THE MATERIALS PROCESSING, CONNECTIVITY, FLUX
PINNING, AND CRITICAL CURRENT DENSITY OF Ag-CLAD

(Bi,Pb)Sr,CaCuwusO, SUPERCONDUCTING TAPES

by

Jeffrey A. Parrell

A dissertation submitted in partial fulfillment

of the requirements for the degree of

Doctor of Philosophy

(Materials Science)

at the
UNIVERSITY OF WISCONSIN - MADISON

1996



© Copyright by Jeffrey A. Parrell 1996
All Rights Reserved



Acknowledgments

| would like to thank the many people who have contributed to the work described
in this dissertatin. | am very gateful to my advisor, Professor David C. Larbalestier, for
all of his help and guidance over the years. It is because of him andotig |ipporting
group he has built and maintained thatill always lbok back on my time at Wisconsin
with fond memories. Many thanks tdlEstarchfor maintaining the fabecation lab, and to
Alex Squitieri for his help with the ettronic equipment in the measurement labs. | also
need to acknowledge several of the scientists in the group, including Xue Yu Cai, Tolya
Polyanskii, and Milan Polak, as well as my fellow graduate students, including Alex
Pashitski, Harry Edelman, and Rob Heussner, for many helpful discussions and
collaborations. | was also fortate to work with a number of bright undergraates,
including John Anderson, Jim Purins, and Kevin Eberman. Outside of the group at
Wisconsin, | benefited from collaborations with Steve Dorris at Argonne National
Laboratory, and Bart Riley at American Superconductor Corporation. Much of the work
in this dissertation is really the result of the collectitfere of all of the people recognized
here, as well as many others both within and outside the Applied Superconductivity Center

that | have not acknowledged by name. Many thanks to all of you.



i
THE MATERIALS PROCESSING, CONNECTIVITY, FLUX PINNING,

AND CRITICAL CURRENT DENSITY OF Ag-CLAD (Bi,Pb)Sr,CaCus0O,

SUPERCONDUCTING TAPES

Jeffrey A. Parrell
Under the supervision of Professor David C. Larbalestier

At the University of Wisconsin-Madison

The critical current density J) of Ag-clad (Bi,Pb)SrCaCuwOx (2223)
superconducting tapes ist@rmined by a hierarchy fiting mechanisms. Experiments
described in this dissertation show thatdhé77 K) of a 2223 tape can betdrmined first
by any of several connectivitymiting factors, and ultimately by the intragranular flux
pinning strength. The 2223 phase is formed in tapes by a liquid-assiatémm between
precursor oxides. At the early stages of thermomechanical processing, a low volume
fraction of the2223 phase is the primady limitation. As the phase purity is increased by
further thermal #atment, thg@orosity within the cordimits the intergranularannectivity
and Je. This porosity, which can be measured by microhardness, can be reduced by
mechanically deforming the sample between heat treatments. Howef@midg the
sample when the 2223 phase purity is high, and is thus with little liquid-formation
capacity, leaves residual microcracks throughout the tape. As shown by magneto-optical

imaging, the connectivity at this stage mbcessing is limited mainly by microcracking.
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Reducing the microcrack density can increiseintil the point where the connectivity is
then determined by small quantities of residual liquid phase that we22@@ grains,
inhibiting supercurrent transport. Slow cooling increases the intergranulagatmityg by
eliminating these liquid regions, crystallizing them intb-fith second phase particles.
When this connectivityimit is removed,J; (at 77 K) is limited by the intragranular flux
pinning. Improvements in the irreventtly field, which were used in this disgation as a
measure of flux pinning strength of the tape, are then required to indre&&ew cooling
is also effective at increasing the irreveiipfield, as cetermined by extended electric
field-current density measurements and by the field of magnetization loop closure. This
can be attributed to two effects: A reduction in am@oy as the m@terial isoxygerated
during cooling, and by the introduction of flux pinning elef into the crystal structure by

decomposition of the 2223 phase.
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1. Introduction

Superconducting aterials have long held theromise of many wonderful
technological benefits. Most apgditions of supemnductivity make use of the special
ability of a superonductor to carry ektric airrent without dissipation.  While
applications such as crosstmtry, levtating bullet trains are istsomewhat out of@ach,
they grow closer each dayndeed, superconductors have progressed out of the laboratory
and into near-commodity, “real world” products such as magnetic resonance imaging
systems. However, most present successful applications of sngactors ulize so-
called “low temperature” materials such as alloys of niobium and titanium. The
inconvenience, expense, and perhaps aciprality associated with the cooling of such
materials below their critical temperatuie)( which is ~ 10 K, has restricted their use to
applications where performance outweighs the costs of expensive refrigeration.

The discovery of “high temperature” superconductivity in 1986 [1] resulted in the
expansion of the study of superconductors from a handful of laboratories to hundreds of

laboratories world wide. The discovery of superconductivity above 77 K (tiveglmoint
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of liquid nitrogen) in compounds of Y-Ba-Cu-O [2] gave new hope for the economical and

widespread application of superconductivity.

1.1 Motivation

The early widespread excitement of 1987-1988 was soon tempered when it was
realized that although single crystals of compounds such as Y-Ba-Cu-O had very high
critical current densities and strong flux pinning, they were not useful in polyiingsta
forms, such as wires or tapes. This wasduse supeucrent efectively canot cross the
boundaries between grains which are misaligned by more thaf, ma&Ring most of the
grains in a random polycrystal “weakly linked” [3]. The discovery of the Bi-Sr-Ca-Cu-O
(BSCCO) compounds in 1988 [4] made it possible to consider useful polyiorgstarms
of highTc material, as weak links seemed less of a problem in BSCCO.

There are three superconducting phases in the BSCCO systeBmC&Ox
(*2201"), Bi2SrCaiCwOx (“2212") and BiSCaCuwsOx (“2223”"). The three phases
differ mainly by the number of Cu-O layers that rest between the Bi-O layers which cap
the unit cell. Presently, the most promising of the BSCCO compounds for long length
conductor manwafcture is BSCCO-2223, which is the BSCCO phase with the higest
~ 110 K. These aterials have micaceous crystal structures, and their grains can be highly
aligned by careful thermomechanical processing.

Although 2223 can be made into useful conductor forms, its superconducting
properties at 77 K are not as good as the Y-Ba-Cu-O compoundsill Bs discussed in

the following sections, the principal reasian this is that 2223 is more anisotropic than
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YBCO-123. The almost two-dimensional cheter of the2223 compound is responsible
for poor flux pinning within the grains. However, at temperatures below ~ 30 K, where
flux pinning is strong, 2223 tapes can carry significant current densities in very high
magnetic fields. Figure 1-1 plots the critical current densdiyat 4.2 K, as a function of
applied magnetic field for several different types of superconducting wires and tapes.
Although conventional oW materials can aay significantly geater arrent densities at
low magnetic fields, the BSCCO compounds can carry higher current densities at fields
above ~ 8 T. Thinilins or single crystals of a number of other highmaterials can carry
even greatedc values, but presently they cannot be economically made into long lengths
of conductor. Although BSCCO-2212 typically hadtbrproperties than BSCCO-2223 at
4.2 K, its lowT¢ (~ 80 K) makes only the 2223 phasttractivefor operation at liquid
nitrogen temperatures.

The fact that2223 can carry high current densities in high fields at low
temperatures, and still significantircents at high temperatures, makes it a promising
material to sidy. Improvements in the current carrying capacity at either or both high
and low temperatures could make the use of 2223 tapes feasible for maogtmmgsli
Broadly gated, the goal of this thesis wasutaderstand the relationship between the tape
processing parameters and the resultknvalues, and to use this information in the

processing/properties feedback loop so as to further increase the critical current density.
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Figure 1-1. J: (4.2 K) as a function of magnetic field for several types of industrially-
produced superconducting composites. BSCCO conductors have higher
values than NDb-Ti or N¥$n conductors in high magnetic fieldsatBfrom
various sources compiled by P.J. Lee (University of Wisconsin).

1.2 Relevant details of superconductivity

The superconducting phase field is a volume bounded by three criticalgharsm

the critical current density, the critical temperaturé., and the critical magnetic field
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strengthHc or flux densityB.. Within this volume, superconductingterials can qay an
electric current with zero resistance (a “supercurrent”).

There are two basic classes of superconductors, known as Type | and Type II.
Type | superconductors do not allow the penetration of magnetic flux into their interior,
and carry a supercurrent only within a thin layethe penetration depth, of their surface.
Type | superconductors are only found as pure elements (e.g. Pb), although there are some
elements (e.g. Nb) that are Type Il superconductors. At a field known as the lower critical
field Bc1, magnetic flux penetrates into the interior of Type Il supedcctors. The
magnetic flux enters a Type Il superconductorflagoids which consist of an integral
number of a quantum known as tixon which has a value of 2.0¢ 10" Wb [5]. A
Type Il superconductor which contains some peatetr flxons, but at a density less than
the upper critical flux densitBc, has regions in both the superconducting and normal
states, and is said to be in the “mixed” state. Type Il sopdiztors (like BSCCO-2223)
are more useful from &chnological point of view than Type | superconductoesalise
current is carried throughout the bulk, aretduse of their typically much greatgsper
critical field.

When transport current of densilyis passed through a Type Il conductor in the
mixed state, there is an electromagnetic interaction between theoetechrrying the
current and the fluxoids threading the superconductor. This LorentzRpr@ets on each
fluxoid at right angles to both the dation of the flux penetration and the trpos

current, and is given by [5]



F=JxB

A schematic of the situation described above is shown in Figure 1-2 for a slab (or tape) of
Type Il material. The @ixoids remaintstionay, and the conductor continues to have true
zero resistance, as long as there is present a pinning force at least equal to the Lorentz
force FL acting to move the dkoids across the sample. This force resisting the fluxoid
motion is known as the flux pinning forég, and arises because the lowest energy state
for a superconductor in the mixethte is one where theuftoids are contained within
non-superconducting (normal) regions. Thus, non-superconducting phasads,def
inclusions within the superconductor cact as flux pinning sites. As individuatfoids

repel one another, resulting in the formation (at least at low temperatures) of a regularly
spaced flixoid lattice, it is not necessafgr each and everyudkoid in the &ttice to be
pinned for fluxoid motion to be inhibited in the sample; a small number of strong pins can

effectively inhibit the movement of all fluxoids.



Figure 1-2.  The intexction between the trgosrt current density, magnetic fluxB,
and Lorentz forcé-_ in a slab of Type Il superconductingtarial in the
mixed state. Supewcrent vortices ring the fluxoids. The fluxoids remain
stationary as long d5_ is less than the flux pinning strendth

When the Lorentz force acting on theniids exeeds the pinnindorce, the
fluxoids begin to move across the sample. The energy alisdipy the drag or viscous
force opposing this motion is supplied by the transport current. Thus, when fluxoids are
set into motion, the aterial becomes resistive (i.e. there is a voltdggp along the
conductor), and is no longer truly without loss. This fluxoid motion is known as “flux
flow”, and in conductors wherg is limited by the flux pinnindorce, it is the source of

the resistance observed at currents greater than the critical current [5].



1.3 Possible critical current density limitations in 2223 tapes

The critical current density (defined as the critical currehtdivided by the total
cross section of supaemductorA) of a superconducting wire or tape canlib@ted by
either intrinsic or extrinsic factors. Although the absolute uppdris determined by the
depairing current density, which is “1&/cn’” for 2223 at 77 K [6], the puctical intrinsic
Je limitation of a onductor is dtermined by the flux pinning strength. Extrinsic
limitations such as filament sausadings,9], porosity, cracks, or other inhomogeneities or
defects can further reduce thend therefore thé: = IJ/A of a conductor.

While there can be a clear distinction between an intrinsically- (i.e. flux pinning) or
extrinsically- (inhomogeneitylmited J: for conventional lowT: superconductors like Nb-

Ti, for high Tc 2223 tapes it is not so obvious where to make this division. As it is
essentially impossible to avoid defects like misaligned graingngephase impurities,
pores, and cracks in 2223 tapes, these could also be condidetations intrinsic to
BSCCO-2223. In reality, thé& of 2223 tapes is controlled by a hierarchy of mechanisms
[10], the @termination of which has been a major part of this thesik.win this gction,

the origins of the primary. limitations in2223 tapes are discussed. Althougtaded
discussions and reviews of the literature are given later, the points are first briefly

summarized here to set the stage for what follows.

1.3.1 Why is flux pinning important in BSCCO-22237?

As alluded to earlier, the motion of fluxoids plays a key roleatednining the

useful operating regime for higiic superconductors. This is especially true at high
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temperatures (e.g. 77 K), where it is more difficult to pin flux, as the thermal energy
causes the fluxoidattice to changdrom a “glassy” tate to one where ukoids can
“creep” or “flow”, and the interaction betweemxbids is decreased [11]. Flux creep at
high temperatures imposes a significant additional transition line within the
superconducting phase field, known as the irreviitgilfield H*, which is considerably
lower thanHc. Above the irreversility field, the fluxoids move easily and reversibly
with changes in field, and therefore the sample as a whole no longer exhibits zero
resistance.

As discussed by Tinkham [12], the readdn is significantly lower tharHc, for
BSCCO superconductors (although is slightly lower tharHc. for low Tc conductors as
well, the difference is often not detectable) is because of the greatrapysaf the
penetration deptid and coherence lengthalong thea- and b-directions of the crystal
(i.e. in the Cu-O planes) and thalirecton. For BSCCO-2223, the anisotromctory
defined as

Ac — fab — chllab
Aab Ec Hc2||C ,

is estimated to be 20,000 [12]. Assuming the material acts as a three dimensional
superconductor (i.e. strong coupling between the individual superconducting layers, which
is not necessarily a good approximation for BSCCO), the value of the irrelitgréddd

H* as a fraction oHc2 is approximately

2

H* | C&
2 4 2
HCZ T Aab y
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where C is a constant and is the temperature [12]. Thus, although some of the
assumptions are not good for 2223, it can at least be seen from this expression that
because of the high value ¢f H* will be significantly lower thanHc for BSCCO,
especially at high temperatures. It is for this reason kiatan play an important in

determining the; of 2223 tapes at 77 K.

1.3.2 What about the intergranular connectivity?

The above discussion notwithstanding, flux pinning may not be the prideary
limitation in2223 tapes, even at 77 K, and especially for low values of applied magnetic
field. As will be showndter, BSCCO-2223 tapes typically had& (]|c) values greater
than 0.1 T. At fields well below this, e.g. zero field (in this thesis the expression “zero
field” will be understood to mean zero applied field, and includes any self fieldageder
by the sample)). may well be limited by theannections between the grains. However,
unlike the case for a flux pinnidgnited J., quantification of onnectivity effects is quite
difficult. Whereas changes in flux pinning cause changes in the intragranularJgrue)
connectivity changes may most significantly influence the effective sopaucting cross
sectionAerr, Which may be very close to the total cross sechidior a well conected
sample, or only a very small fraction Afin a poorly conacted sample. Thus, when a
macroscopid is defined as is usual to bgA, without any knowledge of the coectivity
it is difficult to know if the “true”J. of the material is changing, or juss, or both. The
intergranular connectivity of 2223 tape can be fixed by any of several types calsf

or by combinations of defects, which include microcracks, porosity, and impurity phases.
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It will be shown &ter that consideration of the effects ohnectivity is not just
hypothetical; there is now ample evidence showing that the current flow in 2223 tapes in

percolative.

1.4 Structure of this dissertation

As illustrated in the following chapters, the materials science of Ag-clad BSCCO-
2223 tapes is extremely congalied. Evidence Wbe given to show that thé. of 2223
tapes can be determined by any of several intergranoifarectivity limitations, and that
the flux pinning strength of the percolative current path can play a roktennaning the
upperlimit of Jc performance. The work is presented in a logical progression from wire
fabrication to increasingly complex thermomechangrakcessing issues, with discussions
of the Jc limitations that arise along the way. In Chapter 2 the details of the tape
fabrication and metalarking processes are reported. A discussion and review of the
knowledge regarding the phase formation andilgialof the high-Tc 2223 phase is
presented in Chapter 3. In Chapter 4 the general thermomechanical process that is used to
convert the precursor tapes into the 2223 phase is described. Chapters 5 and 6 introduce
one type of connectivitimitation, where it is shown that the microhardness and density
of the 2223 phase can be coated toJ.. In Chapter 7 evidence of residual (post-heat
treatment) microcracks is presented, and the implications of cracks omrthectvity
considered. A novel aterials engineeringpproach to microcrack reduction is presented
in Chapter 8, and the results of several experiments aimed at improving the process are

discussed. A summary of several experiments studying theteff the cooling rate on
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the microstructure and superconducting properties is given in Chapter 9, with the results
considered in the context of both connectivity and flux pinning. In Chapter 10
experiments are described that give further insight into the mechanism of the remarkable
effect of the cooling rate on the supamnducting properties, and it is shown that changes
in both connectivity and flux pinning areduced by manipulation of the cooling rate.
Finally, the conclusions to be drawn from the work are presented in Chapter 11, and the

implications of the findings for improving; are discussed.
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2. Fabrication of Ag-clad tapes

BSCCO tapes are most commonly made using the “oxide-powder-in-tube”, or
OPIT, technique. The basic premise of the process is simple: fill a Ag tube with BSCCO
precursor powder, plug the ends, draw it into a wire, and finally roll the wire into a tape.
Although the OPIT process is essentially a shagteilengthprocess, it can be usefully
scaled up for some industrial ag@ltions. An advantage oforking with small lilets
made by the OPIT process is that only small amounts of i@erial are required to make
a length of tape sufficient for most laboratory experiments. Thectdlom of composites
is often a process of trial and error, wéhch made iizing what was learnedrom its
predecessor. In this chapter some of the procedures and important things learned about

billet fabrication are discussed.

2.1 Powder packing density and the Ag:Superconductor ratio

Two of the many variables of composite design are the choices of the initial

powder packing density and the Ag:superconductor area ratio (Ag:SC). The precursor
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powders (which will be discussed in mometail in Chapter 3) can be conveniently packed
into Ag tubes or “cans” with packing fractions rangingm < 20% to about 70% of the
BSCCO-2223 theoretical density, which is about 6.3 @/ctmw packing fractions of ~
25% were obtained via an iterative process of pouring a small amount of powder into a
can, and then hand packing the powder with a rod. This iterative process ensured a
(somewhat) uniform density along the billet length.

Higher powder compact densities were achieved by cold isostatic pressing
(CIP’ing). This was typically done using the following procedure. First, a clean rubber
CIP bag (usually a 9.5 mm diater bag) waslled with powder. The powder wasovked
so that it was all at the bottom of the bag, and then the powder slug was gently pinched off
by hand. The powder slug/CIP bag was then gently rolled between the hands or on a table
to get the powder uniformly packed in the bag, and to give the slug a nice cylindrical
shape. During this rolling the powder was packed more firmly, and as much air as possible
was let out of the bag. Then the CIP bag was tied off as close to the cylindrical powder
slug as possible, and the end of the bag containing the powder was placedhotd a s
length of snug-fitting stainless steel tube. The tube helped to keep the CIP bag and
powder in a cylindrical shape during the CIP’ing process, and to define a maximum
diameterfor the green comgrt. A CIP pressure ef 340 MPa was usually used, which
resulted in packing density ef 70%. After CIP’ing, the powder slug was cut from the
bag, and then any rough edges were cut or ground away. The powdexctevap later
inserted into a can that was machined specifically for the slug, as this method resulted in

green compacts that had slightly different diameters each time.
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The initial powder packing method/density plays a large roleeterchining the
final Ag:SC ratio of a composite. Although it tischnically more correct to speak of a
“Ag-to-hole-in-the-tube” area ratio, as the powders never achieve full density, it is
common practice to use the term “Ag-to-supaductor” ratio. From a conductor
application point of view, a Ag:SC substantially lower than 1:1 is desirable; however, to
facilitate easy drawing of OPIT composites, a minimum Ag:SC of ~ 2:1 is required. Such a
Ag:SC ratio can be achieved by either loosely packing a very thin wall can, or by loading a
somewhat thicker wall tube with a CIP’ed slug. When a composite is drawn, a loosely
packed powder is compacted, decreasing its cross section relative to that of the Ag can,
thus increasing the apparent Ag:SC ratio. As CIP’ed powder densifies less upon drawing,
one can start with a Ag can that is close to the desired Ag:SC. Datarlnyaket al. [13]
are very useful for designing monofilament composites with a specific Ag:SC ratio. The
packing method, initial Ag:SC ratio, and the Ag:SC ragaahed after wire drawing for
several composites are listed in Table 2-lilltstrate the relationship between these
composite parameters. Severalhaus have reported that the maximum BSCCO powder
density that can be achieved through wire drawing (andliorgjois about 75% [13,14].
The need to densify beyond this low green packing density is one of the reasons why tapes
must be deformed betweerdt treatments. Thisiwbe discussed in Chapters 5 and 6,
where it is shown that the density of the 2223 phase can be an implattietérmining

connectivity limitation.
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Table 2-1. Initial ldlet fabrication parameters and the Ag to supeductor ratio
achieved after wire drawing.
Composite | Initial Packing method | Initial Ag:SC AQ:SC ratio after
identification| O.D. of | (% relative density)| ratio (SC drawing to ~ 2 mm
Ag tube area fraction (SC area fraction)
UwB49 13.0 mm CIP (~70%) 1.8:1 (36%) 2.0:1 (33%)
UWB59 14.6 mm CIP (~70%) 3.5:1 (22%) 3.8:1 (21%)
UWB61 15.9 mm CIP (~70%) 2.8:1 (26%) 3.2:1 (24%)
UWB72 13.4 mm| hand packed (~25%) 0.8:1 (56%) 1.4:1 (42%)
UwB90 11.4 mm| hand packed (~25%) 0.3:1 (77%) 0.7:1 (59%)

It is thus clear that the initial packing density of OPIT wires plays a significant role
in determining the final Ag:SC. Essentially any desired ratio can be obtained at any given

composite size through thoughtful composite design.

2.2 Aspects of billet design

The design of the Ag cans and the plugs which closed them evolved over time,
often building on what was learned with each prior composite. Several of the common
types of can/plug assemblies used to make billets, and the specific needs/uses they filled
are described in this section.

The standard type of billet was made from a Ag tube roughly 15 cm long of
constant outer and inner diameters of ~ 15 mm aidb~+nm, resectively. Such tubes
were closed by plugging both ends with cylindrical Ag plugs about 2.5 cm long, and
swaging the tubes over the plugs to form a tight seal. This type of design required a
relatively thick Ag tube wall, so that the tube had sufficient strength to co-reduce the plugs

during drawing. This design was used primarily for CIP’ed powder slugs, so that the thick
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tube walls would not result in relatively high final Ag:SC values; as CIP’ed slugs do not
significantly further densify, the Ag:SC would be maintained at a reasonable level during
drawing (Table 2-1).

When drawing composites made in this way, the tube wall would eventually thin
relative to the Ag plug to the point where there was no longer a tube cross section
sufficient to co-reduce the plug, and the wire would break at the point where the BSCCO
meets the plug. This was not reallypiontant at small wire diameters, when the wire could
easily be closed again with a hammer, but at large wire diameters it could be a major
difficulty. This problem could usually be avoided by swaging over the plugs on both ends
before each drawing die pass, so that the plugs would not bernded in the die.
However, this was not always a convenient solution, as it would become difficult after
many swaging/drawing passes to keep track of the exact location of the plug ends, and
unnecessarily swaging pieces longer than the plugs would reduce the yield of the high
guality wire section.

A variation of the thick wall design for CIP’ed slugs designed to allevthe
problem of wire breaks at the plug interés used a solibbd with a hole diled only
partially through, inead of a tube open at both ends. This design needed only one plug to
close the open end. ilBts were made in this manner with either a long solid eatien,
or with a short solid rodestion and a long dled secton. A long solid rod ection was
useful for lillets with Ag:SC close to or less than ~ 2:1, as the solid end could be used as
the leading swage tip (i.e. the end of the wire the draw bench jaws grab dmiogtiag

wire tip breaks that would occur with thinner wall tube/plug designs. The use of a short
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solid secin, with a long diied portion of rod, éminated the need to swage the back of
the composite before every die pass when the setiiom was used as the back of the
composite (i.e. when the open tube/Ag plug end was used as the swage tip). This design
was useful for long CIP’ed slugs, or when only Ag rod was available for billet fabrication.

A third type of can/plug assembly was useful for feding hand packed
composites with low final Ag:SC ratios. As hand packed powders significantly densify
upon drawing, a very low initial Ag:SC is required to achieve a low final Ag:SC. This was
not possible using designs like those described above, as very thin Ag tube walls lack the
strength to co-reduce solid Ag plugs. Thecaassful method used to make such a
composite was to first reduce the outer diameter pbriion of a Ag tube length by
machining so as to create a secfmnthe powder that would have a low Ag:SC. Then the
remaining thick tube wall section was swaged shut, and used as the drawing and swage tip.
Leaving the extra Ag thickness along thisnt s2ction made it easier to clos the tube
bore by swaging. The BSCCO powder was then hand packed into the thin wall back end,
and was closed with a Ag plug which had been hollowed out along almost its entire length,
except for the very end which dacted the powder. Machining a small point on this end
of the plug helped to reduce the stress concentration of the thin wall/Ag plug junction.
The back of the composite, containing the hollowed-out plug, was then swaged before
each die pass so that the die would do ndkvwen the plugection. The solid Ag front end
of the wire (the swage tip) was the key to being able to draw such wires. It was very

important not to cut off all of this solid Ag swage tigclwuse the wall thickness of the
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BSCCO sections were usually not thickoeigh to withstand the force of drawing after

swaging (i.e. the swage tips would break).

2.3 Composite metalworking

2.3.1 Wire drawing

Although the initial powder packing density and AQ:SC ratio are important
composite design parameters, the wire drawing and ctikigrprocedures used to turn
billets into tape also substantially influence the properties of the final tape product. For
example, if too great a wire drawing area reduction per pass is used, it may make a
composite impossible to draw down, and if a reduction too small is used, it may lead to
centerburst problems, which can lead to sausaging (this is mainly a problem for
multifilament wires [15]) and also make the composite difficult to draw. Furthermore, the
cold rolling sequence which follows wire drawing can have a largetefin the powder
packing density [13] and filament sausaging of the final tape product. As a complete
theoretical analysis of all of the forces involved with OPIT wire drawing alidgds a
difficult problem, requiring the input of many unknown or essentially unmeasureable
parameters, only the features relevant to practical composieessing are discussed
here.

The first step in reducing a billet into tape is to draw it into a wire, typically
between 1.5-2.0 mm in diaater. A wire is drawn to a smaller diameter by repeatedly
passing it through sgessively smaller conical wire drawing dies. The leading end of the

wire is swaged to produce a tip to fit through the outlet of the die (the swage tip), and this
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tip is used by the draw bench jaws to pull the rest of the wire through the die. As shown in
Figure 2-1, the required draw forBe which is supplied by the draw bench is balanced by
the horizontal component of the frictional force between the wire and the dieesamd
by the horizontal component of the normal pressure which reduces the wietedigid)].
Here the drawindorce is considered rather than teressas the wire cross sectidnis
not homogeneous; it consists of both Ag metal and a powder core. The powder core
complicates the analysis, as it contributes (essentially) nothing to the effective tensile
strength of the wire and/or swage tip, and yet it requires significant force to compress and
elongate it hrough the die. The force needed to draw the wire through the die is thus the
sum of the compressive and frictional forces:

P, = pSsina + u pScosx

wherey is the friction coefficient between the wire and the digs the half angle of the

die, andp is the mean pressure acting on the contact sugaekich is given by

s=A A

sina

It can be shown [16] that the drawing force is approximately equal to

A
P, = g, A In—(ucota +1
0,A In—(ucota +1)
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HpS

Figure 2-1.  Forceacting on a conical element of wire having contact 8ea it is
drawn through a die of half angbeunder mean pressupewith drawing
force Pq and friction coefficienu from initial areaA to final aread. [16]

where g, is the effective yield strength (flow stress) of the wire. As the dies used in the

drawing schedules had a constant half angke of6°, for a constant value of friction (a
reasonable assumption since the same type of dies and lubricant were used throughout the
drawing schedule), it can be seen that in this case the drawing force is solely a variable of
the area reduction ratio and the composite flow stress.

The parameter that is of primary portance for OPIT wire drawing is the area
reduction per pass. For composite fabrication two drawing schedules were used,
corresponding to 10% and 20% area reductions per pass. For thick walled composites
(high Ag:SC ratio), a 20% area reduction schedule could usually be used, as there was a

sufficient amount of Ag in the crosedion so that the swage tip and/or any wire that had
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passed through the die could support the drawing fegaequired to pull the rest of the
wire through the die. Such a schedule could also be used for the first few passes of a thin
walled billet containing hand packed powder, as the flow stress of such a composite is
relatively low until the powder gets compacted to a high density (i.e. until the interparticle
friction reaches a high value). For thinner walldigts containing dense CIP’ed cores, or
for hand packediltets with extremely thin walls, a reduction schedule of 10% per pass
was needed to draw the wire, as this reduced the drawing force compared to the 20%
schedule.

It was also found that some thin walled, dense powder composites were difficult to
draw, even using when a 10% area reduction per pass schedule. The most common
problem was frequent swage tip breaks; i.e., the wire could not be drawn through the die
as the swage tip lacked sufficient strength to withstand the draw force. In such cases
decreasing the drawing speed from ~ 10 cm/sec to ~ 0.04 cm/sec (corresponding to time
average mean strain rafd$] of ~ 15 & to ~ 0.05 S over the wire diameter range where
breaks usually occurred) would allow the wire to be dravatessfully. The reason for
this effect was not determined, but ikisown that the flow stress ofetals is afunction
of the strain rat¢l6]. For example, Thiagarajan and Varma reported [17] that the yield
stress of annealed Cu rod decreased f#@80 MPa te= 150 MPa when the tensile strain
rate was decreasémm = 0.1 §' to= 0.001 §. Although in our case Ag was usedtéad
of Cu, and noting that tensile tests and wire drawing are substantially different processes,
it suggests the possibility that reducing the drawing speed increases wire drawability by

reducing the flow stress of the Ag sheath. However, it is possible that deforming the
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powder core at lower strain rates also reduces its flow stress, and thus may also contribute
to the strain rate sensitivity of the drawia A seoond interesting phenomena was also
found to sometimes help improve the draiigtof thin walled wires: annealing thentire
wire improved drawallity by decreasing swage tip breaks. hdugh this may seem
counterintuitive, it probably can be explained by considerations of the drawing forces and
flow stresses. Annealing the wire reduced the flow stress of the Ag, thus reducing the
drawing force. Since the swage tip is cold worked bedah die pass, it wasfficiently
strengthened relative to the rest of the annealed wire to support the reduced drawing force

of the annealed wire.

2.3.2 Rolling of wire into tape

After a wire was drawn to the desired diameter, it was then rolled into a tape.
Rolling bothfurther densifies the powder and aligns the BSCCO grains. Thetdiabo
which a wire is drawn before liag obviously influences the final tape width, but it also
can influence the core packing density and tendency to sausage. Satou et al. [18] have
shown that drawing to higher strains beforémg packs the core to higher densit{@sitil
a maximum of= 75% density iseached13]), and leads to less filament sausaging and
higherJc values. Similarly, Grasso et §l9] found that there is an optimum wire det@r
before rding. They reorted that drawing a wire having a Ag:SC ratioc=01.3:1 to a
diameter of 1 mm Here rdling led to aJc (77 K, O T) of 30 kA/crfy whereas a wire
drawn to 2 mm produced a tape with= 22 kA/cnf. The standard procedure used for

early composites in this thesis work was to draw the wire (which typically had Ag:SC ~
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3:1) to= 2 mm before riting, but after the wrk of Satou [18] was recognized, wires were
drawn to 1.52 mm diaeter, and then through aatangular die of height.19 mm and
width 1.50 mm before Hiing. Giving the wire a slightly ectangular shape in this way
made it easier to keep the wire flat as it was rolled (using the wide edge) into a tape.

The important features of the rollingrocess as they pertain to OPIT tape
fabrication are mainly those which controlmmoduce dedcts in the tape. For example,
the roll gap must be perfectly parallel to avoid a thickness gradient across the tape width,
which causes curvature or waviness in the tape. Another tape defect which is controlled
by the rolling paramters is filament sausaging. It wasind that filament sausaging could
be minimized by using small reductions in thickness per 28k For example,
decreasing the thickness reduction per pass from 20% to 5% reduced the sausaging of a ~
20 um thick filament fron= 40% to= 10%. For this reason, almost all of the composites
used for experiments discussed in this thesis were rolled at a nominal 5% thickness
reduction per pass. However, it was not easy to precisely control changes in the roll gap
with our rdling mill, and thus distributions of thickness reductions like that shown in
Figure 2-2 were usually observed.

The mechanics of the rollingrocess will be described in moretdil later in the
context of tape thermomechanical processing. The details of rolling will natdvesaed
further here, except to note that samples were usually rolled withoutdtibn of the
rolls or tape. Slight front and back tensions (supplied by hand) were applied to the tape
entering and exiting the rolls. The lutation state anffont and back tensions are just a

few of the variables involved in thelling process. Other potentially important rolling
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parameters include the reduction per pass, which was discussed earlier, and the roll
diameter. The explicit effect ai of varying any of these parameters in rolled samples

was not studied in this work.

2.4 Ag-Mg-Ni alloys

Pure Ag (99.9%) is commonly used as the claddirgenal for BSCCO tapes
because it chemically compatible w223 @ctually, it helps tdorm and statltize the
2223 phase, asilbe discussed in Chapt8), and lecauseoxygen can diffuse through it
very quickly [21,22]. Although the strength of cold worked pure Ag is usually sufficient
to withstand the forces involved in OPIT composite fzdtion, the Ag becomes very soft
after the 2223 formationdat treatments, which are typically given at ~“€@®%and are
hundreds of hours long. Although this is usually not important for laboratory experiments
like most of those described in this thesis, the low strength is an issue for industrial
applications like cables and magnets.

One way to increase the strength of the cladding is to use neltég Ag alloys
such as Ag-Au [23,24]. However, although such alloys work harden more than pure Ag,
once the tapes are heat treated, their strengthening benefit is mostly lost. A more effective
way to increase the post-heat treatment strength is to use oxide dispersion strengthened Ag
alloys. As oxygen can diffuse through Ag, the oxide particles are usually formed during
heat treatment in anxygen-rich atmosphere. Many different oxide-forming alloying
elements have been studied in the literature, including Al, Cu, Hf, Mg, Mn, Ti, Zr

[25,26,27,28,29,30], with Ag-Mg and Ag-Mg-Ni alloys being the most extensively studied.
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Figure 2-2.  Typical thickness reduction distribution obtained when a wire was rolled
into a tape with a nominal 5% thickness reduction per pass.

For some experiments Ag-Mg-Ni alloy sheaths were used. The particular alloy was
Ag-0.25 wt% Mg-0.25 wt% Ni, sold by Handy and Harmon under the trade name Consil
995. The Mg is intended to form oxide particles for hardening, while the Ni is added as a
grain refining agent, but in fact it wésund that the Mg and the Ni tended to form a type
of Mg-Ni-O particles. To keep Mg and Ni contamination of the 2223 to a minimum, the

Consil cans were oxidizdseforepowder insertion and metadnking. It was found that a
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heat treatment of 4Bours at 808C in air was sufficient to internally oxidize most cans
(i.e. tubes or rods with holesilted into them). Oxidation of solidods of dianeter1.47
cm took longer, as only the outer aoé of arod is exposed to the atmosphere. After the
oxidation heat treatment, the annealed but dispersion hardeoesil had a Vickers
microhardnessHyv) of = 140 kg/mrﬁ (10 g, 15 sec.). This compares to a hardnessoéf
kg/mnf for cold worked 99.9% Ag, andy = 40 kg/mnf for annealed Ag.

It was possible to draw and roll hardened Consil composites into tape, with the
following caveats.Consil wires tended to squeak and make very load noises as they were
drawn, suggesting a higher friction coefficignbetween the wire and die than for pure
Ag. This friction led to “chatter”, or vibration of the wire, as it was dralwough the die.

This problem was alleated by directing a stream of flowing drawingdpdicant into the die
exit, as well as the inlet. Occasionally cracks wdolun in the skath, particularly in
regions of high stress concentration such as plug/tube junctions, but usually such cracks
would not lead to wire fracture. Once the wires were drawn to their rollingetkansuch
cracked regions were cut away beforélimg. HardenedConsil wires tended to develop
small cracks during fiing that graduallyformed a rough, jagged edge along the entire
length of the tape. The formation of these edge cracks was probably due dtethk |
spread of the tape and the limited ductility of the harde@edsil. Furthermore, the
lateral spread watund to be higher in Consil tapes than for Ag tapes (for example,
otherwise identical wires made with Ag and Consdaths resulted in tap8s22 mm and
3.51 mm wide, regxtively [30]). This additional spread exaggtss the tendency for

edge cracking [16]. Presumably this edge cracking could be reduced somewhat by
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annealing the wire, which would increase its ductility, andioough opimization of the
reduction schedule to reduce inhomogeneous deformation in the thicknesgowlir
(which can also cause edge cracking [16]), although this was not explored in this thesis

work.
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3. Formation and stab ility of the 2223 phase

After an OPIT tape was fabricated, the precursor powder needs tmberted to
the 2223 phase. However, converting a multiphase, overall (BHEBHRCuzOx
composition powder into phase-pure BSCCO-2223 in a Ag-clad tape can be a difficult
task. Relatively small variations in starting chemistegation temperature, arakygen
partial pressure can move the system into regions in phase space22@&rfermation is
not favorable. For example, even in the atmosphere optimum for 2223 formation (oxygen
partial pressure 0.075 atm, often referred to as simply 7.5%, @he activation energy
for 2223 formation,E2***, has been shown to change from ~ 2700 kJ/mol to ~ 700 kJ/mol

[31,32] over just a feWC. This sharp change iB>**° is believed to result from a change

from a solid tate to a liquid-assistefbrmation process. As thactivation energy for
formation of the impurity, or “second” phases in the system is only ~ 500 kJ/mol [33], it is
very difficult to form single phase 2223. Since the BSCCO system involves so many

components and possibleaction pathways, the initial phase assemblage, in addition to
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the overall chemical composition, has a largee@ffon the posprocessing results.
Furthermore, some of the components are volatile (e.g. Pb [34]), and therefore the overall
composition of the system can shift during processing, resulting in a corresponding shift in
the equilibrium (or matastable) phases. Many of theportant details of the 2223 phase
formation and stality are intertwined, which makes it difficult to sepaéely discuss the
individual aspects. In this chapter the main points relevant topiapessing are briefly

reviewed.

3.1 Formation mechanism

At present, the mechanism by which 2223 forms from a largely 2212 and
secondary phase powder mixture is ascibpf debate. Formation mechanism models are
often proposed on the basis of some analysis of the microstructural development during
the conversion process, and/or by analysis of the kinetics of the formatation.
Several mechanisms and reaction pathway2223 formation have been put forward, but
thus far none have been convincingly proven to be solely responsible for the formation of
2223, and it may be that a combination of processdsally occurs. Mostormation
models fall into one of two broachtegoriesformation by intercalation, or by n@ation
and growth. Almost all models involve a liquid phase in some capacity. The origins and
significance of this liquid phase will be discussed first, followed by a brief review of the

literature framed in the context of the intercalation and nucleation and growth models.
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3.1.1 The importance of Pb, liquid, and the overall cation composition

It was discovered by Sunshine et al. [35] that the partial substitution of Bi by Pb
enhances the formation and sliabof the 2223 phase. Inatt, gpreciable amounts of
2223 are generally formed only when some Pb has been added to the mixture. Powders of
overall composition BixPhSr--Ca--Cu-30y with 0.2< x < 0.5 usually yield the gatest
degree of 2223 conversion [36,37,38]. It was also found [37,38,39] that a slight excess of
Ca and Cu can be helpful in increasing thie rand the extent to which a powdeneerts
to the 2223 phase. Presumably, these somewhat empirical findings aes ital the
mechanism(s) by which the 2223 phase is formed.

Uzumaki et al. [40] proposed that a liquid responsible for rapid 2223 formation
came from the melting of GRbQ, at ~822C in air. In their study they found that
CaPbQ and 2201 formed below 7%D in air, and they suggested that 2223 is formed by
a reaction betwee@212 and C% in the liqguid formed by the melting of 2201 and
CaPbQ. lkeda et al. [41] reported that the liquid with the lowest formation temperature
(825°C in air) was formed not just from @bQ, but from a eaction betwee@201 and
CaPbQ:. They stated that this liquid wetted b&R01 and 2212, but not 2223 pellets.
They proposed that this liquid from 2201 +.BBO, converts 2212 to Pb-2212, and that
Pb-2212 eacts with (Ca,SfCuQ; [2:1 alkaline earth cuprate (AF] and another liquid
composition to form 2223. Several other researchers have reparigat $indings
[42,43,44,45,46,47,48,49].

The important role of Pb-2212 was not widely ap@exd until Dbrris et al.

[50,51] demonstted that inbducing the Pb in the form of Pb-doped 2212ead of as
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PbO or CaPbQ, improves the 2223action rate, as well as increases the achiez#i8
phase purity. The introduction of Pb into 2212 changes the crystal structure from
tetragonal to oitorhombic [52], which causes the separation of the (200) and (020) X-ray
diffraction peaks between 3&nd 34 26 when Cu-Ki radiation is used. Subsequent
work by several groups [52,53,54] confirmed that putting the Pb into the 2212 phase is
indeed a crucial step in the 2228acton. It seems that the final stage of the 2223
formation involves agaction betweent?2212 and a calcium cugte phase. Thus it is
not clear that C&#bQ; is desirable after all, because if a large fraction of the Pb is present
as CaPbQ, then the dissociation of eRbQ may control the formation of 2223. For
example, Koyama et al. [38] and Pierre et al. [55] have shown that the best conversion
was obtained for x = 0.3-0.4, for which excessRb&) growth is avoided.

Because largely GRbQ free, Pb-2212 powdergact quickly with a high degree
of phase purity, it was initially thought that ££&Q, is not necessary to form aactive
liquid to speed formation of 2223, and that the liquid phase and increseset/ity may
instead be a result of the fact that the melting poirf2d2 decreases with increasing Ca
[39] and Pb content [51]. However, experiments of Grivel et al. [56] and Xu et al. [57]
suggest that Pb-2212 is not a stable phase, and that Pb-rich phases such as
Bio.sPsCaSrCulk (“3221”) and (Ca,SgPbQy are formed during theeat treatment
ramp up. Thus, despite a considerable body of work, ther#l soste ®nfusion about
the role played by Pb-2212, £Rb0O, and other second phases in the formation of a liquid

phase and the 2223 phase.
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3.1.2 Nucleation and growth

In the context of 2223 processing, “ne&tion and growth” is generally used to
refer to a process by which new 2223 grains are somehowated! on existin@212
grains, or directlyfrom a liquid phase. Mechanisms such as disproportionation and
dissolution-precigation fall somewhere in between intercalation and nucleation and
growth, but here they will be considered as variations of a nucleation and growth process.

Most 2223 formation work in the literature concludes that 2223 is formed by a
nucleation and growtprocess, whereby 2212acts with a liquid phase, and n@223
grains are nucleated either at site8t2 grains, or dactly from the melt. Many authors
have used X-ray diffraction studies of t2223 conversion kinetics to come to this
conclusion. As presented by Kingery et al. [58] and first shown by Avrami [59], an
isothermal solid-stateoniversion process in which theaétional onversionf versus time
curves exhibit sigmoidal behavior can be described by

i :l—expgr%[u3j'lv t —T)3drg
0 0 H
whereu is the isotropic growthate per unit area of the interface of spherically-shaped
transformed regions, is the nucleation rate, arrds the nucleation time. An example of
the fraction onverted dta as afunction of time for a tape with a relatively small
“incubation” period is shown in Figure 3-1. In general, variations in the functions for the

nucleation and growth rates lead to expressions of the form

f =1-expEKt")
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Figure 3-1.  Volume fiction 0f2223 (measured by X-ray diffction) as a function of
time for composite UWB86 dat treated at 826 in 7.5% Q.[60] This
data gives an Avramixponentn of 0.73, suggesting that 2223 forms by a
two dimensional, diffusion-controlled reaction.

wheref is the fraction onverted,K is a reaction rate constant which depends on the
temperature-dependent, nucleatand-growth ates, and thexponentn is referred to as
the Avrami exponent, which can vary from ~1 to 4 [61]. The Avrami expamean be
determinedfrom fits of the conversion as a function of timatal and can give some

insight into the mechanism of the conversion process, as listed in Table 3-1.
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Table 3-1. Values of the Avrami exponent for various formation mechanisms and
sites of nucleation
Avrami exponent Rate-limiting mechanism [67,68]
1 diffusion controlled, two-dimensional
2 nucleation controlled, two dimensiondl
3 nucleation controlled, three dimensiorjal

Using this type of analysis of the formation kinetics, most studies have found
values ofn between 1 [31,32,62,63] and 2 [64,65,66] for the 2223 formatantion,
indicating a two dimensional nucleation and growtiocess that is limited by either
diffusion of material to the growthfront, or by the formation of nuclei. The two
dimensional growth mechanism is consistent with the observed anisotropic BSCCO grain
growth (which is much faster within the ab-plane than in theextiin) and/or the plte-
like nature of the precursor 2212 grains, which confines the formation product (the 2223
phase). The fact that th2223 conversion process (which involves a liquid) can be
described quite well by solid-stafi@mation models may be an icdtion that the quantity
of liquid involved in the eaction is small. On the otherrnth the variation of the Avrami
exponent reported in the literature may be due to variations in the amount of liquid
formed, which may be a result of variations in the complicated phase assemblage in tapes.

Microstructural studies have also been reported which lend support to formation
by nucleation and growtprocess. Hatano et al. [69] suggested that 2223 forms by
precipitationfrom a liquid phase which itself forms from the dissolution of 2212 and other
second phases. The basis for this explanation is tredcive liquid phase is needed to

explain the rapid initial 2223 formation and increased density that is observed
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experimentally. Thus 2223 predgiion from a liquid is the most likely formation
mechanism. Morgan et al. [70] have shown evidence for a solution-pa&oip2223
formation mechanism. In their paper they show SEM micrographs of what appears to be a
liquid droplet moving along a 2212gté, leaving a trail 02223 in its wake. Ecently
Grivel et al. [71] have also published microstructural evidence for @atiarh and growth
process. SEM examinations of the same regions of a sintered pellet after increasing
amounts of thermal éatment revealed thaR12 grains shrank during thedt treatment,
while simultaneously new 2223 crystals appeared with their own distinctaiiemand
morphology. They concluded that 2223 grains were not using 2212 grains as formation
templates, and that 2223 was forming by a nucleation and growth process.

There are additional formation models which do not fit entirely under either the
nucleation and growth or intercalation umbrellas. They are mentioned here for
completeness, &bugh they all have less support in the literature. As they both involve
precipitation of a phastom a liquid, they are included in this neation and growth
section.

A formation mechanism called disproportionation refers to a cyclic process in
which 2212 decomposes into 2223 and 2201, the new Z2tsrwith a liquid tdorm

new precipitates of 2212, which in turn leads to more 2223, and so on [37,72,73,74]:

(2) 2(2212)- 2223 + 2201

(2) 2201 melts into Pb-rich liquid flux

3) new 2212 grains nucleate and precipitate from the melt
4) 2(2212)- 2223 + 2201 [back to step (1)]
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This process repeats until thepply of 2212 is exhausted. Note that this mechanism
should always result in a residue of 2201 at the end ofdheton. Since this is not
usually the case, disproportionation is not well supported experimentally.

Another process, known as dissolution-praaimn, is dmilar to
disproportionation. In this model [44,75], £&€O; melts incongruently to form a liquid
and CaO. Then CuO and CaO react with and are dissolved into the liquid22The
grains are then melted, and new 2201 grains are pedeigfrom the melt. The 2201
grains react with Ca and Cu ions in the liquid to form the 2223 phase.

Thus, although thereiltis some disagreement between the@xdetails of the
process, there is a wide body of evidence that suggests 2223 forms vieaioncnd
growth process which involves predation of the2223 grains from aglaction between a
Pb-rich liquid phase and 2212. However, there is also ample evidence that intercalation

also plays a role in 2223 formation, as is discussed next.

3.1.3 Intercalation

“Intercalation” refers to a process where 2212 grains aeettlirtrangormed into
2223 phatelets via the insertion of additional CatO layers. In contrast to neeltion and
growth proponents, which use kinetic analysis as the primary support with microstructural
studies as secondary evidence, supporters of intercalation have the opposite situation;
most intercalation evidence comes from TEM studies, with few reports of kinetic analysis

confirmation.
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Ikeda et al. [76] suggested that 2212 converts to 2223 by an intercalation
mechanism, in which additional Ca and Cu diffuse into the structure and convert 2212 to
2223, layer by layer. The basis of this hypothesis came from a TEM study, in which it was
observed that the superconducting grains often consisted of a banded structure of 2212
and 2223 intergrowths. A 2223 formation study at Wisconsin [77] has provided evidence
that seems to support this intercalation formation mechanism. In this study, TEM
micrographs show what appears to be an intercalation growth front, where it appears that
a 2212 grain is undergoing the layer-by-layer transformation to 2223. Bian et al. [78] have
published similar TEM results, and go a stegher to claim that 2212actually ©nverts
via intercalation to an complex intermediate phase denotdd 3s (alternating layers of
2212 and 2223) before complete conversion to 2223.

To provide a more stable foundation for the intercalation model, Cai et al. [79]
developed a theory to explain the kinetics of such an ion-diffusion controlled intercalation
mechanism. Their model considers the cylindrical “void” that results from the edge
dislocaton-like feature caused by the insertion of a Ca/CuO plane at the 2212/2223
interface to be ah®rt-circuit channel for fast ion diffusion. The 2223 formatiateris
then controlled by one-dimensional diffusion down this delmn “pipe”, the cations
being supplied from aeactive liquid at the edges of the grain. Their model results in an
Avrami exponent between 0.5 and 1.5, consistent with most of the published values.

Kinetic and microstructural support for 2223 formation by intercalation has been
published recently by Wang et §0]. In their study, they used a transmission X-ray

technique (using high intensity X-rays supplied by a synchrotron) to probe both the texture



39
and phase assemblage of the entire thickness of a tape, and used TEM for microstructural
investigation. Their study revealed that before any 2223 formation was observed, the
texture of the precursor 2212 grains was strongly increased, and that this resultant texture
was the same as that of the 2223 that wisformed. They proposed a two-step process
for the formation of aligned 2223 grains in a Ag-clad tape: during the ramp up and early
stages of heat treatmg(aluring the so-called “incubation” period before 2223 formation),
2212 grains are partially dissolved and then regrown [57,81] witleategr texture, and
then the 2223 grains are formed by intercalation from the 2212 grains. This hypothesis is
attractive because it can explain many of the phenomena tharsttave used t@ach
differing conclusions, including the fact thenversion process involves a liquid phase,
that 2223 forms with texture gmter than that of the -aslled precursor 2212 [82,83,84],
and that 2223 grains with 2212 intergrowths are commonly observed

[76,77,78,85,86,87,88].

3.2 Role of Ag and the Ag cladding

The details of 2223 phase formation described above generally apply to both bulk
2223 and tapes. However, it has been found that it is much easier to form high purity
2223 in Ag-clad tapes. Of many feasibletallic sleathing materialgpure Ag has been
found to be the most chemically compatible with BSCCO [30,89]. Ag also has the
fortuitous dual properties of remaining noble duringating in oxygen-containing

atmospheres, while at the same time the diffusion of oxygen throughetagisnvery fast
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Table 3-2. Literature summary of the et of Ag additions on the temperature of
partial melting of 2223 precursor powder

Atmosphere Tnfama' of Amount of Ag Tnfama' with Ag Reference
undoped or bare| @dded to powder aqgition or in Ag-
powder clad tape
air 847C 5 wt% 836°C [92]
air 850°C various 840°C [93]
air 837°C various 828C [94]
air 856°C Ag clad tape 829°C [95]
7.5% Q 820rC 5 wt% 805°C [96]
7.0% Q 820°C 10 wt% 800°C [97]

[90,91]. These are required properties for BSCCO tapes, whicteatdrbatedor many
hours at high temperatures in oxygen-containing environments.
There have been many studies of the effects of AB2#8 formation. The most

common conclusions are that the addition of Ag results in a lowered precursor (partial)
melting point T?"  and accelerate@223 formation. The reported effts of Ag

additions (or the simply the eftt of the Ag sheath) on the melting point2@23 (which is
also dependent on the heat treatment atmosphere) are summarized in Table 3-2.

Although there have been many reports of Ag lowering the melting point of 2223
precursors, there have been fewer studies of the actual mechanism of this effect. Dou et
al. proposed that the addition of Ag causes the formation of a Ag-PbO-CuO low melting
point eutectic liquid98,99], which lowers the melting point of the Ag/2223 system and
accelerate2223 formation. McCallum et al. [100] studied the pseudobinary Ag/BSCCO-

2212 phase diagram, and found an oxide-ride&ic at< 4 at% Ag which lowered the
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melting point of 2212 by 3@. A Ag/oxide eutectic may explain the results of several
authors who found that 2223 tended to form first near the Agaatej£01,102,103]. It
may take longer for the aerial in the centraportions of a tape to convert to 2223
because Ag needs tdfdise into the core to form the low melting pointextic; Ag tracer
diffusion datafrom Fang et al. [104] have shown that diffusion through a typical u&®©0
BSCCO core at ~ 80C takes a few hours. Also, Parrella et al. [105] and Sung and
Hellstrom [96] have shown that mixing a small amount (~ 1 wt%) of Ag into the powder
helps to evenly distribute liquid in the core, and leads to more homogeneous
microstructures. However, the exact role of Aty sgmains somewhat uncleatndeed,
several groups have reported finding no evidence efation with Ag (i.e. Ag is inert),
and that Ag does not enter the 2223 crystal structure, or that actaally be detrimental
to 2223 formation [96,98,106,107].

In addition to directly contributing chemically to thermation of 2223, the Ag
sheath also help@@223 phase formation by reducing the evaporation of Pb (and perhaps
Bi) from the powder. Luo et al. [34] have shown that the Ag claddimgfely prevents
evaporative Pb loss under typicaat treatmentanditions. However, if the ends of a
tape are just cut and left open durirephtreatment, material can leaveough the open
ends. Evidence for this was witnessed in the form of the whitish/yellovmshtifat
formed on the inside of the fuane vork tubes that were used t@dt treat samples.
Recently, Turston et al. [108] have shown that the conversion to 2223 is hindered in a ~

2 mm long region near the open ends of a tape, confirming a composition change (Pb loss).
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The Ag sheath of a tape also plays a role in2P23 grain texture development.
As 2223 often grows first along the Ag intece[101,102,103], a smooth intexfe will
result in better textured223 than one that is irregular or jagged. Additionally, the Ag
provides a geometrical constraint on the 2223 grain growth, and this also leads to some
texturing [82,84]. The texturing benefit of the Agealth increases as the filament
thickness decreases [108gdause the fraction of the BSCCO core in clogedimity to

Ag increases.

3.3 The stability of 2223 as a function of temperature and
oxygen partial pressure

A significant aspect of the thermomechanipabcessing of 2223 tapes is the
understanding of the conditions under which the 2223 phdlséomn and remain stable.
In addition to the overall cation composition and the effects of Pb and Ag discussed
above, the temperature and oxygen partial presp®e Of the heat treatments have
considerable influence on 2223 processing.

Although most of the reported work on 2223 has been done in air, there have been
a number of studies that examined the effect of ghecessing atmosphere on the
formation of 2223, with sometimes conflicting results. For example, some groups reported
that 2223 forms in nitrogen [109,110], while others showed that 2223 was unstable and
decomposed when heated in nitrofehl,112]; Jao et al. [113] reported substantial 2223
formation in oxygen, but Endo et al. [114] reported that 2223 did not form pOer

0.21 atm, and claimed thaglO, = 0.075 atm (7.5% §) was best. Rubin et al. [115]
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examined the stability of thebFree Bi-2223 phase over a wide range of temperatures and
oxygen partial pressures, and found that atp@w values, Bi-2223 decomposed to 2212
and other secondary non-superconducting phases. They reported that this decomposition
reaction was not reversible. MacManus-Driscoll ef5d] and Dainling et al.[116] have
extended the work of Rubin et al. by performiigilar experiments on R2doped 2223,
and found enilar results. Figure3-2 is a 2223 stality diagram for temperatures from
650°C to 90GC, over 6 decades gbO, values, using data takefrom references
[63,114,115,116]. The 2223 phase is stable (the shaded region) over a narrow range of
temperatures and partial pressures. Zhu et al. [111] reported that the optimum 2223
formation conditions were 0.04 pQO, < 0.35 atm at 82« < T < 88(°C, and that the
single phase 2223 stiily range ispO; < 0.5 atm. They describe the influencep@ in
terms of the valence state of the Pb ions; because the Phb@ds PB* and is
reduced to P8 in BSCCO, oxygen must be released. Thus, high oxygen partial pressures
favor the formation of G#bQ instead of 2223, while at lowerpO, values, the
decomposition of the GRbQ: phase is favored. Work at Wisconsin [33] has confirmed
thatpO, = 0.075 atm gives a wider 2223 temperature formation rangep@ar 0.21
atm, and s@O; = 0.075 atm has been used almost exclusively for the past four years for

BSCCO tape processing.
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Figure 3-2.  Stabty diagram for BSCCO-2223 with dta from references
[53,114,115,116]. All phase fields also contain at least a small amount of
various alkaline earth cuprate phases, not shown for clarity.

Several groups have examined in moetad the temperature dependence of the
stability of (Bi,F)-2223 at a constapO, = 0.075 atm, and have found that the 2223
phase is stable between ~ 80@&nd 836C [111,117,118]. At temperatures80F°C, they

found that 2223 decomposes to 2212 and other non-superconducting phases, and that
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2223 partially melts to 2201 and other non-superconducting phases at tempetatures
840°C. Experiments done for this thesis on samples cooled slowly aftegahtion heat
treatment also indicate tha223 is unstable and decomposes to 2212, 322PbCx and
other non-superconducting phases at lower temperatures [119].

In summary, despite a large amount of research, matgilsl of the 2223 phase
remain unclear. In general it can be said that 2223 forms @action betwee@212 and
secondary phases, and is assisted by a small vol@oeofr of a B-rich liquid phase.

The 2223 phase seems to form via a combinedeatioh and growth and intercalation
mechanism. In 7.5% Hwhich is the atmosphere which gives the widest temperature
stability window, 2223 phase starts to form at ~ ®0and is stable up to about 880

Many of the details of the conversion process vary from tape to tape, probablysk of
small and unintentional variations in the precursor powder composition or phase

assemblage.
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4. Thermomechanical proce ssing

In the previous chapter some of the details of the precursor to 2223 conversion
process were discussed in terms of the phase relations in the system. In this chapter
details are given on how tapes were thermomechanically processed. Results from the
literature are also reviewed. Some of the processing details and their effects are parts of
experiments described in subsequent chapters, and so they are not discussed fully here.

A cyclic process of reaction heat treatment, mechanicébrmation, and
subsequent heat treatment is useddovert the precursor powders to (relatively) high
density, well aligned, high phase purity 2223. Thkathreatments are neededdon the
2223 phase, and the mechanical deformation steps are need to densify and align the 2223,
and to help break up the sintered structure to accelevatersion to 2223. The process

is illustrated in Figure 4-1.
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Figure 4-1.  Schematic of the cyclical thermomechanical proceseaif theatment,
mechanical deformation, anc#t treatment used to make BSCZZ23
tapes. The heat treatmeritem the 2223 phase, and the deformation
steps densify and align the grains, and break up the sintered structure to
accelerate 2223 conversion.

4.1 Heat treatments

It is commonly observed that changing the heat treatment temperature by as little
as TC can have a significant effect da This is a result of the narrow 2223 formation
temperature window, and the low levels of liquid that are involved in the conversion
process. Most of the heat treatments in tlugkwvere done in low thermal mass faoes
with gold radiation shields, using quartz work tubes and Type K control thermocouples.

Typically, the furmces had zones doim to+ 1°C over lengths of 5-8 cm, whichatated
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the maximum straight tape length which could be processed. The temperature within the
uniform zone ofeach furnace was calibrated against a Type S PRPRtprobe and
electronic ice point couple. This pair was used as an intadargtandard and as an
absolute measure of temperature. However, even with this method atduralibration,
the measurement and control of the temperature of adarto a precision better than
1-2°C is extremely difficult. For this reason, it was not uncommon to be unable to
reproduce results from fuace tofurnace. Because of thoblem, whenever possible,
samples made for a given experiment reported here were produced in the sawoe, furn
and at the same time.

Straight sections of tape were sandwiched betwmeaus cordierite wafers and
tied with nichrome wire. Cordierite wafers appear inert witheespo the Ag cladding,
and their porous structure allowed uniform exposure of the tapacsutb the reaction
atmosphere. A flowing reaction atmosphere, ustai§o Q/balance N, was supplied by
gas cylinders from Liquid Carbonic Co. AGA GasCo. While a nominal oxygen content

of 7.5% was desired, typically the actual oxygen content ranged from 7.35 to 7.80%.

4.2 Intermediate deformation steps

Between heat treatments, tape samples were mechanic&igndd by either
uniaxial pressing or cold rolling. Bermation steps are needed to develop a high quality
microstructure and higt values, as will be shown in subsequent chapters. Depending on

the experiment, tapes were either reduced to a certain thickness, or pressed at a certain
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Figure 4-2.  Stresses whiett on an elemenix of a plate of thickneds and width 2
forged in plane strain conditions (in tkgplane) between flat platens with
load P. The length of the sample is into the page inZfirecton. An
analogous stress balance is realized along the length of the sample.

pressure. It will be shownater that whether a tape is pressed or rolled, and the

parameters used for doing so, has a large influence on the critical current density.

4.2.1 Mechanics of uniaxial pressing

Samples were usually uniaxially pressed between polished WC cermet cutting tool
blanks, with glycerin used as a lubricant. If the experiment called for a controlled
reduction in thickness instead of a fixed pressing pressure, brass or stainless steel shim

stock was used to limit the thickness to which the tapes were compressed. The use of WC



50
platens allowed tapes to be pressed thinner and more evenly than was possible with tool
steel platens, which were also sometimes used. A possible explaioatibis result can
be found from consideration of the pressing mechanics.

The process of uniaxially pressing between two flat plateksas/n as open-die
forging [16], as the workpice (the tape in this case) is free to spread laterally between the
platen sirfaces. Figurd-2 shows the stresses whatt on a long sample (i.e. plane strain
situation in theransverseape plane) of thicknessas it is pressed with loael between
two flat platens. Frictional shear stressgs= up, whereg is the friction coefficient ang
forging pressure, develop at thean sirfaces tooppose the flow of aterial awayfrom
the centerline. This friction causes a force imbalance ix thieection (i.e. along the tape
width) which results a change of the lateral stigdsom one side of the elemediit to the
other. This leads to a friction hill, and causes bothatexdl stress arfdrging pressure to

vary across the sample width @ 2As shown in [16], the pressure is given by
. [Pu O
p=0, exp% @- X)E

where g, is the plane strain yield stress of the woekjg. The pressure is greatest along

the centerline of the sample,»at 0, and is distributed across the sample width (as well as

the length) as shown in Figure 4-3. The mean forging pressure is given by [16]
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Figure 4-3.  Distribution of the normal pressupeand the lateral pressure for
uniaxial compression between flat plates.

apdx | exp@ua/h)-1
ﬁ:I —:0‘0

0 a 2ual h

and thus the pressure required to compress a sample increases rapidly with the ratio of the
sample width to thicknessd®), and decreases when the frictjpiis decreased. For this
reason, the use of a lubricant (glycerin in this case) reduces the fridtismveen the tape
and the platens, lowering the pressing pressure (load) needed to deform the sample.

A possible reason why samples can be pressed thinner and more uniformly (i.e.
with “dog-boning”) with WC phitens than with tool steel can be alsopbeposed from a
consideration of the forces involved in pressing. For a typical tape with a width to
thickness ratio &h of = 20, and taking: to be as low as ~ 0.1 [16], the peak pressing

pressure is of the order of &). The high pressures involved with pressing cause the
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platens to d®rm elastically (bend) around the tape, especially when #erplis much
longer than the tape (i.e. when the restoring force supplied by the tape does not reach the
ends of the platens), and when the pressing Bbasl applied nominally uniformly along
the length of the platen. These conditions were often realized, as the samples were at most
~ 8 cm long, more typically ~ 6 cm, and the platens were ~ 10 cm in length so as to be
useful to press a wide range of sample sizes. At a sufficiently high pressure and/or small
sample thickness, the ends of the platens arefdiheesd closer together than at the center,
resulting in tapes that are thinner and wider at the ends than at the center, being thus
shaped like a dog bone. As WC cermets have a modulus of elasticity (~ 450 GPa)
approxinately twice that of tool steel (200 GPa), they should have a lesser tendency
than tool steel platens to bend ingesse to the pressing forces, and this was found to be

the case experimentally.

4.2.2 Mechanics of cold rolling

In contrast to uniaxial pressing, in which an essentially plane strain condition
occurs in the transverse tape plane (i.e. pressed samples get thinner and wider, but not
appreciably longer), near plane-strain conditions are developed in the longitudinal plane in

rolling process (i.e. rolled samples get thinner and longer, but not appreciably wider).
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Figure 4-4.  Forceactingduring rdling a sreetfrom thickness to hs through rolls of
radiusR at initial velocityvi with an angle of biter. The deformation is
essentially plane strain in tlye plane (thex direction is along the width of
the sheet, into the page).

The basic forces involved in llag are shown in Figure4-4, adapted from
reference [16]. At any point such dsalong the arc of contact, tworces act on a tape:

the radial forceP; which reduces the tape thickness, and the frictional fer¢equal to

UPr, whereu is the coefficient of friction) which draws the tape into the rolls. The vertical

component oP; is known as the tiing load or separatioforce P, as it is the force acting
to push the rolls apart. The specific roll presqui® given by the rolling load divided by
the contact area. The contact area is equal tpribsuct of the tape widtha2and the

projected arc of contatt, which is given by [16]:



54

(h -h)0

[] - ’ V2
L= R -h) =0 =[rh -]

Thus, the effective pressure applied to the tape by the rolls is
P 1

pzZaJ_RDm'

The rolling loadP can be approximated by [16]

_2_m o ——U
P—@aogg(e 1)(28),/ R h h)E

whereQ = 2ulL, / (h + hy).

As the roll radiusk was fixed at 3.81 cm for these experiments, and the tape width
2a near the end of the rolling sequence was consistenBymm, the rollingforce (and
therefore the pressure) wastermined mainly by the thickness reductlon hx. The
effect of the réing pressure employed @reentapes (those which have not been reacted
to 2223) on the final superconducting properties has not been considered in the literature,
but it has been shown that large thickness reductions result in wider tapes (more width
strain) than those made with smaller reductions per pass [120]. However, studies of the
effect of the rting paraneters used when ltimg reactedtapes between heat treatments
have been reported [19], and show considerable influence the superconducting properties.

Some of the reasons for this are described in the next section and in Chapter 7.
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4.2.3 Cracking behavior

The pressing and rollingrocedures described above have one impore&aitfe in
common: both are used to plastically deform tape samples betvesgntreatments,
significantly changing the thickness (typically by ~ 10% or moreaath pass) and one
other dimension of the tape. As the Ag cladding is a ductile metal, this |gfayendgon
can be easily accommodated. However, BSER2EB is not significantly ductile (at least
at room temperature), and the large deformations cause cracks in the cordll bés w
illustrated in upcoming chapters, some effects dbmeation are very beneficial to 2223
tapes; the deformation steps increase the density (and perhaps the alignment) of the oxide
grains, and they break up the sintered structure, increasing the reaction rate of the
precursor powder to the 2223 phase. Howevelilliaiso be shown that craclksrmed in
the deformation process can remain in the core after the subsecpsntréatment,
clearly an undesirable situation when one strives to make full use of the superconductor

cross section of a tape.
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Figure 4-5.  Resolved shear stress@gich develop in a materiahder a compressive
stresP/A[121]. The shear stress is largestéicr 45

Although rdling and pressing can both béought of ideally as plane strain
deformation processes, the crack structure formedauay is significantly different. For
both processes, the compressive force supplied by either the platens or rolls acts
principally to decrease the thickness of the tape. The compressivePsfressates shear
stresseg on planes in the material that are at an angle to the direction compressive stress,
as shown in Figure 4-5. The resolved shearing fétse6 acts on the area/ cod,

and thus the value of the shear stressgiven by
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Figure 4-6.  Chaacteristic cracking patterriermed in segments of pressed and rolled
2223 tape. The different ori@tions of the planesnder plane strain
result in cracks which run predominantly along the tape axis (parallel to
the direction of arrent flow) in pressed tapes, and transverse to the long
tape axis (and current flow) in rolled samples.

Psind6 P .
T—m—xSlﬂ@COﬁ .

The shear stress is therefore imszed for 8 = 45, and thus the materiainder
compression will tend to slip (if it is ductile) omfrture (if is not) on planes at or close to
45° to the compressive stress. Thus, for both pressed and rolled tapes, cracks are formed
preferentially at angles ~ 4%o the direction of compression.

Since the plane strain conditions in pressing aflidgare different by 990 (plane
strain in thexy plane for pressing, and tlye plane for rding, as shown in Figurd-2 and

Figure 4-4), the chacteristic crack structur®rmed by the two methods is alsaated
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Figure 4-7.  SEM micrograph of a longitudinaksion (theyzplane) of a rolled powder
core. Cracks oriented at ~4t® the rolling direction are visible.

by 9C° [120]. This means that cracks formed in pressed samples tend to be oriented along
the z direction (parallel to the long tape axis), and those in rolled samyteg thex
direction (transverse to the tape axis). The resulting cracking patterns are shown
schematically in Figure 4-6, and a real example of cracks in rolled tapes is shown in Figure
4-7. As wil be shown in Chapter 7, thisndamental difference in the oriation of the
defectsformed in rolled and pressed samples is very importanétarchining the critical

current density in 2223 tapes.
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5. The relationship between microhardness,

density, conn ectivity, and J.

The material in this chapter is part of the publication:
J.A. Parrell, S.E. Dorris, and D.C. Larbalestier, “On the role of Vickers and Knoop
microhardness as a guide to developing high critical current density Ag-clad

BSCCO0-2223 tapes”, Physica C 231 (1994) 137.

5.1 Introduction

As described in Chapter 4, Ag-clad 2223 tapes made by the OPIT process must be
given precisely controlled thermal and deformaticgatments inorder to convert their
precursor powder to the high-BSCCO-2223 phase. The best microstructures and
highest critical current density values are obtained when the tapes are given multiple
(typically 2-4) reat treatmentfor relatively long cumulative times (perhaps hundreds of

hours) at a temperature slightly above that at which some melting of the precursor powder
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occurs. The mechanical deformation step [122,123] betweah theatments is a vital
part of the process. At the time of this study the role of the deformation step was not well
understood; potential benefits of this internageli déormation were hypothesized to
include an improvedeaction rateduring the subsequentdt treatment, an increased
density, and an improved grain alignment of the superconducting phase.

As discussed in Chapter 3, it is generally believed that BSCCO-2223 forms by a
reaction between a eutectic liquid phase and the BSEZXIQ phase
[31,43,46,41,96,101,124]. Implicit in the eflicy of the dimrmation step is the belief that
the cracks which form in the BSCCO core as a result of the mechanical deformation
[120,125] wil sinter shutduring the subsequeneat treatment. However, microslice and
other experiments led Larbalestier et al. [126,127] to explicitly question whether this
assumption is always true, proposing that microcracks (microcracks are defined as those
which are localized between grains or blocks of grains rather than those which have
propa@ted hrough a significant &ction of the entire core thickness) are one of the major
currentlimiting mechanisms in BSCGQ@223 tapes. However, it is very difficult to
determine the extent of microcracking in reacted BSCCO composites, and this conclusion
was only inferred from local measurements of the variability.of

Yamada et al. [25] and Satou et al. [18] found a strong correlation between the
Vickers hardness of thenreactedpowder core and the after-heat-treatm&nh Ag-clad
BSCCO-2223 tapes. They reasoned that the resistance taaitmer{the definition of
hardness) of the core would increase as the powder in the core densified during wire and

tape fabricabn. Because of the difficulty of directly measuring the density of the thin
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BSCCO cores (these were 40-1 thick), Vickers microhardnes$l{) was used to
infer the relative density changes which occurred during thecttlonn of the tapes. This
increased density prior to the reaction heat treatments was postulated to result in reacted
BSCCO0-2223 cores of higher density, which correlated directly to highaiues.

The goal of this study was to investig the irportance of the length of the first
two heat treatment steps as a test of the followqmpthesis: If a liquid phase controls the
2212 to 2223 phase conversion and if this liquid phase is consumed during the phase
conversion eactions which occuluring reat treatment, then itheuld get progressively
more difficult to heal the cracking produced in the deformation steps between the heat
treatments.Indeed, a BSCCO-2223 composition powder should exhaust its liquid in the
later stages of reaoti. Since any cracks formed during the deformation step must be
healed if thel. is not to be degraded below its potential, control of the thermomechanical
processing during thater stages becomes rather critical. There is certainly a marked
tendency for there to be aegtter varialtity in superonducting properties with increasing
numbers of deformation steps andah treatment$30,123,128]. Although long heat
treatments may #itbe necessary after the 2223 conversion is essentially ebenfior
example, to remove residual 2212 layers at the grain boundaries [85,86]), it may be that all
the mechanical deformation steps used to densify and align the core should be given while
sufficient amounts of liquid-forming phases remain to heal deformation damage. This
chapter provides experimentaltd aldressing this hypothesis, under the assumption that a
low density and/or cracked core wgkovide a lesser resistance to intdgion than a

dense, well-connected core.
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5.2 Experimental Details

BSCCO-2223 powder made by a "two-powder" process.sfBb.sSrCaiCupOx
and CaCu@powders were combined to give a powder having the overall composition of
Bi1.ePy sSrCaCwOy) was packed into a Ag tube, closed shut, and swaged, drawn, and
rolled to a tape ~0.25 mm thick. At this point the BSCCO core thickness waguril00
Twelve 5-cm lengths of the tape, known as ANLB17, were giveat treatments for
various times with intermittent uniaxial pressings (~ 2 GPa), at a constant temperature of
815°C in a flowing 7.5% @balance N atmosphere. The specific heat treatment times
and sample identifications are listed in Tallel. Since all bat treatments were
performed at 81%, the individual samples are denoted in the text by the lengths of their
heat treatment$or example, 12/50/100 inchtes the tape which was given ahtiir first
heat treatment, an intermediate pressing, Bde® second &t treatment, an intermediate
pressing, and finally a 100 hour thirédt treatment. Tapes were monitoradotigh 4
heat treatments and 3 intermediate pressing cycles.

Samples of each tape were then characterized by the{77 K, 0 T),
microhardness, and by examining their microstructure with a scannaxjrosi
microscope (SEM). Thk of the tapes was taken as the current where the first sign of a
non-zero voltage was resolvable (+1\f), and this value was converted loby dividing

by the average of two transverse cross-sectional areas measured by image analysis.
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Table 5-1. Identitation and heat treatment times of reacted samples of composite

ANLB17. All heat treatments were given at 8C5n 7.5% Q.

Sample Identityy HT1 time (h) HT2 time (h) HT3 time (h HT4 time (hy)
12 12

24 24

12/50 12 50

24/50 24 50

12/100 12 100

24/100 24 100

12/50/100 12 50 100

24/50/100 24 50 100

12/100/100 12 100 100

24/100/100 24 100 100

12/100/100/100 12 100 100 100

24/100/100/100 24 100 100 100

The Vickers microhardness of two polished transveestias of each tape was
measured; the results were combined, resulting in 10-20 hardness measurenesatk for
sample. Due to the thin core size and fragile nature of the BSCCO, a 10 g load was used
(with a 15 second loading time). The hardness measurements were made in a row at the
center of the transverse cross sattiapproximtely one to two indentation widths away
from the Ag skath on either side of the core. Due to the difficulty of measuring the small
hardness indeéations and the varidity of the local microstructure in the tapes, there was
sometimes considerable scatter in thedhass dta. In addibn, it was found that the
surface polish of the BSCCO sample was crucial in obtainjpgpdeicible hardnessath;
even though samples appearedasti-free under the light microscope, further polishing
(with 0.05um Al>Os in methanol) was needed to remove damaged layers. The Knoop

microhardnessHk) was measured in a similar way. Since the elted)diarond shape of
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the Knoop indentor is not symmetric, the long axis of the indentor \easglsuch that it
was parallel to the rolling plane of the tape (i.e. nominally parallel to the “a-&&toin),
or orthogonal to the rolling plane, such that the long axis of the indentor was nominally
parallel to the “c”-direction.

The BSCCO microstructure was recorded by examining polished longitudinal
cross-sections of each tape with an SEM operated at 15 kV in both backscatt¢or(BS)
as-polished samples) and secondaegtebn (SE) (for sample=tched with 1% perchloric
acid in 2-butoxyethanol) imaging modes. The BS imaging mode emphasizes phase
identification, while the SE mode is best for examining the alignment of the BSCCO grains

and for imaging cracks that may be present in the core.

5.3 Results

Figure 5-1 showsl. (77 K, O T) versus totaldat treatment time and the heat
treatment numbefor all of the samples prepared for this study. It is clear that there is a
strong positive correlation betweel (77 K, 0 T) and total éat treatment time, the
relationship being approxmtely linear. J. increases from 0 to ~ 22,000 Altas the heat
treatment time increasé®m 12 to ~ 320 hours. It can also be noted that the sensitivity
of Jc to heat treatment time and number of heat treatments dependsdumétien of the
first heat treatment). increased linearly from ~ 1000 to ~ 22,000 Alcwith heat
treatment timeor samples given a 24 hour firstdit treatment (the line drawmrmnects

these points), whilé: depended only on the number of heat treatmi@ntsamples which
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Figure 5-1. Jc (77 K, 0 T) as a function of totaéht treatment time. The numbers next
to the data points are the number of heat treatments which the tape was
given. The line is drawn through the 24 h first heat treatment data points.

had 12 hour first dat treatments. The most heavily reacted sa(2gii00/100/100) had
the highest. (77 K, 0 T) value of all of the tapes in this study, 22,200 Alcm

Figure 5-2 shows thE\y of the transverse BSCCO cross sections ametion of
the total heat treatment time. The data points in the plots are average values, amd the e
bars represent one standard deviation on each side of the average value. It can be seen
that there is a marked hardness decrease between the first and seabt@dtments

(from ~ 100 to ~ 70 kg/m?m but thatHy then increases with each subsequent heat
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Figure 5-2.  Vickers microhardness of the transverse BSCCO @o8srs of
composite ANLB17 as a function of totakdt treatment time. The
numbers next to the data points are the number of heat treatments which
the sample was given. The curve is provided as a guide to the eye. The
error bars represent one standard deviation on each side of the mean.

treatment up to a maximum value 0130 kg/mrﬁ. The initial decrease can be attributed

to two factors, one being the disappearance of hard second phase (asasdQvemd the
second to retrograde sintering [129,130] which occurs during the 2212 to 2223 phase
transformation, the major part of which takesqga during the first and second heat

treatments.
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Figure 5-3 shows thé: of the second through fourtleat treatment samples as a
function of Vickers microhardness. The firgat treatment samples were excludiean
this figure because of the large @amts of hard non-superconducting alkaline earth
cuprate (AEC) particles which werdllgpresent after the firstdat treatment. It can be
seen that there is a strong positive, nearly linear correlation between the Vickers
microhardness of theeacted BSCCQ223 core and.. On going from the second to the

fourth heat treatmend. increased from ~ 3000 to 22,000 Afcwhile Hy increased from

~ 70 to 130 kg/mfh
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Figure 5-3.  Jc (77 K, O T) as a function of the Vickers hardness of the transverse
BSCCO cross-sections. The linepiovided as a guide to the eye. The

numbers next to the data points are the number of heat treatments which
the tape was given.

Figure 5-4 is mnilar to Figure5-3, but showsl. as a function of thédk of the
transverse BSCCO cross-sections. The open symbols on the left hand side of the figure
showJ¢ as a function of Knoop hardness with the long axis of the inderatoeglparallel
to the broad axis of the transverse crasstisn (i.e. aproximately parallel to the a-b
planes), while the closed symbols on the right hand sideqémainst the Knoop hardness

measured with the long axis of the Knoop indentacedt parallel to thensrt axis of the
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Figure 5-4. Jc (77 K, O T) as a function of Knoop microhardness of the transverse
BSCCO cross-sections. The data to the left of the axis brefak 4«
parallel to the rolling plane (i.epproximately ||ab), and the dta to the
right is Hk perpendicular to the rolling plane (i.eoproximately ||c). The
numbers next to the data points are the number of heat treatments which
the tape was given. The line is provided as a guide to the eye.

transverse section (i.epproximately parallel to the c-axis ). The data show almost no
correlation betweed: andHk(||a-b), but there is a reasonable correlation betweand
Hk(]|c), except for the two fourtheht treatment samples, whdsde is about 20% lower

than would be expected based on thgiralue.
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Figure 5-5 compares SEM backster micrographs of longitudinal sections of the
12 and 24 hour firstdat treatment samples to those obtained afterandes0 hour heat
treatment. In these micrographs three major phases are evident by their atomic number
contrast. The lightest phase is BSCCO-2212, thtegike darker gray phase is BSCCO-
2223, and the angular, relatively equiaxed dark phase is principally (CaQs)(2:1
AEC). In all four micrographs it appears that tleaation occurs relatively uormly
throughout the crossstion and that increasing time drives the reaction towards the
BSCCO-2223 phase. The quantity of black non-superconducting AEC phasatésgin
the first heat treatment: onlynited 2212 to 2223 conversion has occurred after 12 hours
at 815C (Figure 5-5a) and sinck (77 K, 0 T) was zero, the BSCCO-2223 current path
cannot be above the percolationit. For the 24hour first feat treatment sample (Figure
5-5¢), the BSCCO-2223 phase conversion was more evident and adi(iz00 A/cnf)
was obtained. In both cases the secoedt ireatment of 5Gours (Figure 5-5b and
Figure 5-5d) caused the BSCCO-2212 phase to almost disappear under the imaging

conditions chosen.



Figure 5-5.  SEM backstter micrographs of the 12 & (77 K, 0 T) = 0) and 24 RJ{
= 1200 A/crﬁ) first heat treatment samples (a and c, respectively)
compared to the microstructures after an intermediate pressing step and a
further 50 h leat treatmentb, J. = 3700 A/cri, and d,J. = 5200 A/crf).
All heat treatments were at 815in 7.5 % Q atmosphere.

Figure 5-6 compares the grain structure of the samples after the 12 and 24 hour
first heat treatments (Figute6a and Figure 5-6b, resgtively) to those obtained after a
50 hour seconddat treatment (FigurB-6¢ and Figure 5-6d) more explicitly by viewing
them in the etchedondition under secondaryeeitron imaging mode. The grains are
several times smaller and less aspected in tHeoWR leat treated tape (Figube6a) than

the tape which was given a longer 24 hoaathtreatment (Figur-6b). The shorter



Figure 5-6. SEM secondaryeeitron images of thetched 12 and 24 h first heat
treatment samples (a and b, respectively) compared to the etched
microstructures after an intermediate pressing step &mdheer 50 h heat
treatment (c and d).

length heat treatment sample also appears to have a less evident grain-to-grain alignment;
this implies that it has a less dense microstructure. Note that this difference in alignment
and density still appears to exist after theoseicteat treatment (compare Figusesc and

Figure 5-6d).
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Figure 5-7.  SEM-SE micrograph of tleéched 24100/100/100 fourth émat treatment
sample illustrating the cracks which were observed in both this sample and
the 12/100/100/100 fourth heat treatment sample.

Figure 5-7 is an SEM-SE micrograph of etched longitudinal cross sectifnom
the 24/100/100/100 fourthelat treatment sample whidlustrates the cracks which were
found in both this sample and the 12/100/100/100 fouett treatment sample. These
cracks are believed to be examples of unhealed deformation damage from the uniaxial

pressing which separated the third and fourth heat treatments.

5.4 Discussion

There are at least three limits on the grain-to-graimectivity of a BSCC&223
filament, and together or separately these largely determink.thEhe first connectivity

limit is imposed by the difficulty informing largely phase-pure 2223 grains
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[33,50,51,85,86,103]. Extending the number of deformation aad theatment cycles is
beneficial to this goal. A secorithit may be posed by misaligned grains of @223
phase, across which the supercurrent eotions arepoor [131]. A third limit is
introduced if macrocracks (i.e. those cracks which cetapyl sever the filament) or more
localized microcracks which are introduced dureach dérmation step cannot be
healed in the subsequent heat treatment. All of theserntdimiting mechanisms are
operative to some extent, and they all act to reduce the active cross-section of the
composite [126,127]. Their relative importance depends on the stage that the sample is at
in the processing sequence. Attempting limieate the first and sead conmctivity
limits (the phasepurity and alignment of the 2223 grains) by adding additional heat
treatment and dermation cycles may simply result inkkeing limited byunhealed cracks.
Evidence for all three of these mechanisms is found in the samples studied in this
experiment.

The plot ofJc as a function of total heat treatment time (Figbr&) has two
interesting features. For samples given a 12 hour &t treatment (thelled circles in
Figure 5-1), it appears thdt increases in a step-wise fashion with thenberof heat
treatments, and does not seem dependent denbéhof the subsequent heat treatments.
In other words, the 12/50 and 12/100 samples (teat treatments each) had essentially
the samel; values, as did the 12/50/100 and 12/100/100 samples (teegetrbatments
each). However, for samples given 24 hour fiesathtreatments (the open squares), it
appears thalc is dependent on both the numizerd total length of heat treatment and

that Jc increases linearly with the total length of all heat treatments. The difference in
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behavior is believed to originateom the very different grain morphology of the 12 and 24
hour first heat treatment samples just prior to their first uniaxial pressing, as described
below. This difference in grain morphology is clearly visible in Figure 5-6a and Figure 5-
6b.

For the 24 hour first dat treatment sample, there was already significant
conversion to BSCCO-2223 and growth of the 2223 grains during the dasttieatment
(Figure 5-5c and Figure 5-6b). A subsequent uniaxial pressing can align the c-axes of such
plate-like grains. During the semd keat treatment, this aligne#®23 grain structure can
constrain new or growing 2223 grains, both in where theyeateland along which
directions they grow. Both of these factgm®mote alignment of new grains with the
existing 2223 network, and thus make it possible for the density of the BSCCO core to
increase with further thermal processing.

The situation is rather different for the samples tleatived the tsorter 12 hour
first heat treatment. Due to the relatively long incubation period required to initiate the
2212 to 2223 phase transformation [31,62], there is less 2223 transformation and grain
growth in briefly heat treated samples. The lar@d¢2 grains of the 12 hour first heat
treatment sample were smaller and less aspected tharptibdseed by the 24 hour heat
treatment (compare Figufge6a and Figure 5-6b), and the pressing between the first and
second bat treatments wasowespondingly less eafttive in inproving the grain
alignment and density. Thus, the new 2223 grains which formed during the second heat
treatment were relatively freer to nucleate and grow in arbitrary directions. The net result

is a less well aligned (and thus less dense) grain structure (compare Figure 5-6¢ and Figure
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5-6d), and so it is not surprising that the 12/50 sample had a Jow&iue than that of the
24/50 sample (3700 A/(ﬁ’m:ompared to 5200 A/c?m For both samples, it seems likely
that incomplete @nversion to 2223 isiitlimiting the Jc after the seconddat treatment,
but the poorer alignment of the 2223 grains in the 12 hour fa&t tieatment sample set
also exerts an important role in limitidg

Since liquid is believed to be formed by tleactions between t#212, AEC, and
CuO phases [50,51], it is evident that the quantity of liquiddmminish (in principle to
zero) as theaactionproceeds. Figurd-5b and Figure 5-5d confirm that the major step in
the conversion to BSCCO-2223 occurred during the first and/or se@atdtdeatment.
Due to limited amunts of residual liquid-forming phases and the reduced porosity
remaining after the seconedt treatmenfboth of which reduce the #dity of grains to
rotate into alignment), solid stateffdsion is likely to be the dominant densdtion and
grain growth mechanism in the later (third dodrth) heat treatments. Thus it is likely
that the alignment and overall grain morphology obtained after the first two liquid-bearing
heat treatments remains essentially unchangesugh &ter heat treatments, since the
solid statgorocesses of densification and grain growth are slower than their liquid-assisted
counterparts. Because solid statifudion in BSCCO is anisotropic (orders of magnitude
faster in the a-b plane than in the c-direg}j microstructures with poorly aligned grains
tend to push themselves apart during sintering, producing the well-known retrograde
densification[129,130] which disrupts the grain-to-grain centivity. By contrast, when
the grains are well aligned, retrograde densification is ngirgbounced, and grain-to-

grain connectivity irproves during sintering. In summary, it appears that the degree of
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2223 phase conversion and grain alignment which develops during theefitdréatment
and its subsequent deformation step can play a decisive roktemthing the density,
connectivity, and throughout all the subsequent process steps.

Two distinct trends can be seen in the Vickers hardness versusaatatdatment
time plot shown in Figure 5-2. The first is the drop in the microhardness which occurs in
the first and secondelat treatments. The dominant factor is believed to be the marked
reduction of hard AEC particles as the Ca and Cu of the AEC phases is consumed during
the 2212 to 2223 conversiopacton. After these are consumed the properties of the
BSCCO-2223 phase domaite. A comparison of Figu®5a and Figure 5-5¢ with Figure
5-5b and Figure 5-5dlustrates the dramatic changes which occur in the microstructure
between the first and seconddt treatments. The sew main éature of Figure 5-2 is
the increase irHy that occurs following the seconcedt treatment. Evidently the
mechanical deformation and subsequegdtlireatments cause the density (andress)
of the cores to increase. As shown in Figure 5-3, this hardness increasetly dind
positively correlated with increasesin

The Knoop microhardness results (Figure 5-4)cat# that the hdness parallel to
the a-b plane of the tape is essentially consthrf||@-b)= 100), while the hardness
parallel to the c-direction increases with thermal treatment (except aftéoutie heat
treatment). This latter result can be directly attributed to increases in the density of the
core due to heat treatment and the intermediate uniaxial pressings. The constant value of
the Knoop hardness parallel to the a-b plane is somewhat harder to explain. One

interpretation is that the density of the core does not increase in the a-b plane of the tape
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(which is consistent with the fact that the tapes are uniaxially press@chl to this
plane). A second explanation is tiéi(]|a-b) represents the stress required to cleave the
BSCCO grains apart at the Bi-O bilayer in the a-b plane. This quantity should be intrinsic
to the 2223 phase crystal structure, rather thanebermined by the annections of the
sintered polycrystalline muiphase assembly. The Vickers indentor is symmetric in
shape, and thus is not as sensitive as the Knoop indentor to the anisotropic nature of
BSCCO (there were variations in the lengths of the two diagonals of a Vickers indentation
in some cases, but there appeared to be no obvious treatteyngo these variations). It
can be seen that the two data points in Fidis/e corresponding to the 12/100/100/100
and 24/100/100/100 samples do not follow the trend of Hta fdom the earlier heat
treatments sincélk(||c) is significantly lower than expectéar these two samples. As
mentioned earlier, cracks in the BSCCO core were observed in etched sections of the
12/100/100/100 and 24/100/100/100 samples (Figure 5-7). It is possible that the measured
hardness deficit is due to such micro- and macrocracks. However, a hardness deficit was
not observed in the Vickers hardness measurements, perbegssb of the larger and
more symmetric shape of the indentor. It is interesting to noteldlatreased through
the fourth feat treatment in spite of these cracks. For this tarrp¢he locall. of the
continuous current path must have increased such that the overalt tapald also be
increased, despite the cracks which reduce the active cross-section of tHE26(#27].
Thus it is not anticipated that the linear relationships of Fi§dteand Figure 5-3 are
fundamental ones since the crosst®on gproprate for normalizing the critical current

(Aeff) is very unlikely to be the whole core cross-sectiyn (
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Whatever the subtleties of then&op versus the Vickers hardness tests, it is very
valuable that such simple tests yield such positive correlations th.thEhe next task is
to more precisely define the currdimtiting mechanism at different steps in theocess.
The ensemble of data presented in this pgpevides further support for the idea that
current flow in these tapes is largely percolative and dateéhby the active cross-section

of good connections between grains [126,127].

5.5 Summary

In summary, a linear correlation between the Vickers microhardnesk &nd K,
0 T) of reacted BSCCQ223 tapes with critical current densities up to 22,000 Alwes
observed. A correlation between theand Knoop microhardness measured with the long
indentor axis placedormal to the rlling plane of the tape was also observed. These
results are consistent with the belief that a significant limit orddloé BSCCO-2223 tapes
is provided by a lack of full density and thus a compromised grain-to-grairectnty in
the BSCCO core. The length of the first heat treatmentfovasl to be very important in
determining the fingbroperties of the 2223 tapes. Apprapei heat treatment schedules
should be developed that allow for the maximum deragibn of the2223 phase through
mechanical deformation and subsequesathtreatment witout forming cracks which
cannot heal due to the lack of a liquid phase or insufficient stig snass trapsrt

during later heat treatments.
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6. The effect of sheath material and deformation

method on the microhardness, connect ivity, and J.

The material in this chapter is part of the publication:

J.A. Parrell, S.E. Dorris, and D.C. Larbalestier, “Theetffof sheath material and
deformation method on the oxide core density, filament uniformity, and critical
current density of (Bi,PbprCaCusOx tapes”, Advances in Cryogenics

Engineering (Materials) 40 (1994) 193.

6.1 Introduction

As discussed in prior chapters, thde of Ag-clad 2223 tapes appears to be
controlled by a combination of factors, reviewed briefly here. The first problem is to fully
convert the precursor powder to the high2223 superconducting phase. This effort is
hampered by the formation of non-superconducting second phases which not only

wastefully take up conductor crosseson, but disturb the local alignment of the 2223
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grains in their vicinity, further reducing [33]. Dorris et al. have reported a more
reproducible method for obtaining 2223 tapes having reduced amounts of second phase
[50,51]. However, theaflct that reord critical current densities have not as of yet been
reported in tapes made from this so-called "two-component powder" process roateindi
that other variables are still important in obtaining highalues in a 2223 tape.

Since it has been shown that the formation of 2223 is enhanced next to Ag, and
that alignment of the BSCCO grains is essentially perfect at the Ag/BSCCO interface
[103], it seems that the smoothness of the Ag/BSCCO aterplays a major role in
controlling the long range alignment of tB223 grains. A thin, yet "unsausaged" BSCCO
core would take advantage of this preferential 2223 formation and alignment near the
Ag/BSCCO interface. However, thin (~ Usn or less) cores in conventionally processed
oxide-powder-in-tube (OPIT) tapes are often severely "sausaged" [7], producing a
condition which results in a misaligned BSCCO microstructure and an irregular filament
cross sectin. It has been proposed that a strongeashcould reduce the Ag/BSCCO
interface irregularity [132].

It has been shown in Chapter 5 that the density of the BSCCO-2223 core (as
measured by microhardness) can bedally correlated toJc [25,133]. Since it is thought
by many that thel. in these tapes is limited by grain to grder colony to colony)
connectivity [85,86,131,134,135], it seems reasonable to assume that a well-aligned,
phase-pure, and highly dense BSCCO core is essential for obtaining high critical current

densities.
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Due to the micaceous, plate-like nature of BSEZA23 grains, BSCCO wires
made by the common OPIT method must be mechanically deformed into thin tapes in
order to produce a dense, aligned BSCCO microstructure. efhdgsmf this process were
described in Chapter 4. The 2223 superconducting phase is formed by two or more
reacton-deformation cycles. It seems that the deformation increases the density of the
oxide core, improves the alignment of the grains, and perhaps helps break up regions of
second phase so that the 2223 formatieaction can continueluring the next heat
treatment. In addin, for reasons not fully understood at the time of this work, uniaxial
pressing between heat treatments usually results in a tape of highan is obtained by
rolling between bat treatmentsindeed, the highesk values reported thus far in a 2223
OPIT tape were obtained by pressing between heat treatrf&5jts Unforturately,
uniaxial pressing is not useful for making long lengths of conductor. For this reason, long
length manufacture of BSCCO-2223 involvefiing as the mechanical tiemation step
between reaction heat treatments.

The purpose of this study was to examine theat$f of sheath strength and the
intermediate mechanical filemation method on the oxide core density dndwith the
goal of clarifying the differences between rolled and pressed samples. Two different
sheathing materials were choséor this study: pure Ag, and a Ag-0.25wt%Mg-
0.25wt%Ni oxide-dispersion hardenable alloy, having the trade name Consil 995. Two
OPIT tapes were made in an identical fashion from thegerials. Samples of the tapes
were heat treated together and theriomeed by rding or pressing between heat

treatments, as discussed in more detail next.
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6.2 Experimental details

Approximately 20 g 02223 two-component (BsPky.4SrCaCuOx and CaCug)
powder [50] with an overall composition of 1BPy.4SrCaCuOx was cold isostatically
pressed (CIP'ed) at 340 MPa into a rod ~ 10.2 cm long and ~ 7.5 mm etelianihe rod
was then cut in half, and inserted into one of two machined cans (O.D. = 13.0 mm, I.D. =
7.7 mm). The first can was of pure Ag, and the second of Consil 995, which had been
oxide dispersion hardened by a heat treatment diodi?s in air at 0. The hardened
Consil can (Vickers microhardnesdsj = 140 kg/mrf, 10 g load, 15 second loading time)
was approxirately 50% harder than the cold-worked pure Ag ckiR € 90 kg/mrﬁ) at
the starting size (13.0 mm O.D.). Machined plugs (~ 2.5 cm long, 7.6 mm O.D.) made
from the same material as the sheaths were used to close the cans.

The billets were then swaged and cold drawn to a diametfibfmm, and rolled
to a thickness of ~ 0.2 mm with a nominal thickness reduction of 5% per pass in a two-
high rolling mill with 3.81 cm diarater rolls. Evenhough the two composites were
passed through thelling mill right aftereach other (witout adjusting the rolls), they did
not finish at the same thickness, presumably due to the elastic spring back of the rolling
mill with respect to the different sheath rdlesses. The Ag-clad composite (also known
as UWBA48) had a final thickness of 0.198 mm and a width of 3.223 mm, while the harder
Consil composite (UWB49) was 0.239 mm thick and 3.505 mm wide. The Consil-clad
composite developed small cracks that gradually formed a rough, ragged edge along the

entire length of the tape as it was rolled down.
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Seven 7.6 cm-long pces were cufrom each tape. Heat treatments were
performed at 81% in a flowing 7.35%@balance N atmosphere. After the first heat
treatment of 2dours, one Ag and one Consil sample weae@dl aside, and the remaining
samples were then deformed in preparation for a seceat theatment. Half of the
samples of each sheath type were presseddd8 mm at ~ 2 GPa between polished
tungsten carbide platens separated by brass shim stock, using glycerit@dsaatl The
other samples were rolled to ~ 0.18 mm with a nominal thickness reduction of 5% per
pass. The samples were then heat trefdedhe second time. The second and all
subsequent heat treatments were dacth00 hours. After the seconédt treatment, the
remaining tapes were then pressed or rolled to ~ 0.15 mm, eaid tfreated again.
Following the third heat treatment, the remairfimgr samples were then pressed/rolled to
~ 0.13 mm, and heat treated for a fourth time.

Two transverse cross-sections of each tape digrground with SiC, and polished
with 0.05pum Al2Oz in methanol. The hardness of the center of the core was measured 5
times using a 15 second load time, as described in Chapter 5. The samples were reground
and repolished, and the center of each tape was then indented 5 more times, so as to yield
a total of 20 hardness measurements per tape condition.

Longitudinal midsections of each sample wer@inted and polished as above. A
scanning electron microscope (SEM) agied at 15 kV in backscatter mode was used to
record the microstructure efach tape. The same longitudinal samples were then used to
guantify the filament uniformity (sausaging) of each tape. A high resolli@@aax 1024

image analysis system was used to overlay 512 lines across the longitudinal BSCCO
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secton. The image analysis system then measured the lengtcbfline and computed
the average core thickness, as well as the BSCCO core thickness standard deviation. Five
different areas were measured and the ~ 2500 measurements were combmachfor
sample. The core thickness standard deviation divided by the average core thickness was
used as the measure of filament uniformity. This measurement takes into account the
presence of intrusions of BSCCO-2223tpk" into the Ag (e.g. Figui6) since the core
thickness is defined by the first crossing of the Ag-BSCCO interface. Thus cores with
many intrusions into the sheath will have a slightly higher variability than those without.

Short ®ction (~ 2 cm)lc measurements were made at 77 K and Oldwas
determined using a V/cm criterion, andc was calculated by dividing by the average
core area from two measured transverse cross-sections.

The temperature dependence of the zero-field-cooled (ZFC) AC suditepifb
some samples were measured in a Lakeshore model 7225 AC susteptolamples
were measured in a 125 Hz AC field of 0.1 mT, which was applied parallel tolihg ro

plane of the tape (i.e. nominally parallel to the c-axis of the 2223 grains).

6.3 Results
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Figure 6-1. Jc (77 K, 0 T) as a function ofdat treatment time and numkier samples
made for this study. Pressed samples developed highealues than
rolled samples.

Figure 6-1 plotsl; versus total heat treatment tifog all of the samples prepared
for this study. Note that the pressed tapes, regardleseathstype, had. values than
rolled tapes. In addition, the pressed Agathed tapes had highdy values than the
corresponding Consil-clad tapes. However, the type @atbhdid not seem to make a

difference as to the finalc for the rolled tapes. Thé: of the rolled tapes dropped
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Figure 6-2.  Vickers microhardness as a function edithtreatment time and number.
Pressed samples were consistently harder than rolled samples.

considerably after the third heat treatment, presumably due to cracks that did not heal
during the final sintering, as discussed in Section 4.2.3 and Chapter 5.

Figure 6-2 shows the Vickers microhardness of the BSCCO cores after heat
treatment, as dunction of total heat treatment time. After the initial Bdur heat
treatment, the hidness of the pressed BSCCO filaments increasedeaith additional
heat treatment. The funess of the pressed tapes was 50% to 100% higher than the rolled

tapes. The type of sheath alloy did not seem to make a difference inrdinedsaof the
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Figure 6-3.  The dependence &f (77 K, 0 T) on the Vickers microhardness of the
BSCCO cores of Ag-clad samples. The line is provided a guide to the eye.
The correlation is not good for rolled samples (see discussion).

pressed tapes, but for the rolled tapes it appears that the Consil-clad tapes had harder
BSCCO cores than the Ag-clad tapes.

Figure 6-3 plotsl. versus microhardness for the Ag-clad tapes. As the hardness
increased, thd. of the BSCCO core increased also, but the hardness arld tfig¢he
rolled tapes did not reach theriaess and. of the pressed tapes even after faaction

heat treatments. Figu6e4 is a snilar plot of Jc versusHy for the Consil-clad tapes. The
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Figure 6-4. The dependence &f (77 K, 0 T) on the Vickers microhardness of the
BSCCO cores of Consil-clad samples. The line is provided as a guide to
the eye. The correlation is not good for rolled samples (see discussion).

hardness and. for both the pressed and rolled tapes followed the same trends as the Ag-
clad tapes; the hardness ahf the pressed samples were again higher than those of the
rolled samples.

The BSCCO core thickness variability (sausaging) d&snation of overall core
thickness for all tapes is shown in Figure 6-5. In general, the sausaging increased as the

core was made thinner by mechanical deformation beteaehn heat treatment. For the
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Ag-sheathed tapes, ling between Bat treatments caused a greater increase in sausaging
than pressing between heat treatments. ofpmsite was found for the Consil-clad tapes;
pressing caused more sausaging than rolling. In additiwas found that the Consil-clad
BSCCO cores were more sausaged overall than the Ag-clad BSCCO cores. One factor
contributing to the higher variability of the core thickness inGbasil-clad tapes was that
many more BSCCO plates had grown into the shéatlthe Consil-clad tapes than the
Ag-clad tapes.

Figure 6-6 and Figure 6-7 are SEM baxadser micrographs of the pressédnsil
and Ag-clad samples, respectively, after finerth heat treatment. Note that many more
plates of BSCCO have grown into the sheath ofGoasil-clad tape. Figure 6-8 and
Figure 6-9 show the microstructures of the Ag-clad rolled and pressed samples,
respectively, after third heat treatment. The reactio@223 is more advanced in the
pressed sample. Figure 6-10 shows the microstructure of the rolled Consil-clad sample
after the fourth bat treatment. The Mg-Ni-O precipitates are visible as black particles in
the Ag cladding.

Figure 6-11 is a plot of the AC suscepttp of the Ag-clad third andourth heat
treatment samples adunction of temperature. The kink in tfe transition, denoted as
T [85,86], appears at higher temperatures for pressed samples than for rolled samples.
This suggests that rolled samples contain more residual 2212 intergrowths than pressed

samples that have otherwise received that same thermal treatment.

6.4 Discussion
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Figure 6-5. BSCCO core thickness vailiab as a function of the average core
thickness. The numbers next to the data points indicate the number of
heat treatments. Sausaging increased as the cores were made thinner.

As shown in Figure 6-3 and Figure 6-4, there is a strong correlation between the
after-heat-treatment michardness of the BSCCO afd The results confirm the findings
of Yamada et al. [25] and Parrell et al. [133] who reported that the microhardness and
bulk density of the BSCCO core are directtyrrelated and that high. requires a high

density BSCCO phase.
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Figure 6-6.  SEM backsitter micrograph of the press€dnsil-clad sample (UWB49)
after the fourth heat treatment (324 hours total at@1% 7.35% Q).

Figure 6-7. SEM backsatter micrograph of the pressed Ag-clad sample B48)
after the fourth heat treatment (324 hours total at@1% 7.35% Q).
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From the microhardness ade data presented here, it appears that pressing the
tapes between heat treatments results in a greater increase of the oxide core density than
rolling, and theJ: values are indeed much higher. The BSCCO cores in the pressed
Consil-clad tapes, although having hardness values comparable to the cores of pressed Ag-
clad tapes, had lower overall critical current densities. A possible reason for this is that
there is a chemical reaction between the alloying elements d@dhsil steath and the

BSCCO core.
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Figure 6-8.  SEM backstter micrograph of the rolled Ag-clad sample after the third
heat treatment. 2212 phase (light gray) is still visible in 2223 matrix.

T : 1(ﬁm

Figure 6-9. SEM backstter micrograph of the pressed Ag-clad sample B48)
after the third heat treatment. No 2212 phase is visible.
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Support for this hypothesis can be seen in Figure 6-6, where there appears to be a
lack of Mg-Ni-O precipitates (the dark spots in the sheath) in the regiowedately
adjacent to the BSCCO core of tBensil clad tape. This may imdite that no Mg-Ni-O
precipitatedormed in this region écause the alloying element$fased into the BSCCO
core, causing a lowering ak. Strong eactions were seen in a separate experiment
involving reaction heat treatment of a previousipn-hardened Consil shth with
BSCCO-2223 powder. dtause of thiproblem, it is now common g@ctice to insert a
pure Ag “diffusion barrier” between the BSCCO and the outer alloy sheath.

The stronger Consil sfath appears to be less detrimental to the rolled tapes; as
shown in Figure 6-2, the BSCCO core in Consil-clad tapes rolled betwea¢nréatments
had a higher microhardness (i.e., bulk density) than the rolled Ag-clad tapes. However,
the benefit of increased oxide core density in the rolled Consil-clad samples seemed to be
negated by reaction with the alloying elements, sikc®r the Ag-clad and Consil-clad
tapes were similar (Figuré-1). Thus it appears that pressing betweeat lireatments
results in a greater densification of the BSCCO core thiamgrbetween kat treatments,
and that the harder Consilesith helps increase the bulk oxide core demkityng rdling
more than does the softer Ag. The reason for dkterl effect may be that because the
Consil-clad samples spreaaitdrally during rdling more than the Ag-clad samples, the

deformation may have been more pressing-like.
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Figure 6-10. SEM backstter micrograph of the rolle@onsil-clad sample (UWB49)
after the fourth heat treatment.

Examination of the microstructure of these tapes supports this hypothesis; rolled
tapes with a lower microhardness al@ppeared to have a less dense microstructure than
the more dense, higher microhardness &mtessed samples. Figure 6-8 and Figure 6-9
are SEM micrographs after the third heat treatment of the rolled and pressed Ag-clad
tapes. Note that the BSCCO grain structure appears to be less well connected in the rolled
sample. Also note that the degree of alignment of the 2223 grains is less in the rolled tape
than in the pressed Ag-clad tape (Figure 6-9). Of eveatgr note may be that the
conversion from BSCCO-2212 to 2223 was less advanced in the rolled tapes. This is
evident both in the SEM backscatter images (Figef® and Figure 6-9) and in

measurements of thie transition shown in Figure 6-11.
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As mentioned earlier, the degree of sausaging of the BSCCO core in the Consil-
clad tapes was higher than in the Ag-clad tapes. Some of this higher variability was due to
the fact that th&€€onsil induced the growth of moreapes of misaligned BSCCO into the
sheath, resulting in a higher measured filament thickness variability. Betwe€oribi:
clad samples, pressing caused a higher degree of sausaging than rolling. Part of this
difference can be attributed to the fact that the rdlledsil-clad tapes had fewempés of
BSCCO protruding into the shth than the pressé&bnsil-clad tapes. Figure 6-10 is an
SEM micrograph of the rolled Consil-clad tape after the fimathireatment. Compare
this with Figure 6-6, which shows the pressed Consil tape after @adltreatment. The
reason for the growth of fewergtés of BSCCO into the shedtr the rolled samples is
not entirely known, but perhaps it isatdd to the bulk density of the oxide core; the
oxide core density is lower in the rolled samples, so the misaligned 2223 grains are
relatively free to grow into the core, whereas in the higher bulk density pressed samples,
growth of the misaligned grains into the dense core is less favorable, and thus the
misaligned grains grow into the sheath. It does not appear that the Ag-clad tapes exhibit
this behavior; however, it may just be that because there were far fewer plates growing

into the Ag cladding that no trends were noticeable.
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Figure 6-11. Normalized AC susceplity of the third andfourth heat treatment Ag-
clad samples (UWB48). The kink in the transition occurs at higher
temperatures for the pressed samples, suggesting that there are fewer
residual 2212 intergrowths within the 2223 grains.

As shown in Figure 6-5, the sausaging behavior of the Ag-clad tapes was slightly
different than that of the Consilsathed tapes; albugh the degree of sausaging did
increase for both the pressed and rolled tapes as the BSCCO core thickness was reduced,
the rolled Ag-clad tapes had a higher amount of sausaging at a given core thickness than
the pressed Ag-clad tapes. However, in most cases this difference was small, and thus it

may be that for core thickness ranging from ~ L@® to ~ 50um, rolling and pressing
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between heat treatments causes essentially the saon@taoh sausaging. It is not known
if the trend holds true at thinner core sizes (~ubf) such as those in multiflamentary

tapes.

6.5 Summary

BSCCO-2223 OPIT tapes were made with pure Ag and oxide dispersion hardened
Ag-Mg-Ni alloy sheaths. Samples of these tapes were reaction heat treatedioame dle
between heat treatments either by pressing llingo A strong positive correlation
between Vickers microhardness and critical current density was observed. Based on the
observed greater nmghardness values, it is thought that the highef the pressed tapes
is due to a greater oxide core density than is present in the rolled tapes. While the
hardened Ag-alloy sheath did increase therohiardness (bulk density) of the BSCCO
core in the rolled tapes more effectively than puee Ag skeath, anyJ. increase as a
result of this higher bulk density appeared to be negated by reactions between the BSCCO
and the Mg and Ni alloying elements. The degree of transformation from the 2212 to the
2223 phase was always found to beager in the pressed tapes. In additit was found
that the hardened Ag-alloy-clad tapmstually exhibited greater sausaging than ghee

Ag-clad tapes over the range of oxide core thicknesses observed in this study.
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7. Residual microcracks in processed tapes

This chapter contains material from the publication:
J.A. Parrell, A.A. Polyanskii, A.E. Pashitski, and D.C. Larbalestier, “Direct
evidence for residual, preferentially-oriented cracks in rolled and pressed Ag-clad

BSCCO-2223 tapes and their edf on the critical wrent density”,
Superconductor Science and Technology 9 (1996) 393.

7.1 Introduction

The fabrication of Ag-clad2223 tapes involves one or more cycles of heat
treatment, mechanical i@mation, and subsequenedt treatment. The fttgmation
steps improve the alignment of thecateou223 grains [7,123,136,137], and as shown
in Chapters 5 and 6, increase the density of the core [25,30,106,133,138,139] and break
up the sintered structure, bringing the reactants into more intimate contact, itiadirigc
greater onversion of the precursor powder to the 2223 phase [30,140]. All of these
effects are arrelted to higher criticalwrrent density J¢) values. Thus, deformation is a

beneficial and vital step in the fabrication of high-performance 2223 tapes.
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The two most common methods for deforming 2223 tapes are dioid,ravhich is
the process most suitable for producing long lengths of conductor, and uniaxial pressing,
which is appropatefor short lengths. Toate, pressing usually results in higlewralues
than rolling, alhoughJ: values in rolled tapes comparable to those achieved by pressing
have been recently perted [19,141,142]. In Chapter 6 it was shown that one of the
reasons why pressing results in highevalues is that rolling is less efftive in densifying
the oxide core [30,143], but an additional important reason for the difference is believed
to be due to the different residual crack structures which the two methods produce.

As described in Sectioa.2.3, rdling tends toproduce cracks in the oxide core
which run transverse to the long axislling direction) of the tape, and uniaxial pressing
tends to cause cracks which run parallel to the tape axis. The difference in crack
orientation is due to the different stress statesluced in the oxide core
[13,120,125,128,144]. Since theaction toform the 2223 phase from a 2212 and
multiphase precursor mixture involves a liquid [40,43,45,46,47,50,51,62,145,146,147], it
is implicitly believed that cracks produced during the deformation step can be healed
during the subsequentat treatment step. However, as speculated in Chapter 5, it may
be that the cracks that are formed during &terlstages grocessing, for example during
a second deformation step, are more difficult to heal [133,148], as very little liquid-
formation capacity remains in a tape that is almost fully converted to 2223. When
unhealed cracks remain in the oxide core after the final heat treatment, the core
connectivity and fraction of the cross-section activelyrysiag transport current are

reduced, resulting in a decrease in the macroscopic tradgpotierel. is defined as the
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transport critical currentc divided by the whole superconductor crosst®n [127].
Cracks that run transverse to the long axis of the tape (like those producdithpyae
thought to have a larger @¢¢rious effect on the trgoart J., because they tend to sever
the whole filament. Cracks oriented parallel to the long axis of the tape (like those
produced by pressing), have a lessezafbn the axial trapsrt J. because the oxide core
acts like an array of multiple, paralledreductors. Thus, cracks that are formed Byngp
that go unhealed are much more detrimental to the trangpthvan cracks produced by
pressing. Figure 4-ustrates the different crack structyseoduced in pressed and rolled
tapes.

One of the central optimizatioproblems of BSCCO-2223 tapes is that the
deformation process responsible for cracking also exerts a benefieia eff the grain
alignment and the density of the core (as shown in Chapters 5 and 6)attotts fwvhich
tend to raise thd.. However, the cracks must be healed in the subsequent heat treatment
if the maximum benefit of the deformation is to be obtained. Alignment and density can
be measured but it is extremely hard to measure the crack density and thus to quantify the
effect of residual cracks. Severallauts have reported ingict electromagnetic evidence
for the existence of cracks which haetained their preferential orientari, even after a
subsequent heat treatmdhf5,149,150]. However, at the filament swé, only large
cracks can be convincingly observed by light or scanniagt@n microscopy in heat
treated samples. This implies that cracks disapipear metallographic view long before
their effect on the trapert critical current density disappears. This chaptescty

addresses this problem in a novel way by using magneto-optical (MO) imaging to observe
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how magnetic flux enters rolled and pressed samples at different stages in the processing.
It was found that there is a dot mrrelation between the diction from which flux
penetrates and the crack netw produced by deformation. The MO images provide
strong evidence that it is very easy to leave residual cracks in the tape after the last heat

treatment, confirming the working hypothesis of Chapters 5 and 6.

7.2 Experimental details

Monocore tape was made by packingdBiy.4Sr. ¢«Ca.0Cuz.00x powder made by a
two-powder process [50,51] into a Ag tube, drawing the composite to &tdiaof 1.5
mm, and by rolling theound wire into a flat tape having a width of ~ 2.5 mm and an
overall thickness of ~ 175 mm. e&ions of this tape (UBB5) were given three heat
treatments o060, 100, and 100 hours length, respvely, at825°C in a flowing 7.5%
OJ/balance M atmosphere. Samples were either uniaxially pressed to a defined thickness
using brass shim stock with glycerin as a lubricant, or cold rolled without lubricant
between 3.81 cm diagter rolls to reduce their thickness bgpeoximately 10 - 15%
between each heat treatment. @ The final thickness of the oxide core after
thermomechanical processing was ~ 60 mm for both the pressed and rolled samples. Since
pressing causes samples to spread laterally, whileagrgoredominantly increases the
length, pressed samples tend to be slightly wider than rolled samples for a given core
thickness, as can be observed in the MO images shown below.

The transport critical currents (defined aju¥%/cm) of two or three 2-cm-long

samples of eachoadition were measured at 77 K, O T. The critical currents were
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converted talc by dividing by the average area of two transverse cross-sections measured
by image analysis.

Samples were prepared for MO imaging [151,152,153,154,155,156] by chemically
removing the Ag cladding from alliag plane fice (thebroad fice of the tape) using a
NH4OH/H20. etch[13]. The samples were thetached to thin Cu disks with varnish,
and lightly ground with 1200 grit SiC paper so as to produce a flaacgudn which to
place the MOifm. It should be noted that samples were also examined before grinding,
and that the same features were observed that are reported below. Thus, lightly grinding
the surface just made the samples more flat, resulting in sharper, more detailed images,
and did not modify the samples’ intrinsic defect structure. MO imaging was'med by
placing a ~ 2 mm thick ferromagnetic Bi-doped Y-iron-gariiet firectly on thebroad
surface of the tape. Samples were zero field cooled to T = 13 K, and then all were imaged
in a magnetic field of 24 mT applied perpendicular to the tape rolling plane (i.e. nominally
parallel to the c-axis of the 2223 grains). MO images were also takeH & 40 mT to
more clearly reveal the defect structure of the sample being imaged. A schematic of the

MO imaging arrangement is shown in Figure 7-1.
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Figure 7-1.  Schematic diagram of the plan-view magneto-optical imaging geometry
used to reveal the residual defect structure in 2223 tapes.

To check for a correlation between thetalls observed on the MO images and
physical katures on the samples’ surfaces, some samples were examined after MO

imaging with a scanning electron microscope operated at 15 kV.

7.3 Results

Figure 7-2 shows. (77 K, 0 T) as a function ofdat treatment time and number
for the five types of samples produced in this study. After @a¢ tieatment (HT1) of 50
hours at 825°C in 7.5% the samples had a critical current density of 3 kA/amd
contained about 70% 2223 and 30% 2212 phasegetsnined by X-ray diraction.
Samples were then either rolled or pressed before a seeahttdatment (Hd-rolled and
HT2-pressed) of 100 hours. THe of both the rolled (open circles) and pressed (solid

circles) samples increased to 11 kAfcrat this point the samples contained ~ 95% 2223.
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Figure 7-2.  Jc (77 K, O T, 1pV/cm) as a function of heat treatment time and number
for the rolled and pressed samples of UWBG65 produced in this study.

After a second deformation and a thirelh treatment 000 hours (HT3-rolled and HT3-
pressed), the samples contained essentially no 2212 phasd. oftibe pressed samples
increased to 21 kA/chwhile theJ. of the rolled samples decreased sharply to 4 kA/cm
This Jc fall off for the rolled samples has been observed previously in 2223 tapes (e.qg.

Chapter 6 and references [30,128]).
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Figure 7-3 is a represttive collection of pla-view MO images of the samples
whoseJ; values are plotted in Figuie2. All samples were imaged after their individual
final heat treatment, at which point it is generally assumed tliatno@tion damage has
healed. Under the imaging conditions used, the light regionsatediareas where the
magnetic flux has preferentially entered the samples, and darker regions correspond to
areas of lower magnetic flux densities, where induced supercurrents shield the applied
field. Figure 7-3a through Figure 7-3e were taken at a constant figgHot 24 mT, and
clearly show the relative changes produced by thermomechanical processing. Figure 3a is
an image of the first heat treatment (HT1) sample. This sample had & lmlue (3
kA/cmz), and the image is of relatively low contrast. The image has a granular structure
with a scale length of order 1Q0n, or several grain diameters. There appears to be no
directionality associated with the flux leakage. Figth&b and Figure 7-3c show the HT2-
pressed and HT2-rolled samples, exdjfvely. Both images are of higher contrast than the
HT1 sample, consistent with their approately four times geater overallJ. values.
Darker bands that are visible along their centerlines indicate regionsoofy slux
exclusion resulting from the shielding currents induced in the samples. The width of these
dark regions depends on both the oveladlf the sample and the sample geometry. In the
present case the samples’ geometry only varied slightly (as mentioned earlier, pressed
samples are wider than rolled samples because pressing causes samples to spread laterally,
whereas rolling makes the samples longer but does not significantly increase their width),
and thus the width of the dark band is an indicator of the ovkraftor instance, the HT2

samples shown in Figure 7-3b and Figure 7-3c have appatedynthe same trapert Jc
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values (11 kA/crf), and have dark regions of roughly equal widths. Figure 7-3d and
Figure 7-3e compare the HT3-pressed sample, which had the highalte (21 kA/crﬁ),
and the HT3-rolled sample, which had a lawalue (4 kA/crfi). There is indeed a strong
difference in contrast between the two images. The rolled sample shows markedly worse
shielding and clear evidence of transverse flux penetration, while the central dark region
of the HT2-pressed sample grew wider in the HT3-pressed sample. The images are
gualitatively in acord with the transpord: values, the HT1 and HT3-rolled samples

havingJc values of 3 and 4 kA/chand having very similar contrasts.
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Figure 7-3. MO images of the samples whasealues are shown in Figure 7-2. Note
that pressed samples have defects (the lighter regions) wiricparallel
to the original rolling diection, whereas the dedtsrun across the core
width in rolled samples.
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Figure 7-3f through Figure 7-3j are images of the same samples as in Figure 7-3a-
Figure 7-3e, but taken abH = 40 mT so as to more clearly show each sample’s defect
structure. Figure 7-3f is an image of the HT1 sample. The granular nature noted at 24 mT
in Figure 7-3a is more apparent, perhaps due toabethat the sample is only ~ 70%
converted to 2223, and thudlstontains a relatively large avant of 2212 phase. Figure
7-3g shows the HT2-pressed sample. In this sample, the flux-admittegystah parallel
to the core length, which is also the expected behavior of cracks in pressed samples.
Figure 7-3h is an image of the HT2-rolled sample. It clearly shows that flux has entered
transversely across the core width, as would be expected of cracks in a rolled sample.
Figure 7-3i images the HT3-pressed sample, and shows that the domirantstieicture
is again thin, elongated regionsnning parallel to the long tape axis, as in Figure 7-3g.
Figure 7-3j is an image of the HT3-rolled sample, which shows margctdetinning
across the core width, as in Figure 7-3h, but now more pronounced. Thus it appears that
the principal defects visible in all the samples except the HT1 sample are pragksed
by the rolling or pressingrocess which were not fully healed by the subsequent heat
treatment. This is particularly clear in the HT3 samples. In all cases it is clear that the
samples are not fully connected, suggesting that tineert flow must be percolative
through the BSCCO core, as earlier shown in qtetivie analysis of isilar pressed
samples [155,156].

Figure 7-4 is an secondary/bacégtered elecon mixed signal SEM image taken
from the same area of the HT3-rolled sample that is shown in Figure 7-3e and Figure 7-3],

but at substantially higher magnifioat. Small fissures that run along the transverse
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direction are visible in the microgyvh, and correspond to the dets observed in the MO
images. For this sample, which appeared by MO imaging to be the most heavily damaged,
such defects could be detected by SEM. Cracks in the other, substantially less heavily
damaged samples, were much more difficult to find. It thus appears that MO imaging is

useful as a qualitative diagnostic tool for characterizing the connectivity of BSCCO tapes.

7.4 Discussion

Taken together, the critical current density results of Figure 7-2 and the MO
imaging results in Figure 7-3 qualiively illustrate what takes placeluring the
thermomechanical processing of 2223 tapes. After the feat treatment (Figuré-3a
and Figure 7-3f), the penetration of magnetic flux into the samples is substantial but
uniform. We believe this isdzause theanversion to 2223 is not yet coraf@ (~ 70%
2223), and the density of the core is low [133]. After twathtreatments, regardless of
deformation method, the samples become much more flux resistant, presuetiged
of the increased 2223 volumeadtion (~95% 2223) and the increased core density [133].
The MO images after two heat treatments (Figiigb and Figure 7-3c) show that the
core structure is relatively uniform, probablgdause wficient liquid-forming phases
(2212 and secondary phases) remained before the sesantidatment. These were able
to heal most of the deformation damage, although some evidence of residual cracks is still
visible in Figure 7-3g and Figure 7-3h. After a second deformation and third heat
treatment, the situation deteriorated. Théodweation step was it beneficial for the

pressed samples, dsincreased from 11 kA/cfrto 21 kA/cnf even though longitudinal
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cracks remained in the core (Figure 7-3d and Figure 7-3i). JJlmcrease is possible
because the principal crack orientation in pressed samples does maptrégial current
flow, and because the quality of the wadkhnected regions of the core wapioved due
to the increased densification which presgmngvided [133], and écause the extended
heat treatment time helpedingnate 2212 intergrowths [85,86]. For the rolled samples,
however, the additional heat treatment time was of little value, because thelsnore
detrimental (compared to cracks produced by pressing) transverse cracks were not healed,
as Figure 7-3e, Figure 7-3j, and Figure 7-4 cledidgtrate. In this case, the quality
improvement of the remaining percolative current paths brought about by the additional
rolling and leat treatment cycle is apparently not gresdugh to overcome the efft of
the cracks. An additional factor may be that rolling is lesscéffe than pressing in
densifying the core [30], a supposition consistent with the markedly lower contrast of the
MO image. This conclusion is also consistent with the influence of rolling and pressing on

hardness andt, as described in Chapter 6.
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Figure 7-4.  Plan-view scanningeetron micrograph of the HT3-rolled sample whose
MO images are shown in Figure 7-3e and Figure 7-3j. Small cracks that
run transverse to the rolling direction are visible in some regions.

This experiment clearly illusites the mninishing retirns of continuing to deform
and heat trea223 tapes after the conversion to 2223 is essentially etengnd no
liquid phase is available [133,148]. Although cracks in pressed samples which do not heal
during reat treatment are less detrimental to the parts. than cracks formed in rolled
tapes (because of their moredaable alignment, and the improved density and properties
of the remaining well-connected percolativelpaeventually the cracking can become so
severe that the transpod will decrease everfor pressed tapes [e.g. references
45,123,128,139,140,157,158]. It is thus concluded that it is very important ibgsizept

heat treatment and filemation paramaters[19,133] so as to avoid the formation of large
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cracks which cannot be healed durig@htreatment because thengersion to 2223 has

already been largely completed.

7.5 Summary

Magneto-optical imaging was used to visually expose the deformation-induced
defect structure that remains in Ag-clad BSGEZZ23 monocore tapes, even after heat
treatment. Trough two leat treatments, tapes rolled or uniaxially pressed exhibited
similar Jc values (11 kA/cﬁ), although different defct structures were observed using
magneto-optical imaging. After another deformation aedttireatment step, however,
while theJ. of pressed samples increased to 21 kA/¢he J. of rolled samples decreased
to 4 kA/cnf. Magneto-optical imaging revealed manyei#$ where magnetic flux easily
penetrated, even after heat treatment, in both pressed and rolled samples. These defects
were confirmed by SEM to be cracks, believed to have been produced during the
deformation steps, which could not be healed during the fieat treatment because
insufficient residual liquid phase. The defs were more detrimental to the traos Jc of
rolled samples than of pressed samples, because cracks in rolled samples tend to run
transverse to the direction ofircent flow, thus severing the filament, whereas cracks in
pressed samples tend to run parallel to thectdon of wrrent flow, breaking the oxide
core up into multiple parallel paths for superconducting current flow. It was shown that
magneto-optical imaging can be used as a fast and relatively simple method to obtain

valuable information about the connectivity of a BSCCO core.
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8. Control of the liquid phase and the hea ling of

microcracks

8.1 Controlled, reversible decomposition of 2223 tapes in

oxygen atmospheres into pseudoprecursor phase mixtures

This section contains material from the publication:
J.A. Parrell, Y. Feng, S.E. Dorris, and D.C. Larbalestier, “Controlled
decomposition and reformation of the 2223 phase in Ag-clad (BER8RCusOx

tapes and its influence on the microstructure and critical current density”, Journal
of Materials Research 11 (1996) 555.

8.1.1 Introduction

As discussed in previous chapters, the fabrication of Ag2223 tapes requires a
process of one or more heat treatment, mechanidarndation, and subsequent heat

treatment cycles. Thigrocess has developed empirically and many of its details are still



116
not understood. It is generally believed that the deformation stepseaessary to
develop the alignment of the plate-liR&23 grains [7], althougrecent vark by Thurston
et al. [108] shows that this may not always be true. The deformation steps do increase the
density of the core [25,30,133], thus increasing its eotivity. Both effects arrelate to
an increased.. As shown in Chapter 6, an additional benefit of the deformation steps is
that they break up the sintered structure and bring the reactants into more intimate
contact, faditating greater onversion of the precursor powder to 2223 [30]. For these
multiple reasons, deformation is a beneficial and vital step in thec&ion of high-
performance 2223 tapes. However, as shown in Chapter 7, if the deformation causes
cracks in the oxide core that do not heal during the fiealction heat treatment
[125,128,133], thactive cross-section of the cordlwe reduced, resulting in a decrease
in the effective onductorJ. [30,127,133] (ecall thatJ. is conventionally defined as the
critical currentl divided by the entire BSCCO cross-sectignrrespective of how much
of the cross-section is @ging current). This potentially detierious effect of dermation
is difficult to quantify because only large cracks (¢ or longer) are obvious in polished
cross-sections, and such cracks are relatively rare. Smaller scale cracks, voids, or
unbonded integces may exert a far greater effect, while being essentially invisible to
standard metallographic observation. FigureilBidtrates schematically theoaventional
thermomechanical processing schedule of heat treatmdaty@gion and cracking, and

partial crack healing during subsequent heat treatment.
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much

T liquid
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Figure 8-1. lllustration of the conventional thermomechanical processing of 2223
tapes. Deformation (pressing in this case) makes the tape thinner and
densifies the core, but also causes cracks to form, as shown in the
schematic transverse tape cross sections. These cracks may only be
partially healed during the subsequent heat treatment.

The formation of the 2223 phase is believed tocpeal by a reaction between
Bi-SnCaCwOy (hereafter referred to as "2212"), alkaline earth aigpiphases, and a
liguid phase [40,43,45,46,47,50,51,62,145,146]. One of the mestie& ways to make
a nearly phase-pure 2223 microstructure is to blend Pb-doped 2212 powder with a mixture
of Ca&CuQ; and CuO [50,51]. Such a "two-powder" mixtusacts quickly to th223
phase, leaving only small (Ca,®uGs particles as the principal residual second phase.
While such a powder mixture can yield reproducil€¢77 K, O T) values in the 15 - 30

kA/cm? range [50,51,30,133], these values are not as high as might éetexkmpn the
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basis of their high phase purity. Their apparénshortfall focusesattention on other
factors which control thd., one of which may be the residual crack network left after
each déermation step, as shown in Chapter 7. It is plausible that a liquid can heal these
crack networks. However, an inherent problem with the established process for
fabricating BSCCER223 tapes is that the liquid-forming precursors are consumed as the
reaction t02223 moves toward completion, and there may thus be little or no liquid-
formation capacity in a nearly fully converted tape.

In principle, two distinct types of liquid are available in the 2223 system: one type
that forms "naturally” from gectic reactions betwee&2?12 and secondary phases within
the 2223 stallity range & 800-830C in 7.5% Q), and a second type formed by partially
melting the 2223 at temperatures above theilsyalmit [33,43,53,118]. It is generally
but not universally [159,160] believed that the high-temperature 2228tgtabit should
not be exceeded, becal?3 does not re-form upon cooling [44] due to extensive phase
segregation during partial melting. Thus, it is may be more advantageous to control the
liqguid phase content by manipulating the volume fraction of phasegotimateuectics,
namely 2212, (Ca,SPbQ, and alkaline earth cuprates. This can dene by
decomposing 2223 below its melting point, as will be shown later.

The volume fraction of liqui-forming 2212 and secondary phases present in a tape
can be controlled to some degree by closely monitoring the extent of 2223 formation
throughout the thermomechanical processing sequence. Amizagat schedule could
involve reacting the tape ttorm the optimum volume &ction of 2223 before the final

deformation step, then giving the fin&action heat treatment after the lastodmation
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step. The final heat treatment would then explicitly have gugloses: first to convert
the remaining precursor phases into 2223, and second to use the resehtal Eyuid to
heal deformation damage, as discussed in Chapter 5 [133]. However, as 2223 generally
does not form uniformly throughout the core thickness (¢glaetion often starts at the Ag
interface [33,103]), liquid is not always available uniformly throughout the core.
Furthermore, ad: has been shown to be directlyrielated to the density of tH223 core
[25,30,133], and écause2223 formation is known to baccompanied by a decrease in
density (due to the retrograde demsifion which occurduring reaction[69,129,133]), it
is desirable to deform a core which is already fully converted to 2223 in order to achieve
the highest possible density.

The two goals of thermomechanical processing thus require a difficult compromise;
it is desirable from dc point of view to form a 2223 structure that is as phase-pure, dense,
and aligned as possible, but at the same time there should remain enough precursor phases
to form sufficient liquid to heal any deformation-induced cracks. We believe that the
inherent conflicts in this compromise are a major factor in explaining the difficulty of
reliably achieving higld. values in BSCCO-2223 tapes.

In this study, an alternative method of cotiimng the liquid-producing secondary
phases was developed, through a controlled stadig-sdecompositiorprocess. This
process was developed in parallel with work by Grivel and Flukiger, who proposed a
similar process on the basis of an X-ray diffractiondst which showed that 2223 tapes

could be reversibly decomposed in air [161].
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In this controlled decomposition/reformation (CDR) process, a tape is fully
processed so as to form a 2223 structure which is as phase-pure, dense, and aligned as
possible, without concern for residual cracks. The 2223 is then partially decomposed to
form a controlled amount of 2212, (CaBHQ;, and other secondary phases. Since these
are the same phases often found in 2223 precursor powder mixtures, this decomposition
can be considered as a "back-reaction" into precursor phases. When the tape is
subsequently heataghder 2223 formation conditions, these decomposition by-products
react again téorm 2223, and the liquid that forms in the process helps to heal the cracks.
Thus, the essence of the process is that the initial thermomechanical processing produces a
fully reacted, highly aligned, and highly derZ223 core, which is likely to contain cracks.
The tape is then slightly decomposed to produce some liquid forming phases without
greatly pentirbing the aligned 2223 grain structure. A finehhtreatment is then given to
re-form the 2223 phase, and the liquid that is formed from the decomposed phases heals
residual cracks left over from the deformation steps.

An overview of the CDR processing schedule is ilsd in Figure8-2. The
schematic microstructural changes at each stageookssing are shown in Figure 8-3.
This chapter describes experimental tests of both the microstructural and critical current

density aspects of the CDR process.
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Figure 8-2.  Schematic of the controlled 2223 decomposition/reformation (CDR)
thermomechanical processing schedule. A decomposition step is added
between heat treatments tofoem a controlled quantity of the liquid
producing second phases in the 2223 microstructure. The decomposition
step may or may not require a change of temperature.

8.1.2 Experimental details

Samples of Ag-clad 2223 tape (UWB65) made from a two-powder process [50,51]
(Bi1.gPhp.4Sr.oCar.o0CU.00x and "CaCu@ powders mixed to give an overall composition
of Bi1.gPlp.4Sr.o«Ca.o«Cus.00,) were given two reaction heat treatments of first 50 and then
150 hours at 82% in a 7.5% @balance M atmosphere, with a 1 GPa uniaxial pressing
applied between heat treatments. After this thermomechgmoeéssing, the samples
were approxirately 95% converted to 2223, as estmd by X-ray diraction (XRD)

intensity ratios for the 2212 (008) and 2223 (0010) peaks. At this point some samples
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cracks, pores, etc. 2223 grains

——

CC—————

As-processed 2223 microstructure:
contains cracks and unbonded
regions (white areas)

2212 and second phases

After 2223 decomposition in 100%,0
liquid-forming phases (black) coat 2223
grains (see text)

=—

After 2223 reformation in 7.5% 0O
liquid phase produced during 2223
formation improves core connectivity

Figure 8-3. A schematiustration of thehypothesized microstructural changes in the
controlled decomposition/reformation (CDR) process. Liquid-forming
phases are produced in a 2223 tape by partially decomposing the 2223
phase in 100% £ When 2223 is re-formed in 7.5%,@he liquid phase
helps to heal cracks and increases the core connectivityonday
phases such as alkaline earth cuprates have been omitted for clarity.

were given a solid-state decompasiti before then being given a final pressing and 2223-

formation heat treatment, as described below.
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Although 2223 can be reversibly decomposed below *@@dboth 7.5% @and
in air [161,162], previous experiments on two-powder tapes have shown that
decomposition to 2212 and secondary phases in 7.5%c€urs rather slowly [119,163].
However, the kinetics of decomposition are faster in 10Q%€raus223 is unstable at
all temperatures up to the melting point and thus the decomposition can be done at higher
temperatures. Decomposition in 100%r&sults in the formation of 2212, (CaBHQ,
and other secondary phases [111,164]. For these reasons, 0Q#iaDpressure 1
atmosphere) was used for this study.

In order to control the amount of 2223 that was decomposed (and thus the amount
of liquid-producing phases formed), the kinetics of the decomposégxtion at 82%C in
100% Q were studied by XRD. Using this information, we prepared three sample sets for
a third and final 2223-formatiorelat treatment: a) a control set which did mdlergo any
decomposition and contained 5% 2212; b) a partially decomposed set produced by
heating at 828 in 100% Q for 3 hours to form= 10% 2212; and c) a partially
decomposed set produced byaking at 82%8C in 100% Q for 48 hours to forn® 30%
2212. All three sample sets were then given a final 1 GPa uniaxial pressing followed by a
2223 re-formation &at treatment d200 hours at 82& in 7.5% Q, and were then slowly
cooled from 82%C to 730C at= 9°C/hour. This coolingate wasfound to give the
highestJ. for this particular composite [119]. After the sampsched 73T, they were

furnace cooled at ~ 50G/hour. The dimensions of the control and decomposed samples



124
were nominally identical both before and after the final 1 GPa pressing, and thus all of the
samples were equally strained by the final pressing.

After the final heat treatment, the three sample sets were examined by XRD and
scanning electron microscopy (SEM). The decomposed samples were also examined by
transmission electron microscopy (TEM). Longitudinal TEM specimens were made by
gluing several tape segments together along their beaaa$f Slices were cut ancbgnd
to about 40 mm thickness and were then mounted on gold grids. The samples were
dimpled, Ar-ion milled a#.5 kV in a liquid nitrogen cooled stage, and then examined in a
Philips CM200 Ultratwin HRTEM at 200 kV. The critical currents (defined atvicm)
of one to six 2-cm-long samples feach ondition were measured at 77 K, 0 T with five
voltage taps spaced 2 mm apart. The criticalents were converted g by dividing by

the average area of three transverse cross-sections.

8.1.3 Results

The kinetics of the decomposition reaction at ‘€% 100% Q are shown in
Figure 8-4, where it can be seen that the amount of 2Zt2r(dined by comparing the
intensities of the 2212 (008) and 2223 (0010) lines) formed by decomposition increases
linearly with the square root of time. As no liquid phase should exist in the system under
these heat treatmenbmditions, the parabolic kinetics of the process suggest that the

decomposition of 2223 in 100% ©ccurs via solid-state diffusion.



125

w
(6)

— N N w
(6] o ol o

[E
o

% 2212 present (re-formed)

ol

o

0 1 2 3 4 5 6 7 8
decomposition tim& (hours’?)

Figure 8-4. The amount of 2212 present in samples of UWBG65 desntined by
XRD) as a function of the square root of time held at’82& 100% Q.
The decomposition reaction exhibits parabolic kinetics.

Figure 8-5 shows the XRDadces after each stage in ghi®cessing sequence for
all of the sample sets. Figure 8-5a shows the XBRiepn after the first heat treatment, at
which point the samples contained70% 2223. Figure 8-5b shows thade taken after
the second dat treatment, when the samples contame?b% 2223. Figure 8-5c and
Figure 8-5d are the diffiction patterngor samples decomposed for 3 and 48 hours in

100% Q, respectively. After decompositi, the amount of 2212 had increased frem
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5% to= 10% for the 3 hour decomposition, and=t80% for the 48 hour decomposition.
Strong alkaline earth cugite (AEC) signals, believed to be mainly due to (CaSu)40as1
based on SEM-EDS results, are clearly visible in both of the decomposed sample traces,
and a (Ca,SsPbOs peak is apparent in the sample decomposed for 48 hours (Figure 8-5d).
The (Ca,SmCuw4041 phase is more prominent in the samples that were treate@D#b
Oz than in the samples only treated/i8% Q (Figure 8-5a and Figure 8-5b)dause this
phase is more stable in higher oxygen partial pressures [33]. Figure 8-5e and Figure 8-5f
show the diffraction patterrfsom the 3 and 48 hour decomposed samples after the final
pressing and 2223-formatioredit treatment. Figur8-5g shows the diffrction pattern
from a control sample (whicteceived no decompogit) after the final 2223-formation
heat treatment. The pattefrom the 3 hour decomposed sample after the final heat
treatment (Figur&-5e) is essentially identical to that of the control sample (Figure 8-59),
but greater awunts of residual 2212 and second phase are visible inaibefriom the 48
hour decomposed sample after the finahthtreatment (Figur8-5f). The amount of
residual second phase in the control sample (particularly (eREHE») and a phase
believed to be (Bi,PbPr.CaCwO«, hereafter referred to as "3221" [161,162,165]) is
higher after the third heat treatment (Fig8r&g) than after the seconedt treatment
(Figure 8-5b) bcause all of the samples were slowly cooled after theZR28-formation
heat treatment. This slow cooling,hadtigh beneficial to the superconducting properties,
reduces the 2223 phase purity [119]. The Ag peak appears to grow throughout the
processing sequence because the XRD samples were prepared by cutting the edges of the

tapes and peeling them apart to expose the BSCCO core. The tapes were much thinner
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after the second and thir@&t treatments than after the first heat treatment (because they
were been pressed between heat treatments), and when thinner tapes are peeled apart,
there is a greater likblood of the BSCCO core being thin enough in soewtiansfor the
X-rays to penetraténtough to the Ag cladding. Thus the apparent growth of the Ag peak

is not relevant to the phase transformations described in this chapter.
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Figure 8-6 presents a series of SEM baaker photomicrographs corresponding
to the XRD traces of Figur@-5. The series followsach step of thprocessing sequence
of the CDR-processed sample sets. Figure 8-6a shows the microstructure after the first
heat treatment. Large regions 212 (light gray) are rather uniformly mixed with the
2223 grains (darker gray) throughout the entire core thickness. At this stage, the principal
non-superconducting phase is (CaSu: (black particles). Figure 8-6b shows the
microstructure after two heat treatments total2@) hours at 82% in 7.5% Q.
Essentially no 2212 is visible, and only a few non-superconducting second phase particles
(still mainly (Ca,SrCuGs at this point) are present. Figure 8-6¢ and Figure 8-6d show the
microstructure of samples after decomposition in 1002&tCGB25C for 3 and 48 hours,
respectively. A large number of mostly fiflmit some > Jum in diameter) well dispersed
(Ca,Sr)PbQy particles appear throughout the core in both cases, as do large alkaline earth
cuprate particleghow mostly (Ca,Si}Cw40a1 instead of (Ca,SCuCs as before). Long,
thin 2212 grains that have grown in an apparently random manner throughout the core are
plainly visible in the sample decomposed for 48 hours (Figure 8-6d). A pinaikse £
(Ca,Sr)PbQy, which is believed to be the 3221 phase, was also observed in the
decomposed samples. Figure 8-6e and Figure 8-6f show the microstructures of samples
that were decomposed for 3 and 48 hours,eesgely, and then pressed and given a third
heat treatment d200 hours at 82% in 7.5% Q. In neither case are 2212 grains visible
and most of the fine (Ca,2PbQy and 3221 particles have disappeared. The samples
appear to have converted back to 2223. Large alkaline earthteymarticles, mainly

(Ca,Sr)4aCuw4041, remain in the structure, as do some large (G&®BO:-like particles
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(probably the 3221 phase). Figure 8-6g shows the microstructure of the control set after
the third 2223-formationdat treatment. Some alkaline eartipate and (Ca,SPBbQ-
like particles are also present in the microstructure of the control samples (Figure 8-69),
which as mentioned before, is a result of the slow coolitg used after the final heat
treatment of all the sample sets. Taken as a whole, this sequepltetahicrographs is
consistent with and augments the XRD traces of Fi§dbe Both sequences show that
the decomposition of the 2223 phase is apparently reversible. However, the 2223 and
non-superconducting phase balance is not the same at the end of the decomposition and
re-formation teatment as at the beginning; the &t phase content is higher and the
particle size is noticeably larger in both Fig@&®e and Figure 8-6f than in Figure 8-6b.
Although some of this second phase volunaetion increase can be attributed to the slow
cooling treatment, not all of it can be, as theoant of second phase in the CDR-
processed samples after the last heat treatment is greater thabthe snthe final heat

treatment control samples (Figure 8-69).
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Figure 8-6.

Microstructures of the decomposed samples. (a) and (b) show the
microstructure development through the first and sec@ad treatments

in 7.5% Q. (c) and (d) show how the 2223 phase decomposed to 2212
and Pb-rich phases (“CAP”) afteediting in100% Q for 3 and 48 hours

at 825C. (e) and (f) show the samples from (c) and (d) after a final 7.5%
O. heat treatment, and (g) shows the control sample after the heat
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Figure 8-7 plotgc (77 K, 0 T) as a function ofeat treatment time and number for
the three sample sets. Figure 8-7a shows Javeveloped through three 2223-formation
heat treatmentfor the control samples without decomposition. The behavior observed is
typical. The critical current density increased watich déormation and bat treatment
step, from ~ 4 kA/ctafter the first heat treatment, 16-15 kA/cnf after the second heat
treatment, and t@2-20 kA/cnf after the third heat treatment. Fig@€b and Figure 8-
7c show the data sefi®m the samples that were decomposed in 100%00O3 and 48
hours, resectively, and then pressed and given a fR223-formation bat treatment.
The datafor the first and secondelat treatments in Figui® 7b and Figure 8-7c are the
same as for the controhth set in Figur8-7a, lecause the decomposition step was given
after the seconddat treatment. After the decompasiti J. decreased to almost zero in
both cases, as indicated by the downwardves in Figure 8-7b and Figure 8-7c. After
the last pressing and final 2223 formaticgahtreatment, thé. values sharply increased.
The J. of the samples decomposed for 3 hours increased back to about the same level as
the control set (12-20 kA/c?m while those decomposed for 48 hours in 100% O

increased to slightly lessés values (10-17 kA/cH).
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Figure 8-8 shows a series of transmissicectebn micrographs from the sample
decomposed in 100% »Ofor 48 hours whichillustrates the mechanism of the
decomposition process. Figure 8-8a is a low magtibn image taken near the Ag
interface which shows that AEC phases h&wened layer-like grains between newly
formed 2212 grains. The shape of the AEC grains conforms to that ohtkdilt 2212
grains. Figure 8-8b is a high resolution image taken at the Agangerivhich shows a
pure 2212 grain containing no 2223 intergrowths. It is worth noting that the interface
layer between the Ag and 2212 grain is a half cell having the BSCCO-2201 phase c-axis
spacing, as found earlier by Feng et al. [103]. Figure 8-8c is a high resolution image of a
2223 grain that contains a (001) twist boundary and just a few layers of 2212. These
photomicrographs are represative of what was observetirbughout the decomposed
sample: small layers of non-superconducting secondary phases conforming to the shape of
the 2212 and 2223 phases had grown along BSCCO colony boundaries, while the BSCCO
grains tended to be either pure 2212 or pure 2223, containing few intergrowths of the

other compound.

8.1.4 Discussion

The most essential feature of this experiment is that it has showed that the 2223
phase can be decomposed and reformed. The trankpeds reversibly reduced to
nearly zero and then restored essentially to its full original value. However, a full
evaluation of the results suggests that fine details of the experiment are important and that

the full potential of the process has not yet been attained.
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TEM micrographs from the 2223 sample decomposed for 48 hours at
825°C in 100% Q. (a) shows how small alkaline earth cuprate particles
(marked “AEC”) had grown in layers between BSCCO grains, and (b) is
an image of a 2212 grain taken near the Ag iatexf (c) is an image of a
2223 grain containing a (001) twist boundary (@adéed by eows) and a

few 2212 layers. Throughout the sample the BSCCO grains were
essentially pure 2212 or pure 2223, and contained very few intergrowths.
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Although the experiments do show that there is a substantial reversible component

to the 2212-2223 formatioreacton, the results also show that there are some important
differences of detail. The phase assemblage after decomposition in LO®HgU@e 8-5c,
Figure 8-5d, Figure 8-6¢, and Figure 8-6d) differs somewhat from that after one heat
treatment in7.5% Q (Figure 8-5a and Figure 8-6a). The samples decomposed for 48
hours and the first dat treatment samples contaiboat the same amount of 2212
(compare Figure 8-5a and Figure 8-5d), but the decomposed sample exhibits strong
(Ca,SrPbQy and alkaline earth cuprate peaks, whereas after one heat treatmeé®bin
0O, no (Ca,SpPbQ, was detectable by XRD, and the alkaline eatprate peaks were
much weaker. Although it has been shown that powders containing Pb in the form of Pb-
2212 rather than (Ca,2PbQ often react more quickly and completely2®23 [50,51],
powders containing (Ca,2PbQ, and 2212 wll also react t02223, forming a eectic
liquid in the process, even though their conversion may be slower and their end 2223
product less phase pure [51]. As shown in Figure 8-6, the morphology of the precursor
phases also differs between the first heat treatment and decomposed sampl2®12The
grains in the first heat treatment samples (Fidti@a) are small (< 1@um long) and
grouped together, whereas in the samples decomposed for 48 hours (Figure 8-6d), the
2212 grains are larger (~ 10-20n long) and more isolated, even though both samples
contain the same volume fraction 2212 & 30%). The 2212 grains in the samples
decomposed for 3 hours (Figure 8-6¢) are more difficult to see by SEM, altkdl@ib
2212 was dtected by XRD. Furthermore, it appears by both SEM and XRD thagftie

grains in the decomposed samples have a more randonatoenas evidenced by the



137
appearance of the 2212 (115) peak at about ZB.& Figure 8-5d. This peak was also
visible in the samples after the first heat treatment (Figtsa), but had disappeared after
the second dat treatment (Figur8-5b), thus indiating that the2212 grains dideceive
some deformation-induced texturing during rolling [83,84,166].

Implicit in the effort of éiminating microcracks in the BSCCO core is the
assumption that microcracks are an important limit on dmmectivity[127,133,167] and
Jc of BSCCO-2223 tapes. Although quafive evidencdor the presence and detrimental
effects of microcracks was clearly demonstrated in Chapter 7, the typical microcrack
density and total microcrack length for an average 2223 tape are not known and are very
difficult to quantify. Added to this uncertainty are other important unknown quantities
about the 2223 system, specifically the amount of liquigated during the 2223-
formation eacton, the amount of liquid needed to heal cracks in a tape, and what liquid
composition(s) are useful for healing cracks.ec8use of the difficulty of gtying
microcracks directly, attempts at reducing the microcrack density must use indirect
measures to gauge their effectiveness. The simplest analysis rftrnpdas the
measurement of the 77 K, O T critical current. Howevecabse of the large number of
factors which can contrdl andJ: defined over the entire superconductor cr@sgien
(IdA), the interpretation oflc measurements and their relationship o may be
complicated, as discussed below.

The abrupt decrease i with decomposition to a value much lower than that
obtained after the first heat treatment (at which point the volume fracti@@1# was

comparable to or even greater than thewam in the decomposed samples, as shown in
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Figure 8-5) indrates that the decomposition step quickly st the conectivity
between the 2223 grains. This implies that decomposition occurs first ahdeteife.g.
colony or grain boundaries), which is consistent with samples decomposed at low
temperatures in nitrogen [112]. This behavioillistrated schematically in Figuré-3.
The TEM analysis (Figure 8-8) provides experimental support for this ietatpn, as it
seems that secondary phases and pure 2212 grains (Figure 8-8b and Figure 8-8c) have
formed along 2223 grain boundaries, rather than forming from the 2223 grains (Figure 8-
8c) by an intergrowth mechanism. Had the decomposition occurred uniformly throughout
the 2223 grains inead of just at the interfaces, it would be expected thaP24@ and
2223 grains woulaceach contain many intergrowths of the other goumd [85,86], and
this was not observed. Although decomposition in 10026uixkly destroyed thd, it
recovered in the subsequent 2223-formati@athtreatment. This indicates that the
decomposition by-products do indeed eaat toform 2223. However, as shown in Figure
8-5 and Figure 8-6, some 2212 and large second phase particles did remain in the
decomposed samples even after the final 2223-formaéiahtheatment. The quantity of
these phases is above and beyond the amount thaattdmuted to the slow cooling
treatment. These unwanted phasadoubtedly reduce the locd) of the decomposed
tapes [85,86,126,155], particularly in the central part of the samples where the second
phase particles cluster. Nonetheless, despite this additional second phase (Figure 8-5 and
Figure 8-6), the CDR-processed samples llavalues comparable to those of the control
samples (Figure 8-7). diailed magneto-optical imaging studies of the current path in

conventionally processed samples from the same starting composite show that the local
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is highly variable from p@lce to placd155,156]. The results obtained with this new
controlled 2223 decomposition/reformation process are all consistent with the hypothesis
that cracks have been healed by a liquid produced by the decomposition/2223 re-
formation process, and that the lodalof the active arrent path is higher in the CDR-

processed tapes than in the control tapes.

8.1.5 Summary

Heating fully reacted Ag-clad BSCCER23 tapes in 100% Lat 825C leads to
partial decomposition of the 2223 into 2212, (CaFD, 3221, and alkaline earth
cuprates. This decomposition occurs initially at 2823 grain boundaries, destroying the
grain-to-grain connectivity, andoeuptly decreasing the 77 K, 0 T transpdt When
such decomposed samples are subsequently deformed eaneld hin7.5% Q, the
decomposition by-products react toform 2223, and the coewtivity and original. are
nearly recovered, despite the growth of large alkaline earth cuprate particles. The
recovery of J,, despite a deterioration in overall phaparity, suggests that the
connectivity in the2223 matrix has been improved, through the healing of microcracks.
Optimization of this controlled decompositipnocess could produce volumedtions of
liquid-forming phases sufficient for healing residual microcracks without growing large
second phase particles that do not disappear during the &aaltteatment. Such a
process may allow for the fabation of more aligned and dera223 structures,drause
deformation-induced damage can potentially be healed at any time by liquid produced via

controlled decomposition and subsequent 2223 reformation heat treatments.
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8.2 Experiments designed to improve the CDR process

From the initial experiments on decomposing samples in 10% Was clear that
the CDR process had potential, but needed some refinements. In this section some
additional work aimed at improving the process is described. In the end, although there
was some success in improving the ametivity andJ. of some samples, the process was
not able to be successfully widely applied to all samples. Possible reasons for this

disappointing conclusion and its implications will be discussed at the end of this chapter.

8.2.1 Decomposition in nitrogen

In parallel with the initial decomposition studies in oxygen, the consequences of
decomposing samples in nitrogen atmospheres was also examined. As shown previously,
decomposition of 2223 tapes in a 100% oxygen atmosphere leads to the formation of
2212, (Ca,SePbQ,, (Pb,BigSnCaCwOy, and alkaline earth cuprates (mainly
(Ca,SnN4Cw4041). However, as described in Chapter 3 (where the formation
mechanism(s) of the 2223 phase was discussed) in general higher phase pundteand b
conversion comes from a mixture of Pb-doped 2212 andatmghases, rather than a
powder which contains Pb in the form of (CaBbQ; (or perhaps (Pb,B$r.CaCuiOy).

As (Ca,Sr)PbQr is not stable in loypO, atmospheres, the decomposition and reformation
of the 2223 phase in nitrogen was studied.

MacManus-Driscoll et al. [53] studied the decomposition of 2223p@»
atmospheres, and found that for T < @@&andpO, < 2 x 10* atm, 2223 decomposed via

the following reaction pathway:
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2223 - 2212 + 2201 + CaO + GO
but simultaneously:

2212 - 2210 + CuO and
2201 + CaO- 2210 + CgO

so the overall reaction is:

2223 - (Bi,PbpSKCaQ; + CaO + CyO.

Thus, low temperature decomposition in &tmospheres wilproduce 2212 and
2201 as intermedie phases. To try to take advantage of the plunilbege2223
decomposition by-products available in nitrogen, the decomposition kinetics of 2223 were
studied as a function of temperature. The volume fractioB228, 2212, and 2201 phase
(determined by XRDjormed in 5 hours at various temperatures is shown in Figure 8-9.
The results indicated that heat treatinog5 hours at 75 could produce 2212 without

much 2201 formation.
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Figure 8-9.  The volume dction 0f2223, 2212, and 2201 in samples decomposed at
various temperatures for 5 hours in@ds flowing at 25 mL/min.

Upon further experimeation, it was soon found that the decomposition kinetics
are strongly a#fcted by the flow rate of Ngjas through the fuace; the faster the flow
rate, the faster the decompasiti This may be an inchtion thatoxygen is given off in
the lowpO, decomposition process, and that the lggal near the sample surface has a

substantial influence on the process.
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Figure 8-10. XRD spctra 0f2223 tapesénat treated at 78Q for 5 hours with different
N2 gas flow rates. Decomposition occurs more quickly at high flow rates.

Figure 8-10 shows the results of an XRD study of thecefbf the N flow rate on
the decomposition of fully reacted samples of B&8. From top to bottom, the plot
shows the XRD pattern of a control sample (as reacted) showing a smalitaoh 2212,

and the spectra of samples decomposed #iIC7&fr 5 hours at Nflow rates between 5
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mL/min and 200 mL/min (the inner diater of the quartturnace vork tube was ~ 35
mm). As the flow rate was increased, the volume fraction of the decomposition by-
products of 2212 and 2201 increased. Based on these results, atéogi 25 mL/min
was chosen as the “standard” flow rate. This rate was highgh so that a reasonably
precise and reproducible gas flow controlletting could be used, and lowmaugh to
avoid quickly draining the gas cylinder.

Samples of UWBG65 were then processed througha3 tieatments &0, 100, and
100 hours, at 82& in 7.5% Q with pressings between heat treatments. This extensive
processing developed a dense, high phase purity 2223 microstructure, which should have
provided a good test for the ity of CDR processing in nitrogen to heal residual
deformation damage. Samples of this fully processed tape were then decomposed for 5
and 10 hours at 78C in a N atmosphere flowing at 25 mL/min. The 5 hour
decomposition produced ~ 10% 2212 atedmined by XRD, and the 1B8our N
treatment resulted in thirmation of ~ 25% 2212 phase. The microstructures of the

control and partially decomposed samples are shown in Figure 8-11.
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HT3+10 h N (25% 2212)10um

Figure 8-11. SEM backsatter micrographs of fullprocessed UWB65 samples, after
the third heat treatmentoft) and after partially decomposing in for 5
hours (middle) and 10 hours (bottom) at 7G0
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Figure 8-12. SEM backstter image near the Ag interface of the sample decomposed
for 10 hours in Mat 750C. A layer of 2212 formed along the Ag, and
pockets of white 2201/liquid phase are indicated.

As shown more clearly in Figure 8-12, the SEM baekier images also revealed
that the samples decomposed in &so contained a small amount of 2201 phase (the
small white pockets in the micrographs). Based on their morphology, these regions appear
to have been liquid at some point in the processing, but SEM-EDS determined that their
composition was similar t8201, and samples containing large amounts of this phase also
show a 2201 peak in XRD scans. The importance of pockets of this 2201/liquid phase in
controlling the onnectivity of samples W be discussed in ChaptdiQ. It may also be
noted that Figure 8-11 and Figure 8-12 show a layer of 2212 phase at the Ag@ierf

the samples decomposed in N'his was not observed in samples decomposed.in O
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After the decomposition treatment these samples, along with control samples, were
pressed and then given a fourth 100 haeathitreatment at 826 in 7.5% Q to re-form
the 2223 phase. The microstructures of the samples after this fourth 2223 formation heat
treatment are shown in Figu8el3. It appears by SEM that most of the 2212 and 2201
phase present in the decomposed samples shown in Figure 8-11 has been converted back
to 2223 phase. Inatt, the samples treated ir [dppear to have a higher quality
microstructure after fourdat treatments than does the control sample. In the control
sample (top), small light gray particles of Bi,Pb-rich phases such as aQrand 3221
are visible, but it appears that the samples treated {mhddle and bottom) are free of
this phase. This is likely because the tkeatment caused the Bifich phases to

dissolve [164], so they could not grow large during the fourth heat treatment.
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HT3+10h N+ HT4  10pm

Figure 8-13. SEM backsitter micrographs of the-Mlecomposed sample sets after the
fourth 2223 formation éat treatment. The samples treated inaNpear
free of Bi,Pb-rich second phase patrticles.
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The 77 K, 0 TJc results from the all of the Ndlecomposed sample sets is shown in
Figure 8-14. For the control sét,increased significantly with each of the first three heat
treatments, but did not change much with fbarth heat treatment. This may be
expected, as residual crackingm the pressing step may aég any other microstructural
improvement. Thel. of the two sample sets that received the decompositionzin N
decreased to essentially zero after the decomposition step, as was observed previously for
decomposition in oxygen, but recovered after the 2223 phase was re-formed by the fourth
heat treatment. However, the firglof both decomposed sample sets was not as high as
the control set, and in fact were redudeain the control set value in scale with the
amount of decomposition (i.e. the control set was highest, followed by the 5 hour
decomposed samples, and then the 10 hour samples). athethfat the final
microstructures of the decomposed samples appeared better than the control samples at
the SEM level suggests that fine intergrowths of 2212 or 2201 may be present in the

samples, loweringc.



150
25 T T T T T T

o0l control .

15

T
I
_|
w
T
=
D

HT2
10

(@]
HTl/O
5 il
Q
O | | | | | |
25

5h N, 750°C

20 |

15

10

25

Critical current density (77 K, 0 T) kA/c%n

20

15

10

T
(@)

uonisodwoosp

o
o)

0 50 100 150 200 250 300 350
Total heat treatment time

Figure 8-14. Jc (77 K, O T) results for the Ndecomposition study.J. decreased to
essentially zero for samples partially decomposed JnbNt recovered
after the fourth 2223 formation heat treatment.
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Thus, the results inNseemed less promising than those obtained in oxygen. Since
the goal of CDR processing was to improve the intergranularectimity by reducing
residual microcracking, and it was not clear if (sufficiently) large quantities of liquid could
be formed in samples free of (Ca B (and 3221), this work was stopped after this
study. The focus was turned to improving the CDR process using a 198%m&sphere,

as discussed next.

8.2.2 Testing of a minimal-decomposition hypothesis

The original CDR study in oxygen showed that one problem with the process was
that the second phase patrticles, particularly alkaline eartlatesgpsuch as 124, tended
to grow very large when the decomposition time was long. One way to limit the second
phase growth is to reduce the time spent decomposing in 100%A©the goal of the
CDR process was to heal microcracks, it was hypothesized that just a short time
decomposition could be effective, if fitrmed the liquid-producing second phases just
where they were needed; that is, near cracks or voids. Since the TEM results showed that
decomposition of the 2223 phase tended to occur from the grain boundaries inward
(Figure 8-8), rather than by a reverse-intercalation process, it was surmised that the liquid-
producing phases would indeed be formed initially at unbonded antssfand grain

boundaries.
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Normalized. as a function of the square root of decomposition time at

825°C in 100% Q. The 2223 grain boundaries appear to betexb with
non-superconducting phases after ~ 1 hour of heat treatment.

The next step was to define a critical time for the decomposigai fneatment.

Ideally, it would be long enough to form liquid-producing phases at the grain boundaries,

but short enough to avoid large second phase growth. Since it seemed that thevas K

very sensitive to the decomposition at the grain boundaries (Figure 8-7), the change in

with short decomposition times was studied. The idea was that a sharp decré&ase in

would indicate a graifmoundary coating of liquid-producing second phases. For these
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experiments a new composite had to be used, UWB90, which contained the same two-
powder precursor as UWBG65, but had a much lower Ag:SC (~ 0.7:1 as opposed to ~ 3:1),
and therefore relatively thicker BSCCO core at the usual working tape thickness of about
150 um. A plot of the normalized. as a function of decomposition time at 825n
100% Q is shown as Figure 8-15, from where it watedmined that a decomposition
time of about 1 hour is sufficient to coat the 2223 grains with non-superconducting phases.

As there was some variability in the volumadtion ofby-products obtained by
decomposing samples, a 3 hour decomposition time was chosen to (hopefully) ensure
sufficient decomposition. Samples of composite UWB90 were processed by a standard
thermomechanical schedule, like that shown in Figure 8-1, and with a CDR schedule like
that shown in Figure 8-2, using a 3 hour decomposition time. edt kreatments were
given at 828C, in either 7.5% @or in 100% Q, as required.

Figure 8-16 shows SEM badatter micrographs of UBR0 samples after two
heat treatments, after thenB8ur decomposition step, and after the final 2223 re-formation
heat treatment. As can be seen in the middle micrograph of F8gliée the 3 hour
decomposition was sufficient to produce small non-superconducting, liquid-producing
second phase particles at the 2223 grain boundaries (the small light and dark particles

which dot the sample) and avoid large alkaline earth cuprate growth.
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Figure 8-16. SEM micrographs of samples at various stages of processing. The center
micrograph shows how small second phase patrticles (2212, Pb-rich phases,
and alkaline earth cuprates) formed within the 2223 matrix.
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The zero-field, 77 KJ; results of the control and short-time decomposition sample
sets are shown in Figure 8-13; increased between the first and secoedt ireatments,
but for the control samples did not improve upon a second deformation step and third heat
treatment. Howeved, (actually,lc) was increased substantially after third heat treatment
for the CDR processed sample set. Thus, although the decomposition after the second
heat treatment almost completely deged the intergranular coeativity, the
connectivity andJc did improve when the 2223 phase re-formed in the third heat
treatment.

To verify that the active cross sectidgis was indeed increased by the CDR
processing, the critical current of the thireal treatment samplé®m Figure 8-17 was
measured in magnetic fields. If only the active cross section were changeacbgsing,
one would expect that the behavior of ti@malizedl. as a function of magnetic field
would be the same for both sample sets. As shown in Figure 8-18, the behavior of both
sample sets in field is essentially the same, suggestinddhatas increased in the CDR
processed samples. It is tempting to ascribe this apparent incisstd a reduced

microcrack density, leading to an improvemenidr |/A.
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Figure 8-17. Jc (77 K, O T) of the control and CDR sample sets as a function of heat
treatment time and number. CpRocessing improved th& of the third
heat treatment (HT3) samples.

As a further test to check that the microcrack density was reduced in these samples
by CDR processing, magneto-optical imaging (as described in Chapter 7) was used to
reveal the defect (crack) structure. Fig8r&9 shows the plan view MO images of the
third heat treatment samples, imaged at 14 K ahtk 40 mT after zero field cooling.

The Ag was removed from the top @agé of the samples by etching in MMH/H.Ox.

The light regions in Figure 8-19 irwdite where magnetic flux has penetrated into the
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Figure 8-18. Normalized critical current as a function of applied magnetic field for the

third heat treatment UBR0 control and CDR processed sample sets. The
Ic response of both sample sets is similar.

sample, as was discussed in Chapter 7. The MO images show qualitatively that the core
connectivity has been pnoved by CDR processing, in agreement with Jhaesults
presented ifrigure 8-17andFigure 8-18.

Although the short-time decomposition waseeffve in increasingle in these

thick-core (~ 10Qum) UWB90 samples,imilar implemenations of the CDRprocess with
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core width———={

control sample CDR processed

Figure 8-19. Plan view magneto-optical images of a conventionally processed UWB90
tape after three heat treatments (left) and a controlled decomposition-
reformation processed sample (right). The images were takeh &t 40
mT after zero field cooling to 14 K. The left hand side of the control
image is out of focus because the MO indicaitn fvas not resting
perfectly flat on the sample. Less magnetic flux has penetrated into
defects in the CDR processed sample than in the control sample.

thin core samples (UWB65, UWB92, and others) did not lead to significant improvements

in J.. Possible reasons for this are discussed next.

8.2.3 DTA and XRD studies of the pseudoprecursor phase mixtures
produced by 2223 decomposition in oxygen
As there had not been consistent successes with the CDR process, the behavior of

decomposed samples was examined more closely, to find the reason why tapes that were

partially decomposed in oxygen (into what were believed to be liquid-producing phases)
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Figure 8-20. Comparison of the XRDatgperns (Cu-Ka radiation) of a first heat
treatment samplébottom) and of a fully processed sample after partial
decomposition (top). The decomposed sample contains much more 3221
and (Ca,SpPbQy phase than a first heat treatment sample with a
comparable volume fraction of 2212.

did not regularly show a substantial improvement in the intergranulaectwity upon
2223 re-formation. X-ray difeiction was used to wly the phase assemblage, and
differential thermal analysis (DTA) was used to quantify endothermic (melting) events

during the heat treatment of samples.
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As a first experiment, the XRD patterns of samples that had received justashe s
2223 formation bat treatment, and thusillstontained some of the liggiproducing
phases of the precursor powder, were compared to fully-processed samples that had
partially decomposed into “pseudoprecursor” phase mixtures. A comparison of the
spectra of samples that had been given one heat treatment, and two heat treatments
followed by a substantial decomposition in oxygen, is given in Figure 8-20. Although the
samples contained approxately the same amant of 2212 phase, there was actf a
significant difference in the minority phases in the two samples. The X®RBrps show
that the sample decomposed to re-form the 2212 phase contains more Bi,Pb-rich phases
such as (Ca,SPbGy and (Pb,BRSnCaCwuOx (3221) than does the firseat treatment
sample that has still contains the “natural’ precursor phase assemblage. Furthermore, as
discussed earlier, the samples decomposed in oxygen also have a different mixture of
alkaline earth cuprates (AEC); while the principal AEC in sammlesessed in 7.5%X0s
2:1, in decomposed samples the main AEC phase is 14:24.

To check if these differences in the phase assemblages of “naturally”-processed
and intentionally-decomposed samples would result in different behavior when more 2223
was formed or re-formed, tapes were studied by DTA. Figure 8-21 shows the DTA curves
of three samples at different stages of processing, which were taken while heating at
5°C/minin 7.5% Q. The top curve is from an wacted or “green” sample of composite
UWB90. This uneacted sample contained raw precursor powder, which was a two
powder mixture of Pb-doped 2212 and alkaline earthatapr The first mdothermic

event, occurring at ~ 81, is likely associated with thearmation of a liquid phase
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involved in the 2212 to 2223 conversiogaction; in the literature this peak is usually
attributed to a reaction betwe2#12 and (Ca,SfpbQ.. The large endothermic peak at ~
845°C is from the melting of the 2212 phase. The middle curve is from a sample that had
received one heat treatment of BOurs at 82%C in 7.5% Q to partially convert the
powder to the 2223 phase. The endothermic peak at *c83&%&maller, but still visible,
indicating that some liquid isiktproduced upondating of this tapéor a second time, as
would be done for a seconcdt treatment step. This liquid is thus available to heal
cracks during the seconcedt treatment, as demonstrated in Figdr8. The large
endothermic peak at ~ 885 is from the melting of the 2223 phase. The bottom curve is
from a fully processed, thirdelat treatment sample, that had been partially decomposed
by heating at 82% for 100 hours in 100% £to re-form about 40% 2212 and other
second phases. Figure 8-20 already showed that this pseudoprecursor mixture is not
exactly the same as the natural precursor phase assemblage, and indeed itfrappears
the DTA heating agrve that no endothermic event occurs below ~°840 The large
endothermic event starting at ~ 8@0is actually comprised of two peaks, dnam 2212
and one from 2223. However, it does not seem that a liquid forms at°€ &i7he
pseudoprecursor phase mixture produced by decomposition in oxygen, at least in
guantities sufficient to cause a temperature difference detectable by the DTA instrument.

To study this difference in moreethil, some post-decomposition heat treatments
were given to samples that were partially decomposed in oxygen, with the goal of more

closely recreating the natural phase assemblage present in\paeaaed samples. The
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results of one such experiment are shown in the XRD patterns of Bi@&e The bottom
trace isfrom a fully processed UWB90 sample that had been given a 100 hour
decomposition heat treatment at 3250 100% Q, like the bottom sample in Figure 8-21.
The diffraction peak position®oesponding to the 2212 and several Bi,Pb-rich phases are
marked in the figure. The position of the peak of the 3221 phase which occurs at ~ 17.9
20 (with Cu-Ka X-rays) is not strongly dependent on composition [168], but the position
of the (Ca,SpPbQ; peak at ~ 17328 changes with composition over a range of almost
0.5° 20 [169]. The as-decomposed samplec& shown at the bottom of Figuge22
contains both 3221 and (CafhQ, the latter having a composition close to
CaSnPbQ. As there does not seem to be a large quantity of 3221 in naturally processed
samples (Figure 8-20), a lopO, anneal was given to try to elinaite the3221 phase,
perhaps forming more (Ca,3pQ and/or Pb-2212, which as discussed in Chapter 3 are
believed to be the important liquid producing phases. The X&ERm of this sample,
heatedor 24 hours at 80T in a 1% Q atmosphere, is shown as the top trace in Figure 8-
22. While the lowpO; treatment was effective atireinating the3221 phase from the
sample, it also dissolved most of the (CafdsD;.

After samples processed in this more complicated waly stowed no
improvement inJc values, indicating that theoonectivity was not significantly iproved
by the CDR process, work in this area was stopped to focus on other, more promising

areas of research, as discussed in the following chapters.
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Figure 8-21. DTA kating arves of samples of UWB90 at different stages of
processing. The sample decomposed in oxygen does not exhibit and
endothermic peak at 81, unlike the conventionally-processed samples.
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Figure 8-22. XRD ptterns of samples first decomposed @9% Q (bottom) and then
given a lowpO, anneal in 1% @(top). The lowpO, anneal elimiated the
3221 phase, and greatly decreased the amount of (€RhSr)

8.2.4 Summary

As it had been clearly shown by magneto-optical studies like those described in
Chapter 7 that the presence of residual microcrack networks was very real, and that
indeed in most cases the connectivity2@P3 tapes appears to beited by cracks, a

large improvement in the coeativity andJc was expected in CDRrocessed tapes.
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When this was not regularly realized, many experiments were devised in order to clarify
the reason why this was so. One of the central puzzles was that while decomposed
samples contained significant quantities of 2212 and Bi,Pb-rich phases (e.g. Figure 8-20),
which are believed to react 2223, forming an important liquid in the process, DTA
studies of such samples showed no evidence of a liquid formation event. It is now obvious
that the real situation is more complex than was originally conceived in the cartoon of
Figure 8-3, that all of the phase relationships in 2223 are not clearly understood, and that
the resolution of the liquid-shortage/crack healing problem would not come so easily.

The samples produced in the onessful implementation of the CO#tocess,
described in SectioB.2.2, seemed to perhaps hold the key to unlocking some of the
mysteries. However, the only significant differences that could be found between these
UWB90 samples, and all of the other samples that undergone CDR processing, was that
the BSCCO core was significantly thicker (> 108) than others (typically ~ 70m), and
that the seconddat treatment sampleslistontained some precurs@212 prior to the
decomposition and reformation step. It is conceivable that this remaining precursor 2212
had a different stoichiometry than the 2212 formed by decomposition in oxygen, and as
the melting point of 2212 is sensitive to tt&tion compositiorj39,51], that this may be
why a liquid did not form in CDR samples. Unforately, the enguraging results
obtained in that experiment could not be reproduced, even in samples of the same
composite.

In the end, the main conclusions to be drawn from this work are as follows. It is

easy to destroy the intergranular ceativity of 2223 samples by decomposing the
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material, which happens primarily at the grboundaries. It is possible to recewmh the
grains by giving samples a subsequent 2223 formateat treatment. Aftough the
oxygen atmosphere decomposition by-products arglas to the phases present in
unreacted or partially reacted tapes,some reason they do not form a large quantity of a
liquid which is useful for healing microcracks in the core. This could be a result of the
cation composition of one or many of the decompositiyrproducts being slightly
different than that required to form a useful liquid.

One final possible explanation for the results is proposed. It may be that a small
guantity of liquid is indeed formed in CDR processed samples, but that the liquid is not
effective at healing cracks. This could be because the cracks are not easily bridged by the
liquid, and/or that the liquid does not wet the 2223 grains, and as a result there is little
mechanical driving force to close the cracks. As most evidence suggests that 2223 forms
by liquid-assisted intercalation of pre-existing 2212 grains, it may be that when the new,
discrete2212 grains @ated by decomposition (e.g. FiguBe6 and Figure 8-8) are
converted back to 2223, the result is only new, distinct 2223 grains, with new grain
boundaries. In this scenario, the liquid only serves to convert 2212 to 2223, and does not
act a mortar which more strongly connects pre-existing 2223 grains.

Although these experiments were not useful in themselves for learning how to
improveJ., some of the things learned in these studies about the decomposition and phase
relationships in 2223 tapes did play a role in subsequent studies which did rekult in

improvements, as discussed in the next two chapters.
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9. Effect of the coo ling rate on the mi crostructure,

T, and J. of 2223 tapes

This chapter contains material from the publication:
J.A. Parrell, D.C. Larbalestier, and S.E. Dorris “Coolingter Effects on the
Microstructure, Critical Current Density, and Transition of One- and Two-

Powder BSCCO-2223 Ag-8hthed Tapes”, IEEE Transactions on Applied
Superconductivity 5 (1995) 1275.

9.1 Introduction

Many parameters must be controlled andimged during the fabiation and
thermomechanical processing of Ag-clad 2223 tapes. Thketefdéf powder composition,
mechanical deformation, anedx treatment temperature, time, and atmosphere a the
of 2223 tapes have been studied extensively. Orectfpat has received less attention
in the literature is what occurs during the cool-down after the 2223 formaiaamtions.

Lay [170] found that cooling at®C/min in air resulted in a ~ 15% (77 K, O T) increase
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over tapes cooled at ~°@G/min, and reported that holding below the 222Zaction
temperature of ~ 83C in 2-5% Q after processing in air could in some cases increase the
Jc by a factor of two. Other groups have reported thatTtheansition of bulk 2223
samples can be sharpened by post-annealing abov€ 760~ 10 hours in 6-10% O
[47,171].

We have found, as have others [111,114], that processing tapes in 7i5%h@e
favorable for 2223 formation than processing in air. In this chapter several experiments
on 2223 tapes which wereacted and cooled ih5% Q are summarized, and the effect
of cooling rate on the superconducting properties and microstructure is described.

Many advances in the: of Ag-clad BSCCO-2223 tapes have come from
improving the degree of 2223 phase purity. Microstructures containing a large volume
fraction ofnon-superconducting "second phase" particles are not desieddede these
particles are typically manym in size, and thus disturb the local alignment of tlaepl
like 2223 grains [33] and decrease the superconductangidn of the onductor cross
secton. The importance of the 2223 phase purity extends to an even finer scale; it has
been shown that intergrowths of even one or a few half-unit-cells of residual BSCCO-
2212 within 2223 grains can be detrimentald§85,86]. Thus, since many experiments
to improveJ. have the goal of producing a more homogenous 2223 microstructure, it was
interesting to find a contradiction to this general rule. It was found that cooliragest r
sufficiently slow as to allow some decomposition of the 2223 phase often resuledtein b
superconducting properties, even though the 2223 phase purity was evidently degraded on

a scale ofim.
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9.2 Experimental details

Ag-clad tapes about 3 mm wide and 0.2 mm thick were made linyg roound
wires produced by standard oxide-powder-in-tube methods. Tapes wecatkdbrvith a
standard "one-powder" uncontrolled phase balance powder of nominal composition
Bi1.gPhy.3Sr.oCa oCus.00« purchased fromettle Specialty Ceramics Inc., and with "two-
powder" controlled phase assemblage powderssPBi.sSr.oCar.oClp.00x and CaCu®
powders mixed to give an overall composition of iy 4sSr.0Ca.0Cus.00x) obtained from
Argonne National Laboratory [50,51]. The tapes were then thermomechanically
processed as described below. All heat treatments andloaok were given in a 7.5%
O./balance M atmosphere, and tapes were uniaxially pressed at ~ 1 GPa between heat

treatments.

9.2.1 One-powder tape processing

The one-powder tapes were given threathreatments of #ourseach at 81%C.
The cooling rate to 73C from the eaction temperature after the third reaction heat
treatment was either°@/min or 0.08C/min. After reaching 73C, the samples were

furnace cooled at ~ 2G/min.

9.2.2 Two-powder tape processing

Two separate experiments werafpemed with the two-powder tapes. In the first
experiment, only one heat treatment was given (and thusameesion to 2223 was

incomplete), and the cooling rate after this single heat treatment was varied. The second



170
experiment was similar to the cpewder tape experiment described above, in that the

cooling rate after the final heat treatment was varied.

9.2.2.1 Cooling rate varied after the first heat treatment

A sample was given a 30 houedt treatment at 826, and cooled to 728 at
5°C/min. After this short &éat treatment theoaversion of the precursor powder to
BSCCO-2223 was not congte. A seond sample was given the same 30 heaction
heat treatment, and then cooled to 2%t 0.08C/min. Because the length of the cool-
down of this sample was comparable to the length of the 30 baation heat treatment
(during cool-down the sample was between°8and 728C for ~ 33 hours), a third
sample was given a 63 howaction heat treatment at 825 and was cooled afG/min

to 725C.

9.2.2.2 Cooling rate varied after three heat treatments

Two-powder tapes were given a 50 hour firsahtreatment at 826, followed by
100 hour second and thirg&t treatments. After the third heat treatment and subsequent
cool-down (at 4C/min), the samples were quickly (~°T3min) re-heated to 828 in the
7.5% Q atmosphere (with no intermediate pressing), fi@dl hour at 82%C, and then
cooled to 72%C at four different rates: 5, 0.5, 0.16, and 0@Hin.

The transport critical current valuesi(¥/cm) were converted té: by dividing by

the average of two or three cross-sections measured by image analysis. All critical

currents were measured at 77 K, 0 T. The temperature dependence of the zero-field-
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cooled AC susceptibility of many of the samples was measuréd a&nd 2 mT, at 125
Hz, with the field applied normal to thelliog plane of the tape (i.e. nominally parallel to
the c-direction of the aligne@223 grains). A scanningesgiron microscope (SEM)
operated at 15 kV was used to examine the microstructures of the tapes. K-aayiaf

(XRD) using Cu-Kx radiation was also used to examine the phase purity of some samples.

9.3 Results

9.3.1 Fully processed one-powder tape experiments

Figure 9-1 is a plot of the AC susceyiiilp of the fast (4C/min) and slow
(0.05°C/min) cooled samples as a function of temperature. The inset in Figure 9-1 shows
Jc as a function of heat treatment tifoe the fully processed one-powder tapes. Slow
cooling at 0.05C/min to 730C in 7.5% Q increased thd. by almost 50% to ~ 12,000
Alcm? compared to the tape that was fast cooled?@tmin. The slow cooled sample has
a sharpeif. transition than the fast cooled sample, and nkifk indicative of BSCCO-

2212 intergrowths [85,86] is visible, whereas a kink in the transition is apparent for the

fast cooled sample.
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Figure 9-1.  Normalized AC susceplity (0.1 mT) of the fast cooled {@/min) and
slow cooled (0.082/min) fully processed (3 heat treatments)-pogider
samples (UWB41). The inset shows the critical current density (77 K, 0 T)
as a function of heat treatment time and number. Slow cooling sharpened
the T transition and increaseld

Figure 9-2a and Figure 9-2b are SEM baelkter micrographs of typical fast
cooled (4C/min) and slow cooled (0.06/min) one-powder tape microstructures,
respectively. Many large BSCGEZ212 grains (light gray "needles") are visible throughout
the thickness of the slow cooled sample (Figure 9-2b). These 2212 grains were seldom

seen in the secondeht treatment or in the fast cooled@4min) third heat treatment
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samples (Figure 9-2a), which suggests that slow cooling at@m& to 730C caused
the regular formation of these 2212 grains. Presumably these 2212 grains formed as a
result of 2223 decomposition, as 2223 is unstable below *C7807.5% Q, decomposing

to 2212, (Ca,SsPbQy, and other non-superconducting phases [111,117].
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Figure 9-2.  SEM micrographs of typical (a) fast@4min) and (b) slow (0.0%/min)
cooled fully processed one-powder samples (UWB41). Large 2212 grains
(light gray needles) are dispersed throughout the slowly cooled core.

In summary, cooling fully processed one-powder tapes at@/ftn to 730C in
7.5% Q resulted in a sharpdk transition and a 50% highde than tapes cooled more
quickly at £C/min. The superconducting properties improved, despite many large 2212

grains in the sample.
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Figure 9-3.  AC suscepillty (normalized to the 5 K, 0.1 mT signal) of the partially

reacted tw-powder samples (UWBG63). The slowly cooled sample has a
sharper transition than even the more extensively converted fast cooled

sample (heat treated for 63 hours).

9.3.2 Two-powder tape experiments

9.3.2.1 Cooling rate varied after the first heat treatment

It was found that the coolingte has an effect on the criticalreent density and

Tc transition of two-powder tapes after the firsahtreatment, when ti8223 conversion
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is far from comptte. The sample that was heat tredi®d30 hours and cooled at
5°C/min contained ~ 50% 2223 (by XRD) and had af 1,100 A/cri, compared to the
sample given a 30 houreht treatment and cooled @05C/min, which was ~ 60%
converted and had & of 2,800 A/cri. This slowly cooled sample hadlavalue greater
than that of the sample given the longer 63 haat treatmentJ = 2,300 A/crﬁ), even
though this more comglely reacted sample contained86% 2223. AC susceptiiy
results for these three partiallgacted samples, shown in Figu#e8, show that thd.
transition was substantially sharpened by slow cooling afQ/6%5n, as was also found in
the fully processed one-powder tapes. Note that the slowly cooled sample (containing
60% 2223) has a sharper transition than the sample that was 80% converted to 2223 (the
63 hour leat treated sample), and that at 2 mT the slowly cooled sample exhibited a

greater fraction of its 0.1 mT signal than did the fast cooled tapes.

9.3.2.2 Cooling rate varied after three heat treatments

Figure 9-4 shows XRDdgiternsfor the samples that were cooled to @5t 5,
0.16, and 0.0%/min. Note that as the cooling rate was decreased, fiinection peak
heights for (Ca,SsPbQr and other second phases (mainly alkaline earth ateyr
increased, presumably becaus@€®23 phase decomposition. However, unlike what was
observed for the one-powder tapes (Figure 9-2b), the relative amount of 2212 did not
noticeably increase (as determined by SEM and XRD).

Figure 9-5 showd. as a function of cooling ratier the two-powder samples that

received three heat treatments, were re-heated f&€8ahd then cooled at different rates
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in 7.5% Q. ThelJcincreased as the cooling rate was decreased, reached a maximum value
at a rate 00.16°C/min, and then decreased at still slonetles. Thus, as wdsund for
the one-powder samples, slow cooling can increasdcthéfully processed two-powder
tapes, even though the 2223 phase homogeneity was reduced. Howevectitweafd.

increase (~ 20%) was less than for one-powder tapes.

9.4 Discussion

In the earlier microhardness experiments described in Chapters 5 and 6, it was
shown that even if the 2223 bulk density is made high by many deformation and heat
treatment cycles]c need not increase if another factor, in that case cracks, becomes the
dominantJc limitation. In @milar manner, the experiments described in this chapter
clearly show that the phase purity of a polycrisi&a 2223 filament is not ecessarily an
indicator ofJe, and suggests that another factor, eitheateel to the @annectivity or flux

pinning, is important in determinink.
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Figure 9-4.  XRD spctrafor the fully processed two-powder tapes (UWB65) that
were cooled from 82% to 725C at 5, 0.16, and 0.06/min in 7.5% Q.

The fraction of inpurity phases, particularly those that are Pb-rich,
increases with decreasing cooling rate.

Whether or not the current path in BSCCO tapes is daeuhby "brick wall”
[172] or "railway switch" [135] linkages, the dominant experimental evidence has been
that there is a strong positive correlation between a higgh@i7 K, 0 T) and a higher or

absent kink in the AC or DC susceptibilityate[85,86]. The source of the kink is 2212
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intergrowths, one to a few half-unit-cells thick, remaining from the unconverted precursor
powder. Inthe present case, the 2212 is on a much largersoalather than nm, and is
formed by decomposition of the 2223 phase. It is possible to rationalize both sets of data
by postulating that the 2212 formed by decomposition has a very different morphology
than that of residual 2212. Whereas residual 2212 was found in almost all 2223 grains
[85,86] and thus exerted a large e=ff on the arrent path, the 2212 formed by
decomposition of the 2223 phase is larger (Figure 9-2b) and seems to foetedigains,

similar to the decomposition in pure oxygen described in Chapter 8.
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The encouraging and rather unegfed results of these initial studies of the effect
of the cooling rate suggested that a mb@augh analysis was in order. Such a study was
needed to gain an understanding of both this new or misunderstood dumigng
mechanism, as well as the control that the cooling rate has on this mechanism(s). These

more detailed studies are the focus of the next chapter.
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9.5 Summary

Although in general it is desirable to achieve a phase-pure 2223 microstructure to
maximizeJ. in BSCCO-2223 tapes, an exception to this rule is found for tapes that are
cooled slowly after reaction heat treatmentle increases of 20-50% and marked
sharpening of thd. transition were observed for both one- and two-powder tapes when
samples were cooled at a rate 00.25-0.08C/min in 7.5% Q. These improvements in
superconducting properties were observed despite a reduced microstructure phase purity
caused by 2223 decomposition. However, once the decomposition of the 2223 phase to
2212 and other non-superconducting phasesime too extensive, tdedecreased. This
behavior is attributed to changes in thengectivity of the polycrystine core as the

cooling state is varied.
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10. Connect ivity and flux pinning im provements in
2223 tapes produced by changes in the coo ling

rate

This chapter contains material from the publications:
J.A. Parrell, D.C. Larbalestier, G.N. Riley, Jr.,, Q. Li, R.D. Parrella, and M.
Teplitsky, “Enhancement of the 77 K irreveilip field and critical arrent

density of (Bi,PpySr»CaCusOx tapes by manipulation of the final cooling rate”,
Applied Physics Letters 69 (1996) 2915.

J.A. Parrell, D.C. Larbalestier, G.N. Riley, Jr.,, Q. Li, R.D. Parrella, and M.
Teplitsky, “Conrectivity and flux pinning impprovements in Ag-clad BSCCO-2223
tapes produced by changes in the cooling rate”, to be submitted (1996).

10.1 Introduction

The superconducting properties of 2223 tapes are strongly dependent on several

microstructural features which can determine the macrosdopt the polycrystalline
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oxide filament(s). Jc is defined here once again in the usual macroscopic sense as the
critical currentl. divided by the whole superconductor crossten. However, changes
in Jc defined in this manner are not necessarily directly related to local factors. As shown
in the previous chapters, the grain alignment [7,123,134,135,136,137,173], bulk density
[25,30,106,133,138,139], microcrack density [125,128,133,148,167], and phase purity
[33,85,86,174] are allaictors which can impose limits on the grain-to-grainrectivity,
and thus the macroscoplg of a 2223 tape. These properties are largeterdhined by
specific details of the tape heat treatment and deformation processing sequence.

As shown in Chapter 9, the rate at whigB23 tapes are cooled after heat
treatment has a large effect on the tpammsJ., critical temperatureTg) transition, and
filament microstructure [119]. Slow cooling (< 0.1°C/min) in 7.5%r@reased thé. (77
K, 0 T) by as much as 50% over tapes more quickly cooled, considerably sharpefed the
transition, and in some cases, increased the dgdst 1-2 K, despite decomposition of
the 2223 phase caused by cooling slowly at temperatures below the 2223 philitse stab
limit (~ 800°C in 7.5% @[53,117]). Several other groups have reporiedas findings
during the course of tape processing [170,175,176,177]. These benefexis$ efff slow
cooling were even observed in samples that still contained substartiah@ni~ 50%) of
precursor (ureactedR212 phase. These results were surprising in light of earlier work by
Umezawa et al. [85,86], who found that theand theT. transition of fully-processed
2223 tapes were very sensitive to the number density of residual 2212 intergrowths within
the 2223 grains. This apparent paradox suggests that the cadingnfluences an

additional, perhaps previously unappreciatkdimiting factor.
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The increased. values indicate that cooling slowly reduces the effect of one or
more significant activec-limiting mechanisms. Alttough it is well documented that the
connectivity factors mentionedave have a large influence dp many authors have
concluded that, at temperatures above ~ 30 K and/or in high magnetic Jietds) be
limited by the intragranulajl31,178,179,180,181] or intergranular (i.e. grain boundary)
[182,183,184] flux pinning strength of the 2223 microstructure. It is likely that either
connectivity or flux pinning catimit Jc, with the activdimitation in any given sample (or
at any given point within a sample) being dependent on the sample processing history.
From this viewpoint the large scatter ipoetedJ. results and the irreprodudity of high
Jec values is not surprising; it is just a consequence of not understanding the influence of
many specific details of the process that are not tightly controlled, or even recognized as
significant.

To find the reason why the cooling rate can have suchicagsefect on the
superconducting properties of 2223 tapes, samples were examined using a number of
analysis techniques. Scanning electron microscopy (SEM) with wavelength dispersive
spectroscopy (WDS) and x-ray ddfition (XRD) were used to characterize the
microstructure and phase balance of fully-processed tapes, as well as tapes which were
guenched from various temperatures. Seueainiques were used to characterize the
superconducting properties, including: Trans@emeasurements (1v/cm) at 77 K and
4.2 K in both zero field and in applied magnetic fields; high-sensitiviegtet field-
transport current densit¥{J) measurements at 77 K, to determine the irreviéngifield

of the percolative current pathH* [134,180,184,186]; SQUID magnetization
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measurements as a function of field at 77 K, to determine the irraMgrdiBld as
measured by magnetization; and SQUID magnetization measurements at constant field as
a function of temperature, to examine the effect of cooling rate oni trensition.

After considering the results, the complicated behavior of slowly cooled samples is
discussed. It is deduced that slow cooling imprdweth the connectivity and the flux

pinning properties of 2223 tapes.

10.2 Experimental Procedure

Multiflament tape having 85 filaments was made by American Superconductor
Corporation. Powder of nominal composition By 29Sn s4Ca .94l us.0d0x Was packed
into a Ag tube, and this wire was drawn and restacked into an 85 fildlnmedle which
was in turn drawn and rolled into tape. Samples of this tape were then
thermomechanically processed by two heat treatments separated by an intermediate
rolling step to develop a dense and aligg283 phase structure. The finadt treatment
was given at 825°C for 100 hours in a flowing 7.5%b@ance M atmosphere. The
samples were then cooled from 825°C to 730°C undstrehic furrace programmer
control at rates of 51.6, 0.5, 0.16, 0.05, 0.016, and 0.005°C/min. Below 730°C, the
samples were fuate-cooled in low thermal massrnaces at ~ 20°C/min. A set of
samples controllably-cooled at 0.05°C/min to 775°Qeiad of 730°C before furace-
cooling was also produced, in order to examine thecefbf changing the lower

temperature limit.
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Some samples were also quenched from various temperatures to checkyfor sub-
scale microstructural changes caused by slow cooling. Samples hedtééoil were
oil-quenched after a 24 hour hold at 825°C (the 2Z2&tion temperature) to preserve
the microstructural features present at that temperature. Samples were also slowly cooled
from 825°C at 0.016°C/min, and then quenched from 782°C. A scanrectyosl
microscope operated at 15 kV in backscatter mode was usedtd the microstructures
of polished longitudinal and transverse cross-sections of both quenched and fully-
processed samples. X-ray diffraction ustwgKa radiation was also used to examine the
phase content of some of the fully processed samples.

The 77 K, O T critical currents defined apu¥/cm were measured for at least six
2.5 cm long samples faach of the seven cooling ratenclitions. These critical currents
were converted tdc by dividing by the average of 12 transverse cross sections of the
superconductor area measured by image analysis. The critical currents of some samples
were measured at 77 K and at 4.2 K in magnetic fields from 0 to 10 T applied
perpendicular to the rolling plane of the tape (i.e. nominally parallel to the c-axis of the
2223 grains).

Extended voltage-transport curreMtl) measurements were made at 77 K on at
least two samples farach cooling rate using a Keithl&g01 nanovolt preamplifier and a
2001 digital multineter. A sample cooled to 730°C at 0.016°C/min was also measured
after it had been doubly bent 83 = 0.4% (wheresy, = tape thickness divided by the
bending diameter) and straightened, for reasons thiabevdescribed in the results and

discussion sections. The thermoelectric noise was kept to £ 3 nV in the best cases by
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using continuous Cu voltage leads from the liquid tdl the preamplifier inputs. The
voltage, measured between contacts spac&dnm apart, ranged from ~ 0.005 to ~ 50
uV, corresponding to nominal electric fields of 0.01 to u®@cm.

Although it is desirable to remove the Ag cladding [184] in order to measure the
true E-J characteristics of th2223 cores above ~|1vV/cm (where current sharing with
the Ag becomes appreciable [181,184,186]), this was not feasible for the 85-filament
samples used in this study. To @mtfor current sharing between the Agesith and the
2223 filaments, the current flowing in the supercondudtpryas calculatedrom Is = I-
V/Rag, Wherel is the measured curreiM,is the measured voltage, aRg, is the measured
resistance of the Ag claddingag was determined by measuring a sample which had been
severely bent t&, = 3.1%, thus destroying the continuous 2223 paths. This bent and
straightened sample was annealed at 400°C for 30 min before measuremenin&bee
any cold work eftct on the Ag resistivity caused by the bending. The Ag sheath
resistance at 77 K was found to vary by less than 2% between 20 and 300 mT, as shown in
Figure 10-1. For this reason the magnetic field dependenBegafas ignored, and the
value measured abH = 300 mT was used. TleJ characteristics of samplesfbee and
after this correctiorfor current sharing were identical below ~u¥/cm, which agrees
with what Edelman et al. found for samples measured with and without the Ag cladding
[183,184], indcating that subtracting the effect of the Ag sheath does not change the low

E characteristics, and only has an appreciable effect at higher electric fields.
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Figure 10-1. Resistance of the Ageslth Rag) of composite UWB71 measured at 77 K
as a function of magnetic fieldRag was nearly constant above ~ 20 mT.

Following convention [134,180,184,186{* is defined as the field at which the
curvature of the log-log J characteristics changéesm negative to positive. A quadratic
fit to the measured data was usegtovide an unbiasedetermination of the wrvature of
each loge-log J characteristic, an#l* was taken as the field at which the value of the

coefficient of square term of the quadratic passed through zero [183,184,185,186].
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The T. transitions of some samples were measured in a SQUID magnetometer
(Quantum Design MPMS) in a field of 0.1 mT applied parallel to the nominal c-axis.
Magnetization loops of some samples were also recorded with a SQUID magiestanh
77 K, in fields from -240 mT to +240 mT also applied parallel to the c-axis. The

irreversibility field determined by magnetization was defined as the field of loop closure.

10.3 Results

Figure 10-2 showd. (77 K, 0 T), étermined at JuV/cm, as a function of cooling
ratefor all of the fully processed samples produced in this study. a&teefat samples
cooled to 730°C is shown as the open circles within the shamgtérsbad. As the
cooling rate was decreasém 5°C/min to 0.005°C/min, the critical current density
increased from ~ 8 kA/chto a maximum value of ~ 24 kA/énfor a cooling ate of
0.016°C/min, and then decreased for the slower coolig of 0.005°C/min. ®nilar
behavior has been observed previously [119,176,186], as shown in Chapter 9. The solid
triangles show the datéor the samples cooled at 0.05°C/min to the intermediate
temperature of 775°C. These samples hael 19 kA/cnf, which was slightly lower than
the ~ 22 kA/crfi obtained in samples cooled at 0.05°C/min all the way to 730°C. These
data suggest that the pmovement of the superconducting properties occurs continuously

during the entire cooling cycle.
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Figure 10-2. J. (77 K, 0 T) as a function of coolingte for samples of UWB71. The
circles within the scatter band were cooled to °C3Mefore furnace
cooling, and the triangles indicate samples cooled t67 B&fore furnace
cooling. Jc was maximized at a cooling rate of ~ 0.0Q&nin.

SEM images of the longitudinal microstructures of fully-processed samples cooled
at the fastest rate, 5°C/min, and at an intermediate G&t&7C/min, are shown as Figure
10-3. Although the 0.16°C/min samples contained more non-superconducting second
phase particles, particularly (Bi,RBpCaCuQ, (or "3221") [148,161,162,165] and

(Ca,SryPbQ, they hadl. ~ 18 kA/cni, which was substantially higher than the~ 8
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kA/cm?® of the 5°C/min samples, even though those samples contained less second phase.

This somewhat surprising result confirmed what was observed is Chapter 9 [119], and
suggests that the microstructural features apparent girthecale do not necessarily

control the macroscopik.
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Figure 10-3. SEM micrographs of samples cooled to°@3@t 5C/min (top) and
0.16C/min (bottom). Cooling slowly caused the 2223 phase to
decompose, increasing the volume fraction obedghase particles in the
microstructure, particularly those that are Pb-rich (“Pb-SP").

Figure 10-4 shows XRDatterngfor fully processed samples cooled from 825°C to
730°C at 5°C/min (the fastesate) and0.016°C/min (thelJc-optimal mte). The slowly

cooled sample contained more 3221 and (C&B0: phase (i.e. more Pb,Bi-rich phases),
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Figure 10-4. X-ray diffaction patterns of samples cooled &E/nin and 0.018C/min.
The more slowly cooled sample contains more Pb-rich impurity phase, and
less 2201.

as evidenced by the diffraction peaks labeled "Pb-SP" in the figur@ at17.9° and ~
31.1° in agreement with what was observed by SEM (Figure 10-3). The slowly cooled
sample also contained less BSCCO-2201 phase than the sample cotdhat.5

Figure 10-5 showg: (77 K, 1 uV/cm) as a function of magnetic field applied

parallel to the c-axis for samples cooled at 5°C/min, which had the Iyw&s16°C/min,
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Figure 10-5. (ayc (77 K, O T, 1uV/cm) of selected samples adumction of magnetic
field applied parallel to the nominal c-axis of the 2223 grains. (b)
NormalizedJ. values as a function of field. Slow cooling increased both
the zero field and in-field. values.

which had a mid-rangé., 0.016°C/min, which had the highekt Figure 10-5a plots the
absolute value al; as a function of field, and Figure 10-5b pldt€H) normalized to the
zero-fieldJe. Each data point is the average of three samples. It can be seen that both the
maximum value of: and thelc resistance to an applied field increased as the cooling rate
was decreased.

Figure 10-6 isimilar to Figurel0-5, but shows absolute and normalidg(éi) data
measured at 4.2 K. Thadt that slow cooling iprovedJ: (4.2 K, O T) suggests a change

in the intergranular connectivity, as the irrevadligjbfield (i.e. flux pinning limit) at4.2 K
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Figure 10-6. (ajc (4.2 K, 1pV/cm) of selected samples asumction of magnetic field
applied parallel to the nominal c-axis of the 2223 grains. (b) Normalized
values as a function of magnetic field. Both the 77 K and 4.2 K properties
were improved by slow cooling.

is many times the field range of the measurement. The slowly cooled samples exhibit
better in-fieldJ. retention at 4.2 K, just as they did at 77 K.

Figure 10-7 plots the magnetic moment of samples cooled at 5°C/min (the fastest
rate) and0.016°C/min (theJc-optimal ate) measured &@.1 mT || ¢ as a function of
temperature. Note that slow cooling sharpensTh&ansition, as has been previously
reported [119]. Additionally, as shown more clearly in the inset of Figure 10-7, slow

cooling increased the onsktfrom ~ 107 K to ~ 109 K.
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An example of the extenddelJ data usedor determination ofH* is shown as
Figure 10-8. Figure 10-8a plots tkeJ datafrom a sample cooled at 0.016°C/min, which
had a 77 K, O T, JuV/cm critical current of 37.5 A. The open circles are the measured
data points (which have beeporrectedfor current sharing with the Ag), and the solid
curves are quadratic fits to thatd. BelowH*, the logE-log J characteristics have a
negative curvature, whereas the lBgog J characteristics liove H* have a positive
curvature. Figure 10-8b shows thatafrom Figure 10-8a caddicted a200 mT, both as-
measured and after correctifmg current sharing with the Ag shth. Note that above ~ 1
pnV/em, current sharing becomes appreciable, and causes the measuestedktc to
bend towards lower electric field values. Figli€e8c is a plot of the curvature parsier
(the coefficient of the square term of the quadratic fit) as a function of applied magnetic
field, for the E-J curves of Figure 10-8a. The field at which the curvature petem

changes from negative to positive is definetHas poH* for this sample was 197 + 5 mT.
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Figure 10-7.

TheT. transitions of samples cooled atCdmin and 0.018C/min as
measured in a SQUID magnetometer.

The signals are normalized to their

values at 5 K. Cooling slowly sharpened fheransition, and increased
the onseflc from ~ 107 K to ~ 109 K (see inset).

Figure 10-9 showsl*, determined as shown in Figut8-8 and aseterminedrom

magnetization measurements, as a function of coolindr@ate825°C to 730°C. Note the

non-zero origin of thed* axis.

The error bars represent the error agsatiwith the

determination of the field at which thergature parameter of the quadratic fit changed

sign. As the cooling rate was decreaBed 5°C to 0.005°C/minyoH* increased from ~
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120 to ~ 200 mT. The general behaviotHif as a function of cooling rate igrslar to
that ofJe, as shown in Figure 10-2.

Figure 10-10 showsl* of the samples from Figure 10-9 as a function of their 77
K, 0 T, 1 uV/cm critical current density. It can be seen that there is a strong positive
correlation betweehl* andJec. poH* rises from ~ 120 mT in samples that hdyér7 K, 0
T, 1uV/ecm) ~ 8 kA/cnd to over 200 mT in samples with ~ 23 kA/cn. This correlation
indicates that at least part of tde improvement caused by slow cooling is due to an
increase in the irreversibility field of portant components of the percolative current

path.

Figure 10-11 shows the extended data of the sam@.016°C/min sample shown
in Figure 10-8, after it had been doubly bentsi= 0.4% and then straightened. This
treatment reduced thep/cm critical current from 37.5 A to 13.9 A. The sample was
annealed at 400°C for 30 minutes prior to measurement to remove cold vemtss @ifthe
Ag cladding caused by the bendinggH* for this bent sample was 205 + 5 mT, which is
the same value (197 £ 5 mT) asterminedfor the undamaged sample of Figure 10-8.
Thus, although bending and cracking the sample reduced the critical current by H*60%,
was not affected. Thisipports the intergtation thatH* is measuring the intragranular,

flux pinning properties.
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Figure 10-12 shows high maguifition SEM backscatter micrographs of one
sample oil-quenched dictly from the reat treatment temperature 825°C, and of a
second sample cooled at 0.016°C/min to 782°C and then quenched. Figure 10-12a shows
the transverse microstructure of a filament from a sample quenched from 825°C. Small
pockets of a phase which appears white under battks imaging mode are visible
throughout the filament. Although in this case their composition could not be verified,
from experience (e.g. Figure 8-12) such white regions have a composition close to 2201,
and are Bi- and Pb-rich [33,187]. Based on their grattiag norphology, the regions
presumably are amorphous, frozen pockets of liquid. The liquid pockets were commonly
observed at the junctions between slightly misaligned 22#28lpts. Figurd0-12b shows
a sample which was slow cooled (0.016°C/min) to°@8@nd then quenched. Regions of
the white Bi,Pb-rich phase could not be found. However, this sample contained much
more 3221 and (Ca,SBbQ phase than the sample quenched from 825°C, and also had
regions that looked like 2212 phase, based on their atomic number contrastcatedndi
by the black arrows in Figure 10-12b. These micrographs suggest that the white liquid
phase present at 825°C transformed into cHystaBi,Pb-rich phases during the slow
cooling to 782°C, changing from what appears to beetiing phase (Figur&é0-12a) to

discrete point-like phases (bottom micrograph of Figure 10-3) in the process.

10.4 Discussion

The fact that slow cooling markedly pmovesJ., Tc, andH*, while at the same

time significantly degrading the microstructural quality, appears to violate one of the
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central paradigms of BSCCO tape development, namely that higher phase purity samples
have better supenaducting properties that those of lower phase purity. This presents an
apparent paradox which raises vital questions about the climgimig mechanisms of
2223 tapes. Here we discuss the flux pinning and exdivity contributions tal, again
emphasizing that only the measuremerlt éé certain. Because the supmrductor cross
section over whichwrrentactually flows is uncertain, the derivdg= I/A is also unsure,

and certainly underestimated.
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Figure 10-9. The irreverdity field, measured by theurrent transport method and by
magnetization, as a function of coolirefe. H* increased as the cooling
rate was decreased. The behavioringilar to that observedor the Jc
values shown in Figure 10-2.

10.4.1 Intragranular flux pinning

Clear evidence that the intragranular properties are improved during slow cooling
comes from the increasdd* values (Figures 7, 8, and 10), the increased in-field
retention (Figures 4 arg), and the improved. transition (Figure 6). In this chaptdr is

used as a measure of flux pinning. In the case of BSCCO we can expétt tmtld be
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increased by at least two independent means, one due to a lessening of anisotropy [12],
and the other due to an increase in the pinning center density.

A reduction in the anisotropy (i.eetter @upling between Cu-O planes) could be
caused by an optimization of tlexygen content of the 2223 phase during the cooling
cycle [188]. Although it is has been well documented thaflthed 2212 is very sensitive
to oxygen content [189,190,191], there have been relatively few reports on the
relationship between thke (andH*) and oxygen content of the 2223 phase. Brauer et al.
[192] have reported that decreasing the coolingater of Ag-clad
Bi1.7dP k. 345n sdCa.0LCWs. 000« tapes treated in aiirom a very high ate, obtained by
guenching, to ~ 0.5°C/min increased the ofigdtom 102 K to 108 K, and changed the
oxygen content from x = 10.05 to x = 10.28et@nhbaum and Maroni have also reported
that the oxygen content of the 2223 phase increases during cooling [193]. Additionally,
Ozdas and Firat have shown [171] that Theransition can be substantially sharpened,
and the onset changed by ~ 3 K, by post-annealing bulP BizSn sCaCup. 0« samples
for 12 hours at 750°C in atmospheres ranging from 1.5-11% They found that the
sharpest transition and maximum onkedf 109 K occurred in a 6.5%.0 These findings
are consistent with those reported here and in Chapter 9 [119], in th@t ¢aed J.)
improvements were obtained in samples cooled from 825°C to 730°C in 7,.8%0@tes
between 5°C/min and 0.005°C/min. Thus, in an analogy to the BSCCO-2212 system, it
may be that 2223 quickly cooled in 7.5% © underdoped with respt to oxygen.
Cooling slowly increases the oxygen content, which both increksasd reduces the

anisotropy. Both factors should cause an increab.in
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Figure 10-10.H* versus the 77 K, O T, @V/cm critical current density for the samples
whoseH* values are shown in Figure 10-9. Asincreased from ~ 8
kA/cm?’ to ~ 23 kA/cni as a result of slow coolingoH* was observed to
increase from ~ 120 mT to ~ 200 mT.

Another possible cause for the observed intragranular improvements could be that
there is a shift of the cation stoichiometry of 2223 phase due to the decomposition.
Although there are few reports in the literature for such aacgfHud&ova et al. [194]
have reported that the sharpness of Thdransition and of bulk BiyPhSr.CaCusOx

samples is a function of the Pb content, and found that @3 is the optimum
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composition. The decomposition of the 2223 phase during slow cooling results in the
formation of Bi,Pb-rich phases (Figure 10-3 and Figure 10-4), suggesting that the 2223
phase is preferentially rejecting Bi and @85]. A composition change caused by slow
cooling was confirmed by WDS analysis. As shown in Table 10-1, slowly cooled 2223
(0.05°C/min) contained less Pb than a more quickly cooled (5°C/min) sample. It is also
possible, though in our opinion unlikely (due to the large particle size), thaiti’the
improvements could be the result of an increased number of flux pinning centers caused
by decomposition by-products [160,196,197]. It seems more plausible that this
compositional change, which moves the 2223 composition away from stoichiometry
(Table 10-1), should cause atomic scakjon defects in the remaini@®23. Such fine

defects could act as effective pinning centers.
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Figure 10-11. ExtendeH-J characteristicgor the 0.018C/min sample of Figure 10-8
after it had been doubly bent t& = 0.4% and then straightened.
Although bending decreaséd(77 K, O T, 1uV/cm) from 37.5 A to 13.9
A, H* did not change, within the precision of the measurement, and
remained at ~ 200 mT.

Additional support for aation or anion adjustment mechanifmn the improved
intragranular properties is that cooling at 0@nin to 773C led to most but not all of
the Jc improvement of cooling to 73C (Figure 10-2). This indates that the

improvement in the superconducting properties does not occur abruptly, which suggests a
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gradual microstructural change consistent with diffusion of either oxygeations in the

2223 phase.

10.4.2 Intergranular connectivity

Although it is clear that cooling slowly improved the flux pinning, there is also
evidence that the cooling rate influences the electromagnaticectivity of the2223
filaments. The fact that both (77 K, O T) and especially. (4.2 K, 0 T) values were
improved by slow cooling (Figure 10-5 and Figure 10-6) suggests that the intergranular
connectivity, as well ag*, was improved by slow cooling. In thiscion, the possibld.
and microstructural effects of cooling rate on several of thenectivity limits listed
earlier is discussed.

The first two connectivitylimitations to consider are misaligned grains and
porosity. It does not seem likely that the 2223 alignment can be changed significantly
during the cooling cycle: Whether the alignment &edmined more by dermation-
induced [137] oreacton-induced texturing [82,84], the texture is fixed after gwction
heat treatment, andhsuld not be acted by even long times spent at lower temperatures.
Changes to the density of the filament during the cooling cycle are uncertain but are
unlikely [133]. Thus, we rule out significant eéfts of the cooling rate on these two
connectivity parameters.

The next connectivitylimit to consider is the edfct of cooling rate on the
microcrack density. The thermal expansion coefficients for the anisotropic BSCCO-2223

phase are not equal, being ~250° °C*in the c-directn, and ~ 1% 10° °C* in the a-
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and b-diections[198,199]. Since the thermal expansion coefficient of Ag lies between
these two values at ~ 2010° °C* [200], we might expct that the ceramic filaments
would be placed into compression along the a-taddections, and into tension in the c-
axis directionduring cooling. Rcently, Goretta et gl201] have used neutron diffction
to show that cores in Ag-clad tapes have residual stresses after cooling to room
temperature. They reported that the 2223 cores in tapes made with an unspecified cooling
rate wereunder an average tensile strain of 0.034%. Note that even nominally
compressive stresses could result in cracks, as 2223 tapes always have misaligned grains,
are multiphase, and are somewhat porous due to &be-lide 2223 grain growth and its
accompanying retrograde densificatj{@29,133]. Thermal stresses large enough to crack
the BSCCO would certainly degrade the critical current. It is possible that slow cooling
relaxes stress in the oxide filaments (by allowing time for creep of either the Ag and/or
BSCCO to occur), thus reducing microcracking and increasing the coreatwity,
thereby raisingc = |/A by increasing the effective cross senti However, cracks alone
should have no edtct on theH* (except when filaments are very inhomogeneous), a result
borne out in the comparison of the not bent and bent samplactéi@stics in Figurd0-8
and Figure 10-11. Thus, it seems that the changes observedih (fié K) as a function
of cooling rate can not solely be due to changes in the microcrack density of the filaments,

asH* is simultaneously changing.
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Figure 10-12. SEM backatter micrographs of quenched samples. (&pm a sample
quenched from 82&. Note the white Pb-rich regions. (b) is from a
sample cooled from 826 at 0.08C/min at then quenched from 7&2

Pb-rich pockets are no longer visible. Regions of 2212 phase asatedli
by the black arrows.
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The final connectivitylimit to consider is that posed by purity or "second"
phases within the 2223 microstructure. As shown in Figure 10-3 and Figure 10-4, slow
cooling decreases the 2223 phase purity, causing the formation of second phase particles
large enough to locally block a significantaétion of the filament thickness. Thus,
reducing the volume fraction of smwl phase cannot be the reason for the obsekved
benefits of slow cooling. However, it is possible that changes in the microstructure at a
smaller scale could be responsible for the improlseehlues. Since the formation of the
2223 phase involves a liquid [40,43,45,46,47,50,51,62,97,145,146,147,202], it is plausible
that small quantities of a wetting liquid remain spread over many b@indaries or
particle surfaces, even in an essentially fulpnwerted tape. Such liquid regions may
result from inevitable localized chemical inhomogeneities. Thdlybe difficult to
convert into the 2223 phase, if there is no interesied fast-mass-transfer liquid path,
because solid statefidision in BSCCO is slow. Figure 10-12a suggests that these liquid
pockets may be frozen ingae, producing significant local interruptions to the current
path when samples are quickly cooled. Thus the improvemeit(@specially at 4.2 K
and in low magnetic fields) could be due to crystallization of suctetiang liquid into
non-wetting, discrete precipitates like those shown in the bottom micrograph of Figure 10-
3. More evidence of this change comes from the XRidepns of Figurd.0-4, where it is
shown that cooling slowly reduces the amount of the 2201 phase, which presumably forms
from the Bi,Pb-rich pockets (Figure 10-12a) upon cooling. Even if this liquid is not able to

form 2223 phasedrause it does not have theper composition (such regions may be
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Table 10-1. WDS analysis of the cation composition of fast and slow cooled 2223.

Sample Condition Bi Pb Sr Ca CJ Comments
Nominal powder composition 1.74 0.29 1.84 194 3]J00 measured by ICP
Fast cooled &/min 2.02] 0.38| 195 199 3.00 few Bi,Pb-riclh

phase particles

Slow cooled 0.08C/min 1.99| 0.35| 1.94| 197 3.00 more Bi,Pb-righ
second phase

too Bi,Pb-rich [33,168,203,204]), changing from attmg, anorphous to a non-giting,
crystalline phase should still increase the density of percolative current paths.

There are supportingathafor this liquid phas/connectivity effect in the literature.
Several authors have observed amorphous regions or layers in TEM studies
[87,102,203,205,206]. For example, Li et al. [205] found amorphous layers at c-axis twist
boundaries in 2223 tapes, and concluded that current must flow primarily through low-
angle a-b axis grain boundaries (that were free of such layers), as it would be difficult for
current to pass in the c-detion hrough these amorphous, insulating layers. Yan et al.
[203], Wang et al. [87], and Luo et al. [206], have also reported the existence of
amorphous regions on 2223 grain boundaries, particularly within the "triangular regions”
found at 2223 graineicets or high angleoundaries. Holesinger et al. [204] haeeantly
reported alc increase in 2223 samples for which @, was changed during the final
heat treatmenfrom a low (~ 7.5% @) to a highempQ; (air). They report the appearance
of Bi,Pb-rich impurity phases in such samples, consistent with the lergsian of a
Bi,Pb-rich liquid or amorphous phase. The relevance of #tisrl experiment to the

present discussion is that the change to a higbBereduces the effective temperature of
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the 2223 kat treatmenf33,111,114], making the phase changaslar to those obtained
by cooling slowly in a fixed 7.5% £atmosphere.

This microstructural mechanism is also consistent the results presented in Chapter
9, where thelc and thel, transition sharpness wasgtly inproved in slowly cooled tapes
that still contained large amnts of precursor 2212. Such samples contain large amounts
of the liquid associated with tH#223 transformation. Clearing the 2223 grain boundaries
of this liquid should also gatly inprove the conectivity of the2223 network, resulting in
more effective magnetization screening currents, thus sharpenifigttagasition.

As evidenced by this discussion, it seems it is not possikdetribute all of the
effects that the cooling rate has on the suptacting properties of 2223 tapes to just
one mechanism. It seems clear that decreasing the cooling rate leagsoteements in
both the connectivityand the flux pinning properties of the 2223 filaments. It is possible
to rationalize all of data in Chapters 9 and 10 by concluding that two major changes occur
in BSCCO-2223 filaments during slow cooling: 1) eeive cross section (i.e. the size of
the percolative path) is increased by a reduction of amorphous phase at grain boundaries,

and 2) that the flux pinning of the percolative path is increased by slow cooling.

10.5 Summary

Both the connectivity and flux pinning of Ag-clé2223 tapes are improved by
slowly cooling after the final 2223 formatioe#t treatment. An increaseda(77 K, 0 T)
from ~ 8 to ~ 24 kA/crhwas observed when the cooling rate780°C was decreased

from 5°C to 0.005°C/min. Aimilar trend was observed in samples measured2aK. In
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addition to this increase in the zero fidlg slow cooling increased the 77 K irreversibility
field from ~ 120 to ~ 200 mT, decreased the sensitivity. b an applied magnetic field,
and also sharpened thgtransition and increased the onset from ~ 107 to ~ 109 K. An
overall increase in the second phase content (especially Bi,Pb-rich phases) was observed
in slowly cooled tapes, which may have formed from the diigstiion of a Bi,Rb-rich
liquid found between 2223 grains, and/or by slowly cooling outside of the 222&ystab
temperature range. Additionally, the Pb content of the 2223 phase was decreased by slow
cooling. It is concluded that the improved superconducting properties result from a
change in the oxygen content andbation stoichiometry of th&223 phase, which
increases botf; and the irreversibility field, and a reduction of anoapmous phase at

the 2223 grain boundaries, which improves the intergranular connectivity.
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11. Review and conc lusions

The experiments described in this dissertation were designed to heipvdiete
the complex interplay of materigisocessing and. limitations of BSCC@223 tapes. To
this end, many analysigechniques were used to study several importanécaspof
thermomechanical processing.

The role that deformation plays in increasing the density and intergranular
connectivity of the supeomducting core was discussed in Chapters 5 and 6. The
microhardness of the 2223 filament was used as aafiadi measure of the density, and
it was found that in general, there is a strong correlation between the hardness of a
filament andl),, as summarized in Figure 11-1. It was also found that uniaxial pressing is
more effective than fiing at densifing the BSCCO core (Fige2), and that this density
difference is one of the reasons why pressed tapes typically have higredues than
rolled tapes. However, it seems that at some point in the iterative deformation/heat
treatment cycleporosityceases to be the dominawhoectivity andlc-limiting factor. As

cracks were observed by SEM in samples that had already been given several heat
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Figure 11-1. Summary plot &k (77 K, O T) as a function of the afteedt treatment
Vickers microhardness of the BSCCO core of monofilament samples. The
correlation is strong for many different composites.

treatments, it was postulated that an explicit k#taealing process step was required. The
method chosen to implement this step was by control of the liquid phaseatesacih
the precursor powder-to-2223 conversion process.

To prove both the existence and the strdn@fluence of residual deformation-
induced microcracks, magneto-optical imaging was used as described in Chapter 7 to

reveal the 2223 filament coeativity. As shown in Figur@-2 and Figure 7-3, both the
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existence and the orientation of the cracks with respect to the directiarr@ficflow are
important features; cracks that run transverse to the tape axis are more detrim&ntal to
than cracks which run parallel to the tape axis arettion of arrent flow. Figure 11-2
shows MO images which convey the main result of this studgaBse of indficient
crack-healing liquid, it is easy to leave behind deformation-induced microcracks in tapes
even after final heat treatments 60-200 hours. Since the principal microcrack
orientation is determined by thefdemationtechnique, as discussed in Secto.3, this

is another reason why rolled tapes in general perform more poorly than pressed tapes.
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Pressed HT3
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cracks
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Rolled HT3
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transverse
cracks

Figure 11-2. Plan view magneto-optical images of pressed and rolled 2223 tapes. The
images were recorded dat= 13 K andpyoH = 40 mT after zero field
cooling. Magnetic flux penetrates into defects whigh parallel to the
direction of arrent flow in pressed samples, and in the transverse
direction in rolled samples.

Since control of a liquid phase which could heal cracks seemed so important,
processing methods intended to lendager control over the presence of a liquid phase
were developed. These experiments were described in Chapter 8. It was found that
decomposing a fully converted 2223 core in oxygen (or nitrogen) would lead to the re-
formation of 2212 and various second phases, as shown in the micrographs of Figure 11-3.
As these phases are essentially the same as those which occur “naturally” during

processing, they should form a liquid phase when theyeaeted back to th2223 phase
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Figure 11-3. SEM backstter micrographs d¥223 samples (top) before and (bottom)
after decomposition in 100%20 The 2223 phase decomposed into 2212
(light needles), alkaline earth cuprates (kjJa@and Pb-rich second phases

(gray equiaxed patrticles).

in 7.5% Q. However, despite much effort, largk gains caused by connectivity
improvements were not regularly achieved. Studies of natural and decomposed phase
mixtures by SEM, XRD, and DTA revealed that the phase assemblage achieved through
decomposition was not quite the same as that in precursor powders. Moreover, such
partially back-reacted mixtures did not seeorm a liquid when bated. Those results

were shown in Figure 8-2indFigure 8-21.
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The final two chapters of the dissertation described the large effect that the post-
heat treatment cooling rate has on the microstruciyrandT. of 2223 tapes. In Chapter
9 it was shown that cooling slowly caused decomposition of the 2223 phase, but at the
same time improved. (77 K, 0 T) and the sharpness of fhetransition. Figure 11-4
shows an example of the observed behavior on pressed monofilament samples. A more
detailed microstructural and superconducting property analysis of thest effas
described in Chapter 10. Measurements of the exten@etrielfield-arrent density
characteristics of samples cooled at different rates fasaion of magnetic field were
used to determine the irreveiilp field, H*, of the percolative current path. It was
found that one of the reasons why slow cooling impraleis that the flux pinning is
improved during the slow cooling cycle, as summarized in the plét*ofersusJc in
Figure 11-5. However, thadt that cooling slowly iproved the zero field. values at
both 77 K and 4.2 K, as well as the in-figidretenton, indcated that an increase in the
intergranular connectivity was also ocdng. Analysis by SEM and XRD revealed that
small pockets of a Pb- and Bi-rich liquid existed at the heat treatment temperature at the
grain boundaries in some regions of the samples. It was concluded from the
microstructural evidence that these grain-wetting liquid regions dizestiato non-wetting
second phase particles during slow cooling. Removal of this insulating layer from between
the 2223 grain boundaries resulted in an overall improvement in the intergranular

connectivity, despite the isolated growth of large second phase patrticles.
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Figure 11-4. An example of th& and Jc improvements observed in samples cooled
slowly after heat treatmentCooling slowly sharpened thg& transition
and increased. by about 50%. Composite UWBA41.

It can be concluded from these experiments thatJthef a 2223 tape can be
determined first by any of severabrmectivitydimiting factors, and in the end by the
intragranular flux pinning. At the early stages of thermomechanical processing, a low
volume fraction of the2223 phase is the primadg limitation. As the phase purity is
increased by furtherdat treatment, thporosity within the cordimits the onnectivity

andJc. This porosity can be reduced by mechanically deforming the sample between heat
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treatments. However, ttlgming the sample when the 2223 phase purity is high, and is
thus with little liquid-formation capacity, leaves residual microcracks throughout the tape.
At this point the connectivity iimited by microcracking. Elimination of microcracks
should increasd., but the connectivity can then himited by small quantities of liquid
phase that wet the 2223 grains, inhibiting supercurrent transport. Slow cooling can
increase the connectivity byliminating these liquid regions, crystallizing them into Pb-
rich second phase particles. When this emtimity limit is removed,Jc becomes limited
by the intragranular flux pinning (at least at 77 K). Improvements in the irreligrsib
field, which were used in this dissertation as a measure of flux pinning strength of the tape,
is required to increas& at this point. Slow cooling is also effective at increasing the
irreversibility field, probably by both reducing the anisotropy, and by introducing pinning

defects into the crystal structure via decomposition of the 2223 phase.
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different rates. Botldc andH* were increased by slow cooling.
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