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PEPEPAT

Po60Ty BUKNafeHO Ha 84 CTopiHKax, BOHa MiCTUTb 4 po3ginu, 44 intoctpauin, 17
Tabnuub 1 37 mKepen B nepeniky nocunaH..

O06’eKTOM AOCNISKEHHS € HAHOLE/NH0/103a Ta CTPYKTYPWU Ha 1T OCHOBI.

MpeameT poboTN — AOCNIAXKEHHSA MOPMONOTIYHMX, eNIEKTPUYHUX Ta CMEKTPaASIbHUX
XapaKTepUCTUK FHYYKMX CEHCOPIB Ha OCHOBI M/1IBOK HaHOLIE/HO/103M

MeTa po60TM — BCTAHOBJIEHHA OCOG/MBOCTEN CUHTE3y Ta (YHKLiOHYBaHHS
ICHYHOUMX THYYKNX CEHCOPIB, & TAKOX BUTOTOB/IEHHA Ta AOCMIKEHHSA TOHKUX M/1IBOK Ha
NoOBEepPXHi HAHOLLENHO/I03M A/151 3aCTOCYBaHHS TX Y FHYUKIn ceHcopuu,.

B nepwomy po3gini nofaHo ornsg nitepatypu, B AKOMY PO3rnsfaloThbes
0CO6/IMBOCTI  TEXHOMOMYHOIO  CUHTE3Y, METOAMKM  [AOC/ifKeHb Ta obnacTeid
3aCTOCYBaHHA FHYUYKMX CEHCOPIB MOPIBHAHO 3 TBEPAOTIIBHUMW aHa/IOramu.

B apyromy po3gini po6otu po3rnaaaroTecs (isnyHi BNaCTUBOCTI HAHOLIE/HOMO03MN,
BK/IHOYAKOUM MeXaHiUHi, OMTUYHI, eNeKTPUYHI XapaKTepUCTUKKM, GIOpPO3KNadHICTb, a
TaK0XX MakpoCTPYKTypa Ta XiMiYHWIA CKNag,

B TpeTboMy po3fini HaBOAATLCA Pe3y/bTaTu CUHTe3Y, AOCNIIKEHHS NOBEPXHEBOT
mMopdosorii Ta XiMIYHOrO CKfagy, CNeKTPaslbHUX XapaKTePUCTUK THYUKUX CEHCOpIB
MoOy, OTPUMaHNX Ha OCHOBI HAHOLLE/HO/I03MW.

B ueTBepTOMY pO34ini  HABOAATHCA Pe3yNbTaTU  CUHTE3Y, [AOCNIAKEHHS
MOBEePXHEBOI MOPMONOrii Ta XIMIYHOrO CKnady, €neKTPUYHMX Ta MeXaHiYHUX

XapaKTePUCTUK THYYKNX CeHCopiB 3 Ni, OTPUMaHMX Ha OCHOBI HaHOLLE/HO/I03M.

HAHOLIE/TKO/TO3A, OKCWA MOIIBAEHY, HIKE/b, THYYKWIA CEHCOP



ABSTRACT

The work presented on 84 pages consists of 4 parts, 44 figures, 17 tables and 37
sources in the list of references.

The object of study is nanocellulose and structures based on it.

The subject of work - research of morphological, electrical and spectral
characteristics of flexible sensors based on nanocellulose films.

The purpose of the work is to establish the features of synthesis and operation of
existing flexible sensors, as well as the manufacture and study of thin films on the surface
of nanocellulose for use in flexible sensors.

The first section provides as overview of the literature, which considers the features
of technological synthesis, research methods and areas of application of flexible sensors
in comparison with solid analogues.

The second section considers the physical properties of nanocellulose, including
mechanical, optical, electrical characteristics, biodegradability, as well as macrostructure
and chemical composition.

The third section presents the results of synthesis, study of surface morphology and
chemical composition, spectral characteristics of flexible MoOx sensors based on
nanocellulose.

The fourth section presents the results of synthesis, study of surface morphology and
chemical composition, electrical and mechanical characteristics of flexible sensors with

Ni, obtained on the basis of nanocellulose.

NANOCELLULOSE, MOLYBDENUM OXIDE, NICKEL, FLEXIBLE SENSOR
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MEPEJTIIK CKOPOYEHb, CUMBOIB, ONHNLb, YMOBHWX NO3HAYEHD |
TEPMIHIB

[C — rHyuKi ceHcopu;

PET — nonietuneHTepedtanar;

PANI — noniaHiH;

PEN — nonietnneHHaTanar;

Pl — noniamig,;

PDMS — nonignmMeTUNICUIOKCaH;

PVP — nonisiHinniponigoHy;

CNT - ByrneLeBi HaHOTPYOKY;

XOI - ximiyHe ocafXeHHs 3 napis;

GO - okeng rpadpeny;

HL| — HaHOUeNn03a,;

CNF — mikpothnbpuiboBaHa HaHOLE/H0/1033,;

CNC - KpucTasnizoBaHa HaHOLENHM103a;

KPC cnekTpockonisi — CNeKTPOCKONisi KOM6IHaWiHOro po3citoBaHHA CBITNa;
PPV — noni (n-beHiNeHBiHINEH);

PVDF - (ptopug nonisiHiNigeHy;

CEC — uiaHoeTn/ILeNt103a;

TCNF — KpucTanizoBaHa HaHOLeN0/103a, BurotossieHa TEMPO meTtogowm;
ATO — okcua 0nosa CTuoGIo;

MoOy— oKcug MonibaeHy;

ACM - aToMHO-CKNn0Ba MiKpocKomis;

C.K.3. LLIOPCTKOCTI — CepefHbOKBapaTUUYHe 3Ha4YeHHS LLUOPCTKOCTI;
CEM - ckaHyro4a efnieKTpoHHa MiKpocKonis;

TKO - TemnepaTypHUin KoediLieHT onopy;

BAX — BonbT-aMnepHa XxapakTepucTuka.



BCTYTI

[MpOTArOM OCTaHHLOrO AECATUPIYYA Mae MiCLe 3HayHe 3pPOCTaHHA MOMUTY Ha
npunagn rHYYKOT €NeKTPOHIKW, AKI 34aTHI MpYy)XHO AedopMyBaTMCb B MPOLECI
ekcnnyartauii (3rMHaTUCb, PO3TAryBaTUCh, CKPYUYyBaTUCh), YOro He MOXe 3abe3neynTu
TpaguuinHa TBepAOTiNIbHA eNeKTPOoHiKa. Many3i BUKOPUCTaHHS THYUKUX eNeKTPOHHUX
npuvnagis: MeauuuHa, CnopT, BilicbKoBa rany3b, No6yT ToWO. 30KpeMa rHy4Ki CEHCOpU
MOXYTb OYTW HaHEeCeHI Ha ofAar abo 6e3nocepeHbO Ha TIfI0 HOAMHU 3 METOK aHasi3y
po60TN M’A3iB Ta Cyr/06iB, KOHTPOO 3@ BUAINEHHAM NMOTY Ta 3MIHOK TeMMepaTypu.

Mprnagm rHy4vkoi eNeKTPOHIKM SABNSAKOTL COO0K0 MHYUKY MiAKNaaKy, Ha NOBEPXHIO
KO HaHeCeHO (YHKUIOHaNbHI Wapy Ta KOHTaKTW. 3a3Buyail AK nigknagka
BUKOPUCTOBYIOTBCA THYUKI LUTY4YHI NnoniMmepu. BpaxoByrounm 0OMEXeHICTb BUKOMHUX
PECYpCiB, L0 BUKOPUCTOBYIOTLCA 415 OTPUMAHHS LUTYUYHUX MONIMEPHUX MaTepiasis, a
TaKOX 3a6pyAHEHHSI HABKO/IMLLIHLOMO CePefoBULLA BHAC/TIAOK TEXHOONYHOIo npoLecy
BUIOTOB/IEHHA Ta YTWNi3auil npunagis, Bce OiNbluy yBary 3BepTal0Tb Ha MPUPOAHI
noniMepy Ha OCHOBI LIEM0/03K, SKa € Haiibi/bL PO3MOBCHOAPKEHUM i BiJHOB/HOBa/IbHUM
6iononimepoM Ha 3emni, WO MOXHA OTPMMATU 3 POC/IMHHUX [DKepen: AepeBUHN,
OYepeTy, COMIOMU MLUEHWUL, MICKAHTYCy TOWO. 3aBAfKM BIAMIHHUM MeXaHiYHUM Ta
OMTUYHMM BNACTUBOCTAM (BiJHOCHO BMCOKA MHYYKICTb Ta MPO30pPiCTb), a TaKOX 4epes
NPaKTUYHO  HEBMYEPNaHIiCTb  [MKepen  LEnfo3Horo  6iononiMepy Ta  MOro
6iOpPO3KNAAHICTb, BiH PO3MIAAAETHCA AK eDEKTUBHUIA 3aMiHHUK LUTYYHUM MOSIIMEPHUM
nigKnafKam B rHYYKiin eneKTPoHiLi.

Ha paHHIX cTagiax po3po6KkuM MoniMepHi TPaH3UCTOPM BWUIOTOBASINCA Ha
NNACTUYHUX MNIACTUKOBUX UM TOHKOCKNSHUX MiAKnagkax, fKi, TUM He MeHLU, He
3abe3rneyyBasiv NOTPIOGHI XOpoLi eNneKTPU4YHi BnacTUBOCTIi. OgHaK PO3BUTOK HOBUX
matepianis, TaKuUX K CTPYKTYP Ha OCHOBI BYT/ieLt0, NPOBiAHWX MONiMepiB, KOMMO3UTIB
Ta HaHomartepianis, pa3oMm i3 [JelleBMMU, WBUAKAMU i NErKUMN METOAAMWN HaHECEHHS,
[03BO/AKOTL BUCOKOSKICHUM €/IEKTPOHHUM CTPYKTYpam (hOpMyBaTUCA Ha MIaCTUYHUX

nifKnagKax, BigKp1BarUn, TakKuM YNHOM, HOBY €pY FHYUKOT eNEKTPOHIKM.
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Bubip Hikento Ta okcugy MonibaeHy B AKOCTI  (PYHKUIOHaNbHUX LLapiB
06YMOB/IEHO X XIMIYHOK NPVPOAOHD Ta 06/1aCTAMU 3aCTOCYBaHHA. OKCMAW nepexifgHnX
meTanis, Taki AK MoOy, CNyryoTb e)eKTUBHUMU LIPKOBO-CE/IEKTUBHMMU KOHTaKTamu,
TOOTO IX MOXXHa BUKOPUCTOBYBATM Y PO/i NPO30POro enekTpoa. Y CBOK Yepry, Hikenb,
3aB/SIKM 0Or0 eNeKTPUYHMM B/IaCTUBOCTAM, AOLiSIbHO BUKOPUCTOBYBATU SIK PE3VUCTOP Ui
TepMOope3ncTop.

Ha faHWii MOMEHT aKTMBHO BWKOPWCTOBYHOTLCA XiMIYHI METOAW HaHeCeHHS
NAIBOK Ha MoniMepHi NigKnagku, npoTe 6pakye AOCNIAXKEHb LOAO0 HaHECEHHS LMX
martepianis BaKyyMHMMM MeTOoAamMu. TakoxX, 3BaXatuuM Ha OpraHiyHy npupoay
matepiany nigknagku, iCHye notpeba B po3pobui HU3bKOTEMMEPATYpPHOro crnocoby
HaHeceHHA nniBoK (T < 200 °C) 6e3 noganbioro Bignany. [laHa pobota npuceBayeHa
pPO3p0o6LI HM3bKOTEMMEPATYPHOro CUMHTE3Y [BOX PI3HMX HeopraHiyHWX Matepiasnis
(MeTanieBmin Ta OKCUAHWIA) Ha 6iononiMepHi FHYYKI MigKNa4K/ 3 HAHOLLE/HO3N.

ToMy MeTOH po60THM € BCTAHOB/IEHHS 0COG/IMBOCTEN CUHTE3Y Ta (PYHKLIOHYBaHHS
ICHYHUMX THYYKNX CEHCOPIB, & TaKOXX BUrOTOB/IEHHS Ta AOCNIAXEHHS TOHKMX NIBOK Ha
MOBEPXHI HAHOLLENH003M 151 3aCTOCYBAHHSA TX Y THYYKIl CeHCcopuLi.

[Mpn LbOMY HeobXiaHO ByN0 BUPILIUTK PAA 3aBAaHb:

1. 3AINCHUTY OrNag NiTepaTypu Mo TEXHOMOTIT BUrOTOB/IEHHA Ta MeTOAWLI
[OCNIMKEHHA THYYKMX CEHCOpIB, a TaKOX BCTaHOBUTM (i3NYHI  BNACTMUBOCTI
HaHOL|e/K0/1031 SIK 6I0PO3KNaAHOro MaTepiany nigKnagku,

2. CUHTe3yBaTV TOHKI NAIBKM OKCUAY MOJIOAEHY Ha MOBEPXHI HAHOLLENHN03U
I JOCNIAMTW BMNIMB TEXHOJOTNIYHMX MapameTpiB Ta 3rvHY Ha OMTUYHI XapaKTepUCTUKK
THYYKOi CTpYKTYpy MoOx/HL,

3. CUHTe3yBaTV TOHKI NIBKM HIKe/t0 Ha NOBEPXHI HAHOLLe/K0103M | JOCIANTH
BMJIMB TEXHOMOTIYHUX MapameTpiB Ta 3rMHY Ha eNIeKTPUYHI XapaKTePUCTUKN THYUKOT

CTpykTypy Ni/HLI.
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1. OCOBNMBOCTI TEXHOJIOI TYHOI'O CUHTE3Y, METOANKW AOCTIOXEHb
TA OB/IACTEW 3ACTOCYBAHHSA THYYKMNX CEHCOPIB

1.1. OcobumBocti Bukopucranuss I'C mnopiBHSAHO 3 TBepAOTIILHUMH

aHaJIoramMmm

MepeBarn, WO TX 4a€ THY4YKa eNeKTPOHIKa, oyeBUAHI. [MPUCTPOT, BUKOHaHUMU
TaKUMWN TEXHONOTISIMKW, 3HAYHO HEMOMITHILLI, NOPTATUBHI, 3pYYHi, Nerwi i gellesLui y
BUIOTOB/IEHHI. BiNbLL TOro, CEHCOPHI CUCTEMW Ha THYUKI eNeKTPOHILi 3aBAsSKMN 6ifbLL
CyYacHi KOHCTPYKLUIT, K npaBuno, € 6araToyHKUioHa/IbHUMK, TOOTO OKpiM CBOrO
OCHOBHOIO MPU3HAYeHHs, MOXYTb TaKOXX 30upaTy daHi WOoA4O TemnepaTypwu, BOJOIH,
yacy um MicLe3HaxomkeHHs [1].

Baxxnneo posymiTu, wo 'C MOXYTb 3aiMHATM CBOKO OKPEMY Hillly Y CEHCOpULi, He
BUTICHAOUM NP LbOMY TBEPAOTI/IbHI aHanorn. 3aBAsku noptatuBHOCTI FC MOXyYTb
OyTV BUKOPUCTaHI Yy MOMIbOBMX YMOBAX, MPY MiHIMaIbHO MOX/IMBMX BMTpaTax vacy Ha
36MpaHHs iHpopMaLlil, y TOI Yac, Konm cTalioHapHi CEHCOPHI NPUCTPOT 1 yCTaTKyBaHHS
He OyayTb 3aMiHeHi 1 BMKOPUCTOBYBATUMYTbCS A1 Gifbll AeTabHOro i rnmbokKoro
aHani3y B nabopaTopHUX yMOBax.

["oBopAuYn npo 'C HeMOXXIMBO He 3ragaTh 1X BM/MB Ha PO3BUTOK MeAULIMHW.
TeopeTnyHO, MeauuMHa MOXKe CTaTu TFOJIOBHUM MNPU3HAYEHHAM TaKMX CEHCOPIB.
CeHcopu, WO KPIinAAaTbCA A0 Tina, Maidke MUTTEBO 30MpatoThb iH(OPMaLito i MOXYTb
BUTPUMYBATKN G314 UMKNIB CTUCHEHHS/PO3rMHaHHA 6e3 BTPaTh CBOIX XapaKTePUCTUK —
Lie came Te, WO MOTPIOHO CydyacHi MeauumHI. Taki ceHcopyn Ge33anepeyHo 3HaayTb
CBOE 3aCTOCYBaHHSA Y Henpoxipyprii, fe FHy4YKiCTb MOXe rpaTu BupilanbHy posb, a

TBEPAOTI/IbHI aHaNory He BiANOBIAATMYTb MOCTaB/IEHNM BUMOram.
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PucyHok 1.1 — [liarpama rHy4kux gaTymkiB, L0 MOXHA HOCUTW A1 MOHITOPUHTY
(hi3i0N0riYHNX CUTHANIB: AATYMK KUCHIO Y KPOBI, 6e34p0TOBUIA AaTUMK NOTY; AaTUMK

KPOB’AAHOI0O TUCKY, AaT4uK Temnepatypu [2]

Cepefi 0OCTaHHIX po3poboK Yy cthepi FHYUKOT eNIeKTPOHIKN: CEHCOop Ha nigknaaui 3
noniamigy, NPOBIAHWIA LIAp AIKOFO HAHECEHO METOA0M CTPYMEHEBOro ApyKY [3], ceHcop
Temnepartypu, enektpogamu akoro cnyrytote Pt ta In,Os, HaHeceHi Ha PEN meTogom
BMCOKOYACTOTHOIO MarHETPOHHOIO PO3NuIeHHs [4].

Ba)k/IMBOKO CK/13A0BOK YCNiXY FHYYKOI eeKTPOHIKM MOXKe CTaTu BUKOPUCTAHHS
6iopo3KnagHMX MatepianiB, TakMX AK HaHOLLeNt0/103a, L0 [03BOMIUTb BUTOTOBIATU
MigKNagkMm 3 UbOro Marepialy y MPOMUCIOBMX MacliTabax 6e3 LWKoan A
HaBKO/IMLLHLOIO CcepeaoBulla. HeposknagHi matepiany 610KYHOTb NiA3eMHI BOAWN,
BM/IMBAKOYM Ha 3eM/I0, a HagMipHa KiNbKICTb BIAXOAIB, CKMHYTUX Yy MOpPeE, HaBMaku
BMN/IMBAE Ha BoAy i (hayHy mops. ToMy po3pobka po3kiagHUX martepiasiB 3 6iomacu mae

BaXX/IMBE 3HAYEHHSA Npu 3aMiHi HEPO3KIagHUX Matepianis [2].
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1.2. Texnouoriuni meroau cunresy I'C

Bubip nigknagknm € ofHMM i3 K/HOYOBMX eTaniB BUIOTOB/IEHHS MPUCTPOLO,
OCKi/NIbKW BiH 3abe3neyvye OCHOBY [A/1 NMobynoBwu ceHcopa. OTpumaHi BMacTMBOCTI Ta
(YHKLIOHa/TbHI MOXX/IMBOCTI, B CBOIO Yepry, 3aexarb Bif Nigknaakn. 3a BUSHAYEHHAM,
MexaHiYHa rHYYKICTb € NMepLIOYeproBO0 XapaKTepUCTMKO, OCKIfIbKM BOHA 3abe3rneyye
Kpally B3aEMOAIH0 MK aHa/i30BaHVWMK peyvyoBMHaMKM Ta datymkamu. Hanpuknag,
nigknagka, fka 6ifble BignoBifae KOHTypaM MOBepXHi, 3abesneyye 6inblly MoLLy
KOHTaKTY A/19 360pYy iH(hopmalLlil.

[N HafaHHA XapaKTePUCTUK FHYUKOCTI, PO3TSXKHOCTI, CTIAKOCTI J0 PYNHYBaHHS
Ta 3HOCOCTINKOCTI, IK NpaBu/o, BUKOPUCTOBYIOTb ABa nigxoaw: (1) BigoupatoTb Ta
CUHTE3YHTb FHYYKI Ta IErki Matepiain 3 XOPOLUUMM eNIEKTPUUYHUMUI XapaKTepPUCTUKaMN,
abo (2) BMKOPWUCTOBYHOTb XXOPCTKI HaniBMnpoBiAHMKOBI MaTtepiaiM Ta HafatTb M
FHYYKUX BNacTUBOCTEN 3a AOMOMOIrOK KOHKPETHUX FeOMETPUYHUX abo CTPYKTYPHUX
KOHCTPYKUi (Hanpuknag, cepnaHTMHY abo XBWUbOBMX Bi3epyHKIB).

CUHTETUYHI MofiMepn B fJaHWA Yac € OfgHMMM 3  Haibinbw 4acTo
BUKOPUCTOBYBaHMX MiAKNaA0K 3aBAsKN CBOIM YHIBEPCA/IbHOCTI Ta TEXHO/OTiYHOCTI, SAKi
[03BONAKOTL (POPMYBATU THYUKI apXiTEKTYpM 3 HU3bKOKO BapTIiCTIO Ta BUCOKOHO
epekTuBHicTtO. MonietuneHtepetanar (PET), noniaHiH (PANI), nonietuneHHadpTanar
(PEN), noniamig (P1) ta nonigumeTtuncunokcaH (PDMS) — peski 3 gobpe BUBYEHUX
nonimepiB, WO BUKOPUCTOBYHOTLCA /151 BUTOTOB/IEHHA THYUKMX NiAKNaA0K.

Moniamign fo6pe BiZOMI B NPOMUC/IOBOMY 3aCTOCYBaHHI SiIK THYUKi MOMIMEpHI
BOJIOKHA, AIKI MOXYTb 3rMHaTUCA, CKnagaTucs 1a (popMyBaTucs 3 BiJHOCHOK NErKicTHo.
BOHM AeMOHCTPYIOTb XOPOLLY TEPMOCTINKICTb, ANHAMIYHY MILHICTb Ha PO3PMB, & TaKOXX
YyOBY [IENEKTPUYHY Ta CTPYKTYPHY CTiMKiCTb. Lli MaTepianM rHyu4Ki, HUMW NErko
MaHinyntosatu. MoniamigHi NNiBKN BUKOPUCTOBYHOTLCA K [ieNIeKTPUYHI Ta nacuBaLiiHi
LLIapy B MiKPOENEKTPOHHI MPOMUCNOBOCTI NPOTArom 6aratb0X POKIB, OCKiNIbKN BOHU

MatoTb BUHATKOBI €/IeKTPUYHI, TEMM0BI Ta MexaHiYHi BNacTMBOCTI. AK HEAO0POri MHyuKi
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matepianim 3 BWCOKOK 6IOCYMICHICTIO Ta eqgeKTMBHICTIO, Pl € npuBabnmesumu
nigknagkamy ans popmysaHHsA 6i0CEHCOPIB.

PET — ue cuMHTETUYHe nonieipHe BOMOKHO, SKe 3a3BM4Yail BUKOPUCTOBYETLCS B
04A3i, MNIAaCTUKOBMX KOHTEeMHepax Ta $AK enekKTpuyHui i3onatop. Cnpusatamsi
XapaKTepUCTUKK, Ccepef AKMX XOPOLUi MeXaHiYHI BNacTMBOCTI, IHEPTHICTb, TepMivHa
CTIMKICTb | HM3bKa BapTiCTb, 3p06MNM MOr0 KaHAMAATOM Ha 3aMiHy KPeMHIEBMX
nigknagok. PET yacTo npecytoTb B HAATOHKI NAIBKW 4151 CTBOPEHHSA OMTUYHO NPO30pKX,
BMCOKOKOHTAKTHMX MOBEPXOHb, W0 HadalTb YHIBEPCASIbHOCTI Ta (DYHKLiIOHa/IbHOCTI
CTPYKTYpam pi3HoiT hopmu.

PEN sBnse co60K0 CUHTETUYHWIA Nonieip, AKUA Mae [ello Kpalli BNacTUBOCTI
(XiMi4Hy Ta TrigponiTUYHY CTINKICTb, TEPMOOKMCIOBa/IbHA CTIlKICTb Ta CTIMKICTb A0
ynbTpadionety [Y®]), wo pobutb Moro npuaaTHUM SK MaacTUKOBY Nigknaaky. PEN
TaKoXX 3abe3nevye Kpally ONTUYHY NPO30PICTb, L0 Aae WOMY MepeBary y ONTUYHUX
npucTposx. BiH, NpoTe, BBAXXAETLCA OifbLL XOPCTKUM, HiXX PET, i mocTynaeTbcs nomy
y rHy4KocTi. Obunasa BoHU, AK PET,TaK i PEN, 4acTo BUKOPUCTOBYHOTLCA /11 HAHECEHHSA
MeTa/IeBMX MOKPUTTIB, OKCUAIB MeTasiB, MPOBIAHMX MONIMEPIB Ta HAHOYACTUHOK.

MonigumetuncunokcaH (PDMS) — Lie enacTOMEP Ha OCHOBI CUIKOHY, IKWiIA fo6pe
BiZJOMMIA CBOTM BUKOPUCTaHHAM Y M’KiiA fiTorpagii. PDMS LUMPOKO BUKOPUCTOBYETLCH
B 6iomMeAnyYHUX npunagax, BOYAOBYETLCA B KaTeTepu, MemMOpaHHI OKCureHatopu Ta
XPALWLOBI iMMnaHTaTK. LLIBUAKe PO3LIMPEHHS BUKOPUCTaHHA npucTpois PDMS MoOXKHa
MOSACHUTU HW3bKOK BapPTICTIO, XIMIYHOK IHEPTHICTIO, TEPMIYHOK CTabiNIbHICTIO Ta
MPOHMKHICTIO KACHIO (Lieil NapameTp BaXX/IMBUIA ANst 6ioCceHCopiB). AK rHyyKa nigknagka,
PDMS € gy>xe npuBabnneBnm BapiaHTOM 3aBAAKW LM BNAaCTMBOCTAM, Y MOELHAHHI 3
BMCOKOK €M1aCTUYHICTIO 1 ONTUYHOK MPO30PICTHO, AKi Aal0Tb nepesary Hag 6i/bLUiCTHO
IHLIMX THYYKMX NigKMaa0K Ha OCHOBI NONIMEPIB. AK KUCHENPOHUKHUIA, Bi0CYMiCHWIA Ta
HETOKCUYHWIA MaTepian, BiH NiAXoAnTb ANs 3aCTOCYBaHHS in vitro Ta in vivo [5].

OfHaK JaTuvKu, BUrotoBneHi Ha PDMS, MaloTb HM3bKY YyTAMBICTb. HaHeCeHHs
BizepyHKa Ha nosepxHi PDMS 3a gonomoroto wabnoHiB gotoniTorpadii abo iHWnX
TEXHOMOTN € e(EeKTMBHMM METOAOM NS NiABULLEHHA 4yTAMBOCTI. OMpOMiHEHHS

ynbTpagionetosum 030HOM (UVO) — NpocTuiA i HeOPOrnii METOA, KU TaKOX MOXKe
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CTBOpIOBaTK NOBEPXHeBI CTPyKTypu Ha PDMS. Migaatounck ait UVO, PDMS moxe

CTBOPIOBATY Bi3epyHKM Ha MOBEPXHI.

S0 pm
et

UVO 20 min UVO 40 min

UVO 60 min

8 pm|

GUm

PucyHok 1.2 — Bnnve Tpusanocti UVO onpoMiHEHHS Ha (hOpMyBaHHS Bi3epPyHKIB Ha
nosepxHi PDMS [6]

[HWKXM MeTOLOM NiABWLLEHHA YYT/AMBOCTI € JfleryBaHHs [ieNeKTpUYHNX abo
npoBigHNX matepianis B PDMS, Takux sk Byrneuesi HaHOTPYOku (CNT) Ta rpadeH, npu
AKUX YYT/IMBICTb JATYMKIB MOXe OyTM NokpalleHa 3a paxyHOK 306i/bLUeHHSA MiKOBOT
BUXIZHOT Hanpyru [6].

TOHKiI MeTaneBi ()0Nbrvi TAKOX BUKOPUCTOBYBA/IUCH K THYUKi OCHOBMW. X04a BOHU
MOXYTb OYTN KOPUCHUMK B BI0CEHCOPAX, iX BUKOPUCTAHHA OY/0 6ifbll NOLUNPEHUM Y
TpaguUinHiA enekTpoHiui. MeTtanesi onbrn (i3 Takux matepianiB, K Hep)xasitoua
CTa/lb, TUTaH, MOMiGAeH Ta Mifb) MOXYTb 33[0BO/ILHATU MNOTPEOU Yy BUCOKINA
TEPMOCTIMKOCTI npu TOBLMHI 0,05 MM abo MeHLIe. Ha uboMy piBHI (honbr MOXYTb
Nerko 3rmHartmcs, 3abesneyyroym Npu LbOMY Yy0BY NMPOBIAHICTb, KO BiJOMi MeTaneBi
ocHoBW. KpiMm TOro, rHydki (honbrosaHi NigKnagku MOXYTb OyTVM CHOPMOBaHI 5K
Be/MKUMK, TaK | MaMMn 3a OakaHHAM, 3abesnedyytoun, Mpu LbOMY, XOpOoLly
KepoBaHIiCTb X (YHKLiOHa/IbHUX MOX/IMBOCTE 3a [AO0NOMOrOK LlapyBaHHA abo

HaHeCEeHHs iHWMX meTanis. Xo4ya meTaneBi PObIK He € 3BUYAMHUMW Y BUPOOHULITBI
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FHY4YKMX 6i0CeHCOpiB, BOHW MOKa3a M CBili NoTeHuian SK NigKNagku A1 CTBOPEHHS
COHSAAYHMX €NeMeHTIB Ta TOHKOMMIBKOBMX TPaH3UCTOpiB. pobnemy BMKOPUCTAHHS
MeTasieBMX (onbr AK NIAKNaLOK Y THYYKUX CeHcopax o4yeBufHi. [lo-neplue, 11X
BMPOOHMLTBO BCE LUe AOPOXKYe MOPIBHAHO 3 NiAKMaaKamy 3 NiacTuky, Takumm Sk PEN
a6o PI. binblue TOro, HaHeCeHHSA (PYHKLIOHAIbHUX eIEKTPOHHUX Bi3epPyHKIB Ha MeTaseBi
(honibroBaHi NigKnafknM 3a3Buyall € BUCOKOTEMMNEPATYPHUM MPOLECOM, L0 CMOXKMBAE
barato efnekTpoeHeprii. HapewTi, meTanesi (ho/ibroBaHi MigknagkM He Migaar0TbCs
6ionoriyHomy po3K/iafaHHI0 NMOPIBHAHO 3 AeAKUMI aflbTepHATUBAMMW A1 CEHCOPUKN [7].

'C 3a3BMYail NPeACTaBATL COO0K THYYKY MigKNaaKy 3 HaHECEHWMU Ha Hel
TBEPAOTINIBHAMWU  €NIeKTPOHHMMU  KOMMOHeHTamMu. BignosigHO [0 BapiaTUBHOCTI
THYYKNX MigKNaLOK ICHYE YAMaI0 CNOCobiB HaHECEHHS aKTVBHUX KOMMOHEHTIB, fKi, Y
CBOK Yepry TaKOX MOXYTb OYyTW pPI3HOMaHITHUMW:  Bif MeTaniB A0 NPOBIAHWX
nonimepis.

[lo TOro > 6iNbWICTb CeHCOpIB MOTPeOYOTb MeBHOI (POPMU  IHTENEKTY.
Hanpvknag, MIKpOKOHTposepiB (418 06pobkn faHuX AatyumkiB) abo pagiodinis (44
nepefadi UMx AaHMX y 30BHILLHIN CBIT).

Bigomo, o npy TOBLWMHI 25 MKM i MeHLUE M/IIBKA KPEMHIIO CTalTb THYUYKMMU
[7]. IHTerpauis KpemHieBOT MIKpPOCXeMM 3 Ti BaCTUBOCTAMM Ha THYUKY MigKnaaky 6yno
6 4ygoBuMm piweHHAM. [1OTPiIGHY TOBLUMHY MOXHA A[OCArTM LWANidyBaHHAM Ta
nonipyBaHHAM.

Cyu4acHi CEHCOpHI cuCTeMM 3a3BUYal NPUKPINIEHI [0 HErHYYKUX APYKOBaHMX
nnat. HagiTb He3BaKaluM Ha Te, WO Ui CUCTEMWM BUFOTOBMIEHI HA MNONIMEPHUX
NNacCTUYHUX APYKOBaHMX Mnartax, Wo A03BOMAKTL HEBENMKWIA pafiyc 3ruHy B3[O0BX
OJHI€T OCi, BOHM BCE X NIerko pynHyroTbcA npu geopmadlii abo Bif HagMIPHOrO BUTUHY.
[lOCTONHMM aHa/ioroM UmMx NigKNagok, 40 Npuknagy, € noniamigHi nNaiBKA 3 TOHKUM
LuapomM MeTanizauii [7].

Monpw Bce, iHTerpaLis KPeMHIEBMX YiMiB Ha MOIECTEPU MaE CBOI HELJO/TIKM Yepes
HM3bKY X TEPMOCTINKICTb. TemnepaTypa nnaeneHHs geskux PEN ctaHoBuTb 130 °C,
PET 85 °C, T0in yac gk Pl mae temnepatypy nnaeneHHs 350 °C. Lle 06MeXeHHS

TEPMIYHOT CTabifIbHOCTI BMKIKOYAE 6arato yCTa/leHUX MPOLECIB  BUIOTOB/IEHHS
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eNEKTPOHHUX BMPOGIB, TakUX K, Hanpuknag, naika, npoTe [oci MOXKHa
BUKOPUCTOBYBATU KJel, IK 3B’ A3yH0UniA MaTepial.

TpahapeTHUA ApPYK Ta CTPYMEHEBUIA APYK — HaBiNbLL YacTO BUKOPUCTOBYBaHI
MeToAM APYKY MPUCTPOIB, WO BUrOTOBNAKOTLCA HA THYUKUX MigKnagKax. Y MOpPiBHAHHI
3i CTPYMEHEBMM [pPYKOM, TpaapeTHUIA ApYK Nerile 3abe3neyye peanisauito CKNagHmUX
GaraToLLapoBMX CXeM, i1 PYKOBaHI CTPYKTYPU, K NpaBuio, MaroTb Kpally NpoBiAHICTb
3aBAsKM OiNbLL TOBCTOMY [APYKY.

Puc. 1.2 TakoX MigKPec/oe OAHY 3 ABHMX Mepesar L€l TEXHOMOrIT: TOBLUHA
noniamigHoi ponbrn CTaHOBUTL e 50 MKM, a NOC/iA0BHO ApYKOBaHi LWapw (MpoBiaHi
wapu, [AieneKTpUyHI LWapun) AofalTb TOBLWMHI Makcumym 35 MKM. Lle fo3Bonse
CTBOPUTK [y>Ke THYYKY TpMLIapOBY APYKOBaHy Mnarty, Lo Mae TOBLUMHY MeHLle 150
MKM.

TpahapeTHUn ApYK — Lie NPOCTa, YHiBepcanbHa Ta Heaopora TeXHIKa APYyKy HaHo-
YOpHUIAMK Ha Pi3HMX nigknagkax. TpagapeTHUA APYK LUMPOKO 3aCTOCOBYETLCA AJ/1S
BUTOTOB/IEHHS €NEKTPO/AIB /11 CEHCOPHUX EKPaHiB, TPaH3UCTOPIB, COHAYHNX eIEMEHTIB
Ta AaTyvKIB. Y Uil TeXHiUi APYKY BUKOPUCTOBYETLCA EKpaHHA MackKa, AKa CK/afaeTbCcs 3
BOJIOKOHHOT CIiTKW Ta WabioHy, NPUKPINIEHOro A0 CiTKN. Konv YOpHMUNO HAaHOCUTLCS |
HaTUCKa€ETbCA Ha MacKy WaboHy eKpaHy, BOHO MPOXOAMTb Yepe3 YaCTUHU CITKU, AKI He

MOKPUTI LWabnoHoM.
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PucyHok 1.3 — MNpuknag TpMLwapoBol 4pYKOBaHOT CXeMU, BUKOHAHOI NOC/IA0BHUM

APYKOM LuapiB NpoBiAHOT (CipoT) Ta AienekTpuyHoi hapou (6inoi) ogHa Ha ogHin [7]

Konn 4YopHWIO HAaHOCMTLCA | HATUCKAETbCA HAa MAcKy LIab/oHy eKpaHy, BOHO
MPOXOANTb Yepe3 YaCTUHW CITKM, AKI He NOKPUTI wabnoHom. YopHWNO, WO NPOXOANTb
yepes Nopu TpagapeTy, NeEPeHOCUTLCA Ha TBEPAY MOBEPXHIO, (hOpMYHOUM TpaapeTHNI
Ma/TlOHOK. YOpHMMNO0 MPOXOAMTbL YOTUPW CTaail Npouecy APYKY: 3arn0BHEHHS, KOHTaKT,
aaresito Ta BMBISIbHEHHA. Puc. 1.4 geMOHCTpye npouec TpadapeTHOro ApyKy HaHo-
(hapboro Ha MaTepianax nigknagky BIigNOBIAHO [0 HeobOXigHOro 3asfanerigp
PO3p06/IEHOr0 MasHOHKa.

CTpymMeHeBUIA [PYK — L Cnoci6 HaHeCeHHsI HaHO-4YOpHWMMA Ha Pi3HI TUMNK
NigKnagkn, SKWA KOHTPOJKOETLCH 3a [OMOMOroH KOMM'HOTEPHOrO MPOrpaMHoro
3abe3neyveHHs. ToMy Lie HainepcneKTUBHILLWIA METOA, HaHECEHHS NPOBIAHMX [0PIXKOK Ha

TBEP/Y OCHOBY.
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PucyHok 1.4 — CxemaTnyHa eMOHCTpaL s npolecy TpadapeTHOro apyky [8]

AK NpaBuno, iCHye ABa METOAM CTPYMEHEBOIO APYKY, TaKi K TEMNJ0BUA HarpiB Ta
N’€30€NIEKTPUYHNIA  MeToA. [pu TensoBoMy HarpiBi HarpiBaibHUA G/OK TOMOBKY
NMPUHTEpPa BUMAapOBYE YOPHW/O, CTBOPHOKOYM Kpanst, i 3MyLUYHOUM Kparn YopHuia
BUXOAMTW 3 cona. Y M'e30eIeKTPUYHOMY MEeTOZI CTPYM MOJAETHCA Ha N’ €30€/1IEMEHT,
AKWIA NPU3BOANTL L0 NaiHHA YOPHWMA 3 CONa, K NokasaHo Ha puc. 1.5.

[N9 BUrOTOBNEHHSA CTPYMOMPOBIAHMX YOPHW B OCHOBHOMY BMKOPWCTOBYHOTHCA
MeTanoopraHiyHi cnonyku. Ha cborofHiLUHin AeHb 6arato MeTanis, Taki ik 3071070 (Au),
cpibno (Ag), migb (Cu), Byrneup Ta rpageH, 4acto BUKOPMUCTOBYHOTb Yepes3 XOpoLuy
e/IEKTPOMNPOBIAHICTb, BWUCOKY CTabifIbHICTb, a TaKOX HU3bKY CO6IBapTICTL Ta
eKOJIOMYHICTb, Lo 3a6e3neyye iX NOTeHUian AN KOMePLiNHOro 3acTocyBaHHA. 3 LMX
NpuYMH  6/1aropoAHi  MeTaiM  LUMPOKO  BUKOPUCTOBYBA/IUCb  A/1IA  CUMHTe3y
CTpymonpoBigHux ap6. KpiM TOro, pisHi OKCUAM MeTaniB, Taki AK OKCWUf BaHafito

(V20s), okeng Hikento (NiO) Ta okeng iHgito-onosa (ITO) Towo.
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PUCyHOK 1.5 — CxematuyHe 306paXkeHHs CTPYMEHEBOr0 APYKY Ha TBepAiil noBepxHi [8]

XiMiyHe ocagpkeHHA 3 napie (XOI1) € ogHUM 3 NOLUMPEeHUX METOAIB, L0
BUKOPUCTOBYETLCSA /11 HAHECEHHSA Ha MOBEPXHIO MiLKNAL0K NPOBIAHUX TOHKMX MIiBOK.
Y ubOMy MpoLeci NPoBIAHMIA MaTepian NepeTBOPIOETLCA HA NIETKI NMpeKypcopu. MaTepian
nifKNagKy HarpisatoTb [0 NEBHOT TemrepaTypu, a NOTIM ra3-npeKkypcop 0cagKytoTb Ha
MOBEPXHIO HarpiTol MiAKNaaKK, B pe3ynbTaTi 4yoro XiMiyHa peakuis YTBOPHOE TBepay
(pasy, AKa ocijae Ha nigknagui. TemnepaTtypa NiAKNaAKN € BaXIMBUM MapaMeTpoM B
LIbOMY NPOLEeCi i MOXKe BN/IMBATU HA BUHUKHEHHS Pi3HNX peakLii.

CniH-NOKPUTTA € 3BUYHUM METOAOM HaHECEHHS TOHKOT MJiBKN HAHO-YOPHW/A Ha
TBEpAY OCHOBY. Lleit cnoci6 gae 3HayHy nepesary y AOCATHEHHI OAHOPIAHUX TOHKMX
MAiBOK Bif, AeKiIbKOX HAHOMETPIB 40 AeKiNbKOX MIKPOHIB. NoTpeba y TOHKMX NiBKax
Ta BUCOKI OQHOPIAHOCTI € BaXK/MBOK AN MiArOTOBKM ePEKTMBHOIO NPUCTPOID. Y
LbOMY MeTOAi CroyvaTky Ha MigKnagKy HaHOCATb CTPYMOMPOBIAHY (apby, a noTim

NigKNafKy 06epTatoTh 3 BE/IMKOK LUBMAKICTHO, 1 Oi/IbLIICTb YOPHWMA BiAKMAAETHLCS.
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PucyHok 1.6 — CHTe3 HaHOYaCTUHOK AU i3 NOAasibLLUMM BUTOTOB/IEHHAM TOHKOI

nniBKn1 Ha ckni 3 ITO meTogom CNiHOBOro NokpuTTs [8]

HaHouyacTnHkn Ag, oTpuMaHi 3 HITpaTy cpibna, nonisiHinniponigoHy (PVP) Ta
BigHOBHMKa NaBH,, HaHOCATLCA Ha CKNAHY MigKnaaky 3 okcuaom iHaito-onosa (ITO)
MeTO40M CNiHOBOro nNokputTa (puc.1.6) [8].

JliTorpadisa cTpymonpoBigHMMM YOPHWIaMW BMMarae Hefoporux IHCTPYMEHTIB
BUrOTOB/IEHHA |1 [03BOJMIAE OTPUMATW OAHOPIAHI MPOBIAHI LapX PI3HUX PO3MIpIB,
He3aeXHO, AKUIA 3 [BOX MeTOiB BMKOPUCTOBYBaTW. [N1si LbOro Mpouecy crno4vaTky
roTyrTb Macky, 40LAH0UM MOHOAUCTEPCHI KOMOTAM Ha PiBHY MOBEPXHIO | BUCYLLYHOUN.
MoTiM A0 MacKmM J04a€ETLCA NPoBiaHa apba. Yepes Aeskumid Hac MOHOANCINEPCHI KOJOTAN
BUAANAOTLCA 3 1T MOBEPXHI, YTBOPHOKUN Ha NOBEPXHI MasIlOHOK NPOBILHOIO Matepiany.

OKpim BuLe3ragaHux MeToAiB A/19 HaHECEHHA TOHKMUX M/iBOK BUKOPUCTOBYHOTb
TaKo)XX peakTMBHO iOHHe-NMPOMEHeBe PO3NUIOBaHHA. Lieit mMeTog 3abesneyvye BMCOKY
XiMiYHY YMCTOTY Ta KOHTPO/IbOBaHWUIA CKMafly mMatepiasny, a TakoXX 403BOJISE BUPOLLYBaTH
MAiBKW 3 rapHOo agresieto 4o nigknaaku. Kpim Ttoro, 6inblWicTb OKCUAHMX MaTepianis

CUHTe3yloTbCA 3a niasuuleHnx Temnepatyp (6inbwe 200 °C) Ta/abo noTpebytoTb
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HaCTynHoro Bignaay, WO € HegonyctTUMMM AN MOAIMEPHUX MIAKNagoK 3
HaHOLLe/0N03W.

B octaHHI pokn 6yna po3pobneHa TexHONOriA, fAKa [03BOMAE peanilysBaTu
po3TAryBaHi CUCTEMM 3 THYYKOI (onbrn. [lepeBara Uuiel TexHoOMOrii  nepeg
KOHKYPYHUMMU PO3THKHUMU €1eKTPOHHUMM TEXHONOTIAMW NOMArae B TOMy, L0 BOHA
BUKOPWUCTOBYE CTaHAAPTHI TEXHOMOrii BWUrOTOBMIEHHA THY4YKOi onbru. [pouec
MOYMHAETLCA i3 3BMYAMHOI CyLiNIbHOT FHY4YKOI (honbr 3 noniectepy, noniamigy a6o
IHWKMX MaTepiasiiB, a CXemMa BWIFOTOB/IAETLCA 3a CTaHOAPTHUMW TEXHONOTISAMM
APyKOBaHMX nnat (Hanpuknag, Apykom ab6o nitorpadgieto). KOMMNOHEHTUM TakoX
3’€JHYIOTbCA 3 BMKOPUCTAHHAM TpaguuinHUX TexHonorii (kneto, naiku). [Micns
3aKIHYeHHSA MeaHApW CTPYKTYPYHOTLCA Y (PONbry 3 BUKOPUCTaHHAM, HanpuKnag, nasepa
abo LWTaMnoBOro pisaHHA. HapewTi, CTPYKTypoBaHa (honibra BCTaB/AETLCA BCepeAnHY
Kay4yyKOBOIr0 Matepiany LUIAXOM flaMiHyBaHHS MnoniypeTtaHy. Bcto cuctemy, BbyfoBaHy
B PO3TSXKHY I'yMY, SKa YTPUMYE BCe Pa3oM i 3axXMLLE NPUCTPIR, NoKas3aHo Ha puc.1.7.

3arasiom, 3a J0NOMOrOHO LIi€l TEXHOMOTIT MOXHA JOCArTM XOPOLLOT PO3TAXHOCTI i1
HagiHOCTI. MeaHApWN MOXHA PO3TATHYTU Maiike Tucady pasis npu 10 % NOAOBXKEHHI.
OnopHwuid wap PET a6o PEN 36inblUyeTbCs B AecaTb pasiB, Togi Sk 50-Tu MinimeTpoBe
Pl nokputta moxxe Butpumatu noHag 100 000 umknis npu 10 % nogosyXeHHi abo GinbLue
1000 umkniB npn 50 % nofoeXeHHi. MpoTe AM3aliH MeaHAPiB € KOHCTPYKLiNHUM
napaMeTpoM, SIKWIA 3aN1eXXNTb Bif Cepn 3aCTOCYBaHHS Takoro NpPMCTPOLo i, BignoBigHO,
GaXkaHOI MHYUYKICTHO cxemu [7].

MWHYNOro poKy BYeHi 3 IHAIT CUHTEe3YBaIM FTHYYKWUIA CEHCOP TUCKY Ha nigknaaLi
3 PDMS [9]. Y ix Bunagky fo nonimepy pogasanocsd cpibno (Ag), And nokpaweHHs
nposigHocTi nigknagku. Mpenonimep PDMS i nopoLuok cpibna 3miLlysann NpoTArom 2-

0X XB, AofaBanu 3aTeepakyBady PDMS i gerasysanv CymiLl.
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PucyHok 1.7 — doToTepanis NPUCTPOEM peanizoBaHUM 3 BUKOPUCTAHHAM PO3TSXKHOT

e/1eKTPOHHOI TEXHO/OTIT Ha OCHOBI MeaHApiB [7]

Ha ouunwieHnin nonikapboHaTHWIA NACT CNIH—MOKPUTTAM HaHOCKAWN OTPUMaHy
CyMiLll | nepeTBOpOBa/IN Ti Yy TOHKY nniBky npu 2000 06/xB npotarom 30 c. Adani
KomnosuT Ag/PDMS ButpumyBaBscs Y AyxoBiit wadi npu Temnepatypi 80 °C npoTarom
48 roa. MposigHy nigknagky (Ag/PDMS) ounutysann B feioHisoBaHii (DI) Bogi Ta
aueToHi A/ BUAAIEHHA OpraHivyHnX 3abpyaHeHb. [eioHizoBaHy Bogy i HCI amiwamm y
CNiBBIAHOLLEHHI 2:1 | A0 UbOro po3unHy goganv 0,5 M TeTpai3onponokcuay TUTaHy
(TTIP), petenbHO nepemiwytoun npotarom 30 xB. OTpUMaHWUIA PO3UMH MEPEHECN Y
Te)IOHOBUIA HEPXKaBitOUMA aBTOK/AB | 3aHYpUIM Y HbOrO 3pa30K TOHKOK MJIIBKOHO
Ag/PDMS poropu. 3pa3ok BuTpumyBann npotarom 8 rog npw 140 °C i nocTtynoso

0XO0NOMXKYBanu [0 KiMHATHOT TemnepaTtypu, NPOMUBAN I CYLUWMN.

1.3. MeToauka npoBeaeHHs JOCTIIXKEeHHs MeXaHiYHuX xapakrepuctuk I'C

MHYyYKiCTb rpageHoBUX TMNIBOK, AKI BUPOLLYyBa/M 3a [OMOMOrOH MeTomy

XiMiYHOro ocamkeHHsa napom (XOIT) Ha nigknagkax 3 nonietuneHtepedranaty (PET),
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AOCNILKyBaM 3a [LOMOMOrOK 1abopaTopHMX BUNPOOYBaHb Ha BUTUH, CKPYyYyBaHHA Ta
pO3TAryBaHHA. EnektpomexaHivHi BNacTMBOCTI AK (DYHKLIH0 3MiHM pajiyca BUTMHY, KyTa
CKPy4yBaHHA Ta BiAcTaHi gedopmalii OLiHIOBa/IN LUIAXOM BUMIPIHOBAHHSA 3MIHW OMOpy
[10].

Pe3ynbTaT¥ BUNPOOYBaHHA Ha BHYTPILLHIA BMIMH, MoKasaHi Ha puc. 1.8, a
BUSABMN HE3HAYHY 3MiHY OMopy Mpw 3ruHaHHI NAiBKW Ha pagiyc BUruHy 4-5 mm. MNpu
pagiyci 3 MM onip 3MiHMBCA Ha 8 %. Byno nposefeHO BUMPOOYBaHHS Ha 3HOLUEHHS
BHYTPILWIHBLOrO BUIMHY. AK MokasaHo Ha puc. 1.7, 6 npotsarom 2000 UMKiB BUTUHY
crnocTepirascs nocTiiHWA onip. 3pa3ok 6yB 3irHyTUIA [0 BHYTPILLIHLOrO pagiyca BUrMHY
10 MM 3i WBNAKICTIO BUTUHY 2 MM / C. Pe3ynbTaTi BUNpo6yBaHb Ha BHYTPILLHIA BATVH
MoKasyrTb, L0 NAiBKM rpadeHa Ha PET-nigKnagkax MatoTb YyA0BY ef1eKTPOMEXaHIYHY

CTIMKICTb MPY CTUCKAHHI.
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PucyHoK 1.8 — Pe3ynbTaTit OCNIIKEHHA MeXaHi4YHNX BacTUBOCTEN rpadeHoBOI/PET

MNiBKW: a — BM/IMB BHYTPILLHbOIO BUTUHY, 6 — BNMB 6araTopasoBoro 3rimHaHHs [10]

TecT 30BHILIHLOIO BUrMHY MiBOK rpadeH/PET MNpoAemMoOHCTpyBaB, L0 M/IiBKA
Mav OCUTb NOCTIAHWIA oNip Ao pagiyca BUruHy 10 mm, K nokasaHo Ha puc. 1.9. OfHak,
AK TINbKN pagiyc BUTMHY cTae MeHLwe 10 MM, onip 3Ha4YHO 36i/bLUYETHCA. 3MiHa Omnopy

cTaHoBuna 6inbwe 60 %, konu pagiyc BUTMHY CTaHOBMB 3 MM. OTXe, MOXHa
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CTBEPPKYBATU, LLLO 30BHILLHI BUTMH CTBOPIOE OifbLUe HaNPY>KeHb Ha N/iBKax rpageHy,
HDK BHYTPILLUHIA Npy TOMY X pagiyci BUrnHy. binble T0Oro, nifg yac BunpobyBaHHSA Ha
30BHILLHE 3rMHaHHA Yy CTPYKTYPI rpagieHy YyTBOPHOETLCA Biiblue TPILWWMH, HXK Mif yac
BUNPOOYBaHHSA Ha BHYTPILUHE 3rMHaHHS.

Ha puc. 1.10, a nokasaHOo BacTMBOCTI CKPYy4dyBaHHSA rpad)eHy 3 Mi0CKOro CTaHy
(0°) po KyTa ckpydyBaHHsi 40°. 3MiH oropy Maibke He 6yno, NMOKW 3pa3oK He OyB
CKpy4YeHMin Ao KyTa 6nm3bko 20°. Tlicna KyTa CKpydyBaHHSA OGinblue 20°, novano
cnocTepiraruncs 36isbLieHHs onopy. ig Yac ckpy4vyBaHHS nig Kytom 40°, onip 3MiHUBCA
Ha 10 %.
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PucyHok 1.9 — OntuyHe 306paXkeHHs rpageHoBoi/PET nniBKM Npu 30BHILLUHLOMY

BUIMHI Ta 3MiHa OMopy AK (PYHKLIT 30BHILLIHBLOTO pagiyca BuruHy [10]

[Mig yac CKpydyBaHHA rpadeHOoBOI MNIBKN BUHWKAIO CKAAHE HampPY>XeHHs AK
CTUCKaKUmMX, TaK | PO3TAryUmMX cun. 3aBAAKN CUI PO3TATYBaHHSA OMip 3MiHKOBaBCA Tak,
AK Yy pesynbTatax BUMNPOOYyBaHHA Ha 30BHILUHIA BUIMH. PO3TSHXHICTb CTPYKTYpU
rpaceH/PET BuMiproBann, SIK NokasaHo Ha puc. 1.10, 6. Onip 36i/1bLUYyBaBCs NOCTYNOBO
i3 30iNblUEHHAM Hanpyru. Lle o3Havae, WO cuia po3TAryBaHHA NOCTYMOBO 36i/bLUyE

TPIWUHM B rpadieHi i3 36inbLueHHsaM fedhopmaii [10].
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TakoX NpPoBOAW/IOCA BMMIPIHOBAHHA MeXaHIYHWX XapaKTepUCTUK CeHcopa rasy,
BMKOHAHOI0 Ha nigknaaui 3 noniamigy (PI) [11]. 3 puc. 1.11, 6 BUAHO, WO HaBiTb Nicns
TOro, K patuvk 3irHynm 1000 pasiB, peakuis Moro  Maixe He 3MIHIOETLCS,

AEMOHCTPYHOUM XOPOLLY IHYYKICTb, CTabiNIbHICTb BUTOTOB/IEHOI O 3pa3Ka.
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PucyHok 1.10 — Pe3ynbTaTyt OCNIAXKEeHHA MeXaHiYHUX BacTUBOCTel rpadeHoBOT/PET
MNIBKW: a— TECT Ha CKPyYyBaHHA nniBku rpadeH/PET, 6 — po3TaryBaHHsA MiBKu
rpageH/PET [10]

IHOAI BMOIp NigKNaaKN 3a1exuTb Bif TemMrepaTypHuX AianasoHiB, y AKUX 6yae
BUKOPUCTOBYBATUCA ManbyTHIN ceHcop. CyTTEBMX BIAMIHHOCTEM MK LUTYUYHUMM
nonimepamu Ta 6iononimepamu y LbOMY NnnaHi HEMae, AKLLLO MOBa e NPo TemnepaTypu
He BuLe 50 °C. lNpoTe, AKLWO poboya Temnepartypa ctaHoBMTUMe 61113bko 100 °C, To, 5K
nokasye puc.1.12, BUKOPMUCTOBYBATW CTPYKTYPU Ha nosiiamigax cTae HefoLisibHO Yepes

X HW3bKY TEPMOCTINKICTb.
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PucyHok 1.11 — a — KpuBI AUHaMIYHOro onopy AaTymka rasy 3 Pl , o onpomiHioBascA
npotarom 15 ¢ CO npu Hanpy3i 2B go 50 ppm 6e3 3ruHaHHA Ta i3 3rMHaHHAM Npuy
pagiyci KpunsHu 2,5 MM, 6 — AnHaMivyHWUIA onip ceHcopa 3 Pl npu pagiyci 3rnHy 4 Mm
ANA PI3HOT KINIbKOCTI LUMKNIB 3rMHaHHSA, B — AUHAMIYHI KPYBI OMOpPY AaTyvKa rasy,
PO3TAHYTOr0 Ha Pi3Hy AOBXWHY. BCi BUNPOOYBaHHSA NPOBOAWAM NPW KIMHATHI
TemnepaTtypi (25 °C) [11]
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6)
PucyHok 1.12 — TemnepaTypHi BUNpo6yBaHHA Nigknagok 3 PET Ta hibpunboBaHOT
HaHouentonosn (NFC): a — iH(pauepBOHi 306paXkeHHs1, 6 — PoTO306parkeHHs [12]

Y [13] pocnigpkyBannica naiBKM KPUCTani3oBaHOT HAHOLIE/HM03M 3 A0AaBaHHAM
okcupy rpageHy (GO). CGO5 ta CGO10 — uentonosa 3 MacoBOK YaCTKOK OKCuay
rpadgeHy 5 % Ta 10 % BignosigHo. [losigomnanocs, wo pgogasaHHA GO o
HaAHOLLE/TH0/1031 MOCU/IKOE MEXaHIYHI Ta efleKTPUYHI BnactmeocTi HL,. EMHICTb gaTymka
BOJIOrOCTI KOMMO3UTHOT MNIBKW NepeBipsAnacs LWASXOM BUMIPHOBaHHSA 3MIHU EMHOCTI Npu
Pi3HI BIZHOCHI BOIOTOCTI, BM/IMB HaBKO/MLLHBLOIO CEPefOBULLA HAa XapaKTEPUCTUKM
[aTyMKa TakKOoX BMBYaBCA 3 YypaxyBaHHAM 3MIHHOI Temnepatypu. Yac Bigryky Tta
BiZJHOB/IEHHS1 BUIOTOB/IEHOIO [aTyMKa, K BUAHO 3 Tabn.1.1, Kpawi HiX Yy 3BUYaHUX
EMHICHMX [aTUKKIB, L0 BUKOPUCTOBYIOTb BYT/IELEBI HAHOTPYOKW, MOPUCTUIA KPEMHIN UK

OKCKA, aItoMiHI0.
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PucyHok 1.13 — Bapiauis y KomnosuTax: a — fieNeKTpu4HoT ctanoi (€), 6 —
AienekTpuyHux BTpar (tg 6) [13]

Ana  OUiHKM  [IeNeKTPUYHUX  XapaKTepuUCTUK  KOMMO3UTY  BUMIpPHOBa/N
AieNneKTPUUHY NPOHNKHICTL (€) Ta AieneKTpuyHi BTpaTK (tg 8) B yMOBax HaBKO/IMLLIHLOIO
cepeposuLa (25 °C, 25 % BosorocTi) B gianasoHi yactot Big 20 'y go 10000 My nig
Hanpyroto 1 B. Pe3ynbTatu HaBedeHi Ha puc.1.13. 3HayeHHs CGO10 (e = 3857) maixe
B N’ATb pasis nepesuLLye ymcty nnisky 3 CNC (e = 792) npu 20 I'y. MoxxHa nomituTy,
WO nNpu HM3bKIK 4vacToTi GO B CNC 306inbluye AieNeKTPUUHY MPOHUKHICTb. Y
pesy/nibTaTax CrnocTepira/inCb BWCOKA [ieNeKTPUYHA MNPOHMKHICTL  Ta  HU3bKI
AieNeKTpuyHi BTpatn, obymosneHi gunonamu B CNC BIgnoBigHO 4O MPOCTOPOBOIL
nonspu3aLinHoi CTpyKTypu. [ieneKTpuyHi ctani 4ns BCiX KOMMO3UTIB 3MEHLLYIOTLCS i3
36i/bLUeHHAM YacToTW. Mpu yacToTi Bue 1 KI'y, gienektpmyHa npoHukHicTe CGO10

[OPIBHIOE 652, LLI0 MaiXe B LWICTb pasiB BuLLe, HiXX Yy CNC, sika cTaHOBMTb 106.

Tabnmuya 1.1 — Yac Bigryky ta yac BiHOB/IEHHSA BUTOTOB/IEHOIO

[aTunKa npun pisHMUX piBHAX BosorocTi [13]
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CeHcop BosiorocTi Ha ocHosi CNC

BigHocHa Bonorictb, % Yac Bigryky, c Yac BI4HOB/MEHHS, C
11,3-23 ~ 113 ~ 83
11,3-43 ~ 185 ~53
11,3 -57 ~ 164 ~ 84
11,3-68 ~ 141 ~ 69
11,3-75 ~ 188 ~ 74
11,3-85 ~ 176 ~ 86
11,3-93 ~ 145 ~94
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2. PI3NYHI BNACTUBOCTI HAHOLUEJIKOJTIO3U

HaHouenon03a WMPOKO BUKOPUCTOBYETLCA B rasly3i FHYYKOI efleKTPOHIKK Ta
LEMOHCTPYE 3HAYHI AOCATHEeHHs. Ha T OCHOBI MOYKHa BUrOTOB/IATU €KOHOMIUYHO BUTIAHI,
Nerki Ta eKOJSIONiYHO YMUCTi THYYKi E€NEeKTPOHHI MPUCTPOI. Y THYYKIA eNeKTPOoHiLi
HaHonanip € BMHATKOBMM MaTepiasioM NigKNagKu 3aMiCTb NAACTUKY 3aBAsiKU CBOIN
PO3KNaAHOCTI Ta EKOHOMIYHI e(heKTUBHOCTI.

Ha >xanb, BiAHOBMOBaHI 6iononiMepn MatoTb ripLli TepMOMeEXaHiyHi BacTUBOCTI
B MOPIBHSAHHI 3 TpaguuiiHUMK nonimepaMu Ha HagTOBI OCHOBI. Lli po36iXXHOCTI Y
epeKTMBHOCTI MOXXHa MoAonaTv, KOMOIHYHUM 6ioNoriyHy nigknaaky Ta nosiMepu
BiIHOBNIOBAHMX pecypciB. TakKi KOMMO3UTW, SKi 3a3BUYail Ha3MBalOTb «3e/IEHUMU»
KOMMO3WUTaMu, € HAaCTYMHUM MOKONIHHAM BiJHOBNIOBaHMX Ta CTINKUX MaTepianis. BoHu
BUTOTOBNAKOTLCA 3 BUKOPWUCTAHHAM  NPUMPOAHOIO  BifHOBNIOBAHOro  MosimMepy,
apMOBaHOI0 HaTypa/ibHMMW HanoBHIOBaYaMu. [epeBHWIn MOPOLUOK Ta BOJIOKHA —
3ara/lbHOMPUAHATI NPUPOAHI HamMoOBHIOBaYi, OCKIfIbKM BOHW AeLUeBi, NerkogocTynHi,
MatoTb XOpOLUY CTabifIbHICTb Ta MOAY b MPYXXHOCTI. Afe Li HarmoBHIOBayi He CYTTEBO
MiABULLYIOTb TaKi BNacTMBOCTI, AK MILHICTb Ha PO3puvB, TeMnepaTypy Po3KiafaHHsA Ta
YOapHY B'A3KICTb.

HaHouenonosa, 6ygyyuu NpupoaHUM BOJIOKHOM, MOXe O6yTu BUKOpMCTaHa s
3MiLHEHHS NONIMEPHMX MaTepiasiiB, AK apMyHOUNiA HANOBHIOBAY Y Pi3HUX €NeKTPOHHUX
NPUCTPOSIX, e MiLHICTb € hakTOpoM. [T YHiKabHi BNacTUBOCTi MOXYTb NOEAHYBATUCA 3
IHWMMK MONIIMEPHMMM MaTepiasiaMn abo NPOBIAHMMM YaCTMHKAaMKW HaroBHKOBava s
BUIOTOB/IEHHA HAHOKOMIMO3UTIB 15 €IEKTPOHIKN.

[Manip Ha OCHOBI HaHOLE/KON03U MaE ragKy NMoBepXHH, OCKI/IbKM HAHOPO3MIpPHI
BO/IOKHA PO3TallOBaHi PiBHOMIPHO Ha MOBEPXHi. Lla BNacTMBICTb € HalBaX/IMBILLOK
BMMOTOHO [10 APYKOBaHOT e/IeKTPOHIKW. KpiM TOro, 3aBAAKM BUCOKI TePMIYHII CTIKOCTI
nanepy Ha OCHOBI HaHouentonosn (~150-250 °C), BiH € NpmBabnMBUM BapiaHTOM fK
nigKnagka nif yac BUrOTOB/IEHHS CTPYMOMPOBIAHUX Ma/tOHKIB (hapbamu Ha MeTaneBil

OCHOBI. HaHoLe/0103a WMPOKO 3aCTOCOBYETLCA A1 MPO30PO0i €/IEKTPOHIKN 3aBAAKN
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CBOIM 4y[OBUM OMTUYHUM BNacTMBOCTAM. [MOBIAOMAANOCA, WO LE0103a 3 M AKOI
[lepeBMHM  MOXKe nponyckaty cBiTno Ha 90 %. HaHoKpucTaniyHi naiBKW LEI03un
(CNC) € 6inbw npo3opumn, HIXX HaHOBOMOKHUCTI niBkKM (CNF), ane BOHM TaKOX
BUABNAIOTL OiflbLUY KPUXKICTb 3aBAAKW CBOIA KPUCTaNIYHIN NpUpoLi. TakuMm YMHOM,
CNF nniBkn LWIMPOKO BUKOPUCTOBYETHCA AN BUPOOHULTBA THYUKUX €NeKTPOHHMUX
npucTpoie. Bci Wi BNacTMBOCTI, a TaKOX CTIiMKICTb W 3AaTHICTb [0 PO3K/afaHHS

CNPUAOTbL BUKOPUCTAHHIO LIe/T0/1031 B eNIEKTPOHiIL [12,14].

2.1. MikpocTpykrypa Ta ximiynunii ckiaag HI{

HaHouentono3a onncyeTbCs K NPOAYKT ab0 eKCTPaKT CaMOPOAHOT LIENH1031, SiKa
MICTUTbCA Yy POCNMHaX, TBapMHax Ta GakTepisx, WO CKNadaeTbCa 3 HAHOPO3MIPHOro

CTPYKTYPHOro matepiasny.

Growth Ring Cellular Structure

Celll;lose Fibril Structure Fibril-Matrix Cell Wall Structure
) Structure

ﬁ Microfibril
e Amorphous

- Fibrils Crystalline
nm| ¢
<

PucyHoK 2.1 — lepapXxiyHa CTPYKTypa [epeBuHu: Bif fepeBa [0 Lentonosm [15]

HaHouentonosy MoXHa KnacuikysaTi 3a KaTeropisMu y sa TUMNW: Lentoso3Hi
HaHoBO/MOKHa (CNF) i HaHokpucTtanu uenonosn (CNC) (puc.2.2). CNF mae Bucoke
CniBBIAHOLIEHHS cTOPIH ~100 3 po3mipamu 2-60 HM y giametpi. CNC — e HerHyuki
roKonoAibHi HaHoKpucTanu, po3mipamn 10-50 HM B giameTpi i 100-500 HM B JOBXUHY,

3a/1eXXHO BiJ BUXIAHMX MaTepiais.
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Cellulose nanofibril

Cellulose fibril

Crystalline Amorphous

Cellulose nanocrystals

PucyHok 2.2 — Buan HaHouentosnosm [18]

MexaHi4yHa 06pobka (momos, romoreHisauia Ta nogpibHeHHs), xiMiyHa 06pobKa
(okncneHHas TEMPO) Ta noefHaHHS MexaHIYHOI Ta XiMiYHOI 00pobKM — Ue Tpwu
HalbinbWw TUNoBi npouecn BuaobyeBaHH CNF 3 uentono3Hux BoMOKOH [3]. CNC
CUHTE3YIOTbCA TIAPONITUYHUM PO3LUENIEHHAM [/IIKO3UAHUX NaHOK B LENKNo3i i

OTPUMYIOTLCA Y BUTNIAAI BOLHOT cycneHsii (puc. 2.3).

P1cyHOK 2.3 — 306paxXeHHs BOAHOT CyCMneH3iT HaHOLLeNt1031, nornepeaHb0 06po6/1eHOT

(hepmeHTaTMBHO [12]

IMig yac npouecy KACNOTHOrO rigponi3y ioOHW FiApPOoHIt0 MPOHNKAKOTL B LIENHOM03HI

NaHUlrm B aMopgHUX 06/1acTAX, CNPUSAKYM  TIAPONITUYHOMY  PO3LLENJIEHHIO
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FNIKO3NMAHUX 3B’A3KIB | BUAIIAKYM OKPeMi KpUCTaNiTK Micns MexaHi4YHOT 06po6KM
(yNnbTpa3ByKoBOI 00pPOOKK). Pi3HI CUMbHI KUCNOTW YCMIWHO PYWHYKOTb LENHOMO3HI
BOJIOKHa, ane (pocthopHa, a30THa, COMSAHA Ta cipyaHa KUC/IOTU BUKOPUCTOBYHOTLCA
HaryacTtiwe. OAHIED 3 OCHOBHMX MPUYMH BUKOPUCTAHHA CipyaHOl KUC/IOTK K
rigponisytoyoro areHta € 1i peakuis 3 MOBEPXHEBMMM TIAPOKCUIBHUMW rpyrnamMy 3a
[OMOMOror npouecy etepudikauii, WO [LO03BOMAE MPULLENUTU aHIOHHI CynbgaTHO-
CKnagHi eqipHi rpynn. HaaBHICTb UMX HeratMBHO 3apAfKeHUX Tpyn YTBOPHOE
HeraTMBHWA eNeKTPOCTaTUYHWIA Lap, WO MOKPWMBAE HaHOKPUCTaNM, Ta Crpuse 1X
po3citoBaHHI y Bofi. OAHak LUe 3arpoXxye TepMOCTIMKOCTI HaHO4YacTUHOK. [ns
Ni4BVLLEHHA TepMIYHOT CTabiNbHOCTI HaHOKpuUCTasiB, NpurotosneHnx H,SO4, MoXxe

OyTV npoBefeHa HeTpanisalis HaHO4YaCTUHOK rigpokcnaom Hatpito (NaOH) [12].

2.2. MexaniyHi xapakrepuctuxu HII

CBOIM MexaHi4YHUM BfIACTUBOCTAM HAHOLIeNH0/103a 3aBAAYYE KPUCTANYHUM |
aMmoptHMM o6nacTam. LlentonosHi naHuor1 B aMopgHMX 061actax CnpusatoTb THYUYKOCTI
Ta NNacTUYHOCTI, TOAl K Ti, WO pO3TawoBaHi B KpuUCTaniyHMX 06nacTax, HagatoTb
YXOPCTKOCTI Ta MiLHOCTI Matepiany. MNMoynHaroum 3 2000-x poKiB, KOeILiEHT NPY>XXHOCTI
KpUCTaNi4yHOT LIeNHN03N AOCNILKYBaM abo TEOPETUUYHUMM OLliHKaMK, abo LW/ISXOM
eKCrnepuUMeHTa/IbHUX BUMIPHOBaHb (MOLUMPEHHAM XBW/b, PEHTreHIBCbKOT Andpakuir,
KPC cnekTtpockonii Ta aTOMHO-CK/I0BOI MiKpockonil). MoBigomMAsn0cs npo LWNMPOKKUiA
Aiana3oH 3Ha4yeHb, i 3araJioM BU3HAHO, WO KoegiuieHT KOHra KpucTanivyHoi Leoiosn
3HaxoauTbCA B Agiana3oHi 100-200 MMa. Lii 3Ha4YeHHsA 3Ha4YHO nepeBaXKaroTb KOEMILLiEHT
FOHra kesnapy-apamigy (130 I'Mla) cniBBUMIpHI 3 Koe@ilieHTaMy MOAYNA MPY>KHOCTI
ana ctani (200-220 ITla). HaHouentonosa, 3aBAsSKA LM BpaXkatoumMM MeXaHiYHUM
B/IACTMBOCTAM, MOTEHLiHO MOr/fia 6 BUKOPUCTOBYBATUCS K KOHCTPYKTUBHUIA €N1eMEHT
AN14 pPI3HUX maTepianis.

MpoBoAUINCL BUMIpIOBaHHSA MeXaHiyHuX BnactmsocTerd CNF, BUroTOBMEHOT 3
[EPEBUHN, i3 PI3HMMM 3HAYEHHAMW CTyneHsA nosnimepmsauii. MopucTICTb Jocaranacs

LLNAXOM 3aHYPEHHS 3pa3KiB Yy PO3YMHHUK (MeTaHo/1, eTaHo/, aLueToH) NPoTArom 24-0X
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roavH. CMHTEe30BaHi 3pasky Manu TOBLUMHY noHag 50-60 MKm i oTpmuManu Hassu DP-X,

ae X — ue BiAnoBigae cepeiHbOMY CTYMeH0 nonimepm3sadii. Y 1abn. 2.1 HaBefeHO AeskKi

napaMeTpu OTPUMaHMX MNiBOK.

Tabnunua 2.1 — BennyunHu ryctrHm 1a nopuctocTi nnisok CNF 3 pisHuMK

CTyneHsAMM nonimepusauii [16, 34]

3pasok (?Tyme PignHa [ycTuHa, Kr/m® | MopucTicTb, %
nonimepm3sauii
DP-410 410 Boga 1200 20
DP-580 580 Boga 1140 24
DP-1100 1100 Boga 1080 28
DP-800 800 Boga 1210 19
DP-800 800 MeTaHon 1085 28
DP-800 800 ETaHon 930 38
DP-800 800 ALETOH 900 40

Ha puc.2.4 npeactasneHa nosefiHka CNF npy 04HOOCLOBOMY PO3TAryBaHHI

LIe/T0N03HUX HaHoMibpwa. [aHi npo (i3nyHI BNacTMBOCTI HaBefeHI B Tabn. 2.2. Bug

PO3UYMHHMKA, LLI0 BUKOPUCTOBYBABCA [N151 IOCATHEHHSA NOPUCTOCTI, SIK BUAHO 3 Tabn. 2.3

TaKoXX BM/MBAE Ha MexaHiYHi BNacTUBOCTI NNiBoK. Mpu Hanpy>keHHi 90 MIMa Ha KpmBIii

€ BUTWH, MIiCNS AKOrO HacTae MiHiiHe 3MiLHEeHHSA. Puc.2.4 0eMOHCTPYE TakoX BMVB

nonimepusauii Ha MILHICTb TOHKOI NiBKW. [NiBKW, MpUroToBaHi 3 O4HOrO 3paska

LLeNtono3n, MpoTe MalTh Pi3HY CEepedHI0 MOMsSpPHY Macy,

I TOMYy MpPUG/M3HO

BiZNOBIAAIOTb OAHIN TilA XXe KPUBIN, ane AEMOHCTPYIOTb Pi3HY MILHICTb Ha PO3puB.
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DP-1100

Stress [MPa]

0 2 4 6 8 10 12
Strain [%]

PucyHok 2.4 — TUNoBi KpMBI TECTY Ha PO3TAryBaHHA MNiBOK (hi6pMIbOBaHOI

HaHOLeNH0/1031 3 PI3HUMM 3HAYeHHAMU nonimepu3sadii [16]

Tabnuuyg 2.2 — ®i3nyHi Ta cepefHbOMexaHiIuHi BnactmsocTi nniBok CNF,

BUTOTOB/IEHUX 3 PI3HUMM 3HAYEHHAMM noniMepusauii [16]

3paskn
DP-410 DP-580 DP-820 DP-1100
MopucTicTb, % 20 24 — 28
Mogaynb FOHra,
13.7 10.7 10.4 13.2
[Ma
Mogaynb 3CcyBy,
i e — 1.27 1.5 1.28
[Ma
Mexxa
TEKy4OoCTi O, 815 83.6 83.6 92.2
Mlla
MiuHicTb Ha
129 159 181 214
pospus, Mrlla
Po3TAr Ha
3.3 6.4 7.4 10.1
po3pwus, %
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MpofoBXeHHs Tabnuui 2.2

Pob6oTa g0

PYWHYBaHHS, 3 7.1 9.1 15.1
M/DK/m3

Tabnuua 2.3 — MexaHiyHi BnactnsocTi nnisku CNF 3pa3ka DP-800 [16]

PignHa
Boga MeTaHon ETaHon AUETOH
MopucTicTb, % 19 28 38 40
Mogaynb FOHra,
14.7 10.8 9.3 7.4
[Ma
Mogaynb 3cyBy,
1.82 1.41 1.08 0.83
[Ma
Mexxa
TEKy4OoCTi O, 90.6 75.9 57.7 48.3
Ml la
MiLHICTb Ha
205 114 106 95
pospus, Mrlla
Po3TAr Ha
6.9 54 4.7 6.2
po3puB, %
Pob6oTa ao
PYWHYBaHHS, 9.8 5.3 3.6 4.2
M Dx/m3

Y [17] npoBoAnAn MOAeNtoBaHHA AeopmaLlii 3cyBy, W06 OTPUMATK 3a1eXKHICTb
Hanpyrun 3cyBy Big aedopmauii, e BU3HAYaETLCA MOAY b 3cyBY G MacMBHOI CUCTEMMU

CNC. Ha puc. 2.5 nokasaHi Kpusi 3MiHM HaBaHTaXXeHHS BiAHOCHO AeopmaLiii 3cyBy Ans
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mepexi CNC 3 pi3HOK TyCTMHOK P Ta MILHICTIO KoresiiHoi B3aemopgil D. MoxHa
MOMITUTK, WO 3MiHA HaBaHTaXXEHHSA € NPUGIN3HO NiHINHOW A0 1% aedopmadii, ge G
BU3HAYAETLCA NIHINHUM Y3roMKEHHAM fAaHUX aedopmauii Hanpyru. 3i 36inbeHHAM
pegopmanii, 06'emHi CNC BMXOAATb 3 €NaCTUYHOIO PeXxumy npu  KiMHaTHIR
TemnepaTypi. B enacTuuHin 06nacTi peakuis Ha 3CyB FOIOBHUM YMHOM PEryNETHCA
Mi>K(ha3HOH KOresiinHo B3aeMofieto MiXK HaHovacTUHKamy CNC. binbLua WinbHiCcTb Ta
KOresmBHa B3aEMOfiA NPU3BOAATL A0 36i/bLUEHHA SK MOAYNs 3CYBY, TaK |1 Mexi
TEKYYOCTi, a TaKOX CrMOCTepiraeTbCA amnniTya KO/MMBaHb Hampy>XeHb Yy Pexumi
aedopmauiiHoOro 3mMiLHEHHS.

TakoX Oyfno BMKOHaHe [0AATKOBE MOZE/oBaHHA 3 Oi/bLUMMK  CUCTEMAMU
HaHo4yacToK CNC (1250 i 2500 npw ofHaKoBii LwinbHOCTi 0,6 1 / cm®), W06 BUBUMTU
MOX/IMBUIA e(DEKT BMNIMBY PO3MIpPY, | pe3ynbTar MiATBEPLKYE, O CUCTEMA He CYTTEBO
BMN/IMBAE Ha PO3paxyHKOBUIA Moay b 3cyBY G.

Mo>KHa YiTKO NOMITUTK, L0 P Ma€e 3Ha4YHM BNMB Ha G Ans 06'eMHOI cnucTeMu
CNC - 3miHa p Big 0,1 10 0,8 r/cm® npu3BoAUTL A0 36iMbLLEHHS MaiiKe Ha TPX NOPSAKY

BENIMYMHU Moy Nsi 3cyBY G.

—a0l # p=06,D=310 -
© g

g :I, .ff

) i ,‘: JJ -
@20 Y% Y
= f p=06,D =240 ]
S 10

_: '

n p=04,D =240 ]

0 1 i i 1 i
0O 005 01 015 02 025 0.3
Shear strain

PucyHok 2.5 — PosTar nig gieto gedopmadito 3cyBy 06’emHux CNC ans pisHoi

WwinbHocTi p (r/cm®) Ta KoresiiiHoT B3aemogii D (Kkan/Monb) [17]
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2.3. OnruuHi xapakrepuctuxku HI{

HaHouentono3a npefcTasnse iHTepec A1g POTOHIKN 3 MPUYMH, BNACTUBUX LIbOMY
marepiany: no-neple, 3aBAAKW pigKOKpUcTaniyHin nosefiHyi CNC, WO cnpuynHse
NosBYy pangyXHuxX nNaiBok ; no-gpyre, sk CNC, Tak i CNF MOXyTb yTBOPIOBaTU ONTUYHO
Mpo30pi NNiBKW.

CNC MOoXyTb YTBOPIOBaTU XipasibHi pariay>XHi KONbOPOBI NAIBKM NPOCTO LUMSXOM
BMMapPOBYBaHHA BOAHUX CYCMeH3in. Pigki KpucTanm 3 NOXIAHMX  LIeNH103M
AEMOHCTPYIOTb abo npaBy, abo fiBy Xipa/ibHICTb, TOAI SK XipaslbHa HemaTuyHa
cTpyktypa CNC 3aBxau € niBoto, WO, IMOBIPHO, € Pe3y/ibTaTOM OCHOBHOI MpaBol
XipabHOCTI  HaHOUEN103n. TakMM UYMHOM, XipasibHI HematuyHi nniBkn 3 CNC
B1GIPKOBO Bif6VBatOTL fliBe CBIT/O | BUTNAAaOTL 6apBUCTUMK, KONW TeNiKoigaibHUN
KpoK (P) mMae BenMUnHy NOpAaAKY AOBXUHU XBUI BUAUMMOTO CcBiTNa (puc. 2.6, a). OKpiMm
TOro, OCKi/IbK/ P UyTIMBMWIA 10 Pi3HUX YMOB, MOAY/HOBATU KONIP NAIBKW JOCUTL NPOCTO
(puc. 2.6, 6) [19]. BepeteHomnodibHi i >»opcTki HaHokpuctanu uentonosn (CNC),
PO3LLENEHI KUCIOTHUM Tip0Ni30M, € OAHUMM 3 HaNBINbLL MNEPCNEKTUBHMX XipalbHUX
PIAKMX  KpuCTanis, WO MawTb Pi3HI  (POTOHHI  3aCTOCYBaHHA, HanpuKag:
KONOPUMETPUYHI  [aTYMKK, [OEKOPaTUBHI MOKPUTTH, XipasibHi Bigbwsadi, BiAOWBHI
MOKPUTTA Y (hOTOENEKTPUKAX, BbaraToPpyHKLIOHa/IbHI ONTUYHI MaTepiany, L0 pearyoTb

Ha 3MiHY TemnepaTtypu abo BOOrocTi, Ta rHy4dki ocHoBu and KPC cnekTtpockonii [20].

CNC/PEG (90/10)
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CNC/PEG (80/20) CNC/PEG (70/30)

6)

PucyHok 2.6 — doTtorpadii nnisok: a — potorpagii unctoro CNC ta HQHOKOMMO3UTHUX
nnisok 3 CNC/PEG 3 pi3HMMM CNiBBIAHOLLIEHHAMM Baru, WO AEMOHCTPYHOTb
PiI3HOMaHITHI KO/IbOPW NP OCBITNEHHI 6iIMM CBITNOM; 6 — KOMNo3uTHa niska CNC-2
/ PEG (80/20) neMoHCTpye 060pOTHI CTPYKTYPHI 3MIHM KO/IbOPY Nif BN/IMBOM PI3HOI

BigHOCHOI BonorocTi [20]

3ara/lbHUin Nigxig y CTBOPEHHI XipanbHWX HeMaTU4HUX KomnosuTiB 3 CNC Ta
matepiany, Lo NpeacTaBnse iHTepec (SK NpasBuso, Le AIOKCUA KPeMHIO abo nonimep)
rnonsrae y BM6ipKoBOMY BMAaneHHi 04HOro marepiany. BubipkoBe BMAANEHHA O4HOIO
KOMMOHeHTa BMXiAHOro HaHOKOMMNO3UTY (3 abo 6e3 moamdikauii iHLLIOro KOMMOHEHTY)
Aae XipasbHUiA Me30NOPUCTUNIA MaTepias, AKUIA MOXKe BMiLLlyBaTW MaTepiain (Hanpuknag,
HaHOYaCTUHKK, nonimep) abo AiATU AK TBEpPAMIA LWAGMOH AN OTPUMAaHHS  IHLUKX
XipaslbHNX, Me30MopucTmX martepianis. MoTeHLiHe 3aCTOCYBaHHSA LIMX CUCTEM BK/IHOYAE
B cebe ONTUYHI PiNbTPY, aHTUBIAOMBHI MOKPUTTS Ta THYUKY eMIeKTPOHIKY. Ha puc. 2.7
BUCBIT/IEHO HefdaBHi MpUKIag mMe30rnopuctol, (iyopecueHTHOT NAiBKW 3 Aiokcuay

KpeMHito Ha ocHoBi CNC a/19 XiMi4HOr 0 30HAYyBaHHS.
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Natural light views UV light view
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Mesoporous Organosilica PPV/Organosilica PPV/Organosilica

PucyHok 2.7 — MNonimepnsayis noni (n-gpeHineHsiHineHy) (PPV) y nopax
Me30MopuCTOro Aiokcuay KpemHito 3 Ha ocHoBi CNC yTBOPHOE (p1yOPECLEHTHI NAIBKY,

LLLO 3MIHIOKOTb 3abapBfieHHs | 34aTHI BUSBNATK 2,4,6-TpuHiTpoTonyon (TNT) [19]

OKpiM Xipa/lbHUX HeMaTUYHMX MaTepianiB, MOXYTb OYTW BUTOTOB/EHI W iHLUI
cuctemy Ha ocHoBi CNC 3 pI3HUMU ONTUYHUMU (PYHKLIOHaIbHUMIW MOXX/IMBOCTSAMM,
BK/IKOYaOUM  (pIyOpPecLeHLito, MOBEepPXHEBI MIa3MOHN, maTepiaiv 3  HU3bKUM
MOKa3HWKOM 3aJIOMJIEHHA Ta MOXMBICTIO Y D-6/10KyBaHHA. HefaBHE A0CNiLKEHHS
[19] onuncano onTMYHO perynboBaHi NOKPUTTSA Ha 0CHOBI CNC An14 TeENNNYHKUX NOKPUBIB:
NnoKpuTTA nosietuneHy cymiwwio CNC, HaHoyacTMHOK ZnO Ta SiO; He TifibKK
3MILHMNO NNacTUK, ane 1 3abnoKyBano LWKIiANMBi Y ®-npoMeHi 3aBAsSKK NOrNIMHAHHIO
Y®-cBitna ZnO. ToBwwmHa nniBkn ctaHoBuna 50 mkM abo 100 MKM, a pesynbTaTtu
MOKa3ytTb 3MEHLLUEHHS NPONyckaHHsA Y® cBiTna Ha AOBXWHAX XBW/b HudK4e 400 HM
(puc. 2.8). Kpim TOro, HaHoyactMHkamy SiO, 6yn0 [OCATHYTO iH(hpayepBOHe

GN0KYBaHHS, L0 CNPUANO 30epeXXeHHI0 eHepril BHOMI.
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PucyHok 2.8 — CrnekTpu nponycKaHHA nniBoK HaHoYacTMHOK 3 CNC/ZnO npu pisHNX

CNiBBIAHOLLEHHAX HAHOYaCTMHOK [19]

OnTn4yHa NPO30PICTb Ta XOPOLLI MeXaHiuHI BnacTnBoCTi NiBoK CNF pobnsith ix
Haf3BMYaiHO NpUBabAMBUMU AN BUKOPUCTAHHS Yy ONTOENeKTpoHiui. MogibHo Ao
cuctem Ha ocHoBi CNC, nniBkn CNF MOXyTb MICTUTM [006aBKM, TakKi AK IHLUI
HaHOMmatepiain, nonimep, abo moaudikauii nNoBepxHi AN1A  OTPMMAHHA  TaKuX
BN1aCTUBOCTEN, SK, HanpuKnag, rigpodobHicTs [21].

Y [22] HaHOUEenn03y CUHTe3yBasM 3 MLIEHUYHOI COMOMM 3 MNOoda/ibLUnM
BUIOTOB/IEHHAM MAIBOK 33 [JOMOMOrOH  Tigponisy CipyaHOK  KMCNOTOK Ta
Y/bTPa3ByKOBOK 06p0O6KOH. 3MiHM 30BHILWHLOrO BUrnagy nnieku CNF 3a ctagismm
06pobOKN npeactaBneHi Ha puc. 2.9. TOPIBHAHHA CMYXXOK MOKa3ye, WO MiBKW,
NPUroToBaHi Micns rigponisy Ta 06pobKM YyNbTPasByKOM, AIACHO € npo3opumu. Lli
pe3ynbTaTy BKasyoTb Ha Te, L0 XiMiYHa 06po6bKa i yNbTpa3BykoBa 06pobKa Npu3BoAnTb
[10 YTBOPEHHS OAHOPIAHNX HAaHOLLENH/I03HUX MNIBOK 3 BUCOKOK NMPO30PICTHO A0 69,8 %

y BUAUMI obnacTi cnekTpy (puc. 2.10).
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PucyHok 2.9 —

3oBHiLWHin Burnsag CNF: a — cmyxka CNF nepeg 06po6koto; 6 — CNF

nicng ynbTpassykKosoi 06pobku. Mniskn CNF, npurotosaHi nicns rigponisy cipyaHoi
KNCNOTKN KOHLUeHTpauieto 43% npu: B — 20 °C, 30 xB; r — 20 °C, 60 xB; o — 60 °C, 30 xB;

Transparency (%)

e — 60 °C, 60 x8 [22]
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PucyHok 2.10 — CneKTpu eNneKTPOHHOI0 MOr/IMHaHHS HaHOLE/MI03HMX MTIBOK,

MPUrOTOBAHUX 3 MLLEHUYHOT COMOMM, MICAS Figponi3y cipyaHoK KUCNOTO

KOHLeHTpauieto 43% Ta 06pobku ynbTpassykom 30 XB MpK pi3Hiil Temnepatypi Ta

TpuBanocTi: 1 —

20 °C, 30 xB; 2 -20 °C, 60 xB; 3-60 °C, 30 x8; 4 - 60 °C, 60 x8B [22]
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2.4. EnexrpuyHi xapakrepuctuxku HIT

AK npasnio, HeopraHiyHi AiefleKTpUKM MaroTb BEINKI AiefIeKTPUYHI KOHCTaHTK
(Big, AeKiNbKOX COTEHb A0 AECATKIB TUCAY) i M NpUTamaHHa YyAoBa TePMOCTINKICTb, ane
BOHM TaKOXX MatoTb Hefl0NiKW: BUCOKI fieNeKTpUYHi BTPaTK, ciabka MiLHICTb Ha Npobil
(<50 KB/MM), KpUXKiCTb. MNoniMepHi fieNneKTpuKn, HaBnaku, MatoTb BUCOKY MILHICTb Ha
npo6iin (>300 kB/MM), HM3bKI AienekTpuyHi BTpatn (<0,01), BOHM THYUYKI, Nerki Ta
fewesi. Ane X AienekTpuyHa MPOHUKHICTL (€) (<10, 3a BWHATKOM TOopnay
nonisiHinigeHy [PVDF]) i po6oya Temnepartypa (<200 °C) € BifHOCHO HU3bKMMK [23].
TOMy KOMMO3MTN Ha OCHOBI NOIMepPIB CTalOTb OCHOBHOK TEMOK AOC/IAKEHb, OCKI/IbKU
BOHM NMOEAHYIOTbL NnepeBarn 060X CBOIX KOMIMOHEHTIB i MalOTb Yy0Bi BNacTMBOCTI Ta
A0[ATKOBI  (DYHKUIOHa/IbHI  MOXKMBOCTI, 106 3a0BOSIbHATU BUMOIU  CyYaCHUX
3aCTOCYBaHb.

Llentonosa Bonogie notpibHMMKM Yy eneKTPOHiUi nepeBaramMu. 30KpemMa Mae
BUCOKWIA MOLYNb MPY>XXHOCTI, MOPUCTY CTPYKTYPY, HU3bKWIA KOe®iLieHT TenaoBoro
po3wnpeHHs (KTP), BUCOKY Npo3opicTb. [ieNneKTpryHi matepiany Ha OCHOBI LIeNH103K
MatoTb BUCOKY MiLHICTb Ha Npo6iii (613,8 kB/cm) i nuToMuii onip (~10'° Om/cm), HU3bKY
ryctuny (~1,3 r/em®) i KTP (12-28,5 K1), BiiMiHHY TepmMocTiiikicTb (>180 °C).

KpiM TOro, WNSAXOM BBELEHHA HOBUX (PYHKLIOHA/IbHUX TPYmn Ha MOBEPXHIO
HaHOLeNt0/103M METOA0M OKMC/NEeHHA abo npuLlenneHHs [24], CUHTe3yrTbCsA MOXIAHI 3
YyZ[OBUMW BMIACTUBOCTAMU Ta 3aCTOCOBYHOTbCH B efIEKTPOTexHiui. Hanpuknag,
uiaHoetunuentonosa (CEC) mae BUCOKY AIeNeKTPUYHY MPOHUKHICTb | XOPOLUY TEPMO- |
KWCMOTHY CTabi/IbHICTb.

Bunbip pgienekTpuyHOro wmartepiasly B AKOCTI HanoBHKOBaya € OfHUM 3
HallepeKTUBHILIMX CrocobiB MONiNwWeHH AieNeKTPUYHOI MPOHUKHOCTI KOMMO3MTIB.
HaHopo3MmipHI KepamiyHi YaCTUHKM, Taki AK TUTaHaT 6apito (BaTiOs) Ta giokcug TUTaHy
(TiO2), WMPOKO JOCNILKYOTLCA AK HANMOBHIOBaYi KOMMNO3uTiB (Tabn. 2.4).

BignosigHo no [25], BYeHi nigrotyesann ofHopigHI HaHokomno3uth 3 CNF,

BurotosneHoi TEMPO meTofom, Ta TeTparoHaibHUMM HaHoyacTHKamn BaTiOs;
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LLNAXOM fIeryBaHHA PI3HOro CMiBBIAHOLLEHHS HaHoYacTMHOK BaTiO; y matpuuto CNF
6e3 moaudikauii nosepxHi (TCNF). ToBlwmHa nniBkK 3Haxoamnaca B mexkax 0,09-1 mm.
[lieneKTpuyHa MNPOHMKHICTb HAHOKOMMO3MTIB  36i/blUyBafiacd npv  A0AaBaHHI
HaHoyacTMHOK BaTiOs; fo 5 mac.%. [Mpu KiMHaTHIN TemnepaTypi AieNekTpuyHa
NMPOHUKHICTL cTaHoBWAa 49000 (Ha vacToTi 1 KI'y) 3 5 mac.% BaTiOs, Wo B 4oTMpK pasu
BULLLE, HDK Yy uncToi niiBkn TCNF (11034 Ha yacTtoTi 1 KI'L) Yepes BUCOKY fieNneKTpUUHY
MPOHWKHICTb HanoBHOBaYiB BaTiOs. OfHaK TaHreHC BTPaT Mpu TUX Xe YMOBaX TakoX
ayXe BUCOKUn (tg & = 2). Lle 06yMOBNEHO TpaHCMOPTYBaHHAM iOHIB 3a [0MOMOroH0
CTPMOKOBOro MexaHi3my, BTPaTO NPOBIAHOCTI BHAC/IAOK Mirpauii IoHiB Ta nonsapusauii
IOHIB. Lle TaKoXX MOXe 6yTW NOB'A3aHO 3 NOrMHaHHAM Bosiorn TCNF.

IHWKM cnocobom 36iMbLUEHHS  AieNIEKTPUYHOT MPOHUKHOCTI  KOMMO3UTY €
36i/IbLUEHHA AieNIeKTPUYHOT NPOHUKHOCTI MaTpuui. Jna Lentoo3Hoi maTpuui i 6araTi
FAPOKCUIbHI Ta KapOOHiNbHI Tpyny [03BONAKOTL JIEFKO BBOAWUTM MOMAPHI TPynu
(Hanpuknag, 38°’a3kn CH =N, C - 0).

O[Hi€l0 3 HAMMOLUMPEHILLIMX MaTPULb NOXiAHUX LLEN003M € LiaHOETU/ILLENH0103a
(CEC), aka mae fieneKTpuyHy NPOHUKHICTL Npn6am3Ho 20 (Ha yacToTi 1 KIMu). Y [26]
6yno 3miwaHo BaTiO3; 3 CEC B augeToHi | oTpumaHo fobpe AnUcreproBaHuii KOMMO3uT
ToBWMHOKO 100-350 ™mkm. [lpu BMmICTi HanoBHoBavya 50 Mac.%, fAienekTpuyHa
MPOHNKHICTb KOMMO3uMTY 36inblunnacs 3 21 (ans unctoi CEC) go 133 (Ha vactorTi 1 kIMu)
npu BIGHOCHO HM3bKOMY TaHreHci Btpar (tg 0 = 0,3023). BuasneHo, WO AoAaBaHHSA
BaTiO; nokpawmno TepmoCTabifibHICTb 3@ PaxyHOK TMOCWIEHHSA B3aEMOAIT MiXK
matpuuyeto CEC T1a HaHo4yacTMHKamu BaTiOs;. 3MeHLleHHA MILHOCTI Ha po3puB Ta
NMOAOBXEHHA NPW PO3PUBI MOACHIOETLCA 3MEHLLEHHAM KpucTanivHocTi matpuui CEC.

Mo>kHa LLe GifbLle BAOCKOHAIMTK cucTeMy, BBiBLWIK B MaTpuuto CEC nposigHwuia
okcua onosa cTuoGito (antimony tin oxide [ATO]). MopiBHsAHO 3 unctoro CEC (€ = 20),
AleNeKTpUYHa NPOHUKHICTb HaHOKOMMNO3UTHOT naiBku CEC/ATO (24 mac.%) 3pocna fo
npn6nmsHo 40 (tg 6 = 0,1). [lienekTpunyHi BNacTMBOCTI ByNn L0AATKOBO NOKpaLLeHi 4o
66 nicna popasaHHA 30 mac.% HaHodacTMHOK BaTiOs;. HaHoyacTuHkn BaTiOs

ponomaratoTe ATO Kpalle gucneprysatucsa B maTpuui CEC Ta yH1KaTK arnomepaldii.
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HaHouyacTHkn TiO, — We OoAVMH  [ieNeKTPUYHWUIA HamnoBHIOBaY, WO 4acTo
BUKopucToByeThbCA. [MniBkn TiO,/CEC 3 30 mac.% TiO,, ToBwmHO 100-150 HM, Npo AKi
MOBIAOMNAETLCA Y [27], AEMOHCTPYHOTb HAABUCOKY AieNeKTPUYHY NPOHNKHICTL (€ = 207)
| BIJHOCHO HM3bKWIA TaHTeHC fieNleKTpUYHMX BTpar BTpaT (tg 6 <0,3).

Y [28] pocnimKyBanu eKOMoriyHo YMCTUA HAHOKOMMO3UT Ha ocHoBi CNF 3
A0faBaHHAM HaHo4aCcTUMHOK BaTiOs; y BOAHMX cycneHsiax. 3i 36i/bLUeHHAM MacoBOi
yacTkmn BaTiO3; 3 30 % a0 60 % pgienektpnyHa NPOHUKHICTL 3pocna 3 20 go 28, Toai Ak
tg 0 3meHwwmBca 3 0,2 go 0,1. Lled HaHOKOMNO3UT MNPOAEMOHCTPYBaB BigMiHHiI
N'€30€N1EKTPUYHI XapaKTEPUCTUKN | TOMY MOXe OYTU BMKOPUCTaHWUM SK MOTEHLINHWIA

N'€30€N1EKTPUYHNIA NEPETBOPIOBAY Ta E/IEMEHTU XUBNEHHS /15 aBTOHOMHUX AaTYMKiB.

Tabnuua 2.4 — [lieneKTpuyHi HaHOLLeNIKOM03HI Cnonyku [29]

Bwmict
HarnoBHIOBaya, ToBLUNHA
Cnonyka € tg d | YactoTa ) MocnnaHHsA
macoBa MMiBKM
YacTka %
) 0,09-1
BaTiOs/TCNF 5 49000 | — 1kly, [25]
MM
) 100-350
BaTiOs/CEC 51 133 0,3 1kly, [26]
MKM
) 30-100
TiO,/TCNF 70 47 3,33 | 1kly [27]
MKM
_ 30-100
TiO,/CNF 50 20 0,81 | 1kly [30]
MKM
CNF — 2,63 10,035 51Ty | 90 MKm [31]
_ 100-150
TiO,/CEC 30 207 0,2 1kly, [30]
HM
GO/CNC 3 3750 | 0,9 1kly, — [32]
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PucyHok 2.11 — ENeKTpUYHI XapaKTepUCTUKM HaHOLeN0103K: a — npoBigHicTb CNF Ta
CNC npm 30 °C npm pi3HMUX 3HA4YEHHAX BONOrOCTI; 6 — BiANOBIAHI eHeprii akTuBaLii Ta

TemnepatypHi 3anexHocTi npu 100% sonorocTi; B — BAX nnisku CNF [33, 31]

3 puc. 2.11a BugHo, wWo Ak gna CNF, Ttak i gna CNC, nposigHiCcTb
nokpallyBsanacs npv MiABULEHHI TemnepaTypu Ta BOJIOrOCTi. Taka noBefiHKa
XapaktepHa [Ans NPOTOHOMPOBIAHWX MOJIMEPIB, Y AKUX TPAHCMOPTYBaHHA 3apsay B
3HaYHIl Mipi CNpUSiE HasiBHICTb MONIEKY BOAW. 3aBAAKM BULLLOMY CTYNEHIO KpUcTanisauil
Ta NPUCYTHOCTI CYNb(OHOBUX Tpyn UA TeHAeHuis 6yna 6inbw 3Hauvyworo y CNC
MopiBHAHO 3 MmembpaHamu CNF.

Ak nokasaHo Ha puc.2.11,8 nniska CNF He 3a3Hana efleKTpMUYHOro npoboro HaBiThb

MpY Qy>Ke BUCOKUX Hanpyrax, sKi € faneKo 3a MeXeto BUMOT NMobyTOBOI eNeKTPOHIKN.
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Kpim Toro, y gianasoHi yactort Big 0 go 10 'y gienekTpuyHa NPOHUKHICTb unctoi CNF
cTaHoBuna Big 2,58 go 2,69, a TaHreHc BTpar Konmeascs Big 0,0302 go 0,0415, Ak
nokasaHo y Tabn. 2.4. BuuesasHayeHi XxapakTepuCcTUKK nokasanu npugatHicte CNF gns
BMCOKOYACTOTHUX 3aCTOCYBaHb. X04a 3HaYeHHA [ieNIeKTPUYHOT NPOHNKHOCTI Ta BTpart
Oynn crniBMipHUMKM i3 3HayYeHHAMU nniBku 3 PET, 6iopo3knagHicte CNF pobuts i
KpawimMm KaHAWAATOM, NOPiBHAHO 3 PET, /19 3MEHLUEHHS BUMLLE3a3HAYEHOr 0 BN/MBY Ha

HABKO/IULLIHE CepeoBuLLE.

2.5. Biopo3kaagnicTs HI

Y poboTi [34] 6yno AocnimpkeHO MNIBKA KPUCTani3oBaHOI HaHOLEN0I03M 3
6aBOBHW, TOBLMHOKW A0 200 MKM Ta Mpo3opicTio noHag 75 %. [ns BM3HAYeHHS
6ionIoriyHoro posknagaHHA naiBok 6ys BUKopucTaHuin mMeTog 1SO 17556: 2003 (E).
EKcriepyMeHTa/IbHY YCTaHOBKY MOKa3aHo Ha puc.2.12. Tectosi 3pa3ku (Mo 0,2 I KOXeH)
AojaBasin B MpoCisHUA rpyHT, macoto 200 r, wo micte 60% Boawn Bif 3arasibHOI
BOAOMICTKOCTI I'pYHTY Ta OpraHiyHi peqyoBMHM B OKpPeMMX KONGax. TakoX B OAHIN
MOPOXKHI KONGI MICTUBCA NuLe I'PYyHT, Wo6 nepeBiputn BUAineHHs CO, 3a paxyHOK
MPUCYTHOCTI OpraHiYHMX PeYOBUH Yy TPYHTI. KOHTpO/IbHA MAiBKa, AKYy 6pasin B AKOCTI
eTaJIOHHOro Martepiany, 3HaxoAmnacb B eTasIoHHIN Konbi. BupobneHnin CO, y BCix
Konbax notpannss y po3yunH NaOH i Bu3Ha4aBcs MeTo0M NoABiiHOro TutpysaHHA HCI
3 BUKOPUCTaHHAM (heHONMTaNeiHy Ta MEeTWUI0BOr0 OpaHxeBoro. BugineHuin CO;

BUMIPHOBa/IN pa3 Ha TVXKAEeHb MPOTArOM 4BOX MiCALIB.
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PUcyHoK 2.12 — BuMiptoBaHHSA KifIbKOCTI BYT/1EKMUCIOro rasy, Lo BUAIMBCA Mif Yac

bioferpagauii: a — NpMHUMNOBA CXema; 6 — 30BHILLHIN BUTNAL YCTAHOBKN [34]

PO3YMHHICTb Yy BOAI € K/IKOYOBMM MapameTpoM [Ans 6i0N0rivYHO Po3KNafHUX

matepianiB. lMoTeHUiliHe 3aCTOCYBaHHSI MOXe BMMarati HepO3YMHHOCTI Yy BOAi ANns

NiABULLEHHSA LiNiCHOCTI NPOAYKTY Ta BOAOCTIMKOCTI, OfHAaK B iHLIMX BUMagKax

PO3YMHHICTb Y BOAI NMIBKN MOXe OYTU KOPUCHOO, AKLLO FOBOPUTK MPO 3aCTOCYBaHHS

HaHOLe/MH0MI03M Y KarcCy/ntoBaHHI YM NakyBaHHI, Hanpuknag, NPoAyKTIB.

Tabnunua 2.5 — ONTrYHI, (i3nyHI Ta 6iopo3knagHi BnactmeocTi naiBku CNC [34]

_ PO3YMHHICTb Y ToBLMHa Biopo3knagHicTb,
3pasokK Mpo3opicTb, % ) )
BoAl, % NAIBKN, MKM %
CNC 64,4 + 2 20,73 183 + 20 67,46
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AK BUAHO 3 Tabn.2.5, NPO30PICTb N/IIBKN Y NPOLECI PO3K1a4aHHA 3MEHLUMIACA Ha
13%, a 6iop0o3KNaAHICTb MiCNA 2-0X MICALIB eKCNepUMeHTY CTaHOBUTL 67,46 %, Tomy
MOXXHa CKa3aTu, Lo nniBkn CNC € eKooriyHo YMcTumu,

OkpiMm UbOro, y poboTi [31] npoBoannucs TecTy Ha 6ionoriyHe posknagaHHs CNF
Ta eNeKTPoHikn Ha ocHosi CNF 3a gonomoroto rpubis. LLLO6 [oBecTn KOHLENLito
6IOpO3KNaAHNX €eNIEKTPOHHMX MPUCTPOIB Ta 3aMKHYTW LUK MepepodKu Lentnosu,
NiBKY TecTyBasM Ha 6i0p0o3KnafHICTb rpubkamun. byno BMKOPUCTAHO fABa Pi3Hi TUMK
rpubkis: rpub 6ypoi rHWuni Postia placenta Ta TpPUG 6IN0T THUNI Phanerochaete
chrysosporium, SiKi 6ynn BunpobysaHi Ha umncTin nigknagui CNF Ta Ha nigknagui CNF
3 eMOKCUAHMM MOKPUTTAM, 6e3 Oy/ib-KOT eIeKTPOHIKM, HaAPYKOBaHOT Ha H1X. Ha puc.
2.13 npeAcTaBnieHi cepefdHi BIACOTKM BTpaTu Baru UMX M/IBOK 4yepe3 28 AHiB. UucTi
3paskn CNF npogemoHcTpyBasiM Ginbluy cepefHto BTpaty Baru (Postia placenta:
19,20%, Phanerochaete chrysosporium: 35,20%) NOPIBHAHO i3 3pa3kaMu 3 eNnoKCUAHUM
NoKpUTTAM. Xo4ya P. placenta CNpUYMHANG NOBINbHIWNMA CTYMiHb PO3KNagy UMUCTOI
nniskm CNF, BOHa TakoX crnpuumMHuna weuawy o6iogerpagadito nniBkn CNF 3
enokcnaHUmM nokputTam (P. placenta: 9,96%, P. chrysosporium: 6,60%) y NOPIBHAHHI 3
P. chrysosporium. TakKuM UYUHOM, P. placenta 0Gyna obpaHa pO3KIaAHVMKOM [/1F
e/IEKTPOHIKM Ha 0CHOBI CNF 3 enokcuaHnM nokpuTTam. KisibKiCTb eMoKCUAHOT CMOJIN B
nnisui CNF 3 enokcugHUM nokputTam ctaHosmna 9,6 mac.%. Ha puc.2.14 nokasaHo
npouec po3knagy nigknagky CNF 3 enOKCULHUM MOKPUTTAM i3 e/IEKTPOHIKOO Mif AI€t0
P. placenta. ®oTOrpadii 6ynm 3pobneHi yepes 6 rog, 10, 18 ta 60 gHis. [prubu novanm
4aCTKOBO MOKPMBaTK 3pa3oK yepe3 10 AHIB, a MOBHICTIO MOKPWAN iMoro Yepes 60 AHiB.
[Micnsa po3knagy 3a/MWKK YaCTUH €NeKTPOHIKA MOXYTb OyTKM 3i6paHi Ans nofanbLioro

PO3KNafaHHA Ta nepepobKw.
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PucyHok 2.13 — BunpobysaHHA Ha 6ionoriyHe po3knagaHHsa ABox Tunis niiBok CNF

[BOMa Tunamu rpuokis [31]

6ropdi. & = 10 amip g 18 gmie

60 anis

60 guiB

PucyHok 2.14 — Mpouec po3knagy CNF nigknagky 3 eNeKTPoHIKOK nif Aieto rpuoka P.

placenta [31]
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3. TOHKI MNJ1IBKW OKCHAY MONIBAEHY HA TIAKNTAOAKAX 3
HAHOUENKONO3U

3.1. TexHoJIOTis1 CHHTE3Yy FTHYYKHX cTPYKTYp M0oO«/HIL]

[Na CMHTE3y HaHOLE0/03M B AaHii poboTi 6y/10 BUKOPUCTaHO GioMacy ovepeTy
3BUYaNHOro (Phragmites australis) i3 YepkacbKol 061acTi YKpaiHu nicns 36opy BpoOXato
B 2019 p. HaHouentonosa 6yna otpumaHa wagxom TEMPO oKucneHHsM 3a L0NOMOror
cuctemn TEMPO/NaBr/NaOCI 3 noganbLuoo 06pobKoo ynbTpasByKOM Ha Kadeapi
eKONOoril Ta TeXHOJOriT PoCMHHUX noniMmepiB HTYY «KWIBCbKMIA NONITEXHIYHWIA
IHCTUTYT M. |. CikopcbKOro». Binbll AeTanbHUA TEXHOMOTIYHWIA MapLUPYT CUHTE3Y
nokasaHo y [36].

TOHKI NNiBKM oKcKAay MonibaeHy 6ynu ocafpkeHi Ha NigKIaAKM 3 HAHOLLENH103M
MeTOAOM PeakKTUBHOIO IOHHO-MPOMEHEBOr0 PO3MWIEHHS MeTafeBOl MilleHI Ha
ycTaHoBLi YBH-75P. Cxema metody HaBefeHa Ha puc. 3.1.

Mepef ocaKeHHAM NiAKNaaKN 3 HAHOLLENHI03M MigNArasiv CyXoMy OUULLEHHIO Y
Kamepi 3a A0NOMOroK MOHHOro NpoMeHs. Temnepatypa MigKNaaoK nif vac CUHTe3y
TOHKMX NIIBOK OKCUAY MoNnibaeHy BapitoBanach B fiana3oHi Bif KIMHATHOI TemmepaTypu
0o 150°C. Tak, 3pa3ku Ne 1, 2, 3, 4 6ynn cuHTe30BaHI 3a Temnepatyp 20°C, 50°C, 100°C
Ta 150°C BignosigHo. Yac ocamkeHHs ctaHoBmB 10 xB. TUCK Yy Kamepi NiATpUMyBaBCs
Ha piBHi (5 — 6)*10* MM.pT.CT.. FpUCKOpIOBa/IbHA Hampyra Ta CTPYM MNPOMEHS
BiAnoBigHO ctaHoBMAM 2,5 KB Ta 50 MA. OTpuMaHi naiBkn 6ynm TOBLMHOK 6113bK0o 70
HM Ta Masi1 N-TUM NPOBIAHOCTI. 30BHILLHIN BUTNAL 4OCNIAHMX 3pa3KiB HaBeAEeHO Ha puc.
3.2.
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PucyHok 3.1 — Ecki3 cxeMn MeTofly peakTUBHOIO MOHHO-NPOMEHEBOIO PO3MNU/IEHHS

Ha pwvc. 3.2, a HaBefeHO 3HIMKM 4 JOCNIAHUX 3Ppa3KiB, L0 MICTATb MNIBKN OKCUAY
MONIGAEHY, CWHTe30BaHI 3a PI3HUX TemnepaTtyp, a TakKOX 4WCTY Migknagky 3
HaHOLIeNH0N03W. [laHNin 3HIMOK AEMOHCTPYE rapHy NPO30piCTb YMCTOI HAHOLENH/O03N,
fKa 3MEHLLYETLCS MPY OCapKeHi NAiBOK OKcMay monibaeHy. Kpim TOro, nomiTHO €
3MiHa 3abapBneHHA MIBOK Bif CBITN0-CIPOro A0 TEMHO-CIPOro Mo Mipi 3pOCTaHHA
TemnepaTypu ocakeHHs. Fonpu e 3pasku 3aMLwatoTbCa JOCTATHLO MPO30PMMM HaBITh
3a TemnepaTypu ocamkeHHa 150°C. MHyuUKICTb 0fepyaHux 3pasKiB MPoAeMOHCTPOBaHO

Ha puc. 3.2, 6.
20 °C

50 °C
100 °C

150 °C

HU

a) 9)
PucyHOK 3.2 — 30BHILLHI BUrNs4 NAiBOK OKCUAy MoNi6aeHy, 0CaikKeHnX Ha

MOBEPXHIO HAHOLE/KO/I03M: @ — I6MOHCTpaLis MPO30POCTi 3pa3KiB; 6 — AeMOHCTpaL,is

FHYYKOCTI 3pa3KiB
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3.2. JocaigkeHHsi moBepxHeBoi MopgoJiorii Ta XiMIiYHOI0 CKJaay TOHKHX

miiBok MoOy Ha miakaaakax 3 HI{

[MoBepxHeBa MOPOOria AOCNIAHNX 3pa3KiB AOCNIMpKYBanaca METOLO0M aTOMHO-
cunosol Mmikpockonii (ACM) 3a [0MOMOroH CKaHytuvoro 30HAO0BOrO MiKpockona
Nanoscope Illa Dimension 3000. T[lnowa ckaHyBaHHA mnoBepxHi 40x40 MKwM.
MaTtemaTyHa 06pobka 34iMicHIoBasaca y nporpami Image Analysis 2.1.2.

306paXkeHHs1 MOBEPXHIi 3pa3KiB B aTOMHO-CU/I0BOMY MIKPOCKOMI MoKa3aHo Ha puc.
3.3. lopiBHIOOYM MoBepxHeBY Mopdonorito 3paskiB Nel Ta Ned (TemnepaTypa
ocampkeHHs BignosigHo 20 °C T1a 150 °C), MOXHa no6ayvTtu, WO Mpv BULLMX
TemnepaTypax y MoOx 404aTKOBO CMOCTEPIraloTbCs CTPYKTYPHI YTBOPEHHS Y BUTNS4I

APIGHNX 3epeH.
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PucyHok 3.3 — ACM 306pakeHHs NoBepXHi 3pa3kiB: a — 3pa3ok Ne 1; 6 — 3pa3ok Ne 2; B
— 3pa3ok Ne 3; r — 3pa3ok Ne4; o — ymcta HL,

Ak BugHO 3 puc. 3.3,4, B HL, y CTpyKTypi Bi3yani3ytoTbCA Ma/IMYKOMNOAIOHI
BOMOKHA. [laHnin penbed 36epiraeTbes i y 3paskis 3 nokputTaM MoOy (pnc.3.3,a,6,8,r).

KinbKicHMIA aHani3 3aiicHIOBaBCA MO C.K.3. LWOPCTKOCTI, KA HaBefeHO Yy Tab/.
3.3. 3 Tabnuui BUAHO, WO 3a HU3bKMX TemnepaTyp ocampkeHHs MoOy, NOBEPXHSA CTae
6inbLW rnagkoto, 60 amopHa nniBKa 3rnagXkye HepiBHOCTI MigKnagku. Ona npuknagy,

C.K.3 wopcTkocTi 3pa3ka Ne2 Maike BABIYI MeHLUMIA, HIX Y 3pa3ka 6e3 0CagpKeHHs
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MoOy. Afe npy BUCOKMX TeMnepaTypax 0Ca[>KeHHS C.K.3. LLOPCTKOCTI 3HOBY 3POCTAE:
3pa3ok Ne 4, cuHTe3oBaHM npu Temnepatypi 150 °C, mae Take > 3Ha4yeHHs LbOro
napameTpy, AK i uncta HL,. Lle moxke 6yT 06yMOB/IEHO HAABHICTIO 3ePeH Y TOBLLi camoi

NIBKM OKCUAY MONIGAEHY.

Tabnuuyga 3.1 — CTpyKTYpHI napameTpu NoBepXxHi A4OCMIAHNX 3pa3KiB, BU3HAYeHI 3a

[0MOMOroH aTOMHO-CUI0BOT MIKpOCKOMIT

CepefiHe C.K.3.
MakcnumasibHa ]
3pasoK, No T, °C 3HaUeHHA LLIOPCTKOCTI,
BMCOTA, HM
BUCOTU, HM HM
1 20 0,56 0,12 0,047
2 50 0,47 0,14 0,066
3 100 0,44 0,096 0,056
4 150 0,45 0,2 0,089
HL, — 0,52 0,25 0,088

XiMiYHWIA cKnag TOHKMX NIBOK OKCUAY MOMibaeHy B1MBYABCA HA OCHOBI eHEPro-
ANCMEPCIMHOrO aHanisy, B SIKOMY PEeECTPYBa/IOCh XapaKTepUCTUYHE PEHTIeHIBCbKe
BUMNPOMIHIOBaHHA MOBEPXHI 3pasKy nif AI€l0  ONPOMIHEHHA  NPUCKOPeHUMU
efleKTpoHaMun. [na UbOro BWKOPUCTOBYBABCA CKaHYKOUMA eNeKTPOHHWUIA MiKpOCKOM
PEM-106U y pexxuMi efleMeHTHOro MikpoaHanisy.

3 HaBeAeHoOro Ha puc. 3.4 eHepro-avMcnepcimHOro PeHTreHIBCbKOro ChekTpy,
BUAHO, LLIO CMHTe30BaHi B po6OTI NAiBKM MICTATb MOMI6AEH Ta KMCeHb 6e3 CTOPOHHIX

[AOMILLOK.
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Cnexn 128

PUCyHOK 3.4 — EHepro-aucnepciiiHnii peHTreHiBCbKMiA CNeKTp NiBKKN OKCUay

MONi6aeHy

3.3. BuBYeHHSl ONTHYHHUX CIHEKTPIB MPONMYCKAHHHA THYYKHX CTPYKTYp

MoO,/HI|

BumiprtoBaHHS CMEKTPIB OMTUYHOIO MPOMYCKaHHA TOHKMX TMIBOK OKCUAY
MONibAeHY, OCa[PKEHMX Ha MOBEPXHI HaHOLE/NHM03K, 34iNCHIOBA/IOCh 3a A0MNOMOrOH
[BOXNPOMeHeBOro cnektpodgotometpa 4802 UV/VIS Double Beam Spectrophotometer
B AianasoHi A0BXWH xBWb Big 190 go 1100 HM. B pobGoTi BMBYaBCA BMNAWB 3rUHY
pagiycoMm 5 MM Ha BENMYMHY NPO30POCTi 3pasKiB B PI3HUX CMEKTPasibHMX Aiarna3oHax:
YO, puammomy Ta 4.

Uncra HaHOLeNt0103a Mae NPo30pIcTb Y AianasoHi Buamnmoro ceitna 73 %. lMicna
HaHeceHHsA niBKM MoOy LA BeiMuMHa 3MEHLUYETLCA B cepefHboMy Ha 25-30 %, Lo

06y|v|0|3neHo AoaaTkoB1M MorianHaHHAM B OKCUAHOMY MaTepiani.
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PucyHok 3.5 — CnekTpu Npo30pocTi 3paskiB 3 Pi3HOK TemMrnepaTypord OCapKEHHA Y

BUXigHomy (@) Ta 3irHyTomy (6) cTaHax

Tabnuuys 3.2 — 3MiHa KoedilieHTIB ONTUYHOrO NPONYCKaHHA AOCIAHUX 3pa3KiB

Mif yac 3rvHy B pi3HUX YaCcTMHAX ONTUYHOTO AianasoHy

AT, %
Ne 3paska Y®-fiana3oH Buanmunii giana3oH IY-aianasoH
(A =300 Hm) (A =600 Hm) (A =1100 Hwm)

HL 3,51 8,14 7,53
Nel 1,83 10,76 12,01
Neo?2 0,69 3,26 0,7

Ne3 0,22 6,67 15,31
Ned 0,28 4,95 3,91

3 puc. 3.5,a MoXKHa 6aunTK, AK TemnepaTypa OCaKeHHS BM/MBAE Ha CMeKTp

ONTMYHOrO MPOMYCKaHHS TOHKMX MAIBOK OKCMAy MONi6aeHy. 3pasku AeMOHCTPYHOTh

MOCTYNOBe 3MEHLUEHHS NPO30POCTi NpK 36iNbLLIEHHI TEMNepPaTypn ocafpKeHHS: Ha 4 % B

Y ® Ta Bugnmomy gianasoHi Ta Ha 8 % B 1Y obnacTi cnekTpy. OaepykaHa 3aKOHOMIPHICTb

Y3roMKYETbCSA 3 pe3ynbTaTamu, ofepxaHumu and nnisBok MoOx Ha KpucTaniyHin
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KpeMHieBin nigknagui [35]. 3okpema 3MiHa NPO30POCTi i3 3pOCTaHHAM TemrepaTypu
NoB’A3YETLCA 3 NepexoaoM Big 6inbL npo3opoi MoO3 asm a0 MeHWw npo3opol MoO,
(pasn. BapTo BiA3HAYMTN HM3bKY PI3HULIO MK KoeqiljieHTaMy NpPo30pocCTi AN 3pasKiB
Ne3 Ta N4, cnHTesoBaHMU 3a Temnepatyp 100 ta 150°C (puc. 3.5,a), Lo CBIAYATL NPO
HabKeHHSA 40 CTabinbHOT (asn.

Bnine 3rmHy 3paskis Ha CNEeKTPU ONTUYHOIO NPOMYCKaHHA NPOAEMOHCTPOBAHO Ha
puc. 5,6 Ta y Ttabn. 3.2. lNopiBHiotOuM puc. 3.5,a 1a puc. 3.5,6, BUAHO, WO 3rnHaHHSA
BUTrOTOB/IEHMX MJIIBOK 3MEHLUYE MPO30PICTb 3paskiB, L0, 0YeBUAHO, OOYMOBEHO
MOPYLLEHHAM YMOB reOMeTpUYHOT ONTUKM | 3aKoHY CHeniyca. Cnif 3BepHyTK yBary, Lo
Be/IMUMHA 3MeHLIEeHHSA KOoe®iLieHTY NPo30pocCTi B 3irHYTOMY CTaHi 3a/1eXWTb Bif 061acTi
CMEKTPY efIeKTPOMAarHiTHMX XBWnab. B Y® paianasoHi HafBHICTb 3rMHY NPakTUYHO He
BMN/IMBAaE Ha MpO30pICTb, & came BeNNYMHA 3MEHLLEHHA KOedilieHTa NPonyckaHHsA He
nepesuLLye 3,5 % AN YACTOT HAHOLIENTKONO3M Ta € MeHLLMM 1,8 % [A515 3pa3KiB 3 NaiBKaMm
okcuay moniéaeHy (tabn. 3.2). B Tou yac, aK y sugumomy Ta 14 gianasoHi Mae micue
3HAYHO BifNbLINIA BNANB 3rMHY — Bif, 7-8 % AN uncToi HaHouentonosm ao 12-15 % ans
NNiBOK OKcuAy mMonibaeHy. Lie Moxke 6yTn nNos’A3aHe 3 TUM, WO ANS AOBrOXBW/IbOBOro
BUMNPOMIHIOBaHHSA [JOBXWHA XBWAI CTae CNiBBUMIPHOK 3 pafliyCOM KPUBW3HW 3pasKy Y
3ITHYTOMY CTaHi, @ TOMY TaKy MeXy MoAiny He MOXKHa po3rnagatu ik HEOOMeXeHy y
npocTopi.

B poboTi TakoXX BCTAHOB/IEHO BM/IMB TeMMepaTypy OCapKEHHS M/IBOK OKCUAY
MONi6AeHYy Ha BEMUYNHY 3MEHLLIEHHSA MPO30POCTI NPY 3rnHi 3pasky. 3rifHo AaHuM Tabn.
3.2, HarbinbLwa 3MiHa koeqilieHTa nposopocTi AT (15,3 %) cnocTepiraeTbes A1 3paska
Ne3, w0 cuHTe3yBaBca 3a TemnepaTypu 100°C. MiHimManbHi 3MIHWU B ONTUYHIN
MPO30pOCTIi MakTb MicUue AN MAIBOK OKCuay MonibaeHy, CUHTe30BaHOro 3a
Temnepatypu 50°C (6113bKo 3 %). Taka 3HauHa BiAMiIHHICTb MeXaHi4YHNX BNaCTUBOCTEN
ABOX NMIBOK, 04YeBNAHO, 06YMOB/IEHA BIAMIHHICTIO IX ONTUYHMUX MOKa3HWUKIB (LUMPUHK
3a60POHEHOT 30HM, MOKA3HUKA 3a/I0M/IEHHS TOLLLO), L0 NOTPIBHO BpaxoByBaTy B MPOLECI

PO3POOKN THYUKUX NPWaLIB Ha X OCHOBI.



60

4. TOHKI MNTIBKW HIKEJTKO HA TTIAKNTAOKAX 3 HAHOLENTKON103U

4.1. TexnoJoriss cuaTe3y rHydkux cTpykryp Ni/HIL

BurotoBnieHHs nigknagok 3 HL, 3aiiicHIOBanocb TUMKM X MeTodamu 1

TEXHO/IOTIIMK, L0 6yNn onucaHi y po3gini 3.

MniBku Ni ocafKyBanmca MeTOL0M peakTUBHOro BYU MarHeTpoOHHOIo po3nuieHHs

B arMociepi aproHy B pexumi pobouoi Hanpyrn 600 B, ctpym crtaHosuB 1 A.

OcamkeHHs Bigoysasnoca 3a Temnepatypm 50 °C. Yac ocagkeHHs cTaHoBuMB Big 5 ao 30

XB. TeXHONOriyHa KapTa AocnifHuX 3pas3kiB HaBefeHa B 1abn. 4.1.

Tabnuus 4.1 — TexHonorivyHa KapTa 4OCNiAHMX 3Ppa3KiB

3pasoK Tun nigKnagku ToBLUNHA Hac TOBLH_MHa
ocakeHHs, XB | wapy Ni, MKM
5-1 Cutan 560 HM 5 0,12
5-2 HLJ, 30 MKM 5 0,12
10-1 Cutan 560 Hm 10 0,25
10-2 HL, 30 MKM 10 0,25
10-3 HLJ, 40 MKM 10 0,25
15-1 Cutan 540 Hm 15 0,37
15-2 HL], 10 MKM 15 0,37
20-1 Cutan 540 HMm 20 0,5
20-2 HLJ, 30 MKM 20 0,5
20-3 HL, 40 MKM 20 0,5
30-1 Cutan 540 HMm 30 0,75
30-2 HLJ, 30 MKM 30 0,75
30-3 HLJ, 40 MKM 30 0,75
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Ha puc. 4.1, a HaBefleHO 3HIMKW AOCNIAHMX 3PpasKiB, WO MICTATb NAIBKW HIKENO,
CWMHTe30BaHI 3a PI3HON0 4acy oOcafpKeHHA. [HY4YKICTb OfepXXaHuxX 3paskiB

MPOAEMOHCTPOBaHO Ha puc. 4.1, 6.

a)
PUCYHOK 4.1 — 30BHiLLHIA BUrNS4 NNiBOK HIKEN0, 0CaAPKEHMX HA MOBEPXHIO
HaHOLe/NH0/1031: & — AeMOHCTPALLIA TOHKMX LUWH HiKento; 6 — AeMOHCTpaList rHY4YKOCTI

3paskiB

[Mig Ni HaHocueca 6ytepHuiA wap Ti, ToBwmHO 300 |, Ans noKpaleHHs agresii
3 BUKOPUCTaHHSIM TOrO XX MeTody I pexumy, wo i npu ocamkeHHi Ni. eomeTpis
PE3NCTUBHNX €NIeMEeHTIB 3afaBasiaci MacKoK | fBnsia Co60K OfLHY TOHKY LUMHY,

[NOBXWHOK 7-10 MM Ta WnprHoK 1-1,5 Mm.

4.2. JocaigxeHHs: MOBepXHeBOI MOP(oJIOrii Ta XiMIYHOI0 CKJIAAy TOHKHX

miiBok Ni Ha migkaaakax 3 HIJ

[MoBepxHeBa MOPKOOria AOCMIMKYBanacad METOAOM CKaHYUOT €NeKTPOHHOI
mikpockonii (CEM) 3a gonomoroto mikpockona PEM-106U y pexumi BTOPUHHUX
eneKTPOHIB. [Mepenik 3paski., AKi BUKopuctosysanmch and CEM focnigkeHHA HaBeaeHi

y Tabn.4.2.
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Tabnuug 4.2 — TexXHOMOrYHi YMOBM CUHTE3Y 3paskiB A/14 nposefeHHs CEM

[OC/TIKEHHS

Ne 3pa3ka TemnepaT{pgmi/i SrvE, Yac 0Ca/pKeHHs!, XB
20-2-1 — 20
20-2-2 100 20
10-2-1 — 10
10-2-2 100 10

[Ona  pocnifpkeHHA  NoBepxHeBOl  Mopdponorii  Ta  XIMIYHOrO  cKniagy
BUKOPUCTOBYBa/ICb 4 3pasku, WO BIAPI3HAIMCL YacoM ocampkeHHs (10 Tta 20 xB), a
TaKOX HasABHICTIO/BIACYTHICTHO TEMNI0BOro BnvBy 3a Temnepatypu 100 °C (1abn.4.2).

Ha puc 4.2 TeMHO-Cipm 306paXkKeHO LWIMHY HIKento, a 3/1iBa Ta crnpasa Bij Hel —
nigKnagky HaHouesntonosn. Crnpaea po3ralloBaHe 30i/blieHe 300paXkeHHA WnHMU Ni. 3
puc. 4.2 BugHo, wo nniska Ni 36epirae penbed nigknagky HaHOLEMNHOMN03M, Ha AKY
HaHeceHui. Mpyn YoMy, LLO LiSIKOM 3aKOHOMIPHO, YMM TOBCTILLA NAiBKA HIKEN0, TUM

rnagkiwmm ctae penbed (puc. 4.2, a, 6).

‘WD=16.2mm 20.00kV x150




63

20.00kV 20.00kV  x500

20.00kV  x120

20.00kV  x100

PucyHok 4.2 — CEM 306paxeHHs 3pasKiB npu pisHOMY 36i/bLUeHHI: a — 3pa3ok 20-2-1;

6 — 3pa3ok 20-2-2; B — 3pa3oK 10-2-1; r — 3pa3ok 10-2-2
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OTpuMaHi pe3ynbTaTh CKaHyk4Ool efleKTPOHHOI MIKPOCKOMIT Y3roMKytTbCs 3
pesynbtatamy ACM, W0 HasefeHi Ha puc. 3.3 y po3aini 3, Ha AKUX Bi3yani3ytoTbCH
nasimyKonoAioHi BoslokHa. BapTo 3BepHy T yBary Ha CEM 306pakeHHs 3paskiB 10-2-1
Ta 10-2-2 (puc. 4.2, B Ta I), OCKi/lbKA CamMe BOHW HaWKpalle AeMOHCTPYOTb BM/UB
BiNany Ha CTPYKTypy. BuAHO, WO TemMnepaTypHUA BNAMB POOUTbL CTPYKTYPY OifibLL
KOHTpacTHO Ha CEM 3HIMKY, KOHTYPW BOJIOKOH YiTKIiLLIE OKPEC/IEHO.

XiMiYyHWUIA aHani3 3[iMcHI0BaBCA Ha OCHOBI eHepro-AvCcnepciiHMX CrekTpis,
BUMIpAHMX 3a gonomoroto npuctasky X-Akt Oxford Instruments go mikpockona PEM-
106U. XimMi4yHWiA NoeNleMeHTHWI aHani3 34iiCHI0BABCA B 06paHNX TOUKaX Mo MOBEpPXHi i
B uifomy no 3pasky (puc. 4.3). Touky 1 BubMpanun Ha cipiil 061acTi 3HIMKY B OKOi
BO/IOKHA. Touka 2 obupanacs B OKOJi fCKpaBo 6inoro Konbopy (y Micli CTOPOHHIX

AOMILLOK BiAMIHHOT XiMIYHOT NpMpoaw), a Touka 3 3arasibHa Mo M/oLli CKaHyBaHHS.

‘WD=16.5mm 20.00kV  x3.93k ! ‘WD=16.0mm

a) 9)
PucyHok 4.3 — CEM 306paxeHHS 3pa3KiB 3 NO3HAYeHHAM TOYOK A1

eHeprogucnepciiHoro aHaniay: a — 3pasok 20-2-2; 6 — 3pa3ok 10-2-2

Y Tab6/. 4.3 HaBefeHO pe3ynbTaTyi eHeproAMCcrnepcinHoOro aHanisy CUHTE30BaHMX
3pasKiB B pPeXxumi BIAOUTMX eNneKTPOHIB AN 36iNblLUeHHA KOHTPAcTy MK Pi3HUMMK

XIMIYHUMW eNleMeHTaMM Mo MOBEPXHi.
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Tabnuus 4.3 — Pe3ynbTaTvi eHepro-A1crnepcinHoro aHanisy

XiMiYHWIA cKnag, Touka 1, Bar % Touka 2, Bar % Touka 3, Bar %
3pasok 20-2-1
Ni 77,7 63,66 67,63
O 15,48 17,37 25,99
Fe 3,8 3,35 3,64
Ti 2,14 1,82 1,82
IHWI gOMILLKNK 0,88 13,8 0,91
3pasok 20-2-2
Ni 73,74 53,91 70,67
O 17,76 11,46 22,44
Fe 4,32 27,1 4,06
Ti 2,16 1,42 2,14
IHWI gOMILLKK 2,02 6,11 0,69
3pasok 10-2-1
Ni 42,61 — 35,78
O 48,86 — 56,65
Fe 2,43 — 4,13
Ti — — —
IHWI gOMILLKK 6,1 — 3,44
3pa3ok 10-2-2
Ni 30,54 7,24 23,58
O 59,17 47,47 68,83
Fe 3,14 — 2,89
Ti — — —
IHWI goMiLLKK 7,15 45,29 4,7

LlinboByM wapom € Ni, NPUCYTHICTb AKOr0 Y 3Ha4HI Mipi CNOCTepiracTbes B YCiX

3pa3kax: MacoBa YacTKa HiKe/o 3HaxoanTbca B Mexkax Big 30 fo 77 % i 3pocTae no mipi
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36INbLUEHHA TOBLUMHM nniBkW. onpu ue, 3rigHo Tabn. 4.3, iCHye YyMMana KifbKiCTb
CTOPOHHIX [AOMILWOK. HasfBHICTb KUCHIO KONMBAa€ETbCs B MeXax 15-59 %, a ioro
MPUCYTHICTb MOXHa MOACHUTN OKWUC/IEHHAM 3pa3KiB NPOTArOM [OBroro 4acy,
BUAINEHHAM KUCHIO 3 HL| abo HeJoCTaTHLO BUCOKMM BaKyyMOM Yy Kamepi pO3MnusIeHHS.
LLlo cTocyeTbes Fe Ta IHWNX MeTaniB, TO BILOMO, L0 Y NPUPOAI HiKe/b He 3yCTPIYaeTbCs
Yy 4nCTOMY BWUTNAA4I, TOMY [OMILIKA MeTasliB MOXHa Has3BaTW 3a/IMLLIKOBUMU MiCNs
BUAINEHHA HIKENO 3 pyau, WO NiATBEPAKYETLCA HAABHICTIO HEBE/IMKOT MacoBOT YacTKU
Luboro matepiany (He 6inblue 4 %). HasBHICTb Ha eHepro-gncnepcinHnx cnektpax Ti
3yMOB/ieHa 6ydepHMM LWapom, o HaHocuees nig Ni, npy YoMy BMICT L€l JOMILLKN He
nepesuLye 2 %. JOMILLKN HeMETasiB MOXYTb OYTW HAC/IAKOM MOPYLLEHHS CaHITapHO-
TEXHO/IOT IYHMX HOPM NMOBOKEHHS 31 3pa3kamu, OHaK TX BMICT He nepesuLLyBas 2% ans
TOBCTUX Ta 7% [N1A TOHKUX MAIBOK HIKENt0.

3a faHumu Tabn. 4.3 MOXKHa 3p06UTY BUCHOBOK, LLLO YMM MeHLLA TOBLUMHA NJTIBKY,
TUM GifbWUIMM € BMICT KWUCHIKO Y Hill, WO MOXe MOSCHIOBATUCS TPUBA/IUM YacoMm
MPoBeAEHNUM Ha NOBITPI. [0 TOro X, TemrnepaTypHuin BIANB NPU3BOANTbL A0 30i/bLUEHHS
MaCOBOI YaCTKM KWUCHIO Yy CTPYKTYpi | 3MEHLLEHHA BMICTY HIKeNto, WO MOACHIOETLCA

[A0AATKOB/M OKUC/IEHHAM TMif, Yac HarpiBaHHS.

4.3. BUuBYeHHS eJIeKTPUYHNX XaPAKTEePUCTUK rHYYKHX cTPYKTYp Ni/HI

4.3.1. [dochigxeHHs BOJbT-AMIEPHHUX XapPaKTepPUCTUK IJIIBOK. [19
BUMIPIOBAHHA  BOJ/IbT-aMMEPHUX  XapakTepUCTUK  BUKOPWUCTOBYBAIOCh  [LKEPeno
XuBneHHs  HM8143 Ta yHiBepcasibHuini MynbTumeTp MAS830. BiactaHb MK
KOHTaKTamu ctaHosuna 7 MM. B po6oTi focnifKyBaBCa BrIMB HACTYNHUX (DAKTOPIB Ha
BAX HikeneBux NniBoK: BUAY NiAKnagky (HeopraHiyHa TBepAOTiIbHA (CUTa) Ta FHyuYKa
biononiMepHa (HaHOLENH0/103a)), Yacy OCaXKeHHs HiKesno, Tenaoro Bnaney (Harpis Ao

100°C), mexaHI4YHOro BnauBy (BUrMH pafdiycom 5mm).



——3pa3ok 30-1
——3pa3ok 10-1
= 3pa30kK 5-1

—3pa3okK 20-1

I, mA
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3pasok 10-2
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3pa3okK 30-2
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I, mA
- 150

- 100

- 50

- -50

- -100

- -150

PucyHok 4.4 — Bnnue Yacy ocafpkeHHs Hikento Ha BAX 3paskiB: a — Ha cuTai;
6 —Ha HLY

Ha cutani, gk BuaHo 3 puc. 4.4, a BAX nniskn Ni niHiiHa i cumeTpuyHa. Mpu

HaHECEeHHI Hikeno Ha HL| NiHINHICTb Ta CUMETPUYHICTb 36epiracThbes, WO AEMOHCTPYE

puc. 4.4, 6. 3a gonomoroto Tabn. 4.4 Ta puc. 4.4 MOXKHa OLIHATY BNMB Yacy 0CapKeHHS

Ha onip 3paskKis.

Tabnuus 4.4 — Bnave BUAY MifIKNAAKN Ta Yacy 0CafyKeHHS MiBKM HiKe0 Ha 3HAUeHHS

onopy npwv Hanpysi 3 B

Tun nigknagKu 3pasok I, mA R, Om
5-1 12,9 232
10-1 4,6 666

Cutan
20-1 45,6 65
30-1 56,2 53
5-2 7,5 400
10-2 1,75 1740
HL|

20-2 56,5 53
30-2 1,5 x 10° 1,5 x 10°




68

BennunHa npoBigHOCTI NNIBOK BIAPI3HAETLCA, XO4 NAIBKA HAHOCUIUCS B OAHOMY
TEXHO/IOTIYHOMY UMKI Ha 06MABI NiAKNAAKK, a came: orip TOHKUX NIIBOK Ha nigkKnaaui
3 HL| nepesuLLye yaBiyi onip TMX cammx NNiBOK, OAHaK Ha cuTani. [nd TOBCTUX MNiBOK
HiKeto Ha HL, Taka 3anexHICTb NopyLyeTbes. LiNCcHO, AK BUAHO 3 puc.4.5,a 415 3paskis,
ocafpyKeHUX NpoTarom 5 xs, onip Ha nigknagui 3 HL, 3HayHO nepesuLLye onip naiBOK Ha
cutani. AKWo nniBka HiKeN ocagpkysanacb npotdarom 20 xB, TO ii onip Ha 060X
nigknagkax e ogHoro nopsgky. O4eBnMAHoO, Lie NOB’A3aHO 3 TUM, L0 OMip TOHKOT N/iBKU
HiKeN0 3HAYHO 3a/1eXNTb Bif MOPGONOriT NigKNaAKKW, aHK onip TOBCTOT MN/IIBKU.

Bnnme yacy ocampkeHHs Ha pPi3HMX MigKnafkax TakoX € Pi3HUM. BinbLlumia onip
cnocTepiraetbea y 3paskis 30 Ta 10 Ha HLL, meHLUKi1 onip MatoTk 3pa3kn 5-2 Ta 20-2. Ha
pe3ybTaTv BUMiIpHoBaHb 3paska 30-2 Morna BriMHyTK nopoLukonogioHa ctpykrtypa Ni,
TOOTO Ll 3pa3oK MOXHa BBaXKaTW He TexHoMorivyHuM. 3pa3ok 10 6yno CMHTE30BaHO
MiBPOKY TOMY, BHacniflok 4oro Oyfno MOX/MBE MOr0 OKWUCNEHHS. T1po HasiBHICTb
OKWC/IEHHA CBiAYMTb XiMIYHWIA aHani3, HasefeHW y Tabn. 4.3 n. 4.2.Ha cutani
CMOCTEPIraeTbCA CTiMiKa 3a/IeXHICTb: NPK BiNbLLIOMY Yaci OCaKEHHS HAHOCUTLCA NiBKa

6iNbLUIOT TOBLLUMHM 3 MEHLLMM 3HAYEHHSIM OMopy.

I,mA I,mA
30 5 120 4
100
—3pasok>-1 .o —3pazok 20-1 o
60
—3pa3okK 5-2 —3 -
10 pasok 20-2 44
uv uyv
20
7 6 -5 -4 -3 1 2 3 4 5 6 7 -7 -6 -5 -4 -3 -2 1 2 3 4 5 6 7
-10 -40
-60
-20 -80
-100
-30 -120
a) 6)

PucyHok 4.5 — Bninue Buay nigknagkm Ha BAX 3paskiB: a — Yac 0Ca)KeHHs 5 XB;

6 — vac ocampkeHHs 20 XB
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[lns BU3HAYEHHSA BNMBY TEMMEPATYPW Ha eNeKTPUYHI BNACTUBOCTI 3pa3KiB 3pasku
posirpisanunca y tepmoctati CLU-150 go 100 °C. He3anexxHo Bif TMny MiAKNaaKu naiBkKu
HiKeno 36epiratoTb NiHINHICTb | CUMETPUYUHICTbL BO/IbT-aMMEPHUX XapaKTepuUcTuK (puc.
4.6).

I,mA I,mA
20 120 A
[lo HarpiBaHHA 44

[o HarpiBaHHA
15

MicnAa HarpiBaHHA

. . 80
Micna HarpiBaHHA
10 60
40

20

50 o

[o HarpiBaHHA 40
. . 30

Micna HarpiBaHHA
20

10

100

80

[0 HarpiBaHHA

60
Micna HarpiBaHHA
40

20

[«»]

uv u,v
7 6 -5 4 -3 12 3 4 5 6 7 7 -6 -5 -4 -3 -2 1 2 3 4 5 6 7
-5
-40
-10 -60
-80
-15
-100
-20 -120
a) 6)
I,mA I,mA

A0
20
-30

-40

-50

B)

-40

-60

-80

-100

r)

PuUCyHOK 4.6 — TemnepaTtypHuin Bnane Ha BAX 3paskiB: a — 3pa30oK 5-2; 6 —

3pas3ok 20-2; B — 3pas3oK 5-1; r — 3pasok 20-1

Ha puc. 4.6 moxxHa criocTepiratvi BN/iMB HarpieaHHsA CTPYKTYp 4o 100 °C. 3pasku

Ha HLl, nokasaHi Ha puc. 4.6, a Ta B, IeEMOHCTPYHOTb 3MEHLLEHHA NPOBILHOCTI BHACNIA0K

TeMnepaTypHOro BnaMBY. 30BCiM MO-iHLIOMY MNOBOAATH cebe 3pasku Ha cutani,
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MPOBIAHICTb AKMX ab0 He 3MIHIOETLCA, ab0 [eLLo 3pocTae nicns HarpisaHHA (puc. 4.6, 6
Ta ). BaknMBo BIAMITUTK, LIO MIBKW HIKENKO Masiol TOBLUMHKM Ginblue NiffarTbea
TemnepaTypHOMY BMMBY: MPOBIAHICTb TakMX MNiBOK Ha HL| 3MeHLIyeTbCA Maike
BABIYI, & Y MNIBOK Ha CMTasTi MPOBIAHICTb Maike BABIYI 3pocTae. HaTomicTb y 3paskax
20-1 Ta 20-2 BNAMB TeMMepaTypy He TakuniA NOMITHWIA, 3 YOr0 MOXHa 3p06MTY BUCHOBOK

MPO KpaLy TePMOCTIMKICTb CTPYKTYP 3 GiflbLL TOBCTUM LLIAPOM HAHECEHOTO HIKENHO.

Tabnmuya 4.5 — Bnnue TemnepaTypu Ha 3HavyeHHSA onopy niBok Ni npu Hanpysi 3 B

T Onip go Onip nicnsa BigHocHa
M
_ 3pasok Bignany Bignany 3MiHa ornopy,
MiJKNagKm
R, Om R, Om %
5-1 233 129 -44
10-1 648 323 -50
Cutan
20-1 66 64 -3,1
30-1 53 50 -6
5-2 400 600 0,5
HLI 10-2 1714 1099 -35
20-2 53 56 4,6

BigMIHHICTb Yy TensI0BOMY BM/IMBI Ha BEIMYMHY OMOPY MIBOK, WO OAep>KaHi Ha
PI3HUX NiAKNagkax, nos’sa3aHa 3 MOX/MBMM OKWUC/IEHHAM MIBOK HiKento Ha HLL B
OiNbLIIA Mipi, OCKiflbKW KWCEHb MOXE HaaxoAuTW 3 MOoAIMepHOI MiAKNaaKu mnpu
HarpiBaHHi fo 100°C. 3 Tabn. 4.3. n. 4.2, BUAHO, WO BMICT KMUCHKO NpY 306iNbLUEHHI
Temnepartypu y 3paskax Ha HL| 3pocTas, a L, Y CBOK 4epry, MOr10 CrnpoBOKYBaTU
NiABULLEHHSA OMOPY LMX NIBOK.

AHasnoriyHo 3paskam 3 nniskoto MoOy, fKi Nigaasann mMmexaHivyHiin geopmauit,
FHYYKI NigKknagkuy 3 wapom Ni TakoX BUMIPHOBaINCA y 3irHyTOMY Ta BUXIAHOMY CTaHax

(puc. 4.7). Pasiyc BUrMHYy CTaHOBMB 5 MM, BIACTaHb M>K KOHTakTamu 10 mm.



PucyHok 4.7 — [locnigHa yctaHoBka s 3HATTa BAX cTtpykTyp Ni/HL, y 3irHyTOMY

CTaHi

Mig 4ac Ta nicns BWUIMHY CTPYKTYpu Ha HL, 36epiratoTb MiHIAHICTb
CUMETPUYHICTb BO/IbT-aMMEPHUX XapakTepuctuk (puc. 4.8).

I, mA

——3pa3oK 5-2 2 A
15

—3pasok 20-2

I,mA

£ 40
- 30
- 20

- 10

0

- -10

- -20

- -30

L _40

——3pas3oK 5-2

——3pa3oK 20-2

(VAY)

6)
PucyHok 4.8 — BAX 3pa3kiB Ha HLL: a — y BUXiAHOMY CTaHi; 6 —y 3irHyTOMY CTaHi

Y
o

- -10

- -20

- -30

L _40

Tabn. 4.6 LEMOHCTPYE, WO MPU BUTUHI pagiycoMm 5 MM 36i/bLIYETHCA OMip YCiX

3pa3KiB, 3a BUHATKOM 5-2, L0 MOXXe MNOSACHIOBATUCb BUOOBXEHHSAM I'IpOBi,EI,Hl/IKa Ta

3MEHLLEHHSIM Oro NOLLL NOMNePeYHOro CiveHHs. Y cepefHbOMY Onip 3pocTae Ha 40-44
%, TOMY MO>XHa BBaXXaTWl BM/NB 3rMHY 3HAYHVM.
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Tabnunusa 4.6 — Bnave BUrMHY Ha 3Ha4YeHHs onopy nnisok Ni npv Hanpy3i 3 B

Ctpymy Ctpymy Onipy Onipy
3pasok BUXiZHOMY 3ITHYTOMY | BUXIAHOMY CTaHi | 3irHyTOMY CTaHi
cTaHi I, mA | cTtaHi I, mA R, Om R, Om
5-2 0.8 1,1 3750 2727
10-2 1,45 0,765 2069 3922
20-2 28 19,91 107 151
30-2 0,088 0,049 34000 61200

4.3.2. locaigxeHHs TeMIIepaTYPHOI 3aJI€XKHOCTi ONIOPY CTPYKTYP

[Nna BM3HAYeHHA BMIMBY TeMrMepaTtypu Ha efeKTPU4YHi BNacTMBOCTI 3pasku
posirpisanmca y tepmoctati CLU-150 Big 20 o 100 °C. BiactaHb MK KOHTakTamu

CTaHOBMMa 7 MM 7151 3pa3KiB y BMXiAHOMY CTaHi i 10 Mm g1 3pasKiB y CTaHi 3ruHY.

R, Om R, Om
400 , £ 50
‘[\

350 e N
L 40

300
L 35
250 ——3pasok 30-2 L 30

200 ——3pa3ok 5-2 - 25

- 20

150 ——3pa3ok 20-2

- 15
100
- 10

50 .

0 > 0
10 20 30 40 50 60 70 80 90 100

PucyHok 4.9 — TemnepatypHa 3a/1eXKHICTb 0rnopy nniBok Ha HLJ,
AK MOXXHa 6aunTK 3 prc. 4.9, 3pasku 5-2 Ta 20-2 MatoTb TeMMepaTypHY 3a1eXKHICTb
TUNOBY NS TepMICTOpPIB. AKLWO po3rnggaTi 3pa3ok 30-2, To HeOOXIAHO BpaxyBaTH, LU0

A/191 HU3bKOOMHUX TePMICTOPIB Mae MicLe Apeid napaMeTpiB Npy Temnepartypi 6/1M3bKo
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70 °C, Wo  MOoXHa cnocTepiratv Ha puc. 4.9. INpu uboMy NoTpibHO He 3abyBaTtu Mpo

HecTabifbHy CTPYKTYPY LIbOr0 3pasKa.

R,Om
140 ,
e
120
——3pas3ok 30-1
100 ——3pa3ok 20-1
——3pa3okK 5-1

80

40

20

T,°C

0 >
10 20 30 40 50 60 70 80 90 100

PucyHok 4.10 — TemnepaTtypHa 3a1eXXHICTb 0rnopy NaiBOK Ha cuTani

MopiBHIOO4YM purc. 4.9 Ta puc. 4.10, BUAHO, WO Xif TEMMEPaTYPHUX 3a/1eXKHOCTEN
onopy Ha cutani Ta HL, KapauHanbHO Bipi3HAETLCA. BapTo 3BEpPHYTU YBary Ha 3pasku
5-2 Ta 5-1. LLi CTpYKTYpKn CMHTE3yBannCA 3a OAHAKOBUX TEXHOMOTIYHMX YMOB, & MatoTb
NPy LbOMY 30BCIM Pi3HI BUAWM TemnepaTypHOT 3a/IeXXHOCTI, TOX MOXHa 3poouTy

BMCHOBOK, LLIO came MifiKnagKa BranBae Ha onip 3paski..
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PucyHok 4.11 — TemnepaTypHa 3a/1eXKHICTb ONOpPY MNiBOK: a — 3pa3oK 5-1; 6 —

3pasoK 5-2; B — 3pa3oK 20-1; r — 3pa3ok 20-2

Ha puc. 4.11 nokasaHO 3MiHy Ornopy nifg 4ac TemnepaTtypHuX AOCNIAXKEHb
CTPYKTYp Ha cutani ta HL|. 3pasku Ha cutani AemMOHCTPYHTb 3a/IeXHICTb 0rnopy,
XapakTtepHy ans metanis (puc. 4.11,a,8). Kpusi nnisok Ha HL, matoTb xapakrep 6ifbLue
CXOXMWIN Ha HaniBnNpoBiAHWKOBMIA. [NnA TOro, w06 nepekoHaTucs B BIPHOCTI LbOro
BUCHOBKY AOCNigMmo TemnepaTypHuin KoediuieHT onopy (TKO) 3a opmynoto
HaBegeHow y [37]:
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_R L o0y
CTUT 'R 0

Ae dR — 3MiHa efleKTPUYHOro onopy R npwv 3miHi Temnepatypu dT.

Tabnuus 4.7 — TemnepaTypHUIA KoegiLieHT ornopy 3paskis

3pasok Tun nigknagKu TKO, %/ °C
20-2 -8,196 x 10*
HL|
5-2 -7,42 x 10
20-1 5,21 x 103
Cutan
5-1 6,68 x 10

3a gaHumm Tabn. 4.7, 3p06MMO BUCHOBOK, LLIO CMHTE30BaHI 3pa3ky Ha HLL — ue
TEPMICTOPK, OPIEHTYHOUNCh Ha Bif eMHe 3HaveHHA TKO. 3 i€l » Tabnuui BUAHO, WO
3pasky Ha HLL € 6inbl YyTAMBUMK, NOPIBHAHO 3 CUHTE30BAHMMM Ha CUTasi NiBKamu.
Bapto TakoX Big3HaunTM Hesenuky 3miHy TKO 3paskiB Ha HL| B 3anexHoCTi Bifj
ToBWMHK wapy Ni i yacy ioro ocamxeHHs (He 6inbwe 10 %). 3Hatoun, wo TKO
[POTOBOr0 HiKeNM CcTaHOBWUTb MoHag 0,63 x 10 % / °C, MOXHa NpUNYCTUTK, LLIO
BIAMOBIAHMI KOeMiLiEHT NMIBKOBOro Hikento 6yge MeHWMWA Ha 1-2 MOpagky, Lo
Y3ropKYETbCSA 3 pe3ynbTaTamu, HaBeaeHUMN y Tabn. 4.7.

3pasku TakoX AOCNiAKyBaM LWOALO BMNANBY 3rMHY Ha TemrepaTypHY 3a/1eXKHICTb
onopy (puc. 4.12). 3pa3ok 5-2 BHacNifoK TemrepaTypHOro BM/MBY BUSBMBCA
HETEXHONOrYHMM, TOMY Oro Po3rnisgaTn y nofasbLiomy He 6yaemo.

3rigHo puc. 4.12, kpuBi onopy, AKi y BUXIAHOMY CTaHi [EMOHCTpYyBa/u

HaniBMpoBiAHNKOBUIA XapaKTep, Nif Yac BUrMHy rnokasytoTb cebe K MeTasu.
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a) 6)

PucyHok 4.12 — TeHAeHUIT TeMnepaTypHUX 3a1eXXHOCTEN onopy : a — 3pa3ok 30-2; 6 —
3pa3ok 20-2

TemnepatypHi 3a1eXHOCTI MNiBOK Ha HL| onucytoTbca ABOMa 3a/1IEXXKHOCTAMU —
NiHiHOO (TMNOBa AN18 MeTasiB) Ta eKCNOHEHLia/IbHO (TUMOBA AN5 HariBMPOBIAHNKIB)
(pnc.4.11). MoxkHa npunycTUTK, WO ABULLE e/IeKTPOMPOBIAHOCTI 3aN1eXWTb Bif 4BOX
KOHKYPYHUMX MPOLECIB, WO MPOTIKATb B OKUC/NEHIA | MeTaneBiin asi. OyeBngHO,
MeXa MK UMK hasamm nexxuTb came Ha Mexki Ni/HL,. BHYTpPiLWHIA wap AeMOoHCTpye
HarniBMpPOBIHNKOBI  XapaKTepUCTUKM (OKUCMeHa (Pas3a), 30BHILUHIA LWap MAiBKM
HaTOMICTb — Lie MeTasieBa (pasa. MoTpPi6HO TakoXK 3rafaTtu, WO aaresiviHuin wap, SKUm
HaHOCWBCA Nif HiKesb, CKNafaBcs 3 TUTaHy, LLO € BiJOMUM reTepoM. BiH, y CBOIO yepry,
MOXe eKCTparyeaT KWUCeHb 3 OpraHiyHoi nigknagku nig 4vac TemrepaTtypHuX
BUMIptOBaHb. 3BIACK Nij Yac BUTMHY 3pa3KiB Mae MicCLe 3p0CTaHHS 30BHILLIHLOIO Kparo
MNiBKW, e MepeBaXae MeTasieBa asa, a TOMY MNPEBAOE METAIEBUA XapakTep

TeMnepaTypHOI 3a/1eXXHOCTI oropy.



4.4. BuB4eHHs1 MeXaHIYHUX XapaKTEePUCTUK rHY4YKHX cTpyKTyp Ni/HI{

BunpobyBaHHA Ha MexaHi4Hy CTIAKICTb 34INCHIOBA/IUCb HA PO3PUBHIN MaLLVHI

PMB-30-2M. TMpn po3TarysaHHi 3pa3oK AeopMyBaBcs Nif, AIEH0 HaBaHTAKEHHS, SIKe

MOCTIMHO 3pOCTao [0 PYMNHYBaHHA 3pasky. [aHuii BUA AOCAIIKEHHS NPOBOAMBCH 3

METOH OLIHKM MILHOCTI, NJacTUYHOCTI CeHcopa Ha OCHOoBI HLJ 3a yMOBWM CTaTU4YHOrO

HaBaHTaXXeHHA.

Tabnuua 4.8 — 30BHiLLHIN BUrNag 3paskis Ni/HL],

3pasok

Yac
OocCag)KeHHsA

Ni, xB

TOBLLUNHA,

Ni, MKM

CeomeTpis

pesucTopa

306paXkeHHs peaucTopa

10-3

10

0,25

CyuinbHa

nniBKa

ToHKa

WnHa

20-3

20

0,5

CyuifnbHa

nniBKa

ToHKa

nHa

30-3

30

0,75

CyuinbHa

nniBKa

ToHKa

lWnHa

Y [ocnifXeHHAX BUKOPUCTOBYBa/IMChb 3pa3Ky 3 Pi3HOK TOBLUMHOK MNiBKU Ni

(0,25 — 0,75 mKMm) Ta reomeTpieto (CyuisibHa NiBKa, L0 BKpMBana BCO nigknaaky HL,
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ab0 TOHKa LUKMHa, ocakKeHa B3A0BX nigknaaku HL) (tabn. 4.8). BapTo 3a3HaunTu, Lo
BHACMILOK HWM3bKOTEMMNepaTypHOI TEXHONOriT ocagkeHHA npotaroMm 30 XB CyuifibHa
NNiBKa HIKeN0 Mana MOPOLLUKONOAIOHWI XapaKTep, TOMY TaKUN pPeXuMM He €

TEXHONOTIYHUM AN NOAANbLUNX PO3POOOK.

Tabnmug 4.9 — Pe3ynbtaty BUNPo6yBaHb Ha MeXaHi4yHy MILHICTb

4 MiLHICTb
ac
ToswwuHa | M'eomeTpis | LunpuHa, | ToBwmHa, | Po3pmBHa Ha
OCa[>KEHHSA _
Ni NI, MKM | pe3ucTopa MM MKM Cuna, Krc | pospwms,
I, XB
Ml Ta
0 (uncta
— — — 41 — 13,8
HL)
CyuinbHa
yu,- 15 76 2,2 22,8
nniBKa
10 0,25
ToHKa
15 73 2,5 19,63
LWMHa
CyuinibHa
yu,- 14 60 3,7 44,05
nniBKa
20 0,5
ToHKa
9 70 1,2 19,5
LIMHa
CyuifnbHa
] 14 72,5 2,25 22,17
nniBKa
30 0,75
ToHKa
11,5 73 1,6 19,6
LWMHa

Tabn. 4.9 4eMOHCTpPYE, WO HaHeceHHA Ni Ha MOBEPXHKO MOKpaLLye MILHICTb Ha
PO3PVB HaBiTb MPU TOHKINM LUWHI: MILHICTb 3pocna Maike Ha 6 % MOPIBHAHO 3 YUCTOKD
HaHoLe/n01030t0. Cnig TakoXK 3BepHYTW yBary Ha Te, WO CyUi/fibHa NiBKa HiKeo

[03BONSE AOCATHYTN Maidxe BABIYI BiNbLLOT MiLHOCTI, NOPIBHAHO 3 unucToro HLL. Taki
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pe3y/nbTaT MOXXHAa JIErKO MOACHUTW, 3rafasluy, WO MeTasM BOJIOAIOTb BUCOKUM
3HaYeHHAM MILHOCTI Ha po3puB, AKe ANA Hikeno ctaHoBuTb 190 — 210 Mlla, Tomy
HaHeceHHA nniBKM Ni Ha nigknagky nokpallye MiLHICTb YCIEl CTPYKTYpu. 3rigHo
pe3ynbTaTiB Tabn. 4.9, AKi CTOCYHTbCA TOBWMHM wapy Ni Ta MILHOCTI CTPYKTypw,
MOXHa 3p00MTN BMCHOBOK, LU0 MILHICTb 3pa3ka He 3a/1eXX1Tb Bif TOBLUWHU M/IBKM
HIKeNo A1 3paskiB 3 TOHKOK LUMHOK. HaToMICTb CyuisibHa nniBka 36i/1blye MiLHICTb
Ha PO3pPWUB NPOMOPLIAHO TOBLUMHI LLAPY HiKen — MiLHICTb 3pocna maike Ha 50 % npu

HaHeCeHHI BABIYI TOBCTILLOT M/iBKM,
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BUCHOBKWN

[ig yac BUKOHaHHA AUMIOMHOT po60TK 6YN0 3A4INCHEHO NiTEpaTypHUIA Ornsg no
TEXHO/IOTIT BUIOTOB/IEHHA Ta METOAMLI AOCNIAKEHHS THYUYKUX CEHCOpiB, BCTAHOB/IEHO
(hi3NYHI BNAaCTMBOCTI HAHOLLENH0M03M AK 6I0PO3K1agHOro Martepiany nigKnagku.

B ekcrnepMMeHTa/IbHIn  YacTMHI  6yn0  po3pobMeHO  HU3bKOTEMMEpPaTypHY
TEXHOMOrIK0 CUHTe3y TOHKMX MIBOK OKCMAY MONi6AeHy Ha MOBepxHi MiAKNagok 3
HaHOLe/110/1031 METOAO0M MOHHO-MPOMEHEBOI0 PO3MUIEHHSA Ta 0CaPKEHO MIBKUN HIiKe/0
mMeTogomM BY marHeTpoHHOro posnunieHHA Ha nosepxHio HLL ta cutany. JocnimkeHo
BM/MB 3rMHY, TemrepaTypy i 4acy OCa[pKEHHA Ha CTPYKTYpYy Ta XiMiYHWIA CKnag,
eMIEKTPUYHI Ta ONTUYHI XapakTePUCTUKM NIBOK A1 3aCTOCYBaHHA B NMpuiafax rHy4Kol
e/IEKTPOHIKMN.

BcTaHOBMEHO, WO MiHIMa/IbHY 3MIHY OMTUYHOrO MPOMYCKaHHA MpU  3rUHI
CTPYKTYpY pagiycom 5 MM Yy BCiX TpbOX fAianasoHax onTU4HOro cnektpy (sig 0,7 go
3,3%) MOXXHa AOCATHYTW ANS NAIBKM OKCUAY MONIGAeHY, OCa[pKEHOT 3a Temrnepatypu
50°C npotdarom 10xs.

Cepep, 3pasKiB 3 LIAPOM HIKeNH MOXKHa BUAINUTYK MAIBKY, L0 OCa[iKyBaiaca 3a
Temnepatypu 50°C npotsarom 20 XB, OCKiNIbKN BOHa BONOAi€ HANKPaLLMMK MeXaHiYHUMU
B1IACTUBOCTAMM (MILHICTb Ha po3pvB 40 44 MITa), BIAHOCHO BMCOKOK TEMMNEPATYPHOLD
uyTnuBicTio onopy (TKO =-8,196 x 10 %/°C) y TemnepaTypHOMYy Aiana3oHi Big 20 o
100 °C, rapHOHO peBepcUBHICTIO (BIigHOCHA 3MiHa oOrnopy nicna npoBeAeHHs
TeMnepaTtypHuUx [ocnifpKeHb He nepesullye 5%). Mpu UbOMY Onip LIEI CTPYKTYpU
3MIHIOETLCA Mif BNAVBOM 3rMHY pagiycom 5 mm Ha noHag 40 %.

OpepxkaHi 'y poboTi pe3yibTaTi MOXYTb 6y TN BUKOPUCTaHi Mpu po3po6LLi rHYYKMX
CEHCOpiB Ha OCHOBI HAHOLIENKO/103M 3 BUKOPUCTaHHAM (PYHKLIOHAIbHUX LLApiB OKCUay

MONIGAEHY Ta HIKeH.
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