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HHPOPMAIIUA NJII ABTOPOB

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

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

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

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

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

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

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

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

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

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

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

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

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

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

TA 3ATIOBITAHHA HECYMJITHHI ITIPAKTUIII ITYBJIK AT

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

000B’A3KM pegaKuii

. Bci npencrasiieHi cTaTTi peneH3yIOThCS eKCIIepTaMu B JaHil 061acTi.

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

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

. BigxuieHi crarTi moBTOPHO He PEIEeH3YIOTHCS.

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

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

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

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

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

PO3IJIALAIOThCA Ha 3acifjaHHi pegkKoJerii.

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

aBTOPCBHKIi ITpaBa 30epiraroThCsA 3a aBTOPaMU.

ETuyHi NpUHIUIN B JiSIbHOCTI PEeleH3eHTiB

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

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

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

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

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

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

IIpuHIMIN, AKMMHU MOBHMHHI KePYyBAaTHCA aBTOPH HAYKOBMX ITyOJIiKaIlii

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

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

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

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

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

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

. Ioxepesa (hiHAHCOBOI MiATPUMKYU IOCTiIMKEHHA, 0 TyOIiKyeThCs, MOKYTb OyTH 3a3HAUEHi.
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Sensory Sensitivity to the Form of p-Ga,0; Nanoparticles
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The electronic characteristics of pure B-Ga,0; nanoparticles with the same
number of atoms but of different shapes (spherical or prism-like forms)
and with the addition of CO, NH;, O; molecules near the Ga atom or the O
atom are investigated by means of the methods of the theories of electron
density functional and pseudopotential from the first principles with ap-
plication of the own program code. As found, the nanoparticles of both
forms can serve as effective resistive detectors of CO and NH; molecules.
A brighter reaction to the CO molecule is recorded in a spherical particle,
and a brighter reaction to the NH; molecule is recorded in a prism-like
particle. In this case, the sensitive place of the nanoparticles is located
near the Ga atoms, whereas only the spherical nanoparticles effectively
respond to O; molecules by increasing their conducting properties. In this
case, the sensitive place of the nanoparticles is located near the O atoms.

3 BUKOPHUCTAHHSM METOMIiB Teopill (PpYHKI[IOHANY eJeKTPOHHOI T'yCTHMHU Ta
TICeBIONOTEHIIANY i3 MEepInX MPUHITUIIB B paMKax BJIACHOTO IIPOTPAMHOTO
KOZLY [IOCJiI)KeHO eJeKTPOHHI XapaKTepPHUCTHUKV HaHOUYACTMHOK [-Ga,0s;, 110
MicTHUIM OJHAKOBY KiJnbKicTh aToMiB, ame Oyau pisHuUX Gopm (chepmuHoi Ta
IpU3MONOAiOHOI), B oToueHHi razoBux mojiekya CO, NH;, O, mo Jokamisy-
Basnuca mobausdy aromiB Ga a6o O, yu To 6e3 mMosaeKyJs. Bysno BcTaHOBIIEHO,
110 HAHOYACTUHKHU 000X (hOPM MOMKYTb CAVKUTHA e(eKTUBHUMU PE3UCTUB-
Humu gerekropamu moserys CO 11 NH;. Binpm sackpaBy peaxiiizo Ha MmoJie-
kyau CO 6yso 3adikcoBano y chepuuHoi yacTHHKM, a mono moierkysa NH,
— y IPU3MOIIOAiIOHOI YacTHHKK. BogHOpas akKTUBHA AiIAHKA HAHOUACTHUHOK
AK IeTeKTOpPiB JoKasdisyBasacd 6insa aromiB Ga. Ha monekynu O; edeKTus-
HO pearyBajii TiJIbKU c(peprUHi HAHOUACTUHKMU, 30iJbIIIYIOUN CBOIO HPOBif-
HicTb. ¥ IbOMY BUNAAKY aKTHMBHA NiJAHKA HAHOYACTUHOK JIOKajisyBajacsa
6ima aromis O.

Key words: -Ga,0O; nanoparticles of spherical or prism-like forms, mole-

cules of gases, resistive detectors, electronic characteristics, ab initio cal-
culations.
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KarouoBi croBa: HaHouacTuHKu [-Ga,0; chepuuHoi Ta npmaMomnonidbHOI
dopM, MOJIEKyJSIU Ta3iB, PE3UCTUBHI NETEKTOPU, €JEKTPOHHI XapaKTepPUCTH-
KM, POBPAXYHKU i3 MEPIIUX IIPUHITUIIIB.

(Received 11 January, 2022; in revised form, 13 January, 2022 )

1. INTRODUCTION

The sensitivity of the B-Ga,0; semiconductor to a variety of gases
arises because of surface reactions with molecules of gases, which
lead to a chemoresistive change in its conductivity. Recent studies
have shown that morphology of nanomaterials has a significant ef-
fect on the gas sensitivity of nanostructures [1]. Therefore, sensors
that are based on flat films have numerous disadvantages, including
a limited surface, where there is an interaction between gas mole-
cules and the material, which leads to limited characteristics of the
sensors. 1D-semiconductor materials have a high surface-to-volume
ratio, which could provide significant sensor feedback. Regarding
the synthesis of the 1D Ga,0; nanostructures, they can be obtained
by various methods, including physical evaporation, arc discharge,
laser ablation, chemical vapour deposition, grinding, and thermal
decomposition of GaN powders.

Information on the use of semiconductor gas sensors of various
gas controls on the environment shows that the most important to-
day is the definition of toxic gases (CO, NH;, O;). Adeel Afzal [2]
noted that over the past 30 years, the development of miniaturized
electronic gas sensors that can detect very low concentrations
(£100/ppm to >0.1/ppb level) of the toxic gases as well as oxygen
in the indoor/outdoor environment and automotive/industrial pro-
cesses have remained the focus of research [3—17]. Semiconductor
metal oxides exhibit rapid changes in their electrical properties in
response to small changes in the surrounding gas atmosphere.

One of the most developed sensory devices for monitoring harm-
ful greenhouse gases (GHGs) is carbon monoxide (CO). Very im-
portant is monitored, which require the development of specific
sensor devices, which must meet the following criteria: reliable, re-
sponsive, highly sensitive, miniaturized, low cost, and capable to
operate on a large range of temperature, from ambient temperature
(smart objects) to high temperatures (up to 600°C for industrial
combustion processes) [1].

Ozone (O,) is toxic to living organisms, when it is in very low
concentrations, causing irritation of respiratory system, headache
and burning eyes. Continuing exposure to O; increases the risk of
respiratory diseases, and at high concentrations of O;, has lethal
effects. OSHA places the PEL at 0.1 ppm, and the NIOSH’s REL is
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0.1 ppm [18]. Ammonia (NH;) is an irritant gas and its influence
increases with its concentration, also is one of the most common
chemicals manufactured and supplied to diverse areas around globe
with usage for nitrogen-based fertilizers, pharmaceuticals, cleaning
products, refrigeration and explosives.

According to Occupational Safety and Health Administration, ex-
posure beyond 25 ppm for 8 h and 35 ppm for 10 min can harm the
skin, eyes and lungs due to highly toxic and corrosive properties of
NH, [19].

Monoclinic gallium oxide (Ga,0;) is a perspective wide band gap
(E,~4.9 eV) semiconductor material. Pure or doped Ga,0O; has wide
applications in transparent conducting electrodes [20], phosphors
[21], gas sensors [22-25], etc. Ga,0, thin film-based gas sensors are
very promising to detect oxygen at high temperature of 600-1000°C
[26, 27]. It can also be used to detect reducing gases such as H,,
CO, CH,, etc. [28, 29] at high temperature.

One-dimensional (1D) nanomaterials are considered as ideal can-
didates for gas sensing applications due to their large surface area-
to-volume ratio and the size effect [30]. The 1D nanostructures of
well-established gas sensing materials such as SnO, [30, 31], ZnO
[32], WO, [33, 34], and In,O; [35] have shown higher sensitivity,
faster response, and/or enhanced capability to detect low concentra-
tion gases compared with the corresponding thin film materials.
Furthermore, gas sensors made from 1D nanomaterials showed low-
er optimal operating temperature, which is favourable for power
saving and device integration. The 1D Ga,0; nanomaterials have
been studied widely in recent years [36—38]. However, few works
focus on their gas sensing properties. In work of Zhifu Liu et al.
[39], in order to make gas sensors, the nanowires were collected and
dispersed in methanol with the assistance of ultrasonic. Gas sensors
were fabricated by dispensing the Ga,0; nanowire suspension onto
oxidized Si substrates with interdigitated Pt electrodes as described
in Ref. [40].

In the article [41], authors reported on a simple method to pre-
pare submicrometer-size spherical (-Ga,O; particles with uniform
diameters. The spherical Ga,O; particles exhibit a broad blue-green
light emission and a peculiar red light emission due to the oxygen
vacancies and nitrogen doping formed during the high-temperature
growth process in ambient air. The luminescence of the particles
can be further tuned by post-annealing of the as grown particles in
ammonia atmosphere. Tingting Zhang et al. [41] believe that the
single-crystalline spherical Ga,O; particles with excellent lumines-
cence properties are suitable for applications in white-LED phos-
phors and novel optoelectronic devices.

This work is devoted to the theoretical study, using the methods
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of electron density functional, ab initio pseudopotential and the au-
thor’s software [42], the sensitivity of p-Ga,O; nanoparticles of
spherical or prism-like forms to the adsorption of CO, NH;, and O,
molecules.

2. METHODS AND OBJECTS OF RESEARCH

The basic states of the electron—nucleus systems of B-Ga,0; nano-
particles with CO, NH;, O; molecules were detected by means of the
self-consistent solution of the Kohn—Sham equations. Electronic
variables only were determined with the atomic cores fixed. Follow-
ing Kohn—Sham [43, 44], electronic density was written down in
terms of occupied orthonormal one-particle wave functions. In the
solution of these equations, the pseudopotential formalism was
used, according to which a solid is considered as a set of valence
electrons and the ion cores. We use Bachelet, Hamann and Schliiter
ab initio pseudopotential. The total crystalline potential is con-
structed as the sum of ion pseudopotentials, which are not overlap-
ping and associated with ions (nucleus + core electrons), located at
the positions, which are periodically repeated for crystals. For non-
periodic systems, such as a thin film or a cluster the problem of
lack of periodicity is circumvented by use of the supercell method.
Namely, the cluster is periodically repeated but the distance be-
tween each cluster and its periodic images is so large that their in-
teraction is negligible. The ubiquitous periodicity of the crystal (or
artificial) lattice produces a periodic potential and thus imposes the
same periodicity on the density (implying Bloch’s theorem). The
Kohn—Sham potential of a periodic system exhibits the same perio-
dicity as the direct lattice and the Kohn—Sham orbitals can be writ-
ten in Bloch’s form. This heavily suggests using plane waves as the
generic basis set in order to expand the periodic part of the orbit-
als. Since plane waves form a complete and orthonormal set of func-
tions, they can be used to expand orbitals [45, 46].

The artificial superlattice method was used in present calcula-
tions. Therefore, in the studied atomic systems, the artificial trans-
lational symmetry was introduced by constructing of a super-lattice
with a primitive tetragonal cell and the atomic basis, which con-
tains the complete information about the studied system [47]. The
cell was translated in three orthogonal directions.

The conditions for performing present calculations were as fol-
lows: integration on the Brillouin zone was replaced by a calculation
at one point of the Brillouin zone, namely, at the I'-point. The iter-
ations stop self-consistent provided matches the current iteration of
the calculation results and previous with pre-selected accuracy,
their number varied depending on the calculated object, but present
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results coincided after 3—5 iteration, usually. The number of plane
waves in the schedule of the wave function was truncated by trial
calculations and evaluation of the physicality of the obtained re-
sults (spatial distribution of electron density, the magnitude of the
gap in the electronic energy spectrum between the last occupied
state and the first unoccupied), from general ideas about simulated
nanostructure or in comparison with the results obtained by other
authors. Often, the number of plane waves is chosen to be about
20—-25 waves per base atom.

This calculation algorithm for electronic properties is easier to
perform in Cartesian space (X, Y, Z), while the performance of
crystallographic symmetry operations are performed with fractional
crystallographic co-ordinates (x, y, z). In orthonormal crystallo-
graphic systems (cubic, tetragonal and orthorhombic), the trans-
formation of coordinates is reduced to a simple division of coordi-
nate values into corresponding cell constants. For example, x = X /a,
and X =ax. In the case of a general oblique crystallographic system,
the transformation is described by matrix operations [48].

The monoclinic B-Ga,0; with space group C2/m has two non-
equivalent Ga sites: Gal is the six-fold-co-ordinated site, while Ga2
is the fourfold. In addition, there are three non-equivalent O sites,
which are threefold-coordinated O1 and O3 sites, while O2 is the
four-fold. The lattice parameters at room temperature are measured
to be a=12.23 A, b=3.04 A, ¢c=5.80 A, and the unique axis
B=103.7° (angle between a and ¢ axes) unit cell. The unit cell con-
tains four formula units, eight Ga atoms and twelve O atoms are
evenly distributed into two Ga and three O non-equivalent sites at
positions 4i, (0 0 0), (1/2 1/2 0), (x 0 2) [49-51] (Table).

Fractional crystallographic coordinates of atoms are given in Ta-
ble. We were transformed into Cartesian co-ordinates using the al-
gorithm described in the work [48]. Discussed there transformation

TABLE. Non-equivalent atomic fractional positions of p-Ga,0; [48].

Atom x y z Co-ordination
Gal 0.09050 (2) 0 0.79460 (5) four-fold
Ga2 0.15866 (2) 1/2 0.31402 (5) six-fold
01 0.1645 (2) 0 0.1098 (3) three-fold
02 0.1733 (2) 0 0.5632 (4) four-fold

03 0.0041 (2) 1/2 0.2566 (3) three-fold
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of the coordinates of atoms from a crystallographic monoclinic sys-
tem to Cartesian geometry is not distorted crystal particles of two
forms: spherical and prism-like. Therefore, the resulting set of
atomic Cartesian co-ordinates can be used to calculate the character-
istics of the crystal electron subsystem using the present author’s
computer program.

Since the laboratory coordinate system operating within the au-
thor’s software package is rectangular, and the calculation algo-
rithm provides translational symmetry, an artificial orthorhombic
superlattice was first developed. The object of study is to determine
the parameters of this superlattice and atomic basis. Present objects
of study were nanoparticles of B-Ga,0; of spherical or prism-like
forms with adsorption of CO, NH;, O; molecules. Therefore, the size
of the primitive cell was elected so that translated particles do not
affect one another due to the built-in vacuum cell gap. In Figure 1,
primitive cells of artificial superlattices of orthorhombic type are
shown, which reproduced the crystallographic space of finite [3-
Ga,0; particles of monoclinic system with the space group C2/m of
different shapes but with the same number of atoms (contains 30
atoms). It was believed that the p-Ga,O; nanoparticles retain a mon-
oclinic character in their structure regardless of their size and
form.

For calculations such objects were developed:

a
z z z
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R NIL (3 ()% _
2 o Qo Q'rQ 0o ' Q

EDeo ©@NH, 03@

0—Ga ©o—N —C «—0 .—H

Fig. 1. Primitive cells of an artificial superlattice of the orthorhombic
type, which reproduced the crystallographic space of the p-Ga,0; nanopar-
ticle of monoclinic system with pushed CO, NH;, O; molecules (spherical
form—top row (a), prism-like form—bottom row (b)).
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— object 1: pure particles of the spherical or prism-like forms with
the same number of atoms (30 atoms); the primitive cell of the su-
perlattice with parameters a=b=c=24 A and a=32 A, b=c=20 A,
respectively;
— object 2, 5: sphere and prism of Ga,O; with the addition of car-
bon monoxide (CO) molecules near gallium and near oxygen, the
base consisted of 34 atoms, among them (Ga—12, 0—20, C—2); the
primitive cell of the superlattice with parameters a=c=24 A, b =28
Aand a=382A, b=21 A, c=23 A, respectively;
— object 3, 6: sphere and prism of Ga,O; with the addition of am-
monia (NH;) molecules near gallium and near oxygen, the base con-
sisted of 38 atoms, among them (Ga—12, 0—18, N—2, H—6);
— object 4, 7: sphere and prism of Ga,0; with the addition of ozone
(O,) molecule near gallium and near oxygen, the base consisted of
36 atoms, among them (Ga—12, 0—24).

The distances between the nearest atoms of molecules and parti-
cles were equal to the sums of the radii of the corresponding atoms.

3. RESULTS AND DISCUSSION

The electron density of the studied atomic systems was self-
consistent for several periods of iterations, and the atomic base was
not optimized. Calculated spatial distributions of valence electron
densities and their cross sections within a primitive cell are shown

N
Fig. 2. Spatial density distributions of valence electrons (for the 0.7-0.8

part of the maximum value, top (a); for the 0.1-0.2 part of the maximum,
down (b)) of pure spherical or prism-like forms.
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Fig. 3. Spatial distributions of valence electron density within the interval
1.0-0.9 of the maximum value; molecules are located in the vicinity of the
gallium atom (a) and oxygen atom (b) as spherical shape objects 2—4.

‘:;’v}i}_‘ﬁow ——with NH,

Fig. 4. Spatial distributions of valence electron density within the interval
0.2-0.1 of the maximum value; molecules are located in the vicinity of the
gallium atom (a) and oxygen atom (b) as objects 2—4.

in Figs. 2-7.

Comparing the spatial distributions of the density of wvalence
electrons in pure nanoparticles for the smallest values relative to
the maximum value (this electron density is considered to be the
one that limits the atomic object), we see that the electron density
in spherical particles is more drawn inward than in prismatic parti-
cles (Fig. 2).

The presence of molecules near nanoparticles causes additional
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Fig. 5. Spatial distributions of valence electron density within the interval
1.0-0.9 of the maximum value; molecules are located in the vicinity of the
gallium atom (a) and oxygen atom (b) as prism-like forms’ objects 5-7.

Fig. 6. Spatial distributions of valence electron density within the interval
0.2-0.1 of the maximum value; molecules are located in the vicinity of the
gallium atom (a) and oxygen atom (b) as prism-like shape objects 5-7.

structuring of the spatial distribution of electron density in the
middle of the spherical particles (Fig. 3).

On the other hand, the presence of molecules near prismatic na-
noparticles leads the spatial distribution of the electron density to a
more diffuse (uniform) form with the effect of drawing the electron
density into the interior of the particles (Fig. 5).

It should be noted that, only for the composition ‘ozone +
+ nanoparticle (of any shape)’, a combined form of the spatial dis-
tribution of valence electrons is formed (Fig. 4, 6).

The energy distances between the last main occupied valence elec-
tron state and the first unoccupied excited state (band gap) of ob-
jects of spherical and prism-like forms with molecules are shown in
Fig. 8.

It was found that nanoparticles of both forms could serve as ef-
fective resistive detectors of CO and NH,; molecules. At the same
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Fig. 7. Cross-sections of spatial distributions of the density of valence elec-
trons within a Ga,O5: (a), (¢)—plane (110) cross-section for objects 1-7,
(b), (d)—plane (100) cross-section for objects 1-7.

eV

600
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Ga, O, + GO Ga,0, + GO Ga,0,+ NH, Ga,0; + NH, Ga,0,+ 0, Ga,0,+ 0,
pure Ga,0, néa; Ga r:ca:r (o} near Ga  near O ° néar Ga®  riear O
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Fig. 8. Energy distance between the last ground valence electron occupied
state and the first unoccupied excited state (band gap) of objects of spheri-
cal and prism-like forms with molecules. Inserts contain spatial distribu-
tion of valence electron density within the interval of 0.9-0.8 of the max-
imum value.

time, we considered that the composition ‘molecule + particle’ was
not physically realizable if we recorded very large values of the for-
bidden energy bands. A decrease in the size of the region of forbid-
den energies below the value inherent in a crystal (E,~ 4.9 eV) was
considered a constructive reaction.

A brighter reaction to the CO molecule was recorded in a spheri-
cal particle, and to the NH; molecule was recorded in a prism-like
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particle. In this case, the sensitive place of the nanoparticles is lo-
cated near the Ga atoms, whereas only spherical nanoparticles re-
spond effectively to O; molecules by increasing their conducting
properties. In this case, the sensitive place of the nanoparticles is
located near the O atoms.

4. CONCLUSION

The electronic characteristics of pure B-Ga,0O; nanoparticles of
spherical or prism-like forms with the same number of atoms and
with the addition of CO, NH;, O; molecules near the Ga atom or the
O atom were investigated by methods of the theory of electron den-
sity functional and pseudopotential from the first principles on the
original program code.

The B-Ga,O; nanoparticles of both forms can serve as effective
resistive detectors of CO and NH; molecules. A brighter reaction to
the CO molecule was recorded in a spherical particle, and to the
NH; molecule was recorded in a prism-like particle. In this case, the
sensitive place of the nanoparticles is located near the Ga atoms,
whereas only spherical nanoparticles effectively respond to O; mole-
cules by increasing their conducting properties. In this case, the
sensitive place of the nanoparticles is located near the O atoms.
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The results of the investigation of thermally stimulated luminescence
(TSL) of thin B-Gay0,:Cr®" films are presented. The depth of the trap cen-
tre (TC) responsible for the TSL band with a maximum in the region of
290 K is determined. The non-elementary nature of this TC is established,
and the possibility of the realization of diffusion-controlled tunnel recom-
bination at releasing the TC in thin B-Ga,0;:Cr®" films is indicated. The
measured TSL spectra show the presence of a wide band of emission due
to *T, — *A, transitions in Cr®" ions. The R-lines (for the 2E — *A, transi-
tions) and their phonon repetitions in the long-wavelength region are in-
terpreted.

HagBezeHO pesyabTaTy AOCHIIMKEHHS TEPMOCTHMYJILOBAHOI JIIOMiHecIieHiii
(TCJI) y Torkux miaiBkax B-Ga,0,:Cr®*. BusnaueHo riaubuHN IEHTPY 3aXOI-
nenua (113), BigmorimanbHoOro 3a cmyry TCJI 3 makcumymom B o6sacti 290
K. BcraHnoBieHo HeeseMeHTapHicTh manoro 113 Ta BKasaHO Ha MOXKJIMBiCTH
HASABHOCTH y TOHKUX ILTiBKax B-Ga,0,:Cr®" nudysHo-KOHTPOILOBaHOI TyHe-
JbHOI pekoM0OiHatii mix uac sBinbHenHa I13. Bumipsaui cuextpu TCJI moka-
3YIOTh HAaABHICTH INHPOKOI CMyru cBiuemHs, 3ymoBieHoi *T, — *A,-
mepexogamu y tionax Cr®'. ImrepmperoBamo R-iimii (mepexozm 2E — ‘A,) Ta
ixHi ()OHOHHI MOBTOPEHHA y AOBTrOXBUJILOBiH 06JiacTi.

Key words: gallium oxide, thin films, activator, thermally stimulated lu-
minescence.

Kuarouosi cioBa: oxcuz Iamiio, TOHKI IJIiBKM, aKTHBATOD, TEPMOCTUMYJIBO-
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1. INTRODUCTION

In recent years, the needs of science and technology have put for-
ward a number of practically important materials, including pure
and doped gallium oxide B-Ga,0; [1-4]. Among them, the f-
Ga,0;:Cr®" occupies an important place in both monocrystalline [5,
6] and thin-film or nanocrystalline [7, 8] states. In particular, the
thin B-Ga,0,;:Cr®" films are promising luminophores in the red re-
gion of the spectrum at used in flat screens PDP (plasma display
panel), which are actively developing [9]. The efficiency of transfer
of excitation energy from the main substance to the centres of lu-
minescence is largely determined by the presence of trap centres
(TC), which are manifested in thermally stimulated luminescence
(TSL). This led to the investigation of the TC of charge carriers and
the determination of their parameters by thermal activation meth-
ods in thin B-Ga,0;:Cr®" films. These thin films are obtained by ra-
dio-frequency (RF) ion-plasma sputtering. The application of this
method is considered as optimal for the deposition of semiconductor
and dielectric thin films [10].

2. EXPERIMENTAL TECHNIQUE

Thin films of B-Gay0,:Cr®* with a thickness 0.3—0.8 um were ob-
tained by RF ion-plasma sputtering on substrates of v-SiO, fused
quartz. RF sputtering was carried out in an atmosphere of argon in
the system using the magnetic field of external solenoids for com-
pression and additional ionization of the plasma column. The raw
material for the manufacture of the target was p-Ga,0; with grade
‘OCY’ (the purity 99.99%). The doping impurity in form of Cr,0,
oxide with a concentration of 0.01-0.1 wt.% was added to the tar-
get material. After deposition of the thin films, the thermal treat-
ment in oxygen atmosphere at 1000-1100°C was held. X-ray dif-
fraction studies of the obtained thin films showed, as for undoped
B-Ga,0; films, the presence of a polycrystalline structure with a
predominant orientation in the (400), (002), (111) and (512) planes.
The diffraction patterns for p-Ga,0; films were described by us ear-
lier [11] in more detail.

In the investigation of thermally stimulated luminescence, the
samples were placed in a vacuum cryostat, where the temperature
varied between 80 and 400 K, and irradiated with x-rays of CukK,-
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radiation (‘YPC-55°, 40 kV, 10 mA) at 80K. The dose of x-
irradiation was measured with a dosimeter ‘UIIMII-1’. The value of
radiation exposure varied between 0.15 and 3.30 C/kg. The intensity
of TSL luminescence was recorded by a photomultiplier ‘@3V¥-51’
with a light filter ‘KC-15" and an electrometric multiplier. The line-
arity of heating was provided by the ‘PM®-101’ temperature regula-
tor. The heating rate was $=0.150+0.005K/s that provided a suffi-
cient resolution for the studied samples with a good light sum. The
spectrums of thermally stimulated luminescence were investigated
using a quartz spectrophotometer ‘Cd®-4A’. The emission spectrums
were adjusted taking into account the dispersion of the monochrom-
ator and the sensitivity of the photomultiplier ‘®@9Y-51".

3. RESULTS AND DISCUSSION

The investigation of TSLs previously excited by x-rays of thin f-
Ga,0,:Cr*" films makes it possible to determine local energy levels
within the band gap, which are manifested in the capture of charge
carriers. These levels occur due to doping and may be due to intrinsic
defects of the crystal lattice. To establish the parameters of the trap
centres of charge carriers in thin films of P-Ga,0,:Cr®", which arise
because of doping with chromium, the TSL curves were measured
through a light filter ‘KC-15’. This light filter transmits emission
with wavelengths over 630 nm, which corresponds to the lumines-
cence spectrums of B-Ga,0,;:Cr®" [12—15]. In addition, the use of this
light filter makes it possible to eliminate the emission of TSL due to
recombination processes in the matrix - a thin film of B-Ga,0;. This
luminescence occurs in the spectral region of 320-570 nm [16].

The typical TSL curves of thin B-Ga,0;:Cr®" films are shown in

Fig. 1. The TSL curve of thin B-Ga,0,:Cr®" films after x-ray irradiation
(D=1.55°C/kg, T =80 K).
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Fig. 1.

As can be seen, in the investigation temperature range, the char-
acteristic band of TSL with a maximum in the region of 290 K is
observed. The obtained results show that recombination processes in
this band are described by linear kinetics, because in the case of lin-
ear luminescence kinetics the low-temperature part of the TSL band
is longer than high-temperature, and in the case of quadratic, vice
versa [17].

One of the main parameters of TC is the energy of their thermal
activation E;. To determine the E; in the studied thin B-Ga,0,:Cr®
films, the approximate Urbach ratio E;=25kT [17], the method for
superposition of theoretical and experimental TSL curves, proposed
in [18], the method based on measuring the half-width of the stud-
ied TSL peaks [19] and the method of initial luminescence build-up
[17], where the depth of occurrence is defined as E; = d(InI)/d(kT)*"
were used.

The second important characteristic of the TC is the frequency
factor p,, which characterizes the frequency of effective collisions
that are able to release localized charges. The value of p, for the de-
tected peak of TSL was determined by the formula:

E, = [ln % —In [ln %n BT, o »

which was obtained in [20] for the case of linear kinetics, which, as
noted above, is also characteristic of thin B-Ga,0,:Cr®* films.

The results of processing the TSL curve by different methods are
given in Table.

Given that the method [17] has a certain error due to theoretical
simplifications, the error of the initial luminescence build-up meth-

TABLE. The thermal activation energy and frequency factor of TC in thin
films of B-Ga,0,:Cr?".

E;, eV
= g = g
- %] — &
° 8 — 2 = —
o o 00 g =~
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od is 2-3%, and the error when calculating the half-width peak
method 7-15% [21], we can conclude that the E; values obtained by
using most methods are almost the same. A characteristic feature is
the underestimated value of E;, calculated by the Lushchick meth-
od, which is due to the large half-width of the investigation band
TSL. This situation indicates that this band of TSL is not an emis-
sion of the monoenergy centre, but contains extensions by energy.
This may be due either to the overlap of two levels that are energet-
ically close, or to the quasi-continuous energy distribution of the
level of the TC. Based on the results of TSL studies of single [-
Ga,0,:Cr*" crystals [15], this situation is well explained by the pres-
ence of low-intensity curves with maxima in the region of 300 K
and 320 K in TSL spectrum, which can expand the TSL band of thin
B-Ga,0,:Cr®" films.

As can be seen from Table, for thin B-Ga,0,:Cr®" films, the fre-
quency factor of the relaxation process was determined by the E;
method of initial luminescence build-up, which has the smallest er-
ror, is several orders of magnitude lower than the frequency factor
of the trap centres (~10'? s™'). A similar situation is observed in
pure thin films of B-Ga,O;, where the possibility of diffusion-
controlled tunnel recombination is shown [16]. This may indicate
that, likely in pure thin B-Ga,O; films, the diffusion-controlled tun-
nel recombination is observed in thin B-Ga,0;:Cr®" films due to
thermally stimulated migration of holes delocalized from V,-centres.

The spectral composition of the emission of the TSL band with a
maximum in the region of 290 K (Fig. 2) correlates well with the
photoluminescence spectrums of single B-Ga,0;:Cr®" crystals [12—
15]. Based on the results [13—15, 22], this emission is due to elec-
tronic transitions in Cr®" activator centres, which occupy octahedral
positions in the B-Ga,0;-crystal lattice. In general, the luminescent
spectrum can be caused either by the displacement of chromium

1.00r

0.00 , . . ,
600 650 700 750 800

A, nm

Fig. 2. The TSL spectrum of thin B-Ga;0,:Cr®* films in the band with a
maximum in the region of 290 K.
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ions from the centre of inversion, or by the interaction with lattice
oscillations. The luminescence spectra of B-Ga,0,;:Cr®" consist of a
series of lines and bands of different intensities, which are super-
imposed on a wide unstructured band of emission. This wide band
in the spectral region of 680-800 nm arises due to the radiation
electronic transition *T,— *A, [22]. According to Refs. [13-15, 22],
two R-lines of different intensities are observed in the B-Ga,0,:Cr®
spectra at 688.9 nm and 696.6 nm. The lines are observed due to
electronic transitions to the ‘4, ground state from two sublevels *E-
state which is split in the crystal field (Eand 2 A) (so-called non-
phonon (NPL) or zero-phonon transitions). In the long-wavelength
region, as a rule, weaker lines appear due to phonon repetitions of
these phonon-free transitions (oscillating or vibrating bands), which
are shifted relative to non-phonon R-lines to the long-wavelength
region of the spectrum (Stokes bands).

The TSL spectra of the thin B-Ga,0;:Cr®" films obtained by us
(Fig. 2) have a wide maximum in the spectral range from 693 to
696 nm. Most likely, this maximum is due to the undivided doublet
of R, and R,-lines, as the accuracy of the equipment used and the
relative weakness of the signal did not allow separating these lines.

The typical local maximums on the luminescence spectrum of TSL
of thin B-Ga,0,:Cr®" films in the region of 710 and 721 nm are due
to phonon repetitions of non-phonon R-lines. By averaging the en-
ergies of the R; and R, lines, these local maximum can be interpret-
ed as R;, R,—332 cm™, and R,, R,—566 cm'. This interpretation is
in good agreement with the results of studies of the vibrational
spectra of thin 3-Ga,0; films [23, 24].

The obtained emission spectrums of TSL of thin B-Ga,0;:Cr
films show that radiative recombination upon release of the trap
centre with the thermal activation energy of about 0.65 eV occurs
through the same centres as in the stationary luminescence mode.

3+

4. CONCLUSIONS

Our investigation shows that in thin B-Ga,0;:Cr®* films obtained by
RF ion-plasma sputtering, the TSL curve due to activator emission
contains a band with a maximum in the region of 290 K. The depth
of occurrence of the TC responsible for this TSL is about 0.65 eV.
The non-elementary nature of this TC has been established. The
value of the determined frequency factor p, indicates the possibility
of existence of diffusion-controlled tunnel recombination due to
thermally stimulated migration of holes delocalized from V,-centres.
In the TSL spectra of thin B-Ga,0,:Cr®" films, the broad lumines-
cence band with a maximum around 695 nm is observed that corre-
sponds to the electron—vibrational transitions *T, — ‘4, in the acti-
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vator ion. The maximum of the band is associated with R-lines
(E —» *A, transition), and the local maximum in the long-
wavelength region are associated with phonon repetitions of R-lines.
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The dependence of the deposition rate of thin Y,0;:Eu films during RF
sputtering on the pressure and composition of the working gas is studied.
The presence of the optimal pressure of the working gas, at which the
deposition rate is maximal, is established. The influence of the Eu®"-
activator concentration on the deposition rate of thin films and the
brightness of cathodoluminescence of thin Y,05:Eu films is studied. The
explanation of the obtained results is carried out within the limits of
backscattering and back-diffusion effects, and special attention is paid to
the resonant charge-exchange mechanism.

HocmimxeHo 3aleXKHICTh IIBUAKOCTH HAaHECEeHHS TOHKUX IIiBOK Y,03;:Eu 3a
BY-posmopoliieHHA Bif TUCKY Ta CKJaxy pobouoro rasy. BcraHoBiieHO Hasd-
BHICTh ONITMMAJILHOTO THUCKY PoO0OUYOro rasy, 3a AKOTO IIBUAKICTh HaHECeH-
HA € MaKCUMAaJIbHOIO. JIoCTifisKeHO BILIMB KOHIeHTpalii akTueaTopa Eu®' ma
MIBUAKICTh HaHECEHHA TOHKUX ILJIIBOK i SICKpaBicTh KaTOMOJIOMiHECITEHITil
TOHKUX IIiBOK Y,0;:Eu. IlodgcHeHHS ozep:KaHUX pe3yJabTaTiB IPOBOAMTHCA
B Me:kKaX e()eKTiB 3BOPOTHBLOTO PO3CisgHHSA, 3BOPOTHLOI Au@ysii, a ocobauBa
yBara InpujijgeThcd MeXaHi3My pPe3OHaHCHOI Iepe3apsanKiu.

Key words: yttrium oxide, thin films, radio-frequency sputtering, cathod-
oluminescence.

Karouogi cioBa: okcup ITpiro, TOHKI IJIiBKM, BUICOKOYACTOTHE PO3IOPOIIEeHH I,
KaTOILOJIIOMiHeCIleHI[isd.
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1. INTRODUCTION

Among a large number of materials for optoelectronics, luminescent
materials are of particular importance, which are used in the crea-
tion of displays, scintillators, and means for recording and visualiz-
ing information. In a number of materials that are promising for
use in the creation of display screens, phosphors based on Y,0;:Eu
deserve special attention, which make it possible to obtain thin-film
coatings with a red luminescence [1-3]. The combination of na-
nosize crystalline particles and the presence of a dopant, lumines-
cent Eu®" centres, ensures the high efficiency and stability of the
luminescence of this material, which contributes to the expansion of
potential areas of its application [4—7].

Note that a number of methods are used to obtain thin films
based on Y,0;:Eu [8-10]. Because of different perfection, such
films obtained by different methods differ in their optical and lu-
minescent properties. The requirements of high uniformity over the
film area and preservation of the chemical composition of the film
at high melting temperatures of the material led us to use the
method of radio-frequency (RF) ion-plasma sputtering as a method
leading to the deposition of the most uniform semiconductor and
dielectric films [11, 12].

This paper presents the results of studies of the RF ion-plasma
synthesis of thin Y,0;:Eu films depending on the pressure of the
working gas in the spray system and the effect of the chemical
composition of the spray atmosphere on the rate of film deposition.

2. EXPERIMENTAL TECHNIQUE

Thin Y,0;:Eu films with a thickness of 0.2—1.0 um were obtained by
RF ion-plasma sputtering in an atmosphere of variable composition
from a mixture of argon and oxygen. For compression and addi-
tional ionization of the plasma column, the magnetic field of exter-
nal solenoids was used. The films were deposited on fused quartz v-
Si0O, substrates. The feedstock was Y,0; ‘UTO-N’ brand and Eu,O,
‘oc. u.” brand. The concentration of the activator was 2.5-10.0
mol.% . X-ray diffraction studies showed the presence of a polycrys-
talline structure with a predominant orientation in the (222) plane.
The form of the obtained diffraction patterns is practically similar
to the diffraction patterns of pure Y,0O; films, which we presented
in [13].
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Depending on the annealing atmosphere, the crystallite sizes
changed slightly and were within d=5.5-7.0 nm [14]. The use of
high-temperature annealing due to the processes of growth and sin-
tering led to an increase in the size of crystallites. In particular, at
an annealing temperature of 1000°C, the sizes of crystallites in-
crease to d = 28.0-32.0 nm [14].

3. RESULTS AND DISCUSSION

Our studies show a noticeable effect on the deposition rate of thin
Y,0;:Eu films of the pressure and composition of the gas in which
thin films are deposited.

The dependence of the rate of deposition of thin Y,0;:Eu films on
the pressure of the working gas Ar is shown in Fig. 1. As can be
seen in Fig. 1, this dependence has the maximum value of the depo-
sition rate at a certain value of the pressure of the working gas.
The decrease in the sputtering coefficient, estimated from the rate
of deposition of a substance on a quartz substrate, with increasing
pressure can be explained by back diffusion and backscattering.
During back diffusion, there is a diffuse return of sputtered atoms,
which have an average kinetic energy E, approximately equal to the
average kinetic energy of inert gas atoms E, (E,~ E,) incident on
the target. During back reflection, the return of sputtered atoms to
the target is observed because of their scattering on atoms of the
working gas.

A strong decrease in the target-sputtering coefficient in the re-
gion above 10 Pa can be associated with an increase in the flux den-
sity of bombarding ions, which increase the local temperature of the

target.
0.90 o
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Fig. 1. Dependence of the deposition rate of thin Y,0;:Eu films during RF
sputtering on the pressure of the working gas (Ar, 100%).
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According to the obtained experimental dependence (Fig. 1), the
optimal pressure of the working argon gas turned out to be 0.89 Pa
during the deposition of thin Y,0;:Eu films. Note that this value
will change with a change in the geometric parameters of the spray
system and a change in the composition of the working gas.

The dependence of the rate of deposition of thin Y,05:Eu films in
the presence of the working gas, the Ar + O, mixture, on the density
of the bombarding ions is shown in Fig. 2. As can be seen from the
obtained results, an increase in the partial pressure of oxygen in
the working gas mixture leads to a decrease in the deposition rate.

The dependence of the rate of deposition of thin Y,0;:Eu films on
quartz substrates during RF sputtering in an atmosphere of Ar + O, gas
mixtures of different percentage compositions is shown in Fig. 3.

1.00¢ 1

0.75} / .2

2 // p
E h e
;,g/?f//

5 10 15
@, 10%, ion/m?
Fig. 2. Dependence of the rate of deposition of thin Y,0,:Eu films during

RF sputtering on the density of bombarding ions at a partial oxygen pres-
sure of 0% (1), 20% (2), 40% (3), 60% (4).
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Fig. 3. Dependence of the deposition rate of thin Y,0;:Eu films during RF
sputtering on the partial oxygen content in the Ar+ O, working atmos-
phere.
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According to the results obtained, it can be seen that an increase
in the partial composition of oxygen in the Ar + O, sputtering at-
mosphere mixture leads to a decrease in the sputtering rate. This
dependence can be explained by a decrease in the total kinetic ener-
gy of the ions bombarding the target, since m,, > m,,. In the region
of 0-10% O, in an Ar -+ O, mixture, the deposition rate changes
slightly with a change in the partial composition of oxygen, and
such an atmosphere can be used for the rapid deposition of thin
Y,0,:Eu films.

In addition to the studies described above, we studied the effect
of the activator concentration on the structure of Y,0;:Eu films. It
was found that, when the concentration of the activator varies from
0 to 10.0 mol.%, structure of the films was determined by the pre-
dominant orientation in the plane [222]. It should be noted that at
an activator concentration of 7.5 mol.%, the less intense diffraction
reflection from the [440] plane had the highest intensity among the
films under study. Characteristically, thin Y,0;:Eu films with such
an activator concentration exhibit intense cathodoluminescence
(CL). The characteristic results obtained by us are given in Table.

It was found that the deposition rate of Y,0;:Eu films remained
almost constant when the concentration of the activator changed
from O to 10 mol.% at the steady-state parameters of the RF instal-
lation.

To analyse the results obtained in this work, it should be as-
sumed that the thin Y,05:Eu films under study were deposited in
RF glow-discharge plasma. Such plasma is characterized by the pro-
cesses of ion—atom and ion—ion charge exchange, because of which a
number of effects are observed, such as backscattering and back
diffusion. In addition to these processes, the results obtained in this
work can be explained on the basis of one more factor—resonant
charge exchange. It affects the dependence of the target-sputtering
coefficient on the pressure of the working gas and the energy of the
bombarding ions.

During deposition, resonant recharging proceeds according to a

TABLE. Influence of activator concentration on cathodoluminescence
brightness in thin Y,0;:Eu films.

Gas environment in the CL brightness

No. chamber C%I;cgltrﬂ;flg/()f relative to the powder
2M8 -0 standard, %

composition| pressure, Pa

1 Ar 100 % 0.9 2.5 91
2 Ar100 % 0.9 5 103
3 Ar100 % 0.9 7.5 135
4 Ar 100 % 0.9 10 102
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typical scheme [15]:
A"+A>A+ A,

where A" and A are the ion and atom of the working gas, respective-
ly.

For a given distance R between the nuclei, the electron-transition
frequency v(R) from an atom to an ion of the working gas used is
determined by the overlap of the wave functions of the electron [16]

V(R) e« exp(—jR),

where j= xﬁ , J is the ionization potential of the atom.

On the other hand, sputtering of the target material is possible
when the working gas ions reach a kinetic energy greater than a
certain threshold value E,.

As the distance between the interacting atom and ion decreases,
the probability of resonant charge exchange increases. This leads to
a decrease in the energy of the bombarding ions and, consequently,
to a decrease in the target sputtering coefficient.

An increase in the speed of the bombarding ions with an increase
in their energy leads to a decrease in the contact time. This leads to
a decrease in resonant charge exchange and to an increase in the
target sputtering efficiency.

Based on two mechanisms, one can explain the decrease in the
target-sputtering coefficient with an increase in the pressure of the
working gas. In this case, a decrease in the distance between the
interacting atom and ion increases the probability of resonant
charge exchange, which leads to a decrease in the energy of the
bombarding ions due to an increase in the interaction time.

Therefore, to reduce the effect of resonant charge exchange on
the film deposition process, it is necessary to work in the region of
low pressure of the working gas at high ion energies.

4. CONCLUSIONS

The conducted studies show that the rate of deposition of thin
Y,0;:Eu films during RF sputtering is determined by the pressure
of the working gas, and this dependence is characterized by an op-
timal, extreme value. This optimal value is determined by the pa-
rameters of the RF installation. It has been found that an increase
in the partial pressure of oxygen in the sputtering atmosphere
(Ar + O,) leads to a decrease in the sputtering rate. It has been
shown that the deposition rate of Y,05;:Eu films is practically inde-
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pendent of the activator concentration in the range from 0 to 10.0
mol.%, and films with an activator concentration of 7.5 mol.%
have high cathodoluminescence brightness. The explanation of the
results obtained is based on the consideration of the effects of
backscattering, back diffusion, and the resonant charge exchange
mechanism.
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The content of this work demonstrates the zinc-oxide (ZnO) films’ synthesis
by means of the HF magnetron sputtering of a zinc target on a silicon sub-
strate using the buffer layers of SiC and porous Si. The synthesis is con-
sisted of three stages: obtaining a mesoporous Si(111) surface by electro-
chemical etching, SiC films’ deposition on porous silicon substrates by the
substitution method, and ZnO films’ synthesis using the high-frequency
magnetron sputtering. The zinc-oxide film thickness is of @1 um. A micro-
scopic cross-section image of the ZnO film demonstrates its columnar mi-
crostructure. The films are in the form of tightly packed (agglomerated)
nanograins (of 100-150 nm in size). According to the XRD-measurement
results, the ZnO films are oriented along the main texture direction [0001].
The study of the formed-structure surface properties indicates the polycrys-
talline nature of the coating with a hexagonal lattice of wurtzite type. The
coherence-area length determined by the Scherrer formula is of 11.8 nm.

Y poboTi mpomeMOHCTPOBAHO CHHTe3y ILTIBOK oKcuay IlmakKy ZnO mertomom
BU-MarseTpoHHOTO PO3MOPOIIEHHA ITMHKOBOI MiIlleHi HA KPeMHiHOBi# migk-
JaauHI 3 BUKOpucTaHHAM Oydepuux mapiB SiC Ta mopysaroro Si. CuHTesa
CKJIamajiacd 3 TPhOX eTamiB: ofep:KaHHA Mes3omopyBaroi moBepxHi Si(111)
eJeKTPOXEeMIUYHUM IIfaBJIeHHAM, HaHeceHHs IIiBOK SiC Ha mopyBaTi KpeMHi-
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MOBl HiZKJaIMHKKM METOAOM 3aMillleHHsA Ta cuHTe3Un ILIiBoK ZnO 3a Jomomo-
TOI0 BMCOKOUYACTOTHOTO MArHETPOHHOTO HANOPOIIeHH:A. TOBIMHA ILTiBKU OK-
cuny lluaky cranmoBuna =1 mxm. Mikpockomiunmii pospis miiBku ZnO ge-
MOHCTpPYe iI cToBImUacTy MiKpocTpyKTypy. ILmiBku maioTh hopMy HUIiIBHO Ia-
KoBaHux (arsomepoBanmx) HaHosepeH (posmipom y 100—-150 um). 3a pesyiib-
TaTaMu PeHTreHo(as30BUX MipAHb mIiBKu ZnO opieHTOBaHi y340BK OCHOBHO-
ro HanpAMKYy TekcTypu [0001]. BuBueHHS BJIACTUBOCTEIN MOBEPXHi YTBOPEHOI
CTPYKTYPHU CBIIZUUTH IIPO IOJIKPUCTANIIUHMY XapakTep IOKPUTTS 3 I'eKcaro-
HAJILHOIO I'DAaTHUIEIO0 TUIY BIOpHUTy. [[oBKMHA 00JaCTM KOT€PEHTHOCTH, BU-
snaueHa 3a IlleppepoBoio ¢opmyJio, ctaHOBUTEH 11,8 HM.

Key words: high-frequency magnetron sputtering, ZnO film, buffer layer,
SiC film, mesoporous Si.

KarouoRi ciioBa: BHCOKOUACTOTHE MAarHeTPOHHE pO3IMOPOIIEHHA, ILIiBKa
Zn0, oydepHuit map, miriska SiC, meszomopucTtuit Si.

(Received 18 January, 2022)

1. INTRODUCTION

Metal oxides (TiO,, ZnO, Al,O,;, Fe,O5, etc.) are very promising for
many applications in micro- and optoelectronics. Among the above
metal oxides, ZnO stands out due to its advantages: stability, good
electronic conductivity, high chemical resistance, wide bandgap (3.1-
3.3 eV), etc. [1, 2].

The manufactured electronic devices properties based on zinc oxide
depend largely on the substrates. Recently, active researches conduct-
ed on the manufacture, properties and application of ZnO/Si hetero-
structures [3—-5]. However, if zinc oxide films grown on silicon sub-
strates, there is a problem associated with a significant difference in
the lattice constants of these materials. This problem leads to the dis-
locations appearance in the structure. Concentrations of such pene-
trating dislocations can lead to significant deterioration of devices
based on these heterostructures. To reduce the defects number in the
SiC/Si heterostructure, the use of buffer layers is proposed [6—-7]. In
addition, buffer layers protect the Si substrate from chemical interac-
tion with oxygen, water vapour, and chlorine-containing compounds
[8] and prevent the appearance of amorphous and polycrystalline
phases Zn,SiO,, ZnSiO;, Zn, SiO, on the semiconductor interface [9].
One of the options is to use a SiC film as a buffer layer [10].

In this regard, further studies of the ZnO/Si system formation
with an intermediate SiC layer and its effect on the surface proper-
ties of the obtained heterostructure are relevant.

The purpose of this article is to obtain ZnO/SiC/porous-Si/Si het-
erostructures, as well as to characterize the fabricated structures
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surface comprehensively.

2. EXPERIMENTAL TECHNIQUE

The ZnO/SiC/porous-Si/Si heterostructure was obtained in several stag-

es:

1. obtaining a mesoporous Si(111) surface by electrochemical etching;

2. deposition of SiC films on porous silicon substrates by the substi-
tution method;

3. synthesis of ZnO films by high-frequency magnetron sputtering.

At the first stage, single-crystal Si(111) wafers of the p-type con-
ductivity orientation were subjected to anodic etching in HF hydro-
fluoric acid solution HF. The samples were etched according to the
standard technique [11].

At the next stage, silicon carbide layers were formed on mesopo-
rous Si samples by atom substitution, according to the technique in-
troduced in the works [12—-14]. For this purpose, the samples, accord-
ing to the Kukushkin—Osipov method [12], were annealed in an at-
mosphere of carbon monoxide (CO) and silane (SiH,) gases mixture. A
SiC growth process detailed description and the experimental setup
scheme are presented in the review [13], the synthesis conditions are
given in research [15].

The final stage was the ZnO thin films deposition by HF discharge
of a zinc target in argon with oxygen [16]. Target parameters: diam-
eter of 80 mm, thickness of 6 mm, zinc purity of 5N. Target—
substrate distance is of 70 mm. Before deposition, the target was
pre-sprayed for 10 minutes to remove all contamination. The samples
were divided into two groups depending on the conditions of the dep-
osition process (Table 1).

At the end of each stage, the test samples were thoroughly
cleaned and degreased.

All experimental samples were examined by scanning electron and
atomic force microscopy and x-ray microanalysis. The interface
structure and the surface structure of the layers were studied using

TABLE 1. The conditions of synthesis of ZnO.

Parameter Value
Growth time, second 600
Substrate temperature, °C 300
The residual pressure in the chamber, Pa 103
Argon pressure, Pa 1
Oxygen pressure p,,, Pa 0.1

HF magnetron discharge power, W 200
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a scanning electron microscope Tescan Mira 3 LMU, an atomic force
microscope, and an Oxford Instruments X-Max 80 mm? energy dis-
persive spectrometer. X-ray structural studies were performed on a
Panalytical X’Pert PRO MRD diffractometer using CuK, radiation
(A=0.15406 nm). Both x-ray phase analysis (XRD) and high-
resolution diffractometric (HRXRD) methods were used for the
study. A typical fast electron diffraction pattern (electronogram)
from the surface (111) of SiC/Si films in the [110] direction was
measured using an EPM-100 electronograph at an electron energy
of 50 keV.

3. RESULTS AND DISCUSSION

According to the results obtained using scanning microscopy, after
electrochemical etching, the initial Si surface of the orientation
(111) underwent changes, i.e., pores with a shape close to cylindrical
were located at an angle to the Si surface. The pore diameter was of
about 20 nm and the depth of the porous layer was of =z 1.5 um.
SEM images of the surface and end cuts of SiC/porous-Si samples
(Fig. 1, a, b) demonstrate a significant change in the surface mor-
phology after synthesis. A structure of small crystallites is observed

Fig. 1. The SEM-image of a surface and cross-section: a, b—SiC films syn-
thesized on mesoporous Si substrates; ¢, d—Zn0O films.

TABLE 2. Elemental composition of the surface of the ZnO/SiC/porous-
Si/Si.

Element Percentage, %
Si 11.88
C 30.52
Zn 28.73

0] 28.88
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on the surface. Crystallites having an irregular spherical shape are
with characteristic sizes at about tens to hundreds of nanometres.
The cross-sectional image confirms the results obtained earlier by us
in [17]. The SiC film covers the Si substrate, the porous structure is
destroyed, and the volume of voids in the substrate is much larger
than that usually observed during growth by atom substitution
method [12-14].

After HF magnetron sputtering of the zinc target, the samples
surface is covered with a continuous film. SEM images of the sam-
ple surface (Fig. 1, ¢, d) demonstrate a columnar film structure,
which is ZnO films’ characteristic. The high packing density leads
to crystal splicing, which makes the film surface almost smooth and
homogeneous, the maximum height of the profile irregularity being
of 187.6 nm. This fact indicates the crystallites splicing and, conse-
quently, the growing film thickening. The ZnO film on all samples
is closely related to the SiC/porous-Si/Si substrate. There is no gap
in the film/substrate interface.

X-ray fluorescence analysis was performed on the ZnO film sur-
face (Table 2). The EDX spectra show lines of elements in both the
substrate and the film. This is explained by the fact that, during
microanalysis, the electron beam penetrates to a depth exceeding
the thickness of the ZnO films.

Within the 260/w-scans obtained in the HRXRD mode near the re-
flection (111) of the Si substrate (Fig. 3), an asymmetry of this re-
flex is observed, which indicates the compression deformations pres-
ence in the substrate.

The diffraction peak in the region of the 35.58° angle corresponds

Statistics:
Z = -378.7 nm

max

Z . =-566.3 nm

in

R =187.6 nm

max

R = 21.5 nm

R =16.52 nm
R, =0.7209 nm
R, =4.351 nm

% 500 1000

Fig. 2. The AFM-image of the surface of the ZnO/SiC/porous-Si/Si hetero-
structure.
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Fig. 3. 20/w scanning reflex (111) from Si and SiC.

to the reflex (111) from the SiC film. The large broadening of this
reflex is most likely caused by microstresses due to a significant
mismatch of Si/SiC parameters. The diffraction peak blurring is
most likely due to the fact that x-rays penetrate through the entire
structure, including the broken boundary between SiC and Si. The
root-mean-square deformation of the lattice (¢) in such a structure
can be calculated by the formula [18]:

e =[/4tgo, (1)

where 3 is the FWHM of the peak (002) (in radians), and 6 is the
diffraction angle (in radians). The average value estimate of the os-
cillation of the lattice parameter value perpendicular to the fusion
plane calculated by the Eq. (1) is e =1-107%.

Figure 4 shows a typical fast electrons diffraction pattern (elec-
tronogram) from the surface (111) of SiC/Si films in the direction
[110]. The point reflexes of this electronogram clearly indicate that
the Si surface contains a SiC epitaxial layer of the 3C—SiC polytype
with the plane (111) extending to the substrate surface. The elec-
tronogram also shows that the SiC films are epitaxial, smooth, and
contain no twins on the surface. The x-ray affects the entire struc-
ture and the broken SiC—Si boundary; so, it is blurred and the film
itself is epitaxial.

The surface diffraction patterns of the ZnO/SiC/porous-Si/Si
structure obtained by x-ray phase analysis (Fig. 5) have a classic
triplet (100), (002), (101) of the hexagonal ZnO phase with parame-
ters a=3.253 A, ¢=5.207 A.

The intensity of reflex (002) exceeds its value for reflex (101),
indicating texture in the c-axis direction. The length of the coher-
ence region determined by the Scherrer formula is of 11.8 nm. The
diffraction patterns also show peaks of polycrystalline cubic SiC. In
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Fig. 4. Electron diffraction patterns from the surface of the SiC layer syn-
thesized on the Si(111) surface with a preliminarily deposited mesopore
system.

(111) (111) (111), (002), (101)
- Si SiC ZnO

400 4 (103) (110) (103)(112)

Zn0 Zn0 Zn0 ZnO
] 1(220) l(S!.l)
siC Sic

{

300+

200

Intensity, Imp/s

T T 1

T T T
20 30 40 50 60 70 80

2Teta, degree

Fig. 5. Diffraction patterns of the x-ray phase analysis: curve I—the
symmetric geometry of the survey 20/m, curve 2—the diffractogram taken
in the sliding geometry mode 260 at the angle of incidence of the x-ray
beam o= 1°.

the diffraction pattern taken in the sliding geometry (the incidence
angle on the sample is 1°) at the position 26 =28.44°, we observe
the (111) silicon reflex, although it is practically absent in the
symmetric diffractogram 20/w. This effect can be explained by the
presence of a thin polycrystalline Si layer at the Si/SiC interface,
since sliding geometry is sensitive to thin near-surface layers.

4. CONCLUSION

The process of ZnO/SiC/porous-Si/Si/Si heterostructure formation
was investigated during research. ZnO films were obtained by HF
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magnetron sputtering on Si(111) substrates pre-profiled with meso-
pores using electrochemical etching, with a SiC buffer layer ob-
tained by atom substitution. Using a set of methods of scanning
electron and atomic force microscopy, x-ray spectral microanalysis
and x-ray structural analysis, the morphology and structure of the
ZnO film surface have been studied. The ZnO film surface proper-
ties study indicates the polycrystalline nature of the coating with a
hexagonal lattice of the wurtzite type.

Thus, the SiC buffer layer makes it possible to obtain ZnO layers
on silicon substrates, orients them, and protects the Si substrate
from interaction with chemical elements during growth. This meth-
od of growing ZnO layers on Si substrate opens up new possibilities
for application and new ways of synthesizing this material.
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ExcnepyMeHTaIbHEe BUMiPIOBAHHSA TOBIIMHMY ILIIBKM HA CTATHIHOMY
ILTiBKOYTBOPIOBAYi Ta IIIBKOBOMY BiJIIIEHTPOBOMY PO3IOPOIIyBaYi

II. €. Tpodpumenko, M. B. Haiiga, O. B. Xomenko, IO. I. IlymkapsoB

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

3HaHHA JOKAJbHUX i cepeJHiX TOBIIWH IJIiBKU Ha IJIiBKOYTBOPIOBAaUi Heo0O-
XigHe IJIsS BUBUEHHS TiApoAMHaAMiKM Teuii, iHTeHCHMBHOCTH TeILJIO- Ta MAacoo-
O6miHiB. JlokanbHI 3HaUeHHS TOBIMWHY ILIiBKU IOTPiOHI ai1a 3’sdAcyBaHmHsA Ti-
IPOAVMHAMIUHOI CTPYKTYPH B KOHKPETHHX yMOBAaX Teuil, BUBUEHHS OCOOJI-
BOCTell MMHaAMiKM PyXy TOHKOTO PiIMHHOTO IIIapy Ta 3MiHM iHTE€HCHUBHOCTH
TEeILJIO- Ta MacoOOMiHiB y HbOMY. JIOKaJbHI TOBIIMHU ILIiBKU 3ajJ€KaTh Bif
Yyacy Ta I'yCTUHU 3POINEeHHA, (DiBMUYHUX BJIACTUBOCTEIl PiAMHU, CTAaHy IIOBEP-
xHi ToImo. Bimomo 6araTto pisHmMX CIOCO0iB [/ MipAHHA JIOKAJIbLHUX TOB-
muH ITiBKu. HaMu po3pobiieHo HOBUIT MeTOH i MPUCTPiil MipAHHSA JOKaJb-
HUX TOBIIWH ILJTiBOK. ¥ CTATTi POSTJIAHYTO METOAM Ta IIPUCTPOI AJA eKcIie-
PUMEHTAJIBHOTO BU3HAYEHHSA TOBIIMWHU ILIIBKM HA CTATUYHOMY ILJIiBKOYTBO-
pooBadi, a TakoK JIOKAJbHUX TOBIIUH ILIIBKU, IO BUTiKA€ 3 IMJIiBKOBOTO
BiZIIIEHTPOBOTI'0 PO3IIOPOIIIyBaya, a caMe, MPUHIIUIIOBI CXeMHU eKCIIepUMeHTa-
JbHUX YCTAHOBOK (CTEHIiB) AJA BU3HAUEHHS TOBIMUWHU IIiBKu. Cremm Ne 1
MPU3HAYEHO MAJIA BUBUEHHS TOBIMWHM ILJIIBKM, MOUYMHAIOYM Bil JEeKiIbKOX
HaHOMETPiB, i XapakKTepy (OopMyBaHHA Ta IIePEeMill[eHHSA HOBEPXHi ILIiBKU
o ILIiBKOYyTBOPIOBauy. [0 OCHOBHMX mapaMeTpiB IJIIBKOYTBOPEHHS Ha CTa-
TUYHUX ILJIIBKOYTBOPIOBAYaX BiJHOCATHCA: IMMMPUHA PO3TiKAHHA ILJIiBKH,
TOBII[MHA IIJIiBKU, B’A3KICThL pifmHM, NMOBepXHEBUIl HATAT, I'yCTUHA PiAWHMU.
JJia MipAHHSA TOBIMHU ILIIBKY 3aCTOCOBYBABCA €JEKTPOKOHTAKTHUN METO.
Creng Ne 2 mpusHaueHuii A MipAHHSA JOKAJbHMX TOBIIMH IJIIBKU 3 ILIiB-
KOYTBOpIOBaUa BiAIIEHTPOBOTO PO3MOPOIITyBaua. Pe3ysbTaTé mAaHUX HOCJi-
I:KeHb MOKHa BUKOPHCTOBYBATH [AJIA IIPOMMCJIOBOTO IPOEKTYBAHHSA PO3IIO-
pomryBauiB pigzuuu. Ha oGepToBuX JomaTAx pisHOI reomerpii MosKkHa 3xilic-
HUTH (POPMYBAHHSA CTPYMEHA PiAvHU y TOHKY IJIiBKYy. ChopMyBaBIIM IIiB-
Ky IOTpiOHMX mapaMeTpiB, Ii MOKHa AUCIEpPIryBaTHU I OJep:KaTU IIOTPiOHY
nucrmepcHicTs mopomwuH. Ii dakTy mocay:kuam OOTIPYHTYBAHHAM IJIA PO3-
PoOOK ILIiBKOBUX PO3IOPOIIYBauiB, IO 00epPTalOThCA, B Pi3HUX TaJy3sax
TIPOMMCJIOBOCTH.

Knowledge of the local and average film thicknesses on the film former is
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necessary to study the hydrodynamics of the flow, the intensity of the
heat and mass transfers. Local values of the film thickness are necessary
to clarify the hydrodynamic structure under specific flow conditions, to
study the features of the dynamics of the motion of a thin liquid layer
and changes in the intensity of the heat and mass transfers in it. Local
film thickness depends on the time and density of irrigation, the physical
properties of the liquid and the state of the surface, and so on. Many dif-
ferent methods are known for measuring local film thicknesses. We have
developed a new method and device for measuring local film thicknesses.
The article considers methods and devices for experimental determination
of film thickness on a static film former, as well as local film thicknesses
flowing from a film centrifugal spray, namely, the schematic diagrams of
experimental installations (stands) for determining the thickness of the
film. Stand No. 1 is designed to study the thickness of the film, starting
from a few nanometers, and the nature of the formation and movement of
the film surface along the film former. The main parameters of film for-
mation on static film formers include spreading width of the film, film
thickness, liquid viscosity, surface tension, liquid density. The electrical
contact method is used to measure the film thickness. Stand No. 2 is de-
signed to measure local film thicknesses from a film former of a centrifu-
gal atomizer. The results of these studies can be used for industrial de-
sign of liquid sprayers. On rotating blades of different geometry, it is
possible to form a jet of liquid into a thin film. Having formed a film of
the required parameters, it can be dispersed to obtain the desired disper-
sion of the spray. These facts served as a basis for the development of
low-speed rotating film sprayers.

KarouoBi caoBa: 1miaiBKa, eKcIepuMeHTAJbHHI CTeHI, IJIiBKOYTBOPIOBAY,
piguHa, JoKaJbHA TOBIIMWHA, BiAIIEHTPOBUI PO3MOPOIIIyBaU.

Key words: film, experimental stand, film former, liquid, local thickness,
centrifugal sprayer.

(Ompumano 23 rucmonada 2021 p.; nicasa doonpaureanns — 9 epyons 2021 p.)

1. BCTYII

Y mamuii yac y pAAi BUPOOHUIITB BUKOPHCTOBYIOTHCA AK CTATHYHI
IIJIiIBKOYTBOPIOBaYi, Tak i BiAIIEHTPOBi IJIiBKOBi poamoporryBaui [1—
5]. Haii6inmpimoro mommupeHHA HAOYB BiAIIEHTPOBUN IJIIBKOBUI PO3-
nopouryBau. JlaHuit TUO pPO3MOpOIIlyBaua Mae IMUPOKY cdepy 3acTo-
CyBaHHA y XapuoBiil, xemiuHill, (hpapmaleBTUUHIN Ta IHIIUX rasxy3ax
ITPOMMUCJIOBOCTH [IJIsT TEILJIO- Ta MAaCOOOMiHIB MiXK KpamiaAMu pPiIuHU
Ta ra3oBoi0 ()aso0i0 B MIPOIecaxX PO3IOPOIIYBAJBLHOTO CYIIiHHA, abcop-
O11ii, mpoBemeHHA MixK(pasHUX peaKIliil, OXOJOMKEeHHA PiouH, KOHIU-
I[ioOHyBaHHA rasdiB Ta B iHIIMX momiOHuMX cucremax. Takuil MIMPOKUI
CIIeKTeD BUKODPHCTAHHSA BiJIIEeHTPOBUX ILJIiBKOBUX PO3MOPOIIYyBaydiB
CBIUUTH PO BUCOKY e(PEKTUBHICTH POOOTU IIPHUCTPOIO.
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Bucoka edexTuBHiCTE pPo0O0OTHM MJIIBKOBHUX PO3IIOPOIIyBauiB 3aje-
JKUTL BiJl ImapaMeTpiB ILTiBKM, IO CTiKae 3 KPOMOK PO3IIOPOIIyBaua,
30KpeMa BiJi IIBHUAKOCTH PYXY ILIIBKM Ta POS3IMOAiaAY il TOBIMWHU Ha
KpoMIli mIiBKoyTBoproBaua. OmgHAK pPOSTiKaHHA IJIIBKM PiTUHM Mifg
yac ii pyxXy IO CTiHIIi ILIIBKOYTBOPIOBAYa, II0 00epPTAEThCA, Ta PO3MA
IJIiBKU, IO CTiKAa€ 3 KPOMOK ILIiBKOYTBOPIOBauYa, a TAKOMK MipAHHS
i1 TOBIIUHM IIle HEJOCTAaTHHO BUBUEHO MOPiBHAHO 3i CTATUUYHUMMU ILJIi-
BKOyTBOpIoBauaMu. Hamu pos3pobJeHOo MeTOHd i mpucTpiii He TiJIbKH
IJIsI CTAaTUYHOTO ILJIIBKOYTBOpPIOBaYUa, ajie i MJd MIpAHHS JIOKAJbBHUX
TOBIIUH ILJIIBOK, IO CTiKAIOTh 3 KPOMOK ILJIiBKOYTBOPIOBAaUa ILJIiBKO-
BOT'O BiIIIEHTPOBOI'O PO3IOPOIIIyBaUa.

2. IPUHIIAIIOBI CXEMHU EKCITEPUMEHTAJIBHUX CTEH/IIB

Ha pucymky 1 mokxasaHo cxeMy OJHOTO 3 BiIOMUX CTEHIIB IJs BU-
BUEHHSA TOBIIUHU ILIIBKU, XapakTepy (opMmMyBaHHA Ta (opMU IIOBEP-
XHi IJIiBKM 3a mepeMilneHHA ii Ha CTaTUYHOMY ILJIIBKOYTBOPIOBAaUi.
Creun BKJIOUaEe pesepByap I mocTiiiHOro piBHA pigwHN, B IHUIII
SKOTO mepeadadeHo oAMH abo KiJbKa OTBOPIB 2, IO CIYKaTh AJSA BU-
TiKaHHA PiAMHU Ta IIOYaTKOBOro (OpPMYBaHHA CTPYyMeHd, ILJIaCKUM
3MiHHUH IIJIiBKOYTBOPIOBAY 3, €JIeKTPOKOHTAKTHUIN IIPUCTPili — MiK-
pomeTep 4 3 iHIMKATOPHUM IIPUCTPOEM 5 (MisiammepmeTep 3MiHHOTO
cTpymMy abo cHelisajgbHA €JEeKTPOHHA iHTEr'DyBaJibHA CXEMa 3 OCI[HJIO-
rpadom).

Hna MipAHHA TOBIIWHY IIJIiBKU £ 3aCTOCOBYBaBCSA €JIeKTPOKOHTAK-
Ui Meron [1] (puc. 1). 'onka, mo nmepemimnryerseca Mikpomerpom 4,

Puc. 1. IIpuanunoBa cxema CTeHIa AJA KOHTAKTHUX AOCIiIKeHb TOBIIUHU
pizkoi maiBKM, a TaKOK MOBEPXHEBUX SBUII], IO BigOyBaroThcA mig yac ¢o-
PMYBAHHS Ta PYXy PiSKUX ILTiBOK Ha ILJIACKOMY ILIiBKOYTBOpIOBAUi.’



660 II. €. TPOOMMEHKO, M. B. HAMIA, O. B. XOMEHKO, I0. I. IIVIIIKAPHOB

B MOMEHT TOpPKaHHSA IIOBEPXHI pPifiMHM 3aMUKae eJeKTPUUYHE KOJO.
Ilicia mepeTBOpeHHA CTPYMYy MOKHA BUMIDATH He TiJIbKMW CEpPEIHIO
TOBIIUHY ILJIiBKH, ajie 1 KOJUBHI IIPOIleCH, III0 BUHUKAIOTh HA IIOBEP-
XHi ILUIIBKYU Ta CYHOPOBOJMKYIOTH IIPOIIECH IIJIiBKOYTBOPEHHA. ¥ HOCJKi-
IKEeHHAX 3a I[i€l0 MeTOAMKOI PiAMHN MaloTh OYyTH eJIEKTPOIIPOBij-
HUMH, HAIIPUKJAML, Ile — 3BUYaiiHa Boja ab0 PO3UMHMN PEUOBUH, AKi
MaloTh MOHHY ITPOBiAHICTH.

3a MeToAMKOI0, HaBeaeHoio B [1], TOBIMHA ILIiBKM Ha 00EPTOBUX
ILIIBKOYTBOpPIOBauUax BU3HAUaJlacd aHaJIOTiuHO, AK Ie IIPeACTaBJIEHO
Ha puc. 1. B cuay BeJIMKHX BiAIIeHTPOBMX CHJI KOHTAKTHI TOJIKU ¥
BUTJIAAI HEBEJMKOro rpebiHIA 3MiHOBaIMCSa Ha IIJIiBKOYTBOPIOBA-
yax, ajie uepes BeJIMKi BiAIIeHTPOBi cuju Ta mapasuTHI HaBeJeHHS B
KOHTaKTaxX, IO TPYThbCA, He 3’€IHYBAJUCA 3 EJeKTPUUYHUM KOJOM.
ToBmimHa HIiBKM B IILOMY BUIAIKY BU3HAYAETHCS BidyaJIbHO 3a IO-
IIOMOTOI0 CTPOOOCKOITIYHOTO OCBIiTJIEHHSI METOAOM peecTpallii MoMeH-
TiB TOPKaHHA TOJKaMH! IIOBEPXHi ILIiBKU, AKi CYIIPOBOMKYIOTHCA BU-
HUKHEHHSM MIUJIOIOAi6HOT0 MiKpodakesa B MicCIli TOPKaHHS TOJKOIO
IIOBEPXHi pigmHM.

PosrigmeMo mesaxi mepemyMoBHU, IO BUKOPHCTOBYIOTBCA B [2, 3]
IUIsl OOT'pYHTYBaHHS BUMIpPiB i BigmoBimHux pospaxyHKiB. Teopernuna
aHajisa IIpoIecy CTPYMUHHO-ILIIBKOBOTO mHepebiry piamum Ha pajmis-
JIbHO PO3TAIllOBaHill MJIacTuHi, III0 00epTaeThCsA, MPOBOAUIACA Ha Pis-
HUX MOJEJSAX IIPOoIlecy, IO CHPOINYyIOTh 3aBIaHHdA. Be3d ypaxyBaHHS
KopionicoBux cua Take 3aBIaHHS PO3TIAHYTO y [4, 5]. OmHak ekcme-
PUMEHTAJbHI MOCTiM:KeHHA Ta HPOMUCIOBI BumpoOyBaunuda [2, 3] mo-
Kasajiu, IO B JAaHOMY BUIIAAKY IIapaMeTPH PO3TiKaHHA pPiaxoro
CTpyYMeHs Ta PO3IOPOINEeHHA PifMHU 3HAYHO BiApi3HAIOTHCA Big pos-
PaxyHKOBUX, 30KpeMa OJEepP:KaHUX Y TEOPETHUHUX TOCIimKeHHAX [4,
5]. Ilomupeni Takok omTWYHi, OE3KOHTAKTHi, Oe3mepepBHi MeTOAU
MipAHHA TOBIIWHU ILTiBKM, AKi, KPiM CKJaZHOCTH KOHCTPYKIIil, ma-
IOTh IOPiBHAHO BeJUKi moxubKu Mipauua [6—9].

3. EKCIIEPUMEHTAJIbHA YJACTHHA

Haii6inbm moTys:KHI AucnepraTopu OAWHUYHOI NTPOAYKTUBHOCTU 3a
pimmHOIO, IO POBIOPOIIYETHCA, 34 MAOCTATHLO MAPiOHOAMCIEPCHOTO
CKJIay PO3MUJY — POBIOPOIITyBaUi, 0 00epraioTbcsa. 'OJIOBHUM IH-
TaHHAM IIIOAO0 BAOCKOHAJEHHS AAHOTO TUIY PO3IOPOIIyBayiB € BU-
BUEHHSA OITUMAJILHUX YMOB IIePEeTBOPEHHSA CTPYMEHIiB piAuHM Ha TO-
HKi maiBku. [1a omepskadHA APiOHOAMCIIEPCHOTO CKJANY PO3IUIY Ha
BiITIEHTPOBOMY PO3TOPOIIYyBadi MOTPiOHO AOCATTH AKHANMEHIIY TOB-
MIMHY IJIIBKY Ha MJIiBKOYTBOPIOBaUi.

Hamu pos3po0sieHO HOBUIT MeTOHA i MPUCTPifi MipAHHA JIOKAJIBHUX
TOBIIIUH ILJIiBOK, IIIO CTiKAIOTh 3 KPOMOK ILIiBKOBOTI'O BiJIIIEHTPOBOTO
posmnopouryBaua. IIporroHoBaHUN MeTOJ MOJIATA€ B JIOKAJbHOMY YJIOB-
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JIIOBAHHI YacTHMHM IJIiBKK a0o ii ¢pparmMeHTiB 3 ImOJAJBIINM HaKOIU-
YeHHAM VJOBJeHOI pimumaum y 30ipHuKy. IIpomomoBaHuii mpucTpiit
BKasaHo Ha puc. 2. IIpucTpiii cKiIamaeThcsa 3 KaHaJIB IJIiBKOYTBOPIO-
Baua 1, JIOKAJbHOTO HOpHiMaua pigmHM 2, MOKAKUMKA IIOJOKEHHS
npuiimaua 3, 36ipHuKa piguHU 4 Ta IPUCTPOIO AJA TOUYHOTO ITO3UILiO-
HYBaHHA IIpuiiMmada 5.

IIpommomoBaHMii MPHUCTPill HpaIioe HACTYIITHMM YUHOM. 3 KPOMOK
IUIIBKOYTBOPIOBaUa BUTIKAE piAvHA y BUTJIAAI IJIIBKU, AKa Ha HeBe-
JUKiN Bimmaii Bii KPOMOK NMOUMHAE mepeTBoproBaTHcA Ha Kparri. I1i
Kpamjai MaoTh pamgidjbHy Ta TAHI'€HIIIMHY CKJAaAOBi HIBUIKOCTHU PY-
Xy, II0 BU3HAUAIOTH IMBUAKICTH PyXy ILIiBKU. HacTMHA MJIIBKU IIOT-
pamase y mpuiiMau yJoBiaioBaua pigmuu. KinbKicTh Kpameab y cepe-
JHBOMY 3a OAWH IPOXiJ IIIBKMW JOPiBHIOE 00’eMy IIIiBKH, IKa IepeT-
BOPIOETHCS Ha Kparri. Maca pigmHM, IIIO BJIOBJIOETHCS IIpHUHMAadeM,
JIIOPiBHIOE

Am = phsvtN ,
e p — TyCTHUHA piimHu, h — JIOKaJIbHA TOBIIIWHA ILJIiBKU, § — ILJIO-
Ia Iepepisy mpuiimada, v — dacToTa obepTaHHsA, f — uac Bigbopy,

N — KiJgbpKicTh ILTIBKOYTBOPIOBAUiB HA PO3IMOPOIITYBAJIBLHOMY IMCKY.

BusHauaioun Ha eJeKTPOHHMX Barax Macy PifinHU, AKa OIMIMHUJIACA
y 30ipHUKY, 3HAIOUM T'YCTUHY PiIWHM, YaCTOTY 00epTAHHSA BiAIleHTPO-
BOT'0 PO3MIOpPOIIlyBaya, ILJIOIIY Iepepisy mpuiiMaua, dac Bimbopy pimu-
HU Ta KiJbKiCTh ILIIBKOYTBOPIOBAUiB HAa AWCKY, IO PO3IOPOIIYE pi-
IUHY, MOXHA BUSHAUUTU CEPEeIHIO0 JIOKAJbHY TOBIMWHY ILJIiBKH Ha
KOXXHOMY ILJIiBKOYTBODIOBAaUi:

1 2 5
AN

RN

\‘ \\ “

wnnun

Puc. 2. IIpucTpiiti ansa MipAHHA JOKAJBHUX TOBIIWH ILIIBOK 3 ILJIiBKOYTBO-
proBaua BiJIIEHTPOBOTO PO3MOPOITyBaya.”
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h= 2T
psvtN

Huxkue HaBeZeHO MPUKJIAL BU3HAUEHHS JIOKAJbLHUX TOBIIUH ILJTi-
BOK, IO CTiKAlOTh 3 KPOMOK ILITiBKOYTBOPIOBAYAa BiAIIEHTPOBOTO PO3-
nopomryBaua. JlocaigyKeHHa TPOBOAMJINCA HA BiAIEHTPOBOMY PO3IIO-
poiryBadi; pigmHAa, IO POSIOPOIIYETLCSA, — BOJA 3 BOAOIPOBOAY, Te-
MmImeparypa pigmEm — KimHaTHa, yactora obepramua — 3000 06/xB.
TouHicT, MipAHB IMOMO BU3HAUEHHS JIOKAJbHUX TOBIIWH IJIIBOK CTa-
HOBUTBL Tpoxu Oinbirie 5% . Y Tadbauili HaBeJeHO 3HAUEHHS TOBIIMHU

TABJINIIA. 3HaueHHA TOBIMHYU ILIIBKM 3aJIe’KHO BiJ IIOJIOJKEeHb KparLiey-
JIOBJTIOBaUA.®
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Puc. 3. Posmogin moKambHOI TOBIIWHY IJIiBKU y HAUPAMi, MEePIEHAUKYIAD-
HOMY Ilepebiry miiBku.*
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Puc. 4. IlnaBHa 3MiHa JIOKAJBHOI TOBI[UHM ILJIIBKM Y HAUPAMKY, IMepIeHIN-
KYJIAPHOMY PYyXy ILIiBKH.’
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IUTIBKM 3aJIeXKHO BiJ IIOJOMKeHb KpallieyiaoBiaioBaua. Ha pucyHKy 3
300pasKeHo PO3IOLiJ TOBIMHN IJIIBKM IIOJAO IIOBEPXHI ILIiBKOYTBO-
proBaua.

SIK BUAHO, BeIWUYMHA TOBIIMHU IIJiBKU € HEPIiBHOMipHOIO y mepepi-
3i, IepUeHANKYJIAPHOMY IIBUAKOCTI PyXy IJIiBKM. 3MiHIOOUM BXimmHi
mapaMeTpPyu PiIMHM Ha ILIIBKOYTBOPIOBAYi, MOMKHA JOMOI'THCS Pi3HUX
npodisiB TOBIIWMHM ILJIIBKU, IO BUTIKA€ 3 KPOMOK ILIiBKOYTBOPIOBa-
ya, HAOIPUKJIAJ, BKasanux Ha puc. 4 ta 5. Ha pucyuxy 4 mpojgeMoHC-
TPOBaHO MJIABHY 3MiHY JOKAaJbHOI TOBIIMHU ILIiBKN Y HAOPAMKY, IIe-
PHeHIuKyIIpHOMY mHepebiry miaiBku. Ha pucyHky 5 BKasaHo izeab-
HUU PO3MOMiJ JIOKAJbHOI TOBIWHU IJIIBKM B HANPAMKY, HepHeHIU-
KYJIAPHOMY IIepebiry ILIiBKHU.

OpepsxaHi pesyJabTaTH MOMKYTHL OYTHM 3YMOBJIEHI THM, IO BOJa €
He3BUUAMHOI0 PEYOBMHOIO, i il BJIaCTHMBOCTI 3aliMalOTh 0COOJIMBE Miciie
cepel SBUII, IIOB’A3aHUX i3 MiKMOJEKYJIAPHUMU cujaMu. [[Ba Tumm
«CIEeMiATbHUX B3aeMOXili», — BOOHeBUil 3B A30K i rigpodobmuii
edeKkT, — mopeuHi aaa mojaerya Bomu [10]. 3oxpema, HemaBHi mHoCJTIi-
MKeHHsA coJbBaTallii Ta amcopOIii y BoAi ByIJIelleBUX HAHOUYACTUHOK
IPOJEeMOHCTPYBAJIU, IO T'YCTUHA PiIVHU Y MOJEKYJIAPHO-TOHKIN IIJIi-
BIIi TOGJM3Yy MOBEPXHi He € OJHOPiMHOI0, a Ma€ OCIUIiBHUUN IPOdianb
[11, 12]. Takum ymHOM, HAa BiAMiHy Big MaKpOCKOIIiYHOTO CTAaHy pe-
YOBUHM, y TaKUX ILIIBKax IO3UIliliHe II OopieHTallifiHe BOOPAAKYBaH-
HA MOJIEKYJ 3YMOBJIEHI He TiJIbKU B3aEMOII€I0 MOJEKYJ PiAMHU O Hi-
€l 3 OOHOI0, a ¥ 3HAYHOIO OJMBBbKicTIO Mo moBepxoHBL [10-15]. Kpim
TOTO, y pigkomy crami 36epiraloTbcsi CHILHI MiXKMOJIEKYyJIAPHI
3B’A8KU, SKi YTBOPIOIOTHCA B JbOAi. BOHU MalOTL OyTU 3ajIe;KHUMU
Big B3aeMHOI opieHTaIii MOJIeKyJ, OCKiJIbKM BOJa BUOUpAE TeTpael-
PUUYHY KOOpAMWHAIiI0 (YOTUPH HaANOMMIKUYI cycimu Ha MOJIeKyJay) 3a-
MicCTh IIiJIbHO MaxKoBaHOol (12 HalOIMKUINX CYCiIiB Ha MOJIEKYJIY).

Ilepeniueni He3BuMuaiiHi BJIACTUBOCTI BOAM BKAa3yIOTh Ha Te, MIO Je-
AKi cuJbHI Ta 3ajiesKHi Bifg opieHrTariii 3B’sA3KM BKJIOUEHI Yy B3aeMoO-
nmiro misk i mosekymamu [10]. Ili 3B’A3KM HA3MBAIOTHCA BOJHEBUMMU.
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Puc. 5. IIpubiusHo imeanbHUE PO3IMOIiJ JIOKAJIbLHOI TOBIIMHM IJIIBKH y Ha-
OPAMKY, IePIeHJUKYIAPHOMY [0 ILTiBKH.S



664 II. €. TPOOMMEHKO, M. B. HAM]IA, O. B. XOMEHKO, 10. I. ITIVIIIKAPEOB

Bonu BimirparoTh 0c0O0JMBO BaXKJIUBY POJb Y BOMi, OCKIIBKY KOMKHUIA
atrom Okcuremy i3 aBoma aromaMu [igporeHy maHOI MOJEKYJIH BOILU
MOXXYTh OpaTH ydYacTh y UYOTHUPHOX TaKHX CIOJYUYEHHSIX 3 iHIINMU
MOJIEKYyJIaMH — JOBa BKJIIOYAIOTH ii ByacHi aromu I'imporemy, i g;Ba —
HecIIapeHi eJIeKTPOHM 3 arTomMaMu ligporeHy iHIIMX MOJIEKYJ BOXU.
Tpeba 3asHaunTH, IO TeTPAeAPUYHA KOOPAMHAIISA MOJIEKYJ BOIHU €
OPUUYNHOI ii He3BMUYAWHOI HMOBeHiHKM — OijbIe, HijK cami mo cobi
BomHeBi 3B a3ku [10].

4. BAICHOBRH

3 IpoBEeIEeHOTO PO3TJIALY BUILJIMBAE, IO BU3HAUEHHS JOKAJILHUX 3HA-
YeHb TOBINUMHU ILIiBKM HeoOXimgHe s 3’sAcCyBaHHA TrigpoamHaMiumOl
CTPYKTYPU B KOHKPETHMX yMOBax Tedii, BUBUEHHS OCOOJIMBOCTEH IU-
HaMiKM pyXy TOHKOT'O DPifIMHHOTO Iapy Ta 3MiHM iHTEHCUBHOCTU TeIl-
JIo- Ta MacooOMiHiB y mbomy. IIpomeMomcTpoBaHo, IO JIOKAJIbHI TOB-
MIMHY IJIiBKY 3aJie’KaThb BiJ yacy Ta T'yCTUHHU 3POINEHHA, (pismuHmMX
BJIACTUBOCTEH PiIuHUN, CTaHY HOBEPXHi TOIMO. 3alpoIIOHOBAaHO HOBUI
MeTo[ i mpucTpiil nia MipAHHA JOKaJbHUX TOBIIWH ILJIiBOK, CTiKalo-
YMX 3 KPOMOK ILIiBKOYTBOpIOBaua, IO 00epTaeThCA, BiAIIeHTPOBOTO
poamnopoIliryBava, SAKUA YMOKJIMBIIIOE BUMIDATH POSIONIJ TOBITUHU
IUIIBKM II0 ILIIBKOYTBOpIOBauy. JlaHW#T MeTOn OacTh 3MOTY BUBYATH
BILINB PiBHMX IIapaMeTpiB Ha TOBIIWHY ILJIIBKU, a BiANOBimZHO, i Ha
IUCIIEPCHICTh PO3MUJIY, Ha BiAMiHYy Bim BimoMux cmocobiB ajis MipsaH-
HS JIOKAJbHUX TOBINWH IJIiBKU. Pe3yiabTaTy JaHUX MOCIiIKeHb 0YJIO
BUKOPHUCTAHO IJs IPOMMCIOBOTO IIPOEKTYBAHHSA PO3IMOPOIITYBaUiB pi-
IUHU, SKi IIPOXOAATH BUIPOOYBAHHSA AJIA IIOAAJBIIOrO BIIPOBAIMKEH-
HA B PisHi ramxysi mpoMHCJI0OBOCTH, IO, B CBOIO UEPry, AACTh 3MOTY
3MEHIINUTH €Hepro3aTpaTHu.

Agropu BucsorioTh nogaky MOH Ykpainu 3a ¢pinaHcoBy miaTpu-
MKY po00TH (IPOEKTH «ATOMiCTHYHI Ta HeJdiHiliHI Momesri opMyBanHs
Ta TEPTA HaHOCUCTeM» Ta «MexaHisMu (GopMyBaHHSA Ta MOAEJTIOBAHHSA
CTPYKTYPHOTO CTaHy ILIiBOK TYTOMJABKWX CIIOJYK C IPOTHO30BAHUMU
MexXaHiuHUMH XapaKTepuctukamu» (peectp. Ne 0122U000776)).
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! Fig. 1. Schematic diagram of the stand for contact studies of the thickness of the liquid
film, as well as surface phenomena occurring during the formation and movement of liquid
films on a flat film former.

2 Fig. 2. Device for measuring local film thicknesses from centrifugal spray film former.

3 TABLE. Values of film thicknesses depending on positions of droplet catcher.

4 Fig. 3. Distribution of the local film thickness in the direction perpendicular to the film
flow.

> Fig. 4. Smooth change of local film thickness in the direction perpendicular to the move-
ment of the film.

5 Fig. 5. Approximately ideal distribution of local film thickness in the direction perpendicu-
lar to the film.
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Influence of the Nano- and Submicron Structure of Magnesium—
Aluminosilicate Glasses on the Crack Resistance of High-Strength
Glass-Ceramics

0. V. Savvova!, H. K. Voronov', O. I. Fesenko!, V. D. Tymofieiev?,
and O. I. Pylypenko®

10.M. Beketov National University of Urban Economy in Kharkiv,
17, Marshal Bazhanov Str.,

UA-61002 Kharkiv, Ukraine

®National Technical University ‘Kharkiv Polytechnic Institute’,

2, Kirpichov Str.,

UA-61002 Kharkiv, Ukraine

The main directions of the development of glass-ceramic materials for
technical purposes, which are distinguished by a complex of high physico-
chemical, technological and operational properties, reduced cost and can
be obtained using energy-saving and resource-saving technologies, are an-
alysed. A detailed analysis of the state of development of cordierite glass-
ceramic materials and the principles of their design made it possible to
establish the possibility of developing high-strength materials on their
base characterized by the formation of a dissipative nanostructure in the
process of directed crystallization. The composition of magnesium-
aluminosilicate glass is optimized by introducing a combined crystalliza-
tion catalyst (ZrO,, TiO,, Sb,0;, ZnO, Ce0,, P,0;) to ensure the nucleation
process and the formation of crystalline phases in the low-temperature
range as well as the formation of a sitalized structure of a glass-ceramic
material by the phase separation mechanism. As found, ensuring phase
separation (800—850°C) by the spinodal mechanism for experimental mag-
nesium—aluminosilicate glass in the pre-crystallization period is an im-
portant stage in the formation of solid solutions with a high-temperature
quartz structure in the low-temperature region (850-900°C), spinel crys-
tallization (900-1000°C), a-cordierite (980—-1050°C) and recrystallization
of a-cordierite to mullite at 1050-1100°C. The main conditions for the
formation of a self-organized sitalized nano- and submicron structure of
glass-ceramic materials based on mullite are determined as follow: the
content of phase-forming oxides X(MgO, Al,O,, SiO,) is of 87.0 wt.% ; type
and content of crystallization catalysts X(TiO,, ZrO,, CeO,, P,0;) is of 8.0
wt.% and content of modifying additives X(SrO, CaO, B,0;) is of 5.0
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wt.% ; low-temperature synthesis and three-stage heat treatment (melting
at 1550°C, 6 h; I stage at 800°C, 2 h; II stage at 900°C, 2 h; III stage at
1100°C, 1 h). As established, ensuring a high index of crack resistance
(K;c=6.5 MPa-m'/?), Young’s modulus of elasticity (E = 350 GPa) and low
weight (p = 2800 kg/m?®) simplifies the technology by reducing the temper-
ature and allows it to compete successfully with cost-effective ceramic
counterparts.

IIpoananizoBaHo OCHOBHiI HAIpPSAMU PO3POOKH CKJIOKEPAMiUHMX MaTepisiiB
TeXHIYHOTO NPU3HAUEHHS, AKi BiApisHAIOThCA KOMIJIEKCOM BUCOKHX (isu-
KO-XeMiUHUX, TeXHOJOTiUYHMX Ta eKCILIyaTallifHUX BJACTHUBOCTEH, IMOHUIKE-
HOI0O BApPTiCTIO Ta MOMKYTL OyTH OJAep:KaHi i3 3aCTOCYBaHHAM eHepro- Ta pe-
CYpCOOIagHUX TexHoJorili. IIpoBemeHo meTalbHY aHaidy CTaHy PO3POOOK
KODJi€EPUTOBUX CKJIOKEPAMIUHUX MaTepifAsiB i IPpUHIUNIB MPOEKTYBAaHHA IX
laB 3MOTY BCTAHOBUTHU MOJKJUBICTHL PO3POOKU Ha IXHi#f OCHOBI BUCOKOMIII-
HUX MAaTepidyaiB, SKi xapaxTepusylTbcA (OPMYyBaHHAM AUCUIIATHBHOI Ha-
HOCTPYKTYPH B IIpolleci HampaBjeHol Kpuctasizaiii. OunTuMizoBaHo cKJaf
MarHifaJoMOCHIIKATHOIO CKJIA IIIJIIXOM BBeJeHHA KoMOiHOBaHOIoO KaTalli-
saTropa Kpucraiisamnii (ZrO,, TiO,, Sb,0;, ZnO, CeO,, P,0;) nna sabesme-
yeHHA Iepebiry HyKJealii i yTBOpeHHS KpuCTaliuHuUX (a3 B 00JacTi HUMK-
YuX TeMIeparyp i (opMyBaHHSA CHUTAIi30BaHOI CTPYKTYPHU CKJIOKepPaMiuHUX
MaTepisaaiB 3a MexaHiszMoM ¢a3oBoro posamojaisy. BeranosieHo, 1o 3abesiie-
yeHHA (asoBoro pospizenus (800-850°C) za comHOZAILHUM MeXaHiZMOM
IJIS MOCJIiTHOTO MarHiiiaJloMOCHUJIIKaTHOTO CKJIA y IepelKpPUCTATi3alifHoOMy
mepiozai € BasKIMBUM eTamoM (OPMYBaHHS TBePAUX PO3UYMHIB 31 CTPYKTYPOIO
BHCOKOTEMIIEPATYPHOTO KBaplly y HUBbKOTeMIepaTypHiii ob6aacti (850—
900°C) 3a B’saisrkoctu y 10%8 ITa-c, kpucramisanii mmireni (900—-1000°C), o-
kopzaieputy (980-1050°C) Ta mepekpucrasisaii o-KopaiepuTy Ao MyJiTy 3a
1050-1100°C. BusuHaueHO OCHOBHi yMOBH (pOopMyBaHHS CAMOOPTaHi30BAHOIL
CHUTaJIi30BaHOI HAHO- Ta CYOMiKPOHHOI CTPYKTYPHU CKJIOKPUCTAJIUHUX MaTe-
pianiB Ha ocHOBiI MyJiTy: BMicT (asoyTBoproBadbHuUX oKcuaiB — X(MgO,
AlL,O;, SiO,) — 87,0 mac.%; Ttun i BMmicT KaramisaTopiB Kpucrasizaii
¥(TiO,, ZrO,, CeO,, P,0;) — 8,0 mac.%, a momudikyBaabHUX HOOABOK
¥(Sr0O, Ca0, B,0;) — 5,0 mac.% ; HU3bKOTEMIIEpATYPHA CHHTE3a Ta TPUCTA-
IitiHe TepmiuHe 00pobsaeHHs (BapuBo — 1550°C, 6 rox.; I cragia — 800°C,
2 rogx.; II cragia — 900°C, 2 rog.; III cramia — 1100°C, 1 rox.). Beranos-
JIEHO, II[0 3a0e3leuYeHHA BUCOKOTO MOKas3HWMKa TpimuHocriiikoctu (K= 6,5
MIIa-m'/?), mogyna IOmra (E =350 I'lla) i Busskoi Barm (p = 2800 kr/m®),
CHpPOINEHHA TEXHOJIOTIi 3a PaXyYHOK IOHMKEHHSA TEeMIIepaTypu Ta TPUBAJIOC-
T CUHTE3U HAlOTh 3MOT'Yy HOMY YCIIIIIHO KOHKYPYBaTH 3 JOPOTUMHU Kepami-
YHUMU aHAJOTaMU.

Key words: glass-ceramic materials, magnesium—aluminosilicate glasses,
phase separation, cordierite, mullite.

KarouoBi coBa: CKJIOKepaMiuHi MaTepisau, MarsifiaJioMOCHIIKaTHI CTeK-
Jaa, ¢as3oBe Po3AiJIeHHA, KOPAIEPUT, MYJIIT.
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1. INTRODUCTION

The transition to high technologies requires the creation of funda-
mentally new structural materials, the functional parameters of
which are determined by the properties of nano-regions formed in a
given way, as well as by the processes taking place in nanovolumes.
The need to create high-strength materials to protect structures and
devices from high-speed dynamic and thermal loading has contribut-
ed to the widespread use of glass-ceramic materials, which are dis-
tinguished by high performance properties and are worthy competi-
tors to ceramic materials due to the simplification of the production
technology and the reduction in the cost of products [1].

Most technical glass-ceramics are synthesized on the basis of
glasses of aluminosilicate systems Me,0 (MeO)—-Al,0,—Si0O,, into
which other components can be added in order to modify the compo-
sition and control phase transformations, to obtain a glass-ceramic
with a defined structure and properties. Industrial production in
different countries of the world demonstrates the wide possibilities
of manufacturing various types of products based on glass-ceramics.
So world famous companies: Corning Inc. (U.S.A.) [2], Schott (Ger-
many) [3], Ohara Inc., Hoya, Nippon Electric Glass Co. Ltd. (Japan)
[4] produce products from glass-ceramic materials for the industries
of mechanical engineering and instrument making, the chemical in-
dustry and the military-industrial complex.

Today, special attention is paid to glass-ceramic materials, which
are distinguished by a complex of high physicochemical, technologi-
cal and operational properties, reduced cost and can be obtained us-
ing energy- and resource saving technologies. The leading place
among these materials is occupied by glass-ceramics based on the
MgO-AlL,0,—Si0, (MAS) system due to its high operational proper-
ties: bending strength G, =120-350 MPa, Young’s modulus of elas-
ticity £=100-120 MPa, microhardness H =6.1-11.0 GPa, coeffi-
cient of thermal expansion (CTE) a=(11-57)-10" K, deformation
temperature not lower than 1300°C, heat resistance at 800—-1000°C,
dielectric constant e =6-7 (at a frequency of 10 MHz), the tangent of
the dielectric loss angle tgd=(4-10)-10"* and a relatively low melting
point (T <1600°C), which is determined by the peculiarities of their
chemical composition and structure [5].

An important stage in the development of glass-crystalline mate-
rials of the MAS system is the design of their fine-crystalline struc-
ture with the content of crystalline phases: a-cordierite, mullite,
spinel, clinoenstatite, forsterite, which will determine their high
electrical insulation characteristics and high mechanical strength
[6]. Especially valuable in establishing the mechanism of glass crys-
tallization is the determination of the effect of various nucleating
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agents on crystallization processes, microstructure and properties of
glass-ceramics.

A detailed analysis of the state of development of cordierite
glass-ceramics carried out by the authors [7, 8] made it possible to
establish that titanium and zirconium oxides are the most common
crystallization catalyst for glass-ceramic materials of the MAS sys-
tem. The catalytic role of titanium oxide is the phase separation of
glass and the precipitation of a crystalline phase enriched with a
crystallization catalyst, and the precipitation of this phase can pre-
cede or occur simultaneously with the precipitation of a quartz-like
solid solution, which, with an increase in the heat treatment tem-
perature, transforms into a stable phase of a-cordierite, which has
an ordered orthorhombic structure. When titanium oxide is used as
a nucleating phase for glasses of the MAS system, the formation of
a pseudo-brookite solid solution is observed, the composition of
which is in the range of Al,TiO;,—MgTi,O;. In general, the role of
TiO, as a catalysing agent is determined by the initial composition
of the glass. In this case, the main point is the creation of condi-
tions leading to the formation of a glass phase enriched in SiO,.
This can occur for some glass compositions (with a low MgO con-
tent) due to the traditional phase distribution, for others due to the
primary precipitation of mullite and aluminium titanate, due to
which the residual glass phase becomes similar in composition to
quartz-like solid solutions. The mechanism of the catalytic action of
Zr0O, in the MAS system is more complex. At the initial stage, nu-
cleation and growth of ZrO, nanocrystals occurs, which appear at a
temperature several degrees above the glass transition temperature.
In the same system, ZrO, promotes the phase distribution of amor-
phous glass with the formation of regions (with a radius of about
4.5 nm) enriched in zirconium oxide.

The authors of [9] found that the use of a composite nucleating
agent (TiO,+ ZrO,) made it possible to increase the content of a-
cordierite, change the stability and kinetics of glass crystallization in
the direction of the formation of a fine-crystalline structure. Due to
the uniform distribution of elements without agglomeration in the
crystal phase and the compact structure, the Vickers hardness (HYV)
and the bending strength (o.4) can reach 9.70 GPa and 312 MPa,
respectively. The authors of [8] investigated the effect of Y,O; on the
microstructure, crystallization, and properties of glass ceramics of
the MAS system. It was found that the addition of Y,0; to MAS
glass-ceramics increases the amount of the crystalline phase and
promotes the formation of indialite. Studies of the kinetics of sinter-
ing and crystallization have shown that alloying of glass with Y,0;
reduces the activation energy of sintering, intensifies crystallization
and increases the compaction of the structure during sintering and
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the formation of the crystalline phase, which significantly improves
the mechanical properties. MAS glass-ceramics with a content of 1
wt.% Y,0; is characterized by high mechanical properties: E =89
GPa, G,.,4=211 MPa, 0.=46.8-10" K'. The introduction of an Y,0;
crystallization catalyst into glass containing ZrO, of the chemical
composition (mol.%): Si0,=51.9, Mg0=21.2, Al,0,=21.2,
ZrQ,=5.7, which crystallized at different stages of firing (T: st. I—
950°C, st. II—1060°C) leads to the formation of glass-ceramics with
a solid solution of a-quartz as the main crystalline phase and ZrO,
and MgAl,O, crystals as secondary crystalline phases [9]. When 2,5
mol.% Y,0; is added to the glass composition during heat treatment,
the appearance of dendritic crystals of ZrO, as the main crystalline
phase and MgAl,O, as the secondary crystalline phase is observed at
both stages. For such glasses, the formation of a solid solution of a-
quartz does not occur, since Y,0; enters the residual glass matrix
and stabilizes it. It was found that the presence of a-quartz is not a
prerequisite for changing the mechanical properties of glass-ceramic
materials based on the MAS system.

The effect of a combining crystallization catalyst (oxides —
Sn0, + CeO, and ions — [SO,]* + Cl") on obtaining transparent glass
ceramics with the composition (wt.%): SiO,=35-60, B,0;=4-10,
P,0,=0-10, A1,0,=16.5-40, TiO,=1-10, Ta,0,=0-8, Y,0;=0-6,
Zr0,=1-10, MgO=6-20, Ca0O=0-10, SrO=0-4, BaO=0-8 and
Zn0 =0-4 [10]. It was found that to ensure fine crystallization, the
content of crystallization catalysts Z(P,0;, TiO,, ZrO,, SnO,, Ta,0;)
should be of 5-12 wt.%. In this case, the TiO, content should not
exceed 7 wt.%, otherwise there is a risk of separation of the crys-
talline phase of rutile during the sitization process. On the other
hand, the TiO, content should not be lower than 1 wt.% ; otherwise,
the number of nuclei will not be insufficient to achieve a uniform,
compact-granular structure with a crystallite size of about 300 nm,
which is necessary to ensure transparency. The efficiency of using
Ta,0; is explained by the possibility of catalysing the crystallization
process and forming a transparent structure even when combined
with other elements (for example, Fe and Zn). The use of crystalli-
zation catalysts SnO, and CeO, is effective in the preparation of
transparent glass-ceramics by the float method. Likewise, the use of
mixed sulphate/chloride to provide illumination of the molten glass.
In general, to obtain high-quality transparent substrates character-
ized by a density of p=2693 kg/m®, Young’s modulus E =98-120
GPa, CTE o3 300=40-10" K, in the production of displays and
solar cells, the content of crystallization catalysts
(SnO, + CeO,+ [SO,]* + CI") should be from 0.01 to 4 wt.%.

Complex action of crystallization catalysts for the composition of
magnesium—aluminosilicate glass (wt.%): Si0, =43.8-52.5,



672 0. V. SAVVOVA, H. K. VORONOV, O. I. FESENKO et al.

Al1,0,=24.6-30.2, Mg0O=9.3-11.9, TiO,=8.8-12.9, As,0,=0.1-
1.9, ZnO = 0-1.5 and CeO, =0-2.5 [7] can be traced in the formation
of the structure of glass ceramics with a content of a-cordierite,
obtained by a two-stage heat treatment with a temperature crystal-
lization 1270-1320°C and is characterized by the following proper-
ties: o=(18-20)-10° K" and tgd=(5-9)-10* and £=6.3-6.9
(f=1010 Hz, T = 20°C). It has been established that the combination
of components in the specified quantitative ratio makes it possible
to obtain glass-ceramic materials with thermal stabilization of the
dielectric constant up to 1200°C and to reduce the cooking tempera-
ture to 1540-1560°C.

Despite significant advances in the development of MAS glass-
ceramic materials, an urgent direction in the development of these
materials is the implementation of their application as nanomateri-
als characterized by the formation of a dissipative nanostructure in
the process of directional crystallization.

It is the provision of a homogeneous nanodispersed structure of a
glass-crystalline material due to a high volume concentration of uni-
formly distributed crystalline nuclei, namely, 10*~10"® pieces/cm?® in
the pre-crystallization period, which will make it possible to form a
structure at the nano- and submicron level to ensure high perfor-
mance characteristics.

2. EXPERIMENTAL
2.1. Aim Setting and Research Methodology

The aim of this work is to study the effect of phase separation of
magnesium aluminosilicate glasses during nucleation on the for-
mation of the structure and properties of magnesium aluminosili-
cate glass-ceramics.

The study of phase transformations in glasses and the setting of the
temperatures of their heat treatment were carried out using gradient
thermal analysis in a gradient furnace with holding for 6 hours and
polarizing microscope NU-2E. The nature of the formation of the
structure of glasses at the initial stages of nucleation was investigated
using a scanning electron microscope SEM Tesla 3 LMU with a resolu-
tion of 1 nm. Crack resistance of materials was measured using PMT-3
and TMV-1000 devices.

2.2 Optimization of Magnesium—Aluminosilicate Glass Composition

Preliminary results of studies on the development and characteris-
tics of crystallization of magnesium—aluminosilicate materials in
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the MgO-Al,0,—Si0, system [11] made it possible to establish that
the provision of high performance characteristics (Vickers hardness
of 10.4 GPa, fire resistance 1350°C) and reduced cost due to two
stages of processing at temperatures of 850°C and 1150°C is real-
ized due to a certain content and ratio of modifying, glass-forming
and phase-forming components and the introduction of a combined
crystallization catalyst X(TiO,, ZrO,, CeO,, P,0;) in order to form a
sitalized structure based on solid solutions of mullite. However,
taking into account the insufficient fracture toughness of the de-
veloped glass-ceramic material CGC-10 K,,=3.5 Mpa-m"? and the
duration (10 hours) of the heat treatment mode, its composition was
optimized (CGC-10.1) in terms of the content of components and the
heat treatment mode (Table).

Optimization of the composition was realized by ensuring a cer-
tain ratio and content of components, which will have a decisive in-
fluence on the nature of the formation of the structure at the ini-
tial stages of nucleation.

To implement the nucleation process by the phase distribution
mechanism, it is necessary to stabilize the glass-forming state, in-
cluding due to the presence of four-coordinated titanium Ti*". This is
facilitated by the simultaneous introduction of oxides SrO, CaO,
MgO, ZnO into the glass composition by increasing its basicity. At
the same time, the presence of SrO, CaO, MgO, ZnO in a total
amount of 12.5 wt.% is an important factor in increasing the hard-
ness of glass. Partial (0.5 wt.%) replacement of ZrO, with an appro-
priate amount of TiO, will reduce the temperature of the onset of
crystallization and reduce the temperature interval between the onset
of crystallization and the glass transition temperature. This will
make it possible to obtain defect-free products with an increase in
the amount of the crystalline phase. To ensure the occurrence of nu-
cleation and the formation of crystalline phases in the region of low-
er temperatures, ZnO was additionally introduced, which, along with
CeO, and P,0;, will contribute to the phase separation of glass and
the formation of a nanodispersed structure of glass during its heat
treatment. The predisposition to phase separation is determined by
the absence of alkaline components, the presence of B,0;, a signifi-
cant content of CaO and MgO, and the presence of refractory com-
pounds Al,O; and ZrO,.

An important condition for ensuring high strength properties is
the presence of an optimal content of CeO,, P,0;, and B,0;, which
play an exceptional role for the crystallization kinetics of p-
cordierite and a-cordierite. In general, an increase in the content of
CeO, and B,0O, leads to an increase in the content of a-cordierite. To
increase the content of p-cordierite, i.e., a-quartz-like solid solution
of MgO-Al,O; in Si0O,, it is necessary to increase the content of P,0;.
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It is known [12] that the heterogeneous nucleation of p-
cordierite, which has the character of a spherulite-dendritic struc-
ture, occurs in impurities on the surface of the source glass. The
B,0; additive forms a dendritic branch and an interdendritic inter-
face between the residual glass and p-cordierite. The addition of
P,0O, accelerates the growth of p-cordierite and the transition from
controlled diffusion to controlled phase separation, inhibits the
formation of the dendritic nature of p-cordierite and helps trans-
form it into a hexagonal crystal structure.

There are two types of phase transformations of a-cordierite in
the glass structure. In the first case, the nucleation of a-cordierite
occurs between the interdendrite residual glass and the boundary of
the p-cordierite branches. In this case, the growth of o-cordierite
occurs due to the glass matrix and interdendritic residual glass. The
growth rate of a-cordierite increases with an increase in the inter-
face area between the residual glass and p-cordierite. In the second
case, the formation of a-cordierite occurs by transformation of the
formed p-cordierite. The transformation rate increases with decreas-
ing thickness of p-cordierite crystal branches.

Thus, the introduction of P,0; promotes the formation of pu-
cordierite, while B,0O; increases or enhances the release of a-
cordierite. The temperature effect of P,0; in the composition of
glasses is less than that of B,0;, since the growth rate of u-
cordierite is lower than that of a-cordierite with increasing temper-
ature.

Calcium and strontium oxide are used along with B,O; to reduce
the viscosity at high temperatures and melting points, and to in-
crease the tensile strength in compression and bending. The intro-
duction of antimony oxide also helps to reduce the viscosity of the
melt, improve the lighting conditions of the molten glass, and cre-
ate additional crystallization centres.

Optimization of the composition of CGC-10.1 made it possible to
reduce its cooking temperature to 1500°C, which is an essential as-
pect of the implementation of energy-saving technology in the de-
velopment of high-strength materials.

2.3 Investigation of Changes in the Phase Composition
of Glass-Ceramic Material as a Result of Heat Treatment

Gradient thermal analysis of CGC-10.1 glass (Fig. 1) made it possi-
ble to establish that after melting its structure is heterogeneous:
transparent with the presence of mullite crystals about 0.1 mm in
size, due to which the residual glass phase becomes close in compo-
sition to quartz-like solid solutions. When the temperature rises to
800°C, its opalescence is observed, which may indicate the progress of
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Characteristics of the structure:

CGC-10.1

[] — crystal phase absent (transparent); microheterogeneos (opalescent);

— heterogeneous (transparent with the presence of individual crystals > 0.1 mm in size).
The amount of crystalline phase in the volume of the sample:

= — 10 vol.%; & — 20 vol.%; [ — 30 vol.%; EEH — 40 vol.%;
— 45 vol.%; — 50 vol.%; — 60 vol,%;

Fig. 1. Scheme of phase transformations and features of crystallization in
materials of the CGC series during heat treatment.

the phase separation of glass, and, as a result, a gradual increase in the
volume of the crystalline phase from 20 to 60 vol.% in the temperature
range 850-1100°C when compared with CGC-10 glass, which is charac-
terized by delayed formation of the crystalline phase at low tempera-
tures. This may indicate the intensification of the crystallization of
u-cordierite due to phase separation. Due to the simultaneous intro-
duction of CeO,, P,0;, and ZnO into the composition of CGC-10.1
glass, a shift in the appearance of the first crystalline phase to the
region of lower temperatures is observed, which will make it possi-
ble to obtain a hardened crystal structure, which is closer to the
composition of the original glass.

An increase in temperature to 1150°C affects the growth of crys-
tals in the CGC-10.1 structure, which is a negative factor in the
formation of a high-strength fine-dispersed structure. This is due to
the fact that the developed glass-ceramic material is a metastable
system. The transition to a stable, equilibrium state with prolonged
high-temperature holdings leads to a deterioration in the properties
of the material due to recrystallization and destruction of contacts
between crystals, an increase in surface tension and loss of bond
between the glass and the crystal.

2.4. Investigation of Changes in the Structure of Glass-Ceramic
Material as a Result of Heat Treatment and Its Effect on Its Crack
Resistance

To study the mechanism of phase distribution, nucleation, and
structure formation in the CGC-10.1 glass material, the following
characteristic temperatures were selected: temperature in the phase
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separation region t,; temperature in the area of the embryo ¢,; tem-
perature of appearance of the first crystalline phase #;; final crys-
tallization temperature #,. To identify the structure of the glass
material at the initial stages of the nucleus, areas free from crystal-
lization were selected. The holding time of the prototypes at each
stage was 2 hours.

According to the results of electron microscopy, the sample at
t; = 800°C represents a multiphase system formed of densely packed
spherical inhomogeneities with a size of 0.1-1.0 um (Fig. 2, a, I),
which are formed by smaller spherulites with a size of about 0.01
um (Fig. 2, a, IT). All these inhomogeneities during rapid cooling
will significantly affect the nature of crystallization: the sequence
of separation of crystalline phases, their appearance and size.

Continuous growth of spherical inhomogeneities in the glass struc-
ture at ¢,=850°C is a characteristic feature of the occurrence of met-
astable liquation as a phase transition. Along with spherical inhomo-
geneities, clear inhomogeneities are observed in the form of ellipsoids
of revolution (Fig. 2, b), which is evidence of the aggregation of
identical structural elements of p-cordierite even in the glass melt.
Such self-organization of the structure is characteristic of segrega-
tion by the spinodal mechanism and manifests itself in the form of
spheres of nanoinhomogeneities of the order of 100 nm in separate
interpenetrating phases 0.5-1.0 um in size (Fig. 2, b, II), which
merge and become larger (Fig. 2, b, III).

Spinodal segregation is realized without the formation of nuclei in
the unstable region, when the energy of their formation approaches
zero and the appearance of even insignificant fluctuations of the
composition leads to phase separation with a decrease in the free en-
ergy of the system [13].

An increase in temperature to 900°C leads to intensification of
the process of formation of solid solutions with the structure of
high-temperature quartz; along with crystals in the form of ellip-
soids (Fig. 2, ¢, I), prismatic crystals of p-cordierite are observed
(Fig. 2, ¢, II), decomposing at a temperature of 980°C into spinel
crystals of an octahedral shape with an elongated crystal habit (Fig.
2, d, I).

The appearance of clusters of nano- and submicron nuclei of a-
cordierite crystals coated with a glass phase (Fig. 2, e, I) is ob-
served already at a temperature of 1050°C, and with an increase in
temperature to 1110°C, crystals of a short-columnar structure are
observed against the general background of nanoinhomogeneities
(Fig. 2, 1, I).

Due to the difficulty in identifying nano- and submicron crystals
coated with a glass phase, the holding time of the samples at tem-
peratures of 850°C, 1050°C, and 1110°C was doubled. This made it
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Fig. 2. The structure of the glass-ceramic material CGC-10.1 after expo-
sure to temperature: a—800°C; b—850°C; ¢—980°C; d—1050°C; e—
1100°C.

possible to enlarge and isolate crystals of ellipsoidal p-cordierite
(Fig. 3, a, I), hexagonal a-cordierite (Fig. 3, b, I) and mullite (Fig.
3, ¢, D).

The formation of the nano- and submicron structure of glass-
ceramic materials is extremely important to ensure a high speed of
wave propagation in the material. The finer the grains in the struc-
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Fig. 3. The structure of glass-ceramic material CGC-10.1 after exposure
for 4 hours at temperatures: a—850°C; b—1050°C; ¢—1100°C.

ture of the material, the more often barriers are encountered at the
grain boundary on the path of gliding dislocations, and therefore
higher stresses are required for plastic deformation of the material
already at its initial stages [14]. Nanocrystalline materials have
high damping properties, since, due to the differences in the elastic
moduli of the grains themselves and the boundary layers, elastic
vibrations propagate inhomogeneously and significantly dissipate.
The greater the difference in the speed of propagation of a sound
wave in the projectile material and in the armour material, the
more the projectile will be destroyed. This explains the efficiency of
using nanostructured glass materials under conditions of high-speed
damaging factors.

According to the research results, the heat treatment mode for
CGC-10.1 glass was selected: stage I—T =800°C, t=2 hours; stage
II—T =980°C, t =2 hours; stage III—T =1100°C, t=1 hour.

The study of the fracture toughness of the developed material
CGC-10.1 made it possible to establish that an increase in the frac-
ture toughness index K,, to 6.5 MPa-m'? and Young’s modulus
E =350 GPa at a relatively low cost (due to a decrease in tempera-
ture and duration of heat treatment stages) and weight (p=2800
kg/m®) is a determining factor in their successful application as
high-strength materials for the protection of machinery and equip-
ment. The competitiveness of the developed material is determined
by its technological advantages over ceramic materials (Al,O;, SiC,
B,C), which have high synthesis temperatures (2000°C), are charac-
terized by the complexity of production, high cost of raw materials
and have an insufficiently high fracture toughness index K,,=4-5
MPa-m'2.

3. CONCLUSIONS

For the developed magnesium—aluminosilicate glass, ensuring the
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phase distribution according to the spinodal mechanism and nuclea-
tion of p-cordierite at low temperatures (750—-850°C) is realized due
to:

— providing the content of phase-forming oxides X(MgO, Al,O,,
Si0,) =87.0 wt.%, crystallization catalysts X(ZnO, Sb,0;, TiO,, ZrO,,
Ce0,, P,0,)=8.0 wt.% and modifying components ¥(CaO, SrO)=3
wt. % ’

— their ratio 1.0 Mg0:1.31 Al,05:5.5 SiO,.

It has been established that the intensive formation of spherical
inhomogeneities with a size of 0.01-0.1 um in the pre-
crystallization period for the developed magnesium aluminosilicate
glass is an important stage in the sequential crystallization of solid
solutions based on: ellipsoids of p-cordierite (850°C), prismatic crys-
tals of p-cordierite (900°C), octahedral spinel crystals (980°C), hex-
agonal crystals of o-cordierite (1050°C) and prismatic crystals of
mullite (1100°C).

Formation of the nano- and submicron structure of the developed
glass-ceramic material with a content of 80 vol.% mullite according
to the low-temperature regime (stage I—T =800°C, t=2 hours;
stage II—T =980°C, t=2 hours; stage III—T =1100°C, t=1 hour)
allows to ensure high mechanical properties K,.=6.5 MPa-m'? and
E =350 GPa.

Providing high crack resistance and elasticity at a relatively low
weight (p=2800 kg/m?®) and processability of the developed glass-
ceramic material is a determining factor in its successful use as a
high-strength material for protecting equipment and technology.
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This article presents the results of a study of the condensed dispersion-
reinforced materials (CDRM) obtained from the vapour phase. The me-
chanical properties of materials depending on their reinforcement are
studied in systems based on metals and alloys, with reinforcing additives
of oxide, carbide or boride. Mechanical properties are evaluated as a com-
plex of tensile strength, deformation limit, and relative elongation. As a
result, it is shown that the mechanical properties of materials obtained
from the vapour phase depend on the following factors: type of matrix,
type of dispersed particles, temperature and roughness of the substrate,
purity of the initial materials, and the rate of their evaporation. As
found, the achievement of high mechanical properties due to the for-
mation of a specific structure can be realized by regulating the tempera-
ture of the substrate. A decrease in the temperature of the substrate dur-
ing the fabrication of the dispersion-reinforced material leads to a coars-
ening in the structural grains. Outstanding properties are obtained in the
Cu—1 wt.% Mo CDRM with coarseness of matrix grains of 1.45-3.25 um
and characteristic diameter of reinforcing particles of 12-25 nm. As
shown by evaluating the interaction of the matrix and dispersed particles
at the interface and using high-speed evaporation, it is easy to develop the
new CDRM with predefined properties.

Y crarTi HaBemeHO pPe3yJabTATU MOCHIIKEHHSA KOHIEHCOBAHUX AUCIIEPCHO-
apmoBanux MmarepianiB (KIAM), omepsxanux 3 mapoBoi ¢asu. [HocaimxeHo
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MeXaHiuHi BJacTHBOCTI MaTepidAJiB B 3ajJe’KHOCTi Big apMyBaHHS iX y cuc-
TeMax MeTaJiB i cTomiB 3 mo6aBKaMu OKCHUAIB, KapOimiB i 6opumiB. Mexami-
YHi BJIACTHBOCTI OIIiHIOBaJIM KOMIIJIEKCHO, BPaXOBYIOUM MIiIIHiCTHL Ha PO3PUB,
MeRy nmedopwmarii Ta BimHOCHe BUIOB:KeHHA. B pesyabrari Oysa0 mokasaHo,
110 MeXaHiuHi BJacCTHUBOCTI MaTepifdAsiB, ogep:KaHUX 3 mapoBoi (dasu, 3aje-
JKaTh BiJi HACTYIHUX YMHHUKIB: TUIy MaTPUIli, TUIY AUCIEPCHUX YACTU-
HOK, TeMIIepaTypu Ta IIEePCTKOCTU IMiAKJAAWHKU, YNCTOTH BUXIZHUX Mare-
pianiB, IMBUAKOCTU IXHHBOTO BHUIIADOBYBaHHA. BcTaHOBIIEHO, IO JOCATHEHHSA
BHCOKMX MEXaHIUHMX BJIACTUBOCTell uepes (opMyBaHHA cuerudiuxHoi cTpy-
KTYPU YMOXKJUBJIIOETHCA IILJIAXOM 3MiHM TeMmepaTrypu migkmaguaku. Ilo-
HIMKEHHSA TeMIepaTypu IMiAKJAIUHKN IIii Yac BUT'OTOBJIEHHSA AVCIIEPCHO-
apMOBaHOTO MAaTepifANy IPUBOAUTEL M0 30iJbIleHHA PO3Mipy 3epeH. Bucoki
3HAYeHHA BjacTuBocTeit Oyyno omepskano miasa KIAM cucremu Cu—Mo (1
mac.% Mo) 3 posmipom 3epeH maTpuuHoi ¢asu y 1,45-3,25 MM i giamer-
pOM apMyBaJIbHUX dYacTHHOK y 12—-25 mm. Byno mokasaHo, 1110, BpaxOBYIO-
Yy B3AaEMOJIiI0 MATPHUIL Ta AUCHEPrOBaHUX YAaCTHMHOK Ha Me:Ki moxiny ¢as,
BUKOPUCTOBYIOUM BUCOKOIIBUAKiCHE BUIAPOBYBAaHHS, MOJKHA TOBOJII JIETKO
CTBOPUTH HOBi OHCIEePCHO-apMOBAaHI MaTepidnu i3 s3asmajerifb BU3HAUYEHU-
MU BJIACTUBOCTAMU.

Key words: condensed dispersion-reinforced materials (CDRM), condensa-
tion, vapour phase, composition materials, metal matrix.

KarouoBi croBa: KoHJeHCOBaHI mucmepcHo-apMmoBaHi Mmatepianu (KIAM),
KOHJIeHcallis, mapoBa (asa, KOMIIOSUIIMHI MaTepidAam, MeTajJeBa MaTPUILA.

(Received 30 November, 2021; in revised form, 6 September 2022)

1. INTRODUCTION

The emergence of new technologies in the middle of the 20" centu-
ry, such as plasma arc, electron-beam radiation and laser, posed
new challenges for developers in the field of new technologies for
material processing and welding. First, why does a freely burning
electric arc melt metals mainly on the surface, and the depth of the
melting zone is less than its width? The search for an answer led to
a new understanding of the energy torrents concentration (ETC). It
became clear that if the energy of the power source (electron beam,
plasma arc, and laser) reaches the value E >10°-10° W/cm?, the
material heating process turns into a self-propagating one (syner-
gistic). Moreover, when the power threshold-value changes, the heat
transfer conditions in the object have directed for heating.

Overcoming this threshold opens up new opportunities for tech-
nologists. Extensive scientific and technical experience with ETC
has shown that the most efficient source of energy for material pro-
cessing is an electron beam [1].

The E. O. Paton Electric Welding Institute and Scientific-
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Production Enterprise ‘Eltehmash’ developed new multifunctional
electron-beam installations with two, three, and five crucibles to
create dense molecular beams. The intensity of those beams reaches
10?® particles cm?®/s [2]. Beams are quasi-molecular rays, which are
characterized as molecular beams with spatial orientation according
to cosine law. On the other hand, such beams arise because of inter-
nal collisions of vapour torrents in a laminar flow.

The productivity of the installations reaches 10-15 kg of vapours
per hour. It is possible to manufacture 100 kg of condensate for
eight hours of uninterrupted work, and sometimes even more.

Academician B. Movchan and his group investigated the basic
physical and mechanical foundations of thick (0.01-2 mm) conden-
sates at the E. O. Paton Electric Welding Institute of the National
Academy of Sciences of Ukraine [2, 3]. They revealed the main
physical-mechanical properties of condensers as a function of con-
densate parameters and their composition.

The possibility of obtaining the dispersion-reinforced, mi-
croporous and microlayer materials by condensation from the va-
pour phase is an effective way to create new materials with ad-
vanced desired properties.

Composite materials condensed from the vapour phase have a
thickness of 0.1 to 5 mm. The grain size of the matrix phase in de-
pending on the condensation temperature and the content of the re-
inforcing particles and ranges from 0.5 um to 10 um, whereas the
size of reinforcing nanophase particles varies from 1 to 4 nm. The
same method was used to obtain bulk nanocrystalline microlayer
materials based on copper and molybdenum with a grain size of 80—
90 nm for copper and of 20-40 nm for molybdenum. Thus, conden-
sate dispersion-reinforced materials should be considered as
nanostructured composites. The study of the structure and proper-
ties of such materials is the purpose of this work.

Condensed dispersion-reinforced materials (CDRM) are materials
consisting of a polycrystalline matrix and an even volume of dis-
persed particles of another phase (Fig. 1). It is possible to change
the average sizes of matrix crystals from hundreds of microns to
several thousands of angstroms and reinforced particle sizes from
tens of angstroms to several microns.

The structure and physical-mechanical properties of dispersion-
reinforced condensed materials are studied at the E. O. Paton Elec-
tric Welding Institute. These materials include iron-carbide sys-
tems, iron-boride, iron—iron oxide, nickel-oxide, copper—copper ox-
ide, tungsten-oxide systems [4]. All our previous works embedded
the study of dispersion-reinforced materials based on nickel, chro-
mium, copper and titanium [5]. In our days, studies of other sys-
tems continue [6].
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Fig. 1. Typical structure of disperse-reinforced material obtained from the
vapour phase.

Analysis of the obtained results allows concluding that the me-
chanical properties of condensed dispersion-reinforced materials de-
pend on the following factors:

1. type of metallic matrix (pure metal or alloy);

2. technological parameters for obtaining condensers (tempera-
ture of deposition, vacuum level, deposition rate of the initial com-
ponents, chemical purity of initial components, substrate surface
roughness).

The main factor affecting the structure and the following me-
chanical properties is the contact between the reinforced particles
and the metal matrix. The criterion for the value of this contact is
the contact angle between the molten metal and the particles of the
refractory material [7]. This angle depends on the environment in
which the molten state interacts with high-temperature particles,
the purity of the molten metal and the particle itself, the tempera-
ture of the melt, and exposure time. There are well-known research
data in the literature that determine the contact interconnection in
the systems: Me(alloy)-MeO, Me—C, Me—B in the vacuum or gase-
ous environments [8].

Two-phase simple condensed Me—MeO systems, where Me are
pure metals such as iron, nickel, copper, and ceramic particles such
as yttrium oxide, aluminium oxide, and zirconium dioxide are cur-
rently the most studied. Dispersion-reinforced materials with good
mechanical properties can be obtained at a concentration of the re-
inforced part of 0.6 wt.%.

2. EXPERIMENT

The mechanical properties of the CDRM depending on their rein-
forcement have been studied in systems based on metals (Ni, Cu)
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and alloys (MeCr, MeCrAl, MeCrY, where Me was Fe, Ni or Cu)
with reinforcing additives of oxide, carbide or boride (Al,0;, TiC,
NbC, ZrC, TiB,, ZrB, and other). Mechanical properties were evalu-
ated as a complex of tensile strength, deformation limit and relative
elongation.

The condensed composite materials from the vapour phase were
deposited on a carbon steel substrate with dimensions of
220x250x10 mm and heated to the required temperature. The
roughness of the substrate after polishing was R,=0.63. For fur-
ther separation of the finished condensate from the substrate, a
CaF, separating layer with a thickness of 10-15 um was applied in
advance. The evaporation of metallic and ceramic components was
performed from two separate crucibles with a diameter of 70 mm
and a liner distance between crucibles of 150 mm. As already men-
tioned, this technological approach makes it possible to gradient
condense of materials along the substrate with a wide concentration
range of the high-temperature phase with a high-temperature melt-
ing point. The material with thickness of 1-1.5 mm was separated
from the substrate and cut into strips of 20x220x1-1.5 mm in size.
These strips were used as samples for the research. The estimation
of porosity for each concentration was carried out on 7-10 samples.
The porosity was estimated from the results obtained as an average
value.

3. RESULTS AND DISCUSSION

The ultimate tensile strength (o), the deformation limit (c,,), and
relative elongation (8) as the function of Al,O; weight fraction in
the condensed Ni—Al,O; obtained at the substrate temperature of
700°C and 1000 + 20°C are shown in Fig. 2, a, b. Analysis of these
data shows that a slight increase in the concentration of dispersed
Al,O; particles leads to a dramatic decrease in plasticity.

Maximum plasticity is observed in a very narrow range of Al,O,
concentrations of 0.25-0.4 wt.% . Structural circumstances, such as
the average grain size of the metal matrix equal to the space of free
movement between two reinforced particles, explain the increase in
ductility [2].

It should be noted that the maximum of the curves with an in-
crease in temperature shifts towards a higher concentration of alu-
minium oxide (Fig. 2, b). The values of absolute plasticity in two
materials of the Me—MeO phase-type with an optimal concentration
of dispersed particles increase with an increase in the condensation
temperature. For example, at a substrate temperature of 1000°C,
Ni—-Al,0; with 0.35-0.4 wt.% Al,O; has a higher relative elongation
than pure nickel.
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Fig. 2. Tensile strength, deformation limit, and relative elongation as the
function of Al,O; weight fraction in the Ni—-Al,O; (a, b) and Cr(Ni)—-Al,0O,
with 20 wt.% Ni (¢, d) CDRM obtained at the substrate temperature of
700°C (a, b) and 1000°C (c, d); *—0, % ; B—oy,, MPa; [—o,,, MPa.

Similar changes in mechanical properties are observed in more
complex two-phase condensed systems based on compositions MeCr,
MeCrAl, MeCrY, where Me is Fe, Ni, or Cu.

The increase in strength is noticeable in a wider range of Al,O,
concentrations (up to 1 wt.%). However, at such concentrations of
high-temperature particles in condensed materials, they have low
plasticity. This change in mechanical properties is explained by the
complete absence of interphase interactions at the particle-matrix
interface. The contact angle Al,O; with nickel within the range
150-115° depends on the experimental conditions. As a result, po-
rosity appears in the condensate without interaction, which leads to
a weakening of strength and flexibility.

An increase in the phase interaction in the Ni(Cr)-Al,O; system
(contact angle of 85°) leads to an increase in strength and defor-
mation values in a wider range of Al,O; concentration as compared
to Ni—-Al,O; compositions.

For the two-phase systems Me—MeC and Me—MeB, the curve
changes direction towards a more significant concentration of rein-
forced carbide or boride particles in comparison with oxide phases.
Such a shift in the curve occurs, when the fraction of reinforced
particles is of 3—7 wt.% . This trend extends to condensed materials
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Fig. 3. Tensile strength, deformation limit, and relative elongation as the
function of ZrB, weight fraction in the Cu—ZrB, CDRM obtained at the
substrate temperature of 700°C; *x—3, % ; B—cy, MPa; [J—o,,, MPa.

based on nickel, iron and copper in the case of using reinforcing
particles TiC, NbC, ZrC, TiB,, and ZrB,.

Figure 3 shows the change in mechanical properties in the Cu—
ZrB, system.

An increase in the ZrB, up to 0.8 wt.% allows increasing the
strength and deformation up to 560—-600 MPa. With an increase of
up to 2.4 wt.%, the strength reaches 950 MPa.

The plasticity of Cu—ZrB, condensates sharply decreases in the
region of low ZrB, concentrations, but remains satisfactory in the
content of reinforcing phase up to 1 wt.%. The Cu—ZrB, composi-
tion keeps pick of plasticity at a ZrB, content of 0.1 wt.%, same as
the CDRM with oxides. Receive results is very well correlated with
wetting of zirconium diboride by molten copper. The contact angle
is in the range 123—-36° at the temperature of 1100-1400°C [8].

The copper CDRM reinforced with molybdenum have similar me-
chanical properties (Fig. 4). At the increasing percentage of molyb-
denum up to 2 wt.%, the plasticity of the copper matrix drops for
45-15%, and the limits of strength and deformation increase twice,
accordingly, to 270 MPa and 350 MPa. With an increase in the con-
tent of molybdenum to 6 wt.%, the strength increases to 500 MPa
that is more than four times higher than that of pure copper. The
deformation limit reaches 410 MPa that is more than eight times
higher than pure copper. The relative elongation of the materials is
kept at a fairly high level of 10-12% and does not depend on the
concentration of molybdenum within the range 2-6 wt.% . A gradu-
al decrease in the mechanical properties of the Cu—Mo CDRM is ob-
served when the concentration of dispersed molybdenum particles
exceeds 12 wt.%.
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Fig. 4. Tensile strength, deformation limit, and relative elongation as a
function of molybdenum concentration in the copper CDRM obtained at
substrate temperature of 700°C (a) and 900°C (b); *—3, % ; M—oyz, MPa;
0—o0y.5, MPa.

The higher level of reinforcement by molybdenum concentration
in the condensates makes the material outstanding in its mechanical
properties. Such mechanical properties of the aforementioned mate-
rials are a consequence of the structure with the actual grain sizes
and the specific sizes of the reinforcing particles.

These dimensions are determined by the temperature of the sub-
strate. A decrease in the temperature of the substrate during the
manufacture of the dispersion-reinforced material leads to a coars-
ening in the structural grains. For example, in the case of Cu—Mo
(1 wt.%) at a substrate temperature of 700°C, the coarseness of ma-
trix grains is D,=1.45-3.25 um with a characteristic diameter of
reinforcing particles d,=12-25 nm. Tensile strength increases to
270-428 MPa, deformation limit up to 140-400 MPa, and elonga-
tion up to 7%.

Additional cold forging with 30% deformation improves the me-
chanical properties of dispersion-reinforced materials even more.

The standard deviation of the results obtained was about +5%.

At a substrate temperature of 500°C, the tensile strength in-
creases to 498 MPa, the deformation limit up to 420 MPa, and the
relative elongation up to 9% . Further deformation leads to coarsen-
ing of the grain of the copper matrix to 1 um.

The higher deposition temperature of the CDRM in all cases re-
duces the strength and increases the plasticity of the materials. For
example, in Fig. 4, b shows the mechanical properties of Cu—Mo ob-
tained at substrate temperature of 900°C. The strength increases
with the concentration of molybdenum up to 25 wt.%, then remains
almost unchanged up to 50 wt.% . The beginning of the degradation
of mechanical properties is observed when the concentration of mo-
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lybdenum is more than 15 wt.% . The plasticity of this material ini-
tially decreases at a molybdenum concentration of 1 wt.% and tends
to decrease further with an increase in the concentration of rein-
forcing particles.

The depth of vacuum, the purity of the initial materials, and the
roughness of the substrate surface have a strong influence on the
mechanical properties of the CDRM.

The possibility to supply oxygen or nitrogen at the deposition
process allows creating the oxides and nitrides, which strengthens
the matrix and improves mechanical properties, but reduces ductili-
ty, electrical conductivity and thermal conductivity.

Many CDRM defects (microdroplets, non-metallic inclusions) de-
pend on the purity of the evaporated components. The best options
are metals and alloys obtained after electron-beam smelting and re-
fining. All the electron-beam treated compositions contain much
less fusible additives, oxygen, nitrogen and hydrogen compared to
standard commercially pure metals and alloys.

As the evaporation rate increases, the possibility of removing ad-
ditives from the evaporation bath is high. After electron-beam puri-
fied of metals and alloys, the deposition rate of pure metal and al-
loys is in the range 3-60 pm/min, and, for the dispersion-
reinforced materials, it is of 0.5—-10 pm.

The better surface roughness of the substrate improves the me-
chanical properties of the CDRM. It is experimentally proved that
the surface roughness of the substrate should be R,=0.63-1.2.

3. CONCLUSION

It has been experimentally confirmed that the dispersion-reinforced
condensed materials obtained from the vapour phase have excellent
mechanical properties. These properties depend on the type of metal
matrix, types of dispersed inclusions, substrate temperature, inter-
phase interaction at the interface between the matrix and rein-
forced particles, substrate roughness, and evaporation rate.

By evaluating the interaction of the matrix and dispersed parti-
cles at the interface and using high-speed evaporation, it is easy to
develop the new CDRM materials with predefined properties.
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Ilix wac BupOOHUIITBA TPYO i3 KOPO3iHHOCTIMKMX KPUIL Ha TPYOOIPOKAT-
HHUX YCTAaHOBKAX AKTyaJbLHOIO IIPO0JIEeMOI0 € HH3bKA CTiHKicTh TPyOHOro iH-
crpymeHTa. ToMy CTBOPEHHS BHCOKOIPOAYKTHBHUX i CTIHKHMX B eKCILIyaTa-
1ii iHCTpPyMeHTiB moB’sA3aHe, y IMEPIITy Uepry, 3 OAep:KaHHAM 1 00poOJeH-
HAM TaKUX MaTepiAdiB, AKi MOTJIM 6 IPOTUCTOATU JKOPCTKUM yMOBaM PobO-
T. B po6GoTi 3ampOmOHOBAHO TEXHOJOTII0 TEePMO3MillTHEHHsA TPYOHOrO iH-
CcTpyMeHTa (MAaTPUUYHUX KijJelh CKJIAAHUX MATPUIlh) AJIA IPEeCyBaHHSI KOPO-
3iHOCTINKUX TPYyO Ha TOPU30OHTAJBHUX TPYOOHPOodiIbHHX Ipecax 3 KPUIb
4X5M®P1C i 5X3B3MPC, aka mependauae MpoBeJeHHS IIiCJA 3arapTyBaHHs
3 BigmycKoM KOMOGiHOBAHOTO OOpPOOJEHHA IIIJIAXOM HIPOBEAEHHA HOHHOTO
a30TyBaHHA B Ta30Biil mjaasMi JBOCTYIEHEBOTO BaKYyMHO-IYTOBOTO PO3PAIY
(IBOP) 3 momasbmuM HaHECEHHAM B €IUHOMY TEXHOJIOTIYHOMY IIMKJII 3HO-
COCTIiHKMX OOHO- Ta OaraTolIapoBMX HAHOIOKPUTTIB Ha MOJepHis3oBaHiit
ycranoBii Tuny «Bymar-6» B HHI[ «X®PTI». 3aBasgku 3ampoOMOHOBaHIN Te-
XHOJIOTil MmigABUIMYIOTHCA MIiIHICTh, 3HOCOCTIMKiCTh, a TaKOX TBEPHiCTH
(3HaueHHs MiKPOTBEPAOCTH Ha IOBepxHi HaHOomokputrta — 23000-25000
MIla). IIpoBemeHO IMHUPOKUN KOMILJIEKC JOCTiIKEeHb CTPYKTYPU OCHOBHOTO
MeTAJy i HOKPUTTA Ta IIPOMMCJIOBI BUIpOOyBaHHA iHmcTpyMmeHTa. Ilokasamo,
110 IPOBEIEeHHsS KOMOiHOBAaHOTO OOPOOJIEHHS MATPUUYHUX KijJellb IIicjisg Tep-
MO3MiIlHeHHA iHCcTpyMeHTa (HfioHHOTO asoryBamuA B muasmi IBJIIP 3 ommoua-
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CHUM HAHECEHHSM 3HOCOCTIKMX HAHOUMOKPHUTTIB) 3HauHo (Ha 30-40%) 36i-
JBIIY€E eKCILIyaTalliffHi BJIaCTMBOCTI iHCTPyMeHTa Ta TepPMiH HOro ekKcuJjya-
rTamnii, a TakoXX AKicThb I10ro mOBepXHi, IO 3HAUHO HOJINNIye BHYTPiNIHIO
IIOBEPXHIO KOPOBiMHOCTIHKUX TPYO.

In the production of pipes made of corrosion-resistant steels on pipe rolling
plants, the current problem is the low stability of the pipe tool. Therefore,
the creation of high-performance and durable tools is associated primarily
with the production and processing of materials that could withstand
harsh working conditions. The technology of heat hardening of a pipe tool
(matrix rings of complex matrices) for pressing of corrosion-resistant pipes
on horizontal pipe-profile presses made of steels X40CrMoV5-1-1 and
30WCrV17-2 is offered, which provides carrying out, after hardening with
tempering of combined processing, wear-resistant single- and multilayer
nanocoatings at the ‘Bulat-6’ installation of the plasma technology labora-
tory of NSC ‘KhIPT’. As a result of the proposed technology, strength,
wear resistance, and hardness increase (the value of microhardness on the
surface of the nanocoating is of 23000—-25000 MPa). A wide range of stud-
ies of the structure of the base metal and coating and industrial testing of
the tool are carried out. As shown, the combined treatment of matrix rings
after heat hardening of the tool (ion nitriding in the plasma of two-stage
vacuum-arc discharge with simultaneous application of wear-resistant coat-
ings) increases significantly the performance of the tool and its service
life, as well as its surface quality, which significantly increases the quality
of the inner surface of corrosion-resistant pipes.

KarouoBi cioBa: mpecyBaHHA, iHCTPYMEHT, TBePHiCTb, JIETYBAaHHS, ITOKPUT-
T, MaTPUYHE KiJblle, a30TYBAHHS, BAKYYMHO-IYIOBi IIOKPUTTS, HAHOCTPY-
KTypa, MiKpPOTBEPHiCTh.

Key words: pressing, tool, hardness, alloying, coating, matrix ring, nitrid-
ing, vacuume-arc coatings, nanostructure, microhardness.

(Ompumano 6 zpyousa 2021 p.; nicas doonpayroéanus — 13 mpaeus 2022 p.)

1. BCTYII

Bupob6HuUIITBO TPYO € HalbiIbIIO0 raly33i0 IPOMUCIOBOCTH Y KpaiHu.

KoposifiHocTiliki Tpy6u MaioTh MOMUT y PisHUX 00sacTaAX i chepax:
MaIMuHOOYAyBaHHiI, aTOMHilI eHepreTulli, paKeToOyAyBaHHI Ta Had-
TOXEeMiYHOMY KOMILJIEeKCi, B KOMIaHiAX eHepreTUYHOl IIPOMUCIOBOCTHU
Ta MeTaJypriiHoro BUPOOHUIITBA, B XeMiUHiil IIPOMMCIOBOCTI, iHIITMX
rajyssax mpommcioBocTu. Tako:k TpyOu 1iei Kateropii akTWBHO BU-
KOPUCTOBYIOTBCSA i B XapuoBi#i ITPOMMCJIOBOCTI He TiAbKW y BUTJIAIL
TPyOOIPOBOiB, ajie i AK 6aku, emHOCcTi. KoposiliHocTiliki Tpy6u ma-
I0Th NONUT i y (papMaleBTHMUHINI TPOMUMCIOBOCTi, i Bce dyacrimie ix
BUKOPHCTOBYIOTh B apXiTeKTypi Ta nusaiiHi (TpyOu MOMKHAa 3aCTOCO-
ByBaTH SK OyAiBesibHUII i 0OpOOHUIT MaTepian IJid 3BeNeHHSA PiZHOTO
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poxny cmopyn i 06’exTiB). Illupoxo BUKOPUCTOBYIOThCA TPyOuU ITiei Ka-
Teropii B cucreMax KOMYHAJLHOTO TOCHOZApPCTBa (XOJIOAHOTO Ta Ta-
PAYOro BOAOIIOCTAYAHHSA, OCKiJIBKM KOPO3iMHOCTIIKA KPHUILSA HE CIIPHU-
YMHS€E€ HeTaTHUBHY MOil0 Ha AKiCTh BOAM, B cucTeMaxXx omajsieHHsa) [1].
Tpy6u 3 KOPO3IAHOCTINKOI KPUIII € OCHOBHUMU eJIeMeHTaMU IJis BU-
POGHUIITBA BCLIAKOrO TEXHIUHOIO YCTATKYBAHHS. IX BIKOPHUCTOBYIOTH
IJIs 30BHIIIHIX TPYOOIPOBIAHMX KOHCTPYKIIiM, IJA TPOKJIAZKMN ycCe-
penuui mpuminiess [2].

Take moHaWNIMPIEe 3aCTOCYBAHHSA JOCTATHBO JIETKO HIOACHUTH,
OCKiJIBbKHM KOPO3iHHOCTIiHiKI TpyOm MaioTh 0e3Jiu HAWOiAbIN IiHHMUX i
OCHOBHHX EKCILJIyaTaIlifHUX XapaKTEePUCTUK.

Hna BUPOOHUIITBA KOPO3iMHOCTIHKMX Tpybd IIpecyBaHHAM i BaJb-
IIOBAaHHAM IIOTPiOHA BeJMKa KiJbKicTh TpyOHOTrO iHCTpyMeHTa, Bap-
TiCTh AKOI'O CTAHOBUTH 10 25% BijJi BAPTOCTH IEepPepPOOKU BCLOT'O TPY-
OOIIPOKATHOTO IIEeXy.

IIpaBusnbHUIT BUOIp MaTepiANiB, mapamMeTpiB 3MiIIHIOBAJIbHUX TEX-
HOJIOTi#l TPyOHOTO iHCTPyMeHTa BU3HAYAE AKIiCTh HPOIIECIiB BaJILITIO-
BaHHA Ta MpecyBaHHA TPyO 3 BUCOKOJIETOBAHUX MAapOK KPUIh A
BigmoBimaIbHUX Trayry3eil IpoMUCJIOBOCTH YKpainu [3].

[ITupore mnOIMMPEHHA OJepP;KaB IIPOIleC BUPOOHUIITBA KPUIEBUX
TPyO MeTONOM IIPpeCyBaHHA HA TiApaBiaiuHmx mpecax. Cmocib rapadoro
IIpecyBaHHS Oa€ 3MOTY BUTOTOBJIATU TPYOM i3 ycix KpHIlb i cTOIiB,
AK1 BaKKO 1e()OpPMYIOThCH.

OcobsuBicTIO BUPOOHUIITBA TPYDO IpecyBaHHAM 3 KOPO3iAHOCTIMKMX
i BHCOKOJIETOBAHUX KPUIIb € HMU3bKAa CTiKiCTh ITPECOBOT0 iHCTPyMeH-
ra (Taba. 1).

IIporec mpecyBaHHA TPYO IOJIATaE€ y BUYABJIIOBAHHI MeTasly dyepes
KinmbIieBUil 3a30p, YTBOPEHU MaTpUIiieio i onpaBkoio (puc. 1) [3].

3akjaseHa B KOHTEMHep 3aroTOBKAa IIiJ Ai€l0 Ipeca-IITeMIIess Iie-
peMimaeTseda, i MeTaJq BUUABIIOETHCA B 3aMKHEHUWI KiJIbIleBU 3a30p,
YTBOPEHU MaTPUIIEIO Ta TOJKOI (OIIPaBKOI0).

IIpecyBanHa HaWOIJBINT MOIiBHE IIiJ Yac BUPOOHUIITBA TPYyO 3 BU-
COKOJIETOBAaHNX, HU3HKOIJIACTUYHUX KPHUIh i CTONiB, BUPOOiB Gimera-
JeBUX i 3i cKJyIagHOIO KOH(DIrypallieio nepeTuny.

Marpuiid € HaibiJabIlI BaKJIMBUM iHCTPYMEHTOM, B SKOMY 3MiHIO-
e€Tbcs (popMa 3aroTOBKMW; TOMY BOHA — HAUOIJBII 3HOIIEHA YacTUHA
mpecoBoro iHcrpymenTa. OCHOBHI NPWUYMHU DPYHUHYBAHHSA MAaTPUILh:
BTpaTra (popMu Ta po3MipiB KaHaNy, KpUXKe PyHHYBaHHA Ta TPillIUHU
posmany [1].

HduHamMiuyHe HaBaHTa)KEHHS MaTpPUIlb 3a0e3mneuye IMOABY TPIIUH Yy
MicIi KOHIIeHTpallil Hanpy:XeHb i TeMIlepaTypHUX I'DPaJlieHTiB, a Ta-
KOJXX HACTYIHI KpuxKi pyiinyBanHsa. B pesysabrati Aii TeMiiepaTypHUX
i CTPYKTYpHHUX HaNpPyKeHb Ha pPOOOUMX IMOBEPXHAX MAaTPHUIL
3’ABJAIOTHCA CiTKU TPIIIMH pPO3TaNy, AKi MOCTYIIOBO POBIINPIOIOTHCS
Ta 3alOBHIOIOTHCS IIPECOBAHUM METAaJIOM, IO B IOAAJIBIIIOMY IIPU3BO-
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TABJIAIIA 1. CriiikicTs npecoBoro incrpymenta [3].}

CrifirkicTs nasa Tpyb is

IncTpymenT BYTJIEIIeBUX| HEip:KRaBinHUX cTomiB i
RpI/II_U: KpI/II_U: BHCOKOJIETOBAHUX RpI/II_U:
Marpuusi Kigbnsa 300-500 10 5-7 10 5
i BCTaBKU
TpyGui onpasku 300-500 50-80 20-50
(ronkm)
Bryrpimmai 2000-3000  400-600 10 300
BTyJIIQI/I-KOHTeI/IHepI/I
IlITeMmensHi TOTOBKT ?8886 2500-5000 1000-2000

1 2 3 4 5 6 7 8 9

—————
Vi

i
] NN A

Puc. 1. Cxema mpecyBaHHA TPyoOH.>2

Puc. 2. lepekTn MaTpUYHUX Kigers.?

IUTH IO PyHHYBaHHA MaTpuUlb (puc. 2).

AxricTs TpyO, omep:KaHMX NOPECYBAaHHAM, BH3HAYAETLCS 3HAYHOIO
Miporo cTifiKkicTio iHCTpyMeHTA.

Pobounii iHCTpYMEHT IIpaIfoe B YMOBAaxX BMCOKUX TeMIIepaTyp, iH-
TEeHCUBHHUX MIBUAKOCTEll KOB3AaHHS Ta 3HAYHOTO IIUTOMOTO THUCKY, IO
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3YMOBJIIO€ HEOOXimHiCTh BUKOPHCTAHHS BMCOKOJEI'OBAHUX TEIJIOCTii-
KUX iHCTPYMEHTAJbLHUX KPUIb, AKI MaOTh IiABUINEHY B’ A3KiCTb i
minHicTs [4].

YMoBH POOOTH HPECOBOTO iHCTPYMEHTA XapaKTepH3YIOThCA 3HAU-
HUMU TeIJIOBUMM Ta CHJIOBUMHM HABAHTA'KEeHHIMM Ha iHCTPYMEHT.
IIpu rapsauomy IpecyBaHHi TemMIlepaTypa HarpiBy 3aroToBOK 3 Pi3HUX
MmarepianiB cramoBuTh Big 400 o 1600°C, a poboui mrapu iHcTpyMeH-
Ta MOKYTh HarpiBatucs mo 800°C i Bume. Tuck Ha r'paBIOpPYy MaTpPHUIID
carae 1000 MIIa [5].

3 ypaxyBaHHAM YMOB eKCILIyaTallil o MaTepidJy CTaBJATLCA TaKi
BUMOTH: BMCOKAa TeILJIOCTifKicTh, B’A3KicTh, BMCOKAa PO3IAJIOCTiii-
KicTb, 3HOCOCTIiHIKiCTh, KAPOTPUBKiCTh, BICOKA TeIJIOMPOBiAHICTE [6].

Kommiexkc BiaacTUBOCTEHM, SKUMM MAa€ BOJOIITH IIPecOoBUIl iHCTPY-
MEHT, HOCATa€ThbCSA BUKOPMCTAHHAM IIiJl Yac MOro BUTOTOBJIEHHS JKa-
POMIITHMX KPHIIb ayCTEHiTHOIO Ta MAapTEHCHUTHOIO KJIACiB, JIETOBAaHUX
XpomoMm, Boabppamom, Hikmem, Momi6gemom. 1A BUTOTOBJIEHHS
MATPUUYHUX Kijlenb 30ipHMX MATPUIL TOPU3OHTAJBHUX TPYOOIpodi-
JBHUX NPECiB BUKOPUCTOBYIOTH yapyre TBepaHi Kpuii 5X3B3MPC i
4X5M®P1C, aki migmaiors TepMmiuHOMYy 00pobGsieHHIO [7]. Takum uwm-
HOM, IIeBHUI iHTepec IpencTaBJide PO3poOKa Ta KOPEKTyBaHHA METO-
IiB TepMiuHOTrO O0OpPOOJEeHHSA Ta HAHECEeHHS CHeIliAJbHUX HaHOMIOK-
PUTTIB IJId IMiABUIITEHHA 3HOCOCTIHKOCTH iHCTpYyMeHTA.

2. AHAJIISA JIITEPATYPHUX JAHUX I IIOCTAHOBEA ITPOBJIEMHA

Ilig yac excmryararii iHCTpyMeHTa OSHUM 3 OCHOBHMX BUJIB DPYUHY-
BaHHA € 3HOC (3HOIITyBaHHsA). BecraHoBieHo, 1o 85-90% imcrpymen-
Ta, 1[0 BUKOPUCTOBYETHCA B Iporecax nedopMyBaHHS, BUXOAUTH 3
Jany B pesyabTari 3Hocy Ta TinbKu 10—-15% 3 immwux mpuuwnn [8].

3HOC — mpoIllec pyHHYBAHHA Ta BigIiJieHHS MaTepiday 3 IOBEpPXHi
imcTpymeHTa Ta (a00) HaKOONMUYEHHS HOT0 3aJHUIIKOBOI medopmalrii
mig yac TepTsd, AKUI NPOABIAETBCA Yy IIOCTYIOBi#Ml 3MiHiI posmipis i
(a60) ¢popmu incrpymenTa (I'OCT 23002-78).

3HocC OB’ I3aHU 3 KOB3aHHAM 3aTOTOBKH, SKa AeOPMY€ETHCH, IO TO-
BEPXHi iHCTPyMeHTa 3a HAABHOCTHY TEPTS MiK HUMH. SIK mOKasye mpak-
THUKAa, CTUPAHHIO CIPUAIOTH HOPMAaJIbHI Ta JOTUYHI HATIPYKEeHHSA, 110 Mi-
IOTh CIiJIbHO a00 po3misbHO. 3a 3HOCY ITOBEPXHA iHCTpyMeHTa HaOyBae
HEPeTyJIAPHOTO MOTJINOJIeHHSA, 110 IEPEXOAUTh Y HACTYITHIN cTaii B ciT-
Ky TpimuH. [loTuuHI HAIPy:KeHHA € IPUYNHOIO YTBOPEHHS KaHABOK, IT10
TATHYTHCA B3J0BIK HANPAMKY Teuil medopmoBanoro merany [3].

OCHOBHUM BUAOM 3MiITHEHHA TPYyOHOr0 iHCTpyMeHTa € BUKOPUC-
TaHHA TEPMIiYHOTO Ta XeMiKO-TepMiuHOTro 0O6po0JieHb. 3a JAOIOMOTOIO
xeMiko-TepMiuHOoTO 00pOobseHHA (XTO) MoKHA MiABUITUTH TTOBEPXHE-
BY TBepAiCTh, 3HOCOCTiMKicTb, BTOMHY MiIlHiCTh, KOpO3ifiHYy CTii-
KicTb, JKYKeJIUIeTPUBKiCcTh AedopMyBanbHOro incTpymenTta. Haituac-
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Tillle BUKOPHUCTOBYIOThCA Taki mporecu XTO: memenTarlisg, HiTpoilie-
MeHTAllisd, a30TyBaHHS, OOpYyBaHH#A, IMiTHYBAHHSA, OKCHIYBAHHSA Ta
nudysiiine xpomyBauHsa [9].

ABoTyBaHHSA 3aCTOCOBYETHCA [IJA IIABUINEHHA 3HOCOCTIHKOCTH
IIPEecOBOr0 iHCTPYMEHTA, INTaMIIiB 00’€MHOTO MITAMITYBAHHS XOJIOJTHO-
ro Ta rapsdoro ne)OpMyBaHb IIiCJA IIOBHOTO BUTOTOBJIEHHA. A30TY-
BaHHA TiBUINYE TBEPIiCTh, a TaKOXK CIPUSAE YTBOPEHHIO Ha ITOBEPXHI
3aJIMINTKOBUX CTHCKAJBLHUX HaAIpyKeHb. A30ToBaHa HOBepxXHA 306epi-
ra€ CcBOIO TBepZicTh mmicaa HarpiBamua npo 500-550°C. IlocTaTHBO
ePeKTUBHIM € HOHHE a30TyBaHH:A, 3a AKOTO HATPiB JeTasio BigOyBa-
€ThCS 3a PaxXyHOK OoMOapAyBaHHS HOTo IOBEepPXHi HOHaMM, IPUIIBU-
OIIIeHMMM B 00JacTi KaTOZHOrO IAaAiHHSA MNOTEHINAJY IIOTYXKHOTO
CTPYMOBOTO ’KeBpiiiHoro pospazny ab6o myrosoro pospazny [10]. Morne
a30TyBaHHA (B MOPiBHAHHI 3 MiYHMM) Mae HACTYIIHi IIepeBaru: MPHUIII-
BuANIlye AuQy3iiiHi IIpollecu Ha HOPSAJIOK, YMOJKJIMBJIIOE OIEpPKaTHu
Iu@ysifiHMA Imap peryjaboBaHOTO CKJIamy Ta OyIOBH, XapaKTepusy-
€ThCA He3HAUHUMHU AedopMalliaMu BUPOOIiB i BUCOKMM KJIACOM YKCTO-
TU IIOBEPXHi, /lae 3MOTYy as0TyBaTH KOPO3iMHOCTiNKi Kapomirhi Ta
MapTeHCUTOCTapifoui Kpwuii 0e3 ZOZATKOBOTO JIeIacUBYBaJLHOTO 00-
pobjeHHsA, 3HAYHO CKOPOUYye 3arajJbHUU UYac IIPOIlecy 3a PaxyHOK
3MEHINIeHHS 4Yacy HarpiBaHHA W OXOJOIKEHHS CAZKM, MAE€ BEIUKY
€KOHOMIUHiCTb, IIiABUITYE Koe(illieHT BUKOPUCTAHHA eJIEKTPOeHeprii,
CKOPOYY€E BUTPATy HACUUYYBAJbHUX rasiB, HETOKCHUYHE Ta BimmoBimae
BUMOTaM II0JI0 3aXWCTy HABKOJIUIITHLOTO cepemoBuia [11].

OmHM 3 MIepCIeKTHUBHUX HAIPAMIB HiABUINEHHA CTiAKOCTH iH-
CTPYMEHTa € Moro 3MiITHEHHS 3HOCOCTiMKMMU HaHoOmOKpurttamu. Ha-
HEeCEeHHS HAHOCTPYKTYPHUX IIOKPUTTIB IMIPOBOAUTLCSA BaKyyMHO-
IYyrOBUM METOJOM OCAaJ»KeHHS HiTPUIiB MeTajiB Ha yCcTaHOBKax «DbBy-
JaT», a TaKOoX MeTOJAOM OCAIKeHHs 3 ras3oBoi (asu Ha yCTaHOBIII
«Ilycx». MeromoM KoHOemHcallii 3 HOHHMM OoMOapIyBaHHAM HAaHO-
cAThCA PisHi 3a ckaamom mokputrta. Haiibinbimoro mommupenusa HaOy-
JU TIOKPUTTA 3 HiTpuAy Ta Kapbimy Turamy; piaiie 3acToCOBYIOTHCA
TMOKPUTTA 3 HiTpuay Ta Kapbinmy Moniomeny, Ilupkonito, Banamiro,
HioGito Ta in. MeTomoM KoHIeHcallii 3 HOHHUM 6GoMOApAyBaHHAM He
MOKHA 3MIiITHIOBATM BHYTPIiIIHi, mpuxoBaHi moBepxHi. Ciin saszHauu-
TH TAKOK BHCOKY IIOYATKOBY BapTiCTh YCTAaTKYBaHHS Ta CKJIATHICTD
foro excmayararii [12].

MeTomoM ocamKeHHsA 3 ra3oBoi (pasy HAHOCATHCS IIOKPUTTS 3 Kap-
6imis Xpomy, Turany, HiobGito, Banazgito, Ilupkonito. Ilicaa moxpur-
TA KPUIEBUIN iHCTPYMEHT MiAJaeThCcA 3MIiIlHIOBAJILHOMY TE€PMOOOPOO-
JenHio. Meroa BipidHAETHLCA ITPOCTOTOI0 Ta HEBHCOKOI BapTiCTIO
IIPUCTPOIB, AKi 3acTocoByioThbesa [13].

Y nmosinmieHHI eKcmayaTamifHMX BJIACTUBOCTEl BHCOKOHABAaHTA-
JKEHUX JeTaNiB i BY3JIiB TepTA MPOKATHOTO Ta TPyOOIPOKATHOTO 00-
JamHaHHA He 3HAUMNIIN IMHPOKOr0 3aCTOCYBAaHHSA B3HOCOCTIHKI MOK-
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putrtsa. Tomy mpobiieMa BUKOPUCTAHHSA 3HOCOCTIMKMX IIOKPUTDL IS
3MiITHeHHA TPYOHOTO iHCTPYMEHTA € HEeJOCTATHLO BMBUEHOIO, Xoua i
Mae€ IUPOKi IepcrneKTnBY BUKOPUCTAHHA Ta 3HaUYHi mepeBaru [14].

ITomyk pamioHalbHUX IJIAXiB 3MIiITHEHHSA Ta IMiABUIINEHHA TPHOO-
TeXHIYHUX XapaKTepUCTUK TPYOHOro iHCTpyMeHTa SABJIAE€ CO00I0 aK-
TyaJbHY 3aJauy Y BUPOOHUIITBL TpyO 3 BUCOKOJETIOBAaHUX KPUIL [3].

Hna BupimmenHsa 1miei sagaui B mamiit poOdOTi mpoBegeHO peayibHi mo-
CIiMKeHHs Ta BUIPOOYBAHHA HA UMHHUX HOiAIPUEMCTBAX, PO3polJe-
HO IIapaMeTpu CydYacHMX 3MiITHIOBAJIbHUX TEXHOJOTill i 3ampomnmoHOBa-
HO METOAM OIITHMi3aIlii pekKMMiB TepMiuHOIO Ta XEMiKO-TepMiuHOIO
00po0JIeHb, HAHECEHHSA 3HOCOCTIiNKMX HAHOIIOKPUTTIB.

Tpaguititina TEeXHOJIOTiA TEePMO3MIITHEHHS iHCTPYMEHTa 3 IIITaMIIO-
BUX KPUIb SIBJSE COO0I0 3arapTyBaHHS 3 HACTYOHUM Biamyckom. 3a-
rapTyBaHHA IIPOBOAUTHCS IJIS PO3UMHEHHSA 3HAUYHOI YaCTUHU KapOimis
i omep:kaHHA BHCOKOJIETOBAHOTO MapTeHcUTy. ToMy TeMIiepaTypu 3a-
rapTyBaHHA € MOigBUIIEHUMU 1 OOMEXKYIOThCA JIHINle HeoOXigHicTio
36epertu apidHe 3epHO Ta JOCTATHIO B A3KicTh [6].

Hacrynauii Bignyck BUKJIMKAE IONAaTKOBE 3MIiITHEHHS BHACJIJOK
nuciepciiiHoro TBepAiHHA. A migBuineHHA B’A3KOCTH HOT0 BUKO-
HYIOTH HabuacTimie 3a GiJIBIII BUCOKUX TEeMIEpaTyp Ha OLIbINT HUSBKY
TBepAicTs ¥ 45—52 HRC i TpOOCTUTHY CTPYKTYpPY (puc. 3).

Harpisamua mo 1080-1100°C cTBOpioe AOCTATHBO HOBHE HACUYEH-
HA ayCTeHiTy (MapTeHCUTY) Ta BUCOKiI MimuicHi BiaactmBocTi. Binblmne
HarpiBaHHA He HOTPiOHE; BOHO BJKe MAJO IOJIIIIIYE TEMJOCTiNKiCcTh,
ajle BUKJINKae 3HAUHUI picT 3epHa B KPUIAX 1 CHJBHO IIOTipIITye
B’SI3KicTh, IJIACTHUYHICTL i pO3MAJOCTiHKicThL. ¥ 3arapTyBaHHI BaK-
JUBUM 3aBIaHHIM € 3aXKCT BiJ 3HeBYTJIEI[IOBAHHSA; OCKiJILKU TeMIIe-

Puc. 3. Mikpocrpykrypa Kpuiii 4X5M®P1C micaa saraprysanua Big 1070°C,
Bigmymenoi 3a 550-570°C (1 Bimmyck), 530-550°C (2 Bigmyck) (TpoocTuT
Bigmycky), x500.%
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paTypu 3arapTyBaHHS € BHCOKHMU, OOOB’SIBKOBUM € B3aCTOCYBaHHS
3axX0MiB 3axucTy (HaAAOIiIbHIiINIe HATPiBaHHSA — B COJSIHUX BaHHAX).

Ilicna sarapryBaHHs OaHI KPUIL PEKOMEHAYETHCS IIOOCTYIKYyBaTH
Ha moBiTpi 1o 950-900°C, a moTiM oxoJioAKyBaTH B MacJi abo moJIi-
MepPHUX 3arapTyBaJbHUX CEPEIOBUINAX 3aIJisd MOKJIUBOCTU Pery.Jiio-
BaHHSA IPOIIECY 3arapTyBaHHI.

Omneparriro BifOyCKy BUKOHYIOTH HETalHO IIiCJI 3arapTyBaHHSA 3 Me-
TOIO 3aII00iraHHsa TPimuH. K IpaBuIo, BiAIyCK POOIATEH Ha TBEPIAiCTh
y 45—-52 HRC. OckinbKu mig yac HarpiBamHA AJA BiITTyCKY B CTPYKTYPi
30epiraeTbcsa 6araTo aycTeHiTy, JOIiIbHE IIPOBENEHHS ABOPA30BOIO Bi-
anycky. Temmeparypa apyroro Bignmycky moskxe 0yt Ha 10—20°C mumx-
ye, a 1ioro TpuBaiicTh Ha 20—25% MeHIIIe, HidK JJIs IEepIIoro BiAIyCcKY.
OxoJomxeHHA MicJd BiIIyCcKy MpoBOAUTHCA Ha mOBiTpi [5].

I'padix TepmiuHOro 06pOOJEHHSA IIPECOBOT0 iHCTPYMEHTAa 3 BUKOPHU-
CTAaHHAM HOHHOT'O a30TyBaHHS IMOKAas3aHO Ha puc. 4.

HociifnxeHHa TOKasaju, IO BiAMIHHOIO PHCOI0 MiKPOCTPYKTYpU
a30TOBAHOIO INAPY MHicJsg HOHHO-IIJIA3MOBOI'0 a30TYBAaHHA € HAaABHICTDL

¢4
1050-1070°C
1100 Ha MoBiTpi
900 a
200 800°C
700 Tonne azoryBanEA
600 550-570°C 5?130.—550°C 510-520°C
500 Hal [10BiTP1 i
200 A man Aot noriThi
388 Ha IIOBiTpl
100
‘ .
T, =46 x8. 1_= 60 x5. T =60 xB. T, XB.

Puc. 4. I'pagdix repmiuHOTO 06p0O6IEeHHA MATPUYHOTO KindbIild 3 Kpuili 4X5M®P1C
3 BUKOPUCTAHHAM HOHHOTO a30TyBaHHA.®

&-tasa
(Fe,N ymopsarn.)

o-haza
(N-theppwr)

17
S

Puc. 5. MikpocTpyKTypa asoroBaHoro mapy kpuiii 4X5M®1C micas asory-
BaHHA, x400.°
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OysKe MimHOI mpibHOAMcHepcHOI e-pasu. 3aBAAKKM HASIBHOCTI B Imapi
miei (pasu mToBepXHEBa TBEPIICTh MAeTajiB, IO a30TYIOTLCA, BHUIIE
maitxe Ha 160—-180 HV, HixK 3a ra3oBOro a3zoTyBaHHAd.

Ilicna mpoBemeHHA Aal30TyBaHHSA as30TOBAHMII IIap Ha IIOBEPXHi
ckJyanaeThea 3 HiTpuauoi 30ouu Fe, ;N (e-dasa) ra Fe,N (y'-daza) i mi-
nmiapy asoructoro ¢epury (o-dasa), B AKOMY IIiJi YaC OXOJOIKEHHS
BUIiNAIOTECA HiTpuau Xpomy, Momiogeny, Axtominio (puc. 5).

HanecenHsa KepaMiuHMX HAHOIIOKPHUTTIB Ha IIONEPEeIHBO a30TOBaHi
KPHUI[i € TUIIOBUM HPHUKJIALOM KOMOiHOBaHOT0 00p00JeHHa BUPOOiB.

BakyyMHO-IyroBUil pO3psk BUKOPHCTOBYETHLCA B IIPOMMUCJIOBUX Te-
XHOJIOTisIX MOAM(PIKYBAHHA MOBEPXHI IJA OAep:KaHHS YHIKAJIbHUX
XapaKTepUCTUK OCalKeHUX IIOKPUTTIB. Po3pan y mapax marepisry
Karoau (Meraj, CTOIl, KpeMHi#, rpadiT Ta iH.) CTBOPIOE HMOTOKHU ILjIAa-
3MU 3 IIOYATKOBOIO e€Heprieio HOoHIB y JecATKH Ta COTHi (I TAKKO-
TONKWX METaJiB) eJIEKTPOH-BOJBTIiB. B moTokax masMm TaKoK Mic-
TAThCA KPAaIlJIi PO3TOILJIeHOro MaTepiany karomu [15].

3 KaTogHMX ILIAM, B AKUX I'YCTHHA CTPYMY CKJjajgae 6iausbpko 10°
A/cm? i Ttemneparypa — 1o 5000°C, BUITyCKAIOThCA IOTOKHU ILIA3MU 3
YaCTUHOK MaTepidAJy KaToam 3i cTymeHeM HoHizalii ix, AKa csarae
100%, a 3a DOIIOMOr'O0 MArHETHHUX IIOJiB MOKXHA KepyBAaTH HAIIPSM-
KOM i I'ycTHHOIO ITUX IOTOKiB [16].

KinbkicTs #oHiIB, KpaTHiCTH IXHBOTO 3apAAYy i1 €Heprisag MaioTh TEH-
IEeHIlif0 10 30iJLINeHHS 3 POCTOM TeMIIepaTypH TOILJIeHHS MaTepiary
Katonu. Ilpu ocajmkeHHi y BUCOKOMY BaKyyMi Ha OiIKJaAUHIIL YTBO-
PIOEThCSA IIIap MATepPisiay, TOBIMMHA AKOTO HPOHOpPIliiiHa yacy Ta Tyc-
THHi IIJJA3MOBOI'O IIOTOKY.

Ilix yvac HanmycKy y BaKyyMHY KaMepy rasisB (a30Ty, KUCHIO, CipKoO-
BOIHIO, BYTIJIEIIeBMiCHUX rasiB TOINO) Ha MiAKJAAWHIII CHUHTE3YVIOTHCS
IUIiBKH, IO CKJIQAAIOTHCA i3 CHOJYK IIMX TasiB i3 marepianramm, AKi
BUNAPOBYIOThCA. PeryiroBaHHAM eHeprii HoHIB 3MiHOI0 HeraTHMBHOTO
MOTEHIIiANY HA HiAKJATUHIII MOYKHA YIPABIATH BJIACTUBOCTAMU IIOK-
puTTiB, 3abesmeuyroun HeoOXximHi (isumKo-MexaHiUuHi, aHTUKOPO3iliHi
# immi xapakrepuctuku [10].

Bucokuit cryminb #HoHisamil miasMu ga€e MOMKJIUBICTH ITPOBOAUTHU
OUUIITEeHHS MOBEPXHI IMiAKJAIMHKNU y BUCOKOMY BaKyyMi ii posmopo-
IIeHHAM HOHAMHM BUIIAPHOTO MATepiAny i, TuM caMuM, 3abe3meuyBaTu
IuQys3ifiHui 3B’ SA30K i3 MOKPUTTAM i, OT:Ke, BUCOKY aAaresiio.

Oco6IMBiCTIO HAHOCTPYKTYPHUX MHOKPHUTTIB € 3HAUHE 30iJbIIIeHHSA
TIOBEPXHEBOI TBEPJOCTM Ta 3HOCOCTiMKOCTH iHCTpyMeHTa. Haibimbim
yHiBepCaJbHOI0 XapaKTePUCTUKOI MEXaHiYHMX BJIACTUBOCTEH IIOK-
puTTiB € ixHa TBepaicTh. Ha pucyHKy 6 mokasaHo JaHi CTOCOBHO TBe-
pmoctu (H) i momynsa mpy:kHOCcTH (E) OGaraTomrapoBux IIOKPUTTIB
TiN/ZrN B 3aneXHOCTi Bif KinbKocTu miapiB (HaHeceHWUX 3a OIWH i
TOIi Ke mpoMixkoK uacy) [10].

30i/bIIeHHA KiJBKOCTM IIapiB y IOKPUTTI IPUBOAUTH N0 30ijb-
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Puc. 6. I'padik same:xkHocTu TBepgoctu (1) Ta Moxyasd mpyskHoctu (2) Bin
uyncsa mapis y nokpurrax ZrN/TiN, ocamxenux za —200 B.”

MIeHHSA MIiITHOCTU Ta TBEPIAOCTH iHCTPYMEHTA, OCKIJMbKU MisKIIaposi
MeXKi IepenrKo:KaoTh 3CYBY MIHCJOKAIIN i IMOHMMKYIOTh IJIACTUYHY
nedopmairiio.

3. META TA 3AJAYI JOCJIIKEHHSA

MeTo10 moCaiKeHHs € YIOCKOHAJEHHI METOLIiB 3MiITHEHHS OCHOBHOI'O
TPyOOIpPEcoBOro iHCTpyMeHTa — MATPUYHHX Kijellb CKJIaZHUX MaT-
PHIIb TOPUSOHTANLHUX TPYOOHIPO(MiIbHUX IPEeCciB MJIA IIpecyBaHHS BaK-
Kome(OpPMiBHIX KOPO3iAHOCTINKUX TPyO 3 METOIO IiJBUIIIEeHHA iXHbOI
CTIHKOCTH 3a eKCILTyaTallii B MOPiBHAHHI 3 TpaiuliimmmMu s3acobamu
3MIiIlHEHHA — TEPMIUYHUM Ta XeMiKO-TepMidyHUM OOPOOJIEHHAMU.

4. MATEPIAJIN TA METOAJUKA OJOCJIIKEHD

Hasi BUTOTOBJIEHHSA OCHOBHOT'O TPYOOIIPECOBOTO iHCTPyMeHTa (MaTpu-
YHUX Kijemnpb 306ipHMX MaTpUIlb TOPU3OHTAJBHUX TPYOOIpPodiabHMX
mpeciB) HalyacTillie BUKOPUCTOBYIOTH YAPYTe TBEPAHI HAIiBTEILIOC-
Titiki Kpuimi mapreHcuTHOoro KJjacy 4X5M®P1C i 5X3B3M®PC, aki
miggaoTs TepMivHOMY OOpOO6JIeHHIO (3arapTyBaHHIO 3 Bimmyckom). 3
MeTOI0 3MillHEHHA iHCTpyMeHTa B Po0OOTi 3aIIPOIIOHOBAHO ITicJIs 3ara-
PTYBaHHA 3 BiAIIyCKOM BUKOHATU HOHHE a30TyBaHHS y IIJasMi JBOC-
TYIIEeHEeBOTO BaKyyMHO-AyToBoro pospany (IBIP) i3 HaHeceHHAM 3HO-
COCTiKMX OJHO- Ta ABOIIAPOBUX HAHOIOKPUTTIB.

XeMiuHMY CcKJaJ KPUIlL HaBeaeHOo B Ta0i. 2 i 3.

XapakTrepHoio pucow Kpuilh 4X5MP1C i 5X3B3M®PC ¢ KoMIIEK-
CHe JIeT'yBaHHA Ta CXUJbHICTH 0 AUCIIEPCiiHOTO TBEPAiHHA. BucoKmit
piBeHb JieTyBaHHSA CIPUATJINBO BIJIMBAE Ha MIiIlHiCTh, IIpOoTrapTOBAa-
HiCTh, TEIJIOCTIHKICTh KPUIIL Ta AA€ MOMKJINBICTH BUKOPHCTOBYBATHU il
IUIs iHCTPYMEHTiB, IO poasirpiBaiorbca B mpoleci pobotu mo 600°C.
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TABJUIA 2. Xemiunuii ckiaag xkpuni 4X5M®P1C, mac.% (I'OCT 5950-73)
[4].°

Ni Cu S P

He Oliblre

C Si Mn Cr A\ Mo

0,32 0,90 0,20 4,50 0,30 1,20

0,35 0,30 0,30 0,03
0,40 1,20 0,50 5,50 0,50 1,50

TABJUIIA 3. Xemiunwmii ckaan kpuii 5X3B3M®PC, mac.% (F'OCT 5950-73)
[4].°
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Hucnepciiine TBepAiHHa 3a0e3meuye rapHi gedopMalliiidi BIacTUBOCTI
imctpymeHnTa [6].

Komb6iHoBame o6pobeHHA MATPUUYHUX Kijelb, IO BKJIIOYAE a30Ty-
BAHHS 3 HACTYIIHUM OCAJKEHHIM KepaMiuHMX HOKPUTTIB B €IUHOMY
TeXHOJIOTiUHOMY IIpoIieci, 0yJyio mpoBezeno 3 Bukopuctanuam [IBIIP y
BaKyyMHO-IYyroBuX ycTaHoBKax tuny «Bymaar» (HHI « X®PTI») (puc. 7).

B po6ori 3 (tpm) kimbua 3 kpuii 5X3B3M®PC npismerpom y 73,5
MM i 71,5 mm i 2 (mBa) Kinbma 3 kpuri 4X5M®1C giamerpom y 73,5
MM OyJo migmaHo HOHHOMY a30TyBaHHIO B ILIA3Mi JBOCTYIIEHEBOTO
IYyTOBOTO pPO3pAAy B MoaudikoBaHiii ycranoBui «Bymar-6» B HHIJ
«XDPTI» (M. Xapkris).

Kinemga O0ymo BuroroBieno Ha TOB «Metincepsic I'pym» (M. Hiko-
MoJib) i migmaHO 3MIiIHIOBAJILHOMY TepMiuHOMY 00poOJeHHIO (CcTyIe-
HeBomy 3arapryBanuio 3 1080-1100°C Ta mBopasoBOMY BiAmycKy 3a
550-570°C (1 Bimmyck) Ta 530-550°C (2 Bigmyck)).

BHacirimox HM3BKOI CTifiKoCcTM MaTpuUHUX Kimers (mo 5—6 mpecy-
BaHb) 3aIPOIIOHOBAHO YAOCKOHAJEHY TEeXHOJIOTiI0 TepMO3MilTHeHHS
Kimenpb — IicasA sarapTyBaHHS 3 BiAITyCKOM BHUKOHAHO KOMOiHOBaHe
00po0JIeHHsA, AKe BKJIOUAE a30TYBAaHHA 3 HACTYIHUM OCAIKEHHIM
KepaMiyHUX HAHONOKPHUTTIB B €IMHOMY TEXHOJOTIYHOMY ITPOILECi.

Cxemy MoIepHi3oBaHoi ycTaHOBKU «ByiaT» mokasano ma puc. 8. Ka-
Mepy Biskauysamu g0 1-107° Ila, Hanyckanu B Hei a3oT g0 Tucky y 0,1—
0,5 Ila, BKJIOUaNM BUIMApHUK 2 Ta MOJaBaM Ha KaTOAy BUOApHUKA 4
TOBUTUBHY HAIIPYTY Bifg Askepena 7 (mono:kenHsa 11 mepemukaua 9); Mk
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Puc. 8. Cxema BaKyyMHO-ZYTIOBOI YCTAHOBKY JJis HOHHOTO a30TyBaHHA.'!

KOPIIyCOM BaKyyMHOI KaMepH! Ta KaToAO0I0 BUIapHUKA 4, B JaHOMY BU-
magKy aHOMOI0, 3alaJII0EThCSA AYTOBUI Ia30BUM PO3PAN, AKUU IIiATPH-
MYETBLCS mKepesioM 7 (CTpyM rasoBoro pospany — 200 A).

Marpuusi Kinbig (3 IITYKH) # eKCHepUMeHTaJbHI 3pasKW 3 pPO3-
mipamMu 20x20x3 MM TOTEpPeAHbBO MPOMUBANU JIYKHUM PO3UMHOM B
yIBTPa3BYKOBill BamHi, a moriMm Hedpacom C2-80/120. 3pasku 3aBaH-
Ta)XyBaJau B MOJEepHidoBaHY ycTaHOBKY tuny «BYJIAT-6». Ha iH-
CTPYMEHTU IOJaBaJii HO3UTWMBHY HANPyry nepemukauem 10, pery-
JIIOIOUM BEJUYWHY CTPYMY B M:Kepesi 8 y Memkax NeKiIbKOX OeCATKIiB
aMIlepiB 3 MeTOI0 IiATPUMKHU TeMIlepaTypu iHCTPYMEHTIB Ha piBHI
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450-500°C. EnexTponHe OombOapayBaHHs 3a0eslleuyBajo Harpis i
a30TyBaHHA iHCTPYMeHTiIB. A30TyBaHHS 3a HMO3UTUBHOTO HOTEHIIiSATIY
YMOJKJIMBIIIOE ICTOTHO 3MEHINUTHU HMOBIpHIiCTL BUHUKHEHHA Ha iH-
CTPYMEHTaX MIiKPOAYyT i YHUKHYTU HNOHHOTO «PO3MIaBJIEHHA» IiXHBOI
noBepxHi. Ilicasa mocArHeHHs HeoOXigHOI TOBIIUHMN A30TOBAHOIO IIIa-
py (2 30 MKM) Ha iHCTPYMEHT IIOJaBaJW HeTaTUBHY HAIIPYTY.

3a TpWBAKUOr0 a30TYyBaHHA OJHOYACHO BifOyBaJiocAd OUMIIEHHSA
moBepxHi Houmamu Hitporeny [16].

VoHHe OUWINEHHA 3 aKTUBAII€I0 IIOBEPXHI MiAKIAAMHOK IPOBOIY-
Jocd TpUINBUAINIeHUMU HoHamu HiTporeny B rasosiii miaasmi mgyroso-
ro po3pAny 3a TUCKY aszory y 0,66 Ila. 1A cTBOpeHHS ra30BOTO PO3-
pany B pobouomy 00’eMi KamMepu HeOOXiJHO BKJIIOUNTHU BUIAPHUK 2;
TOMI CTBOPIOETHCA Tas3o-MeTajieBa ILJIa3Ma, dKa udeped eKpaH 3 Oynae
eMiTepoM eJeKTPOHIiB AJIg ra30BOTO PO3PALY B 00’eMi pobouoi xaMmepu
1 (puc. 8). 3 momavero Ha KOPIIYC BAKYYMHO-IYTI'OBOTO BUIIapHUKA 6
MMO3UTHUBHOTO IIOTEHIIiAJYy mIepeMuKaueM & Bim mkepena KUBJIEHHS
IyTM B IPHUCYTHOCTL asory mim tuckom y 0,05-0,5 ITa B pobGouomy
00’eMi KaMepu BUHHMKA€E ra3oBUil AYTrOBUU Po3psax. 3 Iojgavelo Ha Ii-
IKJAIUHKY 4, a 0OT:Ke, 1 Ha JeTalli BUCOKOTO Her'aTUBHOTO IOTEeHITiAIy
—1000—1300 B Bigb6yBaeThbcsA ii posirpiB 3a paxyHOK 6GoMOapayBaHHS
iomamu Hitporemy mo temmeparypu y 480-540°C, mio sabesmeuye
mpollecu a30TyBaHHA Ha HOBepxHi 3paskiB. TemIeparypa migkaagu-
HOK HaJaJi MiATPUMYETbCA 3MiHOI BEJIUUYMHU HETaTUBHOIO IIOCTii-
Horo moTeHniamny 9. TpuBajicTh Ipoliecy a3oTyBaHHA 3aJ€KUTh Bil
MOTPiOHOI TOBIMHU IIApy Ta TEeMIePaTypu IMiAKJIaINHKU;, B TaHOMY
BUNAAKY uac azoryBamusa — 1 rommua [10].

ITicaia mporecy asoTyBaHHsA (Bimpasy Ha rapauuii geTasb) IPOBO-
JIUTHCA OCAMKEeHHA HAHOCTPYKTYpHOro mokputta TiN B egmHOMYy Te-
xHOoJoriunomMy mukJi. CTpym mgyrosoro pospazny ma karoxi Ti — 100
A. Bigmanps Bim katoau mo meraniB — 500 mM. OcagKeHHS IMOKPUTTIB
amificHioBasioca 3a HeraTuBHOro moteHnianry y —200 B (9) i 6esmnepep-
BHOT'O O0epTaHHS MOBOPOTHOTO MeXaHidMy. Yac HAIIOPOIIIEHHS IIOK-
purtsa — 90 xB. [16].

Hitpuam Turamy MaioTh 30JOTHUCTUI KOJIip, BiATIHKKM AKOro 3Mi-
HIOIOThCA B 3aJiekHOcTi Bix Bmicty B Hux Hirporeny. Ilokpurrtsa,
oIep:;KaHi 3a MaJMX THCKiB asoTy, MAIOTh SACHO-}KOBTHUI KOJip. 3 min-
BUIEHHAM THCKY iXHI KOJIp CcTae TEMHO-)XOBTHUM 3 UEePBOHYBATUM
BusnckKoMm [11].

Marpuusi Kinbig (2 mMITyKH) ¥ eKCHepMMEHTAaJbHI 3pasKW 3 pPO3-
mipamMu 20x20x3 MM TOTEPeAHbBO MPOMUBANU JIYKHUM PO3UMHOM B
yIBTPa3BYKOBill BamHi, a moriMm Hedpacom C2-80/120. 3pasku 3aBaH-
TaKyBaJau B MOAepHi3oBany ycTaHOBKY Tuny «BYJIAT-6». Bakyymuay
xamepy 1 Bigxauysamau go Tucky p = 1,3-107 Ila.

MoHHe OUMINEHHA 3 aKTUBAII€I0 IIOBEPXHi MiAKJAJUHOK IPOBOIU-
Jocsa mpuInBuUAIIeHNMHU Honamu HiTporeny B rasosiii myasmi Iyroso-
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0 Po3pAnLy 3a THUCKY py = 0,66 Ila. [[1s cTBOpeHHA Ia3oBOTO PO3PAILY
B pobouomy 00’eMi KaMepu HeOOXiZHO BKJIIOUMTH BUOAPHUK 2; TOIi
CTBOPIOETLCA Tazo-MeTajeBa IIasMa, SKa dyepe3 eKpaH 3 Oyae emire-
POM eJeKTPOHIB JJs ras3oBOTO Po3pAxy B o06’eMi pobGouoi xamepu 1.
3a mojaui Ha KOPIYyC BAKYYMHO-IYTOBOTO BUHAPHUKA 7 IO3UTHUBHOIO
MOTEHI[IANY IlepeMuKaueM 9 Bij mKepeia JKUBJIEHHS OYTU B IIPUCYT-
HocTi asory mim tmcxkom y 0,05-0,5 ITa B pobouomy 00’eMi Kamepu
BUHUKAE Ta30BUI AYroBUM po3pAn. 3 mojaueio Ha HiAKIaguHKY 4, a
OT:Ke, i Ha 3pasku 6 BHCOKOro HeraTuBHOro moTeHIigay —-1000—
—-1300 B BigOyBaeThca ii posirpiB 3a paxyHOK GomOapAyBaHHs HOHA-
mu Hitporeuny mo temmepatrypu y 480—-540°C, 1o 3abesmeuye Irpoiie-
cu a30TyBaHHS Ha IIOBepXHi 3paskiB. Temieparypa ImigKJagMHOK Ha-
Jajgi miaTpuMyeThCsa 3MiHOIO BEJIMUYMHN HEeTraTMBHOrO moTeHIlisgny 10.
TpusajicTs mpollecy a3oTyBaHHA Oyjaa B 1 roguHy.

ITicasa mpolecy as3oTyBaHHS IPOBOAUTHLCA OCaMKeHHA OaraToIrapo-
Bux nokputTiB TiZrN/NbN. Crpym gyrooro pospany Ha rKaroxi TiZr
=100 A (8), ctpym gyru xarogu Nb =125 A (13). Biggans Big Karon
o spaskiB — 500 mm. KomaumokoHnTposiepoM (I11) peryJioeTbcsa Tpu-
BaJicTh HaHeCEeHHS KOXKHOT'0O IIapy; 30KpeMa, B HaHiii poboTi obep-
TaHHSA 3[ilficHIOBaJioca OesnepepBHO. OcamKeHHsS IMOKPUTTIB 341MCHIO-
BaJIOCA 3a HeraTwuBHOTO moTeHIiany y —270 B (10) mixg Tuckom asoTy
pn = 0,66 Ila.

Yac ocamxeHHsa OyB B 1 romuHy, TOOTO B IIOIEpPeNHill ITPOMiXKOK
yacy BigOyBaJoCh a30TyBaHHA Ha rimouHy y 50—60 MKM 3a OZHY To-
INHY, a 3BEPXY HAHOCHUJOCSA HAHOCTPYKTYPHE BAKyyMHO-IYIrOBE IIOK-
putrta TiZrN/NbN ToBmumuOMNO y = 5-7 MKEM (1 roamua) (puc. 9). Mi-
KPOCTPYKTYpHU 3pas3KiB Kpuili HaBemeHo Ha puc. 10.

\ﬁ}
= M

[«

[
e

Puc. 9. CxeMa BaKyyMHO-IyTOBOI YCTAHOBKH AJIA HOHHOTO a30TyBaHH.'?
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a

Puc. 10. CTpyKTypu eKCIIeprMEeHTAJIbHUX 3Pa3KiB IITaMIIOBUX KPHUIL MiCJsd
MOHHOTO a30TyBaHHA Ta HaHeceHHs ONHO- (a) i 6araroriapoBoro (6) MOKPHUT-
TS 3a eJeKTPOHHO-MiKPOCKOIIUYHOTO JOCHif:KeHHA.

Puc. 11. Bunpo6yBauusa tpyoonpecoBoro imcrpymenta ma TOB «BO OCKAP»
(M. Taimpo).'*

5. PEBYJBTATH TOCJIII;KEHD

BunpobyBaHHA MaTpUYHUX KijJelb IicJd 3MiIHIOBAJIbHOTO 0OpPOOJIEH-
HA Ta HaHECEeHHs HOKPUTTIB BUKOHAHO Ha TpybompodinbHOMY Ipeci
TOB «BO OCKAP» (M. Huinpo) (puc. 11).

Haii6insm HamgifiHy OI[IHKY pesyJbTaTiB TEPMiYHOTO Ta XeMiKo-
TepMiuHOTO 00pO0JeHDb maloTh MeTajgorpadiuHi mocaimykeHHsS, AKiI ma-
IOTh BiIOMOCTi PO TOBIWHY Ta OyJOBY IIapy CHOJYK i audysiiinoro
mapy. 3asBuuail A MeTaJorpadiuHoOro JOCHimKeHHS HLIihu IaBu-
au "Hitaaom — 2-4% -COUPTOBMM PO3YMHOM as3OoTHOI KucJuaoTu. s
CYI:KeHHd mpo (asoBUl CKJaJ IIapy BUKOPUCTOBYBAJIU METOIU KO-
JILOPOBOTO ¥ €JIEKTPOJIITUYHOrO II[aBJIEHHA B PO3UYMHI IJKOTO HATPY.
Tako:x OyJau IIPOBeIeHi eJIeKTPOHHO-MiKPOCKOIIIUHiI JOCHimKeHHsS Me-
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rajgorpadiunux nuridis (Buximmi maidpwu 6yaum mopisami ma TOHKI 3pa-
3KM II0 5 MM), IPUTOTOBJIEHI Ta BUBUEHHIi Ha PacTPOBOMY eJIEeKTPOH-
HoMy Mikpockomi (PEM), Bucoka poszintbua sgaTHicTh (o 60 A) i
BUHATKOBa IJIMOMHA Pi3KOCTH AKOTO POOJIATH MOro Maiiyke He3aMiH-
HUM [OJIA MeTajJorpadiuyHux mOCimKeHb. 3aMip TBepHOCTH IIOBEPXHi
s3paskiB micasg XTO O0ysB BUKOHaHMII 3a JOIIOMOI'OI0 MiKpOTBepAoMipa
tunty IIMT-3 nig maBanTaskenHam y 100 rc HV,, [14].

PesyabraTun samipy Mmikporsepmoctu ma mnpubopi IIMT-3 3paskis
Kpuri 4X5M®P1C micaa HOHHOTO a30TyBaHHSA Ta HaHECEHHS ITOKPUT-
Ta TiN HaBemeno B Tabi. 4, a 3MiHY TBEpAOCTH iHCTPYMEHTAJIbHOI
KpUIli Iriciss HOHHOTO a30TyBaHHA Ta HaHeceHHd MoKpuTTa TiN B 3a-
JIeXKHOCTI Big roimbuHM BU3HAUEHHS TBePIOCTH — Ha puc. 12.

Sx BumHO 3 rpadika, MpoBeJleHHSA MOHHOTO a30TyBaHHA 3 OJHOUYAC-
HUM HaHECEeHHAM HAHOCTPYKTYPHUX IIOKPUTL PisdKO 30iIbINye TBEp-
IicTh i 3BHOCOCTIHKIiCTh IIOBEPXHEBUX IIAPiB iHCTPyMeEHTA.

B po6oTi 06ys0 mpoBeeHo PEeHTIeHOCTPYKTYPHY aHAJIi3y MOCIIimKy-
BaHux 3paskiB kpumi 4X5M®P1C. [udpakToMeTpUuHi TOCJiIKEeHHA
MIPOBOAMJINCA Ha pPeHTIreHiBcbKoMy audpaxrTomerpi IPOH-2.0 B Ko-
banpToBoMy CoK,-BumpoMiHmeHHi i3 sacrocyBaHHAM Fe-celeKTUBHO
norJanHaJbHOrO (ijgbTpa.

Hudparosane BUIIPOMiHEHHA PEECTPYBAJIOCA CHUHTUIAIINHUM Je-
TeKkTOopoM [17].

Hna mocaimyxkeHHs Oyau B3ATi 3pasku kpuili 4X5M®1C 3asuaue-
HUX PO3MipiB micasa pisHUX BuIiB 00po6JIeHHA:
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Puc. 12. 3mina TBepHOCTHM iHCTPYMEHTAJBbHOI KPHUIIL IIicas HOHHOTO a30Ty-

BaHHS Ta HAHECEHHS B3HOCOCTIMKOT0 HMOKPUTTA B 3aJIeXKHOCTI Big ryimOuHU
BUBHAUEHHS TBePAOCTH.’
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1. 4X5M®P1C; iioune asoryBaHHA; meHTep; 20,56%x11,5x7,3 MM;

2. 4X5M®1C; itoHHe a30TyBaHHsA; MOBEPXHA; 22x13x8 MM;

3. kpuna 4X5M®1C B mouaTKOBOMY CTaHi JO a30TyBaHHI;

4. xpuna 4X5M®P1C iionue asoryBaHHA + HOKpuTTa TiN; moBepx-
HA; 22x13%x8 mMM;

5. kpuna 4X5M®P1C itonHe asoryBaHHA + moKpuTTa ZrN/TiN; mo-
BepxHA; 22x13x8 MM.

HudpakTorpamu 3paskiB HaBemeHno Ha puc. 13—16; pesyabTaTé po-
3paxyHKiB 3BeleHO B Tal0J. 5.

Ne 1. Ilicng #iomHoro azoryBamua Kpuili 4X5M®P1C y 3pasky (1eH-
Tep, puc. 12) Buasmeno 2 dasu: depur o-Fe i aycrenir y-Fe. ¥ mopi-
BHSHHI 3 BUXimHUM cTaHOM (3pas3ok N¢ 3) micas a3oTyBaHHA B 3pasKy
3’aBuBcA aycreHiT. Bimomo, mo HiTporen e crabinisaTopom aycreHi-
Ty. Kpim Toro, rpammuna posumHHicT, HiTporemy B (peputi o-Fe cra-
HOBUTEL Bchoro 0,4 ar.% ; rpammuHa posumuHicTh HiTporemy B aycre-
HiTi y-Fe smauno 6inpme — 10,5 ar.% . ToOro BuABIeHWUII aycTeHIT
BigHOCUTBCA mO aszoroBamoro mrapy (HiTporem posumHMBCA B ayCTeHi-
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Puc. 13. IudpaxTorpama 3pasKa Puc. 14. ludparTorpama 3paska
Ne 176, Ne 2,17
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Ne 3.8 Ne 4.1
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TABJIAIIA 5. ®aszoBuil ckaaj gocaifeHux 3paskis.?’

Ne 3paska | daza Bwmicr, Bar.% | IIapamerep rparuuni a, A
1 o-Fe 96,4 2,868
v-Fe 3,6 3,595
9 a-Fe 97,6 2,868
v-Fe 2,4 3,595
3 a-Fe 100 2,869

THifi r'paTHHUIL 0e3 yTBopeHHs HiTpuzais). Ilapamerep rpaTHuili aycre-
HiTY cTaHoBUTH a = 3,595 A. ITapamerep rpatHuIi (epury Bigmoizae
BUXiZHOMY cTaHy (B MeKaxX MOXMOKU MipsaHHS).

Ne 2. Ilicns #iomHOrO azoryBamusa Kpuili 4X5M®1C B 3pasky (mo-
BepxH#, puc. 13) Taxkox BuasBjeHo 2 dasu: depur ao-Fe i aycrenir y-
Fe. IlapaMeTep I'DaTHHIII ayCTeHiTy cTaHOBHUTH a = 3,595 A. Ilapame-
Tep r'paTHULi depuTy nopiBHIOE a = 2,868 A. ¥V mopiBHAHHI 3 meHTpa-
JBbHOI0 YacTHHOIO (3pas3ok Ne 1) B mocaimxyBaHoMy o6’eMi IIbOTO 3pa-
3Ka MICTUTBCS TPOXM MeHIlIe aycTeHiry (2,4 Bar.%).

Ne 3. 3pasork kpuii 4X5M®P1C B moyaTKOBOMY CTaHi € omHO(DAas-
Hum (puc. 14), ckiaamaetbea 3 pepury o-Fe 3 mapameTpoM I'paTHHITI
a=2,869 A.

HudpakTorpamy 3paska Iriciia HaHeceHHsa mOKpuTTa TiN mokasaHo
Ha puc. 16. ¥V Bunmagky 30inbineHHsa moreHIianay nigrkaaguaku (U,)
o —230 B TeHmeHIIiA IOLO YTBOPEHHS ABO(MA3HOro mOKpuUTTa ((hasu
TiN i a-Ti) s6epiraersca (puc. 15). 3i 30inpmienuaam U, po3mip Kpuc-
TaJiTiB 3MeHIIyeThCA, cKJamaiouu 3a U,=-230 B Benumumny 24-25
HM 1 15 vm gma TiN- i o-Ti-das BigmoBimmo. PenTremocTpykTypHi
cuekTpu Oararomaposux ZrN/TiN mokpurTtiB moxkasaHo Ha puc. 17.

6. BUICHOBRH

1. V 3B’A3Ky 3 HUBBKOIO CTiHiKicTi0o TpyOHOTO iHCcTpyMmeHTa (iHCTPY-
MeHTa [OJIsS TapAYoro HIpPecyBaHHSA KOPO3iMHOCTINKUX TPyO) BHUHHUKJIA
moTrpeda B yAOCKOHAJIEHHI 3MIiITHIOBATLHUX TEeXHOJIOTi#i TpyOHOro iH-
CTPYMEHTAa, ONTHUMi3aIlii pe:XuMiB TaKMX TEXHOJIOTiH, Po3po0Ili HOBUX
METOAIiB 3MIiIlHeHHS 3 BUKOPHCTAHHAM HOBMX MAaTepifliB, MOKPUTTIB
i HAaHOTEeXHOJIOTI.

2. IIpoBemenusa KOMOiHOBAHOTO OOPOOJIEHHSA MATPUUYHMUX Kijgellb, AKa
BKJIIOYAE a30TYBaHHS 3 HACTYIIHMM OCAIKEHHAM KepaMiuHuX TOK-
PHUTTIB B €ITMHOMY TeXHOJIOTiYHOMY IIpolieci 3 Bukopuctanuam [BIIP
Yy BaKyyMHO-AyroBux ycraHoBkax tumy «DBymars (HHII «X®PTI»)
3HAYHO MiABUINYE CTiMKiCTL iHCTpyMeHTa BHACIIMOK BHCOKUX IIOKA3-
HUKiB MOBepXHEBOI TBepAOCTU. SIKIMO CTiHKicTh MATPUUYHUX KijJemnsb 3
Kpumi 5X3B3M®C ([IM-23) micas B3BUYAMHOTO TEPMO3MIiIlTHEHHS
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Puc. 17. PeHTr'eHOCTPYKTYPHI clleKTpu 6araToniaposux mokpuTTis ZrN/TiN .2

ckJagae 4—6 mpecyBaHb, TO KiJbIld 3 OLIBIIT €KOHOMHOJIEI'OBAHOI 0e3-
Boamb(pamoBoi Kpumi 4X5MPI1C, gomaTkoBO miagmaHi xeMiko-
TepMiuHOMY 00pOoOJieHHIO (fioHHOMY asoTyBamuio B maasmi IBJIP) i
MOJAJIBLIITM HaHECeHHSIM HAHOIMOKPUTTIB HOKAas3ajlu CTiliKicTh y 12—
13 mpecyBaHb BHACJiTOK OiJbIII BMCOKOI TBEPAOCTH, TEILIOCTiHKOCTH,
YTBOPEHHS 0COOJIMBOI CTPYKTYPHU Ha MOBEPXHi.

3. IIpoBeneHHSA XeMiKO-TepMiuHOTO 00pOOJIEeHHA IIicaA 3arapTyBaHHSA
3 Bimmyckom iHcTpyMeHTadabHOI Kpumi 4X5M®P1C (ffioHHOTO as3oTy-
BauHa B miaasmi [IB/IP), a Tako:X HaHeceHHA 3HOCOCTIHKWX HAHOIIOK-
puttiB TiN, TiZrN, NbN, TiZrN/NbN, TiN/CrN Ha poboui moBepxHi
incrpymenTta 3HauHo (Ha 30-40%) migBuinye ekcILIyaTamiiiHi BJiac-
TUBOCTi iHCTpyMeHTa Ta TepMiH HOro ekcmyararii, a TaKoXX AKiCcThb
Moro ImoBepxXHi, IO 3HAYHO IIiABUIITYE AKIiCTh BHYTPIITHBOI ITOBEPXHI
KOPOBiHHOCTINKUX TPYO.

OUTOBAHA JITEPATYPA

1. B. P. Kaprusn, B. B. Kapruu, Teopus u mexnosi0zus npecco8anus, npoOKamru
u eonouernus (Camapa: CTAY: 2014).

2. B. 3. KymoBa, Jlezogaui cmani ma cnaasu 3 0COGAUBUMU 8LACMUBOCMAMU
(OuinpomerpoBchk: HMeTAY: 2008).

3. B. H. Illep6a, JI. X. Patirbapr, Texrnorozus npeccosarus memanios (MockBa:

Merannyprusa: 1995).
4. ®. B. Moxopt, Tepmiuna o6pobra memanie (Kuis: JIubigs: 2002).

5. E. d. Jlesunckas, K. M. Bunsgun u ap., CO0pHUK LeKyUil no mexHoI0zul
npoussodcmaea Hepixcaseiouyux mpy6 (Hukomons: CerrpaBuc: 2019).
6. B. U. Boasmakos, U. E. Jomxenkos, A. B. 3aiinies, O6opydosarue mepmu-

UeCKUX Uexo8, MexHOoL0ZUU MepMULeCKoll U KOMOUHUPOBAHHOU 00pabomKu
memaanonpodykyuu (QuenponerpoBck: PUA Muenp-VAL: 2010).



SMILTHEHHS TPYBOIIPECOBOI'O IHCTPYMEHTY OJI1I BUPOBHUIITBA TPYB 713

7. 0. M. Tapas, €. II. Kaninymkiu, B. 3. Kynora ta in. Memaanosnagcmeo i mep-
MiYHa 00po0OKa MemaJi6 i cnaasi6 i3 3acmocy6aHHAM KOMN OMEPHUX MEXHONO0-
2ilt nasuanns: Iiopyunur (Juinponerposcsk: Juinpoxuura: 2002), 4. 2.

8. B. A. Anexcanapos, K. B. BorganoB, ¥Ynpounsiouwue mexnonozuu u nokpbi-
muasa, 5: 14 (2005).

9. A. A. Anpgpees, C. H. I'puropres, Cmanku u uncmpymenm, 2: 19 (2006).

10. A. A. Auppees, JI. II. Cabues, B. M. Illynaes, C. H. I'puropseB, BakyymHo-
dyzosvie ycmpoiicmea u nokpoimus (Xapsros: HHIT «XDTU»: 2005).

11. W. U. Axcésos, A. A. Augpees, B. I'. Bpens u 1p., Ykpaurnckuil gpusuneckuil
ayprar, 24, Ne 4: 515 (1979).

12. C. A. T'epacumos, A. B. uxapes, E. B. Bepesuna u ap., Memaanosedernue u
mepmuyeckas obpabomra memaannos, 1: 13 (2004).

13. 1O0. M. Jlaxtun, B. H. Apsamacos, Xumurxo-mepmuieckas oopabomrka memaJ-
208 (MockBa: Merannyprusa: 1985).

14. 10. M. Jlaxtur, Memaannogedenue u mepmuieckas o6pabomra memannos, 7:
14 (1995).

15. H. C. Jlomuno, B. [I. OBuapenko, I'. H. Ilonsaxkosa, A. A. Aagpees, B. M. Illyna-
eB, CO. doka. 3-it Mexncd. kong. «Obopydosarue u mexHoL0ZUL MepMULeCKOil 00-
pabomku memannos u cnaiaeog» (XappkoB: HHIT «XPTU»: 2002).

16. B. A. Anexca"zpoB, Ynpouraouue mexHonrozuu U nokpeimus, 5: 14 (2005).

17. B. A. Jluomo, B. B. Boiina, Penmeenosckas duppaxmomempus: Yuebrnoe no-
cooue (I'poguo: I'pI'Y um. d. Kymansi: 2003).

REFERENCES

1. V. R. Kargin and B. V. Kargin, Theory and Technology of Pressing, Rolling
and Drawing (Samara: SSAU: 2014) (in Russian).

2. V. Z. Kutsova, Legovani Stali ta Splavy z Osoblyvymy Viastyvostyamy
(Dnipropetrovsk: NMetAU: 2008) (in Ukrainian).

3. V. N. Sherba and L. Kh. Reitbarg, Metal Pressing Technology (Moscow:
Metallurgiya: 1995) (in Russian).

4. A. V. Mokhort, Thermal Processing of Metals (Kyiv: Lybid’: 2002) (in
Ukrainian).

5. E. Ya. Lezinskaya, K. M. Bil’din et al., Collection of Lectures on the Technology
of Production of Stainless Pipes (Nikopol: Sentravis: 2019) (in Russian).

6. V. I. Bolshakov, I. E. Dolzhenkov, and A. V. Zaitsev, Equipment for Ther-
mal Shops, Technologies for Thermal and Combined Processing of Metal
Products (Dnepropetrovsk: RIA Dnepr-VAL: 2010) (in Russian).

7. Yu. M. Taran, E. P. Kalinushkin, V. Z. Kutsova et al., Metals Science and
Thermal Processing of Metals and Alloys from the Study of Computer Technolo-
gies: Handbook (Dnipropetrovs’k: Dniproknyga: 2002), Pt. 2 (in Ukrainian).

8. V. A. Aleksandrov and K. V. Bogdanov, Hardening Technologies and Coat-
ings, 5: 14 (2005) (in Russian).

9. A. A. Andreev and S. N. Grigoriev, Machine Tools and Tools, 2: 19 (2006)
(in Russian).

10. A. A. Andreev, L. P. Sablev, V. M. Shulaev, and S. N. Grigoriev, Vacuum-
Arc Devices and Coatings (Kharkiv: NSC ‘KhIPT’: 2005) (in Russian).

11. I. I. Aksyonov, A. A. Andreev, V. G. Bren et al., Ukrainian Journal of



714 JI. C. KPUBYHK, T. C. XOXJIOBA, B. JI. IITHYVK ra is.

Physics, 24, No. 4: 515 (1979) (in Russian).

12. S. A. Gerasimov, A. V. Zhikharev, E. V. Berezina et al., Metals Science and
Heat Treatment of Metals, 1: 13 (2004) (in Russian).

13.  Yu. M. Lakhtin and B. N. Arzamasov, Chemical-Thermal Treatment of
Metals (Moscow: Metallurgy: 1985) (in Russian).

14. Yu. M. Lakhtin, Metals Science and Heat Treatment of Metals, 7: 14 (1995)
(in Russian).

15. N.S. Lomino, V. D. Ovcharenko, G. N. Polyakova, A. A. Andreev, and V. M.
Shulaev, Collected Reports 3™ Int. Conf. ‘Equipment and Technologies for Heat
Treatment of Metals and Alloys’ (Kharkov: NSC ‘KhIPT’: 2002) (in Russian).

16. V. A. Aleksandrov, Hardening Technologies and Coatings, 5: 14 (2005) (in
Russian).

17. V. A. Liopo and V. V. War, X-Ray Diffractometry: Textbook (Grodno: GrGU
named after Ya. Kupala: 2003) (in Russian).

!Ukrainian State University of Science and Technology,

4, Gagarin Ave.,

UA-49600 Dnipro, Ukraine

2Institute of Solid State Physics, Materials Science and Technologies,
National Science Centre ‘Kharkiv Institute of Physics and Technology’, NA.S. of Ukraine,
1, Akademichna Str.,

UA-61108 Kharkiv, Ukraine

3Separate Structural Unit ‘Nikopol Professional College

of the Ukrainian State University of Science and Technology’,
Trubnykiv Ave., 18,

UA-53210 Nikopol, Ukraine

L TABLE 1. Stability of the press tool.

2 Fig. 1. Scheme of pipe pressing.

3 Fig. 2. Defects of matrix rings.

4 Fig. 3. Microstructure of steel X40CrMoV5-1-1 after hardening from 1070°C and tempered
at 550-570°C (1 tempering), 530—550°C (2 tempering) (troostite of tempering), x500.

5 Fig. 4. Graph of heat treatment of matrix ring made of steel 4H5MF18S using the ion nitriding.
8 Fig. 5. Microstructure of nitrided steel layer X40CrMoV5-1-1 after nitriding, x400.

" Fig. 6. Graph of the dependence of hardness (1) and modulus of elasticity (2) on the number
of layers in the coatings ZrN/TiN deposited at —200 V.

8 TABLE 2. Chemical composition of steel X40CrMoV5-1-1, wt.% (GOST 5950-73).

9 TABLE 3. Chemical composition of steel 30WCrV17-2, wt.% (GOST 5950-73).

10 Fig. 7. Plasma Technology Laboratory of NSC ‘KhIPT’.

1 Fig. 8. Scheme of vacuum-arc installation for the ion nitriding.

12 Fig. 9. Scheme of vacuum-arc installation for the ion nitriding.

13 Fig. 10. Structures of experimental samples of stamped steels after ion nitriding and appli-
cation of single- (a) and multilayer (6) coating in electron-microscopy study.

4 Fig. 11. Testing of pipe press tool at the ‘OSKAR LLC’ (Dnipro).

15 Fig. 12. Change in the hardness of tool steel after ion nitriding and wear-resistant coating
depending on the depth of hardness determination.

16 Fig. 13. Diffractogram of sample No. 1.

17 Fig. 14. Diffractogram of sample No. 2.

18 Fig. 15. Diffractogram of sample No. 3.

19 Fig. 16. Diffractogram of sample No. 4.

20 TABLE 5. Phase composition of the studied samples.

21 Fig. 17. X-ray diffraction spectra of multilayer ZrN/TiN coatings.

22 TABLE 4. The results of measurement (on the device PMT-8) of the microhardness of steel
samples X40CrMoV5-1-1 after ionic nitriding and coating TiN (microhardness values on the
coating surface are of 23000-25000 MPa).



Hawnocucmemu, HaHomamepiaiu, HAHOMEXHOLO2IT © 2022 IM® (IactuTryT MeTanodisuKm
Nanosistemi, Nanomateriali, Nanotehnologii im. I. B. Kypaiomosa HAH Vkpainun)
2022, 1. 20, Ne 3, cc. 715-724 HanpykoBazo B YkpaiHi.

PACSnumbers: 61.48. De, 68.37.Hk, 78.30.Na, 81.05.U-, 81.07.De, 81.15.Gh, 81.16.Hc

Oco0IMBOCTI YTBOPEHHS BYIJIEIIeBUX HAHOTPYOOK 3 MPOAYKTIB
MOBITPAHOI KOHBEpPCii MeTaHy METOIOM XeMi4YHOT0 OCaKeHHST

0.1. XoBaBko', A. A. Hebecuuit’, 1. C. ®@imorenko’, M. IO. Bapabam™*?,
II. C. JIeornos?, O. M. Carenko'

Tnemumym zasy HAH Ykpainu,

8y.a. [[eemapisecvka, 39,

03113 Ruis, Ykpaina

Texniunuii yenmp HAH Yrpainu,

ey.a. IToxposcvra, 13,

04070 Kuis, Ykpaina

’Hauionanvruii mexnivnuil ynieepcumem Yrpainu

«Ruiscvruil norimexnivnuil incmumym imeni Izopa Cikopcvrozo»,
npocn. Ilepemozu, 37,

03056 Kuis, Ykpaina

Mertoio poboTu 6yJio 3’siCyBaHHA 3aKOHOMipHOCTEH (DOPMYBaHHS BYIJIEIIEBUX
nHanotpyook (BHT) 3 mpomykTiB moBiTpsanHOoi KoHBepcii merany. Metomom
XeMiYHOTO OCaIKeHHA CHUHTE30BAaHO BYIJIEIleBi HaHOMATEpiAJu PisHOI MOp-
¢oorii Ha MeTasieBUX KarTajidaTopax rpynm 3ajiza. TepmommHamiuxi pos-
PaXyHKM ¥ eMHOipHWYHI JOCHiMKeHHS YMOMKJIWBUJIMN MHigiOopaTu OINTHUMAaJbHY
TeMIIepaTypy IIPOIiecy, 3a SAKOI IMiJIbOBUUM HPOAYKT MaiKe He MiCTUTH IMKi-
IIUBY IOMIINIKY — caKy. BigmpamnboByBajsach ieda MmocCiZoBHOTO 00po6-
JeHHS METAaJIEBOTO KarajisaTopa B OKMCHIOBAJBHIN i BigZHOBHiIN aTmocde-
pax. Ogep:kaHi cuekTpu KoMmbGiHariiHoro poscigsaus (KP) sacBiguuau mede-
KTHY IIPUPOAY omep:kanux marepianiB — BHT.

The goal of the work is to elucidate some regularities of carbon nanotube
(CNT) formation from methane air-conversion products. Carbon nano-
materials of different morphology are synthesized by the method of chem-
ical vapour deposition on metal catalysts of the iron group. Thermody-
namic calculations and empirical studies allow choosing the optimal pro-
cess temperature, at which the mould product contains almost no harmful
impurities, namely, soot. The idea of sequential treatment of a metal cata-
lyst in oxidizing and reducing atmospheres is practiced. Raman spectra
show the defective nature of the obtained materials, i.e., CNT.

Karouosi cioBa: ByrJieresi HaHOTPYOKM, ONTHUUYHA CHEKTPOCKOIIiSA, eJIEKTPOHHA
MiKpOCKOITis, XeMiuHe OocaisKeHHs, KaTajaisaTop.
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Key words: carbon nanotubes, optics spectroscopy, electron microscopy,
chemical vapour deposition, catalyst.

(Ompumano 20 mpaseusa 2022 p.)

1. BCTYII

Ha pmanwii yac HaAHOBYIJIEINeBi MaTepisaam pisHOI mpupoau 3aBIAKH
yHiKaJbHilT KoMOiHaIil elIeKTPUUYHNX, MeXaHiuYHMX, TepMiuHmxX, OII-
TUYHUX Ta iHIINX BJIACTHUBOCTEH NPUBEPTAIOTHL HUJIBHY YBary MTOCJif-
HUKiB i pO3pOOHUKIB HOBUX IIPUCTPOIB y PiSHMX 00JIACTAX HAYKH Ta
TeXHiKu. 30KpeMa, BOHM PO3TJISAAIOTHCA K BUXiTHI «OygiBelbHUX
OJIOKiB» [JIS CTBOPEHHS HOBUX HAHOCTPYKTYPOBAHUX MAaTEPisIiB AJsa
(DYHKIIiOHAJIbHUX €JEeMEHTIB IIPHCTPOIB eJeKTPOHIKM Ta (OTOHIKH.
Marepiaau momalmTh IOJIIIIeHI MexaHiumi, TepmiuHi Ta MixKdasmi
BJIACTHBOCTI B o0OjsacTi OaraTodasHMX IIOJiMEpHHX KOMIIO3HUTIB Ipa-
den/Byraenesi HanoTpyoxu (BHT) [1].

OpepsKaHHA ONTUMAJIbHUX (DYHKIIIOHAJBHUX XapaKTEePUCTUK HAHO-
BYTJICIIEBUX MaTepifsiB OesmocepefHBO IIOB’fA3aHe 3 IXHBOIO BHYTPI-
ITHBOIO CTPYKTYPOIO, SIKA MOKe 3HAUHO 3MiHIOBATHCS B 3aJIEKHOCTI
Bil YMOB CTBOpPEHHSA iX i momaTKoBoro oopobaenns. Tomy imdopmartrisa
Opo IXHIO CTPYKTYPY Ta BILIMB Ha Hel PiBHMX METOHIB HiTHHS € BaK-
JUBOIO MOJIS IIiJIECIPSIMOBAHOTO CTBOPEHHS MATEpidAaiB i3 s3agaHuMu
GismyHMMHM Ta MeXaHiYHMMHN BJACTUBOCTAMU. JlaHi mpo BIJIMB CTPY-
KTypHU HAHOBYTJICIIEBUX MATEPifAJiB Ha iXHi ONTHMYHI XapaKTepUCTUKU
€ KJIIOYOBOIO JIJIs1 BUBHAUEHHS YMOB OJIeP:KaHHA 3pasKiB 3 moJrimime-
HUMU (QYHKIIOHAJIRHUMM [apaMeTpaMu MAJi CTBOPEHHS €eJIEMEeHTiB
(OTOHIKH.

Hatiuacrimie gas cuatesu BHT 3 ByrieBogHiB BUKOPHCTOBYIOTH
aleTUJIeH, MeTaH, eTUJIeH, ImpomijieH, OeH3ox Ta iu. :xepemom Kap-
00OHY HaMu 00paHO IPOAYKTH IIOBITPAHOI KOHBepCii IpHPOAHLOTO Ta-
3y i3 mocrarHimM BMmicToM mMoHOOKcuny Kap6orny (CO). Onuu atrom Ka-
pOOHY Ha OZHY MOJIEKYJIY PEUOBHMHU 3a0e3leuye 3HAUHUH i BaKJIUBUI
KOHTPOJIb 38 TeXHOJIOTIYHMMM IapaMeTpaM’ OAEPKaHHS BYTJIEIEBUX
MaTepidaniB, a came, 3a KOHIIEHTPAIIi€l0 IPEKYypPCOpPy, IMIBUAKICTIO IO-
TOKY, IapIifdJbHNM THCKOM, BHOOPOM TeMIIepaTypu, HIPHUPOAOI0 Ka-
TajiisaTopa TOIIIO.

B mamiii poboTi mpezcTaBieHO Pe3yJbTATH OJepP:KaHHA HAHOBYTIJIE-
IIeBUX MaTepidAJiB, IO BiANOBi/lae HpiopuTeTHMM HaOIpAMaM PO3BUT-
Ky HayKM, TeXHOJIOTIH i TexHIKKM B YKpaiHi.

2. MATEPISJIN TA METOAH

IIporec cuHTE3W BYIJIelleBUX HAHOTPYOOK 3mifiCHIOBABCSI 3 BHUKOPUC-
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TAaHHAM B AKOCTL CHPOBUHM OJHOIO 3 HAWJAOCTYIIHINNINX i HalgeIlrneB-
IMIUX BUAIB BYIJIEBOAHEBUX Ta3iB — NpPUPOAHBOro raszy. OCHOBHUM
KOMIIOHEHTOM IPUPOAHBLOTO Tady € MeTaH, BMICT AKOTO MOXKEe CATaTHu
90% i Ginbmre. 38’530k y mousekyai CH, mixk aromamu Kap6omy Ta
Tigporeny BimHOCHO MiIfHHMII; TOMY IJd PO3KJaJZAaHHSA MeTaHYy HaBiThb
3 BUKOPUCTAaHHAM KaTajisaTopa IOTpPiOHI mimBuIinieHi Temmepartypu,
III0 CTBOPIOE TEPEAYMOBY IJIs1 YTBOPEHHA Pas3oM 3 HAHOTPyOKaMu ca-
JKHMCTOTO BYTIJIeIio. 3 MeToio nepeBefennsa Kapoouy B momexkyai CH, y
MEHIN MiITHe CHOJIyUeHHA IPUPOAHiN ras IolepeiHbO KOHBEPTYIOTh,
epeTBOPIOIOYM METaH y HECTiMKMil 3a IMOHUMKEHUX TeMIepaTyp Mo-
nHooxcuy Kap6ony (CO). Buxkopucramusa OpoayKTiB KoHBepcii mpupo-
MTHBOTO Taldy Aaji0 3MOTY IIOHU3UTU AK TEMIIEPATypPy CUHTE3U BYyTJIe-
1eBUX HAHOTPYOOK mo 873-923 K, Tak i BmicT y HUX amMop@dHOTO BY-
TJIEITIO.

Hns KoHBepcii mpupoOmHBOTO Trasdy BUKOPUCTOBYBaBCA KOHBEDPTOD,
CTBOpPEHUII KOJEeKTUBOM cIIiBpoOiTHuUKiIB IHcTUTYyTYy rasy HAH Vkpai-
Hu (puc. 1).

KoneepTop 0b6irpiBaBcs eJeKTpOIiudYio; TeMIlepaTypa B Ilapi Karta-
Jgisaropa cramoBmiia 6samsbpko 1223 K. KoHBepcito mpupoaHbOro rasy
3nificHIOBaJIM TOBiTPAM, migirpitum mo temnepatrypu y 823 K B migi-
rpiBaui moBiTpa 2; KoedimienT BuTpatm nosiTpa cranosuB 0,27-0,3.
Opep:xanuii kouBeproBauuii ras (KI') cmouaTKy OXOJOIKYBaau B XO-
JIONUJIBHUKY 3, a MOTiM BUCYIIIyBaJU B IOTJIMHAYI BOJIOTU 5, I10 OyB
3alIOBHEHUH cuJlikarejieM. ¥ pe3yJbTaTi ofep:KyBajil KOHBEPTOBAaHUM

~

z

ocywenuli
KOHBEpMOBaHul

203 HA YCMAHOBKY

no ompmautio BHT

\Y4 l Boda
3 qJ
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AN
r

Y 4 7

[ v
A /\ Boda

MIpupodnuii  Mogimps
2as Kondencam
Puc. 1. Cxema KaTajgiTU4YHOro KOHBepTepa NIIPUPOAHBOIO Ira3y. 1 — KOHBEPTED;

2 — migirpiBau mosiTpsa; 3 — oxosomkyBad; 4 — 6JIOK oCymIKH.'
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ras, mo mictus go 19% CO ta 35% H,, 1,5—2% oxwucumosauis, 0,5—
1,5% CH,; pemra — N,. Ckiang rasy BUMipOBaJIud 3a HOIOMOI'OIO Ia-
3oaHaJjiszaTopa «I'azoxpom».

OcyiieHnil KOHBEPTOBAHUN T'a3 IOJABAJNN B YCTAHOBKY OJE€pPiKaHHsA
BHT (puc. 2), y KBapIioBOMY peaKTopi KOl Ha KPUIIEBUX ILIaCTHHAX
BimOyBaBcA IIpoliec POCTY BYIJIEIleBOT0 MaTepisanay. ¥ poboti [2] OyJo
BU3HAUYEHO, IO Haiibijblla IMBUAKICTE BUALJIEHHSA BYIJIEI}0 BigOyBa-
€ThcA 3a TeMmieparypu 0au3bKo 923 K; ToMy B eKcIlepumMeHTi peak-
TOP IIOHEePEeIHbO Po3irpiBaym mo I1iei Temmepatypu. Burpatu KoHBep-
TOBAHOTO Tra3y CTAHOBUJIM OJIM3BKO 6 JI/TOX.

IIpormec pocTy ByrJeleBHX HAHOTPYOOK 3AiMICHIOBABCA Yy TOPU30H-
TaJbHO PO3TAIIOBAHOMY KBapIIOBOMY pPeaKTOpPi i3 30BHIIIHIM eJeKT-
poobirpisom (puc. 2).

IIpomec ocamxernnsa BHT tpuBas BopomoB:k aABox roamu. Iliciaa sa-
Kinuenmnsa mporecy BimmoBHa aTtmocdepa KI' saminyBasachk iHepTHOIO
aTMoc(depoo — as30ToM, B IKOMY Bifj0yBajsioCh OXOJIOM:KEHHSA 3pasKiB
Io KimmaTHOl TemmepaTypu. OXOJOIKeHI 3pasKW OUUINAJINCST Bin
BHT. MopdoJioriro Ta AiATHOCTUKY CUHTE30BAaHUX BYTJIEIIeBUX HAHO-
MaTepidiB BUBUAJIM 3a JOIOMOTOI0 METOMAiB CKaHYBaJbHOI €JeKTPOH-
Hol Mikpockomnii (CEM) 3 BukopucramHAM npuiaany JSM-6490LV.

CuexTpu kombGinarmifimoro poscigsuusa (CKP) spaskiB mocraimxysa-
JucA 3a JOIIOMOI'OI0 paMaHiBCBKOro cmekTpomerpa mini-Raman Pro
BupobuunTBa Qpipmu Lightnovo ([Hania). Ilig yac 3HiMaHHA BUKOpUC-

Puc. 2. Cxema [ocIifHOI YyCTaHOBKU AJIsI OJEP:KaHHS BYTIJIEIleBUX HaHOMATEepisd-
JiB: 1 — TrasoliIbHUI KBapIOBUIl peakTop 3 MIOMaJeHHAM BiAIIparbOBaHOTO
ragy; 2 — eJleKTpuUuYHA POo3’€MHA iU 3 aBTOMATU30BAHUM KEpPYBAHHAM; 3 —
KpHIleBa ILIacTHHA-KaTaIisaTop s ocamxenna BHT.?

a 0 8

Puc. 3. 3oBHiMHI#I BUMIAL KPUIEBOI ILIACTHHU, KA BUKOPHCTOBYBAaJacsAd B
AKOCTI KaTaJiTWUYHOI MiAKJIaANHKH. ¢ — IIOYAaTKOBUII cTaH; 6 — OKWUCHEHUM
CTaH; 6 — CTaH 3 OCAJKEHUM ByTJeleBUM HaHoMaTrepismoM.3
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TOBYVBaBCS Jia3ep 3 JOBXKUHOIO XBUJIL A = 785 HM nad obJacTi cueKTpa
600—-2000 cv!. TouHicTL BH3HAUEHHS XBUJIBOBOTO UMCJA HAJIEXKUTH
mismasory 0,5—-2 cm . ITapamerpm peectpamii: ekcmosmumia — 100
mc; 50 cmexTpiB ycepemmioBanu. IIoTy:KHicTh JazepiB — y MeKax
5,88—-47,38 mBr.

3. PE3YJIBTATHU TA OBI'OBOPEHHS

B axocTi KarasnisaTopa BUKOPHCTOBYBAJIHN IIOIEPEIHLO OOpPOOJIEHI Kpu-
1eBi miaacTuHM. 300parKeHHs MeTaJeBOl IIACTHMHM Ha PisHUX CTAmidx
TEXHOJIOTIYHOI'0 IIpoIecy HaBegeHOo Ha puc. 3. OKHCHEHHS ILJIACTHUH
3mificHIOBaJOCA KMCHEM IIOBiTpsA, a BigJHOBJIEHHsS BigOyBaJjioch y cepe-
IOBUIIL BOOHIO a00 KOHBEPTOBaHOro razy. Taxkuil mpolec IPOBOAUBCS 3
METOI0 BUBUEHHS BILINBY IIONEPEIHBOI0 AKTUBYBAHHS IIOBEPXHI ILjIac-
TuH Ha mporec ocamxenua BHT rta ixmio mopdosorito. Saramom 6yJio
IIiITOTOBJIEHO II’SITh 3pasKiB KpuieBux maactuH. Ha pucyHky 4 Hase-
IeHo 300pakeHHs MopdoJorii omep;KaHMX BYIJIEIEBUX HaHOMATEPis-
ai. ILmactunau (a) Ta (2) (puc. 4) okucHioBanucsa 3a T=823 K i 923 K

500 00 nm
s

Puc. 4. 3ob6paskenns Mopgosorii ByrieneBnx HaHOMATEPisAaiB, CHHTE30BaHUX
HA KPUIEBUX ILJIACTUHAX B 3aJIEXKHOCTI BiJl IOIIepPeIHBOTO PEXXUMY OOpPOOJIEHHS
ix. a, 2 — mBOCTamiiiHe OKVCHEHHS; 0, 8 — ONHOCTAaZiiiHe OKMCHeHH.!
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500 00 nm
ey

IIpodosicenns Puc. 4.

BiAIOBIZHO BIPOJOBIK TPHUAIATHOX XBHJIMH B aTMocdepi moBiTpa Ta
BiIHOBJIIOBAJINCS KOHBEPTOBAHUM Ta30M; IIiCJS OUYUINEHHA TOBEPXHI
BiJl ByIJIEII€BOTO MATEPifAly IJIACTMHN 3HOBY IiTaBaiNCh OKMCHEHHIO
moBiTpsAM 3a TmMX camMmx Temieparyp. Ilicisa IOBTOPHOTO OKMCHEHHS
3pasKu BigHOBJIOBaNIKCA B atmMocdepi BogHiIo 3a T =673 K ympomoB:x
20 xBunuH. [lmactTuram (6) Ta (8) OyIu OKHCHEHI B OMHY CTaAil0 YIpPO-
IOBX TPUALATHOX XBUJIMH 3a TeMmnepatrypu y 923 K i 973 K siamosiza-
Ho. OKMCHeHi mjacTMHU Ta TaKi, 1[0 He OyJam IomepeaHbo o0pobJieHi,
posmMimTyBairch y KBapIoBoMy peakTopi I mocaimHOi ycTaHOBKHU (pHC.
1). B peaxTop momaBaBCcsa KOHBEPTOBAHUI ras3, B aTMocdepi AKOro
YIIPOAOBXK ABOX roamH 3a Temuepatrypu y 923 K Bigbysasaca cumnTesa
BHT.

Bigomo [3], 1m0 3a TepMOAMHAMIKOIO peakIlig TepMiuyHOrO PO3KJIa-
mauaag CO (mucmponopirionyBaunua Ha CO, i Byriers) pisko BigpisHs-
€ThCA BiJ IIpoIleciB MipoJjiisy BYTIJIEBOAHIB: PiBHOBaXKHUM BUXIiT ByT-
JIEI}0 3a aTMOC(EPHOTO THUCKY HAOJIMIKAETHCA A0 KinbKicHOrO B 06Jia-
cti HuUsbKuUX Temmeparyp (300-750 K), a 3 pocrom Temmeparypu i
MMOHMKEHHAM THCKY — majzae. Buxinm Byraerto mix vac miposisy C,H,
ra CH,, HaBmaxkm, 3pocTa€ 3 IIiABUINEHHAM TeMIIepaTypu Ta IIOHU-
JKeHHAM THCKY, HaOam:Kamuuch Ao KimabkicaHoro 3a 1250-1500 K.
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3maBasocsa 6 B IIbOMY BimZHOINIEHHI MOHOOKcuna KapGoHy € MeHI 3py-
YHUM BUXiZHUM pearenToMm mjsa cuHTe3u BHT. Ogmax Harpitu ByTJIe-
BomHi mo Temmepatryp Buie 1073-1173 K mepen xoHTakToM 3 Kara-
JisaTopoM uepes KiHeTwuHi mpumumHU Baxkue, Hixk CO, i B ibomy Bin-
HOIIIEeHHI OCTaHHIii Mae IepeBaru.

Byriens, AKuii yTBOPIOETHCA Ha MeTajiaX IIATPyNnU 3aJisa Ta IXHiX
CcTOIIaX 3 iHIMIMMM MeTaJlaMU, (DOPMYETBCS Yy BUIVISAAL BiIKJIameHb, AKi
MaloTh Pi3Hi Mopdosoriuai Ta Kpucrajorpadivuai xapakKTepuCTUKHU, IO
3ajieKaTh BiZi 0coOIMBOCTEIl KaTajaidaTOpiB Ta YMOB IPOBEIEHHS eKCIIe-
pumenty (puc. 4, a—2). BukopucroByoun TakKi 3aJIe;KHOCTi, MOKHA ITi-
JIeCIPAMOBAHO KEPYBaTH TEXHOJIOTI€I0 Ofep:KaHHA BYIJIEIEBUX CTPYK-
Typ 3 pisHoi0 MopQoJorieo. Byraenmbs Moike BigKJaagaTHCh y BUTJIAIL
BOJIOKHUH 3 pi3HOI0 KoH(}irypalli€io, HAHOTPYOOK, ILJIACTUHOK, «HAHO-
poriB» i Take iume [4].

Mexanisamu rataxituudHoro yrBopenua BHT nmoxpindrore Ha «Kope-
HeBUIi» i «BepmuHHUI» [5]. Binnosizuno mo mepioro, BHT poctyTs 3
TOBEePXHiI MeTajeBOi YaCTUHKMU, IO 3aJIUINAETHCA y KOHTAKTI 3 IMigK-
JAIUHKOI. 3a APYruM MeTaJieBa YacTUHKA BiApuBaeThCA Bifn mimk.a-
IUHKU U YyTPUMYEThCA Ha HaHOTPYOIIi, 10 pocte. Ilpruomy mysa cuH-
Tesu BHT 3 gyroBoro po3pAamy Ta METOAOM JIa3ePHOTO AUCIePIr'yBaHHS
HaNObiNbII XapaKTEePHUM € «KOpeHeBUil» MexaHisM [6].

CoekTpockonia kKombGinaiiiiHoro poaciaaua (KP) — rmexHika mBuz-
KOTr0 Ta HEePYHHIBHOTO KOHTPOJIO €JeKTPOHHUX i (pOHOHHUX mIapaMer-
piB ByIJIelleBUX MaTepidayiiB, AKi KOpeJIIOIOTh 3 IXHIMU XeMiuyHuUM
CKJIQIOM i CTPYKTYPOIO Ha PiBHI xeMiuHmxX B3aemopmiii. ¥ cmektpax KP
(puc. 5) omep;KaHMX MaTEPiAJiB XapaKTEePHUMU € ITO3UIiA, HAIIiBIIU-
pUHA Ta BiJHOCHA iHTEHCHUBHICTH CIEKTPAJbHUX CMYT, SdKi BH3Haua-
I0ThCA CTPYKTYPOIO ByIJelio. 3as3Buuaii, cmekTpu KP GararomiapoBux
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Puc. 5. Cuekrpu xKombinariiinoro poscisuus (KP) Byrienesux HaHOMAaTepi-
(R
SITIB.
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TABJIAIIA. PospaxyHOK criBBigHOmIeHHsA 1ol mig cmyramu G i D B omep-
YKAHWX BYIJIEIEBUX MaTepisanax.’

(BiILHOBi?II;;:)S(,Z)II(j puc. 4) X=1I,/1, BigH. ox. | CmiBBigHOIIIEHHA TJIOI, BiH. OX.
“ 1,906 o 125,14
D 119,16
0 1,938 zi G; 61.5
; 1,957 o 1565
e T

BYIJIEIIEBUX HAHOTPYOOK, CUHTE30BAHUX XEMiUHMM METOJOM, MAaloTh
nBi cmyrm — B obaacti 1590 cm ! (G-cmyra, TaHTeHIiHHA Moja E,,
CUMeTPUYHUX BaJeHTHUX KOJMBAaHb sp’-Tri6puan3oBaHuX 3B’sA3KiB Ka-
pbory) i 6auspko 1340 cm ! (D-cMyra, 3yMOBJIeHA IIOBHOCHMETPHYHIM
KOJMBAHHAM A;, apOMaTHYHUX Sp’-TiGpuausoBaHux Kimens KapGomy).
Knacuunuii crmekTep BYIJIEIIEBUX HAHOTPYOOK — 3 JBOMAa XapaKTep-
HEMH mikamu Ha 1298 i 1586 cm ', mjo Bigmoeimarors D- Ta G-Mozam
BizmoBigHO (puc. 5). Ilepma D-mojma xapaktepusye nedeKTHICTH Ipa-
denoBux 1mapiB HaHOTpPYyOOK. [lpyra G-Moma BifmoBizae BaJeHTHUM
raureuniinum Kapbon—Kap6oH-KOJIMBaHHAM i XapaKTepusye yHOPAI-
KOBaHicTh ByrJierneBoi (asu. 3a CIiBBiIHOIIIEHHAM [IBOX MOJ MOKHA
BUBHAUMUTHU KiJbKicTh MedeKTiB, NMPUCYTHIX y HAHOTPyOKax. Bimomi
cuekTpanbHi Jgimii KP gn1sg HemocTaTHLO BIOPSAAKOBaHOTO rpadity B
mexxax 1585—1570 e ' i 1350—-1300 cm* [7].

Coextpu KP Ha puc. 5 mpaktuuHo iseHTuuni. BuaBieHo xapakxre-
puctuuni D- i G-mozu Ha yacrorax y 1300 ta 1590 cm ', aki MoxKyTh
HaJeXaTu OJHOCTIHHMM HaHOTpyOKaMm. BusaBieHno, mo D-moma mae
O0inbIly iHTEHCHBHICTH MOPIBHAHO 3 IiHIMUMU 3pasKaMu, IO MOKE
CBiIUMTH TPO HE3HAUHi BUTMHU HAHOTPYOOK i HAABHICTL OiibINOI Ki-
JbKocTHu nmedeKTiB. PodpaxoBaHo CIiBBiAHOIIEHHA ILJIOIN Wi cMyramMu
G i D (tabxa.). Ogep:kaHi CIiBBiAHOIIIEHHS € KiJIbKiCHOIO XapaKTepuc-
TUKOI0 Me(@eKTHOCTH B ONHOCTIHHMX HaHOTPYyOKax. 3rigHo 3 Helo,
HaliMeHII gJedeKTHUM € 3pas3ok (a) (Tabu.).

4. BAICHOBRH

MeTomoM XeMiuHOTO Ta30BOTO OCAAKEHHA y HIPOTOUYHOMY peaKTopi
cuntesoBano BHT 3 nmpoxaykTiB nmoBiTpsaHOI KoHBepcii merany. BusHa-
yeHo, 1o cuuTesa BHT sa temmeparypu y 923 K Bukaukae 30ijb-
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IIeHHS PYXJWBOCTH YACTHHOK KaTalidaTopa, IO IIPUBOAUTH OO IX
arsjomeparii i, IK HacJigoK, BoauBae Ha 3poctramus BHT. Pospobie-
HO OCHOBM TEXHOJIOTil CMHTEe3M BYIJIEIleBHUX MaTepidjiB, AKa Ja€ 3MO-
ry omep:xkyBatu BHT 3 pismoro mopdosoriero Ta TOBIIMHOIO. 3a HOIO-
MOTOI0 METOJIiB CKaHyBaJbHOI eJeKTPOHHOI MiKpocKomii BuBUeHO #
irerTU(dhiKOBaHO IXHIO CTPYKTYPY B 3aJIEKHOCTI BiJ piBHUX peKUMIB
CUHTE3MU.

Cunexktpu KP migTBepamiam HAABHICTH BYIJIEIIEBUX HAHOTPYOOK 3
oBoMa xapakrepHuMH mikamu Ha 1300 i 1590 cm !, mo BigmoBizaooTs
D- i G-momaM BimmoBigHO. 3a CHiIBBiIHOIIIEHHAM JIBOX MOJ PO3paxo-
BAaHO CIIiBBimHoOIIeHHA Iomi mif cmyramMu G i D Ta Bu3HAUEHO 3HAU-
HY KiTbKicTh medeKTiB y ByIJeleBuxX HaHOTPYOOK.
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control; 3—steel plate-catalyst for CNT deposition.

3 Fig. 3. Appearance of the steel plate used as a catalytic substrate. a—initial state; 6—
oxidized state; 6—state with deposited carbon nanomaterial.

4 Fig. 4. Image of the morphology of carbon nanomaterials synthesized on steel plates depend-
ing on their previous processing mode. a, 2—two-stage oxidation; 6, 6—one-stage oxidation.

% Fig. 5. Spectra of Raman scattering for the carbon nanomaterials.

5 TABLE. Calculation of the ratio of the areas under the bands G and D for the obtained car-
bon materials.
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MeTomoM eneKTpoayroBoro BumapoByBaHHs rpadity mapox EI'CII (emexT-
poxau rpadiToBi cmemisabHi mpocoueni) Ta MIIT-7 (api6HO3EepHUCTUH IIiIb-
Huii rpadir) y cepemoBuilii imepraoro rasy (He) omep:kamo Byriernesi HaHO-
crpykTypu (BHC) pisHmx TumiB i BUKOHAHO MOPIBHAJBHY aHANiI3y iXHiX
XapaKTepUCTUK. Bu3HaUeHO ONTHUMAaJIbHI TeXHoJoTiuHi ymoBu cuHTesu BHC
3 rpadiToBUX aHOJHUX €JEKTPOJ HMOPiBHIOBAaHMX MapoK. MeTomaMu CKaHY-
BaAJbHOI Ta TMPOCBITIIOBANBLHOI €JEeKTPOHHUX MIiKPOCKOIIill moCimkeHo OY-
OBy CUHTE30BAHUX BYIJIEIIEBUX MaTepiAaiB i moKaszaHo, 110 3a BUIIAPOBY-
BauHa rpadity mapxu EI'CII dopmyoThca OOHOCTIHHI Ta OaraTocTiHHi ByT-
JeleBi HAaHOTPYOKM HABiTHL 0e3 3acTocyBaHmHA KaraidisaTopa. IIpoBemeno mu-
(epeHITifiHO-TePMiUHYy, TepMoOI'paBiMeTpmuyHy Ta audepeHIiHYy TepMorpa-
BiMeTpUUYHY aHai3u, 3a pe3yJbTaTaMM SKUX BCTAHOBJIEHO TEeMIIEPATYPHU
nmouaTky B3aeMmofii yreoperux BHC 3 KucHem moBiTpsa. 3a ganumu @dotoc-
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MEeKTPaJbHOI aHaJidW MPOAYKTIB CMHTE3U NHPOBEJEHO PO3PAXYHKM Ta IOKA-
3aHO, IO (yJJIepeHOBa CKJANOBA, OJEep:KaHa 3a BUNAPOBYBaHHA rpadiry
mapku EI'CII, mictutrs 10-12% dynnepeniB Cgq, i C;, 110 He ripime moxas-
HUKiB rpadity mapxku MIIT-7. A BpaxoByloouu feineBu3Hy rpadity Mapku
EI'CII y nmopiBusuui 3 MIIT-7, Mo:kHa cTBEepA:KyBaTU, IO BYTJIEIeBi HAHOC-
TPYKTYpH (BYyIJelleBi HaHOTPYOKU, (PyJLIepeHu Ta (PyJLIepeHONmoniOHI cTpy-
KTypu), cuHTe30BaHi 3 rpagiry mapku EI'CII, maioTs 0inbln HU3BKY cobiBa-
pricte. Taxkmii paxkT € BaKJIMBUM pPe3yJbTATOM [IJIs CUHTE3U BYTJIEIEBUX
(QyIIepeHOBUX MOJIEKYJ, OCKiJIbKM HWHI Ha OCHOBI HMX CTBOPIOIOTHCA HOBi
HAHOTEXHOJIOTi].

Carbon nanostructures (CNS) of different types (carbon nanotubes, fuller-
enes and fullerene-like structures) are obtained by the method of electric-
arc evaporation of graphite grades, namely, SIGE (special impregnated
graphite electrodes) and FGDG-7 (fine grained dense graphite with a densi-
ty of 7), within the inert gas (He). A comparative analysis of synthesized-
CNS characteristics is performed. The optimal technological conditions for
the synthesis of CNS from graphite anode electrodes of comparable grades
(SIGE and FGDG-7) are determined. Deposits of plasma chemical synthesis
are studied. The structure of the synthesized carbon materials is studied
by scanning and transmission electron microscopies, and as shown, carbon
nanotubes are formed during the evaporation of SIGE brand graphite even
without the use of a catalyst. Differential-thermal, thermogravimetric and
differential thermogravimetric analyses are performed, according to the
results of which the temperatures of the beginning of interaction of the
formed CNS with air oxygen are established. According to the data of the
photospectral analysis of the synthesis products, calculations are per-
formed, and it is shown that the fullerene component obtained by evapora-
tion of SIGE brand graphite contains 10-12% of the Cq, and C,, fullerenes
that is not inferior to similar indicators of FGDG-7 brand graphite. Taking
into account the cheapness of SIGE brand graphite compared to FGDG-7
graphite brand, it can be argued that carbon nanostructures synthesized
from SIGE brand graphite have a lower cost. This fact is important for the
synthesis of carbon nanostructures as filler for state-of-the-art composites.
In addition, the synthesis of much cheaper fullerene and fullerene-like
molecules is a great advantage for their study and using in state-of-the-art
materials, because today, new state-of-the-art nanotechnologies on the base
of fullerenes are beginning to be created.

KarouoBi ciioBa: HaHOTEXHOJIOTiA, BYIJIEIEBI HAHOCTPYKTYpH, (DyjjiepeHH,
HAHOKOMIIO3UTHU, BYIJIeIleBi HAHOTPYOKU, rpadeH, IIasMOBe OCaAKyBaHHS,
eJIeKTPOAYroBa IJIadMOXeMiuHa cuHTe3a, rpadit mapku MIIT-7, rpadit ma-
pxu EI'CII.

Key words: nanotechnology, carbon nanostructures, fullerenes, nanocompo-
sites, carbon nanotubes, graphene, plasma-enhanced deposition, electric-arc
plasma-chemical synthesis, graphite grade FGDG-7, graphite grade SIGE.

(Ompumano 28 mcoemusa 2021 p.)
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1. BCTYII

MeTon eeKTPOoayroBOro BUNAPOBYBaHHSA rpadiTy B cepemoBUIIL iHep-
THOTO Ta3y € BiTHOCHO IIOINTUPEHUM, MPOAYKTHUBHUM i JOCTAaTHLO ede-
KTUBHUM, OCKLIBKU YMOMKJIHBIIOE OJEp:KyBaTu AK posumHHi [1-11],
Tak i HeposumuHi ByrierneBi HamocTpyKTypu (BHC) [12-15]. ¥V 1996
porti aBTopu po6oTtu [16] orpumanu HobeniBebKy mmpemiio 3a BiZKpuT-
Ta QyanepeniB, a y 2016 pori po6oTa 3 BUBUEHHS PO3UMHHUX BYTJIe-
meBUX HaHOCTPYKTYP ((dynnepeniB) [17] mominmyBanaca na Hobemis-
CBbKY IIpeMiio.

IcuyroTh i iHNIi, HEe MEHII IEePCIEeKTHUBHI METOAN CHUHTE3U ByTJIelle-
BUX HAHOCTPYKTYpP [18-21], 3 AKMX TaKOXK MOKJIMBO CTBOPIOBATHU
HOBi cyuacHi matepisaau [22-27]. Ane rapauTyBaTu cuHTe3y QyJLie-
PEHOBUX MOJIEKYJI V BEJIMKUX KiJIBKOCTAX MOXKE JIUINEe eJeKTPOAYTOBe
BumapoByBauHHA aHoau. Ileit MmeTon mae 3MOTy JIETKO MiHATU PEXUMU
CUHTE3U, BUKOPHCTOBYBATHU Ta30Be CEPEIOBUIIE Pi3HOTO XEMidHOTO
CKJIay, & TOJIOBHE, — JOCATATH BEJUKOI'O BiJICOTKA BUXOAY BYTJEIle-
Bux HaHoMmarepianie (BHM) 3 pisHMM XeMiuHUM CKJAIOM, CTPYKTY-
poio Ta MopdoJIoTi€l0.

Taki MaTepidaau 3maTHI BUKOPUCTOBYBATHCS OJiA 30epiraHHS BOIHIO
[17, 28] i KoHKypyBaTu 3 HagaBHUMU Matepisiaamu [29-39] ana Ha-
KomuuyBauiB BogHIO [40—42]. Pe3yiabTaTy TakKuxX NOCIIiIKEeHbL YMOMK-
JUBJIIOIOTh CTBOPIOBATH CyYacHi TexHOJIOTiuHi 1memeBpu [42—45].

[l CcuHTEe3W HOBUX BYIJIEIeBUX HaHOMATEPiAJJiB, AK IIpaBUJO,
BUKOPUCTOBYIOTH rpadit mapku MIIT-7, 1mo posmudpoByeThCcAd K
«IpibHOBEepHUCTUI ITiIbHUN rpadiT», a udpa 7 y KiHIi abpeBiary-
pU BKasye Ha I'ycTHHY rpadity, akxa nopisaioe 1700 xr/m>.

Macose Bupob6HUITBO rpadity mapxu EI'CII, 110 posmudpoByeTh-
cA AK «eJIeKTpoau rpadiToBi clelisasbHiI MpocoUYeHi», Jae 3MOTy BH-
KOPUCTOBYBATU NOTO HE TiIBKM B IPOMUCIOBOCTi, ajie i 1A CTBOpPEH-
HS HOBOTO BUPOOHUIITBA Ha ¥oro ocHoBi. Hampukiazn, Takuii rpadir
MOKe OyTHM OCHOBOIO JJIA CUHTE3M HOBUX BYTIJIEIIEBUX HAHOMATEPisd-
aiB. Ilo Toro :x mina rpadity mapku EI'CII € 3HaYHO HUIKYOIO y TO-
piBHAHHI 3 MapKomo rpaditry MIIT-7.

Oxuax Ha cboromHi ByrieneBi Hanomponyktu (BHII) emexTpomyro-
BOi cMHTe3u B rasoBoMy cepemoBuiii 3 rpadiry mapku EI'CII szanu-
IIa0ThCSI HeBUBUeHUMU. ToMy AJid BUKOpPHCTaHHSA rpadirty miei map-
KM B HAaHOTEXHOJOril mOTpiOHO BUBUMTH Ta IIPOAHAJII3yBATHU MOXKJIU-
BiCTH CMHTE3U BYIJIEIIeBUX HAHOMATEPidAaiB 3 HLHOTO.

OCHOBHOIO METOI0 POOOTH € IPOBEJEHHA MOPiBHAJIBHUX TOCJiIKEeHb
MPOAYKTIiB i TeXHOJIOTIYHUX yMOB CHHTE3M BYTJIEIIEBUX HaHOMATEpPisd-
JaiB 3 rpadity mapox EI'CII Ta MIII'-7.

ITomi6bna aHamiza MOMKe BUABUTH PAn IepeBar rpadity mapku
EI'CII B omep:xanti pisaux BHII Ta BigxkpuTu ogaTKoOBi MOKJIMBOCTI
BUKOPHCTAHHA HOTO B YCTAHOBKAX €JEKTPOAYTOBOI CUHTE3U.
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2. METOIM OOCJAIIAKEHHA U OBJAIJHAHHSA

B mporeci e1eKTpoayroBoi CUHTE3 B Ta30BOMY CE€PEeIOBUIIL MOMKJIMBO
BUIIAPOBYBAaTH a00 PO3IOPOIIYBATH AHOLHY €JIEKTPOAY, IO YMOMKJIH-
BJIIOE€ 3MiHIOBATH CIIEKTEP CHMHTE30BAHUX IIPOLYKTIiB.

Hna cuaresu BHC eneKTpoayroBuM MeETOIOM 3aCTOCOBYBAJHU pe-
JKMM BUIAPOBYBaAHHSA IJA BUTPATHOI aHOAHOI ejeKTpoau. Excrepwm-
MEHTaJbHA eJIEKTPOAYroBa ILIa3MOXEeMiuHa YCTAHOBKA CHHTE3HU CKJIa-
ITaeThbCsI 3 BEPTUKAJILHOTO MUJIIHAPUYHOTO peakTopa (puc. 1), mo
IeHTPYy AKOT0 3HU3Y poaTaInoBamo 1aury (puc. 1, 6 (3)), axa Tpumae
BUTPATHY aHOAHY eyieKTpony (puc. 1, 6 (9)). 3Bepxy po3MimIyeTbcs
maura (puc. 1, 6 (2)), AKa TpUMae HEBUTPATHY KATOAHY eJEKTPOIY
(puc. 1, 6 (7)). B mporieci e1eKTpoAyroBOi CUHTE3U MiK eJeKTpomaMu
reHepyeTbca miaasma (puc. 1, 6, (1)), B AKill BUIIApOBYETLCA BUTPATHA
anogHa enexTpona. Cepemosuiiie po6ouoi KamMepu peaxTopa CHUHTE3U
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Puc. 1. 3araabHuil BUTIAL €JIeKTPOAYroBOi IIJIa3MOXeMiuHOI ycTaHOBKHU (a)
Ta cxeMa IWIIHIPUUYHOTO peaxkTopa Anad cuHTesu BHC y rasosomy cepemo-
Buti (0): 1 — mnasma, 2 — IaHTra, AKa TPUMAae HEBUTPATHY KATOMHY eJeK-
Tponay, 3 — IaHra OJjs ¢piKcyBaHHS BUTPATHOI aHOOHOI ejeKTpomu, 4 — re-
JiiBMicHe cepemoBHIIle, 5 — IIPHUCTiHHA caKa, 6 — ocan, 7 — HeBUTpaTHAa
eleKkTpona (kKaToma), 8 — ceplieBuUHA ocany, 9 — aHozma, AKa BUTPAUYAETHCH,
10 — xaramisatop B emeKkTponi, 11 — Kopa ocany, 12 — criHmka peakxTopa,
13 — Bich peakrtopa cuHTe3u BHC; (8) cxemaTuuHe BimoOpaskeHHA KOpPU Ta
CepIIeBUHN YTBOPEHOTo ocany.!
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BHC zamosuene rexiem (puc. 1, 6 (4)).

Hna emextpomyroBoi cuHTesam BHC BUKOPHCTOBYIOTHCS IBa THUIU
eJeKTPOJ: BUTpaTHA aHogHa eJeKTpoma (puc. 1, 0, (9)) i HeBuUTpaTHA
KaTonHa eseKkTpozna (puc. 1, 6 (7)). ¥ BepTUKAJILHOMY pPeakTOpi HeBHU-
TpaTHa KaTomgHa ejJeKTpoaa (puc. 1, 6 (7)) mepeMimniyeTbca y3mg0BK Oci
peakrTopa (puc. 1, 6 (I13)) 3a BumapoByBaHHSA HEPYXOMOI BUTPATHOIL
aHOmHOI ejexkTponu y miaasmi (puc. 1, 6 (1)) mixg Tuckom y 0,02-0,09
MIla y cepemoBumii remxiio (puc. 1, 6 (4)). Takum umHOM 3a6e31euy-
€ThCA PiBHOMipHME posmomin caki (puc. 1, 6 (5)) B3ZoOB:K Bciei cTiH-
KU peaKkTopa Ta JOCATalOThCA OSHAKOBI TEepMOAMHAMIUHI yMOBU IJd
cuaTesn Bcix BHM Ta iX KoHAeHcarrii.

[ BBeleHHA KaTaJidaTopa B 30HY €JeKTPOJAYroBOI CUHTE3U BU-
KOPHCTOBYBAJIU IIOPOKHIO T'pad)iTOBY aHOAy, PO3TAINOBAHY Y3IOBIK
oci peakrtopa (puc. 1, 6 (13)), B AKuil momimiaau KarajaisaTop y BHU-
TJIALl ApoTy abo MOPOIIKY, (hiKcylouum Ioro y IIOPOKHMHI aHogu 3a-
mpecoBaHuM rpaditosum nuaom (puc. 1, 6 (10)).

i mpoBeleHHA MOCJiJ:KeHb BUKOPUCTOBYBAJNM HEBUTPATHI KaTo-
Iu 3 BUCOKOfAKicHoro rpadity mapku MIIT-7, a Tako:X BUTpaTHi aHO-
IHi enexkTpomu, BurotoBaeHi 3 rpaditry mapox EI'CII (I'OCT ISO
9001-2015) i MIIT'-7 (I'OCT 26132-84). AHOIM BUKOPUCTOBYBAJIMU Pi-
3HOoro reomerpuuHoro poamipy (0,9x0,9x48 cm, 1,5x1,5x48 cwm,
2x2x48 cm, 2,5%x2,5x48 cMm).

Y maniii poboti OyJio IpoBeAeHO MocaimkeHusa Mopdoorii Ta cTpy-
KTypU Ha MiKpo- i HaHOPiBHI MaTepidAsiB, 1110 (OPMYIOTHCA 3a €JIEeKT-
POAYroBOTO BHUMIAPOBYBAaHHS y T'a30BOMY CepemOBHUIN rpadiTy Mapox
EI'CII Ta MIII'-7, a Tako:X BUBYEHO BILJIMB IIapiB XeMiUHUX TOMIIIIOK
y rpadiri (Si, Fe, Al, Mg, Cu, B, Mn) Ha dopMyBaHHA BYTJIEIEBUX
HAHOCTPYKTYP.

3. PESYJIbTATH JOCJAIIKEHD I OBTOBOPEHHSI

I'padiToBi enexktpomm wmapkm EI'CII 3 posmipom He 6inblie
0,9x0,9%x48 cm B mpolieci BUIIapOBYBaHHS HAOyBaJIu BUCOKOI KPUXKO-
ctu. Tomy 6Gyj0 3p06JieHO BUCHOBOK, Io AJA cuHTe3u BHC HeoOxin-
HO BUIIaPOBYBATH e€JIEKTpoau 3 Oinmbimumu, Hix 0,9x0,9%x48 cm, raba-
puTHUME po3mipamu. OKpiM TOro, 30iJBINIEHHA MJIOIMII Iepepisy BuU-
TPATHUX eJIEKTPOJ YMOYKJIWBUJIO IiABUINMUTHU KijJbKicHUI Buxin dyJi-
JIEPEHBMICHOI casKi 3a OAUWH ITMKJI CUHTE3U.

TpuBaiicts enaexTpoayroroi cunresu BHC 3 rpagity mapxu EI'CII
CKJIamasia He OijbIlie 3 TOAWH 3a MaJioro rabapUTHOTO PO3Mipy eJIeKT-
poxnu (0,9x0,9x48 cm), y TOil uac AK BUIIAPOBYBAaHHSA €JIEKTPOAU 3
rpadity mapxu MIIT-7 Takoro K po3Mipy TpuBaJio B [Ba pasw JOBIIIE
(6 rommu) (muB. Taba. 3 mami). Takosk BumapoByBaHHS TrpadiToBoi
enxektpoau wMapku EI'CII cympoBom:KyBajiocsi KOJWMBAHHAM CHUJIN
crpymy Big 120 mo 180 A 3a manpyru y 14-42 B.
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TABJINIISA 1. YM0BU Ta pe3yJIbTaTH eJeKTPoAYyroBoi CHHTe3! 3a BUIapoByBaHHA eaexTpos EI'CII (0,9x0,9x48 cm).'?
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BunapoByBanHsa rpaditoBoi emexTpomzu Mmapkum MIIT-7 cymposo-
IKYETBbCS cTpyMoM cuioro y 185—200 A 3a manpyru y 30—-33 B (maus.
raba. 3 maui).

B mporeci BunapoByBanHsa rpadiToBux emextpon mapku EI'CII po-
smipamu y 0,9x0,9%x48 cm 0yJio po3paxoBaHO HEOOXiZHY HOTYKHiCTh
eJIeKTPUYHOI AyTu, cepeaHe 3HAUEHHS SKOi cTaHOBUTH 3,98 KBT, 1110
B [Ba pasu MeHIe, HijK 3a BUOapPOBYBaHHsA I'padiToBOl ejieKTpomu
mapku MIIT-7 (6,65 xBt) (Tabx. 3). Taka piKHUIIA MOKA3HUKIB BU-
mapoByBaHHA TrpadiTOBMX eJIEKTPOJ Pi3HUX MapoK MOKe ITOACHIOBA-
THCA HHU3BKOI I'ycTuHOI Tpadiry mapku EICII y 1,55 r/cm® mporu
MIIT-7 — y 1,72 v/cM®.

B mpomeci eneKTponyroBoi CMHTE3M B Ia30BOMY CEPEIOBUIIL Ha
crinkax peaxTopa (puc. 1, 6, (I2)) yTBOPIOETHCSA NPUCMIHHA CAXCA
(puc. 1, 6 (5)), a Ha KaTOAHINA eNeKTpoai cuHTEe3yeThbcsa ocad (puc. 1,
0 (6)), axkuii € MOGIYHUM IPOAYKTOM CUHTE3MU.

Is BakiHueHHAM BUIIapOBYBaHHA IpPadiTOBOI eJeKTPOAU MapKU
EI'CII (0,9x0,9x48 cm) maca ocany (14—16 r) mepeBuiiye macy QyJi-
JepeHBMicHOI mpuctinaoi caxki (6—10 r). Tomy 6y10 pospobiieHO pe-
KM BUNapoByBaHHA rpaditoBoi enexktpoxau mapku EI'CII, 3a axoro
HeoOXiZHO BHUTpavaTu OiNbIlle HOTYMKHOCTH IJd eJeKTPUUHOI OyTu
(6,64 xBT), a Buxing mpucrimmoi cami ckiamae 6imbite 25 r 3 omHOI
enexTponu (tabda. 1). Takuii BUCOKMI BUXim mpucTiHHOI caki 3a ele-
KTPOAYTrOBOTO BUIIapoBYyBaHHA rpaditoBux emexktTpon mapku EI'CII
3HAUHO IIePEeBUINYE€ aHAJOTIUHUII MapaMeTep BUIIapOByBaHmHA TIpadi-
ToBUX eJeKTpon Mapku MIII'-7 Ttakoro & poamipy. Ile osmauae, 1110
rpadit mapku EI'CII e 6inpin npoxykTuBHUM aasa cuHTedu BHC ese-
KTPOAYTOBUM METOIOM.

OTmixe, MOKHA CTBepIKyBaTH, IMo B mpolieci cuntesau BHC 3a Bu-
nmapoByBaHHs rpadirToBoi amomzu mapku EI'CII meHIIa uacTmHa XeMi-
yHOI CKJIaMOBOI popMye ocajJl, a OCHOBHA UYaCTUHA €JIEKTPOIW BUTPA-
4aeThbCsA HA YTBOPEeHHdA IpUcTiHHOI caxxi. IIpucrtinHa caka GopMyeTh-
cA TIEePeMillleHHAM aKTHBHOI CKJIAJOBOI ra3oBOT0 CEPEOBUINA B 30HY
O0ibINI HUMBBKMUX THUCKY Ta TeMIepaTypu Ha mepudepiro ask mo ii oxo-
JOJIXKEHHS Ha CTiHIII peaKTopa.

IIim yac cuHTe3u 3a BumapoByBaumHA aHoau 3 rpadiry mapxku EI'CII
Ha KaTOOHIN eJIeKTPOXdi, SKa He BUTPAYAEThCA, IMOCTiHHO YTBOPIOBAaB-
ca ocax (puc. 2, 3, a). Bim mir yrBoproBaTuca cmiBBicHO (puc. 2, a)
abo HecmiBBicHO (puc. 2, 6) BiZHOCHO KaTOOHOI €JIEKTPOAU, aJje
000B’A3K0BO (hOPMYBABCS CIIiBBiCHO BUTpPATHIill aHOIHIN eJeKTPOoIi.

Ocan 3 rpadiry mapxu EI'CII Takok cKJIagaBcs 3 ABOX YaCTUH:
CepIeBUHU Ta KOPU, YTBOPEHUX IIapyBaTUMHU TrpadiTomoqioumumu
CTPYKTYypaMM, IO MiCTATh AeAKY KiJbKiCTh 0araToCTiHHUX ByTJeIle-
Bux HaHOTPyOOK (BBHT).

CxemaTuuHe 300pasKeHHSA OCAJOBOTO HApPOCTy B PO3Pidi y3T0BIK
cBO€i oci HaBemeHo Ha puc. 1, 8 y BuHOCIII po3pisy A—A, me Bimobpa-
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0

Puc. 2. 3oBuimuiit Buraan ocany 3 rpaditry mapku EI'CII (mapict Ha Kato-
nmi): a — ocan, cmiBBicHuUii Kartomi, 6 — ocaj, HeCcIiBBicHUII KaTomdi, 8 —
ocaJ 3 BYIJIEIIeBUMU HAHOCTPYKTYpaMHU Ha IIOBEePXHi, 2 — IIOBepPXHA ocany
0e3 ByIJeleBUX HAHOCTPYKTYP Ha IIOBEPXHi.>

Puc. 3. 3aranbuuit BUTJIAL 0cany, c()OPMOBAHOTO 3a BUKOPUCTAHHA TpadiTy
mapku EI'CII: ¢ — Bupg 3Bepxy, 6 — BuJ 300Ky, 6 — IIONEPEUYHUH pPO3pi3
ocajzy; 2 — IIO3[OBXHil po3pis gemosuTy (pPospis B3ZOB#xK cBOei oci).?

JKEeHO KODY Ta CepIeBUHY YTBOPEHOTr'O OCandy.

I3 moTpUMaHHAM CIEHisiILHO PO3POD0JEHOT0 PEXKUMY BUIIAPOBYBAH-
Ha rpadity mapku EI'CII, 3a AKOro CHMHTE3yeThCS MaKCHUMaJbHa Ki-
JBKIiCTh (yJiIepeHBMiCHOI caKi 3a IOTYKHOCTU eJIEKTPUUYHOI AYyTU Yy
6,64 kBT, yTBOPIOETHCA AETO3UT HOBXKUHOIO y 2,5 ¢cM i Macoo y 8 1.
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Taki mokasHUKM He IIePEeBUINYIOTH IIapaMeTpu Ocany, OHepP:KaHoro 3a
BUNIApPOBYBaHHA rpadiroBoi emexTpomu mapku MIIT'-7, axka manma B
cepeIHLOMY JOBXKUHY V 5 cM i macy y 14,5 r (Tabua. 3). 3a BuUIapoBy-
BaHHA BUTpaTHOI aHomHol egexTponu mapku EI'CII i3 cepeguboio mo-
TY;KHIiCTIO ejleKTpuuHoi ayru y 3,98 kBt (i 3a crammapTHUX yMOB)
YTBOPIOETHCA OcCaj AOBXKUHOW y 7,8 cM i macoro y 15,95 r. Taki mo-
KasHUKU IIePEeBUINYIOTH 3HAUCHHS AaHAJIOTIiYHUX IIapaMeTpPiB IPOAYK-
TiB cuHTe3u 3 rpadity mapku MIIT-7 (Tabx. 2).

3arajabHUIl BUTJIAL 0Cany, c(popMOBAHOIO 3a BUKOPHUCTAHHA rpadi-
ty mapku EI'CII, mpexcrasieno Ha puc. 3. Ha pucyHKy IOKasaHo
BUJ ocany 3BepXy (a), 300Ky (0), B momepeuHoMy (8) Ta MO3I0BKHBO-

TABJINIIA 2. IlopiBHAHEA yMOB i pesysbTaTiB cuHTe3W (yJIepeHBMicHOL
caxi 3 rpadiroBux esexTpox mapox MIIT-7 i ETCII.*

Marepisan anozu rpadit MIIT-7 rpadit ET'CIT
JoB:KMHA KAaTOAU, CM 8,4 7,5
HoB:kuHA aHOAU, CM 40,5 40,5
S Cuna ctpymy, A 185-200 120-180
g Hanpyra, B 30-33 14-42
> Tuck, aTm 0,190-0,174 0,70
TeMmmepaTypa 0XO0JIOIKYBaJIbHOL 31 25.6
COpouKHu peakrtopa, °C ’
CepenoBuilie CUHTE3U reii reJtii
Maca caxi, r 20,4 25
5 Maca ocany, T 14,5 8
s Maca ckouis, r 9,400 6,5
é JloB:KMHA aHOAU TiCJaA CUHTE3U, CM 4,5 11
§ HoB:kuHa ocanmy, cM 5 2,5
A CepenHsa MOTYKHICTh pPO3pALy, KBT 6,65 6,64
Yac cuHTe3u, roguH 6 3

TABJUIIA 3. TepMocTifiKicTh YaCTHMH OcCAAy IIicJsA BUMAPOBYBAHHSA €JIEKT-
POIYyTrOBOIO CHHTE30I0 B I'a30BOMY cepemoBHIi rpadgiToBoi eleKTpoay MapKu
ET'CIL.®

Ne MaTepis Iarepsan DTG DTA
H/H P B3a€MO,Z[iI, OC Tlmax’ OC Tlmax’ OC TZmax’ OC
1 OGosioHKa ocamy 575-980 840 840 —

2 CepiieBuHa ocamy 575-990 870 850 960
3 ITpucrinua caxka 575-990 800 800 910
4 BHT 575-650 650 550 650
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My (2) pospisax, me UiTKO BUpasKeHOIO € MiK(pasHa Merka MiK cepiie-
BUHOIO Ta KOpoio (060/10HK0I0). OCHOBHY UaCTHHY OCaly, OIEeP:KAHOTO
3 rpadiry mapku EI'CII, zaiimae ceprieBuHa (puc. 3, 8, 2), AK i B oca-
mi 3 rpadiry mapkm MIIT-7. Tomka KopomoxmiOma 000JOHKa ocany,
oxep:xamoro 3 rpadiry mapxu EI'CII, € mynmkKo CKpimjaeHom0 3 cepiie-
BUHOIO (puc. 3, 8, 2).

3a meTajbHOrO BUBUEHHSA OCAAy MOXKHA ITOOAUUTH, IO B pe3yJbTa-
Ti cuHTe3u BiH HabyBae Gopmy aHomu. ToOTO AKITO AWMBUTHUCA Ha
ocaJl 3BEPXY, TO CepIleBUHA SABJAE CO00I0 KBAApaTHyY BCTABKY B 0OCal
(puc. 3, 8). OT:Ke, AKIIO amomIa, IO BUIAPOBYETHCSI, MA€ IIPAMOKYT-
Hilfi BUTJIAL, TO i ceplieBMHA ocaay B cuUHTe3i HaOyae TPAMOKYTHBHOI
¢dopmu. Ile BaKIMBO O CTBOPEHHS KOMIIOBUTY 3 KOHTPOJHLOBAHOIO
¢dopMmoio (ByrJyemneBi HaHOTPYOKH Ta rpadeHOBi maxkeTw) y BUIVIAIL
0CaJIHOT0 HAPOCTy, AKUUA MOKE MaTH CTiMKiCTh JO BHUCOKUX €JEKTPH-
yHUX HaBaHTaXeHb (10 kBT) i mmasmoBux Temmeparyp (> 4000 K).

Amnagniza MexaHiuHOI MIiITHOCTH CHHTE30BAHUX OCANiB BUABUJIA, IO
ocaj CKJaJaeTbcAa 3 HamiBcepwuHUX OJIOKiB (puc. 4), YKIaJeHUX B
€IVHY KOHCTPYKIIiIo, CKpimaeny 000J0HKOIO (puc. 3, 2). K mokasaiu
TOCITimKeHHA, JOBKUHA OJHOTO 6JIOKY c(h)OPMOBAHOTO OCAAy JOPiBHIOE
KPOKY IIoadvi eJIeKTPOIM MHiJ Uac eJeKTPOIYyTroBOi CUHTE3MU.

BuyTpimmHa (BepxHs) yacTrHaA OJIOKY Oocaly BisyaslbHO Haragye IIi-
Bcepy (puc. 4, a). Bona mpuisArae 10 HUKHBOI YaCTMHU HaIiBcde-
puuHOro 6JIOKY ocamy, IO YTBOPUBCSA paHiIllle B IIPoOIleci eJeKTpomy-
ropoi cuHTe3u 3 rpadiry mapku EI'CII. Posginenna O6J0kiB ocanmy
MOJKJIMBE HECKJATHUM MeXaHiuHUM MIJISIXOM.

Hu:xkHa vacTuHa HamiBcepuyHOTro OJOKY ocaly € yBirmyroio 3 0o-

a

Puc. 4. 3oBHimHi# Burasa ogHoro 3 6J10KiB ocany 3 rpadity mapru EI'CIL: a

— BHYTPIIIHSA (BepXHs) YacTUHA HamiBchepUUHOro OJIOKY, 6 — HUMKHA Yac-

THHA HamiBcepUuHOro OJIOKY, 6 — OJIOK ocanxy, pospisaHuii B3LOBK CBOEL
s 6

oci.
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Ky aHOAHOI eJeKTPOAM B CTOPOHY KaTOoAHOI enexkTpoau (puc. 4, 0).
Hna BisyanbHOI imenTmdikarii mamiBcepuuHOTO CTAaHy OJIOKY Ocamy
Ha OHi #0ro HMKHBOI YacTUHU OyJIO PO3TAIlIOBAHO YEePBOHUII HaImepo-
Bu#i ingmkarop. Ha HMMKHIN uyacTuHiI yTBOPEHOro HamiBchepHMUHOIO
6JIOKY ocamy BUAHO (POPMYBaHHS HOBOT'O OJIOKY ocany B IIpoIleci ee-
KTpoxayrosoi cuaTesu 3 rpadity mapku EI'CII (puc. 4, 6, 8).

denomen OymoBu ocany 3 GJIOKIB He cIlocTepiraeTnhcsi B ocamax, CH-
HTezoBaHuUX 3 rpadiry mapkm MIIT-7. Iadopmania mpo mpupopmHiit
mOAiJl ocagy Ha OJIOKM € BaKJIMBOIO IJIS MOTO BUKOPHCTAHHS B 6JIO-
Kax BHUCOKOTO HAIPYKEHHA. 3aBAAKMN IIbOMY MOJKHA TOTYBaTHU OCAIU
HeoOXximHol moB:KuHM 6e3 MeXaHiuYHOTo BIJIMBY Ta IIOPYIIEHHS ITiJic-
HOCTH.

3a pe3yJbTaTaMU aHAJI3W CKAHYBAJbHOI €JIEKTPOHHOI MiKpPOCKOMii
(CEM) 6yJio BCTaHOBJEHO, IO 000J0HKA (KOpa) ocaliB, YyTBOPEHUX 3a
BumnapoByBaHHA rpaditoBux emextpox mapok EI'CII ra MIIT-7, ckia-
Ma€ThCA 3 IIApPyBaTUX CTPYKTYP, PO3TAIIIOBAHUX MEPIEHAUKYIIPHO
oci ocamy Ta IIiJIbHO YKJIAAEHUX B €IUHY IYIKY KOHCTPYKIIiio (puc.
5).

CepiieBuHaA ocagy € IIYIIKOIO Ta MOHOJIITHOI0. BoHa cKJaagaeTbcA 3
rpadeHOBUX JIUCTiB, 3rOPHYTUX Y HAHOTPYOKu (puc. 3, 8, 2). 3a BU-
napoByBaHHA rpaditoBoi emekTponu mapku EI'CII yTBoproeTbcs cep-
IeBUHA, dKa Mae OyJOBY TakKoi K IMiJILHOCTH, AK i y ocamy, oJaepsKa-
HoTrO 3 rpadity mapku MIIT-7.

Opmak mocaimskeHHs ocamy 3 rpadity mapxu EI'CII mokasanu, 1o
oro cepleBuHa Oy’Ke IIOTAHO BigmiinsgeTbca Bim oGOJOHKK MexaHiu-
HUM HLIAXOM i He Moke OyTH y BUTJIAAI OKPEMO B3ATOTO IIPOAYKTY
cuHTe3u (CTPpUKHA) 0e3 MeXaHiYHOTO BTPYYaHHS.

TakuM YUHOM, 3a eJIeKTPOAYTOBOI CHHTE3U y I'a30BOMY CepeIOBUIITL
3 rpadiry mapku EI'CII mo:xHa cTBOpPIOBATH CAHTHMETPOBI CTPHIKHI,
cTitiki mo mamBucoKux Temiepatyp (> 4000 K [46].)

3aBIOsAKU CBOIll IIapyBaTiii CTPYKTYpPi 000JOHKA Ocamy MOKe 3acTo-

Puc. 5. Kopa ocany, yrBopena mapyBarumu rpadiTonomgibHUMu CTPYKTypa-
mu (CEM).”
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COBYBaTHUCA IJIs Ofep:KaHHA rpadeHOBUX IMapiB.

Hudepenniino-repmivuua (DTA), Tepmorpasimerpuuna (TG) Ta gu-
depenrniiina Trepmorpasimerpuuna (DTG) amasisu mokasanu, IO TEM-
mepaTypHa B3a€EMOZisi 000JOHKM Ocany 3 KUCHEM IIOBiTpA IOYMHAETH-
ca Bixg 575°C (tabxa. 3, m. 1) i He mepeBuUINlye TeMIepaTypy B3aeMOii
cepreBuHu ocany (raba. 3, m. 2).

Kpua DTA (puc. 6, 0) BigsHauae aBo(hasHICTHL cCepIeBUHU OCaIy,
oIeps;KaHoro 3a BuIapoByBaHHA eneKkTpoau Mmapku EI'CII. Ile csin-
YUTL IIPO Te, IO, KpiM rpadiromomaibHoi cKJIamoBoOi, ceplieBMHA Mic-
Tijga 0araTOCTiHHI ByrJereBi HAHOTPYOKMU, 3POCTAaHHA AKUX OyJIO iHi-
Iifi0BaHO MAaJIOIO0 MOTY:KHIiCTIO eleKTpuuHoi nyru (3,98 kBT).

(Am/m)-100%

OC-

3

AT

dm/dt

600 800 1000
T,°C
a

Puc. 6. TepmocriiikicTh ocamy, OIep:KaHOTO BUMNAPOBYBAHHAM eJEeKTPOAU
mapku EI'CII: @ — oGosoHKa ocamy, 6 — cepIieBHHA ocazmy.®

Puc. 7. BaratocrinHi ByrJemnesi HaHOTPYOKM, IO € CKJIAJOBUMU CEPIEBUHU
ocaZly, OepKaHoro BUIIapOBYBaHHAM rpad)iToBOI aHOAHOI eJIEKTPOAU MapKuU
ETCII (IIEM).®°
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B mpormeci eneKTpoayroBoi cmHTE3M Ha IIOBEPXHi ocaxmy 3 rpadirty
mapku EI'CII popmyrorsca BHC (puc. 2, 3, a). 3a pesyabTaTaMu Iu-
depenrniiino-repmiunoi (DTA), Ttepmorpasimerpuunoi (TG) Ta mude-
peHIiiinoi TepmorpaBimerpuunoi (DTG) amanisa Oyso BcTaHOBIIEHO,
110 TeMIlepaTypa mouaTky B3aemogili yrBopenux BHC 3 KucHeMm moBi-
pa cxkaamae 910°C (rabxa. 3, m. 4). Ile BKasye Ha Te, IO IIOBEPXHSI
ocany MicTuUTh ogHOCTiHHI ByrieneBi Hamorpyoxku (OBHT).

TobTo B mpoIlieci eIeKTPOAYroBOl CUHTE3U BYIJICIIEBUX HAHOCTPYK-
Typ (pOopMyIOThCA ByTJIEIleBi HAHOTPYOKHU, IKi MAlOTh ITO3UTHUBHUM 3a-
pPan i mig giero eleKTPOMATrHETHOTO IIOJIA OCAIKYIOThCA HA ITOBEPXHIO
HeBUTPATHOI KaTOMHOI eJIeKTpoau y BUTJIALL ocany (puc. 2, 3, a).

MeTomoM IIPOCBIiTIIOBANBLHOI eleKTpPoHHOI Mikpockormmii (IIEM) 6yio

BCTAHOBJIEHO, IO CEPIIEBMHA O0Cany, OJEP’KAHOT0 BUMNAPOBYBAHHAM
rpadiToBoi anomguoi emextponu mapku EI'CII 6e3 3acTocyBamusa kara-
JisaTopa, CKJIamaeThbCsd 3 0araToCTiHHMX BYIVICIIEBUX HAHOTPYOOK
(BBHT) (puc. 7). Beskaranituune opep:xkanua BHT ywmosxauBiioe
TMIOHUB3UTHU iXHIO cO0iBAPTiCTh.
ITpucminna caxnca. Cymim konzencaty mapu rpadiToBoil enrekTponu
mapku EI'CII dopmyeThbca B rasoBiii (asi, yTBOPIOIOUH HPUCTIHHY
caxxy. BoHa MicTuUTh K PO3UMHHY, TaK i HEPO3UMHHY CKJAaIoBi (pa-
Kiii. PosumuHa ¢pakiia micTuTh QyiiepeHONonibHI TPOAYKTH Ta
BYTJIEBOJHEBI KJIacTepuW, Ma3yT ¥ iHI cKJamoBi. ¥ HeposumHHY (pa-
KIfito mpucTinuoi caxi BxoaaTk BHT i moziOHi 10 HUX CTPYKTYpH.

3a I0moOMOrol CKaHYBaJbHOI €JEeKTPOHHOI MiKpocKomii OyJyo Bu-
3HaueHO OymOBY ILJacTa HOPHUCTiIHHOI camki Ha MiKpopiBui (puc. 8).
IlnactTu mpucTiHHOI caKi molmepegHLO HigmaBau OOPOOJEHHIO YJbT-
Pas3ByKOM Yy crnupTi. ByriienneBi HaHOCTPYKTYpPU, MIO0 BXOAATH [0
CKJIaAy NPUCTIiHHOI caXi, MaloTh pisHi reomeTpuuHi opMHU Ta CTPYK-
Typu (puc. 9).

Tepmiuna aHajiza MPUCTiHHOI caki, cMHTe30BaHOI 3 rpadiTy map-
ku EI'CII, mokasaia, 1110 € ABi (pasu, AKi pearyioTh 3 KMCHeM IIOBiTps
3a temmeparyp y 800°C i 910°C (trabna. 2, u. 3), AK i B mpucTiHHil
cayKki, onep:xkaHii BUIIapoByBaHHAM TIpadiToBOi eJIeKTpOAM MapKuU
MIIT-7.

BukopucToByioun eKcOpec-aHali3y, MU BCTAHOBUJIM, IO IPUCTiH-
Ha ca’ka, oJlepKaHa 3 BUTPATHOI rpadiToBoi aHOIHOI eJIeKTPOAU Map-
ku EI'CII (0,9x0,9x48 cm), MicTUTL TaKOXK PO3UMHHY CKJIaZOBY (pa-
Kiito Cqy i C; ¥ IBOX OCTaHHIX 3paskKax i3 m’arbox (tabdxa. 1, m. 4, 5).
Omixe, B mepIIMX TPHOX 3pasKax MpuCTiHHOI caxki (tadbx. 1, m. 1, 2,
3) He gopmyBanucsa ¢yaiepeHr Ta (yJLIePeHOIMONiOHI IPOAYyKTH ue-
pes Maay mOTy:KHicTh emeKkTpuunoi ayru (3,98 xBt). Takum umHOM,
HeOoOXiZHO BUTPHUMYBATU IIOTY:KHICTH €JIeKTPUUYHOrO CTpymy y 6,64
KBT nn1s ¢popmyBanuA QyJaepeHiB i GyaiepeHOIONiOHUX HaHOIIPOIY-
KTiB 38 rpadiry mapku EI'CII, 110 He mepeBuIllye MOKa3HUKYU CUHTE3U
3a BumapoByBauHA rpadity mapku MIIT-7.
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Puc. 8. IloBepxHa mpucTinHOi caxxi rpadiroroi exextpoxm mapru EI'CII mi-
caa 06pobIeHHA YILTPasByKoM B eTnaoBoMy cnupti (CEM).°

Puc. 9. Ilpucrinna caxa, fKa MiCTUTL HAHOPO3MIipHI BYTIJIeIleBi YaCTUHKU
(IIEM).!"

Cnexkmpogomomempuuna ananida. Po3unaHy Qpaxiio mpuctinaOol
ca'ki MoKHA BU3HAUUTH cueKTpodoroMmerpuuno. el meron mae 3mo-
ry He Jjuiie imeHtudikyBatu ¢yaneperu Cq, i C;p, a @ BUABIATHU
MIPUCYTHICTh, BUIIUX i HMKUMX QysiepeHiB y caxi. HaHuii meron
aHaji3u migTBepAMB HaABHIiCTL (GysuepeHiB Cqy i C; v dyanepeHBMi-
cHill caxi (taba. 1, m. 4, 5), omep:kaHiil 3a PiBHUX PEKUMIB €JIEKT-
poayroBsoi cuHTEe3u B IIpolieci BuIlapoByBaHHA rpadiToBoi eseKTpoau
mapku EI'CII (puc. 10).

Pospaxyurku 3a OanHumu GomocnekmpanbHOl aAHALI3U TIOKA3aJu,
o (yJiIepeHoBa CKJIaIOBa B OIepP:KaHMX ABOX 3pasKax caski (rabui.
1, u. 4, 5) 3 rpadgiry mapxu EI'CII mictuts Big 10% mo 12% ¢yre-
peuiB. IlomibuHmii BMicT mepeBUINlye KOHIIEHTpaIlili QyJIepeHoBoi
CKJIaJOBOI B caKi, omep:KaHill 3a eJeKTPOAYTrOBOTO BUIIAPOBYBAHHS
rpaditoBoi exexTpomu mapxu MIIT-7.

Oxpim mozo, po3paxynku 3a OAGHUMU (OMOCneKmpanibHol aHaALi3U
migTBepauan HaABHiCTL QyinepeHiB Cqy i Cqy y mpomoprii 74% :25%
y 2 3paskax eKCTpaKTy npuctinmoi caki (rabx. 1, m. 4, 5), omep:ka-
Hux 3 rpadity mapxu EI'CII.
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Puc. 10. Ouruuna ryctuHa 3a gauumu UV-—Vis-cmeKTpockotmii, ge GpiKkcyeTsh-
ca HaaBHicTh Cqp i C;y y posumHax mpucTinzOi caki gBox 3paskiB (tabu. 3,
m. 4, 5): a — cmeKTep 3 po3uuHy (yanepenBmMicHOI caxki 4-ro 3paska (TabdJ.
3, m. 4),126 — CIIeKTep 3 Po3unHy (yJIepeHBMicHOI caxki 5-ro s3paska (TabJi.
3, m. 4).

4. BUICHOBRH

Hocaimxernua 3a gomomoroio CEM mokasasu, IO CMHTE30BAHUI OCall
3 rpadiry mapxu EI'CII mo:ke posginsartucsa mHa OJIOKU, IO BaKJINBO
IJIsi HOoro BUKOPUCTAHHS B CTAHIIIAX BHCOKOTO HAIPYKEHHS, TOMY
10 MOJKHA TOTYyBaTH oOcajJ HeoOXimHol mOBKMHM 0e3 MexXaHiuHOro
BILJIMBY, He MOPYIIYIOUN ILJIiCHICTh 1OTO KOHCTPYKITii.

Hocmimxenua 3a momomororo ITEM mokasasu, 1o B mpoIleci ejek-
TPOAYTOBOTO BHHOApPOoBYBaHHA eseKkTpomu Mapku EI'CII dopmyroTbes
oeskaramiTuuni Byrienesi manorpyoku (BHT). Onep:xamuma BHT 6es
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3aCTOCYBAHHS KaTaJjisaTopa YMOMKJIMBJIIOE IIOHM3UTH IXHIO cobiBap-
TiCTh.

ExcnepuMeHTH OiATBEpAMJIN, IO BUXiJ MO Maci mMpucTiHHOI (QyJI-
JepeHBMicHOI caski sa BumapoByBauua rpadity mapxu EI'CII smauno
IepPeBUIIyE Pe3yJabTaTh, OJepP:KaHi BUOapOBYBaHHAM Ipa@iToBHX
enextpon mapku MIIT-7. Taki pesyabraTé poOsATh TpadiT Mapru
EI'CII 6inbinl ODpOAYKTHUBHUM OJIS CHUHTE3M OOPOTHX BYTJIEIEBUX Ha-
HOIIPOAYKTiB ((yanepeHiB i ¢yanepeHOMOTIOHNX CTPYKTYP) e€JIeKTpo-
IYyTOBUM METOIOM.

Huwni omnocrinai Byrienesi manoTpyoxu (OBHT) e maiimopo:xkuum
BUIOM BYIJIEIIeBUX HAHOTPYOOK, i OeskartanaitTmuma cuuHtesa OBHT
3HAUYHO 3MEHIITy€ iXHI0O co0iBapTicTh.

Po3paxyHKOBO-eKCIIepuMEeHTAJNbHI pPe3yJIbTaTu IIOKa3aid, IMo (yJ-
JepeHoBa CKJaJAoBa y OBOX OJep:KaHMX B3paskKax (yJriepeHBMicHOI
caxki 3 rpagiry mapxu EI'CII cramosuts Big 10 mo 12 mac.%, mo He
ripimre, a iHOAi Kpale MOKa3HUKIB caxi 3 rpadity mapku MIIT-7.
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! Fig. 1. The back view of the electric-arc plasma-chemical installation (a), and scheme of the
cylindrical reactor for the CNS synthesis in the gas environment (6): 1—plasma, 2—collet,
which holds a non-consumable cathode electrode, 3—collet for fixing the consumable anode
electrode, 4—helium-containing environment, 5—wall soot, 6—deposition, 7—non-
consumable electrode (cathode), 8—deposition core, 9—consumable anode, 10—catalyst in the
electrodes, 11—deposition rind, 12—wall of the reactor, 13—axis of the reactor for the CNS
synthesis; (8) schematic representation of rind and core of the approved deposition.

2 Fig. 2. Appearance of SIGE grade graphite deposition (growth on the cathode): (a) coaxial
cathode deposition, (6) misaligned cathode deposition, (8) deposition with carbon nanostruc-
tures on the surface, (2) the surface of the deposition without carbon nanostructures on the
surface.

3 Fig. 3. General view of the deposition formed when using SIGE grade graphite: (a) top view,
(6) side view, (8) cross section of the deposition, (2) longitudinal section of the deposition
(section along its axis).

4 TABLE 2. Comparison of conditions and results of synthesis of fullerene-containing soot
from graphite electrodes of the FGDG-7 and SIGE grades.

5> TABLE 3. Heat resistance of the deposition parts after evaporation by electric-arc synthesis
in a gaseous environment of graphite electrode of SIGE grade.
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5 Fig. 4. Appearance of one of the blocks of SIGE grade graphite deposition: (a) the inner
(upper) part of the hemispherical block, (6) the lower part of the hemispherical block, (8) a
deposition block cut along its axis.

" Fig. 5. Deposition rind formed by layered graphite-like structures (SEM).

8 Fig. 6. Heat resistance of the deposition obtained by evaporation of the electrode of SIGE
grade: (a) the shell of the deposition, (6) the core of the deposition.

9 Fig. 7. Multiwall carbon nanotubes, which are components of the core of the deposition ob-
tained by evaporation of the graphite anode electrode of SIGE grade (TEM).

10 Fig. 8. The surface of the wall soot of the graphite electrode of SIGE grade after sonication
in ethyl alcohol (SEM).

1 Fig. 9. Wall soot, which contains carbon nanosize particles (TEM).

12 Fig. 10. Optical density based on the UV—-Vis spectroscopy, which detects the presence of
Cgo and Cy, in solutions of wall soot of two samples (Table 3, p. 4, 5): (a) the spectrum of a
solution of fullerene-containing soot of the 4" sample (Table 3, p. 4), (6) the spectrum of a
solution of fullerene-containing soot of the 5 sample (Table 3, p. 4).

13 TABLE 1. Conditions and results of electric-arc synthesis during evaporation of SIGE elec-
trodes (0.9x0.9%48 cm).
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The rational selection of the components of thermal-storage composite ma-
terials with phase change (PCMs) based on industrial paraffin wax (PW)
and carbon nanostructures (CNS) will help to improve the efficiency of the
thermal-storage systems. An experimental setup of a new design for
measuring the caloric properties of the composite PCMs was created. Its
main advantages are simple design, low cost and the possibility of samples
visualization during the experiment. The setup applying is appropriate for
estimation of the expediency of further composite PCMs’ studying. The
objects of experimental study are as follow: industrial PW with a melting
point of 53.5°C, PW containing 0.000936 g-g' of fullerene C4, and PW
containing 0.111 g-g! of expanded graphite (EG). The EG in PW contrib-
utes to a slight decrease in temperatures of phase-transition start and fin-
ish (0.5-2.0°C); the presence of C4, does not influence these parameters.
The phase-transition total enthalpy for PW/EG is by 15-21% less, and
for PW/C, is by 7-16% higher than for PW. The EG presence contrib-
utes to decreasing the heat capacity of PW liquid phase by 10-16%; op-
positely, the 7-15% increase is observed at C4, presence in PW. The ob-
tained effects can be explained by both the presence of CNSs themselves
and the structural changes in PW caused by CNSs. The obtained results
have established the expediency of further studies of the composite
PW/CNSs PCMs to confirm the obtained effects for PW/Cy, and to find
the rational content of EG in PW/EG.

PanionanpHuil BUOIp KOMIIOHEHTIB KOMIIOSUTHUX TEPMOAKyMYJIIOBAJIBHUX
marepianis (TAM) i3 ¢azoBuM IepexoJOoM Ha OCHOBiI TexHiuHOro mapadiny
(TII) Ta ByrJeneBUX HAHOCTPYKTYD CIPUATHUME IiIBUIIEHHIO e(DEKTUBHOCTU
TEePMOAKYMYJIATOPiB. 3aIIPOIIOHOBAHO HOBY KOHCTPYKIIII0 eKCIePUMEeHTaJIb-
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HOI YCTAHOBKHM [IJIsI MipAHHA KaJOPUUYHUX BJIACTUBOCTENl KOMIIOSUTHUX
TAM 3 (pasoBUM IIepex0J0M, AKa BUPi3HAETHCS MHPOCTOTOI0 KOHCTPYKIIT,
HU3BKOIO BapPTiCTIO Ta MOKJMBICTIO Bi3yaJbHOTO CIIOCTEPE)KEHHSA 3a JOCJi-
IPKYBAaHMM B3pPa3KOM. 3aCTOCYBaHHSA YCTAHOBKU IOPEUHO I OI[iHIOBAHHSA
IOILJIBHOCTH IIOHAJIBIIOr0 BUBUEHHA KomMmoosuTHuX TAM. O6G’ekTamMu ekKc-
IepUMEeHTAJbHOTO AOCHiM:KeHHsA OyJin: TeXHiuHui napadiH 3 TeMIepaTyporo
rTomteHHsa y 53,5°C, mapadim is Bmictrom 0,000936 rr! dymrepery Cg, i
napadin iz BmicTrom 0,111 r-v! Tepmoposmupenoro rpadiry (TPT). IIpucy-
THicTs TPI' B mapadini cupuse He3HAUHOMY IOHUMKEHHIO TeMIlepaTyp IIoda-
TKY Ta KiHia dasoBoro mepexoxny (0,5-2,0°C); mpucyrricts Cyy MPakTUUIHO
He BILIMBa€e Ha Imi mapamerpu. IloBHa eHTanbpmiss Gas3oBOTO Hepexony I
TII/TPT 6yna vHa 15-21% wmenmo, a aasa TII/Cy, — Ha 7T-16% BuUINOIO,
Hisk ana TII. ITpucyraicts TPI' cnpusie mOHMKEHHIO TEILJIOMiCTKOCTH pigkoi
dasu mapadiny Ha 10-16%, npucytricts Cqy, — 30iJBIIEHHIO TEMJIOMiCTKO-
ctu Ha 7—15%. OmepskaHi epeKT MOMKYTH OyTH MOACHEHI AK IPUCYTHICTIO
caMUX BYTJIEIIEBUX HAHOCTPYKTYD, TaK i 3MiHOIO cTPYKTypu mapadiny uepes
ixHI0 mpucyTHicTh y mapadiumi. IlokasaHO AOIIJBLHICTL IMONAJNBIINX TOCJIi-
I:KeHb KoMmo3uTHuX TAM Ha ocHOBI mapadiny Ta ByrJielleBUX HAHOCTPYK-
TYp 3aJJ1d HinTBepAKeHHA ozep:kaHux ederrtiB gna PW/Cg, i 3 meToro mo-
myKky panionanpHol KoHIeHTpanii TPT' y TII/TPT.

Key words: thermal storage, industrial paraffin wax, fullerene Cg,, expanded
graphite, specific isobaric heat capacity, total phase-transition enthalpy.

KarouoBi cioBa: TepMoakyMyJIlOBaHHSA, TexHiuHUi# nmapadin, dynmeper Cg,
TEepMOpO3IINPeHnii rpadiT, muToMa izobapHa TEMJIOMiCTKiCcTh, IMOBHa €HTa-
JIbITist ()a30BOT0O IEPEXOnay.

(Received 24 January, 2022; in revised form, 27 January, 2022)

1. INTRODUCTION

Thermal energy storage (TES) systems with phase change materials
(PCMs) have drawn considerable attention from scientists last dec-
ade. TES systems with PCMs can absorb/release a large amount of
heat within the operating temperature range due to the phase tran-
sition. Consequently, such systems can help address the mismatch
between the energy incoming into the heat power systems and heat-
energy output demand. Eliminating in/out energy mismatch is of
prime importance to improve renewable energy utilization rate.

TES systems based on paraffin wax (PW) have great prospects
for heating and hot water supply systems [1]. However, the low
thermal conductivity of PW restricts its thermal performance and
limits its large-scale applications. Adding a suitable proportion of
high thermal conductivity components into the PW can enhance the
heat transfer rate, and thus, improve the thermal efficiency of the
whole TES [2, 3].
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Expanded graphite (EG) and fullerene Cg, are promising CNS for
thermal conductivity enhancement. EG is highly thermally conduc-
tive and has a porous structure, making it an ideal candidate for
the shape stabilization of PCMs [2]. At the same time, the use of
Ceo as a component of PCM is of aroused interest, since it was
shown that a small portion of Cg, significantly increases the thermal
conductivity of PW [4]. In addition, Cg, is contained in saturated
hydrocarbons of high molecular mass (paraffin) in dissolved state
simultaneously as small nanoparticles and large molecules without
aggregation and precipitation [5].

There are quite a lot of papers dedicated to the measurement of
the composite PCMs thermal conductivity but there are no studies
of its caloric properties. For example, in Ref. [6], the effect of EG
granules size on the structure and thermal conductivity of PW/EG
was investigated. A thermal conductivity enhancement of up to
1695% compared with the PW was observed for the PW containing
large EG particles vs. 340% for the fine EG particles. Regardless of
the obtained excellent effect on thermal conductivity, the effect on
the phase transition heat has not been studied. At the same time,
the conclusion on the expediency of the studied PCMs in the indus-
try can be obtained only after its thermal storage capacity studying.

Analysis of many studies shows that the presence of the solid
components in composite PCMs with phase transition contribute to
reducing their specific heat capacity and phase transition enthalpy
(the latent heat of fusion) [2, 7, 8, 9, 10]. This effect is undesirable
for TES systems. For example, in Ref. [7], it was shown that latent
heat of fusion of the composite PCM with PW (92.2, 90.0, and 88.7
vol.% of PW) decreases with EG volume fraction increase. In Ref.
[8], the EG (15 wt.%) was applied to support n-eicosane (paraffin
C20) via vacuum impregnation. The DSC analysis indicated that the
n-eicosane/EG has latent heat values of 199.4 J.g' for melting and
199.2 J.g! for freezing, exhibiting a large thermal storage capaci-
ty. The thermal conductivity of the composite with 15 wt.% of EG
is 14.4 times more than that of pure n-eicosane, and the heating
and cooling curves confirmed that the EG has substantially im-
proved the thermal transfer rate of samples. Although the latent
heat values for composite PCMs were obtained, it was not noted
how these values decreased compared with the pure n-eicosane. The
effect of the 2 wt.%, 4 wt.%, and 6 wt.% of EG (FireCarb TEG-
315—A-type and FireCarb TEG-160—B-type) on the total heat stor-
age capacity due to the phase transition of PW (melting tempera-
ture range of 53-57°C) were studied in [9]. The total heat storage
capacity (differential scanning calorimeter) for PW is 144 J.g! vs
136 J-g ' for A-type PW/EG. At the same time, the total heat stor-
age capacity for B-type PW/EG varies between 140 and 154 J-g’.
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This result is very promising for industrial applications.

The express study of the effect of various PCM components on
caloric properties of promising composite PCMs is greatly important
during their full-scale studying. The purpose of this study was to
create the setup for express analysis of the caloric properties of
composite PCMs and to investigate the effect of CNSs in PW on its
specific isobaric heat capacity and the phase transition total enthal-
py to analyse the expediency of application of the considered com-
posite PCMs in TES systems. A rational selection of the PCMs com-
ponents will contribute to an increase in the reaction rate of the
system to thermal influences and, thus, to an increase of the overall
efficiency of the TES systems [11].

2. MATERIALS AND OBJECTS OF STUDY

The following materials were used to prepare the composite PCMs:

— paraffin wax (PW) (industrial grade T-3, melting temperature
53.5°C, produced in Poland);

— fullerene Cg, (purchased from Suzhou Dade Carbon Nanotech-
nology Co., Ltd., China, CAS# 99685-96-8), purity 0.995 g-g';

— expanded graphite (highly conductive expanded graphite pow-
der GFG200, supplier the SGL Sigratherm, Germany, purity not
less than 95 wt.%, D5, determined by sieve analysis 200 um, pow-
der bulk density 100 g-1%).

The technique of PCM preparation was based on pristine EG mix-
ing with moulted PW (70-75°C) and mechanical stirring of the
components. No previous treatment of components was implement-
ed. A rapid separation into pure PW and PW containing EG with a
clear interface was observed several hours after preparing the com-
posite PCM. It is assumed that stable and almost fully filled by 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. The required quantity of the components was
measured using the Model GR 300 electronic balance with the in-
strument uncertainty of 0.5 mg.

The first step of the composite PCMs preparation containing Cg,
consists of Cy, mixing with molten PW, mechanical stirring, and
sonication for 2 hours using an ultrasonic generator UZG 13-0.1/22
(frequency 22 kHz, power 0.1 kW). During ultrasonic treatment,
the temperature was maintained at about 65 + 5°C. During the sec-
ond step, the composite PCM containing C,;, was kept for 5 days in
the liquid phase at the temperature of about 70°C. This is necessary
because it takes considerable time to reach the saturation equilibri-
um, namely, from several hours to several days. Sonication not only
accelerates Cg, dissolution but also can contribute to the formation
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c

Fig. 1. The pictures of the composite PCM samples: a—pure PW; b—PW
containing 0.000936 g-g* of C4y; c—PW containing the 0.111 g-g™* of EG.

of supersaturated fullerene solutions with its further crystallization
[5]. The obtained solution was considered supersaturated, since dur-
ing the following 5 days precipitation of Cg, crystals was observed.
The precipitate with Cg, crystals was removed after PW/Cg, crystal-
lization. The precipitate was weighed, washed repeatedly by n-
pentane to remove PW (C4, has very low solubility in n-pentane
0.005 mg-ml™ at 20°C [12]), filtered through a paper filter and
weighed. Thus, the saturated solution of C4; in PW was obtained
and the saturation mass fraction of C4, at 65—70°C was determined.

Thus, three PCMs were used in the further experiments:

— pure PW (shown as PW in the figures and text);

— PW containing the 0.000936 g-g ' of fullerene Cg4 (shown as
PW/Cq, in the figures and text);

— PW containing the 0.111 g-g™* of EG (shown as PW/EG in the
figures and text).

The pictures of the PCM samples (in form of pellets with diame-
ter 25+ 0.2 mm and thickness 4.0—6.5 mm) are presented in Fig. 1.

3. EXPERIMENTAL SETUP AND TECHNIQUE OF EXPERIMENT

The measurement of the phase transition total enthalpy and specific
isobaric heat capacity of the composite PCM samples was performed
by the method of monotonic heating in the calorimeter of the varia-
ble temperature. The schematic diagram of the experimental setup
is presented in Fig. 2.

To minimize the heat losses from the measuring cell, the follow-
ing design approaches were used: vacuum-degassing the system un-
der the vacuum glass cover up to 0.05 mm Hg (6.67 Pa); mounting
the aluminium foil screen 10; installation of the measuring cell 8 on
a metal plate 2 using three thin Teflon pins.

The calorimetric heater 7 made of a constantan wire (0.15 mm in
diameter and 4.2 m in length) was installed in the middle of the
measuring cell. The electrical resistance of the heater was 125 Ohm.
The heater 7 was installed in such a way as to form a uniform tem-
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Fig. 2. Schematic diagram of the experimental setup: I is the Dewar vessel
with ¢ =0°C; 2 is the metal plate; 3 is the vacuum seal; 4 is vacuum glass
cover; 5, 6 are the thermocouples; 7 is the electric heater; 8 is the measur-
ing cell; 9 is the test sample; 11 is the regulated power supply; 12 is the
standard resistor; 13 is the air-admission valve; 14 is the multimeter; 15
is the thermocouple vacuum transducer; 16 is the vacuum pump.

perature field during heating. The regulated power supply 11 was
applied for electricity supplying of the colorimetric heater 7. Elec-
tric current parameters of the calorimetric heater 7 were measured
by the multimeter 14 by realizing the compensation method with
the reference resistance coil 12. The power of the heater 7 during
the experiment was 1.786 £ 0.002 W. The temperatures of the sam-
ple and the surface of the cell were measured with a step of 6 sec-
onds using the absolute thermocouples 6 and 5, correspondingly.

Preparation for the experiment contained the following steps:
weighing the PCM sample in the measuring cell 8 (the sample had
to cover the heater); installing the glass cover 4 on the metal plate
2 and turning on the vacuum system; turning on the heater 7 when
the pressure reaches 0.05 mm Hg. Next, the readings of the ther-
mocouples 5 and 6 and electric current parameters on the heater
were recorded every 6 seconds until the thermocouple 5 readings
reached approx. 80°C (heating mode). The heater was turned off
and the readings of the thermocouples 5 and 6 were recorded until
the thermocouple 5 readings reached approx. 35°C (cooling mode).
The test was performed twice for each sample. Masses of the sam-
ples were the following: 7.9900 g for PW, 7.8606 g for PW/Cg, and
7.2118 g for PW/EG.

The measurement of heat loss at different temperatures of the
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cell wall (readings of thermocouple 5) has been performed. The
time-constant power of the heater 7 that ensured the constancy of
the thermocouple 5 readings was determined in the multiplied ex-
periment (Fig. 3). The obtained temperature dependence of heat loss
was fitted by Eq. (1):

P, =-0.00058047t>+ 0.086109¢, — 1.8449, (1)
where ¢, is the temperature of the measuring cell wall (readings of
the thermocouple 5) [°C].

Moreover, the calorimeter heat capacity (the energy needed to
increase the temperature of the calorimeter elements, namely,
measuring cell 8, thermocouples 5 and 6, heater 7, per one °C) was
calculated. In the range of the experiment temperatures, the calo-
rimeter heat capacity was assumed constant: A =8.25036 J-K'.

The heat supplied to the studied PCM sample during its heating
was calculated by Eq. (2):

Q = PAt— P, At — AAt, (2)
where P is the power of the heater [W]; At is the time of heat power
supply to the PCM sample during its temperature increasing on At
[s]; P, is heat loss [W]; A is the calorimeter heat capacity [J-K™].

The heat released by the studied PCM sample during its cooling
was calculated by the Eq. (3):

Q=P At— AAt. 3)

loss

Specific isobaric effective heat capacity (the heat spent both on

1.0
. oo
08 ot
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0.2 o’ : : R? = 0,995
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Fig. 3. Dependence of heat loss on the temperature of the measuring cell
wall (reading of thermocouple 5) at the ambient temperature of 28.5 +
+0.8°C.
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temperature increase and structural changes in the material are
considered) of the PCM sample is

Q
c, =——, 4
P maAe )
where c, is the specific isobaric effective heat capacity [J-g - K™]; At
is the PCM sample temperature change during time At; m is the
mass of the sample [g].
The total enthalpy of solid—-liquid phase transition Ag_; is

P-P A — AAt
hg, = ( loss) T’;—L S-L ’ (5)

where Aty ; is the phase transition duration (obtained from the
thermograms) [s]; Atg_, is the difference between the temperatures
of start and finish of the phase transition.

4. EXPERIMENTAL RESULTS AND DISCUSSION
4.1. Results

One of the obtained in the experiment time dependences of the sam-
ple temperature is shown in Fig. 4. The obtained thermograms
demonstrate diffuse in time and temperature phase transitions. The
presence of the diffuse phase transitions can be explained as fol-
lows: the heat supplied to the sample (or released by the sample)
during its heating/cooling, can be simultaneously consumed by
changing the sample temperature, phase transition or the sample

60
55F

8 ;PW i j — Cell wall temperature
sslbest #1) ./ —— Sample temperature
70F :

65r Cooling

t, °C

4sl -
40: Heating

30 i HA i i ; ; S
0 1000 2000 3000 4000 5000 6000 7000 8000 9000
T, 8

Fig. 4. Time dependence of the PW sample temperature (readings of ther-
mocouple 6) and the cell wall temperature (the readings of the thermocou-
ple 5) during the sample heating and cooling.
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superheating/supercooling. According to the mentioned reasons, the
evaluation of the temperature and total enthalpy of the phase tran-
sition using the obtained thermograms was a complex task.

The obtained in experiment time dependences of the samples’
temperature were divided into several sections, which have been fit-
ted by a polynomial dependence (with standard deviation ¢ no more
than 0.03 K). The temperature dependences of the specific isobaric
effective heat capacity of the PCMs samples were obtained (Fig. 5)
using the fitting dependences and Eqgs. (1)—(4).

The interpretation of the obtained data is a complex task for the
following reasons. Firstly, industrial PW is a mixture of hydrocar-
bons of different molar masses. Secondly, PW has a heterogeneous
solid phase structure (various sizes of crystals and amorphous in-
clusions). Moreover, solid PW contains dissolved air [13, 14].

Both different melting temperatures of the individual compo-
nents and endothermicity of deaeration during melting lead to the
appearance of the peaks and troughs on the obtained temperature
dependences of the specific isobaric heat capacity. These effects are
complicated to explain. Given the above, the evaluation of the phase
transition total enthalpy instead of the phase transition latent heat
is appropriate for the composite PCMs. Moreover, for the determi-
nation of the phase transition parameters, it is expedient to use the
results of the experiment during the sample’s cooling. Herewith,
the influence of the main noise factors (the temperatures’ field
nonuniformity during heating and deaeration influence) is absent.

Obtained from the temperature dependences of the specific effec-
tive heat capacity (Fig. 5) parameters (the temperatures of start
and finish of the phase transition, the phase transition total enthal-
py and specific isobaric heat capacity of the liquid phase in the
studied temperature range) are given in Table 1. When the cooling
process is considered, the term PAt in Eq. (5) is equal to zero and
the term P, At is negative. The value of P, At was evaluated as an
integral in the range from the temperature of the beginning to the
temperature of the end of the phase transition of the function
t; = f(tr) (Fig. 5). Additionally, to verify the obtained results, the
PW latent heat was evaluated (Fig. 6). The experimental latent heat
values were compared with references data for PW with close melt-
ing point (Table 2). It should be noted that the accurate determina-
tion of the temperatures of start and finish of the phase transition
by the obtained dependences was complicated. Therefore, the ob-
tained latent heat values for PW are approximate.

4.2. Uncertainty Analysis

The uncertainty analysis of the specific isobaric heat capacity was
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Fig. 5. The temperature dependence of the specific isobaric effective heat
capacity for the samples of PW (a and b), PW/EG (¢ and d), and PW/C,

(e and f).

performed according to the recommendations reported by Taylor
and Kuyatt [18]. Both components of the uncertainty, namely, type
A ‘random’ and type B ‘systematic’, have been considered.

The inputs for the uncertainty evaluation and evaluated maxi-
mum combined standard uncertainties are listed in Tables 3 and 4.
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TABLE 1. Solid-liquid phase transition parameters for the object of study.

The total enthalpy of the phase transition o,
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Fig. 6. The temperature dependence of the specific isobaric effective heat
capacity for the samples of PW used for evaluation of the phase transition
latent heat.

Since the evaluation of the caloric properties was performed for the
cooling mode, the uncertainty of the power heater was not taken
into account.

4.3. Discussion

The obtained in experiment values of the specific isobaric effective
heat capacity of the PW solid phase (Fig. 5, a, b) are significantly
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TABLE 2. The caloric properties of laboratory grade and industrial grade
types of paraffin.

Grade Laboratory grade Industrial grade
. 171-175 tp,p = 53.5°C
g "o (own measurement)
En B o 170 average value for all PW [16]
2. 146 tPh[Ti 5]54’4 C | 184 t,,, - 52-54°C (producer Ter
o - o Hell Paraffin, Hamburg, FRG) [15]
+ S 194.6 tp,;,=41.6°C 210 ¢ — 45-48°C
AR (n-docosan) [10] PRTr
< o (producer Sun Company, USA) [15]
A 184.48 t,,,, = 53°C [17]
147-163 t,,,, = 48—68°C [17]
Specitic 2.38 (liquid) and 2'2"2((')‘1, glgiﬁ;)ui?ﬁ:n?ﬁ ¢
hepsoparic 193 (Golid) 2.384 (solid) ¢y, = 53°C [17]
g (ndosany [10] | 2981 (liquid, 60-63°C) and 2.604
g - (solid, 35-40°C) ¢,,,, = 48-68°C [17]

higher than the references values (Table 2). The presence of the
peaks and troughs on the effective heat capacity temperature de-
pendences should be noted. Their presence can be explained both by
phase transitions of industrial PW components and by the heat ab-
sorption at the deaeration of the moulted PW. Moreover, the ampli-
tude and location of peaks and troughs on the temperature depend-
encies of the effective heat capacity are different for all objects of
study. These effects can indicate that Cy, and EG in PW differently
affect the level of modification of the PW internal structure and
the content of dissolved air in PW.

The application of the vacuum glass cover allowed both to ob-
serve visually the appearance of gas bubbles in the sample during
its melting and to indicate superheating of the sample solid phase
during heating above the melting temperature (up to 20°C by ther-
mocouple 6 readings). The C4 and EG in PW contributed to a de-
crease in superheating degree.

The obtained values of the phase transition latent heat and spe-
cific isobaric heat capacity of PW liquid phase (Table 1) are in
agreement with the references data (Table 2). This result allows
performing a comparative analysis of the effect of various CNSs on
the caloric properties of composite PCMs using the proposed in this
paper experimental setup.

An analysis of Fig. 5 has shown that the EG (0.111 g-g!) in PW
contributes to a slight decrease in the temperatures of start and fin-
ish of the phase transition (0.5-2.0°C), on the other hand, the pres-
ence of Cq, (0.000936 g-g ') does not affect these parameters.
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TABLE 3. Input parameters for uncertainty evaluation.

Parameter Uncertainty, unit
Mass 0.0005 g
Temperature 0.5 K
Time 0.5s

TABLE 4. Summary of uncertainty evaluation.

Parameter Maximum combiped
standard uncertainty

EG mass fraction 0.001 g-g*
Cqo mass fraction 0.01 g-g™*
Type A uncertainty for heat loss 0.014 W
Calorimeter heat capacity 0.017 J-K™
Difference of temperatures of phase transition 0.4 K
start and finish :
Released heat 0.24J
Specific isobaric heat capacity 0.07 J.gLK!
Phase transition total enthalpy 6.9 J.gt

The obtained experimental data have shown that the presence of
0.111 g-g! of EG in PW contributes to a decrease of the phase
transition total enthalpy by 15-21%. This effect was expected. In
the authors’ opinion, this can be explained by the following. First-
ly, EG is not involved in the phase change (0.111 g-g™'). According
to this approach, the total enthalpy of the phase transition of the
composite PCM is almost equivalent to the values calculated by
multiplying the total enthalpy of pure PW with its mass fraction.
This approach is confirmed by the results of some authors. For ex-
ample, in Ref. [10], it was shown that the latent heat of form-stable
EG-based composite PCM saturated with 90 wt.% paraffin is 178.3
kJ-kg™ vs. 194.6 kJ-kg™' for pure paraffin. This is close to the re-
sults within the approach described above. Secondly, a ‘solid-like’
structured phase from the molecules of the base fluid near the sur-
face of the solid component can be formed in the composite PCMs in
the liquid state. Conceivably, ether this phase has not the structure
change or it is needed less heat on structural change during the
phase transition. The presence of this phase can contribute to a de-
crease in the phase transition total enthalpy (its relative values
were estimated by the approach mentioned above). At the same
time, there are studies with the opposite result. In Ref. [19], it was
reported that small content of EG in PW (0.5-1.0 wt.%) leads to an
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increase in the melting and freezing latent heats (up to 5% and
7% , respectively) compared to pure PW. When the content of EG
increase up to 3.0-4.0 wt.%, the decrease in the latent heat was
observed compared to pure PW. The authors of Ref. [19] explained
the obtained enhancement by the increase in the PW crystallinity
and the strong intermolecular interactions or adhesive work derived
from van der Waals force between PW and EG at a small fraction
of EG.

The effect of increasing the phase transition total enthalpy by 7—
16% at the presence of 0.000936 g-g* of Cy in PW is noteworthy.
This effect can be explained by PW’s internal structure change
around the Cg, molecules. The effect of Cg, on the internal structure
changes in hydrocarbons was considered in the studies [20—-23], in
which the solution of fullerenes Cq and C,, in aromatic hydrocar-
bons were investigated. In addition, similar results of the effect of
a low fraction of CNSs in PW on its phase transition latent heat
were obtained in several studies. For example, it is discussed in the
previously mentioned study [19]. In addition, in Ref. [24], it was
established 6.3%-higher enthalpy of phase change for MWCNT
(0.5% wt.)/paraffin nanocomposite vs pure paraffin. The obtained
effect in Ref. [24] was explained by the more rapid nucleation of
larger crystallites by MWCNTSs proceeding via short- and long-range
templating as well as intrinsic characteristics of MWCNTs.

A qualitatively similar effect of C4, and EG was observed for the
specific isobaric heat capacity of the liquid phase of the objects of
study: the presence of 0.111 g-g' of EG in PW contributed to the
heat capacity decreasing by 10-16%, while the presence of
0.000936 g-g ' of C4, to the heat capacity increasing by 7-15%.

The obtained quantitative results require more accurate further
measurements to confirm them and to clarify the physical effects.
The confirmation of the obtained effects for PCM PW/Cq, is an im-
portant step for their introduction in the industry since an increase
in the phase transition total enthalpy of PCM will allow to increase
the efficiency of TES systems and to reduce their mass and size.
Further studying of PCM PW/EG is important to find a rational
content of EG. The reasonable content of EG can significantly in-
crease the thermal conductivity of PCM, which will improve the ef-
ficiency of TES systems.

5. CONCLUSION

The experimental setup of a new design for measuring the compo-
site PCMs caloric properties was created. Setup advantages are the
simple design, low cost (compared to adiabatic calorimeter or dif-
ferential scanning calorimeter), and visualization of the sample dur-
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ing the experiment. The setup applying is appropriate for estima-
tion of expediency of further studying of composite PCMs.

It was shown that the EG content (0.111 g-g™') in PW (melting
point 53.5°C) contributes to a slight decrease in the temperatures of
start and finish of the phase transition (0.5—-2.0°C), on the other
hand, the presence of Cg (0.000936 g-g') does not affect this pa-
rameter. The phase transition total enthalpy for PW/EG was 15—
21% less and for PW/Cq, was 7-16% higher than for pure PW. A
qualitatively similar effects of Cq and EG were observed for the
specific isobaric heat capacity of the liquid phase of the objects of
study: the EG contributed to decreasing the heat capacity of PW by
10-16% ; oppositely, C4, presence in PW increases its heat capacity
by 7-15% . The obtained effects can be explained by both presences
of the CNSs themselves, and structural changes in the PW caused
by CNSs.

The expediency of further studies of composite PCMs from
PW/CNSs to confirm the obtained effects for PW/Cy, and to find a
rational fraction of EG in PW/EG was proven.
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Synthesis of polyvinyl pyrrolidone (PVP)/nickel oxide (NiO) nanocompo-
sites’ films and their optical properties are investigated. The films are
prepared with various ratios of PVP and NiO nanoparticles. The absorp-
tion of PVP/NiO nanocomposites in UV region is high. With increasing
the concentration of NiO nanoparticles, the PVP absorbance is increasing
too; so, it is possible to use it in different applications such as transistors
and solar cells. By increasing the concentration of NiO nanoparticles, the
PVP optical conductivity is increasing, but the energy gap and transmit-
tance are decreased.

HocaigsxkeHo  cHHTe3y  IIJIiBOK  HAHOKOMIIO3UTIB  MOJIiBiHiAMiposimoH
(IIBIT)/oxcugn Hikmaroo (NiO) Tta ixHi ontuuni Baactusocti. IIniBKM roTyoTh-
ca 3 pisaumm cuiBBigmomenaavu IIBII ta manouacturok NiO. BOupamnsa
nanoxommno3utie [IBII/NiO B yawsrpadioseToBiii 30Hi € Bucokum. 3i 306iab-
HmieHHAM KoHIleHTpalii HanmouacTuHok NiO Boupanua IIBII Taxosx 30iabIry-
€ThCA; TOMY HOTO MOYKHA BUKOPHCTOBYBATH B PiBHUX cepax 3acTOCyBaHHS,
TAaKUX SK TPAH3UCTOPH Ta COHSYHI egeMeHTH. 30iJbIIeHHAM KOHIIeHTpaIii
HanouacTuHOK NiO ontuuma mpoBigHicTs IIBII 36inbinyeThcsi, ajie eHepre-
TUYHA MIiJINHA Ta KoedillieHT IpomycKanHA 3MEHITYIOThC.
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1. INTRODUCTION

There are many exceptional features, which make polymers attrac-
tive in most researches because of the broad application fields. It
can be used in several applications for example in scientific field
because of its low cost, easy to product, processability and durabil-
ity.

Also, some characteristics should be taken into account for choos-
ing the suitable polymers in practical field such as chemical con-
stancy, hydrophilic & hydrophobic equilibrium, bio-harmonizing,
optoelectronic activities, and other functionalities (for example,
wettability, solvability, templates). Maintaining the above-
mentioned properties and improving them assure features similar to
heat resistance, strength and modulus, while increasing the applica-
tion means that these materials are the maximum challenges in the
field of polymers in many instances. Furthermore, polymers can
tolerate better shaping and easier processing of the composites.

Due to the reality, polymer medium carries the features of the
host polymer medium and the guest nanoparticles; it can be used in
the construction of nanoparticles (NPs). Inorganic metal-oxide sem-
iconductor NPs formed in the polymer matrices had attracted sig-
nificant attention, due to the outstanding characteristics of the ma-
terials. The NPs fabricated in such manner exhibited interesting
properties such as optical, electrical, magnetic, catalytic, and me-
chanical features, which were distinct from those observed in their
molecular and bulk materials counterparts [1].

Generally, the polymers are the material of great interest because
of their low cost, easy processability, low weight, high quality sur-
faces and easy fabrication of thick and thin samples. The most val-
uable property of polymer is that they have the capacity to inhibit
electrical conductivity as an insulator. In addition to these, the PVP
is known to have pharmaceutical importance and possesses good
electrical storage capacity, dopant-dependant electrical and optical
properties. Due to these remarkable characteristic features, it has
drawn a special attention among the conjugated polymers [2].

Nickel oxide (NiO) is a p-type semiconductor with wide optical
band gap energy of 3—4 eV, and it exhibits a cubic crystallographic
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structure as a dominated structure. NiO has attractive applications
such as sensors, batteries, memory devices, solar cells, and energy
storage [3].

NiO has a large exciton binding energy and having a large band
gap ranging from 3.6 to 4.0 eV. NiO nanoparticles have many
unique optical, chemical, electrical and magnetic properties. Na-
nometer-size NiO is expected to possess many better properties than
those of bulk NiO. NiO nanoparticles are much more effective cata-
lysts than commercial NiO powder for catalytic reduction of carbon
dioxide to methanol. NiO nanoparticles have applications in the
field of ceramic materials, electronic components, sensors, magnetic
data-storage materials and catalysts. NiO has many applications in
solar thermal absorber, catalyst for oxygen evolution, photo elec-
trolysis and electro chromic device.

Composites have excellent properties such as high hardness, high
melting point, low density, low coefficient of thermal expansion,
high thermal conductivity, good chemical stability and improved
mechanical properties such as higher specific strength, better wear
resistance and specific modulus and have good potential for various
industrial fields [4].

The composites and nanocomposites materials have many modern
applications like thermal energy storage and biomedical fields [5—
10]. This work deals with the effect of NiO NPs on PVP optical
property for using it in diverse optoelectronics fields.

2. MATERIALS AND METHODS

The PVP/NiO nanocomposites films were synthesized by using cast-
ing technique on glass slides. The solution of PVP was prepared by
dissolving 0.5 gm of PVP in the distilled water (20 ml). The nickel
oxide nanoparticles (NiO NPs) were added to PVP solution with var-
ious ratios: 1.5, 3 and 4.5 wt.% . The optical properties PVP/NiO
nanocomposites were measured in range of wavelength from 300 nm
to 900 nm by spectrophotometer (UV/1800/Shimadzu). The absorp-
tion coefficient (o) of nanocomposites is determined by Ref. [11]:

o =(2.3034)/t, (1)

A and t are the absorbance and thickness of sample, respectively.

The non-direct transition model for amorphous semiconductors is
given by following equation [12]:

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

where B is constant, E, is photon energy. The optical conductivity
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can be determined by the following equation [13]:
c = anc/(4r) . 3)

3. RESULTS AND DISCUSSION

Figures 1, 2 represent the variation of absorbance and transmit-
tance spectra for PVP/NiO nanocomposites’ films with photon

—— Pure
—=— 1.5 wt.%

L

Absorbance

Wavelength, nm

Fig. 1. Variation of absorbance spectra for PVP/NiO nanocomposites with
photon wavelength.

1.04
0.9
0.8
0.74
0.6

0.5

—— Pure
0.4 'E —= 1.5 wt.%
——3 Wt.%

— 4.5 wt.%

Transmittance

0.34

300 400 500 600 700 300 900

Wavelength, nm

Fig. 2. Variation of transmittance spectra for PVP/NiO nanocomposites
with photon wavelength.
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Fig. 3. Energy band gap for allowed indirect transition of PVP/NiO nano-
composites.

wavelength range 300-900 nm. These figures show the absorbance
of PVP increases while the transmittance decreases with the in-
crease in NiO nanoparticles’ concentration. The increase of the ab-
sorbance and decrease of the transmittance are due to the increase
of charge carriers’ number in the nanocomposite. The increase in
absorption is due to charge transfer transitions [14-16].

Figure 3 shows the indirect allowed transition energy gap for
PVP/NiO nanocomposites films. As shown in this figure, the energy
gap of PVP reduces with the increase in nanoparticles NiO concen-
trations; also, it is important to remind that this concert caused by
forming of levels in the energy gap. There are two steps when the
electron moves in this case: first step is taking up the transition in
the valence band; second step is in the conduction band and to the
confined levels because of increase of the concentration of NiO na-
noparticles. The conduction of electrons depends on the concentra-
tions of NiO nanoparticles. From the results, it is obvious the exist-
ence of strong intermolecular relations between doping component
and composite; this guide to reduce the space between bonding and
antibonding molecular orbitals, and a less significant photon energy
is necessary to be expecting electrons from n- to n*-molecular levels
compact as well [17].

Figure 4 shows the variant in optical conductivity of PVP/NiO
nanocomposites’ films and energy of photon. This figure shows that
the PVP optical conductivity rises with raises in concentration of
NiO nanoparticles; this behaviour is certified to increase of density
and absorption coefficient [18, 19].
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Fig. 4. Variation of optical conductivity of PVP/NiO nanocomposites with
energy of photon.

4. CONCLUSIONS

In this work, the optical properties of PVP/NiO nanocomposites’
films were studied to use it for different optoelectronics applica-
tions. The experimental results showed that the absorbance of PVP
increases while the transmittance decreases with the increase in NiO
nanoparticles’ concentration that make it is useful for various opti-
cal and electronic applications. In addition, optical conductivity in-
creases while the energy gap decreases as NiO nanoparticles’ con-
centration increases.
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The properties of materials drastically change when matter performs a
transition from 1D, 2D, 3D to 0D. The quantum dots (QDs) of lead sul-
phide (PbS) embedded into polyvinyl alcohol (PVA) are synthesized via
one-pot synthesis chemical method. Different concentrations of organic
matrix are taken, and the quantum dot size and optical properties are
studied for each case. The specimen has been analysed by UV—-Vis absorp-
tion spectroscopy, x-ray diffraction study, high-resolution transmission
electron microscopy, and fluorescence spectroscopy. The effects of increas-
ing the PVA capping concentration on the structural and optical proper-
ties are reported.

BaactuBocTi MaTepidsiB pisKo 3MiHIOIOTHCS, KOJIU PEYOBUHA BUKOHYE Iepe-
ximg Big 1D-, 2D-, 3D- no 0D-sumipy. KBauToBi Touku cyabdiny ILairomGymy
(PbS), BOymoBaui B mouiBimisosuit cuupt (IIBC), cuHTe3yOThCA 3a JOIIOMO-
rOI0 XeMiyHOI MeTOAU CUHTe3U «B OZHOMY TOPIIUKY». BepyThbcA pi3Hi KOH-
ImeHTpallii opra”HiyHoi mMarpuIli, a AJsd KOKHOrO0 BHUOAJKy BUBYAETHLCSI PO3-
Mip KBaHTOBUX TOUYOK i omTmuHi BiacTmBOCTi. 3pa3ok OyB IIpoaHaIi3oBaHUI
3a JTOTIOMOTOI0 abcopOITifiHOl cmeKkTpocKomii y BuaAuMin # yabTpadiosieToBii
00JIaCTSAX CBiTJIa, PEHTI'€HOCTPYKTYPHOTO IOCTiMKeHHSs, eJIeKTPOHHOI MiK-
pockomii 3 BHCOKOIO PO3AiJbU0I0 3JATHICTIO Ta (hJIIOOPECIIEHTHOI CIEeKTpOoC-
Kormii. IloBimomMasieThbcAa MPO BIJIMB MHiABUINEHHS OOMEKYBAJbHOI KOHIIEHT-
parii IIBC Ha cTPYKTYpPHi I OOTHUYHI BJIACTHUBOCTI.

Key words: PbS, quantum dots, polyvinyl alcohol, one-pot synthesis,
nanotechnology.

KarouoBi cmoBa: PbS, KBaHTOBI TOUKH, MOJiBiHiIOBUII CIIMPT, CHUHTE3a <«B
OJTHOMY TOPIIUKY>», HAHOTEXHOJIOTII.
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1. INTRODUCTION

Synthesis of semiconductor quantum dots and their applications in
the field of electronics is the topic of interest among many re-
searchers in recent times [1]. The nanoparticles of lead sulphide,
PbS, have shown an increased demand in the last decade due to
their unique physical properties. PbS nanoparticles are generally
prepared in colloid solutions or embedded in transparent solid media
such as glass, zeolite and polymer. Several sophisticated methods
like molecular beam epitaxy (MBE), radio-frequency sputtering (RF)
and liquid-phase epitaxy (LPE) are generally used to prepare semi-
conductor quantum dots. However, most of them are expensive and
requires sophisticated lab set up [2]. Chemical method is found to
be very attractive as they are relatively simpler and less expensive.
The size of quantum dot (QD) is controlled by controlling the con-
centration of capping agent PVA. The quantum dots are fabricated
in the interstitial gaps of the PVA, in a controlled manner. The
PVA restricts the size growth of QDs, but itself does not take part
in the reaction. The physical properties of PVA are shown in Table
1, and the structure of PVA is shown in Fig. 1 [3].

Thus, in this work, we have used simple chemical method of one-
pot synthesis on different concentrations of polyvinyl alcohol
(PVA), followed by the characterization using UV—Vis spectroscopy,
XRD, HRTEM, and fluorescence spectroscopy. In this method, the
quantum dots are synthesized directly in the aqueous medium [4],
i.e., to obtain the water-soluble nanoparticles. The one-pot synthesis

TABLE 1. Physical properties of polyvinyl alcohol (PVA).

Physical properties PVA

Melting point, °C 200

Specific gravity 1.30

Specific heat (J/gm-K) 1.66

Thermal conductivity (W/m-K) 2.0
Resistivity (Ohm-cm) (3.1-3.38)-107

pH neutral or slightly acidic
Dielectric constant 2.0
— (CH2 — CH)“ —
i
OH

Fig. 1. Structure of polyvinyl alcohol (PVA).
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is experimentally simpler and has a higher reproducibility and low
cost. Lead acetate and sodium sulphide are used for the synthesis of
PbS QDs. As both the Pb(AcO), and Na,S are readily soluble in wa-
ter, hence, they form strong electrolytes in solution form. When
these two solutions are mixed, the main reaction that occurs is

Pb2 + S = PbS. (1)

The lead sulphide formed here is poorly soluble in water and is col-
lected as precipitate. Other by-products of the reactions are soluble
in water.

2. EXPERIMENTAL

To prepare 0.2 M PVA solution, 0.215g of PVA was added to 25 ml
distilled water, and then, the solution was stirred above 60°C until
the solution become clear, and then, kept overnight to obtain a vis-
cous transparent solution. 1.89 g of lead acetate (PbC,H;0,) is
added to 25 ml of distilled water to make 0.2 M lead acetate solu-
tion. The lead acetate solution was then added to the polymeric so-
lution with stirring at 60°C for 3 hours by applying magnetic stir-
rer. The pH value of solution was of 6. Solution was given one day
standing time to obtain a viscous transparent solution. In a similar
way, 0.1 M, 0.15 M, 0.25 M, and 0.3 M PVA solutions are also pre-
pared. After one day, 0.2 M sodium sulphide was prepared by dis-
solving 0.39 g sodium sulphide (Na,S) in distilled water, then,
added to each Pb/PVA matrix solution and stirred at 60°C for 3 h.
Lead sulphide nanocrystals’ formation is indicated by appearance of
black colour precipitate (Fig. 2). Lead sulphide nanocrystals’ pre-
cipitate was then separated and washed three times by distilled wa-
ter and air dried [4, 6].

Fig. 2. Prepared PbS QDs.
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The synthesized samples have been tested by UV—Vis spectropho-
tometer, x-ray diffraction spectrometer, energy dispersive x-ray
(EDX) study and high-resolution transmission microscope
(HRTEM). Energy dispersive x-ray (EDX) study and PL study are
also done to understand the doping characteristics in quantum dots.
UV-Vis light absorption spectra were obtained using Perkin Elmer
Lambda 35 ultraviolet visible (UV-Vis) spectrophotometer. X-ray
diffraction (XRD) patterns (Bruker AXS, x-ray source—CukK,) and
high-resolution transmission electron microscopy (HRTEM) ones
(JEM 1000 C XII) were obtained. Perkin-Elmer LS 45 fluorescence
spectroscope at 350 nm wavelength excitation within the range of

—Pbin 0.1 M PVA
—Pb in 0.15 M PVA
3] —Pbin 0.2 M PVA
—Pbin 0.25 M PVA

—Pb in 0.3 M PVA

Absorption, a.u.

Ay
\\335 T11T1
300 350 400

Wavelenght, nm

Fig. 3. UV-Vis absorption spectra of PbS quantum dots at different PVA
concentrations.

=—0.1 MPVA
=—0.15 M PVA
—0.2MPVA
= 0.25 M PVA

ﬁ = 0.3 MPVA

Intensity, a.u.

268, degree

Fig. 4. XRD of PbS quantum dots at different PVA concentrations.
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800-1200 nm is used for PL study.

3. RESULTS AND DISCUSSIONS

Figure 3 shows the optical absorption spectra of fabricated PbS
quantum dots. The blue shift in the absorbance edge is a proof of
QD formation. Particle size is estimated using hyperbolic band

model [7]:
2Tt2h2Egb
= —m) @
m’(E,, - E,,)

where R is the quantum dot radius, E,, is the bulk band gap, E,, is
the quantum-dot band gap, % is Planck’s constant, m” is the effec-
tive mass of electron of the specimen. Here, the bulk band gap (E,)
for PbS is of 0.41 eV, and electron effective mass at room tempera-
ture is of 0.175m, [8], where m, is the electron rest mass.

Figure 4 shows the x-ray diffraction (XRD) pattern of PbS quan-
tum dots. XRD investigation shows that pure PbS shows peaks at
28° (111), 30° (200) and 45° (220). The change in PVA concentra-
tion does not result in any significant change in the XRD pattern of
PbS. All detectable peaks corresponding to (111), (200) and (220)
planes belong to the pure cubic phase of PbS (JCPDS no. 78-1901)
[9]. From x-ray diffraction study, average particle size (crystallite
size) is calculated by using Scherrer formula [10]:

0.9
W cos0’

where A is the wavelength of x-rays (0.1541 nm), W is FWHM (full
width at half maxima), 6 (theta) is the glancing angle, and D is par-
ticle diameter (crystallite size). Considering all the peaks (20 in de-
gree) in the x-ray diffraction pattern, the average crystallite (quan-
tum dot) size has been assessed, and average size is determined. The
results of absorption and XRD are shown in Table 2.

Figure 5 shows the photoluminescence spectrum of different con-
centrations of PVA-capped PbS nanoparticles. The emission wave-
length peaks are at around wavelength of 690 nm. This emission
wavelength has been shifted towards to the red, when compared to
the absorption spectra of the PbS quantum dots. This emission is
due to the recombination of electron and hole pairs (EHPs) [11]. As
absorption is a direct transition phenomenon whereas fluorescence
involves trap state (or states) as a result, the value of absorbed
wavelength is different from emitted wavelength. As the emission
band gap is less than absorption band gap, hence, the emitted wave-

(22)



774 Abhigyan GANGULY, Saradindu PANDA, and Siddhartha SANKAR NATH

TABLE 2. Data from UV-Vis and XRD spectra of PbS quantum dots at
different PVA concentrations.

PVA concen- | Absorption | Band gap | QD radius, Avg. QD
tration, M edge, nm E,, eV nm XRD peaks radius, nm
0.10 335 3.70 3.2 111, 200, 220 3.42
0.15 329 3.77 3.15 111, 200, 220 3.31
0.20 321 3.86 3.07 111, 200, 220 3.19
0.25 315 3.90 3.02 111, 200, 220 3.11
0.30 305 4.06 2.9 111, 200, 220 3.03

—0.1 M PVA
31 —o015MPVA
—0.2 M PVA
—0.25 M PVA
—0.3 M PVA

PL Intensity, a.u.

640 660 680 700 720 740

Wavelenght, nm

Fig. 5. Photoluminescence spectra of PbS quantum dots at different PVA
concentrations.

length is always greater than that of absorbed one (the red shift) [3,
12].

The high-resolution transmission electron microscopy (HRTEM)
images of the synthesized PbS quantum dots are shown in Fig. 6.
The size of all quantum dots lies within 10 nm.

4. CONCLUSIONS

PbS quantum dots have been synthesized for different PVA capping
matrix concentrations using simple chemical method of ‘one-pot
synthesis’. The optoelectronic and crystalline properties of the syn-
thesized PbS quantum dots have been studied in details by using
various characterization techniques. The absorption spectra, x-ray
diffraction spectra, HRTEM images, and the photoluminescence
emission spectra are studied for each concentration of PVA capping
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Fig. 6. HRTEM images of PbS quantum dots at different PVA concentra-
tions.

on PbS quantum dots.

It can be observed from the study that size of the quantum dots
can be varied by changing the doping concentration of capping ma-
trix. With increasing concentration of PVA, the QD size decreases,
absorption edge shifts towards lower wavelength and photolumines-
cence intensity increases. Thus, by changing the PVA concentra-
tion, we can easily control the QD size, as well as the absorption
and photoluminescence emission spectra. Manipulating these prop-
erties, the quantum dots can be used for various other applications.
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Couro6isizanisaa Ta TayToMepHi mepeTBOPeHHA MPUPOTHHOTO
0apBHUKA KYPKYMiHY Y BOTHHX PO3UYMHAX KATiOHHOI TUMEPHOI
IMOBEPXHEBO-AKTUBHOI PEUYOBUHM T€KAMETOKCUHY

B. M. Bapsinuenko, H. O. JlinkoBCcbKa

ITucmumym ximii nogepxui im. O. O. Yyiika HAH Ykpaiuu,
eyn. I'enepana. Haymosa, 17,
03164 Kuis, Ykpaina

CrexTpoOoTOMETPUUHNM METOAOM IOCIiAMKEHO COJIr00iIisallito IpupoasHBOro
0apBHUKa KYPKYMiHY V BOAi B IPUCYTHOCTi KaTioHHOI ammepHoi ITAP — ne-
KaMeTOKCcuHY. EKcIeprMMeHTalbHO IIOKAa3aHO, IO PO3UYMHHICTh KYPKYMiHY
JMiHIfIHO 3pocTae 3 IepeBUINEHHSIM KOHIEHTpAIil AeKaMeToKcuHy y 81078 M,
3HAUEHHA SAKOI Bi[IOBimae KPUTHMUYHIN KOHIEHTpPAIil MilleJIoOyTBOPEeHHSA JaHOI
ITAP. EdexTusHicTs comrobimizarii KiabKicHO oxapakTepr30BaHO BEJINUYUHOIO
costrobiTizariiinoi MiCTKOCTM AEKaMeTOKCHHY IO BiHOIIIEHHIO N0 KYPKYMiHY
Ta HOro KOHCTAHTOIO 3B’A3yBaHHA 3 Mimenamu. IIopiBHAHHA CIEKTPiB BOU-
paHHS TayToMepHUX (popM KYpPKyMiHy B HamocucTemax IIAP i3 BigmoBimmmmn
CIEKTPaMU y BOAHO-ETAHOJIBHUX PO3UMHAX 3 BiJOMOIO Mi€JIEKTPUYHOIO IIPOHU-
KHiCTIO TOKasaJjo, 110 JaHuil 0apBHUK MOKe OYyTU CIIEKTPAJbHUM 30HAOM IJIA
BU3HaUeHHA e(eKTHUBHOI MieJeKTPUYHOI IIPOHUKHOCTH IiceBHo(das BcepemuHi
mines. 3HageHOo, IO Y BOOHUX PO3UMHAX IIepeBa’Kae KeTOHHa ¢opMma Kyp-
KYMiHy, a B OpPraHi30BaHOMY CEpPEIOBUIIli, YTBOPEHOMY HAHOPO3MipHUMU Mi-
MeJSAPHUME arperaraMu, KypKyMiH € TiJIbKM B €HOJbHiN (opmi. Buxogsauu i3
CTPYKTYPHU MOJIEKYJN KYPKYMiHY, IKa MiCTUTH MOJSAPHi ((peHOJbHI Ta KETOHHI
TPynu) Ta HEMmOJIAPHiI (BYTJIeBOAHEBi 1 apoMaTmuHi) parMeHTH, a TaKOX Ha
OCHOBi OJlep:KaHMX EKCIIEPUMEHTAJIbHUX AAaHUX 3’ ACOBAHO, IO HaMOiJMbII Bi-
poriZHMM MicieM JoKaJIidallii KypKyMiHy B OpraHizoBaHOMY PO3YMHI € IIPO-
MDXKHNN nOamicagHuii 1map Minean aexkaMmeTroxkcuny. OmepskaHi pesybTaTu
MOKYTh OyTM BUKOPUCTaHi, B TEPIIy 4Yepry, AJA BUPINIeHHA O0ioMeIUUHUX
3aBlIaHb, OCKiJIBKM BiJKPHBAIOTH MOJKJIMBICTH CTBOPEHHSA HOBUX, e(PeKTHBHi-
X JiKapchbKUX 3ac00iB KYPKYMiHY, 3LaTHUX 3a0€3MEeUUTH HOTr0 BUCOKY pPO3-
YMHHICTh ¥ BOZHOMY CEPEINOBUII, a OT:Ke, 30iIbIINTH 6i0JOCTYIHICTS.

The solubilization of the natural dye curcumin in water in the presence of
cationic dimeric surfactant decamethoxine (DCM) is investigated by UV—Vis
spectrophotometry. As shown experimentally, the solubility of curcumin
increases linearly, when the concentration of decamethoxine exceeds the
value of 8:107% M, which corresponds to the critical concentration of micelle

T
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formation for this cationic surfactant. The solubilization efficiency is quan-
titatively characterized by the solubilization capacity of decamethoxine
with respect to curcumin and the binding constant. Comparison of the ab-
sorption spectra of tautomeric forms of curcumin in the decamethoxine
nanosystems with the corresponding spectra in aqueous—ethanolic solutions
with known dielectric constant shows that this dye could be a spectral probe
to determine the effective dielectric constant of pseudo-phases inside the
micelles. As found, the ketone form of curcumin predominates in aqueous
solutions, while, in an organized medium formed by nanosize micellar ag-
gregates, curcumin is only in the enol form. Based on the structure of the
curcumin molecule, which contains polar (phenolic and ketone groups) and
nonpolar (hydrocarbon and aromatic) fragments, as well as on the basis of
experimental data, the most likely site of curcumin in the organized solu-
tion is the intermediate palisade layer of decamethoxine micelles. The ob-
tained results can be used primarily in solving biomedical problems, as they
open the possibility of creation of new, more effective preparations of cur-
cumin, capable of providing its high solubility in the water medium, and,
accordingly, increasing bioavailability.

KarouoBi croBa: KypKyMiH, HeKaMETOKCHUH, CIIEKTPOMOTOMETPisI, COJI00iIi-
3aIlid, KeTo-eHOJbHA TayTOMepis.

Key words: curcumin, decamethoxine, spectrophotometry, solubilization,
keto-enol tautomerism.

(Ompumano 19 ciunsa 2022 p.)

1. BCTYII

ITomidpeHOST POCIMHHOrO MOXOMKeHHA KypKyMiH (Cur) Bce bGinbIie 3a-
CTOCOBY€ETHCA Yy MeauiinHi [1—3], oCKiIbKM Mae MPOTUIYXJUHHI, IIPO-
TH3amaJbHi, aHTUTPOMOOTHUYHI, aHTUAIA0THUHI ¥ aHTUMiKPOOHI BJa-
CTUBOCTi. I_Ief/i OPUPOAHilET OGapBHMK BUKOPHCTOBYETHCA B XapuUOBil
mpomucaoBocTi (xapuoBa mob6aBka E 100) [4], a Takok, 3aBOAKU CBO-
im CIIEKTPATBHUM BJIACTHBOCTAM, fK CEeHCOPHUU MaTepify AJA BUAB-
JIeHHSI MiHepaJIbHMX Ta OPraHiYHWX TOKCUKAHTIB y Oiosoriunmx, ¢a-
PpMAaIeBTUYHUX, IPOMHUCJIIOBUX Ta €KOJIOTiYHMX 3paskax [5—T7]. 3a xe-
MIiYHOIO CTPYKTYPOIO KYPKYMiH € 0ic-o,-HeHacuueHUM [-ZUKETOHOM
(Cur—K), 1mio yTBOPIOETHCS B Pe3yJabTATi KOH’IOTAIlii ABOX MOJEKY.JI
¢depyJIoBOi KUCJIOTH 3a PAaXYHOK METHMJIEHOBOTO MiCTKa i AKMiI 3Haxo-
INTLCA B piBHOBAa3i 3 eHONMbHOIO opmoio (Cur—E):

HO\\ e~ /"\\\\ _-0H HO\/ VA\ /"\\/OH
f L e P
D T N N e N T NN S N
OSININYTY 7o At 9
CH, 0 o CH, CH, 0O o CH,

Cur-K Cur-E
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BaxguBo BimsHaumTH, IO HU3bKa PO3UMHHICTH Y BOOJHOMY Cepelo-
BUIIi € OCHOBHOIO HPOOJIEMOI0, IKa O0MEIKYy€e 3aCTOCYBAHHA KYPKYMi-
HY OJA Po3po0KM HOBUX (PYHKITIOHATI30BAHMX HAHOCTPYKTYPHUX Ma-
TepiAJiB i HAHOKOMIIO3UTIB i3 3aJaHMMMU BJIACTHUBOCTSIMU IJIS €JIEKT-
POHHOI TeXHiKM, XeMiUHOI Ta Xap4voBOi IIPOMMCJIOBOCTEH i MeIUITMHMN.
Haa monimmends posunuuoctu Cur Oyau pos3polbJieHi TBepAi mAucmep-
cii, HaHO/MiKpOUaCcTUHKU, MOJIiMepHiI Mimesnu, HaHOCycCIIeH3ii, HaHO-
Hocii Ha ocHOBi JimimiB i nmuxgomekcrpuHiB [8—-10], B ckiaami AKux
coaobiizaria KypKyMiHYy BifOyBaeThCs, TOJIOBHMM YMHOM, 3a Paxy-
HOK rigpodo0HMX B3aeMomiii. PO3UMHHICTE CIOIYK TAKOMK MOKe 30i-
JBITYBATHUCA 3a YTBOPEHHSA HUMU CYIPaMOJIEKYJIAPHUX KOMILIEKCiB,
AKi € Yy po3unHi i yTBOPIOIOTH PAa30M 3 PO3SUMHHHKOM TaK 3BaHi opra-
HizoBami cepemoBuiia [11]. BiamoBimmo mo ckiamy MoJerysa, Imo ¢o-
PMYIOTHL TaKi HaHOCHCTEMHU, Ta MeXaHi3My YTBOpPEeHHdA ix, MOKHAa BHU-
JiIuTy IBa TUOMW OPTaHiB0BaHWX CEPENOBUIIN y PO3UMHAX: IepIHIi Mic-
TATH CaMOOPTaHiB0BaHI CyIpaMoJIeKyJIAPHI MilleldapHiI HaHOCUCTEMU,
IPYyri — MOJIeKYJIN-PelenTopt, AKi MailoTh TPUBUMIPDHY BHYTPIIIIHIO
MMOPOKHUHY. 3arajbHa BiIMiHHICTL OpraHizoBaHMX CEpPemOBUII Bin
TOMOT€HHUX PO3UYMUHIB MOJIATAE B TOMY, IO BU3HAUAJBHY POJb Y HUX
Bimirpae JioKajsbHUI edeKT, MMOB’A3aHUI 3 POZUMHEHHAM TIiApodiab-
HUX i rizpodo0HMX MOJEKYJ y IOPOKHUHI MOJIEKYJIM-pelenTtopa abo
B 00’emi minensapuoi dasu. Hamu Oysio BcramomseHo [12], 1o pos-
YUHHICTh IIPUPOAHIX IOJi(heHOJIiB — KBEPIETUHY Ta PYTHUHY — B Op-
raHi3oBaHUX CepeloOBUINAX Pi3HOI HPUPOAU 3aJIEKUTH Bil CTPYKTYypHU
Ta TUIY caMoopraHizalii iXHiX MOJIEKyJ y po3umHi, a came, yTBO-
PeHHs cTaTUYHOrO KJYyOKa (moJiBimimmippoJaimon), rimob6yam 3 rigpo-
dobHUMU TOPOXKHUHAMU (CHUPOBATKOBUN aJbOyMiH JoamHu), chepu-
yHOl Mireau (ITOBepXHEBO-aKTUBHA PEeYOBMHA MipaMicTim).

06’eKTOM IIHOTO HOCJiAMKeHHs OyJa0 oOpaHo caMoopraHizoBamHi Mi-
LeJAPHI CHUCTEMM Ha OCHOBiI KaTiOHHUX IIOBEPXHEBO-aKTUBHUX DPeyo-
BuH (KIIAP), aki € opranizoBanuMu peakIiiHUMHN cepemoBUIIAMH,
3IaTHUMU BILIMBATU Ha PO3UYMHHICTB Ta iHmii ¢isuko-xemiuni Biac-
TUBOCTi PeYOBMH. 3a KOHIIEHTpAIii y PO3UMHAX BUINE KPUTUUHOI
KoHIeHTpalii minemoyrBoperHa (KKM) BoHM yTBOPIOIOTH Cympamo-
JeKyJaApHi amcaMO0Ji Ta XapaxTepu3yOThCcA 00’€MHOI0 MicTKicTio,
TOOTO MAaIOTh MOPOKHUHU, AKi MOMKYThH OyTH 3alloOBHEHi iHITMMU MO-
JeKyjaaMu 0e3 MOpYIIeHHS TepMOAWHAMIUHOI CTiiKOCTH CHCTEMU.
Buxogsauu i3 mpuHnumie 3ejeHol xewmii [13], AKi cTUMyJII0IOTE CTBO-
PeHHA TIPOAYKTIB i mporeciB, 1o MiHiMi3ylOTh BUKOPUCTAHHS Ta BU-
POOHUIITBO MIKiAAMBUX I/ JIOAUHUA TA TPUPOAU PEUOBUH, HAKOIILII
MEePCIeKTUBHUMHU JJIA 3aCTOCYBaHHSA € eKOJOTiuHOo Oesmeuni, Giomer-
panyioui, jmabinbHi KarioHHi guMepHi IIAP 3 moBepxHeBO-aKTUBHUMU
Ta OakTepuruagHuMu BaacTuBoctAMu [14]. o rakux KIIAP nHame-
JKUTh BiTumsHAHUEN mpemnapaT gekameTokcuH (JJKM) — anTucemnTuu-
HUH 3aci0 MIMPOKOTO CIEKTPY Oii 3 HM3bKOI TOKCHUYHICTIO Ta 3MaTHi-
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cTio mo Oioposkmamamusa [15]:

A
0—C —CH2—1|\I+—(CH2)10—1TT+— CH,—~C—0

CH, CH,
CrpykTypHa GopMyJia JeKaMeTOKCUHY.

Mouneryna KM mae mosruii cueiicep (—CH,—),( i KOPOTKi XBOCTOBI
rpynu Ta, 3rifHO 3 AaHuUMU JiiTeparypu [16], MoiKe yTBOpIOBaTU B PO-
sunmHax 3a KoHmeutpaiiii sumnie KKM muainapuumi minenam, B AKUX
rizpododHi IMUKJIOreKCaHOBiI KiJbI[A Ta METHJIEHOBI I'pymu cieiicepy
CIPSAMOBAaHI B cepeauuy, a TiapodiJbHi rpynu posTaIllOBaHiI HA IIOBe-
PXHi Ta 3maTHI BUCTyHATH AK AKTHBHI IIEHTPU 3 YTBOPEHHSM BOIHE-
BUX i KoopauHalifinmx 3B’sa3kKiB. I[oBruii cmeiicep, AKNUI CKJIALAETH-
cA 3 rigpodoOHOr0 METUJIEHOBOTO JIAHIIOTA, IIPOTMHAETHCA B HAIpPs-
MKY IO CepeauHt IUJIIHIAPY, OCKiJIbKM HOTr0 KiHIIi yTPUMYIOThCS Oijsa
noBepxHi rigpodimbauMu rpymamu —CO—-O— Ta 4YeTBEePTUHHHUM aTo-
mom Hirtporeny.

KinpkicHuil ommc BIJINMBY AeKaMETOKCHHY Ha PO3YMHHICTL i Tay-
TOMEPHIi IIepeTBOPEeHHA KYPKYMiHY B JiTepaTypi BificyTHi#, xoua moc-
JijKeHHsS (isMKO-XeMiuHMX BJIACTUBOCTEH CYIPAMOJEKYIAPHUX
KoMILIeKciB opramiunux OapBHuKiB 3 KIIAP € BamkauBuUM I BUKO-
pucTaHHA TaKMX HAHOCHUCTEM y MEIUWIMHi, HAHOTEXHOJIOTisiX, MOJe-
KYJIAPHIA eJeKTpoHini, ¢dorouminmi. OcobiamBe 3HaUeHHsS Ma€ 3MiHa
CTPYKTYPHUX OCOOJHMBOCTell KYPKYMiHYy B OpPraHi3oBaHHUX PO3UMHAX,
OCKiJIbKHM HMOT0 KeTOHHA M eHoJbHa (OpMH MAIOTL Pi3Hi CIeKTpaIbHi
XapaKkTepUCTUKU Ta, BiAMOBiAHO, IO-PidHOMY MOMKYTH BILJIMBATH Ha
OonNTHYHI Ta (POTOKATAJITHUHI BJIAaCTHBOCTI MaTepidiiB.

B mawmiii pobori posrisHyTO BIJIMB KaTioHHOI gumepHoi ITAP rme-
KaMeTOKCUHY Y IIIHNPOKOMY iHTEpBaJi KOHIEHTPAI[if Ha PO3UYMHHICTH
i TayToMepHi mepeTBOPEeHHS MPUPOAHLOTO OAPBHUKA KYPKYMIiHY y BO-
OTHUX PO3UMHAX.

2. OF’€ERTH JOCIINKEHHA. METOAHUKA ERCIIEPUMEHTY

VY pobori BuKopucTOoBYBaJM KypKyMmiH Qipmu Sigma-Aldrich i mexa-
MeTOKCHH (ZociaigHe BHMPOOHUIITBO IHcTuUTyTy oprauiumoi ximii HAH
Vipainn), BUXiZHI PO3UMHM SKMX TOTYBAJM IIJISIXOM PO3UMHEHHS
TOYHMX HABAa’KOK B €THMJIOBOMY CIHHPTi Ta BOAL BiIIOBigHO.
EnexTponni cmekTpu BOMpPAHHS PO3UMHIB peecTpPyBaid Ha CIEKT-
podoromerpi Specord M-40 (Carl Zeiss Jena, Himeuunna). 3 meToro
YCYHEHHS BILINBY (DOHY CIEKTpPH OOpPOOJIAJM METOAOM TreTepoxpoMa-
TUYHOI eKCTpamosAlii mas aBox moBxKuH xBuib [17]. KucmorricTs
PO3YMHIB KOHTPOJIOBAJM 3a JOIIOMOTIOI0 CKJISTHOI €JIEKTPOAM YHiBep-
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caabpHOro ifonomipa Hanna instruments HI 221.

JJia gocaimskeHHA POSYMHHOCTU KYPKYMiHY TOTyBaJid CeEPilo BOI-
HUX pO3UMHiIB 06’eMoM y 10 cM® 3 KOHIIeHTpAIli€I0 ZeKaMETOKCHUHY B
mexxax (0-2)-1072 M, gomaBanu mo 0,005 r KpHCTaNiYHOTO KypKYyMi-
HY, IIepeMillyBaJii Ha amnaparTi IJd CTPYIIyBaHHA O MOCATHEHHA Pi-
BHOBaru (24 roaguuu), mneHTpudyrypaau mnporarom 10 xB. 3a IIBUIKO-
ctu y 2000 06/xB. i BumMipoBaau cueKTpu BOMPaHHS BiTOKpEeMJIEHUX
posumnuiB. [[1s Bu3HAUEHHSA KiJIBLKOCTH COJII00i/IiZ0BAHOTO KYypPKYMiHY
oIep:;KaHi PO3UMHU PO3BOIUWJIM €TAaHOJOM y chiBBimuommenHi 1:1, pe-
€CTPYBaJ CHEKTPHU IOTJIMHAHHS Ta PO3PaxOBYBaJM KOHIIEHTPAIilO
KYPKYMiHYy, BUXOOAYM 3 BHU3HAUEHUX MOJAPHUX KoedillieHTiB BOU-
pauua. Temmeparypa y BcixX eKcmepuMeHTax OyJa IIOCTifiHOIO Ta cTa-
nosmia 293 K.

30iIblIeHHA PO3UMHHOCTH KYPKYMiHY y BOJZHOMY pPO3UHHI B pe-
3yJbTaTi BBeIeHHS IeKaMEeTOKCHUHY OyJI0 BUKOPHMCTAHO IJis BU3HA-
YeHHS HOro TepMOAMHAMiuHOI KOHCTAHTH 3B’sa3yBaHHa (K,) 3 Mile-
aamu ITAP, axky pospaxoByBaJi Ha OCHOBi MeTOHIy, OIMCAHOTO B PO-
oori [18], 3a JiHifitHUM PiBHAHHAM:

S/SB -1= KaB(CﬂKM_RRM)’

me S, i S — posuMHHICTH KYPKYMiHY y BOJi Ta PO3YMHAX JNEKaMETOK-
CHHY BiAmoBifHO; Cpxy — 3arajgbHa KOHIEHTPAIlid JeKaMeTOKCHUHY;
KKM — xpuTuuHA KOHIIEHTpAIlid MiIleJIOyTBOPEHHA NeKaMeTOKCUHY.
Koncrauty 38’sa3yBaHHA cyIpaMoJeKyaspHoro Komiuiekcy Cur—IKM
BU3HAUAJIU AK TAaHI'€HC KyTa HAXWJy IIPSIMOi, MoOyZ0BaHOI B KOOPAHU-
HaTtax (S/S. — 1)—(Cren— KKM).

3HaueHHA ieJeKTPUUHOI IPOHUKHOCTU (g£) BOAHO-ETAHOJBLHUX PO3-
YMHIiB PisHOI KOHIleHTpaIlii 0yyiu B3aTi 3 JgiTeparypu [19].

3. PE3YJIBTATH JOCJIIAKEHHSA TA IX OBTOBOPEHHA

Sk sasHaueHO BUINE, KYPKYMiH XapaKTePUIYEThCA AYyiKe HU3BKOIO
POSUMHHICTIO Yy BOJi, ajie JOCTaTHBO A00Ope PO3UUHAETHCA B €TAHOJI 3
VTBOPEHHAM SCKDPaBO-KOBTOTO PO3UMHY. MIOro cIleKTep BOMpAaHHS Xa-
paxTepu3yeThCs iHTEHCUBHOIO CMYyTroi0 B oKoJi 432 um (puc. 1, KpuBa
1), AKa HaJNEKUTh €HOJBHOMY TayTOMepy, cTabisiisoBaHOMY BHYTPiIII-
HBOMOJIEKYJADHUM BOJHEBUM 3B’ aA3KoM [20].

I3 36inbIIeHHAM BMIiCTYy BOAM Yy €TAHOJbHOMY po3umHi (puc. 1,
KpuBi 2—4) B cueKTpi KYPKYMiHy 3’SABJIAETHCA TAKOXK HEBEJIHNKa CMY-
ra B oxoai 350 um, aka xapaxrtepusye Cur—K, cTrabiiizoBaHUI COJIb-
pararielo moserkyjaamu Boau [20]. HesHauuwuii TilICOXPOMHUU 3CYB
cmyru Cur-E 3 nepexonoMm y MinenapHuii posuund KM (puc. 1, Kpu-
Ba 5) Moxke OyTU 3yMOBJIEHUM 3MiHOIO HOJIAPHOCTH MiKpocepemoBHUIIa
KYPKYMiHy uepes B3aemomiio mMixk num i ITAP.
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Puc. 1. CnexkTpu BOUpaHHA KYPKYMiHY B eTaHOJbHUX po3umHax (I1—3), Boxmi
(4) Ta minenapromy posumui IKM (5). Ce\=2,7-10° M (I-4), 2,7-10* M
(®); Cuem=0,014 M; Cyion, % =100 (1), 30 (2), 20 (3), 5 (4); I=1cm (1-4),
0,1 cm (5).}
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1,04
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Puc. 2. 3anexHicTh ONTUYHOI TYCTUHU PO3UYMHY KYPKYMiHY BiJ KOHIIEHTpA-
mii KM y soguomy (1) Ta 50% -eranonsromy (2) posunnax. C.,, =2-107° M;
A=427 um (1), 432 uM (2).2

A BusHaueHHS KOHIIEHTPAIlil KypKyMiHy, cosobisrisoBamoro B
posumuax KM, Oyiso mociaimsxkeHo BOumpanHa po3umHy Cur crajoi
KOHIleHTpaIii B okosi A,,, =432 HM B 3aJIeXKHOCTi BiJ KOHIIEHTpAILil
KIIAP (puc. 2, xpuna 1).

Mo:xkHa OauuTu, 110 Y BchoMy iHTepBasi KoHIeuTparniini KM crmo-
cTepiraeTbca 30iMbINEHHA ONTUYHOI T'YCTHUHUW PO3UMHY KYPKYMiHY Ta,
BiITIOBiAHO, MOJAPHUX KoedillieHTIB eKCTHUHKINII, AKi HeoOXigHOo OyJI0
0 BUKOPHCTOBYBATH Yy PO3PAXyHKY KOHIIEHTPAI[il PO3UMHEHOTO KYp-
KYMiHY IJIS KOXKHOI KOHIleHTpaIllii mexamerokcuny. OgHaK, OCKiJIbKH
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oA cMyra XxapaKTepusdye BMIiCT JHUIle eHOJbHOI (GopMH KYPKYMiHY,
TO, 3a HAABHOCTU y PO3UMHI KeTOHHOI (pOopMU, 3arajbHUU pe3yJbTaT
OyB O1 3aHMYKEHIIM.

Hamu Gys10 BCTaHOBJIEHO, IO 3a KOHIIEHTpAIlil eTaHOJNy B PO3UMHI
KypKyMiny > 50% TayTomMepHa piBHOBAra IOBHICTIO 3CyBaeThCA B OiK
€HOJBbHOI (popMM; TOMY 3aJIeKHiCTL BOMpPaHHA po3unHiB Cur Big KOH-
merrparii IKM 6yio gociaimxeno B 50% -eramosbHOMY po3umHi (puc.
2, kpusa 2).

Opmep:xaHa saje:xHicTh Mae OBi obsacti koHmeuTpaniin KM, me
cIIoCcTepiraroTheA IIOCTiMiHI 3HAUEHHA ONTUYHOI T'YCTUHU KYPKYMiHY:
Crgm = 0-0,0085 M (e =53850) i Cpgy=0,01 M (¢ =62000). 3a Kon-
menTtpariit 0,004 Mi 0,008 M ¢ =54500 i 60250 BigmosigHO.

IIpunnunosoio BimmimuicTio ITAP Bim immmux cosiobimizaTopis, 30-
KpeMma IIoJiMepiB, € Te, IO OpraHisoBaHe CepPeIOBUIINE B PO3UYUHI BO-
HU YTBOPIOIOTHL TiabKU 3 mepeBuinieHHAM KKM, AKa € BHU3HAUAJIbHOIO
Y BUPIIIeHHI OUTAHHA ITiABUINEHHS PO3UMHHOCTH PEUYOBMH 3a paxy-
HOK coJarobinisarmii. K BugHo 3 puc. 3, BBeIeHHS MeKAaMETOKCUHY B
PO3YHMH CHOYATKY IPUBOAUTEL M0 HE3HAUHOTO 30iJMbIITEeHHS PO3UMHHOC-
T KYPKYMiHY, a pisKe 3pOCTaHHS izoTepMH coJrobimiszariii moumHa-
€ThCA JIUINEe 3 IMepPeBUIeHHAM KOHIIeHTpalii mekaMeTokcuHy y 8-107°
M, aka # Bigmosimae iioro KKM, mobpe y3rom:Kyouuch 3 HaBeIEHOIO
B gjiteparypi BemmumHOIO KKMjky =(1,0+£0,2) 102 M [21], oxep:xa-
HOI0 MeTOoJOM IpAMOi nmoreHIiomeTpii. IsoTepma B iHTepBaji KOHIEH-
rpariii 0,008-0,020 M KM omnucyeTbcA JiHIAHUM PiBHAHHAM TUIY
Y =A + BX, B axomy mapametep B Bigmoimae TaHTr'eHca KyTa HaXUJIY
isoTepMu Ta XapaKTepua3y€e BeJIMUUHY COJI00iIisaliiiHol MicTKocTHu
IeKaMeTOKCHHY II0 BiIHOIIEHHIO 1O KYPKYMiHy, a caMe, YKMCJIO MOJIiB
coJrrobistizary, 1mo npumnagaTs Ha 1 moab ITAP y mimesni (MoJab/MOJB).

CCur’ MM
D
0,5
0,4 .
0,3
()
0,2 1
0,14
0,0 T T T
0,000 0,005 0,010 0,015 C}IRM’ M

Puc. 3. Isorepma comrobimizamii kypxkyminy B posummax JKM.?
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3HaueHHA COJII00iTiZaIiiiHOl MiCTKOCTH € KiJIbKiCHOI0O XapaKTepUCTH-
Koo cosobimizaiii i gna cumcremu Kyprymin—/IKM ckiaazae 0,044.
JliniftricTs isorepmu (r? = 0,985) Bkasye Ha Te, 1o (opma Mimesa y
mporieci cosrobirizanii KypKyMiny He sMmiHioeTsesa [22].

30iblIIeHHA PO3YMHHOCTH KYPKYMiHY B IIPUCYTHOCTiI JTeKaMeTOK-
CHHY B HOPiBHAHHI 3 BOJHHUM PO3YMHOM OYJO BUKOPHCTAHO OJISI BU-
3HAUEeHHsS MOro TEePMOAMHAMIUHOI KOHCTAHTU 3B’A3YBAaHHSA B CyIIpa-
moseKkyaapHuil xominexkce Cur—JIKM (K,,), akiii BinmoBimae TaHr'emc
KyTa HaxXuWJly mOpamoi, moO0ymoBaHoi B Koopammatax (S/S,—1)—
(Cixm — KEM) (puc. 4).

3uatinena koucrauta K, = 29423 a/mons (1gK,, = 4,47) 3HauHo me-
PeBUIITYEe BeJIWYMHM KOHCTAHT 3B’SA3YBaHHA KYPKYMiHy 3 Milegramu
moHoMepHUX IIAP, AK KaTioHHUX — mOAEIUJITPUMETHJIAMOHiI0 Opo-
MiZy, TeTpamelluJITPUMETUIaMOHiI0 OpoMimy, reKkcamernuITpuMeTHIa-
MOHiI0 OpoMiny, reKkcalelUIMipUINHII0 XJIOPUAY Ta TeKcaleluIIipu-
nunio xmopuny (K,,=(2,5-3,4)-10° 1/monn) [23], Tak i aHiomHEX —
ITomenmuyacyabdary HaTpiio, momernuabeHs30JcyIb(oHATy HATPiio, mome-
nuiacyabdonary narpito (K,,= (1,2—1,4)-10° 1/momm) [24].

[1a BUBUEHHA COJIIO0LTizaIlili BasKIMBUM IUTAHHAM € JOKasisaria
cosrrobinizary B mimeni [22], aka Mmoske BimOyBaTucsa B rigpodobHOMY
BYIVIEBOTHEBOMY AApi, riApodinbHi#l KopoHi abo mpoMiKHOMY ITaJri-
cagaomy mapi. Haiibinemn HMOBipHe Micile poaTalryBaHHA TOTO UM
iHIITOrO CcOJ06iizaTy BU3HAUAETHCSA HOTO MOJAPHICTIO, a TaKOMK IIPU-
pomoio comiobimisyBambHOI ITAP. ¥V MOJEKyJIi KYpPKyMiHy IPHUCYTHi
AK moyapHi (dheHOJBHI Ta KETOHHI IpymnH), Tak i HemoJApHi (Byrie-
BOIHEBi I apoMaTuuHi) pparmMeHTH; TOMY HOro cojobinisariro B Mi-
meaax JITKM Mo:KyTh 3abesmeuyBaTy ITOHAWMeEHIIIe ABAa MiKpocepemo-

S/S. -1

B

400 4
3004
2004

100

0,000 0,0'04 0,608 0,612
(Cry-KEM), M

Puc. 4. 3anexnicts (S/S, - 1) Big (Cpxy—KKM) npu posunHeHHI KypKyMiHy
B BOZHMX PO3UMHAX JeKaMeTOKCHUHY.!
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BUINA: AAPO Milejix Ta il IIOJAPHA YacTHUHA. Y I0BHIINHINA HOJAPHIN
o0sacTi coro0inisyoThea MOJAPHI KOMOOHEHTH KYPKYMiHYy, a HeIo-
JApHaA YacTHHA MilleJI COJI00iIisye rigpodoOHMII ByTJIeIeBUil JIaH-
mior. OgHAK, CJIif 3a3HAYNTH, IO PO3UMHHICTE KYPKYMiHy B reKcawxi,
AKUUA MOIEJIIOE BYTIJIEBOAHEBe SAPO Millesn, IysKe HEeBHCOKa, a eHep-
rig sB’A3Ky mossapHuX rpyn Cur 3 BOAOIO HeperrkoaKae MOBHOMY 3a-
JYYEeHHI0O MOJIEKYJ cojobimizaTty B ampo wmimeau. Ile yMoOKIMBIIOE
KasaTu IIPO IIepeBaKHY JIOKaJisallito KypKyMiHy B IajicagHoMy Inapi
minenu J[TKM.

OpHyuM i3 BasKJIMBUX UYMHHUKIB coJrro0inisariii € smima MiKpooTo-
YeHHS COJII00iTizaTy 3 IepexomoM 3 BOJHOTO PO3UMHY B MIilleJdsapHi
CHUCTEMH, IO CYIIPOBOIKYETHCA PiBKOI0 3MIiHOIO MieJeKTPUUYHOI HIPO-
HuKHOCTH [25]. A [mOCHiAKeHHA CHEeKTPAJbHUX XapaKTepPUCTUK
KYPKYMiHY y BOIHO-€TAHOJLHUX PO3UYMHAX HaMu OyJI0O 3HaAMIEeHO 3a-
JIEJKHICTh KOHCTAHTU TayTOMEDPHOI piBHOBaru, sKa BU3HAYAETHCA
CIiBBiJHOIIIEHHAM KeTOHHOI ¥  eHOJBbHOI (opM KYpKYyMiHY
(K rayr = Courx/Ceurg), Bil BeIMUYMHHU MAieJIleKTPUYHOI IPOHMKHOCTH (&)
BOIHO-eTAHOJBHUX PO3UMHIB (puc. 5) i mokasaHo, IO 3a BeJIUYUH
€<45 KYpKYMiH € BUKJIOUHO B €HOJBHiNl (opmi. I3 sbimbrmrenHam
€>45 moumHae yTBOPIOBATHCA KeTOHHa (hopMa, BiJHOCHA KiJBKicTh
AaKoi 3pocrae mpaAMo mpomopiiiiao (r? = 0,999) mierekTpuuHiii mpoHH-
KHOCTi PO3YMHY B MeKax € = 55—75.

BpaxoByrouwn, 1o mineaapHi posunHu KaTioHHuX [IAP BUABIAIOTH
3HAUHy AudepeHIliloBaJIbHy Oil0, IMOAiOHY cyMiliaM Boau 3 OpraHiu-
HUMHU posumHHUKamMu [25], Hammu OyJsio gocaimkeno BmaumB [IKM Ha
TayTOMEpPHY piBHOBaAry KypKywmiHy. I/ OI[iHKM CIITiBBiZHOIIIEHHS Ta-
yToMepHUX (OPpM KYPKYMiHY B 3aJie’KHOCTI Bix KouieHTparii KM
CHeKTpu BOMpPaHHA CcoJI00isizoBaHOTO Oy/IM HOPMOBaHI BiHOCHO i30-
0ecTYHOI TOUKM DiBHOBaru KeTOHHOI I eHOJbHOI dhopM B oKoji 397
HM, TOOTO BeamuuHa R=A/A39; . BUKOPUCTOByBaJacsa K aHAJTITUY-
HUH cUT'HAJI.

Ax BugHO 3 puc. 6, KYPKYMiH PO3UMHAETHLCA Y BOTHOMY PO3UMHI
mepeBaskKHO B KeTo-(opmi (kpuBa 1), a i3 36iabIIeHHAM KOHIIEHTpPAILil
Crxm > 0,001 M cmyra eHONbHOI (pOpMM KYyPKYMiHY IIOYHMHA€E 3pOCTa-
TH, a KeTo-(OpMU — 3MEHIITyBAaTUCA MOKM MMOBHICTIO He 3HUKAE A
Cixkn= 0,008 M (KKEM). ¥V MineaapHUX PpPO3UMHAX BEJIMUYHHA A,,-
cmyru Cur—E He 3MiHIOETBCHA, IO TiATBEPAKYE HE3MiHHICTH (opMU
mitea [IKM B mporieci corobinisaiiii kypryminy.

3Haiineni 3a cuekTpadbHuMU gauuMu cuiBBigHOMEeHHA Coyrx/Courr
IaloTh 3MOTY, BUXOIAYU 3 JiHIMHOI YacTUHU 3aJIe;KHOCTU, HaBeIeHOI
Ha pucC. 5, OI[iHIOBATH BeJMYUHU e(eKTUBHOI JOKAJIbHOI AieJeKTpuu-
HOI IIPOHMKHOCTH MIilleJISPHOT0 cepedoBUIna B Micii Jokasisarii Cur.
Om:ke, KYPKYMiH MOKe BUCTYHATH CHEKTPAJbHUM B30HIOM JJid OILi-
HIOBaHHA e(PeKTUBHOI JieJeKTPUUYHOI MPOHUKHOCTH IIceBaO( a3y uepes
TMOPiBHAHHA HOTO CIEeKTPiB BOMpPaHHA B HAHOCHCTEMAX i3 CIEKTpaMu
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(CCur—K)/(CCur—E)

0,8 A
0.6 4
0.4

0.2 -

0,0 T T T
40 50 60 70 €

Puc. 5. 3asexHicTh CIiBBiZHOIIIEHHA KETOHHOI Ta €HOJBHOI ()OPM KYPKYMi-
HY Bif AieJeKTpUYHOI IPOHUKHOCTU BOJHO-€TAHOJIHLHOTO PO3UMHY.

T T T
350 400 450

Puc. 6. HopmoBani cnexkTpu BOMpaHHA KypKyMminy B posumHax KM piszoi
rkounerTpanii. Cpgy, MM: 0 (1), 2 (2), 3 (3), 4 (4), 6 (5), 8 (6), 10 (7), 14
(8, 16 (9), 18 (10).°

IJis BOOHO-ETAHOJLHUX PO3UMHHUKIB 3 BiJOMOIO AieJIeKTPUUYHOIO IIPO-
HUKHICTIO.

4. BAICHOBRH

BcraHnoBieHoO, 10 PO3UMHHICTL KYPKYMiHY B30iJbIITyeThcs Ha 2 IIO-
PAOKM B OpraHizoBaHOMY cepemoBuImi Kariommoi gumepHoi ITAP. Me-
TOOOM PO3UMHHOCTH BM3HAYEHO COJIIOOLIiZaIifiHy MiCTKicThL Aexame-
TOKCUHY II0 BimwmomienHio 10 Kypkywminy (0,044) Ta KOHCTaHTY
3B’sI3yBaHHS KypPKyMiHy 3 mexameroxcumom (1gK,, = 4,47), aAKi sHau-
HO IIePEeBUINYIOTHh BiAHOBiAHI BeamuumHMN s MoHoMmMepHux ITAP. Bu-
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ABJIEHO BILJIMB KOHIIEHTpAIlilli AeKaMeTOKCHHY Ha KeTO-eHOJbHY Tay-
TOMEPil0 KYPKYMiHYy, AKUUA PO3UMHAETHCA y BOJAHOMY PO3UMHI IIepe-
Ba)XKHO B KETOHHIN (popMi, a B MilleJTAPHUX — TiJIbKU B €HOJBLHIHA.
IlopiBHAHHA CIiBBiZHOIIIEHHA TayTOMEPHUX (POpM KYPKYMIHY B PO3-
YpHaAX AeKaMEeTOKCUHY I Y BOJHO-€TAHOJBbHUX CyMiIllax, AJd AKUX
BiomMa mieJeKTpHMYHA NPOHUKHICTH, YMOMKJIMBUJIO OIIHUTU IIOJIAP-
HIiCTH cepeoBUINA B MICIIi JIOKaJi3aImil MOJEeKyJn KYyPKYMiHYy B MiIte-
Ji, AKa BUABUJIACS 3HAYHO HUIKYOIO, Hi¥K Y BOIi.
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solution of DCM (5). C¢,, =2.7-10° M (1-4), 2.7-10* M (5); Cpey=0.014 M; Cgon, % =100
(1), 30 (2), 20 (3), 5 (4); L=1 cm (1-4), 0.1 cm (5).

2 Fig. 2. Dependence of the optical density of curcumin solution on the concentration of DCM
in aqueous (1) and 50% ethanol (2) solutions. C¢,,.=2-10° M, A =427 nm (1), 432 nm (2).

3 Fig. 3. Isotherm of the curcumin solubilization in the DCM solutions.

* Fig. 4. Dependence of (S/S, - 1) on (Cpgy—KKM) at dissolution of curcumin in aqueous solu-
tions of decamethoxine.

® Fig. 5. Dependence of the ratio of ketone and enol forms of curcumin on the dielectric con-
stant of water—ethanol solution.

5 Fig. 6. Normalized absorption spectra of curcumin in DCM solutions of different concentra-
tions. Cpey, mM: 0 (1), 2 (2), 3 (3), 4 (4), 6 (5), 8 (6), 10 (7), 14 (8), 16 (9), 18 (10).
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In this paper, the poly2-formyl (pyrrole, furan, & thiophene) is synthe-
sized by acid catalysis (hydrochloric acid) in ethanolic solutions. The pol-
ymers are characterized by FTIR, EDX and SEM. PFPy is seemed as clus-
ters of globular with size of 1325 nm and rough surface. PFFu is small
nanoparticles (of about 68 nm), which clump together to form large parti-
cles with a rough, bumpy surface (like a pancreas). PFTh appears as clus-
ters of fused spherical nanoparticles (of about 153 nm). The slow polymer-
ization reactions give smaller particles.

¥ npauiit po6oti mosi2-dopwmin (mipos, dypan i TiodeH) cMHTE3yETbCA IILIA-
XOM KHCJIOTHOI Karajisu (COMAHOI KMCJIOTH) B €TAHOJIOBUX pos3uumHax. Ilo-
JiMepu XapaKTepuayIThCsA iH(pPauepBOHOIO CIEKTPOCKOIi€I0 HAa OCHOBi Ime-
perBopy ®Pyp'e, eHeproposCiloBAJLHOIO PEHTI'eHIBCHKOI0 aHAIi30l0 Ta CKa-
HYBaJIbHOIO €JIEKTPOHHOI0 MiKpockoimiero. Ilomi2-opmin mipon smaeTbes
KJacTtepaMu KyJascToi ¢opmu posmipom y 1325 HM i IIepCTKOIO IIOBEPXHEIO.
IToni2-opmin pypan — me api6bHi HaHouacTMHKU (6au3bKOo 68 HM), aAKi
3JINTIAIOTHCA, YTBOPIOIOUN BEJIUKI YaCTUHKU 3 IIEPCTKOIO, TOPOMCTOIO IIOBE-
pxHew (4K migmayHKoBa 3ai03a). Ilomi2-gopmin TiodpeH 3'ABIAETHCA Y BU-
TJIAMi CKYMYeHb 3POIeHuX chepuuHmXx HaHoYacTUHOK (6am3bKo 153 HM).
IToBinbHi peaxiiii moaimepusariii garTh OLIBINT APiOHI YaCTUHKHU.

Key words: poly2-formyl pyrrole, polyfurfural, poly2-formyl thiophene,
nanoparticles, SEM.

KarouoBi cimoBa: moai2-¢gopmin mipos, momidypdypos, momi2-popmina Tio-
¢en, Hanouactuaku, CEM.
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1. INTRODUCTION

Poly(acetylene) was a first conducting polymer, which was discovered
in 1977 by Hideki Shirikawa [1]; more researchers have been interested
in conducting polymers [2]. In less than one decade, most of the mono-
mers that researchers currently used to produce conducting polymers
were found [3]. Discovering of conducting polymers was a turning
point in the scientific world due to their wide range of applicability [4].
Recently, conducting polymers are used in sensors [5, 6], biosensors
[6], and capacitors [7], as rechargeable batteries [8], enzyme immobili-
zation matrices [9], membranes [10], gas separation membranes [11],
solar cells [12], optical displays [13], light emitting diodes [14], and
electrochromic devices [15]. Heteroaromatic rings such as pyrrole, fu-
ran, thiophene and their derivatives [4, 16], polypyrrole (PPy) and its
derivatives are the most widely studied conductive polymers due to the
easily oxidizable monomer in aqueous solution [17], the high electrical
conductivity, good electrochemical properties, and thermal stability
[18]. Intrinsic properties of polypyrrole include environmental stabil-
ity, good redox and conductivity behaviour [19]. Furfural was pol-
ymerized by electropolymerization [20, 21] and plasma methods [22];
it was used for fabrication of film-modified electrode [20, 22]. It is also
known that doping these films with other materials, such as iodine,
acid or others, modifies the electrical and optical properties [23]. Thio-
phene derivatives have been used to synthesis polymers with wide ap-
plications, such as solar cells and photoelectric cells [14]. Polythio-
phene gets important attention in research and industrial parts owing
to its high environmental stability, better thermal stability and me-
chanical characteristics. Moreover, its interesting properties like sem-
iconducting, electronic and optical activities along with less band gap
energy [25]. Polypyrrole, polyfuran, polythiophene and their deriva-
tives are common conducting polymers [4] and can be synthesized by
chemical, electrochemical, or plasma methods [23]. 2-formyl pyrrole
was polymerized by acidic catalyst (thionylchlorid) [26] and hydro-
chloric acid [27]. 2-formyl thiophene is polymerized by hydrochloric
acid [28] and its derivative by alkyl sulfonic acid (RSO;H) [29]. In this
research, we synthesized PFPy, PFFu and PFTh by acid catalysis in
alcohol as solvent, characterised by FTIR and EDX, studied its mor-
phology by SEM, and compared their properties.

2. EXPERIMENTAL
2.1. Materials and Measurements

2-formyl pyrrole 98% sigma, 2-formyl thiophene 98% sigma, furfural
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98% sigma, hydrochloric acid 35.5% sigma, methanol 98% sigma pol-
ymers were characterized with FTIR (JASCO FT/IR model M4100)
spectrophotometer between 4000 and 400 cm ™. Surface morphologies
were examined with SEM, EDX (TESCAN model MIRA3).

2.2. Synthesis

The monomer (10 mmole) was dissolved in the alcohol (25 ml); then,
hydrochloric acid 35.5% (5 ml) was added. Mixture solution was
placed at room temperature for 24 h. The precipitate was filtered,
washed with distilled water and alcohol each one several times, and
dried at 105°C for 48 hours. It was kept for study later on.

3. RESULTS AND DISCUSSION
3.1. FTIR Analysis

Polymers were characterized by using infrared spectroscopy FTIR.
The structure of polymer was confirmed with disappearance of the
aldehyde group in polymer. Figure 1 shows FTIR spectra of poly-
mers. In Figure 1, a, FTIR spectra of PFPy are observed at 3484
cm™' due to the N—H vibration in pyrrole ring (the peak at 3484
cm' is wide may be due to bound or imprisoned water). The peaks
at 1500-700 cm™ vibration bands are due to the C—H out of plane
vibrations, and C=C and C-C stretches of the pyrrole rings are. The
C=N and C—N stretches of the pyrrole rings (C=N caused by electron

Ta 0/0

w ﬂb
T

4000 3000 2000 1000 400

Wavenumber, cm™

Fig. 1. FTIR spectrum of: a) poly(2-formyl)pyrrole; b) polyfurfural; c)
poly(2-formyl)thiophene.
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resonance and tautomerism in the ring) are at 1620 and 1270 cm™.
In Figure 1, b, FTIR spectra of polyfurfural are observed at 3130
cm ' due to aromatic C—H; peaks about 2845, 2812 cm™ are at-
tributed to the C—H aldehyde. The peaks between 1500 cm™ to 1000
cm ! were due to C=C in furan ring and C—H out of plane. Figure 1,
¢ shows FTIR spectrum for polythiophene observed at 3110 cm™ (C—
H aromatic), 2825 cm™* (C—H aliphatic), and the peaks between
1500 cm™ to 1000 cm™ (C=C thiophene ring and C—H out of plane).

3.2. EDX Analysis

For the determination of relative composition of elements of the
polymer formation, an elemental analysis was performed using EDX
technique. Table shows EDX results for polymer surface. The
poly(2-formyl) pyrrole contains carbon 70%, nitrogen 13.5% and
oxygen 19%. The ratio N/C is about 19.3% (one nitrogen atom for
five carbon atoms). The polyfurfural contains carbon 66.0%, oxy-
gen 11.2% and chlorine 12.6% . The ratio O/C is about 30% (more
one oxygen atom for five carbon atoms). The poly(2-formyl) thio-
phene contains carbon 63.0%, sulphur 11.2%, chlorine 12.6% and
oxygen 11.2%. The ratio S/C is about 21.1% (one oxygen atom for
five carbon atoms), and the ratio S/Cl is about one (one sulphur at-
om for one chlorine atom). High percentage of oxygen is due to ad-
sorbed or trapped water in the polymer structure.

When comparing their EDX (Table), PFFu and PFTh have a high
percentage of chlorine due to the electrically bonding of the chloride
ion to the ionized ring. This is not observed in PFPy because the nitro-
gen is trivalent. This ionization contributes to a partial loss of the ar-
omatic character of the compound and makes the reaction slow.

we1 L0 9 OIS

Y

TABLE. EDX results for polymer surface.

Flement PFPy PFFu PFTh
wt.%  atomic, % wt.% atomic, % wt.% atomic, %
C 64.8 70.4 50.0 66.4 41.9 63.0
N 14.5 13.5 — — — —
0 19.0 15.5 20.4 20.3 9.9 11.2
S — — — — 23.4 13.2

Cl 1.7 0.6 29.6 13.3 24.8 12.6
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3.3. SEM

Figure 2, a, b shows the SEM image for PFPy. They appear as clus-
ters of large spherical nanoparticles. The particles in the cluster
have rough surface and average size of about 1325 nm. PFFu was
shown in Fig. 2, ¢, d. This polymer consists of small particles (na-
noparticles of 68 nm), which clump together to form large particles
with a rough, bumpy surface (like a pancreas). Figure 2, e, f shows
the SEM image of PFTh. This polymer appears as clusters of fused
spherical nanoparticles (about 153 nm).

Precipitation of polymers is during a three-stage process. Nuclea-
tion is the phase, in which part of the polymer is transiting to a
solid state (perhaps, one chain). This nucleus grows by regular
bonding to other chains of the polymer (during the second stage) to
form a small crystalline particle. At the final stage, the polymeric
chains accumulate randomly to form the macroparticle. At this
point, the particles may fuse and form clusters. Huge clusters ag-
glomerate to form complex particles. The particle size depends on
the rate of a chemical reaction: the faster rate, the larger particle
size.

Fig. 2. Image of the scanning electron microscopy (SEM) of polymers pow-
der.
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The polymerization reaction (in the studied polymers) takes place
through electrophilic addition [29, 30], and its rate is related to the
nucleophilicity of the ring. The pyrrole ring in (2-formyl) pyrrole is
effective due to the high basicity of nitrogen, which makes its reac-
tion easy and fast, and its particle size is huge. While furfural and
2-formyl thiophene are less effective, so it reacts slowly and gives
smaller particles. In general, furan is weakly aromatic and reacts
more slowly than thiophene, making its particles smaller.

4. CONCLUSIONS

The particle size and morphology of polymers prepared from 2-
formyl heterocyclic aromatic rings are related to the type of mono-
mer. Poly(2-formyl) pyrrole particles are spherical of 1.3 um with a
rough surface, while PFFu particles are of about 68 nm and fuse
with each other to form masses with a rough surface. PFTh nano-
particles, which are of about 153 nm, form clusters. Slow polymeri-
zation reactions give smaller particles.

5. HIGHLIGHTS

Three conjugated polymers from heteropentacyclic aromatic alde-
hydes were synthesized by hydrochloric acid.

Polymer particle size was evaluated by the scanning electron mi-
croscopy images and compared. Particle size is related to the poten-
cy of the aromatic ring.
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In this work, pyrrole is polymerized by ammonium persulfate as oxidizing
agent in methanol 40%. Pyrrole polymer is characterized by FTIR, XPS
and EDX to determine the polymer structure. Morphology of resulting
polymer is studied by SEM. Polymer structure consists of spherical parti-
cles with sizes of about 38 nm assembled together to form huge clusters.
Pyrrole polymer has semi-crystalline structure; its particles consist of
crystalline core with size of 15.1 nm, surrounded by an amorphous shell
fraction. Particles’ size by XRD data is of 35.59 nm. This size may be
more accurate than SEM size as XRD sample includes larger number of
particles than SEM sample.

VY miit po6orTi mipoJs mosiMepu3yeTheA mepcyab(aToM aMOHiI0 AK OKMCHIOBA-
yem y meraHosi 40% . IliposiB mosimMep XapaKTepu3yeThCcA iH(pPaUepPBOHOIO
CIIeKTPOCKOIIi€I0 Ha OCHOBI meperBopy Pyp'e, PEeHTI'eHIBCLKOIO (poToeMmiciii-
HOI0 CIIEKTPOCKOIIi€I0 ¥ eHeproposCiloBaJbHOI PEHTI'€HiBCHKOIO aHAaJIi30i0
IS BU3HAUEHHSA IMOJIIMEPHOI cTpyKTypu. MopdoJsoria ogep:kaHOro moJime-
Py BUBUYAETHCA CKAHYBAJIbHOIO €JIEKTPOHHOIO MiKpockomiero. CTpyKkTypa mo-

JiMepy CKJaZaeTbCcAd 3i cPepruHMX YACTUHOK pos3Mipamu 0Ju3bKo 38 HM,
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3i0paHmX pasoM OJisI YTBOPEHHS BeJINUE3HUX CKynueHb. [lomimMepHUE mipo
Mae HAMiBKPUCTAJIIUHY CTPYKTYPY; MOTO YaCTMHKU CKJAAAIOTHCA 3 KPHUCTA-
JiuHoro sapa pos3mipom 15,1 HM, OTOUEHOTO O0OJIOHKOI aMOp(HOI (pakIrii.
Poamip uacTMHOK 3a JaHUMH pPeHTIeHiBcbKOl maudpakriiii cranoBuTsr 35,59
M. Ileit posmip Moke OyTu OiJBIITI TOUHHM, aHi¥K PO3Mip 3a JaHUMU CKa-
HYBaJIbHOI eJIeKTPOHHOI MiKpOCKomii, OCKiJIbKM 3pasoK AJid PeHTI'eHiBChbKOI
mudpakriii BKJIOUae OiNbINTy KiJIbKiCTh YACTMHOK, HijK 3pasok AJA CKaHY-
BaJIbHOI €JIEeKTPOHHOI MiKpPOCKOIIil.

Key words: polymerization, pyrrole polymer, nanoparticles, semi-crystal-
line structure, XRD.

Karouosi caoBa: mosrimepusaliis, miposiB mojaimMep, HAHOYACTHHKM, HANIBK-
pucTaJiuHa CTPYKTYypa, PeHTIeHiBCbKa Au(paKIlia.

(Received 7 December, 2021; in revised form, 19 January, 2022)

1. INTRODUCTION

Polymers are usually used as insulators. Nevertheless, in fact, not
all polymers are insulators. They can be conductive just like metals
[1]. The first conducting polymer (polysulphur nitride) was discov-
ered in 1975 [2], later on poly(acetylene) was discovered [3]. In re-
cent years, conducting polymers have been synthesized from aro-
matic rings [4] such as benzene [5], pyridine [6], pyrrole, furan and
thiophene [7].

They have been extensively studied because of their chemical sta-
bility [3] and wide applications [4]. Polypyrrole (PPy) is one of the
most important [3] and widely studied conducting polymers [8] due
to its high electric conductivity. Polypyrrole has some advantages
over the other conducting polymers, such as easier synthesis in wa-
ter solution [9], good electrochemical properties, thermal stability
[10], and low-cost processing [1]. However, compared to PANI, cost
of pyrrole monomers is greater than aniline, which makes it less
attractive for some potential applications [10]. Chemical stability of
oxidized PPy is very good at room temperature. PPy degradation
happens only when the temperature is more than 150°C [11]. Elec-
trical conductivity of PPy ranges from 10 to 1000 S/cm [3, 12].

Pyrrole can be polymerized by chemical and electrochemical
polymerization. Electrochemical polymerization of PPy can be per-
formed either in aqueous media or non-aqueous media such as ace-
tonitrile [12], propylene carbonate [14, 15], and dichloromethane
[11]. Corrosion-resistant materials such as Pt, Au, Pd, Rh, Ir, etc.
[16, 17] are used as the working electrodes [3]. Polypyrrole had
many applications, including batteries, electrochemical sensors, bio-
sensors [18], drug delivery systems, conductive textiles, conducting
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fabrics, and mechanical actuators [19]. In a typical chemical oxida-
tive polymerization of PPy, many oxidants, such as ferric perchlo-
rate, ferric chloride and ammonium peroxydisulfate, have been used
[20]. Electrochemical synthesis method for polypyrrole may be pre-
ferred [3] because it is eco-friendly and does not contain environ-
mentally toxic solvents, and its relatively easy working [3]. In this
work, we have used an easy method for preparing polypyrrole by
ammonium persulfate as an oxidizing agent in methanol 40%. The
polypyrrole was characterized by FTIR, XPS, and EDX. Its particle
sizes are characterized by means of the SEM and XRD techniques.

2. EXPERIMENTAL
2.1. Materials and Measurements

Pyrrole 98% sigma Aldrich, methanol 99% sigma Aldrich, ammo-
nium persulfate sigma Aldrich, polypyrrole was characterized with
FTIR (JASCO FT/IR model M4100) spectrophotometer between
4000 and 400 cm™. Surface morphologies were examined with SEM,
EDX and XPS (TESCAN model MIRA3). X-ray diffraction is made
by Philips model: PW1370, Cu (0.154056 nm) step size 0.05 deg.

2.2, Synthesis

Pyrrole solution (1 gr, 15 mmole in 10 ml of methanol 40%) and
ammonium persulfate solution (7 gr, 30 mmole dissolved in 25 ml
of methanol 40%) were mixed. The reaction mixture solution was
placed at room temperature for 42 h. Colour of reaction solution
changed to yellow, then, brown; finally, a brown powder was precip-
itated. The precipitate was filtered off, washed with distilled water,
and alcohol consequently, and then, dried at 105°C for 48 hours.

3. RESULTS AND DISCUSSION
3.1 FTIR Analysis

FTIR spectrum of polypyrrole was recorded in KBr solid disk. Posi-
tions of characteristic peaks are observed in Fig. 1. Characteristic
peaks of polypyrrole are observed at 3484 cm™ due to the N-H vi-
bration of pyrrole ring, at 3020 and 2973 cm™ due to in-plane vi-
bration of aromatic C—H. Bands at 1112, 912, 780, and 657 cm
are due to out-of-plane vibrations of C—H. C=C and C—C stretchings
of the pyrrole rings are observed at 1578, 1485 and 1105 cm™. C=N
and C—N stretchings of pyrrole rings (caused by electron resonance
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Fig. 1. FTIR spectrum of polyselenophen (KBr disk).

TABLE 1. Comparison of peak positions of the differently synthesized
polypyrroles in this work and references.

Bond This References
work | [21] | [22] | [23]][24] | [25]] [26] | [27]
N-H stretching 3500 3500 3522 — — 3400 3436 3500
. 2980,
stretching 2875 2960 — — 2950 3100 — —
C-H ibrations
aro- . 918 900 920 902 — 960 1110 —
. in plane
matic ibrations 780
vi s
out of plane 657 811 811 720 757
- 1578, 1475, 1558, 1551,
oy Cc=C 1485 1310 1487 1444 1600 1529 1554 1525
role Cc-C 1100 1050 — — — 1445 — 1118
rings C-N 1270 1230 1315 1285 1360 1242 — 1275
C=N 1620 1590 1685 — 1690 1295 — 1856

and tautomerism in ring) are observed at 1620 and 1270 cm ™. Table
1 shows comparison of peak positions of different polypyrroles syn-
thesized in this work and in references. The spectrum differs slight-
ly from that of the reference polysilenophen due to effects of prepa-
ration method.

3.2. XPS Analysis

X-ray photoelectron spectroscopy (XPS) is an excellent technique
for analysing the top of 5—10 nm of polymer surface. Figure 2, a
shows the x-ray photoelectron spectroscopy of PPy polymer. XPS
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Fig. 2. a) XPS spectra for (PPy); b) (Cls) spectra with typical peaks.

spectra contain three peaks at 533.1, 403.0 and 284.3 eV due to
0O1s, N1s and Cls, respectively. This shows polymers’ carbon, oxy-
gen and nitrogen. Figure 2, b shows analysis of Cls peak. Carbon
atoms in polymer are of three kinds: C=C—-H (285.1) 50.6%, C—N
(286.3) 43.9%, and C=0 (289.0) 5.5%; results comply with polymer
structure and references [28, 29, 30].

3.3. EDX Analysis

EDX technique measures x-rays emitted from the sample that is
subjected to a current of electrons to characterize elemental compo-
sition. A current of electrons is scanned across the sample surface
inducing emission of x-ray fluorescence from the elements’ atoms.
Energies of the x-rays are characteristic of the element from which
they are emitted [31]. Table 2 shows EDS results for three areas of
polymer surface. There is a slight difference in results because EDS
analysis is less accurate in determining the ratio of elements. Poly-
mer contains carbon 76.6%, nitrogen 19.1%, and oxygen 1.9%.
Ratio N/C is of about 25% (one nitrogen atom for four carbon at-
oms). Presence of oxygen may be due to the oxidation of some pyr-
role rings in the polymer [29].

3.4. SEM

Morphology and surface of polypyrrole particles were studied by
scanning electron microscopy (SEM). Figure 3 shows SEM image of
polypyrrole. Polymer consists of spherical nanoparticles with aver-
age size of about 28 nm and clump together in clusters with rough
surface. When checking SEM image of the polymer, a method for
forming polymer nanoparticles can be suggested, in which polymer
particles grow up to be spherical particles (about 38 nm) and
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TABLE 2. EDX analysis for three areas of polymer surface.

Area 3 Area 2 Area 1

atomic, % wt.% atomic, % wt.% atomic, % wt.% atomic, % wt.%
76.60  69.44 77.6 72.6 75.4 66.1 76.8 69.6 C
19.10  20.20 19.2 20.9 18.6 19.0 19.5 20.6 N
0.25 0.29 0.25 0.29 0.25 0.29 0.25 0.30 N/C
1.90 2.29 2.1 2.6 2.3 2.7 1.3 1.6 (0]
2.40 .77 1.1 3.6 3.7 11.9 2.4 7.9 other
100.25 100.00 100.2 100 100.2 100 100.2 100 total

Element

S2M MAG: 0.0 kx
WO: 535 mm 8700

View flokd: 415 pm _ Date{miy): 018321 View Boid: 208 ym _ Deta(miay): 018321 View Boid: 1.04 pm Date(midy): 019321

Fig. 3. Photo of polypyrrole polymer under scanning electron microscope
(SEM).

merged together forming huge cluster.

3.5. X-Ray Diffraction (XRD)

Crystalline structure of PPy was studied by x-ray diffraction. XRD
data were used to determine crystallinity percentage and crystal
size. Figure 4, a shows the XRD pattern of polymer. XRD spectra
were analysed to determine areas of amorphous structure and crys-
talline structure as well [32]. Crystallinity percentage P.,% was
calculated by Eq. (1) [32, 33]:

AC
P %=—"—_ %100, (1)
Y A, +A

"Amo

where A, is sum of area under peak of crystallized structure and
Ay, is area under peak of amorphous structure [33]. The crystalline
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Fig. 4. X-ray diffraction (XRD) for polypyrrole polymer.

TABLE 3. Percentage areas of crystalline peaks and other parameters.

P, % Crystal Size, nm‘ Theta, rad‘W.H.T., rad -1072 Peak
3.20% 9.42 0.298 15.220 P1
0.86% 30.56 0.210 4.588 P2
7.64%
1.72% 17.39 0.422 8.643 P3
1.86% 15.54 0.547 10.331 P4
92.36%| —— amorphous

percentage P,,% was of about 7.64% . Crystals’ size was determined
by Scherrer equation from crystalline peaks. Figure 4, b shows the
XRD pattern of PFPy; peaks at 24.1, 24.2, 48.4 and 62.7° belong to
crystalline phase; peak at 24.9° belongs to amorphous phase [34].
Table 3 shows crystal size, percentage of crystalline peaks and other
parameters. Average crystal size is of 15.1 nm. Polypyrrole is semi-
crystalline with particles consisting of an amorphous shell and crys-
talline core. Crystallization ratio corresponds to the core/shell
weight ratio. Using the data in Table 3, we have calculated the true
size of particles using Eq. (2) [35]:

3
D, =42 100, (2)
P, %

where D, particle size, and D is crystal size. Calculated average par-
ticle size is of 35.59 nm, while it is of about 38 nm. Particle size by
XRD is more accurate and closer to reality because of large number
of particles in sample, and it is not subject to the experience of the
analysis as SEM.
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4. CONCLUSIONS

Polypyrrole was synthesized using ammonium persulfate as oxidiz-
ing agent in methanol 40% . Structure of polypyrrole was character-
ized by FTIR, XPS and EDX. Polymer particles are spherical (with
size of about 38 nm by SEM) clumping together and forming clus-
ters. Polypyrrole morphology is semi-crystalline; particles consist of
an amorphous shell fraction and crystalline core with size of 15.1
nm. Particle size by XRD data was of 35.59 nm.

5. HIGHLIGHTS

Nanoparticles of polypyrrole have been synthesized and character-
ized by a simple and easy method.

Morphology of resulting polymer was studied by SEM.

Crystalline structure and particle size of polypyrrole was studied
by XRD (size was of about 35.59 nm).

Particles size was determined by SEM and compared with XRD.
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The (PMMA-ZrO,—Ag) nanocomposites are fabricated by using casting
method. Nano-zirconia and nano-silver are added to polymethyl methacry-
late at different weight percent (0%, 0.75%, 1.5%, and 2.25%); nano-
zirconia and nano-silver are attached to PMMA at equal weight percent.
The effect of the ZrO, and Ag nanoparticles as promoters on the structur-
al and mechanical properties of PMMA is characterized by optical micros-
copy, hardness and compression tests. The hardness of polymethyl meth-
acrylate is increased with the increase in the ZrO, and Ag nanoparticles’
concentration, but then is decreased after 2.25 weight percent. The com-
pression strength of PMMA is gained with increasing nano-zirconia and
nano-silver contents. The present work shows that the prepared samples
can be used for dental applications.

Hanoxommosutu (IIMMA-ZrO,—Ag) BUTOTOBIAAIOTECA MeTOAOM JuUTTa. Ha-
HO-TiOKCHI IIMPKOHiII0O Ta HaAHOCPiOJIO MOJAOTh y IOJiMEeTHJIMEeTaKpUJaT
(IIMMA) 3a pismoro Barosoro Bigcorry (0%, 0,75%, 1,5% i 2,25%); Hamo-
IiokcuJ IIMPKOHiI0 Ta HaHOocpibao Kpimasateesa o IIMMA 3a piBHMX Baro-
BUX BimcoTKiB. BmiauB HaHouacTmHOK ZrQO, i Ag AK IPOMOTOPiB HaA CTPYK-
TypHO-MexaHiuHi BiactTuBocTi IIMMA xapaKTepu3yeThCA ONTUYHOIO MiKpO-
CKOITi€f0, TecTaMM Ha TBEPAICTh i cTucHeHHA. TBepAicTh moJIiMeTHIMETaK-
puiary 36iabiIyeTbesa 31 30iMbIIEHHAM KOHIleHTpAaIlii HaHouacTuHOK Zr0, i
Ag, ane moTriM 3MeHINTyeThbCcH ITicas 2,25 BaroBux Bimcorka. MimuicTs Ha
cruck ITMMA gocsraeTbesa 3i 30i/IbIIIEHHAM BMICTY HAHO-TIOKCHUAY IIMPKO-
Hito Ta HaHocpibsa. Ilg pobora moKasye, IO IMiATOTOBJIEHI 3pasKU MOMKYThb
O0yTHM BUKOPHUCTAHI AJIA CTOMATOJOTiUHUX 3aCTOCYBAHb.
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1. INTRODUCTION

Polymethyl methacrylate (PMMA) is the majority universal denture
support material [1] owing to its aesthetics, biocompatibility, and
stability in the mouth environment, exact fit, little cost, repair pos-
sibility, and fabrication simplicity. However, PMMA has weak me-
chanical properties that frequently consequences in denture support
fractures. Like denture fractures, it may happen in the patient’s
mouth regularly at the midline of the denture foundation through
mastication [2].

Nanomaterials are known of better properties compared to the
conventional ones. When nanomaterials are taken part in the ma-
trix of polymer like fillers [3—6], these materials have properties of
together elements to develop new mechanical and optical properties
of nanocomposites [7]. Among these, zirconium oxide (ZrO,) nano-
particles are frequently used mechanically to strengthen polymers
and get better the strength of the reinforced PMMA medium. Good
quality bond and uniform dispersion of nanoparticles inside the res-
in matrix enhance the bending properties of the nanoparticles—
polymer composite [7].

Silver nanoparticles (AgNPs) are one of the main generally used
nanoparticles in this range, because of their antimicrobial activity
as well as electrical conductivity and catalytic properties. The silver
nanoparticles have revealed antimicrobial property against many
microorganisms such as E. coli, Staphylococcus epidermidis, Staphy-
lococcus eureus, author for correspondence Candida albicans and
Streptococcus mutans and very little toxicity against human and
animals [8]. In this paper, the addition of zirconia and silver nano-
particles is used in order to improve the mechanical properties of
PMMA in dental applications.

2. EXPERIMENTAL WORK

The samples were synthesized by casting method with the use of
mixtures of polymethyl methacrylate, nano-zirconia (nano-Zr0O,) and
nano-silver (nano-Ag) powders. The mixtures composed of polyme-
thyl methacrylate with weight percentages 0, 0.75, 1.5, 2.25 for
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nano-ZrQO, and nano-silver. Nano-zirconia and nano-silver was added
with same weight percent to polymethyl methacrylate. The struc-
tural property of (PMMA-ZrO,—-Ag) nanocomposites was tested by
photomicroscope. The hardness of the samples was measured by us-
ing the TH-717 device. The compression test was measured by using
the Cube and Cylinder Compression Machines Ct340-Ct440 appa-
ratus.

3. RESULT AND DISCUSSION

Figure 1 shows the surface morphology of the (PMMA-ZrO,—Ag)
nanocomposites with and without different concentrations of silver
and zirconia nanoparticles’ content. The microstructure of the
(PMMA-ZrO,-Ag) nanocomposites’ samples shows the distribution
of Ag and ZrO, nanoparticles in polymethyl methacrylate; nanopar-
ticles of Ag and ZrO, begin to agglomerate in PMMA as shown in
Fig. 1, d.

The hardness test was applied to the specimens before and after
addition nano-Ag and nano-ZrO, to PMMA. The hardness of samples
increased with increasing addition of ZrO, and Ag nanoparticles to
PMMA, and then decreased at 2.25%, as shown in Fig. 2.

The increasing in hardness of samples is due to the hardness of
zirconia [9] and sliver nanoparticles. The agglomerated nanoparti-
cles can perform as stress concentrating centres in the medium and
affect harmfully on mechanical properties of the polymerized com-
pound [10]. In addition, the problematic includes in the incorporat-

Fig. 1. The microstructure of (PMMA-ZrO,Ag) nanocomposites at (a) 0
wt.% Ag—Zr0,; (b) 0.75 wt.% ZrO,—Ag; (c) 1.5% wt.% ZrO,~Ag; (d) 2.25
wt.% ZrO,~-Ag.
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Fig. 2. Variation of hardness for PMMA with different concentrations of
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Fig. 3. The relation between compression strength and different addition
of weight percent for the ZrO, and Ag nanoparticles in PMMA.

ing nanoparticles into acrylic resin which lack the chemical bond
between inorganic materials like sliver nanoparticles and PMMA
[11, 12]. Figure 3 explains the compression strength of the samples
and the addition of nano-ZrO, and nano-Ag powders. The compres-
sion strength of the samples gained with increasing addition of
nano-Ag and nano-ZrO, and then decreased at 2.25 wt.%. The in-
creasing in compression strength of the specimen is attributed with
arising of the surface area and good mechanical properties of Ag
and ZrO, nanoparticles, while the decreasing in compression
strength may be retain to agglomerate formation.
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Films of pure PEO, PEO/CuO and PEO/Cu0O-In,0; nanocomposites are pre-
pared for antibacterial applications. The films are fabricated by using casting
method. The samples of PEO/Cu0O—-In,0; nanocomposites are tested for gram-
positive organisms (Bacillus cereus) and gram-negative organisms
(Salmonella). As shown, the PEO/Cu0O-In,0O; nanocomposites have good ac-
tivity against gram-positive organisms and gram-negative organisms.
IIniBku umcroro moaierunenokcuny (ITEO), manoxrommosautiB IITEOQ/CuO Ta
ITEO/CuO-In,0; migroroeseHo Ao aHTMOAKTEPiHHUX 3acTOCyBaHb. ILIiBKU
BUTOTOBJIAIOTHCSA METOAOM JUTTA. 3pasku HaHokoMmmno3utis ITEOQ/CuO—-In,0,4
TECTYIOThCA HA IpaMIO3UTUBHI oprauismu (Bacillus cereus) i rpamMHeraTuBHi
oprauismu (Salmonella). fIx morxasamo, mHamokommosutu I[IEO/CuO-In,0O,
MaiOTh XOPOIIY aKTHUBHICTL II0 BiMHOIIEHHIO [0 I'PaMIIO3UTHUBHUX OPraHis-
MiB i rpaMHeraTUBHUX OpraHi3MiB.

Key words: In,0;, PEO, nanocomposites, films, antibacterial agents.

Karouosi caoBa: In,0;, mosieTuieHOKCH], HAHOKOMIIOBUTM, IJIiBKM, AHTU-
GaxTepitiui 3acobu.
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1. INTRODUCTION

Nanocomposites of polymers and inorganic nanoparticles (INPs) have
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attracted increasing interest due to their value-added applications de-
rived from their unique opto-electric, magnetic, electrical, thermal,
and antibacterial properties [1]. Polymer nanocomposite materials are
of great scientific and technological interest due to their unique opti-
cal, electronic, and mechanical properties. These materials are used in
different applications like optoelectronic devices, magnetooptic data
storages, reflective materials, and photovoltaic cells [2].

Inorganic—organic nanocomposites have gained a technological ro-
bust in the field of linear optics, nonlinear optics and solar cells owing
to their outstanding properties and novel applications. Combining one
or more metal-oxide nanoparticles (MO NPs) with one or more polymer
composites leads to a new class of state-of-art nanocomposites. Particu-
larly, the incorporation of polymers with MO NPs such as ZnO, CuO,
Zn8S, Si0,, TiO, and Al,0; has been demonstrated to nanocomposites ex-
hibiting excellent electrical, optical and mechanical properties. Poly-
mer composites developed several striking properties such as easy pro-
cessing, resistance to deformations and organic functionalities. Moreo-
ver, MO NPs are well known to possess attractive properties such as
stiffness, transparency, good thermal and chemical stabilities. Nano-
composites synthesized by blending polymers with MO NPs exhibit
properties of both components to yield multifunctional materials with
new or enhanced properties overtaking each single-component inde-
pendently. Recently, considerable interest has been focused on nano-
composite thin films due to their physical properties and applications in
optical lenses, UV shielding, light-emitting diodes (LED), photodetec-
tors, solar cells, multisensors, organic transformation reactions, super
capacitors and corrosion protections [3].

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 effi-
cient 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 [4].

The In,O; possess a very good magnitude of energy gap equal to
about 3.2 eV that does these materials very promising for the optical
applications. Particular interest presents nanoparticles of these mate-
rials. This is caused by their very specific crystal-chemical structure
[6]. The bacterial infection is threatening the health of humans and
any living species, on the other hand, the infecting bacteria pollute the
water, soil, and the environment, eventually leading to the death of
animals and plants. Therefore, until now, antibacterial agents have
attracted a great deal of attentions and many of them have been devel-
oped. The excessive use of antibiotics has resisted the bacteria against
their drugs, causing a serious public health problem [6]. This paper
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aims to prepare PEO, PEO/CuO and PEO/Cu0O-In,0; nanocomposites’
films for antibacterial applications.

3. MATERIALS AND METHODS

The pure PEO, PEO/CuO and PEO/CuO-In,O; nanocomposites films
are prepared by dissolving 1 gm of PEO in 40 ml of distilled water,
then added 1.8 wt.% CuO to PEO, and the indium oxide (In,O,) was
added to the PEO/CuO with ratios of 1.8, 3.6, and 5.4 wt.%. The
components were mixed using a magnetic stirrer for 1 h to obtain
homogeneous solution. The casting method is used to prepare the
PEO/Cu0O-In,0; nanocomposites in the template (Petri dish has di-
ameter 10 cm). The samples were prepared with thickness 140 pm.
Antibacterial activity of PEO/CuO—-In,O; nanocomposites tested us-
ing a disc diffusion method. The antibacterial activities were done
by using gram-positive organisms (Bacillus cereus) and gram-
negative organisms (Salmonella).

4. RESULTS AND DISCUSSION

The distribution of CuO—-In,O; nanoparticles in the PEO matrix are
shown in Figs. 1, 2. The figures show that the microscopic and SEM im-
ages of PEQO/CuO—-In,0; nanocomposites. As shown in these Figures, the
CuO-In,0; nanoparticles are aggregated as clusters at low concentra-
tions, and they form a paths network inside the polymer matrix at high
concentrations [ 7]. These results agree with Refs. [8—12].

The antibacterial activity of PEQO/CuO-In,0; nanocomposites
against gram-positive organisms (Bacillus cereus) and gram-
negative organisms (Salmonella) are presented in Figs. 3, 4. The
inhibition zone diameter rises with rise in the concentrations of
CuO-In,0; nanoparticles. The main mechanism that caused the an-
tibacterial activity by the metal-oxide nanoparticles might be
through oxidative stress caused by ROS. ROS includes radicals like
super oxide radicals (07?), hydroxyl radicals ((OH) and hydrogen
peroxide (H,0,) and singlet oxygen (*O,) could be the reason damag-
ing the proteins and DNA in the bacteria. ROS could have been
produced by the present nanocomposites leading to the inhibition of
most pathogenic bacteria [13—16].

5. CONCLUSIONS

In present work, the antibacterial application of films of pure PEO,
PEO/CuO and PEO/CuO-In,O; nanocomposites has been investigat-
ed to use it for biomedical fields.
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Fig. 1. Microscope images of PEO/Cu0O-In,0; nanocomposites: a—PEQO; b—1.8
CuO NPs; ¢c—1.8 In,0; NPs; d—3.6 In,0; NPs; e—5.4 In,O; NPs (in wt.%).

Fig. 2. SEM images of PEO/CuO-In,0,; nanocomposites: a—PEO; b—1.8 CuO
NPs; ¢—1.8 In203 NPs; d—3.6 In203 NPs; e—5.4 In203 NPs (in wt.%).
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Fig. 3. Antibacterial activity of PEO/CuO-In,0; nanocomposites against
gram-positive organisms (Bacillus cereus).
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Fig. 4. Antibacterial activity of PEO/CuO-In,O; nanocomposites against
gram-negative organisms (Salmonella).

The PEO/CuO—-In,O; nanocomposites films were tested for gram-
positive organisms (Bacillus cereus) and gram-negative organisms
(Salmonella). The results showed that the PEO/CuO-In,O; nano-
composites have good activity against gram-positive organisms and
gram-negative ones.
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Nanocomposites of PEO, namely, PEO/NiO and PEO/NiO-In,0; nanostruc-
tures, are fabricated by using casting technique as antibacterial films for
biomedical applications. The films of PEO/NiO-In,0; nanocomposites are
tested for gram-positive organisms (Bacillus cereus) and gram-negative
organisms (Salmonella). The experimental results indicate that PEO/NiO—
In,0, nanocomposites have highest antibacterial activity for gram-positive
organisms and gram-negative ones.

Hanoxommosutu Ha ocHOBiI mosietmaenoxkcuny (IIEO), a came, HaHOCTPYK-
typu ITEO/NiO ta ITEO/NiO-In,0;, BUTOTOBIAIOTHCA METOAOM JIUTTA K
aHTHOaKTepiliHI HmIiBKu aad OioMegMUHMX 3acTocyBaHb. IIIiBKM HAHOKOM-
nmosutie ITEO/NiO-In,0; TecTyoThcA Ha TI'DPAMIO3SUTHBHI OpraHismMm
(Bacillus cereus) Tma rpamueratuBHi opramismu (Salmonella). Pesyabratu
eKCIEePUMEHTY BKasyloTh Ha Te, 1o HaHoKommosutu ITEO/NiO-In,0; ma-
I0Th HAWUBUINY aHTUOAKTEPiliHY aKTUBHICTH I/ I'PAMIO3UTHUBHUX OpTraHis-
MiB i rpaMHeraTUBHUX.

Key words: NiO, In,0;, PEO, nanocomposites, antibacterial agent, biomed-
ical engineering.

Karouori caora: NiO, In,0;, mosieTnsieHOKCHUA, HAHOKOMIIOSUTH, aHTUOAK-
Tepilinuii 3aci6b, OiomeamuHa iH;KeHepid.
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1. INTRODUCTION

Polymer composite films are gaining importance in recent research,
especially in fabrication of polymer nanocomposites due to their
high elasticity, high aspect ratio and specific surface area [1].

Polymer nanocomposites attained great interest that nominates
them to be used in several technological and industrial applications
such as flexible screens, radio frequency interference shielding for ca-
bles and medical applications. Combining organic polymers with inor-
ganic nanomaterials opens new applications for the host polymer [2].

Polymer nanocomposite materials have attracted increasing at-
tention recently because of their unique physical and chemical prop-
erties resulting from the combination of organic and inorganic ma-
terials in single compounds.

Polymer nanocomposites are defined as materials, in which inor-
ganic nanomaterials are embedded into an organic polymer matrix.
Therefore, polymer nanocomposite technology has been developed to
reinforce and provide new characteristic materials. This technology
has been applied to a wide range of polymers using many different
nanoscale fillers. Incorporation of the nanoparticles into the poly-
mer matrix affects the properties of polymers, where the addition
of even a small amount of nanoparticles into the polymeric matrix
can strongly change the optical, mechanical, thermal and other
properties of a material [3].

Polymer nanocomposites are a promising type of polymeric material
that can be used instead of conventional polymers and other materials.
It has been discovered in recent decades that adding small amounts of
nanofillers to polymers can increase their thermal, mechanical, barri-
er, and flammable properties compared to conventional polymers, and
it is one of the low-cost and easy methods to modify the structure of
polymers. When compared to pure polymers or conventional compo-
sites, filler-dispersed nanocomposites have much better properties due
to their nanoscale diameters. Mixing organic materials with inorganic
nanoparticles is a rapidly growing research field to meet new challeng-
es and requirements to enhance the performance properties of the re-
sulting materials that enable current and future development and pro-
gress of society. Nanoscale systems have a small length scale that di-
rectly affects the energy band structure, which can lead to changes in
the associated atomic structure [4].

With advancements in all areas of industry and technology, peo-
ple’s attention has been attracted to nanoscale materials due to
their outstanding physical and chemical properties. Today, many
kinds of nanocrystalline metallic oxides have been studied exten-
sively, such as ZnO, SnO, TiO,, NiO and In,O,. Indium oxide is one
of the most commonly used n-type semiconducting material with a
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band gap of 3.6 eV. It has received considerable attention among
the semiconducting oxides because of its distinctive electrical, opti-
cal and chemical properties. Body centred cubic (b.c.c.) In,O; is very
common, and it can be used in field emission devices, flat panel
displays, biosensing, catalysis, sensors, transparent electrodes in
solar cells, optics and data storage, etc. [5].

Antibacterial materials can be broadly divided into the following
two categories based on their chemical properties: (1) organic antibac-
terial materials, which are characterized by their high performance
and rapid action; (2) inorganic antibacterial materials, which provide
safe and long-lasting action. Although organic antibacterial materials
offer the advantage of superior performance, their short duration of
action and high toxicity lead to environmental pollution and adverse
effects on human health. In contrast, inorganic antibacterial materials
possess good chemical and physical properties, produce less environ-
mental pollution, and affect human health to a smaller extent. Cur-
rently, most studies have focused on combining nanomaterial science
techniques with the inherent antibacterial activity of inorganic metal
oxides, to develop metal oxide nanoparticles for use as novel antibacte-
rial materials. The application of metal oxides is a suitable alternative
to the current antibacterial methods, as most metal oxides provide
sterilizing effects [6]. This work deals with fabrication of PEO/NiO—
In,O; nanostructures for biomedical applications.

2. MATERIALS AND METHODS

The nanocomposite films of PEO, PEO/NiO and PEO/NiO—-In,0O; are
fabricated by dissolving 1 gm of PEO in 40 ml of distilled water,
then added the NiO with ratio 1.8 wt.% to PEO and the indium ox-
ide (In,05) were added to the PEO/NiO with ratios are 1.8, 3.6, and
5.4 wt.% . The components of PEO, PEO/NiO and PEO/NiO—-In,0,
are mixed using a magnetic stirrer for 1 h to obtain homogeneous
solution. The casting method is used to fabricate the films of
PEO/NiO-In,0; nanocomposites in the template (Petri dish has di-
ameter of 10 cm). The PEO/NiO—In,0; nanocomposite films are pre-
pared with thickness of 140 um. Antibacterial activity of PEO/NiO—
In,O; nanocomposites is tested using a disc diffusion method. The
antibacterial activities were done by using gram-positive organisms
(Bacillus cereus) and gram-negative organisms (Salmonella).

3. RESULTS AND DISCUSSION

Figures 1, 2 show the microscopic and SEM images of PEO/NiO-
In,0O; nanocomposites.
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Fig. 1. Microscope images of PEO/NiO-In,0; nanocomposites: a—PEO; b—
1.8 NiO NPs; c—1.8 In,O; NPs; d—3.6 In,0; NPs; e—5.4 In,0; NPs (in wt.%).

Fig. 2. SEM images of PEO/NiO-In,0; nanocomposites: a—PEO; b—1.8 NiO
NPs; c—1.8 In,05 NPs; d—38.6 In,0; NPs; e—5.4 In,0; NPs (in wt.%).
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These figures represent the NiO-In,O; nanoparticles’ arrange-
ments in the polymer matrix (PEO). At low concentrations, the na-
noparticles is aggregated as a clusters while it form a paths net-
work inside the polymer matrix at high concentrations [7—12].

Figures 3, 4 show the antibacterial activity of PEO/NiO-In,O,
nanocomposites against gram-positive organisms (Bacillus cereus)
and gram-negative organisms (Salmonella). From these figures, the
inhibition zone increases with increase of the concentration of NiO—
In,0; nanoparticles. This behaviour attributed to the metal oxides
carrying the positive charge while the microorganisms carry nega-
tive charges; this causes electromagnetic attraction between micro-
organisms and the metal oxides that leads to oxidization and, final-
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ly, to death of microorganisms. Nanomaterials also could deactivate
the cellular enzymes and DNA by co-ordinating to electron-donating
groups, such as: thiols, carbohydrates, amides, indoles, hydroxyls,
ete. [13-17].

4. CONCLUSIONS

The present work includes a preparation of PEO, PEO/NiO and
PEO/NiO-In,0; nanocomposites by using casting technique to em-
ploy for antibacterial applications. The PEO/NiO—In,O; nanocompo-
sites films were tested for gram-positive organisms (Bacillus cereus)
and gram-negative organisms (Salmonella). The results showed that
the PEO/NiO—-In,0; nanocomposite films have high antibacterial ac-
tivity against gram-positive organisms and gram-negative ones.
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®-switched Nd:YAG laser with wavelengths of 1064 nm and 532 nm, with
energy in the range from 200 mdJ to 1000 mdJ, and with 1 Hz repetition
rate is employed to synthesis of Ag nanoparticles (NPs) using pulse laser
ablation in a water. In this synthesis, at first, silver nanocolloid is pre-
pared by ablation target at fundamental wavelength of 1064 nm, and
then, it is followed by ablation of Ag target at second harmonic genera-
tion of 532 nm for different energies to form Ag NPs. Surface plasmon
resonance (SPR), surface morphology and average particle size are charac-
terized by UV-Vis spectrophotometer and transmission electron micro-
scope (TEM). The absorbance spectra of Ag NPs show sharp and single
peaks around 400 nm and 410 nm, respectively. The average diameters of
silver nanoparticles are achieved as 18 nm and 21 nm corresponding to
1064 nm and 532 nm, respectively. As far as the consequences of toxicity
are concerned with, silver nanoparticles with a diameter of 8 nanometers
are shown to Kkill both Escherichia coli (E. coli) and Staphylococcus germs.
These results can be used in biomedical applications.

Jlazep Nd:YAG 3 mMoayasAlilieo JoOPOTHOCTH Ta 3 AOBKHHAMHU XBuUJIb y 1064
HM i 532 HM, 3 eHepriero B mAiamasoHi Big 200 mIx mo 1000 m[Ix i 3i mBu-
IkicTio moBTOpeHHs y 1 I'll BUKOPUCTOBYETHCA IJis CHUHTE3U HAHOYACTUHOK
Ag (HY) za momomoroio imMmyJsabcHOI JasepHoi abaArii y Boxi. ¥ miii cuHTesi
CIIOUATKY HAHOKOJIOIA cpibia oJep:KyIoTh a0JAIiiiHOI0 IIija0 Ha (GyHzaMme-
HTaJIbHIN moB:xuHiI XxBuai y 1064 mM, a moTiM 3a Hew ciaigye abuasiis miai
Ag Ha gpyri#i rapmoHiuHiil renepamnii 532 HM mJsA pisHUX eHeprii 3 yTBO-
peaaam Ag-HY. IloBepxHeBuUii IJIa3MOHHUIN pPe30HAHC, ITOBepxHeBa MOPQO-
Jorig Ta cepemHii pO3Mip YACTMHOK XapaKTEepPU3YIOThCSA CHEeKTPodoTOMeT-
poM y Buammiii i yabTpadioserosiii obsacTaxX cBiTaa Ta TpaHCMiciiHMM
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eJIeKTPOHHUM MiKpockomoMm. CrnexkTpu nmoriauHanusa Ag-HY nmokasyoTs piski
Ta mooamHOKi miku 6sausbko 400 um i 410 um Bigmosigmo. CepenHi miamer-
pu HaHOUYACTUHOK cpibjaa mocAraoTheda AK 18 HM i 21 HM, 1Mo BiATIOBiZatOTH
1064 um i 532 um Bigmosimmo. Illo cTocyeThca HACHIAKIB TOKCHYHOCTH, TO
HAHOYACTHMHKU cpibJyia mismeTpoM y 8 HaHOMeETpiB, SK IIOKasaHo, BOMBAIOTH
K KUIMKOBY nmanuuky (E. coli), Tak i Mmikpobu cradinorkora. IIi pesyabratu
MOKYTh OyTU BUKOPHCTAHI B 6GioMeqUUHNX 3aCTOCYBAHHSAX.

Key words: laser, ablation, nanoparticles, silver, antibacterial agent.

Karouosi cioBa: jazep, abiAllisg, HAHOYACTUHKM, CPi0I0, aHTHOAKTEpidHMI
3acib.

(Received 22 November, 2021; in revised form, 9 September, 2022)

1. INTRODUCTION

Nanoparticles are the essential materials structure of nanotechnolo-
gy and have many implementations in a variety of fields, such as
biosensors and electronic nanodevices [1, 2]. Mainly nanoparticles of
metals are more attractive this is due to the physical and chemical
properties it possesses, which depend entirely on its size. The crea-
tion of metal nanoparticles in a liquid circumference by laser abla-
tion of solids is an alternative to the well-known chemical process
and is characterized comparatively simple laboratory setup. Laser
ablation creates metal nanoparticles similar to chemical approaches,
although the surface does not contaminate with residual ions de-
rived from reactants [3]. Surface plasmon resonance (SPR) [4] occu-
pies the optical absorption spectrum of mineral nanoparticles as
they pass to longer wavelengths by increasing the scale of these na-
noparticles. However, the echo of noble metallic nanoparticles will
be evident in this region.

The aspect of the reciprocal oscillation of electrons contributes to
the power of the plasmon resonance assigned to them [5]; they are usu-
ally thought to be adaptive to size, shape and environment [6]. There-
fore, by the next UV /Vis absorption, the plasmon resonance would al-
low the transmission of both shape and size clearly by this form of ab-
sorption. Since, the frequency of transfer between these ranges is far
from the surface plasmon resonance energy of Ag, it is also noted that
these silver nanoparticles, in particular, have an advantage over the
majority of other metallic nanoparticles, such as gold and copper. It is
well known that silver nanoparticles have a plasmon resonance; the
wavelength depends on the shape and size of the nanoparticles at 400
nm [7]. Although it is significant to control the allocation of particles
in size, the process of the formation of colloids by laser ablation was
not thoroughly investigated. Therefore, the effects of status of abla-
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tion on ablation effectiveness and particle size have been studied by
several researchers [8, 9]. We focus on the synthesis of silver nanopar-
ticles by laser removal of mineral components in pure water without
any chemical additives. In this work, using @-switched Nd:YAG pulses
at 1064 nm and wavelength of 532 nm, Ag NPs are synthesized in a wa-
ter, and separate laser energy is used to irradiate silver. These nano-
particles may provide open avenues for biomedical applications for the
use of these particles.

2. EXPERIMENTAL SETUP

Figure 1 shows the laboratory experimental scheme of the for-
mation Ag colloids through laser ablation. Deionized and redistilled
at the bottom of an ultrapure water filled glass container, the silver
plate (>99.99%) was mounted. The silver foil was coated with a
film of water that was about three-millimetre thick. Slowly, the
solvent is stirred during the ablation process and the dissolution of
the colloid particles. Preparations were rendered in an open-air
(aerobic) state. The working @-switched Nd:YAG laser system was
used with pulse energy of 200-1000 mdJ/pulse, a pulse output of 10
ns and a repeat rate of 1 Hz. A convex lens with a focal length of
12 cm was used; the laser beams are focused at 2.1 mm (for 532
nm) and 2.4 mm (for 1064 nm) in diameter and by selecting the
centre section of the laser beam to observe the intensity of the un-
focused spot of the laser light. When the laser lamp has a discharge
voltage, the light energy is controlled and tested by an optical pow-
er detector. As an irradiation source, the main (1064 nm) and sec-
ond harmonic (532 nm) outputs of the Nd:YAG laser were used.

3. CHARACTERIZATION OF Ag COLLOIDS

There was 3 ml of the colloid solution after each ablation—

A
-:'—Laser gun

Clamp — =
S<«—Lens
‘ }g Target
:l:’_ Rotater
Nd-YAG Stand
laser

1064 nm 532 nm

Fig. 1. The experimental framework for the preparation of Ag colloids us-
ing laser ablation.
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fragmentation. For the UV/Vis optical spectral characterization, a
1 cm wide quartz cell was transferred. The Hitachi U-3410 spectro-
photometer from Japan has been used to record the colloid absorp-
tion spectrum. To take the micrographs of the electron of resulting
nanoparticles, a TEM (JEM-200CX) at 200 kV was used to observe
colloidal particles. Two tubes were used to collect a blood sample of
2 mL: the first tube containing Ag NPs and the second tube con-
taining whole blood. Blood samples were incubated for 1 hour at
37°C. A haematological autoanalyser (Orphee Mythic 22 Hematolog-
ical Analyzer; Diamond Diagnostic, USA) was used to test various
blood parameters, such as red blood cells (RBCS), white blood cells
(WBCS) and hemoglobinine (HB).

4. RESULTS AND DISCUSSION

Figure 2 showing the normal colloidal solution absorption spectra
formed by ablation and targeting Ag in distilled water with focus-
ing laser radiation. The laser light size of spot and energy were 2.1
mm (for 532 nm, 1000 md/pulse) and 2.4 mm (for 1064 nm, 1000
md /pulse), sequentially, and the ablation period was 15 minutes.
Spectrum is characterized by the characteristics of Ag colloidal so-
lutions [10] with a small, symmetrical peak at 401 nm and a large
tail dilating to the range of UV wavelength. The absorption of elec-
tronics bandwidth is approximately 70 nm (FWHM), which is sig-
nificantly lower than the chemically formed colloid [4]. At 400 nm,
the apex and the tail portion are extracted from the particles. Tran-
sition of the excitation of plasmon and interband, sequentially. The
apparent solo peak at 401 nm is attributed to the certainty that na-
noparticles existent in solution are spherical.

The colloidal solution absorption for the energy used was intend-

1811 532 nm, 1064 nm — 532 nm (1000 mJ/pulse)
——1064 nm (1000 mdJ/pulse)

Absorbance, a.u.

Q
200 300 400 500 600 700 800

Wavelength, nm

Fig. 2. UV/Vis absorption spectrum of silver—water colloidal particles by
laser (5632 nm, 1064 nm).
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Fig. 3. (a, b) TEM images of Ag NPs produced by laser ablation with wave-
lengths of 532 nm and 1064 nm, respectively; (c, d) size distribution of Ag
NPs.

ed to analyse the constancy of the formed Ag nanoparticles. As
shown in Figure 3, there is a slight change towards a longer wave-
length in the direction of the surface plasmon peak, with a small
decrease in absorption. Hence, over these energies, silver nanoparti-
cles do not curd and have stability. In comparison, the size and
form of the Ag particles tend to the plasmon band was substantially
influenced [11]; the ablation performance of the 250 nm inter band
absorption absorbance was measured. The variance of the efficacy of
the ablation depends primarily on the laser effect. To approximate
the relationship, experiments of persistent spot size should be car-
ried out between the quality of fluence and ablation efficiency. Ab-
sorption spectrum of silver colloidal solutions primed various values
of laser fluence in Fig. 4 showing that. The scale of the spot was of
2.1 mm (for 532 nm), and the ablation was performed for 15
minutes. As the laser fluence increased, ablation and absorption at
the plasmon resonance peak increase. Minimal average of particles’
size also shows the blue shift change for 200, 400, 600, 800 and
1000 mdJ/pulse.

Figure 5 indicates the absorption spectrum of silver colloids as
silver foil for varying energies for both crystals is ablated by con-
tinuous fluence.
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—— 400 md/pulse
— 600 mdJ/pulse
—— 800 md/pulse

— 1000 mdJ/pulse

Absorbance, a.u.
o
o0

gOO 300 400 500 600 700 800

Wavelength, nm

Fig. 4. Silver-colloid spectral absorption through laser fluence diverse for
532 nm and crystals.

— 200 mdJ /pulse
— 400 mdJ /pulse
— 600 mdJ /pulse
— 800 mJ/pulse
— 1000 mJ/pulse

Absorbance, a.u.

200 300 400 500 600 700 800

Wavelength, nm

Fig. 5. Silver colloid absorption spectrum primed at 1064 nm by distinct
laser fluence.

The scale of the spot was 2.4 mm (for 1064 nm), and the ablation
was performed for 15 minutes. Ablation performance and absorb-
ance have been increased and converted to higher energies by in-
creasing the ablation energy from 200 to 1000 md/pulse. This
shows an augmentation in the volume of absorbed crumbs in the
spectral domain of UV/Vis and a small decrease in the average size.
Ablation adequacy and absorption were decreased to 400 nm after
15 minutes of ablation. Follow up of ablation, capability greater
than 1000 mdJ/pulse again leads to an increase in absorption. This
can be clarified by the approach of self-absorption, since many par-
ticles of metal are formed on the pathway of incidental laser beam
light. Thus, blue transition is associated with the disintegration of
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massive particles. Absorption bandwidth of the peaks reduced to 69
nm. Directly, this refers to a cramped dispensation of particles. In
various previous studies [8, 12], the performance of 532 nm of col-
loid formation was higher than that of 1064 nm < 1 J/cm? lasers.

The above subject demonstrates that self-absorption of the light
of laser beam by colloidal particles has a major effect on the effec-
tiveness of ablation. Strength of self-absorption via Ag particles at
532 nm should to greater than at 1064 nm due to plasmon bands
about 401 nm.

Chen and Yeh [13] statement matching enlargement of the plas-
mon bands because of silver particle aggregation. This segment dis-
cusses the improvement of the laser ablation procedure for nanosize
of the silver colloids. These pulses are suppressed by the 1064 nm
laser pulses with energy of 1000 mdJ/pulse in 15 minutes by the col-
loids, which are distinguished by a maximum extinction of SP at
401 nm and a bandwidth of 84 nm as the broad extinction tail ex-
tending to the NIR spectral district. The frittering of the 1064 nm
laser pulse formed a colloid marked through the evanescence narrow
of the SPR (74 nm), while the overall extinction path of the SP
band stayed unchanged. Preparation of 532 nm laser pulses resulted
in moreover becomes narrower of the extinction band, and the ab-
sorption was increased by more than 1064 nm laser pulses in this
case. In general, it can be concluded that only large-scale nanoparti-
cles with comparatively strong extinction in the NIR spectral region
have been impacted through friability of 1064 nm pulses due to the
fact that the wavelength will exceed the absorption range within
the SPR during preparation of 532 nm, that the majority of these
nanoparticles are redistributed and distributed into the colloid. In-
crease in absorption and decrease in bandwidth is less than prepared
by 532 nm for preparation through of subsequent handling with
two wavelengths, but the constancy of the silver colloid formed by
this is greater than that of the other cases, as seen in Fig. 4.

5. APPLICATIONS

The aim of this experiment was to study nanoparticles in choosing
these particles as antibacterial agents or in some other biological
application in terms of the efficiency of these particles by reducing
the sizes of the diameters based on the use of wavelength and with
different energies.

5.1. Ag NPs ANTIMICROBIAL ACTIVITY

The ability to suppress bacterial growth may be assessed thanks to
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Fig. 6. Presence of E. coli Ag NPs treated at applied laser wavelengths of
(a) 532 nm and (b) 1064 nm.

the creation of Ag NPs. Produced samples have been examined for
the presence of E. coli and Staphylococcus aureus (E). Incubation
was taking place for 24 hours on each of the samples. The absence
of bacterial cell growth near Ag NP drops shows that Ag NPs have
antibacterial properties. To test the Ag antibacterial potency, meas-
urements were taken near where it diffuses. Increases in the inhibi-
tion zone breadth have resulted in increased Ag NP activity, which
can be seen in the images of the inhibition zone (Fig. 6).

E. coli was more resistant to Ag NPs than Staphylococcus. A
growing number of microbicidal treatments employ silver nanopar-
ticles’ interactions with biosystems, which are just now becoming
evident. Silver nanoparticles with the same surface area, but differ-
ent active facets will have different effective surfaces. Silver nano-
particles’ capacity to kill germs is linked to their effective surface
areas and size, both of which are critical.

6. CONCLUSION

Laser ablation of pure silver sheets in a liquid may be used to create
silver nanoparticles, if the proper laser characteristics are em-
ployed. A shorter laser wavelength produced silver nanoparticles
with lower concentrations that were smaller. While the longer laser
wavelength may be used to make larger sizes with higher concentra-
tions, low laser energy also leads to larger elliptical-shaped sizes.
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These nanoparticles have antibacterial action against microorgan-
isms including Escherichia coli and Staphylococcus aureus. Silver
nanoparticles may be synthesized successfully using only an
Nd:YAG laser. Using 355 nm laser settings, researchers were able
to synthesize 10 nm size nanoparticles with high energy density and
high density per square centimetre of 25 J/cm?. Laser ablation par-
ticle size may be changed by changing the number of laser pulses. If
the laser is changed from 1064 to 355 nm, the particle size of col-
loids generated by laser ablation may be controlled that we ob-
served. This technique may be used to make the appropriate size
colloids in solutions using a solution. As the laser wavelength is re-
duced, the mean particle size decreases from 27 to 8 nm, as seen by
TEM.
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