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Bi-2212 Superconducting
Thick Films on MgO
Substrates

1.1 Summary

Bi-2212 superconductors prepared by partial melt-processing are known to have

superior properties at 77 K for power applications compared to those processed by

other methods. The presence of a liquid, however, requires substrates with spe¬

cific properties: the material should be dense and chemical reactions between melt

and substrate should not affect the properties of the superconducting sample. Tn

this work several oxide ceramics are investigated with respect to their compatibil¬

ity with Bi-2212 melt during partial melt-processing. Wedemonstrate the feasi¬

bility of processing large area superconducting thick films on MgOsubstrates that

are compatible with the Bi-2212 melt. The same processing parameters as for

melt-processing of thick films on silver substrates can be used and the same high

critical current densities at 77 K are obtained.

Different polycrystalline oxide ceramics, like magnesium-, cerium- and alumi¬

num-oxide and BaZrO^,, have been evaluated with respect to their possible use as

substrate for partial melt-processing Bi-2212 thick films. Only single phase mag¬

nesium oxide (MgO) ceramics have proven to withstand the aggressive melt of

Bi-2212 during processing.

A process has been developed to cast and sinter large area MgOsubstrates. These

substrates show high densities of 967c of the theoretical density with a closed

porosity and do not contain a second phase or sintering aid. Key parameters that

lead to these high densities are high solids load in the slurry and sintering for a

long time at high temperatures.

V1O5 was found to be a highh effective sintering aid for MgO, developing a

liquid phase at 1200 °C that facilitates densification. The amount of
thisdopant

1
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can be kept low (<1%) to avoid the formation of a percolating network that would

react with Bi-2212 and destruct both the substrate, and the superconductor. Tapes

prepared by the doctor-blade technique have been sintered at 1250 °C to 96% of

the theoretical density and closed porosity, i.e. to the same high density as the

undoped MgOthat has to be sintered for many hours at 1600 °C.

High quality Bi-2212 superconducting thick films have been processed on single

phase MgOceramics. Powders containing silver(I)oxide (Ag20) additions of up

to 8%by weight have been used. The maximum temperature, one of the process¬

ing parameters that most strongly effects the critical current density at 77 K, has

been optimized for every composition. Highest critical current densities were

found in samples with 4 wt% Ag20 which were processed at a maximum temper¬

ature of 900 °C.

1.2 Zusammenfassung

Von supraleitenden Bi-2212 Keramiken die mit dem Verfahren des "partiellen

Schmelzens" hergestellt werden ist bekannt, dass ihre supraleitenden Eigenschaf¬

ten bei 77 K deutlich besser sind als die mittels anderer Verfahren hergestellten

Keramiken. Insbesondere an die Form oder das Substrat welches zur Herstellung

der Massivproben bzw. Dickfilme verwendet wird, stellt dieses Verfahren, wegen

der korrosiven Eigenschaften der Kupratschmelze, hohe Anforderungen. Der

Substratwerkstoff darf keine offenen Poren aufweisen und chemische Reaktionen

mit der Schmelze, welche die Eigenschaften des Supraleiters beeinflussen, dürfen

nicht auftreten. Polykristalline Oxidkeramiken, Aluminium-,Ccr-undMagnesi¬umoxidsowieBariumzirkonatwurdenhinsichtlichihrerEignungalsSubstratfürdaspartielleSchmelzenvonBi-2212Supraleiternuntersucht.EinzigMagnesium¬oxid(MgO),freivonFremdphasen,hatsichalsbeständiggegenüberderaggres¬sivenKupratschmelzedesSupraleiterserwiesen.DieaufMgOhergestelltenBi-2212DickfilmehabengleichguteEigenschaftenwiesolcheaufSilber.FürMgOwurdeeineTechnikentwickeltumgrossePlattengiessenundsinternzukönnen.DiesePlattenweisenkeineoffenePorositätauf,zeigen96%dertheoreti-
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sehen Dichte, und sind frei von Fremdphasen oder Sinterhilfsmitteln. Entschei¬

dend für dieses Ergebnis sind ein hoher Feststoffgehalt des Schlickers vor dem

Abguss sowie eine hinreichend lange Sinterzeit bei hohen Temperaturen.

In weiteren Versuchen wurde V205 als hochwirksame Dotierung gefunden um

MgObei tiefen Temperaturen mittels Flüssigphasensintern zu verdichten. Die

verwendete Menge an V2O5 kann so niedrig gewählt werden, dass Reaktionen

zwischen Substrat und Supraleiter, welche sowohl die Eigenschaften des Supra¬

leiters wie des Substrats beeinflussen würden, ausgeschlossen werden können.

Filme aus diesem Material, welche durch Foliengiessen hergestellt wurden, konn¬

ten bei 1250 °C zu 96% der theoretischen Dichte und geschlossener Porosität

gesintert werden. Umdie gleiche Dichte in undotierten Proben zu erreichen,

müssen diese über viele Stunden bei 1600 °C gesintert werden.

Hochwertige Dickfilme aus supraleitendem Bi-2212 wurden auf einphasigem

MgOhergestellt. Bis zu acht Gewichtsprozent des Bi-2212 wurde durch Sil-

ber(I)Oxid (Ag20) ersetzt und somit die Schmelztemperatur gesenkt. Für jede der

Mischungen wurde die Prozesstemperatur bestimmt welche zur höchsten kriti¬

schen Stromdichte bei 77 K führt. Die höchsten kritischen Stromdichten wurde in

Proben gemessen die vier Gewichtsprozent Ag20 enthielten und bei einer Maxi-

mallemperatur von 900 °C hergestellt wurden.
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zL Introduction

In the following chapter the context of this study is described.

First, we present a general oveniew of the unique properties of

cuprate superconductors and their potential applications in the

electric power sector. I'hen we focus on superconducting fault

current limiters and discuss the materials' requirements for the

current limiting element itself. The superconducting components

that are in development for this application are presented and

finally the materials selection for this study is conveyed.
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2.1 Characteristics of Superconductors

Superconductors are materials that lose all their electric resistance and become

diamagnetic below a certain temperature. External magnetic fields may destroy

superconductivity as well as applied currents. These three parameters, tempera¬

ture (T), magnetic field (B). and current density (J) define the three clearly distin¬

guishable states of conductivity for a superconductor. Zero Resistance is observed

below a critical temperature, magnetic field, and current. The material is in its true

superconducting state, characterized by the absence of electric resistivity and per¬

fect diamagnetism. In the Transition State, the resistivity rises with increasing T,

B, and J. In Type I superconductors, the transition from superconducting to

normal state is sharp when an external magnetic field is applied, i.e. no transition

region is found. This type of behavior is in general shown by pure metals. Alloys

and compounds are Type II superconductors. They gradually lose their supercon¬

ducting properties when an external magnetic field is applied. Superconducting

and normal state are present in the material at the same time, hence the term

"mixed state" as a synonym for the transition region. Normal Conductance occurs

when the resistivity is independent of B and J like in ordinary conductors, outside

the superconducting phase state. Figure 2-1 shows these regions schematically.

À Temperature
zero resistance

Figure
2-1.Threestatesofconductivityinasuperconductor:zeroresistance(insidetheinnerntostsurface),transitionstate(outersurface)andnormalconductance(beyondtheoutersurface).Thewhitearrowsindicatethecriticalcurrentdensitiesmeasuredatlowtemperatures(lowerarrow)andhightemperatures,closetothecriticaltemperature(upperarrow).
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Interesting applications of superconductors use three phenomena: (i) the absence

of resistivity, used for the transmission of electricity without losses and the gener¬

ation of large magnetic fields, (ii) the nonlinear transition from the superconduct¬

ing state to normal conductance, applied in fault current limiters and (iii) the

diamagnetic behavior, applicable for bearings in connection with permanent mag¬

nets.

Superconductors can furtherbe grouped according to their transition temperature:

Low-Temperature superconductors (LTS or conventional superconductors) have

transition temperatures (Tc) of 23 K (Nb^Ge) or below. These materials are cooled

by liquid helium with a boiling point of 4.2 K. The term High-Temperature super¬

conductor (HTS) is used for compounds that remain superconducting above the

boiling point of nitrogen, 77 K. All HTS known so far are ceramics and their

common structural elements are copper-oxide planes, in which the supercurrent

flows, and insulating layers that separate blocks of 1 to 7 copper-oxide planes.Thesematerialsarehighlyanisotropic,andthereforethemicrostructureofapoly-crystallineconductorstronglyinfluencestheproperties.Greateconomicalinterestinthesecompoundsarisesfromimmensesavingsincooling:1Wlossesat80Krequires14Wofpowerinputatambienttempera¬tures,whereasfor1Wlossesat4.2K,350Warerequired1.2.2HTSforPowerEngineeringApplicationsManycopperoxidecompoundshavebeenfoundtobesuperconductingaftersuperconductivityinLaSr2Cu3OvwasdiscoveredbyBednorzandMüllerin1986[1].Forapplicationsinpowerengineering,onlythreematerialshavereceivedsubstantialattentionarisingfromtheexpectationthattheycouldbecome1.Thisexampleisbasedonamachinethatoperateswith20acefficiencyascomparedtoanidealCarnot-machine:InputPpWCL[_1iml--"hyCoohngPowetr\TTheinputpowerrequiredtobalancethesamelossat4.2Kistherefore25timeshigherthanitisat80K.PresentStirlingcoolersoperateataratiootonly20at80K,ascomparedto14ascalculatedintheexample.
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the materials for practical high-amperage conductors: YBa2Cu3Oy (YBCO or

Y-123), Bi2Sr2Ca2Cu3Ox (Bi-2223), and Bi2Sr2CaCu2Ox (Bi-2212). Therefore

we confine ourselves to summarizing the properties of these three materials with

respect to applications in power engineering. First, some commonfeatures of the

ceramic superconductors are described.

2.2.1 General Properties of Ceramic Superconductors

Exceeding the critical value for either T. B or J causes superconductivity to disap¬

pear. However, the surface of the zero-resistance space is defined by the combi¬

nation of these parameters. The white arrows in Figure 2-1 indicate the critical

current densities for a temperature near Tc, say 77 K, and a temperature near abso¬

lute zero, e.g. 10 K, both in the absence of a magnetic field. For Bi-2212 thick

films, Jc increases from 5000 A/cm2 at 77 K. 0 T to 30,000 A/cm2 at 10 K [2]. The

critical temperature Tc of Bi-2212 is 96 K.

The mechanical properties of the HTS cause severe problems during manufactur¬

ing of the conductors: they are brittle and have low flexural strength. Without sup¬

port by a ductile, high strength matrix or substrate, they can not be formed to wires

or tapes. If the manufacturing process requires temperatures
abovethesolidustemperatureofthecompounds,theonlymatrixmaterialssuitablearesilveralloys.WhenaDCcurrentisappliedtoaHTS,theelectricfield(E)asafunctionofJobeysapower-law:E=Box(fTvcEquation2-1.Inpresentceramicsuperconductors,theexponentnis5-15(77K);atypicalvalueforNbTi,awidelyusedLTS,is30,at4.2K.TheparameterE0iscalledthevoltagecriterion,Jcisthecriticalcurrentdensity.Mostly,JcisgivenforanelectricfieldEq=1}iV/cm.Eventhoughthiscorrelationappearssimple,noderivationfromanunderlayingtheoryhasbeenfoundsofar.
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2.2.2 YBCO/Y-123

YBa2Cu307 has a transition temperature of 92 K. The insulating layers consist of

copper oxide chains. The conducting blocks consist of two copper oxide planes.

Figure 2-2 shows the structure schematically in comparison to the Bi-based HTS.

CB= Conducting Block
SeL = Separating Layer
SpL = Spacing Layer

IB = Insulating Block
IL = Insulating Layer
CL = Conducting Layer

ooo a_n

'wmr yumir MjipmMi
i jrttn m^««

ÈS3
o o o cm

o o o o _n

1 1
o o () o TJ^>SeL

1 1
_Q_ o Ü () UTI
1 t l>CL

V

>SpL

1 ' 1
o o Q o

1 1
o Ü () Ü o

(a) (b) (c)

Figure 2-2. Schematic diagram of the structure of YBa2Cu,07 (a), Bi-2212 (b) and Bi-2223

(c). Arrows illustrate the different spacingbetweenconductingblocks(CB)inYBCO,withinsulatinglayersmadeofcopperoxidechains,ascomparedtotheBSCCOsuperconductorswithinsulatinglayersofrocksaltstructuremadeofbismuthoxide.ThisarrangementintheYBa^Ci^C^resultsinaspacingbetweentheconductingblocksofonly0.85nm,orthreetimesthecoherencelengthperpendiculartothecopper-oxideconductinglayers[3J.Asaconsequence,Y-123hasarelativelysmallanisotropyfactorof-5.5andpinninginthismaterial,i.e.theresistanceagainstmotionofmagneticfluxwithinthematerialinthetransitionstate,israthergood.CurrenttransportinY-123islimitedbyweakcouplingofgrainsoverthegrainboundaries.Forcurrenttransportapplications,texturedconductorsarepre¬ferred.ThinfilmshavebeenprocessedonbiaxiallytexturedsubstrateswithJcofupto2x10A/cm-in400nmfilmsonsapphire[4].ThickfilmsofY-123havebeentexturedbystrongmagneticfieldsduringdeposition.In50|imthickfilms.Jcof2xl03A/cm2havebeenfound[51.
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2.2.3 Bi-2223

Bi2Sr2Ca2Cii30|o shows the highest transition temperature of 110 K among the

compounds discussed here. Insulating layers with a rocksalt structure separate

blocks of three copper-oxide planes each. These rocksalt layers lead to a distance

of 1.2 nm, or ~13x the coherence length between the conducting blocks [6].

Hence, anisotropy is large, >30, pinning is weak and transport properties are very

sensitive in respect to magnetic fields. Development of Bi-2223 conductors has

focused on powder-in-tube (PIT or oxide-powder-in-tube, OP1T) tapes and wires.

The precursor powder is filled into silver-alloy tubes and then mechanically

deformed before the superconductor is synthesized by reacting the precursor pow¬

ders at high temperature. The final conductor is generally less than 500 |im thick

and up to 5 mmwide. In the silver-alloy matrix about 100 filaments of supercon¬

ducting Bi-2223 are embedded, each a few micrometers thick and a few tens of

micrometers wide. Such a conductor carries about50Aat77K,whichcorre¬spondstoacriticalcurrentdensityofthesuperconductingfilamentsof5xl04A/cm2[7].Bi2Si*2CaCu208hasatransitiontemperatureof96K.Thestructureiscomposedofconductingblocksmadeupoftwolayersofcopperoxideplanes.Coherencelength(^c=0.16nm),anisotropy(Bc2^/Bc2c=60)andallstructuralpropertiesrelatedaresimilartothoseofBi-2223[11j.AdistinctadvantageofBi-2212isthatthecompoundcanbesolidifiedfromthemelt,whichisnotpossiblewithBi-2223.Solidificationfromthemeltresultsinpolycrystallineconductorswithaverygoodconnectivitybetweenthegrains,hencehighintergraincriticalcurrentdensities.Conductorshavebeenprocessedinformoftapesandwires(PIT)[8],coatedcon¬ductors[9]andbulkmaterial(rods,tubes,rings)[10|.Oneofthemostimportantdrawbacksofmeltsolidificationistheaggressivenatureofthemelt.Onlyfewmaterialsareknowntowithstandcorrosionbythecuprate-meltduringprocessing:silverandsinglecrystallinemagnesiumoxide.
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2.3 Prospective Applications for HTSin Power Engineering

2.3.1 Power Cables

Power transmission lines utilizing LTS have not been realized due to the immense

refrigeration costs, even though a number of prototypes have successfully been

tested f 12|. LTS cables are competitive only for transmitted powers of at least

5 GVAcompared to conventional power cables. The more economic cooling of

conductors made from HTS is expected to allow economic operation of supercon¬

ducting transmission lines with rated powers starting at 500 MVA[13]. A clear

advantage of superconducting power cables is their high current density as com¬

pared to conventional cables. This allows the replacement of copper cables using

the same ducts with a power transfer gain by a factor ~3. Several groups have

tested prototype HTS power cables, among them, all prototypes meant for opera¬

tion at 60 - 77 K are based on PIT Bi-2223 tape conductors. The weak pinning of

Bi-2223 causes severe losses when an AC-current is transported. At present,

reducing these losses by means of conductor and cable design is widely addressed

[14].

2.3.2 Transformers

The use of HTS in power transformers offers the same advantages like their appli¬

cation in power cables.The load losses are decreased provided the AC losses can

be reduced drastically. Again, reduced dimensions for the same power rating are

an attractive advantage.

2.3.3 Superconducting Magnetic Energy Storage (SMES)

In a SMESsystem, energy is stored within a superconducting magnet capable of

releasing megawatts of power within a fraction of a cycle to replace a sudden loss

in line power. Whena voltage disturbance is sensed, a controller directs real and

reactive power from an inverter to the load, while automatically
openingthemag¬netsswitchwithintwomilliseconds.Whenthevoltageacrossthesystemscapac¬itorbankreachesapre-setlevel,theswitchclosesagain.Thissequencerepeatsuntilnormalvoltagefromtheutilitvfeederisrestored.Thissystematictransferofenergyfromthemagnettotheloadminimizestheloadinterruptionforoptimumoperationsafety.
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The first systems introduced to the market still rely on conventional LTS magnets.

However, the strongly reduced cryogenic losses due to the use of HTS current

leads from 77 K to 4.2 K made these systems commercially feasible [15].

2.3.4 Fault Current Limiters

When a short-circuit in a power grid occurs, the current flowing is termed fault

current. Fault currents may become more than a magnitude larger than the normal

current since modern power networks are fed by relatively constant voltage

sources of low impedance. The consequences for the power network are thermal

damage due to an intense Joule effect and mechanical damage due to intense elec¬

tromagnetic forces (Lorentz force). In case the capacity of circuit-breaking equip¬

ment in the network is exceeded, catastrophic sequences may result.

Fault currents are commonly handled through the use of circuit breakers. These

are mechanical switches that interrupt the current flow within few lens of millisec¬

onds after the fault is detected. Thermal damage can usually be avoided by those

breakers. During the initial cycles the steep rise of current flow causes immense

magnetic forces between conductors, which can become so large that damage to

substation equipment, like lines and transformers, may occur. These systems are

oversized to prevent such damage while the circuit breaker is still closed. Great

costs arise from theoversizingitselfandfromtheneedforreplacementorrecon¬figurationwhenthepotentialfaultcurrentlevelincreaseswithinthenetwork.Faultcurrentlevelsareincreasedbyinterconnectingnetworks,whichareusedtoincreasethestabilityoftheproduction-consumptionbalance.Thelimitationoffaultcurrentsthereforeallowstoincreasenetworkinterconnectivityandguaran¬teesvoltagestabilitywithouttheseveredrawbackofincreasingfaultcurrents.Asuperconductorshowsarapidincreaseofitsresistivityatthetransitiontothenormalstate-thetransitionoccursinstantaneouslyandwouldlimitthecurrentto~2xthenominalcurrentuntilthecircuitbreakeropens.Aslongasthesupercon¬ductingfaultcurrentlimiter(SCFCL)isinitssuperconductivestate,itdrawsneg¬ligiblepower.Initsnormalstate,theresistivityofthedeviceishighandlimitsthefaultcurrent.Thustwoquantities,thecurrentdensityinthesuperconductingstate./(A/m2)andtheresistivityinthenormalstatep^(Qm),determinethecommu¬tationpower,thepowerdensitybeinggeneratedduringthequenchtransition,P(W/m3):



27 Introduction

Equation 2-2.

The electric field which may be generated during quenching may be estimated by

the parameter E (Wim):

E = PoiïxJ H)
Equation 2-3.

One of the conductor requirements is thus a high normal state resistance, therefore

the conductor itself should be made of self-standing superconducting material or

made of films on high-resistance substrates. The following section gives a short

summary of the main SCFCL-concepts and material specifications.

2.4 Superconducting Fault Current Limiters (SCFCL)

2.4.1 Concepts

Basically two different approaches exist for limiting fault currents using super¬

conducting elements: "shielded core-type*', also called "inductive-type'*, and

resistive-type fault current limiters. The shielded core fault current limiter is made

from a normal conducting coil (primary coil) which is in series with the line to be

protected. The secondary coil is a shorted turn made from superconducting mate¬

rial. This superconducting cylinder shields an iron core completely during normal

operation and the inductance of the primary coil is therefore low. A fault current

causes a magnetic field that penetrates the thickness of the superconductor com¬

pletely. The iron core is no longer shielded, the inductance of the device raises

instantaneously and limits the current in the primary circuit. Figure 2-3 shows a

schematic drawing and an equivalent circuit for this type of SCFCL. Design alter¬

natives are the saturated iron-core SCFCL. where a direct current saturates the

iron core thus the ac-line sees only a low impedance
undernormalloadbutahighoneunderfaultconditions,andtheinductiveair-coreSCFCL,whereundernormaloperatingconditionsthesuperconductorbearstheloadbutunderfaultconditionsalimitingcoil(conventionalorsuperconducting)bearsthelimited

load.
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Shield

'Line

Figure 2-3. Schematic drawing of a mductnc shielding SCFCL(left) and equivalent circuit

(right).

In a resistive type SCFCL, a superconductor is in series with the line to be pro¬

tected. Figure 2-4 shows the device schematically. This setup requires current

leads to feed the current from an ambient temperature power line to the supercon¬

ducting element, usually immersed in a cryogenic liquid. Heat transfer from out¬

side to the coolant is one of the major sources for losses of a cryogenic device like

this. The cross-section of the superconductor is designed to keep the normal oper¬

ating current below the critical current density. The resistivity is almost zero.

hence the SCFCL's impedance is negligible. In case of a fault, both, the current

and the magnetic field force the superconductor into its transition state. This

occurs very quickly and limits the fault current effectively before a circuit breaker

interrupts the current.

Current Leads

Figure 2-4. Schematic drawing of a resistive type SCFCL(left) and equivalent circuit

(right).
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The current research interests on fault current limiters can best be seen from the

number of presentations submitted to conferences on applied superconductivity,

e.g. the ASC held in Palm Dessert, California, from September 13 - 18, 1998

( 16 - 21 ], and the EUCASheld in Sitges, Spain, from September 14 - 17, 1999 |4,

22 - 41]. Figure 2-5 shows the number of contributions by limiter type and their

main concern. The majority of presentations focused on resistive type SCFCLand

issues concerning superconducting materials for use in SCFCLs.

14

12

10

1 £3 ASC 98

; 1 EUCAS99

. 14

12

10

ASC 98

EUCAS99

2

0

Resistive Inductive other Materials Prototype Lab Model other

Figure 2-5. Contributions on superconducting fault current limiters presented at the Applied

Superconductivity Conference (ASC) held in Palm Dessert, California, from September
13 - 18, 1998, and the European Conference on Applied Superconductivity (EUCAS) held

in Sitges, Spain, from September 14 - 17. 1999. Left: number of presentations by type of

FCL, right: number of presentations by topic.

2.4.2 Material Specifications

Design considerations for superconductors in power applications can be divided

into specifications of the material and design requirements [42 j. Eight areas of

material specifications and three potential design requirements were defined. In

the following, we consider material specifications and explain briefly the impor¬

tance of the development of superconducting materials.

Overall Critical Current
andCriticalCurrentDensityThecurrentlimitingpropertiesarelargelydeterminedbythedifferencebetweenconductivityinthenormalstateandinthesuperconductingstate,aswasalreadydiscussedabove.Thecurrentdensitycontributestothecommutationpowerwiththesecondpower,ascomparedtothelinearinfluenceofthenormalstateresistiv¬ity.Ahighcriticalcurrentdensityandtheabilitytoprocessconductorswith

high
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absolute current carrying capabilities are therefore a key issue. Highest critical

current densities were reported in YBCOthin films, deposited on biaxially tex¬

tured buffer layers [4J. At 77 K in self field, 0.4 Jim thick films carry 2xl()6 A/cm2

or 80 A for a I cm wide conductor. Paul et al. [43] developed a 1.2 MVAproto¬

type SCFCLbased on bulk Bi-2212 w ith a critical current density of 1500 A/cm"

(77 K, self field). The rings used for shielding the iron core were 1.8 mmthick,

thus carrying 270 A in a 1 cm wide section.

Uniformity of Jc

Pronounced differences of HTS as compared to LTS are their poor thermal con¬

ductivity and their higher specific heat. Jn metallic LTS, heat caused by the local

occurrence of electrical resistance (i.e. quenching) is distributed fast and causes

the normal conducting areas to spread at very high speed. In other words: if a part

of the conductor sees a higher voltage drop than the rest, which is still in zero resis¬

tance state, this part heats up and spreads depending on the thermal conductivity

of the superconductor and the supporting structure. Such spots where supercon¬

ductivity diminishes first are called hot spots. These hot spots do not spread rea¬

sonably fast in HTS materials, pronounced heating and possible burn through of

the superconductor may result. Very homogeneous conductors, where variations

in local Jc are less than 5%, are required
topreventhotspots.InYBCOthinfilms,theuseofsinglecrystallineorbiaxiallytexturedsubstratesallowsthepreparationofepitaxiallygrownfilmstomeetthiscriteria.ForpolycrystallineBi-2212super¬conductors,suchdataarenotavailable.MechanicalIssues,Strain,DifferentialContractionItiswellestablishedthatalready0.2592-straincauseaseveredegradationoftrans¬portcurrentsinBi-2223tapesandwires[11].Carefulengineeringisthereforenecessarytopreventdegradationofthesuperconductorbymechanicalissues.NormalStateProperties,Resistivity,ThermalConductivityInafaultsituationtheresistivityinthenormalstatedeterminesthecurrentflow.i.e.thelimitedcurrentandconsequentlytheenergystoreduntilacircuitbreakeropensandcutsoffthecurrentafewcycleslater.Thatenergyisdissipatedasheatandmaycausesevereheatingofthesuperconductordependingonthermalcon¬ductanceofthematerialandthelimitingelement'sdesign.Duetothe

immense
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difference in cross-section between a YBCOthin film and a Bi-based bulk sample

carrying the same nominal current, their normal state resistances differ greatly. As

a result, much longer length of bulk superconductor is required to develop the

same resistance and thus cause the same voltage drop over the limiting element as

with YBCOthin films.

Resistive Transition, Exponent n

As discussed above, the voltage drop over a superconductor slab as a function of

applied current obeys a power-law. The exponent n in Equation 2-1 determines

how sharp the transition from superconducting to resistive state occurs. Small

values result in "slow" switching, large values may cause immense Lorentz-forces

between conductors. Thin films of YBCOexhibit large n-values (10-15), whereas

Bi-based bulk superconductors have only moderate n-values (5-10).

Joints, Contacts

A major drawback of resistive type fault current limiters is the necessity of con¬

tacting the superconductor at 77 K to the normal conducting power grid operating

at ambient temperatures. Low resistance contacts and joints are essential to limit

cryogenic losses and prevent quenching at contacts and joints. Thin films are con¬

ventionally covered with a thin gold layer, deposited by PVDmethods. This layer

does not only carry a part of the current after quenching but provides low resis¬

tance contacts, too. Bulk material of Bi-2212 is often processed in silver molds

[45] or silver contacts are assembled directly when casting the material [46].
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2.5 Materials Selection for a Resistive Type SCFCL

Summarizing the main points, prospective materials for the use in SCFCLshould

have:

• mechanical integrity

• high critical current densities

• high absolute transport currents, i.e. a high current carrying capacity

• a very homogeneous distribution of Jc

• a homogeneous transition to the normal state

• a high normal state resistance

• a low contact resistance at current connectors

Especially the high current carrying capacity, the mechanicaly integrity and the

high normal state resistance were the bases for the materials selection of the

research described in this work. The current carrying capacity, as expressed by the

critical current density x width of the conductor, of polycrystalline thick films and

bulk material rises with thickness, despite the constant decrease of critical current

density with increasing thickness [47). A transport current of 1 kA requires a

12.5 cm wide YBCOthin film (400 mn) [4], a 10 cm wide polycrystalline

Bi-2212 thick film (200 |im) |_2], or a Bi-2212 rod of 10.3 mmdiameter [41].

Mechanical integrity of films is realized by the use of a suitable substrate. Bulk

parts of Bi-based superconductors do not exhibit sufficient mechanical strength,

thus a support must be attached to avoid strain and damaging.

Up
tonow,silveristheonlymaterialknowntobecompatiblewithBi-basedsuperconductorsduringthermalprocessing.However,therequiredhighnormalstateresistancemakestheuseofmetalsasmatrixorsubstratematerialsimpracti¬cable.Therefore,replacingsilverwithanaffordableceramicmaterialsuitableforthermalprocessingandexhibitinghighresistancewouldbeofgreatadvantage.Figure2-6illustratesthedesignconveyedabove.Thefollowingchapterswillpresentthematerialsselectionfortheceramicsubstrate,theprocessingofsub¬stratesandsuperconductingthickfilmsandthepropertiesoftheprocessedsuper¬conductingthickfilmsoninsulatinsceramic

substrates.
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A- -

section A-A

Ag-Contact

Bi-2212 Thick Film

Ceramic Substrate

Ag-Foil, e.g. 100 um

Bi-2212, e.g. 200 um

Substrate, e.g. 2 mm

Figure 2-6. Design for a switching element from Bi-2212 thick films on ceramic
substrate.
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Aim of this Work

The compound Bi^SriCaCinC^ (Bi-2212) with a critical temperature of 96 K is

one of the promising high-temperature superconductors for industrial applica¬

tions. Those applications are in the fields of high current transport, generation of

high magnetic fields, current leads for low temperature superconducting devices

and last but not least fault current limiters.

High absolute transport currents at 77 K can be passed through thick films and

bulk material of Bi-2212. Critical current densities are in excess of 103 A/cm2 at

77 K, 0 T and 1CP A/cm- at 4.2 K, 0 T [ 1J. A high current carrying capability is

one of the requirements for a resistive type fault current limiter, another is a high

normal resistance of the limiting element. Hence there is demand for thick films

with good superconducting properties that are deposited on an insulating substrate

that does not contribute to the conductivity after quenching, i.e. the transition of

the superconductor to the normal state.

The aim of this work was to study Bi-2212 thick films processed on insulating

ceramic substrates. Major questions were:

• Which physical and chemical properties do affect the compatibility of a sub¬

strate material with melt-processing of Bi-2212?

• Which properties characterize a suitable substrate?

• Is processing of suitable substrates by conventional ceramic forming tech¬

niques possible?

• Can large area substrates (e.g. >100xl00 mnr) be processed?

• What are the process parameters for high-quality superconducting films on

ceramic substrates?

• What is the current density in those melt-processed films at 77 K?

3
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4 Ceramic Substrates for

Bi2Sr2CaCu20x
Melt-Processing

During the partial melt-processing of BiiSt^CaCibO^ (Bi-2212)

thick films, a liquid phase is formed which might react with the

substrate. Generally, reactions between melt and substrate cause

degradation of the superconducting properties, form large

amounts of secondary phases and destro\ the integrity of the

superconductor thick film. MgOsubstrates are inert during par¬

tial melt-processing, and high-quality superconducting Bi-2212

thick films can be processed from the partially molten state.

Thick films processed on MgOsubstrates show a high Tc onsct
of

96 K and high critical current densities. It is essential, that the

MgOis single phase to prevent reactions between film and sub¬

strate.
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4.1 Introduction

BiiSi'oCaCibO^ (Bi-2212) can be processed in macroscopic parts carrying high

absolute currents at 77 K [1 -5). Therefore this material has a great potential for

technical applications in power engineering. Advantages of the Bi-2212 com¬

pound are the ease of preparation in form of polycrystalline thick films and bulk

material, its chemical stability and the absence of highly toxic and volatile com¬

ponents. The main drawback of Bi-2212 is its weak pinning at 77 K and thus poor

performance in the presence of magnetic fields, as compared to compounds with

more three-dimensional structures like YBa2Cu30x (YBCO) or Bi2Si2Ca2Cii30x

(Bi-2223) 16, 7]. The sharp transition from zero resistance (superconducting state)

to finite resistance (normal state) when exceeding the critical current density

makes these materials ideal for the use in superconducting fault current limiters

(SCFCL) 18]. Components for this application should bear high transport currents

in the superconducting state and posses high resistance in the normal state to

effectively limit the fault current. Therefore, the superconductor cannot be sup¬

ported by a low resistance metallic substrate like silver, which is commonly used

for the processing of Bi-based high-temperature superconductors. Processing of

high quality
Bi-2212componentsiscarriedoutbythepartialmeltprocess.WhenheatingBi-2212aboveTsolldus,thesuperconductingphasedecomposesincongru-ently,formingseveralnon-superconductingphasesandaliquid.Theliquidleadstodensificationofthestructureandreactswiththesolidphasesuponcoolingtore-formthedesiredBi-2212phase[9].Phaseformationiscompletedbylongtimeannealingat850°Cbeforecontrolledcoolingofthesampletoroomtemperature.TherequiredsubstratepropertiesaredeterminedbythephysicalandchemicalpropertiesofthesolidBi-2212phaseandtheliquid.Itisobviousthatthemeltingtemperatureofthesubstratehastobesufficientlyhigherthanthatofthesupercon¬ductor.Thermalexpansionofthesubstrateshouldcloselymatchthesuperconduc¬torsthermalexpansion,sincealready0.25%ofstraincausedegradationofthecriticalcurrentdensity[10].Openporositycausesthecuprate-liquidtopenetrateintothesubstrate.ThisaltersthebulkcompositionofthethickfilmandhindersformationoftheBi-2212phaseuponcooling.Thesubstrateshouldthereforebe

dense.
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High quality, weak-link free Bi-2212 conductors have been processed on silver

substrates by the partial melt process. Critical current densities in thick films of

3xl04 A/cm2 (77 K, 0 T) have been reported [11, 12]. Only few reports have been

published on Bi-2212 thick films processed on other substrate materials. Metallic

substrates, Ni [13, 14] and Ni-based alloys [14], Si L15] as well as Au J23] have

been used and were found to be unsuitable. Several ceramic materials were sug¬

gested, A1203 [15, 16, 17], Zr02 115, 18] and MgO[L9 - 28]. Films processed on

single crystalline MgOwere the only ones showing critical current densities com¬

parable to Bi-2212 thick films on silver substrates [27]. Polycrystallme MgOwas

found to soak up the melt during processing [24, 28] due to residual open porosity.

Details can be found in Table 4- L.

Substrate

material Tc (K) Jc (A/em2) Comment Source

MgO(pc)a 85 2000 (64 K)

6000 (4.2 K)

similar results on

AlgO (sc)b, no super¬

conductivity on alu¬

mina

1191

MgO(100)c 96 150(77 K) process temperature
880°C

[20]

MgO(100)
uptoJ05startingcomposition:Bi,Pb-2223421]Au,MgOwellalignedfilms<25urnL23]MgO(pc)85500(77K)5000(4.2K)meltprocessed[24]MgO(100)941300(77K)processtemperature885°C[26]MgO(100)928000(11urn.77K)3400(25uni,77K)withandwithoutAg[27JMgO(pc)investigationofmelt¬ingandsolidificationofBi-22l2onAgandMgO[25]Ni66-77400.000(4.2K)'<reactionlayerthick-1ness5urn[1311JTable4-1.Bi-2212thickfilmsonnon-sihersubstrates.
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Substrate

material Tc (K) Jc (A/cm2) Comment Source

A1203 (pc) microstructural inves¬

tigation,
reaction product:

Al3Sr2CaBi2CuOx

116]

MgO(100),

MgO(pc),

MgObuffer-

layer on sap¬

phire

3500 (on sc, 20 um.

77 K)

1400 (on pc, 65 K)

low density polycrys-
talline MgO(92 %

TD)

[281

MgO(100) 81 (R=0) 1000(77 K) fluorinated Bi-2212 |221

MgO(100)

Ni

Hastclloy

80 (MgO)
70 (Ni)

starting composition:
Bi:Sr:Ca:Cu =

1:1:1:2

114]

AhOc,

MgO( 100)

MgO(pc)
YSZ

none

79

none

59

starting composition:
Bi:Sr:Ca:Cu =

1:1:1:2

133]

MgO(100)

AkO,
Si"

ZrOi

80 - 83

(MgO)

13.000 (30 K,

10,Li\7cm))

slowly cooled to RT

in air

[15]

MgO(pc)

Zr02

86 single crystals grown

in MgOcrucible. Dif¬

fusion of Cu into

MgO(10 umwithin 4

days at T >900°C),

vigorous reaction

between melt and

Zr02

[18]

A120, 81 0.6 (77 K) process temperature
886CC

[17]

Table 4-1. Bi-2212 thick filmsonnon-sihersubstrates.a.MgO(pc)poKmstailmeMgOb.MgO(sc):singleciwalhneMgOc.MgO(100)MgOsingleciwalscutalong(100)Insummary,severaloxidesseemtobefeasiblesubstratesforBi-2212partialmelt-processing,howeverexceptforMgOsinglecrystals,allpreviousstudiesresultedinratherlowcriticaltemperaturesfortheBi-2212superconductor.
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The aim of this study was to evaluate polycrystalline ceramic oxides with respect

to their potential as substrates for Bi-2212 thick films prepared by partial

melt-processing. Weused ceramic plates with entirely closed porosity to evaluate

the compatibility of the substrate materials during Bi-2212 melt-processing.

Weselected MgOand AKO3 because lltey have been used by others previously

[16, 19, 24]. BaZrO} has been suggested as substrate and inert crucible material

for YBa2Cii30x (Y-123) superconductors [30]. It was reported to be more stable

in contact with melts of Y-123 and Sm-123 than A1203. Ce02 has been included

in this study because its thermal expansion coefficient perfectly matches the ther¬

mal expansion of Bi-2212. Two types of doped MgOwere included in this study

as alternative materials and compared to undoped, phase pure MgO. One was

Mg082Cu0 180, a highly Cu-doped MgO. that can be sintered to theoretical den¬

sity in the presence of a transient liquid at temperatures as low as 1100 °C in ambi¬

ent atmosphere [31 ]. The other was V-doped MgO. Small amounts (<l cat%) of

vanadium lead to the formation of a liquid during sintering of MgOat tempera¬

tures as low as 1200°C.

4.2 Experimental

4.2.1 Substrate Materials

AI203

AI9O31 ceramic plateswithclosedporositywereusedinthisstudy.TheA120^platesareofhighpurity(99.890,therelativedensitieswas97.5%.BaZr03BaZr03"ceramicplateswithclosedporositywereusedinthisstudy.Therelativedensitywas96CA.1.Al998-05X,Mctoxit.CH-Tha>ngen2.BZF,Metoxit.CH-Thayngcn
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Ce02

Ce02 ceramics were prepared from a commercial powder as follows: CeCV was

added to a binder solution (polyvinyl butyral), 3 wt%, dissolved in a fair amount

of cthanol) and the slurry was dried. The powder obtained was pressed into pellets

(uniaxial, P= !60MPa, diameter 20 mm. thickness -5 mm) and sintered at

1600 °C for 50 hours.

Mgo.82Cu0,18°
Copper drastically decreases the sintering temperature of MgOdue to the forma¬

tion of a liquid phase. The samples were prepared as follows: MgO4powder was

mixed with the appropriate amount of copper oxalate in dry isopropanol with a

high-speed shear mixer. After drying and sieving the powder was calcined at

600 °C for 10 h to convert the copper oxalate into CuO. Samples were prepared

by tape-casting, lamination and sintering at 1050 °C for 10 h [32).

V-doped MgO

MgO, V-doped: Substrates used for this study were prepared from green tapes sin¬

tered at 1250 °C. Details are reported in Chapter 6.

MgO

MgOceramics were prepared from a commercial powder. Substrates were pro¬

cessed as follows: MgO5was added to a binder solution (poly(vinyl butyral),

5 wt%, dissolved in a fair amount of ethanol) and the slurry was dried. The powder

obtained was pressed
intopellets(uniaxial,P=160MPa,diameter20mm,thick¬ness2-5mm)andsinteredat1600°Cfor50hours.4.2.2Bi-2212partialmelt-processingTwokindofsampleswereprepared:prisms(10x10x5mm3)cutfromthesub¬strateswereplacedinMgOcruciblesfilledwithBi-2212powderandheattreated.Figure4-1showsthecross-sectionofsuchasample.Inasecondsetofexperi¬ments,substrateplateswereusedforprocessingBi-2212thickfilms.Thickfilmswerepreparedbytape-castinganorganicslurryofBi-2212,containing4wt%3.99%pure,Cerac,USA-Milwaukee4.N°1425,typ.99.3%-pure,MagnesiteB.Y..NL-Schiedam5.N°1425,typ.99.3%pure,MagnesiteB.V.,

NL-Schiedam
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Figure 4-1. Sample-setup for examination of substrate - Bi-2212 reaction: schematic

drawing (left), processed sample (right).

Ag20, onto polyester foil. Details were reported elsewhere |29]. The tapes were

positioned on the ceramic substrates and partial melt-processed. The final thick¬

ness of a dense film was 150 ,um. The partial melt-processing of all samples was

performed at an oxygen partial pressure pOi of 1 ami at a temperature of 900 °C.

The heat treatment schedule is shown in Figure 4-2.

1000

o
800 -

o

£ 600 -

=5

ro

£400 -

e

I- 200 -

0
'

0

Figure 4-2. Heat treatment for partial melt-processing of samples.

4.2.3 Characterization

The inicrostructure of substrates as well as of thick films were investigated by

SEM and EDX'. Cross-sections of processed samples were prepared by embed-

6. JSM6400, Jcol Ltd.. Tokyo, Japan

7. Zmax30. NORANInstruments Inc.. MiddJetown (WI). U.S.A.

40 60

Time h

120
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ding specimens in acrylic resin and grinding with bonded SiC media
.

Mineral oil

was used as lubricant. Phase compositions were determined by X-ray diffraction

analysis (XRD)9. Substrates were characterized in respect of their density , phase

composition and microstructurc. Electrical resistance was measured between

30 K and 300 K by a conventional 4-probe setup11. Cooling was performed by a

cryocooler .

4.3 Results and Discussion

4.3.1 Characterization of substrates

Al2()3
The X-ray diffraction showed only the a-AFC^ phase, no indications for second

phases were found. High density (97.5% TD) and hence small pore volume makes

this material a suitable candidate for the evaluation of the compatibility of alumina

during Bi-2212 melt-processing.

BaZr03
SEM/ EDXanalysis indicated two phases to be present. The composition of the

main phase was determined by EDXas Ba0 9ZrOy (light grey grains in the lower

part of Figure 4-9 on page 56). The composition forthesecondphasewasBa()3ZrOy(darkgreygrainsinFigure4-9onpage56).ThebulkcompositionwasdeterminedbyEDXasBaZr2OvFromthesemeasurements,thephasecontentofBaZr03wasestimatedto56%,thatoftheBa-poorphaseto44%.TheXRDpat¬tern,Figure4-3,confirmedthepresenceofBaZrO^andcubicZr02presumedlyofthecompositionBa03ZrC\.Anumberofminorpeaksarefoundinadditiontotheidentifiedones,indicatingatleastonefurtherphasethatcouldnotbeidenti¬fied.8.SiCpaper(#180,320,500,1000.2400,4000).Stiuers,DK-Rodovrc9.D-5000.SiemensAG.D-Karslruhe10.Archimedes-method11.580Micro-Ohmmeter,KeithlevCle\eland(Ohio).U.S.A.12.CryodyneRefrigeratingS\stem(Controller8001.Compressor8300.ColdHeadN°22),HelixTechnol.Corp.,Waltham(Massachusetts).U.S.A.
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Figure 4-3. XRDpattern of BaZ.r03 substrate. (•) marks the BaZrO^ phase (ICDD
06-0399). (T) the cubic ZrO, phase (ICDD 37-0031).

Ce02
The ceria substrates prepared for this study are single phase. High density

(99% TD) ensures closed porosity and therefore these substrates are suitable to

evaluate compatibility to Bi-2212 during partial melt-processing.

Mgo.82Cu<U80
XRD, Figure 4-4, as well as SEM/ EDXclearly indicated the presence of two dis¬

tinct phases, periclase (MgO) as main constituent and gtiggenite (MgCihO^) in

minor amounts. Figure 4-5 shows that the copper-rich phase can be found in all

grain boundaries, thus forming a percolating network throughout the sample. The

compatibility of this type of substrate with the Bi-2212 melt is therefore deter¬

mined by both, the copper-doped periclase phase as well as the gtiggenite phase.

V-doped MgO

Liquid phase sintered MgOsubstrates show small amounts of a secondary phase

in the XRDpattern, Figure 4-6. The density of these samples was 97% TD, all had

closed porosity .
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Figure 4-4. XRDpattern of Ma0 8->Cu0 l80 substrate. (•) marks the MgOphase (ICDD

04-0829), (T) the MgCn203 phase (ICDD 21-0291).

Figure 4-5. SEI of Mg0 82Cuq 180 showing periclase grains (MgO solid solution) and

giiggenite (MgCuoOOgrain boundary phase.

MgO

Magnesia substrates were single phase (XRD as well as SEM). A density of

>97% TD ensures closed porosity. Therefore these substrates were suitable for

further evaluation. Figure 4-7 shows a SEI of a polished cross-section.
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Figure 4-6. XRDpattern ol V-doped M2Osubstiate (•) matks the MgOphase (ICDD
04-0829), (T) the Mg3(V04)2 phase (ICDD V7-OT51)

Figure 4-7. SFl ol a polished MgOsample
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4.3.2 Microstructural investigation / EDX-analysis of Bi-2212 thick

films

A1203
After partial melt-processing the thick films consisted primarily of 2212 and 2201

phase and minor amounts of (Sr,Ca)CuOv Al-rich phases could not be detected

by XRD. Figure 4-8 shows micrographs obtained from SEM/ EDXanalyses. The

presence of Al in the thick film is clearly detected however and can be seen in the

XRl of the characteristic Al-K radiation in Figure 4-8. A Bi-free phase and

(Sr.Ca)CuOx were identified with EDX-analyses as well. Furthermore, an Al rich

phase with the approximate composition of Al^Si^CaBioCuOx ,
which was first

found and described by Alarco [ 16] as a reaction product between Bi-2212 and

AI0O3. has been identified by EDX-analyses. This formation of secondary phases

changes the composition of the film. Upon cooling from the molten state the for¬

mation of the superconducting Bi-2212 phase is strongly hindered. Aluminum

oxide is therefore not a suitable substrate material for the processing of high-qual¬

ity Bi-2212 thick films by partial melting.

BaZr03
After partial melt-processing the thick films on barium-zirconate substrates con¬

sisted primarily of 2212 and 2201 phase as
determinedbyX-raydiffraction.Minoramountsof(Sr,Ca)CuOxaredetectedaswell.Ba-orZr-richphasescouldnotbefoundbyXRD.Figure4-9showsimagesobtainedfromSEM/EDXanal¬yses.TheSEIshowsaporousmicrostructure,theBi-LXRlshowsaninhomoge-neousdistributionofBi,indicatingthepresenceoflargeamountsofsecondary,Bi-poorphases.TheEDXanalysesdidnotrevealthepresenceofBaand/orZrintheBi-2212film,theinterfacebetweenthickfilmandBaZrO^-substrateappearstobesharpintheBa-LandZr-LXRIs.Ce02ThickfilmsofBi-2212melt-processedonceriasubstratesspallofffromtheirsub¬strateuponcooling.Figure4-10showsacharacteristicinterfacebetweenathickfilmandtheceriasubstrate.OntheBi-2212filmthefirstlayersofCeOograinsarestillwellconnected.ThesubstratecracksparalleltotheinterfaceinsidetheCeOomaterial.
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Figure 4-8. Microstructure of a Bi-2212 thick film processed on AI2O3: SEI (upper left) and

XRI of characteristic Al-K, Bi-M, Sr-K, Ca-K and Cu-K radiation. Area of XRIs marked

square in SEI.

Figure 4-11 shows an XRDanalyses which was taken from a spalled off, and sub¬

sequently milled, thick film, i.e. from a sample containing the first layers of

cerium oxide grains as well. Beside the 2212 and 2201 phase, cerium(IV)oxide

and cerium(II)oxide can be identified. Wetherefore suspect, that the reason for

this weak interface is a partial reduction of Ce to Ce+~ and further to Ce+~ in

contact with the Bi-2212 melt at 900 °C. This reaction might proceed preferably
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Figure 4-9. SEI and XRT ot Bi 2212 thick tum on BaZiO, subsüale SEI uppei left Bi M

XRI uppei light Ba-L XRI lowei Ich and Zt L XRI lowei light

Figure 4-10. SEI of the Ce02 / Bi 2212 mtei face

along the giain boundaiies ot the cena substtate and theieioie causes destiuction

of the polyciystalhne substiate

JMgO.82CUo.igO
During paitial melt-piocessmg the Bi-2212 melt leacts with the guggemte, altei-

ing the composition ot the thick film X-iay mappings, Figme 4-12, iJlustiatc that

this îeaction is not limited to a thin layei close to the interlace but pioceeds dining
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Figure 4-11. XRDpattern ofpaitial melt-processed Bi-2212 on CeO^ substrate. (•) maiks

the Ce02 phase (ICDD 34-0394). (O) the Bi-2212 phase (own leference) and (V) the

Bi-220L phase (own refeienee). The position and ielative intensities of the CeOphase
(ICDD 33-0334) are maiked by open rectangles.

a conventional partial melt-process throughout the whole cross-section of the

2 mmthick substrate. Thus large amounts of secondary phases are formed instead

of the superconducting Bi-2212 phase.

V-doped MgO
The interface between Bi-2212 thick film and substrate is shown in Figure 4-13.

Few secondary phases can be seen from the SEI within the Bi-2212 thick film, the

interface is sharp and only slight diffusion of cations from the superconductor

alone the MgOgrain boundaries is found (arrows in Figure 4-13 ).

MgO

Figure 4-14 shows the interface of the MgOsubstrate and the Bi-2212 film after

processing. Bi-free andCu-freesecondaryphasescanbeidentified.Langetal.|9]havestudiedthephaseassemblageandmorphologyofBi-2212thickfilmsonAgsubstratesuponheatingtoaswellascoolingfromthemoltenstate.Infilmscooledslowlyto850°Candsubsequentlyquenched,theyfoundapproximately5vol%ofBi-freeandCu-freephase.\\hichcorrelateswellwiththemicrostructureshowninFigure4-14.80600)N£oc>;40-4—»tocCD20-20304050
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Figure 4-12. XRf and mapping ot Bi-2212 / Mg0 vCu() 1S0 conductoi aftei partial
melt pioccssing (uppei lett XRI, uppei light Mg-K mapping, lowei left Cu-K mappuK
lowei tight Bi-M mapping)

Figure 4-13. SEI ot a 2212/V-doped MgOconductoi aftei pattial melt-pioccssmg Anows

point along giam boundanes in MaO
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Figure 4-14. XRI and mapping ot Bi 2212 / MgOconductoi attei paitial melt-pioccssing
(uppei lett XRI, uppei ught Mg K mapping low et lett Cu K mapping, lowet ttghi Bi"m

mapping

4.3.3 Electric Properties
Thick iilms piocessed on A120^ substiates did not show supeiconductivity down

to 30 K, Figuie 4-15 This finding is in good agreement with both, the mici osti uc-

tmal analysis and the data tepoited in literatme [34] The absence of any sudden

dtop in lesistance suggests that the Bi-2212 toimed upon cooling is deteiioiated

by the aluminum and theieioie not supeiconducting

Ciitical lempeiatures of Bi-2212 thick films on Ce02 have not been nieasuied

since these films spall off in small pieces

Thick films of Bi-2212 piocessed on Mg082Cu0 lsO did not show a ttansition

down to 30 K This can be explained b> the icaction of the melt with the giam

boundaiy phase which alteis the film composition and hindeis foimation of the

supei conducting Bi-2212 phase



Ceiamic Subsüates 60

o

<= 0.6

0)
ü

c

co

m

CD

Oi

0.2

Bi-2212 on MgO

Bi-2212 on Mg082Cu01sO
Bi-2212 on BaZrO,

Bi-2212 on Al203

50 100 150 200

Temperature K

250 300

Figure 4-15. Resistance versus temperature for Bi-2212 thick films processed on different

ceramic substrates.

Bi-2212 superconducting films on BaZrO^ substrates become normal conducting

above a critical temperature of 40 K (R = 0). The transition is very broad and onset

of superconductivity is -78 K (Tc<onset). Barium zirconate and/or the ZrOo second

phase dissolve slowly in the melt of Bi-2212 at 900 °C. Minor amounts of Ba and

Zr present in the thick film lead to a strong reduction of the critical temperature.

Levoska et al. [33 ] found a similar behavior for Bi-2212 thick films processed on

yttria-stabilized zirconia substrates.

Partial melt-processing of Bi-2212 on V-doped MgOsubstrates results in super¬

conducting thick films with a Tc of 94 K. The critical temperature of Bi-2212 thick

films processed on undoped MgOsubstrates is 96 K (Tc onset). This temperature

is close to the best values reported forBi-2212[20].4.4SummaryandConclusionWehaveinvestigatedthecompatibilityofdifferentceramicoxideswithBi-2212duringpartialmelt-processing.Thesamplesincludedinthisstudyweredensesin¬teredpolycrystallinediscsofA1203.BaZr03,Ce02,Mg082Cu0j80,V-dopedMgOandundopedMgO.Noneofthemsoakeduptheliquidphaseduringprocess-
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ing. Tapes of Bi-2212 were processed on these discs according to the standard pro¬

cess scheme for high-quality thick films on silver substrates. Partial melting leads

to a reaction of the melt with alumina, (Sr,Ca)CuOx, Al3Sr2CaBi2CuOx arc

formed and the microstructure strongly deteriorated. Bi-2212 thick films pro¬

cessed on ALO3 substrates are not superconducting. Corrosion of BaZrO^ by the

Bi-2212 melt proceeds slowly. Low levels of Ba and Zr in the Bi-2212 thick film

after melt-processing reduce Tc<onset by -20 K. Ceria substrate reaction with

Bi-2212 causes the processed films to spall off. Mg0.32^0.18^ substrates evalu¬

ated consist of two phases, periclase and giiggenite. The latter forms a percolating

network along the MgOss grain boundaries and reacts with the Bi-2212 melt.

Superconducting thick films cannot be processed on such a substrate. V-doped

MgOsubstrates contain small amounts of secondary phases, which does not cause

suppression of Tc.

Partial melt-processing of Bi-2212 on MgOsubstrates results in dense films with

a high critical temperature, Tconset = 96 K. similar to that of melt-processed films

on silver-substrates. Among the ceramic oxides evaluated, MgOis the only suit¬

able substrate material for partial melt-processing of high quality Bi-2212 thick

films.
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5 Processing of Dense MgO
Substrates

Sintering of magnesium oxide ceramics to high density requires

high temperatures or addithes that promote sintering at tempera¬

tures of 1500 - 1800 PC. The use of a fine grain size MgOstarting

powder with an impurity Ie\el <\lc allows preparation of

green-bodies by slip casting that can be sintered to closed poros¬

ity at 1600 °C. X-ra\ diffraction and scanning electron micros-

cop} combined with energ\-dispersive x-ray spectroscopy

showed that the sintered bodies are single phase. The process

described here has been used to sinter plates of up to

200 x 200 mm2and %%of the theoretical density with closed

porosity. The MgOsubstrates are suitable for partial melt-pro¬

cessing of high quality Bi-2212 thick films.
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5.1 Introduction

Magnesium oxide has been found to be a suitable substrate material for the pro¬

cessing of high-quality Bi-2212 thick films as it is the least reactive oxide in con¬

tact with the melt of Bi-based superconductors. Furthermore, thermal expansion

coefficients of MgO(oc100_600 =c
= 13.4 x KT6 IC1) and Bi-2212 (cx100_600 oC

^ 14

x 1 CT6 KT1) match very well, minimizing strain in the superconductor upon cooling

down from its solidification at 1150 K to the operating temperature of 77 K.

High-quality Bi-2212 superconducting thick films are processed by partial

melt-processing. Above the solidus of Bi-2212 the decomposition leads to a liquid

phase which is in equilibrium with two solid phases, the Cu-free phase

BicjwSrjiCa^Ox (91150) and a Bi-free compound of the solid solution family

Sr,4_xCaxCu24Oy (014x24) LI -4]. During melt-processing of the Bi-2212 the

liquid may penetrate into the pores of a substrate. Thereby the composition
ofthefilmchanges.AsaconsequenceBi-2212cannotbere-formedfromtheresidualsolidphases.Itisthereforenecessarythattheporosityofthesubstrateisclosed,i.e.withoutaninterconnectingpore-network.Grovenoretal.[5,6]haveusedpolycrystallineMgOformelt-processingthickfilmsofBi-2212.Tominimizetheeffectofliquidlossonstoichiometry,theyprocessedfilmsattemperaturesfat-abovethesolidus(Tmax=1000°C).ThisresultsinacompositionofthemeltmuchclosertotheinitialBi-2212compositionbutleadstoratherlowcriticalcur¬rentdensities.MgOsubstratesusedintheirlaterstudy[6]had92%ofthetheo¬reticaldensity(TD).ThepreparationofMgOceramicshasbeenextensivelydiscussedintheliterature[7-13].Threedifferentapproachesforthepreparationofmagnesiumoxideceramicsarepresented:hot-pressing[7],castingofaqueousslips|8,9]andcast¬ingofalcoholbasedslips[10-13].Hot-pressingofhigh-purityMgOpowdersleadstosamplesofupto97.5%TDwithinpressingtimesoflessthan1houratl60(kNC[7j.Thesizeofhot-pressedsamplesislimitedbytheequipment.Castingofaqueousslipsisoneofthesimplestmethodstoobtaingreen-bodiesfromceramicpowders.Preparingmagnesiumoxideslipswithwaterassuspend¬ingmediumrequiresspecialcaretopreventformationofMg(OH)2.Thisis

done
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by calcining the powder prior to slip-preparation at high temperatures

( 1000 - 1800°C). The drawback of this method is grain coarsening and thus a low

green-density and slow sintering rates. The resulting compacts reach densities of

84%TD [8].

To prevent the formation of magnesium hydroxide during slip preparation,

water-free media were proposed. Ethanol has been used for the preparation of

MgOslips [ 10 - 12] and the effect of water content has been studied L13]. Kelly et

al. [131 have found a linear increase of magnesium dissolved in mixtures of etna-

nol and water up to a ratio ethanol:water of 60:40. A dramatic increase of magne¬

sium solubility was found for higher water contents. The authors prepared

castings from 96%MgO1in 80:20 ethanohwater mixtures. Their sintered bodies

reached densities of up to 3.52 g/cnr1 or 98.3% TD and an apparent porosity of

0.1 %. X-ray diffraction analysis revealed the presence of a second phase that was

not further analyzed.

Our aim was to prepare polycrystalline MgOsubstrates for the processing of

Bi-22l2 thick films. The properties
ofthesuperconductingfilmsshouldnotbeaffectedbyinteractionswiththesubstrateandshouldshowthesamecriticaltem¬perature(Tc)andcriticalcurrentdensity(Jc)asthefilmsprocessedonsilverfoilsorMgOsinglecrystals.WepresenttworoutesfortheprocessingofsinglephaseMgOceramicswithhighdensitiesthataresuitableassubstratesforBi-2212partialmeltprocessing.Sam¬plesareeitherpressedorcaststartingfromfinegrained(d50=0.9fim)magnesiapowderwithapurity>99.0%leadingtodenseceramics.Alternativelytape-cast¬ingofMgOispresentedeventhoughthefireddensitiesoftheseceramicswerebelow90%,hencetheyshowedalargeamountofopenporosity.5.2ExperimentalThisstudydescribestwoproductionroutesforsinglephasehigh-densitymagne¬siumoxideceramics.Uniaxialpressingisconvenientforsmallsizedsamples.I.SintermagFERRSardamag.1-Torino.Composition:MgO96.0%.Si021.5%,CaO2.5%
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Slip-casting is used for casting large plates, tubes and crucibles. Tape-casting is

discussed in this context as a third method for the preparation of green-bodies,

even though high sintered densities can not be achieved from pure MgOyet.

Tape-casting is used for the preparation of dense plates from V-doped MgO,

which is discussed in Chapter 6. The general procedure for the preparation of

MgOceramics, starting with the raw powder, is given in Figure 5-1. Details on

green-body formation are given in individual charts later on.

(MgO
powder "N

MAF1425 J

POWDERCONDITIONING

dnins

sie\m»

characterization

BET surface area

storm«

!
GREENBpDY_PREPARAJION ,

characterization

BET surface area

die pressing slip casting tape casting

SINTERING

^
près in ten ng

smterins

Ç MgOsubstrates \

characterization

-density

-shape tolerance

-performance

Figure 5-1. Flowchart of substrate processing.
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5.2.1 MgOPowder

A commercial MgOpowder, M.A.F. N°f425", was used throughout this study.

The composition given in Table 5-1 is granted by the manufacturer.

Compound Percentage by Weight

MgO >99.00

so4 0.17

CaO

CI

<0.10

0.08

Si02 0.02

Fc20, 0.02

LOIa ! 0.30

Table 5-1. Chemical Analysis for M.A.F. N°1425

a Loss on ignition

5.2.2 Powder Conditioning
All powders in this study were conditioned prior to their use as follows: batches

of loosely packed powder were stored at 120°C for 24 hours. Thereafter the pow¬

ders were sieved and the fraction mesh -180 extracted for further processing. Until

their actual use the powders were stored in a dryer at 50°C.

Powders for Pressing
The preparation of powders for die pressing is shown schematically in Figure 5-2.

Magnesium oxide powder was mixed into a slurry based on ethanol with proper

amounts of binder (polyvinyl butyral)'), plasticizer (poly(ethylen glycol)4, and

dioctyl phtalatc") and dispersant (triethanolamine6). The recipe is given in

Table 5-2, the procedure was as follows: a pari of the elhanol (50 g) was used to

dissolve the binder. After solution of the binder,theremaining175gethanolandtheadditiveswereadded.TheMgOpowderwasthenslowlymixedinwhilestir¬ringtheslurry.Furtheradditionofpowderwasinterruptedwhenthepowder2.MagnesiteB.V.,NL-Sehiedam3.MowitalB20ILClariantGmbH.D-Frankfurt/Main.4.M=300g/molFlukaChemie,CH-Buehs.5.FlukaChemie,CH-Buchs.6.FlukaChemie.CFI-Buchs.
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Figure 5-2. Flowchart: processing of pressabie powder1-

Substance Amount Supplier

MgO 175 g M.A.F., NL-Schiedam

EtOH. puriss i 225 g Fluka Chemie, CH-Buchs

Triethanolamine 3 g Fluka Chemie, CH-Buchs

Dioctyl phtalate 4 g Fluka Chemie, CH-Buchs

Polyethylene glycol). 300 g/mol 5 g Fluka Chemie, CH-Buchs

Poly(vinyl butvral) 5 g

i

Movvital B 20 H. Clariant.

D-Frankfurt/Mam

Table 5-2. Substances used in the preparation oi powders for die-pressing.
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formed granules instead of being mixed with the ceramic slurry. After all the

powder was mixed in, the slurry was homogenized by stirring for another 30 min.

The slurry was dried in a rotation-evaporator7 ( 120 mbar, 60 °C) and the obtained

powder cake dry-milled in a ball-mill for half an hour to break up any lumps.

Powders for Casting
The conditioned powders have been used for the preparation of slurries for slip-

as well as tape-casting without any further measures.

.2.3 Die Pressing
Discs of up to 110 mmdiameter and 5 mmthickness were pressed in a conven¬

tional uniaxial press8 with pressures of 50 MPa. The die and the lower punch were

stationary whereas the upper punch moved to achieve compaction. Appropriate

amounts of powder were filled into the die and pressed for 3 minutes. Pressure was

applied slowly (~I5 s) and released slowly (-60 s).

7. Rotavapor, Biichi, CH-Flawil.

8. Paul Weber, D-Remshakien-Grunbach
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5.2.4 Slip-Casting

Mould

For the casting of plates, the mould consisted of a plaster of Paris plate and a metal

frame of the desired green-body size. Plaster of Paris plates were cast on glass.

The glass facing side was used later for casting the MgO-slurry. Before every cast¬

ing, the surface-layer of the plaster of Paris was stripped off with a blade. The

metal frame was covered with a thick laver of milking-grease wherever it was

exposed to the slurry.

Slurry
Ethanol based slurries, composition given in Tabic 5-3, were prepared by slowly

Substance Amount Weight % Supplier

MgO h ooo g 70.6 NT 1425. M.A.F.

NL-Schiedam

Ethanol, puriss 290 g 20.5 Fluka Chemie,

CH-Buchs

Tricthanolaminc 20 g 1.4 Fluka Chemie,
CH-Buchs

Dioetyl phtalate 20 g 1.4 Fluka Chemie,

CH-Buchs

Polyethylene glycol).
300 g/mol

18 s 1.3

1
Fluka Chemie,

CH-Buchs

Ethanol, puriss 50 g i 3.5 Fluka
Chemie,CH-BuchsPoly(vinylbutyral)18g1.3jMouitalB20H,Chin¬ant,D-Franklurt/MainTable5-3.SlurrycompositionotMgOcastings.addingtheMgOtothesuspension.Apolypropylene(PP)containerandastirrerwithdissolvcr-geometrywereusedformixingthesuspension.Thestirrerwasdrivenbyamotor9withvariabletransmissionof465-2800RPM.Duringmixing,anice-bathwasusedtocoolthesuspensionwhilethecontainerwasclosedwithalid,asshownschematicallyinFigure5-3.Thisway,evaporationofthesolvent9.Molinex,Netzsch,D-Sclb;modifiedattrition-millP=750

W
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Stirrer (dissolver geometry)

Container with lid (PP)

Slurry

ce-bath

Figure 5-3. Schematic drawing of setup for slurry-preparation.

was prevented. The quantity of powder added at a time was kept small. Within the

first half hour, 50CA of the powder was added. The binder was dissolved in cthanol

separately and added to the slurry when 80% of the powder was mixed into a

homogeneous liquid. A detailed guideline for the preparation of MgOslurries is

given in Figure 5-4. The whole process to disperse 1 kg of MgOpowder in ethanol

took between eight and ten hours.

Casting
Molds were filled with an appropriate amount of slurry and immediately covered.

Molds for casting crucibles were covered, too, because the time required for the

formation of green bodies was in the order of one hour for a wall thickness of

5 mm. Excess slurry was poured out after the desired wall thickness was reached

and was further used to cast plates. Figure 5-5 illustrates the design of the molds

used for slip-casting.

Drying
Green-bodies were dried for two days under a tight cover at ambient temperature.

Thereafter, the cover was removed and the bodies were dried for one further day.

Dry green-bodies were then removed from the plaster of Paris molds.
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Figure 5-4. Flowchart of slum preparation (slip-casting).
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Steel-Mouid

Milking-Grease cg »Njet

zzzzz

i
Plaster of Paris

Figure 5-5. Schematic drawing of molds for casting plates (left) and crucibles (right).

5.2.5 Tape-Casting
Thin sheets of MgOwere cast by applying the doctor-blade process. Slurries con¬

tained the same binder system and solvent like those for slip-casting. The compo¬

sition of a typical batch for tape-cast slurries is given in Table 5-4, the preparation

Substance Amount Weight % Supplier

MgO 100 g 60.2 N° 1425, M.A.F.

NL-Schiedam

Ethanol, puriss 40 g 24.1 Fluka Chemie.

CH-Buchs

Triethanolamine 4 g 2.4 Fluka Chemie.

CH-Buchs

Bis(2-ethylhexyl)phtalate 4 2 2.4 Fluka Chemie,

CH-Buchs

Polyethylene ghcol),
300 g/mol

12 g 7.2 Fluka Chemie,

CH-Buchs

Polv(vin>l butyral) 6 g 3.6 Mowital B 20 H. Clari- ant,D-Frankfurt/MainTable5-4.Slurncompositionfoi*tape-castimschemeinFigure5-6.Theceramicpowder\\asdispersedinamixtureofsolvent,dispersantandbinder.Ahomogeneousslurrywasobtainedbyaddingthetotalamountofpowderwithin2hours.Afterdispersingtheslurrywasdegassedfor.1030minat300mbarinanevaporator.Fortape-castingasetupwithastationaryglassplateandamovabledoctor-bladewasused.Theglasswascoveredwithapolyesterfoil.Tapeswithaninitial10.Rotavapor.Btichi.CH-Flav-.il
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Figure 5-6. Flowchart of slurr\ preparation for tape-casting.

thickness of 600 |im were cast by pouring the slurry onto the plate and spreading

it by the doctor-blade at a speed of 0.5 m/min. The tape was dried at room temper¬

ature for one day. Samples of the desired shape were cut from such a green tape

with a scalpel. Laminates of two tapes were processed by pressing the stacked

tapes with the supporting polyester foils on the outside with a pressure of 6 MPa.

11. EPHEngineering. Ore m(Utah). U.S.A.
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Before sintering the polyester foil was removed in every case to minimize the

organic material to be burned.

5.2.6 Sintering
The sintering of substrates was performed in two steps. Dry green-bodies were

pre-sintered at 1200 °C three days after casting. Table 5-5 shows details of the sin¬

tering procedure. During pre-sintering air was constantly blown into the furnace

to provide oxygen for the burn-out of the organics. After pre-sintering, the ceramic

bodies were stored at ambient conditions. Final sintering occurred at 1600°C for

20 h after heating with 20 üC7h from 1200 T to 1600 °C. Pre- as well as final sin¬

tering was performed in a conventional high-temperature furnace12.

Heating Rate

pX7h]

Temperature Dwell Time

[°C] ! [h]

20 500 0

60, 1200 0

-60 800 0

furnace cooling RT

CO

60 1200 0

20 1600 20

-120 1200 0

-240! 800 0

furnace cooling
t

RT
!

Table 5-5. Schedules for pre-sintering and sintering of dense MgO
ceramics.

5.2.7 Characterization

Difference Thermal Analysis (DTA) in combination with Thermogravimetric

Analysis (TG) was used to characterize the powder as well as to determine the

decomposition temperatures of the organic additives. For quantitative evaluation

of the weight change, reference-samples were measured to account for buoyancy

and reference data subtracted
fromthesampledata.Dilatometrywasperformedtodeterminethesinter-routeleadingtohigh-densityMgOceramics.12.HT40/16,Nabeitherm.D-Liliental13.STA501,Bàhr.

D-Hullhorst
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To establ ish the influence of the green density on the final density of sintered MgO

ceramics, cylindrical samples from conditioned MgOpowder, were pressed and

sintered. To adjust the green density when die pressing the cylinders, the powder

was mixed with 0 - 50 vol% polyvinyl butyral), dissolved in ethanol. These mix¬

tures were dried and samples were pressed at 200 MPa(uniaxial). The green den¬

sities of the samples were measured after binder-burnout and pre-sintering at

1000 °C without dwell time (heating and cooling rate: 120 °C/h). The samples

were then sintered at 1600 °C (heating and cooling rate: 300 °C7h) and the density

measured after dwell times of 0, 1. 2, 4, 8, 16, 32, and 64 h.

Densities of the sintered bodies were determined by the archimedes-mcthod in

either water or poly(ethylen glycol). Densities of the green bodies were either

determined by the archimedes-method after the binder-burnout, or calculated

from the sintered density and the linear shrinkage. Determination from geometry

and weight of the green-body was not used because it lead to systematic
overesti-mationsincethebinderandadditivescontributedtothesampleweightbeforesin¬tering.Forafirstestimationoftheopenporosity,thesinteredsampleswereplacedinaretort,evacuatedto100mbarandfloodedwithwater.Thismethodallowstodetectopenporosityinsamplesof1to2ginweightwithadetectionlimitof0.2%.Mercurypenetrationporosimetryhasbeenusedtoverifythewaterintrusionresults.MicrostructuresofthesampleswereevaluatedbyopticalmicroscopyandSEM.Grainaswellasporesi/eweredeterminedfromcross-sections.Forthedeterminationofthegrainsize,grainboundarieswereetchedbyannealingpol¬ishedcross-sections.Theequivalentdiameterofthegrainswasmeasured,cor¬rectedandthemeanvaluegiven.PhaseanalysishasbeenperformedbyXRD17andSEM/EDX18.14.Porosimetcr2000.CarloHrbaInstruments.I-Milan15.Polyvar-Met.Reichert-Jung(now:LeicaMicrosystems).A-Vienna16.JSM6400,JeolLtd.,Tok>o.Japan17.Siemens13-5000,SiemensAG.D-Karlsmhc18.Zmax30,NORANInstrumentsInc.,Middletown(WT).

U.S.A.



81 Piocessing of MgOSubstiates

.3 Results and Discussion

5.3.1 Powder Characterization

TG analyses of the raw and conditioned powders, as shown in Figure 5-7, illus-
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Figure 5-7. TG of raw powder (solid line) and conditioned powder (dashed line). Insert:

decomposition of Mg(OH)2 (solid line) and Mg(HCO^)i (dashed line).

träte the influence of the conditioning on the powder characteristics. The inset in

Figure 5-7 presents the decomposition of MgtpFfb and MgCHCC^ f̂or compar¬

ison.

The MgOraw powder used in this study had a minor content of 2.9 mol%

Mg(OH)2 that did not change with conditioning of the powder. Adsorbed water,

0.8 wt% in the raw powder, was complétai) removed by storing the powder at

120 °C for 24 h. Magnesium carbonate (decomposition temperature 540 °C) was

not found by these analyses. Furthermore, conditioning of the powder resulted in

a marked increase of the specific surface area. Powders as delivered had specific

surface areas of 8.8 irr/g, the sieve fraction mesh -180 of the dried powder one of

12 nr/g. Large, dense aggregates
weresuccessfullyremovedfromthepowderbydryingandsieving.
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5.3.2 Die Pressing
Densities of the pressed green bodies were in the range 37 to 40% of the theoret¬

ical density (volume determined from geometry). Sintered densities of 95 to

97.5% have been obtained.

Pressing of discs with 110 mmdiameter and a thickness of less than 5 mm, i.e. an

aspect ratio of >2(), requires a very homogeneous powder and filling of the die.

Both, a heterogeneous powder as well as an inhomogeneous filling of the die

result in nonuniform density. Tt is well known that density variations in green com¬

pacts cause warping, distortion or cracking during firing [14, 15]. In our experi¬

ments, these three failures were frequently observed.

Cracks and flaws were found predominantly in the center of the discs, where

during the partial melt-processing of Bi-2212 superconducting thick films the

liquid penetrates. Figure 5-8 shows images of pressed samples with and without

flaws in the center and illustrates the penetration of the Bi-rich melt after partial

melt-processing of Bi-2212 at 900 °C into the caved substrate.

5.3.3 Slip-Casting
Green bodies prepared by the route presented here were round discs with up to

260 mmin diameter or rectangular plates of 250 x 250 x 10 mnr\

During milling, aggregates were crushed and the surface area of the powder

increased from 12 m"7g to 15.4 rrr/g. Slurries sufficiently stable to cast thin, large

plates were obtained. Degassing
oftheslurriescouldonlybedonebystirringslowlyundernormalpressureduetotheformationofaskinwhenethanolisevap¬orated.Fewlargeporeswerethereforefoundinthesamples.Theplatesshowedsomewarpageafterdryingaswellasafterfiring.Greenbodiesshrank-1%laterallyduringdryingandwerestrongenoughtobehandledwithcare.Sincelargeplatesusuallywarpedduringdrying,greenbodieshadtosustainaconstantstressfromtheirownweight.Furtherstressesduringhan¬dlingledtofailureduringdemoldingdrygreenbodies.Thedensityofthedrygreenbodieswas42-44%ofthetheoreticaldensity,deter¬minedafterbinder-burnoutorcalculatedfromfinaldensityandlinear

shrinkage.
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Figure 5-8. Bi-2212 thick films processed on pressed MgOsubstrates. Disc diameter:

9 cm.

5.3.4 Tape-Casting
Green tapes of 15 cm width and 1.5 m length were cast. They shrank during

drying to 60% of the initial thickness. The tapes which had a thickness of 360 \xm

after drying were not flexible but could be processed to flat geometry substrates

without cracking.

5.3.5 Influence of the Green Density on the Fired Density
Die pressed samples from conditioned powder with relative green densities from

39 to 45% were sintered for a total of 64 h. Figure 5-9 shows how the density

develops with sintering time at 1600 °C for samples which had 39, 42, and

45%TD before firing. In this experiment, the samples with a relative green den-
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Figure 5-9. Density versus sintering time for die pressed samples with green densities of 39,
42, and 45% TD. Broken lines mark the approximate lower limit of closed porosity
(horizontal), and the sintering time at 1600 "C chosen for the substrates (vertical).

sity of 45% approached 96% TD after 16 h at 1600 °C whereas the samples with

39% did not reach this value even after 64 h sintering. The green density is one of

the most important parameters determining the sintered density that can be

reached in MgOceramics by pressureless sintering.

5.3.6 Sintering of Slipcast MgOPlates

The shrinkage of slip cast MgOis shown in Figure 5-10 and Figure 5-11. Sinter¬

ing starts at 1000 °C and the maximum sintering rate for a heating rate of 3 °C/min

occurs at 1470 °C. Figure 5-11 shows the density as a function of sintering time.

Starting from a green density of 42% the body densities to 92%during intermedi¬

ate stage sintering. Final stage sintering, where pores are closed, shrink and even¬

tually disappear, proceeds very slow ly with a final density increase of 0.5%o per

hour. The resulting microstructure for samples sintered at 1600 °C for 20 h is

shown in Figure 5-12. An average grain size of 30 jim was determined for this

sample. The nature of the pores is shown by scanning electron micrographs of a

polished cross-section in Figure 5-13 and in fracture surfaces in Figure
5-14.Poresaresphericalandoccurwithinsinglegrainsandatgrainboundaries.ThepresenceoflargeporesasseenfromFigure5-13canbeexplainedeitherby

trap-
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Figure 5-10. Shrinkage \ersus sintering time for MgOcastings (solid line). Differential

length change given for a 4.2 mmsample (dotted line). Dashed line: temperature program.
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Figure
etching
30 uniT

5-12. Optical micrograph of a MgOsample sintered for 20 h at 1600 °C. Thermal

of a polished cross-section brings out the grain boundaries. The average grain size is

Figure 5-13. Microstructure (SEI) of MgOsample, sintered at 1600 °C for 20 h.

ping of pores situated at two grain junctions during final stage sintering [16] or by

oxidation of carbon impurities forming CO bubbles during high temperature

annealing [17].
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5.3.7 Properties of Sintered Substrates
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Fi gui e 5-15 No indication loi secondai y phases can be seen, the MgOsubstiates

aie single phase
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Figure 5-15. XRDpattern of sintered MgO. (•) marks the periclase phase (04-0829).

sample A B C D E F G II

density [g/cnr1] 3.43 3.43 3.44 3.43 3.44 3.38 3.46 3.4i

rcl. density \%\ 95.8 95.9 96.0 95.7 96.1 94.5 96.7 95.2

warpage [mini 2.5 3 2 2.5 l l 3 1.5

sample I K L M N

3.46

O P av.

density [g/em1] 3.39 3.44 3.43 3.44 3.42 3.46 3.43

rel. density f'/r] 94.8 96.0 95.9 96,1 96.5 95.6 96.6 95.8

warpage [mm] 0.5 5 l 2.5 0.5 3 2.5 2.1

Table 5-6. Densities and warpage of 15 MgOsubstrates (size: L00 x 100 mm2)
processed under similar conditions.

Figure 5-17 shows examples of MgOsubstrates processed by slip-casting and sin¬

tering described above. These substrates were used for partial melt-processing of

Bi-2212 thick films that showed the same critical lemperatiire and critical current

density as films prepared on silver foils or MgOsingle crystals.
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Figure 5-16. Warpage of MgOsubstrate "M" in Table 5-6 (top), the values for warpage of

15 similarly processed samples are given there. Bottom: illustration of warpage and

determination of values thereof.

Figure 5-17. MgOsubstrates processed by slip casting and sintering at 1600°C.

5.4 Summary

Wehave presented two processing routes for MgOsubstrates suitable for partial

melt-processing of Bi-2212 superconducting thick films. The substrate properties

achieved can be summarized as follows: phase purity, closed porosity, flatness

and limited warpage, and, most important, inertness against Bi-2212 melt.
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Green bodies were processed from fine grained MgOpowders either by die press¬

ing or slip-casting. Densities of the dry green bodies were around 42% of the the¬

oretical density. Weperformed sintering experiments and showed that long-time

sintering in air at 1600 °C leads to magnesia ceramics with closed porosity at 96%

of the theoretical density and an average grain size of 30 (im. The plates warp to

about 2%of their lateral dimension. These plates have been used as substrates to

process Bi-2212 thick films with high critical temperatures of 96 K and critical

current densities similar to Bi-2212 thick films processed on silver substrates.
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Sintering of Vanadium-Doped
Magnesium Oxide

Pure magnesium oxide (>999r MgO) has to be sintered

at high temperatures (>1500 °C) for several hours to

obtain porefree, dense ceramics. Several metal oxide

compounds form liquid phases in contact with MgOat

temperatures much lower than those needed to sinter

pure magnesium oxide. Sintering of a ceramic body is

promoted by the presence of some of those liquids and

high densities may be more easily achieved. This work

presents sintering experiments of MgO doped with

0.025 to 2 cat% vanadium. Low levels of dopant were

chosen to avoid the formation of a network of secondary

phases in the final microstructure. Dense MgOceramics

(99.5%) were obtained with 0.05 cat% vanadium added

as magnesium-vanadate to the MgO-powder at sintering

temperatures as low as 1250 °C.
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6.1 Introduction

For the application of MgOceramics as substrate for melt-processing Bi-2212

superconducting thick films, two microstructural features are essential: the MgO

ceramic should have closed porosity and inertness towards the cuprate- melt, it

should sinter to high relative densities w ith a closed porosity. In addition, a perco¬

lating second phase should be avoided in order to minimize chemical attack of the

substrate by the melt and to avoid contamination of the cuprate-melt by second

phases of the substrate. Small amounts of secondary phase locally isolated may be

tolerable.

Sintering of high purity magnesium oxide was extensively studied (1, 2]. Coble

13] summarized these experiments: "High-purity MgOdoes not exhibit significant
densification at temperatures up to 1600 °C" and pointed out the important effects

of impurities and atmospheric \ariables like water and carbon dioxide on the

microstructural evolution of MgOduring sintering.

The effect of various anion impurities and dopants on the densification behavior-

was studied by Hamano et al. [4]. Additions of 5 wt% of a magnesium compound

(MgCl2, Mg(N03)2 and MgC204) added to pure
MgO,werefoundtoenhancesin¬teringandincreasethefinaldensity,whereasMgCCF^COOfi,MgCO^andMgS04resultedindensitiesnothigherthanthatofundopedmagnesiumoxide.TransparentpolycrystallinemagnesiumoxidewaspreparedbyaddingfluorineandchlorinetoreagentgradeMgOandMg(OH)2startingpowders[5].Densifica¬tionofisostaticallypressedsamplesstartedat1000°Candtransparentdiscswereobtainedafterasinteringtimeof1hat1600°C.Criticalparametersinthispro¬cessarethepowdercalciningtemperatureandthegrainsize:forgrainsizesabove150nmdopinghadnoeffectondensification,independentoftheamountadded(0.02-4wt%).SeveralcationswithbeneficialeffectonthedensificationofMgOwerefound.ThemostextensivestudiesonthistopicarethoseofNelsonandCutler[6J,LaydenandMcQuerrie[7fandMatsumotoandKato[8f.NelsonandCutlerfoundenhancedsinteringforTi02at1400°CandforZr02at1600°C,buttheeffectswererathersmall.Foradditionsinexcessof1to2mo\c/cTi02andZr02formedsecondai"}phases.



95 Sintcung o1 V-doped MgO

Layden and McQuerrie selected fourteen metal compounds as additives to mag¬

nesium carbonate prior to calcination, in concentrations of 0.1, 0.5 and 1 mol%.

Two sets of samples were reported: one sintered for two hours at 1225 °C (heating

rate ~120°C/h) and the other sintered for two hours at 1525 °C (heating rate

-250 °C7h). The most effective dopants at 1225 °C were Li, Si, Ti, V, Mn, Fe. An

addition of 0.5 mol% V led to a relative fired density of 90%, as compared to 58%

for undoped samples. Ti, V, Zr and Ta were found to be most effective for a sin¬

tering temperature of 1525 °C. Best results were obtained for additions of I mol%

Ta, it enhanced the relative fired density from 91% for undoped samples to 96%.

For vanadium doped samples, Layden and McQuerrie reported the formation of a

liquid during sintering at 1525 °C however relative densities of the sintered mate¬

rials were only 94%.

Matsumoto and Kato studied mainly the effect of eight different oxide additions

on the densification of vapor-phase synthesized (CVD) magnesium oxide. For

comparison they included seawater magnesia in their study. One percent by

weight of sintering aid was added and the samples heated for I h at 1500 °C. Sam¬

ples with Ti02 and ZrCb reached relative densities of 95%, whereas undopedsam¬pleshadarelativedensityof727.ForCVD-MgOaremarkablegraingrowthwasfoundwhentherelativedensityincreasedabove-95%,independentofthesinter¬ingtemperature(1500-1800°C).Brown[9]reportedsinteringofMgOwithvanadiumdoping.Hefound,thattheadditionof0.01to0.1mol%ofvanadiumpromotessinteringofhighlypure(99.999%)magnesiumoxideinthetemperaturerangeof1250°Cto1450°C.Rel¬ativelylowfinaldensitiesof-90%)afterIhat1450°Cfor0.1cat%V,and-83%after40hat1450°Cfor0.01cat%Vwerefound.Inarelatedwork,Nicholson[10]reportedelectricalconductivitymeasurementsinMgOsamplesdopedwith0.1,1,and2cat%V.Insamplescontaining1and2cat%Vhefoundasuddenincreaseinconductivityat1200°Candattributedthistotheformationofaliquidinthesamples.Hestudiedalsothelatticeconstantofthecubicpericlasephaseindopedandundopedsamplestodetectanysolidsolu¬tion.NosignificantchangeofthelatticeparameterwasobservedandNicholsonconcludedthatlittleornosolidsolutionoccurred.
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The aim of the work presented here was to determine and to evaluate vanadium as

a highly effective dopant for sintering magnesium oxide to high densities at low

temperatures. The additive should not form a continuous network of a secondary

phase in the final MgOceramic. In view of the earlier results, significant enhance¬

ment of sintering due to the addition of vanadium was expected and the minimum

doping concentration was to be found.

6.2 Experimental

Preparation of Doped MgOPowders

Two different MgOpowders were chosen as starting materials: M.A.F., N°1425

and MgO(ACS quality) from Alfa Aesar. The characterization of these powders

is given in Appendix 10.1 and 10.2.

For adding vanadium oxide to the starting powders in concentrations from 2 cat%

down to 0.025 cat%, three different approaches have been employed in the course

of this work.

The first samples were prepared by a simple solution process (SSP). Additions of

0.1, 0.25, 0.5 and 1 cat9r vanadium were made by preparing a solution of

ammonium metavanadate~ (NH4VO^) in water and adding the fine grained MgO

powder whilestirringthesuspension.Waterwasthenevaporatedat120°Candthepowdercalcinedat600°C,duringwhichthedopantdecomposedtoVo05.Sinteredsamplesofthispowdershowedclearevidenceforinhomogeneousdistri¬butionoftheadditiveintheMgOmatrix.Toimprovethedopanthomogeneity,vanadiumdopedMgOwith0.1,0.25.0.5,1and2cat%vanadiumwasprocessedbydryballmilling4ofMgO(MAF)powderandvanadylacetylacetonate"5.Thelattercompoundmeltsat260°C,becomesvol¬atileanddecomposesathighertemperatures.Calcinationat600°Cformedthe1.MagnesiteB.V.,NL-Schiedam2.Nr.35442,JohnsonMattheyGmbH.D-Karlsruhe3.Nr.1030.purum,Fluka.CH-Buchs4.ballmill,PE-bottle,Zr02balls5.N°81119,Alfa-Aesar
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desired V205 dopant. This process resulted in improved homogeneity of the

dopant distribution as evidenced by the sintered samples and it will be referred as

volatile compound doping (VCD).

Still better homogeneity was found in case the dopant was precipitated as magne¬

sium vanadate in an alcoholic MgOslurry. This precipitation doping process

(PDP) is based on the reaction of tetramethylammonium vanadate with magne¬

sium nitrate in EtOH. The reaction product precipitates quantitatively from the

solution. In the doping process, an ethanol based slurry of MgOis divided into two

equal volumes. The desired amount of vanadate solution was mixed into one of

them, appropriate magnesium nitrate solution in the other one. On combining both

volumes under strong stirring, the precipitating compound distributes very homo¬

geneously throughout the MgO suspension. After filtering and washing the

powder with EtOH followed by acetone washing, the powder was dried and cal¬

cined at 400 °C for 2 h.

Precipitation Doping was used for both MgOstarting powders,
M.A.E.N°1425andAlfaAesar'sACSquality.AllpowdermixturespreparedaresummarizedinTable6-1.StartingPowderDopingProcessDopingLevel,cat%0.025!0.050.10.1250.250.51.02.0MgO,ACSPDPXXXXXMgOM.A.EN°1425PDPXXXXXVCDXXXXXSSP[IXXXXTable6-1.Powdermixturesofvanadium-dopedMgOpreparedinthecourseofthisstudy.TheprecipitationdopingprocessusedforthepreparationofdopedMgOhasalsobeenusedtopreparefinepowdersofthenominalcompositionMg3V208andMg5V201().Theonlydifferenceinthepreparationwastheuseoftwoequalvol¬umesofEtOH.withappropriateamountsofvanadatesolutioninoneandmagne¬siumnitratesolutionintheother,insteadoftwoequalvolumesofMgO

slurry.
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Preparation of Green Bodies

Two sets of green bodies were prepared. Specimens for sintering in the dilatome-

ter were prepared from green bodies isostatically pressed at 250 MPaby machin¬

ing. The dimensions of these specimens were 5 mmin diameter and 5 to 10 mm

in length.

Specimens for sintering experiments in a furnace were axially pressed (150 MPa)

and had dimensions of 15 mmin diameter and 10 mmin height. These specimens

were also isostatically pressed at 250 MPa.

Tape Casting
In view of the intended application of MgOceramics as substrates for melt-pro¬

cessing of Bi-2212 thick films, tape casting of V-doped MgO was briefly

explored. Green tapes were cast from a slurry prepared from

MgO(MAF) + 1 cat% V (VCD) powder and from MgO(ACS) + 0.125 cat% V

(PDP) powder. Details of the tape casting are given in Chapter 5. The dried tapes

were laminated by pressing symmetrical stacks of two and four tapes. Binder

burnout was done by slow heating at 1 °C/min to 400 °C under load to prevent

warping.

Sintering Study
The specimens used for the sintering studies are listed in Table 6-1.

One set of samples sintered in a dilatometer was sintered at a constant heating

rate of 5 °C/min to 1600 °C. A second set was sintered isothermally
at1050,1150,1250,or1350°C.Theheatingratetothemaximumtemperaturewas25°C/minfortheseexperiments.Thesetofspecimenssinteredinahigh-temperaturefurnace^wasembeddedinundopedMgOpowderforgoodtemperaturehomogeneity.Thefurnacewasheatedwith2°C/minto1250°Candheldtherefor12hinallexperimentalruns.6.PaulWeber,D-Remshalden-Grunbach7.Dilatometer802s(1600TSiCfurnace).Bahr,D-Hullhoist8.HT40/16,Nabertherm,

D-Bremen
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Thermal Analyses
DTA was used to analyze phase transitions in doped magnesium oxide samples.

The samples used for the DTAwere pressed bodies of MgO(MAF) with 1 cat%

vanadium doped by SSP.

Powders with the nominal composition of Mg^V208 and Mg^VSO^have been

evaluated by DTA to confirm the melting of Mg3V208 and the absence of

Mg-V-0 compounds above 75 9r MgOin the phase diagram.

Microstructure

Optical Microscopy10 as well as Scanning Electron Microscopy11 were used to

analyze the microstructures of sintered samples. The average grain size was deter¬

mined from equivalent diameters of at least 50 grains per sample.

Mercury intrusion porosimetry1- was used to determine the pore size distribution

of green and sintered bodies in the range 10 (im down to -10 nm.

Green and Sintered Density
The density of green and sintered samples was determined by repeated measure¬

ments using the standard archimedes method with poly(ethylen glycol)

(M
=300g/mol)asfluid.PhaseAnalysesPhaseanalysiswascarriedoutbyXRD13andSEMincombinationwithEDX14.StandardlessEDXanalysishasalsobeenusedtoestimatethevanadiumsolubilityinpericlase.SamplesofMgO+1cat9fV(VCD)havebeensinteredfor1to25hat1300°Candanalyzedwithrespecttosecondaryphasesandvanadiumsolubil-iiy-9.STA501,Bahr.D-Hüllhorst10.Polyvar-Met,Reichert-Jung(now:Leica),A-Vienna11.JSM6400,JeolLtd..Tok\o.Japan12.Porosimeter2000;CEInstruments,I-Milan13.D-5000,Siemens(now:Bruker).D-Karlsruhe14.Zma\30.NORANInstrumentsInc..Middletown(WI).U.S.A.
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6.3 Results and Discussion

6.3.1 Sintering of undoped MgO
The sintering of undoped MgOwas investigated by dilatomctry. The normalized

density versus temperature curves are shown in Figure 6-1. The onset of sintering

occurs for both powders at ~ 1400 °C.

1.2

1.15

S 1.1 -

1.05

1 -,

0.95

ConstantHeating Rate: 5 °C/m in

500 1000

Temperature °C

1500

Figure 6-1. Normalized demification of undoped MsOat a constant heating rate of
5 °C7min.

The normalized densiiication rates in all steps during sintering are plotted versus

density in Figure 6-2. The data was obtained from isothermal sintering runs at

1600°C.

The densification rates of both MgOpowders can be compared quantitatively. We

follow the analysis suggested by Chen [11] and based on the dimensionless argu-
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Figure 6-2. Normalized densitieation rate \ersus relative density determined from

isothermal sintering runs. Black line: MgO(ACS), grey line: MgO(MAF), data obtained
from dilatometry (<80% rel. dcnsitv) and densitv-measuremenls of sintered bulk samples
(>80% rel. density).

ment first presented by Herring [12]. The normalized densification rate (dp / pdt)

may be written as:

dp

pdï=Mim

Equation 6-1.

Here, p is the relative density, t the time, y the surface energy, Q. the atomic vol¬

ume, G the grain si/e. 5 the grain-boundary thickness, D the grain boundary dif-

fusivity and F a dimensionless pre-factor.

In case of the MgO(MAF) powder, the density increases at a relatively high but

constant shrinkage rate up to a relative density of 70%. Above 70% TD the shrink¬

age rate decreases to below 1Ü"6 s"1. To determine such small shrinkage rates, we

measured the density of larger sintered bulk samples annealed in a furnace as

described earlier. With relative densities approaching 96% the grain size increased to30Jim.
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The first stage of sintering is obviously characterized by particle rearrangement

whereas above 70%, when grains are arranged in a closed packed manner, further

densification requires grain boundary and volume diffusion. Above 92% TD,

pores start to close and hinder further densification due to their inner gas pressure.

During the third stage of solid state sintering (SSS), the densification rate

decreases fast and grain growth is pronounced. For samples sintered 20 h at

1600 °C, the average grain size was 30 (im as compared to ~100 nmof the starting

powder, hence the term ôD / G3 decreases fast and becomes rate determining. The

final normalized densification rate of 10"7 s"1 as observed in these experiments

corresponds to a densification of 1%within 30 h at a relative density of 95% - such

samples will not sinter to full density (>99% TD).

Samples prepared from MgO(ACS) showed a different behavior. Their green

density of 68% TD does not allow a pronounced densification by particle rear¬

rangement, thus the first stage of SSS with a constant shrinkage rate as for the

MgO(MAF) powder is not observed in these samples. Second stage sintering pro¬

ceeds much slower than in case of the MgO(MAF) powder compacts, resulting in

a density of 90% TD for MgO(ACS) powder compacts after 20 h sintering
at1600°C,ascomparedto95%TDfortheMgO(MAF)powdercompacts.Inlook¬ingforadifferencebetweentheMgO(ACS)andtheMgO(ACS)samplesthatmayexplainthisdifferentsinteringbehavior,itisnotedthatthemostdominantdifferenceinthepowdercharacteristicsbetweentheMAFandtheACSpowderisthe0.5wt%)sodiumpresentintheACSmaterial.LaydenandMcQuarriefoundthat"sodiumappearstohinderdensificationatallconcentrations"[7].Wethere¬foresuspectthatthemuchslowerdensificationintheACSpowderiscausedbythesodiumimpuritycontent.LowatomicnumberimpuritiesinMgOhavebeendeterminedbyFreundetal.[13].Theyanalyzedarc-fusedsinglecrystalsandfoundapproximately900ppmhydrogenand300ppmcarbon.Solutecarbonwasfoundtosegregateina5-10nmthicksubsurfacelayerwithconcentrationsupto14wt%C.Annealingat620°Cinairwasfoundtoreducethecarbonfromthetopmostsubsurfacelayerstoabouthalfoftheinitialvalue.ThissuggeststhatcarbonandhydrogencouldremaininMgOevenaftercalcination.UptonowtheeffectofcarbonimpuritieshasneitherbeenstudiedintermsofMgOsinteringbehavior,norhavecarboncontentsbeenmeasuredinthepublishedworkonthesinteringofMgOknowntous.Hand-
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werker et al. [14] found a discrepancy between the sintering rates to be expected

from calculations, using established sintering models and measured diffusion

data, and the densification rates observed in their MgOpowders that were derived

from either Mg(OH)2 or MgfCC^K In their studies, the OH" and C contents were

not determined. Wcsuggest that beside the effect of cations like sodium, carbon

and hydrogen might strongly influence the sintering of MgOpowders. In samples

of conventional purity, surface adhering carbon will always be present and hard to

remove. These residues may actually hinder sintering to full density. For instance

gaseous COor CO2may develop and suppress the closing of residual pores. An

analogous example for such a mechanism has been found in alumina [15].

In summary, high sintering temperatures are required for the undoped MgOpow¬

ders. Whereas powder compacts prepared from MgO(MAF) can be sintered to

closed porosity within -20 h at 1600 °C, powder compacts prepared from MgO

(ACS) do not sinter to closed porosity despite their higher initial density.

6.3.2 Sintering of V-doped MgO
Westudied the densification of V-doped MgObydilatometryforbothMgOstart¬ingpowdersanddopinglevelsof0to0.25cat#vanadium.Constantheatingrateexperiments,plottedinFigure6-3,showtheeffectonsinteringfordopinglevelsof0.025to0.1cat9fVandforundopedMgO(ACS).Asshownbefore,undopedMgOdoesnotsinterbelow1400°C.Anamountof0.025cat%Vwasfoundtohavearathersmalleffectondensification.Forhigheramountsofdopant,0.05and0.1cat%V,samplessinterfastinanarrowtemperaturewindow,beginningat~1200°C.Ataconstantheatingrateof5°C/min,thesampleMgO(ACS)+0.1catr/rV(PDP)startstodensityat~1190°Canddensificationiscompletedat1260°C,taking14minaltogether.Theeffectofdifferentdopinglevelsonthedensificationkineticscanbestbeseenfromdp/pdtversuspplots,obtainedfromisothermalexperiments,asshowninFigure6-4.FortheACSstartingpowderanadditionof0.025cat%Vdoesnotenhancesinteringat1250°C.Additionsof0.05cat9£Valreadyacceleratesinter¬ingstrongly,leadingtofullydensesamples(>99c7tTD)within~2hsinteringat1250°C.Evenhigherdensificationratesareobtainedfor0.1and0.25cat%V.Densificationinthosesamplesisveryrapidandcompletedwithinlessthan15minat1250°C.
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Tn order to study the influence of the maximum sintering temperature, powder

compacts with 0.05 cat% V were heated at 25 °C/min to the desired sintering tem¬

peratures. The results are shown in Figure 6-5. At 1050 and 1150 °C, densification
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Figure 6-5. Normalized densification rates \ersus relathe density for samples
MgO(ACS) + 0.05 cat% V (PDP), sintered at 1050 to L350 °C.

is slower than for samples sintered at 1250 and 1350 °C. The normalized densifi¬

cation rate of the 1250 "C sintered material is constant up to densities of 95 %TD.

Higher sintering temperatures up to 1350 °C did not result in higher shrinkage

rates.

In order to study the influence of the doping method, shrinkage rates were

recorded from samples prepared by the SSP, VCDand PDPmethods and plotted

versus density in Figure 6-6. Only those samples prepared by PDPreach high den¬

sities above 95%TD. For MgO(MAF) + 0.1 cat% V (PDP), a sintered density of

96% was found and for the similar doped MgO(ACS) + 0.1 cat% V the sintered

density was 99.1%. The MgO(MAF) was also doped by SSP and VCDwith

0.1 cat% V. These two doping methods were clearly inferior to the PDP, resulting insampleswithsintereddensitiesof86%TDforbothmethods.
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Figure 6-6. Normalized densification rate \crsus relative density during sintering of

0.1 cat% V-doped MeO(ACS and MAF). All samples piessed isostatically and sintered at

1250 °C.

Now the question arises why the densification rate depends so strongly on the

doping method. In case of the PDPmethod, the dopant was introduced as precip¬

itated Mg-^VoOg compound as will be shown later. During the SSP method, the

dopant is introduced as precipitated NH4VO^, resulting in V205 upon calcination.

By VCD, V205 is formed via thermal decomposition of vanadyl acetylacetonate

that was mixed with the MgOpowder before calcination.

Two reasons might be responsible for the poorer sintering of the V2O5 containing

material as compared to the Mg3V208 containing samples. One might be a much

less homogeneous distribution of the V205 as compared to the Mg3V208. The

other possible reason might be the formation of intermediate liquids formed by

V205 which do not wet the MgOas well as the Mg^^Og liquid. Here, further

clarification isneeded.6.3.3SinteringofDie-pressedBodiesandCastedTapesEvidenceofinliomogencoiisdopantdistributionresultingfromtheSSPmethodwasfoundinsinteringexperiments.DiepressedcylindersofMgOdopedbySSP



107 Sinteiing of V-dopcd MgO

with 0.1 to 1.0 cat% V were sintered at 1250 °C for 12 h. Cracks were regularly

found in samples with 0.1 cat% and 0.25 cat% V, whereas samples with 0.5 cat%

and 1 cat% V were always intact.

mcontrast, ceramics sintered from either the VCDor PDPdoped powders have

never shown defects of this nature. It can be concluded that cracks and warpage

are a consequence of inhomogeneous dopant distribution, combined and fortified

by shrinkage proceeding very rapidly in a narrow temperature range for low

doping levels. At these low doping levels, the local shrinkage rate will vary dra¬

matically with the changing local dopant concentration, and large internal stresses

may develop in the inhomogeneously densifying ceramic body, resulting in local

deformations and cracks.

Green tapes were cast from MgO(MAP) + 1 eat% V (VCD) powder and from

MgO(ACS) + 0.125 cat% V (PDP) powder. These tapes sintered to closed poros¬

ity similar to pressed samples despite the low solids load ( <30 vol%) in the

tape-cast slurry.

6.3.4 Sintered Density
To explore the maximum density that can be reached for the different powder mix¬

tures, four sets of samples were sintered with the same temperature program,

applying a holding time of 12 h at 1250 °C. Each set was prepared by pressing cyl¬

inders from powders, each derived from one particular
MgOqualityanddopedwithvariousvanadiumconcentrationsbyoneofthethreeprocesses,SSP,VCDorPDP.TheresultingfinaldensitiesareplottedinFigure6-7andTable6-2summa¬rizesthedensitiesaftersintering.Itisclearlyseenthateachsethasitsownpeakindensityoccurringatadifferentdopantconcentration.EvenmoresignificantistheobservationhowthemaximumdensitiesachievedineachsetdependsontheMgOqualityandthehomogeneousdistributionofvanadiumobtainedbyapartic¬ulardopingprocess.Brown[9]usedamethodsimilartoourSSPtoobtainMgOpowderswith0.01to0.1catr<Vandobtaineddensitiesof90%TDafter1hsin¬teringat1450°Cforsamplesdopedwith0.01cat%V.Themostremarkableresultinthepresentworkisthe99.5%relativedensityachievedforthesamplesMgO(ACS)dopedwithonly0.05cat9£vanadiumbyPDP.ComparableresultsforMgOceramics,sinteredpressurelessat1250°C,havenotbeenreported

before.
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Figure 6-7. Sintered densities after 12 h at 1250 °C. Lines are to guide the eye only.

Starting
Powder

Doping
Process

Doping Level, cat%

0.025 0.05 0.1 0.125 0.25 0.5 1.0 2.0

MgO

Alfa Aesar ACS

PDP 87.4 99.5 99.1 98.5 98.3

MgO
M.A.E N°1425

PDP 95.5 97 95.4 95.5 94.5

VCD 86.0 96.2 96.0 94.5 90.0

SSP 86.0

cracks

90.5

cracks

91.6 95.1

Table 6-2. Sintered densities of \anadium-doped MgOsamples. Gre> background: highest
densities within series. The term "cracks" refers to samples that cracked regularly during
sintering.

6.3.5 Microstructural Evolution

Pore size distributions of both, green and sintered bodies were measured by mer¬

cury intrusion porosimetry. The specific pore volume versus pore radius of green

bodies prepared from either of the two MgO starting powders are shown in

Figure 6-8. Average pore radii were 40 nm for the ACS and 64 nm for the MAF

greenbodies. Densification of samples with 04 cat% V and above proceeds at

very high rates, sintering of these samples cannot be interrupted in different
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Figure 6-8. Pore size distribution for MgOgreenbodies. Relative densities are 52% for the
MAFand 68% for the ACSpowder compacts.

stages. In contrast, densitication rates in MgO(ACS) + 0.05 cat% V (PDP) are

sufficiently slow, full density is achieved after approximately 2 h at 1250 °C.

Therefore, sintering of these samples can easily be interrupted and the microstruc¬

ture be characterized at different relative densities. Figure 6-9 shows the develop¬
ment of the pore size distribution for such samples. The average pore sizes

increases as sintering and densitication proceeds. Small pores are eliminated first

and large pores have to be eliminated during final stage sintering by diffusion. The

average pore radii were 80 nm for the sample sintered to 829f TD and 110 nm for

the 87% TD sample. The microstructure of these samples could be resolved by

scanning electron microscopy, confirming the porosimetry data. Grain andporesizesforpartiallysinteredMgO(ACS)+0.05cat%V(PDP)samplesaresumma¬rizedinTable6-3.Densesamplesshowanaveragegrainsizeoftentotwentymicrometers,dependingonthesinteringtime.Figure6-10showsmicrographsforsamplessinteredIh,2h,and4hat1250°C.Themicrostructuresindicatethatthepronouncedgraingrowthtakesplaceattheverylaststageofsintering.
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67% (greenbody). 82% (0.5 h at 1250 °C) and 87% (1.5 h at 1250 °C).

Rel. Density
%

Sintering Time

at 1250 °C

Grain Size

(im

Pore Radius

um

68+1 greenbody 40

70+1 1 min

82±1 I h 80

87±l 1.5 h 110

>99 2 h 10

>99 4 h 18

Tabelle 6-3. Microstructural data tor partially sintered samples of

MgO(ACS) + 0.05 catff V (PDP).

6.3.6 Phase Analyses
In order to identify the phases present after sintering, samples were evaluated by
XRD. Figure 6-11 shows the diffraction patterns for samples prepared by PDPof

MgO (ACS) and for MgO (M.A.F.) powder doped with solutions of

ammonium metavanadate. Specimens doped with >0.25 cat% V were found to

contain at least one second phase. This secondphasecouldnotbeidentifiedby
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A: greenbody MgO(ACS) + 0.05 cat% V

il

B: sintered for 1 h at 1250 °C
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'^ftÄ

C: sintered for 2 h at 1250 °C

"Im

D: sintered for 4 h at 1250 °C
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Figure 6-10. Secondary electron and optical micrographs of MgO(ACS) + 0.05 cat% V.
Polished cross-sections. A: SEI of a greenbody, relative density68%. B: SEI of a sample
sintered for 1 h at 1250 °C, relative density 82%. C: Optical micrograph of a dense sample
(>99% TD) sintered for 2 h at 1250 °C, average grain size 10 iim. D: Optical micrograph of
a dense sample (>99% TD) sintered for 4 h at 1250 °C, average grain size 18 jam.
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Figure 6-11. XRDpattern of V-doped MgO.

comparison with JCDDdata. Precipitation doped samples with 0.025, 0.05, and

0.1 cat% V were found to be free of a second phase by XRD. Comparison of the

pattern for MgO(ACS) doped with 0.25 catc7< V by PDPand MgO(MAF) doped
with solutions of ammonium metavanadate indicates that the raw powder as well

as the doping process influence the phase composition after sintering. Peaks of a

second phase are hardly detected and could not be identified in the precipitation

doped sample. However, firm conclusions cannot be drawn from these analyses
alone, because the maximum amount of Mg^V^Og, which is the Mg-V-0 com¬

pound richest in Mg, is less than 1 \oVi.

DTAhas been used to detect the presence of any phases undergoing a transforma¬

tion upon heating and cooling after annealing at high temperatures. Extended

annealing times at 1300 °C were not effectue to dissolve the secondary phase
formed in doped samples with 1 cat°r V. Samples \\ ere annealed in a DTA. cooled

down and reheated after 1, 2, 4. 8. 16. and 24 h. Heating curves after 1and16hannealingtimeandcoolingcurvesafter2and24hareshowninFigure6-12.Uponheating,endothermicreactionsareobservedat1150°Cforannealingtimesof1and16hat1300T.Exothermicreactionsuponcoolingoccurredat1140°Cafter2hat1300°C,andat1120X?after24hannealingat1300°C.Forboth
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Figure 6-12. DTA: MgO+ J cat'\ V, Cooling curves after 2 h (black line) and 24 h (grey
line) and heating curves alter 1 h and 16 li annealing at 1300°C.

annealing times, a second exothermic reaction upon cooling was found at 990 °C.

These experiments are evidence for a very small solubility of V5+ in the MgOlat¬

tice, far below the 1 cat% present in the samples studied by DTA.

Neither from XRDnor DTAof the doped samples an identification of the second¬

ary phase(s) was possible. In order to clarify the composition of the liquid phase,

mixtures of the nominal composition of MgßVoOgand Mg^VoOjQ have been pre¬

pared by coprecipitation and evaluated by DTAand XRD. After calcination, pow¬

ders with the nominal composition Mg^YSOjQconsistedonlyofthepericlasephaseandtheMg^V^Ogphase,whichisinagreementwithLI7].DTAdetectedanendothermicreactionat1190°Cuponheatingandanexothermicreactionat1190°Cuponcooling.Nootherreactionswereseenintheseexperiments.TheMg3V20gnominalsamplecontainedminoramountsofMg2V207.Uponheating,endothermicreactionswerefoundat884°C.1090°C,and1180°C.Uponcool¬ing,exothermicreactionsweredetectedat1180°C,990°C.873°Cand645°C.Fromtheseexperiments,weassumethemeltingtemperatureofMg^VoOgtoliebetween1J80°Cand1190°C.ThemeltingtemperatureoftheMg3V208phaseissimilartothetemperatureoftheendothermicreactionsdetectedwhenheating
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samples of MgO+ 1 cat% V thus we suspect the liquid accelerating sintering in

our samples to be of the composition Mg3V208. Much of the thermodynamic data

published on the MgOV205-system [17, 18, 19] is contradictory. However, we

used these data to draw a tentative phase diagram of the MgO-ViO^-system,

shown in Figure 6-13, Clark and Morley [17] found three compounds in the sys-
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Figure 6-13. Tentative Phase-Diagram V2OrMgO. Based on the data of Claik and Mot le)
[17] and of Ketby and Wilson [ 181 Matkeis indicate pol) morphic tianstttons.

tern, Mg3V208, Mg2V207 and MgV206, Wedid only include these compounds

in the diagram and left out all other phases that were not verified in their work.

This diagram is especially helpful in understanding the exothermic reactions seen

in the cooling curve of the Mg^V2Og sample.SeveraltransitionsintheMgO-V205systemhavebeenreportedtobegradualinnature,wethereforeassumethattheformationofthesolidMgxVvO/phasesuponcoolingintheDTAisnotcompletedandV-richliquidspersistdowntotheeutectictemperature.6.3.7EffectofV205andMg^^SO^ontheSinteringofMgOIntheprevioussectionweshowedthattheformationofaliquidabove—1190°CwiththeapproximatecompositionofMg}V2Ogeffectivelyenhancessintering



115 Sintering ol V-doped MgO

during the first and second stage of liquid phase sintering (LPS). During the first

stage, with particle rearrangement as the predominant mechanism, normalized

densification rates in the order of 10~4 s"1 are found. Additions of 0.1 cat% V by

the PDPto MgO(MAP) enhance the normalized densification rate by a moderate

factor of two. While in undoped MgO, the normalized densification rate decreases

fast above 70% relative density (RD) to below 10~6 s"1 at 90% RD, in

0.1 cat% V-doped samples it remains almost constant, above 10 s"1, like in the

first stage of sinterine.

Solid state sintering in the second stage can only proceed by transfer of material

by lattice or grain boundary diffusion. Above -90% TD, pore channels become

too narrow to be stable and eventually close. Further densification will rise the gas

pressure in the pores which again, if the gases contained in these pores are insol¬

uble in the solid, will stop shrinkage. The oxidation of residual carbon will further

rise the gas pressure and slow down densification.

Second stage sintering in the presence of a liquid
phaseisdominatedbydissolu¬tionandprecipitationprocesses.Theliquidwiththecomposition3MgOV2O5isinequilibriumwiththesolidMgO.Solutionandprecipitationoccurssimulta¬neouslyatallinterfacesandthehighfractionofMgOintheliquidmakesthematerialtransportveryfast.ThesolutionofMgOinthefluxmaybeassumedasthereactionofthecomplexanionsV043~withMg2+atthesurfaceofMgOorMgC03andalike.Thiscanbeunderstoodasassociationanddissociationofanacid-base-complex,namelytheMg^VOTb-liquid,followingtheLewisdefini¬tionsforacidsandbases[20].Theliquidmighthaveareasonablesolubilityforoxygen,whichallowstokeepmassandchargebalancethroughoutthesample.Surfacesofarc-fusedMgOsinglecrystalswerefoundtoberichincarbon,presentintheformofC02~~andCO"species113].ThepresenceoftheMg^X^Og-liquidmighthaveanimportantinfluenceonthereactionkinetics;itcouldpromoteoxi¬dationofcarbontoCOandCOiandremoveitinaveryearlystagewheretheceramicbodyishighlyporousandgasescanescapeeasily.BymeansoftheliquidtheMgOisre-crystallizedandpurified.Thisresultsinsinteredbodieswithhighdensityandaverysmallamountofresidualporosity.WethereforesuspectthattheactionoftheMg3V208-dopingonthesinteringofMgOisbasedontheformationofaliquidthatwetsthemagnesiaandassists

in
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particle rearrangement during the first stage of sintering. During the second stage,

fast material transport by way of the wetting liquid and dissolution or decomposi¬

tion of MgOand the impurities in the reactive flux, promote sintering. The action

of the reactive flux on carbon impurities might be of great importance in reaching

very high final densities since a gradual release of carbon as gaseous C02 will

hinder pore closure and further densification during third stage sintering of

undoped MgO.

6.4 Summary

Magnesium oxide has been doped with small amounts of vanadium oxide to

enhance sintering. A liquid is formed at 1190 °C with the approximate composi¬

tion of Mg3V20g which promotes densification of the ceramic bodies. The influ¬

ence of the amount of dopant, the doping method, and the annealing time and

temperature on the final properties have been studied.

MgOdoped with 0.05 cat9£ V, precipitated as Mg^VoOg, was sintered to theoret¬

ical density within 2 h at 1250 °C with a final grain size of 10 itm. This work pre¬

sents for the first time MgOceramics sintered to theoretical density at ambient

pressure.
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/ Processing of Bi2Sr2CaCu20
Thick Films on MgO
Substrates

In this chapter we report on the processing parameters

of large area BiiSisCaCiioO^ (Bi-2212) thick films on

MgOsubstrates. Bi-2212 tapes were cast by the doctor

blade technique and meanders of tapes laminated onto

flat MgO-ceramic substrates. The tapes were produced

via the partial melt-process in a single cycle. Tc and Jc

of Bi-2212 on MgO substrates were comparable to

those processed on silver substrates. The largest compo¬

nent processed was a 1 cm wide conductor meandering

over 150 cm on a 20 cm diameter MgOplate.
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7.1 Introduction

Processing of Bi-2212 ceramic films with a thickness in the range of

10 to 1000 |ULm can roughly be divided into the following main steps: the powder

preparation, processing of the slurry and of the green body by tape-casting, struc¬

turing and lamination of the green tape onto the ceramic substrate, finally melt

processing and annealing of the superconductor.

Each single step influences the final properties. Failures in one step cannot be cor¬

rected in one of the following steps.

Powder preparation has been widely discussed in literature [1 - 4]. Beside nominal

powder composition, phase purity and chemical impurity level, it is important that

the powder properties like particle size, size distribution and morphology are well

defined, i.e. can be controlled by the manufacturer and kept constant from batch

to batch. In particular, the particle size and morphology determines the amount of

surfactant and solvent needed to prepare a slurry for tape casting. Additionally, the

onset of melting in Bi-2212 was found to vary with particle size |5]. One of the

most crucial issues in the reproductible processing of large Bi-2212 components

are constant powder properties.

Thick films of BSCCOhave been prepared by dip-coating [6, 7], screen-printing

[8] and tape-casting [9, 10]. Electrophoretic deposition (EPD) has been used to

form Ag/Bi-2212 from partly reacted
Bi-2212precursorpowders[11].Alltheseformingtechnologiesuseadditionsoforganiccompoundsthatmightcausecarboncontaminationofthesuperconductoruponpyrolysis[12].ThecharacteristicsofthedifferentprocessesaresummarizedinTable7-1.Majoradvantagesoftape-castingarethatthethicknesscanbeadjustedpreciselyjustbyvaryingthegapbetweenbladeandglasssurfaceandthattapeswithlargelateraldimensionscanbecast.Thesizeofthetapesisonlylimitedbythesizeoftheblade.Manysamplescanthenbecutfromthesametapewhichensuressimilarbehaviorduringmelt-processingaswellasidenticalthicknessoftheprocessedsamples.Tape-casting,aswellasdip-coating,formsalayerwhichhasthentobestructuredorshapedtoobtaintherequiredconductorgeometry.Thiscaneitherbedoneinthegreenstageoraftermelt-processingbeforeannealingthesuperconducting

film
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Dip-Coating Screen-Printing

Electrophoretic
Deposition
(EPD) Tape-Casting

Thickness

Range [/am]

10-50 urn 3- 100 um <400 Urn 10- 1000 urn

Control of Film

Thickness

slip \iscosit>.

velocity of sub¬

strate movement

gap betu ecn

mesh and sub¬

strate

time,

potential,
current / solids

load

gap between

blade and sub¬

strate

Advantages

simple apparatus structured layers,

high resolution

complex shapes
possible,
control of orien¬

tation possible,
no binders nec¬

essary

size only limited

by width of

blade,

self-supporting

tapes,

superior control

of thickness

Disadvantages

discontinues pro¬

cess difficult,

thickness limited

flat substrate

required,
limited to small

areas

conductive sub¬

strate required
sophisticated
slurry composi¬
tions

References [6. 71 [81 [11] [9,111

Table 7-1. Techniques for ceramic thick film preparation.

[13]. Cutting the desired shape from the soft green tape
isthemostconvenientmethodsincethesofttapescaneasilybecutorpunched.DuringlaminationoftheBi-2212filmonthesubstrateanintimatecontactbetweenthesubstrateandoneormorelayersofthegreentapeisformed.InEPD,dip-coatingandscreen-printing,thefilmsaredirectlydepositedonthesubstrate.Beforeheatingtothefinalprocesstemperature,theorganiccompoundshavetoberemovedcarefully.Afterbinderburnout,thebodyconsistsofanassemblyofceramicparticlesformingaporousstructure.Atthisstage,thebodyishighlyfrag¬ileandmustbehandledwithextremecareor,best,notatall.Duringpartialmelt-processing,thefilmisheatedabovethesolidustemperature,thenslowlycooledbelowTso]jdustore-formtheBi-2212phase.ThisprocessresultsinstronglycoupledgrainsandthusinconductorswithhighcriticalcurrentdensitiesfI].Annealingofthesolidifiedfilmat850°Chomogenizesthemicro-structure.SecondaryphasesreactwithresidualmelttomoreBi-2212.Inafinalheattreatmentat600CCatapChof0.01amithedesiredoxygendeficiencyof5=0.2inBi^Si^CaCibOs-H}isobtainedformaximumTcandJcat77K

(15].
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Aim of this work was to use state of the art ceramic powders and ceramic process¬

ing to form large area meanders of superconducting Bi-2212 on an insulating sub¬

strate that are feasible for switching elements in a resistive type fault current

limiter. Major concerns were the scale-up of green-body preparation via tape cast¬

ing, the melt processing on dielectric substrates and the evaluation of the electrical

properties of such meanders.

7.2 Experimental

A commercial powder1 with the stoichiometry T^St^CaCibO^ and an average

particle size of 13 fim was used in this study (see Appendix 10.3 for detailed

powder data). Tt is known from previous work [14], that a maximum Jc at 77 K is

obtained only in specimens processed within a narrow temperature window of

893 °C ±5 °C. Therefore, the temperature distribution in the furnace over a large

sample of 20 cm diameter is most important. A special heat-pipe furnace" was

used throughout this studv. The temperature gradient across a 20 cm diameter

specimen was ±1 °C at 890 °C. The furnace was equipped with a gas control sys¬

tem, thereby the oxygen partial pressureinthefurnacecouldbecontrolledfromp02~2x10°atmtop02=1atm.FurtherdetailsofthefurnacesetupcanbefoundinAppendix10.4.TheproceduredescribedinthefollowingsectionsturnedouttobethebestforprocessinglargeareaBi-2212filmsofanythickness.7.2.1SlurryPreparationTherecipegivenforpreparationofgreentapesofBi-2212bythedoctorbladetapecastingtechniquewasderivedfromthatgivenbyBuhl[15|.Acommercialpowderofasinglelotwasusedtoprocessmorethan20tapeswiththicknessesfrom100to1000jimandareasof1000to3000cm2.Theuseofasinglepowderlotguaranteedconstantpowderpropertiesandavoidedadjustmentoftheprocessparameterstothepowderchemistryandphasecompositionwhichwasfoundcompulsorywhenworkingwithpowdersfromdifferentsources.1.BiiSroCaCibC^,TypeSLB15,Lot265,Soha>BariumStrontium.D-BadHenningen2.Heat-PipeFurnace,custommade,\olume:601.Tmax=1000°C.GeroGmbH,D-Neu-hausen
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The recipe given in Table 7-2 was used for tape casting Bi-2212 tapes in the range

of 100 to 1000 [im initial thickness.

Substance
1

Amount Weight 9c Supplier

Bi-2212 200 g 71.9

i
i

i

SLB 15, Solvay. D-Bad

Hönningcn

Ethanol, puriss 20 s {7.2 Fhika Chemie,

CH-Buchs

Trioleine 3 g 1.1 Fhika Chemie,

ClI-Buchs

Dioctyl phtalatc 10 g 3.6 Fluka Chemie,

CH-Buchs

Polyfethylene glycol), llOg
M=300 g/mol

3.6 Fluka Chemie,

CH-Buchs

Ethanol. puriss 25 g 9.0 Fluka Chemie,

CH-Buchs

Polyvinyl butyral) 10 g 3.6 Mowital B 20 H. Clan-

an t, D-Frankfurt / Main

Table 7-2. Slurry composition for Bi-2212 tapes.

The Bi-2212 powder, together with ethanol (20 g), trioleine, dioctyl phtalatc and

poly(ethylene glycol), was filled into zirconia jars and milled with zirconia balls

(diameter = 10 mm, total load -200 g) for 45 minutes on a planetary milP. To

avoid heating of the slurry,
millingwascarriedoutinanintervalmode.Thetimeforthisoperationwas75Vcofthetotalmillingtime.Thebinder,poly(vinylbutyral),dissolvedinethanol(25g).wasthenaddedandtheslurryhomogenizedfor15minutes.Thetotalmillingtimewaskeptshorttoavoidimpuritypickupanddeteriorationofthepolymerbinder[16.17].Thetotalamountofsolventcouldbereducedby209c\ascomparedto[15J.Theamountofadditiveswaskeptconstant.Thisledtoslurrieswithasolidsloadof25voWc,Beforecasting,theslurrywasdegassedfor30minat250mbarandduringthistimecooledinanice-bath.Afterdegassingandcooling,homogeneousslurrieswereobtainedwithoutresidualcasbubbles.3.PM4,RetschGmbH,

D-Haan
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7.2.2 Tape Casting

Tapes were produced on a commercial ceramic tape casting machine4 by pushing

the slurry with a single blade over a stationary substrate, as illustrated in

Figure 7-1. A thin polyester foil was used as substrate, supported by a glass sheet.

Initial thicknesses of the tapes were 100 - 1000 rim and the blade was moved with

0.5 m/min.

Casting Direction Precision Screw

CT Doctor Biade

Bi-2212 Green Tape

Plastic FoilSlurry

/
Glass

Figure 7-1. Set-up for tape casting Bi-2212 thick films.

Tapes were typically free of irregularities. Drying of the ceramic tapes was per¬

formed at room temperature without further precautions or any acceleration. The

tapes shrank to about 50% of their initial thickness without bending or distortion.

Flat ceramic tapes of up to 2 mlength were obtained.

7.2.3 Structuring
The shape of the final superconducting film was cut from dry green tapes. Stripes

were cut with a paper cutter and complex structures like meanders were cut with

a scalpel using a mask. The mask itself was cut from cardboard (150g/irr).Bestresultsinrespectofshapetolerancewereachievedbypressingthemaskandtheflexibletapeontoasupportwithastiffsteel-rulerandcuttingalongtheruler'sedge.Complicatedshapes,likemeanders,couldthusbecutfromassingletape.Analternativewaytoformcomplexshapesisbuildinguptheconductorfromoverlappingstripes.Figure7-2showsschematicillustrationsandexamples.Theincreasedthicknessduetotheoverlapcanclearlybeseenfromthelowerrightimage.BothproceduresareequallysuitabletoformstructureslikemeandersfromtapecastedBi-2212greentapes.4.EPHEngineeringAssociatesinc.Urem(Utah),U.S.A.
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Figure 7-2. Meandeis loi med b\ cutting fiom a single piece (left side) and fiom

ovetLipping stupes (light side)

7.2.4 Lamination

The cut to size green tape was placed on the MgOsubstrate with the plastic carrier

film upside. The green tape was glued onto the substrate in order to hinder relative

movements of both, the green tape on the substrate and the silver contacts on the

green tape. A suitable glue was prepared by dissolving polyvinyl butyral) (2 g) in

a mixture of poly(ethylene glycol) (M = 300 g/mol, 5 g) and ethanol (5 g). This

glue turned out to be superior over mixtures u ith less binder. Due to its high vis¬

cosity, the glue did not penetrate the pores of the green tape and therefor did not

influence the polymeric structure of the green tape. Tapes glued with ethanol or

poly(cthylene glycol) (M <2000 g/mol) only or a mixture of both, regularly

showed
cracksaftermeltprocessing.Afterdryingoftheglue,thesupportingplas¬ticfoilwasremoved.SilvercontactsweregluedontotheBi-2212tapesmthesamemanner.Beforethat,apatchofBi-2212tapeapproximatelytwicethelateraldimensionsofthecontactwasapplied.ThisturnedouttobenecessarysincesomeoftheAgcontact5Silveifoil,999%,127urn,JohnsonMatthey
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material dissolved in the Bi-2212 melt depending on the maximum processing

temperature and the initial silver content of the tape.

7.2.5 Heat Treatment

Thermal processing of the laminated green tapes on MgOwas performed in a

single furnace cycle. The process is composed of: binder burnout, partial

melt-processing, annealing, reduction and cooling. The total time schedule is

shown in Figure 7-3.

1 000 ^
, 1

0 20 40 60 80 100 120

Time h

Figure 7-3. Temperature profile for thermal processing Bi-2212 thick films.

Binder Burnout

Thermal processing was done in one temperature-time cycle, as shown in

Figure 7-3 without interrupting the process. Figure 7-4 shows the temperature

schedule during the first 30 hours. Until completion of binder burnout, a gas flow

of 60 Std.l/h oxygen was maintained in the furnace chamber of 60 1 volume..

The parameters for pyrolysis of the organic components were derived from

DTA/TG measurements. Figure 7-5 shows a typical DTA/ TGresult at a heating

rate of 1 K/min in flowing oxvsen. The exothermic reaction starting at 150 CC is

caused by the PEGand PVBdecomposition and pyrolysis. Due to the high oxygen

partial pressure and the slow heating rate, pyrolysis of the polymers is shifted to
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1000

10 15 20

Time h

Figure 7-4. Binder burnout oi Bi-2212 tapes mflowing oxygen atmosphère.

30

0 50 100 150 200 250 300 350 400

Temperature °C

Figure 7-5. DFA/ TG of a Bi-2212 »teen tape mflow inq o\\ yen atmospheie. Heating rale'

1 °C / nun.

lower temperatures than in air. Here, the decomposition starts at 150 °C and pyrol-

ysis is completed at 280 °C. The heating rate during binder burnout of the Bi-2212

tape was lowered until no ignition occurred. Ignition of the binder caused forma-
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tion of sponge like structures that did not form a film upon the following partial

melt-processing. A heating rate of 15 °C/h in the range 150 °C to 250 °C was

found to be safe for the pyrolysis of the binder in flowing oxygen atmosphere.

Binder burnout in air regularly resulted in curling of the tapes when no load was

applied. All further experiments were carried out in flowing oxygen at a heating

rate of 15 °C/h up to 300 °C.

Partial Melt-Processing
After the binder burnout was completed at 300 °C, the samples were heated with

60 °C/h to 800°C, 30 °C7h to 860 °C and 5 °C7h to the maximum temperature

which was varied between 885 "C and 910 °C. No dwell at Tmax was applied. The

cooling rate from Tmax was kept constant at 5 °C/h. During partial melting, the

oxygen flow rate was 30 Std.l/h. Figure 7-6 illustrates the partial melt-process

schedule.

9 50
, ,._, ^ ,

O
o

CD
v-

3

TO

CU

o.

E

650 - /

/ -I

600 ' l_ , L_J

20 25 30 35 40

Time h

Figure 7-6. Partial melting of Bi-2212 tapes in 11 owing oxygen atmosphere.
Partialmelt-processinghasbeenwidelydescribedforBi-2212bulkmaterial118Jandthickfilms[15].Figure7-7comparesthemeasuredtemperatureprofileofthisstudywiththeprofilespublishedbyChenetal.[18jandBuhletal.[15].Impor¬tantparametersinthisprocessarethemaximumtemperature,thecoolingrate,annealingtemperatureandtime,temperatureandlengthofthereductiontreat-3UU8508007507005°C/h30°C/h60°C/h
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1000

800

O
O

£ 600
3

«

0)

a 400

E
a>

200

0
'

_, ^^ !_, , _J

0 20 40 60 80 100 120

Time h

Figure 7-7. Temperature profile as measured at the sample position of a Bi-2212 partial
melt-process (black line). Solid gre\ line: Parameters published by Chen et al. [19], dotted

grey line: Parameters published b\ Buhl et al. [16].

ment. A study of the various parameters is presented in Chapter 8. Here we focus

on the state of the art of Bi-2212 partial melt-processing to derive starting param¬

eters for the optimization presented in the next chapter. Upon cooling, additional

oxygen is taken up by the structure which lowers the charge carrier density. To

prevent this uptake of oxygen, either quenching, cooling to room temperature in

low p02 or subsequent annealing in low p02 can be performed. It is most conve¬

nient to cool down the samples in low oxygen partial pressure, especially when

large, slow cooling furnaces are used, like the heat-pipe furnace in this study.

The partial melting not only formed an intimate contact between single 2212

grains but also good contact between substrate, thick film and silver contacts, as

shown in Figure 7-8. Films containing too small amounts of liquid phase when

processed, i.e. at too low maximum temperatures, spall off the substrate. The par¬

tial melt process described here leads to Bi-2212 thick films with high critical tem¬

peratures of 96 K (TCi01]set) and critical current densities comparable to those of

Bi-2212 thick films on Ag substrate and bulk material.
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I

Figure 7-8. Cioss section ot a Bi-2212 thick film on MgOsubsti ate and Ag-contact (40 um)
on top

Annealing

Annealing was carried out at 860 °C in flowing oxygen at 3 Std.l/h for 24 h. Upon

cooling at 30 °C/h the gas flow was changed to 60 Std.l/h air at 830 °C with a

holding time of 6 h at 830 °C. After this, samples were cooled at a rate of 60 °C7h

to 600 °C. During cooling the atmosphere was changed at 700 °C to flowing nitro¬

gen by five sequences of pumping the chamber to -10 mbar and flooding with N2

(pOo < 0 002). Dwell time at 600 °C was 6 h. Cooling rate to room tempeiatme

was 60 °C/h above 400 °C and gradually decreasing below 400 °C. Figuie 7-9

shows the annealing and cooling steps to room temperature.

The oxygen stoiehiometry of BioSr^CaC^Og+g in equilibrium has been repoited

by Schweizer [19] for temperatures from 300 - 900 °C and p02 of 10"5 - 1 atm

Figure 7-10 shows the melt-process used m this study m a ô-pOo-diagram,
redrawn lrom |_19J. The arrow indicates the reaction pathway accoidmg to the

stoiehiometry
-oxygenpartialpressuiediagiam,Figuie7-9,andthegasatmo¬spheresused.Attemperaturesbelow-500"Cthekineticsaresoslowthatanoxygenindexot6=0.2couldbemaintainedinthefilmswhencooledasshownmFisure7-9.
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Figure 7-9. Annealing of Bi-2212 tapes mflowing gas atmosphere. The arrow marks the

temperature where cooling becomes gradual!} slower than 60 °C/h.
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Figure 7-10. Oxygen stoichiometn» of Bi2Sr2CaCu208+d depending on oxygen partial
pressure (total gas pressure 1 atm) and temperature. Redrawn from Schweizer [19J. The

reaction pathway of the process used in this study follows the black line.
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7.3 Summary

In this chapter it has been shown that Bi-2212 thick films can be processed in

extensive length from tape cast green foils containing the fully reacted powder

embedded in an organic matrix. The processing parameters for all steps from the

starting powder to the final film on the MgOsubstrate arc reported.

Green tapes free of irregularities have been cast in a wide thickness range from

100 |im to 1 mm. The desired shape was cut from these tapes prior to heat treat¬

ment. Slow binder burnout at high oxygen partial pressure was used to pyrolyse

the binder below 250 X. Partial melt-processing was carried out according to the

well established schedule for B1-2212 thick films on Ag-substrates.

By carefully controlling the process-parameters during all steps, homogeneous

conductors with a length of up to 150 cm were processed. Figure 7-11 shows an

example of such a meander on a 20 cm magnesium oxide plate.

i

j 10 cm

Figure 7-11. MeJt-piocessed Bi-2212 meandet on a 20 cm diametet disc oi magnesium
oxide.
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Critical Current Densities of

Bi2Sr2CaCu20x Thick Films

on Polycrystalline Magnesium
Oxide Substrates

Thick films of Bi2Sr2CaCu2Ox (Bi-2212) have been

processed on polycrystalline MgO substrates. Sil-

ver(l)oxide (Ag20) was added to the powder and the

maximum process temperature was varied in order to

optimize the transport current density at 77 K in self

field. The MgOdid not influence the Bi-2212 and the

same process parameters as for high quality Bi-2212

thick films on silver substrates could be used. The range

of Ag20 addition was 0 to 8 percent by weight. It was

found that both parameters, maximum process temper¬

ature during partial melting and amount of Ag20 added

have a strong influence on the critical current density at

77 K. High critical current densities were only found in

samples with additions of 4 and 8 weight-percent Ag20

in a small temperature window within 20 to 30 °C above

the solidus temperature of 875 CC. The highest Jc of

1900 A/cm" was achie\cd in the 130 urn thick films

with an addition of 4 wt9r Ag20 processed at a maxi¬

mumtemperature of 900 °C.
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8.1 Introduction

Superconducting Bi-2212 material suitable for applications at 77 K should have

high critical current densities. The microstructure of the ceramic should be dense

and single phase. Carefully processing of Bi-2212 in the presence of a liquid phase

has been reported to be an appropriate method to achieve conductors with the

desired properties [1 - 3]. Paul et al. [3] reported critical current densities at low

temperatures for partial melt-processed Bi-2212 ceramics that are several orders

of magnitude higher than those for solid state sintered materials. Moreover, at

77 K, critical current densities in solid state sintered material were found to be

zero. All reports emphasize the advantages of partial melt-processing regarding

the critical current density.

Processing of Bi-2212 in the presence of a liquid phase is complicated due to the

incongruent melting of the 2212 phase [4 - 7|. During melting and solidification

the microstructure undergoes significant
changesinphasecomposition.Thefinalphaseassemblagedependsstronglyontheprocessparametersduringandafterpartialmelting[8-10].Inthepresenceofsilver,thepcritecticmeltingate.g.890°Cmaybewrittenas:Bi2Sr2CaCu2C\+AgoSr85Ca55Cu24Ov+Bi9Sr]|Ca507+liquid(cont.Ag)+02îReaction8-1.Theamountofthetwosolidphases,Sr85Ca55Cu24Ox(Bi-freephase,or014x24)andBi9SrjjCa^O,,(Cu-freephase,or9JJ_50)wasfoundtobe-15vol%foreachphaseat890°C[11].Uponsolidificationtheinversionofreaction(1)leadstothere-formationofthesuperconductingBi-2212.ProcessingparameterswereevaluatedindetailbyBuhl[12]forBi-2212thickfilmsonAg-substrates.Anappropriatesetofparameterstoachievehighcriticalcurrentdensitiesat77Kwasreported.Parametersvariedinhisstudyweremaxi¬mumprocesstemperature,coolingrateduringsolidification,annealingtimeat850°C,oxygenpartialpressure(0.21orIatm02)duringmelting,andreduction

treatment.
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Partial melting has also been used to process thick films of Bi-2212 on single crys¬

talline MgOsubstrates [ 13, 14]. Ilyushechkin et al. [13] report high critical current

densities of 8000 A/cm" m 11 |im thick films. Naylor et al. [14] found critical cur-

rent densities of 3500 A/cm" in 20 11111 thick films, but only 1000 A/cnr in films

with a thickness of 25 to 75 (im. No data is available for thicker films and no sys¬

tematic optimization of process parameters for different silver contents has been

presented so far for Bi-2212.

In this work we concentrate on the variation of the silver content in Bi-2212 thick

films and the critical current densities found in these films. The maximum process

temperature during partial melting is varied to optimize Jc at 77 K. This process

parameter is most strongly influenced by the silver content. Starting point is the

standard partial melt-process which was already described in Chapter 7. Wemea¬

sured DCtransport currents over 10 cm in 1 cm wide and 130 |im thick samples.

8.2 Experimental
8.2,1SamplePreparationPolycrystallineMgO,fordetailsrefertoChapter5,wasusedassubstrateforthisstudy.Allsubstrateswereslipcastandsolidstatesinteredtoceramicswithclosedporosityanddensitiesexceeding959cTD.Bi-22121powderwasmixedwiththeappropriateamountofAgoO2powderandorganicbindertoformahomogeneousslurry.Tapeswerecastviathedoctorbladetapecastingprocess.DetailsoftheprocessaredescribedinChapter7.Greentapeswerecastwithagapof500jimonpolyesterfoil.Thedensefilmswere-130(iminthicknessafterpartialmelt-processing.Thesamplesfordeterminationofthecriticalcurrentdensitieswereall10mmwideand150mmlong.Threetosixsampleswerepreparedforeverysetofpro¬cessingparameters.1.BioSroCaCiHÜ^.TypeSLB15.Lot265,Sol\a\BariumStrontium.D-BadHönningen2.AsiO,Nr.85260,FlukaChemieVG,CH-Buchs
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Heat Treatment

All the samples were processed in a sodium-heat-pipe furnace3 with a very small

temperature gradient of <0.1 °C/cm. All parameters were identical for the sam¬

ples, except the maximum processing temperature. The temperature program con¬

sists of binder-burnout below 250 °C, fast heating below Tsolitlus, followed by

slow heating above 860 °C up to Tmav Afterwards slow cooling to 850 °C is

applied and three annealing steps: 850 °C in 1 atm oxygen atmosphere for 20 h.

820 °C in 1 atm air for 5 h and 600 °C in 1 atm nitrogen (p02 -0.01 atm) for

another 5 h. The parameters are summarized in Table 8-1.

Heating /

Cooling Rate

[°C/hl

Temperature
L°CJ

Dwell Time

[h] Atmosphere

50 130 0 Start: air

Gas-flow: oxygen at

60 Std.l/h
10 250 0

50 400 ! 0

80 860 0 Oxygen

5 Tmax ,
0 i Oxygen

i

5 850 ! 20
1

Oxygen

30 820 ! 5 Below 830 °C: flowing air

at 60 Std.l/h

60 600 5 Below 700 °C: evacuation

then flowing nitrogen

(pO-,-0.005 atm) at

60 Std.l/h
6040NitrogenTable8-1.HeattreatmentschedulefortheBi-2212partialmelt-process.8.2.2SampleCharacterizationThermalAnalysisTheonsetofmeltingintapeswithvaryingAg20contentsandthesolidificationoffilmsonMgOandAgsubstrateswasdeterminedbyDTAmeasurements.Temper¬ature-calibrationwasperformedusingNa2S04(Tm=884°C)asstandard,mea-3.Heat-PipeFurnace,custommade,volume:60ITmax=1000T\GeroGmbH,D-Neu-

hausen
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sured with the same parameters in series with the samples. The difference between

the observed melting temperature and 884 °C was used to correct the temperatures

determined. Melting of the tapes was measured by placing approximately 100 mg

of the tape in an aluminum-oxide crucible and heating at a rate of 2 °C7inin to

900 °C. In addition, melting and solidification behavior was determined with

tapes placed on a thin MgOdisc or on a silver sheet. The temperature program was

the same as in the actual partial melt-process. Above 850 °C a heating rate of

1 °C/min was used, up to the maximum temperature of 902 °C and cooling down

to 800 °C was performed at a rate of 0.5 °C/min.

Current Density Measurements

Critical current densities of 3 to 6 superconducting thick films for every set of

parameters were determined by DCtransport measurements at 77 K in self field.

The voltage drop was measured over 10 cm with n an ovolt meters applying the

1 jiV/cm criterion. Currents were measured by measuring the voltage drop over

precision shunts. Samples were immersed in liquid nitrogen. Current as well as

voltage contacts
weremadebypressingsilverfoilontothesurfaceofthesuper¬conductor.SeeAppendix10.7fordetailsofthesetup.Theconductorthicknessandwidthweremeasuredfromcross-sectionsbyopticalmicroscopy.8.3ResultsandDiscussion8.3.1InfluenceoftheSilverContentonTmeltTheinfluenceofthesilvercontentonthesolidustemperatureofBi-2212wasfirstexaminedbyLangetal.[15].Weperformedaseriesofmeasurementstodeter¬minethesolidustemperatureoftheparticularpowdermixturesusedinthisstudy,sincethesolidustemperatureofBi-2212isknowntovarywithpowdercomposi¬tionandgrainsize[16].Theadditionof4to8\\t%Ag20leadstoashiftoftheperitecticmeltingby20Ktolowertemperatures,ascomparedtoTsolidusofthepureBi-2212whichis894T.Solidustemperatureswere874°CforBi-22124.Models182and2182,Kcithle>Instruments,Inc..Cle\eland.Ohio.U.S.A.
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with 4 wt% Ag20 and 873 °C for Bi-2212 with 8 wt% Ag20. Figure 8-1 shows

900
j

-, 1 r- ,-^„

895

890 - \ j

3 \
m 885 - \
(U \
a \

| 880 : \

875 - ^.-__

870 __^^— ^--^1

012345678

AgO wt%

Figure 8-1. DÏA: Melting temperature in 1 atm oxygen of Bi-2212 with varying AgsO
additions. Heating rate: 2 °C / mm.

Tsohdus as a function of siher(I) oxide addition. The solidus temperatures as well

as the influence of the silver addition reported here are in good agreement with the

earlier reported data [15|. To further evaluate the influence of the substrate on

melting, Bi-2212 thick films with 4 wt91 Ag20 on MgOand Ag substrates were

studied by DTA. These films were compared with the melting of silver-free

Bi-2212 on MgOand Ag substrates. Figure 8-2 shows the DTA-curves for these

samples. The onset of melting was found at 870 °C on MgOand Ag for Bi-2212

+ 4 wt% Ag20. Without the addition of Ag20 powder the onset of melting was

875 °C on Ag substrates and 879 "C on MgO. The small difference in respect
tothesolidustemperaturesgiveninFigure8-1canbeexplainedbythedifferentsamplegeometriesanddifferentheatingratesapplied.8.3.2InfluenceoftheMaximumProcessTemperatureonJcSeveralauthorshavereportedtheimportanceofaprecisecontrolofthemaximumtemperatureduringpartialmelt-processingofBi-2212toachievehighcriticalcur¬rentdensities[17-20].Shimovamaetal.[17]aswellasBuhletal.[20]foundastrongdecreaseofthecriticalcurrentdensityat77KwhenincreasingTmax

by
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860 865 870 875 880

Temperature °C

885 890

Figure 8-2. DTA: Melting of Bi-2212 + 4 wt9? Ag20 and of pure Bi-2212 in 1 aim oxygen
on MgO- and Ag-substrates. Arrow s point to the onset of melting. Heating rate: 1 °C / nun.

5 °C over the temperature where the highest Jc was found. Figure 8-3 reveals the

influence of the maximum process temperature on the critical current density for

all Bi-2212 + Ag20 compositions. Critical current densities were measured in
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Figure 8-3. Critical Current Densities for Bi-2212 thick films on MgOwith varying Ag20
additions. For clantv measured \ allies are shown onK for Bi-2212 with 4 wt% AgiO.
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130 jim thick films, processed according to the standard process given in

Table 8-1. Only the maximum process temperature was varied. For all composi¬

tions, the following behavior was found: maximum processing temperatures up to

20 °C above the solidus lead to rather poor critical current densities. Melt-process¬

ing at 25 to 30 °C above Ts0]idus results in the highest critical current densities. At

even higher maximum processing temperatures, Jc decreases rapidly with increas¬

ing temperature.

The dependence of Jc on the maximum processing temperature is in good agree¬

ment with the previously mentioned literature on Bi-2212 thick films processed

on metallic silver substrates. The temperature offset between optimum process

temperature and solidus temperature has been found to be much higher than the

offset reported by Buhl et al. [20] for 130 p.m thick Bi-2212 films on silver sub¬

strates. They reported highest Jc values at 5 °C above the solidus, i.e. at 880 °C,

whereas we found highest critical current densities in films with2,4and8wt%Ag20processedat900°C.i.e.25°Cabovethesolidustemperature.Bulksamples(d=1000(im)with2.7wtvcAghavebeenprocessedbyLang[22].HereportstwomaximaforJcasafunctionofTmavwithsimilarcurrentdensityvalues:one~2°Cabovethesolidustemperaturesandthesecond-28°Cabovetheonsetofperitecticmelting.ThesecondmaximaisingoodagreementwiththeATreportedhere.Figure8-3showsthattheinfluenceofthemaximumprocesstemperatureonthecriticalcurrentdensityismorepronouncedwithincreasingadditionofsilver.Thetemperaturewindowinwhichcriticalcurrentdensitiesarefoundtoexceed50%ofthemaximumvaluedecreasesfrom14°Cfor2wt%Ag20to11°Cfor4wt%Ag20downto8°Cfor8wtf7rAg20.Langetal.[15]havedeterminedthetem¬peraturewindowforBi-2212thickfilmsonsilversubstratesasafunctionoffilmthickness.Theyfoundatemperaturewindowof10°Cin10(ULinthickfihnsand26°CinlOOOpmthicksamples.Duringpartialmelt-processing,silverisdis¬solvedinthemelt[21]andprecipitatedagainuponsolidificationofthesolidBi-2212phase.Theequilibriumcontentofsilveratagiventemperatureisreachedmuchfasterinathinnerfilm,theoverallcontentofsilverina10jumthickfilmisthereforeexpectedtobehigherthanthatofa1000(imthicksamplewhenthemeltdoesnotreachtheequilibriumcontentofAg.Inaddition,twomeltingpeaksin1000pirnthicksamplesofBi-2212havebeendetectedbyLang[22]andinter-
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preted as the onset of melting at the interface Bi-2212/Ag and within the bulk. The

nature of the narrowing of the processing window of samples with decreasing

thickness on Ag substrates and of samples with a fixed but finely dispersed silver

content, might therefore be the same. However, the best Jc value measured

exceeds the critical current density of the silver-free samples by a factor of five

and reveals the importance of Ag in partial melt-processing of high-quality

Bi-2212 thick films.

8.3.3 Influence of the Silver Content on Jc
The effect of Ag20 addition to Bi-2212 thick films has been investigated to find

the optimum composition resulting in high critical current densities at 77 K. For

all maximum processing temperatures from 885 °C to 910 °C a dependence of the

critical current density on the silver content was found. Figure 8-4 shows the high-

2000

o

<

c/)

<X>

a

c

CD

1—

Z5

o

1500 -

1000 L

-= 500

O

Ag O addition wt%

Figure 8-4. Critical Current Densities tor Bi-2212 thick films on MgOas functions of Ag20
addition. Best \ allies for e\erv set of Tm„

and w Xc/c As-,0
aieerven.estcriticalcurrentdensitiesfoundinsampleswith0,I,2,4and8wt%Ag20.Dependingonthemaximumprocesstemperatureused,threedifferentbehaviorscanbedistinguished:T„,.max885,890°C:criticalcurrentdensitiesincreaseweaklywithamountofAg20additionintherange0-8

wtVc,
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Tmax = 895, 900, 905 °C: critical current densities depend strongly on the amount

of Ag20 added to Bi-2212. Highest critical current densities exceed 10" A/cm2.

Tmax = 910 °C: critical current densities are rather low and independent of the

addition of Ag20 in the range studied.

Films with 0 and 1 wt% Ag20 processed at 885 °C and 890 °C do not show any

sign of melting. The onset of melting can easily be determined by checking the

surface of the Bi-2212 thick films: as soon as peritectic melting starts, tiny needles

of the Bi-free secondary phase appear. Films with 2 to 8 wt% Ag20 melt and den-

sify, but critical current densities remain low.

Maximum processing temperatures of 895 °C to 905 °C result in partially molten

samples when Ag20 is added to the Bi-2212 powder. Without silver, 895 °C is

still too low to cause partial melting and densification of the sample. The melting

temperature for this Bi-2212 powder was determined by DTA to be 894
°C.

ForthepowdermixtureBi-2212+1wt9cAg20,temperaturesarefoundtobe6°Cto16°CaboveTsollc]usandJcincreasesweaklywithrisingtemperature.Forsampleswith2to8wt%silver(l)oxide,thetemperaturerange895°Cto905°Ccorre¬spondstoadeviationof19°Cto32°Cinrespecttotheonsetofperitecticmelting.Inthesesamplesthehighestcriticalcurrentdensitieswerefound.Thehighestcrit¬icalcurrentdensity,1900A/cnr(77K,selffield),wasmeasuredinasamplewithamaximumprocessingtemperatureof900°CandaAg20contentof4wt%.Thehighesttemperatureusedinthisstudy,910°C,resultedinsampleswithonlylowcriticalcurrentdensitiesof-400A/cm",independentofthesilvercontent.ThisbehaviorindicatesthatJcmightbelimitedbyotherfactorsthatarenotinflu¬encedbythepresenceofsiher.ForBi-2212thickfilmswith4and8wt°/oAg20,wherecriticalcurrentdensitiesinexcessof10JA/cnrarefound,wesuggestthatthefollowingmechanismslimitJcintherangeofmaximumprocessingtemperaturesstudied:atlowtemperaturestheamountofliquidistoosmallandthefilmsareonlysinteredinthepresenceofthissmallamountofliquidinsteadofbeingpartiallymolten.Athighertempera¬tures,thethickfilmispartiallvmoltenand,uponcooling,Bi-2212isre-formedfromtheliquidphase.Abovetheoptimumprocessingtemperature,theamountof
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Ciitical Ciment Densities in Bi 2212 Thick I llms 150

8 +

o

CD

<

-bb ' ' I 57?

1 +-£

J>

4 -—330 +510

+ 0

TTT + 425

+ 300 +620 +770 +550

+ 190 + 340 + 430

I 0 | 0 | 190 I

jJ-Li IJIMUMMJ
350

890 895 900 905

0-200

z 200-400

400-600

600-800

d 800-1000

n 1000-1200

1200-1400

H 1400-1600

368

408

910

Figure 8-6. C utical Cuucnt Densities ot Bi-2212 on MsOas lunction of Ag20 addition and

maximum piotess tcmpeiatuie \\eiage values of 3 - 6 samples toi e\eiv piotcssmg um

given



151 Ciititdl CuirentDensities in Bi-2212 Thick Films

900 880 860 840 820 800

Temperature °C

Figure 8-7. DTA: Solidification ol pure Bi-2212 and Bi-2212 with 4 wt% Ag20 on MgO
and Ag substrates in 1 atm ovygen. Cooling rate: 0.5 °C / mm. Arrows indicate starting of
exothermic reactions discussed in the text.

they detected exothermic peaks at 847 °C and 842 °C. They interpreted these

peaks as the solidification of Bi-2212 by comparison with their HT-XRD data.

The studies of Lang [22] showed that Bi-2212 starts to form at -875 °C in the

presence of Ag from the melt. The formation is almost completed at 870 °C when

the samples are slowly cooled at a rate of 5 °C7h. These results are based on the

evaluation of quenched samples by EDXanalyses of polished cross-sections. The

composition of a sample processed at 893 °C and slowly cooled to 850 °C was

determined as: 85 voltf Bi-2212. 5 vo1% 9JJ.50, 5 vol% 014x24. and 5 vol%

residual liquid. Wetherefore assign the exothermic peaks in the DTAexperiments

at 856 °C and 850 CCto the solidification of the residual liquid. The crystallization

of Bi-2212 is not observed in the DTA because the
kineticsoftheformationisrestrainedbythediffusioncontrolleddissolutionofthesolidsecondaryphases91150and014x24.Intheabsenceofsilver,severalexothermicreactionsoccuruponcoolinginthetemperaturerangefrom875°Cto830°Candcriticalcurrentdensitiesinthickfilmsmelt-processedwithoutsilverarefivetimessmallerthaninthoseprocessed
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with silver. Wesuspect that the formation of Bi-2212 is strongly enhanced by Ag

and its absence during re-formation of Bi-2212 from the melt causes an unfavor¬

able microstructure.

Thick films on both MgOand Ag substrates behave the same upon cooling from

the partially molten state in the presence of Ag. Therefore, the annealing parame¬

ters published for Bi-2212 thick films on Ag [20] were used without adaptation

and no optimization of those parameters was necessary.

83.5 Comparison to Bi-2212 Thick Films on Ag-substrates
Processing parameters for 130 |.tm thick Bi-2212 + 4 wt% Ag20 films on MgO

were found to be similar to those for processing Bi-2212 thick films on Ag-sub¬

strates. The critical current densities found in these thick films compares well to

those published for Bi-2212 on Ag. For comparison, we choose the work of Lang

et al. [15, 22]. They measured the critical current densities of 11 mmdiameter

samples by AC-magnetometry at 77 K. Figure 8-8 shows the critical current den-

5000 r
"""lang 10 um

"""" L a it q 60 um

Hü Lang 1000 um - no A g

-•-"Lang 1 000 um -

27wt%AgThisWork,130(im-4wt%AgO90900910920Temperature°CFigure8-8.ComparisonolJeioundmBi-2212thickfilmsonMgO-andAg-substratesversusmaximumprocesstemperature.DataforBi-2212onAgtakenfrom115.22).sitiesversusthemaximumprocessingtemperaturefoundinfilmsprocessedonMgO-substrates,thiswork,andAc-substrates,workofLangetal.FortheBi-2212
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thick films on silver, Jc decreases strongly with thickness, from 8000 A/cm-" in

10 fim films clown to less than 2000 A/cm in 1000 fim thick samples. Buhl [12]

has determined the dépendance of the critical current density on the thickness in

similarly processed samples between 30 and 1000 fim. For films with a thickness

of 200 juin and above, similar critical current densities were found, Jc does not

depend on the thickness anymore. In 130 fim thick films, Jc was about 20% above

the values found in 200 - 1000 Jim thick films. Wetherefore compare the critical

current densities found in our 130 fini samples to those Lang found in 1000 fim

samples processed on Ag. Jc compares well despite the different methods for

determining Jc and the much larger sample size of 1x10 cm for the

Bi-2212 + 4 wtc/c Ag20 on MgOsamples. Weconclude that processing of high

quality Bi-2212 thick films by partial melt-processing on polycrystalline

MgO-substrates
leadstothesamecriticalcurrentdensitiesasprocessingthesefilmsonsilver.8.4SummaryThemaximumtemperatureforprocessingBi-2212thickfilmsonpolycrystallineMgOsubstratesbythepartialmelt-processingtechniquehasbeenvariedbetween885°Cand910°C.Fivepowdermixtureswith0,1,2,4and8wt%Ag20.addedtostoichiometricBi2Sr2CaCu20g^x,havebeenevaluatedwithrespecttotheircriticaltransportcurrentdensityat77Kinselffield.Thickfilmswith0and1wt%Ag20showedonlylowJcvalues.ForBi-2212with2,4and8wt%Ag20,highcriticalcurrentdensitieswerefoundformaximumprocessingtemperaturesof895to905°C.WeobservedthreeregionsforthedependenceofJconthemaximumprocessingtemperatureinthesesamples:criticalcurrentdensitiesriseslowlywithincreasingmaximumprocesstemperatureupto20°CaboveTsolidus(1).Atslightlyhighertemperatures,25-30°CaboveTwildus,highestcriticalcurrentdensitiesarefound(2).Withfurtherincreasingprocessingtemperature,Jcdecreasesrapidly(3).WesuggestthatatlowtemperaturestheamountofliquidistoolowandthefilmsaresinteredinthepresenceofasmallamountofliquidinsteadofbeingpartiallymoltenwithBi-2212re-formedfromtheliquidphase.
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Above the optimum processing temperature, where Bi-2212 crystallizes from the

liquid, the amount of secondary phases (Sr8 5Ca5 5Cu240x . BigSruCa^Oy)
increases and they do not dissolve completely upon cooling to form more Bi-2212.

Melting and solidification was similar for Bi-2212 with 4 wt% Ag->0 on MgO-

and on Ag-substrates. The differences in behavior thus arise from different silver

contents in the thick films. Silver lowers Tsoljdus up to 20 °C and therefore shifts

the optimum processing temperature in the same direction. Highest critical current

densities were found in samples with 4 and 8 \vt% Ag20, at maximum processing

temperatures of 895 to 900 °C. Only one maximum was found and Jc decreased

monotonically towards the edges of the parameter-field studied.
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Outlook

9.1 Magnesium Oxide Ceramics

It has been shown in this work that magnesium oxide ceramics with entirely

closed porosity can be processed from both pure MgOpowders at 1600 °C, and

from V0O5 doped MgOpowders at temperatures as low as 1250 °C. The next

steps are now to optimize the properties of the liquid phase sintered magnesia

ceramic, scaling up of the parts that can be processed and testing these materials

in applications, especially as large area substrates for Bi-2212 partial melt-pro¬

cessing. The enhanced sintering of V-doped MgOallows to process dense ceram¬

ics from low-density green bodies, like doctor-blade cast tapes, without

application of high-temperature furnaces. This results in massive savings in pro¬

duction cost as compared to the solid-state sintered MgOceramic.

9.2 Polycrystalline Bi-2212 Superconductors

Processing of superconducting thick films of Bi-2212 on MgOsubstrates has suc¬

cessfully been accomplished and is described in this work. Interest in such films

arises from two factors, firstly their high absolute current carrying capability as

compared to thin films, and secondly the limitation of transport currents in bulk

samples due to self-field effects.

A major aspect in the design of superconducting devices for alternating current

(AC) applications is the reduction of so-called AC-losses. AC-Iosses arise from

the time-varying magnetic field caused by the time-varying nature of ACcurrents.

A time-varying magnetic field itself induces again a time-varying electric field

which in turn drives a time-varying current, and so on.

At this point, one should emphasize that it is widely accepted that a reduction of

AC-losses can be achieved by reducing the single conductor dimension and

9
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increasing the critical current density. The strategy of reducing the size of the

single (super-)conductor is used in multitllamentary PIT-wires.

Siemens [1] reports that the following approach in their resistive-type SCFCL

results in negligible AC-losses: the current (e.g. 3 kA) is splitted into many paral¬

lel currents, each of approximately 100 A, flowing through a spiral on an individ¬

ual plate. Wetherefore suggest that the application of a series of Bi-2212 thick

films on an appropriate substrate, instead of using Bi-2212 bulk materials (rods,

plates, meanders) might offer potential savings in respect of reduced AC-losses.

The elaboration of a suitable MgOceramic substrate was the main topic of this

work.

The conductor cross-section for a given nominal current is automatically reduced

by increasing the current density of the conductor in question. It has been shown

in this work that partial melt processing of thick films on magnesium oxide sub¬

strates can be upscaled without substantial decrease of the superconducting prop¬

erties. The process relies on constant properties of the powders used for which the

parameters were optimized. Up to now, no systematic studies are available that

relaie microstructure and properties of a melt-processed Bi-2212 superconductor

to features of the starling powder. Not only quality control of raw materials is nec¬

essary, but also the development of a powder that allows processingofpolycrys-tallineBi-2212superconductorswithanoptimummicrostructure.Thisrequiresaprofoundandquantitativeassessmentofpowdercharacteristics.9.3References[11G.E.Marsh,A.M.WolskyAClossesinhigh-temperaturesuperconductorsandtheimportanceoftheselossestothefutureuseofHTSinthepowersector,ANL,IllinoisU.S.A.(2000)
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In the following section, details on the powders used in

this study, the furnace as well as sample preparation and

characterization will be given. The last section, 10.8,

shows some common failures in processing Bi-2212

thick films from and cives advice how to avoid them.
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10.1 Powder Characterization: MgO(M.A.F.)

Powder Name Magnesium oxide N1 1425

Manufacturer M.AF. Magnesite B.V.d

Composition >99r'c MgO

Lot Nr. not a\ailable

a \L-Sehiedam

The composition given in Table 10-1 is granted by the manufacturer:

Compound Percentage bj Weight

MgO >99.00

so4 0.17

CaO <0.10

CI 0.08

Si02 0.02

Fe20, 0.02

LOla 0.30

Table 10-1. Chemical Anal) sis for M.A.F. N° 1425

a Loss on ignition

The particle si/e distribution, by equivalent diameter, as measured by sedimenta-

tion/centrifusation1 is eiven in Fi eu re 10-1:

1. Bl-XDC, Brookha\en Instruments Limited. Redditch. UK
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Figure 10-1. Particle Size Distribution for M.A.F. NT 1425
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10.2 Powder Characterization: MgO(Alfa Aesar, ACS)

Powder Name Magnesium oxide, ACS

Manufacturer Alfa Aesar'1

Composition 95L'c min

Lot Nr. not available

a VvudllilUM-M.US A

The composition given in Table 10-2 is granted by the manufacturer:

Compound Percentage by Weight

MaO
,
>95

S04 0.02

CI 0.01

Ca 0.05

Na 0.5

Fe 0.01

LOIa 2.0

Table 10-2. Chemical Analysis for Alfa Aesar, Stock N° 35442.

a. Loss on ignition

The particle size distribution, by equivalent diameter, as measured by sedimenta-

tion/centrifugatiotr is given in Fi sure 10-2:

2. 13I-XDC, Brookhaven Instruments Limited. Redditch, CK
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Figure 10-2. Particle Size Distribution for Alfa Aesar. Stock N° 35442
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10.3 Powder Characterization: Bi-2212

Powder Name SLB 15

Manutaclurer Sohay Barium Stion-

liuma

Composition Bi2Sr2CaCu2Ox

Lot Nr. 265

a D-Bad Honninsen

The composition given in the Tabic 10-3 is granted by the manufacturer, it corre¬

sponds to a nominal composition of f^Si^CaCibOg+g:

Compound I Percentage b\ Weight

Bi 47.4

Sr
1

19.7

Ca 4 5

Cu 14.1

c 0.0191

Al 3.0 nig/kg

Fe 56.0 mg/kg

Ba 69.0 mg/kg

Si 1 11.0 mg/kg

Table 10-3. Chemical Anal)sis loi Solva> SLB 15

The particle size distribution, by equivalent diameter, as measured by laser gran-

ulometry- is given in Figure 10-3.

3. CILAS 850HR, Quantaehrome GmbH, D-Odelzhausen
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10.4 Sodium-Heat-Pipe Furnace

Principle
A heat pipe is a device that can quickly transfer heat from one area of the heating

chamber to another. It consists of a sealed container whose inner surfaces have a

capillary wicking material. The container is filled with sodium metal that trans¬

ports heat against gravity by evaporation-condensation cycles with the help of

porous capillaries that form the wick. The wick provides the capillary driving

force to return the condensate to the evaporator.

Working
Inside the container is the sodium metal liquid under its own pressure, it enters the

pores of the capillary material, wetting all internal surfaces. Applying heat at any

point along the surface of the heat pipe causes the liquid at that point to boil and

enter the vapor state. It condensates again at a cooler site of the furnace. Thereby

the metal vapor transports heat from hotter to cooler parts of the furnace wall. The

gas gives up the latent heat of vaporization and moves heat from the input to the

output side of the heat pipe. Heat pipes thus have an effective thermal conductivity

many thousand times that of copper.

Setup

Furnace Sodium Heat-Pipe

Manufacturer Geroa. custom-made

Maximum Temperature (long-term) 1000 "C

tteatina Pou er j 12.5 kVA
..

[

a D-Neuhauscn

The furnace temperature is regulated b\ a programmable controller with a thyris-

tor power output. Programming is done by the operator directly at the controll-

pancl. The atmosphereinsidetheworkingchamberiscontrolledbyaPC-basedsystemthatmeasuresthesampletemperature,recordsthetemperatureandchangesthegasflowaccordingly,Figure10-4illustratesthissetup.Withtechni-
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Convection Barriers

Gas OUT

Na-metal filling samD|e

Sample Holder

'J/\A^ Heat-Pipe

Thermocouples

Controller:

Temperature

Figure 10-4. Heat-Pipe tmnace and Conti ol Units

cal grade gases an oxygen partial piessuies from 5x10"^ to 1 atm can be obtained

mthe wot kins chamber.

^
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10.5 Sample Preparation: Powders for Die-Pressing

Die-pressing was used in this work to obtain green-bodies from CeOo and MgO

raw powders. In order to obtain green-bodies sufficiently strong to prevent crack¬

ing in the pre-fired state, the powders were conditioned with a polymeric binder.

The recipe and procedure are given below.

Substance Amount Supplier

Ceramic powder 10 ml solids

Triethanolamine 1.2 g Fluka Chemie, CH-Buchs

EtOH. puriss 60 g Fluka Chemie, CH-Buchs

Ceramic powder 7.5 ml solids

Dioctyl phtalate 1.5 g Fluka Chemie, CH-Buchs

Polyethylene glycol),
300 g/mol

2 c Fluka Chemie. CH-Buchs

Poly(vin>l butyral) 2g MowitalB20H,Clariant.

D-Frankfurt/Main

ElOH. puriss 30 g Fluka Chemie, CH-Buchs

Table 10-4, Substances for the preparation of powders for die-pressing.

The ceramic powder (10 ml solids) was mixed with triethanolamine and ethanol

and milled for one hour on a ball-mill using Zr02 balls and a PE-container. The

remaining powder (7.5 ml solids) was added and the slurry ball-milled for one fur¬

ther hour. A homogeneous mixture of dioctyl phtalate, poly(ethylene glycol) and

polyvinyl butyral)
inethanolwasprepared,addedandmilledagainforonehour.Theethanolwasevaporatedinarotation-evaporator(120mbar,60°C)andthepowderslightlycrushedinamortar.
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10.6 Sample Preparation: Grinding and Polishing

Samples used for microstructural analyses were cut and embedded in a thermoset¬

ting resin
. Depending on the samples nature and the features to be evaluated,

grinding and polishing process differed:

MgOand other substrate materials: The embedded samples were mounted in a

multiple sample holder and grinded using water during all steps: 54 tim

Cu-bonded Diamond - SiC grinding discs: 500, 1000, 2400, 4000 - final polishing

was performed with a colloidal silica suspension on cloth.

Fully processed Bi-2212 / substrate samples: when the secondary phases were not

of concern, essentially the same process was used as for the bare substrates. The

force was reduced to 100 N, corresponding to a pressure of ~3xl0"" N/mnr

Partly processed samples and samples where secondary phases are a prime con¬

cern: embedded samples were grinded and polished using oil during all steps: SiC

grinding discs: 220, 320, 500, 1000, 2400.4000 - These samples were not polished

with non-bonded abrasives.

4. Resin Nr. 5. Struers A/S, DK-Rodo\re



Appendix 172

10.7 Sample Characterization: Jc-Measurements

The critical current density of the samples was determined by 4-probe resistive

measurements. A DC current""1 was passed through the sample and gradually

increased until the voltage drop between the voltage contacts fulfilled the

1 |LiV/cm criteria6. Currents were determined by measuring the voltage drop7 over

a shunt8. Figure 10-5 illustrates the setup.

Voltmeter

12345

Nanovoltmeter

12345

Shunt

Power
Source liquid Nitrogen /

Figure 10-5. Setup for Jc measurements.

Typical Dimensions:

• Conductor width: 10 mm

• Conductor length: 10-20 cm

Distance between voltage contacts: 5 - n cm

5. Power sources: \arious makes, lmdX = 100 A

6. Nanovoltmeters: N° 182 and X" 2182. Keithle\ Instruments Inc., Cleveland, U.S.A.

7. Voltmeter: N° 175, Keithley Instruments Inc., Cle\eland. l/.S.A.

8. Shunts: self-made. High Voltage Laboratory, ETHZurich
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10.8 CommonFailures in Processing Tapes of Bi-2212

The following Table shows some of the problems associated with processing of

laminates from dense sintered MgOsubstrates with Bi-2212 green tapes. These

examples may help to recognize the source of failure when processing similar

samples.

Description:
Netwoik or fine single stripes of the

superconductor's melt is found on the

MgOsurface.

Cracked Substrate Problem:

The substrate is cracked and the wet¬

sa^-.y^ ..r^îr^i ting liquid penetrated all the accessible

cracks.

^S/^^^^^^^^^SéÉI Solution:
'* t^^^^S^ Use of a crack-free substrate, careful

,.,^,.sw.» ?„..*>» î^^xJÉHÉfc^i control of the substrates prior to partial
melt-proeessmg.

Description:
A thin layer ol melt from the supercon¬

Grinded Substrate ductor ceners the entire MgOsuiface.

jKMMMäämEB^^
Problem:

:f';-^^"Jii^ The substrate was grinded after firing
and fine scratches remained.

^^^^^^^^^^^^^hH| Solution:

^^^^^^^^^Bhhhh Retiring of the grinded substrate

'^^^^^SmÊKBmÊÊÊÊÊÊÊBm removes or widens line scratches and

limits the effect.

Distortion

Description:
The shape of the processed thick film is

«- ,
? * ^

....
.s'y*.

distorted as compared to the green tape.
Problem:

yW^^T Lateral shrinkage of the green tape.
Solution:

Increase solids load mthe tape-cast
ÈÈB slurry. Lower the bmder-burnout tem¬

mm
perature. Re-design the stiucture.
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Description:
The BÎ-22J 2 thick film is cracked

throughout its length.
Problem:

The polymeric green tape was damaged
before melt-processing.

Cracked Bi-2212 Thick Film Solution:

I—1|-|^^
Handle green tapes with great care.

KiPPw^PM^PpiP*8^ Avoid deformation. Store the tapes in a

^^MH«m|M^^^a^^M| dark place. Do not expose tapes to heat.

BI^BII^H^^^^B^^^P Do not use old tapes. Whengluing

_• _^,

" *•

lmmm^mfmm tapes, use as little solvent as possible.
WÊÊÊÈÊÊISÊiÈÊÊÈÈkWÊÊ^ Apply "glue" homogeneously. Lower

WmÊMMKmBmÈmWÊBÊmËthe binder-burnout temperature.

Description:
The Bi-2212 thick films shows cracks

at corners and close to Ag-contacts.
Problem:

Cracked Bi-2212 Thick Film The structure was formed in full or

partly from single stripes or patches.
Solution:

BBS... «« Work "layer by layer" instead of merg¬

ing single stripes by overlapping. Close

4wiina.imii.nJI V to Ag-contacts. avoid corners and use

plenty of Bi-2212 to account for solu¬

tion of Ag in the melt.
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Cover: Superimposed X-ra\ images (XRI) of Cu

(blue) and Mg (gre\). Images were taken

from a cross-section of a fullv processed
30 urn

Bi-2212 thick film on a MgOsubstrate. The

original scans are shown on the right. Top:

Cu-XRl; bottom: Me-XRI.
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