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HHPOPMAIIUA NJI1 ABTOPOB

COopHuK Hay4uHBIX TPYROB «Hanocucmemu, Hanomamepianu, Hanomexnonozii» (HHH) ny6nukyer emé
HeoyOJINKOBaHHbIE ¥ He HaXOAAIIVECS Ha PACCMOTPEHUM IJIs ONYyOJUKOBAHNSA B MHBIX UB3JAHUAX HAYY-
Hble 0030pPHI ¥ OPUTHMHAJIBHBIE CTAThU, COJAEPIKalllie U XapaKTePU3YIOIIre Pe3yIbTaThl 9KCIIEPUMEHTAb-
HBIX ¥ TEOPETUYECKUX MCCJIEA0BAHUMN B 00JaCTH (DUSUKHU, XUMUU, OMOJIOTUN, TEXHUKHU, METOIOB CUHTE3a,
06paboOTKY 1 AMArHOCTUKY HAHOPAa3MEPHBIX CUCTEM U HAaHOMACIITAOHBIX MAaTEPUAJIOB: KJIACTEPOB, HAHOYA-
CTUII, HAHOTPYOOK, HAHOKPUCTAJIJIOB 1 HAHOCTPYKTYP (aaTUTOMOAOOHBIX U AP. 6rocucTeM, aMOPMHBIX U
KOJIJIOUJHBIX HAHOPA3MEPHBIX CUCTEM, HAHOCTPYKTYPHBIX IJIEHOK U ITOKPHITHU, HAHOIIOPOIIIKOB | T.x.).

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

Crarbu, B 0popMI€HNN KOTOPBIX He COOMIIOAEHBI ClIeAyolre npaBuia fiaa nyoaunkanuu 8 HHH, Bos-
BpAII[aloTCA aBTOpaM 6e3 pacCMOTPEHUA IO cyinecTBy. ([laToit mocTymieHnsa cuuTaeTcsa JeHb IIOBTOPHOTO
IIPeJCTABJIEHUS CTATHY IIOCJIE COBJII0NeHUsI YKAa3aHHBIX HIKe IIPABUIL. )

1. CraThs KoJsKHA OBITH MOANIMCAHA BCEMU aBTOpPaMH (C yKadaHUEM HX aAPeCOB 3JIEKTPOHHOM ITOYTHI);
ciaenyeT ykasaTs (paMuINIo, UMA U OTYECTBO aBTOPA, C KOTOPHIM pefaKnus OyAeT BeCTU IEePENucKy, ero
TOYTOBRIH aspec, HoMep TesredoHa (hakca), agpec 3JIeKTPOHHOM ITOYTHI.

2. NsnoxxeHue NO/KHO OBITH SICHBIM, CTPYKTypupoBaHHBIM (pasgenamu «1.Berym», «2.Excme-
pumenrtaabHa/TeopeTuuna MmeToquKa», «3. Pe3yabpraru ta ix 06ropopeHHs», «4. BucuoBku», «Ilurosa-
Ha JiTepaTypa»), C:KaTbIM, 0e3 AJIUHHBIX BBeJeHUH, OTCTYIJICHUH U IIOBTOPOB, JYOJUPOBAHUSA B TEKCTE
MaHHBIX TA0JIUI[, PUCYHKOB U IMOAINCEH K HUM. AHHOTaus U pa3nes « BHCHOBKM» TOJLKHBI He Ty6aInpo-
BaTh APYT Apyra. YucioBble JaHHBIE CJIEyeT IPUBOAUTE B OOLIEIPUHATHIX eAUHNUIIAX .

3. 06bém craThu q0JKeH ObITh He 6osiee 5000 cii0B (¢ y4ETOM OCHOBHOI'O TEKCTA, TAGJINI], IOAINCEH K
PUCYHKaM, cIiucka juteparypsl) u 10 pucyHKoB. Bompocs!, cBA3aHHBIE ¢ IyOanKanueil HAyYHbIX 0030POB
(ue 6omee 22000 cnoB u 60 pucyHkoB), pemratorcsa penkosteruneii HHH Ha ocHOBaHWU IpeABapUTEIHLHO
IIpeoCTaBIeHHOM aBTOPAMY PACIIIUPEHHON aHHOTAI[UY PAaGOTHL.

4. B pefaknuio mpegocTaBiasiercsa 1 9K3eMILIADP PYKONNCH € WIIIOCTPATHBHBIM MaTepuajoM, Haleda-
TaHHBIM Ha 6yMmare popmara A4 yuepes3 IBOMHOI MHTEPBAJ B OJUH CTOJIOEI] C OAHOI CTOPOHEI JIKCTA.

5. B pepakiuio o6s3aTeabHO IpefocTaBiasgercs (o e-mail niu Ha KoMmakT-gucKe) Gaity pyKomucH
craThby, HaOpaHHBINA B TeKCTOBOM pegakTope Microsoft Word 2003, 2007 miau 2010 ¢ HagBaHUEM, COCTO-
AmuM u3 haMuInK IepPBOro aBTopa (JaTuHuIel), Hanpumep, Smirnov.doc.

6. IleyaTHBII 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 KiaroueBbIiMu ciioBamMu). TeKCTHI YKPAUMHOSSBIUHBIX CTATEHN JOKHBI TAKIKe COLep-
JKaTh 3aryiaBue CTaTby (BMeCTe CO CIMCKOM aBTOPOB U aJpecaMy COOTBETCTBYIOIIUX YUPEeKAEHMHIt), pac-
mupenHyto annoranuio (300—350 cioB), KIOUEBBIE CI0OBA, 3aTOJIOBKY TA0IUI] ¥ TOAIINCH K PUCYHKaM Ha
aHIIMIICKOM s3bIke. Kpome Toro, comepoxkaHus aHHOTAIWM HAa YKPAWHCKOM ¥ aHTJIMMCKOM S3BIKAX
JOJIXKHBI 6]:1’1‘]: UJOEHTUYHBIMU 110 CMBICJIY.

7. PucyHKH (TOJIBKO 4epPHO-0ejble WJIN MOJYTOHOBbIE C TPajJanyeil ceporo) mIpeJocTaBIA0TCA Ha OT-
[eJbHBIX JINCTAX C YKasaHWeM HOMepa PUCYHKa U (paMuiny mepBoro aBropa. Bce pucyHKY JOIIKHBI GBITH
OTIOJIHUTEJILHO IIPE/ICTaBJIEHbI B BUE OTAeIbHBIX (DailioB (IIpeJrouTuTe IbHO B rpaduueckux opmarax
TIFF, EPS unu JPEG) c HagBaHUAMY, COCTOAIIUMY 13 (GaMUINU IIEPBOTO aBTOpa (JIaTUHUIEH) 1 HOMepa
pucyHka, Hanpumep, Smirnov_fig2a.tiff. KauecTBo mumrocTpanuii (B TOM YncJie TOJIYTOHOBBIX) ZOJIXKHO
obecreunBaTh UX BocupousBegenue ¢ pagpemienueM 300—600 Touek Ha groiiM. [[OIOJTHUTEIBHO PUCYHKY
IIPeoCTaBIATCA B hopMarTe IPOrpaMMbl, B KOTOPOI OHU CO3aBaJIUCh.

8. Hagnucu Ha pucyHkax (0CO0€HHO Ha ITOJYTOHOBBIX ) HA/IO 10 BOBMOYKHOCTY 3aMEHUThH 6YKBEHHBIMU
o6o3HaueHNAMY (HaOpaHHLIMU HA KOHTPACTHOM (DOHE), a KpUBbIe 0003HAUYNTD IUMPAMU UJIU PA3IHIHOIO
THUIA IUHUSMYU/MapKepaMu, PasbsACHAEMbIMY B IOAIUCAX K PUCYHKaM uiu B Tekcre. Ha rpadukax Bce
JIMHUY/MapKEPHI JOJKHBI OBITH YEPHOIO I[BeTa U JOCTATOYHBIX TOJIIIVH/PAa3MePOB IJiA KaueCTBEHHOTO
BOCIIPOU3BEIEHUA B YMEHBIIIEHHOM B 2—3 pas3a Buje (peKoMeHAyeMas MIMpWHA pucyHka — 12,7 cm).
CHI/IMKI/I JOJIXKHBI 6I:ITI; ‘{éTKI/IMI/I Y KOHTPACTHBIMM, a HAAIIUCU U O608Ha‘{eHI/IH JAOJIKHBI HE 3aKPbIBAaTh
CYII[eCTBEHHBIE AeTajy (s 4ero MOXKHO HMCIIOJIH30BaTh CTPEJIKM). BMmecTo ykasaHWs B IOJTEKCTOBKE
yBeJIMUEHNs NIPU ChEMKE JKeJIaTeIbHO IPOCTAaBUThH MaciITad (Ha KOHTPACTHOM (hOHE) Ha OAHOM U3 HAEH-
TUYHBIX CHUMKOB. Ha rpadukax moanucu K ocsiM, BHINOJHEHHbIE HA A3bIKe CTAThH, JOJLKHBI COJEPIKaTh
0003HaueHns (NI HANMEHOBAHUS) OTKJIAJbIBA€MbIX BEJIUUNH U Yepe3 3aIsITYI0 UX eIUHUIILI U3MEDEHU .

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

10. Pucynku, a Takike TaGJUIbI U IIOJCTPOUYHbIE MPUMeYaHUA (CHOCKM) JOKHBI MUMETh CILJIOIIHYIO
HyMepaIuio 10 BCeil craTbe.

11. Cebuiku Ha JUTEpaTypHBbIE NCTOUHUKY CJIEAYeT AaBaTh B BUE MOPAIKOBOIO HOMEPa, HalleuaTaH-
HOT'0 B CTPOKY B KBaAPaTHBIX CKOOKax. CIIMCOK JIUTEepaTyphbl COCTABIAETCSA B IIOPSIKE IIEPBOr0 YIIOMUHA-
HUS UCTOUYHUKA. IIpuMepsl 0POPMIIEHUs CCHLIOK IPUBEEHbI HIYKe; IPOCUM 00paTUTh BHUMAHNE Ha II0-
PAIOK CJIeJOBAaHUSA MHUIIMAJIOB U (paMuinii aBTOpOB, 6ubirorpadmuecKux CBeAEHUN U HA PasJe/uTeb-
Hble 3HAKU, a TaK)Ke Ha HEeOOXOAMMOCTh YKa3aHUs BCEX COABTOPOB IIUTUPOBAHHOU pa6GoTHl U (B KOHIE
Ka'KI0i cchliku) eé nudposoro nuaentuduraropa DOI, ecsiz TaKoBOII UMeeTCA Y COOTBETCTBYIOIEH Iy6-
nurkanuy (1 yKasaH Ha e€ MHTePHeT-CTPaHUIe U3JaTeIbCTBA):
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BUJABHHYA ETUKA

TA 3ATIOBITAHHA HECYMJITHHI ITIPAKTUIII TYBJIK AL

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

000B’A3KM pegaKuii

. Bci npencrasiieHi cTaTTi peneH3yIOTHCS eKCIIepTaMu B JaHil 061acTi.

. ITlig yac posriaAmy cTaTTi BpaxXoBYIOThCS I BigmoBigHiCTh IpeameTHiit obJsacti, o6r'pyHTOBAa-
HiCTb, 3HAYMMICTD, OPUTiHAIBHICTE, UNTA0EJBHICTH i MOBa (IIpaBomIuc).

. 3a pesyJbTaTaMU PEIeH3YBaHHS CTATTS MOKe OyTU IPUIHSTA 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 MyOsTiKarrii.

. Pepakmisa yxBaiioe pilieHHA o0 IMyOsikaiii, Kepyoouuch MOJITHKOI 30ipHUKA, 3 ypaxy-
BaHHAM JiI0YOTO 3aKOHOJABCTBA B 00JIACTi aBTOPCHKOTO IIpaBa.

. He momyckaeTrbes mo nmyouikaiiii indopmaliisi, SKIO € AOCTATHLO IiJCTaB yBasKaTH, II[0 BOHA
€ miarisTom.

3a HagBHOCTH SKWX-HEOyOb KOHMJIIKTIB iHTepeciB (piHaHCOBUX, aKaAeMiUyHUX, OCOOMCTHX) BCi

YYacCHUKHU IIPOIleCy pelleH3yBaHHS IIOBUHHI cHOBicTUTH IIpo Iie penkosierii. Bei cmipui nuranHa

PO3IJIANAIOThCA Ha 3aciflaHHi pexkoJerii.

Ilpuiiaari go omyOJiKyBaHHS CTATTi PO3MIIAIOTBCA y BiIAKPUTOMY OOCTYII Ha caiTi 30ipHUKA;

aBTOPCBHKIi ITpaBa 30epiraroThCsA 3a aBTOPaMU.

ETuuHi NpUHIUIN B JiSIbHOCTI PEeleH3eHTiB

. PerleHseHTH OIiHIOIOTH CTATTi 3a IXHIM BMicTOM, 0e3BiZHOCHO J0 HAIiOHAJILHOCTH, CTATi,
CeKcyasIbHOI opieHTalii, peairilHNX mepeKoHaHb, eTHIYHOI MPUHAIEKHOCTA a00 MOJITUYHUX
IepeKoHaHb aBTOPiB.

. CriBpoGiTHUKY pefakiiii He IMOBUHHI MOBIAOMJIATH SKYy-HeOyab iH(opMallio mpo crarTi, 110
HagiAmIM, ocobaM, AKi He € pelleH3eHTaMM, aBTOPaMU, CIiBPOOITHHKAaMU pefakiiii Ta Buma-
BHUIITBA.

. PeliensyBanHs moBUHHE OyTH IIpoBedeHO 06’e€KTHBHO. IlepcoHasbHA KPUTHUKA aBTOpa HEIIPHU-
nyctuMa. PereHseHTH 3000B’A3aHi OOI'PYHTOBYBATHU CBOIO TOUKY 30pPY UiTKO if 06’€KTUBHO.

. PerensyBanusi mornomarae BUJABIEBi HpuiiMaTy 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 J4acTKOBY MOZi0-
HiCTH IIpeACTaBJIEHOI CTATTi 3 AKOIO-HEOYIb iHIIOK POOOTOI0, 3 AKOKI PEIeH3eHT Ge3rnocepes-
HbO 3HAHOMUM.

IIpuHIMIN, AKMMHU MOBHHHI KePYBAaTHCA aBTOPH HAYKOBMX ITyOJIiKaIlii

. ABTOpHu craTell MOBMHHI HagaBaTW TOYHUI 3BIT IpPO BUKOHAHY POOOTY i1 00’€KTHUBHE OGr'OBO-
peHHs i 3HAYMMOCTH.

. AsBTopu craTTi DOBMHHI HaJaBaTU AOCTOBIpHI pesyJsibTaTH IPOBEAEHOrO OISy U aHamisu
nmocaimxenb. CBiqoMo mOMUIKOBI a60 chanbcudikoBaHi TBepKeHHA HEIPUUHATHI.

. CraTTss MOBMHHA MICTHUTH IOCTATHIO KiJbKicTh iHdopmarii mjisd mepeBipKM Ta ITOBTOPEHHS
eKCIIePUMEHTIB a00 po3paxyHKiB iHmwumu pociaigumxamu. [Ilaxpaiiceki a6o cBimomo Hempas-
IUBi 3afBU IPUPIBHIOIOTHCS O HEETUIHOTO ITOBOAYKEHHS i € HeIIPUHHATHUMHA.

. ABTOpDH MOXKYTb HAJaBaTH OPUIIHAJBHI PeryJsapHi # orasamoBi poGoTu. 3a BUKOPUCTAHHS
TeKcToBOI abo rpadiumoi indopmarii, orpumanol 3 pobiT iHmILX 0cib, 060B’sI3KOBO HeOoOXimHi
MOCUJIAHHS Ha BiAmoBigHI myGiikarii abo mucbMOBHU [03BiJ iXHIX aBTOpIB.

. Ilogaua craTTi OGiABII HijK B OQUH KYPHAJ PO3IIHIOETHCS SK HEeTHMYHE IIOBOIYKEHHS i € He-
TPUNHATHOIO.

. ABTOpCTBO MOBUHHE OyTH O0OME)KEeHe THMU, XTO BHIC 3HAUHUI BHECOK Yy KOHIIEII[il0, PO3PO0-
Ky, BUKOHAHHA a00 iHTepIpeTaliro 3asBIEHOTO JOCTiKEeHH.

. Ioxepesa (hiHaHCOBOI MiATPUMKYU IOCTIiIMKEHHA, 0 TYOIiKyeThCs, MOKYTb OyTH 3a3HAUEHi.
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Materials with pore sizes less than hundred nanometres are considered
nanoporous. Their organic/inorganic framework supports their porous na-
ture, and the pores are filled with fluid. The pores of consistent shape and
fixed diameter are essential for these materials in specific applications.
They own certain magnetic, electrical, and optical properties, which signi-
fy them in various applications such as signal transmission, energy, medi-
cine, etc. Apart from natural nanoporous materials in existence, fabrica-
tion of materials with required melting point through combining polymers
is possible. Materials, which are tailored to achieve unnatural electromag-
netic properties like negative dielectric constant, negative refractive in-
dex, electromagnetic index, etc., are known as metamaterials. They are
microscopically built from conventional materials such as metals and die-
lectrics like plastics. Some of the metamaterials may be nanoporous but
not all. Metamaterials find significant applications in designing of anten-
nas, cloaking devices, sensing devices, etc. In view of the importance re-
lated to nanoporous and metamaterials, some of their applications are re-
viewed to the possible extent.

Marepisiu 3 posaMipoM mop MeHIIIe CTa HAHOMETPiB BBaKAIOTLCA HAHOIIOPHU-
ctuMu. IxHifi opramiuHo-HeopraHiuHWil KapKac MiATPUMYe IXHIO HOPHUCTY
Opupony, a mopu 3amoBHeHi pimmuoro. Ilopu ysrom:xkenoi popmu Ta (ikco-
BaHOTO OisiMeTpa € Ba'KJIMBUMU IJISA WX MaTepPidAJiB y KOHKPETHUX 3acCTo-
cyBaHHsX. BoHM MaioTh IEBHI MarHeTHi, eJIEKTPUYHI I OOTUYHI BJIACTHUBOC-
Ti, AK1 IPOPOKYIOTh IX Y Pi3HOMAHITHMX 3aCTOCYBaHHAX, TAaKUX SK Ilepela-
ya CUTHAJNIy, eHepreTuka, MeguiuHa Toimo. OKpiM HagBHMX IPUPOAHIX Ha-

289


https://en.wikipedia.org/wiki/Nanometer

290 N.V. KRISHNA PRASAD, T. ANIL BABU, N. MADHAVI, and S. RAMESH

HOIIOPUCTUX MaTepisjiB, MOKJINWBE BUTOTOBJEHHSA MATepiAsiB i3 HeoOXin-
HOI0O TeMIIepaTypoi0 TOILJIEHHSA 3a JOIIOMOTOI0 KOMOiIHyBaHHA MOJIiMepiB.
Marepisanu, CTBOPEHi IJIs HOCATHEHHA TaKWX HEIIPUPOAHIX eJIeKTPOMAarHeT-
HUX BJIACTHBOCTEM, AK HeraTWBHA JieJeKTPpUUYHA MPOHUKHICTH, HeTaTHUBHUI
TMIOKAa3HUK 3aJIOMJIEHHSA, eJeKTPOMATHEeTHHH MOKAa3HUK TOIO, BigoMi AK Me-
Tamarepianu. Bouu mobGymoBaHi MiKpocKomiuHO 3i 3BMYAWHMX MAaTepidIis,
TaKUX SIK METaJU Ta MieJeKTPUKM, Taki AK miaacTuk. [esaxki meTramarepisanau
MOXKYTh OYTH HAaHOIIOPUCTUMU, ajie He Bci. MeraMaTepianau 3HaXOAATH 3HAa-
YyHe 3aCTOCYBaHHS Yy PO3poOIli aHTeH, MaCKYBaJIbHUX IPUCTPOIB, CEHCOPHUX
TIPUCTPOIB TOIIO. 3 OTJIAAY HA BaKJIUBICTDH, IOB’SI3aHy 3 HAHOIOPUCTUMHU Ta
MeTaMarTepisiaMu, AedKi 3 iXHiX 3acToCyBaHb PO3IJISANAIOTHCHA, HACKIIBKU
e MOKJIMBO.

Key words: nanoporous materials (NPM’s), metamaterials (MM’s), mem-
branes, drug delivery, antenna design, gas storage, cloaking.

KarouoBi croBa: HaHOMmOpUCTI MaTepidaauM, mMeramarepisnm, MeMOpaHU, AOC-
TaBKa JiKiB, Au3aiid aHTeHU, 30epiraHusA rasy, MacKyBaHHId.
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1. NANOPOROUS MATERIALS (NPM’s)

A porous nanomaterial is signified by the existence of empty spaces
with dimensions being controllable at nano-, atomic, and molecular
scales. It can have micropores of diameter < 2 nm, mesopores of di-
ameter between 2-50 nm and macropores of diameter >than 50
mm. NPM’s potential in areas related to Li-ion batteries, drug de-
livery, water purification, etc. gained much significance. Some ex-
amples of natural NPM’s include zeolites, ceramic materials, and
activated carbon. Application of NPM’s depends on their porosity
and surface area. Since NPM’s are fabricated in laboratories from
organic/inorganic templates, their porosity depends on structure of
organic template or pore size of inorganic template. Greater number
of NPM’s are divided into membranes or bulk materials. It is re-
ported that NPM with pore of standard dimension passes particular
matter while hindering others [1]. Based on the relation between
property and structure, designing of NPM’s with required hin-
drances was taken up for particular applications. More emphasis
was laid towards emerging applications such as photonics, energy
storage, drug delivery, etc. by using NPM’s. One of the useful ap-
plications was water treatment, in which water purification with
nanoporous crystals adjoining graphene membranes was reported.
Minimised 2D graphene oxide nanosheets were used to construct
two-dimensional channels for filtering. 3D nanoporous crystals were
converted to 2D graphene laminates for enhanced performance in



APPLICATIONS OF NANOPOROUS AND METAMATERIALS 201

water purification with higher permeability [2]. Exploration of
NPM’s leads to identification of new materials and applications.
Recent developments in fabrication of nanoporous materials along
with their applications were reported [3—9]. However, societal ap-
plications of NPM’s in water purification, medicine and electronics
are of more significance.

2. NPM’s IN WATER PURIFICATION

Water is one of the prime sources of human existence. It is evi-
denced that humankind, out of available water on the Earth, can
use only 0.03% of fresh water. Anthropogenic activity leads to wa-
ter pollution and reduced water resources [10]. This pollution af-
fects human health, and purification of water through efficient
methods is of prime concern. Apart from existing technologies for
purifying wastewater, membrane filtration gains more attention due
to its high efficiency, simple operation and low cost. In this con-
text, nanoporous membranes, which filter pollutants ranging be-
tween 1-10 nm with high performance, are of importance in water
purification [11, 12]. High-performance nanoporous membranes de-
signed from materials of organic—inorganic hybrid materials [13,
14] were reported. Water purification with single-layer graphene
nanoporous membrane with diameter less than 10 nm was reported
[1, 15]. Late review on design and role of nanoporous membranes in
water purification was reported, which might be useful in develop-
ing novel NPM’s useful for efficient water purification [16—21]. In
general, water purification includes techniques like Reverse Osmo-
sis (RO), Nano Filtration (NF) or Ultra Filtration (UF). Nanoporous
membranes used in these techniques use various processes like
phase inversion (conversion of pure solution to solid) [22], interfa-
cial polymerization [23], monomer action [24], track etching [25,
26], and electrospinning [27, 28].

3. NPM’s IN ORGANIC ELECTRONICS

Materials used in electronic devices are evaluated in terms of size,
cost and effectiveness. In this regard, electronic devices developed
with organic materials gain significance due to their low cost as
they replace regular devices of inorganic nature with solution. This
technique makes them highly potential in integrated circuits, ener-
gy storage devices, biomedical electronics, etc. [29—33]. Latest re-
view was reported regarding performance enhancement in these de-
vices inserted with nanoporous configuration [34]. Nanofabricated
components used in organic electronic devices are being reported to
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perform better [35]. At present, basic units, which include nano-
tubes and nanowires, are of significance in the growth of optoelec-
tronic devices. Reports indicated that usage of metallic nanodots in
organic photovoltaic device increases its photocurrent, and organic
nanopillars enhanced their performance [36—39]. Modulation of per-
formance and charge trapping was reported in organic memory de-
vices [40].

The role of nanoporous structures in organic electronic devices
was continuously increasing due to their specific advantages [34].

4. NPM’s IN NANOMEDICINE

An important NPM in nanomedicine is nanoporous silicon (Psi),
which is a silicon element of exceptional design obtained from sili-
con substrate by electrochemical etching [41, 42]. These elements
are mainly used in health care, biosensors and drug delivery [43].
As these elements are highly biocompatible with body during inter-
action [44, 45], they find significant applications related to drug
delivery and drug loading [46]. Nanosize Psi materials are reported
to overcome the problems faced by traditional therapeutic admin-
istration [47]. Variation in adsorption capacity of Psi, its pore size,
uniformity in porous structure and flexible functionalization of
surface make it significant in drug movement [48]. These particles
allow wide range of drugs to be loaded and protected from degrada-
tion [49, 50].

The shape and size of pore can be tuned by changing the current
density, electrolyte concentration through etching [51]. Large sur-
face enhances adsorption capacity and favour loading of biomole-
cules with higher molecular weights [52, 53]. Increase in current
density and decrease in HF electrolyte concentration increase pore
size [54, 48]. Pores are created in Si particles and powders through
stain etching [55—59]. They should be inert and nontoxic in biologi-
cal environment for them to be used in drug delivery. Since silicon
is nontoxic, variation in physical properties at nanoscale may lead
to negative response [60]. Usage of Psi nanoparticles in testing of
therapeutic, antitumour and gene deliveries is of significance [61—
68]. Combination of molecular units into switches makes these par-
ticles improve drug delivery regulation for better effectiveness in
cancer treatment [69].

5. NPM’s IN ENERGY AND GAS STORAGE

Energy production from non-renewable resources raises concerns on
environmental issues. To address this concern, it is required to use
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renewable energy sources. In this condition, heterogeneous catalysts
play an important role, which converts renewable sources into fuels
and chemicals. It is a known fact that surface area influences effi-
ciency of heterogeneous catalysts, and hence, nanoporous heteroge-
neous catalysts play a vital role [70]. Review on the uses of three-
dimensional nanoporous metals and their composites in converting
renewable sources into chemicals and fuels mainly focussed on ma-
terial fabrication based on metals as they are used as efficient elec-
trocatalysts. Dealloying in aqueous media is an important process of
manufacturing nanoporous metal catalysts, in which highly active
element is being separated from parent alloy. Sometimes, an exter-
nal voltage is used to accelerate dealloying process subjected to non-
spontaneous reactions [71]. Electrocatalytic process that includes
water oxidation, methanol and CO, [72—-74] reductions can produce
fuel. However, nanoporous electrocatalysts are disadvantageous in
terms of cost and stability. Nanoporous structures obtained through
leaching serve to be high-performance electrocatalysts. Conventional
2D thin-film water-oxidation electrocatalysts perform well with lim-
ited use. Hence, bulk nanoporous materials are an alternative as it
is possible to combine materials’ quality with nanostructures’ elec-
trocatalytic properties. It is reported that 3D nanoporous graphene
can be synthesized from nanoporous nickel template along with ad-
justing pore size using solid-state growth approach at low tempera-
tures [75, 76]. Alteration of nanoporous Ni templates alters pore
size on nanoscale leading to manufacture of nanoporous graphene
for designing of electrochemical-energy storage devices.

Utilization of fossil fuels and associated harmful gases leads to
environmental pollution forcing us to use technology of renewable
energy. This includes hydrogen gas as an alternative energy for ve-
hicles in terms of safe and commercial aspect [77]. Porous carbon is
one of the materials being tested for hydrogen adsorption [78-81].
CNG is one of the alternatives containing compressed methane at
normal temperature that emits low pollution [82]. Some of the
drawbacks suggest ANG with porous materials in place of CNG
[83]. At the same time, huge utilization of fossil fuels emitting
dangerous gases (CO,) forced developing adsorbents, which can ar-
rest and stock carbon [84]. Activated carbons and zeolites are
sorbents, which store H,, CO, and CH, with high porosity and of
low cost [85—88]. Reports indicated carbon powder, which may be
used to synthesize activated carbon for membranes and thin films
[89]. In this context, carbon cloth was reported to be an efficient
gas adsorbent [89—-91]. Materials of required adsorption capacity
were designed using different approaches and reported [92, 93].

Machine learning and data science technology were used for hy-
drogen storage in materials [94].
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6. METAMATERIALS (MM’s)

Metamaterials are materials whose natural electromagnetic proper-
ties can be altered. If natural materials like glass or diamond,
which exhibit positive refractive index, permittivity and permeabil-
ity, are tailored for negative values, they are called negative index
materials and exhibit reverse Doppler effect. Four and half decades
earlier from now, it has been realized that materials tailored in a
suitable extent exhibit the property of negative refraction, and ma-
terials with negative permittivity and permeability values exhibit
properties of lenses [95]. Prior to this report, such material was
prepared after thirty years [96]. Tailoring of materials to exhibit
negative permittivity and/or permeability continued with fast rate
in spite of their novel applications. These applications include
cloaking, antenna design, electronics, eftc. The metamaterials with
negative permittivity and permeability will be having negative re-
fractive index and be called as Left Handed Material.

It is not possible to have both values negative simultaneously.
Hence, these materials are to be modified for abnormal properties
required as mentioned above.

7. ANTENNA DESIGNING

High gain, efficiency, large bandwidth, small size, large power and
lightweight are some of the important characteristics in antenna
design. These characteristics can be obtained from antennas de-
signed with MM’s [97].

Hence, metamaterials’ usage in antenna design makes the anten-
na exhibit specific characteristics different from routine. Met-
amaterial antenna consists of one or more layers of metamaterial
substrates. Depending on the design and application, selection of
metamaterial is done.

To start with metamaterials to be used in, antenna consists of
one or more unit cells whose permittivity, permeability and reso-
nance frequency (g, |, f,) depend on size and structure of each unit
cell [98, 99].

Less cell size when compared with wavelength makes a metamate-
rial satisfy homogeneity condition. As per the previous reports,
simulation of unit cell numerically could not obtain required re-
sults. Therefore, continuous modification in cell size was taken up
until required structure as per simulation was attained. Optimiza-
tion techniques yield good results in determining the size of unit
cells. It is reported that usage of AMC’s (artificial magnetic con-
ductors as a class of applied metamaterials) improves antennas’ ra-
diation properties in microwave applications. Improvement in radia-
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Fig. 1. Usage of metamaterials to improve power gain: (a) radiated patch
surrounded by unit cells; (b) metamaterials as superstrate; (¢) antenna load

[3].

tion properties of metamaterial antennas was achieved through
placement of antenna above reflector such that radiation is along
only single direction that reduces reverse radiation [100]. AMC’s
are widely used metamaterials, which simulate perfect magnetic
conductors (PMC’s) in antenna design [101]. Metamaterials of high
permeability can be used to design a patch antenna without reduc-
ing the efficiency (Fig. 1) [102, 103].

8. GAIN AND BANDWIDTH IN METAMATERIAL ANTENNAS
(MMA'’s)

Metamaterials in antenna design improve gain. Low gain is the
main drawback of small planar antenna, which may be addressed
through usage of metamaterials. Improvement in power gain is a
function of superstrate number, unit cell and the distance between
radiation element and superstrate. Placing of unit cells round the
radiation elements loads the substrate. Hence, unit cell size must be
estimated so that MM’s exhibit particular characteristics, which
match resonant frequency of the antenna. Therefore, the antenna
gain depends on number of unit cells and resonant frequency [104].
Antennas, if designed with metamaterial superstrates, increase
gain, size and antenna thickness. Figure 2 shows plane fractal an-
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Fig. 2. (a) Plane fractal antenna, (b) antenna covered with AMC metamate-
rial, (c) power gain for two resonant frequencies [3].

tenna along with power gain.

Compact antennas designed with dielectric substrates can be re-
placed with less size MMA having defected ground structures (DGS)
exhibiting unusual properties at resonant frequency [105]. In addi-
tion, usage of metamaterials increases antenna bandwidth.

Figure 3 displays the antennas’ S-parameters with and without
metamaterials. Unit cells situated at superstrate influence band-
width based on cell number and closeness between superstrate and
radiation surface.

Metamaterials can also be used to integrate multiple systems on a
single device [106], and the designed antennas exhibit multiband
behaviour with highly correlated results [107].
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Fig. 3. (a) S-parameters of an antenna without and (b) with metamaterial

[3].
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9. CLOAKING

Cloaking is a technique of masking objects with the help of met-
amaterials. An object really doesn’t vanish but appears as though
vanished through illusion. This can be achieved by metamaterials by
diverting specific frequencies [108]. Either light reflection or re-
fraction regulates the process of illusion. The concept of cloaking
gained importance with production of novel metamaterials. Elec-
tromagnetic cloak and Stealth cloak are two important cloaking de-
vices.

10. ELECTROMAGNETIC AND STEALTH CLOAKS

A device that masks an object for electromagnetic radiation of spec-
ified frequency range is an electromagnetic cloak. For an object to
be masked, waves should not be reflected back to the source [109].
This can be achieved by reduction of scattering cross section, which
can be obtained with materials of relative permittivity less than
unity [110]. It is reported that cloaking through scattering cancel-
lation technique limits bandwidth even though simple [111, 112].
Cloaking devices with anisotropic metamaterials create zero elec-
tromagnetic field in the device. It is also reported that limited val-
ues of permittivity and permeability lead to narrow bandwidth at
desired cloaking effect [113] and reduce cloaking performance
[114]. Stealth is technique of designing an aircraft not to be detect-
ed by radar/sonar. This technique can only minimise radars’ reflect-
ing power. This can be achieved if and only if the aircraft is cov-
ered with an absorbing layer so that the scattering field in the di-
rection of illumination will be minimized. This technique hides the
aircraft from front view, and it can be seen from side or back.

11. SENSORS AND SOLAR CELLS

Sensors are important in our daily life. Sensors developed with var-
ious materials play vital role in all sectors; however, metamaterial
sensors have various advantages. Sensors designed with metamate-
rial capable of detecting liquid chemicals were reported [115]. Simi-
larly, metamaterial-based optical sensor with E-beam lithography
technique for detection of sucrose was reported; its sensitivity was
higher than an ordinary sensor. This sensor has a central wave-
length of 967 nm as compared to gold sensor of 933 nm ensuring
more bandwidth and better sensitivity [116]. In continuation, semi-
conductor metamaterial sensors in THz range [117], sensors, which
sense alcohols’ permittivity [118], and high-@ gas sensors for envi-
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ronmental monitoring [119] were reported.

Metamaterials can be used in solar cells to enhance the absorption
capacity. They can be fabricated with wide band angle matching so-
lar spectrum to receive light in different angles increasing incident
and reducing reflected lights. This has certain disadvantage—
narrow band only supports perfect absorption. Hence, absorbers,
which utilize solar energy in perfect way, need to be designed. In
this context, solar cells with metamaterials are reported with 77%
and 84% absorptions of solar and visible regions [120]. Solar cells
made with Si having back reflectors made with metamaterial exhib-
iting maximum reflection are reported. If ordinary metallic mirrors
are used, reflected light has phase reversal, which leads to reduced
intensity. This can be overcome by using metamaterial mirrors lead-
ing to increased absorption in solar cells [121].

13. CONCLUSIONS

This paper mainly reviewed some of the important applications re-
ported over last five years related to nanoporous and metamaterials.
The role of nanoporous materials in water purification (mem-
branes), storage of energy, organic electronics (sensors, semi-
conductor films) and nanomedicine (cancer, therapy) was mainly re-
viewed. The role of porous silicon in drug delivery and its regula-
tion was of importance. Apart from nanoporous materials, review of
metamaterials was also done. Even though both are connected di-
rectly or indirectly through some common applications, review of
metamaterials in the area of antenna design is note worthy. The
role of metamaterials in antenna design, cloaking, sensors and solar
cells was reviewed in brief. Tailoring of metamaterials for novel
characteristics is an unending process. However, research in the di-
rection of investigating novel nanoporous metamaterials may lead
to new application in the field of photonics and optics in addition to
the existing applications in the fields of electronics and medicine.
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XPS Investigation of Indium-Saving Indium—Tin Oxide (ITO)
Thin Films

S. Petrovska', B. Ilkiv!, O. Khyzhun', M. Ohtsuka?, R. Sergiienko?,
L. Voisin?*, and T. Nakamura?

!Frantsevych Institute for Problems of Materials Science, N.A.S. of Ukraine,
3, Krzhizhanovsky Str.,

UA-03142 Kyiv, Ukraine

’Institute of Multidisciplinary Research for Advanced Materials (IMRAM ),
Tohoku University,

980-8577 Sendai, Japan

3Physico-Technological Institute of Metals and Alloys, N.A.S. of Ukraine,
34/1, Academician Vernadsky Blvd.,

UA-03142 Kyiv, Ukraine

“Advanced Mining Technology Center (AMTC) and DIMin,

Mining Engineering Department,

University of Chile, Chile

Indium—tin oxide (ITO) thin films with reduced to 50 mass.% indium ox-
ide content are grown by direct current (DC) sputtering of ITO target in
mixed argon—oxygen atmosphere onto glass substrates preheated at 523
K. The films showing the best electrical properties are subsequently heat-
treated in air at temperatures of 523 and 623 K for 60 min. X-ray photo-
electron spectroscopy (XPS) and x-ray emission spectroscopy (XES) are
used for samples’ characterization. Effects of oxygen-flow rate, Sn con-
tent, and heat-treatment temperature on electronic properties are studied
and discussed. XPS measurements show that indium is in In®' charge
state, and tin is only in Sn*' state in indium-saving ITO thin films sput-
tered at different conditions and heat-treated at different temperatures.
As-deposited indium-saving ITO thin film sputtered at 0.5 cm3yp/min
oxygen-flow rate, which demonstrates the highest conductivity among the
as-deposited thin films, shows the highest relative intensity of O, peak.
The electron density of states increases when going from indium-saving
thin film to typical ITO one.

Touki miaisku okcunpy Iupiro—Cramymy (ITO) 3 mommkenum mo 50% wmac.
BMicTOoM oKcupay IHAmito BupoImyBanu HIIaxoM posmopoliieHHsa Mimmeri ITO
nocritiaum ctpymom (DC) y swmimaniii armocdepi aprony Ta KHCHIO Ha
CKJIAHI ImMiAKJIagUHKYN, momepenubo Harpiti go 523 K. IlniBkwu, 1o meMoH-
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CTpyBaJW HaMKpAaIlli eJeKTPUUYHI XapaKTEePUCTUKU 3TOJOM TepMiuHO 06pO0-
JAJY Ha TOBiTpi 3a Temmeparyp y 523 Ta 623 K nporsarom 60 xB. Iaa xa-
pakTepusalil 3pasKiB BUKOPUCTOBYBAJIU PEHTIEHIBCHKY (POTOEJIEKTPOHHY
cuexTpockotiio (P®C) i peHrreHiBcbky ewmiciiinmy cmextpockomito (PEC).
BuBueno ii 06TroBOpeHO BILIMB BUTPATH KMCHIO, BMICTy Sn Ta TeMIlepaTypu
TepMOOOPOOJIeHHA Ha eJeKTPOHHiI BjacTuBocTi. MipAHHS 3a IOMOMOTOIO
P®C nmoxasanu, mo Iagiii sHaxozuThesa B 3apamzosomy crami In®, a Cramym
— uumre B crani Sn*' B Tomkumx miriekax ITO, posmOpONIeHHX 38 Pi3HEUX
YMOB i TepMiuHO 00po06JieHHX 3a pisHuUX Temmneparyp. Touka miiBka ITO 3
NOHMKeHUM BMicToM IHAif0, IO posmopomryBajiacd 3a MIBUAKOCTH IIOTOKY
kucHO y 0,5 cM®/xB. i mpogeMoHcTpyBaja HaiBMUINY INPOBifHICTH cepep
CBiJKOHaHeCeHNX TOHKUX ILIIBOK, IOKasaja HaWBUINY BiJHOCHY iHTEHCHUB-
HicTh miKy Op. 'yeTuHA eJeKTPOHHMX CTaHIB 3pocTaja, KOJHU IIePEeXOIUJIN
Big mIiBKM 3 moHMKeHUM BMicToM IHAiro go TumoBoi ToHKOI miaiBku ITO.

Key words: indium—tin oxide, x-ray photoelectron spectroscopy, x-ray
emission spectroscopy, thin films.

Karouori caoBa: oxcun Iupiro—CraHymMy, peHTr'eHiBCbKa (POToeeKTpPOHHA
CIIEKTPOCKOIIisI, PEHTI'eHiBChKa eMicifiHA CIIeKTPOCKOIiA, TOHKI IIJIiBKH.

(Received 5 July, 2021)

1. INTRODUCTION

Indium—tin oxide (ITO) thin films are still have been extensively
investigated, since they can be used as semi-conducting window
electrodes for solar cells, transparent conducting electrodes for lig-
uid crystal displays (LCD), for optical solar reflectors [1-4]. How-
ever, increasing demand for ITO thin films for industry provoked
high price of indium. Therefore, indium-saving films, which consist
of a smaller quantity of In,O; in its composition, were developed,
and their properties were investigated [6—12]. It is well known that
properties of materials are determined mainly by their electronic
structure. Therefore, it is very important to study the electronic
structure of the indium-saving ITO thin films. The electronic struc-
ture of conventional ITO thin films (90 mass.% In,0;) was studied
in a great number of works [13—-17], whereas it is known just sev-
eral papers devoted to investigation of the electronic structure of
indium-saving ITO thin films [18—20]. O’Neil et al. [18] found that
the valence-band spectrum of In,Sn;O;, can be resolved into three
features, which are assigned to O2p states hybridized with In/Sn d,
p and s states in order of increasing binding energy. According to
calculations by projector-augmented-wave method [19], the valence
bands just below the Fermi level are due O2p states with some In5d
admixture.

A novelty of our work is to investigate the effect of heat-
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treatment temperature together with effects of Sn content and oxy-
gen flow rate in a wide range of values on the electronic structure
of indium-saving ITO thin films.

In this investigation, ITO50 thin films with reduced to 50
mass.% amount of indium oxide sputtered onto glass substrates
preheated at 523 K (PHS) were studied by x-ray photoelectron and
X-ray emission spectra.

2. EXPERIMENTAL DETAILS
2.1. Sample Preparation

ITO50 (PHS) thin films were deposited onto glass substrates (Corn-
ing EAGLE 2000, surface of 50 mmx50 mm, thickness of 0.7 mm)
preheated at 523 K by DC sputtering method using a ceramic ITO50
target (Mitsui Mining & Smelting, 50 mass.% In,0;—50 mass.%
Sn0,). A schematic diagram of the sputtering apparatus (ULVAC,
CS-200) used in the present study is shown in previously published
article [5].

DC power source was used to sputter the ITO50 target. Process
chamber was vacuumed at 10 Pa for its base pressure. Total ex-
perimental pressures were between 0.67 and 0.69 Pa. DC plasma
power was kept at 100 W. Rotation speed for the substrate holder
was set to 40 rpm. The argon flow rate Q(Ar) was of 50 sccm, while
oxygen flow rate @(0,) was changed in a wide range 0.2—-0.8 sccm.

The deposited thin films were heat-treated in air at 523 and 623
K for 60 min and cooled to room temperature.

2.2. Characterization

XPS valence-band and core-level spectra were measured using the
UHV-Analysis-System (SPECS, Germany) equipped with a PHOIBOS
150 hemispherical energy analyzer. A base pressure was less than
5-10'° mbar. The XPS spectra were excited by MgK, source of x-
ray radiation (E=1253.6 eV) and were recorded at constant pass
energy of 25 eV. The charging effects were taken into account in
reference to the Cls line (284.6 eV) of adventitious carbon as it is
recommended for such kind of materials [21].

The OK,-emission bands associated with O2p—0O1ls transitions and
representing the energy distributions of the occupied valence oxy-
gen p-states in the samples were measured by ultra-soft x-ray emis-
sion spectroscopy (USXES) using an RSM-500 x-ray monochroma-
tor-spectrometer (‘Burevestnik’, St. Petersburg, Russian Federa-
tion). The samples were investigated at an accelerating voltage
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U,=5 kV and an anode current I,=2.5 mA. Measurements were
carried out using a scanning detector based on the secondary elec-
tron multiplier KBL1505 (Dr. Sjuts Optotechnik GmbH, Germany).
The energy resolution of the RSM-500 was approximately of 0.2 eV.
The energy position of the OK -emission bands was determined rela-
tive to the CrL, line.

3. RESULTS AND DISCUSSION
3.1. Oxygen Flow Rate Effect
3.1.1. Analysis of Wide Scan Photoemission Spectra

Wide scan XPS spectra of ITO50 thin films deposited at different
oxygen flow rates are presented in Fig. 1, a.

All spectra show four major peaks, which correspond to oxygen,
tin, indium and carbon presence. Cls peak in spectra appeared be-
cause of contaminations due to exposure to air.
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Fig. 1. (a) Wide scan XPS spectra, (b) In3d, (¢) Sn3d, (d) Ols XPS spectra
of ITO50 thin film sputtered at different oxygen flow rates: 1—0.3 sccm,
2—0.5 sccm, 3—0.8 scem.
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Wide scan XPS spectra of films sputtered at different flow rates
are almost similar. The only difference is slight changes in peaks
intensities.

3.1.2. Analysis of Core Level Photoemission Spectra

X-ray photoemission spectroscopy (XPS) measurements were carried
out in order to find chemical-bonding states of ITO films. The In3d,
Sn3d and Ols XPS spectra of the as-deposited ITO50 thin films
sputtered at different oxygen flow rates are shown in Fig. 1, b—d.
The shift due to the charging effect was excluded since the Cls
peak was used as a reference.

According to Fig. 1, b and Table 1, the binding energies of
In3d;,, and In3d;,, core electrons are of 452.0 0.1 and 444.3+0.1
eV in films sputtered at 0.5-0.8 scem oxygen flow rate, whereas
ITO50 thin film deposited at 0.3 sccm showed slightly lower binding
energies. The In3d;, peak at 444.3 eV corresponds to the In®’
charge state. The difference of binding energy of In3d;, and In3d;,,
peaks is of 7.6 £0.1 eV, and such a value for Sn3d;,, and Sn3d;,,
peaks is of 8.4+ 0.1 eV, as it was observed for ITO90 thin films by
Liu Jing and Zuo Yan [22]. So, chemical states of indium atoms of
ITO50 thin films sputtered at different oxygen flow rates are the
same. The same tendency was observed for tin atoms.

The binding energies of Sn3d;,, and Sn3d;,, peaks are similar for
all deposition conditions, and they are equal to 494.6 and 486.2 eV,
respectively. The peak at 486.2 eV is assigned to the binding energy
of XPS core-level Sn3d;,, electrons that corresponds to the Sn*'
charge state.

So, indium is in one charge state, namely, In®*", and tin exists

TABLE 1. The binding energies of In3d, Sn3d and O1s peaks of ITO50 thin
films sputtered at different oxygen flow rates.
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only in Sn*" charge state in ITO50 thin films sputtered at different
oxygen flow rates.

Figure 1, d shows the XPS O1s spectra of the as-deposited ITO50
thin films sputtered at different oxygen flow rates. The binding en-
ergies of Ols peak are listed in Table 1. Ols peak shifts by 0.7 eV
towards the higher energies with increasing oxygen flow rate from
0.3 to 0.5 scem. Full widths at half-maximum of the XPS Ols spec-
tra are similar for thin films sputtered at 0.3 and 0.5 sccm oxygen
flow rates, whereas thin film deposited at oxygen flow rate of 0.8
sccm demonstrates decrease of full widths at half-maximum by 0.3
eV (Table 2).

The component ratios of Sn/In and O/(In + Sn) were calculated

TABLE 2. Full width at half-maximum of In3d, Sn3d and Ols peaks for
ITO50 thin films sputtered at different oxygen flow rates.

Oxygen flow rate, sccm Full width half-maximum, eV

In3d;

0.3 2.6

0.5 2.4

0.8 2.6
Sn3d; s

0.3 2.5

0.5 2.4

0.8 2.6

Ols

0.3 3.7

0.5 3.7

0.8 3.4

TABLE 3. Influence of different oxygen flow rates on the atomic concen-
tration in the as-deposited ITO50 thin films.

R £ xR LR —~ ;
gs | 5. | 8L | 8. | B i
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g% g% E= k= o = o 7
0 O 38 oS IS = g >
2e | 2% SE SE < A | 5
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from the XPS spectra (Table 3).

The present results demonstrate that the film sputtered at oxy-
gen flow rate of 0.5 sccm showed the highest Sn/In value of 1.06.
The Sn concentration relative to the In concentration in thin film
deposited at oxygen flow rate of 0.5 sccm is higher than in other
films, thus, increasing the carrier concentration on the surface of
the film [23].

Also, O/(In + Sn) ratio of thin film deposited at oxygen flow rate
of 0.5 scecm showed the highest value of 2.03.

The Ols spectra can be resolved into three peaks according to
Gaussian function, as shown in Fig. 2.

The Ols peak consists of three components. The first one O; at
binding energy of 529.2+0.4 eV can be assigned to In ions fully
bonded with neighbouring O* ions; the second one Oy at 530.3 £ 0.5
eV is attributed to O—In bonding state in oxygen-deficient region
[24]; and the third peak Oy ; at 531.6 £0.4 eV is attributed with
oxygen-bearing species adsorbed from laboratory air due to its long
exposure to ambient conditions prior to the present XPS experi-

Fig. 2. Deconvolved XPS spectra in the Ols region for the ITO50 films
sputtered under different oxygen flow rates: (a) 0.3 sccm; (b) 0.5 scem; (¢)
0.8 sccm. I—experimental curve; 2—0,—Oy; peaks sum.
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ments. Oy peak relative intensity increases with increased oxygen
vacancies [24].

ITO50 thin film sputtered at 0.5 sccm oxygen flow rate with the
highest conductivity demonstrated the highest O; peak relative in-
tensity (Table 4).

3.1.3. Analysis of Valence Band Photoemission Specira

Low binding energy region in XPS of ITO50 thin films sputtered at
different oxygen flow rates containing valence band is presented in
Fig. 3.

However, it is difficult to interpret the wvalence-band spectra,
since In4d spectra exited by MgK,;, satellites superimpose XPS
spectrum of valence electrons in the vicinity of peculiarity B.

One can see that the density of states (DOS) of ITO50 thin film
decreased, when oxygen flow rate increased from 0.3 sccm to 0.5
sccm. With increasing oxygen flow rate from 0.5 scem to 0.8 scem,
DOS increased.

TABLE 4. Ratios of the amount of oxygen atoms causing O;, Oy, Oy to
that of indium atoms in the ITO50 films.

Oxygen flow rate, sccm | O;/In | Op/In | Op/In | Oyoa/In
0.3 0.14 0.25 0.30 0.46
0.5 0.19 0.27 0.40 0.57
0.8 0.07 0.20 0.32 0.41

Fig. 3. Low binding energy region in XPS of ITO50 thin films sputtered at
different oxygen flow rates containing valence band, In4d and Sn4d core
level structure: 1—0.3 scem; 2—0.5 scem; 3—0.8 scem.



XPS INVESTIGATION OF In-SAVING In—Sn OXIDE (ITO) THIN FILMS 313

3.2. Heat-Treatment Temperature Effect

Wide scan spectra showing Cls, In3d, Sn3d, Ols maxima (Fig. 4, a)
appear in all films independently on heat-treatment (HT) tempera-
ture. However, HT 523 K ITO50 thin film sputtered at 0.5 scecm
oxygen flow rate demonstrates the highest peaks’ intensity. Core
level In3d (a), Sn3d (b), and Ols (c¢) XPS spectra of the as-deposited
and heat-treated at 523 K and 623 K ITO50 thin films sputtered at
0.5 sccm oxygen flow rate are shown in Fig. 4, b—d. According to
Fig. 4, b, the binding energies of In3d;, and In3d;, peaks are of
452.0+0.1 and 444.3+0.1 eV in as-deposited and heat-treated
films. The In3d;, peak at 444.3+0.1 eV corresponds to the In®'
charge state. The binding energies of Sn3d;,, and Sn3d;,, peaks (Fig.
4, c) are of 494.6 + 0.1 and 486.2 + 0.1 eV, respectively. The peak at
486.2+ 0.1 eV is assigned to the binding energy of Sn3d;,, peak that
corresponds to the Sn*" charge state. Figure 4, d shows the XPS Ols
spectra of the as-deposited and heat-treated ITO50 thin films.

The binding energies of Ols peak are listed in Table 5. Ols peak

Fig. 4. (a) Wide scan XPS spectra, (b) In3d, (¢) Sn3d, (d) O1ls XPS spectra
of the (1) as-deposited and (2) heat-treated at 523 K and (3) at 623 K
ITO50 thin film sputtered at 0.5 scem oxygen flow rate.
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TABLE 5. The binding energies of In3d, Sn3d and Ol1s peaks of ITO50 thin
films sputtered at different heat-treatment temperatures at 0.5 sccm oxy-

gen flow rate.

.5 £ 8

In3d;,s,| In3d; 5, | S M .= &[Sn3dy)s, [Sn3ds)s, | M 7 f;
Sample eV eV |Z% 2| eV eV |2 @ g 018 eV

o™ T O gm

o =g o @R =

S ey M S g AN

[ S 3] o

as-deposited 452 4444 T7.6+0.1 494.8 486.4 8.4+0.1 531.1
HT 523 K 451.9 444.3 7.6+x0.1 494.7 486.3 8.4+0.1 530.3
HT 623 K 451.9 444.3 7.6+0.1 494.7 486.3 8.4+0.1 530.3

TABLE 6. Influence of different heat-treatment temperatures on the
atomic concentration in the ITO50 thin films sputtered at 0.5 sccm oxygen

flow rate.

1S g & - ¢ §

S . 8 . S . o [ @

= g = © g ! o e

e 28 2.8 g8 + S -1

g E S =% E% 5 = 2 -

e S g sg S & = R 52

< +~ < - ~ = e

= = = o S 5

g3 a8 o8 >3

as-deposited 16 17 67 2.03 1.06 694
HT 523 K 18.5 22 59.5 1.46 1.19 683
HT 623 K 21 19 60 1.5 0.9 1220

shifts by 0.8 eV towards the higher energies, when going from as-
deposited to heat-treated thin film.

The Sn concentration relative to In concentration (Table 6) in
HT 523 K thin film deposited at oxygen flow rate of 0.5 sccm is
higher than in other films, thus, increasing the carrier concentra-
tion on the surface of the film.

The Ols spectra were resolved into three peaks according to
Gaussian function, as shown in Fig. 5.

Oy /In ratio increased, when going from as-deposited thin film to
HT 523 K one, and then decreased (Table 7), whereas volume resis-
tivity decreased, when going from as-deposited thin film to
HT 523 K one, and increased for HT 623 K thin film.

Thin film heat-treated at HT 523 K showed the highest O;/In ra-
tio and, therefore, increased amount of oxygen vacancies; so, it has
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Fig. 5. Deconvolved XPS spectra in the Ols region for the as-deposited (a)
and heat-treated at 523 K (b) and at 623 K (c¢) ITO50 films sputtered un-
der 0.5 sccm oxygen flow rate. I—experimental curve, 2—O0,—0y; peaks
sum.

TABLE 7. Ratios of the amount of oxygen atoms causing O;, Oy, Oy to
that of indium atoms in the ITO50 films.

Sample 0,/In 0y/In Oyy/In 0,,.,/In Volume resistivity,

nQ-cm
as-deposited 0.19 0.27 0.40 0.57 694
HT 523 K 0.21 0.33 0.09 0.41 683
HT 623 K 0.07 0.25 0.36 0.49 1220

the lowest volume resistivity.

Intensities of Sn4d and In4d peaks increased by 1.4 times, when
going from as-deposited to HT 523 K thin film, and then decreased
in HT 623 K thin films (Fig. 6).

The density of states (DOS) of ITO50 thin film increased, when
going from as-deposited to HT 523 K thin film, and then decreased.
The highest DOS was shown by ITO50 thin film with the highest
conductivity.
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Fig. 6. Low binding energy region in XPS of the (1) as-deposited and (2)
heat-treated at 523 K and (3) at 623 K ITO50 thin films sputtered at 0.5
scem oxygen flow rate.

Fig. 7. Wide scan XPS spectra, (b) In3d, (c) Sn3d, (d) Ols XPS spectra of
the as-deposited ITO50 (1) and ITO90 (2) thin films sputtered at 0.2 sccm
oxygen flow rate.
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3.3. TiN Content Effect

Wide scan spectra showing Cls, In3d, Sn3d, Ols maxima (Fig. 7, a)
appear in both ITO90 and ITO50 thin films.

Core level In3d (a), Sn3d (b) and Ols (c) XPS spectra of the as-
deposited ITO90 and ITO50 thin films sputtered at 0.2 sccm oxygen
flow rate are shown in Fig. 7, b—d.

As can be seen from Fig. 7, b, the binding energies of In3d;, and
In3d;,, peaks are of 452.4+0.1 and 444.7+0.1 eV in as-deposited
ITO90 and ITO50 films. The In3d;, peak at 444.7+0.1 eV corre-
sponds to the In®" charge state. The binding energies of Sn3d;,, and
Sn3d;,, peaks (Fig. 7, c¢) are of 495.2+0.1 and 486.8 £0.1 eV, re-
spectively. The peak at 486.8 £ 0.1 eV is assigned to the binding en-
ergy of Sn3d;,, peak that corresponds to the Sn*" charge state. Fig-
ure 7, d shows the XPS Ols spectra of the ITO90 and ITO50 thin
films. The binding energies of Ols peak are of 531.8+ 0.1 and
530.7+ 0.1 eV for ITO50 and ITO90, respectively. Ols peak shifts
by 1.1 eV towards the higher energies, when going from ITO90 to
ITO50. The shift in oxygen Ols peak may be due to the increase in
oxygen to metal ratio with an increase in the doping concentration
[25].

Figure 8 shows valence-band XPS spectra of the as-deposited
ITO50 and ITO90 thin films sputtered at 0.2 sccm oxygen flow rate.

The density of states (DOS) of ITO thin film increased, when go-
ing from ITO50 to ITO90 thin film. The highest DOS was shown by
ITO90 thin film with the highest conductivity.

The OK,-emission spectra of ITO50 and ITO90 were also recorded
and compared on a common energy scale with the XPS valence-band
spectra of these films (Fig. 9), following the technique described in
detail in [26].

Peculiarity A of the XPS valence-band spectra of ITO50 and
ITO90 coincides with the maximum of the OK,-emission spectra of
ITO50 and ITO90. Therefore, the sub-band A at the top of the va-
lence band of ITO thin films is formed mainly by contributions of
0O2p states.

4. SUMMARY

Indium-saving ITO thin films have been deposited onto glass sub-
strates preheated at 523 K by DC sputtering at different oxygen
flow rates and subsequently heat-treated. In order to reduce indium
usage in ITO films, an amount of indium oxide in the target was
decreased from 90 to 50 mass.% . X-ray photoelectron spectroscopy
and x-ray emission spectroscopy were used to reveal effects of oxy-
gen flow rate, Sn content and heat-treatment temperature on elec-
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Fig. 8. Low binding energy region in XPS of the as-deposited ITO50 (1)
and ITO90 (2) thin films sputtered at 0.2 scem oxygen flow rate.

Fig. 9. Valence-band spectra of as-deposited ITO50 (a) and ITO90 (b) thin
films sputtered at 0.2 scem oxygen flow rate. I —USXES; 2—XPS.

tronic properties.

XPS measurements showed that indium is in one charge state,
namely, In®', and tin exists only in Sn*" charge state in ITO50 thin
films sputtered at different oxygen flow rates. Heat treatment does
not effect on the charge state of In and Sn. Indium and tin do not
change charge state, when going from indium-saving ITO thin films
to typical ones. The Sn concentration relative to In concentration in
as-deposited thin film sputtered at oxygen flow rate of 0.5 sccm is
higher than in other films, thus, increasing the carrier concentra-
tion on the surface of the film. As-deposited ITO50 thin film sput-
tered at 0.5 sccm oxygen flow rate with the highest conductivity
demonstrated the highest relative intensity of O, peak, which is at-
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tributed to O—In bonding state in oxygen-deficient region.

Thin film deposited at oxygen flow rate of 0.5 scem and heat-
treated at 523 K showed the highest Oy /In ratio and, therefore, in-
creased amount of oxygen vacancies. This film demonstrated the
lowest volume resistivity.

The density of states increased, when going from ITO50 to ITO90
thin film.
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The electrical conductivity of pure and Cr**-doped B-Ga,O, thin films is
studied. As found, the thin films of B-Ga,0, and B-Ga,0,:Cr®" annealed in
an oxygen atmosphere have a low conductivity of the order of 107°
Ohm lecm™. The conductivity of such films is associated with the release
of electrons from deep donor levels due to oxygen vacancies. At annealing
within the reducing atmosphere, the specific conductivity of B-Ga,0O; thin
films increases to 10 Ohm '-cm™ and is associated with shallow donor
levels due to interstitial gallium atoms. At annealing within the reducing
atmosphere, the specific conductivity of B-Ga,0;:Cr®" thin films increases
to 10® Ohm cm ™ and related with deep donor levels due to chromium-
impurity ions in the Cr?" state. The relationship between the luminescence
and the conductivity in p-Ga,0,:Cr®*" thin films is analyzed. As shown, by
changing the thermal-treatment conditions for the B-Ga,0;:Cr thin films,
it is possible to change the concentration of chromium-impurity ions in
the Cr?" and Cr®" states and, thus, to control the electrical conductivity
and luminescence.

IocmimxeHo eleKTPONPOBifHiCTh UMCTHX Ta aKTMBOBaHmMX HoHamu Cr®" To-
HKuX MmIiBoK (-Ga,0;. BcranosneHo, 1o BigmaseHi y KucHeBi#l armocdepi
roEKi maiBkn B-Ga,0; Ta B-Ga,0;:Cr¥" MaioTh HMBBKY IHTOMY eJIeKTPOIIpPO-
BigHicTs mopagky 1071° Om lem . IIpoBizHicTE TaKuX ITiBOK MOB’A3yeThCH
3i 3BIIbHEHHSM €JEeKTPOHIB i3 IImOOKMX MOHOPHUX PiBHIB, 3yMOBJIEHUX
OxkcureHoBUMHM BaKaHciaMmMu. 3a Bigmaay y BiZHOBHIiN aTmocdepi mmToma
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OpoBifHiCcTE TOHKMX 1iiBok PB-Ga,0, aspocrae mo 102 Om'cm ' rTa
TIOB’A3Y€ETHCA 3 MIJIKUMU JOHOPHUMU DiBHAMU, 3yMOBJIEHUMM Mi’KBY3JIOBHU-
Mu aromamu lamifo. Ba Bigmasy y BimHOBHi#I aTmocdepi mmTomMa mTPOBiA-
HicTh TOHKHX IIiBOK B-Ga,0,:Cr®* spocrae mo 108 Om cm™! i mos’asyernes
3 IIMOOKMMM JOHOPHUMMU PiBHAMMU, 3YMOBJIEHUMHU IOMIIIIKOBUMH HOHAMU
Xpomy y crani Cr?*. IlpoBemeHo aHATi3y B3ae€MO3B’A3KY MiK JIOMiHecIeH-
Iiero Ta OpoBifiHicTI0O B ToHKMX miiBKax P-Ga,0;:Cr®". Ilokasano, mo, ami-
HIOIOUM yMOBU TepMooOpoOJyieHHA TOHKMX IIiBOK P-Ga,05:Cr, mosxHA 3Mi-
HIOBATH KOHIIeHTpaIlilo JoMmimkosux iiomis Xpomy y cramax Cr®" it Cr®" i
TUM CAaMUM KOHTPOJIIOBATU €JIEKTPOIPOBIAHICTD i JTOMiHECIIeHIIitO0.

Key words: gallium oxide, thin films, activator, conductivity.

KuarouoBi caoBa: oxcuz Tanito, TOHKI mIiBKH, aKTUBATOP, HPOBiAHICTE.

(Received 12 April, 2022)

1. INTRODUCTION

The great interest of researchers in the study of thin films of met-
al-oxide materials is due to the possibility of their use in modern
instrumentation and optoelectronics. Among such materials, the [3-
Ga,0; films occupy an important place; they have a number of in-
teresting properties, which are determined by ways and methods of
fabrication. Depending on the method of obtaining and the type of
dopant, the pure and doped thin films of p-Ga,O; are used as phos-
phors with photoluminescence [1, 2], cathodoluminescence or elec-
troluminescence [3, 4], as transparent conductive electrodes [5].

The practical use of B-Ga,0O; thin films stimulates widely the in-
vestigation of alloying impurities for the formation of levels of cap-
ture and recombination of charge carriers in the band gap that af-
fects significantly on the electrophysical properties of these films.
Such impurities include an impurity of Cr®", the ionic radius of
which is close to the ionic radius of the cation, and it causes large
intensity of the intracentre emission [6, 7]. Several methods are
used to change the electrical conductivity of thin films based on [3-
Ga,0;, one of which, namely, annealing in different atmospheres at
high temperatures, is used in this work. In this work, thin films of
B-Ga,0; and B-Ga,0,:Cr®" are investigated. Thin films are obtained
by radio-frequency (RF) ion-plasma sputtering. The application of
this method is considered as optimal for the deposition of semi-
conductor and dielectric thin films [8].

2. EXPERIMENTAL TECHNIQUE

Thin films of B-Ga,0; and B-Ga,0;:Cr®" with a thickness of 0.2-1.0
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um were obtained by RF ion-plasma sputtering on substrates of v-
Si0, fused quartz. After deposition of films, they were heat-treated
in oxygen atmosphere at 1000-1100°C, as well as, they were re-
duced in hydrogen at 600-650°C. X-ray diffraction studies showed
the presence of a polycrystalline structure, which differs slightly,
depending on the chemical composition and method of thermal
treatment of films. We give the typical diffraction patterns and
their analysis on the example of B-Ga,0; thin films earlier in Ref.
[9]. It is also shown that the films are formed from nanocrystal-
lites, the size of which is determined by the conditions of fabrica-
tion. In particular, after annealing within the oxygen atmosphere,
the average diameter of the crystallites is of 47 nm, and after an-
nealing within hydrogen atmosphere, it is of 35 nm [9].

Gallium oxide of 99.99% was used as a raw material for the dep-
osition of thin films. An alloying impurity in the form of Cr,0; ox-
ide with a concentration of 0.01-0.1 wt.% was added to B-Ga,O; in
the manufacture of targets for film deposition.

The conduction currents in the temperature range 300-450 K
were measured on an automated installation. An electric voltage of
10-100 V was applied to two point contacts with a diameter of 1
mm, which were separated at a distance of 1 mm. When measuring
the current flowing in the studied thin films, the main requirement
is the use of ohmic non-rectifying contacts, which do not create ad-
ditional barriers at the interface. The ohmic contact to the investi-
gated films is created by materials, when, at the direct shift, the
injection of electrons into the film is provided, having a work out-
put of 4.5 eV. The polycrystalline carbon (aquadag), which we use,
meets these requirements and has been reported in numerous publi-
cations about its use in the study of diamond, garnet and other
high-resistance oxygen-containing samples [10-14], including J-
Ga,0, [15-17].

Fig. 1. Voltage—current characteristic of p-Ga,0O; thin films.
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Our investigation on the AutoLab impedance spectrometer
showed that the voltage—current characteristics of the studied films
are described by a linear dependence in the range of electric fields
up to 5'10° V/m. The characteristic behaviour of the voltage—
current characteristic for the p-Ga,05 thin film is shown in Fig. 1.

3. RESULTS AND DISCUSSION

Our researches have shown that thermal treatment of B-Ga,O; thin
film within the reducing hydrogen atmosphere leads to an increase
in electrical conductivity. The obtained results are in good agree-
ment with previous our studies [9] and show that the thermal acti-
vation energy of electrical conductivity decreases to 0.1 eV (Fig. 2).
Subsequent annealing of low-ohmic B-Ga,O; thin films within the
oxygen atmosphere leads to a decrease of electrical conductivity
that indicates the relationship of the donor levels with oxygen loss.

In general, donors’ properties in B-Ga,05-based thin films can be
possessed by two types of intrinsic defects of the crystal lattice,
namely, interstitial gallium ions or oxygen vacancies, which have
captured ‘excess electrons’ [18]. The results of studies of the de-
pendence of electrical conductivity on the partial pressure of oxy-
gen, carried out in [19], make it possible to determine the degree of
ionization of defects. From the obtained results, it follows that the
electrical conductivity of B-Ga,0; is due to the release of electrons
from oxygen vacancies V' and single ionized atoms of interstitial
gallium Ga,;, which play the role of donor centres.

Fig. 2. The temperature dependence of specific conductivity for thin films
of (I, 3) B-Ga,0; and (2) B-Ga,05:Cr annealed within the hydrogen (I, 2)
and oxygen (3) atmospheres.
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Taking into account that, in alkali-halide crystals, the anionic
vacancy creates deep levels of electron capture (up to 2 eV) and also
based on the results of determining the deep levels of oxygen va-
cancy of V, in oxides of ZnO and MgO [20], it should be expected
that oxygen vacancies in -Ga,0; create deep levels of electron cap-
ture too. Based on previous studies [9], it can be suggested that the
electrical conductivity of high-resistivity p-Ga,O; thin films is due
to the release of electrons from the V centres created by oxygen
vacancy (activation energy of 0.84 eV) into the conduction band. In
addition to deep donor levels, B-Ga,O; also contains shallow levels
with activation energies in the region up to 0.15 eV [9]. The value
of activation energy decreases with increasing degree of recovery.

The shallow donor levels are associated with interstitial gallium
atoms. According to the data of [21-23], the interstitial gallium
atom must be once ionized Ga,. This shallow donor model well
agrees with the hypothesis that green luminescence in B-Ga,0O; is
related to intracentre transitions in mercury-like Ga' centres. As
the temperature increases, the donor centre Ga,; is ionized that leads
to the observed temperature attenuation of the emission. At the
same time, it follows from luminescent studies that the concentra-
tion of green luminescence centres depends weakly on the degree of
oxygen defects [24—-26].

Given the possibilities of wide application in luminescent tech-
nology of luminescent impurity-doped B-Ga,0; thin films, we inves-
tigated the effect of Cr®'-impurity centres on the electrical conduc-
tivity of these films.

According to Ref. [7], the red photoluminescence and several
thermally-stimulated luminescence (TSL) bands with maxima near
265, 285, 300, 320, 354 and 385 K are observed for the p-
Ga,0;:Cr®" single crystals. Our investigation of TSL in thin films of
B-Ga,0,:Cr®* showed the presence of only one band of TSL with a
maximum in the region of 290 K (Fig. 3). Probably, other possible
bands of TSL due to the low intensity of the emission could not be
detected.

To estimate the depth of occurrence of the detected capture cen-
tre, the estimated ratio according to Urbach’s formula E,=25kT,,
was used [27], where value of E;~0.62 eV was established. The ob-
tained value correlates well with the results in Ref. [7] for single-
crystal samples.

The investigation shows that, after thermal treatment within the
hydrogen atmosphere, the resistivity of B-Ga,0;:Cr®* thin films de-
creases from 10" Ohm-cm to 10°-10® Ohm-cm with value of the
thermal-activation energy of 0.6 eV (Fig. 2). After such annealing,
the quenching of red luminescence is observed, and TSL is absent.
The red photoluminescence of B-Ga,0,:Cr®" thin films increases after
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Fig. 3. The TSL curves for the B-Ga,0,:Cr®" thin films annealed within the
oxygen atmosphere at registration in the red region of the spectrum
(A > 650 nm).

thermal treatment within the oxygen atmosphere or, according to
Ref. [28], after the introduction of divalent impurities (Mg or Zn),
which form deeper levels of capture than Cr®" ions.

Based on the obtained data, the mechanism of changes in the
conductivity of p-Ga,0; thin films in the presence of a luminescent
impurity Cr®" can be explained as follows. The shallow donor levels
with a depth of occurrence near 0.1 eV for the thin films of (-
Ga,0;:Cr®" after thermal treatment in a reducing atmosphere are
formed. However, the electrons from these levels are recaptured by
deep centres; because of this, the photoluminescence intensity of
Cr®" ions decreases and TSL becomes absent. The conductivity is de-
termined by the thermal transition of electrons from the Cr?' level
(the energy depth of 0.62 eV) to the conduction band. As a result,
the electrical resistivity of Cr®-doped B-Ga,O, thin films decreases
less than that of undoped thin films, and the value of activation
energy is higher than that of undoped thin films and is of 0.6 eV
(compared to 0.15 eV in Ref. [9]). After the next thermal treatment
within the oxygen atmosphere, in undoped and Cr*'-doped B-Ga,O,
thin films, the value of resistivity increases to 10°-10'° Ohm-cm,
and the value of activation energy increases to 0.84 eV. In addition,
the increasing intensity of red photoluminescence in thin films of -
Ga,0;:Cr®" is observed.

To describe the relationship between luminescence and conductiv-
ity in B-Ga,0,;:Cr®" thin films, it should be taken into account that
the introduction of Cr®" impurities into the B-Ga,0, crystal lattice
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leads to the formation in the band gap of an electron capture level
(Cr*") with an energy depth of 0.62 eV. Since the concentration of
introduced impurities is of the order of 0.01-0.1 wt.%, the concen-
tration of the created levels of electron capture is of the order of
10'%-10" cm™ that is of the same order or greater than the possible
concentration of oxygen vacancies. The introduction of deep levels
of electron capture into the p-Ga,O; crystal lattice leads to the fact
that ‘free’ electrons are relocalized from shallow levels with an en-
ergy of the order of 0.1 eV to deeper levels with an energy of 0.62
eV (in states with minimum energy). Such localization of electrons
on the deeper levels leads to an increase in the value of activation
energy of electrical conductivity and, as a consequence, to an in-
crease in the value of resistance of the thin films.

The value of the activation energy of electrical conductivity of p-
Ga,0;:Cr®" thin films is quite close to the depth of occurrence of the
donor level Cr*, as obtained from TSL data. Note that the capture
of ‘free’ electrons by chromium ions is equivalent to its recharging
to the Cr®*" state. Because of such capture, the concentration of im-
purity ions in the trivalent state decreases that manifests itself in a
decrease in the luminescence efficiency of Cr®* ions. The subsequent
reannealing of B-Ga,O; thin films within the oxygen atmosphere
leads to a decrease in the concentration of oxygen vacancies as well
as free electrons, which are captured by the capture centres. The
electrical conductivity, close to the stoichiometry of B-Ga,O; thin
films, is controlled by the deep centre V. (E =0.84 eV). Given that,
the depth of the Cr*' level (E =0.62 eV) is less than V*, in the case
of high-ohms films, the recharging of impurities does not occur be-
cause the electrons are trapped at deeper levels. Thus, if changing
the thermal-treatment conditions of B-Ga,0;:Cr®" thin films, it is
possible to change purposefully the concentration of impurity chro-
mium ions in the divalent and trivalent states. The luminescence
efficiency of Cr*-impurity ion varies more than ten times.

4. CONCLUSIONS

The investigation have shown that annealing in the reducing at-
mosphere of pure and Cr’"-activated B-Ga,0, thin films leads to a
significant increase of the specific conductivity from 107
Ohm “cm™ to 107 Ohm™-cm™ for pure B-Ga,O, thin films and up to
10® Ohm™'.cm™ for thin films of B-Ga,0;:Cr®. In high-ohms films,
the conductivity is associated with the release of electrons from
deep donor levels with the energy value of 0.84 eV that is associat-
ed with oxygen vacancies. At annealing in a reducing atmosphere,
the conductivity of p-Ga,O; thin films is associated with the release
of electrons from shallow donor levels with the energy value of 0.15
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eV that is associated with interstitial gallium atoms. At annealing
of B-Ga,0,;:Cr®" thin films in a reducing atmosphere, the conductivi-
ty is associated with the release of electrons from deep levels with
the energy value of 0.62 eV that is associated with impurity chro-
mium ions in the Cr®" state.

It was found that, at changing the thermal-treatment conditions
for the B-Ga,0,;:Cr®" thin films, it is possible to change the concen-
tration of impurity chromium ions in the Cr?' and Cr®" states in a
controlled manner and, thus, to control the electrical conductivity
and luminescence.
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Alumina (Al,0;) and spinel zinc aluminate (ZnAl,0,) nanoparticles were
synthesized by a sol-gel method. Pure and chromium (Cr®*") doped ALO,
and ZnAl,O, were prepared and then characterized in order to study the
influence of chromium doping (impurities) on the physical properties of
these compounds. Obtained powders were calcined at 500°C. Optical and
structural properties of as-prepared powders were investigated by UV-
visible spectroscopy (UV-Vis), Fourier transform infrared spectroscopy
(FT-IR) and powder x-ray diffraction (XRD). The band-gap energy values
obtained from UV-visible characterization showed the insulator (E,=4.881
eV) and semi-conductor (E,=3.707 eV) characters of Al,0; and ZnAl,O,,
respectively. The incorporation of chromium atoms in ours synthesized
matrix has been confirmed by the FT-IR spectroscopy; it is explained by
the formation of Cr—O complex at 674 cm™ in both materials. The XRD
results have shown the crystallographic phases (cubic) of Al,O; and
ZnAl,O, nanoparticles. The crystallite size was found to be in the range of
192.968 nm to 460.765 nm for Al,0,:Cr®*, and it was revealed to be con-
stant (~ 32 nm) for ZnAl,0,:Cr®" matrix.

Hamouactuaku okcuny ajiominito (Al,O;) Ta mmiHesni asioMiHaTy IUHKY
(ZnAl,0,) cuHTe30BaHO B30Jb—TeNb-MeTOAOM. YwWCTi Ta JieroBaHi Xpomom
(Cr®*") ALO, i ZnAl,0, 6y1u ojepaHi i MOTIM OXapaKTepW3OBaHi 3 METOIO
BUBUYEHHS BIJIUBY JIeI'YBaHHA XpoMoM (momimiok) Ha (ismuHi BacTuBOCTL
mux crnoayk. OmepskaHi mopornku mposkapioBanu mpu 500°C. Onruuni Ta
CTPYKTYPHI BJIACTHMBOCTiI T'OTOBMX HOPOMIKIiB MOCJiMMKyBaJy 3a IOIIOMOTOIO
cueKTpocKomii B yabrpadiosnerosiit (YP) i Buaumiit obaactax ceitaa (UV-
Vis), imdpauepBonoi cmekTpockomii 3 @yp'e-mepersopom (FT-IR) Ta mopo-
IIKOBOI peHTreHiBcbKol audppakilii (XRD). 3Hauenusa eHeprii 3a60poHEHOL
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30HU, OJep:KaHi 3a momomoroio Y®P-Buammoi-xapakrepusarlii, morasaau
isonaropuuit (E,=4,881 eB) i manisnposigaukosuii (E,= 3,707 eB) xapak-
tepu Al,O; Ta ZnAl,O, BignmoBigHo. Brisennsa aromie XpoMmy B HaIlly CHUHTE-
30BaHy Marpuio 0yao migmrBepakeno FT-IR-cmeKTpocKoIieio; e MOsCHIO-
€ThCcsA yTBOpPeHHAM KoMiLtekcy Cr—O mpu 674 cm ! B o0ox MaTrepidnax.
XRD-peayabTaTu IoKaszaau Kpucrajgorpadiuui dasm (kybiumi) mHamouacTu-
Hok Al,O; Tta ZnAl,O,. Byso BcTaHOBJIEHO, IO PO3Mip KPHUCTANITY 3HAXO-
IUThCcA B Aiamasoni Big 192,968 mm no 460,765 um ana Al,0,:Cr®, i 6ymo
BUSABJIEHO, IO BiH € mocTiftaum (~ 32 M) ansa maTpuni ZnAl,0,:Cr?’.

Key words: nanoparticles, Al,O;, ZnAl,O,, Cr doping, sol-gel method.

Karouori ciosa: nanouactuuku, Al,0;, ZnAl,0,, Cr-neryBants, 30Jb—T'eJb-
MeTOJ.

(Received 7 October, 2021; in revised form, 18 October, 2021 )

1. INTRODUCTION

Alumina (Al,0;) nanoparticles are an excellent ceramic oxide; it has
received considerable attention due to their enhanced properties.
These kinds of materials are extensively applied in optical indus-
tries, electronics, thermoluminescence dosimetry, thermal insula-
tors and in metal cut [1-6]. In addition, these materials are used in
catalysts, ceramics, adsorbents, molecular separation, and composite
materials [7]. Alumina has different crystallographic phases, in
which the y-Al,0; is the most important phase because of its re-
markable properties like high insulation, high strength, high rigidi-
ty and transparency [8, 9].

Due to its wide band-gap (~ 3.8 eV) [10, 11], semi-conducting zinc
aluminate ZnAl,O, shows increased interest for many applications,
such as wultraviolet photoelectronic devices, sensors, high-
temperature material, optical coating and catalysts or supports in
many catalytic reactions due to its high thermal stability, low sur-
face acidity and hydrophobicity properties [12—14]. It has the chem-
ical formula of AB,0,, where A stands for metal cation, which occu-
pies a tetrahedral site, and B represents Al, which occupies the oc-
tahedral sites, within the cubic packed crystal structure that be-
longs to the space group Fd3m [14, 15].

Recently, different physical and chemical preparation techniques,
such as hydrothermal followed by calcination [16—21], the Pechini
process [21], solid-state routes [16], oxalate-precursor co-
precipitation [22] and the spray pyrolysis method [23], are employed
to prepare materials in powders’ form composed of nanoparticles.
Sol—gel process is one of the effective methods for synthesis of
metal-oxide nanoparticles, because it has many advantages than
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other methods [24—26]. Transition-metals’ ions, such as chromium
(Cr*") and titanium (Ti*"), doped a-Al,O; nanoparticles are known as
the most important laser materials; in this context, many studies
have been reported on the effects of these impurities on some prop-
erties of alumina nanoparticles [27—-33]. Alkali, alkaline earth, rare-
earth or transition metal ions’ doped ZnAl,O, have been a subject of
several previously published papers, such as referring to europium
(Eu®") ions [34], samarium (Sm?") ions [385], manganese (Mn?®") ions
[14], copper (Cu®*") ions [36], cerium (Ce?") ions [37], calcium (Ca®")
ions [88] and chromium (Cr®") ions [10, 11, 39-42].

In the present investigation, the synthesis of alumina (Al,O;) and
spinel zinc aluminate (ZnAl,0,) nanoparticles by means of the sol—
gel method are described. The effect of chromium (Cr®") doping on
the structural and optical properties has been briefly studied, and
the results are discussed. UV-visible spectroscopy (UV-Vis), Fourier
transform infrared spectroscopy (FT-IR) and powder x-ray diffrac-
tion (XRD) are the techniques used in the characterisation of nano-
particles.

2. MATERIAL AND METHODS
2.1. Material

Each chemical reagent used in the experiment was of analytical
grade, and they were used as obtained without further purification.
For synthesis, the pure and Cr*'-doped Al,O; and ZnAl,O, nanopar-
ticles, aluminium chloride hexahydrate (AICI;-6H,0, 99% Sigma-
Aldrich), aluminium nitrate nonahydrate (Al(NO;);-9H,0, 99% Sig-
ma-Aldrich), zinc nitrate hexahydrate (Zn(NQO,),-6H,0, 99% Sigma-
Aldrich), chromium nitrate (Cr(NO;);, 99% Sigma-Aldrich) were
used as precursors; urea (CH,N,O), polyvinylpyrrolidone (PVP) and
citric acid (CgHgO;) were used as a stabilizers; distilled water and
ethanol (C,H;0) were used as solvents.

2.2. Preparation of Pure Al,O; Nanoparticles

In order to synthesize the Al,0; nanoparticles via sol-gel method,
the precursor reacts with solvent (distilled water) to form a clear
solution; so, we dissolve 17.5 g of aluminium chloride hexahydrate
(AICl;-6H,0 salt) in 100 ml of distilled water under continuous stir-
ring at room temperature during 1 hour. Then, 5 ml of ethanol
(C,H:0) was added to the above-mentioned solution. In this step, the
temperature was increased to 70°C. After the next 5 minutes of
magnetic stirrer, 8 g of polyvinylpyrrolidone (PVP) stabilizer were
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added to the obtained solution. In order to obtain alumina sample in
powders’ form, the solutions were dried at 100°C for 24 hours to
evaporate the contained water and to remove organic compounds.
The resulting powders were grinded with mortar-pastel and, then,
calcined in an electrical furnace at 500°C for 4 hours.

2.3. Preparation of Pure ZnAl,O, Nanoparticles

Spinel ZnAl,O, nanoparticles were synthesized by means of the sol—
gel method involving the mixture of zinc nitrate hexahydrate
Zn(NO;),-6H,0 and aluminium nitrate nonahydrate AI(NO;);-9H,O0.
Firstly, 12.5 g of Zn(NO;),-6H,O and 15 g of AI(NO;);-9H,O were
dissolved in 100 ml of distilled water following the magnetic stirrer
at a room temperature. The urea solution (3.75 g of CH,N,O in 20
ml of distilled water) has been added drop wise to the above-
mentioned solution. After 3 hours of stirrer, 10 g of citric acid
(CsH0;) were added to the zinc aluminate solution. The final prod-
uct was obtained after 5 hours. The gel was dried at a temperature
of 100°C in an oven for powders’ synthesis. Resulting white pow-
ders were calcined at 500°C for 4 hours.

2.3. Preparation of Cr-Doped Al,O; and ZnAl,O,

To synthesize the Cr-doped Al,O; and Cr-doped ZnAl,O,, different
quantities of chromium nitrate Cr(NO;); (1%, 3% and 5%) were
solved in 10 ml of distilled water; afterward, chromium solution
was added to the pure Al,O; and ZnAl,O, solutions, and the synthe-
sis process was conducted similarly to the pure samples.

2.4. Characterization

The phase composition of ours synthesized matrix was analyzed by
the x-ray diffraction spectrometer (MiniFlex 600 powder diffrac-
tometer with CuK, radiation (A =1.5406 A) in the range from 3° to
90°); optical properties were studied using the SHIMADZU (UV-
1650-PC) double beam spectrophotometer. FT-IR spectra were rec-
orded by using the Alpha Bruker FT-IR spectrometer.

3. RESULTS AND DISCUSSION
3.1. UV-Vis Spectroscopy

To study the effect of chromium (Cr®) impurity on the optical
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Fig. 1. UV-Vis spectra of the (a) Al,0,:Cr®*" and (b) ZnAl,O,:Cr®*" nanoparti-
cles synthesized by sol-gel method and calcined at 500°C.

properties of alumina (Al,O;) and zinc aluminate (ZnAl,O,) synthe-
sized by sol—gel method and calcined at 500°C, solution samples of
these compounds were analysed using UV-Vis spectroscopy.

Figure 1, a and Figure 1, b show the transmittance spectra of
Al,0,:Cr®" and ZnAl,0,;:Cr*, respectively. The average transmittance
for the pure Al,O; was above 85%, but, following the increasing in
the doping concentration, two broad bands were observed in the vis-
ible wavelengths (centred at 406 nm and at 562 nm). These bands
may be associated with the following d—d electronic transitions of
Cr®*': *A,, » T, (406 nm) and *A,, — *T,, (562 nm) according to the
diagram of Shirpour et al. [29, 43, 44]. For the ZnAl,0,:Cr®" nano-
particles, the average transmittance was above 85% in the visible
region. It can be observed that the transmittance decreased with the
increases of the doping concentration.

Variation of absorption coefficients of Cr-doped Al,O; and Cr-
doped ZnAl,O, are presented in Fig. 2, a, b, respectively.

The relationship between the optical band-gap energy (E,) and the
absorption coefficient (o) is given by Tauc’s equation [45]:

ahv =7 (hv-E,)",

where -7 is a constant and E, is an optical band-gap of the studied
sample. The exponent n is taken as !4, since it is direct allowed
transitions. The band-gap energy (E,) can be obtained by plotting a
graph (ahv)® versus hv and extrapolating linear portion of the ab-
sorption edge.

The calculated band-gap by Tauc’s plot for all samples is shown
in Fig. 3, a, b. Obtained values of optical band-gap energy are tabu-
lated in Table 1.
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Fig. 2. Variation of absorption coefficient (o) as function of energy (hv)
for the (a) Al,0,:Cr*" and (b) ZnAl,0,:Cr®*" nanoparticles.
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Fig. 3. Plots of (ahv)® versus photon energy for the (a) Al,0,:Cr®" and (b)
ZnAl,0,:Cr®*" nanoparticles.

Figure 4 shows the variation of the optical band-gap energy (E,)
versus chromium (Cr®") concentration. It is observed that the optical
band-energy decreased from 4.881 eV to 4.493 eV with increasing
Cr®" concentration for the Cr-doped Al,O; nanoparticles. No change
was observed in the optical band-gap energy for the Cr-doped
ZnAl,O, nanoparticles. We know that the band-gap is a region in
energies with no allowed states. The density of states (DOS) versus
energy depends on the chemical composition of the material; if the
chemical composition is changed, at least, in principle, the DOS dis-
tribution should change. Doping is the action to add impurities; so,
the chemical composition changes by doping. The change in the en-
ergy distribution of the allowed states cannot have a general rule
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TABLE 1. Optical band-gap values for the Al,0,:Cr® and ZnAl,0,:Cr®" cal-
culated using the Tauc’s equation.

Samples | E, eV References
AlLO, 4.881
Al,0,:Cr3" (1%) 4.756
4. 2
ALO,:Cr* (3%) 4.631 06 eV [28]
AlL0,:Cr* (5%) 4.493
ZnAl,O, 3.707
ZnAl,0,:Cr®" (1%) 3.706
. 10, 11
7nALO,:Cr* (3%) 3.705 8.8 eV [10, 11]
ZnAl,0,:Cr*" (56%) 3.703
4.9+ LN - — - AlEOK;Cr’"
481 ) pC —<— ZnAl0,:Cr*]
4.7 2
4.6 e .
45] [,
% 4.4+
% 434
K4
4.14
4.0
3.94
3.8
3.74% s b &
0 I 2 3 4 5
Cr#*, %

Fig. 4. Dependence of the optical band-gap energy of Cr-doped Al,O; and
Cr-doped ZnAl,O, nanoparticles on Cr®* concentration.

such as the band-gap will decrease after introduction of impurities.
Generally, those impurities are called dopants, which create allowed
shallow states in the band-gap. Shallow states have small ionisation
energies; and, when the doping density is high, the dopant states
generate a band. If this band is very close to the valence or conduc-
tion band edges, the band-gap will decrease.

3.2. XRD Measurements

The XRD patterns of Cr-doped Al,O; and Cr-doped ZnAl,O, obtained
after calcination at 500°C are shown in Fig. 5, a, b, respectively.

As regards the XRD pattern of Al,O; nanoparticles (Fig. 5, a),
the diffraction peaks appeared at the 20-values of 33.23° (220),
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Fig. 5. XRD patterns of (a) Al,0;:Cr®* and (b) ZnAl,O,:Cr® nanoparticles
calcined at 500°C.

39.02° (222), 45.25° (400), 56.38° (422), 61.28° (511), 67.96° (440)
and 78.86° (621) confirm the cubic phase of y-Al,O; with the unit
cell parameter a=7.912 A. These have been coordinated with
JCPDS card No. 02-1420. Some diffraction peaks have been at-
tributed to the formation of chromium oxide Cr,0; [29]. Low-
intensity peak of a-Al,0; was detected at the 20-value of 52.02°.

The diffraction peaks at 19.26° (111), 31.51° (220), 63.18° (311),
39.08° (222), 45.09° (400), 47.54° (331), 56.44° (422), 67.80° (440),
69.13° (531), 75.59° (620) and 79.82° (533) observed in Fig. 5, b are
in agreement with JCPDS card No. 74-1138 that confirms the cubic
system of ZnAl,O, with the lattice parameter a=7.996 A and the
Fd3m space group. Three diffraction peaks at the 20-values of
32.79°, 34.35° and 62.63° have been attributed to the presence of
Al O, Cr,0; and ZnO compounds, respectively.

Concerning the Cr-doped Al,O; and ZnAl,O, compounds calcined
at 500°C, the cubic phases were obtained always. These tow observa-
tions indicated that chromium (Cr®") ions were successfully and
completely incorporated into the Al,O; and ZnAl,O, crystal lattice.
Comparing the atomic radius of Cr®*" (0.63 A) with Al*" (0.53 A) and
Zn®" ions (0.74 A) suggests that Cr®" ions likely substitute Al*" at-
oms at the octahedral sites.

The crystallites’ sizes were calculated by Scherrer’s equation [46]
using the most intense diffraction peaks (220) for Al,O; nanoparti-
cles and (311) for ZnAl,0O, ones. Obtained sizes have been tabulated
in Table 2. The crystallites’ sizes were found to be in the range
from 192.968 nm to 460.765 nm for Al,0;:Cr®" nanoparticles and
they were found to be constant (~ 32 nm) for ZnAl,0,:Cr®" nanopar-
ticles. For the alumina compound, it can be seen that the size of the
particles is increasing with the increase in the concentration of
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TABLE 2. Crystallites’ sizes for the Al,0,:Cr®* and ZnAl,0,:Cr®" obtained
from XRD patterns.

Samples | 20, ° hEkl FWHM, ° D, nm
Pure AlL,O, 33.461 220 0.043 192.968
ALO,:Cr*" (5%) 33.340 220 0.018 460.765
Pure ZnAl,O, 36.170 311 0.257 32.545
ZnAl,0,:Cr®* (5%) 36.140 311 0.256 32.688

Fig. 6. Unit-cells’ schemes of (a) Al,O; and (b) ZnAl,O,.

chromium (Cr®') ions; this change may be explained by the differ-
ence of atomic radii of Cr®* and AI*" ions. No change has been ob-
served for zinc aluminate compound because the concentration of
doping impurities (Cr®" ions) is very small; so, the effects on struc-
ture will be negligible.

Figures 6, a, b show the alumina (Al,0;) and zinc aluminate
(ZnAl,0,) unit cells performed by using VESTA code.

3.3. Fourier Transform Infrared (FT-IR) Spectroscopy

The FT-IR spectra of Cr-doped Al,O; and Cr-doped ZnAl,O, nanopar-
ticles synthesized by using the sol-gel method and calcined at the
same temperature (500°C) were recorded in the wave-number range
from 4000 cm™ to 400 cm™* and are shown in Fig. 7, a, b. The two
strongly bands at around 3433 cm™ and 1643 cm™ have been at-
tributed to the stretching mode of the OH group and the adsorp-
tion due to H,0 molecules, respectively [47, 48]. The Al-O stretch-
ing and bending modes have been characterized by two absorption
bands at low energies (500—700 cm™) with peaks at 680 cm ™ and
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Fig. 7. FT-IR spectra of (a) Al,O;:Cr®" and (b) ZnAl,0,:Cr®" nanoparticles.

501 cm™, respectively [49—51]. Absorption band at 555 cm™ was
attributed to the stretching mode from Zn-O [52, 53]. The incorpo-
ration of doping (Cr®") ions in ours matrixes Al,0, and ZnAl,O, has
been confirmed by the low-energy peak from Cr—O at 674 cm™ [54].

4. CONCLUSIONS

In the present paper, a sol—gel synthesis method was used for prep-
aration of Cr-doped alumina (Al,0;) and zinc aluminate (ZnAl204)
nanoparticles. Obtained powders were calcined at 500°C. UV-visible
(UV-Vis) spectroscopy, Fourier Transform Infrared (FT-IR) spec-
troscopy and x-ray diffraction (XRD) confirm that chromium (Cr?®")
ions have been successfully incorporated into Al,O; and ZnAl204
crystal lattices. The optical-gap values indicate the insulator
(E;,=4.881 eV) and semi-conductor (E,=3.707 eV) character of
Al,O; and ZnAl,Q,, respectively. The incorporation of chromium at-
oms in ours synthesized matrix has been confirmed by the FT-IR
spectroscopy; it was explained by formation of Cr—O complex in
both materials (with peak at 674 cm™). The XRD patterns revealed
the formation of cubic structure for both ALO;:Cr* and
ZnAl,0,:Cr®" nanoparticles. They also revealed some low-intensity
peaks for a-Al203. The crystallite size was found to be in the range
from 192.968 nm to 460.765 nm for Al,0;:Cr®" nanoparticles and it
was found to be constant (= 32 nm) for ZnAl,O,:Cr®" nanoparticles.
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79060 Jlvsis, Ykpaina

Y poboTi meTasbHO BUBUEHO BIJIMB Pi3HUX UMHHUWKIB Ha BUCHITHUN OMTUY-
HUH BiATYK chepuUYHMX HAHOUYACTHHOK MOHOCYJIbMiny Kympymy, moumuaio-
Yy 3 BILJIUBY KOHIIEHTPAIlil BiJIbHUX HOCIIB 3apAAy Ha IXHIO AieJIeKTPUUYHY
crajy Ta 3aKiHuyouu crnekTpamu eKcTuHKIiI. Ilokasano, 1110 MeToxa CuHTe-
3u HaHouacTMHOK CuS BmIMBaTMMe Ha 3HAUYEHHS KOHIEHTpAIlil BiIbHUX
HOCiiB 3apsany, SMiHIOIOUM IXHIO ILTa3MOBY YacTOTy Ta Mie€JeKTPUUHY IIPO-
HUKHICTh. A Ile B CBOIO Uepry MaTHMMe BU3HAYAJbHUI BIIJIMB Ha iXHill BU-
CIiAHUN ONTHUYHUHN BiATyK. BecTaHOBIIEHO, IO MOB:MKHMHA XBUJII Ta IJIadMoOBa
YacToTa MAIOTh HAWOiJBIINI BIJIUB Ha 3HAUEHHS KOMILIEKCHOI AieJeKTpuu-
HOIl mpoHMKHOCTH HaHouacTMHOK CuS. HacToTa JOKaIi30BaHOTO HOBEPXHE-
BOTO IIJIA3MOHHOT'O Pe30HaHCY HaHouacTMHOK CuS, mpAMo mpomopiiiifiHa ix-
Hilf TJIa3MOBili YacTOTi, 3MEHIITYEThCA 3i 30iMBITEHHAM AieJIEKTPUUYHOI IIPO-
HUKHOCTH HaBKOJMIITHLOTO CepemoBUINA Ta 31 30iJbIIeHHAM cTajoi 3aTy-
xaHHA BinbHUX HociiB. TakumM uymHOM, y IIepCHeKTUBi, 3MiHIOIOUM YMOBU
CHHTe3M HAHOYACTHMHOK cyiabhimy Kympymy, mMo:xkHa omepskaTu IIeBHe 3HA-
YeHHSA KOHIIeHTpAIlil BiTbHUX HOCIIB i TMM camMuM OakaHe 3HAUEHHS IIJIa3-
MOBOI YacCTOTH, IO [JAa€ MOMKJMBICTHP KOHTPOJIOBATHU IiK JOKAaJIi30BaAHOTO
IIOBEPXHEBOTO IIJIA3MOHHOI'O DPe30HAHCY. TaKoXX TEOPeTUYHO [JOCJiIKEeHO
KepyBaHHA ONTHYHUMH BJACTUBOCTAMM OAHOTO MAaTepidny 3MiHOIO po3Mi-
piB, dhopMU HAHOYACTMHOK i MOKA3HWKA 3aJIOMJIEHHS HABKOJUIITHBOTO CEpe-
moBumia. Ilokasamo, 110 HechepWUYHI HAHOUYACTUHKU XapaKTepPUIYIOTHCS
IBOMA IIJIa3MOHHUMM IIiKaMM, IO BiJIOBiZAIOTH MOMEPEYHOMY Ta II0340BIK-
HBOMY JIOKAJIi30BaHUM ITOBEPXHEBUM IIJIA3MOHHUM pe30OHaHCaM, a Biamaib
MiXK IiKaM#u 3aJIe:KUTh BiJ CIiBBiAHOINIEHHA MiK ocaMu Hec()epUUHOI HAHO-
yacTuHKU. [JoKa3aHO MOXKJIMBICTh 3CYBY PE30HAHCY ONTUYHOTO TOTJIMHAHHSA
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Ha JIOKAJIi30BaHUX IOBEPXHEBUX IIJIa3MOHAX y IIMPOKOMY AisAmasoHi iHdpa-
yepBOHUX MOBKUH XBuab — Big 800 mo 1800 mm. Taxum uymHOM, HOCJIi-
IKYBAHUUM MaTepifs € IepPCIeKTUBHUM [IJd OioMegUUHMX 3aCTOCYBaHb i
eHeproreHepyBAJIbHUX CUCTEM B iH(MpauepBoHill obsacti cunekrpa. Pospaxy-
HKY IIPOBOJUJINICA METOAOM JUIIOJBHOI €KBiBaJIEHTHOCTH.

In this work, the influence of various factors on the resulting optical re-
sponse of spherical copper monosulphide nanoparticles has been studied in
detail, starting with the influence of the concentration of free charge car-
riers on their dielectric constant and ending with extinction spectra. It is
shown that the synthesis method for the CuS nanoparticles affects the
concentration of free charge carriers by changing their plasma frequency
and dielectric constant. In addition, this, in turn, will have a decisive in-
fluence on their resulting optical response. It is found that the wave-
length and plasma frequency have the highest influence on the magnitude
of the complex dielectric constant of CuS nanoparticles. The frequency of
localized surface plasmon resonance for the CuS nanoparticles is directly
proportional to their plasma frequency and decreases with the increase in
both the dielectric constant of the surrounding medium and the damping
constant of free carriers. Thus, in the long term, it is possible to obtain a
certain value of the concentration of free carriers and, thereby, the de-
sired value of the plasma frequency by changing the synthesis conditions
of copper monosulphide nanoparticles. It allows controlling the peak of
localized surface plasmon resonance. In addition, the control of the optical
properties of this material have been studied theoretically with changing
the size, shape of nanoparticles and the refractive index of the surround-
ing medium. As shown, nonspherical nanoparticles are characterized by
two plasmonic peaks corresponding to the transverse and longitudinal lo-
calized surface plasmon resonances. The distance between the peaks de-
pends on the ratio between the axes of the nonspherical nanoparticle. The
possibility of shifting the resonance of optical absorption on localized sur-
face plasmons in a wide range of infrared wavelengths, from 800 to 1800
nm, is shown. Thus, the material under study is promising for biomedical
applications and energy-generating systems within the infrared region of
the spectrum. The calculations are carried out by the dipole equivalence
method.

Karouosi croBa: JioKali3oBaHUWN TMOBEPXHEBUU IIJIA3MOHHUU pe30HAHC, Ha-
HOYACTUHKM, MOHOCYJbhinx Kympymy, KOMILIEKCHA mieJeKTPUYHA HPOHUK-

HiCTb.

Key words: localized surface plasmon resonance, nanoparticles, copper
monosulphide, complex dielectric permittivity.

(Ompumano 26 mpasunsa 2021 p.)

1. BCTYII

Bigomo, 110 miIasMoOHHI BJIACTHMBOCTI HaWACKpPAaBIIIE IIPOABISIOTHCA Y
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OIJIAXETHUX METaJIiB, OCKLJIbKM OCTAaHHI JMTEeMOHCTPYIOTH €KCTPaoOpIu-
HapHi ONTUYHI BJACTUBOCTI Yy BUAUMOMY [mifAIladoHi cHmeKTpa Ta
SHAWIILIN IIHUPOKEe 3aCTOCYBAHHS Y PisHMX raaysax. OmHaK ocTaHHIM
YacoM Bce MIupIe 3aIlliKaBJIeHHA BUKJIMKAIOTH KOJOIMHI CHUJIbHOJEro-
BaHi HAHOKPUCTAJIU XaJbKOTeHinmiB Ta oxkcuxiB metainis [1]. Ile, B me-
pIIly uepry, IoB’A3aHO 3 THUM, II[0 TaKi MaTepisam xapaKTepu3yIThCSA
K HaOiBIIPOBIZHMKOBOIO, TaK i maasMoHHOIO mpupomoio [2]. I ax pe-
3yJbTaT, BOHM MEMOHCTPYIOTH CHUHepriuHe 00’€¢IHAHHS XapaKTepHUX
ONTOEJEKTPOHHMX BJACTHUBOCTe!l HAHOPO3MIpHUX HAIIBIPOBIAHUKIB i
ONTHUYHHUU BiITYK JIOKaJi30BAHOT'O IOBEPXHEBOIO ILIA3MOHHOT'O PE30-
maucy (JIIIIIP) [3].

fckpaBuMU IpeAcTaBHUKAMH TaKHX MaTepiadiB € cyabdizu Kyim-
PyMy — HAaITiBIIPOBiTHMKOBI CIIOJIYKM CKJAJIOM i3 MIUPOKUM (ha3soBUM
pismomaniTTaAM. Xaabkonutr (Cu,S) moumHae el pan AK crexiomer-
puuHa cHoojJykKa. B wmipy smenmenua Bmicty Kymnpymy, Martepisana
KpHCTaANidyeThcad V TaKuX (asax K, Hampuiaazm, mopieit (Cu,q,S),
nmirenit (Cu,gS), cmiorkomit (Cu,4S) i KoBeaitT (Cu;S), KOKHA 3 AKUX
Ma€ YVHIKaJbHY KPHUCTAJIUHY CTPYKTYpy. 3arajibHa (QopMmyJa IaHoro
pany — Cu,_, S, e 31 3pocTaHHAM X MaTepidAJ XapaKTepuU3yeThCA BCe
O1JIBINIOI0 KiJbKicTIO HipoK. 3aBAAKHK BiTHOCHO BUCOKiii KOHIleHTpaIril
IipoK, I[i MaTepiAjau AeMOHCTPYIOTh CMYTH Pe30HaHCiB JIOKaJi3oBa-
HUX TOBEePXHEBUX ILIasMOHiB y 0am3bkiit IH-o06macTi ciekTpa (1000—
2000 uM).

06’emuui cyapdin Kynpymy € BaKJIMBUM MaTepisijoM 3 TeXHOJIO-
rigvHOI TOYKM 30py uepes3 HMOro HETOKCUUYHICTBb, ITOIIUPEHICTH y TPU-
poAi, BifHOCHY [eIlleBU3HY, a KPiM TOro, BAAJIy BeJIUUYUHY 3a00pOHe-
HOI 30HM IJid 3acTocyBaHHA y ¢oroBoabraini [4]. ¥ momocyasdini
Kynpymy (KoBeJsiT) iHTEHCHUBHICTHL IJIa3MOHHUX JIiHi#l CIIeKTpa IIOr-
JUHAHHSA € HaiObiJbIIoI0 cepel ycix mepeisiueHux (a3 JOAaTKOBO 3a-
BOAKM KpucTajiuHiii OymoBi. Yepes uacTKOBe B3aloOBHEHHA pP-
opbitaneit Kynpymy [5] konmenrpanis gipok carae 10?2 cm'. Kpim
IIbOT'0, MiPKOBi CTAaHM BaJIEHTHOI 30HM XapaKTepU3YIOThLCS 3HAUHUM
CcTyHeHeM [eJoKaJlizalrii, o Jgae 3MOTYy iHTepHpeTyBaTH IipKU K
BinmbHI Hocii 3apanmy [2] Ta sacTocyBaTu mos ommcy ix Teopito Ilpyze.
Panimre Oysio BusABJeHO HaANpPoBigHiI BiaactTuBocti mpu 1,63 K B
00’emHill (asi xoBemiTy [6]. He BumamzxkoBo moHocyiabhin Kympymy
XapaKTepusyeThbCcA METAJiUYHOI0 ITOBENiHKOIO0, a HAHOUYACTUHKHU ITHOTO
MaTepiany JeMOHCTPYIOTh HoriuHauuA B ymoBax JIIIIIP B 61u3bKoMy
indpauepBoromy miamaszoni (1000—-1700 um) [7, 8].

Byno nmpozemoHcTpoBaHO HM3KY 3aCTOCYBaHb MaTepidny cyab@imiB
Kymnpymy y HaHopoamipmiit ¢opmi B obiaacti dororaranisu [9, 10],
omnrtoesneKkTpoHiku [11, 12], cerncopiB [13, 14] i 6iomenuriuuu [15, 16].

BasxkauBi poboTu i3 cuHTE3u Ta BUBUEHHSA IJIA3MOHHUX HAHOYACTU-
HoK CuS 6ynu omy6aixkoBaui rpymamu Burda [17] ta Alivisatos [18].
ABTOpU BCTAHOBUJIM, IO iHTEHCUBHICTH i mojo:keHHs mika JITIIIP
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3aJIeKaTh BiJ po3Mipy. 3o0KpeMa, B Ay:Ke MaJeHbKMX HAaHOUYACTHHKAX
(mopangky 3 um) exkcruHKIlia JIIIIIP BigcyTHsa, i il inTeHcuBHicTh 30i-
JBINYEThCA 3i 30iMbINIeHHAM pPO3Mipy HamouacTuHKU. Kpim Toro, 6yJo
OiTBEPIKEHO CTPOry 3aJIe’KHICTh IIJIa3MOHHOTO ITiKa BijJ ITOKasHUKA
3aJIOMJIEHHS HAaBKOJMIITHBOTO cepenoBumia. HemaBHi mociimsxeHHA
MoKasaju, 1110 3MeHIIIeHHA po3MipiB vacTunok CuS mo HamomacIiiTady
IONATKOBO BUKJIMKAE iCTOTHY 3MiHY ixHiX (ismuHmMX i XeMiuyHUX Bja-
CTUBOCTel uepes eeKT KBaHTOBoOro Koupaitumenty [19, 20]. I, Bin-
IOBiZHO, 3MiHa TAKUX BJIACTUBOCTEH BILJIMHE HA BUCJIITHUWINA OITUYHUN
BIITYK HAHOCTPYKTYpP. ToMy 3HAUHy yBary HayKOBIIiB 30CEpPEeaKeHO
Ha BUPOOHUIITBI HAHOCTPYKTYpPOBaHUX cyabdinie Kympymy pisHoro
poamipy, hopMu Ta PO3MipHOCTH.

IHmiuM mepcHeKTHBHUM HAIPSAMOM [OOCIIimKeHb € o6’eTHAHHA Ha-
HOCTPYKTYPOBAHUX HIJISIXETHUX MeTalliB, IIT0 XapaKTepU3YIOThCS Bi-
JbHUMHU eJIeKTPOHaMHU, 3 cyiabhimamu Kynmpymy — KjgacoMm IJIa3MOH-
HUX HAIiBOPOBIAHUKIB p-THUOY, B CTPYKTYPU THUOY AIPO—0060JOHKA
[21, 22]. Ile mae 3MOTy CTBOPEHHS HOABIHHUX IJIa3MOHHUX TeTEPO-
HAHOCTPYKTYP 3 VHIKAJIbHUMU MYJIbTHUILIEKCHUMU ONTUYHHMH Xapa-
KTepuctukamMu. Taki CTPYKTypH XapaKTepusyOThCA IIJIa3MOHHUMU
IipKOBUMHU KOJHBAHHAMHN B HaNiBIIPOBITHMKOBUX OOOJIOHKAaX, IIJIA3-
MOHHUMHU €JIEKTPOHHUMU KOJWBAHHSA B METAJNEBUX fAApaxX i MiK30H-
HUMU eJIEKTPOHHUMH IMepexXodaM¥ 3 BaJIEHTHOI 30HM B 30HY IIPOBiz-
Hoctu [23]. IloxBitiHi mJIa3MOHHI HAHOYACTUHKU THOY SAIPO—
obosoHKa (cynabdin Kympymy—meras) TeMOHCTPYIOTH IiKaBi MYyJbTH-
MomanbHI (poToTepMiuHi Ta (OTOKATANITHUHI BJIACTHUBOCTI 3a CeJEeK-
TUBHOTO (POTO30YMKEHHA PiSHMX ONTUUYHUX IIepexoniB Ha ixHix xa-
paKkTepHUX pe3oHaHCHUX uacToTax [24, 25].

Bapro zasmaumTu, 1o HesBajKawuUu Ha Te, IO OCTAHHIMU poKaMu
BeJIMKA KiJbKiCTh HayKOBUX IIyOJiKalIlii CTOCOBHO HAHOCTPYKTYpPOBA-
HOro cynbdiny Kympymy peryiaapuo 3’ABIA€ThCA, OaraTo MUTaHb BCe
e 3ajauInamTbesa Bimkputumu. Iloci Hemae omHO3HAUHOI BiAmoBifi,
AKi OCHOBHI IapaMeTpH/XapaKTepUCTUKU HAHOUYACTUHOK CYJIbdimy
Kynpymy MaTuMyTh BUSHAUAJLHUM BIJIMB Ha IXHE pe3oHaHCHE IIOT-
JUHAHHA, PO3CiaHHA (POTOHIB abo MmiACUIEHHS eJeKTPUUYHOrO II0JISI B
O0musbKOMYy iH(pauepBoHOMY AmiamasoHi [26, 27]. Binbime Toro, ciin
IpoBeCcTH BceOiuHe MOCTimKeHHS, IO BPaxXOBYe NIPOAYKTHUBHICTD i
MPaKTUYHICTh IJIA3MOHHUX HamouacTuHOK CuS, 10 YMOMKJINUBUTH BU-
KOPUCTAHHA IX y CIeIiANisoBaHNX 3aCTOCYBAaHHAX.

Tomy B Hamriii po06oTi MH AeTaJbHO BUBUNIN BIJINB Pi3HUX UYNH-
HUKIB Ha BUCIHIAHUHN ONTUYHUHN BIATYK chepUUHMX HAHOUACTUHOK CY-
abdiny Kynpymy, moumHaouy 3 BILINBY KOHIEHTPAIlil BiIBHUX HOCI-
iB 3apAny Ha MieJIeKTPUUYHY CTANy Ta 3aKiHUYIOUMN CHEeKTPaMH IIOTJIU-
HaHHA. [aai gociigsKeHO KepyBaHHS ONTUYHWMU BJIACTUBOCTAMU CY-
abdingis Kynpymy sajie:XHO BiJf iXHBOTO PO3Mipy Ta IOKasHUKAa 3aJI0-
MJIEHHSA HaBKOJUIITHLBOTO cepenoBuina. IlpoaHaizoBaHo IepcrueKTUBU
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MMOJAJIBIIIOTO 3aCTOCYBAHHSA Y PiBHUX Taays3dx.

2. PESYJIbTATH TA TUCRYCIA

2.1. Bous cTpykrypHuX napamMerpie CuS Ha iHoro miejIleKTpUUHY
crairy

Ilepmium eTamoM pPoOOTH € PO3PAXYHOK i BUBUEHHSA 3aJI€;KHOCTH BJia-
CTUBOCTEH IIJIa3MOHHMX HaHouacTHMHOK CuS Bif iXHIX CTPYKTYpPHUX
XapaKTepuCTuK, 30KpeMa BiJ KOHIleHTpallili BilbHHMX HOCiiB (mipok),
JIa3MOBO1 YaCTOTH, CTAJIOl 3aTyXaHHA BiJIBHUX HOCIIB i mgiereKTpud-
HOI IPOHUKHOCTH HaHOoUacTHUHOK. Omep:kaHi pesysbTaTH MOJEJIOBAH-
HS MOXKYTb CTATH KOPUCHUM iHCTPYMEHTOM [JIsI CUHTE3W HAaHOYaCTH’-
HOK i3 3ajaHMMHU 3a3gajieTilb ONTHUYHMMMK ImapamMerpamu. IlimasmoHHI
BiractuBocti CuS pamiomamizoBaumi B Mexxax wmozpento lpyze [13].
€auHa icToTHA PiIMKHUIIA IIOJNATAE B TOMY, IO KOHIEHTpAIlid HOCIiB,
— eJIeKTPOHiB, — HAacCIpaBAi € KOHIEHTpPAI[i€l0 OipoK, a IIJIa3MoBa
YacToTa 3aJIeKUTh He Bil edeKTHBHOI Macu eJeKTPOHiB, a Bin edek-
THUBHOI MacH IipoOK.

Ina BUBUEHHS ILTa3MOHHHX XapakTepucTuk CuS B 3ajie;KHOCTi Bin
MOro CTPYKTYPHUX IIapaMeTpPiB CIOUYATKY BU3HAUEHO, SIK KOHIIEHTpA-
iA BiTbHUX JIipPOK BIIJIMBA€E Ha IIJa3MOBY 4YacToTy. IlouaTKoBi ymMOBHM
IS TaKUX PO3PaxXyHKiB Oyau oOpaHi HaCTYHHUM UYHMHOM: e()eKTHUBHY
Macy IipoK MPUHHATO piBHOIO 1 (B OAMHUIIAX MAacCH CIOKOIO eJeKTPOo-
Ha 9,11-107' Kr); gieleKTpMuHA NPOHMKHICTL BiJBLHOIO IIPOCTOPY
cTaHOBUTH 8,85-107'% d-Mm!'; 3apan erexkrpona — 1,602:107° Ku. Ile-
pembauaiiocs, IO KOHIIEHTpAaIlid HociiB (gipok) y maHouacTuHKax CuS
Bapiroerbea Big 2,8-10%' mo 2,8-10%% cm® [3—14]. 3BepHimo yBary, 1o
KOHIIEHTpAIlisd BiILHUX HOCIIB y peaJibHUX 3pasKax 3aJIe;KUTh Big Te-
xXHOJIOTiI ofep:KaHHa cyabdiny KympyMmy Ta Moske iCTOTHO pisHUTHCS
B 3aJIEKHOCTI BiJ Pi3HMX UMHHUKIB, HAOPUKJAJ TOUHOT'O CTEXiOMEeT-
puuHoro Bimmomienua Cu:S y memxax oxmoi ¢asu. PospaxyHKu mpo-
BOIUJINCS METOAOM IUIIONLHOI eKBiBajmeHTHOCTHU [28].

PesynbTaTy pospaxyHKY 3aJIe;KHOCTH ILIa3MOBOI YacTOTH HaHOYAC-
TuHOK CuS BiJ KoHIleHTpAaIlii BIIbHMX MipOK IMOKasaJu, I0 ILIa3MoBa
YyacToTa 3MiHIOETLCA B AiAmasoHi Bix 2,5 mo 6,0 eB, 110 y3romKyeTh-
cd i3 miteparypuumu manumu [3]. Crama saTyxaHHS JIEKUTH y Jidma-
somi Big 0,2 mo 0,5 eB. 3HaueHHA AificHMX Ta YABHUX YACTUH Jiee-
KTPpUUYHOI ITPOHMKHOCTM HaHouacTMHOK CuS B 3ajJe’KHOCTi Bim mOB-
JKUHU XBUJIi, IIJIa3MOBOI YaCTOTH Ta CTAJIOI 3aTyXaHHA BIILHMX HOCIi-
iB moKasaHo Ha puc. 1. Y pasi sajlexHocTH AificHOI I ysABHOI yacTHH
TieJeKTPUUYHOI IPOHUKHOCTU BiJl MOBXKWHU XBUJL mepembauvaocs, IO
IJIa3MOBa YacTOTa CTAHOBUTEL 4,5 eB, a crana 3aTyxXaHHS BLJIbHUX HO-
ciie — 0,2 eB.

A BugHO 3 puc. 1, a, mificHa yacTUHA HieJeKTPUYHOI IIPOHUKHOC-
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Puc. 1. 3anexHocTi JieeKTpHUUYHOI IPOHHMKHOCTH HaHouacTHHOK CuS Bifg
JIOBXKUHU XBUJiI BUOPOMiHeHHA (a), mimasmMoBoi yacToTu (0) Ta craJiol 3aTy-
xaHHA (8).!

™1 3MiHoeThbed Big —14,0 mo 4,3, Koau JOBKUHA XBUJIL A 3MiHIOETLCS
Big 0,6 mo 1,7 MKM. YsBHA YacTHHA HieJIeKTPUUYHOI IPOHUKHOCTH Ba-
piroetrbea Big 0,46 mo 5,5 maA Toro K MiANA30HY AOBXKUH XBUJIbL. Po-
3PaxyHOK B3aJIe’KHOCTeH MiiCHUX Ta YABHUX YaCTUH MieJIeKTPUYHOI
OPOHUKHOCTH HamodyacTuHOK CuS Bim ixHBbOI mmasmoBoi uacTotu (puc.
1, 6) npoBoaMBCA naA HOBNMHU XBuJji y 1,1 MKM. 3HaUeHHA AiACHUX
Ta YABHUX YaCTHH JieJIeKTPUUYHOI IMPOHUKHOCTH HaHouacTUHOK CuS
3MmiHooTHCA Bim —-10,78 mo 4,232 Ta Big 0,46 mo 3,61 BimmosizwoO,
KOJIM TJIa3MOBa YacToTa 3MiHIOeThCcA Bixg 2,5 eB mo 5,5 eB (pumce. 1, 0).
HificHa yacTuHa [AieJIeKTPUYHOI IIPOHUKHOCTM He 3MiHMJIacA HAATO
CUJIbHO; BOJHOYAC 3HAUEHHS YSABHOI YaCTUMHU 3MEHIIMNJIOCS MaiiyKe B
IBa pasu IMOPiBHAHO 3 puc. 1, a. Iy pospaxyHKiB 3aJIe;KHOCTH Oiiic-
HUX Ta YABHUX YACTUH AieJIeKTPUUYHOI MPOHUKHOCTH HAHOYACTUHOK
CuS Big cranoi 3aryxaHHA BijgbHUX HOCIiB (puc. 1, 8) BUKOPUCTOBY-
Bayiu nmoB:KUHY XBumi y 1,1 MKM i miasmoBy uactotry vy 4,5 eB. 3Ha-
YeHHs CTaJIol 3aTyxXaHHA BiJIBHUX HOCIIB BapiroBasocs B [nisfnmasoHi
Bix 0,2 mo 0,5 eB. 3Hauennsa AificHOI YaCTUHU AieJeKTPUUYHOI IPOHU-
KHOCTH Bim’emMHe Ta 3MiHIoeThCa Bim —-5,1 mo —-2,5. YaBHa yacTuHa
IieJIeKTPUYHOI IPOHUKHOCTU 3MiHIOETHCA Bix 2,5 mo 5,09.

3arajioMm MOKHaA CTBEPIsKYBATHU, IO AOBXKHWHA XBUJi Ta IJIa3MOBa
YyacToTa MAalOTh HAMOLJBININI BIJINB HA 3HAUEHHS KOMILJIEKCHOI miese-
KTpUUYHOI HPOHHUKHOCTH HaHouacTuHOK CuS. Takum UYmMHOM, METOZX
cuHTe3u HaHouacTHHOK CuS BIIMBaTHMe HA 3HAUYEHHS KOHIIEHTPAILil
BiJILHUX HOCIIB 3apany, 3MiHIOIOUM IXHIO IJIAa3MOBY YacTOTY Ta JieJe-
KTPpUUYHY NPOHUKHICTL. A Ile, B CBOIO Uepry, MaTUMe BU3HAUAJILHUI
BILIUB Ha IXHIiA BUCIiITHUHA ONTUYHUUA BiATYK.

2.2. CnekTpajabHi XapakTepucTukn HaHouacTHHOK CuS B 3ajaeskHOCT
BiJl CTPYKTYPHUX IapaMeTpiB

HacTynHuM KpPOKOM [OCJiAKeHHA € po3paxyHok uacrotu JIIIIIP
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chepuunux HanouacTmHOK CuS Bix ixHpoi miaasmoBoi wacTotu. Bimo-
Mo, 1o yacrtora JIIIIIP 3aneXkuTh Big ImIasMoBOI YacTOTH, dieJEeKT-
PUYHOI TPOHUKHOCTH HaBKOJUIIHLOTO CEPedOBUINIA Ta CTaJO0i 3aTy-
XaHHA. Y OpeIcTaBIeHMX HUKUe PO3paxyHKax MU He BPaXOBYBATH-
MeMO BILIMB PO3Mipy HAHOUACTHMHOK, a OOMEXKHMOCSA IIepIIuM Ha-
onmxenuaM. TakuM UMHOM, MU IPUITYCKAEMO, IO IIJIa3MOBa YacTOTa
amiHIOETHCA Bim 2,5 1o 4,5 eB. [liedekTpruHa TPOHUKHICTH HABKO-
JUIIHBOTO cepemoBuUINa cTaHOBUTHL 1,33 (Boza). Crany saTyxaHHS 00-
pauo y 0,5 eB. PesyabTaTu po3paxyHKiB ImOKas3aHo Ha puc. 2, a. Ya-
CTOTa JIOKAJIi30BAHOTO IIOBEPXHEBOT'O IJIA3MOHHOTO Pe30HAHCy HAHO-
yacTuHOK CuS mpsAMO IpoImOopIifiHa IIJIasMOBiil 4acTOTi Ta 3MiHIOETH-
ca Bix 1 mo 2 eB.

IIpoBemeno mocaim:KeHHS 3aJIeKHOCTHM YaCTOTHU JOKAJIi30BAaHOTO IIO-
BEePXHEBOTO IIJIA3MOHHOTO pe3oHaHcy HaHouacTMHOK CuS Bim miemexrt-
PUYHOI IPOHUKHOCTH CEPeJOBUINA, B AKOMY BOHU 3HaxomAaTbcdA. [lie-
JeKTpUYHa NPOHUKHICTL HABKOJHUIIHLOTO CepeJoBUINla BapiloBaJacs
Big 1,00 mo 2,53. 3HaueHHA IJIA3MOBOI YacTOTH OyJO OOpaHO PiBHUM
4,0 eB. Crana saryxanHa ctaHoBuTh 0,5 eB, K i B momepeasHnoMy
BUNAAKY. Pe3yiabTaTu pospaxXyHKiB HaBemeHo Ha puc. 2, 0. BecraHos-
JIeHO, IIT0 YacTOoTa JIOKAJIi30BAHOTO IIOBEPXHEBOrO IJIA3MOHHOTO Pe3o-
HAHCY MOHOTOHHO cIafae 3i 36iJbINeHHAM IieJIeKTPUYHOI ITPOHUKHO-
CTH HaBKOJUIIHLOTO cepemoBuinia. TaKUM UHMHOM, IIOJOMKEHHS IIiKa
JIOKAJIi30BaHOT'0 ITOBEPXHEBOrO IJIA3MOHHOTO PE30HAHCY 3MiCTUTHCA B
00J1aCTh OiIBININX JOBXKUH XBUJb.

Ha ocramnbomMy erami IIbOoTo HOCJaiAKeHHsS OyJ0 po3paxoBaHoO 3a-
JIeKHICTHL YaCTOTH JIOKAJi30BaHOT'O IIOBEPXHEBOTO IIJIA3MOHHOTO Peso-
HaHcy HaHouacTHHOK CuS Bim crasoi saTyxamHa BiIbHUX HOCiiB (puc.
2, 8). IIpu mpoBefeHHi po3paxyHKy 3HaUeHHS CTAJOl 3aTyXaHHSA Bi-
JBHUX HOCiiB BapiroBasoca B mismasoni Bim 0,2 mo 0,5 eB. 3mauenus
TieJeKTPUYHOI IPOHUKHOCTH HABKOJUIITHBOTO CepemoBUINA 00paHO Y
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Puc. 2. 3ane)XHOCTI YaCTOTM JIOKAJTiB0BAHOTO ITOBEPXHEBOTO ILJIA3MOHHOTO
pesonaHcy HanHouacTmHOK CuS Bim mmasmoBoi uactoTu (a), AieJeKTPUUHOL
IPOHMKHOCTH HABKOJIHUIIIHLOTO cepefoBuina (6) Ta cranoi saryxanasa (8).”
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1,33, a vactoru miaasmMu — y 4,0 eB. 3 pucyHKy 2, 8 BUIHO, IO Yac-
TOTa JIOKAJi30BAHOTO MOBEPXHEBOTO IIJIA3MOHHOI'O Pe30HAHCy HaHoua-
ctTuHOK CuS MOHOTOHHO 3MEHINYETLCS 3i 30iJbIIeHHAM CTajoi 3aTy-
xaHHga. PisuuHe 3HAUEHHS CTAJIOl 3aTyXaHHSA HACTYIIHe: BOHa 00ep-
HEHO IIPOIIOPIlifiHa cepegJHBOMY Yacy peJjakKcallii — uacy Mik JBoMa
3iTKHEHHAMU HOCiiB 3apany (eJeKTpPOH-eJeKTPOHHI 3iTKHEHH:A, PO3Ci-
SAHHA Ha I'paTHUIi). 3MeHIIeHHA IbOro vacy (BiamoBimHO, 30iJbIIeH-
HS cTajol 3aTyXaHHA) CBIAUMTL IIPO iHTEHCHUBHE PO3CiAHHSA i, Bimmo-
BiHO, 3MeHINeHHS e(eKTUBHOI IIPOBiAHOCTH, BHACJIiJTOK YOTO CHCTe-
Ma «3MYIIIeHa» 3MEHIIIYBATH YaCTOTY PEe30HAHCIiB.

Ha ocHoBi mpexacraBieHux Buille pesyJbTAaTiB pPo3paxoBaHO Koedi-
Ii€HT eKCTUHKINI HamouacTuHOK CuS aK (QPYHKIIiI0 JOBMKHHU XBUJIi 3a
pisHMX 3HaueHb IJIa3MOBOi uacToTu. Byso obpamo, III0 BHCOKOYACTO-
THa OieJeKTpuuHa ITPOHUKHIicTL mopiBHIoe 9,0. IloB)KMHA XBUJIi 3Mi-
HIOEThCA B miaAnasoui Bixg 0,6 mo 1,6 MmxM. 3HaueHHs CcTaJI0l 3aTyXaH-
HA BLIbHHMX HociiB amimroBaJsiocsa Bix 0,2 mo 0,32 eB, a miaasmoBoi 4a-
croru — Bixg 4,0 mo 4,6 eB 3 Kxpoxkom y 0,2 eB. Kpim Toro, mu mpu-
mycKaeMo, IO pajnifoc HamouacTUHOK mopiBHIoe 50 HM. Iloxkasuuk
3aJIOMJIEHHSA CepPemoOBUINA, B SIKOMY BOHU 3HaXOIOATLCA, BapitoBaBCs
Big 1,0 mo 1,57. PesynbTaTu MOAEJIIOBAHHS 3ajJeKHOCTell KoedillieH-
Ta eKCTUHKIII] BiJ AOBKUHM XBWJL IJd Pi3HMX IIapaMeTpPiB HaBeIeHO
Ha puc. 3. Omep:xaHi pe3yiabTaTU CBifuaTh IPO Te, IO 3i 3MEHIIIEH-
HAM IJIAa3MOBOI YaCTOTH 3HAUEHHS Koe(illieHTa eKCTUHKIIIT 3MeHIITy-
oTeea (puc. 3, a). Kpim Toro, smina 3HaueHHsA IIJIa3MOBOI YacCTOTHU
icTOTHO BIJIMBaEe Ha IOJOMKEHHS ITiKa JIOKAJIi30BAHOTO IIOBEPXHEBOTO
IJIa3MOHHOTO pesoHaHcy. IIiK 3MmimyeTrbcsa B 00JacCTh OiJBIINX HTOB-
JKUH XBUJIb i3 3MEHIIIEHHAM YaCTOTU IJIA3MU.

Iamum mapamerpoM, SKME MOJKe BIJINBATKH HA BUCIIAHWINA OIITHY-
HU Biaryxk mamouactumHokK CuS, € craja 3aTyxaHHA BiJIbHMX HOCIiB
3apany. PesyabTaTu po3paxyHKiB IIOKasau, IO Koe(pillieHT eKCTHH-
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Puc. 3. 3anexxuicTy KoedimienTa excTuMHKINI HaHouacTmHOK CuS Bim m0B-
SKMHU XBUJIi MAaJAHOTO BUIPOMiHEHHS 3a PiSHUX 3HAUEHDb IIJIa3MOBOI YaCTOTHU
(a), cranoi 3aTyxaHHA BiMIBHUX HOCIIB (0) i AieqeKTpUYHOI IPOHMKHOCTHU Ha-
BKOJIHUIITHBEOTO cepenoBuina (8).2
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KIii mamouacTuuaku CuS 3MeHINYeTbCA 3i 30iJbIIIeHHAM cTaJoi 3aTy-
XaHHA BimbHUX HOCiiB (pumc. 3, 6). OmHak ciim 3a3HAUUTH, IO TOJIO-
JKeHHA IMiKa JOKaJi30BaHOTO IIOBEPXHEBOTO IJIA3MOHHOT'O PE30HAHCY
B IIbOMY BUIAAKy 3MIiHUTHLCA HEiCTOTHO Ta OyJe 3HAXOAUTHCS HA IO-
ByKUHI XBuii 6nusbko 1 MKM. Bommouac, 3pocTae miBHIMpUHA CMYTHU
OOTJIMHAHHS, II0 Pa3oM i3 3MEeHIIeHHAM eKCTHHKIl CBigYUThL HpPO
HOCTYIIOBEe TaCiHHA Pe30HAaHCY.

CIoeKTpu eKCTHHKIII JOCHigKyBaHUX HAHOUACTHUHOK TAaKOX € UYT-
JUBUMHU [0 3MiHM HOKAa3HMKA 3aJOMJIEHHS HABKOJUIIHLOIO cepeno-
BUINA, AK Ie IIOKA3aHo Ha puc. 3, 8. 30iJblleHHA ITOKAa3HUKA 3aJI0M-
JIeHHA HABKOJHUIIHBLOTO CEPEIOBUINA IPUBOAUTL M0 3CYBY IIiKa ILIa3-
MOHHOI'O IOTJIMHAHHS B 00JIaCTh OiJBIINX JOBXKHUH XBuJab. OgHAK I10-
ro amIIiTyna sMeHINyeTbcA. (1A mTpuKIamxy, KOJM HaHOYACTUHKA
3HAXOAUTLCA Y MOBiTpi, KoedimienT excTuHKIiI gopiBHioe 0,047, a y
BUIIAAKY CepemoOBUINA 3 IOKA3HUKOM 3ajioMJeHHA y 1,57 ammiityma
MMOHMKYETHCA TPUOIM3HO Ha TpeTuHy (i mopiBuioe 0,03).

3arajoM, MOKHA CTBePI:KyBaTH, IO IJIa3MOBA YacTOTa Ta IIOKAas-
HUK 3aJIOMJEHHS CepeloBHUINa, B AKOMY PO3MIiIlleHi HAaHOYACTUHKU,
MaloOTh HAMOIIBIINK BIINB Ha 3HAUEHHSA KoedillieHTA eKCTHUHKIII Ha-
HouacTuHoK CuS. TakuM UMHOM, yV IIEpPCIEeKTHBi, 3MiHIOIOUM YMOBU
CHUHTE3W HaHOYACTHUHOK cyabdiny Kynpymy, MosKHA ofep:KaTHU IIeBHE
3HAaUeHHA KOHIleHTpallii BiaIbHMX HOCiiB i, TMM camMum, Oaskame 3Ha-
YeHHS IJIa3MOBOI YaCTOTH, IO JAa€ MOKJIMBICTL KOHTPOJIIOBATH MHiK
JOKAaJIi30BaHOTO ITOBEPXHEBOTO MJIA3BMOHHOT'O PE30HAHCY.

2.3. CiekTpajabHi XapakTepucTUKN HaHouacTHHOK CuS B 3ajeskHOCTI
BiJf IXHiX T€eOMeTPUYHUX TTapaMeTpiB

Bigomo, 1110 po3mip HaHOUYACTMHOK MeTaJIiB iCTOTHO BILJIMBAa€ Ha IXHi
BUCHigHI omTmuHi xapakrtepucTuku. Tomy OyJI0 IPOBEAEHO MOCJi-
MKEeHHA 3aJIeKHOCTH IIepepisy IOTJIMHaHHA cepuUYHUX HAHOYACTHU-
HOoK CuS Bix ixmboro posmipy. g MomeTiOBAHHSA BUKOPKUCTOBYBAJIN-
cA HamouacTMHKHU 3 pagirocamu y 50, 70, 90 Ta 110 um. B saxkocti
MOKA3HUKA 3aJIOMJIeHHSA HABKOJUIIHBOTO CEPeJOBUINA BUKOPUCTAHO
moBiTpA (IIOKa3HUK 3aJoMJeHHS = 1). 3aleXKHicTh Iepepisy IIOTJIH-
HAHHA BiJ MOBXKWHMN XBWUJIi IJd HaHOUACTHHOK cyabdiny Kympymy
IJIA PisHUX PO3MipiB HAHOUACTUHOK 300pakeHO Ha puc. 4, a. 3 1bOro
PUCYHKY BUIHO, IO IIiK IIJITA3MOHHOTO IOTJIMHAHHSA 3HAXOAUTHCA Ha
moB:kuHI xBuai y 1,03 MKM g HAHOYACTUHOK OOpPaHMX pPO3MipiB.
OkpimM TOrO, BAPTO 3a3HAYUTHU, IO IIiBIIMPUHA CMYTH IOTJIMHAHHS
3pocTae 3i 30iJbIIEeHHAM po3MipiB HaHouacTuHOK. OTiKe, ysaraJb-
HIOIOUM OJep:KaHi pe3yabTaTH, MOXKEMO CTBEPAKYBaTHU, IO PO3Mip
HAHOYACTUHOK, B MIEpINy Uepry, BILIMBAaE€ Ha MaKCUMAaJbHe 3HaUeHHS
mepepisy moramHaHHA. BiH TaKoK IPUBOAUTHL A0 3MiHHM IIiBITUPUHU
CIeKTpa CMYI'd MOTJIMHAHHSA, ajie IPaKTHUUYHO He BILJIMBAE€ HAa II0JIO-
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Puc. 4. 3anexHicTh KoedimieHTa eKcTHMHKIII HanouacTtmHOK CuS Big m0B-
JKUHY XBUJII BUITPOMiHEHHSA 3a Pi3HMX 3HAUEHb pajiloca HAHOYACTHUHKH (a),
CIIiBBifHOINIEHHA MixK ocaAMHU cdepoimHoi HaHOUACTHMHKU (0) Ta mieJeKTpUU-
HOI IPOHMKHOCTY HAaBKOJHUIIHLOTO cepefoBuina (6).*

JKeHHd IIiKa ILJIa3MOHHOTO Pe30HaHCY.

B mporieci cunTe3n He 3aBXKAU BIAETHCA OJEPIKATH HAHOUACTHUHKU
imeanbHO chepuunoi popMI; TOMY Ha HACTYIIHOMY eTami poOOTU IIPO-
BelleHO MOJEJIOBaHHSA ABOX THUIIIB HAHOUACTHHOK, AKX JedOopMOBaHO
mo oci Ox Ta oci Oy, — Tak 3BaHi ‘prolate’- i ‘oblate’-HaHouacTrHKH.
A 1mporo BuKopucTano Teopito I'anca—Mi [29]. 3anexHicTh mepepi-
3y MOTJIMHAHHS Bil HJOBXXKUHUN XBUJIi HechepnuHNX HaHouacTHHOK CuS
3a pisHMX 3HaAUeHb IIiBOCi a mpexacTaByieHo Ha puc. 4, 6. Popmy Ha-
HOUACTMHOK BMOpPAaHO TaKMM YMHOM, II[00 3MiHIOBaJacsa JIMIIE OJHA
miBBich, a ABi iHNI 3aammanancsa mocriinumu. IliBBick a 3MmiHIOBaJIA-
ca Bix 60 mo 90 M, Bicwk b i ¢ smimroBanuca Big 20 go 40 um. 3 pu-
CYHKY 4, 6 BUAHO, III0 Hec(hepUUHiI HAHOUACTUHKN XapaKTepU3yIOThCA
OBOMAa YiTKMMM MJa3MOHHMMH IIiKaMM, IO BiAIIOBiZaOTh HoIeped-
HOMY Ta IIOB3JOBXXHLOMY JOKaJi30BAaHMM MOBEPXHEBUM IIJIa3MOHHUM
pesonancam. Ilepiuii miK 3HAXOAUTLCA HA JOBXKUHI XxBuiai y 1,0 MKM
IJIsT BCiX PO3MipiB HAHOUYACTHMHOK, a APYTHUH 3CYBAETHLCA Y JOBIOXBU-
JBbOBY 00JaCTh i3 30iJbIIEHHAM CIiBBimZHONIIeHHA MiK miBocamu (e).
BapTo zasmaunTy, 10 BeJWUYMHA MIEPIIOr0 MAKCUMYMY 3MEHIIYEThCS
i3 30iIBIIIEHHAM e€; B TOM jKe uac aMILIITyJa APYIroro MakKCHUMyMYy 3a-
JUIIAETHCA MPAKTUYHO HEe3MiHHOIO.

Ha pucyury 4, 8 mpeicTaBJIeHO 3aJeKHICTL Iepepisy IMOrJIMHAHHSA
Bi moB:KMHM XBuUJIi HamocTpu:kHiIiB CuS 3a ymoBH, II[0 HiBBich a mo-
piBuioe 80 mM, a miBoci b Ta ¢ mOpiBHIOIOTE 25 HM. 3 PUCYHKY Oauu-
MO, II[0 MHEePHINHA IIiK € MEeHII YyTJIMBUM OO 3MiHU JieJeKTPUUHOI
IPOHMKHOCTY HABKOJIMIIHLOTO CepemoBMINA Ha BiAMiHY Bim apyroro:
30KpeMa, mepiinii miKk scyBaeTrbcd Ha 0,08 MKM 3i 3MiHOIO TOKa3HUKA
sajgomaenus Big 1,0 go 1,57, a apyruii — 6inbmre HixK Ha 0,5 MKM.
ITopiBHIOIOUM puCyHKHU 3, 8 Ta 4, 8, 6aUNMO, II[0 HAHOYACTUHKU cde-
poigHOoi (popMU JTEeMOHCTPYIOTh BHUIIY UYTJUBICTEH A0 3MiHM IIOKasHUKA
3aJIOMJIEHHS HaBKOJMIIIHLOTO cepefoBuIna. Ilpmuomy, He3BaKaouu
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Ha Te, IO PO3TJIAfaJjacsa HAHOUYACTHHKA 3 MEHIINMU PO3MipaMu, HixK
y momepemsHLOMY BHHOAAKy (puc. 3, a), HepIIuil IIiK 3HAXOAUTHC
MPaKTUYHO Y TOMY CaAMOMY MicCIli cIeKTpaJibHOI IITKajau, a came, OJIu-
3bKO0 JOoBXKUHN XBUJIL ¥ 1,39 MKM. Ilo0/KeHHA APYroro maa3MOHHOTO
miKa € YyTJIMBUM OO 3MiHM PO3Mipy HAHOYACTMHKU Ta 3i 30ijbIeH-
HAM IiBoci b 3cyBaeThCA Y OOBrOXBUJIBLOBY 006JI1acTh cleKTpa. AK iy
IIoIIepeIHbOMY BHHOAIKY, BeJIMUYMHA MAKCHUMYMYy IIEPINOTO ITiKa 3aju-
IIaeThCcA HEe3MiHHOIO, a BeJIMYHHA APYroro 3pocTae 3i 36iabIeHHIM
PO3Mipy HAHOYACTUHKU.

Y3araapHIOIOUM, MOXKEMO CKasaTH, IO BiggaJb MixK mikamu Oyae
3aJIesKaTH BiJ CHiBBiZHOINIEHHS oceli HechepUUHOI HAHOUACTHUHKU, IO
Y3TOI'KYEThCA 3 BiIOMHMU pesyJbTaTaMH’ IJs eJICOINiB MeTajleBUX
HanouacTuHoOK [30].

OueBUIHO, M0 HAHOYACTUHKMN MoHocyabdiny Kympymy xapaktepu-
3YIOThCA IIIKABUMU Ta MEPCIeKTUBHUMHU BJIACTUBOCTAMHU — SCKPaBO
BUPa'KEHUMU, iHTEHCUBHUMM IIiKaMM HOOTJIMHAHHA y OJausbkiin I1Y-
o0sacTi cmeKTpa, YYTJIUBUMHU [0 PisHMX IIapaMeTpPiB CHUCTEeMU Ta Ha-
BKOJIMIITHLOTO CepemoBHUINla. 30KpeMa, CIeKTpajbHe BiKHO IJIa3MOH-
HOI aKTHUBHOCTU JAaHOTO MAaTepisJy IepeKpuBaAEThCA i3 APyruM 06ioJo-
riYyHMM BiKHOM IIPO30POCTH, IIIO Pa3oM i3 HeToKcuuHicTio CuS BKasye
Ha TIEepCIeKTUBY HMOro sacrocyBaHHaA y Oiocucremax. Kpim mworo, iH-
TeHCHBHE IIOTJIMHAHHA VY Tili YaCTHUHI CIeKTpa, sdKa € abCOoJI0THO
BTPAYeHOIO AJA OiJMBIITOCTH COHAYHUX €JeMEeHTiB, BKasye Ha MOMKJIU-
BicTh BupoBamxkenua CuS AK AOZATKOBOrO IOTJIMHA4Ya iH(padepsBo-
HUX (DOTOHIB AJIA 3aCTOCYBAaHHA B €HEeProreHepyBaJbHUX CHUCTEMAaX.

3. BUICHOBRH

B pob6oTi BcTaHOBJIEHO BILIMB CTPYKTYpPHUX mapamerpiB CuS ma iioro
miemexTpuuHy craay. IlokasaHo, IO JOBKMWHA XBUJI Ta IIJIazMOBa
YyacToTa MAalOTh HAMOLJBININI BIJINB HA 3HAUEHHS KOMILJIEKCHOI miese-
KTpUUYHOI IPOHUKHOCTH HamouacTuHOK CuS. PospaxoBaHo cmekTpa-
JbHI XapaKkTepUCTUKU HamouacTuHOK CuS sajeXHO Big iXHiX CTPYK-
TYPHUX i reoMeTpUUYHUX MapaMeTpiB. HacTora JIOKaJli30BaHOTO ITOBE-
PXHEBOTO IIJIa3MOHHOTO pe3oHaHCy HaHouacTuHOK CuS, mpAMo mpo-
mopIifiHa iXHifi maasMoBiii yacTOTi, 3MEHIIYeThCA 3i 30iIbIIEHHAM
TieJIeKTPUUYHOI MPOHMKHOCTY HABKOJMUIIHLOIO CepefoBHINA Ta 3i 30i-
JBIIeHHAM CTaJiol 3aTyxaHHA BimbHuX HociiB. Kpim Toro, 3i 3meH-
MIeHHAM IIJIa3MOBOI UaCTOTH 3HAUEHHS Koe(illieHTa eKCTHMHKILII 3Me-
HITYETHCSA, a 3MiHa 3HAUYeHHS IIJIa3MOBOI YaCTOTH iCTOTHO BILJIMBAE Ha
MOJIOKEeHHA MiKa JIOKAJIi30BAHOTO IIOBEPXHEBOTO ILIa3MOHHOTO pPes3o-
Hamcy. Pe3ysbTaTu po3paxyHKIB HmOKasaJju, IO KOe(piIlieHT eKCTUHK-
mii mamouacTmHOK CuS 3MeHIIyeThCA 3i 30LIBIIIEHHAM CTaJOl 3aTy-
XaHHA BiIbHMX HoOCiiB. OmHAK ciaig 3asHaumTH, IO IOJIOMKEHHS MiKa
JIOKAJIi30BaHOT'O IIOBEPXHEBOT'0 IIJIA3MOHHOTO PE30HAHCY B IILOMY BH-
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HagKy He 3MiHHUTBhCS Ta OyJe 3HAXOAUTHCS Ha JOBMKUHI XBUJL O0JIM3b-
Ko 1 MxM. 36iIbINIeHHS IMOKA3HUKA 3aJIOMJIEHHS HaBKOJUIIHLOTO Ce-
pemoBUINA IPUBOAUTEL MO 3CYBY IIiKa IIJIa3MOHHOI'O IIOTJIMHAHHS B 00-
JacTh OiNBIIMX MOBMKWH XBUJIL. BCTaHOBJIEHO, IO IIJIa3MOBa YacTOTA
Ta MOKa3HUK 3aJIOMJIEHHS CEPEeNoBUINa, B IKOMY PO3MillleHi HaHOUYAaC-
TUHKMN, MAlOTh HAHOiJIBIINI BILJIMB Ha 3HAUEHHS KoedillieHTa eKCTHU-
HKIIii HamouactuHoK CuS. IIpoBemeHo Mozel0BaHHSA MBOX THUIIIB Ha-
HOUYACTUHOK, AKUX nedopMoOBaHO IO nBOX ocAx. IlokasaHo, 1o Hec-
(hepruyHi HAHOUYACTUHKMN XapaKTepPU3YIOTHCA MBOMA IJIABMOHHUMU IIi-
KaMu, IO BiATIOBiZalOTh MOMEPEeYHOMY Ta HOB3IOBXKHBOMY JIOKAJIi30-
BaHWM ITOBEPXHEBUM IIJIa3MOHHUM pPe30HAHCaM, a Bifjgaab MiK TiKa-
MU 3aJIEKUTh BiJl CIIiBBIAHOINIEHHA MiXK ocAMMU Hec()epUUHOI HaHOYA-
CTUHKU.
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length (a), on the plasma frequency (6), and on the damping constant (8).

2 Fig. 2. Dependences of the localized surface plasmon resonance frequency of CuS nanoparti-
cles on the plasma frequency (a), on the dielectric constant of the surrounding medium (6),
and on the damping constant (8).

3 Fig. 3. Dependence of the extinction coefficient of CuS nanoparticles on the wavelength of
incident light at various values of the plasma frequency (a), the damping constant of free
carriers (0), and the dielectric constant of the surrounding medium (8).

4 Fig. 4. Dependence of the extinction coefficient of CuS nanoparticles on the radiation wave-
length at different values of the nanoparticle radius (a), the ratio between the axes of sphe-
roid nanoparticles (6), and the dielectric constant of the surrounding medium (s8).
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Mechanochemical Synthesis of Nanodispersed Compositions
on the Base of Zn, Ce and Mo Oxides
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The mechanochemical treatment (MChT) influence on the physicochemical
properties (XRD, DTA, SEM, TEM, etc.) of molybdenum oxide and binary
systems based on zinc, cerium and molybdenum oxides with equimolecular
ratio of reagents is studied. The change of phase composition, crystal
structure, electronic and catalytic properties of the MoO;, ZnO/CeO,,
Zn0O/MoO,; and CeO,/Mo0O,; mixtures as a result of mechanical milling is
determined. As shown, the mechanochemical treatment of ZnO/MoQO; sys-
tem leads to the formation of nanodimensional MoO;-0.5H,0 with subse-
quent formation of ZnMoO, phase with monoclinic modification as nano-
rods. The formation of nanosize particles of initial oxides and ones of
‘core—shell’-type structure with a layer of amorphous molybdenum oxide
on a core of nanocrystalline cerium oxide is observed in CeO,/Mo0O; system
during the mechanochemical process. As shown, the MoQO;-containing sys-
tems after the mechanochemical activation of them demonstrate high ac-
tivity and selectivity to acetaldehade in process of ethanol oxidation (at
205°C with a maximum yield of 94-96% for this product). The high pho-
tocatalytic activity under visible-light irradiation of the activated Zn—Ce—
O samples in organic dye (safranin-T) degradation process in water solu-
tion is also observed. Obtained results demonstrate an increase of rate
constant from 0.01-10* up to 3.7-10*s! as a result of treatment and
show the promising their use in environmental protection processes.

Hocaig:xeHo BIINB MexaHoxXeMiuHoro o6pobaenns (MXO0) Ha ¢isuko-
xemiuni BmactuBocti (P®PA, IITA, CEM, TEM Tormio) okcuny Moaidoaeny Ta
b0imapHuX cucteM Ha ocHOBi okcupniB Iluuky, Ilepito Ta Monibneny 3 ekBi-
MOJIEKYJAPHUM CIIiBBiIHOIIIEHHSAM peareHTiB. BuaHaueHo 3MiHy (asoBoro
CKJIaZy, KPUCTAJIYHOI CTPYKTYPHU, €JIeKTPOHHUX i KaTAJiTHUYHUX BJIACTHUBO-
creit cymimreirt MoO;, Zn0O/Ce0,, ZnO/MoO,; Tta CeO,/Mo0O; B pedysabrari Me-
xaHiuHoro moapi6HeHHs. IlokasaHo, IO MexXaHOXeMiuHe OOpPOOJIEHHS CHC-
remu ZnO/MoO; Bege o0 YTBOPEHHs HAHOPO3MipHOro okcuay Moaibmeny
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Mo0;-0,56H,0 3 momanpinum yTBOpeHHAM (dasu ZnMoO, MOHOKJIIHHOI MOgu-
dikarii y Buraani HaHOCTPUIKHIB. B mporieci MexaHOXeMidYHOTO 00POGJIeHHA
cucremu CeO,/MoQ; cmocrepiramocs yTBOPEHHA HAHOPO3MipHUX YaCTUHOK
BUXiTHUX OKCHUJIB i YACTHHOK THUITY «AAPO—000JOHKA» 3 IIapoM aMOp(HOTO
okcuny Mouibneny Ha anpi 3 HaHokpucramsiunoro okcupay llepiro. Ilokasa-
HO, 1m0 MoOs-BMicHI cucTeMu Iricada MexaHOXeMiuHOI aKTumBaIlili ix JeMOH-
CTPYIOTh BHCOKY aKTHBHICTH 1 CeJeKTHUBHICTL OO alleTAJbAeriny B IIporieci
okucHeHHA eraHoay (mpu 205°C 3 MaKCHMaJbHUM BUXOJIOM ITHOT'O IPOAYKTY
y 94-96%). Taxko:k cmocTepiraeTbcs BHCOKA (oTOKATATITHUHA AKTHUBHICTD
akTuBOBaHUX 3paskiB Zn—Ce—O 3a ompoMiHEHHSA BUAMMHUM CBiTJIOM y IIPO-
meci merpagaririi opramiunoro O0apBHUKa (cadpaniny T) y BogHOMY pO3UMHI.
Opep:xaHi pesyJabTaTH JEMOHCTPYIOTHL 30i/JbIIIeHHS KOHCTAHTH MIBUIKOCTU
Bix 0,01:10™ mo 3,7-10™ ¢! B pesyabTaTi 00pobaeHHA i cBimuaTh mpo mepe-
TIEKTUBHICTh BUKOPUCTAHHA IX y IpOIlecax 3aXUCTy HABKOJUIIHHBOTO Cepe-
IOBUIIA.

Key words: mechanochemical treatment, oxide mixture, zinc molybdate,
nanorods, ethanol, acetic aldehyde, photocatalyst.

KarouoBi croBa: mMexaHoxeMiume 0OpOoOJIeHHSA, OKCHUAHA CyMilI, MoJaiomaT
IIuHKY, HAHOCTPUKHi, €TaHOJI, OITOBUM aJIbJerin, GoToKaTamizaTop.
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1. INTRODUCTION

The analysis of the literature data shows that, over the past 25-30
years, the mechanochemical approach to the synthesis of substanc-
es, which include nanosize materials, has been successfully applied
to various classes of chemical compounds: metals and solid solu-
tions, oxides and complex oxides, inorganic and organic compounds,
etc. The processes, which are promoted by mechanochemical treat-
ment of solid substances, were described in detail in Refs. [1-4].
Application of mechanochemistry to the catalysis is one of the in-
teresting but insufficiently studied problem in our opinion, and
there are some works devoted to investigations in this area [5, 6].
The analysis of results presented in these works shows that mechan-
ical activation of solid reagents is usually attributed (see the re-
views [7—14]) to the significant increase of their surface area and
the development of extremely reactive states with crystal-lattice de-
fects, vacancies, free radicals, various structural abnormalities, new
surfaces, etc., which lead to the chemical transformations of rea-
gents. An advantage of such a method of activation of the reaction
mixture is the absence of solvent (in most cases) and problems con-
cerned with recovery of the reaction products from the solution and
the utilization of the solvent. In addition, such processes proceed at
significantly lower temperatures (often, they do not require any
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heat) than the analogous reactions without mechanical activation of
the reagents.

Recently, the method of mechanochemical activation is used more
often for synthesis of nanosize compounds including the binary
compositions. Interest to two-component oxide systems based on Zn,
Ce and Mo oxides is determined by their unique properties, because
they are used in modern electronics, adsorption, catalysis, photo-
catalytic process, etc. [15—27]. The analysis of results presented in
these publications shows that the use of traditional methods of syn-
thesis leads to the formation of new nanodimensional compounds in
oxides’ mixtures consisting of Zn, Ce and Mo oxides, which improve
greatly their functional characteristics. For example, the formation
of metal molybdates, improvement their catalytic properties in
these synthesis [22—24, 28—37] was shown too. In relation to mech-
anochemical activation of some systems containing the ZnO and
CeO, oxides, an increase of their photocatalytic activity in organic
dyes, destruction and formation of nanosize compositions with spi-
nel structure were found [38-46]. Nevertheless, the application of
promising mechanochemical method for the ZnO/MoQO;, CeO,/MoO,
and ZnO/Ce0, systems’ change of solid-state reactivity and synthe-
sis of new compounds were not described.

Our article presents the results of mechanochemical treatment of
both MoO; and complex oxide systems ZnO/MoO;, CeO,/MoO; and
Zn0/Ce0, with molar ratio of initial oxides 1:1.

2. EXPERIMENTAL

Complex oxide systems ZnO/MoQO;, CeO,/MoO; and ZnO/CeO, with
molar ratio of oxides 1:1 were prepared by mixing of corresponding
oxides’ powders (all reagents were marked ‘pure’). Milling was car-
ried out in a planetary ball mill Pulverisette-6 (vial and balls from
Zr0,) in air atmosphere at rotation frequency of 550 rpm with the
reverse after every 30 min of milling. For all experiments, 10 g of
the powder was placed in vial (200 cm?); ball-to-powder mass ratio
(BPR) was equal to 10. Duration of activation was of 2, 4 and 8
hours. The study of structure and physicochemical properties of the
synthesized samples was carried out by methods presented below.

Powder x-ray diffraction pattern of the samples was obtained
with CuK, radiation (AL=1.54056 A at 40 kV, 30 mA) using a dif-
fractometer PW 1830 Philips. The sample was scanned over the re-
quired range for 20 values (10—90°). The crystallite size (L) for the
compositions was calculated using Debye—Scherrer formula, accord-
ing to Eq. (1):

L=0.91/BcosO, (1)
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where A is the x-ray wavelength (for CuK,, A ~0.154 nm), B is the
line broadening at half-maximum intensity (FWHM) in radians, and
©® is the Bragg angle.

The specific surface area was calculated using the BET method
and the total pore volume was established from the adsorption—
desorption isotherms of nitrogen on ‘NOVA-2200’°, Gas Sorption
Analyzer (Quantachrome, United States).

The FT-IR spectra were recorded on a spectrometer ‘Spectrum-
One’ (Perkin-Elmer Instruments) in air atmosphere at room temper-
ature in absorbance mode (mass ratio sample/KBr=1:20) in the
range 4000—400 cm .

EPR spectra were obtained on a Bruker Elexsys E580 FT/C at
room temperature at a frequency of 9.2-9.9 GHz.

The surface structure of compositions was determined by trans-
mission electron microscopy method using device JEM 1230 (Jeol)
after previous ultrasound dispersing of samples in ethanol.

The adsorption organic dye safranin-T on obtained samples was
studied by the method from Ref. [12]. The equilibrium concentra-
tion of safranin-T was determined by spectrophotometric method on
the UV-2450 Shimadzu instrument. The initial ratio of the solid
sample mass to solution volume was 1:4 (12.5 mg:50 ml). The sorp-
tion degree (S) and adsorption capacity (a) were calculated by Egs.
(2) and (3):

S ={(Co—C.y)/Co}-100%, (2)
a= (C() - Ceq)'V/ms7 (3)

where a is adsorption capacity [g/l], C, is initial concentration of
dye solution [g/1], C.,,—equilibrium concentration [g/l], V—solution
volume [ml], m,—sorbent mass [g].

Catalytic activity of the samples in the ethanol oxidation was
tested in a flow fixed-bed stainless microreactor at atmospheric
pressure in the temperature range 25-300°C. The catalyst (V=0.5
cm® with fraction of 0.25—0.50 mm) was loaded into a reactor. Gas
mixture containing 1 vol.% C,H,OH in air was passed through the
reactor at a total flow rate of 20 cm?®/min. Initial components and
reaction products have been analyzed by on-line gas chromatog-
raphy, with flame ionization (FID) and thermal conductivity detec-
tors (TCD). The reaction of ethanol partial oxidation to acetalde-
hyde occurs according to the equation:

CH,CH,OH + %0, — CH,CHO + H,0. (4)

The ethanol conversion, selectivity of products and their yield
were calculated according to the following formulas:
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Xpion= {(CEtOH(in) - CEtOH(out))/ CEtOH(in)}']-OO(VO s (%)
S= {C/(CEtOH(in) - CEtOH(out))}'l()O% ’ (6)
Y = XgonS/100, (7)

where X,y is ethanol conversion [%], S is selectivity of product,
Y —product yield [%], Cgionany—initial ethanol molar concentration,
Crionouy—ethanol molar concentration after reactor, C—product mo-
lar concentration after reactor.

3. RESULTS AND DISCUSSION
3.1. Mechanochemistry of Molybdenum Oxide

In relation to modifying the properties of MoO; by mechanochemical
processing of it in this section, we presented the results, which
show the possibility of MoO; activation at a wide range of the
changes of the amount of oxide loaded, the diameter of the balls,
the speed of rotation and ball-to-powder mass ratio, and treatment
medium. Nevertheless, it is possible to establish a number of gen-
eral regularities, to which the mechanochemical activation of mo-
lybdenum oxide leads. Firstly, it should be noted that, independent-
ly of processing conditions, the increase of time treatment leads to
increase of specific surface area of the sample (Fig. 1, a, b).

At the same time, it is necessary to note that the treatment in air
(Fig. 1, a) makes the possibility to achieve much larger values of
the specific surface area (in Ref. [47], it was shown that the exper-
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Fig. 1. The dependences of the specific surface area of MoO; on the time of
treatment: a—in air (the results obtained in Refs: [47]—¢, [48]—e, [49]—
m, [50]—A); b—in water (I) and ethanol (2) (the results obtained in Refs:
[48]—¢, [50]—m, [48]— A, [50]—e).
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imental curve of the change in the specific surface area coincides
with the calculated one) than the treatment in water and ethanol
(Fig. 1, b). The results presented in Fig. 1, b demonstrate that the
treatment in water accompanied by rapid achievement of the specif-
ic surface area maximum value, while the maximum is not yet ob-
served in ethanol after 480 minutes of treatment.

In Ref. [48], it was shown that the use of ethanol-water mixture
(volume ratio 1:11) as medium leads to a slower increase in the spe-
cific surface area compared to the treatment in ethanol but faster
than in water. Almost the same behaviour was observed after
treatment of MoQO; in a benzene—water (1/20 volume ratio) emulsion
[48]. In all these studies, it was shown that, simultaneously with an
increase in the specific surface area, the particle size of initial ox-
ide decreases up to 32 [49] or 22—-24 nm [50, 51] are occurred, and
the minimum particle sizes up to 7 nm were observed in Ref. [52].
In addition, it was shown that an increase of processing time (after
maximum specific surface area achievement) accompanied by parti-
cles’ aggregation [49, 50, 52—54] that leads to a decrease of specific
surface area of the sample.

The study of MoO; samples after mechanochemical treatment in
air permits to establish a decrease of the intensity of all reflections
on the diffractograms, their broadening and a change in the relative
intensity between reflections [47, 48, 50-52, 54—-57], the formation
of an amorphous layer on the sample surface [47, 48], and the tran-
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Fig. 2. Diffractograms of MoO; after mechanochemical treatment in air at:
200 rpm—1, 400 rpm—2, 600 rpm—3. m—orthorhombic modification of
MoO,; A —monoclinic modification of MoO;. Time treatment is of 4 h in
Pulverisette-6; balls and vial of Si;N,; BPR is of 13/1.
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sition of the molybdenum-oxide orthorhombic modification to mon-
oclinic [50, 58, 59], with a change in both the number of revolu-
tions (Fig. 2) and the processing time (Fig. 3).

It should be noted that the monoclinic modification of MoO; ex-
hibits higher activity in various catalytic oxidation processes [50,
51, 60-64]. At the same time, as found, this treatment leads to the
formation of molybdenum suboxides MoO; ., [65] or metastable
MoO, g, which can decompose into Mo,;0,; + MoO; [48, 66—69].

Activation in water at high energy loads (3000 rpm, stainless
steel equipment) also leads to the formation of molybdenum subox-
ide A-MoQ,; together with the existence of MoO;, and after 50
minutes of treatment, the maximum intensity has a reflex from the
plane [021], although, at less time treatment, the maximum intensi-
ty was observed on the reflex from the plane [400] [48, 67-69].
Similar effects were observed, when activation of MoQO; in the wa-
ter—ethanol or water—benzene mixtures was realized. Less energy
loading (600 rpm, Si;N, equipment) leads to an appearance of re-
flexes of the sidvilite phase (MoO;(H;0),) [70] after 4 h of treat-
ment, and with an increase of the time treatment, an amorphization
of the oxide proceeds occurs [50, 51].

The mechanochemical treatment of MoO; in ethanol (3000 rpm)
[48, 66—69] leads to an increase in the intensity of the reflex from
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Fig. 3. Diffractograms of MoO;: initial—1; after treatment in air for: 1
h—2, 2 h—3,4 h—4, 8 h—5, 16 h—6. m—orthorhombic modification of
MoOQO;; A —monoclinic modification of MoO;. Rate—600 rpm.



366 O.SACHUK, V.ZAZHIGALOV, S. SHCHERBAKOV, K. WIECZOREK-CIUROWA et al.

the plane [021] with d =0.33 nm. At the same time, it should be
noted that, after 5 minutes of treatment, there is also a sharp in-
crease in the relative intensity of the reflex corresponding to the
plane [060]. This intensity increases from 59% for the initial sam-
ple to 99% . With an increase of the time processing, the relative
intensity of this reflex decreases against to initial value. In the dif-
fractograms of the sample after 50 min of treatment in ethanol, a
number of new weak reflexes appear with d =0.58, 0.46, 0.43, 0.41,
0.28, 0.22 nm, which can be attributed to the non-stoichiometric
Magnéli x-MogO,; phase formed from MoQO; by the crystallographic
shift mechanism. With a less number of rotations (600 rpm), the
delayed transition of the orthorhombic modification to monoclinic
MoO,; with the subsequent reflexes’ appearance of MogO,; was ob-
served in comparison to treatment in air [50, 51].

It should be noted that the formation of molybdenum suboxides
after treatment of MoO, leads to a sharp increase of the activity of
the sample in the reactions of oxidation of n-butane and propane
[48], ethanol [50], and the possibility of new directions in ethanol
oxidation appears [60, 51]. On this sample, the reaction of benzene
direct oxidation to phenol by oxygen gas phase was also observed
[48, 66—69].

The study of the obtained samples in ethanol oxidation reaction
by gas chromatography showed that the initial molybdenum oxide
(orthorhombic modification) is a low-active catalyst: the degree of
ethanol conversion equal to 50% is reached at 250°C, and the car-
bon oxides are main products (selectivity of their formation was
about 90%). Mechanochemical treatment allows to increase its ac-
tivity in this process and to change the direction of the ethanol oxi-
dation process (Table 1).

TABLE 1. The influence of the MoO; morphology on the properties in eth-
anol oxidation process.

Modifications of MoOs, Catalytic properties™
Medium of MChT crystal orientation” Selectivity, mol.%
After MChT |After catalysis T, °C CH,CHO | C,H,
initial O-, LP O-, LP 250 11 0
air M-, LP M-, LP 185 97 1
water Sidvilite O-, BP 225 10 85
ethanol O-, BP + M-, LPO-, BP+ M-, LP 195 30 68

Note: "O-—orthorhombic; M-—monoclinic; LP—lateral plane; BP—basal plane;
“parameters at a 50% ethanol conversion; T,—reaction temperature.
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Depending on the medium treatment, crystal modifications of
MoO,; with different preferential crystallographic orientation are
formed. These compounds allow to carry out ethanol oxidation pro-
cess with a high selectivity for the specific product—acetaldehyde
or ethylene [71]. The presence of a monoclinic modification of
MoO,;, which is formed quite quickly after treatment in air
(60 min), with a preferential orientation along the lateral plane al-
lows to form CH;CHO (Table 1), the selectivity for which decreases
at full conversion of ethanol. In the presence of an orthorhombic
modification of MoO; with a predominant orientation along the ba-
sal plane, which formed from sidvilite (MoO; (H,0),), the high selec-
tivity to ethylene is observed; it only slightly decreases with an in-
crease of conversion up to 100% . The formation of the mixture of
two modifications of MoO; (treatment in ethanol) leads to the prep-
aration of catalyst, at which these two products are formed with
high selectivity (Table 1).

It can be concluded that mechanochemical activation of MoO; in
all mediums leads to an increase of catalytic activity of the sample
in ethanol oxidation that can be related with an increase in specific
surface area and particles’ sizes decrease. The high selectivity for
different products can be related with different samples’ crystallo-
graphic morphology and their influence on the mechanism of sub-
strate activation.

3.2. Mechanochemical Activation of ZnO/MoQO; System

Practically all industrial catalysts contain in their composition met-
al oxides as base active phase of the catalysts or the additives to the
base catalytic matrix. Many investigations proved the influence of
method of oxide catalyst preparation on its dispersion and catalytic
activity [72]. In our article, we will show the effect of mechano-
chemical treatment conditions on the physicochemical and catalytic
properties of complex binary oxide systems based on Zn, Ce and Mo.

The results of mechanochemical treatment of the ZnO and MoO,
mixtures with different molar ratio of oxides were reported in our
publications [73-75]. It was found [74, 75] that mechanochemical
treatment of the mixture with equimolar ratio of initial oxides in
air permits to obtain nanosize -ZnMoO, monoclinic modification.
Traditionally, this phase was prepared from salts of these metals
and the different medium use [18]. In this case, the activation of
oxides’ mixture was carried out in the planetary ball milling Pul-
verisette-6 in air atmosphere during 2, 4 and 8 hours with balls’
(ZrQ,) diameter of 5 mm and BPR 10:1 at rotation frequency of 550
rpm. It was established that, after treatment during 2 h, the inten-
sity of all reflexes for the initial oxides significantly decreases with
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TABLE 2. Properties of the ZnO-MoO; =1:1 samples after mechanochemi-
cal treatment in air.

0 Results
Time of pro = N@ «g of ethanol oxidation
- = 0, — o,
cessing, h Phase g 5l 8 X=50% | X=100%
A5 T, °C|Ssm % |Te °C|Sae %
0 -MoO;, ZnO 56 2 0.026 260 80 317 61
Mo0;0.5H,0,
2 0-MoO,, ZnO 13 5 0.022 211 97 258 91
-ZnMoO,, ZnO,
4 Mo00,-0.5H,0 18 6 0.027 1838 98 215 95
8 B-ZnMoO, 15 9 0.087 177 100 205 96

Note: The phase with maximum reflexes’ intensity on the diffractograms is high-
lighted bold (in the column of phase); L—average crystallite size determined from
the maximum intensive reflex; S—specific surface area (BET) of the sample; V,—
total pore volume; T.—reaction temperature; S,,—selectivity of acetic aldehyde;
X —ethanol conversion.

simultaneous reflexes’ broadening that can be explained by a de-
crease of the oxides’ particles’ size. The data presented in Table 2
and Figures 4, b, 5, b confirm this fact. In the same time, the ap-
pearance of new reflexes related with MoO;-0.5H,0-phase formation
was observed (Table 2).

It can be assumed that the formation of Mo0O;0.5H,O phase oc-
curs due to the presence of water molecules absorbed by initial ox-
ides. The presence of adsorbed water is confirmed by DTA-TG and
FT-IR data. The results obtained by DTA-TG demonstrate the sharp
mass lose (about 5%) and the shift of endothermic-effect tempera-
ture from 260°C (initial oxides’ mixture) up to 226°C, which is re-
lated with lower temperature of water removal than in initial sam-
ple. FT-IR-spectra demonstrate the presence of the characteristic
bands of water molecules (1620 and 3560 cm™) for initial mixture
and after treatment, and also the shift of the Mo=0, Mo—O—Mo and
Zn—0 bands (treated sample in comparison to initial mixture) from
991, 864 and 495 cm ™ up to 982, 857 and 473 cm’, respectively,
and the appearance of new band at 955 cm™ characteristic for
Mo0;-0.5H,0.

The data obtained by SEM (Fig. 4) and TEM (Fig. 5) show the
changes of crystallites’ size after mechanochemical activation of the
mixture. The results presented in Fig. 4, a, b demonstrate that, in
mechanochemical process with sample during 2 h, the destruction of
initial crystallites with decrease of their sizes takes place; herewith,
it should be noted that larger particles are agglomerates of smaller
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X10,000

Fig. 4. SEM microphotographs of ZnO/MoO, system: initial one—a and
after MChT during: 2 h—b, 4 h—c, 8 h—d.

crystallites.

Figure 5, b shows that, simultaneously with the activation and
decrease of particle size, the formation of the particles with new
habitus, namely, elongated needles, which can belong to formed
Mo0O,-0.5H,0 phase, occurs (that can be evidenced by data presented
in [560, 51] and their disappearance with increase of treatment
time). Simultaneously, the presence of rounded crystals, which can
be identified as MoQO;, and small particles as ZnO was observed.

The increase of time of processing up to 4 h, according to XRD
data, leads to formation of zinc molybdate B-ZnMoO, of monoclinic
modification (Table 2). The formation of this phase can be related
with two factors: i) high reactivity of the small ZnO particles that
was reported in [76, 77], where the mechanochemical treatment of
zinc oxide was studied; ii) the presence of hydrated molybdenum
oxide, which, according to scheme proposed in Ref. [18], partici-
pates in the formation of zinc molybdate phase by means of its tra-
ditional synthesis in solution. The study of the sample by SEM
method (Fig. 4, ¢) shows the significant decrease of particles’ size
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d

Fig. 5. TEM microphotographs of ZnO/MoQO; system: initial one—a and
after MChT during: 2 h—b, 4 h—c, 8 h—d.

due to the crystal destruction and formation of agglomerates, which
contain small particles. TEM data (Fig. 5, ¢) show the disappearance
of needle-like particles and an appearance of the number of new
rounded light small crystallites, which can be attributed to ZnMoO,.
The formation of zinc molybdate phase is confirmed by FT-IR data,
which demonstrate not only the shift and intensity decrease of the
Mo=0, Mo—OH and Zn—O bands (the shoulders at 980, 950 and 470
cm ', respectively, are observed only), but an increase of intensity
of metal molybdates bands (for Mo—O—Mo and O—Mo-0O at 850 and
652 cm!, respectively). In turn, DTA curve shows the appearance of
exothermal effect at 430°C, which can be related with the crystalli-
zation of partially amorphous ZnMoO, particles, and the shift of
endothermic effect, which is related with nano-MoO; melting up to
670°C (both without mass loss).

After mechanochemical treatment of the mixture during 8 h on-
ly, the reflexes of B-ZnMoO, phase with maximum intensity at
[-111] are observed by XRD. The study of this sample by SEM
method (Fig. 4, d) shows the presence of a significant number of
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rod-like crystals, while TEM data demonstrate the formation of
elongated crystals with cross section equal to 15-35 nm and the
length near 100-800 nm. It can be assumed that, in process of
mechanochemical activation, the existence of local warming [78]
and increased pressure provokes the condensation of small crystals
of ZnMoO, in one of the directions of the crystallographic axes with
formation of a larger particle carried out. The data presented in
Fig. 5, d show that, after mechanochemical activation of the mix-
ture during this time, the process of the rod-like B-ZnMoO, nano-
crystals’ formation does not end completely. This is evidenced by
presence of small rounded particles of this phase with dimension of
15-25 nm (see Fig. 5, b), the formation of which was fixed early
(Fig. 5, ¢). It is necessary to note that the formation of B-ZnMoO,
crystals with similar habitus, namely, nanorods of zinc molybdate
was observed in the electrochemical synthesis with use of the mono-
crystalline molybdenum as reagent [79] only.

According to FT-IR data, all vibrations’ characteristics of zinc
molybdate are recorded in spectrum of this sample. The absorption
bands at 647, 850 and 950 cm™, which are corresponding to bend-
ing, asymmetric and symmetric stretching vibrations of octahedral
[MoOg]-coordinated molybdenum in different metal molybdates [80,
81], are present in spectrum. In addition to the endothermic effects
at 124 and 202°C associated with the removal of water, in the DTA
curve, the small exothermal effect at 430°C (without any mass loss)
is present, and it can be related with crystallization of partially
amorphous ZnMoO, rounded particles (Fig. 5, d), while the effect at
670°C, which responds to melting of nanocrystals of MoQO;, is ab-
sent. All obtained results demonstrate that, in mechanochemical
processing (after 8 h treatment), formation of zinc molybdate is fin-
ished practically, but there is not its crystallization (or nanorods’
condensation), and part of this composition is in amorphous state.

Simultaneously, it is necessary to note that the mechanochemical
activation of the samples leads to an increase of specific surface ar-
ea and pore volume (Table 2). It should be noted that, in mechano-
chemical process with the Zn/Mo mixture, the change of the value
of specific surface area is significantly smaller than under treat-
ment of individual MoO;, where the specific surface area is in-
creased up to 33-35 m?/g [51, 77, 82]. This difference in specific
surface area can be explained by fact that, in the mechanochemical
process of the mixture, not only the grinding of MoO; is carried out
but the chemical reaction with formation of new compositions, for
example, zinc molybdate occurs too.

Taking into account that molybdenum oxide after mechanochemi-
cal activation in air showed the promising properties in reaction of
ethanol oxidation to acetaldehyde (Table 1 and [51]), the catalytic
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activity of the Zn—Mo—O samples prepared in this reaction was
studied. The results presented in Table 2 demonstrate an increased
catalytic activity (ethanol conversion degree) and reduction of the
reaction temperature for the samples after treatment. This fact can
be associated with an increase of specific surface of the samples as a
result of treatment. In addition, a significant change in the selec-
tivity of acetaldehyde formation was also observed.

On the other hand, the comparison of specific rates of ethanol
oxidation shows (Fig. 6) the presence of two regions in its depend-
ence on the specific surface area. First region (low reaction rate)
can be related with an increase of specific surface area and practi-
cally correspond to G. Boreskov’s rule [83], which determines the
stability of specific rate of oxidation at different sample-
preparation methods. However, the formation of zinc molybdate
leads to abrupt increase of specific rate of ethanol oxidation (second
part with high value of the rate). So, two different compounds can
determine the specific rate of ethanol oxidation of the Zn—Mo—-O
mixture: in first case, this is molybdenum oxide (it is necessary to
note that this value is near to obtained one for treated MoO;) and,
in second case, the properties of the sample are determined by the
presence of zinc molybdate phase, and its crystallization (after 8 h
treatment) increases activity. Therefore, zinc molybdate phase can
be an active component of the catalyst selective ethanol conversion
to acetaldehyde. On the other hand, this phase prepared by tradi-
tional method shows a decrease the selectivity at an increase of eth-
anol conversion (from 90% at 50% conversion up to 75% at 100%
conversion) unlike the samples obtained by mechanochemical route
(Table 2). Thus, we can conclude that high selectivity for acetalde-
hyde in the ethanol-oxidation reaction related with the existence in
the catalyst nanosize zinc molybdate phase in nanorods form. Low
reaction temperature in the presence of the synthesized catalyst at
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Fig. 6. Dependence of specific ethanol-oxidation rate on the specific sur-
face area (BET) of the initial samples (1) in Zn/Mo system and after MChT
of it during: 2 h—2, 4 h—3, 8 h—4.
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high product yield (96%) and its productivity (1.8 mol/(kg-h))
shows that the process of ethanol direct oxidation by air on this
catalyst can be a promising alternative to known Wacker process, in
which acetaldehyde is produced by hydration of ethylene in the
presence of complex PdCl, + CuCl, catalyst.

3.3. Mechanochemical Treatment of CeO,/MoQ; System

This work fills up the lack of systematic studies on the mechano-
chemical synthesis and modification of Ce—Mo—O compositions. This
section presents the results of the study of MChT effect of an oxide
mixture based on cerium and molybdenum (Ce/Mo=1:1) on their
physical and chemical properties.

The mechanochemical milling of oxides’ mixture CeO,/Mo05;=1:1
(similarly to Zn/Mo system) in air leads to sharp decrease of parti-
cle size of oxides (the results of particles’ sizes calculations are pre-
sented in Table 3). It should be noted that, after MChT (independ-
ent on the time of treatment), the change of dominant reflexes
(from MoO; to CeO, with maximum reflex from the plane [111]) oc-
curs, herewith the MoO; phase becomes as x-ray amorphous.

This fact is confirmed by SEM (Fig. 7, a, b) and TEM (Fig. 8, b—
d) data. Comparison of the SEM and EDS analyses (Fig. 7, Table 4)
shows that big particles (habitus of 200-300 nm—A) in initial sam-
ple belong to MoO;, while small particles with sizes of 50—70 nm (B)
are characteristic to cerium oxide. After MChT during 2 h, in the
sample, there are large particles (A), but their morphology differs
from MoO; (looser).

Simultaneously, the results of analysis of these particles (Table 4)
show for them the equivalent content of molybdenum and cerium,
as in other places on the surface (B—E), where presence of fine par-
ticles is observed. In addition, it should be noted that, in most of
the studied places of surface, there is a slightly lower content of Ce
than Mo (Table 4) that can indicate a partial coating of the surface
of cerium oxide by molybdena. This assumption is in agreement
with data presented in Table 3, which demonstrate the decrease of
particle size.

This fact is also confirmed by TEM method (Fig. 8). From Figure
8, b, it can be seen the partial amorphization of molybdenum oxide
(light particles) and formation the needle-like crystals that charac-
terizes the formation of hydrated molybdenum oxide MoO;-0.5H,0
(see above). The formation of needle-like crystals with a significant
advantage of their length over the cross section leads to the fact
that, during following processing, they quickly crush (shorten), and
the next coating process of small particles of molybdenum oxide on
the larger CeO, crystals takes place.
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TABLE 3. Some properties of CeO,/MoO;=1:1 composition.

L, nm” 0
&0 ..
> >~ Selectivity of Ac
Time of = g
treatment, h |MoO, [020]|CeO, [111] g °
% N Jat X =50%|at X =100%
0 93 53 2 0.03 82 61
2 7 21 5 0.06 98 92
4 — 18 3 0.03 100 97
8 — 15 3 0.03 100 96

Note: Average crystallite size calculated for most intensive reflexes; X—ethanol
conversion.

b

Fig. 7. SEM images of initial composition Ce/Mo =1:1 (a) and after 2 h of
MCHT of it (b).

It should be noted that a similar deposition process during mech-
anochemical treatment was established for the V,0,/TiO, system
[84], and for the MoQ;/TiO, system, it is at hydrothermal synthesis
[85].

The increase of time of treatment up to 4 h is accompanied by
formation of the composites with core—shell structure (Fig. 8, ¢),
whose the beginning can be observed already after 2 h of activation
(see Fig. 8, b, bl1).

The particles of crystalline CeO, (25—35 nm) play role of core in
these composites, and amorphous MoO; is a transparent shell (5—10
nm). It is necessary to note that formation of these core—shell
structures was clearly observed at longer time of mechanochemical
treatment [86]. The partial formation of core—shell structure al-
ready at 2 h treatment well agrees with EDS data, which show the
uniform distribution of Mo and Ce in different points of the sample
surface (Table 4).
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e

Fig. 8. TEM microphotographs of CeO,/Mo0O; samples after MChT during:
2 h—b, 4 h—c, 8 h—d; electron graphic study—e; initial sample—a.

Longer treatment time (8 h) leads to that the sample contains on-
ly the particles of core—shell structure, and their number increases
(Fig. 8, d). Simultaneously, it can be seen that core is a conglomer-
ate of the particles with dimensions near 10—15 nm, a shell thick-
ness increases up to 10—15 nm. The increase of shell thickness can
be related with disappearance of round transparent particles (amor-
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TABLE 4. EDS analysis of CeO,—MoO; system.

Element Initial , After 2 h MChT _

A | B || A]B|]C]|]D]|E]F§
Mo 96.5 0 50.2 51.3 51.8 52.2 50.1 46.5 50.5
Ce 3.5 100 49.8 48.7 48.2 47.8 49.9 53.5 49.5

Note: FS—full surface.

phous molybdenum oxide); their presence can be observed in
Fig. 8, c. The presence of crystalline CeO, only in the sample was
confirmed by electron graphic investigations (Fig. 8, e).

According to FT-IR data except the shifting of absorption band
of Mo=0O bond from 935 (initial mixture) to 952 (2 h MChT) and
980 cm™ (4 h MChT) in spectra of treated samples, the disappear-
ance of absorption band of v,, O—Mo—O bond at 622 cm™ after 2 h
treatment occurs due to MoO; amorphization. As to absorption
bands of v,, Mo—O—Mo and v, Mo—0O, the initially shifts from 825 to
836 cm™ and from 801 to 797 cm™, respectively, were established,
but, after 4 h activation, they disappear in spectre. Such changes in
IR-spectra are in good agreement with the data obtained by XRD,
TEM and DTA-TG methods. The last showed the presence of the
exothermic effect at 405°C without mass loss that is related with
crystallization process of amorphous molybdena (after 4 h of treat-
ment of the sample). Thus, all the obtained results permit to sug-
gest the following mechanism of transformations in the CeO,/MoO,
system as a result of mechanochemical treatment. The action of me-
chanical energy under treatment provokes the chaotic destruction of
CeO, crystals and the decrease of their size (Table 3). At the same
time, anisotropic destruction of MoO,; crystals by the crystallo-
graphic shear mechanism, noted as early as [567], occurs and leads
partially to hydration of molybdenum oxide and the formation of its
needle-like crystals, as well as the formation of structural defects
and partial amorphization of the molybdenum oxide. The formation
of structural defects associated with the appearance of unsaturated
Mo®" ions (g, =1.941 and g, = 1.956 correspond to hexa-co-ordinated
Mo®" ions in MoO; crystal) and transition of the Mo®" ion from tet-
ra- to pentagonal co-ordination, which was established by the ESR
method. ESR spectra of Ce* (g =1.960) were not recorded for sam-
ples after activation.

The study of catalytic properties of Ce/Mo system in ethanol-
oxidation process shows the high selectivity of acetaldehyde for-
mation (like to Zn/Mo system). So, at alcohol conversion of 50%,
the selectivity to acetaldehyde is of (or close to) 100% (Table 3).
The increase of catalytic activity of treated samples can be ex-
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plained by decrease of particle size (Table 3) as a result of treat-
ment and corresponding increase of their specific surface area, i.e.,
number of catalytically active centres. In addition, the increase of
catalytic activity of the samples after MChT can be caused by the
presence of tetrahedral-co-ordinated Mo®" ions, which can easily co-
ordinate oxygen with formation of Mo®—0, couples, and oxygen
ions can activate the process oxidation.

It should be noted that the increase of ethanol conversion accom-
panied by a decrease of the selectivity of acetaldehyde formation,
but it remains high even at full ethanol conversion. The maximal
yield of this product (97%) can be obtained in the sample after 4 h
treatment. However, the temperature to achieve this value is by
20°C above than in the case of the sample after 8 h treatment,
where the yield is equal to 96% (at 195°C). A comparison of the ob-
tained results with the literature data related with acetaldehyde
production from ethanol shows that they are better than in the best
known catalyst Ag/Si;N, [83], where similar results (yield 95%)
were obtained at 300°C.

Therefore, the obtained results show the perspective of creation
of new process of acetaldehyde production on the base of renewable
raw material—bioethanol as alternative of Wacker process.

The -calculation of specific rate of ethanol oxidation shows
(Fig. 9) the sharp increase of its value for the samples after treat-
ment in comparison with initial mixture of oxides and practically
equal value for the treated samples. In the last case, the Boreskov’s
rule, which determines the rate constancy for the samples, the same
composition, independently on their preparation methods, is fair.
This fact permits to conclude that active component of the catalysts

1.8
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W-10¢, mol/(h-m?)
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0 i 2 3 4 5 6
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Fig. 9. Dependences of specific ethanol-oxidation rate on the specific sur-
face area (BET) in initial samples I and after MChT during 2 h—2, 4 h—
3, 8 h—4.
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is the composite with core—shell structure, which can be obtained
very easily by mechanochemical treatment of initial oxides’ mixture
in air without solvents and/or metal salts’ using.

3.4. Mechanochemical Activation of ZnQ/CeQO, System

After considering the data related with mechanochemical treatment
of the ZnO/Mo0O; and CeO,/Mo0O; compositions, this is a logical ex-
tension to study the ZnO/CeO, system. The results of mechanochem-
ical treatment influence on the properties of ZnO/CeO, composition
with molar ratio of the oxides 1:1 will be presented below. It was
found that, in mechanochemical activation process, the essential
decrease of oxides’ particles’ size from 174 up to 40 nm for ZnO
and from 57 up to 20 nm for CeO,, and formation of Zn—Ce-O
nanocomposite as a result of treatment is occurred.

The increase of specific surface area of the sample after treat-
ment by up to three times was established (Table 5) too. The de-
struction of mesopores, which was recorded by us after 2 and 4 h of
MChT and partial particles’ aggregation with formation of the com-
posite with macroporous structure at an increase of time of treat-
ment, was observed. This fact was confirmed by TEM data
(Fig. 10).

It is necessary to note that formation of Zn—Ce—O nanocomposite
with similar heterostructures, where the small CeO, particles were
distributed on the surface of ZnO nanoparticles (Fig. 10, d), at its
preparation by other methods was shown early [87].

The study of the catalytic properties of MChT-prepared samples
in ethanol-oxidation reaction shows their low activity and selectivi-
ty to acetaldehyde formation in this process. Therefore, it is possi-
ble to conclude that high effectiveness of the catalysts in this pro-
cess is related with the presence of molybdenum ions in the catalyst
in the form of amorphous layer in core—shell composite or in nano-
particles (nanorods) of zinc molybdate.

On the other hand, the formation of ZnO nanoparticles, well
known photocatalyst, can lead to an increase of photocatalytic activ-
ity of the samples prepared by MChT. The study of photocatalytic
activity of the samples in degradation of safranin-T dye in water
solution shows (Table 5) an abrupt increase of their activity at irra-
diation by the visible light. The full degradation of the dye in solu-
tion was observed after 1.5 hours of irradiation.

The obtained results indicate that ZnO demonstrates a quantum-
dimensional effect, and it is impossible to exclude the influence of
CeO, nanoparticles as dopant of oxygen on process of dye destruc-
tion or their influence on electron—hole separation process that de-
creases recombination process.
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TABLE 5. Results of porous, optical and photocatalytic studies of ZnO-
Ce0, systems after MChT.

treﬁf;:l‘zr‘:f | Sser m¥/g | Vo10°, em?/g | A nm” | E eV | Kp10% 57
0 1.8 0.9 396 3.13 0.01
2 2.7 3.1 390 3.18 2.7
4 3.8 5.2 386 3,21 3.1
8 5.2 8.1 382 3,24 3.5
Note: "\ is the edge of the absorption band; “E,—the energy of the band-gap

width; K,—constant rate of degradation dye safranin-T.

100 nm

c d

Fig. 10. TEM images of ZnO/Ce0O, samples: initial (a) and after MChT dur-
ing 2 h, 4 h and 8 h (b, ¢, d, respectively).

4. CONCLUSIONS

It was found that the mechanochemical treatment of a mixture of
the ZnO and MoO,; oxides permits preparation of nanodispersed
phase of monoclinic B-ZnMoO, modification in the nanorods’ form.
In the case of Ce—Mo—O-system mechanochemical treatment, the
formation of nanosize composites with a core—shell structure, which
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contain an amorphous molybdenum oxide layer (5—15 nm) on a nu-
cleus of nanocrystalline (25—35 nm) cerium oxide, was established.
Treatment of ZnO—CeO, oxides’ mixture leads to formation of nano-
particles of oxides with strong contact between them.

It was established that mechanochemically treated samples con-
taining molybdenum ions (Zn—Mo—-0, Ce—Mo—0O) demonstrate high
activity and selectivity at low reaction temperature in process of
ethanol oxidation to acetaldehade. The obtained results show that
this process, in the presence of prepared catalysts, can be an alter-
native of known Wacker process of acetaldehyde fabrication. On the
other hand, the samples of ZnO—CeO, composition, due to formation
of nanoparticles of ZnO and possibility to promote the oxygen
transport and electron—hole separation, showed a sharp increase the
photocatalytic activity in process of dye degradation in water solu-
tion at visible-light irradiation.

Thus, the presented results demonstrate a significant prospect of
applying the method of mechanochemistry, in its various aspects,
for the synthesis of various catalytic compositions and their use in
catalytic processes.
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OmHuM 3 OCHOBHUX METO/iB BIIJIMBY Ha CTilKicTh pisasibHOTO iHCTpyMeHTa €
HaHECeHHsS BaXMCHUX 0araToPyHKIIIOHAJHHUX HAHOCTPYKTYPHUX IIOKPUT-
TiB. BararoiiapoBi cucreMu, HaHeceHi Ha pisajJbHy KpaiKy, IOJIMIIYIOTH
3HOCOCTiHiKiCTh, TBepAicTh pisaibHOI KpallKuM iHCTpyMeHTa, BHUKOHYIOTh
TEePMO3aXUCHY (PYHKI[iI0, BILIMBAIOTh HA AWHAMIKY TeMIIEpaTypPHOTO IOJA B
rInOuHI iHcTpyMeHTa. Y OaHIM cTaTTi pOSTISmacThbCcAd NUTAHHSA BILIUBY Oa-
raTolIapoBUX HAHOPO3MIipHMX IIOKPUTTIB Ha MPOIECH TEIJIOBOTO IIepeHe-
CeHHdA Ta JUHAMIKY IIOJiB HaIpysKeHb i JedopMmariil y cucreMi «3aroriBka—
pisanbHUii iHCTPYMEHT» IIif Yac MeXaHiuHOro o0pobJsieHHA Marepidxis. B
poboTi mpOBeleHO AeTaJbHY aHAaJIi3y TEeIJOBUX SABUIL, AKUX 3YMOBJEHO DO-
BIIUPEHHSIM TEIJOBOTO IIOJA, IO BUHUKAE IIiJ Yac IpolieciB medopmarrii
MaTepiAaiB i yTBOpPeHHS CTPYKKHU, KOHTAKTY IOBEPXOHb Pisdmd Iig uac me-
XaHiuHOrO 00pOo6JieHHs ToIo. IIpeacTaBieHO pPe3yJbTaTH E€KCIEePUMEHTAIb-
HUX i TeOpeTUYHUX IOCIHiIKeHb TEePMO3aXMCHUX BJIACTMBOCTEH MHOKPUTTIB:
oxguormaposoro mokputta TiAIN, geomapoBux TiCN/a-Al,0; i TiAlN/a-
Al,O4, Tpumaposoro TiCN/a-Al,O;/TiN. Pos3rasayTo NIUTAaHHA BIJIUBY Me-
XaHIYHMX HANPYKeHb i XapaKTepHUCTHUK TepTd KOB3aHHA Ha 3aXWCHI BJiac-
THUBOCTi 6araToImapoBuX IOKPUTTIiB. 3p00JEHO BUCHOBKHU IIPO BILJIMB MeXa-
HIiYHHX XapaKTepHCTHK PisaHHSA Ha TPMUOOJOTiIUHI BJIACTUBOCTI IIOKPUTTIB.

One of the main methods of influencing the cutting tool life is the appli-
cation of protective multifunctional nanostructured coatings. Multilayer
systems applied to the cutting edge increase the wear resistance and hard-
ness of the cutting edge of the tool, perform a thermal protective func-
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tion, and affect the dynamics of the temperature field in the depth of the
tool. This article discusses the issue of the influence of multilayer na-
noscale coatings on the processes of heat transfer and the dynamics of the
stress and strain fields in the ‘work piece—cutting tool’ system during
machining of materials. The work carries out a detailed analysis of ther-
mal phenomena, which are caused by the expansion of the thermal field
arising during the deformation of materials and the formation of chips,
contact of the surfaces of the cutter during machining, etc. The results of
experimental and theoretical studies of thermal protection properties of
coatings are presented for single-layer TiAIN coating, two-layer TiCN/a-
Al,0; and TiAIN/a-Al,O; coatings, three-layer TiCN/a-Al,0;/TiN coating.
The question of the influence of the mechanical stresses and the sliding
friction characteristics on the protective properties of multilayer coatings
is considered. Conclusions are made about the influence of the mechanical
characteristics of cutting on the tribological properties of coatings.

Karouori cioBa: HAaHOKOMHIO3UTHI MOKPUTTSA, TEIJIOBE IIOJIE, IPOIEC TEIJIO-
IepeHeceHHsd, pisajibHAa IIJIacTHUHA, 3HOCOCTIMKIiCTh pisaJbHOrO iHCTpyMeHTa.

Keywords: nanocomposite coatings, thermal field, heat-transfer process,
cutting plate, wear resistance of the cutting tool.

(Ompumarno 13 gepecnsa 2021 p.; nicas doonpayioeanna — 28 wepensa 2022 p.)

1. BCTYII

OpauM 3 Halfle)eKTUBHIIIUX HANIPAMIB MOAUQPIKYBAHHA IOBEPXHEBUX
BJIACTUBOCTEll pisasibHOI IIOBEPXHi iHCTPyMeHTa [IJsd MeTasoo0po6-
JIeHHS € HaHeCeHHd HAHOCTPYKTYPHUX, HAHOKOMIO3UTHUX 1 HaHOIIA-
poBuX MOKPUTTiB. BomHouac, BOaMB muX 00’€KTiB Ha PO3IMOAIJT TEeM-
mepaTypu Ha PobOUYMX IIOBEPXHIX Pi3aJbHOTO Jie3a € OAHielo 3 Haii-
BaKJIMBIIINX XapaKTEePUCTUK YMOB POOOTHM DPisajbHOTO iHCTPyMeHTa
Ta Mae€ iCTOTHUH BIJIMB Ha 3aKOHOMIipHOCTI 3HOIIYBaHHA ITMX IIOBEP-
XOHb.

JocaimkeHHIO TUTaHHA PO3IOAINYy TeIlsla Ha HMepeaHii i samgHiil mo-
BEPXHAX DPisaJIbHUX iHCTPYMEHTIB i3 HaHeCEeHUMU NOKPUTTAMU IIpUC-
BSIUEHO JOCTAaTHHO 6araTo TEOPeTUUHHUX i mMpaKTuYHUX pobit [1-8].

OpuHuM i3 MeTOIiB HmiABUINEHHSA CTiHKOCTH PisajJbHOrO iHCTpyMeHTA
€ HaHEeCEeHHsd Ha Moro poboui MOBepPXHi 3aXMCHUX MOKPUTTIB. SIK mO-
Kas3yioTh pe3yJbTaTu JocaimskeHb [9,10], HAHOCTPYKTYpPOBaHi ILJIiBKO-
Bi MOKpPUTTA MaioTh (isuMKO-MexXaHiyHi XapaKTepUCTUKU, SHAYHO BU-
1i, Hi’K aHajoriuHi MacuBHi Marepianau [11], 10 Kae 3MOry BUKOPU-
CTOBYBAaTH TaKi IMOKPUTTA OJIA HiABUIIEHHA 3HOCOCTiMKOCTU pi3aJib-
HuXx iHcrpymenrtis [12-14]. Ilpu nromy [15, 16] 3MiHa CTPYKTYPHOTO
CTaHy IOKPUTTIB Bifg aMop@omomi6bHOTO A0 HAHOKPUCTATIYHOTO TEKC-
TYypOBAaHOI'O HPUBOAUTHL A0 MNOJiNUIeHHA IixHiX (isuKo-MexaHiUHUX
BJIACTUBOCTEM!.
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HalimonynaphimumMu B mammii yac € OaraTolnapoBi 3aXWCHi ITOK-
PUTTSI Ha OCHOBi HiTpumy, Kapbimy Ta kapb6omiTpumy tutany: TiN,
TiC, TiCN i TiAIN, a takox Al,O,;, YHIKAJIbHOI BJIACTUBICTIO SIKOTO
€ TMOHM)KeHHSA TEeILJIONPOBiAHOCTHY 3 IIiABUINEHHAM TeMiepaTtypu. Kpim
TOTO, IO IOKPUTTA MOJIMIIYIOTh (hi3MKO-MexaHiuHi BJIACTHMBOCTI MO-
BEePXOHb Pi3aJbHOTO iHCTPYMEHTA, BOHM TAKOXK BIIJIMBAIOTh Ha PO3IMO-
IiJ TeMIlepaTypu B iHCTPYMEHTI IIij yac pisaHHA.

IlpoBenenuit HamMu OTJISAA PE3YyJbTATIB CYYacHUX €KCIEePUMEHTAJIb-
HUX i TeopeTHUYHUX poOOiT, IPUCBAUYEHUX MTOCTIIKEHHIO BIJIUBY 3aXU-
CHUX IIOKPUTTIB Ha PO3MOIiJ TeMIIepaTypu B pisaibHOMY iHCTPYMEH-
Ti, mOKasye, 10 Ha JAAaHWH Yac HeMa€e y3TOIKEHOCTU IOJO0 TepMO3a-
xucHOI (PyHKI[iI OaraToimapoBux IOKPHUTTiB. Pasom 3 imdopmarlriero
PO BigYyTHe 3MEHIIEHHS TEeIJIOBOTO HaBaHTaKeHHA B 30HI 00po0-
JeHHA y pisaJibHOMY iHCTPYMEHTi i3 HaHeceHMM MNOKPUTTAM HaABHI
OOCTimKeHHdA, AKi BKa3ylOTh HA BiJCYTHICTL BIJNBY IIOKPUTTS Ha
IWHAMiKy HDOIIMPEHHS TeIJIOBOTO IIOTOKY B iHCTPYMEHTI.

YacTtuHa AOCHAIMHUKIB yKasye Ha iCTOTHUH BIJIMB HTOKPUTTIB Yy
TEPMO3aXUCHUX IIPOIlecax, IO BUHUKAIOTL IIiJ Uac MeXaHiuHoro 00-
pobaennsa. Tak, y pob6orax [17, 18] aBTopu cmocTepiraim MOHUIKEHHS
TeMIepaTypu B pobouiil yacTuHi pisaJbHOTO iHCTPyMEHTA 3 IIOKPUT-
ramu TiAIN-II, TiAIN/a-AlLOs;-II i TiCN/a-Al,O;-II. Temneparypa
noumkyBajgaca > 150°C gma TiAIN-II i TiAIN/a-Al,O5-IT Ta > 80°C
mnsa TiCN/a-Al,O5-I1. Amasoriunmii edpekT momiueHo B poborax [19,
20]. B roii xe yac, HayKoBIi [21] momiTuaM TiNBKYW HE3HAUHUM Tep-
MO3aXUCHUMN e(peKT MOKPUTTSa. PesyabTatu mociaimxeHHs [22] Bkasy-
I0THL Ha Te, IO Ha TeMIIepaTypy B 30HI pisaHHA iHCTpyMeHTa, IIOKPIU-
toro TiAIN + TiN, He Bn/iMBae HaHeceHe MOKPUTTHA, i BOHA 3MiHIOETH-
cA TiJIBKM 3aJIe’KHO BiJl IMIBUJIKOCTU pisaHHA. YacTuHA TOCIiITHUKIB
OB’ sA3y€ BMEHIIEHHA TEIJIOBOTO IIOTOKY, IO HOIIWPIOETHCA BIJINO
pisanmpHOrO iHCTpyMeHTa, He 3 TePMO3aXMCHUM UMHHUKOM OaraToliia-
POBOI CTPYKTYypU, a 3i 3MiHOIO KoedilieHTa TepTsaA HOKPUTTHA, IO i
MPUBOIUTEL A0 3MEHIINEeHHS TeIJIOTH, SKa IePeXOAUTh yCepeauHy iH-
crpymenTa. Taki BUCHOBKU, IIpeacTaBjeHi y poborax [23, 24], ka-
JKYTh IIPO Te, IO TEPMOi30I0BAILHUYN edeKT HaHeCeHUX IOKPHUTTIB
30BCiM BifCcyTHIil.

MeTo0 ITaHOTO MOCJIiI:KEeHHS € IIPOBEJeHHs aHAaJi3W BIJINBY HaHOC-
TPYKTYPHUX HAHOKOMIIOBUTHUX 06araToIllapoOBMX HOKPHUTTIB Ha IIPO-
Iecu TeIJIoNlepeHeCeHHA B pPi3aJbHOMY iHCTPYMEHTI A YCyHeHHS
HaABHUX IIPOTUPIU MiXK pesdyJjbTaTaMU AOCIiMKeHb y IIill rajmysi.

2. TEILJIOBI ABHUIIIA B ITPOLIECI PISBAHHA

TensioBi sBUINIA B IIpoIleci pidaHHA BiirpaioTh BasKJIUBY POJb. BoHH
3a7al0Th TEMIIEPATYPY B 30Hi 00pOOJIeHH:A, siKa BILIMBA€E€ HA XapaKTep
YTBOPEHHS CTPYKKM, MEXaHiuHi Ta TeoOMeTpUYHi XapaKTepUCTUKU
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CTPYKKM, CUJIN PidaHHA Ta MiIKpPOCTPYKTYpy IToBepxHi. Paszom 3 Tum,
CIIOCTEPiraeThbCcsd 3HAUHUM IJIMB TeMIepaTypu pisaHHA Ha iHTEHCUB-
HicTh 3aTyILJIEHHA iHCTpyMeHTa i1 iHTepBaJ Yacy 3 BUCOKUMU CTiHMKi-
CHUMU TOKa3HUKAMU.

Tyt Mmu OygeMo po3radgaTH pisaHHA 0e3 BUKOPHCTAHHSA OyIb-AKOI
OXOJIOMKYBAJILHOI PiIMHM — cyxe pisaHHSA, AKe cTae€ BCe OiJIbII IO-
TyJASpHUM depe3 TypOoTy Ipo 0e3meKy HaBKOJUIITHLOTO CEepemOBHUIIA.
Kpim Toro, Bim sacTocyBaHHsS ILOTO THUIY Pi3aHHA MOYKHA TOCATTH
3HAYHOIO0 €KOHOMIUHOIO e(peKTy, OCKiJIbKU OXOJIOMKYBAJbHI Ta Mac-
TUJIbHI MaTepisfjn, BUKOPUCTOBYBaHI A 00pOOJIeHHs, CKJIAJAI0Th 10
20% BupoOHmumx BuTpar. OFHAK CJIiJ TAKOX BiA3HAUMTHU, IO AEAKi
mepeBaru MaCTUJILHO-OXOJOMKYBAJIbHUX PiAuH He OYyAYTb MOCTYIIHI
IJIs cyXoro oOpoOJieHHA, i cyxe oO0poO/ieHHA Oye IPUNHATHUM JIHIIIE
TOMl, KOJN AKICTh AeTaJsi Ta uac oOpoOJeHHs, II[0 JOCATAIOThCA Uepes
MOKpe 00po0JeHHA, € TAKUMHU K abo mepeBUITyBaJbHi [25].

2.1. TenjioyTBOPpEeHHA B MpoIieci pisaHHSA
2.1.1. Axncepena ymeopenna menaomu

Y 30Hi CTPY’KKOYTBOPEHHA BUIIJAITHL TPU OCHOBHI 30HU, B AKUX B
pesyJbTaTi KOHTAKTHOI B3aeMojii Ta medopmariii 06podI0BaHOTO Ma-
Tepiaay BimOyBaeThbcsa reHepyBaHHA TemyioTu (puc. 1) [26, 27]:

@, (mepire m:Kepesio BUIIJMIEHHS TeIJIOTH) — Ile MexXaHiuHa pobora,
BUTpaueHa Ha ILIACTHUUYHY [AedopMalliro Ta pPYHHYBaHHSA MeTally B
IIPOIlECi CTPYKKO YTBOPEHHA; 00JIaCTh T'€HEPYBaHHA IIi€l TEIJIOTH
OXOILITIOE 30HY HaANOLILINMUX IJIACTUYHUX AedopMailriii, TOOTO ILIOIIH-
HY CKOJIIOBaHHS;

I>xepeJio Tera:
IInacrruna medopmaris
PpiruiAHUE KOHTAKT

Hxepeso Temua:
IInacTuuna
nedopmairis

IlepBunHA
30HA

Tperurua
30Ha

3aroToBKa

Puc. 1. OcHoBHIi A:kepesa Temsa mig yac ¢GOpMyBaHHS CTPY:KKHU IPU MeXaHi-
yHOMy 06pobenHi [27].!
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@, (OIpyre mxepesio BUAiJEHHSA TEHJOTH) — Iie poboTa CHJ TepTA Ha
mepefHil moBepxHi Jes3a pismsd; o0JacTh I'eHepyBaHHA ITi€ei TemaoTH
— IIOBEPXHS CTPYKKU Ta IIepelHs IIOBEPXHS Je3a iHCTPyMeHTa, AKi
KOHTaKTYIOTh OJHA 3 OJHOIO;

@5 (Tpere mKepeso TENJIOTH) — Iie poboTa CuJI TEepTA MO 3aTHiA mo-
BepxHi Je3a iHcTpyMeHTa; 06JiacTh T'eHepyBaHHA ITiel TemjaoTu — 3a-
OHS IOBEPXHA Je3a Pisid Ta BiATBOpPIOBaHA JIe30M IIOBEPXHS pPisaHHI,
AKi KOHTAKTYIOTh OJHA 3 OJHOIO.

2.1.2. Bideéedenna mennomu i3 30HU Pi3AHHA

OcKinmbKM mpollec pisaHHS € 3a3BHUYail JOCTATHBO TPUBAJMM i CTili-
KNM, TO TeILJIOoTa, I0 0e3llepepBHO BHUAILIAETHCA 3a dac pPoOOTH, Ta-
KO:X 0e3ymMHHO BiBOAMUTHCA i3 30HU pisaHHA (puc. 2) [28]. HacTuHa
TEIJIOTH (; IPOHUKAE B MeTaJ 00poOJIIOBAHOI 3arOTOBKU Ta HarpiBae
ii. Il BixBe#eHaA TeIOTa MO3HAUAETHCA ¢;. BeJIWKa YacTWHA TEILJIOTHU
@, Iiie Ha HArpiB CTPY’KKU Ta BUHOCUTHCA He i3 30HM pisanHA. Lla
YacTUHA TEIJIOTH, IO BiBOAMTHCS, IMO3HAUAETHCA (,. JacTHMHA Tell-
JoTu @, ¥ime Ha HArpiB cTpPy:KKU. Ilg yacTuHA TENJIOTH IO3HAYAETHCA
qs. YacTuHa TemaoTu @,, 110 HArpiBae MeTaJs pisaJbHOI YaCTHUHU Pis-
I Ta IOCTYIIOBO TOINMPIOETHCA IO BCHOMY IHoro o6’emy, — ¢,. Jac-

Puc. 2. CxemMu pyxy TemJoOBUX IMOTOKiB mif yac pisaHuHa 6e3 OXOJIOMKEHHS
[28]: I — uacTka TemynoTu medopmarlii q,, 10 iifie y 3aTOTOBKY; 2 — YacTKa
TemioTu Aedopmariii q,, 110 #fige y CTPYKKY; 3 — KiJBKiCTh TEmJIOTH (3, IO
BMHUKAE B PE3YJbTATI TePTA Mi’K CTPYKKOIO Ta IepegHBOI0 IIOBEPXHEIO iH-
cTpyMeHTa; 4 — MiAICYMKOBUH TOTiK TEMJIOTH (,, III0 BUHUKAE B PEe3yJIbTaTi
TEIJIOOOMIiHY Ha IMJIOIIAMIli KOHTAKTY IIPHPisl[eBOl CTOPOHU CTPYKKHU 3 IIe-
PeqHBOIO IIOBEPXHEI0 1HCTPYMeHTa; 5 — MiACYMKOBUU IOTiK TENJIOTU (5, IO
BMHUKAE B pPe3yJbTaTi TEMJI000MiHY Ha ILJIOIAZAIll KOHTAKTY IIOBEPXHi pi-
3aHHS i3 3aJHBOI0 IIOBEPXHEIO iHCTPYyMeHTa; 6 — KiJbKiCTh TEmJIOTH (4, IO
BUHUKA€E B PE3yJbTaTi TePTA MilK 3aroTOBKOIO Ta 3aJHHOIO IIOBEPXHEIO iH-
cTpyMeHTa.?
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TUHA TeIJIOTH @; HarpiBae meras pisaabHoi uacTuHu pisma. Ilei Te-
IJIOBUI IOTIK, IO BigABOAUTHCS, IIO3HAYAETHCA (5. JacTWHaA TEIJIOTHU
@; TpoHMKaEe B MeTas 0OOpoOJIIoBaHOi 3arOTOBKM Ta HarpiBae ii. Il
BifBeleHA TeIJIOTA IIO3HAUYAETHC (.

2.2. TenroBuil 60ajxaHc

Ilig TemmoBuM OajlaHCcOM pisaHHA PO3YyMie€ThCSA PiBHICTH TEIJIOTH, IO
BUOIIAECTHCA B 30HI pisaHHA, i TEIJIOTH, IO BHUAAJAECTHCA 3 Hel 3a
TOM Ke MPOMiKOK uvacy. TakKuM UMHOM, B KOXXHY MHUTH IIpW pis3aHHIi
Mae Miciie piBHiCTH mpUOYTKOBOI Ta BUAATKOBOI uacTuH [28]:

Q1+ Q@ +Q3=q1+qs+qs+qy+ g5+ g (1)

Ileit Bupa3 Ha3WBAEThCA PiBHAHHAM TEILJIOBOro OajlaHcy. 3MiHA yMOB
pisaHHA TPUBOAUTEL MO0 3MiHU CIIiBBiIHOIIIEHHSA CKJIAZOBUX MPUOYTKO-
BOI Ta BUJIATKOBOI YaCTUH PiBHAHHS TeILJIOBOTO OajaHCY.

2.2.1. 3axonomiprnocmi 3minu do0anKkié 6u0amkKko60i LacmMuHu pis-
HAHHA Menno60zo banancy

Amnagnisa 3MiHM CKJIaJOBMX BHUAATKOBOI YACTHHU TEIIJIOBOTO OaJiaHCY
IMOKAa3ye, 10 HaWOiJBIII0 3 HUX 3a 3HAUUMICTIO € CyMa CKJIAaJA0BUX ¢,
i g4, TOOTO IO OCHOBHY KiJIBKIiCTH TEIJIOTH BUHOCUTH 3 COOOI0 i3 BOHU
CTPY'KKOYTBODEHHS 3pisaHa CTPy:KKa. YacTKa TeIIOTH (s + ¢4, IO
BiZBOAUTHLCSA B TiJIO PisldA, CTAHOBUTH HE3HAUHY YaCTUHY BHIAaTKOBOI
yacTUHU OaJaHCy Ta 3MEHINYEThCA 3i 30iIbIIeHHAM IIBUAKOCTH Pi-
3aHHsS. 3a MaJauX MIBUIKOCTeIl pPisaHHS BOHA CTAHOBUTH B CEpPeIHBLO-
My = 5% ; 3i 30LIBIICHHAM MIBUAKOCTH Pi3aHHSA BimOyBaeThbcs Ii 3Me-
HimeHHA 10 = 2% Bciel BimBemenoi i3 30HU CTPYKKOYTBOPEHHS KiJb-
KOCTU TeILJIOTH. AJie, He3Ba)Kaiouu Ha 3MEHIIeHHS YaCTKU TeIlJIOTH,
IT0 BigBOAUTHCS uepes pisellb, abCOJIOTHA KiJbKIiCTh TEMJIOTH HpHU
boMy 30imbiTyeTheA. TpeTa cKJiagoBa (5 + ¢g, 1[0 BUPAKae KiJbKicTh
TEIJOTU, IIO0 BiABOAWUTHLCA B TiJIO 3arOTOBKMU, HABIIAKMW, 3pocTae 3i
30iJIBIIIEHHAM IIBUAKOCTU DPi3aHHA.

2.3. TemmepaTypHe moJie B iHCTPyMEHTi

lleAka yacTKa TEMJIOTH, IT0 HAAXOAUTH y pisellb, e Ha IIiABUMIIEHHS
TeMIepaTypu pisajabHOro Jesa. Iamia ii yacTuHaA IOMIMPIOETHCS IIO
BchoMy Tiny pisud. IIBuaKicTh MOIIMPEHHA IIHOTO TEIJIOBOTO IIOTOKY
3aJIeXKUTDh BiJ] TENJIONIPOBIAHOCTH, Macu U TeMmepaTypu pisajibHOI ua-
CTUHU Ta Kopiycy pisma. I'pagiuHo TemieparypHe 1moje B pismi
IpeJCTaBJIAETLCA PANOM i30TepM, IO B CYKYIHOCTi AAIOTh YABJEHHS
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Puc. 3. TemnepaTypHi mosid y CTPY2KIi, 3aroToBI[i Ta pismi mixm wac ob6Touy-
Bauua kKpuri IIIX15 pismem i3 TBepmoro cromy T14K8 [29] (V =80 m/xB.,
S=0,5 Mm/00, t =4,1 mm).?

IpO TeMIIepaTypHi I'pagieHTHM B pisajbHOI YacTMHHM pisnd. 3a duac
CTifIKOCTU Pi3IA MOXKYTHb 3MIHHUTHCA KOHKPETHI yMOBU pisaHHA Ta
BilBeZIeHHSA TemJIOTH. ToMy MHOJIO}KEeHHSA 1i30TepM ITOJA € MiHJIMBUM.

Pisanbue se30 HarpiBaeThca HepiBHOMipHO. Haiibisbim 3a Bce poai-
rpiToI0 € YyacTWHA MepeIHBOI MOBEPXHi, IO PO3TAIllOBaHA IOCEPEeIUHi
ILJIOIIAAKY KOHTAKTY, TOAI AK OiJis BepIIMHMN pisaJbHOTO iHCTPYMEH-
Ta piBeHb TeMIIepaTyp CTa€ MEHIIUM. 3 BifJaJeHHAM BiJ mepeaHbol
IMOBEPXHi TeMIlepaTypa y pisajJbHOMY Jesi 3MiHIOETBbCA HabaraTo Io-
BinmbHIiIIIE, HijK TeMIepaTypa y cTpy:KIii (puc. 3) [29].

TemnepaTypHe IIoJle Ha INepeNHill IIOBepxXHi TOro K pisnga, AKui
300paskeHuii Ha puc. 3, 3rigHO 3 pospaxyuxkoBumu ganumu A. H. Pe-
sHikoBa [29], mokasaHo Ha puc. 4. [3oTepmMa MaKcuMAaJbHOI TeMIepa-
rypu @ =900°C saBasge coboio OBAILHY JIiHiIO, poaTallioBaHy Ha Je-
akin Bigmami (= 0,5—1 MM) i BUTATHYTY Y3AOBMK TOJOBHOTO PidajibHO-
ro Jiesa.

Ha pucyHKy 5 HaBeJeHO 3aKOHOMIPHOCTI 3MiHU TeMIepaTypu IIO
KOHTAKTHUX ITOBEPXHAX PisaJbHOrO Jesa, AKi BCTAHOBJIOIOTHCA 0e3-
mocepenuiMu Mipanuamu. Ilomioui mipsmmsa Oyjao mpoBemeHo IIPod.
A. B. fIxumoBum. TewmmeparTypHe moJie y pisaiabHOMY Je3i dopmye
TEILJIOBi MOTOKHU, IO HAAXOAATH 3 OOKY IEepegHBbOI Ta 3aJAHBOI IOBED-
XO0Hb. TemnyoBUM MOTIK, IO HOTJIMHAETHCA KOHTAKTHUMHU ITOBEPXHAMU
iHCTpyMeHTa, a Aaji IOIIWPIOETHCA BCEPEAUWHI HBOTO, MPUBOAUTH MO
MiABUINEHHSA TeMHOepaTypu. [HCTPYMEHT IIPEeACTaBIABCA Y BUIJIALL
HaIliBHECKIHUEHHOT0 KJHHA. ¥ IeHTpaJbHiil yacTuHi KJauHa [30] Ha
Bimmasi a Bix #ioro BEPXHBOI TOUKMU CIIOCTEPIraeThbCA BUTIK TEILJIOTH 3
nocTifiHoio iHTeHcuBHicTIO. Temnodisuuui BaacTHMBOCTI iHCTpyMeHTa-
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Puc. 4. TemmepaTypHe IoJie Ha IepefHill MOBepXHi pisnsa (3a pesysibTaraMu
aHaJiTHYHOrO po3paxyHKy) [29].*

Puc. 5. 3akoHOMipHiCTh 3MiHM TeMIIepaTypHU II0 IIOBEPXHAX Pi3aJbLHOrO Jiesa
[30].°

JBHOTO MAaTEePifJy He 3aJIeKaTh BiJ TeMIlepaTypu.

IacTpymenTaabHi MaTepisau 30epiraioTh ¢BOI MOUYATKOBI BJIACTHUBO-
CTi, — MexaHiuHy MiIlHiCTL, TBEpPAiCTh i 3HOCOCTifiKiCTB, — 3 iABU-
IeHHAM TeMIIEpaTypu IO 3HAUeHb, AKi He IepeBUINYIOTh IXHLOI TeM-
IepaTypoOCTiNKOCTH, IO 3aJIeKUTh, B CBOIO UEPry, Biff IXHBOTO XeMi-
YHOTO CKJIAAY Ta CTPYKTYPHOI'O CTaHy. 3a BUCOKHX TeMIIepaTyp y Ma-
Tepisaai BigOyBaOThCA CTPYKTYPHI 3MiHM, IO MOHMKYIOTh IMTOKA3HUKU
TBepmocTi. HacmaigikoM IbOTo € 3MEeHINIeHHS 3HOCOCTiMKOCTHM, IIiJgBU-
IeHHA iHTeHCUBHOCTHY 3HOIIYBAaHHS Ta CKOPOUYEHHS Mepiomy cTifikoc-
™1 iHcTpyMeHTa. fIK IIe BUAHO i3 300pa’keHb TeMIIEPATYPHHUX IIOJiB
(muB. puc. 3—5), HaWOIMBLIIMIT HArpiB CIOCTEpiracThbCcsa Ha IIepemHin
TIOBEePXHi Jie3a Ta B HNPUJIETJIOMY Me:KoBomy Iapi. TyT cTpy:kKa, IO
30irae, HaMOiJLII iHTEHCMBHO B3HOIIYE Jie30, IPUUOMY Ha Ie ABUIIE
BILIMBA€ BHCOKA TeMIIepaTypa, i Haiibinbiiuii 3HOC BigOyBaeThcA caMe
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Ha THUX OiIIAHKaxX IIOBEPXOHbBb Je3, e TeMIepaTypa € MaKCuMaJbHOIO.
3HaUHO MeHIIle HarpiBaloThCd MiIAAHKM 3aJHLOI IIOBEpPXHi Jesa, II0
KOB3a€ II0 MOBePXHi pisamua Ha 3arotosili. OgHaK 3a uac podOTHU Pis-
A TeMIepaTypa Ha 3aJHill IMOBEepPXHi HOCTYMOBO IIiABUIIYETHCA i B
KiHII mepiogy CTIAKOCTH MOKe HOCSATITH TEeMIIepaTyp, IO IIePEeBUIILY-
IOTh TEeMHOepPaTypPoOCTiKicThb. ¥ IIell MOMEHT iHTeHCHMBHICTL 3HOIIY-
BaHHA BEPINUHM pislA KaTacTpodiuHO 3pocTae, i BiH OCTATOUHO BU-
XOIUTH 3 Janay.

3. TEIIJIO®I3UKA IIJIIACTUYHOI JTE®OPMAIIIL TA TEPTA
ITPA OBPOBIII METAJIIB PISAHHAM

Ilig yac pizamma Merany icTtoTHi medopmaliii MalTh Micile B 30HaX
3CYyBy Ta MO0JM3y pisadbHOI KpaiiKM, Je CIOCTEepPiraroThcsa BUCOKi
mBUAKOCTL medopmarii Ta Temmeparypu. € MBI OCHOBHI 30HU 3CYBY
BHACJiZIOK 3CYBYy Ta TepTsd, AK IIOKazaHo Ha puc. 6. OcHoBHa 30Ha
3CyBy — Ile MicIle, e BijOyBaeThCcA OCHOBHUM 3CyB po0OYOTr0o MaTepi-
any. Kpim Toro, mopyd4 i3 KOHTaKTOM «iHCTPYMEHT—CTPY:KKa» € 30HA
BTOPMHHOT'O 3CYyBY Uepe3 BHCOKiI yMOBU KOHTAKTy Hanpy:keHHA. Ilo-
BeliHKa pobouoro mMarepidny 3a medopMarliii B IepBUHHUX i BTOPUH-
HUX 30HAX Oy:Ke UyTJumBa 0 YMOB pisaHHA. YMOBU TEPTA MixK iH-
CTPYMEHTOM i 3aTOTOBKOIO, a TAaKOXX y B30HI KOHTAKTY «iHCTPYMEHT—
CTPY:KKa» Oy:Ke CKJAJHi, i BOHU €, MpUHAWMHI, TAaKUMU K BaKJIU-
BUMM, AK XapaKTePUCTHKA HAIPY:KE€HHA MOTOKY pPOOOUOTO MaTepisd-
ay. SIK HacJioK, HAIPpy:KeHHA Ta TeMIepaTypu Ha MeKi Imominy «iH-
CTPYMEHT—CTPY:KKa» Ta HABKOJIO pi3aJbHOI KpaWKM MOXKYTh OyTHU
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Puc. 6. 3ouu gedopmarii npu opTroroHaJLHOMY pisaHHi, ogep:KaHi Momesro-
BaHHAM 33 METOJOM CKiHueHHHUX eseMeHTiB [31].°
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IysKe BHCOKMMMU B JesIKMX YMOBAX PisaHHS, IO COPUUYMHSIE HAAMIip-
HUHM 3HOC i pylHYBaHHS iHCcTpyMeHTa. ToMy TOYHi IIPOTHO3U PO3IIO-
Oigy 3MiHHHX IIPOIECiB, TAKMX SAK HAIPY)KEeHHsS Ta TeMIepaTypu, 3a
JTOIOMOTrOI0 MOJedoBaHHA cKinmuenHumMu ejgemenramu (FE) e
000B’AI3KOBUMMU [JIsI BU3HAUEHHS OITHMAJLHIUX YMOB pi3aHHs, MaTe-
piany iHcTpyMeHTa, reoMeTpii KpalloK i HOKPHUTTs, II00 JOIMOMOITH
MOJIIIIIIIUTY AKICTh 00POOJIOBAHUX IMOBEPXOHB i IMiABUIIUTH 3arajibHY
mpoayKTuBHicTh [31].

HatimomupeninmmMm MojesieM, KW 3aCTOCOBYETHCA OJISI MOEJIO-
BaHHA BUCOKONIBUAKicHOI medopmariii, € momens [xomcoma—KyKa.
3rigHo 3 UM MOAeNeM, 3aJIe’KHIiCTh HANpPyKeHb o = o(g, &, T) miac-
TuuHoi medopmariii Big medopmariii €, mBuAKocTu Aedopmaiiii & i
Temneparypu T mae Burian [32]:

6=(A+Be")1-Clng)1-T"), (2)

Ie ¢ — edeKkTuBHA ILIacTuuHa Aedopmaiis; A, B, C, n, m — emiri-
PUUYHO BU3HAUEHi MapaMeTpU MOJENIo; & = ¢/, — 0espoaMipHa IIBH-
aricts miaactuunoi gedopmanii (&, =0,1c¢'); T =T -T)/(T, -T.)
— ToMoJoriuHa Temmeparypa; 1, — TeMIlepaTypa TOILJIEHHS MaTepi-
Ay 3arotoBku; T, — TeMIlepaTypa HaBKOJUIIHLOTO CEepeIOBUIIA.

IIpomec medopmariii pyliHyBaHHsS BU3HAUYAETLCS CIIIBBiJHOIIEHHAM
[32]:

g, = (D, + D,exp(D;6")) (1 + D, In&")(1+ D,T), (3)

ne D,(i=1, ..., 5) — mapaMeTpu Marepisany, 6. — KoedilieHT xopcT-
KOCTU HAIIPYsKEHOTO CTaHYy.

Mopens pyHHYBaHHS OIIMCY€E iCTOPil0 MOMIKOMYKEHHS KOMKHOIO
eJleMeHTa 3a JOIOMOTOI0 IapaMeTpa HOIIKOMKyBaHOCTH D =X Ag/e, ;
eJIeMeHT PYHHYEThCSA, aKifo D > 1.

Ha obsacTi KOHTakTy Ta mapaMeTpu TepTs MiK iHCTPYMEHTOM Ta
CTPY?KKOIO BIJIMBAIOTh TaKi UMHHUKM, K IIBUIKICTL pisaHHSA, IIBU-
IKicTh momaui, KyT HaXWUJIy TOIIO, TOJIOBHUM YMHOM, Uepes Ay:Ke BU-
COKMI HOpPMAaJbHHI THUCK Ha moBepxHi. TepTd B KOHTAKTi «iHCTpPY-
MEHT—CTPYKKa» € CKJAIHUM i Ba)KKHUM [IJs OIiHKK. 3araJbHOBU3HA-
HO, IO TePTA HA KOHTAKTI «iHCTPYMEHT—CTPY:KKa» MOKe OyTU Ipej-
cTaBjeHe y BB3a€MO3B’A3KYy MiK HOPMAJbHUM HANPYsKEeHHAM 1 Ha-
MpYy:KeHHAM TepTs Ha pisajbHill moBepxHi iHcTpyMmMeHTa. Hamkparmuit
croci6 3adikcyBaTH XapaKTEPUCTUKY TepTs Ha KOHTAKTiI «iHCTpY-
MEHT—CTPY:KKa» — Iie 0e3mocepeHbO BUMIipATH HOpPMaJibHiI Ta Gpu-
KIiliHi HampysKeHHs IIiJi yac (PAaKTUUYHOTO IIPOIECy PisaHHA MeTaJy.
IIi MmeTomu uepes CBOIO CKJAMHICTh MOXKYTDH 3adikcyBaTu MpUOJIM3HUN
posmonin mampy:keHb. IlepembauaeTbcs, IO METOA CKiHUEHHUX eJie-
MEHTIiB 3JaTHUIN OfepiKaTy CIPAaBKHIO HOPMAaJILHY 3ajesKHiCTh Ha-
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OpYy:KeHHA Ta TepTA Ha iHTepdeiici «iHCTPyMeHT—CTpysKKa» Iijg dac
CYXOTO OPTOTOHAJIBLHOTO Pi3aHHII.

Amnajniza BUKOHAHUX OCTiIKeHb MeXaHIUHOro OOpOOJIeHHSA IIOKa-
3aJja, 110 HAIIPYKeHHA TepTA T, Ha MOBEepPXHi pisajbHOI r'paHi iHCTPY-
MeHTa BBasKaJMCA ITPONOPIiMHMMN HOPMAaJbHUM HAIIPYKEHHAM G, 3
Koe(dilieHTOM TepTs LI Ha OCHOBI KYJIOHIBCHKOTI'O TEPTA SK

Tt = UG, (4)

ITomupeHi yMoBM Ha KOHTAKTI «iHCTPYMEHT—CTPY:KKa» OOMeEXY-
IOTh BUKOPUCTAHHA eMIIIipDUUYHMX 3HAUeHb KoeQillieHTa TepTsd, 3HAH-
IeHUX 3a 3BUYAMHUX yMOB BUIOPOOYBaHHS Ha KOB3aHHA. 3a 3BUYAM-
HOTO O00pOOJeHHA Ha HU3LKUX IMBUIKOCTIX PisaHHA KYJOHIBCHKE Te-
pTa Mo)Ke OYyTH B OCHOBHOMY e(peKTHBHMM Ha OOKOBiii moBepxHi iH-
ctpymeHTa. OgHaK 3a BHCOKOIIBUAKICHOTO 00pOOJIeHHSA Ha pisajabHii
rpaHi iHCTpyMeHTa cIlocTepiraeThcs Haa3Buualitme 30iJbINIeHHS IIBUI-
KOCTH CTPYKKHU, THUCKY KOHTAKTy TEPTA «iHCTPYMEHT—CTPY:KKa» Ta
TeMnepaTtyp. SIK pesyJsbTaT, 3pocTaioua INBUAKICTH KOB3aHHS Ta Ha-
MPY:KEeHHA TepTA CIPUUYMHAIOTL 3HAUHUIN 3HOC pisajbHOI IIOBepXHi
imcrpymeHTa. TomMy IIBUAKICTH 3HOCY iHCTPYMEHTA CHJIBHO 3aJI€KUTH
Bil YMOB TepTA Ha KOHTAKTI «iHCTPYMEHT—CTPYKKa» IIPYU BHCOKOIII-
BUIKicHOMY 00pobGJieHHi. HacmpaBai, Misk(asHe TepTs Ha MOBEPXHAX
iHCcTpyMeHTa He € 0e3IlepepBHUM i € (QPYHKIIi€I0 HOPMAJILHOTO PO3IMO-
Iiny HampyskeHb i Teptsa. 3a caoamu H. H. 3opeBa [33], HopMaibiHe
HAIpy:KeHHA HAaNOiJbIlle HAa KiHUMKY iHCTpyMeHTA Ta IIOCTYIIOBO
3MEHIIIYEThCA OO0 HYJSA Y TOUIli, Jle CTPYXKa BiIOKPEMJIOETHCA BiJ
pisasbHOI rpaHi iHCTpyMeHTa, AK IMOKa3aHO Ha PUC. 7.

Posmogin mHanmpy:KeHb mpu GPUKIIIAHOMY 3CYBi € OiJbIT CKJIATHUM.

C, T4

3aroToska

Puc. 7. Kpusi, 1110 mpeacTaBasaioTh HOPMAJbHUN PO3MOAiI HANPYKeEeHb i Tep-
TA Ha IepeJHili rpaHi pismd iHcTpyMeHTa, AKUX NIPEACTABJIEHO B JOCJHi-
mxenHi H. H. 3opesa [33]. [, — nossxuna obmacti mpuiunasesa; [, — XOB-
JKIHA KOHTAKTY CTPYKKH Ta iHCTpYyMeHTa."
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Ha gpinammi migomi KOHTAKTy iHCTPYMEHTAJIBHOI CTPYKKHU II00JIH3Y
pisasbHOI KpaliKi BUHHKAE B’A3Ke TEPTdA, IO IPUBOAUTEL A0 3JUIIAH-
HS, i HaAIpPyKeHHS 3CyBY TepPTdA T; HOPiBHIOE CepeIHbOMY HaIpPY:KeH-
HIO IIOTOKY 3CYyBY Ha ME€Ki CTPY’KKM I IHCTPpYMEHTa B CTPYKIli T,. Ha
pemITi maoIli KOHTAKTY «iHCTPYMEHT—CTPYKKa» BUHUKAE TepPTsS KOB-
3aHHS, 1 HAIPyKEeHHsA 3CYBY TepTsd MOKe OyTH po3paxoBaHe 3a IOIIO-
moroio Koedimienra tepra u. Ha ocuori anamisu 3a 3opeBum [33] po-
3O HOPMAJbHOTO HAIPY/KEHHS Ta HaOpPyKeHHsS 3CYBYy Ha mepel-
Hilf TOBEPXHi iHCTpyMeHTa MOKe OyTU NpeACcTaBJIeHUI V ABOX PisHUX
Bumax [33]:

T(x)=1,: po,(x) 21, O<x<l;

()

T(x) =po,(x): po,(x)<t,, I, <x <.

VYmoBu TepTa Ha iHTepdelici «iHCTpyMeHT—CTpYy:KKa» B paHHix FE-
MOIeNnAX pisamHA MeTany OyJiu B OCHOBHOMY irmopoBaHi abo BBasKa-
JUCA TMOCTiMHMMU 3 HOCTifHUM KoedirieHToM TepTs Ha ocHoBi Ky.uo-
HOBOT'O 3aKOHY.

CepenHiii KoedillieHT TepTd MiK iHCTPYMEHTOM i CTPYKKOIO 3a Op-
TOTOHAJBbHOTO pisaHHA, AK HPaBUJI0, O0UMCIIOETHLCI HA OCHOBI BMMi-
pAaHUX cuja pisaHHdA, AK HoZaHO B piBHAHHI (6) [33]:

_F + F,tana
F,+F tana

(6)

VYecyi Ta lllupakamri [34] BuBesn eMIipuuyHe PiBHAHHA XapaKTepu-
CTUKU HaIpPyKeHb AK MOJeJb TepTdA Ha KOHTAaKTi «iHCTpyMeHT—
CTPYKKa», AK IMoxaHo B piBHAHHI (7) [34]:

1, =k(l-e "), (7

e B — Hamupy:KeHHS 3CYBHOT'O IIOTOKY MiCIIEBOTO pO0OOYOT0 MaTepis-
Iy, a KoeiIlieHT TepTa | OJepPKYEThCA B PEe3yJbTaTi eKCIIEPUMEHTIB
Iis pisHMX KoMOiHAIlili MaTepidAsiB 3aroToBKu ¥ iHcTpymeHTta. Ileit
BUpa3 3BOAUTHCA N0 PiBHAHHA (4) 3a HU3BKMX HOPMAJbHUX HAIMpY-
JKeHb i cTae piBHMM HAIPYKEHHIO 3CyBy IOTOKY PO60OYOro MaTepisay
IS BUCOKUX HOPMAJbHUX 3HAUE€Hb HANIPYKEHb.

Hipikony Ta cmiBaBTOopm [35] po3pobuam momanbiti mommdirairii
IILOTO MOJEJNI0, MOMHOMKUBINKU k Ha daxTop Tepta m, ae O0<m<1, i
BBiBIIIM IMOKa3HUK cTemneHs n [35]:

T, = mk (1 _ o (hou/mh)" )l/n . (8)

Ha moBepxHi TepTsa BigOyBaeTbCA TEIJOBUAIJIEHHS Uepe3 TEPTS 3
IIATOMOIO TOTYXKHICTIO @;=T¢V,, e V, — IIBUAKicTs pisaHua [35].
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Ileit TenoBuil HMOTiK POSMOMINAETHCA MisK CTPYsKKOIO Ta pPisaJbHUM
incTpymeHToM. Posmofin Temsa Bu3HAUAEThCA Koe(iIlieHTOM TeILIo-
BOTO posmnoniny R, AKMHA 3aJaeThbCs BiICOTKOM TeIlja, IO HAAXOAUTH
Y CTPYKKY:

R= 1 ,
L+ AL, /A ) o, /o

e A, Ta A, — TeIJIOIPOBIAHOCTI MaTepiANiB iHCTPpyMeHTa Ta 3aroTOB-
KH, O, Ta o, — IXHi TeMIIlepaTypoIpoBiZHOCTI BimmoBigHO; h — KoOe-
Gimienrt, akwuii, sarizno Karo ta ®ynzi, mopiBuioe 1,5, a 3a Pesuiko-
BUM AopiBHIoe 1.

B pobGori [31] mocaimskeHO BIJIMB BIIPOBAMKEHHS Pi3HUX MOIEJIiB
TepTd Ha IIPOTHO3W MOJEJIOBAHHS IIIJISIXOM IIOPiBHSHHS IIPOTHO30Ba-
HUX 3MIiHHUX IIPOIECY 3 eKCIEePUMEeHTAJbHUMHU pedyabTaTaMu. Bumi-
paHi cumu pisaHHSA, TeMIIepaTypu, PO3IOLiJ HANPYKeHb HA IOBEPXHi
pisanbHOI TIpaHi iHCTpyMeHTa, NOBMKMHA KOHTAKTY iHCTpyMeHTa Ta
CTPY:KKH, KYT 3CYBY B IIPOIleCi OPTOTOHAJNLHOTO pisaHHA Oyam omep-
sKaHi 3 miteparypu. OImiHKKM MOJEJIB TepTs HPOBOAATLCSA 3a OTHAKO-
BUX YMOB pisaHHA Ta reoMeTpii iHCTpyMeHTa HOJisS TOro, IMO0 BM3HA-
YUTU HAWOLIBIN MiAXOAAINMMN MOIeJb TEepPTA 3a TOUHOTO IIPOTHO3Y-
BaHHS 3MIiHHMX IpOIlecy 3a JOIOMOI'OI0 MOJeJI0OBAHHS MeXaHiuHOro
00po0IeHHS.

FE-mopmenoBaHHSA MOKe IIepef0AYNTH BCi PO3MOAiaM HAIPY:KeHb B
iHCTPYMEHTi, OCKiJIbKK IHCTPYMEHT BM3HAYAETLCS SAK MIPYIKHE Tijo.
IIpukaan edpeKTHBHOrO pPOI3MOIIAY HAIPYKEHb i3 BHUKOPHCTAHHAM

(9)

4,620~
4,299 -

3,908 -

Bich -Y, MM

3,517 1

3,127

2,736 % v
11,04 11,38 11,97 12,43 12,89

Bicek -X, MM

Puc. 8. IIporuosoBanuii e(peKTUBHUH PO3IOIiJ HANPY:KEHb 3 BUKOPUCTAH-
HAM MOJEJI0 3MiHHOTO 3CYBHOTO TePTs 3a IIBUAKOCTH pisaHHa y 150 m/xB.

[31].2
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MOJIeJII0 3MiHHOTO 3CYBHOTO TepTsd 3a MIBUAKOCTH pizanua y 150
M/XB. HaBeJeHo Ha puc. 8. Posmomin TeMmmepaTypu 3a OTHAKOBUX

YMOB pisaHHsS TaK0K HaBeleHO Ha puc. 9.

Posriguemo Temep, AKUM BIJIUB Ha (QOpMyBaHHA NOJIB medopMa-
i i TeMIepaTyp y cucTeMi «00po0JOBaHA 3aroTOBKAa—pPisaJbHUI iH-

0. A. TOHYAPOB, O. O. BIJIOYC, A. M. IOHIJA Ta iH.

CTPYMEHT» 3HOilicHIOE 3axucHe MOKPUTTA (puc. 10).

4,589
4,140~

3,690 |

Bick -Y, MM

3,240
2,791

2,341
11,25

Puc. 9. IIpormosoBaHuUii

11,71

12,17 12,63 13,09

Bick -X, MM

pOBHO,Z[iJI TeMIlepaTypu 3a OOIIOMOI'OI0 MOJEJNIIO

3MiHHOTO 3CYBHOTO TepTd 3a IIBUAKOCTH pisamua y 150 m/xB. [31].°

36ypenHs, sKe BHOCHTH
CHCTEMY 3aXHCHE IOKPHTTH

ﬂ DizuKo-MeXaHIYHI

\

\ MaTepiaNy 3aroTOBKH

BJIACTHBOCTI MaTepl iy
PIXYYOro IHCTPY MEHTY I\ Ve ~
o Temmodisuyr  BIacTHBOCTI
MaTepiany pixydoro
iHCTPY MEHTY [/ eJlone HampyxeHe Ta
® TpubonoriyHi  BIACTHBOCTI nebopmaniit B cHcTem
MapH TEPTA  «3arOTOBEKa- saroToEKa — piLKy4Hil
iHCTPYMEHT S {HCTPYMEHT
/e Pexumn pisasns ™\ ® Tewnoe mone B CHCTEM
S - pi 21
® [eomeTpiA IHCTPYMEHTY saroromka PageE
® Qizuxo-mMexaHI4HI I\ {HETPY MEHT
BIACTHBOCTI MaTepiany
3ar 6TOBKH I/ \_ Y,
® TemwnodisHyH  BIACTHBOCTI

/

Puc. 10. Boyiue pisHuX YMHHUKiIB Ha (opMyBaHHA mOJiB medopmariii, Ha-

IPYsKeHb i TeIIOBOTO IOJIA 3a MeXaHigHOro o6pobaenHs.”
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4. ERCIIEPUMEHTAJIBHI TA TEOPETHUYHI JOCJAIIAKEHNHA
TEIIJIOBHX IIOJIB ¥ PISAJBHUX IHCTPYMEHTAX I3
3AXHUCHUM IIOKPUTTAM

MogestoBaHHA MPOIlECY IOINMMPEHHA TeIJa y IJIacTHHAX 3 OaraTorra-
POBUM IIOKPUTTAM CTOCYETBLCA OaraTo HaykoBuX Ipamnb [7, 8, 37, 38].

Cuix BUAIINTH YOTHUPM OCHOBHMX THIINM HOKPUBHUX MATEPidiB.
HadinmonynapHimuMu € MOKPUTTA Ha ocHOBI TuTany, Taki Ak TiN,
TiC, TiCN i TiAIN. Hpyruii Tum ABJsA€ COOOK KepaMiuHi HOKPUTTS
Ha OCHOBi rimuosemy, Taki ax Al,O;. IToxkpurrs 3 Al,O;, dKe MOXxKe
oytu BurorosjgeHuMm Jjuine CVD-meTomoMmM, Mae HAWIIIIITY XeMiuHY
CTiHKiCTL i TBEpAiCTh y rapAd4oMy CTaHi cepel yCcixX TBepPAUX IIOKPUT-
TiB, aje Mae Ii caabKi aaresiro 1mapy Ta CTifKicTh 40 TepMiuHMX ya-
piB uepe3 CBOIO BUCOKY KpuxXKicTb. 3 Iiei mpumumuum PVD-moxkpurrs
TiAIN 6ysno Bukopucrano Ak samimauk Al,O; y mporpamax 3 mepep-
BaHUM pisaHHAM ((ppesepyBanHAM). Ille ogHiel0 yHIKaJIbHOIO BJIACTH-
BicTio mokpuTrta 3 Al,O; € MOHMMKEHHA TEIJIOMPOBIAHOCTU 3 MiJABU-
IeHHAM TeMIIEPaTypPH, IO POOUTH MOTr0 MPUIAATHUM JJIA BUCOKOIIIBU-
IKiCHUX (BUCOKOTEMIIEPATYPHUX) 3aCTOCYBaHb.

BiacHuii BHECOK aBTOPiB y MOCTIKEHHS BIIMBY B3aXUCHUX IIOK-
PHUTTiB Ha IpoOIlecHU IOIINPEHHS Telljia B PidaJibHOMY iHCTPYMEHTI IIin
yac MexXaHiuHOro o0pobJieHHA IMpeacTaBeHo B poboTax [7, 8, 37, 38].

B poborax [37, 38] po3pobyieHO MaTeMaTUYHUNU MOJEJIb PO3TOLiTY
TeMIepaTypu B pisayibHiIM miuacTuHi i3 3aXMCHUM IOKPUTTAM IIiJT yac
00po6JIeHHA AeTajiB PiBaHHAM i3 BUKOPUCTAHHAM UNCEJILHUX METOMiB
3a PiBHMX KpaoBUX yMOB.

B [7] mpoBemeHO mOCHiAKeHHS IIPOIleCy 3MiHM TEIJIOBOTO CTaHy
IMOBEPXHi MeTaJieBOl IJIaCTUHUW 3 HaHECEHWM Ha Hei 6araTolnapoBUM
MOKPUTTAM IIiJ] BIIMBOM TEIJIOBOI'O HABAaHTAKE€HHS Ha BCTAHOBJEHY
YacTUHY pisasibHOI Kpaliku. B cTaTTi mpeacraBiieHO He TiJIbKU Teope-
TUYHI PO3PaxyHKM B paMKax MaTeMaTUYHOTO MOJeJI0, AKWi OyB 3a-
IIPOTIOHOBAaHMWM, a U IIPOBENEHO CTiMKicHi BUIIPOOYBaHHA TOKapPHUX
pisiiB 3 TBepAOCTOMHUMU IJIacTuHaMu pomOoBuAHOI opmu CNMG
190616 wmapxum T15K6 i3 B3axucHUM TPUIIAPOBUM IOKPUTTAM
(TiCN/a-Al,05/TiN) i 6e3 mOKPUTTA IiJ Yyac TOUiHHS BaJKiB. AHauri-
3a oZlep:KaHMX Pe3yJbTaTiB IMOKasaja HaWMEHIITY iHTEeHCHUBHICTHL 3HO-
ITYyBAHHA y IJIACTHHI i3 MOKPUTTAM y HOPiBHAHHI 3 MJaacTUHOIO 0e3
MOKPUTTA. ¥ mepriomy Bunaaky 3Hoc miaactuau CNMG 190616 3 mo-
KpuTtaMm 3a 15 xBuauu ckJjaas 0,22 mm, a 6e3 mokpurrta — 0,7 MM.
BukopucroByBajacsa 3araJbHONPUNHATA METOJWKA BUIPOOYBaHb.
BunpoOyBaHHA TPOBOAUIUCA NPOTATOM 15 XBUJIMH pPoOGOTH PisId;
IpU IIbOMY KPUTHYHUIN 3HOC iHCTpyMeHTa mocaras 0,8 mm.

PesysabTaTél gociimiKeHHA MOKAas3aiu, IO 3aXWCHE MOKPUTTA MaJiol
TOBIIIMHN He BUKOHYE POJIb TEIJIOBOTO 0ap’epa, AKUHM iCTOTHO 3MeH-
1Iye TEemJIOBUI IOTIK y pisajbHy mjacTUHY. BcTaHOBJIEHO, IO 3MEH-
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IIeHHA TeMIIepaTypPHu PisaHHsA CIIOCTepiraeThCcA 3a PaXyHOK OOMerKeH-
HS TEIJIOBOTO IIOTOKY BiJ TepTs B 30HI 00pOOJIeHHS, IO IMOSACHIOETHCS
MEHIIIUM KOoe(iI[iEHTOM TepTdA Mapu «AeTajlb—pPisellb» y BHUIIAAKY, KO-
JU Ha pisaJbHY ILJIaCTHUHY HaHeCceHO MOKpuTTa. KoedimieHT Teprsa 3
MEHIITUMH 3HAUeHHAMU HaJae MEHIIWHN 3HOC Pisld, 0 IPUBOAUTL IO
OigBUINEHHA HOTO0 CTiKOCTH.

Ilomanbii gociim:keHHA TeMOepaTypPpHUX SABUIN Y MTOBEPXHEBUX
mapax pisaJbHOTO iHCTpyMmeHTa OyJso Hamu mpeacrtaBieHo B [8]. Hu-
HaMiKy TeILJIOBOTO IIOJII B MOOCJHiAKYyBaHINl cucTeMi MOOeoBajy B
pamMKax paHiiiie po3po0JIeHOr0 MaTeMaTUYHOTO MOJEII0 3a JOIOMOTOIO
METOIy CKiHUEeHHHUX eJIEMEeHTIiB y HOE€THAHHI 3 YiTKOIO Pi:KHUIEBOIO
CXEeMOI0, IO YMOKJIUBUJIO BPaxoByBaTH PidHiI BJACTHUBOCTI MaTepidy
IJIA PiBHUX eJIeMeHTiB TaKol TeXHoJIoriuHoi cTpykTypu. Ilig yac mo-
IeJI0OBAHHSA BBaJsKaJOCsd, IO 3aXHCHE IOKPUTTS He 3MiHI0E Koedirri-
€HT TepPTA MiK 3arOTOBKOIO Ta Pi3ajJbHUM iHCTPYMEHTOM.

HocmimxyBanuesa OeKilTbKa CTPYKTYpP: iHCTpyMeHT 0e3 MOKPUTTH, 3
ogHomapoBuM mOKpuTtTaM TiAIN, meomapoumu TiCN/a-Al,O; Ta
TiAIN/a-Al,O;. B saxkocti erasmoHa OyJio BHUKOPHCTAHO MOIeNb iH-
crpymeHnTa 6e3 moKpuTTsda. IlopiBHAHHA pesdyJbTaTiB, AKUX OYJIO Ofe-
PKaHO IJIA HEIOKPUTOro iHCTpyMeHTa ¥ iHCTPYMEHTIB 3 Pi3HMMHU IIO-
KPUTTAMU, IIOKa3aJ0, II0 PO3PaxoBaHi TeMIepaTypHu B 30HI KOHTaAKTY
€ HAUHMKYUMHU O iHCTpyMeHTa 0e3 IOKPUTTS. BcTamoBjeHO, IO
BUIIII TeMIlepaTypu BCepeAuHi iHCTpyMeHTa OiJbIMi AJA iHCTPYMEHTIB
0e3 TOKPUTTHA, Hi¥K A iHCTPYMEHTIiB 3 mokpurrtaAMu. IIpoBeseHHAM
MOPiBHAJBHOI aHAJi3W BCTAHOBJIEHO, IO AJIA iHCTPyMEHTAa i3 ITOKPUT-
taMm TiCN/a-Al,O; cuocrepiraerbcsa Haiibisbllla 30HA BUCOKOI TeMIe-
patypu, Aka O0Jam3bKa OO IIOBEepXHi iHcTpyMeHTa. PesyiabTaTu gOCJi-
MKeHHA moKasanu (puc. 11), 1Mo MOKPUTTA 3 HU3BKOIO TeILJIOIIPOBif-
HiCTIO MOKHA BUKOPHCTOBYBATH K TeIlJI03axXUCHUUM eKpaHn. Ile moxxe

712

lc a 7611t = 10 ¢
711 // c0.s 6
760,
710 — ///’
700 / 760
O /
& 108 / / ° 50,5
> B / /

B 707 / 759 /

706 / 758,5 1=

705 758

0,089992  0,039994 0,039996

Yy, M

0,039998 0,04

0,039992

0,039994

0,039996  0,039998 0,04

¥y, M

Puc. 11. TemnoBi npodini B KomOiHOBaHil pisanbHill miaacTuHi Ta miIacTuwHi
0e3 IOKPUTTS, IOMEPEeUHU Imepepis AKoro Bigmomimae x = 0,035 m, y pisui
MOMEHTH uacy Bijf modarky obpobienna [8].!
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IPU3BECTU MO0 OiJBII BHCOKMX TeMIIePATyp y 30Hi pisaHHA Ha IOBep-
XHi iHCTpyMeHTa, TOAL K TeMIepaTypa BcepeduHi meranaio ¢ppesu 0y-
Ie meIio ooMmesxkeHoio. B po6oTi 3po0ieHO BICHOBOK IIPO Te, IO HAAB-
HIiCTh IOKPUTTA Ha pisajJibHOMY iHCTPYMEHTi 3MEHIIy€e UacCTUHY TeM-
JIOTH, IO IepefacThca B imcTpymeHT. B [8] 3po06ieH0 BUCHOBOK IIPO
MOKJIMBICTh 3MEHITIEHHA TEIJIOBOTO HaBaHTaKeHHA Ha pisajdbHUM iH-
CTPYMEHT MiJ Yac IIepepuBYaCTOro ITMKJY POoOOTH 3a AOIOMOTOI0 0Oa-
raToIIapoBOTO MOKPUTTHA, AKe Oyle MiCTHUTU mIap 3 HU3BKOIO TEILJIOII-
poBigmicTio, HampukJaam, 3 Al,O;. Aje HasgBHICTH IIApy 3 HU3BKOIO
TeIJIONPOBIAHICTIO HEiCTOTHO BIIJIMBA€E Ha TEINJIOBE HaBaHTaKeHHA iH-
CTPYMEHTA IIpu Oe3mepepBHOMY OOpPOOIAHHI.

3HauHUI BHECOK y JOCJIiKEeHHA TEePMO3aXWCHOTO BILJIMBY Oararo-
NIapoOBUX IIOKPUTTIB y pisaibHOMY iHCTPYMEHTi Ha MOIIMPEHHSA Tel-
JIOBOTO HaBAaHTAKEHHS I uac MeXaHiuHOro obpoOJjieHHA aeTasiB Oy-
J0 3pobseno B. I'xemrikom 3 xoxeramu [2, 19, 20, 39-44].

Tak, mayxoBuamu [19] posriaazaBca OpPTOTOHAJbLHUII IIPOIEC pi-
3aHHSA iHCTpyMeHTOM, Ha Kapbimui migkaaguuaku ISO P20 sxoro 6yJio
HaHeCeHO IIPOI'DECUMBHO 3POCTAIOUY KiJbKICTH TOHKUX IapiB, BKJIIO-
vyatoun TiC, TiN, nnmiBkm Al,0;. Posramaganuca mapu TiC/TiN-P20,
TiN/Al,O;/TiC-P20 ToButmuaoio 1 mrm/3 mxM/6 mkM/P20 Bigmosin-
HO. MarepiasomM 3aroToBKU, 1[0 00poOasAmacda, OyJjia ByIJielleBa CTaJb
AISI 1045. Haopy:xeHHA TOTOKY BBakajoca (pyHKIieo medopmarrii,
IIBUAKOCTHU Aedopmarllii Ta TemmepaTypu IJid JIIIIOr0 BimoOpasKeHHA
peasbHOI cuTyalii, 0 BUHUKae B mpoleci piszanHA. Tepra Mixk iH-
CTPYMEHTOM 1 CTPYKKOIO Ma€e KYJOHIBCBKHI THUII 31 3HAUYEHHAM
u=0,5. B mi#i crarri [19] mokasano, mio 0iibIlle Temja IEPegaEThCA
CTPYJKIIi Ta 3aroTOBIli, a HIJAHKN 3 MAaKCUMAJbHUMU TeMIepaTypaMu
JIOKaJIi3yIOThCA IOOJIM3Y CTPY:KKH Ta 3aroToBKu. OTiKe, MaKCHUMAaJb-
Ha TeMmepaTypa B iHCTPYMeHTiI € moOausy pisanbHOi Kpaiiku. Ileii
ebheKT  0COOJMBO  TOMITHHH  AJA  TPUIIAPOBOTO  HOKPUTTA
TiC/Al,O;/TiN. Ilomiueno, 110 HmigKJagMHKA 3 HAHECEHUM TPHUIIIAPO-
BUM IOKPUTTAM TaKOI CTPYKTYypU € OiJbIII XOJOAHOIO, TOPiBHAHO 3
BiAmOBiZHMMM MiAKJIaAMHKAMMU B iHCTpyMeHTax 0e3 IMOKPUTTA ¥ iH-
muMu iHcTpymeHTamu, nokputumu mapamu TiC Ta TiC/TiN. Ha ny-
MKY aBTOpPiB, Ile IOB’A3aHO 3 TUM, IO TEILIONPOBiAHiCTL KepaMiuHO-
ro mapy Al,O; y mokpurti TiC/Al,O;/TiN momiTHO MOHMKYETHCS, a
3a OLJIBIII BUCOKMX TeMIIepaTyp KOHTAKTy KapOigHa migKJIagwHKa 4da-
CTKOBO TEPMIiUHO i30JII0ETHCA HOKPUTTAM. ABTOPY 3POOUIUN BUCHOBOK
IIpo Te, IO YaCTUHA TEIJIOTH, AKA MEePEeXOAUTh B iHCTPYMEHT i3 IOK-
PUTTAM 3 30HM KOHTAKTy, CTA€ MEHIIIOI0 AJA iHCTpyMeHTa 06e3 IOK-
putrta. Tak, pisKHUIA TeMIlepaTyp B 30Hi pi3aHHA MiK iHCTpyMeHTOM
i3 mokpuTTAM i 6e3 HBOTO cKJaJja O0inbi Hizk 100°C.

Hocrmimxenua [20] moxasaso BILIUB 6araToIlnapoBUX HOKPUTTIB 3
mpoMiskEUM Kepamiuaum CVD-mapom TiC/AlL,O;/TiN-X10 MmKM, 1110
HaHeceHi Ha Kapbigpmy miaxaaguary ISO P20, ma Tepmomexamiumi
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XapaKTEePUCTUKU PisaJibHOTO iHCTPYMEHTA.

JJIg pospaxyHKY IIiABUIIEHHA TeMIIEpaTypy BHACJIIOK ILJIACTUYHOL
medopmarii B gocaim:kenHi [41] 6y10 BUKOPUCTAHO TPU €TAIM pPO3pa-
XYVHKY. ¥ IepriomMy TepMiuHe umcio R o0umciaioeThea 3a ByTpoiimo-
Boo (opmyioio [45]. HacTynHi nBa eTanmu o0UMCIeHDb I'PYHTYIOTHCS
Ha Teopii momiOHocTu, pospodaeniii CiiHoOM I8 OCHOBHOI MeTH pi-
s3aHHsa [46]. I[IpupicT TemmepaTypu BHACHiZOK mii msKepesia TepTA MO-
sKHa BusHauuTu 3a dopmynaamu Illoy [47] abo Pesuikora [29].

MopenioBauHA OPOIleCy PisaHHsS HMPOBemeHO Ha ocHOBiI 13 ekcmepu-
MEHTiB pi3aHHsS 3 BUKOPUCTAHHAM OJHOIIIAPOBOrO MOKpUTTA, — CVD-
TiAIN-2 MKM, — Ta OZHOI'O 0araToIlapoBOr0 HOKPUTTS 3 IIPOMIiKHUM
kepamiuaum mapom, — CVD-TiC/Al,O;/TiN-£10 MKM, — HaHECEHUX
Ha IJIACKOCTOPOHHI IJIACTUHU 3 I[eMEHTOBAHOIO TBEPIOCTOIHOIO OCHO-
Boo ISO P20. [Ina mopiBHAHHS eKCIIEPUMEHTAJIbHUX Pe3yJbTATiB IIi-
OKJAIUHKY TAKOMK OCJIiMKyBaJM AK E€TAJOHHUWN iHCTPYMEHTAJbHUN
marepiaa (P20). ExcnepumeHT 3 pi3aHHAM IPOBOAUBCSA B OPTOTOHA-
JbHi#T Komiryparii, i meTogu MipaHHA OyJaM O CYyTi mMOmiOHMMHU IO
THUX, III0 BUKOPHCTOBYBAJNNChH y IOIEPeIHiX aBTOPCHKUX MOCJIiIKeH-
HAX IIOJ0 pisaJibHUX iHCTPYyMeHTaJIbHUX MOKPUTTiB [40, 41].

Pobounm MmaTepisimomM, BUKOPHCTAaHMM y mociaimsxenHi [40], Oyxa
ByrieneBa craab AISI 1045. Ilig uac eKcImepuMeHTIB ImapaMeTpu pi-
3aHHS BuUOWpaIM HACTYIIHMM UMHOM: INIBUIAKICTL pisaHHA BapiioBaJia-
ca Big 50 mo 210 m/xB., mocrifina mBuaKicTs momgaui f=0,16 mM/006.,
rouOuHa pisaHHA a,=2 MM. {18 TPHUIIAPOBOTO MOKPUTTA BHKOPHC-
TOBYBaJNCh €KBiBaJIeHTHi TemaopisuuHi BiIacTuBocTi. BuKopucToBy-
BaHa cxeMa INOJaHHS BKJIIOUAE NOPiBHAHHA MiK BUMIpAHUMU 3Ha-
YeHHAMHU TeMIIepaTyp Ha IOBEpPXHi MOAiJIy Ta cepeaHiMu TemMmepary-
paMu, po3paxoOBaHUMU IJIA PiBHUX KoedillieHTiB posmoninay Teia.

Y BuUmagKy 3 iHCTpyMeHTOM 0e3 IOKPUTTSA U OTHOIIAPOBUM IOK-
pUTTAM OYJIO JOCATHYTO XOPOIIOI 3roAu 3 JaHUMU MipAHb 3a JOIOMO-
roto piBuanua Illoy [47]. 3 immioro O60Ky, V BHUOAAKy TPUIIAPOBUX
MOKPUTTiB 3 mpoMikuHuM Imapom Al,O; 6yyo omep:kaHo xopoIlry 30i-
JKHicTh 3a momomororo mogento Illoy Ta kKoedimiernTa posmominy 3a
PesuikoBum [29]. Bysio 3aioKyMeHTOBAHO, IO I[i MOZENi JalOThL XO-
poiiri pe3yabTaTu AJis iHCTPYMEHTiB, MMOKPUTHUX OaraToIIapoOBUMU IIO-
KPUTTAME 3 OpoMiskHUM Itapom Al,O; [41].

Agropu [41] BBaKaIOTh, IO MOKHA 3 JOCTATHBOIO TOUHICTIO Hepe-
0aunTH CepemHI0 TEMIIEPATYPY HMOBEPXHi IIOiJIy Ha OCHOBI eKBiBaJieH-
THOI TeILIONPOBiAHOCTH Ta AUPY3ifiHOCTH HaHeCeHWX HMOKPUBHUX Ma-
TepiangiB i 3acTocyBaHHA aJeKBaTHUX Koe(iIlieHTIiB po3momiay TerLia.
IToxuOKM TPOTHO3U [JsI CepefHiX TeMIlepaTyp IOBEPXHi mominy Bin-
HOCHO HEBeJIMKi IT00 pesyJbTaTiB TepMolapu. BoHM He HepeBHIITY-
ors 10-15% (samexHO Big TUIY BUKOPHCTOBYBAHOTO iHCTPYMEHTA-
JBHOTO MaTepisay). 3o0KpeMa, AJA TPUIIAPOBUX IIOKPUTTIB 3a IIBUJ-
KocTu pisanHa B Mmexxkax 100—-200 m/xB. BifCOTKOBI moxumbKuM OYyJIO
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BusHaueHo He Buie 2%.

B pob6ori [6] maykoBIi mpu#aM OO0 BUCHOBKY, IO B3araji HeMoO-
JKJIMBO ifleaJIbHO MOJeJIIOBAaTU IIPOIlecU pPiBaHHA MeTaay uepesd OyiKe
CKJIAamHI MexaHiuHi, TepMoamHaMiuHi Ta TpuOOJOriuHiI B3aeMomii, 110
CTaIOThCA 34 Pi3aHHS I 0COOJIMBO B 30HI BTOPMHHOI medopmarrii.

g msoro 0yJI0 mpeacTaBIeHO MeKilbKa METONiB MOMENIOBAHHS Ta
BiZIIOBiAHI eKCcIIepMMeHTAJIbHI MeTOIM IJA OJePKAHHS OiJIBIII TOUHUX
MAaTepPiAIbHO-KOHCTPYKIIIHHNX MOZediB. ¥ IMX BUIIagKax OyJo 3a-
crocoBano 2D-FE-monenoBanHA. Ajle HalOiJIbII IIEPCIEKTUBHUM 3]a-
erbca 3D-FE-migxin, axuii 3am0BiIbHO BiATBOPIOE TepMoOMexXaHiuHi
YMOBH IIpOIlecy pisaHHs. AJle 3 MeTOI0 HiABUIIEHHS TOYHOCTU IIPO-
THO3YBaHHA HEOOXiHI Bce K TaKU aHANITHUUHI Ta riOpuaHi pimrenns.
K mpaBmJIO, TOYHICTH BCiX HPOrHO3 CUJIBHO 3aJIE’KUTh BiJ BXigHUX
ITaHUX, BKJIOYAOUYM TepMO(MisUUHi BJIACTUBOCTI Ta KOHTAKTHI.

B pamrax pob6oru [18] mpeacTaBiieHO CydacHUI HOBiIbHUUA MOZAEIb
CKiHUEeHHUX eJIeMeHTiB (ppesepHOl omepallii 3 BUKOPUCTAHHAM HakKJa-
IeHUX Ha pisajbHUM IHCTPYMEHT TBepAUX MeTajleBUX BcTaBOK. llin
yac (pesepyBaHHA IIUOMHA Pi3aHHA MOCTIHHO 3MEHIITYETHCSA; TAKUM
YMHOM, AJSA OJepP’KaHHA MIPABUJIbHOI I'IMOMHMW pi3aHHA MOJEJb Bpa-
XOBY€ PYX iIHCTpyMeHTa y BepTUKaJbHOMY HanpaMmky. IloBeminky ma-
Tepisgay saroroBku 42CrMo, ommcanHo 3a [JOIOMOTOI0 CTaHAAPTHOTO
mozento maTepianiB Ixomcoma—Kyka. CTBopeHU# meTaJbHUUA MOIEND
iHCTpyMeHTa 3JaTHUI IPEJCTABIATU AK iHCTPYMEHT 0e3 IOKPUTTH,
Tak i 3 mokpuUurTaM. llocaigskeHo TpuU TBepAUX IIOKPUTTA: OJHOIIIAPO-
Buii TiAlN-map, TiCN/pBomaposuii a-Al,O; Ta  aBOIIAPOBUT
TiAIN/a-Al,O5, ocamxenuit xeMiyHUM BUIAapoByBaHHAM. I[ia mopis-
HAHHA Pe3yJIbTaTiB BUKOPHUCTOBYBABCS MOJEJNb iHCTPYMeHTa 0e3 IOK-
putta. OcHOBHaA yBara aBTOpaM¥ NPUAIIAIACA PO3PAXYHKY TeMIlepa-
Typ, HalpysKeHb i nedopmariii y mOKpUTTiI Ta IaacTUUYHUX AedopMa-
mivt y miggkaagmHIii. a8 Takoro AeTaJbHOTO IOCIiAKeHHSA eKCIIepH-
MEHTaJbHO BU3HAUEHO HOBUH HaAbip TepMO(DisMUYHMX BIACTHUBOCTEH SAK
IJIA OiIKJagUHKA 3 TBEPAOTO MeTaay, Tak i IJad TPhOX PiBHUX TBEP-
IUX TMOKPUTTIB. ¥ Iifi poOOTi IpeAcCTaBJIeHO TEOPETUYHi AaHi i eKc-
IIepuMeHTaJNbHiI pesdyabTaTyu. BoHUM Jaju 3MOT'Yy IPOBECTU AeTaJbLHY
aHaJi3y TeMIlepaTypHO-HAIPYKEHOT'0 iHCTpyMeHTa IIijJ TeIJIOBUM Ha-
BaHTa'KeHHAM. Po3paXxyHKM IIOKa3yIOThb, IO IIOKPUTTA 3 HUIBKOIO
TEeIJIONIPOBIIHICTIO CAY:KaTh TEIJoBUM eKpaHoMm. lle ocobauBo mpu-
BOOUTH [0 IIiABUINEHHS TeMIepaTypu Ha IIOBEPXHi iHCTpyMeHTa, TOAL
AK TeMIlepaTypyd B IMiAKJaJWHIII 3HAUHO IOHUMKYIOThCA. Ilpu moHu-
JKeHill TeMiepaTypi B HOiAKJaAWHII HATNPYMKEHHSA ILIUHHOCTU CYO-
CTpaTy 3aJUIIaeThCA BUIIUM, a OTKe, HAKONUUYEHHSA IIJacTUYHOI Je-
dopmartiii HuKYMM. 3MEHIIEHHA IJIaCTUYHOI medopmallii B migkJa-
IUHI[L PO3TJIANAETHCA AK BAKJUBUN UYMHHUK JJA OiJbII TPUBAJIOTO
TepMiHy cay:kbu imcrpymenta. Ilokpurra TiAIN i TiAIN/a-Al,O4
TMOBOMATHCA AK HAWJININIL TEIJIOBI eKpaHu.
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B crarTi BKasyeTbcsd, IO TeMIlepaTypa IIOHUMKYETbCA Uepe3 aBa
mapyu MOOKPUTTA (TOBHMHOK y 7 MKM) Ha > 150°C gmaa TiAIN i
TiAIN/a-AlL,O;, Toxmi sk gaa mokputra TiCN/a-Al,O; BoHa TOHUIKY-
erhbea Ha 80°C. Temmeparypa B HEIOKPUTOMY iHCTPYMEHTI Ha TJIuOHU-
Hi y 7 MmKM moHmkyeTrbesa Ha 30°C. Ilonma TtemmepaTyp B iHCTpyMeHTi
micaa 8,5 Mc 3MOIeIhOBAHOTO HpoIlecy (hpesepyBaHHS MTPENCTABIEHO
IJIsT BCiX gocJimkeHuX momeaiB Ha puc. 12. ¥V touxax A i B omep:xa-
HO TiKoBi Temneparypu. Hanpy:xenusa 3a ¢or Misecom, TemmepaTypy
Ta HaKOOMUYEHY eKBiBaJIeHTHY ILTaCTUUYHY maedopMalliio II00ymZoBaHO
ax QyHKIHl Big uacy B Touni A. Yopwi mimii ma pume. 12, a ABIAIOTH
coboro muIAXu @ Ta b, y3H0BK SAKWX DPOIIOAiIM TeMIepaTypu B iH-
cTpyMeHTi mobymoBaHo Ha puc. 13. IIlomo TemmoBoro moToky B iH-
CTPYMEHT, TO HaWBUIII TeMIepaTypu OOUMCIIOIOTLCSI B IIEPIIOMY Ta

TEMP
(Avg: 75%)

BY

Puc. 12. TemneparypHe 1moJjie B iHCTpyMeHTax 0e3 IMOKPUTTS Ta 3 IOKPUTTAM
yepes 8,5 mMc uacy ¢pesepyBanuA: a) 6e3 moxpurta, 6) TiAIN-, 8) TiAIN/a-
Al,0;-, 2) HM 3 nokpurram TiCN/a-Al,0, [18].'2

1050 1 1 1 1 g
1000 4 : : Gea nokpuT. | - 6e3 NoKpuT. ]
g i i —— TiAIN ] ——TiAIN ]

: ! —— TiAIN/a-ALO, —— TiAIN/a-ALO,

o U | —TicNie-ALO, | ] ——TiCN/a-ALO, | ]
& 850 ! ! ] e ]
B ! ]
—
0 2 4 6 8 10 12 14 16 18 20 0 2 4 6 8 10 12 14 16 18 20

Bigcrans, MKM Bigcranbs, MKM

Puc. 13. Posoozgin temmepatrypu 1mmicas 8,5 mc uacy (pesepyBaHHS y BHYT-
pimHi# yacTWHI iHCTpyMeHTa B3HOBIK: @) MLIAXY @ Ta 0) nmuiaxy b. IllTpuxo-
BUMH JIiHisIME IIO3HAYEHO TOBINWHY 1-ro Ta 2-ro mapy moxpurra [18].12
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Ipyromy pankax eiaeMeHTiB. TemmepaTypa HOHMMKYETBCA Y HAIIPAMKY
0 BHYTPIMIHBOI YacTUHM iHcTpyMeHTa. IIopiBHAHHA iHCTPYMEHTIiB
0e3 MOKPUTTS Ta TPHOX iHCTPYMEHTIB 3 Pi3HUM IOKPUTTAM IIOKa3ye,
III0 PO3PAXYHKOBiI TeMIepaTypu Ha MOBEPXHiI KOHTAKTY € HAWHUIKUM-
MU IJg iHCcTpyMeHTa 0e3 moKpuTTsa. [IpuumHoio mboro € e, mo HM-
OiKJagMHKA Ma€ BUIIY TeILJIONPOBiMHICTD, aHisK MOKpUTTA. SIK Ha-
CIimOK, 30HA OLNBIIT BHCOKWX TEMIIEPATyp ycepeAuHi iHcTpyMmeHTa Oi-
JbINla AJIA iHCTpyMeHTa 0e3 MOKPUTTA, HisK Mg iHCTPYMEHTIB 3 MHOK-
purtam. IlopiBusanuam iHcTpymenTiB 3 mokpurtam ajas TiCN/a-Al,O,
omep:;KaHo Haubinbmry (muB. puc. 13) 30HY BHCOKOI TeMIlepaTypu IIO-
O0smm3y moBepxHi iHcTpyMmeHTa. lle ouirkyetrbcsi, ockimbkm TiCN gme-
MOHCTPY€E€ HaWBHUIINE 3HAUEHHS TEILJIOIPOBiTHOCTH cepel MOCJiAsKyBa-
Hux mokputTiB. TiAIN i mgBomaposuii TiAIN/a-Al,O; natoTh HaWHU-
JKUi po3paxyHKOBiI TeMIepaTypu B HiIKJaAWHIIL AJIA iHCTPYMEHTIiB 3
HOKPUTTAM i HEeiCTOTHO BiJIpiBHAIOTHCA B PO3PAXYHKOBUX TeMIlepaTy-
PHUX MOJAX; 0O0MIBa MaTePiAJM IMOKPUTTA XapaKTepU3YIOThCA OJHA-
KOBMMHU 3HAUEHHIMHU TeIJIONpoBimHocTu. Uepes OinbIl BUCOKI TemIe-
paTypu Ha IOBEepXHi PisKHUIIL TeMIepaTyp IJd IBOIIaPOBUX HOKPUT-
TiB € Olnpmumu, gocsararouu maxcumymy y 370°C masa TiAIN i y
340°C gma TiAIN/a-Al,0;. 3 060x pucyHkiB 13 BUIHO, IO HAWBUII
TeMIOepaTypu B HiAKJIATWHIII PO3PaxoBaHO IJd iHCTpyMeHTa 0e3 IIOK-
purta # imcrpymenta, mokpuroro TiCN/a-Al,O;, 1mo moxe OyTu
oB’si3aHe 3 IXHBOIO BUCOKOIO TEIJIONpPoBimHicTi0. OUeBUAHO, IO IIO-
KPHUTTS 3 HU3LKOIO TEIJIOMIPOBIAHICTIO CAYKATHL XOPOIIUM TEIJI0O3aXM-
CTOM, AKWH IOHMIKYE TEMIIEPATypy B IiAKJIAAWHILL, IO A00pe y3To-
IKYeEThbCcs 3 JiTepaTtypoio [19, 41, 44, 48].

HociifxeHHA Ta IIPOTHO3YBaHHA TeMIlepaTypu pi3aHHS IpeJCcTaB-
JeHo B pobOoti [22]. PosrisgmyTo 3MiHYy TeMmepaTypu iHCTPyMeHTA.
OcCKiTbKM BeJHKa KiJbKIiCTL TEILJIOTH pisaHHA BUMIIAECTBCA 34 JOIO-
MOI'OI0 CTPYXKKU, TeMIlepaTypa Ha iHCTPDYMEHTiI € HUKYOI0, HiXK TeM-
mepaTtypa pisamud. 3MiHM TeMIepaTypu, I0 BUHUKAIOTh y PisaJbHUX
iHCTpyMeHTax 3 MOKPHUTTAM i 6e3 MOKPUTTA IIig yac mpollecy pisaH-
Hs, BigmoBimHO m0o rambOuHU, mpencTaBieHo Ha puc. 14 i 15. Temme-
paTypa Ha IOBepxXHi pisaJbHOro iHmcTpymeHTa 6e3 MOKPUTTSA JiHIHHO
MiABUIYETHCA BiAMOBiAHO m0o raumbuHM. 3 iHITOro OOKYy, TeMIepaTypa
pisaHHA MEeMOHCTPYe OiJbII BMCOKE IMaJiHHA Aaji Bif moBepxXHi y iH-
CTPYMEHTax 3 MOKPUTTAM. IlomiueHo, 1o MakcumMaJjbHA TeMIepaTy-
pa, oxep:KaHa Ha pisajsbHOMY iHCTpyMeHTi 3 mokputrtaMm Al,OQ;, € Hu-
JKUO0I0, HiK pisanbuuii iHcrpymenrt, nokputuii TiCN/AlL,O;/TiN.
IIprunHOIO IIBOTO € Te, IO 3a BUCOKHUX TeMmmeparyp HOoKputTts Al,O,
Mae HMKYUN Koe(dillieHT TemJIONPOBiAHOCTU ITOPiBHAHO 3 IOKPUTT-
mu TiN i TiCN. Tomy BeamkKa KidbKicTh Temsa, IO BUPOOJISETHCS
mifg yac pisaHHA, IepefaeThCsa HA CTPYIKKY.

3i 36iabIITeHHAM IIBUAKOCTU PisaHHA IIBUAKICTL medopmarlrii spoc-
rTae. SIK pesyabTar, TeMIepaTrypa pisaHH:, IO CTBOPIOETHCA B IIPOIle-
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Puc. 14. 3minu TeMmepaTypu iHCTpyMeHTa 3 TUIIOM Pi3ajIbHOTO iHCTpyMeHTa
(V=180 m/x8B., f=0,1 Mmm/06.) [22].*
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Puc. 15. 3mina TemMmepaTypu iHCTPYMEHTa 3 TUIIOM Pi3ajbHOTO iHCTpyMeHTa
(V=300 m/xB., f=0,1 mm/06.) [22].15

ci pizamHsa, migBuiryeTbes. Oco0auBO 30iJbIITeHHS IMIBUIKOCTHA PisaH-
HA B IEpIIii i aApyrii soHax medopmailii mpu3BOAUTL OO TOTO, IO
iHCTPYMEHT migmaeThcsa BIJIMBY OiMbIN BHCOKHX TeMmepaTryp. Becrano-
BJIEHO, II[O0 3i 30iJbIIeHHAM IIBUAKOCTH pisaHHa Ha 60% 3HaueHH:
TeMIEPATypPH HA IIOBEPXHi iHcTpymenTa 30iiabmiyeTbess Ha 38% s
pisanpHOro iHcTpymenta 6e3 moxpurra, Ha 24% s imcTpymeHTa 3
moxkpurtam Al,O; Ta ma 35% mad iHCTpyMeHTa 3 TPHUIITAPOBUM IIOK-
purtam TiCN/AlL,O,/TiN.
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g o6ox IMIBUAKOCTEH pisaHHA MaKCHUMAaJbHI 3HAUEHHSA TeMIlepa-
TYypHU Ha IOBePXHAX iHcTpymeHTa 3 mokpurtam TiCN/Al,O;/TiN i Ges
HOKPUTTSA LOCTATHBO OJM3BKI OOMH M0 OgHOrOo. 3i 30iJIbIIIeHHAM IIIBU-
OKOCTHU pisaHHS TeMIepaTypa B CepefHili YacTWHi pisaJbHOTO iH-
crpymenTta 3 mokputrtam TiCN/Al,O,;/TiN aemoucTpye GilbIN MIBUIKE
naginad. IIpyumHOIO IBOTO € Te, IO 3 MHiABUINEHHSIM TeMIepaTypu
pisamHa TemaomposigHicTs Al,O; smeHinyersed. Ilomibuuii pesyJabTar
OyB oOfep:KaHMHM Mmig uYac MeXaHiuHOro oOpoOJeHHA MaTepiday
AISI 1045 [49]. 3a mBugkoctu pisanaa V=180 m/xB. 3miHa TeMmIle-
paTypu Bing moBepxHi iHCTpyMeHTa m0 TIuMOWHU, e 3aKiHYyeThCA TO-
BIlIa MOKPUTTHA, cTtaHoBUTH 16% mua TiCN/Al,O,/TiN, Tomi sax e
3HAUEHHs CTaHOBUTH 25% mus mBupkocTu pisamma npu V=300
M/XB.

Marepiaa DOKPUTTA iCTOTHO 3MiHIOE TemJjolepenady Ha MeKi «iH-
CTPYMEHT—CTPY:KKa» AK Takuii y mociaimxeHHax [7, 50]. Ilomiueno,
10 3HAUYEHHA TeMIepaTypu pisaHHA, oleps:KaHi AJA pisajabHOTO iH-
crpymenTa 3 mokpurtam Al,O;, BuIllli mOPiBHAHO 3 iHIIMMU iHCTPY-
meuTamu. lle moB’sAs3aH0 3 TemonpoBigmicTio mokputrTta Al,O;. ITok-
purta Al,O; npuBOoAUTE M0 30iJBIIIEHHS TEIJIOBOTO IMOTOKY JO CTPYIK-
KM Ta 3arOTOBKM 3aBAAKM BJIACTUBOCTAM TeIIonpoBimHOCTH. OTiKe,
TeMIlepaTypa B 30Hi mepBUHHOI ngedopmaliii 36iJabITyeThCSA, a CHJA
pisaHHA 3MeHNTyeThCA. MeHINa TENJIONMPOBiAHICT, TPUBOAUTE MO IIij-
BUIEHHA TeMIIepaTypu B HUKHIA uyacTuHi cTpy:KKu. OT:Ke, MOYKHA
CcKas3aTu, M0 HUKYa TEIJIONPOBIAHICThE MPUBOAUTE O 3MEHIIIEHHS J0-
B)KUHU KOHTAKTYy <«iHCTPYMEHT—CTPY’KKa» Uepes MEHIIUHA pajgiioc
CKDPYYYBaHHA CTPY:KKU. 30i/JbIIIeHHA IBUAKOCTH Pi3aHHA Ta IIIBUJI-
KOCTHU IIOJAYi IIPUBEJO A0 30iJbIMeHHA HAIPYKeHHSA Ha IMOBEPXHi iH-
crpymeHnTa. B iHCcTpyMeHTi 06e3 MOKPUTTA MaKCHUMaJibHE HANPY KeHHSA
BimOyBaeThca Ha rambuui y 0,015-0,02 mm Bim moBepxui. Uepes Te,
110 Koe(illieHTU TeNJIOBOTO POSIIWPEHHSA MaTepidsly IOKPUTTS PisHi,
eheKTUBHI HANPYKEHHA 3MIiHIOIOTHCA B3JOBMK TOBIIMHU HOKPUTTA.
MakcuMaabHe HaNPY:KEeHHA BifOyBaeTbCs HA pisaJbHOMY iHCTPYMEH-
Ti 3 mokpurtam Al,O;.

Y mocaimxenHi [23] Oys0 mpoBeseHO uUmMcesNbHE MOJETIOBAHHA IJIsA
BM3HAUYEHHA BILJIMBY TUIY IMOKPUTTA HA CUJU Pi3aHHA, HAUPYKEHHSA
iHcTpyMeHTa Ta Temneparypy. MojenioBaHHS pisaHHA AeTasio 3i cra-
ai AISI 4340 mpoBommocs i3 3aCTOCYBaHHAM iHCTPyMeHTa 3 ABOMA
pisaumu tTunamu nokputrtiB (TiCN/ALO;/TiN i Al,O;) Ta imcTpymeH-
Ta 3 TBEPAOTO CTOIy 0e3 MOKPUTTS 3 OAHAKOBOIO reoMerpiero. Monenn
H:xoucona—Kyka [32] BuKOpuCTOBYBaBCA AJA PO3PAXYHKY IIJIACTUY-
Hux pgedopmariii. IIporuosoBani cuiaum pisaHHA AJA IHCTPYMEHTIB 3
MOKPUTTAM i 06e3 MOKPUTTA HOPIBHIOBAIMW 3 EKCHEePUMEHTAJbHUMU
pesyabraTtamu. IlocaimkeHO 3MiHYy HaAmNpy:KeHHS Ta TeMIIEpaTypu iH-
CTpyMeHTa 3 PiBSHMMM! TUIIOM IOKPUTTS Ta KiJbKiCTIO IIapiB IIOKPUT-
Tda. IIporHosoBaHi pesyabTaTH IMOKAal3aju, IO iHCTPYMEHT, MOKPUTHUH
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Al,O;, MaB MiHiMa/ibHe 3HAUYEHHS TeMIEpPaTypH iHCTPYMeEHTa uepes
3MEHIIIeHHA IOTr0 TeILIOIPOBiAHOCTH 3i 30iIbINIEHHAM TeMIEepaTypHu.
MaxkcumanbHa TeMIlepaTypa iHCTpyMeHTa BUHUKAE Ha IIOBEPXHi pisa-
JbHUX IHCTPYMEHTIiB (3 HOKPUTTAM i 0e3 IMOKPUTTSA) Ta IIBUAKO IIO-
HUKYEThCA 3 TJIMOWHOI0 B iHCTpyMEHTax 3 IMOKPUTTAM. 3 iHIIoro 06o-
Ky, HaOpy:KeHHd iHCTPYMEHTa BCEpPeIUHi IOKPUTTA B30iJbITyeThCS
B3JOBK TOBIIUHM 3i 301iJbIIIeHHAM IIMBUAKOCTH Pi3aHHSA Ta IIIBUIKOC-
TH IOoJAayi.

B [49] npencTaBieHO po3poOKY i1 OIIHKY MOJAENIO AJA iMiTalliiiHo-
ro MOJEJIIOBAHHS OPTOTOHAJILHOTO Pi3aHHSA OJIs TBEPAOCTOHNHUX iH-
CTPYMeHTiB 3 nekimbkoma 1rapamMu OOKpUTTA (1 MM TiN/3 MM
Al,0,/6 mxm TiC). T'eomeTpito CTPYKKHU, CUIN Pi3aHHSA, TeMIEPATypPHU
iHCTpyMeHTa Ta HaANOPysKeHHA NPOrHO3YyBaJU 3a JOIOMOI'OI0 METOAY
CKiHueHHUX ejJeMeHTiB. PesyibTaTtm Oyjau IpoaHaJIi3oBaHI 3 aKIleH-
TOM Ha PO3YMiHHI TEIJIOBOTO BIIJIMBY IIOKPUTTS Ha TeMIlepaTypu iH-
CTPYMEHTa Ha MeKi momisy «iHCTPYMEHT—CTPYsKKa» Ta B IIiAKJIAIUH-
1Ii. 3amIpoIOHOBaHI MOJEJi OIIiHIOBAJNU IIJIAXOM IIOPiBHAHHSA HPOTHO3
3 eKCIePUMEHTAJLHUMU TaHWUMU, MOCTYIHHMH B JiTepaTypi, 3a of-
HAKOBUX YMOB pisaHHda. [ocaimkenHsa TeMmiepaTypu iHcTpyMmeHTa Oy-
JIO IPOBEMIEHO i3 3aCTOCYBAHHAM TPHUCTYIIEHEBOI CXEeMM MOJeJTI0OBAHHA.
BoHo ckjaazasoca 3 IMOYaTKOBOTO MOJEJIIOBaHHA JIATPaHKEBOro THUILY,
MOKU He cdopmyBasacsa cTabiibHa (opMa CTPYKKM, i IOZATBIIOTO
pospaxyHKy ONjJIepoBOro THUIIYy 3 OHOBJEHHAM BiJLHOI IIOBepXHi Ta
OJIA IIJIacTUYHOI Aedopmarrii 3aroToBKH.

Opmep:kaHi pe3yabTaTH IMOKA3aJMU, IO JJSI PO3TJIAHYTOrO iHCTpyMe-
HTa 3 MOKPUTTAM i3 mpomiskHuUM mapom Al,O; HeicTOTHO 3MiHIOIOTHCA
cTallioHapHi r'pafieHTH TeMIIEpaTypH MiK CTPYsKKOIO Ta IIiAKJIAaIUH-
KOI0 iHCTpyMeHTa; CIIocTepiraeThcAd He3HAUHUU e(eKT TeIlIoi30saIril
migkaIaguHKy iHcTpymenTa. Oxgmak MomupikoBaHa TeIlJIoBa peakIlis
MMOBEPXHi iHCTPyMeHTa 3 IMOKPUTTAM COPUUYMHNIA HUMKYI TemMmepary-
pu pi3aHHA Ha IOBEPXHi IOAINY «iHCTPYMEHT—CTPYyKKa» IIOPiBHAHO 3
TEeMIIePaTypoIo IJid iHCTpyMeHTa 0e3 MOKPUTTA 3a TUX CAMUX yYMOB.

Metroto mocaim:xenus [49] Oyma pospobxa momesnio imiTarlii oproro-
HaJIbHOTO DPi3aHHA A iHCTPYMEHTIB 3 MOKPUTTAM AJIA OIIHKW Tem-
J0BOTO eeKTy OaraToimapoBux HMOKpuTTiB. Ha pucyuky 16 moxasaHo
IPOTHO30BaHi 3MiHM MepeximTHMUX i cTalfioHapHUX TeMIepaTyp B3I0B:K
rIUOMHU iHCTPYMEHTa IJisi IBOX MOJeNiB. Pe3ynbTaTy BUKOPUCTAHHS
iHcTpymeHTa 6e3 moKputrTa (TOOTO migKgaguHKu K68 3 omHaKOBUM
KoedillieHTOM TepTdA Ta MEyKOBUMHN YMOBaMM) TAKOK IIPEACTABJIEHO
I HOpPiBHAHHA. €OWHA BiAMiHHICTL — 3MEHINIEHUH pamiloc pisajb-
HOI Kpaliku iHctpymenTa 6e3 mokputts (40 mm). Temmeparypu s
BCix BuUmaJKiB OyJsim BujydueHi 3 Tiei camoi JiHil BimcTe)KeHHA, HOP-
MaJIbHOI A0 pisanbHOI Kpaiiku Ha Bigmami y 0,22 MM Big kiHuwmka iH-
crpymenTa. Ile miciie BigmoBizae MakcuManbHiN cTifiKiil Temmepartypi
MMOBEPXHi JJIsT KOPIIYCY iHCTpyMeHTA 0e3 IMOKPUTTA.
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Puc. 16. IIporuosoBani sminu (a) mepeximmoi Temmepatypu Ta (6) Temmepa-

TYpHU CTaAIliOHAPHOTO CTaHY B3OBXK rambuHu incrpymenrta (V.= 220 m/xB.)
[49].'¢

3 pucyHky 16, a mepeximmi TemmepaTypu, ofep:KaHi mJA iHCTPY-
MeHTA 3 MOKPUTTAM 3 BUKOPHUCTAHHAM 000X MOJeJiB, iZeHTMUHI Ta
XapaKTepusylThcsd 3HAYHO OiIbIIMM TI'paJi€eHTOM TeMIepaTypu Ha
nrapi TOKPUTTHA, HiK Ha BCill migKJIaguWHIL, TOAI AK AJA iHCTpyMeHTa
0e3 MOKPUTTA TeMIlepaTypa MHOHMKYETHCSA 3 IMOCTIHHOIO IIBUIAKICTIO
Mo BeCifl posriAHyTiit rambuHi. 3 immIoro 00Ky, KoJu TeMIepaTypa
iHCTpYyMEHTa JIocdArae CTiMKOTo cTaHy, I'PaliEHT TeMIIeEpaTypu B IIOK-
PUTTI 3MEHIIIYEThCA y IMOHAMA II'ATh Pa3iB MOPiBHAHO 3 THMUYAaCOBUM
BUNAAKOM i mpubJIM3HO B JBa pasu IIEPEBUIIYE TeMIIepaTypHUH Ipa-
nient ocuoBu (puc. 16, 6). Kpim Toro, Temneparypa ajas iHCTpyMeHTa
0e3 MOKPUTTA IOCTiHO BHUINA, HijK AJA iHCTPYMeHTA 3 HOKPUTTAM,
Ha 35—65°C, Toxi K KpuBa OKPEMOTO IIapy 3MIiIyeThCA IPUOIM3HO
Ha 15°C Bume KpuBoi KomMmoauiiiinoro mapy. IIlo crocyeTbesa Temio-
BOT'O 3axXWHCTy OCHOBM, TO TeMIepaTypa Ha wMexi mominy «TiC—
migKJIaguHKa» OJIA iHCTPyMeHTa 3 HOKPUTTAM npubamsHo ma 60°C
HUKYA, HIXK TeMIlepaTypa Ha MOBEPXHiI mominy «iHCTpyMeHT—
CTPYKKa» IJA iHCTpyMeHTa 6e3 ITOKPUTTH.

PesynbraTu Ha puc. 16 yMOMKIWBJIIOIOTL IPUOYCTUTU, IO e(PeKT
TeIJIoBOro O0ap’epa (3MiHa rpamienTa Temmepatypu) mokputta Al,O; €
3HAUYIIUM JINIIle Ha IIOYATKOBiil mepeximuiit cTajnii pisaHHA Ta MOKe
sajiexkatu Big ToBiumHu Imapy Al,O;. ITicasa Toro, S JOBKMHA KOH-
TaKTy «iHCTPYMEHT—CTPYy:KKa» Iocarja cTabiIbHOTO 3HAUEHHS, TeM-
mepaTypa iHCTpyMeHTa B HOKPHUTTI Ta MiAKJIaIWHII IIPOIOBIKYE 3pOC-
TaTH, IMMOKU Ha iHCTPYMEHTi He BCTAHOBUTLCS TEPMOCTAbOiIbLHUII CTaH.
Y mpomy craHi Tero, IO YTBOPIOETHCA HA KOHTAKTHIN ITOBEPXHIi,
mepefaeThbCcsa dyepes MOKPUTTA 0 OCHOBU 3a MOHUIKEHOTO IIOCTiHOTO
TEILJIOBOTO IIOTOKY.

ITle cmocTepe:keHHsS IiATBEPAMKYE Ppes3yJabTaTH EKCIEPUMEHTY Ta
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MOAeJNIOBaHHA, oxepskaHi O6ikasowo Ta im. [61], Knoke Ta im. [52],
Pemtom i cmiBaBT. [53]. 3 cBoix mocaigsKeHb BOHUM IiHINJIN BUCHOBKY,
110 MOKPUTTA iHCTPyMeHTA He PoOUTH 3HAUHOTO BILJIMBY Ha TeMIepa-
TYPHY IOBEAIHKY Mi)X CTPYKKOI Ta HOiJKJaIMHKOI iHCTpyMeHTa,
ajle TeMIepaTypa pPisaHHA Ha KOHTAKTHIN MeXXi IOHMIKYETLCSA BHAa-
cIimox MoOAM(MIKyBaHHSA TEIJIOBUX BJIACTHUBOCTell IIOOJIM3Y IIOBEPXHi
iHCTpyMEeHTa, a TAK0K, UMOBiPHO, MOHUIKYETHCA TEPTA IMOBEPXHi.

B pobGori [48] mpencTaBieHo ABOBUMipHUM MOMEJL IIOIMIMPEHHS Te-
IJIOBOTO MOJIA y PidajbHOMY iHCTPYMEHTi Ha OCHOBI MeTOOy CKiHUeH-
HUX €eJIEMEeHTIiB i3 BpaxXyBaHHAM NIPUNYINeHHA NPO 3BUUaMHI medop-
martii. PisanbHi iHCTpyMeHTH 6e3 MOKPHUTTA a00 3 IMOKPUTTAM PO3T-

TiN (5 MrMm) TiN (5 MRM)J:]_l TiN (5 MrM)
A1,0, (5 Mrm) 1.7
AlO, (5 2’3 1,7 MM
0, (5 mzear) TiCN (5 mx) s
WC—Co WC-Co WC-Co = Tt
3,8 MM
3 MM

15 MM

Puc. 17. Teomerpisa, ciTka Ta posMipu 3aroToBKY, PisajbHOTO iHCTPyMEHTa
Ta mapis mokpurTsa [48].17

Puc. 18. Mopdosoriag CTpy:KKM Ta cxeMaTUYHe TeMIepaTypHe IIojie, OJep-
’KaHi micaa yacy pisanmHA y 6 mc. Posmoxinu temmepatryp GyIyHOThCA MO JIi-
mii 1 i mimii 2 [48]."8
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Jagaancsa AK TepMmocTabinbHi Tima. ToBIIMHA KOMKHOIO IIapy IIOK-
pUTTs, mpuiiHATa PiBHOIO 5 MKM, BUOMpaJyacs B AiANAa30HiI 3HAUEHb,
posrisguyTux y poborti [3]. Pisui imcTpymMeHTH 3 MOKPUTTAM, PO3TJIA-
HYTi B 1iii poborTi, mpoistocTpoBaHo Ha puc. 17.

Ilig yac umceabHOTO MOMAEIOBAHHS iHCTPYMEHT (piKCcyeThbCaA, KOJIu
3arOTOBKA PYXa€ThCA 3 IIOCTiMHOI BeJIMUMHOIO0 HIBUAKocT y 100
M/xB. HemedopmoBaHa TOBIMUHA CTPYKKH OepeTbcsa piBHOO 0,4 MM
[48]. Mopdoiorito CTPy:KKM Ta CXeMaTH4YHe TeMIepaTypHe IIoJje
mpencTaBiieHo Ha puc. 18. Posmomin TemmepaTypu BcepemuHi iHCTpY-
MeHTa IIpoijiocTpoBaHo Ha puc. 19, a, 6 B3moB:xK Jimii 1 (moumHaouu
3 P;; nus. puc. 18) i xinii 2 (moumnatoum 3 P,; quB. puc. 18) y mo-
MeHT yacy t=6 mc. Ili mimii € oproromaJdbHMMHM 10 i30TepMiUHUX
kpuBux (puc. 18). Ha pucysky 19, a, 6 Biggans m1o Touku P, (Bigmo-
BigHO P,) BpaXoBy€ TOBIIUHY IMOKPHUTTA Ta MO3HAUaEThCea AK L, (Bin-
moBigHO, L,). IlouaTkoBa Temmeparypa T, mocsaraeTbcsA Ha OMHAKOBIi
Bigmami L,=L,=0,5 MM nna nBox iimiii. Mae micie BigcyTHicTh pi-
skauni Hmokde 0,2 MM 10 mOBepxXHi iHcTpymenTa. Opmak piskHHMITI
CIOCTEPiraloThCs, KOaM Ha rpadiky BimoOpakaeTbca TeMIiiepaTypa o
0,03 mm Bim moBepxHi iHcTpymenta (puc. 19, a, 6). MoxkHa crocTepi-
raty pisHi Haxmiau, AKi BigoOpaskaloTh TEIJIONPOBiJHICTHL HAHECEHUX
moxputrTiB. TaKy sMiHy TeMmIepaTypu IIpoijliocTpoBaHo Ha puc. 20
IJaA BUIAAKy Tpbox mmapiB (pamok 1). Iloummaioum 3siiBa, mepriuii
cxun Bigmomimae mrapy TiN (L; =0 mgm go L, =5 MKM), apyruii —
mapy Al,O; (L,=5 MmEM gmo L,=10 mxwm), tperiti — mapy TiCN
(L3 =10 mgm g0 L;=15 MKM), a OCTaHHi#l yXWJ BiIHOCUTBCA A0 Ma-
repigaay WC—-Co (L =15 MM go L = 30 MKMm).

600 600
\ T T \ oou — Bes noxputta
— Bea LoKpETTH ++ Opuomapose
ST F et — SO~ TS L
T i T} A ™~ 500 = -
400\ ® o eedh 400, RN S
&) i —F.... o \_ £ | e
¢ 300 —% = 4 SN = S e : =
200 R 1= 200 ? 0 0005 001 0015 002 0025 003
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X . Biacrams sig P1 pagons mimii 1, MM 100 L Bincrane Big P2 Bagop: MiHII 2, MM
100 ] \\4 | l |
\‘-—-.‘_‘ | -1 -
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o 01 02 03 04 05 06 07 08 09
Bizeraur sig P2 sagos:x nmimii 2, Mmm

Bigcrans Big P1 B3moBsk mimil 1, MM

P1 Posramopana Ha moBepxHi P2 Posramosana Ha moBepxHi
imcTpyMeHTa iHCTpYMeHTa
a 0

Puc. 19. (a) Posmomim Temmeparypu B imcTpyMeHTi B3moB:K Jimii 1 (mums.
puc. 18) nna iHcTpymMeHTa 06€3 HOKPUTTHA, 3 OLHOIIAPOBUM HOKPUTTAM, JBO-
IIaPOBUM i TPUIIAPOBUM IOKPUTTAMU; (6) POIMOiJ TeMIepaTypu B iHCTPY-
MeHTi B3ZOBK JiHii 2 (guB. puc. 18) ana iHcTpyMeHTa 63 TOKPUTTA, 3 OJ-
HOIIIAPOBUM IIOKPHUTTAM, JBOIIAPOBUM i TPHIIAPOBHM HOKpuTTAMU [48].'°
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Puc. 20. Posoogin temnepatypu B iHCTpyMeHTi B3IOBMK JiHil 1 mma iHcTpy-
MeHTa 3 TPUIIAPOBUM IOKDPUTTAM; KOXKeH IIap Mae TOBITUHY y 5 MM [48].%°

B poboti [48] Oysmo migkpeciieHo, IIIO0 TeMIIepaTypHE IIoJe Ta POo3-
IOJiJI TUCKY B3IOBXK PisasibHOI KpallKu B OCHOBHOMY 3aJie:KaTh Bif
reomeTpii iHcTpymeHTa. OnmepskaHi pe3yjabTaTH IMOKAa3yIOTh, IO IIOK-
PUTTA BIJIMBAIOTH HA PO3IMOMAIJ TeMIIepaTypu mobjm3y pisaabHOI 1mo-
BepxHi imcTpymenTa. 3 poO3mOAily TeMIlepaTypu B iHCTPyMeHTi OyJio
BCTAHOBJIEHO, IO TEIJIOBiAmaua Ha MeKi IOALIy 3aJIe’KUTh Bijg HasaB-
HOCTH MOKpUTTiB. Hu3bKa TENJIONPOBIAHICTE IOKPUTTIB OOMEXKYE
eJIEKTPOIIPOBiAHMII TEIJIOOOMIiH Ha HMOBEPXHi iHCTpyMeHTa, i Temmepa-
Typa Oyae oTpuMyBaTHu Builli piBHi. OgHAK TemJIOBi BIACTHUBOCTI ITOK-
PHUTTIB BUABIATHh iXHIO e(PeKTHUBHICTL HmOOJM3Y IIOBEPXHi iHCTpyMeH-
Ta, a He Ha IIOBepXHi iHcTpyMeHTa. TaKOXX BUEHUMU IIiTKPECJIIOETHCS
BUCOKa e(eKTuBHicTE mapy Al,O; y poJi TemmoBoro 6ap’epa. TiN mae
JuIlle He3HaAUHUHN edeKT, Koaum Koe(dimieHT Tepra mMae OyTH TOTO K
mopAnKy, mo i TBepmocronuuii. Ilokpurrsas TiCN BHKOPHCTOBYETHCS
o ckpimmenas Al,O; 3 TBEPAOCTOIHOI BCTABKOIO Ta BUABJIAE JIWIIIE
HU3bKY TeIJIOBY e(eKTUBHICTH Hiji yac IMOPiBHAHHA pe3yJbTaTiB s
IBOIIIAPOBOTO MOKPUTTA 3 TpuinapoBuM. OO0uABa BOHU [TAIOTh Iy:Ke
CXO’Ki pesyJsbTaTu.

Po6ora [50] BuBuae BHOJIMB TelJja B pi3ajJbHUX iHCTPYMEHTax 3
ypaxyBaHHAM 3MiHU TOBIIWHYU IMOKPUTTA M iHTEHCUBHOCTHU TEIJIOBOTO
moToKy. BukopucropyBaiu miaxkaagzuHky K10 Ta anmasHi iHCTpyMeH-
tn 3 mokpurramu TiN i Al,0;. UwucsioBi po3paxyHKU TPOBOAUIUCA B
pamkax nporpamuoro 3abesmneueHusa ANSYS®CFX. Me:xoBi ymMoBHU Ta
mocTiiHI TepMO(disnyHi BIACTUBOCTI TBEPAUX PEUOBUH, IO POITJAIA-
JUCA Yy UMCeNbHiN amanisi, 6yau Bimomi. id miaTBepa:KeHHSA 3aIrpo-
TIOHOBAHOI TEOPETUUYHOI METOMOJIOTii BUKOPHUCTOBYBABCA €KCIIEPU-
MeHT. 3a pesyJabTaTaMu pPOOOTH BYEHI NPUUAIIM O HACTYIIHUX BU-
CHOBKIB.

1) MocrmimkeHHs, IPOBEAEHI IIiJ Yac BUKOHAHHA POOOTH, MOKa3aIu
110 AJA PiBHOMIPHOTO JsKepeja Tela, IKe 3MiHIOETHCA 3 YacOM, Te-
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MIepaTypa Ha iHCTPYMEHTi MoO’Ke He3HauHO BILJIMBATH HA ITOKPUTTS
OpW HarpiBaHHi, HABiTh KOJIM BJIACTHUBOCTI IIOKPUTTS CHUJBHO Bimpis-
HAIOTBCA BiJ BJIACTUBOCTEH MaTepiAdy mmigAKJIaAWHKYN (HaBiThL I
TOHKOTO MOKPUTTSA V 1 MKM).

2) IlokpurTsi, HaHeceHe Ha aHAJN[i30BaHUI TBEPAOCTOIHUU iHCTPY-
MEHT, He IIOKAa3aJji0 3aJ0BiJIbHUX Pe3yJabTaTiB y Ipolieci Oes3mepepBHO-
ro pisamus. HeBelnKe NOHUIKEHHS TEIJIOBOTO IIOTOKY CIIOCTEPirajoch
y upomy pociaimxenui. ITokpurrs TiN i Al,O; He moxasau 3aJ0Bijb-
HUX pe3yJabTaTiB Imig uac OesmepepBHOro pisamus. CrocrtepiraJocs
He3HauHe ITOHM)KEHHS TEeMJIOBOTO IOTOKY a1 HOKpuTTiB y 10 MKM
TiN i ALO;.

3) He 6yy0 icTOoTHMX 3MiH TEIJIOBOTO IIOTOKY, IO ImpouuayBaB K10
3 mokputtam y 1 mxm TiN.

B pob6ori [54] 3a3maueno, mio B mpolleci pisamua mim mieio Temme-
paTypu BimOyBaioThCA CTPYKTYPHO-(A30Bi mepeTBOPEeHHA B IMOBEepXHe-
BUX IlIapaxX MAaTepiAajiB iHCTpyMeHTa Ta 3aTOTOBKHU, IO O3HAYa€ 3Mi-
HY (isUKO-MexaHidYHUX BJACTHUBOCTE!l MEyKOBHUX INapiB NOBEPXOHb,
AKi KOHTAKTYIOTh.

ABTOpPU BKa3ylOTh Ha Te, IO, 3aCTOCOBYIOUM KOMII'IOTEpHE MOJe-
JIIOBaHHA, MOKHAa BapitoBaTu TelaodisnyHi mapamMeTpu Ta TPUOOJOTI-
YHi BJIACTUBOCTI NIPUKOHTAKTHOI B30HW, iMiTyloum XapaKTepPUCTHUKU
3HOCOCTIMKMX IIOKPUTTIB B B30HI KOHTAKTy <«iHCTPYMEHT—AETaJib».
Takum mapamMeTpoM € He TiJIbKU TENJONPOBiAHICTH CAMOTO IMOKPUTTH,
ajie TAKOXK 1 IMMOYAaTKOBI YMOBU IMPUKOHTAKTHOI 30HU (HAIIPUKJAI, KO-
ebdimieHT TepTA), AKi, B CBOIO UEpry, BIJIMBAIOTH HA YTBOPEHHS MIiKe-
pesa TemaoTu ¥ IXHI0 iHTEeHCUBHICTD.

Bcranosieno, 1o HaibigbIla TeMIlepaTypa pisaHHS BigmoBimae o00-
pobyeHHIO iHCTpyMeHTOM 06e3 HOKpHUTTS. MaKcuMaJsbHe ITOHWMKeHHS
iHTEHCHMBHOCTM TeEIJIOBUX IIOTOKIiB B cCHUCTEMi «iHCTpyMeHT—
3aTrOTOBKAa» 3a0e3IeuyIoTh IMOKPUTTHA, IO MAIOTh 0AraToIapoBy apXi-
TeKTYypy, HPUUYOMY iHTEHCHUBHICTH TEIJIOBOTO IIOTOKY IIOMIiTHO 3aJe-
JKUTDH BifJf IMOCJIiTOBHOCTH CKJIAJOBUX IMTapiB 6araToIrapoBOr0 IIOKPUT-
Ts. 30KpeMa, OiJbIIl COPUATINBUIN TEIJIOBUI CTaH PisaJbHOTO KJIMHA
iHcTpyMeHTa 3abesleuye IBOIIIApOBa CHCTeMa IMOKPUTTA «TBepPIOCTO-
muuit cyocrpar—Al,O; (b mkM)—-TiN (5 MKM)» y mopiBHAHHI 3 ABOIIA-
poBoio cuctemoio «TBepmoctounHuit cydocrpar—TiN (5 mrm)—AlL,O; (5
MEKM)».

B Toit ke yac, MakcuMaJbHE MOJIIIITIEHHsS TEIJIOBOTO CTaHy pisa-
JBHOTO KJHWHA TBEePIAOCTOIIHOTO iHCTpyMeHTa 3abeslleuye TPHUIIApOBa
cucrteMa «TBepmoctomuuii cyberpar—Al,0; (5 mxMm)-TiCN (5 MEM)—
TiN (5 MKM)», III0 3yMOBJIEHO CIPUATIUBUM IOETHAHHAM IapiB 0Oa-
raToIapoBoi KOHCTPYKIII IOKPUTTA. 30KpeMa, Y TAaKOro IIOKPUTTS
BepxHiit map TiN sabesnmeuye MakcuMaJbHe MOHUWMKEHHA aAre3iifHOi
akTuBHOCTH TBepaoro crony TT8K6 mo BigHoIeHHIO A0 06pob6JIIOBA-
HOorOo Marepiany; mepeximumii map TiCN agificHioe MimHY ajaresiio
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mixx Bepxuim TiN i mmxuiM Al,O; mapamm, a HmkHIE map Al,O,
e(peKTUBHO eKpaHy€e Oil0 TeIJIOBOTO IIOTOKY BiJ (PPHUKIINHUX IKepe
Terja Ha HepedHid i 3aAHiIN MOBepXHAX iHCTPYMEHTAa, IO KOHTAKTY-
[OTh.

5. JOCJIIIAKREHHA BIIJIMBY IIOKPUTTA HA KOE®IIICHT
TEPTS MIGK IHCTPYMEHTOM I CTPY/HKKOIO TA
3ATOTOBROIO

Haii6inpmn moBHI AOCTIMKEHHS CTOCOBHO BIIJIMBY 3aXMCHUX IIOKPUT-
TiB Ha (piswKo-MexaHiUHi mpollecw IIpW pisaHHi, a came, BIJIUBY 3a-
XVCHUX IIOKPUTTIB Ha Koe(diIlieHT TepTda mapum «CTPYyKKa—pisajbHa
IJIacTUHAa» IIpeacTaBJeHo B poborax [55—101].

3HaueHHA KoedillieHTa TepTsd KOB3aHHA KOHCTPYKI[IMHMX MeTaJIiB
M0 iHCTPYMEHTAJNLHUX MATepisdlaxX 3ajIeKUTh BiJf XeMiUuHOTO CKJIaIy
Ta (isMKO-MeXaHIiUYHUX BJACTHUBOCTeHl KOHTAKTyBaJbHUX IIap, a Ta-
KOJX BiJ KOHTAKTHHX HANpPYy:KeHb Ha IIOBePXHAX, IO TPYThCA, Ta
MIBUAKOCTY KOB3aHHsA. ¥ MPOIleci pisaHHA MeTajiB 3HAUeHHS HOpMa-
JBHOTO HAOPY’KeHHS Ha KOHTAKTHUX IMOBEPXHAX Je3 iHCTPYMEHTIB
sHaxomAThca B mexxkax 0,1-0,6 I'Tla. Ilig giero Takumx BeJIMKHUX Ha-
MIpYy:KeHb i CUJI TepTs OKCHUAHI i amcopboBaHi HIiBKM Ha IIOBEPXHAX,
10 TPYThCA, METaJiB iHCTPYMEHTA Ta 3aroTOBKU PYyHHYIOThCA. Tomy
YMOBU B3a€MO/ii KOHTaKTyBAJbLHUX IIOBEPXOHB Jie3d 3 00pOobII0BAHIMU
MeTaJlaMi HPaKTUYHO BiAIIOBiZaiOTh YMOBAM CYyXOT'O 30BHIiIIITHBOT'O Te-
pTA, 3a AKUX 3HAUEHHS KoedillieHTa TepTd 3HAUHO 3POCTAE.

KoedimierT Tepra | QyHKIiOHAJIBHO IOB’SA3aHUM i3 CUJIOI0 TEpPTA
Ta pobOTOI0 CHUJI TEPTA, BUTPAUCHOIO Ha HMIJIAXY L B3a€MHOrO KOB3aH-
Ha. Y 3B’A3KY 3 IIUM 3HAUeHHA KoedillieHTa TepTA BILIMBAE Ha 3HO-
COCTiHKiCTh Ta IHTEHCHBHICTHL 3HOITYBaHHA iHCTPYMEHTAJBLHUX MaTe-
pianis.

B po6ori [55] mocaimsxyBanucsa sHaueHHA KoedillieHTIB TepTdA I
pisanbuux iHcrpymenTtiB 3 mokpurramu TiN rta (Ti, Al). Ili BumpooOy-
BaHHA TOKAa3yIOTh, IO MOKPUTTA TiN Mae 3HaUHO HMMKUYUHA Koedirri-
euT TepTaA mopiBHaHO 3 mokpurtam (Ti, AI)N. Arx Hacaizox, eHepris
TEPTH, IO YTBOPIOETHCA Ha MeXKi MOAiJy, HMIKYA, i TYCTUHA TEIJIOBO-
ro IIOTOKY, IO ImepemacThbcsa Ha miTudr, HuxKUa. 1li pesyabratu ysro-
MKYIOThCSA 3 TOMEPeIHIMU JOCTIMKeHHAMHU IIUX aBTOPiB, IIPOBEIEHU-
MU 3 aHAJIOTIUHOI CUCTEMOIO Kapbig—TMoKpUTTA—poboumit MmarTepiam, i
MMOKAa3yIOTh JIMIIy TPUOOJIOTiuHy moBeMiHKY mOoKpuTTa TiN mopiBHS-
Ho 3 mokputrtam (Ti, AI)N nopu cyxomy o6pobsienni. HaBiTh AKIO mig
Yyac IMOIepegHLOTO MOCTiMKeHHA KoediiieHT TepTa OyB OIliHeHUWU 3a
JOIIOMOTOI0 pi3aJbHUX BUOPOOYBaHb, TEHAEHIISA CXO0Ka: ITOKPUTTS
TiN DpuBOAUTL OO MEHIIIOI CHJIM TepTs (MEHIIa CHJa IoJadvi) B 30Hi
iHCTPYMEHTAJIbHO-CTPYKKOBOI cHCTeMM Ta A0 MEHIIOI TI'yCTUHU Tell-
JIOBOTO TOTOKY, IO IIepelacThbCs Bifg iHcTpyMeHTa (HMIKYA cepemHs
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TeMIepaTypa B OCHOBHIi# Maci imcrpymenra). Hocmimxemma [55],
IPOBeJleHl IJA XapaKTepusallili IMoBeJiHKM TepTsa ABOX IIOKPUTTIB ITif
yac cyxoro pisamma crami 27MnCr;, mokasanu, 110 KoedilieHT TepTsa
B TaKNX eKCTPEeMaJIbHUX YMOBaX CTAaHOBUTEL 0113bKo 0,4. Binbiie To-
ro, MOKpuTTA TiN BMSABMJIO ¢BOI JImImi TpuOOJOTriuHI BJIACTHUBOCTI IO-
piBasizo 3 mokputtam (Ti, Al)N.

Pobory [56] mpucBsueHO MOCTiIKeHHIO HpPoOJeMHu TepTd B iHCTPY-
menTax 3 mokpurtamu TiN, TiAIN, AICrN, AKuxX HaHECEHO METOHOM
disuuHOro OcamkenHa 3 mapoBoi ¢asu (PVD). V¥V miit pobori poarasa-
IaloThbCA XapaKTEepPUCTUKU BJIACTUBOCTEM TEPTA B 30HI KOHTAKTY iH-
CTPYMEHTa,/MOKPUTT/3aTOTOBKU B mpoilleci pisamua. CepenHiii KOH-
TAaKTHUHA THUCK BubOupasca go 3 I'lla 3i mBuAKicTIO KOB3aHHSA, IO JO-
carae 300 m/xB. Kpim Toro, cucrema 3abesmmeuyBaja IOCTiHHO pere-
HEpPOBaHY KOHTAKTHY IOBEPXHIO. 3a TAKMWX BAKKUX YMOB, AKi He J0-
CTYIHI 3BUYAMHUM TpUOOMETpaM, OUEBUIHHUN KoedillieHT TepTs Ki-
JBbKiCHO BMBHAUaBCA MapajieJbHO TEIJIOBOMY IIOTOKY, IO IEPENAETh-
ca ma mtudr. ITokazaHo, 110 MOKPUTTA € HAWBIJINBOBIIIIMM YMHHI-
KOM, 3a AKUM CJiAyIOTh IIBUAKICTh KOB3aHHA Ta HapemTi Tuck. Illo
cToCcyeThbCcs Koe(illieHTa TepTA, TO BUABJIEHO IlepeBary IIOKPUTTIB
AICrN i TiAIN B cyxomy pisannui. Ilokpurra TiAIN i AICrN maroTsb
OQHAKOBI BJIACTMBOCTL TepTdA Ta AeMOHCTPYIOTH Jinmii Qpuriiiiai
BJAacTUBOCTI B cyxux ymoBax. Ilokpurtsa TiN mae menio ripmry mose-
TIHKY AJ eKCTPeMaJbHUX THCKIB i HMBBKOI IIBUJKOCTM KOB3aHHI.
IacTpymenTn 0e3 HOKPUTTSA NPUBOAATH A0 HabaraTo OijbIIIOro 3HAa-
YeHHs KoedilieHTa TepTd, HiK OyAb-aKi IHCTPYMEHTH 3 IMOKPUTTAM.
Kpim Toro, iHcrpymeHT:H 6e3 MOKPUTTA HE MOMKYTHL BUKOPUCTOBYBA-
THCA 3a IIBUAKOCTH KoB3aHHA y 100 M/XB. uepes HaIMipHY IIIBU[I-
KicTb 3HOCY.

3 MexaHiUHOI TOYKM 30py 30iJMBLINIEHHS IIIBUAKOCTU Pi3aHHS BIU-
KJIMKae 3MeHINeHHA 3HaueHHA Koedimienra Tepra. [Ipore, 36inbiien-
HA IIBUAKOCTU DPiBaHHSA BUKJIUWKAE 30iJbINIEHHA CHUJIU TEPTHA, IO T'e-
HepyeThcA Ha OiuHilNl moBepXHi Ta mepefHiil rpaHi pisina. 3MeHIIeHHA
KoedilienTa TepTdA HEOOCTATHLO, IMOO0 KOMIIEHCYBAaTU 30iJbIIeHHS
IIBUIKOCTH KOB3aHHs. OTiKe, OiIBINUYI TEMJIOBUII HMOTIK ImepemacThbCs
Ha 1HCTPYMeHT, IM0 OyJe BUKJIMKATKU IIOHMMKEHHS MOro MexaHiuHOl
MiITHOCTH.

B pobGori [57] mocaim:KyBainucsa XxapakKTepUCTUKU BJIACTHUBOCTeI Te-
pTaA B B0HI «iHCTpyMeHT—poOoumii Marepiaa» mix yac o0poOIeHHA
cronry Inconel 718 pisHMMU TBEPAOCTOTHUMHU iHCTPYMEHTAMU B CYXUX
ymoBax. [lima imirarnii BigkpuToi TpubocucTeMu, a TaKOMK IITBUIKOCTHU
KOB3aHHS Ta KOHTAKTHOTO TUCKY, QHAJOTIUYHUX THUM, II0 BUHUKAIOTH
B B0HI KOHTAKTy pPisaJbHOTO iHCTpyMeHTa Ta POOOYOr0 MaTepidanay,
3aCTOCOBYBAaBCA CHEIiAJIbHO PO3po0seHuii Tpubomerep. lIpoBemenumit
€KCIEePUMEHT 3 METOIO MOCTIIKEHHSA BEJUKOTO AiAMNasOoHY ITBUIKOCTU
koB3auHa Bim 20 mo 250 m/xB. Tako:k OyJg0 HOCHimKEHO OiAMa30H
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KOHTaKTHUX Tuckis Big 1,8 mo 3,4 I'lla. Ila po6Gora ymMo:KIUBuUIA IO-
CIiINTHU 3aJIeKHICTh KoedilieHTa TepTda Ta KoedilieHTa TepTa anaresii
BiJ IMIBUAKOCTU KOB3aHHS. BUSABJIEHO, IO Koe(dillieHT TepTsa 3MEeHIITy-
€ThCsA 31 IMBUAKICTIO KOB3aHHA Ta KOHTAKTHMM THCKOM. IlokasaHo,
mo nokpurtsa TiN i TiAIN He 3gaTHi 3MiHIOBATH HOBENIHKY TEpTH
IOPiBHAHO 3 iHCTpyMeHTaMu 6e3 MOKPUTTA. Haperriti, mocaim:xKeHHs
TEIJIOBOTO TOTOKY, IO IIepefacThcA IMTH(TAM, IIOKa3ajo0, I0 eKcIe-
puUMeHTAJbHI 3HAUEHHA KoedimieHTa po3momisy Temjga AysKe HU3bKI
MIOPiBHSAHO 3 TEOPETUUYHUMHU 3HaueHHAMHU. Kpim Toro, 6ysi0o mokasaHo,
10 Koe(illieHT Ppo3moAijy Telja 3MEeHINYETLCA 3i IMIBUAKICTIO KOB-
samua. Hapemiti, 11 poboTa Hagae opUIiHaJbHI HaHi KoedillienTa Te-
pPTa Ta KoeillieHTa PO3IOAiNYy TeIla IJd AeKiJbKOX Iap MaTepisary
pisasbHoro imcrpymenTa Inconel 718, a Tako cuexTep IIBUIKOCTHU
KOB3aHHS Ta KOHTAKTHOTO THCKY.

3a ocTaHHI POKM HAATBepAi MOKPUTTHA, Taki ax CVD-aamas, i TBe-
pAi MacTUJIbHI HOKPUTTA, TaKi Ak aMopdHUN MeTajieBUN ByIJellb
(Me—-C:H), aki, mo cyTi, € TBepAUMHU IIOKPUTTIMHU, ajle MalOTh Oy:Ke
HU3BKUHA Koe(dillieHT TepTA, TaKOK OTPUMAJIU MINPOKE 3aCTOCYBaHHAI.
Kpim Toro, mactuiabHi HOKpUTTA (HampuKJaL, uucTuil rpadir i gucy-
abding Moaiognerny (MoS,)) MOKYTh HAHOCUTHUCS IIOBEPX TBEPAUX IIOK-
PHUTTIB IJIs 3SMEHIIIeHHA TePTs Ta 3HOCY.

Craimg BsasmauumTm, 1m0 B poboTax [H8—-60] Ha ocHOBI Momesio
B’SIBKOIIPY:KHBOT'O CepemoOBUINA, IO MAE€ TEILJIONPOBiAHiCTL, PO3POO-
JeHO HeJiHiNHYy Teopilo TEpMOAMHAMIYHOTO Ta 3CYBHOI'O TOIIJEHHS
YJIBLTPATOHKOI IUIiBKM MacTuaa. IlokasaHo, 10 mepexia ILIiBKU Mac-
THJIa, CTUCHYTOI Mi’K aToOMapHO-TJIaIKNMHU TBEPANMU IIOBEPXHAMU, 3
TBEPAOIOAIOHOTO yV PIAMHOMOMIOHWI CTaH BUKJIMKAETLCI HarpiBoM
IIOBEPXOHb TEPTA BUIIE 3a KPUTUUHE 3HAUeHHA. TaKuM YMHOM, ITiIK-
peceHo BaxKJMBY POJIb TEILJIOBUX IIOTOKiB Imim uac Tepra. Kpim Toro,
BUKOPUCTAHHSA JJs ONUCY (pasoBUX TepMOAMHAMIUHUX i KiHeTHUYHUX
ImepeTBOpPeHb y IIiBIi MacTujaa JIOPEeHTII0OBOI CMHEPreTUYHOI CHUCTEMU
[68—60] mokasayo, 110 3i 3pOCTAHHAM HAIIPYKEeHb MaCTHUJIO TOOUTHCS,
OCKiJIBKU 30iJBITyETHCSA BiJHOCHA MIBUAKICTh PYXY KOHTAKTYBAJbHUX
moBepxoHb. OcoOJIMBiCTIO TaKOro IiAxXomy € Ta obcTaBMHA, IO BiH
YMOIKJIUBIIIOE 3 IIPOCTUX IMOYATKOBUX PiBHAHL OHEP:KATH CHUHEPTeTH-
YHUH TOTEHI[iAN, AKUNA € aHAJ0roM BiJbHOI eHeprii.

3 BUKJIQAEHOT'0 BUIHO, IO CTPYKTYypa IIOBEPXOHbL Bimirpae KJIOUO-
BY poJib aja Teptd [58—63]. 3oxpema, BimomMo, IO TepTs BIOPSITKO-
BAaHMUX CYMipHUX IOBEPXOHb IEMOHCTpPYeE IepepuBuactuii pyx (stick-
slip); B Toii ke uac s HECYMipHMX HEBHOPAIKOBAHUX IIOBEPXOHbD
Takuii pekuM He mepembavaeThbcs. BapTo 3asmaumTu, 1o o6JiacTi Jio-
KaJIbHOTO BHOPSAAKYBAHHS BUSBJIEHO HA HiMKHINI IOBEpXHI MeTaieBUX
HAHOYAaCTUHOK, 30KpeMa azcopboBaHuX Ha rpadeHOBiil moBepxHi [61,
62]. OckigbKM aToOMM B MeTaJli XapaKTepusyThCs HabaraTo CUJIbHI-
III0I0 B3a€EMOi€io, Hixk MeTraseBi Ta rpadenoBi atomu Kapbony, mepe-



ITPOITECHU TEIIJIOIIEPEHECEHHS B HAHOKOMIIOSUTHNX CUCTEMAX 417

BaKHO IIOBEPXHEBi BOHOPSAAKOBAHI MiJIAHKKM aTOMIiB MeTaJly HE € CyMi-
pHUMU 3 T'pad)eHOBOIO I'PATHUIIEI0 IIPOTATOM YyChOTO PyXy. B pesyib-
TaTi pidHi opieHTAaIil Ta IIOJIO}KEHHA MeTaJeBHMX YaCTHHOK Ha rpade-
HOBi#l ITOBepXHi I'eHepYIOTh PidHi eHeprii B3aemoxii 3 rpageHOBOIO MO-
BepXHeEIO.

BigmoBigHO mO IBOTO, B aHAJNITHUYHMX i uMceabHUX migxomax [59—
60, 63] nia BpaxyBaHHS 30BHIIITHHOTO BILIMBY OKPEMO BBOASATHLCSA Te-
MIepaTypu ILTiBKM MacTujaa (KOHTAaKTy) Ta IOBEPXOHL TepTs (TepMo-
craty). Kpim Toro, 3rimmo 3 momeseM HpOCAM3aHHA II0 MeXKaX 3epeH,
3aCHOBAaHUM Ha YABJEHHAX IIPO JIOKAJbHE TOILJIEHHA ME)K 3epeH 3a
iHTEHCHMBHOI'0 30BHIIIIHLOTO BIJIMBY Ta Ha aHAJOTII 3 HAATOHKUMN
MacTHJIaMIi, HANOLMBININI BHECOK y IJIACTHUYHY YacTHUHY KoediiliemTa
TepTaA mependavacTheA B ApibHO3epHUCTUX MaTepianax [63, 64].

6. BUICHOBRH

B pesysbTaTi nmpoBeleHOI aHaJi3W TEOPETUUYHUX 1 eKCIepuMeHTAaJIb-
HUX pe3yJabTaTiB JOCIisKeHb IMIPOIleCiB TeNJIOYyTBOPEHHS Ta IIOIIH-
PEHHA TEeIJIOBUX IOTOKiB mij uac o0poOJeHHA MaTepiAiB pidajbHUM
iHCTPYMEHTOM i3 HaHeCeHWM 0araToIlapoBUM IIOKPUTTAM BCTAHOBJIE-
HO HacTyIIHe.

HaasuicTs HOKPUTTA Majo BIJIMBA€ HA I'eOMETPil0 pisayibHOI BcTa-
BKU Ta 30BCiM He BILJIMBa€ Ha pPeXUMU pisaHHA, a OTiKe, He Bimirpae
poJi B IIpoIleci TeIJOyTBOPEHHA B 30HI BHCOKOIIBUAKICHOI mJacTuy-
HOI medopmarrii.

B 1ol ke yac HaABHICTH IMOKPUTTA iCTOTHO BILJIMBAE Ha MPOIECU
TEIJIOYyTBOPEHHSA Ta TeIlJolepefadi Ha MeyKax KOHTAKTy MiK Iepen-
HBOIO IIOBEPXHEIO0 Pi3Ild Ta CTPYKKOIO, a TAKOX MisK 3aJHBOIO IIOBEP-
XHeI0 pisna Ta MaTepigsom 3aroToBku. IlokaszaHo, IO TeIJIOYTBO-
peHHA B Impolleci pisaHHSA BiAOyBaeThCA 3a PAXYHOK ILJIACTHUYHOL 1e-
dopmartili Ta pydHYBaHHSA MeTaJy B IIPOIECi CTPY:KKOYTBOPEHHS, 3a
PaxyHOK TepTdA Ha MepenHill MoBepXHi Jie3a pisida Ta pobOTH CHUJI Tep-
TA 1O 3aAHiNl moBepxHi Je3a iHcTpyMmeHTa. Ha mpoilec TensoyTBOpeH-
Hf BILIMBAIOTH He TiJIBKU PEKUM Di3aHHSA, reoMeTpisa pisusa Ta MaTe-
pign iHCcTpyMeHTa i 3aroTOBKHW, a W CTPYKTypa, TOBIIIMHA Ta CKJAaJI
0araToIrapoBOro HAaHOKOMIIO3UTHOT'O IMTOKPUTTA PisaibHOI MOBEPXHi.

Mouomtaposi HiTpuaHi moxkputta TiN i TiAIN me sgatHi icToTHO
3MiHIOBATH IIPOIleCU TeILIomIepemavi IMOPiBHAHO 3 iHcTpyMeHTaMu 6es
IIOKPUTTH, OCKIJIBKM MalOTh CXOMKi TersodismuHi XapaKTepUCTUKU i3
KapOiHOI BCTABKOIO.

MakcumanbHUM edeKT Ha TeIJoBe II0Jie PilajibHOI TBEPIOCTOIHOL
IJIaCTUHU 3a0e3Ieuye TPUIIApOBa CUCTEMA <«TBEPJAOCTOIHA IIJIACTH-
Ha/TiCN/Al,O;/TiN». Ile#t BnauB 3yMOBJI€HUIA, IEPIII 3a BCe, YHiKa-
JBHUMHU TEIMJOBUMMU BJACTUBOCTAMM mpomizkHOTO I1mapy Al,O;; Bim
Ma€e IOPiBHAHO HUBBKY TeMIepaTypoOIpPOBiAHICTB, AKa O TOTO X
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3MEHIITYETLCA i3 MiIBUINIEHHAM TeMIIepaTypu, IO IPUBOIUTL OO TOTO,
III0 B PisaJibHy BCTaBKY BiJBOAMTHCS MEHIIIE TEILIOTH. B pesyiabTarti
TeMIlepaTypa B 30HiI pisdaHHA TiBUINYETHCA MOPiBHAHO 3 iHCTPYMEH-
TOM 0€3 IMOKPUTTA, ajle B cCaMOMY iHCTPYMEHTI TeMIlepaTypa 3MeHIITy-
€ThCA 3a PaXyHOK CJIA0OKOTO TEILIOBiIBeNeHHA Uepe3 MPOMiKHUU ITap
Al,0;. Ile saBuime 0COOJMBO iCTOTHE HA KOPOTKOTPUBAJIMX UYACOBHUX
OPOMIiKKAX, XapaKTEePHUX OJA IepepuBUACTOro o0pobOJeHHs. B 1bo-
MYy BUIIAAKY PLKHUIA TeMIlepaTyp y 30HI pisaHHA A IIOKPUTOTO Ta
HEIIOKPUTOT0 iHCTpyMeHTa MOJKe CATraTH [eKiJbKa COTeHb I'PalyciB.
IIig yac HemepepBHOro OOpPOOJEHHS el e(PeKT 3HAUHO 3MEHIIYETHCH,
i pisKHUIITZ TeMIlepaTyp 3HAUHO 3MEHIIYETLCH, MOCATAIOYN KiJbKOX
IecATKiB abo ommuumb rpaxyciB. Ile Takosk crTocyeTbcsa i pisKHMITL
TeMIIeEpaTyp BcepeAuHi iHCTpyMeHTa.

BmiuB 3axucHMX 06araTomrapoBUX HAHOKOMMIO3UTHUX MOKPUTTIB Ha
PO3MOiJl TeMIlepaTypPHUX MOJIIB Y CHCTEMi «IOKPUTTA—iHCTPYMEHT»
3aJIE}KUTDH BiJl PeKMMiB 00pOOJIeHHA MaTepiAsiB Ta ixHiIX TpmboJOriu-
HUX XapaKTepUCTUK.

Ha TpuboJioriuHi BJacTUBOCTI MOKPUTTA i, AK HACJTIZOK, HaA IIpOIle-
CU TeILJIOYTBOPEHHS B 30HI pidaHHA iCTOTHO BILIMBAE CTPYKTYPHUHN
CTaH MMOKPUTTA, AKUHU, B CBOIO Uepry, 3aJIe:KUTh BiJl METOAIiB Ta yMOB
ocamkenud. llei#l acrmekT He PO3KPUTHN y IIPOBEIEHUX IOCJIIiIMKEH-
HAX, M0 Ja€ MIiArpyHTS OJA IOLAJBIIOr0 YIOCKOHAJEHHS MOMIEJiB
TeILJIOYyTBOPEHHS IIi uac pisaHHS B)Ke 3 ypaxXyBaHHAM BKasaHOI 0cCo-
O0JIMBOCTH.

Hamy crarTio 6yJ0 IIiATOTOBJIEHO 3a MAaTepisjgaMu IOCTiIKeHHs,
BUKOHAHOTO B paMKaXx JIepOoa:KeTHOI TeMu «Mexamismu popMyBaHHS
Ta MOIEJIOBAHHS CTPYKTYPHOTO CTAHY ILIiBOK TYTOIJIABKUX CIIOJIYK C
MIPOTHO30BAaHUMH MeXaHIUHUMUN XapaKTepucTukaMmu» (JepsKaBHU
peecrparnitiauit Ne0122U000776).
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! Fig. 1. Main heat sources during the chip formation in machining [27].
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2 Fig. 2. Schemes of heat fluxes during cutting without cooling [28]: 1 is the fraction of heat
of deformation ¢, going to the work piece; 2 is the fraction of deformation heat g, going to
the chips; 3—the amount of heat ¢; resulting from friction between the chips and the front
surface of the tool; 4—the final heat flux g4, which occurs as a result of heat exchange at the
point of contact of the cutting side of the chips with the front surface of the tool; 5—the
final heat flux g5, which occurs as a result of heat exchange at the point of contact of the
cutting surface with the rear surface of the tool; 6—the amount of heat ¢¢ resulting from
friction between the work piece and the back surface of the tool.

3 Fig. 3. Temperature fields in chips, billets and cutters, when turning steel SHX15 with a
cutter made of hard alloy T14K8 [29] (V=80 m/min, S=0.5 mm/rev., ¢t =4.1 mm).

4 Fig. 4. Temperature field on the front surface of the cutter (according to the results of ana-
lytical calculation) [29].

% Fig. 5. Regularity of temperature change on the surfaces of the cutting blade [30].

5 Fig. 6. Deformation zones in orthogonal cutting obtained by finite element modelling [31].

" Fig. 7. Curves representing the normal distribution of stresses and friction on the front face
of the tool cutter presented in the study by N. N. Zorev [33]. [, is the length of the adhesion
area; [, is the length of the chip contact on the tool.

8 Fig. 8. Effective stress distribution predicted using the model of variable shear friction at a
cutting speed of 150 m/min [31].

9 Fig. 9. Temperature distribution predicted using a variable shear friction model at a cutting
speed of 150 m/min [31].

10 Fig. 10. The influence of various factors on the formation of fields of deformation, stress,
and heat during machining.

11 Fig. 11. Thermal profiles in the combined cutting plate and uncoated plate, the cross sec-
tion of which corresponds to x =0.035 m and different moments of time since the beginning
of processing [8].

12 Fig. 12. Temperature field in uncoated and coated tools after 8.5 ms milling time: a) un-
coated one, 6) TiAIN-, 6) TiAIN/a-Al,03-, and 2) NM coated with TiCN/a-Al,O5 [18].

13 Fig. 13. Temperature distribution after 8.5 ms of milling time in the inner part of the tool
along a) path a and 6) path b. The dashed lines indicate the thickness of the 15 and 2" layer
of the coating [18].

4 Fig. 14. Changes in tool temperature with the type of cutting tool (V=180 m/min, f=0.1
mm/rev.) [22].

15 Fig. 15. Changing the temperature of the tool with the type of cutting tool (V=300 m/min,
f=0.1 mm/rev.) [22].

16 Fig. 16. Predicted changes of (a) the transition temperature and (6) the steady state tem-
perature along the depth of the tool (V=220 m/min) [49].

17 Fig. 17. Geometry, grid and dimensions of the work piece, cutting tool and coating layers
[48].

18 Fig. 18. Chip morphology and schematic temperature field obtained after cutting time of 6
ms. Temperature distributions are constructed along line 1 and line 2 [48].

19 Fig. 19. (a) The temperature distribution in the tool along line 1 (see Fig. 18) for uncoated
tools, with single-layer coating, two-layer and three-layer coatings; (6) the temperature dis-
tribution in the instrument along line 2 (see Fig. 18) for uncoated tools, with single-layer
coating, two-layer and three-layer coatings [48].

20 Fig. 20. Temperature distribution in the tool along line 1 for a tool with a three-layer coat-
ing. Each layer has a thickness of 5 pm [48].
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Software for automated interactive planning of experimental investiga-
tions of three-component heterogeneous systems, according to the given
restrictions on the content of components, is developed. The program can
be used for all possible combinations of ingredients in the composition. For
mixtures, in which the content of one or two of the components is less
than the others by several orders of magnitude, the created software has
developed algorithm for unevenly increasing the subarea of planning with
the mandatory preservation of mathematical co-ordinates. The program
allows us to design an experimental plan, using one of three types of mod-
els of dependence of the output parameters on the content of components,
namely, quadratic, incomplete cubic and cubic ones. Using a mathematical
model based on an incomplete third-order polynomial, the optimal content
of alumina nanoparticles and carbon nanotubes (CNT) for the modification
of polypropylene monothreads is calculated. As established, the introduc-
tion of 1.1 wt.% ALO; and 0.5 wt.% CNT into the composition provides
the threads with increased strength and elasticity, as well as high antimi-
crobial action against test-strains of microorganisms and fungi.

Pospob6aeno nporpamue 3abesmeueHHs (I13) mma aBromMaTM30BaHOTO iHTEpA-
KTUBHOTO IIJIAHYBAHHS €KCIEPUMEHTAJbHUX TOCJIiAKeHb TPUKOMIOHEHTHUX
TeTepPOTeHHUX CHCTEeM 3a 3aJaHUMH OOMeKeHHAMN Ha BMiCT KOMIIOHEHTIB.
IIporpama MosKe OyTH BUKOPUCTAHA AJIA BCiX MOKJIMBUX KOMOiHAaIliii iHI'pe-
mieutiB y wommoswuiii. [ns cywmimeit, B skmxX BMicT omHOro abo OBOX i3
KOMIOHEHTIB € MEHIINM 3a iHIIIi Ha JeKiJIbka mopaAnkiB, y ctBoperHomy II3
po3po0IeHO aATr'OPUTM AJA HepiBHOMipHOro 30iJbIlIeHHS Iimo6JIacTH ILIaHY-
BaHHA 3 000OB’SI3KOBUM 306epesKeHHAM BiAMIOBiZHOCTM MaTeMaTHYHUX KOOP-
nuHat. [IporpaMma yMOMKJIMBIIOE OyAyBaTU ILJIAH €KCIIEPUMEHTY, BUKOPHCTO-
BYIOUHM OOWH i3 TPHOX TUMIB MOZEJIB 3aJ€KHOCTU BUXITHUX IapaMeTpiB Bif
BMiCTy KOMIIOHEHTIB — KBaJApaTHUYHOI, HEIIOBHOI KyOiuHoi Ta KyOiumoi. 3a
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IOIIOMOT'0I0 MaTeMaTHUUYHOTO MOJEJII0, CTBOPEHOTO Ha OCHOBi ITOJIiHOMa HeMOo-
BHOTO TPETHOTO IMOPAAKY, PO3PAXOBAHO ONTUMAJIBHUI BMIiCT HAHOYACTUHOK
okcuny AnromiHio Ta ByrieneBux HaHOTpyOOok (BHT) mnis momudikysammsa
MOJTIIIPOITiIEHOBUX MOHOHUTOK. BCTaHOBJIEHO, IO BBeJEHHS B KOMIIOBUILiIO
1,1 mac.% Al,0O; Ta 0,5 mac.% BHT 3zabesnmeuye HUTKaM OigBUINEHi MiIll-
HiCTHb Ta €JIaCTUYHICTh, a TAKOYK BUCOKY aHTUMiKPOOHY [Iif0 JO TeCcT-IITaMiB
MiKpooprauismis i rpubis.

Key words: plan of experiment, software, mathematical model, nanoaddi-
tive, composition.

KarouoBi cioBa: maH eKCIIEpUMEHTY, IporpaMHe 3abe3leueHHs, MaTeMa-
TUYHA MOJeJb, HAHOJ00aBKa, KOMIIO3UIlisd.

(Received 29 June, 2021 )

1. INTRODUCTION

At the beginning of the third millennium, polymer composite mate-
rials became important in various fields of human activity, revolu-
tionizing the technique, everyday life, and lifestyle. Areas of their
application are expanded from household goods (fabrics, textiles,
knitwear, packaging, biomedical sparrows) to high-tech products
(aerospace and military equipment). This is due to a number of
their advantages over other materials, namely, thermal and corro-
sion resistance, lightweight combined with high mechanical proper-
ties, low cost. Providing polymer products with a set of desired
characteristics is achieved through a wide range of existing modifi-
cation methods: mixing, copolymerization, introduction of additives
(plasticizers, stabilizers, compatibilizers, fillers, etc.).

Qualitatively new materials with improved adjustable properties
are obtained by a combination of polymer matrices with nanofillers
of different chemical nature, configuration and size. The main fac-
tors, which determine the characteristics of nanocomposites, are
both the chemical nature of the polymer and additives and the ratio
of ingredients in the mixture. Thus, the introduction of highly dis-
persed electrically-conductive fillers in incompatible mixtures of
polymers can reduce the concentration of the additive required to
reduce the percolation threshold due to the selective localization of
nanoparticles (NP) in the transition layer [1]. When obtaining mi-
croporous polymeric materials by the template method (selective
removal of one of the components from nanofilled composites), ma-
terials with adjustable porous structure are obtained. The values of
porosity and average pore diameter in polyethylene membranes were
regulated by changing the number of particles of organomodified
montmorillonite in the composite film [2]. When adding of or-
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ganoclay to the mixture polyamide/polylactide (PA/PLA), there is a
change in the type of PA structure in the matrix, namely, the tran-
sition from drip-matrix to intertwined morphology. This led to an
increase in heat resistance and plasticity of the composite material
without adversely affecting its rigidity and strength [3]. By varying
the content of nanoparticles of alumina and titanium dioxide in a
mixture of polypropylene/copolyamide (PP/CPA) and polyethylene
terephthalate (PETF)/PP, respectively, it is improved the perfor-
mance of composite threads, namely, increasing their strength and
shape resistance by reducing the diameters of microfibrils PP and
PETF formed in situ [4, 5]. The characteristics of complex threads
from microfibrils obtained by extraction of the matrix polymer
from composite filaments also depend on the content of the nanoad-
ditive. The values of tensile strength, modulus of elasticity, specific
surface area, hygroscopicity have maximum values at a certain con-
centration of alumina [4], silica [6] or mixed oxide (TiO,/SiO,) [7].
With a higher content of additives, the properties of composite and
complex threads are deteriorated that is the result of saturation of
the interphase zone with nanoparticles. When studying the effect of
clay on the dimensional characteristics of natural rubber particles
in the PP matrix, the effect of reducing the surface activity of the
filler, when reaching its appropriate concentration, was also ob-
served [8].

Synthetic filaments filled with NP of precious metals and metal
oxides have a wide range of antimicrobial action, have antiallergic,
sorption and antistatic properties, protect from UV radiation, etc.
[9, 10]. The combined use of two substances in the nanostate is
more effective. Thus, with the simultaneous introduction of nano-
particles of silver and copper, the bactericidal characteristics of the
threads are higher, compared with individual additives, due to the
mutual synergistic enhancement of their action [10]. Electroforming
polyvinyl alcohol nanofibers, filled with NP of bicomponent
Ag/TiO, additive, have a high specific surface area (200 m?/g). The
presence of silver provides them with antimicrobial activity, and
TiO, provides photocatalytic activity [11]. The introduction of sil-
ver/silica nanoadditives into the structure of polypropylene mono-
threads gives them biological activity and improves mechanical and
manipulative properties [12].

Studies of mixtures’ compositions are associated with the need to
perform a large number of multifactorial experiments (even without
parallel experiments); so, it is advisable to use mathematical plan-
ning methods. At the same time, various mathematical functions
are used to describe the properties of the system, which relate the
output parameters to the variables during the experiments:
Yy =0(xy, x5, x5). The response surfaces for three-component composi-
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tions are adequately described by polynomials of high degrees, but
they have a large number of coefficients (in a polynomial of degree
n for q components, C],, coefficients are accrued). To accelerate
and increase the reliability of research results, it will help the de-
velopment of software to create a working plan of experiments in
order to obtain the highest-quality mathematical model with the
least possible number of experiments. An important factor is the
optimization of the content of ingredients in the composition, as it
is necessary that the desired properties of the products be achieved
with a minimum content of modifiers. This also solves the problem
of reducing the toxic effects of nanoadditives on living organisms
and the environment and reduces the cost of production.

The purpose of the work is to develop software for creating a
working plan of experiments and a mathematical model, as well as
to calculate the optimal composition of a three-component mixture
to obtain polypropylene threads with high antimicrobial and me-
chanical properties.

2. MATERIALS AND METHODS

The software for development of a working plan of the experiment
for study of three-component compositions is created in Builder en-
vironment in C++ [13—-15]. For planning, it was used the simplex-
lattice method due to its simplicity and efficiency in the study of
multicomponent compositions [16]. The variables x; (i=1, 2, ..., q@)
of such systems are the proportions (relative to the content) of the
i-th components of the mixture and satisfy the condition:

D x, =1 (x,20). (1)
1<i<q

The geometrical place of points satisfying condition (1) is a
(g — 1)-dimensional simplex, which, for a three-component system,
has the form of an equilateral triangle. Each point of such a sim-
plex corresponds to a mixture of a certain composition and, con-
versely, any combination of relative contents of the ¢ components
corresponds to a certain point of the simplex.

The problem of constructing a mathematical model ‘composition—
property’ is solved by representation the desired function in the
form of the polynomial of degree n in canonical form. To estimate
the coefficients of the polynomial, plans have been proposed, which
provide a uniform scatter of experimental points over the (q - 1)-
dimensional simplex [16]. The points of such plans are nodes of
{g, n}-simplex lattices, in which, for each factor (component), (n + 1)
evenly spaced levels in the range from 0 to 1 (x, =0,n7",2n7,...,1)
are used, and their different combinations are taken. The set of
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points  (x;,, Xp,5--+5%,,) where u=1, 2, ..., N, forms a saturated
simplex-lattice plan.

Experimental studies were performed using isotactic polypropyl-
ene brand Sabic 575P with a melt-flow rate of 11 g/10 min and a
melting point of 169°C. Nanoparticles of pyrogenic alumina with a
specific surface area of 109 m?/g and the three-layer carbon nano-
tubes (CNT) with an outer diameter of 10—20 nm and a specific sur-
face area of 340 m?/g were selected as nanoadditives. The ingredi-
ents of the composition were mixed on a worm-disc extruder. Nano-
filled polypropylene monothreads were formed on a laboratory stand
through a die with a diameter of 780 um at a temperature of 190°C,
with a drawing degree of 1000% . Thermoorientation drawing was
carried out at a temperature of 150°C with a multiplicity of 9.5.
The tensile strength of the threads was determined using a rupture
machine brand KT 7010 AZ. Studies of bactericidal properties of
the threads were performed on WHO-recommended test-strains of
microorganisms and fungi, according to standard methods [17]. The
antimicrobial activity of the modified PP threads was determined
by the diameter of the zone of growth retardation of microorgan-
isms (D, in millimetres).

To build the plan of experiment, the content of individual ingre-
dients of the three-component system was subject to bilateral re-
strictions 0<q, <x, <b <1, i=1,q, where a; and b, are the upper
and lower limits of the restrictions for each of the components,
which should not be equal to each other. For the studied composi-
tion, the input variables were x;, x,, x;—relative concentrations of
PP, nanoparticles of Al,0; and CNT, respectively, which were sub-
ject to the following restrictions:

0.995<x,<0.970; 0,005 < x,<0.020; 0.001 <x3<0.010. (2)

As output, parameters were chosen: y,—tensile strength of
threads; y,—strength of the threads in the loop; y;—the diameter of
the growth retardation of culture microorganisms St.aureus.

3. RESULTS AND DISCUSSION

When developing the plan of experiment, factor space in the form
of simplex is used; so, the created software is provided for the
transition from ordinary Cartesian co-ordinates to a special simplex
system. The points, which determine the relative content of each
component, are postponed along the corresponding faces of the sim-
plex. At the vertices of the simplex, each x;,=1, and then, they are
determined by level lines parallel to the opposite side of the sim-
plex. For a three-component mixture, the simplex has a form of tri-
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Fig. 1. Factor space for the experiment conducting.

angle on the plane with vertices x;, x,, x; (Fig. 1). Each vertex of
the simplex is an independent component of the mixture; the points
contained on the side of the triangle correspond to the systems of
the pairs of ingredients; the points in the middle of simplex corre-
spond to the composition of the mixture of all three components. In
particular, the value of the content of first component (x;) at the
vertex x; is equal to one, and values on the opposite side (x,, x3) are
Zero.

The content of ingredients in g-component mixture may vary
from O to 1 or in the middle of this interval, which is determined
by the requirements for the properties of the created compositions.
In this case, it is necessary to investigate only the (q-1)-
dimensional simplex subregion of the complete (¢ — 1)-dimensional
region. The subregion is defined by restrictions on the content of all
q components. The developed program allows obtaining automatical-
ly the area for the experiment conducting for all possible combina-
tions of the composition, including those with uneven content of
components, when the concentration of one or two of them is less
than other concentrations by several orders of magnitude. A limited
area of irregular shape, which is the factor space for the experi-
ment, is obtained by imposing restrictions on the concentration of
ingredients. The factor space for compositions with a comparable
content of components is shown in Fig. 1.

The planning of experiments by the simplex-lattice method is
carried out in a subregion ‘similar’ to the original simplex; so, in a
polygon, it is necessary to distinguish a subregion of triangular
shape. This triangle, firstly, must lie completely inside the ‘cut’ ar-
ea and, secondly, most fully cover it. The program allows us to con-
struct interactively an area in the form of a triangle inside the
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found subregion. Defining the points of its vertices can be done in
two modes: by selecting the option ‘mode of selecting the points of
the vertices of the subdomain’ or by cancelling it. Figure 2 presents
a uniformly enlarged factor space and examples of the desired sub-
region obtained using both modes.

Therefore, the next step is to select a subregion based on the em-
pirical considerations of the researcher. Figure 3 shows a trans-
formed subarea that can be used to build a work plan for experi-
ments. The lower right field of figure shows the co-ordinates of the
vertices of the triangle in the simplex system.

When planning an experiment in three-component systems, in
which the content of one or two ingredients is several orders of

e i s g Interactive planning of exeriments for, mixiures
L e Sibors |Aend |

T Sebeciaa poinks- the vertees ol araes
[T |

i Suass | |

Fig. 2. Uniformly enlarged factor space and examples of subareas obtained
by different options: a) ‘selection of points—the vertices of the subarea’,

b) without this option.
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Fig. 3. Transformed subarea to build a work plan of experiment.



430 V. G. REZANOVA, N. M. REZANOVA, and O. O. VILTSANYUK

magnitude less than the third component, the factor space has an
unusual appearance. It can be a strip, whose linear dimensions dif-
fer by hundreds or thousands of times, or a point region of very
small size. In this case, a uniform increase in the ‘cut’ area and the
interactive construction of the subregion become impossible. In the
three-component composition studied in this work, the content of
nanoparticles of alumina and carbon nanotubes is 500—-1000 times
less than the main component (polypropylene). The factor space ob-
tained with the help of software has the form of a point, which is
located near the vertex x; of the simplex (Fig. 4).

To solve this problem, in the program, special algorithms were
implemented, which provide an uneven increase of the resulting
‘cut’ area with the mandatory preservation of the mathematical co-

Lalir: | Sub-aiee | Resun |
Rt

Interactive planning of experiments for mixtures

Latiss Stireres | Bk |

Fig. 5. An enlarged factor space with a triangular subarea.
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ordinates (Fig. 5).

This is achieved automatically by entering the coefficient that
changes the size of the subregion in a certain direction. Next, in an
enlarged bounded area, we should choose a simplex in the form of a
triangle, which will be the basis for creating a working plan of ex-
periments.

The properties of three-component systems are most often de-
scribed by algebraic polynomials. The program provides the con-
struction of a plan of experiments, using, for choice, three types of
equations: quadratic, incomplete cubic and cubic ones. As a re-
sponse function that relates the output parameters to the values,
which change during the experiments to describe the test mixture,
we used a polynomial of incomplete third order:

g = Byx; +Byxy + Bgxg + By Xy + Prsxy X + PougdaXs + Brag X5 5 (2)

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

The working plan of the experiment was found, according to the
standard plan for the incomplete cubic model in pseudo-co-ordinates
(2) [16]. Calculations were performed, according the matrix ratio
X =AZ, where the elements of the matrix A are the co-ordinates of
the vertices of the constructed simplex subregion; X and Z are the
matrices of the plan, namely, for the required working and for full
simplex, respectively. In the program, the plan of experiment is ob-
tained by pressing the button ‘Calculation’ in previous form (Fig.
6).

In order to establish the effect of the concentration of alumina
nanoparticles and carbon nanotubes on the mechanical and bacteri-
cidal properties of polypropylene monofilaments, in accordance with
the plan experiments, were performed, and the output parameters
were determined (Table). Based on the data in this Table, with the
help of previously developed software [18], we calculated the coeffi-
cients of the polynomials (2) by the least squares’ method and ob-
tained a set of Eqgs. (3), which is a mathematical model of the stud-
ied process in z-co-ordinates:

y, = 490z, + 550z, + 654z, + 280z,z, + 210z,2, — 90z,2, + 2560z,2,2,,
y, = 280z, + 320z, + 390z, + 240z,z, + 260z,2, + 140z,2z, + 1878z,2,2,,
y, =17.2z, +20.9z, + 22.3z, + 2.62,2, +18.22,2, + 19.2z,2, + 1342,2,2,.

(3)

The model was tested for adequacy, i.e., the ability to predict the
results of experiments in some areas with the required accuracy
[19]. To do this, additional studies were performed at control
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TABLE. Influence of nanoadditive concentration on the properties of PP
monothreads.

Output Experiment number

variable 1 2 3 4 5 6 7
Ui 490 550 645 590 620 575 700
Ys 280 320 390 360 400 390 470

Ys 17.2 20.9 22.3 19.7 24,3 26.4 29.5

points, and the prediction error of the output variable (§) was calcu-
lated, depending on its co-ordinates at the simplex. All the deter-
mined values of £ were less than 1, i.e., the control points were cho-
sen optimally. Student’s criterion (¢,) was also calculated for all the
output variables and compared with tabular data. Determined on
the basis of experimental and tabular data, the values of t, are
ranged from 0.033 to 1.659 for all studied initial parameters. This
indicates that the developed model is adequate.

The ratio of components in the studied composition to obtain PP
threads with a given set of characteristics was determined, using
the generalized desirability function proposed by Harrington to op-
timize processes with a large number of responses [20]. To calculate
the value of the desirability criterion, the determined values of the
responses (y) were converted into the dimensionless desirability
scale for each output parameter. Partial desirability functions were
determined, using exponential dependence, pre-setting the worst
and best values for each variable. The generalized value of the Har-
rington criterion was calculated as the geometric mean of the par-
tial desirability functions. Using the generalizing function for mul-
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ticriteria search of the optimal composition of the PP/Al,O;/CNT
mixture, with the help of previously developed software [18], the
content of the initial components of the mixture in z-co-ordinates
was calculated. Then, using the matrix equation shown above (Fig.
6), we went to the working x-system. The criterion of desirability
was equal to 0.9844, and the optimal concentrations of the ingredi-
ents of the mixture were as follow [wt.% ]: polypropylene—of 98.35;
alumina nanoparticles—of 1.11; carbon nanotubes—of 0.54. The
compromise values of the responses, which characterize the quality
of the modified threads, are as follow: tensile strength and loop
strength—of 701 and 473 MPa, respectively, and the diameter of
the growth retardation zone of St.aureys ATCC 25923—of 29.8 mm.

Studies of the properties of nanofilled monothreads formed from
the mixture of optimal composition showed that the introduction of
two nanoadditives Al,O;/CNT in the ratio of 1.1 wt.%:0.5 wt.% al-
lows to increase their tensile strength by 1.7 times, compared with
the best samples of polypropylene textile threads. The elasticity of
the modified threads also increases; the strength in the loop is of
68% of the tensile strength. They show good manipulative proper-
ties, and they fix the surgical node well. The introduced nanoparti-
cles do not impair the monolithic nature of the threads, and their
surface remains smooth. The modifying additives also provide
threads with high antimicrobial and antifungal activity to all inves-
tigated test-strains of microorganisms and fungi. The diameters of
their growth retardation (D) around the holes are in the range
21.7-31.4 mm, which, according to the method used [10], is even
better than norm, which is 15 <D < 25.

4. CONCLUSIONS

In Builder environment in C++, software has been developed that
allows in interactive mode to build the plan of experiment for vari-
ous three-component mixtures, using three types of models of de-
pendence of output parameters on the content of components—
quadratic, incomplete cubic and cubic ones. The program allows us
to solve the problem of planning an experiment for mixed composi-
tions, in which the content of one or two components differs from
the others by hundreds and thousands of times. This is achieved
due to an algorithm developed in the software, which provides an
uneven increase of the area in factor space with the mandatory
preservation of the mathematical co-ordinates.

With the help of the developed software, the plan of experiments
is constructed, and the mathematical model for the investigation of
three-component system ‘polypropylene/alumina/carbon nanotubes’
is created. As shown, the model makes it possible to predict the re-
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sults of investigation in a given area with the required accuracy,
i.e., it is adequate. Using the generalizing Harrington’s criterion,
the composition of the test mixture was optimized as follows: PP—
of 98.35, Al,0;—of 1.11, CNT—of 0.54 (in [wt.%]).

As established, the use of aluminium-oxide nanoparticles and
carbon nanotubes as modifiers in a ratio of 1.1 wt.% :0.5 wt.% pro-
vides polypropylene threads with high antimicrobial and antimycot-
ic activity to all WHO-recommended test-strains of microorganisms
and fungi. At the same time, it increases the strength of PP
threads at break and in the loop by 1.7 and 1.9 times, respectively.
Due to the low content of nanoadditives, the toxicity and the cost
of modified threads are minimal; so, they can be successfully used
in medicine as surgical suture materials, mesh grafts in reconstruc-
tive surgery, as well as raw materials for the production of special
protective suits.
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Ilix yac CTBOpPEHHA METAJIOMATPUYHUX KOMIIO3UTIB 3 BUKODPUCTAHHAM Y
AKOCTI apMyBaJILHOTO KOMIIOHEHTa ByTJelneBux HaHOTpyOok (BHT) BuHU-
KaloTh TPYAHOII 3 piBHOMipHHM poamogijoMm ix y marpuni. Tomy nmuramus
nmomaBauusa BHT y meran-marpuiiio Ta Bubip TeXHOJIOTIiUYHOI cXeMH BUTOTOB-
JIeHHA KOMIIO3UIIifHOTO MaTepidAily € akTyalbHUMU 3aBraHHAMU. MeTa po-
00T — BUTOTOBJIEHHS METOJAMU IIOPOIIKOBOI METaJyprii KOMIIOBUTHOTO
MaTepifAay Ha OCHOBiI HMOPOIIKIiB MiZi, AKMX OMEpP:KAaHO €JIEKTPOOCAIKEHHAM,
cymicaum 3 BHT, B mpucyTHoCcTi moBepxHeBo-aKTUBHHX peuoBuH (ITAP)
pisHOi mii, Ta gOCHimKeHHS CTPYKTYPH ¥ BJIACTHUBOCTEIH IIHOT'0 MAaTepisay.
151 BUTOTOBJIEHHA CIEUEHUX 3pas3KiB y AKOCTI MaTpUIlli BUKOPHUCTOBYBAJIU
MiZHUI IIOPOIIOK, OJEPKaHUI €JeKTPOJIiZ0I0 3 CipUYaHOKMCJIOTO eJIeKTPOJIi-
Ty, 0 cKJany aAkoro gomaBaau IIAP pisuoi xii: amiomoakTuuuii ITAP nay-
puacyabdar Harpio (SDS), kariomoakTuBHHUI IIAP 6pomigmeTmaTpuMeTua
amonio (CTAB), a Tako:x 6ararocrinai BHT, Burorosierni CVD-meTomom. 3
MeTo0 posxinienHA KoHrJomeparTie BHT emexkTpositT 06pobiAnm yabTpasBy-
KOM. 3pasKy AJS JOCJiJyKeHb KOMIIAKTYBaJu ONHOOIUHUM IIpECyBaHHAM 3a
Tucrky y 400 MIla i cuikamaam 3a temmepatrypu y 950°C B armocdepi Bog-
HI0. [locHigsKeHHA CTPYKTYPHUX XapaKTEePUCTUK CIeYeHUX 3Pa3KiB BUKO-
HAHO 3 BUKOPHCTAHHAM eJIEKTPOHHOTO CKaHyBaJbHOro Mikpockoma (Tescan
Mira 3 LMU). [na BuU3HaAUEHHSA €JeMEHTHOT'O CKJIAAY 3PasKiB BUKOPUCTO-
BYBaJI METOJ JIOKAJbHOI aHali3u — CHUCTEeMY eHeproAucCIepciiiHOl CIeKTpo-
cromii (EIC) 3 merekropom Bumpominenus ‘X-max 80’ (‘Oxford Instru-
ments’, Aurmis). Haa pesuCcTOMETPUUYHUX JOCTIKEHb CIeYeHWX B3PasKiB
0yJI0O BUKOPUCTAHO METOJ aMIlepMeTpa Ta BOJbTMeTpa. PesyabraTu mOCIi-
I:KeHb cBimuars, 1m0 BHT micas cumikamma sbepirairorbesa B MigHiith maTpuiri
Ta PO3TAIIOBYIOTHCA IO Me:Kax 3epeH i B mopax. Ilokasamo, 1o 3 migBu-
meHHAM BMicTy BHT eneKTpuuHuMii omip cmeuyeHOro MaTepidAsy 3MEHIIYEThb-
csa. Haiibinpmuit Bmict BHT MaroTh DOPOIIKM, AKHUX OAEP:KAHO €JIeKTPOJIi-
3010 3 ejekTpoJity, mo mictue ITAP CTAB i BHT. PesynbraTtu po6oTu Mo-

437
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KYTh 6yTI/I BI/IROpI/ICTaHi AJIsd BUTOTOBJIEHHA MaTepiﬂJ’IiB eJIeKTpOTEXHquOFO
IIPU3HaA4YEeHHA.

The carbon nanotubes (CNTs) embedding into metal-matrix composites is
accompanied with difficulties in providing their uniform distribution
within the matrix. Therefore, choosing a way to add CNTs into a metal-
matrix and a general technological route for composite-material fabrica-
tion are crucial tasks. This study aims to develop copper—CNT composites
by powder-metallurgy methods from composite powders and to analyse the
structure and properties of such materials. The composite powders are
produced by electrodeposition from the copper-bearing sulfuric acid elec-
trolyte. The CNTs are dispersed in electrolyte, using sonication in the
presence of surfactants having the different-type actions. In this research,
anionic surfactant sodium lauryl sulphate NaC,,H,;SO, (SDS) and cation
surfactant cetyltrimethylammonium bromide C,,H,,BrN (CTAB) are used.
Multiwalled CNTs (with outer diameter of 8—28 nm and length of 0.5-10
um) are prepared by the chemical vapour deposition (CVD) and thermally
annealed at temperature of 650°C through catalysts Al,0,—Fe,0,—MoO;.
The concentration of CNTs in the plating bath is of 0.15 g/1. The electro-
deposited copper powder is used as a matrix for sintered samples’ fabrica-
tion. Samples for the investigation are compacted at pressure of 400 MPa
and sintered at 950°C in a hydrogen atmosphere. The study of sintered-
samples’ structural characteristics is performed, using the scanning elec-
tron microscope (Tescan Mira 3 LMU). The local microanalysis of the
samples’ elemental composition is made by energy dispersive spectroscopy
(EDS) with a radiation detector ‘X-max 80’ (‘Oxford Instruments’, Eng-
land). The amperemeter and voltmeter method is used for the resistance
measurement of sintered samples. After samples’ sintering, the CNTs in
the copper matrix are revealed mainly at the grain boundaries and within
the pores. The CNTs content increasing (in investigated limits) reduces
the electrical resistance of the sintered material. The highest content of
CNTs is provided by deposition in the electrolyte with cation surfactant
CTAB. The investigation results are helpful for the copper materials’
manufacture for electrical contacts.

KarouoBi croBa: HAaHOKOMIIOSUT, BYTJIeleBi HaHOTPYOKM, ITAP, emexkTpooca-
I'KEeHHs, IpeCyBaHHA, CIiKaHHA.

Key words: nanocomposite, carbon nanotubes, surfactant, electrodeposi-
tion, pressing, sintering.

(Ompumano 14 aunnsa 2021 p.; nicas doonpauyrsanns — 8 gepecnsa 2021 )

1. BCTYII

CyuacHa IIPOMMCJIOBICTh BHCYBa€ BCE BHUII[I BUMOTU OO MeXaHiUHMNX,
eJIeKTPUYHMNX 1 TENmJOBMX BJIACTHUBOCTEN MAaTepidAJiB Ha OCHOBiI Mimi.
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Tpagumitini meToau Jer'yBaHHA 3MAaTHI 3HAYHO HOJIIOIIIUTH MeXaHiuHi
BJIACTHUBOCTI YMCTOI MiAi 3aBOAKN 3MiITHEHHIO TBEPAOrO0 PO3UMHY, ajie
TOMi HMOHMIKYIOTBCS 1i IJIACTUYHICTH, €JIEKTPO- Ta TeIJIOIPOBiAHICTH.
ToMy CTBOPEHHS KOMIIO3UTIB CTAa€ TPEHAOM PO3BUTKY Ta IEPCIEKTU-
BHUM CIIOCOOOM OJep:KaHHSA MaTepidJiB Ha OCHOBI Mizi 3 MeTol0 HO-
CATHEHHS BMCOKOI MIiITHOCTH, IIPOBiZHOCTH Ta 6araToyHKIIiOHAJILHO-
CTU.

YIpomoB:K OCTAHHIX MBOX AECATHJITL BEeJUKY yBary IPUILIAIOTH
JOCJiI)KeHHAM HAHOBYIJIEI[EBUX MAaTepPisaliB, 0COOJMBO TAKUX AK BY-
raerneBi HanoTpyoku (BHT). IlopiBHAHO 3 TpaauIiiHUMM YaCTUHKA-
My ab0 BOJIOKHaAMHU apMyBaJibHOI Kepamiunoi ¢asu, BHT maitoTh yHi-
KaJbHUN KOMILJIEKC BJIACTUBOCTEI, a caMe, BHUCOKi MiIlHiCTb, MOAYJb
npy:xuocTu (mo 1 TIla) [1], emeKTpuuHy Ta TeIJoBY mpoBimHocTi [2].
Tomy iX pO3TIAAAIOTH AK IMEPCIEeKTUBHUN apMyBaJbHUN eJeMeHT IJId
metasnomaTpuuaux xommo3uTie (MMEK) [3]. Oxgumak aromu KapGony y
BHT mnoexgnani cuabuumMum Bau gep BaanbcoBuMuy 3B’a3KaMu, iXHS
OBEePXHA CUJBHHO MOJIIPU30BaHA, BOHU JIETKO IEPEILIYTYIOThCA # ar-
JOMEPYIOThCA, M0 YCKJIAMHIOE ITPUTOTYBAaHHA KOMMIO3UI[IMHMX MaTe-
pianis 3 uux [4, 5]. 3 immoro 6oxy, BHT maioTs gy:xe HU3BKY XeMi-
YHY aKTHUBHICTBH, IO YCKJATHIOE YTBOPEHHS e(PeKTUBHOTO 3B’A3KY ixX
3 baraTbMa MaTPUIIAMU, O0COOJINBO, MeTajeBUMU. ToMy yIOCKOHAJIEH-
HaA TexHoJorii nomaBanua BHT mo mixi ama mosimmenua il enekTpu-
YHUX i TEIJIOBUX BJIACTUBOCTEH, a TaKOYK 3 MeTOI0 3a0e3IlledueHHs PiB-
HOMipHOCTU po3mnozgisny BHT B xommosuTi Ta HagifHOrO KOHTAKTy 3
MaTpUIIEIO € aKTyaJbHUM 3aBIaHHAM.

TpamuiitHo s oJep:KaHHA MeTaJOMATPUUYHUX HAHOKOMIIOBUTIB
BUKOPUCTOBYIOTh TEXHOJOTii IOpOmIKOBOI MeTasyprii, AKi BKJoua-
IOTh CTafil MPUTOTYBaHHSA IMUXTH, (hOPMYyBAHHA CYMiIlli, IpecyBaHHS
Ta IOAAJIBIIIOrO CIIiKaHHA IIPECOBOK; IIiJi Yac IbOTO BCi KOMIIOHEHTH
MOKYTh 3HAXOAUTHCA B TBepaomy crami. Cuig BimmiTuTum, 1mjo Haii-
OiJBbIII KPUTUYHOIO IIEPEeIYMOBOIO 3a0e3IIeUeHHA BUCOKUX MIiITHOCTU Ta
mpoBigHOCTH OYyAB-AKUX MMK € edekTuBHaA B3aeMOMiA MOBEPXHi 3Mi-
MHIOBAJbHOI (pasu 3 marpuier. Ilia BupimieHHa Iiel 3amaui mig gac
BUTOTOBJIEHHSA KOMIIO3UTIB cKJaany Migb—BHT 3acToCOBYIOTH peTesb-
He 3MillTyBaHHA KOMIOHEHTIB IIUXTU Yy KyJaboBUX MJauHax [6—10] abo
3MiIlTyBaHHA HA MOJIeKYyJApHOMY piBHi [11] 3 macTymauM Temaum [9]
abo rapAYMM i30CTaTUYHUM TIpecyBaHHAM [6] abo egeKTpoicKpoBUM
cuikamaam (SPS) [7, 10]. B pmeaxux BuUmagkax AJd IIiABUINEHHS
OIiIBHOCTY CIIEUEHiI IIPECOBKM MigmaBajii MIOAATKOBiN medopmarrii,
HAIIPUKJIAA IIPOKAaTIIi [7] Ta piBHOKaHaJIbHOMY yIIiJibHeHHIO [12].

PesysabraTy Hamwmx ImomnepenHix mocaimskens [13] 3 omepskaHHA
creyeHOro Kommno3uTHoro marepiany mias—BHT muraxom mexaHiuHO-
ro smimryBaHHA mopomky Mmiai mapku IIMC-1 iz BHT y kimskocti
0,08 mac.% y posuumHi MOJIiBiHIJIOBOTO CIMPTY Ta MOZATKOBUM 0GPOO-
JIEHHAM yJbTPa3BYKOM mokasanu, 1o BHT micia cmikamus sb6epira-
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IOThCA B MiAHI#I MaTpUIll Ta PO3TAIIOBYIOTHCA IO MeEyKaX 3€peH i B
nmopax IlepeBasKHO y BUTJIAAL arjiomepariB. Merona amimnryBaHHA B KY-
JBOBUX MJMHAaX € mpoctuM i spyunum: BHT pucnepryioTsca B mera-
JIeBOMY IIOPOINIKY 3a AOIOMOTroi0 6e3lepepBHUX MeXaHiuHuX 3CYBiB.
Ta 1eil mpolec MOKe COPUUMHATH PYUHYBAHHS CTPYKTYPH HAHOBYT-
JIeIo.

Haii6inpmioi Bsaemoxii matpuni 3 BHT, mio mpuBoauTs mo 3abes-
IeUeHHs BMCOKOI MiIHOCTM Ta BUCOKOl mposimnmoctu MMEK, moxxHa
JOCATTH cyMicHUM eJjieKTpoocamxeHuaaM migi Ta BHT. IIpomecu ome-
PKaHHS KOMIIO3UTHUX MOPOMIKiB cKJjany migzb—BHT meromom esexT-
porisu posrasHyTo B poborax [14—16]. Ilokasano, 10 i3 momaBaHHAM
B ejekTpoJsit BHT posmip 4YacTMHOK IIOPOMIKY MiZi 3MEHIIy€E€ThCS
[15], a BBemeHHS MO CKJIAAY €JEKTPOJITYy IIOBEPXHEBO-aKTUBHUX pe-
yoBuH (IIAP) cupuse mpomecy koncosigamii BHT # marpui [14].

Metoo maHoi PoOOTH € OJeps;KaHHsS MeTOAAMM IIOPOIIMKOBOI MeTa-
Jyprii KOMIIOBMTHOI'O MAaTepisly Ha OCHOBiI IIOPOMIKiB Mimi, AKux
OIePsKAaHO CYMICHUM eJIeKTPOOCAIKeHHAM 3 BYIJIEIIeBUMU HAHOTPYO-
Kamu B mpucyTHocTi ITAP pisHoi mii, a TaKoK IOCTiIKeHHS CTPYK-
TYypU Ta BJIIACTUBOCTEH IIHOTO MATEPiATY.

2. EKCIIEPUMEHTAJIBHA METOJUKA

JlJIT BUTOTOBJIEHHS CIIEUEHWX 3Pas3KiB y AKOCTI MaTpPHUIlli BUKOPUCTO-
ByBaJIM MiZHUII TOPOINOK, SAKUUA OYB Omep:KaHUU eJIeKTPOJIi3o 3
exexTpoJity cxkaany 130 r/x H,SO, ta 40 r/n CuSO,, 10 AKoro moxa-
Banu IIAP pisuoi gii Ta OGararoctinai BHT, sBurorosmeni CVD-
metonoM. Buxopmcrani y po6oti 6aratoctinui BHT Oyso omep:kamo
IIJIAXOM POBKJAaJaHHA MPOIiJeHy B IPUCYTHOCTI KaTajisaTopa
Al,0;-Fe,0,—Mo0O; 3a Temneparypu y 650°C. XapakTepHuii nisinma3oH
miamerpiB BHT ckiaB 8—28 um, a ixHix moB:xuH — B Mexxax Bim 0,5
IO mecaTKiB Mikpou. J[o ckiaamy eixexTpoJity momasaau IIAP pisHoi
mii: amiomoakTuBHuii ITAP maypuicyabdar HaTpio (momemuicyabdar

TABJUIIA 1. Koumnenrpartiia go6asok ITAP B eneKTpoJiTi Ta BMicT Byr.ie-
IO B IOPOIIKY.!

Konmnenrpaiiia 106aBoK
Howmep ckaanmy ITIAP B enexTponiti, [Bwmicr ByruemioCepenHiii po3mip
eJIEKTPOJIiTY /3pasKa r/a B MOPOINKY, % | YaCTUHOK, MKM
CTAB | SDS | BHT

1 0,15 — 0,15 0,83 41

2 — 0,5 0,15 0,50 55

3 0,1 0,3 0,15 0,25 43

4 — — 0,15 0,21 61
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matpiio) NaCl,H,;S0, (SDS) B Koumnenrparii y 0,3 r/a i 0,5 r/m, Ka-
riomoakTuBHuit IIAP Opomimmerunrpumerun amoniio C; H,,BrN
(CTAB) B xounenrpanii y 0,1 r/x i 0,15 r/n1 ta ixHio cymim. 3 me-
TOIO po3aijieHHA KoHIJaomepaTiB 3 BHT eaexTposiT nmomimanu B yib-
TPasBYKOBY MIITaJIKy 3 4acToTol KoauBaub y 14,1 xI't. Yac sminry-
BaHHA craHoBuB 30 xBuamu. BumpobyBaHi KoHIeHTpaiii mg00aBOK
ITAP B eneKTpoJiTi Ta BMicT BYIJIEI[}0 B OJEP:KaHOMY HOPOIIKY Mimi
HaBeZeHo B TabJ. 1.

IIpomec eexTpoJi3u HOPOBOAMIAN 3 BHUKOPUCTAHHSAM MiZHOI PO3-
YUHHOI aHOAM Ta MiAHOI KaToau y ¢opMmi IjacTMHMU 3a TyCTHUHU
ctpymy v 15 A/mam® mporsarom 30 xBuimH 3a Temmeparypu y 40°C.
EnxekTporaiT mepemiiysasm MiIlTaJKoO0 3i IIBUAKICTIO 0o0epTaHHA y
850 obepriB/XB.

ByrierneBi HaHOTPYOKM € HEIOJAPHOW TiApodoOHOI PEUYOBUHOIO,
dAKa 3as3Buuaii moope amcopoye IIAP 3 momApHUX PignH, AKEIMU € BO-
IHi po3uMHU eJeKTPoJiTiB ocamxkenHs minmi. Tomy BBememusa IIAP B
€JeKTPOJIIT iCTOTHO BIIJIMBA€E HA HPOIIECH CYMiCHOTO eJIeKTPOXeMiuHO-
ro ocaI:KeHHsA Mifi Ta ByrieneBoro xomioHeuTa (rpagiry, BHT) [17].
Haii6inemuii epeKkT moKasaHO 3 BUKOPUCTAHHAM KaTiOHOAKTHBHOI
ITAP CTAB, mudinpbHa MoJekyJsa AKOI amcopbyeTbcsi Ha IIOBEepPXHi
BHT rigpodo6HOI0 HEIOJSPHOI YaCTHUHOIO Ta 3apAmKac ii IMO3UTHUB-
HUM 3apAIoM, IT0 cipusde Jinmomy nepemimnierdaro BHT mo katogm Ta
cyMicHOMY ocam:KeHHI0 pasoM i3 Mmimmio. OKpiM mboro, momaBaHHS
ITAP crabinisye gucmeproBaHi B 00’€Mi eJeKTPOJITYy HAHOYACTUHKU
Ta 3amobirae IxXHi¥ ceguMeHTAaIril.

Cepenniii posmip i Mopdosorito (puec. 1) omep:KaHMX UYaCTUHOK

Puc. 1. MopdoJioria 4acTUHOK HOPOIIKY 3 eJeKTpoaiTy Nel (a), Ne2 (6), Ne3
(8) i Ne4 (2).2
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migb—BHT Bu3Hauajam 3a ZJOIOMOIOI0 PACTPOBOTO E€JEKTPOHHOTO MiK-
pockorma.

3pasKku I OOCTimKeHb KOMIAKTYBaJW OJHOOIUHMM IIpecyBaHHAM
3a Tucky y 400 MIla i cumikammam 3a Temmeparypu y 950°C 3 moga-
JIBINIOI0 i30TePMiUHOI0 BUTPUMKOIO BIPOAOB:K 2 TOAWH B aTMocdepi
BOJIHIO Ha eKCIIePUMEHTaJbHi!l yCTaHOBIII IIPOTOYHOTO THUITY.

HocrmimxeHHa CTPYKTYPHUX XapaKTEePUCTHK CIeUeHUX 3Pas3KiB BU-
KOHAJMW 3 BUKOPHCTAHHAM €JeKTPOHHOIO CKaHYBaJbHOTO MiKpPOCKOIIa
(Tescan Mira 3 LMU). [I1a Bu3HaUeHHA eJIeMEHTHOTO CKJIaAy 3pasKiB
BUKOPUCTOBYBAJIM METOJ JOKAJLHOI aHaisyu — cucCTeMy eHeprojuc-
nepciiinoi coexTpockotmii (EIIC) 3 merexkTopoM BuUmpoMiHeHHS ‘X-max
80’ (‘Oxford Instruments’, Auruis).

HocmimxyBani spasku manu Gopmy mnwiaingpa 3 h=1,2 mm, d=1,1
MM, II0 OPAKTUYHO YHEMOXKJMBJIIOBAJIO BUMiPIOBAaHHS €JIEKTPUUHOTO
OIIOPY 3 BUKOPHCTAHHAM IIOABiHHOIO IIECTHUIIJIEYOBOTO MOCTY 3 UOTH-
POBATHUCKHUM ITiZKJIOUEHHIM OCJiIKYyBAHOTO 3pasKa 3 JIBOMAa CTPY-
MOBMMHU Ta ABOMA IIOTEHHIiAILHUMH KoHTakTamu [18]. Tomy mas pe-
3VCTOMETPUYHMUX MOCHiIKEHb CIIeUeHUX 3pasKiB O6yJ0 BUKOPHUCTAHO
MeTon ammepMmerpa Ta BosibTMerpa [19] Ha mynabTmmerpi 43201 3
rpagunavu Mmipagaa: 1 mB (0,02 mB/nog.), 30 A (A/oox.); R, >> R,
(Ha Kimbka mopsankis). [lia 3abesmeuenHsa HeoOXigHOI BeIMUMHU Ha-
npyru (Bix 0,1 MB mo 0,7 MmB) B eneKTpmuHOMY KOJi IpomycKaiu
ctpyMm Bim 10 A mo 30 A. IlonmApHicTh m:kepesa KUBJIEHHA MiJ dac
3aMipiB SMiHIOBaJU AJIA IIOHUIKEHHSA MOXKJIMBOTO BILIMBY Ha Pe3yJb-
TaTu BUHUKHeHHS TepMoEJIC. PesyinbTaT BuMipioBaHHA BU3HAUAIN
AK cepefHe apu(dMeTHUYHe pe3yJabTaTiB ABOX BUMipioBaHb, IO Bigpis-
HAJIUCSA HOJAPHICTIO CTPYMY.

3. PE3YJIBTATH TA IX OBTOBOPEHHS

Ha pucyHKy 2 HaBeJeHO MiKDPOCTPYKTYPU CIIeUEHUX 3PasKiB 3 eKcie-
puMeHTanbHUX mopoinkiB Migb—BHT, BuroroBieHux ejieKTpooca-
MKEeHHAM 3 eJIeKTPOJiTiB pisHoro ckJjaany (tabdia. 1).

Amnajniza MiKpPOCTPYKTYp INOKasye, Imo 3pa3ok Nel mae MeHIy 3a-
raJibHy MOPUCTICTh i MeHIMi posmip camux mip. Kpim Toro, BigOyBa-
€ThCs 3amoBHEHHA IuXx mmip ckymuenHamu BHT, axmx moOpe BUIHO
Ha puc. 3.

O BUBHAUEHHA PO3MOAiNY BYTJIEIIEBUX HAHOTPYOOK ITPOBENEHO
eHeproJucIepciiny MikpoaHanidy Ta kapryBaHHsa Kympymy i Kapbo-
HY IJiA Bcix 3paskiB (puc. 4 Ta tabua. 2). Ha Kaprax posmoxiny ee-
MeHTiB uiTKO BuaHO, o BHT posraIoByioThcsa IIepeBakHO y mopax i
MO0 Me)Kax 3epeH. ¥ fAKOCTI HNpUKJaAy Ha puc. 4 HaBeJeHO MiKpo-
CTPYKTYpPy 3 pesyabraramu EJIC xapaxTepHUX BimpiskiB i xapTu po-
snoxiny Kymnpymy ta Kapbomy B 3pasky Nel.

Amnaiiza xaprt posnozginy Kapbouy spaska Nel cBigumTh, 110 3HAUHI
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SEM HV: 200KV SEM HV: 20.0 KV woiagsmm[§1li
View fleid: 150 pm View field: 150 pm Det:InBeam 20 pm
SEM MAG: 1.83 kx | SEM MAG: 1.93 kx

SEM HV: 100 kv WD: 1,98 mm SEM HV:20.0 V. WD: 1.77.mm L |
View flold: 150 pm. Det:InBeam |21 Vieve fle]d: 150 um DetinBeam  |20pm
SEM MAG:1.93 kx SEM MAG: 1.8 kot

Puc. 2. MiKpoCcTpYKTypH eKCIepUMEeHTAIbHUX 3pasKiB: a — Nel, 6 — Ne2, 6
— Ne3, 2 — Ne4 .3

KimpkocTi Okcureny ta BHT cxommeHTpoBaHi y mopax i mo mMekax
sepen (62,22%), axe BHT npucyThi i y migui#i maTpuiii, 3posymio,
1o B MeHIi# KijabxocTi (4,14% ). Axajoriuauii posmomij crocTepi-
raeTbcA IJs BCiX 3paskiB, i umMm Oiynbirta 3a posmMipoM mopa, TUM Y
Hil 6inmbmuii BMicTt Kap6ory (BHT) i maBnaku.

PesynbraTy gucmepciiiHOi peHTI'eHiBChKOI cmeKTpoMeTrpii mus Beix
3pasKiB HaBeIeHO Ha puc. 5.

Amajisa ofmep:kaHUX CHEKTPiB IIOKasye, IO IicJA CIIKAHHS y aT-
Mocdepi BogHIO ByTJelb 30epiraeTbca y Bcix 3paskax. MaxcumaabHaA
KingpkicTe Byraerio 6,23% Bigmosimae spasky Nel, aKkuii 6yB BUTOTO-
BJIEHUH 3 MiHOTO MOpPOIIKY 3 Haibimbirum Bmictom BHT.

BakiIuBUM TEeXHOJIOTIiUHMM IIOKA3HUKOM € yCaAKa ITIiCJIdg CHiKaHHMd.
Haa spaska Ned crmocrepiranu 3pocTaHHA IIPECOBKHU SIK 3a JIiHIMHUMU
posmipammu, Tak i 3a ob’emom, a aasa 3paska Ned — TigbKuM 3a
o6’emom. [lia spaska Nel BuUABMIM yCaAKy, IO MOKHA MOSACHUTHU
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SEM HV: 20.0kV WD: 1.50 mm 1L | MIRA3 TESCAN
Det: InBeam 1 pm cy K | 200 nm
SEM MAG: 57.8 Kx SEM MAG: 280 fox

Puc. 3. ArjnoMepary ByIJIeleBIX HaHOTPYOOK y mopax spaska Nel.*

CKa1_2

4pm Electron image 1

Puc. 4. MikpocTpyKTypa Ta KOHIleHTpalliiiHi Kaptu posmoxiny Kympymy Ta
Kap6ory B 3pasky Nel.®

THUM, IO IIOPOIIOK OyB OinbIll ApiOHMIA.

A Bcix 3paskiB BUSHAUMJIN MHUTOMUU €JEKTPOOIIP i IMOPHUCTICTh.
g nopiBHaHHA OyB 00paHUU 3pPa30K, BUTOTOBJIEHUN 3 ITOPOIIKY YHU-
croi mizgi mapxu IIMC-1, akuii O0yB ofep:KaHUU aHAJOTIYHUM YKMHOM,
AK i immi 3paskm, — Tuck mpecyBamusa y 400 MIla 3 macTymHuUM
cuikamaaMm 3a Temmeparypu y 900°C B armocdepi Bommio. ITmrommit
omip AJig BCix 3pasKiB BuU3HaAUANINM B OJHAKOBUX yMOBaX, i BiH € Bif-
HOCHOI0O XapaKTepHCTHUKOKI. Pe3yabTaTu MipsgHL IIPEeICTaBJIEHO V
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TABJHUIA 2. Enementauit ckiaan [mac.% ] 3paska y HaBeieHux Ha puc. 4
cnexTpax.b

CrexTep KapGou (C) | Oxcuren (0) | Kympym (Cu)
Cnextep 1 62,22 16,83 16,65
CoexTtep 2 20,59 3,16 75,99
CoexTep 3 4,14 — 95,86

T T T T T T T T T T T T T T T
as 1 15 2 25 3 33 4 45 |p 05 1 18 2 25 3 35 4 45
Full Scale 3732 cts Cursor: 0.000 keV| Full Scale 3732 cts Cursor. 0.000 keV|

Sum Spectrum Sum Spectrum

T T T T r
p 05 1 15 5 . 05 1
Full Scale 3732 cts Cursor: 0.000 ull Scale 35963 cts Cursor: 0.000

Puc. 5. Pesyabratu gucnepciiiHoi peHTIeHiBCHKOI cIeKTpomerpii 3paskiB: a
— Nel, 6 — Ne2, 6 — Ne3, 2 — Ned.”

rabua. 3.

IlopiBHANBbHA aHaJiza pe3yabTaTiB IUTOMOI'O €JeKTPOOIOpY CBix-
YUTh PO Te, I0 MaKCHMaJbHe 3HAUEHHS OJep:KaHO AJA 3pasKa, BU-
TOTOBJIEHOTO 3 MOPOINIKY umcToi mini 6e3 momaBamusa BHT. Hiaa mboro
JK 3pasKa xapaKTepHa Ii HaubiabIiia mopucTicth. IlopucTicTh 3pasKis,
BUTOTOBJIEHUX 3 €KCIEPUMEHTAJbHO OJEPKAHNX KOMIIO3UIIMHUX IIO-
PpoOIIIKiB, € MeHIOI0, HixK aaa 3paska 3 umcroi mimi. Cepen 3paskis,
aKi mictaTe y cBoemy ckiaani BHT (NeNel—4) ta maioTh cmiBBimHOCHY
mopucticts (12-19%), miHmimaabHe 3HaUeHHS €JIeKTPOOIIOPY CIIOCTe-
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TABJIMIIS 3. BiractuBocTi ciedeHux 3paskis.®

Howmep spaska | ITutomuit enexTpoomip, OM-cMm ITopucricts, %
1 28,1.107° 13
2 38,0-107° 12
3 49,0-107° 19
4 29,9-107° 14
Yucra Migs 51,9-107° 23

piraetbca mna spaska Nel. Ileii 3pasoK omep:kaHO 3 eKcIepUMeHTAa-
JILHOI'O IIOPOINKY 3 MaKCHMAaJbHOI KiabKicTio Byriero (0,83%), min
Yyac BUTOTOBJIEHHS SKOTO 0 eJeKTPOJiTy momasanu cymicao BHT Ta
IIAP CTAB. 3mMeHIIeHHS eJEKTPOOIOPY B 3pas3Kax HAaIeBHO
moB’s3aHe 3 JIMIIKWM YI[IJIbHEHHAM KOMIIO3UTHMX IIOPOIIKiB, Ha IIO-
BepXHiI yacTMHOK AKuX poararmmoByBajaucsa BHT, mio e€ mepemyMoBOiO
IpoABY IXHBOI BUCOKOI €JeKTPOIPOBiHOCTHU, IO M Mae MicIie y 3pa-
3Ky 3 MAKCUMAJbLHUM iXHiM BMicTOM.

4. BAICHOBRH

EnekTpoocamxenuaM 3 ejnexkTpornity, aAxkuii mictue BHT Ta IIAP,
ollep:kaHo KommosulliitHi mopomku mianb—BHT, 3 AKkmx MeTomoM mo-
POIIIKOBOI MeTaJyprii BUTOTOBUJIM CIIeUeHi KOMMIO3UIIifHI MaTepidanam,
AKi MOKasaJau MiABUINEHY eJeKTPUUHY IIPOBiAHICTE.

B ycix Bumagkax ByTJeneBi HaHOTPYOKHM 30epiraioThbCs Micasd CIHi-
KaHHA Ta MaKPOCKOIIIYHO PiBHOMipPHO PO3TaNIOBYIOThHCA yV MimHiNT Ma-
Tpui (IXHA KOHIeHTpalid ckJaamae 4—6%), yTBOpPIOOYM, OJHAK, Mi-
KPOCKOIIIUHi CKyITUeHHA y Iopax i IIo Mekax 3epeH.

Iloxazano, mio 3 migBumieHHaMm Bmicty BHT enexTpuunwuii omip
CIIEUEeHOT0 MAaTepisaay 3MeHINmyeThbcsd. Bei 3pasku, sxmx Oyja0 BUTOTO-
BJIEHO 3 €KCIIEPUMEHTAJbHOTO0 KOMIIO3UIIiTHOTO mopornKy Mins—BHT,
MaOTh OiJbINY IMiJBHICTHL i OiNBINT HU3BKUH €JeKTPOOoIip y 3sicras-
JeHHi 3 IOPiBHAHHWUMEN 3pas3KaMM 3 YHCTOI MiJli, BUTOTOBJIEHUMH B
aHAJIOTIYHUX YMOBax.

Hatimenmuii nuToOMHII €JEKTPOOMip IIOKasajau CIeueHi 3pasKu 3
MOPOIIKY 3 Haibiabimum gocaruytTum Bmicrom BHT — 0,83% (omep-
JKAHUM eJIEKTPOJIi30I0 3 eJIeKTpoJIiTy, 1o mictuB ITAP CTAB i BHT).
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the powder.

2 Fig 1. SEM images of copper powder obtained from different electrolyte: No. 1 (a), No. 2
(6), No. 3 (8) and No. 4 (2).

3 Fig. 2. Microstructures of sintered experimental Cu—CNT samples: a—No. 1, 6—No. 2, 6—
No. 3, 2—No. 4.

4 Fig. 3. SEM images of CNTs’ agglomerates within the pores of the sample No. 1.

® Fig. 4. Microstructure and EDX mapping of copper and carbon distributions in sample
No. 1.

S TABLE 2. Composition of elements (wt.% ) in the spectra shown in Fig. 4.

" Fig. 5. EDS spectrum of sintered samples: a—No. 1, 6—No. 2, 6—No. 3, 2—No. 4.

8 TABLE 3. Properties of sintered samples.
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In this study, the hybrid porous silicon (PS)-reduced graphene oxide
(rGO) nanosystems are suggested as sensitive elements to the humidity
sensor creation. The electrical characteristics of the PS—rGO nanosystems
are studied in the frequency range of 25 Hz—1 MHz. As shown, the elec-
trical resistance and capacitance of sensory elements strongly depend not
only on the ratio between the contents of the PS and rGO nanoparticles
but also on the surrounding atmosphere. An essential increase in the elec-
trical capacitance and decrease in resistance by about three orders of
magnitude due to increasing relative humidity from 40 to 90% is detect-
ed. Dependences of sensing ability of resistive and capacitive sensor ele-
ments based on the PS—rGO nanosystems on relative humidity are ana-
lysed. The obtained results demonstrate high potential of applications of
the PS—rGO nanosystems in humidity sensors.

CTBOpPEHO BOJIOTOUYTJINBI CEHCOPHI eJIeMeHTH Ha OCHOBi riOpMAHMX HAHOCH-
creMm mopyBaTtuii KpemHi# (PS)-BizHoBieHuii rpadenies oxcuz (rGO). Enek-
TPUUHiI XxapakTepuctTuku HaHocucteM PS—rGO gmocnifsKeHO y YacTOTHOMY
mismasoui 25 I'm—1 MTI'n. BecTranoBiaeHo, IO eJeKTPUYHUM OMIip Ta €MHICTH
CEHCOPHUX €JEMEHTIiB iCTOTHO 3ajeKaTh He TiJIbKM BiJl CIIiBBiZHOIIIEHHS
Mixk BmicTamm HamouacTuHOK PS i rGO, a i Big HaBKOJIUIIIHLOI aTMocdepu.
Buspieno 30iIbIIeHHS eJIEKTPUYHOI €MHOCTH Ta 3MEHIIIEHHS eJIEKTPOOIOpPY
npubJIM3HO HA TPU IMOPAJKU BHACHIJOK 30iJbIIIeHHA BiZHOCHOI BOJIOTOCTH
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noBitpa Big 40 mo 90%. IIpoamasizoBaHo 3ajieKHiCTh afcopOIifiHOI UyTIN-
BOCTHY PE3UCTUBHUX Ta €MHICHUX CEHCOPHHX eJIeMeHTiB HAa OCHOBI HaHOCHUC-
TreMm PS—-rGO Bim BimHocuHoi Bosioroctu. OmepskaHi pesyJbTaTH AEeMOHCTPY-
IOTh BUCOKMIH IIOTEHIIAJ 3acToCcyBaHHA HaHocucteM PS—-rGO y ceHcopax
BOJIOTOCTH.

Key words: nanosystem, graphene, porous silicon, humidity sensor, sens-
ing ability.

KarouoBi croBa: HamocucTeMa, rpadeH, mopyBaTui KpeMHili, ceHCOp BOJIO-
TOCTH, aAcopOIliiiHa YyTIUBiCTD.

(Received 6 September, 2021 )

1. INTRODUCTION

The creation of semi-conductor gas sensors is important for the
monitoring of the environment, control of food quality, as well as
in medicine and industry. Special attention is focused on the devel-
opment of cheap and reliable humidity sensors for scientific, indus-
trial, and medical applications [1]. Nanostructured materials with
an ultrahigh specific surface are extremely promising in the field of
sensor electronics [2—-4]. In particular, porous silicon (PS)
nanostructures are widely used as sensitive elements of gas sensors
[6, 6]. The PS layers can be obtained by a simple method of electro-
chemical etching of silicon wafers [7, 8]. As a result, small cavities
are formed, which are directed inside the single crystal. Both the
pores and the walls between them can be nanometer in size. The
large area of the branched PS surface provides a high sensitivity of
the material to the effect of adsorbed particles including polar mol-
ecules of water. Due to the field-effect related to the adsorption of
gas molecules, redistribution of charge carriers and changes in the
PS electrical characteristics are found [9]. These effects underlie
the operation of gas sensors of resistive and capacitive types [6, 10,
11].

Catalysts or a combination of several nanomaterials are often
used to increase the sensitivity and selectivity of sensors. One of
the most promising technologies for obtaining nanocomposites for
gas sensors is the infiltration of 2D carbon materials into the PS
layer [12]. It should be noted that the extremely high sensitivity of
the electrical conductivity of graphene nanosheets to the adsorption
of molecules is promising for the creation of gas-sensing devices
[13, 14]. Besides, the low electrical noise of graphene makes it pos-
sible to register the absorption of individual molecules. Therefore,
the synergistic combination of useful properties of nanoparticles of
the PS and graphene can increase the sensitivity and selectivity of



HUMIDITY SENSOR ELEMENT BASED ON SILICON-GRAPHENE NANOSYSTEM 451

gas sensors based on the formed nanosystems. In addition, graphene
nanosheets can be used as electrode material for the PS nanostruc-
tures [15, 16].

In this work, the silicon—graphene nanosystems are prepared in
order to study their potential for application in humidity sensors.
Freestanding nanostructures of the PS coated with particles of re-
duced graphene oxide (rGO) are used to ensure the maximum work-
ing surface area and to eliminate the undesirable effects of the sili-
con substrate or other host medium. The obtained nanosystems can
also be deposited on a flexible substrate, which expands the applica-
tion area of humidity sensors.

2. METHODS

Hybrid nanosystems for humidity sensors are manufactured by
combining two promising sensory materials, namely, the PS
nanostructures and graphene nanosheets. Single-crystalline silicon
wafers with the electronic type of conductivity (n-Si) and the specif-
ic resistance of 4.5 Ohm-cm are used to obtain the PS nanostruc-
tures. The PS layers are prepared by the photoelectrochemical
method in an ethanol solution of hydrofluoric acid with a volume
ratio HF:C,H,OH=1:1. The anodic current density is 25-30
mA/cm?, while the duration of the etching process is of about 10
min. The working surface of a silicon wafer is additionally irradiat-
ed by a 500 W filament lamp for the efficient course of electro-
chemical reactions and the formation of the porous layer on the n-Si
[17]. After etching, the PS samples are cleaned with distilled water
and dried in the air. Finely dispersed PS particles are obtained by
mechanical separation of the porous layer from the silicon sub-
strate.

The second component of the hybrid nanosystem is graphene pre-
pared by the chemical reduction of graphene oxide method with the
use of reducing agents [18, 19]. Aqueous suspension with a gra-
phene oxide concentration of 2 mg/ml produced by Biotool (Germa-
ny) is used. The graphene oxide suspension is dispersed by ultrason-
ic treatment for 20 min under the action of hydrazine monohydrate.
As a result, GO nanosheets are obtained. Besides, the 0.2 M solu-
tion of sodium dodecylbenzene sulfonate in water is used to prevent
the aggregation of graphene nanoparticles. The finely dispersed PS
powder is mixed with graphene suspension in proportions
PS:rGO=1:1 and 2:1. The obtained mixtures are deposited to pre-
pared substrates with electrical contacts, the distance between
which is of about 1 mm. After drying suspensions at room tempera-
ture, the sensory elements based on hybrid PS—rGO nanosystem are
formed for humidity sensing.
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The samples of the PS—rGO nanosystem are characterized by a
scanning electron microscope (SEM) ‘Selmi’ in secondary electron
mode. The electrical resistance and capacitance of the obtained sen-
sory elements are measured in the AC regime at room temperature,
using device E7-20 ‘Kalibr’ in the frequency range of 25 Hz—1
MHz. The study of sensory properties of experimental samples is
performed at 1 kHz frequency in an airtight chamber with a con-
trollable gas medium. The concentration of water vapour in the air
is determined by means of the ‘Honeywell’ HIH-4000-004 humidity
sensor.

3. RESULTS AND DISCUSSION

The study of the surface morphology of the sensory elements based
on the PS—-rGO nanosystem is carried out, using the SEM method.
As one can see in Fig. 1, the mix of the PS and GO nanoparticles
forms a nonmonolithic film on the substrate after drying the depos-
ited suspension. The SEM images show silicon nanostructures rang-
ing in size from several tens to hundreds of nanometers. Individual
PS and rGO nanoparticles are aggregated into clusters, the size of
which can reach several micrometers. In turn, the connection of
these clusters forms a conductive path between the electrodes of the
sensor element. It should be noted that GO nanosheets surrounding
PS nanoparticles could not only increase the sensitivity of gas sen-
sors but also decrease the resistance of sensory elements due to per-
colation processes. Sensory films based on the PS—rGO nanosystems
show greater porosity than nanocomposite films based on conjugat-
ed polymers [20]. This causes increasing the working surface of the
sensitive elements.

Fig. 1. SEM image of the PS—rGO nanosystem.
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Fig. 2. Frequency dependences of electrical resistance (a) and capacitance
(b) of the PS—rGO nanosystems with different components’ ratio.

Based on experimental studies, it is found that the electrical
characteristics of the PS—-rGO nanosystems are strongly dependent
on both the composition of the material and the surrounding atmos-
phere. In particular, the increase in the content of reduced gra-
phene-oxide nanoparticles causes a decrease in electrical resistance
and an increase in the capacitance of the nanocomposite (see Fig. 2).

The detected increase in conductivity may be due to the percola-
tion clusters’ formation in the system of low-resistance graphene
nanosheets. A decrease in internal resistance and electrical capaci-
tance with increasing frequency from 25 Hz to 1 MHz is estab-
lished, based on the measurement of frequency dependences of the
impedance. Besides, different capacitance dispersion of the PS—rGO
nanosystems in different frequency ranges is found. It can be relat-
ed to both the hopping mechanism of the conductivity and the com-
plex processes of transfer and relaxation of charge in PS nanostruc-
tures [21, 22]. Usually, low-frequency dispersion is associated with
the transport of charge carriers through barriers between nanopar-
ticles and high frequency with the electron or hole processes in the
bulk of the PS nanocrystals.

The adsorption of polar water molecules shows a significant ef-
fect on the electrical characteristics of the PS—rGO nanosystems. As
shown in Fig. 3, an increase in relative humidity causes a decrease
in electrical resistance and an increase in the capacitance of sensi-
tive elements based on the investigated nanomaterials in the AC
mode. It should be noted that the capacitance change range due to
moisture adsorption is larger for nanosystems with a higher content
of GO nanosheets. The resistive sensor elements with components
ratio PS:rGO=1:1 and 2:1 show almost the same decrease in re-
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sistance by about three orders of magnitude with an increase in rel-
ative humidity from 40 to 90%.

The observed dependences are likely caused by the interaction of
water molecules with the surface of the PS and rGO nanoparticles.
In particular, the adsorption of water molecules with donor proper-
ties causes an increase in the concentration of free electrons in n-Si
nanostructures due to the field effect [9]. Graphene-based materials
also demonstrate a significant dependence of impedance on humidi-
ty [23]. Besides, the effective dielectric permittivity of the PS—rGO
nanosystems increases due to the water adsorption, which has a
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Fig. 3. Dependences of resistance (a) and capacitance (b) of sensor elements
based on the PS—rGO nanosystems on relative humidity.
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2') sensor elements based on the PS—rGO nanosystems on relative humidi-
ty.
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large dielectric constant (¢ = 81) as compared to silicon. The combi-
nation of these effects forms the resulting electrical response of the
PS—-rGO-based sensor elements to changes in relative humidity.

An important characteristic of sensory materials is the determi-
nation of their sensing ability to adsorption of gas molecules. The
sensing ability y of the PS—rGO nanosystems to the action of mois-
ture is calculated, using the equation

. AS/S
Ap/p,’

where AS/S denotes the relative change in the electrical character-
istics (namely, resistance or capacitance) of sensor elements, and
Ap/py is the change in the relative humidity of the air. The sensing
ability of the resistive and capacitive sensor elements based on the
PS—rGO nanosystems with the various ratios of the components as a
function of relative humidity is shown in Fig. 4.

Analysis of the calculated dependences indicates that the resistive
and capacitive sensor elements have maximum sensitivity in differ-
ent ranges of relative humidity (see Fig. 4). Resistive humidity sen-
sors are characterized by slightly higher sensitivity in the range of
45-60% , which is promising for environmental monitoring. In-
stead, the maximum values of sensitivity of capacitive sensors
based on the PS—-rGO nanosystems are observed in the 70-90%
range of relative humidity. Moreover, capacitive sensor elements
with a higher content of the rGO nanoparticles demonstrate greater
sensing ability to the adsorption of water molecules. An increase in
the sensor sensitivity at relative humidity above 80% is probably
due to the condensation of water in the pores of the PS nanoparti-
cles and the formation of additional charge-transfer channels. A
similar increase in sensitivity at high air humidity was registered
for the sensory PS structures on a silicon substrate [6].

Similarly to adsorption—desorption processes in PS structures,
the interaction of the water molecules with the PS—rGO nanosystem
surface has a character of physical adsorption because the initial
resistance and capacitance of the sensor elements are restored after
elimination of the moisture from the experimental chamber.

4. CONCLUSIONS

The PS—rGO nanosystems are obtained by the PS electrochemical
etching technique and further mixing separated nanostructures
from silicon substrate with rGO nanosheets. The SEM study has
found that the PS and graphene nanoparticles are aggregated into
micrometer clusters and formed nonmonolithic high-porosity film.
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The ultrahigh specific area of the working surface of sensitive ele-
ments based on the PS—rGO nanosystems expands prospects for
their application in sensory electronics.

Impedance spectroscopy of the PS—rGO nanosystems in the 25
Hz—-1 MHz frequency range reveals a decrease in both resistance
and capacitance with increasing frequency. Nanosystems with a
higher content of graphene nanosheets are characterized by lower
resistance and greater capacitance. Water adsorption causes a de-
crease in resistance and an increase in capacitance of studied sensor
elements. Based on the analysis of the dependences of sensing abil-
ity on the water concentration, it has been established that resistive
and capacitive sensor elements have maximum sensitivity in differ-
ent ranges of relative humidity. Besides, an increase in sensitivity
of humidity sensors based on the PS—rGO nanosystems at relative
humidity above 80% is found. The obtained results can be used to
create sensitive elements of humidity sensors.
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In the present study, NiAl,O, nanocomposite was synthesized using solu-
tion combustion method. The sample was annealed at three different tem-
peratures (500°C, 700°C and 900°C) to study the variations in properties
attained with annealing temperature. Structural characterizations of all
the synthesized samples were carried out using XRD, SEM, EDAX and
FTIR analysis. From XRD, the formed metal oxides were confirmed to be
NiO/NiAl,O, nanocomposite. Crystallite sizes of these oxides were calcu-
lated using Scherrer equation. FTIR also confirmed the structure of metal
oxides. All three samples showed strong UV-Vis absorption that made
them suitable candidate for photocatalytic degradation of organic dyes.
The photocatalytic degradation activity of all three synthesized nanocom-
posites on acidic dye (Congo red) were studied and compared. Results con-
firm that proper tuning of these nanocomposites could improve their pho-
tocatalytic activity.

YV upomy mocaimxenui HamoxkommosauT NiAl,O, OyB cuHTe30BaHUII 3a IOIO-
MOTOI0 METOAY CIIaJIIOBAHHS PO3UMHY. 3Pa30K BiAMaJIOBaIM 3a TPbOX Pis-
"Hux temmepatyp (500°C, 700°C i 900°C) nis BUBUEHHS BapidIiil BJacTHUBO-
cTeil, NOCATHYTUX 3a TeMmmneparypu Bixmasy. CTpyKTypHiI xapakTepumaarril
BCiX CHHTE30BAHUX 3pa3KiB MNPOBOAMUJIUCA 3a AOIMOMOTIOI0 PEHTI'eHiBChKOI
mudpakmii, ckaHyBaJbHOI €JeKTPOHHOI MiKpPOCKOmii, eHeproposciroBaIbHOIL
PEHTI'eHOCTIEKTPAJIbHOI eJIeKTPOHHO-30HAOBOI MiKpoaHasnisu ¥ imgpauepso-

459
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HOI CIIEKTPOCKOIII Ha ocHOBI mepeTBopy ®yp'e. 3 PeHTreHIBCHLKOI AudpaK-
mii 6ys0 ImiATBepIsKeHO, IO YTBOPEHI OKCHUIAN MeTaJiB € HAaHOKOMIIO3BUTOM
NiO/NiAl,O,. Poamipu kpucranitie mux oxcunis 0yau pospaxosani sa Ille-
ppepoBoio (dopmyJoo. AHamiza iH(ppauepBOHOI CIEKTPOCKOIIii Ha OCHOBI
nepersopy ®@yp'e TaKoK MiATBEpAUIa CTPYKTYPY OKCHAIB MeTaais. Bei Tpu
3pasKu IIOKasaju CUJIbHEe IMOTJIMHAHHS V BUAUMIiN 1 yabTpadiosneroBiit o6a-
CTAX CBiTJIa, IO 3pPOOMJIO iX MPUAATHUMH OJS (POTOKATAJITHUYHOI merpajna-
uii opraHiuHmx OapBHUKiB. BuBUueHO Ta HOPiBHAHO (OTOKATAIITUUHY [e-
I'pajaliiHy aKTHUBHICTb BCiX TPhOX CHMHTE30BAHMX HAHOKOMIIO3UTIB Ha KUC-
JOTHOMY OapBHUKY (KOHTO YepBOHOMY). PesayabTaTym HiATBEepPI:KYIOTH, IO
MpaBUJIbHA HACTPOMKA IIMX HAHOKOMIIOSUTIB YMOMKJIWBHUJIA O MHOJiOIIUTHU
iXHIO (POTOKATATITUUHY aKTHUBHICTb.

Key words: nanocomposites, solution combustion, nickel aluminate, photo-
catalytic activity, Congo red, acidic dye.

Karouori cioBa: HAaHOKOMIO3UTU, TOPiHHA PO3UUHY, aJIOMiHAT HiKJIIO, (o-
TOKATAJITHYHA aKTHUBHICTb, KOHT'O UePBOHUI, KUCJIOTHIII OapBHUK.
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1. INTRODUCTION

Oxide spinels are an advanced group of materials in the solid-state
sciences with great technological demand, being able to be applied
as magnetic materials, semiconductors, pigments, catalysts, refrac-
tories, sensors, carriers and electronic ceramics [1-3]. They can be
used as the carrier for catalysts due to their resistance to high tem-
peratures, low surface acidity, and strong interaction with the noble
metals, which provide chemical and physical stability [4].

Interest in the synthesis of partially inverted spinels-like nickel
aluminates (NiAl,0,) nanoparticles has increased due to its different
properties when compared to the corresponding bulk material such
as excellent strength, high thermal stability, chemical inertia, good
wettability with metals at high temperature, besides the general
merits that the spinel materials have [1, 5]. Nickel aluminates
(NiAL,O,) is a mixed cation oxide with normal spinel structure,
where Al occupies the octahedral sites and Ni occupies the tetrahe-
dral sites. Industrial application of this material is mainly based on
its stable structure at high temperature and catalytic features.
Prime importance of nickel aluminates for the catalytic applications
ranging from methane/steam and methanol reforming to hydrocar-
bon cracking, dehydrogenation, hydrodesulphurization, and hydro-
denitrogenation [6] are due to its high surface area that results
from small particle size. In particular, the nickel aluminate can be
used as a good ceramic skeleton for infiltration of metals at high
temperature [7]. Industrial application of this material is mainly
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based on its stable structure at high temperature and catalytic fea-
tures. Hence, the synthesis of nanosize nickel-aluminate nanoparti-
cles is worth studying [8—10].

Several preparation methods have been studied to obtain crystal-
line nickel aluminate spinels with small particle size, such as sol gel
synthesis [11, 12], sonochemical method [10], microwave heating
[13], polymer solution route [7] and solid-state reaction [14]. Re-
cently solution combustion synthesis, an effective and versatile
method are used by many researchers for the synthesis of different
crystal structures. In the present work, NiO/NiAl,0, nanocomposite
was synthesized using the solution combustion-reaction method. In
order to study the effects of annealing on the structural and optical
properties of nickel aluminates, the synthesised materials were an-
nealed at three different temperatures.

Recently, the removal of resultant hazardous organic pollutants
in water sources from human productive activities has become an
important research topic. Photocatalysis is a very promising low-
cost advanced oxidation process based on the use of proper semi-
conductor materials, which upon activation with suitable light
sources give rise to the formation of various reactive species. These
reactive species react with organic contaminants that result in com-
plete mineralization with no waste disposal problem. Important part
of the present work was to study the application of NiAl,O, nano-
composite as photocatalyst for the degradation of organic cationic
dye—Congo red. The effect of annealing on the photocatalytic deg-
radation of organic cationic dye was also studied and compared. The
variations of dye concentration and catalyst dosage were also an ob-
jective of the present study.

2. EXPERIMENTAL DETAILS

A chemical reagent purchased from Merck was used. Nickel alumi-
nates were prepared using solution combustion method. Aluminium-
nitrate nonahydrate and nickel-nitrate dihydrate were used as start-
ing materials. Ethylene glycol and urea were used as fuel and citric
acid to control pH. 1 M aluminium-nitrate nonahydrate and nickel-
nitrate dihydrate was taken in a beaker and 0.6 g of urea and 0.4 g
of citric acid were added to it. 4 ml of ethylene glycol and 20 ml of
distilled water are added to it drop by drop. The solution is stirred
well until all the components are completely dissolved. The beaker
is then placed in a combustion chamber. In the chamber, rapid heat-
ing of the solution took place, and once, the ignition point of fuel
was reached the mixture burned to form the product. The powder
obtained after combustion was annealed at 500°C, 700°C and 900°C
for 4 hours in a muffle furnace to obtain the respective metal-oxide
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nanoparticles. Samples were named as NAF, NAS and NAN for
nickel aluminates annealed at 500°C, 700°C and 900°C, respectively.

Structural properties of the synthesised samples were studied us-
ing x-ray diffraction (XRD) and Fourier-transform infrared spec-
troscopy (FTIR). The powder x-ray diffraction patterns of the pre-
pared samples were recorded using XPERT-PRO model powder dif-
fractometer (PAN analytical, Netherlands) employing CuK, radia-
tion (A =1.54060 A) operating at 40 kV, 30 mA by recording 26 in
the range of 10—-70° at a scan rate of 0.5°/min. The FTIR spectrum
of the produced samples were recorded using Perkin—Elmer FTIR
Spectrophotometer in the wavenumber range 400 cm™ and 4000
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Fig. 1. XRD of NAF, NAS and NAN.

TABLE 1. Crystallite size of NAF, NAS and NAN estimated by means of
using Scherrer equation.

Sample Crystallite size, nm
NAF 7.93+0.9
NAS 10.01 +£1.52

NAN 13.87+1.83
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cm ' by KBr disc method. Optical properties of the synthesized
samples were studied using UV-visible (UV-Vis) absorption spectros-
copy techniques. JASCO 650 UV-Vis spectrophotometer was used to
record UV-Vis absorbance.

3. RESULTS AND DISCUSSIONS
3.1. XRD Analysis

X-ray diffractograms obtained for NAF, NAS and NAN are shown
in Fig. 1. For confirming the structure of the prepared samples, 20
values, relative intensities and interplanar spacing (d,;) values in
the observed diffraction peaks were compared with the standard
values as reported by JCPDS-ICDD Centre for Diffraction Data. Da-
ta were compared with pattern number #10-0339 of NiAl,O,. In ad-
dition to peaks of NiAl,0,, additional peaks were observed. Hence,
the data were also compared with pattern number #46-1215 of
Al,O; and pattern number #78-0429 of NiO. From the results, it
was seen that both NiO and NiAl,O, were present in the prepared
samples with complete absence of Al,0;. NAF and NAS showed pre-
dominance of NiO, whereas NAN showed the dominance of NiAl,O,
peaks. According to JCPDS-ICDD pattern number #10-0339,
NiAl,O, is a cubic system with f.c.c. lattice, and JCPDS-ICDD pat-
tern number #78-0429 showed NiO as a cubic system with f.c.c.
lattice. Hence, the system formed will be a cubic system with f.c.c.
lattice.

The average crystallite or grain size was calculated using the
Scherrer equation as follows:

D- K\ ’
BcosH

(1)

where 0 and A are the Bragg angle and the wavelength of the x-ray
used, respectively. K is a constant approximately equal to 0.9; B is
the full width at half-maximum corresponding to the intense peak
at 6 value. Table 1 gives the crystallite sizes of synthesized sam-
ples. It is found that the crystallite size and crystallinity of the
synthesized samples increased with increase in annealing tempera-
ture. The XRD results confirm the formation of heterostructure of
NiO/NiAl,O, nanocomposite.

3.2. SEM Analysis

The SEM image of NAN at 1 p magnification is shown in Fig. 2.
NAN shows Coral reef with high level of porosity.



464 Babu NANDANA, Devadathan DEDHILA, V. BAIJU, and G. SAJEEVKUMAR

Fig. 2. SEM analysis of nickel-aluminate sample annealed at 900°C.
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Fig. 3. EDAX analysis of nickel-aluminate sample annealed at 900°C.

3.3 EDAX Analysis

Figure 3 shows the EDAX spectrum of NAN. The absence of impu-
rity peaks confirms the purity of synthesized metal-oxide samples.
It is found to have 19.97% of aluminium, 25.37% of nickel and
54.66% of oxygen.

The FTIR spectrum of the NiO/NiAl,0, heterostructure at differ-
ent temperatures is shown in Fig. 4. The OH-bending modes of
NAF, NAS and NAN were observed at 1372, 1375 and 1373 cm},
respectively. Metal oxides give absorption bands below 1000cm™
arising from interatomic vibrations. For NAF, NAS and NAN, the
peaks obtained near 412, 410 and 409 cm ™' give evidence about the
presence of NiO [15]. The peak corresponding to Al-O bond in the
range 727-704 cm™ is found to show a noticeable intensity gain
with rise in temperature. Hence, the FTIR studies agree with the
XRD results. The bands above 1500 cm™ could be assigned to the
0-C=0 symmetric and asymmetric stretching vibrations, which
could be attributed to physical adsorption of CO, in air, when FTIR
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Fig. 4. FTIR spectra of NAF, NAS and NAN.
sample disks were prepared in an open air [16].

3.5 UV-Vis Absorbance Analysis

The UV/Vis absorption spectra of the NAF, NAS and NAN are
shown in Fig. 5. All three samples showed three small bands around
380 nm, 575 nm and 650 nm that was similar to observations done
by Ragupathi et al., and these bands correspond to the formation of
NiO/NiAl,O, inverse spinel structure that is occurred [8]. The ab-
sorbance spectral analysis confirms the complete formation of a
NiAl,O, spinel structure [6] in the composite. The absorption bands
located around 250 nm originate from the fundamental band-to-
band electron transition. The variation in absorbance peaks of NAF,
NAS and NAN could be attributed to the increasing predominance
of nickel aluminate with annealing temperature.

From absorbance spectrum, Tauc plot was drawn, and the corre-
sponding energy gap was found. The energy band gap of the mate-
rial is related to the absorption coefficient o by the Tauc relation,
o=A(hv-E,)", where A is a constant, hv is the photon energy
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Fig. 5. UV-Vis absorbance spectra of NAF, NAS and NAN.

(v=c/M\), E, is the band gap, and n is either 2 for an indirect transi-
tion or ' for a direct transition. The (ahv)® vs. hv for all the sam-
ples was also plotted. Figure 6 shows Tauc plots drawn. Table 2
shows the energy-band gaps obtained. The changing band gaps could
also be attributed to the changing predominance of nickel aluminate
with annealing temperature. The presence of additional bands is due
to the presence of defects levels.

4. PHOTOCATALYTIC DEGRADATION STUDIES

The main objective of the present work is to study the application
of nickel aluminates as photocatalyst for the degradation of organic
cationic dye—Congo red. The various factors affecting photocatalyt-
ic-degradation-like effect of contact time, amount of photocatalyst
and dye concentration were also investigated. Under UV illumina-
tion in a homemade photoreactor equipped with three 18W UV
lamps with a wavelength of 254 nm, the photocatalytic-degradation
studies were done. The UV-Vis absorbance spectrum of pure Congo
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TABLE 2. Energy-band gap obtained for NAF, NAS and NAN.

Samples NAF NAS NAN

1.36 1.25 1.27

Energy band gap, eV 2.15 2.91 3.2
3.72 3.81 3.83

red (CR) absorbs at A,,, values of 344 nm and 498 nm, and for pho-
todegradation studies, the A,,, value of 498 nm was taken as refer-
ence for CR. Figure 7 shows the absorbance spectrum of CR for 50-
ppm concentration.

To study the effect of contact time on the photodegradation,
Congo red dye solution with concentration of 300 ml of 50 ppm CR
with 0.1 g of the photocatalyst kept at 300 K was kept under UV
light. After desired time intervals (30, 60, 90 and 120 min), 10 ml
of the solution was taken out and centrifuged, and UV-Vis absorp-
tion spectra were recorded. The amount of photocatalyst was varied
from 0.025 g to 0.15 g to study its effect on photodegradation. Dye
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Fig. 7. The absorbance spectrum of CR for 50-ppm concentration.

solutions of three different concentrations were selected (25 ppm,
50 ppm and 75 ppm) to study the effect of initial dye concentration
on photodegradation efficiency.

The photocatalytic degradation efficiency was calculated as fol-
lows:

Co _Ct

0

Photocatalytic Degradation Efficiency [%] =

x100, (2)

where C, is initial concentration of dye solution [mg-L™'], C,—final
concentration of dye solution [mg-L™'].

The photodegradation efficiency of 50 ppm CR dye solution, us-
ing NAF after 120 minutes, was found to be of 54.62%, whereas
for NAS, it was found to be of 56.68%, and for NAN, it was of
88.91% . The absorption plots corresponding to the photodegrada-
tion of CR at different time intervals are shown in Fig. 8, and it is
evident that the absorption peak shows a decrease in peak intensity
with increase in time. The results show high rate of photodegrada-
tion of the dye with increase in contact time. The contact time in
the experiment was fixed at 120 min. However, after 180 min,
complete degradation of CR was observed for NAN photocatalyst.
Here, the heterostructure with maximum predominance in nickel
aluminate NAN showed maximum activity. This could be due the
improved photocatalytic activity of nickel aluminate over nickel ox-
ide and surface properties attained due to composite formation.

The amount of catalyst loading is one of the key parameters for
the degradation efficiency. The results showed that, when catalyst
dosage was increased up to 0.075 g, the percentage decolourization
increased. The increase in dosage of the catalyst beyond 0.1 g re-
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Fig. 8. Photocatalytic degradation of Congo red with using NAF, NAS and
NAN.

sulted in a slight decrease in the degradation percentage. The in-
crease in the catalyst loading increased the degradation rate that is
due to the increase in total active surface area [17]. The increase in
photocatalyst generates higher amount of hydroxyl radical through
the interaction of UV light with photocatalyst. However, above 0.1
g, the percentage degradation significantly decreased due to de-
crease of formation of hydroxyl radicals. The catalyst loading af-
fects both the number of active sites on photocatalysts and the pen-
etration of UV light through the suspension [18]. With increasing
catalyst loading, the number of active sites increases, but the pene-
tration of UV light decreases due to shielding effect [19].

The effect of initial dye concentration on the rate of photocata-
lytic degradation for synthesized composites was studied, and the
results obtained. The results indicate that the rate of photocatalytic
degradation decreased with the increasing initial dye concentration.
Increase in initial concentration of a dye increases the colour of dye
solution that results in less penetration of light to the surface of
the catalyst, and the number of excited dye molecules is decreased
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Fig. 9. Schematic representation of the photocatalytic degradation process.

[20].

When coupled heterostructure metal-oxide nanocomposite is irra-
diated by light, the electrons in the valence band (VB) of NiAl,O,
and NiO are excited to their conduction bands (CB) or to the defect
levels presented in the band gap. The excited electrons from higher
level CB of a metal oxide are transferred to the low-lying CB of the
other member. Similarly, the holes are transferred from the low-
lying VB to the VB band of the other metal oxide. This, in turn,
leads to the efficient separation of photogenerated electron—hole
pairs, increasing the recombination time of electrons and holes gen-
erated, and enhances the photocatalytic activity of the NiO/NiAl,O,.
Figure 9 shows the schematic representation of the activity of the
photocatalyst formed in the present work. Here, MO1 and MO2 rep-
resent the two metal oxides whose heterostructure is formed. In the
absence of photocatalyst, it was found that CR dye is difficult to be
oxidized by using UV light alone. Compared to a single semiconduc-
tor metal oxide, composites always increase photocatalytic activity,
as they are very effective in separating photogenerated electron—
hole pairs and increasing their recombination time.

5. CONCLUSION

In the present work, heterostructure of NiO/NiAl,O, nanocomposite
was synthesized using solution combustion method. The samples
were annealed at 500°C, 700°C and 900°C to study the variations in
properties attained with annealing temperature. Structural charac-
terizations of all the synthesized samples were carried out using
XRD, SEM, EDAX and FTIR analysis, which confirmed the for-
mation of NiO/NiAl,0O, nanocomposite. XRD also showed that, as
annealing temperature increased, the predominance of NiAl,0, was
increased. Crystallite sizes of these oxides were calculated using
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Scherrer equation. All three samples showed strong UV-Vis absorp-
tion. UV-Vis absorption supported the transformation seen in XRD
studies. The photocatalytic activity of all the synthesized nanopar-
ticles was studied and compared, using Congo red. Activity was
found to be high in case of NAN-kind NiO/NiAl,O, nanocomposite
sample annealed at 900°C. Proper tuning of the nanoparticles is ex-
pected to improve its photocatalytic activity.
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The complex quantum-chemical and spectral studies of the anionic
polymethine dyes with the simplest symmetrical terminal groups and with
different-length polymethine chain are performed. As shown, these dyes
produce the specific molecular orbitals (MO) positioned nearly the energy
gap and located only within the terminal groups. By investigation of the
absorption spectra, it is established that the typical highly intensive long-
wave-length spectral band is observed and bathochromically shifted upon
lengthening of the open conjugated chain; this polymethine band is con-
cerned with the electron transition between the frontier levels of the op-
posite symmetry. In the contrast, the local MO takes part in so-called qua-
si-local electron transitions involving also the frontier orbital. The local
transitions have small dipole moments, and hence, they do not practically
appear in the absorption spectra; however, the local transitions cause the
appearance of the non-deep minima in the spectra of the fluorescence-
excitation anisotropy.

IIpoBemeHo KoMIJIEKCHE KBAHTOBO-XEMiuHe Ta CIEeKTpaJbHE IOCJiIKeHHS
AHIOHHUX MOJIMEeTHHOBMX OApPBHUKIB 3 HAWNPOCTIIIMMKU CHUMETPUUHUMU
KiHIeBUMHU T'pylaMHu Ta 3 Pi3HOI JOBXKMHM IIOJIiMETMHOBUM JIAHIIOTOM. By-
JI0O TIOKAa3aHo, IO TaKi 60apBHUKU T'eHEepPYIOTH crenudiuHi MoJaeKyIApHi op-
6irami (MO), jmokanisoBaHi Ha KiHIEeBMX rpymax i posTalroBaHi Maiiike B
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eHepreTuuHin mrinuai. Ilig yac BUBUEHHSA CIEKTPIiB HNOTJIMHAHHA AOCTIIMKY-
BaHUX CIIOJYK CIIOCTEPiraeTbCcsi TUIIOBA BUCOKOIHTEHCHBHA AOBTOXBUJILOBA
cMyra, siKka 0aTOXPOMHO 3MIIIYETHCA 3 HOMOBMKEHHSIM BiIKPHUTOTO CIIpsKe-
HOTO JIAHITIOTA; TaKa IOJIIMEeTHHOBAa CMyTa IIOB’A3aHa 3 IEPeX0J0M eJIeKTPO-
Ha MiK IpaHUYHUMHU PiBHAMHU IPOTUJIEKHOI cumerpii. Ha Bigminy Bix cme-
nudpivanx MO kKiHmeBux rpym, JokanidoBani MO Ha mosiiMeTHHOBOMY JIaH-
1031 0epyTh yUyacTh Y TaK 3BaHUX KBasWJIOKAJLHUX IIEPEXO0JaX eJIEKTPOHIB,
3aiTHUX TAKOK y I'PAaHMYHUX opbiTanax. JIOKadbHiI mepexomau MamOTh Maji
OUIIOJIbHI MOMEHTH; OT:Ke, BOHU IPAKTUYHO He 3’ABJIAIOTHCSA y CIEKTpPax
TMOTJIMHAHHS; OJHAK TaKi IepexoAu CIPUUYMHIOITL IIOABY HETrJIHUOOKHX Mi-
HiMyMiB y cneKTpax aHizoTpomii 30ya:KeHHA (II00pecIeHITii.

Key words: anionic polymethine dyes, excitation fluorescence anisotropy
spectra, quantum-chemical calculations, excited state, higher electron
transitions.

KarouoBi cmoBa: aHioHHI mosriMmeTmHOBI OGapBHUKU, CIEKTPU 30YIA:KEeHHA
aHizorpomii ¢uroopeciieHIlii, KBaHTOBO-XeMiUHi pO3paxyHKM, 30yIAKeHUH
CTaH, BUIIi eJeKTPOHHI Iepexonu.

(Received 21 May, 2021; in revised form, 24 May, 2021 )

1. INTRODUCTION

The wide-known ionic (cationic and anionic) polymethine dyes
(PMDs) continue to be applied in numerous fields due to their ex-
ceptional spectral properties. They form a basis for the design of
new effective materials connected with the light conversion [1-4].
In addition, PMDs were found to be convenient objects for new the-
oretical conceptions and quantum-chemical models to develop [5—
10]. Both cationic and anionic PMDs have been established to dis-
tinguish, first at all, by a specific distribution of the total positive
or negative charge within the chromophore in the ground and excit-
ed states; it is not completely and uniformly delocalized along the
conjugated chain of p-electrons, but it generates the wave of the
alternated partial charges [11], independently on the sign of the to-
tal charge [5, 7, 9, 11, 13].

Also, it was demonstrated that going to first excited state is ac-
companied by the appreciable redistribution of the electron densities
in the extensive polymethine chain, so that the densities increase at
carbon atoms showing deficit of the electron densities in the ground
state, while the electron densities decrease at the atoms bearing of
the excessive of the densities in the ground state [2, 12—-14].

In the same time, the total charge is delocalized in the both the
polymethine chain and two terminal groups; distribution of the
charge between the different molecular fragments depends on the
chemical constitution of the dyes.
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So, the cationic polymethine dyes contain the donor terminal
groups, which pull the excess of the electron densities from the
both terminal residues to the polymethine chain [12, 15].

In contrast, the acceptor terminal groups in the anionic dyes pull
the electron density from the polymethine chain. It can be supposed
that degree of the transferring of charge between the molecular
fragments in cationic or anionic PMDs should be determined by the
donor or acceptor strength of corresponding terminal groups.

Vice-versa, the increasing or decreasing of the fragment charge
within the polymethine chain could estimate quantitatively the do-
nor or acceptor strength of the terminal groups [4].

It is logical that charge distribution between the fragments
should change upon excitation.

Traditionally, the redistribution of the charge upon the excita-
tion in the PMDs was considered only for the first electron transi-
tion [16].

In the same time, it was shown that two lowest electron transi-
tions in the polymethine dyes with the complex conjugated terminal
groups, especially, with the comparatively short chain, should be
treated as couple transitions so far as they involve two splitting
levels and the same soliton level (or level of the charge) (see, for
example, review [4] and references therein).

In the cationic dyes, two the highest occupied levels are formed
practically by the highest levels of both donor residues and, hence,
could treat as donor levels.

In the anionic polymethine dyes, in contrast, the first two excited
states involve two lowest vacant levels, which can be considered as
acceptor levels.

Thus, the careful study of both the excitation in the polymethine
dyes and, hence, the charge redistribution requires the analysis of
electron structure of both first and second excited states; exactly,
electron transitions in these states determine the most important
spectral properties: one- and two-photon absorption, fluorescence,
fluorescence excitation anisotropy, nonlinear optical characteristics,
ete. [17, 18].

This paper presents the results of the quantum-chemical and
spectral investigations of the series of the symmetrical and non-
symmetrical anionic dyes containing the terminal groups with the
variable acceptor strength, taking into consideration both first and
second excited states.

2. OBJECTS AND METHODOLOGY

Molecules. Structural formulas of the studied dyes are shown in
Fig. 1.
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2a, 2b

Fig. 1. Formulae of dyes studied: a) n=1; b) n=2.

Two vinylogous with different length of the polymethine chain,
n=1 and n=2, were investigate to estimate the effect of the
lengthening of the chromophore. Both terminal groups contain the
generic element: two conjugated diketon groups connected by non-
conjugated bridge (compounds la, 2b) and connected by benzene cy-
cle (compounds 2a, 2b).

Synthetic Procedure. For the compounds 1, 2, it was described ear-
lier [19, 20].

UV-Vis absorption spectra were recorded on the Shimadzu UV-

3100 spectrophotometer in acetonitrile (spectral grade).
Anisotropy of Fluorescence Excitation Spectra. Fluorescence exci-
tation anisotropy measurements are performed using the CM 2203
spectrofluorimeter (Solar, Belarus) in viscous solution (ethylene
glycol) to reduce rotational reorientation and at low concentrations
(C~107° M) to avoid reabsorption of the fluorescence. The anisotro-
py calculated as

_ LM -GLM
LM+ G2I, (M)

r(A)

is measured by setting the emission wavelength, typically near the
fluorescence maximum, with a fixed polarization. Then, the fluo-
rescence intensity is recorded as a function of excitation wavelength
A at polarizations parallel (IH(K)) and perpendicular (I,(A)) to the
emission polarization. G-factor expresses sensitivity ratio of detec-
tion system for the perpendicular- and parallel-polarized light [21].
Quantum-Chemical Calculations. They were performed using (pack-
age Gaussian 03 [22]). The equilibrium geometry of dye molecules
in the ground state was optimized by the nonempirical HF/6-
31G(d,p) and DFT/6-31G(d,p)/CAM-B3LYP methods; the electron
transition characteristics were calculated by the nonempirical
(TD/DFT/6-31G(d,p)/CAM-B3LYP) method.

It was found [8, 23, 24] that the calculations of the wavelengths
of the electron transitions did not coincide perfectly with the exper-
imental data (that is typical for this approach). However, it is
enough to analyse correctly the nature of the electron transitions.
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3. RESULTS AND DISCUSSION
3.1. Geometry and Electron Structure of Polymethine Chromophore

The performed calculations give that all four dye molecules, 1a, 1b
and 2a, 2b, are planar, excepting methyl groups, CH;, which are
out molecular plane.

Bond Lengths. According to Dahne’s conception [2] of the ideal
polymethine state, the lengths of the carbon—carbon bond in the
polymethine dyes are equalized maximum, in contrast to the maxi-
mum charge alternation. In fact, the calculations give the apprecia-
ble alternation of the neighbouring bonds in the chain of the dyes
la, 1b and 2a, 2b. It is convenient to estimate the bond-length al-
ternation by following parameter Al,:

AL =

lv - lv—l

, (1)

where [, is a length of v-th bond.

The calculated function Al, = f(v) for the longer dyes 1b and 2b in
both ground and first excited states are visually presented in Fig.
2.

Firstly, the calculations give the negligible alternation of the
bond lengths, particularly, in the chain middle of both dyes; howev-
er, the alternation degree increases somewhat in the excited state.
Going from chain centre to its both ends is accompanied by regular
increasing of the parameter Al,. In addition, the value Al, for the

0.020 AL, A 'AWA
. chain of dye rlb (S))

0.016 1

0.012+

0.008 +

0.004

0.000

Fig. 2. Bond length alternation, Al,, in the chain of dyes 1b and 2b, in
ground (S,) and excited (S;) states.
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bonds nearest to the terminal groups is appreciably sensitive to the
acceptor strength (acidity) of residues (compare the dyes 1b and dye
2b in Fig. 2).

Atomic Charges. It was already noticed above that total positive or
negative charge in the ionic polymethine dyes does not delocalized
uniformly in the chromophore, but generates the wave of the alter-
nated electron densities at the carbon atoms along the polymethine
chain [11, 15, 25]. Similarly to the bond lengths, to analyse conven-
iently the dependence of the charge distribution on molecular con-
stitution, it is used the amplitude of the alternation, Ag,, calculated
as follows:

Ag, = 1)1 —4.) (2)

where g, is the electron density at p-th atom.

The dependence of the calculated amplitude on the position of the
atom in the chain, Ag,=f(n), for the longer dyes 1b and 2b (upon
n =2) in both states, ground S, and excited S;, is plotted in Fig. 3.

Figure 3 shows that the degree of the charge alternation, Ag,, in
the chain of the dyes 1b and 2b increases upon going from the ter-
minal group to chain middle, with the exception of the excited state
in the dye 2b, when the parameter Ag, is minimal, whereas this pa-
rameter Ag, decreases in the chain middle. In contrast to the dye
1b, the alternation of the charges in the chain of other dyes regu-
larly increases in middle of the chromophore; the values for the
central atoms is being practically insensitive to the acidity of the

Aqu, e.u. chain of dye
- A
0.012 - A N
0.010
0.08
0.06
0.04 -
0.02 .
\ /
L 1b (S,) /
0.00 ; ; === ] ;
1 2 3 4 5 6 U

Fig. 3. Charge alternation, Ag,, in the chain of dyes 1b and 2b in ground
(S,) and excited (S;) states.
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terminal groups: Ag, =0.080 = 0.003.

And vice-versa, the minimum alternation degree follows from the
calculation to be reached at both chain ends; the values Ag, are ap-
preciably sensitive to the acceptor strength of terminal residues.
Shape of Frontier and Nearest Molecular Orbitals. Now, let us the
shape of the frontier (highest occupied molecular orbital —-HOMO
and lowest unoccupied molecular orbital-LUMO) and nearest MOs,
which should involve in the lowest electron transitions and, hence,
should be observed in the absorption spectrum in the visible region.
Visually, these MOs are plotted in Fig. 4. Firstly, one can see that
two types of m-electron MOs appear nearly the electron gap, and,
hence, two types of the electron transitions can observe in the spec-
tra. There are m-orbitales delocalized in whole conjugated chromo-
phore (delocalized MOs), so-called local n-MOs located only in the
branched terminal groups; additionally, there are n-MOs located at
the one-co-ordinated oxygen atoms (so-called the lone electron
pair—LEP) in both terminal groups with the corresponding electron
levels.

Introduction of new vinylene group in the chain (n=1— 2) re-
sults in decreasing the energy gap. Besides, the order of the ar-
rangement of the delocalized and local orbitals and LEP can be
changed.

One can see that degenerated vacant LUMO+1 and LUMO+2 in all
the dyes are exclusively localized within the terminal groups and
have their node at the carbon atoms connected with the polymethine
chain; thus, the atoms of the chain do not take part in such orbit-
als. It was shown earlier [4, 26] that the transitions involving the
local MOs differ spectrally on the transitions between the totally

6 ao.. a n“‘-r Epev .0.(_"‘,'.. "‘ o u. ,...
4 é-E L. & et o i T W :gg; 5 ‘gggo,
o 8 ? ‘Q‘,y é. .h 1HLomo AT i OESREN T {2
4 .3900g: LUMO |, Jool gL may MO
e Al Y NN
04
-1
e a Py 4 1 " e
Tromo % o & '."§ 2 {HOMO )"“(' . HOMO
t,i}_ éi’a - _:‘Eai‘.. c..HO-MO %Aﬁ- B v & . ®
4 — = % i'g'= — g 3w B e "&?)_&’” "Q_d”
o AR B et Ree TV O, T ea
) e [WWTT g
& Fi eTe s 03 0t
1a 1b 2a 2h
a b

Fig. 4. Energies and shape of frontier and nearest MOs in 1a, 1b (a) and
2a, 2b (b).
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delocalized orbitals, particularly, by their fluorescence excitation
anisotropy.

In addition, all dyes have two pairs of occupied practically n-MOs
located at two one-co-ordinated oxygen atoms (partly mixed with o-
MOs). The relative dispositions of the occupied n- and n-levels
change upon the chain lengthening. It is natural that such changes
of nature of MOs nearly to the energy gap should influence on the
nature of the lowest electron transitions.

3.2. Electron Transitions

Correspondingly, the nature of the lowest electron transitions could
change depending on the nature of the involved MOs. The contribu-
tions of the individual MOs or, more exactly, the contributions of
single excited electron configurations @,,; (involved i-MO and j-MO)
in the function of the k-th excited state ¥, are determined within
the approximation of the configurational interaction as follows:

\Pk = ZTk,Hj(DHj ’ (3)

where T,,,; is an expansion coefficient; summation runs over all

TABLE 1. Calculated wavelengths (1), oscillator strength (f) and type of
the electron transition of some lowest transitions in dyes 1a and 1b.

n| Transition | A, nm | f | Type | Main configuration
So— S, 383 1.134 T 0.98 | HOMO — LUMO >
Sy —> S, 322 0.000 n—omn 0.85 | HOMO-1 —» LUMO >
Sy —> S, 311 0.000 n—omn 0.81 | HOMO-2 —» LUMO >
S,—> S, 296 0.000 nomn 0.76 | HOMO-3 — LUMO >

g, 5, 205 0.000 n->r°  0.71| HOMO-4 - LUMO>
Sy —> Sq 242  0.180 7 — " Local 0.90 | HOMO — LUMO+1 >
S, —> S, 241  0.033 n— 7" Local 0.96 | HOMO — LUMO+2 >
Sy —> Sq 236 0.049 rnon Ll  0.82/ HOMO-5 > LUMO >
S, — S, 440 1.710 non 0.99 [ HOMO — LUMO >
Sy S, 322 0.000 n->n°  0.85|HOMO-2 - LUMO >
Sy —> S, 322  0.000 n->n°  0.85/HOMO-1— LUMO >

5| S, 303 0.000 n—>n  0.80 HOMO-4 — LUMO >

Sy —> S, 302 0.000 n—>n  0.77| HOMO-3 — LUMO >
Sy —> Sq 268 0.019 rn—on Ll  0.99| HOMO-1 - LUMO >
Sy S, 247  0.185 n— " Local 0.91|HOMO — LUMO+1 >
Sy —> S, 246  0.023 7 — " Local 0.95| HOMO — LUMO+2 >
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configurations.

The calculated characteristics of some lowest transitions in both
dyes 1la and 1b are collected in Table 1, while the calculated data
for dyes 2a and 2b are presented in Table 2.

It follows from Tables 1 and 2 that the first transition, S, —> S,
in three dyes is practically described by one configuration with sin-
gle occupied frontier levels. Only in dye 2b, the transition involving
the frontier levels is seen from Table 2 to be third one; two first
transitions involve the local LUMO+1 and LUMO+2. As far as fron-
tier MOs are opposite symmetries (C,, symmetry group), then, the
first transition is antisymmetric: A; — B;, and, hence, it is polar-
ized along polymethine chain (see, for example, review [14] and ref-
erences therein). The calculated comparatively large transition di-
pole momentum should cause the high intensity of the long-wave-
length absorption band.

Going to the higher vinylogous, 1a — 1b and 2a — 2b, is accom-
panied by the considerable decreasing of the energy of the first
electron transition, so that long-wave-length band in absorption

TABLE 2. Calculated wavelengths (1), oscillator strength (f) and type of
the electron transition of some lowest transitions in dyes 2a and 2b.

n | Transition | A, nm | f | Type | Main configuration

S, —> S, 416 1.556 n—>n 0.99 | HOMO — LUMO >
Sy —> S, 378 0.026 n— n'Local 0.96 | HOMO — LUMO+1 >
So— S, 377 0.036 71— n° Local 0.95| HOMO — LUMO+2>
So—>S. 349 0.000 n->7 Local %58 HOMO-2 - LUMO+1 >

1 -0.61 | HOMO-1 — LUMO+2 >
0.59 | HOMO-2 — LUMO+2 >
Sy— S, 348 0.000 n — n Local _0.60 | HOMO-1 —» LUMO+1 >
Sy — Sq 329  0.000 non 0.70 | HOMO-1 — LUMO >
Sy — S, 326 0.000 rn—o>nl  0.92 HOMO-5— LUMO >
S, — S, 503 0.527 n—n Local 0.84 | HOMO — LUMO+2 >
S, — S, 501 0.013 n— " Local 0.99| HOMO — LUMO+1 >
Sy — S, 496  1.551 T 0.85 | HOMO — LUMO >
S, — S, 404  0.000 non 0.93 | HOMO-1 — LUMO >
a| So— S, 403  0.000 non 0.93 | HOMO-2 — LUMO >

n — 1* Local 0.65| HOMO-2 — LUMO+1 >
n — n* Local —0.66 | HOMO-1 — LUMO+2 >

n— n* Local 0.65| HOMO-2 — LUMO+2 >
So—>S; 389 0.000 [ w7 cal-0.66 | HOMO-1 — LUMO+1 >

Sy—>S; 364 0001 w->x Ll 0.93| HOMO —>LUMO + 3>

Sy—>S; 390  0.000




482 0. D. KACHKOVSKY, A. P. NAUMENKO, V. I. BORISYUK et al.

spectrum should undergo the essential bathochromic shift (so called
vinylogous shift).

3.3. Spectral Results

Experimentally, the electron transitions in the polymethine dyes
can be detected by their spectra: absorption, fluorescence, and fluo-
rescence excitation anisotropy. Figure 5 shows all three above-
mentioned spectra of the dyes studied.

As seen, these dyes show the comparative narrow and highly in-
tensive band in the absorption spectra in the visible region. It is
well-known that such a band is typical for the ionic polymethine
dyes and is concerned with the lowest electron transition involving
practically only the frontier levels delocalized along the whole
chromophore (see, for example, review [4] and references therein).
This agrees with the data in Table 1 discussed above. In addition,
the narrow band is observed in the fluorescence spectra with com-
paratively low Stock’s shift that is typical for the polymethine dyes
[26].

However, there is an appreciable divergence between the calculat-
ed wavelength, A, in Table 1 and experimental position of the band
maximum, A,,., in the absorption spectra (Fig. 5). This defect in-
creases upon lengthening of the polymethine chromophore; the cal-
culated vinylene shifts, A, ..(n =2)—A,..(n=1), proves to be regular-
ly lower than the experimental value. Unfortunately, this is the
typical imperfection of the time-dependent (TD) DFT method upon
calculation of the long linear conjugated systems (especially, their
ions) analysed in detail in Refs. [23—-25]. We could only optimisti-
cally expect that this method reflects correctly the nature of some
lowest transitions, i.e., involved MOs, ratio and direction of the
higher and first transition moments.

In the excitation fluorescence anisotropy, the relative deep mini-
mum appears in the shorter region nearly at 150-200 nm from the
long-wave-length absorption band maximum, when the parameter
r(LA) reaches the extreme value. This spectrum is similar to the cor-
responding minimum in the spectra of the cationic polymethine
dyes [27]. The similar minimum in the symmetrical cationic cyanine
dyes corresponds to the second transition involving the one frontier
MO (lowest unoccupied MO, i.e., LUMO) and next high occupied MO
(HOMO-1); so far as both MOs are of the same symmetry, then, this
transition is polarized perpendicular to the first transition between
MOs of the opposite symmetry [27]. In the anionic dye 1la, perpen-
dicular transition is seen from Table 1 to involve the HOMO-5 and
LUMO totally delocalized in the whole main conjugated system.
Then, we can propose that this transition is observed in the excita-
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Fig. 5. Spectra of absorption (dark blue) fluorescence (red) and fluores-
cence excitation anisotropy (black) of the dyes 1a (a), 1b (b), 2a (c), 2b (d).

tion fluorescence anisotropy spectrum as the deep minimum in the
region ~ 320 nm. Between these transitions (involving only the de-
localized MOs), the calculations give some transitions of different
nature: 4 transitions from 4 occupied n-MOs to the same vacant
LUMO, as well as 2 transitions from the HOMO to the two degener-
ated local LUMO+1 and LUMO+2; apparently, they correspond to
some non-deep minima in anisotropy spectrum in Fig. 5, a.

In the longer dye 1b, the next occupied delocalized orbital is seen
from Fig. 5, HOMO-1; then, the perpendicular transition is seen
from Table 1 to involve the HOMO-1 and LUMO delocalized totally.
Considering the divergence between calculated and experimental da-
ta, we could propose that this transition mixed with the local tran-
sitions; apparently, it is a cause of the distortion of the shape of
the anisotropy spectrum in Fig. 5, b.

The appreciable extending of the n-system in the terminal groups
in the dyes 2a, 2b is accompanied by essential degreasing of the en-
ergy gap and, hence, by the shift of the long-wave-length spectral
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(both absorption and fluorescence) band connected with the first
electron transitions. The calculations predict such shift =33 nm up-
on n=1 and 56 nm upon n=2. The experimental measurements
give the greater appreciably effect as one can see comparing the
corresponding spectra in Fig. 5. Therefore, going from dye la to
dye 2a causes the shift of the long-wave-length band in the absorp-
tion spectrum at ~ 55 nm. Although the performed calculations give
the two lowest electron transitions in dye 2b, which are local (see
Table 2), however, the typical polymethine spectral band is observed
in the corresponding spectrum (Fig. 5, d). Thus, the experimental
effect of the extending of the n-system of terminal groups is also
~ 55 nm (compare corresponding spectra in Fig. 5).

Of course, the similar shifting undergoes also the perpendicular
(A, > A,) electron transition. The most clearly this spectral effect is
observed for the short dyes. Comparing the calculated wavelengths
of perpendicular A, »> A, transitions corresponding to dyes la and
2a (Table 1 and Table 2) gives 110 nm, while the experimental ef-
fect is seen from Figures 5, a and 5, ¢ to be 130 nm. At the same
time, similar estimation of the spectral effect for the local and
n — 1 transitions are difficult because complexity of their spectral
manifestations.

4. CONCLUSION

Thus, complex quantum-chemical and spectral study of the anionic
polymethine dyes with the symmetrical terminal groups shows that
the specific molecular orbitals appear nearly the energy gap located
only within the terminal groups. In the absorption spectra, the typ-
ical high-intensive long-wave-length spectral band is observed,
which is bathochromically shifted upon lengthening the open conju-
gated chain; this band is concerned with the electron transition be-
tween the frontier levels of the opposite symmetry. At the same
time, the local MOs produce so-called quasi-local electron transi-
tions involving one of the local MOs and one of the frontier orbital.
Because of the small dipole moments, the local transitions do not
appear practically in the absorption spectra; however, they cause
the appearance of the non-deep minima in the spectra of the fluo-
rescence excitation anisotropy.
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Configuration Transformations in Polyvinyl Chloride—
Methylene Blue Composites
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Bulk samples of pure polyvinyl chloride (PVC) and its composites with differ-
ent content of methylene blue (MB) dye are prepared. The degree of crystal-
linity, dynamic elastic modulus E and shear modulus G (~ 1 MHz), photolu-
minescence (PL), temperature dependences of dielectric characteristics ¢, €,,
tgd, electrical resistance R at different frequencies of alternating electric
field are measured. As shown, the adding of a modifier (MB) with conjugated
chromophores is accompanied by both the generation of linear conjugated
systems (polyenes) in PVC and the destruction of monomer units. These pro-
cesses are mechanisms for changing the mechanical, structural, optical, die-
lectric properties of PVC—MB composites caused by the peculiarities of the
stack interaction between their conjugated components.

BuroroBieno 06’emHi 3pasku uuctoro moJiBiHiaxmopuay (IIBX) i fioro xom-
MMOBUTIB 3 pisHMM BMicToM OapBHUKA MeTuseHOBOTO cuHbOTO (MC). IIpoBenero
MipAHHSA CTYyHEeHA KPUCTAJTIYHOCTY, TMHAMIYHUX MOJYJIiB HPysKHOCTH E i 3Cy-
BY G (~ 1 MTI'n), poromtominectenrrii (PJI), rTemepaTypHUX 3aJ€KHOCTEH mie-
JIEKTPUYHUX XapPaKTEPUCTHUK &;, €y, t1g, eleKTpoomopy R 3a pi3HMX YaCTOT
3MiHHOTO eJeKTpuuHOro mosd. IlokasaHo, 10 BHeceHHA Moaudirkaropa (MC)
i3 cupaykeHMMU XpoMo(opaMU CYIPOBOIKYEThC reHepairiero y IIBX mimifi-
HUX CHPAKEHUX cucrTeM (MOJIieHiB) i JeCTPYKIiel0 MOHOMEPHUX JIAaHOK. BKa-
3aHi IIpollecu € MexaHisMaMu 3MiHM MeXaHiUHUX, CTPYKTYPHUX, ONTHUUYHUX,
TiemekTpuuHuX BiaacTuBocTell Kommo3uTiB IIBX—MC, BUKJIUKAHUX 0COOJIU-
BOCTAMHU CTEKOBOI B3aeMOAil MiK IXHIMU CHPAKEHUMU KOMIOHEHTAMH.

Key words: polyvinyl chloride, methylene blue, conjugated systems, poly-
enes, dynamic moduli, photoluminescence, dielectric characteristics.
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KarouoBi caoma: mosiBiHinxjgopua, MeTHJIEHOBUII CHHIiM, CIpSAMKeHi cucre-
MU, TOJIIEHW, MTUHAMIYHI MOAyJi, (poTONMIOMiHECIIeHIisA, AieJJeKTPUYHI Xapa-
KTEPUCTUKHU.

(Received 13 July, 2021 )

1. INTRODUCTION

Improving the properties of polymers in many cases is achieved by
the introduction of various fillers, among which the most important
are metal particles and carbon nanostructures [1, 2]. Particle distri-
bution and their adsorption characteristics play an important role
in the filling of polymer matrices. For magnetic fillers, it is im-
portant to be able to influence this distribution by an external mag-
netic field, which can be used to reduce, for example, the percola-
tion threshold [3, 4]. Given the high aspect ratio for carbon
nanostructures and the peculiarities of their segregated distribu-
tion, it is possible to obtain extremely low values of the percolation
threshold, while maintaining a significant increase in electrical
conductivity [5, 6]. If polymers are filled with carbon nanotubes, a
significant increase in thermal conductivity is also achieved [7, 8].
However, the increase in the transport characteristics of polymers
is significantly limited by the presence of high contact resistance
between the components of the composites, and its overcoming has
been insufficiently studied. There are methods of its suppression by
introducing modifiers into the polymer matrix in the form of ionic
salts [9—11] or conjugated systems [12—-17]. It is possible to expect
improvement of properties of matrices filled with the conjugated
modifiers, first, for polymeric chains, in which links n-conjugated
sites take place too. In this case, we can expect the emergence of
stack interaction between the components of composites and, as a
consequence, the improvement of their properties [15].

At the same time, there are polymers, such as polyvinyl chloride,
in which conjugated systems in the form of polyenes with different
numbers of n-conjugated units are formed quite easily because of
dehydrochlorination [16—18].

The generation of polyene structures in PVC can be stimulated by
modifying the PVC matrix with fillers, in the molecular structure
of which there are conjugated links. The number and type of poly-
ene structures in PVC will be dependent on the content of the modi-
fier with a conjugated structure. Since stack interaction can be ex-
pected between the modifier and the generated polyenes, this can
lead to a change in the electrically conductive, thermally conduc-
tive, mechanical, and optical properties.

In addition, when introducing conductive fillers into the polymer
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matrix by reducing the contact resistance of the modified polymer
matrix, changes in the formation of percolation clusters and, there-
fore, improvement of the transport properties of polymer compo-
sites are possible.

The purpose of this work is to study the formation of polyene
structures in the polymer matrix of polyvinyl chloride in the crea-
tion of PVC composites with molecules of methylene blue (MB), in-
cluding conjugated systems.

2. EXPERIMENTAL

Composites of polyvinyl chloride C-7058 (M, =157-103, Ukraine)
with methylene blue (MB) dye were obtained by hot compression
method. The temperature of preparation is of 120—-130°C. Molecular
formula of MB is C;4H;3CIN;S; its molecular weight is of 319.85
g/mol. The obtained PVC—MB composites were as discs with a di-
ameter of 30 mm. The concentrations of MB in the polymer matrix
were 0—0.07 vol. fract.

The mechanical properties of nanocomposites PVC—MB by the ul-
trasonic KERN-4 (Ukraine) computerized velocity meter were inves-
tigated [19].

The PL spectra of pure PVC and PVC-MB composites were meas-
ured at room temperature with the Horiba Jobin Yvon T64000 tri-
ple spectrometer (Japan). The spectra were excited by He—Cd laser
with the wavelength A, = 325 nm.

The dielectric investigation was performed by the thermostatted
four-electrode cell method. &', £", tgd and R were measured at four
frequencies f=5, 10, 20, 50 kHz, within the temperature range of
—-50-50°C. An automated setup based on the alternating-current
bridge P5083 was used [20].

3. RESULTS AND DISCUSSION

Polyvinyl chloride (PVC) is the polymer with a low content of crys-
talline phase. If PVC is filled with MB dye, with increasing concen-
tration of the modifier, the degree of crystallinity, dynamic elastic
modulus and shear modulus are changed in a complex way (Fig. 1).

It is seen that, at low concentrations of MB, the degree of crys-
tallinity increases sharply and there is a maximum at MB concen-
tration of about 0.01 vol. fract. Dynamic modules are also growing
at low MB content. At higher concentrations of dye, there are a
wide maximum and a minimum at about 0.05 vol. fract. for both
dynamic moduli E' and G'. As the content of MB increases, these
modules are increasing.
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Fig. 1. Dependence of the degree of crystallinity (a), dynamic elastic modu-
lus (b) and dynamic shear modulus (¢) for the PVC-MB composites.

Since the values of the dynamic modules were determined from
the travel speeds in the samples of PVC and its composites at high
sound frequencies (~ MHz), they are associated with conformational
changes of the monomer units. These changes are limited by the
height of the potential barrier that arises due to the available in-
tramolecular inhibition forces of rotation of these units. Obviously,
the complex behaviour of both dynamic modules is due to the
changes in the height of this barrier with increasing of MB content
in the vitreous state of the polymer. The change in the height of
the braking barrier is primarily associated with the rearrangement
of the molecular structure of the monomer units and the destruc-
tion of the PVC macromolecular chain. Such destruction of PVC can
be caused by dehydrochlorination with simultaneous generation of
polyene structures [21, 22]. Since the modifier promotes the for-
mation of a crystalline phase in PVC, the considered dehydrochlo-
rination may be as consequence of the emergence of supramolecular
structures. The generation of polyene systems, as the installation of
new configurations of monomer units in the presence of double
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Fig. 2. Optical density (a) and photoluminescence spectra (b) for MB;
ey = 325 nm, T =298 K.

bonds in them, provides the increasing in the dynamic modules as-
sociated with the relaxation of these units.

Figure 2 presents the spectra of optical density (OD) and photo-
luminescence (PL) for MB.

The OD and PL spectra of methylene blue reflect the electronic
transitions due to the complex system of energy states inherent in
the MO of m-electrons, which are characteristic of MB [23].

As seen, in the emission spectrum, in addition to the maximum
at about 609 nm, there are several intense PL peaks concentrated in
the near-IR region.

Figure 3 shows the PL spectra for pure PVC and its composites
with different MB content. It is seen that the PL of conjugated
structures of PVC and MB are significantly different. If, for PVC
after the transfer of excitation energy from the carbonyl group,
there are emission maxima from several types of conjugated sys-
tems at 472, 535, 586 nm, as well as from individual conjugated
functional groups in the IR region, the PL for MB in the presence
of one of the peaks around 609 nm are concentrated in the IR-
wavelength range. The intensity of the bands at 751, 783, 811, 840,
874 nm exceeds its value for the band at 609 nm. In the PVC-MB
composites, weak peaks in the IR region persist. At the same time,
even with a small content of modifier (0.005 vol. fract. MB), there
is a significant rearrangement of the PL spectrum of the composite,
compared with pure PVC. First, the intensity of PL increases by
several times. The position of the main emission maximum is shift-
ed to 564 nm. In addition, there is a high-intensity band around
694 nm. This rearrangement of the spectrum indicates significant
transformations of the polyene structures, which are in the PVC
polymer matrix. Polyene systems are becoming more homogeneous,
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Fig. 3. PL spectra of pure PVC (a) and PVC—MB composites with 0.005 (b),
0.03 (¢), 0.05 (d) vol. fract. MB (L., =325 nm, T =298 K). The thin lines
are corresponding to the spectra components.

their number is constantly growing. But there is an additional type
of longer polyene chains, the PL peak, located at about 694 nm.

In the PVC composite with 0.003 vol. fract. MB, the general
trend of increasing the number of polyenes persists, but there is a
restructuring in the polyene system, because, to replace the peak at
about 694 nm, there are inflections in the PL band due to the ap-
pearance of additional polyene structures. This rearrangement is
determined not only by the formation of polyenes responsible for
the conjugation of MB, but it is also consequence of the destruction
of monomeric PVC units during their stack interaction with the
conjugated MB system. The result of such destruction is a noticea-
ble drop in the intensity of the PL band, which corresponds to the
polyene structures in the composite, when the MB content increases
to 0.05 vol. fract. At the same time, the PL spectrum for this com-
posite becomes similar to the PL spectrum of the composite with
0.005 vol. fract. MB.
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PVC belongs to the polar plastics, and, in their structure, there is
an inhomogeneous distribution of electrons that leads to a signifi-
cant dipole moment. The presence of such a moment determines the
dielectric properties of PVC, including the dielectric constant g, (re-
al component of g), dielectric loss g, (imaginary component of g),
loss factor tgd. These dielectric characteristics, due to relaxation
processes, depend on the frequency of the external electric field and
temperature.

The molecular structure of the MB dye also leads to its polarity.
Doping of the polymer matrix with polar fillers, in this case with
MB, is accompanied by changes in the properties of polymers [24,
25]. The real component of the dielectric constant of pure PVC (g) g
increases with increasing temperature (Fig. 4). The dielectric con-
stant increases similarly with temperature. At the same time, wide
bands appear at the inflection positions of ¢,, which are better man-
ifested at lower electric-field frequencies. These bands also occur on
the curves of the temperature dependence of the dielectric-loss fac-
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Fig. 4. Temperature dependences of dielectric characteristics ¢, (a), &, (b),
tgd (c¢), and electrical resistance R(d) for pure PVC at different frequencies
of alternating electric field.
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tor tgd and electrical resistance. At lower temperatures, the electri-
cal resistance increases sharply. These behavioural properties of die-
lectric properties and electrical resistance are due to the relaxation
of functional groups of PVC monomer units, which affect the plia-
bility of electric dipoles existing in this polar polymer to orient
along the alternating voltage of the applied electric field.

The doping of PVC with conjugated MB molecules leads to a
change in the temperature—frequency dependences of g;, &,, tgd and
R. These changes are manifested even at low MB content (0.005 vol.
fract.) and amplified at a dye concentration of 0.03 vol. fract. The
trend of these changes is maintained for the PVC-—MB composite
with a content of conjugated modifier of 0.05 vol. fract. (Fig. 5).

It should be noted that the nature of the general changes in these
parameters with temperature and electric field frequency is pre-
served. The values of g, ¢&,, tgd increase with increasing tempera-
ture, and the electrical resistance R decreases. With increasing fre-
quency of the electric field, for pure PVC and its composites, all the
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Fig. 5. Temperature dependences of dielectric characteristics ¢, (a), &, (b),
tgd (¢), and electrical resistance R (d) for the composite of PVC with 0.05
vol. fract. MB at different frequencies of alternating electric field.
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considered values decrease. At the same time, the behaviour of the
considered dependences, the values of the parameters are signifi-
cantly changed. First, there is a decrease in the values of g, &,, tgd
and an increase in the electrical resistance R. If, for pure PVC,
there is the noticeable frequency dependence, then, for composites,
it is more pronounced only for high temperatures. The strips of re-
laxation processes, the presence of which is clearly visible for PVC,
are absent. This behaviour of the considered dependences indicates
the degradation of the molecular structure of PVC, primarily the
functional group C—CI, responsible for the polymer polarization.

4. CONCLUSIONS

In PVC composites with MB dye, the complex transformations of
the degree of crystallinity, dynamic moduli of elasticity and shear
occur, when the MB content changes.

The studies of PL spectra for PVC composites with different con-
centrations of MB indicate a significant rearrangement of polyene
structures formed with the addition of the modifier. This rear-
rangement of the spectra indicates the destruction of the monomer-
ic units of PVC and the generation of additional conjugated systems
in the polymer. In this case, several types of polyene structures ap-
pear in composites with different lengths of m-conjugation that is
accompanied by the appearance of several separate components in
the PL band.

The destruction of PVC and the emergence of polyene structures
lead to changes in the polarity of monomer units in PVC—MB com-
posites and, as a consequence, to changes in temperature depend-
ences of dielectric characteristics ¢, g,, tgd and electrical resistance
R in comparison with their behaviour for pure PVC that confirms
assumptions about configuration transformations in PVC due to the
introduction of the MB modifier.
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Influence of MnO, Nanoparticles’ Addition on Optical Properties
of PVA/PEG Blend

Yousif Y. Mijbil and Ahmed Hashim
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Hillah, Iraq

This work is aimed to fabricate the PVA/PEG/MnO, nanostructure to be used
in many applications in electronics and optics. The optical properties of
PVA/PEG/MnO, nanostructure are studied at wavelength range from 200
nm to 800 nm. The experimental results show that the absorbance of
PVA/PEG blend increases with the increase in MnO, nanoparticles’ concen-
tration that may be used for various electronic applications. The extinction
coefficient, refractive index, real and imaginary parts of dielectric con-
stants, and optical conductivity of PVA/PEG blend are also increased with
the increase in MnO, nanoparticles’ concentration. The transmittance and
energy band gap are decreased as MnO, concentration increases.

IIio poboTy cupsMOBaHO HA BUT'OTOBJIEHHS HAHOCTPYKTYPU NOJIiBiHimOBHUI
cuupT/moaierunaenraikonas/MnO,, ska O0yae BUKOPUCTOBYBATUCSI B OaraTbox
3aCTOCYBAaHHAX B €JIEKTPOHIIMi # onTuili. BuBuaroThcAa ONTHYHI BJIACTUBOCTI
HAHOCTPYKTYPHU MOJiBiHiNOBUI ciupT/mosieTnneHraikoas/ MnO, B gisnasoni
moB:xkuH XBuUIb Big 200 HM 10 800 HM. PesynbTaTu eKCciepuMeHTY TOKa3YIOTh,
10 TMOTJIMHAHHSA CYMIIIIITIO0 MOJiBiHiIOBUH CIUPT/MONIieTUIEHTIIKOIb 361h-
IyeThed 31 36imbIIeHHAM KOHIIeHTpaIii HamouacTuHOK MnO,, 1110 MoKe 6yTu
BUKOPHCTAHO [JIA PidHMX eJIeKTPOHHUX 3acTocyBaHb. KoedilienT sracamus,
TIOKAa3HUK 3aJIOMJIEHHSA, PeaibHA i yABHA YACTUHU AieJIeKTPUUYHUX IPOHUKHO-
cTell, OIITMYHA IPOBiAHICTD cyMinIi mosiBiHisOBU# CIMPT/MOJMi€TUIEHTIIKOIb
TaKO0K 30iMBIIYIOTECA 31 36iIbINIEHHAM KOHIleHTpPAaIlii HaHouacTHHOK MnO,.
KoepimienT nponyckanusa Ta IMUPUHA 3a00POHEHOI 30HM 3MEHINYIOThCA 3i 36i-
JbINIeHHAM KoHIeHTparlii MnO,.

Key words: optical properties, polymer blend, nanocomposites, MnO,,
nanostructures.

KuarouoBi ciioBa: onTUYHI BJIACTHUBOCTI, IIOJIiMepHaA CyMiIlll, HAHOKOMIIO3UTH,
MnO,, HAaHOCTPYKTYPH.
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1. INTRODUCTION

In recent years, optical properties of polymers are drawing great
interest because of their scope for application in optical devices.
The versatility and dependability of polymers is established from
the fact that they have attractive properties like lightweight, good
mechanical and optical properties. Polymers are also considered
good host materials where dopant can modify the physicochemical
properties. The optical band gap and refractive index are the fun-
damental parameters of an optical material, because these are di-
rectly linked to the electronic properties of the material. High re-
fractive index of optical materials is needed in various fields in-
cluding optical waveguides, LED encapsulation materials, etc. [1].

Blending polymer products is the latest technique for optimizing
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 [2].

Polymer blending with another material can be used as an effec-
tive method to alter the resulting film blend properties. An insulat-
ing polymer such as polyvinyl alcohol (PVA) can be turned conduc-
tive by blending with other materials to diversify its applications.
Previous studies have shown that polymer-based synthetic materials
can be applied into electrical and optical devices, such as photovol-
taic devices, rechargeable batteries and nonlinear optical devices,
and light-emitting diodes (LEDs). Moreover, conductive polymers
have also been applied in the health sector, including as a biosensor
and a coating agent for detecting cancer cells [3].

PVA is a widely used commercial polymer owing to its high
transparency, hydrophilicity, and adhesive properties. Furthermore,
its strong oxygen barrier capabilities and mechanical and biode-
gradable properties promote the application of PVA in fibre manu-
facturing, food packaging, and biomedicine [4]. MnO, (manganese
dioxide) attracted large research care due to their characteristic
physical and chemical properties and wide applications in energy
storage, biosensor, ion exchange and catalysis. MnO, has been con-
sidered as a hopeful electrode material for supercapacitors because
of its low cost, environmental benignity, and excellent capacitive
performance in aqueous electrolytes [6]. The present work is aimed
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to studying the effect of MnO, nanoparticles addition on optical
properties of PVA/PEG blend to use in many optoelectronics appli-
cations.

2. MATERIALS AND METHODS

Films of PVA/PEG/MnO, nanocomposites were synthesized using
casting method. The PVA/PEG films were prepared by dissolving of
0.5 g of polyvinyl alcohol and polyethylene glycol (PEG) in 25 ml of
distilled water with ratio 80 wt.% PVA and 20 wt.% PEG. The
MnO, nanoparticles (NPs) were added to PVA/PEG blend with con-
centrations of 1.8, 3.6 and 5.4 wt.%. The optical properties of
PVA/PEG/MnO, nanocomposites were measured by using UV-double
beam spectrophotometer (Shimadzu, UV-1800 A) in the wavelength
range 280-800 nm.

The absorption coefficient (o) is determined by relation (1) [6, 7]:

o=2.303A4/t. (1)

Here, A and t are the absorbance and sample thickness, respectively.
The energy gap of nanocomposite can be calculated by Eq. (2) [8]:

ahv = B(hv - E,Y, 2)

where B is constant, E, is photon energy.
The refractive index (n) is given by Eq. (3) [9, 10]:

1+ R"Y?
1R ®

where R is the reflectance.
The extinction coefficient (k) is determined by Eq. (4) [11, 12]:

K = a)/(4rn). (4)

The real (g;) and imaginary (g,) parts of dielectric constant are
given by Egs. (5) and (6), respectively [13, 14]:

g =n?— k2, (5)
g, = 2nk. (6)

The optical conductivity (o) is determined by Eq. (7) [15]:

o =anc/(4mn). (7
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3. RESULTS AND DISCUSSION

Figure 1 shows the behaviour of absorbance for PVA/PEG/MnO,
nanocomposites with wavelength of the incident light. The absorp-
tion for all samples of nanocomposites increases at UV region; this
is related to the excitations of donor level electrons to the conduc-
tion band at these energies. The high absorbance of nanocomposites
at UV region due to the energy of photon enough to interact with
atoms; the electron is excited from a lower to higher energy level by
absorbing a photon of known energy.

The changes in the absorbed and transmitted radiation may de-
cide the types of possible electron transitions. Fundamental absorp-
tion of absorbance spectra refers to band-to-band or excitation tran-
sition. At visible and near infrared regions, the absorbance of nano-
composites has low values; this behaviour is due to the energy of
incident photons, which do not have sufficient energy to interact
with atoms. Thus, the photons will be transmitted when the wave-
length increases. The transmittance of nanocomposites increases as
shown in Fig. 2, which represents the variation of the transmit-
tance for nanocomposites with wavelength of the incident light.

In Figures 1 and 2, the absorbance increases, while the transmit-
tance decreases with the increase in MnO, nanoparticles’ concentra-
tion. This is related to both the agglomeration of nanoparticles with
increasing concentration and the increase of the number of charge
carriers [16].

3.0
2.5 ——Pure
] ——1.8 wt.%
o 20F
U 4
=] ]
3 ]
s 1.53
2
< 1
1.0:
0.5
0 : : : \
200 300 400 500 600 700 800

Wavelength, nm

Fig. 1. Behaviour of absorbance for PVA/PEG/MnO, nanocomposites with
wavelength.
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Figure 3 shows the variation of absorption coefficient with pho-
ton energy of the incident light. The absorption coefficient assists
to know the nature of electron transition. When the values of the
absorption coefficient are high, o> 10* cm™, it is expected the di-
rect transition of electron, while, when the values of the absorption
coefficient of material are low, o < 10* cm™, it is expected the indi-
rect transition of electron. The values of absorption coefficient of
PVA/PEG/MnO, nanocomposites are low: o <10* cm™; the transi-
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Fig. 2. Variation of transmittance for PVA/PEG/MnO, nanocomposites
with wavelength.
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Fig. 3. Variation of absorption coefficient with photon energy of the inci-
dent light.
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tion of electron is indirect. The absorption coefficient of PVA/PEG
blend increases with the increase in MnO, nanoparticles’ concentra-
tion; this is attributed to the increase in number of charge carriers,
hence, the increase in absorbance and absorption coefficient [17].
The energy band gap values of PVA/PEG/MnO, nanocomposites
are represented in Figs. 4 and 5 for allowed and forbidden indirect
transitions. As shown in these figures, the energy band gap of

70
——Pure
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a ——3.6 wt.% /
_ —5.4 wt.%
o 50 ] Wt. % )
@
g 40]
N
2" 30
E
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Fig. 4. Energy gap values of PVA/PEG/MnO, nanocomposites for allowed
indirect transition.
16
14
12

(ahv)'/3, (cmt-eV)/3

Epk, eV

Fig. 5. Energy gap values of PVA/PEG/MnO, nanocomposites for forbid-
den indirect transition.
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PVA/PEG/MnQO, nanocomposites decreases with the increase of
MnO, nanoparticles’ concentration; this is related to the formation
of some defects in the films. These defects produce the localized
states in the optical band gap and overlaps. These overlaps give an
evidence for decreasing energy band gap [18].

Figures 6 and 7 show the behaviour of refractive index and ex-
tinction coefficient, respectively, with photon wavelength for dif-
ferent MnO, nanoparticles’ concentration. From these figures, it
can be seen that the refractive index and extinction coefficient are
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= ] —=—1.8 wt.%
191 —— 3.6 wt.%
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1.7]

200 300 400 500 600 700 800
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Fig. 6. Behaviour of refractive index with photon wavelength for different
MnO, nanoparticles’ concentration.
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Fig. 7. Behaviour of extinction coefficient with photon wavelength for dif-
ferent MnO, nanoparticles’ concentration.
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increased with the increase in MnO, NPs’ concentration that may be
attributed to the increase of the density of nanocomposite and ab-
sorption coefficient [19].

The real and imaginary parts of dielectric constant for
PVA/PEG/MnO, nanocomposites are shown in Figs. 8 and 9, respec-
tively. From these figures, it is clear that high MnO, NPs’ concen-
tration leads to the increase of absorption coefficient and refractive
index, which leads to increase of the real and imaginary parts of
dielectric constant [20].

Figure 10 shows the optical conductivity variation of

- 51
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Fig. 8. Real part of dielectric constant for PVA/PEG/MnO, nanocompo-
sites.
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Fig. 9. Real part of dielectric constant for PVA/PEG/MnO, nanocompo-
sites.
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Fig. 10. Optical conductivity variation of PVA/PEG/MnO, nanocomposites
with wavelength.

PVA/PEG/MnO, nanocomposites with wavelength. This figure
shows that the optical conductivity of PVA/PEG/MnO, nanocompo-
sites is decreased with the increase in wavelength; this behaviour of
the optical conductivity depends strongly on the radiation incident
wavelength. The increase of the optical conductivity at low photon
wavelength is related to both high absorbance of PVA/PEG/MnO,
nanocomposites in that region and, therefore, the increase of the
charge transfer excitations. The optical conductivity of
PVA/PEG/MnO, nanocomposites is increased with the increase in
MnO, NPs’ concentration that is due to the localized levels’ creation
in the energy gap; the increase of MnO, NPs’ concentration leads to
the increase of the density of localized states in the band structure.
Therefore, the absorption coefficient will increase that leads to the
increase in the optical conductivity [21-23].

4. CONCLUSIONS

In the present paper, the PVA/PEG/MnO, nanostructures were pre-
pared to use in many electronics and optics applications. The results
indicated that the absorbance of PVA/PEG blend increases with the
increase in MnO, nanoparticles’ content. The absorption coefficient,
extinction coefficient, refractive index, real and imaginary parts of
dielectric constants and optical conductivity of PVA/PEG blend are
increased with the increase in MnO, NPs’ content. The transmit-
tance and energy band gap are decreased as MnO, concentration in-
creases. Finally, the optical-properties’ results show that the
PVA/PEG/MnO, nanostructures may be used for different optics
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and electronics applications.
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In this paper, preparation of novel organic phase-change materials—
ceramics nanofluids with high efficiency for thermal-energy storage and
release is carried out, namely, the (PVA-PAA-NbC-H,0) nanofluids’ and
(PVA-PAA-NbC) nanocomposites’ films are fabricated. The structural
and dielectric properties of (PVA-PAA-NDbC) nanocomposites are studied.
The results show that the dielectric constant and dielectric loss of nano-
composites decrease with increase in frequency, while the electrical con-
ductivity increases with increase in frequency. The dielectric constant,
dielectric loss and electrical conductivity of (PVA-PAA) blend increase
with increase in NbC nanoparticles’ concentration. The results of thermal-
energy storage and release for (PVA-PAA-NbC-H,0) nanofluids show
that the melting and solidification times decrease with increase in NbC
nanoparticles’ concentration.

Y nmamiit poboTi 3HilficHIOETBCA MiATOTOBKA HOBUX OpPraHiuHmX (PasoBo-
3MiHHUX MaTepiasiB — HaHOMIIOINIB KepaMiku 3 BUCOKOIO e(eKTUBHiCTIO
nns 30epiraHHA Ta BUBIIbHEHHS TeIJIOBOI eHeprii, a came, BUTOTOBJIEHO
maiBku HanoxommnosutiB ITBA-ITAA-NbC-H,0O rta IIBA-IIAA-NbC. Bu-
BUAIOTHCS CTPYKTYPHI Ta AieJIeKTPHUUHI BJacTUBOCTI HamoxkoMmmos3uTis ITBA—
ITAA-NbC. PesyabTaTu HOKa3yiOTh, IO MieJeKTPUYHA HTPOHUKHICTH i mie-
JeKTPUYHI BTPaTH HAHOKOMIIO3UTIB 3MEHIIYIOTHCSA 3i 30iJbIIEHHAM YacCTO-
TH, X0Ya eJeKTPOIPOBiAHICTL 30inbIIyeThcs 31 36iMblIeHHAM yacTOoTH. [ie-
JEeKTPUYHA NPOHUKHICTh, AieJeKTPUUYHI BTPATH H eJIeKTPONPOBimHIiCTH Cy-
mimri ITBA-TTAA 36iablnyoThCcs 3 MiABUINEHHAM KOHIIEHTpAIlil HaHO4YaCTH-
HOoK NDbC. PesyibraTtm 30epiramHs Ta BUBiJIbHEHHS TeIJIOBOI eHeprii masa
narnoduroigis IIBA-TTAA-NbC-H,0 mokasyioTs, II[0 YacHu TOILJIEHHS i TBep-
JHEHHSA CKOPOUYIOTHCS 3 IMiABUIEHHAM KOHIeHTpallii HanHouacTuHoK NbC.

Key words: nanofluids, phase changes, ceramics, nanocomposites, conduc-
tivity.
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1. INTRODUCTION

Several studies are carried out on phase change materials over the
last three decades. Phase-change materials (PCM) are very interest-
ing due to their absorbing of large amount of energy as latent heat
at a constant phase-transition temperature. These materials can be
used for passive heat storage. Major disadvantage of the PCM is
related to their low thermal conductivity, which impedes high rate
of charge and discharge of heat flux. These types of materials have
many useful properties including heat source at constant tempera-
ture, heat recovery with small temperature drop, high storage den-
sity, melting point that matches the applications, low vapour pres-
sure at the operational temperature, and chemical stability and non-
corrosiveness. These properties allow the PCM to be used in many
industrial applications such as thermal storage of solar energy,
thermal management of electronic devices, thermal storage in build-
ings, cooling of engines, etc. An ever-increasing world population
combined with a strong rise in energy demand has led to a signifi-
cant environmental crisis that already shows its clear beginning.
Energy demands in the commercial, industrial and utility sectors
vary on daily, weekly and seasonal bases, e.g., solar heating, waste
heat recovery, building space heating and cooling, thermal comfort,
electronic cooling, and reducing the HVAC equipment size by level-
ling or shifting the peak load demand. These demands can be satis-
fied by smoothing the temporal variations with the help of thermal-
energy storage (TES) systems. Energy storage is an effective ap-
proach to increase energy efficiency and energy savings, since many
energy sources are intermittent in nature. It is the most appropri-
ate way and method to correct the gap between the demand and
supply of energy. Energy storage is not only plays an important
role in conservation of the energy but also improves the perfor-
mance and reliability of wide range of energy systems, and become
more important where the energy source is intermittent such as so-
lar. The TES is recognized as one of the key technologies for energy
storage in the future. Three major methods are currently considered
for thermal storage: sensible heat, latent heat, and thermochemical
heat. To store/release passively thermal energy, builders have used
sensible heat storage for centuries, but a much larger volume of
material is required to store the same amount of energy in compari-
son to latent heat storage. Latent heat energy storage, using the
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PCM, is the most effective technique because of its advantages of
high energy-storage density and isothermal characteristics [1].

With the rapid development of construction industry, more and
more lightweight building materials are applied in high-rise build-
ings. Because of the low thermal capacity of lightweight materials,
indoor temperature tends to fluctuate under climate change. PCMs
with their high heat storage capacity have been considered as poten-
tial latent storage materials widely studied in building thermal
storage. PCMs absorb redundant heat in daytime, the stored ther-
mal energy release into indoors at night. Through this thermal en-
ergy circulation, the indoor temperature maintains in a relative
comfortable temperature range. The traditional PCMs are mainly
divided into organic materials and inorganic materials. Several re-
views have concluded a large category of candidate materials for
latent heat storage. Organic materials such as fatty acids and their
eutectic mixtures have superior properties over inorganic materials
like litter super cooling, high latent heat, less volume change, good
thermal, and chemical stability after repeated cycles [2].

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 aris-
es to develop thermal storage systems to store the available excess
energy for later use. Thermal energy storage system should possess
good storage capacity, high efficiency, quick charging/discharging,
cost effective, and hazard free. The PCM with their heat storage
and releasing behaviour have found suitable for latent heat storage
systems 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 need additional
support equipment. Hence, latent heat of fusion of PCMs is utilized
for thermal applications. Incorporation of nanomaterials could pos-
sibly increase the thermal conductivity of the PCMs with their high
surface area-to-volume ratio. Aluminium oxide (Al,O;), copper (Cu),
copper oxide (CuO), gold (Au), silver (Ag), silicon carbide (SiC), ti-
tanium carbide (TiC), titanium oxide (TiO,), and carbon nanotubes
were some of the nanoparticles used for thermal applications [3].

The low heat flux achieved due to the low thermal conductivity
of most PCMs, which drastically affects the melting and solidifica-
tion performance of the system, and widespread use of latent heat
stores have not yet been realised. A larger heat flux can be achieved
by enhancing the effective thermal conductivity. Different ap-
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proaches 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 nano-
particles in the PCMs increases significantly the effective thermal
conductivity of the fluid and consequently enhances the heat trans-
fer characteristics [4].

2. MATERIALS AND METHODS

The (PVA-PAA-NDbC) nanocomposites are prepared by dissolving 1
gm of polyvinyl alcohol (PVA) and polyacrylic acid (PAA) in 30 ml
of distilled water with concentrations of 0.85 wt.% PVA, 0.15
wt.% PAA by using magnetic stirrer to mix the polymers for 1
hour to obtain solution that is more homogeneous. Niobium carbide
nanoparticles (NbC NPs) were added to polymer blend with differ-
ent concentrations of 1.5, 3, 4.5 and 6 wt.% . The thermal energy
storage and release 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 casting method is used to
prepare the films of nanocomposite samples in the template (Petri
dish has diameter of 10 cm). The dielectric properties of samples
were examined with frequency range from 100 Hz to 5-10° Hz by
using LCR meter type (HIOKI 3532-50 LCR HI TESTER).

The dielectric constant (¢') of (PVA-PAA—-NbC) nanocomposites is
determined by the following equation [5]:

¢=C,/C,, (1)

where C, is parallel capacitance and C, is vacuum capacitor.

The dielectric loss (¢”) of nanocomposites is given by the follow-
ing equation [6]:

e"=¢'D, 2)
where D is dispersion factor of (PVA—-PAA-NDbC) nanocomposites.
The A.C. electrical conductivity is calculated by the following
equation [6]:

Oac. = WE"Ey, 3)

where w is the angular frequency.
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3. RESULTS AND DISCUSSION

The dielectric measurements have been carried out by a capacitive
arrangement technique using LCR meter in the frequency range
from 100 Hz to 5 MHz at room temperature. The polarized mole-
cules or atoms in dielectric medium can align in accordance with
the applied electric field, which implies electromagnetic energy to
be transferred into materials. Figure 1 shows the behaviour of fre-
quency-dependent dielectric constant of PVA-PAA and NbC/PVA-
PAA at room temperature. At lower frequencies, high values are
noticed, which indicate that the four polarizations are active,
whereas at higher frequencies, due to the high periodic field, rever-
sal resulting in an inertia of the dipolar moments causes the reduc-
tion in the values. An independent frequency trace is noticed be-
yond 1 kHz but a substantial modification is achieved by the incor-
poration of NbC nanoparticles in the matrix. A giant polarizability
is noticed because the particles are relatively free to move in ex-
tended trajectories between the electrodes. The NDbC exhibits a
strong ionic polarization and has a high value of static permittivity,
so, the increment in the values of relative permittivity for the
nanocomposites due to these mobile charge carriers is expected.
Figure 2 illustrates the frequency-dependent dielectric loss of
PVA-PAA and NbC/PVA-PAA at room temperature. This curve
possessed a similar trace as the plot of dielectric constant, and the
changes in steepness are observed at the same frequency region. The
phenomenon can be identified as interfacial polarization (IP) where
the high values are presented at the low frequency region. At high-
er frequencies, the dipoles cause an inertia results from the electri-

30, —— Pure

—— 1.5 wt.%
— 3 wt.%

—— 4.5 wt.%
— 6 wt.%

Dielectric Constant

0 . . . ‘ ; ‘
1-10% 1-10% 1-104 1-10° 1.10¢ 1-107
F, Hz

Fig. 1. Behaviour of frequency-dependent dielectric constant of PVA-PAA
and NbC/PVA-PAA at room temperature.
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Fig. 2. Frequency-dependent dielectric loss of PVA-PAA and NbC/PVA-
PAA at room temperature.
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Fig. 3. Variation of the A.C. electrical conductivity of the (PVA-PAA-
NbC) nanocomposites with frequency at room temperature.

cal heterogeneity known as Maxwell-Wagner—Sillars effect [7T—10].

Figure 3 shows the variation of the A.C. electrical conductivity
of the (PVA-PAA-NbC) nanocomposites with frequency at room
temperature.

As the frequency decreases, the more and more charge is accumu-
lated at the electrode and electrode interface that leads to a de-
crease in the number of mobile ions and, eventually, to a drop in
the conductivity at low frequencies. In the high frequency region,
the conductivity increases with the frequency due to the mobility of
charge carriers and the hopping of ions from the infinite cluster.
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As a result, the ion exchange process occurs effectively in the high-
frequency region.

From Figures 1-3, the dielectric constant, dielectric loss and
electrical conductivity increase as niobium carbide nanoparticles’
concentration increases. This result can be attributed to the in-
crease in conductivity as a result of the increase charge-carrier den-
sity in polymer matrix. At low niobium carbide nanoparticles’ con-
centration, the dielectric constant and dielectric loss values are low.
The increase of niobium carbide nanoparticles’ concentration caused

Fig. 4. Photomicrographs (x10) for (PVA-PAA-NbC) nanocomposites: (a)
for (PVA-PAA); (b) for 1.5 wt.% NbC; (¢) for 3 wt.% NbC; (d) for 4.5
wt.% NDbC; (e) for 6 wt.% NbC.
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an increase in the average number of concentrations among the nio-
bium carbide nanoparticles. At high concentrations of niobium car-
bide nanoparticles, the dielectric constant and dielectric loss are due
to formation of a continuous network of nanoparticles through the
nanocomposite [11-14], as shown in Fig. 4.

The thermal-energy storage and release were investigated during
the melting and solidification processes, as shown in Figs. 5 and 6.
From these figures, the melting and solidification times decrease
with increase in NbC nanoparticles. We see that there is an appar-
ent heat-transfer enhancement effect by introducing NbC nanopar-
ticles into the (PVA-PAA) blend, because NbC nanoparticles im-
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Fig. 5. Melting curves of (PVA-PAA-NbC-H,0) nanofluids.
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Fig. 6. Solidification curves of (PVA-PAA-NbC-H,0) nanofluids.
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prove the thermal storage/release performance of the (PVA-PAA)
blend. Based on the afore-mentioned results, (PVA-PAA-NbC—-H,0)
nanofluid can be considered as a potential building thermal-energy
storage material to keep comfort indoor environment and save ener-
gy. This is a useful method to improve completely the thermal con-
ductivity of organic materials. Furthermore, faster rates of melting
and solidification of nanocomposites would be evident to the ther-
mal conductivity enhancement of base material [15-22].

4. CONCLUSIONS

1. The dielectric constant, dielectric loss and A.C. electrical conduc-
tivity of (PVA-PAA) blend increase with increase in niobium car-
bide nanoparticles’ concentration.

2. The dielectric constant and dielectric loss of (PVA-PAA-NbC)
nanocomposites decrease with increase in frequency, while the A.C.
electrical conductivity increases with increase in frequency.

3. The (PVA-PAA-NbC—-H,0) nanofluids have high efficiency for
solar-energy storage and release with low cost. The melting and so-
lidification times decrease with increase in NbC nanoparticles’ con-
centration.
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Films of PVP doped with TiN nanoparticles are fabricated. The structure and
optical characteristics are studied to apply the nanocomposites for industrial
and bioenvironmental applications like humidity sensors, diodes, antibacte-
rial coating, biosensors and UV-shielding. The results show that the optical
characteristics are enhancing with the rising in TiN nanoparticles’ ratio. The
results indicate that the PVP/TiN nanocomposites may be used in various
biomedical and bioenvironmental fields.

BuroroBasaioTbea maiBKu moaiBimiamipoaizomy (IIBII), neroBani HamouacTu-
uxamu TiN. CTpyKTypa i ONITHYHI XapaKTepUCTUKYU BUBUYAIOTHCA IS BUKOPU-
CTaHHA HAHOKOMIIO3UTIB Y IIPOMUCJIOBHUX i OiocepeoBUINTHNX 3aCTOCYBAHHIX,
TaKUX AK JaTUYNKU BOJOTOCTH, JiOAM, aHTHOAKTepisdabHe IOKPUTTS, 0i0CeHCOo-
pu i1 Yd-exkpanyBanHa. Pe3yabTaTu IOKa3yOTh, 1110 ONTUYHI XapaKTepPUCTH-
KV IOCHJIIOIOTHCS 31 3pocTaHHAM cHiBBigHomeHHA HaHodacTHHOK TiN. Pe-
3yJbTaTH BKa3yIOTh Ha Te, n1o HanokommnosuTu IIBII/TiN mMoxxyTs BUKOpUC-
TOBYBATUCS B PidHUX GioMeAMUHUX i OioCcepemOBUITHUX IOJIAX.

Key words: nanocomposite, biopolymer, TiN, biomedical field, optical prop-
erties.
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1. INTRODUCTION

Bionanocomposites are well known as a new type of advanced mate-
rials. In these materials, the matrix of polymer, which contains
polymers (synthetic or natural ones) or biomolecules, is believed the
biological origin, while nanosize materials are considered as materi-
als of value added. Novel nanocomposites characteristics may be get
by successfully connected parent constituents’ characteristics in an
individual matter. These matters are various as mutually materials
similar to pure natural polymers and inorganic nanoparticles (NPs)
with several electronic, optical, and optoelectronic characteristics
and widely used in optical fields like light-emitting diodes’ lenses,
optical switches, optical waveguides, and nonlinear optical devices.
The nanocomposites include drawn much consideration related to
their attractive optical characteristics, which are distinctive from
the single polymers. The joint of inorganic NPs and organic poly-
mer mutually display unexpected characteristics and improves the
optical characteristics for nanocomposites, which very much vary
from that of conventional matters [1].

Titanium nitride is a ceramic material with large hardness (of
2000 kg/mm?), elevated temperature of decomposition (of 2949°C),
defect structure (deviation from stoichiometry); it has superconduc-
tivity, and at room temperature, chemical stability. TiN is mostly
employed as a coating to improve other materials [2].

Polyvinylpyrrolidone (PVP) is soluble in water and additional po-
lar solvents. PVP is a hygroscopic powder; it easily obtains wet re-
lated to moisture absorbance in the atmosphere, during winter and
rain seasons. The pyrrolidone group chooses to complex with several
inorganic salts resulting in surface passivation and fine dispersion
for the composites [3]. PVP has particular attention among the pol-
ymers related to its excellent stability with respect to environmen-
tal influence, appropriate electrical conductivity, and easy processa-
bility. The reactive pyrrolidone group (PVP) easily forms complexes
with many inorganic salts, synthetic or natural functional poly-
mers, biomolecules and biomacromolecules [4]. This work aims to
prepare PVP/TiN nanocomposites to use them in biomedical and bi-
oenvironmental fields.

2. MATERIALS AND METHODS

PVP-TiN nanocomposites were prepared by casting technique on
glass slides. The solution of biopolymer was prepared by dissolving
of 0.5 gm of PVP in distilled water (15 ml). Then, the TiN NPs
were added to biopolymer solution with ratios of 1%, 2%, 3% . The
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optical characteristics were tested in wavelength range from
300 nm to 900 nm, using spectrophotometer (UV/1800/Shimadzu).
Absorption coefficient is given [5] as follows:

a=2.3034/t, (1)

where A—absorbance, t—sample thickness. The energy gap is de-
termined [6] as follows:

ahv = B(hv - E,Y, 2)

where B—constant; hv—photon energy; E,—energy gap; r = 3 for for-
bidden indirect transition, and r= 2 for allowed indirect transition.
The optical conductivity/cop could be calculated as follows [7]:

_anc
® gp

(3)

(¢

3. RESULTS AND DISCUSSION

Figures 1 and 2 represent the absorbance and transmittance spec-
trums’ variations for the PVP/TiN nanocomposites with wave-
length. The absorbance of biopolymer rises with the rise in TiN
NPs’ content that is due to the rise in a number of charge carriers
(as shown in Fig. 3) in PVP matrix; hence, the transmission will be
decrease as exposed in Fig. 2.

The increase of absorbance in UV spectra and improving the ab-
sorption with the rise in TiN NPs make it be used in various fields
like photovoltaic cell, transistors, solar cell, antibacterial coating
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Fig. 1. Absorbance-spectrum variation for the PVP/TiN nanocomposites
with wavelength.
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Fig. 2. Transmittance-spectrum variation for the PVP/TiN nanocomposites
with wavelength.

Fig. 3. Microscope images (x10): (a) PVP; (b) with 1 wt.% TiN; (¢) with 2
wt.% TiN; (d) with 3 wt.% TiN.

and other modern applications. The behaviour of PVP/TiN nano-
composites with wavelength is consistent with Refs. [8—11].

The absorption-coefficient variation for the PVP/TiN nanocompo-
sites with energy of photon is shown in Fig. 4. Absorption coeffi-
cient of biopolymer rises with rising of the TiN NPs’ ratio that is
related to the increase of the number of charge carriers [12] and
manifests the energy-gap nature.

From the o values, the energy gap corresponds indirectly to al-
lowed and forbidden transitions, as shown in Figs. 5 and 6, respec-
tively.
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Fig. 5. Energy gap for the PVP/TiN nanocomposites (allowed transition).

The energy gap for both transitions (allowed and forbidden ones)
is reduced with the rise in TiN NPs’ content that is related to the
creation of localized levels in the optical band gap [13, 14].

The optical-conductivity variation for the PVP biopolymer and
TiN NPs-doped PVP with wavelength is shown in Fig. 7. The opti-
cal conductivity rises with raising the doping ratio and photon en-

ergy.

This behaviour due to the rise in TiN NPs increases the contribu-
tion of electron transitions between the conduction and wvalence
bands as a result of rising localized-levels’ density in the energy
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Fig. 6. Energy gap for the PVP/TiN nanocomposites (forbidden transition).
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Fig. 7. Optical-conductivity variation for the PVP/TiN nanocomposites
with wavelength.

gap that leads to both the energy-gap reduction and the rise of the
absorption [15—18].

4. CONCLUSIONS

The present work includes synthesis of PVP/TiN nanocomposites
and testing their structure and optical characteristics to be used in
biomedical and bioenvironmental fields.

The results show the improving the structure and optical charac-
teristics of biopolymer with rise in TiN NPs’ ratio.
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IIpoBemeno MogudiKyBaHHS TPYOUACTUX KepaMiuHMX MeMOpaH 3 TJIMHUCTUX
minepasiB. MemOpanu MoOAuMIiKyBaau IipoByIJIeleM, AKWH OJep:KyBajiu
KapOoHisallielo opraHoIOJiMepHUX KOMIIO3UTIB. IIpeKypcop KapOowmisaiii
CHUHTE3yBaJM 3 II0Jii3oIiaHaTy Ta BOAHOTO PO3UYMHY CYXOT'O0 MOJIOKa, AKi
BBOOUWJIM y¥ MeMOpaHy mpocoueHHAM. Boxma pearye 3 NCO-rpymamu moJiiizo-
IiaHATy 3 YTBOPEHHAM IOJiceuoBUHU. MOJIOKO MicTUTH OiJKM, KUPU Ta
ByTJIeBOAU, QYHKIIioOHANBbHI rpynu Akux pearyBajgum 3 NCO-rpymamMum moJii-
3omiaHary. B pesyabTaTi mux peakiiiii y mopax HeMogudikoBaHol MeMOpaHU
YTBOPUBCA OpraHomoJiMepHUIl Kommo3ut. Kpim Toro, Ansa omep:kKaHHA Me-
TaJIeBOr0 HiKJIIO Tig dJac KapboHisalii BUKOPUCTOBYBAIU PO3UYUH XJIOPUIY
Hikiio, SKUM TaKOMK IpocouyBaju BUXigHy memOpamy. KapOonisaliito mpo-
Bomuau 3a 800°C B morori aprouy. Ilicia momgudikyBaHHA BigKpuTa mopuc-
TicTh MemMOpaHu 3MmeHmmuaaca 3 29,9 mo 27,0%, mosipHa ryctuHa 3pocia 3
1,86 o 1,89 r/cm®. Ckaaz i cTpyKTypy MeMOpaH BUBUAJIM 33 JOIIOMOIOIO
MeTomiB peHTreHodasoBoi amasisu Ta CEM. ITokasano, 1m0 MomudikaTopoMm
€ mipoByrIJiellb i3 BKJIIOUEHHAM YaCTUHOK MeETaJeBOTO HiKJII0O PO3MipoM Bif
mecatkiB mo = 300 uMm. IlipoByriienh MOKPUBAE MOBEPXHIO IIOD CYIiJIBHUM
1I1apoM, a B IXHBOMY 00’€Mi TaKOK YTBOPIOIOTHCA YACTUHKU IIiPOBYTJIEIIO
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pisHOi (hopMu Ta posMipoM Bifm meKiNTBKOX HM 10 AeKiabkox MikpoHiB. Tec-
TyBaHHA MoAMG(IKOBaHMX MeMOpaH IPOBOAUIN 3a OUUINEHHAM BOAU Bifm Ga-
PBHHEKA IIPAMOTro sfcKpaBo-uepBoHoro Ta Ca?' 3 xjopugy Kambmiro 3a gomo-
Moro0 OapoMeMOpaHHOTO MeTomy 3a pobouoro Tucky y 0,7 MIla. Hemomu-
dikoBanma MeMOpaHa B3araji He 3arpuMye OapBHUK IPAMHHN SICKPaBO-
yepsonnit i Ca?’. BunpoGysamHsa MoambikoBaHHX MeMOpaH IOKAa3ajau, IO
BOHU HaOyBalOTh yJabTpadigbTpamiinux BiacTuBocTeil. KoedimieHT yTpu-
mauHsa (R) i GapBHMKA HPSMOTO sACKpPaBo-uyepBOHOro cramoBuTh 100% i
nma Ca?'— 14,4%.

Modification of tubular ceramic membranes made of clay minerals is car-
ried out. The membranes are modified with pyrocarbon, which is obtained
by carbonization of organic-polymer precursor at 750°C in an argon flow.
The carbonation precursor is synthesized from a polyisocyanate and aque-
ous solution of milk powder, which is introduced into the membrane by
impregnation. Water reacts with the NCO-groups of the polyisocyanate to
form polyurea. Milk contains proteins, fats, and carbohydrates, the func-
tional groups of which are reacting with the NCO-groups of the polyisocy-
anate. As a result of these reactions, an organic-polymer composite is
formed within the pores of the unmodified membrane. Additionally, a so-
lution of nickel chloride is used to obtain the metallic nickel during car-
bonization, which is also impregnated into the original membrane. Car-
bonization is carried at 800°C in an argon flow. After modification, the
open porosity of the membrane is decreased from 29.9 to 27.0%; the ap-
parent density is increased from 1.86 to 1.89 g/cm?. The composition and
structure of the membranes are studied by means of the x-ray diffraction
analysis and SEM. As shown, the obtained modifier is pyrocarbon with the
inclusion of metallic-nickel particles ranging in size from tens to =300
nm. Pyrocarbon covers the surface of the pores with a continuous layer,
and pyrocarbon particles of various shapes and sizes from several nm to
several microns are also formed within their volume. Testing of modified
membranes is carried out on water purification of direct scarlet dye and
Ca?" from calcium chloride using the baromembrane method at a working
pressure of 0.7 MPa. The unmodified membrane does not retain direct
scarlet dye and Ca?" at all. Tests of modified membranes show that the
membranes acquire ultrafiltration properties. The retention factor (R) for
direct scarlet dye is of 100%, and for Ca?", it is of 14.4%.

Karouosi cmoBa: Kepamiuni wmemOpanu, MmomudiKyBaHH#A, IoJiisoriaHar,
MOJIOKO, IIipOBYIJIEIlb, OUUIIEHHS BOMIMU.

Key words: ceramic membranes, modification, polyisocyanate, milk, pyro-
carbon, water purification.

(Ompumano 10 wepsus 2021 p.)

1. BCTYII

BapomemOpaHHI MeTomAM PO3AiIeHHS KOMIIOHEHTIB i 3a0pyIHIOBAJL-
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HUX PEUOBUH Yy BOAi Ta cTiuHMX Bomax (MiKpo-, yJbTpa-, HAHOPIJIbT-
paiia Ta 3BOpPOTHilI ocMoOC) 3 yCHiXOM 3aMiHIOIOTHL 3BUYAMHI IIpoliecu
I PO3MIOJiJy PEeYOBUH BHACJIOK IIPOCTOTU Ta JIelIeBU3HU IIPOIlecy
(HUBbKE eHeproCIOKUBAHHSA, 3MEHIIIEHHS METOAiB KOHTPOJIIO, MEHIIa
3aJIeXKHICTh BiJi IpUpPOaM XeMiuHMX PEYOBHH, M’ AKa poboua TeMmIepa-
Typa). Hida TaKux raxyseii IPOMUCJIOBOCTH SIK XeMiuHa, HadTOxXeMi-
yHa Ta 6araThbox iHIIIUX POIIIHUPEHHA 00JIacTH 3aCTOCYBaHHS OapoMme-
MOpPAHHOT'O IPOIlecy Ha HEBOJHI cepemoBHIIla iCTOTHO 3AEeIeBJIOE BU-
pobuunTBO mpoaykIrii [1-3].

HocmimxenHa B o0JslacTi BUTOTOBJIEHHA Ta MOAUGMDIKYBaHHSI MeM-
OpaH CIpPAMOBAHO Ha IIiABUINEHHS IXHBOI MPOAYKTUBHOCTH, CEJIEKTU-
BHOCTH, CTiAKOCTH OO0 3a0pyAHEHHs Ta 3[ellleBJeHHA. BUCOKYy xeMmiu-
HY Ta TepMiuHy cTabilbHiCTh, a TaKOK MeXaHiUHy MIIlHiCTL y IIOpiB-
HAHHI 3 iHmMIMME® TUIIaM¥ MeMOpaHHUX MAaTepiajiB (Hampukjaan, IIo-
JiMepHUX) MaioTh Kepamiumi memOpanu. ¥ ocrtaHHix 10-15 pokis
CcHoCTepiraeTbcAa MIBUAKE 3POCTAHHA UYMcJa IyOJaikarliii, moB’A3aHUX
i3 CMHTEe3010 HEOpTaHiYHMX MeMOpaH i BUBUEHHAM iXHiIX eKcILIyara-
MiAHUX XapaKTepucTuK. YymoBMM 3allOBHIOBAUeM IIOP MeMOpaH € BY-
TJIenb, AIKUHA Mae ¥ BUCOKY XeMiuHy Ta TepMiuHy cTiiikocti [4, 5].

Iadopmaltia npo MOPHCTY CTPYKTYPYy MeMOpaH YMOIKJIUBJIIOE BU-
3HAYUTYU B3AEMOBB’A30K MijK IIPOIECOM CHHTE3UW UM TO MOAMQIKyBaH-
HA MeMOpaH Ta ixHiMu MopdosoriyHrMYM i QYHKIIOHAJTIBbHUMU BJIAC-
TUBOCTAMM, II[0 MOKe OYyTM BUKOPUCTAHO AJA BAOCKOHAJIEHHSA METO-
IiB cmpsamoBaHoi cuHTe3W Ta MoaudikyBanHsa MemOpan. Panimie mu
BiKe MoaudikyBaau KepaMiuHi MemMOpaHu IIipoByTJjerneM 3 KapOoHizo-
BaHMX IIOJIiMepiB Ha OCHOBI IoJriisolfiaHaTy # iHINIUX CHOJYK i omep-
skau yabrpadinbrpaniiini memopanu [6, 7].

MeTtoto mamoi poboTu OyJsio MomudikyBaHHA MiKpodiabTpaiiiiHnx
KepaMiuHMX MeMOpaH HipoByrIJielleM, AKuil OyJio ofep:KaHO dUepes
KapOboHizalito mosimMepiB, 10 YTBOPUJIMNCA 34 B3a€MOUYMHY ITOJiiz0Iri-
aHaTy 3 BOJHUM PO3UMHOM CYXOTI'0 MOJIOKA, Ta TECTYBaHHS iX HA yJb-
TpadisbTpaIliiiHi BJACTHMBOCTI IMOAO OUYMIIEHHA BOAM Bij OGapBHUKA
MIPSIMOTO SICKPABO-UEPBOHOTO Ta KaTioHiB KasbIirito.

2. EKCIIEPUMEHTAJIBHA YJACTHHA

Marepiamu. [Ina mogudikyBaHHA BUKOPHUCTOBYBAJIMN KepaMiuHi meM-
OpaHuM Ha OCHOBi TJIMHUCTUX MAaTEPifAJiB 3 OOAABaHHAM IIIaMOTY,
AKUX OyJI0 Ofep:KaHO METOAOM ILIiKepHOro JUuTTA (IHCTUTYT KOJI0im-
HOl ximii Ta ximii Bomm im. A. B. lymamcekoro HAH VYxkpaium).
MeMbOpaHu € TpyOKaMH »KOBTYBATOTO KOJILOPY 3 30BHIiITHIM i BHYT-
pimuiM giamerpamu y 12 i 5 MM BigmosigHo.

Ax peareHTU Iy MOJIIMEPHUX NPEKYPCOPIB HipOBYIJIEII0 BUKOPU-
croByBasiz nodaiisorianar (III1]) mapku IsoPMDI92140 (‘Elastogran’,
®PH), akuii € TpoagyKTOM Ha OCHOBi 4,4'-mideninmmMeranpiisomianary
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(xoumenTtpamia NCO-rpyn — 31%, cepemus (PpyHKIiOHAJIbHiCTD —
2,7), i momoxo. MOJIOKO OJIep:KyBaJd PO3UNHEHHAM y ANCTUJILOBAHil
BOJi CyXOro 3HEXKMPEHOI'0 MOJIOKa, Mo Mictuth 32% Oinkis, 1,5%
supiB i 55% ByrieBoxiB; pemra — wMimepanbHi pevoBumau (ICTY
4273:2003, Yxpaiua). [lna omep:kaHHS 3a KapOoHizallii xaTaizsaTopa
CUHTe3M HAHOCTPYKTYP IipoByrJeinio Bukopuctosysaau NiCl, [8].
Metoguka momudikyBamHsa memoOpaH. [lina oxep:xaHHS mommdikoBa-
HUX MeMOpaH Buximmy memOpany (Mem6pama I) mocaimoBHO mpocouy-
Baau 10% -Boguum posumuoM NiCl,, 14% -BogHHM DPO3UYMHOM MOJIOKA
ta 25% -posunnom IIIIl B ermmamerari. Ilicass oOpobJieHHA peaKTH-
BaMU [Js OIep:KaHHA NPEKYyPCOPiB HipoBYyTIJIEeIl0 MeMOpaHu BUTPHU-
MyBaJIX 3a KiMHaATHOI TeMmOepaTypu Ha IoBiTpi 3 m00u, mOTiM IIPOBO-
Inan KapOoHizarlito B moroiii aprouy 3a 800°C i omep:KyBajaum MOJIU-
dikoBani memOpanu (MemoOpana II).

MeToau mociim:KeHHA CKJIAAY, CTPYKTYPH Ta BJIACTUBOCTEl MeMOpaH.
Ckiaan Buximuux i Mmogu@pikoBanmx MeMOpaH BUBUAJIN METOIOM PEHT-
remodasoBoi aHamisu (P®A) mHa aBToMaTmuHOMY au@pPaKTOMETpi
IOPOH-3M i3 mxepermom Bunpominenns CukK, (A=1,54178 A) B gia-
masoHi KyTiB 20 Big 5 mo 70°. Binnecenusa pedekciB Ha nqudparKTor-
pamax OyJio 3pobJieHO Ha ImifcTaBi 60asu maHUX IIpPOrpaMHOTO 3abesIie-
yenna Match!, mo BimHocuThCca M0 imeHTH(DiKaIii da3 MOPOITKOBUX
Ju@parxTorpam.

Mop@oorito moBepxHi IIOIIEPEUYHUX BiMKOJIB 3pas3KiB mociim:kysa-
JU 3a JOIOMOIOI0 CKaHYBAJBHOTO €JEKTPOHHOTO MiKpockomy JSM-
6700F (JEOL, fAmonis). Ilomepenuno Ha IMOBEPXHIO 3pa3KiB HAIIOPO-
ITyBaJIU ILJIATHHOBY ILTiBKY 3aBToBmIKK y 30 A. BifoMka BUKOHyBasa-
ca B pexkumax SEI ta COMPO 3a mpumBuamntyBaabHol Hanpyru y 10
KB i crpymy souzma y 0,65 HA.

ITo3ipHy rycTuHY Ta BiAKPUTY MIOPUCTiCTh MeMOpaH 3a IOTJIMHAH-
uam CCl, BusHavagu 3a MeTOOUKaMU, HaBegeHuMu B [9].

TecryBanHa wMoaudikoBaHmx MeMOpaH IIPOBOAUIN 34 CTyIeHeM
OUUIIIeHHS MOJeJbHUX PO3UMHIB y AUCTUJIbOBAHINW BOAiI Bii aHiOHY
0apBHMKA NOpPAMOro sAcKpaBo-uepBoHoro (KoumeHTpalias C=300
mr/am®) i Bixg Ca®* iz posunny CaCl, (kormenTpamia C =100 mr/am®).
Konnenrpaniro Ca®" Bu3Haualu TPUIOHOMETPUYHO, a KOHIIEHTPAILiIO
0apBHMKA — B3a JomoMorom ¢oroeneKkrpokosopumerpa KOK-2MII.
Excnnyaraiiitini BiacTuBocTi MeMOpaH BMBYAIW Ha OapoMeMOpaHHii
YCTAHOBIIi, AKAa MPAII0€ B IIPOTOUYHO-PEIUPKYJIAIIAHOMY PEXUMi 3a
po6ouoro tucky y 0,7 MIla. 3a pesyabpTaTraMmu BUIPOOYBaHb MeMOpaH
Bu3Hauaau KoedimieHT yrpuMmaHHd (R, %) i muToMy OpOAyKTUBHICTH
(J,» av®/(v*rom)) [1].

3. PE3YJIBTATH TA IX OBTOBOPEHHS

MoJsioko — OesmeuHe Ta OOCTYIHE, BiJHOCUTLCA OO MOHOBJIIOBAHOI
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CUPOBUHI; TOMY IPEJCTABJIAE iHTepec BUKOPUCTOBYBATH HOTO AK pe-
ajmisamiro KoHIenIlii crajsoro po3BuTKy (sustainable development)
IO oflep:KaHHA ITipOBYTIJIeNio 3amis mMoamdiKyBaHHS MeMOpam. Aje
BOHO BiJHOCUTBHCSA OO PEUYOBUH, AKi He KapOOHi3YIOTLCA; TOMY HeO0-
XigHO OyJI0 BUKOPHUCTATHU HMOTr0 IJA CUHTE3W TPUBUMIPHOTO COIIOJIiMe-
py. Bubip IIIIl 6yB symoBienuii Tum, 1m0 NCO-rpynou JierKo BCTyma-
IOTh Y PeakKIliio 3 MOJEeKyJaMHu BOAU, TiAPOKCUILHUMMN, KapPOOKCUJIb-
HUMH Ta iH. TpyIaMu, a Ho3adK Horo QPyHKIiOHAJILHICTL > 2 YTBOPIO-
eTbcAa moJgiMepHa citka [10, 11]. V¥V mopax membpanu BigOyBaeTbCs
minuit pag peakiiii misk NCO-rpymamu III1] i xkoMImoHeHTaMHU MOJIOKA
Ta Bomoro [11, 12].

IIinx vac pearxmii NCO-rpyn IIIIl 3 BOmoIO yTBOPIOETHCA CEUOBUHA
Ta BYTJIEKMCJINU ras:

R™I-NCO + H,0 — [R™NHCOOH] - R™NH, + CO,,
R™M_NH, + R"™-NCO — R™NHCONHR™",

Binku MoJIOKa CKJIaZaloThCAa 3 aMiHOKMCJIOTHUX 3aJUINKiB; TOMY Y
uux nupucyTHi COOH- i NH,-rpynu. NH,-rpynu pearyioots 3 NCO-
rpynamu IIIT 3 yTBOpeHHAM M0JIiCEUOBUH:

RMI-NCO + R™™***~NH, - R"™NHCONHR""",

IIix uac peaxiiii 3 KapOOKCUILHUMHU TI'pylaMu dK OiJIKiB, Tak i Ku-
CJIOT, IO BXOAATH O CKJAAY MOJIOUHUX KUPiB, YTBOPIOIOTHCA aMimu
1 amrigpuam BigmoBimHux KwucioT. Ilim wac mmux peakIifi TakKo:K BU-
OiJIsIeThCA BYTJIEKUCJIHNI ras:

R™I-NCO + R****~COOH —> [R™NHC(0)-0-C(0)R***"] >
> RMNHCOCNHR™ + R***C(0)-0—C(O)R*** + CO,.

ByraieBoau, I1o CKJIAZalOTHCA B OCHOBHOMY 3 JAaKTO3U, MICTATH
OH-rpynu, aki pearyiors 3 NCO-rpynamu IIII] 3 yTBOpeHHAM ypeTa-
HOBUX yTPYyIIyBaHb:

RM-NCO + R****~OH — R™NHC(0)-0-R""",

Peaxnii NCO-rpyn IIIII 38 yperaHamm, amiiaMu, CEYOBUHOIO ¥ iH-
UMY CHOJIYKaMU 3 aKTUBHUM [iIporeHOM MOKYTb IIPUBECTU [0
YTBOPEHHA OOAATKOBUX ayiohaHATUX i OiypeTOBUX pPOITany:KeHb ¥
mosimMepHux JaHImorax. Ilig sac Bzaemoznii NCO-rpyn IIIII 3 rigpox-
CUWJIBHUMHU TPYyHaMU, IO BXOAATH A0 CKJAAY MAaTepisay CTiHOK IIOp
MeMOpaHM, YTBOPIOETHCA 3B 30K Mi)K B3allOBHIOBAUEM IIOp MeMOpaH
Ta ii cTimkamu.
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10 20 30 40 30 60 70
20, rpagyc

Puc. 1. Judparrorpamu Buxiguoi memoOpanu I (I) i moxmpixkoBanoi mem-
opanu II (2).!

Takum umHOM, mImix yac mommdiryBamua memOpan 3 IIIIl i KomIo-
HEHTIiB MOJIOKA YTBOPIOETHCA I[iMui Habip pPisHOMaHITHHX CIOJIYK,
BKJIIOUAIOUN OJIirOMEpHi Ta IoJiMepHi, SKi MOMKHA pO3TIAZaTH SAK
OPTaHOMOJIiMepPHUN KOMMIO3UT i AKHH € IICeBIOB3aEMOIIPOHUKHOIO Ci-
Kol (1mceBmo-BIIC) 3 mamoBHIOBaueMm. Ilim uac wrapOoHiszarii 1boro
KOMIIOBUTY YTBOPIOETHCA MoAu(pikaTop MeMOpaHUM — MipOBYTIJeIllb, a
Kansmizn i Marui#i, 1o BXOOATH M0 CKJIAAy MOJIOKA, MIEPEeXOAaTh
Hepo3uUmHHI KapOoOHATH.

Ilicnia xapOoHisarii Koip MeMOpaH 3MiHHMBCA BiJf KOBTYBaTOTO IO
YOPHOI'0 3 MeTajJeBUM OJHMCKOM Ha IIOBEPXHi Ta g0 ciporo B 00’emi,
0 CBiIUMTH IPO YTBOPEHHS IIiPOBYIJIEII0 HA MOBEPXHi @I y mopax
MeMOpaHu.

3 maBemeHUX Ha puc. 1 amudpaxTorpaM BHUIHO, IO pedJeKcu BYT-
Jelo Ha AudpaKTorpaMax BHILJINTHA HEMOMKJIHBO, Yepe3 Te IO BOHU
oys:Kke cinabki B TOpiBHAHHI 3 peduexkcaMm MaTepiday wmeMOpanu
(KOHIIeHTpAIlid IMipOByTIJIeIl0 — 3aHaATO Hu3bKa). Ha HagBHicThL ByTr-
Jerio B MoaudikoBaHMX MeMOpaHax y HOPIBHAHHI 3 BUXiAHOIO OIIO-
CepeIKOBAHO IIOKAa3ye 30iJIbIIIeHHsS BiJHOCHOI iHTEHCHBHOCTH pPedieK-
ciB 20 y 26,0-26,6 i 41,3°, axi mepexpuBamOThCI pedaeKcaMu Bin
MaTepiany BuUXimgHoi mMeMOpanu. ¥ MomudikoBamoli MeMOpaHU IIPHCY-
THi TAaKOXK pedieKcH MeTajJeBoro HikJoo mpu 20 y 43,5 1 51,7°, axui
BigaoBuBca 3 NiCl, npoayKraMu mipoJisy mojaiMepHOI CKJIagoBOI MO-
nudikaTopa MeMOpaHM i € KaTaJi3aTOpoM OJep:KaHHsA HAHOCTPYKTYP
Byrierio [9].

Ilicnia mommdikyBaHHS y MeMOpaH 3MEHIIIMJIACA BiAKPHUTA IIOPUC-
ricts Big 29,9 mo 27,0% i s6iapmmiacs mosipHa rycruna Big 1,86 mo
1,89 r/cm®, mo Bkasye Ha posMimieHHA Mogu@piKaTopa y Imopax MeM-
Opamu.

Ha pucynry 2 mpexacraBierno mikpodgoTorpadii momepedyHmnx BigKo-
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Puc. 2. CEM-3HiMKu moTmiepeyHMX BigKoJiB Buximuoi (a) Ta momamdirkoBaHOI
meMm6pasH (6, 8, 2, 0) y peskumax SEI (a, 6, 2, 0) Tra COMPO (6).2

JiB Buximmoi Ta MmoaudikoBaHOI MeMOpaH.

Y BuxigHoi MeMOpaHW YiTKO BUIHO CTPYKTYPHi eJiIeMeHTH KepaMi-
Ku (puc. 2, a). ¥ memo6panu II (puc. 2, 6) BcA MOBEPXHS CTPYKTYP-
HUX eJIEMEHTiB BUXifHOI MeMOpaHW IOKPHUTa IITapoM 3allOBHIOBaYa 3
BKJIIOUEHHAMU 00’€MHUX YTBOPEHBb PisHOI (hopMu Ta po3mipy Bim me-
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KimTbKOX HM 10 meKinbKox MKM. KpiM Toro, mpucyTHiI YacTHHKH Me-
TaJeBOTO HiKJIO po3dMipoMm Bix mecatkis mo = 300 um (puc. 2, 8, 2).

Ha pucyHKy 3 HaBegeHO CTPYKTYPHY (POpMYyJy OAPBHUKA IIPAMOTO
AcKpaBo-uepBoHoro. Mouuuii paxitoc Ca?" ckramae 0,104 mM.

Buxigna memomupikoBama memOpana I € mixkpodinbTpariiinoo; B
Hel po3Mip mop 3HaxoAuUThCA B Mexxkax Big 0,1 mo 10 MKM, II[O0 YMOXK-
JUBJIOE 3aTPUMYBATH YACTHUHKM 3a0pyIHIOBAYiB BiAIIOBiZHOrO po3Mi-
py. IIuToma mpoayKTUBHICTL BUXigHOI MeMOpaHM 3a POOOYOTO TUCKY
y 0,7 MIla 3a 2 rogmHu BUIPOOYBaHbL Ha AUCTUJILOBAHIN BOAL csarae
350 mm?®/(m*rox). Karioru Ca®" Ta amioHm GapBHMKA IPAMOIO ACKpa-
BO-UEPBOHOIO 3 IXHiX PO3UMHIB JIETKO IPOXOAATHL Uepe3 MeMOpaHy Ta
30BCiM He 3aTPUMYIOTLCA. ¥YJIbTpadinabTpaliiiini MeMOpaHu MaiOTh PO-
amip mop Bixg 2 M mo 0,1 MKM; TOMY BOHU MOXKYTDL 3aTPUMYBaTU Op-
TaHiuHI COONIYKM 3 MOJIEKYJIAPHOI0 Macoo Oiabire 300 (puc. 3).

Ha pucynky 4 mpeacTaBiieHO pe3yJabTaTH TeCTyBaHHA MonudiKoBa-
HOI MeMOpaHu Ha BiAMOBiAHiCTH ii yabTpadiibTpalifiHUM BJIACTHUBOC-
Tam [1].

SIk BuzgHO 3 puc. 4, Koedimient yrpumanna R karionis Ca? momu-
dikoBanoo membOpamoio II 3smeHIyeTbea 3 wacom Bix 15,2 mo 14,4%.

= NHCONH~ ) -
O—N:N& N:N—Q—NHCOCHs

NaO,S SO,Na

Puc. 3. CtpykTypHa dopMysa 6apBHUKA IPAMOTO ACKPaBO-4ePBOHOTO.?

R, %; dJ,, mm®/(m® .Tom)

100} A A " ad
80 B . . o3
40F

2
20}
~ 1

0,5 1,0 1,5 2,0 2,5 3,0 3,5 40 4,5 5,0
YHac, rox

Puc. 4. 3anexuicts Koedimnienra yrpumanua (I, 4) Ta muTomMoi TPOAYKTUB-
HocTH (2, 3) mMozmdikoBanoi Mem6panu auasa kariomiB Ca?" (I, 3) # amiomis
6apBHUKA NMPAMOTO sSCKpaBo-uepBoHOTO (2, 4) Big uacy (inbTpyBaHHSA PO3-
ynHiB 3a Tucky y 0,7 MIIa.*
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IlipoByrieneBuiit MmogudikaTop mop Mae B ¢cBoeMy ckianmi rpynu C=C,
C-C, C-NH,, COO, aki yrBopuaucsa 3a KapOoHisallii opramomoJimep-
Horo kKommoauty Ha ocHoBi IIIIl [13]. Bmacmimok HasgBHOCTH ITUX
IpyIl Ha IOBepxHiI Mozmdiraropa BigbyBaeThca azcopbmia Ca®', mro
MPUBOAUTL OO IX 3aTPUMKH. [luToMa NPOAYKTHUBHICTL MeMOpaHU
3MeHIIyeThea Bix 85 mo 78 am®/(m%rox) micna mocArHeHHS piBHOBaru
(puc. 4, kpusi 1, 3). 3miHy muTOMOI MPOAYKTHBHOCTH MeMOpaHU 3Y-
MOBJIEHO CYKYHIHICTI0O BUMHUBAHHS IIiJl THUCKOM AOCJIiJ:KyBaHOTO PO3-
YMHY BOJOPOSUMHHUX CKJAMOBUX Moaudikaropa meMOpaHuM Ta 3aKy-
NOPIOBAHHAM 1 3MeEHIIIEHHAM pPO3Mipy ©Op BHACJIIIOK HAaABHOCTHU
OKpeMHIX YACTUHOK MojudikaTropa, aKi mig uac podoTm MeMOpaHu IO
HOBOMY DPO3TAIIIOBYIOTHCA Y HOpax.

IIim yac oumineHHsS BoAM Bix OapBHMKA uepesd 2 MOAUHU Y CUCTEMi
MPaKTUYHO HacTae AmHaMiuHa piBHoBara (puc. 4, xpuBi 2, 4). Bcra-
HOBJIEHHS IWHAMIYHOI piBHOBarm 3yMOBJIEHO THUM, IO y MOJIEKYJIi
0apBHMKA NIPUCYTHS BeJWKa KiJbKicTh (QYHKI[IOHAJBHUX Tpym (puc.
3), 3MaTHUX YTBOPIOBATU afCOPOI[ifHUWI IIap AK HA IMOBEPXHi HipoBYy-
TJIelll0 (3amOBHIOBAY IIOp MeMOpaHM), TaK i HAa IOBEPXHI MaTepisaay
MeMOpanu. YTBOpPeHHA He TiIbKHU aAcopOIiiiHoro, ajie i GiabIIT TOBC-
TOTO IIOBEPXHEBOIO IIAapy 3 MOJEKYJ OapBHUKA IPUBOAUTH A0 MEM-
OpaHU, TOBIIMHA SKOI He 3MIiHIOETHCA Yy 4Yaci 3a He3MiHHUX YMOB PO-
0oTu MemOpaHU, ajie BiH OJIOKye mopu y memOpani. HaaBHicTh 11b0Oro
1Iapy, a TaKoK BHUINE3a3HAUeHUX IIPUYUH IIPU3BOIUTH J0 3MEHIIIeHHS
nuToMOi IPOAYKTUBHOCTH MeM6panu Bix 48 mo 30 am®/(mrox). Koe-
dinmieHT yTpuMaHHA OapBHMKA NIPAMOTO ACKDPAaBO-UYEPBOHOTO IIicjsd
BCTaHOBJIEHHA piBHOBaru mopiBHioe maiixke 100% .

4. BAICHOBRH

B pesyabrari KapbOownisamii mpoaykrie Bzaemoxii NCO-rpyn mosiiso-
1iaHaTy 3i CKJIaZOBMMM MOJIOKA i BOJOIO Ta BiJHOBJIEHHAM MeTaJIeBO-
ro HIKJI0 AK KarajgisaTopa YTBOPEHHA HAHOYACTWHOK HipOBYIJIEIIO
O0yJsio omep:xaHo Momu(pikoBami Tpybuacti memOpaHu 3 yJabTPa@iabT-
pamiiHuMu BJIACTUBOCTAMMU, AKi IIOBHICTIO 3aTPUMYIOTHL aHiOHH OapB-
HUKa fACKpaBo-uepBOoHOro Ta Ha 14,4% — xkatiomu Ca®’. HaapmicTb
OipOBYIJIEII0 Ta HIKJIIO AK MOAM(MIKATOPiB HiATBEPAMKEHO METOIOM
P®A. Meromom CEM BcTaHOBJIEHO, 10 MOAM(piKATOp He TiIbKU IIOB-
HiCTIO TOKPUBA€E MOBEPXHIO IIOP, aje i B iXHbOMYy 00’eMi yTBOpPIOE Ha-
HOYACTUHKU pisHOMaHiITHOI (hopMU Ta posMipoM BijJ AeKiJIBKOX HM [0
IEeKiTbKOX MKM.
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The nanocomposites of polymer doped with ceramic nanoparticles have
many applications in biomedical and industrial sectors. The nanocompo-
sites consisting of polymers like polyvinyl alcohol and polyacrylic acid
with ceramic nanoparticles such as SrTiO; ones can be considered as prom-
ising materials for different modern fields. The present work includes re-
view of recent publications on polymer/ceramic nanocomposites concern-
ing their characterization and modern applications. From the previous
studies, the polymer nanocomposites have huge applications in different
fields like sensors, antibacterial agents, solar cells, transistors, etc.

HanoxomMnosutu mnoJjiiMepy, JIer'OBaHOTO KepaMiuHMMM HAaHOYAaCTUHKAMU,
MaioTh 0araTo 3acTOCyBaHb y 06iOMeIMUHOMY Ta HPOMMCIOBOMY CEKTOPAaX.
HanokommosuTu, IM0 CKJIAZAOTLCA 3 IIOJIiMepiB, TaKUX SIK MOOJiBiHiIOBUIT
CHUPT i moJjiiakpuJyoBa KHUCJIOTa 3 KepaMiuHUMM HaHOYACTMHKAMU, TaKUMU
ark SrTiO;, mMoKHa pPOBIIAZATH AK IMEPCHEKTHUBHI MaTepianm A PisHuUX
cyuacHux ob6Jacteii. Ia pobora BKJIOUAE OTJISAN OCTaHHIX myO6uikariit 3 Ha-
HOKOMIIO3UTIB IIOJIiMep—KepaMika Iomo iXHBLOI XapaKTepuaalil Ta cydac-
HUX B3acTOCyBaHb. 3 IIOIEepPeNHIiX [JOCHiJKeHb IOJiMepHi HaHOKOMIO3UTH
MalOTh BeJNUEe3Hi 3aCTOCYBAHHS B Pi3HUX 00JacTAX, TAKMX AK JaBaui, aH-
TubaKTepianabHi 3acO0M, COHAUHI eJIeMEeHTH, TPAH3UCTOPHU TOIIIO.

Key words: nanocomposites, polymers, SrTiO;, antibacterial agents, sen-
sors.

Karouosi cioBa: manokomnosuTu, nosimepu, SrTiO;, anTubarTepiansbHi 3a-
cobu, maBaui.
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1. INTRODUCTION

Nanotechnology is a field, in which applied technology and science
deal with materials of wide surface areas in the nanoscale range.
Most commonly, those nanoscale particles referred to as nanoparti-
cles (NPs), they have potential to generate the micro- and macro-
materials and atomic precision products. The development of pro-
cesses for synthesis of NPs of various shapes, sizes and regulated
disparity is an essential aspect of this research [1]. The sizes of NPs
are ranged from 1 to 100 nm. The miniaturization of existing and
new instruments, sensors and machines, which will significantly
affect the environment, is an important feature of nanotechnology.
Possible miniaturization examples include: computers with exponen-
tially great strength of calculation algorithms to imitate human
brains, biosensors, which alert us at the early stage of the onset of
disease, targeting specific drugs, which attack diseased cells auto-
matically in situ, and nanorobots, which can eliminate chemical tox-
ins and repair internal damage in the human body. Nanotechnology
research is developed and expands very quickly [2]. In the last dec-
ade, the synthesis of iron-oxide nanoparticles has been intensively
developed to be produced for many technical and biomedical appli-
cations and not just for its fundamental scientific interest [3]. Oth-
er fields include biomaterials based on polymers, drugs delivery,
fuel-cell electrodes, microemulsion particles, layer-by-layer self-
assembling polymer films, polymer-bound catalysts, lithography,
polymer blends, and nanocomposites. There are several different
topics addressed by nanocomposites, such as: bactericidal proper-
ties, flame resistance, barrier properties, cosmetic applications,
composite reinforcement, and electrooptical properties [4]. Nano-
technology is helping to change considerably many technology and
business sectors, information technology, medicine, textiles, food,
cosmetics, paints and coatings, glass, plastics, environmental sci-
ence and many more [5]. Nanoscience and nanotechnology have
great promise in the biologically diverse marine environment [6].

2. POLYMERS

Polymers may be synthetic or natural. There are a wide number of
different kinds of man-made polymers: elastomers, adhesives, plas-
tics, textile fibres, synthetic rubbers, etc. In each kind, there are
subgroups; polymers of biological origin are enzymes, proteins and
nucleic acids. Deoxyribose nucleic acid (DNA) is a customizable nu-
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cleic acid polymer [7]. A polymer is a large molecule consisting of
hundreds or thousands of atoms forming the combination in a chain
or network structure of either one, two or, sometimes, more small
molecule forms (monomers) [8]. The polymer special properties are
due to its long-chain structure. The physical characteristics depend
directly on the molecular weight and structures [9], which, in turn,
are assembled from the original raw materials. Polymerization is
the process by which covalent bonds join small molecules; usually,
three phases are required for polymerization, i.e., initiation, propa-
gation, and termination. The number of repeating units in the pol-
ymer is called the degree of polymerization [10].

3. MOLECULAR COMPOSITION

The physical properties of polymeric materials not just depend on
their form and molecular weight, but also on the structure of their
molecules [11, 12].

(1) Linear polymers: there is Van der Waals bonding between
chains, for examples, in nylon and polyethylene. (2) Crosslinked
polymers: chains are connected by bonds, which are covalent; it is
often achieved through the addition of atoms or molecules, which
form covalent links between chains. (3) Branched polymers: the ef-
ficiency of chain packing is reduced compared to lower-density line-
ar polymers; many rubbers have this structure. (4) Network poly-
mers: 3D tri-function networks, for example, in epoxies.

Figure 1 shows these four types of polymers [13].
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Fig. 1. Types of polymer: I—linear; 2—branched; 3—crosslinked; 4—
network [13].
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4. POLYMER BLENDS

The fate of blends of polymers is derived from their components’
compatibility and miscibility. The miscibility of two polymers de-
pends on the particular relationships between the polymer chains.

The entropy component in the following equation, which de-
scribes Second law of thermodynamics, can explain this one:

AGmix = A}Imix - TASmix’ (1)

where AH, ;,—change in enthalpy, AG,,—change in free energy,
T—absolute temperature, AS,;,—change in entropy; the Gibbs free
mixing energy requires a negative value for a homogeneous miscible
blend. The increase in entropy is negligible for high molecular-
weight polymer blends. Consequently, the free mixing energy may
be negative only if the mixing heat is negative. This implies that
the blending should be exothermic, which involves typically distinct
interactions between the components of the blend. These interac-
tions, including bonding of hydrogen, ion—dipole, dipole—dipole, and
donor—acceptor interactions, can range from strongly ionic to weak
and non-bonding.

Three kinds of blends may be distinguished on the basis of misci-
bility: (i) absolutely miscible blends, (ii) partly miscible blends, (iii)
totally immiscible blends. One of the homogeneous processes con-
sists of mixtures, which are fully miscible. There is only one glass
transition temperature, T,, presented in this type of mixture, which
lies between the magnitudes of T, of each of the components of the
mixture and has a close relationship to the composition of the mix-
ture. Blends, which are partly miscible, in which a portion compo-
nent of one of the blend is soluble in the other, typically show the
good compatibility and morphology of the good process. Completely
immiscible blends, however, have the morphology of a coarse phase
with the sharp interface and the low adhesion between the two mix-
ing stages. This is the explanation for the commonly weak proper-
ties for immiscible blend, which are observed and heavily dependent
on the size and the distribution of the phase [14]. A common way to
create new materials with improved properties is to shape polymer
blends. Unfortunately, most polymer blends appear with phase sep-
arated because of the great unfavourable enthalpy, resulting in poor
mechanical properties. The regulation of phase behaviour and mor-
phology is, therefore, a key factor in determining the efficiency of
polymer blends, which depend primarily on the interface between
polymer components. In order to reinforce the interface and stabi-
lize the morphology, block and graft copolymers are used tradition-
ally. However, for systems with more than two components, they
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are system-specific, relatively costly to engineer, and very difficult
to produce [15].

5. POLYMER NANOCOMPOSITES

Nanocomposites (NC) are multiphase materials where nanoscale ad-
ditives are used in one of the components. Nanocomposites could be
categorized as nanocomposites of polymer matrix, according to ma-
trix materials (PMNC), ceramic-matrix nanocomposites (CMNC) and
metal-matrix nanocomposites (MMNC) [16, 17]. Nanocomposites
have been developed with enhanced electrical, optical and thermal
properties and other unique characteristics through the variety and
progress of studies, and this is why nanocomposites are used in
many fields. It can be produced using simple and cheap technolo-
gies. Due to their dielectric properties and high resistivity, poly-
mers were used as insulators in early operations. Polymer insulator
uses include the electronic devices for corrosion protection, the
printed circuit boards, and materials for the sheathing of cables.
There are various other applications such as biological implants, au-
tomotive or aircraft components. There are many benefits of poly-
mers, for example, low cost, fast treatment, durability, strong high
strength and mechanical properties. They are used in the photoli-
thography process in the microelectronic fabrication industry [18—
20]. Polymeric nanocomposites consisting of inorganic nanoparticles
and organic polymers constitute a class of materials, which, in re-
cent years, have created considerable interest [21]. Nanocomposites
have other promising applications such as sensors, drug delivery,
optical integrated circuits, consumer goods, etc. [22]. Nanocompo-
sites and composite materials have huge applications in the differ-
ent biomedical, environmental and industrial fields like energy
storage and release [23—26], antibacterial agents [27—385], humidity
sensors [36—39], bioenvironmental and radiation shielding [40—-46].
The adding of micro- or nanoparticles of biomaterial to polymer or
polymer blend can improve the properties of polymer matrix like
electronic properties [47-52], optical properties [53—75], electrical
and dielectric properties [76—89]. Bionanocomposites are a fascinat-
ing interdisciplinary field of materials science, biology, and nano-
technology. BioNC consist of a polymer matrix and a nanoscale or-
ganic/inorganic filler with at least one dimension [90].

6. POLYVINYL ALCOHOL (PVA)

One of the most common polymers available in the form of powders,
fibres and films is polyvinyl alcohol (PVA). Intensive research has
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recently been the focus of research since it has many industrial ap-
plications and relatively low levels of production costs. The polyvi-
nyl alcohol is a soluble in water, non-toxic, and a synthetic polymer
that, because of its strong physical properties, is widely used in the
polymer nanocomposite [91]. Polyvinyl alcohol is a semi-crystalline
at 230°C, and a temperature of glass transition, T,, is of 85°C. Pol-
yvinyl alcohol is colourless and odourless as a film, resistant to sol-
vents, oils and greases, with excellent cellulose and other hydro-
philic surface adhesion [92, 93]. When it is pure, the polyvinyl al-
cohol (PVA) is a white, light, powdery solid polymer. A light PVA
dust during processing can be a fire and explosion threat due to ox-
idation during preparation; PVA specimens are often off-white or
even light yellow [94]. It is possible to combine PVA with other ma-
terial in order to obtain a stronger composite according to its utility
[95]. The precipitate of this reaction is known as the polyvinyl alco-
hol.

Figure 2 [96, 97] shows the PVA structure.

PVA has unique characteristics: excellent chemical stability, eco-
friendly one, optical and electrical characteristics. Semi-crystalline
nature of PVA, namely, amorphous and crystalline regions, causes
interfacial effects, which increase physical features [98].

The key physical and chemical properties of PVA are described in

Table 1.
—I:CHZ— CHT
I
OH |,

Fig. 2. The chemical structure of polyvinyl alcohol [97].

TABLE 1. Physical and chemical properties of PVA [99].

Appearance White to ivory white
granular powder
Molecular formula (C,H,0),
Density, g/cm™ 1.19-1.31
Solution pH 5-6.5
Refractive index 1.55
Decomposition above 200°C
Glass transition temperature (T,), °C 75-85
Melting temperature (T',,), °C 230
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7. POLYACRYLIC ACID (PAA)

In 1843, the term ‘acrylic’ was coined for a chemical derivative of
acrolein, which is oil derived from glycerol. Polyacrylic acid (PAA;
trade name ‘Carbomer’) is a polymer with high molecular synthetic
weight.

Dry PAA sold powders are white, fluffy and often used in per-
sonal care and cosmetic items as gels. In the cosmetics, their func-
tion is to suspend solids in fluids, to prevent separation of emul-
sions, and to monitor the consistency of cosmetic flow.

Polyacrylic acid (PAA) is a type of commercial polymer that is
widely used in a variety of industries, agriculture, and medicine
[100].

PAA and related compounds are increasingly being used as poly-
meric carriers for proteins, enzymes, drugs, and other biologically
active materials. In the above case, PAA can be used to solve prob-
lems relating to biopolymer chemistry and technology for medical
applications.

Polyacrylic acid is a common term for acrylic acid polymers with
a high molecular weight. PAA is an anionic polymer in a neutral pH
water solution, meaning that many of its side chains lose their pro-
tons and gain a negative charge [101]. Polyacrylic acid (PAA) is a
valuable medical and pharmaceutical material that can play a role in
the delivery and defence mechanism of drugs. Unfortunately, the
use of PAA as a mucoidhesive drug carrier is critically restricted by
high water solubility [102].

And for biomedical uses of different polymers and polymer-based
materials, including polyacrylic acid (PAA) and the derivatives of
it, they are used in the development of the medical probes for ex-
amination, the portable filters for water, the surface coatings and
the fibre disinfectants [103].

Table 2 shows the properties of PAA.

TABLE 2. The properties of PAA [104].

Chemical formula (C;H,0,),
Molar mass, g/mole 72.1
Surface tension, mN/m 29-35
Density (p), g/cm?® 1.48
Glass transition temperature (T,), °C 106
Refractive index 1.527
Molar heat capacity (C,), J/(mol-K)™* 92
Viscosity coefficient, cm®mol'/2.g™3/2 0.076-0.165
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8. STRONTIUM TITANATE (SrTiO;)

Let us explore strontium titanate nanoparticles (SrTiO; NPs) in or-
der to contribute to the development of applications sensitive to
electrochemical enzyme. SrTiO; NPs have a large surface area,
which enhances this apparently direct electron transmission [105].
Strontium titanate (SrTiO;) is a technologically important electric
ceramic material; its properties depend strongly on the crystal strip
structure, shape, crystallinity, and size [106]. SrTiO; is used for
sensors, photoelectrodes, etc. [107].

Table 3 shows the physical properties of SrTiO,.

Nanocomposites have many uses for medical and industrial pur-
poses. In previous studies, the optical and electrical characteristics
were investigated for their applications with respect to various
composites and nanocomposites. In 2010, I. Iviaeva et al. [109] stud-
ied the optical properties of PVA films with diamond and titania
nanoparticles; they found that the refractive index increases as the
concentration of titania and diamond inclusions in the PVA matrix
are increasing. In 2012, H. Ahmad et al. [110] examined the electri-
cal and optical properties of PVA/Lil polymer electrolyte films.
They found that dielectric loss and dielectric constant are increased
with the rise of Lil concentration. The optical energy gap decreases
with increasing Lil concentration.

In 2013, R. Tomar and C. R. Sharma [111] examined the effect
of doping alumina nanoparticles in ion-conducting polymer and
found that the nanocomposite conductivity increases with increas-
ing of alumina nanoparticles’ concentration. In 2014, H. Chandra-
kala et al. [112] studied the electrical, optical and structural proper-
ties of polyvinyl alcohol/zinc oxide—cerium oxide nanocomposites.
They found that dielectric constant and dielectric loss increase with
increasing nanoparticles’ concentration, but decrease with increas-
ing frequency. A.C. conductivity of PVA-Zn0O-Ce,O; nanocompo-

TABLE 3. The physical properties of SrTiO, [108].

Lattice parameter at RT, nm 0.3905
Atomic density, g/cm? 5.12
Melting point, °C 2080
Mohs hardness 6
Dielectric constant 300
Thermal conductivity, W/(m-K) 12
Coefficient of thermal expansion, A/°C 9.4.10°¢
Refractive index 2.31-2.38
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sites was increased with increasing frequency. Optical properties
show the formation of charge-transfer complexes between hydroxyl
groups of PVA and nanoparticles. In 2015, B. Chatterjee et al. [113]
studied the electrical properties of a starch—PVA polymer blend
with add KCIl. They found that conductivity and dielectric constant
of starch—PVA polymer blend raise with rising of the concentration
ratio of salt. In 2018, R. M. Tripathi et al. [114] studied the anti-
bacterial activity of nanocomposite film (polyvinyl alcohol-silver)
for food-packaging materials. The results show that the disk diffu-
sion method was used to investigate the antibacterial activity of the
nanocomposite film against Salmonella typhimurium. The antibacte-
rial efficacy of a polyvinyl alcohol-silver nanocomposite film
against Salmonella typhimurium is excellent. In 2019, F. M. Ali et
al. [115] investigated the optical characteristics of the PVA films,
which are doped with methyl violet-6B (MV-6B), which is obtained
via the casting process. They found that the addition of MV-6B to
PVA leads to increase in absorbance, and the value of energy gap is
decreasing with raising concentration of MV-6B (0, 0.01, 0.04, 0.08
and 0.1) mol.% to become of 5.01, 4.91, 4.76, 4.66 and 4.59 eV,
respectively.

9. CONCLUSIONS

In the present work, review on characterization and modern appli-
cations of polymer—ceramic nanocomposites was investigated. The
previous studies showed that the polymer nanocomposites have huge
applications in different fields like sensors, antibacterial agents,
solar cells, transistors, and others applications. The nanocomposites
of polymer doped with ceramic nanoparticles have many applica-
tions in biomedical and industrial sectors. The nanocomposites con-
sisting of polymers like polyvinyl alcohol and polyacrylic acid with
ceramic nanoparticles such as SrTiO; nanoparticles can be consid-
ered as promising materials for different modern fields.
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Watermelon (Citrullus lanatus) is a cheap and easily available fruit in the
local markets of India. The rind, which is the outer layer of watermelon,
is completely edible. It is the only fruit with 90% of water and is fully
edible including its rind and seeds as they contain different types of nu-
trients, which are needed by human body in day-to-day life. The benefits
in human body include reduced blood pressure, presence of different types
of vitamins (such as vitamin A, B and C) as well as different types of
minerals required by human body. The present study aims in evaluating
the presence of different secondary metabolites in the watermelon rind.
The therapeutic efficacy of watermelon rind against acrylamide toxicity in
the lymphocyte cell line is studied. As selenium is an important micronu-
trient, an attempt has been made to prepare the selenium nanoparticles
followed by its characterization.

Kayn (Citrullus lanatus) — merieBuii i IETKOAOCTYTHUMN GPYKT HA MiCII€eBUX
puakax Iagii. IIIkipka, AKa € 30BHIMIHIM HIapoM KaByHAa, IIOBHiCTIO icTiBHA.
ITe equnwuii ppykT 3 90% BOAM Ta IMOBHICTIO ICTiBHUIT, BKJIIOUAIOUN IITKiPKY Ta
HACiHHS, OCKiJIbKM BOHU MiCTATH Pi3Hi THUIM MOKMBHUX PEUYOBHUH, AKi mIOTPi6-
Hi JIOACBKOMY OPraHi3aMy B MOBCAKAEHHOMY KUTTi. KopucTs B opranismi Jjto-
IVHU BKJIOUYAa€ NOHUMKEHUI apTepidJbHUN THUCK, HASABHICTH PiBHUMX BUAIB Bi-
rTaMigiB (Takux gk BiTamin A, Bi C), a Tako:x pisHuX BUAiB MiHepaJiB, HEOO-
xigHuUx goacbKkoMy oprauiamy. Ile gociimgxeHHsa cipAMoOBaHe Ha OI[iHKY Hasfd-
BHOCTU Pi3HMX BTOPMHHMNX MeTa0OJIiTiB Y KaBYHOBil mIKipii. BuBuero Tepa-
OeBTUYHY e()eKTHUBHICTh MIKiPpKM KaByHAa IIPOTHU TOKCHUYHOCTU aKpUJIaAMiITy B
KJaiTuHHi# aiHil diMporuTie. OCKiIbKY cejieH € BaXKJINBUM MiKpPOEJIEeMEHTOM,
6yJ10 3p00JIeHO CIPO0Y MPUTOTYBATH HAHOYACTUHKY CeJIeHY 3 IOAAJBIIION #0-
ro xapakTepusalieo.
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1. INTRODUCTION

Emergences of efficient green chemistry methods for synthesis of
nanoparticles from plant sources are an emerging field of research.
Plants seem to be the best candidates for nanoparticle production as
they are more stable and easily available. Moreover, the nanoparti-
cles are more various in shape and size in comparison with those
produced by other organisms. The advantages of using plant and
plant-derived materials for biosynthesis have been explored widely
all over the world for different experimental methods to extract out
something beneficial ones [1]. The antioxidants, which were found in
vegetables, are vitamin C, and E, carotenoids, and phenolic com-
pounds, especially flavonoids. In the present era, there is increased
attention towards the diet of humans in details, and their studies
have been shown that a high intake of plant products is associated
with the reduced risk of harmful diseases, which includes cancer as
well [2]. Bio-nanotechnology is an eco-friendly and nontoxic perspec-
tive for the value of biomaterials along with the nanoparticles [3].

Watermelon (Citrullus lanatus) is a widely acceptable, edible
fruit. Red part is sweet and edible, but the outer part is usually dis-
carded and considered as of no use [4]. Watermelon is rich in carot-
enoids, some of which include lycopene, phytofluene, phytoene, beta-
carotene, and lutein. Watermelon rind (WR) consists of different
types of protein, functional group such as hydroxyl, carboxylic acid,
pectin, citrulline, cellulose [4, 5].

An average watermelon contains about 30% of rind, 68% of flesh
or pulp, and 2% of seeds. The rind is usually discarded, and it may
be applied to feeds or used as fertilizer; but it is also edible and may
be used as a vegetable. The rind has been shown to contain alkaloids,
saponin, cardiac glycosides, flavonoids, phenol, moisture, lipid, pro-
tein, fibre, and carbohydrates. Earlier watermelon rind has been
used as the biosorbent for the removal of dyes and heavy earth met-
als from the sample solution [6].

1.2. Acrylamide

There is high production of chemicals, which were having adverse
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effect in the different products, which are made in the industries
[7]. According to World Health Organization (WHO), more than
100 000 compounds are discharged in the society every year from
different industries. The exposures of chemicals are also found in
foods and different food products such as polycyclic aromatic hy-
drocarbons, aromatic amines, aminodyes, alkenes, which may also
cause cancer [8].

Acrylamide has low molecular weight, is composed of carbon, hy-
drogen, nitrogen and oxygen atoms and can be soluble in water [9].
It is used in different industries in the form of polyacrylamide that
was utilized as flocculent for the wastewater treatment, utilized as
adhesives, soil stabilizers, in laboratory gels, by product of temper-
ature-processed foods [10]. Acrylamide is considered as environmen-
tal and occupational pollutants. It can be formed during the Millard
reaction, especially during the processing of food containing aspar-
agine and glucose. Processed potato products, bread, breakfast cere-
als, biscuits, cookies, snacks, and coffee have been found to contain
different levels of acrylamide residues [11].

1.3. Selenium Nanoparticles

The interest in nanoparticles has evolved due to their novel and en-
hanced capability as well as their applications in various areas such
as places like chemistry, electronics, energy production area, drug
production, computer products, etc. [12]. The emergence of nano-
particles has attracted a new approach towards the drug discovery
and other related fields. Nanoparticles increase the therapeutic effi-
ciency of ionized drugs, to improve the penetration of water-soluble
compounds, proteins, peptides, vaccines, miRNAs, siRNA, DNA,
and other biological components [13]. The biosynthesis of nanopar-
ticles is more preferred through the green synthesis of nanoparti-
cles, and the preparation of selenium nanoparticles (SeNPs) has
been observed to have a wide range of applications biologically [13].

N D

Plants part + Selenium ions

Selenium
In dark Nanoparticles

Watermelon rind

)

Fig. 1. Diagrammatic representation of formation of selenium nanoparti-
cles.
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Selenium nanoparticles have much high biological activity, which
includes antihydroxyl radical property protective against the oxida-
tion of DNA, as important elemental semiconductor, and improves
activity of selenoenzyme, glutathione peroxidase prevention of free
radical damage to cells and tissues in vivo [14].

Selenium is among those trace elements, which is required by the
human body on a daily basis, which is approximately 40—300 mg as
daily nutritional supplement for an adult [15]. An adult diet should
contain at least 40 pg/day of Se to support the maximum expres-
sion of Se enzymes and, perhaps, as much as 300 pg/day to reduce
the risk of cancer. Low Se can contribute to morbidity and mortali-
ty due to infectious as well as chronic diseases, and increasing Se
intakes in all parts of the world can be expected to reduce cancer
risks [15, 16].

The Recommended Dietary Allowance (RDA) for Se as per Food
and Nutrition Board (USA) is of 55 pg/day (0.7 umole/day) for
adults [17]. SeNPs have potent free radicals’ scavenging effects in
vitro as well as in vivo conditions and protect DNA from oxidative
damage. Several studies have reported that the SeNPs possess anti-
carcinogenic activity against several types of cancers, unique anti-
microbial activities against Candida albicans, Proteus mirabilis and
Pseudomonas aeruginosa [17].

Hence, the present study aims to study the secondary metabo-
lites, toxicity of acrylamide in lymphocyte cell lines, to analyse the
different functional groups, formation of selenium nanoparticles,
and to characterize the selenium nanoparticles.

2. MATERIALS AND METHODS
2.1. Extract Preparation

The fresh fruits of watermelon were purchased from the local ven-
dor. The watermelon was separated out, and watermelon rinds were
washed thoroughly and chopped into pieces and dried for days un-
der shadow (to remove moisture), then weighed and kept in oven at
85°C for 48 hours. A fine powder was obtained with the help of
mortar pestle, which is then sieved and stored in desiccator for fur-
ther use [16].

2.2. Aqueous Extract Preparation
2.2.1. Decoction

The fine powder of watermelon rind (1 g) was extracted by boiling
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with distilled water (1:20) for around 4-6 hours, then filtered, and
the extraction is repeated until the extract is colourless than the
filtrate is concentrated then evaporated in water bath for further
use [17]; 1 g was dissolved in 20 ml of water and the aqueous ex-
tract is used for further analysis.

2.3. Biosynthesis of Selenium Nanoparticles

2 ml of aqueous extract was added to 10 ml of 10 mM of sodium sel-
enite solution, which is then kept in magnetic stirrer condition.
Then, the solution was allowed for reduction in dark at 27 + 2°C in
orbital shaker for 24 hours; then, the colour change is observed [16].

2.3.1. Chemical Profile of Watermelon Rind Extract

Plants and its sources contain a wide range of secondary metabo-
lites, and these ones were considered as potential reducing sub-
stances for biogenic production of nanoparticles. The total phenolic,
flavonoids and tannin contents of watermelon rind extract were de-
termined in order to evaluate its suitability in biogenic production
of nanoparticles [16].

2.4. Phytochemical Screening of Watermelon Rind Extract [18, 19]
2.4.1. Test for Alkaloids (Mayer’s Test)

1 mg of rind extract was dissolved, followed by a few drops of ace-
tic acid, followed by Mayer’s reagent. Production of white precipi-
tate indicates the presence of alkaloids.

2.4.2. Test for Carbohydrate (Fehling’s Test)

1 mg of rind extract was added to 1 ml of alcoholic solution fol-
lowed by 1 ml of Fehling. Formation of red precipitate indicates the
presence of carbohydrate.

2.4.3. Test for Steroids (Liebermann’s Test)

20 mg of rind extract was dissolved, followed by 1 ml of chloro-
form, 1 ml of acetic acid, and 1 ml of anhydride acetate. The solu-
tion is heated for 2—3 minutes that results in the conversion of pink
colour solution to green colour solution, thereby indicating the
presence of steroids.
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2.4.4. Test for Saponins (FOAM Test)

1 mg of rind extract was diluted in 7—-8 ml of distilled water that re-
sults in the stable foam development and the presence of saponins.

2.4.5. Test for Tannins (Ferric Chloride Test)

1 mg of rind extract was diluted in 1 ml of distilled water. Then,
added 1 ml of 5% ferric chloride solution, the dark green or deep
blue colour solution is obtained; this one results in the presence of
tannins. Watermelon rind extract shows no colour change that indi-
cates the absence of tannins.

2.4.6. Test for Phenols (Ferric Chloride Test)

1 mg of rind extract was diluted in 1 ml of distilled water in a test
tube. Then, added 1 ml of 5% ferric chloride solution, the blue or
bluish black colour is obtained; this one results in the presence of
phenols. Watermelon rind extract shows no colour change that indi-
cates the absence of phenols in the solution.

2.4.7. Test for Coumarins (Sodium Hydroxide Test)
2—4 mg of rind extract was taken in a test tube, and 1 ml of etha-

nol followed by 1 ml of 2N sodium hydroxide solution was added
that results in the formation of dark fluorescence.

2.4.8. Test for Carboxylic Acid (Effervescence Test)
20 mg of rind extract was diluted in 1 ml of distilled water in a test

tube. Then, added 1 ml of sodium bicarbonate solution, dark bubble
was obtained.

2.4.9. Test for Resin (Acetone Test)
20 mg of rind extract was diluted in 1 ml distilled water and, added 1
ml of acetone solution, the solution becomes turbid; this one results in

the presence of resin. Watermelon rind extract shows the turbidity in
the obtained solution that indicates the presence of resin.

2.4.10. Test for Quinone (Sulphuric Acid Test)

20 mg of rind extract was taken in a test tube and, added 1 ml of
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100% ethanol and 1 ml of 2N sulphuric acid, this one results in the
formation of pink/purple/red colour of the solution that results in
the presence of quinone.

3. CHARACTERIZATION
3.1. UV—Vis Spectroscopy

The prepared selenium nanoparticles were characterized in a PerkinElmer
UV-vis spectrophotometer to know the behaviour of SeNPs. The
scanning range of the sample ranges from 200-1000 nm at a speed
of 480 nm/min. The data taken by the UV-vis spectrophotometer is
recorded and analysed by UV Winlab software. This one will help us
to determine the analyte concentration or the chemical changes of a
component in a solution. This instrument uses as a light source
usually a deuterium or tungsten lamp, a sample holder and a detec-
tor. When the sample absorbs the light, it undergoes different
changes such as excitation or deexcitation in the sample that results
in the production of a range of spectrum [1].

3.2. FTIR (Fourier Transform Infrared) Spectroscopy

Fourier transform infrared spectroscopy is used to determine dif-
ferent functional group present in the solution of the watermelon
rind extract, in the solution of selenium nanoparticles. The rind ex-
tract was dried and grounded with mortar pestle, and spectrum was
taken at the wavelength of 4000—-400 cm™. The SeNPs solution was
dried and grounded in mortar pestle for the preparation of fine
powder. Then, Fourier transform infrared spectrum of selenium na-
noparticles was taken from 4000 to 400 cm™ wavelength in the
FTIR machine [16].

3.3. PSA (Particle Size Analyser)

The particle sizes were analysed with the instrument for the particle
size analysis, Shimadzu SALD-2300; the measurement was taken,
and refractive index of the medium was taken at 1.07 (water) [20].

3.4. DSC (Differential Scanning Calorimetry)

The thermal analysis was conducted with the instrument for the
differential scanning calorimetry, TGA-50, SHIMADZU Thermo-
gravimetric Analyser, and the instrument was calibrated with the
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sample from 15°C to 300°C [21].

4. In vitro STUDY
4.1. Chemical and Reagent

Acrylamide, Roswell Park Memorial Institute (RPMI) 1640 Medium
were procured from Sigma Aldrich, ficoll plaques, EDTA, fetal bo-
vine serum (FBS), NaHCO,, streptomycin, gentamycin, penicillin G,
KCl, NaCl, KH,PO,, triple distilled water, trypan blue dye, MTT
assay, acetic acid, TCA, tris base.

4.2, Treatment and Dose Preparation

A suspension of (b mM) acrylamide (AA) was prepared in triple dis-
tilled water.

4.3. In vitro Therapeutic Efficacy

Evaluation of therapeutic effectiveness of aqueous extract of
watermelon rind against acrylamide induced cytotoxicity on
isolated lymphocyte was carried out (see also 5.6.1).

4.4. Watermelon Rind Aqueous Extract

Watermelon rind aqueous extract (15 mg) was dissolved in RPMI
medium and volume made up to 3 ml. A different dose of WR
aqueous extract was administered to the 96 well plates to select the
optimum dose of aqueous extract.

4.5. In vitro Experimental Design

Preparation of 0.82 g RPMI medium, 100 mg NaHCO,, 20 mg
streptomycin, 37.5 ul gentamycin, 6 mg penicillin G was dissolved
in 20 ml autoclaved triple distilled water, and 10 ml fetal bovine
serum (FBS) was added to it.

4.6. Isolation of Lymphocyte

A Dblood sample was derived from a healthy female rat and collected
with the help of capillary in a test tube with one pinch of EDTA. 2 ml of
phosphate buffer saline (PBS) pH 7.4 used for the dilution air was lay-
ered on 4 ml Ficoll-Paque and centrifuged for 10 min at 2000 rpm.
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The white buffy layer containing lymphocytes was separated and
transferred to a new tube. Collected lymphocyte layer was diluted
with PBS pH 7.5 in the ratio of 1:1 and centrifuged at 2000 rpm
for 10 min, and the pellet was collected. After washing cell with
RPMI 1640 (containing 10% FBS) twice, cell was cultured using
RPMI 1640 (containing 10% FBS) and 1% antibiotic in the flask
and incubated in CO, incubator containing 5% CO, at the tempera-
ture of 37°C [22].

4.7. Maintenance

Lymphocytes cells were grown in tissue culture flask with complete
growth medium at 37°C in an atmosphere of 5% CO, and 90% rela-
tive humidity in CO, incubator. The medium was changed as the
colour changes.

The fresh medium was placed in culture flask 5—7 under sterile
condition. Passaging was done at the subconfluent stage of cells,
which is depending on the mass-doubling time of cell.

4.8. Subculturing

The exhausted medium was changed by the fresh medium as per re-
quirement. The medium of the flask having subconfluent growth
was changed followed by centrifugation at 2000 rpm for 10 min.
After centrifugation, pallet was collected. This one is then washed
with phosphate buffer saline. The tube was centrifuged at 2000 rpm
at 10 min; supernatant was discarded. The cells were resuspended
in the complete growth medium and were counted and checked for
viability with trypan blue. After achieving 70—-80% confluence, the
next subculturing was performed [23].

4.9. Cell Viability Assay

Cell viability in the number of healthy cells in a sample determines
the amount of cells (regardless of phase around the cell cycle),
which are living or dead, based on a total cell sample.

4.10. Calculation

cell growth in the presence of test material

% cell growth = )
° & cell growth in the absence of test material

% growth inhibition = 100% cell growth.
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5. RESULTS & DISCUSSION
5.1. Biogenic Synthesis and Characterization of SeNPs

It was noted that the extraction efficiency achieved by using boiling
water was much effective and greater than that achieved with other
methods using 80% methanol and shows the extraction efficiency
much higher than that of the other alcoholic method [24].
Originally, sodium selenite solution was colourless. The colour of
sodium selenite turned into brick red with the addition of water-
melon rind extract after 24 hours (Fig. 2). The formation of brick-
red solution was due to the excitation of the surface-plasmon reso-
nance, and it was an indication for reduction of sodium selenite in-
to elemental selenium. The reduction of sodium selenite into SeNPs
can occur by the action of phenolics, flavonoids, and tannins of wa-

b

Fig. 2. These figures show the starting of the incubation of extract (a) or
the changes in the colour after the completion of incubation period (b).

TABLE 1. Phytochemical screening of aqueous extract of watermelon rind.

Test Function Result
Mayer’s test alkaloids negative
Fehling’s test carbohydrate positive
Liebermann’s test steroids positive
Saponins test foam positive
Ferric chloride test tannin positive
Ferric chloride test phenol less amount
Sodium hydroxide test coumarins positive
Effervescence test carboxylic positive
Acetone test resin positive

Sulphuric acid test quinone positive
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termelon rind. Then, this is further confirmed by the UV-—visible
spectrophotometer [16].

5.2. Phytochemical Screening of Aqueous Extract of Watermelon Rind

The results of the phytochemical analysis of aqueous extract of wa-
termelon rind showing the presence of different phytochemicals in
less amount or in high amount in the extract. The presence of car-
bohydrate, steroids, saponins, tannins, coumarins, carboxylic acid,
quinine, and rennin was in higher amount in the solution, whereas,
there was also found less amount of phenol, and the absence of al-
kaloids was detected. The presence of secondary metabolites such as
alkaloids, carbohydrates, steroids, saponins, coumarins, carboxylic
acid, resin and quinone was determined using different tests that
make the changes in the solution to reveal the presence of second-
ary metabolites. The phytochemicals’ analysis provides us
knowledge about the different bioactive elements, which were pre-
sent in the solution; this one shows the presence of different prima-
ry and secondary metabolites in the extract.

5.3. UV—Vis Spectroscopy

Synthesis of selenium nanoparticles using sodium selenite has been re-
ported by the UV—vis spectroscopy. To see the presence of the selenium
nanoparticles present in the solution, UV—vis spectra of SeNPs were
recorded, and the formation of selenium nanoparticles were visualized
with the change in the colour of the solution. The spectra show that
there is increase in the spectra as moving forward from 200 nm. The
absorption maximum is shown after 203 nm that determines that the
extract is reduced, and SeNPs has been stabilized at this wavelength.
The graph of selenium nanoparticles has increased in the spectra from
the range of 200—300 nm (Fig. 3) and shows the presence of selenium at
the range from 220 nm to 385 nm in the aqueous extract of the water-
melon rind. There was a high peak at 200 nm to 358 nm in Fig. 4 after
the incubation period and the high peak at 203 nm to 288 nm in Fig. 5
before the incubation period. The UV data analysis supports the for-
mation of selenium nanoparticles from the watermelon rind extract at
200-300 peak [16].

5.4. FTIR (Fourier Transform Infrared) Analysis

The Fourier transform infrared analysis of aqueous extract of wa-
termelon rind shows the major absorption bands, which appear at
3340.03 cm ™ and another at 1634.72 cm™, that is due to the pres-
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Fig. 4. UV—vis spectra for the presence of SeNPs after the incubation of
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ence of O—H stretching, which is in alcohol, and another is due to
the C=C stretching, which is in alkene, shown in Table 2 and Fig. 6.

The Fourier transform infrared analysis of SeNPs of watermelon
rind extract shows some major absorption bands, which are ap-
peared at 3278.45, 2921, 2849, 1638, 1535, 1395, 1238, 1030, 539
cm . The bands, which are appeared at different wavelength, have
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Fig. 5. UV—vis spectra before the solution kept in incubation.

TABLE 2. Functional groups of aqueous extract watermelon rind.

No. Absorbance, cm™ Group Compound Appearance
1 3340.03 O-H stretch alcohol strong
2 1634.72 C=C stretch alkene medium

different stretches at 3278.45 cm™ that is due to the presence of O—
H stretching, which is of carboxylic acid. Another absorption peak
at 2921 cm™ is due to the presence of C—H bond of methylene
asymmetric. The band at 2849 cm™ is due to the presence of O—CH,
bond of methoxy. The strong band at 1638 cm™ shows the presence
of C=C, which is of alkene. Another band at 1535 cm ' shows the
presence of >N—H, which is of secondary amine. The short band at
1395 cm ™ shows the presence of O—H, which is of tertiary alcohol.
The short band at 1238 cm™ is due to C—O stretching, which is of
alkyl aryl ether. The strong band at 1030 cm™ is due to C-C
stretching vibration and, at 539 cm™, it is due to OH bending of
the phenolic group, as shown in Table 3.

Fourier transform infrared spectrum indicates that the variations
in the graph show the presence of secondary metabolites, which are
responsible for the reduction of the selenium ions and the formation
of SeNPs due to their reduction and capping process. This implies
that Fourier transform infrared results analysed show that the
SeNPs were successfully synthesized using the watermelon rind ex-
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Fig. 6. Fourier transform infrared spectrum of aqueous extract of water-
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TABLE 3. Functional groups of selenium nanoparticles extracted from wa-
termelon rind extract.

No.| Absorption, cm™ Group Compound Appearance
1 3278.45¢cm O-H stretching alcohol strong
2 2921 cm C—H stretching methylen? strong

asymmetric

3 2849 cm O-CH; stretching methoxy medium
4 1638 cm C=C stretching alkene strong
5 1535 cm >N-H stretching secondary amine medium
6 1395 cm O—H stretching tertiary alcohol medium
7 1238 cm C-O stretching alkyl aryl ether weak

8 1030 cm C—C stretching strong
9 539 cm OH stretching phenolic strong

tract [20, 28] (Fig. 7).

5.5. PSA and DSC

The particle size analysis was carried out by particle size analyser
obtained. In present study, the laser diffraction studies reveal that
the particle size obtained from highly dispersed mixture was in two
areas; on the scale of normalized particle amount in 0-10, the par-
ticle diameter was of 0.05-0.4 um, and, in 0-5, the particle diame-
ter found to be in range 48-100 yum [26, 27]. The image in Fig. 8
shows that the size of the nanoparticles is within the nanoscale.

The differential scanning calorimetry gives us the thermograph
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Fig. 8. Particle size analysis of selenium nanoparticles.

of the nanoparticles with multiple peaks, which determine the dif-
ferent crystalline features of the particles provided into the instru-
ment. The particles were recorded at 50°C (the exothermic transi-
tion of the particles); at 300°C, the endothermic melting peaks were
observed [28, 29]. The graph in Fig. 9 shows the nanocrystalline
nature of the particles losing their capability at 353°C.

5.6. In vitro Studies
5.6.1. Evaluation of Therapeutlic Effectiveness of Aqueous Extract
of Watermelon Rind against Acrylamide Induced Cytotoxicity on

Isolated Lymphocyte

Cytotoxicity of acrylamide on isolated lymphocytes was measured on
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Fig. 9. Differential scanning calorimetry analysis of selenium nanoparti-
cles.

isolated lymphocytes. The therapeutic effectiveness of aqueous ex-
tract of watermelon rind was evaluated after acrylamide exposure.
Control group depicted 98% cell viability, while acrylamide-exposed
group at 5 Mm concentration revealed that the cell viability was de-
creased potentially up to 24%. Treatment with aqueous extract of
watermelon rind on acrylamide-exposed group showed the signifi-
cant lymphocyte protective activity in concentration-dependent
manner. Lymphocytes were treated with aqueous extract of water-
melon rind at 6 different concentration ranges from 25-500 ug/ml
after acrylamide exposure on lymphocytes. Treatment with aqueous
extract of watermelon rind at a dose of 500 ug/ml concentration
showed maximum cell viability as more than 90% than cell at lower
concentration.

Different extracts of melon showed the iron and copper ions’ che-
lating activity at different concentrations, especially aqueous ex-
tract of watermelon rind. The proliferation was inhibited by 20—
85% at extract concentrations of 0.1-1.0 mg/ml in kidney carci-
noma, cervical adenocarcinoma and cervical carcinoma. The results
suggest that watermelon-residues’ extracts display a high antioxi-
dant activity in vitro assays and have effective biological activity
against the growth of human tumour cells [30].

Based on in vitro studies, aqueous extract was more effective on
lymphocyte. Extremely significant activity was observed in acryla-
mide exposure on lymphocyte, i.e., IC;, =65.30 ug/ml.

Aqueous extract of watermelon rind showed significant activity
with lowered IC,,. IC values of aqueous extract of watermelon rind
were calculated to compare the therapeutic potential of plant ex-
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tract against acrylamide (AA) induced cytotoxicity.
The lower IC,, value corresponds to the maximum activity of
treatment against particular cell [23, 30].
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6. CONCLUSION

The present studies show that the biosynthesis of SeNPs by using wa-
termelon (Citrullus lanatus) rind extracts is economically environmen-
tal friendly and nontoxic process. The characterization of the nanopar-
ticles through UV-visible spectroscopy reveals the presence of seleni-
um nanoparticles, which were responsible for the absorption of the
light. FTIR analysis confirms the presence of different functional
groups, which belong to biomolecules on the surface of the SeNPs. The
DSA and PSC reveals size of the particle and the nature of the particles
present in the solution of the nanoparticles, their nature at different
temperatures that determines the nanosize of the particles. Determi-
nation of secondary metabolites, in vitro approach against acrylamide
toxicity, characterization by UV—visible spectroscopy, FTIR, followed
by the biosynthesis of SeNPs, promotes further research in field of
medicine—nanodrugs.
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In recent years, magnetic composite nanosize powder materials are in-
creasingly used in medicine as a magnetic base for the transfer of a num-
ber of drugs. The undoubted advantage of using such composite medical
systems is the maintenance of an appropriate level of local concentrations
of therapeutic drugs in the affected area under conditions of a significant
reduction in the volume of their total dosage and a reduction in side ef-
fects on the human body as a whole. As established, the method of low-
temperature (350—400°C) decomposition/reduction of citrate salts in hy-
drogen medium allows obtaining nanosize ferromagnetic a-Fe powder with
a specific surface area of 31.4 m?/g. High specific surface area and mag-
netic characteristics allow us to recommend ferromagnetic a-Fe powder as
a magnetic base for the development of composite medical materials.

OcramHiMu poxkamMu memasi 6ijblile 3aCTOCYBAHHA Y MEOUIIMHI B SIKOCTi Mar-
HETHOI OCHOBU [Jisl IlepeHeCeHHA HUBKU JiKapChbKUX NpelapaTiB 3HAXOAATH
MarHeTHi KOMIIO3UIIiMHI HAHOPO3MipHiI mopomKkoBi Mmarepisnu. Besmepeu-
HOI0 IIepeBarol BUKOPHUCTAHHA TAKMX KOMIIOSUI[IMHUX JiKAPChKUX CUCTEM
€ IMiATPUMAaHHA HAJEXKHOTO PiBHA JOKAJLHUX KOHIIEHTPAI[il TepameBTUY-
HUX TIperapaTiB y 30HI ypasKeHHA 3a YMOB iCTOTHOTO TOHMKEHHA 00CATY
3araJIbHOTO [O3yBaHHA iX i 3MeHINeHHA edeKTiB mobiuHol mil Ha opraHisam
JIOINHA y IijioMy. B po0oTi BCTaHOBIEHO, IO METOAOM HU3LKOTEMIIEpPaTy-
paoro (350—-400°C) poskJagaHHS/BiJHOBJIEHHS COJIeHl ITUTPATIB y cepeno-
BUIII BOAHIO OJep:KaHO (pepoMarHeTHWU HAHOOMCIIEPCHUU IOpoOmIioK o-Fe 3
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ouTOMOIO HmoBepxHelo y 31,4 m2/r. Bucoki mmrToMa moBepxHsS Ta MarHeTHi
XapaKkTepPUCTUKU YMOKJIUBIIOIOTL PEKOMEeHAYyBaTH (hepoOMArHEeTHHUI IIOpo-
mIoK o-Fe B SKoCTi MarHeTHOI OCHOBU [JIA CTBOPEHHS KOMIO3UI[IMHUX Ma-
TepifaIiB MeIUYHOTO IIPU3HAUCHHS.

Key words: ferromagnetic nanopowders, magnetic nanosize powder mate-
rials, composite medical systems, biologically active agents.

Karouori cioBa: depoMarHeTHi HaHONOPOIIKY, MarHETHI HAHOPO3MipHi mo-
POIIIKOBI MaTepisiin, KOMMOO3WUTHI MeIWYHi cucTeMu, OioJoTiyHO aKTuUBHI
peareHTu.

(Received 7 April, 2022)

1. INTRODUCTION

In recent years, composite magnetic nanosize powder materials are
increasingly used in medicine as a magnetic basy for the transfer of
various drugs [1, 2]. The undoubted advantage of using such com-
posite medical systems is the maintenance of an appropriate level of
local concentrations of therapeutic drugs in the affected area under
conditions of a significant reduction in the volume of their total
dosage and a reduction in side effects on the human body as a whole
[3]-

More recent in vivo studies [4—6] have shown that the use of
magnetic iron-based suspensions as a magnetic basy for the localiza-
tion and transport of chemotherapeutic agents in oncological prac-
tice provides the necessary concentration and prolonged action of
drugs in the affected area.

It is known that nanosize iron particles are biologically active
agents, which can activate or, conversely, suppress certain func-
tions of vital organs, depending on their quantity, chemical compo-
sition and presence of impurities. Therefore, when a certain amount
of iron powder is introduced into the body, first, it is necessary to
have a clear idea of its behaviour in such bioenvironments as blood,
tissues, and intercellular fluids and lymph.

The purpose of this work is to develop and product ferromagnetic
nanosize a-Fe powder with a certain complex of physical and chemi-
cal properties (phase composition, high specific surface area, chemi-
cal purity) required for medical use.

2. MATERIALS AND METHODS

The main objects of research were iron powders with different
phase compositions and sizes obtained by decomposition/reduction
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of iron citrate salts under special technological conditions of syn-
thesis.

The possibility of increasing the iron content was studied, while
maintaining nanoscale size of powder is due to the use of low-
temperature decomposition/reduction of citrate iron salt
Fe;{C;H.(0)(CO0);}, (instead of oxalate salts) in hydrogen atmos-
phere. With this aim, the processes of low-temperature iron synthe-
sis from its citrate salts, which were decomposed with reduction in
hydrogen in the temperature range of 250-450°C, were investigat-
ed. For the purposes of passivation and preservation of a high spe-
cific surface area of the powders obtained, a method for passivation
of the surface of iron powder by a controlled gradual replacement of
the reducing environment (hydrogen) by air for 5—8 hours was de-
veloped. In contrast to the traditional methods for the production
of iron powders by thermal decomposition of iron salts [7], a combi-
nation of the methods of decomposition and reduction of iron cit-
rate salt Fe;{C;H;(0)(COO);}, in a reducing hydrogen atmosphere
and a modified technique for further prolonged passivation of iron
powder surface by controlled substitution of protective hydrogen
atmosphere with an air mixture was used.

X-ray diffraction studies of the obtained powders were carried
out using a DRON-3.0 x-ray diffractometer in CoK, radiation. The
dimensions of the coherent scattering regions (D,,) and, in particu-
lar, their diameters were calculated by line broadening in the dif-
fractograms using the Scherrer equation [8].

The magnetic characteristics of the powders (specific saturation
magnetization o,, residual induction B,, coercive force H,k) were
measured using a ballistic magnetometer in the fields up to 800
kA/m at room temperature [9].

Electron microscopy of the obtained powders was carried out at a
scanning electron microscope JSM 6360 LA equipped with EDS mi-
croanalysis system JED-2200 with an accelerating voltage of 15 kV
and an electron probe diameter of 4 nm.

3. RESULTS AND DISCUSSION

To monitor the phase composition and the powder size, the samples
were examined after synthesis at temperatures of 250, 300, 325,
400, and 450°C. The temperature interval of 50°C was chosen with
aim to accurately select and optimize the synthesis conditions for
nanoscale iron powders, which (by their size, particle morphology,
and phase and chemical compositions) could be used for medical
purposes.

According to the x-ray phase analysis of the powders obtained in
the temperature range of 250—450°C by decomposition/reduction of
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Fig. 1. X-ray diffractograms of powders obtained by decomposition—
reduction of iron citrate salt at temperatures: a—250°C; b—300°C.

citrate salts in hydrogen, the powders synthesized at 250 and 300°C
contain only crystalline phase of iron oxycarbide FeC,0, (Fig. 1).

An increase in the synthesis temperature up to 350°C led to a de-
crease of the amount of crystalline phase of iron oxycarbide FeC,0,
(Fig. 2).

According to x-ray diffraction analysis, the powders synthesized
at 400 and 450°C consist only of the a-Fe crystalline phase (Fig. 3).

The obtained data indicate that the amount of oxycarbide phase
FeC,0, is decreased, whereas the amount of a-Fe phase is increased
with the synthesis temperature; this is explained by the intensifica-
tion of diffuse processes that lead to the formation of the men-
tioned crystalline phases (Table 1).

The specific surface area of the powders synthesized at different
temperatures was determined by the gas chromatography method
using thermal desorption of nitrogen [10].

As can be seen from the data obtained (Table 2), the specific sur-
face area of the powders is increased with increasing decomposition
temperature with the formation of several phases and is decreased
insignificantly with the transition to a single-phase system at 400
and 450°C.

The dependence of the specific magnetization of powders obtained
by decomposition/reduction of iron citrate salts at the temperatures
of 250, 300, 325, 400, and 450°C on the magnetic field strength is
shown in Fig. 4.

The obtained curves have the shape peculiar to the ferromagnetic
materials, with the exception of powders synthesized at 250 and
300°C (Fig. 4, curves 2 and 3) which do not contain ferromagnetic
phases. It should be noted that, as the synthesis temperature in-
creases, the curves of the specific magnetization shift to higher ab-
solute values (that also corresponds to an increase in the specific
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Fig. 2. Micrographs and chemical composition at randomly chosen areas of
a sample of iron powder obtained by synthesis from iron citrate salts at
350°C (x3000).
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Fig. 3. Micrographs and chemical composition at randomly chosen areas of
a sample of iron powder obtained by synthesis from iron citrate salts at
450°C (x5000).

magnetization of the powders).

This experimental fact fully agrees with the results of x-ray
phase analysis, and it is explained by the increasing amount of the
ferromagnetic phase in powders with the synthesis temperature
(Table 1). It was shown that an increase in the synthesis tempera-
ture also leads to an increase in the level of residual induction B,
(Table 3) due to the same reasons [11]. The coercive force H, associ-
ated with the particle size of the powders is increased to a synthesis
temperature of 350°C (D,.=150 nm) and is reached a maximum
value of 120 Oe; at 400°C, with an insignificant increase in the par-
ticle size (D, =180 nm), it began to decrease (65 Oe). The residual
induction B, was the highest at 400°C, when the system is consisted
only of nanosize particles of a-Fe.

With further increase of the synthesis temperature up to 450°C,
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TABLE 1. Phase composition and size of the coherent scattering (Dock)
regions (D,,) of powders obtained by synthesis of iron citrates.

CSr.

Synthesis regime
(in the course of 2 h)

Phase composition, wt.%|Phase fraction, % | D, nm

250°C FeC,0, 100 50

300°C FeC,0, 100 50
FeC,0, 70 60

325°C a-Fe 10 50
Fe,0, 20 —

. a-Fe 98 150
350°C Fo,0, 5 !
400°C a-Fe 100 180
450°C o-Fe 100 1100

TABLE 2. Dependence of the specific surface area of iron powders on the
synthesis temperature.

Temperature, °C 250 300 325 350 400 450
Specific surface area, m?/g| 9.88 15.07 28.0 30.8 31.4 30.7

the specific magnetization o, and the residual induction B, of syn-
thesized powders associated with the content of the ferromagnetic
phase remain practically unchanged, and the coercive force H. con-
tinues to decrease due to the increase in the particle size. Thus, the
powder obtained at 400°C had the highest magnetic properties (Ta-
ble 3).

The nanosize iron powder synthesized at 400°C consists of ferro-
magnetic a-Fe phase, has an optimum specific surface of 31.7 m?/g
and high magnetic characteristics (c,=177.6 A-m?/kg, H, = 100 Oe,
B, =1522 G). It is a promising powder material for using in the
chemical industry, medicine, and food industry.

4. CONCLUSION

It is proved that the low-temperature decomposition of iron citrate
salt Fe;{C;H,(0)(COO0);}, in reducing hydrogen atmosphere under
certain technological conditions allows to obtain nanosize iron pow-
der. During the synthesis of powders in the temperature range of
250-450°C, the amount of ferromagnetic a-Fe phase increases with
temperature.

According to x-ray phase analysis, the powders synthesized at
350, 400, and 450°C consist only of the crystalline a-Fe phase. Syn-
thesis of iron powders at higher temperatures leads to an increase
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Fig. 4. Dependence of the specific magnetization of powders obtained by
the synthesis of iron citrate salts on the magnetic-field strength at tem-
peratures [°C]: 1—250; 2—300; 3—325; 4—400; 5—450.

TABLE 3. Magnetic properties of powders obtained by decomposition—
reduction of iron citrates.

Synthesis regime (during 2 h) | c,, Am?/kg | H, Oe B, G
250°C 0.5 — —
300°C 4.1 — —
325°C 15.8 20 58.8
350°C 150 120 666
400°C 177.6 100 1522
450°C 179.6 65 1599

in their specific magnetization and residual induction due to an in-
crease in the amount of ferromagnetic a-Fe phase.

It is found that a low-temperature (400°C) decomposition—
reduction of citrate salts in hydrogen atmosphere allows obtaining
ferromagnetic nanosize a-Fe powder with a specific surface area of
31.4 m?/g. High specific surface area and magnetic characteristics
allow us to recommend the ferromagnetic a-Fe powder as a magnet-
ic base for composite materials for medical applications.
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In recent years, magnetic-liquid nanosystems (MNLs) have been of inter-
est to biomedical applications. The Fe;O,/PLA-PEG MLNs with Fe;O,
magnetic nanoparticles’ core coated by PLA-PEG copolymer are used
based on their nontoxicity, biocompatibility, and ability to increase heat
based on the alternating external magnetic field. The Fe;0,/PLA-PEG
MLNs of poly(lactide)-polyethylene glycol (PLA-PEG) with PLA:PEG
(3:1, w/w) component ratio were fabricated by ring-opening polymeriza-
tion of lactide for preparation. In particular, the sample in vitro investi-
gation achieved a high induction heating effect that indicates the applica-
bility of the Fe;O,/PLA-PEG MLNs incorporated magnetic induction hy-
perthermia (MIH) treatment. From this work, we believe that Fe;O,/PLA—-
PEG MLNs exhibit great potential properties for biomedical applications.

B ocranni poku maruerHi pigki Hanocucremu (MPHc) mpencraBiaoTs inTe-
pec nasa O6iomemmunmx 3acrocyBanb. MPHc Fe;0,/I1JIa—IIET" 3 marHeTHUM
aapom HaHouacTuHOK Fe;O,, moxkputum comosrimepoM modi(JIakTHZI)—
nonietruneHraikons (IIJIa—IIET), BUKOPUCTOBYIOTHCA 3aBAAKU iXHI HETOK-
CHUYHOCTi, GiocymicHOCTi Ta 3maTHOCTI 30iJbINYBATH TEIJIO HAa OCHOBI 3MiH-
HOro 3oBHimHBOrOo Mar"erHoro nois. MPHc Fe;O,/IIJIa-IIET 3i cmiBBifg-
HomeHHAM KommoHeHTiB I1JIa:ITET (3:1, 3a Barow) Oysu omep:KaHi MIIAXOM
KinbieBoi moaimepusariii JakTuny Aad JikKiB. 30Kpema, DOCTiIKeHHs 3pas-
Ka y mpo0ipIiii JOCATIO0 BUCOKOrO iHAYKIIIAHOTO HArpiBaJbHOrO e(exTy, IIo
BKa3ye Ha s3actocoBHicTh MPHc Fe;0,/I1JIa—IIET, mio BKJIIOYAIOTEH JiKyBaH-
HA MaTHeTHO-iHAyKIiiiHoIo rimeprepmieto (MIT). 3 miel pobotu Mu BBasKae-
Mo, mo MPHc Fe;0,/I1JIa—IIET n1eMOHCTDPYIOTH BEJIUKi MOTEHIiiiHI BiacTu-
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BOCTi Ay1s1 6ioMeIUUYHKNX 3aCTOCYBaHb.

Key words: PLA-PEG copolymer, Fe;O, nanoparticles, Fe;O,/PLA-PEG
magnetic-liquid nanosystems, magnetic induction hyperthermia treatment.

Karouogi ciroBa: comoiMep mosi(J1akTum)—moIieTHIeHIJIIKOIb, HAHOUYACTUHK I

Fe.,0,, maruerHi pinki Hanocucremu Fe 0, /moai(y1akTg)—1oieTHIeHI JIIKOJIb,
3Y4 34

JiKyBaHHS MarHeTHO-IHAYKIIifiHOIO TimepTepMieio.

(Received 6 October, 2021; in revised form, 9 October, 2021 )

1. INTRODUCTION

In recent years, magnetic nanoparticles have been studied with wide
applications in the biomedical field, including detection, imaging,
and therapeutic treatment, magnetic resonance imaging (MRI) con-
trast enhancement [1-5], as well as cancer hyperthermia [3]. How-
ever, the nanoparticles will be unstable and easily clumped or ag-
glomerated, reducing dispersibility and biocompatibility, leading to
them being easily eliminated [4—6]. Therefore, the surface function-
alization of magnetic nanoparticles is necessary to improve the dis-
persion and some biochemical characteristics [7]. Typically, organic
materials are used for functionalization purposes, and polymeric
micelles themselves are considered multifunction materials for drug
delivery and diagnostic imaging [1]. The copolymer of hydrophilic
and hydrophobic self-assembly separate chains forms a nanostruc-
ture that can produce supramolecular core—shell structures (10-100
nm) dispersed in water to form magnetic-liquid nanosystems
(MLNs). The hydrophobic core of the micelles can carry hydrophobic
agents, while the hydrophobic shell stabilizes the nanoparticles in
water [8].

Among the MLNs recently studied, Fe;O, nanoparticles incorpo-
rated in the polymer micelle have been reported as a potential can-
didate [9, 10]. It demonstrated the ability to improve the biocom-
patibility and extent the blood circulation time [11]. Typically, the
Fe;O0, nanoparticles incorporated in the polymer micelle were syn-
thesized by microemulsion, sol-gel, hydrothermal, thermal decom-
position method, etc. [12—-15].

On the other hand, magnetic nanoparticles need to be coated to
increase biocompatibility, reduce toxicity and increase blood circu-
lation [3]. The local killing ability of magnetic nanoparticles based
on alternating external magnetic fields has been studied and applied
in thermotherapy to kill cancer cells and tumours due to its ease of
implementation, low cost, and reduced complication [18]. Recent
studies have shown that magnetic nanoparticles are considered an
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effective, versatile tool and have great applicability in the biomedi-
cal field, including the ability to kill cancer cells by thermotherapy
[10].

In this work, we synthesized the MLNs consisting of Fe;O, nano-
particles by the coprecipitation method [16]. Fe;O, nanoparticles
coated by a copolymer of co(lactide)—polyethylene glycol (PLA-PEG)
and then dispersed in water to form Fe;0,/PLA-PEG MLNs. In
which, PEG was used as a hydrophilic shell and PGA as a hydro-
phobic core. The balance between hydrophobic core—hydrophilic
shell in water creates the spontaneous formation of nanoparticles
[6, 17]. The Fe;O, nanoparticles before and after coating PLA-PEG
copolymer is compared. Thereby research the effect of PLA-PEG
copolymer coating on the saturation of Fe;O, nanoparticles. On the
other hand, in vivo investigations to kill cancer cells by MIH effect
were also performed.

The structure and characteristics of the system were investigated
by FE-SEM (field emission scanning electron microscopy), TEM
(transmission electron microscopy), and (XRD) x-ray diffraction.
The copolymer coverage of the nanoparticles is displayed through
FTIR (Fourier transform infrared spectroscopy) measurement re-
sults. The mass contributions of the components were analysed by
the TGA (thermal gravity analysis) measurement. The heating effi-
ciency of the functionalized nanoparticles was demonstrated
through MIH (magnetic induction hyperthermia) study.

2. MATERIAL AND METHODS

2.1. Synthesis, Characterization, and Structure of Magnetic Nano-
particles

Monolactide acid (LA), polyethylene glycol-2000 (PEG 2000), tin (II)
2-ethylhexanoate purchased from Sigma (St. Louis, MO, USA); and
FeCl;, FeCl, ,H,0, NH,OH, toluene, diclomethan (DCM, C,H,Cl,),
methanol (CH;O0H), ethanol (C,H;OH) purchased from Merck (Ger-
many). The water was used in the experiment is double distilled wa-
ter.

PLA-PEG copolymer with PLA:PEG ratio at 3:1 (by weight) was
prepared using ring-opening polymerization, in which the reaction
occurred between lactic monomer and polyethylene glycol (PEG) in
the presence of tin (II) 2-ethylhexanoate catalyst [19]. The PLA-
PEG copolymer was dissolved in DCM (1 mg/ml) and stirred for 24
hours. Then, H,O was added to form the liquid mixture, stirring to
disperse this mixture for 24 hours. Finally, the PLA-PEG copoly-
mer dispersed in H,0 (1 mg/ml) was obtained from the evacuation
of DCM solvent.
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The coprecipitation method [20] was used to synthesis Fe;O, na-
noparticles according to the following equation:

2Fe*" + Fe?' + SOH — Fe;0, + 4H,0.

The surface of Fe;O, nanoparticles was functionalized by PLA-
PEG copolymer into water. The amount of Fe;O, nanoparticles dis-
persed in water was first determined, then slowly dropped into
PLA-PEG copolymer solution and stirred for 24 hours to obtain
Fe;0,/PLA-PEG nanoparticles.

XRD (Empyrean, PANalytical, Netherland) was used to deter-
mine the crystal structure of nanoparticles, FE-SEM (JEOL JSM-
4600F, US) and TEM (JEOL, JEM-1010) microscopes were used for
size and size distribution characterization. The dynamic light scat-
tering (DLS) measurements (Zetasizer-Nano ZS, Malvern, UK) was
adopted to estimate the Fe;0,/PLA-PEG nanoparticle hydrodynamic
diameter. The chemical bonds were observed by FTIR spectroscopy
(Shimadzu FT-IR Prestige-21, Japan); meanwhile, the mass contri-
bution of PLA-PEG was identified by Thermal Gravity Analysis
(TGA, Shimadzu DTG-60H, Japan). Hysteresis loops at room tem-
perature up to 11 kOe and M-T curves were measured by a home-
made vibrating sample magnetometer (VSM).

2.2. Preparation for Magnetic Inductive Heating (MIH)

Experiments to determine the MIH effect of the Fe,O0,/PLA-PEG
MLNs were carried out on two pieces of equipment to measure spe-
cific absorption rate (SAR):

SAR =Cl(m1/mcs)a—T, (1)
ot
where C, is the liquid heat capacity (4.186 J/(g-°C) for water), m,
and m,, are correspondingly masses of liquid and MLNs; 0T /0t—the
initial rate of temperature increase.

Low-field equipment based on an RDO generator of 5 kW was
used to measure the heating curves of Fe,0,/PLA-PEG MLNSs in the
field amplitude smaller than 100 Oe and frequency below 250 kHz,
and this system was used for the controlled drug release experi-
ment. The second MIH equipment used in an Ambrell Easyheat LI
3542 system of 4.2 kW generator provided field at 310 kHz with
field amplitudes varying from 200 to 800 Oe.

Samples of Fe;O,/PLA-PEG MLNs with concentrations of 1 and 3
mg/ml were measured for temperature change with distilled water
used as the sole suspension solvent.
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2.3. In vivo Cancer Cells’ Treatment

In this experiment, a magnetic field of 60 Oe, frequency of 310
kHz, the concentration of Fe,0,/PLA-PEG MLNs 2 mg/ml was used
to heat treatment to kill cancer cells.

In an in vitro cultured cancer cell model, 5-10° Sarcoma 180 cells
were inoculated with Fe;O,/PLA-PEG MLNs (2 mg/ml). After heat
treatment for 60 minutes with an alternating external magnetic
field of 70 Oe, frequency 178 kHz, the cell samples were stained
with blue trypan to determine the percentage of dead cells.

3. RESULT AND DISCUSSION
3.1. Fabrication and Characterization

The diagram in Fig. 1 describes the coating process of the PLA-
PEG micelle around the Fe;O, nanoparticle core, forming a
Fe;0,/PLA-PEG core—shell structure system with hydrophobic
properties.

The XRD diagram (Fig. 2) shows that six peaks of both Fe;O, and
Fe;0,/PLA-PEG samples (Fig. 2) are clearly defined. The character-
istic diffraction peaks of the spinel structure: (200), (311), (400),
(422), (511), and (400) [16] on the XRD diagram were independent.
This result suggests that the formation of Fe;0,/PLA-PEG compo-
sitional nanoparticles does not affect the Fe;O, crystal structure,
which can lead to the conservation of the magnetic properties of the
system. It will be discussed in the next section.

The average size of the core nanocrystal, d., estimated from XRD
profile via Scherrer formula (Eq. (2)) [21] was around 15 nm, which
is consistent with results shown in TEM images (Fig. 3).

Solvent
evaporatin

Fig. 1. Schematic illustration of fabrication route of Fe;O,/PLA-PEG
nanocarriers.
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Fig. 2. XRD diagrams of Fe;O, and Fe;0,/PLA-PEG.

Fig. 3. SEM and TEM images of nanoparticles: Fe;O, (a, b), Fe;O0,/PLA-
PEG (c, d).

kA
BcosO,

(2)
where D is average crystal diameter; k= 0.9 is a constant value re-
lated to shape particle; A is electromagnetic radiation wavelength;
0 is Bragg diffraction angle; B is the line broadening at the full-
width-half-maximum intensity (FWHM) subtracted the instrumen-
tal line broadening, in radians.

TEM images of Fe;O,, Fe;0,/PLA-PEG samples are displayed in
Fig. 3 showing that each spherical nanoparticle has a single core.
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The functionalized Fe;0,/PLA-PEG nanoparticles are fairly uni-
form with an average diameter of ca. 20 nm (Fig. 3, d) and larger
than that of the Fe;O, nanoparticles (ca. 15 nm as shown in
Fig. 3, b). Figure 3, d clearly points out that the functionalized
Fe;0,/PLA-PEG nanoparticles have core—shell structures. For such
a core—shell formation, it is assumed that the Fe;O, nanoparticles
attract PLA component to form a strong binding on the core parti-
cle surface after penetrated the centre of PLA-PEG nanoparticles
(of ca. 50 nm in size [16]) so that the outmost size of the copolymer
particles become reduced to ca. 20 nm.

3.2. FTIR Spectra

The FTIR spectra of the Fe;O, and Fe;O,/PLA-PEG nanoparticles
are shown in Fig. 4. The shift was found from the peak at 632 cm™
of the Fe;O, nanoparticles spectrum (by the stretching of Fe-O
bond) to the peak at 628 cm™ in the Fe;0,/PLA-PEG spectrum. It
demonstrates that the PLA-PEG coating has contributed to Fe;O,
particles. Moreover, the appearance of peak 1348 cm™ on the FTIR
spectrum of Fe;O,/PLA-PEG nanoparticles also indicates the copol-
ymer coating on the ferromagnetic nanoparticles [22].

3.3. Effect of PLA—PEG to Saturation Magnetization of
Fe;0,/PLA—PEG Nanoparticles

In this section, the saturation magnetization M, of Fe;O0,/PLA-PEG
nanoparticles was examined in the different Fe;O, nanoparticles
concentration (from 1 mg/ml to 5 mg/ml), while the concentration
of copolymer PLA-PEG remained unchanged (0.3 mg/ml).

Figure 5 shows the magnetic hysteresis curve of Fe;O, nanoparti-
cles, coated by various PLA-PEG mass ratios and measured at room
temperature. The saturation magnetization values M, were meas-
ured and the nonmagnetic polymer mass M,"" were calculated based
on the nominal percentage and presented in Table 1.

The increase of saturation magnetization is observed with the in-
crease of Fe;O, composition (from sample No. 1 to sample No. 5). It
is primarily due to the functionalization of the coated samples. A
significant increase (up to 10%) of magnetization is evidenced. In
other words, our experiment indicated that the coating with an ap-
propriately biodegradable polymer (PLA-PEG) might somehow re-
store the magnetization reduction of the core Fe;O, nanoparticles
that was resulted during nanoparticle synthesis in general and their
coprecipitation synthesis [23].

On the other hand, the highest saturation magnetization accom-
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Fig. 4. FTIR spectra of nanoparticles Fe;0,, Fe;0,/PLA-PEG.
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Fig. 5. Magnetic hysteresis curves of Fe;O, nanoparticles functionalized by
PLA-PEG of various concentrations.

panying the highest stability in the No. 3 sample suggests that dis-
persion stability could be a crucial cause for high magnetization
restoration.

The nanoparticle sample of Fe;0, and Fe;0,/PLA-PEG were ana-
lysed by TGA (diagrams are shown in Fig. 6) to estimate the mass
contribution of nonmagnetic coating materials PLA-PGE in the ex-
perimental samples.

Table 2 summarizes the TGA-determined mass percentage m®
along with the nominal mass m™™ for the coated samples. The data
indicate that the mass percentages determined experimentally by
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TABLE 1. Saturation magnetization M, and M,”" of Fe;0, and Fe;0,/PLA—
PEG.

Sample Fe,0,, m(;onllpl?ze—nlitE G, mg Fe,O,, % | M,, emu/g [M,”", emu/g
Fe 0, 1 0 100 64.4 64.4
No.1 1 0.3 79.6 53 68.9
No.2 2 0.3 87 59.2 68.1
No.3 3 0.3 90.9 64.5 71
No.4 4 0.3 93 64.2 69
No.5 5 0.3 94.4 65.1 68.9

TABLE 2. Compare the mass percent of PLA-PEG experimentally deter-
mined TGA with the nominal value.

Samole Component m o e
N Fe,0,, mg |PLA-PEG, mg| = ¥
Fe,0, Fe,0, 0 100 0 0
No.3 3 0.3 90.9 91 13.5
No.5 5 0.3 94.34 5.66 5.667
100+ 4 Weight loss — 2.17% (0.16 mg)
TGA ~ IR
:\o 80r B0
%' 60 Weight loss — 13.59% (0.98 mg) 16 ‘E\
- 315.5 °C :;
- 15 -
E” 20 g
é Olbra s
20t . . . il Iy
0 200 400 600 200

Temperature, °C

Fig. 6. TGA and DTA diagrams of Fe;0,@PLA—-PEG.

TGA are consistent with those used in a nominal composition. This
observation is consistent with that reported by Y. Piceiro-Redondo
et al. [23].

The Fe;0,/PLA-PEG nanoparticles exhibit higher dispersion sta-
bility than Fe;0,. This result is significant in opening up many new
applications for Fe;O, nanoparticles in biomedical fields such as hy-
perthermia treatment, magnetic resonance imaging (MRI), and
studying the effects of physical mechanisms on their magnetization
saturation.
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3.4. MIH Studies

As introduced, the heating efficiency of the functionalized nanopar-
ticles, Fe;0,/PLA-PEG, after dispersing in water at concentrations
of 1 and 8 mg/ml, was studied using MIH methods. The tempera-
tures vs. time curves were recorded for different AC fields.

The heating curves measured with AC field amplitude varying
from 200 to 800 Oe and at a constant frequency of 310 kHz are de-
picted in Fig. 7. As can be seen in this figure, the heating rate also
increases with increasing field amplitude, and the final temperature
of the medium rises to 42°C after 5 min and maybe rises to 55—60°C
after 15 min magnetic inductive heating at a frequency of 310 kHz
and AC fields of 800 Oe for the Fe;0,/PLA-PEG (approximately).

This result clearly shows that the therapeutic window for hyper-
thermia therapy, 40-45°C, can be easily reached within a few
minutes by modifying the AC field amplitude during the treatment.

Another way, the heating efficiency or SAR for the Fe;O0,/PLA-
PEG sample with two different concentrations of 1 and 3 mg/ml
were have calculated to get a better insight into the hyperthermia
effect of the Fe;0,/PLA-PEG nanoparticles.

As can be observed, the SAR values obtained for the Fe;O,/PLA-
PEG sample is achieved high efficiency of induction heating, espe-
cially at 1 mg/ml, reaching a maximum value of 228 W/g. This
SAR value is comparable to what has been reported in the literature
[24—26]. When the concentration increase to 3 mg/ml, the SAR in-
creases not too high and reaches only about 174 W/g. This deterio-
ration of the SAR can be related to particle aggregation with in-
creasing concentration of MNPs, which tends to restrict the heating
efficiency of the Fe;O0,/PLA-PEG nanoparticles [23, 27].

Therefore, as can be seen from these results, the heating efficien-

800 Oe

40} Fe,0,@PLA-PEG 1 mg/ml

600 Oe
35t

30F

T, °C

200 Oe
25+

200630 "T00 150 200 250 300

Time, s

Fig. 7. Heating curves were taken at a frequency of 310 kHz and AC fields
of 200, 400, 600, and 800 Oe for Fe;0,/PLA-PEG specimens of 1 mg/ml
concentration.
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TABLE 3. Comparison saturation magnetization of Fe;O, nanoparticles
measured before and after subtraction of PLA-PEG coating mass.

Sample M samples ug Msasrme’ emu/g| Msnom, emu/g | Msex, emu/g
Fe,O, 10.5 64.4 64.4 64.4
No.3 13.8 64.5 71 74.5

TABLE 4. SAR of Fe;0,/PLA-PEG samples measured at 310 kHz, and 1
mg/ml.

H’ Oe I mHzO’ g I msample’ g | SAR’ W/g
200 1.00 0.001 94
400 1.00 0.001 152
600 1.00 0.001 202
800 1.00 0.001 228

250F =é ﬁgﬁ % Fe,0,@PLA-PEG

200¢

1501

100¢

SAR, W/g

S50

=)

0 200 300 400 500 600 700 800 900
i, Oe

Fig. 8. SAR values for the Fe;0,/PLA-PEG nanoparticles, with 1 and 3
mg/ml, were obtained at different field amplitudes, 200—-800 Oe and 310
kHz.

cy of Fe;O,/PLA-PEG is still remarkable even at the 38 mg/ml con-
centration, and they can be effectively used for hyperthermia
treatment.

3.5. Kill Cancer Cells by MIH Using Fe;0,/PLA-PEG MLNS

Some previous research results [26] showed that using an alternat-
ing external magnetic field to heat the magnetic nanoparticles local-
ly can damage and directly kill cancer cells. The thermotherapy
method using Fe;0,/PLA-PEG MLNs shows that it can kill cancer
cells, typically Sarcoma 180 cells.

In this experiment, we chose the Fe;0,/PLA-PEG MLNs with the
concentration of 2 mg/ml, the magnetic field of 70 Oe, the frequen-
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cy of 178 kHz to ensure that the temperature is in the thermother-
apy region 42-52°C, and the Sarcoma 180 cancer cell line were used
in this experiment. The results are presented in Table 5 and Fig. 9.

Research results show that Fe;O,/PLA-PEG nanoparticles have
the ability to kill cancer cells based on local heating ability on al-
ternating external magnetic fields.

The results of Table 5 show that cells continued to die when
stopping the use of thermotherapy. At 60 minutes after stopping
treatment, dead cells (green cells) achieve 61.4%.

On the other hand, the results in Table 5 and Fig. 9 show that,
after the end of heating, Fe;O,/PLA-PEG nanoparticles are still ca-
pable of affecting and killing cells. Fe;O, nanoparticles coated with
PLA-PEG copolymer will help increase blood circulation, increase
biocompatibility.

The saturation magnetic of core Fe;O, nanoparticles tend to in-
crease due to the impact of the nonmagnetic PLA-PEG shell on the
surface of Fe;O, nanoparticles.

These results open the possibility of applying Fe;O,/PLA-PEG
MLNs to kill cancer cells and tumours by thermotherapy and in the
biomedical field.

TABLE 5. Cell killing results by MIH (70 Oe, 178 kHz) using Fe;O,/PLA-
PEG MLNs (2 mg/ml) with time of treatment of 45 min and 60 min.

Percentage of dead cells at time points
after the end of the thermotherapy (%)

Sample experiment |18.0 30.9 36.141.350.0
Control 6.0 7.4 8.3 8.7 9.8
Sample experiment [23.1 37.8 50.756.361.4
Control 6.9 7.5 7.0 7.3 8.6

0" | 10" | 20" | 30" | 60’

Times of thermotherapy (45')

Times of thermotherapy (60')

100pm
leit) | 100 um

a b

Fig. 9. Sarcoma cells 180 at times: 0 min (a) and 60 min (b).
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4. CONCLUSION

This study successfully synthesized Fe;O, nanoparticles and func-
tionalized them by PLA-PEG to form single-core Fe;O0,/PLA-PEG
core—shell nanoparticles. Besides, the coating layer helped improve
the magnetic properties of the magnetic nanoparticles, including
the higher saturation magnetization and lost power. The saturation
magnetization of Fe;O, nanoparticles after being functionalized is
higher than that of uncoated Fe;O, nanoparticles. Fe;O,/PLA-PEG
MLNs have the ability to increase local heat based on alternating
external magnetic fields, applied in thermotherapy to kill cancer
cells and tumours. These results suggest the enormous potential of
the Fe;0,/PLA-PEG MLNs in biomedical fields, especially in cancer
treatment.
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IlopiBHANBLHA aHAJII3a 32aCTOCYBAHHA 3 MPO(PiTaKTUIHOIO METOIO
AHTHOIOTHKA TAa KOJOITHOTO PO3YMHY HAHOYACTHHOK cpidaa
KypuyaTaM-0poijiepam

M. O. Kyuepyk, . A. 3acekin, P. O. Jumko

Hauyionaavruil ynisepcumem 6iopecypcis i npupodoxopucmysanns YKpainu,
sya. I'epoie O6opoHu, 15,
03041 Kuis, Ykpaina

Y craTTi HaBeJeHO pPe3yJbTATH HOPIBHAJIBHOI aHaJIi3W 3aCTOCYBaHHSA aHTHU-
6i0THKIB i KOJIOIZHOTO PO3UMHY HAHOYACTHMHOK cpibia i3 mpodilaKTHUHOIO
MeTOI0 KypuaTaMm-OpoiisepaM. 3aKoHOZaBUMMU akTaMu YkKpainu it €C cro-
COBHO OPraHiuHOTO BUPOIIYBAHHS IITHIII BCTAHOBJEHO HH3KY OOME)KeHb,
3a00pOH, 30KpeMa Ha 3acTOCYBaHHA mpodilakTuuHmX aHTubOioTuKiB. OgHAK
e 1 HUHI HeMae PEeKOMEeHZAIill IIoZ0 3aCTOCYBaHHA MO3BOJEHUX BETEPHU-
HapHHuX npemnapariB. Cpi6yio 3maBHa BimoMe CBOIMM aHTHUMiKpPOOHHMM BJIAC-
THUBOCTSAMM, OJHAK HAAJUIIOK cpibsia B OpraHisMi MoO’Ke TaKOK IIPHU3BECTU
IO 3aXBOPIOBaHb, HAIPUKJAJL apripieio. 3acTtocyBamusA K cpidiaa y ¢opwmi
HAHOCHOJIYK 3BOAUTL I PUSHUK A0 MiHiMymMy. 3 MeTO0 HOrJIubJIeHHS YAB-
JIeHHd TIPOo MeXaHisM mii po3umHy HAHOYACTHMHOK cpibsia BU3HAUaANM IXHil
BILINB HA TeMaTOJIOTiUHiI IIOKAa3sHUKM KypuaT-OpoiijepiB, MOKA3HUKM 1XHBOI
MIPOAYKTUBHOCTHU, AKOCTU Ta 0e3IMEeUHOCTH OAEepsKaHOl MpoaykKIiiii. AHarisy-
BaJlu IIi IIOKAsHUKMU, IOPIiBHIOIOUM 3 AHAJOTIYHMMH HOKa3HHKAMU B KOHT-
POJBHiN rpymi Ta rpymi Kypuar, AKi oTpuMyBajam 3 MPO(iIaKTUYHOI Me-
TOI0 aHTHOiIOTHK «JIeBodoKkCc». 3 pPe3yabTaTiB AOCHiIKeHb BUILJINBAE, IO
3aCTOCYBaHHS KOJIOIJHOTO PO3UMHY HAHOYACTHMHOK Cpi0jia eKOHOMiYHO BMTi-
OHe Ta cupuse 36iJIbIIIeHHIO KMBOI Macu Kypuar-OpoiiaepiB. Bimmorimmo,
OigBUIIYETHCA PiBeHb pPeHTa0eJIbHOCTH BUPOOHUIITBA M’sdca KYPATUHU 34
BUKODPUMCTAaHHA HAHOCHOJYKU cpibsia. 3acTocyBaHHA K cpibaa y dopwmi za-
BUCY HAHOYACTUHOK HEe MMPUBOAUTHL A0 HMOT0 HAKOMWYEHHS Y TKAHWHAX i Op-
raHax TBapUMHHOTO opraHisamy. BumoioBaHHSA KOJIOIZHOTO PO3YMHY HAHOYAC-
TUHOK cpibJyia IMO3UTUBHO BIIMBae Ha (isiosmoriunuii ctan Kypeii, CIpUIE
30epeKeHHI0 IITAaxOIOroJiB’d, ONTHUMi3ye caHiTapHO-TirieHiuHi IOKa3HUKH
nmpuMinieHb AJaA yrpuMaHHA nraxiB. ExoHomiuma aHasiza Ta IIOKa3HUKU
IIPOAYKTHUBHOCTY KypuaT-OpoijiepiB cBiguaThb, 110 3acTocyBaHHA 1% KOJIOI-
JHOTO PO3UYMHY HAHOUYACTHMHOK cpibyia KypuaTaM-OpoiijepaM BUTiAHE, a 3a-
TpaTX Ha MOro BaKYIIIBJII Ta 3aCTOCYBAHHSA KOMIIEHCYIOTHCA BHAUYHUMU
OPUPOCTAMH KUBOI Macu KypduaT, 3MEHIIEeHHIM KOHBepcii Kopmy, IigBu-
IeHHAM CTiHKOCTY ITHUIIL 10 XBOPOO i 36eperKHOCTH.
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The article presents the results of a comparative analysis of the use of
antibiotics and colloidal solution of silver nanoparticles for prophylactic
purposes in broiler chickens. Legislation of Ukraine and the EU on organ-
ic poultry farming establishes a number of restrictions, prohibitions, in
particular, the use of preventive antibiotics. However, there are still no
recommendations for the use of permitted veterinary drugs. Silver has
long been known for its antimicrobial properties; however, an excess of
silver in the body can also lead to diseases such as argyria. In order to
deepen the understanding of the mechanism of action of the solution of
silver nanoparticles, their influence on the haematological parameters of
broiler chickens, indicators of their productivity, quality and safety of the
obtained products is determined. These indicators are analysed in compar-
ison with similar indicators in the control group and the group of chick-
ens receiving the antibiotic ‘Levoflox’ for prophylactic purposes. The re-
sults of the research show that the use of a colloidal solution of silver na-
noparticles is cost-effective and increases the live weight of broiler chick-
ens. Accordingly, the level of profitability of chicken-meat production at
the poultry farm is increased with the use of the above-mentioned
nutraceutical. The use of a solution of silver nanoparticles does not lead
to its accumulation in tissues and organs of the animal body. Drinking a
colloidal solution of silver nanoparticles has a positive effect on the phys-
iological state of chickens, contributes to the preservation of poultry, and
optimizes the sanitary and hygienic performance of premises for keeping
birds. Economic analysis and productivity indicators of broiler chickens
show that the use of 1% colloidal solution of silver nanoparticles is bene-
ficial to broiler chickens, and the costs of its purchase and use are offset
by significant increases in live weight of chickens, reduced feed conver-
sion, and increased resistance to disease and safety.

KarouoBi ciaoBa: aHTHOiOTHKM, KOJIOIZHMHA PO3UYNH, HAHOUYACTUHKM cpibia,
MIPOAYKTUBHICTh, KypuaTa-opoiiaepu.

Key words: antibiotics, colloidal solution, silver nanoparticles, productivi-
ty, broiler chickens.

(Ompumano 11 cepnusa 2021 p.)

1. BCTYII

AxkicTe M’Aca nTuili aBHO TypOye IpOMaAChbKicTh YKpaiHuW Ta CBiTy.
Y kpainmax €Bpocoro3y mie 3a6opoHa Ha IpodilakTUUYHI aHTUOIOTUKU
y nraxiBauiTsi 3 2006 p. Amke mig yac HagXOIKeHHS 3 KOPMOM aH-
TUOIOTUKM TiJIBKM YacTKOBO MeTaboiisyiorhea y meuinmi (30-60%
BiJi BBEEHOI 03M), aKyMYJIIOIOTHCA B OPTraHidMi TBapuH, BUBOAATHCA
3 mocaigom nmo 20-50% y Heamimenomy Buraazni [1]. Pasom 3 Tum,
3aJIMINIKOBI KiJbKOCTI mMux mpenapartiB (HiTpodypaHiB, cyabhaHigami-
IiB, a TaKOX KOKIMTIOCTATUKIB) MOMKYTh HAKONUYYBATUCA B SAUIAX
Y KiJIBKOCTAX, IO MEePEBUINYIOTh MAaKCUMAaJbHO AOMYCTUMUNA DPiBEHb.
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Tak, aMOKCUIIMJIIIH HAKOMUYYETHCSA V *KOBTKY Ta O0inKy [2]. BBemenns
KypKaM-HecyuYKaM TeHTaMillMHy yV Pi3HHUX mo3ax IMiAIIKipHO abo BHY-
TPilITHHOM I30BO TPUBOAUTHL A0 HAKOMUYEHHS HMOT0 B KOBTKY (IO
90%), a xJopTeTpaluKIiHy Ta cyab(paHimaminy — B O0iary [3, 4, 5].

TarkoK 3aJUMIKU JiKapChbKMUX 3ac00iB HAKONMUYIOTHCA y M’s3ax i
cyompoaykTax ntuili. TepMmiume oOpoOJIeHHSA IPAKTHUUYHO He BILIMBAE
Ha KOHIIEHTpAIlil0 aHTUMIiKPOOHUX IperapaTiB y OPOAYKILii.

AaTuOiOTUKOCTIHIKI MiKpoopraHisMuM YMHATH CEPHO3HUII HeTraTuB-
HUI BIJIMB Ha TPOMaJCbKe 3J0POB’S Ta PiBeHb i TPUBAJJICTh KUTTSA
Hacejgenua [6]. IIla mpobGiema He 3Hae KOPIOHIB i He 3aJ€KUTH Bin
PiBHSA eKOHOMIUHOrO PO3BUTKY KpaiHM; Ile — CKJIagHa, OaraTorpat-
Ha, HeBigKJagHa TiaoOajbHA HpoOIeMa AJA I'POMaAChKOTO 3A0POB’d,
BUPIMIUTU AKY MOKJINBO, JUIIEe KePYIOUNCh MepP:KaBHOIO IIPOTPaMOIO
CYBOPOT'O KOHTPOJIIO 3aCTOCYBAHHS AHTHUOIOTHMKIB i KOMIIJIEKCHHM Mi-
sKraaysesuM migxomoMm «OmHe 3mopoB’sa». OcTaHHiN OyB migTpUMaHUI
pamoro €C Ha ocuoBi rmobanbHoi imimiaTuBu BO3, MEB «Kogmekc
Ausimenrapiyc».

Cepen cIo:KMBauiB, AKi A0ai0Th IPO CBOE 3M0POB’A, KOPUCTYETHCS
IIOIIMUTOM caMe OpraHiuHa MIPOAYKIIid, OCKiIbKU mpoiiec ii BUPOOHMUII-
TBa CYBOPO KOHTPOJIIOETLCA i1 000B’A3KOBO HiATBEPAKYETHCA CEPTU-
dikaramu BimmosimHocTm. Illompasma, Taki mHpoayKTH, B3as3BUYal,
KOIITYIOTh MOPOXKUe, Ta ¥ Ha PUHKY YKpalHM — iX HEJOCTATHA Ki-
JbKicTs i acoprumenTt. OpraHiuuHoi KypaTHUHM B Po3ApiOHiNT Mepeki
HeMmae Baaraji [7]. 3akoHomaBumMmM akTamMu YKpainm i1 €C cTOCOBHO
OpPTaHiuHOTO BUPOIIYBAHHSA IITHIII BCTAHOBJIEHO HU3KY 00OMeE:KeHb, 3a-
O0OpoH, 30KpeMa Ha B3acTOCyBaHHA NTPODiIaKTUUYHUX aHTUOIOTHUKIB.
Opmak 1mle ¥ HUHI HeMae peKOMeHAAIlill 100 3aCTOCYBAaHHS 03BOJIE-
HUX BeTepUHAPHUX IperapariB i JocTaTHLOI KiTBKOCTH OCTaHHIiX.

Cpibyo X 3maBHa Bimome CBOIMM aHTUMiKPOOHHMU BJIACTUBOCTIMU,
OOHAK HAAJUIIOK cpibsa B opraHisMi Moike TaKOK IIPU3BECTH OO 3a-
XBOPIOBaHb, HaOpHUKJAL A0 apripii. 3acTocyBanHsa & cpibia y ¢opmi
HAHOCIIOJIYK 3BOAUTHL Iell pUsUK A0 MiHiMymy. BumoroBamHa cpibia
IITUIIL 3 BOAOIO V QOPMi 3aBUCY HAHOUACTUHOK He IPUBOIUTEL A0 HOTO
HAKOIIMYEHHA y TKaHWHAX i opraHax TBapuWHHOI'O opraHismy [9].

3 MeToI0 TIOTJIMOJIEeHHA YSABJIEHHA IIPO MEeXaHisM il po3umHy HaHO-
YaCTUHOK cpibjia BuUSHaAUAJM iXHill BIJINB HA TIeMaTOJIOTiUHI IOKas-
HUKM KypuaT-OpoiijepiB, MOKA3HUKU iXHBOI MPOAYKTHUBHOCTH, SIKOC-
T Ta 0e3MeYHOCTH OJAep:KaHoi mMpoAyKIii. AHanidyBaau Ii MOKA3HU-
KU, TOPIiBHIOIOUM 3 QHAJOTIYHMMMU IMOKA3HWKAMU B KOHTPOJBHIHA Ipy-
mi Ta rpymi KypuaT, IO OTPUMYBAJIH 3 HPOQIIaKTHUYHOIO METOI0 aH-
TubioTuK «JIeBo(aoKe».

2. EKCIIEPUMEHTAJIBHA METOJUKA

Mertoto mocaimgiB OyJio:
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— 3’acyBanuda (moraubiieHe JOCTiIKEHHSI) BIJIMBY HOBOTO aHTHUOAK-
TepiAabHOrO mpemapary — 1% KOJIOIZHOTO PO3UMHY HAHOYACTUHOK
cpibsia Ha KypuaTax-0Opoiiaepax;

— mocaimKxeHHsS edeKTHBHOCTH mOil po3umHy cpibia Ha 300TexHiuHi
IOKa3HUKM OpPTaHidaMy KypuaT-OpoiilepiB, AK OKpeMoro Impeiapary,
TaK i B KombiHaIii 3 mpebdbiotuxkom «Bio-Moc»;

— MOPIBHAHHSA OJep:KaHNX ITOKAa3HMKIB II0 HOCHiJHUX Trpymax 3 IIO-
KasHUKaMMU TPyOH, IO OTPUMyBajga NIPOoQPiIaKTUUHMN aHTHOIOTHK
«JleBOo(hsIOKC» aHaAJOriyHO A0 CXeM MOro 3aCTOCyBaHHA y iHTEHCUBHO-
MYy IITaxiBHUIITBI.

3 1Iie0 MeTO0 3a MOPUHIIMIOM aHaJOriB 3 J000OBHUX Kypuar-
opoiinepiB Kpocy Ko00-500 0yso chopmoBano Tpu rpymu — 1o 50
TOJIiB Y KOMKHIN.

Y nepmiomy BifmijieHHiI KiMHATH BiBapiio KypuaTa CAyryBaJud KOH-
TPOJIEM i OTPUMYBAJU CTAHIAPTHHI IMOBHOIIHHUU paIllioH (CTapTOBUii
kKombikopm (1—-15 ni6), Kombikopm «dinimi-1» (15—28 mi6) i KombOi-
KopM «(imimi-2» — maa siaroxieii mepen 3aboem (28—42 mid)).

Y npyromy BiamijsieHHI KiMHaTH yTpUMYyBaJMCA AOCJIiMHI Kypuara,
aKi 3 1-i mo 5-ty i 3 21-i mo 25-Ty moOy BUPOLITYBAHHSA OTPUMYBAJIH
antubiotux «JleBodrokc» y mosi 0,5 mur ma 1 a1 Bogm.

VY TperboMy BimnmismeHHi KiMHaATH BiBapilo KypuaTa OTPUMYBAaJU OC-
HOBHUI pallioH, me Boxy im Ha 7-my, 14-ty, 21-my, 28-my i 3 35-i mmo
42-ry moby samimioBaau 1% KOJOIZHMM PO3YNHOM HAHOYACTHUHOK
cpibita BBOJIIO.

IITumio B ycix mocJimax yTpuMyBaJd Ha MTinjgos3i 3a He3MiHHOL mmix-
CTUJIKU TIPOTATOM 42-X ni0.

IIpobu xpoBi Bigbupaau Ha 42-ry mo0y AOCHiAy 3 MiZKPUJIbHOI Be-
HU y IpoOipKM 3 remapuHOM [IJA 3arajbHOI aHaJisu KPOBi, BUBEJEH-
Hs JeliKorpaMu Ta BU3HAUYCHHA PANY 0ioXeMiuHMX ITOKa3HUKIiB.

Koxxui 10 gHiB mpoBOAMIN KOHTPOJIbHE BM3HAUEHHSA JKMBOI Macu
KypuaT Ha eJeKTPOHHUX Barax. Ilicas saboio Bimbupanm mpodbu M’sca
3 piBHMX YACTHMH TYHIKM KypdyaT AJIA JOCHifyKeHHsa HOoro AKOCTH Ta
KOHTPOJIIO B3aJIMIIIKOBUX KiJbKOCTeHl aHTHMOIOTUKY B3arajJbHOIPUNHSI-
TUMU METOZAMU.

Ilepen mpoBemeHHAM ILIAHOBOTO 3a00i0 KypuaT-OpoiijepiB BuMipio-
BaJi TeMIepaTypy IXHBOTO Tijla Ta BHU3HAUAJIMN KiJbKiCTh ZUXAJBHUX
pyxis.

T'emaTosoriuHi MOKa3HUKY BU3HAYAJIU IJII BUABJEHHSA 3MiH rOMeo-
cTasy opraHiamMy BHacCHifoK il pisHmMX mpemapatiB. 3MiHa mMacu Tija
IOCJHiTHUX TBApUH NHOPiBHAHO 3 KOHTPOJIEM € NYy’Ke Ba'KJIMBUM IIOKa-
3HUKOM, 3PYIIIEHHSA AKOTO CBiAYMTHL PO 3MiHM B opraHismi — Oaka-
Hi un HebaxxaHi. MeTo BUIIPOOYBaHHSA HOBOTO IIpemapary cpibja Ha
Kypuarax-6poiiaepax Oyja0 BUSBUTH IIi MOXKJIWBiI 3MiHu. Busnauaiu
BILIUB IIpemnapaTry Ha 30epeskHicTh i mMpoAyKTHBHiCTH mTuili. Ilopis-
HIOBAJIM OJlep:KaHi pe3yabTaTH 3 JaHUMHU IO I'PYOi KypuaT, AKUM 3a-
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CTOCOBYBaJIM HPOPIIaKTUUHNN AaHTMOIOTHMK, i KOHTPOJBHiN rpyimi.
Kpim Toro, BimsHauanmm 3B’sA30K IOKA3HUKIB IPOAYKTUBHOCTU Kypuar
i3 mikpobioreno3om Kurmieunuka [8].

IlaTomoroamaToMiuni mocaim)KeHHA € OZHUM 3 €TaliB BUBUYEHHS
Oiosoriumoi peakiiii opraHisamMy TBapuH Ha [Til0 BeTepHMHAPHHUX JiKap-
CbKUX 3ac00iB i YMOKJIMBIIOIOTh y 0araThboxX BUIIaAKaX CKJACTHA TOY-
He VABJEHHS MPO XapaKTep i CKJIAAHICTh IIepediry maToJIOTiuHOTo
IpoIecy 3a il JOCIigKyBaHUX PEYOBHUH.

Mopdosoriuai meTomu mOCTiAKeHHA 3a IXHLOI 3HAUHOI im(opma-
THUBHOCTH Ta HAYKOBOI Baru € 00OB’A3KOBHUMH B IIOAIOHMX eKCIIePU-
meHTax. JlaHi mocjiKeHb iCTOTHO NOIIOBHIOBATMMYTH 3araJjibHy Kap-
THUHY CTYIIeHS BUPAKEHOCTH MOYKJNBUX IIATOJIOTIYHUX IIOPYIIEHb y
pPiBHMX opraHax i TKAaHMHAX OPTaHidMy TBapWH B yMOBaX JOCJiAy.

3. PE3YJIBTATH TA IX OBTOBOPEHHS

Kainiuni Ta reMaTo/Ioriudi MOKa3sHMKHM OPraHi3My Kyp4aT-Opoiijepis.
Hagegmeni B Tabx. 1 mami cBiguaTh Opo 3aMOBiIbHMM KJIIHiUHMUI cTaH
IOCJHIZHMX KypuaT i BiICYyTHICTHP HETaTMBHOI'O BILJIMBY OOCJiI:KyBa-
HUX IIpemnapaTriB Ha OpPraHisM OTHUIli, cBigueHHAM doro Oyau Qisioso-
riuHi 3HaUYeHHA KiJIBKOCTH AUXAJbHUX PYXiB i TeMIiepaTypu Tija.

BisyaisbHi crocTepekeHHS KJIHIYHOTO CTaHY Ta IIOBEIiHKU KypuaT
moKasaniu, IMo (isiosoriumo mobdpe pos3BMHEHi, 340POBI Ta BromoBaHi
KypuaTta 000X mgociaigHux rpynu (i3 rapHMM T'yCTHM i YMCTUM Hip’aM,
npupogHiMm amerurom). [eAKi Kypuara 3 mepImnoi MocaigHOI rpynu
MaJu ThbMsHe, Opy/IHe OIlepeHHs (03HaKa ITOPYIIIEHOro 0aKTepisabHO-
ro TOMeoCcTady MiKpo0iolleH03y KUIMEeUHUKA), PO3JaAu TPABHUX IIPO-
meciB, midapero.

Y KypuaT 3 KOHTPOJIbHOI Ipynu Iip’sa Tako:k O0yJio 3abpyAHeHe Imo-
CJiZIOM, YacTO PiAKMM, TEMHUM, 3 HEIPUEMHHM 3amaxoM (O3HaKa
nucbaKTepiosy); MedAKi MoraHo moigaau KopM, OyJIu KBOJIUMMU.

Bigomo, 1110 cmcTeMa KpOBi € HaWOiJbII UyTANMBOIO ¥ iHdoOpMaTHB-
HOIO; BOHA OfHA i3 HAWMOOINBHIIMUX i HAWPYXJIUBIIINX CHUCTEM, SAKa
IIBUAKO pearye Ha BILUIUB Pi3HUX UMHHUKIB i BimoOpaskae sMiHU, IO

TABJUIIA 1. Kniniuni mokasHUKU KypuaT-OpoiiepiB mepen IIJIaHOBUM 3a-
6oem, M + m, n=30.!

Hocaigui rpynu

Iloxkasuuk KouTpoan Nl ArTubioTn Ne2 HaI:IOpOST-II/IH
cpibia
Temmeparypa Tira, °C  41,43+0,15  41,39+0,14 41,48 £0,15
Rixexicrs pIxalenux  g6.9040,12 36,00 +0,13 36,83+ 0,13

PyXiB Ha XBUJIUHY
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OPOXOAATHL B OpTraHiami.

B pesyabTaTi mpoBegeHHMX IreMaTOJIOTIiUHMX IOCJiIMKEeHb BIIPOLOBIK
mepioly BUPOITYBaHHSA BipoTiAHOI PiKHUIII MiXK HTOKasHUKaAMMU KpOBi
KypuaT IOCIiZHMX TPYN i KOHTPOJLHOI He BcTaHOoBJIeHOo. OmHaK Ha
42-ry mo0y mOcCJify B KPOBi KypuaT APYyroi MOCHiZHOI I'pyIu cIoCTe-
pirasm 36inbineHHA BMicTy remorsobiny Ha 11,6% mopiBHAHO 3 KOH-
TpoJieM, IO 3a (hi3ioyIoriuHOl KiJIBKOCTH €PUTPOIUTIB € HO3UTUBHUM
dakTopoM. A B Mas3KaxX KPOBi Bil KypuaT 3 KOHTPOJBLHOI I'pymm Ha
42-ry no0y IOKas3aHO MOMipHe 3pPOCTAHHS JIEMKOIIMTIB 3a PaXyHOK
OigBUINEHHA KiJbKOCTU reTepodiyiB Ta eo3mHOMiJIiB 3a OJHOYACHOIO
MMOHMKEeHHA JiMdoruTiB i moHomuTiB (Taba. 2).

3MeHIIIeHHs JiM@OIUTIB i MOHOIMTIB CBIJUMUTL IIPO IMOHMKEHHS
3aXMCHUX CHJ OPraHisMy, 30KpeMa OaKTepiaJbHOrO 3axXHCTy, IO
CIIOCTepiraJm y KOHTPOJIbHi#M rpymi. TakosX y MasKax KpPOBi Kypuar
Iiel rpynu peecTpyBajid 3pPOCTAHHA KiJIbKOCTU €03MHOGMINiB i reTepo-
iy, 110 CBiAUUTH IPO PO3BUTOK aJePrivHUX peaKIliil i samajbHUX
IIpolieciB B opraHismi.

TABJUIIA 2. Mopdosoriunuit ckiam KpoBi Kypuar-6poitiepiB ma 42-Ty mo-
6y nocainy, M+m, n=5.2

Hocaigui rpynu

Iloxkasuuk KouTpoan Nl ArTubioTn Ne2 HaI:IOpOBLII/IH
cpibia

Epurporutu, T/x 3,30 £0,27 3,08 £0,26 3,48 £0,19
Temormob6in, r/a 82,80+10,62 86,80+ 9,27 96,80 + 5,26
Jletikomutu, I'/a 32,80 £ 2,50 25,80+ 1,92 27,80+1,48
T'erepodinu, % 33,20+ 1,90 26,60 + 3,78 29,80 + 3,56
Eosunodinu, % 8,60+1,14 5,40+ 1,14 4,40+1,10
Jlimpouru, % 56,20 + 3,60 63,20 + 5,36 59,40 + 4,83
Mononuru, % 2,40 £ 0,50 5,00+ 0,99 3,60+ 0,89

ITpumimka: p < 0,05 MOPiBHAHO 3 KOHTPOJIEM.

TABJUIIA 3. BioxemiuHi mokasHUKM KpPoBi KypuaT-OpoitnepiB Ha 42 moby
mocaimy, Mmoaws/a, M +m, n=>5.2

Hocaigui rpynu
IToxkasHuKu Koutpois Nl AHTHGIOTHE Ne2 HaI:IOpOST-II/IH
cpibia
3aranpHuii 6im0ok, r/n1 32,30 £ 0,05 32,85+ 1,90 34,00 + 0,01
CeuoBa KmcJoTa 2,30+£0,40 2,7+0,07 2,80+£0,07
Tiroko3a 12,40+ 0,15 12,10+0,14 11,00 + 0,50

ITpumimka: p < 0,05 MOPiBHAHO 3 KOHTPOJIEM.
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Ha mamy aymMKy, BUHUKHEHHS IIOMipHOTO JIEHKOIIMTO3Yy OyJIO 3y-
MOBJIEHO 3aHaJIbHMMM IPOIlecaMM B TPABHOMY KaHAaJIi BHACJIIJOK PO3-
BUTKY XBOPOOOTBOPHOI 0aKTepiaabHOol (GJI0OpHU, IO HiATBEPAKYBAJIOCSA
IUCOIOTUUYHMMY 3MiHAMK KOJIBOPY Ta KOHCHCTEHIIiI IOCIimy.

IIpo mepebir 6imKoOBOrO OOMiHY POOMIN BUCHOBKHU 3a TAKMMHU IIOKA-
3HUKAMM, SK BMiCT 3arajJbHOTo 0iJIKa Ta ceuoBOi KHCJIOTH Y IJIa3Mi
KpoBi. KinbKicTh 06iiKa y KpoBi KypuaT 3 mepIioi rpymu BiporigHo
3pociia Ha 5,21% HOPiBHAHO 3 KOHTPOJEM, II[O0 € CBIJUEHHSM IIOJIiII-
IreHHA OOMiHY peuoBHH y opraHiami Kypuar. BmicT ceuoBoi KmcaoTu
O0yB Ha 21% HMXUYKM y ILIa3Mi KPOBi KypuaT 3 KOHTPOJILHOI I'PYIIH.

ByrieBogHeBuii 00MiH KOHTPOJIIOBAJIMN 34 BMiCTOM TJIIOKO3M Yy KPOBi
Kypuar. 3HaUHOI PiKHUIII II0 IILOMY HOKA3HUKY MiK KOHTPOJBHOIO
Ta JOCJiJHIME IPyIaMH BHABJIeHO He Oyio (Tabna. 3). Moro sHauenna
oynu B mexxkax 11,00-12,10 mmoab/Ja, 110 BiAmoBimae disiomoriuaum
3HAUEHHAM.

IToxa3sHUKM TPOXYKTHUBHOCTH KypuarT-OpoiiaepiB. IlinTBepm:KkyBaabHi
pesyJbTaTH MPUPOCTIB JKMUBOI Macu KypuaT-OpoijiepiB ojxep:Kaau B
J1a00pPaTOPHOMY HOCJIimi.

Kpami opupoctu (6inbmre Ha 9,4%) omepsxaim B Ipyloi Kypuar,
AKi oTpumyBasu TpodilaKTUUYHUN aHTHOIOTUK «JleBodiokc», — 1e-
pumia mocaimzHa rpymna. IIpupocTtu mMacu Tijsia KypuaT JpPyroi JOCJigHOL
rpymnu, ge IITHUI[l BUIOKBaAX 1% pO3YMH HAHOYACTHUHOK cpibia, Oy.u
BUIIUMH 34 OPUPOCTH KOHTPOJLHHX KypuaT Ha 8,2% (Tabi. 4). Or-
JKe, UM JOBEIeHO CTUMYJIIOBAJIBHY picT mito mpemapaty cpibma. On-
HaK, CJif BigMiTHTH, 110 MOPIBHAHO 3 IIPUPOCTaAMM MacHU Tijla Kyp-
yaT, AKi oTpuMyBaIu aHTUOIOTUK, BOHU OyJIM HeBipoTigHMMU.

IIpocaimkyBaBIY MPUPOCTH MAaCH Tija B AUHAMIiIi, B Xoai mociuiny,
MOJKHa cKasaTu, mio Ha 20-Ty no0y eKcIepMMeHTy HaMJIimIi mpupoc-
T KMBOI Macu MaJii Kypuara Apyroi mocJiguol rpyn. Hapmami pisx-
HUII0 IPUPOCTIB KOHCTATYBAJIU aHAJOTIUHO M0 (piHaJIbHOTO pe3yabTa-
Ty.

BizcoTkoBe cOiBBimHOIIIEHHSA Macu HaTpPaHOl TYIIIKMW OO0 KMBOI Macu
(Tabs. 5) HaArIAOHO IIOKAa3ye, IO HAWBUINMUUN BUXiA M’sica KOHCTATY-
BaJM BiJ TBapMH MEPINOi Ta APYyroi MOCIiAHMX Trpyn. A Haibigbia
piskHHIA MiXK Macoio Tija Ta 3abiiHMM BHUXOAOM Oyja y Kypuar
mepioi mocaimmoi rpymu. OT:ke, mepeBara y Maci Tija O6yjia s3a paxy-
HOK 30iJbIIIeHO0I Macu BHYTPIIIHIX opraHiB, 30KpeMa KUIIeYHUKA
(taba. 8). A 1e, 3BUUAIiHO, € HeDaKaHUM UMHHUKOM Y ITaXiBHUIITBI.

BceranosieHo, 1110 3a BHUIOI 3KMBOI Macu KypuaT MIepIoi JocJigHoi
rpynu (AKi oTpuMyBaau mnpodisaKTUUHUI aHTUOIOTMK) BUIla Maca
TyIIKu OyJia y OpPyrifi mocaimHié rpymi Kypuar (AKi oTpuMyBajau Ha-
HOpo3uMH cpibaa). Onmep:xaHi pesyabTATH MiATBEPAKYIOTH HTOCJIi-
MKeHHsA 3apyOisKHMX BUEHMX IIIOAO OJHOrO i3 MexaHismiB mii anTuGi-
oTuka. PaszoM 3 TUM, HallHH:KUYY Macy Tijia mepen 3a60eM BCTAHOBJIE-
HO HAMHU Yy KypuaT KOHTDPOJIbHOI I'Ppynu; HAWHUIKYOI B IIiil rpymi Oy-
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TABJINIIA 4. Maca rtina Kypuar-OpoiijiepiB 3a mepiogaMu BUPOIYBaHH,
M+m, 1, n=380.4

Hocaigai rpynu

oba moc.i Ko 0 b
A AOCHLAY HTPOIL Nel AuTubioTuk Ne2 Haropogunu

cpibia
10 173,90+ 8,76 178,70+ 7,91 173,13+ 7,0
20 594,96 + 18,54 624,1+ 22,34 640,67 + 15,21
30 1205,08 + 24,19 1320,50 + 55,01 1298,29 +41,29"
42 2028,65 + 61,69 2220,01+33,16° 2195,85+41,12"

Ipumimka: * — p < 0,05 DOPiBHAHO 3 KOHTPOJIEM.

TABJUIIA 5. CoiBBigmolenHsa Macu Tijla Ta Macu IIaTpaHOI TYIIKU KYp-
yar-6poiinepis, M + m, n = 30.°

Hocaigui rpynu

IToxasHUK KouTpoas b
P Nel AuTubioTur Ne2 Hamopogunn

cpibia
Maca Tina mpu 3aboi, r 2028,65 + 61,69 2220,01 + 33,16" 2195,85 + 41,12"
Maca Tina, % 100% 109,40% 108,25%
3abiiiuuii Buxizg, r 1377,34+ 52,9 1589,41 + 71,74" 1593,19 + 53,76"
3abittauii Buxing, % 67,89 71,6 72,55
Kousepcia xopmy, Kr 2,22 2,04 2,01

IIpumimka: * — p < 0,05 DOPiBHAHO 3 KOHTPOJIEM.

Ja i mMaca marpaHoi TYIIKHM, a MOBMKHHA Ta Bara KHUIIEUHUKa Oyja,
HaBIaku, HaiiBuinoio (tabi. 8). Ile € cBimuemHAM TOro, IO TPaBHIi
mporecu y Kypuat Iiiei rpynu mepedirajau HmOBiIbHO i MeHIT e)eKTH-
BHO.

3pocTaHHsS CcepeqHbOAOOOBUX IMPUPOCTIB MAcH Tija NTHUIl MOPiBHA-
HO 3 KOHTPOJIeM BiMiuaJyii BIPOJOBIK AOCJIIAY B yCiX HOCIIiZHUX T'py-
nax, ofHaK y pisHiil mipi.

B mepiog 3 10-i mo 20-ty m0o0y BUpOIIYBaHHA KypuaT BipOTigHO
BUIIi CEpeAHBOAO00BI MPUPOCTM pPEECTPyBaIM y APYTifl mocaimHii
rpymi (KypyaTa oTpUMYyBaJau HAHOPO3YUMH cpibsa) — y 11% mnopiBHSA-
HO 3 KOHTPOJIEM. ¥ MePIIifi rpyli KypuaT 3a Ieli mepiof JOCIimIKy-
BaHUU IMOKA3HUK 3pic MOPiBHAHO 3 KOHTPOJIEM HEBipoTigHO.

B mepioxg 3 20-i mo 30-Ty mo0y BUpPOIyBaHHA KypuaT-Opoiiaepis
BUIIi CEPEeTHBO000BI MPUPOCTM KOHCTATYBaJW Yy IEPIIifi AOCJigHii
rpymi — 14 % (Taba. 7).

B mepiox 3 30-1 mo 42-ry no6y cepefHBOLOO0BI IPUPOCTH MacH Tija
B 000X gocaimuux rpymax Oyau Bummumu (Ha 9,2% — B meprrmiii i Ha
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TABJINIIA 6. Cepenuboq000Bi HpUPOCTH Macu Tijia Kypuar-OpoitiepiB sa
nepiogamu BupomyBanHA, M + m, T, n=30.°

Hocaiguai rpynu
Nel AuTubioTur | Ne2 Hanoposumu cpibia

Ilepiox, moba KouTposan

1-10 12,84+ 0,36 13,32 +0,20 12,77+ 2,28

10-20 42,11+ 0,99 44,55+ 1,37 46,75 +1,62°

20-30 61,01+ 2,34 69,63 + 2,82" 65,76 + 2,18

30-42 82,36 + 3,31 89,95+ 3,16" 89,76 + 2,99"
Ipumimka: * — p < 0,05 DOPiBHAHO 3 KOHTPOJIEM.

TABJUIIA 7. AGcoaioTHI TPpUPOCTH MAaCHU Tijla KypuaT-OpoiijaepiB 3a mepio-
JaMu BupomyBaHHS, M +m, r, n=30.7

Hocaigui rpynu
Nel AHTuGiOTHK | Ne2 HanoposuuH cpibia

Ilepion, mobu KouTposs

1-10 128,43 +2,90 133,23 +5,02" 127,66 + 4,44

10-20 421,06 £ 12,67 445,49+ 14,28 467,563 £ 14,70

20-30 610,12+ 20,13 696,31 +19,81" 657,63 £ 19,24

30-42 823,57+ 26,50 899,51 +27,34" 897,56 + 24,90"
Ipumimka: * — p < 0,05 DOPiBHAHO 3 KOHTPOJIEM.

TABJUIIA 8. Maca BHyTpimHix opraHiB Kypuar-OpoiinepiB, M +tm, T,
n=30.%

Hocaigai rpynu

HasgBa oprany Koutpousn Nl AnTuBiormi N2 Hagoposan
cpibaa
Ileuinka 39,57+1,32 45,21+1,14" 40,94 + 2,54
Cenesinka 3,49+ 0,30 4,03 £0,20 3,56 + 0,46
Cepue 8,70+ 0,29 8,41+ 0,33 8,63+0,29

M’asoBuit MIYHOK 27,75+1,25 27,01+0,53 26,51+ 1,89"
0e3 KyTUKYJIN

Maca KuIIedyHuKa 88,00 + 3,59 91,18 + 3,29 86,50+ 1,66
Hos:xuHa Kumeunuka, cm 201,40+1,34 199,87+1,70 199,18 £ 5,25

Ipumimka: * — p < 0,05 DOPiBHAHO 3 KOHTPOJIEM.

8,9 % — B apyriii rpymi) MOPiBHAHO 3 KOHTPOJIEM.

Opnep:xkaHi pe3yabTaTy CepPeIHBOAOOOBUX IPUPOCTIB Y3TOMKYIOTHCS
3 abCOJMIOTHUMY HPUPOCTAMH YKMBOI MAacu ITHUILi, IO 3a mepiox 3 30-i
mo 42-ry moOy BiporigzuHo 36iJbINMNUINCHE Y KypdyaT IIepIoi AOCJIigHOI
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rpynu Ha 9,2%, a y Kypuar apyroi mociigHoi rpynu — Ha 9,8 (TabI.
7).

PesyasTaTH maToJOroaHaTOMIYHOTO PO3THMHY Kypuart. IIpum micissa-
OifiHOMY OTJIAMI BHYTPIIIHiX OpraHiB BCTAHOBJIEHO, IO 30BHIIIHI BU-
TJIASW TOBCTHUX KHINMEUHUKIB KypuaT 3 PiSHHX TPyl Biapisusaaucsa. Y
KypuaT 3 KOHTPOJIO KHIIeuHHK Ha 29-Ty Ta 42-ry mo0y mociainy OyB
rimepeMmifioBaHuii, iHTEHCHMBHO-POYKEBOI'0 KOJBOPY 3 KPOBOHAIIOBHE-
HUMU cyauHaMu. BmicT Kumieunuka 6yB TEMHOTO KOJLOPY (KOpUUHe-
BUM, iHOAi 3€J€HKYBAaTUM), PiIKUM, 3 HEIPUEMHUM 3alaxoM Ta, IIO-
Iexkyau, 3 pomimikamu causdy. lle € cBigueHHAM, Ha HAIIy IYMKY,
MiKposamaJjieHb KUIIIEUHMKA BHACJHILOK AucOaKTepiody Ta XBOPOOOT-
BOPHOI Aii maToreHHMX i YMOBHO-IATOTeHHUX MiKPOOPTraHi3MiB.

Y Kypuar 3 meprnoi JOCJIigHOI Ipymnu, AKUM 3aCTOCOBYBAJIN AHTHU-
0iOTHMK, KUIIEUHUK OYB 3HAUHO 30LIbIIIeHNI, PO3TATHEHMNI; CTiHKAa
KUIIIeUHNKA TOTOHIIIEeHAa, OJIiZ0-POKeBOro KOJLOPY; KMUIIKOBUH BMiCT
OyB IIOTaHO IepeTpaBJIeHN’Ii, IIT0 CBiAYNThL IPO HEIOBHOI[iHHE 3aCBOIO-
BaHHA IMOKUBHUX PEUOBUH i HepallioHaJbHe BUKOPUCTAHHA KOPMIiB
(BMCOKa KOHBepcid KOpPMY) BHACTIZOK HeZOCTATHBOI KiJIBKOCTH CUM-
O0ioTruHOI MiKPOQJIOPU B KUIIEUHUKY.

Kuiteunnk KypuaT APYroi 3 AOCHIZHUX TPyl OyB KpPeMOBOTO KO-
JIbOPY, HEPOSTATHEHVUM i HeszamaJIeHMM; BHYTPilIHi#T BMicT OyB moOpe
IepeTpaBJIeHNM, HamiBpiAKuM i MaB ¢isiosoriunmit Burman. Orixke,
KOJIOITHUIT PO3UMH HAaHOYACTHMHOK cpibia (gpyra mociigma rpyma) Imo-
BUTUBHO BILJIMBAE€ Ha POOOTY KUIIEUHWKA, AKUU Jimiie i epeKTUBHi-
I1e mepepobJsae MOKUBHI peuoBMHHU KOopMy. A Ile, B CBOIO Uepry, IIO-
BUTHUBHO BILIMBAE€ Ha MiKPOCTPYKTYPY TKAHUH KHUIITEUHHKA. 3a TAKUX
YMOB KHUIIMEUHUK HE PO3TATYETLCSI i He 3alllIaKOBYeEThCcs. IIoOHMKY-
€ThCA KOHBepcia xopmy (Tabi. 5).

TpaBuuii KaHaJd KypuaT APYroi MOCIigHOI rpynu Ma€ MEHIIY IOB-
JKUHY Ta, BiAIOBiZHO, Macy, IO HAIJIATHO AeMOHCTPYIOTHL IIPOBEIEHi
HaMu gociaimxenusa (tabda. 9). Ile mae BeluKe 3HAUEHHSA AJIA BUPOO-
HUIITBA Uepes Te, III0 Maca Tija KypuaT 30iJIbIIIyeThCcA He 3a PaxXyHOK
BHYTPIIIIHIX OpraHiB, a 3a PaxXyHOK HAPOIIeHHS M’ sI30BUX BOJOKOH.

Cpibsio, Kopurye ey6ios KHIIIEUHWKA, iHAKTUBYIOUM Ta PYHHYIOUU
maToreHHi ¥ yMOBHO-IIATOTeHHI MiKpoopraHiamu, He 3ayinmaruum HOP-
mMoMikpodaopy. TakoK IMOSUTUBHUM € Te, M0 3aBAAKM KOPUCHIN Mi-
Kpo0ioTi MOKMBHI PEeYOBMHU KOPMiB HIBUAKO M e(EeKTUBHO 3aCBOIO-
IOThCS OPraHiZMOM.

Ba)kIuBUM IMOKA3SHUKOM IIOJ0 BUPIIIEHHS HUTAHHSA IIPO IOIiJb-
HicTh Ta e(eKTUBHICThP BUKOPUCTAHHSA BUIIPOOOBYBAHOTO IIpeIaparTy
K aJIbTepHATHUBU aHTHOIOTMKAM € He TiJIbKM Maca Tija ITUIli, aje i
Maca TaKUX BHYTPINIHIX opraHiB AK IeuiHKa, cejie3iHKa Ta ceplle.

IIpoBemeHuUMU OOCHIMKEHHIMU BCTAHOBJIEHO, IO PLXKHUIA Macu
CepIsa Ta CeJIe3iHKM y KypuaT-OpoiyepiB JocaigHux rpynou Oyja He-
Biporigzmoro. OmHaK Ba)KJIMBO BimMiTuTHU, IO IMEeUiHKA Big JeAKHUX KY-
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TABJINIA 9. Xemiunuii ckjaag M dA30BoI TKaHUHM Kypuar-GpoitaepiB, %,
M+m, n=3.°

Hocaigai rpynu

Iloxkasuuku KouTpoan Nol AnTuGioTmk Ne2 HaI:IOpOS‘-II/IH
cpibia

Bosora 76,49 + 0,21 74,16 £ 0,25 74,23 £ 0,22
Cyxa peuoBuHa 24,50+ 0,21 24,81 +0,11 25,17+0,22
Binox 20,27+0,17 20,11 + 0,06 20,35+ 0,20
3aranpHi Jdimign 1,562+0,05 3,16 £ 0,09 3,30 +0,10
3o1a 1,15+ 0,01 1,14 + 0,01 1,15+ 0,01
BEP 1,565+0,09 1,40+ 0,04 1,40+ 0,05
Ca 0,06 + 0,001 0,06 + 0,001 0,05+ 0,002
P 0,22 +0,01 0,22+0,01 0,22+0,01

puar 3 mepimoi gocaigHol rpynu (Ie 3acTOCOBYBaJIM aHTHOIOTHK) Gyia
30iybIlIeHa, CBITJINIIOr0 KOJILOPY Ta OyXKoi KoHcucreniii. Ile, Ha
HAIly OYMKY, CBiIUNTh IPO 3HAUHe HaBAaHTaKeHHS Ha Hel 3 OOKYy aH-
THOIOTUKY Ta TEHAEHIIII0 A0 JKUPOBOI AucTpoii.

Ileuinka € opraHoMm, SKUH Biflirpae HaA3BUYANHO BaXKJIUBY POJb Y
TpaBJIeHHi, OOMIiHHUX mpollecaxX, roMeocTasi, 3aXMCTi opraHiamy Bin
TOKCHUHIB TOIIO. 3aliMalOuu IeHTpajJbHE Miclle B peryJdiii oomimy
PEeYOBUH, 3B’A3YIOUM MOPTaJbHE Ta 3arajbHe KOJO KPOBOOOiry, meui-
HKa 3HEIIKOIKYE TOKCUUYHI TPOAYKTH, SIKi YTBOPIOIOTHCA B OpraHismi
a00 MOTPaIJIAIOTh PiIBHUMHU IIJIAXaMU B OPraHisM i panime Binx iHIImx
pearye Ha Jif0 HECHPUATJIWBUX UYMHHUKIB. Byab-aka xemiuHa pedo-
BUHA, IOTPAIIUBIIY B OPTaHi3M, He MOKe IIPOMUHYTHU IIeil opraH, IO
BUKOHYE€ JeTOKcuKaIiiHy @yHKIio. Tomy i meaki Jikapcbki sacobu
MOKYTh BUKJUKATU YPasKeHHS IMeUiHKH. ¥ KypuarT, II0 OTPUMYBaJHU
1% posuuH cpibia 3 KoHIleHTpalieo y 10 mr/m, meuinka OyJsa ¢isio-
JIoTiuHOTO po3Mipy Ta Koabopy. OTike, Iell mpemapaT He BUKJINKAE
HeraTUBHUX 3MiH y neuinni. PesyibTaTy gociaifskeHb iHIIUX BHYT-
pimuix opramiB HaBememo y Taba. 8. Cesesinka Ta cepiie KypdyaT 3
ycix rpyn BigmoBimasm (isiosioriuHuMM mapameTrpaM IIUX OpraHiB., ¥
Kypuar 1-i rpynu maca meuinku Oysaa Buioo Ha 14,23% mnopiBHAHO
3 KOHTpoJIeM. ¥ Ipyrif [oCHimgHi Trpymi CTaTUCTUYHO SHAUYIIUX
3MiH MacHu NeUYiHKU He PeecTpyBasu.

Pasom 3 TuM, Maca M’A30BOTO IJIyHKa 0e3 KYTUKYJU Ta Maca Ku-
IIeYHNKa, 3BiJIbHEHOrO Bim yMmicTy, BiporigHo Oyjiu MeHIIUMU B I'pPy-
max Kypuar, III0 OTPUMYBaJM IIpemapar cpibia; KHUINMeYHUK Bimg HUX
OyB TakKOX KOPOTIIMM, AaHiX Big Kypuar iHmwmx rpyn. Maca
M’s30BOTO IIJIYHKA B APYTi# gocaixuii rpymi 6yna Ha 5,5% MeHIIOI0
3a aHAJIOTIUHUU ITOKAa3HUK y KOHTpoJi. Maca KullleuHmuka y Kypuar 3
mepioi rpynu Oyaa Buimomo Ha 3,6% . loB:uHA KHUIMEUHUKA 3MiHIO-
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Bajiacsd HeBiporimHo. BizyaJdbHUM OTryIggoM KHIIIeYHWKA KypyaT BUAB-
JIeHO TilepeMiio Ta IIOTOBINEHHA CTIiHKM y KypdaT 3 KOHTPOJBHOI Ta
epIIol AOCJiMHOI I'PYII.

IToxkasHauku AKOCTH omep:kaHol mpoaykiii. CyOompooyKTu Ta 3pasKu
M’sI30BOi TKAaHWHM 3 Pi3HMX 4UYacTHUH Tijma, Bimibpami y Kypuar-
OpoityepiB 000X TOCTIZHMX Ta KOHTPOJBHOI Ipym, Oyau ob6’emHaHi y
3arajbHi Ipo0M, OKpeMo IJIs KOMKHOI I'PYIH.

Bci mpobu mM’sA30B0i TKAHMHUN Ta CyOIPOAYKTIB OyJo ImepeBipeHo Ha
HasABHICTh HEeCTUIMAIB i BajKKMX MeTaldiB. 3a BCciMa HOKa3HUKAMU
M’sdCO Ta CyOmpOAYKTH Bij KypuaT 2-i mocjigHol rpynu BigmoBimaam
YMHHUM HOpPMaM i OyJM HaJeKHOI SKOCTH. UMCJIOBI 3HAUEHHS 3aJIU-
IIKOBUX KiJbKOCcTell aHTHOIOTHMKIB y M’dAci KypuaT IIepeBHUIIyBaJId
TPaHUYHO JOMYyCTHMi 3HaueHHs. BmicT amTubioTury «JleBodiokc» y
M’sici mTuii mepimoi gocaigHoi rpynu 6yB BusBaeHuit Ha piBHi 0,02
Mr/kr. Pasom 3 TMM m0 mepesiKy 000B’A3KOBUX IIEPEBipOK IOA0 Ma-
KCHUMAaJIbHO JOMYCTHUMOIrO PiBHA (PpapMaKOJIOTIiYHO AKTUBHUX PEUOBUH
B YaCTUHAX TYMIOK IITHUIL «JIeBogIoKC» HE BXOAUTH.

OpraHoJenITUYHI JOCTiIKeHHSa M’ sdca IIPOBOAUINCA uepe3 24 roau-
HU micaa 3aboio. B pesyabTaTi 1mux HocaifsKeHb BCTAHOBJIEHO: Y BCix
3pasKax IOBEPXHA TYIIOK cyxa (BKpPUTa KipOUKOI0 mimcuxawmusa), OJri-
JIO-POXKEBOr0 KOJILOPY 3 JKOBTYBATUM BiITIHKOM; IIiAMIKipHUYN i BHYT-
pimHii Kup OJiM0-’KOBTOr0 KOJBOPY; Cepo3Ha 000JI0HKA IPyaouepeB-
HOI TIOPOKHUHU BOJIOTa, OJMCKyUYa; M’ dA3M Ha Po3pisi sjerka BoJIOTi,
He 3aJIMINAlOThL BOJIOTOI IAAMU Ha (iJIbTpyBaIbHOMY Hamepi, GJimo-
POXKEeBOT0 KOJbOPY, IPY:KHLBOI KOHCHCTEHITiI (AMKa HIpU HATHUCKYBaH-
Hi BUIIOBHIOBaJIacs INIBUAKO); 3amax crenudiuHumii, BIacTUBUIl CBi-
JKOMY M’SICY ITHUIIi.

BwMmicT cyxoi peuoBuHU Ta 6ifka y M’s30Biifi TKAHWHI ITUII 3MiHIO-
BaBcA HeBiporizHo. IcToTHI BigMiHHOCTI cTOCcyBasmucsa BMICTy KUPY Y
M’sci KypuaT. ¥ KOHTPOJI Ileil mOKasHUK OyB 3HAUHO MEHIINM, aHiK
B ycix mocaimHmx rpymax Opoisepis. Ile, MoKJauBO, OB’ A3aHe i3 He-
mocTaTHiM QisiosiorivHMM pPOSBUTKOM OpraHiamMy Kypuar (maca Tiia
Ta TPUPOCTH B I[ifi Tpymi OyJau TaKOK BiporigHO MEHINIMMM) Ta IIPO-
rpecyounm aucbaxtepiosom. OT:Ke, 3aCTOCYBaHHS HAHOPO3UUHY CpPi-
0Jia cOpuse IOJIMINEeHHI0 XeMiYHOTO CKJaAy KypAdYoro M’sca Ta BKa-
3ye Ha JIMIy KOHBepciio Kopmy. IHII MOKasHUKHN M’sdca AOCHITHUX i
KOHTPOJILHUX T'PYI KypdYaT iCTOTHO He 3MiHIOBasucsa (Tabi. 9).

Taki moxkasHUKU, K KHCJIOTHE Ta IepPeKMCHe YUCJI0 M’fAca, Kijb-
KicTh maToreHHUX MiKpoopraHismiB i caiabmonesn, KMA®AHM Biamo-
Bijaiyu YMHHUM HOPMAM i He IepPeBUIIYyBAJN MaKCHUMAaJbHO MOIIYCTIH-
mi piBHi (Taba. 10).

Ilig uac mpoBemeHHsa MPOOW BapiHHS BCTAHOBJEHO, IO OYJILIOH 3
TYIIOK Kypuar 2-i gociaimHoi rpymnu 6yB mposopuii, apomatHuii. Cro-
POHHBOTO 3aIaxy Ta CMaKy He BuABJeHO (Tabim. 11).

Herycrarifinoo mpo6oo 0yJ0 BCTAHOBJIEHO, IO HAMIimmIi cMaKoBi
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TABJINIIA 10. Pisuko-xemiuHi Ta paAiosoriuyHi MOKasHUKH SAKOCTH M’ sca
KypuaT-Opoiinepis, M + m, n = 3.1°

ITokasHUK ° K o = B s 3 3
o = ~
£ m CE = E 0 g 5 S ; S
§ . -
Iocmigmi 5 % g é % é ; % % % M M
rpyma | & § S5 |2 3| ¥ 8 &
Kourpons 0,82 +0,04 0,007 +0,001 He 2,95+0,01 2,04+0,050,71 +£0,02
BUI1JIEHO
M)l 0,84 + 0,02 0,007 = 0,001 He 3,21+0,02 0,05+0,020,16 +0,01
AnTubioTur BUI1JIEHO
Ne2 He
Hawnoposuun 0,73 +0,02 0,007 + 0,001 . 3,14 +0,02 1,16 + 0,03 0,09 £ 0,01
! BUI1JIEHO
cpibua
MOP 1 0,1 25  He Oimbpmme 5 200 20

TABJUIIA 11. [lerycramiiina omiaka M’sdca (TpyaHi ™M’sg3uM) Kypuar-
opoiinepie (mpoba Bapinua), 6am, M +m, n=3.1

Hocmigui rpymnu
ITokasuuk Koutposs - -
Nel AuTubioTux ‘ Ne2 HanoposuuH cpibia
Cmakx 4,53+ 0,04 4,27 40,06 4,62+ 0,02
Apowmar 4,77+ 0,05 4,47+ 0,05 4,68+ 0,02
CokoBuricTh 4,15+ 0,04 4,57+0,01" 4,65+ 0,03"
HixuicTs 4,58 £+ 0,03 4,70+ 0,03" 4,72+ 0,05
3arasapHa ominka 18,03 + 0,03 18,01 £ 0,02 18,67 £ 0,03"
IIpumimka: * — p < 0,05 DOPiBHAHO 3 KOHTPOJIEM.

AKOCTi Mae M’sco, ofep:KaHe Bif KypuaT APYyroi AociigHol rpymnwu,
AKNM 3aCTOCOBYBAJM PO3UMH CPi0jia; BOHO OTPUMAJIO HAHOiJBITY Ki-
JbKicThb 0asliB, a KOMILJIEKCHE 3aCTOCYBaHHSA PO3UMHY HAHOUYACTUHOK
cpibsia yMOIKJIMBIIIOE 3HAYHO IMiABUIMUTH OiOJOTiYHY Ta XapuoBY ITiH-
HicTh KypATuHH. M’sico Bif KypuaT HepIIoi AOCJiZHOI I'PpymIud OTPU-
MaJIO BipoTifHy HMMKUY KiJbKicTh 0ajiB 3a cMak Ta apomar.
Exonomiuna edeKTHBHICTh 3aCTOCYBAaHHA MOCTiIKyBaHMX IIperapa-
TiB. 30inbieHHsa e()eKTUBHOCTY BUPOOHUIITBA M’sica OpOMJIepiB € of-
HUM i3 HaHaAKTyaJbHIIIINX OUTAHL YKPaiHChbKUX ITaxodabpuk. Ba-
JUBUM YMHHMKOM € OIITHMi3allisg mpoliecy BHPOOHUIITBA, MOT0 €KOHO-
MiuHa Bimmaua, ToOTO omTHMMAaJbHE CIIiBBiAHOIIIEHHS 3aTpaT OO IPHOY-
TKiB. ToMy, Ha CchOrOAHI OCOOJMBO AKTYAJILHNM € IHUTAHHS BIOCKOHA-
JIeHHS Ta IINPOKE BIPOBAKEHHS HOBITHIX TEeXHOJIOTiH, IO YMOMKJIN-
BJIIOIOTH BUPOOJIATH OiJIbIlle MPOAYKII 3 MEHIITUMU 3aTpaTaMMU.
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OCHOBHUMH YMHHMKAMH’, N0 BILJIMBAIOTL Ha COOiBapTiCTh IPOAYK-
il mTaxiBHUIITBA € IMiABUINEHHA 30€peXHOCTH IIOTOJIiB s, caHiTapHO-
ririeHiuHEM# cTaH IITAaxXOroCIOJapCTBa Ta BUCOKUI pPiBeHL eHeprosoe-
pesxeHHsI B HbOMY. Tpeba BpaxXxoByBaTH, IO B CTPYKTYPi 3aTpaT Ha
yTpuMaHuA OTUI 0ing 75% BuTpaT npuagae Ha KOPMH; OTXKe, IJIs
MMOHMKEHHA Cco0iBapTOCTM HPOAYKIIii NTaXiBHUIITBA, V IIEPIIy Uepry,
HeoOXimHO MOHMMKYBATHU 3aTPATH HA TOMIBJIIO.

SMEeHIIIUTHA iX MOKHA 3a PaXYHOK IIOJIIIINEHHS 3aCBOEHHA KOPMY Y
TpaBHOMY KaHaJi nrtaxiB. IlboMy clipusde CTBOPEHHSA YMOB AJIA OITHU-
miszaiii TpaBiaeHHA 3acToCyBaHHAM 1% KOJIOIZHOTO PO3UYMHY HAHOYA-
CTUHOK cpibJa.

ExoHomiuHy eheKTUBHICTh 3aCTOCYBaHHA CTUMYJIATOPIB pPOCTYy B
TOAiBJIi KypuaT-OpoiijiepiB BM3HAUAJIN, BPAaxXxOBYIOUM IIPOAYKTHUBHICTH
OTUIi, BUTPAT! HA BeTepUWHAPHI 3aX0/1, 3aKYyILJIEHUN KOPM i KOpMOBi
IobaBKM, cOOiBapTiCTL OfepsKaHOl MPOAYKILii Ta mpuOyTOK Bix ii pea-
Jizarrii.

B KOHTpPOJBLHINA Trpymi OTuIii Hemoomep:Kaau B cepeaHbOMY 1o 50—
100 r ma roJiony.

HaiiBumuii BajoBUI IpPUPICT Macu Tija Kypuar-OpoiiiepiB omep-
JKaHO B Ilepiriit mociinuiil rpyni. HalfimenIni npupocTu ofepskaim Bij
KypYaT KOHTPOJbHOI I'pyIIn.

XapaxTepusyoun cobiBapTicTs 1 KI' IpuUpOCTy KMBOI Macu B Ha-
X TOCTiMKeHHAX, BiAMiueHo, I1T0 HaWHUIKUYOI0 BoHAa Oyja y Tpyiri
KypuaT-OpoiiiepiB, SKi He OJep:KyBaJIu KOTHOTO i3 HyTPilleBTUKIB.

Haii6inbiie KopMiB 3a mepios BUPOINyBaHHA OyJI0O BUTPAUYEHO Yy IIe-
piriii gocaimHi# rpymi, i, AK HACHiZOK, B Iill rpymi — Haibiabir 3a-
TpaTH KOIITiB Ha ToAiBaio Kypuar. OgHak y Ii#i rpymni Bigmiueno Bu-
coki mpupoctu macu Tina (2220,01 + 33,16) mOpiBHAHO 3 KOHTPOJIB-
HOI0, B AKi#i OyJi0o BUTpaueHO Malike CTiJIbKM K KOPMiB 3a 3HAUYHO
HUKUYUX IPUpOCTiB macu Tija (2028,65 + 61,69).

Haitixpamnty omimaTy KOpMYy IIPOAYKITi€}0 KOHCTATYBaJIW B APYTiH mo-
caimHi# rpymi Ta HaMEHIII BUTPATHU KOIITiB Ha KOpPMHU OyJiM 3a IOC-
TaTHHO BUCOKUX IIPUPOCTIiB Macu Tija.

HatitamxuyuMm mpuOyTOK OyB y KOHTPOJBHi#M rpymi Kypuar. Ile &
cToCyeThCs i MpuOYTKiB Ha 1 KT IPUPOCTY KUBOI MacH ITaxXiB.

PospaxyHKU eKOHOMiUHOI e(peKTMBHOCTHU 3aCBigumMJIu, IO 3arajbHi
BUJIATKM HA BUPOIIYBAHHA KypuaT-OpoiiepiB Kpocy Ko66-500 B o6ox
IOCHimHMX i KOHTPOJIbHIN rpymax BiapisHaamca HeicToTHO. Paszom 3
TUM, AKicTh M’sica Oyja BUINOIO y APYTi¥l mociaimmiii rpymi. 3araabma
cyMa BUPYUYKHU Bim peasisarii Kypuar Oyja HAHHUIKYOIO B KOHTPOJIb-
Hil rpymi.

4. BAICHOBRH

Is peayanaTiB ,Z[OCJIi,H)ReHB BUILJIMBa€, IO 3aCTOCYBaHHA KOJIOIZHOTO
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PO3UMHY HAHOUACTHUHOK Cpibja cIpuse 30iJbIIIEHHIO JKMBOI Macu KY-
puaT-Opoiinepis, i, BigmOBigHO, MiABUINYETHCA PiBeHL PeHTAOEJILHOC-
T BHUPOOHUIITBA M’sca KYPATHUHHN Ha HTaxodaObpuili 3a BUKOPHCTAH-
HS BUINEHA3BAHOTO IIpemapary.

3acTocyBaHHSA KOJIOIZHOTO PO3UMHY MIO3WTHUBHO BILIMBae Ha (Qisio-
JIOTiUHUM cTaH Kypeii, cIpuse 30epe’KeHHI0 INTAXOIIOT0JIiB s, OMTHMI-
3y€e caHiTapHO-TirieHiUHi ITOKa3HWKU IPUMIIeHb IJA YTpUMaHHSA
oruii. TakuM YMHOM, €KOHOMIUHA aHajiza Ta HiipaxyHKU OPOAYK-
THBHOCTH KypuaT-OpoiijiepiB cBiguaTh, IO 3acTocyBaHHA 1% KOJIOII-
HOT'O PO3UMHY HAHOUYACTHMHOK cpi0ja eKOHOMiUHO BUTiAHe, a 3aTpaTu
Ha ¥Oro B3aKyIIiBJIIO Ta 3aCTOCYBAHHS KOMIIEHCYIOTHCA 3HAYHUMU
OpUpoCTaMU KUBOI MacW KypuaT, 3MEHIIIeHHAM KOHBepcil Kopmy,
OiABUINEHHAM CTiHKOCTM IITHIII A0 XBOpoO i 30epexuocTu. AK Haci-
IOK, BigOyBaeThCcA 3HAUHE 3/E€IeBJIeHHA BUPOOHUIITBA KYPATUHMN.
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ITopiBHsAIbHA aHATI3a BILINBY aHTHOKCHIAHTIB Cy)-(pyriiepeny Ta
N-aneTuInucTeiHy Ha KOPEKI[ilo 4acy yTPMMAHHSI MaKCUMAJIBHOTO
PiBHS CKOPOYEHHS CKeJIETHHX M’ SI3iB IIIypPiB 3a PO3BUTKY M’ I30BO1
BTOMU
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IIpoBeneno mopiBHAHHA edeKTiB Cq4-OyiiiepeHy Ta BioOMOro €K30TeHHOTO
aatTuokcuganty N-amertunmucreiny (NAC) ma 6ioMexaHiKy CKOpPOUYEeHHSA
mBuAKoro (m. soleus) i mosinbHOTO (M. gastrocnemius) M’sA3iB IIypiB 3a po-
3BUTKY BTOMU. Cyo-dynneper i NAC BBoauIM BHYTPINIHBOUEPEBHO B OHO-
pasoBux mosax y 1 i 150 Mr/Kr BiAgmoBigHO 3a 2 rogmHM OO0 IOUYATKY iHimia-
uil m’asoBoi Bromu. Iloxasano, mio TepanmeBTuuHuil edhekT Cgo-yinepeny
100 KOPEeKIlil uacy yTpHMMaHHSA MaKCHMAaJIbHOTO PiBHA CHJIOBOI BigmoBimi
M’ssa micad imimiamil Bromu ckaaB 20% i 25% BigmoBimHO s MOBiIBHHX
i mBuaAKUX M’aA3iB, mo y 2,5 i 1,7 pasiB nepesurtiye momiouuii egpext NAC.
TepaneBruune 3actocyBaHHA NAC i C4p-dyisiepeHy 3MEHIINJIO KiJIbKiCTh
JIaKTaTy Ta KpeaTWHiHY y KpoBi TBapuH Ha 16% i 28% ta 12% i 31% =Bin-
moBigHo. Omep:kaHi pe3yiabTaTH CBifuaTh MPO peabHY IIEPCIEKTUBY 3aCTO-
cyBaHHA Cg-dyiaepeHiB AK NOTEHIINHWX HAHOAT'€HTIB AJA IiJBUINEHHSA
e(peKTUBHOCTH (PYHKIIOHYBAHHSA CKEJIETHUX M’ fA31iB ILIAXOM MOAM(piKyBaH-
HA MeXaHi3MiB, II[0 BifirpaioTh BasKJIUBY POJIb Y IIPOIIECi PO3BUTKY M’ sI30BOI
BTOMU.

The effects of C4, fullerene and the known exogenous antioxidant N-
acetylcysteine (NAC) on the biomechanics of contraction of fast (m. soleus)
and slow (m. gastrocnemius) muscles of rats with fatigue are compared.
Cgo fullerene and NAC are administered intraperitoneally in single doses
of 1 and 150 mg/kg, respectively, 2 hours before the onset of muscle fa-
tigue. As shown, the therapeutic effect of C4, fullerene on the correction
of the retention time of the maximum level of muscle response after fa-
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tigue initiation is 20% and 25%, respectively, for slow and fast muscles,
that is 2.5 and 1.7 times higher a similar effect of NAC. Therapeutic us-
age of NAC and Cg, fullerene reduces the amount of lactate and creatinine
in the blood of animals by 16% and 28% and 12% and 31%, respectively.
The results suggest a real prospect for the using Cy, fullerenes as poten-
tial nanoagents to improve skeletal muscle function by modifying mecha-
nisms, which play an important role in the development of muscle fatigue.

Karouori cmoBa: Cgy-bynneper, N-anetuarnucreid, M’s30Ba BTOMa, JUHAaMI-
Ka M’sA30BOTO CKOpPOUEHHSA, OioxeMmiuHa aHaJiza.

Key words: C4, fullerene, N-acetylcysteine, muscle fatigue, dynamics of
muscle contraction, biochemical analysis.

(Ompumano 7 nomozo 2022 p.)

1. BCTYII

dDisuuny pobOTYy CKeJieTHI M’ A3M 3JaTHI BUKOHYBATH JIMIIE II€BHUIA
IPOMIisKOK Uacy, TPUBAJIICTh AKOTro OOEPHEHO IIPOMOPIlifiHA BeINUYMHIi
HaBaHTAaKeHHS, IicJA Y0oro BimOyBaeThCs IIOCTYIIOBE 3MEHIIIEHHSA Ma-
KCHUMAJIbHOTO PiBHS CHJIM, AKY 3JaTHUI I'eHEePpyBATH Ta IiATPUMYBaTH
3 yacoM ckejerHuii m’a3 [1]. Ile aBuIlle HOCUTh HA3BY «M’s30Ba BTO-
Ma». AKTyalbHIiCTh BHUBUEHHS HPOOJEeMMH PO3BUTKY M’ A30BOI BTOMU
Ta MLIAXiB Ii KopeKIlii 3yMoBJIeHO 00Me:KeHHAMM, IKi BUHMKAIOTh 3a
TpuBaanXx (isMUYHUX HABAHTAXKEHDb Yy PiBHUX TaNy3AX JIOACBLKOI misd-
JBHOCTU. 30KpeMa, IIe CTOCYETHCA TPUBAJOCTH HACTAHHS Ta IIOAAJb-
IIIOTO PO3BUTKY BTOMH M’ a3iB. HesBaskaioum Ha IPaKTHUUYHY BaKJIU-
BicTh BUDIllIEeHHS I[bOTO INUTAHHS, IOTJIMOJIeHe BUBUEHHSA (isiomoriu-
HUX 1 OloxemMiuHmMxX MexaHi3MiB M’g30BOI BTOMH MAa€ BiZHOCHO HEIOB-
ry icropito [2]. Hapasi BiacyTHi#l €nqmHO NPUUHATHHN 3arajJbHUN Me-
XaHi3M PO3BUTKY M’ SI30BOi BTOMM, a € I[IJIMH KOMILJIEKC TaKMX MeXa-
Hi3MiB Ha PiBHMX CHCTEMHHUX PiBHSX, 30KpeMa Ile — IMIOPYIIeHHA y
pobori ITHC, muchyHKIiga nepudepiiinnx HepBiB i HEPBOBO-M’SI30BUX
3’emHanb, (isiomoriumi ob6opoTHi 3MiHM O0es3mocepesHbO Yy CcaMuX
m’s13ax Torro [3].

OpnHieo 3 HAMBAKJIMBININX XapaKTePUCTUK M’ sI30BOI CHCTEMMU, IIO-
pan 3 piBHeM CHUJIN, AKWIH 30ATHI I'eHepyBaTH CKeJIeTHI M’sa3u, € IxXHs
cupoMo:kHicTh migTpumyBatu s3agaumii [IHC uu miTyuHO piBeHB Tr'eHe-
PYBaHHA 3YCHJLIA YIPOAOBXK MEBHOTO YacOBOTO IPOMiKKYy [4]. 3po-
3yMiJIO, III0 PiBeHb M’ SI30BOI CHUJIM IIOCTYIOBO 3MEHIIYETHCS BHACJI-
IOK BTOMH [5]; TOMy TeTaHyC MOKHA OIepP;KaTH 3a MEHIINX 3HAUEHb
YaCTOTH CTUMYJIAIII Ta po3pAay MOTOHeWpoHiB [6]. ¥V Bumagky miar-
pUMyBaHHSA II€BHOI'O PiBHS CHJIM HA TJi 3MEHIIEHHS YACTOTH iMITYJb-
carrii OgHMX MOTOHEMPOHiB BigOyBaeThCA 3aIyUeHHA HOBUX MOTOPHUX
onmHULE [7]. Take 3MeHIIIEHHA YacTOTH iMITyJIbcallii € TeBHOIO aaall-
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Talieo A0 BTOMHM. SIKIIMO 0 uyacToTa 3ajuIllajacad CTaJ0I0, TOAi 3a
YIIOBiIbHEHOTO T'eHePYBAaHHA CHUJIU IIe MOIJIO 0 mpus3BecTH OO0 OJIOKY-
BaHHA IIPOBEJEHHA IMIYyJIbCy Ha PiBHI €JeKTPOMEXaHiuHOTO CIIOJIY-
yeHHa [8]. HaxonmueHi ekcrepuMeHTaJbHI AaHi cBiguaTh, IO HOPY-
IIeHHA 3B A3KY «30yIKeHHA—CKOPOUeHHA» HANO6iJbIT HMOBipHO JIO-
KaJjlizoBaHe y M’ A30BUX BOJIOKHaxX. lle moscHIOE cIipuunHeHe BTOMOIO
MOHMKEHHA MaKCUMAaJbHOI CUJIN, TOMi AK IeHTpaJbHa (HeHpOHHA)
BTOMA BiAIIOBiZae 3a He3maTHICTh IIPOAOBIKYBATH CTiliKe HU3bKOiHTE-
HcuBHe cKopoueHHA [9]. Basyiounch Ha ZaHUX IMOAO iHTAKTHUX II0O-
OIWHOKUX M’A30BUX BOJIOKOH, CIIPDUYMHEHE BTOMOIO IOPYINEHHS 30y-
MIKEeHHA—CKOPOUeHHA yV HUX BKJIouae: (I) sMeHIMeHHA KiIbKOCTH aK-
TUBHUX IIOIIEPEUHUX MICTKiB BHACJIIOK NOHM)KEHHS BUBIJIbHEHHS
itoris Ca?'; (II) moHMKeHHA UyTJaHMBOCTH IpoTodibpui mo iiomis Ca’';
(ITI) 3smeHIIIEHHA CUJIM, IO CTBOPIOETHCA KOKHUM aKTHUBHUM IIOIIEpe-
yHuM MicTKoM. OgHakK € ¥ iHIII ODpUUYMHN, AKI CKOPOUYIOTHL Uac BU-
HUKHEHHS M’sI30BOi BTOMU; Il¢ — OTPYEHHSA, TeMOePaTypPHiI AMCKOM-
doptu, maroJsioriuHi mepeTBOpeHHS M’fA30BOi cuctemu Tomfo [10, 11].
IIle ogHMM yCKJIaIHEHHAM IJA OMNUCY Ta MOMKJINBUX TePAlleBTUUYHUX
Iifi Tp¥ BUHUKHEHHI BTOMHY € Te, IO ITiJf Yac PO3BUTKY ii MOBiJIbHI Ta
IMIBUAKI M’fA3M IIO-Pi3HOMY pearyioTh 3MiHOIO MeXaHOKiHETUYHUX IIO-
KasHuKiB [12]. 3a HU3bKOUACTOTHOI M’ A30B0Oi BTOMU OCHOBHUM JeCTa-
0iisyBaJIbHMM YMHHUKOM CKOPOUYEHHA M fA3a € He IOHMKEHHS MakK-
CUMAaJIbHUX CHUJIOBUX ITOKA3HWKIiB, a 3MEHIIIeHHS Uacy YTPUMaHHS iX,
110 IIOPYIIlye, HacaMIepen, TOUHiICHe ITO3UIIIOHYBaHHS CYIJIOOiB mpu
BUKOHAHHI cKIagHUX PyXiB [13].

OpHuMUy 3 HAUOOTYKHIMINX aHTUOKCUIAHTIB, AKi MOKHA BUKOPIC-
TaTU OJA KOPEKIlil PO3BUTKY BTOMHU CKeJeTHHX M’ a3iB, € 6iocymicui
BomoposdunHHi Cgp-byiepernu [14, 15]. Moueryai Cg npuTamanHa
BHUCOKAa BiTHOBJIIOBAJIBbHA 3MaTHICTH; BOHA MOXKe MPUETHYBATU MO IITicC-
THOX €JeKTPOHIiB OJZHOYACHO. 3aBAAKM i BaacTuBOCTi Cgo-
dynneperHu Ta ixHi moxigHi miloTs y GiosoriuHMX cucreMax AK edeK-
TUBHI BJIOBJIOBAYi BIIbHUX pagmKajiB, 30KpeMa aKTUBHUX (DOPM KH-
cHO (ADPK), rinepmpoayKIiia AKWX BeJe N0 BUHUKHEHHSA 0araTbox
maTosioriti [16—18], BKJIouatoum imemiuni ymkom:xeHHa m’asis [19,
20]. WKomuux TokcmuHMX edeKTiB He Oyao sadikcoBaHO 3a HOCJIi-
IKeHb nii BomoposumHHUX Cgo-QyJiaepeHiB y cucreMax in vitro ta in
vivo [21, 22].

Ha ocHOBiI mmx gaHMX MU HOepembavaau, IO allJiKallid BOJHOTO
posunny Cgy-pyanepeHiB cupuATuMe PYHKI[IOHAJILHOMY BiJHOBJIEHHIO
CKeJIeTHUX M’ #A3iB Imiciga Bromu. ByJio mpoBefeHo MOPiBHAHHSA aHTHO-
KcugaHTHOI Ail Cg-ysiepeHy 3 Ii€l0 BiZOMOro eK30T€HHOTO aHTHOK-
cugauty N-ameruarucrein (NAC) [23] Ha GiomMexaHiKy CKOpPOUYEHHS
IIBUAKOTO Ta MOBiJIBHOTO M’fA3iB, 30KpeMa Ha KOPEKIIiI0 Yacy yTpu-
MaHHA MaKCUMAaJbHOTO PiBHA CKOPOYEHHS CKEJEeTHUX M A3iB IIypiB
33 PO3BUTKY BTOMH.
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2. METOAUKA ERCIIEPUMEHTY

ExcrnepuMeHTH IPOBOAMJIN Ha HTypax-caMiiax Jjgimii Wistar Bikom y 2
micamni Baroio y 170+ 12 r. IIpoTokoa mocaimxeHHA OyB 3aTBeprAsKe-
HU# Komiciero 3 muraub 6ioetmku HHII «IuctuTtyT 6iosorii Ta menmu-
muuan» KuiBCchbKOro HallioHAJILHOTO yHiBepcuTery imeni Tapaca Illes-
YeHKa 3TigHo 3 mpaBujaMu «EBpPOmelChbKOlI KOHBEHIII IIPO 3aXMUCT
xpebeTHUX TBapHWH, IO BUKOPUCTOBYIOTHCA B €KCIEPUMEHTAJIbHUX Ta
iHIIMX HayKOBUX IiIAX» i HOpM OioMeZWUYHOI eTHMKM 3TigHO i3 3axo-
HoM YKpainm Ne3446-1V Bixm 21.02.2006 p. (M. KuiB) «IIpo saxwucrt
TBapWH Bifi }KOPCTOKOTI'O IOBOYKEHHA» IIiJ 4ac ITPOBEJEHHS MEIUKO-
OioJoTiuHMX MOCTiI KeHb.

OG’eKTOM [OOCJiM)KeHHs OyJM HOBiIbHMI M’s3 m. soleus Ta IIIBU/I-
Kuii M’a3 m. gastrocnemius. Hocaim:xyBanau 4 rpynu TBaput (n=7y
KOKHil rpymi): iHTakTHA rpymna (0e3 cTUMYynAIlii M’a3a Ta BBeNeHHS
mpemnapaTtiB — norm); micas BBemeHHA Cgy-pyirmepeny Ta NAC, aki
MMOPiBHIOBAJU 3 KOHTPOJBHOIO TPYIIOI0 (CTUMYJIAIIA M A3a — BTOMA).

Hnsa omep:xkanua BogHoro posumHy Cg,-ysnepeniB OyB 3acTocoBa-
HUH MeTOH, IKUM I'PYHTYEThCA Ha IepeBefenHi moaerys Cqy 3 TOIYO-
Jy Y BOAY 3 HOJAJBIINM 00poOJeHHAM yiabTpasBykoMm [24, 25]. Ogxe-
poKaHuil PO3UMH 3a MaKcMMaJbHOI KoHIeHTpalii y 0,15 Mr/mMia € Bu-
COKOCTaOiIbHUM KOJIOIIOM YIPOmOB:K 18 micAmiB 3a Temmeparypu y
+4°C.

Posumrnu Cgp-pynnepeny ta NAC oxmmopasoBo y mosax 1 i 150
MT'/KT BifIIIOBiZHO BBOAMJIM TBapWHAM BHYTPilITHbOUEPEBHO 3a 2 TO-
IUHU Tepe] MOYaTKOM IOCIimy.

BroMy BHKJIMKAJAM MOOCHiIZJOBHUMHN CTUMYJIAIIMHUMHA iMIIyJbCaMN
yactoToo y 1 I't i TpuBamxictio y 3000 ¢ 6e3 penakcaiiiimoro mepiomy
Misk HuMU. Ilicasa mboro MPOBOAWIN IOOAWMHOKY CTUMYJIAIIII0 YaCTO-
toto y 50 I'y i TpuBasicTio ¥ 5 ¢, MexaHOrpaMy AKOI BUKOPUCTOBYBa-
JU IS PO3PaXyHKY Uacy YTPUMAHHA MaKCUMAaJbHOI CUJIM CKOPOUYEH-
HA M’ s3a.

Ilix uac momepemHBOI MTiATOTOBKM 0 EKCIEPUMEHTY aHecTesiio
3MificHIOBAJIM BHYTPIITHHROUEPEBHUM BBeNeHHAM HemOytamay (40
Mr/Kr). M. soleus Ta m. gastrocnemius 3BiJILHAJU BiJi OTOUYBaJIBLHUX
TKAHUH; ¥ OJUCTAJBHIA YaCcTHHI IX CYXOXKHUJIbHY YACTHUHY IIPUEIHYBA-
JU 0 TaTYMKiIB BUMipoOBaHHA cuau. IJoda migroToBKU A0 MOIYJIbOBA-
HOI cTuMyJAnii e)epeHTIB y BiAIIOBiIHUX cerMeHTax BeHTPaJbHi KO-
piHIi mepepizanu Ge3mocepegHbO Y MiCIAX iXHBOTO BUXOAY 3i CIUH-
HOTO MO3KYy. JochiiiKeHHA AUHAMIUYHUX XapaKTEePUCTUK M’ sI30BOTO
CKODPOUYEHHs MIPOBOAWJIM 3a YMOB aKTHBAIlil M’fA3a 3 BUKOPUCTAHHAM
MEeTOAYy MOAYJboBaHOI cTumyJAInii edepeHTiB [26]. KoHTposb 30BHI-
IITHBOTO HABAaHTAKEHHA HA M’ A3 3iICHIOBAJIN 34 JOIOMOTOIO0 CHCTEMU
MeXaHOCTUMYJATOPiB. Cuiy M’A30BOTO CKOPOUEHHS BUMIipIOBAIM 3a
JIOTIOMOT'OI0 TEH30IaTYUKIiB.
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PiBens BMicTy y KpoBi TBapuwH JaKTaTy Ta KpeaTUHIHY AK MapkKe-
piB M’A30BOT0 IIOIIKOM)KEHHS BH3HAUAJM 34 [JOIIOMOIOI0 KJiHiKO-
IiArHOCTUYHOTO obJIafHaHHA — reMoaHasizaTopa [27].

CrartuctuuHe O0OpPOOJIEHHA pe3yJabTaTiB BUMIpPIOBAHHSA ITPOBOIUJIN
MeTOoJaMM BapisAIiliHOI CTATHCTHUKM 3a JOIOMOIOI0 IIPOTPAMHOTO 3a-
6esmeuenna Origin 9.4. KoXHa 3 eKCIIepUMEHTAJIbHUX CHUJIOBUX KPU-
BUX € pesyiabraToM ycepenuenua 10 amamoriunmx mpociaimis. IIposo-
O He MEHIIle TPhOX IOBTOPIiB IJA KOMKHOI'0 0ioxeMiuHOTo BUMIipio-
BaHHA. 3HaueHHA p < 0,05 BRBasKaamcA 3HAUYIITUMU.

3. PE3YJIBTATH 1 OBTOBOPEHHS

Amnaiiza mexanorpam (puc. 1) moBinbHOTO M’sA3a M. Soleus i MIBUIKO-
ro m’sA3a m. gastrocnemius micia BUHUKHEHHsS BTOMH IIOKasaja icTo-
THE 3MEHIIEeHHSA Yacy YTPUMAHHSA MaKCHMAJLHOIO PiBHS CHJIOBOI Bi-
noBixi, gaKe cra”HoBmio 2734 + 29 mc mins mosinbHOro i 2221 + 45 mc
I IMBUAKOro M’ a3iB BimmoBimuo (puc. 2). Beemernns NAC 36inbinu-
Jo i moxkasHuku mo 2926 £ 52 mc i 2445 + 59 mc BigmoBimuo. Takum
ynHOM, TepaneBTuuHmil edeKT NAC ckimaB 8% pama moBismbHOrO Ta
15% pna mBuakoro m’asiB BimmoBigHo. NAC € HecmenudiuyHUM aH-

a

Konrpons _ 500 ¢ |0-5 H

Cuna cKopoueHHA M’ a31iB

CGO
1
e

t

Puc. 1. KpuBi remeparii cuam crKopouenHa m. soleus (1) ta m. gastr-
2cnemius (2) mypiB, BUKJIUKAHOTO GespejaKcalliiHuM MOAPa3sHEHHAM eJIeK-
TpocTUMYyaAIi€lo yacToroio y 1 I'm i TpuBasictio y 3000 ¢ (a) Ta 4acToToo y
50 I'rr i TpuBagictio y 500 mc (6). KouTposs — mMexaHOTpaMu KOHTPOJBLHUX
m’asiB (BToma); NAC i Cgzy — wmexamorpamm M’a3iB micaa BBezeHHs N-
anerunucTeiny Ta Cqy-Gyiaeperis BignmosigHo.!
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THOKCUIAHTOM, IO E€KCIEPHMMEHTAJbLHO TOBiB CBOIO e(PeKTUBHICTH Yy
MMOMOJIaHHI TOCTPOi M’sA30BOI BTOMU CKeJIeTHUX M A3iB rpusyuiB [28].
Ileit mpemapaT BHUKOPHCTOBYBAJIHM Y MOOCHiMTKEHHAX M A30BOI BTOMU
OigdpparMu 3a IeBHUX MOATOJOTIUHUX CTaHIiB, 3a AKUX 30iJbIIeHHS
cuoBol BigmoBini mocarasao 50%.

Y Bunagry ckesneTHux M’ a3iB NAC copusasB IPUPOCTY PiBHA CHJIN
Ha 25% [29]. Ommak mi mocaigm amajisyBaju JIHIlle MaKCHMAaJIbHIi
MOKa3HMKM M S30BOTO CKOPOUEHHS Ta 3acCBifumiam HOro HEBHCOKY

2500

2000

YHac sMeHIIeHOdS CHIR CKOpPOYEeHHSA

Puc. 2. Yac yTpuMaHHS MAKCHUMAaJbHOI CHUJIM CKODPOYEHHSA M. Soleus Tta m.
gastrocnemius IypiB micad imimiamnii BTomu enekTpoctumyadaiiieo y 50 I'm i
rpuBajictio y 500 mc. KoHTpossr — MexaHOrpaMu KOHTPOJIBHUX M’ dA3iB
(Broma); NAC i Cg — MexaHorpamm M’a3iB micina BBefeHHA N-
anerunmnucTeiny i Cqy-dylIepeHis Bigmosiguo; * — p < 0,05 mopiBHAHO 3 KO-
HTpOJIEeM.2

>
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Puc. 3. Bioxemiuni mokasHuKu KpoBi (piBHi JaKTaTy Ta KpeaTuHiHy) K Ma-
PKepu M’A30BOTO IIONIKOMKEHHSA MiCJIA PO3BUTKY BTOMHU CKEJETHUX M’ A3iB
ITypiB, BUKJMWKAHOI OespesiaKkcalliilHUM IOAPA3HEHHSAM eJIEKTPOCTUMYJIAIi-
e1o gacroroo y 1 I'm i TpuBamicTio y 8000 ¢; * — p < 0,05 mopiaaAHO 3 iHTa-
KTHOIO rpymomo (norm); * — p < 0,05 mopisaano 3 rpymoo NAC.?
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e(PeKTUBHICTh AK KOpPeKTOpa TOUHICHUX pPyXiB IIpu BUHUKHEHHI
M’s30BO1 BTOMMU.

Beemennsa Cgy-(yiiaepeHiB ImoKasajo, IO 3a Bech Mepiof CTUMYJIs-
il cujaa CKoOpoueHHA M’A3a He sMeHINuaacsa g0 50% piBHA Bij KOHT-
pPoJifo, a Yac yTPHUMAaHHS MaKCHMAaJbHOTO PiBHS CHMJIOBOI BiammoBizmi
cranoBuB 3295 + 37 mc aaa moBigbHOro i 2881 + 25 Mc Ayda HMIBUAKO-
ro m’asiB BigmoBimmo. Taxum umHOM, TepameBTUUYHUN e@eKT Cgo-
(dyaaepeHy IMOA0 KOPEeKI[ii yacy yTpuMaHHS MaKCHMAaJbHOTO PiBHSA
cuoBol BigmoBimi M’asza micasa imimisamil Bromm crias 20% i 25%
IJA TOBiJBHMX 1 MIBHUAKMX M’ A3iB Bigmosimuo, 1mo y 2,5 # 1,7 pasis
mepeBuITyBaao nmoxiouuit epext NAC.

3MiHa XeMiuHOTO CKJIaZy KPOBi 3a PO3BUTKY M’ A30BOi BTOMH € Bi-
IToOparkeHHAM 0iOXeMiUuHHX 3pYIIEeHb, I0 BUHUKAIOTL Y CKEJIETHOMY
m’asi. Ilim wac M’sI30BOTO CKOpPOUYEHHS 3MiHIOETHCA piBeHb pH; Bim
moske 3meHmmuTucsa Ha = 0,5 pH omgummuns. Hocrmimxenusa moxasaiu,
0 € 3B’A30K Mi’K BaKNUCHEHHSAM i 3MEHINEHHAM CHJM CKOPOYEHHSA
m’s3a [4, 5]. HocraimkeHHA OKpeMUX M’ SA30BUX BOJOKOH BUSBUIM,
10 3aKMCHEHHSA BILJIMBAE Ha i30METPUUHY CHJY Ta IIBUIKICTH CKOPO-
yeHHsa [11]. Bizomo, 1110 KJI0U0Bi eH3MMM y TJIiKOTeHOJi3i Ta riiko-
Jaiszi, — ¢dochopunasa ta pochodppyxkToKiHaza, — iHTiOyOTHCA 3a KHU-
caux 3Hauenb pH. Tomy aHagism BOJIMBY NOTEHIIHHUX TepaleBTUY-
HUX 3aco0iB M’sg30BOI BTOMU MAaIOTh BKJIOUYATH OOCIIIKEHHS 3MiHU
KOHIIeHTpAIlil JIaKTaTy.

Ha pucyHKy 3 moxkasaHO 3MiHYy PiBHA JIaKTaTy 3a YMOB IIPOBEAEHO-
ro ekcuepumenTy. Ilicasg BUHMKHEHHS M’ sI30BOi BTOMU PiBeHb JaKTa-
Ty 36impmmuBea 3 5,0 £ 0,3 MmM/Mma (kKoHTpOJb) Ao 15,0+ 0,2 MM /M.
Tepamii NAC i Cgp-bynepeny ameHIuau e sHaueHHa mpo 12,0 +£0,3
ra 10,0 + 0,5 mM/ma BigmoBiguo. Takum umHOM, 3acTocyBaHHI NAC
3MEHINMUJIO KiJIbKicTh smakTaTty Ha 16%, a y Bunaaky Cg,-Qyiriaepery
— Ha 28%.

Kpeatunin — 1e KiHieBuil mpoAyKT MeTaboJsisMy KpeaTuHy, IO
Oepe y4JacThb y IIPOIleCi OTPMMAaHHA eHeprii mig uac M’A30BUX CKOPO-
YeHb: micasa 7 ¢ iHTeHcWBHOI (P)i3MUHOI aKTUBHOCTH M’SI30BOI CHCTEMU
KpeatTuH(ochaT IepPeTBOPIOETHCA y KpeaTwuH, a HOTIM — y KpeaTu-
HiH, 1110 GiIBTPYETHCA ¥ HUPKAX 1 BUBOAUTHCA i3 ceuero 3 opraHiamy.
PiBenb KpeaTwHiHYy B KpPOBi mepeOyBae B MeyKaX HODPMU [IOTHU, TOKU
KJIyOouKoBa (ilbTpallid He MOHUBUTLCA OO0 KPUTHUUHUX 3HAUEHDb, OCO-
OJMBO y MAIli€HTIB 3 HU3LKOIO M’ SI30BOI0 MAacoio. ¥y HaIIuX MJOCJi-
MUKEHHAX MM CIIocTepirasm 30iJbIlIeHHA BMICTYy KpeaTUHiHY Iicjsa
PO3BUTKY BTOMHU CKeJIeTHUX M’ A3iB (puc. 3), 110 MOKe OyTU pPe3yJb-
TaToM Hecnemnupiunoi ¢isiosmoriunoi pyiiHalii meMOpaHu MiOIUTIB 3
YaCTKOBUM BUXOJOM BHYTPIITHBOMIiONUTHUX (DePMEHTIB i KpeaTUHiHY
B eKcTpareaoaapuuit opoctip [30].

Ilicia BUHMKHEHHA M’ A30BOI BTOMHU PiBeHb KPeaTHUHiHY 306iJbIITUB-
ca 3 52,0+1,8 MmM/x (kKouTpoab) mo 145,0+ 7,2 meM/n. Tepamisa
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NAC i Cg-pynnepeny smeHIIMIa Iie 3HavueHHA mo 127,0+2,3 i
100 £+ 5 MmgM/n BimmoBiguo. Takum umHOM, 3acTocyBanHsa NAC 3me-
HIIIJIO KinbKicTh KpearuHiny Ha 12%, a y Bumaigkry Cgo-yiriepeny
— Ha 31%.

4. BAICHOBRH

OT:xe, BUIlleHaBeJeHi maHi 3 OioMexXaHIKM CKOPOUEHHS IIBUAKOIO Ta
MOBiJIBHOTO M’A3iB i OioxiMiuHMX MOKA3HMKIB KPOBi MIypiB cBimuaTh
IPO pealbHy IIEePCIeKTHBY 3aCTOCYBAHHA OioCyMiCHMX BOJOPO3UMH-
HUX Cgo-hyaepeHiB, aHTUOKCUIAHTHA OiA AKUX 3HAUHO IIEPEBUIIYE
TaKy s Bimomoro amTmokcuganTa NAC, IK HOTeHIIMHMX HaHOAreH-
TiB JaA nigBuineHHA e(eKTUBHOCTH (QYHKITIOHYBAaHHA CKEJeTHUX
M’s3iB HMIIAXOM MOAuM(iKyBaHHA cHenu@iuHMX MeXaHi3MiB, 110 Bimi-
rpaoTh BAXKJIUBY POJIb ¥ IPOIlECi POSBUTKY M’ A30BOI BTOMU.
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ABTopu Buc0BII0I0TE BaAuHicTs MOH Ykpainu 3a magzany ¢iHaHCOBY
MiATPUMKY IJIs IIPOBeAEHHA IIUX JocHif:KeHb (mpoekT Ne21BII018-
01P).

OUTOBAHA JITEPATYPA-REFERENCES

1. A. J. Dittner, S. C. Wessely, and R. G. Brown, J. Psychosom. Res., 56,
No. 2: 157 (2004); do0i:10.1016/S0022-3999(03)00371-4

2. S. Boyas and A. Guervel, Ann. Phys. Rehabil. Med., 54, No. 2: 88 (2011);
d0i:10.1016/j.rehab.2011.01.001

3. W. L. Kenney, J. H. Wilmore, and D. L. Costill, Physiology of Sport and
Exercise, 648 (2015).

4. D. N. Nozdrenko and K. I. Bogutska, Biopolym. Cell, 21, No. 3: 283 (2005);
http://dx.doi.org/10.7124 /bc.0006F3

5. D. N. Nozdrenko, A. N. Shut, and Yu. I. Prylutskyy, Biopolym. Cell, 21,
No. 1: 80 (2005); http://dx.doi.org/10.7124/bc.0006EQ

6. A. 1. Kostyukov, S. Day, F. Hellstrom, S. Radovanovic, M. Ljubisavljevic,
U. Windhorst, and H. Johansson, Neurosci., 97, No. 4: 801 (2000);
doi:10.1016/s0306-4522(00)00064-6

7. S. J. Garland, J. Physiol., 435: 547 (1991);
do0i:10.1113/jphysiol.1991.sp018524

8. 0. M. Khoma, D. A. Zavodovs’kyi, D. N. Nozdrenko, O. V. Dolhopolov,
M. S. Miroshnychenko, and O. P. Motuziuk, Fiziol. Zh., 60, No. 1: 34
(2014).

9. N. Place, J. D. Bruton, and H. Westerblad, Clin. Exp. Pharmacol. Physiol.,
36, No. 3: 334 (2009); doi:10.1111/j.1440-1681.2008.05021.x

10. K. I. Bohuts’ka, Iu. I. Pryluts’kyi, D. M. Nozdrenko, Fiziol. Zh., 60, No. 1:



AHAJI3A BIUIMBY AHTUOKCUIAHTIB C,,-®YJIJIEPEHY TA N-AITETUJIIMCTEIHY 615

91 (2014).

11. D. M. Nozdrenko, O. M. Abramchuk, V. M. Soroca, and
N. S. Miroshnichenko, Ukr. Biochem. J., 87, No. 5: 38 (2015).

12. J.dJ. Woods, F. Furbush, and B. Bigland-Ritchie, J. Neurophysiol., 58,

No. 1: 125 (1987); doi:10.1152/jn.1987.58.1.125
13. I. Kalezic, L. A. Bugaychenko, A. I. Kostyukov, A. I. Pilyavskii,
M. Ljubisavljevic, U. Windhorst, and H. Johansson, J. Physiol., 556, No. 1:
283 (2004); doi:10.1113/jphysiol.2003.053249
14. G. B. Skamrova, I. Laponogov, A. S. Buchelnikov, Y. G. Shckorbatov,
S. V. Prylutska, U. Ritter, Y. I. Prylutskyy, and M. P. Evstigneev,
Eur. Biophys. J., 43, Nos. 6—7: 265 (2014); doi:10.1007/s00249-014-0960-2

15. 0. O. Gonchar, A. V. Maznychenko, N. V. Bulgakova, I. V. Vereshchaka,

T. Tomiak, U. Ritter, Yu. I. Prylutskyy, I. M. Mankovska, and
A. 1. Kostyukov, Oxid. Med. Cell. Longev., 2018: 2518676 (2018);
doi:10.1155/2018/2518676

16. G. Didenko, S. Prylutska, Y. Kichmarenko, G. Potebnya, Y. Prylutskyy,

N. Slobodyanik, U. Ritter, and P. Scharff, Mat.-wiss. u. Werkstofftech., 44,
Nos. 2-3: 124 (2013).
17. T. I. Halenova, I. M. Vareniuk, N. M. Roslova, M. E. Dzerzhynsky,
0. M. Savchuk, L. I. Ostapchenko, Yu. I. Prylutskyy, U. Ritter, and
P. Scharff, RSC Adv., 6, No. 102: 100046 (2016).

18.  Yu. L. Prylutskyy, I. V. Vereshchaka, A. V. Maznychenko, N. V. Bulgakova,
0. O. Gonchar, O. A. Kyzyma, U. Ritter, P. Scharff, T. Tomiak,

D. M. Nozdrenko, I. V. Mischenko, and A. I. Kostyukov, J. Nanobiotechnol-
ogy, 15, Iss. 1: 8 (2017); doi:10.1186/s12951-016-0246-1

19. S.Y. Zay, K.I. Bogutska, D. N. Nozdrenko, and Y. I. Prylutskyy, Fiziol. Zh.,
62, No. 3: 66 (2016).

20. D. Nozdrenko, T. Matvienko, O. Vygovska, K. Bogutska, O. Motuziuk,

N. Nurishchenko, Yu. Prylutskyy, P. Scharff, and U. Ritter, Int. J. Mol.
Sci., 22, No. 13: 6812 (2021); do0i:10.3390/ijms22136812

21. M. Tolkachov, V. Sokolova, V. Korolovych, Yu. Prylutskyy, M. Epple,
U. Ritter, and P. Scharff, Mat.-wiss. u. Werkstofftech., 47, Nos. 2—3: 216
(2016).

22. S. V. Prylutska, A. G. Grebinyk, O. V. Lynchak, I. V. Byelinska,
V. V. Cherepanov, E. Tauscher, O. P. Matyshevska, Yu. I. Prylutskyy,
V. K. Rybalchenko, U. Ritter, and M. Frohme, Fullerenes, Nanotubes and
Carbon Nanostructures, 27, No. 9: 715 (2019).

23. C. K. Sen, T. Rankinen, S. Vaisanen, and R. Rauramaa, J. Appl. Physiol., 76:
2570 (1994).

24.  P. Scharff, U. Ritter, O. P. Matyshevska, S. V. Prylutska, I. I. Grynyuk,
A. A. Golub, Yu. I. Prylutskyy, and A. P. Burlaka, Tumori, 94, No. 2: 278
(2008).

25. V. V. Turov, V. F. Chehun, T. V. Krupskaya, V. N. Barvinchenko,

S. V. Chehun, A. P. Ugnichenko, Yu. I. Prylutskyy, P. Scharff, and
U. Ritter, Chem. Phys. Lett., 496, Nos. 1-3: 152 (2010).

26. D. N. Nozdrenko, S. M. Berehovyi, N. S. Nikitina, L. I. Stepanova,

T. V. Beregova, and L. I. Ostapchenko, Biomed. Res., 29, No. 19: 3629
(2018).
27. D. N. Nozdrenko, T. Yu. Matvienko, O. V. Vygovska, V. M. Soroca,


https://pubmed.ncbi.nlm.nih.gov/?term=Johansson+H&cauthor_id=14645451
https://pubmed.ncbi.nlm.nih.gov/?term=Bogutska+K&cauthor_id=34202899
https://pubmed.ncbi.nlm.nih.gov/?term=Motuziuk+O&cauthor_id=34202899
https://pubmed.ncbi.nlm.nih.gov/?term=Nurishchenko+N&cauthor_id=34202899
https://pubmed.ncbi.nlm.nih.gov/?term=Prylutskyy+Y&cauthor_id=34202899

616 IO. M. HO3OPEHKO, K. I. BOTVIIBKA, M. M. OXPAMOBHUY ra iH.

K. I. Bogutska, N. E. Nuryshchenko, Yu. I. Prylutskyy, and A. V. Zholos,
Nanosistemi, Nanomateriali, Nanotehnologii, 18, Iss. 1: 205 (2020);
https://doi.org/10.15407/nnn.18.01.205

28. A. Katz, A. Hernandez, D. M. Caballero, J. F. Briceno, L. V. Amezquita,
N. Kosterina, J. D. Bruton, and H. Westerblad, Pflugers Arch., 466, No. 3:
577 (2014); doi:10.1007/s00424-013-1331-z

29. I. V. Vereshchaka, N. V. Bulgakova, A. V. Maznychenko, O. O. Gonchar,
Yu. I. Prylutskyy, U. Ritter, W. Moska, T. Tomiak, D. M. Nozdrenko,
1. V. Mishchenko, and A. I. Kostyukov, Front. Physiol., 9: 517 (2018);
do0i:10.3389/fphys.2018.00517

30. M. J. Gibala, J. D. MacDougall, M. A. Tarnopolsky, W. T. Stauber, and
A. Elorriaga, J. Appl. Physiol., 78, No. 2: 702 (1995);
d0i:10.1152/jappl.1995.78.2.702

!Taras Shevchenko National University of Kyiv,
64, Volodymyrska Str.,

UA-01601 Kyiv, Ukraine

2Bogomolets National Medical University of Kyiv,
13, Taras Shevchenko Bluvd.,

UA-01601 Kyiv, Ukraine

! Fig. 1. Force generation curves of contraction of m. soleus (1) and m. gastrocnemius (2) of
rats caused by non-relaxation stimulation by means of the electrical stimulation with a fre-
quency of 1 Hz lasting 3000 s (a) and frequency of 50 Hz with a duration of 500 ms (6).
Konrposs—mechanograms of control muscles (fatigue); NAC and Cq—mechanograms of mus-
cles after administration of N-acetylcysteine and Cg,-fullerenes, respectively.

2 Fig. 2. The retention time of the maximum force of contraction of m. soleus and m. gas-
trocnemius of rats after initiation of fatigue by electrical stimulation of 50 Hz with a dura-
tion of 500 ms. Komrpoas—mechanograms of control muscles (fatigue); NAC and Cgy—
mechanograms of muscles after administration of N-acetylcysteine and Cg, fullerenes, respec-
tively; *—p < 0.05 compared to control.

3 Fig. 3. Biochemical parameters of blood (lactate and creatinine levels) as markers of muscle
damage after the development of skeletal muscle fatigue of rats caused by non-relaxation
stimulation by means of the electrical stimulation at a frequency of 1 Hz for 3000 s; “—
p <0.05 compared to the intact group (norm); *—p < 0.05 compared to the NAC group.
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