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IT’e30enexTpuyHi Ta IT'€30€JIEKTPOMAarHiTHi Marepianu 4acTo
BUKOPHUCTOBYIOThCSL SIK (DYHKIIOHAJIbHI €JIEMEHTU CEHCOPIB, I’€30pE30HATOPIB,
1’ €30€NEKTPUYHUX TpaHCPOpMATOpIB, I €30€TEKTPUUYHUX 1 T’ €30MarHiTHUX
aKTyaTOpIB Ta IHIIUX BUCOKOTEXHOJOTIYHMX BHpoOiB. OpHak HasBHI
MIKpOAE(PEKTH, 30KpeMa TPIIIMHK Ha MEX1 MOJALTy MaTepialliB, MOXYTh 3HAYHO
3HU3UTH iXHIO MIIHICTh. B OCTaHHI NECATWIITTS OJIEPKAHO BAXJIUBI PE3yJIbTaTH
CTOCOBHO JOCIHIKEHHSI MDK(a3HUX TPINMH B IT'€30aKTUBHUX MaTepianax, ajie
HU3Ka MUTAaHb 3aJTUIIAETHCS BUBYCHOIO HEJOCTATHHO. AHAITIZY ACSKHX 3 WX IMUTAHb
SKpa3 1 MPUCBSYEHO AaHy JAUCEPTAIiiHy poOOTY.

¥ Beryni oOrpyHTOBaHUM BUOIp TeMU JOCTIKEHHS, chopMyboBaHa MeTa i
3aBJaHHs JOCHIHKCHHS, HAyKOBa HOBU3HA OJIEP)KaHUX PE3yJIbTaTiB, MPOBEIECHO
aHaJ1i3 myOJikaliii 3a mpoOJIeMaTUKOIO JUCEPTAallli Ta BA3HAYEHO BHECOK JOCIIIKEHb
IHIIMX aBTOPIB y PO3BUTOK I[bOTO HAIPSIMKY.

VY po3zaiii I po3risiHyTo B3a€EMOII0 €IEKTPOIPOBIIHOT TA €EKTPOIIPOHUKHOT
KOJIIHEAPHUX TPIMIUH y370BXK MEXKI TOJILTY JBOX I’ €30€JICKTPUYHUX MaTePIaliiB i
J€10 aHTUTIIIOCKOTO MEXaHIYHOTO HaBAaHTAKEHHS Ta TUIOCKOTO €JIEKTPHYHOTO OIS
TpimmHan MOXXYTh MaTH JOBUIBHY JOBXKHHY Ta BIICTaHb MK HUMHU. BBaxxanocs, 1o
CJIEKTPUYHE TMOJie TapaielbHe OeperaMm TpIllMH, a MOJsSpHU3alis MaTepialiB
napajienbHa (poHTaM TPIUIMH. BUKOPUCTOBYIOUM MPEACTABICHHS BCIX MOTPIOHUX
CIIEKTPOMEXAHIYHUX BEJIMYUH Yepe3 KYCKOBO-aHAJITUYHY BEKTOP-(YHKIIIIO,
chopMyibOBaHO KOMOIHOBaHY KparoBy 3aaauy [ipixie-Pimana. JlogaTkoBi ymoBU
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JUIS 1€l 3a/1adl 3allMcaHO Ha OCHOBI YMOB Ha HECKIHUEHHOCTI, OJHO3HAYHOCTI
MepeMIIleHb 1T 000X TPIIIKH 1 TeopeMu ["ayca a1t eeKTponpoBiAHOT TPIIIUHH.

HaBeneno anamitTuuHW{ pO3B’SI30K ITi€l 3adadi B 3aMKHEHIH ¢opmi s
JOBUTbHUX JOBXKHUH TPIIMIMH 1 BiJCTaHEH MIX HUMU Ta OyJIb-SKHUX 30BHIIIHIX
CJIEKTPOMEXAHIYHUX HaBaHTaXeHb. [IpencTaBieHO aHANITUYHI BUpa3d IS
HaANpPYKeHHS 3CYBY, €JICKTPUYHOTO TMOJS Ta iXHIX KOE(]III€EHTIB 1HTEHCHUBHOCTI, a
TaKOX JJI CTPUOKIB MEXaHIYHOTO Ta €NEKTPUYHOTro nepeMiiieHb. OcobIMBy yBary
npuniieHo  mBuAkocTi  3BUIbHeHHS eHeprii  (IIIBE). 3  BukopuctaHHsIM
ACUMIITOTUYHUX BHPA3iB HAIMpPY>KEHb Ta EJIEKTPUYHOTO TOJIA, MEXaHIYHUX Ta
CJIEKTPUYHUX MEPEMIIIEHb Y BEpIIMHAX TPIIIMH 3alMCaHO aHATITUYHI BUPA3H IS
II3E nns enexTponpoBIAHOI Ta ENEKTPONPOHMKHOI TpIUH. [ 4YacTkoBOro
BUIAJIKy 3HAYHOI BIJICTaHI MDK TPIIIMHAMHU MPOBENCHO MOPIBHSIHHS YHCIOBOTO
3HAYEHHA PO3KPUTTS TPIILMHUA 3 BIJIOMHUM PE3YyJIbTATOM, OTPUMAHUM I1HIIUM
METOJIOM, 1 IPOJIEMOHCTPOBAHO iXHIO XOPOIILY y3TOIKEHICTb.

VY po3aiai Il po3risinyTo 3a7a4y Mpo B3a€EMOJIIO TBOX IITAMITIB 3 TNIOCKUMHU
M1 TOIIIBaMH, IO BIAABJIIOIOTHCS Y MPY>KHY 130TPOITHY IMiBIUIONTMHY. BBaskaeThes, 10
OJIMH IIITAMII >KOPCTKO 3YETIJICHUH 13 MIBIUIONIUHOIO, & IPYTUH 3HAXOJUTHCS 3 HEIO
B YMOBaX TJIQJKOTO KOHTAKTy. J[aHa 3amada, Xoua i CyTTEBO BiIPI3HIETHCS CBOEIO
(13MYHOI0 TOCTAHOBKOIO B1J1 pO3IJISIHYTOI Y IEPUIOMY PO3/1Ii, IPOTE ii pO3B’ I3aHHS
3MIACHIOETHCS MaTEMAaTUUHUMH METOJIAMH, TTOJIOHUMU 0 THX, K1 3aCTOCOBaH1 JJIs
3a/1ayl Mpo EJEKTPONPOHUKHY 1 €JIEKTPONPOBIIHY KOJIHEApHI TPILIMHUA HAa MEXI
nojuTy pi3HuUX MatepianiB. OTxe, OKpIM KOHKPETHOI HAayKOBOi METH JaHOTO
pPO3IITy — pO3B’sA3aHHS 3a/adi, BAXKIMWBOK € MeTa METOJI0JIOriYyHa, a came:
MIJKPECIUTH MOXJIMBICTh 3BEICHHS (DI3UYHO PI3HUX 3a7ad J0 OJU3BKHUX
MaTeMaTUYHUX MOJENe 1 1XHE poO3B’s3aHHSA TMOMIOHUMU MDK Cc00O0IO
MaTEeMaTHYHUMHU METOJ/IaMH.

3a METOAMKOIO, AaHAJOTIYHOK BHKOPUCTAHIM Yy TMOmNepeAHidl 3aaadi,
chopMyITHLOBAHO 33/1auy JIHIMHOTO CHPSDKCHHS, SKa CKJIQJAa€Thbes 13 KOMOiHAMii
piBHsiHb [ipixne 1 Pimana, 3amMcaHux Ha BIJMNOBIIHUX MJUISHKaX TIpaHUII

miBIUIOMKHKA. PO3B’ 30K 3a1a4i IPeCTaBICHO 3 BUKOPUCTAHHIM JIBOX KAaHOHIYHHX
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PO3B’SI3KIB, IO BPaxXOBYIOTh IOBEAIHKY (YHKIIM HampyXeHb 1 CTpUOKIB
nepeMilieHb Npu MIAXO0Jl A0 KyTOBUX TOYOK ITammiB. OTpUMaHU PO3B’S30K
JI03BOJIMB TPEICTAaBUTH BCl MOTPIOHI (paKTOpPU Ha TPaHMIIl MiBIUIOIIWHU B JOCUTH
POCTOMY AHAIITUYHOMY BUIJIAML. 30Kpema, oAepkaHo (opmyiu, IO Jal0Th
MOJKJIMBICTh 3HAaWTH OCAJIKy KOXHOIO ITammy Ta (opMmy BUIbHOI TpaHHII
MIBIUTOMMHKA Tichs Aedopmarrii. 3amucaHo TakoX (HOPMyYJIH, IO BU3HAYAIOTH
PO3MO/IT HAMIPY>KEHb IiJ] IITaMIIaMHu.

Po3zaiu III mpucBsueHO BUBYEHHIO €IEKTPOMATHITOMEXaHIYHOTO CTaHy ABOX
CHasiHUX Mi3K COOO0IO0 I’ €30€JIEKTPOMAarHiTHUX MiBIPOCTOPIB 3 IBOMA TPILTUHAMU Ha
MeXI1 MOAUTY MaTepiaiiB MiJ A€ aHTUIIJIOCKOTO MEXaHIYHOTO HaBaHTAXEHHS Ta
€JIEKTPUYHOI'O 1 MAarHiTHOTO MOJIIB B IUIOIIMHI, OPTOTOHAJIbHIA (PPOHTAM TPILLIUHHU.
BBakaeTbcsi, 1m0 OaHA 3 TPIMNMH € EJIEeKTPOMArHITOMPOHUKHOIO, a 1HIIa
elleKTpoMarHiTonpoBigHoto. [le o3Hauae, 1m0 Tmepmia HE MEPEUIKOIKAE
MPOXO/PKEHHIO Yepe3 Hei ENeKTPUYHOTO Ta MAar”iTHOrO TOJiB, a id ApPYyroi
KOMITOHEHTH TI0JIIB Ha Oeperax TPIlllUHUA JOPIBHIOIOTH HYJIIO.

[3 BUKOpUCTAHHSM TIPEICTABIIEHh MEXaHIYHUX, CICKTPUYHUX Ta MarHiTHHX
dakTopiB yepe3 PyHKIIIT KOMIUIEKCHOT 3MIHHOT OTPUMAaHO BUPA3H JIJIS [IUX BETUYHH
yepe3 PyHKIIi, aHATITUYHI Yy BC1i KOMIUIEKCHIH MJIOIIKHI, OPTOTOHAIBHIN ()pOHTaM
TPIIIMH, SKI MalOTh CTPUOKU MpPU MEPEXO/l Yepe3 TPILMHU. 3a JTONOMOTrOK0 IHX
MpeACTaBlIeHb MPOOJIeMy 3BEJCHO 10 3a/Jad JIHIHHOTO CHPSKEHHS ISl KyCKOBO-
aHAMITUYHUX (DYHKIIH, A1 IKKX OTPMMAaHO TOYHI aHAMITH4YHI po3B’si3ku. Ha ixHiit
OCHOBI 3HAMJICHO aHAJIITUYH] BUPA3U JIJISl HATIPY KEHbB, EJICKTPUIHOTO Ta MarHITHOTO
MOJIIB Ha MEXI1 MOJTy MaTepiaiiB 1Mo3a TPIIIMHAMH, & TAKOXX PO3KPUTTS TPIIIUH 1
CTpUOKH €JIEKTPUYHOI0 1 MarHiTHOTO 3MIIIEHb MPHU Mepexo/il uepe3 TpiuHu. s
OimaTepially, CKIAIEHOTO 13 PI3HUX I €30€JIEeKTPOMArHITHIX MaTepiais,
KOHKPETHUX 3HA4Y€Hb JIOBXKHWH TPIIIUH, BIJCTAaHEM MDK HUMH Ta 30BHIINIHBOTO
MEXaHIYHOT0, EJIEKTPUYHOTO 1 MArHITHOTO HAaBAaHTAKCHb HABEIACHO YHCEIbHY
UTIOCTpAIlif0 OJIep)KaHUX Pe3yJIbTaTiB. 30KpeMa, I Pi3HUX 3HAYCHb MArHiTHOTO
NoJIsL TPENCTaBIIEHO Tpadiku 3MIHM 3CYBHOTO HAmNpyKEHHS Ha MEXI MOALLY

MaTepiaigiB MiX TPIIMHAMUA Ta PO3KPUTTS €JIEKTPOMArHITOMPOBITHOT TPILIUHU.
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[Toka3aHo, 1110 30BHIIIHIA MarHiTHUN MOTIK CYTTEBO BIUIMBAE HA MEXaHIYHI MOJIA B
OKOJI €JICKTPOMArHiTONPOBIAHOT TPIMIUHKU, a ISl EJIEKTPOMArHiTOMPOHUKHOT
TPIIIMHU 1Ie¥ BIUTUB € HE3HAUHUM.

Po3gin IV npucBsYeHO [OCHIKEHHIO CHCTEMH TPIIIMH MDK JBOMa
I’ €30€TIEKTPOMArHiTHUMUA MIBIPOCTOPaMH. TPIIIMHA MOXKYTh MaTH JOBUIbHY
JIOBXKMHY 1 pO3TalllyBaHHS, a iXHS KIJIbKICTh MOke OyTu A0BUIbHOM0. [IpuitmaeTbes,
10 Oeperu TPIIIUH € eJIEKTPO- 1 MarHITOMPOHUKHUMH, a Ha HECKIHYCHHOCTI MOXKE
OyTH 3a/1aHO 3MilllaHe MEXaHIYHEe HAaBaHTA)KCHHS Ta €JICKTPUYHE 1 MarHiTHE MOJs,
K1 HE 3MIHIOIOTHCSA 10 KOOPAMHATI, TapayieabH1i pponTam TpinuH. Lle o3nauae, mo
Mae Miclie Tiocka aedopmailis y IIoHMHI, OPTOrOHANBHIN (pOHTAM TPILIUH.

[3 BHUKOpWCTAaHHSM BH3HAYAIbHUX PIBHSIHBb IS II'€30€JICKTPUYHUX Ta
II’€30€JIEKTPOMArHiTHUX ~ MaTepiaigiB  MOOyJIOBaHO TMPEACTABIEHHS  EJIEKTPO-
MarHiTOMEXaHIYHUX BEJIIMUYUH Yepe3 KYCKOBO-aHAJITUYHY BeKTOp-(PyHKIIIO. 3a
JIOTIOMOT OO IIUX MPEeJICTaBIeHb CHOPMYIILOBAHO 3a/1a4y JIIHIHHOTO CIPSIKEHHS, KY
PO3B’S13aHO aHAJNITHUYHO. 3 BUKOPUCTAHHSAM OJIEP>)KAHOTO PO3B’S3KYy 3allMCaHO B
3aMKHEHOMY BUTJISI/II BC1 HOTPIOHI1 715 MOAANIBIIOTO aHAIII3Y MEXAHIYH1, €JIEKTPUYHI
Ta MarHiTHI KOMIIOHEHTH B3JIOBX MEXI1 MojiTy MarepianiB. OCKUIbKM OTpUMaHUN
pPO3B 30K Ma€ OCUWJISILIMHY CHUHTYJISPHICTh y BEPIIMHAX TPIIIMH, TO MIBUAKICTH
3BUIBHEHHSI €Heprii € HalOuIbll BaXJIMBUM MapaMeTpoM JUisl BHU3HAYEHHS
MO>KJIMBOCTI PO3BUTKY TPIIIUHU B IIbOMY BHUIIAJIKy. 3alIMCAHO aHAITUYHI BHpA3H
mist HI3E y Bcix BepmMHAX TPINMH 13 BHKOPHUCTAHHSM ACUMIITOTHYHHMX
MPEACTABJICHb YCIX TOJIIB B OKOJII BEPIIMH TPIIIMH Ta 1HTErPaTbHOTO METOMY
BIPTYyaJIbHOTO 3aKPUTTS TPIIIHHU.

YucenbHi pe3yJIbTaTy MPECTaBICH] Y BUTIISAL IpadikiB 1 TAOIUIb ISl PI3HUX
HAaBaHTa)XCHb, PO3TALYBaHHS TPIIMH Ta IXHIX A0BXKUH. OcoOnmBYy yBary
NPUIIJICHO BUITAKaM CYTTEBOTO 30JIMDKEHHS OKPEMHX TPIIIMH. Y TaKWX BHITaIKax
CIIOCTEPITa€THCS 3HAUHE 3POCTAHHS IIBUIKOCTEH 3BUIIBHEHHS €HEPT1i, 0COOJIUBO JIJIs
BEPIIINH, 110 PO3TAIIOBaH1 HANOJIMKYE OTHA BiJl OJTHOI.

VY po3aiji V posrisigaerbest 6iMatepialibHUM TPOCTIP, IO CKIATAETHCS 3 IBOX

HAIBHECKIHYEHHUX MAarHITOEIEKTPOIPYKHUX MPOCTOPIB 31 CKIHUEHHUM HaOOpOM
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TPIIIMH Y370BXK MEXI1 MOALTy Marepiany. TpIIMHU MOXKYTh MATH JOBUIbHY
JOBKUHY 1 pO3TalllyBaHHs, a IXHI Oeperu MOKPUTO €IEKTPOIaMu, 1110 MAIOTh PI3HUN
CyMapHHH eNeKTpUYHHUN 3aps] 1 HyJbOBY CyMapHy MAarHiTHy 1HAYKIIIIO.
bimarepiaibHe TIIO HABaHTAXKYETHCS BIIJATCHUM 3MIIIAHUM MEXaHIYHUM
HABAHTAKCHHSAM, CJICKTPUYHUM Ta MArHITHUM IOJNISIMHU, SKI HE 3MIHIOIOTBCS 10
KOOpAMHATI, mapanensHi GppoHTam TpimuH. Lle o3Hayae, mo Mae Micle TIOCKa
nedopmMaliis y miIonmHi, OpTOroHaabHIA (PpoHTaM TPIIIHH.

[3 BUKOPUCTaHHSM TPEACTABICHb EJICKTPOMArHiTOMEXaHIYHUX BEIWYUH
yepe3 KyCKOBO-aHAMITHYHI PYHKINT chOpMyTIbOBAHO 3aady JIHIHHOTO CIPSKEHHS
Pimana-TI'inpbepra, siKy po3B’si3aHO aHAMITHUYHO. 3 YMOB Ha HECKIHUEHHOCTI,
OJTHO3HAYHOCTI TMEpeMillleHb Ta 3Ha4eHb 3aJlaHOTO CYMapHOTO EJIEeKTPHUYHOTO
3apsTy Ta Mar”HiTHOL IHIYKI JUIsl KOYKHOT TPIIUHU MO0YI0BAHO CUCTEMY JIHIHHUX
anreOpaiyHuX piBHSIHL (BIJHOCHO JOBUIBHUX KOHCTAHT), PO3MIPHICTh SKOT
JOpiBHIOE unciy TpimuH. {10 cucteMy po3B’sizaHo MetoqioM ['ayca. B pesynbrarti
BC1 HEOOX1/THI MEXaHI4YH1, €JIEKTPUYHI Ta MAarHiTHI KOMIIOHEHTHU B3JIOBXK 1HTEpdeiicy
MPEJICTaBICHO B 3aMKHEHOMY BHTJISIIL.

[TokazaHo, 110 BCl TOJII MalOTh OCHWJISIIAHY CHHTYJISIPHICTh Yy BEPIIUHAX
TpimuH. Lle o3Hauae, 1m0 NOHATTS KoeQilieHTa IHTEHCUBHOCTI HAIPY>KEHb HE €
3pYYHHUM JJIs ONUCY MpoLecy pyiiHyBaHHS. ToMmy Oinblry yBary OyJio IPHAUIEHO
BU3HAYCHHIO MIBUJKOCTI 3BUIBHEHHS eHeprii. /[ 1boro oTpuMaHo aCUMOTOTUYHI
MPE/ICTABIICHHS MEXAaHIYHUX, EIEKTPUYHUX 1 MATHITHUX OB Yy BEpIIMHAX TPILIUH
1 3aCTOCOBAaHO METOJ BIPTYyaJIbHOTO 3aKPUTTs TPIMHU. B pesynbTaTi omep:kaHo
dbopmynu s LI3E y npagiii 1 nmiBii BepiimHax Oyb-sSKOi TPIIMHH.

Otpumani aHamiTUyHl (GOPMYJIH Bi3yali30BaHO uepe3 Tpadikud cTpUOKIB
nepeMilieHHs: OeperiB TPINUHU, HANPYKEHb, CICKTPUYHUX 1 MArHITHUX TIOJIIB
Y3JI0BX MEXI1 MOA1TY MAarHITOENEKTPOIPYKHUX MaTepiaiiB. [IIBUaKOCTI 3BIIbHEHHS
€Heprii TakoX HaBeleHO y TaOnuyHiil (opmi A pI3HUX BEPIIMH TPILIUH,

HABAHTAKEHHS, TOBXHUH TPIITUHU Ta IXHHOT'O PO3TAITyBaHHS.



Hamnpukinii po6otu chopmMysibOBaHO OCHOBHI BUCHOBKHM BiIITOBITHO IO METU
1 3aB/IaHb JIOCIIPKCHHSI Ta ONUCAHO HU3KY €(EeKTiB, BUSBIICHUX I11]T Yac MPOBEICHHS
YHCETHHOTO aHaJi3y pe3yJIbTaTiB.

HaykoBa HOBU3HA oJep:KaHMX Pe3yJbTATIB IOJIATAE B TAKOMY: BIIEpIIE
3allpOIIOHOBAHO Ta pEalli30BaHO METOIUKY JOCTIKEHHS JBOX KOJIIHEApHUX
TPIIMHU MDK JBOMA I1'€30€JICKTPUYHUMH MaTepiajlaMu MiJ JI€I0 aHTUIIIIOCKOTO
MEXaHIYHOTO HaBaHTAXKEHHS Ta MJIOCKOTO €JIEKTPUYHOTO MOJIsl IPU YMOBI, 1110 OJTHA
3 TPIMIMH € €JIEKTPOIPOBIAHOIO, a 1HIA eNEKTPONPOHUKHOI0. Briepiie po3B’s13aHo
AHTUIUIOCKY 3aJ1a4y JIJIsl 11’ €30€JIEKTPOMArHITHOTO OiMaTepially 3 ABOMA TPIIIMHAMHU
Ha MEXI1 MOJLTY PI3HOPIAHUX KOMIIOHEHT MPU PI3HUX €JIEKTPUYHUX Ta MATrHITHUX
yMOBax Ha Oeperax pi3HHX TpIIUH. PO3riasHyTO HOBY IUTOCKY 3a/1a4y JJisl AOBUIBHOI
CUCTEMHU KOJIIHEAPHUX €JIEKTPO- Ta MArHITOMPOHUKHUX TPIIMH MDK JBOMA
1’ €30€JIEKTPOMArHITHUMU ~ MaTepiajaMyd T JI€l0  3MIIIAaHOTO MEXaHIYHOTO
HaBaHTaxeHHs. Po3po0sieHO Ta peanizoBaHO aHATITUYHUM MIAX1 10 JOCHTIKEHHS
CKIHYEHHOT MHOKMHHM TPIIIMH Ha MEXI1 MOJUTY 1" €30€JIeKTPOMArHITHUX MaTepialliB
Ipyu YMOBI, IO Oeperu TPIIMH MOKPUTI MEXAHIYHO M’ SIKUMHU €JIEeKTPOJaMHu 13
3aJlaHUM EJIEKTPUYHUM 3aPsI0M 1 HYJIbOBOIO MarHiTHOIO 1HAYKIIIETO.

IlpakTuyHe 3HAYEHHS OJEP:KAHUX Pe3YJbTATiB TOJIATa€ B TOMY, IO
CHIBBIIHOLIEHHSI [UIsl TapaMeTpiB pyHHYBaHHA, fAKI OTPUMAHO Y BHIJISAL
aHAMTUYHUX (OPMYJ, TO3BOJSIOTH OI[IHUTH BIUIMB 30BHINIHIX (aKTOpIB Ha
MOXJIMBICTh PO3BUTKY TPIIIUHM, TA HA OCHOBI IIUX OI[IHOK 3aIIPOTNIOHYBAaTH LIJISXU
MIJBUIICHHS TPIMIMHOCTIMKOCTI KOMITO3UTHHUX KOHCTPYKI[IA, BHUTOTOBJICHUX 3
1’ €30€JICKTPUYHUX Ta 11’ €30€JEKTPOMArHITHUX MaTepiaiB.

KawuoBi ciaoBa: TpilmHa, KOMIIO3UT, I €30€JEKTPUUHHMM OiMmarepia,
11’ €30€JIEKTPOMArHITHUN OiMaTepiall, MOIIKOMKCHHS, aHTUIUIOCKA 3a7a4a, IIJI0CKa
3a/Jada, 3ajada JIHIAHOTO CHOpPSDKEHHS, IITaMM, KOe(MIIieHT 1HTEHCUBHOCTI
HaIpy>KeHb, CTPUOKU NEPEMIICHb, EJIEKTPUYHI 1 MArHITHI 3MIIEHHS, PO3KPUTTS

TPIIIMHU, IBUIKICTH 3BUIbHCHHS SHEPTii.



ANNOTATION
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Piezoelectric and piezoelectromagnetic materials are often used as functional
elements of sensors, piezoresonators, piezoelectric transformers, piezoelectric and
piezoelectric actuators, and other high-tech products. However, existing
microdefects, in particular cracks at the interface of materials, can significantly
reduce their strength. In recent decades, important results have been obtained
regarding the study of interfacial cracks in piezoactive materials, but a number of
problems remain insufficiently studied. Analysis of some of these problems is the
purpose of this dissertation.

In the Introduction the choice of the research topic, the goal and task of the
research, the scientific novelty of the obtained results are justified; the analysis of
publications on the dissertation subject are carried out and the contribution of other
authors to the development of this direction are defined.

Chapter | deals with the interaction of electrically conductive and electrscally
permeable collinear cracks along the interface of two piezoelectric materials under
the action of an anti-plane mechanical load and a plane electric field. Cracks can
have arbitrary length and distance between them. It is assumed that the electric field
is parallel to the crack faces, and the polarization of the materials is codirected with
the crack fronts. Using the presentation of all necessary electromechanical quantities
through a piecewise analytic vector function, the combined Dirichlet-Riemann
boundary value problem is formulated. Additional conditions for this problem are
formulated on the basis of conditions at infinity, the uniqueness of displacements for

both cracks, and the Gauss theorem for an electrically conductive crack.



An analytical solution of this problem is given in a closed form for any
distances between cracks, any of their lengths, and any external loads of the above
type. Analytical expressions for shear stress, electric field and their intensity factors,
as well as for jumps of mechanical and electrical displacements are presented.
Special attention is paid to the energy release rate (ERR) consideration. Using
asymptotic expressions of stresses and electric field, mechanical and electrical
displacements at the crack tips, analytical expressions of the ERR for electrically
conductive and electrically permeable cracks were found. For the partial case of a
significant distance between the cracks, a comparison of the obtained crack opening
with the known result found by another method was made and their good agreement
was demonstrated.

Chapter Il deals with the problem of the interaction of two stamps with flat
bottoms pressed into an elastic isotropic half-plane. It is assumed that one stamp is
rigidly attached to the half-plane, and the second one is in smooth contact with it.
Although this problem is significantly different in its physical formulation from the
one considered in the first chapter, its solution is carried out by mathematical
methods similar to those used for the problem of electrically permeable and
electrically conductive collinear cracks at the interface of different materials. So, in
addition to the specific scientific goal of this section - solving the problem, the
methodological goal is important, namely: to emphasize the possibility of reducing
physically different problems to similar mathematical models and their solution by
similar mathematical methods.

According to a method similar to that used in the previous problem, the
problem of linear relationship is formulated, which consists of a combination of
Dirichlet and Riemann equations written on the corresponding sections of the
boundary of the half-plane. The solution of the problem is presented using two
canonical solutions that take into account the behavior of stress functions and
displacement jumps when approaching the corner points of the stamp. The obtained
solution made it possible to present all the necessary factors on the boundary of the

half-plane in a fairly simple analytical form. In particular, the obtained formulas
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make it possible to find the depression of each stamp and the shape of the free
boundary of the half-plane after deformation. The formulas determining the stress
distribution under the stamps are also found.

Chapter 111 is devoted to the consideration of the deformation of two adhered
piezoelectric half-spaces with two cracks at the material interface under the action
of anti-plane mechanical loading and electric and magnetic fields in the plane
orthogonal to the crack fronts. It is assumed that one of the cracks is
electromagnetically conductive, and the other is electromagnetically permeable.
This means that the first one does not prevent electric and magnetic fields from
passing through it, and for the second one these fields at the faces of the crack are
Zero.

With the use of representations of mechanical, electrical, and magnetic factors
through functions of a complex variable, expressions for these quantities were
obtained via functions analytic in the entire complex plane, orthogonal to the crack
fronts, which have jumps when passing through the cracks. With the help of these
representations, the problem is reduced to linear relationship problems for piecewise
analytical functions, for which exact analytical solutions are obtained. On their basis,
analytical expressions for stresses, electric and magnetic fields at the interface of
materials outside the cracks, as well as the opening of cracks and jumps of electric
and magnetic displacements when passing through the cracks were found. A
numerical illustration of the obtained results is provided for a bimaterial composed
of different piezoelectric materials, certain values of crack lengths, distances
between them, and external mechanical, electrical, and magnetic loads. In particular,
for different values of the magnetic field, the graphs of the shear stress variation at
the materials interface between cracks and the opening of an electromagnetically
conductive crack are presented. It is shown that the external magnetic flux
significantly affects the mechanical fields in the vicinity of an electromagnetically
conductive crack, while this effect is insignificant for an electromagnetically

permeable crack.
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Chapter 1V is devoted to the study of the crack system between two
piezoelectric half-spaces. Cracks can have an arbitrary length and location, and their
number can be arbitrary. It is assumed that the faces of the cracks are electrically
and magnetically permeable, and a mixed mechanical load and electric and magnetic
fields, which do not vary along the coordinate co-directed with the crack fronts, can
be prescribed at infinity. This means that the plane deformation occurs in the plane
orthogonal to the crack fronts.

With the wuse of constitutive equations for piezoelectric and
piezoelectromagnetic materials, the representations of electro-magneto-mechanical
quantities via a piecewise analytical vector function are constructed. With the help
of these representations, the problem of linear relationship is formulated and solved
analytically. Using the obtained solution all necessary mechanical, electrical and
magnetic components along the material interface are found in a closed form. Since
the resulting solution has an oscillating singularity at the crack tips, the energy
release rate is the most important parameter for determining the possibility of crack
development in this case. It was found analytically for all crack tips using asymptotic
representations of all fields at the crack tips and the integral method of virtual crack
closure,

Numerical results are presented in the graph and table form for different loads,
cracks locations and their lengths. Special attention is paid to cases of significant
convergence of individual cracks. In such cases, a significant increase of the energy
release rates is observed, especially for the tips located closest to each other.

Chapter V considers a bimaterial space consisting of two semi-infinite
magneto-electroelastic spaces with a finite set of cracks along the material interface.
Cracks can have arbitrary length and location, and their faces are covered with
electrodes having different total electric charge and zero total magnetic induction.
The bimaterial is loaded by a remote mixed mechanical load, electric and magnetic
fields that do not change along the coordinate co-directed with the crack fronts. This

means that plane deformation in the plane orthogonal to the crack fronts takes place.
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Using representations of electro-magneto-mechanical quantities through
piecewise analytical functions, the Riemann-Hilbert problem of linear relationship
is formulated and solved analytically. Arbitrary constants are found from the
conditions at infinity, the uniqueness of displacements, and the given total electric
charge and magnetic induction for each crack. They give a system of linear algebraic
equations whose dimension is equal to the number of cracks. This system is solved
by the Gaussian method. As a result, all necessary mechanical, electrical and
magnetic components along the interface are presented in a closed form.

It is shown that all fields have an oscillating singularity at the tips of the
cracks. This means that the concept of the stress intensity factor is not convenient
for describing the fracture process. Therefore, much attention was paid to
determining the ERR. For this purpose, asymptotic representations of mechanical,
electric and magnetic fields at the tsps of cracks were obtained and the method of
virtual crack closure was applied. As a result, formulas for ERR on the right and left
tips of any crack were obtained

By visualizing the obtained analytical formulas, the graphs of the crack faces
displacement jumps, stresses, electric and magnetic fields along the interface of
magnetoelectroelastic materials are given. Energy release rates are also tabulated for
different crack tips, loads, crack lengths and locations.

At the end of the work, the main conclusions are formulated in accordance
with the purpose and tasks of the research and a number of effects revealed during
the numerical analysis of the results are described.

The scientific novelty of the obtained results is as follows: A method of
investigating two collinear cracks between two piezoelectric materials under the
action of an anti-plane mechanical load and a plane electric field is proposed and
implemented, provided that one of the cracks is electrically conductive, and the other
is electrically permeable. The anti-plane problem for a piezoelectric bimaterial with
two cracks at the interface of dissimilar components under different electrical and
magnetic conditions on the faces of different cracks was investigated. A new plane

problem for an arbitrary system of collinear electrically-magnetically permeable
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cracks between two piezo-electromagnetic materials under the action of a mixed
mechanical load is considered. An analytical approach for studying of a finite set of
cracks at the interface of piezoelectric materials has been developed and
implemented under the condition that the faces of the cracks are covered with
mechanically soft electrodes with a given electric charge and zero magnetic
induction.

The practical significance of the obtained results is primarily connected with
the fact that the exact analytical solutions obtained in the work can be used as a
reference in the development and testing of numerical methods for solving similar
problems for finite sized bodies.

The practical significance of the obtained results is that the relationship for
the fracture parameters, which are obtained in the form of analytical formulas, allow
to assess the influence of external factors on the possibility of crack development
and thereby contribute to increasing the crack resistance of composite structures
made of piezoelectric and piezoelectromagnetic materials.

Keywords: crack, composite, piezoelectric bimaterial, piezoelectric
bimaterial, damage, anti-plane problem, plane problem, problem of linear
relationship, stamp, stress intensity factor, displacement jumps, electric and

magnetic displacements, crack opening, energy release rate.
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BCTYII

OOrpyHTyBaHHsI BHOOpPY TeMH AOCHiIKeHHs. B ocTraHHI AeCATIITTS
1’ €30€JIEKTPUYHI Ta I1’€30€JICKTPOMArHiTHI Marepiaji Ha0yBalOTh BCE LIHUPIIOTO
3aCTOCYBAaHHSA B 1H)KEHEPHIN MPaKTUIl. 30Kpema, 11l MaTepiaid BUKOPUCTOBYIOTHCS
y BUPOOHMIITBI  I1’€30pPE30HATOPIB, I €30€NEKTPUUHUX TpaHCPOpPMATOPIB,
I’ €30€JICKTPUYHUX Ta I’ €30MAarHiTHUX aKTyaTOPiB Ta IHIIUX BUCOKOTEXHOJIOTTUHUX
BUPOOIB. AJle T’€30aKTUBHI MaTepiajii € CXWJIbHUMHU JI0 KPUXKOTO pyHHYBaHHS,
CIIPUYMHEHOTO TPIIIMHAMH Ta IHIIUMHU AePEeKTaMH iXHbOI CTPYKTYpH. bisbIie Toro,
BKa3aHiI BUCOKOTEXHOJIOT1YHI BUPOOU €, SIK MPaBUIIO0, 0araTOKOMIIOHEHTHUMHU, 10
MICTATh CKJAJIOBI, BHUIOTOBJICHI 3 PI3HUX II’€30aKTUBHUX 1 II'€30MaCUBHUX
eJIeMEHTIB. Anie B 00acTi MIXKOMIIOHEHTHUX 3’€HAHb JOCUTHb YacTO HAasBHI
TPIIIMHM Ta 1HII JE(PEKTH, K1 CYTTEBO 3HHKYIOTh MILIHICTh KOHCTPYKIIIi.

[IpoOnemMi AOCHIKEHHS TPIMIMH MK PI3HUMH 11’ €30€JIEKTPUYHUMHU  Ta
I’ €30€JIEKTPOMArHiTHUMU MatepiagaMu (MDK(Aa3HUX TPIIIKMH) MPUCBAYEHO 3HAUHY
KUIBKICTh JIOCHIJIP)KEHb YKpAaiHCBKUX Ta 3aKOPAOHHHUX aBTOpiB. Po3risiHemo

HaWOLIIBII Ba)KJIMB1 3 HUX.
Buympiwni ma midcghazni mpiwunu 8 i30mponHux ma aHizomponHux Mamepianax

[IBuaKui pO3BUTOK TEXHIKM Ta PI3HUX rany3edl OyAiBHUIITBA 3YMOBIIOE
CTBOPEHHSI Ta BUKOPUCTAHHS HOBUX KOMIO3ULIMHUX MATEPIajiB 13 pI3HOMaHITHUMH
BJIACTUBOCTSAMHU. [Ipum 1bOMY OYEBHIHHMH IIOCTAIOTh MPOOJIEMH MIITHOCTI 1
TPIIMHOCTIMKOCTI BUTOTOBJICHUX 13 IIUX MaTepialiB KOHCTPYyKIii. OTxe, BUHUKAE
notpeda y po3pooOili criemialbHuX METOIUK, sIKi O BpaxOBYBaJIM HEOAHOPIIHICTh Ta
CTpUOKOMOAIOHY 3MiHY (I3MYHMX XapaKTePUCTUK B KOMIIO3UTI. SIK JOBOIUTH
NpaKkTUKa, MDK(a3HI TPIIIMHM, SKI BUHUKAIOTH Ta 3pOCTAIOTh HA MEXI MOALTY
(iHTepdeiici) CKIaAOBUX YACTUH KOMIO3UTY, € HAMOUIbII BIPOT1IHOIO MPUYUHOIO
pyiinyBanHs. [logiOHO 10 BUMAAKy TPINIMHA B OJHOPITHOMY Martepiaii, Ijs

MDK(}a3HOT TPIIMHYA OCHOBHUMH NapaMeTpaMHu, 10 XapaKTepU3yIOTh pyilHYBaHHS,
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€ Koe(iIleHTH I1HTEHCHUBHOCTI HaIpy>XeHb 1 IMIBUAKICTh 3BUIBHEHHS EHEprii,
OOYMCIICHHS SIKUX 1 CTAHOBUTH OCHOBHY 3a]1a4y JTOCIIIKEHHS.

3a ocTaHHI IECATWIITTS PO3pPO0JICHO TIEBHY KUTBKICTh METO/IB IMTOCTAHOBKH 1
PO3B’sI3aHHS TPAaHUYHUX 3a7a4 JJIsI MDK(pa3HOT TPIIMHY, K1 OUTBIIOK a00 MEHIIIO0
MIpOTO CITUPAIOTHCS HA METOIMKH JJIsl TPIIIUH B OTHOPIIHUX MaTepiaiax, BUKIAICH]
B MoHorpadisx O.M.Ty3s [6, 7], A.O.Kamincekoro [9,10], I'. C. Kira 1
M. B. Xas [11], I'. C.Kita 1 O. B. Ilo6epexxnoro [12], B. B.Ilanacroka [22],
B. B. Ilanacroka, M. II. CaBpyka i1 O.Il. Jamummua [23], T'. M. Casina [26],
M. I1. CaBpyka [27] Ta iHIIUX.

VYnepuie 3agava A TPINIMHM, 110 PO3TAllOBaHa Ha MeEXl1 MOAULY JBOX
PI3BHOPIAHMX MPYKHUX  130TPOIIHUX  MarepiaiiB, po3B’s3aHa B  poOOTI
M. L. Williams [105]. B pe3ynbsTaTi 0yJsi0 BCTAHOBJIEHO, IO 017151 BEPIIUH TPIIIUHU
Ma€e MiClle OCHWIALIMHA OCOOJMBICTh HAIpPYKE€Hb, TOOTO BUHHUKAE (PI3UYHO
HEMOXXJIUBE SIBUIIIE — B3a€EMONPOHMKHEHHS JBOX MarepianiB. Jlami B pobOoTax
1. B. I'puninbkoro [3], J1. B. I'puautinibkoro 1 b. I. ITonoBuua [4],
B. I. MoccakoBcekoro 1 M. T. Pubku [16], I'. T. Cynuma 1 1. B. I'puninskoro [28],
I". T1. Yepenanona [30, 31], A. H. England [40], F. Erdogan [41], V. Loboda [69] Ta
IHIIMX B paMKax Li€i Mojeni Oyio po3B’si3aHO HU3KY 3a]1ay IPH PI3HUX TPAHUYHUX
yMOBax Ha Oeperax TpIIIMHHU 1 HAa HECKIHYEHOCTI. TpillMHY B aHI30TPOMHOMY
OiMaTepiaabHOMY MpocTopi JociimkeHo B podorax C. Hwo [62], M. Kattis [63],
D. Clements [39]. B po6otax T. Ting [101, 102] mpoaHa1i30BaHO CTEMiHb OCIMIIALIT
B TMOJISIX HANPYXeHb 1 TMEPEMINICHb Y BHUMAAKY TPIIUHU MDK PI3HOPIIHUMH
aHI30TPOITHUMH Marepiajamu, IO0Ka3aHO, IO I1HJAEKC OCIWIISIT 3aJUIIA€ThCs

HE3MIHHUM NpPU HE3MIHHIM BITHOCHIM Opi€HTAllll TOJIOBHUX HAMPAMKIB aH130TPOII].

Anmunnocki 3a0a4i 01 mpiwuH y n’€30e1eKmpudHux mamepiaiax ma 3a0ayi 0

wmamnie

IT’e30enexTpuyHi Marepianu IUPOKO BUKOPHUCTOBYIOTHCS B
CIIEKTPOMEXaHIYHUX JaTYNKaX, IEPETBOPIOBAYAX 1 MPUBOAX 3aB/ISKU BIACTHBIN iM

3B’SI3aHOCTI MEXAHIYHHUX Ta €JNEKTPUYHUX TMOMIB. Y TaKUX MPUCTPOAX 1HTEpdeiicu
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MK OKpEMUMH KOMIIOHEHTaMHU MOKYTh OyTH CyTTEBO MOCIIa0JIeH] Yepe3 MosiBY Ta
3pocTaHHs MDK(a3HuX TpimuH. L1 TpIMHN MOXKYTh 3HAYHO 3HM3UTU MIIHICThH 1
(GYHKIIOHATBHICTh IM'€30€JIEKTPUYHUX KOMIIOHEHTIB, 1, OTKe, I TIHUTaHHI
CKJIJAI0Th IyKe BAKIIUBY 00JIaCTh JOCTIKEHHS. Y NEIKUX BUIAKAX HAMPYKEHO-
nedhopMOBaHMIl CTaH, 10 BUHUKAE B I’ €30€JICKTPUUHUX KOMIIO3UTaX, MOKHA J00Ope
3MO/IETIOBATH aHTUILIIOCKOIO Ae(OpMAIIi€ro.

AHTHUIIIOCK] TPOOJIEMU JIJISt OAHIET €EKTPUUHO MPOHUKHOT, HETPOHUKHOT 200
YaCTKOBO MPOHMKHOI ~ MDK(a3HOI  TPINIMHM  pO3MsIainch Yy  poboTax
L. A. Fil’shtinskii Ta M. L. Fil’shtinskii [48], F. Narita Ta Y. Shindo [78], A. Soh ta
in. [93], J. Kwon Tta K. Lee [64], X.Li ta G. Tang [66] Ta B iHIIHUX poOOTax.
EnextponpoBiHy TPIIUHY M1 J1€10 aHTUILIOCKOTO MEXaHIYHOTO HaBaHTAKCHHS
Ta IJIOCKOTO €JIEKTPUYHOTO IMOJs Brepie aociimpkeno y [113, 114] ans Bunaaky
pPYXOMOi Ta KPUBOJIHIAHOT HEPYXOoMOi MIk(}a3HOi TPIIIMHUA BIAMNOBIAHO. Y LHX
JOCHIDKCHHSAX OYJI0 BUSBJICHO, IO OCHWISIIAHA CUHTYJSIPHICTh BUHUKAE OLIs
BEpIIMH TPIIMHU y BUMAAKY YMOB €JEKTPONMpOBITHOCTI Ha ii Oeperax. Imsx
YCYHEHHS 3a3HAYCHOI CHUHIYJISIPHOCTI 3amporoHoBaHo B poboti O. Onopriienko,
V. Loboda, A.Sheveleva, Y.Lapusta [81], a 3wmimani mpOBIZHO-IIPOHUKHI
€JIEKTPUYHI YMOBHM Ha Oeperax TpIIIMHU pO3MNISIHYTO B crtarti Y. Lapusta,
O. Onopriienko , V. Loboda [68].

[IpobGnema qOCHiTKEHHSI CUCTEMHU HETEePIOANYHUX TPIIIMH HA MEXI1 MOJLITY
1’ €30€JIEKTPUYHUX MaTepialliB € OUIBII CKJIATHOIO 1 MEHIII BABYEHOIO, HI’K BUTMAIOK
onHi€l TpinuHU. Taki TPIIMHUA TOCTIKYBAJIM B aHTUILUIOCKOMY BUMAIKY Y. Sun
[99] miis Mozeni enekTpu4HO MpoHUKHOI Tpinuuu, F. Feng ta in. [43], S. Choi Ta
I. Chung [37], S. Choi Ta J. Shin [38] a1 eJIeKTPUYHO HEMPOHHMKHOI TPIIMHHU, a
takok B. Wang Tta Y.Sun [112] ang TpimmHN 3 OOMEXEHOIO EJIEKTPUYHOIO
npoHukHIcTIO. B po6oti Z. Zhou Ta iH. [117] Oyno po3riasHyTO JBI KOJIIHEApHi
MDK(}a3Hl TPILUHA B MArHITOENIEKTPONPYKHOMY KOMIIO3UTI TIiJ] BIJITUBOM
AHTUIUIOCKOTO HAINpPYXEHHsSI 3CYBY. AHTHUIUIOCKY TPIIIMHY B MIiBIPOCTOp1 JJs
OJTHOBUMIPHOTO IT"€30€JIEKTPUUHOI0 KBa3ikpucraia 0yso po3risayto G. Tupholme

[103], a B3aeMo/1it0 €IEKTPHUYHO MPOHUKHUX KOJIHEAPHUX MIXK(Pa3HUX TPIILIMH MK
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PI3HOPITHUMHU ~ OJHOBUMIPDHUMHU  TEKCAarOHAIBHUMH I’ €30€JIEKTPUUYHUMU
KBa3ikpucTaaMu Oyi10 AociimkeHo B HeaaBHii crarti K. Hu Ta iH. [61].

BapTto 3a3HaunTH, 110 3a3Ha4eHl BUIE pOOOTH OyJI0 MPUCBAYEHO CHCTEMaM
MDK(a3HUX TPIIIMH JIMIIE 3 OJJHAKOBUMH EINEKTPUYHUMHU YMOBAMH JJIS PI3HUX
TpimuH. OJHAK MPAKTUYHI 3aCTOCYBaHHS KOMIIO3HUTIB BUMAaraloTh pO3TIIsiAy 3a7ad
JUIS KUTBKOX KOJIHEapHUX MDK(pa3HMX TPIIIMH 13 PI3HUMU YMOBaMHU Ha Oeperax
pI3HUX TPIIIMH. 30KpeMa Taka CHTYaIlisi MOXe MaTH MicCIe JUI MEXI MOy, sKa
Ma€ OJHY TpIIIMHY, MOKPHUTY €JNEKTPOJaMH, Ta IHIIYy TPIMIMHY, BUIBHY BiJ
enekrponiB. lleil Bumagok mMOTPIOHO MOJENIOBATH OKPEMO PO3TallIOBAHUMHU
CJIEKTPOIIPOBIAHUMHU Ta EEKTPONPOHUKHUMH MDXK(DazHUMU TpiluHamMu. Bzaemomis
XK MDK(Qa3HUX TPILIUH y 1T €30€JIEKTPUUIHOMY OiMartepiai 3 pi3HUMHU €JIeKTPUYHUMU
yMOBaMHU Ha Oeperax pi3HUX TpIIIMH 1€ HE pO3IJisjaanacs B3arajii, IpUHANMHI
aHAMTHYHO. 1{e MOXKHA MOSCHUTH CKJIAIHICTIO SK MAaTeMaTHIHOI MOAEHI, IO Mae
MICLIE B JAHOMY BUNAJKY, TakK 1 ii aHam3y. AJie B JaHii poOOTI BAAIOCs MOAOTIATH
BKa3aHi TPYJHOINI, 1 B TMEPIIOMY PO3ILTlI PO3TJISHYTH B3aEMOJII0 MiK(azHUX
TPILIMH y I’ €30€JIEKTPUYHOMY OiMaTepiali 3 pI3HUMH €1eKTPUYHUMH YMOBaMU Ha
Oeperax pi3HUX TPIIIHH.

Po3po6nenutii B po3aini I matemaTtuunuii anapat y posaui Il 3acrocoBano a0
3a/layl MpO CHUCTEMY IUTaMIIIB 3 PI3HUMU YMOBAMH 1XHBOI B3a€EMOJIIi 3 MPYHKHOIO
ocHoBoO10. [[ikaBoto € Ta oOcTaBWHA, 10 Takl (PI3UYHO PI3HI 3a/1a4l OMUCYIOTHCS
Ty)Xe OJIM3BbKUMH MaTeMaTHYHUMH MOJETSAMH, 1 iX pO3B’sI3aHHS TPOBOIUTHCS
MOJIOHUMHU MK cOO0I0 MaTeMaTHYHHUMH MeTodaMu. OTKe, Taka aHaJoris Mac He
JMIlIe HAyKOBE, ajie i METO0JIOTIYHE 3HAUECHHS.

3amayaM Ipo Ail0 MITaMIiB Ha MPY>KHI TUIAa OPOTATOM OCTaHHIX JECATUIIThH
OpUIUIAIOTE 0arato yBaru y 3B’A3Ky 3 IXHBOIO MPAKTUYHOIO BaKJIMBICTIO.
Pe3ynbTaTu Takux AOCHIPKEHb HABEJEHO B Oararhbox MyOJiKalisx 1, 30Kpema, B
MoHorpadisix Ta miapyunukax K. J[xoncona [8], /. B.I'pimumbkoro [5],
B. I. Octpuka [19]. B HuX neTanpbHO PO3MIISIHYTO TUIAJKI 1 3YCIIEHI IITaMIU, a
TaKoXX OLIBII CKJIaJHI BUMAJKU KOHTAKTy IPH HASBHOCTI 0OJIacTel 3YerieHHs 1

NPOKOB3yBaHHs B o0yacTi KoHTakty [2, 17, 20, 21].
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Cnig 3a3Ha4WTH, 10 TMOOJWHOKI IITaMIIM BHUBYEHO OCHTH 100pe, ame
npobJieMa cTa€ 3HaYHO CKJIQIHIIIO0 TIPH 11 Ha TPAHMITIO IPY>KHOTO TiJIa IEKUIBKOX
MITaMIIiB, 0COOJUBO ISl BUTAKIB PI3HUX TPAHMYHUX YMOB B KOHTAaKTHHUX 30HAX
pI3HUX INTaMITB. SIKpa3 Takvil BHUMAJOK 1 PO3TJSHYTO y JaHId poOOTi, a came,
BHUBUYEHO OCOOJIMBOCTI AePOpPMYBaHHS MPYNKHOI MIBIUIOINIMHUA MiA dIi€I0 JBOX
IITAMIIIB TIPA YMOBI, III0 OJIMH 3 HUX YKOPCTKO 3YEIJICHUH 13 MiBIUIONTMHOIO, a i

I1JIOIIBOIO 1HIIIOTO IITAMITy TEPTS BIJCYTHE.
Inocki 3a0a4i 0 mpiwun y n’e€30e1eKmpuyHux mamepiaiax

[Tnocki 3amaui st MiKGa3HOT TPIIMHU B M'€30€JIEKTPUYHUX MaTepiajax
BUKJIMKAIOTh OCOOJMBY yBary JAOCHIAHUKIB Yepe3 Te, 110 Takl marepiaiu y
OPUCTPOSAX  3a3BUYail  BUKOPUCTOBYIOTBCA Yy  KOMIO3MILISX 3  IHIIMMH
II’€30aKTUBHUMH a00 I1’€30MIaCUBHUMU MaTepiajlaMy, HapHUKIad, 13 130TPOIHUMU
eJeKTpoJaMu. Bu3HauanbHy posib JUIsi BUBYEHHS MDK(a3HUX TPIMMH Yy
I’ €30€JIEKTPUYHUX MaTepiajiaXx Ta KOMIO3ULISIX [IMX MaTepiajiB 3 I’ €301IaCUBHUMU
KOMITIOHEHTaMu 3irpanu poootu b. A. Kynpsisuesa, B. 3. [laptona 1 B. I. Pakitina
[13] ta B.3.Ilaprona i b. A.KyapsBuesa [24], B skux OyJI0 pO3IJISHYTO
CJIEKTPUYHO TMPOHHUKHY TPIMIMHY MDK T'€30€JeKTPUUYHUM MaTepiajioM 1
MPOBITHUKOM, SKa HAaBaHTa)K€HA BHYTPIIIHIM THUCKOM, a TakoX pobdorta Z. SUO,
C. M. Kuo, D.M.Barnet i J.R.Willis [100], y sxiii TpimHa BBa)kajaach
EJIEKTPUYHO 130J10BaHOI0. J[JI1 TaKUX €NIEKTPUYHUX YMOB OyJIO BUSIBJICHO HOBHIA
TUIl CTETEHEBOI OCOOJMBOCTI B ii BepIIMHAX, BIAMIHHOI BiJI KOPEHEBOi 1 Bij
KOPEHEBOT 3 OCIWIISIIIETO.

Biaznayeni Buille AOCHIIKEHHS MDK(A3HUX TPIIIMH Y 1’ €30€IEKTPUYHUX
MaTepiajax MPOBOAMINCSA B paMKax KiacuyHoi moneni. KontaktHa monens amist
TPIIMHU MDK M'€30€JeKTPUYHUMM Martepiagamu Oyna 3actocoBaHa Q.-H. Qin 1
Y.-W. Mai [86] B mnpumymieHHi eJEKTpUYHOI 130JIsMii KOHTAKTHOI 30HH 1
K.P.Herrmann i V.V.Loboda [51] Tta K.P.Herrmann, V.V.Loboda i
V. B. Govorukha [57] mis enekTpruuHO MPOHUKHHUX 1 €IEKTPUYHO HETPOHUKHUX

Mojeseil TpiluH, BiAMOBiIHO. CyTTEBOrO PO3BUTKY JOCHIIKEHHS LUX MpoOiieM
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HaOyio B poborax V. Govorukha, M. Kamlah [52], K. P.Herrmann,
V. V. Loboda [58], K.P.Herrmann, V.V.Loboda, I.V.Kharun [59], B sxux
PO3TIITHYTO MOJIENh TPIITUHY 31 CKIHUCHHOIO €JICKTPUIHOIO MPOHUKHICTIO, @ TAKOXK
BpPaxOBaHO TEMIIEpaTypHUI BILUIMB Ha MapaMeTpy pyilHyBaHHSI.

[Ipu po3risal rpaHUYHUX 3334 €JIEKTPONPY>KHOCTI TSl TUT 13 TPIIIMHAMM,
Kl B HeAeQOpPMOBAHOMY CTaHI acCOIIIOIOTHCA 3 MAaTEMaTUYHHMH DPO3pi3aMu,
MPUHIIMIIOBE 3HAYCHHS Ma€ MUTAaHHA (OPMYITIOBAHHS IPAHUYHUX YMOB Ha MOBEPXHI
TpimuHA. KOpEeKTHI MOCTaHOBKHA MEXaHIYHUX Ta CIEKTPUYHUX TPAHUYHUX YMOB JIJIS
I’ €30KepaMIvHUX T 13 TpimuHamMu obroBopeHo B crartsax l. b. [lonoBunkiHOI Ta
A. ®. Ymitka [25], A. ®@. Vmitka [29], JI. I1. Binagze [1], R. M. McMeeking [72],
B. L. Wang ta Y. W. Mai [109]. B Hux 3a3Ha4eHO, [0 MEXaHIYHI TPAaHUYHI YMOBH
(bOpMyITIOIOTHCST TaK CaMo, K 1 B Teopii npyxHocTi. Dopma kK eNeKTpUuYHUX yMOB
3JICKUTH B1Jl CIOCOOY MIJIBEACHHS €JIEKTPUYHOL €HEPT1i 0 I’ €30€JIEMEHTA, a TAKOXK
B1JI CEpEJIOBHUINA, 3 SIKUM MeXye Tu10. Brepie i ymoBu O0yno chopmysibOBaHO B
pob6orax B. T. I'pinuenka, A. ®@. Yaitka ta M. O. lyneru [15], b. O. Kyapssuera
ta B. 1. PakiTtina [14], B SIKUX pO3IJISTHYTO MOJIEb €IEKTPOIPOHUKHOI TPIIIIUHU, 1110
nependayae HEMEPEepPBHICTh CTpUOKA EJIEKTPUYHOTO MOTEHIiay Ha ii Oeperax.
3rofoM, BpaxOBYIOUH, IO JAI€JIEKTPUYHA MPOHUKHICTh MOBITPA, SIKE HalyacTille
3aMOBHIOE TPIIIMHY, HA JEKUJIbKa MOPSIIKIB MEHILA, HIXK 11" €30KepaMiKi, B poOoTax
Y.E.Pak [82,83], H.Sosa [94, 95], Z.Suo, C.M.Kuo, D.M. Barnett Ta
J. R. Willis [100], S.Park Tta C.T.Sun [84, 85] Oyi0 3amporoHOBaHO MOCIb
TPIIMHU, B SKIM Opanucss yMOBH €JNEKTPUYHOI 13oydAmii Ha 11 Oeperax.
EnexTpornpoHnkHa Ta €JIeKTPOi30JIbOBaHA TPINIMHA € HAWOUIBII MOIIMPEHUM Y
JiTepaTypl BapiaHTOM €JIEKTPUYHMX I'paHUYHUX yMOB. [IpoTe 1i yMOBU MOXYTh
pO3IIIAaTUCA SK TPaHWYHI BUIAJKH Yy3arajlbHEHOTO BapiaHTa EJIEKTPUIHHX
I'PaHUYHUX YMOB JIJII YaCTKOBO CJICKTPOIPOHHMKHOI TPIIIIMHHU, B SKHX BPaxOBaHO
CJICKTPUYHY TPOHHUKHICTh CEPEOBUINA, 110 3alOBHIOE TPIIMHY. AHATITUYHE Ta
YUCJIOBE JIOCIHI/KEHHS YaCTKOBO EJIEKTPONMPOHUKHOI TPIIIMHU MPOBOJIUIOCS B
pobotax B. 3. [Taptona ta b. O. KyapsBuesa [24], T. H. Hao Ta Z. Y. Shen [55],
O. Gruebner, M. Kamlah ta D. Munz [53] Tta iH.
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Tpiwunu 6 MacHimoeneKmponpyICHUX mamepianiax

BonokaucTi Ta mapyBari KOMITO3UTH, BUT'OTOBJICHI 3
MarHiTOeJIEeKTPOIIPY>KHUX MaTepiajiB, BHUSBIISIIOTh MarHiTOCICKTPUYHUN e]eKT,
SKOTO0 HeMa€e B OJHO(MA3HUX I’ €30€TEKTPUUHUX a00 M’ €30MarHiTHUX MaTepiajax.
BoHu 3HaxonaTh Bce OUIBII MIMPOKE 3aCTOCYBAaHHA B TEXHIlI. 3 1HIIOTO OOKY,
MarHiTOEJNEKTPONPYKHI MaTepiaid AyXKe CXUJbHI J0 PyHHYBaHHS 4Yepe3 CBOIO
KPUXKICTh. Uepes pi3HI IPUYUHHU B MarHITOCTIEKTPOIPYKHUX MaTepiajiax MpUCYTHI
TpiuHU abo Jedextn, 1 OIS IXHIX BEpPIIMH BHHUKAE KOHIIEHTpAIlis
MarHiTOENEKTPONPY>KHOTO TOJIsA, M0 MOKE CIHPHYMHUTH PO3BUTOK TPIMIMH 1,
3pELITOI0, MPU3BECTU 0 PYHHYBaHHS.

JlocmipKeHHSAIM TPIIIMH Y MarHiTOENEKTPOINPYKHUX Martepianax MpUIiiIeHo
3HAYHY KUIBKICTh MmyOunmikamiid. Tak, aHami3 eINTUYHOrO0 OTBOPY ab0 TPIIIMHH B
MarHiTOCJIEKTPONPYKHOMY  TBEpJAOMY TUIl MiJ JI€0 HABaHTAKEHHA Ha
HeckiHueHHocTi Oyio mposeneno C. F. Gao, H. Kessler, H. Balke [49]. Po3B's30k
JUISL 4YaCTKOBO IMPOHUKHOI TPIIIMHU 200 JIBOX KOJIIHEAPHHUX YACTKOBO NMPOHUKHHUX
TPIIMH Yy T €30€NEeKTPUYHUX/T’ €30MArHITHUX Marepianax, M0 iJJAar0ThCs
PIBHOMIPHOMY pO3TSTyBaJIbHOMY HaBaHTAXCHHIO, OTpUMaHo B poboTti Z. G. Zhou,
P.W. Zhang, L. Z. Wu [118].

3acTocyBaHHA PI3HUX THUIIB €JIE€KTPOMArHITHUX TPAaHUYHUX YMOB Ha Oeperax
TPIIMHU JJI1  aHali3y OCOOJMBOCTEM pYyHHYBaHHS MarHiTOEIEKTPONPYKHUX
matepianiB ooropopeno B.-L. Wang, Y.-W.Mai [110]. Ilepiognuny cucremy
KOJITHEapHHUX €JIEKTPOMAarHiTONPOHUKHUX ~ TPIIMHA B HECKIHUEHHHX
MarHiTOCJICKTPONpYKHUX Tinax mociimkeno C. Fan, Y. Zhou, H. Wang, M. Zhao
[42]. Bumamok 4acTKOBO MPOHUKHUX TPIITUH JJIs Ti€T 3K 3a/1a4i OyJI0 JOCTIHKEHO
O. Viun, F. Labesse-Jied, R. Moutou-Pitti,-V. Loboda,'Y. Lapusta [105], a
JOJJaTKOBE BpaxyBaHHS EJNEKTPUYHO Ta MAarHiTHO 1HAYKOBAaHUX HaIpy>KE€Hb
MakcBesna Oyio 3aiticaero B poooti O. Viun, V. Loboda, Y. Lapusta[107]. Bruius

HelJeanbHOI TOBEPXHI TOJAUTY aHI30TPOMHHUX TEPMOMATHITOCICKTPOIPYKHUX
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OiMaTepiaibHUX TBEPAMUX TIJI HA B3AaEMOJIII0 TOHKUX AehOPMIBHUX BKIIOYCHBb
nociimkeno B podoti H. Sulym, A. Vasylyshyn, |. Pasternak [98].

TpimmH MK ABOMa PI3HUMU MAarHITOETIEKTPOIPYKHUMH MaTepiajJaMH €
OiMbII HEOe3MEeYHUMH, HIK BHYTPIIIHI TPIIIMHH, TOMY iX JOCIKEHHIO OYJIO0
OPUJIIJICHO ICTOTHY yBary. [IpoGieMy enexkTponpoHUKHOI MiK(a3zHOI TPIIIMHU B
MarHiTOCICKTPONPY)KHOMY TiUTl, HAaBAaHTAKEHOMY BiJJaJICHUMHU PIBHOMIPHUMUA
HABAHTAKCHHSAMHM, Y3arajlbHEHOIO JIHIKHOIO CHIJIOI0 Ta/abo y3arajibHEHOIO
JTiHIAHOIO JHCcioKarliero, gocimkeHo B pooori C. F. Gao, P. Tong, T.Y. Zhang
[50], a piBHOMIpHUI TerI0BUE MOTIK BpaxoBaHo B podoti C. F. Gao, N. Noda [51].
[Ipobnemy Mixk(azHOT TPIUIUHU JJIs1 PI3HOPITHUX I1°€30€JIEKTPOMATHITONPYKHUX
aHI30TPONHKX OiMaTepiaiiB MpH IIOCKiK nedopmariii JociipkeHo B podori R. Li,
G. A. Kardomateas [67] 3 ypaxyBaHHSM €JIEKTPHYHOTO Ta MArHITHOTO IOJIB
BcepeanHi Mixkda3zHoi TpiluHA. CUHTYJISIPHI XapaKTEpUCTUKH TOJIIB HANPYKEHb,
€JIEKTPUYHOIO TMEPEMIIIEHHs Ta MAarHIiTHOI IHAYKUIi TOOJM3y BEpIIMHU
HEMPOHUKHUX MDK(Aa3HUX TPIMH Yy JBOBUMIPHUX MAarHITOCIEKTPOIPY>KHUX
OimaTepiayiax JOCHIKEHO B [42] 3 BUKOPUCTAHHSIM Y3arajlbHEHOro (opmanizmy
Crpo. Y pooorti K. P. Herrmann, V. V. Loboda, T. V. Khodanen [60] mocnimkeno
MDK(}a3Hy TPIIMHY 13 30HOK KOHTAaKTy y MpaBiii BEpUIMHI TPILIMHU MK JBOMA
1’ €30€JEKTPUYHUMU/TI’ €30MArHITHUMU TBOPOCTOPaMU T €I BIIJAJIECHOTO
MEXaHIYHOTO HABAHTAXEHHS, MArHITHOTO Ta E€JIIEKTPUYHOTO MOTOKIB. PO3IrIsIHYTO
BUIMMAJIKK  CJIEKTPOMArHiTHOIPOHUKHUX  TPAaHWYHUX  yYMOB, a  TaKOXK
CJICKTPOIIPOHUKHUX Ta MArHITOHETPOHUKHUX.

MarHiToenekTpuyHO MPOHUKHY MiK(a3Hy TPIIIMHY 13 30HOI0 KOHTAKTY MIX
JIBOMa HAMIBHECKIHYEHHUMH MAarHITOEJEKTPONPYKHUMH TUIOLIMHAMU i €0
TEMJIOBOTO TIOTOKY Ta BINANEHUX MATrHITHUX EJIEKTPUYHUX Ta MEXaHIYHHX
HaBaHTaXeHb po3rIsiHyTO B podoti P. Ma, W. Feng, R. K. L. Su [73]. ¥ poboTi
P.Ma, W. J. Feng, R. K. L. Su [74] npoaHani3oBaHO MOJieJib 30HU KOHTAKTy ISl
TPIIIMHN MK JIBOMA Pi3HOPITHUMH MarHITOCIEKTPONPYKHUMHU MaTepiajaMu il
JI€I0 BIAJANICHUX MEXAaHIYHUX, €JCKTPUYHUX 1 MArHITHUX HaBaHTaXEHb Y

MPUMYIIEHHI, [0 BIJKPUTAa 4YacTHHA TPINIMHU € EJIIEKTPOHEIPOHUKHOIO Ta
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MarHiTONPOHUKHOK. MAarHiTOHENIPOHUKHY Ta €JEKTPONPOHUKHY MDK(a3Hy
TPILIMHY 13 30HOI0 KOHTAKTy B MAarHiTOCJICKTPONPYKHOMY OimaTepiaii mpu i
30CEPEHKCHUX MAarHiTOEJIeKTPOMEXaHIYHIMX HaBaHTAXEHb Ha Oeperax TpPIIIUHU
nocmimkeno B podbori W.J.Feng, P.Ma, E.N.Pan, J. X.Liu [46].
EnexkTpoHenpoHUKHY Ta MarHiTOMPOHUKHY MXK(a3Hy TPIIIUHY 13 30HOI0 KOHTAKTY
B MAarHITOEJIEKTPONPYKHUX OimaTepiajax MiJ BIUIMBOM TEIJIOBOTO MOTOKY Ta
MarHiToeJeKTpOMEXaHIYHUX HaBaHTaXKeHb JocipkeHo B poooti W. J. Feng, P. Ma,
R. K. L. Su[47],aBpo6oti P. Ma, W. J. Feng, R. K. L. Su[75] po3po6siero Moenb
30HU MepepYHHYBaHHS E€IEKTPOHETPOHUKHOI Ta MarHiTONPOHUKHOT MiX(a3zHO1
TPIIIMHU MDK JBOMa PI3HOPITHUMH MAarHiTOCIEKTPONPYKHUMHU MaTepiallaMu.
EnextponpoBigHy  MDK(a3Hy  TpIIMHY 13 ~ KOHTakTHOK  30HOK B
MarHiTOeJIeKTPOnpyKHOMY Oimartepiali gociimxeHo B poodoti P. Ma, R. K. L. Su,
W. J. Feng [76].

Monens 30HU niepepyHHyBaHHS AJI TPIIIMHA 3 0OMEKEHOIO €JIEKTPUIHOIO
Ta MAarHiTHOIO MPOHUKHOCTSMH B aJre31HHOMY TOHKOMY MpPOIIapKy MIX JIBOMAa
CJIEKTPOMATHITONIPYKHHUMH ~ IIBIIPOCTOpaMH  po3riisiHyto B podoti  O. Viun,
Y. Lapusta, V. Loboda [106]. EjxekTpuuHo Ta MarHiTHO 3apspKeHy Mik(asHy
TPIIMHY B I €30€JEKTPUYHOMY/II’€30MarHiTHOMy OiMartepiani JOCHIKEHO B
po6oti A. A. Grynevych, V. V. Loboda [54] B npumyieHHi, 0 MOBEPXHI TPIIIUHH
MOKPUTI €JIEKTPOaMHU.

B octanH1 poku HaOUTbII aKTUBHO BUBYEHO TPILMHU B M’ €30€IEKTPUUHUX
Ta I’ €30€JIEKTPOMATrHITHUX MaTepiajiax y BUNIAAKY IJIOCKOT 3a1a4l. AJie BiIOMO, 1110
eJIEKTpUUHEe a00 MarHiTHE TMoJie B JESKIM TUIONIMHI BHUKJIMKAE AHTHUILIOCKY
nedopmMmaitito g m'ezoMarepialliB 3 MEBHUMU HampsiIMKaMu ToJisipu3ariii. 3 1€l
MPUYUHA TOCIIKEHHS TaKoTO poay aedopmartiid, 30kpeMa st Tpimus tumy 111, €
O1BII BOXKJIMBUM JIJISl 3raJlaHUX MaTepialliB, HDK JJIA €JIEKTPUYHO Ta MAar”iTHO
MTaCHBHHX.

[TpobOnemy TPIIIUHA TUITY III JUISt PI3HOPITHUX
1’ €30€JIEKTPOMAr HITONPYKHUX OIMaTepialIbHUX CEPEAOBUII OYJIO JOCIIKEHO NSt

Mo/iesiell HeMPOHUKHUX 1 MPOHMKHMX TpinmH B podoti R. Li, G. A. Kardomateas
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[67] 3 ypaXyBaHHSAM €JIEKTPOMArHiTHOT'O MOJI BCEpPEAWHI TPIIIUHU. P03B’sI30K
aAHTHUILIOCKOI 33J1aul Y 3aMKHEHOMY BHTJISI/II JJISI TPIIIIMHU M1XK JIBOMa P13HOPITHUMHU
MarHiTOCJICKTPONPYKHUMH MaTepialaMu il JI€I0 MEXaHIYHUX, CJICKTPUYHHX 1
MAarHiTHHX OB OyJi0 oTpuMano B podotax B. L. Wang, Y. W. Mai [109, 111] qis
JIBOX TPAaHUYHUX BUMAJKIB €JIEKTPOI30JIbOBAHOI Ta EIEKTPOMPOHUKHOI TPIIIMH.
AHTUIUIOCKY JAe(opMallifo I’ €30MarHiTHOTO/I’ €30€JIeKTPUYHOTO KOMIIO3UTY 3
JIBOMa TPIIIMHAMU ITiJ JI€I0 MAarHiTHUX a00 €JIEKTPUYHHUX I10JIiB BUBUEHO B POOOTI
Z.G.Zhou, J.Z.Wang, L.Z.Wu [119], a 3amaqy mid Takoro KOMIIO3HTY B
IJIOCKOMY BUIIAJKy IMPU HASBHOCTI TPIIIMHHU 13 30HOIO KOHTAKTy pPO3B’SI3aHO B
po6orti K. P. Herrmann, V. V. Loboda, T. V. Khodanen [60]. ¥ toii e 4ac, aBTopiii
HE BIJOMI  pe3ynbTaTH  JOCHIJUKEHHS  B3a€MOJIi  JBOX  TPIIUH ¥y
I’ €30€JICKTPOMArHiTHOMY Martepiaial Mpu PI3HUX EJNEKTPUYHUX Ta MArHITHHUX
yMOBax Ha Oeperax pi3HUX TpilMH. SKpa3 Taky npobiaemMy 1 BUB4eHO B po3aim 11
JlaHO1 JUCePTaIlifHOI poOOTH.

[Toonunoki Mixkda3Hi TPIIMHA B  MAarHITOCJNEKTPOIPYKHUX  TijaxX
posrisaanucs B podorax O. Onopriienko, V. Loboda, A. Sheveleva, Y. Lapusta
[80], R. K. L. Su, W. J. Feng [97], B. L. Wang, Y. W. Mai [111] a1 aHTHIIIIOCKOTO
Bunaaky. [ToaioHi mpobiaeMu st BOX Mik(a3HUX TPIIIUH JOCIIIKEHO B poOdoTax
P.R. Verma [104], Z. G. Zhou, B. Wang, Y. G. Sun [117], Z. G. Zhou, J. Z. Wang,
L.Z.Wu [119], a nepioguunuii Habip MmixdazHux TpimmH tumy Il minx giero
MarHiTHOTO abo €JIEKTPUYHOTO OJIst B OaraToiapoBomMy
1’ €30MarHiTHOMY/TI’ €30€JIeKTPUYHOMY KOMITO3UTI pO3MIsiHYTO B poboti Y. Wan,
Y. Yue, Z. Zhong [108].

[IpoGnemy, 10  cTOCyeTbcsa  cUCTEM  MDK(Aa3HUX  TPIIMH Yy
MarHiTOCJICKTPONPYKHUX Marepiaiax JOTenep BHUBYCHO HEIOCTaTHBO. Jluiie
IUIOCKY 3a7ady JJs MarHiTOENEeKTPONPY>KHOTO 0araTorapoBOr0 KOMITO3UTY 3
MDK(Aa3HUMU  TpIIMHAMU TPU  MarHiTOEJIEKTPOMEXaHIYHUX HABAHTAXKEHHSX
nociikeHo B [44] st Mar"iTHO Ta €MEeKTPUYHO HETMPOHUKHOI MOJeni OeperiB
TpimmHu. KpiM Toro, cuctemMu TpillMH Ha JOYromnoAiOHIM Mexi MNoAuly B

MarHiTOCJIEKTPONPYKHOMY KOMIIO3UTI MpoaHamizoBaHo B poboti F. X. Feng,

27



K. Y. Lee, Y.D. Li[45] nna anTumuiockoi aedopmariii. OTke, po3riasHyTa B JTaHiid
poboti mpobieMa JOBUIBHOI  KIIBKOCTI SIK  €JIGKTPONPOHUKHUX, TaK 1
CJICKTPOTIPOBIAHUX KOJIIHEAPHUX MDK(A3HUX TPIMUH JTOBUIBHOT JTOBXKHHHU Ta
pO3TalllyBaHHSI B MAarHITOEJICKTPOIPYKHOMY OiMatepiayii A0 IIbOTO Yacy He Oyna
JOCTIIKEHa.

OTxe, 13 HaBEIEGHOTO OIJSAAY BHUTIKA€E, IIO0 Hapasi BIJICYTHI pe3yJbTaTH
JOCITIKEHB 11’ €30aKTUBHUX KOMITO3HTIB 3 KOJIHEApHUMH Mi>K(pa3HUMHU TPIITHHAMHU
OpU PI3HUX EJNeKTPUYHUX yMOBax Ha Oeperax pi3Hux TtpimmH. Kpim Toro,
HEJOCTaTHbO JOCIHIIPKEHUMHU 3aJIUIIAI0ThCSl MPOOJEeMU BU3HAYCHHS HapaMeTpiB
pYHHYBaHHS I1'€30€JEKTPUYHUX Ta I1'€30€JIEKTPOMArHITHUX OlMaTepiaJbHUX
3’€JlHaHb TIPU HASBHOCTI HAa MeEXax MOJLIY PI3HOPIAHUX KOMIIOHEHT CHCTEM
TpPIILIMH, 110 MalOTh PI3HY JOBXKWHY Ta JOBUIbHE PO3TaulyBaHHA. JlOCHIIKEHHIO
came IUX aKTyaJIbHUX IPOOJIEM 1 PUCBSYEHO JAaHy POOOTY.

Mera i 3aBaaHHsl AOCJHI:KeHHA. Memoro 1aHoOi poOOTH € PO3BUTOK
aHAJIITUYHUX METOJIB PO3B’S3aHHSA IUIOCKUX Ta AaHTUIUIOCKMX 3aj1ad  JUIsd
I’ €30aKTUBHUX OIMaTEplaJIbHUX TUT 3 KOJIIHEAPHUMHU MIXK(Da3HUMU TPIILIMHAMHU [TPU
PI3HHMX EJIEKTPUYHUX Ta MAarHiTHUX YMOBax Ha iXHIX Oeperax, a TakoXX aHai3
€JIEKTPOMArHiTOMEXaHIYHOTO CTaHy I’ €30€JIEKTPOMArHiTHUX OiMaTepiaabHUX TLI 3
JOBUIBHUMHU CUCTEMaMU TPIIIMH Ha MEKax MOJLITY PI3HOPIAHUX KOMIIOHEHT.

JIOCSITHEHHSI TOCTaBJIEHOT METH MOTPEOY€e BUPIIIICHHS TAKUX 3A60AHb.

- OTpUMaTH aHAJITUYHI TPEACTABICHHS MEXaHIYHUX, EJIEKTPUYHUX Ta
Mar”HiTHUX  KOMIIOHEHT 4epe3 KyCKOBO-aHAMITHYHI  (QYHKIT  JJIs
I’ €30aKTUBHUX MaTepiajiB y MIIOCKOMY Ta aHTUIIOCKOMY BHUIIAKaX;

- cdopmylifoBaTH 3a JOMOMOIOI IMX TMPEeACTaBlIe€Hb 3ajladul JIHIHHOTO
cCHpspKEHHS 1 moOyayBaTH 1XHI aHAJITHYHI PO3B’SI3KH JJI1 KOHKPETHUX THUIIIB
HABAaHTA)KEHb, HAOOPIB TPILIMH Ta YMOB Ha IXHIX Oeperax;

- BHU3HAYUTH aHAJTITUYHO MEXaHI4YHI HANPY>KEHHS Ha MEXI1 NOJALTYy MarepiaiiB
mo3a TpINIMHAMH, a TaKOX CTPUOKH TEPEeMIllIeHb, EJIEKTPUIHOTO Ta

MarHiTHOTO TIOTEHIliaIiB B 00JaCTI TPILIUH;
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- OTpUMATH aHATITU4YHI (POpMyaM Uil BU3HAYEHHS IIBUIKOCTI 3BUIBHEHHS
eHeprii mpu PO3BHUTKY TPIIMIMH Ta IPOAHATIZYBATH 3aJCKHOCTI IHMX
nmapaMeTpiB BiJ] 30BHINTHROTO HABAaHTAXCHHS, JOBXKWH TPIIUH, iXHHOTO
pO3TallyBaHHs Ta XapaKTePUCTUK MaTepiaiB.

O6’ckm  Oocnidocennss — mpouecu nehopMyBaHHS Ta pyHHYBaHHSA
I’ €30€TIEKTPUYHUX Ta I €30€JIEKTPOMATHITHUX OiMarepialbHUX 3’€qHaHb 13
CHUCTEMaMH TPIIIMH Ha MEXKax MOJUTY PI3HOPITHUX KOMITOHEHT.

Ilpeomem oOocnioxcennss — KPUTHYHI TapaMeTpu g CUCTEM MiK(a3zHUX
TPIIMH y I1’€30aKTUBHUX KOMIIO3MTaxX IpPH PI3HUX EJIEKTPUYHUX Ta MarHITHUX
yMOBax Ha Oeperax TpilllvH.

Memoou odocnioxcenns. [{ns moOyAOBH 1 aHANI3y MAaTEMAaTHYHUX MOJEIEH
OimMaTepiaJiIbHUX TUI 3 KOJIHEAPHUMH MDK()A3HUMU TPIIIMHAMUA BUKOPUCTAHO
aHAJITUYHI METOJUKH JIHIAHOI TeOopil MPY>KHOCTI, MEXaHIKU PYWHYBAaHHS, TEOpIi
(GyHKILI KOMIUIEKCHOI 3MIHHO1, 30KpeMa, 3aJauil JIIHIMHOTO CIIPSKEHHS.

HaykoBa HOBHM3HA O/1epsKaHUX Pe3yJIbTATIB [10JIATa€ B TAKOMY:

1. Bnepuie 3amponoOHOBAHO Ta pPEali30BaHO METOAUKY JOCHIIKEHHS JIBOX
KOJIIHEAPHUX TPIMIMHA MK JIBOMa I’ €30€JIEKTPUYHUMHU MaTepiajlaMH T
J€10 aHTUTUIOCKOTO MEXaHIYHOTO HaBaHTAXKEHHS Ta TUIOCKOTO €JIEKTPUYHOTO
noJis MPU YMOBI, LI0 OAHA 3 TPILIMH € EJIEKTPONPOBIIHOW, a iHIIA
enexkTponpoHukHow. IllmsxoMm 3BeaeHHS TpoOJIeMH 10 KOMOIHOBaHOI
KpaioBoi 3agaui ipuxne-PiMana Ta ii po3B’A3aHHS OTPUMAHO AHATITUYHI
BUpa3Hu I €JICKTPOMEXaHIYHUX (DAKTOpIB HA MEXI MOJAUTY Marepiais,
30KpeMa, IBUKOCTI 3BUIbHEHHS €HEPrTii.

2. Ynepie po3B’s3aHO AHTHIUIOCKY 3aJady Ui I €30€IeKTPOMAarHiTHOTO
OimaTepialy 3 JBOMA TPIIIMHAMU Ha MEX1 MOAUTY Pi3HOPITHUX KOMIOHECHT
IPU PI3HUX EJIEKTPUYHHUX Ta MAarHITHUX YMOBax Ha Oeperax pi3HUX TPILIUH.
OTprMaHO aHANITHYHI BUPa3U JIs1 HAPYKEHb, €IEKTPUYHOTO Ta MarHiTHOTO
MOJIIB HA MEXI1 MOy MaTepiaiiB IM03a TPIMIMHAMH, a TaKOX PO3KPUTTS
TPIIMH Ta CTPUOKHU E€JIEKTPUYHOIO 1 MAarHiTHOIO 3MIIlI€Hb MPHU MEpPeXol

4yepe3 TPIlIKHHY.
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3. Cdhopmynb0BaHO Ta pO3B’s13aHO HOBY IUIOCKY 3aJavy JJis JJOBUIBHOI CUCTEMU
KOJIIHEAPHUX €JICKTPO- Ta MATHITONMPOHUKHUX TPIIIMH MIX JIBOMa
1’ €30€JICKTPOMArHITHUMU MaTepiaJlaMH TiJ] €0 3MIMIaHOTO MEXaHIYHOTO
HaBaHTaX€HHs. JIJs MOBUIBHOI KIJIBKOCTI TPIIIMH PI3HOI JOBXKHUHHM Ta
pO3TallyBaHHS BU3HAYECHO MEXaHIYHI, €JICKTPUYHI Ta MarHiTHI KOMIIOHEHTH
B3JI0BXK MEXI1 MOJILTY MaTepiaiiB, a TAKOXK IIBUAKICTh 3BUIBHEHHS €HEprii i
BCI1X BEPIIMH TPIIIHH.

4. Po3po0ieHO Ta peani3oBaHO HOBUHM aHAMITHYHUNA MAXIZ A0 JOCIHIKECHHS
CKIHUEHHOT MHOXXHHHM TPIIIMH HA MEXI1 MOJUTY I €30€JIEKTPOMArHITHUX
MaTtepiaiiB MpU YMOBI, IO OEperd TPIIIUH MOKPUTI MEXAHIYHO M’ SIKHUMHU
€JIEKTPOJAMU 13 3a/laHUM EJICKTPUYHUM 3apsiioM 1 HYJIbOBOIO MarHiTHOIO
iHaykiieto. [IpoananizoBaHO BIUIMB JIOBKMH Ta B3a€EMHOIO PO3TAIlyBaHHS
TPIIMH, a TAKOX MEXAaHIYHMUX, EJIEKTPUYHUX Ta MAarHiTHHUX IIOJIIB Ha
rI100aNbHI Ta JJOKaJIbHI TapaMEeTPU PYWHYBAHHS OKPEMHX TPILLIKH.
ObrpynmosaHicmo i 00cmogipHicms OJIEPKAHUX PE3yJIbTATIB 3a0€31MeUyEThCS

KOPEKTHUM 3aCTOCYBAaHHSAM MAaTEMaTHYHOTO arapaTy W ampoOOBaHUX pIBHIHBb
JHIAHUX TEOpIA MPYKHOCTI, E€JIEKTPONPY>KHOCTI, MAarHITOCIEKTPOIPY>KHOCTI 1
TOYHHMX METOJIIB TE€Opii (PYHKI[IH KOMIUIEKCHOI 3MIHHOI; 31CTaBJICHHSIM OTPUMaHHUX
pEe3yJbTATIB Y YaCTKOBUX 1 FPAaHUYHUX BHUIAJKaX 13 BXKE BIJIOMUMH PO3B’sI3KaMU
IHITUX aBTOPIB; BIAMOBIIHICTIO Pe3yJbTATIB PO3B’A3aHHS HOBHUX 3a1au (i3UUHIM
CYTi IOCHIDKyBaHUX SIBUTIL.

IIpakTuyHe 3HAYEHHSI OJEP:KAHUX Pe3yJbTATIB TOJSATAaE B MOMXJIMBOCTI
iXHBOTO BUKOPHUCTAHHS JUIS JOCTIIHKCHHS MEXaHIYHMX, €JICKTPUYHUX 1 MarHiTHUX
MOJIIB y I’ €30aKTUBHUX OiMaTepianax 13 MOUIKOIKEHHIMU TUITY MI>K(A3HUX TPIILIKH,
a caMi O6imMaTepiaiiv BHACTIIOK YHCICHHUX KOPUCHUX BIACTUBOCTEH MArOTh 3HAYHI
NEPCHEKTUBH 3aCTOCYBAHHS Y PI3HUX Tay3dX MIKPOEJIEKTPOHIKH, pOOOTOTEXHIKH,
010TEeXHOJIOT1H, eHepreTUuky ToIno. CHiBBIAHOIICHHS JJIsl BU3HAYCHHS MTapaMeTpiB
pYWHYBaHHSI, III0 OTPUMAaH1 y BUTJISIII aHATITUYHUX (HOPMYJI, TO3BOJISIOTH OIIHUTH
BIIMB 30BHIIIHIX (PAKTOPIB HAa MOXJIMBICTH PO3BUTKY TMOIIKOJKEHb Ta BKa3aTh

MUISIXY TABUIIEHHS TPIIMHOCTINKOCTI KOMIO3UTHUX KOHCTPYKITIH, BUTOTOBIIEHUX
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3 I1’€30€JICKTPUYHUX Ta I’ €30€JEKTPOMArHiTHUX MatepianiB. TouHi aHaTITHYHI
PO3B’SI3KH, OTpUMaHI B POOOTI, MOXYTh CIYXUTH €TaJOHHUMU MPU PO3poOIl U
anpoOarlii YUCeNbHUX METOJIB PO3B’SI3aHHS 3aJad YKa3aHOro Kiacy MAisl Tid
KIHI[EBHX PO3MIpIB.
Ily6nikauii Ta ocoducTmii BHecok 3700yBaya. 3a TEMOIO AucepTalii
oryOikoBaHo 5 crateil. Tpu 3 HUX OMyOJIIKOBaHI y BHAAHHSX, IO BXOJIATH O
HaykoMeTpu4HOi 6a3u Scopus [36, 71, 90]. Tpu crarTi — y BUIAHHSIX, 10 BXOSTH 110
nepeiKy HayKoBUX (paxoBux BHIaHb Ykpainu kateropii b [36, 32, 34]. OcHoBHI
pe3yspTaTé AMCEpTaLli OTPUMAHO aBTOPOM CaMOCTIHHO. BHU3HaueHHs 3arajbHOrO
IUIaHy JIOCIIPKEHb HAJICKUTh HayKoBoMY KepiBHUKY T. B. Xonanen. ¥V mpausix, mo
OITyOJIIKOBaHI y CIIBaBTOPCTBI, OCOOMCTUI BHECOK 3/100yBaya IMOJSTae y TaKOMY:
[32,34,36] — moOymoBa aHAMITUYHMX PO3B’SI3KIB, iXHS YHCEIbHA peaisallis,
UTIOCTpAllisl OJIep KaHUX PEe3yIbTaTiB; [71] — po3B’ 30K 3a7a4i JIHIHHOTO COPSKEHHS,
3HAaXOJKEHHs 1HBAPIAaHTHOIO 1HTErpally, YhCelbHa peai3alis pe3ynbTaTi; [90] —
pPO3B’SI30K 3a/ay JIHIMHOTO CIHpPsHKEHHS, YHCENIbHA peai3allisi pe3yJbTariB,
MOPIBHSIHHSI PE3YJIbTATIB PO3PAXYHKIB JIJIs1 YaCTKOBOTO BUNIA/IKY 3 BIJIOMUMU.
Anpobaunia pe3yabTaTiB aucepranii. OCHOBHI TOJIOKEHHS Ta PE3yIbTaTH
JUCepTalliiiHOl poOOTH JOMOBIJANKMCS W OOrOBOPIOBAJIMCS Ha IMIJICYMKOBHX
HAyKOBUX KOH(epeHwisx J[HIMpOBCHKOrO HAIIOHAIBHOTO YHIBEPCUTETY IMEHI
Onecs Tonuapa mnporsirom 2021-2024 pokiB, a TakoX Ha MIDKHAPOJIHUX
KOH(epeHLsx:
1. MixunapoaHa HayKoBa KoH(pepeHIis «MareMaTuyHi MpoOJeMu TEXHIYHOT
MexaHikm», 13-16 kBitas 2021 p., dnrinpo, Kam’sHCBKE.

2. XX MDKHapoJlHa HayKOBO-IpaKTHUYHA KOH(epeHiis «MaremMaTtnyHe Ta
mporpamMHe 3a0e3MeUYeHHs THTENCKTyalIbHUX CUCTeM», 23-25 nucTomnasna
2022 p. duimnpo : JJHinpoBChKH HalllOHATBLHUN yHIBEpCUTET iMeH1 Onecs
['onuapa.

3. Mixnapoana HaykoBa koHdpepeHilis «CydacHi mpodieMu MexaHiKmy, 28-
29 ceprus 2023 p., KuiB : KuiBcbkuil HallloHaIbHUI YHIBEPCUTET 1MEH1

Tapaca llleBueHka.
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4, XXI MbKHapojHa HayKOBO-TIpaKTH4YHa KOH(pepeHiis «MaremaTuyHe Ta
nporpamMHe 3a0e3MedYeHHs] THTENEKTYyallbHUX CHCTeM», 22-24 nucTomnajna
2023 p., Aninpo : JIHINpoBChKUHN HalllOHAIBHUN YHIBEpCHUTET iMeHi Onecs
['oHuapa.
3B'30k po0OTH 3 HAYKOBMMM NporpaMaMu, IUIAaHAMH, TeMaMHM.
JuceprariitHa po60Ta BUKOHYBAJIACh Y BIIMOBITHOCTI 3 1HIUBITyaIbHIUM TUTAHOM
HIATOTOBKKM acmipanTta Kadeapu TEOPEeTUYHOI Ta KOMII IOTEPHOI MEXaHIKH
JIHIIpOBCHKOTO HALIOHATBHOTO YHIBepcuTeTy iMeHi Onecst ['onuapa. Jocnimkenns
3a TEMOIO JUcepTallii 3A1MCHIOBAIMCA TaKOX B HAYKOBO-IIOCIHIJHIN J1abopatopii
MEXaHIKM pyWHYBaHHS Ta IUIaCTUYHOrO JedopMmyBaHHS MaTepiamiB Kadenpu
TEOPETUYHOI Ta KOMIT IOTEPHOT MEXaHIKM MEXaHIKO-MaTeMaTHYHOrO (haKyIbTETy
JIHITIPOBCHKOTO HalllOHAJIBHOTO YHiBepcuTeTy iMmeHi Ounecs ['oHuapa B pamkax
nepxoOromkeTHoi Temu 1-655-21 «Mopgemi Ta MeToAM BH3HAYEHHS IMapameTpiB
pYWHYBaHHS I1’€30aKTUBHUX Ta I’ €30MaCUBHUX KOMIIO3UTIB 3 Je(peKkTaMu Ha MEexi
MoJUTy MarepiaiiBy, HoMmep JnepxkaBHOi peectpamii Ne 0121U109767, 2021-
2023 pp.
Ctpykrypa Ta o0csr aucepraiii. PoOoTa MiCTUTB BCTYTI, OTJISIT JIITEPATyPH,
5 po3duliB, BUCHOBKM Ta CIMCOK BHUKOPUCTAHMX JDKEpEd, IO MICTUTh
119 naitmenyBanp Ha 13 cropinkax. 3aranpHuil 06csar nuceprailii — 136 cTopiHOK,
o0car OCHOBHOTO TeKcTy — 122 cropinku. Pobora mictuth 26 pHUCYHKIB Ta

11 TaOnune.
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PO3A1J 1. B3AEMOJIA EJIEKTPOITPOBIJHUX TA
EJEKTPOITPOHUKHUX KOJIHEAPHUX TPIIINH HA MEXI
HOALTY IPE3OEJNEKTPUYHUX MATEPIAJIIB

1.1 IlocTtanoBka 3agaui

Posrnsnemo nBi TpimmHH C<X <a Ta b<x <d y3moBx Mexi moauty
X, =0 ABOX M'€30€JIEKTPUYHUX HaMiBHECKIHUEHHHUX IPOCTOPIB 3 MOJSAPU3ALIEI0 Y
HampsIMKy X, . Ha HeckiH4eHHOCTI NPHUKIAAEHO PIBHOMIPHO pPO3HOJLICHE
AHTUILIOCKE MEXaHIYHE HaBaHTa)XEHHs O,, Ta eJleKTpuuHe mnone E;” B miomuHi
(X, X,), AIKi HE 3a1eXaTh BiJf KOOpAUHATH X, (puc. 1.1). [Ipumyckaemo, 1o TpimuHa

x, €[c,a] € enexrpomnposinHoo, a Tpimuna X, €[b,d ] € enexrponpoHuKHOLO.

GOO
® ©® ©® 0”0 0 O O
—> I__________________________________'i —Pl
Cl) el o) erepo  enexpo
i OHHUKHA
— | XZT tHpOBle[Ha ,  IPOHHKH3, i —
|
— e )
— | c a b d X, ——»
|
2 2 2)!
el G
E’

Puc. 1.1. Tpimuan c< X, <a 1a b<x <d y3moBx mMexi moxiny X, =0

JIBOX IT'€30€TIEKTPUIHUX MaTepiajiB

[Ipunyckatoun BIICYTHICTh HANpyXKeHb HAa TOBEPXHSX TPIMIUH 1 YMOBHU
HEMEepEepBHOCTI Ha 1HIIINA YaCTUHI MEXI MOy OiMarepiaily, TpaHUYHI YMOBHU Ha

DI3HHX JACTHHAX MEXi TIOTLTY MOXHA 3AIHCATH Y BULISIILL:
o5 (%,0)= 010 (%,0)=0, EY(x,0)=E”(x,0)=0 mz x, €[c,a], (1.1)
o5 (%,0) =03 (%,0)=0, (D,(x,0))=0, (E,(%,0))=0 ana x, €[b,d],(1.2)
<623(X110)>:0’ <D2(X110)>:O’
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(u3(x,0)) =0, (E,(%,0))=0 mx x, ¢ {[c,a]U[b,d]}, (1.3)

ne ag_? ), U, € KOMIOHEHTaMH TE€H30pa HAIpY’KEHb 1 BEKTOpa IEPEMILICHB; D;m),

El(m) € CKJIAJIOBUMH €JICKTPHYHOI IHIYKI[iT Ta €CKTPHYHOTO TOJISI.

[Tpumyckaemo, mo c<a<b<d, a <f> o3Havae cTpuOok ¢yHkIii f depes
iHTepdeiic (Mexy MmoaiTy MaTepialliB); BepXHii iHaekc (1) BiANOBIa€ BEPXHBOMY
MaTepiany, a BEpXHii iHIEKC (2) — HIKHBOMY MaTepiany.

S0 mpuKIIageHe aHTUIUIOCKE MEXaHIYHE Ta TUIOCKE €JIEKTPUYHE IOJIE, TO

CIIpaBEeJIJIMB1 TaKi CITIBBIIHOIIICHHS:

u™ =ul™ =0, ul™ =u{™ (X%, ), o™ = o™ (%, %)
13 BI/IKOpI/ICTaHHHM I[BOiHI[eKCHHX IIO3HAYCHDb JJI HPY)KHHX,

II'€30€JIEKTPUYHUX CTAJIMX Ta [JICJEKTPUYHUX MPOHUKHOCTEM BHU3HAYalbH1

CHiBBiI[HOIHCHHH MJI1 BCPXHBOI'O Ta HUKHBOT'O MaTepiaﬂiB MOJKHA IMPCACTAaBUTU Y

BUTJISIL:
afglm) :R(m) ugn:) ’
D" o
cm  a(m
pe i=12, m=12 , R™=\ O Y1 el e e npywunm i
e15 —0y

'€30€JeKTPUYHUMH CTATUMHU, 1 al(in ) e JEJIEeKTPUIHUMH MPOHUKHOCTAMH [24].

Jns po3B’sizaHHs c(HOPMYJILOBAHOI 3aJladl CKOPUCTAEMOCH HACTYMHUMU

MPEICTABICHHSIMH €JICKTPOMEXaHIYHUX BEJIUYUH 4Yepe3 (yHKIIIO Fl(z), jqKa €

aHAJITUYHOIO B KOXKHIN MiBIUIOMMHI [79]:
o5 (%,0)—imEY (x,0) = tl[ ( )+ nF (xl)] (1.4)
(D2 (%, 0))+is, (U5 (%, 0)) = F" (%) = i (%), (L5)

. +
e m =— |- , S =—M, t=5,-MmsS,,, % =(S, +Ms,)/t; F*(X) o3nauae

rpannuHe 3HaveHHs QyHkuii F(z) nopum x, >0 3Bepxy abo 3HM3y oci X ,
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BIJTOBIIHO; WITPUX y (opMmyil (1.5) o3Hauae qudepeHiiroBaHHs 3a X, ; BEIUYUHU

Sy (k,1=1,2) — nificHi KoedimieHTH MaTPHILi

S = |:i311 '312 :|’ (1.6)

S21 ISZZ

SIK1 MO’KHA BU3HAYUTH (POPMYIIOIO
SN b
S :[Aa)(B(l)) _A(Z)(B(z>) } | (1.7)

Jac

AlM _ 1 0 ’ B(M — Ql(in) Ql(én) ’ Q(m) —irR™
Q' Qg 0 1

Bapro 3a3nauntu, 1mo npu hopmystoBanHi piBHHb (1.4), (1.5) 3abe3neyeHo

BUKOHAHHS CITIBBIIHOIIICHHS

P®(x,0)=P"(x,0), (1.8)

ne P = [ ) El(m)]T .

1.2 3agayva JIiHIHOTO CIIPSIZKEHHS

Bukonanus rpannyaux ymoB (1.3) 3 Bukopuctanssm (1.5) 1 (1.8) 3abe3neuye

agamiTHaHICTh GyHKIIT F (Z) B310BX MeX1 moauUly MaTepialiB I103a TPIIIHHAMU.
y 1

BpaxyBanns rpannunux ymoB (1.1)1(1.2) 3a nonomoroto npeactasiens (1.4)1(1.5)

MIPU3BOJIUTH 10 TAKUX PIBHSHB:

F(x)+7nR (x)=0 msc<x <a, (1.9)
ReF"(x)=0 mm b<x <d. (1.10)
BBonsiun nam 3aminy
F(z)=i®,(z), (1.11)
cuctemy (1.9), (1.10) moxHa nepenucaT y BUTIISAIL:
D, (%) +7,P; (x)=0 a1 c<x <a, (1.12)
Im®; (%, )=0 w1 b<x <d. (1.13)
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BpaxoByroun Te, 110 QyHKIIIS CDl(Z) € aHAJIITUYHOIO 32 MEXaMH BiIPi3KiB
[c,a] Ta [b,d], i BuKOpHCTOBYIOUM 3anaHi 3HAYCHHS HANpPYKCHB i CICKTPHIHHX

M0JIIB HA HECKIHYEHHOCTI, oTpuMyemo 3 (1.4), (1.5) HactynHy yMOBY A QyHKIIi1

@, (z) Ha HeCKIHYCHHOCTI:

®,(z),  =E —ig,, (1.14)
e
= mlEloO ~ 0;5
E]_:— ; ) 023=T, I’1=t1(1+7/1) (115)
1 1

Piusiaas (1.12) 1 (1.13) aBasitorh co000 KOMOIHOBaHY KpailoBY 3ajady
Hipixne-Pimana. Taka 3agada Oyna po3B'sa3aHa IpH aHali31 >KOPCTKOTO IITamIa B
po6oti [77]. Iyt BUMaaAKy B3aeMOJIi TPIIIMHUA Ta €JIEKTPOJa PO3B’ 30K MO110HOI
3a/1a4i HaBeIeHO B po0OoTi [88]. 3 BUKOPUCTaHHSAM IIHOTO PO3B’S3KY IS 33]1adi, 110

PO3IIISAIAETHCS, MOKHA 3aIIUCATH:

®,(z)=P(2)X,(2)+Q(z)X,(2). (1.16)

Homauus mus Qynxuiit P(z),Q(z), X,(z) ta X,(z) y dopmyn (1.16)
MOKHA TIPE/ICTABHTH Y BHTJIAI:

P(z)=Cz*+C,z+C,, Q(z)=D;z+D,,

X, ()= ¢ TRNGE - (117)

Jc

N2zl z—c(d-a)(z-b)+(b-a)(z-d) | 1 i
e b =

HosuieHl koegiuientn C, , C, , C,, D, D, y dopmynax (1.17)
BU3HAYaTUMEMO 3 YMOB Ha HeckiHueHHocTi (1.14), yMOB OJHO3HAYHOCTI
nepeMiIeHb JIJIs 000X TPIMUH 1 Teopemu ['ayca i eneKTpONpOBiAHOT TPIIMHA. A
came, BpaxOBYIOUYM MOBEAIHKY QyHKil D, ( Z) Ha HECKIHUYECHHOCTI:
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o) 0+ S+ & |11 20020
VA Z Z

Lol (Dl +&J{l+ 1(i,b’1 +ﬂﬂ +O(i2j,
z 4 2 z

BUMAraroun piBHOCTI KoedimienTis mepen z° i 27 y mpoMy Bupasi KoedilieHTaM y
npasiii vactuni (1.14) 1 Hy:110, BIANOBIAHO, OTPUMAEMO CUCTEMY JIBOX KOMIIEKCHUX

JTHIAHUX anreOpaiyHuX piBHSIHB, SKa Ja€ TAKUH PO3B’A30K:
C,=-6,c0s 3, —E sinf,, D, =E, cosf, —&,sing,, (1.19)

a+b+c+d a+c
Cz :_le_ﬂlDl’ Dz :ﬂlcl_Dl—'

BianosinHo 10 [58] otpumani popMyin 3a0€31€4y0Th BAKOHAHHS PIBHAHHS

(1.20)

(1.14) 1 Takoro PiBHSAHHS:

a

[[R (%) =R (%) i +}[Ff(x1)— F (%) Jdx, =0. (1.21)

C

J171s1 TOBHOT'O BUKOHAHHS BCIX HEOOX1JHMX YMOB MOTPIOHO TaKOXK BUMaraTu:

d

J[Fl+(xi)_F1_(X1)]dX1:0- (1.22)

b

BukopucroByroun npeacrasinenss st X, (z) ta X, (z) na npomikky [b,d],

piBHsHHS (1.22) MOKHA 3amMcaTH Y BUTIISIL:

ﬂ(cle +C,Xx +C3)Ch|:2Z0(X1):| n (D + DZ)Sh[ZZO(Xi)]
b M, (%) ()

]olx1 -0, (1.23)

Jc

Jo-o)d-x) . b3l >J
J(d=c)(x-b) J(d-a)(x -b)
[3 monepeIHbOro PiBHAHHS OTPUMAEMO:

C,=—(CH,+C,H,+ DL, + DZLO)/ H,,

;(O(xl)zg[arctg

JAc
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d x1 ch[Z;(O X,) |dx, _
R N )(xl—bxd—xl)’k e
Lo (X Sh[z%(xl ]dxl, m=0,1. (1.24)

" (%)

1.3 BuzHa4yeHHsl €JIEKTPOMEXAHIYHUX BEJHYMH HA PIiZHMX YACTHHAX MeEXKi

NoAiy MarTepiaiiB

Mixcrasmsioun orpumanmii poss’szox (1.16) y dopmymn (1.11), (1.4) Ta
BpaxoByioun, mo ®; (x)=®; (x)=®,(x) amx x ¢{[c,a]u[b,d]}, npuxommo
710 IIPE/ICTABICHHS:

ot (%,0)—imEY (x,0)=it, (1+ )@, (x) a1 x, #{[c.a]u[b,d]}. (1.25)

Busnasatoun zani ®,(x) 14 pisHux wacth inTepdeiicy mosa Mesxam

TpiH_II/IH, OTpUMaAEMO Takl MNpCACTABJICHHA AJIA HAIIPYKCHHA Ta CIICKTPUYHOIO ITOJIA:

o) (x,0)—imE® (x,0) = (1+y1)e”<xl>(—‘P(X1)+

(%)
+s.gn£xl—czdjin(‘z§2))j s x> d Ux, <c, (1.25)
053 (%,0) —imEL (x,0) = (1+ 5, )e" ™) x
P(x) iQ(x)

ne I, (x,) ta IT,(X, ) BusHagarorsest popmymnamu (1.18),

. xi-c«d—a)(b—w«b—a)(d—n)]_
uis) =21 [ =2 J(d-c)(b-x)+(b-c)(d-x)

PosrnsHemMo nani MOBEAIHKY €JIEeKTPOMEXaHIYHMX BEJIUYUMH B 00JACTAX

tpimwmH. [lincraBnsroun npenacrasneHus (1.11) y (1.5), orpumyemo:
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(D, (%,,0)) +is, (uy (x,,0)) =i(@; (%)~ ®; (%)) mna x, &{[c,a]ub,d]} (1.27)

BuxopuctoBytoun nani po3s’si3ok (1.16) ans enexTponpoBigHOI TPIIIKHH,

oTpuMyemo popmyiy:

(D, (%,0) +is,(u: (x,0) = 2ae” ) x

X —i-P(Xl) + Q(Xl) s %, <[c.al. |
[Wrcﬂa-xl)(b—xl)(d—xl) «xl—c)(a—xi)} el 0

e

] e J(b—a)(d%)],
X (Xl) 2l [ \/d_c)(b_xl)+\/(b—0)(d—xl)

Bepyuw 110 yBaru gami Te, 1o <D2 (%, 0)> =0 st x, €[b,d], bopmymna (1.27)

JJIs ObOT'O HpOMi)KKy Ha6YBa€ TAaKOI'O BUTTLAOY:

U 1 P(Xl)(ezlo(m) +e‘29m(x1)) ) (e Zlo(xl)_e—Zﬂm(xl))
< 3(X1’O)>_ Sl{\/(xl_c)(xl_a)(xl_b)(d _X1) Q(Xl) \/(Xl—C)(Xl_a)

Ctpubok nepemilieHHs MOKHA 3HAUTH 3a TaKOI (OPMYJIOIO:

] (1.29)

X

<U3(X1’O)>:J.<U3' (t,0)>dt s X €[c,a| (1.30)

c
i 3a aHanOri4HO opmyroro 1st X, € [b,d].
[ToBemiHka €MEKTPUYHOTO TIOJS B3AOBXK EJICKTPOTPOHUKHOI TPIIIHHH
BuruinBae 3 ¢opmyn (1.4), (1.11), (1.16) 1 mMoxe OyTH mpoaHaniz0oBaHa 3a

JIOTIOMOTO0 (hOPMYJIH:

® 4 P(Xl)(eZIO(Xl) e _ZZO(XI)) +
B (%.0) ml{\/(xl_c)(xl_a)(&—b)(d—&)

Q(x,) (7 + ™))
Jx—c)(x -a)

+

] st X €[b,d]. (1.31)
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1.4 KoeginieHTH iHTEHCMBHOCTI HANIPy’KeHb Ta IIBUIKOCTI 3BiJIbHEHHS eHepril

Ananmiz dopmyn (1.25) 1 (1.26) mokasye, 0 OTPUMaHHI PO3B’S30K Mae
OCIWIAIINHY KOPEHEBY OCOOJIMBICTD y BEPIIMHAX MPOBIIHOI TPIIIMHU Ta 3BUYANHY
KOPEHEBY OCOOJIMBICTD Y BEPIIIMHAX TPOHUKHOT TPILIUHU. 3217151 YITKOCTI OITUCY LIi€l
0COOJMBOCTI PO3MVITHEMO TIOBEIIHKY E€ICKTPOMEXaHIYHUX BEIUYHH y BEpIIMHAX
TPIIIKH.

Bpaxosyroun gopmyiy (1.26), orpumyemo g X, - ¢ —0:

t1(1+}/1) ie
=——(C— ®.(c,a,b,d,e), (1.32
oo~ oy (%) O(eabde) (132

o£) (%,0)~imEY (x,0)

IS
g \/(da)(bc)+\/(ba)(dc)}2igx
©c(c.ab.d.2) [ 2\/(d—c)(b—c)(a—c)
{ P() _iQ(c) ]
\/(a—c)(b—c)(d—c) \/(a—c)
Amnanizyroun popmyiny (1.26) nna x, - a+0, maemo:
{ag)(xl,o)— imlEl(l)(xl,O)} . :%(x1 —a)_i'g ©,(c.a,b,d, &), (1.33)
IS

2J([d—a)(b-a)(ac) ]Z”X
(d-c)(b-a) +\/(b—c)(d -a)

[ P(a) ._i(3) }
Ja-c)b-a)d-a) \fa-c)

OcTtanHi GpopMyIH MiATBEPAXKYIOTh 3rajlaHy OCHWISILIHHY CUHTYJISIPHICTD Y

@a(c,a,b,d,g):[\/

BEpIIMHAX TPIIIMHM C Ta a.

BBenmemo Taki KoMIUIeKCHI KOe(hiEHTH 1HTEHCUBHOCTI:

Ks —imKg = lim \[27(c—x)(c—x) " (0% (%,0)—imE” (x,0)), (1.34)

X, —Cc—-0
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K —imKg = lim \[27(x —a)(x —a)" (0% (x,0)~imE" (x,0)), (1.35)

X —a+0

OTpUMAEMO
K —imKE =~/27t,(1+7,)0,(c,a,b,d, &), (1.36)
K2 —imK? =2zt (1+7,)0,(c,a,b,d,s). (1.37)

Amnani3 Tiei x popmynu (1.26) s x, > b -0 nae:

_ t(1+7) P(b) +iQ(b)|.

o Jo-c)(b—a)| b-x)(d-b)

{o-g) (x,0)—imE (xl,O)}

Octannst popmysa 1eMOHCTPY€E KOPEHEBY CHHTYJISIPHICTh B TOYII D .

KoedimieaTn iHTEHCUBHOCTI B TOYIlI D BBOIWMO TaK:

Ko —imK? = lim [27(0-x)(o% (%.,0)~imE® (x,.0))

X, —b-0
1 IPUXOJIUMO JI0 HACTYITHUX (HOPMYIT;
Kb — \/Z(l"'?/l)tlp(b)
* Jb-c)(b-a)(d-b)’

bepyun mo yBaru Te, mo o (x,0)=0 ms mpomixkky [b,d], BBomMMO Taki
2 (% p y

K2 =0 s x, >b-0. (1.38)

KOe(DILIEHTH IHTEHCUBHOCTI €JIEKTPUYHOTO MOJIs y MOro KpaiHiX TOUKax:
+ - 1 _ . 1
Ke' = lim 27 (x4, ~b)E" (x,0), KE = lim 2x(d - %) (x,0).

Buxopucroytouu popmyay (1.31), orpumyemo:

K tlx/ZP(b)(l—Q/l) K = tl\/gp(d)(l_yl) (1.39)
© myf(b-c)b-a)d-b)  °  myf(d-c)(d-a)d-b)

[IpencraBisieMo TakoXX KOE(QIlIEHTH IHTEHCUBHOCTI y TMPaBOMY OKOJI

TOYKH d :

Ks —imKg = lim \[27(x —d)(0%(x,0)-imEP (x,0)),

X—d+0

1, BUKopuctoByrouu (1.25), npuxoaumo 10 Gopmyi:
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d tlx/ZP(d)(1+7/1) d

KS =— K¢=0. (1.40)

© Jd-c)(d-a)(d-b)  *

BusnaunMo Temep MIBUIKOCTI 3BUIbHEHHS eHeprii. BukopucroByroun [24] 1

BpPaxOBYIOUM HYJIbOBUW EJEKTPUYHUNA TOTEHIa] Ha Oeperax eaeKTpOINpOBIIHOI

Tpimmnay, 3HaueHHs [1I3E y BepiiuHi TpinuHu C MOXKHA 3aITUCATH SIK

G, = ﬂrﬂ)i{cfl | 083 (%= A1,0)(ug (%,0)) - o (x, ~ AI,0)(D, (xl,0)>]dx1} . (1.41)

[IpoinTerpyBaBiiy 3a YaCTHHAMHU JIPYTHI JOJAHOK MAIHTETPAaTbHOTO BUPA3Y,
OTPUMAEMO TaKe MPEACTABICHHS:

6= ygnoﬁﬁ'[am—Al,o><u3(x1,o>>—EP(xl—Al,o><r52<x1,o>>]dx1},<1.4z>

IS
<[32(X1,0)>=J<D2(X1,0)>d)(l.

bepyuu no yBaru Te, o S, =—M,, CIpaBeyIMBa Taka piBHICTb:

ot (% = AL0){uy (x,0)) — B (%, — ALO)(D, (x,0)) =
1 . A .
Y Im{(aﬁ? (% —AL0)+imEM (x, —Al, O))(<D2 (x1,0)> +is, (u; (X, 0)>)} . (1.43)
Jlani BHUKOPHUCTOBYEMO pIBHSIHHSA, CIpsDKEeHE 10 mnpenctaBieHHs (1.32),

3HAXOOUMO:

)0,5+i~8

:2\/5()(1_(:

% —C+0 (O,5+i'8) *

[(B.05.0) i (v (.0)}

{\/(d —a)(b—c)+(b-a)(d _C)T”" ]
2\/(d —c)(b—c)(a-c)

x -iP(c) L. Q) | |
[J(a‘c)(b—c)(d—c) J(a_(;)] (1.44)

[TincraBnstoun i Bupasu 1o (1.43), a motim no (1.42), maemo:
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© A0 2A m,(a—c) 05+i-¢) x-c

x[(b—izg)—q*QZ(C)}}“}

3 ypaxyBaHHSM 3Hau€HHS 1HTerpaa:

o - jim L {c]NZtl(1+71)\/;|m{( i [cxl+A|]°’5”X

c+Al Al -0,5-i¢ 1+ 2i
I C=x+al dx, = Al 2. 272
X —C 2 ch(ze)

c

Ta PIBHOCTI ch(ﬂg) =~/ , OCTAaTOYHO OTPUMAEMO:

__”(1+71)t1 P*(c) L0 (c
S (e ) -

Amnanoriyno, III3E y npaBiii BepiinHI €1EKTPONPOBIIHOI TPIIIMHU MOKHA

3anucat y hopmi:

_ a(l+ )t P?(a) cor(a] |
% m,(a—c) ((b—a)(d—a) Q*( )] (1.46)

Hus omiaku II3E y Bepmmai b mpaBoi TpimuHM MOXKHA BHUKOPHCTATH
dbopmyny (1.41) i3 3amiHOrO cuMBOJY b Ha C. Ajie y bOMy BUNIQJKYy JBa OCTaHHI

JIOJIaHKH JIOPIBHIOIOTH HYJIIO Yepe3 eNEeKTPUIHY MPOHUKHICTD. L]e mae:

b+Al

.1
G, :Llinom ! s (% — A1L0){uy(x,,0))dx, . (1.47)

BHKOPHCTOBYIOUH aCHMIITOTHYHI BUpasu st o (X, —Al,0) Ta (u;(x,0)) B

TouIi b i 00YHCITIOIYH IHTETpaNI, OTPUMYEMO:

7Z't1(1+ 7/1) Pz(b)

G, =- . 1.48
" my(b-c)(b-a)(d-b) (1.48)
[ToxiOHMM YMHOM BHUILJINBAC:
. 2
G, = 172'(1+ 7/1)P (d) (1.49)

“m(d—c)(d-a)(d-b)
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1.5 AHani3 YyuceJbHHUX pe3yabTaTiB

UucenpHuil aHamiz Oyj0 MPOBEACHO JJIi KOMIIO3MUTY, IO CKJIAIA€ThCS 3

1’ e3oenekTpuuHux MarepianiB PZT-5H ta BaTiOg, siki MatoTh Taki I'€30€I€KTPUYHI

KoHCTaHTH [114]:

1
15

K K
Y =35,3.10°1Ta, e =17, &) =15,1.10° =~
M

M
2 =43.10°1Ta , & =11,6%, o =11,2.10° BKfjw

3a ¢popmynamu (1.28), (1.30) moOynoBaHo rpadiky KOB3aHHS JIIBOI TPIIIUHU
(ctpubka mepemimeHHs) s o, =10MIla , E° =0, c=-10mm , a=10mm ,
d-b=20mm 1 pi3HUX mMONOXKEHHSX TpaBoi TpinwHU (puc. 1.2). [lomoxeHHs

npaBoi TpimuHU 3aaaBajiocs 3HadeHHsAMH b =1000mm (xpuBa 1), b=15mm (1),

b=11mm (I1I1).

80

(u;(%.,0))-10",

-0,01 -0,005 0 0,005 0,01
Puc. 1.2. 3anexHicTh cTprOKa MEpeMilIeHb eJIEKTPOIPOBITHOT TPIIIUHA

npuo,, =10M7la, E =0 Bix pi3HUX MOJ0KEHb €IEKTPOIIPOHUKHOI TPILIMHU

Cnipn 3a3HaunTH, 10 KpuBa | BiAMOBINAa€ BUMANIKY, KOJIU B3a€EMOJIisl TPIIIUH

npakTUYHO BIACYTHS. KpiM Toro, 3azHauumo, 10 rpadikud KOB3aHHS MpaBol
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TPIIMHUA OJIU3BKI JI0 JI3EPKAJIBLHOIO BiJIOOpaKeHHSI KPUBHX Ha puc. 1.2 BIAHOCHO

CepeHU BiJIpi3Ka [a, b] .

3a tumu x popmynamu (1.28), (1.30) mobynoBano rpadiku KOB3aHHS J1BOi
tpimuan st C=-10mm , a=10mm , b=15mm , d=35mm npm pizHUX
HAIPY>KEHOCTSX 30BHIITHBOTO €IIEKTPUIHOTO TIOJIA, K1 MoKa3aHo Ha puc. 1.3. Kpusi
I-111 noGyoBano npu o4 =10MI7a ta E” =0 (ninis 1), E° =10° B/m (ninis I1) Ta
E”=2-10°B/m (nimia 1ll). Kpuy IV orpumano mnpu o, =5MIla Ta
E”=2-10°B/m . Cunig 3a3HaumTy, Mo CTPUOOK MEpeMillieHHs MpaBoi TPIilHMHU
Maibke HE B3alleKUTh B €IEeKTpUYHOro Tmojisa. Ile MoXHa TOSCHUTH
CJICKTPOIIPOHUKHICTIO I[1€1 TPIIUHU Ta 1i HEUYTJIMBICTIO JO E€JIIEKTPUYHOTO TOJIS.
Jlume He3HayHl 3MIHM BEJIIMYMH CTpUOKa TMEpEMIIIEHb MpaBoi TPILIUHU
MOSICHIOIOTBCS PEAKIIIEI0 JIIBOI TPIIIMHKU HA 3MIHY €JIEKTPUYHOTO TOJIS.

Crnig TakoX 3a3HA4YMUTH, IO JJIS1 PO3IIIIHYTOr0 KOMIO3UTY OiMaTepiabHUN
napaMeTp &, AKUW BIAIrpae BaxJIMBY poib y gopmynax (1.28), (1.32), (1.33) €
nocuth ManuM 1 gopiBHioe 0,04878. lleli mapameTp BH3HAa4Ya€ 1HTEHCUBHICTD
OCIWJIAIIT, 1 Yyepe3 MOro MajicTh 30HM OCHWJIALII 3a3BUYall Jy»Xe KOPOTKi, 1 B
OUIBIIIOCTI BUMAJAKIB BOHU HE MOMITHI Ha Tpadikax. Timpku i Ay’Ke CHIBHOTO
3CYBHOTI'O MOJIsI, A€SKI 3 IIUX 30H CTAlOTh MOMITHUMU. Taka cutyaris UIioCTpyEThCS
miHiero |V Ha puc. 1.3, Ha sKiii cuIbHE 3CyBHE MOJI€ IHIIIOETHCS BIIHOCHO BETHKUM
CJICKTPUYHUM TIOJIEM 1 YTBOPIOE TMOMITHY 30HY OCHHJIALII O171s1 JIIBOi BEPIIMHH
TPILIMHH.

BimnopigHi  CTpMOKM  €JIEKTPUYHOIO  3MilIECHHS <D2(X1,0)>, 110

BU3HAYaIOThCA 3a Gopmyioro (1.28), B310BXK J1BOI (€JIEKTPONPOBIAHOI) TPIMHU
nokazaHo Ha pwuc.l.4. Jlnsd HAOYHOCTI JIOKajJbHI OKOJIA CEPEANHH TPILIUHU

301JIBIIIEHO Ta MTOJAHO OKPEMOIO BUHOCKOIO.
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(u;(%,,0))-10", 70

50

30 \ N

—O,V -0,005 ) 0,005 0,01

-10

Puc. 1.3. KoB3aHHs J1iBO1 TPILIMHYU U1l PI3HUX 3HAYEHb HANPY>KEHOCTI

30BHIITHBOTO CICKTPHUYIHOI'O ITIOJIA

(D (%,0)), Knf 0,15 -

X, M
0,01

-0,01

-0,15 -

Puc. 1.4. CTpuOku €JIeKTpUIHOTO 3MIIICHHS <D2 (x10)> B3JI0BXK

€JIEKTPOTPOBIAHOI TPILIMHU 32 TAKOTO K HaBaHTaKEHHs, K Ha puc. 1.3
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Cnii 3a3HA4YUTH, IO <D2(X1,O)> oy’)XKe Maje 1 CHUMETPUYHE BIJHOCHO

CEepeIMHU TPIMMHUA 3a BIJICYTHOCTI eJeKTpU4YHOro moiisa. [lpukmamaHHs ik
CJIICKTPUYHOTO TIOJISI TMPU3BOJUTH JO TOPYIICHHS IIi€i CHMETpii Ta IMOBEMIHKH,

OJU3BKO1 0 aHTUCUMETPUYHOI BITHOCHO CEPEAMHHM TPIIIUHH.

Ipadiku HanpykeHus o, (%,0)= 0% (%,0)=0% (%,0) Ha inteppani Mix
TpilIMHAMH, SIKi TOOyA0BaHoO 3a Gpopmyioro (1.26) nius o,, =10MIla, HaBeaeHo Ha
puc. 1.5 11st Takux ke MOJ0KEeHb TPIIIKH, K 1 Ha puc. 1.3, 1 pI3HUX HANIPYKEHOCTEH
30BHIIIHBOrO enekrpuuHoro mons. Kpusa | Bignosimae E=0 , Il -
E;” =2x10° B/m Ttaxpusa Il — E;” =4x10° B/ m.

JUIsi TakuxX K€ TEOMETPHUYHHUX XapaKTCPUCTUK TPIIIMH 1 HAaBaHTAKCHb
rpaiky Hapy>KEHHS O, ( X, 0) Ha IMPOJI0BXKEHHI IpaBoi TpituHu (Ppopmyia (1.25))

HaBejieHO Ha puc. 1.6.
120

100

80

60

40

X, M
0 ' ' ' ' |

0,01 0,011 0,012 0,013 0,014 0,015

Puc. 1.5 3anexHicTh HAPY>KEHHS O, (Xl,O) B IMIPOMIDKKY MK TpIIIUHAMU

B1J1 HAIMIPY>KEHOCT] 30BHINTHBOTO EJICKTPUIHOTO TTOJISI

47



0 T 0,(%,0)-10°, I1a

32

316
1

70 + 31.2
3038

304

50 —+ 30

0.03565 0.03566 0.03567 0.03568 0.03569 0.0357

10 1 1 1
0,035 0,036 0,037 0,038 X, m

Puc. 1.6. 3aneKHiCTh HAIPYKEHHS O, (X,,0) Ha MPOJOBKEHH] IPaBOi

TPILUIMHY B1J] HAIIPYKEHOCT1 30BHIIHBOTO €JIEKTPUYHOTO OIS

BuniHo, 1m0 3aJIeKHICTh MEXAaHIYHOTO HAIPY>KEHHS BlJ €JIEKTPUYHOTO IMOJIA
HaWOLIBII ICTOTHO TPOSBISETHCA B OKOJI JIBOI (€IEKTPOJOBAHOI) TPINIUHU. 3
BIJITAJICHHSM BiJ] HEl el e(eKT 3MEHUIY€EThCA 1 IPABOPYY BiJl €JIEKTPOINPOHUKHOT
TPIIIMHYI MPAKTUIHO 3HHUKAE (puc. 1.6). Ha iboMy pUCYHKY pi3HUIIS B pe3yibTaTax
CTa€ MOMITHOIO JIMIIIE MPU BIJOOPaKEHH1 30UIBIICHOI JIOKAJIBHOI 30HU B JIESIKIM

JOBUIBHIN YaCTHHI pO3IIISIHYTOI 00JIaCTI.

3miny enexrpuunoro moms E,(x,0)=E"(x,0)=E?(x,0) ma pisuux
yacTHHAX iHTep¢eiicy mokazaHo Ha pucyHkax 1.7 i 1.8 mma o,, =10MIla ,
c=—10mm , a=10mm , b=15mm , d=35mm ¥ pi3HOI HaANPYKEHOCTI
30BHIIIHBOTO enekTpuuHoro nois. Ha puc. 1.7 kpusa | Bianosimae E* =0, Il —
E,” =-5000B/m Tta lll — E;” =10000 B/ m . Ha puc. 1.8 xpusi I, II, Il moGynosano
ms E7=0,-2x10%,-4x10*B/m , Bignosigmo. Otpumadi  rpadiku
MIITBEP/KYIOTh BUCHOBKH, II0 BUILUIMBAIOTH 13 popmyn (1.25), (1.26) 1 (1.31), a

came, 110 El(xl,O) € CUHTYJIIPHUM Y TIPaBOMY OKOJI1 €JIEKTPOIPOBIIHOI TPINIHHH,
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CKIHUEHHMM 3J1iBa

BiJI EJCKTPONPOHUKHOI TPIIIUHU 1 CHHTYJISIPHUM

HaOJIMKEHHI 3CEPEMHU 10 000X BEPIIHH II€T TPIIIUHHU.

E,(%,0)-10°, B/x

0,135 +

0,085 +

0,035 +

X, M

-0,015001

0,011 0,012 0,013 0,014 0,015

Puc. 1.7. 3mina enexrpuaroro moist E, (x;,0) mix Tpimmzamu

JUISL PI3H

0,15 ~
0,1 -1
0,05 -

0

o1 Hapr}KeHOCTi 30BHIITHBOTO CIACKTPUYHOI'O II0JIA

i El(Xl,O)-lofe, B/ m

0,d
-0,05 H

-0,1 A

0,035

-0,15 -

Puc.

1.8 3mina exexrpranoro noist E (x,0) y3mosxk

€JIEKTPOIIPOHUKHOT TPILLIMHA

npu

3nauenns LLI3E ans Bcix BepLIuH TPILIKH, K1 OTPUMAHO NpU O ,, =10M/la,

a—c=d —-b=0,02m, pi3HUX BiICTaHIX MiX BEpIIMHAMH TPIIIMH & Ta D 1 pi3HUX

HaIpyKEHOCTAX €JIEKTPUYHOTO MOJis, po3paxoBaHo 3a Gopmysamu (1.46), (1.47),

(1.49), (1.50) Ta npencraBneno y tadbmmmsx 1.1-1.3.
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Ta6muus 1.1. 3uauennst 1I3E [ H/m | y BepumHax tpiume mist o, =10MIla ,

c=-10mm , a=10mm , b=1000mm , d=1020mm 1 pi3HOI HANMPYKEHOCTI

exexTpuanoro moist E [B/m]

E” |0 +10° +10° +2x10° | #4x10°
G, 39,9581 |39,9872 |42,8716 |51,6122 |86,5746
G, |39,9582 |39,9873 |42,8717 |51,6123 |86,5747
G, |39,5815 |39,5815 |39,5815 39,5815 |39,5815
G, (39,5814 |39,5814 |39,5814 |39,5814 |39,5814

Tabmuns 1.2. 3navenns [I3E [ H/m | y BepiiHax TPilUH IPYU HEBEIHKIHN BifcTaHi

Mix TpimuHamu (b —a =5mm) i pisaux 3Hauenusx E” [B/m]

E” | -4x10° —2x10° 0 2x10° 4x10°
G, |93,685 58,5351 | 46,6942 58,1623 92,9394
G, |108,099 72,5648 60,3416 71,4293 105,828
G, |60,9167 60,4405 59,9661 59,4936 59,023
G, |46,503 46,4108  |46,3186 | 46,2266 | 46,1346

Tabmuus 1.3. 3uauennst II3E [ H/m ]y BepiuHax TPIMIKH I HAI3BUYAiHO MaIol

Bizcrani Mixk Tpimuaamu (b —a =21mm) i pisaux 3nauennsx E” [B/u]

E” | -4x10° | -2x10° |0 2x10° 4x10°

G, |100,68 65,1461 |52,9278 | 64,0247 | 98,4367
G, | 183,447 |144,399 |128,718 |136,405 |167,458
G, | 135,81 132,055 [128,353 | 124,703 |121,106
G, |53,0421 |52,8018 52,5621 |52,3229 |52,0842
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1)

2)

3)

3 1ux Ta0IUIb BUIHO, II1O:
JUIS BIICTaHI MDK TpPIIIMHAMM, IO 3HAYHO MEPEBHUIIYE IXHIO JTOBXKUHY
(tabm. 1.1), 3Hauenns LI3E nns 060X BeplIvH KOXKHOI TPIIIMHU OJTHAKOBI Ta
00pe Y3TOMKYIOTHCS 3 pe3yJIbTaTaMu, OTPUMaHUMH JJIsI OJUHOYHUX TPIIITHH.
Enextpudane nose cyrreBo BruinBae Ha III3E enekTponpoBiHOT TPIMIUHY 1 HE
3MIHIOE ITUX 3HAYCHB JJIS1 €JICKTPONPOHUKHO1 TPIIIUHU;
NPy 3MEHIIEHHI BIJACTaHI MDK TpPIIIMHAMHM CIOCTEPIra€ThCsl 3POCTAHHS

3nadenb I3E B ycix ixHix BepmuHax (tabin. 1.2, 1.3). YV upomy Bunaaky,G,
ta G, 30ubmIyroTbes mBuame, Hok G, Ta G, 4 BCiX 3HAYCHb

€JIEKTPUYHOTO ToJisd. Taka MmoBeliHKa JA00pe Y3roJKy€EThCS 3 MOBEIIHKOIO
Koe(ilieHTa 1HTEHCUBHOCTI HaIpy>KeHb, OTpUMaHOTO B [88] mis nBOX
CJIEKTPUYHO TMPOHUKHUX TPIIUH MDK PIZHOPIAHUMH  OJHOBUMIPHUMHU
I’ €30€JIEKTPUYHUMHU KBa31KPUCTAIAMH;

MPUKJIAJACHHS EJIIEKTPUYHOTO TMOJs J0 OJM3bKO PpPO3TAlIOBAaHUX TPIIIUH
(croBomi 1, 2, 4, 5 tabn. 1.2 1 1.3) iniritoe 3HayHe 3poctanHsa LI3E Ouns
BEPILVH EJICKTPUIHO MPOBIAHOI TPilInHU. HampsamMoK eneKTprUaHOTO OISl He

Oy»Xe ICTOTHO, ane Bce K BIuMBae Ha 3HaueHHs II3E: 3Hauennsa G,
3MIHIOETBCS HabaraTto MeHie, Hix G, ta G,, a G, 3anumaeTbcsa NPaKTUYHO

HE3MIHHUM TIPH 3MiH1 30BHIIIHBOTO €IEKTPUIHOTO MOJISI.

JIist  mepeBipKM OTPUMAHUX PE3yJbTATiB 1 MIATBEPPKEHHS IXHBOL

JIOCTOBIPHOCTI OYJI0 MPOBEAEHO MOPIBHAHHS YaCTKOBOIO BHUMAAKY OTPUMAHOTO

PO3B’S3KY 3 IHIIUM BIJOMHUM PO3B’s3KOM. JlJig 11bOT0 OYyJI0 BUKOPUCTAHO (POPMYITY

(84) crarti [114]. 30okpema, pe3yabTaTH PO3PaXyHKY O'g)(xl,O) Ta <u3(x1,0)> 3a

dbopmynamu (1.26), (1.29), (1.30), BiamoBigHO, TOPIBHIOBAIUCS 3 PE3ybTaTaMH,
OTpUMaHUMH 3a BiANOBIAHUMH (opMmynamu (96) ta (99) i3 pobotu [114] nns
pexuMy Haa3BUYaiiHO HHU3bKOI mBUAKOCTI (V =~0). BusBuiocs, mo s Tyxe
BEIIMKOI BIJICTaHI MDK TpIIMHAMHU OTPUMAaHI pPe3yJbTaTH 3 BHUCOKOIO TOYHICTIO
Y3TrOKYIOTHCS 31 3rajlaHuM pe3ysbTaToM [114] niisa BCix KOHTPOJIbOBAaHUX 3HAYEHb

apryMeHTiB. 3okpema, JiHis | puc. 1.2 Maii>ke TOBHICTIO CITIBIIAIA€ 3 aHAJIOTTYHOIO
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JiHI€0, oTpuMaHOo0 3a ¢opmysoro (99) pobotu [114]. Hampukian, 3HaueHHS

<u3(0,0)> nopieHoe 50,987 %107 m i 50,985x10"m , BimnosigHo. Hepemuky

PI3HUINIO B pe3ysbTaTaX MOKHA MOSCHUTHU HASIBHICTIO JPYTroi TPIIIMHU B HALIOMY
Bunajaky. OJHAK OYEBHUJHO, IO 1 BIUIMB Ha EJIEKTPOIPOBIAHY TPIIIUHY
HAJ3BUYAHO MaJIMii, OCKUIBKH BiJICTaHb MK TpimuHaMu B 50 pa3iB MepeBUIILyE
IXHIO TOBXKHUHY.

Jlnga miaTBep/pKeHHA crnpaBeqiuBocTi dopmynu (1.45), mo oTpumana
aHAJIITUYHO 3 BUKOPHUCTAHHSAM aCUMITOTUYHUX (POPMYT AJi €IEKTPOMEXaHIYHUX

dhakTopiB O1J1 BEPIIUHU TPIITUHU, IHTETPATIH
- 1 c+Al A
G, = ﬂ{ [ [aﬁ?(xl — A1,0){u, (%,0)) — E (3~ A1,0)(B, (xl,o)ﬂdxl}, (151)

K1 CKJIaJIal0Th OCHOBHY YacTUHY QopMyiH (1.42), BU3HAYEHO YHCEIIBHO JJIS PI3HUX
3HaueHb Al .

Jliist borO po3paxyHKy Oyio Bukopucrano popmynu (1.32) ta (1.44) 1 11 x
Martepianu, o ¥ padime, Ta o, =10Mlla , E°=-10°B/m , c=-0,01nm ,

a=0,01m, b=0,05m, d =0,07 u. PesynpTaTt HaBeseHO B Ta0. 1.4,

Tabmuns 1.4 3anexuicts 1I3E éc [H/m]Bix Al/(a—c)

Al/(a-c) | 10°° 10° 10 10° 107

G 43,876 43,876 43,878 43,892 44,040

c

3a3Haunmo, mo G,, orpumane 3a Gpopmyoro (1.45), nopisHroe 43,876.

PosrasnyTril npukian miaTBepaxKye cupaBeyiuBicTs Gopmy (1.42) 1 (1.45)
st po3paxyHky II3E y BepmmHi TpinuHu ¢ . 3BU4aitHo, uynciioBa oiinka (1.42)
OyJa BUKOpUCTaHA JIUIIE JIJIS UTFOCTpaIllii Ta BUMarasia JOCUTh TPOMI3IKOTO aHaJi3y,
10 JOJIATKOBO IM1IKPECITIOE BAXKIUBICTh JYy’Ke MMPOCTOI aHaIITUUHO1 opmyu (1.45).
Bapro Ttakox 3asHauumtd, mio iHterpan (1.51) ©e3 napyroro mgomaHKy B

MiIHTErpalbHIi (QYHKINT, M0 BigoOpa)kac BIUIUB EJIIEKTPUYHUX CKIAIOBHX, JIA€
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pe3yJIbTaTH, SIKi CYTTEBO BIAPI3HSIOTHCS BiA pe3ynbTaTiB y Tabmmmi 1.1, 1 He

JIEMOHCTPYIOTh iHBapiaHTHOCTI moa0 Al .
1.6 BucnoBku 10 posainy I

PosrisinyTo 3amady mpo €NeKTPOIpPOBIAHY Ta €IEKTPONPOHUKHY TPIIIUHU,
SK1 pO3TAIIOBaHI B3IOBX MEXI MOAUTY JABOX IT'€30€JCKTPUYHUX MaTepiaib.
[Tonspu3zariiss MatepialiiB napajienbHa GPOHTY TPIIMHHU, TPUKIAIEHE aHTUILIOCKE
MEXaHIYHE HaBaHTAKEHHS Ta EJNEKTPUYHE ToJie B IUIOIIMHI, OPTOTOHANBHIN
bpoHTaM TPIITUH.

CdopmynboBaHO KOMOIHOBaHY KpaiioBy 3anauy Jipixie-Pimana (1.9), (1.10)
111010 QYHKIII1, IKa € aHAJITUYHOIO Y BCIH IJIOMIMHI, 1110 pO3pi3aHa Y3A0BXK TPIIIUHU.
HaBeneno anamituyHuii po3B's30K 11i€i npobiemu. lle no3Bommiio oTpumaTu
BITHOCHO TPOCTI BUPA3W JJsl 3CYyBHOTO HAIMpPYKEHHS Ta €JIEKTPUYHOTO MOJIA Ha
pPI3HMX 3YEIUICHUX JAUIIHKaX MEXI MOAUly MarepiaimiB. TakoxX BH3HAYEHO
KOe(DIIIEHTH IHTEHCHMBHOCTI LIMX KOMIIOHEHT Yy BepIIMHaX TpimmH. HaBeneHo
MEXaHIYH1 Ta €JIEKTPUYHI CTPUOKM MEpPEeMIIIEHb B3I0BXK TPIIMIMH Ta PO3IVISIHYTO
iXHIO TIOBEMIHKY y BepmimHax TpimuH. OcoOnMBYy yBary MPHUAUICHO aHali3y
IIBUIKOCTI 3BUIBHEHHSI €Heprii. 3 BHUKOPUCTAHHSIM aCHMITOTHYHUX BHPAa3iB
HaIPY’>KEeHb Ta €JICKTPUYHOTO TIOJISI, MEXaHIYHUX Ta CIICKTPUYHUX TEPEMIICHb Y
BEpIIMHAX TPIIIMH 3anmucaHo aHamituuHi Bupasu (1.46), (1.47), (1.49), (1.50) ana
II3E niia enekTponpoBIIHOT Ta €IEKTPONPOHUKHOI TPIIIUHYU BIAOBIIHO.

Pesynbraty uncenbHOTO aHali3y MPOJAEMOHCTPYBAIU 3aJIEKHOCTI CTPUOKIB
MEXaHIYHUX Ta eJICKTPUIHHUX MMEePEMIIIeHb OEPEeTiB TPIIUHU, & TAKOXK HAPYKEHHS
Ta €JEKTPUYHOTO TOJISI B3JIOBXK BIJMOBIIHUX AUITHOK MEXI1 MOAUTY MaTepiajiB Bij
PI3HHMX BIJCTAaHEH MK TPIIIMHAMHU MPU PI3HUX THTEHCUBHOCTSX MEXaHIYHOTO Ta
€JEKTPUYHOTO HaBaHTaXXCHb. Bigmosigui 3aJIE)KHOCTI TUIS II3E
MPOIEMOHCTPOBaHO B Tabyuirsix 1.1-1.3. 3 nux gaHUX MOXKHA 3pOOUTH TaKK OCHOBHI

BHUCHOBKM:
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1)

2)

3)

3a BEJIMKO1 BIJICTaHI MK TPIIIMHAMH €JIEKTPUYHE I0JIe ICTOTHO BIUIMBAE HA
III3E enekTponpoBiAHOI TPIIIMHUA 1 HE 3MIHIOE IIUX 3HAYCHb JIS
CJIEKTPOIPOHUKHOLI;

3MEHIIIEHHS] BIJCTaHI MIXK TpPIIIMHAMH TPU3BOAUTL JI0 I1HTEHCHBHOTO
3poctanHs 3HadeHb LII3E Ha HaOMMKYuX BepIIMHAX PI3HUX TPIIIKH 1 O1IbII
nomipHoro 3poctants [II3E Ha ixHIX BigiageHuX BepIInHax;

y BUNAAKY OJU3bKO PO3TAIIOBAaHUX TPIIIMH MPHUKIAIaHHS 30BHIIIHBOTO
SJIEKTPUYHOTO TOJI TIPU3BOIUTH 0 aKTUBHOTO 3pocTaHHs 3HaueHb III3E y
BEPIIMHAX E€JICKTPOIPOBITHOT TPIIIMHU, IO IHIIIIOE IMOBUIBHE 3POCTaHHS

3HaueHb [1I3E y BepmmHax enexkTponpoHUKHOT TPIIIUHH.
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PO3I1J I1. BBAEMOAIA ABOX HITAMIIIB 3 PI3BHUMU YMOBAMM
KOHTAKTY HA T'PAHUIII I30TPOIHOI NIBILIOIIUHA

2.1 IlocTaHoBKA 3aaay4i

Posrasaemo npa mrammu a<X<b i c<x<d, sxi gitors Ha rparuIo y =0
130TponHoi miBmommHN Y <0 (puc. 2.1) mix aiero cun P, ta P,. bynemo BBaxkaty,
10 IITaMII, TiJ0IIBa SIKOTO PO3TallloBaHa Ha MPOMIKKY X € [a,b] , € 3YCTUICHUM 3
MiBIIONIMHOIO, & IITaMIT X € [C, d] € TaKuM, 110 MPOKOB3Y€E. BBaXkaeMO TaKoX, 110

oOuJBa IITaMIIM MOXYTh IEPEMIIyBaTUCS JUIIE BepTUKaIbHO. [liBruionmHa
xapakrepu3yerbecsi Koedimientom Ilyaccoma v Ta MomyneM 3CyBy 4
koedimieHToOM k =3—4v .

Bynemo BBaxkatu, 1110 MiJIONIBU MITAMIIIB € TJIOCKUMU. ToJll TpaHUYHI YMOBU

Ha PI3HUX YaCTUHAX TPAHULI MIBIUIOIIMHU MAtOTh BUTJISIA:

u(x,0)=ry, v(x,0)=r, ms xe[a,b], (2.1)
7,,(x0)=0, v(x,0)=r, mm x €[c,d], (2.2)
,(x,0)=0, 7,,(x,0)=0 am x¢{[a,b]ulc,d]}, (2.3)

ne a<b<c<d.

Tyt r,, 1, I, — AliicHI cTami, K1 NAIATal0Th BAZHAYEHHIO.

T T T R R R R R

Puc. 2.1. llltammu a<x<b i c<x<d namexi Y =0 i30TponHO{ MiBILTOMUHU
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2.2. Kom0inoBana kpaiioBa 3ajgaua Jlipixie-Pimana

Po3B’s30k 3amaui Oyaemo mykatd y ¢opmi, 3ampornoHOBaHIM y poOOTi

Mycxenimini [18]:
Gy—irxy=CD(Z)—CD(7)+(Z—7)(ITZ), (2.4)
2y(u’+iv')=x®(z)+d)(7)—(z—7)de), (2.5)
ne ¢yskuis @(Z) € aHANITUYHOK B IUIOMMHI KOMIUIEKCHOI 3MIHHOT Z=X+Iiy 3

pospisamu B3z0BX [a,b] Ta [c,d] i Mae B BysnoBuX TOYkax He GBI HixX

IHTErpoBaHl OCOOJIMBOCTI. BBaxarouum, 110 HaNpyXeHHs 1 oOepTaHHA Ha
HECKIHYEHOCTI BIICYTHi, Maemo [18]:

@(z):iw+o(ij, 200, (2.6)

271 z°

PiBusinus (2.4), (2.5) npu Y — —0 HaOyBaoTh BUTTISLY:
O';—il';y :CD_(X)—CIY(X), (2.7)
2u(U'+iV') =x® (Xx)+D"(x). (2.8)
I3 piBusieb (2.3) i (2.7) BummBae, wo ¢yukuis ®(z) He Mae cTpUOKiB pH
nepexo/ii yepe3 YaCTHHU TPAHUIll MIBIUIONIMHU T103a ITaMmnaMu. B Toil ke uyac,
3aJI0BOJICHHSI TpaHuyHuM yMoBaM (2.1) 1 (2.2) 3a gomomorow (2.7) 1 (2.8)
MPU3BOJUTH JI0 PIBHSHbD:
O (x)+x D (x)=0 mst a<x<b, (2.9)
Im[cD‘(x)—cIY(x)] =0, Im[z((D‘(x)+CD+(x)] =0 mm c<x<d. (2.10)
OcranHi ABa PiBHSIHHS MOYKHA 3alTUCATU Y BUTJISIL:
Im®*(x)=0 mmst c<x<d. (2.11)
Piusiua (2.9), (2.11) sBusitoTh co0or0 KOMOIHOBaHY KpailloBy 3ajady
Hipixne-Pimana BiTHOCHO GyHKIIIT CI)(Z). [{i piBHSHHS CHIBIAIAI0Th (3 TOYHICTIO

710 TIo3Ha4YeHb) 3 piBHsSHHAMU (1.12), (1.13) pozainy I, Tomy s 3anucy po3B’si3Ky

3anadi (2.9), (2.11) BUKOpHCTaEMO OTPUMAHI B ONEPEAHROMY PO3/LTI pe3yIbTaTH.
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AJle, BpaXxOBYHOYHM BIMIHHOCTI, II0 OYJyTh MaTH MiCIle TIPH BpaxyBaHHI YMOB

pPIBHOBAru IITaMIIiB, Ta 3a 15 3pyYHOCTI, HaBeJIeMO IMMOBHUHN PO3B’ 30K €] 3a7a4i

y BUTJISIL:
®(2)=R (z)X,(2)+R,(2)X,(2), (2.12)
e
R (z)=C,z*+C,z+C,, R,(z)=D;z+D,, (2.13)
X,(2)- L X (1) (218)

J(z- b)(z—-c)(z-d) J(z-a)(z-b)
th{\/f\/ z—z +://(E Z)Ez—:l;] 7:|n2(7’;)_ (215)

Ipu upomy X, (2) mae xopeHesi ocoGmuBocti npu z=C 1a z=d , a X,(2)

oOMekeHa 1 BiIMIHHA BiJ HyJIsI B TOUkax Z=C 1a Z=d .

[Ipu z — o0 3(2.14) 1 (2.15) oTpumaemo:

¢@%#%+A%+O(%) (2.16)
X, (2)= iezijo {1+%(iﬂﬁ%ﬂ+o(z—1‘lj, (2.17)
Xiﬂ=e?{ (A+§i9ﬂ+0(%) (2.18)

e

o2l D EED |, [ e a)- e iE ]

Hesigomi xoedimientn C,, C,, C,, D,, D, MoxHa 3HaliTH 3 yMOB Ha
HECKIHYEHHOCTI Ta yMOB PIBHOBAry 1ITaMIiiB. BpaxoByrouu, 110 Ipu Z —> o0 MaroTh

Mmicue criBBigHomeHHs (2.17), (2.18), orpuMaeMo Takuili BuUpa3 aJs CD(Z) Ha

HECKIHYEHHOCTI:
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YA/ 2

+eiﬂ°(Dl+&j{l+1 iﬂl+a—+bﬂ+0(%j. (2.19)
z z 2 4

[IpupiBHIOIOYM BUpa3u NpU Z° Ta Z* 10 BIANOBIAHMX CKJIAAOBUX HPaBOi

O (z)=ie" (Cl +&+C—jj 1+£(iﬂ1 +wﬂ+
z

gacTUHU (2.6), MPUXOAUMO JO TaKOi CHCTEMH IBOX JIHIWHUX PIBHSIHbL IS

BU3HA4YeHHs HeBlnomux koedimientis C,, C,, D, D,:

ie”"C, +e"*D, =0,

. . 2.20
ig'o |:C2 +C1(i,31 +Wﬂ +e”t |:D2 + D{iﬂl +%H = i%.( )

I3 111€i cucTeMu OTpUMYy€EMO:

PP,

C,=D,=0, C, == —2cos 3, D, = R+P

sin g, . (2.21)
[3 yMOBH piBHOBaru mramia, 1o NpoKOB3y€e, MaeMO:

[o,dx=P,. (2.22)

3a dopmyioro (2.7) na [c,d ] maemo:

o,(x,0)= Re[CD‘(x) —®* (x)] ,
asie, 3 ypaxyBaHHSM 1epuioro piBHsSHHS (2.10), MoxkeMo 3anucaru:
o,(x0)=D (x)-D"(x). (2.23)
BukopucroByroun nani npeacrabiieHss (2.12), orpumyemo:

@, (x)-@; (x)=

2¢9(x) —2¢5(x) e 2‘/’0()()_ e—Z(po(x)

°c _*° “R,(x (2.24)

_Rl(X)J(x-axx-b)(x-c)(d—x> 3 )J(x—c>(x—a>’

JAc

\/(c— a)(d—x) ~

2 (X)=7 arCtg\/d—a)(x—c)

(2.25)

arctg

<L _|£

~]—
@)
|
O
~~
o
|
>
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Komb6inytouu (2.23), (2.24) 1 migcrapisitoud B (2.22), OTpUMYEMO:

I \/(x— a)(x—b)(x-c)(d —x)

c

D.x+D ez%(x) _ ezfﬂo(x)
+( - 2)( ) dx =—P,. (2.26)
Jo-a)(x-b)
Hesinomuii koepimienT C, Moxe OyTH IIpeICTaBICHUHN y BUIISAL
C,=—(Y,+C.1,+C,l,+ DJ, + D,J,)/ 1, (2.27)

Jie THTerpaiu

d e (ez“"’(x) + e‘z“’°(x))dx
L= k=012,
. \/(x—a)(x—b)(x—c)(d —X)
d Xm(eZ<po(x) efz%(x))
Jm:j; \/(x—a)(x—b dx, m=0,1

MOYHA JIETKO 3HANTH YHUCENBHO.
2.3 lloBexinka MexaHiYHUX (PAKTOPIB HA TPaHUILI NiBIJIOINHHA

Po3risiHeMo moBeiHKy MeXaHIYHUX (DAKTOPIB HA AUISHKAX i ITaMIaMu Ta

Ha BUIBHUX JIUITHKAX TPAHMII M1BILUIOUIUHHU.
Ha ocnosi popmynn (2.8) st X ¢ {[a, b]u[c.d ]} OJEPKYEMO TaKy POpPMYITy
JUISL TIOX1THUX BiJ] TIEPEMIIICHbD:
2p(U'(%,0)+iV'(x,0)) = (1+ &) D (X).
OGuncmroroun Ha ocHOBi (opmyin (2.12) Bupasu ams @ (X) Ha pisHEX
TISHKAX BUTGHOT TIOBEPXHI TPAHUIII MiBIUIONTUHH, OJepKyeMo it X >d uXx<a:
u'(x,0)+iv'(x,0)=

iei(p(x) eiq)(x)

24 {P(X)\/(X—a)(X—b)(X—C)(X—d){i}Q(Z)\/(X_a)(X_b)}'(2'28)

l+x




[Tpu 11bOMy 3HAK «+» y BHYTPIIIHIX JyXKax {} OepeTbcs mia X>d, a «—»
Ui X< a.

Jns mpoMikky b< x<c:

2p(U'(x,0)+iv'(x,0)) =

K+ o 7 (¥) —iP(X) L Ofx |
i [\/ x-a)( [\/(C—X)(d—x) Q )ﬂ (2.29)

—a (d-0)(cx) + Jfe-b){d—x)
v N— RN TR M

HopmanbHe 1 TaHreHuiajabHe NEPEMIIICHHS Ha PI3HUX AUISTHKAX TPaHULl

Jac

OTPUMAaHO IUIIXOM 1HTerpyBaHHs dhopmyd (2.28) Ta (2.29).

JInst oOUMCIIeHHS HANPY>KEeHb 1] 34ETUICHUM IITaMIIOM Ha JIUISHIN [a, b]
BUKOPUCTOBYEMO (popmyity (2.7), a TaK0K BpaxoBYyEMO, IO
CD*(X) = Kflq)*(x) g a<x<b.
VY pe3ynbTari OTpUMYEMO:

o,(x,0)—iz,(x,0)=

ip(x)
2Jae P(X) +iQ(x)J s a<x<b, (2.31)

\/(x—a)(b— X) [\/(c— x)(d —x)

Al I R

Ha nginsHI KOHTakTy [C,d] mTaMIly, 1[0 MPOKOB3YE, BPAXOBYEMO, IO

ac

Ty (X, O) =0. Toai 11 HOPMAJILHOTO HANIPY>KEHHS JIJISL X € [C, d ] OTPUMYEMO:

—P(x)(e 200(x) e*2¢o(x)) ) Q(x)(e 2g0(x)_ efzwo(x))
(Ao @-x)  Jx-eea)

(2.33)

O_y(x’o):\/
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2.4 AHani3 ynceJbHUX pPe3yJbTATIB

. 1 .
Yucnosi pe3ynsTati oTpuMano 1 u =8x10" ITa, v =0,3 Ta npu pi3HHX
3HAYCHHSAX IIMPUHU IITaMIIIB, BIJICTAHEH MK HUMU Ta BEJIUYHH 30BHIITHHOTO
HABAHTAKCHHS.

Ha puc. 2.2 nokazaHo 3aJeXHICTh BEPTUKAIBHUX MEPEMIIEHb IITAMITIB BiJT
iXHbOi UMpUHH, ki obGuucineno npu P,=-10°H/m , P,=10°H/m . Jlimis I
BIJINIOBITa€ BUMAAKY JBOX ojHakoBuxX mrammiB a=-0,005x , b=0,015m ,
c=0,03m, d=0,05m , muigs Il — a=-0,01m , b=0,01m, ¢c=0,025n ,
d =0,055 m (mpaBuii mramm € tmwpiaum), diHis /[l — a=-0,01m, b=0,04 u,
c=0,055m , d=0,075m (mBuii mramn € wmwmpmmM). HaBemeHo TiUTBKU

nepeMilieHHs B OKOJI1 mtamMiiB. Ha guistHKax ke, BIIAJICHUX Bl TOYOK & JIIBOPYY
i d mpaBopyd, 300pakeHi KpHBI PIBHOMIPHO IMPOJOBXKYIOTHCS 1 CXOISATHCS JI0

HYJbOBHX 3HAYCHB I10 oci opAuHar.

| _ v(x,0)-10°, m

Puc. 2.2. 3anexHiCTh BEpTUKAIBHUX TIEPEMIIICHD IITAMITIB BiJ] IXHBOI ITUPUHH

Ha puc. 2.3 1151 TUX e T€OMETPUYHUX 1 CHJIOBUX TTapaMeTpiB, 10 Ha puc. 2.2,
HaBeJleHO rpadiku HOPMAJIbHUX HAINpPYKEeHb MiJ TamMnamu. BugHo, mo 3i

30UTBIIICHHSM [ITUPUHHM IITAMITIB IHTCHCUBHICTh HAIPY>KEHb 3MEHIITY€ThHCA.
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o,(x,0)-10°, ITa

-50 A

-100 +

-150 +
Puc. 2.3. HopManbH1 Halpy>KeHHS 1111 IITaMIaMu

Ha puc. 2.4 HaBeeHo rpadiki JOTHUHUX HAINPY>KEHb 1] MEPIIUM IITaMIIOM.
BunHo, mo JOTHYHE HANpPYXEHHS 3aJIMIIAE€THCS CUHTYJSIPHUM MOpU HIAXOAl 10

I'paHUIb obOnacTi KOHTAKTy, aJIc WOro BeJIMYHMHA SMCHINYE€THCA HOpiBHSIHO 3

HOpMAJIbHUM HAaIIPY’KCHHSM.

Z'_\},(.X,O)-IO_G,HCZ

X, M

0,0 0,02 003 S\ 0,04
\
\

\
\
\

Puc. 2.4. JlotnuH1 Hanpy»>KeHHS 1] TEPIIAM IITAMIIOM

PosrasiHeMo Tenep 3anekHICTh IEPEMIIICHD ITAMITIB BiJ] 3yCHIIb, K1 10 HUX

npukiagaeHo. Hexall reomeTpuyHi XapakTEpPUCTHKW IITaMIIIB € (hIKCOBAaHUMU:
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a=-0,01m, b=0,01m, c=0,025m, d =0,045 » (npaBuii mWTaAMII € MIUPIIAM),

BIJICTaHb MK IITAMIIAMU (C - b) TaKoX € (PiKCOBaHOIO.

Ha puc. 2.5 mokazaHo 3aiexHICTb BEPTUKAJIBHUX NEPEMILIEHb A1 TPHOX

BapiaHTIB 30BHIIIHIX CUJI, MPUKJIAACHUX 110 mTammiB. JIiHis / BIANOBIA€ BUIAIKY

P=-10°H/m , P,=10°H/m , ninis Il — P,=P,=0,25x10°H/m , ninis I —

P, =0,5%x10° H/m, P,=10° H/x.

/ 4

I l a)
U

-0,02 -0,01

-8

—
\ -10

-1z

-14

Puc. 2.5. 3anexHicTh BEpTUKAIBHUX MEPEMIIIEHb Bijl MPUKIAACHUX J10

HITaMIIIB 3yCUJIb

2.5 BucHoBku 10 posainy II

PosrnsHyTo B3aeMopito BOX IITAMIIIB Ha TPAHUIN TPYKHOI 130TPOMHOI

MIBIUIOINMHA ITiJ HI€I0 3a4aHOl CUCTEMH CHJI. BBakaeThes, IO IITAMIIM MalOTh

IJIOCKI OCHOBH, NMPUYOMY OJMH 3 HUX >KOPCTKO 3YEIUICHUH 13 MIBIUIOUIMHOO, a

IHITUT 3HAXOAUTHCS 3 HEI0 B yMOBAX TJIaJKOTO KOHTaKTy. /{1 po3B’sa3aHHs 3a1a4l

BUKOPHUCTAHO MPEACTABICHHS HAMPY>KEHb 1 IEPEMIIICHb YEpe3 KyCKOBO-aHAIITHYHI

¢bynkuii. CdopMmynboBaHO KOMOIHOBaHy KpailoBy 3amauy [ipixiie-Pimana 3
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BIIMOBITHUMU YMOBaMH i1 HEBioMoOi (yHKIIi Ha HeckiHdeHocTi. Ha ocHoOBI
aHAJIITUYHOTO PO3B’A3KY Ili€1 3a7a4l BUBHAYCHO IMOX1HI BiJl NEpEMIIIeHb TPaHHUII
MIBIUTOIIMHKA Ta HAMPY>KCHHS IMiJI IITAMIIAMH B JOCHUTHh MPOCTOMY aHATITUIHOMY
Burisiai. IlokazaHo, 1o po3B’s30K OIS KyTOBHUX TOUYOK >KOPCTKO 3YEIJICHOTO
HITaMI1a Ma€ OCHWISILIIHY KOPEHEBY OCOOIUBICTD, a 017151 KyTOBUX TOYOK TJIaJIKOTO
LITAaMITy — 3BU4aliHy KOPEHEBY.

Onep>kaHO YMCIIOBI pe3yJIbTaTH, SIKI MPOLTIOCTPOBAHO IpadiyHO. 30KpeMa,
npeacTaBieHo Tpadiku MepeMilleHb TPaHUIll MIBIUIOIMIMHUA Ta MPOUTIOCTPOBAHO
Bapiallilo Hanpy:KeHb mija mramnaMmu. Ha mijcTasi aHami3y ux pe3yJibTaTiB MOXKHA
3pOOUTH TaKl BUCHOBKU:

1) 30Ha MOBHOrO 3aTyXaHHs NEpPEMIIIeHb MPU BIAJAJEHHI BiJ LITaMIIB
CYTT€EBO MIEPEBUIILYE IXHIO ITUPUHY;

2) HOpMaJbHE HAMPY)KECHHS MiJ JKOPCTKO 3YEIUICHUM IITaMIIOM € 3HA4HO
OIBIIMM, HDK JIOTHYHE, a OCajJKa IITaMIly 3MEHIIYEThCS 31 30UIBIICHHSIM HOTro
HIUPUHY;

3) ¢i13uuHO pi3HI 3aAadl (IpoO KoJIHEapHI Mixk(pa3Hl TPILMHU 3 PI3SHUMHU
CJIEKTPUYHUMH YMOBAMH Ha TXHIX Oeperax 1 Ipo B3a€EMOJIII0 3YEIIICHOTO 3 OCHOBOIO
1 KOB3HOT'O ILITaMIly) MarTh MOAIOHI MaTeMaTW4yHI MOJENi, a TaKOX METOJUKH

pO3B’s13aHHS, 32CHOBaH1 HA BUKOPUCTaHHI MOA10HOT0 MaTEMaTUYHOIO anapary.
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PO3I1J IT1. BBAEMOAIA MIZK®A3ZHUX TPIIIWH 3 PI3BHUMUAU
EJEKTPUUHUMMU TA MATHITHUMHA YMOBAMM HA IX BEPETAX ¥
IPE3OEJEKTPOMATHITHOMY KOMITIO3UTI

3.1 OcHoBHi d¢opmyan s 1'€30€J1eKTPOMATHITHOIO MaTepiady A

AHTHIUIOCKOI'0 BUIIAAKY

BusnauanbHi CHIBBITHOIIEHHS IS IT'€30€JIGKTPOMArHiTHOTO Marepiary
MaroTh BuTIIA [92]:
O = Cijs€is — € Es — N H,
D, =e,&,+o.E +d H,
B =h.s.+d.E +y.H,, (3.1)

— KOMIIOHEHTH TEH30piB HampyxeHsb 1 gepopmauiii, D,, B, — ckiagosi
€JIEKTPUYHOI Ta MarHiTHoOi 1HAykwii, E;, H, — HampyeHOCTI eJeKTpUYHOro Ta

MAarHiTHOIO MOJIiB, Cy . — HNPYXHI, €, — M'€30eNeKTpuyHi, h,, — m'e3omarHiTHI, d

ijks
— €JIEKTPOMAarHiTHI KOHCTaHTH, O, J;; — CIEKTPHUYHA Ta MArHITHA IPOHUKHOCTI.
PiBHsIHHSA piBHOBAru 3a BiJICyTHOCTI MAaCOBUX CHJI Ta BUIBHUX 3apsi/IiB TaKi:

o,,=0,D, =0, B, =0. (3.2)

Bupasu st negopmartiii, eeKTpUYHOTO Ta MArHITHOTO TTOJIIB MalOTh BUTJISI:

1
&ij :E(ui,j +uj,i)’ Ei ==0;, Hi ==Y (3.3)
7€ U, — KOMIIOHEHTH BEKTOpa NEPEMIIIEHHS, @, ¥ — €JIEeKTPUYHUM Ta MarHiTHU

MOTEHITIaIM, a CHMBOJI KOMH B HWKHBOMY 1HJIEKCI O03Ha4ae nuepeHIiroBaHHs 3a
BIJIMOBITHOIO KOOPAMHATOIO.

B aHTHIUIOCKOMY BUNIAJIKy MAa€EMO:
u=u,=0, u, =U3(X1,X2), (9:(0()(1’)(2)’ 4 :'//(nyz)-

Toni BU3HAYaNIbHI CIBBIIHOIICHHS HAOYBAaIOTh BUTJISITY:
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O3 Us;
D, ;=R Pi ¢
BI l//,i

JC

C44 e15 h15
1=12;, R=|¢, -, —-d,

hs —d, -7,
BBoasgun BekTOpHn
T T
u=[u3,¢),l//] : t:[agz,Dz,Bz] : (3.4)
MOJKHAa 3aIucaTu
t=Ru,. (3.5)

Ockinbkn QyHKIIT U, , @ Ta Y TapMOHIMHI, TO 3 ypaxyBaHHAM (3.5)
CIpaBEAJIMB1 HACTYIIHI TPEACTABICHHS:

u=®(2)+®(z), t=B@'(z)+ B®'(7), (3.6)

e (I)(Z)=[CDl(Z),(D2(Z),(D3(Z):|T — JIOBilIbHA AaHANITMYHA BEKTOP-(PyHKIIis

KOMILIEKCHOI 3MIHHOI Z = X, +1X,, B =IR, a mrpuxu o3Ha4atoTh MOXIiJHI MO X, .

3.2 IlocraHoBKa 3aaa4i Ta OCHOBHI (opmynu Anas OimaTrepiajabHOro Tijia 3
€JICKTPOMATHITONPOBIIHOK) Ta  EJEeKTPUYHO Ta  MATHITONPOHUKHOIO

MixkGazHUMM TPIlIUHAMA

PosrisHemo nBi TpimmHuM C<X <a 1 b<x <d B3moBX Mexi mNoaily
'€30€JIEKTPOMArHiTHUX MIBIOPOCTOPIB, MOJIIPU30BAHUX Yy HAINpPSIMKY ocl X,. Ha
HECKIHYCHHOCTI TPHUKJIAJCHE PIBHOMIPHO PO3MOJIJICHE AHTUIUIOCKE MEXaHIuHe

HAaBaHTAKEHHS O,;, a TAKOX SJIEKTPUYIHE MoJIe HarpykeHicTio E,° i marHiTHe mone
HanpyxeHicTio H,” B turomusi (Xl,XZ) , Kl HE 3aJeaTh BIJ KOOPAMHATU X,
(puc. 3.1). [Tpumyctumo, o TpimuHa X, € [C, a] € €JICKTPOMArHITONPOBIIHOIO, TOAI

sk TpimuHa X, € [b,d | — enextpuuno Ta MarnitonpoHnkHOK0. OTXKe BBAXKAEMO, LLIO
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oeperu TPIIIMHU [C, a] MOKPUTI EJIEKTPOJAMH, $5IKi, KpIM TOTO, MIATPUMYIOTh
MOCTIHHUN PO3MOIii MarHiTHOTO ToJist. Lle o3Hauae, 10 yMOBH 7Sl IBOTO PO3Pi3y
MOXHa 3anucatu y ¢hopmi:
2 1 2

o =02 =0, EN=EP =0, HY=H/” =0 nm1 c< x <a. (3.7)

YMoBU Ha Geperax eeKTpUYHO Ta MAarHITOMPOHUKHOI TPIIIMHU TaKI:
ol =c?=0,(D,)=0,(B,)=0, (E,)=0, (H,)=0 ma b<x, <d. (3.8)
OmucaHi BHINE TONIKOKEHHS MOXYTh BHHUKHYTH 4Yepe3 pO3IIapyBaHHS

6araTolapoBOrO  €ICKTPOJa, pPO3TALIOBAHOrO Ha iHTepBami [C,a] , skuif

BUTOTOBJICHHH 3 ()epOMATHITHOTO MaTepialy, pa3oM 3 J0JJaTKOBUM PO3IIapyBaHHIM
HEEJICKTPOI0BAHOT YACTHHH [b, d ] inTepdeiicy.

TakoX  BBaKaeThbCs, 10 HAa  HECKIHYEHHOCTI  Jli€  BEKTOpP

€JICKTPOMAarHiTOMEXaHIYHOTO HABAHTaKEHHs P~ [0'32, E" H ]

© © 4, O O O ©
s T T TT T T~~~ ~—~~—~—~—~—~"—~"=—"/ 7/ T T N
( IT’e30enekTpoMarHiTHUM MaTepiai \I
— | ) (1) 0 1 ) (1 — >
| el ).l ) A |
EFHY |
— | : —
(
\ — // »
s S >
( ¢ a b d \ X
— | |
I
| | By HY
> : IT’e30enekTpoMaruiTHuil MaTepian : .
2 2
‘\ C'44)1615 ’hIS)’al(l)’dl(l)’}/l(l) //
® ® ® o @ @ ®

Puc. 3.1 — Tpinmuu c< X, <a ta b <X <d B3noBx iHTepdeiicy X, =0 nBox

I’ €30€JICKTPOMAarHiTHUX MaTepiajiB
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BBoasiuu BekTopu

v'=[u;,D0,,B,] , P=[0s,, 0¥ ], (3.9)

Ha OCHOBi (3.6) MaeMo:
V'=M®'(z)+M®'(7), (3.10)
P = N®'(2)+ N®'(2), (3.12)

ne matpuii Mi N MaroTh CTpYKTypy:

1 0 0 B, B, B,
M=[B, B, B,|,N={0 1 0
B, B, B, 0 0 1

Jlns Bunanky OimartepianbHOro 3’e€qHaHHs criBBigHommeHHs (3.10), (3.11)

MOXXKHA 3aITHCaTH y BUTIISIL:
v = MW@ ¥ (2)+ MOS ) (7), (3.12)
PH) = W™ (2)+ NW&' Y (7), (3.13)
ne k=1 gua obmacti 11 K =2 s obmacti 2; M® ta NO _ e Matpuii M ta N
11 obnacreii 1 i 2 BignosigHo; (I)(k)(z) — JIOBinbHI BeKTOp-()YHKIIiT, aHATITHYHI B
oOiactax 1 12 BIAIIOBIAHO.
[ToTpiOHO, 1100 PIBHICTH pY=p® BUKOHYBaJIach Ha BCIM ocl X, . Toxal 3
(3.10) maemo:
N (x, +i0)+ NUB™ (% —i0) =
= NP (x, ~i0)+ N?®? (x +i0). (3.14)
TyT BUKOPUCTaHO mo3HaueHHs F (X, £i0)=F*(x,), mo o3Hauae rpaHndHe
sHaueHHst GyHKuii F(z) npu x, — 0 3Bepxy abo 3HM3Y BiANOBiHO.
PiBusinus (3.14) MoXHa 3anucaTy Tak:
BUa' ™ (x, +i0)— BY&'? (x, +i0)=

= B0 (x,-i0)— BY®' (x, -i0).
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JIiBy 1 mpaBy YaCTUHU OCTAHHBOT'O PIBHSHHS MOYHA PO3TJISAATH K TPaHUYHI

3Ha4YCHHS (DYHKITIH

NOgp® (z) _NO®p'® (Z)

NP @ (z)- NO@ (), (3.15)
K1 € aHATITHIHUMH Y BEPXHIH 1 HIKHIN MBIUIOIIMHAX, BIJIIIOBIIHO. AJIE 1€ O3HAYaeE,
1o icaye ¢yskiis I1 ( Z) , sIKa TOPIBHIOE 3rajlaHuM (DYHKIISIM Y KOXKHIHM MiBILTOIIMHI
Ta € aHAJITUYHOIO Y BCIH TUIOMIHHI.

[Tpunyckaroum, mo Il(z — 0, Ha ocHOBI1 TeopeMu JI1yBIIISA 3HAXOIUMO,
z
—0

110 KoxkHa 3 pyHK1iH (3.15) gopiBHIOE 0 17151 KOKHOTO Z 3 BIJTIOBIIHOT IT1BILIOITHHHU.

OT1xe, OTpUMY€EMO:

q_)'(z)(z):(ﬂ(z))_l N(l)q)-(l)(z) s x, >0, (3.16)

&).(1)(2):(N(1))—1 N®@'® (z) ws x, <0. (3.17)

Jlaii 3HaX0IMMO CTPUOOK BeKTopHO'l' (byHKui'l':

(v (%)) =v® (% +i0)—v'¥(x —i0), (3.18)

MIpU TIepeXo/il uepe3 iHTepdeiic.

BUKOPHCTOBYIOUH (OPMYJTy (3.12) JAMIHCYEMO:
(% £i0) = M ¥ (x, £i0)+ MW@' ™ (x Fi0),
i mincrapmsoun B (3.18), OTPUMYEMO:
(v (%)) =M @' (x +i0)+ M@ (x, -i0) -
M@0 (x, ~i0)— K@@ (x, +i0).
Busnauaroum nam

@' (x -i0)=(N®)

3 (3.17), 1 miacraBnstoun ner Bupas pazom 3 (3.16) npu X, > +0 B ocraHHIO

-1

N O™ (x, ~i0)

bopmyity, 0IepKYyEMO:
(v'(x,))=D®'"(x +i0)+ D®'"(x -i0), (3.19)
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e

-1

D=M" - M (N) N,

BBoanMo HOBY BEKTOPHY (DYHKIIIFO TAKUM YUHOM:

D'V (z), x >0,
W { (2), % (3.20)

—5(1_)’(1) (z), x,<0,
toni popmyiy (3.19) MoxHa 3anucaTu Takx:
(v (%)) =W () =W (%) (3:21)
I3 cniBBimHOMIEHHS (3.13) Maemo:
PY(x,0)= N"®'®(x +i0)+ NP @ (x, -i0). (3.22)
BpaxoByrouu, o Ha ocHOBI (3.20)
@' (x, +i0)=DW (% +i0), & (x, ~i0)=—(D") W (x ~i0),
1 1JICTABJISIFOY Y 111 CMIBBIAHOIICHHS B (3.22), 01epKy€eMO:
P®(x,0)=SW"(x)-SW(x,), (3.23)
ne S=N¥D™.
I3 ocTaHHIX CHIBBIAHOIIEHL BUILINBAE, IO

R

ITpencrasnenns (3.21) ta (3.23) MOKHA BUKOPUCTOBYBATH J1s1 PO3B'sI3yBaHHS
AHTUIIOCKHX 3a4a4 JiJIs O1MaTepialIbHUX TUI 3 MiXK(DA3HUMH TPIIIHHAMMU.

Jani tpancopmyeMo 11 mpeacTaBieHHs 10 GopMmu, sika OyAe 3pyUHIIIO
JUTSL pO3B’si3aHHs C(hOPMYIIOBAHO1 3a/1a4i.

Posrisaemo marpumio L= [Ll, L,, L3] i 100yTOK
LPY (x,0)=LSW * (%)~ LSW (x,). (3.24)
Iosnauatoun Y =[Y,,Y,,Y,]= LS, BBoaumo dyHxkuito:
F(z2)=Yw(z). (3.25)
Hpurnyctumo, mo LS =—yLS |, TpaHCIOHyeMO OCTaHHE piBHSHHS ISt

3pyuHOCTi. OfepxKyemo:
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(ys"+S")L =0. (3.26)

Ile 3agaya MONIyKy BJIACHOTO 3HAYEHHS ¥ 1 BIACHOTO BEKTOPY L' . Bracsi
S3HAYCHHA € KOPCHAMHA piBHHHHH
det(yS" +S7)=0, (3.27)

K1 TO3HAYUMO 4EPEe3 )y, ¥y, Va-

. L . .
BnacHi BekTopu LTj = [L i L i29 L j3} (j =1, 2,3) , SIK1 BIIMOBIJIAIOTH BJIACHUM

3HAQYEHHSIM }; 3HaiJeHO 3 cuctemu (3.23).

[To3nauarouu
Y =LS, (3.28)
OTpHMYEMO 3 (3.24):
LiPY (%, 0)=Y W™ (x)+ 7Y W (%),
460, BpAxoByIOuH (3.25), OTPHMYEMO:
L,PY(x,0)=F" (%) +7,F (%), (3.29)
e
F (2)=YW(z). (3.30)
Bpaxosyiom mo  F'(x)=F (x)=F(x) am x¢(c.a)u(bd) .

oTpuMyeMo 3 (3.29) Taky yMOBY Ha HECKIHYEHHOCTI:

Fi(z)

= E(Ljpgg + LB + LigHy?). (3.31)

Cnipg 3a3HauuTH, WO AJ PO3IJIAHYTOIO KIACy II'€30€JEKTPOMAarHIiTHUX

MaTepianaiB MaTpUISL S Mae€ TaKy CTPYKTypy:

Isll SlZ S13
S=|s, IS, IS/, (3.32)

S31 IS32 IS33
ne ei s, (k,1=1,2,3) e nificanmn.

VY 11boMy BUNAJKY BiacHi 3HaueHHs cuctemu (3.26) Taki:
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o+1 o-1
=1, v =—, Yo=——, 3.33
71 V2 5_1 V3 ( )

Jac

5 = V t2 /tl ! tl = S21332313 + S12523831 - S31522513 - S12321533’ t2 = S11322833 - S23532811 '
BrnacHi BekTOpHW, IO BIAMOBIMAIOTh IMM BJIACHUM 3HAYEHHSM, MOJKHA

BU3HAYUTH 13 cucTeMH (3.26) 1 IPEJCTAaBUTH Y BUTJISAII:

L =[01a,], L, =[Lio,,iw,], L, =[Lio,,io,], (3.34)
e
S
W3 = -2, Wy = Dﬁ(512533 - S’13332)’
31 0

[0}
W3 = 3(322513 - S23512) y gy = =Wy,
0

7, +1

W33 = —Wy3, W = 1
Vo~

1 Do = 555533 — S355; -

3 ypaxyBaHHsM npenctaBieHHs (3.34) cmiBBigHomreHHs (3.29) mia | =1,2

MOXHa 3anucatu y hopmi:

El(l)(xl,O)+a)13Hl(l)(X1,O): B (%) +F (%), (3.35)
oty (%,0) +iwuEY (%,0) +iwgH,” (%,0) = F; (%) +7,F; (x).  (3.36)
I3 piBHsHb (3.9), (3.21) 1 (3.30) oTpumyemo:
Y (U3 (%,0)) + Y1 (D, (%,0)) +Yi5(B, (%, 0)) = F (x) - F (). (3:37)
I3 anamnizy (3.32) i (3.34) BurumBae, 1o s pO3MIISIHYTOrO KJlacy MarepiaiiiB
Y, =0, Y,, le € YUCTO ySIBHUMH, a BCl 1HIII Yjk — miicauMu. Tomy, BBOJSIUA

nosHavenns 7, =—iYy , 7, =-1Y;, n, =Y, (j,k=2,3), pienaunsa (3.37) s

J =1,2 moxHa 3anucatu y Gopmi:
7, <D2(X1’O)> + i7713<Bz(X170)> =F' (Xl) - Fl_(xl)’ (3.38)
1171 (Us (%,,0)) + 77, D, (%,,0)) + 775 (B, (%,0)) = ;" (%) = F; (%) (3:39)

72



BaxmmBo, mo BCi @; Ta 7; B piBHsHHAX (3.35), (3.36) 1 (3.38), (3.39) €

JIACHUMH.

3.3 ®opMyTIOBaHHS Ta PO3B'A3aHHS 3124 JiHIHHOI0 CNPsIKEeHHA

J1yist BUKOHAHHS rpaHndHOi yMOBH (3.7) 3 BUkopucTtanHsaM (3.36) BUMaraemo:
F (%) +7,F (%)=0 mma c<x <a. (3.40)
PiBusinna  (3.40) 3a0esmeuye  BUKOHaHHS  YMOB oé? (xl, 0) =0 1
@,, El(l) (x,0)+ 0)23H1(1) (%,0)=0 Ha (c,a). Jlns BUKOHAHHS K IPAHUYHOI yMOBH
(3.8) 3 BukopucranusaMm (3.36) 1 (3.37) onepikyemo:
Re[F, (%)+7,F, (x)]=0,
Re[ F, (%)~ F, (x)]=0 s b<x <d.
OcraHH1 pIBHAHHS MOKHA 3alMCATH Y BUTJIAI1 OAHOTO PIBHSIHHS:
ReF, (x)=0 mma b<x <d. (3.41)
Lle piBHAHHS 3a0€31eUy€ BUKOHAHHS YMOB:
0 (%,0)=0 i 77,,(D,(%,0)) + 17,5 (B, (%,,0)) =0 na (b,d).

JUJ1st TOBHOTO BUKOHAHHS BCI1X I'paHUYHUX YMOB (3.7) 1 (3.8) Tpeba Ha OCHOBI

(3.35) 1(3.38) BUMaraTv BUKOHAHHS 11I€ TAKKX PIBHOCTEM:

F(x)+F (x)=0nmsc<x<a, (3.42)

F(x)-F(x)=0mmb<x<d.
OcranHe pIBHSHHS pa3oM 31 C(POPMYJIbOBAHMMH BHILE BIACTUBOCTSIMU

byHKIii Fl(z) 3a0e3neuye il aHAIITHUYHICT y BCI KOMIUIEKCHIM IUIOIIMHI 32
BUHSITKOM 1HTEpPBAITY (c,a) iHTepdeiica. YMoBa Ha HECKIHUEHHOCTI Ml QyHKITI

F.(z) Burikae i3 (3.32) i Mae BurmsA:

F(2)

=0.5(E" + w,H,"). (3.43)

Z—>©
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Piusunas (3.40), (3.41) saBnsioTh co00l0 KOMOIHOBaHY KpaloBYy 3amady
Hipixne-Pimana.

Jlyst po3B’si3aHHS 111€1 3a/1a41 BBEIEMO TaKy 3aMiHY:

F, (2)=i@,(2). (3.44)

Toni piBusiaHA (3.40), (3.41) HaOyBalOTh BUTIISAY:
@, (x)+7,P,(x)=0,c<x<a, (3.45)
Im®; (x,)=0, b<x <d. (3.46)

Ha ocnoBi piBusaHb (3.36) 1 (3.44) ymMOBY Ha HECKIHYEHHOCTI MOKHA

NPENCTaBUTH Y BUTJISIL:

®,(z) =E,+H,-i5}, (3.47)
e
~ 1) o @ w ~(2) _ Og
E —_ % CH, =58 H~, G- Y2
2 dvy, 0 14y, VTR 14y,

PiBusinuga (3.45) 1 (3.46) sBiIAIOTH cO00I0 KOMOIHOBaHy KpailoBy 3ajiauy
Hipixne-Pimana, po3B’s30k skoi HaBeneHo B po3aiii [. Tomy HaBeneMo TyT mwuiie

OCHOBHI CKJIaJIOB1 OTPUMAHOTO PO3B’s3KY, a caMe:
®,(z)=P(z)X,(2)+Q(z)X,(2), (3.48)
ne supasu st P(z),Q(z), X,(z) i X,(z) susnauarorses dopmymamu (1.17)-
(1.18).
HosuieH1 koediuientn C,, C,, C,, D;, D, M0OXHa BU3HAUYUTH AHAJIOTIYHO
BUMAJKY, IKUI pO3TJIIHYTO B po3/auii I, 3a popmynamu:
C,=-6 cos B, —(E, + H,)sin 3, D, =(E,+H,)cos B, — &3 sin 3,, (3.49)

a+b+c+d a+c
C,= _le -pD;, D,=5C, - DlT : (3.50)

HoBinbHul KoedinieHT C, BU3ZHAYAETHCS 3 YMOBH:

d

[[@3 (%) -, (%) ], =0, (3.50)

b
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1 Bupaxaerscsi popmyinoro (1.23), B kil koedimientn H, 1 L, MaroTh BUIIAR

(1.24).
Po3B’si30k piBHsHHSA (3.42) mpu yMmoBI Ha HeckiH4eHHOCTI (3.43) mae

Bursn [18]:

(3.52)

) (a+c)/2

2\/2 c z—

3.4. BusHayeHHsI MEXaHIYHUX HATIPY:KeHb, €JIEKTPUYHOI0 TA MATHITHOI0 MOJIiB

F(z)=(E +m,H

HA PI3HUX JIIHKAX MeXi moaily MarepiaJjiiB

TixcTapsoun oTpuManHii po3s’ 130k (3.48) y npencrasnenns (3.44), (3.37)
i Gepyun no ysarm, mo ®;(x)=®,(x)=®,(x) m x e{[ca]u[bd]},
IPHXOTAMO 110 hOpMYIIH:
o) (%,0) +iw,EY (%,,0) + ian,HY (x,0) =i (1+ 7, ), (%) (3.53)
ns X, 2{[c,a]ulb,d]}.
Bpaxosyioun eractueocti gyniuii F, (X, ), 3 pismanns (3.35) otprmyemo:
EY (x,0)+a,H" (x,0)=2F,(x) uma x, ¢ {[c.a]u[b,d]},  (3.54)
ne F,(x,) BusHasactbes 3 dopmym (3.54).
[3 OfiepanHX PiBHAHE BUIHO, MO oy (%,,0) BU3HAUACTLCS GE3MOCEPEHBO 3
pismsmms (3.53), a EM(x,0) i HY(x,0) - i3 cucremn, ckmanenoi 3 yssHoi

yactuni (3.53) 1 piBHsiHHA (3.54).

VY pesynbrati popmynu sl BKa3aHUX BEJIMYUH MAIOTh BUTIIS

057 (%,0)=Re{i(L+7,)®, (x,)},
E (%.0) =] @y Im{i(L+7,)®, (%)}~ 20,F, (%) |/ A,
HY (%,0) =| =Im{i(1+ 7, )@, (%)} + 20, F (x,) |/ A,
nms X, ¢{[c,a]ulb,d]}, (3.55)
ne A, = @y, — 0y
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AHANOTIYHAM YMHOM 3 piBHSHB (3.38) Ta (3.39) oxepiKyemo:
(us (%,0)) =i IMF,* (x,),
(D,(x,,0)) :[7723 ImF* (%) - Re Ff(xl)] I A,,
(B,(x,0)) =] =1, IMF* (%) +m, ReF; (%) ]/ A, (3.56)
e
R (%) =F (%)= F (%) k=1,2), A, = 11,7155 = 115705,
nputomy dymkuii F2(X) obumcmiooThes mo-pisHoMy s mpomikkis [c,a] i
[b,d].
Tak, ans mnpomikky [C,a] mHa ocHoBi (3.40) i (3.42) wMaeMo
F,(x)=-7"F"(x)1F (x)=-F"(x), Biznosizxo.

Tosi Ha TPOMIKKY [C, a] :

FZA(xl):lJ;/yz (%), FA(%)=2F"(%). (3.57)

Ha ocHoBi pe3ybraris crarti [56] Maemo, o Ha npomixky [b,d]:

X +( ) ieili(xl)
1_ X1 = H
YO =¢)(x~a)(x ~b)(d ~x,)
i7" (%)
X3 (x)=—— (3.58)

Toni Ha [b,d]:

(e 270(x)_ e—zlo(xl))
+Q(x) N ] (3.59)

ac

76



Jo-2)(d-x) Jio—c)(d-x)
J(d-a)(x -b) Jd=c)(x -b)

Omxe, MEXaHIYHI HAIPYKECHHsI, CIEKTPUYHE Ta MarHiTHE MOJISl Ha YaCTUHAX

—arctg

Zo(X,)=2¢| arctg

iHTepdeicy MiX TpIIIMHAMH MOXYTh OyTH oOumcieHi 3a dopmymnamu (3.55), a
CTPUOKHM TOXIHOI BiJl MEPEMIIIeHb, IEKTPUYHOIO Ta MArHITHOTO 3MIIEHb — 3a
dopmynamu (3.56). Ipu npomy dymkuii F°(x) i F,(X) obunmcmoroTses 3a
bopmynamu (3.57) 1is IPOMIKKY [C, a] 1(3.59) — n1s mpoMikKy [b, d ] :
PO3KpuTTS TpiIMHA Ha MPOMIXKKY Xle[C,a] MoO)ke OyTH BHM3HAUEHO 3a

dhopmyItor:

X

(u;(%,0)) = I{us' (t,0))dt ans x, [c,a]. (3.60)

C
3.5. AHaJi3 YyHCceJIbHHUX pe3yJbTaTiB

MartepianbHl KOHCTaHTH 1'€30€JE€KTPOMArHiTHOIO0 KOMIIO3UTHOI'O MaTepiany
OTPUMYIOTh 3 BUKOPUCTAHHSAM TAKOTO IpaBWia 3MIIIyBaHHA I1'€30€JIEKTPUYHOTO

marepiany BaTiO3 1 n'esomaraitaoro marepiainy CoFeOg:
Yy Yy

e° =0V, +0"(1-V,) (3.61)

ne ©° — MmarepianbHi cTam M'€30eTeKTPOMArHiTHOrO Matepiany, a ©° Ta O
MO3HAYAIOTh  BIJAMOBIJHI ~ MaTrepialibHl  KOHCTAHTH  I'€30€JIEKTPUYHOTO 1

1'€30MarHiTHOro0 MaTeplaiiB BIAMOBIAHO; V, — 00'eMHa 4acTKa IT'€30€JIEKTPUYHOTO

Marepiany. Xapakrepuctuku matepianiB BaTiOs3 1 CoFeO,4 naBeneno B Tabi. 3.1.
UucenpbHUM  EKCIIEPUMEHT TIPOBOAMBCSA I IT'€30€JICKTPOMArHiTHOTO

Komno3uTHoro Oimarepiany 13 V, =0,1 mis Bepxuporo miBnpocropy 1V, =0,7 —
JUTSL HIDKHBOTO.

. 1
Ha puc. 3.2 MOKa3aHO 3aIEKHICTh MOTHYHOTO HAmpyxenHs ol (%,0) Ha
TIPOMIKKY Xle[a,b] Bil 3MIHM MAar”iTHOTO IIOJII HAa HECKIHYEHHOCTI JUIA

o5, =10"Tla H =0 (nyaxtupna mimis), 2-10° A/ m (ninis 1), 5-10° A/ m (ninis

77



I, 10°A/m (mimis III). BumHo, moO MarHiTHe mojie Oinbllle BIUVIMBAE Ha

XapaKTePUCTUKH HATPY>KCHHS B OKOJII €JIEKTPOMArHITONPOBIAHOI TPIIIMHU, a B
OKOJT1 €JICKTPOMArHiTOIPOHUKHOI TPIIIIMHY 1€ BIUIMB Mai>ke HEBI Uy THHUH.

Ha pwuc. 3.3 HaBeneHO pO3KPUTTS €IEKTPOMATHITONPOBIAHOT TPIIIMHU

<u3(X1,O)> Ha MPOMDKKY X, €[C,a] B 3a1eKHOCTI Bif THX e 3HAYeHb MArHITHOTO

TOJIs, 1110 1 Ha PUCYHKY 3.2.

Tabmuis 3.1 — Marepianbhi konctanTu st BaTiO3; 1 CoFeO, [60]

KoHcranTtu marepiais BaTiO, | CoFe,O,

Cyy [10°H / a* | 16,6 | 286
Cys [10°H /. 7,8 17,0
Cys [10°H /4] 162 | 26,95
Cy [10°H /277 ] 4,3 4,53
& | K1l 116 |0
&y | Knla’ ] -4.4 0
€ | K/ ? | 186 |0

a, [10%°k2/(B-m)] 112 0,83

a,, [10*10;01 /(B- M):| 126 0,93

he [H/(A-m)] 0 550
hy [H/(A-m)] 0 580,3
hy, [HI(A-n)] 0 699,7
7 |10°H -1 (K2*)| |5 590
ye [10°H - 1(K2*)| |10 157
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200 +

150 +

100 +

50 +

0 ' ' ' ' o

0,01 0,011 0,012 0,013 0,014 0,015

Puc. 3.2. 3anexHICTh JOTUYHOTO HANIPYKEHHS O'?g) (XlO) Ha MPOMDKKY X, € [a,b]

B1JI 3MIHA MarHITHOI'O MOJIA Ha HECKIHYEHHOCTI

X, M 001

20 1
Puc. 3.3. PO3KpUTTA €J1eKTPOMAarHiTONPOBIAHOI TPILIMHU <u3 (X10)>
Ha IPOMIKKY X, € [C, a]
3 1uX pe3ysbTaTiB BUILIMBAE, 1110 MAarHITHUN MOTIK MPU3BOJIUTH 10 JOCUTh
CYTT€BHX 3MiH Y (hOpMi PO3KPUTTS TPIIIMHHM 1 HaBITh JI0 B3aEMOIIEPETHUHY OEPETiB B

OKOJI1 OJTHI€T 3 BepIIHH. AJie BKa3aHHM B3a€MOTIEPETHH OeperiB He 03HaYa€e Pi3UIHO

HepealbHe B3a€MONPOHUKHEHHsS MaTepiaiB, OCKiIbKM mepemimenns U (x,,0) i
us? (X1, 0) 30CepeKEHI B MapalieIbHUX TUIOLIMHAX, K1 MePIEeHIUKYISIPHI MJIOIIKHI
(X0,%, ).
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3.6 BucnHoBkmu 10 po3ainy 111

Po3risiHyTO AB1 TPIIMHU MiX 1’ €30€JIEKTPOMArHiTHUMH IMBIIPOCTOPAMH JIJIst
BUMAJIKYy AaHTUIUIOCKOi naedopMarnii. BBakaerbcs, 1O ogHa 3 TPIIMH €
CJIEKTPOMArHiTONPOBIAHOIO, @  IHIIA  EJeKTPOMAarHiTonpoHukHowo.  Ha
HECKIHYEHHOCTI TMPHUKIQJCHI PIBHOMIPHO PO3MOAUICHE aHTUIJIOCKE 3CyBHE
MEXaHIYHE HABAaHTAXEHHS Ta TIUIOCKI EJIIEKTpUYHE 1 MarHiTHE TONsA. 3
BUKOPHCTAHHSAM METOJY KOMIUIEKCHHX TMOTEHLIaIiB MpoOieMy 3BEIEeHO [0
pO3B’si3aHHST KOMOIHOBaHO1 KpaioBoi 3amaul [lipixie-Pimana Ta 3amaui ['ias6epTa
JUISl KYCKOBO-aHATITUYHUX (QYHKI1MA. BUnMcaHO TOYHI aHAIITHYHI PO3B’SI3KH IUX
3alay, 1 Ha iXHIA OCHOBI OTPUMAaHO AaHAJTITHYHI BHUpPA3U JJIsi HAIPYKEHb,
€JIEKTPUYHOI0 Ta MArHITHOTO MOJI1B HAa MEX1 MOALTY MaTepialliB 03a TPIILIMHAMH, a
TaKOX PO3KPUTTS TPILIMH Ta CTPUOKU EJIEKTPUYHOTO 1 MArHiTHOIO 3MILIEHb MPHU
nepexoi uepes TPIuHH.

YucenbHy UIIOCTPALlll0 OTPUMAHUX PE3YyJIbTATIB NPOBEIECHO IS PI3HUX
JIOBXXKMH TPIIMH, BIJICTAHEM MDK HHUMH Ta PI3HMX 3HAa4Ye€Hb MEXaHIYHOTO,
CJIEKTPUYHOTO Ta MAarHITHOTO HaBaHTaXeHb. Jleaki 3 1[HUX pe3yJbTaTiB
MPEACTABIICHO y BUTIIAI rpadikiB. 3 HUX BUTIKAE, 10 30BHIIIHIN MarHiTHUN MOTIK
CYTT€BO BIUITMBAE Ha MEXaHIYHI TOJISI B OKOJII €JIEKTPOMAarHiTOMPOBITHOT TPIIIIMHH.
[le mposiBisi€TbCS B CYTTEBIM 3MiHI CTPUOKIB MEpPEMILEHb M I€l TPIIMHU
(puc.3.3), a Takok B  3HAYHOMY  3OUIBIIEHHI  HANPYXEHb  OUIA
CJIEKTPOMArHITONPOBIAHOI TpinuHK (puc. 3.2). B Tol e yac, BIUIUB MarHiTHOTO
MOTOKY Ha PO3KPHUTTA EIEeKTPOMArHITOPOHUKHOI TPIIIMHA, a TaKOX Ha

HaNpy>KeHHs B 11 OKOJII € HE3HAYHHM.
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PO3I1JT IV. CHCTEMA KOJIIHEAPHUX EJIEKTPUYHO TA
MAT'HITHO IPOHUKHHUX TPIIIUH MI’K IBOMA
IPE3OEJEKTPOMATHITHUMU MATEPIAJIAMU

4.1 OcHoBHI (popMyJIH AJIs1 11'€30€JIEKTPOMATHITHOI0 MaTepiaay AJisl IJI0CKOro

BHIIAAKY

BusnauanbH1 CIHIBBIIHOIIEHHS TSI IT'€30€JIEKTPOMArHiTHOTO Matepiany,
pIBHSIHHS piBHOBAaru i (GopMmynu Al BU3HAUYCHHA Aedopmaiiiif, eneKTpUIHOTO Ta
MAarHITHOT'O TIOJIiB OMUCYIOThCS piBHAHHAME (3.1)-(3.3).

JUist  HaWBaXXIMBIIOTO IS TMPAKTHUKKA — TPaHCBEPCATbHO-130TPOITHOTO

Matepiaiy B yMOBax II0ckoi aedpopmaii B miommi (X, X, ) piBstaus (3.1) MoxHa

MoAaTH y BUTJISIL:

Oy Cy, Cs O |[&y 0 e, E 0 b1
Ogp(=|Cs Cyu 0 |[1&37—| 0 &5 {El} -1 0 hy {H 1} ) (4.1)
O3 0 0 c,ulés es O ’ hs ’
D) [0 0 el|™| [a O07(E
- £y 0+ : (4.2)
D, €y €3 O i i 0 a5 |Es
€13
B, 0 0 hy “u _7 n o 0 |1H;
= it : (4-3)
B, h, h, O c L 0 75| H;
13 )

Y dopmynax (4.1-4.3) BUKOPHCTaHO NBOXIHICKCHHI 3allMC BH3HAYaIbHUX
CIIBBITHOIIIEHb, AHAJIOTIYHUN 3aCTOCOBAaHOMY B [15] s 11€30€IEeKTPUYHOTO
Marepiaiy.

BBenemo BekTopu:

V= {ul’uwuy(”a'//}T’ t= {531’032’033’ D;, Bs}T - (4.4)

OCKI7bKH BC1 MOJISL HE 3aJ1€KaTh Bl KOOPAMHATH X,, TO PO3B 30K PIBHSAHb

(3.1-3.3) 3rigHo 3 METOOM, 3aMPOTNIOHOBAHKUM Yy [96] 17151 aHI30TPOIIHOTO MaTepiay,

MO>Ke OyTH MPECTABICHO Y BUTJISII:
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V=af(z), (4.5)

e =X, + PX,, BeKTOp a=[a,,a,,a;,a,, aS]T BU3HAYAIOTh 13 PIBHAHHS:
[Q+p(R+R")+pT|a=0, (4.6)

a eneMenTu Matpullb Q, R ta T po3MipHOCTI 5x5 BU3HAUAIOTH SIK

_C1111 Ciizr Cuar &in hm | _01112 Ciuzoe Cuz  €mn h211 |
Coir Coar Coar € hlZl Coio G Cogp €y h221
Q=|Cay Cuyn Cuy Gy hm , R=|C3, Cuap Cipp € h231 ,
€1 G G Oy _d11 €110 €12 €~ _d12
L hyy My hy —dy —H | L hy, hyp hgp —dy -, i

(@]

C2112 01122 1132 e212 h212

Cpoiz Cizp Com € Doy
T=|Cuy Can Cup €m hw | (4.7)
€10 € By —Op —Uy
L hyo  hy Ny —dy  —py i

HenynpoBuii po3B’s30k cuctemu (4.6) icHye, SKIIO p siBIsi€ cOO0I0 KOPIHb

PIBHSIHHSL:
det[Q+ p(R+R™)+ pZT]zo. (4.8)
Ockinbku piBHSHHA (4.8) HE Mae MIHCHUX KOpEeHIB [96], MO3HAYMMO KOPEHi
LIbOTO PIBHSHHSA 3 JOJATHOKO YSIBHOIO YaCTHHOIO 4Yepe3 P, , a BIANOBIIHI BIACHI
BEKTOpU cucTeMu (4.6) uepes a, (HUKHIN IHAEKC @ TYyT 1 Jajl Ha0yBae€ 3Ha4ECHb B1l

1 mo 5). 3aranbHuii po3’s30Kk piBHSIHB (3.1-3.3) Moke OyTH MpEACTaBICHUHN Y

BurmsiAai [100]:

V=Af(z)+Af(2), (4.9)
ne A= [al,az,a3,a4,a5] — MaTpHIls, CKJIaJIeHa 3 BJIACHUX BEKTOpIB cuctemu (4.6),
f(2)=[ (), f,(2,) fo(2), £, (2). fs(2,)] — noBimema amanitwuma sexrop-
(GyHKLIA, Z, =X + P, X;, @ PUCKA 03HAYAE KOMIUIEKCHO-CIIPSYKEHY BEJINYMHY.
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I3 Bukopucranusam piBHsHb (3.1) BexTop t, BBeaenuit y dopmi (4.4), Moxe
OyTH NMpeICTaBICHUN y BUTIISIIL:
t=Bf'(2)+BF(z), (4.10)

Jie MaTpuilsl B po3mipHOCTI 5x5 BU3HAYAETHCS K

B=[b,,b,.by,b,,b],

b = (RT + paT)aa (macyMyBaHHS 32 @ HE TPOBOAUTHCS),

[24

]
F(2) df,(z) df,(z,) dfy(z) df,(z,) dfy(z)
dz, ' dz;, ' dz; ' dz, ' dz, |~
IIpHHYCKaKﬂHI TCIICP, 1o PO3TTEAIa€ThCA IIJIOCKa 3aJada JITA

01MaTepiaabHOrO KOMIIO3UTY 3 PI3HOPIAHUMU CKJIAZOBUMU 1 X, >0 T1a X, <0, 1

IIPOBOJISYM aHaJII3, AHAJIOTIYHUNA BUKJIAJIEHOMY Yy MIAPO3AUIL 3.2, OJep)KyeEMO TaKi

MMpCaACTaBJICHHSA:

(V(3))=W" (%) =W~ (x,), (4.11)
t%(x,0)) =GW"* (x)-GW(x,), (4.12)
e
W(z)=[W,(2) Wy (2) W, (2) W (2)

G=B"D*, D=AY A" (E(Z) )_1 BY,

W7 (%) =W(x +i0), W (x)=W(x ~i0),
BepxHi iHAekcH (1) 1 (2) BIAMOBIAIOTh BEPXHROMY 1 HIYKHBOMY MaTepiajiaM.
Bektopu V 1 ty Bumanky miockoi aedgopmariii po3risgaroThCcs 0€3 Ipyrux

KOMIIOHEHT, a OimaTepiainbHa Matpullst G Mae BUTTIS;

(10 05 O Oss
931 ig33 ig34 ig35
g41 ig43 i944 ig45
g51 ig53 igS4 igSS_

, (4.13)

MpUYOMY BCi §; — AiHCHI.
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4.2 EJleKTPUYHO i MATHITHO NPOHUKHI TPillMHU

[TpunycTrMo Temnep, Mo TPINUHU SICKTPUYHO 1 MArHITHO IMTPOHHUKHI, TOOTO
(p)=0,(w)=0 st X, &(—o0,40), X, =0.
Ile o3nauae, mo:
(9 (%,0)) =V () =W, (%) W, (%) =0,
(v (%,0))= (Vs (%)) =Wg' () ~Wg (%) =0

Orxe, pysakmii W, ( Z) 1 W, ( Z) aHAJIITUYHI Y BCI{ TUTOIIMHI:

} s X, € (—o0; ).

W, (z) =W, =const, W, (z) =W, =const . (4.14)

Ockinpku 11t X, € L

n

L" = (—o0,0) \ L', L':U(ak,bk)

k=1

1 ClIpaBe/JIMBA PIBHICTD:

W7 (%) =W"(x)=W(x),

TO 13 cmiBBigHOMIEHHS (4.11) anst X, € L” oTpumyemo:

t¥(x,0)=(G-G)W(x,). (4.15)
Le 03Hauac, 1o
t* =tY(x,0) - =(G-G)wW(z) (4.16)
a60
W(z),  =(G-G) t". (4.17)

OTxe,

w={(6-6)"t} .we={(c-6) "t} .

5
BpaxoByroun BrnactuBocti matpuili G i3 (4.13), octanHi GopMynn MOKXHA

3aIlycaT TaK:
W, =R,,c” +R,,D” +R,,B”, W =R, 6" +R,,D” + R,,B”, (4.18)

i (S Rij € eneMeHTamMu MaTpuili R = —iS™, pUYOMY
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Os3 2934 2935
S= Q43 2944 2945 .
Oss 2954 2955

3 ypaxyBaHHSAM 3alUCaHUX BHUpa3iB Jis W4(Z) 1 WS(Z) , TIpeJICTaBJICHHS

(4.12) y pO3rOpHYTOMY BHIVISIi MOXKHA 3aITHCATH TAK:
oy (%,0) =gy, (W, +W, )+ gy (W, —W; ),
o2 (%,0) = 0y, (W, =W, ) +igs (W, +W, )+,
D (%,0) = 04y (W™ =W, ) +ig (W, +W; )+,
B (%,,0) = G5, (W™ =W, ) +iggy (W, +W, )+, (4.19)
IS
oy = 2i( g W, + g W)
dy = 2i( g, W,” + g,sWy),
by = 2i (geW,’ + geWVs’ ).

I3 npyroro cniBBigHOMIEeHHS (4.19) oTpumMyemo:

Ws+ +W3_ :%{O—?(,?(&’O)_931<u1,(x1)>_o'o}' (4-20)

33

[Ipu 1boMy BpaxoBaHoO, 10
W' =W = <u]’.(xl)> ).
[lincraBnsroun (4.20) y Tpere Ta uyeTBepTe chiBBiAHOWEHHSA (4.19),

OTPUMYEMO BUPA3H JIJIsl €JICKTPUYHOI Ta MATHITHOT IHIYKIIIH Y BUTJISII:

D" (x,,0) =[941 - g‘ggglj<ui(>9)>+

33

+ 3850 (x 0)+d, - 20, (4.21)
33 33
B?El)(xv 0) = [951 _%j@ll(xi»-k
33
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+ 35 50 (% 0)+by - 2, (4.22)

33 33

KomGinytoun mepmie ta napyre cmiBBigHomeHHs (4.19), a Takox okpemi

KOMITOHEHTH criBBigHOMmEHHS (4.11), oTpuMyemo:

o) (%, 0)+imol) (x,0)=4, (Fj+(X1)+7/j Fj‘(xl))+ao, (4.23)

(ug () +is; (us (%)) = (%) = F (%), (4.24)
F (2)=W,(z)+is\W,(z), (1=13),

m, =% |- 93193 Y= O3 + M0y ’
\j 011013 4

0,,+M.g .
& =03 — M0y, sjz%, j=13. (4.25)

J
[Ipeacrasnenns (4.23), (4.24) cnpaBeayiuBi 1)1 Oyb-5KO1 TOUKH €JIIEKTPUYHO
Ta MarHiTHO MPOHUKHOTO 1HTep(EelCy, HE3aIEKHO BiJ] IHIIUX YMOB, SIKI HA HbOMY

3anani. Po3risitHeMo Ternep KOHKPETHI YMOBH Ha iHTepdeiici.
4.3 Cucrema KoJiiHeapHUX TPIlIMH HA MeXi MoJTy MaTepiaJjiB

bynemo BBakaTu, 1m0 Ha MexXl NOAUTy MarepiamiB X, =0 BUHUKIM N
eJIEKTPO- Ta MArHITO-MPOHUKHUX TpilMH & <X, <b, a,<x <b,, ..., a, <x <b,,

Kl MOXXYTh MaTH JOBUIbHY JOBXHHY 1 posTamryBanHs (puc. 4.1). [Ipu mpomy
MaTepiaiy MarTh KJ1ac CUMETpli 6mm 1 nonepeaHbO MOJIIPU30BaH1 B HAMPSMKY OCI

X,. BBaykaeThCs, 1110 O€peru TPILIUH BUIbHI BIJl MEXaHIYHUX HAIPYKEHb.
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) 0 @
Ci(jk)l’ e|(ij)1 gi(j)
&‘
T =>— s
a b & b, % o
A
Ciga» B3 &

—
T &a
Puc. 4.1 CkiHueHHa MHOXMHA TpiluH & <X, <b, a,<x <b,, ..., a, <X <b,

Ha Mexk1 X; =0 Mix ABOMA IT’€30€JIEKTPOMATrHITHUMHU MaTepialaMu

Tonmi yMoBH Ha MeXi MOAUTY MaTepiaiiB JUisl TIOCTABJIICHOI 3a7adl MO>KHA

3AITHCATH Y BUIMISIL:
oy’ (%,0)=0, EY(x,0)=E(x,0)=0,
H"(x,0)=H(x,0)=0 s x eL’, (4.26)
U (%, 0)=u"(x,0), a1y (%, 0)= 57’ (x, 0),

EY (x,0)=E"(x,0), HY(x,0)=H,"(x,0),

D{’(x,0)=D{(x,0), BY(x,0)=B{(x,0) ana x, eL",  (4.27)
e m=12 , i=13 ; L’:U(ak,bk) CyKymHicTh oOnmacreil TpimmH i
k=1
L" = (—o0,00) \ L.

Brenemo 3aminy:

Oy
9 (1+7)

Toni npeacrasnenss (4.23), (4.24) naOyBarOTh BUTIIALY:

@, (z)=F(z)+ (4.28)

87



&%) (%, 0)+im;oly (%, 0) =, (@} (%) +7,®; (%)), (4.29)

(ur () +is; (U (%)) = @7 (%) - @ (%), (4.30)

pUIoOMy

®;(z)

e 6, =0 /rj, T, =—-M /rj, rj:.9j(1+7/j).

-6, —if,, (4.31)

Z—>0

BukopucroBytoun npencrasnerss (4.29) npu | =1, 3 rparnyHnx ymoB (4.26)
OJIEPIKY€EMO
@; (% )+ 7P, (x)=0 ms x, €L, (4.32)

Ha ocnogi [18] po3B's130k 3a1a4i JiHIiHHOTO cpsbkeHHs (4.32) MOoXkHA MToAaTH

y BUTJIAL
@, (z)=X(2)P,(2), (4.33)
ne
n —1+igl —lfigl In V4
X(2)=]](z-a) 2 "-(z-b) 2", =", (4.34)
k=1 2r
P,(z)=Cyz"+Cz"" +...+C,. (4.35)

Koeogimieatn C, (k =0,1,...n) BusHavyatotecs 3 ymoBu (4.31) mpu j=1 Ta

YMOB OJIHO3HAYHOCTI TMEpPEMIIlleHb MpU 00XOJ1 KOHTYpIiB TpimuH. B pe3ynbrati
OJIEPKYEMO:

C, =6, —if, (4.36)
0 1 1

an (t)X (t)dt=0, m=12,...,n.

am
OcraHHeE CITIBBITHOIICHHS MPU3BOJIUTH 0 CUCTEMH JIIHIMHUX anredpaiaHux

PIBHSIHb BUTJIAY:

a C =b,m=12...n. (4.37)

V 1t cucremi:

a,, =1 b, =-1,C,i ma=12,...,n, (4.38)

88



bm S
ImS:J - ! —dt, m,s=12,...,n.
a,

E451 —+ig
[1(t-a)z ™ (t-b,)z

k=1

Tounuii aHamiTHYHUN PO3B’s130K cucteM (4.37) MoOXKHA 3HAUTH A Oyb-
AKOr0 3Ha4eHHA N meroaoM ['ayca.
[3 BHKOpUCTaHHSIM OTPUMAHOTO PO3B’S3KY HANPYKCHHS 1032 TPIlUHAMHU

MOKe OyTH BU3HAUEHO 3a (hOPMYJIOFO:

o) (%, 0)+imoly (x,0) =9 (1+ 1)@, (%), (4.39)
a CTpUOKH MEepPEMIILIEHb Ha TPIIIKMHI — B PE3YJIbTAT] IHTETpyBaHHS (HOPMYJIH:
' . , +1 .
<u1(x1)>+|sl<u3(x1)>:717®j(xl). (4.40)
1

EnexTpuyHe Ta MarHiTHe 1oJisi MOKyTh OyTH BU3HadeHl 3a popmynamu (4.21),
(4.22).

Oco0suBHii 1HTEpEC MPEACTABISIIOTh ACUMITOTUYHI BUPa3u JIsl HAIPYKEHb
Ta CTpUOKIB MepeMilleHb B OKOJI1 BepiuH TpinH. Ha ocHoBi dhopmyi (4.39) 1 (4.40)

Il BUpPa3u B OKOJII MPaBoi BEPIIUHU K -i TPIIIMHU MOYKHA 3aITUCATH Y BUTIISII:

ol (%,0)~im ol (x,0)1, .0=R (x ~b) """, (4.41)
pI(&
_ _ 05-is T -0,5-ig, -0,5+ig
R =(1+7)9P (b )b —2a) " " T1 (b.-a;) (b -b)) ,
j=1, j=k
(u, (%)) +is, (Uy (%)) o 0=Ty (B =%, )", (4.42)
e

Tk _ |(l+ 7/1) P (bk )(bk _ ak )—O,5+ig1 ﬁ (bk _ aj )—O,5+ig1 (bk B bj )_0,5_ig1 .

\/71(0,5—i81) " i=1, =k

Bepyuw 10 yBaru, 1mo <g0(x1)> =01 <gy(x1)> =0 pua—oo < X, <o, II3E 6ins

BEPLIMHU TPILIMHU D, Mo>ke OyTH BU3HAYEHA 32 POPMYIIOIO:
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b +Al

1 1 1
G, =lImoN ) | 08 (%, 0)(u (%, = A1) + 085 (x,0)(u; (x, — Al) |, (4.43)

k

Buxopucrtaemo nasni TOTOXHICTB:
733 (%,0){us (%, = Al))+ 03 (%, 0){uy (%, - Al)) =

—=—m* Im{[a@ (%,0)—im o (xl,O)]xRul(x1 —Al )> + isl<u3(x1 —Al )>]} (4.44)

[TincraBnsroun hopmynu (4.41), (4.42) B (4.44), anotim B (4.43) 1 mpoBOASTIH

IHTErpyBaHHS, OTPUMYEMO:

T 1-2ig, =
G =- Im 1RS, |. 4.45
%= am, (ch(zgl) : ) (4.45)

AmnanoriyauM ynHoM 3HaiaeHo 1I3E 1 6i1st 1BUX BEPITUH TPIIIUH.
4.4 AnaJjii3 ynceJLHUX Pe3yJbTaTiB

JIist 4ucioBOi LTIOCTpalii po3risiHeMo OiMmarepiai, IO CKJIaJaeTbes 3
komno3uty BaTiO3—CoFe;O4 3 06’emuumu uyactkamu BaTiOsz V, =0,5 (BepxHiii
matepian) 1 V, =0,1 (HmxHii). XapakTepuCTUKU HUX MaTepialliB HaBeaeHo B [92].

Pesynbrat nns BUNAAKY TPbOX TPIIMH OJHAKOBOI JOBXKUHHU 20 Mmm, sIKi
MaroTh KOOPAWHATH JIIBUX BepMH &, =—60 wm, a, =—-10 am, a, =40 mm (iHii 1),
a=-60mn , a,=-10mn , a,=12mum (), a,=-32mum , a,=-10mum ,
a, =12 mm (/1) moxazano Ha puc. 4.2. 30BHINIHE MeXaHIYHEe HaBaHTAKEHHS OYII0
obpaHo Takum: o” =10"7Ta , t” =0, a 3Ha4YEeHHA ENEKTPUYHOI Ta MATHITHOI
ianykiin: D, =0, B =0. 3 puc. 4.2 BuIHO, 110 30JIMKEHHSI TPIIIMH TPU3BOIUTH

JI0 CYTTEBOTO 30UTBIICHHS PO3KPUTTS CEPEIHBOI TPIMIMHU, a TaKOXK 301TIBIICHHS
3HA4YE€Hb PO3KPUTTS JJIs Ti€l TPILIMHMU, IO CTAE OJIMKYE IO CEPEIHBOI.
VY Tabn. 4.1 moka3zaHo 3MIHM MIBUAKOCTI 3BUIBHEHHS €HEprii Ouis JiBOi

G, (H/m) ta npasoi G, (H/m) Bepumn cepennboi Tpimmnn &, =-10 mum
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b,=10 mm 11t (iKCOBAaHOTO TMOJIOXKEHHSA JIIBOI TpilUMHU &, =—-32 um

b, =—12 ymm Ta 3MiHM NTOJIOKEHHS NPABOI TPIILUHH.

4 -

I I

I

-0.06 -0,04 -0,02 0

o <u3 (x1)>-106, M

0.02 0,04 X, M 0,06

Puc. 4.2. 3miHa po3KpUTTS TPILUIMH HPHU 3MiHI BIJICTAHENH MK HUMU

Tabmuus 4.1 — 3miau HI3E [ H/ m ] 6ing npaBoi Ta JiBOi BEpIIMH CEPEIHBOI

TPIITUHA
[Tpomixxok

[80,100] [40,60] [20,40] [12,32] [11,31] [10,5, 30,5]
[a3,b3],MM
sz 26,434 27,447 | 31,973 56,666 |81,753 |124,141
Ga2 46,569 47,598 |50,453 56,666 |59,350 |61,803

[3 pesynbrariB, HaBeACHUX B TaOJUIll, BUAHO, IO 30JMXKEHHS TPIIIUH

npuBOAUTH 10 cyTTeBoro pocty II3E, ocobmuBo st HaltbmK4Ye po3TalioBaHUX

BEPILMH.

Ha puc. 4.3 noGynoBano rpadiku 3a1exHOCTi MarHiTHoi iHxyKuii B (x,,0)

B3/IOBXK JIiBOT TPIIIIMHY BiIl MArHITHOI IHAYKIIi HAa HecKiHueHHocTi: By =0 (iinis /),

10~ Tn (mimis 1), 5-107* Tn (mimis /1), —5-10"Tn (ninis IV) npu ¢ =10 ITa,

=0, D=0, a=-200mm , b =-180mm , a,=-10mm , b, =10 mm ,

a, =180 mm, b, =200 rm .
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Biu (xl =0)
17

o —

I

—_—

: . : - —<$
0. -0.195 -0.19 / 0.185 X, M\O.IS
I

v 30

\

Puc. 4.3. 3anexHOCTI MarHiTHOI IHAYKIIT B3J0BXK JIIBOT TPIIIIMHU BiJl

MarHiTHOI 1HAYKIIi1 HAa HECKIHYEHHOCTI

BuaHo, Mo MarsiTHa iHIYKIisS Ha TpilnuHi Oim3bka 1o Hyns npu By =0. B
TOM JKe 4ac, il 3HAYCHHS CYTTEBO 3aJIeXkKaTh Bl HCHYJILOBHX BelW4YHH By .

Ha puc. 4.4 nobynoBano rpadiku 3MiHH SK HOPMAJIBHOTO HaIPY>KCHHS
afg?(xl,O) Ha MPOMDKKaX MiX IIEpPIIOK-APYrOl0 Ta APYrO0-TPETHOK TPIIIMHAMH,
TaK 1 HOPMOBAHE PO3KPUTTS CEPEIHBOI TPIIIHMHA (u3(x1)). [TostoskeHHST cepeHbOl
TPILIMHU HE 3MIHIOBAIOCH (@, =—5 mm, b, =5 mm ), po3mipu iHIIKMX ABOX TPIIIWH
Ta BIJCTaHI MIX CEPEJHHOI0 Ta TMEPIIOD 1 TPEThOI BaApPIIOBAIUCH. 3HAYCHHS
enekTpuuHoi Ta MarHiTHOI iHaykmii D=0, B; =0, 30BHimHE MexaHiuHE
HaBanTaxenHs o =10"ITa, r° =0 (cyuinsHi Higii), 7° =5- ¢ (MyHKTHPHI HiHi).
Jhinii 7, II Bignosigatots &, =—30mm , b =-10mm , a8, =10 wm , b, =20 wm, a
minii /71, IV BianoBigawots &, =—35 mm, b, =-15 mm, a, =15 mm, b, =20 mm.

I3 pesynbTaTiB puc. 4.4 BUTIKA€E, 1110 1 HOPMaJIbHE HANPYXEHHS, 1 CTPUOOK
HOPMAJIbHUX TEepeMIlieHb (PO3KPUTTSA TPINIUHU) HECYTTEBO 3ajJekKaTh Bil

30BHIIIHBOTO JJOTUYHOI'O HAIpY>KEHHA Ha HECKIHYeHHOCTI. Ha geskux miisHKax
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BIJIMIHHICTh HaIIPY>X€Hb, OTPUMAHUX JJIS1 PI3HUX 3HAYEHb JOTHUYHOTO HAIPY>KEHHS

Ha HECKIHYCHHOCTI, HaBITh Ba)KKO IIOMITHUTH.

. 4
| (15(x,))-5-10° 1) (x,.0)-107

I

11, 1v

-0.015 -0.01 -0.005 0 0.005 0.01 X, M 0,015

Puc. 4.4 3anexHiCTh HOPMAJIEHOTO HAIIPYKEHHS afg) (x,,0) mix TpimmHamu i

PO3KPHUTTS CePeHbOI TPITUHU (ug(xl)) BiJI pI3HHUX 3HAYCHb T~

4.5 BucHoBkHu 10 po3aiay 1V

[IpoananizoBaHo T™IOCKy JedopMaliiro OiMaTepialbHOTO MPOCTOPY, IO
CKJIQJAETHCS 3 IBOX I’ €30€JIEKTPOMArHITHUX MIBIPOCTOPIB 31 CKIHUEHHUM HAOOpOM
€JIEKTPUYHO 1 MarHITHO MPOHUKHUX TPILUIMH Y3/0BK MEXKI MOAUTYy MaTepialiB.

[3 BUKOPHCTaHHSIM TIPEACTABICHDb EICKTPOMArHITOMEXaHIYHUX BEINYUH
yepe3 KyCKOBO-aHATITHYHY BEKTOP-(PYHKIIII0 cPOpMyIbOBaHO 3adady JIHIAHOTO
CHPSDKEHHSI, SIKY PO3B’SI3aHO aHAJIITUYHO. Y 3aMKHEHOMY BUIJISIII BU3HAYEHO BCl
MOTPIOHI MEXaHIYHI, CJICKTPUYHI Ta MarHiTHI KOMIOHEHTH B3JOBXK MEXi IOIUTY
MartepiaiiB. BHU3Haue€HO acHMNTOTHYHI MPEICTABICHHS LMX BEJIMYMH B OKOJI
BEPUINH TPIIIUH, & TAKOXK NIBUAKICTh 3BUIbHEHHS €Heprii AJis BCIX BEPILIUH TPILIUH.

[IpoBeneHO 4YHCENBbHY 1TIOCTpAIliI0 OJEpPXKAHUX AHATITUYHUX PO3B’S3KIB.
BcranoBieHo, 1110:

- Ipu 30JIMDKEHHI TPIIIMH CIIOCTEPITAEThCs PICT SK MIBUIKOCTI 3BUIBHEHHS
€HEprii, TaK 1 PO3KPUTTS TPIIIMHH, TPUUOMY PICT TEpmoro GpakTopy € Habarato

IHTEHCHUBHIIIIUM, HIXK JIPyTOro;
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- BILIUB  30BHIIIHBOTO JIOTHYHOTO HANPY>KEHHS, MPUKIAJACHOTO Ha
HECKIHYEHHOCTI, Ha HOpMaJIbHE HAMPY>KEHHS 1 CTPUOOK HOPMAJIbHUX MEPEMIIICHb

(PO3KPHTTSI TPIIIIUHU) € HE3HAYHHM.
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PO3I1J1 V. CUCTEMA KOJIHEAPHUX EJIEKTPUYHO ITPOBITHUX
SAPAUKEHUX MIDK®A3ZHUX TPIIIIMH B
MAT'HITOEJIEKTPOIIPYKHOMY BIMATEPIAJII

5.1 ®opmysTr0oBaHHS NPOOIEeMU

Po3risHemo cucremy 13 N tpimuH & <X, <b, a,<x <b,, ..., a, <x <b,

Kl MaroTh JIOBUIbHY JOBXHHY Ta pO3TAlllyBaHHS HAa MEXI MOAUTY MDK JBOMA

HaliBHECKIHUCHHUMHU MAarHITOENIEKTPOIPYKHUMHU IpocTopamMu X, >0 Ta X, <0

(puc. 5.1). Tyt Ci(jrkns), ™, h™, 4™ _ mpyxui, m°e30emexTpudHi, 1’ €30MarHiTHi Ta

€JICKTPOMArHiTHI KOHCTAHTU BIAMOBIIHO, ai(sm), 7/i(sm) — JIEJEeKTPUYHI Ta MarHiTHI

NPOHMKHOCTI; iHmexkcu 1, J, Kk, S 3miHooThcs y miamaszomi {1, 2, 3}, a
MOBTOPIOBAHI 1HAEKCH O3HAYAIOTh IMiICYMOBYBaHHS; M =1 1711 BEpXHBOTO 1 M =2
JUIsl HIJKHBOTO MarepiaiiB, oOuABa MaTepiajii MalTh KJIac CUMETpli 6mm 3

HaMpsIMKOM IOJIIpU3aLii X,.

0'°°T .
.
: Ehte R e

7

Puc. 5.1. Ckinuennuii HaOip TpimuH a, < X, <b, a,<x <b,, ..., a <x <b,

Ha iHTepdelici X; =0 MK JBOMa MarHiTOEIEKTPONIPYKHUMHU MaTepiajlaMu
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n
[To3znaunmo 4epe3 L’=U(ak,bk) CYKyIHICTh oOyacTeid TpilMH 1
k=1

L" = (—o0,0) \ L.

HapaHTaxeHHsS HAa HECKIHUEHHOCT]I BU3HAYAETHCA IK

oM =6" oW =77, E™=E", H" =H~,

oM =c2 D" =D, B =B (5.1)

Xxm !

(m =1 no3Hayae BEpXHIO 00J1aCTh 1 M =2 — HWKHIO).
Baxkaerbes, 1110 0'1(1“ ), Dl(m) Ta Bl(m) — I¢ HaBaHTAXCHHS, IO CTBOPIOIOTH

Halpy>KEHHS Ta IepEeMIIICHHs, SKi 3aJ0BOJIBHAIOTH YMOBaM HEMEPEPBHOCTI Y
BIIJIAJICHIM YacTuHI Mexi noauty MarepiainiB. OCKUIBKM HaBaHTaKEHHS HE

3aJIE)KUTh B1J KOOPAMHATH X, , TO Ma€ MICIIe 3a7ja4a INIOCKO1 Aedopmariii B INTOIMMHI
(Xl, X3) . BBaxkaemo, 110 TPIIMHU MOBHICTIO BIJKPUTI, a iXHI Oeperu BUIbHI BiJ

3aJaHuX MEXaHIYHUX HaBaHTaXXCHb, CJIICKTPUYHUX 1 MarHiTHUX ITOJIIB:

oy (%,0)=0,E(x,0)=E{(x,0)=0,
HY (%,0)=H{?(%,0)=0 na x e L, (5.2)
ne m=12.
Kpim Toro, BBaskaeThbes, 10 Ha K -i TpiluHi 3a1aHO edeKTpuyHui 3apsa Dy,

(k=1, 2,...n). B okpemomy BUIIaJIKy 3a3€MJICHOTO €JIEKTPO/Ia BiAMOBIIHE 3HAUCHHSI

D, Ma€ OyTu NpUIHHATO PIBHUM HYJIIO.

JHonatkoBo 10 (5.2), pemita yMOB Ha iHTepdeiici HaOyBatOTh BUTTISY:

oy (%,0) =05 (x,0), E”(%,0)=E (x,,0),

HY(x,0)=H{(x,0) ms x €L, (5.3)
D" (x,,0)= D4 (x,,0), u/(x,0)=u; ¥(x,,0),
B\ (x,,0) =B (x,0) w1 x, €L, (5.4)

ne 1=13.
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5.2 IloOyxoBa Ta po3B'si3aHHA 324l JIHITHOIO CIIPSIKEHHSA

BBoasiuu BekTopu L Tta P dhopmynamu

L=[u, uj, uj, D, B,], P=[0, 04, s, Ep, Hi]', (5.5)

Ha ocHOBI (4.9) Ta (4.10) ananoriuno [54] Oyayemo Bupasu:
L =Mf'(z)+Mf'(z), (5.6)
P=Nf'(z)+Nf'(z) (5.7)

ne marpuiii M ta N yTBopeHo 3 enemeHTiB MaTpullb A Ta B, sKki, y cBOIO 4epry,

BU3HaueHO hopmynamu (4.9), (4.10):

o] b, ]
ay; 2
M=|a; |, N= b, j
b,; =
D55 7% ]
VY pesyabpTati aHall3y aHaJIOTIvyHO A0 MOIMEePEIHBOT0 PO3JILTY OTPUMYEMO:
(L(a)) =W (%) =W~ (x,), (5.8)
PY(x,0)=SW"* (x)-SW~(x), (5.9)

Jc

-1

S=NED, D=M® M (N®) NO.

OCKIJTbKH MU PO3IIISIIAEMO 3a/1ady III0CKOoi Aedopmariii, To komnonenta W,

MOke OyTH BHITyd€HA 13 PO3TIISAY. 3 11€i MPUYMHHU B MOAAIBIIOMY aHAIi31 APYTi

PSIKM Ta CTOBIIL B PO3IJIAHYTHX MATPUIIAX BPAXOBYBATUCS HE Oy Iy Th.
Bpaxosyioun, mo W*(x )=W"(x)=W(x) ans x €L, 3 pisnsns (5.9) Ta
(5.1) pa X, = o0 maemo:
P*=(S-S)w~, (5.10)
ne
P~ =[r°o,0'°°,e°°,h°°} Ta W” =W(z) st 2 —> 0.
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I3 piBHsHHSA (5.10) oTpUMy€EMO:
W” =(s-5)"P".

PosrasHeMo MOBUTEHY OJTHOPSIIKOBY MAaTpHIlio R = [Rl, R, R,, R5].
Buxopucrosytrouu (5.9), maemo:

RPY(x,0)=RSW" (%)~ RSW(x,). (5.11)
Jlam BBeeMoO (pyHKITIO

F(z)=TW(z), (5.12)
ae T=[T1, T, T,, Ts]:RS.

I3 ypaxyBaHHaM piBHOCTi RS = —yRS pisnsuns (5.11) Moxke 6yTH 3aIHCaHO

y BUTJISIAL:

RPY (x,0)=F"(x)+7F (%), (5.13)

AC y Ta RT — BJIaCHi 3HAUYCHHA Ta BHaCHi BCKTOPH CUCTCMHU:
(78" +S")RT =0. (5.14)

JI1st HalO1IbIT BaXKIIMBOTO M’ €30€JEKTPUYHOTO/T’ €30MarHiTHOTO MaTepiary

BaTiO;-CoFe,O4 maTpuiis S Mae Taky CTPYKTYpY:

1S, S;3 15 155
S— Sap 1S3 Sy S
1S4 Siz 1S4 154

L ISSl 853 IS54 ISSS _

zie Bei Sik - JUMCHI Ta Sy =—S;3, S;4 =—S1, S43 =534 S5 = S5+ Sa5 = Ss4s Sz5 = Ssz-
VY npomy BUNAAKy KOPEHI PIBHSHHS
det(yS" +5")=0
MOKYTh OyTH MpeACTaBJICH] y BUTIISIIL:
1+0 3
7125’ V3=V Va=1 s =1 (5.15)

JAc
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_Ssltl + S53t3 — S54t5 + 555t7
S51t2 + 554t4 - S55t6

5=

t = 513934545 T 514535543 — S15534543 — 513535544 t,= —S15533544 T S145335,5,
t3 = 511534545 1 S14535541 T S15531544 — S15534541 — S14531545 ~ S35544511
t4 = _511533545 - S'15333541! t5 = S'13535541 + S15531543 - S‘11535343 - 545513531’

Lo = —S1183384s +S41833814» 17 = 15841554 + 831843814 — S31815845 — S11534545- (5.16)

Binacai BekTopu RT [le, RJ3, RJ " R } , TOB’Si3aHI 3 BJIACHHUMH
3HAYEHHSMHU ;/J.(j =1,3,4,5), MOXYTb OyTH BU3HaueHi 3 cuctemu (5.14). Anami3z

2 .
nokasye, 1o aist 0 >0 matpund R, ckiajeHa 3 BIaCHUX BEKTOPIB RTj , Ma€ TaKy

CTPYKTYpPY:
i, 1 i, Ir;
R i, 1 i, Irg (5.17)
ir, 0 1 O
i,, 0 0 1 |
: L S, . Sg
J€ BCl1 rjk — MIMCH1 Ta r41_——,r51_—s—, h,, My s TA I, 6, I
13 13

BU3HAYAIOThCA 3 cucteMu (5.14) ans y, 1a y, BIANOBIAHO.

YucnoBuid aHami3 MOKa3zye, MO JUIs I €30€JEKTPUYHOTO/TI’€30MarHiTHOTO
martepiany BaTiOs-CoFe,O, crpasemmiBa HepiBHicTh - >0 . KommoHneHTH
MaTpHIIi

T=RS, (5.18)
CKJIaJICHI 3 OJHOPSIKOBHX MATPHIIb T [Tu’ T13’ T]4, T }: RjS (j :1,3,4,5)
ans 5° >0, MOXYTh 6yTH IpeJcTaBieHi B GopMi:
Ty=t,, Tys=it;, T, =t;,, T =t,
ne Bei ty, (j,k=1,3,4,5) niiichi ta t,; =0, t;; =0.

BukopucroByroun Bupasu (5.12) ta (5.13), orpumyemo:

Y (%,0)=F (%) +7,F; (%), (5.19)
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e
Fi(2)=TW(2). (5.20)
3 OCTaHHBOTO MPEJCTABICHHS CHiaye, MO (QyHKIIT Fj(z) MaloTh TaKi X
Bnactuocti sk i W(z). 3okpema, rpanununi ymosu (5.3), (5.4) mokasyiors, 1o
BOHU aHANITUYHI B YCii TUTONIMHI OKpIM Bizpi3KiB X, € L”.

Otxe, 3 (5.20) maemo:
F (Z) :tj1W1(Z)+ itj3W3(Z) +tj4W4(Z)+t1'5W (Z)

BpaxoByroun npencraBieHHs (5.8), 3 0CTAaHHBOTO PIBHSIHHS OTPUMYEMO:
(U (%)) +itja (U5 () + 5, {Da (%)) +ti5(By (%)) = " (%) = Fy (%) (5.21)

PozkpuBatoun nani niBy yactuny (5.19) Ta BpaxoByr0UM CTPYKTYpYy MaTpull
R, orpumyemo:
ir o) (%,0)+ 1505 (%,0)+ir, EY (x,0) +ir,HY (x,0) =
=F"(x)+7;F (%), (5.22)
ne r; Ta i (i, J :1,3,4,5) — piticHi xoedimiertn matpunp (5.17), (5.18), a Yi —
KOHCTaHTH, 10 BHU3HAYAIOTHCA (PI3MUHUMH XapPaKTEPUCTUKAMH MaTepiais,
=T =Ty =ls=1Ta ry=rs="r,=r,=0.
BukopucToByr0UM rpaHUYHI YMOBH Ha HECKiHUEHHOCTI (5.1), a Takox (5.22),

MOJKHA 3aIlluCaTHn.

=6, —if,, (5.23)
(]

~ ~ 1 0 0 o) 1
O-J':T’Ti:_ﬁ(r”r +1,E” +r5H ),(J=1,3,4,5),

j j
3. =1+y.,(k=13), 9, =9 =2.
3anoBosbHAIOYM TpaHuyHl yMoBHU (5.2) 1 (5.5), 3 BUKOPUCTaHHSIM PIBHSHB

(5.22) orpumMyemMo Taki 3aa4i JTIHIHHOTO CIIPSKEHHS

Fj+(X1)+]/ij_(X1)=0,I[JI$I X, eL’. (5.24)
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Tyripmam j=1,34,5.
3rigHo 3 pe3ysibTaramMu poootu Mycxenimsini [18] po3B’si30k piBHAHHS (5.24)

MOJKHA IIoAaTHu y BI/IFJ'ISII[i:

Fi(2)=X;(2)R,;(2), (5.25)
I
- 1+|g 7745 Inj/
X (z2)=]l(z-a) 7 " (z=b) 2", &= 5 L (5.26)
k=1 T
P,(2)=Cy;2"+C, ;2" +...+C,, (5.27)

a ij (k=0,1,...n) — MTOBUTLHI KOMIUIEKCHI KOe(]IiIliEHTH.

I3 piBHsiHHA (5.23) MaeMo:

Cy, =6, —iF,. (5.28)

Jlns BU3HAYeHHs pemTu KoedimieHTiB y (5.27) tpeda 3a70BOJIbBHUTH YMOBHU

OJIHO3HAYHOCTI MEePEMIILIEHb:

?< u(%,))dx, =0, j ))dx, =0, k=1,2,..n, (5.29)

&
Ta CHIBBIIHOIICHHS JIJII CyMapHUX 3HAa4€Hb CTPUOKIB €MEKTPUYHOI Ta MArHIiTHOT
THAYKI:

by by

J(Dy(%))dx =Dy, , [(By(x))dx, =0, k=12,..n. (5.30)

Buxonyroun inTerpyBanus (5.21) 1mo xoxHii TpiluHi Ta BpaxoByrou (5.29)

1(5.30), npuxoauMo 710 PiBHSHB:
by
J€F () = F ()3, =t,,Dy, , j=13,4,5; k=1,2,..n. (5.31)

I3 ypaxyBaHHsAM (5.24) piBHsIHHSA (5.31) MOKHA 3anMcaTH y BUTIISIAL

l J4D0kl J 1131415; k:1,2,...n,

abo
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IPnj(t)Xj(t)dt:fMDOm, m=12,...,n; j=1,3,4,5, (5.33)
Ie
ALY
j4 :
7/j+1

VY posropHyTomy BUTIISA piBHSAHHA (5.33) 3anUCy€ThCs TaK:

g Co.t”+Cl.t”‘1+...+C. _
‘ UGt =f,D,,,Mm=12,...n; =13,4,5. (5.34)

n 1 1 Om?

w[1(t-a)2 " (t-b)2™

k=1

Jlai mo3HavaeMmo:

b

n t° .
:j : dt;m,s:1,2,...,n;1:1,3,4,5. (5.35)

n 1
JT(t-a)2" (t-b,)2™
k=1
Toni cucremu (5.34) MOXKHA PEICTABUTH Y BUTJISIIL:

c.a, +...+C.,a ij, (5.36)

1j-'mlj nj —mnj
€

a,,; = | .5 —1 i Co; +1,,D

ma | mn-a,]?

' ma=12,...,n;j=1345. (5.37)

Om?

OTxKe, OTPUMAHO CUCTEMY JIHIMHUX areOpaiyHuX piBHIHB BiTHOCHO C ;!
Zamaj i =by.m=12...n; j=134,5. (5.38)

TouHuii aHATITUYHUNA PO3B'A30K LIMX CUCTEM MOKE OYTH 3HANUEHO 115 Oy Ab-

AKOTO N 3a noroMororo meroAiB ['ayca abo Kpamepa.

5.3 Bu3HayeHHS eJIeKTPOMATrHITOMEXaHIYHUX KOMIIOHEHT HA Pi3HUX YaCTHHAX

Me:Ki moainy marepiaJiB

[TincraBnsroun (5.25) y copsikeHe piBHSHHS (5.22) 1 BpaxoOBYHOYH, IO

Fj+(x1) = Fj_(xl) =F, (%) ans x, € L, maemo:

0% (%,0) =] 10 (%,0) + 13, B (%,0) + 1 H (x,0) | =T (x,), (5.40)
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e
T, (%)=(1+7;)F (%) j=134,5. (5.40)
BpaxoBytoun, mo I, =1, 3 piBasHHEA (5.40) 115 j =1 oTpumyemo:
ol (x,0)=Re{l; ()}, x eL". (5.41)
[I{o6 oTpuMaTH BHUpa3H s 0'1(;) (x,0), El(l) (x,,0), Hl(l) (%,0) mms x, el”
PO3TIITHEMO CHUCTEMY, SIKa BUILIMBAE 3 YABHOI 9acTUHU (5.39):
ruots (%,0)+ 1, B (%,0) + 1 H (x,0) == Im[ T (x,)]
s j=14,5Ta x, el”. (5.42)
Po3B's30k cuctemu (5.42) nerko 3HaiTu 3a popmysiamu Kpamepa y BUTTISIL:

Irll I’21.4 r15

D, =det|r, 1, I,
R YR

ol (x.,0)=det| —Im[T,(x,

El(l)(xl’o):det Vay _Im[r4(xl)] s |/ D

h, T, - Im[rl(xl)]
HY(x,0)=det|r, 1, -Im[T,(x)]|/D,. (5.43)
sy oy — Im[rs (Xl):|

®opmynu (5.43) MOKHA TPEICTABUTH Y BUTIISIAL

o1y (%,0) = oy IM[ T, (%) |+ 2,0 IM[ T, (%) ]+ 25 IM[ T (%) ]

El(l)(xl’o) = Pr1 Im:rl(xl)] * Pea Im[r4(xl)] + Pes ImI:FS(Xl)] ’

HY (%,0) = oy IM[ T, (%) |+ s IM[ T, (%) ]+ pus IM[ T (x,) ], (5.44)

JAc
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Por=(Tealis —Taales ) | Dry Py =(Nales —Tealis) / Dy Pps = (Fualis — Balis ) / Dy
Pe1 = (r41r55 - I’51I’45)/ D, Pes= (r51r15 - r11r55)/ D, g5 = (ran - r41r15)/ D, ,

Pr1 = (r51r44 - r41r54)/ Dr v PHa = (r11r54 - r51r14)/ Dr v Pus = (r41r14 - r11r44)/ Dr .

Bupasu s % (x,0) i w®(x,0) moxna sHaiiTh 3a dopmymamm,

anasoriunmmu dopmynam it EY (x,0) i HYY(x,,0), sinnosinno, saminusim y

(5.44) [—fj(xl)] ma T (%) (j=14,5).

[lincraBmsaroun pam (5.25) y piBusHHa (5.21), 1 BpaxoByrYH, IO

Fj‘(xi):—i. F(x) ama x €L, maemo:

]

tj1<u{(x1)>+itj3<u;(x1)>+tj4<D3(x1)>+tj5<Bs(x1)>:¢9j(xi) ma L', (5.45)
e
_ 7 +1

0,0) =LE2F (x)

I3 piBHsiHHS (5.45) nnst | =1, BuTiKae, mo:

<u;(x1)>=tlilm[91(xl)] s X e L. (5.46)

3

Posraspatoun nani AiiicHy yacTuHy piBHSHHSA (5.45), MOKHA 3anucaTu:
tj1<u{(x1)> +tj4<D3(x1)> +tj5<Bs(x1)> = Re[ej (xl)]
s j=1,45 Ta x, eL’. (5.47)
OcranHl CHIBBIIHOIIEHHS € CHUCTEMOIO TpPhOX pIBHSHb  BIJHOCHO

(u; (x,)),(Dy(%,)),(Bs(x,)) - Pose'ssox miei cucremn Takox Gyno 3maiineHo 3a

dbopmynamu Kpamepa y Burisiai:

Re[6,(x)] t, ts
(u(x,))=det| Re[ 6,(x,)] t, tg|/D,
RE[QS ( Xl):' t, U
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(By(x))=det|t, t, Re[6,(x)]|/D, (5.48)

Jac

tll t14 t15
D, =det|t, t, t].

t5l t54 t55
Bupasu uist <u1(x1)>, <[33(X1)> i <L5>3(X1)> MOYKHA 3HAWTH 32 (hopMylIamu

(5.48) s (uy(%,))(D;(%)).(Bs(%,))» Bianosinmo, 3amiHuBmM 0.(x) na 6,(x)
(J=145) y mux cdopmynax. g mbOro BHITAAKy 3rajaHi (opMyJId MOKHA

NPEICTaBUTH Y BUTJISIIL:

e

tty, —tuty )/ D,. (5.50)
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5.4 AcMMOTOTHYHA NMOBEAIHKA €JEKTPOMATHITOMEXAHIYHMX KOMIIOHEHT HAa

Pi3HMX YaCTHHAX MeXKi MOy MaTepiajiB

VY OGaraThoX BUIAJIKaX 3HAHHS ACUMIITOTUYHUX BUPA3IB JUJISl €JEKTPUYHUX,
MEXaHIYHUX Ta MAarHITHUX KOMITOHEHTIB € BaXJMBUM. Bianosigao 1o Gpopmyi (5.40)

i (5.25), (5.326) acummtotnuni mpescTasnenns s ' (x) mpu X —>b +0

MOXYTh OYTH 3aIlMCaH1 Y BUTJISII:

Fl( )lxlabk+0 R1|<( ) 0’5”81’ (5.51)
(]
_ 05 T —0,5-ig —0,5+ig
Rl (1+7/1)P (b )(bk _ak) " H (bk _aj) (bk _bj) ' (5-52)
j=1, j=k
Ta
Fs(xl)lxlabkm_ Rsk/ X b, s=4,5, (5.53)
(]
Ry = = (5.54)

m i (b, —a,)(b, b,

€ YKMCTO YSIBHUMH.
Juts Busnavenns o (x,,0) i @ (x,0) obumcmmmo inrerpanu Bix GyHKiii
(5.51)1(5.53). Ilo3Haunmo iX TaKUM YUHOM:

x)=[T;(x)dx (i=145). (5.55)

Toni 11 BUpa3u MaTUMYTh BUTJISII:

F 00l g o 0"

Ty (%) by oo 0= 2Riy/X =B, . 5=4,5. (5.56)

Biamosinuo 1o dhopmyi (5.25), (5.26) 1 (5.45) acuMOTOTHYHI TTPEICTABICHHS

anst 0, (x,) ipu X, — b, —0 Moxna mojatH K

o, ( ) ot 0= Lk ( )70’5481 , (5.57)

ne
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Ta

95(x1)|xﬁbk_0: L, /b =X, s=4,5, (5.59)

ne
L 1

i 1
S =-2 Pns by )——
k | ( k) /bk—ak j]i,—JJ;:tk \/(bk

Benyuuunan Lsk € YUCTO YSIBHUMMU.

(s=45).  (5.60)

s susnauenns (U (X)) i (Uy(X,)) moTpi6HO 0GuMCIMTH inTerpam Bix
byukii (5.57) 1 (5.59). [Toznauumo ix y Takuit crocio:
0,(%)=6,(x)dx (j=145). (5.61)

Toni, IpoBOJSYMN THTETPYBAHHS, OJIEPKY€EMO:

él(xi) |Xﬁbk_0: i Ly (bk _ X1)0,57i€l ’

&—0,5
0.(% )|y 0= —2Ly/B =%, , $=4,5. (5.62)

5.5 HIBuakicTh 3BiIbHEHHS eHeprii

BianoBinHO 10 1HTErpanty BIpTyajdbHOTO 3aKPUTTS TPIIMHU [87] MIBUAKICTH

3BIJIBHCHHS €HEpTii y BepIuHi Tpimuau D, MokHA npeacTaBuTH y GopMi:

Gbk—ifﬂi{mfl[@g?(xﬁox (X1 A|)>+‘713 (Xl )<u1(X1_AI)>_

—p( x1,0)<D3(x1 _Al O)> — X1,0)<83(X1 —Al ,O)>]dx1} : (5.63)

3acTocyBaBIIM IHTETPYyBaHHS YaCTUHAMH JO OCTAaHHIX JIBOX JOJAHKIB B
MiJIIHTETpaJIbHOMY BUpPa3i, OTPUMY€EMO (HOPMYITY:

G, =limG (Al), (5.64)

Al—=0 b

JAc
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G, (A'):i 0 (%, Al)dx,, (5.65)

ELY (4, 0)( s (%, — A1) - HEY (x,0) (B, (%, ~ A1), (5.66)
(B (%,0)) = [{Ds(x,0))dx, (By(x,0)) = [(Ba(x,0))dx,.

Jam BukopuctoByeMo dopmyiy (5.41) 1 po3B’si30k cuctemu (5.42), 3amannid
dbopmynamu (5.44). Iligcrapistoun B i GOPMYIM aCUMOTOTHYHI MPEICTABICHHS

(5.51)1(5.53), npuxoaumo 10 Takux Gopmyi:

J33 (Xl 0)l, b 10= F[qlk C0s ¢y, (%) ~ oy SN, (Xl)] ’

01(3) (Xl’o) |x1aq<+0 P X1 + Poss! VX
E:IFl) (Xl 0) |xl—>bk+0 pEl Xl + PEss / \/
H:fl)(xl 0)|x1—>bk+0 le Xl +pH45 / \/ (567)

e
q2kCOSg01k +Q1k3in§01k X) |
\/7[ (x)]
:Re(le)’qZk (le) (plk( ) glln(xl_bk)’

Poss = po'4lm(R4k)+p5I (RSk)’pE45 pE4|m(R4k)+pE5| (§5k)’

Pras = pH4|m(R4k)+pH5|m(R )
[Toni6HMM yrtHOM BUKOpHUCTaEMO Ghopmydy (5.46) 1 po3B’si30k cuctemi (5.47),
3amanuit  popmynamu (5.49). IligcraBnstoun B 11 (GOpPMYJIM aCUMIITOTHYHI

npeacTaBiieHHs (5.62), IPUXOAUMO /10 TAKUX (bopMyn:

< > b6, -0= /b [ka COS @y (%) — Py SiNGy, X1)]/t13’
<u1(xl)> |x1—>bk -0 77ul + 77U45 \) Xl

<|53(X1)>|x1—>bk0 N0:©® +77D45 b, =X,
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<|§3(X1)> |X1—)bk—O: 61Oy (X1) + Mgus B — X (5.68)
Ie
Py =Re| L, / (i5,-0,5)], p, =Im[ L, /(i5—05)],
Py (Xl) = glln(bk - Xl)’ Tyas = _2|:77u4 Re(l—4k)+77u5 Re(LSk )]’

Mo = _2|:77D4 Re(L4k)+77D5 Re(LSk )] v Ngas = _2|:7734 Re(l—4k)+7735 Re(l—5k )]

lpencraBnerss s O,;, Pgjr Py Myjs Moj T& Mg 1pu j =1,4,5 naseneni

panime ¢popmymnamu (5.44) Ta (5.50).
[TincraBnsitoun popmynu (5.67) 1 (5.68) y (5.64)-(5.66) Ta BUKOHYIOUU
IHTErpyBaHHsI, IPUXOUMO JI0 TaKOi (GOPMYJIH:

T, h, +2gh, =
Gbk :g(tlal + hs) Eh(ﬂ&‘ll)% +Zh4k , (5.69)

ae
My = Gy Pac + Ao P Dot = G P = A Pacr s = Poalls = Pedllon = Pl
Moo = Poaslluas = PeaslToss = Prasllas -
Awnanoriuno III3E B miBiit Bepuiuai K -0i TpilmuH MOXHA MPEICTABUTH Y
dbopwmi:

MJrfhjk_ (5.70)

T (.
G, =—(t; +h
i 8(13+ ) ch(ze) 4

Bupasu st h, h,, Ta h,, 3 dopmymnu (5.70) MaroTs BETIISL:
My = Gy Paic + Gaic Pac» Mok = G Poc = G P,
Mo = Poaslluss — PeaslToss — Priasllsas
ne
0 = Re(ﬁf,‘(), Uy :—Im(lif;), P = Re[Lj‘k ! (ig, +O,5)],

p5 =—Im[ L3, / (ig,+05) ],

ﬁli = (—1)” (1+ 7/1) |3nl(ak )(bk —a, )—0,5+i51 11[ (aj _a, )—0,5—ig1 (bj _a )—0,5+igl |

i=L, j=k
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1 —0,5-ig n —0,5+ig; -0,5-ig;
Lik:_( +7/1)Pn1(ak)(ak_bk)05 H(ak_aj)05 (ak_bj)05 J

71 i=1, j=k

Da

Pass = Poa Im(ﬁfk)_i_po-S |m(|§5ak), Pess = Pea Im( 4k)+pE5 Im(_ak)’

Prias = Pra Im(ﬁfk)‘*‘PHs Im(ﬁ&')ak)’ Myas :_2|:77u4 Re(Lik)+77u5 Re(Lgk)]’

Mpas = _2[775)4 Re( Ly ) o5 Re( L, )] \ Taas = _2[7734 Re( Ly, ) T 1755 Re( L, )] ,

1

2P, (3)—— [
v —b, j=11,_j[¢k \/(ak ~a;)(a, —b,)

a [—
Lsk -

5.6 AHaJii3 ynceIbLHUX Pe3yJbTaTIiB

, (s=4,5).

JIist 4uciaoBOi UMIOCTpalli po3riasiHeMo OiMmarepiall, IO CKJIAJa€Tbes 3

xommo3uty BaTiOz—CoFe;O4 3 06’emunmu yactkamu BaTiOz V, =0,5 (Bepxus

niBmionmHa) ta V, =0,1 (HwkHs). XapakTepuCTUKU ITUX MaTepiajiiB HaBEICHO B

tabmn. 5.1.

JUiss momaHHS pe3ysnbTaTiB B YHOPMOBAHOMY BHIJISIAI BBEAEMO Taki

0e3p03MipHI BETUYUHHU:

A ~ b X O (x 0
=260 0,00 = (00))11, 500) - ZE 0

8;
|

0 o0
_ D02C11 |:|oo _ H Cy

275Dy otHy
ne
|=(b,-a,)/2, ¢, =27411la,
Dy, =5x10*Kn/ m, H =10° 4/ m.
VY BCiX HoJaibIIUX po3paxyHKax Oyno oOpaHo 3HaueHHs o =10MIla i
b, =-a,=0,01m.
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Tabmumg 5.1 — EdexruBHi BaactuBocti komno3uty BaTiOs-CoFe,O4 mis pizHMX

00'emHux yactok BaTiO; [92]

Di3HaHi BeTHUIHHY Vi=01 Vi=05
¢, ([Ta) 274 226
Cyy (ITa) 161 124
Cyy (ITla) 259 216
w (ITla) 45 44
&y (Kn/ m*) 4.4 2,2
e (K1 /) 1,86 9,3
e (Kn/ n*) 1,16 5,8
oy, (x10™°Ka® / Hu® ) 11,9 56,4
oz (x107™°Kn® / Hu*) 13,4 63,5
h, (H / An) 522,3 290,2
hy (H / Am) 629,7 350,0
hs (H / Am) 495,0 275,0
wy (10°H ¢/ (Ka?)) 531,5 297,0
ey (10°H ¢ / (Kn?)) 142,3 83,5

Pe3ynbraty 115 BUNIaaKy TPHOX TPIIIHH, IO MalOTh HOPMOBaHI KOOPJAMHATH
BepuMH & =—4, 61 =-2, 8, =-1, 62 =1, 4,=1.2, 63 = 3.2 mokasaHo Ha puc. 5.2.
30BHINTHE 3CyBHE HANPYXCHHS Oyii0 BHOpaHo piBHUM 7~ =0, eIeKTpuIHUN
i MmaraiTHAA moToku E™ =0, H™ =0. Enexrpuanuii 3apsiy J1iBOi Ta paBoi TPIIIUH
BiacytHiit (D, =0, Dy, =0), a nis cepennpoi TpilMHM 3apsay HaJaBald pi3Hi

3HA4YCHHA.
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CyuuibHi JIiHIT UTFOCTPYIOTh HOpPMAaJi30BaHl PO3KPUTTS TPILIUH l]3(X1) , a
IMYHKTHPHI JIiHIT MOKa3yrTh Bapiallli HOpMOBAaHOTO HOPMAJBLHOTO HAIPY>KCHHS
633(X1,0) Ha MEXI oAy MartepiaiiB no3a TpimuHamu. JIinii I, 111 BigmoBinaroTh
D, =0, a muii Il, IV nobynosano s [302 =2.74x10". 3 puc. 5.2 BUAHO, 1O

30JIMKEHHS TPILIMH IPU3BOJIUTH A0 HE3HAYHOTO 30UIBIIEHHS IXHBOT'O PO3KPUTTSL.
Enextpuunmii 3apsii, NpUKIaJACHUNA 10 CEPEeIHBOI TPIIIMHU, CYTTEBO BIUTUBAE HA
BIIKPUTTS 1€l TPIIIMHUA Ta Ma€ AyKe HE3HAYHWM BIUIMB HA PO3KPHUTTS 1HIIMX

TPIIIMH, a TAKOXK HA HOPMaJIbHE HAIIPY>KEHHS 11032 TPIIIIMHAMH.

0 710, (x,) - Gy (%) [ 10

———
T
co

!

<

/
<
— T
<
T
IS

Puc. 5.2. 3miHa po3KpUTTIB TPIlKH (CYLUIbHI JHIT)
Ta HOPMAJILHOTO HANIPY>KEHHS 11032 TPIIMHAMU (ITyHKTHPHI JIiH1T)

~

IJIs1 pI3HUX 3HAYEHb HOPMOBAHOT'O CyMapHOTO €JIEKTPUYHOrO 3apany D,

BrumB MarHiTHOTO TMOTOKY, a TaKOX CYMapHOTO CICKTPHYHOTO 3apsay
MPOUTIOCTPOBAHO HA puC. 5.3 TpH pO3TalllyBaHHI TPIIIMH, a TaKOXX 3HAYEHBb

MEXaHIYHUX 1 €JEeKTPUYHUX HABAHTAaXXEHb HA HECKIHYEHHOCTI TaKUX Ke, K Ha
puc. 5.2, mpu Dy, =0, Dy, =0.

Jlinito | no6ynoBano anst H” =0, Dy, =0, Il —gna H” =0, I502 =1,96x10*,
M — qus H* =1,37x10°, D, =0 i IV — gma H” =1,37x10°, D,, =1,96x10".
3 uux rpadikiB BUJHO, IO MArHiTHUI MOTIK BILUIUBAE HA PO3KPUTTS TPILLUHU, aJle
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el BIUIMB CTa€ MOMITHUM JIUIIE 32 JIOCUTh BEIMKOro Horo 3HadeHHs. CymapHHii
CICKTPUYHUIN 3apsj] CEPEAHBOT TPIIMHHU BIIUyTHO BIJIMBAE HA 1 PO3KPUTTS 1 JyKe

HE3HAYHO Ha PO3KPUTTS JIIBOI Ta MPaBOi TPIIIHH.

10* U, (%,) 4 1

3 %/l

Puc. 5.3. BijiuB MarHiTHOro NOTOKY Ta CYMAapHOT'O €J1EKTPUYHOIO 3aps1y Ha

PO3KPUTTSA TPILIMH JJISl BUMIAJKY TPbOX TPIILIUH

Bapiartito HOPMOBAHOTI'0 MarHiTHOTO MTOTOKY

H,(%)=H®(x,0)c’ / (0'°°Hg° ) Ha iHTepBai (62,33) JUTSL CUCTEMH TPHOX TPIIHH

38,=-4,b=-2,4,=-1,b,=1,&4=2,b,=4, r"=E* =0, D, =0, D,, =0,
Dy; =0 1pi3aux H” nokasano Ha puc. 5.4. JIiii I, 11, I11, IV Ta V nobynosano mis
H” =0; 2,74x10% 6,85x10% 1,37x10% 2,74x10* , Bimmosizmo. 3 puc. 5.4
BUJTHO, 1110 MarHiTHUI MOTIK Ha MEX1 MOJALTY MaTepialliB JUJIsl JIMILIE MEXaHIYHOIO

HAaBaHTAXXEHHS JYy>K€ Majui, aje WOoro 3HA4YEeHHS 3pOCTa€ BIJAMOBIAHO JI0

MIPUKIIAJICHOTO 30BHIIIHHOIO MarHiTHOIO HaBaHTa)KCHHS.

3miHy HopMOBaHoTO enekTpruHoro notoky E, (x,)=E® (x,0)c’ / (O'°° EO)
(E,=10°V / m) Mix cepemHbOIO Ta IIPABOIO0 TPIMHAMHU IS THX CAMHX MiCI[b
po3TairyBaHHsS TpiluH, sK Ha puc. 5.4, 7 =E” =0, D, =0, D, =0, D, =0 ta

H” =0 (miuis 1), 1.37x10* (11) i 2.74x10* (111) npeacraeneno Ha puc. 5.5.
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1,2 +

08 T

06 +

04 +

02 +

1 1,2 14 1,6 18 x /1 2
Puc. 5.4. 3miHa HOpPMOBAHOTO MarHiTHOT'O IMOTOKY B3JIOBX MEX1 MOLTY
MaTepiajiB MiXK CepeIHbOIO Ta MPaBOO TpimuHamu 1 7 = E™ =0 1 pizHuX

3Hauenp H”

0,22
1 _

0,18 -

0,6
0,14 -

02 - 0,1 : : % /1

1,1 1,12 1,14
1 1,2 1,4 1,6
'0,2 _
-0,6 - I, 1, H

Puc. 5.5. 3MiHa HOPMOBAHOTO €JIEKTPUYHOTO MOTOKY B TiH e 00J1acTi

1 IpH TUX K€ 30BHIIIHIX BIUIMBAX, IO 1 HA puc. 5.4
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SIx BUIHO, BIUIMB MarHiTHOTO IMOTOKY Ha EICKTPUYHHUMA MOTIK JOCUTh MaJHii,
1 Ha OCHOBHIN YacTHHI pHC. 5.5 BIH Maiike HENMOMITHUH. JIuie MaciTaOyBaHHS

MEBHOI YacTUHU Trpadika JO3BOJSIO MPOJEMOHCTPYBATH PI3HUIIO MIX KPUBHMH,

OTPUMaHUMH IS pizHUX H ™.
3wminy HI3E BigHOCHO po3TanryBaHHS TPIIIMH Ha MEXKI MOJLTYy MaTepiatiB 3

V, =0,5 (Bepxniit) i V, =0,1 (HmkHIii), 3Ha4eHh MEXaHIYHOTO, €JICKTPHUYHOTO Ta

MarHiTHOTO HaBaHTaXEHb IMOKa3aHo B TaOmuisx 5.1-5.4. OcobinuBy yBary

IPUILIEHO aHai3y BIUIMBY MArHITHOTO MTOTOKY Ta €JIEKTPUYHOIO 3apsi1y TPIIIKH.

Y Tabn. 5.1 3miHy Hopmani3oBanux 3Hauenb III3E G,, =10°G,, / (le) Ta
G,, =10°G,, / (G“’I) cepenuboi Tpimmun 4, = -1, b, =1 HpomeMOHCTPOBAHO s
7” =E” =H” =0 1 HyJIbOBOTO EJIEKTPUIHOTO 3apsAy Ha BCIX TPIlIWHAX.

Tabnuus 5.1 [TopiBHSAHHS HOPMOBAHHX I3E TPILIMHU B

MAarHiTOeNeKTPONIPY)KHOMY Ta I €30eNeKTpuIHOMYy Oimarepiamax mns Dy =0

(k=12,3)

Po3rantyBaHHS TpiluH a,=8, | 4,=4 a,=2, |4=12, | 4,=1.02,

~ ~

b,=10 |b,=6 |b=4 |bh =32 |b=3.02

" H* =0 21,364 | 22,226 |26,085 |46,914 190,16
21,399 | 22,262 |26,127 |46,989 190,47
H* =137x10° | 24,877 |25,880 |30,370 |54,613 221,40

o>

o>

’s H*=0 21,364 |21,887 |23,369 |26,605 |30,723
21,399 | 21,922 |23,407 |26,648 |30,773
H* =137x10° | 24,877 25,485 |27,209 |30,976 |35,770

ITonoxenus niBoi Tpimmun 8, =-10, b =-8 dikcosane, a npasa TpimmHa
(és : b3) 3MIHIOE€ CBO€ PO3TallyBaHHs. BepXHi JIiHIT KOKHOI KOMIPKH BIAHOCSTBCA 10

3raJJaHoro BUIIE MarHiToeneKkTponpyxHoro matepiany. s nopiBusiHus LLI3E mis

1’ €30€JIEKTPUYHOTO OiMaTepiany 3 TaKUMU K MPYKHUMHU, T’ €30€IEKTPUYHUMU Ta
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TieJeKTPUYHUMHU CTamuMH, SK y Oimarepiama 3 V. =0,5/V, =0,1, ms H” =0,

OTpUMaHI1 BIJIMOBIIHO IO METOJIMKH, BUKJIaJeHOI B po00Ti [70], HaBeIeHO B HUKHIX

pSIKax.

Pesynapratn, momibni go Tabn. 5.1, ame nansS €NEKTPUYHO 3apsHKEHOT

CepeaHbO1 TPIIIMHHU, HABEJICHO B Ta0I. 5.2.

Tabmuus 5.2. [TopiBHSIHHS HOPMOBAHO1 HI3E IS TPILIUHA B

MarHiTOCJNEKTPONPY>KHOMY  Ta  I1 €30€lIeKTpUYHOMY  OiMarepianax  amis

D,, =1,10x10* ta D, =0 (k=1,3)

A

PosramyBannsa tTpimue | 4,=8, |&,=4 |4,=2, |4,=12, | 4,=102,

b,=10 |b,= b,=4 |b,=32 |b,=302
G, |H" =0 57,632 |58,758 |64,864 |103,62 | 386,95
57,659 |58,787 |64,899 |103,68 | 387,22
H* =137x10° | 61,145 [62,411 [69,148 |111,31 |418,19
G, |H"=0 57,632 |57,874 |58,120 |57,753 |57,158
57,659 |57,903 |58,151 |57,790 |57,203
H* =137x10° | 61,145 [61,473 [61961 |62,125 |62,206

I3 pe3ynbTariB X TaOIHIb BUTLIIMBAE, 1110:

- 4K CyMapHUH EJEKTPUYHHI 3aps]l CepeaHBOI TPIIIMHH, TaK 1 30BHIIIHE
MarHiTHE 10Ji€ TOMITHO BIUIMBAIOTh Ha IIBUJIKICTb 3BUIBHEHHS €HEPTii B 000X
BEpIIMHAX TPIIINHH;

- 30MMOKEHHS CepeaHbOi Ta TMpaBoi TPIMIUH MPUZBOJIUTH JO 1CTOTHOTO
3poctanHs II3E, oco0nuBo A CyCiAHIX BEPIINH TPIlLIKH;

- pe3yibTaTH, OTpPUMaHl JUIsi MAarHITOCJIEKTPONPYKHUX 1 BIAMOBIIHHUX
n'€30€JICKTPUYHUX MaTepianiB, Maibke 30iratorees gt H” =0.

CreuianbHuii aHami3 BIUIMBY MarHiTHOoro mnotoky Ha II3E cepennboi

TPIIIMHKA 3 THM JK€ PO3TaIlyBaHHsM, Mo ¥ it Tabm. 5.1 ta & =-10, 61:—8,
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a,=15, 63 =3,5 mpoimtoctpoBano B Tabiu. 5.3. Byno obpano 77 =E* =D, =0
(k=1,2,3) i obuparcs pi3Hi 3HAYEHHS MAarHITHOT'O IOTOKY. 3 Ii€l TaOIMII BHIHO,
0 TPU BEIUKUX 3HA4YCHHsX enekTpuuHoro mnotoky III3E 3pocrae maiixke
MPOTOPIIiHO #oro kBaapaTy. KpiM TOro, CHocTepira€Thcs, MO KOEQIIi€HT

G,, / G,, 3anumaerbcs Maike He3MIHHUM JUTS pi3HUX BemuduH H™.

Tabmuns 5.3. 3mina HopmoBaHoi II3E cepenupoi TpimvHU 7S pI3HUX 3HAYEHD

MarHiTHOIO IIOTOKY

H* 0 1,37x10°% | 2,74x10° | 6,85x10° | 1,37 x10* | 2,74x10*
G, 31,845 |37,074 |52,759 162,55 |554.679 |2123.1
G, 24696 |28,754 | 40,927 126,14 | 430,48 |1647,84

3wminy I3E Bcix TpimmH A1 TAaKOTo K iX po3TanryBaHHs, 110 1 B Ta0’d. 5.3,

ane i 77 =E"=H”* =D, =D, =0, naBeneno B Tabi. 5.4 I pi3HUX 3HAYCHB

Dy, -

Tabmuus 5.4. 3mina HopmoBanux III3E y BepmmHax BCiX TPIMMH Ui PI3HUX

3HAYEHb CYMapHOTO €JIEKTPUYHOTO 3apsay CEpeAHbOI TPIIMHI

D,, 0 5,48x10° | 1,10x10* | 1,64x10* | 2,19x10* | 2,74x10*
G, 21,260 |21,330 21,624 [22,140 [22,880 |23,843
G, 21,361 |21,450 21,818 [22,465 [23,390 |24,595
G, 24,696 |31,860 |58,047 [10326 |167,49 | 250,74
G, 31,845 41,032 |75099 |134,05 |217,871 |326,57
G,. 31,788 |34,751 |46,544 |67,168 96,623 |134,91
G, 24,539 25459 29,298 |36,056 |45731 |58,325
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Bunno, mo D,, HecyrTeBo BrummBae Ha I1I3E y BepmmnHax jiBoi TpimuHW,

OCKUJIbKH 1151 TPIII[MHA PO3TaIllOBaHa HA BEJIMKIM BIACTaHI B CEPEIHBOI TPIIIUHHU.
Ile#t BB HabaraTo OUTBIIMI Yy BEpIIMHAX MPaBOi TPIIMIMHU, OCKIIBKA BOHA
posramioBaHa OJmK4Ye 10 CepeaHboi TpimuHA. Haibunpim BIAYYTHHA BILIUB
CIIOCTEPITaEThCS Y BEPIIMHAX CEPEAHBOI TPILIIUHU, OCKUIBKU 3MiHA €EKTPUYHOTO
3apsay 0e3mocepeIHbO MOB'sI3aHa 3 1€ TPIITUHOTO.

BmuiuB  po3ramryBanHst  TpimMH @ Ha  ixHe po3kputts Ta II3E
IPOJAEMOHCTPOBaHO Ha puC. 5.6 1 B Tabm 5.5. Ha mouatky BBaxkaemo, IO
po3TanlyBaHHS TPIIIMH CUMETPUYHE, a MOTIM IpaBy TPILMHY HAOIMKAEMO A0
nentpanbHoi. IpuitmMaethes, mo r° =E”=H” =Dy, =0 i D, = D,, =5,48x10°.
JliBa i cepenmHsi TpI[MHU MarTh (iKCOBaHE pO3TallyBaHHSI &, =—5 , 61:—3,
a, =-1, 62 =1, a mpaBa TpilKuHa Mae HOpMOBaHy JoBxkuHy 2. JliHii | Ha puc. 5.6

BI/INIOBIZIA}OTh CUMETPUYHOMY BHIAIKY 3 &, =3, niHii |l 300paxeno mist 4, =2, a

minii N — g 4, =1.1.

10% -4 5 -
s (%) 38 1 I

I,

X/l

Puc. 5.6. 3MiHM pO3KPUTTSI TPILIUH, SIKI 3yMOBJICHI HAOIM>KEHHSIM

MPaBoi TPIIIMHU JI0 IIEHTPATbHOT

3nauenHs III3E ueHTpanbHOi TpINIUMHU, IO BiAMOBIJAIOTH BUIIAJKaM,

B1IOOpakeHUM Ha pHC. 5.6, HaBEACHO B IIEPIITUX IBOX psjiKax Tadd. 5.5. B ocraHHIX
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.. . . . e e AL
pPAAKaX 1€l Ta6J'II/II_I1 HAaBCACHO PO3SKPHUTTA TPIIIMHU B CCPCAHIX TOUYKAX JI1BO1 (Uénz ,

2)
m

nentpaneroi (US)) i mpasoi (G5)) Tpimua.
Tabmuus 5.5. 3mina HopMoBanux III3E y BepmmHax 1HeHTpadbHOI TPIIIMHU Ta
PO3KPHUTTIB TPIIIMH Yy iXHIX CepeAHiX TOYKax g pPI3HUX BIACTaHEH MIX

HEHTPAIBHOIO Ta MPABOIO TPIIIMHAMU

a, 3 2 1,1
G, 23,673 27,227 72,553
G, 23,673 25,268 29,037
as) 2,505 2,515 2,546
0 2,816 2,897 3,305
0y 2,505 2,607 3,081

3 OTpUMaHUX pe3yiabTaTiB BUJHO, IO PO3KPUTTS J1BOI Ta MPABOi TPILIKH IS
CUMETPUYHOI'O BHUITAJIKy OJHAKOBIi, aje¢ iXHI 3HAYCHHS MEHII, HK 3HAYCHHS IS
LEHTPAJIBbHOI TPILLIMHU Yepe3 HAsIBHICTh €IEKTPUUHMX 3apsiaAiB. HaOmmkeHHs npaBoi
TPIMHU JI0 CEPEIHBOI MPU3BOAMUTH O MOMIPHOTO 3POCTAHHA iX PO3KPHUTTIB 1
3HauyHoro 30unbineHHs I3E, ocoOnmBo s HaWOMMKYUX MK COOOIO BEpIUH

TPILIHH.
5.7 BucHoBKM 10 po3aiay V

Po3risiHyTo  CKIHYEHHY  cHCTeMY  TpIIIMH MK  PI3HOPIAHUMH
MarHiTOCJICKTPONPYKHUMU MaTrepiajiamMu Mia JI€0 MEXaHIYHOTO HaBaHTAKCHHS
pO3TATY Ta 3CYBY, €JIEKTPUYHOrO Ta MAr”iTHOTO IIOJiB, MapaieibHUX Oeperam
Tpimman. Cucrema TpIIIMH HE € MEPIOJAMYHOI0, TOOTO TPIIIMHU MOXYTh MAaTd
JOBUTBHY JIOBXKMHY Ta BIACTaHb MK IIEHTpamMHu. Martepiaiu TOJIIpU30BaHl B
HaIpsIMKY, TepHeHIuKyIsIpHOMY Oeperam TpimuH. BBaxkaerbcs, 1o Oepera

TPIIMHN TTOKPUTI MEXAHIYHO M SKUMHU EJIEKTPOJaMHU 13 CETHETOECIEKTPHUUHOTO
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Matepiaily 13 3aIaHUM €JICKTPUYHUM 3apsJIOM 1 HYJIbOBOKO MarHiTHOIO 1HAYKIIEO, a
BCl €JICKTpPOMEXaHIUHI MOJIA HE3aJIeKHI BIJ KOOPAWHATH, MapajieIbHOi (PPOHTY
TPIILIMHU.

BukopucTtoBytoun npeicTaBleHHS MEXaHIYHUX, €IEKTPUYHUX 1 MarHITHUX
KOMIIOHEHTIB 4epe3 KyCKOBO-aHANITU4HI (QyHKIIi, ChOpMYIIbOBAHO Ta PO3B’sA3aHO
3amady JriHIMHOTO crpstkeHHs Pimana-I'ime0epra. Bcei HeoOXxigHi MexaHIuHI,
CJICKTPUYHI Ta MArHiTHI KOMIIOHEHTH B3JIOBX 1HTep(deicy IpeacTaBIeHO B
aHaMITHYHOMY BHUIJsAl. [lokazaHo, 1m0 BCl TONS  MalOTh  OCHUJIAIINHY
CUHTYJISIPHICTh Yy BepIIMHAX TpimuH. OTpUMAaHO aCUMMITOTHYHI MPEICTABIICHHS
MEXaHIYHUX, EJEKTPUYHUX 1 MAr”HiTHUX TMOJIB Yy BepUIMHAX TPIIIUH, JUIs
3HaxokeHHs [1I3E BukoprcTaHo 1HTErpai BIpTyalbHOTO 3aKPUTTSI TPILIUH.

[IInsxoM 4YHCENbHOI peaiizallii Ta Bi3yalizallii OTpUMaHUX aHAJITUYHHX
dbopmyn noOyaoBaHo rpadiku 1 OJepKaHO TAOIMIN PE3yJbTaTIB, SKi JO3BOJSIOThH
3pOOUTH TaKl BUCHOBKU:

- Xopouia y3rO/KEHICTh pE3yIIbTaTIB, OTPUMAaHUX TUTSI
MarHiTOEJIEKTPOIPY>KHOTO Ta IM'€30€JIEKTPUYHOr0 OiMaTepiaiiB, 10 MaloTh
OJIHAKOB1 TIPY)KHY, IT'€30€JEKTPUYHY Ta ICJICKTPUUHY MPOHUKHOCTI,
CIIOCTEPITa€EThCS MPU HYJIHOBOMY 30BHIIIHBOMY MAarHiTHOMY TIOJII, ajie
30UTBLIEHHS IHOT'O MOJISl IPU3BOAUTH A0 MOPYLIEHHS II€T Y3roHKEHOCTI;

- 3MEHIICHHS BIJCTaHI MDK TPIIIMHAMU TPU3BOAUTH 1O JYy>KE€ THTEHCUBHOTO
3poctanHs LI3E aid cyciaHix BEpIIUH TPIIUH 1 A0 OLIbII MOMIPHOTO POCTY
PO3KPUTTS TPIIINH;

- 3MiHa 30BHIIIHBOTO MArHITHOTO TIOJISI BHKJIMKA€ AaHAJIOTIYHY 3MiHY
MarHiTHOTO MOJIsl Ha 3YEIUIEHUX JUISTHKAaX MEX1 po3JlTy MarepiajiB, OJHAK
BILJIUB 111€1 3MIHU HAa MEXaHIYHI Ta €JICKTPUYHI KOMIIOHEHTH € AYKE MaJIiM;

- CyMapHHH €IeKTPUYHUM 3aps]l cepeIHbOT TPIIMHY 1CTOTHO BIuiMBae Ha I1I3E
y BepIIMHAX Li€i TPIIIMHHU, OJHAK IHTEHCHUBHICTh Horo BmiuBy Ha LII3E

CYCIIHIX TPIIIMH € 3HAYHO MEHIIIOO.
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BUCHOBKU

VY nucepramiiiHii poOOTI PO3BUHYTO AaHAMITHYHI METOAM PO3B’SI3aHHS

INIOCKUX Ta QaHTHUIUUIOCKUX 3aJad AJIsd I’ €30aKTUBHHUX 6iMaTepiaJ'II)HI/IX TII 3

KOJIHEApHUMH MIK(Pa3HUMU TPIIIMHAMHU TPU PI3HUX EIEKTPUYHHUX Ta MArHITHUX

yMOBaxX Ha ixHIX Oeperax, IpoaHaJI30BaHO €JICKTPOMArHiTOMEXaHIYHUM CTaH

I’ €30€TIEKTPOMArHiTHUX OiMaTepiadbHUX T17 3 JOBUIBHUMH CUCTEMaMH TPIIIMH Ha

MeKax MOJIUTY PI3HOPITHUX KOMIOHEHT. 30KpeMa, OTPUMAaHO TaKi pe3yiIbTaTu:

1)

2)

3)

BUBYCHO CJICKTPOMEXAHIYHUMN CTaH I’ €30€JICKTUYHOTO OiMaTepiaibHOTO Tijla
3 JBOMa JIBOX KOJIIHCAPHUMHU TpIIIMHAMHM T1J JI€0 aHTUILIOCKOTO
MEXaHIYHOTO HABAHTAXKEHHS Ta MJIOCKOTO €JIEKTPUYHOTO TTOJISA, MPUKIIAICHUX
Ha HECKIHYEHHOCTI, TIPU YMOBI, 110 OJHA 3 TPIIIUH € €JICKTPOINPOBIIHOIO, a
1HIIA €JICKTPONPOHUKHOIO0. [TpobiiemMy 3BeeHO 10 KOMOIHOBAHOI KpailoBOi
3anaul Jlipuxie-Pimana, 1iis SKOi peCTaBIeHO aHATITHYHUN po3B’s130K. Ha
OCHOBI IILOTO PO3B’A3KY OTPUMAHO AHAIITUYHI BUpa3u JJis 3CYBHOIO
HAIPY>KEHHS Ta €JIEKTPUYHOIO MOJS Ha 3YCIUICHUX JUISHKAX MEX1 MOIUTY
MaTtepianiB, CTPUOKM MEXaHIYHHMX TMEPEeMIIIeHb Ta EJIEKTPUYHUX 3MIIICHb
B3J0BX TpiluH, a Takox [113E;

MIPOAHAII30BaHO B3a€EMOJIII0 JIBOX INTaMITNB 3 IUIOCKMMH ITiJIONIBAaMH Ha
rpaHulll TPY>KHOI 130TPOIMHOT MIBIUIONIUHU, OJIUH 3 IKMX dKOPCTKO 3UETUICHUIN
13 MIBIUIOIIMHOIO, & THITUNA 3HAXOUTHCS 3 HEI0 B YMOBAX IIaJIKOTO KOHTAKTY.
3 BUKOPUCTAHHAM KOMILUIEKCHUX MOTEHIIaIB ChOPMYJIHOBAHO MATEMATUUHY
MOJie]Ib, SIKa aHaJOriyHa PIBHSAHHAM po3Auly [, 1m0 omucye B3aeMOIi0
TpiMH. BUKOPUCTOBYIOYM pO3B’SI30K I[HMX PIBHSIHb, MPOAHATI30BAHO
HAIpPY>KEHHS 11T ITaMIIaMU Ta IXHI BEPTUKAJIbHI MIEPEMIIICHHS,

PO3B’A3aHO AHTUILIOCKY 3aJady IS I’ €30€JIEKTPOMArHiTHOro 0OiMarepiany 3
JBOMa TPIIIUHAMU HAa MEXI MOAUTY PI3HOPIAHUX KOMIOHEHT TPH PI3HUX
CJIEKTPUYHUX Ta MarHITHUX yYMOBax Ha Oeperax pi3HuX TpimuH. [Ipobiemy
3BEJICHO J0 KOMOiHOBaHOi KpaihoBoi 3amaui [ipixme-Pimana ta 3amaui

['nbp0epTa 11t KyCKOBO-aHATITHYHUX (PYHKITIH. 3 BUKOPUCTAHHSM PO3B’SI3KIB
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UX 33/1a4 OTPUMAHO aHAJITUYHI BUPA3M ISl HANPYKEHb, €JIEKTPUYHOIO Ta

MarHiTHOTO TOJIIB Ha MEXI1 MOAUTY MaTepialliB Mmo3a TPII[MHAMH, a TaKOX

PO3KPHUTTA TPIIIMH Ta CTPUOKU EIEKTPUYHOTO 1 MArHITHOTO 3MIIIEHb IpU

nepexo/ii uepe3 TPIlrHH;

4) pO3TISHYTO IIOCKY 3a/a4y JJIs JOBUIBHOT KUTBKOCTI KOJIIHEAPHUX EJICKTPO-
Ta MArHITOMPOHUKHUX TPIIIMH MDK JBOMa I €30€JIeKTPOMAarHiTHUMH
MaTtepiaiamM MiJ €0 BiJJajieHoro mnoiisa HampyxeHb. ChopmylboBaHO
3ajavy JHIHHOTO CHPSKEHHS, PO3B’SI30K AKOI MPEJCTABICHO B aHAI TUYHIM
dbopmi 11 Oyab-sAKOi HemeploAudHOi cucTeMH TpimuH. Ha ocHOBI 11bOTO
PO3B’A3KYy BH3HAUEHO BCl MOTPIOHI JUIsl MOJANBIIOrO aHaNI3y MEXaHiuHi,
€JIEKTPUYHI Ta MarHiTHI KOMIIOHEHTH B3JI0BX MEXI1 MOJAUTy MaTepialiB, a
TaKOX MIBUAKICTb 3BUIbHEHHS €HEPTii 711 BCIX BEPIIMH TPILIUH;

5) po3poOiieHO Ta peani30BaHO AHANITHYHMHA MIAXIT O  JTOCIHIKCHHS
CKIHUEHHOI MHOKUHH €JEKTPUYHO 3aAPSAHKEHUX TPIIMIMH HAa MEX1 MOJILITY
I’ €30€JIEKTPOMArHiTHUX MaTepialliB IIPU YMOBI, 110 OEpery TPIIIUH TOKPUTI
MEXaHIYHO M’ SKUMH €JIEeKTpoJaMd. 3 BUKOPHUCTAHHSM KOMIUJIEKCHUX
NOTeHIlamB TpobieMy 3BefeHO 10 3amadi  Pimana-I'inpbOepra, siky
pPO3B’s13aHO aHATITUYHO. OTPUMAHO MOBHI Ta ACUMITOTUYHI MPEICTaBICHHS
MEXaHIYHUX, EJEKTPUYHUX 1 MAar"iTHUX (AaKTOpIB Ha MEXI MOALTY
MmatepianiB, a Takox LII3E mpu po3BuTKy TpimuH.

AHaJi3 pe3ysbTaTiB MPOBEACHUX YHUCIOBUX JOCIIIKEHb 13 3aCTOCYBaHHSIM
pPO3pOOICHUX MOJIENIeH JaB MOMJIMBICTh BUSABUTH 1 CHOPMYITIOBATH HOB1 €PEKTH Ta
3aKOHOMIPHOCTI, Cepe/l IKMX HaWO1IbIII BATOMUMU €:

® Yy BUIAJKYy aHTUIUIOCKO]T 3a/1a41 3@ BEJIMKOI BIZICTaH1 MIX €JIEKTPOIIPOHUKHOIO
1 €IEKTPOTPOBITHOIO TPIIIMHAMU €JIEKTPUYHE 10J1e iICTOTHO BrutnBae Ha [1I3E
CICKTPONPOBIAHOT  TPIIMHA 1 HE 3MIHIOE [HMX 3HAa4eHb IS
eJIEKTPONPOHUKHOT; npu 30mmxkeHH1 x TpimmH LI3E 3pocrae, npudomy ii
IHTEHCHUBHHM PICT Y BEPUIMHAX EJICKTPOIPOBIAHOI TPIIUHU IHIIIIOE TAKOXK

cinalke 3pocranHs 3HaueHb 1II3E y BepimnHax enekTpornpoOHUKHOT TPIILIMHY;
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® CTOCOBHO B3a€MO/IIi JBOX IITAMIIIB BUSBIEHO, ITI0 30HA MIOBHOTO 3aTyXaHHS
NepeMillieHb TPU BUIIAJICHHI BiJI IITaMIIIB CYTTEBO TNEPEBUILYE IXHIO
IIUPUHY, HOPMaJbHE HAIMPY>KCHHS I JKOPCTKO 3YCTUICHHM IITAMIIOM €
3HayHO OUTBIIMM, HDK JOTHYHE, a OCaJKa IITamIly 3MEHIIYEThCS 31
30UTBIIICHHSIM MOTO MIUPHHH;

® IIpU PO3TJSJl EJIEKTPOMArHITONMPOBIHOI Ta €JIEKTPOMArHiTONMPOHUKHOT
TPILIMH MK I’ €30€JIEKTPOMArHITHUMHU MIBIOPOCTOPAMHU JJIs1  BUIAAKY
AHTHUILIOCKOI 1epopmMaIiii BUSBIICHO, 1110 30BHINIHIM MarHiTHUMA MOTIK CYTTEBO
BIJIMBA€ HA MEXAHIYHI MOJS B OKOJII €JIEKTPOMArHITONPOBIIHOI TPIIIVHU, a
JUTS €JIEKTPOMArHITONPOHUKHOT TPIIIUHU 1IeH BIUTUB € HE3HAYHUM;

oy BUMAJKY IUIOCKOT 3ajaql IS JTOBUIIBLHO1L CUCTEMHU
€JIEKTPOMArHITOMPOHUKHUX MDK(A3HUX TPILIUH Yy 11’ €30€JIEKTPOMArHITHOMY
OimaTepialii BCTaHOBJIEHO, IO MPHU 30JIMKEHHI TPIIMIMH PICT IIBUAKOCTI
3BUJIbHEHHSI €HEprii € HabaraTo 1HTEHCUBHIIIUM HIXK PO3KPUTTS TPIIIMH, a
MarHiTHa IHIYKLIS Ha TPIIIUHI HECYTTEBO 3aJICKUTh BlJ IMPHUKIAJECHOTO
MEXaHIYHOTO HABAaHTAXEHHS 1 PI3KO 3MIHIOETHCS MPHU TOSBI 30BHIIIHHOTO
MAarHiTHOT'O TOJIS;

o I CUCTEMH €JIEKTPOI0BAaHUX TPIIIUH Ha MEX1 OJTLTY
MarHiTOCJIEKTPONPYKHUX MaTepialliB BUSBICHO, IO y BHUMAIKY TPHhOX
TPIIIMH, CepeAHs 3 SKHX € EJIEKTPUYHO 3apsSIKEHO0, 3MiHA 30BHILIHBOTO
MarHiTHOTO TIOJISl BHUKJIMKA€ aHAJOTIYHY 3MIHY MAar”iTHOTO TMOJisi Ha
3YCIJICHUX AUISHKaX MEX1 MOJUTy MaTepialiB, OJIHAK BIUIUB Ii€1 3MIHU Ha
MEXaHIYHI Ta eJeKTPUYHI KOMIIOHEHTH € HyXe MajluM; CyMapHHii
CJICKTPUYHUN 3apsiyi cepeAaHboi TpimuHu icToTHO BrumBae Ha III3E miei
TPIIIMHYN, OJHAK 1HTEHCUBHICTH Horo BrumBy Ha III3E cycignix TpimwmH €
3HAYHO MEHIIIOI0; 3MEHIIICHHS BIJICTaH1 M1>K TPIIIMHAMH IPU3BOAUTH JI0 JTyKE
iHTeHcuBHOTO 3pocTtanHs II3E nmns cycimHiX BepHIMH TPIIUH 1 10 OLIBII

MOMIPHOTO POCTY PO3KPHUTTS TPIILIKH.
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