
IEEETRANSACTIONSONMAGNm CS,VOL.30,NO.4,JULY1994

LowThermalConductiveBi･2223Tapes
SheathedwithAg-AuAHoys
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AbsET･aCE-Withtheviewofapplylngtopowerctlr-
reJltleadsforsuperconductingmagJ)etSystemsand
forothercryogenlcpowerhandliJ)蛋Systems,low
thernlal conductlye Bll2223supereondlleting
tapessheathed withAg･Allalloywerefabricated
and theirthermalconductlyltiesweremeasllred
from12to260E.ThecriticalcurrentdeJ)Sity
(oyeraLt-J)wasabout1700A/Cm2at77K,OT and∫
remained zlearlyconstaJ)IirrespeetiyeofAu
coneeJ)tI･ationuptollat.%.Thetapesheathed
withAg+llat.%Aualloy,ofwhlchthesupercolt

ductorcross,-sectioJ)ratiof was0.65,hadaSC
thermalconductiyity,yalueaboutO･2W/cmK at
77K.Thisyalueisaslowasthat of Cu･Zn.It
wasfound that the thermalcoductiyityor
thetapewasclose to theCalculatedonebased

onfsc andtl" independentlymeasttredthermal

conductiyities.oftheAg･Au alloyandthe Bi-
2223supeIでOJ)ductor.ThesupercondtlCtingtapes
shea(bed withthealloy wereconfirmed to be
stlitable for the applicationaspowercurrent
leads.

I.INTRODUCnON

Sincethediscoveryofhigh-Tcoxidesuperconductors･a

greatdealofresearchhasbeenperfomledfortheirapplication
tothecryogenicequlPmentSuchashiglIfieldstlperconduct-
ingmagnets(SCM)andSCMenergystorage(SMES)sys-
1ems･ForthepowercIJrrentleaduse,bothbulkoxidesuper-
conductorswithoutmetalStabilizerandoxidesuperconducting

tapessheathedwithpuresilver(Ag)havebeenproposedin
placeofconventionalcopperleadsM-[3]･Duetothesmall
themlalConductivityofbulkoxidestlperconductors,heatin-
trusionthrough theleadscanbekeptlow･Unfortunately,the

relativelylowcriticalcurrentdensity(J)andfragilityaredis-

advantagesofthebulksuperconductorswhichmtlStbeover-
come.oxidesuperconductingtapessheathedwithpureAg

haveseveraladvantages;tilehigh-Jccharacteristicsduetothe
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increaseoftileCrystalorientationinthecoresuperconductor,
theflexibilityin1)Seandanincreaseinthermalstability,etc.
[4],[5].刀lehigllthermalcondtlCtivityoftheptlreAgsheath,
however,CalJSeSaSeriousproblemoftheheatintrusioninto
thecryogenicapparatus.Forpowercl)rrent】eads,it]'sneces-
sarytodevelopanewsheathingmaterialtorephcepureAg
wllicllllaSatllermalconductivityaslowaspossibleand
wllichdoesnotcausedegradationofthestlPerCOnducting
cllaraCteristicssuchasTandJ.

C C
Apopularmethodofreducingthethemalconductivity

ofmetalsisalloying.As AgisgenerallycongeniaHooxide
superconductors,wefabricatedtheAg-AuandAg-Cua]]oys
assheathingmaterialsandinvestigatedthedependenceoftlle
thermalconductivityandtheelectricalresistivityontheAu
andCt)contentsinthea]loysl6].Itwasfollndthattlletller-
malandelectrica]coJldt)ctivitiesoftheAg-AtIalloytapes,
whichweresubjectedtolleCeSSaryheattreatmentinoxidizillg
atmospheretorealizethesupercondt)clingtape,drasticallyde-
creasedwitllincreasingAucontentupto1lat.%.Bycontrast,
thethermalandelectriCalconductivitiesofAg-Cualloytapes
hardlydecreasedwithanincreaseinCucontentbecauseofthe
oxidationofCuduriJlgtlleheattreatment･Thesuperconduct

ingcharacteristicsofBi2gr2CaCu20x(Bi-2212)･thickfilms
onthesealloysubstratespreparedbythedoctorblademethod

l7]andBi2Sr2Ch2Cu30xPi-2223)superconductingtapes
sheathedwiththesamealloysl8】werepreviot)Slyinvesti-
gated.TheAg-CualloysreactedwiththeBi-based.super-
conductorsandcauseddegradationofI]1eStlPerCOnducting
characteristics.Ontheotherhand,Ag-Aua]Joysdidnotreact
withtheBi-basedsuperconductorsandareverypromlSlng
materialsforthemeta]Stabilizerasapossiblereplacementfor
pureAg･

Inthefollowlng,Weinvestigatethepossibilityofapply-
ingBi12223SuperconductingtapessheathedwithAg-An
alloystothepowercurrent'leads･Firstly･welePOrtthether-
malconductivitiesoftheBi-2223supercondlJCtingtapes
sheathedwithAg-Aua]]oysfrom12to260K･Thethermal
conductivityisalsocalculatedbyuseofthetherma]condl)C-
tivitiesofbotlltheAg-AualloyandtheBi-2223super-
conductor,andtlleSuperconductorcross-SectionratioiSC
whichreferstotheratioofthecoresuperconductorcross
sectiontothetotalcrosssectionofthetape.刀leCalculated
thermalconductivityiscomparedwiththemeasuredoneand
theestimationofthethermalconductivityisdjsctlSSedforthe
currentleaddesign･Secondly,therelationbetweenthe

0018-946〟94Sαl.00㊨19941EEE



1646

overlalZ-J at77K,OTandtheAn contentintheAg-Aualloy亡

sheathisinvestigated.nird】y,theheatintrusionthrougha
lOOcmcurrentleadoflOOOAwithaslackingstructuremade
byassemblingAg-AllSheathedtapesistheoreticallydeter-
minedusingthecharacteristicsoftlletape.hstly,theelectri-
CalresistivitiesoftheAg-Aualloytapesaremeasuredunder
m?gneticfieldsupto12Tinordertoestimatetheeffectof
themagnetoresistance.Theinfhenceofmagneticfieldontile
thermalconductivityoftlleCoreSuPerCOndtlctorisalsodisI
cussed.

IIEXPERIMENTAL

A.Samplepreparation

Ag-At)alloyscontainingAufrom0to30at.%werepre-
paredusinganRFinductionfurnacehlaPureAratmosphere.
AgandAt)of4N(99.99%)gradeweretlsedasrawmaterials.
Forthepreparationofthesuperconductingtapes,thealloy

wasmadeintot】letape-S)laPe･Bjl.8Pbo.4Sr2.OCa2.2Cu3.00x

Pi-2223)oxidesuperconductingpowderwasfabricatedas

follows;Bi203･PbO･SrCO3･CaCO andCuOrawpowder3
of4Ngradeweremixedandcalcinedatsoo℃for20hours.
AfterpulverlZIngthecalcinedmaterial,tllereStI]tinBPowder
waswrappedwithalloytapeandthencold-rolledintoatape.
Finally,thetapewasheattreatedatthemaximumtempera-
tureof840℃ inairwhichwasnecessaryforBi-2223super-
conductingtape.Thefinishedtapewasabout300p･m in
tllicknessandabot)I8mminwidth.SinteredBi-2223stLPer-
conductingpo]ycrystalwasalsofabricatedundertileSame
heattreatmentconditionsusingthecalCinedpowderinorder
toevaluatethethermalconductivityofthecore
supercondtlctor.Ag-Aualloytapeswithoutthesuper-
condlJCtingcorewerea】sofabrjcatedwitllabout50pm in
thicknessandabotlt2mmiT)Widthtomeasurethethermal

conductivityandelectricalresistivity.Thealloytapeswere
heattreatedunderthesameconditionsastileSuperCOnducting
tapes･

B.Measurements

netllemlaJconductivitiesofthesheathedBi-2223super-

conductingtapes,thea]JoytapesandthesinteredBi-2223
polycrystalweremeasuredusingasteadystateheatflow
methodfrom12to260KwithanautomatedmeasurlngSys-
temofourowndesigll[9].TTleSystemmadeuseofaGifford-
McMahon(G-M)Cycleheliumrefrigeratorasacryostat.One
endofthesamplewassolderedtothecoldheadofthe
refrigeratorandasmallresistanceheaterwasattaclledtotlle
otherendofthesamplebyGE7031vamish.Al)+0.07at.%Fe
-chromelthermocotlPlesof73pmindiameterweretlsed
differentiallytomeastlrethediffereJICeSintemperature.The
electriCalresistivitywasmeastlredbyaconventionalfotlr-
probemethodinthesamerefrigeratorfrom12to300K,and
inliquidheliumat4.2K Inordertoinvestigatethein加ence
oftheheattreahentonthesheathingalloy,theelectrical
resistivityofas-rolledal)oytapeswasalsomeasured.To
studytheeffectofthemagnetoresistance,theelectrica)resis-
tivitiesofthealloytapesweremeasuredat4.2KI)ndera

magneticfieldtIPtO12TesJa･ThefwasdecidedfromSC

observationsofthetapecrosssectiontlSlngan OPticalmicroI
SCOpe･

III.RESUIiTSandDISCUSSION

A.ThemalconducEL'vL'少mdelectricalresistivF'少OfAg-Au
alloys

Fig.1showsthetemperaturedependeJtCeOfthethermal

conductivityoftheheattreatedAg-An alloy･tapes(K81..)

withvariousconcentrationsofAn upto30at･%･Kalloydrasti
callydecreasedwitllincreasingAucontentatlowtempera-
tures.VIEthermalcondtlClivityofthetapewitll1la†.%Au
wasbyaboutthreeofderssmallerthanthatoftltepureAg
tapeat20K.IntheAuconcentrationrangefromllto
30at.%,thefurtllerdecreaseofthethermalconductivitybe-
camegradual.TllismaycorrespondtothesaturatioJltendency
associatedwiththeAILcontentgettingJtearertO50at.%.
Thus,thethermalconductivityoftheAg-Atlalloytapewith
Aucontentuptoaboutllat.%isconflrmedtodecreasedras-
ticallywithhcreaseinAucontent.Thelhermalconductivity
datashownillFi岳larefairlycoJISistentwitlltl10SebyCrisp
eta】[10].

Fig.2sl10WStlletemperaturedependenceoftheeJectrica]
resistivityofthelleattreatedAg-At)alloytapesIThe
e]ectricalresistjvitydrasticallyincreasedwithanincreasein
theAucontelltatlowtemperatures.Forexample,the
electricalresistivityoftheAg+1lat.%Aualloytapewasby
abouttllreeOrderslargerthanthatofthepureAgtapeat20K･
Astheelectronicthermalconductivityandtheelectrica]
resistivityarerelatedtooneanotherbytheWiedemann-Franz
law,theAucontentdependencesillFigs.1and2are
reasonable.
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Fig11･Temperaturedependenceofthethermalconductivityof
hcattreatedAg-Aualloytapeswiththevarious
concentrationsofAu.
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Fig121Temperaturedependenceoftheelectricalresistivityof
heattreatedAg-Aualloytapeswiththevariousconcen-
trationsofAu.

Toinvestigatet】leinnuenceoflleattreatmentinairon
thephysicalpropertiesoftheAg-Aualloys,tileelectrical
resistivityoftlleaS-rOlledal10ytapeswasalSomeasured.Fig.
3sllOWSthetemperaturedependenceoftheelectricahesis-
1ivitiesofbotlltheas-rolledtapes(AR)andtheheattreated
tapes(HT)wit]1Aucontentfrom0.22tollat.%.Itwas
fotlndthattheheattreatmentresu]tsinas]ightdecreaseofthe
resistivityvaluesatlowtemperaturesandalsoaslight
increaseoftlletemperaturedependenceoftllereSistivity.ne
decreaseoftheresistivityatlowtemperaturesmaycome允.om

thedecreaseofthedislocationdensityandtlleincreaseoftlle
teTrq)eraturedependencemaycomefromthesofteningofthe
alloycausedbythelleattre革tment･Howeverlbotheffectsare
rathersmalland,accordingtotheWiedeman-Franzlaw,also
tllethermalconductivityoftilea】】oysshouldnotbemucll
infhmcedbytlleheattreatmentinair･
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Fig.3.Temperaturedependenceoftheelectricalresistiyitiesof
boththeas-rolledAg-Autapes(AR)andtheheattreated
tapes¢打)inwhichAucontainsfrom0.22tollat.%.
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BThemalconducEivL'4'OftheBi-2223SupeTCOnductingtapes

ThethermalconductjvitiesoftheBi-2223super-
Conductingtapeswithvariot)sAucontentsand
superconductorcross-sectionratiosiwereinvestigated.TheSC
superconductingtransitiontemperaturesofthesetapeswere

aboutlO4KandindependentoftheAucontentandfsc･Figs･

4and5showthetemperaturedependenceoftlletllermaJ

conductivityoftlleBi-2223superconductingtapes(KA8Au)
sheatlledwithAg+11at･%An alloy(fsc-0･65)(hereinafter

referredtoasNo･lsample),andsheathedwithAg+15at.%Au

alloy(fsc-0･33)(hereinafterasNo･2sample)withclosed

circles,respectively.Inthesefigures,thethermalconduc-
tivitiesoftheAg-AualloytapeswiththesameAucontent

(Kal.0,inFig･1)andtheBi12223sinteredpolycrystal(Kp｡.)
arealsoshownwithopencirclesandclosedtriangles,respec･

tively･KpolyWas24mW/cmKat200Kanddecreasedmonk

lonicallywithdecreas)ngtemperature.K showedapoly

significantupturnjustbelowTc(-105K)andtookalocal

maximumarotlnd70K,andthendecreasedsteeplywitll

furtherlowerlngtemPeratureS･neValueofKpolyisabout
twoorderssmalierthantllatOfAg-Aua山oytapewithlland
15at.%Aucontellt.ItisfoundtllatthemagnitudeofTC

liesbetweentl10SeOfK andK .
auoy poly
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Fig.4.Temperaturedependenceofthethermalconductivity

KAgAnTOfBi-2223superconductingtape(No･1sample)
sheathedwithAg+llat.%Aualloyforratiof O･65SC
(closedcircles)･Thethermalconductivityof

Ag'11at.%AualloytapeKauo,(OPenCircles)andthatof

Bi-2223polycrystalK,ol,(Closedtriangles)andthe

calculatedthermalconductivityKcal(thickline)werealso
shown.
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Fig･5･Temperaturedependenceofthethermalconductivityof
Bi-2223supercon.ductingtape(No･2sample)sheathed
withAg+15at.%An alloyforCoreratiof0.33(closedSC
circles)･Thethe-alconductivityofAg+15at.%Aualloy
tape(opencircles),thatofBi-2223polycrystal(closed
triangles)andthecalculatedthermalconductivity(thick
line)arealsosl10Wll.

As thesupercondtlCtingtape consistsoftlleBi12223
stlPerCOnductingcore?ndtheAg-Aualloysheath,theheat
shot)ldflowinparal一eltllrOtlghboththecoreandthesheath

alOngthetape･Inthiscase･thethermalconductivityTCca10f
thesupercoTlductingtapecanbecalculatedusingthevaluesof

Kpoly,Kalloyandfsc･by

Kal-fscK,｡1,･(1-fs)Kau｡, (1)･

TC wasalsoshowninFigs.4and5withthicksolidlines.cat

necalculatedKcallSVeryClosetotlleexperimentallyob-

tainedthermalconductivityKAgAnT･TJlisconfirmsthattlle
thermalconductivityofastlperconductingtapewitharbitrary
stlPerCOnductorcross-sectionratiofandwithsomeAucon-ic

centrationintheAg-An alloysheathcanbepracticallyesti･
matedbyuseofEq.(1).ItisusefuHnpowercurrentlead
designtobeabletoestimatetheheatnowthrough the]ead
rattlerthantomeasureit･Forcomparison,thethermal

conductivitiesofBi-2223tapes(fsc-0･23)sheathedwit】la

pureAgsheath(KAgT),andthehighpuritycopper(4N)(Kcu)
Vsedinconventionalpowercurrentleadswerealsomeasured.

Figl6sl10WSthetemperaturedependenceofKAgTandKcu,
togetherwiththethermalconductivitiesofsam plesNo.1and
2,theheattreatedpureAg(4N)tape,aCu-Znalloyand

K,ol,IKAgTISOnlyslightlysmallerthanthethermalconduc-
tivityofthepureAgtapebecauseofthe】owf. Tl issc Cu

almosttlleSa,meaSKAgT from4010200KITllethermal
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Fig･6･Temperaturedependenceofthermalconductiyitiesofboth
theBil2223Superconductingtapessheathedwithpure

Ag(fsc-0･23)andthehigh puritycopperof4Ngrade･

Forcomparison,thqthermalconductivitiesofthepure
Ag(4N)tape,No.1and2samples,aCu-ZnalloyandBil
2223polycrystalarealsoshown.

conductivityofNo.1and2samplesisabout0.2W/cmKat
77KwllichiscomparabletothatoftheCu-Znalloy･

CChLZraCferLIsticsofoJerall-JC

Theoverall-JcharacteristicsoftheBi-2223tapesheathed亡

withAg-At)a]loyforvariousAucontentsweremeasuredl8].
Overall-IofthetapeisdefinedbyC

overall-Jc-き (2),

wllereIisthecriticalcurrentandSisthetotalcrosssectionC

ofthetape.Fig.7ShowstherelationbetweentheAucontent
intheAg-A一lalloysheatllandtheovuall-Ioftlletape,inC

whichf iskeptto0.65,at77KandOT.Theoverall-Jsc-- A I J cl
remainedalmostconstantatabout1700jVcm2,irrespective

ofAucoJltentSintheAg-AualloysheathtiptOllat.偽.As
theJofBi-2223sinteredpolycrystalwasabout500A/Cnt2atC

77KandOTl11],itwasfoundtl】altheoveTla77-JoftlleBi-C
2223Superconductingtapewasaboutthreetimeslargerthan
thatoftheBi-2223sinteredsample.Fig.8Showsthe
magneticfielddependenceoftheoverall-J oftheBi12223C

tape(fsc-0･65)sheathedwitllAg-AualloywithvariousAu

contentsat77K.Themagneticfieldswereappliedparal]eHo
tiletapeSurface.Theoverat1-J vs.magneticfieldcurvesof亡

thetapessheathedwitllAg-An alloysagreedwiththatofthe
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Fig･810verat7-Jcvs･appliedmagneticfieldcuryeswithvari-
ousAucontentsintheAg-Aualloysheathesat77K･The
magneticfieldwasappliedparalleltothetapesurface･

pt)re-Agsheathedtape.Itisrecognizedthattheoverlatt-JcanC

besomewhatincreasedbydecreasingfscbelowO･65bccaqse

oftherestlltanlhighercrystalorientationofthesuper-
conductingcore.However,theheatintrusionthroughthetape
increasesatthesametimebecatlseoftheloweri.ItisSC

necessarytooptimizetheAucontentinthealloysheathand
thei,according10thepurposeofeachcryogenicapparatus･SC

D.Calcutatz'0110fheatilZtnLm'07lthroughaleCurrentZeDd

As thethermalconductivityofthesuperconductingtapes
canbeestimatedusingEq.(1)asshowninFigs･4and5,the
heatintrusionthrotlghthecurrentleadusingthesuper-
conductingtapeswascalcu]ated･neheatintrusionQofthe
currentleadintheareabetween77Kand4.2KisglVenby

77

Q-至か ∬

(3)

whereListhelengthandSisthecrosssectionofthelead,
respectively.WeusedtheBi-2223Superconductingtapes
sheathedwithAg-Aualloywithi=0.65asshowninFig.7,SC
andcalculatedtheQvalueforalOOcmcurrentleadoflOOOA

Fig.9showstheresultsoftheca]culationoftherelation
betweentheheatintrusionthroughtheleadandtheAu
contentintheAg-Aual]oysheath.neheatintrusionQof
tlleCurrentleaddecreaseswitllincreasedAucontent.For

example,theQvalueofasupercolldt)clingleadsheathedwith
theAg+llat･%AualloyisabouHwoorderssmallertllanthat
ofaconventiona)Copper]eadwithoutgascoolingoraBi-
2223superconductingleadsheathedwithpIJreAg.

E.InPuenceofmagneticPeld

lnmanycasespowercurrentleadsforcryogenicequip-
mentsuchasSCMsareusedundermagneticfields.Tile
influenceofmagneticfieldsontheelectricalresistivityof
Ag-Aualloytapeswasinvestigated.Fig.10showsthe
electriCalresistivitiesoftheA8-Aua]loytapesasafunctioll
ofmagneticfieldsupto12T.Theelectricalresistivityof
tapeswithhigherAucontentdependshardlyatallonthe
magnetic丘eld.Tllisindependenceisafavorableconditionfor
stableoperationofsuperconducthlgPowerCurrentleadswitll
alloysheathes.Althoughtheintrinsicthermalstabilityof
stJperconductingtapessheathedwithalloyssomewhat
deterioratesduetolargeelectricalresistivityinthesheath,
theelectricalresistivityofbtllkoxidesuperconductorsinthe
normalstateisseveralmE2･cm,whichisthreeorderslarger
thanthatoftlleAg-Aualloytapes.Itshouldstillbe

(A
)
o

u
ot
s

n
Jtu〓

t2
8
H

10

-2

10･2 10-1 100 101 102

ALJCOntent(at.%)

Fig.9.Relationbetweentheheatintrusionthrough alOOcmsu-
perconductingleadOHOOOAwhichisf=0,65and(heSC
AucontentintheAg-Aualloysheath･
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Fig･10･MagneticfielddependenceoftheelccEricalresistlVltyOf
Ag-Aualloyswi(hvariousconcentrationsofAuat4･2K.

beneficialforthethermalstabilityofsuperconductingpower
leadstousetheAB-AualloysheatJl･Thetllermal
conductivityoftheoxidesuperconductorissellSitivetot]Ie
magneticfieldanddecreaseswithincreasIIlgaPP]iedfield

belowTcl12],andsocouldcauseunstableoperationof

superconductingpowerct)rrentleads･Becat)Setheabsolute
valueofthethermalconductivityoftheBi-2223
superconductingcoreisabot)Ionefiftiethsmallertllanthatof
Ag-Aualloyasshownintllisinvestigation,tllethermal
conductivityoftlleBi-2223superconductingtapeisexpected
tobenearlyindependentoftheappliedmagneticfie]d･

ⅠV.SUMMARY

LowtllermalconductiveBi-2223superc'onductingtapes
sheathedwitllAg-Aualloysweredevelopedforapplicationto
powercurrentleadsofcryogenicequlpment･Thetapes
sheatlledwiththe.alIoy'withAt)concentrationuptollat.%
sllOWedalmostthesamesuperconductingcharacteristicsas
thosesheathedwitllPureAg.Overall-Iofabot)I1700亡

A/Cm2at77KandOTwasobtained,independentoftheAu

contentintheAg-Aua]loysheatll.Thethermalconductivity
ofBi-2223tapesheathedwithAg+llat.%AualloywllOSe
superconductorcross-sect]'onratiof∵was0.65wasaboutSC
0.2W/cmKat77K.Thisvalueisalmostaslowasthatof

Cu-ZIIalloy.nevalueofmeastlredthermalcondt)ctivitycan
bereprodtlcedbycalculationbasedonthecoreratioandthe
thermalco】lductivityvaluesofboththeAg-Aua]loyandthe
stlPerCOnductingcore.TheAg-AualloysheathedstlPer-

ConductingtapesgiveftlHpromiseforapplicationinpower
currelltleads.
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