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NeplAnyn

H napoloa epyaoia EMIKEVIPWVETAL 0T LEAETN TWV LOYVNTOCUCTOATLKWY YPAUUWV kaBuotépnong (MDL)
KOl TWV UNXAVLKWV Toug ebappoywyv. ApxLka, e€etaletal n Snuioupyia, n Stddoaon kal n avixveuon evog
elaotikol maApoU o Statagelg MDL. Auth n HeEAETN KATEOTNOE SuvATH TNV KATAVONGON TWV UNXOVIOUWV
KOl TWV TTOPOUETPWY TIOU EMNPEGIOLV TN dnuLoupyla Kal aviyveuon Tou eAaoTikoU TTAALOU, OTwWG elval
ta edia Steyepong kot ANPng, kabwg Kal n Lnxavikn enidpacn otn ypaupn kabuotépnong. H katavonon
OQUTWV TWV TIAPAUETPWY 08nynae otnv avamtuén dtadopwv dtatdéewv MDL w¢ atcbntripec. Ot BaoIKES
dLotnteg twv MDL, 6mw¢ n evalabnoia, n ypauUIKOTATA KOL N UGTEPNOT, TPOCSLoPLoTNKOV AEMTOUEPWC,
OTIWC KOl OL LEBOBOL TTPOCAPLIOYIC TOUG OTLG ATIALTHOELS SLoPOPETIKWY edpapuoywv. EmumA£ov, avaAlBnke
n €€aptnon Twv WLOTATWY AUTWV amno dLadopoug mapayovteg, Onwg to nedlo, n ouxvotnTa, N TAoN, N

Bepuokpacia Kal o xpovoc.

H epyaoia elodyel emiong tn HayvnToeAAOTIKY opotlopopdia, TRV TaxUTNTO TOU AXOU KAL TNV AVAAUCH TWV
MDL, tpelg 1810tnTEG TTou kaBopilouv TNV amodoon Twv CUCTNUATWY auTwv. AlepeuvnBnkav Stadopa
HLOYVNTOEAQOTLIKA UALKA, KOTOAYOVTOC OTO CUUMEPACHO OTL Ol AUOPPEC TALVIEG KAl Ta cUPUATO Eival
Wlaitepa kataAAnAa yla alobntrpeg, xwplic va amokAeiovtal ta Aemtd GAp. Ol BLOTNTEC QUTWV TWV
UALKWV UIOpoUV va Xpnolpeloouv we Pacn Sedopévwy yla INXAVIKEG edapUoyE, olaitepa otnv

avantuén aodntnpwv.

H epyaocia eotidlel otnv mapouciaon Twv Kuplotepwv awodntripwv MDL. MNa Adyoug katavénong, ot
aloOntrpeg autol katnyoplomolBnkav o€ TPELG PAOCIKEG Katnyopleg: aloBntnpeg B€ong, alodntrpeg
TAong kot aloOntrpeg nediou. Avamtuxbnkav diadopol acdntrpes B€ong Baclopévol oe Tpomornoinon
TAAQTOUG | XPOVoUu KaBUOoTEPNONG, OL OTOLoL €ival LKAVOL VOl ETPHOOUV ELTE OTATIKA €iTe SUVOLLKN
peTatomnion. Avamtuxdnkav emniong Stadopol aodntrpeg Taong, onweg alobntnpeg taong epeAkuopou,
aloOntipeg misong kal aodntipeg Suvaung, oL omoiol MPOoHEPOUV ONUAVTIKA TTAEOVEKTHATA OF
olyKpLON UE TIC UTIAPYOUOEC Texvoloyieg. EmumAéov, mapouatdotnkav oaloOntrpeg nediov Baolopévol
otnv Texvikl MDL, ot omoiol mpoadépouv Suvatdtnta PETPNONC KOTAVOUAC Me okpiPela. EmumAéov,
avartuxOnKav TEXVOAOYLEG KATAOKEUNC TTOU ETLTPETIOUV TN XAUNAOU KOOTOUC Kal Ue amodektr akpiBela

napaywyn aedntipwv.



EKTOC aro Tig TexVoAoyLKEG edapUOVES, N epyacia e¢etalel kKpioweg edpappoyEg Twv MDL og Topeig Onwg
Ol N KOTooTPODIKEG SOKIUEC, Ol LEAETEG TIAENG ALMATOC KAl XNUIKWY OUVOETWY UALKWY KOOWG KoL OTIG
epapUoyEG oTn SOULKN Kol METAAANEUTIKN UNXavikhi. Q¢ pla emumAéov edappoyn tg TexVikng MDL,
TIOPOUCLAOTNKE Ul HEBOoSOC yla T PETpnon Twv KaurmuAwv M(H) kot A(H), n omola emitpénel tov
TPoaSLOPLOUO TOU BPOXOU KOl TNG OHolopopdiag TOU HayvnNTIOPOoU KoL TNG LOyVNTOGUGTOANG KOTA KOG

£VOC LAYVNTOOUGOTAATIKOU UALKOU.

T€Aog, n StatpLPn e€etalel TIC TPOKANGCELG TTOU TIPOKUTITOUV OO TNV €hOPUOY AUTWV TWV TEXVLKWY OF
TIPAYMOTIKEG CUVOAKEG, OMWG oL TIEPLBOAAOVTIKEG EMIOPACELG KAl N avaykn yla uPnAn svatcbnoia kat
akpiBela. Emiong, avaAletal n Suvatotnta BeATiwong Tng amddoong TwY LETPOEWY LECW TNG TTEPALTEPW
€€EALENC TWV VALKWV KoL TwV HeBOSwvY avaluong Sedouévwy, eEMLTPEMOVTAC £T0L TNV EUPUTEPN edappoyn

TwVv MDL o€ TLo ammalTNTLIKEG PLOUNXAVLIKES XPHOELG.

NEEELG-KAELSLA: LOYVNTOOUOTAATIKEG YPOUHEG KaBuaTépnong, aloBntripeg B£ong, aobntnpeg Tdong,

alodntipeg nediouv, texvoloyia MDL, payvnTOgAAOTIKA UALKAL.



Abstract

This work focuses on the study of magnetostrictive delay lines (MDLs) and their engineering applications.
Initially, the generation, propagation, and detection of an elastic pulse in MDL arrangements are
examined. This study enabled a deep understanding of the mechanisms and parameters affecting the
generation and detection of the elastic pulse, such as the excitation and biasing fields, as well as the
mechanical impact on the delay line. Understanding these parameters led to the development of various
MDL configurations used as sensors. The fundamental properties of MDLs, including sensitivity, linearity,
and hysteresis, were determined in detail, along with methods for tailoring these properties to meet the
requirements of different applications. Additionally, the dependence of these properties on various factors

such as field, frequency, stress, temperature, and time was analyzed.

The work also introduces magnetoelastic uniformity, sound velocity, and MDL resolution—three
properties that define the performance of these systems. Various magnetoelastic materials were
investigated, concluding that amorphous ribbons and wires are particularly suitable for sensing
applications, without excluding thin films. The properties of these materials can serve as a database for

engineering applications, particularly in sensor development.

The work focuses on presenting the main MDL sensors. For clarity, these sensors are categorized into three
main types: position sensors, stress sensors, and field sensors. Several position sensors based on
amplitude or time delay modulation were developed, capable of measuring either static or dynamic
displacement. Various stress sensors, such as tensile stress sensors, pressure sensors, and force digitizers,
were also developed, offering significant advantages over existing technologies. Additionally, MDL-based
field sensors were presented, which offer distribution measurement capabilities with acceptable
measurement uncertainty. Manufacturing technologies that allow for low-cost production with acceptable

accuracy were also developed.

In addition to technological applications, the work explores critical MDL applications in fields such as non-
destructive testing, blood coagulation studies, and chemical composite materials, as well as in structural

and mining engineering. As an additional application of the MDL technique, a method for measuring M(H)



and A(H) curves was presented, which allows for the determination of the magnetization and

magnetostriction uniformity along the length of a magnetostrictive material.

Finally, the thesis examines the challenges arising from the application of these techniques in real-world
conditions, such as environmental effects and the need for high sensitivity and accuracy. The potential for
improving measurement performance through further development of materials and data analysis
methods is also discussed, thus enabling the broader application of MDLs in more demanding industrial

uses.

Keywords: magnetostrictive delay lines, position sensors, stress sensors, field sensors, MDL technology,

magnetoelastic materials.
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Ektevnc meptAnyn

H StatpLpn e€etdlel og BaBog tiIc MayvnToouoTaATkEG Mpappég KabBuotépnong (MDLs) kal Tig epopUOYES
TOUC WC alobntpeg oe O1aPopouC TOWEIC, ETMLKEVIPWVOVIAC TNV €PEUVO OTNV AVAITUEN Kal
BeAtlotomoinon autng TNG TexvoAoyiag yla ULeTprioel uPnAng akpifelag kat evalobnoiag. Ot MDLs
amoTeAOUV HLO TIPONYHUEVN TEXVOAOYLO avixveuonc oy aflomoLel payvnTika Gotvopeva yla tn HETpnaon

PUOIKWV TTAPAUETPWY, OTIWE TAON, LAYVNTIKO TS0 KOl LETATOTLON.

Apxkd, n datpPfn e€etalel Ta payvnTika ¢avopeva mou anoteAouv tn Baon Asttoupyiag Twv MDLs,
OTIWC N KAyVNTOQVTLOTACN, N HayVNTO-eUMESNON, N LOYVNTOGUOTOAN, N NAEKTPOUOYVNTLKI EMOAYWYI Kot
o dawopevo Hall. H Bewpntik avaluon €otldlel oTiG SUVAULKEG TWV TOYWHATWY TWV HAYVNTIKWY
Topéwv (domain wall dynamics) kat otig Suvapikég meplotpodng Twv TopEwv (domain rotation dynamics),
ol omoieg kaBopillouv TNV AMOKPLON TWV HOYVNTIKWY UALKWY. AUTOL OL HnXaviopol maii{ouv KEVIPLKO pOAo
otn Astoupyia TwV HOYVNTIKWY alodnThpwy, £MITPEMOVTAG TN HeTAdoon Kal aviyveuon eAQOTIKWV

TIOA LWV TIOU TIPOKUTITOUV Ao TN HOYVNTOCUGCTOAN TWV UALKWV.

‘Etol, mapouctaletal pia €1 BaBog avaiuon Twv Backwy LayvnTIKWV GALVOUEVWV TIOU XPNOLUOTIoLoUvVTaL
YLOL TNV KOTAOKEUN aLoBnTrpwv Kot Twv edappoywyv Toug os Stadopoug Topeis. Ot payvntikol aodntnpeg
Katéxouv g€éxouvoa B£on otn olyxpovn texvoloyio Aoyw tng £dappoyrng TOUC O OQUTOKLVNTLOTIKA

OUCTAUATA, LOTPLKEG OUOKEUEC, BLOUNYOVIKEG SLOSLIKACIES KOl OTPOTLWTLKA CUOTAUATAL.

To mpwto kedpdAato tng Slatplng mapouotdlel pla €1¢ PaBog avaAuon Twv BOOKWY HOyVNTIKWY
dalvoUEVWY TIOU XPNOLUOTIOLOUVTAL Ylol TNV KOTOOKEUN aodntripwv Kol Twv €PpapUOywvV TOUG OE
Sladopoug topeic. OL payvnTikol aodntipeg kotéxouv e€€xovaa B£an otn cUyxpovn texvoloyia Aoyw
™G edpappoyrG TOUC OE QUTOKIVNTIOTIKA CUCTHOTA, LOTPLKEC CUOKEUEC, Blopnyavikég Stadikacieg kat
OTPOTLWTLKA CUOTAHATO. XTO KEPAAALO YIVETAL PLa EKTEVHG KATNyopLlomoinon twv aledntripwyv pe Bdon

Tpla Baowka kpLtrpLas:

e To avTIKEIHEVO HETPNONG: GUGCLKA N XNILKA LLEYEDN.

13



e To ¢dawopevo kal to UAIKO oto omolo Paociletal n Asttoupyla tou aloBntipo: alobntrpeg
BACLOUEVOL O AYWYLUO, NULOYWYLLA, SINAEKTPLKA, LAYVNTIKA KL UTIEPAYWYLUO UALKA.
e OL epapUOyEC TOUG: PLOUNXAVIKEG, HETADOPLKEC, LOTPLKEG, OTPOTLWTLKEG, OLKLOKEG KOl

TepBAANOVTIKEG.

To KePAAALO ETMKEVTPWVETAL OTA LOYVNTIKA GOLVOUEVA TIOU XPNOLUOTIOLOUVTOL cUVHBWE oTtnV avamtuén
aLeOnTipwy, OMWE N LOyVNTOOVTLOTAON, N LOyVNTO-EUMESNON, N LAYVNTOCUGTOAN, N NAEKTPOLLAYVNTIKN
eMaywyn Kat To dpawvopevo Hall. H Baoikn Bewpla yla ta payvnTkA UAIKA TTOU XPNOLUOTIOLoUVTAL OTOUG
aloOntrpeg Paociletal otn SUVARLK TWV TOLXWHATWY TWV LOyVNTIKWVY Topéwy (domain wall dynamics) kat
otnv Teplotpod TwV HayvnTIKWV Topéwv (domain rotation dynamics). Autol oL pnyaviopol sivat
KaBopLOTIKOL yla TNV Katovonon Twv HAyVNTIKWY eTUOPACEWY TOU EUMAEKOVIAL OTNV KOTOOKEUN

aleOntipwv Kot 08nyolv otn Snuloupyla evog peyalou eUPOUG AVIXVEUTIKWY CUOTNLATWV.

JTIG £DAPUOYEC AVIXVEUONG HLKPWY MOYVNTIKWY TESlwV Kal UnXavikwy olodntipwy, sival kplowo va
ETUAEYOVTOL UALIKA LE EAAYLOTEG ATEAELEC YL VA UELWOEL N LayVNTOEAAOTIKN amtOKpLon. EVOELIKTIKA, UALKA
OMw¢ Ta cuppota FeCoSiB pe payvntoouotoAn oto eninedo tou 0.1 ppm ival katdAAnAa yia ebopUOYEC
mou amottolv uPnAn akpifela. Ma TNy enitevén autng g LLOTNTOC, TO UALKO epvael amo Sladikaoieg
BepULKNC avOmTNoNG, UTIO eAeyxOueveg ouvBnkeg Beppokpaciog kot mediou, He okomo T Helwon Twy

ECWTEPLKWV TACEWVY TTOU SNLOUPYOUVTAL ATTO EANTTW AT,

Ol SUVAULKEG TTEPLOTPOPEG TWV LOYVNTIKWVY TOREWY Teplypadovtal pe Bacn Vo KUpLleg GACELS: TNV N
avaotpéPiun meplotpodn Kot TNV avooTpePLun meplotpodr]. H un avaotpePiun neplotpodr cuppaivet
OTaV Ol HayvnTikol Topeic mpooavatoAilovtol and évav sUkolo Gfova (easy axis) oe évav dAlo mou
Bploketol o kovtd otov afova Tou Ewteplkol poyvntikol mediou. H avaotpéPiun meplotpodn
akoAouBel tnv un avaotpePiun Stadikacio Kol oxeTIleTOL e UKPOTEPEG LETATOTILOELG TWV TOUEWVY TIPOG
NV KatevBuvon tou ewteptkol TeSiou. OL payvntikol topeic Sev emotpédouv mavta oTov apxLko dfova

META TNV AMOPAKPUVON ToU e€wTtepLKoL Tediou.

H un avaotpéPun meplotpodn oxetiletal pe tnv gudavion touv dawopévou Barkhausen, to omoio
nipokaAel B6puPo kal emnpedlel TNV akpiPfela Tou atoBntApa. AvtiBeta, n avaotpéPun neplotpodn
HELWVEL TOV BOpUPO, YEYOVOG TIOU TNV KABLOTA TPOTLUNTEA YL eDAPHOYEG TTOU amattouv uPnAn akpifela

Kal evatoBbnota, Omwg oL pnyavikol aloOntrpeg kat oL alodntrpeg nediov.
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‘Eval onuavtikd PEPOC TG avaluong adopd Tn Xpron tng TEXVIKAG TWV HLAyVNTOCUGTOALKWY YPOUUWY
koBuotépnong (Magnetostrictive Delay Lines - MDL) yiwa tnv avamtuén oawobntipwv HETPNONG
LETATOMLONG, TAONG KaL tediou. Auth n texvikn Baoiletal oto Gpalvopevo TNG LayvNTOOUGTOANG, OTIOU L
oAAayr OTo HayvNnTIKO Tedio MPOKAAEL UIKPEG LNXOVIKEC TIAPAHOPPWOELG OTO UALKO, OL OTIOLEG UITOPOUV
VA AVLXVEUTOUV KalL va XpnotpomnolnBolv yla tnv akplpr pétpnon uolkwv peyebwv. Ot MDL atobntrpeg
€Xouv PBpeL gupeia xpnon oe PBLOUNXOVIKEG, OLUTOKLVNTLOTIKEG KOL OTPATIWTIKEG €PAPUOYEC AOYW TNG

uPnAnNg evaloBnotlag, TnG akpiBelag kal tou xapnAol KOGTOUC aPAywWYHG.

TNV CUVEXEL, TopouoLalovTal oL Baclkeg LSLOTNTEG TWV aloBntnpwv MDL, 6mMw¢ N YpaUUIKOTNTA, N
gualodnaoia kot n votépnan, KaBwe KoL oL TPOTIOL TIPOCAPUOYNG AUTWY TWV LBLOTATWV yLa SLadOPETIKEG
edapuoyéG. H mapapetplkn e€dptnon tng andkplong twv MDL aodntnpwv amd mapdyovieg Omweg To
nedio, n ouxvotnta, n taon, n Bepuokpacia kat o xpovog, availetoal Ste€odikd, poodlopilovtag €ToL TN

BEATIOTN XPrON TWV UALKWV QUTWV.

Ol aoBntnpeg mou Bacilovral ota poyvntika davopeva mapouactdlouv Lolaitepo evdladEpov oe TOUE(S
OTIWG OL BLOUNXAVLIKEG EDAPUOVEC, OL LATPLKEG CUOKEUEC, OL N Kataotpodikol EAeyxol Kal oL epappOoYES
aodaleiag. EWSIkOTEPQ, avalvovral ebpappoyeg Twv MDL aloBntrpwv os meplBaAlovta 6mou amnatteital
unAn svalobnaoia, OTWG OL OVIXVEUTEC LETATOMICEWVY KOl TAONG, AAAA KAl O€ TILo CUVOETEG epaplOYEC,

OmMw¢ n aviyvevon nediwv Kat ot alodntrpeg acdaislog.

Juvoyilovtag, kataArnyoupe OTL oL payvntikol aloBntipeg, kat sdikd autol mou Pacilovtal otig
LOYVNTOOUCTOALKEC YPOUUEG KoBuotépnong, mpoodEpouv eupele¢ SUVOTOTNTEG yla HUEANOVTLKEG
TEXVOAOYIKEC Kal BLOUNXAVLKEG EdOpUOYEC. QOTOCO, N EMLTUXNG Edappoyr Toug e€apTdtal and Tn cwoTth
ETUAOYN KL TIPOCAPUOYI TWV UALKWY, KABwE KoL aro Tny avantuén pebddwv nou enttpénouv tn eitiwon

™G akpiPelag kat Tng anodoong.

‘Eva onuavtikd spmddlo mou avodépestal eivol ol mepPBAANOVIIKOL TAPAYOVTEC TIOU UTTopoUV va
EMnpedoouv tnv oamddoon Twv alednTRpwy, OnMwg ol aAlayég otn Bepuokpacia Kal n mopoucia
€€WTEPLIKWV HAYVNTIKWY Tedlwv. H votépnon Kal o payvntikog 80puBog sival GAAOL TTapayovTieg mou
gTLonUaivovtal w¢ MPOKANOELS, €BIKA OTIG edapUOoyEC TToU amattouv unAn svaloBnoio Kat Yopnin
opePaldtnTa OTIC LETPAOELC. AUTEG OL TTPOKANOELG UITOPOUV VAL OVTLUETWITLOTOUV LIE TNV TEPALTEPW £EEALEN
TWV HAYVNTIKWY UALKWYV Kal T BeATIOTONOINON TWV TEXVIKWVY avixveuonc, BeAtiwvovtag tn otabepotnta

TWV CUOTNUATWY KOL LELWVOVTAC TLG EMLSPACELS TWV EEWTEPLIKWY TTOPAYOVTWV.
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310 MPpWTo KeAAaLo yivetal cadEC OTL N TEXVOAOYLO TWV HAYVNTOOUGCTOALKWY aLloBnTnpwV XEL LEYAAES
duvatotnteg yia e€EALEN, WOlaitepa pEow TNG BeATiwong TwV UALKWY KAl TNG OVATITUENG VEWV TEXVIKWY
enefepyaociag Sedopévwv mou Ba emitpéPouv TNV gUpUTEPN £PapUOy TOUC O PBLOUNYAVIKEG KoL
ETUOTNHOVLIKEG edapHoyEG. TEANOC, N XPHON AUTWY TWV 0LoBNTPWY OE TILO ATIOUTNTIKEG TEPLPBAANOVTIKEG
OUVONKEC OVAUEVETAL VO EMEKTADEL, e TNV AVATTTUEN UALKWY TIOU £lval avOEKTIKA O aKpaleG CUVONKEG

KO L€ TNV EVOWHATWON TILo euaioBntwy Kot akplpwyv pebodwv avixveuong.

To &eltepo kedpahalo NG Slatplfric mapouctdlel T SLAPOPe; OPXITEKTOVIKEG OSLATALEL TOU
XPNOLUOTIOlOUVTAL yLa TN SnpLoupyla, 8LAdoon Kal avixveuon eAQCTIKWY TTAALWY OE HayVNTOOUCTAATIKA
UAKA. H avaluon emikevtpwvetol oe Sladopetikég dlatdéslg MDL, pe otoxo tnv aflomoinon tng
TeXvoAoylog auTnc yia tn PeAtioTonoinon tng anddoong Twy alodntrpwy o€ BLOUNXAVLKEG, OTPATLWTIKEG

Kol ANAeG edbapUOYEG.

H mpwtn Siatagn mou e€etaletal eival n kKAaotkn diataén nnviou-ninviou (coil-coil), otnv omoia Vo nnvia,
1o éva yla Sléyepaon Kal to AAo yla aviyveuon, TomoBeTolvtol oTa AKpo TNG YPAUUNG kabBuotépnong. H
Slatagn autn elvat Baotkn yio tn Asttoupyia twv MDL, KaBwg emiTpEmnel T Snpoupyia EAACTIKWV TTOAUWY
pHEow TNG eDaPUOYNG TTAAULKOU peUATOC OTo TNVio SLEyepong Kol TNV aviyveuon Toug amo to mnvio
aviyveuonc. H mpoaoBbnkn KOANTIKNAG ouolog XPNOLWOTOLE(TAL yla TNV QIMOTPOTH avakAdcewyv mou Ba

prmopoloayv va EMNPEACOUV TNV akpiBeLa TG HETpNong.

Mta dAAN Slataén elvol autr) TIou XpNOLUOTOLEL EUBUYPAUULOUEVOUC aywYoUC Le Tic MDL, eite opBoywvia
elte mapalnia tomoBetnuévoug oe oxéon pe tnv MDL. AUt n MPOCEYYLON ETUTPENEL TN petadoon
TIAALWV PEVUATOC Pe PeYOAUTEPN aKPLBELD, EVW HELWVEL TIG TOavEC tapeBoAEC mou Ba pmopoloav va
TipokUPouv amd Tov cuviuaopd TIOAWY TTAALWY. AUTEG oL SLATAEELS lval ONUAVTIKEG YLa EPAPUOYEC

omou arnatteital uPnAn avaluon kot okpifela otn HeETAS00N CNUATWV.

Mia GAAn evlladépouca TPOCEYYLON TOU TOPOUCLAETAL €lvol N XpAon HN HOyVNTIKWY KoL Hn
LOYVNTOOUCTOALKWY UALKWV WE AKOUOTIKWY KUHATOSNYWV. & QUTAV TNV MEPIMTWON, TO UAKA QUTA
xpnolgomolouvtal ywa tn Slddoon Twv €A0OTIKWY TAAPWV Tou Snuiloupyolvtal amo Ttg MDL,
ETUTPEMOVTOC TN XPNON Twv oloOntrpwyv os mepBAAOVTA OTIOU OL HAYVNTIKEC LSLOTNTEG MPEMEL Vol
gelaylotomoinBolv. Autr n Sudtaén emekteivel ¢ Suvatotnteg twv MDL yiwa edpappoyég Omou ol

HOyVNTIKEG AAANAETUOPAOELG UTTOPEL VA €lval TIPOPANATIKEG.
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H enduevn Slatagn mou avalvetal gival n diatagn xwplic mnvio (coil-less). Ie avtiv tn &dtaén, n
LETAS00N TWV EAACTIKWY TTOAUWY ETITUYXAVETAL XWPLE TN XPNon mnviwv SL1Eyepong Kal avixveuong, Katl
TIOU QTAOTTIOLEL ONUAVTLKA TN doun TG SLATagnG Kal TPoodEPEL EUKOALA KATAOKEUNG, KABWE Kal Heiwon
KOotouC. Autr n Swatagn eival Wlaitepa evladépouoa yla epapuoyEC YounAol KOOTOUG OMOU

amAotnTa gival Baclko KpLtrplo.

H avaAuon cuveyiletal pe tn dtataén émou n MDL Tuliyetal yUpw amod £vav aywyo TMAAULKOU pEUHATOG,
eTUTPETOVTAG TN S1Ad00N €YKAPOLWY EANOTIKWY KUHATWVY. Auth n Stdtaén mapéxel tn duvatotnta
aviyveuong pe peyalutepn akpifela, kabBwg n mepldpepelakn TOMOOETNON TWV OTOLXELWY BEATLWVEL TNV

andédoon ToU CUCTAUATOC aVixveuong.

Téhog, n Swatagn mepidepelakng Tomobetnong (circumferential) meplthapPavel évav aywyo TAAULKOU
pevHATOG He TNV MDL tomoBetnuévn mepidepelokd yUpw armd autov. H cupUEeTpia TnG SLATtaéng emITPEMEL
N 81AdS00oN EYKAPOLWV EAACTLKWV KUHATWYV KoL T BeAtiwon tng aviyveuong os edappoyEG Omou n akpBig

Kataypadn Twv MaApwy eivot kploLpn.

To kedalalo kataAnyel oto ot ol Stadopeg dtataéelc MDL mpood£pouv GNUAVTIKEC SUVOTOTNTES YL TNV
KOTOOKEUN aKpLBwV Kal evaicBnTwy aodntripwy yla tn HETPNON LETATOMLONG, TAong Kal mediou. H kaOe
Siataén mapouctdlel POVASLKA XOPOKTNPLOTIKA TIoU TNV KaBlotoUV KOTAAANAN ylo GUYKEKPLUEVES
edapuoyég, mpoodEpovtag £ToL TN SuvaATOTNTA MPOCAPHUOYNG AVAAOYA LE TIC OTMALTACELG TOU EKAOTOTE
OUGCTAUATOC. JUYKEKPLUEVQ, N XPAON HOYVNTOOUCTOALKWY UALKWV KOL N TIPOCAPHOYH TWV TTAPOUETPWY
TOUG EMLTPEMEL TV avgnon tNg oKpiBelag Twv UETPACEWV KOL TNV eupuTepn £dappoyr TOUC O
Blopnxavika meptBAAlovta, CTPATIWTIKA cuoTtrhpata Kal dAAa tedia 6mou amatteitotl uPnAn akpipfeta kot

aflomotia.

To tpito kKepalalo NG datpLPng, mapouctalel TG BACLKEG LBLOTNTEC TOU XopaKTnPilouv Tn Asttoupyia
Twv MDL kal tnv anodoaoh touc. AvaAlovtal ot KUPLEG LELOTNTEC, OMWE N evalodnoia, N yPAUULKOTNTO Kal
N votépnon, Kabwe Katl n e€aptnor tToug amod S1adopou MAPAPETPOUC, OMWG TO HayvnTiko medio, n
ouxvotnta Kal n taon. To kepalalo ywpiletol os Stadopa THAATA TToU £EETATOULV TIC EMEPATELS QUTWY
TWV TIOPAMETPWY KAl TOUG TPOMOUG HE TOUG OMOoloug UTopoUV va TIPOCOPUOOTOUV ylol BEATLOTN

Aewtoupyia.

Baotkeg 1616TnTteg MDL
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Ot Baotkeg 1dLotnTeg Twv MDL, 6w n evaodnoia, N ypapUIKOTNTO KOl N UOTEPNON, opl{ouv eV HEPEL TNV
nolotnta tng dlatagng. Autég ol LOLOTNTEG ouvdEovtal Apeca pe TIg ocuvaptioelg A(H) kat M(H), mou
kaBopilouv Tn payvntoouoTtaAtiky cuumnepldopd. H evalobnoia evog MDL opiletal wg n mapatnpnoLun
oAAayn otnv taon ££66ou yla TNV HkpOTepn Suvatr aAlayn o éva MOPAUETPO TIOU €MNpeAlel TNV
amokplon tou. MNa mopddelypa, To HEYLOTO TMAAGTOG €€060U TNG MOAMIKAG TACNG yla £va KAOGLKO
TLOAUKPUOTOAALKO UALKO glval TnG TAENG Twv Alywv MV, evw og €L8IKA TIPOETOLUAOUEVO UALKA prmopet va

dtaoel Ta ekatoviadeg mV.

H ypapUIKOTNTA avopEPETOL OTNV LOVOTOVIKH 0XE0N TN amOKpLong Tou MDL e TLG TapOUETPOUG TTOU TV
ennpealouv. Ta neplocotepa MDL xapaktnpilovtal anod pn ypapuLky cupnepidopd AOyw Twv LSLOTATWY
NG LAyVATLONG KOL TNG LAYVNTOCUGOTOANG, KABWE KOl TwV AKOUOTIKWVY LOLOTATWY TOU UALKOU. ITN YPOLLLKA
Teploxn, n e€aptnon tng taong e€6dou amod ta Guacika peyEDn eival povotovikr, aAAd n afefaldotnta tng

HETPNONG e€aptaTal amno to nedio SLEyepong KaL TLG LNXOVLKES ETULOPACELC.

H votépnon eival iowg n mo onuavtikn Wotnta twv MDL, kabwg opiletal wg n dtadopd otnv amdkplon
OTAV QUEAVETAL I} LELWVETAL PLOL TIOPAUETPOG, OTIWE TO HayvnTKO medio A n tdon. Av KalL n uotépnon sival
OVOEVOUEVN Of TIOAA HOyVNTOOUOTOATIKA UALKA, ot oplopéva MDL dev mapatnpeital Adyw tng

AeLToupyloc TOUG 0TV TIEPLOXH KN UOTEPNTIKAG cUUTIEPLDOPAC.
E€aptnon amo Mapap£tpoug
H anokplon evog MDL e€aptatal ano diddopeg MApApETPOUG, OTIWG:

e Efaptnon amod to DC medio: To DC payvntikd medio €xel dueon emibpoon otnv évtoaon tng
LOYVNTOOUCTOATLKAG amoKpLoNG.

e E&aptnon amo tnv maApikn taon: H petafoln g taong dLéyepong emnpedlel To MAATOC TN TAONG
g€odou.

e E&aptnon amo tn cuxvotnta: H cuxvotnta twv epapuolOUeVwY ONUATWY EMNPEAlEL TNV omtOKpLon
NG OUOKEUNG, KOBWCG N HayvNTOCUCTAATIKI) CUMMEPLPOPA €ival ouxva eCapTwHevn amd TN
ouxvotnta.

e E&Aaptnon amo tn Unxavikn katamovneon: H epapuoyr taong f otpeédng UMopel va TPomomnoLrosL
TN HOyVNTOCUGCTAATIK oupmepldopd, yeyovdg Tou oflomoleital o alodntnpeg Taong Kol

LLETATOTMLONG.
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e Efaptnon amo tn Beppokpaocia: Ol alhayég Beppokpaciag UmopolV Vo TPOTOMOLOoUV TV

€ANQOTLKN ATIOKPLON KAL TN LayVNTOOUOTAATIKN oUleuén, emnpedlovtog tnVv evatcdnoio tou MDL.

H payvntoglaotikn opolopopdia (MEU) opiletat wg n petafoAn Tou MAATOUC TNG MOAWLKA G TAonG e€660u
Tou MDL og oxéon pe tn B€on tng Sl€yepong N TNG avixveuong. Autn n WBLOTNTA ennpealetal and ta
HoyvnTKA medla Kol Tt HnXovikn kotamovnon. H BeAtiwon tng opolopopdiog emituyyavetal HECW
SLaSKAOLWY OTIWG N BEPULKN OVOTITNOTN, TIOU UELWVEL TIC ECWTEPLKEG TACELG TOU UALKOU Kol aUEAVEL TNV

akp(Bela tng datagng.

H xpovikn g€dptnon tng amokplong twv MDL eival onuavtikn yla tn BeAtiwon tng akpiBelag kat tng
avaluong twv awobntipwv. H avaluon twv omoteAeopdtwv Selyvel OTL n akplBng puduLon Twv
TIOPOUETPWY, OMWC N YEWMETpla TNC SLataéng Kal oL cuvBnKeg avomtnong, Unopsl va BeAtiwoel thv

avaAluon €wg kat 1 mm.

To kedpdlalo KotaAnyel oto OTL oL Baolkég WBLoTNTEC Twv MDL pmopoUv va TPOCOPUOCTOUV HECW
Sladopwv TexVIKwY, BEATIWVOVTOG TNV AmOS00r] Toug o€ éva eupy pacpa epapuoywv. OL aodntrpeg mou
Bacilovtal oe MDL eival Wblaitepa katdhAnAol yla ebappoyég mou amattouv vPnAn evatcbnoia kot
akp(Bela, evw oL TeEXVIKEG PEATLOTONMOINONG TWV LOLOTATWVY TOUG, OTWCE N AVOTTNCN KAl N YEWUETPLA TWV

Slataéewv, dLaoPaAilouv TNV AMOTEAEGUATIKI AELTOUPYLO TOUG.

To tétapto kedpalato tng Statplprg, avaAlel ta Stadopa UALKA TTOU XPNOLUOTOLOUVTAL OTNV avATTuén
Twv MDL kalt Tovilel Tn onuacio NG cwoTAg eMAOYAC VALKWVY yLa TNV entiteuén tng BéAtiotng anddoonc.
KaBe katnyopla UAKWV SLaOETEL SLadOPETIKEC LBLOTNTEG TOU Ta KABLOTOUV KATAAANAQ YLO GUYKEKPLUEVEG

edapuUoYyEG, avaAoya E TIG ATIALTAOELG TOU EKAOTOTE aloOntrpa f dtatagnc.

ApxIKa, eéetalovtal To MOAUKPUOTOAALKG cUppaTa Kal Tavieg amd pétarla onwg o oidnpog (Fe) kat to
VIKéALo (Ni), KaBw¢ Kal Ta KPAUOTA TOUC. AUTA Ta UAKA ival gupEwg xpnotlomoloUpeva Adyw Tng
oTafepldTNTAC TOUG, WOTOCO TOPOUCLAOUV TEPLOPLOMOUG W TPOG TNV evolobnoia kot tnv
LOYVNTOCUOTOATLKI) TOUG QmmoKpLon, LSLaitepa OTOV UTIAPXOUV ULKPOPWYHEG KoL OTEAELEC OTNV EMLDAVELL
TouG. OL aTéAeleg aUTEC eplopilouv TN SLAS00N TWV EAACTIKWY KUMATWY KAl LELWVOUV TNV akpipela Twv
aleOntipwy, KabloTwvtag Ta MTOAUKPUOTAAALKA UALKA KATAAANAQ LOVO yLa ebapOYEC TToU Sev amattouv

uPnAn evawebnoia.

Mta 1o mponypévn Kotnyopia UALKWV sival ta Taxéwg PUuXOUEVA HAyVNTOCUOTAATIKA KPAUATO, UE

XOPAKTNPLOTIKA Tapadeiypata ta apopda kpapata onwg 1o Fe-Si-B. Ta UAKG autd mapouclalouv
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ONUAVTIKA BEATIWUEVEG HOYVNTIKEG KOL UNXAVIKEG LOLOTNTEC Ot OUYKPLON HE TO TOAUKPUOTAAAKA
Kpapata, Aoyw tng apopdng Soung Toug, mou poodEpel KAAUTEPN SLAS00N TWV EAACTIKWY KUMATWYV Kal
vnAdtepn evawoBnoia. I8taitepa, 1O Kpapo Fe78Si7B15 €xel amodeybel OtL eival dlaitepa

QIOTEAEOUATLKO O€ TIOAAEG edappoyég MDL, e€attiag Tng otaBepdTNTAC KA TNG LNXAVIKAC AVTOXG TOU.

Emiong, To kepahalo eotialel ota Aentd GIAK amd PayvnNTOoUCTAATIKA UALKQ, Onwg to Fe-Si-B. Autd ta
UALKG €lval LOOVIKA YL KPOOKOTILKEG SLataelg MDL, XApn OTLG OUYXPOVEG TEXVIKEG TTAPOCKEUNG TOUG,
OmMwce n evamnobeon péow Pekaopol RF kal n xprion nAektpovikwv deopuwv. H SuvatdtnTa KATOOKEUNC
HLKPOSLATAEE WV TIAVW OFE UTIOOTPWHATO OO TIUPITLO ETUTPETEL TN Snuloupyla €alpetikd svaiobntwy

aleOntipwy, pe Heyaln akpiBeLa oTLG LETPROELC.

M aAAn katnyopla UAKWVY Tou e€eTtdletal €ival T ApvNTIKA HOYVNTOGUOTOATIKA UALKA, OMWE TO
FeCoSiB. Auta ta UALKA Ttapoucialouv LoLaitepo eviladEpov AOyw tn¢ cupmepLdpopdc TouG o EPOPUOYEG
TAONC KAL POTINC, OTIOU N £€060¢ TAONC QUEAVETAL I LELWVETAL AvAAOya e TNV epappolopevn Tiieon. Auth
N WBLoTNTA Ta KOBLoTA KATAAANAQ yla eLOIKEG eDAPUOYEG ALOBNTAPWY IOV OmaALToUV akpLpr LETpnon

LUNXOVIKWV SUVAUEWV.

T€Aog, To KedaAalo avadEpeTal 0T CUVOETIKA UALKQ, Ta omola armoteAoUV pLol avaduopevn Katnyopia
HE HEYAAO SUVOULKO yla LEAAOVTIKEG £DAPUOYEG. Ta CUVOETIKA UALKG amoTeAoUvVTOL amd HOyVNTIKA 1)
LOYVNTOOUCTOATLKG CUCTOTIKA TTOU EVOWHATWVOVTAL O UATPA KN HAYVNTIKWY UALKWV. Av Kot Sev ivat
akOpa TANPWCG avemtuypéva vy MDL, umdoyovtat va Tipoodépouv vésg Suvatotnteg oTh
payvnToe ootk oUleuén kal va BeAtlwoouv tn oxediaon gvaicOntwv Statdfewv MDL oto péAAov.
JUVOAIKQ, TO KEDAAALO KATAANYEL OTO OTL N eMIAOYN TOU KATAAANAOU UALKOU yLo TNV Kataokeur MDL sivat
kplown yla tnv anodoon Twv alcdntripwy. Ta dpopda Kpapata Kot Ta AEMTd AP armoteAoUV TIC AoV
UTLOOXOUEVEG AUCELG YLOL TG TIEPLOOOTEPEG £POPUOYEC, EVW TA TIOAUKPUOTOAALKA KOl TA OpVNTIKA

HOyYVNTOOUOTOATLKA UALKA TipoodEPouV AUGCELG VLA CUYKEKPLUEVES EEELOIKEVEVEC XPOELC.

To méumnto kedpahoto tng SLatpLPrg, EMIKEVIPWVETAL OTLC edappoyEG Twv MDL yla tnv aviyveuvon B€onc.
Autol oL aleBnTAPEC XPNOLUOTOLOUVTOL OF YPOUUEC TIOPAYWYNC, €PYAOTAPLA SOKWUWY KOl LOTPLKEG
OUGCKEUEC. MapouctaeTal pLa OVAAUGCH TWV TEXVIKWV LETPNONG KAl TWV BACLKWV opXwV AELTOUpYyLOC TWV
aleOntipwv Béong, pe éudoaon otig epappoyEg o anattolv uPnAn akpifela, KaBwe Kal oe cuoTAATA

XOUNAoU KOOTOUG.
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OL awoBntnpeg B£ong pmopouv va KatnyoplomolnBouUv oe S1APOopeg TEXVIKEG UETPNONG, OMWC TO
OUCTNUATA UETOTOMLONG KWVOUUEVWY HOVIUWVY HayvnTwy, TIou Bacilovtal otnv avixveuon taong anod ta
MDL. AUTEG OL GUOKEUEG XPNGOLLOTIOLOUV LOVILOUC HOYVATEG KOL UTTOPOUV VO aVIXVEUCGOUV LETOTOTIOELG
€w¢ kat 20 mm pe Baon tn petaPoln tng tdong €€66ou mou mpokaAsital ano tnv arlayr tou nediou
HOyVNTKNAG TIOAwoNG. H akpifela autwy Twv atodntripwv e£apTaTal amo T YEWUETPLA Kal TNV anootacn

HeTafl TOU HayvnTn KoL TNG YPOUUNG KaBuoTEPNOoNG, MPOohEPOVTAC ULKPEG OTTOKALOELG.

ErmumAéov, mapouoialovtal alcbntripeg mou Boaoilovtal otn PETPNON Tou XpoOvou KaBuotépnong tou
ONUOTOG, OTIOU OL YPAUUEG KABUOTEPNONC EMLTPETIOUY TNV avixveuon Béong pe uPnin akpifeta, £wg Kat
10 um. Autol oL awoBntrpeg sival avBektikol otig TepBAANOVTIKEG €MOPACELS KoL KOTAANAOL ylo
Blopnxavikeg edpapuoyEg, Omou n kivnon tng kedbaAng avixveuong r Tou HayvnTn unopet va umtoAoyLoTel

HECW TOU XpOvou Kabuotépnong.

TéNog, To keddAalo oulntd tn Xpron mepidepelakwv MDL o cuotiuata aviyveuong Béong, omou n
mapaywyrn aletnTApwy ylveTal pe TEXVIKEC AETITWY UHEViwY, TipoodEpovtag sueAtfio Kol olKovopia otnv
napaywyr. Autol oL awoBntipeg mapéxouv Sduvardtnta HaAllkNG Tapoywyng Kot eEAlPETIKA

enavaAnPuotnta ISlotntwy, KaBLoTwvtog Toug KOTAAMNAOUG yLa eUPELeC BLOUNXOVIKEG EDAPHOYEG.

To kepahato cuvoilel tic Suvatdtnteg twv MDL va Asttoupyolv we aoBntipeg Béong os Siadopeg

edapuoyEég, ano cuotnpata xapnAol KO6oToug Ewe cuotnuoata unAng akpipelag.

To €kto kedpalalo Tng SlatpLPrg adopd Touc aodNTAPES TAONG ToU Baci{ovtal OTLG LOyVNTOCUCTAATIKEG
YPOUpESG kKaBuoTtépnong (MDL), kat etetalel Slddopes SLATALELG KoL TEXVOAOYIEG yLa TN HETPNON TAONG,
EOTLAOMEVEC O €PAPUOYEC OTIWG OL aLoONTAPeg ePeAKUCUOU, TA TILECOUETPA KoL Ta dSuvapduetpa. H
xpnon twv MDL oe autég Tig edpappoyEG MPoodhEPEL ONUAVTIKA TAgovekTnpata, Adyw tng uPnAng

guaodnaoiag kat Tng akpiBeLdc toug.

ZTOUG aLoBNTAPECG EDEAKUCHOU, OLOTIOLOL XPNOLLOTIOLOUVTOL VLA TNV aviXvVeUon SUVAUEWYV TAONG O€ UALKQ,
n apxn Aetoupylag Baoiletal otnv aAhayn tng tdong e€66ou Tou MDL dtav To UALKG udloTatal LnXavikn
Katamnovnon. Autég ot Slatdéelg mopouaotdlouy LSLaltepn onpaocia ylo ebopUoyEC OMou amatteitot uPnAn
akpiBela ot HETPAOELG TNC TAONG, e AVCELS TTOU evioXUouV TNV sualodnoia, 6mwe n xpAon XoUNnAng

oUUMOpdwOonNG otn Gopn NG SEoung.

JToug alodntipeg nieong mou Bacilovral oe MDL kataypdadouv miécelg os Stadpopa onpeia tng Statagng,

KaBlotwvtag ta KatdAAnAa yia edapproyEG oTn BLOUNXAVLKN KoL SOULKI LNXOVLKH, 0Ttou n unAn akpifela
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OTLG LETPAOELG TNG Ttieong elval kpiowdn. Autr n texvoloyia e€aodalilel tnv kataypadn pe akpiBela o

amaltnTka neptBariovra, cupBAAAOVTAC OTNV ETIAUGN LNXOVIKWVY TIPOKANCEWV.

MapdAAnAa, ta SUVAUOUETPO KOL Ol PETPNTEC POTHAG TIOU Xpnolpomolovv MDL yia tnv kataypodn
SUVAUEWVY KOl POTIWV ATIOTEAOUV QVOTTOOTINOTO UEPOC SOKLUWY UALKWV KOl LNXAVIKWY Epapoywy, OTIou
n akpifela otn pETpnon Twv SUVALEWV lval amapaitnTn. Autd tTa SUVOUOUETPA ETUTPEMOUV TNV aKPLPh

QELOAOYNON TWV HNXAVLKWVY XOPAKTNPLOTIKWY TWV UALKWY O BLOMNXAVLKEG KOL ETILOTNLOVLKEG EPAPUOYEG.

JUUTIEPACUATLKA, oL atoBntripeg mou Bacilovtatl oti¢ MDL mpood€pouv GNUAVTIKA TTAEOVEKTI LT, OTIWE
XaunAo kootog, uPnAn evalcbnoia kat akpifela, kKaBLoTwvTaG TOUC LOAVIKOUC yla TIOAAEC epapUOYES
TO00 otn Blopnyavia 600 Kal otnv épeuva. H geveAifio aUTWV TWV TEXVOAOYLWV TIC KABLOTA KOTAAANAEG

yla TARB0¢ amattnTKWV ehaPUOYwWY o SLoPoPETIKOUC TOUELG.

To €Bdopo keddlawo TNG dlatplprg aocyxoAsital pe toug alocBntnpeg mediou mou Paocilovtal otig
LOYVNTOCUOTOATIKEG YpaUUEC KaBuotépnong (MDL). Autol ot aiwebntriipec Paocilovtal otnv oapxn
Aettoupylog twv MDL, 6mou n andkpilon tng MDL petaBarletatl Adyw Tng mapouciog payvntikou nediou.
OL aloBnTApeg umopouv va avamtuxBolv os SLOTAEELS LOVOSLACTATWY I TTOAUSLACTATWY CUCTOLXLWY,
ETUTPETIOVTAG TN METPNON TNG KOTOVOUNG EVOC HAyVNTIKOU TESIOU KATA UAKOC N OE TEPLOCOTEPEG
Slaotdoelg. H texvikn autn mpoodEpel TNV SuvatotnTa XAUNANS UOTEPNONG KAl akpLBoUC aviyveuong, Ue

gvaodnaoia tg taéng Tou vavotéoha (nT).

H Baowkn apxn Asttoupyiag evog alobnthipa payvnTikoU mediou mepAapuPAvel TN LETASO0N TOALLKOU
PEVUATOC HECW EVOG aywyoU TomoBetnuévou kabeta otnv MDL. To MAAULIKO peUpA TTAPAYEL LAYVNTIKO
Tedlo TTOU LETATPEMETOL OE EAQCTIKO TIAAUO AOYW TOU PALVOUEVOU LOYVNTOOUOTOANG, KOL QVIXVEVUETAL
arntd tnv MDL. To mMAAQTOG TNC QVLXVEUOMEVNG TAong £E06ou efaptdtal amod To payvntiko mebio,

ETUTPEMOVTOC TN Snoupyia evoc alobntipa payvntikou nediou.

Ou awoBntipe¢ MDL pmopouv va StapopdwBolv oe povodldotateg 1 TMOAUSLACTATEG OLATALELC,
XPNOLLOTIOLWVTAC CELPA TIOAMLKWY aywywv KABeTwv otig MDL, dnuioupywvtag €10t pia oelpd eEAACTIKWY
TAARWVY o aviyvelovtal oo tnv MDL. Auth n texvoloyio EMITPEMEL TN HETPNON LAYVNTIKWVY Mediwv ot
TPAYUOTIKO XpOvo, TipoodEpovtag sueliia kol akpifelo ot edpopUoyEC Omou eival amapaitntn n

aKpLBA¢ Kataypadn tou rediou.
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ZUVOALKA, TO KEDAAALO KOTAANYEL OTL oL aleOnTrpeg medlov MDL mapéxouv povadikég SuvatotnTteg otny
avixveuaon kol kataypadn HoyvnTKwy nedlwv, Ye SuvatotnTeg avamntuéng moAudLAcTATWY GUOTOLXLWY

yla 1o ouvOeTeg ePAPOYEG.

To oyboo kedahawo tng Satplpng sotidlel ot dappoyeG Twv MayvnTooUOTAATIKWY [POUUWY
KaBuotépnong (MDLs) og Stadopoug Topels, 6mwe n Blopnxavia, n BLoiatpLkr UNXOVLKI KoL N TIOALTLIKA
pnxavikn. Ot MDLs mpoodépouv Kalvotoueg AUoelg oe Bfpata aviyveuong, mapéxovrag uvPnAn

evaoOnota kal akpipela o KPIOLUES LETPAOELC.

‘Evag amnod toug Baocikolg Topeig epappoyng Twyv MDLs elvat ot pn kataotpentikeg SokLuEG (NDT), oL omoieg
XPNOLLOTIOLOUVTAL VLA TNV OVIXVEUGN EAQTTWUATWY O VALKA. MEOw avAaAUoNG HAYVNTIKWY VWUOALWV
KOl PEUMATWY SLVOpPEUUATWY, ot MDLs pumopouv va avixveUoouv pwypEG Kal GOopPEG 0 KATAOKEVEG,
OTWC VEDUPEC KaL TOUVEA, ETIITPETMOVTOC TN CUVEXH TIapakoAoONaoH ToUC Kal TNV £yKalpn cuvtnpnon. Xtn
BlolaTplki Kol XNHLKNA pUnxovikr, ol MDLs Bplokouv eboapuoyEg otnv avixveuon tng mAENg Tou aipartog,
KaBw¢ Kol otov Poobloplopd Tou XPOVou OTEPEOMOinNoNg UYypwV o XNUIKEG Sladikaoieg. O MDL
aLoONTAPEG TAPEXOUV OKPLPEIC UETPNOELG, ETLTPEMOVTOC TNV OVATTUEN LATPLKWY CUCKEUWV KOL TN
BeAtiwon twv XNULKWV Slepyoolwy. ITOV TOMEA TNG UNXAVLKAG, ol MDLs xpnolpomolouvtal ylo thv
TapaKkoAoUONOoN TACEWV KOL TIECEWV OF KATOOKEUEG, OTWE dpayuata Kal yEDupeg, MPOoohEPOVTOG
0ELOTILOTEG UETPAOELC O TIPAYHATIKO XpOvVo. AUTEG oL TeXVoAoyieg cupBAAAOUV oTnV amoduyr AoTOXLWY

KOlL OTNV £yKOLPN CUVTAPNON TWV KATOOKEUWV.

JuvoAikd, ot MDLs mpoadépouv mAnBwpa epappoywv oe §1adopou TOUELS, KABLOTWVTAG TG HLa EVEALKTN
KOl amodoTLKA TeEXVoAoyla aobNnTAPwWY yla PN KATAOTPEMTIKEG SOKIUEG, BLOUNXOVIKEG, BLOLATPLKEG Kol

aOANTIKEC epaplOYEG.
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Figure 3.20. Arrangement of the device. (1) Magnetostrictive delay line (MDL), (2) Exciting
coil, (3) Receiving coil, (4) Long, short-circuited coil, (5) Applied weight on the MDL, (6)
Current amplifier.
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Figure 3.27. The dependence of the longitudinal sound velocity on the applied tensile stress
for Fe;7.5Si7.5B1s amorphous wire tested after stress-relief process at 370°C for 15 minutes,

under 0 A/m (black circle) and 90 A/m (white triangle) bias magnetic field.

Figure 3.28. The MDL resolution is defined as the minimum distance between two
consequent excitation points in order to detect two distinct voltage pulses. (1) MDL, (2)
Search coil, (3) and (4) Pulsed current conductors. In most crystalline MDLs such a distance is
80 mm.
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dependence on the applied excitation current.

Figure 3.30. The dependence of the voltage output Vo on the pulsed current width T.

Figure 3.31. The dependence of the MDL resolution on the number of turns of the receiving

coil.
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Figures 3.32. The dependence of the amplitude of the voltage output Vo on the number of
turns of the receiving coil.

Figures 3.33. Opimized MDL output with respect to the excitation pulse (y-axis in mVolts and
X-axis in ps).

Figure 3.34. The MDL impulse response, for different pulse widths and amplitudes (y-axis in
mVolts, x-axis in ps). (a) H=0.8 A/m, (b) H=1.6 kA/m, (c) 2.4 kA/m.

Figure 4.1. Microcracks on the surface of a magnetostrictive material prohibit the
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Figure 4.3. Absence of defects results in a significant improvement of non-uniformity.
Figure 4.4. Shape induced anisotropy may occasionally help the improvement of the
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accompanied by repeatable and unhysteretic MDL response. Even partial nano-crystalline
ribbon (right) resulted in small and hysteretic MDL response.

Figure 4.6. Nano-crystalline Fe-rich alloys cannot operate as MDLs due to the very small BI(H)
function mainly due to the co-existence of positive and negative magnetostrictive phases.
Figure 4.7. A typical dependence of the MDL response Vo on the applied pulsed field He.
Figure 4.8. Longitudinal sound velocity dependence as-cast (a) and heat treated (300°C for 1
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Figure 4.9. Typical absolute amplitude MDL voltage output dependence on the applied
biasing field at the excitation (a) and search (b) regions, concerning as-cast amorphous Fe-
rich ribbon. Measurements have been realized by exciting with pulsed excitation field He 200
A/m (white triangles), 400 A/m (circles) and 600 A/m (black triangles).

Figure 4.10. Pulse width dependence of the MDL for as-cast amorphous ribbons under
different excitation currents.

Figure 4.11. MDL voltage output dependence on biasing field, concerning as-cast Fe-rich
amorphous wires. The presence of the large Barkhausen jump can be observed.

Figure 4.12. Stress dependence of amorphous wires used as MDLs.

Figure 4.13. Torsion dependence of amorphous wires used as MDLs.
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Figure 4.14. Sound velocity dependence of Fe;sSi;Bis of as-cast (a) and stress-relieved (b)
wires.

Figure 4.15. Pulsed current width normalized MDL response in amorphous as-cast wires.
Figure 4.16. Magnetoelastic uniformity response for a glass removed CGA wire by chemical
etching.

Figure 4.17. MDL voltage output dependence on the pulsed exciting current field for the GCA
wire.

Figure 4.18. The MDL dependence of Vo on the bias field at the region of excitation.

Figure 4.19. Magnetoelastic uniformity response for a complete glass removal GCA wire.
Figure 4.20. Pulsed width response of GCA wires.

Figure 4.21. Magnetoelastic uniformity in as-cast ribbons, wires and high frequency annealed
glass covered wires.

Figure 4.22. The configuration of the thin film MDL.

Figure 4.23. The 6 miniature MDLs silicon wafer schematic.

Figure 4.24. The process sequence in the miniature MDL fabrication.

Figure 4.25. The linear longitudinal and transverse magnetostriction of Ni and Fe7SisB20Ca
alloy films.

Figure 4.26. Thin film MDL output dependence on pulsed excitation current.

Figure 4.27. Thin film MDL output dependence on the displacement of a Nd;Fei,B:
permanent

Figure 4.28. MDL thin film using MR element as search means. (a) Top view, (b) Side view. (1)
Substrate or wafer, (2) Insulating layer, (3) FezoB1sSiis thin film, (4) Cu thin film acting as
pulsed current conductor, (5) insulating layer, (6) Three-layered MR structure, (7) Fe7oB1sSiis
thin film operating as MDL medium.

Figure. 4.29. A thin film arrangement using an electrostrictive delay line, coupled with
magnetostrictive material.

Figure 4.30. Operation of the SAW based thin film. (a) Operation of the electrostrictive delay
line coupled with a magnetostrictive material, (b) effect of biasing field in the arrangement,
(c) effect of applied load on the arrangement.

Figure 4.31. Stress dependence of Fe, Ni and Fe-Ni polycrystalline wires after flash annealing.

Ni wire illustrated the expected increasing response, as negative magnetostrictive material.
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Figure 4.32. Applying pressure on a negative magnetostrictive MDL under various pulsed
excitation currents |l results in a decrease of the MDL output: the MDL acts as acoustic
waveguide.

Figure 4.33. Applying tensile stress on a negative magnetostrictive MDL results in an increase
of the MDL output.

Figure 5.1. Moving magnet displacement sensor causes change of the elastic pulse at the
excitation region. (1) MDL, (2) Excitation coil, (3) Search coil, (4) Moving magnet.

Figure 5.2. Distribution displacement sensor based on the sensing element of Figure 5.1. (1)
MDL, (2) Array of pulsed current conductors, (3) Search coil, (4) Array of moving magnets.
Figure 5.3. Moving magnet on top of the search coil changes permeability and flux at the
measurement region. (1) MDL, (2) Excitation coil, (3) Search coil, (4) Moving magnet.

Figure 5.4. Distribution displacement sensor based on the sensing element of Figure 5.2. (1)
MDL, (2) Array of pulsed current conductors, (3) Search coil, (4) Array of moving magnets.
Figure 5.5. Response of the sensor of Figure 4.1 using as-cast amorphous FezsSi;B1s ribbons.
Figure 5.6. Response of the sensor of Figure 4.3 using as-cast amorphous FezsSi;B1s ribbons.
Figure 5.7. Response of the sensor of Figure 4.1 using FeCoCrSiB wire as MDL.

Figure 5.8. Response of the sensor of Figure 4.3 using FeCoCrSiB wire as MDL.

Figure 5.9. A 3-dimensional digitizer based on the sensor of Figure 4.1.

Figure 5.10. Moving either the excitation or the search coil results in a change of the MDL
voltage output delay time. (1) MDL, (2) Excitation coil, (3) Search coil.

Figure 5.11. Moving magnet position sensor based on the delay time of the MDL output due
to the displacement of the magnet along the long search coil. (a) the schematic operation,
(b) a rather industrial schematic, representing the sensor structure. (1) MDL, (2) Excitation
coil, (3) Search coil, (4) Moving permanent magnet.

Figure 5.12. The position sensor. (1) Magnetostrictive delay line, (2) Excitation coil, (3) Array
of search coils, (4) Moving magnet, (5) Application specific circuit, (6) Excitation circuit, (7)
Analogue amplifier, (8) Oscillator/counter, (9), Analogue to digital converter.

Figure 5.13. A typical response of the sensor illustrated in Figure 4.12.

Figure 5.14. Circumferential MDL and corresponding delay-time based moving magnet

position sensor.
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Figure 5.15. The schematic of the new position sensor. (1) Magnetostrictive delay line (MDL),
(2) Pulsed current conductors, (3) Conducting connector for the pulsed current conductors,
(4) Search coil, (5) Soft magnetic material, (7) Movable permanent magnet, (9) Conducting
connection for the pulsed current conductor connection on the electronic board, (10a)
Electronic pulsed current generation circuit, (10b) Electronic received signal conditioning
circuitry, (11) ASIC integrating circuit for (10a) and (10b), (12) DC power supply pins, (13) Pins
for the transmission of the conditioned signal out of the sensor, (14) Pins for the delivery of
the searched signal from the search coil, (15) Pins for the pulsed current transmission to the
pulsed current conductors. (A) Electromechanical part of the position sensor, named sensing
element, including the MDL, pulsed current conductors, soft magnetic ribbon and insulating
(preferably plastic) film separators, (B), Sensor electronic board including pulsed current
conductor connection, search coil, pulsed current generation circuit and received signal
conditioning circuitry and (C) Termination of the position sensor, hosting the conducting

connector for the pulsed current conductors covering the end of the MDL.

Figure 5.16. Cross section of the sensing element including the permanent magnet acting as
sensing core. (1) Magnetostrictive delay line (MDL), (2) Pulsed current conductor, (5) Soft
magnetic material, (6) Foam holding the MDL in position without attenuating the propagating
elastic pulse, (7) Movable permanent magnet, (8), Insulating (plastic) film separator.

Figure 5.17. The set-up used for the determination of most of the developed position sensors.
Figure 5.18. Field dependence of the sensor using amorphous FeSiB and Fe crystalline wires.
Figure 5.19. Sensor voltage output dependence on temperature concerning amorphous
Fe;sSi;B1s MDL and NisFe polycrystalline ribbon.

Figure 5.20. Sensor voltage output dependence on temperature concerning polycrystalline
Fe MDL and NisFe polycrystalline ribbon.

Figure 5.21. Uncertainty measurement of the position sensor using as-cast amorphous
Fe;sSi;B1s wire and magnetically annealed NisFe polycrystalline ribbon.

Figure 5.22. Application of the sensor in measuring position, velocity and acceleration of a
moving pneumatic piston, with respect to a steady position sensor. (1) Moving permanent
magnet at the end of the moving piston, (2) Moving piston, (3) Groove able to hold the sensor

and the electronic board.
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Figure 5.23. Application of the sensor in measuring the absolute ground velocity of a moving
magnetic body, with respect to a steady position sensor. (1) Moving magnetic body parallel
to the position sensor with velocity v, which is measured by the position sensor. (A) Position
sensing element, (B) Sensor electronic board.

Figure 5.24. Application of the sensor in measuring the absolute ground velocity of a moving
object with respect to a not moving permanent magnet. (1) Permanent magnet fixed in
position, (2) Moving object parallel to the permanent magnet fixed in position with velocity
v, carrying the position sensing element (A) and its electronics (B).

Figure 5.25. Application of the sensor in measuring liquid level. (1) Permanent magnet on top
of liquid, (2) Tank with liquid, (3) Surface of liquid of the tank, (4) Floater on top of liquid. (A)
Position sensing element.

Figure 5.26. Accelerometer schematic arrangement. (1) Magnetostrictive delay line, (2) Glass
substrate, (3) Detecting coil, (4) Permanent magnet, (5) Pulsed voltage integrator, (6) Field
screening soft magnetic material.

1e response of the sensor.

Figure 5.28. Temperature dependence of the accelerometer.

Figure 5.29. Accelerometer output dependence with (a) and without (b) magnetic shielding.
Figure 5.30. Accelerometer output response dependence on the maximum displacement of
the moving magnet.

Figure 5.31. Measuring the displacement of soft magnetic materials. (1) Soft magnetic core,
(2) MDL, (3) Pulsed current conductor, (4) Search coil.

Figure 5.32. Response of the sensing elements illustrated in Figure 4.31.

Figure 5.33. Response of the sensing element shown in Figure 4.31d under various distances
of the sensing cores.

Figure 5.34. Basic diagram of the absolute and incremental angular position sensor working
according to the MDL principle. (1) MDL, (2) Search or Receiving coil, (3) Balanced pulsed
current conductors, (5) Soft magnetic tape.

Figure 5.35. The response of the absolute and incremental angular position sensor.

Figure 5.36. A 2-dimensional tactile array based on the sensing principles demonstrated in

Figure 5.31.
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Figure 5.37. Arrangement of the moving conducting disk position sensor. (1) MDL, (2) Pulsed
current conductor, (3) Receiving coil, (4) Moving conducting disk.

Figure 5.38. The response of the sensor moving conducting disk position sensor.

Figure 5.39. Atwo - dimensional digitiser based on the MDL technique and the displacement
of a conducting disk. (1) MDL, (2) Pulsed current conductor, (3) Receiving coil, (4) Moving
disk.

Figure 6.1. The schematics of various tensile stress sensing arrangements. (1) Sensing core,
(2) MDL, (3) Pulsed current conductor, (4) Search coil.

Figure 6.2. Typical response of the tensile stress sensing arrangements illustrated in Figure
6.1.

Figure 6.3. Alow compliance beam structure force sensor. (1) MDL, (2) and (3) Ribbon sensing
cores to be stressed and compressed respectively, (4) 1.5 mm thick non magnetic support of
the sensing cores, (5) Three-layer support for the MDL, (6) Beam support.

Figure 6.4. The response of the sensor of Figure 5.3, using Vitrovac 7605 magnetoelastic
ribbon.

Figure 6.5. Basic diagram of a two-dimensional discrete force sensor. (1) MDL (2) Pulsed
current conductor. (3) Point of applied force F (4) Active core.

Figure 6.6. Sensor arrangement. (a) Discrete tensile stress sensor; (b) one-dimensional
sensing array. (1) MDL, (2) Pulsed current conductors, (3) MDL 3. Delay line support, (4)
Search or receiving coil, (5) Epoxy glass ribbons, used as supports of the active core, (6)
Copper for soldering the active core, (7) Active core.

Figure 6.7. Basic procedure for manufacturing the beam force sensor. (1) 1.5 mm thick fiber
glass bar orthogonal to the delay line, (2) 0.1 mm thick fiber glass planes, (3) 0.1 mm thick
fiber glass bars for making the MDL channels, (4) Fiber glass bars parallel to the MDL, (5) MDL,
(5) Compressible ribbon, (7) Stressable ribbon.

Figure 6.8. The basic principle of the MDL pressure gauge.

Figure 6.9. Response of the MDL pressure gauge.

Figure 6.10. A pressure distribution sensor based on the MDL pressure gauge. (1) MDL, (2)
Search coil, (3) Pulsed current conductor.

Figure 6.11. Schematic of the force digitizing sensing element.
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Figure 6.12. The reflection response on force of the force digitizing sensing element of Figure
6.11.

Figure 6.13. Force digitizing array sensor. (1) MDL, (2) Pulsed current conductor.

Figure 6.14. Detail of the sensing element of the digitizer: ( 1) MDL, (2) MDL substrate, and
(3) substrate used to apply transform pressure to the line.

Figure 6.15. Schematic of the load cell and torque meter sensing element.

Figure 6.16. Operation of the load cell (a) and torque meter (b).

Figure 6.17. Load response of amorphous Fe-rich wires after different treatment.

Figure 6.18. Dependence of the MDL pulsed voltage output Vo on the applied stress using
amorphous ribbon, wire and glass covered wire.

Figure 6.19. A typical MDL response on the applied torsion using amorphous wire.

Figure 6.20. Dependence of the MDL voltage output Vo on the applied torsion using
amorphous wire and glass covered wire.

Figure 6.21. Schematic of the thin film thickness sensor based on the MDL technique. (1)
Magnetostrictive element, (2) Glass substrate, (3) Current conductors at the excitation region,
(4) Silver paint, (5) Current conductors at the sensing region, (6) Pulse generator, (7)
Oscilloscope, (8) PC.

Figure 6.22. The response of the sensor of Figure 6.21.

Figure 7.1. MDL output waveform change with applied bias field at the receiving coil, using
amorphous wire. Numbers from 1 to 10 indicate the amplitude of the applied bias field
opposing the pulsed excitation field multiplied by 100 A/m.

Figure 7.2. MDL voltage output dependence on dc bias field applied at the excitation (a) and
search region (b).

Figure 7.3. MDL field sensor response using amorphous ribbon in the as-cast form and after
annealing.

Figure 7.4. MDL field sensor response using amorphous ribbon after stress-current annealing
and various excitation currents.

Figure 7.5. A long coil MDL array field sensor.

Figure 8.1. A single point field sensor for magnetic anomaly non-destructive testing.

Figure 8.2. A magnetic anomaly distribution sensor.

Figure 8.3. Magnetic anomaly NDT sensor based on the arrangement of Figure 2.20.
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Figure 8.4. A typical response of the sensor of Figure 7.3 in measuring width and depth of
cracks as well as diameter of holes in metallic surfaces.

Figure 8.5. Detecting cracks on a metallic surface using a combination of MDLs and eddy
currents.

Figure 8.6. Operation of the sensor of Figure 8.5

Figure 8.7. Response of the sensor based on Figure 8.4, concerning aluminum artificial
defects. Different voltage outputs at the same delay time or artificial defects, correspond to
different excitation current le.

Figure 8.8. Arrangement based on the sensor of Figure 5.1c, used for permeability
measurement. (1) MDL, (2) Pulsed current conductors, (3) Search coil, (4) Reference soft
ferromagnetic material, (5) Under test ferromagnetic surface.

Figure 8.9. Typical MDL voltage dependence on the permeability of ferritic steel.

Figure 8.10. The coagulation-sensing element.

Figure 8.11. Overcoming the problem of mass quantity.

Figure 8.12. The schematic of the experimental set-up for the blood coagulation

measurement.

Figure 8.13. A typical dependence of the MDL pulsed voltage output on coagulation time.
Figure 8.14. MDL pulsed voltage output dependence on coagulation time.

Figure 8.15. Typical distortion of the MDL output waveforms with curing time.

Figure 8.16. Typical dependence of the MDL pulsed voltage output on the curing of the above
mentioned liquids.

Figure 8.17. Correlation between exponential coefficient a and the index of diabetes
measured in blood.

Figure 8.18. Measuring blood coagulation using reflections of the MDL set-up.

Figure 8.19. Reflection based blood coagulation time measurement.

Figure 8.20. Dependence of the MDL reflection amplitude of time, during blood coagulation.
Figure 8.21. Schematic of the tensile stress sensor.

Figure 8.22. A cordless arrangement of the tensile stress sensor.

Figure 8.23. A typical response of the tensile stress sensor, for different pulsed excitation

current amplitudes.
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Figure 8.24. MDL output dependence on the distance between tensile stress sensing core
and MDL set-up.

Figure 8.25. Response of the tensile stress sensor concerning various gaps of sensing core
and MDL.

Figure 8.26. The sensor arrangement. (a) Schematic of the sensor, (b) Details of the pair of
conductors: (1) array of parallel conductors sandwich, (2) rechargeable battery, (3) MDL, (4)
search coil, (5) ground of current conductors, (6) long jump field, (7) insulating soft plastic
springs, and (8) MDL support.

Figure 8.27. Acoustic dispersion in as-cast wires (rectangles) and ribbons (rhombs).

Figure 8.28. Acoustic attenuation in as-cast wires (rectangles) and ribbons (rhombs).

Figure 8.29. Acoustic dispersion in annealed wires (rectangles) and ribbons (rhombs).

Figure 8.30. Acoustic attenuation in annealed wires (rectangles) and ribbons (rhombs).
Figure 8.31. The uncertainty of our sensing system with respect to classical metric
measurement.

Figure 8.32. Permeability (a) and magnetization loops (b) concerning FessSizBi1s amorphous
wire after stress-current annealing.

Figure 8.33. Permeability (a) and magnetization loops (b) concerning FesSizBi1s amorphous
ribbon after thermal annealing.

Figure 8.34. Normalized MDL response on biasing field at the excitation point (a) and
integration of the MDL voltage output corresponding to the dc A-H loop (b).

Figure 8.35. Normalized V./He MDL response on the pulsed field (a) and integration of V,/He
corresponding to the ac A-H loop (b).

Figure 8.36. The schematic of the classic MEU instrument. The 5-turn excitation coil (1) was used to
generate the elastic pulse, while the 300-turn search coil (2), developed on top of two substrates (3).
The search coil was sliding on the under test cylinder (4), while its peak pulsed voltage output was
monitored.

Figure 8.37. The schematic of the sound velocity instrument. The assembly of the excitation (1) and
search (2) coils, fixed at a distance of 70 mm between them, developed on a single substrate, was
sliding along the length of the magnetostrictive tube (4), measuring the delay time between the
excitation and the voltage output pulse.

Figure 8.38. A typical pulsed voltage output of the search coils of Figures 8.36 and 8.37. The time scale

(X-axis) is in seconds and the voltage scale is in Volts.
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Figure 8.39. The schematic of the fast MEU instrument. The 5-turn excitation coil (1) was used to
generate the elastic pulse, while the two-layer 900 mm long search coil (2), developed on top of a long
substrate was steady in position, to test without moving the under test cylinder (4).

Figure 8.40. Response of the classic MEU instrument, illustrating the dependence of the pulsed voltage
output of the search coil on the distance from the excitation coil. The effect of the two artificially made
stress fields at a 40 cm distance between each other is clearly observable. After overpassing each stress
field, the amplitude of the propagating elastic pulse decreases due to reflections at the stress field
area.

Figure 8.41. Response of the sound velocity instrument, illustrating the dependence of the delay time
excitation and detected pulse, corresponding to the change of sound velocity of the material, since the
two coils are fixed in position. No damping effect is observable, as expected.

Figure 8.42. Response of the fast MEU instrument, illustrating the dependence of the pulsed voltage
output of the search coil on the distance from the excitation coil. The response is similar to the
response of the classic MEU, without sliding need of the search coil.

Figure 8.43. The schematic of the B-H loop and eddy current instrument. The 300-turn secondary coil
(1) was developed directly on top of the plastic substrate (2), while the three-times longer excitation
coil (3) was on top of the search coil. The assembly was sliding on the under test cylinder or tube (4),
while the peak voltage output of the secondary coil was monitored.

Figure 8.44. B-H loop response

Figure 8.45. Eddy current response
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1 Magnetic effects in sensing

Sensors and transducers have an increasing interest because of their importance in many technological
applications [1]. All modern vehicles and transportation means use a vast variety of sensors and
transducers, thus allowing a safer and more comfortable way of driving and commuting. The operation of
all medical instruments is based on sensors. Industry is also employing more and more transducers for the

monitoring and control of production lines.

In the literature, sensors have been categorized in several ways [2]. In the present work, they are
categorized according to the following three principles: the first one is the subject of measurement, the
most significant divisions being physical and chemical sensors; the second principle concerns the physical
phenomenon and material on which the operation of the sensor is based, the main categories being
conducting, semiconducting, dielectric, magnetic and superconducting sensors; and the third one
concerns their applications, the main categories being industrial, transportation, automotive, medical,

military, domestic and environmental sensors.

Magnetic sensors play a significant role in physical measurements used in all kinds of applications [3,4].
The most often used magnetic phenomena in today’s magnetic sensor technology are the magneto-
resistance [5], the magneto-impedance [6], the magnetostriction [7], the electromagnetic induction [8]
and the Hall effect [9]. The dynamics of magnetic domains is the main mechanism responsible for magnetic
effects used in sensing applications [10]. Any possible use of the dynamic response of this mechanism can
result in a sensing element. There are two distinct cases of domain dynamics, one of which is the domain
wall dynamics and the other one the domain rotation dynamics. There also exist dependent effects derived

from these dynamics, both macroscopic and microscopic.

Magnetostriction, a particular effect in magnetic materials, has been thoroughly investigated in terms of
theory and modeling as well as in terms of experimental details and applications [11-16]. The theory of

magnetostriction is mainly based on the principles of micromagnetics [17]. The applications concern
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sensors and actuators, requiring materials of engineering magnetostriction constant in the order of 10

ppm and 1000 ppm, respectively.

A technique that utilizes the magnetostriction effect in the design and development of sensors measuring
displacement, stress and field is the magnetostrictive delay line (MDL) technique [18], analyzed in this
Thesis. In this work, the main topologies, properties and materials based and used in the MDL technique
as well as their sensing applications are presented. The promising results of these sensors in industrial,

automotive and military applications make them attractive in terms of sensitivity, uncertainty and cost.

The main magnetic effects used in sensing are based on domain wall and domain rotation dynamics as
well as the macroscopic and microscopic mechanisms dependent on domain dynamics. These effects are
briefly presented bearing in mind that a key parameter in magnetic sensors is the hysteresis in their
response. Hysteresis should be negligible in applications like mechanical and field sensors in order to
improve the uncertainty level of the sensors, but it should be heavily present in applications like security

sensors to improve the stability of the stored information.

1.1 Domain wall dynamics.

The dynamics of domain walls and their corresponding use in sensor applications concern their nucleation
and mobility or propagation in the magnetic substance [19]. There are two mechanisms of domain wall
propagation, namely the bowing process and the parallel motion of the domain walls. The mode of
propagation depends on the energy stored in these walls. Low energy walls propagate through the bowing
process as shown in Figure 1.1a while high energy walls propagate more rigidly as shown in Figure 1.1b.
The bowing process is more likely to occur in soft magnetic materials, which are low pinning materials,
while the more rigid motion occurs in the harder ones. The reversibility of the domain wall propagation
determines the presence or not of hysteresis in the phenomenon used in the sensing element and depends
mainly on the defects in the magnetic substance and the pinning effect of magnetic dipoles. Domain wall
dynamics are used for small field measurements as well as for mechanical sensors based on small field

measurements [20].
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Therefore, the sensor designer using domain wall dynamics should tailor the magnetic material with

respect to the application in request. If the case is a sensor based on domain wall propagation with

hysteresis in the minimum possible amplitude, the material should include as less defects as possible and

be as soft as possible. This may be controlled through the composition of the material, as well as through

annealing of the material in order to minimize the internal stresses generated by the above-mentioned

defects, targeting coercive fields of the order of 1 A/m [21].

In this case, the material should have low
magnetostriction and correspondingly low
magneto-elastic response to avoid cross-
talk with possibly uncontrollable stray
magneto-elastic waves. One can fulfil both
requirements by using FeCoSiB wires of
magnetostriction in levels of 0.1 ppm, after
thermal annealing and sometimes
magnetic field annealing [22], while using a
magnetostrictive substance may result in
high levels of Barkhausen noise. Typical
annealing conditions are of the order of 30-
60°C /min for the rising temperature,
steady state conditions of 300°C - 750°C for
10 — 60 minutes and finally slow cooling in

Ar atmosphere for about 12-24 hours.

DD

Initial domain Propagating domain
(@

Initial domain Propagating domain
(b)

Figure 1.1. Modes of propagation of domain walls. (a) Low
energy walls (b) high energy walls

Typical field conditions during annealing are 800 — 8000 A/m. Another technique also used in the material

tailoring is the stress — current annealing, with typical values of tensile stress and current of 100 — 500 MPa

and 100 — 300 mA respectively [23]. On the contrary, in security sensors the pinning defects or the

controllable introduction of defects on the surface of the material can result in a significant improvement

of the sensor stability.
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1.2 Domain rotation dynamics.

Domain rotation dynamics have two distinct areas of operation, the irreversible and the reversible area
[24]. Irreversible rotation occurs when the magnetic domains, oriented along a given easy axis A, re-orient
along another easy axis B, closer to the axis of the external field H, because of the presence of this field,
as shown in Figure 1.2a. Reversible domain rotation occurs after the irreversible rotation process has taken
place. Since the new easy axis B is, in general, not the same as the axis of the external field H, the magnetic
dipoles rotate reversibly towards the axis of the external field H, as shown in Figure 1.2b. After the removal
of the external field, the magnetic domains rotate back to the easy axis direction B, along which they had
been initially and irreversibly re-orientated. In general, magnetic domains do not return back to their initial

easy axis A.

Both reversible and irreversible processes are associated with the presence of magnetostriction. The
irreversible process is additionally responsible for the small or large Barkhausen jumps, introducing
magnetic noise in the sensing element. Employing the irreversible process results in hysteresis in magnetic
rotation, as well as in a relatively higher level of noise with respect to the reversible process. Both
hysteresis and noise affect the uncertainty of any possible magnetic device used for sensing. Therefore, if
the aim is the development of a sensor, where hysteresis and noise should be minimized, only the

reversible area of domain rotation should be used.

On the contrary if the aim is high hysteresis, the irreversible area of the domain rotation should be used.
The domain rotation effect has found applications mainly in the field of mechanical sensors [25]. The
dynamic behaviour of these processes can result in elastic waves, propagating along the magnetic
substance. This is precisely the basis of the MDL technique [26-29]. The MDL technique has been
extensively studied in order to understand its operation and optimize its performance [30-33] using a

variety of methods [34-39].
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Figure 1.2. Irreversible and reversible rotation in magnetic
domains. (a) Irreversible orientation along easy axis A or B, (b)

Reversible small magnetization angle rotation (SMA).

A vast variety of magnetostrictive materials
have been developed up to now. Today, the
materials exhibiting the largest possible
magnetostriction are the recently
developed magnetic shape memory (MSM)
alloys [40], exhibiting dimensional changes
in the order of 1% to 10%. Their operation
is based on the martensitic — austenitic
transformation even at room temperature

due to the change of the biasing field.

Before the development of MSM alloys, the
materials exhibiting the largest
magnetostriction were the rare earth —
transition metal alloys, with saturation
magnetostriction in the order of 800 ppm
to 2000 ppm [41-43]. Combination of rare
earth elements and magnetic substances,
like iron, nickel and cobalt, resulted in the
development of Terfenol and other similar
alloys, which have been extensively used in

engineering applications.

Soft magnetostrictive alloys based on iron,

nickel and cobalt exhibit a relatively low

magnetostriction in the order of 30-100 ppm and are generally used as MDLs. The needs in modern sensor

development would not allow the use of the classical polycrystalline materials and led to the development

of the amorphous magnetostrictive alloys, like ribbons, wires and glass-covered wires, prepared by rapid

qguenching techniques [44-49].

The amorphicity of the used magnetostrictive material helps in the minimization of the irreversible

rotation process, because of the minimization of the coercive field and the field range responsible for the

irreversible domain rotation. The need for miniaturization has led research groups to develop MDL
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arrangements in thin film structure, thus enhancing the possibility of developing integrated systems [50-
52]. Furthermore, the need for better sensor characteristics has led to the development of nano-crystalline
magnetostrictive ribbons and wires [53-55] with even lower hysteresis, which can be used as MDLs,
provided that they can exhibit magnetostriction. Recently, an interesting composite material including
magnetostrictive substance in a non-magnetic matrix has been proposed for magnetoelastic applications

[56].

When designing a sensor using the effect of domain rotation, one should tailor the magnetic material in
order to minimize the amplitude of the external field responsible for the irreversible rotation process and
correspondingly maximize the external field range for reversible rotation. Annealing techniques have been
employed, targeting the proper tailoring of the magnetostrictive elements [57-63]. These techniques
mainly include heat annealing, field annealing and stress-current annealing, not only eliminating the
defects of the material, but also re-orienting the magnetic anisotropy in order to eliminate the irreversible
swift process of the domain rotation. The elimination of the irreversible process occurs simply because of
the absence of an easy axis direction near the direction of the external field H. In this case, the magnetic
field in the field annealing process should be perpendicular to the easy axis of the material. The

magnitudes of temperature and field are similar to those in the case of domain wall dynamics.

The pu(H) function is the most important characteristic regarding the MDL operation, since it can model the
operation of an MDL set-up and consequently a sensor arrangement based on the MDL technique. Proper
tailoring should take into consideration the dynamic response of B(H) with respect to frequency and not
only the saturation magnetostriction constant Bs or the static magnetostriction function. A number of
instruments have been developed in order to measure the dynamic characteristics of this function as well
as the engineering magnetostriction constant Bls [64-71]. An excellent review of such measurement

techniques is given in [72].

1.2.1 Dependent mechanisms.

Apart from the domain wall and domain rotation dynamics, there are other dependent magnetic effects,

which can be measured and used as macroscopic electrical and magnetic properties of the material.

The most well-known and used effect is the magneto-resistance effect [73-78], observed mainly in
magnetic thin films. According to this effect, the dc electrical resistance of a magnetic film changes about

2-3%, with respect to the externally applied magnetic field, due to the magnetic domain rotation and in
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some cases due to domain wall nucleation. The most significant magneto-resistive effect, the “giant”
magneto-resistive effect, appears in magnetic thin film multi-layers where the change in resistance hovers
in the range of 50-80% at room temperature. This “giant” effect is due to the perpendicular anisotropy of
the magnetic layers causing a large magnetic moment rotation. Recently, the “colossal” magneto-resistive
effect has been observed in magnetic oxides, offering even larger changes in resistance, but in cryogenic
environments. The magneto-resistive effect is mainly used in field sensors and recording media
applications. Another effect, which has also found applications, is the ac magneto-resistance effect or
magneto-impedance effect [79-85]. According to this effect, the ac resistance or impedance of a magnetic
substance varies with the applied field. This effect also exists in non-ferromagnetic materials due to the
skin effect, although its amplitude is much smaller than in ferromagnetic materials. In some zero-
magnetostrictive wires, with circumferential magnetic anisotropy, the magneto-impedance changes more
than 100% with respect to the applied external field. Although this effect has only recently been studied,
it has already been used in industrial and automotive applications due to its great sensitivity in magnetic

field.

Another effect attracts the interest of the field sensor market and mainly the recording media market. This
is the spin valve effect [86-90], according to which an especially designed magnetic arrangement exhibits
non-symmetrical B-H response. This property allows very well localized field measurements with an
acceptable accuracy. Apart from that, the spin tunneling effect has also been used in recording media and

accurate field measurements [91,92].

Apart from these, the rather classical inductive effects [93] have been implemented in the form of the
fluxgate set-up [94] for accurate field detection and linear variable differential transformer (LVDT) for
displacement sensing [95]. Other related electromagnetic effects such as the Hall effect, the Quantum Hall
effect and the SQUID are also able to detect field. With the exception of magneto-elasticity, which is used
for direct detection of mechanical sizes, the main sensing application of magnetic effects and materials is
the detection of magnetic field. Once the field or field change has been measured, one can map the

measurement to another physical size, like displacement, stress, flow etc.
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1.3 Sensors based on magnetic effects and materials

The magnetic effects and materials described in the previous section have been used as the core of many
sensing elements [96-98]. These sensing elements are divided into five distinct families, namely position,
mass, field, security and smart sensors. Other sensors also exist, like temperature sensors, but still in a

rather research level.

1.3.1 Position sensors

Position sensors occupy a relatively large percentage in the global sensor market. The position sensor
family can be divided into three main subcategories: the terminating switches, the absolute, differential &
angular sensors and finally the velocity sensors and accelerometers. The terminating switches are simple
field sensors with a threshold checker, operating like on-off switches. Their vast majority concerns
magneto-resistive (MR) devices, since the cost of mass production poor quality MR elements is small. Their
main competitor is the capacitive switch based on capacitance change. The second subcategory includes
absolute, differential & angular sensors. Absolute sensors are able to detect the absolute distance
between two points [99-102]. These two points are usually the exciting and detecting means. Examples of
absolute position sensors are the MDL sensors [103,104], the linear variable differential transformer
(LVDT) and the linear inductive sensor using closed magnetic paths. Their sensitivity and uncertainty could
reach 10 um/m or 10 ppm and 100 um/m or 100 ppm respectively. Their cost is in the order of 0.1
kEuro/sensor. Their competitor is the ultrasonic position sensor, which is less expensive but less accurate

too.

Differential position sensors detect the length the sensing head travels and not the absolute position. The
most important differential position sensor utilizing magnetic effects is the magnetic tape. A magnetic
head reads the flux as it passes on top of a permanent magnet tape, having opposing magnetic finite
permanent magnets. This tape is a corded device and is constructed from a series of hard magnets
arranged in up and down orientations of magnetization. The sensitivity and uncertainty of these sensors
can be in the order of 1 um and 10 um/m respectively. Their cost is in the order of 1 kEuro/meter. Their

competitor is the optical tape and has similar properties.
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Angular sensors can be either absolute or differential. The most classic sensor is the rotating tooth, which
is a differential sensor, used in many important applications like ABS in cars. As the disk holding the
magnetic teeth is rotating, a magnetic head counts them by means of a train of pulses. Interesting angular

sensors based on inductive and magnetic techniques have also been proposed in the past [105,106].

Velocity sensors and accelerometers are based either on the calculation of the response of absolute or
differential position sensors, or on direct detection of velocity or acceleration [107]. Although most of the
velocity sensors or accelerometers are based on position sensors, the development of ‘pure’
accelerometers is of interest. A simple velocity meter or accelerometer can be an inductive sensor using
an inertia magnetic mass, moving on top of a coil. The motion of the magnetic mass introduces a change
in the magnetic flux of the coil. Accelerometers based on magnetostrictive materials have been proposed

in the past, using the dynamic motion of a permanent magnet [108,109].

Dilatometers are a special category of position sensors with very high sensitivity of the order of tens of nm
and very low range of measurement of the order of microns. Typical examples of dilatometers based on
magnetic materials are special designs of LVDTs, having as main competitor the capacitive dilatometers.
All these devices can be found either corded or cordless. Cordless sensors are more preferable for obvious

practical reasons in most applications.

1.3.2 Mass sensors

Mass sensors are divided into three main categories: the load cells, the pressure sensors and the torque
meters; the flow meters and mass flow meters are a derivative sensing application. All these devices can
be based on position or strain sensors detecting indirectly the applied stress. The most classical example
is the strain gauge. However, the magnetostrictive materials and their corresponding arrangements can
detect directly the applied stress and therefore the load, pressure and torque on them, using the

magnetization change caused by the stress-induced anisotropy.

Load cells measuring tensile stress directly are mainly based on inductive arrangements using a material
sensitive to tensile stress as ferromagnetic core [110-114]. Such a core is usually a positive
magnetostrictive material. The permeability decreases dramatically with stress, so that the output of the

coil decreases correspondingly. Accelerometers can also be based on such arrangements. The MDL
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technique has also been involved in direct stress measurement. Typical values of sensitivity and
uncertainty of these devices are 10-100 ppm and 100-300 ppm respectively, with an average cost of 1
kEuro/sensor. Pressure gauges have also been proposed, based mainly on thin film arrangements, using

the piezomagnetic effect [115-118].

Avast variety of torque sensors has been realized so far [119-129]. One principle is the use of pre-annealed
magnetic materials under torsion. The magneto-impedance effect and the MDL set-up have been
proposed in the past as torque meters, both illustrating very competitive properties. The sensitivity and
uncertainty of these devices was comparable and equal to 100 ppm and 1000 ppm respectively, with a
cost of 1 kEuro/sensor. Flow sensors based on electromagnetic techniques are well known in industry.

Recently, flow meters have also been proposed, using the effect of bending stress on an amorphous wire.

1.3.3 Field sensors

This is probably the largest sector in the magnetic sensor market. The most frequently used field sensors
are the ones used for the measurement of small field variations or field gradient or magnetic anomaly
detection (MAD) [131]. Optic fibres are widely used as magnetometers [132-136]. The most important
techniques and effects used to develop field sensors based on magnetic materials are the magneto-
resistance effect, the magneto-impedance effect and inductive techniques like fluxgates. Historically,
fluxgates have been the state of the art in low field sensing and gradient field measurement [137,138].
Their principle of operation is based on the differential inductive response of coils connected in series
opposition, resulting in levels of sensitivity and uncertainty in the order of 1 pT and 10 pT respectively.

Magnetostriction has also been used in field sensing but only in special applications [139-143].

Magneto-resistance field sensors as described in the previous chapter employ the multi-layer structure
exhibiting vertical magnetic anisotropy of the ferromagnetic layers. These sensors are manufactured in
mass production, facilitating thin film techniques, thus allowing low cost of manufacturing in the order of
10-100 Euro/sensor. Their sensitivity and uncertainty, in the order of 1 nT and 10 nT respectively, are

enhanced with respect to the more traditional Hall effect sensors.

The recently developed magneto-impedance (MI) effect in amorphous and nanocrystalline wires allows

much better levels of sensitivity and uncertainty, in the order of 1-10 pT and 100 pT respectively. The cost
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of such a device used to be in the order of 100 — 300 Euro/sensor, while recent advances in miniature Ml
elements allowed sensitive performance [144-147] and drop of the price below 10 Euros/sensor. These
good specifications allow the use of Ml sensors in industrial and automotive applications in comparison to
magneto-resistance sensors. Generally, the problem in many magnetic thin film sensors is that the sensor
characteristics become less attractive compared to the bulk sensing elements. An interesting combination
of the MI and the fluxgate effect on a thin film structure has also shown promising results in two
dimensional field measurements, by using amplitude and pulse width modulation techniques, offering
sensitivity at the level of 1 pT [148]. Other magnetic principles, like the Wiedemann effect, have been also
developed in the past for field measurement [149]. The MDL technique has also been employed in field

sensing, as demonstrated later in this work.

All these sensors based on magnetic effects and materials have a major competitor with respect to their
performance: the SQUID sensors based on the Josephson effect, allowing single magnetic quantum
measurement, is the today’s absolute state of the art in field measurements with sensitivity in the order

of 1fT.

1.3.4 Security sensors

The read & write sensors fall under two main categories: the recording media and the security sensors.
The recording media, including both writing surfaces and reading heads are rather out of the scope of this
work, despite the fact that the reading heads based on magnetic effects mainly employ giant MR sensors.
The security sensors [150] are based on the combination of different magnetic properties, for example
different B-H loops of materials, in order to generate a code based on a series of magnetic signatures,
which allows the recognition of an object without direct optical observation. This family of sensors can be

used in applications where optical bar coding is impossible for practical reasons.

1.3.5 Multipurpose sensors

These sensors are in fact the so-called smart sensors [151], including three different subcategories, the

multi-parameter sensors, the self-learning sensors and the reacting sensors. The multi-parameter sensors
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are able to detect more than one physical size. An example is a magneto-elastic arrangement, based on
negative magnetostrictive ribbons, which is able to detect field and stress at the same time. This is due to
the fact that the pulsed output of the sensor is modulated only by amplitude due to the ambient field,
while the pulse width is modulated only by the tensile stress. The self-learning sensors have the ability of
self-calibration and auto-scaling of the range of measurement. The reacting sensors are complete
electromechanical systems, which are able to sense and consequently react with respect to the
measurement. An example is a missile driving sensor, which includes a precise field navigation sensor
which measures the direction of motion of the missile and a reacting system, changing the direction of the

missile with respect to a pre-loaded order.

1.4 Applications of sensors based on magnetic effects and materials

The above-described sensing elements are used in a vast variety of applications. The main categories of
such applications, namely industrial, biomedical, military, environmental, automotive, laboratory and

domestic applications are being briefly overviewed here.

1.4.1 Industrial applications

The main field in industrial applications is the non-destructive testing and evaluation (NDT&E). When
magnetic materials are used as sensing elements, the eddy current technique (ECT) or magnetic anomaly
detection (MAD) testing is used [152-155]. Both sensing techniques require the use of small field sensors.
The most commonly used sensors for this purpose are the Hall sensors, offering sensitivity in the order of
0.1 mT. The giant magneto-resistive (GMR) elements, offer an improved sensitivity in the order of 1 uT.
Furthermore, the recently developed Ml elements, offer a sensitivity of 10 =100 pT. The value of sensitivity

reflects the ability of the sensor to detect small field variations, which corresponds to the size of an existing
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crack or defect. MDL sensing elements have also been proposed, able to perform distribution

measurements, despite their current disadvantage of poor sensitivity.

The second more frequent field of industrial applications is the position, velocity and
acceleration/vibration controllers [156-160]. The vast majority of these sensors are position switches
based on the GMR effect, with a repeatability better than 1012 and cost ~10 Euro/sensor. For a more
precise control in the order of 1 um, differential position sensors are used based on the magnetic
permanent magnet tape arrangement, with a cost ~1 kEuro/sensor. MDLs have also been employed in
hydraulic piston control. Industrial control also requires the use of mass sensors, like load cells, torque

meters and pressure gages.

Up to this moment the vast majority of such industrial sensors is based on conducting or semiconducting
materials. Strain gauges are the most commonly used sensors for load measurement. Today’s load sensors
are based on miniaturized elements fabricated by lithography techniques, thus allowing better
performance and a drastic reduction of their cost. The MDL technique has also been used for some
interesting applications of load and derivative size measurements, with sensitivity better than strain gauge
arrangement, as demonstrated later. Interesting studies on the use of magnetostrictive materials as

actuating elements has also been presented in the past [161-163].

1.4.2 Biomedical applications

Other significant applications of sensors based on magnetic materials and effects are the biomedical
applications [164-169]. The most traditional sensing system is the encephalograph, an arrangement of
field sensor arrays able to detect fields in the range of 10 pT. The most widely used sensor array is the
SQUID system, with a sensitivity of 1 — 10 fT and a cost in the order of 1 MEuro per measuring system.
Recently MI sensors have started to be used in such applications, having the disadvantage of lower
sensitivity in the order of 10 — 100 pT but a cost in the order of 10 kEuro per measuring system. Apart from
that, another family of biomedical sensors based on magnetic effects is a new type of cardiograph, which
is simpler in operation and less expensive than the classic electrocardiograph, although it does not perform
all the measurements obtained with the latter. It requires a set of two Ml sensors one for each wrist and

costs ~1 kEuro/sensor. A latest development, partially due to the developments in DNA evaluation,
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concerns micromachined field array sensors with a spatial resolution in the order of 1 mm and a cost in
the order of 100 Euro/sensor. These devices are mainly based on the GMR effect, while Ml sensors are

currently tested for the same application.

1.4.3 Military applications

Although not very popular, the military applications of sensors including devices based on magnetic
materials cover a large sector of the global sensor market, in terms of budget and importance. One
significant application is the anti-mining control system. So far, the low field or field gradient or magnetic
anomaly detection systems are the only existing devices able to detect mines. The more sophisticated the
mines become the less iron they use and therefore more sensitive and accurate field sensors are required.
Many types of sensors have been used for this purpose, from fluxgates to Ml and MR sensors. Their
sensitivity in today’s sensors is in the order 10 — 100 pT. It is said that the budget of anti-mining control

process in Balkans in the next decade is to be of the order of 300 million Euros.

Another military application used also for domestic applications is the magnetic signature. According to
this, the military and not only vehicles are equipped with coils supplied by a given, usually coded, current
waveform. Detecting the field produced by such current results in recognition of the given type of vehicle.
Applications of this system mainly refer to boats. Another application is the missile navigation. At this
moment, the state of the art of this application is based on gyroscopes based on inertia mass control or
global positioning systems (GPS), but research is under way in order to employ field sensors. The principle
of operation is based on the field variation measurement and corresponding corrective action due to the

earth’s field. GMR and GMI sensors have been employed for this purpose.

1.4.4 Environmental applications

In the last decades, the environmental protection became vital for the whole globe. Therefore, the
measurement of many parameters affecting the environmental status is of paramount importance. The
monitoring of the electromagnetic radiation is a significant part of this process [170]. The method of
detecting such a radiation is the field monitoring. The range of measurement with respect to frequency

extends from dc up to 30 GHz fields.
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An easily understandable example is the mobile telecommunication electromagnetic pollution, where the
measurement of the radiation in the range of 1-2 GHz determines the correct control and use of antennas
and cellular phones. The sensitivity of all these measurements ranges from a few nT up to a few mT.
Sensors based on magnetic materials, like fluxgates, govern mainly the low frequency market of these
sensors. GMI field sensors are currently under test for the same application while they are also beginning

to be used in higher frequency measurements.

A distinct environmental application of dc field sensors is the space field monitoring. Every satellite is
equipped with field sensors in order to perform meteorological measurements apart from craft navigation.
The most traditional kind of sensor used for such an application is the fluxgate, while GMR and GMI field
sensors have been employed recently to compete with the performance, cost and operational difficulties
arising from the size of fluxgates, offering promising results. Another environmental application is the
counting process in domestic areas. Counting of vehicles in traffic arteries with corresponding corrective

actions in traffic signalling is an important issue in all large towns.

1.4.5 Automotive applications

Nowadays, automotive applications of sensing elements are of increasing significance, probably due to
marketing reasons apart from their significance in passive or active safety process. Car or road accidents
have unfortunately a large percentage of accidents per day. This is a reason why the number of sensors

used in modern cars is continuously increasing, being greater than 1,500 today.

Sensors based on magnetic materials govern some of these sensing applications [171]. The most classical
and well-known sensor is probably the angular positioning magnetic sensor used to activate the ABS
system in the brakes of the cars. A ring with teeth of permanent magnetic material is rotating with the
wheel motion and a field sensor is monitoring the rotation of the wheel. Any sudden and unexpected
blockage of the wheels during braking energizes the anti-block system (ABS) thus relieving the braking

pressure for some fraction of the second.

Another application of magnetic effect sensors in vehicles is the torque sensor used in wheel steering and
shaft operation monitoring. It is still at the laboratory development stage, but it is expected to enter the
industrial production shortly. Very recently, a GMI field sensor has been used to control the position of a

car [172,173], for cruising and parking reasons. Such positioning sensors are also under test to assist the
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driving process by means of informing the driver for the status of the car path and even react to an
incorrect decision of the driver. Other car engine applications of torque sensing have been proposed in

the past [174].

1.4.6 Laboratory sensors

In the field of laboratory sensors, the science of metrology governs the applications of sensors and systems
based on magnetic materials. The most widely used application is the field calibration secondary standards
based on accurate field sensors. Fluxgates are the most widely used family of magnetic sensors for this
reason. Another application is the atomic force (AFM), magnetic force (MFM) and scanning tunnelling
(STM) microscopy, according to which a detailed topography of a flat surface can be determined with

atomic resolution.

An interrogating stylus is vibrated on top of the surface generating forces (Van der Waals for the AFM,
magnetic forces for the MFM and electric forces for the STM) with respect to the topography of the under
test surface. Recently, a new MFM system has been introduced, having magnetic nano-wire as stylus,
promising sensitivity in the order of 0.1 nm [175]. Apart from these sensing instruments, in the metrology
related to Current & Mass primary standard experiments, a new technique based on magnetic materials
is experimentally tested, aiming to occupy the artifact of the kilogram. Using the Lorenz and Ampere’s
Law, an experimental facility, using a Quantum Hall Effect based implementation of the Volt and Ohm, is

used to determine the kilogram and the Ampere [176].

1.4.7 Domestic applications

Domestic applications of sensors based on magnetic materials mainly include navigation sensors, security
sensors, as well as recording media for CD and DVD reproduction. The electronic compass is a small field
vector sensor, which is the state of the art in modern navigation aids. The magnetic security sensors are
used when optical bar coding systems cannot be used due to harsh environmental operation or disability

of optical observation.
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2 Magnetostrictive delay line

arrangements

The MDL topologies are to be presented in this chapter. The first arrangement is the rather classical coil —
coil set-up used for elastic pulse generation and detection, while the second and the third concern the use
of straight conductors, orthogonal and parallel to the MDL respectively, used for pulsed current
transmission and corresponding to elastic pulse generation. The fourth one demonstrates the possibility
of using non-magnetic and non-magnetostrictive materials as acoustic waveguides for the elastic pulse
propagation. The fifth arrangement shows a coil-less MDL set-up, while the sixth illustrates an
arrangement where the MDL is wound around the excitation pulsed current conductor. Finally, the
seventh arrangement uses a straight pulsed current conductor, while the MDL is circumferentially

deposited around it, thus allowing transverse elastic wave propagation and detection.

2.1 The coil-coil arrangement

The most classical MDL arrangement, the coil-coil MDL set-up, is to be presented in this section, as shown
in Figure 2.1. A short excitation coil and a short search (named also detecting or receiving) coil are placed
around each one of the two ends of the MDL. The delay line is terminated using latex adhesive to eliminate
acoustic reflections. Details of the various versions of such arrangements can be found in [177-181] and

are presented hereinafter.

N AN
‘\ \ ’_J__,__.-a-"‘“ i

1 2 3

Figure 2.1. The basic MDL arrangement. (1) Excitation coil, (2) Magnetostrictive delay line, (3) Search coil.
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As described in the previous section, magnetostrictive materials subjected to either low or high frequency
fields, tend to undergo either domain wall motion or magnetic domain rotation respectively, always
towards the direction of the externally applied field. Thus, applying external bias or pulsed field along the
MDL axis results initially in Barkhausen jumps, which contribute to the hysteretic and irreversible part of
the B(H) function and consequently in small angle rotation which is the anhysteretic and reversible part of

the said BI(H) function.

Therefore, polarizing the MDL with a dc bias field Hqcx, results in an elongation of the material d\,,
illustrated as a point (6o, Hacx) 0N the A(H) function, shown on Figure 2.2. When a pulsed field He(t) is
additionally applied at the region where the bias field has been applied, a similar but dynamic elongation
OA(t) occurs, as shown in Figure 2.3, resulting in an elastic wave propagating along the MDL, following the

classical wave equation, as shown in Figure 2.4.

(;\405 Hdcx)

Field H
Figure 2.2. A typical A(H) function.

In classical magnetostrictive materials, the optimum pulsed field width is in the order of ps. Thus, the
wavelength of the propagating elastic wave is in the order of several mm. Therefore, in the most common
MDL elements, where the MDL cross section is a tenth of mm?, a Lamb wave is propagating. Using
materials with higher frequency response or larger cross section can result in surface acoustic wave
propagation. Skin effect plays an important role in modeling and tailoring the behaviour of the microstrain

generation and propagation.
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Length of MDL

Figure 2.3. Microstrain with respect to space.
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Figure 2.4. Propagating elastic pulse along the length of the MDL.

The pulsed field along the MDL, responsible for the elastic wave generation follows a decaying profile
extending from the fully magnetized central region to a limit which is practically of the order of the
excitation coil diameter, indicating the active region of the magnetostrictive material involved in the

microstrain generation.

This elastic wave propagates along the length of the MDL, mainly as a longitudinal elastic wave, because
of the shape of the acoustic wave guide: the short cross section with respect to the wavelength and the

dimensions of the MDL eliminate any transverse and quasi-transverse waves.

59



The propagating elastic wave, in its course, changes the local magnetization component along the MDL
axis, provided that the MDL is locally magnetized. The total, macroscopic change of the magnetic flux
along the axis of the wire is the result of the statistical sum of local infinitesimal changes in the orientation
of magnetic dipoles, in the course of the propagating elastic wave. Thus, the magnitude of the biasing field
determines the change of the local magnetization component along the MDL axis. This is actually the
inverse magnetostriction effect. In some materials, the earth’s field can be enough to polarize and

consequently cause the presence of such effect.

4 Voltage output

Figure 2.5. Voltage output with respect to time.

Thus, if an inductive means, like a search coil, is set around the MDL, a pulsed voltage proportional to the
first derivative of the flux is induced across its ends, as shown in Figure 2.5. The search coil should be set
at a distance x from the elastic wave point of origin (PO), which ought to be small enough to cause
negligible attenuation and large enough to avoid electromagnetic coupling between excitation and
detection means. Such pulsed voltage output is received with a delay time proportional to the distance x
and inversely proportional to the longitudinal sound velocity of the magnetostrictive element. A real
pulsed voltage output waveform, with the corresponding delay time from the excitation pulse observed
as impulse response, is shown in Figure 2.6. In this case, the relatively small waveforms following the main

pulse are due to reflections of the propagating elastic pulse.
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-0.0453

Figure 2.6. The detected MDL pulsed voltage output. The first impulse response is due to the pulsed excitation field.
The main pulsed voltage output follows, with a characteristic amplitude Vo. The small waveforms following the main
pulsed output are reflections of the propagating elastic pulse at the ends of the magnetostrictive medium (Time units

in seconds and voltage amplitude in Volts).

2.1.1 Magnetostriction modeling

At the atomic level, magnetostriction is the aggregate result of the deformations of the crystal lattices
inside the domains that tend to align with the domain magnetization. The deformation of a crystal lattice
is due to the interactions between the atomic moments occupying its sites that result in altering the bond
lengths. When the bonds lie at an angle @ to the domain magnetization, the magnetoelastic energy tends
to align the bonds with the domain magnetization, but is counterbalanced by the elastic bond energy. At
the macroscopic level, one can think of the energy added to the system because of an externally applied

field, AE, , as being counterbalanced by the change in elastic bond energy, AE,, along the MDL axis:

- AH = LRAn? o MM _ 1, (82)?
AEy = OB © AM - AH = kAR & 22 =k (2) (2.1)

where k is the macroscopic elastic constant of the material, related to Young's modulus Ey, and AA is the

elongation caused by the change in magnetization AM.

For AH — 0, « /d—M (2.2)
dH dH
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The derivative d_H corresponds to the differential susceptibility ¥, , of the magnetic material, which

can be described by a function of the form:

am H _H
Xaiff = g & (; + Xo) ec (2.3)

where C is a fitting constant with field dimensions related to K; and M, and y, the initial susceptibility.
The above mentioned equation is the solution to a second order linear differential equation whose

characteristic equation is: X* +cx+c=0 , as in the critical damping case in resonance. Thus

|H| Ll (s xo)
—ocA +Xo c—/1e2 —+)(ez 0 (2.4)

where A; the saturation magnetostriction constant. Hence:

dl __IHI
A(H)zfd— AeZJ /—+X0 c) gpy

o [(VEerr( [{(Een))

= Ase 2 WG

o, (M) | (ﬂ + Xo) (2.5)

c

where erf (X) is the error function and:

1 (|H| 2 x (L, ™ o+
erf< 5( c +X°)> =7l ele0) ax = Z” On'(2n+1)x i (2-6)
Thus:
VIS L IH] 1 (|H]
! X _
A(H)ocle2< L — 2e 2( 0)- — T Xo ,x—5(6+)(0) (2.7)

Experimental data, have illustrated that in the case of anhysteretic behaviour, the A(H) function can be

fitted by A(H) = /'ls(l - e‘CHZ),c > 0, where the positive number C is an adaptive parameter. In the

case of hysteretic evidence this model could become A(H) = ls(l — e‘C(HJ—’Hc)z), c>0.
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The Energetic Model (EM) relates the fitting constant C to microscopic parameters of the material. At

weak fields,

o= () =Gae) =) (28

and at strong fields,

2

2g-Hg? 2 (C;]-Kl)
c=—F———=~H,S= 2.9
g+J2-4g+g* ° KoM (2.9)

where g, h, k, q are the parameters of the EM:

2
g=(cg-”Ms),h——Hs k=ck-Ey-/152,q=C—q‘ K1 (2.10)

K, " exp(g-n2) ck Ey-As’

with Cy, C,, C, and C, being the model's dimensionless microscopic constants. With the anisotropy

2K, cg

, the saturation field Hy =
MS

H ' .
k (C, is a proportionality constant) and C, and C, being of
9 q 9

fieldH, = -

the same order of magnitude, an average value for C at both weak and strong fields is defined by ¢ =

9 L% | (L)Z _ (ﬁ)z (2.11)

!
cqgtcg \toMs c

In order to prove the principle of the described formalism, experimental data were obtained using a
Fe;sSizB1s amorphous ribbon MDL, exhibiting As~30-32 ppm. The sample was previously stress-current
annealed under 350 MPa and 100 mA, to remove internal stresses and improve its magnetostrictive
behavior and uniformity of magnetic domains. The MDL set-up was operating by incrementing the peak
value of the pulsed current /. from 1 to 13.6A and back. The bias field at the arrangement was varied from
0 to 130 A/m at each /. amplitude. The output voltage is related to the dynamic response of the

anhysteretic A(H) function and is a function of the pulsed current waveform.

The peak voltage is maximum at a bias field of 16 A/m for all l.. Considering the induced voltage,

dB da dA dH, {
X —& Hyp—=Hg,——2 =V, =
V(t) - % Hac— = Hgc PR Vo = Hy. max

dHe} da da

at Jan, ~ “9an, (2.12)

where Ag is a constant related to /. and As.
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Figure 2.7. Comparison of experimental and theoretical data for biasing field using equation 2.1 to 2.5.

Figure 2.7 shows the experimental and theoretical data, concerning the dependence of the MDL peak
amplitude V, on the DC bias field at the region of the receiving coil, at various values of l., producing the
field He, for several amplitudes of l.. As expected, the value of c turns out to be the same for all theoretical
curves: c=15 A/m. This suggests that c is indeed related to material constants. A, exhibits a linear

dependence on /. with signs of saturation for higher currents.

2.1.2 An alternative way of modeling the coil-coil MDL arrangement

Following the basic MDL set-up as illustrated in Figure 2.1, the MDL is activated by transmitting pulsed
current H,(t) = H, - f(t), through the excitation coil or the pulsed current conductor. Pulsed current
generates a pulsed magnetic field along the magnetostrictive element. This field generates a pulsed
microstrain at the region of excitation of the magnetostrictive element, A(H,, + H.(t)) due to the
magnetostriction effect. Since the magnetostrictive material is in the shape of cylinder or ribbon, it can
operate as acoustic waveguide.

Therefore, the pulsed microstrain propagates along the length of the magnetostrictive element as

longitudinal acoustic pulse. As soon as it arrives at the region of the search coil, it is detected as pulsed
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voltage output, proportional to the first derivative of the propagating pulse, due to the inverse
magnetostriction effect.

The generation and detection of the pulsed microstrain is possible and repeatable due to the presence of
biasing fields at the acoustic stress point of origin and the search area, H,, and H,, respectively, which
orient the magnetic dipoles in a given direction. The propagating pulsed microstrain induces stresses (1)
in the MDL. These stresses act as effective field H; = f(0) in the MDL, added in the already existing
biasing field along its length. Provided that the microstrain propagates without dispersion and after
effects, which is applicable for the front acoustic wave, it arrives at the region of the search coil, inducing
such an effective field H, along the length of the MDL. Thus, the flux within the magnetic region inside the
search coil is:

@(t) =S - pu(Hor) - (Hor + Hy) (2.13)

where S is the cross section of the magnetostrictive element. Thus, the voltage output V,(t) at the search

coil is:

do dHy
Vo(t) = ——-=—A-u(Hop) -~ (2.14)

Where A includes S and search coil parameters. Provided that excitation pulsed field is relatively small, the

effective field and stress are assumed to be proportionally related:
Hy=f(o)=a- A(Hoe + He(t)) (2.15)

Thus V,(t) becomes:

dA(H,e + H, (1)) dA d(H,e + H.(t))
Vo(t) =—A-a-p(Hop) - ——————=—A-a- p(Hoy) - T ————

dA ar(t
=—A-a-u(Hy) 'E'He % (2.16)
Thus the peak to peak magnitude of V,(t), V, is given by:

dA

VOZ_A'a'C'He'ﬂ(Hor)'E (2.17)
where C is the maximum of %(tt).
In the case that H,, H,, are not changing and H,,- changes, I/, becomes:
Vo=—A-a-c-c-He-p(Hor) = Cy - u(Hor) (2.18)

65



where constant ¢c; = (dA/dH) 4y Coefficient C; is a constant, mainly dependent on the material and the

fields at the excitation regions. Under these conditions u(H,, ) is proportional to V,.

In case that H,, H,, are constant and H,, changes, 1/, becomes:

@, 2 (2.19)

Vo:_A'a'C'He'.u(Hor)'dH— I

where C, is a constant, mainly dependent on the material and the excitation field and biasing field at the

N .. . . . da . .
excitation and receiving regions respectively. Under these conditions i proportional to V,. When

H,., H,, are constant and H, changes, I/, becomes:

da

da
V;J:_A'a'C'He'.u(Hor)'ﬁ:C3'He'ﬁ

(2.20)

v, da . . , T
Thus H—" =(3- e where (3 is a constant, mainly dependent on the material and the biasing fields at the
e

excitation and receiving regions.

As shown in Chapter 8, apart from being useful in MDL behaviour description, this approach can also lead
towards the use of this MDL arrangement for the experimental determination of the M-H and A-H loops
of magnetostrictive ribbons and wires as well as their corresponding uniformity functions. All the above
mentioned equations used for the coil-coil MDL arrangement can also be used for the case of the next

presented arrangement concerning conductors perpendicular to MDLs.

2.2 Array conductors perpendicular to arrays of MDLs

In the integrated sensor array market, the existing techniques are mainly the fiber optic and
microelectronic miniatures, obtaining range of measurement and spatial resolution of the order of 1 km
and 1 m for the case of optic fibers and 1 mm and 1um for the case of microelectronic technologies
respectively. Targeting the filling of the gap between optic fibers and microelectronic miniatures, the MDL
technology aims to the realization of integrated sensor arrays having range of measurement and spatial

resolution of the order of 1 m and 1 mm respectively.
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Many arrangements have been realized to meet this purpose, which are analyzed in this work. One of
these techniques, being in fact one of the very first methods, is the employment of array conductors

perpendicular to arrays of MDLs. These arrangements may also lead to sensing tactile arrays.

2.2.1 Single conductor perpendicular to a single MDL

The simplest possible arrangement of excitation, consisting of a single pulsed current conductor
orthogonal to the MDL, is shown in Figure 2.8. Concerning this set-up, the pulsed field H(x, t), along the

length of the MDL, caused by pulsed current I(t) is given by:

1 a

1
H(x,t)=f(x)~1(t)=m-cosa-l(t) ZZHW'\/(%.I(LL):W.IU:) (2.21)

where a is the distance between pulsed current conductor and MDL.
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Figure 2.8. Pulsed current conductor orthogonal to the MDL. (1) MDL, (2) Pulsed current conductor, (3) Search coil.

In order to further analyze the generation, propagation and detection of elastic pulses, one may study the
pulsed excitation field and its detailed contribution to the generation of local pulsed microstrains in space
and time, their sum-up to a single elastic pulse in space and time, which propagates along the MDL and

finally the detection of the propagating pulse by the search coil.

The pulsed current | (t) is assumed to consist of a rising ramp from0to |, forO<t<nT , a steady state
current |, for nT <t<n,T and a falling ramp from | to 0 for n,T <t<n,T, where T is the time

increment and N; integer numbers.
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In the case of anhysteretic behavior, the microstrains caused by the pulsed field H(X,t) can be given by

the following phenomenological model based on experimental evidence:
AH) = A(1—e"®*),a>0 (2.22)

where the positive number c is an adaptive parameter, which will be discussed later. In the case of

hysteretic evidence this model becomes:
A(H) = A5(1 — e @WEHI®) g > 0 (2.23)

For simplification reasons, only the anhysteretic response is being considered. The microstrains A(X,t)

caused by the rising pulsed current are summed up as a group of strains G, (X,t) :

(nlo)z
ni

G, (x‘ t) = 221:1 AS 1-— e_aa2+(x—(n3+n2+n1—n)-T~v)2 (2.24)

with V the longitudinal sound velocity of the MDL. The microstrains A(X,t) caused by the steady state

pulsed current are summed up as a group of strains G,(X,t), which follows G, (X,t) :

_ Uo)?
Gou 1) = 12 A, (1 e <<>>> (2.25)

Finally, the microstrains A(X,t) caused by the falling pulsed current are summed up as a group of strains

G; (X,t) , which follows G, (X,t):

(o=t

Gr(x,t) = Tniy Ag| 1— e “@rtsmTo? (2.26)

n=n,
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These groups of microstrains propagate along the magnetostrictive wire as an elastic pulse. This elastic
pulse causes a flux change along the volume of the material it propagates, which can be detected by the
search coil set around the wire. Provided that the pulsed current is short, the change of the flux in the wire

gives a single pulsed voltage output, as illustrated in Figure 2.9.

If the pulsed current has a long steady state, the first derivative of the elastic pulse, which corresponds to
the pulsed voltage output breaks into two pulses, opposite in signs which are detected by the search cail,
as illustrated in Figure 2.10. The operation of this type of MDL is very similar to the operation of the coil-
coil MDL arrangement. As it will be shown in next chapters, these arrangements may be used for various

sensing elements and arrays or distribution sensors.
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Groups of generated micro-strains
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Figure 2.9. Short duration of the excitation field results in a

single voltage output pulse.

69



Wicro-strams (ppm of
striction])

(o,
i

astic pulsa (ppm
sirietion)
Propagating elastic pulsa e
Search coil voltag
enatput {p1)
/\ ime

70



2.2.2 Array of conductors perpendicular to an array of MDLs

The basic arrangement is illustrated in Figure 2.11. A pulsed current conductor array used for pulsed
current transmission is set orthogonal to an array of MDLs. Small field permanent magnets can be fixed at
the MDL receiving coils, in order to maximize the voltage output. Small field permanent magnets can also
be arranged at the intersections of conductors and MDLs, in order to maximize or/and stabilize the MDL

voltage output.

Transmitting pulsed current through the excitation conductors, the generated acoustic pulses travel with
the longitudinal sound velocity along the MDL and therefore, they are detected by the search coil as a
train of voltage pulses. As an example, considering two conductors transmitting pulsed current
perpendicular to a single MDL, at distances x and y respectively, as illustrated in Figure 2.12, the pulsed
voltage outputs will be detected with a delay time equal to x/v and y/v respectively, where v is the

longitudinal sound velocity of the MDL.

[ s [ )] ]
/] \
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/
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Pulsed current MDL Search ool
condwctor

Figure 2.11. A pulsed current conductor array set orthogonal to an array of MDLs.
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Such an arrangement can be used as the basis of integrated array sensing elements as it will be shown in
following chapters, taking into account that each intersection of pulsed current conductor and MDL

corresponds to a single sensing point. The type of sensor to be realized depends on the given application.

As an example, an integrated temperature distribution sensor can be realized, using an array of parallel
conductors, perpendicular to a single MDL, using a temperature sensitive element, like thermistors or
platinum wires connected in series with the current conductors. Such an inexpensive arrangement may
offer a spatial range and resolution of temperature measurement of the order of several meters and a few
mm respectively, which can’t easily be realized by any other sensing technique. Other examples of analog

multiplexers may also exist, as it will be analyzed in next chapters.

N, .

AP2 - ‘

Figure 2.12. Two discrete pulses detected due to two, simultaneously excited pulsed current conductors.

The types of sensors which can be the outcome of such an arrangement are mainly based on the
modification of the pulsed and biasing fields at the conductor — MDL intersection. Such a modification may

be due to many reasons, like ambient field change, temperature affecting the resistance of the pulsed

current conductors etc.
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2.2.3 Array of balanced conductors perpendicular to an array of MDLs

Using a pair of conductors perpendicular to an MDL, in a way that the conductors above and below the
MDL are in equal distances from the MDL, as shown in Figure 2.13 and transmitting pulsed current of the
same direction through both conductors, then, the magnetic flux in the MDL is balanced out, resulting in
zero microstrain generation and propagation and consequently in zero pulsed voltage output across a
sensing or search coil set at the one end of the MDL for elastic pulse detection. Practically, such mechanical
and voltage pulses are never zero but always below a threshold, which can be considered as an offset
value instead of a sensitivity criterion. We called the arrangement of these two conductors a “balanced”

arrangement due to the balancing of magnetic flux in the MDL.

- B
2 & & 6

Figure 2.13. Balanced current conductor MDL arrangement, (1), Pulsed current conductor, (2) MDL, (3) Search coil.

Such a balance of magnetic flux can be destroyed by the ferromagnetic coupling of a soft magnetic material
at the conductors — MDL intersection and the MDL itself, thus allowing the use of such a set-up in sensors.
As it will be shown in next chapters, displacement, stress and non-destructive sensors have been

developed, based on this idea.

Such an arrangement can be repeated in two dimensions by means of using an array of balanced
conductors on top and below and perpendicular to an array of MDLs, as illustrated in Figure 2.14. These
MDLs may use search coils at their one end in order to detect and serialize the elastic pulses coming from

each sensing element defined by the intersection of each balanced conductor pair and each MDL.

In all these integrated sensor array MDL arrangements the search coils may also be replaced by other

means of measuring magnetic flux changes, like MR and GMR films, MI and GMI wires etc, since all these
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devices are able to measure flux and flux changes. Search coils can also be replaced by a magnetostrictive

waveguide arranged in an angle not equal to 90° with respect to the array of MDLs.

Thus, elastic waves may be coupled,

MDL
serialized in the above mentioned e
Pulsed cirrent conductor
magnetostrictive waveguide. Then, they can
E--—-___ -L _
propagate and be detectable by a search - —
. . . . . E““““ ]
coil. However, it is worth mentioning that - — — ﬁ
[ [
-—.___.'lb- u;'_:‘:_
experimental evidence suggests the use of , — %
""‘----....._l o,
coils for sensitivity and hysteresis reasons. — — Jf
‘:-...___-""'l-...___ — o
[— — h_
The basic problem of such an arrangement ﬁ-h — ':2—1;
P—
is the repeatability and the uniform — -Qi
behavior of the MDL in order to allow
predictable, repeatable and uniform Search coil %

response of the integrated sensor arrays.
Figure 2.14. Array of balanced conductors on top and below

Such a problem exists and will be discussed
P and perpendicular to an array of MDLs.

and treated in the next chapter.

2.2.4 Array conductors parallel to MDL arrays

Targeting an improved spatial resolution and better sensor performance, the arrangement of array
conductors parallel to a single MDL or an array of MDLs may be useful in some applications. The two types

of such an arrangement will be presented here.

2.2.4.1 Parallel conductor — MDL set-up

The arrangement of pulsed current conductor or a pair of pulsed current conductors, parallel to the MDL
is shown in Figure 2.15. A search coil is around the MDL at the one end of it. MDL may be terminated by
latex adhesive at the two ends in order to eliminate acoustic reflections. A small field magnet bar is set

close to the MDL in order to maximize the output of the search coil. In such an arrangement, the pulsed
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field generated by the pulsed current transmission, penetrates orthogonally the MDL, thus not allowing
the generation of microstrains due to the magnetostriction effect. In fact, even if an elastic wave is
generated along the width of the MDL, it can’t propagate along the length of the MDL, which acts as

longitudinal acoustic signal waveguide.

Approaching a conducting disk close to the MDL-conductor arrangement, eddy currents are caused on the
conducting disk. Keeping unchanged the pulsed current and the biasing field along the MDL, the amplitude
of the pulsed eddy currents in the disk increase as the distance between disk and MDL decreases. Such
eddy currents cause a pulsed magnetic field along the length of the MDL, which in turn causes a pulsed

voltage output, induced in the detecting coil.

—
SNON
VA

Figure 2.15. Pair of pulsed current conductors, parallel to the MDL. (1) Pulsed current conductors, (2) MDL, (3)

Conducting disk, (4) Search coil.

The higher the eddy currents, the higher the magnitude of the detected voltage output is. The delay time
between voltage output and excitation pulse defines the position of the conducting disk. Displacement of
the conducting disk, along the MDL results in a change of the delay time between excitation pulse and

detected voltage.

The arrangement of Figure 2.16 could also be used as a two-dimensional digitizer following the set-up
shown in Figure 2.15. This set-up allows for the measurement of the three-dimensional motion of the
conducting disk with corresponding results in the output of the search coils of the MDLs. More than one
conducting disks can be set along the length of an MDL, thus making an integrated displacement

distribution sensor.

The resolution of such a sensor is defined as the minimum distance between two active cores, in which

discrete voltage outputs can be obtained. Such a distance has been found to be 8 cm. Applications of this
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arrangement, as well as of the rest of the MDL set-ups will be shown in the next chapters related to MDL

sensor applications.

-

; | \

Figure 2.16. A two-dimensional digitiser based on the set-up shown in Figure 2.15. (1) MDL, (2) Pulsed

current conductor, (3) Search coil, (4) Conducting disk.

2.2.4.2 Conductor — MDL — soft magnetic element set-up

As shown in Figure 2.17, the
conductor — MDL - soft
magnetic element set-up (A),
comprises of a
magnetostrictive ribbon or
wire (1), in the shape of an
acoustic waveguide, to act as
a magnetostrictive delay line
(MDL), a pair of parallel pulsed
current conductors (2), which

is parallel to the
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Figure 2.17. Pulsed current conductor — MDL — soft element set-up. (1) Pulsed
current conductor, (2) MDL, (3) Soft magnetic element, (4) Magnetic anomaly

or moving permanent magnet, (5) Search coil.

magnetostrictive element, to act as the transmission means of pulsed current, a soft magnetic ribbon (5),

parallel to the set-up of the magnetostrictive element and parallel conductors, to act as flux concentrator

and eddy current generator. The end of the MDL is preferably set inside the search coil (4), to avoid

discrete reflections causing secondary pulsed voltage outputs.
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The arrangement operates as follows: Pulsed current is transmitted into the pulsed current conductor.
Such pulsed current causes transverse pulsed magnetic field along the magnetostrictive element.
Consequently, the transverse pulsed magnetic field cannot generate an elastic pulse into the

magnetostrictive element.

But the pulsed current causes eddy currents into the soft magnetic material (5) equally spread into the
soft magnetic material, provided that the soft magnetic material is electrically and magnetically uniform.
These eddy currents generate microstrains of the same amplitude along the length of the magnetostrictive
element, if magnetoelastically uniform. These microstrains cancel each other allowing no propagating

elastic pulse, apart from the edge of the magnetostrictive element or the soft magnetic material.

A local magnetic anomaly along the arrangement causes magnetic flux change at a given volume of the
soft magnetic material. Such a magnetic flux changes the magnetic permeability at this volume and
therefore changes the penetration depth of eddy currents at this given volume. This change of penetration
depth results in different amplitude of eddy currents with respect to the rest of the body of the soft

magnetic material.

Thus, the eddy currents at the boundary between the magnetized and the non magnetized volume are
different. Such difference results in a break of the symmetry of eddy currents. Therefore an elastic pulse
is generated propagating along the magnetostrictive element, which is detected by the magnetic flux
receiver or search coil (4) by means of a pulsed voltage. Such pulsed voltage is received with a delay time
proportional to the distance between permanent magnet and magnetic flux receiver and inversely

proportional to the longitudinal sound velocity of the MDL.

Moving the position of the permanent magnet, results in a change of the delay time of the pulsed voltage
output. Thus, the change of the delay time of the pulsed voltage output is the output of the sensing
element, while the displacement of the permanent magnet is its input. The amplitude of the pulsed voltage

output may also inform about the size of the local magnetic anomaly.
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2.2.5 Non magnetic MDL waveguides

Using MDLs for sensing applications, it is of decisive importance to take into consideration the fact that
their response is a combination of the magnetoelastic properties of the magnetostrictive material at the
acoustic stress point of origin and the region of the receiving coil, as well as the mechanical and magnetic
properties of the rest of the delay line, which is used as acoustic waveguide. Up to this moment, the
magnetostrictive material has been presented as acoustic waveguide as well as magnetoelastic actuator,
thus facilitating the ease of its use. But in the meantime it sets a limit in the mechanical properties of the
used material as a waveguide and the properties of sensing elements based on this idea. A number of
these sensors have a response based on the mechanical properties of the acoustic waveguide, an example

being load cells and torque sensors.

The motivation for the realization of this arrangement was the development of a new set-up, where the
properties of this waveguide could be tailored in order to improve the basic properties of the given set-
up, like linearity, sensitivity, hysteresis and noise level, by tailoring the mechanical properties of the
acoustic waveguide. This has been obtained by using the schematic arrangement illustrated in Figure 2.18.
In this set-up, magnetostrictive material is connected on the substrate, using glue or soldering on a non-
magnetic acoustic waveguide at two distinct areas of it, to be used as the acoustic stress regions of origin

and detection respectively.
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Figure 2.18. MDL with non-magnetic acoustic waveguide. (1) Magnetostrictive element used for generation of micro-
strains, (2) Magnetostrictive element used for the detection of micro-strains, (3) Glass acoustic waveguide, (4) Pulsed
current excitation coil, (5) Search coil, (6) Biasing coil at the region of excitation, (7) Biasing coil at the search region,

(8) Arrangement support.
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Hence, passing pulsed magnetic field along the acoustic waveguide and consequently along the
magnetostrictive material at the acoustic stress point of origin, elastic stress is generated on it. The
coupling between the magnetostrictive material and the acoustic waveguide results in transmission of the
elastic pulse in the waveguide, which then propagates along its length as an acoustic signal. Such a signal
arriving at the region of the second magnetostrictive material is also transmitted in it due to the above
mentioned coupling, generating a magnetic flux change due to the inverse magnetostriction effect, which

is received by means of a search coil set around the region of the magnetostrictive material.

Stressing or torsioning the whole arrangement mainly results in changing the elastic properties of the
acoustic waveguide, thus resulting in a change at the propagating acoustic signal. Furthermore, moving a
permanent magnet on top of the arrangement may also result in a modification of the output signal of the
search coil. The geometry and material of the acoustic waveguide as well as its coupling with the
magnetostrictive materials characterizes the response of this MDL set-up, thus enabling the broader

tailoring of the MDL response.
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Figure 2.19. Typical output waveforms concerning the set-up of Figure 2.18, using magnetostrictive elements of

different length L.
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As a matter of example, we used Fe-rich amorphous wire specimen in the as-cast form as a
magnetostrictive material and glass tube as an acoustic waveguide. Magnetostrictive material and acoustic
waveguide were carefully connected by using acrylic glue. The diameter and length of the Fe-rich
amorphous wire specimen were 150 microns and 3 mm respectively, while the diameter and length of the

glass tube were 2 mm and 30 cm respectively.

It can be seen that the dimensions of the magnetostrictive material and the cross section of the acoustic
waveguide have been selected in order to be of the same order to facilitate their coupling. The
arrangement may serve as stress, pressure or load sensor. A typical output waveform is illustrated in Figure

2.19.

Such a response is mainly dependent upon the elastic properties of the acoustic waveguide provided that
the magnetostrictive material characteristics as well as its connection with the acoustic waveguide are
well standardised. Thus, the desired sensing output defines and tailors the kind of the elastic waveguide,
which now can be selected out of a wider range of materials, not necessarily required to be

magnetostrictive.

2.2.6 Coil-less MDL set-up

Another MDL arrangement able to be miniaturized down to the micrometer scale, without coils and air
gaps, thus allowing a simple and cost effective manufacturing process, in the form of thick and thin films

is presented hereinafter.

The main idea is to use the magnetostrictive material as a part of the current conducting path as shown in
Figure 2.20. The passing current, transverse to the MDL axis, simulates the excitation coil or conductor
behaviour. Let us consider a portion of a magnetostrictive element (m-element for short) preferably in the
shape of a ribbon, connected with two conductors. When voltage is supplied to the two conductors,
current is transmitted through the m-element, which is in touch with the two conductors. Such current

causes a magnetic field H(t), the profile of which can be determined by the Ampere’s Law as:

H() =

~ 1
s 1O =510 (2.27)
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where w and d are the width and the thickness of the m-element respectively, provided that d<<w.
Supplying a pulsed voltage to the two conductors, pulsed current is transmitted through the surface of the
m-element within a small depth, due to the skin effect, so that the field given by equation 2.27
approximates the pulsed field applied to the m-element, orthogonal to the direction of the pulsed current.
This field is controlled by the thickness of the m-element, under controlled conditions of pulsed current.
Considering a pulsed current peak of the order of 0.1 A and a material width of the order of 10 um, like in
ribbons, the resulting pulsed field is of the order of 5 kA/m, which is high enough to saturate most of the
soft magnetostrictive materials. With such an excitation, the dispersion of the acoustic wave is controlled
only by the pulsed field duration and the conducting length of the m-element. It is noted that the peak

current excitation in the conventional MDL technique is of the order of 10 A.

The corresponding MDL arrangement is illustrated in Figure 2.21. The generated elastic wave at the
acoustic stress point of origin is coupled with the glass substrate and consequently with the second
magnetostrictive element, generating small angle rotation of the magnetization of dipoles, and a
corresponding magnetic flux component variation in the form of a pulse, dB(t) to it. For the case of a
rectangular magnetostrictive element, such dB(t) change, results also in a dB,(t) change. This flux change
gives rise to a pulsed voltage output across the magnetostrictive element in both x and y directions. The
two magnetostrictive elements are set at the two ends of the glass waveguide to avoid reflections and

magnetoelastic after effects.

TOP VIEW
Cu ribbon Fe-rich element T Cu ribbon
'y
y 4 Current flow lIE[ I H T " I‘. Current flow > H I
® L
N SECTIONAL VIEW
z Cu ribbon Fe-rich element Cu ribbon. l
Current flow : ® ®/)_3 ] : Current flow : T ‘
Magnetic Field H X N

Y

Figure 2.20. The basic idea for the coil-less MDL is to use the magnetostrictive material as part of the current

conducting path.
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The properties of this arrangement remain as good as for the classical MDL set-ups. The realized
experiments on stress, field and magnet displacement show a monotonic decrease of the output signal

from 100% down to zero.

Accordingly, controlling the acoustic wave generation, propagation and detection by magnetic annealing
and geometrical arrangement, one can modify it by the well-known parameters affecting the behaviour of
magnetoelastic waves and approach a linear or quasi-linear response, thus helping the output signal
conditioning. It is also expected that the new MDL response should keep the same unhysteretic response

of the classical MDL set-up.

Such an arrangement is competent against the other magnetic techniques, namely being the
magnetoresistance and magnetoimpedence techniques in the domain of miniaturization, where it was not
competent before. The ability of miniaturization, the monotonic response and the possibility of
unhysteretic behaviour are the key-factors allowing the claim that such technique overcomes the present

state of the art in sensing principles based on magnetic materials.

Furthermore, a relative advantage of using such sensing arrangement instead of semiconductor based in
micromachining techniques is that less lithography, etching and micromachining process is required for
the new MDL set-up, although it is sensitive and not well operating in environments with unknown

ambient magnetic fields.

Another possible arrangement could be the use of only one magnetostrictive element for generating and
detecting the magnetoelastic wave, by using the reflected wave in the glass acoustic waveguide end. The
main problem is the signal conditioning of the reflected and detected acoustic waveguide, since its
amplitude is one order of magnitude smaller than the excitation signal. A solution to that could be the use

of a highly sensitive sample and hold electronic circuitry for the reflected signal.

82



\\\ 5._.:'_‘“##

— 4

Figure 2.21. The coil-less MDL set-up. (1) Magnetostrictive element for microstrain generation. (2) Acoustic
waveguide (for example glass), (3) Magnetostrictive element for microstrain detection, (4) Pulsed current conductor,

(5) Detecting conductor.

Determining, controlling and tailoring the easy and hard axis of the magnetostrictive material can result in
the control and tailoring of the range and accuracy of the magnitudes of field, stress and displacement.
Magnetic annealing can also help in relieving the stresses on the magnetic surface attached to the
substrate, increasing thus the total sensitivity of the arrangement. Furthermore, packaging the whole

device with shielding material could probably help in the sensor uncertainty improvement.

2.2.7 Coily MDL set-up

For some given applications, there was a clear need for the improvement of the MDL spatial resolution
and the uncertainty levels of the MDL position sensors. The need for such an improvement led to the
development of a new coily MDL arrangement, using a magnetostrictive ribbon or wire wound around a
straight conducting cylinder. Passing pulsed current through the straight conductor, the delay line is
excited along the whole length of it. In case of uniform conditions of magnetoelastic behavior, microstrains

are generated only at the two ends of the MDL. Provided that the uniformity of magnetic and
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magnetoelastic conditions along the length of the MDL are broken for any physical reason, the above
described symmetry is also broken, resulting in a propagating elastic wave which is detected as pulsed
voltage output between the two far-end pulses Vo: and Vo, respectively. The modification of the pulsed
voltage outputs due to this physical reason, breaking the magnetoelastic uniformity of the MDL, allows

the use of the set-up as a sensing element of this physical reason.

The new set-up is illustrated in Figure 2.22. According to this set-up, a pulsed current generator is used to
transmit current to a metallic tube (1) made of a low resistivity metal used as pulsed current conductor,
preferably made of copper. Conductive spikes, housed in the metallic tube ends, are used to transmit
pulsed current through the metallic tube connectors, to allow uniform distribution of the pulsed current
density on the surface of the conducting tube. A magnetostrictive material (2) in the form of a ribbon or
wire is wound around the conducting tube forming a single-layer solenoid, paying attention in obtaining
no stress along the length of it, forming a coily magnetostrictive delay line. Two receiving coils (3) are set
at the ends of this coily MDL and their output is driven to a voltage holder (4) and then to an analog to
digital converter (ADC), as well as to an oscillator and a delay time counter (ODC). Finally, the outputs of
the ADC and ODC are driven to a comparator and display unit. The two far-end pulses are propagating as
elastic waves, and are detected by the receiving coils as two discrete pulsed voltage outputs, Vo1 and Vo2
respectively. These voltages have a delay between them proportional to the wound length of the MDL.

The ends of the delay line are terminated on the pulsed current conductor by means of welding.
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Figure 2.22. The coily MDL set-up. (1) Pulsed current conductor, (2) Solenoid-like MDL, (3) Search coils, (4) Peak and

hold electronics.
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There are two ways to break this magnetoelastic uniformity. One is the modification of the ambient field
and the other one is the force or the pressure on the MDL, both applied in a local region of the MDL.
Modification of the biasing field results in non-uniform and therefore non-zero local microstrains, while
force or pressure on the ribbon or wire MDL results in additional acoustic reflections or damping. Both
signals can propagate and be detected as magnetoelastic pulsed voltage outputs. In our application, the
modification of biasing field is more often used, since it does not affect the lifetime of the MDL due to the
mechanical load on it. The ways of breaking this magnetoelastic uniformity using local ambient field
change are biasing field at a given region or permanent magnet displacement, both being close to the

MDL.

The magnetic field change can be used for magnetic field distribution measurement purposes and most
importantly in non-destructive distribution testing of magnetic surfaces. Magnetizing or saturating the
under test magnetic surface, in case of no cracks and defects, the ambient field on top of the under test
surface is more or less uniform, thus no breaking the MDL magnetoelastic symmetry occurs. In the
presence of cracks and defects, this magnetoelastic symmetry is broken resulting in a local microstrain in
the MDL. The size and the delay time of this microstrain can define the size and the position of the crack
or defect. Furthermore, the MDL can be used as multiplexing means, serializing a number of these

microstrains, allowing non-destructive distribution measurements.

The permanent magnet displacement can be used for position sensors by means of using either a moving
magnet along the length of the conducting tube or a moving magnet vertical to it. In both cases, the sensing
elements are cordless. In the case of a moving magnet along the length of the conducting tube, the sensor
output is the delay time of the pulsed voltage corresponding to the region where the permanent magnet
breaks the symmetry of the MDL, while the input is the position of the permanent magnet on top of the
conducting tube. Therefore, the sensitivity of the arrangement isimproved by a ratio equal to the diameter
of the coily MDL cross-section or the diameter of the pulsed current conducting tube over the pitch of the
of the coily MDL set-up. Since the above mentioned diameter and pitch are practically of the order of 50
and 0.5 mm respectively, the sensitivity is improved by a factor of 100. Such sensitivity cannot be further
improved, due to mechanical and electric noise and jittering. Additionally to that, a magnet or an array of
magnets can be set close to the MDL, so that their displacement, vertical to the pulsed current conductor

axis in different MDL regions, will cause separated elastic strains and therefore separated voltage outputs.
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Furthermore, having broken the magnetoelastic symmetry of the delay line by local change of ambient
field, this MDL set-up can be used for measuring stress and torque applied along the length of the pulsed

current conducting tube due to the modification of the magneto-mechanical coupling factor.

Although the basic properties and principal characteristics of the MDLs have not yet been presented, a
rough idea about the performance of this set-up will be presented at this section. Experiments using this
MDL arrangement have been performed, determining the dependence of Vo on magnetic field,
displacement of a permanent magnet along the length of the pulsed current conducting tube and
orthogonally toit, as well as stress and torsion applied on the set-up. In the experiments, we used a copper
conducting tube having 30 cm length, 0.8 mm thickness and 15 mm diameter. The 300 turn search coils
were made of 0.1 mm enameled copper wire. The tested magnetostrictive materials were ribbons, wires

in the as-cast state and glass covered wires after high frequency annealing, all 15 m long.

Field dependence measurements illustrated sensitivity up to 1 mT. The response of the ribbon and the
glass covered wire is smooth, while the response of the amorphous wire is influenced by the inner
magnetic domain, exhibiting Large Barkhausen Jump, also observed in the MDL operation. The
dependence of the MDL voltage output delay time between the search coil and excitation MDL region on
the displacement of a moving magnet along the length of pulsed current conducting tube was linear. From
this response, it can be seen that the sensitivity level is improved by a factor of 100, corresponding to the
ratio between the diameter of the pulsed current conducting tube and the diameter of the MDL. Using
conventional 1 Gs/s digital oscilloscope, the measurable time delays with this set-up were corresponding
to 1 um. All other MDL set-ups used for position measurements had a sensitivity barrier of the order of
0.1 mm. We also believe that the 1 pm sensitivity reaches the limits of magneto-mechanical and

electromagnetic noise of the set-up.

This arrangement may be quite sensitive in moving magnet displacement sensing. Repeatability of ~3 um
and sub-micron sensitivity were obtained using laser interferometric calibration technique. Furthermore,
the tensile stress and torsion dependence of this arrangement was found to be monotonic, but the
repeatability of the measurement was not satisfactory because of the connections of the MDL with the

pulsed current conducting tube.

Finally, magnetoelastic uniformity tests of different MDLs was determined illustrating a good uniformity
by using amorphous wires or glass covered wires. Details of the response of this arrangement can be found

in Chapter 3, where the various materials used for MDL will be discussed.
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2.2.8 Circumferential MDL set-ups

A circumferential magnetostrictive delay line set-up is presented hereinafter, which offers improved
characteristics for some given sensing applications. The tri-layer set-up consists of an inner cylindrical
copper core, an intermediate thin insulating layer and an outer circumferential magnetoelastic thin film.
Packaging reasons require a coating-insulating layer on top of the set-up. Different Fe-Ni compositions
have been tested for the magnetostrictive film. Characterization of the devices showed that negative
magnetostrictive film operates as a magnetostrictive delay line set-up, even without magnetic and heat
treatment. Concerning positive magnetostrictive films, heat treatment was necessary to allow the

propagation and detection of the elastic pulses.

The schematic of the magnetoelastic element is illustrated in Figure 2.23. A cylindrical conductor is used
as the substrate for an insulating layer, on which a cylindrical magnetostrictive film is deposited. Passing
pulsed current through the inner conducting wire results in transmitting pulsed circumferential magnetic
field to the outer magnetoelastic film. Such field results in local micro-elongations or stresses due to the
magnetostriction effect which, more or less, cancel each other due to the magnetoelastic uniformity of

the outer film.

Local break of the magnetic symmetry results in a local break of the symmetry of the dynamic micro-
strains, as depicted in Figure 2.24, thus generating an elastic pulse, which propagates along the length of
the film, provided that such a propagation can take place. The propagating pulse can be received by means
of a pulsed voltage output induced in a search coil at the one end of the device, due to the inverse
magnetostriction effect. The time position of this pulsed voltage indicates the position of the magnet and
its amplitude indicates the amplitude of the local magnetic field non-symmetry. This effect can be caused
by a small permanent magnet travelling along the length of the device or by a local magnetic field anomaly.
Therefore, such a device can be used as position/displacement sensor or distribution NDT sensor on

magnetic surfaces.
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Figure 2.23. The schematic and the magnetization process of the circumferential MDL arrangement.

The realization of such a device took place in three steps. The first step was the development of the
insulating interface layer between the conductor core and the magnetoelastic film. Although at the
beginning this has been obtained by using a 0.1 mm copper wire thermally oxidised at ~550°C for 10

minutes, resulting in a relatively thin oxide layer, with acceptable geometrical characteristics, for
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repeatability and automatic production purposes, a magnetron sputtering device was used to deposit SiO,
film on the same 0.1 mm copper wire. The measurements of this oxide film thickness using cross section

metallographic microscopy show a thickness of 1 um + 10 nm, which is considered as acceptable.

The next step was the deposition of the magnetostrictive circumferential thin film, using the same
magnetron sputtering facility. The first experiments were realised by depositing Fe-Ni alloys. The
geometrical uniformity of the cross section of the films was also determined by cross section
metallographic microscopy and was found to be 1 um + 20 nm. X-ray diffraction structural characterization
on the powder of the deposited magnetostrictive film indicated amorphous state. Elementary
magnetoelastic measurements where performed in parallel with the structural characterization using
Scanning Electron Microscopy (SEM) in order to determine the optimum conditions of films. It was found
that the most significant structural problem was the generation of cracks on the magnetoelastic film. For
the films having surface cracks, the elastic pulses could not propagate with acceptable repeatability and
output gain. The best results (films without defects having some magnetoelastic response) have been

found for films of thickness lower than 0.8 um. Details on thin film used as MDLs are given in Chapter 4.

The third and final manufacturing step was the coating of the magnetic films with a protective-insulating
layer for packaging purposes. Trials for such deposition were realized by depositing SiO; film. In such a
development, a significant problem was the presence of “point” defects, which introduce stresses on the
surface of the film. The absence of such defects was realized by controlling the coating deposition
parameters, the key one being the vacuum conditions before the coating deposition. The best procedure
of coating deposition was to realize it immediately after the magnetic film deposition. Bearing in mind that
a heat treatment is necessary to minimize the coating-magnetic film interface stresses in order to obtain
acceptable elastic wave propagation and detection, the final device was heat treated at ~450°C for 10

minutes. Problems of overheating, could cause increase of those interface stresses.

Measurements were realized after setting a small Nd-Fe-B permanent magnet at the middle of the films
in order to allow the generation of an elastic pulse. Most of the as-cast uncoated and coated films
demonstrated poor magnetoelastic response. These properties were much improved by using heat
treatment at 300 °C for 1 h and consequent magnetic annealing at 300 °C for 1 min and simultaneously

passing 15 A pulsed current with 1% duty cycle and 1 ms period, through the inner copper wire.
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Figure 2.24. The magnetoelastic operation of the circumferential MDL arrangement.

The MDL voltage output dependence on the pulsed excitation field, for uncoated Fe, Ni and Fe50Ni50
films, illustrated a better response, although in all films a hysteretic behavior was observed. Similar
response was observed for biasing field dependence measurements of the same films. The MDL tensile
stress dependence of these uncoated films clearly illustrated the positive and negative magnetostrictive

character of the tested films.
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The response of the same magnetoelastic films after coating changed significantly. Some films, those with
negative magnetostrictive behavior, operate even without heat and magnetic annealing. This is attributed
to the different dependence of the positive and negative magnetostrictive elements on the tensile stress.
Positive magnetostrictive elements tend to orient their magnetic moments towards the applied stress,
while the opposite happens in the case of the negative magnetostrictive elements. The coating insulating
layer of SiO; applies a tensile stress on these films. Therefore, the elastic signal in the case of positive
magnetostrictive films becomes smaller, while the opposite occurs for the case of negative
magnetostrictive films. Of course, heat annealing and consequent magnetic annealing help in different
ways these two kinds of magnetostrictive films. In the case of positive magnetostrictive films it removes
the interface stresses and additionally re-orientates the magnetic structure, increasing the magneto-
mechanical coupling factor, while for the case of negative magnetostrictive films it affects only the
magnetic structure. The optimum required frequency bandwidth and current consumption requirements
have been found for each type of film. Finally, MDL resolution was measured following the definitions and

procedures, illustrating a not significant difference for all tested samples.

2.2.9 Remarks and conclusions on the various MDL arrangements

Several MDL set-ups have been demonstrated in this chapter, covering all known MDL arrangements. Most
of these arrangements have been conceived and studied in our research laboratory, while some (the
circumferential MDL) have been re-developed and studied by us. In some cases, like the coily and the
circumferential MDL set-ups, experimental results have been discussed concerning properties of MDLs or
response of sensing arrangements, although these topics are covered in the next chapters of this work.
These data have been given, in order to facilitate and enhance the understanding of the MDL
arrangements, but also to “feel” which the basic parameters and properties of MDLs ought to be 1. Thus,
the basic properties of MDLs and the characteristics of various materials used as MDLs will be discussed in

Chapter 3 and 4 respectively.

! For studying comprehension reasons experimental data are presented only once in the text
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Furthermore, from the study of the MDL arrangements, it can be said that all possible parameters affecting

the MDL operation which can be used for sensor applications are:
i) The pulsed magnetic field He.
ii) The biasing fields at the point of origin and the search point.
iii) The mechanical properties of the magnetostrictive material.

Changing one and only one of the above mentioned parameters by a given physical size can result in a
modification of the amplitude of the received pulsed voltage output. Various sensing elements have been
developed, based on these parameters. They shall be demonstrated in the Chapters 5, 6 and 7, illustrating
position, stress and field sensors respectively. Finally other MDL applications following the arrangements

presented in this Chapter shall be demonstrated in Chapter 8.
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3 MDL properties

In the previous chapter, the study of the basic MDL set-up and the description of the existing MDL
arrangements revealed some of the properties which define the MDL operation and make apparent some
of the parameters which help and characterize the proper MDL operation. These properties and
parameters will be discussed in this Chapter. It should be kept in mind that A(H) function is the crucial
macroscopic characteristic which defines the MDL behaviour. Nevertheless, the M(H) function itself may
also act independently, although it is related to the A(H) function. The purpose of this Chapter is not to be
used as a handbook, including all possible results concerning the MDL properties, but just to give indicative
responses, thus offering a qualitative description of these properties. More analytical results can be found

in the literature.

3.1 The basic MDL properties

The basic MDL properties namely, sensitivity, linearity and hysteresis partially define the quality of an MDL
arrangement. All these properties are strongly related to the A(H) and M(H) functions and are also

somehow related to one another.

3.2 Sensitivity

Sensitivity of a given MDL arrangement is defined as the infinitesimal observable change induced in the

search means or search coil following the smallest possibly applicable change of a parameter affecting the
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MDL response. Such a typical definition is applied as the initial step of the MDL characterization. In fact,
there are two practical ways to quantify the MDL sensitivity, since they play a significant role in the
sensitivity determination. The first one is to measure the maximum possible amplitude of the detected

pulsed voltage output.

The amplitude of the pulsed voltage output is practically of the order of a few tens of mV for a classical
polycrystalline material as shown in Chapter 4, while sometimes reaching the limit of a couple of hundreds
of mV, concerning the case of carefully prepared highly magnetostrictive amorphous ribbons or wires. The

other way is to determine the noise level baseline of the electric output.

Usually, the worst case of noise level equals a few nV, while a proper electromagnetic shielding may result
in a few nV noise level. Finally, the sharpness of the pulsed voltage output is a criterion affecting the MDL
sensitivity, defined as the time needed for the MDL output to reach its maximum value. A typically

acceptable pulsed output sharpness is 100 mV/us.

3.2.1 Linearity

The MDL is far from being able to be characterized as a linear function. This strongly non-linear behavior
is due to the non-linearity of the magnetization and magnetostriction process, as well as due to the

acoustic properties of the MDL medium acting as an acoustic generator, waveguide and receptor.

The linearity in the MDL case is the monotonic and fitable dependence of the MDL pulsed voltage output
on the parameters affecting its response. Normally, such a dependence as shown in Chapter 4 is usually
monotonic and fitable, with the exception of some non-monotonic behavior in deep saturation of some
types of magnetostrictive materials. Determining and fitting the MDL parametric dependence can offer

the measurement of the uncertainty level of the given MDL set-up.

Such an uncertainty mainly depends on the pulsed or ambient biasing field at the vicinity of the MDL,
without excluding mechanical action on it. Generally, MDLs are highly non-linear systems. As an example,
Figure 3.1 illustrates a typical MDL dependence on pulsed field, concerning amorphous ribbon and fiber in
their as-cast state as well as glass covered wire after high frequency stress-current annealing, where the
absence of linearity is observed. The response of the amorphous fiber is more sensitive, for reasons related

to the softness of its M(H) loop, resulting in relatively sharp A(H) function.
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Figure 3.1. Typical MDL dependence on pulsed field.

3.1.3 Hysteresis

The third and most important property of the MDL response is the hysteresis, a highly non-linear effect
defined as the difference on the MDL dependence on a parameter, when the amplitude of the given

parameter increases or decreases.

70

60

50
5
E
o
>
E._ 40
=3
o
L]
o
£ 30 A
o
>
-
E

20

10 4

0 T T
0 05 1 15 2 25 3
Pulsed excitation field (kA/m)
‘ —+—Fe-up — Fe-down —— Ni-up —— Ni-down —=— Fe-Niup —— Fe-Ni down ‘

Figure 3.2. Typical hysteretic MDL response of polycrystalline Fe, Ni and FeNi wires, after heat treatment.

Hysteresis may appear in the dependence of the MDL output on the biasing and pulsed fields as well as on

mechanical load. As an example, one parameter of hysteresis may be attributed to the difference of the
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Vo(le) function when increasing the pulsed current excitation peak value l. up to a maximum value and
consequently decreasing it to zero. Similarly, hysteresis may appear due to dc field change as well as to
the applied stress, torsion or pressure on the MDL. The hysteretic behavior of the ferromagnetic materials
is a part of the MDL hysteresis, so that it should be expected in all kinds of MDL materials and

arrangements.

Surprisingly, in many magnetostrictive materials and arrangements, hysteresis has not been observable
within the limits of our experimental facilities. The most commonly used magnetostrictive materials as
delay lines, the amorphous ribbons, wires and glass covered wires illustrate zero hysteresis in the MDL
response. This may be attributed to the forced operation of the MDL set-ups in the unhysteretic region of
the under test materials, like the small angle domain rotation area of the magnetization loop. Generally,
complete minimization of hysteresis can be obtained by avoiding Barkhausen jumps. Anyhow,
determination of the region of un-hysteretic response of the MDL helps the designer and user of MDLs

and MDL applications to obtain the optimum performance of the device under design.

Figure 3.2 illustrates a typical pulsed excitation field hysteretic MDL response of polycrystalline Fe, Ni and

FeNi wires, after heat treatment in 300°C for 1 hr in Ar atmosphere.

3.1.4 Tailoring the basic properties

Magnetic characterization of soft magnetostrictive materials is the key-point in understanding their
physics and using them for given applications [181,182]. Tailoring of their properties is mainly based on

the anisotropy induced during various annealing processes.

Optimization of all the above mentioned parameters can be realized by tailoring the magnetostriction
function A(H) and the magnetization function M(H) and its parametric dependence mainly on frequency,
stress and temperature. The main methods to optimize the magnetic and magnetoelastic properties of

MDLs are the same three, as the ones used for the optimization of most magnetic materials.

The first one is the thermal treatment or thermal annealing, which can offer internal stress relief, provided
that the annealing temperature, as well as the rhythm of increasing and decreasing the temperature have

been carefully selected in order not to affect the structure (phase transformation), but only the
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microstructure of the MDL material, such as defects, stresses etc. Such a treatment mainly contributes to

the improvement of sensitivity and noise level.

Furthermore, magnetic annealing, i.e. thermal treatment in the presence of magnetic field may also
contribute to the enhancement of the magnetic anisotropy and stabilization. Careful selection of the
amplitude of the annealing field and most importantly its direction, contributes to a significant

improvement of all basic MDL properties, like sensitivity, monotonic response and hysteresis.

Finally, in the last 20 years the stress-current annealing techniques are also used for tailoring the basic
MDL properties. Current in inert or even in air atmosphere has a similar effect on the MDL to the thermal

heating.

Additionally, the circumferentially induced magnetic anisotropy due to the current flow aids to some
particularly interesting characteristics of the MDL like the absence of hysteresis. The simultaneous stress
on the material during current heating also may introduce an anisotropy, which may contribute to the

properties of the MDL.

Figure 3.3 illustrates the typically expected improvement of the response of amorphous ribbon after heat

and field annealing in inert atmosphere and slow cooling-down process.
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Figure 3.3. A typical improvement of the MDL response of FeSiB amorphous ribbon after thermal and field annealing.
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3.3 Parametric dependence of the MIDL response

The above mentioned MDL basic properties are affected and characterized by the MDL dependence on
some crucial parameters, namely the field and temperature around the MDL, the tensile or torsional stress

applied on the MDL, as well as the excitation pulsed field characteristics. These parameters will be

presented hereinafter.

3.2.1 DC Field dependence

The dc field dependence, i.e. the MDL pulsed voltage output dependence on the ambient dc field at either
the elastic pulse excitation area or the receiving area, is the most well studied MDL parameter, since it is
the most common parameter affecting the MDL response, in the most traditional coil-coil set-up. Figure
3.4 illustrates a couple of typical MDL waveforms under different biasing fields. A typical MDL dependence

on dc biasing field can be seen in Figure 3.5, concerning as-cast amorphous Fe-rich wire.

Figure 3.4. Typical MDL waveform outputs under various biasing fields. Left waveform corresponds to co directional

bias and pulsed fields. Right picture illustrates opposing bias and pulsed fields. Horizontal axis corresponds to time.
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Figure 3.5. Typical MDL dependence on dc biasing field for heat treated amorphous Fe-rich wire.

The MDL response on field in this case, can be fitted by the following equation:
Vo(H) =V, -H-e " (3.1)

where a; > 0 and V; is the maximum response under no load. For the case of an amorphous
wire, the coefficient @, was found to be ~1/10 (A/m)l. The maximum deviation of the

experimental data from the fitting equation 3.1 did not exceed 0.5 %.

The MDL dependence at the excitation point may differ from the one at the search point. This becomes
observable in some magnetostrictive materials, like carefully prepared amorphous wires, as analyzed in
the next chapter. Such a strong and non-monotonic MDL response normally makes the MDL behavior
unpredictable and therefore non-usable for engineering applications. The presence of unexpected
ambient fields modifies considerably the MDL response, thus destroying the read-out signals of the MDL
sensor. The dependence of MDLs on the biasing field has been exhaustively studied in the past, concluding
that there are only two ways to avoid such an effect: the first one is to magnetically shield the transducer

and the other one is to measure and take into account the stray field presence (smart sensing
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Figure 3.6. Analysis of the biasing field effect.

technologies). Instead, one could
use either the outer or the inner
part of the response in order to
make use of the sensitive inner
response for, as an example,
magnetic non-destructive anomaly
detection testing techniques, or
the outer part of the response,
after a threshold field biasing in
order to make use of the long field
range response. Studying the dc
bias field response may help to
understand the magnetic and
magnetoelastic mechanisms of the
test

under magnetostrictive

element.

Such dependence can be analyzed
by following the MDL operation, as
given in the previous Chapter. For
simplification reasons it is assumed
that the MDL has unhysteretic A(H)

response. It is also assumed that

the acoustic pulse at the point of excitation due to the pulsed magnetic field applied longitudinally to the

delay line is proportional to the first derivative of the square of magnetic flux, while the voltage output

from the short coil at the end of the line, is proportional to the first derivative of the acoustic pulse. Three

different cases can be

distinguished:

1. DCfield co directional to the pulsed magnetic field. Since a pulsed field is applied along the length

of the line, a flux change and consequently an acoustic pulse is caused (Figure 3.6a).

2. Small - magnitude DC field opposite in direction to the pulsed field. The resulting pulsed flux

change and the resulting acoustic stress are given in Figure 3.6 (b).
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3. Large DCfield opposite in direction to the pulsed field. The resulting flux change and acoustic pulse

are shown in Figure 3.6 (c).

Tailoring the dc field dependence can be obtained by using thermal treatment for hysteresis control, but

mostly by using field or stress-current annealing in order to control the affecting biasing field range.

3.2.2 Pulsed field dependence

The pulsed field dependence, the MDL
pulsed voltage output dependence on
the pulsed excitation field or current,
is significant not only for material
characterization, but also for
designing materials and devices for
sensing  applications. A  typical
response of the MDL dependence on
the pulsed excitation field for a Ni wire
after field annealing is given in Figure
3.7. It can be observed that the field
range in the case of the dc bias field
dependence is much smaller than the
range of the pulsed voltage response.

This is attributed to the domain wall
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Figure 3.7. Typical MDL dependence on the pulsed excitation field
for a Ni wire after field annealing in 300°C for 1 hr under 1 kA/m and

Ar atmosphere.

motion in the case of the bias field effect and in rotation of magnetization in the case of the high bandwidth

pulsed excitation field.

This monotonic and unhysteretic behavior of some families of materials is responsible for the unhysteretic

and sensitive response of sensors. Furthermore its sensitivity, i.e. how small pulsed field is required to

saturate the MDL response is significant for a number of applications. Tailoring of such a response can be

obtained by all three tailoring techniques presented above. Thermal treatment can improve hysteresis,

while field and stress-current annealing can improve sensitivity and monotonic behavior. As analyzed in

the previous Chapter, biasing and pulsed fields are crucial for the MDL response and their manipulation

can serve for sensing application design and development.
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3.2.3 Frequency dependence

Pulse width or frequency response has been defined as the dependence of the MDL pulsed voltage output

on the frequency bandwidth of the pulsed excitation current.
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Figure 3.8. Typical frequency MDL response concerning as-cast Fe, Ni and Fe-Ni wires.

3.2.4 Stress dependence

The MDL stress dependence is defined as the MDL voltage output dependence on the applied tensile,
compressive and torsional stresses along the length of the MDL, as well as on the pressure applied on the
MDL. A typical response of the dependence of the MDL on applied load under various amplitudes of
simultaneously applied biasing field is illustrated in Figure 3.9, concerning as-cast amorphous Fe-rich wires.

Such stress dependence, in this case, can be fitted by the following equation:
Vo(0) =V, -e™2° (3.2)

where a, > 0, and V} is again the maximum response of the MDL. For this case, the coefficient a, was
found to be ~1/3 N1. The maximum deviation of the experimental data from the fitting equation 1 was

not more than 0.5 %, as for the case of the MDL field response.
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Figure 3.9. Typical response of the MDL dependence on applied load under various amplitudes of simultaneously

applied biasing field.

3.2.5 Temperature dependence

The MDL temperature dependence illustrates the MDL voltage output change with temperature, the so
called temperature coefficient in sensor technology. Generally, temperature dependence measurements
showed a MDL voltage output stability up to 150°C. Accordingly, at this preliminary case study work,
temperature coefficient has been considered as steady up to 150°C and therefore it has not been taken
into consideration in the mathematic formalism of the MDL mode. A typical temperature response of

MDLs is given in Figure 3.10.
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Figure 3.10. Typical temperature response of MDLs, for Fe, Ni and FeNi polycrystalline wires.
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3.2.6 Temporal dependence

Temporal dependence is defined as the change of the MDL voltage output with time, keeping all the other
parameters, such as field, stress and temperature stable. Temporal stability can be improved after aging
the magnetostrictive material, by quenching. Generally, amorphous magnetostrictive ribbons and wires in

the as-cast form have been found to be excellent in terms of temporal stability.

3.2.7 Response delay

Response delay is defined as the time needed for an elastic pulse to be detected and stored. Such a
response delay is mainly controlled by the stability of the sound velocity of the magnetostrictive element,
which will be studied separately in this Chapter. The methods for determining and stabilizing the sound
velocity and the corresponding delay response have been analyzed, concluding that proper annealing and

biasing field can result in delay response stabilization.

By the definition of the pulsed magnetic field MDL operation for a distance x from the receiving coil, the
response delay consists of two time components: the first one is the x/v, where v is the longitudinal sound
velocity of the MDL, resulting in different time delays for different elastic pulse points of origin. The other
one is the pulsed current period, which is an offset delay time on top of the x/v component. The shorter
the pulsed current period is, the better the MDL performance. However, shortening this period is limited
by the x/v component, in order to avoid overlapping. A general method to determine the minimum
required pulsed current period is as follows: considering the maximum and minimum distance between
excitation regions and search regions as x; and x, respectively, the minimum possible pulsed current period
Tmin= (X1-X2)/v, in order to avoid any interference between acoustic pulses. Simultaneous transmission of
pulsed current having this minimum period Tmin at excitation regions between these two extreme points
X1 and x, causes no interference among the acoustic pulses, provided that the distance between two
adjacent and simultaneously excited excitation regions is large enough to avoid any superimposing of

acoustic pulses.
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As an example, considering the maximum distance between excitation and receiving regions 1 m, the
maximum MDL response delay is less than 200 ps, since longitudinal sound velocity of MDLs is about 5
m/sec. Furthermore, considering the maximum and minimum distance between excitation and receiving

regions 1 m and 0.1 m respectively, the minimum pulsed current period is about 180 us.

3.2.8 Reflections, after-effects and signal dispersion

Elimination of reflections and after-effects improves the sensitivity and resolution of MDLs. Reduction of
reflections can be obtained by high compliance termination of the magnetostrictive elements as well as
by proper geometrical design of the MDL set-up. After-effect elimination can be realized by using optimum
frequency response of MDLs after proper magnetic annealing. In many cases, it is important to measure
the output signal dispersion, which defines the MDL resolution, which will be discussed separately in this

Chapter.

Excitation pulses of a time width of the order of 1 ps may often result in pulsed voltage outputs of the
order of 15 ps. The voltage output at the receiving coil was not only the one related to the applied pulsed
current, but it was followed by a secondary, smaller in amplitude waveform, called after-effect waveform.
Some theoretical explanations have been tried in the past, concerning scattering centres [39]. All of them
agree with the fact that internal stresses in the delay line cause small reflections and therefore dispersion
of the propagating magnetoelastic wave. So, the receiving waveform is followed by the after-effect

waveform.

Apart from that the front part of the detected elastic wave is longer than the excitation pulse. This is due
to the finite region of the MDL in which the magnetoelastic strain is caused. The size depends on the

distance between conductor and delay line, and the magnitude of the pulsed current.

On the other hand, the receiving coil also plays a significant role, having a definite length and a quality
factor, thus distorting the detected pulsed voltage output, as the resulting voltage is the convolution of

the response of all the turns of the coil.

Stress relief process could improve the performance of the output waveform, due to the significant
reduction of the internal stresses, thus resulting in a great reduction of the after-effect wave form. A

significant improvement was observed for an MDL made of amorphous Fe-rich ribbon, heated in 300
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degrees °C for 3 hours, in 90% Nitrogen, 10% Hydrogen, annealed after wards in the same environment.
Several MDL output waveforms have been presented in the literature, showing the generation of pseudo-
transverse elastic waves following the main longitudinal propagating pulse. Such after effects are mis-
informating if the original pulse is transverse. In such a case, a possibly generated pseudo-longitudinal

pulse may arrive earlier than the initially generated pulse.

3.2.9 Experimental procedure of the determination of the MDL parametric

response

Although determination of the magnetic properties of the materials used for MDLs, as well as their
tailoring with respect to some parameters and applications has been well known and applied in research
level so far, some other engineering characteristics have not been determined yet. The reproducibility,
uniformity, resolution and finally uncertainty of the magneto-elastic behavior of these materials have not
been approached yet as a generalized procedure by means of standardization. Magnetoelastic behavior
determines the dependence of the generated micro-strains on the physical parameters affecting the

behavior and their properties.

Figure 3.11. The computerized set-up for the

_ES . 4_'J:L_’ ,-’5 / characterization of magnetostrictive fibres. (1)
{é—} \( : ) IV Magnetoelastic sample, (2) search coil, (3) biasing coil
— for the search coil, (4) excitation coil, (5) biasing coil for

@) | |f 9 7 = the excitation coil, (6) mechanical terminations of the
4 sample, (7) step motor for torsion on the sample, (8)

8 O step-motor and micro-positioner for tensile stress on

10 the sample, (9) step-motor and linear translator for coil

; -\I 6 displacement, (10) arbitrary waveform generator, (11)

RF amplifier, (12) digital oscilloscope, (13) computer,

(14) triple power supply.

A computerized system has been proposed and implemented to study the behavior of soft

magnetostrictive alloys in the shape of ribbons and fibers and develop a technique for complete
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magnetoelastic characterization. Additionally, tailoring techniques using stress-current annealing

processes can also be realized in the same set-up.

The simplicity of this system and the by-design
straightforward determination of the magneto-
elastic properties can make it the basic experimental
set-up for the development of a new standard. The
set-up of the system is illustrated in Figure 3.11 and

3.12.

The whole system can also work in vacuum. Testing
the magnetostrictive  material in  vacuum,
temperature control can be determined by design.
Thus, sample annealing conditions can be
determined with a higher degree of accuracy,
attaining better levels of uncertainty. Signal post
processing using wavelet techniques, can further
improve on the overall performance of the system
by means of reducing the output voltage noise and

improving its integration procedure.

Figure 3.12. The MDL characterization system.

Inter-laboratory comparison tests have been performed at the Institute of Technical Physics, in lasi,

Romania and the Laboratory of Physical Metallurgy, National Technical University of Athens, Greece, using

similar experimental arrangements. The reproducibility of the reported results was better than 10>,

3.4 Magnetoelastic response and magnetoelastic uniformity

The magnetoelastic uniformity (MEU) is defined as the fluctuation of the uniformity function V,(x), which

in turn is defined as the dependence of the peak amplitude of the MDL pulsed voltage output Vo on the

position of either the excitation or the search means, provided that one of these means remains steady in

position. Such a measurement takes place under stable conditions of pulsed and DC bias magnetic fields
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as well as in the absence of any kind of stress or varying stress on the magnetostrictive material acting as
MDL. This unique approach of measuring the response of magnetostrictive materials is highly significant if
the target is the use of magnetostrictive materials as magnetostrictive delay lines and thereinafter as
sensing analog multiplexers or simple sensing elements, since it defines the reproducibility of its response.
Indicative results on the MEU of MDLs are reported, showing an improvement of the MEU after stress and
current annealing, which decrease the local stresses induced during production of the material, as well as
the effect of misaligned magnetic domains. A technique for fast magnetoelastic uniformity
characterization capable to be used in industrial conditions is also proposed. A correction technique is
finally proposed, according to which the output of the MDL can be calibrated in order obtain repeatable

response.

3.3.1 Magnetoelastic uniformity

A typical experimental set-up for the recording of magnetoelastic uniformity is illustrated in Figure 3.13.
The whole experiment can run automatically, as it can be interfaced with a driving computer. The optic
bench offers mechanical stability against any undesirable movement during the uniformity function V(x)
measurement. A typical V,(x) response concerning an as-cast tested amorphous FessSi;B1s ribbon is
illustrated in Figure 3.14. It can be seen that apart from the acoustic attenuation factor, the magnetoelastic
uniformity suffers from a rather large uncertainty level, which is mainly attributed to the internal stresses

of the material.
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Figure 3.13. Experimental set-up for the measurement of the magnetoelastic uniformity. (1) MDL support, (2) fixed
support, (3) exciting coil, (4) optic bench, (5) movable support, (6) detector coil, and (7) pair of coils for applying dc
bias field.
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Heat annealing of magnetostrictive materials, the so called stress relief process, improves the
magnetostriction constant and reduces its internal stresses [24]. These stresses have enormous
magnitudes and are unpredictably distributed in an as-cast magnetostrictive element. Additionally, the
scattering centers, regarded as pinning and line defects, which cause secondary waveforms after the main
pulse voltage for various kinds of magnetostrictive elements, are reduced after annealing [39]. Thus, all
these can alter the acoustic behaviour of this material acting as MDL due to the unequal stiffness of the
material along its length. Targeting the improvement of the MEU response, stress relief process was tried,
as a means for a MEU possible improvement. Figure 3.14 shows the V(x) response of the previously as-
cast tested amorphous Fe;sSi;Bis ribbon after heating in 350°C for 1 hour in Ar atmosphere and
consequent cooling with a rhythm of 2°C/min. An improvement of the MEU response can be seen, which

unfortunately is not optimized.

Transverse or longitudinal magnetic annealing after stress relief process further improves the uniformity
of magnetic domains for positive or negative magnetostrictive materials respectively [24]. So, targeting
the improvement of such a response, the above mentioned as—cast Fe;sSi;B1s ribbon was field-annealed
in 350°C for 1 hour in Ar atmosphere and consequent cooling with a rhythm of 2°C/min in the presence of
transverse field of 800 A/m, since the FessSi;B1s ribbon is a positive magnetostrictive material. Its response
is illustrated in Figure 3.16. A further improvement in the MEU response can also be observed, which

unfortunately is not yet optimized.
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Figure 3.14. Typical Vo(x) response concerning an as-cast tested amorphous Fe7sSi7Bi1s ribbon.
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Figure 3.16. V(x) response of amorphous FezsSi7B1s ribbon after 1 hr field annealing in 350°C and 800 A/m under Ar

atmosphere.

Finally, tensile stress in the line tends to make the magnetic domains uniform along the stress axis length,
while current annealing results in fixing permanently this change after treatment. So, since the domain
arrangement is more uniform, the magnetic flux density at the POs should be more uniform so that the
flatness of V,(x) should be improved. Thus, taking into account that flash-current annealing seems to offer
similar results as the transverse magnetic field annealing and it is more proper for industrial applications,
it was also tried, to observe its effect on the MEU response. Flash current annealing can be performed by

stress-current annealing, typical values of stress, current and annealing time being 300-500 MPa, 100-500
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mA for 30-300 seconds. Several results have been obtained, illustrating better or more uniform MEU

response, but still not perfect.

In the contrary, amorphous wires offer a much better MEU response. Figures 3.17, 3.18 and 3.19 show the
uniformity function of a FessSi;B1s wire tested as-cast, after stress relief process, obtained by passing 400
mA for 1 minute via the wire and after flash stress-current annealing under 400 mA for 1 minute under
500 MPa, for a line which was previously stress relieved in 350°C for 1 hour and then cooled down with
2°C/min. It was observed that the uniformity of the as cast wire was quite predictable especially in
comparison to the tested amorphous ribbons of the same composition. Additionally to that stress relief
process improves the sensitivity of the line due to the decrease of the internal stresses. Finally, a better
sensitivity and uniformity was observed for the measurement under flash annealing, probably due to the

more uniform orientation of the magnetic domains.

Similar results have also been obtained by testing magnetostrictive materials of many other compositions,
shapes and crystalline structure. Taking into account that there are two types of usable shapes of
magnetostrictive materials to be used as MDLs, one being the rectangular cross section, i.e. ribbon and
the other being the circular cross section, i.e. wire, it can be concluded that in terms of magnetoelastic
uniformity wires offer a significantly better MEU response. Only recently, some amorphous ribbons
prepared by the planar flow instead of the spin-melt technique, offered a MEU response similar to the one
of amorphous wires. This may be attributed to the following explanation: structural irregularities or
scattering centers, called hereinafter irregularities, have a given periodicity in the material. So, the
wavelength of periodicity of these irregularities is smaller in the planar flow quenched amorphous ribbons
and the amorphous wires. In fact, such wavelength ought to be smaller than the excitation or detection
region of the MDL, so that irregularities are covered or summed-up by the total length of the excitation or
detection region. This becomes evident in the next section, where small irregularities have also been
observed in amorphous wires, due to a different method of measuring the MEU response. It is noted, that
polycrystalline magnetostrictive ribbons and wires present a rather good MEU response, better than the
one of the spin-molten amorphous ribbons, but they suffer from other problems, like hysteresis and aging

(temporal effect), so that they are not really used as MDLs.
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Figure 3.18. Uniformity of the line after stress relief process.

112



35

or

Vo (mVolts)

0 F -
r 4
SF Distance between PO and receiving coil (cm) .
U A L 1 i 1
10 20 30 40 50

Figure 3.19. Uniformity of a stress-current annealed amorphous wire delay line.

3.3.2 Fast magnetoelastic uniformity determination

An alternative, inexpensive and fast method of determining the magnetoelastic uniformity of amorphous
magnetostrictive ribbons and wires will be presented in this work. Such a method is based on the response
of a magnetostrictive delay line (MDL) when pulsed field excites acoustically the whole line. Such a
technique is not as informative as the classic MEU set-up, but it is much faster, thus allowing its industrial

application.

The arrangement is illustrated in Figure 3.20. Such an arrangement comprises of exciting and receiving
coils fixed in position inside a long quartz (or generally non-conducting and non-magnetic) tube. A long,
uniform one layer coil is wound around this tube. This coil is short-circuited after winding. Pulsed current
transmitted through the exciting coil, causes an acoustic stress in the MDL, which is detected by the
receiving coil after a time relevant to the distance between exciting and receiving coil, but it also induces
a pulsed current into the short-circuited long coil. Such a pulsed current within the short-circuited coil

causes a pulsed magnetic field along the whole length of the MDL.

Assuming that the structure of the MDL (cross section area, magnetic material concentration, internal
stresses etc) was uniform along its length, the produced neighbouring acoustic stresses along the MDL

would be cancelled out, apart from the acoustic stresses at the regions of the MDL within the ends of the
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long coil. In the case that an MDL had non-uniform structure at given regions, which results in
nonuniformity of magnetoelastic waves, then acoustic stresses at those regions would not be cancelled
out along the length of the MDL within the long coil, thus resulting in small elastic pulses propagating along
the length of the MDL. These stresses would be received by the search coil as a train of voltage output
irregularities being the indication of the nonuniformity of the MDL. In such an arrangement, as shown in

Figure 3.19, can easily include a stress-current annealing facility.

The output of the receiving coil has two extreme pulsed signals, the one being the excitation pulsed signal
coupled to the long coil and consequently to the receiving coil and the other one the voltage pulse induced
at the receiving coil due to the main generated elastic pulse by the excitation coil. Between these two
pulses the voltage waveform irregularities show the nonuniformity of the tested MDL. The smoothness

and flatness of such a voltage waveform is the indication of the MDL magnetoelastic uniformity.

Current
Amplifier

Figure 3.20. Arrangement of the device. (1) Magnetostrictive delay line (MDL), (2) Exciting coil, (3) Receiving cail,

(4) Long, short-circuited coil, (5) Applied weight on the MDL, (6) Current amplifier.
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Several ribbon and wire MDLs have been
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Figure 3.23 illustrates non-uniformity in a torsionally annealed amorphous wire. Torsion annealing
conditions were 10 turns/m and 500 mA for 3 minutes. From these experimental results it can be observed
that the wire uniformity is much better than the ribbon one. The uniformity of both materials was
improved after stress-current annealing, but not to perfection (flattening) for the case of ribbon MDL. It

can be observed that induced stresses are observable even for the case of current annealed wires.

The results shown in this paper are in good agreement with results concerning nonuniformity function
measured by the technique mentioned in the previous section. It should be also noted that the new
method is more informative in principle than the previous one. In the previous method the exciting pulsed
magnetic field was applied along a certain length of the MDL, which is called excitation length. This effect
results in hiding MDL irregularities, appearing in lengths shorter than the excitation length. This can be
observed indeed for the case of amorphous wires. In the results concerning measurement of uniformity
of stress-current annealed wires due to our previous method no irregularities are observed obviously due
to the averaging out of irregularities repeated in the excitation length itself. Instead, the new method can
offer the observation of these irregularities as it can be seen in all related Figures, even for the case of

stress-current annealed material.
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Figure 3.22. Fast MEU response of amorphous ribbon (axis horizontal in time).

0

:u,_{-ﬂ -2 WiTE

=] 5

10

)

-1

20

300

40

]

__n'_lﬂ'ﬂ Torsion current annealed wire i
201 |
1M |
10} :
2201 — |
-30L 10 ps I
-4

Figure 3.23. Fast MEU response in a twisted amorphous wire (horizontal axis in time).
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The above-mentioned advantage of the new MDL uniformity characterisation set-up as well as the fast
characterisation (200ms for 1 m MDL) makes this device attractive for industrial use of the characterisation

of the uniformity of amorphous magnetostrictive ribbons and wires.

3.3.3 Normalization method and algorithm

The MEU response is not improved to perfection, even after stress-current annealing. However, even if a
perfect or predictable uniformity function could be obtained, it could not ensure the unmistakable MDL
operation as a perfect sensing analogue multiplexer or sensing element, since arbitrary, unpredictable
variations of the geometry arrangements of the points of origin, like coil or packaging imperfections could
occur, thus leading to undesirable and unpredictable acoustic pulse variations and non-uniformities. On
the other hand, a correction of the readings because of the attenuation factor and other effects, like

aftereffects, reflections etc is always needed.

There is an indication that a possible solution of the problem could be the use of weight factors to correct
the readings of every sensing point of the delay line and such a solution is proposed in this section. These
factors are defined with respect to a method, named normalization process. At this moment, it is believed
that the outmost uniform response of the delay lines can be obtained by using this method. The
experimental procedure to prove and implement this argument is as follows. The dependence of V, on the
peak amplitude of the applied pulsed current l., under the same conditions of DC magnetic bias field is
detected for several excitation regions. All values of Voi, for the given DC bias field (where the coefficient
i declares the i™" excitation point), were divided by Vois, corresponding to the value of the pulsed current
les Which saturates the MDL. As an example, les equal to 20 A leads well into saturation almost all
magnetostrictive materials to be used as MDLs, even using the straight conductor perpendicular to the
MDL arrangement. It was then found that the resulting values of Voin (Where Voin=Voi/Vois) Vs le were

identical for any point of excitation, so that the resulting fluctuation of V., becomes zero.

In the case of delay lines arranged so that they form a matrix of acoustic stress points of origin, using m
delay lines and n conductors crossing them, the normalisation method is applied as follows: A saturating

pulsed field Hes corresponding to the saturating current les (peak value typically equal to 20 A for the case
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of conductor-MDL arrangement) is applied at the excitation regions, for all the points of excitation. The m
x n individual readings Vosmn, are used for storing in the memory of a computer the corresponding weight
factors Wmn, which are equal to Vosmn™. One normalized function of Von(le), for any arbitrary selected

point of excitation is also stored in the memory.

During the operation of the delay line, any reading Vomn, corresponding to a given position defined by the
mt" delay line and the nth crossing conductor is multiplied by the corresponding weight factor W™ so that
the value of the input l. can be found by using the stored normalized value and Von(le). For an array of 100
delay lines and 100 crossing conductors, with 1 mm pitch for both the lines and the conductors, making
thus 1 square meter sensing area, there are 10000 sensing points. If a 10-bit AD converter was used to
read the corresponding outputs, about 40 KBytes would be needed to correct the readings, assuming that
2 Bytes are enough for any measured value, by using the normalization process. If such a method was not
used, an individual read-out and correction of the readings by using individual look up tables would be
needed, thus requiring far larger memory capacity (160 MBytes of memory), but more importantly, much

longer time, thus making the measurements not real time readings.

3.5 Sound velocity and its uniformity

For some MDL applications, apart from the magnetoelastic uniformity, the stability of the sound velocity
is of great importance. In these applications, apart from the MDL pulsed voltage output, the time interval
between excitation pulse and received MDL pulsed voltage output is to be detected. For these
applications, the stability of the longitudinal and in some applications the transverse sound velocity of the
material defines the precision of the sensor output. Of course, sound velocity measurement and
characteristics are not only important for the characterization of the device based on the MDL technique,

but also to study the material characteristics.

Several techniques have been presented in the past, referring to problems concerning the stability of
sound velocity and describing the methods of determining it [13]. The major problem concerning the

stability of sound velocity is the so called AE/E effect. According to this effect, Young’s modulus of some
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magnetostrictive materials depends on the magnetic biasing field along the anisotropy axis, thus resulting
in variation of the longitudinal sound velocity and consequently affecting the accuracy of the delay time
measurement. Apart from that, the value of the sound velocity itself is important when the MDL technique
is to be used for array sensor development. For these important reasons it is worth to determine the sound
velocity and its characteristics, such as uniformity and parametric dependence, when magnetostrictive
materials are to be used in MDLs and MDL applications. Among various techniques to determine the
longitudinal sound velocity the coil-coil MDL arrangement has been selected for two main reasons: the

first one is that most of the MDL applications utilize such an arrangement and therefore transmit elastic

signals with the longitudinal sound velocity of the under test material and the second one is that this

technique can be inexpensive and industrially applicable.
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Figure 3.24. Electronic experimental set-up for the sound velocity measurements. (1) MDL, (2) Excitation coil, (3)

&
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N

Search coil, (4) Biasing coil, (5) Electrical conducts for current passing through the MDL, (6) Applied load on the

MDL, (7) Optic bench, (8-18) Electronics for excitation and delay time measurement.

Magnetoelastic effects arise from the interaction between the magnetic moments and the mechanical
structure of the material. Knowledge of the magnetoelastic properties dependence on different influence
factors (external magnetic field, force, torque) offers the possibility to use such materials as new sensing
elements. The change of the elastic modulus (AE effect) in ferromagnetic materials originates from the
rotation of the magnetization under the influence of applied magnetic field and stress. According to the
AE effect in these materials, the longitudinal sound velocity depends on the magnitude of the bias

magnetic field and tensile stress applied parallel to the anisotropy axis.
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The measurement system for longitudinal sound velocity is based on the magnetostrictive delay line
principle. The basic diagram of the measurement system used for the determination of the longitudinal
sound velocity value is presented in Figure 3.24. The amorphous wire (1) is fixed in a horizontal position
and acts as a magnetostrictive delay line. Magnetoelastic waves are generated in the amorphous wire by
a pulsed current in an exciting coil (2) set around one end of the wire having 2 mm length and 50 turns,

made of 0.1 mm enamelled copper wire. The waves are propagating through the amorphous wire and

they are detected at the opposite end by a receiving coil (3) having 3 mm length and 700 turns made of
0.04 mm enamelled copper wire. The amorphous wire was set in a bias coil (4) that generates the bias
magnetic field along the axis of the wire. The tensile stress was applied at one end of the wire. A calibrated
mechanical position meter is used to determine the distance between exciting and receiving coils. Pulsed
current is transmitted to the exciting coil using a pulse generator (8). A 10 MHz oscillator was used to
supply the necessary frequency for the pulsed current signal generator. In order to measure the time

interval between the exciting and receiving pulses a time counter (16) was used.

The longitudinal sound velocity v is determined by v = L/T, where: L is the distance between the exciting
and receiving coils centres and T is the time interval between the exciting and receiving pulses. The
measurement system was calibrated using nickel wire as the magnetostrictive delay line. The uncertainty
in the measurement of the dependence of the longitudinal sound velocity on the tensile stress and bias
magnetic field comes only from the error of the time-counting system. This error is 0.5 x 107 s, resulting

in a longitudinal sound velocity uncertainty of the order of 0.2 %.

Many different magnetostrictive materials have been tested and their longitudinal sound velocity has been
determined. Among them, classical polycrystalline, Fe and Ni wires and tapes have been tested as well as
amorphous ribbons, wires and glass covered wires in their as-cast form, as well as after heat annealing,

magnetic annealing and stress-current annealing.

Since, amorphous materials play a significant role in terms of MDL applications, typical results concerning
the longitudinal sound velocity as well as its dependence on the bias magnetic field and tensile stress
values in Fe;7.5Si7.5B1s amorphous wires, 125 um in diameter, tested in the as-cast state and after stress-
relief process (thermally treated) are presented in this work. The heat treatments were performed at 300-
370°C for 15 minutes to 1 hour, in a hydrogen atmosphere, in the absence of a magnetic field, in a non-

inductive furnace ensuring a uniform heating of the wires all along their length.
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Tensile stress and bias magnetic

field were applied along the length 4750
of the amorphous wire. During the
_ _ = 4550
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s
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magnetic field and tensile stress Figure 3.25. The dependence of the longitudinal sound velocity on the

. biasing field in Fe775Si7.sBisamorphous wire tested in the as-cast state
show the absence of hysteresis. The 8 P

o (bold circles) and after stress-relief process at 330°C (white triangles)
dependence of the longitudinal
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sound velocity in Fez75Si7sBis
amorphous wire tested in the as-cast state and after stress-relief process at 330°C and 370°C for 45 min

and 15 min respectively on the bias magnetic field value is illustrated in Figure 3.25.

In the as-cast state, the change of the longitudinal sound velocity is negligible. For annealed samples, there
is a strong dependence of the longitudinal sound velocity on the value of the bias magnetic field applied
along the length of the wire, which is in good agreement with results concerning AE effect. The value of
the bias magnetic field corresponding to the minimum value of the longitudinal sound velocity decreases
with increasing the annealing temperature. For annealing temperatures higher than 300°C, an abrupt
decrease of vmin is obtained at small magnetic bias field values. Thus, for a sample annealed at 300°C for 1
h, Vmin ~ 4400 m/s (at 400 A/m) and for a sample annealed at 370°C for 15 min Vmin ~ 3810 m/s (at 40 A/m).
At saturation, the longitudinal sound velocity varies between 4585 m/s and 4720 m/s (depending on the
treatment temperature). The changes observed in the longitudinal sound velocity for small bias field values

are due to the modifications of the anisotropy energy during the heat treatment.

A strong dependence of the longitudinal sound velocity on the applied tensile stress was observed for
annealed amorphous wires. The longitudinal sound velocity dependence on the bias magnetic field, for
Fe;75Si75B1s amorphous wire tested after stress-relief process at 370°C for 15 minutes tested under 0, 1.6,

5.7 and 12 MPa applied tensile stress is presented in Figure 3.26.
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Figure 3.26. The longitudinal sound velocity dependence on the bias magnetic field, for Fe77.5Siz.5sB1s amorphous wire
tested after stress-relief process at 370°C for 15 minutes tested under 0 (black circles), 1.6 (white points), 5.7 (Black

triangles) and 12 MPa (white triangles) applied tensile stress.

For bias magnetic field up to 300 A/m, the longitudinal sound velocity strongly increases with increasing
the value of the tensile stress. For about 16 MPa and 600 A/m tensile stress and bias magnetic field
respectively, the longitudinal sound velocity reaches the saturation value. The dependence of the
longitudinal sound velocity on the applied tensile stress for Fe;75Si7.sB1s amorphous wire tested after
stress-relief process at 370°C for 15 minutes, under 0 A/m and 90 A/m bias magnetic field is presented in
Figure 3.27. A monotonic dependence of the longitudinal sound velocity on the applied tensile stress is

observed up to about 12 MPa.

These results prove that the use of as-cast amorphous materials offers the smallest possible field and
stress dependence of the longitudinal sound velocity in magnetostrictive materials. Another problem that
requires solution is the measurement and treatment of the local nonuniformity of the sound velocity.
Improvement of the nonuniformity can result in highly accurate devices based on the MDL technique. For
this reason, another experimental set-up has been developed, concerning the determination and

improvement of sound velocity nonuniformity along the length of a magnetostrictive material.
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Figure 3.27. The dependence of the longitudinal sound velocity on the applied tensile stress for Fe77.5Si7.sB1s

amorphous wire tested after stress-relief process at 370°C for 15 minutes, under 0 A/m (black circle) and 90 A/m

(white triangle) bias magnetic field.

The determination of such a nonuniformity is obtained by using a pair of exciting and receiving coils fixed
at a distance equal to 100 mm, under the same biasing field and able to travel along the magnetostrictive
element. The local non-uniformities in longitudinal sound velocity decrease after heat annealing and
stress-current annealing. This was expected, since both of these techniques help to decrease local stresses,

which also affect Young’s modulus, as well as to homogenate these stresses.

Of course, such a measurement is opposing the results concerning the stability of the sound velocity, as
above mentioned. Therefore, a trade-off is required for choosing an as-cast magnetostrictive material or
an annealed one. In the case of MDL sensing applications, where the delay time is measured, it is clear
that sensitivity and sound velocity uniformity will be sacrificed for the stability of the sound velocity
dependence on field and stress. Otherwise, the sensitivity of the device is lost. For applications where the

delay time can be determined indirectly annealing the magnetostrictive material helps in sensitivity

improvement.
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3.6 MDL resolution

The MDL resolution is defined as the minimum distance between two, simultaneously excited, acoustic
stress points of origin, which result in two discrete and not superimposing voltage output pulses. In other
words, resolution is the closest distance between two coils or pulsed current conductors, used for MDL
excitation means, generating two independent pulses at the receiving coil. Such a definition may be

observed in Figure 3.28.

Improvement of the MDL resolution is necessary since this technique may lead towards the realization of
inexpensive analog multiplexers and distribution sensors. As discussed in Chapter 2, the first contribution
to the use of the MDL technique in practically applicable analog multiplexing is the replacement of coils at
the excitation regions by current conductors, vertical or parallel to the MDL. By keeping the pulsed current

duty cycle low, a thin conductor can be used for transmitting high peak magnitudes of exciting current.

Experiments established that with such a delay line arrangement, the optimum characteristics of the
pulsed current causing a maximum value of acoustic stress on the line were 25 A peak amplitude and 3 us
time width. The typical MDL resolution in the conventional coil-coil arrangement or the arrays set-ups
described in Chapter 2 is of the order of 80 mm, which is not satisfactory for array sensors and analog
multiplexer applications. Such a resolution can be improved down to 1 mm by following a careful design

of magnetostrictive material and geometry of the MDL arrangement.

At the first place, careful design of the magnetostrictive material means proper tailoring of the A(H)
function of the magnetostrictive material, in order to make the A(H) function sharper. Thus, the required
amount of exciting pulsed field is reduced, resulting in a shortening of the effective length of the MDL,
which is excited to generate an elastic strain. Such a tailoring can be obtained by inducing magnetoelastic
anisotropy in the magnetostrictive materials. The anisotropy induction can be obtained by stress-current

annealing or field annealing.

The typically easier way for anisotropy induction is the stress-current annealing. As previously mentioned,
stress of the order of 100-700 MPa and current between 100 mA and 700 mA is proper for this type of
annealing. Figure 3.29 illustrates the effect of stress current annealing on the MDL pulsed voltage output

dependence on the applied excitation current. In this case, FessSizB1s amorphous wires were stress current
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annealed under 200, 300, 400 and 500 MPa, while the transmitted current was fixed at 500 mA (duration

3 minutes).
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Figure 3.28. The MDL resolution is defined as the minimum distance between two consequent excitation points
in order to detect two distinct voltage pulses. (1) MDL, (2) Search coil, (3) and (4) Pulsed current conductors. In

most crystalline MDLs such a distance is 80 mm.

It can be observed that less excitation current is required for the case of the stress current annealed
samples to obtain the same MDL pulsed voltage amplitude Vo, so that the effective MDL length is smaller
in this case. Figure 3.30 illustrates the dependence of the voltage output Vo on the pulsed current width

T. From all these results it is concluded that the MDL resolution is improved after stress current annealing
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tailoring processes. In the given case, stress of 500 MPa under simultaneous dc current of 500 mA for 3
minutes gave the best results. This argument can be generalized for all positive magnetostrictive materials
due to the experimental evidence. This is one way to tailor the properties of the magnetostrictive material

targeting the sharpening of its A(H) function.
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Figure 3.29. The effect of stress current annealing on the MDL pulsed voltage output dependence on the applied

excitation current.

The other possible way to improve the MDL resolution is the tailoring of the geometry arrangement. For
this purpose, one can make precise and thin excitation and/or search coils in order to improve the MDL
resolution. As an example, the coils may be prepared as follows: A 1-3 turn flat coil with internal and
external diameter of 0.15 and 0.16 mm respectively can be used to generate an elastic pulse, in order to
further minimize the MDL effective length. Thus, modifying the number of turns of the receiving coil, one

can determine the effect of the number of receiving coil turns on the MDL amplitude Vo.

For the currently presented experiment, the receiving coils have been prepared following the same

technique as for the excitation flat coils (wet flat printed circuit board lithography). The dependence of
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the MDL resolution and the amplitude of the voltage output Vo on the number of turns of the receiving
coil are illustrated in Figures 3.31 and 3.32 respectively. Due to these indicative results, a resolution of 1
mm has been achieved by using a flat printed coil of 10 turns as receiving coil with internal and external
diameter of 0.15 and 0.2 mm respectively, using a stress current annealed MDL in 500 MPa and 500 mA
for 3 minutes. The optimized pulsed voltage output response with respect to the excited pulsed current is
illustrated in Figure 3.33. In this Figure the absence of after effects and secondary waveforms can be
observed, proving the effect of the material tailoring and geometry optimization on the MDL resolution.
It is mentioned that these results are indicative, as all the results presented in this work, allowing either
deviations from the typical values of the annealing and preparation conditions or deviations from the as-
presented experimental procedure. But, in general, the methodology presented has been repeated and
verified with inter-comparison tests, allowing to safely declare that stress current annealing and search

coil geometry can improve the MDL resolution.
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Figure 3.30. The dependence of the voltage output Vo on the pulsed current width T.
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Figure 3.31. The dependence of the MDL resolution on the number of turns of the receiving coil.

Another way to improve the MDL resolution and other characteristics dependent on the magnetoelastic
response of the magnetostrictive materials is to completely modify the MDL geometry, i.e. to develop a

new kind of MDL.

For this purpose and as an example the MDL arrangement presented in the previous Chapter was used,
according to which a magnetostrictive material is used only for the generation and detection of the elastic
pulse (see section 2.4 and Figure 2.14). In this set-up the magnetostrictive material is connected by using
glue or soldering on a non magnetic or magnetostrictive acoustic wave guide, for example glass or ceramic
at two distinct areas of it, in order to be used as excitation and detection regions of the elastic pulse

respectively.

For the sake of the experiment Fe-rich amorphous wire specimen in the as-cast form has been used to be
glued on a glass tube used as the acoustic waveguide. The diameter of the Fe-rich wire was 150 um, while
the lengths used were 1, 2, 3 and 4 mm. The dimensions of the magnetostrictive material and the acoustic

wave guide were of the same order to facilitate their coupling.
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The pulsed response of such an arrangement indicates that the MDL resolution can be of the order of the

length of the used magnetostrictive material. The non magnetic acoustic wave guide can also be tailored

in order to minimize the elastic signal distortion.
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Figures 3.32. The dependence of the amplitude of the

voltage output Vo on the number of turns of the

receiving coil.
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Figures 3.33. Opimized MDL output with respect to the

excitation pulse (y-axis in mVolts and x-axis in us).

3.5.1 MDL impulse response

In order to further understand the mechanisms of the magnetoelastic response of the MDLs, the impulse

response characteristics may also be studied, although they are not categorize as a different property,

since they can be studied together with frequency response and MDL resolution.

According to this experimental procedure the magnetostrictive material is polarized by the bias field so

that the pulsed current saturates it. Exciting the MDL up to magnetoelastic saturation, the orientation of

the magnetic dipoles along the length of the MDL is obtained. Then, having a very sharp falling edge of

pulsed current, simulating the impulse response, the magnetic dipoles are driven from the saturation point

down to an equilibrium angle.
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Figure 3.34. The MDL impulse response, for
different pulse widths and amplitudes (y-axis in
mVolts, x-axis in us). (a) H=0.8 A/m, (b) H=1.6
kA/m, (c) 2.4 kKA/m.

The impulse response is illustrated in Figure 3.34 for
different pulse widths and amplitudes. Under all
circumstances the impulse response indicates that there
is an exponentially decaying oscillation, with almost the
same time constant of exponential decay and oscillation,

described by:

V(t) = Voe_% cos (?) (3.3)

T is considered as a constant, which was found to be
constant and equal to 37 ps for the case of FezsSi7Bis
amorphous wires. This useful information indicates that
under impulse response, the magnetostrictive dipoles of
the material are subject to decaying oscillation around
their point of equilibrium. Such an effect, apart from being
useful to determine the equilibrium time of the magnetic
dipoles, results in the undesirable elastic after-effects in
the MDL response, so that they should be taken into
account when MDLs are to be used for array sensor

applications.
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4 Materials for MDLs

Having analyzed the MDL operation, arrangements, properties and parametric dependence in the previous
chapters, the materials for use in MDLs are analyzed hereinafter. At the first place, the classical
polycrystalline metals and alloys are presented, although they are not advantageous with respect to other
materials, like amorphous alloys, thin films and composite materials. In turn, amorphous alloys in the form
of ribbons, wires and glass covered wires are presented: these materials cover the vast majority of MDL
applications. Then, thin films and negative magnetostrictive materials are presented. Composite materials

are finally presented although they have not yet been used as magnetostrictive delay lines.

4.1 The classic poly-crystalline magnetostrictive wires and ribbons

The most common polycrystalline metals and alloys usable as MDLs are the Fe and Ni wires, while rarely

Fe, Ni and Fe-Ni ribbons may be also used. A typical MDL pulsed voltage output response, using Fe or Ni
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Figure 4.1. Microcracks on the surface of a magnetostrictive material prohibit the propagation of elastic waves.
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polycrystalline wire as MDL can have a small or high noise level as well as small or high magnetic and
acoustic aftereffects, depending on the microstructure and uniformity of the material, as well as the
structure-stoichiometry and its uniformity. At first the presence of cracks in the material affects the ability
of propagation of elastic waves. As an example, the microstructure illustrated in Figure 4.1 referring to a
Ni ribbon almost prohibits the propagation of the elastic waves due to the clearly observed micro-cracks.
Furthermore, scattering centers like the ones illustrated in Figure 4.2, referring to a Fe ribbon, may also
affect the MDL response. They are responsible for partial reflections of the propagating elastic pulse,
resulting in non-homogeneous superpositions of elastic waves along the length of the MDL, resulting in

the non-uniformity effect discussed in the previous chapter.
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Figure 4.2. Scattering centers cause reflections and magnetoelastic non-uniformity.
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Figure 4.3. Absence of defects results in a significant improvement of non-uniformity.

132



A rather uniform response is expected and observed in the case of a material illustrated in Figure 4.3,
referring to a FesoNizo wire. The absence of micro-cracks is crucial for the uniformity and higher sensitivity
of the magnetostrictive material. Finally, the presence of shape induced anisotropy shown in Figure 4.4,
referring to FegoNiyo ribbon, further enhances the magnetoelastic response and sensitivity. Such a
microstructure may also enhance the Barkhausen noise of the magnetostrictive elements. Thus, the
properly tailored magnetostrictive materials may exhibit a significantly small noise level, of the order of
the fraction of a few pVs, which is mainly attributed to the electromagnetic noise induced at the search
coil. It is significant to notice the absence of secondary waveforms. Only reflections may appear in such an

MDL without scratches and mechanical injuries.

Figure 4.4. Shape induced anisotropy may occasionally help the improvement of the magnetoelastic properties.

The magnetic and magnetoelastic properties of these materials can not promote them as sensitive MDL
materials in many MDL applications. Among these properties, hysteresis may be the worse observable
property of these materials, as noticed in Chapter 3 (see Figure 3.3). Such a hysteresis makes these
materials useless for voltage output dependent MDL applications, as illustrated in the next chapters of this
work. Additionally, the observed sensitivity of the response of these materials on pulsed and dc biasing

fields is poor, not allowing sensitive response and therefore not promising sensing behavior.

Nevertheless, in cases where the MDL operation and response is not dependent on the voltage output
detection but on delay time dependence these polycrystalline materials appear to have a remarkably

repeatable and steady response. The magnetoelastic uniformity of Fe and Ni wires illustrated a stability
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equivalent to the amorphous wires, while their longitudinal sound velocity is almost constant. From these
results, it can be seen that a remarkably uniform magnetoelastic response and a rather steady sound
velocity with respect to the applied biasing field can be realized. This response suggests that polycrystalline
MDLs can be used for delay time based MDL sensors, as it will be analyzed in the case of position sensors
in Chapter 4. Taking into account that the cost of such polycrystalline materials, like Fe wires of 0.1 mm
diameter can be found in the market in the cost ~30 Euros per kg or ~30 Euros per 10 km of MDL material,
they apparently become attractive for the above mentioned application, provided that they do not suffer

any mechanical stress during their use.

It is finally noted that the use of magnetostrictive polycrystalline alloys is not very common, since their
magnetoelastic coupling factor and magnetostriction engineering constant As are rather small in
comparison to Fe and Ni polycrystalline wires or ribbons. They can be used in some particular cases, where

the sign of magnetostriction plays a significant role.

4.2 The rapidly quenched magnetoctrictive alloys

In most of the developed applications, the use of amorphous alloys as MDLs offered repeatable results,
since they are more sensitive and rigid than magnetostrictive polycrystalline materials (Fe, Ni, Fe-Ni). They
combine high magnetostrictive and elastomagnetic sensitivity, high saturation magnetization and very
attractive soft magnetic properties. On the other hand, since the magnetic and metallographic nature of
these alloys has been satisfactorily investigated, their behaviour as MDLs can be determined due to the
existing literature [12]. Some additional and indicative MDL properties of these alloys, out of a vast variety

of experimental data, will be introduced and discussed hereinafter.

There are some practical reasons leading to the decision to choose these alloys. In our experiments, 20 or
more Fe wires (0.1 mm diameter) were required in order to obtain an MDL with the same sensitivity as a
single 125 um amorphous FesSizB1s wire or a 0.025 mm thick and 1 mm wide ribbon delay line, under the

same experimental set-up. Additionally, amorphous ribbons and wires are preferred to be used as acoustic
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waveguides, since they are more rigid than crystalline materials, hence they can withstand larger amounts

of applied forces on their surface.

Several amorphous ribbons and wires were sought in the existing literature and tested on the experimental
bench. Among them, the Fe-Si-B family, such as the Fe;sSizBis alloy, was finally chosen, because of its
excellent magnetic properties and mechanical stiffness. The small concentration of carbon in this alloy,
instead of lowering the MDL properties, increases its sensitivity under applied pulsed and biasing magnetic
field. For an as-quenched amorphous FesSizBis alloy, the saturation magnetostriction is 30-100 ppm,
saturation magnetization about 1 Tesla and its B-H loop offers very soft, unhysteretic and linear magnetic
behavior. The elastomagnetic properties of this material are also significant; the relative permeability of
this alloy varies with the applied stress along its length. This property was used for some of the proposed
force transducers, as will be discussed in Chapter 7. A vast number of experiments has been performed
concerning amorphous alloy ribbons, wires and glass covered wires, when operated as MDLs. In this
Chapter, a few indicative results are given in order to illustratively demonstrate the operation of these

alloys.

The obtained microstructure of amorphous FezsSizBis alloys in their as-cast form, as illustrated in the TEM
diffraction measurement of Figure 4.5, allows the existence of only local stresses due to the manufacturing
method (either planar flow or in-rotating-water rapid quenching for ribbons and wires respectively). Such
localized stresses could well be minimized by thermal heating, while magnetic anisotropy could be
optimized by field annealing or stress-current annealing, provided that temperatures are smaller than
crystallization temperatures. If crystallization or (more commonly) nano-crystallization has been caused in
the material, the most usual effect is the counter-balance of the magnetostriction of the amorphous matrix
and the nano-islands or crystallites (see Figure 4.6) by means of summing up positive and negative

magnetostriction index, resulting in minimization of the magnetoelastic properties.
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Figure 4.5. TEM diffraction pattern (left) suggests amorphous phases in Fe-rich ribbons, accompanied by repeatable
and unhysteretic MDL response. Even partial nano-crystalline ribbon (right) resulted in small and hysteretic MDL

response.

Figure 4.6. Nano-crystalline Fe-rich alloys cannot operate as MDLs due to the very small A(H) function mainly due

to the co-existence of positive and negative magnetostrictive phases.
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4.2.1 Amorphous ribbons

Apart from some excellent magnetic and magnetoelastic properties, amorphous ribbons have some
undesirable properties too, which must be effectively reduced or eliminated. All these properties,
acceptable and not acceptable, are illustrated and discussed hereinafter. In many cases an engineer
developing an MDL application has to develop MDLs of a width smaller than 1 mm out of a tape having
width of 50 or even 100 mm. The way to develop narrow MDLs is mostly wet or dry lithography.
Lithography introduces stresses, which affect the magnetoelastic uniformity and the other MDL properties

of the alloy ribbon.

The most attractive property of Fe-Si-B alloy ribbons, and especially the FessSi;B1s composition, is the high
level of response and mechanical robustness. On the other hand, it suffers from magnetoelastic uniformity
response, as illustrated in the previous section. All the characteristics mentioned in the previous Chapter,
namely magnetoelastic uniformity, sound velocity and sound velocity uniformity, hysteresis, linearity,
response delay, dc magnetic field bias effect at both excitation and search region, reflections at the ends
of the delay line, secondary waveforms, pulsed field amplitude and pulsed field duration and frequency

response have been determined for various kinds of amorphous ribbons.

Since the basic idea behind all the proposed transducers is to measure the change of the magnetoelastic
wave (either at the point of origin or at any point of the delay line as it propagates, or even at the receiving
coil with respect to the applied displacement, force or pressure), these delay line characteristics are the
ones that determine a possible MDL error. So, improvement of these characteristics improves the

performance of the MDL.

One of the most severe problems experienced by using amorphous ribbon MDLs is their nonuniform
magnetoelastic response (MEU), as defined in the previous Chapter. Experimental work has concluded
that the fluctuation from the average value of the as-quenched, annealed and finally stress-current
annealed after stress relief MDLs was 60-140%, 75-125% and 90-110% of a mean value respectively. Thus,
nonuniformity was improved in the case of heat treatment, while a better result was observed in the case
of a stress-current annealed delay line for which a stress relief process was previously applied. The
normalization process has been successfully used in order to obtain optimization of the MDL response of

the amorphous ribbons. Of course, a traditional method to eliminate the nonuniformity effect is the use

137



of more than one MDL [27]: the more MDLs, the better their uniformity function, since the differences

between various excitation and/or search regions are averaged out.

On the other hand, as far as internal stresses are caused during the rapid solidification method of
manufacturing of these alloys, the stiffness of the material along its length changes arbitrarily so that the
strain caused by applying a longitudinal pulsed magnetic field is not predictable. Thus, after heating and
annealing them, stress relief is obtained, so that the MDL behaves as a more uniform acoustic medium.
But, even after the stress relief process, elastomagnetic waves are not uniform. The V,(x) function can be
further improved by making the magnetic domain orientation uniform. Such an orientation was achieved
by stress and current annealing, which has similar results to the transverse magnetic field annealing.
Heating and annealing delay lines could also induce additional internal stresses in the material. Such an

effect can also be observed by the induced stress process on the MDL.

But even after stress relief and domain wall reorienting the elastomagnetic waves do not become

absolutely uniform. This happens for a number of reasons:

1. Nonuniformity in the cross section area of the material. Since the material is produced by a rapid
solidification process and made in ribbon form, the cross section areas are not uniform, causing a
sort of difference in the acoustic pulse creation and propagation, when a pulsed magnetic field is
applied. A fluctuation of the cross section area of the order of 10% has been reported for the case
of ribbon alloys. This cross section area seems to be much more uniform, for the case of the FeSiB
wires, due to the way of manufacturing.

2. Magnetic nonuniformity, i.e. variation in the percentage of the ferromagnetic material
concentration along the length of the line. This effect causes different magnetic flux density at
the various points of excitation.

3. Small changes of the distance between conductor and delay line cause fluctuation on the received
voltage outputs which are about twice the ratio of the distance change.

4. Although the recently developed amorphous wires are not fully understood yet, there is an
indication that the uniformity function is more uniform. For the moment, it is obvious that the

normalization process is required when MDL techniques are used for analogue multiplexing.

A typical dependence of the MDL response Vo on the applied pulsed field amplitude He is illustrated in
Figure 4.7. These data have been received by incrementing the pulsed field amplitude He upwards and

downwards. The measurement of the MDL response of amorphous ribbons has been realized by using the
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experimental set-up as illustrated in Figure 2.12, with a 12-bit A/D converter. The two recorded Vo(He)
functions were identical, illustrating absence of hysteresis by using thel2-bit A/D converter. Furthermore,
the response is almost monotonic although strongly non-linear, thus allowing mathematical fitting for

look-up table calibration reasons.

MDL pulsed voltage output (mv
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Figure 4.7. A typical dependence of the MDL response Vo on the applied pulsed field He.

The MDL response delay has been defined and discussed in the previous Chapter. It is the time needed for
an acoustic pulse to be detected and stored. After the acoustic pulse is detected at the receiving point, the
process of amplifying, sampling, holding and storing the peak value Vo in the memory of the computer
takes place in less than 10 us. So, the time needed for storing the information out of 1 m of amorphous
ribbons (and the other amorphous alloy MDLs) for one single pulsed current transmission is about 200

microseconds.

It has been experimentally observed that about 60% of the original acoustic pulse is reflected at a single
reflection at the free end of an amorphous ribbon MDL. It has also been observed that after 5 reflections

the level of the reflected signals in these materials is approaching the search coil noise level.

One method to avoid reflections of a non terminated delay line is to use a delay line longer than its sensing
length, in order to receive any reflected acoustic pulses after receiving all the original and useful pulses.

So, reflections are not taken for detection sampling and holding.
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A method to reduce the reflections at the ends of a delay line is the use of damping material. In this way,
acoustic waves are absorbed from it, while results become better if the thickness of the material increases
progressively. The more absorbing material is applied, the smaller the reflection level, although no
detectable results can be obtained when the termination is longer than 10 mm. Using 10 mm painted latex
adhesive, it was observed that the first reflections can well be less than 1% of the original signal. Another
method to reduce acoustic reflections is by using a multi-reflecting delay line termination. Thus, the elastic
pulses are reflected at the multi-reflecting termination several times and finally, the reflected signal is
hidden in the noise of the search coil. Combination of 3-edge multi-reflected termination and

simultaneous use of damping material offered reflection level smaller than the MDL noise level.

The Van der Berg’s idea [27] has been used in amorphous ribbon MDLs to eliminate reflections: using two
MDLs, the one being free of terminations and the other stretched at its end results in two reflecting signals
with opposite signs. Therefore, when they arrive at the receiving coil, they cause opposite pulsed voltage
waveforms, cancelling each other. The observed voltage after-effect waveforms are quite significant in
amorphous ribbons. Some explanations have been tried in the past, concerning scattering centres [39]. All
of them agree with the fact that the internal stresses in the ribbon cause small reflections of the
propagating magnetoelastic wave. So, the receiving waveform is followed by the after-effect waveform

which lasts about 30 microseconds.

The time width of the main pulsed voltage waveform is not the same as the pulsed current one. This is due
to the finite extend of the MDL excitation region, the size of which depends on the distance between
conductor and delay line and the magnitude of the pulsed current. On the other hand, the quality factor
of the receiving coil also plays a significant role. A typical time width of the front wave of the MDL pulsed
output is 14 ps for pulsed current time width of 3 ps. Adding the secondary waveforms to that main MDL
output, a total duration of 40-45 us has been observed. These numbers correspond to an as-cast

amorphous ribbon.

It was believed that a stress relief process could improve the performance of the output waveform:
internal stresses would be significantly reduced, thus resulting in a great reduction of the after-effect wave
form. Indeed, secondary or after-effect waveforms have been eliminated for an MDL heated in 3000C for

3 hrs, in inert atmosphere, with a consequent 1°C/min slow cooling rate.
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The typical MDL resolution of

LSD amorphous ribbons has been treated in

a similar way as for the case of

amorphous wires, as presented in the

455

previous Chapter. At the moment,
l experimental observations suggest that
E:LHZ ' a complete output waveform lasts
E. about 44 microseconds, while this time

width can be reduced down to 14

microseconds by applying stress relief
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Figure 4.8. Longitudinal sound velocity dependence as-cast (a) and ~ must have a minimum pitch from 220 to
heat treated (300°C for 1 hr in Ar atmosphere) amorphous ribbons. 70 mm, dependent on the treatment of
the MDL. In fact, for the case of amorphous ribbon MDLs, we used a pitch equal to 80 mm, for delay lines
after heat treatment. These levels of MDL resolution are clearly worse in the case of amorphous ribbons

compared with amorphous wires, which have indicatively been analyzed in the previous Chapter.

Improving the amorphous ribbon MDL resolution between adjacent, simultaneously excited conductors
(called from now on, conductor arrays), demultiplexing techniques have to be used. This means that a
number of conductor arrays, sequentially interrogated, close and parallel to each other could be used. So,
after exciting the first array of conductors, the second is excited etc. The pitch between conductors, for
two consequent arrays, defined as arrays having conductors in the closest possible distance and the time
delay for pulsed current transmission being the shortest one, could be as small as the electronic technology
can provide. A typical pitch of the order 1 mm between adjacent conductors has been achieved by using
wet PCB lithography technology. Such a pitch has been used in the past for walkway gait analysis for

Arthritis estimation.

For this application, the delay time between two sequentially excited conductor arrays should be long
enough to avoid interference of the adjacent acoustic pulses with each other. So, a delay of about 16
microseconds would be enough since the main voltage waveform lasts about 14 microseconds and the
pitch between adjacent conductors is 5 mm. In the walkway gait analysis, 128 arrays of conductors were

used in order to have the desired resolution of 1 mm. In order to avoid interference between pulses at the
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same conductor array, a minimum 256 us pulsed current period, corresponding to 1 m of MDL, was

required for all the conductor arrays.

In general, if the desired pitch between consequent conductors is x mm, taking into account that 80 mm
correspond to a minimum pitch for interference-free pulsed current MDL operation, 80/x sequentially
excited arrays of conductors are required. The delay between consequent pulses should be longer than
(14+v/x) us, where v is the longitudinal sound velocity of the MDL. So the minimum period of the pulsed
current waveform should also be larger than 80(14+v/x)/x us. For this reason, sound velocity
measurements are of importance for the MDL technique. An illustrative dependence of the longitudinal

sound velocity of as-cast and heat-treated ribbon is shown in Figure 4.8.

The MDL pulsed voltage output is much dependent on the presence of a DC bias magnetic field.. A typical
dependence of the MDL output on the absolute value of the dc biasing field at the excitation and the
search region is illustrated in Figure 4.9a and 4.9b respectively. Similar results appear for the MDL
dependence on the biasing field at the receiving region. Generally, V, changes smoothly with respect to
the external applied field, thus indicating a smooth magnetostriction and magnetization dependence on
field. Indeed, Barkhausen jumps may appear only locally in amorphous ribbons. For the case of as-cast
amorphous wires, as shown in the next section, large Barkhausen jumps are responsible for the non-
continuation of the MDL pulsed voltage output on the biasing field. On the other hand, it was observed
that for a DC field Hq., applied at an angle a to the axis of the delay line, the received voltage output
becomes V.cosa, where V, is the voltage received under the same DC field Hy. applied on the direction of

the line.
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Figure 4.9. Typical absolute amplitude MDL voltage output dependence on the applied biasing field at the excitation
(a) and search (b) regions, concerning as-cast amorphous Fe-rich ribbon. Measurements have been realized by

exciting with pulsed excitation field He 200 A/m (white triangles), 400 A/m (circles) and 600 A/m (black triangles).

All these measurements have been taken for values of Hq. greater than a minimum field, corresponding to
the maximization of the MDL response. For the case of Fe-Si-B amorphous ribbons it was found that this
field equals to 0.35 A/cm. This field amplitude varies with respect to the annealing conditions of the
material. Usually, maximizing dc bias field decreases with stress relief process and stress-current annealing
process. As a general comment, it should be mentioned that the MDL dependence of amorphous ribbons
on biasing field forms a smooth non-monotonic but fitable response. Such a response has a critical biasing
field value Hc, where the magnetoelastic response is maximized, corresponding to the maximization of the
first derivative of the A(H) function. The value of H. generally decreases with stress relief and stress-current

annealing process.
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The pulsed current waveform plays a significant role in the magnetoelastic wave for such an MDL
operation, since the caused MDL pulsed voltage output is qualitatively proportional to the first derivative
of the propagating elastic pulse. The pulse width response has been investigated for the case of
amorphous Fe-Si-B ribbons. Pulse width response is defined [18] as the function of the peak voltage output
Vo vs the time width of the pulsed current waveform. Frequency response is defined as the peak value of
the voltage output vs the frequency of a sinewave signal transmitted longitudinally along the length of the
line, which has a fixed amplitude. The pulse width response of the amorphous Fe;sSi;B1s ribbons is quite

similar to that of the crystalline Fe and Ni wires as illustrated in Figure 4.10.
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Figure 4.10. Pulse width dependence of the MDL for as-cast amorphous ribbons under different excitation currents.

It has been observed that the optimum pulsed current time width is 1.6 us. For pulsed current width
greater than 2.5 ps, the receiving signal starts to split up into two signals, because the time for mechanical
relaxation is enough to split up the acoustic pulse at the point of origin this effect is undesirable for several
delay line applications. Generally, these results are more or less similar to amorphous Fe-rich ribbons, but
also to other magnetostrictive ribbons used as MDLs. In general, the MDL pulsed current/field width
response has a maximum, corresponding to the time window, which allows the maximum motion of

domain walls or the maximum rotation of magnetization.
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4.2.2 Amorphous wires

Experimental data on amorphous magnetostrictive wires used as MDLs are reported and discussed. The
reported results are also discussed and a comparison indicating the certain advantages and disadvantages
of amorphous magnetostrictive ribbons and wires for each special application is given in order to allow the
possible end user of these sensing ideas to select the most appropriate material in his special requested

application.

The development of MDL and corresponding MDL based sensors using amorphous Fe-rich ribbons has
offered some characteristics which satisfy some given applications. But there are some engineering
problems still existing when they are to be used, like linearity and multiplexing resolution. In order to work
towards the improvement of the characteristics of these MDL sensors, experiments using amorphous
magnetic wires were performed. By using such materials a more linear response of the distribution sensors
was obtained, while the indication of the control of the MDL multiplexing resolution has also appeared to
be a reality, mainly by controlling the dependence of the magnetostriction factor A on the applied field

along the ribbon anisotropy, A(H).

Among amorphous wires, the Fe-
Si-B  family offered the best
sensitivity as for the case of
ribbons. These materials have
been tested and indicative results
are provided in this work. Two

experimental set-ups were
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developed to determine the
response of amorphous wires used

as MDLs: the one was used for the
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Figure 4.11. MDL voltage output dependence on biasing field, concerning

dependence of the MDL.
as-cast Fe-rich amorphous wires. The presence of the large Barkhausen

jump can be observed.
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The measurement of the dependence of the MDL pulsed voltage output V, on the applied pulsed excitation
field for as-cast, stress-relieved and stress-current annealed amorphous FezsSi;Bis wires, illustrated an
improvement of sensitivity after stress relief and after stress-current annealing, as for the case of

amorphous ribbons. This was expected as discussed earlier.

A typical dependence of Vo on the biasing field is illustrated in Figure 4.11, concerning an as-cast
amorphous Fe;sSizB1s wire. For this case, it can be seen that the MDL response is not a continuous function.
This is attributed to the Large Barkhausen jump of as-cast amorphous Fe;sSizB1s wires. In these wires, the
existence of an inner single domain along the whole length of the wire, results in bistable switching which
is observable in the MDL receiving region for magnetization field dependence reasons, but also in the

excitation region concerning discontinuity in the A(H) function.

Such a response is influenced by heat treatment mostly due to increase of the Barkhausen jump effect.
Stress-current treatment modifies the response of the amorphous wire; after this treatment, there is no

Barkhausen jump and the bias field dependence becomes similar to that of amorphous ribbons.

A typical stress and torsion dependence of Fe;sSi;Bis wires is illustrated in Figures 4.12 and 4.13
respectively. The response of these wires is very sensitive illustrating a difference in as-cast, temperature
annealed and field annealed samples. As-cast wires illustrate a rather linear response, while annealed
samplesillustrate a non-linear but more sensitive stress dependence. This is attributed to the improvement
of the magnetomechanical coupling factor of wires, which has also been observed for the same family of

amorphous ribbons.
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Figure 4.12. Stress dependence of amorphous wires used as MDLs.
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Figure 4.13. Torsion dependence of amorphous wires used as MDLs.

A typical sound velocity dependence of as-cast and stress-relieved amorphous wires is shown in Figure

4.14, illustrating field dependence of the longitudinal sound velocity even in the as-cast form.
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Figure 4.14. Sound velocity dependence of FessSi7B15 of as-cast (a) and stress-relieved (b) wires.

It has been experimentally established that the amorphous wires have almost uniform magnetoelastic
response in comparison with ribbons. This means that their repeatability and their multiplexing accuracy is
quite high and within the limits of the above mentioned accuracy, while of course the use of the
normalisation process allows the same levels of uniformity, repeatability and multiplexing accuracy in the

case of ribbons, under the assumption that a microprocessor controller is to be used.
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As it was already discussed, the MDL secondary waveforms and the MDL resolution are much improved in
the case of amorphous wires, compared to the response of amorphous ribbons of the same family.
Furthermore, as shown in next chapters, there are cases where the amorphous wires offer a more linear

response in sensing elements in comparison to amorphous ribbons.

From the experimental work, it has also been observed that the temporal stability of the response in an
amorphous wire is of the same order of the corresponding stability as an amorphous ribbon. The deviation
of the amplitude size is mainly due to random mechanical vibrations of the wire, while the involvement of
domain wall instability is also present, resulting thus to a random instability distribution. The stability in
amorphous ribbons and wires in the as cast form has been found to be of the order of 1% maximum. Thus,
the sensitivity of these devices could not be better than 1% for direct readings for this kind. Using field
annealed amorphous wires results in a reduction of the instability down to the order of 0.2%. This may
suggest the absence of the Large Barkhausen jump for field annealed wires. Averaging out the sensor
output does also result in a compensation of the instability output. For as-cast materials it is reduced down
to 0.01%, while in the case of the field annealed materials it is reduced down to the least % digit of the
used experimental set-up (12-bit Analogue to Digital Converter). The pulsed width response of the
amorphous wires (Figure 4.15) is very similar to that of amorphous ribbons, having a maximum output at

~2 us.
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Figure 4.15. Pulsed current width normalized MDL response in amorphous as-cast wires.
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The preference of wires with respect to ribbons and vice-versa will be discussed in each type of sensor
based on the MDL technique separately. As an example, amorphous ribbons in the as-cast form are less
sensitive in sound velocity changes than the amorphous wires, thus being more preferable for delay time
based position sensors. On the contrary, amorphous wires are more sensitive to pulsed and bias field, thus

being more preferable for voltage output dependent sensors.

It is clear though that cross sectional shape reasons may govern the decision of using either wires or
ribbons. For example, if the MDL itself has to be stressed or torsioned, amorphous wires ought to be used.
On the other hand, if the MDL has to be pressed, it seems that amorphous ribbons are more preferable. In
the case that MDL has to be used as an untouchable waveguide, the use of either ribbons or wires may be
suggested, depending on the application. For example, for field sensors with small range of measurement,
amorphous wires very sensitive before the Large Barkhausen jump may facilitate for some given
applications. On the other hand, long field range response of amorphous ribbons may allow their use in

area field mapping.

Finally, stress-current annealing may significantly help to tailor the A(H) function of amorphous wires, due
to their cross sectional shape. This may allow the preferential use of amorphous wires for industrial sensing

manufacturing and applications.

4.2.3 Amorphous glass covered wires

The operation of Fe-rich glass covered amorphous alloy wires as magnetostrictive delay lines is illustrated
hereinafter. These wires can not demonstrate magnetoelastic wave propagation, since their signal
vanishes fast due to the high interlayer stresses between glass coat and magnetic alloy core. We obtained
magnetoelastic wave propagation and detection after glass removal and mainly after high frequency
current annealing without glass removal. This is the reason why their MDL characteristics are presented
more analytically than the other amorphous materials (ribbons and wires). The significance of glass
covered amorphous wires is their anti-corrosion protection offered by the glass covering cell. The presence
of the glass can also be used in some specific applications, where, for example, mechanical action like force

is to be applied on the magnetostrictive wire surface, thus measuring force distribution and digitization.
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Having the motivation to obtain the MDL operation from glass covered amorphous wires, GCA wires for
short, their properties were investigated. The most challenging aspect was that, despite the fact that these
wires have a magnetostrictive composition, they are not expected to show the usual magnetoelastic wave
generation, propagation and detection in their as cast form, because of the tensile and quasi-torsional
stresses induced at the surface acoustic wave propagation layer, which does not allow the propagation of
elastic pulses generated in the magnetostrictive volume. The Fe-rich GCA wires, having the same
Fe;75Si75B1s composition of the more “classical” amorphous wires, a-wires for short, illustrate
magnetostrictive properties, as the a-wires. This is proved by observing the modification of the B-H loop
under applied stress. Thus, it would be expected that the GCA wires could generate magnetoelastic

microstrain able to propagate as elastic wave.

In order to observe and determine the magnetoelastic wave generation, propagation and detection in
these wires, which we will describe next. A 40 cm ceramic tube of 0.5 mm and 1 mm internal and external
diameter respectively has been used in order to accommodate the GCA wire. A 10 turn coil made of 0.1
mm enamelled copper wire has been used for pulsed field excitation means. This coil was wound on a
glass tube of 2.5 mm and 1.5 mm external and internal diameter respectively, able to be around the
ceramic tube accommodating the GCA wire. Thus, this glass tube was able to be driven along the ceramic
tube, in order to measure the magnetoelastic uniformity properties of the wire. A 30 mm long solenoid,
made of 0.35 mm enamelled copper wire, was wound around a glass tube of 7 mm and 5 mm external and
internal diameter respectively and has been used for applying biasing field along the region of the pulsed
field used for excitation of the wire. A 1000 turn flux change receiving coil, made of 0.03 mm enamelled
copper wire, has been wound along the one end of the ceramic tube. A fixed in position 30 mm solenoid,
made of 0,35 mm enamelled copper wire, was wound around the receiving coil and fixed in position, used
for applying biasing field along the region of flux change detection. A FET transistor based circuit was used
for pulsed current generation, up to 20 A peak value, having a period of 1 ms and a duty cycle
corresponding to pulsed current width from 0.1 up to 10 psec. The output of the receiving coil was
connected to an oscilloscope for flux change observations. According to this, the magnetoelastic wave
generation and propagation could be received by the receiving coil and observed in the oscilloscope.
Hence, the dependence of the magnetoelastic wave behaviour on the exciting pulsed field amplitude and
width could be determined as well as its dependence on the biasing field at either the point of excitation

or the region of elastic wave receiving.
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Fe-rich glass covered amorphous wire of the usual Fe77.5Si75B1s composition in the as cast form was initially
used. No signal could be detected out of the receiving coil. Then, the glass cell was removed out of the
GCA wire by using HCI solution of 0.001 N for 1 hr. The result was the appearance of a pulsed voltage
output at the receiving coil. Actually, the magnetoelastic response of this wire was not uniform along the
length of the material. This response was measured by moving the exciting coil along the ceramic tube
under no biasing fields. The dependence of V, on the distance between exciting and receiving means is
given in Figure 4.16. This measurement proves that the glass coat does not allow the propagation of the
magnetoelastic wave. Since our target was to use the GCA wires with the glass coat, we tailored the
properties of GCA wires by high frequency current annealing. Passing high frequency current through the

magnetic core, current transmission is limited at a given depth of the magnetic core, due to the skin effect.
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Figure 4.16. Magnetoelastic uniformity response for a glass removed CGA wire by chemical etching.

Such current heats up the glass coat — magnetic core interlayer, resulting in tensile and torsional stress
relaxation at this interlayer. Indeed, after annealing with 10 MHz, 0.1 A current along the GCA wire for 1

minute, a pulsed voltage output at the receiving coil was observed.

The magnetoelastic wave characteristics for the high frequency magnetically annealed wires were
measured, at a distance between exciting and receiving coil equal to 5 cm. The dependence of the voltage
output amplitude, V., on the pulsed exciting field is illustrated in Figure 4.17. The dependence of Vo on
the bias field at the exciting region is given in Figure 4.18. These experimental results prove that GCA wires

can be used as magnetostrictive delay lines, having the advantage of the glass coat existence.
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Figure 4.17. MDL voltage output dependence on the pulsed exciting current field for the GCA wire.
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Figure 4.18. The MDL dependence of Vo on the bias field at the region of excitation.

The first effect under discussion is the explanation of the generation and detection of magnetoelastic
waves along the GCA wire. It is clear that in the as-cast form of these wires, no magnetoelastic wave can
be detected at the receiving coil, even if microstrains can be generated at the acoustic stress point of
origin. Taking into account the tensile and torsional stresses induced at the interlayer surface between the
glass cell and the metallic Fe-rich cylinder due to their production method, it is assumed that the generated
microstrains at the region where pulsed field is applied are generally speaking small in size, with respect
to the microstrain which could be generated at the same metallic cylinder, without such a glass
surrounding cell and corresponding induced stresses. Such an even small in amplitude, generated

microstrain is then to propagate along the length of the GCA wire, as a Surface Acoustic Wave (SAW) on
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the Fe-rich metallic cylinder as acoustic waveguide. This SAW should be a longitudinal propagating wave,
due to the shape of the acoustic wave guide, but it vanishes as soon as it is generated, due to the presence
of the above mentioned stresses along the glass - metal interlayer, as it happens in a common MDL

arrangement where the delay line is subjected to mechanical distortion.

The magnetoelastic response of the CGA wire tested after annealing in 10 MHz and 0.1A current along the
wire for 1 minute was monitored and illustrated in Figure 4.19. Such a response is far better than the
response of Figure 4.16, due to the uniform cover of glass on top of the magnetostrictive element and the

uniformity of glass-MDL interlayer stresses.

The non-uniform response of the partial glass removal of Figure 4.16, in which the magnetoelastic signal
equals zero for some distances between exciting and receiving MDL means, reappearing again at a higher
distance between them, actually proves the above mentioned statements about the glass cell effect on
the magnetoelastic behaviour of the GCA wires. Observing Figure 4.11, it can be seen that if glass exists at
a given region of the wire, then it is impossible for a generated microstrain in this region to propagate
along the wire. Figure 4.11 also indicates that, if a microstrain is generated at another region, it can
propagate even if it meets along its travel path glass portion inducing stresses on the acoustic wave guide
surface and thus distortion in its amplitude. These observations indicate that, if the interlayer tensile and
torsional stresses induced by the GCA production method are minimized, a generated microstrain can

propagate and be received as a magnetoelastic wave.
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Figure 4.19. Magnetoelastic uniformity response for a complete glass removal GCA wire.
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The most interesting result, though, is the realization of magnetoelastic wave generation, propagation and
detection. The explanation is different than the latter mentioned process. Obtaining a smaller glass cell
around the magnetic alloy core than the normal one, the amount of induced tensile and torsional stresses
on the said interlayer is reduced, obtaining the acoustic wave propagation and detection. An interesting
observation is that the magnetoelastic uniformity is similar to the function obtained in the complete glass
removal samples, although the attenuation factor of this function and the MDL sensitivity is lower than in
the complete glass removal case. This is explained by the existence of stresses at the interlayer.
Improvement of such a signal can be realized by stress-current annealing in high frequencies of annealing

current.

Actually, the experimental technique described in this paper can be used for observing the percentage of
the glass removal process by scanning the magnetoelastic behaviour of the GCA wire. Having in mind that
the optimum uniformity response is the one illustrated in Figure 4.19, the variation of the amplitude of Vo
indicates the amount of glass existing on the amorphous alloy surface.Apart from the uniformity response
it is also interesting to study the magnetoelastic wave sensitivity and characteristics. From Figures 4.17
and 4.18 it appears that the microstrain dependence of the GCA wires on the applied pulsed or biasing

IM

fields is less sensitive than the “classical” amorphous wires.

Considering that such a response concerns a GCA wire tested before annealing processes, this observation
can be useful in terms of tailoring the magnetoelastic properties of these wires. Considering their use in
sensors applications utilizing the MDL technique, their power consumption can be one order of magnitude
lower than using the classical a-wires. Tailoring the microstrain dependence can also be used for MDL

optimization by means of improving its spatial resolution and sensitivity.

Another significant although preliminary observation is the pulsed width response of the GCA wires. In
Figure 4.20, it can be seen that this response, reflecting the bandwidth response [18], of the
magnetoelastic behaviour of GCA wires can extend to the 10 MHz limit, set by the classical a-wires. This
observation can lead to the use of higher frequency excitation pulsed fields, which can actually generate
travelling surface acoustic waves of a higher frequency. The corresponding smaller wavelength of these
waves may be able to travel even in the presence of the above mentioned stresses at the glass-alloy

interlayer. Research work is also under way for this subject.

It can be said that the realization of magnetoelastic waves in the recently developed GCA wires after glass

cell removal, apart from being an achievement by itself, it gave the indication of how to generate elastic
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waves even in the presence of glass covering cell, namely being the partial or the complete removal of the
induced stresses at the glass-alloy interlayer. Such a stress relief can be realized by annealing process, as

above mentioned.

Voltage output (mV)

Pulsed current width (microsec)

Figure 4.20. Pulsed width response of GCA wires.

Finally, a comparison of the magnetoelastic uniformity of as-cast amorphous ribbons and wires as well as

high frequency annealed glass covered wires is illustrated in Figure 4.21.
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Figure 4.21. Magnetoelastic uniformity in as-cast ribbons, wires and high frequency annealed glass covered wires.
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4.3 Thin films

Magnetostrictive delay lines have also been developed in thin film structure. A monolithic design has been
achieved with the coils and the magnetoelastic element contained onto the same silicon substrate. Such
a miniaturized device able to be used for MDL sensing applications was fabricated by using a multilayer-

like technique.

The exciting conductor, the receiving coil and the MDL were fabricated using a conventional
photolithographic technique. In order to use conventional magnetostrictive thin films and Fe-metalloid
amorphous thin films as active magnetoelastic elements, the magnetoelastic properties which determine

their performance were studied.

The realization of small size sensors with the magnetoelastic element and the electronic circuitry
integrated in the same silicon wafer represents a considerable advantage of sensors based on thin films

comparing to sensors based on magnetostrictive amorphous ribbons and wires.

Due to the fact that the Curie temperature TC, the saturation magnetization Ms and the saturation
magnetostriction us and their hysteresis response determine the magnetoelastic sensing applications, it
is useful to study and evaluate these properties of the magnetostrictive amorphous and crystalline thin

films used as MDLs.

These applications require high values of the saturation magnetostriction constant and magnetoelastic
coupling factor in order to obtain dynamic, sensitive and versatile magnetomechanical sensors. Among all
these properties concerning magnetoelastic sensing applications, the magnetomechanical coupling factor

k, representing the elastic energy yielded by magnetic excitation and vice versa is the most important.

Among the crystalline materials, Fe and Ni wires are good candidates for delay line based sensors, as
depicted in the first part of this Chapter. Furthermore, experimental data indicate that the
magnetomechanical coupling factor k of Fe-Si-B amorphous alloys is higher than the one of Fe and Ni or

other magnetostrictive materials.
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Figure 4.22. The configuration of the thin film MDL.

Low values of magnetic anisotropy constant ku are required for large values of magnetomechanical
coupling factor k in order to improve the performance of the sensors. It has been established that the
magnitude of AE effect depends on the ratio between the saturation magnetostriction constant ps and
the magnetic anisotropy constant ky. If Es is the Young’s modulus in magnetically unsaturated state, the
following equation is useful to compare delay line changes for different materials used as magnetoelastic

elements:

-1

(EE) 1+ (%)] . (4.1)

min

The magnitude of this effect depends on the alloy composition and the annealing history of the sample.

Another advantage of the use of amorphous thin films as delay line medium for magnetomechanical
microsensors is their high mechanical strength. For these reasons, metallic glasses are used as active core

magnetoelastic elements in magnetomechanical sensors-based MDLs.

The configuration of the magnetostrictive delay line presented hereinafter, fabricated on a 50 mm
diameter silicon substrate, using a multilayer like structure, using Ni/SiO,, is illustrated in Figure 4.22. The
reason why Ni magnetostrictive material has been selected as the MDL element was due to
microfabrication compatibility reasons. 33 mm long magnetostrictive thin films have been used as MDLs,
while an exciting straight conductor (EC) was deposited at the one end of the MDL and a receiving coil (RC)

at the other end of the MDL. This geometry minimizes secondary waveforms out of the receiving coil. The
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distance between EC and RC is important in the MDL miniature design, determining the delay time

between exciting and receiving signals and consequently the detection of a discrete MDL output signal. It

has been found that such a minimum distance between EC and RC is of the order of 30 mm.

not fo scale

Figure 4.23. The 6 miniature MDLs silicon wafer schematic.

deposition and electron gun beam evaporation, respectively.

The silicon wafer schematic,
including 6 miniature MDLs built
on the same Si wafer, is illustrated
in Figure 4.23, using multilayer-
like structure deposition and
photolithographic technique. The
principle of operation of such an
arrangement has been analyzed in

Chapter 2.

The fabrication process of the
MDL miniature is based on
microelectronic technology. The
insulating layers and metallic films

were deposited by rf sputtering

The lithography used to form the exciting and receiving coils as well as the MDL itself, was based on the

ordinary positive photo resist application (Shirley AZ 1350J), an exposure using ultraviolet contact

photolithography and development. The pattern was obtained by wet chemical etching, but it can also be

obtained by dry lithography. The process sequence in the miniature MDL fabrication is illustrated in Figure

4.24.

Other elements, such as Fe and most importantly Fe-Si-B amorphous alloys can also be deposited instead

of Ni, as MDLs. Indeed, Fe-based amorphous alloys have been developed. Among several experimental

trials, the Fez0SisB20Ca composition demonstrated again the best performance within the limits of our

processing facilities.
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The characterization was realized with respect to the main magnetic properties of technical importance,
namely the saturation magnetostriction us, the magnetic anisotropy constant k., the Curie temperature
TC and the saturation magnetization M. Magnetic measurements have been performed for both Ni and
Fe70SieB20Cs alloy MDL. The films have been characterized by using using glass substrates commonly used
in thin film technology. Magnetostriction was measured by using capacitive-cantilever technique. The

magnetic characteristics were measured by using torque magnetometry.
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values of magnetocrystalline anisotropy on metallic glass thin films. Typical linear longitudinal and
transverse magnetostriction values of Ni alloy films are illustrated in Figure 4.25. The details of the

structure of the films and the method of the determination of the dependence of A on the applied field.

The magnetoelastic response of such a thin film concerning parametric control of pulsed and bias fields as
well as stress dependence has been determined showing monotonic and non-hysteretic response.
Suggestively, Figures 4.26 and 4.27 show the dependence of the MDL pulsed voltage output on the pulsed

excitation current and the displacement of a Nd;Fe1;B: permanent magnet for a Ni MDL thin film.
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Figure 4.25. The linear longitudinal and transverse magnetostriction of Ni and Fe70SisB20Ca alloy films.
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Figure 4.26. Thin film MDL output dependence on pulsed excitation current.
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Figure 4.27. Thin film MDL output dependence on the displacement of a Ndi1Fe12B: permanent magnet.

An alternative way to detect the propagating elastic pulse in MDL thin films is the use of an MR element
as illustrated in Figure 4.28. According to this arrangement, instead of using a miniaturized coil to detect

the flux change, one may use magnetoresistive (MR) device in order to detect flux.
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Figure 4.28. MDL thin film using MR element as search means. (a) Top view, (b) Side view. (1) Substrate or wafer, (2)
Insulating layer, (3) Fe7oB1sSits thin film, (4) Cu thin film acting as pulsed current conductor, (5) insulating layer, (6)

Three-layered MR structure, (7) Fe7oB1sSiis thin film operating as MDL medium.

Apart from the classic MDL arrangement, the combination of inderdigital transmitter and electrostrictive
materials with magnetostrictive materials may also be used. This is the “opposite” with respect to the
arrangement illustrated in Figure 2.14. The schematic of the arrangement is illustrated in Figure 4.29.
According to this arrangement, a Fe-rich thin magnetostrictive film is set on top of the acoustic waveguide
used for elastic pulse, generation propagation and detection. The elastic pulse is a surface acoustic wave
(SAW) generated due to an inderdigital transmitter acting on a piezoelectric or ferroelectric element. Such
a SAW propagates along the electrostrictive material. When the elastic pulse arrives at the vicinity of the
Fe-rich thin film, it is coupled with it, transmitting a part of the acoustic energy to the magnetostrictive
film. The amount of the energy transmitted to the magnetostrictive film is proportional to the
magnetization level of the magnetostrictive film. If the material is highly magnetized, the amount of
acoustic energy transmitted to the film is reduced.

Interdigital fransmitter Interdigital receiver
\ Fe- hased amorphous thin flm

L e e
R

Figure. 4.29. A thin film arrangement using an electrostrictive delay line, coupled with magnetostrictive material.
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Thus, the propagating pulse, received by the interdigital receiver is small as the magnetostrictive material
is not magnetized. If the magnetostrictive material is either stressed or biased with field, its magnetoelastic

coupling factor changes and the propagating elastic pulse is modified (See Figure 4.30).
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Figure 4.30. Operation of the SAW based thin film. (a) Operation of the electrostrictive delay line coupled with a

magnetostrictive material, (b) effect of biasing field in the arrangement, (c) effect of applied load on the arrangement.
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4.4 Negative magnetostrictive materials

The sensing applications of negative magnetostrictive elements, used as magnetostrictive delay lines for
sensor applications may be of importance. In particular, these applications correspond to the
measurement of applying tensile stress, pressure and force, since the rest of characteristics ought to be
similar to the response of positive magnetostrictive materials. The stress dependence of the above
mentioned materials is presented and discussed in comparison with the more classic positive

magnetostrictive delay lines.

The negative magnetostrictive materials used as MDLs are Ni, and Fe-Ni polycrystalline wires in the as cast
form, after a stress relief process in 350 °C for 30 minutes or after flash stress current annealing using
pulsed current of amplitude, duration and period equal to 1 A, 10 ms and 10 sec respectively. The
sensitivity observed by increasing the excitation pulsed field reaches a saturation level, which is in
agreement with the saturation field of the A(H) function of the under test element. Such a sensitivity is

generally increased with respect to the treatment of the material, especially after flash current annealing.

As above mentioned, the direct stress, pressure and torsion on the MDL should cause a different MDL
response in negative and positive magnetostrictive materials. In this case the tailoring process caused an
increase of the sensor response. In particular, stress relief process caused a decrease to the measurement
span of the sensor, while the flash stress current annealing tailoring process didn’t cause such a

disadvantage, but it only improved the sensitivity.

The difference in negative magnetostrictive MDL (Ni wire) with respect to positive magnetostrictive wires
(Fe-wire and Fe-Ni wire) is illustrated in Figure 4.31. The negative magnetostrictive material increases its

response with stress, while the opposite takes place for the positive magnetostrictive materials.

164



140

—— Ni-up —8— Ni-dow n —&—Fe-up —=—Fe-down —=—Fe-Niup —a—Fe-Nidown

120‘

100

80 4

60 1

40

Voltage output (mVolts)

20 1

Applied stress (MPa)

Figure 4.31. Stress dependence of Fe, Ni and Fe-Ni polycrystalline wires after flash annealing. Ni wire illustrated the

expected increasing response, as negative magnetostrictive material.

In the case of the MDL basic arrangement into external biasing field, the tailoring process caused a
different response to the sensor. The stress relief tailoring process increased the sensor’s response and
doubled the sensitivity, while the flash stress current annealing tailoring process didn’t cause an important
increase to the sensor’s response but increased ten times its sensitivity for the corresponding input of
intensity of the external biasing field. The usage of negative magnetostrictive elements as MDLs caused
much improvement in many cases to their responses, especially when they are combined with a tailoring
process to which the MDLs have been subjected. Generally, we could conclude that the flash stress current
annealing tailoring process causes more beneficial effects to the above discussed sensors concerning their

response than the stress relief tailoring process.

Using negative magnetostrictive materials for various sensor applications has shown a significant
improvement for some types of sensors, especially for those measuring stress, torque or pressure. There
are cases where negative magnetostrictive materials acting as MDLs have the same response as the
positive magnetostrictive materials. Such an example is the case of the MDL acting as an acoustic
waveguide. Applying pressure on a negative magnetostrictive FeCoSiB wire, results in a decrease of the
corresponding MDL output to zero, as illustrated in Figure 4.32. On the contrary applying tensile stress on

the same MDL, the pulsed voltage output increases, as illustrated in Figure 4.33.
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Figure 4.32. Applying pressure on a negative magnetostrictive MDL under various pulsed excitation currents le results

in a decrease of the MDL output: the MDL acts as acoustic waveguide.
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Figure 4.33. Applying tensile stress on a negative magnetostrictive MDL results in an increase of the MDL output.
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4.5 Composites

Composite materials have not yet been developed in MDL arrangements, but it is possible that such
materials will be developed in the future. These materials are magnetic or magnetostrictive parts with
shape anisotropy, existing in a matrix of another non magnetic material. The magnetoelastic properties of
such a material may appear either due to the rotation of the magnetic parts by external magnetic field
without the requirement that these materials have to be magnetostrictive, or by the magnetoelastic
properties these magnetic parts exhibit, so that the sea matrix of another non magnetic material receives
the change of direction or dimensions of the magnetic parts and transmits it along the length of the
composite. This matrix has to be soft enough to be sensitive to the motion of the magnetic parts. However,
its stiffness results in damping the magnetic part change of state. A stiff polymer may be usable for such a

material development.
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5 Position sensors based on MDLs

Position sensors are widely used in production lines, testing laboratories and medical instrumentation. A
vast variety of such sensor characteristics can be of interest, used in many different applications. The state
of the art in reference position sensors is laser interferometers, offering an accuracy of the order of 100
nm per meter, while their high cost and sensitivity with respect to the required conditions of measurement
makes them appropriate mainly for calibrating instruments and laboratory use. Although these sensors

are sensitive, they are expensive and not able to operate in harsh environments.

A useful secondary standard position sensor is the lithographically printed plane surface, utilizing either
magnetic or optic bars of sub-micron dimensions, their sequential counting by an appropriate head being
the indication of position. Their accuracy is of the order of 10 micrometers per meter and they are often
used not only as working standards in calibration laboratories, but also for industrial and medical
applications, where a relatively high degree of accuracy is required. Reference lengths are also used for

calibration procedures in micro positioners, displacement sensors and 3-d digitizers.

When a circular position needs to be measured, optical and magnetic encoders are used. When a linear
position is to be measured, magnetic techniques are usually employed. Magnetic techniques are mainly
inductive, such as the linear variable differential transformer — LVDT [3] and various other versions of
closed magnetic circuits, in which the electric output of the system changes due to the displacement of
the sensing core [4], which can be a permanent magnet, a soft magnetic element or a conductive means.
Among these magnetic techniques the magnetostrictive delay line technique [5], named hereinafter the
MDL technique, has been widely used for position measurement, offering good linearity and small

hysteresis.

Apart from the above mentioned position sensors, when the accuracy required is not so high, candidate
sensors have to have the advantage of a relatively low price. A number of such sensors has been presented
in the past, mainly based on modification of magnetic circuit [1-3]. All sensing elements presented in this

Chapter can be applicable and manufacturable in production lines. Their characteristics are competing
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with the state of the art. At first, they are cordless, allowing their use in many applications. As an example,
the typical position sensor, resulting from the motion of the pulsed current conductor and corresponding
MDL response dependence with respect to its distance from the MDL is not presented as a position sensor,

since it is a corded device and therefore it can hardly operate and compete as a position sensor.

5.1 Moving permanent magnet measurement

This group of sensors refers to moving permanent magnet position measurement. There are three distinct
families of such sensors. The first one is based on voltage output detection using distribution principles
based on analog multiplexing techniques as discussed in the previous chapters. The second family is based
on delay time measurement, without excluding voltage measurement for an additional dimension of
position measurement. Finally, the third one refers to accelerometers using no excitation means to

operate.

Each group of sensors is to be presented separately. After the basic description of each sensor, its response
is given. Bearing in mind that the peak value of the receiving coil voltage V,, is the output of all the
proposed transducers, response of the sensors is the dependence of V, on the relevant input, which

corresponds to the position or displacement of a moving or movable permanent magnet.

5.1.1 Sensors based on MDL pulsed voltage output measurement

This family of sensors is able to measure displacements up to 20 mm. They are based on the DC bias effect
at either the elastic wave point of origin (PO) or the receiving coil of an MDL. They can be used as discrete
sensors or as large integrated arrays. The size of these arrays is dependent on the length of the MDL (which
can be about one meter). The principal idea of these transducers is based on the change of the peak of the
received pulsed voltage output due to the change of the DC magnetic bias field, which is obtained by using

moving magnet technique.
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Figure 5.1. Moving magnet displacement sensor causes change of the elastic pulse at the excitation region. (1)

MDL, (2) Excitation coil, (3) Search coil, (4) Moving magnet.

The basic arrangement of the first sensor of this group, which is based on the change of Vo due to the DC
bias effect at the PO is shown in Figure 5.1. A coil used for pulsed current transmission is vertical to the
MDL and a movable small field magnet is on top of the PO, serving as the sensing point. A small field

magnet is fixed at the receiving coil, in order to maximize the voltage output.

Magnets are arranged so that their field is in the same direction as the pulsed magnetic field. According to
this arrangement, when pulsed current is transmitted through the exciting conductor, the caused acoustic
pulse magnitude and consequently the detected voltage peak is dependent on the distance of the magnet
from the PO. This operation can be explained as follows: as the magnitude of the magnetic field out of the
magnet is decaying with distance, the DC magnetic field and flux in the MDL are dependent on the distance

between the magnet and the MDL.

If the existing magnetic fields around the MDL are known or controlled, the response of the sensor is
dependent on the distance between the magnet and the MDL. This dependence may be monotonic,
provided that the maximization of the MDL response has been obtained by an offset biasing field, for

example by using a permanent magnet fixed in position.

A distribution displacement sensor may occur by using the arrangement illustrated in Figure 5.2. According
to this arrangement a current conductor array used for pulsed current transmission is vertical to the MDL

and movable small field magnets are set on top of the POs, which are the sensing points. A small field
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magnet is fixed at the receiving coil, in order to maximize the voltage output. The magnets are magnetically

parallel, since their field is in the same direction as the pulsed magnetic field.

According to this arrangement, when pulsed current is transmitted through the exciting conductor array,
the caused acoustic pulse magnitudes and consequently the peaks of the detected train of pulsed voltages
are dependent on the distance of each magnet from the corresponding PO. The operation of this
arrangement runs as previously. It was experimentally found that positioning the magnets correctly can
be done as follows: the magnet is in the desirable position, if the detected peak voltage Vo decreases as

the magnet approaches the MDL, without inverting its sign.
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Figure 5.2. Distribution displacement sensor based on the sensing element of Figure 5.1. (1) MDL, (2) Array of pulsed

current conductors, (3) Search coil, (4) Array of moving magnets.

The basic arrangement of a moving magnet position sensor is based on the DC bias effect at the receiving
coil and the inverse magnetostriction effect, shown in Figure 5.3. A pulsed current conductor is placed
vertically to the MDL. The search coil is now the sensing area, and a permanent magnet is on top of the
search coil as the sensing core. Another permanent magnet is positioned at the PO, in order to maximize
the detected response. This operation runs as follows: the MDL is excited by the pulsed current and the
caused acoustic stress propagates in the MDL. It can be detected as a pulsed voltage induced at the search

coil.
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Figure 5.3. Moving magnet on top of the search coil changes permeability and flux at the measurement region. (1)

MDL, (2) Excitation coil, (3) Search coil, (4) Moving magnet.

The magnitude of this pulse is dependent on the distance of the sensing core (the permanent magnet on
top of the search coil) from the MDL. The closer to the delay line the magnet is the greater the magnitude
of DC field is in the MDL at the sensing point. This dependence may also be monotonic provided that an

offset biasing field at the sensing region is used as in the case of Figure 5.1.
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Figure 5.4. Distribution displacement sensor based on the sensing element of Figure 5.2. (1) MDL, (2) Array of pulsed

current conductors, (3) Search coil, (4) Array of moving magnets.

A movable magnet displacement distribution sensor based on the DC bias effect at the search coil is shown
in Figure 5.4. The same pulsed current conductor is used, set vertically to the MDL. A long coil is around
the MDL, serving as search coil, and an array of movable, small field magnets is on top of the long coil,

defining the sensing points of the integrated array. These magnets are now the moving displacement
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sensing cores. The way to set-up this array is the same as for the sensor of Figure 5.2. The same small field
magnet is also positioned at the PO, in order to maximize the detected response. This operation of the
distribution sensor is as follows: the MDL is excited by the pulsed current and the caused acoustic stress
propagates in the MDL. It can be detected as a train of pulsed voltages, out of the long coil. These pulses
are caused at the sensing points due to the presence of the magnets. The magnitude of these pulses is
dependent on the distance of the magnets from the MDL. The closer the magnet is to the delay line, the
greater the magnitude of DC field is in the MDL at the sensing point. A monotonic response of the sensor
can be also obtained by using the technique described above. The displacement of the small field magnets
with respect to the MDL and the corresponding peak amplitude of Vo are the input and output of these

types of displacement distribution sensors or sensor arrays.

Having discussed the dependence of Vo on the DC bias magnetic field at the PO and the receiving coil and
using this information as a guide to understand the response of the sensors presented in this section, the
dependence of V, on the displacement of the moving magnet for the two types of sensors is given next.
The experimental arrangements for getting the response of the first and second type of these sensors,
corresponding to PO and search coil sensing areas respectively. The uncertainty of the micrometer
calibrator was 1 um. The closest distance between the receiving coil and the magnet was offset to zero. A
5 cm long plastic support was used for attaching the magnet on the micrometer, in order to avoid any

effect due to the presence of a ferromagnetic material, such as the steel bar of the micrometer.

The response of the sensors of Figures 5.1 and 5.3 has been realized for many different kinds of
magnetostrictive elements serving as MDLs. Indicative results are shown hereinafter concerning
amorphous Fe-rich ribbons and wires, which present the best performance for this type of MDL sensor. As
an example, the dependence of as-cast amorphous Fe;sSizB1s ribbons MDLs on the magnet displacement
is illustrated in Figures 5.5 and 5.6 respectively. Experimental data were obtained by increasing and
decreasing the distance between the moving magnet and the MDL. The resulting curves were identical so
that the hysteresis factor is negligible for these types of sensors, within the limits of the used experimental
facilities. The response of these sensors was monotonic, for displacements up to 15 or 20 mm. The
uncertainty of measurements was 2 um and it is believed that the use of a better calibration device can

further improve the sensor uncertainty.
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Figure 5.5. Response of the sensor of Figure 4.1 using as-cast amorphous Fe7sSi7B1s ribbons.
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Figure 5.6. Response of the sensor of Figure 4.3 using as-cast amorphous Fe7sSi7B1s ribbons.

The use of the amorphous FeSiB wires results in a more sensitive performance of these sensors, provided
that the problem of the Large Barkhausen jump has been solved, in order to obtain a continuous
dependence of V, on magnet displacement. Such a problem is easily solved by the use of an offset magnet.

Their better sensitivity and magnetoelastic uniformity compared to the properties of the amorphous
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ribbons make them more attractive for this type of position sensors. Experiments showed that 125 um
diameter Fe;sSizB1s wires showed 90% higher sensitivity than 2 mm wide and 25 um thick amorphous

Fe;sSi;B1s ribbons and 16 times better sensitivity than polycrystalline Fe and Ni wires.

These sensors can serve as distribution sensors, provided that magnetoelastic uniformity has been
achieved and sensing points are far enough to ensure discrete MDL pulsed voltage outputs (MDL
resolution properties). Such a typical monotonic and unhysteretic response is based on the magnetoelastic
properties of the Fe-rich amorphous ribbon and wires and can be repeatable for these types of

magnetostrictive materials.

The resolution for these types of sensors is up to 80x80 mm? and 20x20 mm? for the sensors of Figure 5.2
and 5.4 respectively. On the other hand, another array of delay lines-long coils can be used, positioned
vertical to the first one, thus increasing the array sensor resolution. Obviously, the same pulsed current

conductor can be used, turned 90 degrees in order to excite the second array of lines.

But, other types of MDLs, such as Fe-Co-Si-B or Fe-Co-Cr-Si-B ribbons or wires with relatively smaller
magnetostriction constants may not illustrate a monotonic response. As an example, the response of
Figures 5.7 and 5.8 is not monotonic, although unhysteretic. Thus, such a type of material cannot offer a

proper moving magnet position measurement.

A technological advantage of these types of sensors is that the number of the required soldering
connections has been reduced down to a number of the order of the delay line number. For the moving
magnet sensors soldering connections are needed only for the existing pulsed current conductors (which
is just one in the case of the long receiving coil sensor). So, with respect to the possible use of the FeSiB
wires (easily achievable long substrates for the long coil), the cost of the transducers could be significantly

reduced.
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Figure 5.7. Response of the sensor of Figure 4.1 using FeCoCrSiB wire as MDL.
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Figure 5.8. Response of the sensor of Figure 4.3 using FeCoCrSiB wire as MDL.

The first kind of this family of sensors can be easily manufactured. The manufacturing process could be
divided into two parts, the one being the development of the MDL support, and the other developing the
sensing core arrays. This can be done by using a movable mat (foam) and flexible arrays of magnets. Thus,

using PCB technology, an order of one thousand discrete sensors per day or 100 distribution sensors,
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having a matrix of 100x100 elements, can be feasible. Manufacturing the second kind of this family, the
most important problem is the structure of the long receiving coils, requiring a special winding machine to
manufacture them. We have developed such a winding machine and the speed of manufacturing long coil
cannot be better than 100 meters per day. In fact the practical market of these sensors is laboratory or

industrial dilatometers.

Furthermore, this type of sensor may well be a 3-dimensional digitizer, measuring the precise point of the
sensing core, by using two MDL outputs of the four corresponding neighbouring microstrain points of

origin and performing extrapolation techniques.

Magnetosirictive dalay Lne
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Figure 5.9. A 3-dimensional digitizer based on the sensor of Figure 4.1.

5.1.2 Sensors based on MDL delay time response measurement

Results on the characteristics of three position sensors based on magnetic delay line techniques are
illustrated in this paper. These sensors are based on the linear motion of coils or magnets along the length
of a magnetic delay line. The uncertainty of the first sensor has been improved up to 40 um per meter by
applying bias field along its length, while the second cordless sensor has the worst accuracy of 100 um

per meter.

The sensitivity of the third position sensor has been determined to be better than 10 um, provided that it
is firmly shielded against ambient magnetic fields. The simplicity of these arrangements makes them
interesting for industrial applications, where corded or cordless linear motion position sensors of

relatively low cost are required. A basic principle of operation is illustrated in Figure 5.10.

178



A
v
A
A

— NN W
\2 1 3/

4_J\[_.

Figure 5.10. Moving either the excitation or the search coil results in a change of the MDL voltage output delay

time. (1) MDL, (2) Excitation coil, (3) Search coil.

According to this arrangement, a magnetostrictive material is used as magnetostrictive delay line (MDL)
in the form of a long ribbon or wire. This material is preferably an amorphous alloy and especially an

amorphous wire due to the high degree of magnetomechanical coupling factor.

It also offers a high degree of repeatability of magnetoelastic properties. An exciting coil set around the
MDL is used for transmitting pulsed current le and consequently generating a pulsed microstrain due to

the magnetostriction effect, split up into two parts travelling along the MDL as pulsed acoustic waves.

The travelling acoustic waves generate a change of the magnetic flux at the corresponding regions of the
MDL, due to the inverse magnetostriction effect. Such a flux change can be detected by a receiving coil
set around the MDL, which can transduce the magnetic flux change along the MDL within its region into

a pulsed voltage output.

The time delay between the exciting pulsed current le and the pulsed voltage output is proportional to
the ratio of the distance between the two coils and the longitudinal sound velocity of the material used,
assuming that such a velocity remains constant. Hence, having fixed in position one of the two coils and
being able to move the other one, a position sensor can be realized, utilizing the position of the moving

coil and the time delay between the exciting and detected signal as sensor input and output respectively.
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5.1.3 Long coil position sensor

The first position sensor is illustrated in Figure 5.11a. In this case a long excitation coil is used for
transmitting pulsed current and consequently pulsed field along the MDL. Assuming that the
magnetostrictive alloy used is magnetoelastically uniform, pulsed microstrain due to the magnetostriction

effect is generated only at the region of the material within the ends of the exciting coil.

Such an elastic pulse can be detected by a receiving coil as described in the previous arrangement. Setting
a hard magnet along the exciting coil, preferably in the form of a ring, the symmetry of the pulsed
microstrains breaks due to the additional biasing field caused by the magnet and a third pulsed microstrain
between the above mentioned two microstrains is generated, also detected by the receiving coil as a
pulsed voltage output. The delay time of this signal from the two other pulsed voltage outputs is the

indication of the position of the magnet with respect to the two ends of the long exciting coil.

Thus, a position sensor can be realized, using the position of the magnet along the exciting coil and the
output voltage of the receiving coil as input and output respectively. Experiments indicated that, for many
magnetostrictive materials, it is better to use the long coil as search coil and another short coil or a
conductor orthogonal to the MDL as the excitation means in terms of repeatability and continuity of the

MDL pulse voltage output dependence on the motion of the moving magnet along the MDL.

In this case the sensing core is also the moving magnet and the effect used for sensing is the inverse
magnetostriction effect. This arrangement can practically have the schematic depicted in Figure 5.11b,
where the excitation coil causes currents in the short circuited long coil, the output of which determines

the position of the moving permanent magnet due to the delay time at the search coil.
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Figure 5.11. Moving magnet position sensor based on the delay time of the MDL output due to the displacement of
the magnet along the long search coil. (a) the schematic operation, (b) a rather industrial schematic, representing

the sensor structure. (1) MDL, (2) Excitation coil, (3) Search coil, (4) Moving permanent magnet.

The above described sensor have been tested against a calibrated optic bar position sensor secondary
standard from Mitutoyo Ltd, with a sensitivity equal to 1 um and an accuracy equal to 6 um per m. Among
various tested magnetostrictive materials, indicative results are hereinafter presented concerning
Fe;sSizB1s amorphous wire after stress relief process in 300 °C for 1 hour. The response of the sensor is
defined as the dependence of the detected delay time on the position of the moving magnet on top of
the long coil. The typical response of this sensor ought to be just linear, except of cases where sound
velocity could be modified due to the presence of magnetic anomaly. The measurement uncertainty has
been determined to be 100 um up to 40 um per meter for the case of the long coil serving as excitation
and search means respectively, while, in unchanged magnetic conditions and absent ambient field, the

uncertainty reaches the levels of 10 um per meter for the long coil serving as search coil.

The difference in uncertainty can be explained by the Large Barkhausen jump initiating unexpected noise
and discontinuous MDL response, when the long coil is used as excitation means. Such a Barkhausen noise
vanishes in the inverse magnetostriction effect after using offset magnet and therefore when the long coil

is used as search means. An interesting combination of delay time and voltage MDL output measurement
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is illustrated in Figure 5.12. The sensing element (1) is a magnetostrictive delay line (MDL) in the form of
ribbon or fibre. A short excitation coil (2) is set around the one end of the MDL and an array of short,
single layer coils (3), connected in series and named hereinafter “search coils”, is spread around the MDL
along its length, used as the sensor output. A moving hard magnet (4), able to be displaced parallel to the
sensing material, is the active core of the sensor. Without any loss of the generality, in this specific
application the moving magnet was the end part of the hydraulic piston, having a magnetic pole
orientation parallel to the length of the MDL. It is mentioned that the magnetic pole orientation of the
active core of the sensor can be also vertical to the MDL, as it can be seen from the description of the

operation of the sensor.

The serial output of the search coils is driven to an Application Specific Circuit — ASC (5), including the
analogue and digital electronics for sensor excitation, signal conditioning and data acquisition &
processing. The analogue part of the ASC includes the pulsed current circuit for the sensor excitation (6)
and the amplification circuit of the output voltage pulse train (7). The digital part includes a digital
oscillator/counter (8) for delay time detection, a fast analogue to digital converter — ADC (9) for the
digitization of the output waveform and a microprocessor based circuit for data acquisition and
processing. The data processing concerns the determination of the exact position of the moving magnet.
Finally, the velocity and acceleration of the moving magnet can be determined by hardware or software
calculation of the first and second derivatives of the moving magnet position. The excitation part of the
sensor is packed up together with the ASC at the sensor termination, whereas the excitation coil is covered
by a soft magnetic tube, for example permalloy, in order to properly shield the coil against ambient
magnetic fields. The length of the sensor can vary by changing the number of search coils, thus allowing a

variable sensor length, in a relatively inexpensive production technique.

The sensor operates as follows: Pulsed current of 1 us duration and 1 ms period is transmitted through
the excitation coil. Then, the pulsed magnetic field along the length of the MDL generates an elastic pulse,
propagating along the MDL length. As the elastic pulse propagates along the length of the MDL, it causes
changes of magnetic flux at the intersections of MDL and search coils, thus inducing a voltage pulse train
with pulse intervals corresponding to the distance between consequent coils. These voltage pulses are
proportional to the ambient field along the axis of the search coils. In the absence of the moving magnet

and low ambient field along the array of the short search coils, these voltage pulses are small in amplitude.
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Figure 5.12. The position sensor. (1) Magnetostrictive delay line, (2) Excitation coil, (3) Array of search coils, (4)
Moving magnet, (5) Application specific circuit, (6) Excitation circuit, (7) Analogue amplifier, (8) Oscillator/counter,

(9), Analogue to digital converter.

In the presence of the moving magnet the voltage pulses of the neighbouring coils become larger. The
closer the moving magnet is to a coil, the larger the corresponding voltage pulse, following the classical
dependence of magnetostriction and inverse magnetostriction on the ambient field. Thus, if the moving
magnet core is approaching three consequent receiving coils, the voltage output of these three coils
overcomes a preset threshold and indicates that the magnet approaches the vicinity of these coils. Having
tailored the magnetostrictive element in a way to retain a uniform and monotonic output response with
respect to the ambient field along its length, the amplitude of the voltage pulses can be the indication of

the distance of the magnet with respect to the three coils.
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An algorithm, which can be used for the determination of the absolute position of the moving magnet,
includes three steps. At the first step, a voltage threshold comparator determines and freezes the three
consequent pulsed voltage outputs, which overcome a preset threshold. At the second step, an
oscillator/counter circuit is used to measure the delay time of these three pulsed voltages, with respect to
the excitation signal. Bearing in mind that the two outer pulses ought to be always smaller in amplitude
compared to the middle one, it is known that the moving magnet is somewhere between the three coils.
At the third step, the three frozen pulsed voltage outputs are measured by using the fast analogue to
digital converter and the resulting digital words determine the relative position of the moving magnet with
respect to the three coils. Using an EEPROM stored calibration look up table, concerning the dependence
of the pulsed voltage output on the magnet displacement for the three pulsed output voltages, results in
the determination of the position of the magnet with respect to the excitation coil. The three point
measurement and the look up table are also the means for autocalibration procedures. Without such a
unique look up table the sensor would not measure position and displacement in real time conditions. The
amorphous magnetostrictive ribbons and fibres after proper treatment offered a uniform, sensitive and
unhysteretic magnetoelastic performance along the length of the MDL, thus allowing the use of a unique
look up table for all the search coils. A typical response of this sensor is illustrated in Figure 5.13,

concerning FezsSizB1s amorphous wire as MDL and a small Nd;Fe;;B1 permanent moving magnet.
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Figure 5.13. A typical response of the sensor illustrated in Figure 4.12.
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5.1.4 Circumferential MDL and corresponding position sensor

In order to increase the manufacturing scale and the repeatability of properties, the human factor in
production ought to be minimized. One way to obtain that is the development of devices able to be
produced in automated production lines. In the case of MDLs, the thin film technology is a promising way
of obtaining this target. Having the above mentioned targets as a motivation, a magnetoelastic device able
to operate as MDL has been conceived. In the following text, the device is described as well as the
manufacturing process is analyzed taking into account its microstructure and its ability or disability to

operate as a MDL. Finally, the basic MDL characteristics are illustrated and discussed.

The schematic of the magnetoelastic element is illustrated in Figure 5.14. A cylindrical conductor is used
as the substrate of an insulating layer which a cylindrical magnetostrictive film is deposited on. Passing
pulsed current through the inner conducting wire results in transmitting pulsed circumferential magnetic
field at the outer magnetoelastic film. Such a field results in local micro-elongation or stresses due to the
magnetostriction effect which, more or less, cancel each other due to the magnetoelastic uniformity of

the outer film.

Local break of the magnetic symmetry results in a local break of the symmetry of the dynamic micro-
strains, as depicted in Figures 2.23 and 2.24, thus generating an elastic pulse which propagates along the
length of the film, provided that such a propagation can take place. The propagating pulse can be received
by means of a pulsed voltage output induced at a search coil at the one end of the device, due to the
inverse magnetostriction effect. The time position of this pulsed voltage indicates the position of the
magnet and its amplitude indicates the amplitude of the local magnetic field non-symmetry. This effect
can be caused by a small permanent magnet travelling along the length of the device or a local magnetic
field anomaly. Therefore, it can be seen that such a device can be used as a position/displacement sensor.

Details of the development of this arrangement have been presented in Chapter 2.
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Figure 5.14. Circumferential MDL and corresponding delay-time based moving magnet position sensor.

Magnetoelastic measurements were realized after setting a small Nd-Fe-B permanent magnet in the
middle of the films, in order to allow an elastic pulse to be generated. Most of the as-cast uncoated and
coated films demonstrated poor magnetoelastic measurements. In fact positive magnetostrictive
compositions illustrated MDL behaviour in the case of uncoated films, while coated negative
magnetostrictive elements illustrated magnetoelastic response even without any treatment.These
properties were much improved after heat treatment at 300 °C for 1 hr and consequent magnetic
annealing at 300 °C for 1 min and simultaneously passing 15 A pulsed current with 1% duty cycle and 1 ms
period, through the inner copper wire. Keeping the biasing field around the sensor stable, the transverse

sound velocity may not change and therefore the response of the sensor may be linear.

Due to the relatively low amplitude of the transverse sound velocity in the magnetostrictive ribbons and
wires, the set-up may offer an uncertainty of 50 um per meter within the limits of our experimental set-
up, if magnetic conditions are so that no pseudo-longitudinal waves are generated. If such a generation

takes place the longitudinal wave may arrive earlier to the search coil, resulting in a false measurement.
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5.1.5 A new type of inexpensive and accurate position sensor

Targeting the decrease of the cost of the position sensor, its flexible and easy use, as well as maintaining
or even improving the sensor characteristics, namely sensitivity, resolution and uncertainty better than
0.2 mm within a temperature range from -50 C to 100 °C, linear and unhysteretic response by design and

temperature operation range, a position sensor analyzed hereinafter has been conceived and developed.

The position sensor is illustrated in Figure 5.15 and based on the principle illustrated in the MDL
arrangement of Figure 2.17. The sensing element (A) comprises of a magnetostrictive ribbon or wire (1),
in the shape of an acoustic wave guide. This ribbon or wire is to act as the magnetostrictive delay line

(MDL).

A pair of parallel conductors (2) is also set parallel to the MDL in a way to form one level and include the
MDL between them. They are used to transmit pulsed current and therefore they are named pulsed
current conductors. The two pulsed current wires and the MDL form a flat level, on top of which a soft
magnetic ribbon or tape (5), parallel to the set-up of the magnetostrictive element and parallel conductors
is setin order to act as a flux concentrator and an eddy current generator. The sensing core is a permanent
magnet (7), which is moving parallel to the arrangement of the MDL — pulsed current conductors and soft

magnetic material.

In Figure 5.16 the cross section of the sensing arrangement (A) is illustrated. The MDL (1) is surrounded by
low density foam (6) holding the MDL in position without attenuating the propagating elastic pulse. The
foam is set between the two pulsed current conductors (2) and suppressed by the soft magnetic material
(5). Practically this foam may also be air, in order to avoid attenuation of elastic pulses. Insulating plastic
film separators (8) may also be used to hold the sensing element in one piece. The movable permanent
magnet (7) is outside of the cross section of the sensing arrangement (A), free to move along the length
of the MDL. A conducting means (3) is used for the electrical connection of the one side ends of the two

pulsed current conductors (2).
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Figure 5.15. The schematic of the new position sensor. (1) Magnetostrictive delay line (MDL), (2) Pulsed current conductors, (3) Conducting connector for the
pulsed current conductors, (4) Search coil, (5) Soft magnetic material, (7) Movable permanent magnet, (9) Conducting connection for the pulsed current conductor
connection on the electronic board, (10a) Electronic pulsed current generation circuit, (10b) Electronic received signal conditioning circuitry, (11) ASIC integrating
circuit for (10a) and (10b), (12) DC power supply pins, (13) Pins for the transmission of the conditioned signal out of the sensor, (14) Pins for the delivery of the
searched signal from the search coil, (15) Pins for the pulsed current transmission to the pulsed current conductors. (A) Electromechanical part of the position
sensor, named sensing element, including the MDL, pulsed current conductors, soft magnetic ribbon and insulating (preferably plastic) film separators, (B), Sensor
electronic board including pulsed current conductor connection, search coil, pulsed current generation circuit and received signal conditioning circuitry and (C)

Termination of the position sensor, hosting the conducting connector for the pulsed current conductors covering the end of the MDL.
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Figure 5.16. Cross section of the sensing element including the permanent magnet acting as sensing core. (1)

Magnetostrictive delay line (MDL), (2) Pulsed current conductor, (5) Soft magnetic material, (6) Foam holding the
MDL in position without attenuating the propagating elastic pulse, (7) Movable permanent magnet, (8), Insulating

(plastic) film separator.

The other end of the sensing arrangement (A) is connected to the electronic circuitry (B), which includes
the electronic circuitry (10a) for the transmission of pulsed current to the pulsed current conductors (2),
the electronic circuit (10b) for the conditioning, digitization and transmission of the output signal and the
search coil (4) used for detecting the propagating elastic flux due to the inverse magnetostriction effect. It
is connected with the electronic circuit (10b) for the conditioning, digitization and transmission of the
output signal. The two electronic circuits (10a) and (10b) may be included in a single chip, which has at
least 8 input/output pins. From these, two pins (12) are used for the dc power supply, two pins (15) are
used for the pulsed current transmission to the pulsed current conductors (2), two other pins (14) for the
delivery of the searched signal from the search coil (4) to the electronic circuit (10b) and two pins (13) for
the transmission of the conditioned signal out of the sensor. The electronic circuit includes two pins (9) for
the electric connection of the free ends of the pulsed current conductors (2) with the two pulsed current
transmission pins (15), as well as two pins for the electrical connection of the two output wires of the
search coil to the two pins (14) which are driven to the electronic circuit (10b). The end of the MDL is
preferably set inside the search coil (4), to avoid discrete reflections, which may cause undesirable

secondary pulsed voltage outputs.
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The sensing element operates as follows: Pulsed current is transmitted into the pulsed current conductor,
invoking transverse pulsed magnetic field along the magnetostrictive element. Such a transverse pulsed
magnetic field cannot generate an elastic pulse into the magnetostrictive element. However, the pulsed
current induces eddy currents into the soft magnetic ribbon or tape. In the absence of the moving
permanent magnet, they are equally spread into the soft magnetic material, provided that the soft

magnetic material is electrically and magnetically uniform.

These eddy currents generate microstrains of the same amplitude along the length of the magnetostrictive
element, if it is magnetoelastically uniform. Thus, the microstrains along the MDL cancel each other, apart
from the edge of the magnetostrictive element or the soft magnetic material. Hence, two small in
amplitude elastic pulses propagate along the MDL and are received by the search coil as two discrete

pulses, defining the two terminations of the effective area of the position sensor.

In the presence of the moving permanent magnet, a certain amount of magnetic flux is induced at a given
volume of the soft magnetic material. Such a magnetic flux changes the magnetic permeability at this
volume and therefore changes the penetration depth of eddy currents at this given volume, which results
in a different amplitude of eddy currents in this area of the soft magnetic tape or ribbon with respect to
the rest of the body of the soft magnetic material. The difference between the eddy currents at the
boundary between the magnetized and the non magnetized volume results in a break of the symmetry of
eddy currents. Therefore, a pulsed current is locally generated, inducing a pulsed field along the length of
the MDL. Thus, a longitudinal elastic pulse is generated propagating along the magnetostrictive element,

which is detected by the search coil as a pulsed voltage.

The pulsed voltage is received with a delay time proportional to the distance between the permanent
magnet and the search coil and inversely proportional to the longitudinal sound velocity of the MDL.
Moving the position of the permanent magnet, results in a change of the delay time of the pulsed voltage
output. Thus, the change of the delay time of the pulsed voltage output is the output of the sensing
element, while the displacement of the permanent magnet is its input. The amplitude of the detected
pulsed voltage may also inform about the proximity of the permanent magnet to the MDL, provided that

the permanent magnet and its outside field distribution is known.
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Figure 5.17. The set-up used for the determination of most of the developed position sensors.

The experimental set-up used for the determination of the sensor response is illustrated in Figure 5.17. A
precision two-dimensional translating table has been constructed, offering mechanical sensitivity of 5 um.
The active area of the translating table was 300 mm X 300 mm. The rotating screws are movable by closed
loop dc servo-motors driven by two independent Parker drivers. The drivers are controlled by a PC via a
Delphi code. The under characterization sensor was adjustable on the table. A 30 cm long coil capable to
transmit up to 80 kA/m was adjustable around the under test sensor in order to test the parametric effect
to ambient magnetic fields. A flexible temperature blanket, consisting of a PC controlled Cr-Ni heater and
a flexible heat isolator in the shape of a cylinder, surrounding the above mentioned long coil was used for

applying temperature up to 100°C.

The sensitivity in temperature stability was better than 0.1°C. These two parameters, namely the ambient
field and the temperature are the two most critical parameters in the sensor response. Therefore, the

sensor characterization was realized taking into account these parameters. The sensing core was a
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10mmX10mmX3mm Nd:Fe;7B; permanent magnet, set at a 200 mm distance from the sensor, adjusted
on the top moving table. Hence, the changing magnetic field along the length of the sensor was of the
order of 300-400 A/m, thus simulating one of the worst situations of moving magnet position sensing, due
to the very small changing field. A linear optical encoder has been used to measure the “near-true” value
of the position of the top moving table. The certified sensitivity and uncertainty of the optical sensor was

1 um and 10 um/m respectively.

The electromechanical part of the sensor was realized, for practical reasons, by using an extruder with 1
m/s output speed ability producing a 5mmX0.7mm orthogonal cross section area assembly. In the middle
of this cross section, a magnetostrictive wire of diameter less than 150 um was set, surrounded by
enameled Cu pair conductors of 250 um diameter, parallel to the MDL. The distance between the pulsed

current conductors was adjusted to 4 mm. The length of the sensor was adjusted to 20 cm.

Several types of magnetostrictive wires have been used as MDLs. The most sensitive of them were the
amorphous Fe;sSi;B1s wires of 125 um diameter and conventional polycrystalline Fe wires of 125 um
diameter. All wires have been tested in the as-cast form, after thermal annealing in 350°C for 1 hr in Ar
atmosphere and after magnetic annealing in 8 kA/m and 350°C for 1 hr in Ar atmosphere. On top of the
cross section assembly magnetic ribbons with low magnetostriction values have been glued, namely
Fe74C04Si;B1s amorphous and NisFe polycrystalline ribbons after transverse magnetic annealing in 8 kA/m
and 350°C for 1 hr in Ar atmosphere. The electronic circuit of the sensor consisted of a discrete MOSFET
current amplifier circuit used for pulsed current generation and excitation of the sensing element, as well
as a voltage pre-amplifier. The reading of the peak pulsed voltage output time delay was realized by a PC

controlled 12-bit flash A to D converter.

The experimental results exhibited significant differences between the different MDL wires and soft
magnetic ribbons. In all cases, the dependence of the position of the moving permanent magnet with
respect to the time delay measurement of the position sensor was an almost linear dependence of time.
The major difference was the sensitivity in the voltage output allowing the relatively easier or more
difficult detection of the delay time. It was observed that annealing and magnetic annealing improves the
sensitivity of the sensor response for both wires. But it also resulted in the appearance of the hysteresis
effect. The hysteresis effect increases and becomes un-predictable in the case of the magnetically
annealed samples, when the sensor is subject to ambient fields. Covering the whole sensor by a metal

cylinder, the field effect dependence almost disappeared for the case of both types of as-cast wires,
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although the sensitivity was decreased, as shown in Figure 5.18. This effect was due to the non-linear

dependence of the longitudinal sound velocity of the annealed samples on the ambient field.
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Figure 5.18. Field dependence of the sensor using amorphous FeSiB and Fe crystalline wires.

The temperature effect on the response of the different wires and ribbons is illustrated in Figures 5.19 and
5.20, concerning the amorphous Fe;sSizBis and polycrystalline Fe wires. The temperature dependence is
similar in all types of treatment of the wires. All these data also illustrate that the response of NisFe
polycrystalline ribbons was more sensitive than that of the Fe;4C04Si;Bis amorphous ribbons. The jittering
effect of the electronic circuit was responsible for an additional increase of the total sensitivity by ~1 um.
Figure 5.21, illustrates the best achieved uncertainty, in the case of an as-cast amorphous FesSizBis wire,
tested with magnetically annealed NisFe polycrystalline ribbon, achieving less than 10 um uncertainty. It
is mentioned that the levels of uncertainty of polycrystalline Fe wire MDLs, tested with Fe74C04Si7B1s

amorphous ribbons was not worse than 25 um.

The conclusions of these measurements were that use of amorphous Fe-rich wires in the as-cast form with
magnetically annealed NisFe polycrystalline ribbons offers the best sensitivity, although inexpensive,
commercially available polycrystalline Fe wires used as MDLs, accompanied by ~0 magnetostriction
amorphous FeCoSiB ribbons, offer a quite acceptable uncertainty of 25 um. Any change of the dimensions

of the cross section of the sensor results in change of its response. Thus, the parametric control of the
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geometry of the cross section of the sensing element and the composition of the MDL and the soft
magnetic material results in different sensor applications, with respect to the strength of the moving

permanent magnet as well as its distance from the sensor.
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Figure 5.19. Sensor voltage output dependence on temperature concerning amorphous Fe7sSizBis MDL and NisFe

polycrystalline ribbon.
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Figure 5.20. Sensor voltage output dependence on temperature concerning polycrystalline Fe MDL and NisFe

polycrystalline ribbon.
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Figure 5.21. Uncertainty measurement of the position sensor using as-cast amorphous Fe7sSi7Bis wire and

magnetically annealed NisFe polycrystalline ribbon.
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Figure 5.22. Application of the sensor in measuring position, velocity and acceleration of a moving pneumatic piston,
with respect to a steady position sensor. (1) Moving permanent magnet at the end of the moving piston, (2) Moving

piston, (3) Groove able to hold the sensor and the electronic board.

The above mentioned sensing element can be used as a position and displacement sensor in pneumatic
devices, provided that the pneumatic device has a permanent magnet at the end of its the piston. In Figure
5.22, the application of the position sensor for the measurement of the position, velocity and acceleration
of a moving pneumatic piston assembly is illustrated. The position sensing element can be fixed in position

in one of the grooves (3), illustrated as channels on the surface of the cover of the moving piston (2). The
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grooves (3) are also capable to keep in position the sensor electronic board of the position sensor, at the

one end of the pneumatic piston.

The moving piston (2) also carries the moving permanent magnet (1) at the end of the moving piston.
Experimental results with commonly available amorphous or polycrystalline magnetostrictive wires used
as MDLs and commonly available NisFe zero magnetostriction soft magnetic ribbons, illustrated a
repeatable response in various sizes of permanent magnets and different distances between permanent
magnet and soft magnetic material. Thus, a given arrangement of a magnetostrictive material and a soft
magnetostrictive material, results in a repeatable and unhysteretic response for different types of
pneumatic devices and pistons. Experimental results using the above mentioned magnetostrictive and soft
magnetic material show an increase of the sensor sensitivity with the magnetic softness of the soft
magnetic material. The best observed sensitivity corresponded to an almost zero magnetostriction NisFe

ribbon after magnetic annealing, resulting in a repeatability of 10 um.
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Figure 5.23. Application of the sensor in measuring the absolute ground velocity of a moving magnetic body, with
respect to a steady position sensor. (1) Moving magnetic body parallel to the position sensor with velocity v, which

is measured by the position sensor. (A) Position sensing element, (B) Sensor electronic board.

The position sensor can also be used for absolute ground velocity vehicle measurement. In Figure 5.23,
the application of the sensor in measuring the absolute ground velocity of a moving magnetic body, with
respect to a steady position sensor is illustrated. According to this arrangement, the position sensing
element (A) as illustrated in Figure 5.15 together with the sensor electronic board (B) and terminal (C) are

fixed in position.

A moving magnetic body (1) parallel to the position sensor travels with velocity v, being measurable by the
position sensor. A similar set-up may also serve for the measurement of the velocity of a plurality of
vehicles passing at the same time from the position of the sensing element, provided that a plurality of

sensors is also used.
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Figure 5.24. Application of the sensor in measuring the absolute ground velocity of a moving object with respect to
a not moving permanent magnet. (1) Permanent magnet fixed in position, (2) Moving object parallel to the

permanent magnet fixed in position with velocity v, carrying the position sensing element (A) and its electronics (B).

In Figure 5.24, the application of the sensor in measuring the absolute ground velocity of a moving object
with respect to a not moving permanent magnet is illustrated. This sensor can be used for driverless driving
of vehicles. According to this set-up, a moving object (2) with velocity v carries the position sensing
element (A) and its electronics (B). Velocity v is to be measured by the position sensor. For this purpose, a
permanent magnet (1) fixed in position is used. The dynamic motion of the permanent magnet can be
determined by such a sensor, thus monitoring the velocity and acceleration of the permanent magnet. The
detection can be realized by a proper electronic circuit. The limits of the velocity correspond to the speed
of refreshing the readout signal of the magnetic flux receiver. The speed is related to the period of the
pulsed current, the longitudinal sound velocity of the magnetostrictive material and the length of the
sensor. Using a sensor of 1 m long, a pulsed current period equal to 1 microsecond and a longitudinal
sound velocity of 5 mm/us the maximum measurable velocity is 100 mm/sec. Consequently, the sensor
can measure the acceleration of the motion as the first derivative of the velocity. The limits of the
acceleration range measurement depend on the velocity range measurement and the period of the
excitation pulsed current. Thus, the sensing element can detect the absolute ground velocity of a vehicle
due to the magnetization of the vehicle caused by the ferromagnetic elements of various parts of it, mainly

parts of the engine. The velocity of other vehicles may also be detected.

The sensing element can be also used to detect the level of liquids, provided that there is a permanent

magnet on top of the under measurement liquid, which gives the input to the sensing element. In Figure
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5.25, the application of the sensor in measuring liquid level is illustrated. Accordingly, the position sensing
element (A), as illustrated in Figure 5.15, is set perpendicular in the liquid tank (2), with the sensor
electronic board (B) and the sensor termination (C) at its end. The surface of the liquid level of the tank (3)
allows a floater (4) on top of the liquid and movable parallel to the position sensing element (A) to stay on

the liquid surface. Then, a permanent magnet on top of liquid (1) acts as sensing core.
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Figure 5.25. Application of the sensor in measuring liquid level. (1) Permanent magnet on top of liquid, (2) Tank with

liquid, (3) Surface of liquid of the tank, (4) Floater on top of liquid. (A) Position sensing element.

The sensing arrangement (A) can be manufactured by many techniques, but the hereinafter presented
principles of production illustrate the basic procedures of one of the least expensive methods of
production, offering a robust sensor with repeatable characteristics. It requires the following raw

materials:

e A magnetostrictive material, preferably in the form of cylinder and made of amorphous
magnetostrictive wire of less than 150 micrometers diameter, is used. The magnetostrictive material
should be annealed and magnetoelastically tested before being used in the production line for the
magnetoelastic optimization and uniformity to be guaranteed.

e Pulsed current conductors preferably in the form of enameled copper wires with diameter less than
250 micrometers. The wires should be tested by the eddy current method or any other non destructive
method to determine the uniformity of their resistivity.

e Soft magnetic material, preferably in the form of ribbon and made of amorphous non magnetostrictive
alloy, having a thickness less than 30 micrometers and a width less than 5 millimeters. The soft
magnetic material should be annealed and magnetically tested before being used in order to certify its

magnetic permeability uniformity along the length of the ribbon.
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Low density foam to cover the magnetostrictive material in order to avoid bending and
misattachement. Such a foam, having a Young’s modulus much less than the Young’s modulus of the
magnetostrictive material does not absorb the elastic energy of the propagating elastic waves in the
magnetostrictive material, thus allowing the maximization of the response of the sensor.

Three housing ribbons, preferably in the form of plastic sheets, used as follows: the first one as the
lower sensor substrate, the second one as intermediate layer between the MDL and the soft magnetic
material and finally the third one as the upper sensor substrate. These plastic sheets should be tested

preferably by dielectric uniformity tests in order to certify their thickness uniformity.

After the optimization and testing, these raw materials are used as raw materials to produce the position

sensing element in the form of a long composite sheet, preferably by using the consequent following steps:

The first housing ribbon sheet is de-wound and stressed by a roller.

The two pulsed current conductors are de-wound, tested by eddy currents for the determination of
the electrical resistivity uniformity and set parallel at a given distance.

The low density foam is sprayed between the two pulsed current conductors and the magnetostrictive
material is then de-wound, driven and set on top of the housing ribbon, in the middle of the two pulsed
current conductors.

The second housing ribbon is set on top of the pulsed current conductor and magnetostrictive material
arrangement.

The soft magnetic material is set on top of the arrangement and the third housing ribbon is set on top
of the soft magnetic material.

All the assembly is stressed under heat, thus fixing in position all the parts of the sensor.

The whole assembly is wound and packed.

Alternatively, the sensing arrangement (A) may be manufactured, as presented in the experimental part

of this paper, by using an extruder for housing the MDL and the parallel pair of pulsed current conductors

and a second extruder for housing the soft magnetic ribbon.

Apart from this production line, the electronic circuitry (B) is assembled in one piece in another production

line, including the magnetic flux receiver, as follows:

The electronic circuitry for the pulsed current generation and transmission. The electronic circuitry may
be either in the form of a through-hole printed circuit board or a surface mount technology printed

circuit board or an application specific integrated circuit (ASIC).
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e Electronic circuitry for the receiving signal conditioning, including buffer-amplifier, delay time
measurement electronic circuit and signal conditioning and treatment. This electronic circuit may also
be in the form of either a through-hole printed circuit board or a surface mount technology printed
circuit board or an ASIC. Preferably, the two above mentioned electronic circuits are made in the same
integrated circuit.

e The magnetic flux receiver, preferably in the form of search coil, is connected to the electronic circuitry
for the receiving signal conditioning on a proper electronic substrate, preferably but not exclusively, in
the form of printed circuit board. On the same electronic substrate the conducting layer for the pulsed
current conductor connection also exists.

So, when a sensor of a given length is asked, the sensing element assembly is used and a length out of it is

cut. Consequently, the one end of the position sensing element is connected to the electronic circuitry by

means of connecting the pulsed current conductors and inserting the end of the MDL inside the magnetic
flux receiver or the search coil. At the other end of the position sensing element, the pulsed current
conductors are electrically connected by means of a conducting bar, which also presses the

magnetostrictive material in order to keep it in position and eliminate any acoustic reflections.

The advantages of the arrangement are related to the existing state of the art in positioning measurement.
The state of the art in the field of magnetostrictive delay line position sensors mainly refers to the following
arrangement: a straight and usually cylindrical conductor is covered by a magnetostrictive material, which
is usually in a tubular shape. When a pulsed current is transmitted through the conductor, a pulsed
magnetic field tangential and circumferential to the tubular magnetostrictive material is generated. As
long as there is no local magnetic field anomaly along the length of the magnetostrictive material and the
magnetostrictive material is magnetoelastically uniform, the generated transverse microstrains are equal
along the length of the magnetostrictive material. Therefore, the neighboring microstrains are cancelled
out, apart from the ends of the magnetostrictive material, where the boundary conditions suggest the
existence of non-cancelled microstrains, which propagate as elastic pulses and can be received as pulsed
voltage outputs. In the presence of a local magnetic anomaly of a moving magnet for example, a transverse
elastic pulse is generated in the region of the magnetic anomaly, propagating along the MDL. The delay

time of the reception of this pulse determines the position of the magnetic anomaly.

Such a device does not fulfil the requirements of a position sensor able to detect the position of various
kinds of moving magnets and various ranges of measurement. The most significant problem in such a

device is that for some amplitudes of the magnetic biasing field, corresponding to certain hard magnetic
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materials, geometries and distance from the magnetostrictive delay line, the above mentioned generated
and propagating elastic microstrain results in the generation and propagation of pseudo-longitudinal
elastic pulses. These elastic pulses travel with the longitudinal sound velocity, which is larger than the
transverse elastic pulses velocity. Thus, under some given circumstances they can be received prior to the
above mentioned transverse elastic pulses. Thus, the dependence of the time delay on the position of the
magnet is not always a monotonic function and therefore this type of position sensor is not capable to
monotonically detect the position of a vast variety of moving magnets and measurable lengths.
Furthermore, experimental results have showed that this sensing element may suffer from non sufficient
magnetoelastic uniformity, sensitivity and spatial resolution, despite the fact that the slower transverse
sound velocity offers a by-design better sensitivity. This is due to the possible magnetic hysteresis

appearing in this sensing element.

Additionally, to that, a rather laborious process is required to achieve uniform magnetostrictive thin films
in a tubular shape of a proper thickness on top of a circular conductor, using physical deposition
techniques. Thus, a batch production line process is to be used with relatively slow production rhythms
and higher production cost. If the mechanical adjustment of the magnetostrictive tube is decided as a
production line method, the sensor cannot be produced in a variety of lengths following an automated
production line and it contains increased risk levels of failure and levels of sensor uncertainty. Thus, the
sensor presented in this paper, offering solutions concerning the above mentioned drawbacks of the given

state of the art has been conceived and developed.

Our sensor includes a couple of conductors as means of excitation, which are parallel and surrounding the
magnetostrictive delay line. This flat conductor — MDL arrangement is covered at the one side by a soft
magnetic tape or ribbon. Thus, in the presence of the moving magnet in the vicinity of this soft magnetic
ribbon, the generated elastic pulse propagating along the length of the MDL is longitudinal. This
propagating elastic pulse is also transformed to other modes of propagation like pseudo-transverse
modes, thus generating transverse elastic waves. The advantage of this arrangement with respect to the
given state of the art is that the longitudinal elastic pulses generate other modes of propagating pulses,
but any other kind of secondary generated elastic pulse, like pseudo-transverse, will always have a sound
velocity smaller than the longitudinal sound velocity. Thus, they will always arrive at the search point later
than the initially generated longitudinal pulse. Therefore, the dependence of the delay time of the front

wave of the arriving elastic pulse will be always proportional to the distance of the moving magnet from
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the search coil and inversely proportional to the longitudinal sound velocity. Thus, such an arrangement

can always detect the position of a variety of moving magnets and ranges of their displacements.

Apart from that, the soft magnetic tape or ribbon is firmly set on top of the flat conductor — MDL
arrangement. Thus, the jittering of the moving magnet, being in a larger distance than the soft magnetic
tape or ribbon from the MDL, causes a smaller jittering of the above mentioned pulsed eddy currents. The
uncertainty of the position of the eddy currents is smaller than that of the position of the moving magnet.
This allows a smaller uncertainty level of our sensor. Indeed, the obtained uncertainty of our set-up is of

the order of 10 um, compared to the 100 um uncertainty level obtained with the given state of the art.

Furthermore, the production of our sensor is possible by implementing extrusion techniques and using
magnetostrictive fibres as MDLs and enamelled copper wires as pulsed current conductors. Thus, the
production line can be continuous, with a production speed of the order of 100 km/h, corresponding to
the normal or minimum speed of an extruder. Furthermore, the quality of such an extrusion-based
production line is not decreased by the increase of the extrusion speed. On the contrary, following an
increase of the production speed up to a typical limit of 300-350 km/h, the uniformity of the flat conductor-
MDL structure is maintained or even improved. Thus, the production line is automated and the cost of the
sensor is almost labor independent. Additionally, the use of polycrystalline conventional Fe-rich fibers can

result in further decrease of the cost of the sensor.

This sensor does not require a return cable to obtain pulsed current transmission. This role is achieved due
to the presence of the two pulsed current conductors. Thus, a simple electrical connection of the two ends
of the pulsed current conductors at the one side of the sensing element, by using a conducting element,
is enough to result in an electric circuit able to transmit pulsed current by connecting the other two free
ends of the two pulsed current conductors with the pulsed current electronic circuitry. Furthermore, the
diameter of the magnetostrictive wires used as MDLs, which is of the order of 100 — 150 um, allows the
use of commercially available CD driver reading coils. The use of these coils was not possible in the sensing
element of the prior art. Thus, the electronic circuitry comprised of two chips, one for pulsed current
transmission and one for voltage output detection and conditioning, as well as the receiving coil, can allow

a low cost electronic circuit board.

Finally, the control and tailoring of the properties of the significant parts of the sensing element, such as

the magnetostrictive fiber acting as the MDL and the soft magnetic tape or ribbon, allows the repeatability

202



of the operation of our sensor and the above mentioned uncertainty of the moving magnet position

measurement.

5.1.6 Accelerometers based on dynamic moving magnet displacement

Acceleration measurements are important in many cases, especially considering applications for the
automotive industry. Requirements for repeatable and secure response of accelerometers with low

consumption are important in this highly increasing sensor market, an example being their use in airbags.

The major demand of this kind of sensors is the determination of reaching or not a certain level of
acceleration threshold, over which the sensor activates an actuating mechanism, like an airbag, which is a
kind of on/off operation. Apart from the calibration procedure, it is important to test the sensor under
various conditions, the most important of which being the time dependence of the sensor response, the

durability against vibration, temperature and humidity.

The parameter of electromagnetic compatibility and interference (EMC-EMI), mainly in very low as well as
in telecommunication frequencies is also important. It is understood that an accelerometer for airbag
applications, good enough in terms of accuracy and durability, having though the disadvantage of being

sensitive to mobile phones would not be appreciated.

A magnetostrictive delay line (MDL) set-up for the detection of acceleration was demonstrated, requiring
no excitation means for the sensor, usually needed for the generation of elastic wave within the
magnetostrictive element. The conventional operation of MDLs involves the use of two coils, one for the
elastic wave generation due to the magnetostriction effect and the other one for the elastic wave
detection due to the inverse magnetostriction effect. We have performed experimental work to determine
the sensor response, linearity, hysteresis and total uncertainty.

Also, we performed experiments in determining the time, vibration, temperature and humidity
dependence. Finally, we obtained results in the field of EMC-EMI testing in dc magnetic field, concerning

ambient field compatibility, as well as in 1 GHz field, corresponding to mobile communication interference.
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Figure 5.26. Accelerometer schematic arrangement. (1) Magnetostrictive delay line, (2) Glass substrate, (3) Detecting

coil, (4) Permanent magnet, (5) Pulsed voltage integrator, (6) Field screening soft magnetic material.

The schematic of the new accelerometer is illustrated in Figure 5.26. A long magnetostrictive element (1)
acting as the MDL is set on a glass substrate (2). A short, multi-turn detecting coil (3) is set at the one end
of the MDL. A permanent magnet (4) is set on top of the MDL, having a fixed pole orientation with respect
to the MDL. An electronic integrator (5) detects and integrates the output of the detecting coil. The whole
set-up is covered by a soft magnetic material (6), except of the region of the permanent magnet, for
electromagnetic field screening purposes. Displacement of the permanent magnet results in a
corresponding change of the magnetic flux component along the length of the magnetostrictive element
at the short intersection of the material and the permanent magnet. Consequently, a microstrain,
proportional to the first derivative of the flux change and the displacement is generated within this region,

due to the magnetostriction effect.

Provided that such a microstrain change has a bandwidth response corresponding to the MDL bandwidth
of the magnetostrictive material, this material acts as a surface acoustic waveguide. Therefore, it allows
the propagation of the microstrain along its length, and it can be detected by means of a pulsed voltage
output via the detecting coil (3), due to the inverse magnetostriction effect. Such a voltage output is
proportional to the first derivative of the propagating microstrain. Therefore, the integrated voltage
output of such a signal is proportional to the second derivative of the displacement of the permanent
magnet. This magnitude corresponds to the acceleration of the permanent magnet. Use of an electronic
integrator at the output of the detecting coil can result in the fast determination of the acceleration

magnitude of the moving magnet.
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Table 5.1. Range of acceleration due to displacement and time duration.

Time duration Displacement 100 psec 10 psec (100 kHz) 1 psec (1 MHz) 0.1 psec (10 MHz)
(10 kHz)
1pm 10-5g 10-3 g 1g 102 g
10 pm 10-4 ¢ 10-2 g 10g 103 g
100 pm 10-3g 10-1g 102 g 104 g
1000 pm 10-2 g lg 103 g 105¢g

Taking into account that the frequency bandwidth of the MDL operation can vary from 10 kHz up to 10
MHz and the range of magnet displacement is from 1 um to 1 mm, the resulting range of measurable
acceleration can be from 10° g up to 105 g, as shown in Table 5.1. Keeping in mind that a practically safe
displacement of a permanent magnet is 1 mm, by means of repeatable experimental procedure, the

measurable acceleration range is from 102 g up to 10° g.

The sensor was set on a support base, free from vibration, by using spike mechanical isolation. The
magnetostrictive material was a 1 mm wide, 5 mm long and 25 um thick FessSi;Bis amorphous ribbon,
tested in the as cast form and after 300°C heat annealing under 8 kA/m magnetic field along its length, to
optimize its performance by maximizing the magnetomechanical coupling factor. The 100 turn, 1 mm long
detecting coil was made of 0.05 mm enamelled copper wire. The permanent magnet was an Alnico 5 mm
X 0.1 mm X 0.1 mm rectangular piece, placed 1.5 mm apart from the FeSiB ribbon. It was fixed on a
speaker-like magnetic actuator, using a non-magnetic glass tube separator to avoid interference with the
magnetic material. We used three different speaker coils able to supply dynamic displacement from of 1
pum up to 1 mm of the Alnico magnet. The magnetic actuator was powered using a stereo power amplifier,
fed by an arbitrary signal generator, allowing pulsed displacements, having a time width from 10 ms up to
0.1 ps. A typical sensor response is illustrated in Figure 5.27, with the use of FeSiB ribbon annealed under
magnetic field, under 1 mm displacement and 1 usec duration time. This was the optimum response

obtained within the limits of our experiment.

The response was obtained for pulsed magnet displacements equal to 28 mm and pulse width about 1
psec, where a maximum sensitivity was observed. The sensor response was monotonic within the range

of the measured acceleration and it was determined by increasing and decreasing the applied duration of
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the pulsed displacement, thus allowing determination of hysteresis, which was found to be negligible

within the limits of the experimental set-up.

Measurements concerning the time stability of the sensor have been performed. The set-up was set at a
given pulsed magnet displacement, of 1 ps, in a period of 1 ms, for one week. The observed variation of
the sensor output was less than 1 mV. We have also performed an aging process, by repetitive heat
annealing at 380°C. The observed variation was also determined to be less than 1 mV. Therefore, the

temporal dependence of the accelerometer was determined to be less than 1 mV.
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Figure 5.27. The response of the sensor.

Experiments on temperature and humidity dependence have also been realized, inserting the whole
experimental set-up except of the electronic apparatus into an oven, able to reach 400°C. Following the
same repetitive procedure as in temporal dependence, we observed negligible dependence on humidity,

but large dependence on temperature.

The temperature dependence is illustrated in Figure 5.28, being in agreement with the magnetization
dependence of the material on temperature. The observed variation of voltage output can be limited to 1

mV, for temperatures up to 200°C, increasing drastically after that point.
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Figure 5.28. Temperature dependence of the accelerometer.

Experiments on the electromagnetic compatibility of the sensor have also been performed, in two ranges
of frequencies. The first one concerned very low frequencies and the other one in the region of 1 GHz
corresponding to the ambient field and the mobile communication interference respectively. The
interference concerning the dc field was greatly affecting the behaviour of the sensor, when the soft
magnetic material, covering the accelerometer was not in place. This dependence of the accelerometer
output on the ambient field is shown in Fig. 5.29, concerning a typical pulsed displacement of 1 mm and
duration of 1 psec. The reason of such a large dependence is the change of the biasing point of the A(H)
function with the change of the ambient field. This voltage output is strongly dependent on the direction
of the ambient dc field, due to the uniaxial anisotropy in FeSiB ribbons. After having set a permalloy around
the sensor apart from the area of the moving magnet, as illustrated in Fig. 5.26, we observed its influence

on the sensor response, resulting in a voltage output not larger than 1 mV, as shown in Fig. 5.29.
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Figure 5.29. Accelerometer output dependence with (a) and without (b) magnetic shielding.
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The interference in the range of 1 GHz was introducing a noise of the order of only 1 mV. The reason is
that such a high frequency exceeds the upper limit of the frequency response, which is up to 10 MHz in
most magnetostrictive materials, so that the expected microstrains due to the alternating interfering field
are negligible in size. These measurements allowed the conclusion that the uncertainty of the
accelerometer is of the order of 1 mV, allowing an acceleration threshold check with an accuracy of + 1%.
Having in mind that the most severe problem of such a sensor is the electromagnetic interference with dc
ambient fields, we determined different bandwidth responses concerning field and stress effect on the
whole arrangement. Hence, an FFT circuit could be incorporated to avoid the undesirable effect of ambient
fields at the vicinity of the arrangement. We have also conducted experiments concerning the dependence
of the accelerometer response on the displacement of the moving magnet. Such a dependence concerning
1 psec duration of displacement is illustrated in Fig. 5.30, indicating that 1 mm is the optimum
displacement of the moving magnet, maximizing the sensor output, corresponding to the frequency

dependence of the FeSiB ribbon, where 1 psec duration of pulsed field requires 400 A/m changing field for

optimum response.
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Figure 5.30. Accelerometer output response dependence on the maximum displacement of the moving magnet.

The sensor is also sufficient for practical application in terms of power consumption. As it does not require
excitation means to operate, the power consumption is limited to the requirements of the signal
conditioning circuit. Using common surface mound devices for that circuit, power consumption of the
order of nW is enough for signal conditioning. The sensor packaging for the realization of the laboratory
prototype has been obtained using conventional macroscopic techniques. Instead of using a glass support,

we used fibre glass in printed circuit board form of 2 cm X 0.5 cm X 0.5 cm, in order to use one face as the
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board for the electronic circuit and the other one for sensor packaging. The copper free surface was used

to host the magnetostrictive ribbon of 2 cm length, 2 mm width and 25 microns thickness.

The hand made coil around the fibre glass and the ribbon was electrically connected with the electronic
conditioning circuit. This circuit was a couple of op-amps in one chip, used for buffer and integrator process
and was made using surface mount technology. The whole set-up was covered by permalloy of rectangular
cross section. The moving magnet was connected mechanically, using epoxy resin. Therefore, the total
dimensions of the circuit were limited to 2.2 cm X 0.7 cm X 1 cm. This arrangement could also be developed
in a more sophisticated way. Involvement of thin film technology could result in the consequent
development of the magnetostrictive material, detecting coil, moving magnet and the electronic circuit,

so that the device is more accurately repeatable.

5.2 Moving soft magnet measurement

We hereinafter present a family of displacement sensors, based on the MDL technique, able to detect the
displacement or the position of a soft moving magnet, changing the magnetic circuit at the region of origin
of the elastic pulse. Integrated arrays of sensors can be obtained due to the acoustic delay line technique
and they can be used as tactile arrays, digitizers or devices for medical applications like gait analysis, while
the absence of hysteresis and low cost of manufacturing make them competent in this sector of sensor
market. The range of measurement is small, thus making these sensors also usable as dilatometers. A
number of small displacement sensors can be found in the literature. Strain gauges are such an example,
while silicon diaphragms offer a relatively larger range of measurable displacement [1]. Optical methods
are also useful when high accuracy measurement is required. Magnetic sensors based on inductive
techniques are most commonly used when larger displacement [5,6] is to be detected. All the above
mentioned devices have a common disadvantage: although they are sufficiently accurate and linear, they
cannot be easily formed in arrays, since discrete sensors are to be used. Therefore, the whole structure
becomes expensive and impractical for given applications. Aiming the manufacture of a not expensive, but
accurate array sensor, we have developed the hereinafter presented device. Although its response was
not linear for the whole range of displacement, it offered 8-bit analogue to digital conversion accuracy at

a linear region between 0.5 and 1.5 mm.
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The first sensor is shown in Figure 4.31a. A soft magnetic material is used as the active core AC of the
sensor and is placed close to the MDL-pulsed current conductor crossing point PO. If the core AC is absent,
the magnetic flux density in the MDL is maximized. Approaching the core AC, the magnetic flux density in
the MDL is decreased due to the magnetic coupling between core and MDL. From the geometry, one can
arrive at the following conclusion: the closer the core AC is to the MDL, the less magnetic flux in the delay
line exists, resulting in a decrease of Vo. The displacement of the active core AC could be calculated with
respect to the detected output Vo. It was experimentally observed that the presence of the core AC results
in a change of the caused acoustic pulse for MDL-AC distance less than 2 mm. In the arrangement of Figure

5.31b, presence of the core AC increases the magnetic flux at the MDL.
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Figure 5.31. Measuring the displacement of soft magnetic materials. (1) Soft magnetic core, (2) MDL, (3) Pulsed

current conductor, (4) Search coil.

Combination of Figure 5.31a and 5.31b results in the sensing device shown in Figure 5.31c: two pulsed
current conductors are placed above and below the delay line at the crossing point PO. They are connected

at the ends, so that the amplitude and direction of the pulsed current in both of them is the same. In the
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absence of the magnetic core AC, the magnetic field due to the conductor above the delay line is opposing
the magnetic field due to the one below the MDL. So, for an ideally symmetrical arrangement, the
magnetic flux at the PO in the absence of the core AC is always zero. If the active core is in a small distance
from the MDL (less than 2 mm), magnetic coupling between the MDL and the core is obtained, the pulsed
magnetic flux has a non-zero value and the resulting amplitude of Vo depends on the distance between
the core and MDL. So, as the distance between core AC and MDL decreases, the unbalance of the magnetic

flux of the conductors inside the MDL increases, resulting in an increase of the caused elastic pulse.

Finally, another sensor arrangement of this group is shown in Figure 5.31d. In this case, two cores AC are
used above and below the MDL respectively. They are joined together using a connecting strip CS in order
to keep the distance relative to each other fixed. Both active cores AC are involved in altering the resulting
output Vo. Two symmetrically arranged conductors are used for applying pulsed current in the same way
as depicted in Figure 5.31c. When no displacement is applied, cores AC are at their maximum and
minimum distances from the MDL respectively, resulting in a maximum flux at the PO and consequently a

maximum output Vo at the search coil.

As the arrangement of the two cores moves down the pulsed magnetic flux in the MDL decreases to zero,
since pulsed flux and consequently Vo decrease to zero as the two cores AC approach symmetrical
positions with respect to the delay line. Moving further the pair of active cores AC the flux in the MDL
starts increasing so that the amplitude of the output voltage V, increases. The gap between the two active
cores AC results in changes of the response of the sensor. The response of the sensor can be predictable
under the assumption that pulsed current conductors are kept at a fixed distance from the delay line. The
maximum amplitude of the output voltage increases as the distance between the MDL - conductor

decreases. In our set-up, this distance was equal to 0.1 mm.

The dependence of Vo on the distance between the core AC and the MDL-pulsed current conductor
assembly was determined for various values of pulsed current peak amplitudes l.. Figures 5.32 a, b and ¢
illustrate indicative response of the sensing elements of Figures 5.31 a, c and d respectively. Figure 33
shows the response of the sensor of Figure 5.31d under various values of the distance between the two
active cores at constant value of 1.=13.63 Amperes. Experimental results were taken by decreasing and
subsequently increasing the above mentioned displacement. The measured output was the same for both
cases, indicating the absence of hysteresis for 12-bit analogue to digital conversion accuracy

measurements. The response of the sensor does not change for distances between MDL and active core
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AC greater than 5 mm. The response of the sensor of Figure 5.31c is fairly linear between 0.5 and 1.5 mm.
The sensitivity of the device was also measured by observing the minimum change of the voltage output
corresponding to a minimum displacement of the active core. So, the defined sensitivity was found to be

10 pv/um.

The qualitative theory given in the description of the sensors is in good agreement with the experimental
results. The amplitude of Vo in sensors of Figures 5.31a and c decreases monotonically as the active core
AC moves away from the MDL. The reason for that has been explained in the second chapter “description
of the sensors”. Sensor sensitivity is high for regions of displacement 0.5 to 2 mm and low for regions 0

mm - 0.5 mm and 2 mm -4 mm.
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Figure 5.32. Response of the sensing elements illustrated in Figure 4.31.
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Such an effect is due to the nonlinear behaviour of the microstrain function of the MDL, as well as to the
nonlinear magnetic coupling between MDL and active core: such a coupling does not decrease linearly as
the distance between core and MDL increases. The non-monotonic response of the sensor of Figure 5.31d
is explained by the microstrain function A(H) of the MDL. The dependence of A on the applied field H is
symmetrical with respect to A axis and the value of A for any field H equals to the value of microstrain for
the given field H. Hence, the caused acoustic pulse and the received voltage output Vo follow the same
law. Decreasing the gap between the two active cores, results in a sharper response as shown in Figure

5.33 because pulsed flux unbalance is obtained for a shorter displacement of the core’s assembly.

The lack of hysteresis may be explained by the fact that we used annealed soft magnetic materials as MDL
and active cores. This annealing reduces the coercive field Hc, which is mainly responsible for the hysteresis
in the magnetoelastic behaviour due to the A(H) function of the materials. According to measurements of
the hysteresis of the A(H) function, it is within the limits of the accuracy of the analogue to digital converter,

thus resulting in non readable hysteresis in the output of the sensor.

Although one can obtain a simple and inexpensive distribution transducer by using these sensors, there
are some drawbacks to it, the most important of which is the integrated sensor array nonuniform
response: such a response was detected for the same displacement of the active core, under fixed
conditions of pulsed current excitation and DC bias field at different sensing points along the length of the
MDL, although delay lines were tested after stress and current annealing. Early experiments show that a

normalization process can be applied here to standardize the sensor response.
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Figure 5.33. Response of the sensing element shown in Figure 4.31d under various distances of the sensing cores.
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Alternatively, the FeSiB amorphous wires may be used as MDLs to reduce the nonuniformity and increase
the resolution of the transducer. In fact, we performed measurements using FezsSizB1s amorphous wires
concerning the sensing arrangements presented in this section. The results illustrated a surprisingly linear

response for all set-ups.

The balanced structure of the sensing element of Figure 5.31c is the most crucial matter concerning the
manufacturing process of this type of sensors. Such a balanced structure can be constructed as described
in the experimental set-up description. The single sensing elements can be easily repeated in one or two
dimensions, thus allowing one or two dimensional integrated distribution sensors, which can be
manufactured using a relatively simple method. It is worth to mention that the balance structure of Figure
5.31c, arranged in a two-dimensional sensor, could be efficiently used as a tactile array device, in order to
detect the presence of ferromagnetic bodies close to it. In that case, any sensing point of the array
operates as an "on-off" sensor using a threshold voltage comparator. So, the sensor detects either a
ferromagnetic material is close to the balance structure surface or not. For this type of operation there is
no need for nonuniformity corrections. For applications where the relative distance between

ferromagnetic bodies is to be determined, the sensor of Figure 5.31d can be used.

The active cores AC can be made of Metglas 2605SC ribbon, directly applied to a springy material, which
canin turn be glued or stuck on the balance structure. Other methods for such an implementation are still
under investigation. Finally, in order to convert this type of small displacement sensor to a load cell or a
pressure gauge, the displacement caused on a spring has to be converted to a force F. As a first
approximation, it may be assumed that the response of the spring corresponds to its linear region of
operation. Thus, a force F results in a displacement a, of the support of the core, which is given by F=Ka,

where K is the Hook's coefficient of the spring.

Another possible application of these sensing elements is the measurement of angle of soft magnets. The
arrangement is illustrated in Figure 4.34. A Fe;75Si7.5sB1s amorphous ribbon is used as the MDL (1). A 750
turns receiving coil (2), located at the end of the magnetostrictive delay line is used to detect elastic pulses
in the form of a pulsed voltage. Two parallel copper wires, (3) and (4) respectively, are used to transmit an
equal amount of rectangular current pulses for the delay line excitation. A magnetoelastic ribbon (5),

having a typical surface of 15x5 mm?, is used as the active core of the sensor.

The operation of the sensor is as follows: Pulsed current is transmitted through the parallel conductors.

Since the MDL is set in the middle of the distance of these two conductors, the induced pulsed fields from
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the two conductors are opposing each other and the resulting elastic pulse is almost zero. Placing a soft
magnetic tape on top of the conductor — MDL intersection, results in a break of the symmetry of the above

mentioned pulsed fields.

Therefore, an elastic pulse is generated in the MDL, propagating along the length of it, which is detected
as a pulsed voltage at the search coil. The magnitude of the generated elastic pulse is dependent on the
relative position of the soft magnetic material set on top of the pair of the pulsed conductors. The more
length of the pulsed current conductors is covered by the soft magnetic tape the larger the pulsed output
signal is. This happens because the magnetomechanical coupling factor between the excitation conductors
and the delay line changes by the rotation of the soft magnetic tape acting as a sensing core. Hence,
considering the soft magnetic tape as the sensing core and the rotation of it as the input of rotation in the

system, the pulsed voltage output corresponds to the rotation sensor output.

Figure 5.34. Basic diagram of the absolute and incremental angular position sensor working according to the MDL

principle. (1) MDL, (2) Search or Receiving coil, (3) Balanced pulsed current conductors, (5) Soft magnetic tape.

The response of the sensor is illustrated in Figure 5.35. The rotation of a passive core around the Y axis of
the Cartesian coordinate system with the origin in P, produces a permeability modulation resulting in a
sinusoidal variation of the output voltage of the sensor of the type presented in this figure. The
mathematical function obtained by filtration and approximating the response characteristic of the sensor

is given by:

T(X—Xc)

Vo(x)=A sinT + A, (5.1)
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Figure 5.35. The response of the absolute and incremental angular position sensor.

The sensing elements of Figure 5.31 may lead to the realization of a 2-dimensional tactile array as

illustrated in Figure 5.36, where the sensing core may be a soft magnetic element or elements moving on

the surface of the balanced MDL structure.

To fhe dotn acewsticn systam

—
e e ey le

P e ol il ol W =
e T —
e e P —
el e e I il I AV i AW e
g = e e A e ] —_— Rﬂ'-ﬂ'ﬂm] It
r, il il T M AT
e =" reted .
ot — i T = —F S ————r b purrent penduster
el i = = il = —

HMagnefosirict e Sy e

Figure 5.36. A 2-dimensional tactile array based on the sensing principles demonstrated in Figure 5.31.
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5.3 Moving non magnetic conducting disk measurement

A new kind of displacement sensor is proposed hereinafter, based on the generation of eddy currents on
a moving conducting disk, set over an amorphous wire magnetostrictive delay line. These eddy currents
are caused by the presence of a straight conductor parallel to the MDL. Pulsed current transmitted through
the conductor, causes eddy current loop in the conducting disk, which in turn causes an acoustic pulse

above the delay line.

Studies on the characteristics of the sensor show a variety of possible applications and a reproducible
response. In the following sensor we propose a more sophisticated sensor arrangement, using a cordless
active core, presenting its response and characteristics. Its possible applications as a digitiser,

displacement distribution sensor and eddy-current quality sensor are also illustrated.

The arrangement of this sensor is shown in Figure 5.37. A detecting coil is around the MDL at the one end
of it. MDL is well terminated by latex adhesive. A small field magnet bar is set close to the MDL in order
to maximize the output of the detecting coil. A pulsed current conductor is set parallel to the MDL, so that

in the absence of the movable disk, the output of the detecting coil equals zero.

Approaching the conducting disk close to the MDL-conductor arrangement, eddy currents are caused on
the disk. Keeping unchanged the pulsed current and the biasing field along the MDL, the amplitude of the

pulsed eddy current in the disk increases with the decrease of the distance between disk and MDL.

These eddy currents cause pulsed magnetic field along the length of the MDL, at a region of the MDL
called from now on the sensing point, which in turn causes a pulsed voltage output, induced in the
detecting coil. The amplitude of this pulsed voltage is the output of our sensor. The delay time between
voltage output and exciting pulse defines the position of the conducting disk. The higher the eddy current,
the higher the magnitude of the detected voltage output. Displacement of the conducting disk, along the

MDL results in a change of the delay time between the exciting pulse and the detected voltage.
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Figure 5.37. Arrangement of the moving conducting disk position sensor. (1) MDL, (2) Pulsed current conductor, (3)

Receiving coil, (4) Moving conducting disk.

A micrometer with 5 cm long plastic (non-ferromagnetic) tube was used to displace the conducting disk.
A 125 um Fe7sSi;B1s amorphous wire was used as a delay line. The MDL was tested in the as-cast condition
and after stress-current annealing. Annealing conditions were 200 N/mm? and 500 mA for 3 minutes. A
0.25 mm enamelled copper wire was used as a pulsed current conductor. A 25 mm diameter, 2 mm thick
aluminium disk was used as the active core of the sensor. The 300 turns detecting coil was made of a 30
um enamelled copper wire. A 14-bit A/D converter was used for detecting the peak value of voltage
output Vo. A 100 MHz pulse generator/counter was used to detect the delay between the exciting pulsed

current and the voltage output pulse.

A typical dependence of the amplitude of the voltage output Vo on the distance between the moving disk
and the MDL is given in Figure 5.38. A number of results have been obtained for this arrangement
concerning various materials used as MDLs or conducting disks. These results were obtained for increasing
and decreasing the distance between the conducting disk and the MDL. The resulting curves were
identical, showing the absence of hysteresis within the accuracy of our experimental apparatus. From
these results, it can be concluded that such a sensor can detect displacements from 0 to 5 cm, with
sensitivity dependent on the measuring electronic system. The use of a commercially available 14-bit A/D

converter resulted in 3 um sensitivity.
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Figure 5.39. A two - dimensional digitiser based on the MDL technique and the displacement of a conducting disk.

(1) MDL, (2) Pulsed current conductor, (3) Receiving coil, (4) Moving disk.
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One can use more than one active core (conducting disk) along the length of an MDL, making thus an
integrated displacement distribution sensor as illustrated in Figure 5.39. The resolution of such a sensor
is defined as the minimum distance between two active cores, in which discrete voltage outputs can be
obtained. For our experimental apparatus this distance was 8 cm. Such a sensor could detect the position
of the movable conducting disk in three dimensions. Preliminary results show that the digitizer has an
isotropic behaviour in three dimensions. This means that displacement of the sensor in the Y or Z direction
results in the same output voltage. Within the limits of the used experimental set-up, the sensitivity of

measurement was found to be 0.1 mm in a range of 10 cm.

Another application of such an idea is an eddy current sensor for quality tests. Having fixed the position
of a conducting disk, the pulsed voltage output defines the amount of eddy current in the disk. This is an
indirect source of information of the resistivity of the disk. Tests among various diameters and kinds of
coins are in good agreement with respect to their resistivity. Work is under way to further implementation

of this device. The applications can be numerous, an important one being the security systems.

From the experimental results, it can be seen that using stress-current annealed amorphous wire MDLs
one can obtain a more sensitive response of the sensor, due to the increase of the magnetomechanical

coupling factor of the amorphous wire.
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6 Stress sensors based on MDLs

Stress measurement at a given point can be obtained by using position or displacement techniques and
consequently transducing displacement into a stress magnitude. It can also be measured directly by low
compliance mechanical sensors, such as pressure diaphragms, strain gauges, load cells or torque meters.
The MDL technique under pulsed current — magnetic field operation has been used to the forming of stress

sensors and distributed stress sensor arrays.

The proposed sensors have been divided into five groups, with respect to the major operation and kind of
measurement involved. The first group is tensile stress and tensile stress distribution sensors and they are
based on the change of the magnetic circuit at the elastic pulse point from origin, named PO, due to the

stress applied on a sensing core. In this topology, MDL remains free of mechanical stresses.

The second and third groups are pressure gauges and force digitizers respectively, based on the change of
the propagating acoustic pulse along the length of the delay line, when a force is applied at a point of it.
The fourth category is load cells and torque meters based on the modification of the properties of the
MDL, when stress or torsion is applied directly on it. Finally, the fifth category is a sensor able to measure

the thickness of thin films in-situ, based on the coil-less MDL set-up as illustrated in Chapter 2.

Each group of sensors is to be presented separately in this chapter. After the basic description of each
sensor, its response is given. Bearing in mind that the peak value of the receiving coil voltage V, is the
output of all the proposed transducers, response of the sensors is the dependence of V, on the relevant

input.
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6.1 Tensile stress sensors
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Figure 6.1. The schematics of various tensile stress sensing
arrangements. (1) Sensing core, (2) MDL, (3) Pulsed current conductor,

(4) Search coil

This group is based on the
elastomagnetic properties of the
magnetostrictive ribbons or tapes.
As for a magnetostrictive element in
the form of tape, ribbon or wire, the
relative permeability is dependent
on the tensile or compressive stress
along its length: such stresses act as
an effective field along the length of
the magnetostrictive material. Such
afield is regarded either in the same
or the opposite direction, if the
material is positive or negative
magnetostrictive material
respectively. Such a stress or
effective field magnetizes the
material, either by domain wall
displacement or by domain rotation.
Therefore, in a positive
magnetostrictive material, tensile
stress results in orientation of the
magnetization towards the stress

while compressive stress orients the

magnetization normal to the applied stress and on the plane of the tape or the film. Thus, tensile and

compressive stresses decrease and increase respectively the magnetic permeability in positive

magnetostrictive materials. The opposite happens in the case of negative magnetostrictive materials,

where tensile and compressive stresses increase and decrease respectively the magnetic permeability.
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In this type of sensors the MDL is supposed to remain free from stresses under any circumstances. This
sensor family uses the set-up in which array conductors vertical to the MDL are used. The basic idea is the
change of the magnetic circuit at a sensing point, defined by the elastic pulse point of origin PO, which is
in turn defined as the crossing point of the MDL and the pulsed current conductor. For the present group
of sensors, the change of the magnetic circuit takes place by changing the magnetic characteristics of the
magnetic sensing core S, and more specifically by decreasing the relative permeability due to the applied

stress on the core S, which is firmly positioned relative to the delay line.

The first type of this group is shown in Figure 6.1a. The active core S is placed at a fixed distance from the
delay line, between the pulsed current conductor and the line. This arrangement is initially studied in the
static case, in order to simplify the understanding of its operation. Assuming that DC current is applied to
the conductor of Figure 5.1a, a magnetic field is caused having a circular path in the absence of the core S

and the MDL. The presence of the active core S and the delay line modify the path of the magnetic lines.

Only if the delay line is present, a number of magnetic lines is kept in it, as it is a magnetic material, causing
a change of their path: a greater number and a longer distance of magnetic lines is now parallel and inside
the elementary cross section areas of the line. This qualitative explanation suggests that the magnetic field
and flux density in the delay line is greater than the one in the same area of free space before setting the
delay line in position. If now the active core S is set in between delay line (at a fixed distance from it) and
conductor, the magnetic circuit changes again. Core S operates as a magnetic screen, so that a number of

magnetic lines which entered the MDL are now attracted by S.

The number of these lines is dependent on the magnetic characteristics (permeability) of the core S and
the MDL, as well as the geometry of the arrangement. So, in the presence of the core S, the number of
magnetic lines at any cross section area of the delay line, is less than the one when having only the MDL
in position. By applying a stress on the active core S, its relative permeability and consequently its ability

to attract (screen) magnetic lines decreases.

So, if the saturation magnetization of the MDL is not reached, the ability of the MDL to attract magnetic
lines increases: the magnetic flux density at any cross section area of the delay line increases. So, the more
tensile stress on the core S, the greater is the value of magnetic flux density in the delay line. A similar
magnetic behaviour is followed, if pulsed current (with a fixed peak value l¢) is transmitted at the
conductor, although the magnetic flux inside the delay line for applied DC current I is not equal to the flux

caused by pulsed current with peak l.. But, although a DC current causes no acoustic stress in the delay
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line, pulsed current causes an acoustic pulse, which can be detected as pulsed voltage (peak amplitude

Vo).

So, for the arrangement of Figure 6.1a and for pulsed MDL operation, it can be concluded that the applied
tensile stress at the active core S results in an increase of the peak voltage Vo at the receiving coil. This
fact may term the arrangement of Figure 6.1a as a tensile stress transducer, having the applied stress and
the receiving peak value Vo as its input and output respectively. The same principle of an array of
conductors crossing an array of MDLs could be applied here, resulting in a tensile stress distribution

transducer.

Figure 6.1b shows another type of sensor. In this case, the active core S operates in a slightly different way.
In the presence of it, the magnetic circuit and consequently the magnetic flux at the sensing point changes
because the core S attracts some of the magnetic lines, although the MDL operates now as a magnetic
screen. So, coupling between core S and MDL results in an increase of the magnetic flux in the delay line
with the increase of the tensile stress along the active core, causing thus another type of tensile stress

sensor. Figure 6.1c is a mixture of the arrangements of Figures 6.1a and 6.1b.

The balanced structure of Figures 2.8 and 2.9 is also used here. As pulsed current le is transmitted in the
same direction in the two conductors, in the absence of the core S, there is zero magnetic flux in the delay
line and consequently zero voltage output is detected. When core S is positioned at a distance from the
line, then, the magnetic circuit changes: if core S is placed in a fixed position from the MDL, the flux density
in the line is not zero any more. Observing the magnetic circuit of the arrangement, it can be concluded
that applying tensile stress on the core S results of a decrease in the coupling between core and line, so

that the magnetic flux in the line decreases.

So, increasing the stress on the core the voltage output at the receiving coil decreases. As it will be shown
in the experimental results section for this type of sensor, a voltage output from a maximum value down
to zero was obtained, for zero and maximum tensile stress on the active core respectively, which means

that its relative permeability effectively becomes equal to one.
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Figure 6.2. Typical response of the tensile stress sensing arrangements illustrated in Figure 6.1.

Another sensor is proposed in Figure 6.1d, which also uses the balance structure set-up. Two cores S; and
S, above and below the delay line respectively are fixed in equal distances from the MDL. The one core
(S1) remains unstressed, while a tensile stress can be applied to the other one (S;). When no stress is
applied at the core S, the magnetic flux inside the delay line is zero. If tensile stress is applied on core S,,
the magnetic flux inside the line becomes non zero, since the relative permeability of the core S, decreases

(change of the magnetic circuit). This arrangement offers zero voltage output when no tensile stress is
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applied on S;, which increases with the applied stress on it. If tensile stress is applied on the core, the
magnetic circuit changes because the ability of the core to attract magnetic lines decreases. Consequently,
if the MDL is not saturated, more magnetic lines are kept in it. The maximum possible number of these
lines under fixed peak value of pulsed current and DC bias field is obtained for the maximum possible
tensile stress applied on the active core, resulting in the minimum possible permeability of it, concerning

the Fe-rich positive magnetostrictive amorphous alloys.

The response of the sensors of Figures 6.1a, 6.1c and 6.1d has been studied by using various different
families of positive magnetostrictive ribbons and wires. Indicative results are hereinafter presented,
showing data of Fe;sSi;Bis amorphous ribbons, which represent the most dramatic dependence of
magnetic permeability on stress. Input and output of the system is the applied tensile stress on the

magnetic active core and the peak value of the detected voltage output V, respectively.

The dependence of the Vo on the tensile stress applied on the ribbon under various values of exciting
pulsed current le was measured. Figures 6.2a, 6.2b and 6.2c show the response of the sensors of Figures
6.1a, 6.1c and 6.1d respectively. The sensing element of Figure 6.1a and 6.1b could be regarded as similar
to the simple strain gauge. It is observed that concerning the response of Figure 6.1a, the gain of full-to-
zero applied tensile stress is 2.5 to 1. This fact makes this type of sensor more attractive than strain gauges
in terms of sensitivity (strain gauge gain about 0.1 - 0.3 %), although the disadvantage with respect to the
strain gauge is its nonlinearity. It was observed that the response of the sensor shown in Figure 6.1c fits

an exponential dependence:

Vo(0) =V — cOpmax (6.1)
where Vomax is the maximum value of Vo. In the case of FessSizB1s amorphous ribbons the coefficient ¢

equals to 3.5 MPa. Thus, the normalized function Von(0) is given by:

Vpn(0) = 22 (6.2)

—Cco
Vomax

Concerning the response of the sensor illustrated in Figure 6.1d, it fits another exponential function:
Vo(0) =V — COomax (6.3)

where Vomax is the maximum value of V,. Coefficient c is the same as above. So, the normalized response

of this sensor is:

Vpn(0) = 22 (6.4)

Vomax
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All these results were taken by increasing and decreasing the applied tensile stress on the ribbon and the

reported output was the same for both cases, so that the resulting hysteresis appeared to be small.

6.1.1 A low compliance beam structure force sensor based on this the sensor

topology

The main idea of this sensor is based on the opposite orientation of the magnetic domains of a Fe-rich
positive magnetostrictive amorphous ribbon, when it is stressed and compressed. The principal idea is
shown in Figure 6.3. A balanced structure is used for this type of sensor (two pulsed current conductors
are in equal distances above and below the MDL, transmitting identical pulsed current waveforms). Two
identical magnetoelastic ribbons S; and S; are in equal distances above and below the MDL. When pulsed
current is transmitted through the two conductors, and the ribbons are unstressed or uncompressed, the

acoustic stress and consequently the detected voltage output is zero.

Figure 6.3. A low compliance beam structure force sensor. (1) MDL, (2) and (3) Ribbon sensing cores to be stressed
and compressed respectively, (4) 1.5 mm thick non magnetic support of the sensing cores, (5) Three-layer support

for the MDL, (6) Beam support.

Applying tensile stress and compression on S1 and S2 respectively, the magnetic domains are oriented as
shown in Figure 6.3, the magnetic circuit changes, there is not equilibrium of magnetic flux in the MDL any
more and the detected voltage output becomes not zero. This principal idea can be applied for a beam
structure sensor, so that an applied force could result in stress and compression of the cores S1 and S2

respectively.
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As an example Vitrovac 7605 was used as the magnetoelastic ribbon. Two, 10 mm long, 5 mm wide cores
were glued by epoxy resin, on two, 50 mm long, 10 mm wide, 1 mm thick, fibre glass supports. They were
glued in order to apply no stress and/or compression on them. Only one surface of the ribbons was glued
on their support. The fibre glass supports were completely etched. A 1 mm wide straight copper line was

set on each support to be used as a pulsed current conductor.

Two, 23 mm long, 10 mm wide, 0.1 mm thick fibre glass pieces were used as the middle layer of the
balanced structure. The balanced structure was made in order to have the unstressed and/or
uncompressed cores on its outer surface. The total thickness of the structure was 2.2 mm. A 0.7 mm wide
FeSiBC ribbon, made by Hull University, was used as an MDL. The whole structure was fixed on two 10x10

mm, 1 mm thick, fibre glass supports. Nothing else was connected or glued on the beam.

The distance between PO and receiving coil was 30 cm. Two small field magnets were close to the PO and
the receiving coil, in order to maximize the response of the device. Maximizing the voltage output was
done as follows: pulsed current was transmitted through the one conductor, and one magnet was
approached at the PO, so that the detected voltage was maximized. After fixing this magnet, the other one
was approached and fixed at the receiving coil to obtain the same goal. Load in the form of steel balls was
applied on top of the surface, so that the core above the MDL was compressed and the other one stressed.

The weight of each steel ball was 0.21 N.

The response of the sensing element is illustrated in Figure 6.4, for excitation pulsed current amplitude
1e=9.9 Amperes. In this case, Vitrovac 7605 was used as magnetoelastic ribbon. Data were taken by
incrementing and decrementing load on the beam structured sensor. The resulting curves were identical,
indicating absence of hysteresis within the limits of the experimental set-up. The most interesting
observation out of this experiment is that the response of the sensor is almost linear for load from 5 N to
25 N. This means that nonlinearities of the magnetic operation are cancelled out probably because of

stressing and compressing two identical cores in a mirror arrangement.
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Figure 6.4. The response of the sensor of Figure 5.3, using Vitrovac 7605 magnetoelastic ribbon.

6.1.2 Improvement of the sensor: a 2-dimensional stress sensing element

A two or three dimensional force sensor, based on this sensing principle, is proposed here. The basic

diagram of a two dimensional force sensor is presented in Figure 6.5.

Figure 6.5. Basic diagram of a two-dimensional discrete force sensor. (1) MDL (2) Pulsed current conductor. (3)

Point of applied force F (4) Active core.
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By defining the X and Y axes as the horizontal and perpendicular directions respectively, a two dimensional

force F can be analysed in two components Fx and F:

E,=F-sina,F, =F-cosa (6.5)
The components of the forces Fx and F, result in two force components on the left sensing core, F1 and F,
respectively, while they also result in two force components on the right sensing core, F'; and F’;
respectively:

F,=F, -sinb=F-cosa-sinb

(6.6)
F,=F,-cosb=F -sina-cosb

F'y=F,-cosh=F -sina-cosb
(6.7)
F', =F. -sinb=F-cosa-sinb

These couples of forces result in two forces Fa and Fb on the left and the right sensing cores respectively:

F,=F, —F,=F (cosa-sinb—sina-cosb) =F -sin(b— a) (6.8)
And
F,=F+F,=F-(sina-cosb+cosa-sinb) =F -sin(a+ b) (6.9)

So, the tensile stresses at the two sides, o, and o, are given by:

o, = 8F, and 03, = 8F, (in MPa and F,, F}, in N)

in the case of a 5 mm and 25 um thick active core. These two stresses are unequal and therefore they
cause two different MDL pulsed voltage outputs. The cores are pre-stressed to operate for tensile and
compressive stresses. By using the principle of the structure of Figure 5.1c, the normalized function of the
peak Vo function, applied for the stresses o, and oy, gives the normalized functions Voan and Vobn, Which
have an exponentially decaying response at the left and right part of the core as follows:

Voan = €% = e 8Fagnd V,,, = 7% = ¢=8¢Fp (6.10)
where c is a constant coefficient. So, F. and F, can be calculated by knowing the normalized values Voan
and Vobn, Which can be in turn calculated by measuring the corresponding measurements V., and Vop as

well as the related maximum values Voa,max and Vob,max. SO, Fa and Fy, are given by:
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n(-—2ea
F,=F-sin(b—a)=— l”(gi“") - _ (Vozzmx )
and

n ob
Fp=F-sin(b+a) = —20om) — _ <Voz;rcnax )

Thus, Fx and Fy can be calculated by the above equations.

(6.11)

(6.12)

6.1.3 Manufacturing the tensile stress sensors

The structure and the cost of the transducers are presented
for the most well integrated stress sensor as illustrated in
Figure 6.1c. Figure 6.6 shows the arrangement of a single
sensing point. It can be observed that the tensile stress on
the active core is caused by converting the applied force F
using a bridge structure. The delay line air channel was made
from three layers of 0.1 mm thick epoxy glass plane surface,
connected together either by under heat compression or by
epoxy resin. Two long rectangular cross section bars, made
from fibre glass glued on top of the channel parallel to the
delay line air channels to avoid pressure on them, were set
on top of the MDL air channel to prohibit any touch of the
MDL caused by any large force F applied on the device.
Another approach for making such a structure is to machine
a thicker epoxy glass plane surface, in order to make the
channels between these long bars, thus offering a stiffer
sensor structure. Such a structure is repeated in two

dimensions: Air channels, parallel to each other are made for

Figure 6.6. Sensor arrangement. (a) Discrete
tensile stress sensor; (b) one-dimensional
sensing array. (1) MDL, (2) Pulsed current
conductors, (3) MDL 3. Delay line support,
(4) Search or receiving coil, (5) Epoxy glass
ribbons, used as supports of the active core,
(6) Copper for soldering the active core, (7)

Active core.

positioning an array of k delay lines and a number of (k+1) long bars are on top of them (either by glueing

them on top of the air channels or machining the top epoxy glass level of the air channel sandwich). The

long bars may have a structure along their length, like the one shown in Figure 5.6: rectangular pieces of
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copper are set on top of the bars. The purpose of using these copper pieces is for soldering the ribbon

active cores.

The ribbons are pre-stressed under a small tensile stress, i.e. 10 MPa before soldering, in order to avoid
any change of geometry after the manufacturing process. A disadvantage of the soldering pre-stressed
ribbons is that they become less sensitive in terms of magnetic permeability. After pre-stressing the strips,
their positioning on top of the copper surface and soldering on the copper surfaces creates discrete
sensing cores: each ribbon section between two long bars, withstands the same amount of tensile stress,
which is equal to the initially applied stress. Any applied force F causing a tensile stress on it does not cause
any stress or movement at the neighbouring ribbon sections, defined by the neighbouring long bars. An
advantage of using pre-stressed ribbons is that the tensile stress, applied on the ribbon, caused at any

sensing point due to any force is predictable.

In the case of the sensor of Figure 6.1 the pulsed current conductor can be fixed on top of the ribbon strip.
It must be electrically insulated from the ribbon strip, although experimental observations show that there
is almost no change of the response of the sensor if the long strip and the conducting surface are in touch.
This can be explained by the fact that the resistivity of the copper is negligible compared to the one of the
ribbon. This is one way to create the sensing points of the sensor. Another one is to use a long copper
support for square active cores. So, by glueing the active cores on the copper support, we could use the
active core support as the exciting pulsed current conductor. This type of sensor is not ideal in terms of
long operation life time and accuracy of response, because the force F is also applied on the exciting
conductor, so that any displacement caused on it results in non predictable changes of the magnetic flux

in the delay line.

Manufacturing process of the sensor shown in Figure 6.3 is divided in two parts. The first one is the balance
structure and the second one the sensing core structure. The balance structure can be realized by following
wet etching lithography techniques for printed circuit boards. The method of making the sensing core
structure is as above mentioned. The method of making the long strips is by machining an epoxy glass
surface and positioning afterwards the small copper pieces, used for soldering the ribbon strip. Finally, the
two plane structures are glued or connected by heating and pressing together. Following such a process,
the sensor shown in Figure 6.7 can be built, by using two long bar-ribbon strip structures. Using such a
structure in order to apply stress on the active core, the tensile stress can be calculated with respect to

the applied force F.

232



i

—

TN

Figure 6.7. Basic procedure for manufacturing the beam force sensor. (1) 1.5 mm thick fiber glass bar orthogonal to

ri.
5

i

the delay line, (2) 0.1 mm thick fiber glass planes, (3) 0.1 mm thick fiber glass bars for making the MDL channels, (4)
Fiber glass bars parallel to the MDL, (5) MDL, (5) Compressible ribbon, (7) Stressable ribbon.

6.2 Pressure gauges

The idea of this type of sensor is based on the fact that the original elastic pulse is affected by any pressure

applied on the elastic pulse point of origin PO or any other point of the MDL.

The basicidea of this sensor is shown in Figure 6.8. According to this arrangement, a delay line is positioned
on a channel. The pulsed current conductor was made by etching a 0.1 mm thick fibre glass PCB layer in
order to leave only a 1 mm wide straight copper line on it. This layer was the lowest and unmovable part
of the MDL channel. Positioning the pulsed current conductor like that, we succeeded to avoid any change

of the relative distance between conductor and delay line.

Applying no force on the channel, and transmitting pulsed current through the conductor, the detected
output is V,. If PO is the sensing point (point to apply pressure), then any force applied on it, should affect
the acoustic signal. The way to apply a force on the MDL runs as previously: with respect to the same

geometry, a force F, on the upper surface of the channel can cause a pressure on the MDL. It is expected
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that the acoustic pulse should decrease as the applied force increases and should vanish under a minimum

value of pressure, for given values of l. and DC bias fields.

MDL
I: v, _—

Figure 6.8. The basic principle of the MDL pressure gauge.

Magnetostrictive amorphous ribbons have been tested for geometry purposes. Among various
experimental results, an indicative response is hereinafter illustrated concerning FesSizBis as-cast
amorphous ribbons. The dependence of V, on the applied force at the sensing point for these ribbons

under various values of applied pulsed current I, is given in Figure 6.9.
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Figure 6.9. Response of the MDL pressure gauge.

It is observed that the output signal was decreased from its maximum value V, down to zero, for a range

of forces from zero up to 3 N respectively. For the given arrangement with the sensing point 40 cm far
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from the receiving coil, the smallest detectable force was 0.1 N. The detected V, was found to be

exponentially dependent on the applied load:

Vo (F) = Ve~ (6.13)
where Vo(F) and Vo are the peak values of the MDL output under load and the maximum MDL output
respectively. Coefficient cp for the tested ribbons was determined equal to ~0.35 N1 The exponential
response of the sensor can be explained by the fact that tension and compression of an acoustic stress,
propagating in a rectangular cross section solid waveguide, decay exponentially with the surface tension

or the applied force on the surface of the waveguide.

The experiment was carried out by increasing and decreasing the magnitude of the applied force F. The
resulting output was the same for increasing and decreasing the applied load, showing that the hysteresis
of the sensor is negligible within the limits of the experimental set-up. It is noted that this sensor is named
pressure gauge, since it transfers the applied load in pressure, dependent on the area the said force is

applied to.

The problem of the nonuniformity still exists in this type of sensor too and can also be solved by the

methods presented in Chapter 3, especially by following the law of normalization.

6.2.1 Distribution pressure sensors based on this principle idea

This kind of discrete pressure sensor could be used as the basis for a force distribution sensor. The reason
is as follows: it is assumed that two forces F; and F; are applied on two sensing points A; and A, defined
by the crossing points of the MDL and two conducting wires C; and C,, vertical to the MDL as shown in
Figure 6.10, in distances x; and x, from the receiving coil respectively. The elastic pulse caused by the
conductor C;, changes due to the two forces F; and F, so that the pulsed voltage output at the search coil

is related to F; and F,. The elastic pulse caused by the conductor C;, changes only due to the force F,.
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Figure 6.10. A pressure distribution sensor based on the MDL pressure gauge. (1) MDL, (2) Search coil, (3) Pulsed

current conductor.

From the experimental results, the pulsed voltage output V, follows an exponential dependence on the
applied force F at the sensing point or the elastic pulse point of origin; taking into account the attenuation
factor of the given MDL material as b, the propagating elastic pulse S(t,F1) caused at a PO at a distance x

from the receiving coil is given by:

S(t,F)) =S, (t - %) e Pxe~wh (6.14)
where So(t) is the elastic pulse caused by the pulsed current at the PO under no applied force and v is the

longitudinal sound velocity of the MDL. So, the magnitude of the acoustic stress S('t), originated at the

sensing point A that arrives at the sensing point A; is given by:

S'(t) = S,, (t — @) e~b(x2=x1) g=CpF2 (6.15)

4

At this point S/, is also to change due to the force Fi. Thus, the magnitude of the elastic pulse originated

at A; passing also through A; and finally arriving at the receiving coil, S;(t) is given by:
— ad -b —cp(F1+F
So(t) = Sz (t - 72) e P2)g=cp(Fi+F2) (6.16)

Thus, the corresponding peak voltage output Vo,(F), assuming that the attenuation is negligible, is given

by:

Vor(F) = Vope ctatf2) (6.17)
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where Vo3 is the detected peak output corresponding to A, under zero applied forces. In a similar way, the

magnitude of the acoustic stress originated at Ai, Si, arriving at the receiving coil, is given by:
S1(t) = S,1 (t - %) e bx1g=CpF1 (6.18)

and consequently, the corresponding value of V.1(F), assuming that the attenuation is negligible, is given

by:
Vor(F) = Vo1e™M (6.19)

where Vo1 is the peak voltage output corresponding to A4, in the absence of any applied force. From these

equations we have:

In (st (ZF))

and

m(VZf(lF))

(o}

F, = (6.21)

So, by measuring Vo1, Voz, Voi(F), Vo2(F), X1 and x,, one can detect F; and F.. There is a restriction concerning

the magnitudes F; and F,: they have to be less than the load vanishing the output signal.

This method could also be applied for a number of sensing points m. Thus, having positioned m conductors
Cm at m different positions of the delay line, so that m sensing points Am are defined along the length of
the line, the Aj sensing point is defined as the region of the MDL on top of the Cj — MDL intersection, as
shown in Figure 6.10. Having stored the output signal Voj in the absence of applied load and detecting the
corresponding Voj(F) under load F, when the array is in use, the corresponding relation between Voj(F)
and Voj is given by:

Voj(F) — Voje_C(F1+Ff‘1+"'+F2+F1) (6.22)

Thus
Vor(F) = Vyye™ ¢
VOZ(F) = Voze_c(F2+Fl)

VoB(F) = V033_C(F3+F2+F1)
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Vor (F) = Ve CFktFr-at+FptFy)

Vo (F) = Ve~ CEm+Fn-1+.+F+F1)

and therefore, the corresponding values of the forces Fm are given by:

Vo1 )
in (7,5
he—
V
ln( 02 )
V. (F
V
ln( 03 )
Vs (F
F=—2 2, Ry
Vok
in
Fk — (ch‘k(F)) _ Z‘llcz—% P} (623)
In Vom
E. = (Vocm(F)) _ ;n=—11[,} (6.24)

By applying such a procedure, the force distribution can be determined as follows: place pulsed current is
transmitted at the conductor closest to the receiving coil C; and the force F; is calculated. Afterwards,
conductors Cy, Cs,...,Cn are sequentially excited and forces F;, Fs,...,Fmare correspondingly calculated. All
this procedure can be applied in the assumption that applied forces are small enough not to cause the

detected output signals to vanish.
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The total dimensions of a discrete sensor could be kept down to 3 cm long, 1 cm wide and 1 cm high one,
by having the one end of the MDL inside the receiving coil. A major target is the use of a solid structure of
the MDL - conductor arrangement, which involves the use of such substrates with given Young’s modulus

to avoid the acoustic pulse distortion during its propagation.

This simple type of sensor can compete in sensitivity with other types of pressure gauges and strain gauges.

Such a force sensor has a sensitivity of 0.1 V/N without electronic signal conditioning.

6.3 Force digitizers

The principal idea of a single force digitizing element is shown in Figure 6.11. An MDL (1) is positioned on
an epoxy glass substrate (2) of a rectangular cross-section area. An exciting conductor (3) is placed
orthogonal to the MDL close to the one end of it. A short coil (4) is placed around the MDL at the one end
it, close to the exciting conductor. The two ends of the MDL are well terminated by using latex adhesive
(5) in order to eliminate any reflections. So, by applying a pulsed current, transmitted through the
conductor, a pulsed voltage is received from the short coil, also named in this case original pulse, having a

peak amplitude Vo.

MDL
I: A _—

Figure 6.11. Schematic of the force digitizing sensing element.
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A smooth-ended stylus of any kind of material can be used to cause the reading information. If it attaches
to and presses the delay line at any position at least 3 cm away from the exciting conductor, in order to
avoid any interference with the original pulse, an acoustic reflection is caused at this point. The magnitude
of such a reflection depends on the force applied on the MDL as well as on the material forcing the MDL.
The reflected acoustic pulse is also detected by the short coil and the delay time between the peak value
of the original and the reflected signal defines the distance between conductor and digitizing point, while
the amplitude of the reflection is monotonically related to the applied force. Such a principle can be used

for sensing the applied force at a single sensing position of a delay line.

Magnetostrictive amorphous ribbons and wires have been tested for such a sensor. Various experimental
results indicated that amorphous ribbons demonstrated the most repeatable sensor performance, for
geometry reasons. An indicative dependence of the reflected voltage output V. on the applied load
concerning Fe7sSi;B1s as-cast amorphous ribbon and a 5x15 mm? loading epoxy glass area is illustrated in
Figure 6.12. It is observed that the reflected signal starts from zero and increases to its maximum value

Vro following an exponential dependence:
Vo(F) = Vpo(1 — &™) (6.25)

where ¢, is a constant dependent on the material used as a substrate and the MDL material. V(. is close to
the amplitude of Vo, provided that the attenuation factor and the distance between load and receiving
coil are relatively small. For the given arrangement and used materials, concerning sensing point 40 cm

from the receiving coil, c,equals 6.5 N}, while the smallest detectable load was 1 mN.
Taking into account the attenuation factor b of the MDL, the force digitizer response can be given by:
Vo(F) = Vype P¥(1 — e=F) (6.26)

where x is the distance between loading point and receiving coil. The exponential response of the sensor

is also explained due to the exponential decay of a propagating elastic pulse in a waveguide.
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Figure 6.12. The reflection response on force of the force digitizing sensing element of Figure 6.11.

Since the operation of such a sensor is based on acoustic reflections, the response of the sensor is expected
to be absolutely reversible, since the MDL loading is operated in the elastic region of the Hook’s law
corresponding to its linear stress-strain response, thus resulting in non-hysteretic response. Actually, an
absence of hysteresis was observed within the limits of the experimental set-up (12 bit analog to digital
conversion), but it is predicted that no hysteresis can be measured in such a system provided that the MDL
is loaded in the elastic and reversible region of the stress-strain response. As soon as such a limit is
overpassed, the response of the sensor is not expected to be non-hysteretic anymore. In fact, overloading
the MDL results in a permanent reflection signal, which is the result of plastic deformation or permanent

local stresses in the material.

Although the materials used for this type of sensor suffer from magnetoelastic nonuniformity, the sensor
is free from this problem. The reason is the mode of operation according to which the reflected signal is
only due to the mechanical properties. As long as the MDL operates in its linear region of the stress-strain
response, the sensor response is to be uniform. The response of this sensor is an exponential function of
the applied load. So, by knowing the values of the coefficients b and c,, the load F can be calculated from
the MDL output V,, corresponding to the reflected signal. Considering the attenuation factor negligible,
the load F is given by:

Vro
ln( )
Vro—Vr

Cr

F= (6.27)
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The spatial resolution of the sensor can easily reach the 0.1 mm in the MDL axis. Since, the longitudinal
sound velocity of the MDL is of the order of ~ 5 mm/us, a 0.1 mm spatial resolution is achievable by using

a 100 MHz oscillator and a delay time counter.

If a two dimensional load digitization is desired, an array of MDLs can be used. In this case, the spatial
resolution in the other direction is dependent on the width of the MDL. For this purpose, amorphous wires
can be used instead of ribbons. Monitoring the response of Fe;sSizB1s as-cast amorphous wires, one can

also observe the absence of hysteresis and the exponential response of the sensor output.

ddddddddild
L ©

T

o

Figure 6.13. Force digitizing array sensor. (1) MDL, (2) Pulsed current conductor.

Spatial resolution may be significantly improved by using another array of MDLs perpendicular to the initial
one, excited by the same conductor turned by 90°, as illustrated in Figure 6.13. A detail of such a structure
is given in Figure 6.14. Of course, following such a structure, spatial resolution is not uniformly spread on
the digitizer surface. The repeatability and life time of such an arrangement depends on the MDL

substrate, the layer used to transducer the applied load on the MDL surface and the MDL itself.
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Figure 6.14. Detail of the sensing element of the digitizer: ( 1) MDL, (2) MDL substrate, and (3) substrate used to

apply transform pressure to the line.

Such a digitizer also offers some other advantages. A critical advantage is the ability of this cordless
digitizer to simultaneously detect the position and the amplitude of a load applied on a surface. The delay
time of the reflected signal defines the position of the applied load, while the amplitude of the detected
reflection pulse determines the amount of this load. One application of such a digitizer can be a signature
recognizer, by observing not only the path of signing but also the pressure applied at each point of the
signature in real time, which is a certain characteristic of any individual person. Another advantage is its
size. It can be extended as large as an Aq page size, without significant increase of its cost. The limitations
of the size of the digitizer are the maximum length of the MDL, allowing negligible or small attenuation,

and the attenuation factor itself.

One technique to physically eliminate the acoustic attenuation factor is the use of receiving coils in both
ends of the MDL. Doing that, the voltage outputs V.1 and V; at the two coils respectively, corresponding

to one single reflection are generally un-equal due to the attenuation factor. But, Vi1 and V., are given by:

Vi (F) = V,e (1 — e=<rF) (6.28)
and
Via(F) = Vige ™ (1 — e™F) (6.29)
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where V. is the same for both coils due to the MDL operation in the linear region of the stress-strain curve,
provided that the two coils are identical. But x + y = L, where L is the distance between the two coils.

Thus,

bL
Vr(F) =4 ViiVig = Vroe_T(1 - e_CTF) (6.30)

On the other hand, there are some limitations for this force digitizer. One target as in the case of the
pressure gauges is the use of a solid structure of the MDL - conductor arrangement, facilitating substrates
with a given Young’s modulus to avoid the acoustic pulse distortion during its propagation. Thus the life
time of the sensor is increased. Another limitation is the typical limitation of all MDL sensors, which is the

delay in detecting a signal, corresponding to the velocity of the propagating elastic pulse.

Using amorphous wires as digitizers in the as-cast state and after stress-current annealing can result in an
increase of sensitivity, but mainly in a more accurate exponential fitting of the reflected elastic pulse

dependence on the applied load.

All the reported experiments concern the response of a single sensing point of the digitizer. A vital
information missing from the results of this single point response experimental se-up is the response of
the wire along its length, under a given pressure on it. For this purpose the following experiment was
performed. A stainless steel cylinder of 10 mm diameter and 10 mm length, fixed at the end of a spring
with its axis orthogonal to the MDL axis in order to roll it on the MDL surface. Displacing the free end of
the spring downwards one could modify the applied pressure on the MDL. A displacement x of the spring
resulted in a force F=kx on the MDL, where k is the constant of the spring. The spring-pressing cylinder
system was fixed on a linear motion system in order to move it along the MDL. The delay line was set on
a flat surface so that adjustment of the spring deformation was resulting in uniform force applied on the
MDL. The position of the pressing cylinder was detected by using a position detector of 1 pm sensitivity
and 6 um/m accuracy. A 100 Msamples/second digital oscilloscope was used to detect the delay of the
peak of V.. It was found that the delay time between the two detected voltage outputs was linearly
dependent on the distance between exciting conductor and pressing cylinder, with undetectable error
within the limits of our experiment. So, using 100 M samples/second sampler one can repeatably obtain a
0.1 mm resolution of the MDL axis. We have also run experiments concerning stress current annealed

wires for various forces from 0.1 N to 1 N and we found that the dependence of the V,amplitude on the
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distance between the pressing cylinder and the receiving coil was flat for distances between the pulsed

current conductor and the rolling cylinder from 5 cm up to 90 cm.

6.4 Load cells and torque meters

Load cells and torque sensors have a significant share in the international sensor market. Many
instrumentation arrangements can be realized with respect to them, in industrial, medical and laboratory
environments. New sensing principles and devices offering better characteristics and/or lower cost are
welcome in this competent field. Advances in magnetic materials allow engineers to work towards this
direction, mainly taking advantage of the magneto-elastic properties of the recently developed soft
magnetic materials with tailorable properties. The robustness and miniaturization of these sensors are
two of the key points for the viability of these devices. Considering material technology for sensor
development and characterization, one has to take into account two main families: silicon and magnetic
sensors. Bearing in mind the zero displacement required for sensors based on magnetic materials to detect
stress, the development of stress centre sensors based on magnetic materials is in the of our focus.
Searching for applications of such magnetic materials, we mainly paid attention to the development of
sensors based on the MDL technique. Targeting the development and the possible use of amorphous wires
in load and torque sensing applications, we have developed load meters and torque sensors based on the
MDL technique. The implementation of the given circular cross sectional type of the wire has been selected
for symmetry reasons of load and torsion application. The use of amorphous alloys has been selected for
mechanical robustness purposes. These sensors are also compared to load cells and torque meters based

on the magneto-inductive principle.
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6.4.1 The load cell

The schematic of a load cell using the MDL technique is illustrated in Figure 5.15 and its operation in Figure
6.16 (a). A metallic outer cell (1) is used for sensor encapsulation as well as for transducing the applied
force to the sensing material. This cell has preferably but not exclusively a cylindrical shape, with a means
of fixing the used wire at its two ends, one end being fixed in position (2) and the other being adjustable

(3). The non-movable fixture (2) has a coil which is used for excitation and receiving purposes and covered

by permanent magnetic cylinder (4) and a soft magnetic f;

alloy (5) for shielding purposes, both of them being free _ — _— fq
from stress in order to control the biasing field at the ] =

elastic pulse region of origin and avoid the effect of the | é; ,4? \} |
ambient field on the wire. The exciting-receiving coil (6) is 4 ‘4{; 4
used for pulsed current transmission at the i .

corresponding region of the magnetostrictive wire, which | e W
causes the generation and propagation of an elastic wave 1 i '_:'_"_'__,_,_._-q
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magnetostriction effect. The other fixing means (3) canbe | ! |AJ
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\

adjustable with respect to its micro-position regulation. | il

The pre-stressed magnetostrictive wire (7) is fixed at the
Figure 6.15. Schematic of the load cell and

two fixing means, the tensile stress along its length being
torque meter sensing element.

controllable by the fixing means (3). The outer cell also

hosts the electronic circuitry used for the excitation of the magnetostrictive wire (8), obtained by a pulse
generator (i.e. an LM 555) and a high frequency bandwidth FET, as well as the circuitry for the detection
and conditioning of the sensor output (9), which is obtained by means of a positive and a negative peak
holder of the MDL pulsed voltage output V.. The input of the sensor is the applied force F on the outer
cell, while its output is the sampled and held positive and negative peaks of the MDL pulsed voltage output

V, at the output of the signal conditioning circuitry (9).
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Under no applied load, the pre-stressed magnetostrictive wire demonstrates a reduced magneto-
mechanical coupling factor due to the tensile stress along its length and consequently the generated
pulsed voltage output across the ends of the receiving coil is not the maximum possible. The physical
meaning of the magneto-mechanical coupling factor is the ease or difficulty of the magnetic dipoles of the
magnetostrictive wire to rotate following the externally applied magnetic field. When a pressing or
compressive force F is applied to the cell, it causes a reduction of the tensile stress along the length of the
wire. So, the magneto-mechanical coupling factor of the wire increases and the MDL pulsed voltage output
increases respectively. The saturation of the sensor in this case occurs when the microstrain due to the
compressive load F releases all the pre-applied tensile stress on the wire. In such a case the MDL pulsed
voltage output cannot increase any more. If a load in the opposite direction, -F, is applied on the cell,
additional tensile stress is caused in the outer cell and consequently along the length of the
magnetostrictive wire, which further reduces its magneto-mechanical coupling factor, resulting in a
further reduction of the sensor output. The saturation of the sensor in this case occurs when the tensile
stress in the wire is maximized, so that the magneto-mechanical coupling factor is minimized or even
reduced to zero. Due to the monotonic response of the magnetostrictive wire under stress, it is predicted
that applying positive and negative force on the load cell results in a respective increase and decrease of

the sensor output.

6.4.2 The torque meter

The schematic of the torque meter using the MDL technique is illustrated in Figure 5.15 and its operation
in Figure 6.16 (b). A three-part outer cell (1) is used for the sensor encapsulation as well as for transmitting
the applied torque to the sensing material. These three cells are preferably but not exclusively cylinders,
connected with a horizontal bronze bearing (2) in order to allow torsional stress to be applied on the
magnetostrictive wire. The outer cylinder supports the ends of the sensing material by means of two
threaded holes. A stress-free magnetostrictive wire (3) is fixed at the two ends of the outer cell by means
of two fixing screws (4), allowing the controllable realization of tensile stress along the length of the wire.
The outer cylinder also contains the exciting/receiving coil (5), which is covered by a permanent magnetic
cylinder and a soft magnetic alloy (6) for shielding purposes, in order to avoid the ambient field effect on

the wire. The use of the exciting/receiving coil is identical to the above mentioned coil of the load cell
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based on the MDL technique. The outer cells also contain an electronic circuitry for the excitation of the
MDL wire (7) and the circuitry for the detection and conditioning of the sensor output. Both circuits are
the same as for the above mentioned load cell based on the MDL technique. The input of the sensor is the
applied torque T on the two outer cells, while the output is the sampled and held positive and negative

peaks of the MDL pulsed voltage output Vo at the output of the signal-conditioning circuitry.
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Figure 6.16. Operation of the load cell (a) and torque meter (b).

Under no applied torque, the unstressed magnetostrictive wire displays a maximum magneto-mechanical
coupling factor and consequently the generated pulsed voltage output at the ends of the receiving coil is
the maximum possible one. When a clockwise or anti-clockwise torsion T is applied to the outer cells of
the sensor, it causes a reduction of the magneto-mechanical coupling factor due to the reduced ability of
the magnetic dipoles of the wire to be oriented towards the direction of the externally applied field. Thus,
the pulsed voltage output of the MDL decreases. Theoretically speaking, no saturation of the sensor can
occur in this case, because the magneto-mechanical coupling factor reduces asymptotically to zero: the
ability of the magnetic dipoles to be oriented towards the direction of the externally applied field does not

vanish as in the case of the externally applied tensile stress.

The effect of stress in both cases of load cell and torque meter can be seen as an effective field applied
along the axis of the applied stress, provided that the material is positively magnetostrictive and opposite

in sign if it is negative magnetostrictive. Thus, more stress causes a magnetic state closer to saturation for
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positive magnetostrictive materials and the opposite for the case of negative magnetostrictive materials.

Thus, saturation can be reached for tensile stress, but never for torsional stress.

6.4.3 Experiments

The tested materials, as above mentioned, were magnetostrictive wires. Among various tested
compositions the Fe-rich positive magnetostrictive amorphous wires illustrated the best performance.
Indicative results are hereinafter shown, concerning Fe;sSizB1s wires in the as-cast form, after stress-relief
process via thermal treatment in 300°C for 30 minutes in inert atmosphere, as well as after magnetic
annealing under the same temperature conditions and the simultaneous presence of magnetic field of ~5

kA/m along the length of the wire. Field was kept during 1°C/min slow cooling.

An indicative dependence of the load cell response on applied force, using amorphous Fe-rich wire is
illustrated in Figure 6.17. Figure 6.18 illustrates a comparison of the load cell response for ribbon, wire and
glass covered wire. Figure 6.19 shows a typical torsion dependence of an amorphous as-cast wire, while
Figure 6.20 shows a comparison between amorphous wire and a glass covered wire, used for torsion
measurements. In all cases the sensor response is monotonic and unhysteretic within the limits of the
experimental set-up, while in the case of the as-cast tested wire, a surprisingly linear behaviour may be
observed. From these results it can be seen that the torque meter response remains monotonic and
unhysteretic, despite the non-monotonic behaviour of Fe-rich amorphous wires under torsional stress.
This happens because wires have been pre-torsioned before being used above a torsion threshold, after

which the torsional stress dependence of MDLs becomes monotonic.
Since the only stressed parts of the load cell are the outer cell and the magnetostrictive wire, any applied
force on the outer cell of the sensor results in tensile stress only on these two elements:

F
((de?-ai®)+dyw?)

where F is the applied force, ois the applied tensile stress, S is the sum of the cross section of the outer

a(F) =§=E (6.31)
4

cell and the sensing wire, de and di are the external and internal diameters of the outer cell and dy, is the

diameter of the magnetostrictive wire. Since dw<< de,d;, the above mentioned equation becomes:
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F F
U(F) = s = E(d Z_d,2)
2\de i

(6.32)

The range of the applicable force Fmax on the load cell can be calculated, taking into account the maximum

applicable stress for repeatable stress results on such wires is Gmax:

nx(2de+x)
4

F MmaX,ax

where x is the thickness of the outer cell of the load cell.
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Figure 6.17. Load response of amorphous Fe-rich wires after different treatment.
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Figure 6.18. Dependence of the MDL pulsed voltage output Vo on the applied stress using amorphous ribbon, wire

and glass covered wire.
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Figure 6.19. A typical MDL response on the applied torsion using amorphous wire.
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As an example if omax™~300 MPa, then for de=20 mm and x=1 mm results in Fmax~10 kN. This tensile stress
is transduced to the magnetostrictive wire and responsible for the change of the magnetomechanical
coupling factor. The response of the as-cast and annealed wires follows a linear and exponential

dependence respectively:

Vac(Ry) =V, — aF, e P (6.34)
and
Vo (Fy) = Voe~Phw (6.35)

where Va(Fw) and Vi(Fy) are the as-cast wire and annealed wire dependence on force, V, is the MDL
response under unstressed conditions, Fy is the force applied on the wire and a,b>0. Such behaviour can
be understood, considering the applied force F, as an effective field, polarizing further the
magnetostrictive material towards its axis. The applied force in the case of the linear response can be

Vo_Vac(Fw)

calculated from F,, = , while in the case of annealed wires the applied force can be respectively

InVo—In(Vy (R . . . N
calculated from F,,, = %(“(W)). Both expressions can be given by analog or digital electronic circuitry

for read-out purposes.
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Figure 6.20. Dependence of the MDL voltage output Vo on the applied torsion using amorphous wire and glass

covered wire.
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The control of the range of the measurable load, by controlling the diameter and thickness of the outer
cell is a major advantage of this cell. Furthermore, an auto-calibration procedure may also be realized by

monitoring the pre-operation applicable stress on the wire.

The sensitivity of the load cell is ~50 N/V for the as-cast wire, improved to ~10 N/V for field annealed wires.
The sensitivity of the torque meter is ~¥1°/mV, improved to ~0.2°/V after a field annealing. This sensitivity
can be further improved by oversampling techniques. The main reason explaining the sensitivity
improvement after magnetic annealing is the magnetic noise reduction due to the more uniform
arrangement of the magnetic domains in the outer cell of the wire. The stress dependent sensitivity
vanishes for stresses on the wire larger than 500 MPa or ~5 N for a wire diameter ~0.12 mm. The sensitivity
of these materials in stress is much higher, does not need bringing techniques and therefore is

advantageous with respect to the given state of the art of resistive strain gauges.

The repeatability and reproducibility of these sensors mainly depends on the properties of the used
magnetostrictive materials. These properties have been analyzed in a previous Chapter. The robustness of
the materials is also a major parameter, dominating the sensor lifetime, mainly dependent on the
magnetostrictive material lifetime. Therefore, although the annealed amorphous Fe-rich wires are
advantageous in terms of sensitivity, in some cases where high lifetime and repeatability in harsh
environments are required, the use of as-cast Fe-rich wires is suggested. An addition of ~2% Cr may help
in the anti-corrosive protection of these wires. The glass covered magnetostrictive wires may also be the
solution for high sensitivity and lifetime, since they are able to operate as MDLs after high frequency

current annealing, as analyzed in a previous Chapter.

The sensors consumption is of the order of 10 mW in the case of as cast Fe;sSi;B1s wires, which is improved
to ~2 mW after stress-current annealing. The sensor consumption drops below 100 uW for carefully field
annealed amorphous wires. This is achieved by tailoring, i.e. making sharper, the A(H) function of the
wires. A major problem of the sensors is their strong dependence on ambient magnetic fields. This
problem may be reduced by shielding, but it can be eliminated by using a smart sensing system, in which
the field is calculated simultaneously with the applied stress and then, the field contribution is deduced
from the total sensor response. According to this technique, the MDL set-up is also operated in another
magnetic mode or other magnetic modes, namely magneto-inductive or domain wall nucleation and
propagation arrangement, so that the reading of two or three physical inputs respectively can be

measured simultaneously.
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A major competitor of the MDL based stress sensors is the magneto-impedance (MI) technique. Results
obtained by using the MDL and the Ml technique in wires [216] illustrated that the force or tensile stress
response is more sensitive in MDLs and torque response is more sensitive in the MI technique. A
disadvantage of MDLs may be regarded the presence of coil, thus making difficult and probably more

expensive the implementation of this technique for stress sensor production.

6.5 Thin film thickness sensors

The fifth and final type of stress-mass sensors based on the MDL technique is a thin film thickness
measurement, during film production. According to this new set-up, the MDL arrangement can be
miniaturized in the micrometer scale, without the use of coils and air gaps, following the coil-less MDL set-
up presented in Chapter 2, thus allowing a simple and cost effective manufacturing process. Measurements
of thin film thickness during manufacturing are important for many reasons and applications. The state of
the art concerning in situ thin film thickness sensors is the oscillating quartz technology. The frequency of
an oscillating quartz is decreased as the thin film thickness grows up. The MDL set-up able to be used as a
thin film thickness sensor is illustrated in Figure 6.21 and may correspond to the MDL coil-less arrangement
illustrated in Chapter 2 (Figure 2.21). In this set-up two rectangular magnetostrictive elements (1) are set
at the two ends of a glass substrate (2), which has two long parallel cuts, thus being able to act as long
acoustic waveguide with rectangular profile. Two pairs of copper ribbons (3) are connected by silver paint
(4) aside the magnetostrictive elements. The whole set-up can be controlled by a PC by generating and

detecting the pulsed voltage input and output respectively.

In order to model the behaviour of the sensor and without any loss of the generality, a sputtering thin film
chamber is considered as the thin film development chamber. Introducing the sensor in the chamber and
starting to make vacuum, the pulsed voltage output response starts to increase until a maximum amplitude
Vom. This maximized response is due to the presence of a minimized number of gas atoms within the
vacuum chamber, beating the glass substrate, acting as acoustic wave-guide surface. Then, introducing the
plasma gas, the pressure starts to increase up to a nominal amplitude Von, which is lower than the unloaded

sensor response in free atmosphere.
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Figure 6.21. Schematic of the thin film thickness sensor based on the MDL technique. (1) Magnetostrictive element,
(2) Glass substrate, (3) Current conductors at the excitation region, (4) Silver paint, (5) Current conductors at the

sensing region, (6) Pulse generator, (7) Oscilloscope, (8) PC.

When the procedure of the thin film development starts, atoms of the target beat the deposition substrate
as well as the glass substrate of the sensor. Beating the magnetostrictive elements is prohibited by using a
metal mask. Thus, atoms are connected on the glass substrate, affecting the characteristics of the
waveguide surface, resulting in the distortion of the propagating signal and the detected output. Beating
atoms cover sequentially more and more this surface, until an atomic layer is created. Until the moment
all atoms cover a single, atomic layer of deposition, the pulsed voltage output response is expected to
decay approximately with the same rhythm, down to an amplitude of V.1, corresponding to a full single
atomic layer. Then, deposited atoms start to generate the second atomic layer, thus decreasing the voltage
output down to Vo, before starting the third atomic layer. Concerning the second layer, the rhythm of the
signal decaying is expected to be smaller than the first one but also steady, while in the third one it is even
smaller but also steady, this procedure being continuous until the deposition stops. The continuous lines
indicate the signal decrease in consequent atomic layers. Since the development of the (n+1)™" atomic layer

does not start as soon as the complete development of the nth atomic layer, but a little bit before, it is
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expected that the sensor peak output response decreases exponentially with respect to the thickness of

the deposited thin film on it, fitting the series of the above mentioned straight lines.

A Leybold sputtering thin film manufacturing facility was used for the characterization of the sensor. The
calibrating means was the system quartz oscillator sensor, thus allowing a secondary standard
characterization procedure of + 1 nm uncertainty level. Our sensor was made by using hybrid thick film
technology: The glass substrate of 0.3 mm thickness, 2 mm width and 7 mm length was glued under heat
reflow on alumina support. Two rectangular FessSi;B1s magnetostrictive ribbons of 25 microns thickness
and 2 mm width and length, were connected on the two ends of the glass substrate, also using a heat
reflow process. The four Cu ribbons of 0.5 mm thickness 2 mm width and 4 mm length were similarly
connected on the edges of the glass substrate and magnetostrictive elements. Silver paint was used to
secure connections. The reflow heat was 350°C, in order to obtain stress relief of the magnetostrictive
elements, resulting in a higher degree of magneto-mechanical coupling factor. The whole sensor
arrangement was set next to the quartz oscillator, to avoid any secondary effects due to deposition non-

uniformities.

The input of the MDL sensor was controlled by a computer and a HP arbitrary waveform generator, driving
an amplifier able to transmit pulsed current of up to 1 A p-p amplitude, 1 us duration and 1 ms period. The
pulsed output of our sensor was driven to an HP digital oscilloscope and then to the computer. Controlling
the waveform generator and the oscilloscope output was realized by the HP VEE software package. The
characterization of the sensor was obtained by plotting the dependence of the amplitude of the MDL
sensor response on the quartz oscillator response, by taking independently the two responses with respect
to time. The conditions for getting the sensor response concerning the deposited material were Si, Fe and

SiFe target. The response of the sensor is illustrated in Figure 6.22.

This new arrangement improves the state of the art in MDL design for sensing applications as it requires
small power consumption to operate. Having a peak current excitation of 0.1 A, the power consumption is
less than 1 mW during excitation. Provided that the duty cycle of excitation is about 1:1000, the total power
consumption is of the order of 1 uWatt. Using such a set-up, the MDL structure becomes simpler and
repeatable in manufacturing without the use of coils and air gap separation. This set-up is also competent
in terms of response repeatability. The involving parameters, such as pulsed field and sensor geometry,
which determine the operation of such a delay line are controllable by the thickness of the magnetostrictive

element. The experiments on force, stress, field and magnet displacement show a monotonic decrease of
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the output signal from 100% down to zero. Controlling such parameters by magnetic annealing and
geometrical arrangement, one could approach a linear or quasi-linear response. Preliminary experiments
indicate a different bandwidth response concerning field and stress effect on the whole arrangement.
Hence, using a fast Fourier transform (FFT) procedure, the separation of the two measurands could be
obtained, thus allowing the manipulation of the undesirable effect of ambient fields at the vicinity of the
sensor. Considering the ambient field shielding process, the use of a permanent magnet ribbon below the
magnetostrictive element could strongly bias the MDL set-up and therefore minimize the effect of other
smaller fields. Another possible arrangement for such a sensor could be the use of only one
magnetostrictive element for generating and detecting the magnetoelastic wave, by using the reflected

wave in the glass acoustic waveguide.
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Figure 6.22. The response of the sensor of Figure 6.21.
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7 Field sensors based on MDLs

The sensors presented hereinafter refer to a magnetic field sensing principle, based on the MDL technique
and especially on the change of the MDL response due to the biasing magnetic field. Sensors based on this
idea can also be formed in arrays in order to measure the distribution of a magnetic field along the axis of
an MDL or in two or three dimensions. Experimental results are reported showing an uncertainty of 1 nT.
It is also illustrated how such a sensing device can be used as an integrated magnetic field distribution
sensor with the mapping area of such a field up to 100 cm x 100 cm. Having the motivation to develop a
magnetic field integrated sensor array, we decided to employ the magnetostrictive delay line (MDL)
technique, because of its real time multiplexing characteristics and the absence of hysteresis by using

certain kinds of magnetostrictive materials.

The principle of operation of a single magnetic field sensing element is as follows: pulsed current is
transmitted through a pulsed current conductor set orthogonal to the MDL. Consequently, the pulsed
current is translated to pulsed magnetic field along the MDL at the acoustic stress point of origin. Thus, an
elastic pulse propagating along the two directions of the MDL is generated due to the magnetostriction
effect and detected by the MDL detecting coil. The amplitude of the detected pulsed voltage output
depends on the pulsed magnetic field and the bias field at the point of origin and the receiving coil. Having
fixed the magnitude of pulsed magnetic field and the bias field at either the excitation or the receiving coil,
the amplitude of the detected pulsed voltage output Vo depends on the unfixed magnitude of the bias
field. This dependence can offer the possibility of a magnetic field sensor using as input and output the

magnetic field along the MDL and the amplitude of Vo respectively.

From this principle, an one-dimensional magnetic field array sensor can be created: an array of pulsed
current conductors vertical to the MDL transmits pulsed magnetic field at the MDL-conductor intersections
creating thus a train of discrete elastic pulses propagating along the length of the MDL. Such a train is
detected by the receiving coil by means of a train of voltage pulses. Keeping the pulsed current amplitude

and the bias field at the receiving coil stable, the amplitude of each voltage pulse depends on the bias field
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at the acoustic stress point of origin of the corresponding elastic pulse. Thus, a one-dimensional magnetic
field array sensor can be realised by using as input and output the bias field at each acoustic stress point

of origin and the corresponding response of the search coil respectively.

Additionally, a two-dimensional magnetic field array sensor can be realised by using the arrangement
illustrated in Figure 2.11. The array of pulsed current conductors intersects an array of MDLs vertical to
each other. The train of voltage pulses at each receiving coil is the result of the generation and propagation
of elastic pulses at each intersection of MDL-pulsed current conductor. The dependence of the discrete
pulsed voltage outputs on the corresponding applied bias field results in a two-dimensional magnetic field

sensor.

From experimental observations, it has been observed that pulsed voltage output can be sufficiently
detected and processed via the normalization process for distances between the acoustic stress point of
origin and the receiving coil greater than 100 cm. Hence, it can be assumed that a one-dimensional array
sensor can have a mapping area of the order of 100 cm. Thus, two dimensional mapping tables can be
realised according to this technique, having a mapping area of the order of 100 cm x 100 cm. Experimental
results also showed that a distance between two consequent MDLs can be of the order of 5 cm, without
magnetic and elastic interference. Such a 5 cm distance, although defining the best resolution of such an
array of MDLs, does not define the resolution of magnetic field mapping. This is due to the law of continuity
of magnetic field allowing the implementation of computational techniques by using the measured
magnetic field values at the MDL-pulsed current conductor intersections as boundary conditions. The
given geometry and the known magnetic and electric properties of MDLs allow for the accurate definition

of the magnetic field of a given surface.

Furthermore, according to the above mentioned arrangements, a three - dimensional magnetic field
distribution sensor can also realise comprising a plurality of the above defined two dimensional magnetic
field distribution arrangements and further comprising a plurality of magnetostrictive delay lines, passing
normally through the thereby formed arrangement of MDLs and pulsed current conductors. Each one of
those normal magnetostrictive delay line passes as close as possible to each one of the crossing points
defined by the above arrangement of MDLs and pulsed current conductors. Each of the above mentioned
one, two or three dimensional magnetic field array sensors can be used to detect AC magnetic field,
provided that the excitation current is set to have a period half of the period of the detected AC magnetic

field.
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In these set-ups the maximum magnetic applied dc field was 2.5 10® A/m. Various magnetostrictive
materials have been tested in this set-up. Among them the Fe-rich amorphous ribbons and wires illustrated
the best performance due to their higher magnetoelastic coupling factor. Indicative results will be
presented concerning 1 mm wide and 25 um thick Fe;sSi;Bis amorphous ribbons tested after stress and
current annealing. Annealing conditions were 200 N/mm? stress, 500 mA current for 3 minutes. Indicative
results will be also presented referring to FessSizB1s amorphous wires (a-wires for short), tested in the as
cast form and after heat and magnetic annealing. Heat annealing conditions have been 300 °C for % hours,
250 °C for 3 hours, 280 °C for 2 hours and 200 °C for 4 hours. Magnetic annealing conditions have been ~5

kA/m along the length of the a-wires during heating in the above mentioned temperatures.

The MDL output waveform change with applied bias field at the receiving coil using an amorphous wire is
illustrated in Figure 6.1. Numbers 1 to 10 indicate the amplitude of the applied bias field opposing the
pulsed excitation field multiplied by 100 A/m. Such a response illustrates the change of the MDL pulsed

voltage output in sign.
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Figure 7.1. MDL output waveform change with applied bias field at the receiving coil, using amorphous wire.
Numbers from 1 to 10 indicate the amplitude of the applied bias field opposing the pulsed excitation field
multiplied by 100 A/m.

The dependence of the pulsed voltage amplitude Vo on the applied dc magnetic fields at the excitation

and detection regions is illustrated in Figure 7.2, concerning amorphous ribbon in the as-cast form.
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Figure 7.2. MDL voltage output dependence on dc bias field applied at the excitation (a) and search

region (b).

A careful cancellation of the earth’s field results in the calibration curves of amorphous ribbons in the as-
cast form under various amplitudes of excitation current l. as shown in Figure 7.3. The response of an
amorphous ribbon in the as-cast form, after heat treatment in 300°C for 1 hr in Ar atmosphere and after
stress-current annealing under 500 MPa, 0.5 A for 10 minutes is shown in Figure 7.4. The smooth response
of both Figures may suggest the use of amorphous ribbons in MDLs as field sensors. Amorphous wires,

although having a sensitive response, may not be promising as MDLs cores for field sensing due to their

Large Barkhausen jump.

Absence of hysteresis was observed within the limits of our experimental arrangement for the tested
ribbons and a-wires. A hysteresis factor must exist though, which should be detectable with a more
sensitive measuring system. The almost unhysteretic response of the sensor is explained due to the

relatively small hysteretic behaviour of the dependence of the microstrain A on the applied field H.
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Figure 7.3. MDL field sensor response using amorphous ribbon in the as-cast form and after annealing.
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Figure 7.4. MDL field sensor response using amorphous ribbon after stress-current annealing and various excitation

currents.

The uncertainty measurement of the sensor has been realized using a standard current source supplying
the biasing coil. According to these experiments and taking into account a 5" degree polynomial correction
factor for the whole range of measurement, the uncertainty of the ability of the MDL in measuring field is

of the order of 10 nT with a noise level of 1 nT.

Magnetoelastic nonuniformity is obviously important for this type of sensor and can be reduced or by-
passed by the annealing techniques and the normalization process respectively. The resolution of this

device depends on the width of the delay lines and the pitch of the wire conductors. The obtained
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resolution is 1 cm x 1 cm, since 1 cm is enough to avoid the magnetic coupling between adjacent delay

lines. The size of the whole sensor can be of the orderof 1mx 1 m.

The proposed magnetic field sensor can also detect an alternating field: bearing in mind that the period of
the exciting pulsed current is 1 ms, one can detect the bias components every 1 ms. Such a pulsed current
period results in a sensor ability of measuring alternating magnetic field, with a frequency less than 500
Hz. Further reducing the period of the exciting pulsed current one can detect higher frequency fields. In
our experiments a sensor operation with pulsed current period equal to 100 ps (10 KHz) was obtained. In

that case, ac field up to 5 KHz can be measured within the above described uncertainty.

Results have also been obtained concerning the dependence of the sensor pulsed voltage output on the
angle of the bias field with respect to the MDL axis, as illustrated also in Chapter 3. According to these data
the MDL can read with a linear dependence the biasing dc field on cosa with the same accuracy as in the

case of dc biasing field parallel to the MDL.

Finally, from the structure of the sensing element it appears that the most possible application is magnetic

mapping of plane surfaces, such as laboratory tables, production lines dependent on terrestrial field etc.

7.1 Another field sensor array

Trying to face the spatial resolution problem of the MDL field sensors, we used the arrangement presented

in Figure 7.5.

G =

- —

Voltage pulses due to cracks on the magnetic surface

Figure 7.5. A long coil MDL array field sensor.
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According to this arrangement a long receiving coil with a small - theoretically infinite - diameter with
respect to its length is set around the MDL in order to generate an elastic strain along the magnetized
length of the material. Correspondingly, a short excitation coil is set around the MDL at the one end of it,
in order to receive the propagating acoustic signals. Assuming that the MDL is magnetoelastically uniform,
in the presence of a magnetic field uniformly applied along the length of it, the pulsed voltage output gives
peaks only at the ends of the long exciting coil, named terminating MDL output pulses. In the presence of
non-uniform magnetic fields along the length of the MDL, the delay line is locally biased at different biasing
points of the A(H) function, so that different microstrains are generated at the terminating output pulses.
Hence, the described symmetry is now broken, resulting in non-zero voltage response between the two
terminating output pulses at the receiving coil. The voltage output enclosed between the two terminating
MDL pulses is the transduced information of the existing magnetic field along the axis of the delay line.
Digitizing such a voltage response, one can obtain a spatial resolution dependent only on the accuracy and

resolution of the reading digitizing oscillator, which is typically of the order of 0.1 mm.

In order to make such an idea operational, a number of problems of the sensing principles should be
solved. The main parameters and characteristics involved in the performance of the device are linearity
and repeatability. Using the sensor in one of the two monotonic areas of its response, the detected output
may accurately be related to the applied field. The repeatability of the sensor has to do with the
magnetoelastic uniformity and repeatability. Satisfying these two parameters, one can obtain

standardized types of wires to be used for field sensing applications.

Facing the problem of the range of measurement, one has to tailor the A(H) function in order to meet a
monotonic response up to the maximum amplitude of the measurable field. An example for such a
tailoring process is the heat annealing, the magnetic heat annealing, the flash current annealing and the

stress current flash annealing.
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8 Applications of MDLs

8.1 Non destructive testing using MDLs

The magnetic and electromagnetic non-destructive testing techniques and devices based on the
magnetostrictive delay line principle are mainly three. The first is based on surface crack and defect
detection on ferromagnetic surfaces by measuring the corresponding magnetic anomaly distribution. The
second is the measurement of eddy currents generated around the cracks and defects on a magnetic or
non-magnetic metallic surface. The third technique is measuring the surface magnetic permeability of
ferromagnetic substances. Finally, the methods of measuring the properties of magnetostrictive ribbons
and cylinders used as MDLs, such as magnetoelastic performance and longitudinal sound velocity as well

as their uniformity measurements are also discussed.

8.1.1 The state of the art

A number of non-destructive testing (NDT) techniques have been developed in the past by research
laboratories and industries working in this field [183]. The main target of all these techniques is the
determination of cracks and defects on the surface or in the body of a given item. The most widely
applicable and important NDT techniques are those referring to metallic surfaces and substances, either

being magnetic or non-magnetic [184].

Among the various NDT techniques, one can distinguish the radiography technique with spatial resolution
in the micron region, the ultrasonic mapping which is capable of mapping 3-dimensional defects relatively

fast with a sub-mm resolution and the liquid penetrating technique utilizing UV light illumination of
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fluorescence. Other acoustic techniques have also been developed utilizing electromagnetic acoustic

transducers and laser techniques [185].

The magnetic non destructive techniques are also widely used. One of them is the magnetic particle
inspection, according to which small magnetic particles, diluted in liquid of well defined viscosity and
evenly spread on a magnetized magnetic surface are concentrated in the areas of surface defects and
cracks, due to the magnetic field gradient. The resolution of such a method depends on the size of the

magnetic particles, which is of the order of 0.1 mm.

The magnetic flux leakage technique can be considered as an evolution of the magnetic particle technique,
since the magnetic field gradient in the areas of cracks and defects can be detected and monitored by

electronic field sensors [186], after a surface magnetization process in 1-4 kA/m.

The eddy current technique is based on the contact-less transmission of alternating magnetic field on a
metallic surface, causing an increase of density of the generated eddy currents in the vicinity of cracks and
defects concerning a small depth of the material. The presence of cracks and defects results in a
concentration of eddy currents around them detected as amplitude and phase modulation of the voltage
output across the eddy current sensing coils, indicating the size of the defect. The measurable depth of
cracks and defects is restricted by the depth of magnetic field penetration, which is dependent on the

frequency of the alternating magnetic field. Resolution can be of the order of 10 um.

Our motivation was the development of NDT sensors based on magnetic materials and especially on the

magnetostrictive delay line (MDL) technique.

8.1.2 Magnetostrictive Delay Lines in Magnetic Anomaly Based Defect Detection

Our first trial to involve the MDL technique on magnetic non-destructive testing was the realization of the
dc field dependence of the MDL output, having a range and sensitivity of the order of 50 uT and 5 nT
respectively. This was achieved due to the response of magnetoelastic materials after careful magnetic
field annealing at 350°C and 250 A/m for % hour in inert atmosphere, as well as due to the negligible
presence of Barkhausen noise caused by the MDL operation in high frequency pulsed fields, with

amplitudes well above the anisotropy field barrier. Such dependence, as illustrated in Figure 8.3, offers
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the possibility to test the existence of cracks on the surface of a ferromagnetic material. A single point field
sensor was initially developed as shown in Figure 8.1. Despite the relatively good sensitivity of the sensor,
its use requires an X-Y translator for point-to-point mapping reasons. Therefore, its practical application

would be comparable to a Hall, or Ml, or GMI element, while the last may exhibit better performance.

P—
-
MDL
: N, — "

Figure 8.1. A single point field sensor for magnetic anomaly non-destructive testing.

Having as target the decrease of time of a ferromagnetic surface scanning, we have developed the sensor
shown in Figure 8.2, which is an application-specific-device based on the field distribution sensor, shown
in Figure 7.5. A long magnetostrictive element, preferably in the shape of wire, is used as the
magnetostrictive delay line (MDL). A short coil, set around the MDL at the one end of it, is used to transmit
the pulsed current l.. An one-layer long search coil is wound around the MDL to detect any fluctuation of
magnetic flux. Transmitting pulsed current through the short coil results in a microstrain generation and

an elastic pulse propagating along the MDL.

Under test magnetic surface

Figure 8.2. A magnetic anomaly distribution sensor.

Provided that the ambient field around the MDL is uniform and the MDL element is magneto-elastically

uniform, the search coil can detect only two small voltage peaks, corresponding to the ends of the long
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search coil. Approaching the sensing arrangement to a metallic surface without cracks, the MDL operation

is not disturbed significantly, resulting again into two voltage peaks, typically larger than before,

corresponding to the ends of the long search coil.

Approaching the sensor to a magnetic surface crack, the magnetic leakage of the crack breaks the

magnetoelastic symmetry of the MDL, resulting in the generation of an elastic pulse at the vicinity of the

MDL above the crack and correspondingly on a pulsed voltage output, with time delay and amplitude

corresponding to the position and size of the crack respectively. This magnetic NDT sensor offers the

possibility of shortening the inspection time due to the multiplexing or serialization of the crack

measurements of an axis to a single voltage output response. Unfortunately, the sensitivity and the spatial

resolution of such an arrangement are limited to 0.3 mm and 30 mm respectively.

In order to improve the above described
sensor, we have developed the device
depicted in Figure 8.3, which is based on
the MDL arrangement illustrated in
Figure 2.23. According to it, a conducting
cylinder is used as the substrate for a thin
magnetostrictive tube. Passing pulsed
current through the conductor, the
magnetostrictive thin tube is excited
circumferentially, thus resulting in a
circumferential microstrain along the
whole length of the tube. Provided that
the material has undergone proper
tailoring to obtain magnetoelastic
uniformity, the propagating microstrains
are only those originated at the ends of
the magnetostrictive tube in the absence
of magnetic anomalies along its length. In
the presence of magnetic anomalies like
field spikes due to cracks on a magnetic

surface, the magneto-elastic symmetry
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Figure 8.3. Magnetic anomaly NDT

arrangement of Figure 2.20.

sensor based on the
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breaks down, resulting in discrete elastic pulses propagating along the material. We performed tests for
this sensor on artificially developed line and hole cracks. Line cracks had either constant width of 1 mm
and varying depth of 0.1 mm to 1 mm in steps of 0.1 mm, or constant depth of 1 mm and varying width of
0.1 mm to 1 mm in steps of 0.1 mm. Artificial holes had a given depth of 1 mm and diameter from 0.1 mm
to 1 mm in steps of 0.1 mm. The response of the sensor is shown in Figure 8.4, illustrating acceptable

behavior down to 0.1 mm region of measurements, with a spatial resolution of 1 mm.
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Figure 8.4. A typical response of the sensor of Figure 7.3 in measuring width and depth of cracks as well as

diameter of holes in metallic surfaces.
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8.1.3 Magnetostrictive Delay Lines in Eddy Current Based Defect Detection

Having as motivation the realization of a sensor able to perform fast scanning on non magnetic surfaces,
the sensor demonstrated in Figure 8.5a has been developed, based on the MDL set-up, illustrated in Figure
1.15. A long MDL and a pair of pulsed current conductors are set parallel to the under test surface. The
transmitted pulsed current induces pulsed magnetic field perpendicular to the MDL, resulting in no
propagating elastic pulse. A search coil is wound around the one end of the MDL to detect any fluctuation
of magnetic flux. Approaching the sensing arrangement to a metallic surface with no cracks or defects, the
generated eddy currents are uniformly distributed on the metallic surface, as illustrated in Figure 8.5b.
Thus, no elastic strain is generated into the MDL. Assuming that the under test specimen has a defect as
illustrated in Figure 8.5c¢, the pulsed eddy current density around this defect is increased, inducing a pulsed
field component along the length of the MDL at positions determined by the shape and size of the defect,
as illustrated in Figure 8.5d. Hence, a travelling elastic wave is generated in the MDL, which can be
detected as a pulsed voltage by the receiving coil. The size of the pulsed voltage output defines the
magnitude of the eddy current, which is related to the size of the crack, while its time delay determines

the position of the crack.

)

(a)

(®)

(©

(d}

Figure 8.5. Detecting cracks on a metallic surface using a combination of MDLs and eddy currents.
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The operation of the sensor is illustrated in Figure 8.6. Having a number of such defects along the MDL
axis results in the generation of discrete elastic strains in the MDL, at the defect-MDL intersections
correspondingly detected by means of a train of pulsed voltages at the receiving coil. Moving the MDL
along the under test specimen, results in mapping those defects. If a defect is parallel to the MDL axis, only
the defect boundaries contribute to the generation of elastic strains. Thus, mapping the MDL voltage
output in two orthogonal axes and consequently superimposing the two sets of measurements result in

the complete mapping the surface defects of the under test surface.
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Figure 8.6. Operation of the sensor of Figure 8.5

Using a 20 mm by 15 mm aluminium metallic matrix, having ten sequential artificial cuttings of depth equal
to 1 mm in all of them and width varying from 0.1 mm to 1 mm in steps of 0.1 mm, the obtained MDL

response is illustrated in Figure 8.7a. Using a similar aluminium matrix having ten sequential artificial
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cuttings of width equal to 1 mm in all of them and depth varying from 0.1 mm to 1 mm in steps of 0.1 mm

resulted in the MDL response illustrated in Figure 8.7b. Higher levels of voltage outputs correspond to

different excitation currents.
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Figure 8.7. Response of the sensor based on Figure 8.4, concerning aluminum artificial defects. Different voltage

outputs at the same delay time or artificial defects, correspond to different excitation current le.
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8.1.4 Magnetostrictive Delay Lines in Permeability Measurements

Having the motivation to measure the surface magnetic permeability as well as its distribution uniformity
along the under test surface, we have developed a new NDT method based on an old sensing principle and
analyzed in section 5.1. A balanced structure of MDL excitation conductors is used to detect the amplitude
and the change of magnetic permeability on a ferromagnetic surface. Such magnetic permeability
uniformity function determines the quality of the surface under inspection. The method is based on the
arrangement of Figure 8.8. The balanced structure of MDL using a pair of pulsed current excitation

conductors is employed, allowing the MDL to be free of stresses under any circumstances.

When a pulsed current l. is transmitted in the same direction in the two pulsed current conductors, in the
absence of any other magnetic element in the neighborhood, there is no magnetic flux in the delay line

and consequently zero pulsed voltage output is detected.

In the presence of the reference soft ferromagnetic element, the amount of flux inside the MDL is
maximized and the pulsed voltage output amplitude V, is maximized. When an under test ferromagnetic
element is positioned close to the MDL, the magnetic flux unbalance in the MDL decreases. The amount

of decrease depends on the magnetic permeability of the under test sample.

Figure 8.8. Arrangement based on the sensor of Figure 5.1c, used for permeability measurement. (1) MDL, (2)
Pulsed current conductors, (3) Search coil, (4) Reference soft ferromagnetic material, (5) Under test ferromagnetic

surface.

Consequently, the amplitude of the MDL pulsed voltage output decreases. The amount of the unbalanced
flux inside the MDL depends on the magnetic permeability of the approaching under test magnetic sample
as well as on the distance between the MDL balanced structure and the magnetic element. Maintaining
the distance between the device and the under test surface unchanged and scanning the ferromagnetic

surface results in the determination of the magnetic permeability of the magnetic surface. The uniformity
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of the magnetic permeability determines the quality of the tested surface. In all measurements the

amplitude of the pulsed voltage output V, is the system output.

Voltage output Vo (mV)
i
1

0 10 20 30 40 50 60 70 a0
Magnetic permeability (X1000)

Figure 8.9. Typical MDL voltage dependence on the permeability of ferritic steel.

Various ferromagnetic samples of different permeability have been used to evaluate and calibrate the
device. These samples were ferrite steels used after different heat treatment and cold drawing. Their
permeability has been determined by using ac magnetometry. The dependence of the voltage output Vo

on the permeability of ferritic steel under test is illustrated in Figure 8.9.

In all these measurements the reference standard was a Metglas ribbon of relative permeability equal to
~70000. The distance between the device and the under test specimen has been maintained equal to 0.2
mm. Taking into account that the distance between the device and the under test specimen is of critical
importance, we performed measurements of voltage output dependence on the device — under test
surface distance. From these results it became apparent that the device response does not change

significantly for distances lower than 0.4 mm.

8.1.5 On the use of MDLs for Non-destructive Testing

The presented devices used for magnetic non-destructive testing have got some advantages and
disadvantages. Among advantages, the ability of multiplexing or serializing the information of the position

and size of a crack or defect below the MDL in one single reading may be important for industrial
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applications. In particular, the device depicted in Figure 8.3 can be used for magnetic anomaly inspection
of ferromagnetic surfaces, with a spatial resolution of 1 mm, while the device of Figure 8.5 can be used for
non magnetic metallic surface crack testing. The major disadvantages of the presented devices are the
relatively poor sensitivity in comparison to some other techniques, the restricted spatial resolution, as well
as the ability to perform only surface measurements. Of course, the surface measurements can also be
correlated with the subsurface structure of the material. This is especially valid for the device presented
in Figure 8.8, able to perform surface permeability measurements. Applications of the above presented
devices can be continuous monitoring of the stress distribution and corrosion on magnetic and non

magnetic surfaces like bridges and tunnels.

Finally, it is worth mentioning that the MDL technique can also be used for non destructive testing of
magnetostrictive materials in the shape of an acoustic waveguide, like ribbons and wires. In this case the
under test material is the MDL itself. The magnetoelastic uniformity tests can be performed using the
arrangement illustrated in Figure 8.2. Furthermore, measurements of the longitudinal sound velocity and
its uniformity can also be obtained by measuring the delay time between two distinct positions of the

excitation and search MDL coils, offering information about the Young’s modulus and its uniformity.

8.2 MDLs for chemical and biomedical engineering applications

Coagulation sensors based on the magnetostrictive delay line technique are presented in this section. They
are based on magnetostrictive ribbons and are used for measuring the coagulation, curing or solidification
time of different liquids. Experimental results indicate that the presented sensing elements can determine
the blood coagulation with remarkable repeatability, thus allowing their use as blood coagulation sensors.
Additionally, results indicate that they can also measure curing time of resins, solidification of fluids and
coagulation of chemical substances, therefore allowing their implementation in chemical engineering

applications.
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8.2.1 The state of the art in blood coagulation and curing point measurements

Blood coagulation is a dynamic physiological process, which is deployed after a vessel injury causing
bleeding, aiming to seal the bleeding vessel and eliminate haemorrhage. Blood coagulation results from
the activation of a series of enzymatic reactions, known as the coagulation cascade. These reactions
activate one after another inactive components that create as final result fibrin fibres which are formed
as a net, entrap platelets and form the fibrin clot which seals the injured bleeding vessel. This final stage
of the coagulation process is of outmost importance for the current application because it results in a
viscosity change that can be measured with a magnetostrictive sensor. Thrombotic conditions affect more
than 50 million Americans. This means that their blood has a tendency to coagulate itself without the
normal precursor of injury. Due to this alteration in blood viscosity many adverse clinical conditions can
occur and these patients have a need for coagulation monitoring. On the other hand, abnormalities in the
platelets, coagulation factors and blood vessel defects can all attribute to excessive bleeding during an
elective surgical procedure. In all the aforementioned conditions there is a need for rapid, precise

measurement of blood clotting time.

The currently accepted methodologies for determining blood clotting times are optical and mechanical
coagulometry [187,188]. Optical detection can be performed either with the naked eye or as a reduction
in transmittance when light is passed through the sample. Mechanical transduction is typically carried out
with a vibrating or rotating metal ball. Cessation of the ball’'s movement is considered the endpoint of
coagulation. These methods require trained personnel, a well-organized hospital laboratory, a large,
anticoagulated sample of blood and are time consuming (at least 30 minutes from sampling). These
limitations are significant in clinical practise. There are instances that require immediate evaluation of
blood’s coagulation status (p.e intra-operative bleeding) or repeated assessment in patients receiving
coagulopathy treatment at home, which must return repeatedly to the hospital solely for the blood-
coagulation measurement. In an effort to overcome those limitations newer methods have been studied
in the last few years. The first uses a piezoelectric quartz crystal (PQC), which is a surface acoustic wave
(SAW) device that can respond to changes in viscosity [189]. Other methods employ surface plasmon
resonance (SPR) to detect biological interactions and changes in the properties of blood [190] or blood

rheological characterization using the thickness-shear mode resonator.

The cure analysis of thermosetting resins has been mostly studied by differential scanning calorimetry

(DSC) and to a lesser extent by other methods such as rheometry, electron spin resonance, Fourier

278



transform, infrared spectroscopy, stress-temperature measurements, calorimetric studies, fluorescence
and scanning electron microscopy [191-195]. Magnetostrictive coagulation sensors have been developed
in the past [189], offering many benefits over these technologies by being simple and inexpensive,
requiring a minimal volume of blood to operate. Taking into account these advantages, which promise a
viable method for blood coagulation monitoring, we developed a magnetostrictive delay line (MDL), set-
up able to operate as coagulation sensor. The coagulation sensor is presented next with some indicative
results on measuring coagulation of blood as well as on curing time of resins, solidification of fluids and
coagulation of chemical substances. These results may prove that MDL coagulation sensor is promising

repeatable response, thus being usable in biomedical and chemical engineering applications.

8.2.2 The proposed sensing element

The coagulation-sensing element is illustrated in Figure 8.10. The MDL, having the shape of an acoustic
waveguide with rectangular cross section area is the sensing core. It can be made of any magnetostrictive
composition, although experimental results have indicated that positive magnetostrictive materials mainly
in amorphous state, especially the family of FeSiB amorphous ribbons, offer high magneto-mechanical
coupling factor and the smallest possible hysteresis [190]. An excitation coil, set around one end of the
MDL, is used to transmit pulsed magnetic field along the length of the MDL, thus generating pulsed
microstrains due to the magnetostriction effect, which are summed up to an elastic pulse, which splits up
in two parts and propagates along the two directions of the MDL; after the microstrain generation, the
MDL acts as an acoustic waveguide of the propagating elastic pulse. The excitation coil is practically made
of a few turns to allow for easy electronic driving, which is accomplished by a MOS-FET circuit. The
thickness and the frequency response of the MDL, which are of the order of several microns and of a few
microseconds respectively, suggest that the propagating elastic pulse has a wavelength of the order of
several mm. In fact it is between 15 mm and 50 mm. This suggests that the mode of acoustic propagation

taking place in the MDL is a “Lamp” wave, exciting all of the cross section area of the acoustic waveguide.
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Figure 8.10. The coagulation-sensing element.

The end of the MDL is preferably inside the excitation coil, in order to take advantage of the elastic pulse
being reflected at the end of it. By applying pressure at the end of the ribbon, the reflecting pulse maintains
the waveform of the initial signal. If the excitation coil has a critical length significantly smaller than the
wavelength of the propagating elastic pulse, the propagating elastic pulse will approximate the sum of the

two propagating pulses.

Following the analysis of the MDL operation given in Chapter 2, as the elastic pulse propagates along the
MDL, it causes the magnetization in its path to change due to the inverse magnetostriction effect.
Therefore, the domain magnetization changes with respect to the propagating elastic pulse. Provided
that the MDL has its magnetic dipoles well oriented along a given orientation due to an external field,
the infinitesimal changes in the magnetization are superimposed, thus resulting in a total, macroscopic

change of magnetization.

Considering that the above mentioned MDL elements are made of amorphous FeSiB alloys, the earth’s
field is enough to magnetize them. However, the presence of a permanent magnetic field surrounding
the MDL can ensure the permanent magnetization of the MDL along a given direction, regardless of its
position with respect to the geomagnetic poles. Setting a search coil around the MDL, this change of

magnetization is detected as an induced voltage pulse.

This voltage pulse is proportional to the first derivative of the magnetization of the MDL part being inside

the search coil. As mentioned before if the search coil is at the end of the MDL and has a length

280



considerably smaller than the propagating wavelength, the effect is maximized because the reflected

signal is also superimposed to the main propagating one.

The search coil ought to be sensitive enough to detect as good as possible any magnetization changes,
but it also should have such a Q factor not to affect the detected signal. Coils having more than 100
turns/mm and being 1-2 mm long yield acceptable levels of sensitivity while signal distortion occurs for

more than 300 turns/mm and coils longer than 3 mm.
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Figure 8.11. Overcoming the problem of mass quantity.

Applying a liquid on the surface of the MDL, which acts now as an acoustic waveguide, at a point between
the excitation and the search coils, a part of the energy of the propagating elastic pulse is driven to the
afore mentioned liquid. The closer the density of the liquid is to the density of the MDL material, the
larger portion of elastic energy is driven to the liquid. As the liquid densifies its density tends towards the
density of the MDL material and consequently a smaller amount of energy continues to propagate along
the MDL. Hence, the voltage output of the MDL is expected to be inversely proportional to the

coagulation procedure of the liquid, i.e. to decrease with time. Considering the peak-to-peak pulsed MDL
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voltage output as the output of the system, the coagulation time of the liquid, set on the MDL waveguide

surface, can be determined. Therefore the described process can be used as a coagulation sensor.

A drawback of the sensor is the amount of liquid set on the MDL. The volume of the liquid also determines
the signal output of the MDL. Different quantities of the same liquid may result in different signal outputs,
thus making the distinction between liquid quantity and coagulation time difficult. One first step towards
maintaining the repeatability of the coagulation sensor is to use precise volume meters in order to control
the quantity of the under test liquid. However, this still introduces uncertainties to the sensor response.
The way to overcome this problem is depicted in Figure 8.11, illustrating how the liquid is set below the
search coil: before setting the liquid on the MDL surface, the search coil, together with its rectangular
support, is moved towards the excitation coil, using a mechanical means like a spring. The liquid is set in
place and then the search coil is released back to its initial position. Thus, the amount of liquid remaining

on the MDL surface covered by the search coil is well controlled in terms of volume.

This technique offers the following advantage: the densification process of the liquid results in additional
tensile stresses applied on the surface of the MDL. Provided that the MDL is a positive magnetostrictive
material, such tensile stresses result in a reduction of the above mentioned inverse magnetostriction
effect, since they help the magnetization to orient easier along the axis of the applied stresses. Therefore
the signal of the MDL in such a case decreases for two reasons: one is the elastic energy driven to the
liquid as it densifies and the other is the tensile stresses during liquid densification which also reduce the

amount of the measured voltage output.

The pulsed mode of MDL operation results in non continuous elastic vibration throughout the volume of
the MDL. This assists the densification process in non-Newtonean liquids such as blood, thus offering an
additional advantage of the proposed system. This operation theoretically suggests a more sensitive
response with respect to the inductive measurements using magnetostrictive elements because of the
combination of the two involved effects that are (in inductive measurements only the tensile stresses
affect the response of the magnetostrictive element). It also offers a measurement not dependent on
the quantity of the applied liquid, since the sensor itself utilizes only the quantity behind the sensing

element.
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8.2.2 Experiments

The above described coagulation sensor has been realized for testing blood coagulation, by using a
Fe7sSizB1s amorphous ribbon as MDL sensing core. The decision for such a composition of the MDL core
was based on the fact that it is commercially available in vast quantities and in relatively inexpensive price.
The 10-turn excitation and 300-turn search coils were made of 0.1 mm enameled Cu wire, 1 mm and 2 mm
long respectively. Two cylindrical permanent magnets, offering a biasing field of 20 kA/m along their axis

were used for the biasing of the two coils.

The electronic circuit for the generation of the excitation pulsed current le, transmitting the pulsed field
responsible for the microstrain generation, was based on a FET circuit, driven by an arbitrary wave
generator, controlled by a PC. The amplitude of the pulsed current le was controlled by the biasing voltage

of the FET circuit.

The voltage output was amplified using a low noise and high bandwidth amplification circuit. The output
of the amplifier was connected to a digital oscilloscope, which was connected with the above mentioned

PC. Therefore, the experiment was automatically controlled. The schematic of the experimental set-up is

Liquid droplet
': || " holder

Magnetostrictive delay line

shown in Figure 8.12.

Excitation Search coil
I coil

Pulsed current Analog to Digital
electronic driver Fo—— — Converter

Figure 8.12. The schematic of the experimental set-up for the blood coagulation measurement.

Data collection was obtained by using two Visual Basic programs that were specifically written for this

purpose. The first program operates in a time sweep mode. The computer controls the pulsed signal
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generator that creates the applied magnetic field. The resulting signal is then recorded and converted into

a voltage output. The second program records the peak to peak voltage output over time.

Blood setting was realized by moving the search coil, following the method illustrated in Figure 8.11. The
mechanical spring allowed a repeatable mechanical response for the duration of all experiments. Placing
0.05 ml of blood onto the surface of the magnetostrictive sensor, covered afterwards by the search coil,

resulted in a repeatable detection of the signal distortion.

A typical dependence of the MDL pulsed voltage output on time is illustrated in Figure 8.13. It can be seen
that the delay time between excitation and output signal does not significantly change. As the blood was
coagulating, additional changes could be observed in the voltage profile of the sensor. The amplitude of

the voltage output decreased with time.

This was due to the blood viscosity change during clot formation. A typical dependence of the pulsed
voltage output on time is illustrated in Figure 8.14, concerning normal blood, i.e. blood of a person without

coagulopathy. This response is an exponential function of time:

Vo(t) = Ve~ (8.1)

3

/ t=0 min

t=1 min

Vo(V)

Figure 8.13. A typical dependence of the MDL pulsed voltage output on coagulation time.
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Figure 8.14. MDL pulsed voltage output dependence on coagulation time.
Table 8.1. Values of the coefficient a of Figure 8.14.

Blood
0.0533 0.0531 @ 0.0530 0.0534 0.0538 0.0539 0.0536 0.0531 0.0537 0.0533

Epoxy resin = 0.1642 0.1644 0.1648 0.1647 0.1649 0.1642 0.1643 0.1640 0.1641 0.1639
Silicon glue = 0.0252 0.0253 = 0.0253 0.0254 0.0252 0.0253 = 0.0255 0.0252 @ 0.0253 @ 0.0253
Thixotropic

0.0535 0.0533 0.0533 0.0534 0.0533 0.0530 0.0531 0.0531 0.0534 0.0534
polyester

The zero point of time refers to the time that blood is placed onto the surface of the sensor. Experiments
performed using the same blood in different quantities resulted in a repeatable determination of Vo and
the exponential coefficient a. Their values are indicated in Figure 8.14, thus ensuring that the method is

independent on the quantity of the tested blood as well as repeatable in time.

This measurement was repeated for more than 10 times for the same blood. The determined values of a
are given in Table 8.1, illustrating a mean value of 0.0535 +0.0005, offering an uncertainty of ~0.9%. Such

measurement has to take place within a small time window in order to keep experimental conditions as
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constant as possible. Possible changes in the value of a are attributed not only to the sensor noise but also

to the change of the blood quality itself.

Testing different samples of blood resulted in the very same amplitude of V,, but in different values of the
exponential coeficient a. Hence, it is claimed that the amplitude of the exponential coefficient a is indication
of the blood coagulation. The same sensing principle has also been used in chemical engineering
applications, for the solidification of fluids or curing of resins or coagulation. Results on solidification
measurements of metal glue (a), coagulation of silicon glue (b), as well as curing of epoxy resin (c) and

thixotropic polyester (d) were obtained.

Taking into account that the above mentioned processes could easily be destructive for the search coil, the
experimental set-up shown in Figure 8.12 was used. This means that the voltage output was not related to
the tensile stress applied on the surface of the MDL, but only on the elastic energy transferred into the
under measurement sample. Apart from that, all other experimental details described in the previous

chapter have been maintained.
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Figure 8.15. Typical distortion of the MDL output waveforms with curing time.
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A typical distortion of the MDL output waveforms for the above mentioned materials is illustrated in Figure
8.15. From these figures it can be seen that the acoustic delay time in all liquids except the metal glue is
increased. This may suggest a phase shift in group velocities rather than MDL longitudinal sound velocity

and density modification, due to the different mode of interface tensile stresses between MDL and liquid.

A typical dependence of the MDL pulsed voltage output on the solidification, curing and coagulation of the
above mentioned liquids is illustrated in Figure 8.16. The same exponential behavior is also observed in
these liquids, as in the case of blood. The different amplitudes of V, are attributed to the different amount
and spread of the liquids on the MDL surface. Maintaining the same volume of the same liquid, almost

identical response was obtained, thus ensuring the repeatability of the measuring system.
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Figure 8.16. Typical dependence of the MDL pulsed voltage output on the curing of the above mentioned liquids.

The solidification of the metal glue is a physical phenomenon based mainly on the evaporation of the
diluent component. The curing of the epoxy resin and the thixotropic polyester is a chemical effect based
on their post-polymerization. The coagulation of silicon glue is a physico-chemical effect based on
solidification without evaporation. Thus, solidification, curing and coagulation time can also be determined

for the case of chemical engineering applications.
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Repeatability measurements were also performed for the case of epoxy resin, silicon glue, and thixotropic
polyester, repeated for more than 10 times each. The determined values of the coefficient a are also given
in Table 8.1, illustrating mean values of 0.1645 +0.0005, 0.0253 +0.0001 and 0.0532 +0.0002 for epoxy
resin, silicon glue, and thixotropic polyester respectively, offering an uncertainty of ~0.3%. These results
are more repeatable than the blood measurements. Such behaviour is attributed to the more stable

quality of these materials with respect to blood.

8.2.3 Discussion

From the above illustrated experimental results it is evident that the time required to measure the
coagulation of a liquid with this technique is of the order of several minutes. This is due to the fact that the
amplitude of the voltage output is indicative of the endpoint of the coagulation process. When the output
signal becomes steady within the limits of a pre-set level threshold, it can be said that coagulation has been
achieved. But, since the exponential coefficient a, is considered as the indicative parameter of blood
coagulation, such a measurement may not require to be finalized at the above mentioned time threshold.
Following measurements during coagulation, computational techniques can determine the coefficient a.
Hence, measurements of several seconds may be sufficient enough in order to determine the coefficient
a. Apart from this problem the repeatability when using the set-up of Figure 8.10 may be significant. To
avoid destroying the search coil because of the solidification of some chemical liquids, one can use a
disposable intermediate support layer head below the search coil surrounding the delay line —liquid system.
In this way the sensitivity may be decreased due to the larger cross section of the search coil, but it can be

faced-up using precise amplification techniques.

The determination of blood coagulation time is an essential part of monitoring therapeutic anticoagulants
and treating life threatening acute coagulopathies. Standard methodologies for the measurement of blood
coagulation time require specialized personnel a well organized laboratory facility involves blood-sampling
procedures and is time consuming. It is the standard practise for a patient under anti-thrombotic
treatment to visit a laboratory facility on a regular basis (every two weeks for at least six months) in order
to evaluate the clotting status of his/her blood. The benefit in cost effectiveness for this measurement is
self evident if a portable simple and accurate instrument would be available. Additionally, in many

emergency cases, the coagulation cascade functions abnormally altering individuals clotting ability or
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bleeding potential within a few minutes. It is obvious that in these cases the time of 30 minutes that is
required today for measuring blood’s clotting time is extremely prolonged. Currently, in those cases the
therapeutic actions are based in clinical criterion, which is developed only by well trained and experienced

clinicians. Misjudgement in this scenario could have a detrimental effect in patient’s prognosis.
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Figure 8.17. Correlation between exponential coefficient a and the index of diabetes measured in blood.

The development of a method that could evaluate blood coagulation time within a few minutes would
offer an in-time objective result, thus improving the standard of care in the afore mentioned acute
situations. The method that is evaluated in this experiment shows at this initial step that can overcome all
the limitations of the currently deployed technique. This way, the blood coagulation sensor may be proven
a significant aid in judicious clinical decisions, or a bedside domestic instrument that could save public and
private resources. Additionally to that, taking into account the index of diabetes of the tested blood as an
indication of the blood coagulation a correlation between exponential coefficient a and the index of

diabetes measured in the under test blood is illustrated in Figure 8.17.

Apart from the afore-mentioned measurements, we performed measurements of the delay time between
the main and the reflected signal, during blood coagulation. In this experiment, the ribbon MDL sensing
core was longer, allowing a large part of the MDL to be out of the area between excitation and search
coils, as shown in Figure 8.18. Blood was set at the visible end of the MDL. The output waveformi illustrating
the time shift of the reflected signal with respect to the main pulse is given in Figure 8.19, while the

dependence of the delay time between the main and the reflected signal is shown in Figure 8.20.
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Preliminary results indicate that such response is not dependent on the quantity of the tested blood, when
blood is set in a length smaller than the wavelength of the propagating elastic pulse. This sensing technique
can be applied for the in-situ and continuous measurement for various engineering processes, in order to
estimate the curing time of commercial thermosetting resins. Such applications could be the curing of
polyester resin alone or as matrix reinforced with glass or other fibers in various manufacturing sectors,

e.g. ship-manufacturing, water-proving adhesives and molding articles.

Excitation Liquid under
coagulation

Magnetostrictive delay line
T o o seamhoo

Figure 8.18. Measuring blood coagulation using reflections of the MDL set-up.
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Figure 8.19. Reflection based blood coagulation time measurement.
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Figure 8.20. Dependence of the MDL reflection amplitude of time, during blood coagulation.

8.3 MDLs for civil and mining engineering applications

The MDL applications in civil and mining engineering are mainly special types of stress and displacement
sensors. The most important application refers to a cordless and conduct-less tensile stress sensor. The
principle of operation of such a sensing element based on the elastomagnetic properties of the
magnetostrictive metallic glasses has been discussed. In these alloys, made by the rapid solidification

process, their relative permeability is dependent on the tensile stress, which is applied on their surface.

The principle of the sensor s illustrated in Figure 8.21. In this sensor the MDL has to remain free of stresses,
under any circumstances. According to the schematic, pulsed current is transmitted in the same direction
in the two conductors. So, in the absence of the core S, there is no magnetic flux in the delay line and
consequently zero pulsed voltage output is detected. When core S is positioned unstressed and close to

the MDL, the pulsed voltage output is maximized. Applying stress on the stressable ribbon results in a
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decrease of the relative permeability. Therefore, the output signal decays. Further increasing the stress on
the stressable ribbon may result in making the core S magnetically transparent and the MDL voltage output

zero.

Stressable ribbon

« é » Search Coil

$ ILLLEARY
[ SASASASAT]
\ AAARAANY
Exciting MDL

conductors

Figure 8.21. Schematic of the tensile stress sensor.

The above described principle can be used as a cordless tensile stress sensor as shown in Figure 8.22. The
sensing element is connected on a beam structure. Tensile stress on the beam results in tensile stress on
the sensing element. Approaching a balanced MDL arrangement close to the sensing core results in
detecting the applied tensile stress. A typical response of the sensor is illustrated in Figure 8.23. For mining
and civil engineering applications, this sensor does not require cabling out of the sensing element,
provided that the balanced MDL arrangement is approached close to the sensing element, when stress

measurements are required.

22222
yassssssan|
Frsssssi

Figure 8.22. A cordless arrangement of the tensile stress sensor.

A critical problem arises concerning the importance of the gap between sensing element and balanced

MDL set-up. If, for any reason, the gap between sensing element and balanced MDL set-up varies, the
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sensor output does not correspond to the actual tensile stress. This effect is also known as the lift-off
effect. For this reason, we performed measurements concerning the dependence of the distance between
sensing element and the closest pulsed current conductor. Figure 8.24 illustrates the dependence of the
MDL output on the mentioned distance, concerning width of sensing elements and MDL of 10 mm and 1

mm respectively.

Voltage output (mV)

0 10 20 30 40 50 60 70 80

Tensile Stress (MPa)

Figure 8.23. A typical response of the tensile stress sensor, for different pulsed excitation current amplitudes.

Voltage output (mV)
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Figure 8.24. MDL output dependence on the distance between tensile stress sensing core and MDL set-up.
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From this response, it was determined that the lift-off effect was not significant for distances up to 0.5
mm. We also observed that the ratio of the width of sensing core and MDL was important for such a
response. An optimum maximum ratio equal to ~20 was determined when using FeSiB amorphous

ribbons. Accordingly, we performed stress measurements in various gaps between MDL set-up and

sensing core.

The response of these measurements is illustrated in Figure 8.25, concerning width of sensing core and
MDL of 20 mm and 1 mm respectively. It can be seen that for gaps up to 0.4 mm the response did not

change significantly. This indicates that this type of sensor can be used in a cordless mode for gaps up to

0.4 mm.
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Figure 8.25. Response of the tensile stress sensor concerning various gaps of sensing core and MDL.

8.4 MDLs for sports field applications

An automated system able to measure performance in field sports is presented. The system can detect
automatically the length of jumps and triple jumps as well as the position of throws in field sports. The
method of detection is based on an application-specific magnetostrictive delay line set-up, using the delay

time due to the acoustic signal propagation. The system is able to perform measurements with accuracy
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better than 1 mm, thus overcoming the accuracy of the present semi-automatic or manual techniques of
measurement. A lot of measurements in field sports activities are obtained using manual or semi-
automatic techniques. Such a measuring technique may involve time delays or possible inaccuracies in
the final result. Therefore, it could be desirable, at least for important games, like Olympic Games or
International Championships in Athletics, to use automatic measurement techniques for detection of
position of jump, triple jump length or throw of discus, hammer and javelin. Such automatic measurement
could also be demonstrated to the stadium walls, so that viewers could observe in a better way the

procedure.

This was our motivation. We decided to use delay time techniques to design and develop such sensing
system, because of the relatively large range of measurement. It is mentioned that, large ranges of
position measurement require easily integrated measuring techniques, such as optic or delay time
methods. Therefore, we implemented the magnetostrictive delay line (MDL) technique, which has already
been used for many sensing applications including position and displacement sensors [196-197]. In this
specific arrangement the emphasis should be given in the proper design of long and robust delay lines in
order to commute acoustic waves without significant dispersion and attenuation. Without any loss of the
generality, we initiated our activity in designing a sensing system for measuring the long jump
performance, bearing in mind that any modification for other field applications refers to sensor
geometrical changes only. The specifications of measurement are that the uncertainty and range of

measurement are 0.1 mm and 10 m respectively.

8.1.4 The sensor

The sensor is illustrated in Figure 8.26. Below the sand, an array of parallel pairs of conductors (1) is set
orthogonal to the jump axis, connected with a battery (2). Each individual pair of conductors is made so
that under no load there is no closed electric loop, while in case of load the two parts of the sandwich are
in touch, thus allowing a closed electric loop and consequent current transmission. A straight long
magnetostrictive wire (3), MDL for short, covered by a protective cell to avoid random shocks, is placed
along the jump direction, between the parallel pairs of conductors at one of their edges, as shown in

Figure 8.26b. One short search coil (4) is set around the MDL at a known position, preferably close to the
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long jump starting point. The two ground means (5) are common for all parallel current conductors, one

of them passing by the search coil.

(a)

(b)s I 7

Figure 8.26. The sensor arrangement. (a) Schematic of the sensor, (b) Details of the pair of conductors: (1) array of
parallel conductors sandwich, (2) rechargeable battery, (3) MDL, (4) search coil, (5) ground of current conductors,

(6) long jump field, (7) insulating soft plastic springs, and (8) MDL support.

When load is applied on anyone of the parallel conductor sandwiches an electric loop is formed, allowing
current to flow through the loop. This transient current induces an almost instant voltage spike at the
search coil. It also induces a transient magnetic field at the corresponding intersection of the conductor
sandwich and the MDL. The transient magnetic field generates an elastic microstrain at the above-
mentioned intersection which is detected as pulsed voltage output at the search coil with a delay time T
equal to the ratio of the length of the MDL between coil and pressed conductor sandwich over the
longitudinal sound velocity of the MDL. Provided that only the shortest delay time is measured, this time

delay is linearly proportional to the obtained jump and given by the formula:

L=>+L, (8.2)
where L is the jump performance, T the delay time, v the longitudinal sound velocity of the MDL and Lo
the offset distance between search coil and long jump starting point. In order to measure the delay time
T and display L; the output of the coil is connected with a microprocessor controlled circuit, which counts
the delay time T using an oscillator and digital gate technology. The same sensing system can be used to
detect the position of the foot of the athlete at the long jump or triple jump starting point. Other sensing
principles implementing 2-dimensional or 3-dimensional digitizers, like the ones illustrated in Figures 2.11,

2.14 and 2.16 may also serve as MDL sensors for this type of measurement.
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8.4.2 Experiment and discussion

We have developed an experimental set-up to verify and evaluate the response of the sensing system
described above. Without any loss of the generality, a 10m long, 125 um diameter FeSiB amorphous
magnetostrictive wire has been used as the MDL. Copper conductor pairs of 9 cm width, 100 cm length
and 0.1mm thickness were used as the conductor array. A 10mm pitch of the conductor pairs allowed the
installation of 10 pairs in a length of 10 cm. For the needs of the experiment, the copper conductors were
separated with 100 plastic spring insulators of 2mm? cross section. The 300 turns, 2 mm long search coil
made of 0.1mm enamelled copper wire, was set around the MDL at a 5 m distance from the array of
conductors. The microprocessor circuit used a 27 MHz clock for the delay time counting. The loading on
the conductor pairs was initially applied manually. The detected sensitivity and uncertainty was 100 and
200 um, respectively. We also measured the durability of the sensor. In order to simulate the effect of the
human loading on it, we used a large woofer speaker with a plastic rod at the end of it to repetitively apply
shocks on the upper surface of the conductor pairs. Controlling the woofer motion by a pulse signal
generator, we measured the sensor output with respect to the number of shocks. The sensor was broken
after 10 h using a period pulse of 1 ms indicating that its response was repeatable for at least 106 load

repetitions.

Although this pilot sensing arrangement promised that the sensor should work in real conditions, we had
to face up the problem of the acoustic signal dispersion and its attenuation. When the delay line has a
large length, the acoustic signal suffers from dispersion and consequently attenuation. The degree of
dispersion and attenuation depends on the magneto-elastic uniformity of the delay lines. We determined
the dispersion rate D(x) at a position x as the ratio between the width of the detected pulsed voltage
output at the point x and a distance equal to 3 cm, which is the minimum detectable distance between
the points of acoustic signal generation and detection. We also determined the attenuation rate A(x) at a
position x as the ratio between the amplitudes of the detected pulsed voltage output at the point x and a
distance equal to 3 cm too. We tested amorphous FeSiB wires and ribbons to determine and tailor these
effects. The results of dispersion and attenuation in as-cast wires and ribbons are illustrated in Figures
8.27 and 8.28, respectively. It can be seen that the signal dispersion and attenuation prohibits readings in

a delay line larger than 10 m.

There are two reasons responsible for the widening and damping of such an acoustic signal, one being the

phonon scattering and local non-homogeneities and stresses and the other being the elastic modulus of
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the material and the non-uniform anisotropy distribution in them. Both can be improved by using field
and stress annealing techniques. We annealed the as-cast wire and ribbon in 350°C for 1/2 h under 200
mA DC current through the material, in Ar atmosphere. The heating rate up to the target temperature
was 10°C/min, while cooling down process took place inside the oven for 24 h under Ar atmosphere. The
results of dispersion and attenuation in the annealed wires and ribbons are illustrated in Figures 4.29 and
4.30, respectively. These results indicate that an acoustic signal could be detected in distances as large as
100m. We believe that the reasons for such improvement are the stress relief process, resulting in
reduction of the scattering centres as well as the uniform orientation and arrangement of the magnetic
domains in the material. We have also performed measurements in real conditions, using the athletic
facilities of the stadium of the Campus of the National Technical University of Athens at Zografou, Athens.
We installed the sensing system in the long jump facility and we compared it with respect to the classic
metric measurement. The uncertainty of our sensing system with respect to the classical measurement is
illustrated in Figure 8.21. Provided that the required uncertainty should be better than 5mm and the fact
that our facility has a maximum uncertainty of Imm indicates that our sensor is applicable in field sports
measurements. Using the sensing system at the long jump starting point resulted in uncertainties of less

than 1 mm.
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Figure 8.27. Acoustic dispersion in as-cast wires (rectangles) and ribbons (rhombs).
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Figure 8.28. Acoustic attenuation in as-cast wires (rectangles) and ribbons (rhombs).
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Figure 8.29. Acoustic dispersion in annealed wires (rectangles) and ribbons (rhombs).
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Figure 8.30. Acoustic attenuation in annealed wires (rectangles) and ribbons (rhombs).
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Figure 8.31. The uncertainty of our sensing system with respect to classical metric measurement.

8.5 MDLs in the determination of the properties of magnetostrictive

materials

Following the theory developed in Chapter 2, the voltage output Vo ® at the search coil is given by

equation 2.9:

dA(Hpe+He(t)) dA d(Hpe+He(t))
Vo) =—=A-a-u(Hey) - % =—A-a-pu(Hy) - E% (8.3)

It will be hereinafter shown how this procedure can result in the experimental determination of the M-H

and A-H loops of magnetostrictive ribbons and wires as well as their corresponding uniformity functions.
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8.5.1 M-H loop
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method determines the dc p-H and M- Biasing field (Alm)

H loops. As the sample is vibrated by Figure 8.32. Permeability (a) and magnetization loops (b)

the propagating elastic pulse, the concerning FezsSizBis amorphous wire after stress-current
method is an alternative vibrating annealing.

sample magnetometer (VSM) technique, so it can be named MDL-VSM technique.

A number of magnetostrictive ribbons and wires have been tested according to this method. In this report,
indicative data of amorphous positive magnetostrictive ribbons and wires of the rather typical FessSizB1s
composition are presented. Figure 8.32a and 8.32b illustrate the dependence of the normalized MDL
voltage output, which is equal to the magnetic permeability p as well as the magnetization M loops on
the biasing field H, concerning an amorphous Fe;sSi;Bi1s magnetostrictive ribbon, after stress-current
annealing under 400 MPa and 0,5 A for 10 minutes. Figure 8.33a and 8.33b illustrate the same response
for the case of amorphous FessSi;Bi1s ribbon after thermal annealing in 450°C and Ar atmosphere for 1 hr

and consequent slow rate cooling. The observed hysteresis may be attributed to the partial crystallization
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of the ribbon. Such a technique can be used for studying various hysteretic properties of magnetostrictive

materials.
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Figure 8.33. Permeability (a) and magnetization loops (b) concerning FezsSi7B1is amorphous ribbon after thermal

annealing.

As an example the sharp and bistable behaviour of as-cast amorphous magnetostrictive Fe7sSizB1s wires,
corresponding to the Large Barkhausen jump, can be observed with this experiment, allowing the ability

of observing the uniformity of the bistable behaviour along the length of the wire.

8.5.2 A-H loop

Keeping He and Hor constant, while the biasing field Hoe changes, the peak amplitude of the MDL pulsed
voltage output Vo is given by equation 2.12, being proportional to dA(Hoe)/dH. Normalization process and
calibration against a standard Ni magnetostrictive wire of known A-H loop results in the dc A-H function
determination. Among various tested magnetostrictive materials, indicative results are presented
concerning amorphous as-cast positive FezsSizBis magnetostrictive wires. Figure 8.34a and 8.34b

illustrate the normalized MDL response and the A dependence on Hoe respectively.

Maintaining the basing fields Hoe and H.r steady and changing the excitation field He, the peak amplitude
of Vo/He is given by equation 2.13. Thus, the integral of Vo/H. on He is proportional to the magnetostriction
A. Normalization and calibration against a standard Ni magnetostrictive wire of known A-H loop results in
the A-H loop determination. Figure 8.35a and 8.35b demonstrate indicatively the normalized MDL
response and its integral corresponding to the A-H function for the case of as-cast amorphous Fe;sSi;Bis

wires.
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Figure 8.34. Normalized MDL response on biasing field at the excitation point (a) and integration of the MDL

voltage output corresponding to the dc A-H loop (b).
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Figure 8.35. Normalized Vo/He MDL response on the pulsed field (a) and integration of Vo/He corresponding to the

ac A-H loop (b).

8.5.3 On the M(H) and A (H) results

The main advantage of the MDL-VSM technique with respect to the VSM technique is the by-design ability
of non-destructive magnetic testing. Normally, in a classic VSM, the sample has to be cut in small pieces
in order to be accommodated inside the VSM holder. Another significant advantage is the ability of
measuring permeability, magnetization and flux density uniformity of the under test specimen, by moving

the position of the receiving coil and the surrounding biasing coil.

Using this technique it is also possible to measure the M-H loop of magnetostrictive elements, not having
the shape of acoustic waveguide by gluing them on a glass substrate. Thus, the elastic pulse generated

either by magnetostrictive or piezoelectric means, is coupled to the under test magnetostrictive specimen
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via the glass substrate and therefore, the dependence of A and M may also be determined. This method

can be also applied for the stress dependence determination of the M-H and A-H loop.

Controlling the temperature of the set-up, one can determine the dependence of the p-H, M-H and A-H
loops on temperature. Accordingly, changing the biasing field with a given frequency, always less than the
frequency corresponding to the pulsed current excitation period, which is of the order of 1 ms thus
corresponding to 1 kHz maximum limit of biasing field frequency, the dependence of p-H, M-H and A-H
loops on frequency may also be determined. Temporal dependence tests of u-H, M-H and A-H loops may

also be performed.

8.6 MDLs for Residual Stress Monitoring in Magnetostrictive Cylinders and

Tubes

Magnetic non-destructive methods have been extensively used to correlate stresses and defects in steels
with different magnetic properties, like magnetization, coercivity, permeability, Barkhausen noise,
magnetoelastic waves, flux leakage etc. Some of these studies achieved to correlate directly residual
stresses or microstrains with magnetic properties, namely Barkhausen noise (BHN) and differential
permeability, with the advantage of achieving a Universality Law of the dependence of the localized
magnetic property component on the localized stress component. The evaluation of stresses and stress
fields needs the combined knowledge of the structural and magnetic configuration for testing and

evaluating microstructure and mechanical properties of ferromagnetic steels grades.

Magnetostrictive steels of uniform cross sections, such as cylinders, tubes and parallelepipeds, can be
considered as magnetostrictive delay lines (MDLs). This was the motivation of employing the MDL
method, to precisely measure the localized stress fields in steel cylinders or tubes. The main idea to
implement the MDL technique in steel cylinders and tubes is to surround them with excitation and search
coils, allowing for the generation, propagation and detection of elastic waves, due to the magnetostriction
and inverse magnetostriction effect. This way, all possible MDL configurations should be tested to provide

the optimum monitoring conditions.
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8.6.1 The under test cylinder and tube

The selected steel cylinder was a 25 mm diameter and 1000 mm length low-carbon-steel (LCS) with a
magnetostriction constant A in the order of 20-25 ppm at 800-900 A/m. The selected steel tube was a 25
mm external diameter, 2 mm thickness and 1000 mm length LCS with similar magnetostrictive
characteristics. The magnetostrictive characteristics were determined along the length of the cylinder and
the tube, by using strain gauges and an excitation solenoid in open circuit arrangement, controlled by a

KEPCO amplifier.

A portable RF induction heating coil, operating at 30 kHz was used to locally heat the LCS cylinder and
tube at two different local regions respectively. The local temperature was monitored by a thermal
camera (FLUKE) and was not exceeding 500°C. Immediately after heating the cylinder and the tube, at
temperatures between 450°C and 480°C were immersed in room temperature water, thus undergoing
guenching. Since the purpose of the experiment was the proof of concept of the method, no residual

stress profile was determined.

In case that the actual amount of surface residual stresses is to be measured, the X-Ray Diffraction in the
Bragg-Brentano set-up could be used, to determine the localized microstrains and therefore the localized

residual stresses.

8.6.2 Magnetoelastic uniformity set-up

The schematic of the first measuring instrument, concerning the classic magnetoelastic uniformity (classic
MEU) measurement, is illustrated in Fig. 1. A 5-turn excitation coil made of 1 mm diameter enameled Cu
wire of a length of ~5 mm, was wound on top of a plastic cylindrical substrate of 27 mm internal diameter,
allowing for easy sliding of the excitation coil along the magnetostrictive cylinder or tube. Such a coil was
able to provide pulsed current of 1 kA, 3 us duration and 1 ms repetition rate. The pulsed current
generator has been home-made, using the principle of capacitive discharge. Thus, a pulsed field of
maximum amplitude of 1 mT could be applied along the length of the excitation coil, able to generate a
magnetoelastic pulse due to the magnetostriction effect in the used LCS cylinder and tube. The 300-turn
15-layer search coil was made of 0.1 mm diameter enameled Cu wire, with length of ~¥3 mm. The search
coil was also wound on top of a plastic cylindrical substrate of 27 mm internal diameter, also allowing for

easy sliding of the search coil along the under test cylinder or tube. In this arrangement, the search coil
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was preferably moving along the cylinder or the tube to detect the changes of the magnetic flux at the
volume inside the search coil, due to the inverse magnetostriction effect. The output of the search coil

was directly driven to an 8-bit, 100 MHz digital oscilloscope, offering an output of tens of mV.

Figure 8.36. The schematic of the classic MEU instrument. The 5-turn excitation coil (1) was used to generate the
elastic pulse, while the 300-turn search coil (2), developed on top of two substrates (3). The search coil was sliding

on the under test cylinder (4), while its peak pulsed voltage output was monitored.

According to this instrument, the voltage output at the search coil should be attenuated after overpassing
a volume with enhanced stress field. In a similar way, the excitation coil could also slide along the length
of the cylinder or coil in order to monitor similar uniformity response. However, the repeatability of the
magnetoelastic uniformity results was not sufficiently acceptable, thus allowing for the displacement of
the search coil only, which were repeatable under different conditions of tested cylinders and tubes, as

well as under different magnetic bias conditions.

8.6.3 Longitudinal sound velocity monitoring set-up

The second type of measuring instrument is illustrated in Figure 8.37. For this type of measurement, the
same excitation and search coils, as well as the current generator and digital oscilloscope of the previous

set-up (classic MEU) were used.

Figure 8.37. The schematic of the sound velocity instrument. The assembly of the excitation (1) and search (2) coils,
fixed at a distance of 70 mm between them, developed on a single substrate, was sliding along the length of the

magnetostrictive tube (4), measuring the delay time between the excitation and the voltage output pulse.
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However, in this case, the excitation and search coils were fixed in a distance of 70 mm, in order to avoid
overlapping of the detected propagating elastic wave and the inductive impulse response of the excitation
coil. As illustrated in Figure 8.38, the duration of the voltage output of the search coil is 10-12 ps. Since
the longitudinal sound velocity of the LCS cylinder and tube is ~5 mm/us, the distance between the two

coils set at 70 mm is safe enough to avoid such overlapping.
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Figure 8.38. A typical pulsed voltage output of the search coils of Figures 8.36 and 8.37. The time scale (X-axis) is in

seconds and the voltage scale is in Volts.

The assembly of the excitation and search coil was able to slide along the length of the cylinder or the
tube and the time difference between the impulse inductive signal due to the coupling of the excitation
coil on the search coil and the peak amplitude of the pulsed voltage output of the propagating elastic
pulse offers the determination of the time delay between the excitation impulse and the peak amplitude
of the elastic wave. Therefore, the local sound velocity within the volume included in the 70 mm long part

of the cylinder or tube was determined.

8.6.4 Fast magnetoelastic uniformity set-up

Figure 8.29 illustrates the third experimental MDL arrangement. For this arrangement, allowing for a fast
magnetoelastic uniformity measurements (fast MEU) the same excitation coil and generator, as for the
case of the other two set-ups was used. However, in this set-up, the search coil of the MDL was a 2-layer
long solenoid, made of 0.1 mm enameled copper wire on top of a 27 mm internal diameter and 900 mm

long plastic substrate, covering a large volume of the under test LCS cylinder and tube.

In this case, in the absence of any residual stresses in the cylinder or tube, the only expected signals of
the long search coil would be two pulses, corresponding to its boundaries, since all the rest pulsed voltage
outputs at the infinitesimal volumes where the elastic pulses exist, are cancelled by the neighboring ones.

Thus, a fast magnetoelastic uniformity measurement, should provide the areas of the localized stresses.
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Figure 8.39. The schematic of the fast MEU instrument. The 5-turn excitation coil (1) was used to generate the elastic
pulse, while the two-layer 900 mm long search coil (2), developed on top of a long substrate was steady in position,

to test without moving the under test cylinder (4).

8.6.5 Experiment results and Discussion

Experiments were realized for the cylinder and the tube, using all three types of MDL sensors.

Figure 8.40 depicts the magnetoelastic uniformity response of the LCS cylinder, where the search coil
moves along its length. It can be seen that the magnetoelastic response decreases significantly as soon as
the search coil is on top and overpasses the first quenched volume and it decreases furthermore after the
second quenched volume. This result is expected, since the generated stress field in these two volumes,

causes large amount of reflections, thus permitting a portion of the elastic wave to continue propagating

along the length of the cylinder.
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Figure 8.40. Response of the classic MEU instrument, illustrating the dependence of the pulsed voltage output of
the search coil on the distance from the excitation coil. The effect of the two artificially made stress fields at a 40 cm
distance between each other is clearly observable. After overpassing each stress field, the amplitude of the

propagating elastic pulse decreases due to reflections at the stress field area.
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However, this practically means that the magnetoelastic uniformity method will not be able to
characterize a large amount of residual stresses along the length of the cylinder. The minimum time of
scanning each infinitesimal volume of the LCS cylinder within the search coil was 2 ms. Thus, considering
a sliding motion using a stepper motor to move the search coil, detecting the pulsed voltage output every
1 mm, which is a logical incremental step considering the length of the coil, the time for the test of the

whole cylinder is 2 s, resulting in a maximum speed of detection equal to 0.5 m/s.

Figure 8.41 illustrates the change of the delay time between the excitation impulse and the peak
amplitude of the detected sound velocity along the length of the LCS tube, as the assembly of the
excitation and search coil separated by 70 mm, slides along the tube. It is clear that for this instrument
the different stress field measurements are not accumulated with the rest of them, resulting in the ability
to clearly detect the effect of each localized stress field separately. Besides, the measurement of the
longitudinal sound velocity change is a non-linear acoustic method, offering the direct measurement of
the stress field in the corresponding volumes. Apart from that, the time needed for such sound velocity
measurement is the same as for the previous case, namely 2 s, resulting in a maximum detection speed
of 0.5 m/s. The ability to distinguish different stress fields in different volumes of the LCS tube offers an

advantage of the sound velocity measurement with respect to the classic MEU measurement.
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Figure 8.41. Response of the sound velocity instrument, illustrating the dependence of the delay time excitation and
detected pulse, corresponding to the change of sound velocity of the material, since the two coils are fixed in

position. No damping effect is observable, as expected.

Measurements using the fast MEU instrument have been also realized in both the LCS cylinder and tube.
Figure 8.42 represents the fast MEU response of the long search solenoid, for the case of the LCS cylinder.

It is clear that the response of the long coil suffers from the same accumulation of stress fields as for the
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case of the classic MEU, since the response of the second pulsed voltage output of the long search coil is
affected by the first stress field. However, the time needed for the whole measurement is only 2 ms,
resulting in a maximum detection speed of 2 ms/m. Another handicap of the fast MEU instrument is the

difficulty of preparing longer search coils. Thus the method should be limited to laboratory use.

These three types of non-linear magnetoacoustic measurements was also compared with more classical
techniques. The first one was the alternating-field B-H hysteresis loop measurement, using quasi-stating
sinusoidal excitation frequency, in the order of 0,1 Hz up to 0,5 Hz, to detect the stress field effect of the
sample, avoiding the eddy current contribution, observable in higher frequencies. The instrument for the
B-H loop hysteresis loop measurement operates in open magnetic circuit and employs a primary coil on
top of a search coil, coupled together, thus offering a direct measurement of the change of the flux density
along the length of the under test LCS cylinder and tube.

The same arrangement was used for high frequency excitation, in the order of 10 kHz, to observe the eddy
current effect at the different volumes of the under test steel due to the change of the resistance caused
by the stress field. In both frequencies, resulting in two different types of response, the peak amplitude

of the secondary (search) coil at each position of measurement was determined.
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Figure 8.42. Response of the fast MEU instrument, illustrating the dependence of the pulsed voltage output of the
search coil on the distance from the excitation coil. The response is similar to the response of the classic MEU,

without sliding need of the search coil.

The schematic of the coupled coils is illustrated in Figure 8.43. A plastic substrate of 27 mm internal
diameter, as for the case of the MDL instruments, was used to support the search and excitation coils.

The 5 mm long, 300-turn search coil made of 0.1 mm enameled Cu wire, was directly wound on the plastic
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substrate. The 15 mm long, 45-turn excitation coil was wound on top of the search coil, after a paper
insulation between the two coils. The excitation for the case of the low frequency measurement was
realized by a Series BOP KEPCO power amplifier, offering up to 5 A peak amplitude at frequencies between

0,2 Hz and 0,5 Hz, while the excitation of the ~10 kHz high frequency was realized by a signal generator.

3

S Ot oS

Figure 8.43. The schematic of the B-H loop and eddy current instrument. The 300-turn secondary coil (1) was
developed directly on top of the plastic substrate (2), while the three-times longer excitation coil (3) was on top of
the search coil. The assembly was sliding on the under test cylinder or tube (4), while the peak voltage output of the

secondary coil was monitored.

Several measurements for low and high frequency response, corresponding to permeability and eddy
current measurements have been realized on the same LCS cylinder and tube. Figures 8.44 and 8.45
illustrate the dependence of the peak amplitude of the secondary coil for 0,2 Hz and 10 kHz excitation

frequency for the tube and the cylinder respectively.

An agreement between the two responses, as well as between the response of the three MDL
arrangements can be observed. The advantage of the low frequency measurement is the direct
correlation with residual stresses, since the peak amplitude of the secondary coil is related to the
differential permeability of the under test steel, with the disadvantage of the long time need for the
measurement, in the order of at least 2 s up to 10 s per point of measurement, for a single period of

measurement.

The advantage of the high frequency instrument is the time needed for measurement. A common
disadvantage of both measurements is the low voltage output response, resulting in low sensitivity of

measurement, in comparison with the three MDL arrangements.
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Figure 8.44. B-H loop response
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Figure 8.45. Eddy current response

The comparison of the response of the three MDL arrangements, the effective permeability and the eddy

current response is provided in Table 8.2.

Table 8.2. Comparison between MDL, B-H Loop and Eddy Current setups

Instrument Classic MEU Sound Fast MEU B-H Eddy current

Property velocity loop

Point sensitivity Orderof mV  Order of 10  Order of mVV  Order of mV  Order of V
ns

Stress Yes No Yes No No

accumulation

Speed of 0,5 m/s 0,5 m/s 2 km/s 2 mm/s 2m/s

measurement
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Table 1 depicts the necessary information on the use of the five different detecting instruments. It is clear
that all MDL instruments are sensitive enough even in comparison with B-H loop and eddy current
measurements. The ability to monitor large scale stress distribution is actually available in the sound
velocity MDL instrument and the classic B-H loop and eddy current measurement. Finally, the speed of
measurement of the MDL measuring instruments is superior than the B-H loop instrument and
comparable to the eddy current set-up. It is therefore concluded that the sound velocity instrument has
all the required properties to be used for stress distribution monitoring, with sensitive response, ability to

avoid stress accumulation and acceptable speed of measurement.

This MDL instrument can decrease the average volume of the under test steel, by means of reducing the
distance between excitation and search coils. This can be achieved by reducing the duration of the
detected voltage output, which can be achieved by using anisotropic magnetoresistance (AMR) heads
instead search coils. All these instruments can be used in production lines, by including them in properly
selected parts of the production-manufacturing line with temperatures close to room temperatures. They
can also be used in field measurements by developing split excitation and search coils to accommodate

them around the under tests cylinders or tubes.
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Conclusions and future work

In the presented work, the magnetostrictive delay lines and their engineering applications have been
thoroughly studied. At the first place, the generation, propagation and detection of an elastic pulse in the
simplest MDL arrangements have been investigated. Such a study has resulted in understanding the
mechanisms and parameters of elastic pulse generation and detection, namely being the excitation and
biasing fields as well as the mechanical action on the MDL. Understanding these mechanisms and
parameters allowed for the conceiving and development of different MDL arrangements, which may serve
either as signal multiplexers and demultiplexers or as sensing and distribution sensing elements.
Consequently, the main properties of the MDLs have been determined and introduced. The basic
properties, such as sensitivity, linearity and hysteresis, as well as methods of tailoring them have been
discussed, followed by the determination of the MDL parametric dependence on the field, frequency,
stress, temperature and time. The magnetoelastic uniformity, the sound velocity and the MDL resolution,
three important properties of MDLs defining the performance of MDLs, have also been introduced and
analyzed. Taking into account the main MDL arrangements and properties, various magnetoelastic
materials have been tested, concluding that amorphous ribbons and wires are suitable for sensing
applications, without excluding thin film set-ups. The properties of these materials may serve as a

database for possible use in engineering, mainly sensing applications.

Having introduced the MDL arrangements, properties and materials, the main MDL sensors have been
presented. For studying comprehension reasons, they have been split up into three main categories,
namely position, stress and field sensors. Several position sensors have been developed based on
amplitude or time delay modulation, able to measure static or dynamic displacement. Various field
sensors have also been developed, such as tensile stress sensors, load cells, torque meters, pressure
gauges and force digitizers, offering some advantages with respect to the state of the art. Field sensors
based on the MDL technique have also been presented, offering distribution measurement ability but
poor uncertainty of measurement. Furthermore, manufacturing technologies have been introduced
allowing low cost and acceptable uncertainty of the sensing elements. Finally, some critical applications

of MDL have been discussed, such as non-destructive testing applications based on eddy current or field
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detection, blood and chemical composites coagulation studies, civil and mining engineering applications
as well as sports field applications. As a last, but not least, application of the MDL technique, a method
for M(H) and A(H) measurement has been illustrated, according to which the loop and the uniformity of
magnetization and magnetostriction along the length of a magnetostrictive material in the shape of an

acoustic waveguide can be determined.

The summary of the MDL technology depicted in this work does not indicate the termination of the
research and development activity on magnetostrictive delay lines. On the contrary, it may serve as the

boost for further study in the following fields:

e Better understanding of the mechanisms of generation, modification during propagation and
detection of elastic pulses, based on the structure and microstructure of the magnetostrictive
element

e Development of the most attractive mechanical sensors based on the MDL technology, able to be
used in industry, transportation, energy, biomedicine and other engineering applications

e Development of composite materials, such magnetostrictive — electrostrictive composites for

engineering applications
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