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Pedepar:

1. Inceprais npucBS4Y€eHa pO3BSI3aHHIO aKTyaJIbHOTO HAyKOBO-TE€XHIYHOTO 3aB/IAHHS 3 €KCIIEPUMEHTAJIBHOTO
IIOCTIiIKEHHS Ta MOJIeJII0BaHHSI HAHOKOMITO3UTIB 3 MiIBUIIIEHOI0 BOTHE3axMCHO0 e(EeKTHUBHICTIO [1J1s1 CEHCOPHO]
€JIEKTPOHIKU. BOHa BKJII0Ya€e KOMIJIEKCHE BUBUEHHS! (Pi3VKO-XiMiYHUX aCIEKTiB OJIEP>KaHHSI HAHOKOMIIO3UTIB,
aHaJli3 TEXHOJIOTTYHUX NapaMeTpiB [Jid NOCATHEHHS MaKCUMAaJIbHOI TEPMIYHOI CTIMKOCTI Ta ONTUMAaJIbHUX
€JIEKTPUYHMX BJIACTUBOCTEN. JlucepTallisi TAKOXK OXOIII0E€ BUKOPUCTAHHS KOMITIOTEPHOTO MOJIE€JIIOBAHHS [1JIs1
IIPOTHO3YBaHHS [IOBEiHKY MaTepiasliB I/l BIIJIMBOM 30BHIIIHIX (i3MYHUX I10J1iB, @ TAKOXK [1J11 pO3POOKU METOMK
OLIiHKM N€PCIEKTUB MiBUIIEHHS BOTHECTIMKUX BJIACTUBOCTEN Ta PO3MUPEHHS (QYHKIIOHAIBHUAX 3aCTOCYBaHb
KOMIIO3UTHUX MaTepiasliB 3 10JaBaHHIM ByIJIeLleBUX HAHOTPYOOK B yMOBax eKCILTyaTalii. ¥ nepmomy posazini
IIPOBENIEHO JIITEPATYPHHUX OIJIAL, IOA0 TEXHOJIOTIN Oflep>KaHHS HAHOKOMIIO3UTIB, METOZ0JIOTIH iX Oflep>KaHHS.
[TokaszaHo, 10 10faBaHHS HAHOPO3MiPHUX €JIEMEHTIB HAIIOBHEHHS, TAKUX SIK HAHOUYACTUHKHU, HAHOTPYOKH, Y
IieseKTpUYHy MaTPULIO JO3BOJII€ CUHTE3yBaTU MaTepPiaiu 3 iCTOTHO MOKpaIleHUMU (Pi3MYHMMU BIACTABOCTSIMU.

[Torpu 3HayHMi 06'€M [OCIIIPKEHb Y Ll 06s1aCTi, MpobiemMa BOrHETPUBKOCTI LIMX MaTepiasiB 10 KiHIs He BUBYEHA i



NoTpedye JOAATKOBUX OCIIKeHb. Y IPYroMy pO31ijli IPeCTaBlIE€HO OCOOJIUBOCTI OfepKaHHS HAHOKOMIIO3UTIB B
BMICTOM OJIHO- Ta 6araTOCTiHKOBHX HAHOTPYOOK, a TAKOXX €KCIIepUMEHTaJIbHI METOIUKY iX NOCIIiIKeHHS Ta
TEOTEepPUYHi MoJeJIi 111 KOMITIOTEPHUX CUMYJISILiH. ONK1caHO METOJI0JIOTI0, @ TAKOX IIPOrpaMHO-anapaTHe
3abe3ne4eHHs 1151 €JIEKTPUYHOI XapakTepu3allii HAHOKOMII03UTiB. [IpoaHanizoBaHo crienu@iky NOCTaHOBKU
€KCIIEPUMEHTIB METOAMY IMIIEIAHC-CIIEKTPOCKOITi, MiIX0AY 4O OIPALIOBAHHS OJ€P>KaHUX CIIEKTPIB IMIIEHAHCY Y
PaMKax pi3HUX aJIFOPUTMIB, IPOLEYPY BiiOOPY Ta aHasi3y pe3ybTartiB, crieludiky MOJesI0BaHHS
€KCIIEPMMEHTAJIbHUX CIIEKTPIB METO/IaMU €KBiBaJI€EHTHUX KiJl. [IpeficTaBieHo 3alpOIIOHOBAaHY METOAMKY
BUMIpPIOBaHHS TEPMIYHUX BJIACTUBOCTEN MOJIMEPIB 3 JOMIIIKaMU BYTJIE€LIEBUX HAHOTPYOOK. Y TPETbOMY PO31isi
[IpeJCTaBJIEHO Pe3yJbTaTy TEOPETUYHUX OCIiIKeHb HAHOKOMITIO3UTiB, CGOPMOBAHUX [OIaBaHHIM
HAaHOPO3MIpHUX €JIeMEHTIB HallOBHEHHSI (HAHOTPYOOK) y IlieJIeKTPUYHY MATPUILI0. 3alIpOIIOHOBaHA CUCTEMA
YMCEJIbHOTO MOJIE/IIOBAaHHSI HAHOTPYOOK Y [lieJIEKTPUYHOMY CE€PEIOBUII, SKa [03BOJIs€ TapaMeTPU3aLIilo
BJIACTUBOCTEN Ta Bidyasiisalilo pe3yJbTaTiB 3 BUKOPMCTAHHSIM Pi3HUX (POpMasIi3MiB OIIMCY €IeKTPOIPOBiAHOCTI.
Mopesnb BpaxoBye edeKT TyHeJbHOI IPOBIIHOCTI, 1110 Ma€ 3HAYHUU BIIMB Ha €JIEKTPUYHi B3aeMOJii Mix
HAaHOPO3MipHMMHU 00'eKTamMU. CUMYJISLII OBOASITh MOXJIMBICTh KOHTPOJIIO HAaJ, Opi€HTAlliel0 HAHOTPYOOK y
riopuaHMUX KOMIIO3UTAX 3a JOMOMOTOIO 30BHIIlIHIX MOJIiB, TAKUM YMHOM, BKa3yl04M Ha MOXKJIUBICTb AMHAMIYHOTO
KEPYBaHHS iXHIMM €JIEKTPUYHUMH BJIACTUBOCTIMU. [IIJI5IXOM PO3PpaxyHKIB [1719 MOJEJIi [T0Ka3aHo, 10 MIPU BiCTaHi
TYHEJIIOBaHHS y MeXax 1,5-3 HM NPOoBigHICT HAHOKOMIIO3UTY focsarae 50 Cm /M py 06'eMHil KOHLEHTpaLLii
HaHOTPYOOK 2%. 36i1bL1€HHS BiJHOLWIEHHS JOBXUHU HAHOTPYTPYOOK 10 Aiamerpa 1o 120, mo3BoJisge NOCIATHYTH
nposigHocTi 90 CM/M npu KoHLeHTpauii He 6inbmiii 3a 0,05%. Y 4eTBepTOMy pO34iji NIpeACcTaBlIeHo pe3yJIbTaTu
€KCIIEPUMEHTAJIbHUX OCIIIKEHb BJIACTUBOCTEN HAHOKOMIIO3UTIB. /17151 EKCIIEPUMEHTIB Ta OL[iHKA MOKJIUBOCTEN
IIPaKTUYHOTO 3aCTOCYBaHHS (POPMyBaIMCs KOMIIO3UTHI HAHOCTPYKTYPH «IIOJIIMEP — OJHOCTIHKOBI ByIJl€lleBi
HAHOTPYOKU» Ta «I10JiMep — 6araTOCTiHKOBI ByIJylelleBi HAHOTPYOKU». [Toka3aHo, 110 arperatist HAHOTPY6OK
ycepevHi IoJliMepy OiJibllle BIaCTHBA KOMIIO3UTAaM Ha OCHOBi 6araToCTiHKOBUX HaHOTPYOOK. [IpoBenieHo
KOMIIJIEKCHE OCJIIPKEHHS 3MiH €JIEKTPUYHOTO ONOPY OAEPKAHUX HAHOKOMIIO3UTHUX CTPYKTYP Bill TEMIIEPATYPH,
4aCTOTY MPUKJIANIEHOI 3MIHHOI HalIpyTy Ta 4031 NOIJIMHYTOro 6eTa- Ta raMMa-BUIIPOMiHIOBaHH:. [1oka3aHo, 10
I0JIJaBaHHSI HAHOTPYOOK 10 [OJliMepy MifIBUIIly€e eJIEKTPOIIPOBIIHICTb Ta MOKPallye YyTJIMUBICTb N0 pafialiliHOro
BIIMBY. [TokazaHo, 1o pafiauifiHi fedeKkTH, sSKi CTBOPIOIOTHCS MicsIs TOIJIMHAHHS 103U BUIIPOMIiHIOBAHHS,
IIPU3BOJSATS 4O CTBOPEHHS PiBHIB 3aXOIJIEHHS, 10 BUBIJIbHSIOTHCS i 1AI0Th BHECOK Y €JIEKTPOIPOBiIHICTh
HAaHOKOMIIO3UTIB y Mexax Temneparyp 230-260 K. [locimKkeHO TepMidHi BIaCTUBOCTI HOHOKOMIIO3UTIB, SIKi
BM3HAYaIOTh iX BOTHECTilKiCcTh. BU3HaUYeHO, o CTYIiHb AUCIEPryBaHHS HAHOTPYOOK y ITOJIiMepHil MaTpuLi
Biflirpae 3Ha4yHy pOJib y PeryyioBaHHI BOrHE3axUCHOI € peKTUBHOCTI HAHOKOMITIO3UTIB. JI7151 TenioBoro npodimio
3pasKiB 3 4aCOM AUCIEPryBaHHsS HAHOTPYOOK 2 TOJ1 XapaKTEPHOIO € MiKoBa pi3HuL Temneparyp y 55 oC, Tofi siK
D715 3pa3KiB 3 YacoOM AMCIIepPryBaHHS HAHOTPYOOK 1 rox Taka pisHuLs He nepesuinye 50 oC. Ha ocHOBI
IIOPiBHSIJILHOTO aHasli3y JUHAMIKU [lepeadi Tersia oliHeHo, 110 30ibIIeHHs Yacy AUCIepryBaHHs Ha 1 rog
IIOKpalllye BOTHETPUBKICTb Ha 15%. BCTaHOBJIEHO BIIJIMB TUIY Ta KOHLIEHTPaLlii HAHOTPYOOK 3 YMCTOTOM0 IoHaz, 95%
Ha T€PMiyYHi XapaKTEPUCTUKH IOJIIMEPHMX HAHOKOMITO3UTIiB. ONTUMAaIbHNAN KOHLEHTPALIMHN [iara3oH AJ1s1
IOCSATHEHHS MOKpalleHoi TepMiuHy CTabiIbHICTh Ta TEIJIONPOBiTHOCTI Mae Mexi 1,5-2,5%, a 3amiHa OJTHOCTIHKOBHUX
BYIJIELIeBUX HAHOTPYOOK Ha 6araTOCTiHKOBI I1pY iHIINX iI€HTUYHMX YMOBAaX I1IOKpalllye BOTHETPUBKICTb KiHIIEBOTO

HaHOKOMIIO3UTY OPi€HTOBHO Ha 25%.

2. The thesis is devoted to the solution of the actual scientific and technical task of experimental research and
modeling of nanocomposites with increased flame retardant efficiency for sensor electronics. It includes a
comprehensive study of the physical abd chemical aspects of obtaining nanocomposites, analysis of technological
parameters to achieve maximum thermal stability and optimal electrical properties. The work also covers the use
of computer modeling to predict the behavior of materials under the influence of external physical fields, as well as
to develop methods for evaluating the prospects for improving fire-resistant properties and expanding the
functional applications of composite materials with the addition of carbon nanotubes in operational conditions. In
the first chapter, a literature review was conducted on nanocomposite manufacturing technologies and their
manufacturing methodologies. It is shown that the addition of nanotubes to the dielectric matrix allows the



synthesis of materials with significantly improved physical properties. The problem of fire resistance of these
materials has not been fully studied and requires additional research. The second chapter presents the
peculiarities of obtaining nanocomposites containing single- and multi-walled nanotubes, as well as experimental
methods of their research and theoretical models for computer simulations. The methodology, as well as software
and hardware for the electrical characterization of nanocomposites are described. The specifics of setting up
experiments using impedance spectroscopy methods, approaches to processing the obtained impedance spectra
within the framework of various algorithms, the procedure for selecting and analyzing results, and the specifics of
modeling experimental spectra using equivalent circuit methods were analyzed. The proposed method of
measuring the thermal properties of polymers with carbon nanotube impurities is presented. The third section
presents the results of theoretical studies of nanocomposites formed by adding nanotubes to the dielectric matrix.
A system of numerical modeling of nanotubes in a dielectric medium is proposed, which allows parameterization of
properties and visualization of results using various formalisms for describing electrical conductivity. The model
takes into account the tunneling effect, which has a significant impact on electrical interactions between
nanoscale objects. The simulations demonstrate the possibility of controlling the orientation of nanotubes in
hybrid composites with the help of external fields, thus indicating the possibility of dynamic control of their
electrical properties. Calculations for the model show that with a tunneling distance of 1.5-3 nm, the conductivity
of the nanocomposite reaches 50 S/m with a volume concentration of nanotubes of 2%. Increasing the ratio of the
length of the nanotubes to the diameter to 120 allows to achieve a conductivity of 90 S/m at a concentration of no
more than 0.05%. The fourth chapter presents the results of experimental studies of the properties of
nanocomposites. It is shown that the aggregation of nanotubes inside the polymer is more characteristic of
composites based on multi-walled nanotubes. A comprehensive study of changes in electrical resistance of the
obtained nanocomposite structures as a function of temperature, frequency of applied alternating voltage, and
dose of beta and gamma radiation was carried out. It is shown that the addition of nanotubes to the polymer
increases electrical conductivity and improves sensitivity to radiation exposure. It is shown that the radiation
defects that are created after the absorption of the radiation dose lead to the creation of capture levels that are
released and contribute to the electrical conductivity of nanocomposites in the temperature range of 230-260 K.
The thermal properties of nanocomposites, which determine their fire resistance, have been studied. It was
determined that the degree of dispersion of nanotubes in the polymer matrix plays a significant role in regulating
the flame-retardant efficiency of nanocomposites. A peak temperature difference of 55 oC is characteristic for the
thermal profile of samples with a nanotube dispersion time of 2 h, while for samples with a nanotube dispersion
time of 1 h such a difference does not exceed 50 oC. Based on the comparative analysis of heat transfer dynamics,
it is estimated that increasing the dispersion time by 1 hour improves fire resistance by 15%. The influence of the
type and concentration of nanotubes with a purity of more than 95% on the thermal characteristics of polymer
nanocomposites was established. The optimal concentration range for achieving improved thermal stability and
thermal conductivity has limits of 1.5-2.5%, and replacing single-walled carbon nanotubes with multi-walled ones
under otherwise identical conditions improves the fire resistance of the final nanocomposite by approximately
25%.
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VII. BizomocTi npo odiniiHHX ONIOHEHTIB Ta PELeH3€HTiB
OdiuiiiHi OTIOHEHTH
Baacwue IlpizBumie Im's Ilo-6aTbKOBI:

1. JIynboB Cepriit BanenTuHOBHAY

2. Serhii V. Lunov

KBasigikanis: x. ¢.-m. u., npodecop, 01.04.10

Inentudikarop ORCID ID: 0000-0003-0737-8703

JonaTkoBa iHdopmanist:

IloBHE HaliMEeHYBaHHS IOPUAHYHOL 0CO0H: JIylbKuil HAL[IOHAJILHUI TEXHIYHUI yHIBEPCUTET
Kopg 3a €IPIIOY: 05477296

Micue3HaxoaKeHHS: ByJL. JIbBiBCEKa, OYA. 75, JIynbK, JIyipkuii p-H., 43018, Ykpaina

dopma BracHOCTI: /lepxasHa

Cdepa yIIpaBJIiHHﬂ: MiHicTepcTBO OCBiTH i HayKU YKpaiHu

InenTudikarop ROR:

BiacHe IIpizBuie Im'sa I1o-6aTbKOBI:

1. Ili>xx borman PomaHnoBu4

2. Bohdan R. Tsizh

KBasigikanis: 1.1, npodecop, 05.27.06
I,quTlfI(biKaTOp ORCID ID: 0000-0002-1319-1016
HoparkoBa indopmamnist:

IloBHe HaliIMeHYBaHHS IOPUAHYHOL 0CO0H: JIbBiBCHKMIl HAIiOHAILHUT yHIBEPCUTET BET€PUHAPHOT

MeIoUuUMHM Ta 6ioTexHosorii iMeHi C. 3. I'>KUIbKOTro

Kog, 3a €IPIIOY: 00492990

Micue3HaxoaKeHHS: By [Tekapcoka, 6yz. 50, JIbBiB, 79010, Ykpaina
dopma BracHOCTI: JlepxasHa

Cdepa ynpaBiriHHS: MiHicrepcTBo OCBiTH i HAayKu YKpaiHu

InenTudikarop ROR:

Penensentu



BiacHe IIpizBuie Im'sa I1o-6aThKOBI:
1. Kynuk Bonogyumup Bosogumuposuy

2. Volodymyr V. Kulyk

KBasigikanis: x. 1. 1., gou,, 05.02.01

ImenTudikarop ORCID ID: 0000-0001-5999-3551

JoparkoBa iHdopmamist:

IloBHe HaliMeHYBaHHSI IOPHUAHUYHOI 0COOM: HaujoHanbHuil yHiBepcuTeT "JIbBiBCbKA NOTITEXHIKA"
Kopg 3a €IPIIOY: 02071010

Micuesnaxo,zm(eﬂnﬂ: ByJ. Crenana Bangepw, 6yz. 12, JIbBis, 79013, Ykpaina

dopma BracHOCTI: /lepxaBHa

Cdepa yIIpaBJIiHHﬂ: MiHicTepcTBO OCBiTH i HayKU YKpaiHu

InenTudikarop ROR:

BiacHe IIpi3Buie Im'sa ITo-6aTbKOBI:

1. MukuTIOK 3iHOBI1 MaTBi10B1Y

2. Zinoviy M. Mykytyuk

KBasigikanis: g. ¢.-m. ., npodecop, 01.04.15

InenTudgikarop ORCID ID: 0000-0001-7476-6031

JonaTkoBa iHpopmanis:

IloBHe HaliMeHYBaHHSI IOPHUAHUYHOI 0COOM: HaujonanbHuil yHiBepcuteT "JIbBiBCbKa MOTTITEXHIKA"
Kog, 3a €IPITIOY: 02071010

Micue3HaxoaKeHHS: ByJ. CrenaHa banpepu, 6yx. 12, JIbBis, 79013, YkpaiHa
dopma ByacHOCTI: Jlepxasna

Cdepa ynpaBiriHHS: MiHicTepCcTBO OCBITH i HAayKu YKpaiHu

InmenTudikarop ROR:

VIII. 3aKkJIr04Hi BiZoMOCTi

BaacHe IIpizBume Im's I10-6aTbKOBI sSIpemyyk Ipuna fIpocyasiBHa
rOJIOBM pajau

BaacHe IlpizBuime Im's [10-6aTbKOBI Apemuyk IpuHa fIpocrasiBHa
roJIOBYIOYOroO Ha 3acigaHHi

BiznoBigassHHU 3a MiATOTOBKY bemnei M.I

00JIIKOBHX JJOKYMEHTIB

Peectparop VYkpIHTEI



KepiBHuk Bigginy YKpIHTEI, mpo €
BiZITIOBiZaIBHUM 3a peecTpallilo HayKoBoi IOpuenko TeTsHa AHaTosiiBHA

JisiIbHOCTI




