoTorpad)iyHOI0 METOAOI0 3a €KCIIO3UIil IIJIiBKM HAHOKOMIO3UTHO-
ro ()OTOIPOBITHUKA T'0OJIOTPaMOIO.
Mexanism medopMyBaHHS BiJIbHOI IMOBEPXHi HArpiTOro M0 B A3KOII-
JUHHOTO CTaHy mIapy reMmiary. Harpituii Bulile TeMmepaTypu CKJIY-
BaHHA IIap TEMILIATY PO3IIAJacThcA AK B askKa [8, 12, 20] mectuc-
HeHa HrpioToHOBa pigmua. ¥ IIbOMY BUOAAKY HPOIEC YTBOPEHHS PEJib-
ey Ha BiJIbHiN TOBEpXHi IIapy, HaHECEHOT'O Ha ILJIaCKy HexedopMo-
BaHy OCHOBY, OIMCYE€ThCA cucTemoio piBHaub Has'e—Croxca (1), (2)
ra HecTucHenoi HrioTomoBoi pigmum (3) [21]:

av’C+anvx+v aV’Cz—la—erHAvx, (1)
ot 0x Y oy pox p
ov ov ov
Lvv, —L+v yz—la—p+nAv, (2)
ot o0x Y oy poy p *
ov
ey e oo, )
ox Oy
Vx(x’y’t:O)ZVy(xayatZO):Oa (4)
v.(,y=-d,t)=v,(x,y=-d,t)=0, 5)
ov, ov
n gy/y:h(x,t)"‘xi/y:h(x,t) ZPT(x,t)’ (6)

ov ol h(x,t)
P/ nien —Zna—y" / yeneny T = P.(x,1). (7)

" ox® JL+(ah(x, B/ o)’

ITouaTKoBi ymoBU (4) BiAOBiZaIOTh CTATHYHOMY CTaHy AehOpPMOBAHO-
0 CepemoBUINA TEMILIATY N0 MOMEHTY HaKJAJAEHHA N0 HHOTO IOHIE-
POMOTOPHUX CHJI; YMOBU <«IIPUJINIAHHA» (D) OONMCYIOTh HEPYXOMiCThb
mapiB 1e)OpMOBAHOTO CEPENOBUINA, AKE 3HAXOAUTHCA 0e3mocepeqHbo
Ha IYyOKi#A ocHOBiI Temmiary; Bupasu (6), (7) € dopmoro samucy 3-ro
HrioToHOBOTO 3aKoHY nAJid BigbHOI Me:xki HrvioromoBoi pinmum. Tyt

v.(x,y,t), v(x,y,t) — KOMIOHEHTH IOJIA BEKTOPA IIBUAKOCTH DiJu-
HU; P — rigpoamHaMiuHUil THCK; M — AWHaAMiuHA B ABKiCTB; p —
ryctuHa; T, — KoedilieHT ITIOBEepXHEBOTO HAIIPY)KeHHdA; I — BeJu-

YpHA YTBOPIOBAHOTO HA MOBEepPXHi pigmum penbedy; Bick OY Hampas-
JIEHO 3a HOpMAaJLJII0 O BijbHOI moBepxHi Ae()OPMOBAHOTO CepelOBUILIA
TOBII[UHOIO d.

Mo:xkHa mokasartu [21], 10 Yy BUODAAKY MaJUX i IMOJOKUCTUX Hedo-
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pmamiii A << 2n/k BHeckOM HemiHIHHWX dWieHiB y cucremi piBHAHB
(1)—(7) mosxHa 3HEXTyBaTH, a JiHeapM30BaHy 3aJ1ady IIPEICTAaBUTU Y
HACTYIIHOMY BHIJISIMIi:

1
ENALyJ):__amnyJ)+ﬂAYA%yJL 8)
ot p ox p
ov (x,y,t
00D LD Mgy 1, ©)
ot p Oy p
ov (x,y,t
vyt MY (10)
Ox oy
v, (6t =0)=v,(x,y,t=0)=0, (11)
8Vx(x,y,t) ov (x7y,t)
n(Ty / gt +T /yeneny | = 0 (12)
ov (x’ Y, t) azh x,t
P(x, Y, t) /y:h(x,t) —21]!/7 y=h(x,t) +TM % = Pn(x, t) , (13)
t
h(x,t) = j v,(x,y = 0,t)dt . (14)
0

3 BUKOPHCTAHHAM JiHeapn30BAHOI IIOCTAHOBKM 3aJaYi BEIUUYUHY
peabedy, SKUHA YTBOPIOETHLCS HA TOBEPXHiI me)OpMOBAHOTO CEpPEo-
BUINlA, IIPEICTABJEHO y BUIJIAAI CYMH ABOX OOJAaHKIiB, KOKHUHA 3
AKUX 3aJIeKUTh BiJf TAHT'eHI[IMHNX a00 HOPMAJIbHUX KOMIIOHEHT 30B-
HimHiX cua. ¥ gamomy Habam:KeHHI OyaeMo BpaxXOBYBaTH TiJIbKU HO-
PMaJIbHi ITOBepPXHEBi CHUJIN.

3a BUKOHAHHSA yMOB JiHeapumsanii rapmonikm v(x,y,?) 3 PisHOIO
IIPOCTOPOBOIO JOBKMHOIO XBUJI MOKHA PaxXyBaTH HEB3a€EMOIiMHUMU
ogHa 3 omHOW0. Y mbomy Bumagky P'” moxxHa He BpaxoByBaTH (BOHA
puBeJe OO0 MepeBU3HAUEHHSA THCKY TAa He BUKJINYE YTBOPEHHS PeJIb-
edy).

IIpunyckaiouu HEPO3PUBHUII XapaKTep YacoBOI 3ajIeKHOCTH 30B-
HIIITHBOI CUJU, PiBHICTDH ii HYJIIO0 ¥ HeCKiHUeHHO BimmajeHuii i mouar-
KOBUHM MOMEHTH Hacy (IIfo y3romKyeTbcs 3 ymoBoio (11)), maaBHicTB
OOHOTO MaKcmMyMy, mapamerepusariio P,(x,t) MoxHa 3amumcaTu y
HacTynHomy Buraaxgi [20]:

P, (x,t) = P cos(kx) { A[exp(§,t) — exp(~C,t)| + exp(~C,t) — exp(—C,t),
(15)

ne PV, (i=1, 2, 3) — napamerpu, IO BU3HAYAIOTh aMILIITyAy Ta
KiHeTUKYy 30BHIIITHBOI CUJIN,
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A — &3 exp(_CStl) - éZ eXp(—C2t1) , (16)
é1 eXp(_C1t1) - &3 exp(—Z;3t1)
Ie t; — MOMEHT uacy, y AKHI cHJa CAra€ CBOr0 HaMOijbIIIOro 3Ha-

YeHHH.

CohopmysiboBaHA 3ajava BUPIIIYETHCA 3a JOIOMOTOIO Bimomoi mero-
I, KA BUKOPHCTOBYE PO30MBaHHSA BEKTOpPA HOJA IIBUAKOCTUA PiIUHU
Ha IOTEHIiMHY ¥ o6epTalbHy YacTUHU. {15 IIbOI0 BUKOPUCTOBYETHCS
HacTynHa mapamerepusaiia [21]:

0 (%,y,1)
P(x,y,t) = - 2D 17
(x,y,1) " (17)

v, (g0 = 0D BT as)

ox oy
o0 (x,y,t) 0 (x,y,t)
) = - : 19
v, (x,y,1) o ™ (19)

Ioxigui dyurmii  (x,y,t) i (x,y,tf) MaoThb 3aJ0BOJBHATUA PiB-
HAHHAM

= VAy(x,y,t), (20)

AG(x,y,t) =0 i W

ne v = n/p — KimemaTnmuHa B'A3KiCTHL Ie(OPMOBAHOIO CEpemOBUINA.
Y npomy Bunagky piBHAHHA (8)—(14) 3am0BOJIBHAITHCA aBTOMATUY-
HO.

Poss'sasku piBHanb (20) momyckaiors mpeacrasiaeHusa [21]:

(x,y,t) cos(kx) APh k(y d) APsh k(y d) exp( ;)

14

sin(kx) Afch k(y d) APsh k(y d) exp( t), (21)

1

(x,y,t) = cos(kx)) {Cl(”ch[ Ry +d)]+CPsh| k(y+ d)]}exp( )+
+sin(kx)) {Cch[ k(y + d)]+ C’sh[ k(y +d)]jexp( t). (22)

Tyr miarinuei mapamerpu A, C” (j=1, 2, 3, 4) — mesaxi HesamexHi
Bif X, y, t BeIMUMHU, KOHKDPETHUH BHUJ AKUX BU3HAUAECTHCA Kpaio-

BUMU Ta ITIOYaTKOBUMH yMOBaMU 3afadi; P, = «fl +¢,/(VE®) .

Bukopucrasmu dopmyan (18), (19), (21), (22), ogep:kuMoO HaACTy-
IIHi IpeacTaBJIeHHS AJIA MOJiB THCKY Ta IMBUAKocTei [21, 22]:
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P(x,y,t) = —p cos(kx)z ¢, ALY exp(&t)[ sh[k(y + d)]|

2 (23)
G Ech(kﬁid) ~2ch(kd) [k(d + y)]}
(B, + B;)sh(kB,d) — 2sh(kd)
v, (x,y,t) = sin(kx)k)_ A} exp(( t) [—Sh [k(d + y)] +
+B,sh[kB,(y + d)]] - sin(kx)k)" A [ ch[kB,(y + d)] -
—eh[k(y + D]]exp(C) (B2 + 1)ch(kB,d) — 2ch(kd) 24)

(B, + B,")sh(kB,d) — 2sh(kd) ’
v, (x,y,t) = cos(kx)kz AL exp(C 1) [ch [k(d + y)]-B.ch [EB,(y + d)]] -
—cos(kx)kY A [ sh[k(y + d)] —B,'sh [kB,(y + d)]] x

(B, + )ch(k,d) — 2ch(kd)
B, + B, ")sh(kB,d) — 2sh(kd)

xexp(Et) (25)
IToganpina aHadiza IPOBOAUTHCA 34 MPUITYINEHHS, 110 Je)OpMOBAa-
He CepeIoBUINe € JOCTATHLO B A3KOI0 PiIMHOIO:

S, Sy, (26)

vE? vk

TOOTO 3a IPUNYINEHHS, 10 Ae(opMOBaHe CEepeJOBHUIIE € BeJIbMHU B I3-
KO0 pimmHOI0. ¥ IILOMY BUIIAAKY CIYIIHUM € HaOJu:KeHe CHiBBimgHO-

IITEeHHA
¢, 1[ g, ]2
PO TN T . 27
P 2vE® 2\ 2vE? (27)

Buxopucrauusa (23)—(27), (9), (12), (13) yMOKIUBIIIOE OIEePKYBATH
qucIepciline piBHAHHA, iK€ BU3HAYAE 3B SI30K MisK IIPOCTOPOBOIO ua-
CTOTOIO kB Ta XapakTepHUM 4acoM pyxy pisgunu t, =C:

¢,

kz

kdsh(kd) + ch(kd)
kdch(kd)

[kdch(kd) + (kd)*sh(kd) — sh(kd) —

x[ (kd)*ch(kd) - kdsh(kd)ﬂ +

kdsh(kd) + ch(kd)
kdch(kd)

+(, | —kdch(kd) + [kdch(kd) - ch(kd)] |
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~ Lk | (haychhd) - kdsh(kd) - PISRED * chikd)
8ov’k kdch(kd)

x [3sh(kd) — 8kdch(kd) + (kd)zsh(kd)ﬂ - (28)

_Tuk
8vp

kdsh(kd) + ch(kd)
kdch(kd)

{kdsh(kd) - [kdch(kd) - sh(kd)]} - 0.

Poss'askom piBuauna (28) €

¢ - Tsz sh(kzd)ch(kd) - I:d (29)
N ch’(kd) + (kd)

O = oK ch?(kd) + (kd)?
P (kd)’sh®(kd)

(30)

dizuuHO IiKaBi AOMYIIEHHSA OAEpP:KAaHO 3a HEeXTYBAaHHS BHECKOM
yjgeHiB, AKi 3ajeskaTrs Bin C; y BUpasi, IO BU3HAYAE BEJUUYUHY
YTBOPEHOTO Ha MOBEPXHi medopmoBaHOro cepemoBuiria peabedy. Ileit
BHCHOBOK BUILIMBAE 3 TOrO, IO IJA BCiX TEPMOILIACTUYHUX CEpemo-
BUII, AKUX BUKOPHCTOBYIOTh yV (DOTOIJIACTUYHUX IIPOIlecax, BUKOHY-
€ThCS CIiBBIIHOIIIEHHS:

g0, . (31)

Bceramosusinu magi Besquuunu (26) (3 i=1, 2, 3) Ta Malouu Ha yBa-
31 BUKOpHCTAHHA IX IJa po3B si3aHHsa 3amaui (8)—(14) sa momomororo
Teopii 30ypeHb, BU3HAUMMO, KU IMOPSAOOK MAJIOCTH, PO3PaXOBaHUU
3 (26), He0OXiZHO BPaxOBYBATH, Ta 3 ACYEMO POJb KOMKHOI'O JOJAHKA.
HeoOxigHicTs TaKoro AOCHif)KeHHS BUKJIMKAHO THUM, IO BigHOCHUH
BHECOK JOJAHKIiB Pi3HOTO MOPAAKY MAJIOCTH YV BHPA3i AJA aMILIiTygu
YTBOPEHOT'O Ha IIOBePXHi medopMiBHOTO cepemoBuIa pesbedy 3alie-
KUTh Bif uacy.

€ obOsacTs uacy, e AJOAAHKM, HMPOIOPIiiiHi OiJIbIII BHCOKHM CTele-
HAM

PS,
2nk?’

IailoTh BHECOK Y pesibed (KOMIIOHEHTY BEKTOpAa MIBUIKOCTH) OiIbIITMiA,
aHi»K momaHKM OiJNBIIT HU3BKOTO IOPAAKY Majsoctu. Hiaa imrocrpartii
miei mpobiaemu Ta ii poss'asaHHA HaBegeMo Bupas AaA V,(x,Y,t) 3
ypaxyBaHHAM APYTOro HMOPAAKY MAJOCTH Ta MOPiBHAEMO #oro 3 Bix-
MMOBiTHUM BHPasoOM, IO BPaxOBY€ UJEHU TiJILKU IIEPIIIOro IMOPAIKY:
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cos(kx) kdch(kd) PO
2nk  ch’(kd) + (kd) G, - C,

kdsh(kd) + ch(kd) + £,p(2nk*)™ [(kd) ch (kd + kdch(kd))]
* kdch (kd) + Gp@nk*) " [(kd)zsh(kd) — sh(kd) - kdch(kd)] *
x[ k(y + d)eh [k(y + d)] - sh[k(y + d)]|¢, (exp(~¢,t) — exp(-C 1)) +

cos(kx)  kdch(kd) PO i
" 2nk  ch’(kd) + (kd) ¢, - C, [k(y + d)sh(y + d)]

_ kdsh(kd) + ch(kd) + £,p(2nk?)” [(kd) ch(kd) + kdch(kd)]
kdch(kd) + ,p(2nk?®)” [(kd) sh(kd) — sh(kd) — kdch(kd)]
x| k(y + d)eh [k(y + d)] - sh[k(y + d)]]|¢, (exp(-C,t) — exp(~L ,t)) -

_cos(kx)  kdch(kd) PO
2nk  ch’(kd) + (kd) Gy - C,

kdsh(kd) + ch(kd) + {,p(2nk?)™ [(kd) ch((kd) + kdch(kd))]
kdch(kd) + C,p(2nk*) ™ | (kd)*sh(kd) — sh(kd) — kdch(kd) | *
x[ B(y + d)ch [k(y + d)] - sh[k(y + d)] ], (exp(-Lyt) — exp(-C 1)) -

_ cos(kx)  kdch(kd) P®
2nk  ch(kd) + (kd) G, -

kdsh(kd) + ch(kd) + CSp(anz) [ (kd)*ch(kd) + kdch(kd) ]
— X
kdch(kd) + C,p(2nk?) " | (kd)’sh(kd) — sh(kd) — kdch(kd) |

x[ B(y + d)eh [k(y + d)] - sh[k(y + d)] | ¢, (exp(~Cst) — exp(-C,b)).  (32)

v,(x,y,t) =-

[k(y +d)sh [k(y + d)]] -

[k(y +d)sh [k(y + d)]] -

[k(y +d)sh [k(y + d)]] -

PosBuBatouu (32) y pax mo cTemeHAX Cip/(nkz) (BuKOpUCTaBUIIN
BUpAa3 VI CYMU TeOMETPUUYHOI ITporpecii), BpaXoBYOUM TiJILKU HeEp-
UIni IOPAJOK MaJIOCTH Ta MOPiBHIOIOYU OJep:KaHUM pesyJbTaT i3 BU-
xigHoio dopmysoo (32) sa pisHOro uacy, oZep:KMMO KPHUTEpPiii MOK-
JIUBOCTU BUKODPUCTAHHS UJEHIB TiJbKU IEPINOro MOPAAKY MaJOCTHU
IUIs1 po3B sizaHHsA 3amaui (8)—(12).

PesyabTaT TAKOTO AOCTiIMKEHHA 1JIOCTPYIOTH puc. 3—6, Ha AKUX
HaBeIeHO YAaCTOTHY 3aJieKHicTh h(k), dKa BHU3HAYAETHCA 3a dYacy
t=10"c, 10®%c, 107 ¢, 10°° ¢ BigmoBigHO 3 ypaxyBaHHSAM IepIIOTO
Ta JIpyroro mnopAnkiB wajsoctu. I'padikm moxkasyoTb, III0 I
t>10" ¢ poII0 UJIeHiB APYroro MOPAKY MAJOCTH y POBIOALTI IIBH-
IKocTel (OIuB. BUpas AJA aMILIITyIU pesibed)y) B TEOPETUUHOMY OITHCI
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v, (B)/,0- 107" m/c

1,84

3

g 16

jas]

141

e

2 12

=

ﬁ 1,0 1

2 03] P z

0 7 =~ -

E 0,6 ’ o

m / > .

= 041 /, -1
024 /7
i E-107°, a7t
T 2 4 6 8 10

Hedopmarria mapy remnnaty 3 AMH

Puc. 3. 3anexHicTh HOPpMaJIbHOI KOMOOHEHTH IIBUAKOCTY YAaCTUHOK BiJILHOI
moBepxHi JedopmoBaHoro mapy Temmiaary mas t=10%c, p=10 xr/m®,
T=2102H/m iz BpaxyBammam nepmoro O(o,/(vk?) (xpuBa 1) i apyroro
O(o,/(vE?))? (xpuBa 2) mopAgKiB MajocTu.?

v (k)/ 0107, m/c

1,84
g el
E .
5 1,4
L -
g 12 » b S
a 1,0 4 e
& ] “ ~ 2
o~ 0,84 I by
b ] / ~
5 06 ~
a1/
E 0,44 /}
021 f 5 1
k10°, M
0,0 T T T T T

0 2 4 6 8 10

HedopMmallia mwapy Temmiary 3 AMH

Puc. 4. Bane:xHicTh HOpMAJIbHOI KOMIIOHEHTH IIBUIKOCTU YAaCTHHOK BiIbHOI
moBepxHi medopmoBaHOTOo mapy Temmiaary mas t=10%c, p=10 xr/md,
T=210?H/m is Bpaxysammam mnepmoro O(o,/(vk?) (xpuBa 1) i apyroro
O(0,/(VE*)? (xpuBa 2) mopankis mamocTu.*

mpoIlecy yTBOPeHHS penbedy Ha MOoBepxHi AedopMiBHOTO cepemoBUIA
MOYKHA HEXTYBAaTH, i MOMYTh BPAXOBYBATUCA UYJEHU TIIBKM IIEPIIOTO
MOPAAKY MaJiocTH (ToOTO (;.p/ (mk?)).

VY mpomy HabamxeHHi 3agada (8)—(12) mae Taxi poss asku [20, 23]:
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: (1)
vy t) = —0EO (o [y 4 @)]] - hiy + d) x
2nk Elch (kd) + (}de) ] 33)
. _ ch(kd) + kdsh(kd)
ch[k(y + d)] hdoh(hd) k(y + d)sh[k(y + d)] | R(),

v (B)/ 5107, m/c

1,81
2 6]
g
= 1,44 , -~ - -
O -~
< 1,24 7 ~
" / N ~
ﬁ 1,04 f ~
N
2 o0s] 4 N2
g 4 !
s 007 7
é’ 044 K
0,2 _ _
E-107%, m7!
0,0 . : : : .
0 2 4 6 8 10

Hedopmamnia mapy Temmiaaty 3 AMH

Puc. 5. 3anexkHicTh HOPMAJIBLHOI KOMIIOHEHTH IMTBUIKOCTH YACTUHOK BiJIbHOI
moBepxHi medopmMoBaHOTO Imapy Temmiaary maa t=10"7c¢, p=10 xr/m?,
T=2102H/m iz BpaxyBammam mnepmioro O(o,/(vk?) (xpuBa 1) i apyroro
O(0,/(VE*))? (xpuBa 2) mopankis manocTn.’

v (B)/ o 107, m/c
1,8
1,6 -

14 ’ =
1,2 4 i ~

1,0 N
0.8
0,64

IIIsnaricTs YacTUHOK
/
L)

0,41
0.2
0,0

£-107%, Mt
0 2 4 6 8 10

Hedopmania niapy remnuary 3 AMH

Puc. 6. 3anexHicTh HOPpMAJIbHOI KOMIOHEHTH IIBUAKOCTYU YACTUHOK BiJIbHOI
moBepxHi JedopmoBaHoro mapy Temmiaary aas t=10%c, p=10 xr/m®,
T=2102H/m iz BpaxyBammam mnepmoro O(o,/(vk?)) (xpuBa 1) i apyroro
O(0,/(VE®))? (xpuBa 2) mopankis manoctn.®
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cos(kx)P}"
2nk [chz(kd) + (kd)2]
, ch(kd) + kdsh(kd)
kdch(kd)

v, (X, y,t) = [-k(y + d)sh[k(y + d)] | +

(34)

[ k(y + d)ch [k(y + d)] - sh [k(y + d)]]} R(t),

cos(kx)P"
[chz(kd) + (kd)?
, ch(kd) + kdsh(kd)
kdch(kd)

p(x,y,t) = [-sh[k(y + d)]]+
]

(39)

[k(y + D] R@),

t)] kdch(kd)

-G,
o] kdch(lzd)
) kdch(lgd)

AKi IIOBHICTIO BU3HAYAIOTh KiHETHMKY MOJIS INBUAKOCTeH piamHM Ta
THM CAaMUM IIepeJaTHy (YaCTOTHY) XapaKTePUCTUKY TaKOro Iapy.

IIpoanasizyemMo BIacTMBOCTI mepemaTHOI XapaKTepPUCTHUKU Ta IIO-
B's3aHOI 3 He HOPMAaJbHOI KOMIOHEHTH IIBHUAKOCTH V,/, (1), AKa
BumIuBae 3 Bupasy (34). BugHo, 110 aMmJIiTyZa reoMeTpuuYHOro pe-
JAbedy 30iabITyeThCS 31 3POCTAHHSAM 30BHIIITHLOI IOBEPXHEBOI CHUJIN.
Ilicnia pmocarmenHs ¢yukiiero P, (f) MakcuMyMy Ta HACTYIHOTO ii
3MEHIIEeHHA Y3TOAXKEHO 3 Hel 3MeHIIyeTbeda i V,/, . 3 HOCATHEHHAM
P,(t) neaxoro sHaueHHs BeawuumHa V,/,_, 3MiHIO€ CBili 3HaK, i moum-
HAEThCA IMPOIEC «3aiKOBYBaHHS» I'eOMETPHUYHOro peabedy i miero
CUJI TOBEPXHEBOTO HATATY. Bigmitmmo, 1mo mna ¢ << T, BeJIUUYUHU
V,/~(t), h(t), ax Bunimsae 3 (34), He 3aJeKaTh BiJ] BEJIMYNHU ITOBE-
PXHEBOT'O HATATY, a aMILIITyJa peabedy BMU3HAUAETHCA HACTYIHUM
CIIiBBiIHOIIEHHAM:

t? exp(—4kd) + 4kd exp(—2kd)
4nk 1 - exp(—4kd) + 2exp(—2kd) + 4kd exp(—kd)

R(t) = ¢, [ exp(~4,t) — exp(~¢
-2,C, [ exp(=G,t) — exp(—¢

+G, [ exp(—G,t) — exp(~¢ : (36)

h(k,t) ~ f(z;) (87)

me f(t;) — meaxka QYHKIA TiAbKK HapaMeTpiB T,.

Amnajisza HaBeleHUX KPUBUX IIIATBEPIKYE BHUCHOBOK MPO CJAOKY
3aJIeXHICTh V,, I Bix T), nna manux sHadyeHb t. I3 30LIbIIeHHAM 4dacy
Aii cun mpuxoBaHOTO 300pakeHHs (f = t;, T,) mepeJaTHa XapaKTepuc-
THKa OedOopPMOBAHOIO IMAPy iCTOTHO 3ake:xKuTh Big T,,. 3 TpuUBaJIUM
IIPOABOM NPUXOBAHOTO 300paKeHHA kK, 3MIIIIyeETHCA B 00JIaCTh OiJIBII
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HU3BKHUX IIPOCTOPOBUX uacToT. Lleii mporec sminienusa BimOyBaeThbCcs
TUM IIBUAIIE, YUM Oijblte BemuuuHa T,.

IlpakTuuHMii iHTEpec IPeACTaBJAEC TAKOMK 3aJEeKHICTHL aMILIiTyan
YTBOPEHOT'0 Ha IOBEPXHi MedopMOBaHOI PiAMHU IeOMETPUUYHOTO PEJIb-
edy Bimg B'AsKocT:m cepemosuina. IIpoeemeHa umciaoBa aHagiza (34),
(35) yMOXKJIMBIIOE 3POOUTH BUCHOBOK IPO 3aJ€KHICTH TOUKU MaKCH-
MyMy II€peJaTHOl XapaKTEePUCTHUKM BiJ 3HAUYEHHS B A3KOCTH CEpPemo-
BUIA. 3 IOT0 BUILIWBAE, IO IJsI HU3LKOI TPUBAJOCTU IIPOSIBY IIPHU-
XO0BaHOro 300paskeHHA AeOopMAIliiHi BJIACTUBOCTI ITapy CUJIBHO 3a-
JIEXKATh Bifi B'IBKOCTH cepeqoBHUINa (IO CBiAUNTHL PO CUJIBHY 3aJIEK-
HicTh, Bim Temmeparypu) medopmoBaHoro miapy. s TpUBAaJiIIoro
IIPOABY MPUXOBAHOI'O 300pasKeHHs 3HAYEHHA k., BiJi BeJIMUYMHU B I3-
KOCTH MaliKe He 3aJIeKUTh, 1 TOMY PO3[ijbua 3JaTHICTH nedopMoBa-
HOTO IIIapy TEMILIATY IMPaKTUYHO He 3aJeKUTh BiJl IILOTO mapaMerpa.
Heob6xigao BigMiTUTH CUIBHY 3aJieKHICTD kK, (f) Big 3HAUEHHA T'yCTU-
HU IIOBEPXHEBOTO EeJeKTPUUYHOTO 3apAny, AKa MPOABIIETLCA 3a 0iJb-
X TPUBAJOCTEN IIPOABY IIPUXOBAHOTO 300pakeHHA (IO IIepeBU-
UIyIOTh XapaKTepHi yaci fJedopMyBaHHA HArpiToro Iapy).

ITikaBoio 3amaduero € 3 sICYyBaHHA HPUPOAU (PI3MUHMX IIPOIECiB, AKi
BM3HAUYAIOTh TAKYy IIOBEeNiHKY aMILIITyAM IIPOCTOPOBOTO Peabedy, IO
YTBOPIOETHLCS Ha BiJbHIiN MMOBEPXHi medopMOBaHOIO MIapy. 3 TaKOIO
METOIO0 JOCHiAWMMO KiHEeTHMKY JiHiA cTpyMy pifiuHN, HepeMilieHHSa V
nporieci medopmarliii BiJIbHOI ITOBEpPXHiI Ta HOpoaHai3yeMo pirreHHA
(33), (34) 3 BUKOpPUCTAaHHAM pPiBHAHHS OajaHCy eHeprii, sKe Bimo-
Opaskae 3aKOH 30epesKeHHs eHeprii mpu aedopMyBaHHI IJIiBKU HOp-
MaJILHUMU CUJIaMMU:

A
Wi = | Ba? cos' )bl 0t = W, + W, £ W, . (38)
0

me A =2n/k, W, — rycruHa pucumarii emeprii, 3yMoBIeHa BHYTpimI-
HIiM TepTaM IIapiB pigmHM mig vac ii Teuii 3a uac medopMyBaHHS CTO-
POHHIMM cuJIaMM BiJIbLHOI HMOBEpPXHi IIapy TeMILIATy i AKa BHU3HAUa-
€ThCA 3a JOTIOMOTOI0 CHiBBiZHOIIIEHHS:

A 0 t 2 2 2

ov ov
mzﬂjdxjdyjdt 4(8"36] ca| Do [ D D) (39)

Ao 4% ox oy oy Ox
Benuumuna W, — rycTuHa KiHeTMYHOI eHeprii, AKa BU3HAYAETHCA 3

BUPAa3y
p A 0
I 2 2

m_%ldx_jddy[uxwy]. (40)

3MmiHy rycTuHM BilbHOI eHeprii moBepxHi gedopMOBaHOTO cepeno-



74 M. I0. BAPABAIII, O. I. XOBABKO, €. M. BOBOIIIKO Ta i=.

Bumta W, 3yMOBJIEHO 3MiHOIO IIJIONIMHU BiJbHOI IIOBEPXHi ITapy 3a
YTBOPEHHS Ha Hill IIPOCTOPOBOTO PeIbedy:

_ T, kR
BYEE

Bukopucranua mapamerpusarnii Buny (33), (34) ta BupasiB (39)—
(41) mae 3Mory BCTAHOBUTH, IO, B 3AJIEKHOCTI Bij uacy mii cuua mpwu-
XO0BaHOTo 300paskeHHdA, V HpaBiii vyacTtuHi piBHaHuA (38) BimHOCHUI
BHECOK AOJAaHKiB aMiHmO€ThCA. Tak, ana t=10"* € KT, BUKOHYIOTbCS

k W_(k
w8 WB) gy w0, Wk . Tna
W’IOBH (kOHT ) WE (kOHT )
t=107 C~ 1, HeXTyBaTH y HIpaBili yacTuHi (24) MOKHA B)Ke TIIBKHU
BHeckom W,; y IIbOMY BUIIQAKY BUKOHYETLCA CIIiBBiZHOIIIEHHS
Wnosﬂ(k) ~ Wc(k) + W/vh(k)
W) W) + Wi(k,,,) |

HiCTh HOPMOBAHOI AaMILJIITYyIM peJabedy IIOBTOPIOE 3aJeKHICTH
W .oex(B). Ha mimcTraBi mpoBemenoi aHamisu 3 BuUKopucTtanHaMm (33),
(34) Ta piBuAHD (39)—(41) MoKHA 3pPOOUTH BUCHOBOK, ITIIO0 UMM OijbIile
IOBXKMHA XBUJL MOBepxHeBOi medopmailii, Tum 6inbine uac ii pemak-
carrii.

Y obnacti t <1, Oifi Ai€l0 HOPMATBLHUX CKJIAJOBUX CHJI DiguHA IIe-
perikae 3 OiIAHOK, Je 3MiHHA CKJagoBa Oijbllle HYJad, OO OiJIAHOK, Oe
BoHa MeHIe Hyaa (puc. 3—6). Pobora yTBOpeHHs pesibedy Ha IIOBEP-
XHi piguHm mopiBHIioe mumcurmarii emeprii; Bimmocui sasexxkuocti h(k, t)
i Wk, t) sbiratoTbc.

OcHoBHi oco0smBOCTI Teuii peasiszyloThCcA y MeKax IIPOCTOPOBOTO
mepiomy A B obmacTi d > 0,63\, me BeqmuuHa d He BILJIMBAE HA PO3IIO-
Iin mBuaKocTed. PinmmHa mepemimniyeTbcss y OBOX HAaIliBIWJIiHApPax,
OoCi AKMX JeXKaThb Ha IOBEPXHi Yy TOUKAaX, /e 3MiHHA CKJIaA0Ba 30BHi-
mIHLOI cuau AopiBHIoe Hy 0. IIBuaKicTh miapiB pimmHu AK QyHKIiA
Bimmasi Bix oci HamiBImMIiHIApa pOSIOAijieHA 3a KBa3UTapMOHIYHUM
3aKOHOM i csirae MaKCHMaJIbHOTO 3HAUeHHA Ha Bigmami A/4 Bim oci.

I3 30iabIIIeHHAM IIPOCTOPOBOI YaCTOTHU 3MEHIIYETHLCSI TOBIIMHA IIIa-
Py, B AKOMY BifmOyBaeThbcsA mepeMillleHHsA piguHu, 110 6epe ydacTb y
dopmyBanHi peabedy. Ilum moscHioeTbea cuan h(k) 3i 36inbieHHAM
k (puc. 4).

3a ¢ixkcoBanoro k 3menmienHsa d (B obsacti d < 0,63\) mpuBOIUTH
0 3MeHIIeHHsA h BHACJiOK TOTro, IO IIap PiAMHU 3 MaKCUMAaJbHUM
3HAUEHHAM IIBUIKOCTU 3MIiIlyeThCA A0 BiJibHOI moBepxHi miapy. Toxi
BigOyBaeThCcA 3MEHIIIEHHS XapaKTepPHOT'O PO3Mipy pyxXy piauHM, TOB-
IIMHA AKOTO BU3HAYAE I'DAJIEHTU INBUAKOCTEHN i cuay TepTd.

Y obusacTi t =1, 30epiraroTbCcsi OCHOBHiI OCOOJMBOCTI TifpoguHaMid-
HOI Teuii, 3a3HaueHi pawimie. 3MmineHHa &, y 006JacTh 0ijbIll HU3b-

W, (41)

CITiBBiTHOIIIEHHS

BigmiTumo, 1o uacToTHa 3ajerK-

1T
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KHUX IIPOCTOPOBUX YaCTOT, OiNbIN IMBUAKUY cman h(k) 3i 30inbIieHHAM
k y obmacTi k >k, BUBHAUAETHCA BIJIMBOM CHJI IIOBEPXHEBOTO HATATY
Ta peJaKCaIi€l0 30BHIMHBOI cumm P .

Takum umHOM B 00JIaCTi T <<T,:

— OCHOBHi 0COOJMBOCTI TigpoamHamiuHOl Teuili HarpiToro BHUINE TeM-
neparypu ckiayBanua AMH peanisyiooTbea y MeKax TPOCTOPOBOTO
Iepioly CTOPOHHIX IMOBEPXHEBUX CHUJI IIPUXOBAHOTO 300paKeHHs; PYyX
IedopMOBaHOTO cepedoBUINA BigOyBaeThCsA BHACHIMTOK 3aXOMJIEHHS
MIOBEPXHEBUMH IMIapaMy HUKYe PO3TAIIIOBAHUX IIAPiB;

— y Me)axX IIepiofy IIOTOKHM MIapy pPiAWHU pPyxaloThbCA Ha3yCcTpiu
OIWH ONHOMY Ta i3 3iTKHEHHAM iX BUCHIAHUIN PyX BigOyBaeThCcsa AK Y
0iK BiJIbHOI IMOBepXHi, TaK i y O0ixk HemedopMOBAHOI OCHOBU; Iie IIPU-
BOIUTH OO0 YTBOPEHHS BUXPOBOTO PYXY V THUX BUIAIKaX, KOJH TOB-
I[MHA 1apy 3a70BoJbHAE yMoBi 1,2/k <d < 4/k;

— B obaacti d > 4/k DPO3BUBAETHCA TIIbKYU BUXPOBUMN PyX; 3HAUEHHS
d = 4/k € mexero npi6HOrO Gaceiiny.

B oGmacti wacy 0,1t,<¢<7, OCHOBHMMHN 3aKOHOMipDHOCTSAMHM, II[O
BU3HAUAIOTh AeOpPMYyBAHHSA HATPIiTOrO BHUINE TEeMIePaTypH CKJIyBaH-
HA IIIapy TEeMILJIATY €:

— OCHOBHi oco0auBocTi rigpoamuamiuzoi Teuii HbloToHOBOI pimmunm
36epiraloThbcda A IIApy TEPMOILJIACTHYHOIO TeMILIATy; 3MiHY 0co00-
JUBOCTEN Teuii 3yMOBJIEHO 3POCTAHHAM BIJIMBY CHJ TOBEPXHEBOTO
HATATY Ta peJjakcaiieio P,;

— 3i 3HMKeHHAM P, BU3HAUHUM CTa€ PyX, AKUN 3aJeKUTH Bil Kari-
JSPHUX CHUJ, IO IPUBOAUTEL 0 IIOCTYIIOBOTO 3HUKHEHHS BUXPOBOTO
pyxy B o6aacti d >1,2/k;

— B3HAYEeHHS IIPOCTOPOBOI YACTOTH, 3a KOl IepemaTHA XapaKTepHc-
TUKA CATAa€ MaKCUMYMY, 3MEHIITYEThCA.

4. BAICHOBRH

3ampomoHOBAaHO HOBUI miaXin m0 GOpPMYyBaHHA €JEKTPETHUX TeMILIa-
TiB y enekrpodororpadiunomy mpoieci. CHopMOBAHO TEMILIAT ILJIO-
meio =1 cm® i3 mepiogom 6insa 2 MEM esnekTpodoTorpadiuHO0 MeTo-
JIOI0 3 EKCIIOBUITIE€I0 IIiBKM HAHOKOMIIOBUTHOTO (DOTOIPOBiTHUKA TO-
JIoTpaMoio.

ExcnepuMeHTaJILHO TIOKasaHO, IO pO3TAIllyBaHHA Ta CHUMETpPid
OCaKeHUX Ha ITOBEPXHIO eJeKTPETHOTO TEMILIATY HAHOKJIACTEPIB 30-
JIOTa, OJepP:KaHMX HAIOPOIIEHHAM y BaKyyMi, 3aJal0OThCS TOIIOJIOTiEIO
CBITJIOBOTO TOJIA TOJioTpaMu, sAKe OyJ0 BUKOpHCTaHe 1A (hOpMyBaH-
HA TEMILIAaTy. 3alIPOIIOHOBAHO MeXaHi3M CaMOBIOPAAKYBAaHHS il dac
TEePMiYHOTO HATIOPOINEHHS y BaKyyMi Ha IIOBEPXHIO TEMILIATy, IO
moJiArae y pyci amcopOoBaHMX Ha IIOBEPXHi aToMiB abo KJacTepiB y
JIOKAJILHOMY eJIEKTPUUHOMY IIOJIi mo0OJM3y TMOBEepPXHi Ta KOHAEHCcAIlil
iX Ha NOBepXHi IUIIBKM i3 yTBOpeHHAM TBepnaol ¢asu. Hanpy:xeHicTb
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€JeKTPUYHOTO TOJIA B 0O0JIACTAX OCaM:KeHHSA Ha IIOBEPXHi TeMILIATy
omineno y 120 MB/m.

PoaraanyTo ¢opMyBaHHA €JeKTPUUYHOTO Ta I'eOMETPUUYHOTO Pebe-
¢piB TemmmaTy Ha TEePMONJIACTUYHIN mizkJgaguuili. IIpoanasisoBamo
Ie)OpMyBaHHS BiJIbHOI IIOBEpPXHi HArPiTOro A0 B A3KOILIMHHOI'O CTAa-
HY IIOBEPXHIi IIapy TeMILJIATy HiJ] Ai€lo TeHTeHIiHHUX CHJ i BCTaHOB-
JIEHO TOMOJIOTiUHi 0COOJIMBOCTI TpaeKTopii pyXy uUacTHHOK maedopmo-
BaHOTO cepeJoBUITIA.
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! Fig. 1. Scheme of formation of gold clusters regularly arranged on template surface in ac-
cordance with exposing light field: a—exposure of charged photoconductor film to light; 6—
formation of trapped charges during exposure; 6—gold adsorption in antinodes of electric
field during vacuum deposition, and formation of gold clusters; z—surface morphology of
photoconductive AMS obtained by scanning atomic force microscopy.

2 Fig. 2. Selective gold condensation on the electret template surface: a—two-dimensional
periodic structure of gold islands (optical microscopy for transmission, period of about 2 um);
6—atomic force morphometry of metal—dielectric structure; s—profile of the initial surface
of the template; z—profilogram of the surface after selective condensation of gold.

3 Fig. 3. The dependence of the normal velocity component of free surface deformed layer of
the template at: t=10"° s, p=10 kg/m?, T=2-102 N/m when calculating the first order of
smallness O(a;/(vk?)) (curve 1) and the second one O(a;/(vk?))? (curve 2).

4 Fig. 4. The dependence of the normal velocity component of the particles of free surface
deformed layer of the template at: t=10% s, p=10 kg/m?, T=2-102 N/m when calculating
the first order of smallness O(a,;/(vk?)) (curve 1) and the second one O(a;/(vk?))? (curve 2).

® Fig. 5. The dependence of the normal velocity component of the particles of free surface
deformed layer of the template at: ¢=10"s, p=10kg/m?, T =2-102N/m when calculating the
first order of smallness O(o,;/(vk?)) (curve 1) and the second one O(a,/(vE2))? (curve 2).

5 Fig. 6. The dependence of the normal velocity component of the particles of free surface
deformed layer of the template at: t=10%s, p=10 kg/m3, T=2-102 N/m when calculating
the first order of smallness O(a,;/(vk?)) (curve 1) and the second one O(a;/(vk?))? (curve 2).
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Merop i mpuCTpiii AJIs1 eKCIIepUMEeHTAJIFHOT0 BU3SHAYEHHS IIapaMeTpiB
ILTiIBKOYTBOPEHHSA HA CTATUYHMX ILIIBKOYTBOPIOBAYAX

II. €. Tpopumenro, M. B. Haiiga, O. B. Xomenko, A. M. Jlimmau

Cymcvruil OepiacasHuil ynigepcumem,
e8ys. Pumcvrozo-Kopcakxosa, 2,
40007 Cymu, Yrpaina

PosriAHyTO MeTOAW Ta NPUCTPOi AJA EeKCIepUMEeHTAJbHOTO BH3HAUEHHS
mapaMeTpiB ILTiBKOYTBOPEHHSA HA CTATHYHUX ILIiBKOYTBOPIOBauax, a caMe,
IPUHIINIIOBI CXeMH! eKCIePUMEHTAJIbHUX YCTAHOBOK (CTEHIiB) AJA IepeBip-
KM ¥ yTOUHEHHS OeAKHX IapaMeTpiB (popMyBaHHS TOHKMHX ILTiBOK. CTeH[
Ne 1 mpusHaueHUIT IJIs HOCJiMKeHb JIOKAJIbHUX BUTPAT PiAUHU Ta IIO3I0B-
JKHIX CKJIaJOBUX IIIBUAKOCTEH NJIiBKU (IIBUAKOCTEI Y3AOBMK Tedil pimmuM).
Crerg Ne 2 — i BUBYEHHS TOBIMUWHU IJIIBKYM, MMOYMHAIOUM BiJl JeKiJIbKOX
HAHOMETPiB, i XapaxkTepy (opMyBaHHsS Ta MepeMillleHHSA IIOBEPXHi ILIiBKH
mo IIiBKOyTBOpIOBauy. Il0 OCHOBHUX IapaMeTpiB IJIIBKOYTBOPEHHS Ha CTa-
TUYHUX ILIiBKOYTBOPIOBAYaX BiJHOCATHLCA: IIWPHHA PO3TiKAHHA ILIiBKH,
TOBIIIMHA IIJIiBKU, B’A3KIiCTh pifmHM, MOBepXHEBUIl HATAT, I'yCTUHA PiAWHMU.
Ona MipAHHA TOBIIWHU ILJIiBKU 3aCTOCOBYBAJaCA €JIeKTPOKOHTAKTHA METO-
na. B’askicTh pobouoi piimHM Mipasaca CTaHJAPTHUMHK KamiJIaApHUMU Bic-
KosuMeTpamu. KoedillieHT mOBepXHEBOTO HATATY IepeBipsaBCA TaKOK MeETO-
JIOI0 MipAHHS BUCOTH HiAHOMYy PigvHM y Kamiaapi Bigmomoro miamerpa. Ileit
cIIoci0 BMMarae AOCTATHLO PETEeJbHOI HMiATOTOBKM KaIlildpa Ta Ja€ BEJUKUHN
poskun (moxmbKy) BUMipIOBaHOI BeanmumHU. ['yCcTHHA HOCHiAKYBaHUX PiamH
MipseTbcs HabOPOM CTaHZAPTHUX apeoMeTpiB. Bucoka edeKTUBHiCTH po6o-
TH ILJIIBKOBUX PO3IMOPOIIYBAUiB CHUJIBHO 3aJIE}KUTh Bijl mepeiveHUX mapame-
TpiB miaiBKu. B mocaimax BHKOPHCTOBYBAJMCSA: AUCTUJILOBAHA Ta TeXHiuHAa
BOJIY, COJOBi PO3UMHM Pi3HOI KOHIIEHTpAIlil, PO3UMHU TJIilepuHYy, OYJbIIA 3
Kpeiu Ta cycneH3ili 3 ZBOOKUCY TUTaHy. g 3MiHM ITOBEPXHEBOTO HATATY
IoJaBajiucs IMOBEPXHEBO-aKTUBHI pevyoBmMHU. PigmHa BuUTikasa Ha pisHi min-
KJIaAUHKMW: 3 HeipKaBiiitHOl KpuIli, 3BUYalHOI KPUIli, CTOHIB ajlioMiHii0, Te-
KCTOoJIiTy, (propomiacty, BiHimIacty # oprckja. EKcmepmMeHTaJ bHiI JOCJi-
MKeHHS MAaloTh He3HAUHY MOXMOKY B IMOPiBHAHI 3 TEOPETUUYHUMU TMOKA3HU-
Kamu. Pe3ynabTaTu JaHUWX MOCTiAKEHb MOYKHA BUKOPUCTOBYBATH [JsS TIPO-
MUCJIOBOT'O IPOEKTYBAHHS PO3IIOPOINYBAaUiB PiaguHM.

Methods and devices for the experimental determination of the parame-
ters of film formation on the static film-forming materials are considered.
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Namely, the schematic diagrams of experimental installations (stands) for
checking and refining some parameters of formation of thin films. Stand
No. 1 is intended for investigation of local liquid-flow rates and longitu-
dinal components of film velocities (velocities along the liquid flow).
Stand No. 2 is for studying the thickness of film, starting from a few na-
nometres, and the nature of formation and movement of film surface
along the film-forming material. The main parameters of film formation
on static film-forming agents include spreading width of film, film thick-
ness, liquid viscosity, surface tension, liquid density. The electrical con-
tact method is used to measure the film thickness. The viscosity of the
working fluid is measured with standard capillary viscometers. The sur-
face tension coefficient is also checked by measuring the height of liquid
rise in a capillary of known diameter. This method requires a rather thor-
ough preparation of the capillary and gives a large scatter (error) of the
measured value. The density of the investigated liquids is measured by a
set of standard hydrometers. The high efficiency of film sprayers strongly
depends on the listed parameters of film. The experiments used distilled
and industrial water, soda solutions of various concentrations, solutions
of glycerine, chalk pulp and titanium dioxide suspensions. Surfactants are
added to change the surface tension. The liquid flowed out onto various
substrates: stainless steel, ordinary steel, aluminium alloys, textolite,
fluoroplastic, vinyl plastic, and plexiglass. Experimental studies have a
slight error in comparison with theoretical indicators. The results of these
studies can be used for industrial design of liquid sprayers, which find
their application in many industries (for heat and mass transfer between
liquid droplets and gas phase in spray drying, absorption, interfacial reac-
tions, cooling of liquids, gas conditioning and other similar processes).

KarouoBi cioBa: mapaMeTpu ILIiBKM PiAWHM, €KCIEPUMEHTAJIbLHUH CTeHI,
IIIBKOYTBOPIOBaU, IIOBEPXHEBUM HATAT, B’ I3KiCTh.

Key words: liquid-film parameters, experimental stand, film formation,
surface tension, viscosity.

(Ompumarno 13 6epesus 2021 p.; nicas doonpayrsanus — 5 keimnsa 2021 p.)

1. BCTYII

Y pani BUPOOHUIITB BUKOPUCTOBYIOTHCA IIJIIBKOBI pPO3HOPOIIyBaYi.
Hdauuit Tun posmnoponryBaua Mae AyKe HMINPOKY cdepy 3acTOCyBaHHS
B XapuoBiil, xemiuHi#l, (papmaleBTUUYHIA Ta iHIMIUX rajgy3dx IIPOMUC-
JIOBOCTU IJIA TEILJIO- Ta MacOOOMiHYy MiK KpamjiAMU DPiUHU Ta raso-
BOIO0 (hazoi0 B IpoIlecax pPO3MOPOIIYBAJbHOI CYIIKM, abcopOIii, mpo-
BeleHHA MiK(pasHUX PeaKI[iifi, OXOJOAKeHHA PiAWH, KOHAUIIOHYBaH-
Hf TasiB Ta B iHIIUX momibHuMX mporiecax [1-6].

Tarkuil IMUPOKUI CIeKTep BUKOPUCTAHHA IJIIBKOBUX DPO3IIOPOIIY-
BayiB BKasye Ha BUCOKY e(EKTHBHICTh POOOTH AAaHOTO HPUCTPOIO.
IIpuniun poboTu OyAb-AKOTO AUCIepraTopa piauHm (Po3mOpOoIITyBayda)
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€ HACTYIIHUM: He3aJIeKHO BiJl KOHCTPYKIIII posIopolilyBaua B HBOTO
HaIXOIUTh CYIiJbHA PiAWHA, a IIiCJd HPOIlecy PO3IIOPOIINEHHS BOHA
3HAXOAUTLCA ByKe y AUCIIEPrOBAHOMY KaIlJIeIoAiOHOMY CTaHi.

Bucoka edeKTHBHICTL POOOTH IIIIBKOBUX PO3MOPOIITYBAYiB CUJIBHO
3aJIeXKUTH BiJ ITapaMeTpiB ILIiBKU, AKa CTiKae 3 KPOMOK PO3IIOPOIITY-
Bauya; a caMe, JO OCHOBHUX IIapaMeTpPiB ILIIBKOYTBOPEHHS HA CTaTHU-
HUX ILJIiBKOYTBOPIOBAYaX BiTHOCATBLCS: IMNPHHA PO3TIiKAHHA MJIIBKU,
TOBII[MHA ILIiBKHK, B’SA3KiCTh piAuMHN, IMOBepPXHEBUI HATAT, T'yCTHUHA
pigmHM.

2. IPUHIIAIIOBI CXEMMU IIJIIBROBHUX PO3IIOPOIIYBAYIB

IIpuHIIUIIOBi CcXeMU eKCHepHMMEeHTAJLHUX YCTAHOBOK (CTeHIiB) misa
nepeBipKM ¥ yTOUYHEHHA HOeAKMX IlapaMeTpiB (opMyBaHHA TOHKUX
ILIiBOK IMOKas3aHo Ha puc. 1, 2.

Creung Ha pPUCYHKY 1 Ipu3HaUeHUH IS JOCTIIMKEHb JOKAJbHUX
BUTpPAT PIiAVHU Ta IO3JOBMKHIX CKJIAJOBUX IIBUAKOCTEN ILIiBKH
(ImBUAKOCTeI B3MOBK Teduii pigmuM).

OCcHOBHUMH eJIeMeHTaMU CcTeHga mo puc. 1 e€: pesepByap — 0Oar 1
mocritimoro piBHa H piguHM, y AHUNIL SAKOTO PO3TAIIOBAHO OxHe abo
KimbKa oTBOpPiB 2 miamerpom d, AKi cIysKaTh OJA BUTIKAHHA PiAWHUT;
IJIACTUHU-ILJIIBKOYTBOPIOBaYi 3 3 PiBHUX MaTepidaiiB, AKi MOXKYTH

Puc. 1. ITpuHIIUIIOBa CXeMa OAHOTO 3i CTEHAIB A MipAHHA JIOKAJIbHUX BU-
TpaT PiAWHYM B IJIIBKaX Ha CTaTUYHUX ILIIBKOyTBOpiOBauax. I — 0ak 3 pi-
OUHOI0; 2 — OTBip HJisd BUTiKaHHA pPigumHN; 3 — CTATUYHUHN MJIiBKOYTBOPIO-
Bau; 4 i 5 — noxanpHUIT Tpo6oBiAGipHEUK i BuMipioBau BuTpaT: pigmHm.!
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Puc. 2. IIpunnunosa cxema CTeHIa AJA KOHTAKTHUX OCJiIKeHb TOBIIUHUI
pigkoi mIiBKM, a TaKOK IOBEPXHEBUX SBUII, IO BiAOYBAIOTHCA YIIPOLOBIK
(bopMyBaHHA Ta PyXy PiAKHUX ILIiBOK Ha IJACKOMY ILTiBKOYTBOPIOBadi.>

BCTAHOBJIOBATHCS MiJ PisHMMU KyTaMu o; mpuiimMau 4 30ipHUKAa JIo-
KajibHOro BuTpatomipa 5. Hakoneunumk mpuiimaua 4 BUKOHAHUII Ta-
KMM YWHOM, IO MPAKTUYHO HEe POOUTH TypOyJIi3alliifiHOro BILJIMBY Ha
JiHil Teuil pigmHM B ILIiBIIi; IIe — OPAMOKYTH:A, 3arocTpeHa Ha BU-
xomi TpyOKa 3i crimkamu ToBIuHOWO y 0,2—0,3 MM.

IMMupuna poaTikaHHA WWIIBKM b MipdeThbcAd MijJiMeTpOBOIO JiHii-
KO0, AKa po3TallloBaHa HAaJ IIJIiBKOIO i MOKe IlepeMilaTuca y3I40BiK
rTeuii. BisyanbHa TOUYHiCTH MipAHL MIBIHIMPUHU ILIIBKU — OJU3BKO
OJTHOTO MiJrimeTpa.

OTtBopu 2 BUKOHAHO TaK, IIT0 MOXKYTbL B IIpolleci MOCTimKeHbL 3aMi-
HIoBaTucsa. HaifiuacTillie BUKOPUCTOBYIOTBCA OTBOPU IisIMETPOM y 8—
10-11-12-14-16-18-20 mm. Ileit Bubip posmipiB oTBOpPiB He € BU-
nagkoBuM. Came Taki posMipu OTBOpiB HaifuacTimie BUTiTHO BUKOPU-
CTOBYBaTH Ta BUKOPUCTOBYIOTHCA B IIPOMMCJIOBOCTL AJIA TOPiBHSAHO
rpy0boro gucnepryBaHHsS piguH.

Ha pucyHKy 2 mpeacTaBieHO OAWH 3i CTEHHAIB AJs BUBUYEHHSA TOB-
UIMHYU ILJIIBKU Ta xXapakTepy (opMyBaHHA i IlepeMillleHHS IIOBEPXHi
IUIIBKY M0 TJIiBKOYTBOPIOBaUY.

Crenpg BKJIOUAE: pe3epByap IOCTiMHOrO pPiBHA pigWHU, B THUIITL
SKOTO mepeadadueHo oAMH ab0 KiJbKa OTBOPIB 2, IO CIYKAaTh AJSA BU-
TiKaHHA PiAMHU Ta IIOYaTKOBOro (hOPMYBaHHA CTPYMeHdA; ILJIaCKUM
3MiHHUH ILTiBKOYTBOPIOBAY 3; €JIEKTPOKOHTAKTHUM HPUCTPIiNl — MiK-
pomeTp 4 3 iHAWKATOPHUM HIPUCTPOEM 5 (MiTiaMIepMmeTrp 3MiHHOTO
cTpymMy abo cHelisiibHA €JeKTPOHHA iHTEr'PyBaJibHA CXeMa 3 OCI[HUJIO-
rpacgom).

Y mochimiKeHHSX 3a Ii€l0 MEeTOAMKOI PiAMHM MalTh OyTu
000B’SIBKOBO €JIEKTPOIPOBIAHUMM; HANPUKJIAJ, Ile — 3BUYANHA BOJA
a00 pO3UMHU PEYOBUH, AKi MAlOTh HOHHY IPOBiJHICTE.
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Crenaum Ha pucyHKax 1, 2 yMOKJIMBJIOIOTL BHBUATH XapaKTepUC-
TUKHU ILIIBKOYTBOPEHHS Ha MJACKiWl HJIAaCTUHIIL AK HOOAWHOKHX IIJi-
BOK, TaK i YMOBHU 3JIUTTS OKPEMUX IIJIiBOK Yy CYILiJIbHY ILIiBKY.

3. EKCIIEPUMEHTAJIbHA YACTHHA

Jna MipAHHS TOBIIMHM ILTIBKM /A 3aCTOCOBYBaJIacs eJEKTPOKOHTaKT-
Ha metoma [1-9] (puc. 2). IlepeminryBana mo BuCOTi MiKpomeTpoMm 4
roJkKka B MOMEHT TOPKaHHS NOBEPXHI PiAVMHM 3aMUKaE eJeKTPUYHUHN
aaHmior. Ilicisa mepeTBOpeHHA CTPYMY MOMKHA BUMIPATH He TiJbKU
CepeqHIO TOBINWHY ILIIBKH, ajle i KOJMBHI Hporecu, sIKi BUHUKAIOTH
Ha IIOBEePXHi INIIBKM Ta CYIPOBOAKYIOTH IJIIBKOYTBOPEHH.

JloKaJpHI BUTpaTH PiAWHM y3AOBXK INHUPUHN IIJiBKM BU3HAYAJIMCS
00’eMHOI0 MeTOZ0I0 3a cxemoio Ha puc. 1. IloriMm obumcaroBaInCca Jo-
KaJIbHi cepegHi MIBUAKOCTI Teuil piamHM Ha OidTAHKAX IJIIiBKKU 3a
CIIiBBiTHOIIIEHHAM

AQ
u=——,
hQAb
Ie AQ — JoKalbHa BUTpaATa PiAMHM Ha OIAAHIN ILTiBKM; Ab — M-
pUHA AiNSHKM, BigmoBimma mimpuui mpoOoBimbipuuka 4; h — TOBIIHU-

Ha IIiBKM Ha JaHil JiaaHIi.

B’askicte pobouoi pimmHmM Mipaiaca cTaHZAPTHUMHU KaNiJIAPHUMUI
Bickosumerpamu, TakuMu, Kk BIIJK-1, nmpusnHaueHuMu® AJIsS BU3HA-
yenHsa Kimematumumoi B’asxkoctu 3rigano 3 I'OCT 33-66. Mipauus
B’SIBKOCTH 34 AOIIOMOTOI0 BiCKO3MMETPiB TAKOro TUNY € HANOiJbII mO-
croBipaumu. OgHAK MeTOAy ¥ amapaTypy OyJo BIOCKOHAJIEHO.

IIpunazm BUKOpPHCTAHOTO THUITY 3aCHOBAaHO Ha BukKopucTtanHi Ilya-
3eiiseBoi opmysu [10-14]

nrt

8L

me V — o6’em pimmHM, 110 IPOTiKae 3a uac ¢ Mo Kamijasapy pangiocom r
i moBxkmHOI0O L mix BnimBoM piskHUI THCKiB P; — P,; | — auHaMiuHaA
B’ABKiCTL pimmHm;.

Ilepenan THCKiB y BCTAHOBJIEHOMY BEPTHUKAJBHO KAIIiJAPi BHCOTOIO
(moB:xkuHOIO) L pmopiBHIOE P, — P, = pgL. JI18 KOHKDETHOIO BiCKO3U-
MeTpa pafiloc, JoB:KMHA Kamijaapa L i o6’em V pigunawmM, 1mo mporikae
yepes Kamninap, nocriimi. Tozxi, mosmaumsIiimu

V=

(R-B)t,

4
nr

- g=0C,,
8Vg k

3HAXOAWMO AMHAMIiUHy Ta KimematmuHy B A3kKocTi: u=C,pt [IIa-c] Ta
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v =_C,t [M?/c].
B ocHOBY BIOCKOHAaJIEHOI METOAMKU MipAHHS MOBEPXHEBOT'O HATATY
nokJameno Jlanascosy dopmyay [10, 11].

1 1

P=c|— + —|.

non

Has chepuunoi 6yabbaIiku, 1110 3HAXOAUTHCA BCepeauHi piauHu,

P =2¢/r,
ne P — nmomarkoBuit (JIamisciB) THCK BcepemuHi IIii BUKPUBJIECHOIO
IOBEePXHEI0 PifnHU, 6 — KoedillieHT IIOBePXHEBOTO HATATY, 'y, I'y —

TOJIOBHI pajgilocy KPUBUHHU y AAHIHA TOUYIi mMOBepXHi (3HAKM iX BuU3HA-
YaloThbCA 3a IPABUJIOM: AKIIO PaAiloc COPAMOBaHUII BCepeauHy OYJb-
0amKy B pPiAMHiI, TO BiH HOSUTUBHUU, iHIIMMU cJIOBaMH, JIdamiasacis
TUCK CTHUCKAa€E PiguHY).

SAKINO CKIAHUN KaIliJAap po3TaIlyBaTH TaK, III00 BiH TOpPKaBCs IIO-
BepXHIi mocaimskyBaHOI pigmHM, i mpoayBaTu uepes HBOTO ras, OyIayThb
yTBOpIOBaTHCS OyJabOAINKMN, THCK B AKMX 3aJIeKUTh Big KoedilieHnra
TIOBEPXHEBOT0 HATATY. SIKINO II0 PiAMHY 3aMiHUTH CTAHZAPTHOIO, KO-
edilieHT TOBEePXHEBOrO HATATY SKOI Bigomwuii, TO AJa Hel

F = 200/1" .

Hia omHoro i Toro K Kaminapa r i r, € piBHUMH. ToMy OJad HUX
TUCK, III0 CTBOPEHUH Pi3HUMHU PiAvHaMU, OB’ A3YETHCA 3aJIEKHICTIO

G:(P/PO)GO’

e 0p— KoediIlieHT TOBEPXHEBOT'0 HATATY BijoMoi pimmHU.

Caig maTu Ha yBasi HacTymHe: PO3Mip yTBOpeHOi OyJanbaliku B 3a-
raJIbHOMY BUNAIKY 3aJIe:KUTH BiJ KoediIllieHTa MOBEPXHEBOTO HATATY
pimmau. Tomy B AKocTi cTaHZapTHOI Tpeba BUKOPUCTOBYBATHU PiAWHY,
KoedillieHT MOBEePXHEBOTO0 HATATY AKOI mo0Ope BimoMuii i He CHJIBHO
BiZIpiBHAETHCA BiJ MOCJiAKyBaHOI.

Jia mipaHHa KoegilieHTa MOBEePXHEBOTO HATATY B IIOCYAUHY 3 Te-
PMETHUUYHOI MTPOOKOI0 3aJMBAEThCA AOCHiAKYyBaHa piguHa. TpyoRy-
KaIiJigp mpoImyIleHo uepes3 NPOOKY B pimmHy. OamH KiHelpb KamijAp-
HOI TPYOKM TOPKAETHCA IOBEPXHi PiAWHU, a APYTUil — BUBEJEHUN Yy
HaBKoJUIIHIO aTMocdepy. IlocyauHy 3’€¢mHAHO 3 MiKPOMaHOMETPOM.
AxKiu1o y BepxHiil yacTUHI MOCyAMHU Ay:Ke IOBIJIBHO CTBOPIOBATU PO3-
pimskeHHd, 110 MipA€eThCA MiKPOMaHOMETPOM, TO Ha KiHUMKY KaIrijsa-
pHOI TpYyOKM yTBOPIOETHCS Ta 3pocTae OyJsnOarka moBitpa. Komu 0y-
Jb0AIIKa 3PUBAETHCA, TOUYNHAETHCA YTBOPEHHA HACTYHHOI i T.1.

Ilicna MipAHHA MaKCUMaJILHOTO TUCKY B IOCYAUHI IJis CTaHAApPT-
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HOI Ta JOCJHiIKyBaHOI PiAMH 3HAXOAATH KOe(iI[iEHT IIOBEePXHEBOTO
HaATATY © JOCHim:KyBaHOl pimmHmM. YacToTa yTBOPeHHA OYJIBOAIIIOK
Mae OyTH HeBeJWKOIO, I[00 BHUKJIIOUNTH BILINB iHEePIiHOCTH MiKpo-
MaHOMeTpa Ta 3a0e3IeUnTH YMOBU YTBOPEHHSA OyILOAIlloOK, AKi mofi-
OHi mo piBHOBakHUX. IIpaKTHUYHO 1A YACTOTA He IMOBUHHA IIEPEBUIIY-
BaTu 1-2 Gyap0aIikyu B XBUJIUHY.

KoedimieHT mOBepXHEBOTO HATATY IIEPEBIipSABCA TAKOMK METOLOI0
MipAHHA BHCOTH IMiAMOMY pPiAMHN B KAaIllIApi Bimomoro miamertpa.
ITeit cmoci6 BuMarae mOCTaTHLO PeTeJbHOI IIiIATOTOBKHU KallijJsgpa Ta
Ia€ BEJIUKUH PO3KUL (TOXMOKM) BUMipIOBAHOI BeJIUUMHU.

I'yetmra pocuimxkyBaHUX pimgmH MipsgeThcsa Ha0OPOM CTaHIAPTHUX
apeomertpiB sriguao 3 I'OCT 1300-57.

Y nocaimax BUKOPMCTOBYBAJIMCS: AUCTUJIBOBAaHA Ta TeXHiUHA BOJIU,
COIOBi PO3UMHM Pi3HOI KOHIIEHTpAIlil, PO3UMHU TJIINEePUHY, IIYJIbIN 3
Kpeuau Ta CyCIIeH3ill 3 JBOOKIUCY THUTaHY.

[na 3MiHM ITOBepPXHEBOT'0 HATATY JOJaBaJilICs MOBEPXHEBO-aKTUBHI
peuoBuHUu. Pinuna BuTikasa Ha pisHi migKJIaAVHKU: 3 HeipskaBiiiHol
KpuIli, 3BUYaifHOI KPUILi, CTOMNIB aJIOMiHil0, TEKCTOJIITYy, (hTOpOILIaC-
Ty, BiHimJacTy # oprckJa.

HaBememo mpukjaj THUIOBUX OOCTIAKeHb 3 (POPMYyBaHHS ILIiBOK
MUTHOI Ta TeXHiYHOI BOJ HA INIAAKUX IiIKJIaIUHKAX.

CmouaTKy OyJIO JOCTiI:KeHO 3arajbHi 3aKOHOMipHOCTI BUTiKaHHS
pizuHM — BuUTpara Ta KoedillieHT BUTpATHU.

Ha pucynxky 3 mpeacTaBjeHO eKCIEPUMEHTAJbLHY 3aJeKHIiCTh
00’emMHOI BuTpaTu @ TexXHiUHOI BOAM BiJ AisAMeTpiB OTBOPiB BUTiKaH-
Ha piguau d Ta mamopy H AJd HJIACKOro ILIiBKOYTBOpPIOBada, BCTAHO-
BJIEHOTO mig KyToM o =45° mo Beptukaini; a =30 MM — Bigganb Bin
MicIisl TOpKaHHA IIIBKOYTBOPIOBaYa A0 IEHTPY OTBOPY IJA BUTIKaH-
HA pimuH (puc. 2).

[1a ameKBaTHOTO KOMILIEKCHOTO PO3B’fA3aHHS PiBHAHL PyXy 3 3a-
BIaHUM HamopoM i KoegimierTom K, 3MiIlIaHHS IIBUAKOCTEH PiawmHMT
Heo0XiJHO TOYHO 3HATU Koe(imieHT BuTpaTu. ToMy 3aBKAM MAaiOTh
OyTu mpoBelleHI MipAHHA peasbHUX Koe(ilieHTiB BUTpaTu Ta, BiAIO-
BilHO, Koe(imieHTiB 3Mimanus.

Pucyuok 4 gae ysABIEHHS IIPO €KCIePUMEHTAJIBbHY IIMUPUHY b pos3-
TiKaHHA PiTKOTO CTPpyMeHdA B 3aJesKHOCTi Bix Hamopy H i mismerpa d
OTBOPY BUTiKaHHS TEXHIiUHOI BOAM AJIA IIJIaCKOTO ILTiBKOyTBOpIOBaua,
BCTAHOBJIEHOTO IIif KyToM o = 45°.

4. BAICHOBOR

IlopiBHIOIOUM pe3yJIbTAaTH OCTAaHHIX T'pa(iKiB 3 TEOPETHUUYHO OmepKa-
HUMU BeJmuumHaMu b, MOKHa IIepeKOHATUCH, IIJ0 BOHU B MeyKax IIO-
x1nbOOK MipAHB 36iratoThcsa 3 TOuHiCTIO A0 5—7%. Ile BKasye Ha Te,
1II0 eKCIIePUMEHTAJbHO OJepsKaHi ImapaMeTpM ILIiBOK 3a pPiSHUX pe-
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@, m*/Tox
1,6
1,2 4
N
0.4 e —
0 T T T
50 100 150 200 250

H, mm

Puc. 3. 3anexxuicts 06’emHOI BuTpatu @ TexHiuHoi Bomu Bim mHamopy H (y
MMm). o =45°. Kpusi 1-8 BigmosizaroTh gisimerpaM OTBOPiB BUTiKaHHA Pigu-
HU, 9Ki MaioTh 3HaueHHa 10-12-14-15-16-17-18-20 m™ Bizmosinuo.?

b, MM

300

250

200

150

100 T T T
50 100 150 200 230

H, mm

Puc. 4. ExkciepuMeHTa IbHA 3aJEKHICTh IMUPUHU b PO3TiKaHHA PifKOI MIiB-
Ku Big Hamopy H Ha IIJTaCKOMY ILIiBKOYTBOPIOBaUi, IO BCTAHOBJIEHWM Iif
KyToMm y 45° mo Beprukaii; a =30 mMm. Kpusi 1-8 BigmosizaroTh mismerpam
OTBOPiB BUTiKaHHA piguHMN, AKi MaroTh 3HavenHs 10-12-14-15-16-17-18-
20 MM Bizmomizmo.*

JKUMIB BUTIKAHHS B MeyKax MMOXMOOK MipsiHb He CylepedyaTh BHCHOB-
KaM 3 PO3B’S3KiB 3aCTOCOBAHUX PiBHSAHL. 3O0KpeMa, 3 PUCYHKY 4 BU-
IHO, 110 3a Hamopy Builne 200 MM IPHUONHAECTLCA HTOMiTHE PO3TiKaH-
Hs BibHOTO cTpyMeHA pigmuu. llelr eKcnepuMeHTANIBbHUN (QaKkT Tpebda
BUKOPHCTOBYBATH IJIA PO3PAXYHKY IIPOMHUCJIOBUX CTATUYHUX ILIiBKO-
YTBOPIOBAUiB, ONTHMAJbHI HAIIOPU PiAWH TUNY BOAU B AKUX He IIepe-
puIyioTs 150—-200 mm.

Agropu BucaormioTh, mogaky MOH VYkpainu 3a ¢imancoBy miar-
puMKy pobGotm (mpoekT «MexaHisMu (OpPMyBaHHA Ta MOJE€JIIOBAHHS
CTPYKTYPHOI'O CTaHY ILTiBOK TYTOILJIABKUX CIOJIYK C IIPOTHO30BAaHUMU
MeXaHIiuHUMH XapaKTepucTukamMu», peectp. Ne 0122U000776).
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! Fig. 1. Schematic diagram of one of the stands for measuring local fluid flow in films on
static film formers. 1—tank with liquid; 2—hole for fluid leakage; 3—static film former; 4
and 5—1local sampler and liquid flow meter.

2 Fig. 2. Schematic diagram of the stand for contact studies of the thickness of the liquid
film as well as surface phenomena, which occur during the formation and movement of liquid
films on a flat film former.

3 Fig. 3. The dependence of the volume flow @ of technical water on the pressure head H (in
mm). o =45°. Curves -8 are corresponding to the diameters of the fluid outlets, which have
values of 10-12-14-15-16—-17-18-20 mm, respectively.

4 Fig. 4. Experimental dependence of the width b of the liquid film on the pressure head H on
a flat film former, set at an angle of 45° to the vertical; a =30 mm. Curves -8 are corre-
sponding to the diameters of the fluid outlets, which have values of 10-12-14-15-16-17—
18-20 mm, respectively.
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Surface Morphology of Y,05:Eu Thin Films at Different Activator
Concentrations
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Atomic force microscopy is used to study the surface morphology of thin
Y,0;:Eu films obtained by the radio-frequency ion-plasma sputtering with
an activator concentration of 1.0, 2.5, and 5 mol.%. Based on the analysis
of the obtained results, an almost linear dependence of the sizes of surface
structures on the value of the activator concentration and a superlinear
increase in both the root-mean-square surface roughness and the average
distance between grains are revealed. The obtained results are discussed.

MeTogo10 aToMHO-cua0BOI MiKpockormii (ACM) mociimxkeHo Mop@osoritoo mo-
BepxHi TOHKUX miIiBok Y,0;:Eu, omep:kaHWX MeETOLOI BUCOKOYACTOTHOTO
(BY) iioHHO-IJIa3MOBOTO PO3MOPOIINEHHSA, 3 KOHIEHTpPAIli€el0 aKTuBaTopa y
1,0, 2,5 ta 5 mox.% . Ha ocHOBi amasisu omep:KaHmX pPe3yJabTATiB BCTAHOB-
JIEHO MIPaKTUYHO JiHifIHYy 3ajIe’KHIiCTh PO3MipiB IMOBEPXHEBUX CTPYKTYD Bif
BEeJIMUYMHU KOHIIEHTpAIlil akTMBaTOopa Ta HaJAJIiHiliHe 3POCTAHHS CEPEeIHBOK-
BaApPaATHUYHOI IMIEPCTKOCTM IOBEPXHi Ta cepedHbol Bimmami ik sepHamwu.
IIpoBemeHo O0OTOBOPEHHS OJEePyKaHUX Pe3yJbTATiB.

Key words: yttrium oxide, activator, thin films, nanocrystallites.

Karouosi ciroBa: okcun Itpito, akTuBaTOp, TOHKI IJIiBKM, HAHOKPUCTAIITH.
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1. INTRODUCTION

Today, the wide interest of researchers in the study of metal-oxide
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films is due to the prospects for their practical application in in-
strument engineering, optoelectronics, and information display de-
vices.

Among thin films, considerable attention is paid to the study of
thin Y,0; films activated by rare earth ions (REIs). In this regard,
Y,0;:Eu*, a highly efficient phosphor emitting in the red region of
the optical spectrum, is the most widely studied [1-3]. Due to the
linear dependence of the glow brightness on the current density and
excitation energy, the Y,O;:Eu phosphor is widely used as a red
component of projection televisions, in the creation of flat vacuum
fluorescent displays (VFDs) and field emission displays (FEDs) [4—
6].

An analysis of the dimensional, morphological, and structural
characteristics of thin Y,0; films indicates that they are largely de-
termined by the methods and conditions of preparation and subse-
quent technological methods [7—9]. This one determines the study
of the surface morphology of thin Y,0;:Eu films obtained by RF
ion-plasma sputtering, which is considered optimal for the prepara-
tion of the semiconductor and dielectric films [10].

Fig. 1. AFM image of sections of the Y,0;:Eu film in the topography mode
at activator concentration of 1.0 mol.% (a), 2.5 mol.% (), and 5 mol.% (c).
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2. EXPERIMENTAL TECHNIQUE

We studied thin Y,0;:Eu®" films with a thickness of 0.2—1.0 um ob-
tained by RF ion-plasma sputtering on fused quartz v-SiO, sub-
strates. RF sputtering was carried out in an argon atmosphere in a
system using the magnetic field of external solenoids for compres-
sion and additional ionization of the plasma column. The feedstock
was Y,0; ‘UtO-N’ brand and Eu,0; ‘oc.u.” brand. The activator con-
centration was of 1, 2.5, and 5 mol.% . After the films were depos-
ited, they were heat-treated in air at a temperature of 950—1000°C.

The structure and phase composition of the obtained films were
studied by x-ray diffraction analysis (Shimadzu XDR-600). X-ray
diffraction studies showed the presence of a polycrystalline struc-
ture with a predominant orientation in the (222) plane. The shape
of the obtained diffraction patterns is practically similar to the dif-
fraction patterns of pure Y,O; films, which we presented in [11].
All diffraction maxima are identified according to the selection
rules and belong to the space group Th7 = Ij’ that indicates the cubic
structure of the obtained films.

The surface morphology of thin films was studied using a ‘Solver
P47 PRO’ atomic force microscope (AFM). The ‘Image Analysis 2’
software package was used to calculate the surface morphology pa-
rameters. The topography of the samples was quantitatively charac-
terized by the root-mean-square roughness R, determined from AFM
data for areas of the same size (2000x2000 nm). The same scans
were used to analyse grain sizes and their surface concentration.

3. RESULTS AND DISCUSSION

Characteristic micrographs of the surface of Y,05:Eu films with dif-
ferent activator concentrations are shown in Fig. 1.The characteris-
tic parameters of these thin Y,0;:Eu films are given in Table. As
can be seen from the results obtained, the concentration of the acti-
vator has a significant effect on the size of crystalline grains and

TABLE. Surface morphology parameters of thin Y,0;:Eu films.

Activator (Eu®) concentration

P t
arameter 1.0 mol.% | 2.5 mol.% |5.0 mol.%
The average grain diameter d, nm 15.7 63.1 196.0
Mean square roughness R, nm 0.7 5.7 34.1

The average distance between
grains D, nm

Grain concentration N, um2 65 35 13

29 84 257
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the surface roughness of films.

The results obtained show that, with an increase in the concen-
tration of the Eu®' activator in thin Y,0, films, a superlinear in-
crease in the root-mean-square (RMS) roughness of film surface is
observed (Fig. 2).

According to [12], the value of R, may depend on the size of the
scanning area. However, in our case, the root-mean-square rough-
ness is much smaller than the linear size of the scanning zone
(2000x2000 nm), and, therefore, according to [13], the value of R,
saturates, and it practically does not change.

With an increase in the activator concentration in thin Y,0;:Eu
films, the sizes of crystalline grains, which form the film, increase,
while their surface concentration (the number of grains on the sur-

n, mol.%

Fig. 2. RMS surface roughness of thin Y,0;:Eu films as a function of acti-
vator concentration.

250 -
200+
150

100+

d, D, nm

S0t

0

n, mol.%

Fig. 3. Average grain size (I), average distance between grains (2), and
surface concentration of grains (3) depending on the activator concentra-
tion in thin Y,0,;:Eu films.
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face per unit area) decreases (Fig. 3). In this case, within the stud-
ied concentration range, the sizes of crystalline grains increase al-
most linearly with an increase in the concentration of the activator.

Based on the results of [14], to calculate the average distance D
between grains on a flat surface, we use the relation

D=0.5N"?, (1)

where N is the concentration of grains.

As can be seen from Fig. 3, as the grain concentration decreases,
the value of D increases. In this case, the average distance between
grains always exceeds their size. According to Fig. 3, the growth of
D in a given range of activator concentrations is characterized by a
linear dependence.

A fairly rapid decrease in the grain concentration N and, simul-
taneously, a rapid increase in grain size indicate the presence of
certain processes caused by an increase in the concentration of the
activator. Among them, the most probable ones are the transition of
the surface into a nanostructured state (recrystallization and crys-
tallization of the surface layer) and the simultaneous removal of
small globules located between large grains.

4. CONCLUSIONS

It has been established that, during RF ion-plasma sputtering of
thin Y,05:Eu films with an activator concentration in the range of
1.0-5.0 mol.%, polycrystalline films consisting of nanometre grains
are formed. AFM studies of the surface morphology of films ob-
tained by the AFM method revealed an almost linear dependence of
the sizes of surface structures on the concentration of the activator
in the studied concentration range. At the same time, a superlinear
increase in both the root-mean-square surface roughness and the
average distance between grains is observed with increasing concen-
tration of the activator.
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HaHopo3MipHi CTPYKTypH JeTOHALIHHNX MeTaJOKepPaMiuYHUX
nokpurriB cucremu Ni—Cr—Fe—B—Si

O. M. Bepguikosa, FO. M. Tiopin, O. B. Koxicuiuenko,
0. C. Kymuraprosa, €. B. Ilonosenpkuii, €. II. Titkos, JI. T. Epemeena

ITnecmumym enexmpossaproganns im. €. O. Ilamona HAH Ykpainu,
syn. Kasumupa Manesuua, 11,
03150 Kuis, Ykpaina

Kommosurritini mMeTrasoxepaMiuHi MOKPUTTA HIMPOKO BUKOPUCTOBYIOTHCS IJIA
MiABUINEHHA HATiHHOCTH Ta JOBTOBiYHOCTH BUPOOGiB, €KCILIyaTallifiHi Xapak-
TEPUCTUKYN SAKUX BUB3HAYAIOTHCA BJIACTHUBOCTAMH iXHIX poOOUYMX ITOBEPXOHB i
YMOKJIMBJIIOIOTh BUKOPUCTOBYBATH iX AJIs POOOTH B €KCTPEMAaJbLHUX yMOBaX
(BHCOKi TemmepaTypa Ta THUCK, iHTEHCUBHUU 3HOC, 3HAKO3MIiHHI HaBaHTaKeH-
Ha Toino). IlepcneKTUBHMM CIOCOOOM IIiABUINEHHS EKCIJIyaTalliiHMX BJac-
THUBOCTeI i HOBroBiuHOCTM BUPOOIB € HAHECEHHS Ha IXHi IOBepXHi (PYHKIiO-
HAJbHUX IIOKPHUTTIB METOM0I0 0araToOKaMepHOTO AEeTOHAI[IfHOTO HAaIIOPOIIeH-
HdA, TEXHOJIOTiI0 1 00JafHAHHA IJIA AKOTO Po3pobJieHO B IHCTUTYTI eIeKTpOos-
BapoBanua im. €. O. ITaroma HAH Vkpainm. XapaxkTepHOIO OCOOJHBiCTIO
CTPYKTYPH, 1110 (POPMYETHCA IPU BUCOKOMIBUAKICHUX PEKMMAX IETOHAIIiAHO-
ro HANOPOIIIEHHSA Ha pisHi Marepianu (Kpuisda, Migb, adloMiHiill, TUTaH) KOM-
TMO3UIIMHUX MOKPUTTIB pisHmx cucrem (Al,0,—Al/Ti, ZrSi0,, WC-Co—Cr,
Cr;C,—NiCr, Cr;C,—~TaC—NiCr) e¢ nagBHicTh (parMeHTOBaHOI CYOCTPYKTYypH
Ta HAHOUYACTHMHOK 3MIiITHIOBAJIBHUX (has. YTBOPEHHA HAHOCTPYKTYPHOT'O CTAHY
CIIPUSE IIiABUINEHHIO MiITHOCTU, B’ A3KOCTH PYHHYBAHHSA Ta TPiI[MHOCTiHKOC-
TN Takux NOKPUTTiB. IlommpeHMM HanmpsAMOM B3aCTOCYBaHHSA AeTOHAIifHOI
METOAY Ofep:KaHHA (PYHKI[IOHAJHLHUX MOKPUTTIB € HAIOPOIIEHHSA CTOIIB Ha
ocuoBi cuctemu Ni—Cr aasa migBUINEHHS CTiHKOCTU IPOTU 3HOCY BHUPOOiB, IO
IIPAIIOIOTh B YMOBaX BUCOKUX TEMIIEPATYP i XeMiuHO aKTUBHUX CEPEJOBUIIIL.
MeToi0 poOOTU € BCTAHOBJECHHS 3aKOHOMipHOCTell (OpMYyBaHHSA CTPYKTYPHO-
(pa3oBOro CKJALy Ta MOTr0 BILIMBY HA MIIIHIiCTHL i TPIMIMHOCTIHKIiCTHL meTOHAa-
mifiHux MeTasjoKepaMmiuHux mnoKputtiB cucremu Ni—Cr—Fe—-B-Si. ocui-
IKEeHHSA CTPYKTYPHO-(a30BOTO CTAHy ITOKPUTTIB ITPOBOAUJIN i3 3aCTOCYBAaH-
HAM METOIWYHOIO IMiJXO0Ay, II[0 BKJIOYAE CBITJIOBY, CKAHYBAJLHY Ta TPAHCMi-
CciliHy eJIeKTPOHHI MiKpOCKOIii, peHTI'eHOCTPYKTYpPHY (hasoBy aHamnizy. Buxi-
OHUUA TOPOIIOK CKJIAZAETLCS 3 TBEPAOTO PO3UMHY HA OCHOBI HIiKJIIO Ta XpOMY,
110 MicTUTL OOpUIHi, cuainmuaHi Ta KapbigHi (dasu B uMcTOMy BUIVIALL, a Ta-
KOJK iHTepMeTaJifyu Ta KapOOOOPHUAUM B HEBEJUKUX KiJIBKOCTAX. SHAUHUX Bi-
IMiHHOCTEM (Da30BOTO CKJIAAY MiK IMOKPUTTAMM, HAIOPOIIIEHMMHN Ha PiSHUX
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pexmMax, He BUABJIEHO. BUABIEHO HaABHICTH ()a3 TBEPAOTO PO3UYMHY HA OC-
HOBi Ni—Cr, 60puaiB HiKJIO Ta XpOMYy, B HEBeJUKiil KiJIbKOCTI cuiainuay Hik-
JI0 Ta Kapbimy xpomy. BcramoBiieHO, IO 30iJbIIIeHHS TEIJIOBKJANAEHHS Ta
dpaxiii mopoirky s3abesneuye (GpopMyBaHHS HAMOIJBIIIOr0 3a TOBIIMHOIO ITOK-
PUTTA 3 MaKCUMAaJLHOIO YaCTKOIO JiAMeJsel i3 36iIbIITeHHAM MiKpPOTBEPAOCTHU
Ta 3 MiHiMaJIbHOIO OPUCTiCTIO, (DOPMYBaHHS AUCIIEPCHOI 3a poaMipamu cy0-
CTPYKTYPHU i3 PiBHOMiIpHUM pPO3IIOIiJIOM HAHOUACTHMHOK (a3 i O6esrpamieHTHUM
piBHeM TycTUHU AUCIOKaIliii. 3’AcOBaHO B3a€MO3B’A30K CTPYKTYPH 3 BJIACTH-
BOCTSIMM MIITHOCTH, PiBHEM JIOKAJbHUX BHYTPIIIHIX HAIpPY:KeHb i JOKaJi3o-
BaHOl nmedopmarii, 1mo GOpMyIOThCA y IOKPUTTAX. BcTaHoBJIE€HO, IO BUCO-
KM piBeHb MIITHOCTM Ta TPII[MHOCTINKICTh HMOKPUTTIB 3a0€3MeUyIOThLCS 3a
PaxyHOK ApiOHO3epHMCTOI 3epeHHOol Ta cyO03epeHHOlI CTPYKTYP 3a PiBHOMIipHO-
ro pos3mojisy 3MminHOBaJIbHUX (a3 i auciokariiaol ryctuau. IlokasaHo, 110
BMCOKi IIMBUIKOCTI MJETOHAIIiMHOTO HAIOPOIIEHHSA 3YMOBJIOIOThH YTBOPEHHS
HAHOCTPYKTYPHOTO CTaHy Yy IOKPUTTAX, IO IIiABUINYE iXHIO MIIHiCTBH i Tpi-
IMUHOCTi#KicTh. PopMyBaHHA CYOCTPYKTYPHM Ta HAaHOYACTUHOK (a3 3 piBHO-
MipHHMM POBIIOAiIOM IX y MATPHUIlL HOKPUTTIB CIIPUAE IMiABUIIEHHIO CYOCTPYK-
TYpHOrO Ta JAuclepciiinoro sminueHHsa. BesdrpafieHTHUN pPO3NOAIN I'yCTHUHU
OUCJIOKAIlill i3 (hopMyBaHHAM IOAPiOHEHOI CTPYKTypH 3amobirae yTBOPEHHIO
KOHIIEHTPATOPiB JOKAJBLHUX BHYTPIIIHIX HAIpPy:KeHb i 30H JoKajisallii me-
dopmMmarrii B ofiep:KaHUX IMOKPUTTX.

Metal—ceramic composite coatings are widely used to improve the reliabil-
ity and durability of the products, whose operational properties are de-
termined by the properties of their working surfaces. It allows using them
in extreme conditions like high temperature and pressure, intensive wear,
alternating loads, etc. A promising way to improve the performance prop-
erties and durability of products is the application of functional coatings
on their surface by multichamber detonation spraying, technology and
equipment for which were developed at the Paton Electric Welding Insti-
tute of the N.A.S. of Ukraine. A characteristic feature of the structure
formed by high-speed modes of detonation spraying of various materials
(AL,0,—-Al/Ti, ZrSiO,, WC-Co—Cr, Cr;C,~-NiCr, Cr;C,—TaC—-NiCr) on vari-
ous substrates (steel, copper, aluminium, titanium) is the presence of the
fragmented substructure and nanoparticles of hardening phases. The for-
mation of the nanostructures increases strength, toughness and fracture
toughness of coatings. One of the areas of application of the multichamber
detonation technique is spraying of the alloys based on the Ni—Cr system
to increase the wear resistance of products operating in high temperatures
and chemically active environments. The goal of this work is to establish
the patterns of formation of the structural-phase composition of detona-
tion metal-ceramic coatings of the Ni—-Cr—-Fe—-B-Si system and its influ-
ence on the strength and crack resistance. Studies of the coatings are per-
formed using a methodological approach that includes light, scanning and
transmission electron microscopies and x-ray diffraction phase analysis.
The sprayed powder consists of a solid solution based on nickel and chro-
mium containing the boride, silicide and carbide phases in pure form, as
well as intermetallides and carboborides in small quantities. Significant
differences in phase composition between coatings sprayed on different
modes are not detected. The presence of solid solution phases based on
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Ni—Cr, nickel and chromium borides, as well as small amounts of nickel
silicide and chromium carbide is revealed. As established, the increase in
heat input and powder size provides the formation of the largest coating
thickness with the maximum proportion of lamellae with increasing mi-
crohardness and minimum porosity, formation of dispersed substructure
with uniform distribution of phase nanoparticles and gradient-free dislo-
cation density. The correlation between the structure and properties of
strength, level of local inner stress and localized deformation formed in
the coatings is established. A high level of strength and crack resistance
of coatings are provided by the fine-grained grain and subgrain structures
with uniform distribution of reinforcing phases and dislocation density. It
is shown that high speeds of detonation spraying cause the formation of a
nanostructured state in coatings, which increases their strength and crack
resistance. The formation of the substructure and nanoparticles of the
phases with their uniform distribution in the matrix of coatings contrib-
utes to the increase of substructural and dispersion hardening. The gradi-
ent-free distribution of dislocation densities during the formation of the
dispersed structure prevents the formation of concentrators of local inter-
nal stress and zones of deformation localization in the coatings.

KarouoBi croBa: MeTajoKepaMiuHi IOKPHUTTA, AeToHAIliliHe HAIIOPOIIEHHS,
MiKpPOCTPYKTYypa, HAaHOUYACTUHKM (as, I'ycTHHA AUCIOKAIIil, MiIlHiCcTh, Tpi-
IIMTHOCTiHKiCTh.

Key words: metal-ceramic coatings, detonation spraying, microstructure,
phase nanoparticles, dislocation density, strength, crack resistance.

(Ompumano 8 keimusa 2021 p.; nicas doonpauwseanus — 16 keimus 2021 p.)

1. BCTYII

AKTyanbHUM 3aBIaHHAM CYYacHOI IPOMUCJIOBOCTU € MiABUINEHHA HAa-
OifiHOCTH Ta AOBroBiuHOCTH BHPOOiB, eKCIJIyaTallifiHi XapaKTepuCTH-
KM SKUX BM3HAYAIOTHCA BJIACTHUBOCTAMU IXHIX POOOUMX HOBEPXOHB i
YMOKJIUBJIOIOTh BUKOPUCTAHHA 11X s POOOTM B €EKCTpeMabHUX
yMoBax (BHUCOKi TeMmIiepaTypa Ta THUCK, iHTEHCUBHHU 3HOC TEpPTAM,
3HAKO3MiHHI HaBaHTaKeHHs Toilo). OZHUM 3 HANNOIMPEHIMUX i me-
PCIEeKTUBHUX CIOCOOIB HiABUINMEHHSA eKCILIyaTaliiHMX BJIACTHUBOCTEL
i moBrosiuHoCTH BUPOOIB € HaHeCEHHs Ha iXHi mMoBepxHi GyHKIIioHA-
JpHUX TOKpuUTTiB [1-6]. Haiibinbpim mepesoBMMM Ta AUHAMIUHO PO3-
BUBAaHUMU TEeXHOJIOTiAMU BBaYKAIOTHCA METOAU BUCOKOIIBUIKICHOTO
ra3omnoJIyMeHeBOTO HAIIOPOIIIEeHH A, IIJIa3MOBOTO HAIOPOIIIEHHS IIOK-
puTTiB, a TaKo:K JasepHi Ta ribpmaHi TexHosorii [7-11]. 3aBgaxu
IysKe BUCOKIM dAKOCTi OJep)KyBaHUX IOKPUTTIB i IPOAYKTUBHOCTI
IIpOIleciB BOHM B DALl BUIIQAKIB BUTICHUJIM iHIII IOIMIMPEHi TeXHOJIO-
rii HaHeceHHA MOKPUTTIB. AJbTEPHATUBOIO JAHUM METOJaM € MeTona
faraToKkaMepHOI'0 JeTOHAI[IHOT0 HAIOPOIIeHHs, TeXHOJIOTilo i o0Ja-
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THAHHA IJIA AKOTOo 0yJIo po3pobseHO B IHCTUTYTI eleKTpO3BapiOBaHHA
im. €. O. ITatoma HAH VYkpaium [12, 13].

MeTtogoio 6araTokaMepHOr0 AETOHAI[IMHOTO HAIIOPOIIIeHHSA Ha PisHi
Marepianau (Kpund, Migb, adoMimiii, Turam) OyJgo omep:KaHO IiJImii
pAn xommosauritinux mokputtiBe (Al,0;—Al/Ti, ZrSiO,, WC—-Co—Cr,
Cr;C,—NiCr, Cr;C,—TaC—NiCr) [14-16]. HocrimKeHHAMU OAep:KaHUX
MMOKPUTTIB OyJI0 BCTAHOBJIEHO BILJIMB TEXHOJOTIUHUX PEKUMIB HAIO-
POIIIeHHS Ha CTPYKTYPHO-(as30Bi 3MiHU y IIOBEpXHAX, AKUX 00pob.Ie-
HO. 3a pPi3sHMX peXuMiB O0pOOJEeHHsS y IIOBepXHEBUX IIapax O0yJo
BCTAHOBJIEHO 3MiHM: MiKpPOTBEPAOCTU, 00 €MHOI dYacTKH (Pa3s0BOTO
CKJany, PO3MipiB mucmepcHuUX (as, 3epeHHOI Ta cyO3epeHHOI CTPYK-
TYyp, XapakTepy POSIONiJy TYCTHHM IHCJIOKaIlliii. 3’scoBamo, IO 3a
BiITIOBiAHOI 3MiHM pEXKUMIB JMETOHAI[IMTHOTO HAIIOPOIIIEHHS 3MiHIOETH-
cdA CIIiBBiIHOIIEHHA MiKpOTBEpPAOCTH, 00’€MHOI YacTKU 0P, (hba30BOTO
CKJIay, PO3MOAIIY AMCIIepCHUX (as, 3epeHHOoi, cyO3epeHHOl I AUCJIO-
KallifHoI CTPYKTYyp Ta iH. BcTaHoOBIEHO B3a€MO3B’A30K CTPYKTYPHU 3
MeXaHiYHUMH BJIACTUBOCTAMM IIMX IIOKPHUTTIB, pPiBHEM JOKAJbLHUX
BHYTPIIIHIX HaNpyKeHb i JoKajlizoBaHoi nedopmarrii, mo GpopmMyioTh-
cda. BcraHOBIeHO, IITO0O BUCOKUUM pPiBeHb MEXaHiIUYHWX BJIACTUBOCTEH i
TPINIMHOCTIAKICT, HOBUX HMOKPUTTIB 3a0€3MEUYIOThCA 34 PAXYHOK OII-
TUMAaJILHOTO CTPYKTYPHO-(ha30BOTO CKJIAAY: APiOHO3epHUCTOI 3epeHHOI
Ta Ccy03epeHHOI CTPYKTYpP 3a PiBHOMIPHOTO POBIOAIIY 3MiIlHIOBAJIb-
HUX (a3 i guecaorariitnol rycturau. IligBuieHHI0 TPinMHOCTIAKOCTH
MOKPUTTIB COPUAE BiICYTHICTH IIPOTAXKHUX CTPYKTYPHUX 30H ITUCJIIO-
KaIllilHUX CKYNUYeHb-KOHIEHTPATOPiB JIOKAJbHUX BHYTPIIIHiX Ha-
Ipy:KeHb. AHATITUYHNMH OI[iHKaMHU BCTAHOBJIEHO BHECOK BCiX CTPYK-
TYpHUX IapaMeTpiB y 3MiHYy MIiITHOCTM Ta TPiIlMHOCTiMIKOCTU HOCJIi-
MLKyBaHUX MOKPUTTIB. IlokasaHo, 1110 HaMOiIbININMIT BHECOK B iHTerpa-
JbHE 3MIiITHEHHS MOKPUTTIB BHOCATH: AUWCIIEPCHI YacTMHKU (ha30BUX
BUiNEeHb (Aucmepciiine sminmHeHHA 3a OpoBaHOM) Y MATPUIlL IMOKPUT-
TiB, )OpMyBaHHA CYOCTPYKTypu (cyO3epeHHe 3MiIlHEHHs) 3a PiBHOMI-
PHOTO PO3MOAiNy I'YCTUHU MHCJIOKAIill (quciaoKalliiine sMillHeHHS).

XapaKTepHOIO OCOOJUBICTIO CTPYKTYpPHU, IMO (OPMYETHCA IIPU BU-
COKOIIBUIKICHUX PpeKuMax IeTOHAIITHOTO HAaIlIOPOIIEeHH:, € 3HadyHe
MoApiOHEeHHSI CTPYKTYPHUX CKJIAJOBUX, HAABHICTH (PparMeHTOBaHOI
cyoctpykTypu poamipom y 80—300 um. CTpyKTypa IMOKPUTTIB Xapak-
TEPU3YETHCA HASBHICTIO HAHOUYACTUHOK 3MiIHIOBAJIbHUX (has. Posmip
HAHOYAaCTUHOK (ha3, PiBHOMIpHO pO3HOAiJIEHWUX II0 BCBOMY 00’€My
CTPyKTypu, cramoBuTh 10—100 EM. YTBOpPeHHS HAHOCTPYKTYPHOTO
CTaHy Y TaKHX MOKPUTTAX CIPHUAE IMiABUINEHHIO MiIITHOCTH, B’ I3KOCTHU
py#HyBaHHA Ta TpimuHOCTifiKocTu [14, 15, 17].

IlompenuM HAIPSAMOM 3aCTOCYBaHHSA AETOHAIilTHOI MeTomu omep-
JKaHHA (PYHKITIOHAJIBHUX MOKPUTTIB € HAIOPOIIEHHS CTOIIB HAa OCHOBIi
cuctemu Ni—Cr nias migBUINEeHHSA CTIHKOCTU IIPOTU 3HOCY BUPOOiB, IO
OpaIioioTh B YMOBAaX BHCOKUX TEeMIIEPATYP i XeMiuHO aKTUBHUX cepe-
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nmoBuir. Taki cTomu MaroTh BUCOKI MiITHICTh i KOpO3iliHy cTifikicTh 3a
PaxyHOK BMicTy 3HauHOI KiJgbkKocTu Xpomy, a HasgBHicTe Bopy, Cuii-
miro Ta KapboHy OpMBOAUTL A0 YTBOPEeHHS (hpas3s0oBUX CKJIAJOBUX 3 PiB-
HeM TBEPJOCTH, II0 3a0e3leuye BUCOKi IIOKA3HMKU 3HOCOCTiHKOCTH Ta-
Kux mokpurTiB [18]. OmHak Ha mTaHWA MOMEHT HEJOCTATHLO MTOCTOBip-
HOI I ogHO3HAUHOI iH(opMaIllili Tpo BIJIMB PiBHUX TEXHOJOTIUHUX IIa-
paMeTpiB Ha CTPYKTYPHO-(pa30BHII CTAH HAIOPOIIEHWX TaKUM UYMHOM
OOKpuTTiB. MeToo maHoi poboTu OyJia OIiHKA BILIMBY IIapaMeTPiB Te-
XHOJIOTIUHMX PEKUMIB AeTOHAIIiAHOTO HATOPOIIEHHS Ha CTPYKTYPHO-
(pazoBUil CKJIAJ HOKPUTTIB 3 IIOPOIIKY caMO(pIIOCYBaJbHOIO HiKJIEBOI'O
cronry cucteMu Ni—Cr—Fe—B—Si. MeToio po6oTu € TaK0:K BCTAHOBJIEHHS
3aKOHOMipHOCTEeH (hOPMYBaHHSA CTPYKTYPHO-(a30BOTO CKJIAAY Ta MOro
BILIMBY HA MIITHIiCTh i TPIMIMHOCTIAKICTDL AETOHAIIIMHMX MeTaJIOKepaMi-
yHnX TOKPUTTiB cuctemu Ni—Cr—Fe—B—Si.

2. MATEPIAJIA 1 METOJIUKHA
2.1. Marepiaau gociaigxeHb

[ HamopoIlleHHsS IIOKPUTTIB 3aCTOCOBYBAJM PO3IOPOIINEHUI IIOPO-
mok cucremu Ni—Cr—Fe—B-Si (TY 48-4206-156-82) macTymHOro Xe-
miunoro ckaany (% ): Ni — ocuosa, 10-14 Cr, 5-7Fe, 2,0-2,3 B, 2,0—
3,2 Si, 0,5 C. 3oBHimnIHi#l BUrIAL MOPOIIKY HaBeleHO Ha puc. 1, a.

2.2. TexHnoJorisa

IToBepxHi 3pa3KiB momepemHbO HigmaBaJ U MiCKOCTPYMUHHOMY 00POO-
JIEHHIO 3 MEeTOI0 BUJAJIEHHS OKCUJHOI IIIBKM, PO3BUTKY IIOBEPXHi Ta,
BiITIOBiAHO, TOJIINIITIEHHA aATe3iifHOI MilTHOCTM TMOKPUTTSA. PiBeHB Te-
IIJIOBKJaJeHHA mpu HamoporneHHi (pexkumu [-III) saminioBaBca 3a pa-
XYHOK BapiloBaHHA HACTYIIHUX TEeXHOJIOTIiUHMX IlapaMeTpiB: CIiBBix-
HOINIEHHA JOBXKUHA/IisMmerep cTBosia rapmatu (I/d, Mm) i poamipis
4acTUHOK (dy,, MKM) BHMKOPHCTOBYBAHOIO IOPOIIKY. I pexmm:
l/d=3800/16 mm, d,, <40 mxm; II pexum: [/d=330/20 mm, d,, <40
meM; III pesxum: [/d =330/20 mm, d, < 40—63 MKM.

2.2. MeTOOMKHU eKCIIEePUMEHTY

HocaimKeHHA CTPYKTYPHO-(A30BOTO CTAHY IIOKPUTTIB IIPOBOAWIN i3
3aCTOCYBaHHAM METOIMYHOTO MiAXO0Ay, IO BKJIIOYAE CBITJIOBY (MiKpo-
ckortz Versamet-2 i Neophot-32), ckanyBanbHy (Mikpockon SEM-515
dipmu «Philips», Higepsiaugm) ta TpaucMmiciiiHy eqeKTpoHHI MiKpoc-
komii (mikpockon JEM-200CX ¢ipmu «JEOL» iz mpuIiniBuaIIyBaJb-
Hoio Hampyroioo y 200 kB, fmnoHisa), peHTI'eHOCTPYKTYPHY (a30By
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Puc. 1. 3oBHimuit Buraang mopomkKy (a, x1010) i xapakTepHa MiKpPOCTPYK-
Typa HOKPHUTTIB, AKUX OAEPKAHO 3a Pi3HUX peKUMiB: 6 — pexum [; 8 —
pexxum II; 2 — pesxcum IIT (x800).!

anamnizy (JPOH-YM1 y wmomoxpomaruunomy CukK,-BumpomiHeHHi),
MeTOoAU KiJbKicHOI merasorpadil s BusHAUEHHS HapaMeTpPiB CTPY-
KTypH, KiJIbKicHi MeTOnM BM3HAYEHHS T'YCTHHN AWCJIOKAIIN Ta OIiH-
KN PO3Mipy AMCIEPCHUX (a3, MeTOAM OIIHKN PO3MOLIIY XeMiuHmX
eJeMeHTiB i cTaTucTuHOI 00pPOOKM pesyabTaTiB. B pesyabTaTi mpose-
IeHoi poboTu OyJI0 Oep:KaHO eKCIepHMMEHTAJNbHI JaHi IPo CTPYKTYp-
HO-(ha30BUM CcTaH IMOKPUTTIB, HAIIOPOIIIEHNX 34 Pi3HUX PEIKUMIiB.

ey

3. PESYJIBTATHU U OBI'OBOPEHHA
3.1. CTpykTypHO-(ha30BHil CKIAT MOKPUTTIB

Ax Bimomo [4, 17], AKicTh MeTaTiYHUX MOKPUTTIB THUM JIIIIE, YUM
HUKYe B HUX BMICT HEPO3TOILJIEHMX YACTUHOK i BuIe o06’eMHAa UacT-
Ka Jameseli, chOpMOBAaHUX POITOILIEHUMHU Ta/abo maacTudikoBaHU-
MM YacTMHKaMHM IIOPONIKY. Bmcoka yacTka JgdAMeJiell CIpuAe XOpo-
M Koresii i aaresii omep:xkaHux moxpuTTiB. IligBuinenua o0’ eMHOI
YaCTKM HEPO3TOILNIEHNX YACTUHOK, AKi B IpoIleci HAIIOPOIIIEHHS 3a-
3BUYail po3TallloBYIOThbCA Ha Iepudepii ABO(}Ga3HOTO IIOTOKY <«IIOPO-
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ITOK—Ta3», MPU3BOAUTL OO0 IOPYINEHHA KOHTAKTHUX IIPOIleciB B3ae€-
MOJil 4YacTMHOK MixX CO00I0 Ta 3 IIOBEPXHEI0 OCHOBM, II[O iCTOTHO IIO-
ripirye AKicTh TOKPUTTIB.

Ha mepimmomy erami ekcliepuMeHTAJIbHUX TOCJiMTKeHDb 0YJI0 BUBUEHO
CTPYKTYpPHO-(a30BUM CKJAaJI TOKPUTTIB. BcTamoBieHO, IO HAIOPO-
IIeHHA 3 BUKOPUCTAHHAM pPeXuMy | mpuBoauTh 10 (QOPMYBaHHS IIOK-
puTTiB TOBIMUHOIO A0 125 MKM 3 iHTerpajJbHOI0 MiKPOTBEpPIiCTIO
HV0,05=3620-4410 MIla (puc. 1, 6, puc. 2). O6’emHa YacTKa Jid-
MeJiell Y HOKPUTTAX cKJamae 65% i3 25% Hepo3TOImIeHNX YaCTHUHOK
i 10% i"muX CTPYKTYPHUX CKJIaZ0oBUX. IlopuCTiCcTh MOKPUTTIB — HAa
piBHi 2,8-3,0%.

I3 36inmbIITeHHAM TeIJIOBKJIAAEHHS 3a PaxyHOK 3MiHM CHiBBimgHO-
IIeHHA OOBMKUHHN OO0 IiAMeTpa cTBoja rapmatu no l/d=330/20 mm
(pesxkum II) popmyroTbca MOKPUTTA TOBIMMHOK no 250 mrm (puc. 1,
8) nmpu HV0,5=3620-4730 MIla (puc. 2), mo Ha 10% Buie, Hix 3a
pesxxkumy I. O6’emHa uyacTka JsaMesell y HOKPUTTAX ckKjiaazae 70% is
20% HeposTonmaeHux YacTUHOK i 10% IiHIIHX CTPYKTYPHUX CKJAIO0-
Bux. Ilopucricts moxpurtiB y rpymi II smenmyerscs y 2 pasu mopis-
HAHO 3 mokpurTamu rpynu I (ckaagae 1,0-1,5%).

Bukopucranas mopomky cuctremMu Ni—Cr—Fe—B-Si dpaxkiiiinoro
crkaany dg,,=40-63 MM 3a pexumy III npuBoauTs g0 (opMyBaHHSA
MMOKPUTTIB TOBITHHOIO A0 325 MM (puc. 1, 2) mpu HVO0,5=3810-
5930 MIla (puc. 2), mo ma 25% Buime, Hixk 3a pexumis I i II.
0O0’eMHa yacTKa JAMeJeH y MOKPUTTAX craazae 75% iz 15% Hepos-
TOIIEHHX YacTUHOK 1 10% IiHIIMX CTPYKTYPHUX CKJamoBux. Ilopwuc-
TiCTh IIOKPUTTIB € MiHiMaJabHOIO Ta 3HAXOAUTLCA Ha piBHi 0,8-1,0%.

MeToOm0I0 PEHTT'eHOCTPYKTYPHOI (pa3oBoi aHAi3W BCTAaHOBJIEHO, IO
BUXITHUIN IIOPOIIIOK CKJIAJAETHCA 3 TBEPJOTO PO3UYMHY HA OCHOBI HiK-
JI0 Ta XpOMYy, IO MicTHUTHL GopuAaHi, cuiinuaHi Ta Kapbigmi dasu B

7000

6000 I

\

5000

il

4000}
3000

HYV, MIla

I
2000

—t
o

'

"-—o-::\-o—-q

1000

0

0 50 100 150 200 250 300 350 400

Bincra®s Bim moBepxHi, MKM

Puc. 2. 3miHa MiKpoTBepAOCTHM IO TOBIHUHI IIOKPUTTIB, IO OHEPIKAHO 34
pesxnmis I-III; A — Meka HOKPUTTA—OCHOBA.>



104 O. M. BEPOHIKOBA, IO0. M. TIOPIH, O. B. KOJIICHIYEHKO ra in.

YMCTOMY BUIVIALI, a TAKOMK iHTepMeTaJigum Ta Kapbobopuam B HeBe-
JUKUX KigbKocTax. Ha peHTr'eHOrpaMax HOKPUTTIB, HAIIOPOIIIEHUX 3a
pexumiB I-III BuABIeHO HAABHICTh HACTYIHUX (Dasd: TBEPAOTO PO3UM-
my Ha ocHOBi Ni—Cr, 6opuniB mirkmo (Niz;B) i xpomy (CrB, Cr;B;), B
HeBeJMUuKiN KinbKocTi cuminmuay mikmo (NigSi,) Ta Kapbigy xpomy
(Cr,C;). 3maunux BigMimHOCTeil (azoBOTO CKJIANY MiK IIOKPUTTIMU
Hanopolnenux 3a pexkumiB I-III He BuAaBIeHO.

JlocaikeHHAMY XeMidyHOro CKJIaAy IOKPUTTIB IIOKasaHO, MIO Jd-
MeJi Ta HEepPO3TOIJeHI YaCTUHKU € 0araTOKOMIIOHEHTHUM PO3UYMHOM
Ha OCHOBi HiKJIO, [0 cKaagaeTbcs 3 (%): 79-83 Ni, 7,9-11,3 Cr,
5,1-7,2 Fe, 2,0—-2,3 Si. BusasijieHo TaKoX He3HAUYHUI BMICT €BTEKTHUK
Ha OCHOBiI Kap6imiB i cuiainuais mactymuoro xemiunoro ckiaany (% ):
31-53 Ni, 36,5-60 Cr, 1,0-2,7 Si, 6,9-8,5 C.

TakuM YWHOM, JOCIIIKEHHIMU CTPYKTYPHO-(ha30BOro CKJIAAY IIO-
kpurtiB cucremu Ni—Cr—Fe—B—Si BcTanoBJsieHO, 110 36iJILIIIEHHS TEII-
JOBKJIaJleHHA Ta (pakiiii mopomky (pe:xkum III) 3abesmeuye: dopmy-
BaHHSA HAMWOiJBIIIOr0 3a TOBIIMHOIO HOKPUTTA 3 MaKCUMAaJbHOIO YaCT-
KOIO JiAMeJel, 30iIbIlIeHHA MiKPOTBEPAOCTH, MiHIiMaJIbHY HOPUCTICTh.

3.2. JlocaiaskeHHsI TOHKOI CTPYKTYpPH IOKPUTTIB

Ha gpyromy erami poOoTM BHUKOHAHO JeTajJbHi eJIeKTPOHHO-
MiKPOCKOMIUHI [TOCTiIKEeHHA OCOOJUBOCTEN CTPYKTYPU IOKPUTTIB
(pesxkumvu I i III) meromoro TEM: ryctuHmM Ta XapakTepy POIMOAiTY
IUCJIOKAIiil (p) yV CTPYKTYPHUX CKJIAJOBUX, XapaKTepy CYOCTPYKTY-
pHu, PO3Mipy Ta po3MOAiNYy YaCTUHOK (Da30BUX BUAiJIE€Hb TOIIO.

B mokpwurTi, 1110 ogep:kano 3a pexxumy III, posmipm HaHOYACTUHOK
a3z — 10-30 um (puc. 3, a, 6). Bigmanbp mixk Hanodasamu y 20-50
HM XapaKTepusye pPiBHOMipHUII po3mofis ix y MaTpuiii moxkpurtsa. B
MMOKPUTTI opMyeThea cyOcTpyKTypa posmipom y 200-400 um (puc.
3, 6, 2). I'yctuna gucnokamiii (p) y moxpurti p(IT)=(3—-4)-10" cm 2,
Ha nmimii cromrennsa p(JI/C)=(5-6)-10'° cm? 3a piBHOMipHOro posmo-
IiTy OUCJIOKAIill K IO Me’KaxX, TaK i B 00’eMi CTPYKTYPHUX CKJIAIO-
Bux (Tabiu. 1).

B mokpwurtti, 1nio omep:xkamo 3a pe:xumy I, podamMipm HaHOUYACTUHOK
das — 10-60 uM 3sa miskuacTuHKOBUX Biggamax y 20—-100 am (pwuc.
3, 0). Poamip cy63epen ckiaamae 400-800 um (puc. 3, e). I'ycruni
IuCJoKaIii (p) y mokpuTTi 3a pexumy | xapakTepHi rpagieHTH Bifn
p(IT) = (2-3)-10" cm?> mo p(II)=(6—-7)-10"° cm? (raba. 1). Ha mimii
cromnerssa p(JI/C) = (6-7)-10" cm 2.

TakuM YMHOM, TOCJiI:KEeHHSMM TOHKOI CTPYKTYPH IIOKPUTTIB CHC-
remu Ni—Cr—Fe—B—Si BcTaHOBIIeHO, II[0 i3 30iJIbIIIEHHAM TEIJIOBKJIA-
meuusa (pexxum IIT) popmyerbes OiNBINT mAucliepcHa 3a posMipamu cyo-
CTPYKTypa HMOKPUTTS i3 PIBHOMIpHUM PO3MOAiJIOM HAHOUYACTUHOK (has i
OesrpamieHTHUM piBHEM I'yCcTHHHU Aucijokairiii. Ile 3abesmeuye omep:ka-
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Puc. 3. Hamouactuaku das (a, 0, 6, 0) i cydbcTpyKkTypa (8, 2, €) IOKPUTTIB,
AKUX OJlePyKaHO 32 PIBHUX DPEeXXUMIB JleTOHAIiIfIHOrO HAIIOPOIIeHHA: a, 0, 8, 2
— peskum III; 9, e — pexxum I (a—0, x50000; e, x30000).3

HUY piBHOMipHUI piBeHb MIITHOCTU Ta TPIiMMHOCTINKIiCTHL MOKPUTTIB.
Haii6inbmri rpagieHnT Mo AMCIOKAIiMHIN I'ycTuHI B 00°€Mi TOKPUT-
TA Ta 3 IepexoJoM [0 JiHil CTOIJIeHHS, IO IIPU3BOAUTUMYTH IO He-
piBHOMipHOTO piBHA MeXaHIUHUX BJIACTMBOCTENl MeTaJly, IiBUIIEHHS
JIOKaJbHUX BHYTPIIIHIX HANpPy)KeHb i, BiATIOBiIHO, MOHMXKEHHA TPi-
ITUHOCTINKOCTU XapaKTepHi A IOKPUTTA OJepsKaHo 3a pexxumy l.

3.3. AHAJITHYHI OI[iHKU CTPYKTYPHOTO 3MIiI[HEHHS Ta JIOKAJbHUX
BHYTPIIIHIX HANpPy:KeHb

HactymuuMm ertamoM y po0OTi OyJ0 eKcIepuMeHTAJTbHO-aHAJIITUYHE
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TABJINIIA 1. [lapameTpu TOHKOI CTPYKTYPH Ta HOKA3HUKHU CTPYKTYPHOTO
3MiI[HEHHA MaTepifsy MOKPUTTIB.*

. Pexum
ITapameTpu TOHKOI CTPYKTypH
I III

dg, HM 400-800 200-400
dy, HM 10-60 10-30
Ay, HM 20-100 20-50

p (IOKpHUTTA), CM 2 (2-3)-10'°/(6—7)-10"° (3—4)-10%°
p (miHis crommenHs), cM 2 (6—7)-10%° (5—6)-10%°

3MinHeHHA

3epenne (Acy), MIla 72—-102 102-145
Cy6aepenne (Ac), MIla 188-375 375-750
Hucnokaniiine (Acy), Mlla 187-349 229-323
Hucnepciitae (Acy ), MIla 848-1010 1304-1640
YAc,, MIla 1295-1836 20102858

IOCJiIKeHHs BILIMBY CTPYKTYPHM Ha BJACTHUBOCTI IIOKPHUTTiIB, a came,
MminuicTs (Tabs. 1) i TpimmuHOCTifiKicTs (TAabda. 2).

3riguo 3 [11, 16, 19, 20] 6y/10 BUKOHAHO aHAJITUYHY OIiHKY MiII-
HOoCcTH (ZAC,) HOKPUTTIB 3 YypaXyBaHHAM BHECKY KOXKHOTO 3 CTPYKTY-
pHEX mapameTpiB: poamipis sepen (Dj), cy6sepen (d,), cybcTpyKTypH
(h,), rycturn auciokamniii (p), posmipis gucnepcEux ¢as (dy) i Bigma-
geir Mixk HuUMEH (Ay) (Tabi. 1). Bymno BuBueno audepeHIiAILHUNA BHe-
COK CTPYKTYPHHUX CKJAJAOBUX y 3MiHY BeJIWUYUHH OCHOBHUX BHUIIB
CTPYKTYPHOTO 3MilfHeHHA: 3epeHHoro (Acy), cydsepernnoro (Acg), auc-
JoKaniiHoro (Acy), aucnepciiaoro (Acyz) (Tadm. 1).

Taxo:x OyJI0 IPOBEedeHO PO3PAXYHOK PiBHS JIOKAJBLHUX BHYTPIITHIX
HaTpy:KeHb (Tgy) i JOKasizoBamoi medopmairii (¢,) Ha OCHOBI peasib-
HUX KapTWH PO3NOAITYy I'YCTUHMW OWCJOKAIiil (p), a came, BUSABJIECHHA
30H KOHIIEHTPATOPiB TPillIMHOYTBOPEHHA. I pYHTYIOUNCH Ha AHCJIOKAa-
MiHUX MexaHidMaX B3apoI:KeHHs TPIiIlluH, KPUXKe PYyHHYBaHHSA
OB’ SA3YIOTh 3 BUHMKHEHHAM BHCOKOTO PiBHSA JIOKAJbHUX HAIPYKEHb
y MiCIfgX AMCJIOKAIiMHUX CKYIYeHb, IM0 (opMye KOHIIEHTPATOP Ha-
MpYy:KeHb y BEPINIWHI aumciokrariiinoro crymueHHsa [20—-26]. Ominka
PiBHA Tgy B 3aJIEKHOCTI BiJf CTPYKTYPHMX UYMHHUKIB BM3HAUaJacsa 3a
TYCTMHOIO Ta PO3IOAiJIOM [AMCJIOKAIliili Bimomoio 3zamexxuicTio [21]:
Tgn = Gbhp/m(1 —v), ne G — mozyas 3cyBy, b — Broprepcis BexTop,
h — ToBmuHa domii (2107 cm), v — Ilyaccomis koedimienr, p —
I'yCTHHA ITUCJIOKAITilA.

Benuumny ¢, BusHauamu 3a KomHpamoBoio 3anesxkHicTio [22]:
€, =a,pbS, me a; — xoedimienT, mo noB’A3ye AedopMaIlil0 POITATY-
BaHHA i3 3cyBHOIO Aedopmariero ta mopiBHioe 1,4, p — rycTuHa guc-
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TABJINIIA 2. JloxkanbHi BEYTPilIHI Hampy:KeHHS Ta Mikpomedopmarrii.®

Pexxum
ITapameTtep
I 111
Tgg (min), MIla 490-731 731-975
Tpy (Mmax), MIla 1464-1708 1220-1464
€ Yo 5-20 1-5

JOKaIiit, S — cepemHs Biagaab IepeMillleHHSA AUCJIOKAIIINA y IIpoIeci
HaBaHTAXKeHHs, AKa, 3rigHo 3 pocaimxenuamu TEM, sBinmosimae ma-
pamerpam cybcTpyKTypm [21].

VY pesyabraTi BUKOHAHMX aHAJITUYHUX OI[IHOK 3MiHM 3MilTHeHHS
BCTAaHOBJEHO HacTymHe. MaKcUMaJIbHUN BHECOK y XAGC, mae IHCIep-
ciiine sminmHeHH:A (ACy ) A 000X peKuMiB HamopomleHHs (Tabi. 1).
3i sb6inbmIieHHASM TemaoBKJAameHHS (pe:xum IIT) momiTHO 306iabIIyeThHCSA
piBeHB A Ta AGj 3 i, BigmoBigHO, XAcC, (v cepesrbOMy Ha 55% ). Ile
3yMOBJIEHO (DOPMYBaHHAM HAHOCTPYKTYPHOI'O CTAHYy y MaTepisji Imo-
KPUTTiB, a caMe, IMOAPiOHEHHAM CYOCTPYKTYPH Ta PiBHOMIpHUM PO3-
IOijIoM 3MIITHIOBAJIbHUX HaHO(MA3 Yy MaTEePidai MOKPUTTA.

AHaniTUYHUMYU OIiHKaMHM Tgy 1 €, IOKasaHO, II0 MaKCHUMAaJbHIi
3HAYeHHA Tpy = 1464-1708 MIla =(0,19-0,22)1,.,, (Bix TeopeTmuHOL
MimmHOCTI) (POPMYIOTHCA B MICIAX HPOTSKHUX MHUCJIOKAIINHUX CKYII-
yeub (Tada. 2). CrpyKrypi mokpurriB (pe:xum I), me cmocrepiraroTnhes
HaMOiIBINI Tr'pafieHTH OUCJIOKAIiHOI T'yCTHMHM, XapaxkTepHe GopMy-
BaHHS 30H JOKaJizoBaHol medopmariii 1o 20% . Ile Moke IpU3BOIUTHU
[0 TOHWKEHHS TPIIIUHOCTIHKOCTH Ta KPUXKOT0 PYHHYBAaHHS IIOK-
puTTiB.

Hatimenri rpagieHTH Tpy XapaKTepHi AJd IMOKPUTTIB, OJep:KaHUX
3a pe:xxumy III (tab6xa. 2). llpomy crpusie 6igbIll piBHOMipHMH PO3IO-
OiJ TyCTUHH AUCJOKAIlilli y MaTepisiai HDOKPUTTIB, IO, BiAmMOBigHO,
Oyme sabesmeuyBaTH TPIIUHOCTIAKICTE HMuUX HMOKPUTTIB. Ilpm mbomy
piBenb JoKasizoBanoi gedopmairii He nmepesuirnye 5% .

4. BUICHOBRH

Bcramosieno, 1mio meroza OaraToKkaMepHOTO OEeTOHAIiHOTO HAaIoPo-
IIeHHS TOKPUTTIB 3 mopoimKy cucteMu Ni—Cr—Fe—B-Si mpuBomuTh
Io (phopMyBaHHA IMOKPUTTIB TOBIMHOW v 125—325 MKM 3a iHTerpaJb-
HOl MikpoTrBepmoctu y 3620-5930 MIla, 3 06’eMHOI0 YaCTKOIO JiAMe-
Jei y moKpuTtaAx y 65—75% i mopmcericTio mokpuTTiB Ha piBui 0,8—
3,0%.

Busasieno, 110 BMCOKiI HIBHAKOCTI OEeTOHAIIAHOIO HAIIOPOIIEHHS
3YMOBJIIOIOTH YTBOPEHHS HAHOCTPYKTYPHOTO CTAHY y HMOKPHUTTIX, IO
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OigBuUINye iXHiI MinmHicTs i TpimmHOCTIKicTE. POopMyBaHHA CYOCTPY-
KTypu (poamipom y 200—-400 uM) i mHamouacTmHOK (a3 (posMipom y
10-30 M) 3a piBHOMIpHOTO PO3MOAiINYy iX Yy MATPHUIL IIOKPUTTIB
CIpUsE IMiABUIIEHHIO CYOCTPYKTYPHOrO Ta JUCIEPCiHOr0 3MiIlHEHb.

dopmyBaHHA HaAMOIILIIIOTO 3a TOBIIWMHOIO IIOKPUTTSI 3 MAaKCHUMAaJIb-
HOIO YaCTKOIO JIiAMeJed 3i 36inmbIneHHAM MikporBepzoctu (3810-5930
MIIa), mimimanpuo0 mopuctictio (0,8-1,0% ), HaliMeHIIMMU I'PaTi€H-
TaMI TYCTHHM Aucjokamiii (Big (8—4)-10' cvm ?) 3abesmeuyerbesa 36iab-
IIIeHHAM TeILJIOBKJIaZeHHA Ta (pakiii mopomky (pe:xum III). Bearpazni-
€HTHUUM PO3MONiJ TYCTHMHU AUCJIOKAIi#M i3 (opMyBamHAM IIOAPiOHeHOl
CTPYKTYpPH 3amobirae yTBOPEHHIO KOHIIEHTPATOPIiB JOKAJBLHUX BHYTPI-
NIHIX HAIPYsKeHb i 30H JIOKaJisaIllii medopmailiii B oflep:KaHUX ITOKPUT-
TAX.
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! Fig. 1. Scanning electron microscopy of the powder (a, x1010) and coatings obtained on
different modes: 6—mode I; 6—mode II; z—mode III (x800).

2 Fig. 2. Change of microhardness in the coatings obtained on modes I-III; A—coating—
substrate boundary.

3 Fig. 3. Phase nanoparticles (a, 6, 8, d) and substructure (8, ¢, e) of the coatings obtained on
different modes: a, 6, 8, z—mode III; 0, e—mode I (a—0, x50000; e, x30000).

4 TABLE 1. Parameters of structure and structural hardening of the coating materials.

> TABLE 2. Local inner stress and microdeformation.
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OpepskaHHA OKCHIHMX MOKPHUTTIB HA TUTAHOBOMY CTOIIi
TigAl,V MeTomoM eeKTPOXeMiYHOT0 OKMCHEHHSA Y PO3UYMHAX
CYKIIMHATHOI KHUCJIOTH

O. I. IIununenxo

XapkiecvKkuil HAUIOHALLHUL YHi6epcumem Micbk020 20cnodapcmaea
imeni O. M. Bexemosa,

sysn. Mapwaaa Baxcanosa, 17,

61002 Xapkis, Ykpaina

IIpencraBieHO pe3yJabTAaTH AOCHIIKEHHA OCOOJUBOCTEeH (OopMyBaHHA TOH-
KuX iHTephepeHIliliHO-3a0apBIeHUX OKCUAHUX ILIiBOK Ha cromi TigAlL,V y
BOAHMUX PpO3UMHAX CYKIMHATHOI KHCJIOTH. 3a pe3yJabTaTaM’ IOCIiIKeHb
oJlep:KaHo KiHeTHUHi 3aJIe’KHOCTi, AKi MOKas3ylOTh 3MiHYy HAIpyru Ha KOMi-
pIi mig yac eJeKTpoJIisM I YMOMKJIMBJIIIOTHL BiICTEKUTHU AUHAMIKY yTBO-
PEeHHA OKCHIHOIO IIapy Ha cTolli. BcTaHoBieHO, 10 XapakTep 3MiHU Ha-
Ipyru Ha KOMIipIli, SKuil BigmoBimae opMyBaJIbHiN 3aJI€KHOCTI €JIeKTpOoo-
KHCHEHHS CTOIy, 3aJIeKUTh BiJ KOHIIEHTpAIlil KMCJIOTH Y PO3UMHI Ta BeJIU-
YWHU aHOAHOI T'YCTHMHU CTPyMy. 3a KOHIleHTpallii KucaoTu Ha piBHi 0,5-5
r/am® Ta ryctunu crpymy j, v 0,8—1,5 MA/cm? cyninpHa oKcuAHA ILTiBKa He
YTBOPIOETHCA 1 3aJlaHe 3HAUEHHA HAIPYyru Ha KOMIpIi He JocAraeThcd, 10
3YMOBJIEHO YTBOPEHHSAM OKCHAIB TUTAHY IPOMiKHUX CTYII€HIB OKMCHEHHI.
ITigBuIleHHSA j, 0 3HAUeHb y 2 MA/cM? Ta BUINle 3a OJHOYACHOTO 36iIbIIeH-
HS KOHIIEHTpAIlii KMCJIOTH IIOHAm 5 I‘/,z[M3 3yYMOBJIIOE JIIHIAHUHA Xix KiHeTHu-
HUX 3aJIeKHOCTel, IO BKAa3ye Ha YTBOPEHHS CYIIJIBHUX OKCHUIHUX IIJIiBOK
HA TOBEPXHi CTOIy; AJA PO3UMHIB 3 OiJbINI HU3HKOIO KOHIIEHTPAIIIE€I0 CIIO-
cTepiraeTbcsaA YaCTKOBe pPyHHYyBaHHA IIiBKu. Ofep:kaHi maHi migTBepa:Ky-
IOTBhCA Pe3yJbTaTaMU eJIEKTPOXEeMIUYHUX MipAHb, AKi Jajam 3MOTY BCTAHOBHU-
T HAABHICTH Ha IOJAPUI3AINIMHUX KPUBUX ILJOINANOK, AKi BimmoBigaioTh
YTBOPEHHIO IIPOMiXKHUX OKcupiiB. [laHi, omep:xaHi 3a pesyJibTaTaMu IIPOBe-
IEeHHsS eKCIIEPUMEHTIB 3 OKCUAYBAaHHS CTONY y CTallioOHapHOMY T'aJibBaHOCTA-
TUYHOMY PeXKMUMi, BKa3yIOTh Ha Te, IMO IMBUAKICTh OKWMCHEHHA MeTaJy 3a
j.>2 mMA/cm? mimifimo mpomoprifira ryctmri cTpymy. MakcuManbHa Besn-
YWHAa TOBIIMHU OKCHUIHOI IJIiBKH, OJEpP:KaHOl 3a JaHUX yMOB, BU3HAUAETBLCS
JOCATHYTUM 3HAUEHHSAM HANPYrd Ha KOMIpI[i Ta He 3aJeXKUTh Bif iHITHX
mapaMeTpiB eJeKTpPoJisu (TYCTUHU CTPYMYy Ta KOHIIEHTPAIii eJIeKTPOoJIiTy).
KynonomerpuuHi maHi, ogep:KaHi IpH eJIeKTPOJIidi, YMOMKINBUINA IIPOBECTU
PO3paxyHOK TOBIIIMHU OJeP:KAHUX ILJIIBOK i BCTAHOBUTH BiAIOBimHiCTHL MiK
i€ XapakTePUCTHUKOIO Ta 3HAUEHHSIM HAIpPyru Ha Komipiii. ToBimmua one-
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peKaHUX ILTiBOK 3MiHIOETBhCA y mAiAmasoHi 72—215 HM, 1Mo HaA ABa HMOPAIKU
6iJIbIIe 3a TOBIMUHY ILTIiBOK IIPHUPOAHBOTO IOXO:KeHHs. KoJsip 3abapBienus
OKCHUAHOI IJIIBKM BHU3HAUAETHLCA 3aJaHUM 3HAUEHHSAM HANPyru (GOPMYBaHHS
Ta He 3aJIeKUTh Bifl TYCTUHU CTPYMY i KOHIIeHTpaIlii KapOOHOBOI KUCJIOTHU.
Opep:xaHi maHiI MOSICHIOIOTHBCA THUM, IO (POPMYBAHHS OKCHUIHUX ILJIiBOK Y
TaJlbBaHOCTATUYHOMY DPEXHMi IIPOXOAUTHL 34 YMOB HAABHOCTH IIOCTiNTHOTO
I'PAfieHTy IIOTEHIIisay B oKcumi. IligBUINeHHS BeJIWUYMHU NPUKJIAIEHOI 10
KOMIipKY HaAmpPyru 3yMOBJIOE IIPOIOPITifiHE 3POCTAHHA MAaKCUMAJILHOI TOB-
IIMUHA OKCHUIY, OCKiJIbKU TPUBOAUTEL M0 30iJbIIIeHHS MPOMYIIEeHoI uepes Jia-
HIJIOT KI1IBKOCTU eJIEKTPUKHU Ta BiAIIOBiZHOTO 3pOCTAHHS MACH OKMCHEHOTO
merasy. Ofep:xkaHi fgaHi maroTh 3MOTYy CTBEDPAKYBaTH, IO BUOIp peXuMiB
AHOJHOTO OKUCHEHHS CTOIy IJISI PO3POOKM TeXHOJIOTil eJeKTpoXeMiuHOro
OKCHIYBaHHS THUTAHOBUX IMIIJTAaHTATiB Ma€ T'PYHTYBaTHUCA Ha pe3yJabTaTax
IOCiIKeHHS (PYHKIIIOHAJIbHUX BJIACTHUBOCTEM OJep:KaHuX MOKPUTTIB.

The research data relating to the peculiarities of formation of the thin
interference-coloured oxide films on the TigAl,V alloy in amber acid water
solutions are presented. The research done results in kinetic dependences,
which show the changes in the cell voltage during the electrolysis and
which allow us to track the dynamics of formation of the oxide layer on
the alloy. As established, the pattern of change in the cell voltage behav-
iour, which corresponds to that of forming dependence of the alloy elec-
trooxidation, depends on the acid concentration in the solution and on the
anode current-density value. For the acid concentration of 0.5 to 5 g/dm?
and the current density j, of 0.8 to 1.5 mA/cm? the continuous oxide
film is not formed on the alloy surface and the specified cell voltage value
is not attained, and this is conditioned by the formation of titanium ox-
ides at intermediate oxidation levels. An increase in j, up to the values of
2 mA/cm? and higher with simultaneous increase in the acid concentration
exceeding 5 g/dm® conditions a linear behaviour of kinetic dependences,
and it is indicative of formation of the continuous oxide films on the alloy
surface; concurrently, a partial film destruction is observed for the solu-
tions of a lower concentration. The obtained data are confirmed by elec-
trochemical-measurement data that enables the establishment of the avail-
ability of the areas on polarization curves, which correspond to the for-
mation of intermediate oxides. The experimental data obtained for the
alloy oxidation in the stationary galvanostatic mode indicate that the al-
loy oxidation rate at j,>2 mA/cm? is linearly proportional to the current
density. A maximum thickness value of the oxide film obtained for the
given conditions is determined by attained cell voltage value, and it is not
dependent on other electrolysis parameters (current density and concen-
tration). The coulometric data obtained during the electrolysis enable both
the calculation of the thickness of obtained films and the establishment of
the correspondence between this parameter and the cell voltage value. The
thickness of obtained films is varied in the range of 72 to 215 nm that is
two orders of magnitude higher than the film thickness of natural origin.
The oxide film-tinting colour is determined by the specified value of for-
mation voltage, and it is not dependent on the current density and the
carbon acid concentration. The obtained data are explained by the for-
mation of oxide films in galvanostatic mode occurring in the presence of
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the constant potential gradient in the oxide. An increase in the value of
voltage applied to the cell conditions a proportional growth in a maximum
oxide thickness due to an increase in the amount of energy passed
through the cell and an appropriate increase in the mass of oxidized met-
al. The obtained data allow us to assert that the choice of the modes for
the anodic oxidation of alloy required for the development of the technol-
ogy of the electrochemical oxidation of titanium implants should be based
on the research data about the functional properties of obtained coatings.

Karouori cioBa: eleKTpoxeMiuHe OKCHUIYBaHHSA, iMIJIAHTAT, OKCUIHA ILIiB-
Ka, HioKcuja TUTaHy, Oap’epHuil map, moBepxHeBe MoaupikyBaHHA, Oiocy-
MicHe IIOKPUTTS.

Key words: electrochemical oxidation, implant, oxide film, titanium diox-
ide, barrier layer, surface modification, biocompatible coating.

(Ompumano 5 6epesns 2021 p.)

1. BCTYII

Turax i cTronm Ha MOro OCHOBi € OJHMMU 3 HalizaTpeOyBaHIIIINX MAaTe-
pianis cyuacHoi TexHiKkM. Take moB’s13aHO 3 VHIKAJIBHUM II0EIHAHHIM
iXHiX BJacTHMBOCTEeI, AKi BKJIOUYAIOTH KOPO3iHHY CTiHKiCTh, BUCOKY
OUTOMY MiIlHiCTb, HU3bKY T'YCTHUHY, MOYKJINBICTh MeXaHiuHOro 00po0-
JeHHs. Jig BUTOTOBJIEHHA MeXaHiYHO HaBaHTaKeHUX JeTaJiB, Ha-
OPUKJIAL MeIUUHUX iMIIJIAHTATIB, BUKOPHUCTOBYIOTH TUTAHOBi CTOIIH,
sokpema ctom TigAl,V, 3i cUpUATINBUM MMOETHAHHSIM MiIlHiCHHX Xa-
paxTepucTUK i TexHosoTiuHMX BiactuBocTeit [1]. HucTuit Tutan mias
IIbOTO € HeNPUAATHUM, II[0 BUKJIIOUAE HOr0 BUKOPHCTAHHSA MiJ dYac
poboTI B yMOBaX 3MiHHMX MexXaHiYHMX HABAHTaKeHb. AJie IIpU BU-
KOPMCTaHHI THTAHOBUX CTOIIIB iHOAI BMHMKAae mpolbJiemMa, OB’ sA3aHa 3
KOpO3iiiHOI0 cTilikicTio BupoOiB. fIK mpaBmio, KOposifiHa CTifKicTb
TUTAHOBUX CTOIIB € HMIKYOIO, HijK UMCTOrO TUTAHY, i MOKe 3MEHIITY-
BaTHUCA 3i 30iMBINIEHHAM KiJIbKOCTH JIeTyBaJbHUX ejeMeHTiB. Hebes-
meka kKoposii cromy TigAl,V mossdrae y MOMKJIMBOCTI IIOBEPXHEBOTO
pylinyBaHHA BHPOOYy 3 YTBOPEHHSAM MeTaJieBUX UYaCTUHOK, IO MO-
JKYTh BUKJINKATH 3alajbHi IIpollecM Yy TKaHMHAX; HebaKaHUM €
YTBOPEHHS PO3UMHHMUX CIOJYK BaHamiio, siKi € TOKCMYHUMHU OJIS Op-
ragismy goguau [2, 3].

A migBuIilleHHA KOPO3ifHOI CTiMKOCTH iMIIJIAaHTATIiB 3 TUTAHOBUX
CTOIIiB BHUKOPHCTOBYETHCSI METOHA EJIEKTPOXEeMiUuHOI'0 OKCUAyBaHHSI,
siKa MOJISATAaE Y aHOAHOMY OKMCHEHHI MOBEepXHi MeTany 3 ofep:KaHHIM
OKCHIHOTO MOKPUTTH, AKe cKJaamaeTbea 3 Ti0,. CTpyKTypa OKCHUIHUX
MMOKPUTTIB, ONEP:KAHUX EJEeKTPOXeMiUuHMM OKCHUAYBAHHSIM, HacaMiie-
pen, 3aJe;KUTh Bil CKJIaMy €JeKTPOJiTy. ¥ eJeKTpoJiTrax, Ifo He Mic-
TATh MOHIB-aKTHMBATOPiB, MOKHA OJEP:KATH TOHKI OKCHUIHI ITapu mie-
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JEKTPUYUYHOIO THUITY, AKi 3a CBOEI0 CTPYKTYPOIO BiTHOCATBLCA OO iHTEP-
depenIiiino-sabapBiaeHNX ILIiBOK O0ap’epHoro tumy [4—6]. ¥V emeKTpo-
JiTax, IO MicTATL HOHM-aKTHBATOPU (HAIpUKJIaL oHu Payopy),
aHOJAYBAHHA HIPUBOAUTH 0 YTBOPEHHS ABOIIAPOBUX OKCHUIHUX IIJIiBOK
3 TOHKOIO 0ap’€pHOIO0 Ta HOTOBIIEHOIO IIOPHCTOI0 CKJIAJOBUMU. ¥ BIU-
OagKy MeIMYHNX iMIJIAHTATIiB OiJIBII IIMPOKE BUKOPHUCTAHHS 3HAMIII-
JU MJIIBKU IIEPIIOT0 TUMNY, AKi 3aBAAKM HASIBHOCTI IIapy OiOKCHUIY
TUTAHY HaJAIOTh IIOBEPXHi BJacTHMBOCTEN OioiHepTHOCTH Ta Oiocymic-
HocTu [7, 8], a TaKOK YMOKJIUBJIIOIOTh HPOBOIUTH MapKyBaHHS BI-
pobiB. 3 1iel TOUKM 30py aKTyaJbHOIO € PO3POOKa IIPOIIECiB eJIeKTPo-
XeMiuYHOro OKCHUAYBAHHSA yV HeaI'PeCUBHUX HETOKCHUUYHHUX eJeKTPOJIiTax
3i caabKoI0 ITaJiBHOIO Ji€0 IIMOAO MiOKCHUAY THUTAHY, HAIPUKJIAL
BOJHIX PO3UMHAX CYKIIMHATHOI KIHCJOTH, KA XapPaKTePU3YyeThCsS HU-
3bKMM 3HAUEHHSIM KOHCTAHTH IMCOI[IAIIl Ta Ma€ IIOraHo PO3IUMHATU
chopmoBaumit map TiO,.

2. METOJIUKA ITPOBEJEHHS TOCJILIKEHD

dopmMyBaHHA OKCUIHUX ILTiBOK Ha TuTaHoBomy crtomi TigAl,V mero-
JIOI0 €JIEKTPOXEMiUHOT0 OKMCHEHHSA HPOBOAUIU Y T'aJbBaHOCTATUYHO-
MY PeXKUMi, BUKOPHCTOBYIOUHN AKepeso KuBjleHHI B5-49. 3nauenns
KiHmeBoi Hampyru Ha KoMipii smiHioBamu y mgiamasoni 10-100 B 3
Kpoxom y 10 B. 3miny BenmnuuHM TamiHHS HAIPYTd Ha KOMIpIH ¥y
IIpoIieci eJeKTpoaisu peectpyBanau myabTuMerpoMm Keithley-2000.
Has okcuayBaHHS BUKOPUCTOBYBAJIU 3PAa3KU CTOIIY IIPAMOKYTHBOL
dopmu 3 poamipamu 70x20x5 mMM. 3pasku HLII)yBamu HeTIOCTKOBU-
MU HaKJQUYHUMM KPyraMu 3 IIOCJiJOBHMM 3MEHIIIEHHAM 3epHa abpa-
3WBY AJS BUAAJEHHA IPyOUX PUCOK, 3aaupoK i moapanuH. Illmidosa-
Hi 3pasKu 3HEXKWPIOBAJM BOJHOIO CYCIIEH3i€l0 KapOoHaTy HaTpiio Ta
MIPOMUBAJIXA BOJOI0. 3HeKUPEeHi 3pasku miaBuau y cymimi HNO; i HF
3a 00’€MHOTO CIIiBBigHOIIIEHHSA KoMIoHeHTIB V:V,=3:1, nmpomMuBaiu
BOJOTIPOBiIHOIO Ta MMCTUJIHOBAHOIO BOJIOI0, IIPOCYIITYBaJIH.
EnexTpoaisy mpoBoauIM Y KOMIpIi yV BUIIAAL cTaKaHy 00’eMOM y
250 My, BUTOTOBJIEHOTO 3 XeMiuHO CTifikoro ckja. [jid yHUKHEHHS
HarpiBy KOMipKU HIiJ uac eJeKTPoOJisu il po3miuryBaju y KpucTaJisa-
Topi 06’eMoM y 5 JI, AKMI 3aMOBHIOBAJIU BOJ0I0. EJEKTpPOJi3y mpOBO-
ounau  3a Temmepatrypu y 20°C 3 BHKOPHCTAHHAM IJOIIOMIiKHOIL
OJIWB’IHOI eJIEKTPOAU, AKa CIyryBajsia Katomoio. CurHajsomM 3aKiHUeH-
HA mporecy (GOopMyBaHHA ILIIBKU CJHYKHWJIO CIHPAIlbOBYBaHHA peJe
IKepesia KUBJIEHHS, SdKe IMEePeKJIYao IPuiaajg 3 pPoOOTH Yy pPeKuMi
IIOCTIiAHOTO CTPYMY B peXUM IIOCTiiiHOI Hanpyru. Besmunna gyacoBoro
MIPOMIKKY Mi’K IIOUYaTKOM eJEeKTPOJIi3W Ta CIpPallbOBYBAHHAM peJe
BigmoBimasa TpuBaJsiocTi (OPMYBaHHS OKCHUAHOI IIJIiBKU. TOBIUHY
OKCHUIHUX IIJIiIBOK PO3PaxOBYBAJU METOMOI0 KYJOHOMETpii.
Ilonapusarniiini MipAHHA TPOBOAMIN, BUKOPHUCTOBYIOUM IIOTEHIiOC-
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raT-ragbeagocrar Mmapku MTech PGP-550S 3 mporpamMuum 3abesme-
yeHHAM Big pospooHuKa. Ilonapusaifiiini MipAHHSA IPOBOAUIN Y eJie-
KTPOXEMiUHi#I KOMIpIli 3 po3AijleHMM KaTOAHUM i aHOZHUM IIPOCTO-
paMu 3 OJIMB’SHOIO JOIOMIiXKHOIO eJIeKTPomo0. EJeKTpoaHi moTeHIrisa-
JU BHUMipIOBAJM 34 JOIIOMOI'OI0 HACWMYEHOI XJIOPUACPiIOHOI eleKTponu
nopiBHaAHEA Mapku OBJI-1M1, axy posmimiyBaju B OKpeMiii MiCTKO-
cTi Ta 3’eAHYBaNN 3 KOMipKOIO 3a JOIIOMOIOIO IBOIIJIEUOBOTO €JIEeKTPO-
JiTHYHOTO KJIoua 3 Kamijigapom Jlyrima.

PosuuHu gja momepemHbLoTo OoOpoOJeHHs 3pasKiB, IlaBJIeHHSA, eje-
KTPOJIITH IOJis OKCHUAYBAaHHA TOTyBaJlld Ha IHUCTUJILOBAHIN BOAi 3 BHU-
KOPUCTAaHHAM peaKTHBIB KBadidikarii «d.m.a.».

3. PE3YJIBTATH TA IX OBTOBOPEHHS

PesynbTaToM eJeKTPOXeMiYHOTO OKHCHEHHs IIOBEPXHI TUTaHY €
YTBOPEHHA PO3UYMHHUX IPOAYKTIB aHOMHOI peakIlii abo dopmyBaHHA
MMACUBHUX IMIapiB y BUTVIAAL OKCUIHUX ILIiBOK [9, 10].

CTpyKTypa OKCHUIY, OAEP:KAHOTO y APYTOMY BUIIAJKy, BUSHAUAETh-
cAd XapaKTepoM B3aeMOJii KOMIIOHEHTIB PO3UMHY 3 OAepPKaHOIO ILJIiB-
KOI0. SIKIO OKCHUAYBAaHHA IIPOBOJUTHCA y €JIEeKTPOJiTi, AKUN Mae
cqabKy IMaJiBHY Ail0 IIOJAO OKCHUAY, TO Pe3yJbTaToOM € (hOpMyBaHHSA
mIigbHOI OHOPiAHOI MIiBKM Oap’€pHOTO THUITY, AKA 3a KOPCTKUX
YMOB OKHCHeHHs (mampyra Ha xomipii U > 8 B) ckmamaersca 3 TiO,.
Bracaimok imTepdepeHIii cBiTyia Ha po3minapuiili Mexki mMeTasy 3 IIOBi-
TPSAM OKCHJOBaHa IMOBEpPXHA 3abapBiieHA, IPUUOMY KOKHOMY Ii KO-
JbOPY BiAIIOBiae meBHA TOBIIMHA ILIiBKH. 3a B3a€MOMil OKCUIHOTO
urapy 3 KOMIIOHEHTAMU PO3UUHY YTBOPIOIOTHCA IOPUCTI IJIIBKU 3 He-
peryaapuuM abo peryiadapuHuM posrtamryBanaaMm mop [11, 12]. Tosiu-
Ha IJIiBOK 0ap’€pHOr0 TUITY, OJEeP:KaHUX METOJ0I0 eJeKTPOXEMiuHOTO
OKCHyBaHHfA, BU3HAUAETHCS KiHIEBUM 3HAUEHHAM HAIPyTru® Ha KO-
MipIi, MOPUCTICTh — IIPUPOAOI0 €JIEKTPOJIITY, eJeKTPUUHUMU I1apa-
MeTpaMU eJIEKTPOJIi3Y Ta CKJAJOM CTOIIY.

OCHOBHOIO TIPUYMHOIO, II[0 BUKJIMKAE KOPO3il0 TUTAHY 3 TOHKUMU
iHTepdepeHIilino-3abapBIeHNMY OKCUAHUMH ILIiBKaMU, € gedeKTu,
10 IOPYINYIOTh IiJicHicTh, okcuay. Koposia TuTaHOBUX MATepisaiiB 3
OKCUIHUM HOKPUTTAM i3 ifleabHOI0 CTPYKTYpPOIO Mae OyTu MiHiMa-
JILHOIO BHACJIMOK Majoi enekrtpompoBiguoctu TiO,, AKuil y BUTIALI
CYIILIBHOTO ITIapy 3AaTeH c(POPMYBATHU i30JANINHY ILTIBKY 3i 3HAUHUM
omiuaum omopoM [13]. 3 1iei Touku 30py HIpeAcTaBJsAE iHTepec mocC-
JII}KEeHHS IIPOIECiB eJIeKTPOXEMIiUHOTO0 OKMCHEHHSA THUTAHOBUX CTOIIB
Y po3uMHAX CJa0KUX eJEeKTPOJIiTiB, TAKUX AK CyKIIMHATHA KKCJIOTA,
KOHCTaHTa aucomiAmnii aKoi 3a mnepmmmM cryneHem K,; cKJazxae
7,4-107°. Po3unHu IIi€i KHUCIOTH MalOTh MaTH cJabKy IIAIiBHY Iilo
100 OKCUIAHOI TJIIBKM, IO YMOMKJIWBUTL OAEPKAHHA IMIJIBHUX OK-
CUTHUX ILIIBOK Oap’€pHOTO THUIy 3 METOI0 3a0e3leueHHsa TIJIN00KOI
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macuBallii TUTaHy.

Haii6inpmr iHGoOpMAaTHBHOIO 3 TOUKM 30PY AOCHIMMKEHHS ITUHAMIKK
(opMyBaHHA OKCHUIHMUX IJIBOK i IIPOTHO3YBAHHS IXHiX BJIACTHBOCTEN
3a aHOJHOTO OKWCHEHHS € aHaJliza KimeTwuHux sanexkHocteinn U—f(t),
AKi BimoOpaskaioTh AWHAMIKY 3MiHM HAIPYTrX HA eJeKTPOXeMiuHii
KOMipIli y mporieci ejekTposizu. 3a aHOJHOTO OKMCHEHHS 3 YTBOPEH-
HAM IIOBEPXHEBOI OKCHUIHOI ILIiBKU MaliKe Bce IMaAiHHA HAIpPyrud Ha
KOMIpIIi 30cepemkeHe Yy OKCHUIHOMY IIapi, AKHMHA Ma€ 3HAUHUN OMid-
Huii omip. Hocrmimxenmsa sane:xkHoctreit tuny U—f(t) € 3pydyHuM iH-
CTPYMEHTOM, SAKUH YMOKJIUBJIIOE 3a XapaKTepoM 3MiHU HAIPYyTHd Y
yaci 3po0UTH BUCHOBKHU IMOAO CTPYKTYPHU Ta BJIACTUBOCTEH OKCHUIHUX
ILIIBOK, HAaABHOCTU €JEKTPUUYHUX IPOOOIB, CTPYKTYPH Ta XapaKTepy
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Puc. 1. Kinetnuni sanexuocti anoguHoro okucuHenus crouny TigAl,V y posun-
Hax cykimuHaTHOI Kuciaoru. KiHnmeBe 3Hauenua wHampyru U =50 B. j,,
MA/em*: I — 0,8, 2 — 2,0, 3 — 2,8, 4 — 4,0, 5 — 6,0. ¢, 7/am%: a —
0,5,6 — 1,6 — 5,2 — 10, 9 — 25, ax — 50.1
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IIpodosicenns Pue. 1.

OKpPEeMUX 30H 0araTolrapoBUX OKCHU[IB.

Ha pucynrky 1 HaBegeHo KiHeTHUHi 3aJeKHOCTi, omep:kaHi 3a eJe-
KTPOXeMiuHOTO OKMCHeHHA nmoBepxHi cromy TigAl,V y posumuax 3 pi-
3HOI0 KOHIIEHTpAIliel0 CyKIuHaTHOI Kucaotu. Omep:kaHi gaHi BKasy-
I0Th Ha Te, IO, 3aJ€KHO BiJ] YMOB €JeKTPOJi3u, IIpoIllec OKUCHEHHS
CTOIIy Ma€ OCOOJIMBOCTI, AKi 3HAXOMATH CBOE BilOOpasKeHHA y Xapak-
Tepi 3MiHM Hampyru Ha KoMmipii. Haiib6isbmr yacTo BOHU HIPOABISAIOTh-
cA 32 HU3BKMX KOHIeHTpamiit kuciaoru (c, = 0,5-5 r/am®) i e macmiz-
KOM OCOOJIMBOCTEH HPUPOAU EJEKTPOJITy Ta (ismKo-XeMiuHumX IIpo-
1mecis, 10 mepebiraioTh Ha IIOBEPXHi CTONY 3 YTBOPEHHAM ILTiBKH. ¥
po3umHaxX 3 HU3BKOIO KOHIEHTpAIi€l0 KUCJOTH 3a aHOAHUX T'yCTUH
cTpymy j,=0,8-1,5 MA/cm? cyminbHA OKCHAHA IIiBKA HAa IOBEPXHi
cTonny He (hOpPMYeThCA, a 3ajlaHe 3HAUeHHs HAIPyru Ha KOMIipIi He
rocAaraeTbesa. lle MOACHIOETHCA TUM, IO 3& HUSBKUX j, YTBOPIOIOTHCS
OKCU/IHI IJIIBKY, AKi BiAIOBiZAaIOTh NPOMiKHUM CTYII€eHAM OKWCHEHHS
TUTAHy ¥ YTBOPIOIOTH HAMIBOPOBIAHWMKOBI oKcuam ckjaaxy Ti,O53—
4TiO,, aAKi 3a OGiIBIT TOBUTUBHUX 3HAUEHH MOTEHI[IAJIB OKUCHIOIOTHCS
xo TiO,.

Kpim Toro, 3a HMBBKUX j, IJIIBKA He € IiJIbHOI, CUJIBHO Tigparo-
BaHA Ta Ma€ He3HAUHUI eJIEKTPUUHUI Omip; ToMy BUXiJ Ha 3aJaHe
3HAUYEHHA HaANPYyru Ha KOMIpIli He cmocTepiraerbca (puc. 1, a, 3aje-
xuicts 1). Iigpumennsa j, 1o 2—2,8 MA/cM® IpU OJHOYACHOMY 3POC-
TaHHi ¢, IPUBOAUTHL N0 YTBOPEHHSA IiJIHHOI OKCUAHOI ILJIiBKU 3 BJac-
TUBOCTAMU, OJU3BKUMU 0 TieIeKTPUUYHUNX; HA TaKe BKasye JiHIAHMIA
xig samemuocteit U—f(f), omep:kanux 3a mux ymoB (puc. 1, a, saie-
skHocTi 2 Ta 3). OmHaK momasbIlie HiABUINEHHA T'YCTUHU CTPYMY OKU-
cHeHHs 10 4—6 MA/cM® BUKINKae IOSABY HOBOTO e(deKTy, AKUil Ipo-
ABJIAETHCA y BUIJIAAI IMOHUIKEHHS HAIPYTrM HA KOMIpIi 3 JOCATHeH-
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HaMm sHaveHHA U =40 B i BuUKJIMKaHuii MiclleBUM IIOPYIIEHHAM CY-
IiJILHOCTH OKCHIHOTO IIapy BHACIiOK HAATO MIBUAKOTO 30iJbINeHHS
MOro TOBIIMHMN 3 OJHOYACHUM BILIMBOM HEIOCTATHLOI €JIeKTPOIPOBi-
HOCTH PO3UHHY, KA 3yMOBJIIOE HEPiBHOMIpPHHII PO3MOAiJ €JIEKTPUU-
HOT'O IIOJIA BCepeAUHi MJIiBKM ¥ YyTBOPEHHA 3HAYHMX BHYTPINIHIX Ha-
Py KeHb.

3a KoHIeHTpaIil Kucaotu ¢, = 1-5 r/am® croxactuuni mpomecu mix
yac (GopMyBaHHSA OKCUIHUX ILIiBOK cIlocTepirarorbcs 3a j,=0,8-2,8
MA/cM?, 1 y Beix BUmagkax Ha KOMIpIi JocAraeThbed 3ajaHe 3HAUEHHS
"Hanpyru. IlacuBHuii map, copMoBaHUM 3a IIUX YMOB, € IBOIIIAPO-
BUM 1 CKJIQZaeThCcsA 3 TOHKOI 0ap’epHOI CKJIAL0BOI TAa MOTOBIIEHOI Tif-
paToBaHOI CKJIaZoBOiI Ha 30BHiIMIHiN moBepxHi okcuny (puc. 1, 6, 8). 3
mifBUIeHHAM j, 7o 4 MA/cM® Ta BHINe cIocTepiraernca JimiiiHa 3a-
JEeKHICTh HapOCTAHHA HAIIPYId HAa KOMIpPI[i, IPOIOPIIifiHA TPUBAJIOCTI
erekTpoJisu. Ile BKasye Ha yTBOPEHHSA HEHAIIPYKEHUX MNIIIBHUX OK-
CUNHUX IIIBOK 3 TAPHMMU HNaCUBYBaJbHUMHU BjacTuBocTaAMU [14—16].
Taka K cuTyallisl CIIOCTEPIraeThCcsa i 3a IMOAJBIIIOTO 3POCTAHHA KOH-
meHTparii Kmcaotu y pos3uumHi (pume. 1, 2—#), 110 3yMOBJIEHO IIiIBU-
ITeHHAM eJeKTPOHPOBiTHOCTH PO3UMHY, KA Ja€ 3MOry c(opMyBaTH
piBHOMipHUI OKCUAHWMII ITap Ha Beiil moBepxHi. Cuix BimsmauwmTHu, 1110
yac, HeOOXimHUU IJIsT BUXOAY Ha 3aJaHe KiHIleBe 3HAUeHHS HAIPYTHU
Ha KoMmipii Biamosizae TpumBaJsiocTi (hOpMyBaHHA OKCUAY MaKCHUMAaJb-
HO MOXKJIMBOI IJIA HaHUX YMOB €JIEKTPOJIi3U TOBIITWHU.

Brasani pesysbTaTé JONOBHIOIOTHCA JAaHUMU MHOJAPUBAIIAHMX Mi-
pAHb, IPOBEeIeHNX HA CTOIII B YMOBaX aHOAHOI PO3TOPTKU IIOTEHITiAIY
(puc. 2). Oxep:xaHi pes3yiabTaTH BKasylOTh Ha Te, IO 3a aHOTHOI IIO-

I —

¢ 2 4 6 8 10 12 14 16
B

a’
Puc. 2. Avonui mosnapusaiiiini sasesxHoCTi, omepskani Ha crtomi TigAlV y
CYKIIMHATHUX eJeKTpoitax. v,=10 mB/c. ¢, r/om®: 0,5 (1), 1(2), 5 (3), 10
(4), 25 (5), 50 (6).2
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Jasapusalii Ha cToIll peasis3ylTbCcAd He3HAUHI I'YCTUHHM CTPYyMY, IO Bi-
IIIOBiafOTh IIpoIlecaM OKMCHEHHS ITOBEPXHi eJIEKTPOIU 3 YTBOPEHHIM
3MIiMIaHMX OKCHUAHMX ILJIIBOK [OBO- Ta TpuUBaJieHTHOro Twuramy, AKi
MalOTh JOCTATHLO TapHI HmacMBYBaJbHI BJIACTHBOCTI, HA IO BKAasye
3HAYHA BeJUUYMHA eJIEKTPOLHOI moadpmsariii. ¥ o0JacTi moTeHIisgIiB
Ha piBHi 5—6 B Ha KpuBuUX 3 ABIAECTLCI MAKCHUMYM, IO BigmoBimae
3aKiHueHHIO (POpMYyBaHHA ILIiBKM HUKUYHX OKCHUAIB TuUTaHy (puc. 2).
3 momaJbIINM IIiABUIEHHAM IIOTEHIIAJY eJeKTPOAUu BigOyBaeThCs
IOOKMCHEHHs copmoBamoro mapy ao TiO,, axomy BiamoBimae mosBa
KOPOTKOro mjaaTo. IIpMmumHOIO IHOro € Au@ysiiini oOMe)KeHHs, AKi
BUHUKAIOTH 3 YTBOPEHHAM JiOKCHUIY TUTAHy, 3yMOBJIEHI THM, IO IO-
OKICHEHHS NPOXOIUTH 3a TBEPAOo(dasHMM MexXaHi3MOM, OIHi€I0 3i cra-
Iiil AKOro € mepeHeceHHa HoHiB Turamy 3 06’eMy OKcuay Ha HoOro mo-
BepxHIO. BHacIigoK Toro, mo chopmMoBaHUI OKCUIHUN IIap Mae€ MaJIy
TOBIIUHY, Ieil IpoIiec BimOyBaeThCA HOCTATHLO IMTBUAKO, a HAa KPUBUX
cIocTepiraeTbcsa MifAioM CTPYMY.

3a3HAYNMO, M0 TEPMIiH «IIOTEHIiAN» yV HaHOMY BUIAIKY B:KHBATHU
HEeKOPEeKTHO, OCKIIbKY IOro 3HaUeHHs, HaBeleHi Ha puc. 2, € TepMo-
IuHaMiuHo HedMoBipHuUMHU. Omep:kaHi 3HAUEHHA XapaKTepU3YIOTh
MagiHHA HAIPYTd B 3pasKy, AKa IPAKTUYHO IIOBHICTIO 30cepeKkeHa y
OKCHUJHOMY IIapi; APyry 3a iCTOTHICTIO YacTKy BHOCUTH MaliHHA Ha-
Opyru y eJeKTPOJIiTi, 3yMOBJIeHe HE3HAUHOIO eJeKTPONPOBiAHICTIO
PO3UYMHIB CYKIIMHATHOI KUCJIOTH, OCOOJIMBO CUJILHO PO3BedeHuXx (puc.
2, kpusa 1).

Ilopanbinie migBUIMIeHHA HANIPYrd Ha KOMIipIi MPUBOAWTH OO0 IOSBU
MaKCUMyMy CTPYMYy, AKWU BiIIOBifmae cTpyMy IacwBaIllil eJeKTpPOIH,
BUKJMKAHOI HOYATKOM OKCHAYBAHHSA CTONY Yy IIOTEHIIIOCTATUYHOMY
pexuMi 3 YTBOPEHHAM IIMIJIBHOTO ITapy miokcunay tutawmy. Ilacusariis
3a IIUX YMOB € OY:Ke CTifKOI0; 3 MiABUINEHHAM HAIIPYTW Ha KOMipIiii
mo 150 B mpo6ifi mIiBKM He CIIOCTEepiraeThcsA; TAaK CaMO Ha IIOBEPXHi
eJeKTPOAY He CIOCTepPiraeThbCcsa i BUAIIEHHA KHCHIO. SHAUEHHS T'yCTU-
HU CTPyMy HacuBarii jgexuthb y mexax 0,08—0,18 mA/cm®. Ha mpax-
TUIIi IIe He O3Havae, mio 3 mocarHeHHam 10—-11 B ¢opmyBanua okcu-
Iy Ha CTOIli BaKiHUyeThCSA — HAaBiTh TaKi He3HAUHi CTPYMU IIaCUBHO-
ro cTaHy 3a0e3IeuyIoTh IITPOMOPIIiliHe 30iJIbIIIeHHS TOBIMUHU OKCUIY
yepe3 mocaigoBHe migBuiienHa U. Ili cTtpymMu BipmoBizaioTh HOHHUM
crpymaM Mmirpamii Ti*" mo posginbuoi mesxi das, fe BOHM BCTYNIAIOTh Y
peakirio 3 KMCHeBMiCHUMHY YaCTUHKAMU.

Bennumnua cTpymy macuBaliii 3ajiesXKHWTh BiJ KOHIIEHTpAIlil eJeKT-
poiiTy, 1[0 3yMOBJIEHO 3aJI€KHICTIO €JIeKTPOIPOBiAHOCTH PO3UNHY Bil
3HAUEHHsS aHaAJiTHUUYHOI KOHIeHTpaIlii KucaoTu y HboMYy. Ilomspusa-
ImifiHa BsaJle’KHicTh, SAKa BimmoBimae KommeHTpariii kuciaotu c,=0,5
r/AM®, pO3TAIIOBYEThCA HMMKUe IiHINMMX KPUBUX, IO IOACHIOETHCS
3HAUHUM ITaJiHHAM HAIPYTH Y PO3UUHI €JIeKTPOJiTy, AKe CTaHOBUTL
icTOTHY YacTKy BiJl 3araJibHOTO HMaNiHHA HAIPYTW HA KOMIipILi.
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OpepskaHi pesyJbTaTH IiATBEPIKYIOTHCS JaHUMHU 3 OKCHUAYBAHHS
CTOITYy, OIeP;KaHNMH y CTAIlioOHAapHUX YMOBaX.

Ha pucyuky 3 HaBeAeHO 3aJIeXKHOCTI TPHMBAJOCTH OKMCHEHHS CTOILY
TigAl,V, omepskaHi 3a eJIeKTPOJisM y rajJbBaHOCTATUYHOMY PEIKMMi.
YacoBi mpoMiKKM T BiIOBiflatOoTh TpPUBAJOCTi (OpMyBaHHA OKCUIY
TPaHMYHOI TOBIIMHMN Ta BKAa3yOTh Ha Te, IO iXHA BeJIWUYMHA 3aje-
JKUTL Bixg pobouoi j,. Ha omepskammx 3ajeXHOCTSIX YMOBHO MOKHA
BUJIINTH ABi OinAHKHU: y Aianasoni j, = 2—5 MA/cm? mBuaKicTs dop-
MYBaHHA OKCUAY NOPAMO MOPOIOPIIifiHA BeJIWYNHI TYCTUHU CTPYMY
(puc. 3). 3a MeHIIUX 3HAUEHD j, (IepIila TOUKa 3aJIeKHOCTEH Ha puc.
3) nimitimmit Xig KpPUBUX IIOPYIIYETHLCA BHACIIIOK HETOCTATHBLOTO
3HAUEHHsA T'YCTUHU CTPYMY OKMCHEHHS, IO MPUBOAUTL OO YTBOPEHHS
3MIMTaHMX OKCHUIHUX ILIIBOK i3 MPOMiMKHMMM CTYHEeHSIMUN OKHCHEHHS
TUTaHy. SMEHIIIeHHS TPAaHUYHOI TPUBAJIOCTH EJIEKTPOJi3u JO0 BUXOIY
Ha 3ajJlaHe 3HAUEHHA HAIPYTU 3 IIIABUMNIEHHAM j, IIOACHIOETHCA TUM,
110 UIBUJKICTH eJeKTPOoXeMiuHOl peaKIlil OKMCHEHHA IIOBEePXHi cTomy

1000 — T T T

L
> -
g o201 400 — T T T = 7] 400 — T T L
800 4 A 3 g -2
| v 4 > A 3 R .3
sook &5 300F p -4 300F « v 4
o . : g o5 *-5 . *5
o o - : 6| v < 6
s00f o 15 200 X . 7|3 2000 4 % > 7
L °
4 = ey
200F * 4 100F . i — 1 100F # b
0 L () 1 1 1 1 1 0 1 '
4

I 2 B . 5 12
Jo AlaM J,
a 0 8
300 T 400
r . - 2 e 2
400 ke § > A3
[ - 300 B
- -5
) 300 b . < 6
2 ! : > 7 Y, 200 F : . -7
2000 30 - L3
L ..‘ S L
. 100 | E
o " ; ; .
0 1 1 L - 0 1 1 1 L 1
12 3 s 1 2 3 4 5
S Alam” JoAlmv
2 0

Puc. 3. 3anmexkHOCTi TpUBaJIOCTH (POPMYBAHHA OKCUIHOI IJIiBKU 3a OKUCHEH-
Ha crony TigAl,V y rasbBaHOCTATUYHOMY PEKKMi B PO3UMHAX CYKIIMHATHOI
KHCJOTH. C,, T/oM*: a — 5, 6 — 10, 6 — 25, 2 — 50, 0 — 60.3
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3pOCTaE IIPOIOPIINHO BEJWUYNHI CTPYMY, IO 3yMOBJIIOE €KBiBaJIeHTHE
3POCTAaHHA IIMTOMOI KIJIBKOCTH MeTajlly 3a OJHAKOBUM YaCOBUI IPO-
MisKOK. OCKiNbKY IMiABUINEHHS TYCTUHHU CTPYMY 3YMOBJIEHO BeJIUYIN-
HOIO eJIEKTPUYHOTO CTPYMY, TO ILIKOM 3aKOHOMipHO, IIIO HIBUIKICTH
OKMCHEHHSA CTOIY pocTe 3i 30inbmieHHAM j,. Ile migTBepAKyeThCA €K-
CIepUMEHTAJILHUMEN AAHUMU, 3TifHO 3 SKUMHK BUXiIT 3a CTpyMoOM
YTBOPEHHS OKCHUIY 3a OKMCHEHHS TUTAHOBUX MaTepidAJiB y eleKTpo-
gditax 3i caabkoro mpaBiasuor giero mogo TiO, 6amssruit o 100% ;
aHOJIHEe OKMCHEHHS aHiOHIB eJeKTpPOJIiTy, MOJEKYJN PO3UMHHHKA abo
BUIIJIEHHSA KHCHIO Y IOMITHMX KiJBKOCTAX 34 OKCHAYBAHHSA HE CIIO-
crepiratorsea [17, 18].

ITe BKasye Ha Te, IO AMKEPEIOM KHUCHIO € MOJIEKYJIM BOAM, 3IAaTHI
IUCOILIOBATH HA IIOBEPXHi aHomu 3 yTBopeHHaM iomiB 0%, aki ompa-
3y BCTYIAIOTh y peakirifo 3 fomamu Ti'" ma mosepxHi okcumy.

HacTynHuM BHUCHOBKOM, SIKUI MOMKHA 3pOOUTH 3 HIpeIcTaBIEHUX
3aJIeKHOCTEHM, € Te, IO TPUBAJIICTh (OPMYBAHHA ILJIiBKU 3aJIEKUTD
Biml KiHIeBOl Hampyrm Ha KoMmipiii. IligBunieHHsa BeJIWYWHM KiHIlEBO1
U upuBoauTh A0 30iJBINIEHHS TPUBAJIOCTH IIPOIECY CTaIliOHAPHOTO
dopmyBaHHA OKcuaHOro mapy (puc. 3). Ile Bkasye Ha Te, 110 eJIEKTPO-
XeMiuHe OKHCHEHHS CTOIIy y CYKIIMHATHUX eJeKTPOoJIiTax Ia€ 3MOTY
olep:KaTU OKCUIHI IJIIBKM 0ap’€pHOr0 TUITY, TOBIIWHA AKUX ITPOIIOP-
IMifiHa 3HAUYEHHIO HAIPYrd Ha KOMIpIIi BHaCIiZOK HeoOXimHOCTH 3a-
0es3meueHHA IOCTIHHOI HATIPYKEHOCTU eJIEKTPUYHOTO II0JIS Y OKCUII.

Iopanbimi mocaigsKeHHA AAM 3MOTY BUABUTU BIJINB KOHIIEHTpAIil
eJeKTPOJIITYy Ta HAIIPYTX Ha KOMipIli HAa TPUBAJNICTL YTBOPEHHSA OKCIU-
OHOI IJIiBKM MaxkcuMandbHOI ToBImumHU. Omep:kaHi pe3yabTaTH IIOKa-
3yIOThb, IIT0 3MiHAa KOHIIEHTpAIlii CYKIMHATHOI KHCJIOTH y PO3UUHI B
me:xax 5—60 r/am® Mmaiiske He BILIMBAE€ TPUBANICTH POCTY ILIiBKM
(puc. 4). Ile cBiguuTh PO Te, IO 3MiHA KOHIEHTPAIil KUCJIOTU Y PO-
34YMHi He BIUIMBA€E Ha ii IMaNiBHY 3JaTHICTH MI0A0 c()OPMOBAHOTO OK-
cunmy.

BusnavaJlbHUM YMHHHUKOM, IO BIJIMBA€ HA TPUBAJICTL (OPMYyBaH-
HS OKCHIHOTO ITapy MaKCHMAJbLHOI TOBIIWUHU, Yy AAHOMY BUIIAIKY €
BeJIMuMHA KiHIIeBOI Hampyru Ha Komipii. SIK BuaHO 3 maHUX, HaBe-
IeHUX Ha PHUC. D, TPUBAJIICTL (POPMYyBAHHA IIPOIOPIIHHO 3aJIEKUTDH
Big sHaueHHs Hampyru. Ile JoaaTKOBO IIiATBEPIKYE, III0 aHOIHE OKHU-
CHEHHs CTOIIy 3a IUX YMOB IIPUBOAUTL MO0 YTBOPEHHA IMiJIbHUX
0ap’epHUX OKCUIHUX ILIiBOK 3 BJIACTHUBOCTAMU, OJU3bKUMU OO0 Tieje-
KTpuuHuX. BigxuigeHHda Bij JiHifiHOTO XOAy B3ajiesKHOCTell crocTepi-
raloThCA IiJi Yac BUKOPHUCTAHHS eJeKTPOJITiB 3 ¢, < b r/amM°, mo mo-
SICHIOETBCSA HEIOCTAaTHHOIO €JIEKTPOIPOBIMHICTIO PO3UMHIB, HaNiHHA
HAIIPYyT¥ B AKUX CKJIAJA€E ICTOTHY YACTKY BiJ] 3aTaJIbHOTO Ha KOMIipIli.

Pymritinoro cuiioro mporecy, AKa 3yMOBJIIOE (popMyBaHHA PiBHOMIip-
HOTO OKCHUJIY 34 aHOJHOI'0 OKMCHEHHS CTOIy, € HadBHICTH 3HAYHOI
HAIIPY:KeHOoCTH (I'Pafi€eHTy MMOTEHIiANY) eJIEKTPUYHOrO IIOJA Y OKCHU-
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Puc. 4. 3ajmexHoCcTi TpuBaIoCTU (POPMYBAHHA OKCHUIHOI IJIiBKM 3a aHOTHOTO
okucHeHHdA crony TigAl,V y cyKIumHATHUX eJIeKTPOJIiTax Bif KiHI[eBOro 3Ha-
uyeHHA HAIpyTHW Ha Kowmipmi. ¢, r/am*: a — 5, 6 — 10, 6 — 25, 2 — 50, 0
— 60.4

Hi¥ mriBii, sxa Mae 30epiraTy mocTiliHe 3HAUEHHS BIIPOJIOBIK BCHOTO
nporecy [19]. 36inbIIeHHA TOBIIUHU OKCHUIHOI ILIiBKM HEePEPUBAETH-
csd 3 JOCATHEHHAM I'PAJi€eHTY IMOTEHIiAJY, AKHN He MOKe 3a0e3Ieumn-
TH IIPOXOM:KeHHA HoHiB TuTaHy Kpish I'PATHUII0 OKCUAY MO0 PO3MiJb-
701 MeKi 3 eJIeKTpoJIiTOM, Ha AKi BimOyBaeThca (OpMyBaHHS HOBOTO
mapy [20].

Ilig yac OKHMCHEHHS MeTajly y [aJbBaHOCTATUUYHOMY PEKUMIi Ijs
OiATPUMKM 3aJaHOI I'yCTHHH CTPYMY HeoOXifHa MocTifiHa HaIIpysKe-
HiCTh HOJIA TO TOBIIMHI copmMoBaHoi ImIiBKHU. AKIIMO OKCHUJ yTBOPIO-
€ThCA B YMOBaxX j,=const, maginua HaANpPyru y ILIBII Mae JiHIHO
30iJBITYBATHCh 1 Mae cImocTepiraTucsa IPOIOPIiMiHA 3aJeKHICTL MiK
Moro 3HAYEeHHAM 1 TOBIIMHOIO IJIiBKu Tuiy O =alU, ge 8§ — ToBIUHA
chopmoBanoi miriBku, U — magiHHA HaOpyru y ILTiBIL, a — Koediri-
€HT IIPOMOPI[IMHOCTH YK TO IOCTiliHA POCTY ILIiBKM, IO OJA THUTAHY
aMiHIOETBC B Mexax 1,9-6,0 am-B' [21, 22]. Ile moscHIOE, YoMy
TOBIIMHA OKCHUIHUX IIJTIBOK 0ap’€pHOT0 TUIY BU3HAUAETHCSA JIHUIIIE JO-
CATHYTHUM 3HAUEHHSIM Hanmpyru Ha Komipii. [lificHO, 3a cTajioro 3Ha-
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Puc. 5. 3anexHocTi TpuBajgocTH (POPMYyBaHHSA OKCHUIAHOI ILIIBKH OJSA CTOIY
TigAl,V y cyKIUMHATHUX eJeKTpoiirax. j,, MA/cm*: a — 3, 6 — 5.°

YeHHA HAIPYTWM Ha KOMIipIli, i3 30i/MbIIeHHAM TOBIMUHMN ILTiBKU Oyne
cIocTepiraTucs MOCTYHOBe IIOHMIKEHHS HaIpysKeHocTu 1oasa K
(E=U/d) y okcuzi. @opmMmyBaHHA ILIiBKM HOPUIUHUTHCSA 3 TOCATHEH-
HAM [OeSIKOT0 KPUTUYHOrO MiHIiMaJbHOrO 3HAUEHHS HANPYKEHOCTH,
AKe YHeMOKJIUBUTL MoHaM Turany mMaTu TOCTATHIO €HEepTriio MIJsd IOo-
JOJIaHHSA eHepTeTUUHOro 0ap’epy Imig uac pyxy y I'PATHHUIIL OKCUAY IO
po3ainbuol MexKi 3 eJeKTPOoJIiTOM.

AHomHe OKCHIYBaHHA Y CYKIIMHATHUX €JEeKTPOJiTaX IPUBOIUTEL 10
YTBOPEHHS Ha IIOBEPXHi cTomy 3abapBiieHuX ILTiBOK. Koiip miaiBku
BU3HAYAETHCA BEJIMUYMHOIO KiHIIEBOI HANIPYrW Ha KOMIpIIi Ta He 3aje-
JKUTh BiJf 3HAUEHb I'YCTUHU CTPYMY i KOHIEHTpAIlil eJeKTpOoJIiTy, II0
3HAXOAUTHCA V BiamoBimuocTi 3 JleBaibIOBOIO TeOPi€io eIeKTpoXeMiu-
HOro (popmMyBaHHA O0ap’€pPHUX OKCHUIHUX ILIiBOK.

Komip naiBKu € 3pyYHMM HAOUYHUM iHCTPYMEHTOM IJIS BU3HAUEHHS
TOBIIIMHN OKCUIHOTO IIOKPUTTA Ta MOKe BHKODPUCTOBYBATUCS [JIs
MapKyBaHHA OKPEeMUX IIAPTill AeTaiB y MacoBOMY BHPOOHUIITBI (IuB.
puc. 6).

OpepskaHi KyJOHOMETPHUUHI JaHi JajJau 3MOTY IIPOBECTH PO3Paxy-
HOK TOBIIMH OKCHUAHUX ILTiBOK (TabJ.). PesyiabTaTu po3paxyHKY IIO-
Kas3yioTh, IO TOBIWHA OAEP:KAHUX ILIIBOK B3HAXOAUTHCI y MeKax
30-120 M, 1m0 mpuOIM3HO Ha 2 HMOPAAKM OiJbIlle 3a TOBIUHY IIPHU-
poAHBOTO OKCcUAy. BUKOHAHI pPO3pPaXyHKM YMOMKJINBJIIIOTHL BCTAHOBU-
TH BiATOBiAHICTh, MiX 3HAUEHHAM HAIPYTW Ha KOMIpIli, TOBIIHHOIO
Ta KOJHOPOM OKCHUIHOTO IOKPHUTTS, IO Ma€ MOMKJIUBICTH (hopMyBaTH
IUIIBKY i3 3alaHUMU BJIACTUBOCTSIMMU.

Opep:xkaHi pesyabraTé 3 (DOPMYBaHHS OKCUIHUX ILJIIBOK y CYKIIH-
HATHUX eJIEKTPOJiTax Iikasi, HacaMIiepen, 3 TOUKU 30PYy peryJioBaH-
HS eJeKTPOXeMiuHOl aKTHBHOCTH TUTAHOBUX IMILJIAHTATIB AJIA IIPO-
THO3YBaHHA IXHBOI KOpO3ifiHOI cTifikocTu y (isiosoriunomy cepemo-
BUII[I OPraHisaMy JIIOSUHMU.
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2

Puc. 6. Imnnanratu 3i crony TigAl,V 3 OKCHUAHUM HMOKPUTTAM, OAEP:KAHUM
METOZ0I0 eJIEKTPOXEeMIiUHOTO OKCUAYBAHHA: @, 6 — 3 €NHYBaJbHi IJIACTUHH,

6 — HaKJAagKa, 2 — MAaJoroMiJkKoBa KicTka.®

TABJINIIA. BignosizricTs Mix Hampyromo, TOBIIMHOIO i KOJLOPOM ILIiBOK.'

Hanpyra U, B Konip maiBku ToBuMHA WIIBKY 6, MKM
40 CBiTJI0-3eIeHT 72
50 JKOBTUIH 920
60 30JIOTUCTUH 104
70 MaJIMHOBUH 119
80 TEeMHO-0ipi030BuMii 151
90 cBiTJI0-0ipro3oBuii 178
3eJIeHu I 215

100
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OnTuMajabHy CTPYKTYPY MATHUMYTh ILIiBKM 0ap’e€pHOr0 THUOY, IO
XapaKTepuayIThCA OMHOPIAHICTIO CKJAAy Ta MiHiMaJbHOIO IIOPHUCTIC-
TI0. Taki MJIiBKM MaTUMyTh XOPOIIIi 3aXMCHi BJACTHUBOCTi, 3yMOBJIEHI
i3om0BaIBLHMMU BJIACTUBOCTAMM JTiOKCHUAY TUTAHY, AKUii 3a0es3meuye
ranbOKy IIacuBAaIlilo MMOBEPXHIi iMmIaHTaTiB.

4. BAICHOBRH

Ilokasano, 1[0 aHOAHEe OKMCHeHHA cromy TigAl,V y cyKmmHATHHX
eJIeKTPOoJIiTaX NPUBOAUTL O YTBOPEHHA HAa IIOBEPXHi 3pasKiB iHTep-
depenIiiino-sabapBJIeHNX OKCUAHUX ILIIBOK Oap’epmoro tumy. IlIBu-
IKiCTh OKMCHEHHS y JiANasoHi r'ycTHHHU cTpyMYy j, 2—5 MA/cM? mpamo
nporopiifina BeanuuHi j,. Bearuunaa makcumMaabHOL AJIA JaHUX YMOB
TOBIIUHY ILIIBKM BU3HAYAETHCS 3HAUEHHAM HAIIPYTrd Ha KOMIpIi Ta
He 3aJIe’KUTh BiJi KOHIIEHTPAIil eJIeKTPOJIITYy Ta T'YCTUHU CTPYMY eJie-
KTpouisu. Omep:kaHi pe3yJabTaTH IIOSACHIOIOTHCA THUM, IO YTBOPEHHS
ILTiBOK BiZOyBaeThCcA 3a HASIBHOCTH IIEBHOTO I'PAJi€HTy IIOTEHIIiSATY,
AKUN 3abesmmeuye Mirpariio HoHIB uepe3 I'PATHUII0 OKCUAY. 30iJb-
IIeHHA 3aJaHOT0 3HAUEHHSA HAIPYTW HOPUBOIUTH OO0 IIPOIIOPIIHHOTO
301JIBIITeHHA MaKCUMAJBLHOI TOBIIMHU OKCUIY, AKa 3yMOBJIOE TPUBA-
JicTh cTalioHapHOI eJeKTPOoJIi3u.
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! Fig. 1. Kinetic dependences of anodic oxidation of TigAl,V alloy in succinate acid solutions.
Final voltage value U=50 V. j,, mA/sm? 1—0.8; 2—2.0; 3—2.8; 4—4.0; 5—6.0. c,, g/L:
a—0.5; 6—1; 6—5; 2—10; 0—25; e—50.

2 Fig. 2. Anodic polarization dependences obtained for the TigAl,V alloy in succinate electro-
lytes. v, =10 mV/s. ¢, g/L: 0.5 (1); 1 (2); 5 (3); 10 (4); 25 (5); 50 (6).

3 Fig. 3. Dependences of duration of formation of the oxide film during oxidation of TigAl,V
alloy in the galvanostatic mode in solutions of succinate acid. ¢4, g/L: a—5; 6—10; 6—25;
2—50; 0—60.

4 Fig. 4. Dependences of duration of formation of the oxide film during anodic oxidation of
TigAl,V alloy in succinate electrolytes on the final value of the cell voltage. c,, g/L: a—5; 6—
10; 6—25; 2—50; 0—60.

% Fig. 5. Dependences of duration of formation of the oxide film for TigAl,V alloy in succinate
electrolytes. j,, mA/sm? a—3; 6—5.

5 Fig. 6. Implants made of TigAl,V alloy with an oxide coating obtained by electrochemical
oxidation: a, 6—connecting plates; 6—pad; z—fibula.

“TABLE. Correspondence between voltage, thickness, and colour of films.
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One of the directions in development of nanotechnologies used for produc-
tion of building materials, development of theoretical and practical meth-
ods applied for improving the properties of finished products and opera-
tional constructions in Ukraine consists in use of nanosystems for regula-
tion of material structure and binder properties. The hydration mecha-
nism of mineral binders in the presence of nanomodifiers is quite poorly
described in the scientific literature, but the results of laboratory studies
confirm their significant impact on the technological process and changes
in physical and mechanical properties. Studies on both the influence
caused by nanomodifiers and the mechanism of gypsum binder hydration
in the presence of nanomodifiers are topical. The goal of this article is
studying the mechanism of hydration process, structure and properties of
gypsum binders in the presence of carbon nanomodifiers. As revealed, in-
troduction of carbon nanostructures into gypsum compositions affects,
first of all, the rate of chemical reactions (hydration of binders), mor-
phology of crystals and composition structure. Use of a relatively small
amount of modifier makes it possible to change the structure of mortar or
concrete, to increase significantly the strength characteristics and to im-
prove the physicochemical properties. Carbon nanotubes (CNTs) are one of
modifiers. They are mainly neutral with respect to the components of the
binder solution and affect the hydration process by increasing the surface
energy, creating crystallization centres and nanoreinforcing the structure.
For achieving a more efficient action of the nanomodifier, mechanical or
chemical destruction of separate chemical bonds on the surface of nano-
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tubes is applied (functionalization). Functionalization of CNTs’ surface
gives an opportunity to disperse them more evenly throughout the bulk of
the modified material; it also contributes to reduction of sedimentation
effect and provides chemical interaction between nanotubes and matrix of
the substance. Modification of gypsum with nanomaterials increases its
compression strength and bending strength as well as water tightness. It
is experimentally established that the optimal concentration of CNTs with
the greatest increase in strength observed is of 0.005—-0.05% of the bind-
er dry mass. Providing the same content of nanomodifiers in the gypsum
matrix (0.035%), the maximum increase of compression strength (28—
30%) is achieved by means of using CNTs functionalized with hydroxyl
groups.

OpuuM i3 HAIPAMIB PO3BUTKY HAHOTEXHOJIOTilI BHPOOHUIITBA OyIiBelIbHUX
MaTepisaniB, PoO3POOKU TEOPETUUHUX i MPAKTUUHUX METOJ MOJIIIIeHHs BJa-
CTHUBOCTEM I'OTOBUX BHUPOOiIiB Ta eKCILIyaTalliiHUX cHOopyd B YKpaiHi € BUKO-
PUCTaHHA HAHOCUCTEM [JIsI PEeryJIOBaHHS CTPYKTYPM MaTepianiB i BiacTu-
BoCTeli B’s:KyumX peuoBMH. IH@opmallii mjomo MexaHismy IIporeciB rigpa-
Taiii MiHepaJbHUX B’ AKYUYUX PEUOBUH y NPUCYTHOCTI HaHOMoAumdikaTopis
B HAYKOBi#l JiiTepaTypi mocTaTHBO MaJjo, ajle pesyJabTaTH IPOBEJEHUX Jabo-
PaTOPHUX MOCJiM:KeHb IiTBEPAKYIOTh 3HAUHWHM BIJIMB iX Ha TEeXHOJOTiu-
HUii mporec i 3minm (disuko-mexaHiuHMX BJaacTuBocTeit. JlocmimxeHnHa
BILIMBY Ta MexXaHisMy IIpollecy rigpartarilii rimcoBux B’sSKydYHX y HPUCYTHO-
cti mamomomudikaTopiB € akTyaabHuMu. MeTa cTaTTi — JOCHimKeHHS Me-
XaHidMy mpolecy rigparaiiii, CTPYKTypHM Ta BJIACTUBOCTEH TilICOBUX
B S)KYUYHX y IPUCYTHOCTI BYIJIelleBUX HamomoaudikaTopiB. 3pobJieHO BU-
CHOBOK: BBEJJEHHA B TilICOBi KOMIIO3UIIii BYIJIEIIEBUX HAHOCTPYKTYP BILJIHU-
Ba€ B MePIIy Uepry Ha IIBUAKICTh XeMiuHMX peakIliii rigparamii B’syumx
pedyoBUH, MOP(OJIOrito KpUCTANiB i CTPYKTYpy KomIito3uilii. Bukopucramusa
IOOCTAaTHHO HE3HAYHOl KiJbKocTHm Moam(ikaTopa ma€ MOMKJIMBICTH 3MiHUTH
CTPYKTYPY PO3UMHY ab0 6eTOHY Ta 3HAYHO ITiABUIIUTHU MIiIlHiCHI XapaKTepu-
CTUKHU, MOJINIIUTA (pisuko-xemiuui Bmactupocti. OgHuM i3 HaHOMOAU@iKa-
TopiB € Byruenesi HanoTpyoku (BHT), aKi B ocHOBHOMY HeHTpaJbHi IO BiA-
HOINIEHHIO [0 CKJIAJIOBUX PO3YMHY B’AKyUol PEUOBMHM Ta BIJIMBAIOTHL HAa
mpoiliec rigparailii 3a paxyHOK 30iJbIIIeHHSA IOBEPXHEBOI eHeprii, CTBOpeHHA
IEeHTPiB KpucTagidaiii Ta HaHOapMyBaHHA CTPYKTypu. lasa Oinbin ederTH-
BHOI fii HaHOMOU(DiKaTOpa IPOBOAUTHCA PYHHYBAaHHA MeXaHiYHUM abo xe-
MiuHUM crmocoboM (hyHKIlioHami3alid) oKpeMux xeMiuHMX 3B’fA3KiB Ha IO-
BepxHi HaHOTPYO6OK. PyHKIioHAaMi3amia moBepxHi BHT ymoKauBmioe 6inbImn
piBHOMipHO AMcCHepPryBaTH iX IO BChOMY 00’eMmy MoAuGiKOBaHOrO MaTepis-
Jy, CIpUSE€ MOHMKEHHIO ceIMMEHTAIlifHOTo e)eKTy Ta 3abe3meuye XeMiuHy
B3a€EMOJiI0 MiK HAHOTPYOKaMH Ta MaTpuIleio peuoBuuu. Moaudikarmia rim-
cy HaHOcucTeMaMu 36iJbIllye HOro MiIlHiCTh Ha CTUCK i BUTMH, a TaKOK BO-
JOHENPOHUKHiCTh. EKCIlepruMeHTaJIbHO BCTAHOBJIEHO, IO ONTHMMAaJbHa KOH-
nenrpania BHT cramoButrs 0,005-0,05% Bim cyxoi macu B’sKydoro, 3a
SAKOI'0 CIIOoCTepirajgocs Haiibijble 30iJbINIEHHSA MIiIIHOCTH. 3a OJHAKOBOI'O
BMicTy HanomomudikaropiB y rimcosiit marpumi (0,035%) maxcumanbHUI
IPUPICT MIITHOCTM 3a CTUCHEHHS AocAraeTbcA 3 Bukopuctanuam BHT, pyH-
KI[iOHAJIi30BaHUX TiAPOKCUJIBHUMMU IpynamMu, i cranoBuTh 28—30% .
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1. PROBLEM STATEMENT

The concept of developing building materials science is aimed at de-
velopment of modern materials with their properties being superior
to existing ones. A variant of solving the problem may consist of
the use of nanotechnology, which is in its infancy, as there are no
theoretical provisions for creating bulk materials. There are several
lines of research on development of nanotechnologies for production
of building materials, development of theoretical and practical
methods to improve the properties of products and service facilities
[1-3].

One of these lines in Ukraine is presented as use of nanosystems
to regulate the structure of materials and in accordance with the
properties of binders. The hydration mechanism of mineral binders
in the presence of nanomodifiers is quite poorly described in the
scientific literature, but the results of laboratory studies confirm
their significant impact on the technological process and changes in
physical and mechanical properties.

The present article is concerned with solving problems of theoret-
ical generalization and studying complex technological processes of
hydration of solutions with nanomodifiers added, their influence on
structure formation and physical and mechanical properties of bind-
ers, relationship with the composition of raw materials and techno-
logical process of receiving products.

2. THE AIM OF THE ARTICLE

The goal of this article is studying the mechanism of hydration pro-
cess, structure and properties of gypsum binders in the presence of
carbon nanomodifiers.

3. RESULTS AND DISCUSSION

Carbon nanotube-based modifications of composite materials locat-
ed, according to the authors [4], on edges of separate crystals of
hydrated calcium silicate contribute to filling microcavities and
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connecting them to each other. At the same time, carbon nanotubes
(CNTs) of smaller length bind structural formations of short order,
while long nanotubes bind crystallites that are more distant.

The most scientific hypotheses are based on the assumption that
carbon nanoparticles (CNPs), carbon nanotubes (CNTs) are crystalli-
zation centres by means of increasing the phase interface surface
and changing the surface energy of the system. Gypsum structure is
mainly formed by means of changing the input parameters that is
obviously insufficient as far as this process is prolonged, and it is
determined by numerous parameters (volume, temperature, pres-
sure, concentration of source components, diffusion rate, crystalli-
zation, etc.).

According to the experimental studies performed, general state of
the system can be characterized using chemical potential or using
changes in thermal energy [5]. The theoretical assumption is that
adding nanoparticles with a large specific surface changes proper-
ties of the system, i.e., the first stage of controlling of the process
of hydration with nanoparticles can be represented as follows:

CaS0,-0.5H,0 + 1.5H,0 + nanoparticles - CaSO,-2H,0. 1)

The process of calcium sulphate hemihydrate transition to calci-
um sulphate dihydrate is studied in the article; change of condi-
tions and hydration rate in the process of the hydration can change
the structure of crystals as well as their spatial structure and fill-
ing of frame that is never less important. In research studies [6, 7],
it was found that, by means of changing the morphology of gypsum
crystals (through adsorption modification), we can change the
strength of crystallization structures on the base of calcium sul-
phate dihydrate.

Formation of structure of gypsum binders can be regulated by
means of changing the rate of calcium sulphate hydration [8, 9]. In
turn, this depends on the hemihydrate solubility rate and is subject
to the laws of diffusion [10]:

C —c

de _gph-c, @)
dt o
where dc/dt is amount of substance dissolved per unit of time; D—
diffusion coefficient; S—specific surface of the soluble substance;
C,—concentration of saturated solution; c—actual concentration at
the given moment of time; 6—thickness of the diffusion layer.
Changing the rate of calcium sulphate dissolution may affect the
structure of the material. In turn, the rate of crystal formation de-
pends on the surface energy. If the surface energy at the interface
between the crystal and the solution decreases, the stability of the
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system is improved. The amount of energy can be changed through
adsorption of surface-active substances (surfactants). There is de-
pendence (Gibbs equation) between the excess of material in the
surface layer and its concentration in the solution [10, 11]:

¢ (0o
G——ﬁ(aj, 3)

where Oc/dc is surface energy; c—concentration of the additive;
G—adsorption of the additive; R—gas constant; T—absolute tem-
perature.

Concentration of initial components, volume, temperature and
pressure inside the system change during hydration of gypsum
binders or other mineral compounds. Due to this, composition of
the solution is changed. This system can be characterized by a
chemical potential ;.

Chemical potential of additives can be presented as a coefficient
of intensity (degree of stress) of substance chemical energy in the
system (it can be viewed as the product of the intensity factor and
the power factor, and, at the same time, capacity factor is the num-
ber of moles or the concentration of the substance):

oG

where P, T, {n,} mean stability of pressure, temperature, numbers
of moles of all areas except first one.

Increase of chemical energy can be presented as a chemical ener-
gy intensity factor of the given substance in the system. Thus,
chemical potential is the measure of change of the specific function
at constant parameters and masses (concentrations) of all materials,
except mass (concentration) of the component being variable in the
system. Then, chemical potential can be considered as a thermal ef-
fect:

(@) =-AU or (@)=-AH, (5)

where @, is isochronal thermal effect; @,—isobaric thermal effect;
AU—change of internal energy; AH—thermodynamic function of
enthalpy.

Use of modifying additives is an effective technological method
of purposeful influence on these processes. Solving tasks of optimal
modification requires determining the relationship between the
type, composition, concentration and method of controlling and ob-
taining the functional characteristics of binders. This system in-
cludes a rather complicated, but very important process—it is a
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physical and chemical mechanism of interaction between compo-
nents during transition of solution into artificial stone. Developing
theoretical explanation of this mechanism will give an opportunity
to organize a highly efficient control of the hydration process.

When considering the process of hydration and structure for-
mation of gypsum binders, physical and mechanical tests were per-
formed within the frames of this work in order to determine influ-
ence of nanosystems on these processes. Possibilities of developing
theoretical supports for the purpose of practical application for
regulation of hardening processes aimed at improved properties of
solutions and concretes were considered too.

The following materials were used in the work: gypsum binder
(Table 1), plasticizer (Sika Wiskogret) and distilled water. Multi-
layer carbon nanotubes (CNTs) were used as nanomaterials; their
parameters are presented in Table 2.

The following substances were also used in our studies: carbon
nanoparticles (CNPs), carbon nanotubes functionalized (CNTs—OH,
CNTs—COOH). These are CNTs’ surfaces chemically modified with
functional groups, for example, hydroxyl one or carbonyl one [12—
16]. For CNTs oxidation with hydroxyl groups used, a mechano-
chemical method is used [17, 18], which consists in a joint grinding
of CNTs and alkali during 60 minutes (Fig. 1).

Carboxylation was carried out through the interaction of nano-
tubes with various mineral acids [19-21] (chromium salts and man-
ganese salts in oxidation stages, hydrogen peroxide).

Figure 2 shows CNTs after ultrasound processing. Functionalised
CNTs (unlike initial ones) do not form large agglomerates and are
well separated.

A gypsum binder with the addition of a surfactant (which was
predetermined in amount of 0.4% of the binder mass) was used as a
reference sample (Table 3).

A uniform distribution of nanoparticles in matrix volume is an

TABLE 1. Characteristics of the gypsum binder.

. Solidification periods, min| Strength, MPa

0,

Gypsum binder \W/G, % start |  end compression | bending
G-5 65 7 12 3.35 2.1

TABLE 2. Properties of multilayer carbon nanotubes.

Names Specific
of materials surface

Multilayer CNTsnot more than 30 2—-5 um 10—-60 nm 120 m?/g 95

Number of layers| Length | Diameter Frequency
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Fig. 1. Schemes of functionalised carbon nanotubes: a) with carboxyl
groups; b) with hydroxyl groups.

330 HM

Fig. 2. Photomicrographs of multilayer carbon nanotubes: (a) pure CNTs;
(b) modified CNTs.

TABLE 3. Composition and properties of the reference sample.

Solidification
Gypsum, %|Surfactant, % [W/G, %|pH| periods, min
start | end |compression |bending
100 0.4 59 7.2 6 8 4.6 2.2

Strength, MPa

important factor of production technology for creating optimal
crystallization conditions [13, 14]. This means that the modifying
additive (despite its insignificant concentration) must be evenly dis-
tributed in the medium of the solidifying material.

In Johann Plank’s works [15], it was noted that, during binder
modification with multilayer carbon nanotubes including calcium
ions and polycarboxylate superplasticizer, there is a moderate in-
crease of concrete strength for 28 days not more than 30%, which
is related with insufficient degree of CNTSs’ dispersion due to depo-
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sition of calcium ions to the surface of separate nanotubes.

The developed technology of producing samples includes disper-
sion (in an ultrasonic mixer) of nanoparticles (carbon nanotubes,
activated nanotubes) in a concentrated solution of plasticizer (in our
investigations, it is Sika plasticizer) and water according to the cor-
responding regime. Homogeneity is controlled based on optical den-
sity and zeta potential. Then, the dispersed solution is mixed in a
turbine mixer with water in quantity corresponding to the water—
gypsum ratio for the given batch of the binder.

Samples-beams are made according to the standard method ac-
cording to DSTU B B.2.7-82 2010.

Heat flow, mW/g

35

AV 1, Gypsum G-5
30
Iy 3 2. Gypsum + CNT-OH
s AN
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204 S
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Fig. 3. Dependence curves of heat-release intensity during hydration of
calcium sulphate hemihydrate: I—gypsum; 2—gypsum + CNTs—-OH; 3—
gypsum + CNTs—COOH.
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Fig. 4. Rietveld diagram of gypsum hardening over time for G-5: I—after
the 1°* cycle; 2—after the 18™ cycle.
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Main testing methods are as follow: chemical tests for determina-
tion of changes in pH of the environment; physical tests—electron
microscopy, infrared microscopy, x-ray phase analysis, calorimetric
studies; mechanical tests for determination of strength properties.

In the process of performing studies, the following tasks were
set: 1) to investigate dispersion of the modifier in the bulk of the
binder; 2) to study the influence of hydration-process mechanism
and properties of gypsum binders in the presence of CNTs.

Hydration is a physical and chemical transformation of a binder
solution into a hardened stone (effectiveness of this process is de-
termined by properties of this stone). Regulation of it by means of
various factors gives an opportunity to change mineralogical com-
position and structure of the hardened solution and its properties.
By means of nanoadditives introduced, fundamentally new materials
can be obtained (with properties of the next higher order in compar-
ison with properties of existing materials).

As mentioned above, this process can be represented with a chem-
ical potential, i.e., coefficient of intensity (degree of stress) of sub-
stance chemical energy in the system. Chemical potential can be
viewed as a thermal effect giving an opportunity to regulate the
rate of physical and chemical transformations and structures.

Thus, calorimetric studies of gypsum-water solutions and gyp-
sum—water—nanoadditive compositions showed an increase in heat-
release intensity during hydration of gypsum in the presence of
nanoadditives (Fig. 3). This indicates the possibility of controlling
the process of hydration and solidified (hardened) structure for-
mation in order to provide required properties of mineral binders.

During studies with the use of x-ray diffractometer (X’Pert PRO
MPD 3040/60 Fa. PANalytical, Institute of Ceramic, Glass and
Building Materials—IKGB TU Bergakademie Freiberg), the hydra-
tion processes of the initial mineral binder (gypsum plaster) and
this binder modified with carbon nanotubes were analysed in time
(Figs. 4, 5; Table 4).

The x-ray photograph (Fig. 5, curve 1) of the gypsum sample
shows significant amounts of calcium sulphate hemihydrate (24%)
and calcium sulphate dihydrate (up to 67%) after the 1°* hardening
cycle (5 min 16 sec). The hydration process is completed at the 18
cycle (Fig. 5, curve 2), i.e., after 95 minutes. Main-intensity im-
pulses of the rejected lines of calcium sulphate dehydrate corre-
spond to 6200, 4250 and 3300.

Data from the x-ray photograph of CNTs-modified gypsum binder
hardening are indicative of the hydration process intensification.
The hydration process is also completed at the 18™ hardening cycle
(upon expiration of 95 minutes); however, calcium sulphate dehy-
drate formation rate is considerably higher. The lines of main im-
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Fig. 5. Rietveld diagram of gypsum hardening over time for G-5 modified
with CNTs: I—after the 1°° hardening cycle; 2—after the 18" hardening
cycle.

TABLE 4. Changes in mineralogical composition of calcium sulphate hemi-
hydrate in the time (by weight %).

Hardening cycles CaSO4-O.5H20CaSO4-2H20|CaSO4|Impurities
Mineralogical composition of
unmodified calcium sulphate
hemihydrate after the 1 harden-
ing cycle, Curve 1, Fig. 4

24 67 4 5

Mineralogical composition of
unmodified calcium sulphate
hemihydrate after 18 hardening
cycles, Curve 2, Fig. 4

Mineralogical composition of
modified calcium sulphate hemi-
hydrate after the 1°* hardening
cycle, Curve 1, Fig. 5

Mineralogical composition of
modified calcium sulphate hemi-
hydrate after 18 hardening cy-
cles, Curve 2, Fig. 5

14 77 4 5

pulses of calcium sulphate dehydrate correspond to 11300, 9900,
6000 (Fig. 6).

During hydration of unmodified gypsum plaster within the 18
cycles (95 minutes), the process is running with formation of
CaS0,-2H,0 in the amount of up to 86%. Under the same condi-
tions, hydration of the modified gypsum reaches the level of 93%
and amount of unreacted CaSO, is even slightly decreased (Table 4).
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Fig. 6. Intensity of calcium sulphate hemihydrate hydration process.

Results of quantitative x-ray diffraction analysis using the
Rietveld method are presented in Table 4.

The follow-up analysis of x-ray photographs shows that, when
adding CNTs, the hydration process is intensified and the transition
of calcium sulphate hemihydrate to dihydrate is more complete. It
is also confirmed by comparison of x-ray photographs of hydration
process intensity (Figs. 6, 7).

Analysis of performed studies shows that one of high-impact fac-
tors affecting the mechanism of physical and chemical interactions
in a dispersed medium is surface energy that should be taken into
account, when creating a model.

We see the process of hydration of mineral binders as a system,
which changes over time and undergoes macro — micro — nano —
— micro —» macro stages.

At the macro—micro—nano stage, the structure is partially de-
stroyed to nanoscale elements, since the destruction of main impu-
rities (5 to 15% or more) in the binders does not occur [13].

The studies have determined the influence of carbon nanoaddi-
tives on the change of pH composition, which is also an important
factor in the control during hydration of binders. According to the
data presented in Fig. 8, it is evident that, at increased concentra-
tion of carbon nanotubes, there is an increase of the value of the
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Fig. 7. Intensity of hydration process of calcium sulphate hemihydrate
modified with CNTs.

colloidal solution pH from 7.2 to 8.1, which affects the processes of
gypsum hydration and, consequently, the processes of structure
formation and physical and mechanical properties of final material.
It is established that, in this case, the increase of the hydrogen in-
dex (pH) leads to increase of the gypsum binder strength.

Based on the above, we can conclude that thermodynamic curves
reflect the possibility of implementing hardening processes in con-
junction with achieving necessary technological characteristics:
times of setting, rheological properties, structure, etc.

In studies performed in the sphere of building materials science,
the main task consists in developing the structure of materials with
given properties, and an important factor of influence caused by
nanoadditives is their quantitative content (Fig. 9).

Figure 10 presents data of compression tests of samples with the
addition of pure CNTs and carbon nanotubes functionalized with
hydroxyl groups. In this case, content of the nanoadditive was
0.035% of the binder mass. It has been found that oxidized CNTs
contribute to a more intense increase in strength (up to 28%) com-
pared to unmodified tubes.

Microstructure analysis of gypsum composition samples (Fig. 11)
shows that, without a nanoadditive, the structure of gypsum crys-
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Fig. 8. Histogram of changes in hydrogen index value (pH) of the mixing
water.
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Fig. 9. Histogram of the effect caused by carbon nanotubes on the strength
of gypsum binder.

tals formed is characterized by a significant number of pores (Fig
11, a). Modification by carbon nanotubes gives an opportunity to
form structures with close packing of crystal hydrates with an in-
creased area of contacts between crystals of new growths (Fig. 11,
b, c).

This leads to a significant increase in the strength of gypsum
material. It can be assumed that CNTs’ additives play the role of
‘crystallization centres’ with gypsum matrix structuring occurring
throughout their surface that gives an opportunity to achieve an
increased strength of gypsum composition. This is because the
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Fig. 10. Histogram of dependence of gypsum-based composite compressive
strength on the surface functionalization of carbon nanotubes.

number of crystallization centres per unit volume increases and
crystals partially penetrate in each other creating a spatial network
connecting the entire gypsum stone into a comprehensive whole.

Considering chemical potential as a factor of the energy system
intensity, we should take into account not only the characteristics
of the input factors, but also changes in the hydration process. Con-
trol and regulation of input parameters is not a significant problem,
but control and regulation of system changes require a theoretical
representation of the hydration process over time, and only then,
we should select factors capable controlling the structure formation.
The effect of CNTs’ nanomodifiers is as follows.

Sorption of Ca®" on the nanotube surface promotes supersatura-
tion of the solution near the surface and, consequently, accelerates
crystallization of calcium sulphate dihydrate. Thus, it contributes
to a more complete and fast transition of CaSO0,0.5H,0 to
CaS0O,-2H,0.

Probably nanotubes attract crystals and form dense structure
(Fig. 11) due to their high surface energy, i.e., nanotubes act as
crystallization centres with a larger number of calcium sulphate di-
hydrate crystals formed on their surface that increases physical and
mechanical properties.

It is also possible to explain the structure of forming solid parti-
cles in positions of the close and remote coagulation. With the help
of fully hydrated gypsum binder, water forms a shell around solid
phase particles that corresponds to fixation of calcium sulphate di-
hydrate particles in the position of remote coagulation.

If gypsum dispersion includes particles of a typical size of about
100 nm, distance between them decreases by an order or more that
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Fig. 11. Photomicrographs of the gypsum plaster structure: a) gypsum
plaster; b) gypsum modified with pure CNTs; ¢) gypsum modified with hy-
droxyl groups.

corresponds to closing particles in the area near coagulation. This
leads to an increase in cohesive forces between contacting particles,
which is accompanied by an increase in their strength and, conse-
quently, an increase in gypsum strength physical and mechanical
properties.

Influence of CNTs on the intensity of heat release during gypsum
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Fig. 12. IR spectroscopy of gypsum compositions.

hydration indicates the possibility to intensify hydration process for
achieving required technological characteristics—strength, installa-
tion time, etc. An increased crystallization rate of modified gypsum
samples is reached by means of introducing the nanomodifiers with
a high surface area and a high reactive capacity.

IR spectroscopy studies (Fig. 12) have revealed reduced intensity
of frequency oscillations for gypsum composition modified with
CNTs providing a slight change in the frequency of valence oscilla-
tions. There are noticeable differences in the area of high frequen-
cies (over 1000 cm™). These frequencies correspond to oscillations
of hydrogen atoms in hydrogen bonds (lower frequencies of about
1000—-2000 cm ') and covalent bonds (of about 3000 cm ™). There are
also frequencies of dry mixture oscillations (of about 800 and 1600
cm™'). Shifts of hydrogen frequencies are not yet entirely clear.
They may probably occur through the fragment boundaries, and, in
the real system, they will not be observed. Shift of the peaks corre-
sponding to the hydrogen bonds (1000—-2000 cm ™) in the area of
lower frequencies may also be caused through the transfer of charge
from the CNTs to the gypsum surface as well as through the weak-
ening of hydrogen bonds O—H. Changes in frequency of calcium va-
lence oscillations in the gypsum structure (433 cm™ without CNTs
and 341 cm™ with CNTs) may indicate interaction of calcium sul-
phate with the CNTs [12].

4. CONCLUSIONS

Addition of carbon nanostructures to gypsum compositions creates
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conditions for the formation of a high-density structure with a fine-
grained coating that indicates increased strength characteristics of
the material. Carbon nanostructures play the role of reinforcing
discrete structure of gypsum systems.

Chemical functionalization of carbon-nanotube surface gives an
opportunity to disperse nanoparticles more evenly throughout the
bulk of the modified material; it also contributes to reduction of
sedimentation effect and provides chemical interaction between
nanotubes and matrix of the substance.

Modification of gypsum with nanoparticles increases its compres-
sion strength and bending strength as well as water tightness. It
was experimentally established that the optimal concentration of
CNTs with the greatest increase in strength observed was of 0.005—
0.05% of the binder dry mass.

Increased efficiency of modifying gypsum systems with function-
alized nanotubes has been established, and this can be a line of
studies aimed at development of modern building materials.
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Iron oxide nanoparticles have gained recently much attention due to their out-
standing applications including gas sensors, catalysis, optical magnetic record-
ing, electronic devices, and biomedical applications. Different methods have
been employed in order to generate iron oxide nanoparticles of required size
and morphology to use potentially in many field sectors. In this review, sum-
maries of importance, structure and properties of Fe,O; nanoparticles are
demonstrated. Recently, a number of researchers have been developed synthe-
sis methods for obtaining iron oxide nanoparticles, which are classified into
basic methods: physical, chemical and biological syntheses. A detailed over-
view of different applications for iron oxide nanoparticles is presented.

HanouactTuaku okcuny PepyMy OCTaHHIM YacoM IIPUBEPHYJIU BEJUKY yBary
3aBAAKU CBOIM BUIATHUM 3aCTOCYBAHHAM, IO BKJIIOUAIOTH Ta30Bi JaTUMKU, Ka-
TaJIi3y, ONTUYHUI MarHeTHUI 3aIliC, eJIeKTPOHHI MPUCTPOI, a TAKOK OioMeqmy-
Hi 3acTocyBaHHA. PisHi MeTonm Oy BUKOPUCTAHI AJIA TOTO, 100 r'eHepyBaTU
HAHOYACTUHKY OKcuay PepyMy HeoOXimgHoro poamipy Ta mopdoJiorii aia more-
HI[IAHOTO BHUKOPHCTAHHA B 0araThboX CEKTOpPax MOJISI MiAJbHOCTH. ¥ I[bOMY
OTJIAMI IIPOJEMOHCTPOBAHO PE3I0ME BaKJIMBOCTi, CTPYKTYPU Ta BJIACTUBOCTEM
HaHouacTuHOK Fe,0,;. OcTanHiM yacom paz DOCTiTHUKIB pO3pOOUIN METOLY CU-
HTe3U OfepPrKaHHA HAaHOUACTUHOK okcuny Pepymy, AKi KaacudikyoTbCsa Ha OC-
HOBHi MeToau: (pisuuma, xemiuHa Ta Giosioriuna cuaTe3u. IIpencraBieHo mera-
JBbHUY OTJIA PIBHUX 3aCTOCYBAHb JJIS HAHOUACTUHOK OKcUIy Pepymy.

Key words: iron oxide, nanoparticles, nanofabrication, characterisation.

Karouosi croBa: OKCHug 3aJ1iza, HAHOYACTUHKH, BI/Ip06JIeHHH, xapax’repnsaniﬂ.
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1. INTRODUCTION

Nanotechnology has greatly contributed in several fields of research and
considered as a gate of the revolutionary technology in the 21 century.
This technology has seen recently an emerging area of science and be-
come a powerful tool for new nanosize particles and their applications
[1]. The science of nanotechnology includes the controlling of atoms and
molecules for creating new materials with different useful applications
in various fields [2]. Nanomaterials have gained a great deal of attention
due to their excellent optical, electrical, magnetic, and catalytic proper-
ties. As well known, the nanomaterials’ properties and their potential
applications have significant influence by means of phases, sizes, and
morphologies. Thus, much attention has been paid for synthesis of
nanostructured materials with controlled and novel morphologies [3].

Iron oxide nanoparticles at a size range 1-100 nm have gain a great
deal of interest due to its unique magnetic properties, which have a
great impact in electronics, medicine, and modern science. Iron oxide is
defined as mineral compound and shows different polymorphic forms
including maghemite (y-Fe,03), hematite (a-Fe,05) and magnetite (Fe;0,)
[4]. The iron oxide at nanoscale have been widely applied in different po-
tential applications such as solar cells [5, 6], pigments and paints [7],
gas sensors [8], photocatalyst [9—-11], fuel cell [12, 13], optical fibres
and telecommunication [14, 15], future lithium batteries [16], biosen-
sors [17], photo-detectors [18], sequestration of pollutants [19], drug
delivery[20, 21].

Iron oxide nanoparticles are commonly produced by using two main
methods: top-down and bottom-up method. Top-down route involves
mainly physical methods, whereas bottom-up routes mainly include
chemical and biological methods for fabrication of the nanoparticles
[22]. Chemical methods are the most decisive methods in widely ap-
plied production of iron oxide nanoparticles. The most common chemi-
cal methods are such as hydrothermal, sol-gel, microwave, co-
precipitation, etc. However, the preparation procedures are too com-
plex and generally required high temperatures [23, 24]. To overcome
these limitations, it has been recently flame synthesis, which has a
great benefit comparing with wet chemical methods [25]. This method
has shown to be an economic, easy, simplest, scalable process suitable
for achieving high production rates [26].

There are two basic routes employed to produce the nanoparticles,
which are classified into bottom-up and top-down ones. The bottom-up
route involves gas-phase and liquid-phase methods. In the literature,
the bottom-up approach includes a variety of synthesis methods to pro-
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duce the nanoparticles such as hydrothermal, co-precipitation, sol—gel,
microwave, etc. However, the limitations and drawbacks of these meth-
ods in term of cost, efficiency and complexity are great challenge [23,
24]. As proven in recent year, gas-phase processes can be considered as
one of the most effective ways to generate nanoparticles. This approach
possesses advantages including large scale-production, single-step and
continuous process, high purity of products. Moreover, it does not in-
volve all the extensive steps related to wet-chemistry methods [25, 26].
Flame synthesis has enormous valuable comparing the wet chemical
processes [25]. Combustion synthesis is the cost effective method and
has become simplest route for fabrication of the nanoparticles. General-
ly, flame synthesis occurs as a single-step process, while wet chemical
methods take multiple steps. Most importantly, combustion synthesis
has proven to be an easily scalable process that can achieve high product
yields and large continuous production quantity [26].

2. SYNTHESIS METHODS OF IRON OXIDE NANOPARTICLES

The most common approaches for producing iron oxide nanoparticles
are including physical, chemical and biological ones. The selection of
each method of synthesis has significant influence on producing iron
oxide with a desired size, shape, structure and magnetic properties.
The main approaches to synthetize iron oxide nanoparticles, highlight-
ing advantages and limitations of each technique are as follow [4].

2.1 Chemical Methods
2.1.1. Sol—Gel

Sol—gel processing and a wet chemical-synthesis approach are widely
used to synthesize magnetic nanoparticles. In this method, the process
starts with a chemical solution as precursor undertake different forms
of hydrolysis and polycondensation reactions. The solution is then
stirring to make a sol. The sol is then dried to form a gel by using chem-
ical reaction. The basic catalysis leads to producing a colloidal gel,
while a polymeric form of the gel is produced by means of acid cataly-
sis. The particles produced in this method are significantly influenced
by the rate of condensation and hydrolysis. The set of solvent parame-
ters, namely, concentration, pH, and temperature, have impact on the
size of the particles too [27, 28].

2.1.2. Hydrothermal Synthesis

The hydrothermal synthesis methods can be described as any heteroge-
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neous reactions for synthesizing inorganic materials. The process is
carried out by using aqueous solution above ambient temperature
above 200°C and higher pressure more than 2000 psi [29]. In this
method, the experimental procedure involves dissolving the reactants
in the water. Then, the solvent will be heated above the boiling point
for the desired duration [30].

The nanoparticle size increases, when both the amount of water and
the time of reaction increase.

2.1.3. Co-Precipitation

The co-precipitation method is the most commonly used as promising
route for generating iron oxide nanoparticles. This method has many
advantages such as simplicity, productivity, requires less procedures
and hazardous materials, and, therefore, become widely employed for
biomedical applications. The production of the iron oxide nanoparticles
is undertaken by an ageing of stoichiometric mixture of ferric salts and
ferrous in aqueous media [31]. Nanoparticle size, shape, and composi-
tion influence significantly on the used salts, the pH of the solution, the
temperature, the ratio of Fe?" and Fe®', and the media ionic strength.
Generally, this method is low cost and becomes much convenient for a
very high production rate. However, the great challenge is in the nano-
particles involving their aggregation and large size distribution [32].

2.1.4. Microwave Method

Microwave method has gain much interesting due to simpler, low cost, a
shorter crystallization time, and more energy efficient technique to syn-
thesize new improved nanostructural materials and short crystallization
time comparing with the conventional heating methods [33]. Therefore,
microwave method is a convenient technique for preparing nanocrystal-
line oxides with possible formation of new metastable phases and rapid
heating to reach the required temperature. The microwave route has
been developed by Mohammadi et al. [34] for preparing iron oxide nano-
particles. In this method, the experimental reaction happens by mixing a
solution of starting materials Fe(NO,)-2.9H,0 and urea. Then, the irra-
diation process for the mixed solution takes place under 540 W micro-
waves for 6 min. Finally, the calcination process undertakes for the pre-
pared sample at 800°C for 4 hours to obtain the Fe,0; nanoparticles.

2.2. Physical Method

The nanoparticles can be generated by using a number of physical
methods including laser ablation, chemical vapour decomposition,
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plasma synthesis, and combustion synthesis. However, the most im-
portant challenge with this method is the inability for controlling the
particle size in the nanometre range [35].

2.2.1. Gas-Phase Deposition

This route involves both chemical vapour deposition (CVD) and physi-
cal vapour deposition. In this method, iron is a raw material and is used
as metal for production of different products and outcome. The physi-
cal vapour deposition method is unique to form the composite and thin
film of nanoparticles. In this method, the particles’ formation takes
place because of the consolidation due to thermal treatment of compo-
sites onto a surface. In addition, the particles’ formation takes place
because of the supersaturation precursor molecules in the gaseous
phase. The CVD method has many advantages in case of producing the
large scale and quality thin films and nanotube of iron oxide. Besides,
the produced particles by gas-phase deposition are commonly of high
purity comparing with liquid-based synthesis. However, the most im-
portant challenge with gas-phase deposition technique is the risk of
contamination [36].

2.2.2. Thermal Decomposition

Thermal decomposition is effective and easiest route for generating
iron oxide nanoparticles. This method is based on the high-
temperature thermal decomposition of organometallic or coordinated
iron precursors in organic solvents to obtain the iron oxide nanoparti-
cles. In this method, the organometallic compound is used as precursor
molecules, and heating it leads to the production of iron oxide nano-
particles. Then, the heating process of the precursor causes decomposi-
tion of the iron oxide molecules. Iron oxide nanoparticles are produced
at outstanding quality and size range about 15 nm. However, the
method of thermal decomposition frequently involves complicated pre-
cursor synthesis, requires high temperatures and inert conditions [37].

2.2.3. Ball-Milling Method

The ball milling is a simplest and inexpensive mechanical technique for
producing iron oxide nanoparticles from the bulk. In this method, re-
ducing the size of the larger particles is undertaken by impact as the
balls drop from near the top of the shell. The ball milling method is ef-
ficient to produce of different-type nanoparticles on an industrial
scale. The nanoparticles produced are uniform and small sized and ex-
hibit different properties [38].
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2.2.4. Pyrolysis

The pyrolysis method is most commonly used for synthesis of nanopar-
ticles. This method has many advantages and outstanding due to the
cost-effective, efficient, simple, continuous process. The reaction
takes place in this method, when the precursor (liquid or vapour) burn
with the flame. Then, at high pressure, the precursor is transferred
into furnace that leads to recover nanoparticles. It can be improved in
the evaporation process by using plasma or laser instead of flame in
order to reach high temperatures [38].

2.2.5. Laser Ablation

Advanced laser ablation is a promising approach for synthesizing dif-
ferent types of nanoparticles from various solvent. However, the ag-
glomeration and controlled size distribution are the great challenges.
This method is efficient to produce various types of the nanoparticles
such as nanowires, carbon nanotubes, quantum dots, semiconductor
and core—shell nanoparticles. The production of the nanoparticles is
based on the growth and nucleation of laser-vaporized species. The na-
noparticles produced by laser ablation have high purity due to the high
purity of the target and ambient media in state of gas or liquid, which
are not contaminated from the reactor [39]. The formation mechanism
in laser ablation technique is based on the removal of surface atoms of
the iron precursor. The process takes place by focusing the laser beam
on the surface of a solid target material. The ambient media used is gas
or liquid. Then, the vaporizing target material takes place due to rap-
idly increasing the irradiation temperature [36, 39].

2.2.6. Combustion

Combustion synthesis has become most important route for synthesis
of inexpensive metal oxide nanoparticles. This method has advantages
in terms of single-step process, high purity, simplest and continuous
production. This method is more effective route and widely used over
wet chemical approaches. Thus, flame synthesis has been successfully
applied in the synthesis of iron oxide nanoparticles. In this method,
the flames produce high temperatures that important to activate pre-
cursor pyrolysis.

The final product obtained has outstanding characteristics including
controlled particle size distribution, phase and composition. The nano-
particles’ properties are highly affected by the altering flame operating
conditions: temperature, reactant concentration, stoichiometry, pres-
sure, burner configuration, precursor injection location [40, 41].
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2.3. Biological Methods

This method has been applied for large production of iron oxide nano-
particles that is based on biological sources such as bacteria, fungi,
plant extracts and protein-mediated ones. This technique has many
advantages in term of eco-friendly, simple, cost effective. However,
the characteristics of the particles produced are less stable, non-
uniform, and agglomerated. There are various part of plant can be used
to generate the nanoparticles such as leaf, stem, root, and fruit. In ad-
dition, bacteria have excellent ability to reduce the metal ions and,
therefore, are utilized for producing metallic and other novel nanopar-
ticles. Furthermore, fungi are considered as very efficient method to
produce metal oxide nanoparticles [36].

3. NANOPARTICLE TYPES, STRUCTURE AND APPLICATIONS

Iron oxide nanoparticles can be found in the three main form such as
hematite (a-Fe,0;3), maghemite (y-Fe,0;), and magnetite (Fe;0,). Iron
oxide has different crystal structures, which can be described in terms
of iron cations and oxygen anions in tetrahedral or octahedral intersti-
tial sites. For instance, the arrangement of the oxygen ions in hematite
are found in a hexagonal close-packed lattice, whereas, Fe(III) ions oc-
cupy octahedral sites. The arrangement of oxygen ions in maghemite
and magnetite is in a cubic close-packed structure. In magnetite,
Fe(III) ions are distributed randomly between tetrahedral and octahe-
dral sites and have inverse spinal structure [36].

Figure 1 shows the crystal structure of the three kinds of iron oxide.

Nanoparticles size, shape and synthesis method play a vital role in the
nanoparticles properties. Therefore, the nanoparticles are exhibit out-
standing optical, chemical, magnetic, and magnetic properties as results

|
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Hematite Magnetite Maghemite
Rhombohedral, R3¢  Cubic, Fd3m Cubic,
P4 32/Tetragonal, P4 2 2

Fig. 1. The crystal structures of hematite, magnetite and maghemite [33].
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Properties Magnetite (Fe,0,) Maghemite (y-Fe,0,)

Density (g/cm’) 518 487

Melting point (°C) 1583-1597 -

Hardness 55 5

Type of magnetism Ferromagnetic Ferromagnetic

Curie temperature (K) 850 820-986

M, at 300K (A-m’/kg) 92-100 60-80

Standard free energy of formation AG (kJ/mol) -1012-6 =711

Crystallographic system Cubic Cubic or tetrahedral

Structural type Inverse spinel Defect spinel

Space group Fd3m P4,32 (cubic); P4,2,2 (tetragonal)

Lattice parameter (nm) a=0-8396 a=0-83474 (cubic); a = 0-8347, ¢ = 2:501
(tetragonal)

Fig. 2. The main physical properties of iron oxides [43].

of the nanosize effects. The size diameter less than 20 nm exhibit super-
paramagnetic behaviour that is more suitable for biomedical applica-
tions [23]. The morphology and distribution of particle size are also hav-
ing significant impact on the characterization of nanoparticles [42].

The main properties of nanoparticles including physical, optical and
magnetic properties are demonstrated in Fig. 2.

4. POTENTIAL APPLICATION OF NANOPARTICLES

Nanomaterials at nanoscale size ranging from 1 to 100 nm are exhibit
unique properties of materials. Iron oxide nanoparticles have received
considerable attention due to its possessing unique advantages over
other materials. Iron oxide nanoparticles have many attractive physi-
cal and chemical properties because of their nanoscale size. Thus, the
nanoparticle has become most important in many technological fields
and highly promising for a wide range of applications such as solar
cell, catalysis, electronics, energy storage, gas sensor, and biomedical
applications [44, 45]. The range of applications of nanoparticles in the
different areas is shown in Table.

5. CONCLUSION

Iron oxide nanoparticles are potentially employed in many industrial
sectors that enable technology for a variety of practical applications.
The nanoparticles’ properties and their diverse applications are signif-
icantly influenced by nanomaterials’ sizes, shape and structure.
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This review provides an updated and critical focusing on nanoparti-
cles, their classification, synthesis, providing examples of different
practical applications. The nanoparticles have different applications in
science such as electronics, solar cell, and biomedical field. A summary
review of nanoparticles’ synthesis including chemical and physical
route is presented.

REFERENCES

1. A. Petri-Fink and H. Hofmann, IEEE Trans Nanobioscience, 6, No. 4: 289
(2007); doi:10.1109/TNB.2007.908987

2. M. C. Roco, B. Harthom, D. Guston, and P. Shapira, J Nanopart. Res., 13, No. 7:
3557 (2011); https://doi.org/10.1007/s11051-011-0454-4

3. C.N. R. Rao, S. R. C. Vivekchand, K. Biswas, and A. Govindaraj, Dalton Trans-
actions, 34: 3728 (2007); https://doi.org/10.1039/B708342D

4. Z.Cheng, A. L. K. Tan, Y. Tao, D. Shan, K. E. Ting, and X. J. Yin, International
Journal of Photoenergy, 2012: Article ID 608298 (2012);
https://doi.org/10.1155/2012/608298

5. X.P. Gao, d. L. Bao, G. L. Pan, H. Y. Zhu, P. X. Huang, F. Wu, and D. Y. Song,
J.Phys.Chem. B, 108, Iss. 18: 5547 (2004); https://doi.org/10.1021/jp037075k

6. A. Chowdhuri, V. Gupta, and K. Sreenivas, Appl. Phys. Lett., 84: 1180 (2004);
https://doi.org/10.1063/1.1646760

7. P. Roth, Proceedings of the Combustion Institute, 31, No. 2: 1773 (2007);
https://doi.org/10.1016/j.proci.2006.08.118

8. K. dJ. Choi and H.W. Jang, Sensors, 10, Iss. 4: 4083 (2010);
https://doi.org/10.3390/s100404083

9. A. Santos, P. Yustos, A. Quintanilla, G. Ruiz, and F. Garcia-Ochoa, Applied Ca-
talysis B: Environmental, 61, Iss. 3—4: 323 (2005);
https://doi.org/10.1016/j.apcatb.2005.06.006

10. A. Shah, N. Mittal, I. Bhati, V. K. Sharma, and P. B. Punjabi, Polish Journal of
Chemistry, 83, No. 11: 1959 (2009).

11.  Catalysis by Ceria and Related Materials, Catalytic Science Series (Eds. A.
Trovarelli and P. Fornasiero) (Imperial College Press: 2013), vol. 2.

12. Z. Liu, L. M. Gan, L. Hong, W. Chen, and J. Y. Lee, Journal of Power Sources,
139, Nos. 1-2:73 (2005); https://doi.org/10.1016/j.jpowsour.2004.07.012

13. H.Zhu, X. Li, and F. Wang, International Journal of Hydrogen Energy, 36,
No. 15: 9151 (2011); https://doi.org/10.1016/j.ijhydene.2011.04.224

14. M. Tu, T. Sun. and K. Grattan, Sensors and Actuators B, 164, No. 1: 1 (2012);
https://doi.org/10.1016/j.snb.2012.01.060

15. A. Aubry,D.Y. Lei, S. A. Maier, and J. B. Pendry, Phys. Rev. Letters, 105,
No. 23: Article number 233901 (2010);
https://doi.org/10.1103/PhysRevLett.105.233901

16. X.P.Gao. d. L. Bao, L. Pan, H. Y. Zhu, P. X. Huang, F. Wu, and D. Y. Song,
J. Phys.Chem. B, 108, No. 18: 5547 (2004); https://doi.org/10.1021/jp037075k

17. Md. M. Rahman, A. J.S. Ahammad, J. Jin, S. J. Ahn, and J. Lee, Sensors, 10,
No. 5: 4855 (2010); https://doi.org/10.3390/s100504855

18. S. B. Wang, C. H. Hsiao, S. J. Chang, K. T. Lam, K. H. Wen, S. Hung,
S. J. Young, and B. R. Huang, Sensors and Actuators A: Physical, 171, No. 2: 207


https://doi.org/10.1007/s11051-011-0454-4
https://doi.org/10.1039/B708342D
https://doi.org/10.1155/2012/608298
https://doi.org/10.1021/jp037075k
https://aip.scitation.org/author/Sreenivas%2C+K
https://doi.org/10.1063/1.1646760
https://doi.org/10.1016/j.proci.2006.08.118
https://doi.org/10.3390/s100404083
https://doi.org/10.1016/j.apcatb.2005.06.006
https://doi.org/10.1016/j.jpowsour.2004.07.012
https://doi.org/10.1016/j.ijhydene.2011.04.224
https://doi.org/10.1016/j.snb.2012.01.060
https://doi.org/10.1103/PhysRevLett.105.233901
https://doi.org/10.1021/jp037075k
https://doi.org/10.3390/s100504855

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

AN OVERVIEW OF IRON OXIDE NANOPARTICLES 157

(2011); https://doi.org/10.1016/j.sna.2011.09.011

1. Ali, Chem. Review, 112, No. 10: 5073 (2012);
https://doi.org/10.1021/cr300133d

A. A. Manzoor, L. H. Linder, C. D. Landon, P. Ji-Young, A. J. Simnick,

M. R. Dreher, S. Das, W. Park, A. Chilkoti, G. A. Koning, T. L. M. ten Hagen,
D. Nadeen, and M. W. Dewhirst, Cancer Res, 72, No. 21: 5566 (2012);
do0i:10.1158/0008-5472.CAN-12-1683

D. Sun, X. Zhuang, X. Xiang, Y. Liu, S. Zhang, C.Liu, S. Barnes, W. Grizzle,

D. Miller, and Z. Huang-Ge, Molecular Therapy, 18, Iss. 9: 1606 (2010);
https://doi.org/10.1038/mt.2010.105

D. L. Huber, Synthesis, Small Nano. Micro, 1, No. 5: 482 (2005);
https://doi.org/10.1002/smll.200500006

Ibrahim Khan, Khalid Saeed, and Idrees Khan, Arabian Journal of Chemistry, 12,
Iss. 7: 908 (2019); https://doi.org/10.1016/j.arabjc.2017.05.011

W Zhi-Gang and G. Jian-Feng, Micro & Nano Letters, 7, No. 6: 533 (2012);
d0i:10.1049/mnl.2012.0310

C.Li, Y.Hu, and W. Yuan, Particuology, 8, No. 6: 556 (2010);
https://doi.org/10.1016/j.partic.2010.08.009

K. Buyukhatipoglu and A. Clyne, Journal of Nanoparticle Research, 12: 1495
(2010); https://doi.org/10.1007/s11051-009-9724-9

A. Tavakoli, M. Sohrabi, and A. Kargari, Chemical papers, 61, No. 3: 151 (2007);
d0i:10.2478/s11696-007-0014-7

M. Tadic, D. Markovic, V. Spasojevic, V. Kusigerski, M. Remskar, J. Pirnat, and
Z. Jaglicic, Journal of Alloys and Componds, 441: 291 (2007);
d0i:10.1016/j.jallcom.2006.09.099

B. Mao, Z. Kang, E. Wang, S. Lian, L. Gao, C. Tian, and C. Wang, Materials Re-
search Bulletin, 41, No. 12: 2226 (2006);
https://doi.org/10.1016/j.materresbull.2006.04.037

W. Wu, S. Yang, J. Pan, L. Sun, J. Zhou, Z. Dai, X. Xiao, H. Zhang, and

C. Jiang, Royal Society of Chemistry, 16, No. 25: 5566 (2014);
https://doi.org/10.1039/C4CE00048J

W. M. Daoush, Journal of Nanomedicine Research, 5, No. 3: 001118 (2017);
d0i:10.15406/jnmr.2017.05.00118

S. Riaz, M. Bashir, and S. Naseem, IEEE Transactions on Magnetics, 50, No. 1:
4003304 (2014); doi:10.1109/TMAG.2013.2277614

W. Wu, Z. Wu, T. Yu, C. Jiang, and K. Woo-Sik, Sci. Technol. Adv. Materials,
16, No. 2: 023501 (2015); https://doi.org/10.1088,/1468-6996,/16/2/023501

S. Z. Mohammadi, M. Khorasani-Motlagh, and S. Yousefi, Int.J. Nanosci. Nano-
technology, 8, No. 2: 87 (2012);
https://iranjournals.nlai.ir/handle/123456789,/80012

J.Xu, J.Sun, Y. Wang, J. Sheng, F. Wang, and M. Sun, Molecules, 19, Iss. 8:
11465 (2014); doi:10.3390/molecules190811465

A.V.Samrot, C. S. Sahithya, J. Selvarani, S. K. Purayil, and P. Ponnaiah, Cur-
rent Research in Green and Sustainable Chemistry, 4: 100042 (2021);
https://doi.org/10.1016/j.crgsc.2020.100042

L. S. Arias, J. P. Pessan, A. P. M. Vieira, T. M. T. de Lima, A. Delbem,

A. C. B. Delbem, and D. R. Monteiro, Antibiotics, 7, Iss. 2: 46 (2018);
doi:10.3390/antibiotics7020046

I.Tjaz, E. Gilani, A. Nazir, and A. Bukhari, Green Chmistry Letters and Reviews,


https://doi.org/10.1016/j.sna.2011.09.011
https://doi.org/10.1021/cr300133d
https://doi.org/10.1038/mt.2010.105
https://doi.org/10.1002/smll.200500006
https://www.sciencedirect.com/science/article/pii/S1878535217300990?via%3Dihub#!
https://www.sciencedirect.com/science/article/pii/S1878535217300990?via%3Dihub#!
https://www.sciencedirect.com/science/article/pii/S1878535217300990?via%3Dihub#!
https://doi.org/10.1016/j.arabjc.2017.05.011
https://doi.org/10.1016/j.partic.2010.08.009
https://doi.org/10.1007/s11051-009-9724-9
https://doi.org/10.1016/j.materresbull.2006.04.037
https://doi.org/10.1039/C4CE00048J
https://doi.org/10.1088/1468-6996/16/2/023501
https://iranjournals.nlai.ir/handle/123456789/80012
https://doi.org/10.1016/j.crgsc.2020.100042

158

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

Ayad Mohammed NATTAH and Ahmed HASHIM

13, No. 3: 223 (2020); https://doi.org/10.1080/17518253.2020.1802517

M. Kim, S. Osone, T. Kim, H. Higashi, and T. Seto, KONA Powder and Particle
Journal, 34: 80 (2017); https://doi.org/10.14356/kona.2017009

S. E. Pratsinis, Progress in Energy and Combustion Science, 24, Iss. 3: 197
(1998); https://doi.org/10.1016,/S0360-1285(97)00028-2

M. S. Wooldridge, Progress in Energy and Combustion Science, 24, Iss. 1: 63
(1998); https://doi.org/10.1016/S0360-1285(97)00024-5

S. L. Pal, U. Jana, P. K. Manna, G. P. Mohanta, and R. Manavalan, Journal of
Applied Pharmaceutical Science, 1, No. 6: 228 (2011).

C. Fuand N. M. Ravindra, Bioinspired, Biomimetic and Nanobiomaterials, 1,
No. 4: 229 (2012); https://doi.org/10.1680/bbn.12.00014

0. Kayser, A. Lemke, and N. Hernandez-Trejo, Current Pharmaceutical Biotech-
nology, 6, No. 1: 3(2005); d0i:10.2174/1389201053167158

C.N. R. Rao, G. U. Kulkarni, P. J. Thomas, and P. P. Edwards, Chem. Soc. Re-
views, 29, No. 1: 27 (2000); https://doi.org/10.1039/A904518J

H. Hu, Z. Wang, and L. Pan, Journal of Alloys and Compounds, 492, Nos. 1-2:
656 (2010); https://doi.org/10.1016/j.jallcom.2009.11.204

J.Hu, I. M. C. Lo, and G. Chen, Separation and Purification Technology, 58,
No. 1: 76 (2007); https://doi.org/10.1016/j.seppur.2007.07.023

X. Jing-San and Z. Ying-dJie, J. Colloid Interface Science, 385, No. 1: 58 (2012);
d0i:10.1016/j.jcis.2012.06.082

Joshua E. Rosen, Lorena Chan, Dar-Bin Shieh, and Frank X. Gu, Nanomedicine:
Nanotechnology, Biology and Medicine, 8, Iss. 3: 275 (2012);
do0i:10.1016/j.nano0.2011.08.017

J. Zhong and C. Cao, Sensors and Actuators B: Chemical, 145, No. 2: 651 (2010);
https://doi.org/10.1016/j.snb.2010.01.016

M. H. Khedr, K. S. Abdel Halim, and N. K. Solima, Materials Letters, 63, Nos. 6—
7: 598 (2009); https://doi.org/10.1016/j.matlet.2008.11.050

L. Xu, J. Xia, K. Wang, L. Wang, H. Li, H. Xu, L. Huang, and M. He, Dalton
Transaction, 42, No. 18: 6468 (2013); https://doi.org/10.1039/C3DT50137J
V. Demir, M. Ates, Z. Arslan, M. Camas, F. Celik, C. Bogatu, and S. S. Can, Bulle-
tin of Environmental Contamination and Toxicology, 95, No. 6: 752 (2015);
d0i:10.1007/s00128-015-1633-2

M. Iv, N. Telischak, D. Feng, S. J. Holdsworth, K. W. Yeom, and H. E. Daldrup-
Link, Nanomedicine, 10, No. 6: 993 (2015); d0i:10.2217/nnm.14.203

F. Cai, S. Zhang, and Z. Yuan, RSC Advances, 5, No. 53: 42869 (2015);
https://doi.org/10.1039/C5RA05936D

N. Gupta, C. Gupta, S. Sharma, B. Rathi, R. K. Sharma, and H. B. Bohidar, RSC
Advances, 6, No. 112: 111099 (2016); https://doi.org/10.1039/C6RA24586B
S. T. Navale, D. K. Bandgar, S. R. Nalage, G. D. Khuspe, M. A. Chougule,

Y. D. Kolekar, S. Sen, and V. B. Patil, Ceramics International, 39, No. 6: 6453
(2013); https://doi.org/10.1016/j.ceramint.2013.01.074

J.Huang, M. Yang, C. Gu, M. Zhai, Y. Sun, and J. Liu, Materials Research Bulle-
tin, 46, No. 8: 1211 (2011); https://doi.org/10.1016/j.materresbull.2011.04.004
D. Su, K. Hyun-Soo, K. Woo-Seong, and G. Wang, Microporous and Mesoporous
Materials, 149, No. 1: 36 (2012);
https://doi.org/10.1016/j.micromeso.2011.09.002

dJ. Lian, X. Duan, J. Ma, P. Peng, T. Kim, and W. Zheng, ACS Nano, 3, No. 11:
3749 (2009); https://doi.org/10.1021/nn900941e


https://doi.org/10.1080/17518253.2020.1802517
https://doi.org/10.14356/kona.2017009
https://doi.org/10.1016/S0360-1285(97)00028-2
https://doi.org/10.1016/S0360-1285(97)00024-5
https://doi.org/10.1680/bbn.12.00014
https://doi.org/10.1039/A904518J
https://doi.org/10.1016/j.jallcom.2009.11.204
https://doi.org/10.1016/j.seppur.2007.07.023
https://pubmed.ncbi.nlm.nih.gov/?term=Rosen+JE&cauthor_id=21930108
https://pubmed.ncbi.nlm.nih.gov/?term=Chan+L&cauthor_id=21930108
https://pubmed.ncbi.nlm.nih.gov/?term=Shieh+DB&cauthor_id=21930108
https://pubmed.ncbi.nlm.nih.gov/?term=Gu+FX&cauthor_id=21930108
https://doi.org/10.1016/j.snb.2010.01.016
https://doi.org/10.1016/j.matlet.2008.11.050
http://pubs.rsc.org.ezproxy.brighton.ac.uk/en/results?searchtext=Author%3ALi%20Xu
http://pubs.rsc.org.ezproxy.brighton.ac.uk/en/results?searchtext=Author%3AJiexiang%20Xia
http://pubs.rsc.org.ezproxy.brighton.ac.uk/en/results?searchtext=Author%3AKun%20Wang
http://pubs.rsc.org.ezproxy.brighton.ac.uk/en/results?searchtext=Author%3ALeigang%20Wang
http://pubs.rsc.org.ezproxy.brighton.ac.uk/en/results?searchtext=Author%3AHuaming%20Li
http://pubs.rsc.org.ezproxy.brighton.ac.uk/en/results?searchtext=Author%3AHui%20Xu
http://pubs.rsc.org.ezproxy.brighton.ac.uk/en/results?searchtext=Author%3AMinqiang%20He
https://doi.org/10.1039/C3DT50137J
https://doi.org/10.1039/C5RA05936D
https://doi.org/10.1039/C6RA24586B
https://doi.org/10.1016/j.ceramint.2013.01.074
https://doi.org/10.1016/j.materresbull.2011.04.004
https://doi.org/10.1016/j.micromeso.2011.09.002
https://doi.org/10.1021/nn900941e

Hawnocucmemu, HaHomamepiaiu, HAHOMEXHOLO2IT © 2022 IM® (IacturyT MeTanodisukm
Nanosistemi, Nanomateriali, Nanotehnologii im. I. B. Kypaiomosa HAH Vkpainu)
2022, 1. 20, Ne 1, ce. 159-164 HazapykosaHo B YKpaiHi.

PACS numbers: 68.37.-d, 78.67.Sc, 81.07.Pr, 81.40.Tv, 82.35.Np

Dielectric Characteristics of PVA /Zr0,—SiC Nanostructures
for Electronics Applications

Zinah Sattar Hamad and Ahmed Hashim

College of Education for Pure Sciences,
Department of Physics,

University of Babylon,

Hillah, Iraq

Films of PVA and PVA doped with ZrO,—SiC nanoparticles are prepared
using the casting method. The structural and dielectric characteristics of
PVA/Zr0O,—SiC nanocomposites are studied for the electronics applica-
tions. The experimental results indicate to improvement in dielectric pa-
rameters (dielectric constant, dielectric loss, and alternating-current elec-
trical conductivity) of PVA with rise in ZrO,—SiC nanoparticles’ ratios. In
addition, the dielectric constant and loss are decreased, while the alternat-
ing-current electrical conductivity of PVA/ZrO,—SiC nanocomposites is
increased with the rise in frequency.

Ilnieku mouiBimimankorosio (IIBA) ta ITBA, jmeroBaHOro HaHOYACTHHKAMU
Zr0,—SiC, roryiorbcsa MeTogoM JAuUTTA. CTPYKTYpPHiI Ta AieIleKTPUUYHI Xapak-
TepucTuKku HaHoKoMmo3utiB IIBA /Zr0O,—SiC BuBUalOTHCA JJIsT 3aCTOCYBAHHA
ix B eyekTpoHini. ExcnepuMeHTa/NbHI pe3yJbTaTH CBifUuaTh IIPO IIOJIMINIEH-
HA JieJIeKTPUYHUX TapaMeTpiB (ZieleKTpmuHOI cTasol, OieJeKTPUIHUX
BTpaT i ejJeKTponpoBigHOCTH 3MiHHOTO cTpymy) IIBA 3i 3pocranHAM cHiB-
BimHOMeHHA HamouacTWHOK Zr0,—SiC. Kpim Toro, miemexrpuwuni crama Ta
BTPaTH 3MEHIITYIOTLCA, B TOH Yac SAK €JIEKTPONPOBiIHICTE 3MiHHOTO CTPYMY
y manoxkommno3uriB IIBA/Zr0,—SiC 306inbiryeThcsa 31 3pocTaHHAM HOTO dYac-
TOTH.

Key words: dielectric parameters, SiC, conductivity, PVA, nanocompo-
sites, ZrO,.

Karouosi caoBa: miemekTpuuni mapamerpu, SiC, mpoBigHicTb, moJiBinimal-
KOT'0JIb, HAHOKOMIIO3UTH, ZrO,.
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1. INTRODUCTION

Polymers are considered as organic materials having conjugating
chain, which display good electric conduction; this is due to their
characteristics as charges’ carriers by means of the m-electrons,
cause to mobility of charge along the polymers’ chain. Polymers’
characteristics are as good as with the inorganic matter but the
polymers include many pros (and cons), such as good flexibility,
corrosion resistance, processability, few cost and lightweight. The
inorganics also contain important characteristics like stability to
heat and good mechanical characteristics. Consequently, the poly-
mer/inorganic system have huge applications in several fields [1].
The nanocomposite materials are promising in the fields of sensors,
radiation shielding, antibacterial, thermal energy storage and re-
lease, piezoelectric, solar cells, diodes and other fields with low cost
and lightweight [2]. Polymer matrix nanocomposites are becoming
an essential part of today materials because of several advantages,
such as low weight, simple fabrication methods, low cost, high fa-
tigue strength, and good corrosion resistance.

Nanoparticles’ incorporation into the polymer matrix considera-
bly alters its physical properties, such as the electrical, structural,
thermal, and optical properties [3]. The nanocomposites of organic
and inorganic are very promising for fields in smart microelectron-
ics, photodiodes, light-emitting diodes, gas sensors, photovoltaic
cells, etc. [4]. Metal-oxide nanoparticles have explained their huge
interest in applications of solar cells optoelectronics, sensing, catal-
ysis and so on related to their exceptional chemical and physical
characteristics varying from the bulk [5]. Polyvinyl alcohol (PVA)
is semi-crystalline, with low electrical conductivity. PVA has cer-
tain physical characteristics resulted from crystal-amorphous inter-
facial effects. Its electrical characteristics may be modified to an
exact requirement by the suitable doping substance addition [6].

2. MATERIALS AND METHODS

Nanocomposites films of PVA doped with ZrO,—SiC nanoparticles
(NPs) were fabricated by casting technique. The PVA solution was
prepared by dissolving of 0.5 gm in 20 ml of distilled water. The
Zr0,—-SiC NPs were added to PVA solution with ratio 1:1, and dif-
ferent contents are of 2, 4 and 6 wt.% . The dielectric characteris-
tics measured in frequency 100 Hz—5 MHz by LCR meter type
(HIOKI 3532-50 LCR HI TESTER).
The dielectric constant ¢’ is defined by [7]:
g=C / C, (1)

p
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where C, is capacitance and C, is vacuum capacitor. The dielectric
loss ¢" is given by [8]:

' =¢D, (2)
where D is dispersion factor. The a.c. conductivity is defined by [9]:
o, = WE"E,, (3)

where w is angular frequency.

3. RESULTS AND DISCUSSION

Figures 1 and 2 represent the dielectric constant and loss of
PVA/ZrO,—SiC nanostructures with frequency, respectively. From
these figures, the ¢ of PVA/Zr0O,—SiC nanostructures reduces with
the rise in frequency that is related to the dipoles’ tendency in pol-
ymer to orient themselves in the applied field direction. The dielec-
tric loss of PVA/ZrO,—SiC nanostructures decrease with rising of
frequency. This behaviour is related to the interfacial polarization
in the PVA/ZrO,-SiC nanostructures. The high value at low fre-
quency of &" of PVA/Zr0O,—SiC nanostructures is related to the mo-
bility of charges [9]. ¢ and &” of PVA were rise with the of ZrO,—
SiC NPs content. This behaviour is related to a rise in the polariza-

Dielectric Constant

0.5 T T . . .
1.E+02 1.E+03 1.E+04 1.E+05 1.E+06 1.E+07

F, Hz

Fig. 1. Variation of dielectric constant of PVA/ZrO,—SiC nanostructures
with frequency.
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Dielectric Loss

1.E+02 1.E+03 1E+04 1.E+05 1.E+06 1.E+07
F, Hz

Fig. 2. Variation of dielectric loss of PVA/ZrO,—SiC nanostructures with
frequency.

1.E-06 -
1.E-07 ,
1.E-08 ,
1.E-02 -

1.E-10 3

1.E-11 !
1.E+02 1.E+03 1.E+04 1.E+05 1.E+06 1.E+07
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A.C. Electrical Conductivity, S/cm

Fig. 3. Behaviour of conductivity of PVA/Zr0,—SiC nanostructures with
frequency.

tions of free electrons and space charges with raising the ZrO,-SiC
NPs ratio [10, 11].

Figure 3 shows the behaviour of conductivity of PVA/ZrO,-SiC
nanostructures with frequency. The conductivity rises with rising
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Fig. 4. Microscope images (4x): (a) PVA; (b) 2 wt.% Zr0O,—SiC NPs; (c) 4
wt.% Zr0,-SiC NPs; (d) 6 wt.% Zr0O,-SiC NPs.

in frequency; this is related to the mobility of charge carriers and
hopping of ions. The conductivity of PVA rises with raising the
Zr0,—SiC NPs content. This increase in conductivity is related to
rise in charge carriers (as shown in Fig. 4) due to ZrO,—SiC NPs
composition with both the decrease in the resistance of nanocompo-
sites and the rise in the conductivity [12-14].

4. CONCLUSIONS

The dielectric parameters of PVA are improved with the rise in
Zr0,-SiC NPs ratios.

The dielectric constant and loss (¢’ and €") are reduced, while the
conductivity is raised with the rise in the frequency.

Finally, the results showed that the PVA/ZrO,-SiC nanostruc-
tures might be used for various field in the electrical and electronic
approaches.
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Nanocomposites are actually promising materials in many modern indus-
trial or medical applications, which are attributed to their good properties
such as light weight, high flexibility, resistance to oxidation, cheap price,
good electrical, optical, and mechanical properties. In this paper, fabrica-
tion of polyvinyl alcohol (PVA)—-polyacrylic acid (PAA)—titanium nitride
(TiN) nanocomposites with low weight, low cost, high corrosion resistance
and high efficiency for thermal energy storage and release is investigated.
The structural and dielectric properties of (PVA-PAA-TiN) nanocompo-
sites are studied. The experimental results show that the dielectric con-
stant and dielectric loss of (PVA-PAA-TiN) nanocomposites decrease with
increase in frequency, while the electrical conductivity increases as fre-
quency increases. The dielectric parameters of polymer blend increase
with increase in TiN-nanoparticles’ concentration. The results of solar en-
ergy storage and release show the decrease in melting and solidification
times as the TiN-nanoparticles’ concentration increases.

HamokomMmosuTu HacIpaBAi € IEPCIeKTUBHUMH MAaTepisjaMu B 6araTbox
Cy4YacHUX IPOMUCIOBUX ab0 MEIUUYHUX 3aCTOCYBAHHAX, AKi IPUMUCYIOTHLCA
iXHiM XOpOINIMM BJIACTUBOCTAM, TaKUM AK HeBeJMWKa Bara, BUCOKA THYY-
KicTh, CTifIKiCTh TO OKMCHEHHS, HellleBa IliHa, XOPOIIli eJeKTPUYHi, ONITUYHI
Ta MexXaHiuHi BJACTHUBOCTi. ¥ Iiffi poOOTi AOCTiA:KEeHO BUTI'OTOBJIEHHS HAHO-
KoMmmo3uTiB moJaiBimimankorons (IIBA)-momiakpuaoBa xuciora (IIAK)—
miTpunx turany (TiN) 3 HU3BKOI0 Baroio, HU3LKOIO BapTiCTIO, BUCOKOIO KOPO-
3iliHOI0 cTifiKicTIO Ta BMCOKOIO e(peKTHUBHICTIO HJs 30epiraHHA Ta BUBLIb-
HeHHA TemyoBoi eHeprii. HocaisKeHO CTPYKTYPHI Ta [AieJIeKTPUYHI BJIACTU-
Bocti HaHokoMmmo3uTiB (IIBA-IIAK-TiN). ExcmepuMmeHTanbHI pesyabTaTu
HOKAa3yIOTh, IO AieJIeKTPUYHA NPOHUKHICTh Ta AieJeKTPUUYHI BTpaTu HAHO-
kommo3utiB (IIBA-ITAK-TiN) smeHmiyeTbcsi 3i 306iJbIIIeHHAM 4YacTOTH, B
TOIl Yac SIK eJeKTPOIPOBiAHICTH 30iabIIyeThCA 3i 30iMBIIIEHHAM YaCTOTH.
HiemexTpuuHi mapaMeTpu IOJiMepHOI cyMmirri 30iJbITyOThCA 31 30iJIbITEH-
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HaMm koumeHTpamnii TiN-mamouacTuHok. PesynabraTu 30epiranus Ta BUBiJb-
HEeHHSA COHSAYHOlL eHeprii moxasyloTh 3MeHIIeHHsS Yacy TOILJIEHHS Ta 3aTBep-
IiHHSA, OCKiTBbKM KOHIeHTpAallisgd HaHouacTUHOK TiN 30inbmiyerbes.

Key words: titanium nitride, nanocomposites, dielectric properties, con-
ductivity, solar energy.

Karouosi caoBa: HiTpug TUTaHy, HAHOKOMIIOSHUTH, AieJeKTPUYHI BJIACTUBOC-
Ti, IPOBiAHiICTh, COHAYHA €eHeprid.
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1. INTRODUCTION

Recently, there has been a constant search for new materials that
possess good dielectric permittivity and good mechanical properties
for important technological applications. Polymers are materials
with low-density flexible, easy to synthesized, superior in dielectric
breakdown strength and mechanically more compliant than the ce-
ramics; but its dielectric values are much lower than those of the
ceramics. On the other hand, ferroelectric ceramics possess high
values of dielectric permittivity, but with poor mechanical proper-
ties and lower dielectric breakdown strength. By integrating high
values of dielectric permittivity of the ceramic powder with superi-
or dielectric strength of the polymer, it is possible to develop a
composite with high dielectric permittivity and high breakdown
strength. This type of composites has high capability of energy
storage and can be used in capacitors and energy storage devices.
The easiness of composite synthesis allows producing thin film ca-
pacitors, which are difficult to achieve with ceramics due to compli-
cated fabrication routes.

Polyvinyl alcohol (PVA) is a good insulating material with low
conductivity; hence, it is very useful in industry of microelectron-
ics. Its electrical conductivity depends on the thermally generated
carriers and with the addition of suitable dopants. Moreover, the
polyvinyl alcohol extends the industrial applications in pharmaceu-
tical, membrane medical and optical fields. Polyvinyl alcohol is a
semi-crystalline material with several interesting physical proper-
ties, which are very useful in technical applications. Different addi-
tives have been added into polyvinyl alcohol to modify and improve
its dielectric properties. Inorganic additives, such as transition
metal salts, have a considerable effect on the optical and electrical
properties of polyvinyl alcohol [1].

Polyacrylic acid (PAA) is a non-toxic, hydrophilic and biocompat-
ible superabsorbent polymer with a three dimensional (3D) network.
PAA was chosen as a host polymer in this research due to its fasci-
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nating behaviours, such as excellent stability in acidic and basic
media, high ionic conductivity, strong adhesive properties, superior
selectivity and permeability, and high ability to associate with a va-
riety of multivalent metal ions in solution [2].

Transition metal nitrides, especially titanium nitride (TiN), have
been studied for the last three decades due to the unique combina-
tion of their material properties. Metallic behaviour of TiN com-
bined with its hardness and chemical stability has attracted atten-
tion in microelectronics research [3].

Abundance of renewable energies available in nature should be
harnessed and utilized to meet the growing power demand for sus-
tained future. Renewable energy systems play a vital role in energy
savings and reduction of global gas emission to have a pollution
free environment for future generations. Solar energy claims to be
the primary source among various renewable energy sources, which
is intermittent and uncertain by its nature. Henceforth, a need
arises to develop thermal storage systems to store the available ex-
cess energy for later use. Thermal energy storage system should
possess good storage capacity, high efficiency, quick charging—
discharging, cost effective, and hazard free.

Phase change materials (PCMs) with their heat storage and re-
leasing behaviour have found suitable for latent heat storage sys-
tems that can be operated at wide range of temperatures. High-
energy process of PCMs (latent heat of vaporization) is not pre-
ferred due to their large density changes, which are need in addi-
tional support equipment. Hence, latent heat of fusion of PCMs is
utilized for thermal applications. Incorporation of nanomaterials
could possibly increase the thermal conductivity of the PCMs with
their high surface area to volume ratio.

Aluminium oxide (Al,0;), copper (Cu), copper oxide (CuO), gold
(Au), silver (Ag), silicon carbide (SiC), titanium carbide (TiC), tita-
nium oxide (TiO,), and carbon nanotubes were some of the nanopar-
ticles used for thermal applications [4].

The low heat flux achieved due to the low thermal conductivity
of most phase change materials, which drastically affects the melt-
ing and solidification performance of the system, widespread use of
latent heat stores has not yet been realised. A larger heat flux can
be achieved by enhancing the effective thermal conductivity. Dif-
ferent approaches have been proposed to overcome this problem; use
of metal thin strips, porous metals, porous graphite, metal foam
matrix and carbon fibres are among the common techniques used to
enhance the effective thermal conductivity of PCMs. The presence
of the nanoparticles in the PCMs increases significantly the effec-
tive thermal conductivity of fluid and consequently enhances the
heat transfer characteristics [5].



168 Ahmed HASHIM and Zinah Sattar HAMAD

Polymeric nanocomposites consisting of organic polymers and in-
organic nanoparticles represent a class of materials, which have mo-
tivated considerable interest in recent years. The nanocomposites’
applications are rather promising in the fields of medicine, injection
moulded products, automobiles, optical integrated circuits, aero-
space, packaging materials, coatings, microelectronics, packaging
drug delivery, sensors, membranes, fire-retardants, adhesives, con-
sumer goods, etc. [6—11].

2. MATERIALS AND METHODS

The (PVA-PAA-TiN) nanocomposites are fabricated by dissolving 1
gm of polyvinyl alcohol and polyacrylic acid in 30 ml of distilled
water with weight percentage of 85 wt.% PVA and 15 wt.% PAA
by using magnetic stirrer to mix the polymers for 1 hour to obtain
solution that is more homogeneous. The titanium-nitride nanoparti-
cles (TiN NPs) were added to (PVA—-PAA) blend with different con-
centrations (1.5, 3, 4.5 and 6 wt.%). The casting method is used to
prepare the nanocomposite samples in the template (Petri dish has
diameter of 10 cm).

The dielectric properties of samples tested with frequency range
from 100 Hz to 5-10° Hz by using LCR metre type (HIOKI 3532-50
LCR HI TESTER). The thermal energy storage and release applica-
tions include analysing the melting and solidification characteristics
of nanofluids during heating and cooling processes. The water and
nanofluids were used as the heat-transfer fluid, whose temperature
can be varied from 20°C to 90°C, with stirrer and measuring the
temperature of nanofluids during the heating and cooling processes
by digital device.

The dielectric constant (¢') of nanocomposites is given by the
equation [12]:

g=C,/C,, (1)

o

where C, is parallel capacitance and C, is vacuum capacitor. The die-

lectric loss (¢") is calculated by the following equation [13]:
e"=¢'D, (2)

where D is dispersion factor. The A.C. electrical conductivity of
(PVA-PAA-TIN) is calculated by the following equation [14]:

Oac. = We's,, 3

where w is the angular frequency.
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3. RESULTS AND DISCUSSION

Figures 1 and 2 show the variation of the dielectric constant of the
(PVA-PAA-TiN) nanocomposites with TiN-nanoparticles’ concen-
tration and frequency, respectively, within the frequency range
100-5-10° Hz.

It is observed that the dielectric constant of the (PVA-PAA-TiN)
nanocomposites decreases as the frequency increases, i.e., the dielec-
tric constant has higher values in the low-frequency range, and
then it decreases as the frequency increases. This behaviour has
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Fig. 1. Effect of TiN-nanoparticles’ concentration on dielectric constant
for (PVA-PAA) blend at 100 Hz.
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Fig. 2. Variation of dielectric constant for (PVA-PAA-TiN) nanocompo-
sites with frequency at room temperature.
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been attributed to the fact that there are all types of polarizations:
electronic, ionic, dipolar, and space-charge polarization (Maxwell—
Wagner polarization) in the low-frequency range. The behaviour in
the high-frequency range is quite different because the electric di-
poles cannot follow up the frequency of the applied electric field
[15-19].

Figures 3 and 4 show the variation of the dielectric loss of the
(PVA-PAA-TiN) nanocomposites with TiN-nanoparticles’ concen-
tration and frequency, respectively. It is clear that the values of the
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Fig. 3. Effect of TiN-nanoparticles’ concentration on dielectrics loss for
(PVA-PAA) blend at 100 Hz.
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Fig. 4. Variation of dielectrics loss for (PVA-PAA-TiN) nanocomposites
with frequency at room temperature.
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dielectric loss of the (PVA—-PAA-TiN) nanocomposites are very high
at low frequencies. Such a high value of dielectric loss at low fre-
quencies has been explained by the presence of space-charge effects,
which is contributed by the accumulation of charge carriers near
the electrodes. At higher frequencies, dielectric loss values of the
(PVA-PAA-TiN) nanocomposites have been found to be relatively
constant with frequency. This is because periodical reversal of field
takes place so rapidly that the charge carriers will hardly be able to
orient themselves in the field direction resulting in the decrease in
dielectric loss.

At low titanium-nitride nanoparticles’ concentration, the dielec-

[ 2 |

Fig. 5. Photomicrographs (x10) for (PVA-PAA-TiN) nanocomposites: (a)
for (PVA—-PVA) blend; (b) for 1.5 wt.% TiN; (¢) for 3 wt.% TiN; (d) for
4.5 wt.% TiN; (e) for 6 wt.% TiN.
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tric constant and dielectric loss values of the (PVA-PAA-TiN)
nanocomposites are low. The increase of titanium-nitride nanoparti-
cles’ concentration caused an increase in the average number of
concentrations among the titanium-nitride nanoparticles. At high
concentrations of titanium-nitride nanoparticles, the dielectric con-
stant and dielectric loss of the (PVA-PAA-TiN) nanocomposites are
due to formation of a continuous network of nanoparticles through
the nanocomposites [20], as shown in Fig. 5.

The variation of electrical conductivity for (PVA-PAA-TiN)
nanocomposites with TiN nanoparticles’ weight percentages is
shown in Fig. 6 at 100 Hz. From this figure, the electrical conduc-
tivity increases as the TiN-nanoparticles’ concentration increases.
This increase of the conductivity is caused by the increase the num-
ber of charge carriers due to dopant TiN-nanoparticles’ composi-
tion, which reduces the resistance of (PVA-PAA-TiN) nanocompo-
site and increase the conductivity. At high concentrations of TiN
nanoparticles, the nanoparticles form a network in the (PVA-PAA-
TiN) nanocomposite.

Figure 7 shows the variation of electrical conductivity of (PVA-
PAA-TiN) nanocomposites with frequency. The conductivity in-
creases with frequency of electric field increasing; this behaviour is
attributed to the mobility of charge carriers and the hopping of ions
from the cluster.

In the low-frequency range, more charge accumulation is oc-
curred at the electrode and electrolyte interface, leading to the
number of mobile ions and electrical conductivity decrease. The
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Fig. 6. Effect of TiN-nanoparticles’ concentration on A.C. electrical con-
ductivity for (PVA-PAA) blend at 100 Hz.
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Fig. 7. Variation of A.C. electrical conductivity for (PVA-PAA-TiN)
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Fig. 8. Melting curves of (PVA-PAA-TiN) nanocomposites.

charge carriers’ mobility was higher in the high-frequency region;
hence, the conductivity increases with frequency [21-25].

Figures 8 and 9 display the melting and solidification curves for
(PVA-PAA-TiN) nanocomposites, respectively. The times of melt-
ing and solidification decrease with inserting TiN-nanoparticles’
concentration.

This is a good criterion to evolve the entire thermal conductivity
of (PVA-PAA) nanofluid. Energy storage and release average are
substantial signals to increase the efficiency of heat transfer. The
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Fig. 9. Solidification curves of (PVA—-PAA-TiN) nanocomposites.

decrease of melting and solidification times is related to improve
the thermal conductivity [26—31].

4. CONCLUSIONS

The dielectric parameters (dielectric constant, dielectric loss, and
electrical conductivity) of (PVA—-PAA) blend increase as the titani-
um-nitride nanoparticles’ concentration increases.

The dielectric constant and dielectric loss of (PVA-PAA-TiN)
nanocomposites decrease, while the conductivity increases with in-
crease in frequency.

The (PVA-PAA-TiN) nanocomposites have high efficiency for
solar energy storage and release with low weight, high corrosion
resistance and low cost. The melting and solidification times de-
crease with increase in TiN-nanoparticles’ concentration.
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and Dielectric Properties for Flexible Pressure Sensors
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Biodegradable polymer blend—inorganic metal-oxide nanoparticles’ semi-
conductor for novel pressure sensors with low cost, lightweight and good
sensitivity is investigated. Biodegradable blend prepared from polyvinyl
alcohol and starch with following weight percentage: polyvinyl alcohol (85
wt.% PVA) and starch (15 wt.% ST). The influence of lead-oxide nano-
particles’ concentration on the structural and dielectric properties of
(PVA-ST) blend is studied. The dielectric properties of (PVA-ST-PbO,)
nanocomposites are studied in frequency range from 100 Hz to 5 MHz.
The results show that the dielectric constant and dielectric loss of (PVA-
ST-PbO,) nanocomposites decrease with increasing of frequency of applied
electric field. The A.C. electrical conductivity of (PVA-ST-PbO,) nano-
composites increases with increase in frequency. The dielectric parameters
of (PVA-ST) blend (dielectric constant, dielectric loss, and A.C. electrical
conductivity) increase with increase in lead-oxide nanoparticles’ weight
percentage. The nanocomposites are tested for pressure sensors. The ex-
perimental results show that the (PVA-ST-PbO,) nanocomposites have
high sensitivity for pressure, and the electrical resistance of nanocompo-
sites decreases with increases in applied pressure.

Hocaigsxeno sgaTHy A0 0i0oJOTiYHOTO PO3KJIAJaHHA IMOJIMEpHY CyMill i3 He-
OpPraHiYHUMU MEeTAJOOKCUIHUMM HAHOUYACTMHKAMU HAIMiBOPOBiAHWMKA AJIA
HOBUX JATYUKiB THCKY 3 HU3bKOIO BapTiCTIO, JIETKICTIO Ta XOPOIIOI UYTJIHU-
BicTro. Cywmimi, ska pO3KJIamaeThbcA MiKpoopramismMaMu, IPUTOTOBAHO 3 IO-
aisirimoBoro cnupry (IIBC) Ta KpoxMmaJio 3 HACTYOHUMU BaroBUMU BiAcCOT-
Kamu — moJuiBimimosuit criupr (85 Bar.% IIBC) i kpoxmans (15 Bar.% Kp).
HocaimKeHO BIIMB KOHIIEHTPAIlil HAHOYACTMHOK OKCHUAY ILJIIOMOyMy Ha
CTPYKTYPHi Ta miesekTpuuHi BiactuBocTi cymimi (IIBC—Kp). HienexTpuuni
BaactuBocti HaHokommosuTiB (IIBC—Kp—Pb0O,) BuBuaioThcAd B HgiAmasoHi
yactoT Big 100 T'm go 5 MTI'm. PesyabTaTié IOKa3yoOTb, IO AieJeKTPUUYHA
mocrifina ta gienexTpuuHi Brpatum HamokommnosuTis (IIBC-Kp—PbO,) smen-
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HIYIOTbCA 3i 30iJMBIIIEHHAM YacTOTH IIPUKJIANEHOTO eJEeKTPUUYHOTO IIOJA.
EnexTponpoBigricTs 3minHOTO cTpymMy HaHOKoMmo3utie (IIBC—Kp-PbO,)
30inbIIyeThca 3i 30iabITIeHHAM uacToTH. [liemeKTpuuHi mapaMmerpu cywirri
(IIBC—Kp) (miemexTpuuyHa mocriiiHa, AieJeKTPUUYHi BTpaTH ¥ e€JIeKTPOIPOBi-
OHiCTh 3MIHHOTO CTPYMY) 30iJIBIIYIOThCA 3i 30iJBIITEHHAM BaroBOTO BifCcOTKa
HAHOYACTUHOK OKcHAy IioMOymy. HamHOKOMIOSMTH TecTylOThCcA Ha JaT4u-
Ky TuCKy. ExcnepuMeHTaJBbHI pe3ysbTaTH IOKAa3yIOTh, III0 HAHOKOMIIO3UTH
(IIBC-Kp—Pb0O,) matoTh BUCOKY UYTIUBICTH O TUCKY, & €JIEKTPUUHUN OIip
HAHOKOMIIO3UTIB MIOHMIKYETHCS 31 30iJBIIIEHHAM 3aCTOCOBAHOTO THUCKY.

Key words: metal oxide, polymer, biodegradable nanocomposite, electrical
and dielectric properties, pressure sensor.

Karouori cioBa: okcua Meray, IOJiMep, HAHOKOMIIO3UT, AKWI DPO3KJaga-
€ThCS MiKpoopraHisamMamMu, eJeKTPUUYHI Ta OieJIleKTPWUYHI BJIACTUBOCTi, aaT-
YUK THUCKY.

(Received 19 January, 2021)

1. INTRODUCTION

Nanocomposites of organic and inorganic semi-conductors dispersed
in polymer matrices are multifunctional materials often suggested
as elements of nonlinear optical devices and for development of
plastic solar cells. The increasing interest in their possible use is
caused by their plasticity, simple preparation techniques, and an
opportunity to tune their properties by changing the concentration
and the nanoparticle size in the matrix. A polymeric nanocomposite
should possess high optical and photochemical stability [1]. Nano-
composites on base of semi-conductor nanoparticles and polymer
matrix are prospective materials for application in optoelectronics,
for creation of luminescent materials, sensor, etc. Introducing semi-
conductor nanoparticles into polymer matrix bulk changes physico-
chemical properties of the system. The properties of the obtained
structures depend on a semi-conductor particle type, dimensions of
particles. Furthermore, the physicochemical properties of the sys-
tem will be under influence of the effects of interaction of nanopar-
ticles with polymer matrix, polymer—nanoparticle interphase phe-
nomena [2-5].

Ceramic materials are typically brittle, possess low dielectric
strength and, in many cases, are difficult to be processed requiring
high temperature. On the other hand, polymers are flexible, can be
easily processed at low temperatures and exhibit high dielectric
breakdown fields [6]. Polymers are considered as a good choice as
host materials, because they normally exhibit long-term stability
and possess flexible reprocessability, and they can be designed to
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yield a variety of bulk physical properties. This new class of organ-
ic—inorganic composites or hybrid materials may afford potential
applications in molecular electronics, photoelectrochemical cells, op-
tics, solvent-free coatings, etc. [7]. Polyvinyl alcohol (PVA) has been
intensively investigated because of its excellent characteristics and
its applications. PVA is the good potential material, which is hav-
ing high storage capacity, high dielectric strength, and electrical
properties. It has a carbon chain backbone with hydroxyl group at-
tached to methane carbons. These O—H groups can be source of hy-
drogen bonding and, therefore, assist the formation of polymer
complex. It has good mechanical properties and shows ionic conduc-
tion [8].

Sensor technology is one of the widely used technologies for ap-
plications in the industry and medicine. It can be used to measure
pressure, temperature, quality and amount of energy, and to moni-
tor health. High performance electrochemical devices such as sen-
sors require good semi-conductor properties, lightweight nature and
enhanced energy storing capabilities. Various types of sensors have
been fabricated from polymer matrices such as pressure, thermal
(infrared), vapour, humidity, gas, electrical and temperature (ther-
mal) sensors. The most important parameters in sensor technology
are response time and sensitivity [9]. Saygh et al. [9] fabricated a
novel flexible-nanocomposite pressure sensor with a tensile strength
of about 47 MPa. A hybrid composite was prepared by incorporating
the nanolayers of titanium dioxide TNL (2.5 wt.%) with reduced
graphene oxide (rGO) (2.5 wt.%) synthesized by improved graphene-
oxide synthesis to form a polyvinylidene fluoride (PVDF)/rGO—-TNL
composite. A comparison between PVDF, PVDF/rGO (5 wt.%),
PVDF/TNL (5 wt.%) and PVDF/rGO-TNL (total additives—5
wt.% ) samples is analysed for their sensing, thermal and dielectric
characteristics. As found, the flexible material shows good sensing
properties with high response in short time [9].

2. EXPERIMENTAL PART

Biodegradable blend of polyvinyl alcohol (85 wt.%) and starch (15
wt.% ) prepared by dissolving 1 gm of polyvinyl alcohol and starch
in 20 ml of distilled water by using magnetic stirrer to mix the pol-
ymers for 1 hour to obtain more homogeneous solution. The lead-
oxide nanoparticles were added to blend with concentrations of 1, 2
and 3 wt.%. The pressure-sensor films of (PVA-ST-PbO,) nano-
composites casted in the template (Petri dish has diameter of 10
cm). The samples were prepared with thickness range 120-142 pm.
The (PVA-ST-PbO,) nanocomposite films were examined by using
the optical microscope (supplied from Olympus name (ToupView)
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type (Nikon-73346)) with magnification x10. The dielectric proper-
ties of nanocomposites were measured in frequency range from 100
Hz to 5-10° Hz by using LCR metre type (HIOKI 3532-50 LCR HI
TESTER). The pressure sensor test of (PVA-ST-PbO,) nanocompo-
sites were examined by measuring the electrical resistance by using
the Keithley electrometer type 2400 of source matter between two
electrodes on the top and bottom of the sample for different pres-
sures within the range 80—-200 bar.

The dielectric constant (¢') of nanocomposites is defined by the
following equation [10]:

g=C, /CD , (1)

where C, is parallel capacitance and C, is vacuum capacitor.

The dielectric loss (¢”) of nanocomposites can be written by the
equation [10]:

" =¢'D, (2)

where D is dispersion factor of (PVA—-ST—-PbO,) nanocomposites.
The A.C. electrical conductivity of (PVA-ST—-Pb0O,) is calculated
by the following equation [11]:

Oac. = We'e,, 3

where w is the angular frequency.

3. RESULTS AND DISCUSSION

The variation of dielectric constant of (PVA-ST-PbO,) nanocompo-
sites with frequency is shown in Fig. 1. This figure shows that the
dielectric constant of nanocomposites decreases with the increasing
of frequency of the applied field. This may be attributed to the ten-
dency of dipoles in nanocomposite samples to orient themselves in
the direction of the applied electric field and decreasing of space-
charge polarization to the total polarization [12, 13].

The dielectric constant of (PVA-ST) blend increases with the in-
creasing of the concentration of PbO, nanoparticles. This behaviour
could be interpreted from interfacial polarization inside the nano-
composites in applied alternating electric field and increasing of the
charge carriers [14-19], as shown in Fig. 2.

The variation of dielectric loss of (PVA-ST-PbO,) nanocompo-
sites with frequency is shown in Fig. 3. The dielectric loss of nano-
composites decreases with the increase in frequency of applied elec-
tric field. This behaviour is attributed to the decrease of the space-
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Fig. 1. Variation of dielectric constant of (PVA-ST-PbO,) nanocomposites
with frequency.

Fig. 2. Photomicrographs (x10) for (PVA-ST-PbO,) nanocomposites: (a)
for pure (PVA-ST) blend; (b) for 1 wt.% PbO, nanoparticles; (¢) for 2
wt.% PbO, nanoparticles; (d) for 3 wt.% PbO, nanoparticles.

charge polarization contribution.

From Figure 3, the dielectric loss is high at low frequency, and it
decreases, when the frequency increases. This is because the electric
dipoles have sufficient time to align with the applied electric field
before the electric field changes its direction; consequently, the die-
lectric constant of nanocomposites is high. At high frequencies, the
dielectric constant value decreases due to the shorter time available
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Fig. 3. Variation of dielectric loss of (PVA-ST-PbO,) nanocomposites with
frequency.
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Fig. 4. Variation of A.C. electrical conductivity of (PVA-ST-PbO,) nano-
composites with frequency at room temperature.

for the dipoles to align [20]. Figure 3 shows that the dielectric loss
of (PVA-ST) blend increases with the increasing of the PbO, nano-
particles’ concentration. The increase of dielectric loss of (PVA—-ST)
blend with the increasing concentration of PbO, nanoparticles is re-
lated to the increase of the charge-carriers’ number [21-24].

Figure 4 shows the variation of A.C. electrical conductivity of
(PVA-ST-Pb0O,) nanocomposites with frequency at room tempera-
ture. The A.C. electrical conductivity increases with increase in
frequency of electric field. This behaviour is attributed to the mo-
bility of charge carriers and the hopping of ions from the cluster.
At the low frequency, more charge accumulation is occurred at the
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Fig. 5. Variation of electrical resistance of (PVA-ST-PbO,) nanocomposites
under different pressure at room temperature.

electrode and electrolyte interface, leading to a decrease in the
number of mobile ions and electrical conductivity [25]. The mobility
of charge carriers was higher in the high-frequency region; hence,
the electrical conductivity increases with frequency [26] for (PVA-
ST—-Pb0O,) nanocomposites. In addition, this figure shows that the
A.C. electrical conductivity of (PVA-ST) blend increases with the
increase of the PbO, nanoparticles’ concentration. The increase of
conductivity is caused by the increase in the number of charge car-
riers due to dopant-nanoparticles’ composition, which reduces the
resistance of nanocomposite and increases the A.C. electrical con-
ductivity. At high concentration of nanoparticles, the nanoparticles
form a network in the nanocomposite [27—31], as shown in Fig. 3.

Figure 5 shows the variation of electrical resistance of (PVA-ST-
Pb0O,) nanocomposites under different pressure at room tempera-
ture. As shown in figure, the electrical resistance of nanocompo-
sites decreases with pressure increasing. The decrease of electrical
resistance can be explain as follows: the agglomeration of nanopar-
ticles in the matrix does not allow formation of conducting paths;
when pressure is applied to the sample, the agglomerated additives
follow the movement of the polymer chains and cause forming con-
ducting networks of the sample. The largest improvement in the
hybrid composite can be attributed to the less agglomeration in the
matrix and better dispersion [9].

4. CONCLUSIONS

The dielectric constant, dielectric loss and A.C. electrical conductiv-
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ity of (PVA-ST) blend increase with an increase in lead-oxide nano-
particles’ concentration.

The dielectric constant and dielectric loss of (PVA-ST-PbO,)
nanocomposites decrease with increase in frequency, while the A.C.
electrical conductivity increases with an increase in frequency.

The electrical resistance of (PVA-ST-PbO,) nanocomposites de-
creases with increase in pressure. In addition, the (PVA-ST-PbO,)
nanocomposite films have high sensitivity for pressure with low
cost and lightweight.
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Low-Cost and Light-Weight Pressure Sensors Fabricated
from BaTiO;-NPs-Doped PVA/PEG Blend

Batool Mohammed, Hind Ahmed, and Ahmed Hashim

College of Education for Pure Sciences, Department of Physics,
University of Babylon,
Hillah, Iraq

This work aims to fabricate the new PVA/PEG/BaTiO; nanocomposites for
pressure sensors having high sensitivity, flexibility and low cost. The
structural properties and pressure sensor applications are investigated.
The structural properties are studied by means of microscopic images and
FTIR analysis. The pressure-sensors’ tests based on the PVA/PEG/BaTiO,
nanocomposites are examined at pressures within the range from 80 bar
to 160 bar. The experimental results show that the PVA/PEG/BaTiO,
nanocomposites have good pressure sensitivity.

IIro poboTy cHpAMOBAaHO HA BHUIOTOBJEHHS HOBUX HAHOKOMIIOSUTIB
IIBC/IIET'/BaTiO; nna maBauyiB THCKY 3 BHCOKOIO UYTJIMBICTIO, THYUYKiCTIO
Ta HU3BKOI BapTicTio. locaif:KeHO CTPYKTYPHI BJIACTUBOCTiI Ta 3acTOCY-
BaHHS gaBaua THCKY. CTPYKTYpHiI BJIacTHBOCTI BHBYAKIOTHLCSA 34 JOIOMOTOIO
MiKpPOCKOIIIiUHMX B300paskKeHb i aHamisy iH(pauepBOHOI CIEKTPOCKOIii Ha
ocHOBI @Dyp'e-meperBopy. TecTu maBauiB THCKY Ha OCHOBI HAHOKOMIIO3UTIB
IIBC/IIET'/BaTiO; mocraimskyroThcsa 3a THCKiIB y me:kax Bim 80 6ap mo 160
6ap. ExcmepuMeHTaJbHI pPE3yJbTaTU IOKA3yIOTh, II[0 HAHOKOMIIO3UTHU
IIBC/IIET'/BaTiO; MaioTh XOPOIIY YYTAUBICTH O TUCKY.

Key words: pressure sensor, Fourier-transform infrared spectroscopy, pol-
yvinyl alcohol, polyethylene glycol, BaTiO;, nanocomposite.

Kmouosi cioBa: 1aBau TUCKY, iH(pauepBoHa CIIEKTPOCKOIIis Ha 0CHOBI Dyp e-
IIepPeTBOPY, HOJIiBiHiTOBUMI cUpT, TOJieTHIIeHTIIiK0Ib, BaTiO;, HAaHOKOMITO3HUT.

(Received 10 February, 2021)

1. INTRODUCTION

Blending of polymer products is the latest technique for optimizing
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different polymer matrices and is a valuable method for producing
substances with an extensive diversity of characteristics. Polymer
characteristics may be improved by combining two or more poly-
mers and/or adding organic/inorganic fillers for use in various ap-
plications. The melt blending and solvent casting routes are the
most common ways for the manufacturing of polymer blends or
composites [1].

Polyvinyl alcohol (PVA) is a synthetic thermoplastic polymer hav-
ing water solubility. It is represented as [CH,CH(OH)]n. It is a low
cost and easily processable polymer. Commercial production of PVA
is usually attained via vinyl acetate monomer. PVA is susceptible to
partial or complete hydrolysis that may affect the final polymer
properties. Hydrogen bonding between PVA chains is often responsi-
ble for the semi-crystalline nature of this polymer. PVA has good
water solubility, thermal stability, corrosion resistance, and optical
transmission. Different morphologies of PVA have also proven useful
manifestation for pharmaceutical and biomedical characteristics.
PVA has found applications in number of fields including mem-
branes, coatings, adhesives, sensors, batteries, fuel cells, textiles,
papermaking, and biomedical frameworks.

Attempts have been made to form PVA nanocomposites to increase
their span in technical arenas. Different types of nanofillers have
been incorporated into PVA matrix to enhance the structural, opti-
cal, electrical, and mechanical properties of this versatile polymer
[2].

Polyethylene glycol (PEG) is a hydrophilic and non-toxic polymer
having tremendous properties like electron-acceptor nature, bio-
compatibility, chain flexibility and a wide range of molecular
weight. PEG is widely used to increase the ductility and flexibility
of rigid polymers. However, PEG is having a lower melting point
than PVA that preserves the highly strengthened carbon chain
backbone in PVA as compared with the C—O—C backbone in PEG [3].

Ferroelectrics such as barium titanate (BaTiO,;), lead titanate
(PbTiO;) and lead zirconium titanate (PZT) with the perovskite
crystal structure have gained considerable interest in industrial sec-
tors. Ferroelectric ceramics exhibit excellent dielectric properties
but poor mechanical performances. On the other hand, polymers
possess good flexibility, but low dielectric permittivity. Thus, com-
bination ferroelectric fillers and polymer can overcome these defi-
ciencies [4].

There are many studies on the optical and electrical properties of
composites and nanocomposites [5—35], which were studied and ap-
plied for different types of sensors [36—39]. This paper aims to fab-
rication of low cost and lightweight pressure sensors using
PVA/PEG/BaTiO; nanostructures.
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2. MATERIALS AND METHODS

The materials, which used in this work, are polymers of polyvinyl
alcohol and polyethylene glycol with ratio 88 wt.% PVA to 12 wt.%
PEG. Then, the BaTiO; nanoparticles (NPs) are added to polymeric
solution with concentrations of 0, 1.4, 2.8, 4.2 and 5.6 wt.% . The
(PVA/PEG/BaTiO;) nanocomposites are prepared by using casting
method. The film of (PVA/PEG/BaTiO;) nanocomposites was placed
between copper plate and under applied load on two plates where
film was between them. The capacitance for various applied load
range 80-160 bar was measured by using LCR meter type (HIOKI
3532-50 LCR HI TESTER) at 100 Hz, which is locally manufac-
tured.

3. RESULTS AND DISCUSSION

Figure 1 represents microscopic images of (PVA/PEG/BaTiO;) nano-
composites. In Figure 1, a, b, ¢, d and e, it can be seen the distribu-

Fig. 1. Microscope images (x10): (a) blend, (b) 1.4 wt.% BaTiO; NPs, (c) 2.8
wt.% BaTiO; NPs, (d) 4.2 wt.% BaTiO; NPs, (e) 5.6 wt.% BaTiO; NPs.
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Fig. 2. FTIR analysis of PVA/PEG/BaTiO; nanocomposites: (a) blend, (b)
1.4 wt.% BaTiO; NPs, (¢) 2.8 wt.% BaTiO; NPs, (d) 4.2 wt.% BaTiO;,
NPs, (e) 5.6 wt.% BaTiO; NPs.

tion and homogeneity of BaTiO; NPs within the (PVA-PEG) matrix.

FTIR analysis of (PVA/PEG/BaTiO;) nanocomposites’ samples is
shown in Fig. 2. FTIR manifests the nanocomposites’ interactions.
The band around 3262 cm™ is related to OH group. The strong band
around 1085 cm™ is attributed to the stretching mode of C—O group.
The two strong bands observed around wave numbers of 1416 cm™
and 840 cm ™ are attributed to the bending and stretching modes of
CH, group, respectively [40].

Figure 3 shows the variation of electrical capacitance of
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Fig. 3. Variation of the electrical capacitance for PVA/PEG/BaTiO; nano-
composites with pressure.

(PVA/PEG/BaTiO;) nanocomposites with pressure (compression). As
shown in Figure 3, the electrical capacitance increases with increas-
ing of the pressure. The crystal consists of multiple interlocking
domains, which have positive and negative charges. These domains
are symmetrical within the crystal, with the result that the crystal
has a net charge of zero. When a stress is applied to the crystal,
this symmetry is broken, and, in order to restore the symmetry,
these domains realign themselves and, through the realignment,
generate a current, and the capacitance will be increased [41-45].

4. CONCLUSIONS

The (PVA/PEG/BaTiO,) nanocomposites have been prepared by using
casting method. The studied characteristics in this work included: mi-
croscopic images, FTIR analysis, and pressure-sensor application. The
results indicated that the capacitance of (PVA/PEG/BaTiO;) samples
increases with the increase in pressure. This behaviour makes it
possible the (PVA/PEG/BaTiO;) nanocomposites be used for pres-
sure-sensor applications.
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In this paper, poly(2-formyl pyrrole) (PFPy) is synthesized using hydro-
chloric acid as catalyst in alcohol. PFPy is dark-green very fine powder.
Then, the polymer forms glass substrate in the reaction mixture. The re-
sulting polymer is characterized by FTIR, EDX and XPS to determine the
polymer structure. The polymer is scanned by scanning electron micro-
scope (SEM), and its film is investigated by atomic force microscope
(AFM) for its morphological properties. We found the polymer consisting
of spherical particles with a rough surface (with average diameters of 430
nm), and they form clusters. We propose a method for calculation of par-
ticles’ size depending on the crystals’ size (by means of the Scherrer equa-
tion) and percentage of crystallization of polymer from XRD analysis. The
average particles’ size is of 336.7 nm. The particles’ size in this method
may be closer to reality because the XRD analysis includes a large number
of particles, and it is not optional as based on the SEM and AFM charac-
terization.

Y miii po6ori moui(2-popminoBuit mipoa) (IIPII) cuHTE3yETHCA 3 BUKOPHUC-
TaHHAM COJITHOI KUCJOTH B SKOCTi KaraJsaizaTropa y cuupri. IIDII € TemHo-
3eJIeHUH Jy:Ke TOHKOIOAPiOHeHu# mopoinok. IloTiM mojaimMep yTBOpPIOE
CKJIAHY HiAKJaIWHKY B peakmiiHii cymimri. Omep:kauuii mojaimMmep xapakre-
pU3YEThCS iH(PAUYePBOHOIO CIIEKTPOCKOIiE€0 Ha ocHOBI Dyp'e-miepeTBOpy, Me-
TOIaMU €HepProAMCIIePCiiHOI PEeHTI'€HiBChKOI CIIEKTPOCKOMNil Ta peHTreHiBCh-
KOl (hOTOEJIEKTPOHHOI CIIEKTPOCKOMil AJid BU3HAUEHHS NOJIIMEPHOI CTPYKTY-
pu. ITonimep ckaHyeThCA CKAaHYBAJbHUM €JEeKTPOHHUM Mikpockomom (CEM),
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a #oro IIiBKa MOCHIIKYETHCSA aTOMHO-CHUJIOBUM Mikpockomom (ACM) Ha
npexMeT ioro MopdosoriuHmx BiaacTuBocTell. Mu BuABWUIM IHOJiMep, II0
CKJIaIa€ThCA 3i chepMUHMX YACTHHOK i3 IMIEPCTKOI0 moBepxHero (i3 cepemHim
niasmerpoMm y 430 HM), i BOHM YTBOPIOIOTHL CKYIUeHHS. 3alpPOIOHOBAHO Me-
TOAY PO3PaxXyHKY PO3Mipy YaCTUMHOK 3ajJeXHO BiJg poaMipy KpucraiiB (3a
momomoroo IlleppepoBoro piBHAHHS) Ta BifcoTka KpucTaJisarmii mosimepy
3a JaHUMHU PEHTTeHOCTPYKTYpHOI aHaimisu. CepenHiii posMip 4acTUHOK cTa-
HOBUTh 336,7 HM. Po3mip uacTMHOK y IIifi MeTomi Mo:ke OyTu OGIMIKUE IO
PeasbHOCTH, OCKIiJBKM PEHTI'eHOCTPYKTYPHA aHa/ida BKJIIOYAE BeIUKY Ki-
JIBKICTh YaCTMHOK, Ta BOHA He € HeOGOB A3KOBOIO, OCKiNbKM GasyeThes Ha
xapakTepusarii uepes CEM Ta ACM.

Key words: polymerization, acid catalysis, XRD, particles’ size,
polyformyl pyrrole.

Karouosi cioBa: mosaiMepusaiiisi, KMCJIOTHA KaTaJisza, pPeHTr'eHiBChbKa Iud-
paxiiisg, po3Mip YacTHUHOK, ImoJiopMisoBuit mipo.

(Received 27 March, 2021; in revised form, 8 April, 2021 )

1. INTRODUCTION

Conductive polymers were discovered in the mid of 20™ century;
this was a turning point in the scientific world due to their wide
range of applicability [1]. Recently, conducting polymers are used
in sensors [2, 3], biosensors [3], capacitors [4], solar cells [5], opti-
cal displays [6], and light emitting diodes [7], as rechargeable bat-
teries [8], enzyme immobilization matrices [9], membranes [10], gas
separation membranes [11] and electrochromic devices [12]. Conduc-
tive polymers were used as thin films for most of their applications.
In recent years, synthesis and characterization of polymers contain-
ing heteroaromatic rings [13] such as pyrrole, furan and thiophene
[14] have been extensively studied because of their potential in ad-
vanced optoelectronic applications [13]. Polypyrrole (PPy) and its
derivatives are the most widely studied conductive polymers due to
the easily oxidizable monomer in aqueous solution [15], the high
electrical conductivity, good electrochemical properties, thermal
stability [16] and the high mechanical strength, which is easily gen-
erated both chemically and electrochemically [17]. Intrinsic proper-
ties of polypyrrole including environmental stability, good redox
and conductivity behaviour [18] have many applications, including
batteries, electrochemical sensors and biosensors [19], conductive
textiles and fabrics, drug delivery systems and mechanical actuators
[20]. Polypyrrole is electrochemically driven and can be constructed
in linear or bending (bilayer) actuators. [21] Poly(2-formylpyrrol)
was synthesized by addition of thionylchloride to its solution in tet-
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rachlorocarbon [22]. The 2-formylpyrrole can polymerize in acid
without an oxidizing agent. Poly(2-formylpyrrole) was synthesized
using acidic catalyst in alcohol. The prepared polymer was charac-
terized by FTIR, XPS, EDX, SEM and EIS technique.

2. EXPERIMENTAL
2.1. Materials

Pyrrole-2-carboxaldehyde 98% sigma, hydrochloric acid 35.5%
sigma, sulfuric acid 98% sigma acetic acid, trichloroacetic acid
sigma, formic acid sigma.

2.2. Measurements

Poly(2-formylpyrrole) was characterized with FTIR (JASCO FT/IR
model M4100) spectrophotometer between 4000 and 400 cm™. Sur-
face morphologies were examined with SEM, EDX and XPS
(TESCAN model MIRAS3), XRD (Philips, model:PW1370, Cu(0.154056
nm) step size 0.05 deg.) and AFM (Nanosurf model:eseyscan2).

2.3. Synthesis

The 2-formyl pyrrole (10 mmol, 0.97 g) was dissolved in the alcohol
(25 ml); then hydrochloric acid 385.5% (10 ml) was added. Mixture
solution was placed at room temperature for 48 h. Colour of reac-
tion solution changed to yellow one and then to black one. Then, the
polymer precipitates and forms on the walls of the reaction vessel
and any substrate (e.g., glass) in the reaction mixture. Formed pre-
cipitate was collected by decantation; KOH (5% ) solution was add-
ed, and mixture was boiled for several minutes. The precipitate was
filtered and washed with distilled water and, then, alcohol each one
several times and dried at 105°C for 48 hours. It was kept for study
later on.

3. RESULTS AND DISCUSSION
3.1. FTIR Analysis

FTIR spectrum of solid content of the reaction was recorded after
2, 7,15, 30 min and 48 h (polymer). Figure 1 shows FTIR spectrum
for monomer and solid content of the reaction at several reaction
times. For monomer (Fig. 1, a), the peak at 3441 cm™* was related
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Fig. 1. FTIR spectrum: a—monomer; b—solid content of the reaction after
2 min; c—after 7 min; d—after 15 min; e—after 30 min; f—polymer.

to N—H in pyrrole rings, absorption bands at 3230 cm™ were due to
aromatic C—H, peaks about 2757 cm™ are attributed to C—H alde-
hyde, peak at 1667 cm ™ was related to C=0 aldehyde, and the peaks
between 1500 cm™ to 1000 cm™ were due to C=C in pyrrole ring
and C—H out of plane. Solid content of the reaction after 2, 7, 15
and 30 min (Fig. 1, b, ¢, d and e, respectively) have wide peak at
3512 cm™', which was due to humidity. Most peaks were shifted be-
cause of polymerization. The peak at 3441 cm ' for monomer is
masque by the peak at 3512 cm™* because water confinement within
the polymer structure. Also, the peak at 1667 cm™ in monomer
spectra become weaker and was shifted to 1671 cm™, 1675 cm™,
1678 cm™, 1680 cm™, 1685 cm™ for 2, 7, 15, 30 min and polymer,
respectively. This shows that polymerization reaction is happened
on aldehyde group. Peaks in the fingerprint region after polymeri-
zation were become weaker and less intense.

3.2. XPS Analysis

X-ray photoelectron spectroscopy (XPS) is an excellent technique
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Fig. 2. X-ray photoelectron spectroscopy for PFPy.
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Fig. 3. Cls spectra with typical peaks.

for analysing the top of 5—10 nm of a surface. Figure 2 shows the
x-ray photoelectron spectroscopy for polymer PFPy. XPS spectra
had three peaks at 534.6, 401.5 and 286.3 eV, which were due to
0O1s, N1s and Cls, respectively. This shows that the polymer make
up carbon, oxygen and nitrogen.

Figure 3 shows the analysis of Cls peak. From Figure 3, carbon
atoms in polymer were of three kinds: C=C-H (286.45) 56.57% , C—
N (287.3) 37.72%, C=0 (289.6) 5.7% . This result corresponds to
number of atoms in the formula.

3.3. EDX Analysis

EDX is used to determine the relative composition of the elements
on a surface. Table 1 shows EDX analysis for three areas of polymer
surface. This table shows disproportionate relative composition due
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TABLE 1. EDX analysis for three areas of polymer surface.

area 3 area 2 area 1
El t
% Atomic, % | wt.% |Atomic, % | wt.% |Atomic, % | wt.% ement
100.0% 70.4 64.8 74.6 68.5 66.2 61.2 C
19.1% 13.5 14.5 8.8 9.4 18.2 19.6 N
22.0% 15.5 19.0 15.4 18.8 15.6 19.2 (0)
0.9% 0.6 1.7 1.2 3.3 0.0 0.0 Cl

100.0 100.0 100.0 100.0 100.0 100.0 Total

to the inaccuracy of the EDX analysis. The polymer contains carbon
70.42%, nitrogen 13.48% and oxygen 15.02% . The rate N/C is of
about 19.1% (one nitrogen atom for five carbon atoms). This is ac-
cording with polymer structure. The oxygen rate is more than ex-
pected because of the water confinement within the polymer struc-
ture.

3.4. Scanning Electron Microscopy

The morphology of poly(2-formylpyrrole) particles was studied us-
ing scanning electron microscope. Figure 4 shows the photo of its
scanning electron microscopy (SEM). The polymer consists of spher-
ical nanoparticles, which were merged together to be cluster. The
particles in the cluster have rough surface and average size of
about 438 nm.

3.5. X-Ray Diffraction (XRD)

The crystal structures of PFPy were characterized by XRD analysis.
Figure 5, a shows the XRD pattern of PFPy. The broad peaks below
the baseline are mainly due to the scattering from PFPy chains at
the interplanar spacing and indicate a typical form of amorphous
polymer [23]. To determine the crystalline percentage P, %, it is
essential to deconvolute the XRD spectra of the samples to find the
area of the amorphous and crystalline peaks [24]. The P.,% was
calculated using Equation from [25, 26]:

A
P, %=—""x100, 1)
Acry + AAmo

where A, and A,,, are the area of crystalline peaks and the area of
amorphous ones, respectively [26]. The crystalline percentage P,,%
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Fig. 4. Photo of the scanning electron microscopy (SEM) for polymer.
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Fig. 5. X-ray diffraction (XRD) for polymer.

was of about 1.46%. Figure 5, b shows the XRD pattern of PFPy
for crystalline part. If we check the main peaks of the XRD patterns
carefully, the peaks situate at 26.81, 28.42, 31.75 and 45.45° giving
d spacing of 0.333, 0.314, 0.282 and 0.199 nm, respectively [27].

Table 2 shows the percentage areas of crystalline peaks, particles’
size and d spacing for polymer from XRD pattern.

The polymer particles are formed during the deposition of the
polymer from the solution; in the beginning, crystals are formed of
several polymer chains, and then, particles are randomly gathered
to configure particles (Fig. 6).

In the polymer particle, percentage of the crystals can be given by

%100 . (2)

o
cry /0_

tot

The density of polymer is same for crystal and amorphous parts.
So, Eq. (2) can be written as follows:
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TABLE 2. Percentage areas of crystalline peaks and their parameters.

Peak No. |2 theta, °| A, % |FMW, rad |Particles’ size, nm|d spacing, nm

P1 26.81 0.30% 0.00240 58.61 0.333
P2 28.42 0.24% 0.00204 69.49 0.314
P3 31.75 0.62% 0.00347 41.05 0.282
P4 45.45 0.30% 0.00290 51.28 0.199

polymer chains  polymer crystal  growth amorphous  polymer particles
in solution particles

Fig. 6. Growth of polymer particles on its crystal.

3

1% r
P, % =—"x100 = -2 x100. (3)
Utot r;fot

For i'* crystal, its diameter is D, and percentage P,% based on Eq.
(2) can be written as follows:

3

" P%-D.
p- L Za BP0, (@)
Y rtot 21-)c'ry(yO
cry
n (y 3
P%-D
rd = 1 [2.,R% D «100. (5)
P.%| 2P, %
cry

If D, is average diameter of polymer particles, Eq. (2) can be

written as follows:
n 3
Zi:l Pi% ) Di
3 P_%
x 100 .

cry

" P, %

cry

(6)

The percentage of the crystals can be determined from XRD. By
crystalline-peaks’ parameters from Table 2, the particles’ size can
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be calculated by means of Eq. (6). The average particles’ size is of
336.7 nm. The particles’ size in this method may be closer to reality
because the XRD includes a large number of particles and it is not
optional as based on the SEM and AFM characterization.

3.6. Atomic Force Microscopy Analysis

Atomic force microscopy (AFM) is an excellent tool to study mor-
phology and texture of diverse surfaces [28] and it is employed as a
powerful technique to statistical study and analysis of the morphol-
ogy of polymer thin films’ surfaces with parameters such as rough-
ness (R,), root mean square (RMS), kurtosis (Ku), skewness (Sk)
and mean diameter [29]. Atomic force microscopy scans the 5 pmx5
um areas of polymer film with thickness of 280 nm.

Figure 7 shows 3D image, roughness, topography, mean diameter
and elevation distribution of polymer film. Figure 7, b shows the
polymer film roughness and RMS; statistical analysis of AFM data
shows the surface parameter (R,=2.63 nm, RMS=23 nm, R,=2
nm, R,=34 nm, R, =37 nm, SE(RMS)=1.98 and Ku =5.49), when
polymer formed and precipitated, the active points in surface of
substrate absorb polymer chains. They accumulate on surface, grow
to join together and form a rough layer, which seems as joined
balls. Figure 7, d shows mean diameter of polymer particles in film,
where average size is of about 420 nm that corresponds to what the
SEM images show in this work.

" ~ e |
RN

Roughness (nm)

1200 1400 am It 1 20 25 30%

Fig. 7. a) 3D image; b) roughness; c) topography; d) mean diameter; e) ele-
vation distribution of thin film of polymer.
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4. CONCLUSIONS

A novel polymer was synthesized by a simple and easy method by
adding concentrated hydrochloric acid to the monomer solution in
alcohol. The polymer was characterized by FTIR, EDX, XRD and
XPS to confirm its structure. The polymer was scanned by scanning
electron microscope, and its film was investigated by AFM for its
morphological properties. The polymer particles have a rough sur-
face, its diameters were less than 1000 nm, and the average diame-
ter was of about 430 nm (in the synthesis conditions). In XRD, the
crystalline percentage P.,% was of about 1.46%, and the average
particles’ size is of 336.7 nm.

5. HIGHLIGHTS

A novel polymer was synthesized and characterized by a simple and
easy method.
New method was proposed for calculating polymer particles’ size
based on their crystallization and crystals’ size from XRD data.
Particles’ size determined by SEM and AFM is compared with
XRD data.
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BuBuenHs BILTUBY IMapaMeTpiB rigporepMaJbHOI KapOoHi3aIril
KaBOBOTIO IIUIAMY Ha IMIOPYBATYy CTPYKTYPY Ta COPOILiiiHi BJIACTUBOCTI
rigpoByTiiIsa
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ITncmumym copbuii ma npobsem endoerxonozii HAH Ykpaiuu,
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03164 Kuis, Ykpaina

Hocaig:xeHo BILIMBYU TeMIIEpATypPU, TPUBAJOCTH TA CIIiBBiIHOINIEHHS «BUXi-
IHa peuoBmHAa:Boma» (S:L) Ha Buxizm, mopomerpuuHi Ta rigzpodoOHi BracTu-
BOCTi Oep:KyBaHOTO TiAPOBYTiJIJIs B IpoIleci rimzporepMaibHOI KapOoHisalii
(I'TK) xaBOoBOTO 3aJMINKy Ta KABOBOTO BAJUIIKY MHiCJsd eKCTpakiii 3 HbOTO
JKUPHUX OPTaHiuYHMX KHCJIOT TeKcaHoM. BcTaHOBJIEHO, IO HaNOGiJIbIImit
BILIWB Ha BuUXiJ mpoaykTy B mporeci I'TK copuuunse Temmeparypa. I3 3po-
CTaHHAM TeMIIepaTypHu BUXiJ ByTIJeIio i3 6iomacu 30iJIbIIyeThCA Ta JOCATAE
70-90%, mo y mopiBHaHHI 3 Buxogom (19-23%) mpu Tpamuiiiiniii Kap6o-
uwisarnii (TK) 6inbite y 3—4 pasu. BcTaHOBIIEHO, IO 3Pas3KM OAEPKAHOTO Ti-
apoByrisia B mpoieci I'TK mabysaroTh mopyBaTocTu. IlnToMa moBepXHSA 3a
BET npu mpoMy KoJmBaeThcsa B Mexkax 19—27 m2?/r. XapaKTepHOWO 0COOIH-
BiCcTIO omep:KaHMUX 3pPas3KiB € HASBHICTHh BUKJIIOUHO ME30IIOPYBATOI CKJIAIO-
Boi. BusaBieno, 1o TepmMooOpobsieHa Maca, ofep:kaHa 3a momomoror I'TK,
MPOSBJsE 3He0ApPBIIOBAJIBHY 3AATHICTH II[OJ0 METHJIEHOBOTO OJAaKUTHOTO
(MB). Haitkparri spasku, omep:kani sa temneparypu y 200—-220°C Ta cmiB-
Bigmomtens 1:5 i 1:7, morauuaioTs g0 95—-107 mr/r MB, mo maii:ke yaBiui
binbllle, HiXK 3pas3KW KapOoHisaTy, omepskaHi Tpamuiliiinum cmoco6om (55
mr/r MB). ocrmigxenua KiHmeTmku BoJsioromorsauHauHa 3paskiB I'TK, omep-
JKaHWX 3a PisHUX TeMmmepaTryp oOpoOJIeHHs, aje OAHAKOBUX CIIiBBigHOIIEH-
HaA S:L i TpuBaJIOCTU IPOIECY, CBIAUNUTH HMPO AOCTATHLO BUCOKY TiApodijib-
HicTh TiApoByrijasg. 3paskyd MAaOTh 3JATHICTL YTPUMYBATH 3HAYHY Kijb-
Kicts Bosoru (15—-18%), 1110 IMO3UTUBHO MMO3HAUATHMMETHCA HA IOJINIIeHHI
Ta PO3MYIITyBaHHI I'DYHTIB 3a 3aCTOCYBaHHA iX y CiJIbCBKOMY I'OCIOZAPCTBI.

The effects of temperature, duration, and the ratio of the initial sub-
stance:water (S:L) on the yield, the porosimetric and hydrophobic proper-
ties of the obtained hydrochar during the hydrothermal carbonization
(HTC) of the coffee residue and the coffee residue after the extraction of
fatty organic acids from it with hexane are studied. As revealed, the tem-
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perature has the greatest influence on the product yield in the HTC pro-
cess. With an increase in temperature, the carbon yield increases and
reaches 70-90% that is 3—4 times more than the yield (19-23%) with
traditional carbonization (TC). As found, the samples of the obtained hy-
drochar in the HTC process acquire insignificant porosity. The BET spe-
cific surface area in this case fluctuates in the range of 19-27 m?/g. A
characteristic feature of the obtained samples is the presence of an exclu-
sively mesoporous component. As revealed, the heat-treated mass obtained
with the utilization of HTC exhibits a bleaching ability for methylene blue
(MB). The best samples obtained at a temperature of 200-220°C and a ra-
tio of S:L=1:5 and 1:7 absorb up to 95-107 mg/g MB that is almost
twice as much as the carbonizate samples obtained by the traditional
method (55 mg/g MB). The study of the kinetics of moisture absorption of
samples after HTC, obtained at different processing temperatures, but the
same S:L ratio and the duration of the process, indicates a sufficiently
high hydrophilicity of hydrochar. The samples have the ability to retain a
significant amount of moisture (15-18%), which can positively affect the
improvement and loosening of soils when used in agriculture.

KarouoBi cioBa: rizporepmasibHa KapOoHisallifg, muToMa MOBEPXHA, HOPYyBa-
Ta CTPYKTypa, COpOIiiiHi BIacTUBOCTi, METHUJIEHOBUH OGJIAKUTHUII, BOJOIIOT-
JUHAHHA.

Key words: hydrothermal carbonization, surface area, porous structure,
sorptive properties, methylene blue, water absorption.

(Ompumano 10 6epesns 2021 p.)

1. BCTYII

Posraamaerbea migxin mo mepepoOKm OiomMacu 3a paxyHOK IPOBeIeH-
Ha rigporepmanbuoi KapOouisamii (I'TK) BimxozxiB mairHome toJio3HOI
CUPOBUHHU 3 MOYKJIUBUM HACTYIHUM IIPOBEAeHHSIM (Di3MUHOTO aKTUBY-
BaHHA BOAsAHOIO mapoio [1-5]. Ilna oxgepskanua copOIiiHoro marepis-
JIy BUKOPHCTOBYBaJIM BiAXOIM, IO HPEACTABJIAIOTH CO00I0 KaBOBUI
IIIPOT.

IIpomec I'TK saBise coboio IIpoiiec mepepodKi, 3a AKOTO 3a AOIIO-
MOTOI0 Iapu CTBOPIOIOThLCA THCK y 10—25 Oap i Temmeparypa y 180—
220°C. IlpomykTr, omepsxkanumii B mpormeci I'TK, masuBaioTh rigpouap
(«<hydrochar»). A armo Temieparypa 3HaXOAUTLCA B aiamasoni 200—
300°C, To TBepma (paKIlid SABISETHCA TEPMOOOPOOJIEHOIO MACOI0, a
caM IIPOIleC HA3MBAETLCSI «TepMooOpobseHHAM». KpiMm Toro, Bim Tem-
mepaTypu TepMOOOpOOJIEHHS 3ajeKUTh BUXim mpoayKTy. B pesyibra-
Ti M’AKOTr0 TepMOOOpPOOJeHHs, KOJKU TeMIepaTypa HiATPUMYETbCA Ha
pisui 230°C, Buxig npoaykry Mmoxe caratu 90% .

IIpunnunoBy cxemy meperBopeHb 3a I'TK mpemcraBieno Ha puc. 1
[6—-12].
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IlepeBaru I'TK-texHoJjiorii mepen iHIIMMM TEXHOJIOTisIMU IIepepoo-
Ku OioMacu IOJNATAIOTHL Y IIPOCTOTI OOCJIyroByBaHHA OOJagHAHHSI,
MOKJIMBOCTi BUKOPHCTAHHS OLHOUYACHO CYMIiIlIi pisEmx BUAIB OGioma-
CH, a TaKOXX y BMCOKili eKOJIOTiuHOCTi TexHoJorii, AKa samobirae 3a-
OpPYIZHEHHIO HaBKOJUIIHLOTO cepemoBuia [1, 4, 5]. Illomo mworo,
HaNBaKJIUBIIIIIMK BJIACTUBOCTAMHU TePMOOOpPOOJeHOl OioMacu sBJIA-
I0ThCS BUCOKAa ajAcopOIliiiHa 3HaTHICThb, AKA CIPUSIE YCYHEHHIO i3 I'py-
HTY HaAJUINKOBUX PEUYOBUH, AKi CIIOBiJILHIOIOTH PO3BUTOK KOPEHEBOI
cuctemu pocauH. Biouap («biochar») crabimisye rpyuT, BOmpaiouu
OKCHUIM aJIOMiHil0. 3aBAAKU IIOPYBaTOCTi 3a0e3meuyeThCcs 3aTpUMaH-
HA XapuoBUX PEUYOBUH i BoJIoTM Yy I'pyHTi. Takuil MpoAyKT € XeMiuHO
iHepTHUM (He IigaATae AECTPYKIIil BIPOMOBIK TUCAYOJITH) i cTabijb-
HUM IIiJi Yac TPaHCIOPTYBaHHA Ta 36epiraHHs.

CroenudiuHi xapaKTepUCTUKU 3yMOBJIOIOTH Pi3HOMAHITTS cmoco0iB
BUKODPUCTAHHA Giouapy. Moro BUKOpHUCTAaHHA B arpapHiil ramysi Ha-
O0upae HOBUX 00EpTiB 3 KOKHHM POKOM. Bce 6inbIlie migmpueMIiiB y
CiTbCBKOMY T'OCIIONAPCTBi 3BepPTalOTh yBary Ha BiTHOBJIEHHS I'DYHTIB,
3aiiMalOuMCh IMOIITYKOM Oe3lMeuyHuX pillleHs TPoOJeMu IIiBUINEHHA
MMOKAa3HUKiB BposkaiimocTu [5, 7, 8].

Biouap BUKOpPUCTOBYIOTH Y CiJIBCBKOMY TI'OCIIOJApCTBi AJA MHiABU-
ITeHHA POIIOUOCTH CYXUX, BUCHaKeHuX I'pPyHTiB. IlopyBaricTh Gioua-
Py cupuse 3HAYHO KPAIOMY 3aTPUMAHHIO y I'PYHTI MOKHBHUX Pedo-
BUH i BOoAM, BILIMBAE HA CTUMYJIIOBAHHSA POCTY KYJIBTYP 3a HU3BLKOTO
CHOKMBAHHA BOJM, IO OCOOJMBO aKTyaJbHO IS 3aCYIIJIUBUX perio-
HiB. Biouap 3wminioe 6Giojorito rpyHTy, 3B’asyioun CO, Ha TpuBaamit
TepMiH i TMM camMuM 3abe3leuyioun IIOHWKEHHS BUKUAIB IIapHUKO-
BUX rasiB B armoctepy, moJininye il poaiodicTb, YMOMKJIUBJIIOE 3Me-
HIUTA KiJbKiCTh BHeceHMX MOOpWB. Takuili mPOAYKT BBaYKAIOTh AKi-
CHUM JOOPWBOM, OCKIIbKHW BiH IPUIIMHSAE IIPOIlec Aerpamarlii rpyHry,

¢ 5
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| Gl L
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Puc. 1. IIpurnumosa cxema rigporepmanbHoi KapOoHizarmii.!
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s3amobiraroun IiJIOMY PALY IVIOOATBHHNX €KOHOMIUHHMX Ta eKOJOTiuHMX
npobaeM. BukopucTaHHSA €KOJOTiuHO 6e3meuHoro 3acoby OJis BigHOB-
JeHHA TI'PYHTY COPUAEC BUBENEHHIO i3 I'PYHTY arpeCMBHUX XEMiuHUX
npenapariB, AKi Bpa'kaoTh He TiJIbKM 3eMJIIO, ajie U 3arposKyioTh
3mopoB’to Jdroguum [1, 6].

Biouap — 1e AkicHe HOOpPHMBO, AKe BUBOAUTL i3 I'PYHTY 3aJUIIKK
XeMiUHUX PeUOBUH, AKUX OyJ0 BHeceHO panimie (repbimuaiB, mecTu-
MUIiB, IHIMUX OTPYTOXeMiKaTiB), cipude (PYHKIIIOHYBAHHIO MiKpOOp-
radisaMiB, AKi HO3MTHMBHO BILIMBAIOTH HA BPOKANHICTH, 30LJIBIIYE IIO-
pyBaTicTh TI'PYHTY, 3abeslleuye AOCTYII KHCHIO OO KOPEHiB POCJUH i
MUPKYJIAIII0 TOBITPs, MOJIMINYye CKJAaA HEPOAIOUWX I'PYHTIB (TJIMHO-
3eMy, IiITaHUX T'PYHTiB), HeHTpajaidye I'PYHTH 3 IIiABUINEHOIO KMCJIO-
THiCTIO, 30epirae Ta mMiaATPUMYye MOKMBHI PEUYOBUHU i MiKpOeJIeMEeHTH.
IlepcreKTUBHUM SABJIAECTHCA BUKOPHUCTAHHSA Oiouapy AJA IMOJIMIIeHHS
I'PYHTY IJd KiMHATHUX POCJUH i TeIIUIb IJs BUPOIIYBaHHS po3ca-
nu. Biouap KopucTyeThCcA MONUTOM B IIi#i cepi Ime i Tomy, IIIO Mae
IpOTHUHAapasuTapHi i aHTUOAKTEePiAJIbHI BJIACTUBOCTI.

Meroto gocaim:kenp Oyso smiticuutu mpoiiec I'TK KaBoBux Bimgxo-
IiB, B peayJbTaTi uoro omep:katu rigpouap («hydrochar»), mocaiguru
(¢isuKo-xeMiuHi Ta IIOPOMETPUUYHI XapaKTEePUCTUKU IIPOAYKTY, BU-
SABUTU MOXKJMBI rajysi ioro BUKOpPUCTaHHA.

2. EKCIIEPUMEHTAJIBHA YJACTHHA

ExcrnepuMeHTH IPOBOAWMIM 13 JBOMa 3pa3KaMM KaBOBUX BiXOIiB:
BJKMBAHOIO KAaBOIO, OIEP:KAHOI0 MicJiA MPUTOTYBaHHA KAaBOBOTO Ha-
IMOI0, Ta TUM CaMUM 3PasKOM, ajie IONepPeIHbO OOpPOOJEeHWM eKcTpa-
T'eHTOM — I'eKCaHOM.

IIpormenypa o6po0JieHHSA TeKCAHOM MaJia Ha MeTi BuUAAJEeHHA HeHa-
CUYEHUX KUPHUX KIUCJIOT i3 KaBoBoi Oiomacu. HaBa:kKy 3paska Io-
Milmmaay y HUWIIHIPUYHUN peakTOp, BUTOTOBJEHUU i3 (Topomiacty.
3anuBay Po3paxoBaHy BiAIOBimZHO m0 yMOB KapOouisarii kinbKicTb
BOAU, moOpe mepemimryBasu. [lanmi ¢ropomiacToBuii peakTop BCTaB-
JAMA Y MeTaJIeBUIi KOpPIIyc i momimianu Ha KapOoHisariro y Harpirty
0 BiATIOBiAHOI TeMIlepaTypu mid. 3pa3oK BUTPUMYBaJU BIPOJOBIK
BcTaHoByeHoro dacy (5, 10, 24 rox). Harpie BumMuramu ta miciasa
OCTUTaHHS IPOAYKT BUIMAJIU i3 peaKTopa Ta BUCYIIIyBaJu.

Hani mpo mopyBaTy CTPYKTYPy MaTepidyiiB, IPUTOTOBaHY 3 BUKO-
pucranuam I'TK, omep:kyBamm 3a IDOIOMOIOK i30TepM ancopOIrii—
nmecopbItii asory, sHATHUX 3a TeMieparypu y 77 K, BUKopuUCTOByIOUM
rasoBuii aHamizaTop NOVA 2200 (Quantachrome, USA). Ilepen mpo-
BeJleHHAM MipsAHb 3PasKM BUTPUMYyBaJu Imif Bakyymom y 1-107* Topp
3a Temmneparypu y 180°C Bupomos:k 4 u. [IuTomy mOBEpXHIO PO3paxo-
ByBayin 3 BukopucrtauaaMm BET-piBuauusa (Sppr). t-Plot-merony Buko-
pucTOBYBAJIM IJis OL[iHIOBAHHA 00’emy mepexigaux (V,.) Ta MiKpoiop
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(V.,.), a Tako:k moBepxHi Mixkpomop (S,,;). Posmoxin mop 3a posmipamu
pospaxoByBasin 3a gomomoror BJH-meromu, BUKOPMCTOBYIOUHM i30Te-
pMmy mecop6rii. Cymapuuit 06’eM mOp OIiHIOBAJIM, MEePETBOPIOIOYM Ma-
KCHUMAaJbHUN 00’€M as30Ty, IIOTJIMHYTOrO 3a BiJHOCHOTO THCKY
p/p° = 0,99, B 06’em pigkoro azory. O6’eM mepexigHUX IIOpP PO3paxo-
ByBaJIM K DPLXKHUII0 MiK cymMapHuUM 06’e¢MoM IOp i 06’emomM MiKpo-
op.

BomomornuueHHsa, — mDapaMeTrep, SKWUHA YMOMKJIMUBJIIOE BUSHAYUTH
CTYIiHb TigApodoOHOCTH MATEepiANly, — BU3HAUAIM HACTYIIHUM UMHOM.
3pasKu BUCYIIIYIOTH V OIOKCi 40 aOCOJIIOTHO CYXOr'0 CTaHY BiAIIOBiZHO
HTECT 16483.7-71 i sBamkyioTh 3 moxubxoio e 6imbir 0,001 r. 3pas-
KM IIOMiITailoTh B €KCHKATOP 3 JMCTUJIHOBAHOIO BOIOI0, CTABJATH Ha
PeIriTKy, po3MillleHy HaJa BOJOI0, 3aKPWBAIOTh KPUIIIKOI Ta BUTPU-
MyIoTh 3a Temneparypu y 20 + 2°C. 3pasku mepioguyHO BUUMAIOTH i3
eKCHKAaTopa Ta 3BaKYIOThb y OIOKcaxXx 3 moxubkoio me Oiapm 0,01 r.
Ilepinie 3BasKyBaHHA 3MiHCHIOIOTH IIiCJIA BUTPUMKU 3Pa3KiB YIIPOIOBIK
1 rox., HacTynHi — uepe3 KoxkHi 30 XB. ITic/Ig mepIIOYeproBOrO CTAa-
BJIEHHA 3paska B eKcukKaTop. locirimKeHHA 3aKiHUYIOTH, KOJU PirK-
HUIA MiX JBOMA OCTaHHIMH 3BasKyBaHHAMH Oyae He 6iabmie 0,05 r.

KinpkicTs mormmuyToi Bosoru (W) y IIpoIleHTaXx BUPaXOBYIOTH 3
rounicTio 1o 0,1% 3a opmyioro:

m —m
W=—_"1.100, (1)

m,—m
Ie m — maca O0Kca, T'; m; — Maca 0ioKca i3 3pasxoM y abCoJIIOTHO
cyxoMmy craHi, r; m, — Maca OIOKca i3 3pasKoM, 3BaKeHUM dUepes 7

XBUJIMH 3 MOMEHTY IIePIIIOUYEPTOBOTO CTABJIEHHS 3pa3Ka B €eKCHUKATOp,
T.

3a MOKAa3HUK BOAOIIOTJIMHAHHS 0EpyTh MaKCHUMAaJbLHY BOJIOTICTBL Je-
PEBUHU, BUTPUMAHOI 10 IPUNMHEHHSA BOJOIOTIMHAHHA.

3. PEBYJIBTATHU TA IX OBI'OBOPEHHS

A BuU3HAUEeHHsS ONTHUMAaJbHUX pexkuMiB mpoBemeHHa I'TK mocurimm
IIPOBOMJIN 3TiTHO 3i CTBOPEHOIO MATPUILEIO IJIaHyBaHHA (Tadi. 1).

Texuiumo I'TK — 1me xemiuHmii mpoiec, AKUI IePETBOPIOE BOJOTY
Oiomacy B MaTepisi, 3icTaBHMHM 3 OypuUM BYTiLIAM, SKUUA HA3WBAIOTh
rizpouapom. Cepen tepmiunmux meron I'TK mae smauHi mepeBaru mifg
yac IepeTBOpeHHs OiomMacu, BKJIIOUYAIOUM BUCOKY e(eKTHUBHICTH Iepe-
TBOPEHHSA Ta BiTHOCHO HU3BKY poOouy Temmeparypy. EieMeHTHY Ta
CTPYKTYPHY aHaJNi3WM BUXIiTHOI CUPOBMHU, 3Pa3KiB HATUBHOI KaBU H
00pobseHoi rexcamom Immicasa mnpoBemenusa I'TK mpexacrasieHo B
rabua. 2.

3rigHo 3 AeKimTbKOMAa MOCJHIMKEeHHAMHN, PisHI mapaMeTpu BILIHNBA-
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TABJINIIA 1. [TapameTpu IIaHyBaHHA eKCIepUMeHTY 3a IpoBefeHHa I'TKZ.

NeNe excn. | CoiBBimmomienns S:L | Temmeparypa, °C TpH.B amerh
Kapbownisarii, rox.
Nel 1:3 220 24
Ne2 1:5 200 10
Ne3 1:7 220 5
Ne4 1:5 200 10
Neb 1:3 180 5
Ne6 1:7 180 24

TABJUIIA 2. EnremenTHa Ta CTPYKTYpPHA aHAaJNisW BUXiAHOI CUPOBUHU, 3pa-
3KiB KaBOBOTO IILJIAMy Ta ILIAMYy, 06po6ieHOro rekcanom, mciaa I'TK.?

EnemenTtna

anarisa. sar.% CrpykTypHa aHaxiza, Bar.%
, .

PisnoBugy |MapKyBaHHSA

3pasris 3paskis C | H | O |Lexronoza|l'emimentonosalJlirain
Buxizna cu- 47,036,0745,54 21,73 34,04 19,63
poBuHA
Bpasku BU- HTC180 49,575,9344,50 21,33 36,45 23,15
KOPHCTAHO] HTC200 51,48 5,4343,09 18,54 37,28 22,94
KaBU II1CJIA
I'TE HTC220 56,144,96 38,9 16,61 38,68 21,51
3pasku kasu, HTC180 51,275,6143,12 17,52 35,43 22,45
06po6rerol HTC200 56,32 5,2638,42 15,71 36,87 22,07
reKCaHoM,
micna TTE HTC220 59,714,8335,46 14,01 37,47 21,74

foTh Ha Buxing mporecy I'TK, i B mboMy mporeci Temmepartypa 3miiic-
HIoe 3HauHM# BmauB. OTiKe, THCK i TpuUBANiCTL mepeOyBaHHS ABJA-
IOTbC PYHKIIAMU TeMIepaTypu, IO BUKOPUCTOBYETHCA AJIA OIMTHUMi-
sarii mporecy I'TK.

B rabauii 3 mokasaHo BIIIMB IIapaMeTpPiB, BigHeceHUX MO0 yMOB
IepeTBOPEHHS BUKOPMCTAHOI KABM Ta 3PasKiB, MiAJaHWX eKCTPaKIii 3
HUX OPraHiuvHMX PeuoBMH. Pe3dyiabTaTu CBiguaTh IIPO Te, IO 3a TEeM-
neparypu 6ing 220°C i Hage:xHOI TpHBaJOCTH IepeOyBaHHS 3pasKa
(10 Ta 24 rox.), a Tako:K criBBimHOmeHHA S:L =1:5 Buxim Byrierio
i3 6iomacu 306iaBITyETHCA.

IlopiBaauua Buxony 3a ymoBu I'TK 3 Buxomom mig uac mpoBemeHHSA
3Buuaiinol KapOoHizallii goBoaATh, 110 3a 3xiticuenHa I'TK suxing me-
pesuiiye 70%, a cmiBBiguomrenuas H/C ta O/C sMeHIIIyIOTbCS ¥ BCix
BUIIAIKaX i3 rigzpouapoMm. Buximg mpoaykTy 3 BUKOPHCTAHHAM KaBOBO-
T0 3aJUINKY IIepeBakae HaJ BUXOIOM 3 KaBOBOTO 3aJIUIIKY, 00pobJe-
HOT'O EKCTpareHToM.
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Amaniza omep:xaHMX JaHUX JOBOAUTL, ITo mpoBegeHHsa I'TK spas-
KiB KaBOBOT'O BigXOHy HIOCATA€TLCA 3HAUHUM BUXIJ HIPOAYKTY, AKUNA
aminioetbesa Big 58% misa spaska HTC-1(2) mo mouan 90% nas 3pas-
kis HTC-5(1), HTC-5(2) ra HTC-2(1). ¥ Toi1 e yac BuXia 3a mpose-
JeHHsa 3BUYAiHOI KapOoHisamii ckuaazae aumre 18—19% npna spaska
KaBOBOI'0 3aJUINKy Ta 23% — [JA KaBOBOI'O 3AJUIIKY, IIOIEPEeSHbO
00po0JIeHOT0 TeKcaHOM. Buxim mpoayKTy — Iie AysKe BasKJIMBUMN TeX-
HOJIOTIUHUH MOKa3HUK i y pasi smificHenusa I'TK Bim mepeBuiiye Bif-
HOBiMHMI TMMOKA3HUK 3a TPaAuIliiiHOl KapOouizaiii y 3—4 pasu.

BigzHocHO 3maTHOCTM HOTJIMHATH Iapu 0eH30JIy MOJKHA CIIOCTepira-
T MOCATHEHHSA NOCTATHBO 3HAUHUX BeJuuuH Vg mo 6ersony — 0,16—
0,35 cm?®/T.

3ayBasKuMoO, IO 3pas3Ku, omeps:kani sa momomoroio I'TK, memon-
CTPYIOTH 3JaTHICTH 3HeOapBJIIOBAaTH MeTuJsieHOBuii OnakuTHuit (MB).
Haitrinmi spasku moramuaioTs 95—-107 mr/r MB. [lna kap6GoHizoBa-
HOT'O IIPOAYKTY Ile MOBOJIi 3HauHa BeJIWUYMHA 1 BoHa Maiiyke yaBiui Oi-
JbIlla, aHiK AJA KapOoHizaTy, omep:KaHoro TPaSUIiiHUM CIIOCO00M
(55 mr/r MB). Toxk, Halminmi XxapaKTepUCTUKU MAalOTh 3PasKHu, Ofe-
p:xani 3a remmneparypu y 200—220°C ra cuisBigHomensna 1:5 1 1:7.

Amnaiza isorepMm copOIii—amecop0O1rii cBiguuTh PO Te, IO 3Pa3Ku B
pesyabrati I'TK HaOyBaioTh IEepBUHHOI IIOPYBaTOCTH Ta 3AATHI IIOT-
JUHATH a3oT y Mexax 40—120 cm®/r B 3amekHOCTi Bis ymMoOB Ipose-
IeHHs IIpoliecy. 3pasKy 3 MaKCHUMAaJbHUM CTymeHeM morauHaHHA (80
i 200 cm®/r) BismoBiZaroTH HaBBMITUM TeMIepaTypaM Kap6oHizamii y
200 Ta 220°C 3a cmiBBigmomiens S:L =1:3, 1:5 Tta 1:7 i TpuBamocTu
mporecy v 5 i 10 rogun (puc. 2).

3riguo 3 kaacudikamieo IOITAK [13], isoTepMu MoKyTh OyTH Bin-
HeceHi mo isorepm IV Tumy, misg aKMX XapaKTepPHOIO 03HAKOIO € Hasd-
BHICTBH IeTeJNb TicTepe3u, AKi acoIiloThCA 3 KalliJAPHOI KOHIEHCa-
I[iel0 y Me30Illopax B iHTepBaJli BUCOKHX 3HaUeHb BiJHOCHOTO THUCKY.
Opmep:kaHi izoTepMu XapaKTepU3YIOThCA MIMPOKUMHU MHETJIAMH TicTepe-
3u, IIOYATKOBa TOYKa AKUX BigmoBimae sBimmocHomy Tucrky 0,2—
45p/p°, a kinmeBa — 0,99p/p°. XapaKTepHOIO OCOOJIMBICTIO OAepIKa-
HUX 3pasKiB € HaABHICTh BUKJIIOUHO ME30IOPYBaTOI CKJIAI0BOI.

Ha pucynky 3 mpeacTaB/IeHO KPUBi posmomisy o0’eMiB mop 3a pos-
mipamu. BugHo, 1110 mepeBasKHUU PO3Mip IIOp BiAmoBimae iHTepBasy B
mexkax 4—10 HM 3 edeKTHBHUM pafitocoM 1op y 6 HM, 3HaYeHHA
dV(logr) cararoors 0,14-0,20 cm®/r, y Toit yac K JJd 3paska, Iigna-
HOTO Tpaauilifimiii KapOowuisarii, 1ma Beawuwmua He mepesuinye 0,02
cm?/T, a eexTuBHUII pajiloc oOp cKJazae Julle 2 HM.

B mporieci I'TK Tepmoobpobiena maca HabyBae IIUTOMOI IIOBEPXHi
sa BET (tabn. 4) y mexxax 18—27 m?/r. XapaKTepHOIO 0COBGJIUBiCTIO
OoIep;KAaHMX 3Pas3KiB € HaABHICTL BUKJIOUHO Me30IIOPYyBaTOi CKJIALO-
Boi. Jlo mpoBemenusa I'TK ma BeauumHa cKJaajae AJid KaBOBOT'O 3aJIH-
mky aumte 0,41 m%/r, gnsa sanumky, o6pobseHOTo rekcaHom, — 2,2



BUBYEHHS BIIUBY ITAPAMETPIB I'TPOTEPMAJILHOI KAPBOHISAITII ITIJIAMY 215

150
100

50

100

80

60

40

20

06’em morauayToro N,, em®/T

Puc. 2. Izorepmu copbimii—gecopob1ii asory spaskamu HTC-1 (a), HTC-3 (6)
ra HTC-4 (8): 1 — 3pasok, oAep:KaHUI TpamuIiiiHoo KapOoHizarmieo; 2 —
spasok micasa I'TK; 3 — spasok, 06pobienuii rekcanom, micasa I'TK.*

m?/r. CepenHiii pajifoc mOp BUPaxXOBYEThCA AeCATKAMU HM IJId ycix
spaskis. Ile cBiguuTh po edexTuBHicTh mpomecy I'TK.

Opepskani 3paskm OyJio IIPOTECTOBAHO HaA 3OaTHICTL HabupaTtu u
YTPUMYBATH BOJIOTY. BOJIOOMICTKiCTL — OAMH i3 BaKJIMBUX IIOKAa3-
HUKiB omep:xkaHoro Oiouapy [14], ocKinbKM BOHa XapaKTepuaye 31aT-
HiCTH yTPUMYBATH BOJIOTY y Pasi 3acTOCYBaHHS y HOCYIILINBUX I'DYH-
Tax. Ha pucyHKyY 4 mpeacTaB/ieHO KiHeTHMKY BOJOTOBOMpPAHHS 3Pas3KiB
I'TK, omep:kaHMNX 3a PidHUX TeMIIlepaTyp OOpoOJeHHs, ajie OTHAKOBUX
cuiBBiguomenusa S:L i TpuBasoctu mporecy. HocrigiKeHHS TPOBOAM-
JOCs B YMOBaxX BUTPUMKHN B €KCHKAaTOPi 3 BOHoi0 3 (piKkcalriero mpupo-
CTy Baru uepes HeBHIi IMPOMIiKKM uacy. 3 PHCYHKY BUIHO, IO BIIPO-
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Puc. 3. Posmogin mop 3a posmipamu 3paskiB HTC-1 (a), HTC-3 (6) ra HTC-4
(8): 1 — 3pas3ok, omepKaHMWi TpamuIliiiHOIO KapOoHisallieio; 2 — 3pasoK IIi-
caa I'TK; 3 — 3pasok, o6pobuennii rekcanom, micia I'TK.®

IOBK 7 TOAWH JOCJiJKEeHHS BOJIOTOMICTKIiCTh JOCATa€ MOBHOTO HACH-
YeHHA, PO IO CBiMUMTH BUXiJ KpuWBOi Ha mjaro. Byso BusBaeHO,
10 3 MiJABUIIEHHAM TeMIIepaTypu peakilii spocrae rigpodobHicTh
3paskiB. Takoxx OyJyo momiueHo, IO 3MiHa 3B’S3aHOTO BYIJIEIIO Ta
JIETIOUMX PEUYOBUH YyHOBiNbHIOBajacsa. IIpumumHA MOKe MOJATATH Y
TOMY, IO BeJMKAa KiJIbKiCTh IeJI0JI03W Ta TeMiIlesioJo3M DO3KJana-
erbesa 3a I'TK mo 280°C. Ilepenycim, Temnepatrypa 280°C € Kpaimum
BHOOPOM 3 TOUKM 30py BUXOAY Ta TrigpodobHOCTH.

Yrunisarmia Bigxoxi G6iomacu g BUPOOHUIITBA TiApOUYapiB ABJIA-
€ThCs NMPUBAOJMBOIO, TOMY III0 BOHA IIPOIOHYE PIiIlleHHA [IJd yIIPaB-
JiHHS TBEPAWMMH Bigxomamu, IIOHUIKYE BapTicTh cupoBmHU. Biacrtu-
BOCTi KiHIIEBOTO HPOAYKTY IMOAO IIHOTO MOMKYTH OYyTH agalTOBAHUMU
I PisHUX MOTPEO.

Ilo cyri, I'TK ABIAETbCS TEPMOXEMIUHMM CIIOCOOOM, SAKUI BUKO-
PHCTOBYE MOKPUTHUYHY BOIY IJs KOHBepcii BoJsioroi Giomacu y ByTJie-
IeBi IPOAYKTH NIJIAXOM (PpaKIlioOHyBaHHSA CUPOBUHU.
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TABJINIIA 4. IlopoMeTpuyHi XapaKTepHUCTUKY 3pas3KiB, ofepxanux 3a I'TK.°

ITuroma ITuroma Cepennin
PisnoBupg TIOBEPXHA 34 |TOBepxHA Mezonop |V,,, cM?/T| pagiroc mop,
Sppry M2/T S,.., M2/T

HTC-1(1) 24,8 24,8 0,17 139
HTC-1(2) 26,8 26,8 0,29 219
HTC-2(1) 25,7 25,7 0,17 76
HTC-2(2) 26,9 26,9 0,14 106
HTC-3(1) 26,7 26,7 0,17 130
HTC-3(2) 18,8 18,8 0,11 121
HTC-4(1) 24,5 24,5 0,14 111
HTC-4(2) 20,3 20,3 0,14 133
HTC-5(1) 20,7 20,7 0,14 54
HTC-5(2) 22,3 22,3 0,16 56
HTC-6(1) 12 12 0,11 180
HTC-6(2) 17,5 17,5 0,07 85

KaBoBuii 3anuinox,

xapGoHizoBanuil 0,41 0,41 0,02 95

TPAIUIIAHUM CIIO-

cobom

KaBoBuii 3aJIHIIOK,

o6pobennii rexkca-

HOM, KapOoHi3oBa- 2,2 2,2 0,024 225

HUHN TPaguIiffHAIM

crroco6oM

I'TK cympoBomxyeTbecsa e(eKTHUBHOIO TigpOoJi30i0 Ta 3HEBOIHEHHIM
OiomMacu i mPMBOAUTL OO YTBOPEHHA TiApodyapy 3 BHCOKHM BMiCTOM
KHCHEeBMiCHMX (PYHKI[IOHAJIBLHUX T'PYH, IO POOUTH HOro e(peKTUBHUM
MIPEeKypPCOpPOM [Jis BUPOOHHUIITBA AKTUBOBAHOTO IPOAYKTY 3 PO3BHUHE-
HOI0 XeMieio moBepxHi. B mocrmimxyBaHMX 3pasKax BUABJIEHO BMiCT
KapOOKCUJIBHUX TPYyI, AKNH BMIiHIOETbCA B B3aJIeXKHOCTI Big yMOB
I'TK; mjomo mboro, HaiOigbINi 3HaueHHA KIJIbKOCTHM KHCHEBMiCHHX
rpyn (1,0—1,2 Mr-eKB/T) DOCATAIOTHCS AJA 3PasKiB 3 MaKCUMAaJbHOIO
remuepatypoio I'TK.

4. BUICHOBRH

BcranoBieno, 1o HaiOiMBIINIT BIJIMB HA BUXiJ IIPOAYKTY B IIpolieci
rizporepmanbuoi Kapb6owizarii (I'TK) mae Temmeparypa. I3 spocran-
HAM TeMIIepaTypu BUXiJ ByrJemi i3 Oiomacu 30indpmryerhcsa. Buxifg
3a ymoBu I'TK (70-90%) y mopiBHAHHI 3 BUXOAOM 34 TPASUIIHHOI
KapOomisamii (= 19-23%) spocrae y 3—4 pasu. Illogo 1mporo, Buxin
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Puc. 4. KimeTuka BogoIOTINHAHHA 3pasKiB, omep:xkaHux ['TK 3a pisHux Te-
MIepaTryp.’

MPOAYKTY 3 BUKOPHUCTAHHAM KAaBOBOTO ILJIAMYy IIepeBa’ka€ HaJl BUXO-
JIOM 3 KaBOBOTO ITIIJIaMy, OOp0O0JIeHOT0 IeKCaHOM.

Hocmimxeno, 1mo B mporeci I''K 3MeHIIyeThcA CIiBBimHOIIeHHSA
H/C i O/C y Bcix BUmagkax, IIO0 CBiIYUTh IPO 3POCTAHHS YaCTKU BY-
TJIEITI0, a OT:Ke, PO e)eKTHBHE IIEPETBOPEHHS OiomMacu y rigpouap.

BusBieno, 1o rigposyriiia, omep:kaHe 3a momomoroi I'TK, mpo-
ABJsEe 3HeOAPBIIIOBAJBLHY 3AATHICTH II[OI0 METHJIEHOBOTO GJIAKWTHOTO.
Haiininmni spasku, omepskaHi 3a temmeparypu y 200—-220°C rta cmis-
Bigaommenusa 1:5 i 1:7, morauHaooTs 10 95-107 mr/r MB, 1mo maiixke
yaBiui Ginblle, aHiK [Jia 3pasKiB KapOOHiZaTy, oJep:KaHUX TpPaau-
mitinum cmocobom (55 mr/r MB).

Amnaiiza ogmep:kaHux isorepM cop6Iii—gecopOIiii asoTy CBigUUTH
mpo Te, 110 3pasku B pedyabrati I'TK HabyBaioTh mopyBaTtoctu. Ilu-
tToma moBepxHa 3a BET Tozi carae 19-27 m?/r. XapakTepHOo0 0C006-
JIUBICTIO OJlepyKaHUX 3Pas3KiB € HaABHICTL BUKJIIOUYHO Me30IIOPYBaTOL
CKJIaJIOBOI.

Hocaimkennsa KimeTuku BoJsioroBOupanuA 3paskiB I'TK, omep:ka-
HUX 3a PiBHMX TeMIilepaTyp oOpoOJieHHs, ajie OMHAKOBUX CIIiBBiIHO-
meHHA S:L Ta TPUBAJOCTU TPOIECY, CBiJUMTH IPO BUCOKY 3AaTHICTH
TepMoOoOpobIeHOI Macu yTpuUMYyBATH 3HAYHY KijJdbKicTh Bosorum (15—
18%), 110 MOSUTUBHO BILJIMBATHME Ha IOJIIIIIIEHHS Ta POIMYIITyBaHHA
I'PYHTIB mIiJ yac 3aCTOCYBaHHS Y CiILCBKOMY I'OCIIOJAapCTBi.
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Opmep:KaHO KOMIIO3UIIiI Ha OCHOBI HAHOAWCIIEPCHOTO KpPeMHe3eMy 3 ajbriHa-
tom HaTpio (10% SiO,) Ta mamouactunok (HY) cpibsa a6o iomie Apreury-
my (0,02-23% Bar.) 3 BUpasKeHUMHU T'€MOCTAaTUYHUMU Ta O0aKTePUIUTHUMU
BiactuBocTaMu. IlokasaHo, 110 IPUCYTHICTHL KpeMHe3eMy B MaTPUIll ajbri-
HaATy HaTpifo cupuse popmyBanuo HY cpibsa meHmioro posmipy ta 3amobi-
rae araomepaiiii HY. BusHaueHo OaKTepUIIUAHY Hif0 TiOPUAHMX KOMIIO3HUTIB
mo BimHOIeHHIO A0 paxy Oawxtepiit (E. coli, K. pneumoniae, P. aeruginosa,
S. aureus, C. albicans), sxa KoOpeJgoe 3 KiIbKicTi0O BUIiIeHNX HOHIB ApreH-
TYyMy 3 IIOBepPXHi IOPOIIKIiB 3a KOHTAKTYBaHHA IX i3 BOJOI0 i € ONTHUMAJL-
HOIO 3a BMicTy Apreatymy Big 3%. ¥V mocaimax Ha Imypax 3 mapeHXiMaTos-
HOIO KPOBOTEUEI0 ITOKAa3aHO BUCOKY I'€MOCTATUYHY aKTHUBHICTH ITOPOIIKIiB.

The compositions with pronounced haemostatic and bactericidal properties
based on nanodispersed silica with sodium alginate (10% SiO,) and silver
nanoparticles (NPs) or Ag ions (0.02-23% wt.) are synthesized. As re-
vealed, the presence of silica in the matrix of sodium alginate promotes
the formation of silver NPs of smaller size and prevents their agglomera-
tion. The bactericidal action of hybrid composites against a whole number
of bacteria (E.coli, K.pneumoniae, P.aeruginosa, S.aureus, C. albicans) is
determined; it correlates with the number of released Ag ions from the
surface of powders upon their contacting with water and is optimal at an
Ag content of 3% . In experiments on rats with parenchymal bleeding, high
haemostatic activity of obtained powder compositions is demonstrated.
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1. BCTYII

IIpoGiemMa mOCTYIHOCTHM Ta BiZHOCHO BEJIMKOI BApTOCTH HAABHUX Ha
PUHKY KPOBOCHMHHUX 3ac00iB BuUMAarae IOIIIYKY HOBUX I'€MOCTATHY-
HUX MaTepisaniB. ¥ HagBHMX HA PUHKY KOMEPI[IMHWX MaTepidirax AK
OCHOBHi [if04i pPeYOBMHN BUKOPHCTOBYIOTHCSI aMiHOKAIPOHOBA KMCJO-
Ta, MOJNIBiHIJIOBUI CIUPT, OKMCHEHA IIeJI0J03a, KoJiareH, »KeJaTHuH,
¢iopuuoren ta in. [1]. Cepex HUX 0c00IMBO e(DEKTUBHUMU € T'€MOCTA-
TUYHI MaTepifjnd, CTBOPEHi Ha OCHOBI HPUPOAHLOTO IIOJicaxapumy
xiTosany [2].

Bukopucranusa iHIIoro, OiJMbII JEIIeBOr0 Ta HPUPOIHLO JOCTYITHO-
ro moJjicaxapunmy, — aJbriHaTy HATPil0, — € aJbTePHATUBHUM IILI-
XOM, 3JaTHUM IIOHHU3UTU COOiBApPTiCThL IeMOCTATHUYHUX MATEpPisiiB,
3po0UTH BUPOOHUIITBO IX OiJBIII MACOBUM, a MPOAYKT OiJIBII MOCTYII-
HuUM. AJbriHaT HATPil0o — OPUPOAHii riapo®iabHMIT aHIOHHUHA ITOJi-
caxapum, IIMOo BHUAOOyBaeThbcs 3 OypMX MOPCBKHUX BOJOPOCTEH
Phaeophyceae Ta MIMPOKO 3aCTOCOBYETHCA Y XapuOBili, OioiHKeHepHIN
i hapMalneBTHUHIN raays3sax, JerKOPO3UMHHMUYN y BOAi, Ha BigMiHy Bix
xiTO3aHY; TOMY BiH € 3PpYYHHMM AJA PO3POOKM HPOCTUX EKOJIOTIYHUX
METOJ CTBOPEHHS KPOBOCIMHHMX MAaTepianiB 0e3 3acTOCyBaHHS iH-
X PO3UMHHUKIB. ImeanlbHMII KPOBOCIMHHNN 3acid Mae sabesmeuy-
BaTU IeMOCTa3 IIPOTATOM JEeKiMIbKOX XBUJIWH y MicIli aKTHMBHOI KpoO-
BOTeYi, OyTH HOPOCTHM y 3aCTOCYBaHHi, JIETKMM, MiITHMM, JOBIOBiu-
HUM IIig dac 30epiraHHsa y OyOb-AKNX YMOBaX HABKOJIUIIIHLOTO CeEpe-
IoBHUIIa, OesmeuHuM i HemoporuMm. IIoB’sA3KM Ha OCHOBiI ajbriHaTiB
IEeMOHCTPYIOTh BHCOKY TiApo(iJIbHIiCTH — BOHU MOMKYTH IIOTJIMHATHU
BOIY, Maca AKOI B KinbKa pasiB OisibIma, aHik BiacHa Bara [3].

Hna samobiraHHa um 3MeHIeHHA iH(GiKOBaHOCTH PaH PO3POOJIAIOTH
KOMIIOBUTHI IOB’A3KM HA OCHOBi aJbriHATHOTO TiZpOTeaio, A0 AKUX
IOmAlOTh Pi3HI HAHOYACTUHKU, IO MAalOTh aHTHOAKTEPUIIUAHY IifO.
Cepen mpUpPOAHIX TOJIiMepiB albTiHAT HATPiIO SABJIsSE COO0OI0 IIPUPO/I-
Hill JIHIAHWNA DojJicaxapui, IMO CKJIAJAEThCA 3 JIAHOK MAaHYPOHOBOI
KHCJOTH Ta TYJyPOHOBOI KuciotTu. loBemeHo, 1o ajabrimaT mae 6io-
CYMiCHiCTb, HETOKCHUHICTb, HEiMyHOTeHHiCTL, 0iOpO3KJIaZaHHICTH, €
€KOJIOTiUuHO 0e3IevyHnM, Ma€ aHTUMiKpPOOHY aKTHBHICTH i Moike OyTu
IIPOCTO 3arylleHuii ABoBaJeHTHMMU Kariomamu [4]. HanouacTuHKU
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MeTaJIiB IIOKAa3aJu IOJIMNIIeHy AHTHMiKpoOHY aKTHBHICTL BiZHOCHO
CTiiKMX IMITaMiB MiKpoopraHidmiB 3 MiHiMaJbHOI0O TOKCHUYHICTIO IJIA
kraitue goguau [5]. F. R. Diniz i3 cmiBaBTOpamMm moxasanm Ha MIy-
pax, 1o rigporeji Ha OCHOBi aJbriHaTy 3 HAHOYACTHHKAMM cpibia
MPUIIBUAIIYIOTh 3aTOCHHA PaH, CIPUSAIOUM OiJIbIIT PAHHLOMY PO3BUT-
Ky HepBUHHUX KOJIareHOBUX pyOIiB [6].

Hamogucunepcuuit kpemuesem mapku A300 3 cepemHiM posmipom
yacTuHOK Yy 9 HM [7] Mae BimHOCHO BeluKy aAcOpOIifiHy MicTKicTb
IITOJI0 BOAM; OTKe, BUKOPUCTAHHS MOr0 YMOMKJIWBJIOE IIBUIKO aICcop-
OyBaTu cepel iHINTMX KOMIIOHEHTiB KPOBi BOmy, IO MOXKe OyTH CIpU-
ATIUBUM YMHHUKOM IJI TPOMOOYTBOPEHHsS B PaHi Ta 3YIUHKH KPO-
Boreui. OKpim amcopOiii Bogu, A300 mae 3maTHicTL m0 amcopOILii To-
KCHUYHUX PEUYOBHUH, IO 3 OPYAOM HOTPAILIAIOTL A0 PaHU; 0COGJIUBO I
BJIACTUBICTH € BasKJIMBOIO, SKIIO IIOPaHeHHA BigOyBaeThcA B Xo0fi 0o-
MoBUX Aili, B aHTHCaHiTapHUX yMoBax Tomro. IIpore BuKopucTaHHSA
Tiokcuay cuiimito 0askaHO OOMEKHTM MicileM TpPOMOY y paHi # yHH-
KaTy TOTPAILIAHHA MOr0 y KPOBOTOK JIOAWHU 3aJsd YVHUKHEHHS B3a-
eMonii HAaHOYACTHMHOK KpeMHe3eMy 3 MeMOpamaMu 3J0POBUX KJiTUH
€PUTPOIUTIB i BUHNKHEHHAM sBuUIla remosisy [8]. PosB’asyerbea s
3aJlauya CTBOPEHHAM KOMIIO3UTY anbriHarTy Harpito # A300, me HaHO-
YaCTUHKN KpPEeMHe3eMy 3HAXOAATHhCA B MATPUIl IPUPOIHBOTO IIOJi-
Mepy ¥ YyTPUMYIOTBCA B HOTO CTPYKTYPi, B TOM Yac AK iXHA ITOBEPXHA
JUMIAETHCA MOCTYHHOIO nadA (isiosmoriurmx piauH Kposi. Bimomoro €
3IAaTHICTh KpeMHe3eMy CIPUUYMHATH arJIOTUHAIIII0 ITaTOTeHHuX Oak-
Tepiii; mpoTe BiH He mpoABJse GakTepurnuauoi mii [8]. Ile cmoHykae
IO BBEJIEHHS OO0 MOCIiMKYBAaHOTO KOMIIO3UTY TPEThOTr'0, OAKTEpPUITH-
HOT'0 ar'eHTa — HaHOYACTHMHOK cpibja, 110 MAlOTh GiOIMIHI BJIACTHUBO-
CTi B IIMPOKOMY AiAMA30HI IIITaMiB OaKTepiii.

Metoio mamoi poboTH € PO3po0Ka HOBUX BHCOKOE(EKTHUBHUX KPOBO-
CIMHHUX 3ac00iB Ha OCHOBi ajmbriHaTy HATPil0, HOIOBHEHOTO BUCOKO-
IUCIIEPCHUM KpeMHe3eMOM i HOoHaMM MeTaliB 3 O6GaKTepUIIUIHUMUI
BJIACTUBOCTAMU, a TAKOYK BUBUEHHA IXHiX (PisuuyHMX, XeMiuHUX i B
yMOBax in vivo reMOCTaTUUYHUX BJIACTUBOCTENU.

2. EKCIIEPUMEHTAJIBHA METOJUKA

ITopoIiku omep:KyBaau OOJaBAaHHAM OO BOAHOI cycImeH3ii ajabrimaty
HATPil0 Ta AUCIIEPCHOTO KpPeMHe3eMy KOJOify HAHOYACTHHOK cpibJa.
IIpuroryBanHsa cycmneHaii Big0yBajgocsa y 2 ertanu:
1) mo 250 M gucTuaboBaHOi Bogu momaBaau 0,5 r aabrimaty HaTpiio
Ta MepeMilIyBaJi 10 IMOBHOIO HAaOyXaHHS HOro Ta PO3YMHEHHS;
2) Mo YTBOPEHOTO PO3UMHY AOJaBajid 5 I' OHUCIEPCHOTO KPEeMHEe3eMy
A300 Ta TpPOmOBXKYBAJIHM IIEePEeMIiIllyBATH OO YTBOPEHHS B’ A3KOI Cy-
creHsii.

Komoigui po3umHM HaHOYACTHMHOK cpPibja omep:kyBaju BigHOBJIEH-
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HaAM HiTpary cpibiaa (AgNO;) rerparigpoboparom martpiro (NaBH,).
Ho 100 mx BOmHOTO posthy HiTpaTy cpibga sagaHOl KOHIIEHTpAaIril
(Bixz 1-10° mo 1.107! mosp/m) momaBanmm 20 MJI BOJHOTO POZUHHY
NaBH, 3 xornenTparnieio 3:102 M Ta inTeHcuBHO nepemimysanu. ITi-
casi HaAOyTTA CTIiHKOro JKOBTOrO KOJbOPY (mosBu B YP-BUAMMOMY
CHEKTPi CMyTrW IMOBEPXHEBOTO IJIA3MOHHOT'O PE30OHAHCY 3 MAKCHUMYyMOM
mpu A =385 HM) KOJIOiA 3a iHTEHCUBHOTO IIePeMiIllyBaHHSA J0JaBaJIl
o cycnenaii. Ilicaa 1mporo BUmapoByBaJid BOAY Ha POTOPHOMY BHUIIA-
poByBaui 3a Temmnepatrypu y 150°C. Cuissigmormenus A300 mo aabri-
HATy HaATPil0o Yy KOMKHIA KOMIIO3UIIii OyJ0 He3MiHHMM i CTaHOBUJIO
10% wmac., 3a gKOro, AK OyJI0O BU3HAUEHO, KOMIIO3UT € HaMOiJIbII re-
MOCTAaTUYHO aKTUBHUM.

CoekTpu HOTJIMHAHHA KOJIOIIB PeeCcTpyBai 3a JAOIOMOTOIO CIEKT-
podoromerpa Perkin-Elmer Lambda 35, a cuekTpu augysHoOro Bin-
OMBaHHA IOPOINKiIB — B3a momomoroio mnpuctaBku Labsphere RSA-
PR-20 y misnasoni gosxuu xBuiab 200—-1000 M.

PeHTr'eHOrpaMu IIOPOIIKIB PEECTPYBAIUCA 3a JOTIOMOTOI0 AUPpPAK-
romerpa DRON-4-07 (CuK) B reomerpii Bperra—BpenTaHo.

s BuBHaUeHHA BILJINBY OJlePsKaHUX IIOPOIIKiB Ha OaKTepii Ta Mmi-
KCOMiIleT BUKOPMCTOBYBaJM KJACUYHY MiKpoOioJoriuny wMeTomy.
Yamku Ilerpi Oyso 3amOBHEHO BiAHOBIiZHMM arapoM TECTOBUX KVJIb-
TYyp Ias 6akTepiit i cabypom maa rpubiB. IloTim HeBeauki mopirii mo-
POIIKiB moOMiIaJm Ha OXOJIOAKEHHH arap TecT-KyJabTypu OaKTepiit
(106 KYO), mpixxmxi pony Candida (105 KYO) Tta rpubkoyTBOpIOBAa-
JbHI rpubu — wmikcomimeru (105 KPY) i perennHo posTupau IMna-
TejgeM [[purajibChbKOro Ha IOBepxHi arapy. Iliciiga BUcuXaHHA UYaIIKHU
IleTpi KynbTUBYBaJIU B yMOBaxX TepMocTaTy: AaA Oaxtepiit 3a 370°C
nporsaroMm 24 roguu, s rpubiB poxy Candida 3a 36°C mpotsarom 48
roauH, nasa mikcomineriB 3a 280°C mporarom 3—5 mmis.

T'emocTaTvuHi BJIACTUBOCTI IOPOIIKIB BUBYAJIM HA MOJAEJIO ITapeH-
xiMaTo3HOI KpoBOTeui 3 MmeuiHKu Oiux mrypiB-camok macoio y 300—
400 r marepuHchKoOi JiHii Bicrap. IllypiB morsmazanu B ymMoBax BiBa-
piro 3rigHO 3i cTaHJAapTHUMUM yMOBaMHU Ta BUMOraMu, AKi BigmoBizga-
0Th npuHIUnam CppomeilicbKoi KoHBeHIil (CtpacOypr, 1986) Ta I'e-
JbciHCchbKOI merJiaparii BececBiTHROI MeguuHOI acoIlidilii mpo rymaHHe
moBo:KeHHA 3 TBapuHamu (1996). TBapuHu OyJsiu moAisieHi Ha Tpynu
mo 10 urypiB y KOKHil; B KOHTPOJBHIN I'PyHi reMOCTATUKU HEe BUKO-
pucroByBanuchk. Omepallito TPOBOAMIU IIiJ] 3arajbHOI0 aHECTe3i€lo,
Ky BUKOHYBAJU 3a JOIOMOTOI0 PO3UMHY TiONEHTaJly HaTpito B 1031 6
mr/100 r. Ilicia BepXHBOCEPEMMHHOI JlalapoTOMii B paHy BUBOIUJIN
JiBYy IOJI0 IEeUiHKU, Bifg AKOI BiATMHAINM KpPalHIO HUMKHIO YACTUHY
posmipom 2,5x0,5 cm. PosTmHM NpM3BOAMIU OO PACHOI KPOBOTEUI.
EdekTrBHICTL 3aCTOCYBaHHA MOCJIiIKYBaHUX MAaTepidJjiB OIliHIOBaJIU
3a TMOKasHUKOM KPOBOBTpAaTH, SKWI BU3HAYAJIM 3BAKyBAHHAM IIIMa-
TOYKiB remMocraTuika (B KOHTPOJIbHiMl I'pyIli BUKOPUCTOBYBAJIM IIIMAT-



BJIACTUBOCTI TEMOCTATNYHMX ITOPOIIIKIB 225

KM MemmdHOi MapJji macoro 6au3bko 0,5 r) mo Ta micas KOHTaAKTy 3
paHooO KOXKHi 3 XB. MOMEHTOM IOBHOI 3YyIOMHKN KPOBi BBasKaJM IIiJ-
KOBUTe NPUNUHEHHA BUTOKY KPOBi micadA BUAAJIEHHA 3 PaHU 3pasKy
reMOCTaTUUYHOTO MaTepisany (Maphai B KouTpoJi). CraTucTuuHi pospa-
XYHKH 3IiliICHIOBAJIM 3 BUKOPHCTAHHAM IIPOTPAMHOr0 3a0e3IleueHHS
Statistica 8.0. (2007, StatSoft Inc., USA). Huc0Bi BeIUYNHYU y TEK-
CTi cTaTTi mpeacTaBJIeHO AK cepeaHe apudmMeTuuHe + cTaHIapPTHA IIO-
xnbKa cepemlHboro (n — KiJdbKicThb mociaimiB) i Ha pucyHrax — K
MedissHa Ta KBapTuii. I[nd Bu3HaYeHHA TOCTOBIpHUX BiaMiHHOCTEH
MK TpyIaMH 3aCTOCOBYBAJIM HeImapaMeTpPUUHy OmHO(MaKTOPHY IuC-
nepcitiny amanisy Kpackiaa—YoJumica; amocTepiopHy aHamidy 3mific-
HIoBaau 3a Kputepiem [lanHa. I[locToBipHUMHU BBaKajau pe3yJibTaTU
3a ymoBu p < 0,05.

3. PE3YJIBTATH TA IX OBTOBOPEHHS

[ BUBUEHHS ONTHMAJBbHOTO CIIOCO0Y HAHECeHHS HaHOUYACTHUHOK Cpi-
0s1a AK 0aKTepUIIMIHOIO areHTa B CYMIiIlli HaHOAMCIIEPCHOTO KpeMHe-
demy 3 anbrimatrom Hatpiio (AH) Oyno omep:xkano nBi cepii 3paskis,
AKi BimpisHAIOTHLCA TUM, IO B OAHiN 3 HuX g0 cycmemsii A300 + AH
BBOIMJIM TOTOBi HAHOUACTHMHKM MeTany (BigHoBJeHiI TeTparigpobopa-
TOM HaTpilo), a B iHOIiNI Mo aHajsoriyHoi cycmeH3ii BBOAMJINM PO3UYMH
coJti cpibsia (AgNO;). Bucymieni mopomku 3 HYU cpibaa manu »KOBTUi
KOJIip, Opo IO CBiAYMTL HOSBA CMYTH IIOBEPXHEBO-IIJIA3MOHHOI'O pe-
somancy (IIIIP) HY cpidaa (A=~400 HM) y ONTHYHOMY CIEKTpi
(puc. 1, a). Cycmeusii 3 BmicTom ioHiB Ag Manum mMaToBuii 6iiuii Ko-

3
1,0
61 0,9
0.8
= 2 0,7
T4 = 0
e Ml 0,5
0.4
24 03
i 0.2
S N 0.1
) BE———— 0,0 , , ; =
300 400 500 00 700 8OC 900 1000 1100 400 600 800 1000
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a 0

Puc. 1. Cuextpu audysHoro Bigomsamusa mopomkiBs A300+ AH 3 manouac-
TuHKaMu cpibiaa (a) ta mopomkis A300 + AH 3 itonamu Ag’ (6) y KOHIEHT-
pamii 0,02% (1), 0,23% (2), 2,3% (3) Ta amxsrizarom Harpiio (4).!
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Jip OO0 BUCYIIYyBaHHS, a 3a HarpiBaHHA B IIPOIleci CyIIKu HaOyBaJu
JKOBTOT'0 KOJBLOPY, IIIO T'OBOPHUTHL IIPO BiJHOBJIEHHS iX 3 YTBOPEHHIM
MeTaJiuHMX HaHOUYACTHMHOK. OITHYHI CIEeKTPHM TAKMX MOPOIIKIB Ha-
BeleHO Ha puc. 1, 0.

Bignosnenusa ioniB Ag B cymimnti A300 + AH B mporeci HarpiBanus
BiIOyBaeThCA JOCTATHLO IIOBLIBHO IMOPIBHAHO 3 aHAJOTIUHUM IIPOILE-
coM Bzaemopii oHiB Ag 3 IIOBepXHEI0 TeKCTuai. Xoua MeXaHisMu
nporieciB yrBopenua HY mpaKTMUYHO OJHAKOBI — 3a paxyHOK BiJHO-
BHOI mii B3aemogii raikosugaux rpyn mosepxHi AH 3 fiomamu ApreH-
TYyMYy, IPOTe pPeaKIlid BiJHOBJIEHHS HIPOBOAMJIACA 3a HUIKUYOI TeMIIepa-
rypu (150°C) mopiBaano 3 200—-220°C Ha TKaHWMHAX, AK HAMU paHilie
O0yJsio mokasamo [9], Ta MoKIMBO mAu@y3isa HOHIB yIOBiJbHeHA B IIPHU-
cytaocTi SiO,. Tpeba Taxko:K B3ATH OO yBaru, III0 YacTHHA HOHIB Ag
MosKe Gesrmocepenubo B3aemomisatu 3 AH, yrBopiorouu aabrimat. Mak-
CUMYM iHTEHCHMBHOCTU CIIEKTPY AUPY3HOro BigOMBaHHSA, po3paxoBa-
HUl uepes Qyukiiito Kybenkun—-Myuka ans cmyru IIITP HY cpibaa,
JEXUTh y Mekax 3HaueHb Big 0,2 mo 1,5 (puce. 2). [lyia mopomikis,
ofep:KaHMX BBemeHHAM roroBux HY cpibna, aHasoriuni 3HayeHHA
iHTeHCHMBHOCTH Y MaKCHUMYMi IIOTVIMHAHHA cAramooTk Bixg 0,4 xo 10,8.

Cupuse BigHOBIeHHIO HomiB Ag’ no Ag® 3a marpiBamms cycmensii
HaASABHICTh TUIIKOBUIHUX BaJUMIKIB y CTPYKTYPi MOJIEKYJIU aJbriHATY
HaTpiro. Cxoxki mporecu BigOyBalThCA HiJ Uac ofep:KaHHSA HaHOUac-
TUHOK cpibsia abo Ag/Cu Ha moBepxHi 6aBOBHM 3a ii TepMOOOPOOJIAH-
HS y IPUCYTHOCTI 1OHIB BigmoBiguux mertaiiB [9]. 3aBaaKu HasgBHOC-

12 -

b 61
44
2 2 .
1E-4 0,001 0,01 0,1 1 10

Puc. 2. [HTeHCUBHICTb CMYT'M CIEKTPY ITOBEPXHEBO-IIJIA3MOHHOTO PE30HAHCY
HAHOYAaCTHMHOK cpibsia B KoopamHartax (QyHKIiII Kybenkm—MyHKa 3a1eXHO
Bigm KoHIeHTparmii ApreHTymMy V PO3YMHi, [JOZAaHOMY MO0 CycIeHa3ii
A300+ AH. 1 — mopoIIKH, OJep:KaHi HoJaBaHHAM HaHOUYACTHUHOK cpibia; 2
— TIOPOIIKH, Ofep)KaHi gojaBaHHAM ioHIB Ag'.?
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Puc. 3. a — cnekrpu HY cpibna y Bogaomy posumni AH, 3apeecTpoBani ue-
pes 3 rox. (1), 8 rox. (2) tra 3 mobu (3) Big MOMEHTYy HPUTOTYBaHHS; 6 —
cuextpu HY cpibsa y Bogmomy posumui AH B gismasoHi KOHIeHTpalliii Bix
0,008 mo 8,5% mac.?

Ti OH-rpyn anprimar HaTpilo, OKpPiM BifIHOBJIIOBAJBHUX BJIACTHUBOC-
Teli, MPOSABJISAE IPOTEKTOPHI BJIACTHUBOCTI IO BiHOIIEHHIO N0 HAHOYA-
ctuHOK MeraJtiB [10, 11] mHa Bimminy Bij HaHOAMCIIEPCHOTO KpeMHe-
3eMy. 3 PUCYHKY 2 BUOHO, IO OiJbIIiCTh HOHIB Ag, IO IOTPAIUJIN
IO CycCIIeH3ii, He BiJHOBJIIOIOTLCS, a B3a€MOJIiIOTH 3 MOJIEKYJIOIO IIOJIi-
Mepy, YyTBopooooun anbriHar cpibna. Tomy inTemcuBHicTs cmyru ITIIP
3a BCiX OZHAKOBUX YMOB i KoHIeHTpamii ama HY, sBimmosiaenux AH,
MeHIIa, Hixk Taka aiaa HY, BigHoBiaenux Ooprigpumom HaTtpiro. Ciab-
Ka BimHoBsIoBanmbHa 3xaTHicTs AH, mopiBusauo 3 NaBH,, mpuBoguts
0 TOTO, III0 B IPUCYTHOCTi ajbriHaTy HaTpito yTBopioiorbcsa HY cpi-
0Js1a 3 MIMPOKUM poamoxaijom 3a posmipom [12, 13]. Ha pucynky 3, a
HaBemeno cuexTpu HY cpibima y Bommomy posumui AH (8,5% wmac.),
3apeecTpoBaui uepes 3 rom., 8 rox. i 3 moOu Bim MOMEHTY HIPHUTOTY-
BaHHd. Taka moBemiHKa BigHOBJIEHHs cpibja crmocrepiraerbcs mas
pany KoHIleHTpallii Ag mo BimHoieHH!O o AH, me ocramHiii BUCTY-
mae B poui BimzmoBuuka — Bixg 0,008 mo 8,5% wmac. (puc. 3, 6). IIpote
3actocyBanHsa AH B KOMILJIEKCI 3 HAHOAMCIIEPCHUM KDPEMHE3EeMOM Ja€
aMory ojep:kyBatu crabinbHi HY cpibsa 3 By:KUMM pOBIOIiJioM 3a
posmipom, mpo 110 cBiguuTh Oinbin By3sKa cmyra IIIIP Ag (puc. 1) y
mopotkax B mpucytHocTi A300 i AH y mopiBuAHHI 31 cnmekTpaMu cy-
cueusiii AH 6e3 xkpemueszemy (puc. 3). Illupoke miede y HSOBrOXBI-
JBOBi#l 06GJiacTi CBiOYMTH HIPO HAABHICTH arjioMepaTiB HaHOYACTUHOK,
a TMoJoKeHHA cMyru (3 MmakcumymoMm mpu 440 HM) — IIPO BiJHOCHO
Beaukuit posmip HY, mopiBHaHO 3 TakuMmu B mpucytHocTi A300
(cmyra IIIIP ma puc. 1 mae makcumy™m npu 405 HM).

Ha pucysnky 4 mpezacraBieHo auppakrorpamu mopomikis: A300 +



228 I. IIETPUK, A. KPABYEHKO, A. EPEMEHKO ra iH.

+ AH + ftoru Ag, A300 + AH + HY cpi6aa, A300, AH. Iliku B mgud-
pakTorpami 4 cupuumHeHO THUM, 10 AH Mae meBHY KpHCTaJiuHiCTh
3aBAAKN CHUJIbHINA MiXKMOJIEKYJAPHiN B3aeMoxii, mjo 3abesmeuyeThbes
BomHeBuUMU 3B as3kamu [14]. [IBa mudpaxiifini miku 3i sHaueHHAMU
20=13,6° i 21,6° manexars mo (110)-miaomimHEM TOJIryJIypoHATY Ta
(200)-momuuau mosiMaHHYypoHaTy. Tpera mmpoka cmyra B obJacti
36,3° € amopdpuum ramo. Hamomucoepcuuii kpemuesem A300 meMoH-
CTPYE €IVHWHN IMUPOKUN AUPPAKIINHUNA HiK, IO HiATBEPIKyE aMop-
¢uy mpupony miokcuny cuiiniio. dudpartorpammu mopormikiB A300 +
+ AH + HY cpi6ma Ta A300 + AH + fionu Ag (KOHIIeHTpaIlid ZOZAHOTO
posumHy HiTpaTy cpibia mo cycmensiii — 1-102 mouab/a) MaloTh Aud-
pakmiviai mikm opm 38,4° i 44,1° i BigmoBimarOTh MOJMOKEHHAM ITiKiB
(111) i (200) rpanenenTpoBaHoro KybiuHoro meraJsieporo cpitsia. Ile e
CBimueHHAM KpucTaJdiuHol mpupoam HamouacTHHOK. O6paxoBaHUI 3a
IITeppepoBoio GhopMyJIOI0 PO3Mip HAHOUACTHMHOK cpibisa cTaHOBUTHL 9 i
12 HM gia 3paskiB 3 JomaBaHHSAM HOHIB i TOTOBUX HAHOYACTUHOK Bi-
OIIOBimHO.

3naruicte HY cpibsa BUBLIBLHATH y pPo3umH HoHU Ag' 3 mMOBepxHi
3abesmeuye IXHIO BHCOKY OaKTepUIIUIHY aKTHUBHICTb, B AKil Hamoua-

*Ag (111)
“Ag (200)

I, BigH. of.
(=
(=1
(=3
=

10 20 30 40 50 60 70
20, rpanycu

Puc. 4. Peurrenorpamu mopommkis: A300+AH +iioun Ag (2,3%) (1), A300+
+ AH + HY cpi6aa (2,3%) (2), A300 (3), AH (4).*

TABJUIIA 1. BigHocHa KinbKicThb IOHIB ApreHTymy, IO JecOpOYIOTHCA 3
IIOBEPXHi MOPOIKiB y Boxy.®

Kounenrtpanis Ag |Jacrka BuBiIbHEHNX aTOMiB Ag 3 IOBEPXHi IOPOIIKY,
IO BimHOIIIEHHIO IO MOJIb %
A300, mosb% A300 + AH + HY cpibsa | A300 + AH + fioru Ag
23 18 24
2,3 1 2

0,23 <1 <1
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CTUHKA BHUCTYIIa€ y POJi «zaemo #oHiB» [15, 16]. Hagmipua KinbKicTb
cTabijsizaTopa MOKe CIOBLIBLHUTH YW TO IOBHICTIO 3a0JOKyBATH IIei
mpoiliec, IO HeraTMBHO BigoOpasuThcA Ha OIOINUAHMX BJIACTHUBOCTAX
marepianry [17, 18]. 3 immoro Ooky, HamgMipHa KiJIbKicTh BiILHUX
MOHIB MOKe OYyTH TOKCHUUYHOIO AJA 3A0poBuX KiaituH. Tomy mis cTBoO-
peHHA 0AKTEePUIIUIHNX MAaTEePiAJiB BaKJIMBO BCTAHOBUTH OajlaHC MixK
iHTeHCUBHIiCTIO BUIiJIeHHA HOHIB ApPreHTyMy HaHOUACTHUHKaMH cpibia
Ta 34aTHicTIO cTabisizaTopa GoKyBaTu ixX. B Tabaumi 1 HaBemeHO Bi-
IHOCHY KiJgbKicThb IioHiB Ag, mecopOboBaHMX y BOAY IpOTAroM 4 ro-
IUH, BilHeCeHYy OO0 iXHBOI IMOUATKOBOI KiJbKOCTH. 3a MaJIMX KOHIIEH-
Tpaliii Ag mecopOIlis He IIEPEBUINYE MeXKi UYTJIMBOCTU METOIU; TOMY
I8 KoHIeHTpaniii Ag, menmmx 3a 0,02%, mecopbuis ioHiB Ag' He
crocTepirajnacs.

TakuM YMHOM, € IOPOTrOoBa KOHIeHTpalliss Ag II0 BiJHOIIEHHIO IO
AH, meHIlle K01 BBOAUTU HOT0 HEMOIIJILHO uepes OJOKYBAaHHS BUBI-
JbHeHHs ¥MoHiB 3 moBepxHi HY cpibaa Ta Tux, 1o 6yau amcopboBaHi
AH, mio npurHiuye 6ionuAHI BJIACTUBOCTI Ofep:KaHUX IIOPOIIKiB.

BaxTepunuami BJIacTHBOCTI HOPOIMIKIB OyJ0 mOCIIim:keHOo Ha IIITa-
Max TrpaM-HeraTUBHUX Oakrepiii: Escherichia coli, Klebsiella
pneumoniae, Pseudomonas aeruginosa, rpaM-IIO3UTUBHUX OaKTepii
Staphylococcus aureus i rpubiB Candida albicans (Taba. 2).

3aBoaKu HagBHOCTI Ag OaxTepUIIMIHA aKTUBHICTL IIOPOIIKIB CY-
IPOBOKYETHCA IEeMOJIITUYHOI0O aKTUBHICTIO — DPYHHYBAaHHAM 4YepPBO-
HUX KPOB’AHUX Tijelp mifi 3pasdkoM. ['eMOJiTMUYHY aKTHBHICTH IIPO-
saBasan 3pasku 3 Bmicrom Ag Bim 0,3% . Tomy pexoMeHIOBAHO JIMIIIE
30BHIIITHE 3aCTOCYBAHHA MOCJiIKYyBAaHUX IIOPOINKIB AK PaHOBUX IIPU-
CUIIOK, MoaudiKaTopiB OMHTIB, 'eMOCTATUYHUX CTPiUOK i MEIUUHOTO
IIOPOJIOHY.

BuBuenHa KoaryaAmiiiHol akKTUBHOCTH AOCJIMHWX 3pasKiB IoKasa-
JIO, III0 B KOHTPOJIBHIi rpymi 3a 15 XB. eKCHepMMEHTy Maca BTpaue-
HOi KpoBi mopiBumoBama 0,47 +0,1 r. Ha Bigminy Big KOHTPOJIBHUX
MMOKAa3HUKiB, y rpymnax, ae 6ynao Buropucrano A300+ AH + HY cpi6-
aa 1 A300 + AH + tiouu Ag (rpynu I i II BigmoBimHO), KpoBOBTpPaTa 3a
TOM camuii Bigpisok wuacy cranmosuaa 0,11+0,01r (p<0,01) i
0,13+£0,02r (p<0,01). To6TO, TOPiBHAHO 3 MOKA3HUKAMMN KOHTPO-
JIBHOI Ipynu, BTpaTa KpoBi 3a mociinx y rpymax I i II Biporimuo 3me-
HImuaacsa Ha 76,6% i 72,3% BigmoBimuo. BiporigHoi X piskHMUIL Mix
MMOKa3HUKAMM JOCJIAHUX T'PyH BUABJEHO He Oyiso (puc. ). IHocuri-
MKeHHS IUHAMIKM KPOBOBTPAT IIOKA3aJ0, IO 34 IepIri 3 XB. KPOBO-
Teui Maca KpoBi mig BmaumBoMm mopoinky A300 + AH + HY cpi6aa 3me-
Hinuaacsa Ha 68,3%; p < 0,01 (0,060 + 0,010 r) BiATIOBigHO IIOA0 KO-
HTpoabHUX 3HaueHb (0,189 +0,038 r) (puc. 5, a). Bupogos:x mpomi-
JKKiB wacy 3—-6 xB., 6—9 xB., 9-12 XB. PiKHUIT Mi)K MOKA3HUKAMUI
KOHTPOJILHOI Ta MOCHIAHUX TPyl OyJia HEBipoTigHOIO.

T'emocraTuuni areHTM — Ile MaTepisaan, SAKi MIBUAKO 3YOUHAIOTH
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TABJINIIA 2. 3oma 3aTpuMKU pPocTy OakTepiit i rpubiB B 3aJjie;KHOCTI Bin
KoHIeHTpanii Ag B mopomkax A300 + AH + HY cpi6a.®

.. | Koumenrpania Ag o Biguomrenuo no A300, mouab%
Kynabrypa 6akrepii

23 2,3 0,23 0,02 0,002 0,0002
E. coli 17 10 0 0 0 0
K. pneumoniae 15 7 0 0 0 0
P. aeruginosa 18 12 11 0 0 0
S. aureus 20 12 0 0 0 0
C. albicans 11 7 0 0 0 0
0,50 - 3 xsuamRn 15 xBunrEN
£ 0.451 ilgI;ETigI,;a 0.1501 = Megiana
5" 222 T Min-Max g 0,125 1 L 25-75%
£ 0304 E 0,100 4
§ 0,251 E 0,075 -
o 0,20 o
Z' 0151 g 0050
0,101 é i 3 0,025 |
0,05 e
0,00 T T T 0,000 : il %
KouTpoas I 11 Kourpone I II
a 0

Puc. 5. Edekr pisHUX HOCTiTHUX 3pasKiB 3 reMOCTATHUHOIO Ii€l0 HA KPOBOB-
Tpary y Biapisku uacy 1-3 xB. (a) i 12—15 xB. (6) eKCIEpUMEHTY 3 IEeUiHKO-
BOI0O KpoOBOTedero y miypiB. © — p<0,05, ™ — p < 0,01 o010 KOHTPOJIBHUX
3HAYEHb.'

KPOBOTEUYy, MOCUJIIOIYM OAWH ab0 KijJbKa reMOCTATHUYHHX MeXaHis-
miB. Ili MexaHiZMU BKJIIOUAIOTH KOHIIEHTPAIliI0 Ta HNPAMY aKTHUBAIilO
YMHHUKIB 3rOPTaHHS Uepe3 ITPOKOAr'yJIsSHTH Ta/ab0 B3aeMOAil0 3 epu-
TpomuTaMu Ta TpomoOoriurTamu [19].

Vei gocnmimsxkyBaHI HaMM HOBOCTBOPEHI MAaTepifjM IIOKA3aJM BICO-
Ky e(deKTHBHICTh y 3YIHHIII IMeYiHKOBOI KPOBOTEUi: Maca BTpadeHoi
3a 15 xB. pmocuigy KpoBi smemmmuiacs Ha 72,3%—76,6% . IloTpi6oHo
Oyso jsuiile 3 XB. Yacy OJIS iHAYKIII MakKcmMaJabHOI KOoaryJisdirii, Io
mocsaryaa 65,6—-69,3% . Ha mamry nymMKy, Takuii e)eKT MoKe OyTu pe-
3yJBTATOM BUCOKHWX BOJOHOTJIMHAJHLHUX BJIACTHMBOCTEI ajbriHATY Ha-
Tpilo, migcuIeHWX AaAcopOIiliHMMM AKocTAMU KpeMmHesemy A-300.
OcTaHHilI Mae HeTaTUBHUU ITOBEPXHEBUI 3apsm, IO COPUAE aAcopOIrii
3 IOJAJILIIIOI0 aKTHBaIli€lo OiMKiB IIasMu, AKi 6epyTh ydacTh y pea-
KIiax xoaryadamnii xposi. MiciieBa miBuAKa amcopOIlisa pigKux KOMIIO-
HEHTIiB KPOBi cipusde Ii 3ryImieHHI0O Ta 3MEeHIIIEHHI0 KpoBoTedi. Bucoky
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reMOCTaTUUYHY aKTHUBHICTh KpeMHE3eMy MU CIIOcTepiraau i B Iomepe-
mHix mocaimxenHax [20].

4. BAICHOBRH

KoMmmosuT Ha OCHOBiI aJbriHaTy HaATPilo, HAHOPO3MiPHOT'O OKCHUAY CH-
aimiro mapku A300 Ta HaHOUYACTMHOK cpibja € epeKTUBHUM TeMOCTAa-
THKOM 3 OaKTepUIIMAHOIO Aicro. AJbriHmaT HaATPil0O HNPOSABIIAE BiJHOB-
JIOBAJBLHY Ta cTabilisyBajJbHY [Oil0 HAa HAHOUYACTHHKM, a KpeMHe3eM
s3amobirae arymomeparii HY cpibsa B ofgep:xaHOMY KOMIIO3UTI Ta Mae
BOJOIIOTINHAJBbHI BJIACTHUBOCTI.

KinbkicTs BuBiIbHEeHUX HOHIB ApPreHTyMy y 3pasKax, B AKi BBo-
ouau foum Ag i HaHOUYaCTHMHKU cpibja, He3HAUHO BiIpisHAETLCS, aje
BILIMBAE€ Ha HASBHICTh OAKTEPUIIMIHUX BJIACTUBOCTEH KOMIIO3UTA.
BionmuaHy akTHBHICTH HPOSABIAIOTH 3pasku 3 BMmicrom Ag Bim 2,3%
Mac.

IIpu xouTaKTi 3 KpoB’I0 yci HocHim:KyBaHi 3pasKy BUKJINKAJIKU Ma-
KCUMaJIbHY KO0aryJAIlilo KPOBi BIPOAOB:K 3-XBUJIMHHOTO Bimpiska ua-
cy. Ile mocmimxeHHA TEeMOHCTPYE MOKJIMBICTL BKJIIOUEHHS MEKiJIbKOX
MexaHisMiB Aii B remocratuuHuii areHT. OCHOBHI MexaHi3Mu, AKi 0y-
JU HallijJieHi, BKJHOUaJU TigpodisibHI BJIaCTUBOCTiI ajbriHaTy HaTpiio
1 A300. BukopucraHHA OPUPONHIX IOJiMepiB, TAKMX AK aJbriHAT
HaTpilo, IpeacTaBjisae co00I0 peHTAOeNbLHUI IIiaxim Ko BUPOOHUIITBA
Oiosoriumo cymicHoro rigporeinio, AKuii Mo:ke OyTH JIETKO 3aBaHTa-
JKeHUHM aHTUMiIKPOOHMMM HAHOYACTHMHKAMHU 3 JiKyBaJbHUMHU BJIACTHU-
BoctaAMu. IlopiBHAHO i3 CHMHTETHMUHMMM, HATypaJbHI moJiMepm €
OiJIBIII JellleBUMMU i eKOJIOTiuHO 0e3IIeUHNMU.
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! Fig. 1. Diffusion reflection spectra (DRS) of A3800+ AH powders with Ag NPs (a) and
A300 + AH powders with Ag*ions (6) at concentrations of 0.02% (1), 0.28% (2), 2.3% (3)
and sodium alginate (4).

2 Fig. 2. The intensity of the band of the surface-plasmon resonance (SPR) spectrum of Ag
NPs in the co-ordinates of the Kubelka—Munk function depending on the concentration of
silver in the solution added to the suspension A300 + AH. I—powders obtained by adding Ag
NPs; 2—powders obtained by adding Ag*ions.

3 Fig. 3. a) Absorption spectra of Ag NPs in aqueous solution of AH after 3 h (1), 8 h (2) and
3 days (3) of preparation; 6) absorption spectra of Ag NPs in aqueous solution of AH in the
range of concentrations from 0.008 to 8.5 mass.%.

4 Fig. 4. XRD of powders: A300 + AH + Ag ions (2.8%) (1), A300 + AH + Ag NPs (2.3%) (2),
A300 (3) and AH (4).

> TABLE 1. The relative number of silver ions desorbed from the surface of hybrid powders
into water.

5 TABLE 2. The inhibition zone of bacteria and fungi growth depending on the concentration
of silver in powders A300 + AH + Ag NPs.

" Fig. 5. The effect of experimental samples with haemostatic effect on blood loss in time
segments of 1-3 min (a) and 12-15 min (6) in hepatic bleeding of rats. “p <0.05, “p <0.01
relative to control value.
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Brnuime HaHOYACTHHOK 30JI0Ta HA KPiOKOHCEPBOBaHI Me3eHXiMaJIbHi
CTOBOYPOBi KJIITHHH

H. O. Boakosa, M. C. IOxTta, A. M. T'oabies

ITncmumym npobaem kpiobionozii i kpiomeduyunu HAH Ykpainu,
syn. Ilepescaascvrka 23,
61016 Xapkis, Ykpaina

CyMmicHe 3acToCcyBaHHA HAHOYACTHMHOK i CTOBOYDPOBUX KJIITMH MOKe 3HAUYHO
MOJIIIIIIATH Pe3yJbTaTH Tepalrii, i Xoua IIOTeHIIisJ IILOTO € 3HAaYHUM, BCe
mie € 6arato mpobjeM, SKi He0OXiZHO BUPIMINTH, HMepPII HiK NPUUAHATH iX IO
KJiHiYHOTO 3acTocyBaHHs. B JoCIIigKeHHiI HIPoBeIeHO IIOPiBHAJJBHY OI[IHKY
MOP(POPYHKITIOHAIBbHIX XapaKTEPUCTUK KPiOKOHCEPBOBAaHUX Me3eHXiMaJb-
Hux croBOypoBux kKiaitTuH (KpMCK) 3 XupoBoi Ta XpAIIOBOI TKaHUH 3a
yMoB B3aeMopmii ix i3 HaHouacTmHKamu 3osota (AuNPs). KpMCK 3 mocii-
I:KeHUX msKepes imkyoysaam 3 AuNPs y ckiHueHHUX KoHIeHTpalisgx 4, 6,
10, 20 MEr/ma mpoTaroM 1 rogwHM, IWicJs YOro OI[iHIOBAJM IIiJiCHICTH
MeMOpaHU, CTaH HPOIECiB ammomTo3y/HEKpPOo3y, MOPGOJIOTIUHI XapaKTepuc-
TUKU Ta IpoJideparuBHy akTuBHicTh. KouTposem O6yiu KpMCK 6e3 Bmiu-
By AuNPs (0 mxr/mia). Beranosaeno, mo AuNPs y Koumenrtpariax 4 ta 6
MKT/MJI He BIJIMBAJW Ha IIiJiCHiCTH MeMOpaHM, IpoJicdepaTUBHY aKTUB-
HicTh i mpomecu amonTosy/Hekposy B KpMCK i3 :KwmpoBoi Ta XpsamioBoi
TkaHuH. AuNPs y xonmenrtpariii 10 MKr/MJ OpU3BOAWINA OO0 TOHUKEHHSA
MOKAa3HUKa I[iJicHOCTH MeMOpaHM, IpOoJipepaTHBHOI AKTHUBHOCTH, a TaKOMK
30iJbIIIeHHs BifcoTKa KJiTuUH y craHi amomTody B KpMCK 3 KupoBoi TKa-
muHu. IIpm sacrocyBanui AuNPs y koumenrtpamnii 20 MKr/MJ BU3HaAYaJIU
TMIOHWKEeHHA KiJBKOCTH KJITHMH 3 I[iJicHOI0O MeMOpaHoio, mpoJideparmBHOI
aKTHUBHOCTHY iX Ta 30iJBIIeHHSA Bi[COTKA KJITWH y CTaHi amomTo3y/HEKpo3y
B KpMCK 3 :XupoBoi Ta xpammoBoi Tkaunu. Omep:kaHi pes3yJbTaTU MOMKYThb
OyTH BUKOPHUCTaAHi IJisi OOI'PYHTYBAaHHS Ta PO3POOKU METOAUK 3aCTOCYBAHHS
KpMCK y nmoeguamui 3 AuNPs y kiainmiumiii mpakTuii aiasa JiKyBaHHA ypa-
JKeHb TKAHWH OIOPHO-PYXOBOTO amapary.

A combined use of nanoparticles and stem cells can significantly improve
the results of therapy, and although their potential is significant, there
are still many problems, which are need to be solved before they can be
accepted for clinical use. The study carried out a comparative assessment
of the morphological and functional characteristics of cryopreserved mes-
enchymal stem cells (CrMSCs) from adipose and cartilaginous tissues in
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the conditions of their interaction with gold nanoparticles (AuNPs). CrM-
SCs cells from the studied sources were incubated with AuNPs at final
concentrations of 4, 6, 10, 20 ug/ml for 1 hour, after that the integrity
of the membrane, the state of apoptosis/necrosis processes, morphological
characteristics, and proliferative activity are assessed. The control is
CrMSCs without the influence of AuNPs (0 pg/ml). As found, 4 and 6
pg/ml AuNPs in CrMSCs of the adipose and cartilage tissues did not af-
fect studied parameters. The cell viability is decreased in adipose-derived
CrMSCs incubated with 10 and 20 ug/ml AuNPs and in cartilage-derived
CrMSCs incubated with 20 pg/ml AuNPs. Using of 10 and 20 pg/ml
AuNPs also results in an increase in the amount of Annexin V'/7TAAD™
adipose-derived CrMSCs by 1.6 and 2.4 times, respectively, relative to a
control. The percentage of Annexin V'/TAAD'+ Annexin V /TAAD" adi-
pose-derived CrMSCs exceeds the corresponding control value by 1.3 times
when incubated with 20 pg/ml AuNPs. An increase in the number of car-
tilage-derived CrMSCs in the state of early apoptosis and late apopto-
sis/necrosis is observed by 1.3 and 2 times, respectively, after incubation
with 20 pg/ml AuNPs. The results of light microscopy show that 10 and
20 pg/ml AuNPs lead to a decrease in proliferative activity and changes
in the morphological characteristics (cytoskeletal dystrophy, cytoplasmic
granulation, and nuclei vacuolization) of adipose-derived CrMSCs relative
to a control. In cultures of cartilage-derived CrMSCs, a decrease in prolif-
erative activity and morphological changes (cytoskeleton degenerative
changes, detachment of cells) are observed only after incubation with 20
pg/ml AuNPs. The obtained results can be used to substantiate and devel-
op methods of combined use of CrMSCs and AuNPs in clinical practice for
the treatment of tissue damages of the musculoskeletal system.

Karouori ciioBa: HaHOYACTHMHKU 30JI0Ta, KPiOKOHCEPBOBaHiI Me3eHXiMaJIbHi
cTOBOYPOBi KJIITMHU, KHMpPOBA TKaHMHA, XPAIOBAa TKaHMWHA, IpoJideparrisd,
aronTo3, HeKpo3.

Key words: gold nanoparticles, cryopreserved mesenchymal stem cells,
adipose tissue, cartilage tissue, proliferation, apoptosis, necrosis.

(Ompumano 4 oepesnsa 2021 p.)

1. BCTYII

B ramysi MeAuIIMHU 30JI0TO BUKOPUCTOBYETHCA IIPOTATOM TPUBAJIOTO
yacy. 3aBOAKM YHIKaIbHUM (PiSUUYHUM 1 XeMiuHHM BJIAaCTHUBOCTAM i
3araJIbHOIPUAHATIN MeToAi cuHTe3u HaHouacTHHKHU 30J0Ta (AuNPs)
€ Iy’Ke NIPUBaOJMBUMU AJIA BUKOPUCTAHHA B OioMequUHil MpOAyKITii.
BaraTto migxoniB y po3BUTKY TEXHOJIOTiI HAHOMEIMYHOI'O CEKTOPY PO-
3pobsero Ha 6a3i AuNPs. ¥V psazai pobiT moxkasawmo, 1110 HAHOUYACTUHKHI
(HY) meraxiB (3os0Ta, cpibia, IJIaTUHNA) MOMKYTL OYTH 3aCTOCOBaHi y
SKOCTi pefyIeHTiB OKCHUAATUBHOrO cTpecy B TKaumHax [1, 2]. Tomy
dactocyBanHa HY merasiB y AKOCTi KOMIOHEHTIB KJIITHMHHOI Teparrii
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€ TMepPCIeKTUBHUM HAIIPSIMOM CTBOPEHHS HOBITHiX HaHOMeIWYHUX Te-
XHOJIOTiH.

@dizuuyHi Ta XeMiuHiI BJIACTMBOCTI HAHOPO3MIPHMX MAaTEPidAJiB MO-
JKYTh BMIiHIOBATHCSA 3aJIeKHO Big ixHbOI KoHIenTparii. Tum He
MeHII, AK i pamimre, € cepiiodHa Hecraua imdopmarii mpo Giosoriuny
AKTUBHICTL HAHOPO3MIpHOTO 30JI0Ta B TKAHMHAX ccaBiiB. Ocrammi
CKJIAAIOTHhCA 3 BEJNIMKOI KiJIBKOCTH CIIeIisli30BaHMX THIIB KJIITHH,
HaAOPUKJIAJL, elifepMaJbHi KJIITMHHN IIKipu, Me3eHXiMaJbHi CTOBOY-
posBi kaitTuau (MCK) KicTKOBOTO MO3KY, HEHPOHAJNLHI KJIITUHU YU TO
KJiTuHu iMyHHOI cumcTeMu Tomro. IIpoiec, AKUUA Beae M0 IIOSIBU Pis-
HUX TUIIB KJIiTnH, — audepenmiania. IIigx vac mporo mpoiiecy Bimgoy-
Ba€ThCs aKTHUBi3allisg OSJHMX TIeHiB i JeaKTuUBAaIlisd 1HIINUX, IO IIPUBO-
IUTH OO IIOABU CHEIliANi30BaHUX CTPYKTYpP i BuUpoOHHITBA OinKiB,
cruenupivyHENX I8 AaHOTO THUIY KJaiTmH. IIpore, B opramiami He Bci
KJiTnHU 37aTHI mo mpoJricgepariii Ta gudepenmiaiii. Baarammi, TiasKkn
CTOBOYPOBi KJIITHHN Ta KJIITHUHU-TIIOIEPeIHUKN MAalOTh BJIACTHUBICTH IO
mudepeHniamnii B cuemiamizosami Tunu KiaituH. CToBOYpOBi KJIiTUHU,
omep:KaHi 3 TKaHWH eMOpioHiB abo mopocaux opradismis, 3maTHi Bin-
TBOPIOBATHU cebe HMPOTATOM OOMe:KeHOoro mepioxy uacy. Takum umHOM,
aximo BmauB HY ma cToBOYpOBi KJIiTMHUM HpusBeZe OO0 Helependaue-
HUX HaCJiIKiB, TO ocTaHHi 6ymyTh 30epiraTmcsa OO TUX Hip, MOKU BCi
KJIiTUHM, 10 BUHUKJIM B IIPOIleci HOAiNy IEePBUHHHUX CTOBOYPOBUX
KJiTUH He IPUIUHATL CBOrO icHyBauHsa. ToMy B ZJaHOMY AOCJIimKeHHI
MCEK :xupoBoi Ta XpAIIOBOI TKAHUH IMTypiB OyJsiu oOpaHi B IKOCTi Mo-
IelbHOro o6’eKTa naA BuBUeHHS BIIUBY AuNPs mHa cToBOYypoBi KJIi-
TUHU — TIOTEHIlilfHe A:Kepeio KJIiITuHHOI Tepanii. Ak moBimomiamocsa
[3], AuNPs maioTh poamiposasie:KHY IMUTOTOKCHUUHICTHL i Timbkm HY,
MeHnri Hixk 15 HM, BBasKaioThCA TOKCHMUYHUMHU. IIpore 3’scyBaHHA Ha-
SIBHOCTH /BiICYTHOCTH ITUTOTOKCHUUHUX edekTiB AuNPs szanuinaerbcs
MepPCHeKTUBHUM HAIIPIMOM HaHOOIOTeXHOJIOTIUHUX TOCJIiIKeHb.

Bigomo, mo HY meraniB, Takux K 30J0TO Ta CpibJio, IpU B3aEMO-
mii 3 KiaiTmHaMu 3JATHI BIIMBATH HaA iXHIO (pepMEHTATHUBHY aKTUB-
HiCTh, TIPOABJATU AHTUOKCUAAHTHI I aHTHUMiKPOOHi ByacTmBOCTi [4,
5]. Tomy sactocyBanusa HY y akKocTi cki1amoBoi KomOiHoBaHOI Tepamii
MOKe 3HAYHO IOJIIIIUTUA Pe3yJabTaTH JiKyBaHHSA, i Xoua IOTEHI[ifds
IILOT'O € 3HAYHUM, BCe Ille € 0araTo mpobdaeM, AKi HeoOXimHO BHUpiIu-
TH, IEePII HiK NPpUAHATHU IX A0 KJIiHIYHOIO 3aCTOCYBaHHA.

Mera pobGoTM — OOCHIAKEHHS BIJIMBY HAHOUYACTHHOK B30JI0Ta HAa
MOP(MOMYHKITIOHANLHNN CTAH KPiOKOHCEPBOBAHUX Me3eHXiMaJbHUX
CTOBOYPOBUX KJITHMHAX i3 »KMPOBOI Ta XPAMIOBOI TKAHUH.

2. MATEPIAJIN TA METOAU

B gmocaimxenni BuxopucroByBamum MCK i3 KwupoBoi Ta XpsAIoBOi
TKaHWH HeJdiHittnux mypiB (n =10, maca — 150 £ 25 r). Vci maniny-
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Kuposa XpamoBa
TKAHHHA TKAHHHA

l }

‘ OTtpuMaHHA Ta KyJsTHBYBanHA MCK ‘

|

‘ KpioxoHcepsyBanHs ‘

Inkydanis KpMCK 3 AuNPs
0; 4; 65 10; 20 MKT/MI
(37°C 1 ronuna)

]

‘ KyasraByBanus 10 xi6 ‘
' '

Anoros/sexpos Mopdomorfal Tponidepania
pypten AP ARTEP HCTHKH
(AnnexinV/TAAD) [T e — (MTTrect)
Puc. 1. Cxema excunepumenty. IIpumiTka: AuNPs — HaHOYaCTHMHKU 30JI0Ta;

MCK — wmesenximanbHi cToBOypoBi KiaiTunm; KpMCK — KpiokoHcepBoBaHi
Me3eHXiMaJbHi cTOB6YPOBi KiaiTumn.?

JA11ii 3 TBApUHAMU IPOBOAUIM 3TiTHO 3 MiKHapPOSZHUMHU O0i0eTHUHUMU
HOpMaMM, 3aKOHOJAABUMMHU JOKyMeHTaMu ¥ Kpainu, martepiamamu IV
€BponeichbKOl KOHBEHIII] 3 3aXMCTy XPeOdeTHUX TBapWH, AKi BUKOPUC-
TOBYIOTHCA OJIA €KCIIePUMEHTAJbHUX Ta iHIMINX HAYKOBUX IIijei [6], i
IIPOTOKOJIOM KoMiTeTy 3 Oioetuku IHCcTHUTYTy mpobJseMm Kpiobiosorii i
kpiomenuniuau HAH VYipainu (Ne2014-02). CxemMy eKCIEepHUMEHTY
HaBeJeHO Ha puc. 1.

IlepBuHHY cycHeHBil0 KJIITHUH OJep:KyBaJi 3 KUPOBOI Ta XPAIMOBOI
TKAaHUH IJIAX0M (epMeHTaTUBHOI Aesarperairii. Iljsa mboro spasku
TKaHUH OpoMuBaiu posunmHoM XeHKca (PAA, ABcrpia) 3 reHTaminm-
HoMm (150 mxr/mi) (Papmak, YKpaina) Ta iHKyOyBaiu y PO3YMHI KO-
aarenasu Il tunmy (1,5 mr/ma) (IlamExko, Pocis) 3a Temmneparypu y
37°C mporarom 18 rox. Kaituau Bupinamm 3 GionrariB IIIAXOM pe-
cycmeHAyBaHHA 3 HacTynHuM meHTpudyrysanaam (1000g, 3 xB.). o
ocaZy AOJaBaJii CEePeNOBUINE KYJHTUBYBAHHA Ta BUCIBAJIN Ha KYJb-
TypalbHUN IJIacTUK. I'ycTMHA IociBy KJaiTuH cranosmiaa 1-10*/cm®
KYJBbTYypaJbHOTO (JIaKOHY.

JKuBuibHe cepefoBUIlle KYJIbTUBYBAHHA B YCiX BUOAAKaX MiCTHJIO:
cepenoBuitie IMDM (PAA, Agctpisa), 10% emOpioHasbHOI CHPOBATKU
(EC) Benukoi poraroi xymobu (HyClone, CIIIA), kamaminuu (150
MKr/Ma) (Papmak, YKpaina) ta amdorepunua B (5 mxr/mia) (PAA,
Agcrpisa). CepenoBuille KyJIbTUBYBaHHA 3MiHIOBAJM KOXKHI 3 mobu. Y
pob6oTi Oy BUKOPHCTAHI CTaHAAPTHI YMOBU KyJbTUBYBaHHsA 3a 37°C
B atmocdepi 5% CO, 3 BukopuctanuaMm inkyodatopa (Biosan, JIuTpa).
Ilo mocArHeHHi MoHOIIAPY KyaAbTypu KJiTmH macuyBaau (0,25% po-
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3YMH TPUIICUHY Ta PO3UYNH BepceHy y cuiBBimHommenHi 1:1).

Kpiokouceppysauua KyasTyp MCK smificHoBaam Ha 2-My Iacaki
mig saxucrom 10% OMCO (ITauExo, Pocist) 3 mogapamuam 20% EC.
PosumnH KpiompoTeKkTOpa roTyBaJSiM Ha JKUBWJIBHOMY cepemoBuiri. Cy-
cuensiro (1-10° kaiTur/MI) Vv cepenoBHINI KpPiOKOHCepBYBAHHSA BMi-
mryBaau mo 1 ma y Kpiompob6ipku Nunc (CIIA). IIBuakicThs o0xoJio-
mxeHHa ckaazana 1°C/xB. mo —70°C 3 momanbIiuM 3aHYPEHHAM Y Pi-
nxuii asor [7]. Bimirpis smificHioBanu Ha BOAAHIiNM 0aHi 3a Temmepary-
pu y 40°C mo mosaABu piaxoi ¢asu. BumanseHHA KpiompoTeKTopa mpo-
BOAUIM ILIAXOM JomaBaHHA 1:9 posumny XeHKca 3 HACTYIHUM
neurpudyryBaggam (1000g, 5 xB.). Omep:xaHi KIITHHM BUKOPUCTO-
BYBaJIM y HMOJAJBIINX JOCJiTax.

B poboti 0ymo Bukopumcramo Kojsoimumiti posumH AuNPs (Sigma-
Aldrich, CIITA). Cepeguiit posmip AuNPs cramoBue 15 am. AuNPs
oysnu BBemeHi B KpioxkoucepBoBaHi MCK (KpMCK) meromoio macuBHOL
nudysii (imkyb6aiia 3a 37°C mporarom 1 rogmum). AuNPs momaBanu
1o 1-10° KpMCK y ckinueHHNX KOHIeHTpamiax 4, 6, 10, 20 MKr/miI.
Kourponem 6yau KpMCK 6e3 BmiauBy AuNPs (0 MKr/mi).

ITicna imkybOarii 3 AuNPs BusHauaau >KUTTE3NATHICTh KJIITHH 3a
IijicHicTIO iXHBOI MeMOpaHM EKCIIPeCc-TeCTOM Ha BUKJIOUEHHS TPU-
IIaHOBOTO CHHBOTO Ta CTaH IIPOIECIiB amomTo3y/HEKPO3y MEeTOHO0I0
mpoTouHOoi muTodroopuMeTpii 3a momomororo GapBHMKIB Annexin-V-
FITC (Annexin V) (BD) Tta 7-Amino-Actinomycin D (7AAD) (BD).
Mipsauusa mpoBoamau Ha nporoyHomy nurTodawopumerpi FACS
Calibur (‘BD Biosciences’). PesyabraTu aHanidyBaju 3a JOIIOMOTOIO
mporpamu Win MDI v.2.8.

Hna BusHaueHHs mpoJideparuBHoi aktuBHOCcTH KpMCK miciaa iH-
Kyb6a1ii 3 AuNPs y mocrmimxeHMX KOHIIEHTPAIliAX KJIITMHM BUCiBaIu
B KyJasTypanbHi 12-nyHkKoBi maanimetu (PAA, Acrpia). 3acTocoBy-
BaJlX Ti K caMi yMOBU KYJLTHUBYBaHHS, IO i IJd IEePBUHHUX KYJIb-
ryp MCK. Hna nposegenasa MTT-recty [7] Ha TepMiHax KyJbTUBY-
BauHa y 1, 5, 7, 10 mi6 3 KoKHOI JYHKHU IIJIaHINIeTa BimOoumpaaum mo 1
mJ cepenoBuinia Ta BHocuau mo 0,5 mia pogumny MTT (Fluka, Himeu-
yMHA) B KOHIIeHTpalii y 5 mr/mia. Yepes 3 rox. imkybdarii (5% CO,,
37°C) 3 KOKHOI JYHKM IIOBHICTIO BUAAJANU CEPEIOBUIIE Ta POOMIN
posumHeHHsA yTBOpeHoro (opmasany 3a momomoroio IMCO (1
MJI/AYHKY). Big ocamy, 10 yTBOPIOETHCS B Pe3yJbTATI IIPeIlUIIiTaIrii
oinkiB y JIMCO, sBinbHAMMCA HIIAXOM IeHTPU(YIYBaHHS IIPOTIATOM
10 xB. i3 1000g. MipAHHA ONTUYHOI I'yCTMHU POIUMHY (opmMazaHy B
cylepHaTaHTi HOpoBoAuMAM Ha Oioxemiunomy anamisatopi CHEM 7
(«<ERBA», Yecbka Pecnybsika) ma moB:kuHi xBuai y 540 um. B ako-
cTi GJIaHKY BUKOPMCTOBYBAJU CepefoBuUIlle 0e3 KJIiTHH.

IlepeBipka HOPMAJBLHOCTU POBMOAIIY KiJbKiCHMX O3HAK ITPOBOIU-
Jlacsd 3 BUKOPUCTAHHAM CITiJIBHOTO KPUTEPil0 MEPEBipKM HA CHUMETPU-
YHiCTh i HyJIbOBUiT Koe(dillieHT exciiecy. 3a HOPMAJIBHOT'O PO3IOLiIY
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3MIiHHUX JOCTOBipHICTH BiAMiHHOCTEHM MisK TpymaMu OI[iHIOBAJIM 3a
momomoroio CThbIOEeHTOBOrO t-Kpurepito. CTaTHCTHUHI mapaMeTpu, IO
HaBOOATHCA maJji y Buriaani M + m, maioTh Taki mosHavenusa: M —
cepeiHeE, M — CTaHIapTHa IIOMHJIKA CEepeIHLOTO, 1 — O0CAT aHaJizo-
BaHOI TI'pynu, p — pPiBeHb 3HAUYINOCTU (KPUTHUUHE 3HAUEHHS PiBHSA
sHauyImoctTu Opanocsa piBaumm 0,05). AHanmisy maHUX OPOBOIUIU 3
BUKOpPHCTAaHHAM maxeriB nporpam «Microsoft Excel» i «Statistica 8».
Bci excrepuMeHTH IIPOBOAMJIN B YOTHUPBLOX IIApajiedX Ta y TPUPas3o-
BOMY ITOBTODI.

3. PE3YJIBTATH TA IX OBTOBOPEHHS

Bigomo, mio 3a temmeparypu y 37°C AuNPs morpanadoTb y KIITUHY
MMAaCHMBHO PAa30M 3 iHIMMMU PEYOBHMHAMHU IILJIAXOM E€HIOIIUTO3Yy — IIPO-
Ilecy BTATYBAHHA MiIAHKN IIJIa3MATHYHOI MeMOpaHum 3 HACTYIIHUM
¢opMyBaHHAM BCepeIUHI KJIITUHU Be3UKYJ 3 II03aKJITHMHHUM BMic-
ToM [8]. B mamux momepegHixX MOCTim:KeHHAX OyJI0 BCTAHOBJIEHO, IO
AuNPs 3a ymMOB momaBaHHA [0 CepeloOBUINa KYJbTUBYBAaHHSA 30CEpe-
KyIoThea Ha MeMmOpanax MCK KicTKOBOTO MO3KY Ta 3a BHCOKUX
KOHIleHTpaIiil (Bim 9 MKr/mi) amcopOyioThbcsa Ha mMeMOpani azpa [9,
10]. Ina omep:kamusa mopiBHaAAbHOI KapTuhHu maii HY Ha pisHi Tunm
KYJIbTUBOBAaHUX KJITHMH mociaimxyBanu 3minu crany KpMCEK 3 :xupo-
BOI Ta XpAIIOBOI TKaHUH y mpucyTHOCcTi AuNPs.
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IimicHicTs MeMOpaHIL, %

MKI/MI  MKI/MI MKI/MIT ~ MKI/MIJI
OKpMCK 3 sxuporoi Tkannun B KpMCK 3 xpsamoBoi TKaHITHI

Puc. 2. Boius AuNPs Ha migicaicts mem6panu KpMCK 3 KupoBoi Ta xps-
moBoi TkaHuH. IIpumiTku: AuNPs — namouactuHku 3ojgora; KpMCK —
KPiOKOHCepBOBAaHI Me3eHXiMaJbHI cTOBOypOBi KiiTmHM; ~ — BigminHOCTI KO-
cToBipHi y nmopiBEAHHI 3 BiAmoBigEMM KoHTpOJEM, p < 0,05.2
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Ilepmium eramoM po0oTM OyJIO IIPOBEAEHHS MOCJIiMKEeHb BILIHUBY
AuNPs ma mimicuicte mem6panum KpMCK 3 KupoBoi Ta XpsamioBoi
TKaHUH Imicaa 1 rox. imkyOarii. Ogep:xani pesyJbTaTu IPeACTABJICHO
Ha puc. 2.

B xourpoabuiit rpyni KpMCK 3 :xuposoi Tkammau 69,2+ 5,8%
KJIiTUH MaJu MiJlicHy MeMOpaHy 3a TEeCTOM HA BUKJIIOUEHHSA TPUIAHO-
BOro cuHboro. Iakybaiiig nporarom 1 rox. 3 AuNPs y KoHIeHTpaIiax
4 Ta 6 MKr/MJ He BILIMBaJia Ha ImigicHicTs mem6panu KpMCK :xupo-
Boi TKaumuu. 3actocyBanHa KoHieHTpariit HY 10 i 20 MKkr/ma opu-
3BOAMJIO MO MOHMMKEHHA IOKAa3HUKa JKuUTTe3maTHoct B 1,2 ta 1,5 pa-
31 BiAIIOBiTHO MO0 KOHTPOJIIO.

B xourposasuiit rpyni KpMCK 3 xpsamosoi Tkamuau 78,2 + 5,8%
KJIiTUH Manau 1ijgicay memOpany. Bukopucramas AuNPs y KoHIleHT-
pamiax 4, 6 i 10 MKI/MJI He IPUBOAUJIO IO MOCTOBIipHUX 3MiH y moc-
JigyKeHOMY MoKasHUKY. IIpore micaa imky6arii 3 AuNPs y KoHIleHT-
pamii 20 MKr/mMJa KifbKicTh KJIITHH 3 IiJlicHOIO MeMOpaHOm0 OGyja mo-
HUKeHo B 1,3 pasu 1100 KOHTPOJILHUX 3pasKiB.

Harri pesyabraTé mokasaiu, 10 KUTTE3NATHICTD KJIITUH 00epHEHO
nponopitiiina KoumeHTpaliii AuNPs. I1i pesyabTaTul y3romKyIOThCA 3
pobotoio [3], B AKill mOKa3aHO HMOHMKEHHS JKUTTE3TATHOCTH KJIiTHUH
micasa BuuBy AuNPs posmipom y 200 Ta 500 um. ITapasnensHo 3 tum
He moBimomasiaocsa, 1mo AuNPs sminioioTh KiaiTuHHI (QyHKOII micas
IBOX THKHIB iHKyO6arrii [11], B Toit uac Ak :xxurres3matHicts MCK mo-
HUKYEThCA.

Opmouacue papbyBanua Annexin V i TAAD yMOKJIUBIIIOE BUABHU-
™ AK HEKPOTWYHI KJITMHU, TaK i KJIITUHHU, AKi BCTYOWJIU HA ILIAX
amomniTody. Ha pamHi#i cTamii amonTosy IijgicHicTh KJIiTMHHOI MeMOpa-
Hu 30epiraerbcsi, mpore BimbyBaeThca mepebymoBa ii ¢ocdomimigamx
KOMIIOHEHTiB, 1 Ha IOBEpXHi KJIiTMHU 3’ABIAeThCA (ochaTuguiace-
puH. Annexin V — 06iJloK, AKHI Ma€e BHCOKY CIIOPiZHeHicTh M0 ¢oc-
daTuguicepuHy i 3B’s3ye€ThbCA 3 KJIITHHAMU, IO €KCIPeCYIOTh IHOTo
TiIBKY HA SOBHIIHIN ITOBEepPXHiI MeMOpaHu.

i BUpillleHHSa NUTaHHA aKTUBisalii mporeciB amonToldy/HEeKposy
B KpMCK XupoBoi Ta XpAIMIOBOI TKAHWH K pPeaKIlii Ha B3a€EMOIil0 3
AuNPs B:xe B mepirni yacu cycneHsito KJaiTuH iHKyOyBamu 3 AuNPs
mporsaroM 1 rogmum. AHajisa ofepiKaHUX Pe3yJbTaTiB IIOKasaJa, IIo
sdactocyBanua AuNPs y kKommenrtpaiiax 4 ta 6 MKI/MJ He IPUBOLU-
JI0 o axkTHBisaIlii mpoiieciB amonTosy Ta Hekpo3dy B KpMCK :xuposoi
TkaHuHU (Tabs. 1). Bukopucranaa AuNPs B koHmeHTpariax 10 i 20
MKT/MJI IPUBOAUIO 10 30iabIleHHsa Kinbkoctu Annexin V'/7TAAD -
KJIiTUH, TOOTO THX, IO 3HAXOOATHLCS Ha PaHHIA cTamii amomTosy, B
1,6 i 2,4 pasu BigmoBigHO IMOAO0 KOHTPOJIO. BimcoTok Annexin
V'/TAAD' + Annexin V /TAAD'-kixiTun (misHi cragii amonTosy, Hek-
pos) 3a imkybamii 3 AuNPs y xoumenrparii 20 MKr/MJI ZOCTOBipHO
TIEPEeBUIIYBAB BiATIOBiAHMI NMOKAasHUK y KOHTPOJbHUX 3paskax B 1,3
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TABJINIA 1. Iuroduaoopumerpuuna aHaniza KpMCK :xupoBol TKaHWHU
micna imky6amii 3 AuNPs mporsarom 1 roxgmuau; dapbyBamasa Annexin V i

TAAD.?

Bpasox /perion Annexin z}nnexini Annexin V+/77AAD+-:
V7 /TAAD V'/TAAD + Annexin V' /7TAAD
KouTtposs 71,35+£2,71 5,29 +1,15 23,36 £ 1,22
AuNPs_4 mgr/ma 72,06 + 2,81 5,01 +£1,04 22,93+1,41
AuNPs 6 mgr/ma 71,93+1,93 5,33+0,92 22,74+ 1,54
AuNPs 10 mxr/ma 65,34+6,73" 8,25+1,21" 26,41+ 1,35
AuNPs_20 mxr/ma 58,35+6,73" 12,14 +1,05" 29,51 +1,27"

IIpumimru: *

— HAHOYACTHUHKMHU 30JI0TAa.

TABJUIIA 2. [Tutodaoopumerpuuna anamiza KpMCK xpsAIimoBoi TKaHUHUI
micasa iHKy6amii 3 AuNPs mporsrom 1 rogmuu; papOyBaHHA Annexin V i

— BiporignicTs piskHUI y mopiBHAHHI 3 KoHTpoJseM, p < 0,05; AuNPs

7TAAD.*
Bpasox /perion énnexini z}nnexini Annexin' v/ i?AAD+ —|+—
V /TAAD V'/TAAD + Annexin V' /TAAD

Koutpoan 73,88+ 1,45 5,80+ 0,65 20,32 +1,52
AuNPs 4 mxr/mn 73,48 £0,98 5,91+0,71 20,61 +1,18
AuNPs 6 mxr/man  72,62+1,04 5,84 +0,75 21,54 +0,82
AuNPs 10 mgr/mn  70,05+1,12 7,12+ 0,65 22,83+0,75
AuNPs 20 mxr/ma 62,03+0,73" 10,84 +0,47" 27,13 +£0,85"

IIpumimru: *

— BiporigHicTs piskHUII y OpiBHAHHI 3 KOHTpoJseM, p < 0,05; AuNPs

— HAHOYACTHHKHM 30JI0TAa.

pasu.

HocrmimxenHa cramy mporeciB amomnTody/Hekpody B KpMCK xps-
moBoi TKaHmHM 3a B3aemoxii 3 AuNPs (Ta6is. 2) mokasasu, IO aKTH-
Bisamia ix He BimOyBaeThCSA 3a 3aCTOCYBAHHS KOHIeHTpariii y 4, 6 i
10 mr/mi. ¥ spaskax 3 momaBanaaM AuNPs (20 mKr/mi) cmocrepi-
rajau 30iJMbIIeHHs KiJTbKOCTH KJITHMH y CTaHi PaAHHBOTO AaIloIITO3y
(Annexin V'/TAAD) Ta misHBROro amonTo3y/HeKpo3y (Annexin
V*/TAAD" + Annexin V /TAAD") y 1,3 Ta 2 pasu BigmoBimHO I0ZO
KOHTPOJIIO.

TaxuM YMHOM, JaHi CTOCOBHO PO3IMOAiNY KJIITHH mmicis ¢apOyBaH-
Ha TAAD #i Annexin V c¢BiguaTh IIpo BiICYTHIiCTH PO3BUTKY IIPOIECiB
amoniTo3y,/Hekpo3dy B KpMCK 3 060X mocaimskeHUX m:KepeJ JIuIe Iric-
asa iaky6arii 3 AuNPs y KoumenTtpaiiax 4 Ta 6 MKr/mi.

Hacrynaum etamom poOoTu OyJI0 IIPOBeAeHHS HOPiBHAJILHOI OIliH-
ku BoiauBy AuNPs ma mporaidgeparusny aktuHicTh KpMCK xuposoi
TKaHuHU 3a gomomoroio MTT-tecty. Omep:kani pesyabTaTu HaBemeHO
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Puc. 3. Buiue AuNPs n#a mpoaideparuBry aktuBHicTh KpMCK xuposoi
rkaHuHu. IIpumiTku: = — BiporigHicTh PisKHUI y TOPIBHAHHI 3 KOHTpPOJIEM,
p<0,05; AuNPs — HaHOUACTHHKH 30J0Ta.’

Ha puc. 3. Bcramosieno, mo s3acrocyBaHHA AuNPs y roumenrtparrii
10 i 20 MKr/mMJa IPUBOAMJIO MO BipOTiHOTO MOHMIKEHHS IIPHPOCTY
nonyaanii KpMCEK :XupoBoi TKaHMHM, IMOUYMHAIOUU 3 3-1 100U KYJb-
TUBYBaHHs, BigmoBigmo B 1,6 i 1,8 pasy, ma 7-my modby — B 1,61 1,8
pasy Ta ma 10-ty mody — B 1,3 Ta 1,5 pasy cTocoBHO KOHTpPOJi0. [lo-
maBanHsa AuNPs y xKoHnenrtpamisax 4 ta 6 MKr/MJ He BUKJIMKAJIO Bi-
poOrizHMX 3MiH y AOCHiAKEHOMY IIOKA3HUKY IIPOTATOM BCHOT'O CTPOKY
CIIOCTepe:KeHHsI. Pe3yiabTaTu CBITJIOBOI MiKpOCKOIili moKasajaum, IO
sactocyBanusa AuNPs y xonmneurpamiax 10 i 20 MKr/MJa IpusBOANIIO
mo 3mim y wmopdoigoriuamx xapaxrtepuctukax KpMCK 3 xuposoi
TKAHMHMN IIOJ0 KOHTPOJLHUX 3pasKiB, a came, 3’ABIAINCA O3HAKU
IucTpodii ITUTOCKENIeTy, 3epPHUCTICThL IIUTOILIA3MM Ta BaKyoJisailis
anep.

IIponidpeparuBny axkTuBHicTsr KpMCK XxpdAmnioBoi TKaHWMHU HTicasa
B3aemonii 3 AuNPs re:x BumipioBasu 3a momomoroio MTT-recty (puc.
4). HomaBamasa AuNPs y xonmenrpamii 20 MKr/Ma B KyJabTypi
KpMCK xp#amoBoi TKAaHMHN BUKJINKAJIO MOHWKEHHS IIPoJidepaTus-
HOI aKTHMBHOCTH Ha 3-10 OO0y KyJbTHBYBaHHA B 1,5 pasy, Ha 7-My
mooy — B 1,7 pasy, a Ha 10-ty mo6y — B 1,6 pasy Iogo0 KOHTPOJIO.
Hocmimxenuit mokasauk y KpMCK 3 xpAmioBoi TKaHWHU micjasa B3ae-
mozmii 3 AuNPs (4, 6 i 10 mKr/mi) He BigpisHABCA BiJg KOHTPOJIIO
BIIPOJIOBXK €KCIIEPUMEHTY. TaKoK CJif 3a3HAUYUTHU, III0 BUKOPUCTAHHSI
AuNPs y kornenrparii 20 MKr/MJI IPUBOAWIO M0 BiAKPIIJIeHHA KJIi-
TUH Bif TiAJNOMKIKsA, IepeBaskKHO KJITHMH IOJIirOHAJIbHOI (opMu, B
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Puc. 4. Buius AuNPs Ha nporaidgeparuBHy aktuBHicts KpMCK xpsimoBoi
TKaHuHA. IIpuMiTKM: = — BiporifHicTs pisKHHUIN y MOPIBHSHHI 3 KOHTpOJIEM,
p<0,05; AuNPs — HaHOUACTHHKH 30J0Ta.°

AKHUX CIIOCTEepirasu nereHepaTUBHI 3MiHU B ITUTOCKEJIETI.

Ha choromni mocuimkeHHs BJIACTHUBOCTEH HaHOMAaTepiAJNiB i HaHO-
YaCTUHOK, IO CTPiMKO PO3BUBAIOTHCH, CTABJATL 3aBIAHHSA BUBYUTU
iXHi# BIJIMB HA JKUBi cuCTeMU, AK Ha PiBHI BChOTO opraHiamy, Tak i
Ha OKpeMi KJIITHMHU Ta KJIITUHHI CTPYKTypHu. Ajle BUABJIEHHA KJIiTHUH-
HUX e(eKTiB € 0COOJMBO BaKJMBUM BHACJIiOK HAHOPO3MipHOCTH [i-
I0UMX areHTiB, AKi 0esmocepefHBbO BIJIMBAIOTH Ha KJITUHHI CTPYKTY-
pu. B mpeacraBieHilt po6oTi HaMu OyJI0 IPOBENEeHO ITOPiBHAJJBLHY OITi-
HKY MOpP(pOoGYHKI[IOHAIbHUX XapPaKTEPUCTUK KPiOKOHCEPBOBAHUX
MCEK 3 KupoBOi Ta XPAINIIOBOI TKAHWH 3a YMOB IXHLOI B3aemomii 3
AuNPs. Awnamiza ozep:kaHUX pe3yJabTaTiB Mmokasaja, 1o AuNPs y
KoHIeHTpalii 4 Ta 6 MKr/MJ He BIUIMBAIOTh Ha JKUTTE3NATHICTB,
MOpP(OJIOTiuHI XapaKTepUCTUKM, NpoJiepaTUBHY aKTUBHICTH i mpo-
mecu amomnTo3y/Hexpo3y B KpMCK 3 :XKupoBoi Ta XpsIoBoi TKaHWH.
Y nocraimkenni BmnaumBy AuNPs y xoumenrtparii 10 MKr/ma Ha
KpMCK :kupoBoi TKaHWHM MOKa3aHO MOHWKEHHA HpOoJIidepaTUBHOI
aKTHUBHOCTH Ta 30iJbIIIEHHA BiJICOTKA KJITHMH y CTaHi amonrTosy. I3
sdactocyBanHaM AuNPs y kormentpaiii 20 mxr/mia y KpMCK 3 o6ox
IOCTiKeHUX JMiKepes BU3HAUAJM HOHMKEHHA KiJIBKOCTH KJITUH 3
IiJicHOI0O MeMOpaHo Ta iXHBOI mpoJidepaTUBHOI aKTUBHOCTH, MOP-
¢oJsioriuHi 3MiHM, & TAaKOMK aKTHUBi3alliio IIpoIeciB anmonToly,/HEeKpo3y.

Opmep:kaHi JaHiI y3TOIKYIOTHCS 3 PaHillle IPOBeIEeHMMU HaMU IOC-
JiTKeHHAMU, B AKUX 0yJo moKasaHo, 1o AuNPs e OesnmeuHuMu s
MCEK xkicTKoBOro MO3KYy y KoHIleHTpalii 1,5—6 MKr/mi, Toxi ax 30i-
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JBINIEHHS OCTAaHHLOI 0 9 MKI'/MJ Ma€ TOKCHUUHY Iil0 Ta IPOSIBIAEThH-
cAd y aKTuBisaIil amonTosy, 3MeHIIIeHHi IIpoJiihepaTuBHOI aKTHUBHOC-
TH, KOJIOHI€yTBOPIOBAJBHOTO IOTEHIiAJY, CHUHTe3W KoJiareHy I Tuiry
Ta 3TATHOCTH OO cIpAMoBaHoi maudepeniiamnii [9]. IlopiBuiooun ofe-
p:xaui gami, moxkHa crtBepmkyBatu, 1o MCK KicTkoBoro Mo3Ky Ta
KMPOBOI TKAHMHU IPOSABJIAIOTL IMOAIOHY uyTauBicTh o AuNPs, Toxi
AK KJIITHHU i3 XPAIOBOI TKAHWHU MAaIOTh OiJIBINTY PE3UCTEHTHICThH i
He BUABJSIOTHL O3HAK IMUTOTOKCHUYHOI'O BILJIMBY Il Yac KYyJbTUBYBAaH-
Ha y mpucyTHocTi AuNPs y xomumeurparii 10 mxr/miu. Taxka BracTu-
Bictb MCK XxpAmioBoi TKaHWHMN HaIeBHO IIOB’sg3aHa 3 IIPUCTOCYBAaH-
HAM MeTab0Ji3My IUX KJITHH OO 0COOJMBOCTEHN iCHYBaHHSA B yMOBax
iXHBOI IPUPOAHBLOI Hilli (aBaCKyJIApPHICTDL, adiM(pOTUUHICTD, BiZTHOCHO
HM3bKa HAIpyra KUCHIO, MOCTiliHI MexaHiuHi HaBaHTaKeHH).

B pobori [12] mokasamo, 1110 mpoJidepaTuBHa aKTUBHICTD, CHHTE3a
Kosareny II tumy Ta raikosaminoramikamiB KpMCK 3 xparmioBoi TKa-
HUHM He 3a3HaBaJid 3MiH IIiJi BIIMBOM UMHHHKA pocTy (GibpobiacTis
Ta TpaHchOPMYBaJILHOTO POCTOBOTO (haxkTopa [}, IpoTe XapaKTepusy-
BaJIMCS IOPiBHAHO OiJIBINIOI0 aKTUBHICTIO CUHTETHUYHUX MPOIIECiB Bin-
HocHo KpMCK 3 KicTKOBOro MO3Ky Ta KHUPOBOI TKaHmHU. B mporeci
TpuBajioro KyiabTuByBaHHS MCK B 3amesXHOCTI Bim m:Kepesia TaKOMX
Mo-piBHOMY MOXKYTH 30epiraTu 3maTHiCThL A0 AudepeHIlidmii Ta mpo-
digeparii [13]. Buxomauu 3 BuUIllleHaBeIeHOI'0, 3pO3yMiJo, IO mOIi0-
Ha TeHJeHIid PO3MOBCIOIKYeTheA i Ha pesucteHTHicTh MCK 3 pisHux
IKepes M0 IMUTOTOKCcUYHOro BIauBy AuNPs, 1Mo 000B’A3K0BO HOTPi-
0HO BPaxOBYBaTHU OpU PoOOTi 3 MuMU 00’ €KTaMMU.

Po3BuTOK HAHOGIOTEXHOJOTIH T'PYHTYEThCA Ha MOCJTiIMKEHHi B3ae-
Mozil HaHOUACTUHOK 3 OioJloTiuHMMU cucTeMaMu, 0io6esmelli BUKOPIU-
CTaHHA HAHOCTPYKTYPHMX iHEPTHUX MaTepidAliB, IMO MOKe 3HAUTH
3aCTOCYBaHHS y pPO3POOIi Ta CTBOPEHHI HOBITHiX 0iOCEHCOPHUX CHC-
rem. Omep:kaHi pesyJbTAaTH BiHOCATHLCS M0 Trajly3i IpPUKJIaZHUX Ha-
HOBGi0TEeXHOJIOTI, K1 MOIUPIOIOTECA HA KJIIHIUHY MeIUIIUHY, HacaM-
mepez, CTBOPEHHSA CIIPAMOBAHOI MOCTABKU JIKiB IO KJITWH-MileHeMn
abo oprasis.

4. BAICHOBRH

Bukopucranua AuNPs y Koumenrtpaniax 4 Ta 6 MKr/MJ He BIJINBAE
Ha IiJicHicTh MeMOpaHu, TpoJsid)epaTUuBHUIN MOTEHIIiAN, MOPGOJIOTiU-
Hi XapaKTepUCTUKHU Ta CTaH IIpolieciB amomTo3y/Hexkpo3dy B KpMCK 3
JKMPOBOI Ta XPAIIOBOI TKAHUH.

3acrocyBanHa AuNPs y xoumnenrtparii 10 MKr/MJ TpU3BOAUTH MO
TMIOHMKEHHA NpoJiepaTnBHOI aKTUBHOCTI, IOABU O3HAK AuCTpPOdii
IIUTOCKEJIETy, 3€PHUCTOCTY ITMTOIIJIAa3MU Ta BaKyoJisaii axep, a Ta-
KOJK cIIpusAe 30iJbIIEeHHIO BiCOTKA KJITHH Y CTaHi alomTo3y/HeKpo3y
y Bunaaky KpMCK xXupoBoi TKaHUHU.
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Bukopucranua AuNPs y xoumenTparii 20 MKI'/MJI BUKJIMKAE IIO-
HUKEHHS KiJTbKOCTM KJITMH 3 IiJicHOI0O MeMOpaHoIo, IpoJidepaTus-
HOTO MOTEeHIiAJY, 30iJIbIIIye BiICOTOK KJIITHH y CTaHi amomTo3y Ta
Hexposy B KpMCEK 3 ;XKupoBoi Ta XpsAIoOBOi TKAHMH.

3a CYKYIHICTIO IIPOBEeIEHUX TeCTiB BCTAHOBJIEHO, IO KYJILTYPHU
KpMCK 3 Xxp4aioBoi TKaHWHKM MAalOTh OiJbINYy Pe3MCTEHTHIiCTL [0
BminBy AuNPs, aniszk KpMCK XupoBoi TKaHUHU.

Opmep:kaHi pesyJbTaTH MOMKYTH OyTHM BUKOPUCTAHI AJIA OOIPYHTY-
BaHHA Ta Po3pobKum MeTomuk 3actocyBamusa KpMCK y moemmanHi 3
AuNPs y krmimiumii mpakTui aaa JiKyBaHHS ypasKeHb TKaHUH OIIO-
PHO-PYXOBOTO amapary.

PoboTy mpoBemeHO B paMKax I[iJIbOBOI ImporpaMu HAyKOBUX JOCJIi-
mxeab HAH VYxpainu «I'eHOoMHI, MOJEKyJaApHI Ta KJIITHMHHI OCHOBU
POSBUTKY iHHOBaIitHUX GioTexHOJOTIH» (mororip Ne 2.2.6.132/20).

OUTOBAHA JITEPATYPA-REFERENCES

1. A. P. Muller, G. K. Ferreira, A. J. Pires, G. B. Silveira, D. L. Souza,
J. A. Brandolfi, C. T. de Souza, M. M. S. Paula, and P. C. L. Silveira, Ma-
ter. Sci. Eng. C: Mater. Biol. Appl., 77: 476 (2017);
https://doi.org/10.1039/B806051G

2. D. Di Bella, J. P. S. Ferreira, R. N. O. Silva, C. Echem, A. Milan,
E. H. Akamine, M. H. Carvalho, and S. F. Rodrigues, J. Nanobiotechnol.,
19: 52 (2021); https://doi.org/10.1186/s12951-021-00796-6

3. S. J. Soenen, B. Manshian, J. M. Montenegro, F. Amin, B. Meermann,
T. Thiron, M. Cornelissen, F. Vanhaecke, S. Doak, W. J. Parak,
S. De Smedt, and K. Braeckmans, ACS Nano, 6, No. 7: 5767 (2012);
https://doi.org/10.1021/nn301714n

4. A. Shrestha and A. Kishen, J. Endod., 42, No. 10: 1417 (2016);
https://doi.org/10.1016/j.joen

5. M. M. Mihai, M. B. Dima, B. Dima and A. M. Holban, Materials (Basel),
12, No. 13: 2176 (2019); https://doi.org/10.3390/mal12132176

6. N. Volkova, M. Yukhta, and A. Goltsev, Cell and Organ Transplantology, 5,
No. 2: 170 (2017); https://doi.org/10.22494/COT.V512.75

7. T. Mossman, J. Immunol. Methods, 65, Nos. 1-2: 55 (1983);
https://doi.org/10.1016,/0022-1759(83)90303-4

8. N. Khlebtsov and L. Dykman, Chem. Soc. Rev., 40, No. 3: 1647 (2011).
https://doi.org/10.1039/c0cs00018c

9. N. Volkova, O. Pavlovich, O. Fesenko, O. Budnyk, S. Kovalchuk, and
A. Goltsev, J. Nanomater., 2017: 6934757 (2017);
https://doi.org/10.1155/2017/6934757

10. A. M. Alkilany and C. J. Murphy, J. Nanopart. Res., 12, No. 7: 2313 (2010);
https://doi.org/10.1007/s11051-010-9911-8

11. L. M. Ricles, S. Y. Nam, K. Sokolov, S. Y. Emelianov, and L. J. Suggs, Int.
J. Nanomedicine, 6: 407 (2011); https://doi.org/10.2147/IJN.S16354

12. N. Volkova, M. Yukhta, and A. Goltsev, Fiziol. Zh., 65, No. 2: 12 (2019) (in
Ukrainian); https://doi.org/10.15407/fz65.02.012


https://doi.org/10.1039/B806051G
https://doi.org/10.1186/s12951-021-00796-6
https://doi.org/10.1021/nn301714n
https://doi.org/10.1016/j.joen
https://doi.org/10.3390/ma12132176
https://doi.org/10.22494/COT.V5I2.75
https://doi.org/10.1016/0022-1759(83)90303-4
https://doi.org/10.1039/c0cs00018c
https://doi.org/10.1155/2017/6934757
https://doi.org/10.1007/s11051-010-9911-8
https://doi.org/10.2147/IJN.S16354
https://doi.org/10.15407/fz65.02.012

BIIJINB HAHOYACTHUHOK 30JIOTA HA CTOBBEYPOBI KJIITUHN 261

13. U. Kozlowska, A. Krawczenko, K. Futoma, T. Jurek, M. Rorat,
D. Patrzalek, and A. Klimczak, World J. Stem Cells, 11, No. 6: 347 (2019);
https://doi.org/10.4252/wjsc.v11.16.347

Institute of Cryobiology and Cryomedicine, N.A.S. of Ukraine,
23, Pereyaslavska Str.,
UA-61016 Kharkiv, Ukraine

! Fig. 1. Experimental scheme. Note: AuNPs—gold nanoparticles; MCK—mesenchymal stem
cells; KpMCK—cryopreserved mesenchymal stem cells.

2 Fig. 2. Influence of AuNPs on the membrane integrity of the CrMSCs of adipose and carti-
lage tissues. Notes: AuNPs—gold nanoparticles; KpMCK—cryopreserved mesenchymal stem
cells; "—differences are significant in comparison with the corresponding control, p < 0.05.

3 TABLE 1. Cytofluorimetric analysis of CrMSCs of adipose tissue after incubation with
AuNPs for 1 hour, staining of Annexin V and TAAD.

4 TABLE 2. Cytofluorimetric analysis of CrMSCs of cartilage tissue after incubation with
AuNPs for 1 hour, staining of Annexin V and 7TAAD.

> Fig. 3. The effect of AuNPs on the proliferative activity of CrMSCs of adipose tissue.
Notes: “—differences are significant in comparison with control, p <0.05; AuNPs—gold na-
noparticles.

5 Fig. 4. The effect of AuNPs on the proliferative activity of CrMSCs of cartilage tissue. Notes:
*_differences are significant in comparison with control, p < 0.05; AuNPs—gold nanoparticles.
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XankoHoBMicHI Kalikc[4]apeHu AK mepcrneKTHBHI eeKTOpH
(pyHKIiIOHAJTHPHOI AKTUBHOCTH MITOXOH/Pil TIaJeHbKOT0 M’ A3y
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Hocaigsxeno BmaumB KaJjdikc[4]apeuiB, momideHOIbHNX MAaKPOIUKJIIYHUX
CHOJYK, SKi MIiCTATH Bil OJHOTO [0 YOTUPHOX XaJKOHOBUX YIPYIIOBaHbL HA
HIKHBOMY BiHITIO Kasikc[4]apeHoBoi uarri, Ha 6ioeHepreTHMYHi, TPAHCIOPT-
Hi Ta MeTaboJIiuHiI Tpollec B MIiTOXOHIAPiAX TJIaJZeHbKOTo M’ #A3a. Iocii-
IKEeHHs IIPOBeleHO Ha i30JbOBAHMX MiTOXOHAPiAX MioMmerpia miypiB i3 3a-
CcTOCYBaHHAM (QJIIOOPECIIEHTHOI CIIeKTpocKoIii. BecranosiaeHo, Mo XaJKOHOBI
Kamikc[4]aperu ranbmyoTh okucHeHHA NADH ta FADH, B eleKTpoHHO-
TPAHCIOPTHOMY JIAHIIO3i Ta iCTOTHO MOCUJIOIOTH TeHepaIilo aKTUBHUX
dopm Oxcureny B miToxomapisx. Boru ramsmyioTs TpaHcropt Ca?® (emepro-
sasesxkHy akymynamiio ta H'—Ca?'-00MiHHWK) y BHyTpimmHi# MmiToxommpiii-
Hili MemMOpaHi Ta MpPUTHiIUyIOTH cuHTe3y oKcunay Hitporemy. IocmimxyBami
edeKTH 3ajyekaTh BiJ KiJIBKOCTM XaJIKOHOBUX 3aMiCHUKIB, a TaKOK Bij 3a-
pAny Ta TOJAPHOCTHM (YHKIIIOHAJIBHMX TPymD V B3aMiCHMKax Ta Ka-
aikc[4]apeHoBiit uarmri. 3po6JeHO BHCHOBOK IIPO IEPCHEKTHBHICTH 3aCTOCY-
BaHHA XaJIKOHOBUX KaJjikc[4]apeHiB AK iHCTPYMEHTIB y AociigsxeHHaAX 6io-
XeMiYHMX IIPOIleciB, I0 acorifioBaHi 3 CYOKJITUHHHMH MeMOPAaHHUMU
CTPYKTYpaMmu.

The influence of calix[4]arenes, i.e., polyphenolic macrocyclic compounds
containing from one to four chalcone groups on the lower crown of the
calix[4]arena bowl, on bioenergetic, transport, and metabolic processes in
smooth muscle mitochondria is studied. The study is performed on isolat-
ed mitochondria of rat myometrium using fluorescence spectroscopy. As
found, chalcone calix[4]arenes inhibit the oxidation of NADH and FADH,
in the electron-transport chain and significantly enhance the generation of
reactive oxygen species in mitochondria. They inhibit the transport of
Ca?" (energy-dependent accumulation and H*—Ca?'-exchanger) in the inner
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mitochondrial membrane and inhibit the synthesis of nitric oxide. The
studied effects depend on the number of chalcone substituents as well as
on the charge and polarity of functional groups in the substituents and
calix[4]arena bowl. The conclusion about the prospects of using chalcone
calix[4]arenes as tools in the study of biochemical processes associated
with subcellular membrane structures is made.

Karouori ciora: Kamixkc[4]apeuu, miToxoHapii, Tpancmopt Kanbirito, axtu-
BHi opmu Oxcureny i HiTporeny, 6ioeHepreTuka, riiajeHbKUM M’ A3.

Key words: calix[4]arenes, mitochondria, transport of calcium, reactive
oxygen and nitrogen species, bioenergetics, smooth muscle.

(Ompumano 10 6epesns 2021 p.; nicas doonpauyrweanus — 14 aromozo 2022 p.)

1. BCTYII

Kanikc[4]aperu — mnomideHOJbHI MaKpOIUKJIiuHI crmonyku. BoHm €
MAaJIOTOKCUYHNMI, a OKPEMi HmpeAcTaBHUKU AOBOJI cmerudiuHi 11010
MOAYJIAIil HOH-TPAHCIOPTYBAJbHUX CHCTEM CYOKJITHHHUX CTPYKTYP
[1]. fIx moBouai rimpodoOHi cmoayku, Kajmikc[4]apenu 3maTHiI IIPOHU-
KaTu B KJIITHMHUN Ta B3aEMOIiATH 3 MiTOXOHAPiAMM, IO OyJI0 TOBEIEHO
HaMU eKclepuMeHTaJabHO [2]. BBemenHa ©Ha HMMKHIN BiHenb Ka-
Jaikc[4]apeniB 6GiosioriuHo aKTUBHUX (0iopeseBaHTHMX) XaJKOHOBUX
YIpYyIIOBaHb MOJKEe 3yMOBJIOBATU e(heKTHBHY B3aEMOJil0 3 MeMOpaH-
HUMHI CTPYKTYpPaMMU Ta MO:KJIMBiCTH BILIMBY Ha MeMOpaHoacoIliiioBami
TPAHCIIOPTHi, eHepreTHYHi Ta MeTaboJIiuHi mpolecu.

CTBOpeHHS Ta HNiATPUMAHHA TpaHCMeMOPAHHOrO eJIeKTPUUYHOTO IIO-
TEHIIiAJY Ha BHYTPiIIHilZI MeMOpaHi MITOXOHAPili BHACIiZOK OKIC-
HeHHsS OpraHiuHmX cyOcTpaTiB i po0OTHM eJIeKTPOHHO-TPAHCIIOPTHOTO
JIQHITIOTA € OMHi€I0 3 KJIUOBUX JAHOK (DYHKIIIOHYBAaHHS OpPraHes] SK
Ca?"-akymyioBanbHol cucremu. Monu Ca € OZHUMH 3 Ba)KJINBUX De-
I'yJIaTopiB OioeHepreTMKM Ta MeTabOJiuHOI aKTHBHOCTH MiTOXOHAPil
[3—6]. Ilomyk edexTopiB, 110 3maTHi BOaMBaTH Ha (QDYHKIIIOHYBaHHSI
€JIeKTPOHHO-TPAHCIOPTHOTO JIAHIIIOTa BHYTPIIIHBOI MiTOXOHApPifiHOI
MeMOpaHy i akTuBHicTh Ca’’-TpaHCHOPTYBAJIBHIUX CHCTEM B HiH, €
HaraJbHUM NIUTAHHAM Oioxemiunoi memOpamosorii. Pamimie moxasa-
HO, III0 XaJIKOHOBMicHI Kaiikc[4]apeHu 3MiHIOIOTH IOJAPHU3AIi0 Mi-
TOXOHAPifAHOI MeMOpaHM, i 3a IXHBOI IIPHMCYTHOCTH 3POCTAE PiBeHb
onizoBamoro Ca B marpukci oprasesa [7]. OgHuM 3 migxomiB II0mO
BU3HAUYEHHA eheKTUBHOCTU (GpyHKIIIOHYBaHHSA eJIEKTPOHHO-
TPAHCIIOPTHOT'O JIAHITIOTA € aHaJIida 3MiH (DJIIOOPEeCcIleHIrii aJeHiHOBHX
mykaeoruniB (NADH/FAD), aki BimoOpakaioTh iXHi#i pemgoKc-cTaH, i
DCF-daroopeciieHIfii MmiToxouapiii, 110 BifA3epKaJlO€ YTBOPEHHS aK-
TuBHUX (opMm Oxcureny [8—10].

Mitoxouapii € BaskauBuM mkepesaoMm okcuny Hirporemy (NO) i
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epeKTUBHOIO MilleHHI0 ioro fxii. 3a pisaumx ymoB NO cuHTe3yeThCA
mitoxouapiamMum B NO-cuHTasmiii peakmii (mitoxomzpiiima NO-
CUHTa3a, AKa aKTWBHA 3a HOPMOKcCii) abo HiTpuT-penyKrTasHiii (BigHOo-
BJIEHHSA HiTPUT-aHiIOHIiB reM-BMiCHUMM IIpOTeiHaMU B Ael30Kcipopmi 3a
rimokcuunux ymoB) [11-13]. Oxcun Hitporemy peryiioe Taki ¢dymzaa-
MeHTaJbHI MiTOXOHApPi¥HI mpomecu aK cuHTesa ATP, TpaHcmopr iio-
HiB Ca, (QpyHKIIOHyBaHHA IIOPHM IIepeximHoi mpoBimgHOCTH, iHTEHCHUB-
HicTh mepebiry KpebcoBoro mmiay, MiTOXOHApiHiHMI OioreHmes TOIIO.
IlepenbauaeThcs icHyBaHHSA MOBOJIL CKJAAHOI CHCTEeMM HPAMUX i 3BO-
POTHIX, HETaTUBHUX i IMO3UTHUBHUX 3B A3KiB MiK KOMIIOHEHTAMHU eJie-
KTPOHHO-TPAHCIOPTHOTO jJaHIiora, Ca?'-TpaHCIOPTYBAJIBHIMU IIPOTE-
imamu Ta NO-cuHTa300 B MiToxoHApiax. IcHye Touka 30py, IO Iii
CTPYKTYPU € BUPIMIaJIbHUMU B Peryadallii (pyHKIIioHaJIbHOI aKTUBHOC-
™1 MiToxoHmpiii [11, 14-15]. ¥V 3B’a3Ky 3 IIUM IOINYK e(peKTUBHUX
MOAYJIATOPIiB 3asHaUEHWX MPOIECiB cepex BuOpaHUX Kasikc[4]apeHiB
€ aKTyaJIbHOIO 3a/Iavuelo.

Mertoio mpeacTaBiaeHol PoOOTH OYJI0 AOCHIiAUTH BILINB XaJIKOHOBMi-
CHUX KaJiKc[4]apeHiB Ha €JEKTPOHHO-TPAHCIOPTHUM JIAHIIOT, T'€He-
pamito aktuBHuUX (opm Hirporeny (NO) it OrkcureHy Ta TpPaHCIIOPT
Ca®" y MmiToxoHApiax TiameHbKOro M’A3y, IIPOAHANI3YBATH 3aJIEXK-
HiCTh MOMKJINBUX e(eKTiB BiJ XeMiuyHOI CTPYKTYyPU MaKPOIUKJIIiB.

2. METOIU TA MATEPIAJN

Y nmocimizax BHKOPUCTOBYBAJIMCA CTaTeBO3Piji HeBariTHI HemiHiitwi
ypu BikoMm y 2 micari; cepegas maca tima — 200 r, maca MaTKu —
350-600 mr. TBapuwH BBOAWJM B CTAH HAPKO3y ILJIAXOM BUTPUMY-
BaHHA y KaMmepi, 30araueniii mapamu XJiopodopmy, IIicas uoro mexa-
miTyBamu. Yci MaHinynAiii 3 TBapuHaMu 0yJI0 IPOBEAEHO BiAIIOBiAHO
mo 3axony Yrpainm Ne3447 IV «IIpo 3axucT TBapuH BiJl KOPCTOKOTO
TOBOPKEHHA» Ta CBpOmeichKOI KOHBEHIIII TpPO 3axmWcT XpebeTHUX
TBApWH, AKi BUKOPUCTOBYIOTHCA MJIA MOCJIMHMX 1 HAYKOBUX ITiJIeH
(Ctpacoypr, 1986).

IIpenapaTr i3osbOBaHMX MITOXOHAPiN ofep:KyBaJu i3 Miomerpisa
ITyPiB 3a AOIOMOTOI0 CTAHJAPTHOTO IiJXOAYy i3 3acTocyBaHHAM nude-
peHtiiitaoro mneHTpudyrysanaa [16]. Bmict mporeiny y ¢dpakmii Bu-
3HaAYAJIM 3a 3araJbHOIPUNHATOI0 MeTomoio Bradford M.M.

Peecrpanito BigfHOCHUX 3HaueHb pPiBHA BJacHOI (uiroopeciieHIil
NADH i FAD y marpukci i30o1p0BaHUX MiTOXOHAPiM MioMerpia 3miii-
CHIOBaJIn Ha creKTpoduioopumerpi Quanta Master 40 PTI (Kauazga)
i3 mporpamuuM 3abesneuenHaM FelixGX 4.1.0.3096. ocaimxeHHsa
MIPOBOAMJIU B CEPENOBHUINI HAcCTymHOTO cKJjaaxy, mM: 20 HEPES (pH
7,4; 37°C), 2 K*-pocdarroro 6ydepy (pH 7,4; 37°C), 120 KCl, 5 mi-
pyBaty Harpiro, 5 cyknmunary Hatpito; amikBora (100 MKJI) MiTOXOH-
npitinoi ¢paxmii mictuaa 100 MKr 6inky. OIOOPECIeHTHUN CHUI'HAJ
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Bin NADH peectpyBanu npu A, =350 M, Ay, =450 BHM, Big FAD —
Ay =450 BHM, Ay, = 533 HM.

HasanTaxeHHs MIiTOXOHAPi#l uyTAmBUM g0 akKTUBHUX (popm Oxcu-
reay QuaoopecreHTHuM 30HAOM DCF-DA y Koumenrpamii 25 mxM
MIPOBOIUJIN Y cepemoBuIli, ake mictuao: 10 mM HEPES (pH 7,4;
25°C), 250 MM myxposu, 0,1% O6muauoro cupPoOBaTKOBOI'O aJIbOyMiHY,
0,02% Pluronic F-127, mporsarom 30 xB. 3a Temmeparypu y 25°C.
YrBoperHs aktuBHuUX (popm Orcureny (sminu DCF-¢uroopecieniiii) B
i30JbOBaHUX MITOXOHIPiAX BUBUAJMN i3 BUKOPUCTAHHAM METOAU IIPO-
TOKOBOI IuTo(doopumMeTpii Ha mporoxoBomy mnuromerpi COULTER
EPICS XL™ (Beckman Coulter, CIIIA), mo ob61agHaHuil aproHOBUM
nazepoM (A, =488 HM, Ay, =515 M (Fll-kanau) ) i3 mporpaMHUM 3a-
6esneuenaam SYSTEM II™ Software (Beckman Coulter, CIITA). Ce-
pemoBuiie imky6amii maao ckiaaxn, mM: 20 HEPES (pH 7,4; 25°C),
2 K"-pocdaruoro 6ydepy (pH 7,4; 25°C), 25 KCIl, 25 NaCl. Bmict
IPOTeiHy B MIiTOXOHApPiHHiN Gparmii ckaama 15—20 mir. Peakiriro
imimiroBaau BHecenHaAM ajikBotu 20 Mg 5 MM mipyBar + 5 MM cyK-
IMHAT.

HaBanraskenHa MiToxoHApi#i Ca’'-uyTiamBuM (DIIOOpECIIeHTHHM 30-
magom Fluo-4 AM y xoumeutparii 2 MmKM IpoBOguIN y CepemoBHIIi,
ake wmictumo 10 MM HEPES (pH 7,4; 37°C), 250 MM caxaposu,
0,1% Ouuauoro cupoBaTKoBOro aanboymimy, 0,02% Pluronic F-127,
mporarom 30 xB. 3a 37°C. HocaimkeHHA 3MiH BMiCTy HOHi30BaHOTO
Ca B MaTpuKci i30J1bOBaHUX MIiTOXOHAPi# 3MiMiCHIOBAIM Ha CIEKTPOX-
moopumMerpi Quanta Master 40 PTI. Ilpomec akymynanii Ca®" Bix6y-
BaBcA y cepemoBumii ckiaany, mM: 20 HEPES (pH 7,4; 37°C), 250
nykposu, 2 K'-gpocharaoro 6ydpepy (pH 7,4; 37°C), 3 MgCl,, 3 ATP,
5 cyknunary Harpiro; kormnentpaiia Ca*’ cranosuina 80 MmxM.

Y Bumaaky pocaimkeHHsa ApH-iHAyKOBaHOrO BUBIJILHEHHSA WOHIB
Ca 3 MiToxOHADiil momepesHIO eHeprosanexuy akymyJasanio Ca®" mpo-
BOOUJIM TPOTATOM 5 XB., Iicida uoro ajikBory cycmensii (100 M)
pO3BOAMIN B cepenoBulli BuBinbHeHHA Ca®" (2 MJI) HaCTyIHOro CKJa-
ny, mM: 20 HEPES (pH 6,5-7,5; 37°C), 2 K"-docdarHoro 6ydepy
(pH 6,5-7,5; 37°C), 250 nmykposu, 5 cyxnuuary Harpito, 5 MKM 11u-
KJIoCIIOpuHY A.

HaBaura:xxeunusa mitoxouzapiit soumzom BCECF-AM y xkoHmeuTparrii 5
MKM mpoBomuau y cepemoBuili, axe mictuiao: 10 mM HEPES (pH
7,4), 250 MM mykposu, 0,1% 6umuayoro cupoBATKOBOTO aJbOyMiHY Ta
0,02% Pluronic F-127, nporarom 20 xB. 3a Temmneparypu y 25°C.
30HI, AKUH He aKyMyJIIOBABCSI B MAaTPUKCi, BimMuBaau Big MiTOXOH-
pit maxom mepeocamkenHa i3 12000g mporarom 15 xB. PecycmeH-
IyBamu Ta 30epiraam MiTOXOHApPIl y BHIIEONHMCAHOMY CEpPeIOBHIIIi.
Peectpaniro ¢aroopecnennii BCECF-AM (A, =510 BM, Ay, =535 HM)
ta Fluo-4 AM (A, =490 5M, Ay, =520 HM) y MiTOXOHAPIAX 3AilicHIO-
BaJu Ha cueKTpoduoopuMerpi Quanta Master 40 PTI.
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Hasanraxxenns mitoxouApiii NO-uyTJIuBUM (JIIOOPECIIEHTHUM 30-
gaom DAF-FM-DA y KonmenTpaiiii 5 MmKM mpoBoguan B cepemoBHUIITi,
axe wmicrumo: 10 mM HEPES (pH 7,4; 25°C), 250 MM mykposu,
0,1% oOwuuavoro cupoBaTKoBoro aanbdoyminmy, 0,02% Pluronic F-127,
npotaroMm 30 xB. 3a Temueparypu y 25°C. Ckiaan cepefqoBuIlia IIif uac
BusHaueHHsa NO-cuHTasuoi aktuBHocTtu, MM: 20 HEPES (pH 7,4;
25°C), 2 K*-pocparroro 6ydpepy (pH 7,4; 25°C), 125 KCl, 25 NaCl, 5
mipyBary, 5 cykmuuary, 0,05 L-aprimimy, 0,1 Ca?, 0,01 NADPH,
0,01 TerparigpobionTepuny. BmicT mporeiny B MiToxoHApiiiHi# (pa-
Kuil ckiaanas 15—20 miyr. Peakmiro iminmiroBajyu BHeCEeHHAM aIiKBOTU
20 miJa L-aprininy 3 Ca?’. Yac imkyo0armii — 30 xB. MipaHHS IpOBO-
ouan i3 sactocyBaHHaM mpoTokoBoro muromerpa COULTER EPICS
XL™ (A5 =488 uM, Ay, = 515 uM (ranan F11)).

IMouaTKOBY IIBHUAKiCTL eHeprozamexnoi akymyaanii Ca®" (V) i xa-
PaKTEepPUCTUYHMI Yac HaliBMAaKCHMAJbHOI aKyMyJAIil KaTioHa (Tq/3)
pospaxoByBasu 3a (OpMyIaMU:

In2
e = (1)
F —F
I/() — k max 0 s (2)
)
ae k, C_1 — KOHCTaAHTa INIBUJKOCTH BXOAY Ca2+, AKY 3HaxXogmmo 3 JIi-

HiliHOI 3ayeskHocTH 3MiHU (uroopectenii Fluo-4 Big uacy B xKoopau-

narax In((F,. — F)/(F,.. —F)), ne F, — no4aTxkoBa (IIIOODECIEHILi,

F — @QumoopecnieHIisa 3a BiamoBigHi mpomixkkwm ugacy, F,., — craiio-

HapHUHA piBeHBb (QIrroopecrieHIlii, AKWUHA JOCATAETHCA 3 YacoM SAK Ha-

CcAimoK Bxony meBHOI KinabkocTu iioHiB Ca B Mmarpuikc. [laHa meronma

PO3pPaxyHKy I'DYHTYEThCA Ha YABJIEHHi, 1110 30isibITeHHsa QJroopeciie-

unii Ca*-uyrausoro zouzy Fluo-4, axum Oy/0 HaBaHTAaKeHO MiTOXO-

HApii, agexBaTHO BimoOpaskae 3MiHM KOHIleHTpaIlii fiomizoBanoro Ca B

MaTpHUKCi.
3mificHIOBaIM CTATUCTUYHY OOpPOOKY pes3yJIbTaTiB 3a CTAHIaPTHOIO

MEeTOJ0I0, IPUNHATOI0 IJd aHAJIiI3W pe3yJabTaTiB 0ioXeMiuHUX TOCJIi-

IKeHb 3 BUKopucTanuaMm CTbIOZeHTOBOro t-Kpurepito [17].

CuHTedy XaJKOHOBMiCcHUX Kajikc[4]apeHiB OyJyio 3milicHEHO y Bin-
mimi ximii gochopaniB Iacturyry opramiunoi ximii HAH VYkpainu. B
IOCTiIKeHHAX 0yJI0O BUKOPUCTAHO HACTYIIHI CIIOJIYKU:

» C-138 (5,11,17,23-Terpa-mpem-6yTun-25,27-gurinpoxcu-26-
meTokKcu-28-[(4'-
OeHnsuigeHarnerodeHoHiI)aMiHOKapOoOHiIMeTOKCH |[KariKke[4]apeH;

» C-1012 (5,11,17,23-Terpa-mpem-o6yTui-25,26-gunpomnoxcu-27,28-
oic[(4'-
OeHnsusigeHarnerodeHoHiT)aMiHOKapOoHiIMeTOKCH |[Karike[4 ]apeH);

» C-1021 (5,11,17,23-Terpa-mpem-6yTuia-25,27-gunpomnoxkcu-26,28-
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oic[(4'-(4"-
HiTpOoOEeH3MTi-
IeH)atneTodeHOHiT)aMiHOKapOoHiMMeTOKCH |[Karikc[4 JapeH);

» C-1023 (5,11,17,23-Terpa-mpem-oytui-25-rigpoxcu-26,27,28-
tpul(4'-
OensuiigenanerodeHoHiT)aMiHOKapOoHiIMeTOKCH |[Kaurike[4 JapeH);

» C-1024 (5,11,17,23-Terpa-mpem-oytui-25-mpomnokcu-26,27,28-
Tpu[(4'-
OensuiigenanerodeHoHiT)aMiHOKapOoHiIMeTOKCH |[Kaurike[4 JapeH);

» C-1011 (5,11,17,23-Terpa-mpem-6ytui-25,26,27,28-rerpal(4'-
OensuiigenarerodeHoHiT)aMiHOKapOOHiI-MeTOKCcH |Kaikce[4 Japen).
Kanikc[4]apenu posuunaau B auMmetuiadopmaminai (DMFA) Tta BHo-

cuau andikBory 10 MKJ OesmocepeIHLO M0 cepemoBuilia iHKy6aii. Ki-

HieBa KoumeHrtpamnis DMFA B cepemoBuimii — 0,5%. B komTpoui

DMFA y sasHaueHiili KoHIIeHTpAaIlili He YMHUB BILJIUBY Ha OCJimKYy-

BaHI mapamerpu. B gociizax BHKOPUCTOBYBAJIM XaJKOHOBI Ka-

Jdixkc[4]aperu B KoHmeHTpalii 10 MxM; 3a 30inblleHHA ITiel KOHIEHT-

pamii cmoctepirasocss mnomMyTHiHHA posauuHiB. Ilig wyac BUBYUEHHA

BILINBY Kalikc[4]apeHiB Ha eHeprosajeskny axymyiaimio Ca®" miro-

XOoHApPii Oysu mpeiHKyOoBaHi 3 TOCTiMKyBaHUMHU CIIOJYKaMu 3 XB.

3. PE3YJIBTATH TA IX OBTOBOPEHHS

YucroTy mpemapariB XaJKOHOBMicHUX KaJikc[4]apeniB Gyio migTse-
pasxkeno 3a pomomoroio SIMP-cnexTpockonii B IncturyTi opraniunoi

HN "N'go (Lolﬂﬂ
< © 0“ NH O ®

C-1023 C-1024 C-1011

Puc. 1. CtpykTypHi dopMynan xaTKoHOBMicHNX Karikc[4]aperis.!
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ximii HAH Vikpainu. CTpyKTypHi (GopMyau BHOPAHMX XaJIKOHOBUX
Kaiikc[4]apeHiB mpexacraBieHo Ha puc. 1. Moaexkyiau mOCTiAKeHUX
CIIOJYK CKJIAZaloThCcA 3 Kajikc[4]apemoBoi uarmi Ta pisHOI KiabKOCTHU
XaJKOHOBUX 3aMicHMKIB Ha Ii HmkHBLOMY BiHmi. KimbkicTh samicuu-
KiB Bapiroe Bim ommoro (cmoayxa C-138) mo mBox (C-1012, C-1021),
phox (C-1023, C-1024) ta uoruprox (C-1011). Kpim rigpodobumx
XaJKOHOBUX 3aMiCHUKIB, Kajdikc[4]apeHu MicTATb rimpogoOmui rpymu
t-Bu, OMe, OPr Ta rigpodinbui OH-rpynu. XaakoHOBI 3aJUIIKK B
cumoaymi C-1021 mMaioTh eJeKTPOHO-aKIlenToOpHi moasapHi NO,-rpymnu.

EdekTBHIiCTL, BOINMBY XaJIKOHOBMiCHUX KaJikc[4]apeniB ma Gioxe-
MiuHi mapaMeTpu i30JhLOBAHUX MITOXOHAPii Oyme BM3HAUATHUCA IXHi-
MU (PiBUKO-XeMiYHMMM BJIACTHBOCTAMM, a caMe, 3aJiedKaTH BiJ KiJb-
KOCTM Ta HOPUPOAM XaJIKOHOBUX YrpPyIoBaHb i 3aMicHUKIB y Ka-
Jdikc[4]apenosiit uvamri. IHTeHCHUBHiCTL Gioxemiunmx edekTiB Oyme 3a-
JexaTu BiJ edeKTWBHOCTU B3aeMOMii, mmepeayciM, i3 BHYTPIiITHBOIO
MiTOXOHApifiHOI0 MeMOpaHOI0, AKa, B CBOIO UYepPry, 3YMOBJIIOETHCS
cTymeHeM TigpodoOHOCTH cIONyKu. MoikHa IepemdauuTy, IO BHUINA
rizpoobHicTs 1 HMIKYa [OJAPHICTE Kajdikc[4]apeHy 3yMOBJIATH
0inbIl e()eKTUBHY B3a€EMOMiI0 3 MEeMOPAHOIO ¥ iHTEHCUBHIIINI BIJINB
Ha KOMIIOHEHTU eJIEKTPOHHO-TPAHCIIOPTHOIO JAaHIora Ta TPAHCIOPTHI
CUCTeMH, B Hill JIoOKaJIi3oBaHi.

IIpoBemenuMu JOCHiMKEeHHSIMM BCTAHOBJEHO, IO BuOpaHi Ka-
Jixkc[4]apeHu 3 pi3HOI0 IHTEHCHBHICTIO IPUTHIUYIOTh OKMCHEHHS €H-
morerHoro NADH y MiTOXOHApPiAX, MOHMMKYIOUU (hJIIOOPECIIeHTHY Bi-
IIOBiAb BiHOBIEHOI ()OPMU KOEH3WMMY BiJHOCHO KOHTpOJIIO (puc. 2),
10 CBiIUMUTH IIPO TaJbMiBHUU BIIJINB Ha (PYHKITIOHYBaHHSA €JEKTPOH-
HO-TPAHCIIOPTHOTO JIAHITIOTA, MOMKJIMNBO, MLIAXOM iHri6yBamHa I-

0,02 4

Yac, xB.
0 1} . ‘

——C-1012(2)

-0,02 4 —C-1021(2)

0,04 - ——C-1023(3)

—0—C-1024(3)
-0,06
——C-1011(4)
-0,08 -

0,1 - --C-138(1)
-0,12
=—4—KOHTPO.Ib

®ayopecrennis NADH, BigH. of.

0,14 -

Puc. 2. BryimB xaJlKoHOBUX Kajikc[4]apeHiB Ha iHTEHCHBHiCTH OKMCHEHHS
NADH B isonboBaHMX MIiTOXOHAPiIAX (pes3yJbTaT XapaKTEPHOTO MOCJIimy).
TyT i Ha HacTyIHUX PUCYHKaX y MYsKKax BKa3aHO BiANMOBIAHY KiJbKicTh xa-
JIKOHOBUX 3aMiCHUKIB.
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IuxainbHOTo KomIlaekcy. Ileit eekT yacTKOBO 3asiekaB BiJ KiJTbKOC-
T XaJKOHOBUX 3aMiCHUKiB: HaABHICTBH JIUIIIE OJHOTO MaJjia MOMipHUHN
BILJIMB Ha (PIIOOPECIIEHITiI0, TOAl K iXHE 3POCTAHHSA IO ABOX, TPHOX i
YOTUPHOX CYHPOBOJKYBAJIOCh iCTOTHOIO raJbMiBHOIO Ji€l0, IO BiKe He
3ajexkajia Bij KimbkocTm 3amicHmKiB. Mo)kHa NpUNYyCTUTH, IO iHTE-
HCUBHIicTh BOauBYy Ha (uioopectieniiito NADH BuszmauaeThcs He Tijb-
KM KIJBbKICTI0O XaJIKOHOBUX BaJIUINKiIB, a ¥ mpUpoAo0 (GpyHKIioHATH-
Hux rpyn (¢-Bu, OMe, OPr, OH, NO,) B Mmonerymax rajaikc[4]apeHis.
Ilonm:xenusa (IIIOOPECHEeHTHOI BiAIIOBifi e€HJZOreHHOTO MiTOXOHAPIi-
gHoro FAD mipg BmamBOM JOCHIA:KYBaHUX CHOJYK BiJHOCHO BeJIWYNHU
KOHTPOJILHOT'O CUTHAJy B HAIIUX NOCTiAKEHHAX CBiIUNUTHL IPO 3MEH-
IMIeHHS iHTEHCUBHOCTH OKMWCHEHHS IIbOI0 HYKJEOTHUAY i, BiAIIOBimHO,
raJIbMyBaHHA POOOTU eJIeKTPOHHO-TPAHCIIOPTHOTO JIaHI[Iora, Biporisn-
HO, IIJIIXOM IPUTHiIUYeHHA (PyHKIioHyBaHHA II-muxasbHOTO KOMILIEK-
cy. 3anme:xkHocTH edeKTy Bijg xemiuHoi mpupoam Kaiikc[4]apeHiB y
IUX JOCTiIKeHHSIX He BuUABJEeHO (rpadiuni maHi He HaBeaeHO).

IuribyBanusa OoKpeMUX KOMILIEKCIB AMXaJbHOTO JIAHITIOTA MiTOXOH-
Ipifi Mae HacJiZKOM IIOCUJIeHHsA r'eHepallii akTuBHuUX (opm OKcure-
HY, Ipo Imo cBiguuTh 3pocramua DCF-dmioopecrenitii 3a aii Bubpa-
HUX KaJikc[4]apeHiB BiZHOCHO KOHTPOJLHUX 3HaueHb (puc. 3). IHTe-
HCUBHICTB IIbOTO e()eKTy KOpeJsoBaJia 3 KiJbKiCTIO XaJIKOHOBUX 3aMi-
CHUKIB y mociimxyBammx cmoaykax. Cmocrepirajmaca TeHAEHIISA IO
3pocTanusa (JIIOOPECIIeHTHOI BimmoBimi 3i 30indbIIeHHAM KiJIbKOCTHU
rigzpodobHUX 3agumiKiB. BTiM HagBHICTH AJOAATKOBUX XE€MIiUHUX T'DYI
pisHOI MOJAPHOCTH HPUBOAWJA IO TOrO, IO edexTu Kagixkc[4]apeHis
3 JOBOMa Ta TpbOMa XaJKOHOBMMU 3ajuiitkamu 1moxo DCF-
droopectientii 0y maiike MOTiOHUMU.

DYHKIIOHYBAaHHA €JeKTPOHHO-TPAHCIIOPTHOTO JIAHITIOTA JIEKUTH B
OCHOBi GioeHepreTMKU MiTOXOHIPili, a CTBOPEHMUI BHACJITOK I10T0 po-

18-
——C-1011(4)
—0-C-1024(3)
—=C-1023(3)
—=C-1021(2)

—+—C-1012(2)

===C-138(1)

—4—KOHTPOIb

) 5 10 15 20

DCF-duayopecuenmia, Biga. of.

Yac, xB.

Puc. 3. Boiue xaikoHOBUX Kajikc[4]apeHiB Ha yTBOpeHHS aKTUBHUX (GopM
OKcureHy B i30JIbOBAHMX MIiTOXOHIPifAX (pes3yabTaT XapaKTepHOTo AOCIiry).?
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00TH eJeKTPOXeMiUHMH I'paJi€eHT HMPOTOHIB i HEeraTMBHUM ITOTEHIIisAJ
(6ina —180 mB) ma BHYTpimHiI# MiTOXOHApiiiHiIA MeMmOpaHi € OCHOB-
HUMHM YMHHUKAMU KOHTPOJIO JIOKAJNIiB0BAaHUX Yy Hilli TpaHCIOPTHUX
cucreM. OZHUM 3 TOJIOBHUX PErYJISATOPIiB aKTUBHOCTU €JIEKTPOHHO-
TPAHCIIOPTHOTO JIAHIIIOTa Ta MeTaboJIidaMy MIiTOXOHApPiH y IijgomMy €
KoHIeHTpaIia oHiB Ca B MaTpuKci, AKa IMiATPUMYETLCA Ha ONTHMA-
JBbHOMY piBHI 3aBAskm pobori Ca?-Tpancmopraux cucrem [18]. Ilose-
IeHo, IO B MiTOXOHApPiAX MiomeTpia y BHYTpIilIHi#T MeMmOpami JoKa-
Ji30BaHiI mpMHAWMHI IBi Taki cucreMu, a caMe, eHEPro3ajie:KHOl aKy-
mynanii #omnis Ca (Ca**-ymimoprep) i H'—Ca®'-o6mimmux [19-20].
IsonpoBanHi MiToxoHApII MaioTh 3Mory akymy.oBatu Ca’’ 3a mpucyt-
HocTu cykinuHaty i1 ATP 3 mosamiToxoHApifiHOrO cepemoBHIIA, IIPO
IIT0 CBiAYUTH 3POCTAHHA AKyMYJAIil KaTioHy. 3MiHM iHTEeHCHMBHOCTHU
duroopecrienTHOi Bigmosizi Ca?'-uyrauBoro somxy Fluo-4 Bimo6paska-
I0Th 3[IaTHICTh eHepri3oBaHUX MiTOXOHApPiil MiomeTpia HakoIMUyBaTHU
i1 epexTuBHO yTpuMmyBaTtu iiouu Ca (puc. 4).

JlomaBanHA 3pocTarouymX KOHIIEHTpPAIlifl ITbOT0 KAaTioOHy HPUBOIUTH
To 301iJIBIIEeHHS (DIIOOPECIIEHTHOTO CUT'HAJY 3 HACTYIHUM BUXOJOM Ha
piBeHBb IIaTO; 3i 3pOCTAaHHAM KOHIIEHTPAI[ifl KaTioHy iHTEeHCUBHICTH
BifmoBizi moHmMKyeThCA uepes oOMeskeny Ca’’-micTkicTs. omaBaHHS
Ca’"-itomodopa A-23187 (10 mxM), a oTxe, 36inbIIeHHA Hecmerudi-
YHOI IIPOHUKHOCTH MiTOXOHAPifiHOI MeMOpaHM, Ma€ HACIiTKOM IIIBHU-
IKe BUBiIbHeHHA aKyMmyaboBaHoro Ca®’" y cepegosume 3 Ca®'-
xeqaropom EI'TO (1 mM). Ilopax 3 mumM, y MiTOXOHIPiAX PEECTPYETH-
ca akTuBHicTs H'—Ca®-o6Mmimruka. MiToxoHApPil Magu 3MOI'y BUBLIbL-
HATHU IOIepefHbO aKyMyJbOBaHHUII B eHeprosalexxHomy mpormeci Ca'
3a YMOBHU 3aKHUCJIEHHs II03aMiTOXOHIpPiiHOTO cepemoBuina (puc. 5, a)
3rifHO 3 JaHMMU TpPO TOHMKeHHA QurroopectienIiii Fluo-4 za sminm
pH Big 7,5 no 6,5 (ApH-sanesxue BubinbHenna Ca®"). IlapanenbHo
BiIOyBa€eThCA TAKOK B3aKMCJIEHHA MATPUKCY, IIPO IO CBiAYUTH MOHU-
sKeHHs (aroopectenirii pH-uytausoro 3ouagy BCECF, askum 6yjao Ha-
BaHTaKeHo MiToxoHapii (puc. 5, 6).

Bubpani xaikKoHOBI KaJikc[4]apeHr TPUTHIYYBaJIu €HEPro3aieskHy
akymyasaniro Ca®" (puc. 6, a) Ta H—Ca*-o6minsuk (puc. 6, 6) B Mi-
ToxoHApiAxXx. IIpm 3pocTaHHI KIiJIBKOCTM XaJIKOHOBUX 3aMiCHUKIB Bif
OOHOT'O 0 IBOX e(eKTUBHICTH iHTiOiTOPHOrO BIJIMBY iCTOTHO 3pocCTa-
Ja. BriMm HaABHiCTh MOJAPHUX eJeKTPOHO-aKienTopHux rpym NO, B
XaJKOHOBUX 3aauinkax cmoayku C-1021 mana HacaigkoMm mocaod-
JIEHHA B3a€MOJii 3 BHYTPIIITHBOIO MiTOXOHAPifiHOI0O MeMOpaHOI Ta Bi-
JIIIOBiHe MOHMKEeHHS e()eKTUBHOCTU BILIMUBY Ifogo cmoaykum C-1012,
axa He Mmictuth NO,-rpym, 3a YMOBH OJHAKOBOI KiJIbKOCTH XaJKOHO-
Bux 3anumikiB. Ilomasblie 3pocTaHHA KiJBbKOCTH 3aMiCHUKIB Ha HU-
JKHBOMY BiHIII KaJikc[4]apeHoBoi uarllri BiKe He MAJO iCTOTHOTO BILIH-
By Ha iHrioyBanpHy 3xaTHicTh. IlopiBHaAHHA raabMmiBHOI mii Ka-
Jaixkc[4]apenis 3 TppoMa xankoHosumu sajumkramu (C-1023 i C-1024)
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10 mxMA 23187

o 1,3 20 MM +1 MM ET'TO
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Yac, xB.

Puc. 4. Omirka eHeprosane:xHol akymyJaamii Ca®?" B isonrpoBaHnxX MiTOXOHS-
piax sa smimamm imTeHcuBHOCTU ¢rtoopeciierItii Fluo-4 (pesyabraT xapak-
TEpHOTO JoCTimy).*

<« 105 Buxig Ca? 3 MaTpHKCY E’-c; 1,05 BaKHCcIeHHI MATPHKCY
Q 1 ) 5] *
] O
B 095 . --.pH.i5°:;. : - —_—
= =
e 220 Il
o o 0,9
% = 085 pH 6,5 s
g A 0,8 g m(),85
2 075 S 08 pH 6,5
6 a8 075
07 3 4 & § 10 o 2 4 6 8 10
Yac, xB. Yac, xB.
a (1]

Puc. 5. OgaouacHi 3minn kommenrtpanii Ca?t (a) i H' (6) B marpukci miToxo-
H7piH 3a ymoBu (ymKIionyBanHs H'-Ca?'-o6MinHNKA (pe3yabTaT XapakKTe-
pHOTO Jociixy).’

CBiIUNTH IPO 3aJIeKHICTh €(PeKTUBHOCTU BIJIUBY BiJ IIPHUPOAM 3aMic-
HUKiB y camiii uamri. Cmonyka C-1023, axa mictuTh rigpodinsuy de-
HonbHy OH-rpymy, mocrymaeTbcsa 3a e(EKTUBHICTIO iHTiOyBaJbHOTO
pruBy cnoayii C-1024, axa mae rigpodoouy rpymy OPr.

Amnajiza amin ¢uoopectenTHoi Bigmosiai Fluo-4 3 wacom, aAka Bi-
nobpaskae OUMHAMIKy eHeprosasie:Hoi akymyasanii Ca®', cBiguuTs mpo
IOCATHEHHSA PiBHOBAXKHOTO CTAHY TPAHCIIOPTHOTO IPOIECY 3 BUXOAOM
KpuBoi Ha maato (puc. 7, a). lle mae 3mMory BUKOpPHCTATH BigmoBimHi
KoopauuaTtu (puc. 7, 6) OIS PO3PaxyHKIB OCHOBHUX KiHEeTHYHUX Ia-
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Puc. 6. Biue xankoHoBuX Kamdikc[4]apeHis Ha obmim Ca®" B isonboBammx
MiToxonzapiax. Erneprosanexna akymynania (a), ApH-saneskunit Buxin Ca®
(6). 3a 100% B3aATO 3MiHU (paoopeciieHTHOTO curHaay Bim Fluo-4 3a Bimcyt-
HOCTH Kauikc[4]aperis. M + m, n =4.°

paMeTpiB TPAHCIIOPTHOT'O IIPOIECY — MIOYATKOBOI IIMIBUIKOCTH aKyMY-
namnii Ca®" (V,) i wacy mHamiBmaxcumanbHOI akymynanii Ca®’ (xapak-
TePUCTUYHHUL YaC Ty,).

Amnaiiza smin mapamerpa V, sa nil kaimikc[4]apeniB (puc. 8, a) mo-
Kasaja ii BiZIOBiAHICTL 3aJieKHOCTI iHTiIOyBaJIbHOTO BILIMBY BiJ Ki-
JBKOCTH XaJKOHOBUX 3aMiCHUKIB i mpupoam (QyHKIIOHAJBHUX TPYII
(puc. 6, a). BomHouac moCTOBipHE HOHMIKEHHS XapaKTEPHUCTHUUHOTO
yacy axkymyaanii Ca?" mitoxomgpismu (pue. 8, 6) mMano Mmicme Jmime
3a mii xamikc[4]apeuiB C-1021 (mBa xankoHOBi 3amicHuKku) Ta C-1011
(doTupM XaJKOHOBiI 3aMiCHMKM). 3MEHINIEHHS IOCJiI:KYyBaHOTO ITapa-
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Puc. 7. Eneprozane:xna akymyaamia Ca®?" mitoxomapismMu B KoHTpoai it y
npucyTHocTi Kasikc[4]apena C-1012. Crpinouxkoio BKa3aHO MOMEHT BHECEH-
Ha 80 MM Ca?" mo miroxomapiit (a). JliHeapusalia omepsKaHUX JAaHUX AJIA
PO3pPaxyHKY OCHOBHUX KiHEeTHUHHX ITapaMeTPiB TpaHCHIOPTHOTO mporecy (0).
(PesynpTaT XapaKTepHOTO focrimy.)’

MeTpa MOKe CBiguuTH mpo Te, IMo Ha (oHi iHTiOyBamHA eHeprosale-
HOI akyMmynamnii Ca®’ BHOpaHMMHU CIOJYKAMU Ma€ MicIle 3pOCTaHHS
OIPOHMKHOCTY BHYTPIiIIHBLOI MiTOXOHApPifiHOI MeMOpaHH OO KAaTioHY.
Cooayka C-1011 e maiibinpmr rigpodobHOIO 3 JOoCHimKyBaHux; edek-
THUBHO B3aEMOJiIOUM 3 JiHiJHMMM KOMIIOHEHTAMH MeMOpaHM BOHA
3laTHA YMHUTH iCTOTHUI BILIMB Ha ii nmporukHicTh 1o Ca®’. Xoua me-
ratusBHi 3apagu C-1021 MaoTh 3aBa’kaTH B3aEMOXil 3 BHYTPIIIIHBOIO
MiTOXOHAPiHiHOI0O MeMOpPaHOI0, Ie OJHUM IIOACHEHHAM ITOHUMKEHHS
T2 B IIbOMY BHIAQAKy MOxXe OyTu OesmocepeJHsA B3a€MOAid 3 Ca*-
TPAHCHOPTHUMHU IIPOTEIHAMU.

Panimre mamm OyJio IIpoAeMOHCTPOBAHO U oxapaxTepu3oBaHo NO-
CHUHTa3Hy aKTHUBHICTL B 130JbOBAaHUX MITOXOHApPiAX Miomerpisd, a Ta-
KOK BaKJHMBICTH MiTOXOHIPiN AK emmoreHHoro m:xepeaa NO B riane-
HbKOMY M’ A3i maTku [21]. Bigomo, mo NO perynatoe ocHOBHI QyHKITi1
MiTOXOHAPili, BKJIIOYAIOUN CIIOKMBAHHSA KMICHIO, OKICHE (ochopuio-
BanHa, Ca’-romeocras Tomo. B okpeMHX TKaHMHAX TAKOXK JE€MOH-
CTPYIOTh HaABHicTHL MiToxoHApiiHOI NO-cmHTasm; xoua ii JOKaJiza-
Iidg OHUCKYTYEThbCs, IPUIYCKAIOTh 3B’SI30K i3 BHYTPIiIIHBOIO MeMOpa-
HOMO [22, 23]. B momepenuix mocaimkeHHAX HaMu OyJI0 ITPOJEMOHCT-
poBaHO, IO CHMHTe3a OKcHuAy HiTporeHy B MiTOXOHAPiAX aKTHUBYETBLCS
Ca® i same:xuTh Bif cTymeHsa ixHbOI eHeprisamii [21]. B mi#i po6ori
MU OOCHiAMIN Ait0 XaJKOHOBUX Kajikc[4]apeuiB ma NO-cuHTa3Hy ak-
THUBHICTh B i30JIbOBAHMX MITOXOHZPiAX 3a paHillle BCTAHOBJEHUX OII-
TUMAJLHUX YMOB Ilepebiry peaxiiii. BusaBieno, mo BubpaHi Ka-
Jdikc[4]apenu mpurHiuyooTh y cepegabomy Ha 10—-35% yTBOpeHHS OK-
cuny Hitporeny wmirtoxouapiamm (puc. 9), mpuuomy 3i 3pocTaHHIM
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Puc. 8. 3minm ocHOBHMX KiHETMUYHMX ITapaMeTPiB eHEeprosaekHOi akyMy-
namii Ca?" miToxoHApiAME B KoHTposi # y IPHUCYTHOCTI XaJKOHOBUX Ka-
aikc[4]aperiB. M +m, n=4. a—no4yaTKoBa IIBUAKiCTH V|, TpaHCHOPTHOTO
mpoliecy; Bci 3MiHM AOCTOBipHI BigHOCHO KOHTposaw, p<0,05. 06—
XapaKTePUCTUYHUN UYaC TPAHCIIOPTHOI'O IIPOIECY Ty, “_3MiHE fJocTOBipHI
BilHOCHO KOHTpOJIIO, p < 0,05.%

KiTBKOCTH XaJIKOHOBHX BaJUINKIB y MOCTIIKYBaHUX CIIOJNYKax CTY-
OiHb iHTIOyBaHHSA IMOHMIKYETLCS.

TaxuM YMHOM, OOCIIMKYBAHUU IIOKA3HUK O00EPHEHO MPOIOPIIiAHUHA
rizpodobuocTi Kasikc[4]apeHiB, KoTpa migBHIIyeThbCs IO Mipi 3poc-
TAaHHS KiJIBKOCTH XaJIKOHOBMX 3aMicHUKiB. BoueBuab, iHTiOyBaabHMI
edeKT OesmocepeqHBO He MOB’sI3aHUI Hi 3 BIJIMBOM KaJurikc[4]apeHis
HA eJIKTPOHHO-TPAHCIOPTHUI JIAHIIOT, Hi 3 ixHBOIO gaiero Ha Ca®'-
TPAHCHOOPT Yy BHYTPIiIIHIA MiTOXOHApifiHiN MemOpani. Cxopimme 3sa
BCe, BiH acoIilioBaHUM 3 MEBHOIO0 (PYHKI[IOHAJBHO BaKJIMBOIO YaCTHU-
HOI0 MiToxomapifimoi NO-cuHTa3u, II0 €KCIOHOBaHA Yy MiKMeMOpaH-
HUUN TIpoCTip, a He i3 B3aeEMOJi€l0 i3 JIiMiHOIO KOMIOHEHTOI0 BHYTPi-
mHBOI MeMOpanu. Hamwm Oyso pawmimie mokasanHo, mo cuuTesa NO B



276 I0. B. TAHWJIOBUY, T'. B. JAHIMJIOBUY, M. [I. CBATHEHKO Ta i=.

120 1

S S

AxrusHicts mtNOS, %
3 3 8

[\
o
!

0 ‘ T T T ‘ )
C-138(1) C-1012(2) C-1021(2) C-1023(3) C-1024(3) C-1011(4)

Puc. 9. Bonus xankoHOoBUX Kajikc[4]apeHiB Ha aKTHBHicTH MiTOXOHADiiiHOI
NO-cunTasu. M +m, n=4-6.°

MiTOXOHIPiAX HpurHiuyeThca iHribiTopamu rtpamcmopry Ca?'. Orxe,
olleps;KaHi pe3dyJbTaTU HENPSAMO BKa3yIOTh Ha Te, IO IO BiHOIIIEHHIO
10 BHYTpimIHbOI MiToXOHApPiliHOI MeMOpanu NO-cuHTasa Mo:xke OyTu
iHTer'PaIbHUM €H3UMOM.

IIpoBeneHi mociigsKeHHA CBimyaTh PO IIEPCHEKTUBHICTH 3acCTOCY-
BaHHA XaJKOHOBUX Kasikc[4]apeHiB AK iHCTPYMEHTIB y XOCIiIKeH-
HaX OioxemiuHmX mpoIieciB, IO acolifioBaHi 3 CYOKJiTMHHUMU MeM-
OpaHaMM, a TaKOM IIPO BAKJIMWBICTh MOJANBIINX CTYHAili, CIIPAMOBA-
HUX Ha 3’dCyBaHHSA 3B’fA3KY MiK IXHBOIO CTPYKTYpOIO Ta OioJioTiuHm-
mu edpertamu. Ili mociimkeHHA MOMKYTH IIPUBECTU O CUHTE3U CeJIeK-
TUBHUX iHTiIOiTOPiB/aKTUBATOPIB KJIITUHHUX IIPOIIECIB.

4. BAICHOBRH

1. XankomoBi kaxikc[4]apeHu rambmMyoTh orxucHeHHs NADH i
FADH, B esleKTPOHHO-TPAHCIIOPTHOMY JIAHITIO3i 1 iCTOTHO MOCHUJIIOIOTH
reHeparlliro akTuBHuUX Gopm OKcUT'eHY B MiTOXOHIPiAX.

2. Nocrimxysani kamikc[4]aperu imri6yiors Tpancmopr Ca’*' y BHYT-
pimHi#t MiToXOHAPiTiHiA MeMOpaHi.

3. Cunresa okcunay HirTporeHy MiTOXOHAPiAMH IPUTHIUyETHCA XaJ-
KOHOBUMU KaJikc[4]apeHamu.

4. 3asHaueHi epeKTH 3ajJeKaau, B MEPITy Yepry, Biff IPUPOAU Ta Ki-
JBKOCTH XaJIKOHOBUX 3aMiCHUKIB Ha HUIKHBOMY BIiHIII Ka-
Jikc[4]apeHoBoi uari, a TaKOK BiJf IPUPOAM IiHIIUX B3aMiCHUKIB ¥y
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MOJIEKY.JIi.

Pobory BukoHaHo 3a (inamcoBoi mimTpumiu rpantis HAH Vxpai-
HU: «Po3pobka HOBMX HAHOPO3MipHUX KaJikcapeHOBuUX e(eKTopiB
ATP-zane:xHUX €H3UMATUYHHNX Ta KaTiOH-TPAHCIOPTYIOUUX CHCTEM»
(N20118U006093), «3acTocyBaHHS KajJdiKcapeHiB AK edeKTOpPiB eHep-
rosasne:xaEnx Ca? -TpaHCIIOPTYBAJIBHUX CHCTEM 3 METOI0 CIPAMOBAHOI
MOZYJIAIIIl IIPOIieciB eJIeKTPOo- Ta (papMaKOMEXaHIuYHOTO CHPSAKEHHS B
raageHbKuX M’ sa3ax» (Ne0120U000183).
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! Fig. 1. Structural formulas of chalcone-containing calix[4]arenes.

2 Fig. 2. Influence of chalcone calix[4]arenes on the intensity of NADH oxidation in isolated
mitochondria (this is result of a typical experiment). Here and in the following figures, the
corresponding number of chalcone substituents is indicated in parentheses.

3 Fig. 3. Influence of chalcone calix[4]arenes on the reactive oxygen species’ formation in
isolated mitochondria (this is result of a typical experiment).

4 Fig. 4. Evaluation of energy-dependent Ca?' accumulation in isolated mitochondria by
changes in Fluo-4 fluorescence intensity (this is result of a typical experiment).

5 Fig. 5. Simultaneous changes in the concentration of Ca?' (a) and H' (6) in the mitochondri-
al matrix under the condition of functioning of the H*—Ca?"-exchanger (this is result of a
typical experiment).

5 Fig. 6. Influence of chalcone calix[4]arenes on Ca?' exchange (for Ca? metabolism) in isolat-
ed mitochondria. Energy-dependent accumulation (@), pH-dependent Ca?" yield (6). 100% —
changes in the fluorescent signal from Fluo-4 at the absence of calix[4]arenes. M + m, n=4.

" Fig. 7. Energy-dependent accumulation of Ca?' by mitochondria in the control and in the
presence of calix[4]arene C-1012. The arrow indicates the time of introduction of 80 uM Ca2*
to mitochondria (a). Linearization of the obtained data for the calculation of the main kinetic
parameters of the transport process (6). (This is result of a typical experiment.)

8 Fig. 8. Changes in the main kinetic parameters of energy-dependent accumulation of Ca®" by
mitochondria in the control and in the presence of chalcone calix[4]arenes. M + m, n=4. a—
initial velocity V, of the transport process; all changes are significant relative to control,
p <0.05. 6—characteristic time of the transport process t,,; “changes are significant relative
to control, p <0.05.

9 Fig. 9. Influence of chalcone calix[4]arenes on the activity of mitochondrial NO-synthase.
M+m, n=4-6.
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Having regard to the rapid growth of nanomaterials in the human envi-
ronment, both in assortment range and in absolute weight, it is necessary
to determine the issues of their harmful effects on humans and the envi-
ronment. This is especially important, when traditional nanosize elements
are used in medicine and pharmacology. As known, depending on the size
and technological conditions of fabrication of these materials, they ac-
quire new distinctive properties. This one requires changes in traditional
algorithms used in pharmacotoxicology. This article reviews the methods
and offers a rejuvenation of algorithms for the nanotoxicological studies.

BpaxoByiouu ImIBHAKe 3POCTAHHSA HaHOMATEPisaaiB B OTOUEHHI JIOAWHN SK 3a
ACOPTHMEHTOM, TaK i B aGCOJIOTHOMY BaroBOMy BUMipi, HeoOXigHO BM3HA-
YUTUCHh 3 MUTAHHAMM MIKiAJWBOTO BILIMBY IX Ha JIOAWHY Ta HABKOJIUIITHE
cepemoBuIle. 30KpeMa, Iie BasKJINBO, KOJU TPANUIIiHHiI eJleMeHT:H y HaHOPO-
3Mipax BHKOPHUCTOBYIOThCA y MeAuIluHi Ta (apmakoJsorii. Bigomo, 1o, B
3aJIe’KHOCTI Bii po3MipiB, a TaKOXK TEXHOJIOTIYHWX YMOB BUTOTOBJIEHHS WX
MaTepisaniB, BoHM HaOyBalOTh HOBUX BimMiHHMX BaactuBocTeii. Ile morpebye
3MiH TpaguIiHUX aJT'OPUTMIiB, IO BUKOPHCTOBYIOTH iX y (hapMaKOTOKCH-
KoJiorii. B crarTi mpoBOAMTBCA OTJIAJL METOAUK i IPOIOHYETHCA IIEPErJIA
AJITOPUTMiB HAHOTOKCHUKOJIOTIUHUX AOCIiIKEHb.

Key words: nanomaterials, toxicity, nanotoxicity.
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1. INTRODUCTION

The last decades of the development of human civilization have been
marked by multiple rapid technological breakthroughs. One of such
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areas of scientific thought was the desire to know the properties of
matter at micro- and nanolevels. Physics, chemistry, biology, medi-
cine, industry, agriculture, and a few other areas are actively de-
veloping nanomaterials. Nanomaterials are intensively developed
and researched for the food industry, agriculture, electronics, etc.
Very promising studies are involving the use of nanoparticles (NPs)
in medicine and pharmaceuticals for diagnostic or therapeutic pur-
poses. To date, a big quantity of nano-based drugs has been de-
signed to treat various diseases such as neurological disorders, dia-
betes, cancer, infectious diseases, and allergy [1, 2].

2. THEORETICAL DETAILS

The specific properties of traditional elements at the nanoscale not
only significantly affect many biological processes, but also make it
possible to use them as carriers, significantly changing the bioa-
vailability and kinetics of drugs. The known already and alleged
technological capabilities of nanomaterials are causing the rapid
growth of their development and production.

However, the hasty introduction of substances with new, not al-
ways predictable unique properties into the biosphere should be
combined with the confidence of their safety for both the man and
his environment. The historical experience of the technological rev-
olutions had demonstrated us not only the significant advantages of
industrial growth, chemical synthesis, the development of chemo-
therapy, radio energy, but also the ongoing and accumulating pres-
sure of the negative consequences of the technological boom.

Given the wide range of areas of human contact, as a biological
system, with nanomaterials and requiring various methods for as-
sessing human impact, we plan to discuss only assessment methods
in pharmacology.

To solve surveys of safe use of new materials in medicine for
health in medicine, it is necessary, from our point of view, to de-
termine some important aspects. First, is it justified to copy simply
traditional methods for assessing the drug toxicity of new materials
for use as a medicine or an agent for changing pharmacokinetics?

Secondly, how diverse should the studies of each sample of na-
nomaterials be, given the difference in their properties depending
on the synthesis conditions? Besides, it is very difficult to corre-
late, probably, only structured nanotoxicity. It is suggested that
additional information should be considered, such as (1) synthesis
conditions, (2) technological characteristics, (3) nanoparticle size,
(4) concentration, and (5) attributes associated with cell membranes.
Molecular descriptors cannot be defined for very complex substanc-
es such as NPs and engineered nanomaterials (ENMs), since there is
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usually no clear idea of their molecular structure [3].

It was established that the study of the mechanisms underlying
the kinetics of NPs in biological media and their physiological and
toxic effects strongly depends on their physical properties such as
size, shape, structure, surface charge, and surface area, hydro-
philicity, agglomerate and aggregate formation. Together with sol-
ubility, chemical, and geometric properties of new materials, this
may be a prerequisite to obtaining reliable data on their toxicity
[4].

Today, we have an ever-increasing database of increasing toxicity
of nanomaterials in comparison with those elements of standard size
and structure. Given the same mass, smaller nanoparticles have a
larger specific surface area (SSA) and, thus, more available surface
area to interact with cellular components such as nucleic acids, pro-
teins, fatty acids, and carbohydrates. The smaller size makes also
likely it possible to enter better the cell, causing cellular damage.
For example, gold nanoparticles with a diameter of 1.4 nm were
found to be toxic, while the same particles with a diameter of 15
nm did not display toxicity [5]. Several studies have revealed cyto-
toxic effects of silver nanoparticles [5, 6]. Moreover, iron oxide
particles have also been found to exhibit harmful characteristics
both in vitro and in vivo [7-9], mainly due to the generation of re-
active oxygen species [10, 11].

Particle surface charge may affect the cellular uptake of particles
as well as how the particles interact with organelles and biomole-
cules. Consequently, particle surface charge influences cytotoxicity.
According to mathematical probability and assuming, particles are
toxic, high particle uptake (i.e., higher bioavailability) correlates
with higher toxicity [12].

The form also may influence levels of toxicity. These authors
found that: (1) as the atomic number of the element increases, cyto-
toxicity increases; (2) alteration of cell viability is a function of
particle surface charge, available binding site on a particle surface,
and particle metal dissolution, but not of band-gap energy.

In addition, we cannot exclude the possibility that the crystal
structure after interaction with water or other liquids or biological
structures can be modified and significantly differ from the origi-
nal one. In addition to changes in nanoparticle characteristics, en-
dogenous biomolecules, which are exposed to the nanoparticle inter-
face, may also undergo structural and functional alterations. Such
changes can have important implications for the safety of nanopar-
ticles [13—-15].

New materials require new methods of analysis. Traditionally,
the assessment of chemicals, including pharmaceuticals, relied on
data from animal testing; however, there are many motivations to
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move to a situation, which is free of such testing. In part, the new
paradigm for safety assessment embraces the ethos of twenty-first
century Toxicology, whereby every effort is made to maximize the
information that may be obtained without animal testing [16].

The toxicity of certain nanoparticles can be manifested at the mo-
lecular, cellular, and tissue levels [17]. It has been demonstrated
that NPs can cause neurotoxicity through different mechanisms,
such as lipid membrane damage, which serves to compartmentalize
cellular components [17], cell cycle interference, reactive oxygen
species (ROS) formation, and accumulation of autophagosomes, de-
pending on their physicochemical properties and stability in physio-
logical media. Low, in vivo, achievable concentrations of NPs in-
duced only minor or no changes in vitro; however, prolonged expo-
sure and accumulation in vivo could negatively affect the cells. This
was also shown in case of autophagy dysfunction for the TiO, P25
NPs and decrease of cell viability for the TiO, FG NPs, which were
only evident after 72 h of incubation [18].

3. DISCUSSION

Toxicity mechanisms of selected engineered NPs on human.

Available data indicate that the protective barriers of the brain
against the movement of nanoparticles into the brain are incom-
plete. This raises concerns about the potential effects of manufac-
tured nanoparticles on brain function, given that the ability of na-
noparticles to cause oxidative stress, inflammation, death from
apoptosis, or changes in the expression level of certain neurotrans-
mitters [19].

Recently, information has been accumulating on studies, in which
machine learning (ML) methods are used in the field of nanotoxicol-
ogy to identify, assess and classify potential risks, taking into ac-
count costs and time with very encouraging results. This area has
proven to be very useful in this area to get a preliminary idea of
the features that affect toxicity, predict possible adverse effects as
part of a proactive risk analysis and report on a safe design [20-
22].

The introduction of ML into nanotoxicology is quite promising,
although it is still in its infancy towards scientific consensus and
subsequent guidelines and rules. Decision-making, machine-learning
applications are transforming, according to some authors [23], our
ability to predict toxicity based on nanofunctions and experimental
conditions. Research is underway on integrating and curating
fragmented data in compliance within the silico methods, which will
allow for method testing and intercomparing and will help come to
the standardization of methods.
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The use of a prospective assessment of the potential toxic threat
methods requires the use of the so-called big date, extensive data-
bases of accumulated information [24, 25].

Today, we are in the process of accumulating data on the positive
and negative effects of nanoparticles on living objects and humans
especially. Without setting ourselves the task of describing the en-
tire variety of the identified effects on biological structures, we fo-
cus only on some harmful systemic influences. More often, scien-
tists are discussing influencing effects on the immune system [26],
pulmonary system [27], and we should understand and analyses the
most common features of these impacts.

One of the principal aspects of the toxic action of NPs on biologi-
cal systems is their potential property for penetration through his-
tological barriers. This can be very dangerous, since, it is specifical-
ly NPs and their actions for changing the protective properties of
the placental and brain barriers against the penetration of other
substances [28].

On the other hand, nanoparticles can cause comparatively fewer
side effects in comparison with macrodrugs, improving their accu-
mulation in the affected tissue, thereby, reducing the dose needed
to achieve therapeutic efficacy [29].

Nanoparticles can decrease the toxicity of drugs by improving the
biodistribution profile or by eliminating the need for harmful solu-
bilizing agents [13, 30].

Nanoparticles, acting as a drug conductor across cell membranes,
can serve as an alternative to toxic solubilizing agents, which are
widely used to improve the delivery of water-insoluble drugs. In
conclusion, nanoparticles can reduce drug toxicity by improving the
distribution profile or by eliminating the need for harmful solubil-
izing agents.

It is necessary to take into account the features of kinetics. Cre-
ating a protein corona upon entering the body can drastically
change nanoparticle properties, such as shape, size, and charge. For
example, protein interactions can increase or decrease the size of
nanoparticles, and typically cause the zeta-potential to become more
anionic [13, 17, 30].

In addition, according to Maocai Shen and colleagues [31], nano-
materials, for example, micro(nano)plastics, can: 1) accelerate the
diffusion of organisms in the environment, which can lead to bio-
logical penetration; 2) increase the exchange of genes between at-
tached biofilm communities, causing the transfer of pathogenic and
antibiotic resistance genes; 3) increase the flow rate of energy, ma-
terials, and information in the environment. This will increase the
level of harmful effects on healthy organisms and, possibly, change
the virulence of pathogens and the traditional picture of the devel-
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opment of diseases. Unfortunately, plastics and their constituents
are produced at a faster rate than their toxicities can be evaluated
[32].

We can conclude the most general results of many different in-
vestigations in this field, for example, predictions or generaliza-
tions on how different characteristics of the nanoparticles affect
their ultimate toxicity [33] and how those properties can be used to
create guidelines and rules for the application of safer materials in
NPs design [34].

Decreasing the particle size generally increases the toxicity and
the amount of cellular uptake.

Positively charged nanomaterials are more toxic due to their in-
creased interactions with primarily negatively charged biological
surfaces and entities.

From a composition perspective, ionic dissolution correlates with
the toxicity index.

Anisotropic morphology or rod-shaped NPs are taken up less effi-
ciently; but once internalized, they exhibit significant damage to
near-infrared plasmonic criterions.

The division of research methods in traditional toxicology into in
vivo and in vitro groups is also used for nanotoxicological studies.
In vivo studies can inform the choice of relevant model system for
further in vitro studies as well as provide toxicity information not
available through in vitro studies. The most commonly used in vitro
assessment methods generally assess viability (live/dead ratio) or
mechanism of toxicity. The main methods of analysis of viability, in
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Fig. General trends in the influence of some parameters of nanomaterials
on their toxicity.
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turn, can be divided into the categories of proliferation, necrosis, or
apoptosis, as well as analysis. The main mechanisms of toxicity are
classified as oxidative stress or methods for detecting DNA damage.
Recently, many new approaches have been applied to characterizing
in vitro nanotoxicity. Gene expression analysis has been recently
applied to the study of nanotoxicity. This technique compares la-
belled RNA collected from nanoparticle exposed and control cells
through a competitive binding assay, using commercially available
microarrays of human ¢DNA libraries [35].

In vivo nanoparticle toxicity studies typically focus on one or

more of three major areas: changes in blood serum chemistry and
cell formulas, changes in morphology of different tissues, examined
using morphopathologycal investigations, or the overall nanoparti-
cle biodistribution and clearance.
Novel in Vitro Toxicological Techniques. To obtain material for bi-
oanalytical research, dynamic control methods are widely used, such
as microfluidics and microelectrochemistry. In this case, samples
are taken directly from freely moving animals through an implant-
ed probe. This allows us to apply in vivo dynamic measurements
limited to sample and detection rates of probes and detectors, re-
spectively. An automated blood collection system for use with free-
roaming animals allows overcome some of the limitations commonly
used in in vivo, when measurement usually gives a static picture,
which can be distorted by artefacts caused by sample preparation
and handling.

Some authors [36] propose to use not only animal or fish models,
but also to investigate phytotoxicity in plants [37]. Plant metabo-
lomics is a simple and effective tool for solving the above problems,
as it includes a comprehensive study of changes in metabolic pro-
files. Since the dominant metabolites and metabolic pathways are
similar in different plants, they suggest universal applicability of

TABLE. A summary of traditional and innovative nanomaterial toxicity
testing

Traditionary toxicity test Innovative tests for new materials
Methods for determining the val- [Various cell tests for viability or in-
ues of toxic and average lethal crease/decrease in a designated inher-

doses, maximum permissible con- |ent biological pathway.
centrations (morphological micros-
copy, biochemical tests, functional |Genetic studies.
studies) in vivo and in vitro.
Tests in vivo-like on 3D human organs.

Machine Learning.
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metabolomics analysis.

4. CONCLUSIONS

1. At present, the stage of active accumulation of data on the effect
of new nanomaterials on living organisms, both positive and nega-
tive, continues.

2. In most cases, traditional methods of assessing the toxic effect of
nanomaterials on the body of animals and humans are used with the
use of modern laboratory and instrumental research technologies.

3. It is necessary to continue the development of appropriate algo-
rithms and standardized methods of nanotoxicology, taking into ac-
count the specific properties of nanomaterials, which depend on the
size of nanoparticles and their structure, production method, etc.
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