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YacTUHM KOHCTPYKLIM, CTBOPEHI 3 M'€30KEpaMIYHUX MarepiaiiB, MIKPOKO
3aCTOCOBYIOTBCS B PI3HUX Taly3sX cydacHOi TexHiku. OcCOONHMBY BaXKJIUBICTh
3100yNK M'e30KepaMiyHi KOMIIO3UTHI MaTepiand, sKi BiIpi3HAIOTHCS JIETKICTIO,
MIIHICTIO, HAJIMHICTIO Ta CTIMKICTIO O BIUIMBY HABKOJMIIHBOTO CEPEAOBHIIA.
Onnak iX eKcIUTyaTalliifHl XapaKTepUCTUKU 3HAYHOIO MIPOI0 3ajiekaTh Bijl
HAsBHOCT1 Pi3HUX Ae(dEeKTiB, 30KpeMa TPIIIMH MDK PI3HUMH MartepiajlaMH, SKi
BUHUKAIOTh 3 TEXHOJOTTYHUX a00 eKCIUTyaTallliHUX MPUYUH Ha MEXK1 CKJIaJ0BUX
KOMIIO3UTY. Y JAucepTauliiiHiii poOoTi po3po0JeHO METOAU Ta MNPOBEAEHO
pO3B’si3aHHS  IUIOCKMX Ta  MPOCTOPOBUX  3adad il OiMarepialbHUX
I’ €30€JIEKTPUYHUX TUT 3 MDK(Aa3HUMHU TpPILMHAMM M J1€0 E€JIEKTPUYHOIO Ta
MEXaHIYHOI'0 HaBAHTAXKEHHS, 30KpeMa PpO3p0o0JICHO HOBUHM CMOCIO MOJETIOBAHHS

3al0BHIOBaya TPILIMHUA MIXK JBOMA I’ €30€JIEKTPUYHUMU MaTeplaiamH.

VY BeTymi Ta OrJIsiALi JTiTepaTypH IPOBEICHO aHali3 MyOumiKaIliil 3a TEeMaTHKOO
JUCEepPTaIlii Ta BUCBITJIICHO BHECOK JOCII/KEHb 1HIIUX aBTOPIB JI0 PO3BUTKY IHOTO
HAMPSIMKY.

VY po3aiii 1 po3rasiHyTo TUIOCKY Ta IPOCTOPOBY 3ajadi Jijisi GiMaTepiaibHOTO
I’ €30€JIEKTPUYHOT O KOMITO3UTY 3 €1EKTPO-130JIbOBAHOIO TPIIIMHOIO HA MEXI1 MOALTY
matepianiB. Crnioyatky B MPUIYIIEHHI, 10 pO3MIip TPIIMHU Habaratro MEHIIUH,
pO3Mipy IUIACTUHM, OYyJI0 3aCTOCOBAHO AHANITUYHMUM Miaxiag. BukopucroByrouu
METOJ] KOMIUIEKCHUX MOTEHIlaliB, mpobiemMy Oylio 3BEIEHO 10 3ajadyi JIHIHHOTO

cupspkenHs ['inp6epra-PiMana, 114 sIK01 BUTMCAHO TOYHUN aHATITHYHUN PO3B’SI30K.



Ha ocHOBi 11bOTO PO3B’SI3KYy OTPUMAHO BUPA3M IS CIEKTPOMEXaHIUHUX (PaKTOPiB
Ha MEXI1 MOJLTy MaTepiaiB.

Jlns moOynoBH pO3B’A3KY Yy BHUIAJAKY OOJAcTi CKIHYEHHUX PO3MIPIB
BUKOPHUCTOBYBABCSl YHCEIbHHUM aaropuT™M, 3aCHOBAHMM Ha METOIl CKIHYEHHUX
€JIEeMEHTIB. Y IUIOCKOMY BHIIQJIKy BUKOPUCTOBYBAJIUCH CITKa 13 8-BY3JIOBHX
YOTHPHUKYTHUX CKIHUYCHHUX €JIEMEHTIB, sIKa 3ryIIyBajach IPH IiIX0/1 J0 TPIIIUHHA
1 0co0nMBO 70 11 BepmmH. (711 MpOCTOPOBOro BHUMAIKY PO3PAXYHKOBAa 00JIACThH
ABJsUTa CO00I0 OiMaTepiayibHUM KyO 3 TYHEIBHOIO TPIIIMHOK Ha MEXI MOAUTY
marepianiB. Citka ¢dopmyBangack 13 20-By3J0BHX CKIHYEHHHUX €JIIEMEHTIB Ta
3ryllyBajach y HanpsMKy (GpoHTIB TpiuHU. OTpUMaHO HANpPYKEHHSI, €NIEKTPUYHI
3MIIIEHHS Ta PO3KPUTTS TPILIIUH ISl BCIX TPHOX PO3MISIHYTUX BUNaAKiB. [Ipu nbomy
JUIS TPOCTOPOBOTIO BHUMAAKYy, OCOOJHMBA yBara 3BepTajach Ha IMepepi3, II0
IPOXOAUTH Yepe3 CEPEAHIO TOUKY (POHTY TPILUIMHH, TEPIECHANKYISIPHO O HHOTO.
[TokazaHo myxe J0OpY Y3rOJKEHICTh pe3yNbTaTiB, OTPUMAHUX AJIS IIbOTO MEpepizy
3 aHANITUYHUM Ta YHCEIbHUM PO3B’S3KOM IUIOCKOI 3ajadvi, IO MiATBEPIKYE
PABWIBHICTh BUKOPUCTAHUX AHAJITUYHOI Ta YUCEITHHOI METOJ UK.

Po3ain 2 npuCBSYEHO JOCTIKEHHIO BIUIMBY PI3HUX THUIIB €IEKTPUUHUX
IPaHUYHUX YMOB Ha TPIIIUHI Y I’ €30€IEKTPUIHOMY OiMaTepiani Ha 11 pO3KPUTTS Ta
IIBUJIKICTh BUBUIBHEHHs eHeprii. Po3risimanacs miocka aedopmaiiis 6iMarepiany,
CKJIQZICHOTO 3 JBOX MIBIOPOCTOPIB 3alOBHEHUX PI3HUMHU I €30€IEKTPUUHUMHU
MaTepiajlaMi Ta TPIIIMHOK Ha MeX1 iX noaury. ChopMynb0BaHO IPAaHUYHI YMOBH
Ha 1HTep(eiici Ta MeXaHIYHl 1 EJEeKTPUYHI YMOBM Ha 3OBHIIIHINA TpaHHMII

PO3paxyHKOBOiI 00JIaCTi.

CKiHYEHHO-€JIEMEHTHE PO3B’SI3aHHS TPAHWYHUX 3a7ad 31HCHIOBAJIIOCS B
r€OMETPUYHO JIIHIMHIN MOCTAHOBIII 32 YMOBH NPUKIIAIaHHS CTAaTUYHOI'O HAaBaHTa-
*KeHHs. [ oTpumaHHS mapameTpiB pyMHYBAaHHs, peajli3oBaHa MOXKIIUBICTh
BU3HAYEHHS IIBUIKOCT1 BUBLJILHEHHS €HEPrii, KOTpe 0yJI0 OTPUMAHO 3a JIONIOMOT 010
IHTErpaJIbHOTO METOAY BIPTYaJIbHOI'O 3aKpUTTS TPIIIMH Ta TMOCTIPOIECOPHOT

00pOOKH OTpUMaHUX YUCENbHUX pe3ynbTariB. OTpUMaHi pe3yJbTaTH MMOKa3aJIH, 110



JUTSE MOJIEN1 €TIEKTPOIIPOHUKHOI TPIIIMHM, BETHYWHA 11 POSKPHUTTS 3aJICKHUThH JIUIIEC
Bl MEXaHIYHOI CKJIaJIOBOi HaBaHTAKCHHSI. [Ipu BukoOpucTanHi Mopeni
€JIEKTPOI30JIbOBAHO1 TPIIIMHU BUIHO L0 HASBHICTH E€JIEKTPUYHOrO MOJIA CIpUSE
JOJTATKOBOMY PO3KPHUTTIO TPIIMHA. [[715 €IeKTpOnmpoBiMHOI TPIIMHN Ma€ MiCIe
KOHTaKTHA B3a€MOJII1 MK OeperaMu TpIIMHUA BHACIIAOK i €IEKTPUYHOrO IOJIS.
VY yacTkOBOMY BUNAAKY TPIIIMHHU, HA0AraTo KOPOTIIOi XapaKTEPHOTO PO3MIpy
PO3paxyHKOBOi 00J1aCTi, JOBKHHHU 30H KOHTAKTY, a TAKOX MaKCUMAaJIbH1 3HAYEHHS
PO3KPUTTS TPIIIUHK J00pe 30iraloThCsi 3 TOYHUMH, OTPUMAHUMH JJIsi 00JIacTi
HECKIHYEHHUX  po3MipiB. Pe3ynapTat s €IEKTPONPOBIAHOT  TPINIUHU
JEMOHCTPYIOTh CYTTEBUN BIUIMB €JIEKTPUYHOrO MOJIS Ha XapakTep AepopMyBaHHS.
Ile 3ymoBIIeHO THM, IO Ha Oeperax eIeKTPOJOBAaHOI TPIIMHU B MapaielbHOMY 11
€JIEKTPUYHOMY TIOJI1 IHAYKYIOThCS BUIbHI 3apsA]id, HAABHICTb SKUX SIKICHO 3MIHIOE
BUJI TIOJIS1 B OKOJI1 TPIIMHHU. PO3TISHYTO TaKOXK BUTIAJIOK YaCTKOBO €JIEKTPOAOBAHO1
TpimuHU. I 1[bOro BHUMAAKY XapakTep naedOpMyBaHHS BIAPIZHIETHCA BiA
pEe3yNbTATIB I 1HIIMX BUIIB EIEKTPOCTATUYHUX TPAHUYHUX YMOB, 30KpeMa,

CIIOCTEPITAETHCS YTBOPEHHSI KOHTAKTHOI 30HH B CEPEHINA YaCTHHI TPILIUHHU.

Y po3aini 3 npoBegeHO aHATITUYHUNA Ta YHUCETBHHMM aHaN3 TPIIIUHUA 31
CKIHYEHHOIO €JEKTPUYHOI0 TPOHUKHICTIO MDK JBOMa I’ €30€JIEeKTPUUYHUMU
MatepiajaMu il J1€I0 30BHIIIHLOTO MEXaHIYHOTO HABAHTAXXEHHS Ta €JIEKTPUYHOTO
noJist. CrodaTtky BBa)KAa€ThCs, IO PO3PaxyHKOBa 00JIACTh HECKIHUCHHO BEIIHMKA.
BBaxaroum, 1m0 3allOBHIOBAY TPIIIMHA MA€ HEHYJIbOBY CKIHUEHHY JIEIEKTPUYHY
MPOHUKHICTh, OTPUMAHO EIEKTPUYHY YMOBY B 00JacTi TpPIIIMHH, SKa 3B SI3Y€E
CJIEKTPUYHUN TOTIK Yepe3 TPIIMMHY 31 CTpUOKaMU MepeMIleHb Ta eIEeKTPUIHOTO
noteHiiany i OeperiB. Ha ocHOBI 11i€i yMOBHM, sKa aHaJoOriuHa MOl
KOHJEHCATOpa, 3HAWIEHO TPAHCUEHJEHTHE PIBHSIHHS JJIs  3HAXOJKEHHS
EIEKTPUYHOTO MOTOKY y3/10BK OeperiB TpimuHu. [lokazaHo 110 B OLIbIIIH YacTHHI
o0JlacTi TPIIIUHU, BEIUYMHA EJIEKTPUYHOTO TOTOKY 3aJIMIIAETHCS MPAKTHUHO
nocTiiHo. HaBeneHi 3HaUeHHS €JIEKTPUYHOTO IMTOTOKY Ta IMIBUIKOCTI BUBUTLHCHHSI

€HEeprii sl pI3HUX HaBaHTAXXEHb Ta BEJIMYUH J1€IEKTPUYHOI TPOHUKHOCTI.



AHaJioTiyHy mpoOiemy, aje s 00JlacTi  CKIHYEHHHX  PO3MIpiB
MPOAHAII30BAaHO 3a JIONMOMOTOIK METOAY CKIHYEHHUX €JIeMEHTIB. Po3B’s30K
OPOBOJAUBCA ISl TIET K MOZEN TPINMHU 1 OPH THUX K€ MapaMerpax, Lo 1
AQHAMTHYHANA aHami3. 30KpeMa, B MPHUMYIIEHHI, M0 pPO3MIp TPINUHU 3HAYHO
MEHIIMKA XapaKTepHOro po3Mipy 00J1acTi, BUKOPUCTOBYBAJIHUCH EJIEKTPUUHI
3MINIEHHST OEperiB TPIIIMHM, OJep KaHl MPHU aHATITUIHOMY aHamizi. Pesymbratu
MOKa3aJi, 1110 B OUIBIIINA YaCTHHI MPOMIKKY TPIIUHU pO3O1KHICTh B pe3yibTaTax €
He3HauHow. lle miaTBep/Kye TOCTOBIPHICTh K AHAMTHYHOTO MiJXOAY, TaK 1

YHCEJIbHOT'O PO3PAXYHKY.

Takox Oyn0 MOpOBEAEHO aHaNi3 I €30€JIEKTPUYHOr0 OiMaTepiaibHOTO
KOMIIO3UTY 3 TPIIIMHOIO Ha MEXI MOALUTY MaTepiaiiB 3 MO3MIIiT TPUBUMIPHOI Teopii
npy>XHOCTi. BuUKopucTOByBamach Ta 3, IO 1 paHille, KOHAEHCATOPHA MOJENb
TPIIMHA 31 CKIHYCHHOKO EJIIEKTPUYHOI0 MPOHUKHICTIO 1 3aCTOCOBYBABCS METO
CKIHUCHHUX eJIeMEHTIB. 3ajaroun Ha Oeperax TPIINIMHHU EJIEKTPUYHI 3MIIICHHS,
OTpUMaHI 13 aHATITUIHOTO PO3B’SA3KY, MPOBOAUBCS YUCEIbHUN aHalli3 1 pe3yIbTaTh
MOPIBHIOBAJIUCh 13 3aJlaHUMU. B pe3ynbrari s CepeaHbOoro Imepepisy,
OpPTOrOHATBHOTO (POHTAM TPIIIMHK, Y3TOMKEHHS OTPHUMAHOTO €JIEeKTPUIHOTO
NOTOKY 13 3aJlaHUM € Jy’K€ XOpoIIMM. BpaxoByrouu, 1o ISl IHIIUX Mepepi3iB,
0CcO0JIMBO sl OJIM3BKUX 10 TOPLIB, PO301KHICTh 30LIBIIYETHCSA, OYI0 MPOBEAEHO
YTOYHEHHS BKAa3aHMX 3HA4€Hb METOJAOM ITepamii. s mporo Oeperw TpillMHU
pO30MBaNUCh Ha OKpPEMi €JIEMEHTH MO HAMpsIMKY ii (pPOHTIB 1 3 3aCTOCYBaHHSIM
IPOLIEypH ITepallii 3HAXOAWINCH 3HAYEHHS eJIEKTPUIHOTO TOTOKY Yepe3 TPIUHY

3 HEOOX1JHOIO TOYHICTIO.

Y po3aini 4 posriasHyTO 3adady IIIOcKoi Aedopmaillii, aHaJOTIdyHY 10
NOMEPEAHBOT0 PO3/LTYy, ajge OyJ0 BUKOPHUCTAHO IHIIMI CHOCIO MOJENIOBaHHS
3allOBHIOBaYa TPIMIUHY, O€3 BUKOPUCTAHHS PIBHSHHS [JI8  3HAXOKEHHS
EIIEKTPUYHOTO TMOTOKY B3JIOBX OeperiB TpiluHu. BBakamoch, MO TpilIMHA Ma€e
dbopmy enminca, BepTUKaJIbHA BICh SKOr0 Ha0araTo MEHIA TOPU30HTAIBHOI.

TpimuHa 3amoBHEHA TINOTETUYHUM  MaTepiaioM MOIYJII  MPYXXHOCTI 1



II’€30€JIEKTPUYHI KOHCTAHTH SIKOTO € Ha JEKUIbKa TMOPSIKIB MEHIIUMHU BIJT
BIJIMIOBITHUX XapaKTEPUCTUK BEPXHHOTO MaTepiany, a Jl1eJeKTPUYHA MPOHUKHICTD

OPUIMAETHCS PIBHOO 1€IEKTPUYHUM MTPOHUKHOCTSIM PEAIbHUX MaTepiaiB.

Jlana Mmozenp Oyna qociiKeHa METO0M CKIHUEHHUX efleMeHTiB. [Ipu npomy
pO3paxyHKOBa 00J1acTh po3riIsanach Sk 00’ € JHaHHS TPHOX ITi100IacTel 3 pI3HUMH
GIBUYHUMU  XapaKTePUCTUKAMHM, SIKI 17IealbHO 3’€JlHaHI Ha JIHIAX iX CTHUKY.
BukopuctoByBaiuce 8§-By3/10B1 YOTUPUKYTHI Ta 6-BY3JIOBI TPUKYTHI CKIHYEHHI
€JIEMEHTU JlarpaHkeBOro TUMy. Majo Micle 3TYHIEHHS CITKH TpH MiIXO0J1 10
TPIMHMA 1 0COOIMBO 10 ii BepmnH. OTpuMaHi pe3yiabTaTH AJis PI3HUX 3HAYEHb
JIEJIEKTPUYHOI MPOHUKHOCTI TPIIIMHY IMOKA3aJIM XOPOILIE Y3rO>)KEHHSI B TOPIBHSAHHI
3 pe3yapTaTamMH MOMEPEAHHOr0 PO3ALTY. 3 OrJISiAy Ha 1€, MOXHA TOBOPUTH IPO
aJICKBAaTHICTh 3allPOIIOHOBAHOT MOJENI Ta MOXJIHMBICTh 11 3aCTOCYBaHHS IS
BUBUCHHA TPINMHU 31 CKIHYECHHOI  EIEKTPUYHOI0 TMPOHUKHICTIO  MIXK

I’ €30€IeKTPUYHUMH MaTepialaMu.
HaykoBa HOBHM3HA 0/IepKaHMX Pe3yJIbTATIB NOJIATAE B TAKOMY:

3 BUKOPUCTAHHSIM aHAIITUYHOTO MiJIXOAYy Ta METOy CKIHYCHHHMX €JIEMEHTIB
MPOBEJCHO aHaTI3 eIeKTPOI30JIbOBAHOT TPINIUHU MIXK JIBOMA I’ €30€JIEKTPUUHUMU
MarepiajaMi y IUIOCKOMY Ta MPOCTOPOBOMY BHUIIQJKaX. 3alpOlOHOBAaHO Ta
peaxizoBaHO METOJUKY JOCIIKEHHS MDK(pa3HOI TPIIUHU B 1T’ €30CICKTPUIHOMY
KOMITO3UTI CKIHUEHHHUX PO3MIPIB IPH PI3HUX BUJIAX €IEKTPUUYHUX TPAHUYHUX YMOB
Ha ii Oeperax, sfiKka BKJIIOYAa€ 3HAXOKEHHS UIBUAKOCTI BHUBIIBHEHHS EHEpTii;
JETanbHO TPOAHANII30BAHO BIUIMB EIEKTPUYHOTO MO Ha eINeKTPOIPOBIIHY
TPIIMHY. 3 BUKOPUCTAHHAM aHATITHYHOTO PO3B’SI3KY IS TPILIMHU 31 CKIHUEHHOIO
CIEKTPUYHOI0 TIPOHHWKHICTIO MDK JIBOMAa IT €30€JCKTPUYHUMHU MarepiaiaMu
NPOBEICHO YMCENbHUM aHAII3 ITI€1 MOEN TPIIIMHN y TUIOCKOMY 1 TPOCTOPOBOMY
BUMAAKAX JUIS TiIa CKIHUEHHUX PO3MIPIB; Y MPOCTOPOBOMY BUMAJAKY JUISl PI3HUX
MOTICPEYHUX TIEpPepi3iB, OPTOroHAIBLHUX (POHTAM TPINIUHHU, 3HAWICHI BEJIUYHWHU

EJIEKTPUYHOT0 TIOTOKY Ta 1HIII €JIeKTPOMEXaHIuH1 XapaKTEPUCTUKH. 3apONOHOBAHO



HOBUHM MiAXi 10 aHamizy MDK(a3HOI TPIIMHU 31 CKIHYEHHOIO EJIEKTPUYHOIO

MIPOHUKHICTIO 0€3 ypaxyBaHHS COPOIIYIOUUX MOENIeH B3aeMo/Iii 11 OeperiB.

IIpakTu4He 3HAYEHHS OJePKAHUX Pe3yJabTATIB IMOJAra€ B TOMY, LIO
po3pobiieHa epeKTUBHA CKIHUEHHO-EJIEMEHTHA METO/IMKA PO3B’A3yBaHHS IMIJIOCKUX
Ta TPUBUMIPHUX 3314 JUISl I’ €30€IEKTPUYHUX OlMaTepiaibHUX Ti 3 MIXK(pa3HUMU
TPIIIIUHAMHM MPU CKIHYEHHIN eIEKTPUYHIN TPOHUKHOCTI 1X 3aIIOBHIOBAYA, KA MOXKE
BUKOPUCTOBYBAaTUCh B 1HXKEHEPHIA NPAKTUIl MIANPUEMCTB, TIOB’SI3aHUX 3
NPOEKTYBAHHAM Ta BUTOTOBJIEHHSM €NEKTPOHHUX BHPOOIB, IO BKIIOYAIOTH
I’ €30€JIEKTPUYHY CKIaJ0BY.

KirouoBi ciaoBa: HampyxkeHHs, jaeopmanis, KOMIO3UT, TpIIIHUHA,
CNIEKTPUYHA TPOHUKHICTb, I1'€30€NEKTPUK, IUIACTUHKA, METOJ CKIHYCHHHUX

€JIEMEHTIB, POCTOPOBUM, IIBUAKICTh BUBLIILHEHHS €HEPT1i.



ABSTRACT

Levchenko M.S. Modeling of a crack between two piezoelectric materials taking into
account the electrical permeability of its filler. — Qualifying scientific work on
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Parts of structures created from piezoceramic materials are widely used in
various fields of modern technology. Piezoceramic composite materials, which are
distinguished by lightness, strength, reliability and resistance to environmental
influences, have gained special importance. However, their operational
characteristics largely depend on the presence of various defects, in particular cracks
between different materials, which arise for technological or operational reasons at
the interfaces of the composite components. The methods were developed in the
dissertation and the solutions of planar and spatial problems were carried out for
bimaterial piezoelectric bodies with interfacial cracks under the action of electrical
and mechanical loading, in particular, a new method of modeling the crack filler
between two piezoelectric materials was developed.

In the introduction and review of the literature, an analysis of publications on
the subject of the dissertation was carried out and the contribution of research by other
authors to the development of this direction was highlighted.

Section 1 deals with planar and spatial problems for a bimaterial piezoelectric
composite with an electrically insulated crack at the material interface. Initially,
assuming that the size of the crack is much smaller than the size of the plate, an
analytical approach was applied. Using the method of complex potentials, the
problem was reduced to the Hilbert-Riemann linear conjugation problem, for which
an exact analytical solution was presented. Based on this solution, expressions for
electromechanical factors at the interface of materials were obtained.

A numerical algorithm based on the finite element method was used to

construct the solution in the case of a domain of finite dimensions. In the plane case,
8



a grid of 8-node quadrilateral finite elements was used, which thickened when
approaching the crack and especially its tips. For the spatial case, the computational
domain was a bimaterial cube with a tunnel crack at the material interface. The mesh
was formed from 20-node finite elements and thickened in the direction of the crack
fronts. Stresses, electrical displacements and crack opening were obtained for all
three considered cases. At the same time, for the spatial case, special attention was
paid to the section passing through the middle point of the crack front, perpendicular
to it. A very good consistency of the results obtained for this section with the
analytical and numerical solution of the plane problem is shown, which confirms the
correctness of the used analytical and numerical methods.

Chapter 2 is devoted to the study of the influence of different types of
electrical boundary conditions at the crack faces in a piezoelectric bimaterial on its
opening and the energy release rate. The plane deformation of a bimaterial composed
of two half-spaces filled with different piezoelectric materials and a crack at their
interface was considered. Boundary conditions at the interface and mechanical and

electrical conditions at the outer boundary of the calculation area are formulated.

The finite-element solution of boundary value problems was carried out in a
geometrically linear formulation under the condition of applying static load. To find
the fracture parameters, the ability to determine the energy release rate was
implemented. It was realized using the integral method of virtual crack closure and
post-processing of the obtained numerical results. The obtained results showed that
for the electrically permeable crack model, the size of its opening depends only on
the mechanical component of the load. When using the model of an electrically
insulated crack, it is found out that the presence of an electric field contributes to the
additional opening of the crack. For an electrically conductive crack, there is a
contact interaction between the edges of the crack due to the action of the electric
field. In the particular case of a crack length much shorter of characteristic size of
the calculated area, the length of the contact zones, as well as the maximum values

of the crack opening agree well with the exact values obtained for the area of infinite



dimensions. The results for an electrically conductive crack demonstrate a
significant effect of the electric field on the nature of the deformation. This is due to
the fact that free charges are induced on the faces of an electroded crack in an electric
field parallel to it and the presence of this field qualitatively changes the appearance
of the field around the crack. The case of a partially electroded crack is also
considered. In this case, the nature of the deformation differs from the results for
other types of electrostatic boundary conditions, in particular, the formation of a

contact zone in the middle part of the crack is observed.

In Chapter 3, an analytical and numerical analysis of a crack with finite
electrical permeability between two piezoelectric materials under the action of an
external mechanical load and an electric field is carried out. Initially, it is assumed
that the calculation domain is infinitely large. Assuming that the crack filler has a
non-zero finite dielectric constant, an electrical condition in the crack region is
obtained, which connects the electric flux through the crack and the displacements
and electric potential jumps of its faces. Based on this condition, which is similar to
the capacitor model, a transcendental equation for finding the electric flux along the
crack faces was found. It is shown that in the most part of the crack region, the
magnitude of the electric flux remains practically constant. The values of electric
flux and energy release rate for different loads and values of dielectric constant are

given.

A similar problem, but for a domain of finite dimensions, was analyzed using
the finite element method. The solution was carried out for the same crack model
and with the same parameters as the analytical analysis. In particular, in the
assumption that the size of the crack is significantly smaller than the characteristic
size of the domain, the electrical displacements of the crack faces, obtained during
the analytical analysis, were used. The results showed that in the most part of the
crack region, the discrepancy in the results is insignificant. This confirms the

reliability of both the analytical approach and the numerical calculation.

10



An analysis of the piezoelectric bimaterial composite with a crack at the
material separation boundary was also carried out from the point of view of the three-
dimensional theory of elasticity. The same capacitor model of the crack with finite
electrical permeability was used as before and the finite element method was
applied. By setting the electric displacements obtained from the analytical solution
on the faces of the crack, a numerical analysis was carried out and the results were
compared with the given ones. As a result, for the middle section, orthogonal to the
crack fronts, the agreement of the obtained electric flux with the given one is very
good. Taking into account that the discrepancy increases for other cross-sections,
especially those close to the ends, the mentioned values were refined by the iteration
method. For this, the faces of the crack were divided into separate elements in the
direction of its fronts, and using the iteration procedure, the values of the electric

flux through the crack were found with the required accuracy.

In Chapter 4, a plane strain problem similar to the previous chapter was
considered, but a different way of modeling the crack filler was used. This way does
not use the equation for definition of the electric flux along the crack faces. It was
assumed that the crack has the shape of an ellipse, the vertical axis of which is much
smaller than the horizontal. The crack is filled with a hypothetical material, which
modulus of elasticity and piezoelectric constants are several orders of magnitude
lower than the corresponding characteristics of the upper material, and the dielectric

constant is assumed to be equal to the dielectric constants of real materials.

This model was investigated by the finite element method. Herewith, the
calculation area was considered as a combination of three subareas with different
physical characteristics, which are perfectly connected on the lines of their junction.
8-node quadrilateral and 6-node triangular finite elements of the Lagrangian type
were used. The mesh thickening when approaching the crack and especially its tips
takes place. The obtained results for different values of the dielectric constant of the
crack showed a good agreement in comparison with the results of the previous
section. In view of this, we can talk about the adequacy of the proposed model and

11



the possibility of its application for the study of a crack with finite electrical

permeability between piezoelectric materials.
The scientific novelty of the obtained results is as follows:

Using the analytical approach and the finite element method, the analysis of an
electrically insulated crack between two piezoelectric materials in the plane and
spatial cases was carried out. A methodology for investigating an interfacial crack in
a piezoelectric composite of finite dimensions under various types of electrical
boundary conditions on its faces has been proposed and implemented. It includes the
energy release rate determination; the influence of the electric field on the conductive
crack is analyzed in detail. Using the analytical solution for a crack with finite
electrical permeability between two piezoelectric materials, a numerical analysis of
this crack model was carried out in the plane and spatial cases for a body of finite
dimensions; for different cross-sections, orthogonal to the crack fronts, the
magnitudes of the electric flux and other electromechanical characteristics were found
for the spatial case. A new approach to the analysis of an interfacial crack with finite
electrical permeability which is not based upon simplifying models of the interaction

of its faces is proposed.

The practical significance of the obtained results is that an effective
finite-element method for solving planar and three-dimensional problems for
piezoelectric bimaterial bodies with interfacial cracks with finite electrical
permeability of their filler has been developed. It can be used in the engineering
practice of enterprises related to design and manufacture of electronic products that
include a piezoelectric component.

Key words: stress, strain, composite, crack, electrical permeability,

piezoelectric, plate, finite element method, spatial, energy release rate.

12



Cnucok ony0/1iKoBaHUX NMpaub 32 TEMOIO AMcepTanil

Cmammi y Haykosux axosux u0anHHax Ykpainu:

1. Jlesuenko M. C., T'eprens 1. 10., Jloboma B. B. IIpo ocobnuBocti
neopMyBaHHS TPIIIMHU MK JBOMa I €30€IEKTPUUYHUMH MaTepiaiaMmu
[[TIpobnemMu 00YMCTIOBATBHOT MEXAHIKHM 1 MIITHOCTI KOHCTPYKIIIK: 30. HayYK.

npaik. — uinpo: Jlipa, 2021. — Bum. 33. — C. 86-97. DOI: 10.15421/4221008

2. M. JleBuenko, B. JloOoma. AHami3 TpIlIMHU 31 CKIHYEHOK EJIEKTPUYHOIO
NPOHUKHICTIO MDK JIBOMa IT’€30€leKTpHuHUME Matepianamu /[ BicHuk
HamionansHoro texuiu"oro yHiBepcutery «XIII». 50 Cepis: dunamika i
mimgictp MammH. Ne 1. 2023, c¢. 45-50, DOI: 10.20998/2078-
9130.2023.1.275582.

3. JleBuenko, M. C., Jlanycrta, FO.M., Jlo6ozaa, B.B. IIpo crioci6 MoaentoBaHHs
3al0BHIOBaYa TPIIIMHA MDK JBOMa II'€30€JEKTPUYHUMHU MarepiajaMu

I/ TIpoGiteMn 0OYMCTIOBAILHOI MEXaHIKM 1 MIIIHOCTI KOHCTPYKIiH, 2(37),

¢.94-104. https://doi.org/10.15421/4223219

Cmammi y HAYKOBUX BUOAHHSX THUUX 0epAHcas, 5K 6X005mb 00 MINCHAPOOHUX

HAyKOMempu4Hux 6a3 OaHux

1. Adlucky V. J., Levchenko M. S., Loboda V. V. Finite-element analysis of the
parameters of fracture in a piezoelectric bimaterial with interface crack for
various types of boundary conditions on its faces // J. Math. Sci. — 2024. —
279, No. 2. — P. 181-196. — https://doi.org/10.1007/s10958-024-07004-4

2. Levchenko M., Lapusta Y., Loboda V. 3-D analysis of a crack with finite

electrical permeability between two piezoelectric materials. Procedia
Structural Integrity 59 (2024) 724—-730. 10.1016/j.prostr.2024.04.103

13



Tes3u oonosioeti

1. Jleuenko M.C., Jloboma B.B. Tpimmaa Mixk aBOMa IT'€30€ICKTPUIHUMU
MarepiajJaMf IIiJ] TI€F0 MEXaHIYHOTO HAaBAHTAXKECHHS Ta €JIEKTPUYHOTO TIOJIS.
[/ Marematuuni mpoOieMu TexHIYHOI MexaHiku-2018. Marepianu
MDKHApOIHOT HaykoBoi KoH(pepeHnii. — Kuis, Uepkacu, Kam’siucbke. — 2018.
—C. 60.

2. JleBuenko M.C., JIo6ona B.B. UncenbHo-aHATITUYHUN aHAJ13 TPIILIMHU MIXK
JIBOMA I1’€30CICKTpUYHUMH MaTepiadamu. // MatematnuHi npoOeMu
TeXHIYHOI MexaHiku-2021. Marepianu MiXKHapOHOT HAYKOBOT KOH(EpEHIIi.
— Kwuis, Uepkacu, Kam’suceke.. -2021.- C. 42.
https://www.dstu.dp.ua/uni/downloads/maket_zbirnik_mater_conf_mptm20
21.pdf

3. B. Anmnyupkuii, M. JleBuenko, B. Jloboga BusnauenHs mnapameTpiB
PYWHYBaHHS 11’ €30€JIEKTPUYHOr0 OiMaTepiaiay MpH HasBHOCTI iHTepdecHOi
tpiman 3 BHKopucTtaHHIM MCE. // CydacHi mpoOjieMd MeEXaHIiKd Ta
matematukun — 2023. Marepianu MIKHApOAHOI HAYKOBOI KOH(EpEeHIi.
JIsBiB. — 2023 - ¢.185.
http://iapmm.lviv.ua/mpmm2023/materials/me03_26.pdf

14



PO34UI 1. INIOCKA TA ITPOCTOPOBA 3ATAYI JUUIA
EJIEKTPOI30OJILOBAHOI TPIIIIMHU MDK JIBOMA

ITESOEJIEKTPUUHUMU MATEPIAJTIAMU.......ooviiiiiiiiieeie e 30
1.1 ITocTtaHOBKa 3a/1a4i JJISl TFIOCKOTO BUIAIIKY eeeeeeeesseiuurrrnrrreeaaaessssannnnnnneees 30
1.2 AHATITHYHUHN PO3B’A30K 3AITAUL.cceeiiierrrrrrrrrereeesssssssssnnnereeessssssnsssssnnereeeens 31
1.3 OcobauBocTi 3acTocyBaHHs MeTOy cKiHdeHHUX eneMeHTiB (MCE).......... 41

1.3.1 3BeaenHHs 3a1a4i TEOPIi MPY>KHOCTI 0 BAPIAIIAHOT 3201 .vvvvvvrerrerennnns 41

1.3.2 Iuckperu3zarris BapialiiiHo1 3a7ja49i METOJJOM CKIHYEHHUX €JIEMEHTIB ... 42
1.4 UwucenpHUl po3paxyHOK ISl ITIOCKOT'O Ta MPOCTOPOBOTO BUMAJKIB ........... 44
1.5 Pe3ynbpTaT A1 MI0CKOTO Ta MPOCTOPOBOTO BUMAJIKIB Ta iX 00roBopeHHS . 46

1.6 BHUCHOBKHM J10 HEPIIOTO POBIILITY +rveeruurrrrreesnnnrereesannnreeessasnnneeesssnnnneeeessannes 48

PO3UI 2. BIUIMB EJIEKTPUUHUX 'PAHUYHUX YMOB HA TPILIIMHI ¥
IT’€30EJIEKTPUYHOMY BIMATEPIAJII HA I PO3KPUTTS TA

IIBUJKICTb BUBUIBHEHHS EHEPTIL.......cocvviviicicccecceeeeeeee e, 50
S B B (0T 20 & ()30 T ¥: Vi 2 L § 50
2.2 UHCEITBHA PCAIBAIIIM ..t vvvvivvveereeeeeesssssssstsseeseeesessssssssssssseeeeseeessssssssssssseees 54
2.3 YHCEHBHI PEBYIIBTATH .....vvveeeeesutreeeeessnnnneeeassassnseeaessannnneeessassnneeeesannnnneeessanes 59
2.4 BUCHOBKH JIO APYTOTO POBIIIITY c.etiuuiitrrrrrrreesesssssssssssssseeeesssssssssssnsssseeeesees 67

PO3JI1UT 3. AHAJIITUYHUM TA YNCEJILHUI AHAJII3 TPII[UHUA 31
CKIHYEHHOIO EJIEKTPUYHOIO ITPOHUKHICTIO MDX IBOMA

ITE30EJIEKTPUUHUMU MATEPIAJTIAMU .......oooiiiiiiiiiiiiiiee e 69
3.1. TT0CKO-TEDOPMOBAHUM CTAH ...eeiiueiivviveieeeeeeessssssitissseeeeseeesssssssnsnsseeeeeeens 69
3.1.1 OOPMYTIOBAHHS TPOOIIEMHE .....eeeeerreereesisirreeeessnnnneeeessnnneeeesannneeeessnnnnes 69
3.1.2 AHATITAYHUN PO3B SIBOK ceeeeeeersiiuiirrirerteeeeessssssisssseeeeessssssssssssssseseeessesns 71
3.1.3 YucenbHa UTIOCTPAIlIS AHATITHIHOTO PO3B ABKY wvvvvvvrrrreeeesssiinrrrnneneeeeens 74
3.1.4 YucenbHUN PO3PAXYHOK TSI TIOCKOTO BUIATKY -.evveeeeeeeeeeeeeeeeenanneenanns 77
3.2. ITPOCTOPOBHM BUTTAIOK . ..vvvvrrrrrsesessssssnsssnseensessessssssnssssssessesseessssmnsssssseeees 82
3.2.1 ®OPMYTIOBAHHS TPOOIIEMH ....ceeeinerreereesinirneeeessnnnneeeesasnnneeeesannneeeessnnnnns 82

15



3.2.2 YucenbHUN pO3paxyHOK JJISI IPOCTOPOBOIO BUIAIKY ...oovevvvvrrrrereeeeessss 83

3.3 BUCHOBKH JI0 TPETHOTO POBIIULY .eeeriuurrrreeesutrnreeesasrrreeessassneeeesansnneeesssannens 87
PO3 1T 4. CITOCIb MOAEJIFOBAHHSA 3AIIOBHIOBAYA TPIIIMHN MDX
JTBOMA IT’€30EJIEKTPUYHUMU MATEPIAJIAMMU ......ccovevviiiiiiiiieiiiienns 89

4.1. @OPMYITIOBAHHS MPOOTIEMU .....evvvveeeesiinreeeesssineeeaessnnneeeessannnneeeesannneeeeennes 89

4.2 dopmyIroBaHHS PO3PaXyHKOBOT MOJIEI Ta 11 YMCEIBHUN aHATI3 ....vvvvvvneee. 90

4.3 Pe3ynpTaTh PO3PAXYHKIB TA TX QHAIIS ...vvvveeeiurrrreeesinrreeeessasnneeeesannnneeeessnes 92

4.4 BUCHOBKH J0 YETBEPTOT'O POBIIIITY . .eriiuerrrrrrrrrreesessssnsssnnnsereessessssmnsssssseeees 96
|27 (@) 5 (0] 27 0 Z L PRSPPI 98
CIIMCOK BUKOPUCTAHUX JIKEPEIL .....cccoiiviiiiiiiiiiiie e 101

16



BCTYII

OOrpyHTyBaHHs BHOOPY TeMH HOCHilxKeHHs. B octanHi necsatupivus
ICTOTHO 30UTBIIYETHCS BUKOPUCTAHHS CKJIQJAHUX MEXaHI3MIB Ta MPWIAJIB, IO
MICTSITh BEJIMKY KUIBKICTh JIeTaJIel, BATOTOBIICHHX 3 I’ €30€JICKTPUYHUX MaTEePialliB.
EnemMeHTH KOHCTpYKIIiH, BUTOTOBJICHI 3 IT’€30KEpPaMIYHUX MaTepiaiiB, 3HAXOIATh
IIMPOKE 3aCTOCYBaHHSA B PI3HUX Taly3sX CcydacHOi TexHiku. OcoOauBoro
PO3NOBCIOJKEHHsI HAOynM  I’€30KepaMidHi  KOMIIO3UTHI  MaTeplayiu,  sKi
BIJI3HAYAIOTHCS JIETKICTIO, MIIHICTIO, HAIIMHICTIO Ta CTIHKICTIO 10 BIUIUBY
HABKOJUIITHKOTO cepenoBuia. OMHAK iX eKCIUTyaTalliiiHI XapaKTePUCTUKH 3HATHOIO
MIpOIO 3aJIeKaTh Bl HAsBHOCTI PI3HOTO poay AedeKTiB, MepeayciM TPILUH MIX
pi3HUMHU MaTepiagamu  (MDK(A3HHX TpIUH), AKI 3 TEXHOJOTYHUX abo
eKCIUTyaTaIiiHuX MPUINH BUHUKAIOTh HA MEXI1 CKIaJIOBUX KOMITO3UTY.

[IpoGnemi MOCHIKEHHS TPIIIMH MDK PI3HUMH 11’ €30€JIEKTPUYHUMHU
MaTepialaMi TPHUCBAYEHO 3HAYHY KUIBKICTh JOCHIKEHb YKpPAiHCHKUX Ta
3aKOPJOHHHUX aBTOpIB. Po3riistHeMO HaWOUIBIN BaXKIMB1 JOCTIHKEHHS CTOCOBHO
Oe3nocepeIHbO 111€1 TEMAaTHMKH, a TaKOXX OCHOBHHMX pOOIT, 1m0 3a0e3nedynin
HIATPYHTS JUISl OJEp>KaHHS BKA3aHUX PE3YNbTAaTIB.

OcHOBHI Me€TOAU PO3B’sI3aHHS 3a7ad JUIsl TPIIIUH BHUKIAJECHI Y BIIOMHX
moHorpadisax ['yzs O. M. [7, 8], Kamincekoro A.O. [9, 10], Kiral.C. 1
Xas M. B.[16], KiraTl. C. i Ilo6epexnoro O. B. [17], Mycxenimsim M. 1. [33],
[Tanacroka B. B. [40], [Tanacroka B. B. Caspyka M. I1. 1 Jlanmmmuaa A. I1. [41],
[Taprona B. 3. i KynapsBuesa b. A. [42], ITonosa I'. 5. [44], Casina I'. H. [45],
Caspyka M. II. [46], YUepemanosa I'. I1. [56] Ta iHmHX.

Tpiwuna mixc 08oma i30MpoONHUMU MA AHIZ0MPONHUMU MAMEPIALAMU.

Brnepiiie 3amaya st TpiliMHM, pO3TAIIOBAaHOT HA MEXI1 MOJLTY JABOX PI3HUX
130TPOMHUX MIBIUIOLIUH, 1110 3HAXOUJIACh MiJ AI€I0 PIBHOMIPHO PO3MOIIICHOTO Ha

HECKIHUCHHOCTI  PO3TATYIOUOTO  HABAHTAXKEHHS, Oyma  chopMynboBaHa
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Williams M. L. ta po3p’s3ana HuUM >xe y po6Oori [135]. B wmiii mpami orpuMano
TOYHUIN aHAJTITUYHUN PO3B’A30K Ta MOKA3aHO, 10 B OKOJII BEPIIMH TPILIIUHU Ma€
MICLE OCHWJISALISA MEPEMIIIEHb Ta HApPYX €Hb, TOOTO OyJI0 BCTAHOBJIEHE (PI3UYHO
HEMOJKJIMBE SIBHINEC B3a€EMONPOHUKHEHHS OeperiB TpimuHU OAuH B oxHe. [lani B
pamkax 1iei Mmojeni B pooorax ['pimumekoro /1. B. [5], Rice J. R. i Sih G. C. [120]
Oy7u po3B’si3aHi IUIOCKI 3a/1a4i 3a PI3HUX TPAHUYHUX YMOB Ha Oeperax TPIIIUHU Ta
pI3HUX BHJIIB BIJJAJICHOTO HaBaHTXEHHSA. TakoX B IuX poborax Oyno BBEACHO
MOHATTA KOe(DIIIEHTIB IHTEHCUBHOCTI HANPY>KEHb CIEI1aIbHOTO BUTIISAY. Metonu
CUHTYJISIPHUX 1HTErpajbHUX PIBHSIHB MPU PO3B’S3KY IUIOCKOI 3a/aul JAJi KYCKOBO-
OIHOPITHUX TUT 3 TpimuHamMu Oymu BukopucTani B mnpami Cymumal’. T. 1
I'pimunpkoro /. B. [50]. Tounuii po3B’s30K 3a/1a4i Ipo AUCKOBUJIHY TPIIIHHY, IO
3HAXOJMTHCS HA MEX1 MOJLTY JBOX PI3HUX 130TPONHHUX MIBIPOCTOPIB MiA AIEI0
PIBHOMIPHOT'O BIJJAJIEHOIO OCECUMETPUYHOIO PO3TATYIOUOIO HABAHTAKEHHS, OyB
orpuManuii y niparii MoccakoBcbkoro B. 1. 1 Pubku M. T. [32]. [lst po3B’si3ky OyB
BUKOPUCTAHUN METOJI KOMIUIEKCHHUX MOTEHITIATIB.

JlunaMidHi 3a1a4i Uil TPIIMHA Ha MEXI1 MOAUTY MPYKHHUX MaTepiaiiB i
JEI0 TAPMOHIYHOTO HABaHTAXEHHsS, PO3TNIAHYTI y poborax Mensmmkosa B. O.
[30], Menbmukosa B. O., Menpmukosa O. B., TI'yza 1. O. [ 31]. Hocaimkeno,
30KpeMa, BIUIMB KOHTAaKTy OeperiB TPINIMHU HA XapaKTEPUCTHUKU HAIpPyXKEHO-
neOpMIBHOTO CTaHy B OKOJI i1 BEPILIHH.

[Tepmioro poGoTOIO, B SIKIM AOCHIIKYBaAIacs CUCTEMa TPIIIUH, PO3TaIlIOBAHUX
MIX aHI30TPOITHUMH TiBIpocTopamu, Oyina npars Clements D. L. [61]. B wmiit craTTi
NPEICTaBICHO TOYHUN aHANITUYHUMA PO3B 30K B paMKax "BIIKPHUTOI" MOAEN Mpu
JOBUTPHOMY MEXaHIYHOMY HaBaHTaXXeHHI Ha Oeperax TpiumH. Po3rmsgascs
BUTIAJIOK, KOJHM TMPYKHOASHOPMIBHUN CTaH TUTa HE 3aJICKUTh Bil ONHIEI 3
KOOpJIMHAT, TOMY IIPOCTOPOB1 PIBHSHHSA T€OPii MPY>KHOCTI JJIS aHI30TPOITHOTO Tijla
Ipe/ICTaBIICHI Yepe3 aHAIITUYHI PYHKIT KOMIUIEKCHOT 3MiHHOI. OTpUMaHO 3a7a4y
CHPSDKEHHSI, PO3B 30K SIKOi 3HAMIEHO B 3aMKHEHIN (hopmi.

Cepen 1HIIMX JOCHIDKEHb MDK(Ga3HOI TPIIUHU HA MEXI MOILTY

aHI30TPOMHUX  MarepianiB  MmOTpiOHO  Bim3Haumtu  poboru  Hwu C. [84],
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Kattis M. A. [85], Quan W. i Sun C. T. [119].

Ting T. C. T. [129 — 131] npoBiB IOCTIPKEHHS CTYICHS OCIMJIALII ITOJIB
HaNpy»XeHb Ta NEPEMIILEHb JJIs TPILMHU M1 JBOMA aHI30TPONHUMU MaTepialaMu
1, 30KpeMa, JIIAIIOB BUCHOBKY PO HE3MIHHICTh CTYIIEHS OCHMJIAIIT MPpHU HE3MIHHIN
BIJIHOCHIM Opl€HTAIlil TOJJOBHUX OCEN aHI30TPOITIi.

Jlesiki KOHTaKTHI 3a7a4i JUisl OPTOTPOMHOI MIBIOJIOCH 1 MPSMOKYTHHUKA, SIKi
MaTeMaTH4YHO OJM3bKI J0 3aJad JUId TPIIIUWH, PO3TJISHYTO B poboTax
ITaBnenka A. B. 1 Karagiii T. C. [38] Ta IlaBmenka A.B., Karaniii T. C. i
ep6unu 1. B. [39].

Mogpenb, 3ampononoBana Comninou M. [62], mpunyckae KOHTakT Oeperis
TPIMH MOOJM3Yy iX BEPIIMH, MPUYOMY BEJIMYMHHU 30H KOHTAKTYy 3a3]1ajierilib
HeBioMi. B poborax [62,63] 3amaya 115 TPILIMHU MK PI3HOPIIHUMHU 130TPOITHUMU
MIBIUION[MHAMM 32 HasIBHOCTI IIaJIKUX 30H KOHTAKTY B OKOJII BEPIIMH TPIIIUH Oyia
3BEICHA JI0 ITHTErPajbHOTO PIBHSHHSA, SKE JOCITIKYBAjIoCs ducenbHO. J[oBkuHA
30HM KOHTAKTy OJTHO3HAYHO BU3HAYAJACA 3 JIOJATKOBUX PIBHSIHB, OTPUMAHHUX 3
YMOB JIJIsl HAIIPY>KEHb Ta MEPEMIIICHb.

B po6orax Dundurs J. i Comninou M. [67], Comninou M. i Dundurs J. [64],
Ni L. i Nemat—Nasser S. [111,112], Huang Y., Wang W., Liu C., Rosakis A. J. [83]
YHCEJIbHO PO3B’A3yBAIMCh CHUHTYJISIPHI IHTETPaJIbHI PIBHSHHS, O SKUX 3BOJIAIUCS
IUIOCK1 3ajadl JJis TPIMH 3 30HAMU KOHTakTy. [lpu udncenpbHOMY pPO3B’s3aHHI
IHTErpaJbHUX PIBHAHb BUHUKAE MPOOJIeMa, OB’ 13aHa 3 BU3HAYCHHAM JTOBKHH 30H
KOHTAaKTYy, OCKIJIbKM MEXI1 IHTETpYBaHHs € HEBIIOMUMHM Ta MalOTh OyTH 3HaWJIEHI 3
J0JTATKOBUX PiBHIHB, CPOPMYITHOBAHUX HA OCHOB1 YMOBH OOMEKEHOCTI HAPYKEHb
B TOYKaxX 3MUKaHHS OeperiB TpinuH. OCKITBKY 1€ € JOCUTh CKIIATHOIO MPOOIEeMOIO,
OyJu IPUIAHSTI CIPOOM OTPUMAHHS aHATITUIHHUX PO3B’SI3KIB.

3agadqy Ui TPIIMHM, IO 3HAXOJUTHCS MDK JBOMa 130TPOITHUMU
MaTepiajlaMi, 3 ypaxyBaHHSIM OJIHI€T 30HM KOHTAKTY BIEpIIIe aHATITUYHO PO3B’SI3aB
CumonoB I. B. [47]. B pe3ynbraTi TOYHOTO PO3B’S3KY 3 BUKOPHUCTAHHIM
KOMIUIEKCHUX TIOTEHINIAJIB OTPUMAHO TPAHCUEHJEHTHE pPIBHSAHHS, 3 SKOTO

BU3HAYajacs JOBXWHA 30HM KOHTakTy OeperiB TpimuH. BcTaHoBieHO, 10
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MEXaHI4HI MOJs y BepUIMHAX TPIUMHU MaloTh KopeHeBYy ocoOmmBicTh, a KIH,
BBE/ICHI TPAAUIIINHUM CIIOCOOOM, € AIMCHUMHU BETUYHMHAMMU.

B mopanemiomMy aHamiTHUYHI PO3B’S3KM IS TPIMIMHU 3 OJIHIEID Ta JIBOMA
30HAMHU KOHTAKTY OYJIH oJiepKaHi 3 BHKOPUCTAHHSIM PI3HUX METOJIB Ta TIPU PI3HOMY
30BHIIIHBOMY HaBaHTaKEHH1 y mpausgx Cumonosa I. B. [47 —49], Jloboau B. B.
[26], ViiTtko A. @. [51], Octpuka B. 1. Ta Yiitko A. @. [34, 35], Atkinson C. [58],
Gautesen A. K. i DundursJ. [73,74], DundursJ. i Gautesen A. K. [68],
Gautesen A. K. [75, 76], Loboda V. V. [103]. B mux poGorax Oyiau 3po0JcHi
JOCHIJI)KEHHS 111010 BIUIMBY OZHI€1 30HM KOHTAKTY Ha 1HIIY Ta 3p00JIEHO BUCHOBKH,
10 HEXTYBAaHHSA 30HOI KOHTAKTy MOONM3Yy OJHIEI 3 BEPIIMH HPU3BOJIUTH [0
HecyTTeBUX MOXHOOK y Bu3HaueHH1 KIH nmo6im3y iH1o1 BepimHu.

3amava g cucteMd MDK(a3HUX TPIMH 3 TJIAJKUMH 30HAMH KOHTAaKTy
AHAIITUYHO PO3B’sI3aHA B MPYKHOMY 1 TEPMONPYKHOMY BHIIaJIKaX, BIAMOBIIHO, Y
pooorax Kharunl. V. i LobodaV.V. [86,87]. [oBiibHO poO3TamoBaHe
30CepeKEeHe HAaBaHTaKEHHS po3risnanocs B podoti Xapyna 1. B. 1 JIoboau B. B.

[55].

Tpiwunu y n’e30erexmpuynux mamepianax.

OCHOBHI TIOJIOKEHHSI MEXaHIKHU M’ €30€JEKTPUYHUX MaTepiajiiB BUKJIaJACHI B
MoHorpadisx 'pundenka B. T., Yimitko A. @. 1 yneru M. O. [6], [TapTona B. 3. 1
Kynpssuesa b. O. [42]. Tyrt, 30Kkpema, pO3IVISIHYTO OCHOBHI CIHIBBIIHOIIEHHS
AHIMHOT Teopii nedopMyBaHHS 11" €30€IEKTPUIHHUX CEPEAOBHUIL, CPOPMYITHOBAHO T
PO3B’S13aHO HU3KY 337124 €JIEKTPONPY>KHOCTI.

[Ipu po3B’si3aHHI 33134 IS 11" €30€NCKTPUYHUX TUT 3 TPIIIMHAMH BaXKJITUBUM
aCIEKTOM € KOpeKTHE (OpMYITIOBAHHS EIEKTPUYHHMX YMOB Ha Oeperax TpilluH.
TpimuHYM 3a3BUYali 3aMOBHEH] SIKUMOCH CEPEIOBUIIEM (ITOBITPsI, BOJIA, TOIIO), TOMY
BJIACTUBOCTI I[LOT'O CEPEIOBHINA TOBHHHI OyTH BpaxoBaHi. OCKUIBKH 11€ HEMPOCTO,
BUKOPUCTOBYIOTBCS ~ CHELIANbHI MIAXOAW JJII MOJCIIOBAHHS  HAOIMKEHUX

I'paHUYHUX BI/IHaJIKiB, OCHOBHUMHI 3 SAKHUX € CJIICKTPOIMPOHHUKHA Ta
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€JIEKTPO130JIbOBaHA TPIILIUHH.

V¥ crarti Kynpssuesa b. O., Ilaprona B. 3. 1 Pakitina B. 1. [19] ananituuno
pO3B’si3aHa 3aja4a AJis1 OJHIE] TPIIMHU HA MEXI MOAULY JBOX I’ €30€IEKTPHUKIB B
paMKax TPaHUYHOTO BUMAAKY TIOBHICTIO  E€JIEKTPONPOHUKHOI  TPIIIMHM.
DopMYITIOBAaHHIO EIEKTPUYHUX TPAHUIHUX YMOB Ha Oeperax TPIIUHU MPUCBIYCHA
po6ora [TomoBunkinoi I. B. 1 Viritko A. @. [43].

Oyukiiss  ['piHa  ams  CKIAfeHOI  IT'€30KepaMivyHOi  IUIOMMHUA 3
EICKTPONPOHUKHOI  MDK(pa3HOKW  TPIMMHOW,  MmoOyjoBaHa y  Tpalll
Oinpmtunacbkoro JI. A., dinpmruackkoro M. JI. [53] Ta po3BuHeHa y MoHorpadii
dinpmrurchkoro JI. A. [54].

JloCmiKEHHST TPOTUJICKHOTO TPAHWUYHOTO BHIIAJKY €JIEKTPOi30IhOBAHOT
TpilMHU OyI0 3amovatkoBaHo y poboti Deeg W. F. [66]. ¥V mpari Sosa H. [126]
noOyZ0BaHO  TOYHHMM  PO3B’SA30K A TPIIMHU  MDK  PI3HOPILAHUMH
I’ €30€JICKTPUYHUMU MIBIUIONTMHAMY B paMKax “KJacu4HOi’ Mozem. bymu BBeneHi
dyukIii, mogioHi 70 GyHKIii Epi, a po3B’sA30K, K TpaHUYHUN BUMAIOK 3aa4l IS
SMINTHYHOTO OTBOPY B HECKIHYEHHIH IUIOIMIMHI, MPEACTABICHO Yepe3 aHaTITHYHI
G yHKITIT KOMITJIEKCHOI 3MIHHOT.

OnHuM 3 HAWUTPYHTOBHIIIMX JOCIIKEHb €JIEKTPOI30JIbOBAHOI TPIIUHU €
po6ota Suo Z., Kuo C. M., Barnett D. M., Willis J. R. [128], B skiii ans BUnaaxky
IUIOCKOI Ta aHTUILIOCKOI Jedopmaliii moOy10BaHO TOUHUM aHATITUYHUM PO3B'SI30K
13 3acrocyBanHsaM miaxony Jlixauipkoro C. I'. [20] 1 Stroh A. N. [127]. ABtopu
BBENM KOE(DILIEHTH IHTEHCHUBHOCT1 CHELIAJIbHOIO BUIJISAY, IPOAHAI13yBaBIIH
MO>KJIMBI BUJIA CTETICHEBUX OCOOIMBOCTEN (YHKIIN Hampy>KeHb Ta MEPEMIIEHb B
OKOJI1 BEpPIIMHY TPIIUHHU.

GaoC.F. 1 FanW.X. [72], pO3MISIHYBIIM B  OJHOPITHOMY
I’ €30€TIEKTPUYHOMY MaTepiaji eMNTUYHUA OTBIp, TPAHUYHUM BHUIIAJIKOM SKOTO €
TPIIIMHA, AOCTIAWIA KOPEKTHICTh CHPOIICHUX EJIEKTPUYHUX YMOB JJIsi TPILIMHHU.
OCKUIBKM B OKOJII BEPIIMHHU €JEeKTPOI30JIbOBAHOI TPINIUHU 3’ SIBISIETHCS

CUHTYJISIPDHICTh ~ €JIEKTPUYHOI 1HAYKII, sIKa 3aleXUTh BIJ EIEKTPUUYHOTO
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HaBaHTAXXEHHS, aBTOPH JIUIIUIA BUCHOBKY, [0 MOJIE/Tb €JICKTPOIPOHUKHOI TPIIIITHU
€ OUThLI PEealiCTUYHOIO.

Meroau Teopii (YHKINI KOMIUIEKCHOTO 3MIHHOTO 1 IHTETpajIbHUX
IIepeTBOPEHb BUKOPHUCTOBYBaIMCsS B podorax Loboda V., Lapusta Y., Govorukha V.
[102], Pak Y. E. [113], Ru C. Q, Mao X., Epstein M. [122], Ru C. Q. [123], Shen S.,
Nishioka T., Hu S. L. [125], Wang X. D. [133], Wang X. D., Meguid S. A. [134], B
AKUX B PAMKax PI3HUX TPaAaHUYHHUX BHIAJIKIB €JIEKTPUYHOI MPOHUKHOCTI OeperiB
JOCJIJDKYBJIUCS TPIIIMHU MK PI3HOPITHUMHU 11’ €30€IEKTPUYHUMH MaTepiaiamu.

YMoBH Ha Oeperax TpIillIMHM, SIK1 JIO3BOJIAIOTH OpaTH J0 yBard BJIACTUBOCTI
cepeoBHIIa (€JIEKTPONPOHUKHICTh TPIITUHHN) Oynu 3ampoIOHOBaHI
[Tapronom B. 3. i KyapsiBuesum b. O. [42], a Takoxx Hao T. H., Shen Z. Y. [80]. B
il MoJeIl BUKOPUCTOBYBAJIMCA T'PAHUYHI YMOBH, BIJIOBIJHO 110 SAKUX TPIIIMHA
po3risaanacs fK KOHAEHCATOp, IO JaBajli0 3MOTY BpaxOBYBaTH EIEKTPUUYHY
NPOHUKHICTH 3aMIOBHIOBAYa TPIIIMHU.

Crix BiI3HAYUTH, IO JAHUHN MiJIX1A MPUBEPHYB 3HAUHY YyBary JOCIHIIHHUKIB,
Ipo IO CBIAYMTH BeJIMKA KUIBKICTh MYOJIKAIlid, cepell SKUX CHiJ BiI3HAYUTH
po6otu Dunn M. L. [69], McMeeking R. M. [108], Xu X. i Rajapakse R. K. N. D.
[136], Wang B. L.iMay Y. W. [132]. MeTo10oM CKIHYCHHHX €JIEMECHTIB TakKa 3a/1a4a
Oyma posp’sizana y mpami Gruebner O., Kamlah M., Munz D. [79]. B ycix
BULIENIEPENIYEHUX CTATTSIX PO3TISAABCA OMHOPIAHUM 11’ €30€1eKTPUYHUI MaTepiall.

Y mpami Govorukha V. B., LobodaV.V., Kamlah M. [77] anamituuHO
JOCIIPKEHa TPIIIMHA Ha MEXK1 OJITY IBOX PI3HMX I’ €30€JIEKTPUYHUX MaTeplaiiB 3
ypaxyBaHHSAM EJICKTPUYHOI MPOHUKHOCTI 3aMOBHIOBaYa TPIIIUHU. TaKoX B IIH
poOOTIi, K YaCTKOBUI BHITAJIOK, MPOBEJACHO aHATI3 JUIsl TPIIIUHA B OTHOPITHOMY
I’ €30€eKTPUYHOMY MaTepiai.

Li Q. i Chen Y. H. [99,100] npoBenu MOCTIIKECHHS TPIIIMHA CKIHYCHHOT
€IIEKTPUYHOI TMPOHUKHOCTI, 10 3HAXOAUTHCS Ha MEXI TMOAULY JBOX
I’ €30€JIEKTPUYHUX, & TAKOXK I’ €30€JIEKTPUYHOTO Ta J1eIEKTPUYHOr0 MaTepiaiis. B
poborax Lapusta Y.M., Komarov A.V., Labesse-Jied F., Moutou Pitti R., Loboda

V.V [95] ta Lapusta Y.M., Loboda V.V. [96] monens TpimiuHU CKIHYEHHOI
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CJICKTPUYHOI MPOHUKHOCTI BUKOPUCTAHA Y JIMHAMIYHOMY BHIAJIKy Ta Y BUIAAKY
TPIIIMHU y MPOMIAPKYy MDK IT'€30€JeKTPUUHUMH Matepiamamu. Loboda V.V.,
Lapusta Y.M., Sheveleva A.E. [104] mocnimkyBany BKa3aHy MOJIENb Pa3oM i3
BpaxyBaHHSM €JIEKTPO-MEXaHIYHUX 30H MepeApyHHYBAHHS TPIIIUHA Y aAT€31HHOMY
IpOIIAPKy MK JBOMa I’ €30€IeKTpUIHUME Matepiasiamu. B po6ori Loboda V.V,
Sheveleva A.E., Chapelle F., Lapusta Y.M. [107] monenp TpimmHA 31 CKIHUEHHOIO
€JIIEKTPUYHOIO IPOHUKHICTIO JIOCJIJIP)KEHA HA TIPUKIIAI1l CUCTEMHU MIK(pa3HUX TPIIUH
y m’e3oenekrpuunomy Oimatepiani. Zhou Z. G., Chen Z. T. [137] posrisHyiu
B3aEMOJIII0 JIBOX TPIIIUH 31 CKIHYEHHOK CJICKTPUYHOK MPOHUKHICTIO MIXK
1’ €30€JIEKTPUYHUMH MaTepiajgaMu 31 3MIHHUMU (PI3UIHUMU XapaKTePUCTUKAMH.

EnepreTnyHo CyMICHI TpaHUYHI YMOBHM CTOCOBHO TPILIMH B OJHOPIIHUX
MaTepiaigax Oynu 3amporoHoBani y mpari Landis C. M. [94] ta po3suneni Li W.,
McMeeking R. M., Landis C. M. [101], Ricoeur A. i Kuna M. [121].

VY 3B’A3Ky 31 CKJIQIHICTIO PO3B’SI3aHHA 3a]adi JUIs TPIIMHU 3 YpaxyBaHHIM
30HU KOHTAKTY, TaKi JOCIIIKEHHS TIOYaI MMPOBOUTUCS BITHOCHO HEIOJaBHO. B
po6oti Qin Q.-H., Mai Y.-W. [117] MeT0oI0M CHHTYJISIpPHUX IHTETpabHUX PIBHSIHb
B paMKax BKa3aHOI MOeNl JOCIIDKEHO TEPMOIPYXKHY 3a7ady, a B poOOTi
Govorukha V. B., Kamlah M. [77] 3acTocoBaHO MeTO/i KOMIUIEKCHHMX IOTEHIIIAIB.
Cnig Takox Bim3Hauutd podboru Herrmann K. P. i LobodaV.V. [81] Tta
Herrmann K. P., Loboda V. V. i Govorukha V. B. [82], B sikux oTpuMaHO TOYHHIi
AHANITUYHUANA PO3B'SI30K JIJISl €IEKTPOIPOHUKHOI Ta €JIEKTPOi30JIbOBAHOI TPILIUHH,
AKa 3HAXOJUTHCA HAa MEXI MOAULY ABOX I’ €30€JEKTPUYHUX MarepiaiiB. Y mparl
Jlo6omu B. B. 1 ®imimoBoi O. C. [29] mpoBeneHO  MOCHIKEHHS 30BHINIHBOI
€JIIEKTPOIPOHUKHOT TPIMIMHK B paMKax KOHTakTHOiI mojem. Komapos O. B. Ta
Jloboma B. B.  [18] mpoBemm  gOCHiIKEHHS  MapaMeTpiB  pyHHYBaHHS
€JIEKTPOIPOHUKHOT TPIIIMHY, [0 PYXAETHCS 3 T0O3BYKOBOIO MIBUIKICTIO IO MEXI
MOJIUTY T’ €30€JIEKTPUYHUX MaTepialliB.

3amadi I eJICKTPONPOBIAHUX TPIMIMH MIX JBOMa I €30€IEKTPUUYHUMHU
MaTepiajgamMu po3B’sa3yBajiuch B podorax Beom H. G., Atluri S. N [60], Loboda V.,

Sheveleva A., Lapusta Y. [106], Loboda V., Mahnken R [105] ta in.
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B poGorax Amntumnona lO. A. [4], Octpuka B.1. [36], Octpuka B. 1. 1
VYaitko A. @. [37], Yaitko A. @. 1 Octpuka B. 1. [52] mocnimxyBaiucs TpilllUHA 3
30HOK KOHTAKTY 3a HasBHOCTI B Hii TepTs. [locTaBneni 3amayl Oynu 3BeIEHI 110
IHTErpaabHUX PIBHSIHB, IS SIKUX OTPUMaHl HAOIMKEHI aCUMITOTAYHI PO3B’SI3KH.
[Hmuit  cmoci® MojenioBaHHS TNPUBEPIIMHHUX 30H MDK()a3HOI  TPIIMHU
3anporoHoBaHo y pobdorax Kamincekoro A. O., Kimnic JI. A. 1 Konmmakosoi B. A.
[11, 12], Kamincekoro A. O., Hdyauk 1. B., Kinnic JI. A. [13-15], Jloboau B. B. i
[lleBenboBoi A. €. [28], B AKHUX BBOIWUIHCS 30HU TMOCIAOJICHUX MIKYaCTKOBHX
3B’SI3KIB Ha MOOBXKEHHI TPIIIUHY. 3a/1aua Jijis TPIIUHHU, sIKa 3HAXOAUThCS Ha JIHI1
NOJAUTY OpPTOTPONHUX MaTepialliB, 3 YpaxXyBaHHSIM TEpPTSA B 30HI KOHTAKTY

aHATITHYHO Po3B’s3aHa B poboti JIoboau B. B. 1 Xapyna 1. B. [27].

YucenvHi Mmemoou ananizy KOMHO3UmMie CKIHYeHHUX PO3MIPI6 3 MPIWUHAMU.

Crnixg 3a3aHauuTH, MO KOJO 3a7a4 MEXaHIKM pyHHYBaHHS IT€30MaTepialiB
JaJleko He OOMEXYeThCS BWITAJKaMH HECKIHYeHHUX oOmacted. [IpakTuaHuii
IHTEpEeC CTAHOBJIATH PO3PAXyHKH I CKIHUYEHHUX oOyiacted ckiagHoi gopmu. B
TaKuX BUIMAJKax, NMPUPOJHO, BUHUKAE HEOOXIAHICTh B 3aCTOCYBAHHI YUCEIBHUX
METO/IiB, B MEpIIy Yepry — METony CKiHdeHHuX enemeHTiB (Zienkiewicz O. C. i
Taylor R. L [138]). IcHye psim poOiT, B SKUX PO3IIISAJAIOTHCSA PIi3HI aCHEKTH
peanizamii MCE crocoBHO 110 1’e30Matepianis: Gruebner O., Kamlah M., Munz D.
[79], Kumar S., Singh R. N [88-90], Kuna M. [91], Kuna M. [92], Kuna M., Rao B.
N. [93]. Sk mpaBwio, B HUISAX TECTYBAaHHS TOYHOCTI CKIHUCHHOEIEMEHTHHX
QITOPUTMIB OOHMPAIOTHCS 3a7adl I HECKIHYEHHUX O0OJacTed, s SKUX €
aHAMITHYHI pO3B’s3KU. BaxknuBoro mpobiemoro npu peanizauii MCE e anexkBaTHe
MO/JICTIOBAHHS €IEKTPUIHHUX Ta MEXaHIYHUX YMOB Ha Oeperax TPIllliH Ta TPAHUIIAX
MDK pi3HUMH Matepiasiamu. KpiM Toro, ocKiIbKM B 3ajiauax, MOB’S3aHUX 3 PYHHY-
BaHHSM, OCHOBHHUH IHTEpEC CTAaHOBHTH OTPUMAaHHS JOCTOBIPHUX JIaHUX TIPO

napaMeTpu pyHWHYBaHHS, aKTyaJdbHOIO € T00yJoBa €(EKTUBHUX aJrOPUTMIB
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OOYMCIICHHS] TAKUX BEJIMYUH, SIK PO3KPUTTS TPIIIUHU, KOEII[IEHTH IHTEHCUBHOCTI
HanpyXeHb, J-IHTerpaau, M[MBHIKICTh BUBUIbHEHHS eHeprii. LI nuTaHHs
posrisaanuck B podorax Amnynekuii B. f., Jlobona B. B. [1], Jlo6oma B.B.,
Bosomko O.1. [25], Benkaci N., Maugin G. [59], Cun-Fa Gao, Minghao Zhao, Pin
Tong, Tong-Yi Zhang [65], . McMeeking R. M [109], Rybicki E.F., Kanninen M.F.
[124], Park S. B., Sun C. T [114], Park S. B., Sun C. T [115].

JocnimpkeHHs 3aaa4 s MbK(pa3HUX TPIIIUH Y TPUBUMIPHINA MOCTAHOBIIL TyXkKe
obmexeni. MokHa Ha3Batu poooty J. Qu, Y. Xue [118], ae po3rasiHyTa TpimuHa
MDK JIBOMa aHI30TPOITHUMHU MaTepiajgaMu 0e3 ypaxyBaHHS OCIWIAIIT HANpyKeHb
01151 BEpIIIMHU TPIITUHHU.

Takum ywHOM, 13 BKa3aHOr'O OIJISAy BHUTIKAa€, 110 Ha TEMEpIlIHIM Yac
HANOUIbII MOBHO JIOCHIJIKEHI MOJEII €JIEKTPOI30JIbOBAHOI Ta €IEKTPOINPOHUKHOT
TPIIMH MDK JBOMa IT'€30€JEKTPUUYHUMHU MaTepiajaMd y IUIOCKOMY Ta
AHTHUIJIOCKOMY BHIAAKY. AJle 1l MOl He BPaXOBYIOTh B IOCTaTHiN Mipi (i3nyHi
BJIACTUBOCTI CEPEIOBUINA, 110 3aIMIOBHIOE TPINIUHY Ta XapaKTEPUCTUKHU ii Oeperis.
Bkazani (akTopu HalOUTBIT MOBHO MOXYTh OYTH BpaxoBaHl B MOJENI TPIITUHU 31
CKIHYEHHOIO €JIEKTPUYHOI0 MPOHUKHICTIO, OJIHAK JO0 TEMEePINTHBOTO Yacy KUTbKICTh
JOCHIPKEHb y 1IbOMY HANpsIMKY € HEAOCTAaTHBOIO ISl aJIeKBATHOI'O Ta IMOBHOIO
B1JI0OpaKEHHS MIPOIIECiB B3aeMO/I1T (PI3UKO-MEXaHIYHUX MOJIIB Y I’ €30€IeKTPUIHHUX
KOMITO3UTax 3 MDK(a3HUMHU TPIIIMHAMHU, OCOOJMBO MpPHU iX PO3MIIAAlL 3 MO3MIIN
TPUBUMIPHOI Teopii mpykHOCTI. BpaxoByroun BkazaHi 00CTaBUHU BHOpaHy TEMY

I[OCJ'IiI[)KeHHSI MOKHA BBaXXaTHW aKTYaJIbHOIO.

Merta i 3aBaaHHs qocJizkeHHs1. Mema pooomu noasTae B po3po0IIi METOIUK
Ta pPO3B’sI3aHHSA HOBUX IUIOCKUX Ta TPUBUMIPHUX 3aJ1ad MEXaHIKU pYHHYBaHHS JJIs
CKJIQJICHUX I1’€30€JeKTPUYHMX TUI 3 MDKDa3HUMH JaepekramMu  Tij A€l
MEXaHIYHOT'0 HAaBAaHTA)XEHHS Ta €JIEKTPUYHUX TIOJIB, 30KpEMa, PO3BUTOK MOJIENI
MDK(pa3HOI  TPIIIMH 31  CKIHYEHHOIO  E€JIEKTPUYHOK  MPOHUKHICTIO Y

I’ €30€IEKTPUYHOMY OimMaTepiali.

JlocATHEHHS TOCTaBIEHOI METH MOTPEOY€E PO3B'A3aHHS TAKUX 3ABOAHD .
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- Ha MPUKJIA/I1 €1EKTPO130JIbOBAHOI TPIIIMHUA MIXK IBOMA I’ €30€IEKTPUUHUMHU
MaTepiallaMi po3pOOUTH METOJUKY ii AOCTIIHPKEHHS B INIOCKOMY Ta IPOCTOPOBOMY
Bunajkax. IIpoBecTn TOpIBHSHHA OTPUMAHHMX pPE3yJbTaTIB Ta PE3yJbTATIB
aHAJIITUYHOTO aHAII3Y;

- JUIsl BUINAJKY IUIOCKOT 3aJadl NpOaHali3yBaTy BIUIMB PI3HUX E€JIEKTPHUYHUX
TPaHUYHUX YMOB Ha Oeperax TPIIIUHU HA 11 PO3KPUTTS, MIBUIKOCTI BUBIILHEHHS

€HEprii Mpu PO3BUTKY TPILIHUHU.

- JIOCTIAUTH TPIIIMHY HA MEX1 MOAUTY JBOX M €30CJICKTPUUHUX MaTepiajiB 3
ypaxyBaHHSIM €JIEKTPUYHOI TMPOHUKHOCTI CEPE/IOBHINA TPIIIMHK aHATITHYHO,
IUISIXOM 3BEJICHHS MPOOJIeMH A0 PO3B’SA3KY 3ajadi JIHIMHOTO CHPSDKEHHS Ta
YHCEIIBHO 3a JIONTIOMOT'0I0 METOJy CKIHUCHHHX €JIEMEHTIB. B OCTaHHBOMY BUTIIAAKY
PO3IIAHYTH IUIOCKY Ta MPOCTOPOBY Mojenl TpiuuHU. IlopiBHSATH oTpuMaHi

pe3yJIbTaTH;

- U1 TPIIMHU MK JBOMa PI3HOPITHUMH 1’ €30€JIEKTPUYHUMHU MaTtepiaiamMu
noOyayBaTH PO3PAXyHKOBY MOJIENb, IO BPAaXOBYE [ICIEKTPUYHY MPOHUKHICTH
cepelloBHUIIa TPIIIMHA 0€3 BUKOPHUCTAHHS CHPOIIYIOYHX TIMOTE3 MPO B3AEMOJIIIO
OeperiB TpIIMHU Ta TPOBECTH aHANI3 Il€l MOMAENl 3a JOMOMOIOK) METOAY

CKIHUEHHHUX E€JIEMEHTIB

06’exm docnioxcenns - pouec AehopMyBaHHS KOMIIO3UTIB 3 TPIIIMHAMHU HA
MEX1 TOMUTY IT'€30€JeKTPUYHUX MaTeplaiB 3 ypaxyBaHHSIM JI€JIEKTPUYHOL
IPOHUKHOCTI CEPEIOBUILA TPILIMHU Ta PI3HUX TUIIB 'PAHUYHUX YMOB Ha ii Oeperax
Ilpeomem oOocniodxcenns - €IEKTPOMEXAaHIYHI MOJs B OKOJI TPIIIUHH,
MIBUAKICTh BHUBUIBHEHHS €HEprii, OCOOJMBOCTI BpaxyBaHHS MJICJIEKTPUYHOI
IPOHUKHOCTI 3aMIOBHIOBaYa TPIIUHU TIPH aHAJ31 1T’ €30€JIEKTPUIHOT0 OiMaTepiairy.
Memoou docnioxcennsa. Jns noOyaoBH i aHamizy MaTeMaTUYHUX MOJENeH
BUKOPUCTOBYETHCS JIIHIMHA TEOpis MPYKHOCTI, MEXaHIKa pyHHYBaHHS, TEOpis
(YHKII11 KOMIUIEKCHOT 3MIHHO1, @ JJIsl YUCEJIBHOTO PO3B’ I3aHHS — METO/ CKIHUEHHUX

€JIEMEHTIB.

26



HaykoBa HOBH3HA 0/1ep:KAHUX Pe3yJILTATIB MOJISTAE B HACTYITHOMY:
[IpoBeneHo  aHami3  €NEKTPOI30JbOBAHOI  TPINMHM  MDK ~ JIBOMA
I’ €30€NEKTPUYHIMH MaTepialaMi y IUIOCKOMY Ta MPOCTOPOBOMY BUIA/IKAX.
BukonaHo MOpiBHSHHAS OTPUMAHUX PE3YJIbTATIB 3 aHAUTITUIHUMH, sIK1 3HANICHI
JUTS BUTTQJIKY TPIIMHY, HA0araTo MEHIoi po3mipy OiMaTepialbHOTO Tija.
3anponoHOBAaHO Ta peali30BaHO METOMUKY JOCHIDKCHHS MiX(a3HOi
TPIIIMHHU B 1’ €30€JIEKTPUUYHOMY KOMITO3UT1 CKIHUEHHUX PO3MIPIB IIPH Pi3HUX
BUJAX C€JIEKTPUYHUX TpaHUYHUX YMOB Ha 1i Oeperax, sKka BKIIOYAE
3HAXO/PKEHHS IIBUAKOCTI BUBUILHEHHSI eHeprii. [leTanbHO mpoaHanizoBaHO
eJIEKTPOIPOBIAHY MOJIENb, JIsl SIKOi BCTAHOBJIEHO MOXKJIUBICTh BUHUKHEHHSI
MaKpO30H KOHTAaKTy O€periB TPIIMIMHU B 3aJIeKHOCTI BiJl IHTEHCUBHOCTI
30BHIIIHBOTO EIEKTPUIHOTO TOJISI.

3 BUKOPHUCTaHHSM AHAIITHYHOIO PO3B’S3KY JJI TPIMIMHHU 31 CKIHYEHHOIO
eNIEKTPUYHOI0 TMPOHUKHICTIO MDXK JBOMA I €30€JIEKTPUYHUMHU MaTepiaiaMu
NPOBEICHO YHCENbHMNA aHaii3 1i€i MOAENl TPILUHU Yy IUIOCKOMY 1
MPOCTOPOBOMY BHUIMAJIKaX JJIsi TUIa CKIHYEHHUX PO3MIpIB. Y MPOCTOPOBOMY
BUMAAKY, JIS PI3HUX TONEPEYHUX IMepepi3iB, OPTOroHaNbHUX (pPOHTaM
TPILIMHY, 3HAWIEH] i1 pO3KPUTTSI, BEIMUMHU €IEKTPUYHOTO MOTOKY Ta CTPUOKH
eJIEKTPUYHOT0 TIOTEHIIIATY MIPH MEPEXO/il Yepe3 TPIIUHY.

3anpornoHOBaHO MIAXiA 10 aHali3y Mik($a3HOI TPIMMHU 31 CKIHUCHHOKO
eJICKTPUYHOK TPOHUKHICTIO 0€3 ypaxyBaHHS CIPOILIYIOYUX MOJeNei
B3aemoqli i OeperiB. Lleil minxig Oa3yeTbcs Ha CKIHYEHHO-EIEMEHTHOMY
MOJICTIOBAaHH] 3alOBHIOBaYa TPIIIMHU 1 JO3BOJISIE BU3HAYUTH EICKTPUUHHIMA
MOTIK Yepe3 TPINUHY Ta IHII ii eIeKTPOMEXaHIuHI TapaMeTpH.

Obrpynmosanicms i 00cmogipricms OJEPKaHUX PE3YIbTATIB 3a0€3MeUyEThCSA

KOPEKTHUM 3aCTOCYBaHHSIM MAaTEMaTHUYHOTO amapary ¥ anpoOOBaHWX pPIBHIHb

JIHIHHUX TEOpid MPYKHOCTI, €IEKTPONPYKHOCTI Ta METOAIB Teopii (PyHKIIIH

KOMIUIEKCHOI 3MIHHOI; 3ICTaBJIEHHSM OTPUMaHUX pe3yJbTaTIB y YaCTKOBUX 1

IPaHUYHUX BUIAJIKaX 13 BXKE BIIOMUMU PO3B’sI3KaMU 1HIIIMX aBTOPIB; MOPIBHSIHHSAM

AHANITUYHUX 3HA4Y€Hb MapaMmeTpiB PyWMHYBAHHS 3 pe3yJibTaTaMH, OTPUMAaHUMU 32
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JIOTIOMOT'OI0  METOJly CKIHYEHHUX €JIEMEHTIB; BIJMOBIIHICTIO PE3yJIbTaTIB
PO3B’sI3yBaHHs HOBUX 3a/a4 (DI3UUHIN CYTI JOCHIIHKYBAHUX SIBUIL.

IIpakTHyHe 3HA4YeHHS OJ€PKAHUX Pe3yJbTATIB TOJATAE B TOMY, IO
po3po0eHo eheKTUBHA CKIHUEHHO-EIIEMEHTHA METOIMKA PO3B’SI3yBAaHHS TJIOCKUX
Ta TPUBUMIPHHX 3a/1a4, JUJIS 11 €30€TEKTPUYHUX OiMaTepialibHUX T 3 MDK(pa3HUMU
TPIIIMHAMHY TPY CKIHUCHHIN €TIeKTPUYHIN MPOHUKHOCTI iX 3all0OBHIOBAYA, SIKA MOXKE
BUKOPUCTOBYBAaTUCh B 1HXKEHEPHIA TNPAKTHUIIl MIANPUEMCTB, TIOB’SI3aHUX 3
NPOEKTYBAHHSIM Ta BUTOTOBJICHHSIM €JIEKTPOHHUX BHUPOOIB, MIO BKJIIOYAIOThH
I’ €30€NIEKTpUYHY CKJafoBy. lle Mae Benuke NpakTUYHE 3HAYEHHS, OCKUIbKU
JI03BOJISIE  OLIHUTH PO3MOALT  (PI3MKO-MEXaHIYHUX TIOMIB Yy KOHCTPYKLISIX 3
I’ €30€JIEKTPUYHUX MaTepialliB Ta JJATHU OILIHKU TIXHbOI MIITHOCTI, TPIIIUHOCTIMKOCTI
Ta €KCIUTyaTaIiiHOTO pecypcy.

Ilyoaikaunii Ta oco0ucTHil BHecOK 3700yBauya. 3a TEMOI AucepTailii
ormy0OJ1ikoBaHO 5 crarrteil. J[Bi 3 HUX OmyOJliKOBaHAa y BUAAHHI, 110 BXOAWTH JI0
HayKoMeTpu4HOi 0a3u Scopus [57, 98]. Tpu crarTi BXOASTH 0 MEPENTiKy HAyKOBUX
daxoBux BumaHb Ykpainu [22, 24, 97].OcHOBHI pe3yabTaTH AMCEPTAIlii OTpUMaH1
aBTOPOM CaMOCTIHHO. Bu3HayeHHs 3arajJbHOrO IUIAHY JOCIIIKEHb HAJICKUThH
HayKkoBOMY KepiBHUKY B. B. JIo6oxai. ¥V mparsix, mo ony0s1ikoBaHi y CIIBaBTOPCTBI,
ocoOucTUH BHECOK 3700yBaua mojisrae y Takomy: [22, 24, 97] — moOymoBa
AHAIITUYHUX PpO3B’S3KIB, iXHS YHCENbHA peai3allisi, NPOBEIACHHS CKIHYEHHO-
CIIEMEHTHOT'0 aHalli3y, Bidyauisaiis pe3ynbrariB; [57, 98] — moOymoBa CKiHYCHHO-
€JIEMEHTHHUX MOJIENIEH, iX pealtizallis Ta aHaJll3 pe3yabTaTiB, IOPIBHIHHS PE3YJIbTATIB
PO3paxyHKIB JIJIsl 9aCTKOBOTO BUTIA/IKY 3 BIIIOMUMHU.

Anpobania pe3yabTaTiB aucepranii. OCHOBHI TTOJIOKEHHSI Ta PE3yIbTaTH
JUCEpPTaIifHOI poOOTH MOMOBiAANKMCS W OOTOBOPIOBAIMCS Ha IMiJICYMKOBHX
HAyYKOBUX KOH(epeHiisix JIHIMPOBCHKOTO HAIIOHAIBHOTO YHIBEPCUTETY IMEHI
Onecs Tonuapa mnporsrom 2021-2024 pokiB; a TakoX Ha MIDKHAPOJIHUX
KOH(epeHITisx:

1. Marematuyni mnpobysiemu TexHIYHOT MexaHiku. — KwuiB, UYepkacw,

Kam’sachke. — 2018
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2. MaremaruuH1 npo6yieMH TEXHIYHOT MexXaHiku. — J{ninpo, Kam’saHceke. 13-
16 xBiTHs, 2021

3. CyuacHi po0ieMu MexaHiKu Ta MateMatuku — JIpBiB. — 23-25 TpaBH1,
2023.

4. In-service Damage of Materials, its Diagnostics and Prediction — Ternopil,
Ukraine. — 18-20 October, 2023.

3B'30k podOTH 3 HAYKOBUMHM MNpOrpaMamMu, ILUIAHAMHM, TeMaMH.
JucepTartiiina po60Ta BUKOHYBaJIach y BIJIMOBIHOCTI 3 1HAUBIAYAIBHUM IJIAHOM
OIATOTOBKM ~ aclipaHTa KaQeApu TEOpPeTHUYHOI Ta KOMII IOTEPHOI MEXaHIKH
JIHIIPOBCHKOT 0 HAIlIOHAJILHOTO YHIBepcuTeTy iMeH1 Onecs ['onuapa. JocmimxenHs
3a TEMOIO JucepTalli 3A1MCHIOBAIUCA TAaKOXX B HAYKOBO-IOCHIIHIN jabopatopii
MEXaHIKA PYWHYBaHHS Ta IUIACTUYHOrO JedopMyBaHHS MaTepiamiB Kadenpu
TEOPETHUYHOI Ta KOMIT IOTEPHOI MEXaHIKH MEXaHIKO-MaTeMaTUYHOro (paKyabTeTy
JIHIIPOBCHKOTO HAIllOHATBHOTO YHiBepcuteTy iMeHi Omecs ['onuapa B pamkax
nepxxoromxeTHoi Temu 1-655-21 «Mogeni Ta METOIM BU3HAYEHHS MapaMeTpiB
pYMHYBaHHS IT"€30aKTUBHUX Ta I’€30IaCHBHUX KOMIIO3UTIB 3 JIepeKTaMu Ha MEXI
HOJIUTY MaTepialiBy, HoMep AepkaBHoi peectpamii Ne 0121U109767, 2021 2023
pp.

Crtpykrypa Ta 00cAr aucepramii.

PoGora MicTUTh BCTYII, OTJIsi] JiTepaTypu, 4 po3/iiu, BUCHOBKH Ta CIIHUCOK
BUKOPHUCTAHUX JHKEPE, o MICTUTh 138 HaliMeHyBaHb Ha 15 cTopiHkax. 3arajqbHui
o0csr aucepTariii — 115 cropinok, o6csr ocHoBHOTO TekcTy — 104 ctopinku. Pobora

MicTuTh 31 pucynok Ta 12 taGnuip.
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PO3JLI 1. INIOCKA TA HPOCTOPOBA 3AJAYI JIA
EJEKTPOI30JBbOBAHOI TPILIMHU MIK IBOMA
IPE3OEJEKTPUYHUMMU MATEPIAJTAMHA

1.1 ITocraHoBKa 3aja4i AJisl JIOCKOT0 BUNAKY

PosrnsHemo kBaapaTtHy miactuHy po3mipom | x| (puc.l.1) 3 TpimmHOO
JOBXKUHU 20 B LIEHTPI i Ti€I0 PO3TATYIOYOro 3YCHILISA, [0 MPHKIAIEHE IO TBOX
OPOTWIEKHUX 30BHIMIHIX FpaHEl Ta €NEeKTPUYHOro 3MmimieHHs. OO0uaBl 4acTHHU

IUTACTUHY BUT'OTOBJIEHI 3 PI3HUX I €30€IEKTPUUHUX MaTepiaiiB, BIACTUBOCTI SIKUX

3a1al0ThCS.  MATPHUIEIMU  KOPCTKOCTI Ci(jrl?l)’ I €30€NEKTPUYHUX ei(kr,”) Ta
JlienekTpuuEnX y\™ KOHCTAHT.
o
d T
o Lo e]
o5 T e
— ot Gy Xy -
X3
-b b .
— — —
T .
o0
o>, O
xx2 (2} (2} (2} _—
T -+
d
Y G

Puc. 1.1. TpimuHa y n’e€30eneKTpuyHOMY OimMaTepiaii (MII0CKUI BUTIA0K)

[InacTuHa HaBaHTa)KeHA PIBHOMIPHO PO3MOUICHUMHU PO3TIATYIOUYUMU Ta 3CYBHUMU

sycrwuisiMu (O, T) Ta eNCKTPUYHUM 3MIIICHHIM d. Kpim Toro, Ha 0i4H1 CTOpOHU
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. . w . .
III0Th HOpMallbHI HampyxeHHs Oy, fAKi 3a0e3MeuyloTh HENEepPEePBHICTh

nedopmariii €11 npu nepexoi uepes intepdelic Ha BigaaneHHi Bif Tpimuau [31].

1.2 AnajgiTuyHUil po3B’A30K 3a1a4i

[Ipuitmatoun croyaTKy, IO PO3Mip TPIIIMHM HAbarato MEHIIHH po3MIpy
IUTACTUHHU OYyJeMO BBaXKATH, 1110 PO3MIP IJIACTUHU HECKIHUEHHO BeNUKUU. ToOTO
PO3IIISIHEMO  IUIOCKY 3ajady st Tpimued  —D<X <b, X;,=0 wmix xBOMa

HAIIBHECKIHYEHHUMH 11’ €30KEPaMIYHUMU IPOCTOPAMHU.

['paHnyH1 yMOBH MarOTh BUTJISI:

s X £(-bb) - <V(x1,0)>=0,<t(x1,0)>=0, (L.1)

s % €(-bb):aly (%,0)=0, oy(x,0)=0,(D,(%,0))=0, (1.2)

ne V, 1 -Bexropu:

T T
\ :{ul’uz’Um(D} , t:{513’0'23’0'33’D3} :
KBaJIpaTHI Ty’KKH 03HA4al0Th CTPUOOK (DYyHKIIIT IPH MEPEXO/I1 Yepe3 BiCh X;.

ChiBBiTHOMICHHS JUIS JIHIMHOTO IT’€30€JIEKTPUYHOr0 Marepialy 3a

BIZICYTHOCT1 00’ €MHHUX CHJI 1 BUIBHHX 3apsijiiB MOXHA npeactaButu y Burisidi (Pak

Y.E., [113])

Il =Ex Vi (1.3)

IYiJ,i:O! (1.4)
w, K=123

e V= , 1.5

il K { o K=4 (1.5)
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o;i, 1,J=123
I, = y> v T 1.6
o {q i=123J=4 (19)
Ciw»J, K =12,3
& Jd =123, K=4
Ta Ei =1 , 1.7)
e, K=123J=4
—xJd =K=4
up,®,0; Ta Di — mHepeMillleHHs, CICKTPUYHUI IOTCHIIAN, HANPYKCHHSI Ta

CJICKTPHYHHUH MOTIK, BiAMOBIIHO. KpiM TOTO ;45 € Ta ¥ - MOIYINb IPYXHOCTI,

1’ €30€JIEKTPUYHA MPOHUKHICTh Ta JIeJIEKTPUYHA MPOHUKHICTh, BIAMOBIIHO. Maii
HIDKHI 1HAeKcH B (1.3) — (1.5) 1 mami, 3aBXau MaroTh aiana3od Bijg 1 10 3, Benuki
HIDKHI 1HACKCH 3HaxoAsaThcs B miama3oHi Bim 1 mo 4, a B (1.3), (1.4)

BUKOPHUCTOBYETHCS IIPABUIIO CyMyBaHHs EMHIITENHA.

[Tpumyckarouu 110 BC1 OJIS HE 3aJI€KaTh Bl KOOPAUHAT X5 , po3B 30K (1.3),

(1.4) 3rigHo 3 meTonoMm 3anpornonoBanuM Eshelby et al. [70], moxxna nmpencraButn

y Barisiai (Pak Y.E., [113])

V=af(z), (1.8)

T .
e z=xp+ px3,V=[u1,u2,u3,(o] ,f € JIOoBiIbHOIO 4-KOMIIOHEHTHOIO BEKTOp-

. . T
¢dyHKIi€l0, SKy HEOOXITHO BH3HAYUTH; a:[al,az,a3,a4] Ta P € BJIACHUM

BEKTOPOM 1 BIIACHUM 3HAUEHHSIM, BIJIIOBIHO, K1 MOKHA OTPUMATH 3 PIBHSHHS
T 2]
[Q+mR+R)+pTa—& (1.9)

3 4X4 ManI/IHHMH Q, R 1 T BU3HAYCHUMMU SK QJK = ElJKl N RJK = EIJK3’ TJK = E3JK3

Tyt 1 nani BepxHii iHAeKC T 03HaUae TPAHCIIOHOBAHY MaTPHIIIO.

Ockinbku piBHsHHSA (1.9) He Mae nificHUX BiacHUX 3Ha4eHb (SUO et al., [128])
NO3HAYa€MO BJacHE 3HayeHHs piBHsAHHA (1.9) 3 momaTHUMM ySIBHUMM YaCTUHAMU

K p,, a BIANOBLAHI BiacHI Bektopu (1.9) a, (HWXHIA 1HOEKC o TYT 1 gami
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npuiimae 3HaueHHs 1,2,3,4). HaiizaranpHimmii niicHuil po3s’s30k piBHsAHB (1.3),

(1.4) moxHa npeacraButu sk (Suo et al., [128])
V=Af(2)+Af(2), (1.10)
e Az[al,az,a3,a4] - MaTpHI, IO CKIAZAa€ThCs 3 BIACHHX BekropiB, f(z)=

[/1(z1), /2(22), f3(23), /4 (24)]T - JIOBUIbHA BEKTOP-QYHKLIA, Z, =X+ Py X3 @

PHUCKA HA/Jl HCIO ITIO3HAYA€ KOMINICKCHC CIIPAKCHHA.

[IpencraBuMo BEKTOp HACTYITHUM YUHOM

t:[5137523=033aD3]T : (1.11)
Toni 3a qonomororo piBHAHB (1.4) 11e¥ BEKTOpP MOKHA 3aMMCaTH Y BUTIISIAL

t=Bf'(z)+Bf'(2), (1.12)
ne 4x4 matpuns B Bu3HavyaeThCA K

B, =(E3 k1 + Py Esjx3) Ax, (He mizcymoBaHo 3a ingekcom o)  (1.13)

ta f'(z) =

dhiz1) d(z) dfs3) dfalza) | (114)
le ’ d22 ’ dZ3 ’ dZ4 . .

Po3B’s130k 7151 aHI30TPONMHOrO I1’€30€JIEKTPUYHOr0 OimMarepiany 3i
3MIIIAHMMH TPAHMYHUMH YMOBaAMH HA MeXKi po3aiiny

PozristHemo 6imatepial, 10 CKIaIa€ThCs 3 TBOX PI3HUX 1’ €30€TEKTPUIHUX

HaIliBHECKIHYEHHUX IpocTopiB x3 >0 Ta x3 <0 3 BIaCTUBOCTSIMHU, BU3HAYEHUMHU
MaTpulsMu E i91)<l Ta Ei(Jngl BiMOBIAHO. [Ipunyckaemo, mo BekTop t HenmepepBHHUIA
o BCii OimarepianbHii Mexi Ta dactuHi L= {(—oo,cl) U (bl,CZ)u...(bn,oo)}
iHTepdericy —oo<x; <o, X3=0 € MexaHIYHO Ta €NEeKTPUUYHO OOMEKEHHM, TOOTO

rpaHUYHI YMOBH Ha MeXi oAty x3 =0 € HaCTymHUMHU:

t(l) (xl ’()) = t(z) (xl,()) U1 X e(—oo,oo), (1.15)
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V& (x,0)=V?(x,0) musa x, L, (1.16)

VY mpomy Bunaaky 3rigHo 3 (1.10), (1.12) po3s’s3ok piBasHb (1.3), (1.4) s

KOXHOT T1/100J1acT1 MOXKHA 3alicaTd y BUTIISI

VO (1,33 = AP 1 (2) + A () (L17)
£ (x,x3) =B™ £/ (2) + B™ £ (2) (1.18)

@ (2
e mM=1 mua X3>0 ta M=2 naa X3<0; BekTOop QyHKIIT 9@ 12 77 ¢

aHATITHYHUMH Y BepxHiit (X3>0) ta HwkHi# (X3<0) o0sacTi, BiIMOBIIHO.

PiBusHH# (1.18) ta rpanuuni ymosu (1.15) npuBoOaATH 10 CHiBBIAHOIIEHHS
B f'(l)(xl) ~B@ ¢ (x)) = B? ¢ (x;) — B f'(l)(xl) . (1.19)
oI — oo < xl <00,

JliBa yactuna piBHsHHS (1.19) € rpaHUYHUM 3HAYCHHSIM aHATITUIHOT PYHKITT
B oOmnacTi X3>0, a mpaBa dactuHa piBHIHHSA (1.19) € TpaHUYHUM 3HAYCHHSAM 1HIIIOT
aHamtraHol QPyHKIT B 06macti X3<O. PiBHsnu# (1.19) o3Hauae, mo o6uasi GyHKIil
AQHATITHYHO MPOJIOBXKYIOTHCSA HA BCIO TUIONIMHY, TOOTO JOPIBHIOIOTH MpHU X3>0 Ta
X3<0, BignoBinHoO, GyHKIIT M(z), aHamTH4HIN Ha BCii TutonuHi. bepyuun no yBaru
0 HANpYXEHHS Ta eJNEeKTPUYHE 3MIIIEHHS OOMEXeHI Ha HECKIHYEHHOCTI 3
pisusana (1.18) cumigye mo M(Z)|,« =M©@=const. 1le o3Hauaec mo piBHAHHA

=M© . . .
M(z)=M crpaBeliuBe y BCiM miomuHi. Takum yuHOM 3 piBHSHHS (1.19)

BUIIJIMBAE

BOs® (2) _B@§® (2)=M st X3>0,
B @ (2) —BYFD (2)- MO gz x5<0, (1.20)

ne M© — nopinpHuMit nocTiliHuii BekTOp. IIpUIycTHMO, IO BJACHI 3HAYEHHS €
pi3HMMH Ta OepydH 10 yBaru, 1o Matpuili B piBHsAHHI (1.20) € HECHHTYISIpHUMH,

OTPUMAEMO
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@ 2)=B?)"'BY1® (2) - B?) MO a1 x>0,
@ (2) = (BB (2) - (BD) M@ 115 x5<0. (1.21)

Ockinbkn f'® (2) ta '@ (2) € nosinbHuME ynxuismMu, moxna Buoparu M©@=0

Ta migcraBuBmy B piBHAHHS (1.21) orpumaemo dhopmyin
'@ (2)=B®)"'BY1'® (2) w1 x>0,
O (2)= B IB@P@ (2) nns x<0. (1.22)
PosrisiHeMo BEKTOp
(V)] =V (5.0 - VP (x,.,0) (1.23)

MOXITHUX 3MIIIEHHSI Ta CTPUOKIB TMOTEHINIATy Yepe3 MEXYy pO3IUTy Marepiatib.

BuxopucroBytouu piBusinas (1.17) ta (1.22) Mmoxemo 3anucaTu
[V/ ()] =DV () + DD (xy), (1.24)
e D=A® _A® (§(2))—1B(1)_

Toni 3a nonomoroto pisusaas (1.18), BexkTop tY Ha Mexi noxiny matepianis

MOJKHA 3aITUCATH K
tV(x,00=BY D)+ BY D (x)). (1.25)
[IpencraBumo Bektop dyHkItio W(z) popmynoro

DN(z)onax, >0

Wiz) :{—[_)N(Z)aﬂflx3 <0 (1.26)

/(1) (1) /(1) 1

Tomi,  BpaxoByroud,  WIO N(Z)—{fl (2.2 (2)./3 (Z),f4'()(2),

OTPUMYEMO HACTYIHI BUpa3u
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[V'(x,0]1= W (x)) = W™ (x)), (1.27)

tD(x,,00= GW*(x,)- G W (x)), (1.28)
e [V'(x1,0)]= V'V (x,0) - VP (x,,0) , (1.29)
G=BUD? D=A®Y _A@BNIBD 1, W¥(x,)=W(x, +i0), W (x) =

W(x; +10). Cnig 3a3Haumté 1mo BekTop-GyHKIs W(Z) € aHamiTHYHOIO y BCiif
IUTOIIHMHI 3 PO3Pi30M y310BXK (-00,00)\L.

Bapro Bim3Hauuth, mo marpunst G ta Bektop-pynkiis W(z) nos's3ani 3
matpurero H ta BekTop-dpynkiiero h(z) B podori (Suo et al. [128]) sk iG1=H,
W(z) =-iHh(z) (i =/—1), BignosixHo i piBusuHs (1.27), (1.28) MoxHa 3amucaTH B
tepminax mMaTpuii H ta Bekrop-dynkmii h(z) 3 podotu (Suo et al. [128]). Ane ms
dbopMyrOBaHHS TPOOJIEM, PO3MIISIHYTUX y HACTYMHHUX PO3JLUTaX, MPEACTABICHHS
(1.27), (1.28) 3maerbcs Oumbin 3pyuHuM, HiK y poboti (Suo et al. [128]).
CmiBBignomenss (1.27), (1.28) BigirparoTs NEBHY POJb I TOCTAHOBKHU IIMPOKOTO

KOJ1a 33724 JIIHIHHOTO CHPSHKEHHS IJIS I’ €30€JICKTPUIHUX OiMaTepialliB 3 TPIIIIUHOIO

Ha MEXI1 MOJLTy MaTepiaiiB.

Jlami yBara 3ocepekeHa Ha I’ €30€JIEKTPUYHUX MaTepiajiax Kiacy CUMETpii
6mm (Parton and Kudryavtsev, [116]), monspu30BaHUX y HAIPSIMKY X3, SIKI MalOTh
ICTOTHE TIpaKTUYHE 3HAYEHHS, SK TaK 3BaHA TOJIIPU30BaHA Kepamika. Y I[bOMY
BUTIAJKY JJI1 HaBAaHTaXXEHb, SIKI HE 3aJeXaTh B KOOPAWHATH Xz, MH MOXKEMO
IIyKaTH MO B (X1,X3) — IUIONIMHAX, Je nepeMinieHHs V, Bekrop-¢yHKIii V 3
piBasHHA (1.5) Bigainsgerscs Bix komnoneHtis (V1,Vs3,V4) (Suo et al., [128]). Uepes
NPOCTOTY BU3Ha4YeHHs V, Haia yBara OyJe 30cepepkeHa Ha TUTOCKIN 3amadl Jiist
kommoneHTiB (V1,V3,Vy). ¥V npoMy Bunaaky moaidbHO 10 CKOPOYEHHUX MO3HAYCHb
aHI30TPOMHOI Teopii nmpykHOCTI [20] MOKHA BBECTH HACTYIIHI CITiBBIIHOIICHHS IJIs

koedinieHTiB Matpumi E, mo BigHOCAThCs mo mnommHU (X1,X3) 1 Ey; =<4,

Ey33=03, Ez33=0C33, Eppz=cy, Epng =63, Ejgz=es3, Epg=es,

36



Eus =2+ Eaus =—Zs- KpIM TOTO, SIK BHIUIMBA€E 3 pe3ynbraTiB podotu Suo et al.

[128], a Takox yKceabHO MATBEPIKEHO, 110 MaTpulll G Mae HACTYIHY CTPYKTYPY

(6e3 apyroro psijaKa Ta CTOBMIIA)

G, G; Gy ig &3 &
G=|Gy Gz Gy |=|g3 83 1834 (1.30)
Gy Gy Gy 841 1843 184

811 813

} € TIO3UTUBHO BU3HAYEHOIO, aje
831 &33

zie Bei g;; aidicHi. Kpim Toro, MaTpuiis {

044 € BIIIEMHOIO BETMYUHOIO 1 KPIM TOTO BUKOHYIOTHCS PIBHSHHSA §31=-013, J41=-014,
043=034 .

Po3rinsHeMo noBUIBHY onHOpsAAKOBY marpuuoo S=[S|,55,S,] Ta nobyrok

st (x;,0) sxuii 3a gonmomoroto (1.28) 3 marpuuero G, BH3HA4EHOIO (HOPMYIIOI0

(1.30), Mmo>kHa 3amucaTH TaKk

St (x,,0) =SGW* (x,) —SGW (x,). (1.31)

Beenemo dyHkitiro

F(z)=YW(z2). (1.32)
Baxatroun Y =[Y},1;,Y,]=SG 1 npunyckarouu

SG = —SG, (1.33)
piBHAHHA (1.31) MOkHa 3anMcaTH y BUIIISAL

StV (x,,0) = F* (x)) +vF (x)), (1.34)
ne yrta ST € BIaCHUM 3HAYEHHSAM Ta BIACHUM BEKTOPOM CHCTEMH

(vGT+GNHST =0. (1.35)

Kopeni piBHSHHSA det(\(GT +GH=0 3 BukopuctanusMm (1.30) maroTh

BUTJISI
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Yi= s Y3=7Y15 Ya=1, (1.36)

2 2
e 8% = 814833 t 813844 — 2814813834 _

(1.37)
811(833844 — 8324)

Bnacuuii BekTop S]T- =[S

jl,S j3,S j4], 10 BiJIOB1/Ia€ BJACHOMY 3HAYEHHIO

Y j( 1=1,3,4), moxna 3Haiitn 3 cucremu (1.35) i AKIIO TPUIMYCTUTH MO Si3
miticanii, TO Sy yaBHHH 1 S, (k=1,3) € niiicauM s 52 >0, i 06u1Ba BoHN €
YSIBHUMM JJIs1 82 < 0. KommonenTu BIJIMIOB1THMX BEKTOPIB

Y, =[Y;,Y;5.Y4]1=S,G (1=1,3,4) (1.38)

. . ., 2
MalOTh TaKi BIaCTUBOCTL: Y} € mificHum konu Y, 3 Ta Y, € yaBHuMu g &° >0 Ta

Y,

: (k=1,3; J=1,3,4) € KOMIUIEKCHUMH JIJIsI §% <0. Cruix 3a3HayuTH, 110

ClpaBeUIUBUMHU € piBHAHHS Sy =Y;; =0 1 kpiM Toro 3HaueHHs S, € AificHUM

HE3aJIE’KHO B &, a 3HaUeHHs Y3 Ta Y, € ySABHUM JJIS AIHCHOTO S,3.
Takum 9YMHOM, OTPUMAHO HACTYITHI TPU HAOOPH CITiBBiHOMIEH is j=1,3,4
SitV (x.0) = F} (x) +v,F7 (xp), (1.39)
ne F;,(z2)=Y,W(z). (1.40)

3 pisnsuna (1.40) i Bnactusocreit W(z) Burumsae, mo dynkuis F;(z)

aHaJITUYHA Yy BC1H IUTOLIMHI, po3pi3aHiil y3goBx L UL,.

bepyun no yBarm w0 nan8  x; €L copaBeuiMBI - CHIBBIJIHOLIEHHS

F (x))=F; (x)) = F;(x;), Maemo

(1+y )F;(x) =8tV (x,,0) ama x; — 0. (1.41)
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Aute 3 ypaxyBaHHAM Toro wo Gynkuis F;(z) € ananituuHo0 y BCIA mowmmHi,

pospizaniii y3noBxk L UL, 1, BpaxoByrouu, mo t (x1,0) = [’C,G,d]T Il Z—> o0,

MaeEMoO
Fi(2)=r; (St + 8,36 +8,4d) ma z— oo, (1.42)

pe rp=(1+7v;).

YucenpbHUN aHaII3 TTOKA3ye, 110 JJISI OHOTO THIY OiMaTepiaabHOI KepaMiKu
HEPIBHICTh

52 >0 (1.43)

BUKOHYETHCS, TOJII SIK JIJISl 1HIIOI TPYIIH 11 HEPIBHICTh HE BUKOHYeThes. Llei dakT
OyB Takox Bkasanuii y crarti (Suo et al. [128]). /lani yBary Oyae HpHILICHO
Kepamilli, sika 3aJ0BOJIbHAE HepiBHICTH (1.43). ¥V 11poMy BUMNAAKY BIAMNOBIIHO 10

HABE/ICHUX BHIUE BUCHOBKIB w010 Biactuocredd S; ta Y; (j=1,3,4) i Bubopy
Sj3 =1, MoxHa HanucaTH

08 (1.0) +mj DS (x1.0) +imy013 (x1.0) = F () +y 157 (x1), - (L.44)
ne Fi(2) = nyWi(2) +iln g (2) + n gl (2)] (1.45)
Ta My = Sj4, mj = —iSjl, nj = le, njs =—in3, njg =—in-4 e mj;,nj (4,1=1,3,4)

3aJIeKaTh BIJ MaTeplaJbHUX KOHCTAHT Ta MAalOTh J1MCHI 3HAYEHHS.

Po3r’s30k (1.44) pa3oM 3 rpaHUYHUMH YMOBAMHU MPUBOIMTH JI0 HACTYITHOTO

CHIBBIIHOIIECHH
Fjﬂ_()(lj"‘?/j Fj_[xlj=0, (j =l3,4) onst xle(—b,b). (1.46)

Ile € mpobnema I'inpbepra — Pimana, po3B’s30K SIKOT 3HAXOAUMO MPU TAKUX
yMOBax Ha HECKIHUYEHOCTI

Fi(2)le =075 —it5, (1.47)
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ae O] :r—lj(0'+m dj :—m LSt —(1+7/J(J 134)

Ha ocroBi MycxemmBini [33], po3B’s3ok 3anadi (1.46), (1.47) 3anmucyerbes
y BUTJISII.

Fi(2)=X,(2)( o} —ir} | z—2ibe; ), (1.48)

-1/2— 15 In7/j

1/2+1€J( b) =t

ne X, (2)=(z+h)
Bukopucrasmmm (1.45), oTpumaemo

n jl{u'l(xl,O)}H{n jg[u’g(xl,o)}n 4 {(0'()61,0)}} =F} (%)~ Fy (). (1.49)
Mizncransoun B ue pisnsmms (1.48), Maemo

n jl[ui(xl,o)}ﬂ{n P o)}n%[(p'(xl,o)}}:

yj+l

1

-1 2+l€

(a’;—n;j(xl +b) VA (g —b) Y [xl—zibgj). (1.50)

[IpoiaTerpyBaBI OCTAaHHE PIBHSHHS, OTPUMAEMO (HOPMYITY
njl{ul(Xl,O)} +i{nj3 {”3 (xl, O)}+nj4 [(p(xl, O)}} =

yi+l b zg
;/—J( j(x1+ .f X2 —b? st x; € (—b,b). (1.51)

AHaJIi3 MOKa3Ye, M0 JUIs KePaMiKi Kiracy 6MM 3 HAPsIMKOM IOJAPH3ALi X,

€ CIpaBeNIMBUMU criBBinHomenns N, =0,6,=0,7,=1 (Herrmann et al., [82])

Tomy 3 dopmymu (1.51) MoXyTh OyTHM OTpUMaHiI HACTYIIHI PIBHSHHS s

Xle(—b,b).
Mg Us %,0) |+ | 9(,0)[ = 1m {nyll( )(Xl+ v fx J—}
n43[u3(x1,0)}+n44{q)(x1,0)}——21( —ir )W (1.52)
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i cniBBiAHOIIEHHS € CUCTEMOIO JIIHIMHUX anreOpaidyHuX piBHSHB, PO3B’SI30K SKOi
3aMMILEThCS TaK

{ (Xl )} (nlS e~ Ny3 44)_1{ 44 1()(1) L 2()(1)}

[(o(xl’oﬂ (nls s g3 44)_1{ 43 1()(1)”‘13 2(X1)} (1.53)
e
H, (%)= 7/17/1 l(a CoSQ +1. smaj,/bz—xf, Hz(xl):Za;jbz—xf.

1.3 OcobauBocTi 3acTocyBanHsi MeToay cKiHueHHHUX ejeMeHTiB (MCE)
1.3.1 3Benenns 3aaa4i Teopii npy»kHoCTi 10 Bapiauiiinoi 3agayi

[Ipu po3B’si3Ky 3amaud Teopii MPYKHOCTI HAMYacTIiIle MU CTHUKAEMOCS 31
3HAQYHOKO CKJIQJIHICTIO PIBHSHB, SKI HEOOXIJHO pO3B’s3yBaTU. ToMy 3aMiCTh
AQHAMITUYHUX METOJMIB YacTO BHUKOPUCTOBYIOTHCA 4HUCENbHI MeToau. OJHUM 3
IIAPOKO TOIMHUPEHUX Ta CEPEKTUBHUX YHCEIBHUX METOIB PO3B’SI3aHHS 3aaad
MexaHIKu AehOpMOBAHOIO TBEPJOro TUIa € METOJ CKIHUEHHUX €JIEMEHTIB, SIKUM
4acTilie BChOr0 OCHOBYETHCS HA BapialliiHoMy (HOpMyJIFOBaHHI KpaioBOi 3a7a4i.

Marematnuna cytHicte MCE posrmsimanacs Ha 3amadi Teopii mpYy»KHOCTI
JUISL TIPYKHOTO Tima. B KiIacWuHWX JMHIMHUX 3a7a4ax Teopii MTPYXKHOCTI B
NEPEeMIIIECHHSIX, /1€ Ha IIyKaHl (QYHKIII HaKIagaroThCd OOMEKEHHS y BUTIISI
pIBHOCTEH, Ma€ Micile Bapialiinui npuHiun Jlarpamka.

Posrnsnanacs 3amicth audepeHIiiHoi MOCTAaHOBKM 3ajayul €KBiBaJICHTHA
BapialliiiHa 3a/1aua

I(u,v) > min

(u,v) eV, (1.54)

1€ QyHIioHAT |(U1V):

I (u,v)=R(u,v)-A(uv,o,7), (1.55)

B nux dhopmymnax:
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A(U,V, o ) — po6oTa 30BHILIHIX 3yCHIIb,

1
R (u ' V) P J. 046,97 _ norenmiansua eHepris nedopmanii,
T

V — jomycTumMa MHOXHHA PO3B’SI3KIB 3aJlayl — MHOKMHA KiHEMaTH4HO-
MO>KJIMBUX NIEPEMIILIEHbD.

To6To 3 MaTeMaTHYHOT TOYKU 30pYy, PO3B’SA30K 3aaaui Teopili MpyKHOCTI
3BOJIUTHCA 10 MiHIMi3aii ¢yHKIioHany Jlarpanka i TOIIyKy BiAMOBIIHOTO TOJIS
nepeMimieHs (u,v).

1.3.2 /Inckperu3aiisi BapianiiiHoi 3aja4i MeTo10M CKiHUeHHHUX eJIeMEeHTIiB
[Tepiuii eran po3B’ 3Ky 3a7a4di MMOJISATAE B JUCKpETHU3allli 001acTi 1 Tepexo/ii

JI0 CKIHYEHHO-BUMIPHOT 3aa4i, 1110 MM BUKOHAJIX 32 JOTIOMOT' 00 TTO/I1TY 00J1acTi Ha
CKIHYCHH1 €JIEMEHTH.

Sk Bimomo, ocHoBHa i1est MCE — anpokcuMaliis HerepepBHUX BEIUYHH (B
IbOMY BHIAJIKy NEPEMIIICHHS) TUCKPETHOIO MOJEIUII0 Ha MHOXHHI KYCKOBO-
HenepepBHUX (QyHKUIA. /{1 nmoOyaoBH Takoi MOAENl BUKOPUCTOBYBAJIHUCH 8-
BY3JI0Bl YOTHPUKYTHI Ta 6-BYy3JI0B1 TPUKYTHI CKIHYEHHI €JIEMEHTH JArpaHXkeBOI0
tumy. JIuckperusaiiis KpaioBol 3a1a4di OYMHAETHCSA 3 PO3OMTTS 00JIacTi HA TiA-
00J1aCTI, K1 1 HA3UBAIOTHCS CKIHUEHHUMU eJIeMeHTaMU. PO3MIpU €JIeMEHTIB MOXKYTh
Oytu pizHuMH. CyKyIHICTh YCIX CKIHUEHHHMX €JIE€MEHTIB Ha3WBalOTh CKIHYEHHO-
€JIEMEHTHOIO CITKOI. BepImHu CKIHYEHHUX €JIEMEHTIB CTBOPIOIOTh BY3IIU
CKIHUCHHO-EJIEMEHTHO1 CITKM. Ha mpakTuil iCHye BeluKa KUIbKICTh CIIOCOOIB
CTBOPEHHsI CITKM. Y AaHiii poOOTI po3OUTTA MPOBOAMIOCA TAaKUM YUHOM, 100
TPaHUI]l CKIHYEHHHMX €JIEMEHTIB CIIBHNAJald 3 TOYATKOM 1 KIHIIEM TPIIIUHMU.
[Inactuny Oys0 po3aiI€HO HA AEKUIbKA M100JacTel 3a BIIIaJICHICTIO Bl TPIIIUHH.

[Tpuknax citku nokaszano Ha (puc. 1.2).
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(a) (6)

Puc. 1.2. CiTka CKiHU€HHUX €JIEMEHTIB: (a) — AJig yciel o6nacrTi,

(6) — B OKOI TPIIMHU
Hacrynnauit kpok auckperuszauii no MCE — nHabnuxkeHa 3amiHa OTyKaHUX

GyHKIIH AESKUMU TTOJIIHOMaMHU B TPAHUILISIX KOKHOT'O CKIHYEHHOTO €JIEMEHTA.

7

Leem=m

Puc. 1.3. EnemeHr citku
Mu B3sun noBuIbHUE eneMeHT Il1 3 BepmmHamu pii, piz, Pis, Pis, (puc. 1.3)
po3MipaMu 2Ax 1 2Ay 1O Oci aOCIIC Ta OpAMHAT BIANOBIAHO. BBenu B rpaHuUIax
BHUJIIJICHOT'O €JIEMEHTA JIOKAJIbHY CHCTEMY KOOPAMHAT OE&n 3 MOYaTKOM TOCEPEIUHI
CKIHYCHHOI'0 €JIEMEHTa; HANPSIMOK ocell Of Ta Omn CIIBIAJNAE 3 HAIPSIMKOM OCCi

Ox ta Oy, BiamnosinHo. 1{i KoOoOpauHATH MArOTh MK COOOX0 HACTYITHUM 3B’ S30K:
Y: BII ol pAa yiu

8

x=2 N (&m)%

i=1
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y=iZilNi(§ﬂ7)yi, (1.56)

fe N, — yHKuii opMH B i-My BY3J1i, 110 BH3HAAKTHCS 32 GOPMYIOH:

N, =[ (1+&8)1+nm) - (1= &) A+ nm;) -

~(1-n?) A+ &&) |&nl 14+

+(1-&%) A+ )(1-&7) 12+ (1.57)

+(1-7%)(1+&5)(1-7n%) &8 1 2.

ITo3naunBIIN gepes ug, Up, Us, Us, Us, Us, U7, Ug TA V1, V2, V3, V4, Vs, Vg, V7, Vg
KOMITOHEHTH TlepeMilens U Ta V y Bysiax 1, 2, 3, 4, 5, 6, 7, 8. 3amicts (yHKii
U(&,77) ta V(&,77) B rpanmmsx nasoro enementa mincrasmm Girimiiini GyHKii

B HACTYITHOMY BUTJISIII:

e

u(&.m)=2 Ni(&m)u
Em) =N (G (158)

>N,

8
=1
8

L i=1
[TincraBnsitoun mani 1 npeacraBieHds y Gyskiionan (1.55) Ta mpoBoasiuu

fioro MiHIMI3allil0 MOXKHA OJEpXaTH CUCTeMY JHIMHUX anreOpaidyHUX PIBHSHB,

PO3B’S30K SIKO1 1 1a€ MTyKaH1 BY3JIOBI 3HAUCHHS MTEPEMIITICHb.

1.4 YuceabHUil po3paxyHOK JJisl IIVIOCKOT0 Ta MPOCTOPOBOIr0 BUNAIKIB

Jlns o65acTi CKIHUEHHUX PO3MIPIB PO3B’SA30K 3aj1a4l MPOBOJUBCS METOJIOM
CKIHYCHHUX €JIEeMEHTIB. BUKOpPHCTOBYBAINCH 8-By3/710BI YOTHMPUKYTHI CKIHUEHHI
€JIEMEHTH JIarPaHXKEBOro TUIy. Mano Miciie 3TYHI€HHSI CITKM MNpU MiIXO0I1 10
TPIIMHM 1 0c00IUBO /10 ii BepuinH. CTPYKTypa CITKH, & TAKOXK I0JIe BEPTUKATIbHUX

nepeMinieHb mokasani Ha (puc. 1.4)
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Puc. 1.4. CtpykTypa citku Ta poskpurts Tpimmau npu 6 =10*MIla ta d =0

BBaxanoch, 110 BEpXHS 4YacTHHA IUIACTHHU BUTOTOBJICHA 3 1T €30-
enekTpudHoro marepiany PZT-4, uuxus € '’ e3oenektpukom PZT-5H. BractuBocTi
mux wmatepiamiB B cucrtemi oauHuib Cl 3amaroThCs BIIOMUMH MATPUISIMU

KOPCTKOCTI, II’€30€JIEKTPUYHUX Ta JIIEIEKTPUYHUX KOHCTAHT, a caMe:

PZT-4: ¢, =139x10°, ¢,=C,=74,3x10°, c,=113x10°, ¢, =256x10°,
€: =134, 631=—6,98, 633:13,8, d,,=6x10"%, d,,=547x107;

PZT-5H: ¢, =126x10°, ¢,=C,=53x10°, C,,=117x10°, c,,=353x10°,
e.=17, ,,=-65, €,,=233, d;;=151x109, d,; =13x107.

BBaxanoch, 10 HOpMaJbHE HABAHTAXKECHHS o =10*MTla, EIEKTPUYHE

smimenHs d =0, | =50, b=5mm.

Po3riistHyTO Tako MpOCTOPOBUM BUNIAJ0K. Y LIBOMY BHUIIAJIKY PO3PaXyHKOBA
00J1acTh sBIIsIE 0000 GimMaTepianbHuil Ky0 po3mipom | xIx| (puc. 1.5). B obmacri

—-b<x,<b mmmomumHM mnomury wMarepiadiB X,=0 pos3TamioBaHa €IEKTPUYHO
2
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130JIbOBaHa TyHEJIbHA TPIIIMHA, sIKAa BIJIbHA Bl HanpyXeHb. Ha BEpXHIO Ta HIDKHIO
IpaHi AIIOTh PO3TATYBaJIbHI HANPYKEHHS O Ta €IEKTPUYHUI MOTIK IHTEHCUBHOCTI
d. JInsg po3B’si3aHHS 3a/1a4i BUKOPHUCTAHO METOJ CKIHUYCHHHMX elieMeHTIB. BuOpana
citka 3 20-By3/IOBHX CKIHUCHHHX EJIEMEHTIB, SKa 3TYIIYEThCA MPH TMIAXOAl 110
TPIIIMHY 1 0cO0OIUBO 110 11 BepunH. CTPyKTYypy 1€l CiTKH BUAHO 3 pucyHka 1.5, Ha
AKOMY 300pa)KE€HO MO0Jieé BEPTUKAIBHUX MEPEeMIlIeHb, 1[0 BUHUKAIOTH MiJ J1€I0

sycumna o=10*MIla Tta enexrpuunoro 3mimenns d =107° K/ w2,

iy m:\;,\ i A0
RERLLLMY L]
IRERRLTII

IRERNRAL -

| [P

Puc. 1.5. CtpykTypa CiTKH Ta pO3KPHUTTS TPIIIMHU B IPOCTOPOBOMY BHIIAJIKY
npu o =10"MIla ta d =10"° Kn/ m?

1.5 Pe3yabTaTtH IS IUIOCKOT0 Ta NPOCTOPOBOr0 BHHAAKIB Ta iX
00roBOpeHHs

Jiist obnactelt 3 THMHU K T€OMETPUYHUME XapaKTePUCTUKAMU, 11O 1 Ha (pHc.
1.4) i (puc. 1.5) , s TuX *xe MaTepiaiiB MOOyAOBaHiI Tpadiku PO3KPUTTS TPIIIUHU
nmpu o=10°MIla i d=10°Kz/n?. PesymbraTd, fKi OTpPHMAaHi AHATITHYHAM Ta

YUCCIBbHUM MCTOAaMM AJIA IINIOCKOI'O 1 IMIPOCTOPOBOIO BI/Il'IaI[KiB, HaBe)_IeHi Ha (pHC.

1.6).
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Cnig 3a3HaudTH, MO0 MAKCHUMaJlbHI 3HAYEHHS PO3KPUTTA TPILIMHUA O, ,

OTpUMaHi PI3HUMH CIIOCOOaMU, HACTYIIHI:

— asamitHuEEM: 6, = 3,37-107° M,
— YHCEIBHUM (TUIOCKUM BUMAIOK): 0, = 3,42-107° wm,
— YHCeNbHUM (IIPOCTOPOBHIT BUMANOK): &, = 3,39-107° .

B ocranHbOoMy BUMaaKy BUOMpaBCs Mepepi3, MO0 NPOXOAUTH YEpe3 CePeaHIO

TOUYKY (DPOHTY TPIIIMHY, EPIEHAUKYISIPHO A0 HBOTO.

Bunno, mo cnocrepiraerbest nayxe mgo0pa  y3TOKEHICTh pPe3yJbTariB,
OTPUMAHUX PI3HUMHU CIIOCOOAMH, IO MIATBEP/KYE MPABWIbHICTh aHATITHYHOL 1
YHCETHbHOI METOAWK, SKi BHKOPHCTOBYIOTHCS y naHiii poOori. Illo crocyerncs

HOPMaJIbHOTO HANpPYKEHHS Og, Ha MPOJOBXKEHHI TPIIMHHU, TO PE3YJIbTATH,

OTpUMaHI TPbOMa CIOCO0aMu yke OJM3bKI MK cO0010. BC1 BOHM PI3KO 3pOCTatOTh
0111 BEpLIMHU TPILIKMHYU 1 IIBUAKO 3aTyXalOTh Ha BIAJAJIEHHI B1Jl HEl, IPAMYIOUHU 10
CBOIX HOMIHAJIBHUX 3HA4YeHb. Pi3Ke 3pOCTaHHS TOSCHIOETHCS KOPEHEBOIO
0COOJIMBICTIO OLJIsi BEPUIUHU TPIIIMHHM, KA, SIK BUIHO 3 aHAIITHYHOTO PO3B’S3KY, €

1€ ¥ OCHIISLIIHHOIO.

(M)

| |
|
=
[

3,50E-09

MCE(npocTopoBuii

BMNaA0K)
3,00E-09

2,50E-09

2,00E-09 — MCE (nnockui
BMMNAZOK)

1,50E-09 \—

1,00E-09 3

AHaniTUYHI pesynbratn
5,00E-10

0,00E+00 - T T T T 1
0 0,002 0,004 0,006 0,008 0,01 (M)
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Puc. 1.6. Po3KkpuUTTS TPILIMHM, SIKI OTPUMaHI aHAJTITUYHUM
Ta YUCEJIBHUM METOJIaMHU, JIJISl TUIOCKOTO 1 IPOCTOPOBOT'O BUIMAJIKIB

Ha (puc. 1.7) 1 mpocTOpPOBOrO BHIIAAKY IOKa3aHO rpadik 3MiHH
MaKCHUMAJIbHOTO PO3KPUTTS  TPIIIMHUA B3JIOBX OCl X,, MapajenbHOi (POHTY
TpiuHU. Ak 1 ciaig Oyslo O4iKyBaTH, MaKCHMaJlbHI PO3KPUTTS TPIIIMHUA MAarOTh
Micue Oulsd rpaHed, OpTOrOHAJIbHUX (POHTY TPINIMHU. 3 HAOIMKEHHSM XKe [0
IEHTPAILHOTO Mepepi3y POSKPUTTS TPIIIMHK CHAAA€E 1 JOCITa€ CBOI'0 HAMEHIIIOTO

Loy o . o :

3HA4YCHHS (u2 —U, )max = 3,39-10° u B LIEHTPAJILHOMY Iepepi3l TPUBUMIPHOI 00J1aCTi.
() [ (x.0)]

4,20E-09

4,10E-09

4,00E-09

3,90E-09

3,80E-09
3,70E-09

3,60E-09

3,50E-09
3,40E-09

X1
3,30E-09 ‘ ‘ ‘ ‘ )

0 0,01 0,02 0,03 0,04 0,05

(M)

Puc. 1.7. 3MiHa MakCUMaIbHOTO PO3KPUTTSI TPILIMHU B3/I0BXK KOOPIUHATH,

1.6 BHCHOBKH /10 MepuIOro po3aiiy

PosrnssayTo MibK(aszHy TpIUHY y II'€30€ICKTPUUHOMY OiMaTepiaJbHOMY
OPY>KHOMY TUIl Mif JIE0 PO3TIATYHYOro 3YCWUIS, IO NPUKIAICHE 10 JBOX
OPOTUJICKHUX 30BHIIIHIX TpaHed Ta eNeKTpUYHOro 3mimieHHs. Crodatky, B
OPUITYUIEHH], IO T1I0 HECKIHYEHHO BEJIHKE, NOOYI0BAHO aHANITUUYHUMA PO3B’ 30K
3a/1a4l, a 11l BUMA/IKY TU1a CKIHYEHHUX PO3MIpPIB — YUCEIbHUHI PO3B’A30K. 3HAIeHE
3HAYCHHS TEPEeMIIlIeHb Ta HANpy>KeHb AaHATITUYHUM METOJOM Ta METOAOM
CKIHYEHHHMX €JIEMEHTIB. 3ajada po3B’s3aHa A IUIOCKOIO Ta IMPOCTOPOBOTO
BunaakiB. OTpuMaHi pe3yJabTaTy MOPIBHSIHI Ta BHUSIBJICHA 100pa iX y3TrOKEHICTb.

[IponeMoHCTpOBaHAa 3MiHA MAaKCUMAJIbHOTO PO3KPHUTTS TPIIIMHU MO KOOPJIUHATI,
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sKa crhiBHampaBiieHa 3 ii ¢poHTOM. [lokazaHo, 1m0 PO3KPUTTS JOCITAIOTH
MaKCUMaJIbHMX 3Hay€Hb Ha OIYHHUX TpaHsAX o0JacTi, 10 PO3TIIAJAEThCA, 1

MIHIMaJIbHUX 3HAYEHb — B 11 CEPEAHBLOMY MEepepisi.
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PO3/1JI 2. BIIVIUB EJIEKTPUYHUX 'PAHUYHUX YMOB HA
TPIIIUHI ¥ I’E30EJEKTPUYHOMY BIMATEPIAJII HA il
PO3KPUTTS TA LIBUAKICTh BUBLVIbHEHHSI EHEPTII

2.1 IlocranoBka 3agaui

PozristHemo 1miocky aedopmaiiito 6imMaTepialy, CKJIaIeHOro 3 MiBIPOCTOPIB

X3>0 Ta x;<0, s3uemmennx mo imTepdeiicy x;=0 1 3anoBHEHHMX

1’ e3oMatepianamu 1 Ta 2 BiANOBIHO, MOJIAPU30BAHUMHE B3JI0BXK OCl X5. Ha Bifpisky

AB:x elL= (—l : |) inTepdelicy posramosana Mixk(aszHa TpimmHa (puc. 2.1).

o
O3

bttt rrrt

- —»>
— M L W -
- o) ACHE A ) (o) " —
olb® —> £ C T BT > S
11 4— “3 —»
«— —>
A B M
-1 0 l
«— —>
20 € {c) e 2y = o | o
o}” —» EF o€y oL E” —» | _, o0
— | — — |,
Gy

Puc.2.1. CxeMa HaBaHTa)KECHHS 11’ €30€JIEKTPUIHOTO OiMaTepiary

3aMKHEHa CcHUCTeMa pIBHAHb I1’€30CTaTUKH 3a BIJCYTHOCTI MAacOBHUX CHX 1
BUIBHUX 3apsiJliB, sIKa PO3TIIsiHyTa y po3aimi 1, MoxkHa 3anucatu y Buriisiai (Fang and

Liu, [71])

Sij =Cijki & ~ i Bk Di = ikt ik Ex (2.1)

j j*uj i Ei=—0; ijkI=13
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Jie U;— KOMIIOHCHTH BEKTOpa TEPEMILIEHb; — KOMIIOHEHTH TEH30piB

Oij &
HaIpyXeHb Ta Aedopmallii; Ei — KOMIIOHEHTH BEKTOpa CICKTPUIHOI'O I1OJI; Di —
KOMIIOHCHTH BCKTOpA CJICKTPHUYHOl IHAYKIL; ¢ — CICKTPUYHUU IMOTCHI1AJI; Cijk|’

€ jk» Xij — KOMIIOHEHTH NPYXKHOI, T’ €30€JIEKTPUYHOI Ta JICJIEKTPUYHOT MaTPUILh.

Koma o3Hayae moxigHli 1O BIANOBIIHMM KOOPAMHATHUM 3MIHHMM. B ymoBax

nnockoi gedopmanii U, = 0, Opp = 0, Oyq =0, &y = 0, €9q =0, E2 =0, D2 =0, a
BC1 IHIII KOMIIOHEHTH € (PYHKIISIMU JIMLIE 3MIHHUX X Ta X .

3 BUKJIIOYEHHSM HAIpy>KeHb 1 Aedopmaiiii cucrema (2.1) 3BOaUTHCS 10

HACTYIMHOI cUCTeMHU JUEPEHITIHHUX PIBHSIHB
[Cijkluk +e|ij(pj’li =0,
(611U = Zi1#) 1 =0- (2.2)

Ha HeckiH4eHHOCTI 3a71a€MO KOMITOHEHTH EIEKTPUYHHUX Ta MEXaHIYHUX TTOJIIB
ol® old* 6% E®. I'panndni ymoBu Ha inTepdeiici A BiIKPUTOI TPilMHN
11 0 %110 0 P33 F1 - ™

L marors BUIIAL;

1

o3 0.0)=955 (0. 07 .0)=0" 1.0),

D4 x,0)= D5 (1,0}, w1 ,0) =) x,,0), (2.3)
X &(-o0,%)\L, oy (x,0)=0, m=12, i=13.

[Ipunyckaemo, mo Oepernm TPIMIUHA MOXYTh 3HAXOAUTHCh B yMOBax

6e3(pUKLiHHOro KOHTAKTY Ha iHTEpBaTi X; € (C,d), —l <c<d <I. Takum yunom, 10

YMOB Ha 1HTep(eiiCcl J0AaI0ThCsI MEXaHIYH1 YMOBU

G(fg)(xl,o)zo, x €[-lc]UldI];
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1 _ 2 . <M _n- ~@ _ (2
U;(), )(xl,O) _ug )(xl,O), 6(13)(X1,0)—0, Ggg ()&,0)—6%3) ()61,0) ;X e(c,d) (2.4)
m=12,1=13
Tako po3risiHEMO HACTYIIHI BaplaHTH €1EKTPOCTaTUYHUX YMOB Ha Oeperax
TPIMHKA: 1) ENEeKTPONPOHMKHA TPIIIMHA; 2) EJIEeKTPOI30Jb0BaHa TpIlIHUHA; 3)
€JIEKTPOIPOBiAHA TpIlIMHA; 4) TpIIIMHA, EJIEKTPOJ0oBaHA HAa YaCTHHI ‘xl‘SO,SI
BEPXHHOT'0 Oepera Ta eJeKTPOi30Jb0BaHA B3J0BXK pemTu OeperiB. Po3mrykyroThbes

TaKi MapaMeTpy pynHYBaHHS: PO3KPUTTS TPILMHE A(X,) = ugz)(xl,O) —ugl)(x ,0)‘ ,
IIBUAKOCTI BUBUTIbHEHHS eHeprii G y BepmmHax Tpinmuau A 1 B.

PozristHemo n’e30oMarepiany 3 KpUCTAIIYHOIO CUMETPIE0 6mm, JUIsl SIKUX 3a

JIONIOMOT 00 CKOPOYEHHX iHIEKCHUX To3HadeHb [71] €y =Ci11q; C33=Caaaa,

C13=Cl1330 Ca0 =Ci313 €31 = €311, €33=€333: €5=E13, TIPYXKHA, II'€30€NEKTPH-

YHa Ta JieJeKTpUYHA MaTpHIll HAOYBAIOTh BUTIISY:

Cp Cp G3 0 0
Cp €y CG3 0 O
Ci3 C3 C33 O 8

0
0
0
Gjl=[o” 0" 0 ¢, 0

0 O
CRER
31 ~31 ™33

o

o
D

o

5 %1 O
€5 8 8; HXinZS 2)(11 0
X33

o

[Tpu bOMYy CITIBBIIHOIIICHHS CTaHy e-THUIYy [ /1] mpuitMaroTh BUTIISY
Gy1 =Cp181 +C 3833 €3 F3; O3 =Ci3814 +Cy3833—€33F3;

13 =Chy813—€sEy s Dy =€5813+ %11 B Dy=8518)1 +833853+33E5. (2.5
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['paHnyHl YMOBU Ha HECKIHYEHHOCTI MOBHMHHI 3aJJ0OBOJIbHATH YMOBI Here-

pepBHOCTI fiehopmaliiil €, B3IOBK iHTEpelicy Oimarepiany:

(2)e0

@ =g, (2.6)

(oo _
&1 =¢
3 ypaxyBaHHsAM HENEPEPBHOCTI HA IHTEPPEHCI HANPYKEHb Cgq TA IHAYKIIT

D3, 3 ¢opmyn (2.5) ta (2.6) OoTpHMaEeMO HACTYIHI CIIBBIIHOIICHHS JIIs

KOMITOHEHTIB €JIEKTPOMEXaHIYHUX MOJIB y TPAHUYHUX YMOBAX:
(Moo _ (M)goo 4 (M) (M) _ o(M) g(M)eo
o0 =Cp 81+C3 e’ —ey By

o=+ e el

Dy e 1 eMelM= 4 MEM= ;12

; o : w (Do (o o (2w
Po3B’43yr0un 11 CIiBBIAHOIIEHHS BIJHOCHO €11, €33 1633 ,E3 ,E3 Ta

D§° , OTPUMA€EMO HACTYIIHI YMOBHU:

[ 2
1o 1 1., Q@ ) N 1., @1 o~ IN¢! Dy-1_
o[+l 8 2 el 5 -

G11

PP
20| (2 2),2) | _ 0 (o262 1 o2,@ ) D (@@ _ a2 -
{ o (eés)) +°1(1)X§3)]_033(e§1)e§3)+C1(3)ng))+D3 (Céa)egl)_Cl(s)eés)j}@(z)) L@7)

2 2 2
o=l (e 2P 49 (4 |+ el (e . m=12

Jits matepiany 1 — PZT-4 ta wmarepiany 2 — PZT-5H 3a ymosun D3°=0

criBBigHOILIEHHS (2.7) HaOyBae BUTISAIY

0 — Doo 2)o0
6%, = 9.418 o\ -10.029 o{2)
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B Tabm. 2.1 wHaBeneHo eKlIbKa 3HAYEHD (m)ool 633,m =12, o

BIJIMOB1IAIOTH IIbOMY CITIBB1THOIIICHHIO.

Taomung 2.1. 3HaueHHs MeXaHIYHUX HaBaHTaXEHb ﬂ])oo, m=12, mo

3a0e3MeyyoTh HeepEepBHICTh Aedopmaliiii €, Ha iHTepdeiici Oimarepiany PZT-

4/PZT-5H
1oo oo 2)o0
Gil) 0% ( ) logs
0.106 0
0 -0.100
-1.637 -1.637

3a 101aTKOBOT yMOBH HEMEPEPBHOCTI KOMITOHEHTH E3 €JIEKTPUYHOTO MOJIS:

E,o(,l)oo = E§2)°°, YMOBA HETEPEPBHOCTI fepopMaliil &, npuiiMae BUTIIS
Too _ 0 - 2)0
o0” =0.9540%;; o\2*=0.797c%.

Sxmo 3amicts ymosu DL =0 suxonyrorsca ymosu EW® = EA* =0, 10 me-
y 3 Y10 M 3 3

[IEPEPBHICTH JiehopMmalidi &,, Ma€ MiCIE IIPH
pep p 11 p

D)oo _ o0 . 2)o _ o
ol” =7.594c%,; o{2”=8.3010%;.

2.2 YmuceabHa peaJsizanis

MonentoBaHHS 1T’ €30€IEKTPUIHOTO OimMaTepiany 3 MDK(A3HOK TPIIIHHOO
31CHIOBAJIOCH 32 JOTIOMOTOI0 METOJy CKIHYEHHUX EJIIEMEHTIB, IO € HAWOUIbII
edeKTUBHUM OOYHUCITIOBAILHUM 3aCO00M pO3B’S3yBaHHS IIMPOKOr0 Koja 3ajad
MEXaHIKH cyIIbHOTO cepenopuia (Zienkiewicz, Taylor, [138]). MoaemtoBanHs Ta

PO3paxyHKHU 3/IIMCHIOBAJIUCH Y cepeioBulll nakery Abaqus. HeckinuenHa o0acThb
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aNPOKCHMYBaNach CKIHYEHHOI0 0071acTio || <b, ‘x3‘£b, ne b=20l, mpo, sK moka-

3aJId YMCEINbHI eKCIEPUMEHTH, 3a0€e31euye T0CTaTHIO 301KHICTh 3 HAsIBHUMU aHai-

TUYHUMU pe3yJbTaTaMU JUIsl HECKIHYEHHOI 00JIacTi.

EnextpomexaHiuHi rpaHUYHI YMOBH Ha BiJJJICHH] BiJ TPIIIMHU 3a7aBaJIUCh
Ha TPaHUIIX CKiHYeHHOI oOyacTi. IIpy IbOMYy KOMIIOHEHTH EICKTPUYHOI'O ITOJIS

BUPAXAJIUCh Y€pe3 PIZHUIIO MOTEHUIaNIB A@ Ha MPOTWIEKHUX CTOPOHAX CKIH-

YyeHHO1 00J1acTi
E =—A¢/ (2b).

Jlis crabunizanii Tija BiJ MepeMIIeHb K dKOPCTKOI0 LHIJI0r0 B KOKHOMY KYTi
30BHIIIHBOI TPaHUIl JOJABAIMCS Bl 3aKpIUIEHI 3 OJHOIO KIHUA MNPYXKUHU —
TOpPU30HTAaJIbHA 1 BEpTUKAJIbHA, )KOPCTKICTH SKHX BHOMpaach Ha IEKLIbKA MOPSIIKIB
MEHIIIOI0, HIXK JKOPCTKICTh OiMaTepiainy. SIk mokas3anu ducenbHi JOCIIIKSHHS, Taka
¢ikcalis He BHOCHUTH MOMITHHUX 3MIH y HampyXeHHil cTaH Oimarepiamy. [lms
TUCKpeTu3aiii  o0nacTi  BUKOPUCTOBYBAJIWUCH  YOTHPHUKYTHI 8-By3JOBI
I’ €30€IEKTPUYHI €JIEMEHTH 3 TOJIIHOMIAJIBHOI alpOKCUMALIIEI0 IPYTOro MOPSIKY.

B KOXHOMy By3/l BH3HAYalMCh KOMIIOHEHTH NEpeMillieHb U, U 1 MOTeHmial

€JIEKTPUYHOTrO 1oJist ¢ . HeoqHOpIIH1 CITKM CKIHYEHHUX €JIEMEHTIB 3TyIYBAJIUCH B
OKOJII TPIIIMHU ¥ PO3PIKYBAINUCh B MIpy HAOJMIKEHHS JIO0 30BHINIHBOI TPAHMIN
O0imarepiany. Oxkpema yBara NpUAUISIIACH HAJIEKHOMY MOJICTIOBAHHIO OKOJIIB
BEpIIMH TPILIMHU, [I€ BHUKOPUCTOBYBAJIUCh KOHILIEHTPUYHI CITKM CKIHUEHHHX
€JIEMEHTIB, JIOBXKHHA paJlajIbHUX CTOPIH SKHUX TOCTYHOBO 3MEHIIYBaJIacs BIJ

0,3560l no 0,0012l, Ta myrosoo mipoo 0.=11,25° (puc. 2.2). PospaxynkoBa

MOJIEIIb B CEpeIHbOMY HamidyBama 6imspko 104 ckinuennux ememenris 3 3-10%
BYy3J1aMH, 110 3a0€311e4yBaJIO MPAKTUYHY HE3MIHHICTh PE3YJIbTaTIB, OTPUMAHUX MPU
me OuUIbIl IIUIBHUX CITKaX. Y BUPOKEHUX TPUKYTHUX €JIE€MEHTax, II0
IPUMHUKAIOTH 10 BEPIIMH TPIITUHH, B3IOBXK PaliallbHUX CTOPIH 3/IIHCHIOBABCS 3CYB

CepeNlHIX BY3JiB B HAMpPSMKY BEPIIUHHU TPINUHU Ha 1/4 JNOBXKWHU CTOPOHH, IO
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3a0e31eyyBajio MOJENIOBaHHS acCUMNOTOTHKU cTyneHo 0,5 11 nepeMilieHb Ta
NOTEHILIAly B OKOJl BepIIMHU. MOXJIMBUNA KOHTAKT MDK Oeperamu TPIIUHU
MOJIETIIOBABCS 32 JOIIOMOI0OI0 CTBOPEHHS KOHTAKTHOI apy MIX Oeperamu TpIuHu
IpU yMOBAaxX B3a€EMHOT'0 HEMPOHUKHEHHS! KOHTAKTYIOUUX MTOBEPXOHb Ta BIACYTHOCTI
TEPTSI MK HUMH.

VY BUMNAIKyY €IEKTPOIPOBIAHOI TPIIIIUHU BUKOHYBAJIacCh yMOBa
@(X) =@, =const, x eL (2.8)

sKa peari3yBajiach 3a JOMOMOI'OK 0araTOTOYKOBOTO OOMEKEHHS, 3TiTHO SIKOMY
MOTEHINAIA B YCIX BY3JIaX €JIEKTPOJOBAHOT TPIIIMHUA JOPIBHIOBAIM MOTEHIIIATY B

OJTHOMY 3 3a3JaJIeTiIb 00OpaHOMY BY3III.

VY BUMNaJKy €JeKTPOINPOHUKHOI TPILIMH I'PaHUYHI YMOBH HA TPIIIUHI 3a]1aBa-

JIUCh Y BUTJISIAL

JUTSI KO>KHOI TIapu BY3JIiB Ha MPOTHIICKHUX Oeperax TPIIIMHU 3 OJHIEIO 1 TIEIO XK

KOOPJIMHATOK X . SIK i y MONepeHbOMY BHIIA/IKY, TaKi YMOBH peali3yBaluCh 3a

JIOTIOMOT'0I0 6araToTOYKOBHX OOMEXKEHb, ajie JUIsl Map BY3JIIB 3 OJIHIEIO 1 TIE0 K

KOOPpAHNHATOIO Xl .

VY BUMNAJKY €IEeKTPOI30JIbOBAHOI TPIIIMHU peajizyBaiach yMOBa
D™ (x)=0, xel, m=12 (2.10)

CKIHUEHHO-€JIEMEHTHE PO3B’SI3aHHS TPAaHMYHUX 3aJay 3J1HCHIOBAJIOCS B
re€OMETPUYHO JIIHINHINA NOCTAHOBIIl 32 YMOBU MPUKIAJAaHHS CTaTUYHOTO HaBaHTa-
KEHHSL.

Uepes BiICYTHICTH B makeTi Abaqus MoxiauBocTI oTpuManHs cuioBux (KIH)
a00 eHepreTMYHUX (J-IHTErpanu) XapaKTEepUCTUK pPYWHYBAHHSA TPILMHUA IS

II’€30aKTUBHHUX MarepiaiiB, BUHUKA€ HEOOXIAHICTh B MOCTIPOLIECOPHINA 00poOii
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JaHMX JJIs OTPUMAaHHA MTapaMeTpiB pyiiHyBaHHs. Bu3HaueHHS MBUIKOCTEH BUB1Ib-
HeHHs eHeprii Gy BepmMHax TPINMHU peali3yBalioch 3a JOMOMOTOI0
IHTErpajJbHOr0 METOAY BIPTYaJIbHOTO 3aKPUTTS TPILIMHH, 3TITHO SIKOTO MPHUPICT
MOTEHINHOI eHeprii mpW MAPOCTaHHI TPINMHA HA BETUYUHY O JIOPIBHIOE
BIPTYalbHIi pOOOTI, AKY CTBOPIOIOTH HAMPY>KEHHS 1 IHAYKIIIS HA IPOMDKKY O Tepen
(GbpOHTOM TPIIMHMA HA TIEPEMIIIEHHSX 1 MOTEHITAIaX HA TPOMIKKY Ti€1 K JTOBKHHU
no3aay TPIMHU TpU 1i 3aKpUTTI HaA JOOBXKUHY O. Merox cnepmry OyIo
3alpoNOHOBAHO JUIs TPIIMH B elekTponacuBHuX wmarepianax (Rybicki and

Kanninen, [124]), a 3romom momupeHo Ha m’e3o0akTuBHI Martepianu (Kuna et

al., [91-93])

0,758 5
0,255

Puc.2.2. Cxema nuckperu3ailii OKOJIy BEpIIUHU TPIIUHYA B

[IIBuAKICTh BUBIJIBHEHHSI €HEPTii B OKOJI BepiimHU B Tpimuau (puc. 2.2)

xapakTepusyerbes Bennunnoro (Park and Sun, [114-115])
G(B)=GM (B)+GE(B) (2.11)

ne GM(B), GE(B) - ignosizno mMexaniuna Ta enexTpudHa CKIafoBi WBHAKOCT

BUBUILHEHHSI €HEPT1i B OKOJI1 BEPIIUHU TPIiuHu B,

GM (B)=—4 jg’[%(s)Aul (5-8) + 0g5(S) AUy (s-3) ds; (2.12)
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GE(B):—216 IE{DQ’(S)A@(S—S)—Dél)(S—S)(p(l)(s—B)Jr D§2>(3-6)<p<2)(s-5)-AD3(s—5)(p(s)}ds (2.13)

Au; () =uP(s)-uld(s), =13
Ap(s) =91 (5) =912 (s); - AD,(5)=D,P(5)-DA(s).

B pamkax 3ampornoHOBaHOI YHCENBbHOI peati3allii CTpUOKH MepeMillleHb
Aui(m) (s) i norenuianis A@M(S) Ha Geperax TPILMHK APOKCHMYIOTHCS 3a TOMO-
MOT'OF0 METOY HalMEHIHUX KBAJpaTiB 3 BUKOPUCTAHHIM 3HAYCHb CKIHUCHHOEIIC-

MEHTHOI'O PO3PaxyHKY B BY3JIax AM 3M B m=12:
Au,(S) =0 fUs+BAUVTS, i=13; Ap(s)=aPs+BAPI=S, —§<s<0 (2.14)
[Morenmianu @(S) mepen GPOHTOM TPILIHHK AIIPOKCUMYIOTHCS Y BUTIISII
@(s)=a®+BPs+y?Js, 0<s<d (2.15)

3 BUKOpHCTaHHSM 3HaueHb y Bysnax B,D,H. Hanpyxenns Gi3(S) Ta 1HIYKII1

Dj (S) mepen ppOHTOM TPILIHMHK AIPOKCHUMYIOTHCS Y BUTJISII
Gi5(8)=0f +BPs+yP{s L, i=13 Dy(s)=al+pPs+yClsT, 0<s<5 (2.16)

3a nanumu B Toukax C,D,E, orpumanumu 3a 10mMoOMOror ycepeaHeHHs BiJro-
BIJHUX JIaHUX, Y3STUX 3 JBOX HAWUOJMKYMX TOYOK IHTETpyBaHHS — BY3JIB
kyOatypHoi Qopmynu [ayca tTperboro mopsaky (mo3HaueHi Ha pwuc.2.2.
KBaJI[paTUKaMH), OCKUIbKH y CKIHUEHHOEJIEMEHTHUX PO3paxyHKaX Hampy>KeHHS Ta

THAYKITT OOYMCITIOIOTHCS caMe B IIUX TOYKaX. [HIyKIIii D3 (S) Ha Oeperax TpiIUHA
anPOKCUMYIOThCSl Yy BUTIIAL, aHamoriyHoMmy (2.16) (i3 3amiHOIO S Ha —S), 3a
JTAaHUMHU B TOYKaX |(m),J(m),K(m),m=l,2. Jlani B IMX TOUYKaX OTPUMYIOTHCS 3

HaNOJIMKYMX TOYOK IHTErpyBaHHsS. Lle HE BHOCUTH 3HAYHUX MOXUOOK, OCKUIBKU

BIICTAaHI MDK BKa3aHMMM TOYKAMM Ta HAWOMMKYMMH 10 HUX TOYKAMU
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IHTErpyBaHHS, a TAKOXX 3MIHIOBAaHOCT1 JaHUX Y HOPMAJIbHOMY A0 O€periB TPILIMHU

HAIpPSIMKY, € MAaJMMH. BapTo 3ayBakKHTH, IO TOYKH D,l(m),J(m),m=1,2

CIIBMAAAIOTh 3 By3JIaMH BIJIIIOBIIHUX CKIHYEHHUX €JIEMEHTIB.

Bracmigok Toro, mo Ha BCIX CKIHUCHHHX €JIEMEHTaX, SKi MPUMHKAIOTh 10
BEPILIMHM TPIILKUHHU, 301MCHIOETCA CTUCKAHHS MPOCTOPY B pajiaIbHOMY HANPSIMKY
JUTsT  BiJOOpaKeHHS KOPEHEBUX ACHUMIMTOTHUK EIIEKTPUYHOTO TOTEHIay Ta

nepeMillieHb y BepIInHi TpitmHu, koopauHatu Todok C,D,E nopiBHIOIOTH Bijmo-

2 2
BIJTHO %( —43/5j ,%, %(1%/3/5] , @ KOOPJJMHATH TOYOK | (M) 3(m) K (m) m=12

— BIJIOBIIHO —%[14—«/%)2, —%, —%(1—\/%)2.

Jlany cxemy peanizoBaHo y cepenoBuii makery Mathematica. Po3B’si3anns
TECTOBUX 3aJa4 3 HASBHUMHU aHAJNITUYHUMHU PO3B’SI3KaMU TPOJEMOHCTPYBAIIO
32/10BUIbHY TOYHICTh OTPUMAaHUX pe3yabTaTiB. [I0XMOKMU YUCENbHUX PE3yJIbTaTIB Yy

BCIX PO3TJISTHYTHX 3a/iayax He nepeBuiryBaiu 0,5%.

2.3 YuceuabHi pe3yabTaTH

V Bcix po3paxyHkax mosxuHa Tpinuau 2| gopisuioBana 0,02m. Ha puc. 2.3
NPEICTaBIIEHO TpadiKy 3aNeKHOCTI POKPUTTS A €JIEKTPONPOHUKHOI TPIIIMHU BIJ

mapamerpiB Ogy i E{° mms Gimarepiany PZT-4/PZT-5H. B jpaHoMy BHIajKy

BEJIMYMHA PO3KPUTTS TPIIIMHU 3AJICKUTHh JIMIIE BiJ MEXaHIYHOI CKJIaJI0BO1

HaBaHTAXCHH:I.
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1093 (m)

o y Xa(m)
-0.01 -0.003 0.005 0.01

Puc. 2.3. Po3kpuTTsi A €leKTpONPOHMKHOI TPIilMHU ajis Oimarepiany PZT-4 /
PZT-5H npu E* =-2 x10° B/M (cyrinbHi miHii) Ta E”=0 (xpanku) wrst pizanx

PiBHIB HANPYKEHHS 0%03: 1 - 0303 =0,25MIla; 2- 0%03 = 0,5 MI1Ig;
3 - 033 = 1,0 MIla; 4 — 693 = 2,0 MIla

B Tabn. 2.2 HaBeaeHo naHi I IIBUIKOCTCH BUBLIBHCHHS CHEPTil Y
BEpIIMHAX EJICKTPONPOHUKHOI TPIIIUHUA JJI1 PI3HUX PIBHIB MEXaHIYHOTO
HaBaHTaXXEHHs OiMarepiany. 3 yMOBHU HENEPEPBHOCTI MOTEHLIANy Ta HOPMaJIbHOT

KOMITOHEHTH 1HAYKIIII Ha Oeperax eneKTPONPOHUKHOL TPIIIMHM 13 CIIBB1IHOIICHHS

(2.13) BummBae, mo GE =0.

Tabmurs 2.2. 3anexHiCTh NIBUIKOCTEH BUBUIBHEHHS €HEPrii B BEpITUHAX

€JIEKTPOITPOHUKHOT TPIIIUHU BiJl PIBHS MEXaHIYHOTO HABAaHTAKCHHS

0%, (MITa) 025 |05 1,0 2,0

G(A),G(B) (H/m) | 0,02 0,08 0,33 1,35

Ha puc. 2.4 npencrasieHo rpadiky 3aJIeKHOCTI PO3KPUTTS A JJIs TPIIIIUHY 3

130J1b0BaHUMU OeperaMu BiJ] MapaMeTpiB 6303 i Efo s Oimatepiany PZT-4/PZT-
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SH. Sk BuTiKae 3 HaBeACHUX JaHUX, HASBHICTh €JIEKTPUYHOIO IO Efo CIIpUsI€
JIOJIATKOBOMY PO3KPHUTTIO TpimuHH. [Ipu 6%03 =0 po3kpuTTS TPIMHM MPAKTHYHO

BIJICYTHE.

1093 (m)

' = = Xi(m)
-0.01 —0.005 0.005 0.01
Puc. 2.4. Po3kputTss A eneKkTpoi30ibpOBaHOl TpiluHu i Oimarepiany PZT-4 /
PZT-5H mpu E*=-2 x108B/m (cyminbHi mimii) Ta E=0 (xpanxu) amst pisHux

PiBHIB HanpyKeHHs Og3: 1 — 035 = 0,25 MIla; 2— 033 = 0,5 MIIa;
3— 0% = 1,0 MITa; 4 — 6% = 2,0 MIla

B T1abn. 2.3 HaBemeHO HaHi I IIBUIKOCTEM BUBLIBHEHHS €HEPTil Y
BEPIIHMHAX €JIEKTPOI30bOBAHOI TPIIIMHM MIPU PIZHUX PIBHIX EIEKTPOMEXAHIYHOTO
HaBaHTaXEHHs OiMerepiany, okpyrieHi go 0,5% Bix 3arampnHoi BenwmuuHu G.
BHacitizok rpanngHoi ymosu (2.10), B criBBigromensi (2.13) s GE npucyrhiit

JIUIIC Hepumﬁ YJICH.

Tabnuus 2.3. 3anexHICTh WBUIKOCTEN BUBUIBHEHHS €HEPrii B BEpUIMHAX
€JIEKTPOI130JIbOBAHO1 TPILLIMHHU BiJl PIBHIB €JIEKTPOMEXaHIYHOTO

HaBaHTAaXCHHS
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E* | om | GM(A),GM(B) GE(A),GE(B)
(B/M) | (MIIa) (H/m) (H/m)
0 0,25 0,02 0,00
0 0,5 0,07 0,00
0 1,0 0,27 0,00
0 2,0 1,06 0,00
—2x108 | 0,25 0,02 0,00
—2x106 | 0,5 0,08 0,00
—2x106 | 1,0 0,30 0,02
—2x106 | 2,0 1,20 0,07

Ha puc. 2.5 npeacraBieHo rpadiku 3ajIeKHOCTI PO3KPUTTS A  €JIEeKTpPO-
MPOBiHOI TPIlMHY Bij 3HaueHb O i Ei° mns Gimarepiany PZT-4/PZT-5H. Ilpu
UbOMy B TpaHuyHid ymoBi (2.8) mpuiinaro ¢,=0. Ha Biaminy Big
BUIICPO3TIITHYTHX, B JAHOMY BHIIaJKy Ma€ MiCIle¢ KOHTAaKTHa B3a€EMOJis Mixk
Oeperamu TPIUIMHU BHACIIJIOK Ail €EKTPUUHOro mosisd. JIOBXKMHU 30H KOHTAKTY, a

TaKOX MaKCUMaJbHI 3HAUEHHs PO3KPUTTS TPILLIUHU A00pe 301ratoThesi 3 TOUHUMU

3Ha4YCeHHsAMH, oTpuMaHuMu B podoti (Loboda et al., [104]).

HageneHi pe3ynbratd JEMOHCTPYIOTh CYTTEBHUM BIUIUB €IEKTPUYHOIO MO
Ha xapakrtep nedopmyBaHHs. Lle 3yMoBiIeHO TuM, 110 Ha Oeperax eiaeKTpOoAOBaHOI
TPIIMHA B MapajelbHOMY il €JIeKTPUYHOMY TOJI1 1HAYKYIOThCS BUIbHI 3aps[iu,
HasIBHICTh SIKMX SKICHO 3MIHIO€ BHJ MOJS B OKOJI TPIIMHU (HA €IEKTPOJOBAHUX
Oeperax aHyJIO€ThCS NOTUYHA KOMIIOHEHTA €JIEKTpUYHOro mojs). OKpiM LBOTOo
Yepe3 BUHUKHEHHS 3CYBHHX JedopMaliiid, BUKIUKaHUX 11’ €30€)eKTOM, B IIii 30H1

CYTTE€BO 3MIHIOETHCS BHJI HAIPYXEHO-IePOPMOBAHOTO CTaHy. YTBOPEHHS 30H
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KOHTaKTHOI B3a€MOJIi MK OeperaMu eJIeKTPOJ0BAHOI TPIIIMHU 00YMOBJIEHO KOM-
Oinariero ABOX (akTopiB — HasBHiCTIO enekrpudsoro noms Ei° i pisHuiero

EJIEKTPOMEXaHIYHUX BJIACTMBOCTEHN I1’€30MaTepiaiiB, 10 CKIAIalTh OiMarepial,
BHACJIA0K 4oro fedopmarii OeperiB TpilIMHU PI3HATHCSA OAHA BiJ oaHOi. Ha puc.
2.6 HaBEICHO MOPIBHSUIBHI JaHi PO3KpuTTs A s Oimatepiany PZT-4/PZT-5H
Ta ofHOpiAHOro Matepiany PZT-4, 3 skux BUIIHO, IO Il OAHOPIAHOrO Marepiary

KOHTAKTHA B3aEMOJIisl MK OeperamMu eJeKTPOIPOBIIHOT TPIIIIMHH BiICYTHSI.

Xy(m)

~0.005

Puc. 2.5. Po3kputTst A enekrponpoBiaHoi TpimuHu s 0imarepiany PZT-4 /
PZT-5H npu E* =-2 x10°B/M (cyrinbHi minii) Ta E”=0 (xpanku) wrst pizanx

piBHIB HANIPYXKEHHS Ogq: 1 — Gan = 0,25 MIIa; 2 — Gq3 = 0,5 MIla;
3— 033 = 1,0 MIla; 4 — 033 = 2,0 MIIa

Bapro Binmituty, 1m0 po3kpuTTs TpimuHn wist OiMarepiaxy npu E° #0 mae

MICII€ HaBITh MPH BIICYTHOCTI MEXaHIYHOTO HABAHTAXEHHS, B TOM Yac SIK Y BUMAJKY
OJTHOPIMHOTO I1’€30Marepialy M MI€I0 OIHOTO TIIBKH EIEKTPUYHOTO IIOJIS

PO3KPUTTSL TPIIIMHA HE CHOCTEPITAETHCS — MA€ MICIIE JIUIIE B3a€MHE MPOKOB3Y-
BaHHsA OeperiB TpinuHK. B upomy Bunaaky npu Ej° =-2 x109B/M mst matepiamy
PZT-4 GM(A) =GM(B)=0,17 H/™m, GE(A)=GE(B)=721,0 H/m.
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1094 (m)

-
-

Xi(m)

0.0035 0.01

Puc. 2.6. [TopiBHSHHS PO3KPUTTS A €IEKTPONPOBITHOI TPIIIMHA

js Gimarepiany PZT-4 / PZT-5H npu E° =-2 x108B/m (cyminbHi minii) Ta
ofxHopigHoro mMatepiany PZT-4 (myHKTHpHI JiHI{) TpU Pi3HUX PIBHAX
HATIPYKCHHS Oqq

1- 6%=0,5 MITa; 2 — 65;=1,0 MIla; 3 — 6%,=2,0 MITa

B Tabn. 2.4 HaBeneHO naHI AJid IIBUAKOCTEH BHUBUIBHEHHS €HEPrii y
BEPIIMHAX EJEKTPOINPOBIAHOI TPILMHU IPHU PI3HUX PIBHAX EIEKTPOMEXAHIYHOIO

HABAaHTa)XEHHs OIMarepiany.

Tabmums 2.4. 3aleXHICTh IMIBUAKOCTEH BUBUIBHEHHS €HEPrii B BepIIMHAX

€JIEKTPONPOBIAHOT TPIIIMHY BiJl PIBHIB €JIEKTPOMEXaHIYHOT'O HABAHTAXKCHHS

E” |opm | GM(A) | GE(A) | GM(B) | GE(B)
(B/m) | (MIIa) | (H™M) | (Hm) | (H™) | (H/m)
0 025 [0,02 [000 002 0,00
0 05 [008 [000 008 0,00
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0 1,0 0,33 |0,00 0,33 0,00

0 2,0 1,34 10,00 1,34 0,00

—-2x10% { 0,0 6,35 |1044,1 | 0,09 1050,1

-2x10% | 0,25 | 7,16 |1042,5 | 0,00 1051,2

-2x10% { 0,5 8,05 |1040,8 |-0,10 1052,2

-2x10% | 1,0 10,03 |1037,4 | -0,35 1054,5

-2x10% | 2,0 14,61 | 1030,4 | -1,09 1059,7

HaBenmeni naHi AEMOHCTPYIOTH CYTTEBE 3POCTAHHS BKJIQAY EICKTPUYHOI
CKJIaZIOBOI B BEJIIMYMHY IIBUAKOCTI BUBLIBHEHHS €HEPTii I €JIeKTPO0BaHOT
TPIITUHA TIPH Efo #0 y nopisHsAHHI 3 paHille pO3rIAHYTUMH BapiaHTaMHU TPaHHY-
HUX YMOB. TakOX CIOCTEpIra€ThCsS BEMKA PI3HUIL B 3HAYCHHSIX MEXaHIYHHUX

CKJIQJIOBUX MIBUIKOCTI BUBUILHEHHsS €Heprii B BepmmHax Tpimmau A 1 B. VY

BUTIQJIKy 3aCTOCYBaHHS KPUTEPI0 PyHHYBaHHs, 3aCHOBAHOT'O HAa BPaxXyBaHHI JIAIIIE
MexaHiuHOI CK1agoBoi mBHAKOCT] BuBinpHeHHs eneprii GM (Park and Sun, [114-
115]), npu Efo #0 MeH HeOe3neuHOIO € BeplMHA B, e Mae Micle 3MHKaHHS
6eperi tpinmun (GM(B)<0, To6To Mae micue aedinur moreHuiiHOi eHepril,
HEOOX1THOT JIJIs MIIPOCTAHHS TPIITUHH).

Ha puc. 2.7 npeacraBieno rpadiku 3a1eKHOCTI POSKPUTTS A ISl TPILIAHU,
€JIEKTPOJI0BAHOI HA YaCTHHI ‘xl‘ <0,5] BepxHBOrO OEpera, Ta 130JbOBAHOI HA PEIITI

T'paHMIl, BiJl 3HAYCHb 00303 i Efo g O6imarepiany PZT-4/PZT-5H. Ilpu nupomy Ha

enexrponosatiii gactnni npuitrsro @b (%) =0, ‘Xl‘ <0,51.
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: J 005 P 1(m)

Puc. 2.7. PO3kpuTTss A 9acTKOBO €JIEKTPOIOBAHOI TPIMUHHU JTsl OimMaTepiamy
PZT-4 /PZT-5H npu E° =-2 x109B/m (cymuinbHi niHii) Ta E*=0 (myaxtupsi
NiHiT) 1715 pi3HEX PiBHIB HANPYKEHHS Og3: 1 — G32=0 MIIa; 2 — 63,=0,5 MIIa;

3 633=1,0 MIla; 4 - 63,=2,0 MIla

AHani3 nepeMilieHb MOKa3y€e CYTTEBUN BIUIUB E€JIEKTPUYHOIO MO E1 Ha

KapTuHy aedopmyBaHHs. [lig Mi€r0 eIeKTpUYHOTO MO €IEKTPOJOBAHA YaCcTHHA
BEPXHBOr0 Oepera TPIIMHU 30epira€ ropu3OHTAIbHE MOJOXKEHHS, TOJI K pelTa
TPIIIMHA BHACIIIOK I1’€30€eKTy 3a3Ha€ MOBOPOTY. Uepes 1€ yTBOPIOIOTHCA JBI
30HA PO3KPUTTSA TPIIMHM W TPOMDKHA KOHTAKTHA 30HA, JOBXHHA SKOi
3MEHIIYETHCS 13 3POCTAHHAM PIBHS MEXaHIYHOTO HABAHTAXKECHHS 0%03. 3 puc. 2.7
BUIHO, [0 MAaKCHUMaJIbHE PO3KPHUTTS TPILIMHHU 3HAYHO MEPEBUILYE 3HAYCHHS, IO

CIIOCTEPITAHCS JIJIS1 PAHIIIE PO3TIISHYTUX TPAHUYHHUX YMOB.

B T1abn. 2.5 nHaBemeHo naHi I IIBUJIKOCTEM BUBLIBHEHHS €HEPTIl Y
BEpIIMHAX  YaCTKOBO  €JIEKTPOJOBAHOI  TPIIMHM MNPU  PI3HUX  PIBHAX

€JIEKTPOMEXaHIYHOTO HaBaHTAXXEHHS O1MeTepiany.
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Tabnuus 2.5. 3anexHICTh IIBUIKOCTEH BUBUIBHEHHSI €HEprii B BepIIMHAX

YaCTKOBO €JIEKTPOAOBAHOI TPIIMHU BiJl PIBHIB €IEKTPOMEXAHIYHOTO

HaBaHTaXXCHH

E* | o3 |GM(A) | GE(A) | GM(B) | GE(B)
(B/m) | (MITa) | (H/™M) | (Hm) | (Hm) | (H/wm)
0 05 | 007 | 000 [ 007 | 0,00
0 10 | 027 | 000 | 027 | 0,00
0 20 | 106 | -002 | 1,06 | 0,00
—2x106 | 0,0 | 1,00 | -20,72 | 1,90 | -33,08
—2x106 | 05 | 1,25 | -20,03 | 2,49 | -34,51
—2x106 | 1,0 | 1,55 | -19,33 | 3,20 | -35,96
—2x106 | 2,0 | 2,34 | -17,96 | 4,96 | -38,87

2.4 BuCHOBKHM /10 APYroOro po3miiy

[ToObynoBaHO CKIHYEHHO-EJIEMEHTHY MOJENb I’ €30€JIeKTPUYHOro Oimare-
piaiy 3 TpIIMHOI Ha Horo inTepderici. Po3pobieHo cxeMu CKiHY€HHO-EIIeMEHTHOT
peainizaiii OCHOBHMX €JIEKTPOCTaTUYHUX FPaHUMYHUX YMOB Ha Oeperax TpILIUHH.
3anponoHOBaHO MOJAU(DIKALII0 METOAY BIPTYAJIbHOIO 3aKpUTTS TPIIMHUA IS
NOCTIPOLECOPHOTO OOUMCIEHHS! IBUJKOCTEH BUBLIBHEHHS €HEprii B BepIIMHAX

TPIIIMHH.

OTpuMaHO dYHCENbHI PO3B’SI3KM 3aJad IS JIEIKUX BaplaHTIB €IeKTPO-
CTaTHYHUX YMOB: 1) €JIEKTPOIPOHMKHA TPIIIKHA, 2) €IEeKTPOi30Jb0BaHa TPIIIHNHA,
3) e’eKTpOIpoBiHA TPINIMHA, 4) YACTKOBO CJICKTPOJOBAHA 1 YaCTKOBO €JIEKTPO-
i3o;mpoBaHa TpimuHA. [IpencraBieHi pe3yabTaTH MOKa3ylTh, IO BUJ €IEKTPO-

CTaTUYHHUX TPAHUYHUX YMOB Ha Oeperax TPIIIMHYU CYTTEBO BITUBAE HA HAMPYKEHO-
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nedOopMOBaHMM CTaH 1 TapaMeTpy pYWHYBAHHS I’ €30€JIEKTPUYHOI0 OiMaTepiary 3
TPIIIMHOIO. 3’COBAHO, 1110 Y BUTAJIKaX €IEKTPOIMPOHUKHOI 00 eeKTPO130JbOBAHO1

TpiMH 1ig BIIMBOM enekTpuuHoro mons E° mae wmicue GeskonrakTHe

nedopMyBaHHS 3 BIICYTHICTIO aCUMETPIi, XapaKTepHOI ISl €EKTPOAOBAHOI TPIIIH-
Hu. Lls acumerpis oOymoBieHa KOMOIHAIIED TakuX (HAaKTOPIB, SIK HASBHICTh
€JIEKTPUYHOIO MOJIA 1 PI3HULI €JIEKTPOMEXaHIYHUX BIACTUBOCTEH 1’ €30MaTepiaiis,

mo ckmagaioth Oimarepian. IIpu E{°#0ams emexrpomosamoi Tpimmun HassHe

CYTTEBE 3pPOCTAHHS BKJIQAy EJIEKTPUYHOI CKJIAJOBOI B BEJIMYMHY IIBUAKOCTI
BUBUIbHEHHSI €Heprii. Y BUNAAKY YacTKOBO €JIEKTPOJOBAHOI TPILIMHU XapakKTep
nedopMyBaHHS SKICHO BIJPI3HSIETHCA BiJl BUINAJKIB 3aBJIaHHS OCHOBHHUX BHJIIB
ENIEKTPOCTAaTUYHUX TpPaHUUYHUX yMOB. CHOCTepira€rbcs yTBOPEHHS KOHTAKTHOI
30HA B CEpeNHIM YacTHHI TPIINMHU, a TAaKOXX 3HAYHE 3POCTAHHA BEIUYWHU

MaKCHMAaJIbHOT'O PO3KPUTTS TPIIIHHM.

68



PO3/ILI 3. AHAJJITUYHU TA YUCEJBbHUMN AHAJII3
TPILNMWHMU 31 CKIHHEHHOIO EJIEKTPUYHOIO
HPOHUKHICTIO MI’K IBOMA II’E30EJEKTPUYHUMMU
MATEPIAJIAMH

3.1. ILiiocko-ae(popMOBAHNH CTAH

3.1.1 ®opmya0BaHHA NPOOJIEeMH
BusHauanbHi piBHSIHHS, PIBHSHHS PIBHOBAru Ta T€OMETPUYHI PIBHSIHHS IS

JHIAHOTO I’ €30€JIEKTPUYHOr0 MaTepiaiay 3a BIACYTHOCTI 00’ €MHHUX CHUJI 1 BUIBHUX
3apAlliB 'y TPUBUMIDHOMY BHMaAKy HaBeldeHi B posaun II, piBHsHHI (2.1). ¥V

TUTOCKOMY BHITQJIKY I1i PIBHSHHS MAalOTh BUTJIS] :
Op1 =Cpq€19 +C 3833 =63 B3,

33 = Cy3811 +Ca3833—€33E3,

G13=Chy(€13+83))~€5E, (3.1)
D) =€5(813+837) + %115y,

D3 =€31811 +€35833 + A33E3.

Jie G),,0,3,033 - KOMIIOHCHTH! TCH30PA HANIPY)KCHb; €,,€(3,E41,8q3 — KOMIIOHCHTH
TeH30pa aedopmartiii; El’ E3 — KOMIIOHEHTH BEKTOPA E€JIEKTPUYHOIO IOJIS; Dl, D3
— KOMIIOHEHTH BEKTOpa eNeKTpu4HOi iHaykuii; Cj1.C3.C33.C44 — KOMIOHEHTH
npyxHoi marpuui; €36 5€3) €35 — xomnonentn m’esoenexrpuuHoOi MaTpuui;

X171 X33 — KOMIIOHEHTH JIEIIEKTPUYHOI MATPHILI.

Posrmsgaerecst  TpimmHa goBkMHA 2D Ha  MeEXI  pO3dily  IBOX

HaIliBHECKiHYeHHMX II’€30kepamiunnx npoctopi X3 >0 i X;<0 (pue. 3.1).

e v B RN P o B P B

BeaxaeTecs, mo Cil’ Cisr Cgs’ C£14’ e{s’ 815’ egl' €33 2110 X331 Cip C£3 ! ng, CEM

G B B B B

, els, 615, e31, e33, X1 X3z € MaTpUIsIMU (GIBUYHUX BJIACTUBOCTEH IS
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BEPXHHOI'O Ta HIXKHBOI'O MaTepialliB BIAMOBIIHO, 1 O0OMABA MaTepiayd MAalOTh Kjac

CHMETPIii 6MM i3 HANPAMKOM MONAPU3ALIL X, .

] ]
1 i 1
] ]
i1kd :-H 1
: ki !
I I
! a X : T
] ]
r | !
] ]
[]  — 1 [ 3
j: =h b P
| i
. |
] ]
] ]
] ]
] P ) ¥ ]
(2) o(2) 4,(2)
E Cxg G At~

Puc. 3.1. [T'e30enexTpuuna 6GiMaTepianbHa MIOMIMHA 3 MIXK(Ga3HOIO TPILIUHOLO, 1110

Ma€ CKIHYEHHY €JIEKTPUYHY MPOHUKHICTh
BBakaemo, 1110 3aM0BHIOBAY TPIIIMH M€ JICIEKTPUUHY MPOHUKHICTh

Ea = Er&y, (3.2)

1€ & — BIIHOCHA ieJEKTPUYHA MPOHHUKHICTH, a 8028.85><10_12C/Vm

JIENeKTPUYHA TPOHUKHICTh BAKyyMY.

HaBanTakeHHS Ha HECKIHYEHHOCTI BH3HAYAETHCS SK ag)za, O'l(g])=2',

D:(,)m) =d, O )(Or(n '=0o ;)(m , Dl(m) =D (m=1 no3Hayae BEPXHIO 00JacTh, a M=2-

HIKHIO). OCKUIbKM HABaHTAXKEHHS HE 3aJIEKUTh BiJ KOOpAUHATH X,, MOXHA

PO3TIIIHYTH TUIOCKY 3a7ady Mpo nedopmarlliro B IUIONTHHI, 300pakeHiit Ha puc. 3.1.

BBaxkxaemMo, 110 TpilMHA TOBHICTIO BIAKpUTAa 1 ii TpaHi BUIbHI BiJ 3aJaHUX
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MEXaHIYHUX HaBaHTa)XEHb 1 CIICKTPUYHUX 3ap51)1iB. Kle TOTrO0, MU BBaXKa€EMoO, IO

€JIEKTPUYHE I10JI€ BCEPEIMHI TPIILIMH MOYXHA 3HAUTHU K

E :_(pi—(ﬂ__ mis X e(-b,b).
S Tis X

Bpaxosytoun, o D, = &,E, , (pUxX0auMo 10 HACTYIHOI JICKTPUYHOI YMOBU

+ p—

D,=-¢, % s X, €(—b,b) (3.3)

3 3

B3JIOBK 00JIaCTI TpIIIMHHU, SIKY panimie BukopucroByBain Hao T.H. i Shen
Z.Y. [80]. Takum unHOM, TPAaHWYHI YMOBH Ha TIOBEPXHI PO3/ILTY MaTepialliB MOKHA

IS Xleé(—b,b) : <V(x1,0)>:0, <t(x1,0)> =0, (3.4)
st % e(-byb) : off(x,,0)=0, oly)(x,,0)=0, <D3(x1)>:0,
Dy () (s %)) =~ea ({3 (3:5)

T T :
ne V:{ul’uz’us’gp} , t:{o-13,023,033,D3} , KBaJIpaTHI AY>KKH O3HA4alOTh CTPUOOK

BINIOBIHOI (PyHKIIIT IPK IIEPEXO/I1 Yepe3 BiCh X, .

3.1.2 AnaniTnuHuii po3B’si30K
Ha ocHoBi pe3ynbTaTiB po3auty 1 mns m’e3oenekTpudHoi OimMaTepialbHOi

IJIOIIIUHU MaEMO
agl;(x1,0)+mj4D£1J(x1,0)+z’mj101@ (%,0)= F5 (%) +7;F5 (%), (3.6)
a0+ 5 0)) ) = Fi )= () (37)

ae my.ny, ;/j(j,l :L3,4) 3aJIeKaTh BlJ MaTepiaJbHUX KOHCTAaHT Ta MarOTh JIHCHI

3HAUEHHS IS TIEBHUX KJIaciB 1 e30kepaMiku. Kpim Toro, cmiBBigHOmEHHS (3.6),
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(3.7) moOymoBaHi TAKMM YUHOM, IIIO JAPYTa PiBHICTH (3.4) BUKOHYETHCS JIs1 YChOTO

iHTepdeiicy, a mepma piBHICTH (3.4) 3a0e3medye aHAMITHYHICTh (DYHKIIIT Fj(z) y

BC1M MJIONIMHI 32 BUKJIFOYEHHSM 00JIACTi TPIIIUHHU.

[Ipunyctumo, 1Mo eNeKTPUYHUN TMOTIK Y370BXK OeperiB TpiiuHu 30epirae

IIOCTIMHE 3HAYE€HHSI, TOOTO
D;(xl,O) = Dg(xl,O) =D w1 X e(—b,b), (3.8)

ne D - moku o HeBimoMa KOHCTaHTA.

PiBustaug (3.6) 1 (3.8) pasoM 3 ymoBaMu Ha Mexi po3aiiay marepiaiis (3.5)

MPU3BOJSATH J0 3a7a4l JIIHIHHOTO cripsbkeHHs [ 'imb0epra-Pimana

7 )7, (5= 0 (1=134) 21 1<) @9

st xle(—b,b) CHpaBeUIMBI YMOBH FjJr(xl):Fj—(xl) 1 3Ha4UTh Ha OCHOBI (3.6)

MOKEMO 3aIicaTH HACTYIHI YMOBH Ha HECKIHUEHHOCTI I (PYHKITIH F, (2):

— 6 —i), (3.10)

ae &.:l(a+m. dj, ty=—myr/r;, rj:(l+7j)(j:1’3’4)'

Beenemo HOBY GyHKIIIO

®,(2)=Fy(2)- 2t -

Toni piBusans (3.9) Ta (3.10) 3anumryThest y BUTTSIL

d)}(xl)+yjd>}(x1):0, (j =1,3,4) s xle(—b,b), (3.12)

®;(2)

:c)']’-‘—ir]f‘, (3.13)
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ne oi=6;-m,D/r;, ;=1 (j:1,3,4). (3.14)

3rignHo 3 Mycxenimisimi [33], po3s's3ok 3agaudi (3.12), (3.13) mae Burisiz

®,(2) = X, (2)(c, —iz})(z - 2ibg;), (3.15)

e Xj(z):(Z+b)—1/2+igj(z_b)—1/2—igj, . :Inl,
' 2r

[TincraBnstoun (3.15) B (3.11), a moTim y (3.6),01epxemMo
033 (%4,0)+my, D5 (%, 0) +imy, 043 (x,,0) =

= (L+7)(0f —iry ) (% ~2ibe; )0 +b) 1 2(x, ~b) F 4 m,D,  (3.16)

) M _ 200%
o33 (X,0)+m,, D37 (x,0) =048 _4m,D- (3.17)
b

I3 cucremu (3.16), (3.17) moxyTb GyTn oTpumani Bupasu oy (X,0), DY (x;,0) i

o3 (x,,0) ams x, >b.

3 piBHsAHb (3.7), (3.11) Ta (3.15) ananoriuydo g0 Po3miny 1 ogepxyemo Taki

BHUpa3U:

ﬂjl[ul(xl’o)]-i_ | {njs[us(xl’o)}r Nja [¢(X1’O)J}:

T oy ir)| g ) B 2 (-0 @19

j

3 AKUX BUTIKAIOTh HACTYIHI (OPMYJIH JJIsI CTPUOKIB MEPEMIIICHHS Ta €JIEKTPUYHOTO

HOTEHIIAITY
<u3(x1’0)> = A_1{“44H1(X1) - n14H2(X1)} ,

(00%,00) = AH{=n,5H; () +1y5H, ()} (3.19)
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ne  H,(x)=r,(o;cosa+zsina)b>—xZ, H,(x)=20;b2—x2, 7/0:7\1/;_1,
1

b+ x _
a:glln[b_ 1]’ A=N33N,, —Nyghyy.
1

[Tincranstoun Bupasu (3.19) B (3.3), orpumyeMo

NygHy (% )—nyH
D=g, 21 13" 2 s x, e(-b,b), (3.20)
an44|'|1(x1)_nl4|'|2 & ( )

ne Hy(x) =y,(o;cosa+1;sina), H,=20;.

3.1.3 YuceabHa iIlOCTpaLis aHAJITHYHOTO PO3B’°A3KY
Jnsg  xoxkHoro 3HaueHHs X, cmiBBigHomenHs (3.20) sBmsge cobOoro

TPAHCLIEHEHTHE PIBHAHHS BiJHOCHO €IEKTPUYHOro 1moroky D . Moro po3s’s30k
JIETKO 3HAXOAUTHCS 4YHCENbHO. BaXiIWBO 3a3Ha4MTH, IO [JIs peaJbHUX

I’ €30€IeKTPHYHMX MaTepiajiB BEeIMUNHA & € Jy’Ke Majolo, Tomy COS(cr) i sin(a)
MPAKTHYHO HE 3MIHIOKOTHCS IS X, e(—b, b) . A e o3Hayvae, mo H, (X)) IpakTUYHO HE

3MIHIOETHCS B LIbOMY HPOMDKKY i 3HAUMTh BEAMYMHA €JIEKTPUYHOrO OTOKy D s

KO)KHOTO &, € MPAKTUYHO KOHCTaHTOW. [[ns mpuxmany B tabnuii 3.1 HaBeneH1

3HAuCHHs KOpeHiB piBHsHHA (3.20) 1uist pisHUX X e(—b, b) pH &, =&, 1 h=5MM.

Ta6un. 3.1. 3nauenns kopeHiB piBHAHHA (3.20) 17151 pi3HUX

Xle(—b,b) pU &, =&, 1 b=5MMm.

X{, MM 0 1 2 3 4 5

10°D Kn/m? | 5.0709 | 5.0709 | 5.0710 | 5.0710 | 5.0710 | 5.0711
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10°D Kn/m? | 5.0712 | 5.0713 | 5.0715 | 5.0710 | 5.0720 | 5.0743

3 1€l Tabuuii BUAHO, 10 B OUtbInii yactuni npomikky (0,b) Benmuuna D
3aJIMIIAETBCS MPAKTHYHO TOCTIHHOIW 1 TUIbKU OUls Touku D cmoctepiraerncs
He3HayHe BiAXuieHHs, BenmnunHoo ~0.067%. Lle miaTBepaxye crpaBelIUBICTh
NPUITYIIEHHS CTOCOBHO TMOCTIMHOTO 3HAYEHHS EJIEKTPUYHOrO0 TMOTOKY Yepes
TPIIMHY 1 JO3BOJISE€ JUIsI MOrO 3HAXOPKEHHS BUKOPHUCTOBYBATH, HAIPUKIAI,

CEepeaMHY TPIIUHU X = 0.

3Haiinemo Takox MBUAKICTH BuBiibHeHHS eHeprii (LLIBE) mpu po3Butky
tpiman. 3rigao [apron B. 3. i Kynpseues b. A. [42] LLIIBE 6ins npaBoi BepmuHu

TPIIIMHA MOXe OYTH NIPEICTABIICHA Y BUTJIAIL:

b

Gl | | 0uts-atou o)
+D§1)(x1,0)<(p(x1—AI,O)ﬂdxl}. (3.21)

[lizcTaBistoun BUpa3u JUisl HAMPYKEHb 1 €IEKTPUUHOI0 3MIIIEHHS, OTPUMaHi
3 (3.16), (3.17), a TakOk CTPUOKHM TeEpeMillleHb 1 EISKTPUYHOTO MOTEHINANY,

3HaneHi 3 (3.18) 1 BUKOHyI0UYM IHTETpYBaHHS, OJIEPKYEMO:

B ﬁ(1+4512) 2 399
b—mhlhﬁa”hs("s) , (3.22)

ne  h = My +Nys 1 h, =

a
PP, My, \/7_1

Py =My =My Py =MygMy, —MNyyNys.

{[m my,(d D)+ TZ} . hy=Dulhet
12
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®dopmyna (3.22) cnpaBemyivBa K s OiMaTepialy, Tak 1 JJIS OJAHOPIIHOTO
MaTepialy. 30KpeMa, B OCTAaHHbOMY BUNAAKY L0 (GOpMYITy MOXKHA CHPOCTUTH 1

3aMMCcaTH y BUTJIAL:

G, :4”—F2{n44[0+ml4(d - D)J2 —ny,[o+m,,(d- D)ﬂ : (3.23)

BpaxoByroun Takox CIiBBIAHOIIEHHS

1 m,,n,,+N 2n n
Ny =—MyN,, Ny =—M,N =44 43, ="M, h=—11
13 44" 14 43 47447 J v T )
my;Nyy PP, P, P,

110 (hopmMyITy MOKHA TIepenucaT TaK

G, =Z2[8,,02 +(8, +9)o(d — D) + 9,(d ~ DY?], (3.24)

He = A‘l(n44 —Ny), &, = A_1(ml4n44 —MyNy,), o1 = A_l(nli% —Nyg),

G = A71("‘44”13 —MyNg), A=p,-

B Tabmumgx 3.2 Ta 3.3 HaBemeHi JesAKl pe3yiabTaTH YHMCEIBHOI peamizamii
oJlepKaHNX aHamITUIHUX (opmyn. 3okpema, B Tabiu. 3.2 TOKa3aHi 3HAYCHHS
EIIEKTPUYHOT0 TOTOKY B 0o0acTi Tpimuau Ta IIBE mins =10 M77a, 7=0, d =0 Ta
PI3HMX BEJIWYWH Ai1eIEKTPUYHOT MPOHUKHOCTI 3aMTOBHIOBaYA TPIIIMHM, a B Ta0I. 3.3

HaBeJIeHI Ti %k 3HaueHHs, aie i d =0.01 K/ v?.

Tabmuus 3.2. 3MiHa eIEKTPUYHOT0 MOTOKY B oOsacti TpiuuHu Ta HIBE nis

o =10 MI7a, d =0 Ta pi3HOI A1eIEKTPUIHOI IPOHUKHOCTI 3aIIOBHIOBAYa TPIIIUHH

Ea 100D, K/ m? G, Hlm
0 0 30.25
& -0.206 39.73
2.5¢, -0.242 40.37
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81le, -0.274 40.70

4000 ¢, -0.276 40.71

Tabmums 3.3. 3MiHa e1eKTpUYHOro MOTOKY B 00iacti Tpimuuu ta IBE ans

o =10 MI1a, d =0.01 K/ m? Ta pi3HOi AieNEKTPUYHOI IIPOHUKHOCTI 3alI0BHIOBAYA

TPILUHU
&y 100D, Kn/ m? G,, H/lm
0 0 -16.15
& 0.507 36.48
2.5¢, 0.626 40.16
8l¢, 0.721 40.71
4000¢, 0.724 40.71

3 olepaHUX PE3YJAbTATIB BHJHO, IO IS MOJENI EIEKTPOi30Ib0BaHOI
tpimuan [1IBE mnpuiimae Bix’emH1 3HaueHHs, 0 € (I3MYHO HEBUIPABIAHO 1
CTaBUTh I CYMHIB MOXJMBICTh BUKOPUCTaHHs Iii€i Mozeni TpimuHu. [lpu
3HAYHOMY K 301IbIIICHH] €JIeKTPUYHOI TPOHUKHOCTI Tpimuuu, [IIBE npsmytots 10
OJTHOTO 3HAYCHHS HE3aJIeKHO BiJ] BETUYHHH MPUKIAICHOTO EJIEKTPUIHOTO TTOTOKY.
Ile MOSCHIOETBCS THM, IO TPHU BEIUKUX 3HAYCHHSIX EICKTPUYHOI MPOHUKHOCTI
TPIMHA MU (PAKTUYHO NPUXOAUMO 0 MOAENIl €JEeKTPONPOHUKHOI TPIIIKHH,

(13MYHI XapaKTEPUCTUKU SKOI HE 3aJIekKaTh BIJl €IEKTPUYHOIO MTOTOKY.
3.1.4 YnceJbHHH PO3PAXYHOK JJIfl IVIOCKOT0 BUIIAJAKY

Jlns o0macTi CKIHYEHHHMX PO3MIpIB, W0 SBISE COOOK 2 CHasHUX
OpsIMOKYTHUKH BUCOTH | 1 mmpuam 2| 3 TpimmHOIO —bSXISb, X,=0 =

HEHTPaJIbHIM YacTuHI 1HTep(deiicy, po3B’S30K 3agadyi MPOBOAUBCA METOAOM

CKIHUEHHUX €JIEMEHTIB. BUKOPUCTOBYBaJIMCH &-BY3J0BI YOTUPHUKYTHI CKIHUYEHHI
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€IEMEHTU JIarpaHXeBOro THUMYy. Majo Micle 3TYIIeHHS CITKM TpH MIXO0J1 10
TPIIIUHU 1 0ocoOiuBO 10 ii BepmuH. CTpPyKTypa CITKM, a TaKOX PO3MOILI

€IEKTPUYHOr0 MOTEHITIaTy TToKa3aHi Ha puc. 3.2

»  SatlJan 28 18:18:23 GMT+02:00 2023

(a) (6)
Puc.3.2. CtpykTypa CITKH Ta PO3MOJLI €ISKTPUYHOTO MTOTEHIIIANY,

(a) — Bcst 00macTs, (6) — OKUT TPIIMHA

BBakaeTbcsi, MmO BepxHS YacTHMHA IUIACTUHW BUTOTOBJIEHA 3 1T €30-
enekTpuaHoro matepiany PZT-4, amwkasa € n’e3oenexktpukom PZT-5. BractuBocTi
mux MarepianiB B cuctemi omuHHIb Cl 3amar0ThCs BIAOMUMH MaTPHUISIMU

KOPCTKOCTI, I’ €30€JIEKTPUYHUX Ta A1EIEKTPUUHUX KOHCTAHT, a caMe

PZT-4:¢, =139x10°,  c,=C,=743x10°, c,=113x10°, c,, =25,6x10°,

e =134, e, =—6,98, e,=138, z,, =6x109, z,,=547x10"; (3.25)

PZT-5: C11=126><109, C12=C13=53><109, Cas =117x10°, C44=35,3><109, €c =17,

e, =65, €,=233, z,=151x10", 7, =13x10"°, (3.26)

BBakaiocs, 1110:
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- JI0 BEpXHbOI 1 HWXKHBOI TI'paHEel MpUKIaJeHE PIBHOMIPHO PO3MOJILICHE

HOPMAJIBHE PO3TATYIOUY€ HANPYKEHHS o =10MTla,

- depe3 ycio 06MacTb NPOXomuTh enexrpuunmii motik d =102 Ku/m?, sxwuii

peani3yeTrbcsl 3aJaBaHHSAM Ha BEPXHIM IpaHl PIBHOMIPHO PO3MOAIIEHOTO

3apsny inTencusHocTi (—1072 K/ m?);
- Ha HWKHIWA IrpaHi 3aJaHUil HYJIbOBUM €IEKTPUYHUN TOTEHI{1a;
- PO3MIPH IUTACTUHU 1 TPIIIUHNA BU3HAYAIOThCSA BenmumauHaMU | =25mm, b=5mm ;

byneMo BBakaTu, 1110 TpilIMHA 3alIOBHEHA MOBITPsAM. Toi 3rijgHo 3 Tadi. 3.2
CJIICKTPMYHUM TOTIK dYepe3 TPIlMHY JopiBHIOE 0.00507 Kn/m?. s mepeBipku
NPaBWIBHOCTI I[LOTO PE3YJbTATy 3aJa€EMO B 0OJACTI TPINIMHU BKa3aHUM
CJIIEKTPUYHUNA TOTIK, PO3B’SHKEMO 3a7adyy METOJOM CKIHYEHHUX €JIEMEHTIB 1
IepeBipUMO BHKOHAHHS CHiBBigHOIMIEHH (3.3).

3rifHo 3 mOpaBwiaMud makery AOakyc i peamizaiii  moTpioHOro
EJIEKTPUYHOTO TOTOKY Yepe3 TpINMHy Tpeba Ha ii BepxHhOMY Oepesl 3ajaTu
PIBHOMIPHO pO3MOAUICHHN 3aps BenuauHO +0.00507 K/ m?, a HA HIDKHBOMY —
piBHOMIpHO po3noaiieHui 3apsan —0.00507 Kr/ m?

Po3paxyHnok OyB mpoBeneHuil Ha CiTil, moka3aHid Ha puc. 3.2. KonbopoBa
pO3Kpacka Ha IbOMY PHCYHKY TOKa3y€ PE3yJNbTYIOUHMA PO3MOILT €IEKTPHUYHOTO
noreHmany. ['padiku mepemimieHb BEPXHBOIO Ta HUKHBOTO OEperiB TPIIIUHU
nokasasi Ha puc. 3.3 Ta 3.4, BiJIMOBITHO, a 3HAYEHHSI €JICKTPUYHOTO MOTEHITIATY Ha

BEPXHBOMY Ta HUIKHBLOMY Oeperax — Ha puc. 3.5 Ta 3.6, BIAMOBIIHO.
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uy x10°, m

9,4
9,3
9,2
9,1
9,0
8,9
8,8
8,7
8,6
8,5
8,4
8,3
8,2
8,1
8,0
7,9
0,000 0,001 0,002 0,003 0,004 xl, M 0,005

Puc. 3.3. I'padik nepemimieHb BEpXHbOTO Oepera TpIlmuHu

u; *10%, M

0,000 0,001 0,002 0,003 0,004 X1, M 0,005

Puc. 3.4. I'padik nmepeminieHb HUKHLOTO Oepera TPIIHHA

0,000 0,001 0,002 0,003 0,004 X1, M 0,005
12,6

-12,7
-12,8
-12,9
-13,0
-13,1
-13,2
-13,3
-13,4
-13,5
-13,6

137 @t 1073 B
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Puc. 3.5. Po3noain enekTpu4yHOro NoTeHIiany Ha BepXHbOMY Oepe3l TPIlMHU

.y 9O,OOO 0,001 0,002 0,003 0,004 X1, m 0,005

-12,0
-12,1
-12,2
-12,3
-12,4
-12,5

16 @~ %1073, B

Puc. 3.6. Po3monii enekTpuyHOro nNoTeHiany Ha HUKHbOMY Oepesi TpilluHU

Ha ocHOBI mMXx pe3ylnbTaTiB OTpUMaHl 3HAYEHHA MPaBOi YACTHHH

criBBinHomenHs (3.3). [ 1eKiIbKOX 3Ha4eHb X; iX BEIMYMHU HAaBEJEHI B TaOJIHULI

3.3.

Tabmuis 3.3. 3HaueHHs eIeKTPUYHOr0 MOTOKY, 0OYHMCIICH] BiJIMOBIIHO JI0 TIPaBOi

yactuHu popmynu (3.3)

10°X, 0 18 3.8 4.8 4.9

103ga<(p>/<u3> Kl m? | 5.289 5.280 5.271 5.111 4.68

[TopiBHIOIOUM ONlepKaH] PE3yNbTaTH 3 JIBOK YaCTUHOIO piBHSAHHSA (3.3), sKa
y IIbOMY BHIAJKy HoBHHHA popiHIoBaTH 5.07x1073K1/ m? Moxkemo mobaunTy, 1110
B OupIiil yacTuni npoMixkky (0,b) po30DKHICTH B pe3ylbTaTax € HE3HA4YHOIO 1
cknazgae 6 4,1% 1 TubkM B Oe3mocepenHiil 6JM3bKOCTI 0 BEPITUHU TPIIIUHHA 115
noxubOKa Jemo 3pocrae, aje 3HaxomuTbes B Mexkax 10%. Ileir pesymbrar

MIATBEP/KYE JOCTOBIPHICTh SK aAHAJITUYHOIO MIAXOMY, TaK 1 YHCEIBHOTO

PO3paxXyHKY.
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3.2. IIpocTopoBHii BUIIAJ0K

3.2.1 ®opmys1r0OBaHHSA NPOOGIEeMH
Posrmanaersca  Oimarepianmpnmii  mapaneneminen —l <x <l , -l,<x,<l,,

—l,<x,<l, (puc. 3.7). B obnacti —b<x <b mmommxu noxizy marepiamip X,=0
pO3TaIlOBaHa TYHEJbHA TPIIIMHA, SIKA MA€ CKIHUCHHY €JIEeKTPUYHY MPOHHUKHICTD 1

BUJIbHA BIJ HAIPY>KEHb Ta €JICKTPUYHMX 3apsAiB Ha i1i Oeperax. Ha BepxHio Ta

HIDKHIO I'PaHi Iapajeseninena A0Th PO3TATYBalbHI HANPYKEHHS Oy =0, 3CYBHI

HAaNPYXKEHHS T, =7 Ta €JIeKTPUYHMH NOTIK iHTeHcuBHOCTI D;=d (puc. 3.7).

BBaxaeTbcs, 110 C(l) e(l) (1) 1 C(2 ) e(z) ? € MaTpuisiMu (I3UIHUX
> ijkl * lij le ijkl * lij le
BJIACTUBOCTEH JJIsI BEPXHHOTO Ta HWKHBOTO MaTepiajiB, BIJMOBIIHO, 1 OOUIBa

MaTepiaay MaroTh KJIac CUMETPii 6 MM i3 HanpsAMKOM MONApU3amii X, .

1 1-_1
Yia Clr'.-'_:;.'g." i i
o A
s X T
/f | P =
e I e
| A s N
Tl ’ } d—
I b b
|
ettty St
f/
(2] (2] (2]
SO BT r d
|ty T, ]

Puc. 3.7. IT'e3oenexrpuunuii 6iMaTepiaabHUN Mapajesnenines 3 MbK(a3zHor

TPIIIMHOIO, IO MA€ CKIHUEHHY EIEKTPUUHY TPOHUKHICTh

Jlnst moOy10BM pO3B’SI3KY JIaHO1 3aj71aul B SIKOCTI MOYaTKOBOI'O HAOJM>KEHHS
OyneMo BHKOPUCTOBYBATH 3HAWEHI BUIIE aHATITHYHI PO3B’A3KU TUIOCKOI 3a1adi 1
3aCTOCOBYBATH iX JUIi OKPEMHX IEpPEPi3iB, OPTOrOHaILHUX OCi X,, Oimarepiamy

300pakeHoro Ha puc. 3.7.
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3.2.2 YuceJbHUH PO3PAXyHOK VISl IPOCTOPOBOI0 BUNIAAKY
Bynemo BBaxarm | =1,=25mm, |,=40 ™M, b=5 wmm. Po3p’130k

IPOBOJUBCA METOJOM CKIHUEHHHMX eJleMeHTIB. BukopucrtoByBanuch 20-By3J0BI
kiHnesi brick-enementu narpamxeBoro Tumy. Majio Miclie 3ryIIEHHS CITKH IMPH
MiAXO0/1 10 TPIIMHU 1 0cOOIMBO 710 ii iBOro 1 mpaBoro GpponTtiB. CTpyKTypa CITKH,

a TAaKOXX PO3MOJUT EIEKTPUIHOTO IMOTEHITIaTy Ol TPIMIMHU MTOKa3aHi Ha puc. 3.8.

T
[T

(a) (6)

AT
TITTTITEIRTAAA A A

Puc. 3.8 CtpykTypa CiTKH Ta pO3MOAUT EIESKTPUIHOTO MTOTEHITIATY
(a) — Bcst 00macTs, (6) — OKUT TPIIMHA

BBaxaeTbcs, M0 BEpXHS YacTHHA I[UIACTUHM BUIOTOBJIEHA 3 II°€30-
enexkTpuyHoro Marepiany PZT-4, HuwkHa € 1’ e30enektpukom PZT-5. BrnactuBocTi
uux wmatepianiB B cuctemi omunuib Cl 3amaroThCs BIIOMUMH  MATPUISIMU
KOPCTKOCTI, I1’€30€JIEKTPUUYHUX Ta JIEIEKTPUYHUX KOHCTAHT, $KI HaBeJIEeHI

dopmymnamu (3.25), (3.26).
Baxkanocs, 1110:

- 10 BEpXHBOI 1 HIDKHBOI TpaHed MNPUKIAJCHE PIBHOMIPHO pO3MOIICHE

HOpMAaJIbHE PO3TATyI0U€ HAPYKEeHHA o =10MIla,,
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- depe3 ycio 06MacTb MPOXomuTh enekrpuunmii motik d =102 Ku/m?, sxwuii
peami3yeTbcs 3aJaBaHHSAM Ha BEPXHIA TpaHi PIBHOMIPHO PO3IMOALIEHOTO

3apsany intencuBHocTi (—1072 K/ m?);
- Ha HIDKHIN TpaHi 3aJaHU HYJIbOBUHN €IEKTPUYHUN MTOTEHITIA,

Bbyaemo BBaxaTu, 1110 TpilllMHA 3alI0BHEHA MOBITPsAM. Tozi 3rifgHo 3 Tabn. 3.2
B IUIOCKOMY BHITQJKy €JIEKTPHUYHUHN MOTIK Yepe3 TPIKUHY HAOIMKEHO TOPIBHIOE
0.005K1/ m? . TIpurmycTuMo, 110 TAKHil eleKTPUYHUIA OTIK MOCTiHHOT BETMIMHH MA€
Miciie 1 y 3-BuMipHOMY BUniaaky. ToOTo, 3riiHO 3 IpaBUIaMu TakeTy AGakyc s
peaizallii BKa3aHoro eJIeKTPUYHOI0 IMTOTOKY Yepe3 TPIIIMHY Ha 1l BEpXHbOMY Oepesi
Tpeba 3a7aTh PiBHOMIpHO po3mojinenuil 3apsn BemmunHoo +0.005Kr7/ v, a Ha
HIDKHBOMY — piBHOMipHO posmominenuii 3apan —0.005Kz/m?. Jins BkazaHHMX
30BHIIIHIX YMHHHUKIB PO3PaXyHOK OyB ITPOBENCHMI Ha CITIll, TOKa3aHii Ha puc. 3.8.
KonbopoBa po3kpacka Ha IIbOMY PUCYHKY IIOKa3ye€ pe3yJIbTYyIOUUN PO3MOALT
EIEKTPUYHOro moTeHIiany. KpiM Toro, MokHa BIA3HAUYWTH HACTYITHI HAWOLIBIIT
IIKaB1 pe3yJIbTaTH:

byno orpumanHo rpadikd pO3KpUTTS TPIMHMU JIS PI3HUX MEpepi3iB 1O
HanpsIMKY oci X, Aki HaeaeHi Ha puc. 3.9. Jlinii I Ta II Bigmoigarote X,=0 Ta
X, =l,/2 (ix 3Ha4eHHs ay’ke OIU3BKI OJHE 10 OJHOrO TOX BIAIOBIJHI JIIHIT Maixke

inentnuni). Jlinia III mpoBenena i momepedHoro nepepisy X, =9l,/10, saxuii

pO3TalIOBaHU y’Ke OJIM3bKO J10 JUIBOBOI I'paHl napajienenineaa X, = |2 .

84



3,5 H
ui * 108, m

3,0
2,5

2,0

15 I
L

1,0

0,5

0,0

-0,005 0 XM 0005

Puc. 3.9. Po3kputts TpiluHM B pi3HUX Mepepizax

CtpuOKu eJNeKTpUYHOro MOTEHIIaNy MokazaHi Ha puc. 3.10 misg TuxX xe
nepepiziB , mo 1 Ha puc. 3.9. 3 puc. 3.9 Ta 3.10 BurIMBaE, 110 PO3KPUTTS TPIITUHU
30UTbIIY€EThCS MPU HAOJMMKEHHI A0 JHUIBOBOI IpaHl mapajneneminena, TOAL SK

CTpUOOK E€1EKTPUYHOIO MOTEHIIATy ISl HUX Mepepi3iB 3MEHITY€EThCS.

(—)0,005 0 X1, M 0,005

-500 1|
1, 11

-1000
-1500

2000 O, B

Puc. 3.10. Ctpubok moTeHIianiB 11l pi3HUX Mepepi3iB Tija

PO3kpuTTs TpimMHU B CepeAHid TOYIll CEepPeaHBOrO IMepepidy TOPIBHIOE
3.07x10°x, a CTpUOOK MOTEHITIANY Y Iii Touri qopinioe —1.74 x10%B . OGuucienHs

o popmyi (3.3) narots 3Havenns D, pisaumu 0.005009 K/ M
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B tabmuui 3.4 Bkasani 3Ha4eHHs D, B TppOX mepepizax, OpTOrOHAIbHUX OCI
X,. SIK 1 cimiyBaiio OuiKyBaTH, Ui CEPEAHBOTO MEPEPI3Y y3rOMKEHHS OTPUMAHOIO
EIEKTPUYHOTO TTOTOKY 13 33JIaHKUM € Jy>Ke XoporuM (moxudka ckiagae 0.18%), nis
nepepisy, 1o BiAJaJICHUN BijJ JIMIILOBOTO TOPIlSI Ha Vi nosxunm napasesnemninesaa
2|2, g noxuOka ckmamae 0.74%. Jlns mepepi3iB, po3TamioBaHuX B OecrocepaHii

OJIM3BKOCTI /10 JIUIIbOBOI TPaHi I MOXMOKAa BUPOCTAE 1, HANIPUKIIAA, HA BIJCTaHI

|, /10 Bix Topus Bona cknamae 11.8%.

Ta6u. 3.4 3HaueHHsI €ICKTPUIHOTO MTOTOKY Yepe3 TPIIUHY JIJIs PI3HUX MepepisiB,

OPTOTrOHAIBHUX OC1 X,

Koopaunara O(uentp) 1,12 9l,/10
nepepizy X,

D, 0.005009 0.004963 0.004411

OckibKU pe3ynbTatu B TaOmwil 3.4 HEJOCTaTHHO OOpPE Y3TOMKYIOTHCS 13
3aJIaHUMH 3HAYECHHSAMH €JIEKTPUYHOr0 MOTOKY Yepe3 TPIIIUHY, TO METOIOM ITeparlii

IPOBEACHO YTOYHEHHS BKa3aHMX 3HadeHb. Jlnsg 1poro Oeperum  TPIilIUHU

po36uBaNMCh Ha MPAMOKYTHHKM upuHo0 2|, /N i Ha koxkHill 3 HUX 3amaBanUCh

3HAUCHHS EJIEKTPUYHOTO TOTOKY OTpUMaHi Ha monepenHid irepamii. Jlami
IIPOBOJIMBCA HOBHMM PO3PAaXyHOK IO BKa3aHOMY BUIIE CKIHUYEHHO-EIIEMEHTHOMY
QIrOpuTMy 1 OJIepKaHl pe3yidbTaTd TMOPIBHIOBANWCH 13 3amaHumu. llpm ix
HE3aJ0BUTbHOMY Y3TO/DKCHHI aHAJOTIYHMM [UISIXOM BHUKOHYBajach HACTyITHA
iTepartis 1 T.21. B Tabnuii 3.5 HaBeeHUIt pe3ynbTaT pO3paxyHKIB, SIK1 IPOBEICHI MPU

n=_8.

Tabm. 3.5 3HaueHHs eJIEKTPUIHOTO MMOTOKY JIJISl PI3HUX TEPEPi3iB, OPTOrOHATBHUX

oci X,, npu N=38
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Koopaunara l,/10 3l,/10 l,/2 71,710 9l,/10
nepepizy X,

1000 D, 5.0 4.99 4.98 4.97 4.45

1000 B, 5.015 5.014 5.013 4.939 4.401

B tabmuui 3.5 D, sBnse co0O0r0 3HAYEHHS ENEKTPHMYHOIO 3MIIECHHS, IO

3a/1aBaJIOCh HA OCTaHHIM iTepanii Ha BIAMOBIAHIN HAUISHII BEPXHHOTO Oepera

A

TpiuHK, a D, - 3HAYEHHS €NEKTPUYHOTO MOTOKY, SKMH OTPUMAHO B PE3YNIbTaTI

CKIHUYEHHO-EJIEMEHTHOTO PO3B’s3Ky 1 3actocyBaHHs ¢opmynu (3.3). OcCKUIbKH
PI3HMIIS MK ITUMU 3HAYEHHSIMU JJI yCiX Tepepis3iB He nepepuiye 1%, To 3HalaeH1

3HAa4YCHHA D3 6YI[GMO BBaXXaTHW IIYKAHWMMHW 3HAYCHHAMU CICKTPHUYHOI'O IIOTOKY

4yepe3 TPILuHY.

PesynbraTu B Tabnuil 3.5 HaBENEH1 IS CEPEHIX TOYOK KOKHOIO Tepepizy.
Aje, sk OyJ0 MiATBEPKEHO MPH aHami3i miockoi 3agadi (Po3ain 3.1, Taom. 3.1),

PO3ITOILT D, B310BX TPIIIMHM 711 KOXKHOTO TEpepi3y € Maibke mocTiiHuM. Y 3-

BUMIPHOMY BUIAJKy TaKa MOBEAIHKA TaKOXX Oyia MiATBEp/IKEHA 1 MOKa3aHo, IO
CJIIEKTPUYHUN TOTIK Y KOXKHOMY TIONEPEYHOMY Tepepi3i AEMOHCTPYE MPAKTUYHO
MOCTIMHI 3HAYEHHS i1 OCHOBHOI YAaCcTUHHM O00JIacTl TPINIMHM, 1 JIMIIEe B
Oe3nocepeHiid  OMM3BKOCTI A0 OEperiB TPIMIMHU CIOCTEPIraloThCs HE3HAYHI

BIIXWJIEHHS B1J IIOCTIMHNUX 3HAYECHHb.

3.3 BHCHOBKH 10 TPEeTHOI0 PO3AiLIYy

HocnimxkeHo HaIpy>KeHO-1ePOPMIBHUIA CTaH  II €30€JEKTPUYHOTO
Oimarepiany 3 Mixk(pa3HOIO TPIIMHOW. BBaxkaeTbces, 0 TpillIMHA MA€ CKIHYECHHY
€JIIEKTPUYHY MPOHUKHICTh, & HAa BIAJTATICHH] B1J HEl /i€ MEXaHIYHE HABAHTAXKCHHS Ta
enekTpudHuid TOTIK. CIoYaTKy MPUHAMAEThCs, MO JOBXKUHA TPINUHU Habarato
MEHIIIa BiJ] PO3MIPIB Tija, TOMYy OCTaHHE PO3TJISIIAETHCS K HECKIHYCHHO BEITUKE.

Bakaroun, 1110 eeKTpUYHUN TOTIK Yepe3 TPIIIMHY HE 3MIHIOETHCS IO 11 JTOBKHUHI,
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bopMyroeThCs 3a1aya JdiHiiHoro crpsikeHHs (3.12), (3.13), ais sxoi BUNUCY€EThCS
AQHAJITUYHUNA PO3B’SI30K. 3 BUKOPUCTAHHSAM I[LOTO PO3B’SA3KY (POPMYITIOETHCS
piBHsiHHA (3.20) [ 3HAXO/KEHHS BEIWYMHU EJIEKTPUYHOrO TOTOKY. Jliis
KOHKPETHUX MaTepiaiiB i HaBaHTAXKEHb PO3B’S30K IHOTO PIBHSHHS € MPAKTHYHO
HE3MIHHUM IO JIOBXKHHI TPIIMHU. BUBOAUTBCA TakoX JOCUTH MpocTa Gopmyra
(3.22) ms IIBE. HaBomsTbcs pe3ynbTaTH YHCEIBHOI peajizamii oTpuMaHoro

AHAITHYHOTO PO3B’SI3KY.

Jlist mon1iOHO1 3a4a4il, ajie y BUNIQJKY 00J1IacTi CKIHUEHHUX PO3MIPIB PO3B’ 130K
noOy/Z0BaHUI 3a JIONOMOI'OK0 METOAY CKIHYEHHHMX €JIEMEHTIB. BukopucrtaHo
€JIEKTPUYHUNA TOTIK Yepe3 TPIMHY, SIKUA OTPUMAHMM aHAJIITUYHO, 1 MPOBEAEHO
po3B’si3aHHs oTpuMaHoi 3amadi 3a momomoroio MCE. IlepeBipka oaepaHuX
YHCEIbHUX PE3yNbTATiB MOKa3aa, 0 BOHU 3 JOCTATHHOIO TOYHICTIO 33 JOBOJTHSIOThH
piBHAHHIO (3.3) 171 €MEeKTPUYHOTO IMOTOKY dYepe3 TPIIIUHY, 0 MMiATBEPIKYE

JIOCTOBIPHICTh SIK AHANITHYHOrO TIAXOAY, TaK 1 TMPOBEICHOTO YHCEIHLHOTO

PO3paxyHKY.

JIJIs IpOoCTOPOBOTO BUMAAKY PO3MVISIHYTO JIBa 3B S3aHUX MPAMOKYTHHUX
I’ €30€JIEKTPUYHUX Mapajeleninena 3 oOOMeXeHO MPOHUKHOIO TPIIMHOK HAa MEXI
nojuTy MmatepiamiB. Ha modaTtky MOCHIDKEHO 3amady TUIOCKOi  Jedopmariii
CEpEeIHbOro Tepepi3y TpuBUMIpHOi oOsmacti. Enexkrpudynuii motik uepe3 00jacTh
TPIIIMHA BU3HAYAETHCSA 3 1IOTO PO3B’S3KY Ta BUKOPHUCTOBYETHCSA SIK TMOYATKOBE
HaOmwkeHHs i 3-D 3amaui. Jlns ananmizy ocTaHHBOI BUKOPHUCTOBYBABCS METO/I
CKIHYEHHHUX eJIeMEHTIB. byso 3acTOCOBaHO iTepaliitH1i anropuT™ Jis BU3HAUYCHHS
€JIEKTPUYHOI0 TIOTOKY uepe3 00JacTh TPILIUHY, 3T1IHO 3 SIKUM 3raJlaHuii MOTIK Ha
KOXXHOMY KpOIli BU3HAYABCSA 3a JIOMOMOTOI METOJy CKIHUEHHUX EJIEMEHTIB 1
piBHsHHA (3.3). 3aBASKH TaKOMY MiJIXOAY 3 BUCOKOIO TOUHICTIO 3HANIEHO 3HAYCHHS
€JIEKTPUYHOI0 MIOTOKY Ta OJIEPKAHO MIATBEPIKEHHS 11100 10ro KBa3ipIBHOMIPHOTO
po3monuty mo Oeperax TPIMMHU s OyIb-SIKOTO TOTMEPEYHOTO TMepepizy

TPUBUMIPHOIO TiJIa.
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PO31JI 4. CIIOCIb MOJAEJIIOBAHHSA 3AITOBHIOBAYA
TPILHWUHU MIK IBOMA I’E€3OEJIEKTPUYHUMHAU
MATEPIAJIAMHU

4.1. @opmy1r0OBaHHS NPOOdIEeMHU

BusnavaiibHi piBHSIHHS, PIBHSHHS PIBHOBaru Ta r€OMETPUYHI PIBHSHHS IS
JIHIAHOTO I1’€30€J1EKTPUYHOr0 MaTepiaiy 3a BIACYTHOCTI 00’ €MHUX CHJI 1 BUIBHUX

3apsJiB, IS TUIOCKOIO BUMAIKy HaBeneHi B po3aul I, piBusaHus (3.1).

Posrnsmaerbes 3agava 1miockoi nedopmariii B IIOMIMHI (Xl,X3) IS IBOX
CIIassHMX II'€30€IEKTPUYHHX TIPIMOKYTHHUKIB X5 > 0 1% < 0 Bucoru | i mupunmu 21 3

TPIIIMHOIO —bSXlﬁb, X3=0 B IICHTpaIbHIN 4acTwHi iHTepdeiicy (puc. 4.1).

BBaxaerbcs, 110 C(l) e(.l.) Y 1 C(2 ) e(?) 2 € MaTpUlsIMU (PI3UIHUX
> ijkl * lij le ijkl * lij Zu Y
BJIACTUBOCTEHN JJIsI BEPXHHOTO Ta HUKHBOTO MaTepiajiB, BIJMOBIIHO, 1 OOUIBa

MarTepiany MaroTh KJIac CUMETPIi 6mm i3 HAIPAMKOM MONSApH3anii X,

2l

1y 1 1

C; ki e L
- a X | te
) . .

1 b b ¥
c-'r.-'._:::.'l E'llu:"):'lf '-_
1:._ |er )

Puc. 4.1. [T'e30enekTpuunuii 6iMaTepianbHUI €IEMEHT 3 MDK(Pa3HOIO TPIIIMHOIO,
10 Ma€ CKIHUCHHY €JIEKTPUYHY POHUKHICTh
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HapaHTa)kxeHHs Ha 30BHIIIHIX TPAHMIIX 00J1aCTCH BU3HAYAETHCS SIK ag) =0,

olv) =7, D" =d , (m=1 no3Hauae BepxHIO 061aCTb, & M=2- HIDKHIO). BBakaeTbes,
IO HABAHTAXXCHHS HE 3aJEKHTh Bil KOOPAMHATH X,, TOMY MOKHA PO3IISAHYTHU
IJIOCKY 3aiady nmpo Aedopmaniro B mwiomuHi (X, X;). IlpuiiMmaemo, mo TpimuHa

MOBHICTIO BIAKpWTA, a ii TpaHi BUIbHI BiJl 3aJIaHMX MEXAHIYHUX HABaHTaXEHb 1

€JIEKTPUYHUX 3aps/IiB.

BBaskaemo, 1110 3aMOBHIOBAY TPIIIUHA MA€ JTIEICKTPUYHY TPOHUKHICTh
Ea = Er&, (4.1)

Je &— BIIHOCHA JieNeKTPMYHA TIPOHMKHICTB, a &,=8.85x10?C/Vm —

JeNeKTPUYHA MPOHUKHICTh BAKyyMY.

4.2 ®opMyJ/II0BAHHS PO3PAXyHKOBOI MO/eJI Ta il YMCeJbHUHA aHATI3

Jl1st MozienTioBaHHS TOCTABIIEHOI 3a1a4i 3a jonomororo MCE, noOynyemo 1B
NPSIMOKYTHI 00JIACT1 Ta TPETIO 00JIACTh, 110 Oy/e BIANMOBIAATH TPIIMHI MK HUMU
(puc.4.2). B sxocti o0nacTi i MOJEIIOBAHHS TPIIIMHA BHOEpPEMO eirc,
BepTHKAbHA BiCh SKOTO CKiajae BennmumHy mopanky 107° Bix momxuHm
ropu3oHTanbHOI oci. Taka dopma TpilMHM HAHOUIBII aJEKBATHO BiAMOBimae ii

nehOpMOBAHOMY CTaHy.

Kpim TOro, BBaxkaemo, 1[I0 TpillMHA 3allOBHEHA TCINOTETHYHUM
I’ €30€EKTPUYHUM MaTepiajIoM, MO/ MPYXKHOCTI 1 I’ €30€TEeKTPUYHI KOHCTAaHTH
SKOTO € TaKOoK BeIUYMHAMH TOpsAKy 107° Big BiINOBIAHHMX XapaKTEPHCTHK
BEPXHHOTO MaTepiainy. JlienekTpruyHi K MPOHUKHOCTI MOXKYTh 3MIHIOBAaTUCH 1 OyTH

PIBHUMU JIENEKTPUYHUM MTPOHUKHOCTSIM peaIbHUX MaTepialiiB (IMOBITPS, CHIIIKOH,
: : 3 3 3
BOJA 1 T.J1.), IO MOXYTh 3alOBHIOBATH TPINUHY. BBaxkaeThcs, 110 Ci(jk)I : el(ij), )(I(J) €

MaTpulsAMH (GI3UYHUX BIACTUBOCTEH NI MaTepialy TPIIIUHU.
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Puc. 4.2. IT'e30enexktpuunnii 6iMaTepiaabHUN €IEMEHT 3 TPIIUHOK eINTHYHOL
bopmu
OuyeBUJIHO, IO Taka MOJENh € aJeKBaTHUM BIJOOPaKCHHSIM TPIIUHU
3alIOBHEHOI P1AMHOI0 200 MOBITPSIM, ajie BOHA TAKOXK 3 BUCOKUM CTYIIEHEM TOUYHOCTI
Bi10OpaXkae OCHOBHI XapaKTEepUCTUKHU MOJIEN1, onucaHoi B naparpadax 3.1.2, 3.1.3,
sgka copMynbOBaHa IJII MATEeMATHYHOTO PO3PI3y 3 THUMHU XK JICICKTPUIHUMH

XapaKTEpPUCTUKaMU HOro 3al0BHIOBaYA.

st JOCIKSHHSI IPYXHO-1€(POPMIBHOTO CTaHy OIMKMCAHOTO
I’ €30€JIEKTPUYHOr 0 OiMaTepiainy 3 eNNTUYHOIO TPIIUHOK BUKOPUCTOBYEMO METO/T
ckinueHux enemeHtiB (MCE). [ns Toro, mo6 B mojaibiioMy Oyiia MOXKJIUBICTh
MOPIBHSITH OTPUMAaHI PE3yIbTaTU 3 pe3yJibTaTaMU aHATITUYHOT MOJIEI JOCII1JIKEHOT
y TOMEPEAHbOMY pO31LT, OyZeMO BBa)XkaTH, IIO JOBXKHHA TPIIIMHU Habararo

MEHIIIa XapaKTePHUX PO3MIpPiB BEPXHBHOTO 1 HIKHBOT'O IPSIMOKYTHHKIB.

MCE nonsirae y po30UTTI po3paxyHKOBOi 00JaCTl Ha CKIHYEHHI €JIEMEHTH 1
MOJAJIBIIIN anpokcimaliii HeBiAoMUX (PYHKIIIHA Ha MUX eIeMeHTax. Y BUMAJAKY, L0
PO3MIISAAAETHCA, PO3PaXyHKOBA 00J1acTh Oy/Je CKJIaJaTUCh 13 TPhOX IMigobiacTeit 3
pi3HUMHU (DI3UYHUMH XapaKTEPUCTUKAMHU, SIK1 171eaIbHO 3’ €HAHI Ha JIIHIAX iX CTHKY.

BukopucTtoByBaiuch 8-By3J10BlI YOTUPUKYTHI CKIHUEHHI €IEMEHTH JarpaHXkeBOIo
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Tuny. Majo wmiclie 3rymieHHsl CITKM IpH MiAXOAl 10 TPIIIMHU 1 0COOJUBO 10 ii
BepuinH. CTpyKTypa CITKH B 1e(hOPMOBAHOMY CTaHI, a TAKOX PO3IMO1] HOPMAJIbHOL

KOMIIOHEHTH €JIEKTPUYHOrO TOJIs TToKa3aHi Ha puc. 4.3.

(a) (6)

Puc. 4.3. CtpykTypa CciTKH y BCiii 00y1acTi (a) Ta B OKOi TpimuHU (0)

4.3 Pe3ysbTaT pO3paxyHKiB Ta iX aHaJIi3

[Ipy npoBeneHHI pO3paxyHKIB BBAXKajJOCh, II0 BEpPXHA Mil00JIACTD
BUTOTOBJICHA 3 I €30€TEKTPHUUHOro Marepiany PZT-4, a HWXHA € T’ €30€IeKTPUKOM
PZT-5. BnactuBocti mux matepiaiiB B cuctemi oguHuIs Cl 3a1ar0Thest BioMuMu
MaTPULIIMU KOPCTKOCTI, I1"€30€IEKTPUYHUX Ta JI€ICKTPUYHUX KOHCTAHT, SKi

HapejeHi B po3auii I popmynamu (3.24), (3.25).

[IpyxH1 Ta IT’€30€MEeKTPUYHI KOHCTAHTWM MaTepially B 0O0JacTi TpIllMHU
Bubmpamncs B 10° pas Menmmmu BiamoBimmmx komctaHt Marepianmy PZT-4, a
TieNeKTPUYHI KOHCTAaHTH BapilOBAIMCh. 3HAUYCHHA |, IO BU3HAYAIOTH PO3MIpH
BEPXHBOTO 1 HIKHBOT'O MPSIMOKYTHHKIB, BUOMPATIOCHh PIBHUM 25MM, a TIBJOBXKHUHA

Tpimuan b=5 mm. Beaxanocs, mo o =107 Ila, =0, d =0.01 Kn/m?, 10610, Ha
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OimarepiajbHy 00JIaCTh [II€ PO3TIATYBAJIbHE HAIPYKCHHS, MEPICHANKYIISIPHE

TPIIIKHI, & TAKOK EJEKTPUYHUHI MOTIK MO HANPAMY OCI X, .

Pesynmprat po3paxyHKiB, 10 OTpUMaHI TpHU PI3HUX 3HAYCHHIX
JeIEeKTPUYHOI MIPOHUKHOCTI TPIIIIMHY HaBeIeH1 B rpadiuHiil Ta Tabau4HIN Gpopmax.
30kpemMa y JApyromMy CTOBIMYHUKY TaOiuili 4.1 HaBeaeHi 3HAYCHHS HOPMAIbHOI

KOMIIOHEHTH €IeKTPHYHOro M0ToKy D, B obmacti Tpinman mna & =1 (Bakyym),

g =2.5 (cunixon), & =80 (Boga) i & =4000 (moBHa enekTpUYHA IPOHUKHICTH)

Ta6:. 4.1. 3miHa eNeKTPUIHOr0 MOTOKY B o0acTi Tpimunu it o =10 M/la ,

d =0.01 Kn/ m? Ta pi3HOI AieNeKTPUYHOI IPOHMKHOCTI 3aII0BHIOBAYA TPIIUHH

Ne | &, 100D, Knl m? (Mce) | 100D,, Kl m? (Po3gin 3)
1 & 0.506 0.507
2 |25 & 0.611 0.626
3 |31 & 0.720 0.721
4 | 4000 & 0.724 0.724

3 tabnumi 4.1 BUIHO 1m0 PO3ODKHICTE B pe3ysbTaTax AaHaJITHYHOTO 1
YHCJIOBOTO aHaJ3y He nepeBuinye 2,4%, a B OLIBIIIOCTI BUMA/IKIB BOHA € HA0arato

MEHIIOO 1 ckiagae oursa 0, 2%.

Cnig TakoXX BIJI3HAYWUTH, WIO OJIEPXKAHI pe3yibTaTH MIATBEPIKYIOTh
npunyieHHss [/7/] mnpo OJM3BKMH A0 TMOCTIMHOTO PO3MOAUT  HOPMaJIbHOI

KOMIIOHEHTH €JIEKTPMYHOro MoToKy D, mo obmacti Tpimuau. Bkaszani posmnoainu

o JOBXKHHI TPIIIMHM TIOKa3aHi Ha puc. 4.4 g THX XK€ 3HAYCHb BXIJHHUX

napameTpiB, 110 1 B Tadmuii 4.1.
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K
0,008 D3, %/ 2

0,007

0,006

0,005 \

0,004 /'

0,003

0,002 " 5 3

0,001

0

-0,005 0 X1, M

0,005

Puc 4.4. Po3noain HOpMaibHOI KOMIIOHEHTH €IEKTPUYHOrO MOTOKY D, 10 obnacTi

TPILIUHA

I3 1pOro pHUCYHKY BHIHO, IO JJIsI KOXXHOTO 3HAYCHHS JTICIICKTPUYHOT
IIPOHMKHOCTI HANOBHIOBAaYa TPINIMHU HOpPMaJibHA KOMIIOHEHTA EJICKTPUIHOTO
MOTOKY 3aJIMIIAEThCS MaiKe TIOCTIMHOK 110 BCIM JOBXHHI TPIIUHUA 1 JIKIIE
Oe3nocepeIHbo 011 ii BEPIIUH Ma€ MICIIE JIESIKE BIAXUICHHS BiJl IbOT'O PO3MOJLITY.
Take BinxuiaeHHs OYyJ0 BCTAHOBJICHO 1 JJII AQHAIITHYHOTO PO3B’A3KYy 1 BOHO
OB’ S13aHO 3 OCLWIALIIITHOIO OCOOJIMBICTIO, IO Ma€ Micle Ol BepIuH MiK(azHoi

TPIILIMHH.

Ha pucynkax 4.5 Tta 4.6 HaBeneHi, BIANOBIIHO, PO3MOJLIN CTPUOKIB

NepEeMIIICHb <u2 (X1)> =Uy (%) —U,(x) Ta  EJIEKTPUYHOIO MOTEHITIATY

<(0(X1)> =@ (X)—¢ (X)) B3IOBX TPILIUHN.
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u, * 104, m

3,50
3,00
2,50
2,00
1,50
1,00

0,50

N

0,00
-0,005 0 X1, M 0,005

Puc 4.5. Po3nozin cTpuOKiB nepeMillieHb B30BXK TPIIUHU

-0,005 0 0,005
X1, M

-200
-400
-600
-800

-1000

-1200

-1400

B

-1600 @,

Puc 4.6. Po3nozin cTpuOKiB €eKTPUYHOTO TOTEHIIIANy B3IOBXK TPIIIUHA

Buano, mo rpadiku Bkazanux pakropis misg & =80 i & =4000 npaxruuno
3JIMBAIOTHCS. BIAbII TOro, CTpUOOK ENEKTPUYHOrO IMOTEHINATy [JIs1 BKa3aHHUX
3HAYEHb JIEJIEKTPUYHOI TPOHUKHOCTI OJM3bKUi 10 0 y BCIX TOUKax TpiluHU. L4

oOcTaBMHa II€ pa3 MmiATBepmKye Tod (akr, mo g & >80 Ttpimmua crae

MPAKTUYHO EJIEKTPOIPOHUKHOIO 1 HE BUKJIMKAE PI3HULII MOTEHINATIB Ha ii Oeperax.
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Ha pucynky 4.7 noka3ani po3HoJiId HANPYKEeHb HA MPOJAOBXKEHHI TPIILIMHU
JUTSl TAKKX JK€ 3HAY€Hb BX1JHUX MapaMeTpiB, sK Ha MOMNEPEIHIX pUCyHKaxX. Bka3aHi
PO3MOILIM OKAa3aH1 Ha BIJIPI3KY MEXK1 OJLTY MaTepiaiiB, SKH JOPIBHIOE JOBKUHI
Tpimman. BujHO, 110 oTprMaHi rpadiku 3MiHH HOPMAJILHOTO HAMPY>KCHHS MaiKe
3JIMBAIOTHCS, 1110 BKa3ye Ha JIyKe CI1a0Ky 3aJI€KHICTh HAIIPYKEHHS B1Jl €JIEKTPUYHO1
MPOHUKHOCTI CEPENOBHINA TPIMIMHKU. 3 OTPUMAHOrO rpadika TaKOX BHUTIKAE, IO
HAIPYEHHS P13KO 3pOCTAIOTh NMPU HAOIMKEHH]1 /10 BEPITUHU TPIIIUHU 1 MPAKTUYHO
CXOJSITHCS 10 CBOI'O HOMIHAJIBHOTO 3HAUEHHS, PIBHOTO 33/JaHOMY HAIPYKEHHIO Ha

HECKIHYEHHOCTI, Ha BI/IJIaJICHH1 BiJ] BEPIITUHU, PIBHIN JOBXHHI TPIIIIUHHU.

45
033, MIla
40
35
30
25
20

15

10
0 0,01 X1H,M 0,02

Puc 4.7. Po3nogin Hanpy:keHb HA MPOJIOBXKEHHI TPIIUHU.

4.4 BUCHOBKH /10 4eTBEPTOr0 PO3AiLy

JlocnimkeHa TpiluHa Ha MEX1 TOJILTY JBOX I’ €30€IEKTPUUHUX MaTepialliB.
[ToOymoBaHa po3paxyHKOBa MOJEb, IO BPAaxXxOBYE MiCNEKTPUYHY TPOHUKHICTH
CepelloBUIIa TPIIUHU. 3TIHO 3 €0 MOJEIUTIO TPIIIMHA PO3TIISAIAETHCS K JTyXKe
BY3bKHIA €ITIIIC, 3aTIOBHEHUH TIMTOTETHYHUM MaTepiaioM 3 Ty)Ke MaJTMMU TPY>KHUMU

Ta H,€3OGHCKTpI/IqHI/IMI/I KOHCTaHTaMH, aJIC pCaJIbHUMHU 3HAUYCHHAMU ,Z[iCJICKTpI/I‘IHI/IX
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NIPOHUKHOCTEH. {711 KOHKPETHUX MaTepialliB MaTPHIlh Ta 3alIOBHIOBaYa TPIIIUHY i
30BHINIHIX BIUIMBIB BHKOHAHO aHaji3 Ii€l MOAEIl 3a JOMOMOIOK METOAY
CKIHYEHHHUX eNieMeHTiB. OTpuMaHo, 10 3HAYEHHS EJIEKTPUYHOTO IMOTOKY Yepes3
TPILIMHY A0OpPE Y3roHKYETHCS 3 pe3y/IbTaTaMu aHAJITUYHOTO aHaJli3y, BAKOHAHOT O
HAa OCHOBI MOJENl TPILMHMA 31 CKIHYEHHOK €JIEKTPUYHOI MPOHUKHICTIO.
[Ipencrasneni rpadiku po3noAUIIB €IEKTPUIHOTO MTOTOKY, CTPUOKIB MTEPEMIIIICHb Ta
€JIEKTPUYHOTO TOTEHIIaly Ha Oeperax TpINMHU. 30KpemMa IOKa3aHo, M0 s
3allOBHIOBaYa TPIIIUHUA 3 JICJEKTPUYHOI MPOHHUKHICTIO OUIBIIO abo0 PiBHOIO
JETEKTPUYHIM MPOHUKHOCTI BOJU TPIIIMHA € MPAKTUYHO EIEKTPOIPOHUKHOIO 1

pI3HUIIA MMOTEHIIIAIB Ha ii Oeperax mMaike BiJCYyTHSI.
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BUCHOBKHA

VY nuceptaniiiniii poOOTI BUKOHAHO MOCTIIKEHHS HOBHX 3a7ad JJig CHUCTEM

TPIIMH HAa MeXaxX TMOMAUTYy T €30€TEeKTPUYHUX MaTepialiB 1 OTPUMAHO Taki

pe3yJIbTaTH:

1)

2)

3)

4)

PosrisiHyTo enekTpoizonboBany Mik(ha3Hy TPIIIUHY Y I’ €30€IeKTPUIHOMY
OimMaTepialbHOMY MPYKHOMY TUII TJ J1€I0 PO3TATYBAIBHOT'O 3YCHJUIS Ta
CJICKTPUYHOTO 3MIIICHHS. B MpuIyIeHHi, Mo TiJ1I0 HECKIHUCHHO BEJIHKE,
MoOy/I0BaHO aHAMITUYHUN PO3B’SI30K 3ajayi, a [Jis BUNAIKY TiIa
CKIHYEHHUX pPO3MIpIB — YMCENbHUM. 3ajaya po3B’si3aHa JUIsl IUIOCKOTO Ta
MPOCTOPOBOro BUMAJKIB. OTpuMaHi pe3ysibTaTH MOPIBHSIHI Ta BUSBJIEHA
no0pa iX y3roJI’)KeHICTb.

JUJ1s1 eneKTPOIPOHUKHOI Ta €EKTPOIIPOBIIHOT MOIETICH TPILlIH PO3pOOIECHO
CKIHYEHHO-EJIEMEHTHY METOJIMKY PO3PaXyHKY I’ €30€JeKTPUYHOro OiMare-
piany 3 TpimuHOK Ha #oro iHTepderici. Po3pobieHo cxemu CKiHUEHHO-
€JIEMEHTHOI peaii3ailii OCHOBHHX €JIEKTPOCTATUYHUX TPAHUYHUX YMOB Ha
Oeperax TpINIMHU. 3aMpONOHOBAHO MOAUPIKAIID METOIY BIPTYyaJlbHOIO
3aKpUTTS TPIMIUHU TSI TIOCTIPOILIECOPHOTO OOYHMCIICHHS IIBUIAKOCTEH
BUBUIbHEHHS €HEPrii y BEpIIMHAX TPIILIUHU.

JIOCIIJPKEHO TUIOCKY 3ajady Ui TPIIIUHU 31 CKIHYEHHOK EJIEKTPUYHOIO
MPOHUKHICTIO MDK JBOMa II'€30€JIECKTPUYHUMHU MarepialaMu B paMKax
KOHJIEHCATOpHOI aHanorii. JlJis HECKIHUEHHO BETUKOI 00J1acTi MoOya0BaHO
aHAJITUYHUA PO3B’A30K 3aj1adi, a [Uisi CKIHYEHHOI — YHCEIbHH.
[linTBepMKEHO, MO0 ENEeKTPUYHUHN TMOTIK 4Yepe3 TPINUHY MNPAKTUIHO HE
3MIHIOETBCS TI0 11 JTOBXKMHI. JloCHimKeHO 3aleXHOCTI T100allbHUX Ta
JIOKaJbHUX TIapaMeTpiB PyHMHYBaHHS BiJ JIETEKTPUYHOI TMPOHUKHOCTI
3aMoBHIOBa4Ya TpimuHu. Jiig BUMAnKy TpIIMHM, Habarato MEHIIO1
XapakKTepHOTO po3Mipy 00J1acTi, MPOBEACHO TMOPIBHAHHSI OTPUMAaHUX
AHAIITUYHUX 1 YUCEJIIbHUX PE3YyJIbTATIB, 1 OTPUMAHE IX XOPOLIE Y3rOKEHHS.
B pamkax mopmeni TpIIMHHU 31 CKIHYEHHOIO €JEKTPUYHOI MPOHUKHICTIO

JOOCTIPKEHO OiMarepiaibHEe I €30€JIEKTPUYHE TUIO JJis MPOCTOPOBOIO
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5)

6)

Bunaaky. CrnoyaTky MpoaHaldi30BaHO 3ajady IUIOCKOi Jedopmarii
CEPEIHBOTO Mepepizy TPUBUMIPHOI 00J1aCT1 1 BA3BHAUYECHO EJICKTPUYHUMN MOTIK
4yepe3 001acTh TPIIUHY, SKUH BUKOPUCTAHO SIK TOYATKOBE HAOIMKEHHS IS
mpocTopoBOi  3amaui. [lpm aHamizi OCTaHHBOI 3aCTOCOBAHO METOJ
CKIHUCHHUX €JIEMEHTIB B TMO€JHAHHI 3 ITEpalliiHUM aJrOpUTMOM IS
BU3HAYCHHS EJIEKTPUYHOTO TMOTOKY depe3 O0OJacTh TPIMUHU. 3aBISKU
TaKOMY X0y 3 BUCOKOIO TOYHICTIO 3HAWIEHO 3HAYEHHS €IEKTPUYHOTO
MOTOKY Ta OJIepKaHO MIATBEP/KEHHS MO0 MHOro KBa3ipiBHOMIPHOTO
po3noAiuTy mo Oeperax TPIUHU JJisg OyAb-SKOTO IOINEPEYHOTOo Mepepizy
OpPTOTOHAJIBHOTO 11 (PPOHTY.

JUiss TpllIMHM Ha MEXI1 MOAUTY JBOX I1'€30€IEKTPUYHUX MaTepialliB
noOyaoBaHa HOBAa PO3paXxyHKOBA MOJIEb, IO BPAaxXOBYE iCIEKTPUUHY
MPOHUKHICTh CEPENOBHILNA TPIIIMHU. 3TIJHO 3 LIEK0 MOJEIUII0 TPIIIMHA
PO3TIIANAETRCA AK AYXKE BY3bKHW €NINC, 3allOBHCHWN TIMOTETHYHUM
MarepiaJioM 3 AyXKe MalUMHA TPYXKHUMUA Ta I €30€NCKTPUIHUMHU
KOHCTaHTaMHU, aJie¢ peaIbHUMU 3HAYCHHSIMHU J1eJIEKTPUIHUX TPOHUKHOCTEH.
JUIss KOHKpPETHMX MareplajiB MaTpullb Ta 3allOBHIOBAYa TPIMIUHUA 1
30BHIIIHIX BIUIMBIB BUKOHAHO aHam3 i€l Moaesi. OTpuMaHo, 110 3HAaUEHHS
€JIEKTPUYHOTO MOTOKY Yepe3 TPIIIUHY 100pe y3roKY€eThCs 3 pe3yJibTaTaMu
AQHATITUYHOTO aHali3y, BHKOHAHOTO HA OCHOBI MOJEN TPIINIMHU 31
CKIHYEHHOIO €JIEKTPUYHOIO MPOHUKHICTIO.

AHai3 pe3ysibTaTiB MPOBEACHUX YHUCIOBUX JOCHIIKEHb, Y paMKax
pPO3pOOIECHNX MOJIENeH, JaB MOXKIUBICTD BUSBHUTU 1 COPMYITIOBATH HOBI

edeKTH Ta 3aKOHOMIPHOCTI, CepeJ] IKMX HAHOUTBIII BATOMUMU € HACTYIIHI:

a) g €JIEeKTPOI30JbOBAaHOI TPIIMHU MDK JIBOMa II’€30€JIEeKTPUYHUMU

napayiesienineaMd PO3KPUTTS JOCATAIOTh MaKCHMaJbHUX 3HA4YCHb Ha
OIYHUX TPaHAX, OPTOTOHAIBHUX ()POHTY TPIIIUHHU, | MIHIMATTLHUX 3HAYEHD

— B ii ceperHHOMY TIEpEpi3i.
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0) BUJ €NEKTPOCTATUUYHUX TPAaHUYHUX YMOB Ha Oeperax TPIlUHU CYTTEBO
BIUIMBA€ HA HAIPYXKEHO-Ie(POPMOBAaHUN CTaH 1 MapameTpu pylHyBaHHS
I’ €30€JeKTpUUHOr0  Oimarepiany 3  TpIMHOK.  30Kpema s
€JIEKTPOIOBAHOI TPILIUHU €JIEKTPUYHE I0JIe PUBOAUTD J0 3HAUYHUX 3MIH
B Qopmi ii mepopmyBaHHS 1 HABITH O YTBOPEHHS MAaKpPO30H KOHTAKTY
OeperiB TPIIMHA

B) IS BUMIQJIKY TPIIIMHY 31 CKIHUEHOIO €JIEKTPUYHOI0 MPOHUKHICTIO M1k
JIBOMa 1’ €30€TIEKTPUYHUMU MaTepialaMu:

e Mae MiIClle KBa3IipIBHOMIPHUI pPO3MOAUT €JIEeKTPUYHOTO TOTOKY
B3I0BK O€periB TPIIIMHU y TUIOCKOMY BHITQJIKy, & Y TPUBUMIPHOMY
BUITAJIKY TaKUW PO3IMOLT 30€pIracThes sl OyIb-sIKOTO MOMEePEYHOr0
nepepizy, OpTOroHajIbHOrO GPOHTY;

® I TPUBUMIPHOTO BUIAJIKy PO3KPHUTTS TPIIIMHUA 3POCTAE, & CTPUOOK
eJIEKTPUYHOI O MOTEHLIANy CHaJae Mpyu HAOIMKEHH1 10 TpaHel Tifa,
OpPTOTrOHAIBHUX (PPOHTY TPILIMHHU.

® [pU 3HAYHOMY 3OUIBIICHHI EJEeKTPUYHOI MPOHUKHOCTI TPIIIMHU
MIBUAKOCTI BUBUIBHEHHSI €HEprii MpsSMYIOTh J0 OJHOIO 3HAYEHHS
HE3aJIeKHO BiJl BETHMYMHU MPUKIAJACHOTO eEKTPUIHOTO MOTOKY. Lle
NOSICHIOETBCA THUM, IO TMPH BEIUKUX 3HAYCHHAX EJNEKTPUIHOI
NPOHUKHOCTI TPIMUHM, (AKTHYHO CTa€ CHOPABEIIMBOI MOJIETh
CNIEKTPONPOHUKHOI TPIMUHKA, (GI3UYHI XaPAKTEPUCTUKH SKOI HE
3aJIeXaTh BiJl €IEKTPUYHOIO TIOTOKY.

I') Npyd PO3MJISAl TPIIMHU y BUTJIATI JyX€ BY3bKOI'O €JIirca, 3allOBHEHOT'O
riNOTEeTUYHUM  MarepiaJoM 3  JyXe MajJuMu [PYKHUMH  Ta
II’€30€NIEKTPUYHUMH  KOHCTAHTaMM, ajieé  peaJbHUMU  3HAYCHHSIMU
TieNeKTPUYHUX TMPOHUKHOCTEH, Pe3yabTaTH 3HAXO/HKCHHS €IEKTPHUYHOTO
MOTOKY 4Yepe3 TPIIUHY J00pe Y3TOJKYIOThCS 3  BIANOBIAHUMU

pe3ynbTaTamMu, OTPUMAaHUMU B paMKax KOHACHCATOPHOT aHAJIOT11.
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