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HyMepaIuio II0 BCeil craTbe.
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cy: oyasBap Akan. Bepuanckoro, 36, ka6. 210; 03142 Kues, Ykpauna 1160 4ieHY peJaKIIMOHHOH KOJLIe-
ruu (COCTaB PEJKOJIJIETUY YKa3aH Ha 2-i cTpaHuIle 00JI0KKY). DJIEKTPOHHBII BAPUAHT CTAThU HAIIPABJIIA-
ercs 1Mo e-mail: tatar@imp.kiev.ua (c TemMoit, HAaUMHAIOIIEHCA CJIOBOM ‘nano’).

B cooTBeTcTBUM ¢ HOrOBOPEHHOCTHIO Mexk Ay penakiueit HHH u yupenuTensaMu c60pHUKA, peTaKIlusa
CUNUTAeT, YTO aBTOPHI, ITOCHLIAA € PYKONNCH CTaThbU, IEPeJaloT YUPEeJUTENsAM UM PeAKOJJIErHU IIPaBO
OnyGINKOBATE 3TY PYKOINCH HA AHIVIMHCKOM (YKPaHMHCKOM) S3BbIKe, 1 IPOCUT aBTOPOB CPasdy NMPUKJIALbI-
BATh K PYKOIINCH

¥Yroga npo nepegayy aBTOPCHKOro Impasa

Mu, 1110 HUIK Ye i JIUCAIUCH, ABTOPU PYKOIIUCY « »,
nepefaeMo 3aCHOBHUKaM 1 pepkoserii s6ipHumka HaykoBux npanb «HaHocucmemu, Hanomamepianu,
HAHOMeXHO02il» TPaBO OMYyOJIiKyBaTH 1€l PYKOINC aHTJIiChKOI0 (YKPAIHCHhKO0) MOBOWO. Mu mifTBep-
IPKYEMO, 1110 114 MyOJIiKalisa He IopyIllye aBTOPCHKOTO IIpaBa iHIux oci0, ycraHoB abo oprauisartiii.
ITignucu aBTOPIB: (ITPI3BUILLE Im’s, mata, agpeca, Ne resedony, e-mail)

IIpu aToM 3a aBTOpaMM COXPAaHSAIOTCA BCE OCTAJbHBIE IIPaBa KAaK COOGCTBEHHHKOB DTOM PYKOIIKCH.
ABTOpBI MOT'YT IIOJIYYUTH ONYOJMKOBAHHBIN BBIIIYCK CO CBOEI CTAThEN B peJaKIuM COOPHUKA II0 BBIIIE-
ykasanHomy agpecy (res. NeNe: +380 44 4229551, +380 44 4249042), a raxske 3arpysutsb pdf-daitn cra-
TBU C caiita coopuuka: http://www.imp.kiev.ua/nanosys/ru/articles/index.html.
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BUJABHHYA ETUKA

TA 3ATIOBITAHHA HECYMJITHHI ITIPAKTUIII ITYBJIK AT

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

000B’A3KM pegaKuii

. Bci npencrasiieHi cTaTTi peneH3yIOThCS eKCIIepTaMu B JaHil 061acTi.

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

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

. BigxuieHi crarTi moBTOPHO He PEIEeH3YIOTHCS.

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

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

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

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

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

PO3IJIALAIOThCA Ha 3acifjaHHi pegkKoJerii.

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

aBTOPCBHKIi ITpaBa 30epiraroThCsA 3a aBTOPaMU.

ETuyHi NpUHIUIN B JiSIbHOCTI PEeleH3eHTiB

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

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

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

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

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

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

IIpuHIMIN, AKMMHU MOBHMHHI KePYyBAaTHCA aBTOPH HAYKOBMX ITyOJIiKaIlii

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

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

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

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

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

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

. Ioxepesa (hiHAHCOBOI MiATPUMKYU IOCTiIMKEHHA, 0 TyOIiKyeThCs, MOKYTb OyTH 3a3HAUEHi.
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XapaKTepuCTHKU Ta MapaMeTpH ILJIa3MH Tra30pPO3PSTHOTO
peakTopa 3 «X0JIOMHOI» CHHTEe3M 0iMeTaJieBUX HAHOYACTHHOK
Cu—Zn B aproni

0. K. Illyai6os, A. O. Maiinina, O. M. Mauinin, O. 1. Musa, P. B. Tpunax

I BH3 «Yaceopodcvkuil HaAyioHaAbHUlL YHiGepcumem»,
na. Hapodua, 3,
88000 Yiceopod, Ykpaina

HaBenmeno xapaKTepUCTUKU IIE€PEHANPYKEHOTO HAHOCEKYHIHOTO pPO3PALY
Mi’K eJIEKTPOJ0I0 3 MiAi i eJIEKTPOOI0 3 IIMHKY B aproHi. B mpormeci mikpo-
BUOYXiB HEOTHOpPiAHOCTE! Ha pPOOOUYMX IIOBEPXHAX METAJeBUX eJeKTPOH Y
CUJIBHOMY €JIEKTPUYHOMY IIOJIi Y POBPAAHUN IPOMIiKOK BHOCHUJIVCS Hapw
Mizi Ta IIMHKY 3a PaxyHOK YTBOpPeHHs eKTOHiB. lle Moske mpuBOoguTH 10
CHHTE3W TOHKHUX ILJITiBOK HA OCHOBI HAHOYACTHMHOK IIMHKY, MiAi Ta Gimerasie-
BMX HAHOYACTUHOK «IIMHK—MiJb» B YMOBaX OIPOMiHIOBAaHHA MiTKJaJUHKU 3

pax mizi Ta nmuHEKY. MeToAOoM UYMCJIOBOTO MOJEJIIOBAHHS IIapaMeTpPiB IIa3Mu
pospaAny B rasomapoBiil cymimii Ha ocHOBI mUHKY, Miai #i aprony, axuil 3a-
cHOBaHMUII Ha pPo3B’a3auHi BoJblMaHHOBA KiHEeTHYHOrO PiBHAHHA AJA (QyH-
KIIii posmominy enxeKkTpoHiB 3a eHepriamu (PPEE), pospaxoBaHo mapamerpu
nna3mu (Temneparypy T, i ryctuny N, eIeKTpPOHiB; IUTOMI BTpPaTU IOTYK-
HOCTH PO3PAAY Ha OCHOBHI €JIEKTPOHHI MpOIecH Ta KOHCTAHTHU IIBUIKOCTU
eJIEKTPOHHUX PeakIliil) B 3ajiesKHOCTi Bixg BenumuuHu BimuomeHHsa E/N (me E
— HaNPY'KEHICTb eJIEKTPUYHOro moJid, N — IOBHA KOHIEHTpPAIlid YaCTUHOK
pospsany), a TaKOXK i3 BapiloBaHHAM MapIisJIbHOTO THUCKY aproHy Ta mapu
MUHKY i Mmigi.

The characteristics of an overstressed nanosecond discharge between the
copper electrode and the zinc electrode in argon are presented. In the pro-
cess of microexplosions of inhomogeneities on the working surfaces of
metal electrodes in a strong electric field, copper and zinc vapours are
introduced into the discharge gap due to the formation of ectons. This can
lead to the synthesis of thin films based on the zinc and copper nanoparti-
cles and the zinc—copper bimetallic nanoparticles under conditions of irra-
diation of the substrate with the film during its synthesis by UV radiation
from the discharge plasma in the copper and zinc vapours. Based on the
solution of the Boltzmann kinetic equation for the electron energy distri-
bution function (EEDF) with using the method of numerical simulation of
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the parameters of the discharge plasma in a gas—vapour mixture based on
zinc, copper and argon, the plasma parameters (temperature T, and densi-
ty N, of electrons, discharge power losses per basic electronic processes
and rate constants of electronic reactions) are calculated depending on the
ratio E/N (where E is the electric field strength, N is the total concentra-
tion of discharge particles) and variations of the partial pressure of argon
and the zinc and copper vapour.

KarouoBi ciaoBa: mepeHampy:KeHUl HaHOCEKYHIHUI pPO3pPAN, MiAb, IIUHK,
TOHKI IJIiBKH, Y®-BUNIPOMiHEHHS, ITapaMeTPU ILIa3MU.

Keywords: overstressed nanosecond discharge, copper, zinc, thin films,
UV radiation, plasma parameters.

(Ompumano 13 keimnsa 2022 p.)

1. BCTYII

Komnosuritini marepianu Ha ocHoBi meraniB (Cu, Zn, Ag, ...) mupo-
KO BUKODPUWCTOBYIOTHCS IJIA BUTOTOBJIEHHA €JEKTPOJ i KOHTAKTiB KO-
MyTYyBaJIbHUX IpUJIamiB (peje, KOMyTaTOpPiB i posmMukauiB). 3o0KpeMa,
Ile — KOHTaKTHiI MaTepiAysm cucremMu cpibiio—okcua meraay [1].

IIpo6aemy B3aeM03B’sA3KYy 00’€MHOT'O 3HOIIYBAaHHA Ta KoediiieHTa
TEepTA KOMOO3UTHUX CHOJYK OyJ0 mociimkeno y mpari [2], me BuBua-
BCA BILIMB BMicTy Mini Ha (pukIiiiHi BIacTUBOCTI clieueHUX IIOPOIII-
KOBUX MAaTEPiAJiB cucTeM 3a/i30—Migb, MI0 AAJI0 3MOTY BUSABUTU U
OOTPYHTYBaTH 3B’SI30K 00’€MHOIr0O 3HOIIYBaHHA Ta KoedilieHTta Teptsa
CIIEUEeHMX IIOPOIITKOBUX MATEPiAJiB 3ayido—MiAb 3 TOBIIIMHOI BTO-
PUHHUX CTPYKTYDP Ha HOBEPXHi TEpPTs, a TAKOK CepefHiM misMeTpom
3aJIi3HOI CKJIag0BOI.

B [3] HaBemeHO pe3yabTaTH AiATHOCTUKHU IIJIa3MU AYTOBOTO PO3PS-
Iy Mix eJeKTpomaMu 3 KoMmiosuiliiimoro marepisay Ag—CuO B moBi-
Tpi. ¥ IpUnyImieHHi HaABHOCTHU JIOKAJbHOI TepMOAUHAMiYHOI pPiBHOBA-
' B IyTrOBOMY PO3PAi pPO3paxoBaHO KOHIEHTpAIlil MeTasiB y miasmi.
Bcranosieno, 110 3pocTaHHs cTpymy A0 30 A BuUKJIMKae 30iJbIeHHS
BMicTy MeTaJiB y IJIa3Mi MIyroBOTO PO3PALY MiK eJIeKTpoJaMu 3 KO-
myTalifinoro marepignry Ag—CuO maiizke Ha TOPAIOK 3 OJHOYACHUM
3MEHINeHHAM KiJbKiCHOTO cHiBBiZHOINIEHHsS cpibia mo minmi.

YMOBM CUHTE3W TOHKHX ILJIIBOK YETBEPHOTO XaJbKOIiPUTY
(CuAlInSe,) 3 TpOAYKTIB AECTPYKIIil eJeKTpoa 3 aJdioMiHilo Ta moT-
pitiroro xanbkomiputy (CulnSe,) y mosiTpi [4] Ta pisHuHX cymimax
azoTy 3 KucHeM [5] i BiAmoBiAHI mapaMeTpu MJIasMH AOCTiAMKYBaJINCS
B IIePEeHAIPY:KEeHOMY HAHOCEKYHAHOMY pO3PANl MixK eJeKTpoiamMu 3
amoMiHilo Ta momikpucrandiumoi cmoayku CulnSe,. Ocob6iusicTio Ta-
KMX PeaKTOpiB € Te, IO BOHU HPAIIOIOTh 3a TEMIIEPATyp PO3PATHOI
KaMepu, GJM3bKUX N0 KiMHATHOI; TOMY CHUHTE3y HAHOCTPYKTYP MOK-
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Ha BBA)KaTH «XOJIOZHOMO» [6].

Jia onTumisallii cMmHTe3M ILIIBKOBUX HAHOCTPYKTYP i HAHOMOPOII-
KiB Ha OCHOBI IIMHKY Ta MiJi Ba)XJIMBO IIPOBECTU ONTHMi3allito podboTu
MOAiOHOTO Ta30pPO3PATHOTO peaKTopa 3 BUKOPHUCTAHHAM aproHy pis-
HOT'O THUCKY.

Ha gammit wac BifcyTHI XapaKTepUCTHKU Ta HapaMeTPU IIJIa3Mu
epeHaIpPYyKeHOTr0 HaHOCEKYHHOTO PO3PAAY MiK eJeKTpoJaMu 3 IH-
HKY Ta MiZi B iHepTHUX rasax BHUCOKOI'O THCKY, III0 CTPUMYE 3aCTOCY-
BaHHA JAaHOTO TUIY PO3PANY AJIA OJlep:KaHHA TOHKUX ILIIBOK i HaHO-
IOPOIIKiB MMUHKY, MiZi Ta 6iMeTaleBUX CIOJIYK MiAb—ITMHK.

ToHKI HAHOCTPYKTYPOBaHI IJIiBKM Ha OCHOBI IIMHKY ¥ Mimi Ta Bif-
MOBiAHI HAHOIIOPOIIIKM XapaKTepU3YIOThCA BUPAKEHUMU OaKTepUIlU-
IHUMU BJIACTUBOCTSAMM, IIT0 BaKJIMBO JJIsI 3aCTOCYBaHHA ixX y Oiome-
IUYHIN iHXKeHepil, MeIUIIMHI Ta Xap4YoBifl TPOMMCIIOBOCTI.

B pawmiit crarTi HaBOOATHCA PE3YIALTATU IOCHiIKEHHA €JeKTpUU-
HUX i eMicililHUX XapaKTepUCTUK IIepeHalpyKeHOTI'0 HaHOCEKYHIHOTO
po3pAny B aproHi MiMK ejeKTpojaMu 3 IIMHKY Ta Mini, AKuili Moixe
OyTH 3aCTOCOBAHUU IJIA «XOJIOOHOI» CUHTE3M HaHOUYACTHUHOK ab0 MiK-
po- I HaAHOIIOPOINKiB IMHKY, Mimi Ta 6imMeTalieBUX HAHOCTPYKTYpP i
nopomkiBe Cu—Zn. HaBemeHo pe3ynbTaTu MOJAENIOBAHHA NHapaMeTpPiB
IJIasMU PO3PAAY, SAKUX OyJI0 omep:KaHO B pPe3yJbTaTi YHCJIOBOTO
posB’as3anua BoabliMaHHOBA KiHETMUYHOrO PiBHAHHA IJad (QYHKIII po-
3IIOMiNy eJeKTPOHIB 3a €eHEePrisiMM: eHeprii Ta TeMIepaTypu eJeKTpPo-
HiB, MIBUAKOCTU Jpeli()y eJIeKTPOHIiB, MUTOMHUX BTPAT €HEpTii pos3psd-
Iy Ha OCHOBHi €JIEKTPOHHI IIpOIlec Ta KOHCTAHT IMIBUIKOCTH €JEeKT-
POHHUX MpOIleCiB y IIadMi Ha OCHOBI rasomapoBOl CyMIilIi IUHK—
Migb—apros.

2. YMOBHU EKCIIEPUMEHTY TA XAPAKTEPUCTHUKHU PO3PANY

HocaimkeHHA XapaKTEePUCTUK IIePeHAIPYyKeHOr0 HAHOCEKYHIHOTO
poO3pPALYy B aproHi mpoBOAMJIOCA Ha PO3PAAHOMY MOXAYJi, XapaKTepuc-
TUKHA SAKOT0 Ta TeXHIKYy ¥ METOAUWKY eKCIepHUMeHTy HaBeJeHo B [6].
Pospsan mixk eqeKTpomoo 3 Mifi i eJIeKTPOA0I0 3 IMTMHKY 3amaJIIoBaBCA
B FepMeTHUHi#l KaMepi 3 oprckja 3a Bigmaai mixk exexTpomamu d = 2
MM.

Mixk KiHUMKaMM eJIeKTPOJ 3allaJIl0BABCA OJHOPiIAHUM PO3PAL TPU-
Bajictio O0au3bko 100-150 Hc i3 amMmIiTygo0 iMIyJabCiB CTPyMy V
50—200 A i 06’emom miaasmu y 10—-500 mm®. 06’eM pospany saiexxan
Bif yacToTH CJlifyBaHHA iMIIyJIbCiB Hampyru. PeKuM «TOUKOBOTO poO-
3pAAYy» [IOCATaBCS JIUIEe 3a YACTOT iMIOYJIbCIiB HAIPYru B AiANas3oHi
f=40-150 I'm.

Pospaguauii mpoMmizkox OyB MepeHaNpy:KeHHuii, II[0 CTBOPIOBAJIO
CIPUATINBI yMOBU IJis (DOPMYBaHHA HydYKa €JeKTPOHIB-BTiKauiB BH-
COKOl eHeprii Ta CymyTHbOTO PEHTI'€HiBChKOTO BUOPOMiHeHH [7].
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Ha pucyuky 1 HaBefeHO OCIIMJIOTPAMHU iMIIyJIBCIiB CTPYyMy, HAIIPYTH
U iMOyJIbCHY IIOTY KHICTh IIePEHANPYKEHOT0 HAHOCEKYHIHOI'O0 PO3PH-
oy B apromi 3a tucky y 200 xlla mik eleKTpomamMu 3 Mimi Ta ITUHKY
i3 Bigmamro Misk muMu y 2 mMm. 3a Tucky aproumy y 200 xIla mepeman
HAIIPyTX PisHOI IOJSAPHOCTH B MOYATKOBi# (asi pospany mas ¢t = 10—
30 mc mocaras 15 kB, a crpymy — + 80—-100 A. MakcumaJbHA BeJI-
YpHAa eJeKTPHUUYHOI iMIyJbCHOI HmOTYy:KHOCTH mocarana 2,5 MBr gas
t =50 mHc. OCcHOBHUII eHepreTMUYHUN BHECOK y ILJIa3dMy 3AificHIOBaBCA
npotaroM mepinux 100 HC 3 MOMEHTY 3allajIlOBAHHS IepPeHAIIPYKeHO-
ro HAHOCEKYHIHOTO POo3pAny. EHepria omgHOro po3psagHOTO iMIIYJbCY
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Puc. 1. OcruiorpamMu iMmyJsbCciB CTPyMy, HAIPyTru ¥ iMOyJabCHA MOTYKHIiCTH
TIepeHanpyKeHoro HaHOCEeKYHIHOTO PO3PAAy B aproHi 3a tucky p = 202 klla
i d=2 MM (uacTora pospasHux iMmyiancis f =80 I'm).’
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Puc. 2. Cnekrep BUIPOMiHEHHS MEPEHAIPYKEHOI'0 HAHOCEKYHIHOTO PO3PALY
Mixk eseKTpojaMu 3 Mizi Ta mmHEKY 3a p(Ar) = 50,5 kIla.2
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mocarana ~373,8 mIx (puc. 1). I3 3MeHIIeHHAM THUCKY aproHy mo
50,5 klla BHecOoK eHeprii B miIasMy 3a OOUH PO3PATHUMN iMOyJIbC 3Me-
HIMUBCA MpubaIn3Ho B Tpu pasu (mo E =123 mIx).

CrekTpu BUIIPOMiHEHHS IIEPEHAIIPYsKEHOr0 HAHOCEKYHIHOTO pO3-
pany naa p(Ar)= 50,5 klla mixk enexTpomamMu 3 ITMHKY Ta Miai HaBe-
IeHo Ha puc. 2. Pesyabratu imenTudikailii JaHoro CueKTpy BUIIPOMi-
HeHHA IIOKa3aJid HadBHICTh iHTEHCUBHUX CIEKTPaJbHUX JiHIN aToMiB
omHozapanuux uoHiB Iluuaky Ta Kympymy B Y®-miAmasoHi cIeKTpy
200-330 um (Tabda. 1).

Oco6IMBiCTIO BCiX CIEKTPiB BUIPOMiHEHHSA PO3PALY B aproHi € Ha-
ABHICTh KOHTUHYYMY, Ha (DOHIi AKOTO cHOCTepirajaucsa BCi CIIEKTpaJb-
Hi JgiHii Ta cmyru. Ilpupoma maHOro KOHTHHYYMY B yMOBax HAIIIOTO

TABJINIA 1. Pesyabratu izeHTudiKaiii cueKTpiB BUIPOMiHEHHA MJIa3Mu
IepeHanpyKeHOro HaHOCEKYHIHOTO PO3PALY MiK eJIeKTPOoAOM 3 Miai i eJe-
KTPOJOM 3 MUHKY Auaa p(Ar) = 50,5 xIla.?

Ne|A 6,0 HM| OB’€KT E}g‘ﬁﬂ-’ E:ﬁ‘-’ TePM,yyn TepM,

1 202,54 ZnII 0,00 6,11 3d'4s %S, , 3d'4p °P;,
2 203,93 ZnlII 7,77 13,85 3d°4s® D, 3d°(*D)4s4p(°P) *D;,,
3 207,99 ZnII 14,23 20,19 3d°(°D)4s4p(*P) °D;,, 3d°4s(*D)5s *Ds,,
4 213,59 Cull 2,72 8,52 4s 3D 4p 3F°

5 216,50 Cul 0,00 5,72 4s 28 4p' 2D°

6 217,49 Cull 8,92 14,61 4p 'F° 4d 'G

7 218,17 Cul 0,00 5,68 4s %S 4p' 2p°

8 226,30 Cul 1,64 7,12 4s* %D 7p 2P°

9 229,43 Cull 2,83 8,23 4s 3D 4p 3p°

10 230,31 Cul 1,64 7,02 4s??D 4p" 2D°
11 236,98 Cull 3,26 8,49 4s'D 4p 3F°

12 244,16 Cul 0,00 5,08 4s 28 4p' *P°
13 255,79 ZnII 6,11 10,96 3d'4p °P;, 3d'°5s %S,
14 258,24 ZnI 4,02 8,82 3d'°4s4p P, 3d"4s6d ®D,
15 268,41 ZnI 4,02 8,64 3d"4s4p 3P, 3d"4s7s 38,
16 271,24 ZnI 4,07 8,64 3d'%4s4p 3P, 3d'%4s7Ts 38,
17 275,64 ZnI 4,00 8,50 3d'%4s4p 3P, 3d'%4s5d ®D,
18 282,43 Cul 1,39 5,78 4s?’D 4p' 2D°
19 299,73 Cul 1,64 5,78 4s? 2D 4p' °D°
20 303,61 Cul 1,64 5,72 4s? 2D 4p' °D°
21 320,82 Cul 1,64 5,51 4s? 2D 4p' *D°
22 324,31 Cul 0 3,82 4s 28 4p 2P°

23 327,39 Cul 0 3,39 4s 28 4p 2P°

24 330,25 ZnlI 4,02 7,78 3d'%4s4p 3P, 3d'%4s4d *D,
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eKCIePUMEHTY IIOB’dA3aHAa 3 TeIJIOBUM i PeKOMOIiHAI[IMHMM BUIIPOMIi-
HEHHAMMU IIJIa3MU.

HasaBuicTh BUIIpOMiHEeHHsS B cHeKTpajabHoMy pmismasomi 200-330
HM JaCThb 3MOI'y IIPOBOOUTH OCaJXEeHHA MeTaJIeBUX i KoMIOO3UTHUX
IUIIBOK 3 aBTOMATHUUYHUM AacCHCTYBaHHSAM mporecy cuHTe3u [9], 1m0
YMOKJIUBIIIOE OePsKaTH ILIIBKYU 3 MEHIITUM ormmopoM [9].

3. IAPAMETPHU I1IJTASMHU

ITapamerpu miasmMm BH3HAYaJIHWCA Ta PO3PaxXOBYBaJMCh AK IIOBHI iH-
Terpanu Bix QYHKIII posmominy emexTpouiB 3a eHeprismu (PPEE).
@DPEE 3maxommianca HLIAXOM PO3B’aA3aHHA BoJabIiMaHHOBA KiHeTHY-
HOTO PiBHAHHSA B ABowieHHOMY Habsm:xeHHi [10]. Pospaxyuxku ®PPEE
mpoBoguancA 3 BuKopucrtamuam mporpamu [11]. Ha ocHoBi omep:xa-
Hux OPEE BusHaueHO pdAJ IIapaMeTpiB IIJIa3MHU B 3aJIe’KHOCTL Biz Be-
JUYUHU 3BEJIEHOT0 €JEeKTPUYHOr0 HOoJA (BiAHOIIEHHA HANPYKEHOCTU
eJIeKTpUYHOTO oA E 10 3aranbHOi KOHIleHTpaIllii aromiB Aprony rta
HeBeIUKOi moMimkm mnapiB mimi N). [ianmasoH sminm mapamerpa
E/N =1-1000 Tx (1-10*-10™"* B-cm®) BKJIIOUAB BeJIMUYMHM IapaMeT-
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Puc. 3. ®yHKIIil po3MOAiIy eNIeKTPOHIB 3a eHepriAMuM y PO3PANi HA CyMi-
max: Ar:Cu:Zn =202 650:100:100 ITIa (a), Ar:Cu:Zn =202 650:1000:1000
IIa (6), Ar:Cu:Zn = 50 663:100:100 IIa (s).*
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pa E/N, aki Oynu peasnisoBaHi B Hamomy excrnepuMeHTi. I[as pospsa-
Iy B raszomapoBiii cyminri Ar:Cu:Zn =202 650:100:100 Ila 3a 3arajb-
Horo Tucky p =202 850 Ila mi Besmuumuum mapamerpa E/N criaganu
102 Tg i 51 Tx gaa 10 mHe i 25 Hc Big mouaTKy po3pAny BigmoBimHO
(puc. 3); nmma po3paxzy B rasomapoBit cywmimi Ar:Cu:Zn=
=202 650:1000:1000 Ila sa saraabHOoro THCKY p= 204,650 xlla 11i
BeauunHu napamerpa E/N mopisuioBamu 101 Tx i 50,6 Tx; gaa pos-
pany B rasomaposiii cymimri Ar:Cu:Zn =50 663:100:100 ITa 3a sara-
apHOTO THCKY p =50 863 Ila 1mi Benmuumuu mapamerpa E/N mgopiBHIO-
Baau 407 To i 203 Tx.

B imTerpaii 3iTKHeHL eJIeKTpPOHIB 3 aromamu Aprony, Kyopymy Ta
ITuHKYy BpaxoBaHO HACTYIIHI ITPOIlECH: MPYKHE PO3CIAHHA e€JIEKTPOHIB
Ha aromax Aprouy, Kynpymy Tta Iluuky, 30yI:KeHHS eHePreTHUHOTO
piBHA aToma Aprony (eHepria mopory — 11,50 eB), fonisaiito aToma
Aprony (enepriag mopory — 15,80 eB), 30ym:xeHHA eHePreTUUHUX Pi-
BHiB aTtoma Kympywmy (emeprii mopory: 1,500, 3,800, 5,100 eB), fio-
Hizamito aroma Kympywmy (emepria mopory — 7,724 eB), 30ym:xKeHHS
eHepreTHYHMX piBHiB aroma IlmuKy (eHeprii mopory: 4,01, 4,08,
4,60, 5,02, 8,55, 8,82, 9,00, 9,10, 10,61, 17,00, 17,61, 23,55 eB),
towmisarmito aroma IlumaHKY (emepria mopory — 9,40 eB), exexTpou-
eJeKTPOHHI 11 ejleKTPOH-MOHHI 3iTKHeHHA. EdeKTuBHI mepepisu mpo-
1meciB O0yso B3ATO 3 O6asu manux [11-15].

Ha pucyury 3, a, 6, 8 HaBefmeHo (YHKIII PO3IOAiIYy eJNeKTPOHiB
ULl TecATbOX 3HAUEHb 3BEJIEHOI HANPYIKEHOCTU eJIEKTPUUHOTO ITOJIA
(E/N) B piamaszoumi 1-1000 Tg y Ttppox rasomapoBuUX cyMimax
Ar:Cu:Zn; B Tabn. 2 — 3HaueHHA napamerpa E/N Ta cepenHi eHeprii
eJeKTPOHiB; Ha puc. 4 — 3aJle’KHiCTh cepemHbOI eHeprii Big 3BemeHOI
HAIIPYKEHOCTH eJIeKTPUUYHOro Imoasa maas cywmimi Ar:Cu:Zn =202
650:100:100 ITa (moxiGma saiesKHiCTh cepemHBOI eHeprii eJeKTPOHIB
y miasMmi BiJ 3BefeHOI HAIPYXKEHOCTU EJIEKTPUUYHOTO IOJA € U [Jid
iHIMUX DOCTiAMKeHUX cymilmeii).

360inpnrenua mapamerpa E/N mpuUBOAWIO OO0 POCTY KiJIbKOCTHU
«IITBUAKKUX» €JIEKTPOHIB Y PO3PsAAi Ta 3MEHIIIEHHS I'yCTUHU eJIeKTPOo-
HiB y miamasoni E/N =1-1000 Txa.

CepenHs eHeprisgs eJeKTPOHIB pO3PALYy B TrasomapoBiii cywinri
Ar:Cu:Zn =202 650:100:100 Ila s6inbmryBamacsa Big 1,33 mo 15,1 eB
(puc. 4); gna cymimti Ar:Cu:Zn =202 650:1000:1000 Ila BoHa 36iaB-
myBajaca Bix 0,92 mo 14,71 eB, a gaa Ar:Cu:Zn =50 663:100:100
ITa Boma Tako:k 306inmbmryBajiacda Bim 1,07 mo 14,9 eB i3 3pocTraHHAM
3BeIeHOl HAIPYKEHOCTU eJeKTpuuHoro moJus Bix 1 mo 1000 Tx. Ilpu
IIbOMY CIIOCTepirajiocsi 30iJIbIIeHHS IIBUAKOCTU il 3MiHM B IiAmasoHi
napametrpa E/N =1-70 Tpx.

Y rabauii 3 HaBemeHO Pe3yJbTAaTH PO3PaXyHKY TPAHCIOPTHUX Xa-
PaxTepUCTUK eJeKTPOHiB: cepeaHbol eHeprii (g, eB), remneparypu (T,
K) i mBuakoctu apeiipy (V,,) eleKTpoHIB A1d po3pAdy B TPHOX Cy-



846 0. K. IIIYATBOB, A. 0. MAJITHIHA, O. M. MAJITHIH, O. /1. MUHS, P. B. TPUITAK

TABJINIIA 2. 3uauenna mapamerpa E/N Ta cepenHi eHeprii eIeKTpoOHIB
018 GYHKILH po3HmOLiTy eleKTpOHIB 3a eHepriaMu y pospaxi.’

Cymim Ar:Cu:Zn =202 650:100:100 ITa

Ne 1 2 3 4 5 6 7 8 9 10
E/N,Tn| 1 112 223 334 445 556 667 778 889 1000
e,eB |1,33 6,89 8,02 8,95 9,86 10,8 11,9 12,8 13,9 15,1

Cymim Ar:Cu:Zn =202 650:1000:1000 IIa

Ne 1 2 3 4 5 6 7 8 9 10
E/N, Tn 1 112 223 334 445 556 667 778 889 1000
€, eB 0,92 6,03 7,53 8,58 9,63 10,5 11,5 12,5 13,6 14,7

Cywmim Ar:Cu:Zn =50 663:100:100 Ila

Ne 1 2 3 4 5 6 7 8 9 10
E/N,Tn| 1 112 223 334 445 556 667 778 889 1000
e,eB | 1,07 6,58 7/86 8,82 9,75 10,7 11/7 12,7 13,8 14,9
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Puc. 4. 3amexxHicTh cepelHBbOI eHeprii eJeKTPOHIB y mIasMi rasomapoBoi Cy-
mimi Ar:Cu:Zn = 202 650:100:100 ITa 3a sarampHOTO THCKY p = 202 850 Ila
BiJ| 3BefleHOI HAIIPYXEHOCTH eJeKTPUUHOTO 0. °

MiImmax mapiB Mini Ta IIMHKY 3 aproHOM.

Crocrepiranucsa HacTymnHi saxomomipuocti. TemmepaTrypa eaexTpo-
HiB wmakcumaabHa (110 096 K) coocrepiramaca gas — cyminmi
Ar:Cu:Zn =50 663:100:100 IIa.

Bomna smeHmiyBaJsiaca 3i 30iJbINIEHHAM 3arajJbHOrO THUCKY B CYMi-
max. BeawumHa HMIBUAKOCTU APeN(]y eIeKTPOHIB 3HAXOAUTHCA B Me-
xax 10°-10° M/c AJIa HAIPYKEHOCTU eJIeKTPUYHOTO IIOJ8 Ha IIasMi,
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TABJINIIA 3. TpaucnopTHI XapaKTepPUCTUKU €JeKTPOHIB JJid MOMEHTIB ua-
cy 10 i 25 HC 3a HampyKeHoCTH ejeKTpwyHOro noida E =510 B/m i 2,5-10°
B/Mm gna pospany B rasomapoBux cymimax: Ar:Cu:Zn =202 650:100:100
IMTa, Ar:Cu:Zn = 202 650:1000:1000 ITa i Ar:Cu:Zn =50 663:100:100 ITa.”

Cywmim Ar:Cu:Zn = 202 650:100:100 IIa

t, nc |[E/N, T :
me \B/N, T T,k | V,, m/c | N, m°
10 102 6,792 78787 8,410 2,6-10%
25 51 5250 60900 6,210° 5,110
Cywmim Ar:Cu:Zn = 202 650:1000:1000 Ila

t, nc |E/N, T -
me BN, TR T,K | V, m/c | N, m°
10 101 588 68208  9,310° 2,4-10%
25 50,6 3,85 44660 8,910 3,6-10%

Cywminr Ar:Cu:Zn = 50 663:100:100 Ila

) E/N, T =
t, me \E/N, Tn e, eB T, K Vips M/C N, m?
10 | 407 | 9,491 | 110096 | 2,7-10° 4,110"
25 | 203 | 7,710 | 89436 | 1,510° 1,1-10%

sAKa mocaranmacsa B MoMeHTH yacy f =10 mc i 25 Hc Bim mouaTky mpo-
0010 MiKeJIeKTPOSHOTO IPOMIiKKY (3HaueHHS aMILIITyIu iMITyJIbCiB
Hampyru moHMmKyeTbea A0 5 000 B; puc. 1) a1 po3pALy B TPhOX CY-
Mimax aproHy i3 mapamu Mimi Ta nmHKY. HaiGinbmie ii 3HaueHHA
IS cyminri 3 MEHIIIIM 3arajJbHUM THUCKOM Ar:Cu:Zn =
=50 663:100:100 ITa i ckmamae Benmumuu V,,=2,7-10°m/c i 1,5:10°
M/c y momeHTH uacy t =10 Hc i 25 Hc Bixg mouaTKy mpo0OOI0 MisKeJeK-
TPOJHOI0 MPOMIXKKY BiIIOBiZHO.

3HaueHHA MaKCHMAaJIbHOI KOHIleHTpalii enekTporis 2,6-10% m® i
5,1-10° m® 3a rycrunu crpymy y 3,57-10° A/m” i 5,1-10° A/m* Big-
IIOBiJHO Ha IOBEPXHi eJleKTpoau IxKepesa Bunpominmenus (0,196-107°
M%) IJ1A 3BefleHOl HAIPY:KeHOCTH ejeKTpuuHoro mnous E/N =102 Tx,
o OyJio Ha po3pAAHOMY HpoMisKKy Ha 10-#1 Hc, Ta IJid 3BeJeHOI Ha-
MIpy:KeHoCcTu eJeKTpuunoro moasa E/N =51 Ta, mo O6yio Ha po3psn-
HOMY IIDOMiKKY Vv t=25 Hc, ama pospaay B cywmimi Ar:Cu:Zn=
=202 650:100:100 Ila.

Ha pucyHKy 5 HaBeleHO 3aJ€KHOCTI MMTOMUX BTPAT IOTYKHOCTU
PO3pAay Ha HEIPY:KHI Ta IPY:KHI IIporecw 3iTKHEHb €JIEKTPOHIB i3
KOMIIOHEHTaMu rasomnapoBoi cywmimri Ar:Cu:Zn =202 650:100:100 IIa
y Tasopo3pAnHiil maasmi Big 3BemeHOI HANPYIKEHOCTH €JEKTPUUYHOTO
mossi. CriocTepiranocs 36iJbIIEHHS MOTYMKHOCTY BTPAT i3 3POCTAHHAM
3BeIeHOI HATPYKEHOCTU €JEeKTPUYHOTO IOJs, AK A IPYKHIX IIPO-
mecis (kpuBa 1), Tak i Ajd Hempy:KHiX mporecis (kpuBa 2). Ilas me-
MPYy:KHIX MpoIleciB BTpaTu po3pany Oyau OLIbIMIMMHK IIPUOJIHU3HO HAa
nBa mopanku. Ilogibma sajeskHicTh cmocTepiranzach i aaa iHImIUX moc-
JigMKeHUuX cymimrei.
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B rabauiii 4 HaBemgeHO 3HAUEHHSA IMUTOMOI HOTYKHOCTH BTPaAT PO3-
PALy Ha NPYKHI Ta HEIIPYKHi IIpollecw 3iTKHEHb €JeKTPOHIB i3 aTo-
mamu Ar, Cu Ta Zn B miasmi maporazoBux cywmimien Ar:Cu:Zn=
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Puc. 5. 3aymexHicTh TUTOMOI MOTYKHOCTH BTPAT PO3PAAY Ha IPY:KHI Ta He-
IIPY’KHI Ipoliecu 3iTKHEHDb eJeKTPOHiB 3 aromamu Ar, Cu Ta Zn Bin 3BegeHOI
HAIIPYKEHOCTH eJeKTPUUHOTO IIOoJid B ILJadMi maporasoBoi cymimri
Ar:Cu:Zn = 202 650:100:100 ITa 3a sarambpEOTO THCKY p = 202 850 ITa.®

TABJUIIA 4. 3HaueHHS TUTOMOI TOTYXHOCTHU BTPAT PO3PAAY Ha IPY:KHI Ta
HENPY:KHI IIpollecu 3iTKHEHb €JEeKTPOHIiB 3 aromamu Aprony, Kympymy ta
IMuerky B mmasmi rasomapoBux cywmimreit Ar:Cu:Zn =202 650:100:100 IIa,
202 650:1000:1000 ITa, 50 663:100:100 ITa gmas 3BegeHOl HAIPYKEHOCTU
€JIEKTPUYHOIO IIOJISI Ha IJIadMi, sKa gocsaranacs B MomeHTH dacy t= 10 mc i
25 He Big mouaTKy Ipo6oi0 MiMKeJIeKTpPOZHOTO IPOMIKKY.?

Cymim Ar:Cu:Zn =202 650:100:100 IIa

E/N, Tn IIpy:xni, moryxHicTs/N, Henpy:xui, nory»xHicTs/N,
eB-m®/c eB-m®/c
102 0,3858-1071¢ 0,8211-10™
51 0,2311-1071¢ 0,1463-10°
Cymimr Ar:Cu:Zn =202 650:1000:1000 Ila
E/N, Tg ITpyxHi, moTysRHicTb/N, Henpyxwui, nory:xkHicts/N,
eB-m?/c eB-m?/c
101 0,2932-107'¢ 0,9512.107
50,6 0,1118-107'¢ 0,2180-107*
Cywmim Ar:Cu:Zn =50 663:100:100 Ila
E/N, Tg ITpyxHi, moTy:RHicTb/N, Henpy:xwui, nory:xHicts/N,
eB-m®/c eB-m®/c
407 0,6581-107'¢ 0,8872-10713

203 0,4842-107'° 0,2730-107"3
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=202 650:100:100 IIa, 202 650:1000:1000 IIa, 50 663:100:100 Ila
ISl 3BEJIeHOI HATIPYKEHOCTU eJeKTPUYHOrO MOJIA Ha IJIa3Mi, AKa J0-
cArajacsa B MmomeHTHu dacy ¢t =10 mc i 25 Hc Bim mouaTky mpobOoi0 Mi-
JKeJeKTpoaHoro mpoMidkky. CmocrepiraeTbcsa 3aKOHOMipHiCTE — ic-
TOTHe 30iJbINTeHHA 3HAUEeHDb ITMTOMOI IIOTYKHOCTM BTPAT PO3PAIY Ha
mpy:kHi Ta Hempy:Hi nmporecu y cymimnti Ar:Cu:Zn =50 663:100:100
Ila 3 MeHIIUM 3arajsbHEM THCKOM (p = 50,863 Ila).

B cymimri Ar:Cu:Zn =202 650:100:100 ITa muToMi BTpaTu IOTYK-
HOCTH PO3PANY € MaKCUMaJbHUMU A 30yI:KeHHA eJIeKTPOHAMU
eHepreTHYHOro piBHA atoma Ar (emepria mopory — 11,50 eB)
(puc. 5, a, kKpusBa 2), i BOHM CKJIagapTh Beaumuumny (0% mpasa
E/N =69,9 Tn; menmte suauernua (60%) mzas E/N =1 Tx y mporeci
30ymKeHHsA eHepreTUdYHOro piBHa atoma Cu (emepria mopory — 3,80
eB). Ille menIri 3HaUueHHA IMUTOMOI BTPATH MOTYKHOCTH PO3PSAAY Ma-
I0Th: Homizania aromiB Ar (38%) 3 E/N=1000 Tp (puc. 5, a, Kpu-
Ba 3); mpysKHe poacigmua Ha artomax Ar (13,9%) 3 E/N=1 Tn
(puc. 6, a, xKpuBa 4); 30yI:KEeHHA €HEPTeTUYHOTO pPiBHA aroma Zn
(10%) 3 E/N=1 Tn (euepria mopory — 4,00 eB) (puc. 6, a, Kpu-
Ba 5). Ixui mMaxkcuManpHi 3HAaUeHHA 3HAXOAATHLCA B [iANA30HI 3MiHM
3Benenol manpyskeHoctu 1-100 Tx (3a BUKJIIOUEHHAM BTPATU HOTYK-
HOCTH IJdA HoHisamii Ar, aKi mocArarmTh MaKCHMAaJbHOIO 3HAYEHHSA Y
38% pmna E/N =1000 Tx).

MakcuMaapHa BTpaTa IMOTYMKHOCTU PO3PSANY CIOCTEPIiraeThCa B Cy-
mimmi Ar:Cu:Zn =50 663:100:100 ITa gna mpoliecy 30ymKeHHS eHep-
reTuyHOro piBHA aroma Kymnpywmy (eHepris mopory — 3,80 eB) (puc.
6, 0, KpuBa 1), i Boua Mmae sHaueHHsa y 82% s 3BeleHOI HAIPYyKe-
HoCTH ejeKTpuuHOro mojsa y 51 Tx. Haa 30ym:KeHHA eHepreTUYHOTO
piBua aroma Ilunky (eHepris mopory — 4,00 eB) (puc. 6, 6, KpuBa 5)
BTPATH TOTYKHOCTH TEX € MaKCHUMAJbHUMMU II0 BiJHOIIIEHHIO MO iH-
mux cymimreit i gocaraioTs 3HaueHHA Y 13%.

IIBuakicTe 3pOCTaHHA Ta CIAJAAHHA BTPAT IIOTYMKHOCTU POIPALY
Ha mpollecu 30yI:KeHHA eJeKTPOHHUX CTaHiB i Howmisarmiio i ii Besmu-
YyyHa TOB’fA3aHI 3 XapaKTepoM 3ajieKHOCTH e(eKTUBHUX Iepepisin
HEIIPY:KHiX OPOIleciB 3iTKHEHb €JEeKTPOHIB 3 KOMIIOHEHTAMM CyMimri
BiJi eHepriii eJIeKTPOHIB, IXHIX aOCOJIOTHUX BEJIUYWH, i3 3aJIE}KHICTIO
GYHKIII pPO3MOAiIy eJeKTPOHIiB BiJ 3HAUEHDL 3BeIeHOI HAIPYKEHOCTHU
IMOJIA Ta BeJIWUYWHU eHeprii mopory mporecy [7].

Koucrantu mBuakoctu (puc. 7) 3iTKHEHb eJeKTPOHIB i3 aTomamu
Aprony, Kynpymy Ta llunky Bixg mapamerpa E/N y pospsazai Ha raso-
IapoBUX CyMiIlax 3MiHIOBajucsa B giAmasoHi k~ 1072-1072° m%/c, mpo
moB’si3aHe 3i 3HAUEHHAMM abCONIOTHUX e(PeKTUBHUX IepepisiB Bimmo-
Bigumx mporeciB [15]. Hasa atoma Zn BOHM € MaKCUMAJbHUMU [JIs
30ymKeHHdA JiHi# i3 moBxkmHamMm XBujab A =271,24 i 275,64 um guasa
TPLOX cyMmimeii (Taba. 5) i gocararors BeamumH 1,688-107° i
3,317-107"" gua cymimi 3 GiABIIMM 3HAUYEHHAM NapPUisSIbLHOTO THUCKY
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Puc. 6. 3anmexXHicTh TUTOMHUX BTPAT HOTY)KHOCTU PO3PAAY Ha IPOIECHU BiTK-
HeHb eJIeKTPoHiB 3 aromamu Ar, Cu ta Zn Bim mapamerpa E/N y nnasmi aina
cymimeii: a) Ar:Cu:Zn=202 650:100:100 ITa 3a B3aragbHOTO THCKY
p=202 850 ITa: 1 — sOymxeHHA eHepreTmuHOro piBHSA aroma Cu (eHepria
nopory — 3,80 eB), 2 — 30ym:KeHHA eHEePTeTHUUYHOTO PiBHA aToMa Ar (eHep-
ria mopory — 11,50 eB), 3 — iiomisarmisa aromiB Ar (emepria mopory —
15,80 eB), 4 — mpy:kHe poscitoBaHHS Ha aToMax Ar, 5 — 30yIKeHHS eHep-
reTUYHOTO piBHA aroma Zn (eHepris mopory — 4,00 eB); 0)
Ar:Cu:Zn = 202 650:1000:1000 ITa 3a sarambaHOro THCKY p =204 650 Ila: I
— 30ymKeHHA eHepreTmuHOTO piBHA aTroma Cu (eHepris mopory — 3,80 eB),

2 — 30ym’KeHHs eHepreTHUYHOro piBHA aTtoma Ar (eHepris mopory — 11,50
eB), 3 — ftiomisamia atomiB Ar (emepria mopory — 15,80 eB), 4 — 306y-
IKeHHs eHepretmuHoro piBaa aroma Cu (emeprisa mopory — 1,50 eB), 5 —

30yI'KeHHsS eHepreTUYHOro pPiBHA aTroma Zn (eHepris mopory — 4,00 eB); 6)
Ar:Cu:Zn =50 663:100:100 Ila sa sarambmHOro THMCKy p=50 863 ITa: 1 —
30y I'KeHHs eHepreTwuHoro piBHs atoma Cu (eHepris mopory — 3,80 eB), 2
— 30yasKeHHs eHepreTUYHOro piBHA atoma Ar (eHepris mopory — 11,50
eB), 3 — ftiomisamia aromiB Ar (emepria mopory — 15,80 eB), 4 — 306y-
MUKeHHs eHepreTUYHOro PiBHA aroMma Zn (eHepria mopory — 4,00 eB), 5 —
OPY:KHE poscitoBaHHa Ha aromax Ar.!°

aromiB Zn ta Cu — Ar:Cu:Zn=202 650:1000:1000 Ila gaa s3HauyeH-
HS 3BeIeHoro ejgexTpuuHoro mouas y 50,6 Ta. Ina aromiB Cu
(puc. 6, 6) BoHU 3MiHIOIOThCA B Aiamasoni 10781072 m?/c.
KoncranTu mBuaKocTu 30yIKeHHsA pesoHaHcHoro cramy Cu (emep-
ria mopory — 3,8 eB) manu mMakcuMmanbHi 3HaueHHa 0,6188-107'% i
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Puc. 7. 3ame:xHOCTI KOHCTAHT IMIBUAKOCTU 3iTKHEHDb €JEKTPOHIB 3 aToMaMu
Ar, Cu ta Zn Bim mapamerpa E/N B po3psaai Ha rasomapoBiii cywmimri: a)
Ar:Cu:Zn =202 650:100:100 Ila sa 3araimpHOrO THCKY p =202 850 ITa: 1 —
Ipy:KHe poacitoBanHA Ha atomi Cu, 2 — 30ymKeHHS PE30HAHCHOTO CTaHy
aroma Cu 2P3/2, 12 (eHepris mopory — 3,8 eB), 3 — mpy:KHe posciloBaHHA Ha
atromi Zn, 4 — T1TpyXHe poaciroBanHA Ha atomi Ar; 6) Ar:Cu:Zn=
=202 650:1000:1000 ITa 3a saramsHOTO THCKY p = 204 650 ITa: 1 — npy:KHE
poscitoBanHsa Ha atomi Cu, 2 — 30yIsKeHHA pe3oHAHCHOro crany aroma Cu
2P3/2, 1,2 (emepria mopory — 3,8 eB), 3 — npy»xHe posciloBaHHA Ha aTomi Zn,
4 — mupys:KHe poscitoBaHHa Ha atomi Ar; ) Ar:Cu:Zn =50 663:100:100 ITa
3a saragbHOro TUCKY p =50 863 Ila: I — mpyKHEe po3ciloBaHHA HA aTOMi
Cu, 2 — 36ymskKeHHA pesoHaHCHOrO cramy aroma Cu 2P, /2, 1,2 (€HEDPTiA mopory
— 3,8 eB), 3 — mpyKHe posciroBaHHA Ha aToMi Zn, 4 — Tpy»KHE po3ciio-
BaHHA Ha aromi Ar.!

0,4325-107"2 m®.c g1 3HAUEHD 3BE/EHOI HAIPYKEHOCTU eJeKTPUIHOIO
monsa E/N=407 Tg i E/N =203 Tx BigmoBigao y cymimri Ar:Cu:Zn =
=50 663:100:100 ITa.

4. BAICHOBRH

TakuM YMHOM, BCTAHOBJIEHO, IO 32 aTMOC(hEepHUX THUCKiIiB aproHy Mik
eJIeKTPOIOI0 3 Mifi ¥ eJeKTPOM0I0 3 IMHKY 3allaJioBaBCA OJHOPIgHMI
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TABJINIA 5. KoHcTaHTM MIBUAKOCTA 30y KEeHHS CIEKTPAJbHUX JIiHIN
aromiB Zn ta Cu maaa ¢ikcoBaHUX 3HAUEHb 3BeJEHOI HAIPYKEHOCTH eJIeKT-
PUYHOTO IOJIA B IJIa3Mi Ha IMapora3doBUX CYMiIllaxXx aproHy 3 IIMHKOM i Mifmaio
B MmoMmeHTH dacy 10 Hc i 25 Hc Bif MOYATKy 3amalioBaHHA PO3paAny. K, ;. —
eHeprisa mopory 36yIsKeHHA CIeKTPaIbHUX JiHifl aroma Cu.!?

E/N, Tg Cywmim: Ar:Cu:Zn =202 650:100:100 IIa
7 A, HM 258,24 268,41 271,24 275,64
102 n k, m%/c |0,2690-107'¢ 0,5529-1071® 0,7995-107% 0,7995.107'¢
E opir» €B 1,5 1,5 3,8 5,1
Cu k, m®/c | 0,2480-10** 0,1871.107*® 0,4035-10'2 0,1080-107%5
A, HM 258,24 268,41 271,24 275,64
51 Zn k, m*/c [ 0,1095-107'¢ 0,2251-107' 0,3255-107'°* 0,3255-107'¢
E opir» €B 1,5 1,5 3,8 5,1
Cu E, M3/c | 0,1742.10*® 0,1294.107® 0,2417-10'2 0,6626-107'¢
E/N, Tn Cywmimt: Ar:Cu:Zn =202 650:1000:1000 IIa
7 A, HM 258,24 268,41 271,24 275,64
101 k, m*/c | 0,1594-107'¢ 0,3160-10'" 0,4570-107*" 0,4570-107*7
E i €B 1,5 1,5 3,8 5,1
Cu k, m3/c | 0,2047-10*® 0,1530-10*® 0,3024-10'2 0,8235-107'¢
A, HM 258,24 268,41 271,24 275,64
50.6 Zn k, m*/c | 0,1538-107'" 1,814-107%% 1,688-107** 3,317-107%
’ E i €B 1,5 1,5 3,8 5,1
Cu k, m%/c | 0,9204-101* 0,6655-10** 0,9826-10** 0,2725-107'¢
E/N, Tn Cywmim: Ar:Cu:Zn =50 663:100:100 Ila
7 A, HM 258,24 268,41 271,24 275,64
407 k, m®/c | 0,5069-10 ¢ 0,1042-.107** 0,1507-10** 0,1507-107%°
E i €B 1,5 1,5 3,8 5,1
Cu k, m®/c | 0,2947-107*® 0,2276-107* 0,6188-107'* 0,1617-107%°
A, HM 258,24 268,41 271,24 275,64
203 Zn k, m%/c | 0,3642.101% 0,7486-107'% 0,1082-10*®* 0,1082-10°%°
E i €B 1,5 1,5 3,8 5,1
Cu k, m*/c | 0,2571-107"® 0,1946-10'* 0,4325-107'2 0,1152-107%5

IepeHaNPYKeHnT HAHOCEeKYHIHUM PO3PSaA 3 iMOYJIbLCHOIO eJIeKTPHY-
HOIO HOTY:KHicTIO 0 2,5 MBT i3 eHepreTu4uHUM BHECKOM Y ILIA3My IO
374 mI»x 3a omuH iMOyJabC.

HocnigskeHHA CHEKTPAJIbHUX XapaKTEPUCTUK pPO3PALY IIOKasaJo,
10 HAWOiAbIN iHTEHCMBHUMU OyJIM PE30HAHCHI CIeKTpaJbHi JiHii
aroma Kynpymy (A =324,75 1 327,39 um Cu I); 3 mimit omHO3apsgHO-
ro iona Kynpymy B imtepBasi 200—330 uM HaifimTeHCcUBHIiIIOWO OyJa
Jigia A =227,62 am Cu I1.
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BHecenHA mapiB MUHKY B PO3PAJN YMOMKJIMBUJIO 3MiCTUTH KOPOTKO-
XBUJILOBY TPAHUIIIO CIEKTPY BumpoMinenHsa mo 202—-207 um 3a paxy-
HOK iHTeHCMBHUX HoHHUX JiHiN [{uHKY Ta 30aratuTu cmexrtep YP-
BUIIPOMiHEHHA ILJIaBMM IHTEHCUBHUMMU CHEKTPAJIbHUMU JiHiAMUT
258,24, 268,41, 271,24 i 275,64 am Zn I.

HaasuicTs y cIeKTpi BUIPOMiHeHHA IIJIa3BMM Ha OCHOBi Ilaporaso-
BUX CyMiIlleii Mifb—IIMHK—apIr'OH CTBOPIOE HEOOXimHi yMOBM AJIA oca-
IKeHHSA KOMIIO3UTHMX ILTiBOK Tuny Cu—Zn Ha migKJaJIHHKY 3a aBTO-
MATHUYHOTO VJIbTPadioeTOBOr0 aCUCTYBAaHHSA ILJIA3MOIO PO3PALY.

MogenaoBaHHA HapaMeTPiB IJIa3MM IIePeHAIIPysKeHOro HAaHOCEKYH-
ITHOTO PO3PSAAY Ha OCHOBiI rasomapoBUX CyMiIlllell apromy, Migi Ta Iu-
HKY JaJI0 3MOT'y BCTAHOBUTH I€BHI 3aKOHOMipHOCTI.

30inblIeHHA 3BeleHOI HAIPY/KEHOCTH eJeKTPUUYHOrO IOoJd MixK
eJIeKTPOJaMy IIPUBOIAUIIO IO POCTY KiJIbKOCTU «IIMBUIKUX» €JIEKTPO-
HiB y po3p#Ami Ta 3MeHINeHHS T'YCTHHU eJeKTPOHIB Ta 3pOCTaHHS ce-
penunoi emeprii emexTpomiB Bim 0,92 mo 15,1 eB B giamasoni
E/N=1-1000 Tx.

TemnepaTypa eneKTpoHiB Oysia makcumaiabHOO (110 096 K) i cmo-
crepiramaca mjna pospany B cyminri Ar:Cu:Zn =50 663:100:100 Ila.
Bona smenmryBaaca 3i 30iJbIIIeHHAM 3araJbHOTO THUCKY ra30llapoBUX
cyMimrei.

Bennumam wMakcmMaJbHOI KOHIIEHTpAIlil eJeKTPOHIB CKJIAagau
2,6:10° M2 i 5,1.10*° m 2 3a rycrus ctpymy y 3,57-10° A/m? i 5,1-10°
A/M? Ha TIOBepxHi eneKTpoau mxkepesna BunpominenHa (0,196:107° m?)
IO 3BeIeHOl HampysKeHOCTu eJeKTpuuHoro mouas E/N =102 Tx, ake
O0yJio Ha pospaaHoMy mpoMimkky Ha 10-if Hc, Ta AJA 3BeIeHOI HAIPY-
JKeHocTu eseKTpuuHoro moasa E/N =51 Ta, axke 6yyo HA PO3PATHOMY
OpOMiKKY Vv t=25He, npma pospaxy B cymimi Ar:Cu:Zn=
=202 650:100:100 IIa.

CrocTepiranocs 30iJbIIeHHSA IIOTY:KHOCTH BTPAT PO3PAAY 3i 3poc-
TaHHAM 3BeJIeHOl HAIPYKEHOCTHU eJeKTPUUHOTO IOJd, AK IJd IPYIK-
HiX IIpoIieciB, Tak i mJiA HENMPy:KHixX mporeciB. i HeOmpy:KHiX IIpo-
1eciB BTpaTu pos3paAny Oyjau OiabIIUMYU MPuGIM3HO Ha IBA HOPAIKH.

MakcuMaabHA BTpaTa IIOTYKHOCTH PO3PANY CIIOCTepiraeThCsA B CY-
mimmi Ar:Cu:Zn =50 663:100:100 ITa gas mporecy 30ya:KeHHA eHep-
reTuyHOro piBHA aroma Kymnpywmy (eHepria mopory — 3,80 eB), i Bo-
Ha gocsaraja 3HaueHHA y 82% mJid 3BeIeHOI HANPYKEHOCTU e€JIEKTPU-
yuoro monsa y 51 Ta. Haa 30yasKeHHA eHepreTUYHOTO PiBHA aroma
[Muaky (emepria mopory — 4,00 eB) BTpaTu HOTYKHOCTH POIPALY
OyJin TexX 3HAUHMMH IO BiZHOIIEHHIO OO iHIMWX cyMimreii i mocsarasiu
13%.

KoucTaHTH HIBUIKOCTH 3iTKHEHb €JEKTPOHiB i3 aromamu Aprouy,
Kynpymy rta Iluaky sminioBaauca B fgiamasoHi k=~ 107'2-107%* m®/c.
Hna aroma [TuaKy BOHUM OyJaIuM MaKCHUMAaJbHUMU I 30yI:KeHHS cIie-
KTpaJbHUX JiHi# i3 goBmMHamMu XBUIb A =271,24 i 275,64 um guas
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TPLOX cyMimeii i gocaranm Bemmums 1,688-107° i 3,317-107"° m®/c
I cyMimi 3 GLIBINTMM 3HAUYEeHHSAM IapIisJbHOTO THUCKY aTtoMmiB Ilu-
Ky i Kyopymy, a came, cymimnri Ar:Cu:Zn =202 650:1000:1000 IIa,
3a 3HAUEHHA 3BeIeHOoro ejeKTpuuHoro mouas y 50,6 Ta. Ins atomis
Kynpymy Boru smiHIOOTBECA B miamasoni 1078-107'2 m®/c. KorcranTu
IIBUJKOCTUA 30yJ:KeHHsA pe3oHaHCHoro crany Kynpymy (E,..=3,8
eB) Oysau OGinpimumm, HiK AaA 30yI:KeHHA eHepreTMYHuUx piBHiB Ilu-
HKy. BoHm pmocaranu wMakcuMasibHOol BeqmumHH 0,6188-107'% Ta
0,4325-107'2 M?/c nna 3BefeHOI HANPYKEHOCTH eJEeKTPUUHOTO IIOJIS
E/N=407 Tg i E/N=203 Tnx BigmoBigHO AJA PO3PAAY B CYMiIri
Ar:Cu:Zn =50 663:100:100 Ila.
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! Fig. 1. Oscillograms of current pulses, voltage and pulse power of overvoltage nanosecond
discharge in argon at pressure p =202 kPa and at d=2 mm (frequency of discharge pulses
=80 Hz).

2 Fig. 2. Radiation spectrum of an overvoltage nanosecond discharge between copper and zinc
electrodes at p(Ar)=50.5 kPa.

3 TABLE 1. Results of identification of the radiation spectra of the overvoltage nanosecond
discharge plasma between the copper electrode and the zinc electrode at p(Ar)=50.5 kPa.

4 Fig. 3. Electron energy distribution functions in the discharge on mixtures: Ar:Cu:Zn=
=202 650:100:100 Pa (a); Ar:Cu:Zn =202 650:1000:1000 Pa (6); Ar:Cu:Zn=>50 663:100:100
Pa (8).

> TABLE 2. Values of the E/N parameter and the average energy of the electrons for the
electron-energy distribution functions in the discharge.

5 Fig. 4. The dependence of the average electron energy in plasma gas—vapour mixture
Ag:Cu:Zn =202 650:100:100 Pa at a total pressure p =202 850 Pa on the reduced electric
field strength.

" TABLE 3. Electron transport characteristics at the moments of times of 10 and 25 ns for
the electric field strength E=5-10° V/m i 2.5-10° V/m for discharges in gas—vapour mix-
tures: Ar:Cu:Zn=202 650:100:100 Pa, Ar:Cu:Zn =202 650:1000:1000 Pa and Ar:Cu:Zn=
=50 663:100:100 Pa.

8 Fig. 5. The dependence of the specific power of discharge losses for the elastic and inelastic
processes of electron collisions with atoms of argon, copper and zinc on the reduced electric
field strength in plasma of the vapour—gas mixture Ar:Cu:Zn =202 650:100:100 Pa at a total
pressure p = 202 850 Pa.

9 TABLE 4. Value of specific power of discharge losses for the elastic and inelastic processes
of collisions of electrons with atoms of argon, copper and zinc in plasma gas—vapour mix-
tures Ar:Cu:Zn =202 650:100:100 Pa, 202 650:1000:1000 Pa, 50 663:100:100 Pa for the
given electric field strength on the plasma, which is achieved at the moments of time #=10
ns and 25 ns from the beginning of the breakdown between the electrodes’ gap.

10 Fig. 6. Dependence of specific losses of discharge power on collisions of electrons with ar-
gon, copper, and zinc atoms on the E/N parameter in plasma for mixtures: a) Ar:Cu:Zn=
=202 650:100:100 Pa at a total pressure p =202 850 Pa: 1—excitation of the energy level of
the copper atom (threshold energy of 3.80 eV), 2—excitation of the energy level of the argon
atom (threshold energy of 11.50 eV), 3—ionization of argon atoms (threshold energy of 15.80
eV), 4—elastic scattering at argon atoms, 5—excitation of the energy level of the zinc atom
(threshold energy of 4.00 eV); 6) Ar:Cu:Zn=202 650:1000:1000 Pa at a total pressure p=
=204 650 Pa: I—excitation of the energy level of the copper atom (threshold energy of 3.80
eV), 2—excitation of the energy level of the argon atom (threshold energy of 11.50 eV), 3—
ionization of the argon atom (threshold energy of 15.80 eV), 4—excitation of the energy level
of the copper atom (threshold energy of 1.50 eV), 5—excitation of the energy level of the
zinc atom (threshold energy of 4.00 eV); 8) Ar:Cu:Zn =50 663:100:100 Pa at a total pressure
p=50 863 Pa: 1—excitation of the energy level of the copper atom (threshold energy of 3.80
eV), 2—excitation of the energy level of the argon atom (threshold energy of 11.50 eV), 3—
ionization of argon atoms (threshold energy of 15.80 eV), 4—excitation of the energy level of
the zinc atom (threshold energy of 4.00 eV), 5—elastic scattering on argon atoms.

11 Fig. 7. Dependence of rate constants of electron collisions with atoms of argon, copper and
zinc on the E/N parameter in the gas—vapour mixture discharge: a) Ar:Cu:Zn=
=202 650:100:100 Pa at a total pressure p =202 850 Pa: I—elastic scattering at the copper
atom, 2—excitation of the resonance state of the copper atom 2Py, ;,, (threshold energy of
3.8 eV), 3—elastic scattering on the zinc atom, 4—elastic scattering on the argon atom; 06)
Ar:Cu:Zn =202 650:1000:1000 Pa at a total pressure p =204 650 Pa: 1—elastic scattering at
the copper atom, 2—excitation of the resonance state of the copper atom 2Py, ;5 (threshold
energy of 3.8 eV), 3—elastic scattering on the zinc atom, 4—elastic scattering on the argon
atom; g) Ar:Cu:Zn =50 663:100:100 Pa at a total pressure p =50 863 Pa: 1—elastic scatter-
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ing on the copper atom, 2—excitation of the resonance state of the copper atom 2P3/2, 172
(threshold energy of 3.8 eV), 3—elastic scattering on the zinc atom, 4—elastic scattering on
the argon atom.

12 TABLE 5. Excitation rate constants for the spectral lines of the zinc and copper atoms for
fixed values of the reduced electric-field strength in plasma on argon vapour—gas mixtures
with zinc and copper at moments of time of 10 ns and 25 ns from the start of discharge igni-
tion. E\eshoa 1S the excitation-threshold energy of the spectral lines of the copper atom.
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HocaigsxeHo Kimbka cmoco0iB eIeKTPOXeMiuHOl CMHTE3W HAHOMOPOIIKY HiK-
g (Ni). ITokazano, 1m0 Ha#6igbII e(peKTUBHUM Ta €KOHOMIUHO BUTIZHUM €
cnocib enexrpoaisu cyabdary Hixkmaro (NiSO,) 3 BigmoBizHUMEU moMimIKaMu
xmopuny Hikaio II (NiCl,), 6Gopuoi =xucaoru (H;BO;) Ta TioceuoBuHmM
((NH),CS) 3 Buxopucranam moteHmiocrary II-5848 B saxocti mKepesa
crpymy. B AkocTi Katomum BuUKOpmcTOBYBasu ajsiomiumiii (Al) yabpTpaBrcoKoi
YMCTOTH, 4 AHOIOI0 CJIyryBaja IJaTuHOBa ILtacTuHa. CHUHTE3y IPOBOAMJIU
3a Temmeparyp y 45—65°C. Ilicaia aBoOX TrOAWH eJEeKTPOJi3uW 3a T'yCTUHU
crpymy Big 1,0 A/am? mo 3,3 A/am? 6yJI0 Ofep:KaHO HAHOIOPOIIOK HiKJIIO
i3 cepemHiM po3MipoM JIYCOK (IYCKOMOAiOHMX YAaCTHMHOK) y 55 HM. 3acToco-
ByBaJIM ¥ cyuacHi agcopOuiiinmi metromu. EimekTpoxemiuni peakirii BimOyBsa-
mucsa Ha xKartomi (Ni?' + 2e=Ni) i ma amoxi (2H,0 = 0,T + 4H' + 4e). Taxox
OyJI0 ofep:KaHO HAHOYACTMHKM MiAi AeHAPUTHOI (GopMU Ta BHUCOKOI AMCIIEp-
CHOCTM 3a MOJKJIMBOCTH DPEr'yJIOBAHHS CHHTE3W HAHOIOPOIIKY Mini 3 Besu-
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uypHOI0 HacumHoi Baru y 0,4 v/cm®. Jns mporo 6yJo IpOBefeHO eJIeKTPOIisy
POSUYUMHY eJIeKTPOJIITYy 3 BiIHOCHO HM3LKMM BMicToM KympymMy Ta BHUCOKUM
BMicToMm cipuanoi kucsaoru (H,SO,) 3a BUCOKOI KaTOAHOI T'YCTUHU CTPYMY Ta
BiITHOCHO HU3BKOI TeMmiepaTrypu posumHy cyiabdary Kynpymy (CuSO,). IcTo-
THA KiJBbKiCTh MiZHOrO ILJIaMy BUIAJSAJACSA 3 €JeKTpoJizepa uepes mepiomu-
YHi ymapu, a MigHa aHoJa ocuIlajacs Ha OHO BaHHM Imicasa 13,3 ammep-
roguH cTpyMy Ha 1 am? miomuuum anoxm. Ilpolec eleKTPOJIi3H IIPOXOBIKY-
BaBCA 3a T'YCTHHU cTpymMy y 15,6 A/am?, a HanmpaMmMok cTpyMy 3MiHIOBaBCS
kKokHI 20 xBuamH. B Hamromy BUOAAKy HAN6GIiABINT MOMIJTLHUM BUABUBCA
PeKUM eJIeKTPOJIi3u, KoJaW Kartoau (MiZHI IJIacTHMHU) PO3MINIYIOTHCA Ha
Bigmani y 0,8 cm ogua Bimg oguol B enexTpouiti 3 45% H,SO,, 4% CuSO, ta
8% Na,S0,, a TycTuHA CTPpYMy Ha KaToni ckjaagae 15,3 A/am? 3a Temmepa-
Typu y 54°C Ta 3a Hanpyru Mi:k aBoma MigHnuMmu miaactuHamu y 0,775 B.

Several methods of electrochemical synthesis of nickel (Ni) nanopowder
are investigated. As shown, the most efficient and cost-effective method
is the electrolysis of nickel sulphate (NiSO,) with appropriate impurities
of nickel chloride IT (NiCl,), boric acid (H;BO;) and thiourea ((NH,),CS)
using the P-5848 potentiostat as a power source. Ultrahigh-purity alumin-
ium (Al) is used as the cathode, and a platinum plate is served as the an-
ode. The synthesis is performed at temperatures of 45-65°C. After two
hours of electrolysis at a current density of 1.0-3.8 A/dm?, nickel na-
nopowder with an average scale size (scaly particles) of 55 nm is obtained
that is confirmed by high-resolution electron microscopy and Raman spec-
troscopy of high resolution, as well as modern adsorption methods. Elec-
trochemical reactions take place at the cathode (Ni%" + 2e =Ni) and at the
anode (2H,0=0,T +4H" + 4e). Dendritic copper nanoparticles with high
dispersion are also obtained with the possibility of regulating the synthe-
sis of copper nanopowder with a bulk density of 0.4 g/cm®. For this pur-
pose, electrolysis of an electrolyte solution with a relatively low copper
content and a high sulphuric acid content is performed at a high cathode
current density and a relatively low temperature of a copper sulphate so-
lution (CuS0O,). At the same time, a significant amount of copper sludge is
removed from the cell by means of the periodic shocks, and the copper
anode is shed to the bottom of the bath after 13.3 ampere-hours of cur-
rent per 1 dm? of the anode plane. The electrolysis process is continued at
a current density of 15.6 A/dm? and the direction of the current is
changed every 20 minutes. In our case, the most appropriate mode of elec-
trolysis is when the cathodes (copper plates) are placed at a distance of
0.8 cm from each other in the electrolyte with 45% H,SO,, 4% CuSO, and
8% Na,S0,, and the current density at the cathode is of 15.3 A/dm? at
the temperature of 54°C and at the voltage between two copper plates of
0.775 V.

Karouosi cmoBa: mamomoporok Mmimi (Cu), erekTpoxemiuna cUHTE3a, €JIEKT-
poJaisza, migb meHapuTHOI opmMu, Hamomopolmnok Hikaio (Ni), cipuana Kwuc-
gora (H,S0,), amominiiioBa (Al) karoma, miaruuoBa (Pt) anoma, moreHiioc-
tar, xJjgopunx Hikmao II (NiCl,), 6opua &kucmaora (H;BO;), TioceuoBuHa
((NH,),CS), cyaspar Harpio (Na,S0,), cyasdar Kynpymy (CuSO,), cyabbar
Hikaio (NiSO,).
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Key words: copper nanopowder, electrochemical synthesis, electrolysis,
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(Ompumano 17 ciuna 2022 p.; nicas doonpaurwsarnna — 1 yepsus 2022 p.)

1. BCTYII

SAx Bimomo, Ha el yac MOPOINIKM HIKJIIO 3HAXOAATHL BCe IMHPIIE 3a-
CTOCYBaHHS, OCOOJIMBO B PafioOKaIlilHMX IpuUJaagax i cydyacHUX Te-
aedpouHUx anaparax [1-4].

IITo crTocyeThcA IMOPOIIKIB HiKJIO, 0COOJIMBO BHCOKOI JMCIEPCHOC-
TH, BOHM € 3HAYHO JEIIEBIINM MAaTepPifjoM, aHi)K IJIaTHHA Ta IaJa-
Iifi, i 3aMiHIOIOTH IIi MeTaJin B AKOCTi KaTajisaTopiB riiporexisarriii-
HUX TIPOIIECiB y TEeXHOJIOTil CUHTe3UW HU3KM OpTaHiuHWX pedYoBUH i
HAHOCTPYKTYPHUX MarepianiB [5, 6]. OnHak HUHI omep:KaHHA HAHOK-
pHUCTANIYHUX TOPOIIKIiB 3 BUKOPUCTAHHAM €JEKTPOXEMiUHUX METOMiB
BCe X TaKU iCTOTHO 3aIliBHIOETHCH.

TuM He MeHINI, HA PUHKY HAHOIIOPOIIKIiB UMCTHUX MeTaaiB (Mini
(Cu) Ta mixkaio (Ni)) mepemosi mosurlii saiiMaioTh caMe IIOPOIIKM HiK-
JII0 y OOBOJI BeauKii rimbkocti (2 16,5%). Hacrimie 3a Bce 1i mopo-
KXY He € KiHIIeBUM IPOAYKTOM, & BUKOPUCTOBYIOTHCA Y Pi3HOMAaHIT-
HUX TPOMIKHMX BUPOOHMUMX IIPOIlecax. PeryjspHO HAHOIOPOIIKU
migi (Cu) Ta mikjaio (Ni) BiKe ZOCTATHBO IIIMPOKO 3aCTOCOBYIOTH B OC-
HOBHOMY [Bi KJIIOUOBI raaysi — ejleKTpoHiKa I o0pobOHA IPOMICJIO-
Bicth. Takum uymHOM, 006’€M HPAKTUYHOTO BUKOPUCTAHHA HAHOIIOPO-
IIKiB HiKJI0 Oe3IepepBHO 3POCTaE.

Oxkpim Toro, manomopomku Cu Ta Ni xapakTepusyoTbCs BUCOKUM
3HAYEHHAM IiHAYKIiI MarHeTHOTrO HACUTY i TOMY € NEePCIEeKTUBHUM
MaTepiAJJOM /I CTBOPEHHA MarHeTHUX PifWH i KOMIAKTHUX KOMIIO-
auniiaux marepianiB. Taki yJabTpagucnepcHi MOPOIIKM MOMKHa Ipa-
HYJIIOBaTHU, 110 TAKOXK HiABUIYE IXHIO TeXHOJIOTIUHY I[iHHICTB.

Benuke sHaueHHsa muToMoi moBepxHi HamomopolnkiB Cu Ta Ni gae
3MOT'y 3aCTOCOBYBAaTHM IX y HUBI[I XeMiUHMX BUPOOHUIITB, MEPII 3a
BCe, B ejeKTpoxeMii. 30KpemMa, HiKJIeBi aHOAU 3 HAHOMIODOIIKIB BiKe
BUKOPHCTOBYIOTHCA IJIA HiKJIIOBAHHA Ta MiJHEHHS PisHUX BUPOOiB.

Iamuii Bug BupPoGiB 3 HAHOMOPOIIKY (HiKJEBi JimcTH) Ha Ieil dac
BUKOPHCTOBYEThCS B €JIEKTPOHHIM CHEKTPOCKOMii, Mac-cneKTpoMeTpii
3 iHAYKOBaHO 3B’A3aHOI0 IJIa3MOI0, HU3bKOTEMIIEPATYpPHili amcopOIrii
a30Ty, JasepHill gudpakxiiii, a TaKoXK A9 TUHAMIYHOTO PO3CiloBaHHSA
cBitna. OKpiM TOro, Ha OCHOBI HAHOIIOPOIIKIB YMCTOTO HIiKJIO BiKe
BUTOTOBJIAIOTh MOPUCTI PIiABTPU OJA OUMINEHHA rasiB Bij majamBa Ta
iHIMUX TPOAYKTIB XeMiuyHOI IIPOMUCIOBOCTH.
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Bizomo Takoik, II0 HAHOMOPOIIKM HIKJIO B SKOCTi HAILJIaBKOBUX
MaTepifAJiB 3aCTOCOBYIOTHCA Y HOBUX IIPUIIBUAIIIYBAaUaxX €JIeKTPOHIB 3
eueprieo y 1,5 MeB i mory:kuictio y 50 xBrT.

Tarko:x cjim 3asHaunTH, [0 HAHOMOPOIIKM MiJi Ta HIKJIO € mepc-
MEeKTUBHUMY MaTepidjaMu IJid CTBOPEHHSA MAarHETHUX DPiIUH y CUC-
TeMax 3amucy Ta 30epiraHHa indopmailii, I8 CTBOPeHHS HOCTiMHMX
Mar"eTiB B SAKOCTi MAarHeTHHUX CEHCOPiIB, a TaKOX y MeIWIWHI IJd
HaIpAMJIEHOI JOCTaBKU JiKapChbKUX IpelapaTiB, a TAKOX MarHeTope-
30HaHCHOI ToMorpadii.

B obGJsiacTi maTepisiiosHaBCTBA HiKJeBi HAHOIIOPOIIKM MAalOTh IIepC-
HEeKTHUBY OiJIbII IIIMPOKOT0 BUKOPHUCTAHHS IJA OJEP:KaHHS TiAPUIiB
HiKJII0 aaa OaTapeii i 4aa BOIOCKOHATEHHS KaTOOHUX i aHOTHUX MAaTe-
piAJiB cyyacHUX TBEPAOOKCHUIHUX HAJUBHUX €JIEMEHTIB.

OcTaHHIM YacoM B3HAUYHO IIiICMJIMBCS iHTepec i MO IIPOMUCIOBOTO
oliep:KaHHA HAHOIOPOIIKIB Mifi, aje cipobu ofep:KaHHA caMe YUCTO-
ro TOPOMIKY Mimi Oynam moB’s3adi 3 meBHMMHU TpyaHomlamu. Tak, y
pobori [7] 6ys0 mpeAcTaBIeHO METOH OAEP:KAHHSA HAHOIOPOIIKY Mifmi
Yy OPUCYTHOCTI IMOJiaKpUIaTy, 110 BILJIMBAE Ha po3Mip (migBurieHuin) i
BificyTHiCTh TOTPiOHOI YMCTOTM BUTOTOBJIEHOTO IIOPOIIKY. ABTOpU
IIUTOBAHOI POoOOTH 3MOTJIM OJEP;KaTU JIUIle TPaHUYHUNA CTAaH HaHOMA-
cmTabHOTO PO3Mipy i3 HEBHCOKOIO YMCTOTOIO MiJHOTO IIOPOIIKY.

B Toit :xe uac €. C. 3orosiii [8] Bmamoca omep:kaTu OinbIn ApiOHO-
IUCIIePCHI HaHOYAaCTHMHKM MiAi posmipom Bim 2 mo 5 HM, aKi, ogHaK,
IIPEICTABJIAIOTE COO0I0 MeTaJieBi Aapa 3 OKCUIHOIO IJIiBKOIO Ha IIOBe-
pxHi, y cymimri 3 7ocTaTHBO BEJIMKOIO KiJIbKiCTIO BiKe MEHII Api6GHMX
(2 20 am) vactuHoK okcuay Kympymy CuO. Takwmii matepian morpe-
OyBaTuMe JOZATKOBOTO OOPOOJIEHHA IJIA OfeP:KaHHA YUCTOI Misi.

3 TaKMMU caMUMHU TPYAHOIaMu (HEZOCTATHLBO YKWCTA MiJb) CTUK-
myauca takoxk A. I. I'yce [9], I'. }O. Cumenok, I. I. ObpasmoBa Ta
H. K. €pemenko [10] mig uac 3acTocyBamHA MiZHOTO HAHOIIOPOIIKY B
KaTaJiisi i aBTOMOOiIbHIN TPOMMCJIIOBOCTI.

CTBOpEeHHA [IeIleBOro BMPOOHUIITBA HaHOIOPOIIKiB Hikmo (Ni) Ta
migi (Cu) € BasKJIMBUM 3aBJaHHAM CYYaCHUX TEXHOJIOTil, OCKiJIbKH
TomepeIHI pesyIbTaTH BKA3YIOTh, IO TaKi IOPOMIKKM MOXKYTh OyTHU
KJIIOUEM [0 CHUHTEe3W cydacHMX po3umHHUX [11-26] i HeposumHHUX
BYIJIEIIEBUX HAHOCTPYKTYDP [27-30], 3 AKX MOKHA CTBOPIOBATHU CY-
yacHi marepianu [31-36]. Imoxi Taki cuHTE30BaHiI ByTJeIeBi HaHOCT-
PYKTypu 3maTHi 30epiratu BomeHb [37, 38] i KOHKypyBaTu 3 HaABHU-
mu Marepiamamu [39-50] ana cyuacHMX HaKomuuyyBauiB BomHIO [51,
52]. CTBopeHi 3 TAKMX MAaTePisjiB BUPOOU € TEXHOJIOTIiUHUMU IIIeJeB-
pamu cboromenusa [53—55].

Y 3B’A3KY 3 BUINECKA3aHUM METOI0 JaHOI pobOTH € ofep:KaHHSA BU-
KJIIOYHO YMCTUX HAHOKPHUCTAJIUuHMX IopoInKiB Hikmwo (Ni) Ta mixgi
(Cu), 1110 € BaXKJIMBUM JAJIA 3aCTOCYBAHHA IX HE TiJIbKU B IIONEPEIHBO
3ralaHmX HaIpsaMax, a ¥ B eJIeKTPOTeXHiuHil i paxioesleKTPOHHIiH
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IPOMUCIOBOCTAX, IJA BUTOTOBJEHHA (IiJIbTPIiB TOHKOI'O OUMINEHHSA
Maces, a TaKOYK Y BUPOOHUIITBI MeTaJoKepaMiuHMX BUPOOiB, IIPOKJIA-
IOK i BTyJIOK [56].

2. OBJIATHAHHS, BHKOPHUCTAHE ¥ EKCHEPUMEHTAJIbHIX
TOCJIUTKEHHAX

B mporieci eaeKTposidu BUALISETHCA TEILJIO, IO HArPiBae cepeoBUIIE
Ta camMy ycTaTkoBuuy. Il BigBemeHHs Tellna pobouy IMOCYAUHY OYJIO
3aHYPEHO Y CKJIAHKY i3 cywmimmrio Jgpomy Ta coii (puc. 1), 3aBmaxu
yoMy OyJIO0 MOKJIMBO PEr'yJIIOBATH TEMIEpPaTypy eJeKTPOJiTy Ta IiAT-
pumysaTtu ii y me:xax Bigm 15°C go 65°C 3a aHOAHOI I'yCTHUHH CTPYMY
Bix 1,0 A/am* o 3,3 A/mm>.

Taxko:X MOKHA IOHMIKYBATH TeMIIepaTypy CepemoBUINA, IITYYHO
ImepepuBaiouYd pPekKuM POOOTH YCTATKOBUHU eJIEKTPOJIi3u, ajle Takui
BapiAHT He PO3IJIANAETHCA, OCKIMIbKM BiH BUKJIOUAE MOMKJIMBICTH 3a-
CTOCYBAHHSA IAHOTO METOAY IJsI CTBOPEHHS ITPOMMCJIOBOTO BUPOOHUIII-
TBa HAHOIIOPOMIKiB HiKJIO Ta Mimi. TakuM YMHOM, KOHCTPYKI[iSA IIPH-
Jamy maBaJia 3MOTY HiATPUMYBATH TeMIepaTypy 3aJaHoro PiBHA.
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Puc. 1. Cxema npuaany: 1 — cKIAHUNA mocynd; 2 — KarToza; 3 — IiaBeaeHHs
CcTPyMy o Karonmu; 4 — aHoma; 5 — IiABeIeHHs CTPyMy MO0 aHomu; 6 — mi-
Apparma; 7-9 — tybycu; 10—13 — rymoBi npobku; 14 — jmaTyHHaA TPYyOKa;
15 — cudon; 16 — soBHimHIN cocyn; 17 — jinx i cinb; 18, 19 — Tepmomer-
pu; 20 — HamipHHi cocyn; 21 — cKIAHKA; 22 — eJIeKTpoja IOPiBHAHHS;
23, 24 — ppotu mo moreHmiocrary I1-5848.1
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Puc. 2. Cxema npuHIUIYy poboTu HoTeHmiocTaTy I1-5848.2

Cxemy, dAKa IOSACHIOE MPUHIUI POoOOTH 3 MOTEHI[IOCTATOM, HaBeJe-
HO Ha puc. 2. 3i cxemMu BMUIHO, IO HAa OAWH BXiJ migcuiaioBaua Imoza-
€ThCcA HAIpyTa, a Ha iHmMUuNl — DPIMKHUIA MOTEeHIiAJNIB MiK eJeKTpo-
IOI0 TMOPiBHAHHSA Ta POOOYOI0 eJeKTpomoio. BximHi mampyru B mimcu-
JIOBauYi IMOPiBHIOIOTHCS, i ofep:KaHa PiKHUIA Kepye BUXITHUM CTPY-
MOM ITiICHJIIOBava, IO IMOJAPU3YE POOOUY eJEeKTPOAY M0 HMOTEHIiATy,
BCTAHOBJIEHOTO Ha J)KepeJsi Halupyru, AKUil 3aJaeThCA.

TouHiCTh TIATPUMKU MMOTEHIIIAJTY POOOUOI €JIEKTPOAN BU3HAYAETHCA
cTabinbHiCcTIO mimcuaioBaua Ta KoedillieHTOM IIifCcHUJIeHHS.

[a 30inbIIeHHA TOYHOCTY BUMipIOBAHHA Ta HiATPUMKM IIOTEHITidA-
Jy poboYoi eJIeKTPOM B IOTEHIIiocTaTi 0yJI0O 3aCTOCOBAHO YOTHUPOIIPO-
BiIHY cXeMy ITiIKJIIOUEHHS eJeKTPOXEeMiUuHOTO OCEPENKY, 3a SIKOI po-
O0oua eJIeKTpOoJa OCePenKy B3a3eMJIIOETHhCS IOTEHIIAJILHUM IPOTOM,
AKUM He TIIPOTiKae BUXIAHUI CTPyM IifcuiioBaua i, OT:Ke, He CTBO-
plo€e Ha HBOMY HaliHHA HANpPyru. B pesyapTari IIbOTO IMOTEHIIiAJ PO-
00uoi eleKTPoOAU IIOAO0 eJeKTPOAM MOPiBHAHHA Maii)Ke TOYHO Bifmo-
BijaTuMe 3amaHiii BenauuwmHi. 3HAueHHA BiggaHoli Hampyru, a, 3Ha-
YUTh, i MOTEHIiANYy PO6OUYOI eeKTPOAM MOMKYTh 3MiHIOBATHCA CXij-
YacTo Ta 3a JIHIMHMM 3aKOHOM. 3HAUEHHA CTPYMY HOJAPU3aIlii BU-
MipooeTbea Mmimiammepmerpom (mA). IloreHmiocTaT Mo:ke BUKOPHUCTO-
BYBaTHUCA TAKOXK y PEKUMI MiATPUMKMN HeoOXigHOTO 3HaUeHHS CTPY-
My MoJsapuaaltii podouoi eIeKTPoau.

BumipoBaHHA KaTOAHUX IOTEHIIANIB ITPOBOAMIIN, TOJOBHUM 4YU-
HOM, i3 BuKopucramuaMm moreHIiiiomerpa II-5848 (puc. 3). IIas sarmo-
OiraHHA momaJaHHA rady HOCUK €JIEKTPOJM IMOPiBHAHHS 3JI0TOBYBaB-
ca B ckaAHUYN (dinbrep. IloBiTpa Bix moBiTpoaMyxasa ImomaBajiocs Mif
eJeKTPOAY Ta BigKauyBajoCAd 3 BEPXHBOI YACTUHU IIOCYAUHU BOJO-
CTPYMUHHOIO mmoMIiop. Ilepemnan Tucky BUMipioBaiu PTYTHUM CU(pOH-
HUM MaHOMEeTPOM. BuMiproBaHHSA IOTEHIiAJIB KAaTOAW HPOBOAWJIHN B
THUX JKe YMOBaX, a TaKOXK 3a 30eperkeHHs craysoctu pH.

Y morenmiocrari II-5848 BuKOpHCTOBYBaJMCS TPU MiACUJIIOBAYL
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Puc. 3. Po6oua craunis morermiocrary I1-5848.3

PisHOrO THHOY: OCHOBHUM ITifICHJIIOBAY MOCTiMHOTO CTPYMY; BUXiTHUI
migcuaoBad (OiZCcHII0OBAY HOTY:KHOCTH); CTabOLIisyBalbHUU IIiJCHJIIO-
Bau IIOCTiHOTO CTPYMY i3 II€PETBOPEHHAM CUI'HAJIY.

Taxoxx y moreniioctari II-5848 BuKopucTOByBaau TPUKACKATHUH
IudepeHIiiHNN TiACUII0BAY TMOCTiHHOTO CTPYMY 3 CHMETPUUYHUM
BxozoM i BuxomoMm. Hampyra 3 pesucropa «IloMHOKYBau cTpyMy» Hifg
yac pobOTH B peKUMi Ir'aJbBaHOCTATY HOJAETHCA Ha OAWH i3 BXOMiB, a
Hampyra Bim «IIporpamepa» moTeHIIisay momaeThbca Ha iHmmi. Ile
YMOJKJIMBJIIOE BUKOPHCTOBYBaTu «IIporpamep» IIOTEHIiANy i3 3as3eM-
JIEHUM HYJbOBUM IIPOBOJOM 1 Ja€ 3MOry MHOHUSUTA (POH 3MiHHOTO
ctpymy. Uepes cHemifgJbHI KJIeMH «30BHIIIIHA PO3TOPTKA» OO APYIOro
BXony OyB migkJaiouenmuii edeKkrpouuuii «IIporpamep» moreHiisiay 3
r'eHepaTopoOM IMPAMOKYTHIX iMITyJbCiB, AKUH He MOPYIIYE HOPMAJILHOI
poboTu morenitiocrary. HeobxigHy Bemunumuy ctpymy moadapusaiii IE
3abe3Ieuye TPAH3UCTOPHUN IifCHUII0BAY ITOTYKHOCTH.

Y 8B’sa3Ky 3 HeoOximmicTio moasapwusarnii IE cTpymMoM pisHOro Ha-
OpaAMKY 0e3 mepeMMKaHHA IIOTEHIlioCcTaTy BUXigHI mimcuarroBaui
CKJIAJAIOThCA 3 ABOX He3aJeKHUX cxeM (mimcuiaioBau a i mimcuiioBau
0), YBIMKHEHIX TAKMM YMHOM, II[0 BeJIWUYMNHA CTPYMY, KU IPOTIiKae
Kpisb IE, € pisKHUIIEIO0 BUXiTHUX CTPYMIB IIMX CXEM.
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Mopenn noreuiocrary I1-56848 yMo:KIMBIIOE 3a0€3II€UNTH:

a) TiaTpuMaHHA 3aJaHOTO IOTEHIiANy POO0UOl eIeKTPOIN;

0) 3MiHy HOTEHIIisay Po0ouoi eeKTpoaAM cXiguacTo Ta 3a JiHiAHUM
3aKOHOM i3 Pi3HOIO IIBUAKiCTIO;

8) MiATPUMKY 3aJaHOTO CTPYMY HOJIAPU3AIlii poOdoUoi eeKTpoay;

2) 3MiHY cTpyMy mojapuaairii pobouoi egekTpomu cxXiguacTo Ta 3a
JiHIAHMM 3aKOHOM i3 Pi3HOIO IIBUIKICTIO;

0) 3MmiHy moTeHIiAMy abo cTpyMy HOJIApuaallii podouoi erexkTpomu
BiATIOBiIHO O HAIPyTr¥W 30BHIIIHBOT'O I'eHepaTopa, I0 3a4ac;

€) BUMipIOBaHHA IIOTEHIIiAJY POOOUYOi eJIeKTPOAM Ta CTPYMY IIOJIS-
pu3arii.

3. TEXHOJIOI'TA BUT'OTOBJIEHHA HAHOIIOPOIIIKIB

Buzomoeénenns nanonopowry nikaw (Ni). Y paniit wactuHi pobotu
3aIPOIMIOHOBAHO eJeKTPOXeMiuHi Ccrocobu ofep:KaHHd HiKJIEBOTO Ha-
HomopoInKy. HaibiabIn HOMiIbHUM 3 €eKOHOMIUHOI TOUKHU 30PY € CIO-
ci6 excmepumenty Ne 1 (tabu.), AKUil IOJATAE B €JIEKTPOJIi31 pOo3UNHY
cynbdary Hikmro (NiSO,) i3 momaBamuam xjaopuny Hikaio I1 (NiCl,),
oopuoi kucyaoru (H;BO;), TioceuoBmuu ((NH,),CS) Ta 3actocyBamHAM
BHUCOKoOuUMCcTOi anroMmiHitioBoi (Al) karomm ta mimatmuOBOi (Pt) aHomm
3a Temmepatrypu y 45—65°C Ta ryctuHm cTpymy Ha Karoxi Bim 1,0
A/nvm? mo 3,3 A/mm?. TakuM cII0cO60M OZep KYyBaTH HAHOIOPOIIOK i3
cepeIHIM PO3MipoOM UYACTHHOK Yy 55 HM.

OKpiM ommcaHoro, HAHOIIOPOIIOK HIiKJIO OAepPKyBaau U IiHIITUM
cocoboM excrepuMeHTy Ne 2 (TabJ.) — eJIeKTPOoJIi30I0 3 POSUMHHUMU
miknesumu (Ni) amomamu 3a peakiieio Ni= Ni* + 2¢ i Tiero x camoro
amominiioBoo (Al) KaTomoio. ¥ IbOMY BUIIAAKY B SKOCTi €JIEeKTPOJIi-
Ty BHKOpHCTOBYBaju posumH cyiabdary Hikmao (NiSO,) 6aumsbxo 60
r/n, xmopuny Amawoominito (AlICl;) 15 r/n ta amiarky (NHs) 137 r/x.
Ina mosierieHHss 38HATTA OCAAY HAHOIIOPOIIKY HiKJIIO M0 eJIeKTPOJIiTy
momaBanu 1% creapuuoBoi Kucaotu (C;;H;;COOH) Ta HeBeqmky Ki-
JbKicTs comimony. CepenHiii po3Mip YacTHMHOK OJEPIKAHOTO IMOPOIIKY
cxkaagaB 60 um. Binbysanaca peaxiria:

Ha KaToni Ha a”Honi
Ni** + 2e = Ni; 2H,0 = Oy + 4H" + 4e.

ExcrnepuMeHTAIbHUM IILIAXOM OYJIO BUABJIEHO, IO HAWOiJIBII TOH-
Ki HaHouacTMHKU HiKJI0 (=40 HM) MOKHA OIep:KaTH 3 BUKOPHUCTAH-
HAM IIepeprBYACTOrO CTPYMY IIiJ Yac eJeKTpoJisu (ToOTO CTPyM B
IPOIleci eJeKTPOJIidN IIepepuBan).

Caim sasHauuTH, IO B IIPOIECi €IeKTPOJi3u TioceuoBHMHA PO3KJIA-
IaeThCs; B 3aJIe’KHOCTI Bifg i1 KOHIIeHTpAaIlii BMiCT CipKu B oJep:KaHUX
MMOPOIIKAaX HiKJII0 KoJamBaeThca ycboro Ha 0,1-1,0%, 1110 mpakTHUYHO
He BILJIMBAE Ha BJACTHUBOCTI HiKJIIO.
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TABJIMIIS. BaranbHi faHi ekcnepuMeHTiB.*
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~xnopnp Hixmo II (NiCL) .~ cipuama| 3 5 2
Ho6aeku |-6opHa Kucyora (H;BO,) kuciora| & .2 5
. ((NH,),CS) 0 ©
- rioceuoBuna ((NH,),CS) 22 (H,S0,) c L.
Karona ajmoMiHilio- asiomiHilioBa asiomimitioBa — migma wmigai (Cu)
A Ba (Al) (Al) (Al) (Cu) mracTunm,
110 PO3Mi-
IJIaTUHOBA . . . . MigHa — IIeHi Ha
Anoma (Pt) HikageBa (Ni) wirkaena (Ni) (Cu) e y
0,8 cm
Temnepa-
Typa cepe- 45-65°C ~15°C ~23°C 54°C
JOBHIIA
I'yctuna
cTpyMy 1,0-3,3 A/am® 15,3 A/om?
Ha KaToxi
Hamnpyra
Mi¥ miaac- — 0,775 B
TUHAMU
. TIOPOIIIOK
Posmip Migi (Cu) TIOPOIIIOK
oJep:caHUX| IIOPOIIIOK TIOPOIIIOK TIOPOIIIOK ~ 40 M migi (Cu)
gactuHok |Hikiio (Ni) mikmaio (Ni) Hikgo (Ni) (_ eHIDL. > 30 M
HAHOIIOPO- 55 HM 60 HM 70 EM ACHAD (meugpuT-
LK THOL (o- oy dhopmu)
y pME) D
S Y— nepioguuHe
Hanomopo- | CTEAPHHOBA KHCIOTA (C,;H3;;,COOH) = 1% CTPYIIIyBaHHSA
- p CoJIimoJI abo cucreMaTHuHi
y yoapu mo KaTomi
HaKOMUUYETH-
ITo6iuni pizevrmin CF Hitporen rigpokcun Hik- I T—
IPOAYKTH Acy (N) y Buraani st I1 (Ni(OH),) Acy
amiguHoOi couti

B mporieci eneKTposidam y eJeKTPOJIITUUHIN BaHHI HAKONMUYYETHCS
Hirporen (N) y Burasazni amissunoi couti, Big AKoi cjaix mos36aBaATH po-
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3UMH IIJIAXOM HEepPioguYHOI KpHcTaJdisallii uepe3 OXOJIOMKEHHS eJeK-
TPOJIITUYHOI BaHHU.

Arne Bapro 3HATHU, IO B iHINTOMY BapiAHTI eyleKTpoJisu (3a OiibIlx
HU3BKHX Temmepatyp — HmEYe 15°C) mpucyTHICTH B eJIeKTPOJiTi
HAHECEHOTO HAa KAaToAy COJIoJy cIpudia He0a*KaHOMY YTBOPEHHIO
HanoocanmiB rigpokcuny Hikmio Ni(OH), y Burasami gycok Ha yacTuHi
HOBEepPXHiI Karomau. B TOHM Ke uYac, IIif 4Yac eJIeKTPOJIi3u PO3UnHY,
axuii mictuth 200—450 r/n cyasdary Hixmaio, 15-70 r/x xmopuny
Hikmio II ta 10—-40 r/n1 GOpHOI KHMCJIOTH BCe K BIAETHCS OEp:KaTHU
HAHOIIOPOINIOK HIiKJII0 y eKcmepuMeHTi Ne 3 (Tabi.), xoua # i3 merrto
OinbmuM cepenHiM poadmipom uacTuHOK (70 HM).

OpnepsxkaHi pesyabTaTu CBiYaTh PO Te, 1[0 BUTOTOBJIEHHA HAHOIO-

POIIKY HIKJI Pi3HOI AUCIIEPCHOCTH MOKe 3MiMICHIOBATHCS 3a Pi3HUX
yMmoB. I Mu BIeBHeHi, IO € OiJIbIII €KOHOMIiUHMN METOJ CTBOPEHHS
HaAHOMOPOINKY HiKJI0, AKUN KPUETHCA B illle HE BUKOPUCTAHUX MOXK-
JUBUX BapissHTax KaTOMHOI eJeKTpoxeMii.
Buzomoeénenns nanonopowrkie midi (Cu). ¥ pauiii poboti 0yno oxe-
poxamo mamomopomku Mmimi (Cu) menapuTHOi ¢opMU Ta BUCOKOI AucC-
mepcHOCTH B eKcmepuMeHTI Ne 4 (tab6x.). Takuit pesyabrar 3abesie-
Ymja MOKJINBICTh PEr'yJIIOBaHHA IIPOIECY CMHTE3U HAHOIIOPOIIKY Mifi
3 BesmumHOI0 Hacumuoi Barm y 0,4 r/cm®. Byso mpoBenmeHO eleKTpo-
Jisy pO3UMHY eJeKTPOJiTy 3 BiZHOCHO HM3BKHUM BMicToM Kympymy Ta
3HAYHOIO KiJbKicTio cipuanHoi Kucaoru (H,SO,) sa Bucokoi rycruHm
KaTOOHOTO CTPYyMy Ta BimHOcHO HU3BKOI Temmeparypu (= 23°C). B
SAKOCTi eJeKTPOJiTy BUKOPHMCTOBYBaJu pPo3uuH cyiabdary Kympymy.
Anomoo Ta KaTo[oo CAyryBaJu MiJHI HJIacTUHH.

B mporeci enekTpoxeMiuHOI CUHTE3U MiJHOTO HAHONIOPOIIKY iCTOT-
HY pOJIb BifirpaioTh ONTUMAaJIbHI KOHIIEHTPAILil MiTHOTO KYIIOpOCy Ta
cipuaHOl KHMCJIOTH, a TaKOXX MOMKJMBICTH Herasisaliii ymMOB eJeKTpo-
Jisu.

CrJIagHICTh IIpoIlecy CUHTe3M HAHOIOPOIIKY Mifi ImoB’sg3aHa 3 THUM,
1[0 TpUBajie HAPOCTAHHS MiJHOTO HAHOIOPOIIKY IIOTpedye MOoro Bu-
MaJIeHHA 3 eJIEKTPOoJidepa IJIAXOM HepioguuHux yaapiB (MigHa Karto-
Ia CAaMOYMHHO OCHUIIAETHLCS Ha MHO BaHHU IpubamsHo micas 13,3 am-
Iep-rofuH eJeKTPOJIish y po3paxyHKy Ha 1 am® KaTonn).

B mamiomy BUOAAKY BUSBUBCSI HAMWOINIBII ONTHUMAJLHUM IIPOIIEC
€JIEKTPOJIidN, B AKOMY HAHOIIOPOIIOK MiZli CMCTEMATUUYHO BUIAIAETH-
cA BHACJIOK IMEPiofMYHOTO CTPYIIyBaHHA KaToxu. Taki ymMoBU mpo-
BeleHHsS eJIeKTPOJi3u 3ab6e3lmeuyioTh AOCTAaTHBO HU3LKUI pPiBeHb BU-
TpaT eJieKTpoeHeprii 3i 36epexeHHAM BHCOKOI BUPOOHMUYOI IOTYIKHO-
CTU yCTATKOBUHH. TaKMil pe:KMM MOXKHA MacIITA0yBaTH Ta BUKOPUC-
TOBYBATH [AJA IIPOMMCJIOBOTO BUPOOHUIITBA KPUCTAJIIUYHOTO HAHOIIO-
polKy Mmini.

JominbHUM € TaKOK HACTYIIHUN PEXUM eJIeKTPOJIidu, IIPOBeAeHUHN
B eKcrmepumeHnTi Ne 5 (Tabs.), Ae Katoau (MigHI IJIacTHHU) POIMIIITY-
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IoTheA Ha Bigmani y 0,8 cMm omHa Bif ogHOI B €IeKTPOJIiTi, AKMHA Mic-
uth 45% cipuanoi xkucaoru (H,SO,), 4% cyuashary Kympymy
(CuS0,) ta 8% cyabpary Harpito (Na,SO,). OuTumaabHa TeMIIepPaTy-
pa emxekTporaity ckiaamae 54°C, rycTmHa CTPyMy Ha KaTOAi MOPiBHIOE
15,3 A/nm?, a manpyra misk mractuaamu — 0,775 B.

TyT caim 3BepHYTH yBary Ha Te, 1[0 JOJaBaHHA 0 BKa3aHOTO BUIIlE
€JeKTPOJIITYy TOHKO HOAPiOHEHOro, TaKoro, IO HAOJMIKAETHCSI A0 KO-
JOIJHOTO cTaHy, OOBYIJIEHOTO IIYKPY a00 III0K03M, 00po0bJieHol cipua-
HOIO KMCJIOTOIO HiJi yac HarpiBaHHSA, HEPENIKOIKA€ MOYKJINBOMY BH-
OiJIEHHIO BOOHIO Ha KaTOMi, IiABUINYIOUM TAKMM YMHOM BUXiJ HaHO-
MOPOINKY MiJi 3a CTPYMOM.

Y meAKHMX eKCIepHuMeHTaX, — 3a OLIBIIT BUCOKOI I'yCTUHU CTPYMY,
— IoZaBaHHA y eJEeKTPOJIT KeJaTHHOBOTO KJelo abo TaHiHy IIPUBO-
IUTHb 00 30iJbIIeHHA I'YCTUHU CTPYMY Ha KaTOIi Ta CIPUIE OAepKaH-
HIO OiJIBINI AMCIIEpPCHOrO HAHOIIOPOIIIKY MifZi, a TaKoK samobirae iioro
MOKJIMBOMY OKHCHEHHIO.

¥ Husni BuUnagkiB Taki JIYCKU a priori ollep:KyIOTh uepe3 IoIlepes-
HE TMOKPUTTA KATOJA MIapOM MACTUJILHUX PEUYOBUH, 30KpemMa mapadi-
HOBOIO a00 PUIIMHOBOIO OJIMBAMHU, a TAKOXK, iHOAi, HABiTh KYKYypyA3s-
HOIO OJIi€t0.

ITopomku Mizi Ta HiKJIIO, OJep:KaHi y BUIJIAMLL JYCOK IIicad Buiaa-
JIeHHSI 3 BaHHU eJeKTPoJisepa, MOAPiOHIOIOTHCA Y CHEIiANILHUX «KY-
JbOBUX MJMHAX» a00 PO3TUPAIOTHCA Y CTYHIi I 3a0e3medeHHs Of-
"HopimuocTu. Ilomepenui mocuim:keHHA ITOKas3ayiud, IO TaKWH HaAHOIO-
POIIIOK BiKe MOYKHA BUKOPHCTOBYBaTH y TexHoJorii 3D-gpyKy SLM
abo K OJA CTBOPEHHS HOBMX KOMIO3WUTIB AJA TeXHOJOTilI 3D-IpYKY
FDM, SLA, CJP [31-36].

4. BAICHOBRH

Y mamiit poboTi mpeacTaBIeHO HAMOINBIII €KOHOMIUHO Ta IPAKTHYHO
BUTiZHUY cepel iHIIMX cHOCi0 eaeKTpoxeMiuHOI KaTOAHOI CHUHTe3U
HikgeBoro (Ni) HaHOMOPOIIKY 3 cepelHiM PO3MipOM UYACTHHOK y 55
HM. B AKOCTi eJIeKTpoJiTy 3acTocoByBaau Po3uuH cyibhary Hikiro
(NiSO,) i3 momaBamuam xJopuzny Hiwkmato II (NiCl,), 6opHOi KuciaoTu
(H;BO,) Ta TioceuoBunu ((NH,),CS). IIpoiiec eleKTpoJIisu IPOBOSUIIN
3a TeMmieparyp y 45—65°C ympomoB:K ABOX TOANH, BUKOPUCTOBYIOUH
BHUCOKOUNCTY anioMiHi#ioBy (Al) kaTtomy Ta maatuuoBy (Pt) amony.

ErexTpoxeMiyHMM METOIOM CHHTE30BaHO HAHOUACTUHKU — IeH.I-
putu migi (Cu) Bucokoi mucmepcHoctu (mo 40 HMm). Bysao mpoBemeHo
eJIeKTPOJIi3y PO3UMHY eJIeKTpoJiTy (ocHoBHa ckJaamoBa — CuSO,) 3
HU3BKUM BMicToM KympymMy 3a yMOBH BHCOKOI'O 3HAUEHHS TI'yCTUHU
KaTOAHOTO CTPYyMy Ta BiJHOCHO HHM3bKOI TemiepaTypu (IPaKTHUYHO
kimuaraoi y 23°C).

CKJIagHICTDL IPOIlECY eJeKTPOXEeMiuHOI CHHTe3M HAHOIIOPOIIKY Mimi
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OyJa moB’sA3aHa 3 HEOOXimHICTIO BMAEHHS MiJHOTO IILJIAMY 3 €JIEKT-
poiizepa. 3 1i€er0 MeTOO 3[iMCHIOBAIM HEePiOAWMYHI ymapu IO KaToxi,
AKa BHACJHIJOK TaKMWX MAaHIMYyJIAIIA ocuIIajiacsa Ha JHO eJeKTPOJIITH-
yHOI BaHHH NPUOIM3HO micisa 13 aMIep-roguH eJIeKTposisu Ha 1 am?
IOBEPXHI KaToau.

Taxosx B paMKax poboTu 0yJo:

HaBeJeHO 3arajbHy IIOPiBHAJLHY TAaOJMUII0 JaHUX eJeKTPOJIiThu-
HUX €KCIIePpUMEHTIB;

eKCIIEpUMEHTAJbHUM IILJIAXOM BCTAHOBJIEHO, IO TOHKi HaHOYaCTH-
HKM HiKg0 (240 HM) MOXKHA OJep:KaTH 3 BUKOPUCTAHHSAM II€PepUB-
YacTOro CTPYMY IIiJ Uac eJeKTPOJi3H;

BCTAaHOBJIEHO, IO B HPOIlECi €JEeKTPOoJIidu HAHOIIOPOIIKY HIiKJIO y
eJIeKTPOJiTHUHi# BaHHI Hakonmuyerbca Hitporen (N) y Buraami ami-
sAuHOI coJi, Bif AKOI ciim mo30aBIATH POSUMH MLIAXOM IIEpPiogmuHOI
KpucTaaisallii uepes 0XOJIOAKEHHS eJeKTPOJiTUYHOI BAHHH;

IOBEIEHO, IO IPUCYTHICTh B €JEeKTPOJIITI HaHeCeHOTO Ha KaTomy
COJIiIONy cIpusaga HeOaKaHOMY YTBOPEHHIO HAHOOCAIiB TiIpOoKCHUIY
Hikmo Ni(OH), y Buriami Jycoxk Ha YacTHHI mOBepxXHiI kKatomu (3a
TeMmaepaTypu ejaexkTpoJaisu > 15°C);

BUABJIEHO, III0 HAMOIiJBIN ONTHMAJbHUM € IIPOIeC eJNeKTPOoJisu, y
AKOMY HaHOIIOPOIIIOK MiZi cucTeMaTUYHO BUAAJIAECTHCA BHACIIIOK IIe-
piogMYHOrO CTPYIIYBAaHHA KaTOAM; TaKi YMOBM IIPOBEIEHHS eJIEKTPO-
Jisu 3a6e3MeuyioTh HOCTATHBO HU3BKUU pPiBeHL BUTPAT eJIeKTPOeHep-
rii 3i 30epeKeHHAM BHCOKOI BUPOOHMYOI IMOTYKHOCTH YCTAaTKOBAHHS;

3adikcoBaHO, IO HOJAABAHHSA IO €JEKTPOJITY TOHKO IOApPiOHeHOorOo,
00BYTJIEHOTO IYKPY ab0 TJII0K03U, 00pOOJIeHOI CipuaHO0 KHCJIOTOIO
mig vac HarpiBaHHsA, IIEPEIIKOAMKAE MOKJIMBOMY BHUIIJIEHHIO BOJHIO
Ha KaTopmi; Iie, B CBOIO Uepry, IPUBOAUTHL A0 HiABUIIEHHA BUXOIYy Ha-
HOIIOPOINIKY Mini 3a cTpyMoM;

3adikcoBaHO, IO y AeAKHX eKCIepUMEeHTaX, — 3a OiJbIII BMCOKOIL
TYCTUHU CTPYMYy, — [OOJABAHHA y €JIEKTPOJIT JKeJATHHOBOTO KJEIO
abo TaHiHy TPUBOAUTHL OO 30iJbINMEeHHA I'YCTHUHU CTPYMY Ha KaTOIi Ta
CIIPUSE OJEeP:KAHHIO OiJIBIIT AUCIEPCHOrO HAHOIIOPOIIKY Midi, a TaKOMX
3amobirae Moro MOKJINBOMY OKHMCHEHHIO.

ITopomku Mini Ta HiKJIIO, Ofep:KaHi y BUIJIAMLL JYCOK IIicad Bumaa-
JIeHHSI 3 BAHHU eJIeKTPOoJIizepa, MOXKYTh IIOAPIOHIOBATHCA Yy CIIEI[idjb-
HUX «KYJbOBUX MJINHAX» ab00 PO3THUPAHHAM y CTYIIIi AJA CTBOPEHHS
onuopinHoctu. IlomepenHi mocaim:keHHs MMOKasajM, IO TaKi HaAHOIO-
POIIKY BiKe MOKHA BUKOPUCTOBYBATH y TexHoJoTii 3D-gpyry SLM
abo mJA CTBOPEHHS HOBUX KOMIIOBUTIB AJs TexHoJorii 3D-ApyKy
FDM, SLA, CJP [31-36].

Ilomepenui pesyabTaTy BKAa3ylOTh, IO HaHomopomku Hikapw (Ni)
ra Migi (Cu) MOKYTB OYTH KJIOUEM OO0 CUHTE3W CYUYACHUX POSUMHHUX
[11-26] Ta Hepo3UMHHUNX BYIJIEIIeBUX HAHOCTPYKTYp [27—30].

Po3pobiieHy TEeXHOJOril0o MOYKHA 3aCTOCOBYBATH IJIS IIPOMICJIOBOTO
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BUPOOHUIITBA KPUCTATIUHMX HAHOIOPOINKIB Mimi Ta HikJo. OKpim
TOT'0, OJEP:KaHi pe3yJbTaTH MOYKHA BUKOPHCTATH Yy BUPOOHUIITBI Cy-
yacHux 3ajisoHikigeBux (Fe—Ni) akymyasaTopis.
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2 Fig. 2. Scheme of the operation principle of the P-5848 potentiostat.

3 Fig. 3. Workstation of the P-5848 potentiostat.

4 TABLE. General experimental data.
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The structure and properties of the material based on carbonyl iron rein-
forced with carbon fibres, which are previously plated with nickel, are
studied. Uncoated carbon fibres are used for the first group of samples,
and nickel-plated carbon fibres are used for the second group. Nickel plat-
ing is found to provide better adhesive interaction between carbon fibres
and iron. As shown, the reinforcement with nickel-plated carbon fibres
allows increasing both the strength limit and the plasticity of materials.
At the same time, for samples sintered at 900°C, the strength does not
increase fundamentally (from 661 MPa to 697 MPa), but the relative
elongation doubles from 22.7% to 45.1%. Using the method of fracto-
graphic analysis, the viscous nature of the destruction of the samples is
established, and it is shown that the microrelief of the surface is charac-
terized by oblique fractures, which is due to the formation of viscous
dimples under the action of tangential stresses. An increase in the sinter-
ing temperature to 1000°C provides an increase in the compressive
strength of the samples to 1002-1185 MPa, while the samples containing
clad fibres have strength of 180-185 MPa higher than the strength of
samples with carbon fibres not plated with nickel.

Y poboTi mocaimxeno opMyBaHHSA CTPYKTYPHU Ta BJIACTUBOCTI MaTepifny Ha
OCHOBi KapOOHiJIBHOTO 3aJi3a, apMOBAHOTO BYIJICIIEBUMHU BOJOKHAMM, IIOIIe-
pPeqHbO IJIaKOBaHUMU HikjeM. Iia mepiroi maprii 3paskiB 6yso 3acTocoBa-
HO HeILIAKOBaHi BYyTJIelleBi BOJIOKHA, a OJid APYroi — BYTJelleBi BOJIOKHA,
mIaKkoBaHi HixkJgeMm. BcramoBieHo, IO IIJIaKyBaHHA HiKJeM 3abesmeuye
Kpallly aiaresiiiHy B3a€eMOMiI0 MisK BYTJIEIIEBUMM BOJOKHAMH Ta 3aJIliZ0M.
ITokasamo, IO apMyBaHHS BYTJIEIIEBUMU BOJOKHAMU, IJIAKOBAHUMMU HiK-
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JeM, YMOJKJIMUBIIIOE 30iJbIINTH AK T'PAHUINI0 MIiIIHOCTH, TaK i ILIACTUYHICTH
marepianiB. aa spaskiB, cmeuenux 3a 900°C, minHicTh 3pocTae HEIPUH-
numnoBo — Bixm 661 MIIa mo 697 MIla, ogHaK BigHocHe BUAOBXKEHHSA 30ijb-
myerbea BABiui — Big 22,7% mo 45,1% . Metomom dpaxTorpadiunoi anasi-
3W BCTAHOBJEHO B A3KHHM XapaKTep PYHHYBaHHA 3pas3KiB i ImokasaHo, IO
MiKpopeabed IIOBEPXHiI XapaKTepU3yeThCsA KOCUMHU 3JaMaMU, II[0 3YMOBJIEHO
YTBOPEHHSM B’SI3KHX SMOK IIiJ Mi€l0 MOTHYHMX HANPYXeHb. S0iIbIIeHH
Temrepatrypu crmikaaasg 1o 1000°C 3abesmeuye 3pocTaHHS MIiIlHOCTH Ha CTH-
cHeHHs 3paskiB 7o 1002—-1185 MIla; 3pasku, AKi MicTaTh IIJIaKOBaHiI BOJIO-
KHa, MaloTh MinHicTh, Ha 180-185 MIla Bumy 3a MimHicTh 3pasKiB 3 ByTI-
JIeIleBUMM BOJIOKHAMU, HEIlJIAKOBAHUMU HiKJIEM.

Key words: iron, nickel, plating, reinforcement, carbon fibres.

Karouori ciaoBa: 3a1i30, HiKesb, IJIAKYBAHHS, apMYBaHHS, BYIJIEIeBi BOJIO-
KHAa.

(Received 27 September, 2022 )

1. INTRODUCTION

Alloying of iron aimed at obtaining steels with special properties is
the process of adding other metallic and non-metallic elements to
iron to produce alloys with heightened quality. There are alloying
elements, which increase corrosion resistance, malleability, and
elastic moduli of steels. Sheets and profiles of alloyed steels are
widely used to produce various structures in mechanical engineer-
ing and construction. The properties of certain steel have to meet
the service conditions of the products made from this steel and the
technologies used for connecting individual parts [1].

Thermal fatigue and wear are one of the main causes of failure of
parts, which limits their service lifecycle. Therefore, it is important
to prolong the service lifecycle of parts by strengthening the mate-
rial both in volume and on surface. The addition of reinforcing car-
bon fibres, which have high elastic modulus and strength, is one of
the techniques for strengthening steel products [2]. Moreover, the
addition of discrete fibres uniformly distributed in the steel matrix
provides isotropy of the material properties and, at the same time,
it increases its strength.

The properties of iron can be improved with various alloying ele-
ments: taking into account the thermodynamic properties of metals,
we can assume that the production of an iron—nickel alloy is free
from any complications, but in practice, some problems appear [3].
Due to the side oxidation process, iron changes from the divalent
state to the trivalent one during the interaction of the metals upon
the production of an iron—nickel alloy. As a result, the yield of the



EFFECT OF PLATING OF CARBON FIBRES WITH Ni ON PROPERTIES 877

alloy decreases, and some physical properties deteriorate. Well-
known developers and suppliers of iron powders and Fe-based alloys
widely use special iron powders coated with organic components in
their latest developments [4—6].

Recently, amorphous alloys have been used with aim to solve this
problem due to their unique physical, mechanical, and chemical
properties [7]. In most cases, amorphous alloys are produced in the
form of ribbons, powders, or wire with small thickness or diameter;
so, their use as structural materials is limited [8]. The coatings
have always been used for strengthening the surface of cast iron, so
it was possible to achieve high hardness. Nickel is beneficial as it
prevents the diffusion of carbon and reduces the cooling tendency
of the structure in the molten partially zone. Therefore, Fe—Ni-
based alloys have always been used as fillers in the processes of
welding cast iron with spherical carbides. However, the mechanical
properties of Fe—Ni-based alloys are always poor, when they are
used in the processing of high-strength cast irons [9].

Thus, the purpose of this work was to study the structural, phys-
ical, and mechanical properties of materials based on carbonyl iron
reinforced with carbon fibres additionally coated with nickel.

2. EXPERIMENTAL TECHNIQUES AND RESULTS

The samples for the study were produced in accordance with the fol-
lowing technological process.

First, mixtures with certain compositions were prepared (Table 1).

Carbon fibres were previously coated with Ni by chemical deposi-
tion (reducing nickel chloride with hypophosphite in an aqueous so-
lution). This method is relatively inexpensive and does not require
special expensive equipment, while it allows obtaining high-quality
coatings from various materials with high adhesion between the
substrate and the coating [10].

However, despite the advantages of chemical deposition tech-
nique, there are no systematic data and clear recipes for plating
carbon fibres with metal coatings, so this question is to be studied.
The process of nickel deposition by chemical reducing its salts with

TABLE 1. Initial compositions of mixtures (wt.%).

Ratio of components, wt.%

Mixt i
1xure Carbonyl iron Carbon i:'lbres. Carbon fibres|Phenolic binder
coated with Ni
1 97 0.5 — 2.5

2 97 — 0.5 2.5
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hypophosphite solution provides the possibility to produce a coating
with uniform thickness and quality on all the fibre surfaces, which
contact with the solution. Nickel was deposited on carbon fibres as
follows. Carbon fibres were placed into a bath with a working solu-
tion containing nickel chloride (as a source of nickel), sodium citric
acid, sodium hypophosphite, and ammonium chloride (complexing
agents). To adjust the pH level of the solution, a 25% ammonia so-
lution was added to the bath that provided a stable alkaline envi-
ronment. The alkaline solution has high stability, its composition is
easy to adjust, it has no tendency to self-discharge, and it is good
for long-term operation. The process of reduction in the alkaline
solution occurs by the following reaction:

Ni? + 2H,PO, + 40H — Ni + 2H,POZ + H, + 2H,0.

The optimal parameters, i.e., temperature of 82—88°C and pH > 11,
were determined; rate of nickel deposition on carbon fibres was 2—3
um/h. The carbon fibres before and after plating are shown in Fig. 1.

The next stage was dipping of carbon fibres into the iron mix-

20.00K" x500

Fig. 1. Carbon fibres: a—non-plated carbon fibres; b—Ni-plated carbon
fibres.
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y W '.-M?’.':‘\
20.00kV _ x1.00k

Fig. 2. Carbonyl iron powder.

ture. Carbonyvl iron powders had a spherical shape and a size of 2-5
um (Fig. 2). The small size of the carbonyl iron particles provides
higher sintering activity due to the high specific surface area,
which allows using lower sintering temperatures for the Fe-based
materials.

The next stage was mixing iron powder and carbon fibres with
the phenolic binder. The samples were pressed in a hydraulic press
under a pressure of 350 MPa. Then, the samples were sintered at
900 and 1000°C for 15 min in a hydrogen atmosphere, and the frac-
ture surfaces were examined (Fig. 3).

According to the results of metallographic analysis, non-plated
fibres practically do not interact with the iron matrix, in contrast
to the Ni-plated ones. The contact interaction between the plated
fibres and the iron matrix is provided by the Ni coating, which pro-
vides better adhesive interaction between carbon fibres and the iron
matrix. High adhesive interaction between the components is the
necessary condition for the formation of composites with high me-
chanical properties. To confirm this, the sintered samples were
compression tested (see Table 2), and then, the fracture surfaces
were examined.

The results of mechanical tests showed that plating fibres with
nickel increased both the strength and the plasticity of the materi-
als. After sintering at 900°C, the strength increased by = 5% (from
661 to 697 MPa), whereas relative strain doubled (from 22.7% to
45.1%) (see Table 2). The increase in plasticity is explained by the
mechanism of interaction between the fibres and the matrix; the
increased contact area of plated fibres provides higher values of
yield strength and relative strain. The fractographic studies con-
firmed ductile nature of fracture (Fig. 4). Elongated fracture dim-
ples are observed, which formed under the action of tangential
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B . L

WD=16.9mm 20.00kV  x2.50k WD=16.9mm 20.00kV_ x2.50k

Fig. 3. Fracture surfaces of the composite materials reinforced with non-
plated (a) and Ni-plated (b) carbon fibres after sintering at 900°C.

TABLE 2. Mechanical properties of different materials.

Limit of pro- | Proof yield | Maximum Relative

Material T, °C| portionality | stress o,,, | stress op, strain vo/

Goo1» MPa MPa MPa 70
Fe/C/Bakelite 900 103 147 661 22.7
(97/0.5/2.5%) 1000 154 245 1002 23.9
Fe/C + Ni/Bakelite 900 74 182 697 45.1
(97/0.5/2.5%) 1000 198 265 1185 32.4

stresses.

The increase in the sintering temperature to 1000°C led to an in-
crease in the compressive strength up to 1002-1185 MPa, and the
specimens with Ni-plated fibres had a strength by 180-185 MPa
higher compared to the specimens with non-plated fibres. The sig-
nificant increase in strength of the composites with Ni-plated fibres
can also be attributed to the fact that the nickel coating provides
the integrity of the carbon fibres, i.e., the coating acts as a barrier
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Fig. 4. Fracture surfaces of composites reinforced by Ni-plated carbon fi-
bres (compression tests).

layer and preserves the fibres during pressing and other types of
deformation.

3. CONCLUSIONS

The process of plating of carbon fibres with Ni was studied, and the
optimal technological parameters of plating were determined:
T = 82-88°C, and solution with pH >11. These parameters provided
Ni deposition rate of 2-3 pm/h.

The structure of composites based on an iron matrix with rein-
forcing carbon fibres was studied. As shown, the interaction Dbe-
tween the Ni-plated fibres and the iron matrix is provided by a lay-
er of nickel coating that heightens the adhesion between the carbon
fibres and iron.

The results of mechanical tests showed that plating the fibres
with Ni provides increasing both maximum strength (by 180-185
MPa) and plasticity of the materials. The increase in plasticity is
explained by the mechanism of interaction between the fibres and
the matrix: higher contact area of Ni-plated fibres provides higher
values of yield stress and relative strain. Another cause of strength
increase in iron specimens with Ni-plated fibres is related to the
fact that Ni coating provides the integrity of carbon fibres, i.e., the
coating acts as a barrier layer and preserves carbon fibres.
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B pmamiii craTTi posraAmalThCA MIPOOJEMH MiKPOIMOPUCTHUX KOHAEHCOBAHUX
MaTepifanaiB, omepsKaHuMxX 3 mapoBoi (asu. IloKaszaHO BIJIMB KOHIIEHTpAIlii
Ipyroi ¢asu Ta TeMIepaTypu OCaKeHHs Ha PO3MipH IOp i ymMOoBH iX pery-
JIOBaHHS. BcTaHOBIEHO, IO CTBOPEHHS MAaTepPisjiB 3 peryjJboBaHOIO0 BiIK-
PHUTOI0 TIOPUCTICTIO MOXKJIWBE, AKIINO BMICT TAKKOTONMKNX HAHOYACTUHOK HeE
meHire 4 mac.% i Temmeparypa ocamxenusa He Hu:kdue 600°C. KommenTpa-
Iid TAKKOTONKOI (hasy Mae 3HAUHUI BIJIMB Ha 00’€M i poaMip mop, OCKijib-
K1 30iJbINIeHHs KOHI[eHTpAaIlil Ta)KKOTOnKol (asu 3a mocTiiiHoi Temmepary-
pPU OigKJIagAWHKK 301iJIbINTye NMOBipHICTL B3a€MOUHMHY CKOHAEHCOBAHUX ATO-
MiB TAKKOTONKOI cuonyku. IlimBuinieHHA TeMIlepaTypu Bigmajy IIPUBOIUTDL
Io inTteHcu@ikarii mpormeciB 3JUTTA mop. I3 30iABIIEeHHAM dYacy Bigmaay y
BaKyyMi 3HaUHa YacTHWHA IIOPUCTOCTU IEePeXONUTh V BiIKPUTY MOPUCTICTH Y
KoHJeHcaTax, 110 MictaATh 20—30 mac.% Al,O,. ITokasano, 110 mpoiecu Ko-
aJIecIeHIIii TOp 3aBEPUIVIOTHCA Micasa 25 ToAWH Bigmany y BakyyMi 3a TeM-
nepatypu vy 1200°C. B arocti apyroi ¢gasu MoKHa BHUKOPHCTOBYBATHU TaKi
BKJIIOUEHHS, AK OKCUIU, (propuau, cyiabdinu. BmicT coseir y TuTaHoBiit ma-
Tpurni Ginbie 45 mac.% Heba)KaHUII, OCKIIbKY I€ SHAYHO IOPYIIYE CY-
miJbHicT, MaTepisamy. JlocaimikeHO 3aje’KHICTH CepegHBOTO PO3MIpy HOp y
kougercari (Ni-20 mac.% Cr)—-Al,O; B 3aymeXHOCTi Bif TemmepaTtypu HigK-
aaguaku 700—-900°C. Cepenni posmipu mop 3HAaUHO 3ajiesKaTh Big TeMmiiepa-
TYypPHU OCAIKEeHHS Ta Yacy Biamanay KOHIeHcaTiB y Bakyymi. Bigkpurty mopmu-
cTicTh MOMKHA peryiamBaTu B Mexxkax m0 50% Big sarajbHOl HOPHUCTOCTU 3
cepenuiMmm posmipamu mop y 0,1-8 miMm. [loBemeHo, IO BiAKpHUTa IIOPUC-
TiCTh HepeBa’kae 3a BUIUX TeMIepaTyp MiAKJIaAUHKKN y BiTHOCHOMY OGajiaH-
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ci BimkpuToi—s3axkpuToi mopucrocrteii. Kpim Toro, mpeacraBieHo (isuko-
MeXaHiuHi BJIACTUBOCTI KOHAEHCATY IIicJd BUTPUMKHU Yy BOJi Ta mIicjad Baky-
ymHoro Bigmany. Kormenrtparii Ta:kKoTonKux yacTuHOK moHaz 10 mac.% y
TMOPUCTOMY KOMIIO3UTi MPUBOAATHL A0 3HAUHUX IOTipIIeHb MOKA3HUKIB ILIa-
CTUYHOCTH Ta MiImHOCTHM. BaKyyMHMI Bigman sHauHO 30iJbIITye MIiIlHiCTB.
VirinbHeHi MiKpomopucTi MaTepifgjan MOMKYTh OyTH HaHeCeHi y BUTJISALL IIO-
KPUTTA Ha TOBEPXHIO O0yAb-sKOl (popMm ab0 y BUTJISAL BiJOKpeMJIEHUX Bif
TiAKJIAIUHKYA MaTepiAliB TOBIUHOIO A0 6 MM i miameTrpom 10 1 M.

The problems of microporous condensed materials obtained from the va-
pour phase are discussed in this article. The influence of the secondary-
phase amount on the pore sizes and the pore-sizes’ dependence on the dep-
osition temperature as well as on conditions, under which they are regulat-
ed, are shown. As established, the creation of materials with adjustable
open porosity is possible with a content of refractory nanoparticles of not
less than 4 wt.% and a deposition temperature of not less than 600°C. The
concentration of the refractory phase has a significant effect on the vol-
ume and size of the pores; so, increasing the concentration of the refracto-
ry phase at a constant substrate temperature increases the probability of
interaction of condensed atoms of the refractory compound. An increase of
the annealing temperature leads to an intensification of pore fusion pro-
cesses. With increasing annealing time in vacuum, a significant part of the
porosity turns into open porosity in condensates containing 20-30 wt.%
Al,05. As shown, the coalescence processes of the pores are completed after
25 hours of annealing in vacuum at a temperature of 1200°C. As a second-
ary phase, it can be used such inclusions as oxides, fluorides, sulphides.
The salt content in the titanium matrix of more than 45 wt.% is undesira-
ble, because it violates significantly the continuity of the material. There-
fore, the average pore size depends significantly on the deposition temper-
ature and the annealing time of the condensates in vacuum. Open porosity
can be adjusted in the range 0—50% of the total porosity with average pore
sizes from 0.1 to 8 um. As proved, the open porosity prevails at higher
substrate temperatures in the relative balance of open—closed porosities. In
addition, the physical and mechanical properties of condensate after expo-
sure in water and after vacuum annealing are presented. Concentrations of
refractory particles over 10 wt.% in the porous composite leads to signifi-
cant deterioration of plasticity and strength. Vacuum annealing increases
significantly the strength. Compacted microporous materials can be applied
as coatings on the surface of any shape or in the form of precursors up to
6 mm in thick and up to 1 m in diameter.

KarouoBi ciioBa: eJIeKTPOHHO-IpOMeHeBe O0JIafHaHHS, METOJ BUIIAPOBYBaH-
HA—KOHJeHCAaIlil, TOIJIEeHHS MeTaJIiB i CTOIIiB, MapOKOHAEHCOBaHI KOMIIO3U-
MifHI MaTepiAaau, BifKpUTaA IIOPUCTICThH, TIHHOBI 30HU.

Key words: electron-beam equipment, evaporation—condensation method,

melting of metals and alloys, vapour-condensed composite materials, open
porosity, shadow zones.

(Ompumano 9 nomozo 2022 p.)
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1. BCTYII

Huni € KigbKa TeXHOJIOTIH oep:KaHHS IIOPUCTHUX MAaTEPisiB MeTo-
JTaMHU IIOPOINKOBOI Metanyprii. Ilo-mepime, merasi BUTIOTOBJIAIOTH 0e3
IT0o0aBOK UM HAIIOBHIOBAUIB IMIJIAXOM: a) IIpecyBaHHA y IIpec-opmax;
0) rigpocTaTUYHOTO IIPEeCyBaHHA B €JIACTUYHUX KOHTeiiHepax; B) BiO-
pamifimoro mpecyBaHHS a00 YIMiJIbHEHHS; TI') BaJbIIIOBAHHSA CMYKOK
a00 CTPiuoK; 1) cuiKaHHA BiILHO HACUIHUX IIOPOIIKiB.

Ilo-gpyre, BUTOTOBJIEHHsS JeTajliB BifOyBaeThbCcA i3 BBeJAEHHAM [0-
0aBOK a00 HAIIOBHIOBAUiB, II[0 3aCTOCOBYIOTLCS AJIS 30€epe)KeHHs IIOop,
AKi IOBHICTIO BUAANSAIOTLCS Uepes CIIKaHHSA, TOOTO He 6epyTh yUyacTh
B VHIiJIbHEHHI MaTepiAmiB, a00 BUKOPUCTOBYIOTHLCA IJA 30eperKeHHs
IIOPUCTOCTH ¥ aKTHBAIlil cHiKamHsA, 0COOJMBO SAKIIO BUPOOU OmEPIKY-
IOTh CIIIKAHHAM BiJIbHO HACUIIHUX IIOPOINKiB, yV AKWX 3aBOAKH il
HAIIOBHIOBAUiB MOCATAETLCS IIeBHA MiIlHicTh BuUPOOiB, ab0 HaABHICTDL
IT00aBOK CHOPHUAE OAEP:KaHHIO MIITHHX MAaTepidJiB JuIlle 3a PaXyHOK
3MiITHEHHA BHYTPIIHIX KOHTAKTiB Mi)K YaCTUHKAMW y BUIIAAKY BU-
HUKHEHHS pinkoi gasm.

€ #1 iHmIi MeTooU OfEp:KAHHA IOPUCTUX MATEPiAJiB 3 BOJIOKOH, Me-
TaJeBUX CTPMIKHIB i ciTok. HoBi mepcrnekTuBu oflep:KaHHA MaTepis-
JiB i3 3amaHuM 00’€MOM IIOPMCTOCTH Ta PO3MipoM IIOp BiAKpuBae ma-
podasua TexuoJoria [1, 2].

IIpomec BumapoByBaHHA 3 IIOJAJIBIIIOI0 KOHJEHcaIlielo MeTasuiB i
HeMeTaJIiB 3 mapoBoi (asu y BaKyyMi IPUBOAUTHL A0 peasrizaiii aBox
MiAXOmiB y paMKax ofep:KaHHA HmopucTux (MiKpOIIOPHCTHX) MAaTepis-
JIiB 3 JOZAaTKOBUM 3aIPOBAMKEHHAM HAHOINCIIEPCHUX BKJIOUEHb, AKL
IaloTh MOXKJIUBICTH, 3 OOHOTO OOKY, OJEpPKaTHU IIOPUCTICThH y MIpPOoIleci
ocaKeHHA MaTepidasy Ta MOBHiCTIO 30epiratmca il y HbOMY, 3 iHIIIO-
ro GOKYy, IIOBHICTIO BUIAJSATHCA 3 HBOT'O B IIPOIIECI IOZAJIBIIIOTO Tep-
MOOOPOOIeHH .

3a TepMiuHOTO O0POOJEHHA MUCIEPCHI HAHOBKJIOUEHHA MOMKYTH
OpaTu abo He OpaTu ydacTb y ()OPMYyBaHHi mOp.

¥ crarTi [3] mokazaHo, 110 MixKdasHa B3aeMOid HA MeKi YacTUHKAa—
POBTOILIEHUH MeTasl MOMKe XapaKTepu3yBaTHCS KYTOM 3MOUYBaHHSI O
Mi’X HAHOAMCIIEPCHOIO YACTHMHKOIO Ta PO3TOILIEHMM MeTajoM. Taxum
YMHOM, II€BHi 3HaUEeHHS KyTa 3MOUyBaHHS @ OyOyTh XapaKTepusyBaTH
HasgBHiCTh abo BiAcyTHiCTL B3aemomii Ha MixkdasHill mexi. ¥ poboTax
[4] i [5] mosicHIOETRCA BimCcyTHiICTH MixK(pa3HUX B3a€MOJill y BUOGpaHUX
KOHIEHCOBAHUX CUCTEeMaX, Y pasi AKIIO KYT 3MOUYBAHHA TAMKKOTOMKUX
YACTUHOK METAJEBUM PO3TOIOM 3HAXOAUTHCA B Mexkax O = 60-180°.
BizcyTHicTh y Takux cucTeMax MixK(pasHOI BzaeMomii Ta, SK HACJiIOK,
nu@ysii aTromiB MeTaseBoi a3y IPUBOAUTD 4O YTBOPEHHS TiIHHOBUX 30H
(mop), 10 BUHMKAIOTh y mpoIlieci KoHgewncaiii (puc. 1).

Ogep:xkaHi MaTepisau 3HAUWILIM 3aCTOCYBAHHA HAK IIOKPUTTA Ha
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Puc. 1. Cxema MexaHi3aMy yTBOpPeHHS HOPHUCTOCTY B KOHIEHCaTi, oJep:KaHo-

My MEeTOJOM BUIIapOBYBaHHA—KOHIeHcaIlii y BakyyMmi: I — TAKKOTOIIKa Ha-
HOUacTHHKAa; 2 — TiHLOBi 30HM; 3 — IapoBUU IOTiK; 4 — IIOBEPXHA KOH-
meHcarii.?

cIeliagbHi MeraseBi (GinbTpu, oZep:KaHi MeToZaMIM HOPOIIKOBOI Me-
Tanyprii, 3 opMyBaHHAM I'pPaJi€eHTY PO3MipiB IIOp IIO TOBIIMHI IOK-
PHUTTA, IO OCAIKYETHCSH.

2. EKCIIEPUMEHTAJIbHA YACTHHA

Kommosuiiitini marepidaam ofep:KyBaau Ha eJeKTPOHHO-IPOMEHEeBil
ycraHoBii YE-159 mMeTomoM BHCOKOIIBHAKICHOTO BHUIIAPOBYBAHHSI—
KoHAeHcaril BigmoBimHmx 3auBKiB. A omepsKaHHA KOHAEHCOBAHUX
MaTepiAiB BUKOPUCTOBYBAJNIN BUXinHI (BumapoByBaHi) MmaTepidaau 4du-
crororo He HmEKYe 99,5% . 3acTocyBaHHSA SK M:Kepesl eHeprii moTy:K-
HUX eJeKTpPOoHHOo-mpoMeHeBux rapmart (y 60 kBT xokHA) Hae MOMKJIN-
BiCTh BMIAPOBYBATU IPAKTUUYHO OyAb-sIKi MaTepisnu i 3’egHaHHA Ta
OJlep:KyBaTH MACHBHI KOHJEHCOBaHi MaTepisnin, AKi BajKKO Omep:KYy-
BaTH TPAAUIIIMHUMU MeTaJypriiHMMy MeTogaMu. BumapoByBaHHS
MaTepisry MaTpuIll 3IiACHIOBAJM 3 BOJOOXOJIOMKYBAHOIO MiJITHOTO
Turaa giamerpom y 70 mMm. OKcuau BUIIAPOBYBAJH 3 MiTHOTO BOLOO-
XOJIOAKYBAHOTO TUIJIA 3 pobouoio moBepxHeo 315x60x40 MM y dop-
Mi YOBHHWKA, KW y IIPOIeci BUIIAPOBYBAHHS OKCHUAY 3IiHMCHIOBAB
3BOPOTHHO IIOCTYIHUI PYyX A 3a0e3leueHHs IIBUAKOCTH PiBHOMIp-
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HOrO BUIIAPOBYBaHHA Apyroi ¢asu. Koupgencaiisa smimianmx mapoBux
IOTOKiB 3AificHioBasacsa Ha HigKJIaAMHKY 3 Kpuili mapku Cr3, moie-
penuano ob6pobaeny mo 1mepctkoctu R,=0,63 (I'OCT 2759-73). nsa
JIETKOTO BifmiJIieHHs KOHAEHCATY BiJ IMiAKJIaIMHKM Ha Hel momepegHbo
Hanocum migmiap CaF, ToBmiumoio y 10—-20 MKM.

MacuBHi KoHAeHcATH (GOpMYyBaJM 3a TPhOX TeMIIEpaTyp IigKJIamu-
uxu: 500, 700, 900 + 25°C. [Ina omep:kaHHA KOHIeHcCATy i3 BMicToM
apyroi ¢asu, IM0 3MIiHIOETBCS II0 AOBMKHUHI IIiAKJaSUHKU, ii po3Talo-
ByBaJI B3JOBJK JIiHII Turmais. Bigmanap Mixk memTpamMu THUIJIIB 3 MarTe-
pigiaom maTpuii Ta Apyroi gasu ckaagaaa 150 mm.

OnepskaHi KOHAeHCATH PO3MiAANM HA ILaacTuHu poa3mipom 20x220
MM [0 INMUPHUHI IMiAKJIaIWHKMN, 3 AKUX TOTYBaJW 3Pa3KH OJSA JOCJi-
MKEeHHA CTPYKTYpPH, XeMiuHOTo Ta (asoBOT0 CKJAIiB, BU3HAUECHHS
TYCTUHHU Ta BiIKPUTOI IIOPUCTOCTH, a TAKOXK MeXaHiUHUX BJIACTHUBOC-
reii. KinbKicHe BU3HaUeHHA KOMIIOHEHTIB Y KOMIIO3UTAX ITPOBOIUJIN
3a MeTOOWKAaMU, OomucanmMu y pobori [6]. BuBueHHS TOHKOI CTPYK-
TYypU IPOBOJUJIN HA €JEeKTPOHHOMY Mikpockomi JSEM-200 3 mpu-
BUIIIYBAJbHOIO HANIPYyroo y 75 KBT i3 mpAMuUM cmocTepe:keHHSIM To-
HKUX (oJiii Ha mpocBiT. ExeMeHTH CTPYKTYypH TaKOXK TOCIIiI:KyBaan
3a JOIOMOTOI0 CKaHYBaJLHOTO eJeKTPOHHOTo Mikpockoma PEM-200.
dazoBUil CKJIAL BUBYAJIU 3a ABOMa MeTomukamu [7, 8].

3. PE3YJIBTATH 1 OBTOBOPEHHS

Buxonsauu 3 BUKJIAAEHOTO BUIINEe MeXaHi3My YTBOPEHHS IIOD, AJIA Ofe-
p:KaHHA MaTepiAniB i3 3aJaHOI0 BiAKPUTOI IIOPUCTICTI0O HEOOXiTHO
BUKOHATHU IIeBHi yMoBHU. I[JIs IIbOTO IOTPiOHO CKOPUTYBATU KYT 3MO-
YyBaHHA MK TKKOTOIKOI YACTHMHKOIO Ta PO3TOIJIEHUM METaJIOM.
IIi mami maiimoBHile BuKJazeHo y poborax [9, 10] i omep:kaHO ekc-
IEPUMEHTAJbHI Pe3yJIbTaTU IJA CKJIATHUX CHUCTEM.

ExcnepuMeHTanbHUN Mifxi 3acHOBaHUY Ha BUBUEHHI po3MipiB mop i
poBImominy iX Mo IMOBEPXHi Ta B 00’eMi KOHAEHCATY 3 IBOMA 3MiHHUMHI —
TeMIepaTyporo IMiAKJIAANHKYU Ta KIJIBKICTIO TAMKKOTOIKOI0 MaTepiany,
AKHUYN BBOAUTHCA ¥ YTBOPIOE MOPUCTiCTh. IIporiec ocaasKeHHA JOCIiIKY -
BAHOTO MaTepiANy Ha OiAKJaAUHKY Big0yBaBcA 3a TeMIIEpATypH Bin
500°C mo 900°C. KinbKicTh TAMKKOTONKUX YACTUHOK 3 HUMKHBOIO Me-
JKeI0 KOHIIeHTPAIlil cIipuse YTBOPEHHIO JOCTATHLOI KiTbKOCTU TiHBOBUX
30H, AKi pOCTYTH i POPMYIOTH BiAKPUTY ITOPUCTiCTh. BepxHA Merka KOH-
MeHTpamii TAMXKKOTONKOI (asu Bu3HAUAEThCA (PiBMKO-MeXaHIUHUMU
BJIACTUBOCTAMMU MaTepisasy (MilmfHicTIO Ta TBEpAiCcTIO).

s mpoBemeHHA NOCTIAMKEHHA B AKOCTiI Apyroi ¢asu 0ysao o6paHO
nBi cmomykum — Al,O; Ta NaCl. Ili marepisanum abo BumaadamThCA 3
MaTPHIIL 0CaAKeHOr0 KOMIIOBUTY B IIPOIIECi IMOAAJBIIIOTO0 BAKYYMHOTO
Bignmamy (NaCl), abo sanuimiaioTbcsi B KOHAEHCATi, YTBOPIOIOUHN TiHBOBIi
minaaku (ALOj).
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IIporec yTBOpeHHS KOMIIOSUTY CYIIPOBOIKYBAaBCA OJHOUYACHUM BU-
TIapOBYBaHHSAM OCHOBHOTO MaTepisaay (MaTpuIili) Ta TAMKKOTOOKOI da-
31 3 ABOX THUIJIIB, PO3TAIIOBAHUX Y TEXHOJIOTIUHIiN Kamepi.

3a BHCOKHUX TeMIIePATYp HiAKJIaAMHKMN, HA AKY 30iMCHIOETHCA KOH-
JeHcallis mapoBOr0 IIOTOKY, Bil0YyBA€ThCA 3JIUTTS AUCIEPCHUX UYACTIH-
HOK (KoasecienItisa). CTymiHb 3JIUTTA YaCTUHOK PeryJioe 30iJbIlneHHs
00cAry OAMHMYHMNX TiHHOBUX 30H. IlapajelbHO TaKOMK BigOyBaeThcs
KoaryJsdIlisad HagABHUX HACKPIBHUX i BIIKPUTTS OKPeMUX IIOP.

dopmyBaHHA MAaTEpiANiB 3 pPeryJibOBaHOIO BiJKPUTOI IOPHUCTICTIO
3a HU3bKOI Temmeparypu miaraagumHiku (< 500°C) Baxkko 3abesmeun-
TH, OCKiJIbBKM B PE3yJIbTATi IIOraHOT0 KOHTAKTY MEXKOBHX KPHCTAJIIB
MEeTaJIeBOI MAaTPHUIIL CIOCTepiraeThbcAd OOAATKOBE BiIKPUTTA KaHAJIB
o MeXKaxX MiK KpucrajgiTaMu, IO MOTipIIye ONTHUMAaJbHI (isuKo-
MexaHiuHi BJIACTHBOCTI.

B pesysabTaTi uMcIeHHUX EKCIEPUMEHTIB BCTAHOBJIEHO, IO CTBO-
PeHHs MaTepidAJiB 3 peryJabOBaHOIO BiTKPHUTOIO IMOPUCTICTIO MOKJINBE
3a BMICTy TS'KKOTONKWX HAHOUYACTUHOK He MeHIine 4 mac.% Ta TeM-
mepatypu ocamxenua me Huykue 600°C. BpaxoByioun 3aKOHOMipHOCTI
dopMyBaHHA HOPUCTUX KOMIIOBUTIB, PEr'yJIIOBAaHHA 00CATYy Ta PO3Mi-
PiB HACKPiBHUX IIOP MOKHA 3MiMCHUTH TPhOMa CIIOCOOaAMMU:

1) smiHIOIOUM TeMmOepaTypy OiIKJIaAWHKHK 3a 3aJaHOl KOHIeHTpaIlii
TAMKKOTOIKOI CIIOJTYKH;

2) 3MiHIOIOUM CKJIaJ TAKKOTOMKOI (hasu 3a MOCTiMHOI TemMmepaTypu
OigKJIaguHKN,

3) 3MiHIOIOUM AK KOHIIEHTPAIlil0 TAMKKOTONKOI (hasu, Tak i Temie-
paTypy OigKJIaguHKU.

Y nmepuromy BapisiHTI mopdAjn 3 IMiABUINEHHAM TeMIepaTypu IIigKJja-
IUHKN 30iJbITyEThCA PYXJUBICTH aTOMiB KOHIEHCOBAHOI TIKKOTOII-
Kol (asu i BiAMOBIAHO PO3MIp TAMKKOTONMKUX YACTHUHOK. 3aJIE’KHO Bif
CTymeHs 30iJbIIIeHHA PO3Mipy YacTHMHOK 3AiNCHIOETHCS KOAryJAIlid
IpiOHMX HACKPi3HMX IIOp i JOJAATKOBE BIAKPUTTA BiTOKpeMJIEHUX
Iop, AKi y CBOIO uepry 3’€IHYIOThCA 3 HAaABHUMMU 30iJbIIIeHMMU Ha-
cKpisHuMu mopamu. Takum UMHOM, B OAWHUIIL 00’eMy MaTepisaay i3
3araJibHUM MiABUINEHHAM BiJKPUTOI IIOPUCTOCTH CIIOCTEPiraeTbcsa
3MEHINeHHS KiJTbKOCTHU IIOP i 30inbIeHHA iXHIX po3Mipis.

IcroTHU# BIIUB Ha 06°eM i po3Mip mop Mae KOHIIEHTPAIiA TAMKKO-
Tonkoi (asu. 3i 30iTbIITEHHAM KOHIIEHTpAIlil TAKKOTOMKOI (asu 3a
OCTiiHOI TeMIlepaTypu HiAKJAAUHKN HNMOBiIpHiCTH B3aemonii CKOH-
MIEHCOBAaHUX aTOMiB TAMKKOTOIIKOI CIOJyKU 3pocrae. 3 iHTeHcudiKa-
I[ielo IpoIiecy KoaryJsilii 4acTMHOK PO3Mipu mop 36iJbITyIOThCS, a i3
3pPOCTAaHHAM KOHIIEHTpAIlil TAMKKOTONKOI (hasu, 1m0 BBOAUTHCS, 30i-
JBITYETHCA B OUHUIIL 00’€My MaTepisay HacKpi3Ha MOPHUCTICTh.

3MiHN KOHIeHTpAaIii TAXKOTOMKOI (asu Ta TeMIepaTypu IIigk.ja-
IWHKNA BUKOPUCTOBYIOTHCA B TOMY BUIIAAKY, KOJU IOTPiOHE CTBOpPEH-
HA CIEIiAJbHUX TOPUCTUX MaTepiaaiB i3 ocobauBuMu (isuKo-
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MeXaHiYHMMHN BJIACTUBOCTAMMN ab0 MaTepisgiB 3 I'paJieHTOM 3a PO3-
MipaMu Ta KiJIbKicTIO mop.

PoarananyTi TexHoJIOTiUuHI BapigHTH (OPMyBaHHA Ta peryJOBaHHA
BiZKPUTOI IMMOPUCTOCTU CBigUaTh IIPO MOXKJIMBICTL OJep:KaHHS OGeairiui
MOPUCTUX MATEPiAJiB 31 CKJIAJHOJETOBAHOI METAJIEBOI0 MaTpPUIlEIO, B
AKIA AK JUCHepCHI BKJIIOUEHHS BUKOPUCTOBYIOTH TAMKKOTOIIKI OKCUIN
abo ixHi cymMiti, I1T0 TOraHO 3MOUYYIOTHCA METAJeBUMHU pPo3Tomamu [5].
BuBueHHA CTPYKTYPHU Ta BJIACTUBOCTEN OCAIMKEHUX MOPUCTUX MaTepid-
JiB i3 mapoBoi ¢asu ma ocHoBi Hikd0 (Ni—-Al,03, NiCr-AlL,0;, NiCrY-—
Al,0,;, NiCrAlTi—-Al,0;, NiCrAl-AlL,0,—TiC, NiCrAl-Zr0O,) i xpomy
(Cr—Al,0,, Cr—MgO-Al,0,) 6yJ0 mmpeacrapiero y myoaikamiax [11].

3aJjiexHO Bif 0araThox UMHHHKIB, TAKUX AK: BUOIp MeTaJIeBOI MaT-
puIli Ta AUCIEPCHUX YACTUHOK, TEMIIEpATYpPa OCAKEeHHA, KOHIIeHTPA-
1Iisg BXiZHOI TAMKKOTONKOI (ha3u, yac i TeMuepaTypa HaCTyIIHOI'O TepMi-
YHOTO 00pO0IeHHA, MOKHA peryaioBaTu 00’em mopuctoctu Big 0% mo
50% Ta cepenuiit posmip mop y miamasoni Bix 0 MKM 10 8 MKM.

Ax npuxiaang moxxemo posraAHyTu cucremy (Ni—20% Cr)—Al,O;.
Bigkpura mopucTricTh BUBUaJacd Il dyac ojep:KaHHA KOHJIEHCATiB 3
remneparypolo miaxaamzuakm y 700°C i 900°C Ta HacTymHOTO micias
oca:KeHHA BaKyyMHOTO TepMooOpobsenus 3a 1200°C mporsrom 100
roguH. XapakTep 3MiHUM IIOPHUCTOCTH B KOHJeHCaTaxX 3a BKa3aHUX Te-
mnepatyp € momioumm. IlimBumienHsa TeMmepaTypu OcalKeHHS Ta da-
Ccy TepMOOOpOOJIeHHS y BaKyyMi Iicaa KoHAeHcallili cupuse 36iab-
IIeHHI0 00’eMy BiIKPUTUX IIOP y BCiX cHUcCTeMaX.

Meranorpadiuni mociimxeHHa TOKAas3au, IO 06’eM BiIKPUTUX IIOP
ImepeBaskae B KOHJEHCATaX, OJeP:KaHUX 3a OiJIbIIT BUCOKMX TeMIepa-
TYp 3 BiTHOCHOIO PiBHOBArol0 Mi’K BiIKPUTOI0 Ta 3aKPUTOI0 IIOPUCTO-
crtamu (puc. 2, a).

IligBuIleHHA TeMIlepaTypu BiAnajay IPUBOAUTH N0 iHTeHcu@ikraiii
mporieciB sautTa mop. Ilicaa 100 roguH BiAgmamy y BakyyMi sHauHa
YacTHHAa IIOPUCTOCTU MEPEXOAUTDL V BiAKPUTY MOPUCTICTL Y KOHIEHCA-
Tax, mo mictars 20—-30 mac.% Al,O;. OgHak mpollecu KoaJiecIleHIrii
mop y OiJbIIIOCTi 3aBEPIITYIOThCA MicjadA 25 rogWH Bigmany y Bakyymi
3a remneparypu y 1200°C.

Amnaniza crpykrypu Komzgencary (Ni—20 mac.% Cr)—30 mac.%
Al,O; TakoK TiATBEPIIKYE BUCHOBOK IIPO Te, IO MPOIEC KOAaJecIlleH-
I[ii TOp € aKTWBHImMM y mepiri 25 roguH BifnajeHHA, Ta 3a TPUBa-
JIITIIOI BUTPUMKY 3HAYHO YIIOBiJIBHIOETHCH.

Ha pucyHKy 2, 6 mOKa3aHO 3aJIeKHICTh CepeIHbOT0 PO3Mipy IIop y
kougencati (Ni-20 mac.% Cr)—Al,0; B 3aymekHOCTI Bijg Temmepatypu
migknaguaxku (700—-900°C). CepemHi posmipu mop 3HAUYHO 3aJI€KaThb
BiJ TeMmepaTypu OCaIyKeHHSA Ta dYacy Bimajy KOHIEHCATIB y BaKyy-
mi. OmHax TakWil MmiAXig I[OJ0 OJep:KaHHSA IOPUCTUX KOHAEHCATIB
Mae Oedaxi HemomiKu. 3a KOHIIEHTpAIlil TIKKOTOINKHX YaCTHUHOK IIO-
Hag 10 mac.% y HOPHUCTOMY KOMIIO3UTI CIIOCTEPIira€ThbCA IPAKTHUUHO
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HYJIbOBA IIJIACTHUYHICTH i HU3bKa MIiITHiCTh.

Haii6inpin mepCIeKTUBHUM € METOJ OAepP:KaHHA KOHIEHCOBAHUX 3
mapoBoOi (pasu mMOPHUCTHUX MATEPiAJiB, 3 MATPHUIIL IKWX B OPOIECci Bif-
najgy abo pO3UMHEHHS BUAANAIOTHCA AHCHepcHi yacTuHKu. Haiibiabim
OPUAHATHUME AJIA MUX IiJeH € propuau Ta xJjopuam S ta P migrpym
epioNYHOI CUCTEMU.

Ilepii ekcunepuMeHTAJNbHI PE3yJIbTATH YV IILOMY HAIIPAMi OyJIM omep-
sKami y pooori [12]. ¥V Ti#i poboTi mocaimskyBaiu KOHAeHCATH TUTAHY,
o mictare NaCl, ogepskani 3a remneparypu migkiaaguaku y 600°C y
BUTIAAL aucTiB giamerpom y 800 MM Ta TOBIUHOIO ¥ 1-2 MM.

Ilopucticts, % nop.? MEM
40 8
6 ,———ﬁ"—_—n g
3 | m— 6/5
30 ] M%g 6 o
b |
20 % 4 / Te'MnepaTyp.a
MK KM,
/ / » — 700°C
1 o — 900°C
Temneparypa
10 / niq}cnlz)l,uxip' ] 2
: 3
IR I
/ = — 700°C T
o — 900°C 4 2
0 | | 0 1 -
0 10 20 30 40 50 60 0 10 20 30 40 50 60
AlO,, mac.% Al,0,, mac.%
a 0

Puc. 2. 3anexxuocri Big romnenrtpanii Al,O,; (a) BigxpuToi mopucrocTu Ajs
kougencary Ni—Al,O; (1, 4 — Buxigui, 2, 5§ — Bignmameni, 1200°C, 25 rox.,
3, 6 — Bigmameni 1200°C, 100 rox.) i (6) posmipy mop anaa KouzeHcary (Ni—
20%Cr)-ALO; (I, 4 — Buxigsui, 2, 5 — Bigmameni, 1200°C, 25 rox., 3, 6 —
Bigmamerni 1200°C, 100 roz.).?

TABJUIIA 1. SanexkHicTh BIacCTMBOCTell KOHAEHCATIB, OCA)KEHUX 34 TeM-
meparypu y 600°C + 10°C, Bix Bmicty NaCl.?

Cruapg ..

©

& |KOHJeHcAaTy, FyCT;I Halg ITopucTtictsb, % 2 § Mexalenﬂ‘
P o kr/m>-10 g = BJIACTUBOCTI
g, Mac. % % .

o S| o c,

< | Ti | NaCl | Teop. |ekcm.| saraipHa | BigkpuTa R 2 Mﬁa M(ﬁ;l 3, %
1 100 — 4,5 4,49 — — — 430 540 22
2 96,3 3,7 4,41 4,19 5,7 — — 430 540 22
3 88,2 11,8 4,22 3,87 8,3 — — 190 210 1,5
4 80,8 19,2 3,57 2,82 21,1 10,8 0,2 148 150 0,5
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Y Tabauii 1 HaBedeHO TPUW THUIIM KOHIEHCATIB 3 PiBHMM BiICOTKO-
BuM BMmicTom NaCl i KougeHcaT umeToro tTutaHy. EKcIepuMeHTAJIbHO
IOBeNeHo, II0 BMIiCT cojiell y TUTAaHOBiM marpuili mouan 45 mac.% —
Heba)KaHMii, OCKIiJIBKHU Ile 3HAUHO IIOPYIIYE CYIiJIBHICTHL MaTepiday.
Taki KoHIZeHCcATH € CIAa0KMMM KOHIJIOMepaTaMu 3 MPaKTUYHO HYJbO-
BUMHU 3HAUEHHAMU MIiITHOCTU Ta MJIACTUYHOCTH.

3 ofep:KaHNX KOHJEHCATIB IOTYBaJM 3Pa3KU AJIA JOCHiIsKeHHS Mi-
ITHOCTU Ta ILJIACTUYHOCTH YV BUXigHOMY cTaHi (Tabi. 1), micaa BuTpu-
MKM y OUCTHUJBOBaHi#l Bomi 3a Temmeparypu y 20°C mpotsarom 4 ro-
muH (Tabx. 2), a TAKOXK IIicadA Bigmany y BaKyyMi 3a TeMIlepaTypu y
850°C 3 pismoro mBuaKicTio marpiBamua Bix 600°C mo 850°C (Tab.i.
3). Bubip makcuMaiabHOI TeMIepaTypu HarpiBaHHA 3YMOBJIECHUM THUM,
o 3a temneparypu Buie 850°C BimOyBaeTbCs aJOTPOIIHE IIEPETBO-
PEeHHA TUTAHY 3 HU3BKOTEMIIEPATYPHOI O- Ha BUCOKOTEMIIEPaTypHY [3-
moaugikaliro, M0 icTOTHO BILIMBae Ha (pisMKo-MexaHiUHi BJacTHUBOC-
Ti Tutany [13]. 36epiraTu BHCOKOTEMIepaTypHY Moau@ikallio 4mucTo-
ro TUTAHy 3a KiMHATHOI TeMHOepaTypu He BIA€ThCA HAaBITL 3a HaAMIII-
BUJIIIOTO TePMOOOPOOIAHHA B Pe3yJabTATi MPOXOIKEHHS 3BOPOTHLOTO
B-meperBoperHa. Kpim Toro, Tuck macuuenoi mapu NaCl 3a Temmepa-
rypu y 850°C mocarae 1 Ila, To6To 3a mamoi TemIepaTypu 3abesmeuy-
€ThCA OYy’Ke BUCOKA INMBUIAKICTH BUIAJEHHS COJIi (BUOYXOBe BUIIAPOBY-
BaHHSA COJi), IO CIPUAE CIYUYEHHIO THUTAHOBOI MATPHUIli. SMiHIOIOUHN
mBuaKicTh Bumanmenua NaCl, mo:xHa peryJoBaTu po3Mip Ta o6’eM
IIOp Y KOHIEeHCATi.

Arx BugHO 3 Tabaumi 1, MexaHiuHi BJIaCTHMBOCTI KOHJEHCATiB y BU-
XiZHOMY cTaHi icTOTHO B3ajiekaTh BiJl KOHIIEHTpAaIlil coji; 3 IigBH-
IeHHAM OCTAHHBLOI XapaKTEePUCTUKU MiITHOCTU IMOHUMKYIOTHCH.

Y rabaungax 2, 3 HaBegeHo (isMKO-MexaHiuHi BJIACTHBOCTI KOH-
JeHcaTiB Imicas oOpoOJieHHA y BOAI Ta Iicas BaKyyMHOTO Bigmaiy.
MexaHiuHi BJIaCTHBOCTI KOHIEHCATY 3aJiesKaTh BiJ KOHIeHTpAIii coJri
rTa 3 migBuineHHaM KoHIieHTparii NaCl Bouu moHmMKyoThca. MexaHi-
YHi BJIAaCTHUBOCTI YMCTOTO KOHAEHCATY TUTAHY OJIM3bKi O MeXaHiuHMX

TABJUIIA 2. 3anexuicTh GisMKO-MeXaHiUHUX BJIACTHUBOCTEN KOHIEHCATY
Bix Bmicty NaCl micas BuTpuMKM y AucTuUIaboBaHiM Boxi 3a 20°C mporarom
YOTHPLOX roAuH.*

I'yctuna . Mexaniuni
] > 0
2 | xr/M*107 Iopucricte, % = g BJIACTUBOCT
< s =2
& 3 & o c

; b 0,29 0
< Teop.| eKCIl. | 3araJjbHa BiZKpUTa ~ S MIla | MIIa 5, %
2 4,41 4,07 7,8 2,8 0,25-0,30 270 30 2,46
3 4,22 3,62 14,3 5,5 0,26-0,32 190 210 1,5
4 3,567 2,43 32 26 0,3-0,4 148 150 0,5
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TABJINIIA 3. 3ane:xkuicTh BaacTuBocTeil KoHAeHcary Bix Bmicty NaCl micas
BaKkyyMHOro Bimgmany (2:1072 ITa) sa 850°C i 3 pisHOIO mBHAKiCTIO HarpiBy
Big 600°C mo 850°C.°

§ FyCT;IHa_,3 Topucricrs, % MexaHqui'

3 kr/m°-10 Posuip BJIACTUBOCTI

& ) nop, MEM | oz

| TeOp. | eKCI. | sarajpHa | BigKpUTA Mﬁa MlLI; 5, %
IIIBuakicTh 3pocTanua Temneparypu — 10 r'pag/cex

2 4,41 3,90 11,6 4,2 0,3-0,35 810 920 6,7

3 4,22 3,41 19,2 9,6 0,40-0,50 740 840 4,8

4 3,57 2,38 33,4 32,8 0,60-0,70 650 690 2,8
IIBuakicTe 3pocTanHa Temneparypu — 20 r'pan/cex

2 4,41 3,89 11,8 5,3 0,35-0,40 760 870 5,3

3 4,22 3,40 19,5 12,7 0,45-0,70 720 830 4,5

4 3,57 2,38 33,4 33,0 0,45-0,70 630 650 2.4

BJIACTMBOCTEN THUTaHY, OJEPKAHOr0 TPANUIINHMMU MeTadypriiHuMHu
MeTonaMu. BBeeHHA XJOPUCTOTO HATPil0 MPU3BOAUTH MO0 Pi3KOro IIO0-
HM)KeHHs MinHocTu y KoHgeHcariB Ti—NaCl y suxigaomy crasi.

Teoperuuna rycruna KouaeHcariB Ti—NaCl y Bcix Bumamkax Buira
3a EeKCIepUMEHTaJIbHY, IO CBiJUUTHL IIPO YTBOPEHHSA MOPUCTOCTH B
mpolieci ocamKeHHA.

Y BuximHUX KOHJeHcaTax 3arajbHa ITIOPHCTICTh KOJUBAETHCA B Mi-
amasoui 5,7-21,1% (raba. 1); micas BaKyyMHOro Biamajay Ieil midma-
30H 30imbpiyernea Big 11,6 mo 33,4% B pesyabTaTi 3JUTTA APiOHMX
mop (raba. 3).

Ilomanbina BUTPUMKA 3pasKiB y AWMCTUILOBAHiNT BOAI IPU3BOIUTH
IO TOHWKEHHS MIiITHOCTU 4yepel3 YTBOPEHHS MiKPODYyCTOT HiJl yac pos-
ynHeHHs coJii. KpiMm Toro, xemiuHa aHajisa mokasaja, IO y 3pasKax
He Bifi0yBaeThCs IOBHOTO PO3UMHEHHA cojeii. EdekTuBHicTH BUAa-
JIeHHSI COJIi MHigBUINMyeThCA 3a OiJBIIT BUCOKHX il KOHIIEHTpAIill y
KOHJIeHcaTi, a HeIlOBHE BUAAJIEHHS COJIi IOSICHIOETHCA 11 po3TaIrryBaH-
HAM Yy B3aKpUTUX Oopax KouaeHcary. Cmpoba po3umMHEHHS COJi B
OKPOIIi He Jajla MO3UTUBHUX Pe3yJIbTaTiB.

3HauHi pes3yJbTaTH OAEP:KaHO IIiCJaA BAKyyMHOTO BiAmaay KOHIEH-
cary. Bakyymuuit Bigmas sHauHO 36iybinye MimuicTh. Meska mimHOC-
T Gy gocarae 650—-920 MIla, mesxa IIIMHHOCTU G, = 630—810 MIla,
a BimHOCHe MOJOBXMEHHsS CTaHOBUTHL 2,4—6,7% . HeobxigHo Bimsmaum-
TH, IO OAePKaHWil IOPUCTUI KOHAEHCAT 3a MeXaHiuYHOI0 MiIHiCcTIO
IepeBeplIye Maiyke BABiUi JuTHiT i KOHAEHCOBAHUI THUTaAH i gocArae
PiBHSA MIiITHOCTH, XapaKTEepPHOro IJs CKJATHOJEI'OBAHUX TUTAHOBUX
cromiB [13]. MoKJIMBUM IMOSACHEHHAM TaKOTO SBUINA MOKe OyTH pis-
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Ka aKTuBaIlisg mporecy audysii B THTAaHOBIA MaTpPHUIIi OZHOYACHO 3
BumijeHHAM xJjgopuny Harpiro.

30iIbIlIeHHA KOHTAKTHOI IIOBEPXHI y IIpoIleci CIiKaHHS IIOSCHIO-
eTbca AUQy3iHUM IIepeMillleHHAM BaKaHCili y 30HaX KOHTaKTy Ti—
NaCl Bixg micip 3 OLIBIII BMCOKOIO KOHIIEHTPAIi€I0 IO MiCIb 3 HUMK-
yoio KoHieHTtpaiieio NaCl. HomaTkoBe IIiABUINEHHS MIiITHOCTH MOXKe
OyTu 3yMOBJIeHe B3aemogicio xjgopuny Harpito 3 Turanmom. IIpore pe-
HTI'€HiBChbKa aHaJIi3a BiAImaJieHNX 3pasKiB METOAOM €HEepPreTUYHOI IM-
ciepcii mokasaJia BigcyTHicTh caimis Xiopy ta Harpiro.

3. BUICHOBRH

Hageneni pesyJsibTaTy IIOKa3yIOTh MOXKJIUBICTH OJep:KaHHS KOHJEHCO-
BaHUX 3 NapoBoi (pasu MeTaJoOKepaMiuyHUX i MeTajleBUX MaTepidJiB 3
peryiboBaHMMU MeXaHIiUHMMH BJIACTUBOCTAMU, 06’¢MoM i posmipom
mop. BeraHoBIEHO, IO 00’eM IIOpP i cepenHill posMmip mop y KOHIeHca-
rax (Ni—-20 mac.% Cr)—Al,O; 3aymekaTh BiJ TeMIlepaTypu OcalKeHHs,
KOHIIeHTpAaIil TAKKOTONIKOI (pasu Ta yacy Bigmaiy ofep:KaHUX KOH-
IeHcaTiB. 3MiHa 3a3HAUEHUX TEXHOJOTIUHHX IIapaMeTpiB YMOKJIUB-
JII0€ OJIeP:KYyBaTH IIOPUCTI KOMIIOSUTH 3 PeryJbOBaHUM 00’€MOM IIO-
pucroctu Big 0 mo 50% i cepexguim posmipom mop Bix 0 1o 8 MKM.

disuko-mexaHiuHi BaacTuocTi kommosuTiB Ti—NaCl 3 mamouacTu-
mxamu NaCl, 1mo BupanAmThCA, 3ajieKaTh Bif KOHIeHTpallii ¢asu,
fAKa BBOAUTBHCA, i MeTony il BUAAJIeHHA — PO3UMHEHHA B JUCTUJILO-
BaHili Bomi abo BUIApPOBYBaHHSA y Bakyywmi. Opep:kamuii mopucTuii
KOHJleHCaT 3a MeXaHiyHOI0 MIIlHiCTIO IlepeBepIllye Maiiyke BABiui Jiu-
TUH i KOHAEHCOBAHMU TUTAH i JocdATrae PiBHA MIITHOCTH, XapaKTepHO-
I'o JJIsl CKJIQJHOJIeTOBaHUX THUTAHOBUX CTOIIiB.
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! Fig. 1. Scheme of the mechanism of porosity formation in the condensate obtained by the
method of evaporation—condensation in vacuum: I—refractory nanoparticle; 2—shadow are-
as; 3—steam flow; 4—condensation surface.

2 Fig. 2. Al,0;-concentration-dependent (a) open porosity for Ni—Al,0; condensate (I, 4—
initial, 2, 5—annealed, 1200°C, 25 h, 3, 6—annealed 1200°C, 100 h) and (6) pore size for
(Ni-20% Cr)—Al,0; condensate (I, 4—initial, 2, 5—annealed, 1200°C, 25 h, 3, 6—annealed
1200°C, 100 h).

3 TABLE 1. The dependences of properties of condensates precipitated at a temperature of
600°C + 10°C on the NaCl content.

4 TABLE 2. The dependence of the physical and mechanical properties of the condensate on
the NaCl content after exposure in distilled water at 20°C for four hours.

> TABLE 3. The dependence of the condensate properties on the NaCl content after vacuum
annealing (2:1072 Pa) at 850°C and different rates of heating from 600°C to 850°C.
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Composite is one of the direct dental restoration materials, which is con-
sisted of three main components such as matrix, filler, and coupling
agent. Metakaolin and zirconia are potential alternatives as dental resto-
ration materials. This study aims to determine the characteristics of syn-
thesized metakaolin—zirconia geopolymer nanocomposite with the addition
of tapioca as a template. The study is a pure experimental laboratory in-
vestigation. The sample is fabricated by means of both the synthesis of
metakaolin, zirconia, alkali activator, chitosan and the addition of tapioca
of 0.4% v/v, 0.8% v/v, and 1.6% v/v. Alkali solution consisting of
NaOH and Na,SiO; is used to activate the geopolymerization of me-
takaolin. Nanocomposite characteristics with variations of the addition of
tapioca template are then evaluated for its hardness and microstructure.
Synthesis of metakaolin—zirconia geopolymer nanocomposite with the ad-
dition of tapioca template is successful, and it has a mean hardness value,
which has met the hardness value used for dental composite restoration
and has the best attachment to artificial teeth. The best hardness value is
of 51.70 VHN achieved by the addition of 1.6% v/v tapioca to geopoly-
mer. The resulting SEM images of all samples show a mean particle size
of 100 nm indicating that the size is suitable for dental restoration with
the value of 5—100 nm.

Komnosur € oguuM 3 6GesdmocepefHix 3yOHMX pecTaBpalliiHUX MaTepiAis,
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SAKUH CKJAZaeThCcA 3 TPhOX OCHOBHMX KOMIIOHEHTIB, TaKUX SAK MAaTPHUILA,
HaIMoBHIOBAY i 3uimHmi arenT. MerakaoJsin i gBookmc Ilupkoniro € moreH-
MiAHUMEY aJbTepHATHBAMHU B AKOCTi pecTaBpallifiHMX MaTepianiB 3y0iB. Ila-
He MTOCJiMKeHHS CIPAMOBAHO HA BU3HAUEHHSA XapaKTEPUCTUK CUHTE30BaHO-
r0 METAKAOJiH-IIMPKOHIAOBOrO I'eOHOJIiMEePHOT0 HAHOKOMIIO3UTY 3 JOJAaBaH-
HAM Tamiokm gk mabaony. Hochaig:KeHHS € YMCTUM eKCIEePUMEHTAJTbHUM
Ja00pPaTOPHUM OOCHIMKeHHAM. 3Pa30K BUTOTOBIAETHCA MIJIAXOM CHUHTE3U
MeTaKaoJiny, ABookmcy IlupKoHif0, JY:KHOTO aKTUBATOpa, XiTO3aHy Ta IO-
maBauuda 0,4% 06./06., 0,8% 06./06. Ta 1,6% 06./06. Tamioku. Po3uun ay-
ry, mo ckjazaetrscsa 3 NaOH i Na,SiO;, BUKOPHCTOBYEThCA AJA aKTUBAILil
reomoJiiMmepusailii Mmeraxkaojiny. HaHOKOMIO3UTHI XapaKTepPUCTUKHU 3 Bapi-
AIiIMU OOJaBaHHSA IMA0JIOHY TaAIliOKMW IIOTIM OI[IHIOIOTHCSA Ha IIPeAMeT Horo
TBEPAOCTH Ta MiKpocTpyKTypu. CHHTEe3a MeTaKaoJiH-IIUPKOHiIIOBOTO I'eomo-
JiMepHOT0 HAHOKOMIIO3UTY 3 JOJaBaHHAM IITabJIOHY TalliOKW € YCILiIIHOIO0, a
BiH Mae cepeaHe 3HAUEHHS TBEePIOCTHU, IO BiATIOBifae 3HAUEHHIO TBEPJOCTH,
AKe BUKODPHCTOBYETBHCS MJis PecTaBparlii CcTOMaTOJOTiYHOTO KOMIIOBUTY, i
Mae HaWKpally OPUXWIBHICTH OO0 MITyuHHX 3y6iB. Haiikpallle 3HaueHHA
tBeppoctu — 51,70 VHN, 1o mocsaraerscsa momapamasm 1,6% 00./06. Tami-
oku no reomoJimepy. Oxep:xkani CEM-300paskeHHSA BCiX 3pasKiB IIOKas3yioOTh
cepenuiit posmip uacturHok y 100 HM, IIT0 BKasye Ha Te, IO PO3Mip Iigxo-
IUTH IJiA pecTraBpalii 3y0iB 3i sHauenHam 5—100 HM.

Key words: tapioca, metakaolin, zirconia, dental restoration, nanocompo-
site, hardness.

Karouori ciaoBa: Tamioka, mMerakaoJsiH, aBookmuc Ilupkoniro, 3yO6HaA pecTas-
pailisg, HaHOKOMIIO3UT, TBePHAiCTh.
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1. INTRODUCTION

Dental restoration aims to restore the integrity of the tooth sur-
face, thereby restoring the function of the tooth as an organ of
mastication and aesthetics [1]. Some of the filling materials used in
dental restorations are composites and glass ionomer cement (GIC)
[2]. Composite filling materials are more often used for dental res-
torations, because their mechanical function is better than of other
filling materials; besides that, composites also have good aesthetic
value with a colour that resembles teeth [3].

Composite resin consists of several components, namely the resin
matrix, filler, and coupling agent. In addition, it has initiators to
activate the hardening mechanism such as photoinitiator [4]. Based
on their size, it can be classified into composites made of small par-
ticle fillers, microfillers, and nanofillers. Composites with nano-
filler or nanocomposites have better performance than other mate-
rials, because they have a smooth surface structure, high mechani-
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cal properties and can be homogeneously dispersed in a polymer ma-
trix [5, 6]. Various modifications of filler materials continue to be
developed to obtain nanocomposites with high mechanical properties
[7].

Synthesis of geopolymers can be done by using natural resources
on Indonesia such as metakaolin and zirconia. Geopolymer is an in-
organic polymer material based on aluminosilicate, which is activat-
ed by strong alkaline solution. Mechanical properties such as com-
pressive strength, hardness, and modulus of elasticity are of im-
portant consideration to use geopolymers for structural application
[8]. Aside from its high mechanical properties, it can be used as
composite material because of its acid resistance [9].

Based on this description, the authors are interested in synthesiz-
ing metakaolin—zirconia geopolymer nanocomposites with addition
of tapioca as template. The addition of tapioca template solution
used in this study was 0.4% v/v, 0.8% v/v, and 1.6% v/v. The
hardness value of nanocomposite with metakaolin—zirconia will be
tested after curing time of 7, 14 and 28 days. This is to see, if the
curing process shows a significant hardness value for the nanocom-
posite material. The use of these variation aims to produce the
smallest particle size in the synthesized nanocomposite using scan-
ning electron microscope (SEM) for morphological evaluation.

2. EXPERIMENTAL

The kaolin was obtained from Bangka Island, Indonesia. It under-
goes calcination at 850°C for 6 hours to produce metakaolin. Zirco-
nia was obtained from sol-gel method from ZrCl, precursor dis-
solved in aqua dm and NH, solution, which was mixed homogenous-
ly using magnetic stirrer until its pH reach value of 3. It is a white
crystalline oxide ceramic material, which can be used as filler for
composite resins, because it improves the mechanical properties of
composite and can be used for strengthening as dental restorative
materials such as crowns, bridge reinforcements, and composite res-
in fillers [10]. Zirconia has good mechanical properties, has high
strength, is fracture resistant, has good biocompatibility, and its
opaque nature can resemble tooth colour, adding to its good aesthet-
ic properties [11].

Chitosan 1% solution was made by dissolving 2 mL of acetic acid
and 1 g chitosan powder to 98 mL aqua dm with magnetic stirrer.
The addition of coupling agents such as chitosan to dental restora-
tive materials serves to increase the bond between the matrix and
filler. Chitosan has non-toxic, biocompatible, bioadhesive, and bio-
degradable properties [12, 13]. Chitosan has an open amine group
(NH), which is positively charged; this serves it as a binder for oth-
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er materials, which are negative by cloaking or covering the surface
of the material. The particle size of the covered material is not get-
ting bigger, and agglomeration or clumping does not occur; so, the
particles distributed homogenously are resulting in higher mechani-
cal strength.

Tapioca 0.5% solution was made by mixing 0.5 g of tapioca
starch powder to 100 mL aqua dm at 80°C temperature, mixed with
magnetic stirrer and cooled to ambient temperature. This material
act as a template for nanocomposites for the growth of rod-shaped
particles in their morphology. It is composed of glucose monomers,
namely, amylose and amylopectin. Amylopectin plays a role in the
formation of rods (nanorods), because it has long branched chains
that will bind between particles; so, it aims to improve the mechan-
ical properties of nanocomposites [14].

Mix design of this study is presented in Table. Metakaolin, zirco-
nia, and chitosan were weighed as mix design. Tapioca solution of
4, 8, an 16 mL is then added to each mix design homogenously to
produce 0.4% v/v, 0.8% v/v, and 1.6% v/v concentration, respec-
tively. The solution was then centrifuged five times and calcined in
furnace at 900°C for two hour, resulting in metakaolin—zirconia
powder. Next, it is mixed with chitosan and alkali activator solu-
tion to produce geopolymer slurry. It was then poured into a cylin-
drical mould with diameter of 3 mm and height of 6 mm conformed
to American Dental Association (ADA) standard. After 24 hours, it
was removed from the mould and curing in ambient temperature
using plastic wrap. Resulting geopolymer is characterized by XRD.

Mechanical properties of geopolymer are influenced by the curing
time: the longer the curing time the harder the material with a
standard curing of 28 days [15]. Vickers microhardness experiment
was conducted at 7, 14, and 28 days to analyse the effect of curing
time to hardness of geopolymer. The instrument used is Vickers mi-
crohardness tester with 100 g load. Cylindrical sample was put in
object table right below indenter, and the load is applied. Resulting
indentation can be seen under microscope and is as rectangular,
which has diagonal value (d). The corresponding unit of HV is then
the kilogram-force per square millimetre (kgf/mm?) or HV number:

TABLE. Nanocomposite mix design with different tapioca solution volume.

No. | Code Metakaolin, g Zirconia, mL Tapioca, mL
1 T-0.4 4 6 4
2 T-0.8 4 6 8

3 T-1.6 4 6 16
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HV =1.854/d*.

For the SEM characterization, artificial teeth are immersed in
artificial saliva for 24 hour. Geopolymer slurry as above was filled
into the cavity of artificial teeth until curing. Because both artifi-
cial teeth and geopolymer are not conductive, it was coated with
carbon to form conductive layer followed by vacuum treatment.
Sample was then transferred into holder and exposed by electrons.

3. RESULTS AND DISCUSSION
3.1. XRD Analysis

The x-ray diffraction (XRD) analysis was performed to identify the
resulting compound of nanocomposites. Figure 1 shows that there
are three major compounds appeared, which are quartz (SiO,;
JCPDS #421401), albite (NaAlSi;Og; JCPDS #030508) from the ge-
opolymerization; zirconia appears in tetragonal phase (¢-ZrO,;
JCPDS #170923). Depending on condensation temperature, geopol-
ymer structure can be either crystalline or amorphous. Albite ap-
peared as amorphous form, because geopolymer is synthesized below
90°C, as higher temperature is prone to form crystalline phases
[16-19].

3.2. Vickers Microhardness Analysis

Figure 2 represents the hardness values of each of three geopolymer
samples with the addition of tapioca template variations of 0.4%
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Fig. 1. XRD of geopolymer nanocomposite (note: @ =quartz; A = albite;
Z = t-Zr0,).
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Fig. 2. Vickers microhardness value of geopolymer nanocomposite with
tapioca addition.

v/v (T-0.4), 0.8% v/v (T-0.8), and 1.6% v/v (T-1.6) and, followed
by curing time, showed different results. Geopolymerization of me-
takaolin—zirconia nanocomposite was carried out by self-curing.
Hardness of these materials depends on the dissolution of Al and Si
in alkaline solutions, thus, forming molecules chemically. Alkaline
NaOH solution dissociates into Na“" and OH ions in water. The
presence of hydroxide ion concentration OH™ in NaOH with an alka-
line pH of 14 M can accelerate the reaction through a reagent
mechanism with H" ions in H,0 (water) molecules; so, the reaction
process of dissolving the components in the system becomes faster.
Alkali activator solution will increase the stability of the reaction,
and the stability of the dimensions of the samples is obtained.
Hardness value of resulting geopolymer at 7 and 14 days were lower
than at 28 days, because the geopolymerization continues for up to
28 days. Geopolymerization can still continue and gets harder over
time [20].

The hardness values of T-0.4, T-0.8, and T-1.6 at 28 days are of
27.50 HV, 42.70 HV, and 51.70 HV, respectively. T-0.8 and T-1.6
are in the range of hardness of composite restorations for teeth
(30-90 VHN) [21]. The value of the composite hardness is increas-
ing due to the good filler distribution, the absence of agglomera-
tion, the ongoing polymerization process, and bonds between the
particles. The more interaction between particles increases the me-
chanical properties of material.

A more homogeneous mixture between the filler and the matrix
will result in a high hardness value. Homogeneously dispersed par-
ticles will increase polymer absorption on the filler surface; on the
other hand, particles, which are not homogeneously dispersed, will
cause agglomeration or agglomeration in the matrix [22].

The agglomeration will reduce the surface area; so, it can weaken
the interaction between the filler and the matrix and result in a de-
crease in the physical and mechanical properties of the composite.
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In general, tapioca contains amylose as much as 20-27% and 77—
80% amylopectin [23]. This shows that, with increasing concentra-
tion of tapioca (v/v), it will increase amylose content and amylopec-
tin in the composite mixture. Water-soluble amylose results in an
increase in hardness, because amylose will bind to each other with
the binding matrix, and amylose will also undergo retrogradation to
maintain a structure that can increase hardness. The colour pro-
duced in the composite sample has also fulfilled the aesthetic need,
which is similar to the colour of the tooth; so, it is hoped that this
composite material can be considered as an alternative material for
dental restorations that can be applied in the field of dentistry.

3.3. SEM Analysis

Figure 3 shows the SEM results of metakaolin—zirconia powder with
the addition of tapioca template of 0.4% v/v, 0.8% v/v, and 1.6%
v/v after calcining at 900°C for two hours. Figure 3, a shows that
the resulting powder was agglomerated, while Figure 3, b shows the
formation of rod-like structures. Figure 3, ¢ shows more rod-like
structure (nanorods). Increase in tapioca content results in more
templates for rod-like structure; this shows that tapioca can be used
as rod-particle growth medium.

Figure 4 shows the SEM results of 7-0.4, T-0.8, and T-1.6 with
alkali activator in geopolymer nanocomposites. Figure 4, a shows
the resulting bonds of nanocomposite filling, and artificial teeth is
less than perfect with the occurrence of cracks in between that
causes the actual attachment surface not visible between the filling
material and the tooth. The distribution of the filler formed is une-
ven, because the resulting powder was still agglomerated and has
not been well dispersed. Figure 4, b shows the distribution of the
filler formed uneven because the resulting powder is still agglomer-
ated that can narrow the contact surface area between the filler and
the matrix. Figure 4, ¢ shows the best bonding between artificial
teeth and nanocomposite filling. The resulting images reveal almost
no gaps between the filling material and the teeth. The distribution
of the filler formed is quite homogenously.

Figure 5 shows the SEM images of geopolymer nanocomposites at
higher magnification (x20000) to disclose the particle size of nano-
composites. It shows the differences in distribution and size of the
formed particles. Figure 5, a has a smooth surface with particles
sticking together. Resulting nanoparticles are ranged from 45 to
more than 200 nm.

Figure 5, b demonstrates the formed small nanoparticles (17—40
nm), which have uneven distribution; it also reveals that there are
still larger nanoparticles (127-190 nm). Figure 5, ¢ has the best
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Fig. 3. SEM images: a) T-0.4; b) T-0.8; ¢) T-1.6. All images are at magni-
fication x10000.

'Téeih'
“Z_ Filling"\
< =

Fig. 4. SEM images of geopolymer nanocomposite: a) T7-0.4; b) T-0.8;
c¢) T-1.6. All images are at magnification x1000.
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Fig. 5. SEM images of geopolymer nanocomposite: a) T-0.4; b) T-0.8;
c¢) T-1.6. All images are at magnification x20000.

morphology among others and shows homogenously distributed na-
noparticles (11-64 nm). The particle size of nanocomposite geopol-
ymer with tapioca template addition has met the requirements for
nanocomposite particle size for dental-restoration material of 5-100
nm [24].

Metakaolin—zirconia geopolymer was synthesized to produce na-
noparticle size, where the formed-nanoparticle size was influenced
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by the manufacturing process of the synthetic material. Metakaolin
and zirconia produce nanoparticle size through a sol—gel process us-
ing the bottom up method. Crystal with nanoparticle size is ob-
tained from the construction of chemical atomic structures; so, the
nanoparticles will be more easily achieved. The solution is used as a
precursor to achieve the desired nanoparticles’ size until it goes
through the calcination process. Chitosan is also added as a disper-
sant in the manufacture of sol—gel, which serves to form small na-
noparticles’ size [25].

Chitosan will coat the surface of the particles before mixing with
alkali activator; so, it will prevent contact with other particles, the
agglomeration does not occur, and the particles are expected to be
homogeneous and well dispersed. Agglomeration is a lump of parti-
cles that causes the particles not to be well dispersed and can reduce
the mechanical properties of the composite. Fillers have an im-
portant role in modifying the properties of nanocomposites, such as
increasing hardness and wear resistance [26]. Metakaolin—zirconia
powder has nanoparticle size that will expand the surface area, be-
cause smaller particle size formed the particles of filler material,
which can occupy more area; this explains the improvement of the
mechanical properties. Tapioca addition showed a change in each
sample with the formation of an irregular form in SEM images.
This shows that tapioca is functioning as a growth site or template
for particle formation. Tapioca plays a role in binding between par-
ticles, which will form a certain pattern, where tapioca can form
nanopores, nanospheres, or nanorods [27]. The final stage of mak-
ing tapioca as a template is through a calcination process, which
will degrade or lose the polymer structure.

4. CONCLUSION

The conclusions that can be drawn from the results of this study
are as follow.

1. The highest hardness value was of 51.70 VHN achieved by the
addition of 1.6% v/v tapioca to geopolymer nanocomposites. Higher
the concentration of tapioca used results in increase of hardness
value of resulting materials. The hardness value has met the com-
posite restoration hardness criteria range, which is of 30—-90 VHN.

2. The best effect of tapioca template on the morphology of syn-
thesized geopolymer nanocomposite with a concentration of 1.6%
v/v results in best adhesion between the filling material and the ar-
tificial teeth, which was obtained.

3. The results of SEM microstructural characterization of geopol-
ymer nanocomposite with the addition of tapioca template of 0.4%
v/v, 0.8% v/v, and 1.6% v/v each have an average particle size of
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100 nm. Higher concentration of tapioca results in better distribu-
tion and smaller size of nanoparticles.
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This paper investigates recent developments in the field of zinc oxide var-
istors’ development using nanocomposite materials. In addition, the mate-
rials under discussion have attracted academic and industrial interests
due to their dramatic improvement in characteristics at nanofiller con-
tents. Moreover, the varieties and forms of zinc oxide varistors, as well as
the structure and properties of zinc oxide varistors, are discussed in this
article. Zinc oxide varistors have traditionally been filled with synthetic
or natural inorganic compounds to improve their properties or simply to
save cost. In addition, this paper investigates the performance evaluation
of zinc oxide varistors by incorporating alkaline-earth and rare-earth met-
al nanofillers. These applications require multifunctionality in a single
material, which is rare in zinc oxide varistors. Zinc oxide varistors incor-
porating with other materials is a cost-effective technique to create multi-
functional materials. The property improvement in nanocomposite sys-
tems, where the fillers typically have nanometre-scale dimensions, proba-
bly occurs with a tradeoff.

Y pmamiit poboTi mOCHiAKYIOTBCA OCTaHHI pe3yiabTaTu B 00JacTi pPo3poOKU
BapucTopiB okcuay I[MHKY 3 BUKOPUCTAHHAM HAHOKOMIIOBUTHUX MaTepid-
ais. Kpim Toro, o6roBoproBaHi MaTepisjay NPUBEPHYJU aKaJeMiuHi Ta Ipo-
MUCJIOBi iHTepecu 3aBAAKMN DPiBKOMY HOJIINNIEHHIO IXHiX XapaKTepPUCTUK i3
BMicToM HaHOoHamoBHIOBauiB. Kpim Toro, pisHOBuAm Ta (hopmMm BapumcTopis
okcuny IIuHKY, a TakoK OygoBa Ta BJIACTUBOCTI BapucTopiB okcuxy I[uHKY
PO3TJIAHYTO B nmaHiit crarrti. Bapucropu oxcuny IluHKy TpasuiliiiHO 3amosB-
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HIOIOTHCSA CHHTETHYHUMU a00 NMPUPOAHIMHU HEOPraHIiUHMMHU CIOJYKaMHU IJIA
TOJIINIIeHHA IXHiX BJacTUBOCTEH abo mpocTo A eKoHowmii BuTpar. Kpim
TOTO, B AaHiil pobGOTi JOCTIMKYyeThbCS OIliHKA e()eKTUBHOCTH BAPUCTOPiB OK-
cuny IIMHKY IIJIAXOM BKJIIUEHHS JYKHO3EMEJNbHUX 1 piAKicHO3eMebHUX
MeTaseBUX HaHOHamoBHIOBauiB. Ili BacrocyBamHs BuMaramoTh O6araTodyHK-
IiIOHAJLHOCTH B OJHOMY MAaTepissi, Io pifKo 3ycTpivyaeThcss y BapHUCTOpax
okcuny Iluury. Bapucropm oxcuzy IIuHKY, 110 BXOZATH OO CKJIALy 3 iH-
UMK MaTepiflaMu, € eKOHOMiUHO BUTIAHOIO TEXHiKOIO JJIA CTBOPEHHA Oa-
ratropyHKIioHanbHUX MaTepidxiB. IlosminmeHHA BiaacTHMBOCTEH Y HAHOKOM-
TMO3UTHUX CHCTEeMaX, e HAallOBHIOBAUi 3a3BMYail MalOTh PO3MipH B HAaHOMET-
poBoMy MaciiiTabi, IMOBipHO, BiIOYyBa€ThCA 3 KOMIIPOMiCHUM PO3B’SI3AHHSIM.

Key words: alkaline-earth metal, rare-earth metal, nanofillers, zinc oxide
varistors.

KarouoBi cmoBa: Jgy:KHO3eMeJbHUII MeTaJ, pifKicHoseMeJabHUII MeTaJs, Ha-
HOHAIIOBHIOBA4i, BapucTopu okcuny IIuHKY.

(Received 10 May, 2022)

1. INTRODUCTION

Metal oxide varistors are ceramic semiconductor devices based on
Zn0O, which have highly nonlinear current—voltage characteristics
akin to back-to-back Zener diodes. These varistors’ devices have been
the dominant method of shielding electronic, electrical, and power
distribution and transmission circuits from the damaging voltage
levels caused by lightning impulses or switching surges over the last
30 years [1]. The varistors are made via a ceramic sintering method,
which results in a structure that is mostly made up of conductive
ZnO grains surrounded by thin electrically insulating barriers.

As a semiconductor ceramic resistor with nonlinear volt-ampere
characteristics, ZnO varistor has several advantages, including low
raw material costs, a simple manufacturing process, adjustable po-
tential gradients, a high nonlinear coefficient, low leakage current,
and excellent energy absorption [2]. Many research efforts have
been devoted to the application of ZnO varistor in high/low voltage
power systems and semiconductor industries due to its unique func-
tionality. The instantaneous overvoltage in the circuit is limited by
the ZnO varistor to a range that the equipment or system can with-
stand, potentially protecting the system from surge impact and
damage [3]. Considering the current application and manufacturing
method of zinc oxide varistor, this new kind of varistor is separated
into two categories: high-voltage varistor and high-energy type
pressure, both of which are irreplaceable in terms of formulation
and performance.
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To improve its electrical properties, the ZnO varistor is common-
ly doped with a tiny amount of metal oxides as additions [4]. The
microstructure and phase composition of the material, as well as the
distribution of dopants, all play a significant role in its overall per-
formance. The considerable variance in particle sizes of these do-
pants, on the other hand, may reduce the varistors’ microstructure
uniformity. As a result, increasing the homogeneity of mixed ox-
ides is a significant component in improving the overall perfor-
mance of ZnO varistors. The significant nonlinearity of the current-
voltage characteristics of ZnO varistors is their distinguishing fea-
ture. The microstructure, composition, additive distribution, and
homogeneity of ZnO varistors determine their electrical properties.

Doped ZnO grains, intergranular, and spinel phases are three the
major phases seen in varistors [5]. If the varistor is made the tradi-
tional way, these phases are generated during the reactive sintering
of ZnO powder with a small number of additives like Bi, Sb, Co,
Mn, Cr, Al, Ni, and other oxides. The spinel phase may dissolve al-
most all other elements in the system [6]. Its basic formula in ZnO
varistors is Zn, 53Sb, 6,0, [7]. Its exact formula is determined by the
composition of the initial varistor mixture and the sintering cir-
cumstances. Although many different features of ZnO wvaristors
have been studied (microstructural, chemical, electrical), there are
just a few studies that deal with the spinel phase, its composition,
and its influence on varistor characteristics. Spinel is thought to
operate as a ZnO grain development inhibitor and, as a result, in-
fluences the breakdown voltage, which is dependent on ZnO grain
size [8]. Catalysts, phosphors, and polishing compounds are all
made from rare earths. These are employed in air pollution control,
electronic device lighted screens and optical-quality glass polishing.
Demand for all of these items is expected to increase. Other com-
pounds can be used in place of rare-earth elements in their most es-
sential applications, but they are usually less effective and more
expensive.

According to previous research, adding fine-particle raw materi-
als to the varistors might considerably improve their microstructure
and electrical performance [9]. During the sintering process, all
types of additive materials should be refined in advance to provide
a homogeneous reaction between the additives and the main materi-
al-ZnO with an average particle size of roughly 500 nm. At the
moment, chemical and mechanical milling processes are used to
make the ZnO varistors’ precursor powder. Apart from military ap-
plications, beryllium is employed as a dopant in semiconductors, an
electrical insulator, and a heat conductor. Magnesium is used in py-
rotechnics, signalling, flares, in the aviation sector, to prevent iron
pipes from corroding. Chemical approaches that can increase addi-
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tive distribution homogeneity include the gas phase method, sol—gel
method [10], co-precipitation method [11], a wet chemical method
[12], and microemulsion method [13]. Chemical approaches, on the
other hand, are challenging to apply in the large-scale industry due
to their high cost and the fact that dopants are prone to separate
precipitation and segregation in complicated multi-component sys-
tems. In the following chapter, we discussed 5 different topics re-
lated to zinc oxide varistors by incorporating alkaline-earth and ra-
re-earth metal nanofillers.

2. LITERATURE SURVEY

Various approaches in zinc oxide varistors by incorporating alka-
line-earth and rare-earth metal nanofillers are discussed in the fol-
lowing sections. In addition, the advantages and disadvantages of
zinc oxide varistors are described in the succeeding section.

2.1. Review on Micro- and Nanovaristors

Liu et al. [14]. The chemical vapour deposition method was used to
produce nano-ZnO in this experiment. Then, to generate a suspen-
sion, ZnO nanoparticles were combined with deionized water. In
which, impurities were removed by heat treatment and then a dif-
ferent amount of water was added to obtain a nano-ZnO electrode
under the action of a micromechanical stirrer. The nano-ZnO elec-
trode conductive process and electrochemical properties were inves-
tigated and analysed. The results show that after adding nano-ZnO,
the varistor pressure ratio increases significantly.

Xin Ren et al. [15]. This paper demonstrated a quick refining ap-
proach using ball milling and sand milling that significantly in-
creased milling efficiency, suspension dispersion, and ZnO varis-
tors’ electrical properties. The effects of the refining methods on
the size of the doping additive oxides, the microstructure, and the
overall electrical properties, especially the ZnO varistors’ degrada-
tion behaviours, were investigated.

Rohini et al. [16]. Varistor samples are prepared using a sequen-
tial process that includes ball milling, calcination (700°C), compres-
sion (340 kg/cm?), moulding, and sintering (1150°C) in this paper.
The prepared samples are then characterized with a scanning elec-
tron microscope (SEM) and experimentation is conducted to deter-
mine various parameters such as non-linearity, permittivity, dielec-
tric loss, and thermal conductivity. Sample 3 and 4 had better surge
arrester characteristics since SrO was used as a primary additive
component instead of bismuth oxide.
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Miranda-Lopez et al. [17]. A comparison of the incorporation of
Co;0, micro- and nanoparticles as a densifying dopant in a SnO,
based varistor process is carried performed. With x=0, 0.5, 1.0,
2.0, and 4.0 mol. percent, the ceramic composition was (99.9 — x)
percent SnO,_,, percent Co5;0, .5, percent Cr,0; .5, percent Nb,O;.
Co;0, was employed in two particle sizes (5 m and 50 nm). The in-
clusion of 0.5 mol.% Co;0, nanoparticles resulted in a grain size
increase of 7.9 m in sintered samples, which is the greatest value
among all variations. Further research will be conducted to confirm
this assumption and to improve the non-linear behaviour.

Aljaafari et al. [18]. The effect of nanocrystal fraction in bulk-
ZnO varistors was analysed in this paper. X-ray diffraction (XRD)
and field-emission scanning electron microscopy have been used to
investigate the structure of ZnO nanocrystals (FE-SEM). The nano-
crystals were indexed with the hexagonal wurtzite structure of ZnO
nanostructures, according to XRD investigations. The average crys-
tallite size determined by XRD analysis was 135-273 nm, which
was eight times smaller than the nanoparticles shown in FE-SEM
micrographs (1151-2214 nm). The number of nanocrystals applied
to the ZnO varistor was increased from 0% to 100%.

Bao-hui Chen et al. [19]. X-ray diffraction, infrared, x-ray photo-
electron spectroscopy, scanning electron microscopy, an electric
field—current density, capacitance—voltage, mechanical, and thermal
expansion measurements were used to investigate the effect of raw
particle size and the annealing process on the compositions, micro-
structure, mechanical, thermal, and electrical properties of ZnO
varistors in this paper. In addition, the mechanism of ZnO grain
development during the annealing process was thoroughly explored.
The produced ZnO-based varistors had outstanding mechanical,
thermal, and electrical properties when the raw particle size was 90
nm and sintering was performed at 1100°C for 2 hours.

Yan et al. [20]. The effects of different additive sizes on the dis-
persion of mixed suspensions, microstructures, and general electri-
cal properties of ZnO varistors were examined. To determine the
effect of the additive sizes on the dispersion of the metal oxide par-
ticles, the particle size distribution, viscosity, and zeta potential of
the suspension were measured. The influence of the additive sizes
on the performance of the ZnO varistors was estimated using the
potential gradient, leakage current, nonlinear coefficient, voltage
ratio, and aging coefficient.

Kaufmann et al. [21]. This is the first detailed research of the
electrical characteristics of electrode grain junctions in Pr-based
ZnO varistor ceramics with Pd electrodes, namely, the I-V charac-
teristics. On the microstructural scale, these connections were stud-
ied using a micro 4-point probe system. The Schottky barrier height
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was found to be 0.47+0.03 eV on average. A model based on an in-
terfacial layer could describe the reverse current across the junc-
tions. Furthermore, using electron backscatter diffraction and ana-
lysing etching patterns, the crystal orientations and polarities of
grains about the electrode layers were determined, as well as a
probable influence on the barrier height.

Wang et al. [22]. By using Ga,0; doping and raw ZnO nanoparti-
cles, ZnO-based varistors with a minimal concentration of Bi,Os,
Sb,0;5, Co,05, Si0O,, and MnO, were created with high voltage gradi-
ent, outstanding mechanical and thermal performances. XRD, XPS,
SEM, E—-J, C-V, mechanical, and thermal expansion measurements
were used to evaluate the varistors’ compositions and microstruc-
ture, as well as their electrical, mechanical, and thermal properties.
The effects of Ga,0; addition on the electrical and mechanical prop-
erties of the varistors were also thoroughly discussed. The results
showed that the added Ga,O; initially occupied the lattice position
of the ZnO crystal by forming a substitutional solid solution (donor
doping), then occupied the void position by forming an interstitial
solid solution (acceptor doping), with the residual Ga,O; remaining
in the grain boundary and representing as inversion boundaries.

Shaifudin et al. [23]. The impact of Pr;O;; and Co;0, on the elec-
trical characteristics of ZnO—BaTiO; varistor ceramics was explored
in this paper. The nonlinear coefficient, varistor voltage, and leak-
age current characteristics are all influenced by PrsO,; doping. A
commercial varistor is often formed by blending ZnO powder with a
variety of varistor-forming oxides, such as Bi,O;, transition metal
oxide (V,0;), rare-earth oxide (PrgO,;), and alkaline-earth oxide
(AEO).

Ref. Technic used Features Challenges
[14] |The chemical vapour |For LD conductivity |It is not suitable for
deposition method detection, the elec- large scale produc-
trode of nano-ZnO var- [tion
istor valve sheets
maintains good stabil-
ity.
[15] |The fast combinatorial |It significantly en- Horizontal sanding

method is a combina-
tion of both ball mill-
ing and sand milling

hanced production ef-
ficiency and overall
electrical performance,
suggesting it has a lot
of potential for achiev-
ing significant and
low-cost industrial
production of ZnO var-
istors.

has high production
efficiency; however,
the uniformity of
additive particle size
is still inadequate,
because it is difficult
to grind raw materi-
als with sanding if
their initial particle
size is too large.
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[16]

Energy dispersive
spectroscopy method

The increase in capaci-
tance and resistivity
for Sample 4 at higher
temperatures is due to
a larger interfacial
layer. Due to the over-
all increased quantity
of ZnO grains between
the electrodes, the
threshold voltage for
Sample 4 also has im-
proved.

Internal and external
transient overvoltage
is effective in large
voltage networks,
causing damage to
exposed terminal
equipment.

[17]

X-ray diffraction
technique and Scan-
ning electron micros-

Copy

The densification re-
peatability attribute
was improved using
nanoparticles.

As this creation of
potential barriers is
required to permit
non-linear character-
istics in ceramic ma-
terials, acquiring a
dense material be-
comes important.

[18]

Field emission scan-
ning electron micros-
copy (FE-SEM)

As a logical conse-
quence, nanosize crys-
tals at ZnO ceramic
grain boundaries can
fully deform the po-
tential barriers of
ZnO.

Due to the general
potential barriers
created at the inter-
grain interfaces, ZnO
polycrystalline
nanostructures ex-
hibit nonlinear I-V
characteristics.

[19]

X-ray diffraction
method

The obtained ZnO-
based varistors had
excellent mechanical,
thermal, and electrical
properties when the
raw particle size was
90 nm and sintering
occurred at 1100°C for
2 hours.

Varistors construct-
ed of ZnO are semi-
conductor ceramic
devices with re-
sistance that varies
with applied voltage
and have outstand-
ing electrical quali-
ties such as voltage
gradient, high non-
linear coefficient,
high energy-
absorption capabil-
ity, and low leakage
current.

[20]

Effects of sizes of ad-
ditive particles on
suspensions

The potential gradient
and nonlinear coeffi-
cient increased while
decreasing, whereas
leakage current, volt-
age ratio, and aging

The cost is high, pu-
rity is difficult to
ensure, and the
preparation process
is more difficult.
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coefficient had a dis-
tinct pattern.

[21] |A comprehensive study|The I-V characteristic [They have a relative-
of the electrical behav-|can only be determined|ly high electrical re-
iour of electrode grain |accurately using the 4-|sistance below a crit-
junctions in Pr-based |point probe approach. [ical voltage thresh-
ZnO varistor ceramics old.
with Pd electrodes,
specifically the I-V
characteristics

[22] |The impact of intro- |Increased IB concen- |Lower voltage gradi-
ducing Ga,0; on the tration induced ab- ent
varistors’ electrical normal development of
and mechanical prop- |ZnO grains, resulting
erties in a plate-like grain

that improved mechan-
ical and thermal per-
formance.
[23] |The impact of PrsO;; |Co30, had a lower To these characteris-

and Co;0, on the elec-
trical characteristics
of ZnO—-BaTiO; varis-
tor

leakage current densi-
ty and varistor break-
down voltage than
PryOy;.

tics, a varistor is
capable of promptly
sensing and absorb-
ing surge energies,
preventing damage
to electronic circuits
and electric power
systems.

Various studies are performed in these micro- and nanovaristors,
in which comparison of the incorporation of Co;0, micro- and nano-
particles as a densifying dopant in a SnO,-based varistor process is
carried out. Moreover, further research will be carried to improve
the non-linear behaviour in this research.

2.2. Review on Synthesis Methods for ZnO Nanoparticles with Fillers

Fiedot-Tobota et al. [24]. Extrusion and injection moulding were
used to create a series of nanocomposites comprised of high-density
polyethylene (HDPE) with 10% zinc oxide nanoparticles (ZnO NPS).
The nanoparticles were made in a green method, with pectin-based
banana peel extract serving as a stabilizer and dispersion agent. The
fillers were evenly distributed throughout the matrix, and the com-
posites had better functional features such as higher thermal stabil-
ity and mechanical properties. The inclusion of the pectin-
organophilic filler influenced the crystallization of HDPE signifi-
cantly.

Batra et al. [25]. Present the chemical co-precipitation synthesis
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of pure and Ba-doped ZnO nanoparticles to investigate the viability
of Ba-doped ZnO nanoparticles as piezoelectric fillers in composite
piezoelectric nanogenerators. The impact of Ba-doping on ZnO
structural, ferroelectric, and piezoelectric properties has been thor-
oughly explored. Powder XRD structural analysis demonstrates that
both pure and Ba-doped ZnO nanoparticles form a single hexagonal
wurtzite phase. From field emission scanning electron microscopy, a
hexagonal rod-like shape was detected in both samples.

Din et al. [26]. Semolina, which was used as biomass in this
study, served as the polymer matrix, into which ZnO nanoparticles
were inserted. To minimize any potentially harmful side effects,
ZnO nanoparticles were biogenically produced using Syzygium
cumini extract. The development of hydrogen bonds between the
starch polymer matrix and nanoparticles was demonstrated by FTIR
analysis of ZnO enhanced Semolina plastic blends. A moisture con-
tent test was conducted, which revealed a drop in moisture content
with an increase in ZnO NPs concentration, with 9.7% serving as
the lowest value by a 10% ZnO blend.

Sevcik et al. [27]. The focus of the research is on the power effi-
ciency and brightness of polymer light-emitting diodes (PLEDs)
made from a polymer matrix and nanoparticulate filler. Microwave-
assisted polyol technique was used to make nanofillers, aluminium-
doped ZnO nanoparticles, which were studied using XRD, SEM, and
TEM. Colloids of nanoparticles were produced and blended with the
dissolved polymer. UV—Vis absorption, photoluminescence, energy-
resolved electrochemical impedance spectroscopy (ER-EIS), and I-V
and luminance measurements were used to examine the optoelec-
tronic and electric properties of nanocomposite materials, as well as
the performance of PLED devices.

Alsayed et al. [28]. The microstructural, thermal, and mechanical
properties of HDPE-based composites made utilizing the compres-
sion moulding technique are investigated in this work. HDPE was
mixed with microsize zinc oxide (bulk ZnO) or zinc oxide nanoparti-
cles (nano-ZnO) as fillers at 0, 10, 20, 30, and 40% wt.% . X-ray
diffraction (XRD), scanning electron microscope (SEM), Fourier
transforms infrared spectrophotometer (FTIR), and thermal gravi-
metric analysis was used to determine the structural, morphologi-
cal, and thermal properties of the composites (TGA). At low weight
percentages, the results demonstrated good dispersion and interac-
tion mechanisms between HDPE and the fillers.

Dhatarwal et al. [29]. Polymer nanodielectrics (PNDs) are poly-
mer nanocomposites (PNCs) with tailorable dielectric and optical
properties for application in constructing flexible and stretchable-
type advanced organ electronic devices. This paper examines the
structural, dielectric, and optical properties of multiphase
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PEO/PMMA /ZnO nanocomposites made up of poly(ethylene oxide)
(PEO) blended with poly(methyl methacrylate) (PMMA) in equal
proportions as a host matrix and zinc oxide (ZnO) nanoparticles in
various concentrations (1-5 wt.%) as filler.

Alsulami et al. [30]. For the production of new multifunctional
MWCNTs/NiFe,0,/ZnO (MNFZ) hybrid nanostructures, hydrother-
mal and co-precipitation procedures were applied. The MNFZ hybrid
nanostructure development was confirmed using x-ray diffraction
(XRD) and transmission electron microscopy (TEM) investigation.
The MNFZ nanoparticle-doped poly(vinyl alcohol) (PVA) and
poly(ethylene oxide) (PEO) were then prepared using the casting
procedure with varied concentrations of MNFZ NPS as nanofiller.
XRD measurements reveal that all polymer blend and nanocompo-
site films are semi-crystalline, with a decreasing degree of semi-
crystallinity with the dopant.

Anand et al. [31]. A solution combustion approach was used to
make zinc oxide nanoparticles. X-ray diffraction was used to deter-
mine the average particle size. A latex blending approach was used
to create natural rubber and ZnO nanoparticle composites. The
crosslinking agent pentanel,5-diylidenediamine was used to cure
the matrix phase. The effects of crosslinking and nanoparticle in-
clusion on the tensile and solvent transport properties of natural
rubber were thoroughly investigated. Scanning electron microscopy
(SEM) and energy dispersive x-ray analysis were used to investigate
the nature of the nanoparticles’ dispersion (EDX).

Praseptiangga et al. [32]. The chemical surface of nanoparticles is
particularly sensitive to Fourier transform infrared spectroscopy
(FTIR). The functional groups in the substance were identified us-
ing FTIR spectra. The FTIR technique is effective for monitoring
functional groups in a mixed suspension, as evidenced by a simple
comparison of standard spectra and samples. FTIR spectroscopy
with wavenumbers of 500-4000 cm ™ was used to examine the chem-
ical interaction of silicon dioxide (SiO,) and zinc oxide (ZnO) nano-
particles with SDS surfactant and water in this work. The nanopar-
ticle suspension material and SiO,-ZnO nanoparticle suspension
with varied ratios (1:1, 1:2, and 1:3 percent w/w c) were FTIR ana-
lysed.

Ref. Technic used Features Challenges
[24] [Nanocomposites of The thermal properties [There is a constant
high-density polyeth- |of the materials were a jneed to improve the
ylene maximum contribution mechanical and ther-
to the use of inorganic jmal properties of
filler. HDPE, such as low-
density polyethylene
and polypropylene.
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[25]

X-ray diffraction

Due to the improved
piezoelectric charge
coefficient (41.28
p.m./V), the synthe-
sized Ba—ZnO nanopar-
ticles were used to fab-
ricate piezoelectric
nanogenerators, and
the nanofiller concen-
tration was optimized
for best output.

Mechanical energy is
the most abundant of
these sustainable
sources.

[26]

FTIR analysis of ZnO

'Water-resistant, fully
biodegradable.

'When compared to
commodity plastic
films, these biopoly-
mer-based packaging
solutions have some
drawbacks, such as
poor barrier or me-
chanical qualities and
high production
costs.

[27]

Energy-resolved elec-
trochemical impedance
spectroscopy

The PLED devices were
produced in a simple
method with easy con-
trol of processing pa-
rameters using MEH-
PPV and F8BT poly-
mers.

Organic and polymer
materials, in general,
are delicate and frag-
ile and can degrade
when exposed to
moisture and oxygen
in the air.

[28]

High-density polyeth-
ylene

Due to its outstanding
characteristics, light-
ness, and low manufac-
turing cost, high-
density polyethylene
(HDPE) is a commonly
utilized polymer.

However, due to its
limited thermal sta-
bility and mechanical
and structural fail-
ure, its use is lim-
ited.

[29]

PEO/PMMA /ZnO
nanocomposites com-
prising poly(ethylene
oxide) (PEO) blended
with poly(methyl
methacrylate) (PMMA)
in equal composition as
a host matrix and zinc
oxide (ZnO)

The amount of blended
PEO greatly plasticizes
the PMMA and so re-
duces its brittleness,
whereas the amount of
PMMA in the blend
largely improves the
thermal and mechani-
cal stabilities of the
PEO.

To these characteris-
tics, a varistor is ca-
pable of promptly
sensing and absorb-
ing surge energies,
preventing damage to
electronic circuits
and electric power
systems.

[30]

Hydrothermal and co-
precipitation method

The doping method im-
proves the magnetic,
electrical, and dielec-

tric properties of the

'When a modest
amount of fillers was
added to the polymer
matrix, the charac-
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PVA/PEO.

teristics of the ma-
trix altered substan-
tially. The chemical
cause of this altera-
tion is still being in-
vestigated.

[31]

Thermogravimetry dif-
ferential thermal anal-
ysis

IAt 600°C, the precur-
sor was calcined and
pyrolysed to produce a
light-gray TiO,/Sb—
SnO, composite with
good crystallinity.

During the pyrolysis
process, waste gases
will need to be col-
lected and handled.

[32]

Solution combustion
method

The highest ultimate
tensile strength and
EAB were found in
cured NR with 0.02
percent ZnO.

Uncured NR, on ei-
ther side, is unsuita-
ble for industrial us-
age because it is
sticky, deforms
quickly when heated,
lbecomes brittle when
cooled, and has poor
electrical conductivi-

ty.

[33]

Fourier transform in-
frared spectroscopy
(FTIR)

Due to the use of SDS
as a surfactant in
aqueous media, formu-
lations containing
Si0,—Zn0O NPs promote
new functional groups

The water vapour
barrier and mechani-
cal properties of the
films generated by
these polymers are
poor.

known as SiOH bonds.

A latex blending approach was used to create natural rubber and
ZnO nanoparticle composites, which, uncured NR, on either side, is
unsuitable for industrial usage because it is sticky, deforms quickly
when heated, becomes brittle when cooled, and has poor electrical
conductivity.

2.3. Review of Different Additives That Is a Composition

Hakeem et al. [34]. Metal oxides (MOs) in the nanosize range were
used as additions in the oxynitride network to create a variety of
sialon ceramics compositions. The present work included nanosize
precursors such as Si;N,, SiO,, AIN, Al,0;, and MO (MO =MgO,
CaO, SrO, BaO, Y,0;, La,0;, CeO,, Nd,0;, Eu,0;, Dy,0;, Er,0;, and
Yb,0;). At a relatively low temperature of 1500°C, probe sonication
and spark plasma sintering procedures were employed to mix the
powder precursors and then synthesize sialon ceramics.

Zhang et al. [35]. Direct chemical extraction by acid, on the other
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hand, was able to achieve reasonable recovery rates, and the addi-
tion of leaching additives, alkaline pretreatment, and/or heat pre-
treatment significantly improved the process performance. These
techniques, combined with appropriate solution purification tech-
nologies, have been successfully applied at two major pilot plants to
generate continuously high-grade mixed rare-earth products (as
high as +95 percent) from coal-based resources, according to the
studies discussed in this article. This paper provides a thorough ex-
amination of the recovery methods, testing results, and separation
mechanisms used in REE extraction from coal-related materials.

Pan et al. [36]. The majority of rare-earth elements (REEs) in
coal fly ash (CFA) are associated with the aluminosilicate glassy
phase, which makes them difficult to dissolve in acid. For the re-
covery of REEs from CFA, a sequential chemical roasting, water
leaching, and acid leaching technique was established in this work.
The impact of various roasting additives on the conversion of CFA
phases into water or acid soluble phases was initially investigated.
A thermodynamic analysis was used to choose the reaction parame-
ters for chemical roasting. The chosen reaction conditions were then
tested in the lab.

Honaker et al. [37]. The majority of rare-earth elements (REEs)
present in coal preparation plant feed are transferred to coarse
trash streams for permanent storage in confined piles. Based on la-
boratory test data, an integrated flowsheet combining physical sep-
aration, pyrite biooxidation, heap leaching, selective precipitation,
and solvent extraction procedures was created in this work. The test
data came from (1) the characterization of several natural leachates
and solid samples taken from various preparation plants that pro-
cess coal from a variety of coal seams, and (2) the results of labora-
tory acid leaching and selective precipitation tests.

Prudéncio et al. [38]. The attenuation mechanisms in a passive
system for acid mine drainage treatment were assessed using rare-
earth elements (REE) (Jales, Portugal). After summer and winter,
hydrochemical parameters and REE contents in water, soils, and
sediments were measured along with the treatment system. After
summer, there is a reduction in REE content in the water due to
interaction with limestone; in wetlands, soil particles release con-
siderable amounts of REE into the water. Because REE contents
drop along with the system during winter, higher water dynamics
support AMD treatment effectiveness and performance.

Zhang et al. [39]. Acid mine leachate (AML) might be a major
source of rare-earth and other essential elements required for inno-
vative electronics and sustainable energy technologies. A thorough
investigation was conducted on natural leachate collected from a
coal preparation plant that handled bituminous coal with high py-
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rite levels. 1.96 ppm total REEs, 2.52 ppm Zn, 2.15 ppm Ni, 1.22
ppm Cu, 0.77 ppm Co, and 25 ppm Mn were found in the leachate.
A preconcentrate comprising 0.82 percent total REEs, 1.08 percent
Zn, 0.91 percent Ni, 0.50 percent Cu, 0.34 percent Co, and 7.1 per-
cent Mn was produced by sequential precipitation with easy pH con-
trol. Redissolution of the preconcentrate in a 10M HNO, solving
was used to treat it further.

Ziemkiewicz et al. [40]. Traditionally, the rare-earth element
(REE) sector has attempted to develop ore deposits where geologic
processes have formed mineralized zones with commercially appeal-
ing REE concentrations. These types of deposits are extremely rare,
especially in the United States. Given the importance of these min-
erals and the necessity for a long-term domestic supply, the current
study aims to use additional autogenous methods to produce con-
centrated REE resources. Acid mine drainage is one example of
such a process (AMD). AMD is highly frequent in many coal-mining
locations, and it is caused by pyrite exposure and oxidation.

Vass et al. [41]. Rare-earth elements (REEs) are used in many
modern businesses to make goods that are critical in both civil and
defence purposes. REE grades in acid mine drainage (AMD) and as-
sociated by-product precipitates from AMD treatment (AMDp) justi-
fy research as a feedstock for REE production, according to a pre-
vious study [1]. The current study expands on previous efforts by
conducting a comprehensive survey of 141 AMD treatment centres
in Northern and Central Appalachia. 185 raw AMD and 623 AMDp
outdoor samples were collected and evaluated for REE and main
metal concentrations in this investigation. The results demonstrate
that REEs occur in AMD and AMDp at an average of 282 g/L and
724 g/tonne, respectively.

Claude et al. [42]. The effect of alkali, alkaline-earth or rare-
earth dopant (i.e., Ca, K, Mg, or Ce) addition in a 10 wt.%
Ni/-Al,O; catalyst on the material physicochemical parameters and
catalytic activity was investigated in this study. In an aqueous solu-
tion, twelve doped Ni/—Al,O,; catalysts were produced using the sol-
gel method. As a control, a Ni/—Al,O; catalyst with no dopant was
also produced. Due to limited interactions with the support, adding
1.5 wt.% alkali (i.e., Ca, K, or Mg) did not affect the acido-basicity
properties of the catalysts.

Rong et al. [43]. Rare-earth elements and their compounds can be
employed as catalysts or promoters for the pyrolysis of organic mat-
ter, including coal; however, there have been few studies on the role
of rare-earth materials in coal pyrolysis. Using gas chromatog-
raphy, this study investigates the effects of cerium oxide (CeO,) and
lanthanum oxide (La,0O;) on the generation of gaseous products from
low-rank coal pyrolysis (GC). The mechanisms of two types of rare-
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earth oxides (REOs) that are involved in coal pyrolysis are also
briefly reviewed.

Ref. Technic used Features Challenges

[34] [X-ray diffractometry [LEDs, cutting tools, Low toughness and
and field emission seal rings, wear pads, |brittleness are signif-
scanning electron mi- |airplane brakes, and [icant drawbacks.
Croscopy bearing component

components can all
benefit from the di-
verse thermomechani-
cal capabilities of RE
and AE-doped sialon
ceramics.

[35] |Recovery of rare-earth |Can be used as a pre- |Low recovery; ul-
elements from coal- concentration step to ([trafine grinding is
related materials generate a better feed [required if a signifi-

for downstream recov- |cant enrichment ratio
ery. is to be achieved.

[836] |Direct acid leaching '‘When compared to The effectiveness of

physical beneficiation, [leaching is deter-

provide a higher recov-mined by the type of

ery. the examined sam-
ples; acid consump-
tion is typically high.

[87] |Pre-leach calcination [Higher REE recovery; [Contaminant ion re-
followed by acid leach- [rapid leaching kinetics;lcovery, such as Al%*,
ing mild leaching condi- is also improved.

tions; minimal chemi-
cal use

[38] |[Beneficiation through [Can be used as a pre- |Low recovery; ul-
physical means concentration step to ([trafine grinding is

produce a higher- required if a signifi-
quality feed for down- |cant enrichment ratio
stream recovery. is to be obtained.

[39] |Acid Leaching Higher REE recovery; |[Contaminant ion re-

rapid leaching kinetics;|covery, such as Al**,
mild leaching condi- has also improved.
tions; little chemical

use.

[40] |Leaching after alka- Rapid leaching kinet- |[Low selectivity and a
line/hydrothermal ics; high recovery. lot of impurities are
treatment extracted along with

REEs due to high
alkali consumption.

[41] [Beneficiation physical- [It can be used as a pre-|No significant en-

ly

concentration step to
produce a higher-grade
feed for downstream

richment could be
provided.
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recovery.
[42] [Sol-gel method Low recovery; expen- ([On the other hand,
sive chemicals; diffi- [the sample doped
cult leaching condi- with K+Ca displayed
tions. interesting toluene
and methane conver-
sions, which were
linked to a minimal
quantity of carbon
deposit that was sole-
ly amorphous.
[43] |Gas chromatography [Rapid leaching kinet- [Low selectivity and a
ics; high recovery. lot of impurities are
extracted along with
REEs due to high
alkali consumption.

This research paper provides a thorough examination of the re-
covery methods, testing results, and separation mechanisms used in
REE extraction from coal-related materials. In which, low tough-
ness and brittleness are significant drawbacks.

2.4. Characterization of Alkaline-Earth and Rare-Earth Metals

Hakeem et al. [441. The present work included nanosize precursors
such as Si;N,, SiO,, AIN, Al,0;, and MO (MO =MgO, CaO, SrO,
BaO, Y,0,, La,0;, CeO,, Nd,0;, Eu,0;5, Dy,0,, Er,O5, and Yb,0;). The
influence of the MOs on the microstructure and resultant densifica-
tion, hardness, fracture toughness, thermal expansion, and thermal
conductivity were studied using x-ray diffractometry and field
emission scanning electron microscopy on the synthesized samples.
The sialon samples synthesized with the specified MOs all had simi-
lar relative densities, ranging from 96 to 99 percent, and Vickers
hardness (HV 10) values, ranging from 15 to 20.8 GPa, depending
on the kind of MO.

Pothuganti et al. [45]. Melt quenching was used to make glasses
having the composition 20BaO-10Bi,0.—(70 — x)B,0O.—xNiO with
x=0, 0.2, 0.4, 0.6, 0.8, and 1 mol. percent. The amorphous nature
of the produced samples was confirmed by x-ray diffraction (XRD)
tests. Optical basicity (theoretical), metallization criterion, density,
molar volume, molar refraction, electronegativity, polaron radius,
and oxygen packing density (OPD) were all estimated. Because of
the lower metallization criteria, the produced glass samples can be
employed as amorphous semiconductors in electronic and memory
switching devices.

Wu et al. [46]. A mild hydrothermal technique was used to make



STUDY OF ZINC OXIDE VARISTORS 923

a novel alkali metal-rare-earth metal sulphate with the composition
NaY(SO,)2H,0. Unit cell characteristics are a=6.8191(3), b=
=6.8191(3), ¢=12.7035(11), and Z=1. It crystallizes in the non-
centrosymmetric trigonal space group P3121 (No. 152) with
a=16.8191(3), b=6.8191(3), ¢c=12.7035(11) and Z =1. It has isolat-
ed [SO,] groups in its structure, which extends to a three-
dimensional (3D) framework linked by [YO9] and [NaOg] polyhedra.
SHG experiments reveal that NaY(SO,),H,O is phase matching, with
an SHG response approximately 0.6 times that of KH,PO, (KDP).

Zhang et al. [47]. The rare-earth element (REE) leachability and
mineralogy of three segments of a core sample obtained from the
Guxu coalfield (Sichuan Province, China) were investigated. The
roof and floor strata contained as much as 2.087 ppm of total
REEs, a figure substantially greater than other coal-based materials
described in the literature, according to the elemental analysis of
the three samples. Within 5 minutes of contact time with 1M min-
eral acid, 47 percent to 65 percent of the light REEs (LREEs) were
leached from the floor samples, and continued contact, up to 120
minutes, boosted the LREE recovery to as high as 75 percent.

Akram et al. [48]. Using alternating current electrophoretic depo-
sition, a hybrid coating was created on ZK60 magnesium (Mg) alloy
(AC-EPD). Chitosan, gelatine (Type-B), bioactive glasses (BG(a, b)),
and Zn0O/CeO, nanoparticles made up the hybrid coating. The pres-
ence of the above-mentioned compounds on coated samples was con-
firmed by Fourier-transform infrared (FTIR) spectra. Coating mor-
phology was homogeneous and covered the maximal surface area,
according to scanning electron microscopy (SEM) images.

Sulaiman et al. [49]. The creation of novel transition metal oxide-
modified CaO catalysts from eggshells for the transesterification of
refined waste cooking oil is described in this research. CaO is a
well-known transesterification base catalyst. Its catalytic perfor-
mance has been limited by its modest basicity and low surface area.
As a result, a fresh attempt was made to change the CaO catalyst
using a simple wetness impregnation process with transition metal
oxides such as Ni, Cu, and Zn oxides. The transesterification reac-
tion with refined waste cooking oil was used to test the catalytic
performance of the modified CaO-based catalysts.

Choi et al. [5601. A Zn(II)-based metal-organic framework (MOF)
compound and MnO, were used to prepare ZnO,—-MOF@MnO, compo-
sites for selective Sr?' removal in aqueous solutions. The ZnO,—
MOF@MnO, composites were characterized by Fourier transform
infrared spectroscopy, scanning electron microscopy, thermogravi-
metric analysis, and Brunauer—Emmett—Teller surface area analy-
sis. The functional groups, morphologies, thermal stabilities, and
specific surface areas of the composites were suitable for Sr®* ad-
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sorption. A maximum adsorption capacity of 147.094 mg-g' was
observed in batch adsorption experiments, and the sorption iso-
therms were fit well by the Freundlich model of multilayer adsorp-
tion.

2.5. Characterization with Different Sintering Temperatures

Chandekar et al. [561]. Several characterizations have been per-
formed on the dielectric characteristics of pure and yttrium-doped
PbS nanoparticles generated through the co-precipitation chemical
synthesis technique. Using Williamson—Hall (W-H) plot analysis,
crystallite sizes and intrinsic microstrains were estimated from x-
ray diffraction patterns of materials. W—H plots were used to de-
termine the crystallite size and intrinsic microstrain values in the
ranges of 13.7-15.9 nm and 1.09 9 10-3-1.72 9 10-3, respectively.
Scanning electron microscopy images revealed the production of na-
noparticles, nanoflakes, sponge, and nanosheets (SEM).

Song et al. [62]. The researchers devised and built a rose Bengal-
modified nanoporous structure. An organic sensitizer based on rose
Bengal and a supporting host of rare-earth metal-organic-
framework made up this composite structure (MOF). The x-ray dif-
fraction (XRD) pattern, infrared (IR) spectra, thermal stability, and
photophysical tests were used to identify it. 2, 4, 6-trinitrophenol
enhanced its absorption. Its rose Bengal emission was raised propor-
tionately. Its rare-earth emission, on the other hand, was well pre-
served, providing ratio metric indications. With a limit of detection
(LOD) of 1.9 M, these two sensing modes showed a linear response
and good selectivity. The use of rare-earth emission as an inner ref-
erence to develop ratio metric sensing is an advantage of our work.
However, some issues must be addressed. The sensing region and
sensitivity of ratio metric fluorescence sensing should be broadened
in the future.

Motoc et al. [53]. Monazites are one of the most precious natural
resources for rare-earth oxides (REOs), which are employed as do-
pants in ceramic materials with high added value for usage in se-
vere environments. Because of their identical electronic configura-
tion and physical-chemical properties, the separation procedure in
individual REOs is complicated, resulting in high-priced products
with a huge environmental footprint. Using diverse combinations of
REOs as dopants for high-temperature ceramics, particularly ZrO,-
based thermal barrier coatings (TBCs) utilized in aeronautics and
energy cogeneration, has sparked increased attention in recent
years. TBC coatings based on ZrO, doped with synthetic REOs mixes
imitating Ce-rich monazite concentrates are currently being devel-
oped. The results will be compared to those obtained using natural
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mixed REOs derived from monazite concentrates to determine
whether they can be used as dopants and to illustrate their econom-
ic impact in aeronautics and energy generation.

The use of rare-earth emission as an inner reference to develop
ratio metric sensing is an advantage of our work. However, some
issues must be addressed. The sensing region and sensitivity of ra-
tio metric fluorescence sensing should be broadened in the future.

3. SUMMARY

The stretching of fibrils (fibrillation) inter dispersed with micro-
voids characterizes the fracture initiation and propagation of clay—
polyethylene nanocomposite. The crystal structure and interfacial
interaction between the filler and the polymer matrix are responsi-
ble for the clay-reinforced polyethylene’s lower toughness when
compared with pure polyethylene.

PMMA'’s thermal stability was improved and was dependent on
clay loading. PMMA /clay nanocomposites, on either hand, have
good optical characteristics.

The thermal stability of PVC composites is slightly lower for
nanoclay composites as compared to appropriate control formula-
tions, as determined by a standard HCI evolution method, particu-
larly for PVC.

The permittivity of the composite was unaffected by the small
particle size of the ZnO nanoparticles. As a result, it appears that
the interfaces between ZnO and LDPE do not contribute to the die-
lectric properties.

According to the findings of this study, including ZnO nanoparti-
cles into the PP matrix can significantly improve the photodegrada-
tion resistance of PP to UV irradiation.

At low nanofiller loadings, epoxy nanocomposite systems with
inorganic oxide fillers exhibit some favourable dielectric character-
istics. The permittivity and tan delta values of nanocomposites are
found to be lower than those of microcomposites and unfilled sys-
tems (for a limited number of filler loadings).

Incorporating a small amount of nanofiller into the base material
results in a minor reduction in epoxy dc volume resistivity. Alt-
hough the ac dielectric strength of nanocomposites is lower than
that of unfilled epoxy systems, the type of filler appears to alter
the results when compared to microcomposites.

4. CONCLUSION

In summary, the nebulized spray pyrolysis (NSP) method has been
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used to prepare successfully single-phase pyramidal-like and sphere-
like grains on a glass substrate. All samples contain a tetragonal
rutile structure of SnO, with no impurity phases, according to XRD
analysis. The results reveal that sample SnO, doped with Ba im-
proved crystallinity while also increasing carrier mobility. It also
has a maximum transmittance of more than 90% and a 3.70 eV
wide-bandgap. Because of these characteristics, the SnO,:Ba thin
film is a better option for use in transparent conductive electrodes
in optoelectronic devices.
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The peculiarities of light absorption in silver films of different thickness
(2—-20 nm) deposited on germanium underlayers of different mass thick-
ness are experimentally investigated. The conditions of percolation transi-
tion in 5 nm thick silver films deposited on germanium underlayers in the
range of 1 nm are studied. The influence of germanium underlayers with
a mass thickness up to 1 nm with a step of 0.2 nm in the visible and near-
infrared wavelength range (300—2500 nm) on the above-mentioned proper-
ties of silver films is investigated. Optical percolation in silver films is
associated with the peculiarities of growth mechanisms and modes of for-
mation of metal condensate on an amorphous glass substrate. As shown,
the germanium underlayers previously applied to the glass substrate re-
duce the threshold thickness of the optical percolation transition in the
silver film and increase their absorbency compared to similar films
formed on a clean glass surface. The increase in the absorption capacity of
films deposited on the surface of the germanium underlayer is due to a
decrease in the average linear size of crystallites compared to similar
samples formed on a clean glass surface, and thus, an increase in the
number of scattering metal centres per unit surface area.

ExcrepuMeHTAIbHO TOCTiIMKEHO OCOOJMBOCTI BOMpAHHA CBiT/Ia B ILIiBKax
cpibsaa pisuoi ToBmMHEN (2—20 HM), OcaIKeHMX HAa IMiAIIapU r'epMaHiio pis-
HOI MacoBoi TOBIMUHU. [lOCHi’KeHO YMOBU NEPKOJAI[INHOTO IIepexoAy B
IIiBKax cpibsa TOBIMUHOIO Yy 5 HM, OCAAKeHHX Ha MifgIiapu IrepMaHiio B
inTepBani 7o 1 eM. BuBueHO BIJIMB migniapiB repMaHiio MacoBOIO TOBIIU-
HOIO 7m0 1 HM i3 Kpokom y 0,2 HM y BuaumMomy Ta O0JamM3bKOMY iH(ppauepBo-
HOMY HAiamasoHax mMoB:KMH XBuab (300—2500 HM) Ha ONTMYHI BJIACTUBOCTI
IIiBOK cpibima. OnTMuHA MEePKOJAIiA y IJIiBKax cpibJua mos’sasama 3 0c00-
JUBOCTAMU MeXaHi3MiB POCTy Ta peKuMiB (popMyBaHHA KOHIEHCATY METaJIy
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Ha moBepxHi migkaagumuaku. Ilokasano, 110 momepegHbLO HAHECEHI Ha CKJISHY
TiAKJIAOIUHKY ITigapy repMaHiio 3MEHIITYIOTh ITIOPOTOBY TOBIIUHY OITHUYHO-
T'0 MEPKOJAIIMHOr0 mepexoay y IUIiBIi cpifsa Ta 30iJAbINYIOTH IXHIO BOUPHY
3IaTHIiCTh NOPiBHAHO 3 aHAJOTIYHUMU IJIiBKaMu, c()OPMOBAHUMU HA UMCTil
MOBePXHi MiAKJIaTUHKKN. 3pPOCTaHHsA BOMPHOI 37aTHOCTH ILJIiBOK, HaHECEHUX
Ha IOBEepPXHIO IIiAINapy repMaHiio, 3yMOBJIeHe 3MEHIIIEeHHSIM CepeaHixX JiHii-
HUX PO3MipiB KpHCTAJiITiB HMOPiBHAHO 3 aHAJOTIYHMMHU 3pasKaMu, cHOpPMO-
BAHMMU Ha YHCTiMl ITOBEPXHi CKJa, a ToOMy i 30iJIbIIeHHAM KiJIBKOCTHU PO3-
ciloBaJIbHUX MeTaJeBUX IEHTPIB HA ONWHUII IJIOIIi MOBEPXHI IMiAKJIATUHKH.

Key words: thin metal films, optical percolation, absorbency of film.

KarouoBi croBa: TOHKI MeTaneBi ILUIIBKH, ONTHYHA IIEPKOJAIs, BOMpHA
3JATHICTH IJIiBOK.

(Received 24 September, 2022; in revised form, 18 October, 2022 )

1. INTRODUCTION

Nanometre metal films are basic systems of modern micro- and
nanoelectronics elements as ohmic conductors with high transparen-
cy coefficient in the visible and infrared ranges of wavelengths [1].
The study of the features of the nanoscale layers’ interaction with
electromagnetic radiation in the vicinity of the percolation transi-
tion is promising in search for materials with new electrooptical
properties under development of modern transparent electronics [1,
2]. There is an important problem to find the peculiarities of elec-
trical and optical metal film parameters near its structure transi-
tion from dispersed phase to solid one as its mass thickness on the
substrate surface increases. It is known that, in vicinity of the per-
colation transition, nanoscale metal film exhibits anomalous optical
and electrical properties. Therefore, at viewpoint of prediction of
its properties, it is necessary to establish the layer critical thickness
d., at which this phase transition shows itself. One of the promising
theories for d, evaluation is percolation approach [3, 4]. That theory
allows for the assessment and mode forecast of metal film growth in
the vicinity of the percolation transition. It also predicts the elec-
trooptical properties of percolation metal films. According to re-
sults highlighted in our previous works, the wetting underlayers
(Ge, Si, Sb, etc.) application allows to impact on d,. value and helps
to grow metal films with the predicted structure and its electroopti-
cal parameters. That problem was discussed and actively applied in
the study of electron-transport phenomena in gold [5] and silver [6]
films in the vicinity of the percolation transition [3, 4].

This paper analyses the peculiarities of the germanium wetting
effect on optical absorption of silver films with thickness from 2
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nm to 20 nm. Peculiarities of the percolation transition due to the
dimensional effect of the mass thickness of germanium underlayers
were studied in silver films with 5 nm thickness deposited on 1 nm
germanium underlayers. In order to predict the peculiarities of
structure and optical percolation transition, the transmission and
reflection spectra in the visible and near-infrared wavelength rang-
es (200-1800 nm) were investigated.

2. EXPERIMENTS

Silver films’ deposition was carried out under ultrahigh vacuum
conditions (the pressure of residual gas components did not exceed
10°® Pa) [4, 5]. Silver films were obtained by condensation of ther-
mally evaporated metal vapour at deposition rate of about 0.01
nm/s on substrate at 78 K. After that, investigated films were
spontaneously stabilized at room temperature (T =300 K) during 24
hours. Nanosize germanium underlayers of different mass thickness
were deposited on the substrate before the deposition of the metal
films. The described regime of metal films’ preparation corresponds
to the ‘quench condensed’ mode [7], in which condensation of the
metal vapour and temporary thermal stabilization take place at
temperatures T not exceeding <(0.2-0.3)T,., where T, is the
melting temperature of metal [8]. For structural and optical stud-
ies, metal films of different thicknesses were applied simultaneous-
ly in the form of parallel strips with alternate closing of them from
the continuous flow of metal with a shutter in order to achieve a
metal film of a given thickness. At the end of the film deposition
process, the film was thermostabilized spontaneously in a vacuum
at room temperature (T =300 K) during 24 hours. The substrate
with films were removed from the vacuum system immediately be-
fore optical or electron microscopic studies.

The dimensional evolution of the microstructure of different
thicknesses silver films was studied in PEM-100M transmission
electron microscope. The main problem of investigation of metal
films in the thickness range of 1-20 nm is their fragility; there-
fore, it is necessary to use supporting amorphous layer made by
special technology of molecular condensation of carbon vapour on
the surface of a chipped NaCl single crystal at the temperature of
liquid nitrogen. Note that the carbon films were produced under
conditions of reduced carbon evaporation temperature (z 1770°C)
due to the presence of catalyst at area of carbon evaporation. It
made possible to produce high quality, stable, amorphous carbon
films with a thickness of 10—15 nm on the surface of the NaCl chip
transparent for electron beam. Germanium wetting layers were de-
posited on surface of carbon film immediately before deposition of
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silver films in one technological cycle in order to ensure identical
formation conditions for all the studied samples.

Mass thickness of films was estimated by shift of resonant fre-
quency of calibrated quartz vibrator placed in flow of evaporated
metal vapour with sensitivity of 90-100 Hz/nm.

The study of the transmission T'(A) and reflection R(\) spectra of
silver films was carried out on Shimadzu UV-3600-VIS-NIR in the
visible and near-infrared region of 300—-2500 nm. In this study, it
is assumed that the germanium underlayers do not affect the spec-
tral characteristics of films, but change metal film structure and its
growing conditions on the surface.

3. STRUCTURE OF THIN Ag FILMS

The results of electron-microscopy studies showed that silver films
grown with above-described method are homogeneous polycrystal-
line metal layers without predominant crystallites’ orientation. The
parameters of silver films crystal lattice are similar with parame-
ters of massive silver.

From the analysis of the results of electronographic studies, it
can also be concluded that there are no impurity and non-
equilibrium phases in investigated silver films as well as products
of silver with germanium. The last result is well consistent with
data of films’ structure studies of simple metals deposited on the
surface of germanium layers in the range of temperatures T < (0.2—
0.3)Ta: [7, 8]

Figure 1 shows microstructure of 12 nm silver films deposited on

Fig. 1. Microstructure of 12 nm Ag films deposited on surface of amor-
phous carbon substrate (a) and carbon substrate precoated with 1 nm ger-
manium wetting layers (b).
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clean surface of carbon substrate (Fig. 1, a) and on the substrate
precoated with 1 nm germanium underlayer (Fig. 1, b), respectively.
It can be seen that linear dimensions of the crystallites on the sur-
face with germanium underlayers are smaller than the similar crys-
tallites’ sizes of Ag film deposited on the pure amorphous surface.

At the same time, the concentration of isolated clusters on the
substrate surface is increased in 1.6 times. Determination of the
average linear sizes of crystallites D in the plane parallel to the
substrate was carried out with analysis of clusters’ statistical data
of crystallites’ sizes.

The histograms of crystallites’ number distribution on linear di-
mensions of the crystallites shown in Fig. 2. According to the shift
of the maximum distribution of crystallites to region of smaller D,
we can state that the presence of 1 nm germanium underlayers de-
creases metal films’ crystallites’ linear dimensions in 2.2 times. It
can conclude that the presence of additional crystallization centres
in the form of germanium adatoms on the surface of amorphous
substrate contributes to a more uniform filling of the substrate sur-
face with metal crystallites of almost the same linear size and caus-
es the growth of metal film of more developed polycrystalline struc-
ture.

The study of the microstructure of silver films of different
thicknesses shows that the ‘quench condensed’ technique [5, 6] en-
sures the growth of metal films of the investigated thickness. The
average linear dimensions of metal film crystallites depend on the
mass thickness of germanium wetting layers.

N/N,

11 nm 24 nm

b a

0 3 6 9 1215 18 21 24 27 30 33 36 39 42 45 48
D,, nm

Fig. 2. Histogram of crystallites distribution on the surface of substrate
covered with 12 nm silver films deposited on pure carbon substrate (a) and
on carbon substrate precoated with 1 nm germanium wetting (b).
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4. OPTICS OF THIN Ag FILMS

The analysis of the size-spectral dependences of reflection coeffi-
cient R(A) for silver films indicates fundamental difference in R(A)
behaviour at infrared spectrum region (Fig. 3, a, b). In Figure 3, a,
b, we observe simultaneous decrease (curve 3, Fig. 3, a) and in-
crease (curves 3, Fig. 3, b) of R with A for 10 nm silver film. The

R,% R, %
100 100
Ag %0 Ag Ge_1nm
N1 Glass ]—— Glass
804—— 2 nm 800—— 2 nm 5
70d—— 5 nm 70— 5 nm
- 10 nm —— 10 nm
p 60
60 15 nm 15 nm 4
501—— 20 nm 5 501—— 20 nm
404 40
304 304 3
204 204
104 10
0 T T T T T T T T T 0 T T T T T T T T .
0 200 400 o600 800 1000 1200 1400 1600 1800 2000 0 200 400 600 800 1000 1200 1400 1600 1800 2000
L, nm A, nm
a b

Fig. 3. Reflection spectra of silver films with mass thickness of 2, 5, 10,
15, 20 nm deposited on clean glass substrate (a) and glass substrate pre-
coated with 1 nm germanium underlayer (b).

T, % T, %
100 100
90+ 904
80+ 80
704 704
60+ 60
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40 40
304 304

T ! T T y y y T y 0 T T T T T T T T T
0 200 400 600 800 1000 1200 1400 1600 1800 2000 0 200 400 600 800 1000 1200 1400 1600 1800 2000

A, M %, M
a b

Fig. 4. Transmission spectra of silver films with mass thickness of 2, 5,
10, 15, 20 nm deposited on clean glass substrate (a) and glass substrate
precoated with 1 nm germanium underlayer (b).
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observed spectral R(A) behaviour is caused by difference film struc-
ture of same thickness metal films deposited on clean glass surface
substrate and substrate precovered with 1 nm germanium underlay-
er. Silver films with thickness of several nanometers (Fig. 3, a,
curve 1 and Fig. 3, b, curves I and 2) have lower reflectivity R
compared to the reflectivity R of a pure glass substrate (Fig. 3, a,
b, curve Glass). It is because of metal clusters’ network growing on
the surface of glass substrate, which, due to geometry, increases
particles’ sizes and amplitude of surface inhomogeneities; therefore,
the light scattering ability of dispersed film system increases (foggy
mirror effect).

Changing the direction of optical coefficients R(A) and T(A) size-
spectral dependence (Fig. 3 and Fig. 4) of silver films can be carried
out with percolation theory [3, 4]. According to this approach, the
slope of T(A) spectral dependences on different A values in the in-
frared region of the spectrum is manifested at the certain d. point
of T(d) curves’ intersection dependences. Point of curves’ intersec-
tion corresponds to percolation critical thickness d, at the mode of
the layer-by-layer metal film growth (2D mode or Frank—van der
Merwe mode). According to [3, 4], during layer-by-layer formation,
relation (p —p,) < (d —d.) is valid in the vicinity of the percolation
transition, where p is the surface filling degree (0 <p< 1), p,. is the
surface filling degree of substrate at the vicinity of percolation
transition.

According to silver film structural transformations near d., sil-
ver islands form cluster of infinite size due to physical convergence
with each other. Percolation approach considers that cluster of infi-
nite size is one whose boundaries reach from one edge of the sub-
strate to other one. In the point of electrical conductivity, the cre-
ated metal cluster is called first ohmic-conducting metal percolation
cluster. Despite the presence of solid metal cluster, structure of the
metal film is mixed. It is consists of two subphases: dispersed (iso-
lated metal islands) phase and solid percolation one. This structure,
as the manifestation of physical properties of mixed metal systems,
shows that reflection R, transmission T and absorption A in the in-
frared region of electromagnetic wavelengths are spectrally inde-
pendent on A [3]. When impact of each subphase is known, the
grown metallic nanoscale network with given physical properties is
controllable. Structures with compensated properties are especially
valuable, since their parameters show independence from external
factors and allow them to be separated depending on the set techno-
logical tasks. Understanding the regularities of this process with
possibility of choose the conditions for the creation of percolation
cluster in a dispersed metal system is of great importance for mod-
ern transparent electronics with given parameters [1].
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Fig. 5. Size dependences of silver films’ transmission spectra T for differ-
ent wavelengths. The point of intersection of the curves corresponds to the
critical thickness d.. (a) Silver films deposited on a clean glass substrate;
(b) silver films deposited on a glass substrate precoated with 1 nm germa-
nium underlayer.

Figure 5 shows the transmittance T—dimensional d dependence
for the Ag films deposited on clean glass substrate and substrate
precoated with 1 nm germanium underlayer, according to data in
Fig. 3 and Fig. 4. For silver films deposited on a clean glass sub-
strate, d,=12 nm, and for films deposited on 1 nm germanium un-
derlayers, d.=5 nm. The d, decrease is in a good agreement with
structural data, according to which the decrease in the crystallites’
average linear sizes on the substrate surface also leads to the in-
crease of the concentration of isolated clusters on it. As the result,
the accelerations of Ag film metallization and d, percolation cluster
formation at smaller thickness manifest themselves.

Analysis of silver films’ absorption spectra A (Fig. 6) shows the
act of dimensional effect in the wide spectral range of A(L). Accord-
ing to the percolation approach [3, 4], the spectral dependences of
the absorption coefficient in the vicinity of the percolation transi-
tion are spectrally independent and are determined only by the film
material and its structural features on the substrate surface. The
value of the absorption coefficient for silver percolation films in
infrared range of wavelengths varies in the range of 0.43-0.45,
while, for similar percolation films deposited on 1 nm germanium
underlayer, the value of the absorption coefficient varies in the
range of 0.25-0.28, that corresponds to 73% decrease in absorp-
tion. The observed effect opens the possibility of manufacturing
passive infrared filters based on silver films. The thickness and ab-
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Fig. 6. Absorption spectra A for different thicknesses’ silver films. (a) Sil-
ver films deposited on a clear glass substrate; (b) silver films deposited on
a glass substrate covered with 1 nm germanium underlayer.

sorption coefficient of it can be changed by mass thickness of ger-
manium underlayers. Analysis of dimensional dependence of plas-
mon absorption in dispersed silver films can be performed based on
consideration of the 2 nm and 5 nm curves (Fig. 6, a), which corre-
spond to films with a dispersed structure. According to data in Fig.
6, for 2 nm silver film, the value of plasmon wavelength A, is of
440 nm, and for 5 nm silver films, the plasmon wavelength A, is of
550 nm. The observed shift to longer wavelengths can be conse-
quence of both the increase in the average linear size of crystallites
and the change in interaction conditions of isolated silver clusters
because of increase in their surface concentration.

Figure 7 shows the dependence In(T - T,) = f(In())), where T, =40
is the critical transparency near percolation transition [2, 3]. The
angles of inclination of the silver films’ linear approximation for
the vicinity of percolation transition are tg(a)=0.8 and tg(a)=0.6,
respectively. The wvalue of the percolation index y=1/tg(a) is
Y12 nm = 1.25 and y;,, = 1.67, respectively. The fractal dimension in-
dicator D;=2-1/(2-v), according to the percolation approach [2,
3], is of 1.6 and 1.97, respectively.

The calculated percolation parameters within the percolation the-
oretical models in two-dimensional percolation clusters and Ising
model are given in Table.

A comparative analysis of the critical parameter y for the inves-
tigated 12 nm silver films indicates that y value is between the val-
ues predicted by the Ising models and the 2D percolation model,
while, for silver films with thickness of 5 nm deposited on 1 nm
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Fig. 7. Dependences of In(T - T,) = f(In(A)) near percolation transition for
12 nm silver films deposited on a clean substrate (a) and 5 nm silver films
deposited on 1 nm germanium underlayer (b).

TABLE. Critical coefficients of silver films in the vicinity of the percola-
tion transition.

D; Y d,, nm
2D-percolation model 1.896 1.33
2D-Ising model 1.875 1.00
Ag 12 nm 1.6 1.25 12 nm
Ag 5 nm on Ge 1 nm 1.97 1.67 5 nm

germanium underlayer, this value is greater than the model predic-
tions.

The fractal parameter in the case of 12 nm silver film is smaller
compared to the predictions of the two-dimensional model that indi-
cates the presence of significant number of empty places on the sur-
face of the substrate, which is in good agreement with the results
of structural studies [9, 10]. In the case of silver film on a germa-
nium underlayer, the value of the fractal parameter is greater than
the wvalue predicted by the two-dimensional percolation model,
which indicates high occupancy of surface substrate with isolated
metal clusters as a result of germanium underlayer impact. Such
data results are consistent with the tests of structural studies of
silver films deposited on 1 nm germanium underlayer. It was found
that the concentration of isolated metal clusters on the surface by
2.4 times higher, and the average distance between the isolated
clusters is decreased by 2 times compared to similar films deposited
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on bare surface. Reducing the distance between isolated clusters
significantly increases the interaction between their electronic sub-
systems during interaction with electromagnetic waves that will
significantly change the conditions for the percolation transition to
smaller metal film mass thicknesses.

5. CONCLUSIONS

1. It was found that the mass thickness of germanium underlayers
can change the absorption capacity of silver films of given thick-
ness in the region of the percolation transition due to changes in
the size of crystallites and the conditions of their growth on the
surface of substrate.

2. It is shown that the percolation thickness d, decreases from 12
nm to 5 nm, when silver film is grown on 1 nm germanium wetting
layers.
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PEO/Cu0O/In,0; New Structures for Flexible Electronics and
Optics Approaches

Huda Bukheet Hassan', Hayder M. Abduljalil?, and Ahmed Hashim!

ICollege of Education for Pure Sciences,
Department of Physics,

University of Babylon,

Hillah, Iraq

2College of Science,

Department of Physics,

University of Babylon,

Hillah, Iraq

The new polyethylene oxide PEO—copper oxide CuO—indium oxide In,0; struc-
tures are designed to use in various optics and electronics approaches. The
structure, optical and electronic properties as well as optimized geometry for
PEO—-CuO-In,0; structures are studied by using DFT at the BSLYP level with
basis set SDD. The electronic characteristics at issue contain total energy, co-
hesive energy, HOMO, LUMO, ionization potential, energy gap, softness,
electronic affinity, hardness, electronegativity, and electrophilicity. The re-
sults indicate that the optical and electronic properties of PEO are enhanced
with adding of the CuO/In,0; nanostructures. The energy gap is found of 8.06
eV for pure PEO and 2.35 eV for PEO—CuO-In,0; nanostructures. Finally, the
results of studied characteristics show that the PEO—CuO-In,0; structures
can be used in different low-cost and flexible-optoelectronics applications.

Pospobsiero HOBi cTpyKTypu moJietunenokcun (IIEQ)—oxkcux Kynpymy (CuO)—
okcup Iagiro (In,0,), mpusHadeHi 419 BUKOPUCTAHHA B PIBHUX HiAX0max IO OI-
TUKU 1 eJeKTpoHiKu. CTPYKTypa, ONTUYHI Ta eJIeKTPOHHI BJIaCTUBOCTI, a Ta-
KoK onTuMizoBaHa reomerpia pia crpyktyp PEO—-CuO—-In,O, BuBuUamThCA 3a
IOIIOMOTOI0 Teopii hyHKITioHany rycTuHu Ha piBHi BSLYP 3 6asucHauM Habopom
SDD. EsnexkTpoHHI XapaKTepUCTUKU, PO AKi iifie MOBa, MiCTATh MOBHY €HED-
rifo, emeprito koresii, HOMO, LUMO, noTenmisax iioHisaIii, eHepreTuuHy IIfi-
JUHY, M’ AKiCTb, €JIEKTPOHHY CIOPiJHEHiCTh, TBEPAiCTD, €JIEKTPOHETI'aTUBHICTD
Ta eJeKTpodiabHicTs. PesyabTaTu cBiguaTsh Ipo Te, IO ONTUYHI Ta eJIEK TPOHHI
BiractTuBocTi ITEO moninmiyioTbcs 3a paxyHOK [IOJaBaHHSA HAHOCTPYKTYD
CuO/In,0,. Exeprernuna miisnaa BUABIAeThCA Y 8, 06 eB gna uunctux [TEOiy
2,35 eB pna manoctpykTyp PEO-CuO-1In,0;. HapemTi, pesyabraTu ZOCTiIKY-
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BaHUX XapaKTEPUCTUK IIOKA3YIOTh, 110 cTPYKTypu PEO-CuO-In,0; MOXKyTH
BUKODPHUCTOBYBATHUCSA B PiBHMX HEJOPOTHX 3aCTOCYBAaHHAX i, 30KpeMa, y Tak
3BaHil i rHYyUYKi# oIITOEeKTPOHIIIi.

Key words: In,0;, CuO, PEO, optical characteristics, electronics fields,
DFT, DFT-B3LYP/SDD level of calculations.

Karouori caora: In,0O;, CuO, mojieTmieHOKCHU], ONTUYHI XapaKTEePHUCTUKU,
PoO3Iiiu eNeKTPOHiKM, Teopisd (PYHKI[IOHANY T'yCTHHHU, PO3PAXYHKOBUH pi-
BeHb BSLYP/SDD.

(Received 7 May, 2022)

1. INTRODUCTION

The polymer matrix doped with nanoparticles, nanoscale sheets, nano-
tubes, etc. are called nanopolymer compounds; the physical properties
of these nanocomposites are mostly dependent on polymer molecules in
contact with nanofillers [1]. Nanomaterials have received much atten-
tion among materials, and their properties depend not only on their
composition but also on their shape, size distribution [2]. Polymers and
organic materials have received a lot of attention due to their unique
features that provide lightweight, environmentally friendly, flexible
and cost-effective electronic devices [3]. Organic polymer-based mate-
rials are very important in the field of optoelectronics due to their at-
tractive properties [4]. The addition of inorganic nanoparticles to pol-
ymers allows modification of the physical properties of the polymer as
well as the implementation of new features of the polymer matrix [5].
Polyethylene oxide is known to create molecular complexes with alkali
metal salts. They manifest themselves as large ionic conductors and
are recognized as electrolyte solid polymers. Therefore, they have at-
tracted attention in recent years due to their water solubility, non-
toxicity, and biocompatibility. It has many applications, such as agri-
cultural films, paper coating, textile fibres, and electronic devices [6].
CuO has attracted a lot of attention too. CuO is a p-type semiconductor
material with small band-gap energy of only 1.2 eV at room tempera-
ture; it has been proven that CuO can be used in high-temperature su-
perconductors, gas sensor, magnetic storage media, catalysis, and
field emission [7]. With metallic nanoparticles, copper oxide nanopar-
ticles CuO NPs are of great importance according to their ability to in-
teract effectively with light through dint of surface plasmon resonance
(SPR) [7, 8]. The organics doped with inorganic nanoparticles have
been focused for their excellent chemical, physical characteristics,
huge potential applications in nanoelectronic devices and other fields
[6—8]. In this paper, design of novel PEO—Cu-In,0; structures for elec-
tronic and optic applications is considered.
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2. THEORETICAL PART

Cohesive energy is defined as the energy required for separating
condensed matter into separate atoms [9]:
E

coh

= (Etot/n) -E

free

_E()a (1)

where E,, is the total energy, E,,, is the energy of free atoms, n is a
number of atoms, E, is the vibrational energy of ground states (zero-
point). HOMO (the highest energy orbital occupied by the electrons) and
LUMO (the lowest energy orbital unoccupied by the electrons) are two
essential components in calculating properties such as the molecular
interactions and the ability of the molecule to absorb a photon of light.
According to Koopmans’ theorem [10], the band gap is obtained as:

Eg = ELUMO - EHOMO' (2)

The ionization potential (IP) varies between the positive energy
E, and the neutral energy E(n):

IP=E., - E(n). (3)
The electron affinity (EA) is given by the equation:

EA=E(n)-E.,. 4)
The energies of the boundary orbitals are determined as follow:

IP =—Eyonmo, (%)
EA =-Eyyo- (6)
Chemical hardness (n) is a measure of the resistance to charge

transport. It is given as a function of the numbers of electrons N
and the external voltage V(r) [11]:

el g o
2|oN*|,  2|oN], 2|oN],
n={P- EA)/2. (8)

Chemical fineness (S) is a feature of the molecules that gives the de-
gree of a chemical reaction. It is opposite to chemical hardness (n)[12]:

2
S:i{ﬁﬂ {8&} )
2n OE" |, ou |,
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The chemical potential p is defined as [15]:
u=[0E/oN],, (10)

where V—nuclei potential. Then, we can determine the electronega-
tivity using the relationship [11]:

X =-p=-[0E/oN],. (11)

It can be obtained by the average ionization energy and electron
affinity [9]:

X = (IP + EA)/2. (12)

According to Koopmans’ theorem, ‘it is defined as the negative val-
ue for average of the energy levels of the HOMO and LUMO’ [13]:

X =—~(Egnomo + Evumo)/ 2. (13)

It measures the energy stability, when the structure gets additional
electron charges from the environment defined as electrophilic [14]:

o = p2/(2n). (14)

D e e

Fig. 1. Optimization of PEO structure.
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Fig. 2. Optimization of PEO-CuO-In,0; structure.
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3. RESULTS AND DISCUSSION

Figures 1 and 2 show the optimized structures of PEO and PEO-—
CuO-In,0;. Structures were optimized within the DFT scope using
‘three-parameter hybrid functional’ of Becke BSLYP and 6-31G ba-
sis sets. These results are consistent with Refs. [15—-17].

Figures 3 and 4 show the IR spectra of the PEO and PEO-CuO-
In,0; structures obtained using density functional theory. The FTIR
studies show that adding CuO-In,O; leads to the displacement of
some of the bonds and not emergence of new peaks [18—20].

Figures 5 and 6 show the UV—Vis spectra. Visible and ultraviolet
spectra are relevant to the electronic structure of the molecules.
From Figures 5 and 6, absorption intensity for the PEO—CuO-In,0,
structures has higher UV-Vis spectra. As a result, it shows that
absorption increases with increasing the number of atoms. This is

6000+
5000+
.g‘ 40004
2
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<
B 20004
10004
0 L . JLJL\A A . . ARVY . ,
0 500 1000 1500 2000 2500 3000 3500 4000
Frequency, cm!
Fig. 3. IR spectra of PEO structure.
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Fig. 4. IR spectra of PEO—CuO-In,0; structure.
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owing to the moving electrons from valence level to the conduction
band at these energies; hence, the increase in absorption is due to
the increase in a number of charges’ carriers [21-24].

Table 1 represents the comparison between the E, values for the
PEO and PEO-CuO-In,O; structures. From the results, the energy
gap calculated decreases with increasing the number of atoms.

Figures 7 and 8 illustrate the 3D distribution of HOMO and
LUMO for the studied composites.
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Fig. 5. UV—Vis spectrum for PEO structure.

450
400
350
300
250
200
150
100

50

0() 500 1000 1500 2000 2500

Absorption

Wavelenght, nm

Fig. 6. UV—Vis spectrum for PEO-CuO-In,0; structure.

TABLE 1. The values of energy gap (in eV) of the studied structures.

PEO structure | PEO—-CuO-In,0; structure
Egxomo, €V Eiumos €V E, eV Euomor €V Erymo, €V E, eV
—6.7995 1.2679 8.0674 -4.4850 -2.1327 2.3523
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Table 2 shows the energies (in a.u.) and some electronic proper-
ties of the PEO and PEO—-CuO-In,0; structures calculated at the same
level of theory. These properties are including IE, EA, Ey, n and o.

Fig. 8. The distribution of HOMO (up) and LUMO (down) for PEO—-CuO-
In,04 structure.
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TABLE 2. Electronic properties’ values (in eV) for the structures.

Property PEO I PEO—Cu—In,0; composites
Cohesive energy -4.7379 -16
Total energy -1692.8063 -2119.8614
Ionization potential 6.7995 4.4850
Electron affinity -1.2679 2.1327
Electronegativity 2.7658 3.3088
Chemical hardness 4.0337 1.1761
Chemical softness 0.1239 0.4251
Chemical potential -2.7658 -3.3088
Electrophilicity 0.9482 4.6544
Dipole moment (Debye) 1.6673 5.5244
M= DOS spectrunﬁ
12l — O(_:cupied orjbitals
— Virtual orbitals
10
8
6
4_
2
o 1 T T T
-30 -20 -10 0 10 20 30
Energy, eV
Fig. 9. DOS of PEO structure.
10

— Alpha DOS speci;rum
— Beta DOS spectrum
— Total DOS spectrum (scaled by 0.5)
8 Alpha occupied orbilals
— Alpha virtual orbitals
Betla occupied orbitals
| — Beta virtual orbitals

°l . 1
=30 =20 -10 0 10

Energy, eV

Fig. 10. DOS of PEO—CuO-In,0, structure.



TAILORING THE STRUCTURE, ELECTRONIC AND OPTICAL PROPERTIES 949

Density of states (DOS) for the PEO and PEO-CuO-In,0; struc-
tures versus energy levels were calculated by employing the DFT-
B3LYP/SDD level as presented in Figs. 9 and 10. From DOS spec-
trum, the charge density is low in occupied orbital and high in vir-
tual orbital for pure, O- and H-substituted In,O; structures. As
shown, the PEO-CuO-In,O; composite has a doublet state, while the
others have a singlet state. In this case, the degeneracies of unoc-
cupied molecular orbitals are more than for the occupied molecular
orbitals. The bonds are mainly formed by hybridization between the
Opgo orbital and the CuO and In,O; orbitals.

4. CONCLUSIONS

This paper includes design of novel PEO—-CuO-In,0; structures. The
structure, optical and electronic properties as well as optimized ge-
ometry for the PEO—-CuO-In,0O; structures were studied. The densi-
ty functional theoretical methodology has been proved its validity
in calculating the geometrical parameters for the PEO—-CuO-In,O,
structures. The energy gap of PEO-CuO-In,0; is equal to 2.352 eV
that makes it suitable for different optoelectronics devices. The to-
tal cohesive energy (absolute value) increases with adding the CuO-
In,O;. The results show that the PEO—CuO-In,0; structures can be
used in various low-cost, high corrosion resistance, lightweight and
flexible-optoelectronics applications.
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Exploring the Optical, Electronic and Thermal Characteristics
of (PEO/Cu/Ag/H,0) New Nanostructures to Use in Solar
Collectors

Hind Ahmed and Ahmed Hashim

College of Education for Pure Sciences,
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The present paper aims to design of new (PEO-Cu—-Ag-H,0) nanostruc-
tures to use it in solar collectors with high dispersion of metallic parti-
cles, good solar energy absorption and high corrosion resistance. The the-
oretical method of DFT offers nanostructures and energies. The structural
stability and electronic properties of the nanostructures are studied in
relations of the calculated energy, ionization potentials, HOMO-LUMO
gap, and electron affinity. A dipole moment of (PEO-Cu-Ag-H,0)
nanostructures is also determined. The results show that the (PEO-Cu-—
Ag—-H,0) nanostructures have good structure, optical, electronic and
thermal properties. The PEO-Cu—-Ag—H,0 nanostructures have high ab-
sorption of solar energy at wavelength in a range 200-350 nm. Finally,
the results indicate that PEO-Cu—Ag-H,0 structures may be used in re-
newable energy field for solar collectors.

Hany pobGoTy CIIpAMOBaHO Ha Po3poOKy HOBUX HaHOCTPYKTYp (PEO—-Cu—Ag-—
H,0) nns BUKOPUCTAHHS iX V COHAYHMX KOJIEKTOPaxX 3 BUCOKOIO JUCIEPCHi-
CTIO MeTaJIeBUX YaCTUHOK, XOPOIIMM IIOTJIMHAHHSIM COHAYHOI eHeprii Ta
BHCOKOIO KOpOo3iitHo0 crilikicTio. Teoperuunuit meton TPI' mpomoHye HaHO-
CTPYKTypu Ta eHeprii. BuBuaoTbCcA CTPYKTYpHaA CTifiKicTh Ta eJIeKTPOHHI
BJIACTUBOCTI HAHOCTPYKTYP CTOCOBHO DPO3PaXyHKOBOI eHeprii, IOTeHIIidAJiB
tonisarnii, minuaun HOMO-LUMO Tta cmnopigHeHocTu eaeKTpoHiB. Tako:x
BU3HAYEHO AUTMOJbHUN MoMeHT HaHOCTPYKTYp (PEO-Cu-Ag-H,0). Pesyasn-
TaTu TOKAa3yioTh, 1o HaHOocTPyKTypu (PEO-Cu-Ag-H,0) marors xoporri
CTPYKTYPHi, OOTUYHi, eJIeKTPOHHI Ta TemioBi BiaacTtuBocti. HaHOoCTPYKTYpH
PEO-Cu—-Ag—H,0 mMaoTs BuCOKe IOTJIMHAHHA COHAYHOI eHepril Ha JOBXKUHI
xBuJi B miamasoui 200—350 um. Hapemiti, pesyabTaTy BKa3yoTh Ha Te, IO
ctpykTypu PEO—Cu—Ag—H,0 moxxyTh BuKopucroByBatuca y chepi BimHOB-
JIIOBAHOI eHeprii AJsg COHAYHUX KOJIEKTOPiB.
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1. INTRODUCTION

Polymers are versatile materials that have certain unique properties
such as low density, flexibility, toughness, easy processability, and
low conductivity. However, these properties are still inadequate for
efficient industrial applications. Hence, continuous research efforts
are in progress to develop new polymeric materials with advanced
properties. The desired properties can be obtained by adding filler
(organic and inorganic materials) to the polymer matrix. Common
fillers such as metal particles, silica, carbon black, etc. require high
filler loading. High filler loading increases the cost of composites
along with challenging processability. Nowadays, nanofillers are in-
corporated in polymer matrixes to introduce desired properties with
low filler loading [1]. Polyethylene oxide (PEO) can be considered as
a semi-crystalline polymer with both amorphous and crystalline
phases. The PEO can be distinguished through its high thermal and
chemical stability, high viscosity, and non-ionic, heat formative,
good water-solubility properties. PEO can also be identified through
its flocculent thickening sustained-release lubrication that disperses
fibres and retains water. Polyethylene oxide is a simple copolymer
matrix that has enteric contacts [2].

The PEO is one of the flocculating systems, which is more effec-
tive than charged polymers in highly contaminated closed sys-
tems[3]. Metals’ nanostructures have been paid much attention in
the development of sensing devices due to their divergent physical
and chemical properties [4]. Gaussian 03 program (computer soft-
ware, which is capable of predicting many properties of molecules
and reactions, including the molecular energies and structures) [5]
is used to make the calculation. This paper aims to design of new
(PEO-Cu—Ag—H,0) nanostructures to use it in solar collectors.

2. THEORETICAL PART

Energy gap refers to energy difference between the (HOMO) and
(LUMO) according to the Koopmans’ theorem [6]:

Egap = Erymo — Enomos 1)
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here, E,, indicates the energy gap; Eiywo and Eyoyo are denoting
the energies of HOMO and LUMO in consecution.

Ionization energy is expressed in units of electron-volt (eV) by
the equation [7]:

Iz = —Eyono- (2)
Electron affinity can be determined by the relation [6]:
E,=—-Eiymo- 3)
One of the global quantities is chemical potential, which is given
by the equation [8]:

1 1
HzE(EHOMO+ELUMo)z_§(IE+EA)' (4)
Chemical hardness is the resistance of species to lose electrons. It
can be calculated as follows [9]:

H=(I,-E,)/2. (5)
Chemical softness is the inverse with hardness [10]:
1
S=——". 6
oK (6)

Electrophilicity can be defined as a measure of energy lowering
due to maximal electron-flow between donor and acceptor [11]:
2
u
W= ——. 7
oH (7
R. Mulliken defined electronegativity as the average of the ioni-
zation energy and electron affinity as follows [10]:

E,=-(I,+E,)/2. (8)
The polarizability is calculated by the following equation [12, 13]:

<OL> = (axx +a, + oczz)/Z . 9)

There are many studies on properties of nanostructures to employ
them in various applications and fields like electronics and optoelec-
tronics [14—33], sensors [34—39], antibacterial agents [40—42], opti-
cal fields [43—47], bioenvironmental and radiation shielding fields
[48—54], and thermal energy storage [55—56].
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Fig. 1. Optimization of (PEO—Cu—-Ag—H,0) nanostructure.

TABLE 1. Average lengths of bond (in A) and the angles in degree.

Measurements Optimization parameters Values
(C-0) 2.489
(C-0) 1.497
(C—H) 1.096
Bonds, A
ones (0-H) 0.973
(Cu—0) 1.801
(Ag-0) 2.238
(C—C—C) 122.136
(H-O—H) 112.792
Angles, deg.
Hfesn G (0—Cu—0) 172.018
(Cu—0 —Ag) 108.274
0
50|
100}
z
2 150/
2
B 200}
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— IR spectrum scaled by 1.000000
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Frequency, cm™

Fig. 2. IR spectra of the (PEO-Cu—Ag—-H,0) nanostructures.
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3. RESULTS AND DISCUSSION

Figure 1 shows the relaxation of the (PEO—Cu—-Ag—-H,0) nanostruc-
tures, in which the optimized structure of the molecule is the struc-
ture at minimum energy, and it is performed by finding the first
derivative of the energy with respect to distance between different
atoms.

Table 1 represents the standard orientation of all atoms in the
molecule. The bonds values in present work are in a well agreement
with Refs. [3, 57, 58].

Figure 2 shows the IR spectrum of the (PEO-Cu—-Ag-H,0)
nanostructures obtained using DFT. It has been found that the
strong peak observed at 300 cm™ is attributed to the H,O molecule
and Cu—Ag bond.

In Raman spectrum, a different is observed in the molecules’ po-
larization. Namely, interactions of ultraviolet or visible photons
with vibrations of molecular bonds, losing or gaining parts of its
energy, thereby, produce the spectra [59].

Figure 3 represents the Raman spectrum of the PEO-Cu—Ag—H,0
nanostructures. Raman spectrum intensities depend on the probabil-
ity that photon with exacting wavelength will be absorbed.

Figure 4 gives the UV-Vis spectrum of the (PEO-Cu—Ag—H,0)
nanostructures. It is dependent on the molecule electronic struc-
ture. The results of UV-Vis spectrum for the (PEO-Cu—Ag—-H,0)
nanostructures are found from the BSLYP-TD/LanL.2DZ method in-
tegrating the wavelength, excitation energy, oscillator strength and
electronic transition.

Table 2 gives the energy gap for the (PEO-Cu—-Ag—-H,0)
nanostructures. The energy gap did not only decide the path of in-
teractions of molecule with other species, but also helps to illustrate
the kinetic stability and chemical reactivity of the molecules like in
metal complexes.

Figure 5 represents the 3D distribution of LUMO and HOMO for
the (PEO-Cu—-Ag—H,0) nanostructures. The idea of HOMO-LUMO
clearly characterizes the electron cloud in the virtual and occupied
orbitals.

Figure 6 represents the distribution of electrostatic potential sur-
faces (EPS) for the PEO—Cu—Ag—H,0 nanostructures intended from
the total self-consistent field. EPS distributions for the (PEO—-Cu-—
Ag—H,0) nanostructures are caused by repulsive forces or attract-
ing regions around each structure. Mostly, the EPS for the (PEO-
Cu—Ag—H,0) nanostructures in each molecule determine the high
electronegativity of oxygen atoms (3.5 eV), which are dragged to-
ward the negative charges positions.

Table 3 represents the results for the ground state energy and
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several electronic characteristics of (PEO-Cu—Ag—H,0) nanostruc-
tures calculated at the same level of theory. These characteristics
are including the I, E,, Ey, H and o.

Table 4 shows the average polarizability o,, (9) and its compo-
nents for the PEO-Cu—Ag—H,0 nanostructures.

Density of states of the (PEO-Cu—Ag—H,0) nanostructures as a
function of energy levels was calculated by employing the DFT-
B3LYP/LanL2DZ level of theory.

Figure 7 shows the degenerated states as a function of energy

1400

1200k — Raman spectrum scaled by 1.000000

1000 |

800 -

600

Raman activity

400

200+

oL Jll Ao by . . I . L
0 500 1000 1500 2000 2500 3000 3500 4000 4500
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Fig. 3. Raman intensities of the (PEO-Cu—-Ag—H,0) nanostructures versus
vibration frequency.

160 7
140 1
120 1
100
801
60
40
20+

0

Intensity, arb. unit

0 100 200 300 400 500 600
Wavelength, nm

Fig. 4. UV—Vis spectrum for the (PEO-Cu—-Ag—H,0) nanostructures.
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levels for the studied nanostructures. This degeneracy is caused by
the existence of the new-type atoms that leads to varying the bond
lengths and angles or changing the geometry of the structure.

Table 5 illustrates the thermal internal energy E,,, specific heat

TABLE 2. Energy gap of (PEO—Cu—Ag—H,0) nanostructure.

PEO—-Cu—-Ag—H,0 nanostructures
Exono» €V | E\vmor €V | E 0 €V
-8.293 —2.445 5.848

Fig. 5. The HOMO (up) and LUMO (down) distribution for the (PEO-Cu-—
Ag—H,0) nanostructures.

Fig. 6. Electrostatic potential surface distribution for the (PEO-Cu-Ag-
H,0) nanostructures.
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TABLE 3. Electronic characteristics of (PEO-Cu—Ag—-H,0) nanostructure.

Property PEO—Cu—Ag—H,0 nanostructures (in a.u.)
Total energy -880.377
Ionization potential 8.293
Electron affinity 2.445
Electronegativity 5.369
Chemical hardness 2.924
Chemical softness 0.170
Chemical potential -5.369
Electrophilicity 4.929
Dipole moment (Debye) 6.446

TABLE 4. The polarizability a,, and its components for the PEO—Cu—-Ag-
H,0 nanostructures.

Polarizability, a.u.

Olyy AU | Olyys AU | a,,, a.u. | Olgpes .U
197.616 140.996 112.561 150.391

C, and entropy S,, for the PEO—-Cu—Ag—H,0 nanostructures calcu-
lated on the same level of theory. These properties are including all
the electronic, translational, rotational, vibrational and total ther-
mal properties.

4. CONCLUSIONS

In present work, for first time, the design of the (PEO-Cu—Ag-
H,0) nanostructures and the investigation of their structure, elec-
tronic, optical and thermal properties have been investigated to use
them in solar collectors with high dispersion of metallic particles,
good solar-energy absorption and high corrosion resistance. With
the assistance of DFT methods, a good relaxation of the (PEO—-Cu-—
Ag—H,0) nanostructures is obtained. The results show that the
(PEO—-Cu—Ag—-H,0) nanostructures have good structure, optical,
electronic and thermal properties. The results of the IR spectra cal-
culations show that the water molecule is adsorbed on the surface of
the (PEO-Cu—-Ag—H,0) nanostructure without any chemical reaction
with it. The (PEO-Cu—-Ag—H,0) nanostructure has high absorption
of solar energy at wavelength ranged from 200 to 350 nm. Energy
gap is a useful inherent property. In hard molecule with a large en-
ergy gap, its electron density is changed more hardly than in soft
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Fig.

TABLE 5. E,,, C,

and S,, of the (PEO—Cu—Ag—H,0) nanostructures.

Thermal corrections (Hartree/particle)

E,, kCal/mole| C,, Cal/(mole’K) | S, Cal/(mole'K)

Electronic 0.000 0.000 1.377
Translational 0.889 2.981 43.470
Rotational 0.889 2.981 33.453
Vibrational 143.890 56.661 76.733
Total 145.668 62.623 155.033
molecule. Finally, the results indicate that (PEO-Cu—Ag-H,0)
nanostructures may be use in renewable energy field for solar col-
lectors.
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In present work, films of polyvinyl alcohol/polyvinyl pyrrolidone/SiC
(PVA/PVP/SiC) nanostructures are fabricated. The optical absorption is
determined to use in different optical approaches. The results show that
the absorbance of PVA/PVP is increased, while the transmittance is de-
creased with an increase in the SiC nanoparticles’ concentration. The
PVA/PVP/SiC nanostructures have higher absorption at high photon en-
ergy. The energy gap of PVA/PVP is decreased, when the SiC nanoparti-
cles’ concentration increases. Finally, the results on optical characteristics
indicate that the PVA/PVP/SiC nanostructures can be considered as
promising materials for optical fields.

Y pmaHiii po6GOTi BUTOTOBIAIOTHCA IJIiBKU HAHOCTPYKTYDP IIOJIiBiHiJOBUIA
cuupt/noxaisininmipoaigon/SiC (IIBA/IIBII/SiC). OnTuune BOWMpaAHHA BU-
3HAUEHO JAJI BUKOPUCTAHHS B Pi3HMX ONTHMUYHUX MmiAgxonax. Pesyabratu mo-
KasyioTh, mo BObupanusa IIBA/IIBII 36inbiryeTbcsi, TOAI AK IPONyCKaHHSA
3MEHIIYEThCA 3i 30iJbIIeHHAM KOHIEHTpallii mamouacTuHok SiC. HamocT-
pyxTrypu IIBA/IIBII/SiC matoTh 6inbIT BUCOKY abCOpOIlito 3a BUCOKOI eHep-
rii ¢porona. Emepreruuna mrisuuaa [IBA/IIBII 3meHITyeThCsI, KOJIU KOHIEH-
Tpania HanouacTuHOK SiC s30imbmiyerhcs. Haperiti, pesyabTaTy 3a OITHY-
HUMM XapaKTepHUCTHUKaMM BKas3ylOTh Ha Te, II[0 HAHOCTPYKTYpHU
IIBA/IIBII/SiC mMo:XHa pPO3TJIANATH AK IEPCIEKTUBHI MaTepidaam AJA ONTHU-
YHUX c(ep 3acTOCyBaHHA.

Key words: nanostructures, SiC, polyvinyl alcohol/polyvinyl pyrrolidone,
absorbance, energy gap.

Karouori ciosa: maHOCTPYKTYypu, SiC, mnmoaiBiHimoBuit coupt/moJiBiHiia-
mipoJiloH, BOMpaHHA, eHepreTUYHa IiJnHa.
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1. INTRODUCTION

Blending polymer fabrication 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 [1]. Polymer nanocomposite materials have been receiv-
ing a lot of attention lately because of the expanded range of appli-
cations that these hybrid materials can be used. It is widely docu-
mented that polymers, as dielectric materials, are good host matri-
ces for nanoparticles, and that this is true for both metal and ce-
ramic nanoparticles. While doing so, these embedded particles with-
in the polymer matrix also influence the physical properties of the
host. In particular, polymer ceramic hybrid composites are promis-
ing functional materials in a variety of disciplines, demonstrating
useful optical, electrical, thermal, mechanical, and antibacterial
characteristics [2]. Nanocomposites based on blending polymers
with inorganic nanoparticles have attracted much attention owing
to their projected extraordinary thermal, optical, electrical, and an-
tibacterial properties. The motivation for using inorganic materials
stems from their high thermal stability, good electrical properties
and high refractive index [3].

Silicon carbide (SiC) is one of the main commonly utilized non-
oxide ceramics for a lot of industrial fields relating to its attention
the elevated temperature characteristics like good strength, excel-
lent hardness, and elevated resistance for thermal shock and wear.
It also has a good resistance for chemical oxidation. The perfor-
mance of SiC under such great conditions is projected to allow ma-
jor enhancement to a multiplicity of fields. SiC nanostructures have
exposed to display superior characteristics compare to the SiC bulk.
It also demonstrates the potential fields in UV photodetectors and
diodes relating to a higher efficiency for light emission [4].

Polyvinyl alcohol (PVA) was used during the second half of the
20" century. PVA is an artificial polymer with band gap of 5.1 eV,
refractive index of 1.48, and dielectric constant of 2.44. PVA has
been applied in the industrial, commercial, medical, and food sec-
tors. It has been used to produce surgical threads, paper products,
and food packaging materials. PVA has attracted considerable at-
tention due to its attractive film-forming, good processability, bio-
compatibility, and good chemical resistance. This polymer is widely
used for blending with other polymer compounds such as biopoly-
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mers and other polymers with hydrophilic properties. The addition
of an inorganic material to the polymeric matrix is advantageous to
enhance further the chemical, structural, and physical properties.
PVA has hydroxide (OH) groups arranged regularly from one side
of the plane to another, thus, providing interchain hydrogen-bond
networks. Consequently, PVA polymers can be utilized in photovol-
taic and optoelectronic devices [5].

Polyvinyl pyrrolidone (PVP) is a conjugated polymer that plays
an important role in electrical conductive materials, environmental
stability, and processing [6].

PVP and PVA are considered the famous and desired polymers as
perfect and operative binders in the production of optical responsive
materials employed in the designing of sensor systems, optoelec-
tronics, and organic electronic systems [7].

This paper aims to prepare of PVA/PVP/SiC nanostructures to
use in different optical fields.

2. MATERIALS AND METHODS

The films of PVA/PVP/SiC nanostructures were prepared by using
casting method. The blend of PVA/PVP with ratio of
77% PVA:23% PVP was prepared by dissolving of 1 gm in 30 ml
distilled water. The SiC nanoparticles (NPs) were added to the blend
solution with different concentrations: 0.5%, 1%, 1.5% . The opti-
cal properties of PVA/PVP/SiC nanostructures’ films were meas-
ured by using spectrophotometer (UV-1800A-Shimadzu).
The absorption coefficient (o) is given by [8]:

o = 2.303(4/d), (1)

where A is the absorbance and d is the thickness of sample.
The energy gap is calculated by [9]:

(ahv)'™ =C(hv-E,), (2)
where C is the constant, hv is the photon energy, E, is the energy

gap; m=2 or 3 for allowed and forbidden indirect transitions, re-
spectively.

3. RESULTS AND DISCUSSION

Absorption spectroscopy is an analytical technique for studying the
interactions between electrons in the composite film materials and
radiation that can be interpreted through variations in the absorp-
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tion spectra.

Figures 1 and 2 show the performance absorbance and transmittance
spectra for the PVA/PVP/SiC nanostructures with photon wave-
lengths. As shown in these figures, the absorbance reduces, while the
transmittance increases, with increase in the photon wavelength. The
absorbance of PVA/PVP increases, while the transmittance decreases,
with an increase in the SiC NPs’ concentration that may be due to in-

—— Pure
—=— 0.5 wt.%
12 —— 1 wt.%
1.5 wt.%

Absorbance, a.u.

240 340 440 540 640 740 840
Wavelength, nm

Fig. 1. Behaviour of absorbance for the PVA/PVP/SiC nanostructures with
photon wavelength.

1.0
0.9

=

8 0.8

o

o]

—

= 0.7

g

W

5 06
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Fig. 2. Transmittance variation for the PVA/PVP/SiC nanostructures with
photon wavelength.
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Fig. 4. Energy gap of the PVA/PVP/SiC nanostructures for allowed indi-

rect transition.

crease in the density of charge carriers [10-17].

The effect of SiC NPs’ concentration on absorption coefficient of
PVA/PVP is shown in Fig. 3. The o values of PVA/PVP increases,
when the SiC NPs’ concentration increases. The values of a < 10*
cm ', and this means that the transition is indirect. The increase in
o values may be related to the significant decrease in the interband

transitions [18].

Figures 4 and 5 show the energy gaps of PVA/PVP/SiC nanostruc-
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Fig. 5. Energy gap of PVA/PVP/SiC nanostructures for forbidden indirect
transition.

tures for the allowed and forbidden indirect transitions, respective-
ly. As shown in these figures, the energy gap of PVA/PVP decreas-
es for both allowed and forbidden indirect transitions with an in-
crease in the SiC NPs’ concentration. This decrease in the optical
band gap is an indicator of the change in the structure of the poly-
mer matrix and is associated with the creation of localized states
inside the band gap [19-24].

4. CONCLUSIONS

Films of PVA/PVP/SiC nanostructures were fabricated by using
casting method to use in different optical approaches. The results
indicate that the absorbance of PVA/PVP is increased, while the
transmittance is decreased, with an increase in the SiC NPs’ con-
centration. The PVA/PVP/SiC nanostructures have high absorption
in UV-region. The energy gap of PVA/PVP is reduced with an in-
crease in the SiC NPs’ concentration. The final results for the opti-
cal characteristics show that the PVA/PVP/SiC nanostructures may
be considered as promising materials for optical applications.
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Synthesis and Characterization of Polyfurfural Nanoparticle
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In this paper, polyfurfural is synthesized by hydrochloric acid as catalyst
in ethanol. The resulting polymer is characterized by FT/IR, EDS and
XPS to determine the polymer structure. By SEM, the morphology of re-
sulting polymer is studied. As found, the polymer consists of globule par-
ticles, which clump together and form clusters with average size of about
700 nm. Globule particles are composed of small spherical particles with
an average size of 18.6 nm. Polymer thin film is fabricated by anchoring
on glass; thin film has rough surface (Rms=2.12+ 0.3 nm) and nanopar-
ticles size of 17.8 nm. Based on x-ray diffraction, the crystallization ratio
and the nanocrystals’ size (7.42 nm) are calculated. A new method for the
determining nanoparticle size from x-ray diffraction data is proposed. The
particle size is of 16.18 nm that is less than the size specified by SEM or
AFM.

Y maniit po6oti moaidypdyposa CUHTE3YETHCS COJIAHOIO KHCJIOTOI AK Kara-
JisaTopom B eraHoti. Omep:kaHuil ImOJiMep XapaKTepu3yeThcA iHppPaUepBO-
HOIO CIEKTPOCKOIIICI0 Ha OCHOBI meperBopy ®Pyp'e, eHeprogucuepciiiHoio
PEHTI'eHiBCbKOI0 CHEKTPOCKOIIIEI0 Ta PEeHTI'eHiBChKOK (OoTOeIeKTPOHHOIO
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CIIEKTPOCKOIIi€l0 IJIs BU3HAUEHHS CTPYKTypu Mmosimepy. CKaHyBaJbHOIO
€JIeKTPOHHOI0 MiKPOCKOIi€}0 BUBYAETHCA MOPQOJIOTiA OAEP:KYBAHOTO IIOJIi-
Mepy. SIK BUABUIOCS, MOJiMEpP CKJIAJAEThCA 3 YAaCTUHOK IJIOOYyIM, AKi 3Ju1-
TMaOThCA B KYIy ¥ YTBOPIOIOTH CKYMUYEHHA i3 cepenHiM pPo3MipoM OJM3bKO
700 aM. YacTuHKY I'J100YJ CKJIAZAIOThCA 3 APiOHUX cepUUYHUX UACTUHOK i3
cepenuim poamipom y 18,6 um. IlosmimepHa TOHKa IIJIiBKAa BUTOTOBJISAETHCS
MIJIIXOM HPUKPINJIeHHSA HaA CKJi; TOHKA IJIiBKa MAae€ INEepPCTKY HMOBepxXHIo (is
cepeHIM KBaJpaTUUYHUM 3HAUEHHAM BiIXUJIeHL BHCOTU Ipodinio Bifg cepe-
mHBOI JgiHii Rms = 2,12 + 0,3 um) i maHouacTuHKHU po3mipom y 17,8 um. Ha
OCHOBiL Au(pakiii peHTI'eHiBCHKOr0 BUIPOMiIHEHHA DPO3PaXOBYIOTHCA Koedi-
ImieHT Kpucrasgizaiii ta posamip HaHoxpucraaiB (7,42 HM). 3aIpoIOHOBAHO
HOBMI MeTOJ BM3HAUEHHSA PO3Mipy HAHOUYACTUMHOK 3a JaHuMu Audpariii
PEeHTI'eHiBChbKOr0 BUIIPpOMiHeHHs. Posmip uacTuHOK cramoBuTh 16,18 HM,
110 MEHINle PO3Mipy, BU3HAYEHOTO CKAHYBAJbHOIO €JIEKTPOHHOIO MiKPOCKO-
mieto abo aTOMHO-CUJIOBOIO MiKPOCKOIIi€0.

Key words: polyfurfural, polymers’ characterization, XPS, SEM, nano-
crystals’ size, nanoparticle size.

KarouoBi croBa: moripypdyposa, xapakTepusallis I0JiMepiB, peHTI'eHiBChKa
doToesIeKTPOHHA CIEKTPOCKOINisl, CKaHyBaJbHA €JEeKTPOHHA MiKPOCKOIid,
PO3Mip HAHOKPHCTAJIB, PO3Mip HAHOYACTUHOK.

(Received 21 February, 2022; in revised form, 9 May, 2022)

1. INTRODUCTION

Conducting polymers play an important role in the field of material
science because of their excellent electrical, optical, optoelectronic
properties [1], ease of fabrication, flexibility, and chemical inert-
ness [2]. Although conducting polymers were discovered only seven-
ty years ago, but they have a wide range of applications [3]. Con-
ducting polymers are used in gas-separation membranes [4], mem-
branes [5], optical displays [6], solar cells [7], rechargeable batteries
[8], sensors, biosensors [9], light-emitting diodes [10], and electro-
chromic devices [11]. Polypyrrole, polyfuran, polythiophene and
their derivatives are common conducting polymers [12]. Polymers
can be synthesized by chemical, electrochemical, or plasma methods
[1]. Furfural was polymerized by electropolymerization [13, 14],
and plasma methods [15]. It was used for fabrication of film-
modified electrodes [14, 15]. It is also known that dipping these
films with other materials, such as iodine, acid, or others, modifies
the electrical and optical properties [1]. Similar monomers synthe-
sized by chemical polymerization, such as 2-carboy aldehyde thio-
phene, were polymerized by acid (RSO;H) [16]. The polymerization
took place on the expense of the aldehyde group by the electrophilic
addition mechanism. The polymer was reduced by hydrazine to ob-
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tain the final product [16].

In this research, we synthesize polyfurfural by chemical polymer-
ization by acid catalysis in ethanol. Characterization is made by
FT/IR, XPS, and EDS. Nanoparticle size of polymer is studied by
SEM, AFM, and XRD.

2. EXPERIMENTAL
2.1. Materials and Measurements

There are used furfural 99% sigma, hydrochloric 35.5% acid sig-
ma, ethanol 98% sigma.

Polyfurfural was characterized with UV spectrophotometer be-
tween 380-800 nm by Optizen model OUV322 and FT/IR (JASCO
FT/IR model M4100) spectrophotometer between 4000 and 400 cm™
by KBr disk.

Surface morphologies were checked by SEM, EDS and XPS
(TESCAN model MIRAS). Polymer film was checked by AFM (Nano-
surf model eseyscan2); polymer powder film was checked by XRD
(Philips, model: PW1370, Cu (0.154056 nm) step size of 0.05 deg.).

2.2, Synthesis

Furfural (21 mmole, 2.0 g) was dissolved in ethanol (25 ml), and
then hydrochloric acid 35.5% (10 ml) was added. Mixture solution
was placed at room temperature for 8 h. Colour of reaction solution
changed to red and then purple. Later on, a black product was pre-
cipitated. The polymer forms a thin film on the surface of the reac-
tion vessel or any substrate within the reaction solution. The pre-
cipitate was filtered and washed with NaOH (15%) solution, ionized
water and ethanol several times, then, dried at 105°C for 48 hours.
It was kept for later study.

3. RESULTS AND DISCUSSION
Polyfurfural is a black powder, insoluble in common organic sol-
vents, such as ethanol, methanol, THF, ethyl acetate and acetoni-

trile, partially soluble in acetone, well soluble in formic acid, DMSO
and DMF. It melts at > 300°C and then decomposes.

3.1. UV—Vis Spectra

Reaction solution contains furfural of different concentration
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Fig. 1. UV—Vis spectra of reaction mixture solutions.
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Fig. 2. Absorption (at maximum absorption peak) vs concentration.

(2.67-10° M, 5.83-10° M, 7.89-10° M, 10.60-10° M, 13.21-107° M)
and hydrochloric acid of 3 M in ethanol. These solutions were kept
at room temperature for 24 hours.

Then, the UV—Vis spectrum was recorded on the blank of ethanol
and acid (3 M). Figure 1 shows the UV-Vis spectra. Absorption
spectrums show two maximum absorption peaks at 570 and 740 nm.

Figure 2 shows absorption (at maximum absorption peaks) vs.
concentration of furfural. Values of molecular absorption coeffi-
cient are of 3872 and 7111 1/(mole-cm), respectively. Good stability
of absorption at two different peaks is indicative of light absorption
by a single component.

3.2. FT/IR Spectrophotometer

FT/IR spectrums of monomer and polymer were recorded (Fig. 3).
For monomer in Fig. 3, a, absorption band at 3130 cm ™ was due to
aromatic C—H, peaks about 2845 and 2812 cm™ are attributed to
the C—H aldehyde, peak at 1670 cm™ was related to C=0 aldehyde,
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Fig. 3. FT/IR spectrum of monomer (a) and polymer (b).

and the peaks between 1500 cm™ and 1000 cm™* were due to C=C in
furan ring and C—H out of plane [17]. In Figure 3, b, FT/IR spectra
of polymer have same peaks as in the spectra of monomer, but peak
at 1670 cm™ (C=0 aldehyde) is weakened due to consumption of al-
dehyde by polymerization. No significant difference was observed
between the spectrum of furfural and its polymer.

According to above findings and references, the following formu-
la for polymer can be suggested:

— o] 0
Xy AT /) ©
o* 4 (0]
o H Nyt =
n
PFF poly(EDOT — methine)

(Zaman et al, 2005)

3.3. Elemental Analysis by EDS Analysis

The EDS technique utilizes x-rays, which are emitted from the sam-
ple during bombardment by the electron beam, to characterize the
elemental composition of the analysed volume on a micro- or na-
noscale. An electron beam is scanned across the sample surface and
generates x-ray fluorescence from the atoms in its path. The ener-
gies of the x-ray photons are characteristic of the element, which
produces them. The EDS x-ray detector measures the number of
emitted x-rays vs. their energy. The energy of the x-ray is character-
istic of the chemical element, from which the x-ray is emitted [18].
Table 1 shows EDS results for three areas of polymer surface. A



976 Ahmad AL-HAMDAN, Ahmad AL-FALAH, Fawaz AL-DERI et al.

TABLE 1. EDS analysis for three areas of polymer surface.

Element Area 3 Area 2 Area 1 average[Ele/C
at.% wt. % at.% wt. % at.% wt.%

C 67.6 50.9 66.1 49.7 65.6 49.4 66.4 100.0

(6] 18.9 19.0 20.7 20.8 21.3 21.3 20.3 30.6

Cl 13.5 30.1 13.2 294 13.1 29.2 13.3 20.0

Total 100.0 100.0 100.0 100.0 100.0 100.0 100.0 100.0

slight difference is noted due to the inaccuracy of the EDS analysis
in determining the ratio of elements. The polymer contains carbon
66.4%, chlorine 13.3%, and oxygen 20.3%. The Cl/C ratio is of
about 20% (one chlorine atom per five carbon atoms), and the O/C
ratio is of about 30.6%; higher percentage of oxygen is due to wa-
ter molecules adsorbed in the polymer structure.

3.4. Scanning Electron Microscope (SEM)

The morphological features of polyfurfural synthesis have revealed
that growth mostly occurs in the globular form with some changes
due to solvent effects.

Typical SEM images of polyfurfural preparations are shown in
Fig. 4. The photographs show a globular structure clumped together
as clusters. Figure 4, a, b shows the average size of globules of
about 700 nm. The globule particles were composed of small spheri-
cal particles with an average size of 18.6 nm (Fig. 4, c). Polymers
grow to be spherical particles and then begin to clump on each other
to form huge globules (tens of times bigger). Globule particles were
merged together to be clustered.

D2 =£0.34 nm
 D1=18.97 nm _¢'

P

y R
£03= 17.33 "

D4 = 25.41 nm

Dato(miay): 060118

Fig. 4. Images obtained by means of the scanning electron microscope for
polyfurfural.
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3.5. X-Ray Photoelectron Spectroscopy Analysis

The sample is subjected to irradiation from a high-energy source.
The x-ray penetrates only 1-10 nm under the surface (depending on
the tilting angle of sample). As an atom absorbs x-rays, the energy
will produce electron from C 1s orbital. The ejected electron has a
kinetic energy that is related to the energy of the incident beam,
and the electron binding energy is specific for the element [19].

Figure 5 shows x-ray photoelectron spectroscopy for polymer
(PFFu). The spectra have peaks: first one at 536.1 eV (O 1s), second
one at 287.8 eV (C 1s). With an analysis of (C 1s) spectra (Fig. 6),
it is possible to determine how much carbon is bound to the hydro-
gen and oxygen in the polymer structure as follows:
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Fig. 5. X-ray photoelectron spectroscopy for (PFFu).
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Fig. 6. (C 1s) XPS spectra with typical peaks.



978 Ahmad AL-HAMDAN, Ahmad AL-FALAH, Fawaz AL-DERI et al.

TABLE 2. Comparison between the types of carbon in polymer structure by
XPS.

No.l Name | Bond energy, eV | FWHM, eV Area I Area%
1 C-H (ring) 287.9 1.86 56986.4 40.64%
2 C-H 286.5 1.86 25835.6 18.43%
3 Cc-0 287.9 1.86 56779.2 40.50%
4 C=0 291.2 1.86 609.456 0.43%

Table 2 shows comparison between the types of carbon in polymer
structure:
1. C—C’(H)-C: carbon atom bonded to carbon and hydrogen in the
furan ring at 287.9 eV (area=40.64%);
2. C—-C’(H)-C: carbon atom bonded to carbon and hydrogen out of
furfural ring at 286.5 eV (area=18.43%);
3. C—C"-0: carbon atom bonded to carbon and oxygen in the furan
ring at 287.9 eV (area =40.5%);
4.C—C"=0: carbon atom bonded to carbon and oxygen in aldehyde
group at 291.2 eV (area=0.43%).

3.6. Atomic Force Microscopy (AFM)

Thin film of PFFu was fabricated by anchoring in the reaction mix-
ture [20]. The resulting films were studied by atomic force micros-
copy (AFM). Figure 7 shows topography and 3D image of polymer
film. AFM was used as a powerful technique to study the morphol-
ogy of thin-films’ surfaces and to determine the nanoparticle size.
The measurement includes scans of 2 ymx2 pm areas of thin film.
The nanoparticle size was of about 17.8 nm. Film consists of asym-

Fig. 7. Topography (a) and 3D image (b) for PFFu film.
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metric particles, which form a rough surface (Rms=2.124+0.3 nm
and R,=1.67 + 0.3 nm).

3.7. X-Ray Diffraction (XRD)

X-ray diffraction data are commonly used to determine the crystal-
line percentage and crystal size. The size of the crystals is calculat-
ed from the Scherrer’s equation, and crystalline percentage is given
by Eq. (1):

A
P, %=——"""".100, 1)
Acry + Aamo

where A, is a sum of crystalline peak areas (sharp peaks) and A,,,
is an area of amorphous peak [21].

Figure 8 shows the analysis of x-ray diffraction data. The crys-
talline percentage P.,% was of about 9.63%.

Table 3 shows crystal size, percentage areas of crystalline peaks
and their parameters; crystal size is of 7.42 nm.

Semi-crystalline nanoparticles are formed in three stages: nuclea-
tion, crystal growth, and then, an amorphous shell formed around
the small crystals. Sometimes, these particles agglomerate to form
larger particles or clusters. The percentage of the crystalline part
represents the mass percentage, which is given by Eq. (2):

m
o/ _— cry
P, %=

-100, (2)
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Fig. 8. X-ray diffraction (XRD) for polymer.
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TABLE 3. Percentage areas of crystalline peaks and their parameters.

Crystal W.H.T.,

- P, % Size, nm(Theta, rad ‘5| Area Peak
size, nm rad-10
3.43% 6.12 0.3314 2.40 433.56 P1
1.11% 10.60 0.3925 1.42 140.92 P2
7.49 9.63% 0.72% 11.03 0.6629 1.59 91.40 P3
1.75% 5.79 0.2791 2.49 221.56 P4
2.61% 7.85 0.4448 1.96 329.71 P5
90.37% — 11421.37 amorphous

where m,, is mass of particles and m.,, is mass of the crystal.
Nanoparticles are spherical; their mass can be calculated by Eq.

(3):

mo=d =", (3)

cry 3
P %=—3 .100. (4)

cry

With an acceptable approximation, the density can be considered
constant, and Eq. (4) can be written as:

3

o) _ lery
E,y/oz—3-100, (5)
tot
D3
P, %= ﬁ -100, (6)

tot

where D,,, is nanocrystal size (by Scherrer’s equation), and D,,,—
nanoparticle size:

D, = . (7)

cry

This equation gives the volume of the nanocrystals with the
amorphous shell. By crystalline peaks’ parameters from Table 3, the
nanoparticles size can be calculated by Eq. (7). The nanoparticles’
size is of 16.18 nm. The size of nanoparticles determined by this
method is more realistic, because it includes a larger number of
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particles, and it is not selective as in the case of SEM and AFM.

4. CONCLUSIONS

Polyfurfural was synthesized by a novel, simple and easy method by
adding concentrated hydrochloric acid to the monomer solution in
ethanol. The polymer was characterized by FT/IR, EDS, and XPS to
confirm its structure. The polymer is deposited as globule particles
(average size was of 700 nm), which were composed of small spheri-
cal particles with average size of about 20.8 nm (by SEM in the
synthesis conditions). Polymer thin film was fabricated by anchor-
ing on glass with a rough surface (Rms=2.12+ 0.3 nm) and nano-
particles size of 17.8 nm. In x-ray diffraction, the crystallization
ratio and the nanocrystals’ size (7.42 nm) were calculated. A new
method for determining nanoparticle size from x-ray diffraction da-
ta is proposed. The particle size was of 16.18 nm that is less than
the size specified by SEM or AFM.
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Expanded graphite (EG) is a promising component to improve the proper-
ties of the phase-change materials (PCMs) for thermal-energy storage
(TES) systems. The experimental study of the EG effect on the thermo-
physical properties of the paraffin wax (PW) and the heating and cooling
rates in experimental cell, which is a model of the TES system capsule, is
performed. Two samples of the PW-based composite PCM are prepared
using different methods: PW/EG#1 and PW/EG#2 containing 0.178 g-g™!
and 0.111 g-g! of EG, respectively. The evacuation during the preparing
procedure contributes to more full filling of the EG pores with PW and
lower EG content in PCM. The EG presence in PW/EG#1 and PW/EG#2
contributes to the thermal-conductivity enhancement by 800% and 640%,
respectively, in the range under the PW melting point (53.5°C), and by
930% and 740%, respectively, in the range above 53.5°C. Duration of the
melting and heating from 48°C to 59°C of PW within the capsule is found
to be of 12.0 min. vs. 1.1 min. and 1.4 min. for the PW/EG#1 and
PW/EG#2, respectively. The heating duration from 30°C to 40°C of PW
is of 7.7 min. vs. 1.6 min. for both samples. The ‘jump’ of the density
and thermal-conductivity values are not observed for the PW containing
EG during transition of the PW melting point. It will contribute to both
the faster smoothing of the temperature field in the capsules of the TES
systems containing such PCM and the absence of the linear extensions of
capsules.

Tepmopoamupenuii rpadit (TPI') € mepcneKTUBHUM KOMIIOHEHTOM JJIS IIO-

983
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JIIIIIeHHA BJIACTUBOCTell MaTepianaiB 3 paszoBum mepexomom (MPII) 3 meToro
BUKODUCTAHHA IX y TEPMOaKyMyJATopax. IIpoBeleHO eKcHepuMeHTaJbHE
mocaimsxenHa BuauBy TPI' Ha Tennodisuuni BiacTtuBocTi napadiny Ta mBuU-
IKOCTi iioro HarpiBaHHA U OXOJOIKEHHA y eKCIepUMeHTaJbHi#l KoMmipii,
KA € MOJEJIEM KaIllCyJu TePMOAKyMyJATOpa. 3 BUKOPUCTAHHAM Di3HUX Te-
XHOJIOTiIi OyJIo BHUTOTOBJIEHO aBa 3pasku kKommosuTHoro MPII Ha ocHOBI
napapiny, — PW/EG#1 i PW/EG#2, — iz Bmicrom 0,178 rr' i 0,111
r-r ! TPT Bignosizmo. ITokasaHo, [0 BaKyyMyBaHHSA IIiJ] 9ac IPUTOTYBaHHSA
cupusie 6inpin moBHOMY 3anmoBHeHHIO napadinom mop TPT ta meHIomy BMi-
cry TPT' 8 M®II. Haasuicts TPT' 8 PW/EG#1 i PW/EG#2 cnpusana nia-
BUIlleHHIO TeronpoBiguoctu Ha 800% i 640% BigmoBimHO 3a TeMmepaTyp
HU)KYe TOUKH TomieHHA mapadiny (53,5°C). IligBuieHHsa TeImIonpoBigHOC-
™ gags PW/EG#1 i PW/EG#2 B giamasoni Bumie Temmeparypu 53,5°C
cranoBuyo 930% i 740% BigmoBimHo. TpuBadicTs HarpiBaHHA Ta TOIJIEHHS
Bim 48°C mo 59°C spaskiB y Kamcyai cramoBuyaa 12,0 xB. aasa mapadimy
mpotu 1,1 xB. i 1,4 xB. gna PW/EG#1 i PW/EG#2 signosiguo. Tpuna-
Jicte HarpiBy mapadiny Bim 30°C mo 40°C cranoBuaa 7,7 xB. mpotu 1,6 xB.
nnst 06ox 3paskiB. asa MPII i3 Bmicrom TPT' 3i 306iibIlieHHAM TeMIepary-
pu BUIIle TOUKMH TOIJIeHHSA mapadiHy He cIlocTepiraBcsa «CTPHUOOK» T'yCTHUHU
Ta TemonpoBigHocTu. Ile cupuATHMe 6iNbINI HMIBUAKOMY BUDPiBHIOBAHHIO Te-
MIIEPATYPHOTO TOJISI B KaIlCyJaX TePMOAKyMYJSATOPiB, IO 3allOBHEHi AOCIi-
mLoxenumu M®II, ta BigcyTHOCTI JiHiIfIHUX PO3MIUPEHDb KAICYJI.

Key words: industrial paraffin wax, expanded graphite, density, thermal
conductivity, heating and cooling rates, model of the capsule of thermal-
energy storage system.

Karouori cioBa: TexHiuHMI mapadiH, TepmoposimiupeHuil rpadir, rycruHa,

TeILJIOIIPOBiAHICTH, IMIBHUAKOCTI HaArpiBy ¥ OXOJIOAKEHHS, MOJIEJb KalCcyJun
IJIA TEPMOAKYMYJIIOBAJBHOI CCTEMU.

(Received 28 April, 2022)

1. INTRODUCTION

Carbon nanomaterials are one of the most promising components
used to improve the thermal conductivity of the thermal storage
phase-change materials (PCMs) due to their chemical stability, low
corrosion activity, and high thermal conductivity [1]. However, ap-
plying carbon nanomaterials, such as fullerenes and carbon nano-
tube, has several disadvantages. The first problem is their high
cost. The second problem is their low stability to clusterization and
precipitation under composite PCM cyclic melting/solidification in
the TES system. At the same time, mentioned problems are not typ-
ical in case of using the rational fraction of the expanded graphite
(EG) as an additive to the PCM. Expanded graphite can be consid-
ered as one of the promising components for the composite PCMs
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[2]. The main advantages of the EG are its inexpensive and high
thermal conductivity.

The latent heat thermal energy storage (TES) systems are attrac-
tive in comparison with the sensible heat thermal-energy storage
due to inherent the high storage density with small temperature
swings and isothermal features during the charging/discharging
periods. However, main disadvantages of the TES are the low ther-
mal conductivity for the widespread PCMs, such as paraffin wax
(PW), as well as the higher cost per one joule of the energy storage.
To overcome this drawback, various approaches are studied now, for
example, the additives of the high-thermal-conductivity carbon na-
nomaterials into the PCM [3, 4]. Another complication of the im-
plementation in practice of the latent heat TES system is concerned
with the necessity of the additional analysis for the heat-transfer
processes in elements of the TES system containing promising
PCMs.

The thermal conductivity of the EG is varied in the range 4-70
WmtK? [5], 2-90 W-m K™ [6], or about 100 W-m K™ [7].
Therefore, it is expected a significant increase in the thermal con-
ductivity of composite PCMs containing EG. The FireCarb TEG-315
and FireCarb TEG-160 were used as EG (2, 4, and 6 wt.%), and PW
with melting temperature of 53—57°C was applied as the PCM in the
study [81. The thermal conductivity of composite PCM with 6 wt.%
of TEG-315 and TEG-160 was determined to be of 0.977 W-m “K™
and 1.263 W-m K}, respectively, vs. 0.258 W-m K™ for the pure
PW. An experimental study of the thermal conductivity for the
PW/EG containing the EG particles of various sizes (15—-25 wt.% of
EG) was performed in Ref. [9]. The thermal conductivity of PW/EG
with particles of 400 um in average diameter shows an enhancement
by 1360-1695% wvs. 90—-340% increment in the case of particles
with an average diameter less than 1 um. A greater increase in
thermal conductivity of EG/PW (88.7% vol. of PW) was shown in
Ref. [10]: 20.8 W-m K™ at 60°C, which is almost 70 times more
than for the pure PW. The analysis of studies [7—12] showed a sig-
nificant inequality in obtained effects of EG on thermal conductivi-
ty and the efficiency of heat transfer in composite PCMs.

The standard preparing method for the composite PCMs contain-
ing EG has not been developed yet. It may explain a significant var-
iation in obtained experimental data on the thermal conductivity
reported by different researchers for these composites. Analysis of
some studies [2, 8] shows that mixing of the PW and EG without
any additional treatment does not allow to obtain composite PCM
with appropriate properties for utilization in the TES systems.

Based on the performed analysis, it was decided to focus on eval-
uating the feasibility of using the EG as additives to the PW to
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create the composite PCM for the TES systems. Review of the ex-
perimental studies has demonstrated that utilizing the EG as an ad-
ditive to the PCMs contributes to an increase in the thermal con-
ductivity, but a decrease in the heat capacity of the composite
PCMs. At the same time, compromise between the high thermal
conductivity and large thermal capacity for PCMs is critically sig-
nificant for development of the TES systems [13]. The TES system
performance cannot be characterized by the latent heat and thermal
conductivity values of the PCM only. The temperature—time curve
for the capsule with the PCM during the heating and cooling pro-
cesses is practically important criterion for the assessment of the
TES system performance. Thus, analysis of both the thermophysical
properties of PCMs and the rate of temperature changing during
their heating and cooling in the model of the TES capsule can be
used as a comprehensive approach to the assessment of the PCMs’
effectiveness considering their method of preparation.

This paper is dedicated to the experimental study of the effect of
the EG on PW thermophysical properties and rate of changing its
temperature during heating (charging) and cooling (discharging). A
feature of the study is utilizing the experimental cell, which is a
model of the TES system capsule. The following tasks have been ex-
amined:

— to develop the method of the preparing the composite thermal
storage PCMs containing EG;

— to perform an experimental study of the thermophysical proper-
ties of the PW-based PCMs containing EG;

— to investigate experimentally the effect of the EG in PW on the
rate of changing its temperature during heating and cooling in two
modes: with phase transition solid—-liquid and without phase transi-
tion.

2. MATERIALS AND RESEARCH METHODS

The following materials have been used to prepare the investigated
samples:
— paraffin wax (industrial grade T-3, melting temperature 53.5°C,
made in Poland);
— expanded graphite (highly conductive expanded graphite powder
GFG200, supplier the SGL Sigratherm, Germany, purity not less
than 95 wt.%, D,, determined by sieve analysis—200 um, powder
bulk density 100 g-sm™).
The image of pristine sample of the EG is presented in Fig. 1.
The densities of the PW in the temperature range from 0 to 46°C
and PW/EG#1 in the temperature range from 15 to 75°C were
measured by pycnometer method for the solid phase with additional



EXPERIMENTAL INVESTIGATION OF THE EFFECT OF EXPANDED GRAPHITE 987

Fig. 1. Image of the powder of EG in the pycnometer.

filling of the pycnometer by distilled water. The density of the PW
liquid phase in the temperature range from 55 to 72°C was meas-
ured by pycnometer method. The measurement of the density of
samples was performed as follows:

— without previously sample treatment for the PW in liquid and
solid phases;

— with previously evacuation at 0.1 bar (for removing dissolved
air) for the PW, PW/EG#1, and PW/EG#2 in the solid phase.

For characterization of the obtained composite PCM (complete-
ness of filling of the EG pores with PW), the porosity of the sam-
ples (volume fraction of pores filled with air) was calculated as fol-
lows:

€=1-Ppwre exp/pPW/EG add ? (1)

where Ppypg e, 8N Ppyipg e are the densities of the composite
PCM, which were measured and calculated by additivity rule, re-
spectively.

The ‘real’ EG density (without pores) was assumed equal to 2.20
g-sm°. This value was taken based on data reported elsewhere: x-
ray density of the graphite—2.24 g-sm™ [14, 15], the real density of
EG as filler—2.25 g-sm™® [16], true density of the EG by SGL Car-
bon (the same EG purchaser as in presented study)—2.190 g-sm™
[17].

Thermal conductivity measurements for the solid samples were
performed using a precision devise Hot Disk TPS 2500 S (according
to standards ISO 22007-2) with sensor All Kapton (d = 2 mm) meant
for isotropic samples. Instrumental uncertainty does not exceed
5% . The measurements were performed for various combinations of
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the samples for the same PCM type (two samples for one measure-
ment) in the temperature range from 20 to 70°C for the PW/EG#1
and PW/EG#2 samples and at the one temperature of 22°C for the
pure PW. The obtained values of the thermal conductivity were av-
eraged for each PCM type.

The thermal conductivity of the liquid PW in the temperature
range 55—77°C was examined using measuring cell that implements
the transient hot-wire method [18]. Instrumental uncertainty in
that experiment does not exceed 2.0%.

The results of caloric-properties’ measurement for the PW and
PW/EG#2 are presented in Ref. [19].

Experimental setup and measurements method for investigation
the temperature—time curve for the capsule with the PCM sample
during heating and cooling are described in detail in Ref. [20]. The
experimental cell made from copper was considered as model of the
capsule for the TES system (Fig. 2). An absolute thermocouple was
installed in the middle of the height of the cell on its axis. Thermo-
couple readings were recorded by Pisotest M3500A multimeter. Un-
certainty of the temperature measurement was evaluated as 0.5°C.

Two modes were examined for heating and cooling of the PCM
samples:

| — 5
el
3 =
6
|
o
%
<
L =
2= =
el —
V 7
230

Fig. 2. Scheme of the measuring cell: 1—copper shell; 2—thin-walled capil-
laries; 3—sealing gasket; 4—cover; 5—tube; 6—sample; 7—thermocouple.
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1) the mode with a phase transition—the measuring cell filled with
the PCM sample was heated from 48 to 59°C in the centre of the
cell after dipping into the water of 59°C, and after that, the cell
was cooled from 59 to 48°C after dipping into the water of 48°C;
2) the mode without phase transition—the measuring cell filled with
the PCM sample was heated from 30 to 40°C in the centre of the
cell after dipping into the water of 40°C, and after that, the cell
was cooled from 40 to 30°C after dipping into the water of 30°C.
The experiment was conducted under convection boundary condi-
tions (the constant heat-transfer coefficient from cell to water in
the thermostat). The thermal resistances of both the measuring cell
wall and the heat transfer from water to the wall were insignificant
compared to the thermal resistance of the PCM layer in the cell.

3. PREPARING METHODS OF OBJECT OF STUDY

Two approaches to preparing the composite PCM containing EG
were used. The first method is based on the pristine EG mixing
with melted PW (70-75°C) and mechanical stirring of the compo-
nents. No previous treatment of components was implemented in
this case. The obtained sample denotes in the figures and text as
the PW/EG#1. The second method is based on EG heating (up to
700°C) with evacuation (0.1 bar of abs. pressure) for 15 min., fol-
lowed by mixing preevacuated melted PW (70-75°C) and evacuation
of the obtained composite PCM at 65°C for 30 min. The obtained
sample denotes in the figures and text as the PW/EG#2.

A rapid separation into the pure PW and PW containing EG with
a clear interface was observed for two hours after preparing and
keeping both samples at 70-75°C (Fig. 3). It was assumed that sta-
ble and almost filled by the PW structure of EG has been obtained
in the precipitated layer. After crystallization of the PW/EG, the
upper pure PW was carefully removed and weighed. All weighing
was performed using the Model GR 300 electronic balance with an
instrument uncertainty of 0.5 mg.

The images of PCM samples in the form of pellets and the mass
fractions of EG in the PW/EG#1 and PW/EG#2 samples, which
were obtained after removing and weighing the upper layer of pure
PW, are presented in Table.

The sample PW/EG#1 prepared without preliminary evacuation
of the pristine components was characterized by high mass fraction
of the EG. The PW/EG#1 contains 0.178 g-g! of EG vs. 0.111 g-g!
for PW/EG#2 (Table). High content of the EG in PW/EG#1 indi-
rectly confirms the presence in sample of the volume zones contain-
ing only EG with air in pores. The studies [8, 21-23] demonstrated
that the ‘optimal’ mass fraction of EG in PW may vary in range 7—
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Fig. 3. Images of the PW/EG#2 sample (a clear interface between
PW/EG#2 sample and pure PW after preparation).

TABLE. Characteristics of the PCM samples.

Labelling in the | EG mass fraction, Images of the composite
figures and text gg! thermal storage PCM

PW 0
PW/EG#1 0.178
PW/EG#2 0.111

10 wt.% . The low EG content can lead to its precipitation in the
PCM, but high EG content contributes the anisotropic thermal con-
ductivity and low enthalpy of melting. The problem of choice the
‘optimal’ EG mass fraction requires additional examination.
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It was also observed that the PW pellets poorly hold up their
original shape with sharp edges during preservation, when ambient
temperature fluctuated in the range 20-35°C in contrast to the
PW/EG#1 and PW/EG#2 pellets (Table presents sample images af-
ter their preservation for one month at the temperature up to
35°C). Keeping the shape by composites PW/EG#1 and PW/EG#2,
when the PW is softened, can be useful from a practical point of
view. The phase transition will not be followed by a significant (ap-
proximately 10% [24] as for PW) change in the volume of the com-
posite PCMs containing the EG. This simplifies the design of PCM
capsules by the absence of the compensators for their linear size-
changing [25]. The additional advantage of the obtained composites
PCMs is a decrease in the PW leakage at the temperatures above
the melting point [9].

4. EXPERIMENTAL RESULTS AND DISCUSSION
4.1. Density and Air Content
The results obtained for the samples’ density in the solid and liquid

phases are presented in Fig. 4.
The measured values of the PW density in the liquid and solid

1.00

0.90

p, g-cm™

0.85

o PW exp. (without vac.)

e PW exp. (vac.) — PW fit. :
® PW/EG#1 exp. o PW/EGH#2 exp. |
—— PW/EG#I fit. ---- PW/EG#] add.
— e PW[24] e PW[26] e
0.75 PR VI NI SR SR EAVE EAVE SR M £ TP PR RPN B P |

-5 0 5 10 15 20 25 30 35 40 45 50 55 60 65 70 75 80
t, °C

0.80

Fig. 4. Temperature dependence of the density for solid and liquid phases
for the pure PW, PW/EG#1 and PW/EG#2 as well as for industrial-grade
PWs with ¢,=52.0-54.0°C [24] and ¢,, = 48.0-50.0°C [26].
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phases are in a good agreement with the reference data obtained for
industrial PW with close melting temperature (Fig. 4).

The density of solid PW was measured twice: with preliminary
evacuation of the samples and without preevacuation. The tempera-
ture dependences of the PW density (Fig. 4) obtained by two meas-
urements are almost equidistant with a difference of approximately
0.03 g-cm™®. This difference can be explained by presence of the dis-
solved air in the non-preevacuated PW sample.

The ‘jump’ of the density was not observed for the PW/EG#1
during the transition of the PW melting point. As a result, signifi-
cant deviations of the density values for the PW/EG#1 calculated
by additivity rule and obtained experimentally were found. This
fact can be explained as follows. During composite PCM preparation
(at the temperature of above 70°C), the EG skeleton with liquid PW
between the EG particles and in their pores is formed. The EG skel-
eton insignificantly changes its volume with temperature decreases.
At that, the PW can crystallize under existing conditions with
forming the ‘loose’ structure (that differs from the structure that
is formed during crystallization in free volume) or may crack and
sucks the air. The mentioned above is also confirmed by deviation
of the experimental and calculated data by additivity rule for the
density of the PW/EG#1 that is the greater, when temperature is
lower. The opposite deviation of the experimental and calculated by
additivity data for the PW/EG#1 in the range above the PW melt-
ing point (55—75°C) can be explained by presence of air in the liquid
PW during its density measurement, while the measurement of the
PW/EG#1 density in the same temperature range was performed
after preevacuation.

The porosity (air content) for the samples PW/EG#1 and
PW/EG#2 was evaluated at the temperature of 17°C. The calculat-
ed value of porosity depends on the temperature (change in the PW
crystal structure and PW deaeration can occur with temperature
variation). However, the evaluation of PCMs porosity at the one
temperature is reasonable to previous analysis of the composite
PCM preparing methods.

The calculation results have shown that the fraction of the pores
that not filled by PW in the PW/EG#1 sample was of 7.50 vol.%
vs. 4.75 vol.% for the PW/EG#2 sample. Consequently, utilizing
the method with evacuation, the PCM components for sample prep-
aration resulted in a higher filling degree of the EG pores with PW.
The greater degree of the EG pores filling by PW may lead to high-
er thermal conductivity and specific heat capacity of the composite
PCM (at equal content of EG).

There are several explanations for relatively high air content in
the obtained PCM. Liquid PW may have high dissolved air content
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[27—-29] that prevents the complete filling of EG pores during com-
posite PCM preparation. In addition, the air is leaked in cracks in
the solid PW that formed during its contraction at crystallization
[27-30]. To the best knowledge of the authors, there are no studies
that denote the investigation of the air content in the PW during
preparation and thermophysical-properties’ measurements of the
PW-based composite PCMs. However, there are studies [27, 28, 31],
in which this problem is highlighted. In Ref. [27], it was supposed
to melt paraffin under a vacuum and fill the heat sink with it layer-
by-layer to ensure the absence of internal voids or air bubbles. In
Ref. [28], it was noted that, before the thermal-conductivity meas-
urement, the liquid n-octadecane as PCM should be degassed care-
fully. The probability of further air solving and it leaked in at crys-
tallization during industrial applying of PCMs has no considered in
Refs. [27, 28]. In Ref. [31], to address this serious issue connected
with the ability of changing the PW properties by dissolved air
presence, the choice of a suitable container for PCM was proposed.

4.2. Thermal Conductivity

The results of thermal conductivity measurement for samples in the
solid and liquid phases are presented in Fig. 5.

The measured values of the PW thermal conductivity in the liq-
uid and solid phases are in a good agreement with reference data

i..| © PWexp.
o PW/EG#1 exp.
| © PW/EG#2 exp.
e PW[24]
® PW[32]

k, W-m LK

0BT e T ees e e
020 | ;- [PW melting point| -
S 10 15 20 25 30 35 40 45 50 55 60 65 70 75
t, °C

Fig. 5. Temperature dependence of the thermal conductivity for the pure
PW, PW/EG#1, and PW/EG#2, as well as for industrial-grade PWs with
t,=52.0-54.0°C [24] and ¢, = 53.0°C [32].
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obtained for the industrial PW with close melting temperatures
(Fig. 5).

The average value of the thermal conductivity for the solid phase
(20-50°C) of PW/EG#1 increased by 800% vs. thermal conductivi-
ty of pure PW. For the PW/EG#2, the thermal conductivity en-
hancement was found of about 640% . Enhancement of the thermal
conductivity for PW/EG#1 and PW/EG#2 in the range above PW
melting point (60-70°C) was of 930% and 740%, respectively, in
comparison with the pure PW. The greater effect of the EGG on the
thermal conductivity enhancement in the range above PW melting
point (60-70°C) vs. range 20—-50°C can be explained in following
manner. Firstly, main mechanism of the heat transfer in the
PW/EG is thermal conductivity through the EG skeleton. Thus, the
thermal conductivity of the pure PW has insignificant influence on
the effective thermal conductivity of the composite PCM. This can
explain the absence of a ‘jump’ in the thermal conductivity of
PW/EG#1 and PW/EG#2 during the transition through the PW
melting point. Secondly, to measure the thermal conductivity of sol-
id and liquid samples, different methods were applied. For pure PW
in the liquid phase, the ‘true’ thermal conductivity was measured
(at the absence of convection). Another method was used in the
temperature range of 60-70°C for the PW/EG#1 and PW/EG#2
samples. The effective thermal conductivity was measured. The con-
tribution of microconvection to the thermal conductivity increasing
cannot be excluded in this method (although this contribution is in-
significant).

4.3. The Rates of Heating and Cooling

Figure 5 shows the temperature change during the charging (heat-
ing) and discharging (cooling) processes in the measuring cell cen-
tre. The results for two or three series of measurements for each
object of study in all experimental modes are presented. The tem-
perature—time dependence for the pure PW was considered in detail
in Ref. [20] and then was used as a baseline characteristic to assess
the influence of the EG on the composite PCM heating and cooling
rates.

As can be seen from Fig. 6, the PW/EG#1 and PW/EG#2 sam-
ples have a significantly higher heating rate compared to pure PW.
The melting and heating duration from 48°C to 59°C was deter-
mined as of about 12.0 minutes for the sample of pure PW (Fig. 7).
For the PW/EG#1 and PW/EG#2 samples, the heating times were
significantly lower—of about 1.1 minutes and 1.4 minutes, respec-
tively. The heating rate in the range from 30°C to 40°C was of
about 1.6 minutes for both PW/EG#1 and PW/EG#2 samples vs.
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Fig. 6. Time dependence of the temperature of PCM in the centre of the
measuring cell: a—at the mode with phase transition; b—at the mode
without phase transition.
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Fig. 7. Determination of the heating time at the mode with phase transi-
tion: a—for PW; b—for PW/EG#1 and PW/EG#2.

7.7 minutes for the pure PW sample (Fig. 8). It was shown that the
heating rate due to adding the EG in PW increased by 8.6-10.9
times in the mode with phase transition and in 4.8 times in the
mode without phase transition.

The smaller effect of the EG on the heating rate of the
PW/EG#1 and PW/EG#2 samples in the mode without the phase
transitions vs. mode with phase transitions can be explained by the
following. The thermal conductivity of the PW liquid phase is less
than that of the solid phase (Fig. 5). This difference (even in the
presence of convection) contributes to a decrease in the heat-
transfer rate in the PW sample in the mode with the phase transi-
tion vs. mode without phase transition. However, in the PW/EG
composite, the heat is transferred through the EG skeleton, and the
thermal conductivity of PW has an insignificant effect on the over-
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Fig. 8. Determination of the heating time at the mode without phase tran-
sition: a—for PW; b—for PW/EG#1 and PW/EG#2.

all rate of heat transfer. Convection of the liquid PW in composite
PW/EG is negligible (due to small size of the EG pores and space
between the EG particles as well as the high viscosity of liquid PW
[33D).

Heating curves’ shape in the mode with a phase transition for the
PW and PW/EG is different (Figs. 6, 7). Recorded rapid tempera-
ture change (54.5-56°C) for the PW heating is absent for PW con-
taining EG (Fig. 6). This temperature ‘jump’ for the PW can be ex-
plained in following manner. At the reaching the melting point in
the centre of the sample, the liquid PW at the top of the cell had an
overheated state relative to its melting point. Therefore, after melt-
ing the PW in the cell centre, the heat was supplied from the top of
the cell to the centre with the currents of the molten PW [20] (Fig.
6). The absence of temperature ‘jump’ for the samples PW/EG#1
and PW/EG#2 is explained by absence of the bottom-up convective
currents of the liquid PW. The thermal conductivity through the
EG skeleton and EG granules is a main heat-transfer mechanism.
This fact has practical importance, since using the PW/EG as PCM
will contribute to the faster smoothing of the temperature field of
capsules with PCM that is important for capsules for the TES sys-
tems in the form of vertical tubes.

Despite a higher value of thermal conductivity of PW/EG#1 uvs.
PW/EG#2 (Fig. 5), there is no significant difference between the
charging and discharging times for capsule with these composite
PCM. The obtained effect can be explained as follows. The rate of
the temperature-field variation at the transient heat transfer in the
solid phase is determined by wvalue of its thermal diffusivity
o= k/(pcp), where p is density [kg-m™]; ¢, is specific heat capacity
[kJ-kg - K™']. The measurement of the PW and PW/EG#2 caloric
properties [19] showed the decreasing both the specific isobaric heat
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capacity of the liquid phase by 10-16% and the total phase-
transition enthalpy by 15-21% for the PW containing the 0.111
g-g ' of EG vs. pure PW. That is, increasing the content of EG con-
tributes to both the increasing the thermal conductivity and the de-
creasing the caloric properties of the composite PCM.

Based on discussed results, it can be stated the feasibility of fu-
ture studying the prospects of using EG as additives to the PW.
Further studies of the rational content of the EG in PW are re-
quired (the fraction of EG in PCM may be different depending on
their application). It should also be noted the necessity of develop-
ing a general criterion that combines both technological characteris-
tics of the PCM (its thermophysical properties and the rates of
heating and cooling of the capsules with PCM) as well as economic
factors. In addition, the possibility of the CFD simulation of the
processes for charging and discharging a capsule filled with compo-
site PCMs containing EG based on using its thermophysical proper-
ties remains unclear. This question also needs further examination.

5. CONCLUSIONS

This study assesses the feasibility of utilizing the composite PW-
based PCM containing the EG in the TES system. For this purpose,
a comprehensive experimental study of the effect of EG on the PW
thermophysical properties and the rate of changing its temperature
during heating and cooling was performed. The following conclusion
can be formulated based on the results obtained:

— two samples of PW-based composite PCM were prepared using
different methods: PW/EG#1 containing 0.178 g-g* of EG (prepar-
ing without evacuation of the components) and PW/EG#2 with
0.111 g-.g' of EG (preparing with components’ evacuation); the
evacuation process provides more complete filling of the EG pores
with PW and less content of EG in PCM (air content in PW/EG#1
was of 7.50 vol.% vs. 4.75 vol.% in PW/EG#2);

— the densities of PW/EG#1 and PW/EG#2 are greater than the
PW density, but their variation does not correspond to additivity
rule; it was not observed the ‘jump’ of the density for PW-
containing EG during the transition of the PW melting point;

— the thermal conductivity average value of solid phase (20—50°C)
for the PW/EG#1 and PW/EG#2 is increased by 800% and 640%,
respectively, compared to the pure PW; enhancement of the thermal
conductivity for PW/EG#1 and PW/EG#2 in the range above PW
melting point (60—70°C) was of 930% and 740%, respectively, com-
pared to the pure PW.

— the melting and heating duration from 48°C to 59°C for the PW
in model of the capsule TES system was of about 12.0 minutes vs.
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about 1.1 and 1.4 minutes for the PW/EG#1 and PW/EG#2, re-
spectively; the heating duration from 30 to 40°C for the PW was of
about 7.7 minutes vs. about 1.6 minutes for both PW/EG#1 and
PW/EG#2; the main heat-transfer mechanism in PW/EG is thermal
conductivity through the EG skeleton; the bottom-up convective
currents of liquid PW are absent; this fact will contribute to the
faster smoothing of the temperature field of capsules with PCM
PW/EG in TES systems;

— the increase in the EG mass fraction in the PW leads to en-
hancement of the composite PCM thermal conductivity, but does
not lead to a significant increase in the heating and cooling rates of
the capsule with the PCM; the obtained effect is explained by dete-
rioration of the caloric properties for the composite PCM with in-
creasing content of the EG; selection of the rational EG mass frac-
tion in the PW to obtain the effective composite PCM for the TES
requires further investigation.
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High-energies-absorbing materials are fabricated as shields for bioenvi-
ronmental applications to attenuate the high photons’ energies with a low
cost, lightweight, and high attenuation. The films are synthesized from
Si0,/PVP/Sn0, nanosystem. The optical characteristics of films are stud-
ied. Results show that the fabricated nanomaterials have higher absorp-
tion for high-energies’ radiations. The studied optical characteristics of
PVP film are improved with the rise in SnO,-nanoparticles’ content.

Marepisanu, 1110 BOMPaOTh BUCOKi eHepril, BUTOTOBIAIOTHCA AK IIUTH OJs 6io-
eKOJIOTIYHMX 3aCTOCYBaHb 3a/JI 0CJIa0JIeHH BUCOKUX eHepriit (poToHiB i3 Hu-
3bKOIO BapTiCTIO, JIETKiCTIO Ta BUCOKUM 3aracanuaM. ILJIiBKu cuHTE3yIOThCS 3
HamocucteMu SiO,/moniBininmiponigorn/Sn0,. BuBuaoTbca ONTHMUYHI Xapak-
TePUCTUKM ILIiBOK. Pe3dyabTaTy MOKa3yIoTh, 1110 BUTOTOBJIEHI HAHOMAaTePiaan
MAaroTh OiJBII BUCOKY abCcopOIliio A BUIPOMiHEHb BUCOKUX eHeprii. ocui-
IPKYBaHI ONTHMYHI XapaKTepUCTUKM ILUIIBKU IOJiBiHiNIiposimoHy mosimmry-
I0ThCS 3 MigBUIIEHHAM BMicTy SnO,-HaHOUYACTHUHOK.

Key words: SnO,, radiations, attenuation, optical characteristics.

Karouori cioBa: Sn0O,, BUnpomMiHeHHs, 3aTacaHHs, ONTUYHI XapaKTePUCTUKHU.
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1. INTRODUCTION

The composites based on polymer are generally employed in various
industries. The polymeric-composites’ using in the space technology
decreases the final products’ weight, fuel consumption, and operat-
ing costs [1]. These flexible, lightweight, cost-effective, and effi-
cient materials’ design, which provides radiation shielding to pa-
tients, have drew of many researchers’ attention along the world.
The composites consisting of elements or compounds with excellent
attenuation characteristics like gadolinium, barium sulphate, mo-
lybdenum, copper, zirconium oxide, gold, iron oxide, lead, rhodium,
tungsten, silver, bismuth and zinc were studied elsewhere. The pol-
ymers are flexible, lightweight and easy to process materials. Be-
cause of these characteristics, the polymer-matrix materials are
perfect candidates to make lightweight and thin composites re-
quired to this field [2]. Polyvinyl pyrrolidone (PVP) is water soluble
and polar solvent. It has good wetting characteristics and easily
forms films. These properties make it a good material as a coating
[3]. Poly-N-vinyl pyrrolidone takes special consideration between
the polymers related to its excellent stability and environmentally
friendly, appropriate electrical conductivity and easy processability.
The reactive pyrrolidone group of PVP simply constitutes complexes
with various inorganic salts, biomacromolecules, synthetic or natu-
ral functional polymers and biomolecules [4]. Improved characteris-
tics of semi-conducting metal oxides create them to discovery ap-
proaches in several applications. Among the semi-conducting metal
oxides, tin oxide has been generally studied due to its large band
gap of 3.6 eV and its potential fields in different approaches such
as liquid-crystal displays, solar cells, photovoltaic cells, and gas
sensors [5]. SnO,-nanostructures’ multifunctionality arises related
to their large band gap, high surface-to-volume ratio, high exciton
binding energy of 130 meV at room temperature (300 K), variation
of remarkable resistivity in gaseous environment, chemical, me-
chanical and thermal stabilities, efc. Optoelectronic characteristics
of SnO, depend on the impurities’ presence and its stoichiometry
with respects to oxygen [6].

The present work aims to synthesize the SiO,/PVP/SnO, nanosys-
tem as high-energies-absorbing material for high photons’ energies.

2. MATERIALS AND METHODS

Films of PVP-SnO, nanosystem on silicon oxide (SiO,) slides were
synthesized. The PVP solution was synthesized by dissolving 0.5 gm
of PVP in the distilled water (20 ml). The tin oxide was added to
PVP solution with various ratios: 1.5, 3, 4.5 wt.%. The optical
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characteristics were tested in a range of wavelengths from 300 to
800 nm by spectrophotometer (UV/1800/ Shimadzu).
Coefficient of absorption (o) was measured by the relation [7-9]:

o= 2.303(4/1), 1)

(A—the absorbance, t—the thickness of the sample).
The energy gap can be considered via [10, 11]:

ahv=D(hv-E,) (3)

(D—constant, hiv—energy of light photon, E,—energy gap, and r =2
for the allowed indirect transition).
The extinction coefficient k& is given by [12, 13]:

_ OA

k=—. 4
4n )

The optical conductivity was given by [14, 15]:
o =anc/(4mn). (5)

3. RESULTS AND DISCUSSION

Figure 1 represents the absorbance behaviour with wavelength of
photons for the films. The absorbance of PVP polymer rises with
the rise in SnO, nanoparticles (NPs) ratio that is due to increase in
the charge-carriers’ numbers [16—20]; hence, the transmission will
decrease as shown in Fig. 2.

Absorbance

0 y .
300 400 500 600 700 800 900

Wavelength, nm

Fig. 1. Absorbance behaviour with wavelength of photons for the films.
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Fig. 2. Transmittance behaviour with wavelength of photons for the
PVP/Sn0O, films.
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Fig. 3. Absorption coefficient with energy of photon for SiO,/PVP/SnO,
nanosystem.

Figure 3 shows the absorption coefficient with energy of photon
for SiO,/PVP/Sn0O, nanosystem. The absorption coefficient of PVP
polymer is rising with the rise of SnO, NPs’ content that is related
to rise of the charge-carriers’ numbers [21].

Figure 4 shows the energy-gap values for SiO,/PVP/SnO,
nanosystem. From this figure, the energy gap of PVP is reduced
with rise in SnO, NPs’ content that is due to the certain imperfec-
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Fig. 4. Energy-gap values for allowed indirect transition.
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Fig. 5. Extinction coefficient variation with wavelength for
Si0,/PVP/Sn0O, nanosystem.

tions’ formation in the nanosystem. These imperfections create the
localized levels in the band gap [22—-24].

Figure 5 represents the extinction coefficient variation with
wavelength for SiO,/PVP/SnO, nanosystem. From this figure, the
extinction coefficient of PVP film rises with the rise in SnO, NPs’
ratio and wavelength of photon. The increase in k is attributed to
the rise of the absorption coefficient [25—28].
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Fig. 6. Optical conductivity of SiO,/PVP/SnO, nanosystem.

Figure 6 demonstrates the optical conductivity of SiO,/PVP/SnO,
nanosystem. The optical conductivity of PVP increases with rising
SnO, NPs’ content that is related to increase of the localized-states’
density in the band structure; therefore, the coefficient of absorp-
tion increases, and, hence, the conductivity of optical will increase
with rise in the nanoparticles’ content and photon energy [29, 30].

4. CONCLUSIONS

In this work, shields of high-energies-absorbing materials were fab-
ricated to attenuate the high photons’ energies for bioenvironmen-
tal applications with high attenuation, low cost and lightweight.
These shields are fabricated from SiO,/PVP/SnO, nanosystem. Re-
sults indicate that the fabricated nanomaterials have higher absorp-
tion for high-energies’ radiations. The optical characteristics of
PVP polymer were enhanced with the rise in SnO, NPs’ ratio.
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The structural properties of polycarbonate/silicon carbide—tantalum car-
bide nanocomposites are investigated for antibacterial application. The
nanocomposites are prepared by casting method with various ratios of
SiC/TaC nanoparticles: 1.2, 2.4, 3.6 and 4.8 wt.% . The experimental re-
sults show that high distribution of SiC—TaC nanoparticles inside the pol-
ycarbonate matrix. The antibacterial activity of the nanocomposites in-
creases with the increase in the SiC—TaC-nanoparticles’ concentration. Fi-
nally, the prepared nanocomposites have high antibacterial activity with a
low cost, flexibility and lightweight.

HocmigsxeHo  CTPYKTYPHI  BJIAaCTUBOCTI  HAHOKOMIIOBUTIB  ITOJIiKap0o-
Hat/Kapbinm Cuminito—kapbimy TanTany aaA aHTUOAKTEPiAJIBLHOTO 3aCTOCY-
BaHHA. HaHOKOMIOO3UTH ONEPIKYIOTH METONOM JIUTTA 3 Pi3HMMH CHiBBiZHO-
menusaMu Hamouactuuok SiC/TaC: 1,2, 2,4, 3,6 i 4,8 mac.% . PesynbraTrn
eKCIIEPUMEHTY IIOKa3yioThb BMCOKUI posmonais manouactTuHok SiC—TaC Bce-
peauHi mosikap6oHaTHOI MaTpuili. AHTHOAKTEepiAIbHA aKTUBHICTH HAHOKO-
MIIOBUTIB 3pocTae 3i 36imbmienHaM KoHIeHTpalii SiC—TaC-HaHOYACTHUHOK.
HapemiTi, migroToB/ieHi HAHOKOMIIOBUTH MAIOTh BHCOKY AHTHOAKTepPiAIbHY
AKTUBHICTh 3 HU3BKOIO BapTiCTIO, THYYKIiCTIO Ta JIeTKiCTIO.

Key words: polycarbonate, tantalum carbide, SiC, nanocomposites, anti-
bacterial agent.

Kuarouori caoBa: moaikapbouar, xapb6ig TaumTamry, SiC, HAHOKOMIO3UTH, aH-
THbAKTepisAIbHUI 3aci0.
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1. INTRODUCTION

Polymer nanocomposite materials have attracted increasing atten-
tion recently because of their unique physical and chemical proper-
ties resulting from the combination of organic and inorganic mate-
rials in single compounds. Polymer nanocomposites are defined as
materials, in which inorganic nanomaterials are embedded into the
organic polymer matrix [1]. Nanocomposites consist of polymers,
which may be natural or synthetic, and they are nanomaterials,
which refer to materials with nanosize topography or composed of
nanosize structural components [2].

Although the terms ‘nanomaterials’ and ‘nanocomposite’ represent
new and exciting areas in materials science, they have been used for
centuries when they exist in nature. However, methods for character-
izing and controlling the structure at the nanoscale have been stimu-
lated much later only [3]. Polycarbonate (PC) as a thermoplastic poly-
meric matrix is considered of hardest polymer materials with the
transparency of highest level. Then, films of polycarbonate-based
nanocomposites manifest not only flexibility but excellent tensile
strength as well [4]. Tantalum carbide TaC demonstrates huge individ-
ual characteristics like very elevated melting point, elevated hardness,
high elastic modulus, elevated density, and excellent chemical stabil-
ity [5]. Silicon carbide SiC is one of major fillers for developed elevat-
ed-power and elevated-temperature electronic fields. SiC has devised
in the structural ceramics improvement with elevated behaviour in the
materials’ fabrication, which demands a low thermal-expansion coeffi-
cient and elevated thermal-conductivity properties [6].

Carbides’ nanocomposites were tested for thermal-energy storage
and saving solar energy [7, 8]. The nanoinorganic and inorganic-
material-doped polymers have various applications in different
fields like electronics and optoelectronics [10—-28], sensors [29—-34],
bioenvironmental, radiation shielding and antibacterial agents [35—
41]. The present work aims to prepare of PC/SiC-TaC nanostruc-
tures for antibacterial application.

2. MATERIALS AND METHODS

Polycarbonate (PC)-tantalum carbide (TaC)—silicon carbide
nanostructures’ films were fabricated by employing the casting
method. The polymer (PC) solution was synthesized by dissolving of
1 gm in chloroform (30 ml). The SiC—TaC nanoparticles were added
with ratio (1:1) to solution (PC) by contents of 1.2%, 2.4%, 3.6%,
and 4.8% . The structural characteristics of PC/SiC—TaC nanostruc-
tures were measured using optical microscopy and FE-SEM; anti-
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bacterial activity was investigated by diffusion method.

3. RESULTS AND DISCUSSION

Figure 1 show the images of PC/SiC-TaC nanocomposites for sam-
ples with different concentrations of SiC—TaC nanoparticles at
magnification power (10x). The figure shows that the SiC-TaC na-
noparticles (NPs) are aggregated as clusters at low concentrations.
When the concentration of SiC—TaC nanoparticles is increasing, the
nanoparticles form paths of network inside the polymer matrix [42].

Figure 2 shows the scanning electron microscopy (FE-SEM) images
of PC/SiC—TaC nanocomposites. The film surfaces morphology of the
PC/SiC—TaC nanocomposites show many aggregates or chunks of ran-
domly distributed nanoparticles on the film surfaces [43].

The antibacterial properties of the PC/SiC—TaC nanocomposites
were studied against gram-positive (Staphylococcus aureus) and gram-
negative (Escherichia coli) bacteria, and the obtained data are present-
ed in Figs. 3, 4. The antibacterial mechanism of SiC—TaC nanoparticles
is like the creation of reactive oxygen species (ROS), the interaction of
nanoparticles with bacteria and then damaging the bacterial cell [44].
Numerous studies have shown that the antibacterial mechanism of na-
noparticles is owing to the construction of (ROS) such as superoxide
anion “O,. It has been reported that the increase of the surface area of
particles clues to an increase of the "0, concentration and, therefore,

Fig. 1. Microscope images (x10): (a) pure PC, (b) 1.2 wt.% SiC—TaC NPs, (c) 2.4
wt.% SiC—TaC NPs, (d) 3.6 wt.% SiC—-TaC NPs and (e) 4.8 wt.% SiC—TaC NPs.
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Fig. 2. FE-SEM analysis of (PC/SiC—TaC) nanocomposites: (a) pure PC (b)
1.2 wt.% SiC—TaC NPs, (¢) 2.4 wt.% SiC—-TaC NPs, (d) 3.6 wt.% SiC-TaC
NPs and (e) 4.8wt.% SiC—TaC NPs.

results in a many effective damage of the cell wall of the bacteria [45].
This indicates that chemical changes have occurred in the proteins in
the cell wall of the bacteria [46]. The nanocomposites are carrying the
positive charges, and the microbes are having the negative charges,
which create the electromagnetic attraction between the nanoparticles
of nanocomposites and the microbes, and the microbes will be oxidized
and die instantly [47].

4. CONCLUSIONS

The present work includes the preparing the PC/SiC—TaC new nano-
composite films. The structural properties of the (PC/SiC—TaC) nano-
composite were studied to use for antibacterial applications. The anti-
bacterial activity results for the PC/SiC—TaC nanocomposites show
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Fig. 3. Antibacterial effect of (PC/SiC-TaC) as a function of (SiC—TaC)
nanoparticles’ concentration on positive-gram (S. aureus) bacteria.

30,
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Fig. 4. Antibacterial effect of (PC/SiC-TaC) as a function of (SiC-TaC)
nanoparticles’ concentration on gram-negative (E. coli) bacteria.

that the inhibition-zone diameter increases with increasing the con-
centration of SiC-TaC nanoparticles against gram-positive
(Staphylococcus aureus) and gram-negative (Escherichia coli) bacte-
ria.
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The article presents the prospects for nanomaterials’ application in medi-
cine, biology, and pharmacology. The possibility of nanoparticles’ usage as
contrast agents for tomography, luminophores, and biologically active
substances is shown. At the same time, the potential toxic effect on living
organisms of the concerned substances is indicated, in particular, the pos-
sibility of free-radicals’ formation. These substances are capable of trig-
gering the chain reaction of free-radicals’ transformations, which can re-
sult in the development of pathological processes. To clarify this issue,
effects of the complex substance composed of lanthanides’ nanoparticles
on the biochemical parameters of free-radical processes have been studied
in experiment. The results show that infusion of the preparation induces
an increase in the content of diene conjugates and TBA-reactive products.
Moreover, the content of sulfhydryl groups reduces significantly as com-
pared with the intact group. Catalase activity also decreases, while super-
oxide dismutase activity increases. Thus, the results show that the sub-
stance concerned affects the processes of free-radical oxidation. However,
the effect depends on a number of factors, and additional studies are
needed to determine the contribution of each of them.

V¥V crarTi 3a3HaUYEHO MEPCIEKTUBU 3aCTOCYBaHHA HAHOMATEPiAJIB y MeIUITH-
Hi, Oiosorii Ta ¢gapmaroJsiorii. Ilokazamo MOKJIHUBICTL BUKOPHUCTAHHSA HAHO-
YACTUHOK AK KOHTPACTHHUX peareHTiB aasd Tomorpadii, mominodopis i 6io-
JIOTiYHO aKTWBHUX pPedyoBWH. IIpw 1IboMy BKa3yeThCA Ha MOMKJMBICTH IOTe-
HIIITHOTO TOKCHUYHOTO BIJIUBY IIUX MaTepiAJiB Ha KUBi opraHismu, 3oKkpema
imimiroBaHHA BiIbHMX paguKasiB abo iHTepMeTiATiB paguKaIbHOI MPUPOIH,
AK1 3maTHi 3amycKaTu JIAHIIOTOBHII MeEXaHi3M BiJIbHOPAAWMKAJILHUX IIEepeT-
BOPEHb, IO BPEHITi-PEIIT MOKe HPUSBOAUTU OO PO3BUTKY IATOJOTiUHUX
mporieciB. A 3’sicyBaHHA ITHOTO TMHUTAHHA IPOBEIEHO EKCIIePUMEHTAJNbHI
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IOCJIiIKEeHHS CTOCOBHO BILIMBY PO3UMHY KOMILJIEKCHOTrO IIpelapary, CKJa-
JIeHOTO 3 HAaHOYACTMHOK JIAHTAHOIAiB Ha O6ioxeMiuHi MOKA3HWKHU BiJbHOpA-
IVKaJIbHUX IIpoleciB. PesayabTaTm mokasaniu, mio Iricjada iH@ys3ifiHOTO BBe-
IeHHsA IaHOI'0 IpeliapaTy CIOCTepiraJjocs MiABUINEHHA BMICTY Ii€HOBUX KO-
vporaris i TBK-akTuBHuUX mpoaykTiB. IIpu mpomMy BMicT cyabdrigpuiabHUX
TPyO JOCTOBipHO IOHMKYBABCSA B IOPIBHSAHHI 3 JAaHMMMU iHTAKTHOI T'PYIIU.
AKTUBHiCTD KaTaja3u TaKOXK 3aJIHINIAJIacs IIOHMMKEHOI0, TOJl K aKTHUBHICTH
CYIIEePOKCUAINCMYTa3u IIiABUINyBajacsa. TaKUM YMHOM, Pe3yJbTAaTH IIOKa-
3ayu, 1[0 JaHWIH IIpemapaTr BILIMBAE€ Ha TPOIeCH BiIbHOPAAUKAJIBHOTO OKU-
CHEHHSA, OTHAK Iell BIJIUB 3aJIe;KUTh Bifl paAAy UMHHUKIB, 1 1i1a 3’sAcyBaHHA
BHECKY KOXKHOTO 3 HUX IIOTPiOHI J0maTKOBi mociigsKeHHA.

Kew words: nanoparticles, lanthanides, toxicity, radicals, enzymes.

Karouori cioBa: HAHOYACTUHKY, JAHTAHOIAM, TOKCUYHICTH, pasukKanu, ¢e-
PMeHTH.

(Received 23 February, 2022; in revised form, 29 June, 2022)

1. INTRODUCTION

Recently, inorganic nanomaterials based on rare-earth metals are of
particular scientific interest [1, 2].

Low toxicity and unique optical properties allow them to be in-
tensively used in biology, pharmacology, and medicine [3].

Colloidal solutions containing lanthanide ions are most commonly
used [4]. They are used in medicine both in the treatment of cancer
and as contrast agents in tomography. The use of these solutions
allows luminescence analysis of cells due to autoluminescence of
biological material [6]. Metals’ orthovanadates activated by rare-
earth elements are considered particularly effective luminophores
[6].

Terbium and europium ions with filled 4f energy level are of
greatest interest for luminescent-labels’ creating [7].

Luminescent systems based on lanthanide ions show great solubil-
ity, biocompatibility and low toxicity, which contribute to their ap-
plication [8]. Therefore, studies in this field are of considerable in-
terest.

It is known that lanthanides are able to regulate effectively bio-
chemical processes in cells [9]. Since the ionic radius of lanthanum
is almost the same as that of calcium, it can sometimes replace cal-
cium and directly affect calcium-dependent processes in cells. Inter-
action of nanoparticles with blood components is of particular in-
terest because they are the first substances that injected nanoparti-
cles meet [10]. Being introduced into the bloodstream, nanoparticles
adsorb plasma proteins on their surface. These interactions make
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significant changes in the properties of nanoparticles, such as ag-
gregation state, surface chemistry, and surface charge, which affect
their functionality [11].

The above-mentioned ability of lanthanides to influence the
structure of a protein is widely used in medicine. For example, lan-
thanides can be used as anticoagulants (inhibit prothrombin synthe-
sis).

It is also known that, in the human body, lanthanides are able to
accumulate in cancerous tumours in large quantities and disrupt
calcium, magnesium and phosphorus metabolism in them. This
property determines the use of radioactive isotopes of lanthanides
in oncology. Lanthanum compounds reduce accumulation of calcium
in the skin that positively affects its elasticity and prevents the ap-
pearance of wrinkles. In addition, lanthanide ions have an affinity
for phospholipids that helps to stabilize the cell membrane by block-
ing of ion channels [12].

Biological properties of lanthanides are mainly due to the pres-
ence of f-electrons in the electronic shells, which create the effect
of magnetic microfields. This effect explains the ability of lantha-
nides to increase the phagocytic activity of leukocytes. In addition,
the organic complexes of lanthanum in biological systems contribute
to the removal of heavy metals, have osmotic activity, bactericidal
properties, as well as accelerate wound healing and skin regenera-
tion.

Nanoparticles have specific physicochemical properties and bio-
logical effects on living organisms, which make them possible to be
potentially used in biological analysis and medicine. Therefore, the
study of the potential risk of effects of nanomaterials on health and
environment is very actual [13]. The risk of pathologies caused by
nanomaterials is not yet completely clear; therefore, investigation
of toxic effects of nanoparticles today is becoming the new direction
in experimental medicine [14].

According to the literature data [15], toxicity of nanoparticles
directly depends on their size and, therefore, on the specific surface
area, which causes high chemical activity. The smaller the particle
size, the larger its specific surface and the higher the degree of
substance toxicity [17].

Thus, nanoparticles entering the body can cause formation of
highly reactive intermediates or free radicals participating in many
biochemical reactions. These products can catalyse free-radical oxi-
dation and can be harmful because they trigger the chain reaction
of new free-radicals’ formation [18]. Free-radical products can in-
teract with lipid components of membranes leading to the formation
of lipid hydroperoxides. As a rule, their excessive accumulation
leads to change of membranes’ structure, alteration of their physi-
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cochemical properties, disturbance of ion transport, etc.

Modification of the components of cell membranes caused by free-
radical oxidation affects all its functions. This results in disruption
of the functioning of cells, imbalance in regulatory processes, de-
cline in tissue repair potential, and, as a result, the development of
irreversible pathological processes, which form the base of various
diseases in individual organs and systems of the body, such as in-
flammation, immune status disorders, endocrine disorders, and car-
diovascular diseases, etc. [19]. The intensity of free radical process-
es in cells and tissues is controlled by physiological antioxidant
(AO) systems. They inhibit the processes, which contribute to the
destruction of cell membranes inhibiting free-radical oxidation of
lipids and other biological compounds [20].

Metal ions with variable valence are also an equally important
factor of the regulation of free-radical oxidation in cells and tis-
sues. They are in the composition of the active centres of some en-
zymes including antioxidant ones. They catalyse many biochemical
reactions being in a free state or in the form of complex compounds
with proteins and other substances [21].

Some enzymes involved in the inactivation of certain products of
lipid peroxidation can also be attributed to substances exhibiting an
antioxidant effect. These include: superoxide dismutase that limits
formation of reactive oxygen species and inactivates the superoxide
anion radical; catalase that decomposes hydrogen peroxide H,0, into
water and molecular oxygen; glutathione-related enzymes involved
in the utilization of lipid hydroperoxides, which help to reduce
their toxic effects on membranes and prevent the initiation of sec-
ondary reactions of free-radical oxidation. Without direct participa-
tion in non-enzymatic reactions, AO enzymes affect their intensity
by inactivation of either initiators or products of chain reaction
and, thereby, reducing the possibility of chain propagation [22].

Nitric oxide (NO) is of great interest in the fields of biology and
medicine. It is a highly reactive short-lived free radical, which can
control many functions and biochemical processes in cells. Nitric
oxide regulates the intracellular concentration of Ca®" ions,
transport and consumption of O, in tissues, affects activity of num-
ber of enzymes, and acts as an important neuromediator that
transmits a signal between the central and peripheral nervous sys-
tems [23].

Nitric oxide causes intensification of vascular permeability, for-
mation of edema, and subsequent development of inflammatory re-
sponse. In this case, nitric oxide combines with superoxide radical
and forms a peroxynitrite anion (ONOO7), which contributes to
DNA damage and mutations. Thus, peroxynitrite anion is involved
in the oxidative stress developing. Nitric oxide is irreversibly inac-
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tivated by superoxide radical in the wall of a blood vessel or by free
oxygen in a solution. Reaction of nitric oxide with oxygen is ac-
companied by formation of stable end products—nitrites and ni-
trates, which are indirect markers of the nitric-oxide concentration
in the body.

Thus, it can be concluded that lipid peroxidation is not only a
universal modifying of the properties, structure and function of bi-
ological membranes, but it is also an important physiological regu-
lator of normal cell activity, and nitric oxide is one of the key links
in the oxidative stress pathophysiology.

Studying the mechanisms of oxidative stress development and
preventing its detrimental effects open up new prospects for medi-
cal science.

The aim of this work is to study the effect of CdVO,Eu®*" prepara-
tion on a number of biochemical parameters of free-radical process-
es.

2. MATERIALS AND METHODS

The authors declare that all the procedures and experiments of this
study respect the ethical standards in the Helsinki Declaration of
1975, as revised in 2008 (5), as well as the national law. All institu-
tional and national guidelines for the care and use of laboratory an-
imals were followed.

The experiments were carried out using 25 sexually mature WAG
line female rats with weight of 180—-200 g. Rats were divided into 2
groups:

— group 1 included 15 rats, which received intramuscular injec-
tions of the CAVO,Eu®*" (C=0.2 g/1) preparation once a day at a dose
of 1 mg/kg;

— group 2 included 10 intact rats.

The blood was taken from the caudal vein in test tubes with
EDTA solution after the 1%, 8™, and 5™ injections. The following
lipid peroxidation (LPO) parameters were determined in the blood
plasma: the content of diene conjugates (DCs), thiobarbituric acid
reactive substances (TBARS), sulfhydryl groups (SH-groups), total
nitric oxide metabolites (mNO), nitrates and nitrites. The activity
of antioxidant enzymes’ catalase and superoxide dismutase (SOD)
was determined in erythrocyte haemolysates. Determination of the
DCs level was done in accordance with Ref. [24]. The method is
based on lipid peroxidation-products’ determination in the blood us-
ing absorption of ultraviolet monochromatic light flux by lipid ex-
tract. Determination of the malondialdehyde (MDA) concentration
was carried out according to Uchiyma M. & Michara M. using reac-
tion with thiobarbituric acid (TBA) [25]. The method is based on the
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interaction of MDA with two molecules of thiobarbituric acid (TBA)
at a temperature of 90—-100°C. Coloured trimethine complex with
maximum absorption is formed. Catalase activity was determined by
the rate of hydrogen peroxide H,0, utilization. The method is based
on the ability of H,0, to form a stable coloured complex with mo-
lybdenum salts [26]. The activity of SOD was determined by the
quercetin-oxidation method [27]. The method is based on the ability
of SOD to inhibit the quercetin-autooxidation reaction at pH =10 in
the presence of tetramethylethylenediamine. The content of SH-
groups was determined spectrophotometrically using Ellman’s rea-
gent [28]. The content of total nitrogen-oxides’ metabolites was de-
termined according to Ref. [29]. The method is based on the ability
of primary aromatic amines to form intensely coloured diazo com-
pounds in the presence of nitrous acid. Determination of nitrite
content was carried out according to Ref. [30]. The method is based
on photometric measurement of colour intensity of a pink-
raspberry-coloured azocompound, which is formed by the reaction of
nitrites with alpha-naphthylamine and sulfanilic acid (Griss rea-
gent) in acidic medium. The reaction is specific for nitrites. Statis-
tical processing was carried out according to the standard method
by means of the Student’s ¢-test.

3. RESULTS AND DISCUSSION

The data obtained (Table 1) show that the first administration of
the studied substance did not provoke significant changes in the
LPO parameters in rats of group 1. The levels of peroxide prod-
ucts—DCs and TBARS coincide with intact values.

Intensification of peroxidation processes was observed after the

TABLE 1. Influence of the CdVO,Eu®" on the LPO parameters.

Terms
Indexes Intact, after 1 after 3 after 5
n=10 administration, [administrations,jadministrations,
n=15 n=15 n=15
Diene
conjugates, 19.26+1.83 20.68 +2.36 2::}74;?)2652)3 391;,1?()36;6
mmol/L re 1=
TBA reac-
tive sub- 5.11+0.36 5.563+0.45
e ene, 3.83+0.33  3.79+0.33 P < 0.05 e 0.05
mcmol /L

Note: "P,—statistically significant versus intact.
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TABLE 2. Influence of the CdVO,Eu®" on the AO systems.

Terms
Indexes Intact, after 1 after 3 after 5
n=10 administration,administrations,jadministrations,
n=15 n=15 n=15
SH-groups, 2.91+0.27

mmol /L 5.65+0.63 5.40+0.57 6.35+£0.61 ‘P, <0.05

Catalase
sttty Gy, 3-25£0.38 3.05:0.33  2.825032  2.76+0.32

Superoxide
dismutase 4.96+0.48 4.80+0.31  5.57+0.56  0:20%0.56
P, <0.05

activity, U/L

Note: “P,—statistically significant versus intact.

3" injection of the studied preparation as evidenced by the in-
creased plasma content of lipids peroxidation products—DCs and
TBARS. The level of DCs in rats of group 1 was elevated on average
by 23% ; the concentration of TBARS was increased by 33—-34%.

Peroxidation activity continued to increase after the 5™ injection
in rats of group 1. The content of peroxide-oxidation products was
significantly higher than both intact values and results after the 3™
injection.

Introduction of the substance also influenced the work of protec-
tive antioxidant systems (AO) in a certain way (Table 2). The single
injection of the preparation did not cause any changes in the stud-
ied parameters: the level of SH-groups in the blood plasma re-
mained within the intact values; the activity of AO enzymes was
not affected.

There was a tendency to increase the concentration of SH-groups
in plasma after the 3™ administration, although the differences
with the intact values were not significant. At this stage of the
study, a slight decrease in the activity of catalase was noted, and
the activity of another AO enzyme, SOD, on the contrary, tended to
increase (Table 2).

The content of SH-groups was changed significantly after the 5™
injection: it decreased almost 2 times compared to the intact group.
Catalase activity remained decreased, while SOD activity continued
to increase and was 20-30% higher than intact values (the differ-
ences are significant, P, < 0.05).

CdVO,Eu*" administration influenced the nitric-oxide system
most significantly (Table 3).

After the 1°' administration, plasma contents of mNO, nitrates
and nitrites were tended to increase, however, the differences with
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TABLE 3. Influence of the CAVO,Eu®" on the level of nitric-oxide metabo-
lites.

Terms
Indexes Intact, gfjcer 1 ‘ ‘after 3. 'af‘ter 5.
n=10 |administration,jadministrations,jadministrations,
n=15 n=15 n=15
Total metabo-
lites of mitric , 044 377 47574365 00 41627 45951408
oxides, P,<0.05
mcmol/L
Nitrates 47,563 + 5,28
’ + * ’ .04 £ 5.
memol /L. 36.37+3.26 40.91 +3.63 P, <0.05 40.04 +5.11
Nitrites, 8.21+0.73
+ + A .91 +0.
memol /L, 5.67+0.49 6.65+0.40 P, <0.05 5.91 +£0.50

Note: “P,—statistically significant versus intact.

the intact values were not significant.

Later, after the 3™ injection, accumulation of the metabolites in
rats of group 1 continued to increase, and experimental values ex-
ceeded the intact ones: for mNO content, by 32%; nitrates, by
30% ; nitrites, by 44% (P; <0.05).

By the end of the experiment, the content of nitric-oxide metabo-
lites as well as nitrates and nitrites in the blood plasma decreased to
intact values and completely corresponded to the normal level.

Thus, it can be concluded that the experimental substance
CdVO,Eu®*" influences free-radical oxidation processes, in particular,
lipid peroxidation and AO systems, and response of the studied sys-
tems was ambiguous. A single administration of the substance
caused changes only in the NO metabolism system that was mani-
fested in increase in mNO, nitrates’ and nitrites’ contents in the
blood plasma of rats. Intensification of nitric-oxide formation after
the 1°* injection can be explained as a nonspecific response of the
body to any external effect. NO radical is able to trigger a cascade
of free-radical reactions in the cells, which leads to the activation
of LPO.

Experimental results show that the 8™ injection induced intensive
formation of mNO, nitrates and nitrites as well as peroxide prod-
ucts—DCs and TBARS. Such activation of free-radical reactions
caused significant shifts in the function of protective AO systems.
After the one injection, the level of SH-groups, activity of catalase
and SOD did not change, but then, after the 3™ injection, activity
of catalase decreased and activity of SOD increased that, obviously,
was a compensatory reaction of the protective AO systems.
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After the 5™ injection, levels of mNO, nitrates and nitrites corre-
sponded to intact values, but the concentration of SH-groups was
significantly reduced that indicated the depletion of AO resources
of the glutathione system. Intensity of LPO continued to increase
that was expressed in high concentrations of DCs and TBARS (dif-
ferences with the intact group were significant). The data obtained
indicate that the administration of CdVO,Eu®" has destructive effect
on cell membranes.

The substance concerned did not cause acute intoxication during
the entire experimental period. Rats were mobile, active; they did
not show a decrease in appetite, the stool was normal, the coat was
smooth, clean, and the skin was without lesions.

4. CONCLUSIONS

Administration of CdVO,Eu®*" nanocrystals did not cause acute in-
toxication in experimental animals, but affected free-radical oxida-
tion processes depending on the number of injections of the sub-
stance.

— The first administration of nanocrystals did not cause any
significant changes but minor changes in the NO metabolism were
observed. This fact can be attributed to a non-specific response of
the body to any external influence.

— After the 3™ injection, peroxide processes as well as activity of
protective antioxidant systems were intensified. Further admin-
istration of the substance caused increasing of peroxidation activ-
ity and depletion of protective antioxidant systems.

— After the 5™ injection, serum levels of NO metabolites returned
to normal intact values.

— Reducing concentrations of NO metabolites in the liver, kidneys,
and brain after the 5™ injection can be explained by decrease in
the prooxidative effect of nanocrystals in the body due to the
compensatory action of antioxidant systems.

— The ambiguity of the data obtained shows selective accumulation
of nanocrystals in different organs and requires additional stud-
ies to identify specific effects of the substance on target organs.
It is still hard to evaluate degree of toxicity of CAVO,Eu®*" due to

the short time of experiment.

Most of the biochemical parameters returned to normal values by
the end of the study. Increased contents of DCs and TBARS in the
blood plasma of rats are probably due to the presence of Cd (cadmi-
um) in the preparation, which can cause metabolic disturbances, or
due to the presence of V (vanadium), which enhances tissue oxygen
uptake and, thus, can activate LPO.

Additional experiments are needed to determine the degree of



1026 V. O. VEKSHYN, L. P. ABRAMOVA, and E. R. GRABOVETSKA

toxicity of CAVO,Eu®" and its effect on different types of metabo-
lism.
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Nanostructures for Antibacterial Application
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In this work, nanocomposite films are prepared by casting method from polyme-
thyl methacrylate (PMMA) with various ratios of nanomaterials (Si0,—CeQ,):
1.4, 2.8, 4.2 and 5.6 wt.% . The structural properties are investigated by means
of the optical and field emission scanning electron microscopies. The results
show that there is a good-homogeneity distribution of SiO,/CeO, nanoparticles
within the polymeric mixture. The PMMA /SiO,/CeO, nanocomposites are test-
ed for antibacterial application. The results show that the inhibition-zone diam-
eter increases with increase in the SiO,/CeQ, nanoparticles’ concentrations.

V¥ 1iit po60Ti HAHOKOMIIOSUTHI ILJIIBKY T'OTYIOTHCS METOAOM JUTTSA 3 IT0JIiMeTHJI-
merakpuiaaty (IIMMA) 3a pisHux cmiBBigHOIIIEHb HaHOMAaTepiadiB (Si0,—CeO0,):
1,4, 2,8, 4,21 5,6 mac.% . CTpyKTYpHi BIaCTHUBOCTL JOCIiIKYIOTHCS 34 JOIIOMO-
TOI0 OIITHMYHOI ¥ aBTOEMiCiiHOI cKaHyBaJIbHOI MiKpockomiii. PegyibTaTy moka-
3YIOTh, ITI0 € PO3HOALT HaHOUacTHHOK Si0,/Ce0, 3 XOPOIII0I0 OJHOPIAHICTIO B II0-
sgimepHiit cyminri. Hanokomnosuru IIMMA /SiO,/CeO, TecTyioThCA Ha aHTHUOAK-
TepisiabHEe 3aCTOCyBaHHA. Pesy/bTaTH MOKAa3yIOTh, IO AigMeTep 30HUW iHTi0y-
BaHHSA 3017bITYETHCS 3i 301BITIEHHAM KOHITeHTpAaIlil HaHouacTuHOK Si0,/Ce0,.

Key words: nanocomposites, polymethyl methacrylate, SiO,, CeQ,, structural
properties, antibacterial agents.

KarouoBi ciroBa: HAaHOKOMIIO3UTH, ToJdiMeTHIMeTaKpuiaat, Si0,, CeO,, CTPyKTY-
PHi BJIacCTHBOCTi, aHTUOAKTePisAIbHI 3aco0u.
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1. INTRODUCTION

Nanocomposites of polymers and inorganic nanoparticles (NPs) have
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attracted increasing interest due to their value-added applications de-
rived from their unique optical, magnetic, electrical, thermal, and an-
tibacterial properties [1]. Polymers have played a very important role in
many areas of daily life as traditional materials [2, 3]. Polymers are
characterized by their resistance to abrasion, flexibility, colour fast-
ness, ease of processing, lightness, etc. [4].

Polymethyl methacrylate (PMMA) was chosen in this study because it
is non-toxic, cost-effective, and effortless to get. PMMA has appropriate
material properties such as distinguished mechanical quality, hardness,
excessive rigidity, transparency, and good insulation residences [5]. Ce-
rium oxide nanoparticles (CeO, NPs) have attracted much attention for
their high stability, surface chemistry, and biocompatibility. CeO, NPs
are transparent in the visible region and have a refractive index of 2.2 at
a wavelength of 632 nm. Pure CeO, exhibits a wide indirect optical band
gap and energy-wide band gap that operates effectively in the ultraviolet
region, and thus, it could be an excellent choice for different optical and
electronic applications [6]. Silicon dioxide (SiO,) commonly referred to as
silica, which may exist in the amorphous and crystalline structure, was
found to be useful filler for improving the mechanical performance of
polymeric materials. The silica, as an additive, is used in coatings, food,
and biomedical applications [7]. The oxides’ nanostructures and nanoox-
ides-doped polymers were included many applications in different indus-
trial approaches such as sensors, electronics and optoelectronics [8—32],
and bioenvironmental fields [33—39].

The present work deals with preparation of PMMA /SiO,/CeO, nano-
composites for antibacterial applications.

2. MATERIALS AND METHODS

Films of PMMA /SiO,/CeO, nanocomposites were prepared from PMMA
and PMMA doped with SiO, and CeO, nanoparticles using casting meth-
od by dissolving 1.5 g of PMMA in 30 ml of chloroform; then, the
Si0,/Ce0, NPs were added to PMMA with different ratios: 1.4, 2.8, 2.8,
4.2, 5.6 wt.% . Microscopic images of the pure polymer and the nano-
composites were measured using optical microscopv with a magnifica-
tion of x10. Field emission scanning electron microscopy (FE-SEM) was
used to examine the surfaces’ nature of the polymer and
PMMA /SiO,/Ce0O, nanocomposites. These nanocomposites were tested
for antibacterial activity against gram-positive (Staphylococcus aureus)
and gram-negative (Proteus) bacteria by diffusion method.

3. RESULTS AND DISCUSSION

The SiO,/CeO, NPs distribution inside the PMMA matrix are shown
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in Figs. 1 and 2.

Fig. 1. Microscope images (x10): a—pure polymer; b—1.4 wt.% Si0,/CeO, NPs;
c—2.8 wt.% 8SiO,/CeO, NPs; d—4.2 wt.% SiO,/CeO, NPs; e—5.6 wt.%
Si0,/Ce0, NPs.

Fig. 2. FE-SEM images: a—pure polymer; b—1.4 wt.% SiO,/CeO, NPs; c—2.8
wt.% Si0,/Ce0y, NPs; d—4.2 wt.% Si0,/Ce0y, NPs; e—5.6 wt.% Si0,/CeO, NPs.
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The figures demonstrate that the images of optical microscopy
and FE-SEM for PMMA/SiO,/CeO, nanocomposites. From these fig-
ures, the Si0,/CeO, nanoparticles are aggregated as clusters at low
concentrations, but they form a paths network inside the polymer
matrix at high concentration [40].

Figures 3 and 4 illustrate the antibacterial activity of
PMMA/SiO,/CeO, nanocomposites against gram-positive (Staphylo-
coccus aureus) and gram-negative (Proteus) bacteria. From these
figures, the inhibition-zone diameter increases with increasing
Si0,/Ce0,-nanoparticles’ concentrations. The major mechanism that
caused the antibacterial activity by the metal-oxide NPs might be
through oxidative stress caused by ROS. ROS includes radicals like

2
=
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Inhibition zone diametr, mm

Con. of 810,CeQ, wt.%

Fig. 3. Antibacterial activity of PMMA/Si0O,/Ce0O, nanocomposites against
gram-positive (Staphylococcus aureus) bacteria.
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Fig. 4. Antibacterial activity of PMMA/SiO,/CeO, nanocomposites against
gram negative (Proteus) bacteria.
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superoxide radicals (0 %), hydroxyl radicals ((OH), hydrogen perox-
ide (H,0,) and singlet oxygen (‘O,), which could be the reason of
damaging the proteins and DNA in the bacteria. ROS could be pro-
duced by the present nanocomposites leading to the inhibition of
most pathogenic bacteria [41, 42].

4. CONCLUSION

This work includes of fabricating the PMMA/SiO,/CeO, nano-
composites’ films for antibacterial applications. The morphology
properties of PMMA/SiO,/CeO, nanocomposites were tested to
use for antibacterial applications. The results of antibacterial activ-
ity of PMMA/SiO,/CeQO, nanocomposites demonstrate that the in-
hibition-zone diameter increases with increase in the SiO,/CeO,
concentrations against gram-positive (Staphylococcus aureus)
and gram-negative (Proteus) bacteria.
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The total synthesis of aminothiazole coumarin derivative (IV) in four
steps is reported. The propriety of compound (IV) is studied. To evaluate
the biological activity of the Schiff base (IV), the nanoparticles in solution
and the nanoparticles carried on cellulose membrane are prepared, and
their antibiotic activity is evaluated in two cases in comparing with the
antibiotic activity of the ampicillin as a reference antibiotic. The com-
pound (IV) shows an antibacterial activity about 50% in comparing to the
ampicillin. The nanoparticles in solution have a higher antibiotic activity
at lower concentrations than at high concentrations. The nanoparticles
carried on cellulose membrane show a high activity about 50% in compar-
ing to the activity of the ampicillin.

IToBimoMsieThCca MPO 3arajbHYy CHHTE3y IIOXiZHOTO KyMapuHY aMiHOTiazory
(IV) y uvotupu crazii. BaacrtuBicts cnonyku (IV) BuBuaerbecsa. s ominku
6iosoriunoi aktuBHOcTu IIIuddosoi ocuoBu (IV) roTyioTh HAHOYACTHUHKU B
pO3UMHI Ta HAHOYACTUHKU, IO IIePEHOCATHCA HA IEJII0JI03HY MeMOpaHy, i
iXHI0 aHTHOIOTHMUYHY AaKTHBHICTH OI[IHIOIOTH Yy ABOX BUIIAAKAX Y HOPiBHAHHI
3 aHTHUOIOTMUYHOI0 aKTHUBHICTIO aAMINIMIiHYy AK eTaJOHHOTO aHTubGioTHKA.
Cooayka (IV) BuABasae aHTHOAKTEPiAIbHY aKTUBHICTL mpubausHo Ha 50% y
nopiBHAHHI 3 amminmmiainom. HanoyacTuHKY B pO3YMHI MAalOTh BUIIY aHTU-
6iOTHMUYHY aKTUBHICTh 3a HMIKUMUX KOHIIEHTpAIlili, aHi’K 3a BUCOKUX KOHIIEH-
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Tpaniii. HanouacTuuKM, HaHeCeHI Ha IeJII0J03HYy MeMOpaHy, JeMOHCTPYIOTh
BHCOKY aKTUBHIiCTH 6,1u3bK0 50% y HMOPiBHAHHI 3 aKTUBHICTIO aMOinuIiny.

Key words: 1.3-thiazole, Schiff base, nanoparticles, membrane, antibiot-
ics.

Karouosi cixosa: 1.3-tiazoun, Iuddosa ocHoBa, HaHOUACTHUHKM, MeMOpaHa,
aHTUOIOTUKH.

(Received 6 May, 2022; in revised form, 13 June, 2022)

1. INTRODUCTION

The first antibiotic, magic bullet, salvarsan 606, was discovered in
20" century [1, 2], and the utilization of antibiotics in clinical
treatment was arguably the greatest medical breakthrough of the
20" century [1] that extended the average human lifespan by more
than two decades [3]. The golden age of natural product antibiotic
discovery started by the discovery penicillin [4] and peaked in the
mid-1950s [1]. Since then, drug resistance in many human patho-
gens has led to the antibiotic resistance crisis [5] because a gradual
decline in antimicrobial discovery and development [1]. The overuse
and misuse of antibiotics are the main causes of increased antibiotic
resistance [6] in addition to inappropriate waste management and
environmental transmission [7]. Synthesis of new antibiotics is one
of the most important current trends in pharmaceutical chemistry
[8]. However, the synthesis of antibiotic and its study is very long
and needs many efforts [9, 10], and the results are not guaranteed
[11], and they may face the same fate as their predecessors after a
decade of their clinical use [11]. Nanotechnology may be the solu-
tion to this crisis. Nanomaterial antibiotic compounds have a more
effect than non-nanomaterial antibiotics [12]. The 1.3-thiazole and
its derivatives are the interesting building blocks in a variety of
synthetic and natural compounds [13]. These compounds and their
derivatives have a good antibacterial potential activity [14], and
their structure is essential part of many compounds used frequently
in pharmaceutical treatment [15]. Generally, this propriety is due to
their low-risk for the human body [16, 17].

In this paper, the total synthesis of (2-aminothiazole-4-yl) couma-
rin-2-one (IV) from the salicylaldehyde and beta keto aster in four
steps has been described. The preparation of the nanoparticles of
the compound (IV) has been studied and described by means of the
SEM. The prepared nanoparticles of (IV) loaded with cellulose mem-
brane.

The activity antibacterial against two types of bacteria has been
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studied: A. aurus and E. coli (in comparing with ampicillin). The an-
tibiotic effects of nanoparticles of compound (IV) has been studied
and compared to the activity of ampicillin as antibiotic reference.

2. EXPERIMENTAL
2.1. Chemical Materials and Apparatus

All the used chemicals (salicylic aldehyde, ethyl acetoacetate, furfu-
ral, iodine, thiourea, ethanol, chloroform DMF, and DMSO) were
purchased from Aldrich. The IR spectrum of the compounds was
recorded with JASCO M400 instrument in KBr disk. 'H-NMR spec-
trum of the compounds was recorded on a Bruker 400 MHz spec-
trometer.

I. Synthesis of 3-acetyl coumarin-2-one. Salicylic aldehyde 50
mmol and ethyl acetoacetate 50 mmol and ethanol 250 ml are placed
in a flask and heated under reflux for three hours. The reaction
mixture is cooled. Yellow precipitate is formed and isolated by fil-
tering, washed with cold ethanol and recrystallized in ethanol.

II. Synthesis of 3-(2-iodoacetyl)-coumarin-2-one. 30 mmol of ace-
tylcoumarin is dissolved in 20 ml of ethanol, gently heated with
several drops of acetic acid; then, 30 mmol of iodine is added in 10
ml of chloroform. The reaction mixture is heated under reflux for
five hours. The reaction mixture is cooled, and yellow precipitate is
formed and isolated by filtering and washed with cold ethanol. It is
recrystallized in ethanol.

III. Synthesis of 2-(aminothiazole-4-yl) coumarin-2-one. 2-
iodoacetyl coumarin 25 mmol is dissolved in 15 ml of ethanol with
heating, and 20 mmol of thiourea is added in 10 ml of ethanol. The
reaction mixture is heated under reflux for 6 hours; the reaction
mixture is cooled, a precipitate is formed and isolated by filtration,
washed with cold ethanol and recrystallized in ethanol.

IV. Synthesis of Schiff base. 2-(3-aminothiazole 4-yl) coumarin
20 mmol and furfural 20 mmol are dissolved in 10 ml ethanol and
heated under reflux distillation for 5 hours. The reaction mixture is
cooled, and a precipitate is formed and isolated by filtering, washed
with cold ethanol and recrystallized in ethanol. Preparation of na-
noparticles loaded with cellulose membrane: 10, 25, 50, 100 mg of
Schiff base (IV) dissolved in 100 ml of dimethylformamide. Cellu-
lose membrane was soaking within the solution in an ultrasonic
bath for 1 hour at 50°C. The membrane is transferred to an aqueous
solution in an ultrasonic bath for 30 minutes, then, washed with
distilled water and cold alcohol.

The process is repeated several times. Then, the resulting film is
dried.
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2.2. Antibiotic Performance

Two bacteria (S. aureus, E. coli) were selected to evaluate the anti-
microbial activity of compound (IV) in two forms: its nanoparticles
in solution and nanoparticles carried on the cellulose membrane.

a. The nanoparticles of compound (IV) in solution. The measur-
ing of the inhibition zone was used for evaluating the antibacterial
activity of nanoparticles in solution using the agar well diffusion
method [18]. A plate containing agar medium was inoculated with a
microbial strain to ensure its growth. Then, 6 mm diameter hole
was punched aseptically at five different positions and followed by
introduction of extract (about 20 uL) into each well and a reference
drug (ampicillin) at the central hole. Each group of plate was placed
and cultured at 37°C for 16 h. The diameter of the inhibition zone
was measured.

b. The nanoparticles carried on cellulose membrane [19]. The
composite membrane was cut into discs with a diameter of 6 mm,
and the antimicrobial activity was evaluated by measuring the inhi-
bition zone surrounding each disc. The cellulose membrane without
compound (IV) was included as a control. 100 uL of the microbiome
cells were transferred to an agar plate; each group of composite
membrane sample was placed in, and cultured at 37°C for 16 h. The
diameter of the inhibition zone was measured.

3. RESULTS AND DISCUSSION
3.1. Characterization

I. 3-acetyl coumarin-2-one: yellow powder (y="75%), m.p. 120°C,
FT/IR: 3050 cm™(C,,.—H), 2980 cm™ (C,,;—H), 1715 em™ (C=0), and
1285 cm™ (C-0).

II. 3-(2-iodoacetyl)-coumarin-2-one: yellow powder (y=84%), m.p.
160°C, FT/IR: 3020 cm™ (C,.—H), 2965 cm™ (C,:—H), 1685 cm™
(C=0), 13815 cm™ (C-0), and 720 cm™ (C-I). '"H-NMR (CDCl,): 3.43
ppm (s, 2H), 10.39 ppm (m, 1H), 10.59 ppm (d, 1H, j=8.7), 10.62
ppm (m, 1H), 10.72 ppm (m, 1H), and 11.7 ppm (s, 1H).

III. (2-(aminothiazole-4-yl) coumarin-2-one: light green powder
(y=55%), m.p. 185°C, FT/IR: 3360-3455 cm* (-NH,), 3045 cm™
(C,,»~H), and 1680 cm™' (C=0). 'H-NMR (DMSO-d;): 6.72 ppm (s,
2H, NH,), 7.16 ppm (s, 1H), 7.51 ppm (d, 1H, j=6.9), 7.62 ppm (d,
1H, j=10.2), 7,96 ppm (s, 1H), 8.26 ppm (d, 1H, j=6.6), 8.35 ppm
(d, 1H, j=9.1).

IV. (2-((furan-2-ylmethylene)amino) thiazole-4-yl) coumarin-2-one):
yellow powder (y=68%), m.p. 195°C, FT/IR: 3023 cm™ (C,.—H),
2966 cm ™' (C,s—H), and 1624 cm™ (C=N). 'H-NMR (DMSO-d;): 6.99

sp2?
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Fig. 1. Steps of the synthesis of compound (IV).

ppm (m, 1H), 7.71 ppm (d, 2H, j=11.1), 8.3 ppm (m, 2H), 8.38
ppm (d, 1H, j=8.8), 8.95 ppm (s, 1H, Imine), 11.12 ppm (s, 1H),
12.44 ppm (s, 1H).

3.2. SEM of Nanoparticles

A. nanoparticles. The morphology of nanoparticles is studied by
scanning electron microscope images. The image gives information
about the size and shape of the particles and their surface morphol-
ogy. Figure 2 shows a SEM image of compound (IV) nanoparticles.
The particles seem to be spherical, irregular in size, and aggregate
together to form clusters; their size ranges between 40 and 150 nm,
and their average size is 85 nm. They have a rough surface that ap-
pears to be composed of a cluster of tiny 15 nm size particles.

B. nanoparticles on cellulose membrane. Figure 3 shows an elec-
tron microscope image of nanoparticles loaded on cellulose fibres.
The cellulose fibres appear to have an ordered, slightly tortuous
surface, with a diameter of about 15 um. Nanoparticles cover most
of the surface of the fibre, forming a thin film that surrounds it,
and sometimes, clusters are formed on the surface of the fibre. The
size of the particles in the clusters is of about 85 nm. The particles
appear to have a rough surface made up of smaller particles (about
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Fig. 3. SEM images of nanoparticles carried on cellulose membrane of
compound (IV).

10 nm). These tiny particles also cover the surface of the fibre.

Schiff base solution in DMSO was used as an antibacterial sub-
stance on two species of bacteria (E. coli (gram-negative) and S. au-
reus (gram-positive)) at concentrations of 50, 100, 200, and 500
ppm. It was shown the inhibition vs. Schiff base (IV) in different
concentrations. It was found that the inhibition increases with in-
creasing the concentration until the concentration of 200 ppm be-
comes almost constant. The activity of the compound (IV) used in
this study is equivalent to 50% of that to the reference substance
(ampicillin). The relatively good activity of the substance (IV) is due
probably to the presence of the thiazole ring, which is at the fore-
front of antibiotics.

C. nanoparticles. To evaluate the biorepelling efficiency of nano-
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particles, a suspension of compound Schiff base (IV) has been pre-
pared in water, and the particles have been used with concentra-
tions of 50, 100, 200 and 500 ppm by SEM. The images show the
diameter of the inhibitory potentiometer versus the concentration.
It was noted that the diameter of the damping increased to a bone
value and then decreased. The reason for the low efficacy may be
due to the agglomeration of nanoparticles at high concentrations.
At lower concentrations, the nanoparticles were more active than
the solution at the same concentration. Whereas, the activity of na-
noparticles was lower at higher concentrations.

D. Nanoparticles carried on cellulose membrane. Efficacy of cel-
lulose film grafted with Schiff base (IV) was used as an antibiotic in
the form of tablets, and its activity was estimated depending on the
diameter of the inhibiting aura. Figure 4 shows the diameter of the
damping halo against the amount of Schiff base (IV) in the disc. Ef-
ficiency increases and then stabilizes at a certain value.

When comparing the activity of the three studied cases, it has

20 25

E. Coli |t S. aureus
g »-—""_/ g )’____________-o
= s / I B g 20
g — | g 15 S —
2 | A £ ——
'.'B 10 -y/ ——a ﬁ 3 —a
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— —
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Fig. 4. A. aureus and E. coli inhibition vs. Schiff base concentration: a)
ampicillin; b) solution; ¢) nanoparticles.

15 : 20
E. Coli S. aureus
. 1 g
=} . —T
g w0 =1 3 T
— —_ = 10 / —_—a
E 2
=~ / — = ——d
5 5
0 20 40 60 80 100 120 0 20 40 60 80 100 120
C, ppm C, ppm

Fig. 5. A. aureus and E. coli inhibition vs. Schiff base (IV) concentration: a)
ampicillin; d) membrane.
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been noticed that a smaller amount of Schiff base (IV) carried on
the cellulose membrane gives a higher efficiency than the suspen-
sion solution of compound (IV).

4. CONCLUSIONS

The Schiff base (IV) containing the thiazole ring have been synthe-
sized and described using IR and H-NMR from salicylic aldehyde in
four steps. The nanoparticles were prepared from the compound
(IV) by the phase inversion method, and a cellulose membrane
grafted with nanoparticles has been prepared in the same way. The
size of the nanoparticles was of 85 nm. The Schiff base (IV) has an-
tibacterial activity, but the nanoparticles carried on cellulose mem-
brane are more active than the nanoparticles in solution.

5. HIGHLIGHTS

Synthesis of the Schiff base (IV) that contains heterogeneous rings
has an antibiotic activity.

Schiff nanoparticles in an easy way and preparing a film inlaid
with Schiff nanoparticles.

Study and comparison the activity of the prepared materials.
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