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KE®PANAIO |
Elcaywyrn

Mevika

21NV Ttopoloa Epyadia TTapouaIddovTal aVOAUTIKEC AVCEIC TOL TIPORAAUATOC TNG
ETOQPNG OTa TIIECONAEKTPIKA KAl TIECOPAYVNTIKA LAIKA. ETUADETON TO TIPOBANUA NG
0a&OVOCUMUETPIKNG dlgioduang, evog ETTIEOOU AKOUTITOU KUKAIKOU OIEIGOUTH] OKTIVOG
a, € €&vav EAOCTIKO NUIATIEIPO XWPO aTto TIECONAEKTPIKA 1 TIECOPOYVNTIKA LAIKO, LTIO
NV arnouaia TPIRNAC Kal TtpockKOAANang (adhesion).

To @aivopevo Tou TIECONAEKTPIOUOU 1] Tou TrieopayvNTIOUOU gival @avouevo
oULeLYPEVWVY TIESIWV. ANAADK Ol EAACTIKEG IO1I0TNTEG TOL LAIKOU eTtnpeddovTal amo TIG
NAEKTPIKEG 1N TIG PHAYVNTIKEG IOI0TNTEC TOU id10U LAIKOU, KOl TO avTioTpo@o. Me aAAa
AOyla PETAPBOAR otnv duvaun dieicduang OP TIPOKOAEI PETAPBOAN OTNV «NAEKTPIKN
petatotion» (electric displacement) 6D 1] OTNV «TTUKVOTNTO POYVNTIKIG ETIOYWYNC»
(magnetic flux density) 8B avtioTtoixa, Kal T0 avTioTpo@o. ETiong amodeikvOeTal WG
TO YEYOVOC TNC OAANAETIIOPOCONC €XEl ONUAVTIKN €TMidpacn 10600 oTtnv dlvaun
Oleicduang OANG OTO «BNUIOUPYOUUEVO» NAEKTPIKO 1) OYyVNTIKO TIEdio.

To @aivogevo auTd NG OAANAETIIOpaonC €ival 1d1aitepa eVOIOPEPOV  OE
EQAPUOYEC TNC MIKPO Kal VAVO KAIMOKOCG. Mo OUyKeKPIPEVA TA 000 €idn @AIVOUEVWV
TIOPOTNPOUVTOl OE TIOAAEG TEXVOAOYIKA ONUOVTIKEC EQOPUOYEC OTWCG  KEPAAEC
EYYPOAQNC OKANPOL BicKOoL, AICBNTAPEG, MIKPOUNXAVEC, HIKPO-1?AL£KNO00-UNXOVOAOYIKA
ouotiuata (MEMS), aTodIKA PIKPOOKOTII, LOPOPWVA (sonars), KUWEAEG POPTIoEWC,
O0VNTEC, TIUPOKPOTNTEG K. Q.

Meptypa@r] Tou TIPORARUATOC

Mpokertal yia éva TPORANUa dleicduong O6TIOU TO LAIKO TIPOCOMOIWVETAlL GOV
YPOUMIKA €AACTIKO. ZNPAVTIKEG TIOPAUETPOL €ival N NAEKTPOPAYVNTIKA @UON Kal N
oKOPWia Tou BIEICdLTH OTWG Kal N avaloyia TNg SIETUPAVEINC TOU PE TNV ETUPAVEIQ
TOU LAIKOU UTIO dlgioduan. INa T0 CUYKEKPIPEVO TIPOPANUA, 0 JIEICOUTHC Ba TIPETEl va
€ival AKAUTITOC Kal aTto TETOIO VAIKO WOTE VA PNV OAANAETUOPA PE TO TUECONAEKTPIKA
1 TUECOPAYVNTIKO UAIKO VIO TNV OTTOQUYN aAAOIWONG TWV ATIOTEAEGUATWY. AKOUN YIO
va €E0T@AAIETAl N CUVONKN TOU NUIATIEIPOL XWPEOL, B0 TIPETIEL N ETTIPAVEIN ETIAPNG
va €ival onNUAvVTIKA HIKPOTEPN aTO TNV ETIPAVEIN TOU LAIKOU. Ol TIOpadOXEC AUTEG
gival amapaitnteg dI10TI € JIAPOPETIKN TIEPITITWAN EXOUME EVa DIOPOPETIKO TIPORANUa
KOl Ol KAEIOTEC AUCEIC TIOU TIPOKUTITOUV OTI0 TNV avAAuan dev IaX00ouv.

H Tmopeia emiAuong akoAouBei Tov KAQCGOIKO TPOTIO ETHIALGONG TIPORANUATWY
HNXAVIKNG. XPNoIJoTIoIouvTal Ol EI0WAEIC I00PPOTTIOG TOL LTIO diEicduan GWHOTOC,
Ol KOTOOTOTIKEG €EI0WOEIC aUTOU Kol TEAOC OTIAITEITONI O TIPOCBIOPICHOG TWV
OUVOPIOK®WV CLVONKWVY. XTO CUYKEKPIPEVO TIPOPRANUA OTTAITOUVTAL ETUTIAOV KAl U0
akoun €flowoelg. MNa v TepImtwan Tou TIECONAEKTPIOUOU N NAEKTPOCTOTIKN
egiowaon touv Maxwell, ev® yia Tov Tiie(opayvnTIOUO N HAYVNTOOTATIKN €€icwan Tou
Maxwell. Adyw TNg 1I31aiTEPA PEYAANC MOABNUATIKNAG TIOAUTIAOKOTNTOG TIOU OTIOKTA TO
TIPOPBANMA, ETUAEXONKE N aOVOCUUUETPIO TOU TIPOPARUOTOC TIOU HE TIG IOIOTNTEC TNG
OIEUKOALVE TNV ETTIALON.

XpPNOoIYoTIoIVTAG TIC TACEIC (OTING{KATI)» Ol €EI0WOEIC 1I00PPOTIIAE YIa TO
TUECONAEKTPIKA 1] TUECOUAYVNTIKA CWHO O€ KLUAIVOPIKEG ouvTeTaypéveg {T1,0,¢ eivat:
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H agovooupuetpia Tou TIPoBAAUATOC OUWC ETIIRAAEL TO aKOAOLOA: g =0 & ol

Tdoelg off = gof = of = 067 = 0 KOl o€ CLVOUOCHO HE TNV OTIOUCIa TwWV HAJIKWVY Kol
adpaveloKwV duvapewy (Fr>Fe>Fz) ol €€l00WaeIC 1I00pPOTTIAG yia TO TIIECONAEKTPIKO N

TUECOYAYVNTIKO OWHO O KUAIVOPIKEC ouvTeTayueveC {r,0,z} JETATPETIOVION OTIC
OKOAOULOEC:

AlgbBbuvon: r
dorr ool | omt-~066_q
dr dz r

Aievbuvon: z
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Omnwg €xel avagpepOei mopamdvw, EKTOC aTO TIC OV0 OUTEC EEICWOEIC IGOPPOTIING
aTaiteital akoun pia egiocwaon. MNa tov TIECONAEKTPIOUO N NAEKTPOOTATIKN €&icwan
Tou Maxwell kal yia Tov TuRopoT/VNTICUO N PJayvnNTooTATIKN £€icwaon tov Maxwell ol
oTtoieC €ival:

MieEonAeKTplo uoc MiedoaayvnTIoIuYX

V- D=0 V.- B=0
(uTt6 TNV aTToUGia EAELBEPOL
NAEKTPIKOV (POPTIOV)

ETumA¢ov £xoupe Kot OTI:
VXE =0 VXH=0
(attouaia peupdTwY)
ZTC TEPITITWOEIC TwWV OULJEVYUEVWY TIEDIWV Ol KOTOOTATIKEC EEICWOEIC
TIEPIYPAPOLV TIC OXETEIC METAEY TATEWV-TPOTIWV-TIEDIWV OTIWE PAIVETAI OKOAODBWC:

Mg tonAeKTPIOIXOG MiedopayvnTIoHOG
M =[CE] {e} - [e] T {E} {o} =[CH] {e(-[e]T {H}
{D}=[e] {e} +[eTI{E} {B} = [e]1{e} + [w6]- {H}

omou {o} eival o1 taocelg, {€} ol poméc, {E} 10 NAeKTIPIKO TIEdio, {D} N «NAEKTPIKN
petatomon», {H} 10 payvntiko medio, {B} n «MUKVOTNTO HOAYVNTIKAG ETTAYWYNG»,



[CE] 1O PUNTPWO EAACTIKWV OTaBepwv (UTTO OTABEPO NAEKTIPIKO Tedio E), [CH] 1o
MNTPWO €AACTIKWV oTabepwv (UG oTaBepd payvnTiko Tedio H), [e] 1o pntpwo
TUECONAEKTPIKWY 1] TUE(OPAYVNTIKWY OTaBepwv, [€€] TO PNTPWO  SINAEKTPIKWV
otofepwv (UTIO oTaBePr] TPOTI €) KOl [UE] TO MPNIPWO OTOBEPWV HAYVNTIKNG
dlatepatotnTag (LTI6 aTABEPK) TPOTIN €).

Ta pntpwa [CE] kai [CH] eival 6x6, ta [eg] kol [ue] €ival 3x3 kal. 1o [e] €ival
3x6, Tou anuaivel 63 otaBepEC yia KABe TepimTwon. H agovooupuetpia Opwg
ETIIRAAEL OTI LTIAPXOLV POVO OPICHEVEC OTABEPEG KAl OTI Ol LTIOAOITIEG Eival UNdEV HE
OTIOTEAECHUA O OPIBPOC TWV ATIAITOUPEVWY OTOBEPWV TOU LVAIKOU Ovd TIEPITITWAN VA
peEIwBel otig 10. ETumAéov mpémel va ava@epBei 0TI OAQ TO TIPOAVAPEPBEVTA UNTPWA
€EOPTWVTAl OE HIO YEVIKOTEPN PBAcn OTd €va TIPOUTIAPXOV KUPIOPXO NAEKTPIKO TIESIO
E0O n amo éva kupiapxo dayvnuko medio nO0. Mpogavwg 2 =el+8e  Kal

H =Ho+dH -
MieoNAEKTPIOUOC Medouayvnuouog
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2TOX0G €ival va eK@POCTOUV Ol TACEIC CUVAPTAOEl TWV OEPENIWIWY AYVWOOATWY
TIOU €ival Ol PETOTOTIOEIC KOl TA dUVOUIKA. AUTO 6o TipaypoToTIoINBEl YECW TwV
KOTOOTATIKWV  €EI0WCEWY  APOU TIPWTO EKPPOCTOUV Ol TPOTIEC Kol To Tedia
CULVOPTNOEl TWV PETOTOTIIOEWY KOl TWV OULVAUIKWY AVTIoTOIXA. A TIC KUAIVOPIKEG
ouVTETOYPEVEG {T,4,{} Ol TPOTIEC EKPPALOVTAl WG OKOAOUBWC (YEWUETPIKEG OXETEIQ):
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OTIOU  Uur>ve&w 1 OKTIVIKI], N €QATITOPEVIKA] KAl N KOTOKOPU@N HETATOTIION

avtioToixa.
1
NOYwW OUWC NG aEOVOCULUHETPIAC TOU TIPOPBANUOTOC TIoU ETTIRBAAEL OTI % =0, ol

TPOTIEG TIOU Eival ATTOPAITNTEG OTNV ETTIALCN Ba €ival Ol AKOAOULOEC:

_ <3ur _ur _dw
E BT s Ezmz—
" or r° " oz
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Trz =Yz 6Z dr

To NAEKTIPIKO KOl TO HAYVNTIKO TEdi0 GUVAPTHGCElI TOU AVTIOTOLXOL JUVAUIKOU
TOU UTTOPEI VO EKPPACTEI WC:

Mie «FONAEKTPIOUOC Me£o payvnuiopog

E=-V @ H = -V.<Dm

omou V =

‘ETol  avTiKoBI10TWVTOG TIC HETOOXNMOTIOUEVEG OXECEIC TWV KOTOOTATIKWV
e€lowoewVv (UE TIC OEUEAIWDEIC UETAPBANTEG) OTIC €EI0WOEIC ICOPPOTIIOG KOl TOU
Maxwell TpoKOTITEl éva YPAUMIKO oUCTNPO OeLTEPAC TAENG TPIWV  JIAPOPIKWVY
€CICWOEWY HE TPEIC AYVWOTOUC, TIC TPEIC OePeMWOEIC HETAPBANTEC (ur,w,ip) 1)
(urPwTl>m): T v €miAuon  TOL TIOAOTTAOKOL  QUTOU  guoThAuaTtog 6Ba
XpnowormomnBolv ol  petaoxnuatiopoi  Hankel (o1 1010TNTEC TWV  OTIOIWV
TtapouciddovTal avOAUTIKA 0TOo TTapdpTnua 1) omou Kai 6a 1o amAoToifjoouv. H Abaon
TOU OUGTHPOTOC 0€ GUVOULOOUO HE TIC CUVOPIOKEC GUVONKEG Ba dWOOLV TNV TEAIKN
HOP®N TWV BEUEMWOWY PETARANTWY aTIO OTIOU OTN CUVEXEID TIPOKUTITOUV OAEC Ol
ETIOLPNTEC TIOOOTNTEC.

MelonAekTplopog-TMedopayvnuiouog

Onw¢ TTapatnPrinKe, 0 TPOTIOC ETTIALONG TOU TIPORAAMATOC ETTAPNC OE LAIKA TV
o000 aUTWV KaTNyoplwv eival mavopolotuTtog. Ot dla@opEC OTouG TUTIOUC KOl OTO
MNTPWO OTABEPWV TTAPOULCIALOVTOI CUVOTITIKA TTOPAKATW:

MieoNAEKTPICUOG Melo payvnuopog
&b <> H
[0) <> Dy
E <->
D <-> B
0 )

Ta 00 oauTd @aIvVOUEVO  €XOUV  TIOAAEC OMOIOTNTEG KOl PTIopolV  va
XpnolJoromneolv oe TIOPOUOIEG EQPAPUOYEC. X€ TIOAAEG €ival TIIO €0XPNOTOG O



TUECONAEKTPIOUOC KOl OE GAAEC O TTE(OPAYVNTIONOC. QOTOCO OUWC LTIAPXOLV Kal
TIOMEC  EQOPUOYEC OTIOU  UTIOPEI VA €QOPUOCTEL PYOVO TO €va  @aivopevo. Ta
TIAPAJEYUO TO QAIVOUEVO TOU TrIE(OPOYVNTICUOU WUTIOPEI va XpnaolpoTtoindei yia tov
TIPOCBIOPIGHUO TNG HAYVATIGNC EVOC LAIKOU (TTIECOUAYVNTIKOU).

210 KEPAAQIO TIOU OKOAOLBOUV Ba yivel Ttapouaiaon tnv avaiuong yia ta 600
QAIVOUEVA EEXWPIOTA KOl TIOAD OVOAUTIKOTEPQ.



KEDANAIO 11
To TPORANUA TTAPNG OTA TIIECONAEKTPIKA LAIKA

Elcaywyrn

2T0 KEPAAAIO QUTO TIOPOUCIAZETAl MIO YEVIKN Bewpia yia 1o TIPORBANUA NG
0EOVOCUMUETPIKNG dleicduong &vog AKOUTITOU ETTITTEOOU KUKAIKOU OIEIodUT Of
TUECONAEKTPIKO ULAIKO, HECO OTN TIAQICIO TNCG YPOMUIKNAG €AAOTIKOTNTOG (ZX.1, TO
oxnuata €ival oto TEAOC Tou Ke@aAaiou autov). Mapoualdldovial avaAUTIKOIL TOTTOL
ylo Vv o0vaun odleicduong P kal 1o TIOPOYyOUEVO CGUVOAIKO NAEKTIPIKO @opTio Q,
KOBWE KOl yIa OAEC TIG AAAEC TIAPAUETPOUG TIOU EiVal ATIOPAITNTEG YIO TNV TIEPIYPAPN
Tou TpoPAnuatoc. Emiong mapouaoialovial Kal oplOUNTIKA  ATIOTEAECHATO TV
KAEICTWV OUTWV TOTIWV YIA OLYKEKPIPEVA TTIECONAEKTPIKA LAIKA, TO OTIoio Oa uTtopolv
VO XPNOoIYoTIoINB00V yia CUYKPION HE TIEIPOUOTIKA OTIOTEAECUOTA TWV 01V UAIKWV
KOl va a&loA0OynOei N ATTOTEAECUATIKOTNTA TWV KAEIOTWV OUTWV €EICWOEWV.

To @aivogevo 10U TIECONAEKTPICUOU TIEPIYPAPEL TNV OAANAETIIOpOC TWV
EAOOTIKWVY ISI0TATWY TOL UAIKOU HE TIC NAEKTPIKEC TOou. H peTafoAn otnv tdon
TIPOKOAED PETABOAR OTO NAEKTPIKO TIEdI0 Kau avtiotpoga. Emimpocbeta n o0levén
OUTWV TWV TEdIWV €XEl ONUAVTIKN €Tidpacn 1600 otnv d0vaun digiogduang P 600 Kail
OTO NAEKTPIKO @OopTio Q. O TIECONAEKTPICHOC OQEIAETAI KUPIWG aTNV TIIECONAEKTPIKN
ETMIOPOCN TWV ATOMIKWY KPUGTAAAWVY TOU OTOIXEIOL Kal éva PIKPO TT0GOCTO OTNnV
Kivnan TwvV GUVOPIOKWY «TOIXWV» TwV KPUCGTAAAWY. MPOKEITAl yia &va OXETIKA OXl
TIOAD  YVWOTO QOIVOLEVO KOl [BPIoKEl €QPOPUOYEC OTNV MIKPO Kol vAavo KAIpaKa,
1BlaiTEPO 0E MIKPO-/AEKTPO-UNXaVoAoyIKA cuathuata: (MEMS) Kal JIKpowBNTAPEC
(micro actuators). Ta TTIIECONAEKTPIKA LAIKG XapaKTnpidovTtal Kal ¢ «EEUTTVA LAIKG»
AOyw  auting ¢ oLdevEng Twv TEdiwv. TECOEPO TEXVOAOYIKWG CNUAVTIKA
TUECONAEKTPIKA UAIKA TWV OTIOIWV OAEC Ol OTABEPEC €ival YVWOTEC KAl OTO OTIoIx
EQPOPUOCTNKAV Ol OVOAUTIKOI TOTtOl €ival ta PZT-4, PZT-5A, BaTiCb Kal

(Bao.9i7Ca0.083)Ti03 - H oUdeuEn auTr TwV EAACTIKWV KOl TWV NAEKTPIKWV IBI0TATWVY
TWV UVAIKWV eK@PAleTal Kabapd Kal povo amd TIC TUE(ONAEKIPIKEG OTOOEPEG. €
TIEPITITWON  TIOU  OUTEC  OTIOUCIAlOUV  EKUNOEVICETAlI TO  PAIVOPEVO  TOU
TUECONAEKTPIOUOU. ATIOAEID TNG TUECONAEKTPIKAC IOIOTNTOCG ETUTUYXAVETOI HPE TNV
avénaon g Bepuokpaaciac. Mo tov Adyo autd eival TTOAD onUAvTIKO Otav divovTal ol
oToBePEC VO TTIIECONAEKTPIKOU LAIKOU va dideTal €Ttiong kot n Bepuokpaacia Currie
TOU UAIKOU. H OgppoKpagia autr) ouolaoTIKA dNAWVEL TNV EAAXIOTN Bepuokpaaia
OTNV OTIoIx TO LVAIKO TTAUEl va gival TIIECONAEKTPIKO.

H €acbévion Ttwv TECONAEKTIPIKWY OToBepv  amd  tnv  avénon G
Beppokpaaciag ptopei TTOAD €UKOAO va dlOTICTWOel amd TO amA0 TIPOPRANUA NG
dleicduong Kal PAAICTO XWPIC VO TIPOKOAEI TNV KOTAOTPO®I] TOU UAIKOU. ZUVETIWC
TIPOKUTITEL OTI 1 Bewpia TTOU AVOAUETAl O AUTO TO KEPAAQIO Ba pTTOpOouCE va
XPNolPoTIoiNdei oav €vag Pn KATaoTPOPIKOG TIOIOTIKOC EAEYXOC TWV TIIECONAEKTPIKWV
UVAIKOV.

BaoIKEC EE1I0WOEIC TOU AEOVOTUPHETPIKOU TUECONAEKTPIKOU CWPATOC
Ol €€1I0WOEIC IGOPPOTIIAG UTIO TNV OTIOUCIO PAIKWY KAl adPAVEIOKWY dUVAUEWVY
ylo T0 OEOVOCUMUUETPIKO TIPOPANUa digioduong o€ TUE(ONAEKTPIKO UAIKO, OTIC
KUAIVOPIKEC OLVTETAYUEVEC {r,0,2} Eival:
AiebBuvon: r
dorr | dOzr | Orr~099 _ ¢ o~
dr dz r



AievBuvan:

Nodll dcTrz Clz _Q

2
dz dr r 2)
KOl N NAEKTPOOTATIKN €€icwan tov Maxwell:
HAektpoaotatikn eéicwan Tou Maxwell
ADr | Dr P D)ZZ:O 3)

dr r dz
omou ay kal Dj gival n tdon Kal n «NAEKTPIK HETATOTION» avTioTtoixa. H e€icwan
(3) 1oxLEl EPOOOV deV LTIAPXEI TIUKVOTNTA NAEKTPIKOU (POPTIOU.
Ol KOTOOTOTIKEG €EI0WOEIC VIO YPOAUUIKO, €YKAPOIO 1I00TPOTIO TUE(ONAEKTPICUO
TtIapouaoiddovTal CUVOTITIKA oTov akoAouBo Tivaka, IEEE standard 319 (1990):

oall = ch CB 0 0 e3i det-
0060 cf2 CEi c&3 0 0 edi deB6

00 cp3 cp3 cfi 0 0 e33 0el(
= (4)
oofl 0 0 0 Cu eis 0 8VYrz

Sur 0 0 0 es -gnt 0 -SEf

0. €3 e3 e® 0 0 -gB -3E(

omou of (uTtd oTaBepd NAeKTPIKO TIEdio {=y>E(})> ey kau sfj (uTTO oTaBEPN TPOTINA €)

gival ol EAaOTIKEC, TTIECONAEKTPIKEG KOl DINAEKTPIKEG OTABEPEC avTioToixa. MpETel va
ONUEIWOEl OTI OTIC KOTOOTOTIKEG €EICWOEIC XPNOIUOTIOINONKE N MHETABOAN TwWV
peyeBwv, TTou oLMPBOAICETAL YE TO “O”, aVTI TWV idIWV TwV Peyebwv. Ol EAACTIKEG KOl
Ol OINAEKTPIKEG OTOBEPEC €XOUV TIAVIA BOETIKO TIPOCoNUO. AVTIOETa Ouwg ol
TUECONAEKTPIKEC OTABEPEC, TIOU EKPPALOUV TNV OAANAETTIOpAC PETOED TWV EAACTIKWV
KOl TWV NAEKTPIKWY I0I0TATWY TOL UAIKOU, UTTIOPOUV va €XOLV €iTe BETIKO TIPOCTNHO
€iTe apvnTIKO.

Ocwpeital 6T n diEDBUVON TOAWGCNG TOU UAIKOU €ival n  dievbuvaon z
(katakopuEn dIELBLVON), OTI TO LVAIKO Oev €XEl QOPTIO KAl OTI Ol TIOPOHOPPUWTEIG
gival PIKpEG. O TPOTIEC KOl T NAEKIPIKA Tedia, OTIC KUAIVOPIKEC CUVTETAYHEVEC
{1,8,}, didovtal 0OTo0 TIC YEWMEIPIKEG €EIOWOEIC KOl TIC €&l0wael Tou Gauss
QVTIoTOIXO, WG aKOAOLOWC:

3ur - Ur> - dw oK 3Ur . dw
orr <9r5 epo = r 2 <9z) y dz or
)
Cc o 5
Er (p? Ez (9\5
or dz



ool ur’w kox. @ €ival 1 OKTIVIKA HETATOTIICN, N KOTOKOPUE@N METOTOTIION KAl TO

NAEKTPIKO dUVAMIKO avTioTolxa. H 0Ttapén tou NAEKTPIKOU SLVOUIKOU @ aTtaltel TNV
IKavoTtoinon tng oxéong VXE = 0, Jackson (1962).

AVTIKOBIOTWVTAG apxIKA TIG e€lowaelg (5) oTIC eEI0WOEIC (4) KAl OTn GUVEXEID
TIC PeTOoXNUaTIopéVEG e€lowaelc (4) otic (1),(2) kal (3), Ba oxnuatiotolv TPEIC
OlOQOPIKEC €EICWOEIC ME TPEIC OYVWOTOUG, TIC TPEIC OeUeMWOEIC MPETAPRANTEC
{ur,w,(p}, ol oroiec €ivai:

AS2Ur 41 5 U A 2 / v ~2.., mne .,
a L U a4~ 4 (cF, + da) | F+(e5+e3,)N =0
drz r ot ) 0z oroz ovoz
our ~S52w 13 L OB, s Ty [ +ex 029 _
rdr dz A dr2 r dr dzy © or2  rdr ¢ teYd]
1d Caud aw 13V | d2w 2 | 1590 2
ei5+e3) ~ r2 +ei5( |20 1507 £5 °%? = 0(6)
rdr\ dz) |5 T dr, +e33dz2’ A2 rdr, Y4

MpokelTal yio EVva YPOAPUIKO oUOTNUA PEPIKWY SIOPOPIKWY £EI0WTEWV 20¢ TAENC
Kal W¢ TPOG I kol WG TPOCG {. XPNnOIUOTIOIWVTAG TOUG PETaoXNUaTiIopuoug Hankel 6a
METATPATIEI TO CUOTNUO CE YPOUUIKO, HE JIOPOPIKEG EEICWOEIC WC TIPOG Hia poévo
METABANTN, w¢ TPog {, YEYOVOC TIOU KAVEL TNV ETIIAUCN TOU CLCTAUOTOC KATA TTOAD
EUVKOAOTEPN. H yevIKr poper Twv Petaoxnuatiopywv Hankel opiletal we €ENG:

Ffez) = {F(r,z)rjv™r)dr
0

(7)
F(r.z) = JE@E, Q& v (En)ag
0

oTou Jv €ival To TIPWTO €idoC Twv cuvaptoewv Bessel Té&ewc v. O1 1B10TNTEC TWV

petaoxnuaotiopwyv  Hankel tapouoidlovtal avoAuTika oto Mapdptnua I To
METACXNMUOTIOUEVO oUOTNUA EXEL TN MOPPN:

S ur ; ; OW o
C\VVi-cfi&ur-(cf, + CET —-(e,5+e3, =0
¢ ( .&— ( )EBIZ'

(d3+CE<1"+C|,N-ClaA52w+p33"¢_ 2  eis{ P-O (8)
dz? éZ
Veis + e3ir et 33N _ei5§ w_£33 + £hs. B=0
57 e3%; e
OTIOU Ol PJETACXNMOTIOPEVEC OEUENWOEIC HETAPBANTEC ICOVVTOI LE:

Ll (&,Q)= Jur(r,z)rj,~ndr
0
™(E,Q) = &w(r,z)rjO’\r)dr (9)

00

WED = |@(r, 2)rdoe<ir
0

10



Mo évav nuidmepo xwpo (>0), n ocuvinkn oto ATeIPo KaBopilel TNV Popen
TwV AVCEWV TOL cuoTtuatog. Ol CUVBNKEG TIoL TIPETTEL VA IKOVOTTOIoUVTAIl Eival OTI
OTO ATIEIPO Ba TIPETIEI Ol BEPEAIWDEIC PETABANTEG va TEiVOUV OTO PNdEv, dnAadK] OTav

V{2 +y2 —> °0Ta ur,w,p ->» 0. 'ETol ol AUCEI¢ Ba £Xouv TNV akOAoLOn popen:

(&,Q) =u,(Qe-'P
(&, Q) = 1v(§)e-KY (10)
<PE.Q) = 9(E)B-"

ETUTIAEOV OUWG N OLVONKN OTO ATIEIPO ETURAAAEL OTI N OTABEPA K UTIOPEL va eival
TIPAYHOTIKOG 1] HIYOSIKOG apIBUOC OAAG OYI (PAVTOCTIKOC,

AvTtikaBioTtwvTtag TI¢ 1dloocuvaptroelg (10) oTo peTaoXnUaTIoUEVO aOaTnuUa (8),
TO0 oUOTNUA UTIOPEL VO PETATPATIEI WC OKOAOVBWC:

ur(&)

[a.Ji W) =0} (11)

A

D(8)

omo0
an-C44K2~Cnb ai2—-a2i —(cPs+ CM)"» an ——a3i — (e3i + eis)K

(12)

az2=Ca3f a23-a32-e33K’-ei5> a3 = sf1—sdaKk?.

Ma va pnv €xel TeETpIUPEVN A0on 1o ovotnua (11) 6a mpémel detfay] = 0. H

XOPOAKTINPIOTIKN auTr €&icwaon 60 Babuol pe TIPAYMOTIKOUG GUVTEAECTEC KOBopilel
TIC TIMEG TNG OTOBEPAC K Kal PTtopei va avayBei oe e€iowan 3o Babuol w¢ Tpog K2
210 onuEio auTd CNUEIVVETOL OTI Ol OTABEPEC TOU LAIKOU TIaiouv KOBOPIoTIKO pOAo
omnv €&EAIEN ¢ avaAuong OI0TI G ouVOLOCHPO HE T OULVONAKN OTo ATEIPO
KaBopidouv v poper Twv 3 pidwv we TTPo¢ K2, Katd cuvéTela amo TI¢ pileg yivovtal
OEKTEC UOVO OUTEG PE BETIKO TIPAYUATIKO PEPOCG WOTE VA IKAVOTIOIEITAL N GUVONKN OTO
ATTEIpo.

Ta dedOUEVA KAl I EUTIEIPIO PEXPI OUEPO TWV TIIECONAEKTPIKWY LAIKWV JEiXVOUuV
OTI Ol OTOBEPEC TWV LAIKWV Eival TIAVTO gg TETOIO OvoAoyia Tou divouv Tavta 2
TIPOAYMOTIKEG pide¢ =xKi(l AN Tpayuatikn pida Tou K2) KAl 4 HIyodIKEG pileg
+ 0 +Tw (2 dIMAEQ PIyadIKEC pileg Tou K2).

ATIO TO OUOTNPO TIPOKUTITEL N AKOAOUBN GXECT N oTtoia KaBopidel Kal TNV TEAIKN
HOP@I TWV YETACXNHOTIOHEVWY ADGEWV.

urE) _ w® . (&) (13)

AG) 8 v

010V O - ai2a23—ai3a22> B —aila23—ai2ai3? Y ana22 + ai2-
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H yevikry ADON TOU CUCTAPOTOC TWV PETACXNHOTIOUEVWY JIAPOPIKWY EEITWTEWY
Ba TIPETIEL VA €ival 0 YPOPPIKOG GUVOLOCUOC OAWVY TWV ATIOOEKTWV AVCEWV. H TEAIKN
HOP®N TWV PETACXNUATICPEVWVY AUGEWV cuVOWIZETal OTNV OKOAOLON TXEON:

U, Q) al 021 + o2
W(E2) '= g AEEME +Ke< g2 iR [A2(Q) +TA3(E)]e"E+Hw)E 1
®E.Q  JlI. Y21+ iy22

al = a(ki) o2 +i022 = «(d + iw)
omouv  p, = p(ki), B2| +iB22 = B(d +Tw) (14)
Yi=VY(ki) y2+Tiy22=y(d +iw)

O1 ayvwote¢ ouvaptioel Ai(§) 6a TpoodloploToly aTd TIC CUVOPIAKEC
ouvONKeG OAOKAnpwvovtag €tol TNV Abon. Eg@apuoloviag twpa &avd Toug
peTaoxnuaTiopolg Hankel (avtiotpoen Jladikacia), €TavEPXoVTIal Ol BEUENWOEIC
METABANTEC &avd OTOV OpPXIKO XwpPo AUCEwWV Kal TIapoucidlovial GUVOTITIKA
TIOPAKATW:

atAj(&)e il + (a21A2(&)-a22A3(&))e 0tle0s(wEl)
+ (022 A2 (&) + 021 A3 (€)) €_0¢ sin(wé&Q)

ur(r,z) = |

E(&Mdg

_ B.A, (&) e-k™ + (B2, A2 (8) - B22 A3 (&)) £"0¢ 008(wEL)’

. 40(er)de  (15)
+ (B2z2 A2 (€) + B2, A3 (§)) e~0¢ slTT(wEC)

W (r,z)

VA () e+ (YL AZ(E) - Y2 A3(8)) £ 08 0B0(wEL)
®(y.2) =1 . I0(EM)d¢
+ (Y2 A2(E) + y21A3(8)) € 08 SIT(w&)

AVTIKOBI0TWVTAC apXIKA TIC oxéoelg (15) otig oxéoelq(b) Kal PETA OTIC OXETEIQ

(4) TIPOKUTITOUV Ol YEVIKEC AVCEIC TWV {NTOUUEVWV HEYEBWY, OTIOL OTNV ETTIPAVEIN
(¢ = 0) yivovrtat:

Ur(r,0) = J[aA, (&) +02,A2(§) - 022A3(§)]J, (EN)AE
w(r,0) = J[B.A, (8) + B2 A2 (8) - B22A3(8)] Jo (EMN&E
0

®(r0) = OT[Y,A,(E) +Y2UA2(E) - y2A3(§)] 20 (ET)AE

00

(16)
30l (r>0)= KmiA, (&) + m2A2 (§) + m3A3 (£)]€ Ji (EONE
0

0a{(r>0) = IN4A, (&) +IN5A2(E) + IN6A3(E)"0(&1)dE

d0L(r,0) - }M7A,(&) + msA2(&) + moA3(E)]EJo("r)N™
0
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mi = -C44(aiki + P)-ei57i
m2 = -C44(Sa2i-®a22 + P2i)—ei5y2i
m3 = C44 (d @22 + wa2i+ 22) + eis Y22
m4 - Co ai__ ki (C33Pi + €33 Yi)
010V m5 = CF3a21~S(C33P2i + e33Y2l) + C0(C33P22 + e33Y22) a7
Mi6 = ~CIE3az2 + S(C33 P22 + 633 y22) + w(€E3P21 + C33Y21)
m7 = e3iai — ki (€33 Pi — 833Yi)
ms = e31az: — 5(€33P2i__£33Y21)+ w(d33P22 _ £33Y22)
m9 = —e31a22 + 6(f33 P22 — 833 Y22) + w(e33 P21 — €83 Y21)

H TeAIKr popen Twv TOTIwV Ba TIPOKUYEl PETA Kal OO TOV TIPOCAIOPICHO TWV
AYVWOTWV ouvaptioewv Ai(E) péoa amd TIC CUVOPIOKEC GUVONKEC. Ol CUVOPIAKEC

ouvenkeg dlakpivovtal ge o000 €idn, TIC MNXOVIKEC KOl TIC NAEKTPIKEC, Ol OTIOIEC
MTTOPOUV VO TIEPIYPAPOUV EEXWPIOTA KAl T ATIOTEAECOUATA TOUC VO guvduacToly. Kal
oTouC dU0 TUTIOUG GUVOPIOKWY CUVONKWY €XOUUE JIOXWPICHO TNC ETIIPAVEING OE 000
MEPN, OTNV €VIOg dlcioduanc Teploxn (B <r<a) Kal oTnv €KTOC dleicduong TEPIOXT)
(r>a), OTou a €ival n aKTiva ToU ETTMEDOU KUKAIKOU OJIEIcOULTH (BAETE ZXNua 1).
MPETIEl va onuelwBEel OTI eVIOC TNG KABE TIEPIOXNG UTIOPEI va TIEPIYPAPEL UOVO Eva
aTo Ta eVEPYEIOKA culuyr PEYEDN Kal KOTA GUVETIEID OTNV GUUTIANPWHATIKN TIEPIOXN
TIEPIYPAPETAI TO «OUJLYEC» PEYEBOC TNG TIPWTNG. Ta culuyr PeyEdn eival Ta wW-30((
yla TIC UNXOVIKEC OUVOPIOKEG CUVONKEG Kal Ta @ — 8DZ yIa TIC NAEKTPIKEG. ZUVETIWC
O0&V UTIOPOUHE VO €XOUME TAUTOXPOVN TIEPIYPOEPN OTNV idla TIEPIOXN TO W pE TO da({
Kal 10 @ pE TO Oi)7- TEANOG TIPOC ATIOPUYN TIOPEPUNVELCEWY Ba TIPETEl va
OIEVKPIVIOTEI OTI Ol CUYKEKPIUEVEC OUVOPIAKEC OLUVONKEG TIEPIYPAPOUV TIC UETABOAEG
TWV PeyeBV. AVAAUTIKA Ol CLVOPIOKEC TLVONKEC Eival:

MnNXOVIKEC CUVOPIOKEG GUVONKEG YO KUKAIKO, ETHTIESO KOl GKAUTITO OIEIGOUTH) AKTIVAG
a:

w(r,0) =h 0<r<a (heivalto BaBog dicicduong)
oo((r,0)=0 r>a (18)
d0lZ(y,0)=0 r>0 (amtovaoia TPIBAC)

HAEKTPIKEC CUVOPIOKEC GUVONKEG VIO KUKAIKO, ETTITIEDO KOl AKOUTITO JIEIGOUTH) AKTIVOC
a:

¢(1,0)=9° O<r<a -
ou¢(r,0)=0 r>a

H otabepd ¢@° 1000Tal PE PUNdEv, dIOTI EKPPALEL TNV PETARBOAN TOU NAEKTPIKOD
duVOUIKOU TO OTIoi0 gival TIAvTa atabepd. QOTOCO XPNOCIUOTIOIEITAlI gav [Hia oTofepd
ylo va eTTOANOeVOEl OTO TEAOG APIBUNTIKA OTI dev UETAPBAAAETOL. ETUTTAéOV yIo va
IoxVel N ouvlnkn (19) mpémel o JIEIGOUTAG VA PNV Eival aywylhog. MPOaKTIKa auto
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onuaivel va €xel TIOAD MIKPN NAEKTPIKN JIaTIEPATOTNTA (DINAEKTPIKEG OTABEPEQ)
OUYKPITIKA HE TO TIIECONAEKTPIKO LAIKO.
ATO v Tpitn €iowon TNg opddag eglcwoswv (18), n omoia dnAwvel TNV

arouacia TPIPNG amod to TPORANUA, TIPOKUTITEL 0TI A3(E) = AI(E) —A2(%)

m3 ma3
NV TpolTobeon 6Tt M3 * 0 ATIO TIC LTIOAOITIEC CUVOPIOKEC CUVONKEG TIPOKUTITOUV
000 {euydpIa OAOKANPWTIKWVY EEICWOEWVY TNG HOPPNAC:

LA (&) Jo (&M)<1& = fi(y) O<r<a

’ (i=U) (20)
|AI(E)E;0EN&E =Bi(M) r>a

0

JOp@wva pe 1ov Noble (1963) o1 AUCEI TwWV TOPOTIAVW OAOKANPWTIKWVY
eglowaoewv divovtal amd Tov aKOAouvBo TUTIO:

00

Ai(§) = ioos(x&) Fi (x)dx + Jooeix&) Gj (x)dx (i = 1,2) (21)
0 a
OTIOV

Fixx)=—fFfi(r) , T dr
dx o V/IX2-1? (22)

Gi(x) = Jgj(n) -dr

Ol ouVOPIaKEC OUVONRKEG TOU ETITEOOU KUKAIKOU OIEIcOUT Kabopidouv OTI Ol
ouvaptioelq fj (r) eival otabepég (i,)kon o1l o1 cuvaptioelGgj(r) eivalr pundév. Ol

otabepéc (fj) kal ol auvaptioelg Ai(§) mapouaoidlovial avOAULTIKA 0KOAODOWC:

M4h - M29° ) M. = Bl + B2~
Al(g) =x1**57) m3
M1t M4 — M2 M3 & M2 — B2t p2 m?
2 = Msh -Mie oTto0 ”_‘3 (23)
M2Ir\n/li3—Mlnl\1/2I4 & ’ a3 = Vi + Y2 2;
8= ~ll—-12— A3 =xr3——~>
m3  m3 € Mt — v+ v2 ™

m3

Omnw¢ @aivetal amd Tnv avAAuaon, TiposkuPav dU0 I0EC KOl OVTIOETEC EKQPATEIC
yla K&Be pia oamd T ouvaptnoelg Ai () MNa Bgppoduvapikolg Adyoug Opwg, Ba
yivouv OeKTEC Ol EKPPACEIC EKEIVEC ME TIC OTIOIEC TO €EWTEPIKO EPYO Eival BETIKO
r? h +Q ¢° , , , , , ,

>0 , orov P e€ival n guvoAlKa e@apuolopevn duvaun dleicduaong Kal
v J
Q TO OULVOAIKO ONMUIOLPYOUUEVO NAEKTPIKO @opTio (BAeme e€iowoelg (30) kar (31)
avTioToIXO).
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TeAKoi avaALTIKOI TOTIOI TWV PEYEBWV

2NV TIPOCTIABEIO VO TIEPIYPAPOUV Ol  OVOAUTIKOI TUTIOl TWV HEYEBWY 000 TIIO
CUVOTITIKA YIVETOI XPNOIMOTIOMBNKAV Kal KATIOIEG VEEC OTaBepEC uro>0zz0>Dzo OTIO0L

Kal eTte€nyouvtal otn cuvéxela. Ol TEAIKEC HOPPEC TwV TUTIWVY gival (XX.2):

uro' r=>a
ur(r,0) = (24)
ur(T . r<a
a+\al -r?
e 290 L
______ ial r>a
wroy="T AN TP @25 e0)= n acm (26)
h r<a ¢0 r<a
0 r>a 0 r>a
00l((I',0) = —» °0 r=a (27) o0{(I",0) = —100 r=a (28)
CTzz0 2 r<a Dzo r<a
i.a -r

Va2 —p2

Ur0 = aifi + a2lf2~a22f3

h =<<(P]fl + P2if2 —P2213)

omou  <P° = I T, fi + Y2|f2-T22f3) (29)
3
0zz0 — XItI(i+3)fi
3
I3
DzO — _Z'Ii'Q(l'+6)i)
1=

TENOG, N OUVOAIKA e@apuolouevn duvaun dleicduong P KAl TO OUVOAIKO
ONUIOLPYOUPEVO NAEKTPIKO POPTIoO Q (dECUELUEVO POPTIO O PoPEN diTToOAWY), yia

€Vav OKOUTITO, ETTITIES0, KUKAIKO OIEICOUTH] OKTIVOC a TIPOKUTITOUV aTIO TIG OKOAOUBEC
EKQPPACEIC:

a g

a
P =-J00l( 2mi<E = -21t0{{0 i

, — .- dr =-2maGzz0 (30)
0 °Va2-r?
3 3 j*
Q =id0(2nrdr = 2n D20 i -y------- dr = 2ma Dzo (31)
0 °Va2-r?

APIOUNTIKA aTIOTEAECUOTA

Onw¢ TPoOVAPEPBNKE TIPAYUATOTIOINONKE EQAPUOYN TWV OVOAUTIKWY TOTIWV OF
pia opada TUECONAEKTPIKWY UAIKWV KOl TIO OUYKEKPIYEVA ota PZT-4, PZT-5A,

BaTio3 KCd (Bao.9i7Ca0.083)Ti03 (Mapdptnua 1i1y. 'Eva omd 10 TIAEOVEKTAUOATA TWV
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OVOAUTIKQV  TOTIwvV  €ival ot divetal 1 duvarotnta, ekundevidovtag Ttov
TUECONAEKTPIGHO (dNAadN pndevidovtag TIG TIIECONAEKTPIKEC OTOBEPEC ey), va @avei
gekabapa n emidpacn 1oL TUECONAEKTPIKOU @aAIVOUEVOL oTnv duvaun digicduong P
KOl OTO NAEKTPIKO @opTio Q. O1 apIBUNTIKEC EQOPUOYEC OTA TECCEPA OULTA
TECONAEKTPIKA LAIKA TOC0 LUTIO ouvONnkeg o0evéng (coupled conditions) 6go Kai UTIO
ouvenkeg EAAeNG NG oLlevéng (uncoupled conditions), Pori®noav TOAL OTO Vva
@avVOoUV XProIUa CUPTIEPACHUATO TA OTTOoIa TIAPOLCIA{OVTaAl 0T CUVEXEIQ.

Ta téooepa TUECONAEKTPIKA UAIKA Eival NAEKTPIKA TIOAWUEVO KEPAUIKA KOl
dloKpivovTal OLCIACTIKA o€ OU0 €idn lead zirconate titanate (PZT-4, PZT-5A) kai of
000 €idn barium titanate (BaTiCb, (Bao.9i7Ca0.083)Ti03): INa ta Tpwta d00 €idn, n
TILKVOTNTO padag eival 7.5 x io3 kg/m3 kai n Bgppokpaaia Curie 601 °K, evw yia Ta

uTtOAOITIa 000 1 TILkVOTNTa palag eival 5.7x 103 kg/m3 kail n Bepuokpacia Curie
388 °K. AVOAUTIKA Ol I3I0TNTEC TWV CUYKEKPIMEVWVY TIIECONAEKTPIKWY ULAIKWV (O€

KOVOVIKEC OULVONRKeG epyaotnpiov) Ttapovoidlovial otou¢ Mivakeg 1-3 TOU
akoAouBouv (A.E. Giannakopoulos and S. Suresh (1999), S. Sridhar et al (1999)).

Mivakag 1: EAACTIKEC IDIOTNTEC TWV TTIECONAEKTPIKWY UAIKWV.

EAQOTIKEG OTOBEPEQ PZT-4 PZT-5A BaTiO3  (Bao.9i7Ca0.083) TiO3

(GPa)
cn 139.00 121.00 166.00 158.00
cf3 115.00 111.00 162.00 150.00
Cus 25.60 21.10 42.90 45.00
ce 77.80 75.40 76.60 69.00
CE3 74.30 75.20 77.50 67.50

Mivakag 2: TIeoNAeKTPIKEC IIOTNTEC TWV TUECONAEKTPIKWV UAIKMV.

MeCONAEKTPIKEG oTabepe  PZT-4  PZT-5A BaTiO3  (Bao.9nCa0.083) TiO3

(C/m2)
e3i -5.20 -5.40 -4.40 -3.10
en 15.10 15.80 18.60 13.50
eis 12.70 12.30 11.60 10.90

Mivakag 3: HAEKTPIKEC IDI0TNTEG TWV TIIECONAEKTPIKWY VAIKWV.

AINAEKTPIKEC OTOOEPEQ PZT-4  PZT-5A BaTiO3  (Bao.9nCa0.083)TiO3

(NF/m)
& 6.461 8107 11151 8.850
s 5620 7346 12567 8.054

Ta armoteAéopota TG avaivong (UETABOAEC Twv peyeBWV) yla Ta TEOOEPA
TUECONAEKTIPIKA ULAIKA  TIOPOUCIAOVIal  CULUVOTITIKG oTtoug [ivakeg 4-5 TOUL
OKOAOULBOUV. TpETEl va onuelwBel 0TI N 2v kal n 31 axéon NG opadag £E100WOEWVY
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(29) emaAnBevTNKE Kal ApIBUNTIKA. 'ETo1 AoITtov eTIRERaIONKE Kal n uTtoébean OTI TO
N'AEKTPIKO SUVOUIKO OevV PETARBAAAETOL (¢° = O).

Mivakag 4: AVOAUTIKG OTIOTEAECUOTA TWV TTIIECONAEKTPIKWY LAIKWV (coupled).

Coupled PZT-4 PZT-5A BaTiCU (Ba0.9nCa0.083)Ti03  MovAadeq
P
) 270.2260  229.7302  406.0697 402.6611  (nPa)
a
o
1 -67.58 -69.73 -68.27 52.85  (c/m2)
a
numeric
U;O -0.1372130 -0.1058380  -0.2438190 0.0676140 MUMeric)

Mivakag 5: AVOAUTIKA aTTOTEAETHATO TWV TIECONAEKTPIKWY LAIKWVY (uncoupled).

Uncoupled PZT-4 PZT-5A BaTiCU (Ba0.9i7Ca0.083)Ti03 ~ Movadeg
a: 2462170  209.4000  396.5170 3912140  (nPa)
Sh— 0.00 0.00 0.00 0.00  (c/m2)
ULO -0.1952190 -0.1744030  -0.2613290 0.2811660 (NUMeric)
ZLUTIEPACUATO

Onw¢ TIPOaVAPEPONKE, TO @AIVOPEVO TOUL TUECONAEKTPIOUOU €XEl ONUOVTIKNA
eMidpaon otnv d0vaun Odleicduan yeyovoc TIoU ATIOdEIKVUETAL ATIO TIC OIOMOPEG OTIC
TINEG Twv Mivakwv 4 kat 5. Mapatnpeital AoImov o€ TPWIN QAN OTI TO LAIKO UTIO
TNV €Midpacn Tou TECONAEKTPIKOU QAIVOUEVOU YIVETAl TTIIO AKAPTITO. Ol TIOO0CTIAIES
METAPBOAEG TV PeyEBWV TwV TIECONAEKTPIKWY LAIKWV amo coupled oge uncoupled
KataoTaon Ttapouaciddovial avoAuTIKA oTov [Mivaka 6.

Mivakag 6: MocooTiaieg HETABOAEC (%) TWV HEYEBWV TwWV TTIIECONAEKTPIKWV
LVAIK@V o1té coupled og uncoupled katdotaon.

PZT-4 PZT-5A BaTiCU (Ba0.9i7Ca0.083)TiC>3
P
-8.88 -8.85 -2.35 2.84
ah
uro +42.27 +64.78 +7.18 +5.06
’ . . . .

To mpdéonuo Tou peyEBoug X otoug Mivakeg 4 kou 5 kKaBopilel T @opd Tou Ba

EXEL N a&OVIKN HUETATOTIION, YI' AUTO KOl QUEAVETAL N ATIOAUTN TIUN TOU OTOV TIA0OUV
va €£X0LV 10X0 Ol TIECONAEKTPIKEG 1I010TNTEG TwV LAIKWV (Mivakag 6). Emiong omwg
OVOUEVOTOV TO ONMIOUPYOUUEVO NAEKTIPIKO @opTio Q pndevidetal, yeyovog Tou
UTTOONAWVEL TNV OTIOLCIA TOU TIIECONAEKTPIKOU QAIVOUEVOU.
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Mo TNV KAtavonaon Tou TPOTIoL Kal Tou Babuoy emidpacng OAwWV Twv IBI0TATWV
TV TUECONAEKTPIKWY VAIKWV OTO QOIVOUEVO TOU TTIECONAEKTPIGHOU, Ttapatifsvtal ol
METAPBOAEG TV IBI0TATWVY PETAEL TwV LAIKWV (MMivakeg 7-9) KaBwW KAl Ol AVTIGTOIXEG
METAPBOAEG TwV peyeBwv toug (Mivakeg 10-11). Mo TNV oUYKPION OUTH, W UVAIKO
ava@opdg xpnolyoTtoleital 1o PZT-4.

Mivakag 7: MoooaTiaieg HETABOAEG (%) OTIC EAACTIKEG 1D10TNTEG TWV
TUECONAEKTPIKWV UVAIKQV.

EAOOTIKEG OTABEPEC PZT-4 PZT-5A BaTiC>3 (Bao.9i7Ca0.083)Ti03

cn : 1295  +19.42 +13.67
o 348 +40.87 +30.43
Cus - 1758 +67.58 +75.78
cn - -3.08 -1.54 -11.31
cn : +1.21 +4.31 -9.15

Mivakag 8: MocoaoTiaieg HETABOAEC (%) OTIC THIECONAEKTPIKEG IDIOTNTEG TWV
TUECONAEKTPIKWVY LVAIKWV.

MedonAekTpIkéG otabepéc  PZT-4  PZT-5A  BaTiO3  (Bao.9i7Ca0.083)Ti03

e3i ; +3.85  -15.38 -40.38
633 - +4.64  +23.18 -10.60
ei5 - -3.15 -8.66 -14.17

Mivakag 9: MoooaoTiaieg HETABOAEC (%) OTIC NAEKTPIKEG 1O10TNTEC TWV
TUECONAEKTPIKWVY LVAIKQV.

AINAEKTPIKEC OTOOEPEC PZT-4 PZT-5A BaTiC>3  (Bao.9i7Ca0.083)TiC>3

o - +25.48 +72.59 +36.98
£53 +30.71 +123.61 +43.31

Mivakag 10: NMocooTiaieg HETABOAEG (%) OTA ATIOTEAECUATO TWV TUECONAEKTPIKWV
UVAIKWV (coupled).

Coupled PZT-4 PZT-5A BaTiC>3 (Ba0.9i7Ca0.083)Ti03

P
-14.99 +50.27 +49.01

ah
+3.18 +1.02 -21.80

ah
urr]o ] -22.87 +77.69 +95.04

‘Eva amo ta cuumepdopata tou Mivaka 6 eival o1t d0vaun odleicduong P
EEAPTATAI KLPIWE OTI0 TNV akapyio Tou LAIKOU (Cjj), a@ol ato 100% TNC ATIWAEIOC
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TV TUE(ONAEKTPIKWVY OTaBepwv (e,)) erlinpeddetal povo 10 10% Tmepimouv tng P Kal
TIPOPOVWC OE MIKPOTEPEC HETARBOAEC TwWV TUE(ONAEKTPIKWY OTOBEPWV N ETidpacn
autn Ba gival akOun HIKPOTEPN. TO yeyovog auto Ttapatnpeital atoug Mivakeg 7 Kal
10 OTIOU N METAROAN TNC aKAPYIOg TOL ULAIKOU €ival TEPITTOU avaAoyn ME TNV
METABOAN NG duvaun dleioduong. ATO TNV AAAN OPWC N €€APTNON TOU NAEKTIPIKOU
@optiov Q amod TIC TUECONAEKTIPIKEG OTOOEPEC (ejj) €ival peydAn. ZTo onueEio auto
TIPETIEL VO OIEVUKPIVIOTED OTI 01 PETABOAEC NG TIIECONAEKTPIKNC oTaBepdg B3 70u
Mivaka 8 gival HETABOAEC TwV ATIOAUTWVY TIHWV TNE JIOTI JE TO TIPOCNHUO EKPPALETAIL N
«gvtaon» (+) N n «amoduvdpwaon» (-) TG otabepdq. ETumAsov emeidn oTo TPORANUa
n oleicduon TpayuatoTtoiEital otov agova {, n TUE(ONAEKTIPIKN] OTABEPA €33
UTIOPOUCE VO XOPOKTNPIOTEN WG KOpla TTIECONAEKTPIK OTABePA UE Alyo HeEYOAUTEPN
BapunTa amod TIG AAAEC TTIECONAEKTPIKEG OTABEPEG. QOTOGO OUWCE KAl Ol OINAEKTPIKEC
otobepéc (sfj)) oe ouvduaouo pE TIC TIIECONAEKTPIKEG ETINPEALOLY TO Q. Mg QUTEQ TIC
eMIoNUAVOEIC dIATIOTWVETAlI EDKOAA OToug lMivakeg 8 Kal 10 OTlI Ol PETABOAEC TwV
TUECONAEKTPIKWV GTABEPWV 00NyoLV TIPOG TNV idla KAteLBLVAOT Kal TIC PETAPBOAEG TOU
Q. Zmnv mepinmtwon tou PZT-5A Tapatnpeital gio PIKP LTEPOXN TwV OETIKWV
METOBOAWY OTIC ey TIou 0dnyei emmiong oe PiIkpr avénon tTou Q. 1o BaTiCb mapdio
TIOU UTTAPXEl LTIEPOXN TWV APVNTIKWV HETAPOAWVY, N BETIKI HETABOAr TOL 10XLUPOU
€33 0€ GUVOUACHO WE TNV ETTIONC IOXLPN OETIKI MPETOPBOAN TOUL 833 UTIEPIGXUOULV HE
OTIOTEAECHA TNV 1oV OETIKI UETABOAN ToU Q. TéAoC yia 10 (Bao.si7Cao.083) Tio301
ONUOVTIKEGC OPVNTIKEG METOPOAEC TwV €, OIKAIOAOYOUV OUTOPOTO TNV CNUOVTIKN
peiwon tou Q.

Mo ]\ oAokANpwon 1N¢ OavAALONG TwWV OTIOTEAECHATWVY ETUAEXONKE €va
YVEVIKOTEPO KPITAPIO CGUYKPIONG, N EAOCTIKI] OVICOTPOTIid. H €AQCTIKA QVICOTPOTTIO
2C44 + Ct2-CE

Css
gival n iy g 100 TII0 EAACTIKA IGOTPOTIO €ival TO LAIKO. H EAQCTIKI] aVICOTPOTTIO
TWV LAIKWV Ttapoucidletal atov Mivaka 11.

TOU KABE LAIKOU LTTOAOYIZETAl ATIO TNV OXEON , OTIOU 000 TIIO MIKPN

Mivakag 11: EAaoTIKA avicoTpoTTia Twv TIECONAEKTPIKWY UAIKWV.

EAaoTikn avicotportia PZT-4 PZT-5A BaTiCb (gac.917Caom~TiCb
(%0)

2€S, + C&-Cf, 8.70 3.06 2.22 0.67
Cas3

O nMivakag 11 TIPETEl va EPPNVEVTEI O GUVOLOCHUO HE TNV NAEKTIPIKNA
OVICOTPOTIIO TWV UAIKWV, KOTA 600 dnAadn eival idleg ol otabepég em =¢€33- Ta
OUYKEKPIPEVA DAIKA €X0LV GXEDOV TNV idla NAEKTPIKI] aviooTpoTTia, Pe 10 BaTiCb va

gival EAAPPWC TIIO AVICOTPOTIO OTIO T AAAA. ZUVETIWC JIATIICTWVETAL OTI TO PAIVOUEVO
TOU TUECONAEKTPIGHOU AEITOUPYEI OTTODOTIKOTEPA OTO TIIO OVICOTPOTIO LAIKA. To

(Bao.9i7Ca0.083) Tio3 AGyw TOU OTI €ival TO TIIO ICOTPOTIO ATIO TA UAIKA, EUQPAVICEL Kal
TO HIKPOTEPO Q.
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ZxXnuata

ZXNUaA 1. FEWPETPIKEG TIAPAUETPOI TNG ETITIEdNC dlEigduong. O BIEIGOVTNC OEV TIPETIEL
va gival aywyog, dNAadr n NAEKTPIKI TOU SIATIEPATOTNTA ey VA €ival TIOAD PIKPN.

ZXNua 2. KAVOVIKOTIOINUEVEG OXETEIC YIa: (a) TNV AKTIVIKA petatoruon (ur), (b) v
KaTOKOpL®N HeTaTOTIoN (W), (C) TO NAEKTPIKO SLVOUIKO (@), (d) TNV agovikr Taon
(60C0)> () “™ nAeKTpPIKN petatomion (8DZ):
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AKAMIMTOZ
AIEIZAYTHZ

K- 2a )

TE
MIEZOHAEKTPIKO YAIKO

(b)

ZxNua 1. Avaotdaolog Z. MapuakAng
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Ur (r, 0)
uro

w (r, 0 [0} (r,° 0)

(b)

ZxNUa 2: Avaotdoiog Z. MapuakAng

(€)
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KEDANAIO 11
To TPORANUA ETIAPNRG OTA TIECOUAYVNTIKA DAIKA

ZUVOTITIKI TIEPIYPOQN

ZTnv gpyaoia aut TtapoucIAdeTal pio yevikn Bewpia TNC AEOVOCULUMPETPIKNC
dleicduong ota TedoPayVNTIKA OTEPEA, ATIO E€TTEDO, GKOUTITO OIEICOUTH], PMECO OTO
TIAGICI0 TOU YPAPUIKA culevypévou poviédou (fully coupled linear model), uto v
artouaia TPIRRG N TIpookoAAnong (adhesion). AmodelkvieTal OTI 11 g0{EVEN aUTH
(couple effect) €xel onuavtikn emidpacn otnv duvaun dleicduong P kal otnv
payvnukn emaywyn (magnetic flux) &, otv Teploxn  €mo@ng.  EmimAéov
TIPOYUOTOTIOIEITAl KOl €va Teipapa oto Tie(opayvnTika LAIKO Terfenol-D yia va
eTREPAIOOEl T OEWPNTIKA ATIOTEAECUOTA.

To @aivopevo Tou TiedopayvnTopoL (N oVlevEn PETAED TOU PAyVNTIKOU KOl TOU
MNXOVIKOU (POIVOUEVOU) UTIOPED va gU@OVIOTEl OXeEdOV 0E OAA TA QPEPPOPAYVNTIKA
UVAIKA TO OTIOi0 ATTOVIWVIOL WG POVOi KPUOTOAAOL, ICOTPOTIIKA TIOAUKPUGTOAAIKA
METOAAA 1] KEPOUIKA LAIKA. TA TEXVOAOYIKWCG CNUAVTIKA TIIE(OPAYVNTIKA UAIKA €ival
piydoTa oTaviov yaiwv Pe aidnpo, KOPAATIO Kal VikéAlo. To Terfenol-D eival éva
eCAIPeTIKA TTIECOPOYVNTIKA KPAMPO aTO TIC OTIAVIEC YaieC TEPPIO Kal dUOTIPOCIO O€
OuVOLOGUO He aidnpo (Tho.3Dy07Fe2), Kal gival Eva onUAVTIKO TIIECOPAYVNTIKA LAIKO

egaitiog ™ PeYAAng TeopayvnNTIKOTNTOG KOl TV HEYAAWV oTabepwv oULELENC
(Tueopayvntikwv  otobepwv  €n) Tou  TO  dlokpivouv. O TE(O PAYVNTIOHOC

XPNOIUOTIOIEITOI O TIOAEC TEXVOAOYIKA GCNUAVTIKEC EQOPUOYEC OTIWG Ol OKANPOI
diokol (head recorders), ol aloONTNPEC (Sensors), TA MIKPO-N'OEKTPO-UNXOVOAOYIKA
cuotiuata (MEMS), Ta OTOUIKA PIKPOCKOTIIO K.T.A. KOl €ival ONUOVTIKOG VIO TIOAEG
EQAPUOYEC TNG TPIBOoAOYIaC.

Ze dio TpWIN TIPOCEYyIon, 0 TIE(OPAYVNTIOUOG Oewpeital w¢ &va YPOUUIKO
MOyVNTOUNXAVIKO OTIOTEAECUO, OVAAOYO TOU QVTIOTOIXOU NAEKTPOPNXAVIKOU OTOV
TUECONAEKTPIONO. OTw¢ avaeépbnke oTo Ke@AAalo I, omnv Tepimtwaon Tou
TUECONAEKTPIOUOU, TO QAIVOUEVO OEEIAETAl KLPIWG oTnV TIIECONAEKTPIKY ETTIOPACN
TWV OTOUIKWY KPUCGTAAAWVY TOU COTOIXEIOU KAl POAIG €va PIKPO TIOC0CTO OTNV Kivnaon
TWV «TOiXWV» TOU KPUOTAAAOU. ATIO TNV GAAN OPWC OTNV TIEPITTTWAN TOU
mieopoyvnTuioPoly, AOyw Tou OTI TO @AIVOUEVO O&V TIOPATNPEITAl CE POVOUC
PEPPOPAYVNTIKOUCG KPUGTAAAOUG, O@EIAETAl PYOVO OTNV KivnNon Twv «ToiXwv» TOU
KPUOTAAAOUL. TEAOC €XEl ATIOOEIXOEl OTI TO PAIVOUEVO TOUL TriE(OPAyvVNTIOUOU Egival
EQIKTO OTIC 29 aTd TIC 32 KPUOTAAAIKEG OHADEC.

Ta TTOAUKPUGCTOAAIKA UAIKA, TO OTIOI0 €ival PJOKPOOKOTIIKA 100TpOTIa OTaV Oev
gival ToAwpéva, yivovtal avicOTpOTIa PE EYKAPOIA ICOTPOTIO ] TIEPIOTPOQPIKN
OULUMETPIO oTnv dIEVBUVAN TOL dIAVUCUATOC TIOAWGCNC. AUTO TO SIAVUCHA POYVNTIKNG
TIOAWONG TIOAQVEL TO LAIKO g€ pia povo dievbbuvon (KATI avAAoyo YiveTal Kal aTa
TUECONAEKTPIKA ULAIKA). Ma TO CUYKEKPIYEVO TIPOPRANUO dicioduong w¢ olevbuvan
TIOAWONG TOU LAIKOU ETTIAEXONKE 0 AZovag z 0 oToiog €ival Kal 0 Agovag CUUHETPIAC
TOCO YO TO PUNXOVIKO PMEPOC OGO KAl YIO TO JOYyVNTOCTATIKO PEPOC TOL TIPORANMOTOC.

Baaolopévn otnv pnxavikn emaeng (contact mechanics), n digiocduan w¢ Eva omAd
TIEipOUO PTTOPEL VO XPNOoIPoTIoINBEi yio TNV PETPNON TNE éviaong TNE HAyvhTIoONG Twv
TUECOUAYVNTIKWY  UVAIKWV (Mia pn  KOTAoTPO@IK HEBOOOC TIOIOTIKOU €AEYXOUL).
JUVOTITIKA, N €Ta@n em@épel petafoAn atnv taon (0al() H oTmoia pe TNV CEIpA TNG
TIPOKOAED PETABOAR OTNV TIUKVOTNTA PAYVNTIKAG €Taywyn¢ (0B(), Kal avtiotpoga.
'ETol Aoimov n dig€aywyr Tou Telpduatoc dleicduang g€ 000 JIOPOPETIKEG OTIYHEG,
OTO 010 TTIEOPAYVNTIKA UAIKO, UTIOPEL va divel dIA@OPETIKEC TIMEG YIa TNV dUVALN
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dleicduong P yia dedopévo Pabog dleicduong h, yeyovdg mou Ba  o@eidetal atnv
METABOAN TwV IBIOTATWVY TOU UAIKOU. XTnV TIopolod epyaaia eEETALETAI CUYKEKPIUEVA
TO TIPOPANUO ETAPAC €VOC ETITMEOOU, KUKAIKOU KOl OGKOUTITOU OlElodut (amo
SlOUaYVNTIKO LAIKO) OTa TIIECOPOYVNTIKA UAIKA.

H topeia emiAuong Tou OULYKEKPIPEVOL TIPOPARUOTOC Eival TOPOUOIA PE TNV
Topeia Tou avtioToixou TIPOPRARUOTOG OTov TIECONAEKTPIOUO (Ke@aAaio ). H
OVAAUCT KOl YEVIKA 1N OAOKANPWWMEVI HOPQI TOU OCUYKEKPIUEVOL KEPOAQIOL
(kedhaio 1) ¢ epyaaiag mapovaoidletal ato Mapdptnua Il, otnv LTTO dnuoaicuaon
epyaaia Twv A. E. Giannakopoulos kai.. A. Z. Parmaklis “The contact problem of
a circular rigid punch on piezomagnetic materials™.

H 1dlaitepdtnta otov TiedoyayvnTicUo €ival ot Adyw NG @UONG TWV UVAIKWV
(0TaBEPEC LAIKWV) YiveTal BIAKPION TWV YEVIKWV OVOAUTIKWV AVCEWV O TECOEPIC
Katnyopieg. H O1Gkpion autr] o@eiAetal OTIC OIO@OPETIKEG HOPPEC AVCEWV NG
XOPOKTINPIOTIKNC €&icwong detfay] =0 Tou TEPIyPAPTNKE OTO TIPONYOUUEVO
Ke@AaAaio. O1 KATNYOPIEC AUTEC £XOLV TIC OKOAOUBEC ADTEICG:

I. 6 tpaypoTikég pideg + ki, + k2 ,+ k3 (k, > 0)

II. 2 mpayuatikég pideg + Kikal 4 @avtaoTikég pideg 1O, i w2 (Ki,w, > 0)
. 2 mpaypoTikEG pideg + ki Kal 4 piyadikeg pideg £d 1w (Ki, 6, w > 0)
IV. 2 @avtaoTikeg pidec £i©1 Kald PiyadikeEg pideq +o0xiw (©1,0,w > 0).

QoT1600 OUWC YO va €Xouv 10X0 Ol YEVIKOI QVOAUTIKOI TUTTOl B0 TIPETIEl
OTIWOONTIOTE VO TIANPOUV Ol  OTABEPEC  TwWV  UAIKWV  TOV  TIEPIOPICHO

(C-44H.N + eis)- (c331¥33 + eli) > 0. ZNUEIWVOUUE EUPATIKA OTI OTa TIE(ONAEKTPIKA
LVAIKA, AOYW TNG CUYKEKPIUEVNC CLUUETPIOG TOUG, KUPLapXEi n Avan 1.

APIBUNTIKA ATIOTEAEGUATO

APIBUNTIKEG EQAPPOYEC TWV AVOAUTIKWV TOTIWV £YIVAV KUPIWE HOVO YIO TO UAIKO
Terfenol-D yia va uTtdpxel Kal oUYKPIoN HE TIEIPAPOTIKA OTIOTEAECUATO. ZTO CNMEIo
OUTO TIPETIEL VO ONUEIWOEl OTI yIa TIC OPIOUNTIKEC EQOPUOYEC, N CUAAOYNR TwV
oedopévwy yia 1o Terfenol-D rfitav 1dlaitepa dUCOKOAN. MAAICTO €TEIdN yia TNV

otafepa A, dev PpéOnkav TIMEC otnv  BIBAloypagia, TO TIPORANUA  AUBNKe

TIOPOPETPIKA Bewpwviag ot Pn = P33 p*,=—p33 - H ocuAoyn 6Awv

TwV oTaBePV dev NTav duvaTo va Yivel amo Tnv idla Tnyr, YEYOVOC TIOU MPEIWVEL TNV
Oa&lOTTIOTIO TWV OPIBUNTIKWY OTIOTEAEOUATWY. Mo TOV AGYy0 autd XpnoiyoTtoiénkav
0EO0MEVO OTIO TIOAAEG TINYEC KOl GUVOLOCHOC OUTWV WOTE va dnuioupynOei éva
MEYAAO €0POC ATIOTEAECUATWY TIOL Ba £XIvVE Kal TN dUVATOTNTA YIa KOAUTEPN EPUNVEIT
TOU TPOTIOU ETIPPONC TWV OTOBEPWV TWV UAIKWV OT0 @aIvouevo. EKTOC Twv
OPIBUNTIKWY OTIOTEAECUATWY TIOU TTOPOUCIAlovTal OTNV gpyacia tou MapapTrPaTog
Il TIpaypOaTOTIONONKAV KAl ETUTTAEOV EQAPUOYEC TIOUL TTapouaidlovtal atoug lMivakeg
2-3 ToU Ke@aAaiou Ill. ATtd To avioOTPOTIO EAACTIKO UNTP®WO (1) Kal Ta dedouéva Tou
Mivaka 1 auto0 TOU KEPOAQiIOU, TIPOKUTITOUV TA APIBUNTIKA OTIOTEAECHOTA TWV
Mivakwv 2d-2i (kepaAaio 1) yia to Terfenol-D.
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107 748 821 O 0 0N

748 107 821 O 0 0

821 821 981 O 0 0
0 0 0 61 0 0 (GPa) @)
0 0 0 0 61 O
0 0 0 0 0 16.1,

O1 mepimtwoel (4)-(9) tou Mivaka 1 (ke@daAaio |1) eival cuvéxela Ttwv
TEPITTTWOEwWY Tou lMivaka 1. (Table 1.) Tou Mapaptruatog I, KAl KATA CUVETIEID Ol
Mivakeg 2d-2i (ke@aAaio 1l1) eival ocuvéxela twv Mvakwy 2. (Table 2.) tou idilov
Mapaptriuatoc. OAol ol véol lMivakeg Ttapatifevtal oto TEAOC auToD TOU KEPOAQioL.

Katd avoAoyio Twv OTtoTEAEOUdTwYV Twv [Mvdkwv 4. (Table 4.) Ttou
MapaptApatog I, 6tou yia éva 1c6Tporto deiyua Terfenol-D pe PETPO EAACTIKOTNTOC
55GPa kail Adyo Poisson 0.4 diveTal TTApAUETPIKT dIACTOCN OTIC OTADEPEC €33>e3i Kal

! 633"

eis e3j - otou¢ [Mivakeg 3a-3d (kepdAaio Ill) mapouaoidlovial 1o
1 2 -

OTIOTEAECUATO VIO TO D10 EAACTIKO UNTPWO (2) Kal yia TNV OPdda ded0UEVWY (3) v

otou¢g Mivakeg 3e-3h (ke@dAaio 1) Ta ATTOTEAECUATA YIO TO EAACTIKO UNTPWO (2)

KOl yIO TNV OPAda ded0UEVWY (4), dNUIOUPYWVTAC ETOL OXTW VEEC TIEPITITWOEIC .

55.0 43.0 430 O 0 0
430 550 430 O 0 0
43.0 43.0 55.0 0 0 0
(GPa) (2
0 0 0 120 0 0
0 0 0 0 120 O
0 0 0 0 0 12.0,
fNA
=6.283x 10
va?z;
(a)—» 854.0
3
_ i (B)->200.0 _ ®
e33 90 WINL B3i=-45 1 N 1 a N1
vAmJ IAMJ 6,5 ““(y)->0.0 1AmMJ
(d) ->500.0
P33 = 6.283x10 6
1A2’
(€)->90.0
— 4
PN (o1) —» 64.0 NE 4)
eis — 0.0 e33 = .
,LAmMy ,LAmMy (@) —> 40.0 Am,
(n)—>16.0
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Meipduata

Mo TNV mapatnpnon Tou @AIVOUEVOU TOU TIIECOPOYVNTIOUOU OAAG KOl yiO TNV
ETIOANBELAN TWV BEWPNTIKWV OTIOTEAECUATWY TIPAYUOTOTIOIONKE TO TIEipaua NG
dleicduong oto TedopayvnTikd UVAIKO Terfenol-D. To Tmeipapa die&nxdn oto
Epyaotplo Avtoxng twv YAIKWV Kol MIKPOUNXOVIKNG, TOU TUAPOTOG MOATIKWV
Mnxavikwv Tou [lavemiotnuiov ©OeocoAiag Kol EVIACOETOl OTNV  Katnyopia
TIEIPOUATWY HIKPO KAiokag. O €EOTIAIGUOC TOL €PYOACTNPIOU NTaV KATAAANAOG yia
v dle€aywyr] TOU TIEIPAUOTOC OTNV MIKPO KAIMOKO OAAG OXI Kal yia tnv vAavo
KAipaka. H d14ta&n tou TEIPAPOTOC KOl YEVIKA TO TIEIPAPO TIEPIYPAPETAL AVOAUTIKA
oTo Ke@aAaio Meipdpata (Experiments) tou Mapaptiuatog Il.

Ma v guEAvion ToL EAIVOPEVOU TOU TIIE(O PayVNTIOWOU, Eival aTtapaitnTo To
IO HAYVNTIKO UAIKO VO [BPICKETOI PECO OE EVa EEWTEPIKO POYVNTIKO TIedI0 TO OTT0I0
Kal Ba 1o evepyortoincel. Na 10 AdGyo OuTO dnuioupyndnkav dla@opwy 10wV
ECWTEPIKA POYVNTIKO TIEdia Pe TNV Bonbeia TPV HOVIMWY POyvnTwy OTIoU Kol
TIapouoiddovtal aKoAoUBwWC. O1 JIOTAEEIC TWV OIABECIPWY  HAYVNTIKWY  TIESIWV
TIapouoiddovTal oTa ZX.1&2 TOU TIOPOVTIOC KEPOAQIOU €V TA XOAPOAKTINPEICTIKA TOUC
otouq Mivakeg 4a kon 4b (kepaAaio I1). O1 TIHEG TWV PHOYVNTIKWV TIESIWV PETPHONKAY
pE TNV BonBela Tou payvntopetpouv GMO5, OTIOU KAl OTIOTEAEL TO TEAEVUTAIO POVTEAO
OTNV Katnyopia Twv PayvnTopéTpwy NG etaipiac Hirst Magnetic Instruments Ltd.
ETumAéov Ta YEWUETPIKA XOPOKTINPIOTIKA Kal Ol JAZEC TOU JOKIYIOU, TWV PayVNTWV
KOl TV TIPOoBeTwY Bapidiiv PeTpRONKav pe opyava bPNAAG akpiBelag. Ol TEAIKEQ
TIMEC  OAWV TWV HETPOUPEVWY HeEYEOWVY OTIOTEAOUV TOV HECO OpPO TWV TPIWV
METPAOEWVY TIOUL TIPAYUOTOTIOINONKAV g& KABE TIEPITITWAON YA TNV EAAXICTOTIOINGN TWV
TUXQIWY TEOAUATWY. Ta XOPOKTINPICTIKA TWV UTIOAOITIWV OTOIXEIWV TOU TIEIPAUATOC
(dokiuio, payvnteg) (Zx.1) mapovuaialovtal otov lMivaka 4a (ke@diaio 1) svo n
TIEPIyPA@N] TOL JIEICOUTN YiveTal oTIG €IKOveg 4&5 (Figures 4&5) Tou MapapTruaTog
1.

(M1) M2) (M3) m | n/s

Tx.1
Ta vméAoimta dI0BECIYa PayvnTIKO TIEdia TTov dNUIoUPYOUVTAl OTIO TA OTOIXEIN
Tou XX.1 Ttapoualalovtal GTo OKOAOLBO Xx.2 evw Ol TIMEC autwv otov lMivaka 4b

(ke@anaio I11).

m m M

(MI) (M2) (M3)

2X.2

ATIO T dlaBEciya PayvnTIKA Tedia, yia Ta TIEIPAPATA XPNOIUOTIoINONKaY Hovo
ovo dlatdéelg, n (T)+(M1) kat n (T)+(M3). Qotoc0 N TIPOCSOAKN XOAURdIVOU Bapldiol
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(o1dnpPOoPaYVNTIKO UAIKO) OTIC TIPONYOUUEVEC OIOTAEEIC E€iXE OOV QTIOTEAECUA TNV
onuiovpyia akoun o0o0 Jdlatdewv (ZX.3) OULUTTANPWVOVTAC £TCL TO  TEOOEPA
OlOPOPETIKA TIEIPAUATO TIOU EKTEAECTNKOV yia TO id10 dokipio touv Terfenol-D. Ol
OULVONKEG @OPTIONG KOl Ta HETPOUUEVA MEYEDN VYo Ta TECOEPA  TIEIPAPOTA
Ttapoucidlovtal otov Mivaka 3. (Table 3.) tou Mapaptiuatog Il. 10 onueio autd
TIPETIEL VA ONMEIWOEL OTI Ol PETPNTEIC TWV JIOBECIHWY PAYVNTIKWVY TIESIWV EyIvav GTnV
ETTIPAVEIN TOL JOKIPioL TIpIV amo TNV dleicduon. H PETABOAN TOL payvnTIKOU TEdiov
META TNV dlcioduan dev NTav duvatd va HETPNOEl akpIBWG OTNV ETUQPAVEIN ETIAPNC
METAEU OOKIYiOL Kal BIEIGOUTH, OAAA o€ amootaon 2.082a amoé tnv dlETi@Aveld. [a
TO AOYO OUTO EYIVE OVaYWYN TWV HETPOVUUEVWV OTIOTEAECUATWY OTIO TNV OTIOCTOCN

2.082a otnv dleTipavela Ye TNV Pondeia g egicwong V2-B = 0. ATO TNV oxéan
OUTH TIPOKUTITEI 0 TUTIOC ovaywyng BZ(0,-2.082a) = 0.2851((0,0), omouv Kal
TIapaTnNEEital N CNUAVTIKN HEiWaon NG TIVKVOTNTAC PAYVNTIKAC Taywyng Bl aé il
avénon g amooTacng amno TNV ETIPAVELQ.

(M1 (M3)

m ey |
) (8)
(Aie10dUTNC) (Ale1odLTAG)
S S S S S S S S S S S S S S S S S S S S S S S S
(Bapidi) (Bopidy
M1y (M3)
M ! 0) !

©
(Ale108LTAG)

7~-r /77777777 ~IY~-7

2.3

MNa TIC OuVONKEC @OPTIONC TWV TECGCAPWVY TIEIPAPATWY, TA BewWpPNTIKA
OTIOTEAECUOTA TWV TIPOCHETWY TIEPITITWOEWY Ttopouaialovtal otoug lMivakeg 5a-5d
(kedAaio 111), o1 ottoiol Ba prtopolCOV VA XAPOKINPIOTOUV W CUVEXEID TwV MVAKWY
5a-5d (Tables 5.) touv Mapaptiuatoc I, avticTtoixa.

TNV CUVEXEID TIOPOTIOEVTAI ETUTIAEOV EIKOVEC TOU TIEIPAPATOC KOl TWV CTOIXEIwV
autoL.
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Mivakag 1: Tpelg mpoabeTe TEPITITWOEICG yia To Terfenol-D pe EAACTIKO UNTpwo
TIou divetal amo tnv (1).

. CN ‘N .
Case gjs N e33 =N
Am Had,] Am “Ha?]
(4) 854.0 -604.40 2088.4 -290.146 x10“6
(5) 854.0 -450.00 910.0 5.000x10-6
(<) 500.0 -29.04 52.8 3.374x 10-6
?) 854.0 -604.40 2088.4 -275.318x10"
(8) 0.0 -26.40 48.0 1.900 xiO"6
(9) 0.0 -29.04 52.8 3.374 xiO-6
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4)

ah

ah
urO

©)

ah
[ o

ah
urO

<<

ah

ah
ur0

)

ah

ah
ur0

Mivakag 2d: AmtoteAéopata yia v Tepintwon (4) tou Mivaka 1.

pX o e P .
— n I Al l
Pl =P33 = opygg Pit 213 Uncoupled  Awotace
77.6001 64.4971 80.7354 89.0497 (nPa)
+5249.54  +5853.10  +4889.79 0.00 (Tesla)

-0.2193990 -0.3450870 -0.1843740 - 0.0767946 (numeric)

Mivakag 2e: ATtoteAéopaTa yia TN Tepimtwon (5) touv Mivaka 1.

3 ds 3 3 ¢

nil =P8  pu - Ap33 i = 2433 Uncoupled  AlaoTtdoelg

148.431 150.193 146.773 89.0497 (nPa)
+6230.00 +6369.64 +6098.19 0.00 (Tesla)

0.2820900 0.2924700 0.2723200 -0.0767946 (numeric )

Mivakag 2f: AoteAéopata yia TNV Tepintwon (6) touv Mivaka 1.

= o3 ) Sy led AlaoTo
HU= B i = 2u3 e 2% ncouple I0OTACEIG

198.8240 215.1000 186.5640 89.0497 (nPa)
+1059.06 +1187.89 +960.894 0.00 (Tesla)

-0.0560522 -0.0508442 -0.0599346 -0.0767946 (numeric)

Mivakag 2g: ATToTEAEoUATA yia TNV Tiepittwon (7) tou Mivaka 1.

e ¢ 0 X p g B

o = 33 pu= -p33 Tt 133 Uncoupled Alaotdoeig

76.6153 61.0945 80.1020 89.0497 (nPa)
-5134.13 -5608.91 -4799.76 0.00 (Tesla)

-0.2314820 -0.3843000 -0.1925530 -0.0767946 (numeric)

30



(8

ah

ah
ur0

<<

ah

ah
ur0

Mivakag 2h: AmtoteAéopata yia v Tepintwon (8) tou Mivaka 1.

Pn = P33

89.3348

-99.1169

-0.0737280

Pu = P33

89.2452

-109.0540

-0.0746738

89.4646

-95.2298

-0.0741297

F 1 p

N11=~33

89.3342

-104.8740

-0.0749459

£ 3 ¢
Pii ~ "33
89.2797

-99.1450

-0.0736759

3

F ~ F

Pu = 2133

89.2074
-109.0230

-0.0746415

Uncoupled

89.0497

0.00

-0.0767946

Uncoupled

89.0497

0.00

-0.0767946

AlOOTACEIG

(nPa)

(Tesla)

(numeric)

Mivakag 2i: ATtoteAéopata yia v mepintwaon (9) tou Mivaka 1.

Al0OTACEIG
(nPa)
(Tesla)

(numeric)
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Mivakag 3a: AmoteAéopota yia tnv mepimtwan (o) g (3) Kal Tou PnIpwou (2).

(0)
P

ah
[0}

ah

urO

Mil = M33

152.7340

-1061.21

-0.1744150

£ At
Mil _ "M33

159.4560

-1147.72

-0.1761970

p 1
Mil = AM33

147.2530

-989.70

-0.172934

Uncoupled Alaotdoelg

90.2040

0.00

-0.1464940

(nPa)

(Tesla)

(numeric)

Mivakag 3b: AmtoteAéagpata yia TNV Tepintwaon (B) Tng (3) Kal Tov PNTPWOoL (2).

B)
P

ah
(6}

ah

urO

Mu = M33

98.0458

-660.77

-0.1148920

F l P
Mi1=2733

100.3540
-772.97

-0.1029750

p

Mh = -M33

96.6409
-587.91

-0.1217240

Uncoupled

90.2040

0.00

-0.1464940

AlOOTAOEIC

(nPa)

(Tesla)

(numeric)

Mivakag 3c: AttoteAéopata yia tnv Tepimtwaon (y) Tng (3) Kal Tou Pntpwou (2).

)
P

ah
(6}

ah

urO

M11= M33

90.9848

-237.05

-0.1427480

P X P
N1 = 2733

91.3239

-224.62

-0.1439320

p

3 P
Mu=-M33
90.8303

-237.64

-0.1424560

Uncoupled AlaoTdoelq

90.2040

0.00

-0.1464940

(nPa)
(Tesla)

(numeric)

Mivakag 3d: ATIOTEAEGUOATA YIa TNV TIEPITTTwON (6) TNG (3) KAl ToOL PNTPWOUL (2).

(8)

a

ah

urO

8 §
MIl = M33

125.2200

-1009.84

-0.1209750

P X P
N1=2"33

131.6270

-1142.09

-0.1129420

3

p P

M1t = N M33

120.5670

-911.30

-0.1264980

Uncoupled
90.2040
0.00

-0.1464940

Al0OTAOEIC
(nPa)
(Tesla)

(numeric)
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Mivakag 3e: ATtoteAéopata yia v Tepintwon (€) TNg (4) KAl Tou PNTPWoL (2).

(€) Pn = P33
P

90.9848
ah
P

+237.05
ah
Urf]o -0.1427480

ro1
MTT = 2u33

91.3239

+ 224.62

-0.1439320

Foo3
Pit = ~33

90.8303

+237.64

-0.1424560

Uncoupled

90.2040

0.00

-0.1464940

AlOCTACEIG

(nPa)

(Tesla)

(numeric)

Mivakag 3f: ATtoteAéopata yia TNV Tepintwon (oT) ¢ (4) Kal Tou PUNTPwou (2).

€ €
(o7) Pn _ P33
90.6048
ah
e
' +168.66
5
U _0.1445190

f Ll
HIl = ~ "33

90.7796

+160.20

-0.1451170

€ 3 ¢
Pn " ™P3s

90.5252

+168.83

-0.1443810

Uncoupled
90.2040
0.00

-0.1464940

AlOOTAOCEIG

(nPa)

(Tesla)

(numeric)

Mivakag 3g: AmtoteAéapata yia Tnv mepintwaon () g (4) Kal Tou untpwou (2).

(?) Pi1 = P33
90.3621
ah
P
+105.44
ah
U;]O -0.1457020

Fo1F
HIl = 2733

90.4312

+100.31

-0.1459350

F 3 f
Pu = 2P33

90.3306

+105.45

-0.1456500

Uncoupled

90.2040

0.00

-0.1464940

AlOOTAOEIC

(nPa)

(Tesla)

(numeric)

Mivakag 3h: AmoteAéopata yia Tnv Tepimtwon (n) g (4) Kail Tou untpwou (2).

€ 4

n) PIl - p33
90.2294

_ah

Ty

- +42.18

)

”:’ -0.1463650

F 1 F
MTT = 2033

90.2406

+40.16

-0.1464030

€ § €
P - 2733
90.2244

+42.16

-0.1463570

Uncoupled
90.2040
0.00

-0.1464940

Al0CTAOCEIG

(nPa)

(Tesla)

(numeric)
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Mivakag 4a: MewUETPIKA Kal JOayVNTIKA XOPAKTNPIOTIKA TOU OKIUIOU Kal Twv

payvnTwv.
MeWPETPIKA MayvnTiKo6 Ttedio
> Toigio )('CXpGKTr']plO'TlI,(é( ’cmv em<||é(vs1'cx Mala
Aldpetpog  lMaxog  AIQUETPOC Maxog (kg)
(mm) (mm) (mm) (mm)
Terfenol-D (T) 25.40 6.32 0.00 0.00 0.029
MayvAtng 1 (M1) 25.43 9.60 -57.0 +45.0 0.036
Mayvning 2 (M2) 25.45 9.59 -54.0 +60.0 -
Mayvning 3 (M3) 30.04 12.78 -134.0 +100.0 0.046
Mivakag 4b: AlaBéoipa payvntkd media.
Mayvnukd 1edio
AldTOEN N/S S/IN
(mTesla) (mTesla)
(T)+(M1) -28.1 +27.1
(T)+(M2) -28.1 +28.5
(T)+(M3) -54.1 +48.4
(M+(M1)+(M2) -42.3 +42.3
(M+(M3)+(M2)+(M1) -67.0 +63.4
(M+(M2)+(M1)+(M3) -56.0 +56.1
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Mivakag 5a: AmtoteAéopata yia 1o Teipapa A (OB

Mepimtwon

(4)
(5)
(6)
(7)
(8)
9)
(o)
B)
(7)
(%)
(0
(om)
(€8]

V)

K1 =133

1078.40
669.09
84.91
1068.25
17.69
19.48
110.76
107.43
41.53
128.56
41.53
29.67
18.60
7.45

Ki =-~3

1446.67
676.06
88.04
1463.52
16.97
18.71
114.74
122.79
39.21
138.32
39.21
28.13
17.68
7.09

Mivakag 5b: AmtoteAéapata yia 1o Teipaua B (dBL

Mepimttoon

(4)
(5)
(6)
(7)
(8)
9)
(o)
B
(Y)
(%)
(o)
(o1)
w

(V)

€ £
Hu = n33

124431
772.03
97.98
1232.60
20.41
22.48
127.80
123.96
47.92
148.34
47.92
34.24
21.46
8.60

Mil 2 233

1669.23
780.07
101.58
1688.68
19.58
21.59
132.39
141.68
45.24
159.60
45.24
32.46
20.40
8.19

mTesla).

3

i = 2u*>
965.49
662.33

82.11
955.21
17.70
19.48
107.14
96.98
41.71
120.49
41.71
29.73
18.61
7.45

mTesla).

o 3,
n,t = 2 u33
1114.03
764.23
94.74
1102.16
20.43
22.48
123.63
111.90
48.12
139.03
48.12
34.30
21.47
8.60
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Mivakag 5¢: AmoteAéopata yia 1o Tieipapa C (3B <16 mTesla).

Mepimtwon 3

hi = h?3 hi ~ 2133 hi = 2u3
4) 17038.78 22857.33 15254.77
5) 10571.65 10681.81 10464.88
(6) 1341.63 1390.96 1297.26
(7) 16878.38 2312352 15092.31
(8) 279.45 268.10 279.70
) 307.78 295.69 307.82
(@) 1750.03 1812.90 1692.84
®) 1697.46 1940.03 1532.25
@) 656.21 619.51 658.98
() 2031.23 2185.42 1903.76
M 656.21 619.51 658.98
(o) 468.85 444.47 469.74
o~ 293.90 279.37 294.02
W) 117.75 112.09 117.70

Mivakag 5d: AmtoteAéopata yia 1o Teipaua D (OB of rnTesla).

i € € 3

Mepimtwon hl = h3 fiil _ é/\';g
(4) 17171.50 23035.38 15373.60
(5) 10654.00 10765.01 10546.40
(6) 1352.08 1401.80 1307.37
(7) 17009.86 23303.75 15209.87
(8) 281.63 270.19 281.88
(9) 310.17 297.99 310.22
M 1763.66 1827.02 1706.03
(B) 1710.68 1955.14 1544.19
@ 661.33 624.33 664.11
(3) 2047.05 2202.44 1918.59
© 661.33 624.33 664.11
(o7) 47251 447.94 473.40
w 296.19 281.55 296.31
V) 118.67 112.97 118.62
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Eikova 1;

Ekova 2;

Eikova 3;

Eikova 4:

Eikova 5;

Eikova 6:

Ekova 7:

Eikova 8:

Eikova 9:;

Eikoveg
Kdatoyn tng d1atagng tou SIEICOUTH KOl TOL PETPNTIKOU 0pyAvou.
MAdyia oPn g didtagng Tou dIEIGOUTH KAl TOU JETPNTIKOU 0opydvou.
H 6¢on Tou PETPNTIKOV 0pyaAvou PECA OTOV JIEICOUTH.
H d1dtaén Tou dIEIGdUTH KAl TOU PETPNTIKOU 0pyAvou.
H tommo6£tnon tou doKiyiov aTnv JSIATAEN TOU TIEIPAUATOG.
MAGyia oyn g B€ong Tov doKIPiou oTnv dIATAEN TOL TEIPAUATOC.
MAdGyia 6Yn ¢ dIATagNg Twv TEIPAPATwy A Kal B (Xwpig To Bapidi).
Alataén twv Teipapdtwy C Kal D (rpooBrkn Bapidiov).

MAdyila 6Yn NG diatagng twv meipapdtwy C kat D (tpoadnkn Bapidiov).
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Eikova 1. Avaotdaiog Z. MapuakKAng

Eikova 2: Avaotdolog Z. MopuaKAng
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Eikova 3: Avaotdaolog Z. MapuokAng

Eikova 4: Avaotdaolog Z. MNMapuakAig
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Eikova 5: Avaotdaolog Z. MapuakAng

Eikova 6: AvaoTtdaoiog Z. MapuaKAig
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Eikova 7: AvaoTtdalog Z. MapuakAng

Eikova 8: Avaotdaciog Z. MapuoKAiG
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Eikova 9: AvaoTtdaiog Z. MapuakAng
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KE®AANAIO IV

ZuuTIEPACHOTA

A6 TNV avaiuon twv 000 TIponyoupévwv ke@aAaiwv (11 & I11), diamiotwvovTal
KUPIWG Ol TIOAAEC OMOIOTNTEC METAED TWV OU0 QAIVOUEVWY (TTIECONAEKTPICUOG -
medopayvnTiIopog). MEpa Ouwg amd TIC GNUAVTIKEG OPOIOTNTEG LTIAPYXOLV Kal &iGou
ONUOVTIKEG OIOPOPEC. ZTA CUUTIEPAOUOTA TIOU OKOAOUBOUV cuvoyilovtal OAeC Ol
OMOIOTNTEC KOl OIAPOPEG METAED TWV dUO PAIVOUEVWV.

H mopeia emiAvong tov TtpoPAnuatog dieicduang akKoAOLOEl akpIBWE TNV
id1a TTopEia Kal aTa dUO PAIVOEVA.

MapoAo 1ou ta dU0 PAIVOPEVO OKOAOUBOUV TNV idla Ttopeia emiAuang, o
TUECONAEKTPICPOC €XEl Wia opada AVCEwV evw OTovV TE(OUAYVNTIOUO
UTIAPXOLV  TIEPIOCOTEPEC. ATIO  QUOIKNCG Amoyng o Adyog TG
dla@opoTioinong autig e€ival OTL N avICOTPOTTiIa OTa  TIIE(ONAEKTPIKA
UVAIKA gival To évtovn omo OTI oTa TiE(OPAYVNTIKA, N OTIoia Kol opidel
MOVO pia opada AUGEwv. ATIO TNV GAAN, oTa TUECOPAYVNTIKA UAIKA 1)
AlyOTEPO £VIOVN QVICOTPOTIIO KOBIOTA TO UAIKO «AlyOTEPO OECTUEUHPEVO»
KOl TOU ETITPETIEL VO EXEl TIEPICOOTEPEC OMAdEC AUCEWV yid TO
OUYKEKPIUEVO TIPOBANUC.

Ta dvo @awvopeva eival @aivoueva oUeLENC O00  JIAPOPETIKWY
(PUOIKWV I810TNTWV TOU UAIKOU, GTOV TTIE(ONAEKTPICUO LTIAPXEI GULELEN
TWV PNXOVIKWOV KOl TWV NAEKTPIKWVY 1SI0THTWY TOU UAIKOU KOl OTOV
TUECOUAYVNTICUO TWV HPNXAVIKQOV KOl TwV HayvnTKwy 1dlotAtwyv. H
oU0ZevEn auTH TIPOKAAEL Kal ota dVo @AIVOPEVA ad&non NG akapwiag
TOU LVAIKOU, N OTIoia PEIWVETAIL PE TNV ad&non Tng BepuoKkpaaia.

e BEPATA EQPAPUOYWY Kal Ol 600 BewpieC PUTIopolV va XpnacihoTtoinfolv
1000 OTn MIKPO KAiJOKa 000 Kol GTn vAvo KAipaka. TEAOG ol Bewpieg
OUTEG PPIOKOULV €@PAPPOYN] OTOV TIOIOTIKO EAEYXO TwV TUECONAEKTPIKWV
Kol TIE(OPOYVNTIKWY UVAIKWV (U KOTAOTPOQIKEG PEOBODOI TIOIOTIKOU
EAEYXOL).

Juvduaopévn avaAucn ME TIEIPAMOTO PTIOPOUV VO  KATOAREOLV o€
TIPOCEYYIOT OTABEPWY TOU LAIKOU OTIoU dgv LTIAPXOUV dedouEvVa 1) gival
OUCKOAN 1 PETPNOT] TOUC HE TIIO KAOCGTIKA TIEIPAUOTO.

H emidpaon g Oepuokpacia¢ Kal TG TOOOCTWONG  TWv
TE(OUAYVNTIKWV  KPOUATWY €ival €0KOAO VO  QVIXVEUTOUV ME TNV
Tapovoa peBodoAoyia.
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Metaoynuatiopoi Hankel
®v(P) = Hvl[p(M);pP]

o(M) = HV[eVv(p):T]
V(E) = nv[f(x); &] = 5 F(X)x v (EX)OxX

1310TNTEG peTaoyNUaTIcHwWY Hankel
Hv[f(ax)"\] = a“2HV[f(x)"/a]

2
’ IV(X) = v-i(X) + Iv+i(X) & J'o(x) = —Ji(x)

Ho [ F(X):E1=75- L F(E)+ ()}

Vv+1 . v-1
Hv[f(x-a)G(x-a)*]= £amfm(5) o6mov am= -M-M) +--emme N
[f(x-a)G(x-a)"] ©)) 2(v—m)|_m+I.Jym M) + o7 +i(38)

1310TNTEG peETaCYNUaTIoPHwWY Hankel mapaywywv 1ng Ta&ng

H, [x,- 1"V} ?] = -EH,-IP(X);¢]
H,[IF(X):&] =-&Ho[i(X);&]
v X" 0 (0} E] = G v [f(x):4]

H<§<[6 k: {XiO)}:€] = EH1[«X);€]

1d10TNTEC peTaoynuaticpwyv Hankel mapaywywv 2ve TAgNG
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HV[BWi(X)};€] = -& HVI[i(X);€]
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OUVTETAYMUEVEG

a .1 9o (Y 0?2
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HV[A3{i(X,Q)}ed; X NE] = i(j; 8 e
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The contact problem of a circular rigid punch on
piezomagnetic materials

A.E. Giannakopoulos and A.Z. Parmaklis
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Volos 38336, Greece

Abstract

In this project a general theory for the axisymmetric indentation of
piezomagnetic solids by a flat rigid punch is presented within the context of fully
coupled linear model, in the absence of friction or adhesion. It is shown that the
coupling has a significant effect on the indentation force and the magnetic flux
through the contact area. In addition, an experiment on the material Terfenol-D was
carried out to confirm the theoretical results.

Key words: piezomagnetic materials, contact mechanics, Terfenol-D

Introduction

Piezomagnetism considers the coupling between magnetic and mechanical
phenomena and may appear in almost all ferromagnetic materials which exist as
single crystals, isotropic polycrystalline metals, or ceramic materials, Mason (1966).
Technologically important magnetostrictive materials are rare earth alloys with iron,
cobalt and nickel. Terfenol-D is a highly piezomagnetic alloy of the rare earth
elements terbium and dysprosium (Tbo.sDyo.7Fe2) and is an important
magnetostrictive material due to its high magnetostriction and coupling constants.
Piezomagnetism is used in many technologically important applications such as head
recorders, sensors, micro-electro-mechanical systems (MEMS), atomic microscopes
etc and is important in tribology.

To a first approximation, piezomagnetism can be modeled as a linear
magnetomechanical effect, analogous to the linear electromechanical effect of
piezoelectricity. In the case of piezoelectrism most of the effective piezoelectric
constants are due to the piezoelectric effects in the individual crystals and only a
smaller amount are due to the motion of the domain walls. Since piezomagnetism has
not been demonstrated for a single-domain ferromagnetic crystal, all of the effect
must be due to domain-wall motion. It has been shown that a true piezomagnetic
effect is possible in 29 ofthe 32 crystal classes.

Polycrystalline materials, which are macroscopically isotropic when unpolarized,
become anisotropic with transverse isotropy or rotary symmetry about the direction of
the induced macroscopic polarization vector. This magnetic polarization vector
defines one material direction uniquely. The z-axis is chosen for this direction and is
taken as the polar axis of axisymmetry in both mechanical and magnetic response.

Based on contact mechanics, indentation is a simple experiment, which can be
used to assess the strength of the magnetization of a piezomagnetic material (a non
destructive method of quality control). In brief, contact induces an alteration in

stress(d0¢()> which in turn causes an alteration in the magnetic flux density (dB{)and
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vice versa. The present work examines the quasistatic contact problem of a circular
rigid punch on piezomagnetic materials.

Basic equations ofaxisymmetric piezomagnetic body
In the absence of body and inertia forces, the equilibrium equations for the
axisymmetric problems of piezomagnetic body can be expressed in the cylindrical
coordinates {r, 0, z} as:
Direction: r
dOn + dQzr + Ot~ 000 __q
5r leY4 r

Direction: z

dOzx | dOrz | Orz _q
dz | dr | r @
Maxwell magnetostatic equation
dBr Br | dBz_q
dr r dz
where oij and Bi are the stress and magnetic flux density, respectively (Fig. | shows the

3)

overall geometry of the problem). Equation (3) implies conservation of the magnetic
flux.

The constitutive equations of linear, transversely isotropic piezomagneticity can
be summed up as, IEEE standard 319 (1990):

5T CH Cl2 CB 0 0 3 spre.
5000 Cl2 Cii C3 O 0 e3i 800
sozz M3 M3 Csm 0 0 €3 . Bel
sorz 0 0 0 Cu eis 0 8yrz
5B 0 0 0 es -pi O “SHI
3Bl el €3l e 0O 0 33 -OHL

whereCy(at constant magnetic field{ny*Hz}),eqandpjj(at constant strain ¢€) are

elastic, piezomagnetic and permeability constants, respectively, Mason (1966). Note
the small variation symbol “d”. The elastic constants have only positive values. The
piezomagnetic constants show the interaction between the elastic and the magnetic
properties of the material and can have either positive or negative values. For all
paramagnetic crystals and for ferromagnetic crystals at low magnetic field strengths,

the permeability constants can be described from the relation u[- = po(d" + -), where

Y|. are constants called magnetic susceptibilities and p0 is the permeability of the

fwb? .
p0 = 41110-7 ) JJl' It can be proved from the form ofthe magnetic energy
i (m

that p~ = uF. A crystal is said to be paramagnetic along one of the principal axes, if
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is positive for this particular axis and diamagnetic, if § is negative along this axis. The
principal susceptibilities of such crystals are in the order of +10~5and -1CF5

respectively. Modern ferromagnetic materials have susceptibilities up to 106 All
magnetostrictive constants depend on the magnetic field, however we will assume a
dominant magnetic field that is applied by inserting the substrate in a coil or attaching
to the substrate a permanent magnet.

The poling direction is assumed in this work to be along the z-direction. We will
also assume that the material has no free currents and the strains are small. The strain
and magnetic fields are given by the geometric equations and the Gauss equations,
respectively, as:

_5ur _ur 3w dur | dw

5T or PR 3z dr
5)

don jj _ "o
r~ Sr ' Hz* Sz
where ur and w are displacements in the r and z directions respectively and <jmis the
magnetic potential. These principal variables of the problem are functions ofr and z.
The existence of Om implies V x H = 0, Jackson (1962), which is a particular form of
Ampere’s circuital law and assumes that no currents are developed in the material.

Substituting firstly the geometric and the Gauss equations into the constitutive
equations and then the substituted constitutive equations into the governing
equilibrium equations, we obtain the equilibrium equations in terms of the principal
guantities (Ur,w,Om):

f *

3r2 r 8 pJ dz? rdz drdz
CI3 4 Caa) = 3ur . C‘H4Ad2w 1 dwa + el 2w +ei5 r320m + 1 50m en dzOm _
+ | 33 -+el =
( 44)r dry dz v3r2 rdr dr r dr dz2
f
(ei5 + e3i) fr(a:Ur> ' eis d2w 13w . 33,d2w il (%Zom 1don e 3 ®n g
ei5+e3i)~ ,  F—— ei e " =
rdrv 3z) y3r2 r3r 322 3r2 r dr 3 &
(6)

Following a similar approach with Giannakopoulos and Suresh (1999), the
Hankel transforms are used to transform this complicated system of partial differential
equations into a simpler one of ordinary differential equations with respect to z. The
Hankel integral transform pair is defined as:

PE.Q = EOF(F,Z)r JvAndr
0

(7)
F(r,z) = }PE Q& V(&
0

where Jvis the 1st kind Bessel’s function of order v.
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The transformed linear system can be written as:

caff-cr.fu, - (cB+ CSa"—te,5 + eSI)g\ =0
V4 z

(Co+ Ca47/1 +C33~_1_Caam2w + essaf\rzzm ~€i5&2piIn =0 (5))
y4
« . vV 5Ur . d2 w 2— e 520m , g e2— n

I€(5 + £31)E-™ + 633-"-y-6i5E W_T33_‘é’;.2( +FIY ®m=0

where the transformed principal variables are:

ur(5»z)= JurfczJrjj~dr
w@,z) = Iw(r,z)rj,(M)dr (9)

Om&z) = J®mM(r,z)rioEn<ir
0

For a semi-infinite space (z > O), the conditions at infinity define the type of the
system’s solutions. The conditions which must be satisfied when 7z2+r2 — °° are

ursw, Om — 0. So the solutions can be described as:

w(&,0) = ur(&)p-«&

N

W(E>zZ) = Whe”*n (10)
PI,(EQ) = PNIE)6+E
and the conditions at infinity impose that the k coefficient can be real or complex but

not imaginative.
Substituting the eigenfunctions (10) into (8), a system can be formed as:

nr()
V@ ={0) )
®ni(9)

where
an = C44K2~Cn> ai2 = ~—azi = (cil + » an = ~a3i = (e3i + eis)K
(12)

6122“C33K2 - Ca4! 223 = a32 = €33 K2 __ei5s a33 e l_M'%3K2 '

The «k coefficient is defined from the characteristic equation det[aij] = 0. This

condition is indispensable because of the absence of singularity of the solutions. The
characteristic equation, a bi-cubic equation with real coefficients, has six roots. The
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problem itself (material coefficients) and the conditions at infinity define that these
six roots can be distinguished in the following categories, provided that the condition

(c4a4Hn + e?s)-(c~33 +e33)> 0 is satisfied. Four cases are then meaningful for the
problem:

I. 6 real roots +Kki,+k2,+k3 (ki > 0)
Il. 2 real roots + ki and 4 imaginative roots + i wi,*iw2 (ki,coi > 0)
I1l. 2 real roots + ki and 4 complex roots + 8 +iw (ki, d,w > 0)
IVV. 2 imaginative roots + i wi and 4 complex roots+ 6 +iw (wi, d, w > O).

It can be inferred that the kK number depends on the material’s coefficients and
has a crucial role in the development of the solution. In each case only the roots with
positive real part are accepted. So there are four kinds of solutions, one for each of the
above problem case. Which of the four cases is applicable has to do with the
particular constants of the piezomagnetic material and the constants depend on the
background magnetic field. Using real piezomagnetic material properties under
realistic magnetic fields, we conclude that all four cases are possible (see Tables 1, 2
and 4 in the sequence). This outcome is substantially different from the predictions of
the piezoelectric analysis where material data imply case 11l only.

From the transformed system results the following relationship, which defines
the final form of the transformed solutions.

Al =Urf) _ wo_ ¢l 13
Y
where 0 = ai2a23—ai3a22> B = ~anaz3__aizai3, Y = ana2 +a?2
The solution for each case can be represented as:
Urfez) ai aj = a(ki)
L - ™EQD = ZI B, Ai(¥)e-ki” wherep; = B(") (14)
1=
DTNE, Q) Ji y, = y(ki)
'ur&z)' ai ai - a(ki)
w(&z) '— where B( = B(") (15)
®niCz) v Vi = y(ki)
Urfez) ai a2i +ia22
W(Ez2) - pj Al(Ne-kN +Re< o+ [A2(E) +iA3(E)IR O+
om,(E>0)  JI. Y21+ W22
ai - a(ki) a2i+i022 =a(d + iw)
where 3, = B(?), B2A +1B22 = B(d + iw) (16)

Yi=y(ki) y2+Ty22=y(d +iw)
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we,Q an + iai2
IV. Mg '=Re g, +iBR [AI© +iA20le-F™&
druig, Q) YU+ iTI2,
al+ iai2 = a(d + iw)
where Bn +1B12 = B(d + w) a7

Zii + i7i2 = Y(3 + {w)

The functions AIi(§) have to be determined from the boundary conditions.

Applying inverse Hankel integral transforms, the general solutions of the system
satisfying the conditions at infinity can be given in the form:

. u,(r,z)=HoA®Ce-"™ +a2A,©e"k2sS + a3A,®e"k3iz]J,0)<1¢
0
w(r,z) = J[p, A, (e-"+BLA20e"- N+ PIA3I© e-«*] 10(EN)ilg (18)
0

®m(r.z)= J[riAl©e"kI& + y2A2@e"125z + 'y3A3©e"|'3S,]Jo(?r)d5
0
The solution at the surface (z = 0) is:

Ur(r,0) = jla.A, (&) + a2A2(§) + a3A3(9)]J, (EN<IE
0

w(r,0) = 7[B,A,(€) + B2A2() + B3A3(&)] Jo(&r)dg
0

®ni(r,0) - g[Y,A, (&) + Y2A2(Q) + Y3A3(E)]I™N(ENE
(19)

dom (r>0) = i[mi A, (&) + m2A2 (Q)+ m3A3(&)]& Ji (Er)dg
0

0al{(r>0)= |[m4Ai("™) + msA2 (&) + m6A3(&)]E Jo (§M)dE
0

3B{(I,0) = [[TTNA,N + NNANEATTINANEXIE 10IEI0OE
0

mi = -C44(aiki + B~ - eoYi

m2 = — Ca4 (a2 k2 + B2)_ei5Y?2

m3 = — Ca4 (a3 k3 + B3) —ei5'y3

m4 = Cu3al — KiiCNi + e33Y))

where ms = Coa2 - k2(C33[32 + e33Y2) (20)

m6 = Co a3 - k3 (C33f33 + e33y3)

m7 = e3iai — Ki (€33! — p33Yi)

ms = e3ta2 - k2 (e3332 — p33y2)

m9 = e31a3 - k3 (e3333 — p33Y3)
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Ur(r,z)= /[onAl(E)e-, i8] TLENGE
0
w(r,z) = 7[BIA. (£) e_kI"z] Jo (N)GE

ony(r.Q) = (I)[lel(E)G-"ZUO(EF)dE

The solution at the surface (z = 0) is:

ur (r.0) = g[a,A, (©)]a, (Cr)<1E
w(r,0) = J|p,AL(?)]J0(5r)d4
0

@n,(I,0) = g[Y,A,(E)];O(ECPE

00

8oTZ(,0) = /[N, ANENE ;. (EM)GE
0
602¢(I",0)=i[IN2AL(&)]&;0(EMGE

6Bz(r,0) = J[M3A, (&)1€ 30 (@M &E
0

mi = —Caa(otiki + B1) eisYl
where m2 = Cizai - ki (C33Pi +e33Y,)
m3 = e3tai — Ki (e33P! - p33Yi)

(21)

(22)

(23)
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alA, (&P kN2 + (a21A2 (&) _ a2 A3(&)) e d&leo8(wEl)
+ (an A2 (8) + a21A3 (€)) €8¢ 8in(w&l)

BLAI () e“kidz + (B21A2 (§) - P22 A3 (£)) 458 005(07'2)

Ur(r,z)= g (&)<

00

w(r,z)=i 10EMN &g (24)
+ (B2 A2 (8) + B2, A3 (§)) €8¢ 8in(w&l)_
OmA )= | TiIAIL(E) € 1“0 + (Y21A2 (&) - y22 A3 (&) €“dl cos(0”z) l0(EM)iLE
men=t + (Y22 A2 (8) + y21A3 (8)) £-5 5in(cEQ)
The solution at the surface (z = 0) is:
Ur(r,0) = /[a. A, (§) +a2 A2 (&) - a22 A3 (&)]J, (Er)<1¢
0
w(r,0) = 8[8, A, (&) + B2 A; (8) - B2A3 (9]0 (ENag
<fe»(r,0) = g[y,A, (&) + Y2] A2(E) -y22A3(&)] io(&r<1e
(25)

30,(,0) = (U A, (&) + m2A2(E) + m3A3(E)K J, (EMNaE
0

do=(r,0) = J[M4A, (§) + mbA2 () + m6 A3 (&)]E J,, (§T)ag
0

00

8Bz(r,0) - JIm7A[ (§) + msA2 (&) + M9A3 (&)1 Jo (EMaE
0

mi = ~044(aulii + B1)-€i5Y1
m2 = ~€44(3021-wa22 + B21)-€i5Y 2l
m3 = 044(d022 + WOl + 322) + €i5Y22
m4 = Ci3ai — ki (O™B1+ €33Y!)
\vliele m5 = Cit3a2i—o(<2H3B2L + €33y2l) + « (OB + €33y22) (26)
m6 = -€13022 + d(033P22 + €33y22) + w(033p2L + €33y21)
m7 = eatal - ki (€33 ] - p33 Y1)
ms = €31 021 — d(€33B2L — p33Y21) + w(€33pB22 ~ P33Y22)
N9 = -€31022 + 5(€33B22-|133Y22) + w(€33B21-1u33y2l)
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V. Ur(rz) = j (attAL(&)- an Az (8)) e 5E008(wEY)
0 + (a2 At (§) + at1 Az (§)) 8¢ 8in(w&)

wirzy= BUA® - PRA2©) e BE0BWED | -

0+ (BrzAL(E) + B, A2(&)) e~BE 5In(w&Y)

on. (0= i (YI: Al (E) - Y12 A2(&)) € 8 C(?.s(ec"z) 30(EnE
+ (Y2 AL(8) +V,, A2(§)) € 8 SIn(w&Q)

Erag

The solution at the surface (z = 0) is:

u, (r,0) = 6J[a,,A, © - a,2A2(8)]J, (E1)GE
w(r,0) = J[p, A, © - p,2A2©] jO(EN)<1E
0

@n,(F,0) = 1]y, Al©-yI12A2(E)N0©)ag
0 (28)

50:7(r,0) = J[MiA, (£) + m2A2 (£)]E J! (EMN&E
0

o00NilN0) = JUA,© +,,,4A2(8)]E;..(EMNag
0

0B((r,0) = J[MjA, (&) + m6A2(§)]IEJo (ENE

mi = " (wAi2-dat-Bmn)-€i5Yu
m2 = €44(dai2 + wail + B12) + €i5yi2

where m3 = *3ail~™M33Bil+e33Yil) + M(C33Bi2 + B33 Y12)
m4 = - C13ai2 + 5(033 Bi2 + e33 Y12) + ®(C33 1| + €33 Yi1)
ms = 83tail - d(e33P]1 - Y1) + w(E33B12_ 33 Y12)
mé = -83iaii2 + 3(e33pBi2-p33Yi2) + w(e33Pu-u33Y)

Boundary conditions are distinguished in mechanical and magnetic type.
The mechanical boundary conditions for a circular rigidflatpunch with radius a are:

w(r,0) =h 0<r<a (histheindentation depth)
50zz(r,0) =0 r>a (30)

o0lZ(r,0)=0 r>0 (absence of friction)

The magnetic boundary conditions are:

OmM)=0m 0<r<a
5Bz(r,0) =0 r>a

(31)
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Note that the mechanical and magnetic boundary conditions can be applied separately
and the results can be superposed. Conditions (31) imply a non-conducting indenter
with a very small permeability constant in comparison to that of the substrate. The
general magnetic boundary conditions require that the normal component of the
magnetic flux density Bz and the tangential component of the magnetic field Hr are

continuous across the interface. The last condition, together with the condition that
find << M-t (fiind Is the magnetic permeability of the indenter), gives approximately
Br * 0, as eq. (31a) implies.

From the boundary conditions we obtain two pairs dual integral equations
regarding egs. (30a) and (30b),

JAI(?)Jo(5r)d5 = f,(r) O<r<a
» (i=12 (32)
SA, @Qo@1E=gj(r) r>a

and equation (30c) implies that A3(§) =-—AW(&)——A2({)> provided that
m3 ms
m3 * o
According to Noble (1963) the solutions of the integral equations can be given
as:
a 00
Ai (&) = i0os(x&) Fi (x)dx + jcos(xL:,) Gj (x)dx (i =1,2) (33)
where
Fi(x) = —Jfj(r) -dr
dx o " x|
(34)

Gi(x) = Jgi(r) dr

The boundary conditions of a circular flat punch predict that F, (r) are constants
(fand that gi(r) = 0 for all ofthe categories we distinguished before.

. . . M1 = 3,-B3—
fi= Msah-M20m AIQ = =xfisin("™) m3
— m2
M1 M4 — M2 M3 M2= B2-[3
I. f;= M3h-M,0S, =x{i”M3, where ~oA™3 (35)
m
M2M3— Mt M4 & Ms=Yi-vs
mi . m2 sin(a4) ma
fa= -Ffl——-F2o— A3(§) = =3 ms

m3 m3 M4 = y2—vy3
ma3

h
f,=p; 8in(3
1. or AlE) — =l n(@3) (36)
~_Om
ti =
Yi
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mi
MI — B] + $22

. Mih—-M2dm . ms
tl« AL O-TNAN-0
Mt M4 ““ M2 M3 M 21 + 22 m2
. 2 —p21 +
M3h-Mi®2, ,
P2 - " A2(E) = xi2'n<38) , where mo @7
. |
MzMs_ Mi Mq ¢ Mz <Y1 22
r mi mz2 . ma3
3 ““El—-- f2----- A3S = +f3Sin(= o
m3 m3 M4 — Y1+ Y22
m3
Mi A @@=t Ml —Bl+gl2 ™
V. or h --h.@'. . -, Where m2 (38)
om m2  A2E) =i M2 = YRt Vi
M2 13 m2

Note: In cases Il and IV the constant fi should be determined either from the first
relation or the second one and not be combined with each other. The first relation is
used when the mechanical boundary condition is given (and not the magnetic one)
and the second relation only if the magnetic boundary condition is given (and not the
mechanical one). In these cases, the mechanical and the magnetic boundary condition
can be solved separately and their results can be superposed.

As we can see, Ai (&) have 2 equal and opposite values from which we accept the

. . r? h +® Om i ]
ones that give positive external work >0 , where P is the total applied

force and @ is the total magnetic flux (see egs. (44) and (45) respectively).

Final results
The forms of the solutions are the same for all categories, they differ from each

other in the constants uro> 0zz0> Bzo 1 Figure 2 shows the spatial shapes of the solutions
at the surface. We summarize the analytic results in the following forms:

uro- r=a

r<a
uro 22y
a+va“ -r

i 2 Om arcsinfa/\ r>a
-arcsin > -
w(r,0) = iy % (o) ®ON(TO)- i (41)
h r<a b r<a
0 r>a 0 r>a
50zz(f0) = “>00 r=a (42 8Bz(f0) = * r=a (43)
CTzz0 ) r<a Bz0 ) ) r<a
1a” -r a“-r
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The applied indentation force P and the total magnetic flux ® for a circular flat

punch of radius a can be obtained as:

3 3 j*
p =-Joal{ 2rcrdr = -211 0220 f

0 ova-r?

® = xj3BL2Ttrdr = 2211 B ¢

0 ovVaz2-r?

dr — —2rra allo

dr = +2na Bzo

(44)

(45)

In eq. (45) the sign + depends on whether the surface is magnetized as “North” or

“South”.

The constantsUro™h,0m,0zzoj Bzo f°r each of the four problem cases we defined

in the previous section are:

urO = Eaifi
i=l
71 A
h=-=zpP,fi

2 i=l Il.

h on=T=Y]fi (46)
2 i=l
3
0zz0 — ZTTi(i+3)ii
i=l
3
BzO — Xm(i+6)fi

Uro = aifi + aIf2__a22f3
T
h - 2 (@Pifl+paf2 p22f3)

LS
1] dnt ~ 0 (YuFl + Y2ITF2

0zz0 =Zni(i+3)ii
i=l
3

BzO — Sm(i+6)fi
i=l

Numerical results
From the two different

722™3) (48) V.

Ur0 — ai fl

h =fp,f,
1

N = -yl

0zz0 m2f!

Bzo = m3fi

Uro = ailfl-ai2f
T
h = -(Pufi-P12f2)

0 T
O — —(viifi  Y12F2)
0220 Zln'i'(i+2)ii
=
2
BzO ~ Xm(i+4)fj

(47)

(49)

expressions of the constitutive equations of

piezomagnetism can be inferred the following relations between the material’s
coefficients which will be useful in our effort of collecting data for piezomagnetic

materials.

{60} = [cH]- {O€}- [e]T - {oH}
&
{oB} = [e]- {oe} + [ue]- {oH}

{0€} = [sH] {50}+ [d]T - {5H}

{06} = [d]- {60}+ [ua]- {oH}

(50)
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[e]=[d] [cH (51)

pel=[po]-M - H - M
where Cy & Sy (at constant magnetic field H),ey & dy and gy & p” (at constant strain

e or at constant stress o) are elastic, piezomagnetic and permeability constants,
respectively. Mason (1966). In addition, 5ay,6ey,6Bi,8Hi are the alterations in stress,

in strain, in magnetic flux density and in magnetic field, respectively. In our case the
initial stress is zero. For a cubic crystal system d3i = d32 = —0.5d33,dis = 0 -

It is difficult to find a complete set of all the coefficients of most piezomagnetic
materials in bibliography. The data we used come from different sources which may
be inconsistent and hence give wrong final results. Especially the permeability in the
radial direction (u» or p°) is not given anywhere, so to overcome this difficulty

we decided to solve the problem parametrically, assuming that
Vua,=u33> un=5p33> url=5p§3) ) satisfying of course the

condition (cJwPn + efs)* (C33u33+ efs)> 0. In the present work, we focused on
Terfenol-D.

Because of the lack and the uncertainty of the coefficients of Terfenol-D, we
grouped the data from different sources (van der Burgt (1953), Dapino et al (1997),
Kannan and Dasgupta (1997), Moffet et al (1991) and Ryu et al (2001)) in six
examples, which all have the same elastic coefficients and differ in the piezomagnetic
and permeability constants. In each example the uncoupled results are shown too,
revealing the effect of the coupling phenomenon. In all examples, the magnetic

boundary condition is taken as = 0. Note that the material symmetry implies

(approximately) e3i:—0§;, Kannan and Dasgupta (1997). Regarding units, we

remind that 1 Tesla =1
Am

The axisymmetry defines the form ofthe following elasticity matrix:

107 748 821 O 0 0"
748 107 821 O 0 0
821 821 981 O 0 0
(GPa) (52)
0 0 0 61 0 0
0 0 0 0 61 O
0 0 0 0 0 161

We examined three cases with data given in Table 1 and the elasticity matrix given by
(52). The results for the three cases are synopsized in Tables 2a to 2c. The
computations showed that the contact stiffness, P/(a h), is higher when the
piezomagnetic coupling is strong. The anisotropy in the magnetic permeability seems
to influence very little the macroscopic response. An unexpected result comes from
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the influence of the material constant eis when it is not zero, as it is usually assumed.
Such constant could enhance the magnetic flux considerably.

Experiments
In order to observe the piezomagnetic phenomenon and to confirm the theoretical
results, we decided to carry out experiments on the piezomagnetic material Terfenol-
D. These experiments fall into the category of micro-indentation, however the
procedure can be scaled down to nano-indentation.
Necessary for the experiments were: a base of rubber, a sample of Terfenol-D,
an indenter of plexiglass (PMMA), a Gaussmeter, permanent magnets and of course a
loading device to apply the necessary force (e.g. a heavy steel object). A schematic
view of the experiment is presented in Figs. 5-7. The constants of the specific sample

of Terfenol-D (Thos Dyo 7 Fei) are partly known. We measured its mass density to be

p=9.06 gr/cm3 Its reported compressive strength is 700MPa and its reported
Curie temperature is 653 °K. The material was obtained from ETPEMA Products Inc.,
USA, one of few industries that produce Terfenol-D. We used two kinds of permanent
magnets. The magnetic flux density ofthe first magnet was measured to be about +28
mTesla and the other about +52 mTesla (the + and - sign imply “North” and “South”
magnet poles respectively). For the measurements we used the GM05 Gaussmeter, by
Hirst Magnetic Instruments Ltd. The magnets and the specimens were cylindrical and
their dimensions are shown in Fig. 5. The compressive strength of PMMA is 62 MPa,
which gives an upper limit of the applied load (max P = 1.22 kN) and its elastic
modulus is 2.8 GPa.

We designed a simple experiment of indentation with a circular flat rigid
indenter of PMMA on a sample of Terfenol-D. The radius of the punch was 2.5 mm.
The temperature was in 24.4 °C and the moisture was 55%. We used the permanent

C A
magnets to put the sample into a magnetic field Hz——i which “activated” the
v (AV4
piezomagnetic properties of Terfenol-D and so we were able to observe the
magnetoelastic phenomenon. Four different experiments were carried out, each with
different magnetic field (hz,Bz) and applied indentation force (p). The applied force

was essentially a dead weigh, which was measured very accurately (x10 2kN). As it
is inferred from the arrangement of the experiments (Fig.5), the applied indentation
forces are the weights of the sample and the magnets. The alteration of the magnetic
flux density (0B{) was measured with the GMO0O5 Gaussmeter, not at the contact
surface but at a certain (constant) distance. The distance of the Gaussmeter’s probe
from the point {0,0} of the surface is 2.082a (a is the radius of the circular indenter)
and the relation of the magnetic flux density between these points can be described
from the potential theory as: Bz(0,-2.082a) = 0.2851 Bz(0,0). As we can see the
distance causes about 70% decrease of the surface values. So if one could put the
probe just over the surface, there would be no need for this adjustment. The
experimental results are summarized in Table 3. Note that when experiments were
conducted without the permanent magnets triggering the piezomagnetic behavior of
the material, no change ofthe magnetic flux density was recorded.

We solved the problem using data from Clark (1980), Clark et al (1990), Moffet
et al (1991) and Tremolet de Lacheisserie (1993), taking the elasticity matrix isotropic
and using appropriate values of the material constants according to the measured
magnetic fields ofthe permanent magnets used in the experiments.

63



For an isotropic sample of Terfenol-D we used an elastic modulus of 55 GPa and
Poisson’s ratio 0.4:

"55.0 43.0 43.0 0 0 o>
43.0 55.0 43.0 0 0 0

43.0 43.0 55.0 0 0 0

feu]- (GPa) (53)
0 0 0 12.0 0 0
0 0 0 0 12.0 (0]
, O 0 0 0 0 12.0,
v/\
Pjs = 6.283x10™°
wu?2;
(i)—> 90.0
q nm
, iD—>64.0 B=8_
| (N e} @ a
€i5-0.0 _ el = TNI
vAam) Bl=_"T i’zﬁ{r\nlj (> 400 VAMI
nm
(1V)->16.0 > dB-2

Table 4 shows the theoretical results for each of the four cases (1), (1), (I1) and
(1V), each case corresponding to the value of e33 shown above. Note that the contact
stiffness P/(a h) is not very different for cases (I) to (IV) and an increase from the
uncoupled case starts to be noticeable at high values ofe33.

Finally, for all of the examples (cases (1) to (3) discussed in the previous section
and (1) to (IV) of this section) and for the particular indentation forces P of the
experiments, the theoretical results ofthe alteration ofthe magnetic flux density (3B()
in mTesla are presented in Tables 5a - 5d respectively for the loading conditions of
experiments A, B, C, D given in Table 3.

The lack of complete data for Terfenol-D and the fact that we are uncertain of
how worthy are the ones we collected from the different sources, explain partly why
the experimental results are different from the theoretical ones. Other sources of
discrepancies with the theory are that the punch is not as rigid as the theory requires
and that the field singularities at the contact perimeter may give rise to non-linear
material behavior. However we did not observe signs of damage at the contact
surfaces ofthe indentor or the substrate. The experiments proved the phenomenon and
in certain cases the analytic values were very close to the experimental ones,
indicating that e33 is close to 16 N/(Am) and the elastic stiffness is close to (53), for
the particular material and applied magnetic field used in this work.
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Conclusions

We have examined in detail the linear response of the axisymmetric indentation
of piezomagnetic solids by a flat rigid punch under specific magnetic boundary
conditions. We found that the solution is quite complex, certainly more complex than
the corresponding solution for the piezoelectric solids. The reason is that
piezomagnetic materials show different degree of anisotropy in the elastic, magnetic
and coupling properties, whereas piezoelectric materials appear to have the same
degree of anisotropy. The analysis gave explicit results regarding the force-depth and
the force-magnetic flux density responses.

Experiments were conducted, using Terfenol-D as a piezomagnetic material and
a flat punch of PMMA. Permanent magnets were used to trigger the coupling effects.
The analytic results that were obtained using the limited data available in the literature
confirmed reasonably well the experimental results regarding the magnetic flux
density. We find that the most important constants that affect the macroscopic results

of this problem are Cs3, e33 and p”, in order of importance. The piezomagnetic

coupling constant eis, if not zero, as it is typically assumed in most cases, can have a
profound effect in the contact behavior, increasing the magnetic flux at the contact
region. The indentation stiffness is increasing with 633. Anisotropy in the magnetic
permeability does not influence the macroscopic results.

New types of indenters which incorporate Hall-effect probes at the indenter’s tip,
like the one we constructed, can give valuable information of the material properties
of piezomagnetic materials. The present analysis can be used to obtain piezomagnetic
constants that may be difficult to be obtained by other classic methods, e.g. e”®. Yet
another use of indentation could be the confirmation of the piezomagnetic potency
with time and temperature, serving as quality control for piezomagnetic materials,
even at small volumes. Extending the method to the nano-scale will be quite
challenging regarding the new equipments that will have to be developed.

The examination of different magnetic boundary conditions and different punch
configurations will be addressed in future work.
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Table captions

Tablel. Data used for the two cases solved with elasticity matrix given by (52).

Table 2a

Table 2b

. Results for case (1), as given by Table 1.

. Results for case (2), as given by Table 1.

Table 2c. Results for case (3), as given by Table 1.

Table 3.

Table 4a

Table 4b.

Table 4c.

Table 4d.

Table 5a.

Table 5b.

Table 5c.

Table 5d.

Experimental results for a flat punch of PMMA ofradius 2.5 mm.

. Results for case (), with elasticity matrix given by (53) and = u33.

Results for case (I1), with elasticity matrix given by (53) and p*, = p33

Results for experiment A (5BZ in mTesla).
Results for experiment B (5BZ in mTesla)
Results for experiment C (5BZ in mTesla).

Results for experiment D (5B in mTesla).

Results for case (l11), with elasticity matrix given by (53)and p~= u33.

Results for case (1V), with elasticity matrix given by (53)and p*, = p33.
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Tablel. Data used for the six cases solved with elasticity matrix given by (52).

c "N "N "N e TN"
ase

ei5 AmJ 631 Am 633 Am “Hw]

(1) 200.0 -200.00 400.0 1.900x1 O’

(2) 0.0 -28.16 51.2 5.000 xIO“6

(3) 0.0 -217.36 395.2 3.342 x10“6
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ah

urO

Table 2a. Results for case (1), as given by Table 1.
1 3

Pn=Ps pii= 2u3 Pu= Pp Uncoupled  Dimensions
107.8590 109.1520 106.7580 89.0497 (nPa)
+1910.67 + 1988.02 +1843.30 0.00 (Tesla)
0.1540080 0.1678050 0.1421120 - 0.0767946 (numeric )
Table 2b. Results for case (2), as given by Table 1.
Pg" — P§3 P:'[ _ ;;3 Pil _ z ’\;3 Uncoupled Dimensions
89.1744 89.2311 89.1503 89.0497 (nPa)
+105.7680  +101.7890  +105.6900 0.00 (Tesla)
-0.0754328 - 0.0756046 -0.0754140 - 0.0767946 (numeric)
Table 2c. Results for case (3), as given by Table 1.
p€“ — ng u,sl _ ;;;3 P:'[ _ 32U3€3 Uncoupled Dimensions
96.1768 99.3476 94.7868 89.0497 (nPa)
+768.6300 + 700.9860 + 796.5950 0.00 (Tesla)
-0.0382920 -0.0496007 -0.0332517 - 0.0767946 (numeric)
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Table 3. Experimental results for a flat punch of PMMA of radius 2.5 mm.

Experiment Bz(0,0) before Indentation Bz(0,0) after |53BY
indentation force P indentation (mTesla)
(mTesla) (N) (mTesla)
A -28.1 0.64 -78.9 50.8
B +48.4 0.74 +150.5 102.1
C -42 10.07 -121.4 79.4
D +67 10.15 +194.7 127.7

70



Table 4a. Results for case (I), with elasticity matrix given by (53) and p®, = p33.

() eis=0 63? el5 = Q:;’i Uncoupled Dimensions
"5 16

P

H 90.9848 90.8773 90.8984 90.2040 (nPa)
a

()

o +237.05 +257.26 +338.43 0.00 (Tesla)
a

U0 .0.1427480 -0.1414910 -0.1362010 -0.1464940  (numeric)

Table 4b. Results for case (I), with elasticity matrix given by (53) and p|) = p33

; e33 e33 . .
ei5=0 Uncoupled Dimensions
(I eil= 6,5=T
P
o 90.6048 90.5505 90.5637 90.2040 (nPa)
a
o)
o +168.66 +182.75 + 239.22 0.00 (Tesla)
a

U0 .0.1445190 -0.1438750 -0.1411530 -0.1464940 (numeric)

Table 4c. Results for case (l11), with elasticity matrix given by (53) and p|) = p33,

e33 e33

i ei5=0 Uncoupled Dimensions
€1="10 eib=T

P
H 90.3621 90.3409 90.3467 90.2040 (nPa)

a

(0]
+105.44 +114.13 +148.93 0.00 (Tesla)

ah

U0 .0.1457020 -0.1454480 -0.1443730 -0.1464940  (numeric)

Table 4d. Results for case (1V), with elasticity matrix given by (53) and p*, = p33.

633 e33 ) ,

v i5= _ Uncoupled Dimensions
V) es=o 65=T
P

90.2294 90.2261 90.2270 90.2040 (nPa)
ah
0}

+42.18 +45.63 +59.44 0.00 (Tesla)
ah

U0 _0.1463650 -0.1463250 -0.1461520 -0.1464940 (numeric)



Table 5a. Results for experiment A (6B{ in mTesla).

€ 3 3
Example uTe = 133 “181 _ ;—Eg S p§3

0) 282.39 290.34 275.24
(2) 18.91 18.18 18.90
(3) 127.40 112.48 133.97
) 41.53 39.21 41.71
an 29.67 28.13 29.73
D 18.60 17.68 18.61
(v) 7.45 7.09 7.45

Table 5b. Results for experiment B (dB( in mTesla).

Example ¢ & 1 e e 3 ¢

e = p33 > = 2 A3 WTC = 2133
) 325.84 335.01 317.59
) 21.82 20.98 21.81
©) 147.00 129.78 154.58
Q) 47.92 45.24 48.12
an 34.24 32.46 34.30
i 21.46 20.40 21.47
(V) 8.60 8.19 8.60

Table 5c. Results for experiment C (dB{ in mTesla).

Example ¢ ¢ f1 e . 3,
MTT = 33
MTT = 233 Ut — 233
- 4461.79 4587.42 4348.86
2) 298.74 287.32 298.60
(3) 2012.92 1777.18 2116.75
) 656.21 619.51 658.98
an 468.85 444.47 469.74
a 293.90 279.37 294.02
(Iv) 117.75 112.09 117.70

Table 5d. Results for experiment D (6B{ in mTesla).

=xample 1'\€AT— 1*%3 wg'[ = I2p%3 ms'[ = 32p;3
1) 4496.54 4623.15 4382.73
(2) 301.07 289.56 300.93
(3) 2028.60 1791.02 2133.24
0) 661.33 624.33 664.11
an 472.51 447.94 473.40
dD) 296.19 281.55 296.31
(Iv) 118.67 112.97 118.62
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Figure captions

Figure 1. Geometrical parameters for flat indentation, (a) 3D view, (b) 2D view. The
indenter is non-conducting, with very low magnetic permeability (pjnd << p*,).

Figure 2. Normalized relations for: (a) radial displacement (Ur), (b) vertical
displacement (w), (c) magnetic potential (¢n), (d) axial stress (3cl0)> (e) axial

magnetic flux density (3BQ)1

Figure 3. Hall-effect for the plate used in the magnetometer in our experiments. The
schematic shows the direction of the current flow T, the Hall voltage Ei, and the

magnetic flux Bz

Figure 4. The detail ofthe indenter used in our experiments.

Figure 5. Analytical description ofthe arrangement ofthe experiment.
Figure 6. Photograph ofthe parts ofthe experiment.

Figure 7. Photograph of a side view ofthe experiment.
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Figl. A.E. Giannakopoulos and A.Z. Parmaklis
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Fig.2 A.E. Giannakopoulos and A.Z. Parmaklis
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Fig.3 A.E. Giannakopoulos and A.Z. Parmaklis

2mm

76



magnetic probe
(Hall effect)

2a

Fig.4 A.E. Giannakopoulos and A.Z. Parmaklis
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Fig.5 A.E. Giannakopoulos and A.Z. Parmaklis
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Fig.e A.E. Giannakopoulos and A.Z. Parmaklis
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Fig.7 A.E. Giannakopoulos and A.Z. Parmaklis
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NMAPAPTHMA 111

TUTIKA dEyHATA TWV AVAAUTIKWY UTIOAOYICHWY UE TO TIPOYPAPUA
Mathematica 4.1
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YTtoAoyiopogtwv K, 8, w

CnE = 139*109
C33e = 115* 109
C44E =25.6* 109
Ci2E =77.8* 109
C,3e = 74.3* 109
e33 =151

edi =-5.2
e-i5=12.7

€l1f =6.461* 109
e33 = 5.62*10-9

kN"CMNE-CnE

all al2z al3
a2l a2 a2z — —k*(Ci3E + Op4E)
a3l a32 a33 -k*(e15 + e3l)

all al2z al3

Solve[Det| a21 a2z a2 ]: H

a3l a32 a33

k/. %
Out [13]:

(-1.2038, -1.06914 -0.200419*, -1.06914 + 0.200419i, 1.06914-0.200419*, 1.06914 + 0.200419i, 1.2038

YTIOAOYIOUOG TWV o &, B\, yI

k = Take[Out[13], —1]
aiz*a23 -al3*az
-an *az3 - ai2*ais
aii *a22 +ai122

Out (15]: {-1.69254 x10l}
Out |16]:H-50102x1011}
Out [17]: (8.90421 x 1019}

«1l = OUt[lS]
BA = Out[16]
_____________________ 7i = Out[17I

PZT-4

k * (Ci3E + C44E) k * (615 + e31)
k2*C33E-C44E k2 *e33 -e1l5
ko2*es33 -e15 €H(-k2*€33f

YTtoAoylopog twv 021, a22, B\, B12,721,722

k = Take[Out[13], {5, 5,1}]
Re[ai2 *a23 - ai3 *a22]
Im[ai2 * a23 - ai3 * a22]
Re[-an *a23 - ai2 * ai3]
Im[—an * a23 — 3i2* a-j3]
Re[an *a22 +al2?]

Im[an *a22 +ai2?]

Out [19]: {—4.44943 x 101}
Out [20]: {2:22974 x 101)
Out [21]: {-3.17415x 1011}
Out |22]:{3.52314x101}
Out [23]: (-7 46937 x10O20}
Out [24]: {**7.1363X 1019}

or21 = Out[19]
0"22 — Out[20]
j82i = Out[21]
322 = Out[221
721 = Out[23]
722 = Out[24]

82



YTIoOAOYIOHOC Twv MMI-, m2, i3, T14, [TI5, Mg, ITV7, ms, mg

al = Out[15]
Bt = 0ut[16]
71 = 0ut[17]

«21 = Out[19]

«22 = Out[20]

>321 = Out[21]

B22 = Out[22]

721 = Out[23]

722 = Out[24]

ki =Take[Out[13], -1]

k = Take[Out[13], (5, 5,1}]

-ei5 * 71 - MAE* (ki *«1 + B

-ei5 * 721 — C44E* (Re[k] * «21 — Im[K] * «22 + B2<)

e15*722 +C44E*(Re[k]*«22 + Im[k]*«21 + [22)

C|3E*«1 - ki * (C33E *>3i + B33 * 7i)

Cl3 *21 - Re[k]*(C33E*'21 +633*721)+ Im[K]*(C33E*/?22 +633 *722)
-C|3E*«22 + Re[Kk] * (c33e *B22 + 633*722) +IM[K] * (c33e * /221 + 633*721)
B31 * «1 — ki * (©33 *B-\ — €33* * 71)

©31 *«21 — Re[k] * (633 */721 —€33* * 721) + Im[K] * (033 *>322 — €33 * 722)
-B3i *«22 + Re[k]* (B33 *B22 ~ €33+« *722) + Im[K] *(B33 * B2\ — €33+ = 72)

Out [36]: (7-92773 x 1021}
Out [37]: (30934 x 1022}
Out [38]: 11-19328 x 1022}
Out [39]: {6-58557 x1021}
Out |40|: {2-59301 x 1022}
Out[41]:{1 6022x1022)

Out |42]: {4.21099 x 1012}
Out [43]: (4 09663 x 1012}
Out |44]: (7-15672 x 1012}

mi = Out[36]
m2 = Out[37|
m3 = Out[38]
m4 = Out[39]
mb5 = Out[40]|
mé = Out[41]
m?7 = Out[42]
m8 = Out[43]
mg = Out[44]



YToAoylopog twv Mi, M2, M3, M4

«1 = Outfl5]

B\ - out[16]

71 = Out[17]

021 = Out[19]

(*22 = Out[20]

B\ = Out[21]

22 = Out[22]

721 = Out[23]

722 = Out[24]

ki =Take[Out[13], -1]
k = Take[Out[13], {5, 5, 1}]
M1 = Out136!

m2 = Out[37]
m3 = Out[38]
.
Bi +p22 —
. ook
B\ + Bi2 —
mi
71 + 722 % e
m3
m?2

721 + 722*% —
m3

Out |59|: {8 39623 X 1010}
Out [601: (5.95903 X 101)
Out [61J: (416312 X 1019]
Out [62J; (-9-31935 x 1020}

Mi = Out[59]
M2 = Out[60]
M3 = Out[61]
M4 = Out[62]

YTohoyiopog twv -, 2, 13

h=h

®°=0

Mi = Out[59]

M2 = Out[60]

M3 = Out[61]

M4 = Out[62]

nt! = Out[36]

m2 = Out[37]

m3 = Out[38!
Ma*h-M2*/

M1 * M4 — M2 *M3
M3 * h— M{ *@°

M2 * M3 — M1 * M4

_ il Ma*h-M2*/
m3 Mt *M4 - M2* M3

out [72]; (9 04303 x 10_12 h}
Out [73[:(4 03968x 10*Bh}

Out |74]: (=7 05508 x 1.0 h}

fl = out[72]
f2 = Out[73]
f3 = Out[74]

M3 *h — Mt *@°
m3 M2 * M3 - M., * M4
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H d0vaun P yia eminedo digladuTtr) akTtivag a

m4 = Out[39]

m5 = Out[40]

mé6 = Out[41]

fi = Out[72]

f2 = Out[73]

3 = Out[74]

2T (M4 * fi + m5* f2 + m6 * 3)

(8.60156x 10~h/ra}

To nAekTpIko @optio Q (Cb) yia eminedo dielcdutT\ akTivaga

m7 = Out[42]

m8 = Out[43]

m9 = Out[44]

fi = Out[72]

f2 = Out[73]

f3 = Out[74]

2na (m7* fi + m8* f2 + mg * £3)

{-21.5125h*a|

Y TTOAOYIOUOG TWV OTABEP WOV Uro, Wo, @°

ori = Out[15]
B\ = Out[16]
M = Out[17]

ar2i = Out[19]

a22 = Out[20]

yS2i = Out[21]

y822 = Out[22]

721 = Out[23]

Y1l = Out[24]

fi = Out[72]

f2 = Out[73]

f3 = Out[74]

«i fi +a2i f2—or22 f3
BA fi +yS21 f2 - Bi2 3
71 fi +721 f2 - 722 13

(—0.137213 h]
fi- h)
(Oh]
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YTIOAOYIGHOC TV K

CnH = 107*109
C33H =98.1*109
C44H =6.1*109

Ci2H =74.8*109
CI3H =82.1*109

e33 =52.8

e3l =-29.04

eib=0

MTT = pld

u33( = 3.37418*10-6

all al2 al3
a2l a22 a23
a3l a32 a33

all al2 ai3

—K* (e-i5 + €3i)

Terfenol - D

K*(C13H+C44H)  k * (el5 +e31)

Solve[Det a21 a22 a2s ] = 0.K]

"a3l a32 as33
k/. %

-k*(C13H + C44H) k2*C33H-C44H k2 *e33 -e15
k2*e33-el5  /'II' - k2*//33f

Out 113|; {~2-17502, -0.942571, -0.507294, 0.507294, 0.942571, 2.17502)

YToAoylopogTwy a,, B\, y\

k = Take[Out[13],-1]
al2 * 23 —al13*a2?
-an *a23 ~ al2 * al3

ail *a22 +a12?2

Out 115]: {7-68444 x 1013}

OutliNi3.1635N TV 1}
Out [17]: {1-01331 x 1021}

k = Take[Out[13], {5, 5, 1}]
aiz*a23 -ai3*ax

~ail *a23 - ai2*ai3

ail *a22 +ai22

Out J19|: (6 1185 x 1012}
Out [20]: {704069 x 1012

out |21]: i-1 32232 x 1021}

ai = out[15]
B\ = Out[16]
71 = Out[17]
«2 = 0ut[19]
Bt = Out[20]
72 = Out[21]
iir3 = Out[23]
Pz = Out124]
73 = Out[25]

k = Take[Out[13], {4, 4,1}]
ai2*a23 -ai3*a22

_aii *a23 - ai2*ail

aii *a22 +ai22

Out |23]: {8-9002 % 101}
Out [24]: {2.09173 x 1012
Out |25]: {-1-65748 x 1019}

86



YToAoylopog Twv mi, mz, ms, m4, m5, m6, m-, me, mg

(N = Out]151

Bt = Out[16]

71 = 0ut[17]

a2 = 0ut[19]

Bi = Out[20]

72 = Out[21]

a3 = Out[23]

BC = Out[24]

73 = Out[25]

ki =Take[Out[13], -1]

k2 = Take[Out[13], {5, 5,1}]

k3 = Take[Out[13], {4, 4,1}]

-C44H * (ai * ki + B-\)- Bi5*7i
-C44H * (a2* k2 +B2) - eis* 72
-C44H* («3*k3 +/3) - ei5* 73

C|3H *Ori — Ki *(C33H *B1 + B33*71)
CI3H *<*2 ~ k2* (C33H * B2 + ®33 * 72)
CI3H *0r3 - k3* (C33H * B + 033 * 73)
B3i *an -Ki *(B33*/?1 —pZZ *7%)
B31 * «2 — k2* (B33 * B2 ~ pZA *72)
®31 * «3 ~ k3 * (333 *BZ~ pgg *73)

Out |38]: (-1 21252 X224
Out [39]: (-7.81276) 1022
Out [40]: (-1-55137x 1022
Out [41]: {-5.57475 x 1023
Out [42]: {-8-28878 x 1022
Out (43]: {-3 05813 x 1022
Out™"N"sexioly

Out |45]: {*“4-73359 x 1015}
Out [46]: {**1-10244x 1014}

}
}
}
}
}
)

mi
m?2
m3
m4
mb
m6
m7
ma8
m9

Out!38]
Out[39]
Out[40]
Out[41]
Out[42]
Out[43]
Out[44]
Out[45]
Outl46]
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YToAoyIopog Twv M-, M2, M3, NU

B1 = Out[16]
N = 0utJi7]
Bt = out[20]
72 — Out[21]
3 = Out[24]
73 = Out[25]
mi = Out[38l
m2 = Outf39]
m3 = Out[40]

m3
B2~ BL*

71 -73* mi
m3
ma2

72~ 73* -
m3

Outf561:{~1-31849x 1014)
Out [57]: (-3.49334 x 10V
Out 1581: {2-30876 x102)

Out [59]: (-1-23885 x 1021j

Mi = Out[56]
M2 = Out[57]
M3 = Out[581
M4 = Out[59]

YTIoAOYIOHOG TwV i\, 2, 3

h=h

Om°=0

Mi = Out[56]
M2 = Out[57]
M3 = Out[58]
M4 = Out[59]
mi = Out[38]
m2 = Out[39]
m3 = Out[40]
M4h-M2g>m°
ML M4 — M2 M3
M3h-M1<Pm°
M2 M3 - ML M4

Jmi M4h-M20>m° + m2 M3 h- M, 4>m° j

(m3 MIM4—M2M3 m3 M2M3—MIM4)

Out [69]: {-7-22754 x 1CTI5 h}
Out [70]: (-1-34695 x 10"14 h}

Out [71[: (6-32722 x 10_13h}

fi = Out[69]
f2 = Out[70]
f3 = Out[71]
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Hd0vaun P yia emimedo digladuTtr) akTivag a

m4 = Out[41]

m5 = Out[42]

mé = Out[43]

fi = Out[69]

f2 = Out[70]

f3 = 0ut[71]

-2 *rt *a *(iria* fi + ms * f2 + m$* 13)

(8.92452 x 1010 ah)

Huayvnukn etaywyn B (WD) yia emtinedo d1eicduTr aktivag a

m?7 = Out[44]

m8 = Out[45]

mg = Out[46]

fi = Out[69]

2 = Out[70]

f3 = Out[71]

—2*m*a*(m7*fi + m8*f2 +mg* f3)
2*n*a*(m7 * fi + m8* f2 + mg * 3)

(109.054 a h)
(~109.054 a h}

YToAoylopog Twv atadepwv Uro, Wo, <Dm°

a1 =0ut[15]
[B: - out] 16]
yi = Out[17]
a2 = Out[19]
[32 = Out[20]
72 = Out[21]
a3 = Out[23]
B - Out[24]
73 = Out[25]
fi = Out[69]
f2 = Out[70]
f3 = Out[71]
ai*fi +a«2*f2 + a3 *f3
B\ *fi +Bi*h +pL*3
TL*fi +72%f2+y(* 3

(-0.0746738 h|
(.h)
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