HPUKIIAJTHI ITNTAHHA MATEMATHYHOI' O MOJAEJIIOBAHHA T. 4, Mo 2.2, 2021

YK 539.3
O.M. CEPIKOBA

HarmioHanpHUH yHIBEpCUTET IUBUTFHOTO 3aXUCTY YKpaiHU

0.0. CTPEJIBHIKOBA, B.I. THITBKO

[HcTuTyT IpobneM mammHOOYAyBanHs iM. A.M. Ilinropuoro HAH Ykpainu

A.M. TOHKOHO>XEHKO

HepxaBue mianpuemctBo «KoHCcTpyKTOpCchKe Otopo «IliBgenne» im. M.K. SIHrems»

JLA. IIICHA

HayxoBo-mociinHa ycTaHOBa «YKpaiHCHKUI HAYKOBO-JOCIITHHHA iIHCTUTYT €KOJIOTIYHUX MPoOIem»,

HEUTPAJIBALIA CTATUYHOI EJJEKTPUKH B CUCTEMAX 3BEPITAHHSI
HA®THU IJIAXOM 3ACTOCYBAHHSA HAHOKOMITIO3UTIB I3 CUCTEMAMMU
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Havieascnusiuoro na cb0200Hiumili 0elb 3arumaemscsi npodiema 3aoe3neyents HadliHoCmi eKCnyamayii
ma 6ezasapivinocmi pobomu cucmem 36epicants Hagpmu. OOHI€EI 3 OCHOBHUX NPUYUH GUHUKHEHHS BUOYXIE | NOJNCENC
8 Hagmocxosuwax (pesepeyapax) € 3apsaou CMamudHol eleKmpuKi, Wo ymeopoomscs 6 mpyoonpoeoodi 6 npoyeci
mpauncnopmysanns nagpmu. B pesynomami 6nocambcs pazom 3 Hapmoio 8 pe3epeyap eiekmpocmamuyti 3apsaou,
Wo CmeopIoioms elekmpudne noie i, 8iOnogioHo, YMo8U 0 6UHUKHEHHS ICKPOBO2O NpobOI0 2a3068020 NPOCMOPY
Hao nogepxuero Hagmu. Po3psaou cmamuunoi ereKmpuxu 6 1ecKO3AUMUCIUX Ceped08ULAX MONCYMb CMAsamu
npuyuHor 8udyXie i nooicedxc. Basxciueum € cmeopenHs H08020 2iOPUOHO20 HAHOKOMNO3UMYy, wo e@QexmueHo
eKPAaHye 8i0 eleKMPOMASHIMHUX NONI8, MAE GUCOKY eleKMpPONpOGIOHICMb ma € MeXaHiuHo MmiyHum. B pobomi
00CNIONHCEHO  8IACMUBOCMI KOMNO3UMI8 MA HAHOKOMNO3UMI i3 He8NopsAOKOBAHUMU MA 6HOPAOKOBAHUMU
cucmemamu gyeneyesux 80J0KHUCIMUX BKIIOUEHb, U0 MONCYMb GUKOPUCOBY8AMUCYH 01 Helimpanizayii cmamuyHux
eeKMPUYHUX 3apA0i8, AKI GUHUKAIOMb 8 HAYMOCX08UAX MA MONCYIMb NPU3BECU 00 BUHUKHEHHS HAO38UYAUHUX
cumyayiu. Jlocniodceno cepito HAHOKOMNOUMHUX MaAmepianié HA OCHOB8I enoKCUOHOI mampuyi 3 eyeneyesumu
HANOBHI0BAUAMU DI3HO20 CHOCOOY PO3MIiUeHHs. 3a 00NOMO2010 NPOSPAMHO20 KOMNLEKCY 3HAUOEHO i 00CAI0NCEHO
3ANEAHCHICMb MIYHICHUX XAPAKMEPUCUK HAHOKOMNOZUMHO20 Mamepiany 6i0 Cnocoby pO3MIWEHHs 8Veleyeux
HAHOHANOBHIVBAYI8, A MAKOJC DIBHA 3ANOGHEHHA Mampuyi 6KIoueHHAMU. Bcmanoeneno, wo 3acmocysanms
HANoBHI08aYA y BU2IA0I 8Y2leyedUx 60J10KOH OEMOHCMPYE 3POCHMAHH MIYHICHUX XAPAKMEPUCMUK mamepiany 6
HanpsamKy 6onokoH. Iloene cmpykmypoeane 6nopsaOKY8AHHS HAHOBOIOKOH wje Oilblie NiO8UWYE MIYHICHI
61ACMUBOCMI 8 20J08HOMY HANPAMKY PO3MAWYBAHHS BOJIOKOH, OOHAK HECYMMEBO 3HUNCYE MIYHICHI
Xapaxmepucmuku 8 080X [HWUX Hanpamkax. Pezynomamu docniodcenb 008005mb, W0 3ACMOCY8ANHS BY2NeYeBUX
HAHOBONOKOH O/ CINBOPEHHA AKICHO20 HAHOKOMRO3UMY € OOYLIbHUM Md 1020 MONCIUBO SUKOPUCHOBY8AMU OISl
Heumpanizayii CmamuyHux eleKmpudHuUx 3apsaoie, AKi 6UHUKAIOMb 8 HADMOCX08UWax ma MOXCYymy APU38ecmu 00
BUHUKHEHHS HAO38UYATIHUX CUMYAYIU.
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XPAHEHUS HEOTHU IYTEM IPUMEHEHHWSI HAHOKOMIIO3UTOB C
CUCTEMAMM YTJIEPOJAHBIX BOJTIOKHUCTbIX BKJIIOYEHUU

Baowcnetiweri na cecoousuunutl denb ocmaemcsi npooiema odecneyenus Ha0eHCHOCMU IKCRIYamayuu u
bezasaputinocmu pabomul cucmem xpanenust Hepmu. OOHOU U3 OCHOBHBIX NPUHUH B03HUKHOBEHUSI 63DblEO6 U
nooicapos 8 Hepmexpanunuwax (pezepsyapax) aeiaiomcs 3apsaobl CIMAmMu4ecKo20 d1eKmpuiecmed, oopasyowuecs
6 mpybonposoode 6 npoyecce MpaHCROPMUposKy Hegpmu. B pesynomame enocsamces emecme ¢ Heghmuio 8 pe3epayap
neKmpocmamuyeckue 3apsobl, co30awue INeKMpUiecKoe noje u, COOMEemcmeeHHo, YCio6us 0Jis GO3HUKHOBEHUS
UCKPOB020 NpobOs 2A306020 NPOCMPAHCIEA HAO NOBEPXHOCMbIO Hepmu. Pazpsaosl cmamuueckozo snekmpuyecmea
8 J1€2KOBOCHIAMEHAIOWUXCA CPedax MO2Ym CHIGHOBUMbCS NPUYUHOU 83DPble08 U Nodicapos. Baoichvim saensemcs
Co30aHue HOB020 2UOPUOHO20 HAHOKOMNO3UMA, KOMOPbLU D@EKMUeHo IKpanupyem om 31eKmpOMACHUMHbBIX
nozeu, umeem 6bICOKYIO NeKMPONPOBOOHOCMb U ABNAEMCs MeXanudyecku npounuiM. B pabome uccredosanul
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C8OliCMBa KOMRO3UMO8 U HAHOKOMNO3UMOG C HEYHOPAOOUEHHbIMU U YHOPAOOUEHHbIMU CUCIEMAMU YeNePOOHbIX
BONIOKHUCTNBIX BKIIOUEHUL, KOMOpble MOSYM UCHOAb308AMbCA O HeUmpanu3ayuu Cmamuyeckux d1eKmpudecKux
3apsA008, KOMOpble SO3HUKAIOM 6 HePMeXpanunuuyax u MO2Ym HpUGecmu K 603HUKHOBEHUIO UPe36bIYAUHbIX
cumyayuil. Mccredosana cepusi HAHOKOMNOZUMHBIX MATMEPUATO8 HA OCHOBE INOKCUOHOU MAMPUYbL C YenepoOHbIMIU
HAnoaAHuUmMenAMy  pasnuunozo cnocoba pasmeujerus. C  NOMOWDBIO NPOZPAMMHO20 KOMHAEKCA Haudena u
UCCneo008ana 3a8UCUMOCMYb NPOYHOCHHLIX XAPAKMEPUCTIUK HAHOKOMARO3UMHO20 Mamepuala om chocodba
pasmewjenus  yenepoOHbIX HAHOHANONHUMENeld, a MmaKx#ce YPOGHA 3aNOAHeHUs MAMpUybl 6KIIOYEHUAMU.
Yemanosneno, umo npumenenue nanonnumens 6 8uoe yenepoOHbIX 0JIOKOH 0eMOHCHpPUpYem pocim npoYHOCHHbIX
Xapakmepucmux mMamepuanda 6 HanpasieHuu 6010koH. Ilonnoe cmpykmypuposantoe ynopsaoodenue HaHO80NI0KOH
ewe Oonee nogviuidem NPOUYHOCMHBIE CEOUCMBA 8 2IABHOM HANPAGIEHUU PACHONONCEHUS B0IOKOH, OOHAKO
HeCyuwjeCmeeHHo CHUJCAem NpoOYHOCMHbIE XAPAKMEPUCMuKy 6 08yX Opyeux HanpaeneHusx. Pesymvmamuol
UCCIe006aHUll  NOKA3ZLIBAIOM, YMO NPUMEHEHUe YeIePOOHbIX HAHOBONOKOH OAfl CO30AHUS KAYECMEEHHO20
HAHOKOMNO3UMA YenecOOOPASHO U €20 MONCHO UCHOb306aMb OISl HEUMPAIU3AYUYU CIMAMUYECcKUX dNeKMpULecKux
3aps008, KOMOpbie GO3HUKAIOM 6 HepMeXpanunuuyax u MOSYm HpPUGecmu K 603HUKHOBEHUIO UPe36bIYALHbIX
cumyayuil.

Kniouegvie cnosa: upessviuaiinaa cumyayus, dK0I02uHecKas 0e30nacHOCMb, MEXHOZEHHuI 00beKm,
pesepsyapul, Hegpmexpanunuuje, HAHOKOMNO3UM, YenepoOHble BOTOKHUCTIbIE BKIIOYEHUS.
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NEUTRALIZATION OF STATIC ELECTRICITY IN OIL STORAGE SYSTEMS
THROUGH APPLICATION OF NANOCOMPOSITES WITH CARBON
FIBER INCLUSIONS

The crusial issue today is to ensure the reliability of operation and trouble-free operation of oil storage
systems. One of the main causes of explosions and fires in oil storage tanks (reservoirs) is the static electricity
generated in the pipeline during the oil transportation. As a result, electrostatic charges introduced into the tank
together with the oil, creating epy electric field and, respectively, the conditions for the spark breakdown of the gas
space above the oil surface. Static electricity discharges in flammable environments could cause explosions and
fires. It is important to create the new hybrid nanocomposite that effectively shields from electromagnetic fields,
has high electrical conductivity and is mechanically strong. The paper treats the properties of composites and
nanocomposites with disordered and ordered systems of carbon fiber inclusions, which could be used to neutralize
static electric charges that occur in oil storage and could lead to emergencies. The series of nanocomposite
materials based on epoxy matrix with carbon fillers of different placement methods has been studied. The
dependence of the strength characteristics of the nanocomposite material on the method of placing carbon
nanofillers, as well as the level of filling the matrix with inclusions has been found and investigated with the help of
the software package. It has been established that the filler use in the form of carbon fibers demonstrates the
growth of material strength characteristics in the direction of the fibers. Complete structured ordering of
nanofibers further increases the strength properties in the main direction of the fibers location, but does not
significantly reduce the strength characteristics in the other two directions. The results of research prove that the
use of carbon nanofibers to create the high-quality nanocomposite is appropriate and could be used to neutralize
static electric charges that occur in oil storage and could lead to emergencies.

Keywords: emergency, environmental safety, technogenic object, reservoirs, oil storage, nanocomposite,
carbon fiber inclusions.

ITocTanoBka npoodJjemu
PesepByapu mnpusHaveHi myia mpuiiMaHHS, 30€piraHHs, BIAMYCKy, OOJiKy HadTth 1
HaQTONPOAYKTIB 1 € BIAMOBIAATbHIMH 1H)XKEHEPHUMH KOHCTpYKLisAMU. EnemeHTH pesepByapis B
eKCIUTyaTallliHUX YMOBaX 3a3HAIOTh 3HAYHHUX 3MIH TEMIIEPaTypHUX PEKUMIB, TiABUIIICHUN TUCK,
BiOpartito, ceficMiuHi HaBaHTakeHHs [1-3], HEepiBHOMIpHI OciaHHs, Kopo3ito. HaliBaxIuBiIiowo
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Ha CHOTOJHINIHIN JeHb 3aJUIIAEThCS MpoOJieMa 3a0e3MeUeHHs HAIMHOCTI eKCIUTyaTarii Ta
6e3aBapiifHOCTI pobOTH cucteM 30epiranHs HapTH. OIHIEIO 3 OCHOBHUX NMPUYMH BUHUKHEHHS
BUOYXIB 1 MOXEX B HAPTOCXOBHUIIAX (pe3epByapax) € 3apsau CTaTHYHOI EJIEKTPUKH, IO
YTBOPIOIOTbCS B TPYOONPOBOJI B MpOLECi TpaHCTIOPTYBaHHS HaTU. B pe3ynbraTi BHOCATHCS
pasoM 3 HaTOIO B pe3epByap €IEKTPOCTATHYHI 3apsiu, IO CTBOPIOIOTH CJIEKTPUYHE MOJIe 1
BiJIMIOBITHO YMOBH JIJIi BUHUKHEHHS 1CKPOBOTO MPOOOI0 Ta30BOTO MPOCTOPY HAJl MOBEPXHEIO
HaQTu. [IuTaHHS BMHUKHEHHS CTaTUYHOI €JEKTPUKM BUMAralTh PETEIbHHUX JOCIIIKEHb 1
OOTpYHTYBaHHSI BIIPOBA/DKEHHS HOBHX KOHCTPYKIIM 1 MaTepialiB MpU TPaHCIOPTYyBaHHI 1
30epiranHi HaTOMPOAYKTIB. Y TBOPEHHsI €ICKTPUYHUX 3apsiiiB B HAPTONPOAYKTaX MpH iX pyci
HA3MBAETHCS eNeKTpu3aniero. EnexTpuuHi 3apsaau, ski 3HaXOIAThCA B 00cs31 a0 Ha MOBEPXHI
Ha(TOMPOIYKTIB, HA3UBAIOTHCA EJIEKTPOCTATUYHUMHU. HalOiIbIl CHJIBHO — eNeKTpu3allis
HPOSIBIIAETHCS MPU BUCOKUX IIBUJKOCTSAX TPAHCHOPTYBaHHsS MO TpyOaxX. 3HAUYMMICTh MPOLECIB
HAKOMWYCHHS EJEKTPOCTAaTHUYHUX 3apsAdiB OCOOJMBO BEJIHMKA, OCKUJIBKH MaTepialaMu MI0
€JIEKTPU3YIOTBCS € JIETKO3aMMHUCTI piiuHK. Po3psiin CTaTUYHOI €NEeKTPUKHU B JIETKO3aHMHCTUX
CepeNoBHIAX MOXKYTh CTABATH NPHYMHOK BUOYXIB i moxkesx [4].

IcHye Benmka HeOe3neKka po3psAiB CTATUYHOI ICKTPUKY 1 HAHECEHHs 30MTKY B Ha(TOBI#
Ta HadTOonmepepoOHil ramy3sx. ToMy po3poOka 3axofiB 3amoOiraHHs i yCyHEHHsI HeOe3MeuHuX
IPOSIBIB CTATUYHOI €JICKTPUKU € JOCUTh aKTyaJbHOIO NMPO0JIeMOI0. 3 ypaxyBaHHIM IIiIBULLICHHS
BUMOT JI0 3aXHUCTy BiJ CTaTUYHOI €NEKTPUKH y BHUPOOHMLTBAX XiMiuHOi, HAPTOXIMIYHOI Ta
HadTomIepepoOHOI  MPOMHUCIOBOCTI, a TaKOX 3 ypaxXyBaHHSAM 3POCTaHHS  00CSTY
TPaHCHOPTYBaHHS Ta 30epiraHHs HapTH 1 HaQTONMPOAYKTIB BUHHMKAE HEOOXIIHICTH
CHUCTEMaTUYHOTO JTOCHIPKEHHS 1 pO3pOOKH METO/IB, 10 3HIKYIOTh IHTCHCHUBHICTh €JIEKTpH3aIlii
HaTH 1 HAPTOMPOTYKTIB.

Sk moka3zye CTaTUCTHKAa 1 YHWCICHHI JOCHITHI pPOOOTH MOXIMBE HAKOMWYCHHS
HEeOEe3NMeYHUX KIJIBKOCTEH eNIeKTPOCTaTUYHUX 3apsjliB B pe3epByapax, IO MPU3BOAUTH 0
BUHUKHEHHS HAPY>KEHOCTI ENIEKTPUIHOTO TI0JIA, SIKA TIEPEBUILY€ KPUTUYHY BEIMYUHY 3 KB / MM
B pe3yJIbTaTl YOTO CTBOPIOIOTHCS YMOBH ISl ICKPOYTBOPEHHS 1, BIAMOBITHO, BUOYXY 1 MOXKEXKI.
ToMmy po3poOka TPHHIUIIOBO HOBHX 1 OUIBII e(QEeKTUBHUX CIOCO0IB  HeWTpamizaril
€JIEKTPOCTATUYHUX 3apsAiB B MOTOL HA()TH € BAXXJIUBOIO HAYKOBO-TEXHIYHOIO 33/Iauelo.

IIpu ominmi MmacmTabiB MOXKIWMBAX TEXHOTCHHMX HeOe3mek Ha HadrTobazax Ta
HaTOCXOBHINAX OyJIM BUIIICHI OCHOBHI CLIEHApPii pO3BUTKY aBapiii:

- HaiOuiblm HeOe3meuHl: BUOYX HAa3eMHOrO pe3epByapa 3 Ha(ToOl 3 NOJaNbIIUM
3aliMaHHM, OXKEXKEIO 1 TOBHUM pYHHYBaHHSAM pe3epByapa;

- HaMIMOBIpHINI: YacTKOBE PYWHYBAaHHS HACOCHOTO arperary, JIOKaJdbHI BUTOKH 3
TEXHOJIOTTYHOTO 00IaIHAHHS Ta TPYOOMPOBO/IIB.

I[Ipu po3BuUTKY aBapiii 3a IIMMH CICHApisIMH, MOXJIMBO 3aiiMaHHA HaTH
(HaTOMPOAYKTY) 1 MOXKeka MPOTOKH. OCHOBHHMH Bpa)kalouuMH (pakTopaMu mepepaxoBaHUX
aBapiil € TerjioBe BUIPOMIHIOBAHHS, JAisl yAAapHOI XBWJII, MOTPAIUISHHS Yy BLAKPUTE MOTYM's,
ypaxkeHHs ockoikamu. Ilpu aBapisix 3 HaWOUIBII BaXKUMM HAcHiAKaMHM 30HU YpaKEeHHS
(pyiHyBaHHSI) MOXYTb JOCSTaTH JEKIJIBKOX COTE€Hb METpPIB; pO3MIp HEOE3NEHYHUX 30H IpHU
BUHUKHEHHI TOXEX1 pO3NUTTS Oyne OOMEXEeHHUH KiJbKOMa JecATKaMu METpiB BiA Kparo
IPOTOKHU. Y pasi peaiizanii po3riIsiHyTHX aBapiiHUX CUTYaIliil MOKIIUBE pyHHYBaHHS CyMi>KHOTO
1o NpoMMaijaHuuKy obnanHaHHs. Ll o6cTaBuHa cripusie 30UIBLISHHIO TUIOII 30HH ypa)keHHS.

BUHUKHEHHS CTaTUYHOT €JIEKTPUKU MOKE MPHU3BECTH 10 HAKONWYEHHS JIy’KE BEJHKOTO
3apsay 1, BpEHITi-peIT, 0 PO3PALY Y BUIIISIL ICKPH, IO B MOXKEKOHEOE3MEUHOMY 1 TUM OljIbIlIe
y BUOYXOHEOE3NEUHOMY CEpEeNOBHILI MOKE OyTHM NPUYMHOI0 MOXKexXl (BUOyXy), Tak sIK AJs
3aiiMaHHs BHOYXOHEOE3MeuHOo1 CyMilli MapiB JIETKO3alMUCTUX PEYOBHH 3 TOBITPSAM JOCHUTH
Pi3HHUIII MOTEHIIAIB eleKTpocTaTUYHOrO 3apsay B 300-500 B [5].

MeTo10 AOCTIZKEHHSI € TIIBUIICHHS €KOJOTIYHOI Oe3nmeKu cucteM 30epiranHs HaQTH
HUIIXoM e(eKTUBHOI HelTpaizauii CTaTUYHOI ENEKTPUKM 13 3aCTOCYBaHHSM KOMIIO3UTIB Ta
HAaHOKOMIIO3UTIB i3 HEBIOPSIAKOBAaHUMH Ta BIOPSIAKOBAHUM CHCTEMAaMH BOJIOKHHCTHX
BKJIIOYEHb.
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AHaJIi3 OCTAHHIX J0CTiIKeHb i myOJaikamiii

Kommaniss Hyperion Catalyst (KemOpumk, CIIIA) ynockoHammima MeETOI OTPUMAHHS
HaHOTPYOOK 1 crorogni 60% amMepHKaHCHKUX aBTOMOOLIIB OCHAIIEHI OCH30MPOBOJAMH, IO
MICTATh BYTJICNIEBI HAHOTPYOKH. 3a pPaxXyHOK CBO€i BHCOKOI €JEKTPOMPOBITHOCTI BOHU
HEUTpai3yloTh CTaTHYHI 3apslu, SKi MOXYTh MOPOIUTH iCKpy B Oen3zompoBoni. CbOrojHi
HaHOTPYOKM AaKTHBHO BIPOBAIXYIOTh 1 B Tapy - HANpUKIaa B KOPOOKU Ul INEPEBE3ECHHS
MikpocxeM. BoHu 00epiratoTh €NeKTPOHHI MPUCTPOi BiJl MEXaHIUHUX MOIIKOIKEHb, 3HIMAIOTh
€JIEKTPOCTATHYHI 3apsi/I 3aTHI 3incyBaTy vinu [6].

BBenennss HaHOTPYOOK B SKOCTI HAIlOBHIOBaYa HAJa€ JACIKHUM KOMITO3UIIIHHIM
MaTepiajiaM eJEeKTPOIPOBOJHOCTI Ta IHIIMX BAXKJIMBUX BIacTUBOCTEH. EnexkTpomnposinHi
MJIACTUKA MOXYTh 3HAWTH HAWIIMpIIE 3aCTOCYBAaHHS B a€POKOCMIUHIN TEXHIIl, HANPUKIA B
SIKOCTI CUTHAJBHUX JPOTiB, MPUCTPOIB 3aXHUCTy BiJ] PO3PSAIB CTAaTUYHOI EJIEKTPUKH, JUIS
CTBOPCHHS  PI3HOMAHITHUX TPHUBOIIB 1 THYYKHX CIEKTPHYHHMX CXeM. Tak 3BaHi
6araTo(yHKIIOHAJIBHI TMOJIMEpHI MaTepiald MOXYThb OyTH BUKOPHCTaHI NPH BUTOTOBJICHHI
pPaKeTHUX JBUTYHIB, JUHAMIYHUX B MPOCTOPI KOHCTPYKIIiH, a TAKOK MPU BUPOOHHUIITBI Oaratbox
CTaHJApTHHX MPEAMETIB apMilicbKOro o01agHaHHs (HAIPHUKIIAd, pe3epByapiB, HH TO1IO) [7].

B ocTtanHi1 poku BIOCKOHAJICHI KOMIIO3UTH Ha TOJIIMEPHI OCHOBI 200 HAHOKOMITO3UTH €
NEePEeBAXHUMHU CTPYKTYPHUMHU CKJIQJIOBUMH JJIS JITaJbHUX amapaTiB 3aBISKUA CBOIH HEBEJIMKIN
Ba3l Ta TOPIBHIHHUM MEXaHIYHUM BIIACTUBOCTSAM, aj€ TaKi KOMIIO3MIIIHI CHCTEeMH He
3a0e3MeuyoTh HU3BKOTO OMOpY ULl TMOTOKY 3apsiay 1 3roJoM Bpas3iuBi 70 BIUIUBY YAapy
OnuckaBkH 1 onafis [8].

[TosiBa HAHOTEXHOJIOTIH y Taxy3i HOTIMEPHUX KOMIIO3UTIB MPOJIEMOHCTPYBaJia 31aTHICTh
00XOJWTH TONIMPEHICTh TAKOTO CTATUYHOTO HAKOMWYEHHS 3apsay 1 OJHOYACHO 3abe3mnedye
CHUHEPIeTUYHYy O0COOIMBICTh MOJIIMEPY Ta HAHOKOMITO3UTY [9]. Xova noniMepu MaroTh NPUPOIHI
130JISIIHI BIIACTUBOCTI, ajie¢ Pi3HI HAHOHATIOBHIOBAYi, TaKi SK ca)ka, BYTJICIIEBE BOJIOKHO, l-H
TeTpajeIiI-3-MeTUIIMIIa30iyMOpOMiJl, MeTaleBl YacCTHHKH Ta HAaHOBOJIOKHA, TakKi SK
nojianinig [8], mpoaeMoHCTpyBanu 3HA4YHE 30UIBIICHHS TMPOBITHOCTI IO TEPEBHILYE MOPIT
1305s1ii. Xoua [eTanbHa OILIHKAa KOMIO3UIINHHMX a00 HaHOKOMIIO3MUTHUX MaTepialliB ais
ACPOKOCMIYHHMX JIOCII/DKCHb IIHPOKO BUKOPHCTOBYBaNach [8], ajle BUKOPHUCTAHHS TaKHX
MmaTtepiasiB Ui 00XOJy SIBHILA CTATUYHOTO 3apsly B CTPYKTYPHO-KOCMIYHOMY 3aCTOCYBaHHI
OyJ10 HaMEHIII JOCIiHKEHO Y (hOpMi OTJIIS Y.

B po6oti Baur Ta Silverman [10] noka3aHo BUKOPUCTaHHS pI3HUX HAHOYACTUHOK Ta HOTro
JOCIIJKSHHS ISl PI3HUX aBIOHIYHHUX 3aCTOCYBaHb. Y KOHTEKCTI 3MEHIICHHS CTATUYHOTO 3apsTy
B aBIOHIYHOMY KOMIIO3HWTI BOYZOBaHI HAalOBHIOBauYl B TMOJIMEpl 1HOAI HAa3UBAIOTh
AQHTHCTATHYHUMHU areHTaMH i, B OCHOBHOMY, KJIacH(iKyIOTh Ha OCHOBI iX MOJEIBFHOTO CKJIaay Ta
ximiuHoi cTpykTypH [8]. Pionteck Ta Wypych npoaemoHcTpyBany, 110 aHTUCTATUYHI areHTH B
peXuMi iX 3aCTOCYBaHHS MOXYTh OyTH BIIUYXKEHI Ha BHYTpIIIHI Ta 30BHINIHI aHTUCTATUYHI
areHTd, Je 30BHIIIHI HaHeceHI (parMeHTH € TIOBEPXHEBO-aKTUBHUMU 10HHMMH a0o
HEOHIOHHUMH, TOJi SIK BHYTPIIIHbO AaKTHUBHI AareHTH BUKOPUCTOBYIOTHCS IS PO3BUTKY
NPOBIAHMX LUIAXIB y MOJTIMEPHUX MaTepiajax 3a J0MOMOro0 apMyBaHHs [8].

Byrnenei aHTHCTaTHYHI areHTH, Taki Ak rpadeH, ByrieneBi HaHOTPYOKH (OaraTocTiHHI
BYTJICIIEBI HAHOTPYOKM Ta OJHOCTIHHI BYTJEIeBI HAaHOTPYOKH), BYIJICIEBI HAHOBOJIOKHA Ta
oKcHJl rpad)eHa IIMPOKO 3aCTOCOBYIOTHCS /ISl 3SMECHIIICHHS HAKOITUYEHHS CTATHYHOTO 3apsay Ha
noJiiMepHii moBepxHi [11].

[ami aBTopu [8] mpoaeMOHCTpYBallv, MO BiJACTaHb 3a30py MiX YaCTUHKAMHU Bimirpae
CYTT€BY pPOJb y KiHILEBii 00'eMHIN mpoBigHOCTI 3pa3ka. [loBigoMiseThes, 1m0 301IbIIECHHS
KOHIICHTpAIlii HAIllOBHIOBAa4Ya 3MEHIIYy€ BiJICTaHb MK YaCTUHKAMH 3allOBHIOBAYa, IO, B CBOIO
yepry, 30iblly€ IIUIBHICTh 3LIMBAHHS, a II€ MPU3BOAUTH [0 30UTbIIEHHS KOMIO3UTHOI
npoBigHOCTI [8].

Binome BukoOpHCTaHHS K €KpaHYIOUHX MaTepialliB €JIeKTPONPOBITHUX IMOKPHUTTIB Ha
nmojiiMepax abo iHmMX JgienekTpukax. OpHAaK, BOHH MOXYTh BIJIIAPOBYBAaTHUCA a00
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pO3TpiCKyBaTHCs NpHU HaBaHTaXeHHsX. Ll mpobiema moke OyTH BUpIIIEHA MPU BUKOPHUCTAHHI
HAaHOKOMIIO3UTIB TIOJIIMEPIB 3 €JIEKTPONpPOBIAHMMHU HamoBHIOBauamu [12]. Pasom 3 Tum, y
BUITAJIKy MIKPOHOPO3MIPHUX HAMOBHIOBAYiB (METajeBl Ta BYIJICIICBI BOJOKHA 1 YacCTKH, Ca)ka
TOLIO) Ui  JIOCSTHEHHS  JIOCTaTHBOI  EJEKTPONPOBIAHOCTI ~ KOMIIO3UTY  MOTPiOHO
BUKOPHCTOBYBaTH BHCOKI HamoBHeHHS 10 16 00.% [12]. Sk Haciiiok, 0Opu IbOMY
HOTIPUIYIOTBCS MEXaHIYHI XapakTepUCTHKH Matepiamy. s posp's3aHHa 1i€l mpoOiemu
3apONOHOBAHO  HAHOPO3MIPHI  €JIEKTPONPOBIHI ~ HANOBHIOBAadl, HANPUKIAI BYIJICICBI
HAHOTPYOKH, 110 3a0€3MeUyI0Th BUCOKY MPOBIAHICTD 1 MILIHICTh MaTepialy HaBITh IPU HU3BKOMY
BMICTI1 BYTJIEIIEBUX HAaHOTPYOOK [13].

BaxxnuBuM € CTBOpEHHS HOBOTO TiOpUIHOTO HAHOKOMIIO3UTY, IO €(EKTUBHO EKpaHye
BIJl €JIEGKTPOMArHITHUX IOJIIB Y IIMPOKOMY 4acTOTHOMY aiana3zoHi 10 MI'n - 20 I'T'u, mae Bucoky
EJIeKTPONPOBIIHICT, Ta € MeXaHIYHO MiIHUM. ToMy B poOOTI AOCHIIKEHO BIACTHBOCTI
KOMITO3UTIB Ta HAHOKOMIIO3UTIB 13 HEBIOPSAIKOBAHUMHU Ta BIOPSIAKOBAHUMH CHCTEMaMHU
BYTJICIIEBUX BOJIOKHUCTHX BKJIIOYEHb, 110 MOXYTh BHUKOPHCTOBYBAaTHUChH Ui HeWTpamizarii
CTaTUYHUX EJICKTPUYHUX 3apsiIiB, SKi BUHUKAIOTh B HA()TOCXOBUIIAX T4 MOXYTh MPU3BECTH 0
BUHUKHEHHS HaJ3BUYaitHUX cuTyauii [13].

BukJiiaieHHs1 0CHOBHOI0 MaTepiay A0CiIKeHHS
MeToa CKiHYeHHHX eJIeMEHTIB IIPH J0C/IiI’KeHHI KOMIIO3UTIB TA HAHOKOMITIO3MTIB i3
HEBNOPSIKOBAHUMH TA BIOPSIIKOBAHUMH CHCTEMAMH BKJIOYEHb

Po3pobieni B [14] MaremMaTu4Hi Ta po3paxyHKoOBI Mojen Ha ocHOBI MCE 103BONSIFOTH
OPOBOAMTH aHalli3 HaHoOMarTepiamiB 13 CQEpUYHUMH CYIUIbHUMU a00 MOPOKHUCTUMU
BKJIFOUEHHSIMH, a TAKOXK 3 KOPOTKUMHU HAHOBOJIOKHAMHU Ta HAHOTPYOKaMHu.

JlocnimkeHo cepil0 HAaHOKOMIIO3UTHUX MaTepialiB Ha OCHOBI €MOKCHUIHOI MaTpHill 3
BYTJICIICBUMHU HAIOBHIOBAYaMH PIi3HOTO 3ac00y pPO3MINICHHS. 3a JOMOMOTOK IMPOTPAMHOTO
KOMIUIEKCY 3HAWJEHO 1 JTOCHIHKEHO 3aJIeKHICTh MII[HICHUX XapaKTePUCTHUK HAHOKOMIO3UTHOTO
Marepiady Bil CcHocoOy pO3MIIIEHHS BYIJICIEBUX HAHOHAMOBHIOBAYIB, a TaKOX pIBHSA
3aIMOBHEHHS MATPHUIIl BKIIOUEHHSIMHU.

BBakanoch, Mo MaTpuilsl HAHOKOMIIO3HUTY 31 3aTBEPIiIOi €MOKCHIHOI CMOJM M€ Taki
aH{30TONHI BIACTHBOCTI: TrycTHHA py = 1160kr/M’, Momyms mpyxHocti Ey=3,78 I'ma,
koedimient Ilyaccona vy = 0,35.

SIk wmarepianm BKJIIOUEHHS, PO3IJISIHYTI BYTJICIICBI HAIMOBHIOBAYl 3 OPTOTPOITHHMH
BiactuBocTsAMU: ryctuHa 1800kxr/m3, momyns mpyskHocTi B HampsMmky OX, E; =290 ITla,
MOJyJIb TIPYXHOCTI B Hanpsimky OY, E, =23 I'Tla, moayns npy>kHOCTI B Hanpsamky OZ, E3=23
['Tla, xoedimient Ilyaccona XY, vi,= 0,2, xoediuient Ilyaccona YZ, voz = 0,4, koedimieHT
[Tyaccona XZ, vi3 = 0,2, moayns 3cyBy XY, G; = 9 I'Tla, mogyne 3cyBy YZ, Gr=214 I'lla,
MOAyJb 3¢yBy XZ, G3 =9 I'ma.

B pesynbrari mpoBeAeHHX PO3PAXYHKOBHX JIOCIIUKEHb 3 BHKOPUCTaHHSIM METONY,
po3pobieHoro B [15,16] 3’scoBaHi MeXaHIYHI XapaKTEPUCTUKH HOBUX HAHOKOMITIO3UTHUX
MaTepiaiB.

HeBnopsiakoBaHi BOJIOKHMCTI BKJIOYEHHA
AHaJOTIYHO JIOCHIMKCHHIO MaTpHIlb 3 UWIHIPUYHUMU BKIIOYCHHSIMH, BUKOHAHUUN
aHaJl3 HAaHOKOMIIO3UTIB 3 HAIlOBHIOBAYEM Y BHIVIS/II YACTKOBO BIOPSAKOBAHHUX IMOB3IOBXKHIX
BYTJICIIEBUX BOJIOKOH. ByTiereBi HaHOBOJOKHA PO3TAILIOBAaHI B3/I0BXK BCi€i TOBXKUHH MaTpHIIL,
MaroTh JlaMeTp lHM, W MakCUMalbHO JOIyCTHUME BIIXWJIEHHS BiJ ToJIOBHOi oci ckianae 10
rpaayci. [IpoananizoBano 06’emHy dacTky BimoueHb Big 0,025 o 0,25. Po3paxyHkoBi Mozeni
HAHOKOMITO3UTY 3 00’ €MHOIO YaCTKOIO BKJIFOUCHb, 110 JopiBHIOE (.2, ToaHi Ha puc. 1.
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a) 6)
Puc. 1. [IpencraBHunbKa KoMipka (a) i ckiHueHHO-eJieMeHTHA (0) MoJeIb HAHOMATepiay 3
BOJIOKHUCTHMH YaCTKOBO BNOPSIKOBAHMMHM BKJIIOYEHHAMHU

Pesynprat po3paxyHKiB TomaHi B TaOmuili |, BHUBYAIUCh BOJIOKHUCTI BYTJICIEBI
BKJIIOUEHHS OJTHAKOBOTO PO3Mipy i OPTOTPOIIHUMH BIACTHBOCTSIMU MaTepiaiy.

Tabnuus 1. MexaHiuHi BIaCTUBOCTI HAHOKOMITO3UTY 3 BOJIOKHUCTHUMHM BKIIOUCHHSIMHU

O6’emua | 0.0259 | 0.0504 | 0.0764 | 0.1002 | 0.1261 | 0.1510 | 0.1791 | 0.2039 | 0.2294 | 0.2525
JacTKa
E;, MPa | 7815,8 | 14788 | 22541 | 30985 | 35518 | 39187 | 40591 | 40471 | 50946 | 58330
E,;, MPa | 4205,3 | 4419,4 | 4621 4780,1 | 4934,2 | 5106,1 | 5378,5 | 5568,8 | 5753,8 | 6301,5
E;, MPa | 4090,2 | 4397,9 | 4589 4791,8 | 5027,8 | 5160,1 | 5398,8 | 5511,3 | 5723,5 | 6012,1
Gp,MPa | 1483,7 | 1524,9 | 1675 1636,7 | 1870,3 | 1815,5 | 1915 1959 2200,6 | 2385,2
Gy3,MPa | 1447,2 | 1490,8 | 1544 1584,5 | 1629,8 | 1689,3 | 1761,7 | 1814,7 | 1885,8 | 1911,8
G;;,MPa | 1686,4 | 1576,8 | 1601 1654,8 | 1794,2 | 1838,1 | 2246,9 | 2477,5 | 2340,9 | 2113,5
Viz 0,3220 | 0,3382 | 0,3242 | 0,3384 | 0,3900 | 0,3596 | 0,3160 | 0,2549 | 0,3242 | 0,3707
Vi3 0,4032 | 0,3623 | 0,3451 | 0,3377 | 0,3218 | 0,3333 | 0,4448 | 0,5065 | 0,4638 | 0,3199
Va3 0,4333 | 0,4775 | 0,4885 | 0,4979 | 0,4876 | 0,4909 | 0,4783 | 0,4785 | 0,4779 | 0,4785
I'yctuna | 1176 1192 1211 1224 1240 1256 1274 1290 1306 1321

3’1COBaHO, IO 3aCTOCYBaHHS BKIIOYEHb Yy BHUIVIAAI BYIVIELEBUX HAaHOBOJIOKOH
JIEMOHCTPY€ 3pPOCTaHHS MIIHICHUX XapaKTepUCTHK Marepially B HampsMKy BOJIOKOH. 3a
OJIHAKOBY 00’€MHY YacTKy BKJIIOUEHb, 3MIITHEHHS] MaTepially BOJIOKHAMHU BUSBUJIOCH OUTBII HIXK
B 10 pa3iB edeKkTUBHIMM B MOPIBHSAHHI 31 3MINHEHHSIM IFJIIHAPUYHUMHE a00 chepruaHIMH
BKJTFOUCHHSIMU 3 TOTO X Marepiany. KpiM 3Ha4HOro 3MillHEHHSI, SIKE XapaKTePH3YEThCS MOIYJIEM
E), BimOymocsi TakoX 3MIITHEHHS 1 B IHIIMX HamNpsMKax, ONM3bKe 3a PiBHEM y TOPIBHSHHI 3
IHIIMMH BUJIAMH BKJTFOUCHb.

BnopsiikoBaHi BOJIOKHHMCTiI BKJIIOYEHHSA
JocnimkeHi MaTpHIli 3 HAIMOBHIOBAYEM Yy BHIJISII MOB3OBXKHIX Ta BIOPSAKOBAHHX 32
CXEMOI0 JllaMaHTa BYTJIELIEBUX BOJIOKOH. ByrierneBi HAaHOBOJIOKHA PO3TAIlOBaHI B3J0BXK BCi€l
JIOBKMHHM MaTpPHIli, MAIOTh JTiaMeTp |HM, HalpsIMOK BOJIOKOH CITIBIIAJA€ 3 HANPSIMKOM OJHi€l 3
oceii koopauHat. [IpoananizoBano 06’emHy goiro BkiItoueHb Bif 0,025 mo 0,25. Po3paxyHKoBi
MOJIeJIi HAHOKOMIIO3UTY 3 00’ €MHOIO YaCTKOIO BKIIFOUEHB, piBHOT (.2, moxaHi Ha puc. 2 [17].
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a) 0)
Puc. 2. [IpeacraBHunbKa KoMipka (a) i ckiHueHHO-eJieMeHTHA (0) MoJeIb HAHOMAaTepiaJy 3
BHOPSAAKOBAHMMH BOJOKHUCTHMYU BKJIIOYEHHSIMH.

Pesynpratu mocnimpkeHHs HagaHl B TaOHIl 2, pO3paxyHKH MPOBEACHO 1T BOJTOKHUCTHX
BYTJICLIEBUX BKIIIOYEHb OJTHAKOBOTO PO3MIipY, 3 OPTOTPOITHIUMHU BIACTUBOCTSAMHU MaTepiaiy.

Tabnuis 2. MexaHiuHi BIACTHBOCTI HAHOKOMIIO3HUTY 3 BOJIOKHUCTHMH BKJIFOUCHHSIMHU

OG’emna | 0,025 ] 0,05 |0,075 | 0,1 0,125 [ 0,15 0,175 |02 0,225 |025
qacTKa
E, MPa | 10935 | 18095 | 25252 | 32404 | 39561 | 46719 | 53875 | 61033 | 68190 | 75347
E,, MPa | 42288 | 44293 | 4589.9 | 4739,1 | 4883,3 | 5026,3 | 5169,8 | 53162 | 5466,5 | 56214
E,, MPa | 42288 | 44293 | 4589,9 | 4739,1 | 4883,3 | 5026,3 | 5169,8 | 53162 | 5466,5 | 5621,4
G, MPa | 14523 | 1506,5 | 1562,8 | 16214 | 1682,3 | 1745,6 | 1811,5 | 18803 | 19522 | 2027,5
G»,MPa | 14449 | 14928 | 15444 | 1600,6 | 1660,5 | 1724,6 | 1793 | 1866,6 | 19459 | 2030,7
G3,MPa | 14523 | 1506,5 | 1562,8 | 16214 | 1682,3 | 1745,6 | 1811,5 | 18803 | 19522 | 2027,5

vio | 03454 | 0,341 |0,3365]0,3328 | 03278 | 03255 | 03193 | 03151 | 0,3109 | 0,3068

Vi3 03454 | 0,341 | 0,3365 | 0,3321 | 03278 03235 | 03193 | 03150 | 0,3109 | 0,3068

Va3 0,4649 | 0,490 | 0,5004 | 0,5057 | 0,5089 | 0,5110 | 0,512 | 0,513 | 0,5146 | 0,515
Tycruma | 1,176 | 1,192 | 1208 | 1,224 | 124 | 1256 | 1272 | 1288 | 1,304 | 1,32

Sk 1 B momepeaHbOMY BHITAJKy, 3aCTOCYBAaHHS HAIOBHIOBAYa Yy BHIJIAII BYTJICIICBHX
BOJIOKOH JIEMOHCTPY€ 3pOCTaHHs MIIIHICHUX XapaKTEPUCTUK MaTepialy B HAMPSIMKY BOJIOKOH. Y
MOPIBHSAHHI 3 YaCTKOBO BIOPSIKOBAaHMMH BOJIOKHAMH, TIOBHE CTPYKTYPOBAHE BIIOPSIKYBaHHS
1ie OuIbIIe MiJBULIMIO MIIHICHI BJACTHBOCTI B TOJIOBHOMY HAIPSIMKY PO3TAlllyBaHHS BOJOKOH,
pisHuIs ckiana Oumbine 29%, ogHAaK 3aHM3MIO MILHICHI XapaKTEPUCTUKH B JIBOX IHIIMX
HampsiMKax Ha 6-12%. TakuMm 4YMHOM, 3aCTOCYBaHHs BYIJICLIEBMX HAHOBOJIOKOH [O3BOJISIE
CTBOPHTH SIKICHUI HAHOKOMIIO3HT, 1[0 MA€ BUPAKEHI OPTOTPOITHI BIACTHBOCTI.

BucHoBKH

BcraHoBneHO, 1[I0 3aCTOCYBaHHS HAllOBHIOBa4Ya y BHIVISAI BYIJICHEBHX BOJIOKOH
JIEMOHCTPY€ 3POCTAaHHS MIIHICHUX XapaKTepUCTHK MaTepialy B HampsMKy BoJIOKOH. [loBHe
CTPYKTYypOBaHE BIIOPSJIKYBaHHS HAHOBOJIOKOH IIe¢ OibIlIe MiJBUINY€E MIIHICHI BIaCTUBOCTI B
TOJOBHOMY HAmNpsSMKY pO3TallyBaHHS BOJIOKOH, OJHAaK HECYTT€BO 3HWXKYE MIIHICHI
XapaKTepUCTHKH B [JBOX IHIIMX HampsMKax. Pe3yiabraTH JOCHIPKEHb JOBOISATH, WIO
3aCTOCYBaHHS BYTJICLICBUX HAHOBOJOKOH Ui CTBOPEHHS SIKICHOTO HAHOKOMIIO3UTY €
JOIUTBHAM, 1 HOTO MOXIIMBO BHKOPHUCTOBYBAaTH JJIsi HEWTpami3alii CTATUYHUX EJIEKTPHYHHX
3aps/iB, SKi BHHUKAlOTh B HA(PTOCXOBHIIAX Ta MOXYTh TPHU3BECTH O BHHUKHEHHS
HaJ[3BUYaliHUX CUTYaIlii.
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