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ABSTRACT 

In order to optimise the critical current density J,, of conductors based on high- 

temperature superconducting (HTSC) materials, we must understand the dissipation 

mechanisms dominating these systems under various conditions. We have used a 

pulsed current transport rig to investigate the critical current densities J, 's and 
dissipation in HTSC Ag-sheathed tapes incorporating the TI-1223 and BSCCO-2223 

phases. We have also made magnetic studies of the critical current densities in these 

conductors using a vibrating sample magnetometer. We show how transport and 

magnetisation measurements complement each other in the identification and analysis 

of the dissipation mechanisms that limit Jc. 

Transport and magnetic data are presented on BSCCO-2223/Ag tapes prepared 

under identical conditions but with different superconducting core thickness. This 

analysis highlights both the non-uniform nature of current flow across the thickness of 

these conductors and the importance of the BSCCO/Ag interface in the formation of 

well-aligned single phase material necessary for high J,. 's. 

Transport data are also presented on three TI-1223/Ag tapes. Two were 

fabricated using in situ reaction and the third was prepared using a melt-processing 

technique. Although their low field J,, performance is limited by grain boundary 

"weak-links", there is a plateau region in their J, (B) characteristics at high fields. In 

this plateau region, the melt-Processed tape shows a transport Jc that is enhanced 

significantly over that of the in situ processed tapes. We discuss possible explanations 
for this and address the nature of the current paths that survive in TI-based conductors 

at high magnetic fields. Encouragingly, magnetic studies of the in situ and melt- 

processed tapes show that the intragranular pinning is strong enough to suggest that 

any further improvements in tape microstructure will have a major impact on TI-1223 

conductor technology. 
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Chapter 1 

A Review of Conventional 
Superconductivity 

The field of low-temperature physics was started in 1908, when Kamerlingh Onnes 

succeeded in constructing a cryogenic refrigerator that could attain the temperature at 

which helium liquefies: 4.2 K. He studied the variation of the electrical resistance of 

metals with temperature, in this newly attainable low-temperature range. Then, in 

1911, he found that below 4.14 K the DC resistance of pure mercury dropped to zero. I 

With that finding the field of superconductivity was born. Indeed, Onnes recognised 

that the mercury had passed into a new state called the "superconducting state", where 

the electrical properties are very different from those previously known. 

In the subsequent 60 years, about half the metallic elements were found to be 

superconducting at low temperatures. Of the elements, niobium has the highest 

transition temperature, Tc = 9.25 K. Furthermore, there are certain niobium alloys that 

remain superconducting up to 10-23 K. For example, Nb3Ge has Tc of about 23 K. 

A second important property of superconductors was discovered in 1933. 

When cooled below T,, in a weak magnetic field, a superconductor becomes a perfect 
diamagnet, cancelling all flux in its interior. This is known as the Meissner effect .2 It 

implies that when a superconductor is placed in a magnetic field, persistent screening 

currents develop on the surface, which in turn give rise to magnetic fields that exactly 

cancel the flux density inside. Moreover, at any given temperature below Tc, there is a 

critical field, H, (7), above which the Meissner effect can be overcome and 

superconductivity destroyed. Thus, superconductivity is characterised by both perfect 

conductivity and perfect diamagnetism. 

In 1935, F. and H. London formulated their phenomenological London 

theorY3 in an attempt to explain macroscopic superconducting properties. The theory 

predicted that a magnetic field would decay exponentially into a superconductor over 

a mean distance AL, called the London penetration depth. Furthermore, it provided a 

simplified picture of the Meissner effect: screening currents flow close to the surface 
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within a region AL. shielding the interior of the superconductor from the external 

magnetic field. The value predicted for the penetration depth at zero temperature, 

AL(O), in elemental superconductors is less than I ýtm. Unfortunately, experimental 

measurements of the penetration depth in elemental superconductors tended to yield 

penetration depths larger than the London prediction. This discrepancy highlighted the 

limitations of the London theory, which had attempted to explain superconductivity 
from a classical viewpoint. 

A major theoretical step forward came in 1950. Ginzburg and Landau 

proposed an alternative theory to the London theory, which used quantum mechanics 
to analyse the behaviour of superconductors in a magnetic field. 4 One of the main 

assumptions of this new theory was that the behaviour of the superconducting 

electrons could be described through the introduction of a complex pseudo-wave 
function V known as the order parameter. The significance of this was that the local 

density of superconducting electrons n,, was hypothesised to be related to V: n, =I VA 2. 

Other major contributions of the theory were the prediction of a temperature 

dependent penetration depth A(7) and the introduction of another important 

characteristic length scale called the coherence length ý. The latter is the length scale 

over which the superconducting order parameter can change without a substantial 
increase in energy. 

The ratio of the two characteristic length scales A and ý, is known as the 

Ginzburg-Landau parameter. This parameter is important because it is used to 

categorise superconductors into either type-I or type-11: 

Ginzburg-Landau parameter, 

<1 type-1, V-2- 

Ic > type-11. 
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Elemental superconductors have typical values for A and ý of - 50 nm and - 400 nm 

respectively. Clearly, for these materials ýc < 11V_2 meaning that they are type-I 

superconductors. Indeed, all pure samples of the superconducting elements, with the 

exception of niobium, are type-I. In contrast, for the high temperature 

superconductors (HTSCs) discussed in later chapters ic - 100, hence they are 
described as extreme type-II superconductors. 

The two ranges of ic correspond to a positive and a negative surface energy 

associated with the presence of a normal/superconductor interface. Type-I 

superconductors have a positive surface energy and will minimise the surface area of 

the interface by expelling as much flux as possible up to H, (T). Type-II 

superconductors on the other hand, have negative surface energies. In this regime, it is 

energetically favourable to have the maximum number of normal/superconductor 
interfaces possible. The material achieves this by admitting quantised vortices of 

magnetic flux into its otherwise superconducting (diamagnetic) interior; this is known 

as the Vortex State. 

Flux vortices have quasi-normal cores of radius - ý. A vortex of persistent 

current circulates around each core over a radius - A, generating a quantum of flux 

(Do = h/2e, that lies parallel to the applied magnetic field. In the Vortex State, the 
5 

vortices repel each other because of vortex-vortex interactions. Barring any pinning 

sites and anisotropy, the net repulsion energy is minimised when the vortex 

distribution is that of a close-packed hexagonal array. This state is called the vortex or 

flux lattice. 

Figure I compares the magnetic phase diagram of a type-I superconductor 

with that of a type-II superconductor. The type-I material excludes all magnetic flux 

., 
then from its interior when the applied magnetic field H<H,, (critical field). If H>H, 

flux penetrates the entire sample and destroys the superconductivity. Type-11 

superconductors expel all magnetic flux when H< Hcl(T) (lower critical field). 

However, flux penetration first occurs at HC I (T) and for Hc I<H< HC2 (upper critical 

field) the type-11 material is in the vortex or mixed state; when the applied magnetic 

field reaches HC2(T), the sample is driven into the normal state. 
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Figure 1.1. Illustration of the magnetic behaviour of type-I and type-II superconductors. 

Alloying a pure type-I superconductor often transforms it into a type-II 

material because it reduces the size of the coherence length. For type-11 

superconductors, the upper critical field, HC2 - (DO/27c ý 2, where (Do is the fluxoid 

quantum; note that this does not take account of the observed anisotropy in ý for the 

HTSCs. The coherence length in the HTSCs is typically -I mn. For a NbTi alloy 
(low temperature type-11 superconductor) on the other hand, the typical value is 

ý-5 nm. The fluxoid quantum (Do = 2.0678 x 10-15 Webers, which leads to 

theoretical upper critical fields of ýtoHC2 - 400 T and - 15 T for the HTSCs and the 

NbTi alloy respectively. Thus, an important consequence of the very small coherence 

lengths found in HTSCs, is that they are able to sustain superconductivity up to much 

higher fields than can type-I and low temperature type-II materials. 
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Chapter 2 

Basic Properties of High 
Te perature Superconductors 

One of the great attractions of developing practical HTSCs is their ability to operate at 
77 K, the temperature at which nitrogen liquefies. Indeed, many of the applications of 
superconductivity considered too expensive to operate at liquid helium temperatures 

might become cost effective if operated at 77 K. This is because the cost of 

refrigeration goes down by a factor of - 100. 

Unfortunately, the HTSCs have a number of important drawbacks. For one 
thing, they have fairly complicated structures compared to that of the conventional 

metallic superconductors. In particular, they are highly anisotropic compounds due to 

the existence and stacking Of CU02 planes in their crystallographic structure. This 

structural anisotropy is reflected in the anisotropic physical properties of these 

materials. Granularity is another characteristic of the HTSCs. This leads to "weak- 

link" behaviour, a phenomenon that reduces the critical current density and causes it 

to drop rapidly in the presence of small magnetic fields. Yet another major drawback 

is their inability to effectively pin magnetic flux. At high temperatures and high 

magnetic fields, flux lines can move around, thus dissipating energy, and reducing the 

overall current carrying capabilities of the material. 

HTSCs will have far fewer practical applications than was originally expected 

unless a solution to all of these problems is found. Moreover, industrial applications 

require a high transport current in the presence of applied magnetic fields. The 

purpose of this chapter is to introduce the reader to the essential concepts of structure, 

"weak-link" behaviour and flux pinning in HTSCs. In later chapters, we return to 

these subjects to discuss novel efforts that have been made in an attempt to overcome 

the problems that impede the current carrying capacity of these materials. 
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2.1. Discovery and Basic Structure 

In 1973, Nb3Ge was found to have a superconducting transition temperature Tc 

of 23 K. It was the highest Tc known at the time and many researchers believed with 
some theoretical justification that this could not be improved upon significantly. In 

spite of this, came a major breakthrough in 1986 when J. G. Bednorz and K. A. 
Miffler found the first indication of superconductivity above 30 K in the LaBaCuO 
family of cuprates (Cu oxides). ' For example, La2BaCU04has a Tc of about 35 K. 

Another important feature of these brittle ceramic materials is theCU02planes 

that form part of their layered crystal structure. Because there was widespread 

agreement that superconductivity took place within these planes, researchers began a 
frenetic search for other materials with similar properties. Then, in 1987, came the 
discovery that theCU02planar material YBa2CU307-, 5(YBCO) went superconducting 

at 92 K. 2,3 In addition, it soon became apparent that many rare earths (RE) could be 

substituted for the yttrium. with little effect on Tc. Consequently, the formula is often 

written as (RE), Ba2CU307, to emphasize the interchangeability of yttriurn with other 

rare earths. 
An important feature of the unit cell of YBCO is the presence of two 

immediately adjacent CU02 layers, separated by an yttrium plane that contains a 

single yttrium atom and no oxygens. Three metal-O isolation planes in the extended 

crystallographic structure of this material (Figure 2.1a) separate these CU02 

multilayers. Missing oxygens are believed to play an extremely important role in 

YBCO. The subscript 5 in its formula indicates the fraction of conventionally 

expected oxygens that are missing. Indeed, when 8=0.15, T, maximizes near 92 K, 

4 
whereas superconductivity disappears for 6>0.65 . 

Further advance came in 1988 with the discovery of the Bismuth based family 

of superconducting materials represented by the formula Bi2Sr2Ca, 
-ICUnO2n+4 

(BSCCO). 5,6 Each unit cell contains n immediately adjacent CU02 sheets, each 

separated by a sparsely occupied plane of Ca atoms. Furthermore, there are varying 

numbers of BiO and SrO isolation layers within each unit cell according to the 

particular phase. Figure 2.1 shows a schematic of the unit cell and extended 

crystallographic structure of BSCCO-2223 (n = 3, Tc - 110 K). Four isolation planes, 

two BiO and two SrO, separate theCU02multilayers in this phase. 
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d 
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Figure 2.1. Simple layering schemes that represent the structure of the high temperature 

superconductors (a) Yba2CU307, (b) TI-1223 and c) BSCCO-2223. TheCU02 layers, also referred 

to as ab-planes, are all arranged perpendicular to the crystallographic c-axis as indicated by the 

axes shown. CU02multilayers are enclosed in the small inner boxes (broken line), while the layers 

that make up a unit cell are contained within the larger boxes (solid line). The distance d between 

theCU02multilayers is different for the three materials, as shown in Table 2.1. 
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7 Also discovered in 1988 was the thallium-based series of Cu oxides. Here the 
general formula is TIBa2Ca, 

-ICUnO2n+3. Although they have higher T,, 's than their 
bismuth counterparts, similar structural features are observed within the two 
materials. Tl- 1223 (n = 3, T, - 115 K) has the same planar structure as BSCCO-2223 

but with the BiO and SrO layers replaced by TIO and BaO layers respectively. 
However, it is important to note that the distance d between theCU02multilayers in 
TI-1223 is shorter than it is in the BSCCO-2223 phase, because there are only three 
isolation layers in former but four in the latter (Figure 2.1, Table 2.1). 8 As discussed 
later in this chapter, a smaller d leads to stronger coupling between the multilayers 

and consequently enhanced flux pinning. This in turn has important implications for a 

conductor's current carrying capacity. 

Formula T, (K) n d(nm) Notation 

YBa2CU307 92 2 -1.2 YBCO 

Bi2Sr2CaCu2O8 85 2 -3 BSCCO-2212 

Bi2Sr2Ca2CU3010 110 3 -3.6 BSCCO-2223 

T12Ba2CaCU208 108 2 -3 TI-2212 

TIBa2Ca2CU309 110 3 - 1.5 TI- 1223 

T12Ba2Ca2Cu3OjO 125 3 -3.6 TI-2223 

Hg, Ba2Ca2CU308 135 3 -1.6 Hg-1223 

Table 2.1. Various important high temperature superconductors. n indicates the number of 

immediately adjacent CU02 planes in the unit cell. d denotes the distance between each CU02 
8 

multilayer in the extended crystallographic structure. Values quoted for T,, are approximate as this 

can vary with preparation conditions. 
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The downside to a comparatively short spacing between theCU02multilayers 
in TI-1223 is that makes it difficult to use this material for fabricating tape conductors 
that have good grain alignment. Conversely, for BSCCO, the property that makes this 
material discouraging from a flux pinning point of view is simultaneously 
encouraging for tape fabrication. Indeed, the crystal lattice shears easily along the BiO 

planes as a direct result of the larger d. Consequently, as described in Chapter 3, 
BSCCO has been used successfully to make long lengths of tape conductor with 
excellent granular alignment. 

Another interesting series of superconducting compounds is mercury-based 
Hg, Ba2CanCu,, 102n+4 (HBCCO). The HBCCO-1223 phase has a superconducting 

transition temperature of - 135 K. 9 

Although the range of HTSC compounds is large, most belong to the four 

main systems that we have discussed above. 

2.2. Anisotropy 

As we have already mentioned, an anisotropic CU02 planar structure is 

common to all HTSCs. Their structural anisotropy translates to severe anisotropy of 

their electronic properties. This poses an important question: do the observed 

properties of the material or vortex lattice have three-dimensional or perhaps two- 

dimensional character? 

The Ginzburg Landau theory has been extended to cover anisotropic 

superconductors. This was achieved by replacing the effective electron mass with an 

effective mass tensor, with principal value m, for the mass in the c-direction and mab 

for the mass in the ab- planes. 10,11,12 It is defined as 

F 

-Mc 

ýab 

ýMacb =c. (2.1) 

Here 4b and ýý represent the coherence length in the ab-planes and the c-direction 

respectively. 
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For the case of BSCCO-2223, y is estimated to be greater than 150.13 In 
contrast, the anisotropy ratio is only - 40 for TI-1223.14,15 Smaller still is that obtained 
for YBCO 16 where y-5. The relatively high anisotropy of the thallium and bismuth 

phases indicate that confinement of superconductivity to the CU02 planes in these 

materials is very pronounced. 

2.3. ""Weak-Links "" 

2.3.1. Josephson Tunneling 

Consider two superconducting grains separated by a region such as an oxide 
barrier where the order parameter is suppressed. Tunneling of electron pairs from one 

grain to the other can occur as a result of the spread of the electron pair wave 
functions through the barrier. Two superconductors weakly coupled in this manner are 

said to form a Josephson junction. 17 In addition, the coupling between them is 

described as a "weak-link" because the total current is set by the resistance of the 

grain boundary barrier. 

The two basic equations for a tunneling supercurrent are 

J=J. sin ýp, (2.2) 

2eV=h 
d (p (2.3) 
dt 

We do not attempt to derive these relations here but will introduce the main ideas 

behind them; Feynman gives a simple derivation of these equations. 18 Equation 2.2 

describes how the modulation of the transport current J across the grain boundary is 

related to phase difference ýo of the electron-pair wave function on the two sides. We 

can see from Equation 2.3 that the phase difference is constant for zero applieO 

voltage. Thus, a maximum DC critical current Jc may flow across the junction at zero 

voltage and without dissipation. This is the DC Josephson effect. The magnitude of JC 

depends on the barrier thickness compared to the coherence length. If the thickness of 
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the grain boundary is comparable with, or greater than, the coherence length then the 
limiting current through the "weak-link" is reduced. 

If on the other hand, a DC voltage V is applied across the junction, then this 

will cause ýp to change with time. Since the applied voltage is a constant, Equation 2.3 

can be integrated directly to give 

2e 
ýo (P 0+- h (2.4) 

Thus, the current through the junction will be varying with time, with a frequency that 

is proportional to the voltage: co = 2e Ph. This is known as the AC Josephson effect. 

2.3.2. Networks of Josephson Junction Grain Boundaries 

We can best understand "weak-link" behaviour by modeling a HTSC as a 

network of grain boundary Josephson junctions. As we shall see in later Chapters, the 

critical current density in HTSCs can be severely suppressed in low magnetic fields. 

Thus, the response of the junction array to applied magnetic fields is of great interest. 

The critical current Jc of a Josephson junction in a magnetic field parallel to 

the plane of the junction is itself a periodic function of the strength of the magnetic 
field, being a minimum when the magnetic flux passing through the junction equals 

an integral number of flux quanta. Indeed, it has been shown that diffraction patterns 

of the critical current density Jc as a function of magnetic field occur for all types of 

grain boundary Josephson barriers; 19 these patterns are similar to those observed in 

optics for multislit diffraction. The shape of the barrier determines the specific form 

of the diffraction pattern. For an array of junctions that all have the same separation 

between them, the Fraunhofer pattern holds. However, if the grains are oriented 

randomly in a magnetic field the pattern may be closer to the Airy type: 19,20 

Jc (B) = Jco 
J, (irB / BO) 

; rB / 2BO 
(2.5) 
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where JI is the first order Bessel function. The principal difference between the two 
diffraction patterns is the field dependence of their envelopes. For the Airy pattern it 
is B -3/2 in contrast to B-1 for the Fraunhofer pattern. 

In reality, HTSCs are highly inhomogeneous materials consisting of a large 

array of grains and grain sizes through which a transport current can flow. The effect 
of this ensemble of junctions and junction strengths is to superimpose many curves of 
the form of Equation 2.5, each having different BO. Also, the transport Jc has a power 
law dependence 

Jc oc B-v, (2.6) 

that is characteristic of the averaged diffraction pattern. The field dependence of the 

weakest links controlling the network J,, characterises the J,, (B) for the network of 
barriers. Thus, the exponent v is determined by the dominant junction geometry. 

A non-unifonn J,, distribution distorts the diffraction pattern. As the coupling 
becomes less uniform, the power law envelope function changes and this is reflected 
in a decrease of the value of the exponent v. 

Previous studies of the low field dependence of J,, for a wide range of bulk 

sintered YBCO show that it varies as B -3/2 . This is consistent with the field 

dependence of the envelope based on the Airy pattern and was the reason why 

Peterson and Ekin suggested that this pattern should more properly characterise grain 

boundary barriers expected in the granular HTSCs. In addition, early studies of bulk 

sintered bismuth- and thallium-based superconductors demonstrated that their low 

field transport J,, decreased with an approximate B -312dependence. 21 

2.3.3. Grain Boundary "Weak-Link" Behaviour in HTSCs 

The coherence length in HTSCs is extremely small, typically 0.3-3 nm, which 

means that extremely thin barriers at grain boundaries lead to regions of suppressed 

order parameter and inevitably "weak-link" behaviour. Current flow through grain 

boundaries can be impeded by secondary phases, deviations from normal chemistry 

such as variations in oxygen concentration, granular misalignment (small contact 

surface between grains) and microcracking. 
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It is well known that the linear current-voltage characteristics (Chapter 7) 

obtained in YBCO reveal characteristic fundamental "weak-link" behaviour and that 

this phase can be treated as a network of grain boundary Josephson junctions. 22,23 

Oxygen concentration variation across grain boundaries has been suggested as one 
important factor leading to "weak-links" in yBCO. 24,25This is not suprising because 

as we mentioned before, small changes in 15 result in measurable changes in the 

macroscopic superconducting properties of this material. A lot less is known about the 

sensitivity of the thallium. - and bismuth-based materials to oxygen concentration. 
However, some sensitivity to oxygen stoichiometry appears to be a general feature of 

the HTSCS. 26 

2.3.4. The Importance of Granular Alignment 

We have already seen that the HTSCs are anisotropic materials with 

superconductivity almost confined to theCU02 planes. This is one of the reasons why 

most high angle grain boundaries act as Josephson junction barriers, and are therefore 

likely to control the macroscopic Jc(B) characteristics of polycrystalline samples. 

Thus, it is extremely important that a great deal of effort should be devoted to 

achieving a high degree of granular texturing in bulk HTSC materials by aligning the 

c-axes and ab-axes of the grains within. 

The importance of good grain texture is highlighted by transport current 

studies of artificially grown grain boundaries in YBCO 27 and TI-1223 films, 28,29 

which indicate a transition from strong coupling to "weak-link" properties at angles of 

about 10- 15'. It has also been shown that the degree of texturing in BSCCO-2223/Ag 

tapes (Chapter 4) plays a crucial role in determining their current carrying capacity 30 

and that the pinning ability is the determining factor of Jc when the grain 

misaligm-nent angle is less than - loo. 3 1 Even in the relatively less anisotropic YBCO, 

where the impact of anisotropy might be expected to less severe than in the other 

HTSCs, it has been shown that granular alignment significantly reduces the "weak- 

link" problems found in unaligned polycrystalline samples. 32 
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It is important to note that at least some high angle grain boundaries in HTSCs 
have been found to be strongly coupled. 33,34 In spite of this, the consensus is that the 
problems of "weak-links" can be mitigated, and thus the J, (B) performance improved, 

through enhanced granular alignment. 

2.4. Flux Pinning 

When a transport current is passed through a HTSC that is in the Vortex State, 

there will be a Lorentz force on the vortices in the JxH direction. Unless the vortices 

are strongly pinned they move and induce an electric field parallel to J, which absorbs 

energy from the circuit and appears as a resistance. At high temperatures, it becomes 

even harder for the material to pin magnetic flux. This is because thermal activation of 
flux motion becomes important as a result of the vortices having additional thermal 

energy kT. Flux pinning is therefore vital if HTSCs are to be useful for high current 

applications with low dissipation. 

Pinning is a mechanism for resisting flux motion within a superconductor. It 

may arise from spatial inhomogeneities of the superconducting material such as 

secondary phases, voids, dislocations, twin planes, grain boundaries and artificially 
induced defects such as columnar pins from irradiation. Vortex pinning sites may also 

include oxygen vacancies and other atomic disorder since the coherence length is so 

small in HTSCs (- 0.3-3 nm). However, the small coherence length leads to relatively 

low pinning energies compared with the low temperature superconductors. 

Pinning occurs at these sites because the superconductivity is locally depressed 

there, thus offering a lower energy position for the normal vortex core. A deep 

potential well with high pinning energy Ueff ensures that neither the Lorentz force nor 

the thermal energy kT will be able to move the vortex. 
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2.4.1. Equation for Thermally Activated Flux Motion 

The electric field E that arises from thermally activated flux motion is related 
to the current density J through the equation 

E= Bvoexp[- 
Ueff(J, B, T) 

kT 
(2.7) 

where yý is the characteristic velocity of the vortex system and UefKJ, B, 7) the 

potential energy barrier that may depend on the current density J, the magnetic field B 

and temperature T. 35 

2.4.2. The Irreversibility Line 

The Equilibrium State for the vortex distribution in a pure sample is that of an 

extended regular hexagonal lattice, i. e. a macroscopically homogeneous flux density. 

However, impure samples contain random pinning centers that do not allow the 

vortices to move freely. This makes it is difficult for the vortex configuration to 

achieve its equilibrium state and consequently the magnetisation curve becomes 

hysteretic. 

Figure 2.2 shows a typical hysteretic magnetisation curve for a HTSC. Often, 

there is a well defined 'irreversibility field' Hj, (strictly, Bi, ) above which the 

hysteresis loop collapses on to a single reversible curve. Below Hi, flux vortices are 

pinned and the magnetisation is irreversible. Above Hj, pinning disappears, the flux 

lines move easily, and equivalently, the magnetisation becomes reversible. 

At any given temperature, we can acquire a magnetisation loop and along with 

it a value of Hi, (7-). We then assemble each of these points to form an irreversibility 

line as a function of temperature in the H-T plane. It follows that the sample displays 

reversible magnetic behaviour above and to the right of the line but irreversible 

magnetic behaviour below and to the left of the line. 
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H 

Figure 2.2. The magnetisation M of a perfect type-11 superconductor (broken 

curve) showing fully reversible magnetic behavior is compared with that of the 
hysteretic magnetisation of an imperfect type-11 superconductor (solid curve). 
The magnetisation for the imperfect material is reversible for H> Hj, However, 

vortices interact with imperfections in the sample for H< Hi, where the 

magnetisation becomes hysteretic or irreversible. 

Figure 2.3 shows the irreversibility lines of the BSCCO-2212, BSCCO-2223, 

YBCO and TI-1223 phases, 36,37 with the magnetic field H applied perpendicular to 

their CU02 planes. Clearly, TI-1223 has a line comparable with that of YBCO. In 

contrast, both BSCCO-2212 and BSCCO-2223 have much lower irreversibility lines. 

This is attributed to their more anisotropic structure due to the larger distance d 

between their CU02multilayers (Table 2.1). Studies of unaligned sintered ceramic 
HTSCs have shown that Hi, (T/Tc = 0.75) is exponentially dependent on d. 37 Thus, it 

appears that of these four materials, only YBCO and TI-1223 are useful for high field 

applications at high temperatures. 
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Figure 2.3. Irreversibility lines for BSCCO-2212 and YBCO from Reference [36], 

and BSCCO-2223 and TI-1223 from Reference [37]. 

Considerable ongoing efforts are being made to lift the irreversibility line in 

HTSCs, especially in the BSCCO-2223 phase. However, because d is an intrinsic 

property of the unit cell, improvements in Hi, must come from novel processing 

techniques that introduce stronger pinning sites. We discuss the results of some of 

these efforts later in Chapter 4. 

2.4.3. Collective Pinning in HTS 

We have already mentioned that the vortex configuration in a pure sample 
forms a regular hexagonal pattern where the vortex positions are spatially correlated 

over the entire sample volume. This configuration has long-range order and it is for 

this reason that the state is called a flux lattice. However, the random pinning centers 

present in HTSCs result in a random pinning potential. This introduces disorder into 

the system so that the long-range order disturbed. 38 In the disordered state, the vortex 

positions are correlated over a finite perpendicular radius Rc and a finite length along 

the field direction L,,, giving a correlated volume Vc = 7cRc 2 Lc. These correlated 

regions of flux are known as flux bundles or Larkin domains. 
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Figure 2.4. The predicted magnetic phase diagram of the ECP theory 39 for current densities 

close to the critical current density Jr. 

Low pinning energies, sample anisotropy and non-local effects of vortex 

interactions in HTSCs lead to significantly different magnetic behaviour compared 

with that observed for conventional superconductors. The Extended Collective 

Pinning (ECP) theory 39 takes account of these features common to HTSCs and is 

therefore applicable to these materials. 

An important aspect of the ECP theory is the appearance of several different 

pinning regimes on the predicted phase diagram (Figure 2.4). Three main types of 

behaviour can be characterised by the size of Rc. The single vortex regime is the 

smallest domain. Here the Larkin domain contains a single vortex and the vortex- 

vortex interactions are unimportant because R,, is smaller than the vortex lattice 

spacing ao. At higher fields, the vortex interaction become significant and the 

transverse correlation length Rc begins to grow. Non-local vortex interactions are 

irrelevant when Rc > A, but do however become relevant when ao < Rc < A. The former 

and latter cases define the small and large bundle regimes respectively. 
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One further consideration is the thermal softening boundary. It signifies the 
relevance of harmonic thermal fluctuations of the vortex lattice. At the thermal 

softening temperature, the average displacement of the fluctuations is of the order ý 

and so the pinning centers become less effective (assuming they act over a range ý). 

2.4.4. Pancake Vortices 

The coherence length in the c-direction ýc tends to be smaller than the average 
distance between the copper-oxide planes in HTSCs. As a result, they exhibit quasi- 
two-dimensional superconducting properties where the coupling between theCU02 

planes tends to be weak. The Lawrence Doniach formalism revises the conventional 
three-dimensional Ginzburg Landau theory in order to treat the two-dimensional 

case. 40 It assumes that current transport within the ab-planes is governed by the 

Ginzburg Landau equations, while the c-axis current is treated as a Josephson tunnel 

current. 17 A vortex line in this model becomes a stack of two-dimensional pancake 

shaped vortices, one pancake perCU02 layer with surrounding, nearly circular current 

patterns confined to the layer. 

The coupling between the pancake vortices has both Josephson and magnetic 
dipole-dipole contributions, and is dependent on the applied magnetic field. 

Consequently, at a given field, thermal agitation can shake the stack and may even 

completely decouple the pancake vortices in adjacentCU02 layers or multilayers. This 

leads to a temperature-induced crossover from three- to two-dimensional flux 

dynamics. 41 

2.4.5. Two-Dimensional Flux Pinning 

As has already been discussed, the value of the anisotropy ratio y obtained for 

YBCO it much lower than that obtained for the bismuth- and thallium-based 

materials. This is reflected in the observation that YBCO behaves three-dimensionally 

while the other extremely anisotropic superconductors act two-dimensionally. 42 

In Chapter 6 we will see that the critical current density in BSCCO-2223/Ag 

tapes depends only on the magnetic field component that is perpendicular to the 

surface of the tape. This behaviour is due to the two-dimensional nature of the 
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vortices in this material. Moreover, it is analogous to the KeS42 model for dissipation 

in single crystals of the strongly anisotropic HTSC compounds, determined entirely 
by the field component perpendicular to the ab-plane, i. e. BsinO where 0 is the angle 
that the applied field makes with the ab-planes. The material is transparent to any 
field component parallel to the CU02 planes because of its two-dimensional 

behaviour. Thus, the critical current density behaviour follows the simple relation 

J, (B, 0) = J�(Bsin0,0 = 90'). (2.8) 

2.5. Summary 

We began this chapter by discussing the anisotropic crystal structure and 
physical properties of HTSCs. The anisotropy is due to the existence Of CU02 

multilayers separated from each other by varying numbers of isolation planes, 

according to the specific material and phase. CU02 planes are important because this 

is where the superconductivity resides. Furthermore, the distance between the 

multilayers is of interest because it has significant consequences for both interplanar 

coupling and materials processing. 

Next we discussed two different processes that are related to physically 
distinct dissipation mechanisms: suppression of the supercurrent by dissipation at 

"weak-links", and by flux motion. 

Grains boundary "weak-links" have a drastic effect on the current carrying 

capacity of HTSCs. In order to circumvent the "weak-link" problem, it is necessary to 

produce "clean", well-aligned boundaries. A "clean" boundary, free of impurities and 

defects, minimises or removes the Josephson barrier that the supercurrent must tunnel 

through. Improving granular alignment can enhance the grain-to-grain contact area 

and align theCU02 lattice planes. If these goals are achieved and the grain contacts 

are large compared to the coherence length, then the grain boundary behaviour should 

be similar to that of the behaviour within the grains themselves. In this context, the 

grain boundaries are classed as microstructural "narrow- bridges" rather than 

Josephson coupled "weak-links". 
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Finally, we described how vortices could move under the influence of 
transport currents and because of thermal activation at high temperatures. When this 
happens, energy is dissipated, and the sample has a resistive loss. Furthermore, the 
HTSCs have small coherence lengths, and at high temperatures tend to admit flux not 
as extended three-dimensional vortices but as two-dimensional pancake vortices; both 
factors reduce the effective pinning potential of the material. The concept of an 
irreversibility line is useful as it gives some indication of how well a material is able 
to pin magnetic flux. As a direct consequence of the shorter distance between their 
CU02multilayers, and hence higher irreversibility line, YBCO and TI-1223 have a 
much more useful H- T range for high field applications at high temperatures than does 
BSCCO-2212 or BSCCO-2223. 
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Chapter 3 

The Processing, Fabrication 

and Microstructure of High 
Temperature Superconductors 

Undoubtedly, one of the main challenges for HTSC researchers today, is to produce 
77 K conductors that can carry high currents in high magnetic fields. The BSCCO 

compounds have attracted the most attention for two important reasons. First, they do 

not suffer from the "weak-link" problems that plague polycrystalline YBCO. Second, 

unlike YBCO and the thallium-based compounds, BSCCO is a micaceous material, 

meaning that the grains can be highly aligned using careful mechanical processing. 
These properties make BSCCO the most useful HTSC for fabricating into long 

lengths of conductors with Jc's approaching those required technologically. 

The BSCCO family comprises two main phases, BSCCO-2212 and BSCCO- 

2223. Both have high j, 's and high irreversibility lines at temperatures below - 30 K 

and are therefore seriously being considered for high field applications at low 

temperatures, e. g. 4.2 K and 27 K (the boiling point of LHe and LNe respectively). 

The phase favoured for the production of tape conductors is BSCCO-2223. 

Unfortunately, at 77 K, the Jc(B) performance of these tapes is still too low to meet 

technical specifications for high field applications. These conductors may however 

have a future in transmission cable technology, with its less stringent magnetic field 

requirements. 
As we saw in Chapter 2, TI-1223 has an irreversibility line comparable to 

YBCO and thus better flux pinning properties than the BSCCO phases, especially at 

high temperatures. Combined with a high transition temperature of about 115 K, this 

makes TI-1223 tape conductors attractive candidates for high current and high field 

applications at 77 K. 

This chapter begins by explaining the processing, fabrication and 

microstructure of high temperature superconducting tapes based on the BSCCO-2223 

and TI-1223 compounds. As we will see, in contrast to the bismuth-based conductors, 
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the thallium tapes do not achieve good grain texture during tape fabrication. We 

therefore go on to discuss TI-1223 thick films, a conductor form where researchers 
have achieved a high degree of crystalline texture of the TI-1223 phase. Finally, we 
describe some processing techniques aimed at growing YBCO with a high degree of 
crystalline texture, thereby reviving the material as a candidate for conductors. 

3.1. Powder-in-Tube Technique 

Bismuth- and thallium- based HTSC tapes are most commonly made using the 

oxide-powder-in-tube (PIT or OPIT) method. 1,2 Briefly, an Ag tube is packed with a 

superconducting precursor powder and then plugged. This assembly, the billet, is 

swaged, drawn to a small diameter and finally rolled into a flat tape. Alternatively, the 
drawing process may be omitted and the tube rolled directly into a tape. Rolling is 

usually followed by several heat treatments at elevated temperatures and further 

rolling and/or pressing. Several variables are associated with each step in the PIT 

process as outlined in Table 3.1.3 Careful optimisation of all steps in the preparation 

process is required for the fabrication of good quality tape conductors, capable of 

carrying high currents in large magnetic fields. 

Tapes are typically 3-5 mm wide and 100-200 ýtrn thick. The thickness of the 

superconducting core or filament in monofilamentary tapes is usually - 100-150 ýLnl. 

The PIT method is a fabrication process that for the case of BSCCO can be usefully 

scaled up for production of the long lengths required by some industrial applications. 

Pure Ag is often used as the sheath material for both bismuth and thallium 

tapes because it does not react with the HTSC core material during heating in oxygen 

containing atmospheres, and allows oxygen to diffuse through it quickly. 4,5 The metal 

sheath also protects the HTSC from chemical attack, facilitates electrical contact to 

the tape and conducts heat away from the superconducting core. However, a major 

disadvantage of using Ag is that it can become soft following any heat treatments 

carried out at high temperatures and over long periods. As a result, the soft sheath is 

unable to withstand the Lorentz forces produced in industrial applications associated 

with high magnetic fields. Alloying the sheath can help reinforce it and two of the 

most widely studied alloys are Ag-Ti and Ag-Mn. 6,7 

31 



-4 

Precursor Powder preparation 

Initial powder composition 
Silver oxide additions 
Powder size distribution (grinding) 

Powder heat treatment 

Sheath Material 

Filament Architecture 

Billet geometry 

Shape 

Silver/superconductor ratio 

Drawing parameters 

Rolling parameters 

Roll size 

Velocity 

Reduction ratios 

Heat treatment parameters 

Temperature 

Time at temperature 

Ramp time to and from temperature 

Uniaxial pressing 

Pressure 

Table 3.1. Powder-in-tube parameter matrix. 
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3.2. Defining 

Alignment 

Intergranular Connectivity and Granular 

D- 
Recall from Chapter 2 that a "clean" grain boundary, free from any impurity 

phases and defects, is desirable because it removes the Josephson barrier to the flow 

of supercurrent. Another important factor that determines the grain boundary 
behaviour in HTSCs is the contact area between grains. This is in turn is limited by 

the level of porosity inside a sample, which is a measure of the proportion of empty 
spaces or voids within and between the bulk material and the grains. When speaking 

of the "cleanliness" and contact area of a grain boundary we are referring to the 
intergranular connectivity of the boundary. Thus, the "cleaner" the boundary and 
larger the grain-grain contact area, the better the intergranular connectivity. 
Furthermore, we describe a well-connected boundary as one that is "clean" and has a 
large grain-grain contact area. 

In Chapter 2, we also talked about the importance of achieving a high degree 

of granular texturing or macroscopic grain alignment in bulk HTSCs. Grain alignment 

attempts to convert randomly oriented grains into grains with their c-axes pointing in 

a particular direction. The main aim of this is to achieve crystallographic alignment of 

both the c-axes and ab-axes of adjacent grains (biaxial alignment), so that there is 

continuity of the CU02 lattice planes at the grain boundary. 

Although the contact area between grains may also be enhanced through 

improved grain alignment, we treat intergranular connectivity and alignment 

separately. This is because it is clearly possible for grains to be highly aligned but 

"weakly-linked" due to the presence of, for example, grain boundary impurity phases. 

However, as we shall see in subsequent chapters, it is a combination of enhanced 

intergranular connectivity and grain alignment that is required to raise Jc in HTSCs. 

3.3. (BiPb)-2223IAg PIT Tapes 

At present, BSCCO-2223 is the most promising of the BSCCO compounds for 

fabricating silver clad tape conductors of long length. Reproducible self field critical 

current densities in excess of 25 kA/cM2 have been achieved at 77 K in long lengths 

(I -1000 m) of both monofilamentary and multifilamentary rolled tapes. 8,9,10 However, 
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these J,. 's are still much lower than those obtained for short (- I cm) pressed tapes 

where critical current densities of - 69 kA/cm 2 have been reached at 77 K. 11 Note that 
these Jc's were calculated using the cross-sectional area of the superconducting 
filaments. 

Partial substitution of Bi by Pb enhances both the formation and stability of 
the BSCCO-2223 phase. 12 Accordingly, the bismuth-based compound 

(BiPb)2Sr2Ca2CU30, has attracted the greatest attention for the production of BSCCO 

tapes referred to as (BiPb)-2223/Ag PIT tapes. Although each tape manufacturer 

follows the same general PIT processing route outlined in Table 3.1, the competing 

processes differ in their choice of processing parameters associated with each step of 

the PIT process. In spite of the shrouds of secrecy that cloak HTSC materials science, 

we can at least give some brief details in this section of the processing parameters 

used to fabricate (BiPb)-2223/Ag tapes that have high critical current densities. In 

addition, we discuss the different types of grain boundaries and the type and 

distribution of various defects and impurities commonly found in these conductors. 

3.3.1. Fabrication of (BiPb)-2223IAg Tapes 

A variety of methods is used to prepare the (BiPb)-2223 precursor powder. 4 

Two widely used techniques are the two-powder method 13,14 and co-precipitation. For 

powder synthesis by co-precipitation, Bi, Pb, Sr, Ca and Cu compounds are dissolved 

in acid. A base is added to the precipitate cations and then the precipitate is fired in 

order to yield the desired phase. Liu et al. report that they form precursor powder via a 

coprecipitation route 15 using metal nitrate solutions with cation ratios Bi: Pb: Sr: Ca: Cu 

of 1.85: 0.35: 1.90: 2.03: 3.05. The powder is then calcined at 820'C for 10 hr and 

sintered at 750-860'C for several hours prior to packing into the Ag sheath. 

The two-powder path to producing precursor powder involves combining pure 

(BiPb)-2212 and SrCaCu02 powders, in order to reach a final state of pure (BiPb)- 

2223. Each powder is usually prepared by conventional calcining and the blended 

mixture is packed into an Ag tube chemically unreacted. When the tape undergoes 

later heat treatments the mixture of powders react in situ to form (BiPb)-2223. Parrell 

et al. have synthesised (BiPb)-2223 precursor powder using the two-powder technique 
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by combining Bil-8Pbo. 4Sr2Ca, CU20x 

composition Bil. 8Pbo. 4Sr2Ca2CU30x- 
16 

and CaCU02 powders having overall 

Precursor powder is packed into an Ag tube having typical inner and outer 
diameters of 4-7 mm and 8-15 mm respectively. The initial density at which the 

precursor is packed into the tube plays an important role in determining the final billet 
Ag/superconductor ratio. Initial packing densities can range from - 20-70%10,16but an 
important point that must be born in mind is that it must be low enough to avoid any 
problems during the drawing of the billet. 17 Parrell reports that hand packing gives a 
density of - 25% and that higher powder compact densities of - 70% are achieved by 

cold isostatic pressing. ' 6 

Once packed, the billet is swaged and drawn down to a diameter of typically 

1-2 mm before being rolled into a flat monofilamentary tape - 150-250 ýtm thick. It 

has been reported that a maximum (BiPb)-2223 powder density of only - 75% is 

achievable using wire drawing and/or rolling. 18,19 Fortunately, this can be improved 

by mechanically deforming tape conductors between heat treatments that are carried 

out at a later stage. 
The fabrication route leading to multifilamentary (BiPb)-2223/Ag tapes 

follows the same processing route as monofilamentary tapes, but with the introduction 

of an intermediate bundling step. 20,21,22 Here, the required numbers of predrawn billets 

are bundled into a larger silver tube that is then redrawn and rolled to form a flat 

multifilainentary tape. 

Figure 3.1 shows monofilamentary and multifilamentary PIT conductor forms. 

In this thesis we are concerned mainly with the former although a lot of effort is now 

being spent on producing multifilamentary tapes for a number of good reasons. 

Multifilamentary tapes are useful because multiple parallel conducting paths share the 

current. 23,24 Load sharing of filaments results in small losses if a single filament 

breaks. In addition, the matrix in these conductors greatly retards crack propagation. 

Moreover, the filamentary architectures in multi-filament tapes are necessary 

to reduce AC losses to acceptable levels. As well as reducing eddy current and 

hysteretic losses, their structure gives the added advantage of a larger Ag/core surface 

interface that has been found to be essential for a high critical current density J, 

tape. 
25,26 
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Figure 3.1. Representative configurations for the transverse cross-sections of Ag-sheathed 

monofilamentary and multi filamentary tape conductors. 

A strong limitation to the industrial application of monofilamentary (BiPb)- 

2223/Ag tapes is that they show irreversible damage after tensile stresses as low as 
0.2%, while multifilamentary tapes on the other hand can withstand considerably 
higher stresses of up to 0.6%. 27,28 In spite of this, monofilamentary tapes are still 

useful for investigations of the formation conditions and for the determination of 

physical properties such as the residual resistivity of the superconducting core. 22 

3.3.2. Heat Treatments and Deformation 

At the time of writing, it appears that the optimum route for high J,, tapes is a 

cyclic process of well-controlled heat treatments separated by deformation cycles. The 

precursor is converted to the (BiPb)-2223 phase during heat treatments. Mechanically 

deforming the tape between the heat treatments is an important part of the tape 

fabrication process. 29,30 It accelerates precursor conversion by breaking up any 

sintered structure, thus bringing the reactants into closer contact. 31 Moreover, it 

induces good grain alignment and increases the density of the superconducting core 

thereby reducing the level of porosity. 

In air, the temperature window in which BSCCO-2223 is stable is quite small 

with this phase forming between 830-870'C. 32 Many groups carry out their heat 

treatments on tapes within this temperature range. Others process BSCCO-2223/Ag 

tapes within the temperature range 800-830'C at constant 7.5%02 atm. In this 

atmosphere, BSCCO-2223 starts to form - 800'C being stable up until about 

8300C. 33,34,35,36 First and intermediate heat treatments of about 40-50 hr are usually 

applied to the tapes, although extremely long final heat treatments of up to 500 hr are 
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needed to ensure the highest critical current densities. Interestingly, Parrell et al. have 

shown that both the intergranular connectivity and flux pinning of (BiPb)-2223/Ag 

tapes can be improved by cooling them slowly after the final BSCCO-2223 formation 

heat treatment. 37 

The most common deformation processes are carried out using either hot/cold 

uniaxial pressing or hot/cold rolling. Pressing is only suitable for the production of 
tapes a few cm long. Rolling on the other hand, is a continuous deformation process 
suited to the production of long lengths of tape. For the case of rolled tapes, it is hot 

rolling that leads to the highest J, 's. However, the effects of "sausaging", a serious 
problem of forming an undulating superconductor/Ag interface, are more difficult to 

overcome than for cold rolled tapes. 38 

Dou et al. have shown that hot pressing improves intergranular connectivity 
whereas the cold pressing induces more defects. 39 Pressing is more effective than 

rolling at producing a higher (BiPb)-2223 core density, thus reducing porosity and 
improving intergranular connectivity. This is one of the reasons why pressed tapes 

have higher Jc's than those that are rolled. 30,40 

Clearly, the deformation process is an important step in producing high quality 
tapes. Each deformation step reduces the thickness of the tape by about 10-15% to a 
final thickness of typically 100-200 ýtm. Unfortunately, both pressing and rolling 

produce crack structures in the oxide core. 16 Pressing tends to form cracks that run 

parallel to the long axis of the tape or direction of current flow. Rolling on the other 

hand produces cracks that run transverse to the long axis of the tape. Transverse 

cracks are thought to have a more detrimental effect on Jc as they sever the whole 

core, whereas the cracked pressed core can act as an array of parallel conductors. 

Establishing the crack density can be extremely difficult. Magneto-optical 

imaging (MO) has been used to show that residual cracks are left in rolled and pressed 

tapes even after final heat treatments of 50-200 hr, mainly because of the lack of 

sufficient crack healing liquid. 41 Polak et al. have also used MO to show that the 

residual crack networks produced during intermediate deformation steps are not 

completely healed by subsequent heat treatments. 42 In addition, Horvat et al. report 

that sintering provides imperfect healing of micro- and nano-cracks introduced upon 

mechanical deformation .2' These studies highlight the significance of intergranular 

connectivity as a Jc limitation in (BiPb)-2223/Ag tapes. 
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3.3-3. Microstructure of (BiPb)-2223IAg Tapes 

There have been numerous transmission electron microscopy (TEM) and 
scanning electron microscopy (SEM) studies of the microstructure of (BiPb)-2223/Ag 
PIT tapes. 36,43,44,45,46,47 In this section, we give a brief description of the important 

microstructural features commonly found in these conductors. However, before we 
begin, it is important to note that no significant difference has been observed in the 
microstructures of monofilamentary and multifilamentary tapes. 

In general, the microstructure of (BiPb)-2223/Ag tapes consists of grains 
several ýtm long and - 100 nm thick, that are highly textured with their c-axes 
perpendicular to the plane of the tape surface. Average grain misalignment angles 
with respect to the tape surface of less than 10' are commonly observed in these 
conductors. 48 Recall from Chapter 2 that BSCCO is a micaceous material. This 

property means that both twist and slip can easily take place during mechanical 
deformation that in turn leads to an abundance of (001) basal c-axis twist boundaries. 
Here adjacent layers have a common c-axis, but various orientations of the ab-axes, as 
shown in Figure 3.2a. Stacks of grains form colonies that have typical diameters of 
about 20 Rm, thicknesses of -I ýttn and hence aspect ratios of - 20. 

Figure 3.2 shows a schematic representation of the dominant grain and colony 
boundaries in the filament of (BiPb)-2223/Ag tapes, adopting the terminology used by 

Malozemoff et al. . 
49 Figures 3.2b and 3.2c show c-axis twist boundaries bounding 

individual grains on their large basal ab-planes, called basal grain boundaries 

(BGB's), and on their thin ac-edges, termed edge grain boundaries (EGB's). 

An edge colony boundary (ECB) is formed where the edges of two colonies 
touch. Their c-axes both lie in the same plane but are tilted with respect to each other 

as shown in Figure 3.2d. We distinguish ECB's from their component EGB's for 

reasons that will become clear in Chapter 4. Figure 3.2e shows a second type of 

colony boundary, the small angle tilt colony boundary (SCB). In this case, the edge of 

one colony meets the broad basal ab-plane of another colony. SCB's are important, as 

they are the most commonly observed colony-colony connections in (BiPb)-2223/Ag 

tapes. Although ECB's and SCB's in are predominant in tapes, some high angle 

colony boundaries are formed where several colonies intersect. 46 
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a) colony 

b) BGB 

Figure 3.2. The dominant grain and colony boundaries observed in (BiPb)-2223/Ag tapes. Colonies 

consist of stacks of - 10- 100 grains that have a common c-axis but misalignment of the ab-axes. A (00 1) 

basal c-axis twist boundary separates adjacent grains within each individual colony as shown in (a) and 

(b). In (b)-(d), the twists between grains within a colony are not shown for the sake of simplicity. Two 

types of grain boundary are (b) the basal grain boundary (BGB) and (c) the edge grain boundary (EGB). 

An edge colony boundary (ECB) is shown in (d). A second type of colony boundary, the small angle tilt 

colony boundary (SCB), (e) is important because it is the most frequently observed colony-colony 

connection in (BiPb)-2223/Ag tapes. 
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Amorphous layers and/or amorphous structures have been observed at grain 
and colony boundaries. 46,50,51,52 Fortunately, slowly cooling a sample after the final 

BSCCO-2223 heat treatment has been shown to lead to a reduction in this amorphous 

phase material and hence an improvement in intergranular connectivity. 37 

As we shall see in Chapter 4, Hensel et al. postulated that SCB's were the 
strongest colony-colony connections. 53 However, while work by Yan et al. does not 

rule out strong electrical connections across these boundaries, it does indicate that 

they have complex structures with local BSCCO-2201 and BSCCO-2212 regions 
54 blocking the current path . The local structure of any unperturbed regions is identical 

to that of a BGB. Thus SCB's and BGB's may be expected to demonstrate similar c- 

axis transport properties, a point we will return to in Chapter 4. 

Second phases and inclusions on both sub micron and micron scales are 
densely distributed throughout the microstructure of monofilamentary and 

multifilamentary (BiPb)-2223 tapes. 47 Hence these conductors are porous and 

therefore have to be considered as granular. Individual (BiPb)-2223 grains can contain 

a significant volume fraction of second phase inclusions and (BiPb)-2212 lamellae. In 

addition, they also contain a high density of stacking faults and dislocations. It is 

interesting to note that small angle grain boundaries formed by arrays of dislocations 

have been observed in grains that show significant bending of (001) lattice planes. 47 

Preferential formation of the (BiPb)-2223 phase occurs along the 

Ag/superconductor interface. Grains adjacent to the interface are nearly pure 2223 

phase. There is also a significant reduction in the density of (BiPb)-2212 lamellae 

contained within grains lying within the interface region compared with those 

contained within the bulk of the oxide core. 

The Ag sheath acts as a substrate for newly formed (BiPb)-2223 grains and 

aids grain texturing. Consequently, grains at the Ag sheath exhibit a high degree of 

texturing, with their c-axis-aligned perpendicular to the Ag sheath or tape surface. 

Moreover, it has been shown that there is a gradual variation in the degree of texturing 

of (BiPb)-2223 grains, which is highest at the Ag interface and lowest at the centre of 

a superconducting filament. 55 
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3.4. (TIBi)-1223IAg PIT Tapes 

Considerable work has gone in to developing TI-1223/Ag PIT tapes, 56,57,58,59 

with the highest J,, 's being around 20 x 103 A/CM2 for a combination of heat treatments 

and intermediate deformation steps. 
56,58,60 Selvarnanickam et al. have achieved zero 

field J, 's of - 20 x 103 A/cM2 and - 12 x 103 A/cM2 at 77K in short monofilamentary 
tapes and meter-long 37-filament tapes respectively. 

61 Note that these Jc's were 
calculated using the cross-sectional area of the superconducting filaments. 

The chemically-substituted TI-1223 system (TIO. 78Bio. 22)(Sri. 6Bao. 2)Ca2Cu3O,,, 

(TIBi)-1223, is widely used in PIT processing studies, 60 as this composition has been 

found to stabilise the Tl- 1223 phase and reproducibly give high Jc values. 62 Sintering 

and in situ reaction are two common processing routes used to fabricate PIT tapes of 

this composition. The first of these processes uses a fully reacted superconducting 

powder 63 that is sintered in order to connect the grains. In the in situ process on the 

other hand, the desired metal oxides and a SrBaCaCuOy precursor are reacted inside 

the Ag tube in a multiple react and deformation sequence. 62 Both processing routes 

produce small grains, typically 1-2 ýtm in length but no grain alignment, even with the 

application of severe uniaxial pressing. However, material scientists have focussed 

their attention on in situ processing as this fabrication route has been shown to lead to 

of j 56,58,64 
C. higher Jc values and improved field dependence 

Melt processing (TIBi)-1223 PIT tapes results in a much larger grain size 

compared to the in situ technique, but does not lead to any improvement in granular 

alignment. 59,65 However, this processing method does enhance the intergranular 

connectivity. Consequently, as we will see in Chapter 7, the Jc(B) performance of 

melt-processed tapes (TIBi)-1223/Ag PIT tapes is improved significantly over that of 

in situ processed tapes. 

In this section we give details of the in situ and melt-processing techniques 

used by researchers at the Department of Materials, University of Oxford to fabricate 

(TIBi)-1223/Ag tapes. These conductors were produced using both in-house and 

commercially (SSC Inc) produced precursors of composition Sr, 
. 6Bao. 4Ca2Cu3O,,; the 

exact processing conditions depend on the precursor used. We then go on to discuss 

the nature of grain boundaries and the type and distribution of various impurity phases 

and defects that are observed in these tapes. Later, in Chapter 7, we present detailed 
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magnetic and transport current-voltage measurements that we performed on these in 
situ and melt-processed tapes. 

3.4.1. In situ Processed (TIBi)-12223IAg Tapes 

Pure Ag tubes are packed with a mixture of (Srl. 6BaO. 4)2Ca2CU30x 
precursor, T1203 and BiO to give the composition (TIO. 78BiO. 22)(Srl. 6Bao. 2)Ca2CU30x, 66 

Next, the tubes are subjected to conventional metallurgical processes that reduce their 

thickness to between 100 ýtm and 250 ýtm. The monofilamentary tape then undergoes 

a two-stage heat treatment; both carried out at 840'C, with an intermediate cold 

rolling step. These tapes have typical critical current densities (calculated using the 

cross-sectional area of the superconducting core) of 5-IOxIO 3 A/cm 2 
at 77 K and in 

zero applied field. 

3.4.2. Melt-Processed (TIBi)-12223IAg Tapes 

Melt processing is a widely studied and useful processing scheme for 

producing HTSCs. Briefly, the main idea behind this high temperature processing 

procedure is to bring the components to a liquid state, and then allow them to cool to 

with the aim of forming large, well-aligned grains. 
The melt processing route to fabricating monofilamentary (TIBi)-1223/Ag 

tapes begins by packing a fully reacted superconductor powder that has an overall 

composition of (Tlo. 78BiO. 22)(Sri. 6Bao. 2)Ca2Cu3O,, into a Ag tube; the tube is then 

mechanically deformed to a final thickness of - 200ýtm. Previous work has shown 

that melt processing a fully reacted TI-1223 powder results in a larger grain size and 

improved phase purity than in a partly reacted precursor . 
59 The tapes are partially 

melted at 920-925"C and cooled at a rate of 10-20'C/hr to 840'C. They are then 

annealed at this temperature for 6 hours. Although larger grains are formed if the melt 

is slowly cooled, most of the grain growth appears to occur during the annealing step. 

Figure 3.3 shows a schematic diagram of the partial melt-process. Tapes fabricated 

using this processing technique have typical Jc's of 4x 10 3 A/cm 2 (calculated using the 

cross-sectional area of the superconducting core) at 77 K and in zero applied field. 
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Figure 3.3. The partial melt-process used to fabricate (TIBi)-1223/Ag tapes. All stages of 
the processing are carried out in air. 

However, no attempts were made to optimise the critical current density further by 

pressing or rolling. 

3.4.3. Microstructure of (TIBi)-1223IAg Tapes 

Eastell et al. of the University of Oxford have made a detailed study of the 

microstructure of in situ and melt-processed (TIBi)-1223/Ag PIT tapes using TEM, 
65,67 SEM and high-resolution electron microscopy (HREM). They carried out these 

studies on transverse as well as longitudinal cross-sections of the tapes and found that 

there was no difference in the observed microstructure between them. In this section, 

we discuss some of these transverse cross-sections while, noting that these 

observations are equally valid for the longitudinal cross-sections. 

Figures 3.4 and 3.5 show the typical microstructures of in situ processed and 

melt-processed (TIBi)-1223/Ag tapes. In Chapter 7, we present a detailed transport 

and magnetic characterisation of a melt-processed and two in situ processed tapes. 

The in situ tapes have a very porous microstructure consisting of well-defined 

platelets having aspect ratios - 5: 1. Moreover, their microstructure is characterised by 

a large number of small, nearly equilateral triangular voids where the contact surface 

area between grains is small because the c-axis misorientation between adjoining 
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platelets is commonly - 45'-60'. Amorphous secondary phases rich in Bi and 

crystalline secondary phases are observed in these tapes. They also contain a few 

regions where there are clusters of four or five grains that produce a well connected 
dense area of microstructure. Grains within these regions are separated by low angle 

grain boundaries and are therefore well aligned, but in a direction unrelated to the 

plane of the tape. 

Figure 3.4. TEM micrograph showing the typical microstructure of the in situ processed 

(TIBi)-1223/Ag tape sample IS75 (see Chapter 7). 
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Figure 3.5. TEM micrograph showing the typical microstructure of the melt-processed (TIBi)-1223/Ag 

tape sample MP (see Chapter 7). 

The microstructure of the melt-processed tapes is very different from the in 

situ tapes, consisting of densely packed colonies of less well-defined TI-1223 grains. 

The colonies extend up to - 60-70 ýtm, and contain grains that are separated by a 

mixture of both low and high angle grain boundaries. Nearly all the grain boundaries 

within the colonies are clean, have large areas of contact and hence appear to be well 

connected. The colony-colony connections are mainly high angle boundaries. 

No amorphous phases are observed in the melt-processed tapes. However, the 

melt process was found to lead to a range of crystalline secondary phases in the 

microstructure that occurred at a much larger volume fraction than formed in the in 

situ process. Most of these phases are alkaline earth cuprates (AECs) containing 

different amounts of Sr, Ba and Ca. In addition, single phase TICaAgO and 

(BaSr)2Bi2CaO,, have been observed. 
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The most common type of low angle grain boundary in the melt-processed 

tapes is a (hkO) boundary tilt grain boundary in which the c-axis is parallel to the 

boundary plane. Interestingly, lattice planes have been observed to be continuous 

through boundaries with very small tilt angles of -I' and through boundaries with tilt 

angles as high as - 13". These tilt boundaries are similar to the tilt boundaries 

commonly observed in BSCCO-2223/Ag conductors. However, unlike BSCCO tapes, 

very few pure twist grain boundaries are observed. This suggests that it is a high- 

energy configuration when the basal ab-planes of the TI-1223 grains lie flat on top of 

each other while twisted about a common c-axis. 

Similar types of grain boundaries are also observed in the in situ processed 

tapes. However, unlike the melt-processed tapes, crystalline and amorphous phases 

are observed at the grain boundaries within in situ tapes. Indeed, crystalline and 

amorphous grain boundary phases with thicknesses up to - 10 nm and - 200 nm 

respectively are present, and they have the effect of greatly reducing the intergranular 

connectivity within the sample. 

There are a number of secondary phases that are commonly observed in the 

(TIBi)-2223/Ag tapes made by in situ and melt processing. It was not possible to 

achieve phase purity greater than about 80 % in melt-processed tapes. A stable 

TlCaAgO phase and a Ba and Bi rich secondary phase having a layered structure of 

approximate composition (BaSr)2Bi2CaOx have been identified in their 

microstructure. 68 A similar Ba- and Bi-rich phase is found at a much lower volume 

fraction in the in situ processed tapes. The increased occurrence of the TlCaAgO and 

(BaSr)2Bi2CaO,, phases in the melt-processed tapes results in a non-optimum 

composition in the remaining core material. As mentioned before, a higher volume 

fraction of AEC phases is observed in melt-processed tapes. In addition, calcium and 

barium rich phases are also commonly found in both melt-Processed and in situ 

processed tapes. 
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There are a number of intragrain defects observed in the melt-processed and in 

situ processed (TIBi)-1223/Ag tapes, the most common being intergrowths of lower 

or higher order members of the (TIBi)(SrBa)2Can-, Cun series. The phases n=2 (1212) 

and n=4 (1234) are the ones usually observed. These intergrowths exist mainly in 

single or double layers, although there are occasional clusters of up to as many as ten 

layers. The amount of intercalation varies from grain to grain in tapes fabricated using 

either processing route, suggesting that it is difficult to fabricate a homogeneous 

sample. However, Moore et al. have recently studied the effect of bismuth substitution 

on the intercalated structure in melt-processed tapes, and report systematic reduction 

in the intergrowth density for samples with bismuth compared to those without. 68 

Another type of defect observed in both the melt-processed and in situ 

processed tapes is stacking disorder. This occurs where the regularity of the layered 

structure is lost over a distance of - 50 mn. Its likely cause is a slight imperfection in 

the unit cell, with for example, the addition or removal of an extra layer of atoms, 

which results in the discontinuity of the lattice planes in the material. 

There is some evidence to suggest that as for BSCCO-2223/Ag tapes, the Ag 

sheath promotes grain alignment of the TI-1223 phase. HREM and TEM studies of 

the (TIBi)-1223/Ag interface have shown that there are a few localised regions of 

preferential granular alignment with respect to the Ag interface. These regions appear 

"clean" with no second phases. Furthermore, even for small undulations the Tl- 

1223/Ag phase facets to maintain the alignment of the ab-planes planes parallel to the 

interface. Unfortunately, grain alignment at the interface is severely hindered by both 

the roughness of the Ag surface and the presence of secondary phases. Hence grain 

alignment cannot be maintained over distances greater than a few grains. 

Before leaving this section we will emphasize the points raised about the lack 

of granular alignment in the in situ and melt-processed (TIBi)-1223/Ag tapes. 

Although there are a regions of well aligned grains in samples produced using both 

processing techniques, they are small, extending over regions up to but no larger than 

- 10 ýtm. Although the grains in these regions share a common c-axis, it is not 
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aligned perpendicular to the tape plane. In addition, we stress that neither the in situ 
processed nor the melt-processed tapes possess any macroscopic granular alignment 
or texture whatsoever. 

3.5. TI - 1223 Thick Films 

The inability to fabricate TI-1223/Ag PIT tapes with macroscopic grain 
alignment or texture is a problem that has plagued all tape manufacturers that have 

worked with them. However, this disappointing realization has turned their attention 
to alternative surface coating routes to producing TI-1223 conductors. The aim of this 

section is to give a brief mention of some efforts made towards growing surface 
coated Tl- 1223 in a conductor form that has a high degree of crystalline texture. 

TI-based thick film conductors with excellent intergranular connectivity and c- 
axis texture have been fabricated using standard deposition processes such as electro- 

phoretic deposition, 69,70 electrodeposition, 71 dip coating6l and more commonly spray 

pyrolysis (Sp). 72,73,74 Spray pyrolyzed films have recently been fabricated on textured 

Ag substrates with critical current densities as high as 104 A/CM2 at 77 K and in an 

applied magnetic field of I T. Thick film TI-2223 conductors deposited onto 

polycrystalline yttria-stabilised-zirconia (YSZ) substrates have been shown to have 

Jc's of up to 105 A/CM2 in zero applied field 
. 
75 In addition, studies on high-J,,, TI-1223 

films made on YSZ substrates show that they have almost perfect c-axis texture and 

considerable local ab-axis texture, because the grains tend to form into colonies with 

only slightly misaligned a- and b-axes. 76 

At present, it is not clear which of the above deposition techniques, if any, is 

the most suitable for the production of long lengths of TI-1223 conductor. However, 

ongoing efforts are being made towards developing a continuous fabrication processes 

using SP and EPD of a Tl- 1223 coating, followed by a partial melt process. 74 
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Figure 3.6. Intergranular transport J, 
, 
(B) behaviour of aligned fine grained polycrystalline 

YBCO at 4.2 K and 76 K, with the magnetic field applied perpendicular to the ab-planes. 77 

3.6. Revival of YBCO 

Referring back to Chapter 2 and Figure 2.3, the high irreversibility line of 
YBCO means that this material offers great advantages over BSCCO-2223, and to a 

lesser extent over TI-1223. However, the main problem for ordinary polycrystalline 

YBCO is its poor critical current performance due to grain boundary "weak-links". To 

make matters worse, Jc drops precipitously in low magnetic fields as shown in Figure 

3 77 
.6. This is characteristic of the Josephson junction behaviour described in Chapter 

2. Although the Jc's are low in the relatively field independent regions of J,. (B) at 

higher fields, these regions are considered as evidence of a "nonweak-linked" 

transport Jc that results from "strong-linked" regions existing within each grain 

boundary; we will discuss this ftirther in Chapter 7, and show also that TI-1223 

displays a high field plateau in J,, (B). 

Interestingly, for a high critical current performance, this material appears to 

require a more complete crystallographic alignment (both ab- and c- axes or biaxial 

alignment) compared with BSCCO. This makes it paramount that processing 
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techniques are developed to grow YBCO with a high degree of grain alignment, and 

so ameliorate the "weak-link" hurdle. 

Melt-processing has been used for making YBCO crystals with zero-field J"s 

of - 70 x 104 A/CM2 at 77 K . 
78,79 Unfortunately, even the best crystals grown using 

this technique are only -I cm long. Porcar et al. have used a melt-processing method 

to produce long bars of YBCO (10 cm in length and 5 mm diameter) 
. 
80 They found 

that the bars had a J,. - 30 x 103 A/CM2 at 77 K and in zero field. 
j 81 Figure 3.7 shows the state of progress toward making YBCO with high '. 

Although the critical current density performance of melt-textured YBCO is far better 

than ordinary sintered YBCO, it is still well below that of epitaxial thin films. 
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Figure 3.7. Although the critical current 

performance of melt-textured YBCO is vastly 

improved over that of sintered YBCO, it is 

still well below the performance of thin 

films. " 
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Other processing methods attempt to achieve grain alignment in YBCO, thus 
reviving it as a candidate for conductors. These avenues include the techniques of Ion 
Beam Assisted Deposition (IBAD)82,83,84 and Rolling-Assisted Bi-Axial Texturing of 

85,86 Substrates (RABiTS). The IBAD approach begins with a Ni-base alloy substrate. 
Large area films of epitaxial YBCO are then grown on the randomly aligned 
polycrystalline alloy substrate with a YSZ buffer layer. The crucial step in the IBAD 

process is achieving the required in-plane epitaxy of the buffer layer, which is done 
in the presence of an ion beam. Modified Bias Sputtering 87 offers an alternative route 
to a biaxially aligned buffer layer, and has the potential of being faster than the IBAD 
technique. 

For the RABiTS technique, generally a pure Ni substrate is given an 

appropriate texture by thermo-mechanical processing. However, several vapour- 
deposited buffer layers are required before the growth of an epitaxial YBCO layer can 
take place. Note that for this process and the others discussed above, both the 

superconducting and the buffer layers are grown by vapour deposition, which may be 

laser ablation, 82,84 MOCVD, 88 evaporation, 89 etc. 

The MAD and RABiTS processes achieve impressively high J, 's (77 K, 0 T) 

of _ 106 A/CM2 within the YBCO layer. However, so far the superconducting layers 

have been grown on substrates -I cm wide and tens of cm long. In addition, the 

thickness of the YBCO layer is extremely thin, only - 2-3 ýtm, compared with 

- 100 ýtm for the substrate. Efforts that have been directed towards making YBCO 

conductors using the thick film techniques discussed in Section 3.5 have had only 

limited success. 

3.7. Summaty 

This chapter explains how BSCCO-2223/Ag and TI-1223/Ag tapes are made 

using the powder-in-tube technique, which is at present the leading means of 

producing HTSC tape conductors. It also gives a snapshot of where progress stands 

and hints toward possible future direction for experimentation and improvements. 

However, before discussing tape fabrication and microstructure we defined 

two important terms used when speaking of tape microstructure and current-limiting 

mechanisms, namely intergranular connectivity and granular alignment. A grain 
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boundary that is "clean" (free from any impurity phases and defects) and has a large 
grain-grain contact area is said to have good intergranular connectivity and is 
therefore referred to as being well connected. Grain alignment on the other hand, is a 
technique that attempts to achieve biaxial alignment of the grains within a conductor. 
The main aim behind this is to obtain alignment and hence continuity of theCU02 
lattice planes at the boundary between adjacent grains. 

Although the critical current densities achieved in monofilamentary and 
multifilamentary (BiPb)-2223/Ag PIT tapes are impressive, the microstructure of 
these conductors is still nonetheless granular. Consequently, material scientists must 
aim for homogeneity throughout the bulk of the superconducting filament. The main 
ways of achieving this are by reducing the occurrence of second phase, defects and 
porosity, and by obtaining the same high level of grain alignment in the center of the 
filament that exists at the Ag/oxide interface region. 

Melt processing of (TIBi)-1223/Ag tape leads to a markedly different and 
improved microstructure compared to that of the in situ processed tapes. Colonies of 

well connected grains up to 60-70 ýtrn in size are observed, resulting in a more dense 

and uniform microstructure than that observed in the non melted tapes. Thus, the melt 

processing technique improves the intergranular connectivity of thallium PIT tapes. 

Unfortunately, the thalliurn compounds, lacking micaceousness, have not been 

treated as successfully as BSCCO using the PIT method and consequently neither 

melt-processed nor in situ (TIBi)-1223/Ag PIT tapes achieve any macroscopic grain 

alignment whatsoever during tape fabrication. A high level of grain texture has been 

obtained in TI-1223 thick films but it is not clear at present whether this technology 

could be applied to the production of long lengths of conductor. 

The MAD and RABiTS fabrication techniques grow YBCO with strong 

biaxial alignment, thus reviving the material as a candidate for conductors. 
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Chapter 4 

Current Limiting Mechanisms 
in BSCCOm2223IAg PIT Tapes 

The early and discouraging discovery of the severe grain boundary "weak-link" 
behaviour and consequent poor Jc performance of ordinary polycrystalline YBCO 

established the background to the HTSC conductor problem. Unfortunately, it has 
been shown that the Tl- 1223 phase also suffers from problems associated with "weak- 
links", 1,2,3 and later in Chapter 7, we show that the critical current performance of 
(TIBi)-1223/Ag tapes is severely limited by grain boundary "weak-links" that are very 
similar to those in YBCO. 

In contrast, the success of the BSCCO phases in overcoming the "weak-link" 

problems that plague YBCO and TI-1223 is nothing short of outstanding. Indeed, the 

severe processing difficulties suffered by TBCCO and YBCO has meant that only 
BSCCO has moved to the long length stage. Thus, the majority of the work in recent 

years in developing practical HTSCs has focussed mainly on the BSCCO systems. 
However, as we saw in Chapter 3, there definitely has been some progress in 

processing innovations for growing TI-1223 and YBCO in a form appropriate for a 

conductor, although the usefulness of these techniques for the production of long 

lengths remains questionable. 
There is no doubt that the critical current densities achieved in long lengths of 

BSCCO-2223/Ag tapes are impressive, since it is these conductors that have 

facilitated the prototype motors, power cables, transformers and fault current limiters 

that are now finally showing that useful power devices (as opposed to small scale thin 

film devices) can be made from HTSCs. Some recent achievements include a> 200 

hp (150 kW) motor and also a 1000 hp/750 kW motor that is scheduled for testing in 

1998,4 an ion-beam switching magnet, 5a 630 kVA transformer, 6a5U SMES6 and a 

12.5 kA current lead. 7 In spite of these technological successes, the mechanism of 

current transport in the filaments of bismuth-based conductors is still a matter of 

controversy. This chapter begins by reviewing the present understanding of this 
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mechanism according to the three most cited supercurrent conduction models: the 
"brick wall" model 58,9,10 the "railway switch" model"J 

2 
and the more recent "freeway" 

model 
13,14,15 

. Each of these models attempts to provide a description of the current 
transport in BSCCO-2223/Ag tape conductors by directly correlating their critical 
current density performance with their microstructural features. 

In order to improve further the performance of bismuth-based conductors we 
must determine whether their critical current density is limited by intergranular 
"weak-links", or if it is intragranular flux pinning that is the controlling factor. Indeed, 
the remarkable breakthroughs achieved in BSCCO conductor technology have been 

achieved through a combination of huge efforts to understand the dominant current 
limiting mechanisms in tapes and clever materials processing. Accordingly, we follow 

our review of the supercurrent conduction models with a discussion of the efforts 

made to assess experimentally the relative importance of "weak-link" behaviour and 
flux motion as current limiting processes in BSCCO-2223/Ag tapes. We then go on to 
draw attention to the critical current density itself, asking the question "what is J,, 

really? " Finally, we describe some attempts that have been made to enhance J, 

1. Supercurrent Conduction Models 

In this section, we review three models that have been proposed in order to 

explain the mechanism of current transport within the polycrystalline filaments of 

anisotropic BSCCO HTSCs. Before moving on however, we will bring forward from 

Chapter 3, some of the important elements of the microstructure of high-current 

BSCCO-2223/Ag tape conductors. 
Recall that this phase tends to grow in a colony structure, where each colony 

consists of stacks of grains that have a common c-axis but misalignment of the a- and 

b-axes. Returning to Figure 3.2, a schematic representation of the dominant grain and 

colony boundaries in (BiPb)-2223/Ag tapes, we are reminded that c-axis twist 

boundaries bound individual grains on their large basal ab-planes, called basal grain 

boundaries (BGB's), and on their thin ac-edges, termed edge grain boundaries 

(EGB's). In addition, there are two types of colony boundary. First there are edge 

colony boundaries (ECB's), formed where the edges of two colonies touch. Their c- 

axes both lie in the same plane but are tilted with respect to each other. Second, there 

are small angle tilt colony boundaries (SCB's), where the edge of one colony meets 
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the broad basal ab-plane of another colony. SCB's are important as they are 
representative of the vast majority of colony-to-colony connections in BSCCO- 
2223/Ag tapes. However, although ECB's and SCB's are predominant in tapes, some 
high angle colony boundaries are formed where several colonies intersect. 

1.1. The "Brick Wall" Model 

The "brick wall" model is based on an ideal tape microstructure consisting of a 
series of platelets stacked like bricks in a wall; note that the platelets are in fact 

colonies of grains joined by low angle c-axis twist boundaries. The main assumption 

of this model is that the supercurrent can avoid any possible resistive barriers at low 

area and high angle ECB's, by weaving around them through the large area c-axis 
twist boundaries of overlapping colonies as shown in Figure 4.1. Clearly, this 
involves intragranular c-axis conduction, an issue that has proved to be controversial 
because of the high intrinsic structural anisotropy of BSCCO-2223. 

t 
c-axis ab-planes 

----------- F ----------- 

------ -J6 ----------- 

-- ----------I 

---------------------------------- 

Figure 4.1. Current transport in the "brick wall" configuration of overlapping platelets. 8,9,10 
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Measurements of the anisotropy of transport J, 
. 
in BSCCO-2212 single crystals 

and BSCCO-2223/Ag tapes have been performed in an attempt to determine the 
nature of the current paths in these systems. ' 6,17 The c-axis current in the single 
crystals was found to be very small. However, studies of the tapes indicated that the 
current paths were the same for the current passed through the thickness of a tape as 
they were for a current passed along the plane of a tape. These observations gave rise 
to the suggestion that the currents passed through the thickness of the tape were 
flowing through misaligned ab-boundaries, and not the large area c-axis twist 
boundaries in the "brick wall" configuration. Serious doubts were therefore cast on the 

validity of the "brick wall" mechanism, as it appeared that the macroscopic flow of 
current in tapes involves little if any c-axis conduction. ' 8 

The original "brick wall" model was later generalised in order to take into 

account a distribution of grain sizes and the existence of "weak-links" associated with 
intergranular boundaries perpendicular to the plane of the tape. However, it was still 

clearly based on simplified assumptions about the microstructure of BSCCO-2223/Ag 

tapes. This proved to be yet another failing of the model, as SEM and TEM studies 
have revealed that the pure c-axis twist boundaries connecting two colonies and 

corresponding to the overlapping grains in the "brick wall" structure are only rarely 

observed in high current tapes. 

4.1.2. The "Railway Switch" Model 

The difficulties experienced with the "brick wall" model led Hensel et al. to 

propose a "railway switch" model that they considered to be microstructurally 

appropriate, and closer to the real conditions in the description of the colony-to- 

colony current in (BiPb)-2223/Ag tapes. According to this model, current transport is 

confined almost entirely to the ab-planes and there is no significant c-axis conduction. 

Furthermore, the paths taken by currents flowing in the filament of a tape on any 

macroscopic length scale are partly through ECBs (or their component EGB's), but 

mainly through SCB's (Hensel et al. termed these SCTILT boundaries or "railway 

switches") as shown in Figure 4.2. Clearly, the "railway switches" form a three- 

dimensional network that distributes the current through the tape thickness. 
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Ag sheath 
Supercurrent 

Supercurrent 

Supercurrent 

Supercurrent 

Ag sheath 

Figure 4.2. A schematic representation of the "railway switch" model. ' 1,12 The 
"railway switches" (SCTILT's or SCB's) form a three-dimensional network that 
distributes the current through the thickness of the tape. 

It is clear that the "railway switch" model relies heavily on the assumption that 
SCB's do not act as grain boundary "weak links". Evidence in support of this comes 
from studies that have shown that these boundaries can grow at almost arbitrary 
angles, causing hardly any lattice distortion in the interface region, suggesting that the 
"railway switches" should enable the passage of high currents. 19 However, as was 
already mentioned in Chapter 3, while work by Yan et al. does not rule out strong 

electrical connections across SCB's, it does indicate that they have complex structures 

with local BSCCO-2201 and BSCCO-2212 phase current blocking regions. 20 

Another apparent contradiction of the assumption that SCB's constitute strong 

connections and do not act as "weak links" stems from current transport studies of 

single, artificial grain boundaries in BSCCO-2212 thin films deposited on 

bicrystalline substrates with various tilt angles. 21 All types of grain boundary in these 

materials appear to reduce J, by more than an order of magnitude when exceeding 

misorientation angles of more than - 10'. The grain boundaries found in the thin films 

are very similar to the ECB's observed in tapes, although there is no substrate in the 

tapes that leads to possible distortions of the boundary. In fact, it turns out that no 

SCB's can be grown in bicrystal experiments at all. 

Interestingly, within the framework of the "railway switch" model, a perfectly 

textured filament would result in a strongly reduced critical current: if there were no 

tilted grains to carry the current across the thickness of the sample the flow of current 

would remain strictly two-dimensional. A reduction in Jc across an SCB that occurs 
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P when the tilt anglqo is reduced within the range 0* <(< 100 is Partly compensated by 
the larger contact cross-section of the boundary because it grows as I/sin(ýO). 
However, there remains an as yet undetermined optimum tilt angle ippt #0 that may 
exist for the "railway switches" (0' < (pbpt < 100). 

We finish this section by emphasising that for the "railway switch" model, the 

critical current transport in BSCCO-2223/Ag tapes is not limited by grain boundary 
"weak links". Instead, Hensel et al. conclude that it is poor c-axis conduction within 
grains and across BGB's and intergrowths that are the dominant limitations for the 
transport J, in high quality tapes. 

4.1.3. The "Freeway" Model 

The "freeway" model represents a synthesis of concepts arising from the "brick 

wall and "railway switch" models. This model proposes that conduction through 

ECB's, facilitated by c-axis current redistribution, is a significant transport mechanism 
in (BiPb)-2223/Ag tapes. 

Recall that BSCCO-2223 tends to grow with a colony structure. Grains within 

the colonies meet grains within neighbouring colonies (EGB's) and have random ab- 

orientations. The "freeway" in the "freeway" model represents current flow along the 

ab-planes and the transport couplings to other colonies are called "rotary junctions" (or 

ECB's), as shown in Figure 4.3. These "rotary junctions" can have multiple lanes, 

although bottlenecks close off most of them as illustrated in Figure 4.4. The open lanes 

are EGB's with ab-orientations matching within 10'. However, the open lanes of the 

"rotary junctions" cannot be accessed unless the current is able to redistribute across 

the thickness of the sample. Current redistribution corresponding to "lane changes" in 

the "freeway model" leads back to the highly controversial issue of c-axis conduction, 

since the current must transfer along the c-axis between ab-planes and cross many 

intracolony BGB's. 
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.............................. 

........... colony ........... 
-1 t.............................. *. 

b 

a 

Figure 4.3. Schematic "rotary junction" (or ECB) configuration of the ab-plane colony 

structure. 13,14,15 The central colony abuts six other colonies as viewed along the c-axis. 

ECB single colony ECB 

...................................................... 
.................................. ............ 

.......................... supercurýeýt *- ---------- -- -- 
... ........ ..................................... 

. 
..................................................... 

C 

M EGB 
BGB a, b 

Figure 4.4. The "rotary junctions" (or ECB's) can have multiple lanes. "Open 

lanes" are EGB's with ab-orientations matching within 10'. The supercurrent 

must flow across many BGB's within the colony in order to access the "open 

lanes". 
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TEM studies of BGB's have indicated that they are structurally clean. 22 

Malozemoff et al. point to the recent work of Li et al. and Yan et al. for support of the 
idea of conduction across BGB's. Li et al. have measured current transport in a variety 
of artificially synthesised BGB's between BSCCO-2212 crystals and found essentially 
no dependence of their J, 's on BGB misorientation angle. 23 BSCCO-2223 has both a 
higher Tc and lower anisotropy than that of BSCCO-2212. Consequently, it is likely 

that the current density across BGB's in BSCCO-2223 is significantly higher than that 

of BSCCO-2212, possibly higher than 10 kA/cm 2 (77 K, 0 T). All of this suggests 

strongly that significant current is able to flow across BGB's. 

Yan et al. have shown that SCB's have complex structures with local BSCCO- 

2201 and BSCCO-2212 current blocking regions. 20 In addition, the unperturbed 

regions of SCB's have a local structure that is identical to that of a BGB, suggesting 
that the two different types of boundary should exhibit similar c-axis transport 

properties. Malozemoff et al. therefore suggest conduction across BGB's to be similar 

to, but higher than, conduction across SCB's, although direct transport studies on 

SGB's is still unavailable. 
An important prediction of the "freeway model" is that the current flows 

primarily across ECB's rather than SCB's. The implication associated with this is that 

the ECB's limit the net ab-plane current density to around one order of magnitude less 

than that of epitaxial (single crystal) BSCCO-2223 films, 24 and so to the range - 105 

A/cm 2 (77 K, 0 T). This level of J,, has been observed in the well-textured regions 

near the Ag/superconductor interface of BSCCO-2223/Ag tape filaments, and is 

sufficient to assure the cost-effective use of tapes in HTSC applications. However, as 

we shall see later, these high Jc's have not yet been realised in the centre of tapes. 

Finally, it is interesting to note that another prediction of the "freeway model", 

in complete contrast to the "railway switch" model, is that current transport should 

remain high even for samples with near perfect c-axis alignment. 

4.2. Current Limiting Mechanisms in (BiPb)-2223IAg Tapes 

An understanding of the dominant current limiting mechanisms in BSCCO- 

2223/Ag tapes is crucial if their performance is to be enhanced ftu-ther beyond the 

recent remarkable advances. The main current limiting mechanisms appear to be grain 
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boundary "weak links" and flux motion. Both may be present in a single sample, in 
different parts of the H- T plane, or in different regions of these highly inhomogeneous 

and anisotropic systems. The aim of this section is to review the efforts that have been 

made to assess experimentally the relative importance of "weak-link" behaviour and 
flux motion as current limiting mechanisms in BSCCO-2223/Ag tape conductors. 

Previous studies have shown that there are two distinct regimes of Jc(B) 
behaviour in BSCCO-2223/Ag tapes throughout the whole superconducting 
temperature range, depending on the applied magnetic field. 25,26 At low fields, the 

critical current drops off rapidly and can be described by power law dependence: 

oc (4.1) 

On the other hand, at higher applied magnetic fields, the response changes character 

and is better described by an exponential decay: 

J, oc exp - Bp 
(4.2) 

where Bp is the exponential attenuation field. The cross-over field Bc, (T) that divides 

these two different Jc(B) regimes is strongly temperature- and sample-dependent as 

shown in Figure 4.5, and it has been suggested that the two distinct dependencies 

either side of Bc, (7) relate to physically distinct current limiting mechanisms. Below 

the cross-over field, the dominant dissipation occurs at "weakly-linked" grain 

boundaries. These "weakly-linked" connections cease to contribute to current 

transport above the cross-over field, and instead it is intragranular flux motion within 

the surviving "strong-linked" paths that is believed to take over as the dominant 

dissipation mechanism. 
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Figure 4.5. Transport J, 
. 
(B) for four BSCCO-2223/Ag monocore tapes of varying quality, 

with the magnetic field applied perpendicular to the tape plane. 25,26 The crossover field B, 

indicated by the dashed line, is strongly sample- and temperature-dependent. Below B,, (7) 

the curves are straight on a double logarithmic scale indicative of power law depend. Above 

the crossover field the response changes character and the J, (B) dependence is approximately 

exponential. 

4.2.1. Residual "Weak-link" Behaviour at Low Magnetic Fields 

As already mentioned in Chapter 3, the microstructure of BSCCO-2223/Ag 

conductors is essentially granular, with a large array of qualitatively different grain- 

to-grain and colony-to-colony connections. The polycrystalline nature of this system 

is reflected in the power law like J,; (B) behaviour at low fields. This is consistent with 

a model in which the current flows through a network of grain boundaries which 

provides links of varying coupling strengths, where the exponent v is determined by 

the dominant junction geometry (Chapter 2). In BSCCO-2223/Ag tapes the drop-off 
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exponent v is highly sample dependent, although we show in Chapter 7 that the 
depression of the critical current density in low fields is stronger in YBCO and Tl- 
1223 than it is in the bismuth-based tapes. 

The granular nature of (BiPb)-2223/Ag tapes makes it likely that only a small 
percentage of their cross-section is carrying current effectively. For this reason efforts 
have been applied to the task of elucidating the current distribution in tapes. In 
Chapter 6 we will show how the current flow appears to be non-uniform across the 
thickness of tapes using measurements of Jc in tapes that have been prepared similarly 
but have different superconducting core thickness. 

Magneto-optical (MO) imaging of the flux penetration into short (- 7.5 cm) 
uniaxially pressed (BiPb)-2223/Ag tapes has been used to reconstruct the cross- 
sectional current distribution in magnetic fields applied parallel to the plane of the 
tape; 27 the spatial resolution of the images was -3 ýtm. This analysis showed the 

current patterns to be non-uniform and sensitive to weak magnetic fields. 
Magnetically induced currents flow Preferentially in narrow (well-textured) high J,, 
layers situated near the Ag/BSCCO interface. The centre of the tape on the other hand 

supports mainly percolative current patterns on scales larger than typical grain sizes. 
Grasso et al . 

28 and Larbalestier et al . 
29have also investigated the current flow 

geometry in tapes on a scale of a few 100 ýtm using mechanical subdivision. Grasso et 

al. have measured the lateral distribution of Jc(transport) for two tapes which were 

both prepared by cold rolling and had the same length but different Jc(77 K, 0 T): 

23 kA/cm 2 and 28 kA/cm 2. They successively cut strips - 0.2 mm wide from one of 

the tapes, each time measuring Jc of the piece of tape remaining. The important result 

gained from this study was that for both tapes Jc behaves approximately quadratic as a 

function of distance to the tape centre, with Jc at the tape edges being almost double 

that measured at its centre as shown in Figure 4.6. For example, the tape with an 

average 77 K, self-field J, - 28 kA/cm 2 had a local edge Jc of - 53 kA/cm2. 

Larbalestier et al. arrived at the same conclusion as Grasso et al. using a slightly 

different approach, cutting tapes into a number of slices in the rolling direction and 

then measuring the Jc of each. 
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Figure 4.6. Lateral critical current density distribution for 
two monocore (BiPb)-2223/Ag tapes with different averagej, 

28 
values. The critical current density measured at the edge of 
each tape is about twice that measured at its centre. 

Johnston et al. have also probed the lateral current distribution in BSCCO- 
2223/Ag tape conductors using non-destructive scanning Hall probe measurements 

with a resolution of :! ý 100 gm. These measurements confirm a near parabolic Jc 
distribution in tapes, with a J,, twice as high at the edges than in the centre 30 

. 
These investigations into the geometry of current flow within the 

superconducting filaments of BSCCO-2223/Ag tapes all confirm the inhomogeneous 

and complex nature of their microstructure. At low magnetic fields, "weakly-linked" 

boundaries stop carrying any useful current so that the 
-current 

distribution becomes 

highly non-uniform at high fields. This so called 'magnetic fragmentation' of a sample 
has been confirmed magneto-opticallY17 and by magnetisation experiments that show 

that at high magnetic fields, magnetic screening currents fragment into macroscopic 

islands of less than sample dimensions. 31 

4.2.2. Vortex Dynamics and Flux Pinning at High Magnetic Fields 

Returning to Chapter 2, Figure 2.3, we are reminded that BSCCO-2223 has a 
. L"-V. l 

high irreversibility line at low temperatures. This suggests that (BiPb)-2223/Ag tapes 

should be able to sustain high currents in high magnetic fields at lower temperatures. 
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Confirmation of this comes from Grasso et al. who have reported critical current 
densities of - 30 x 103A/CM2 at 28 T and 4.2 K. 32 

The notion that the critical current density in BSCCO-2223/Ag tapes was 
limited by thermally activated flux motion was put forward quite early on by Maley et 

33 
al.. This was reinforced by magnetisation studies that showed how the hysteretic 

magnetisation of a tape, and the powder extracted (and subsequently ground) from it 
demonstrate an almost identical temperature and field dependence; 34 in Chapters 5 

and 6 we show how the magnetisation of a tape conductor comprises both 
intergranular and intragranular components. Thus, intragranular flux motion is the 
likely current limiting mechanism because the powder magnetisation does not contain 
an intergranular component. 

Later and more detailed comparisons of the transport Jc(B, 7-) of (BiPb)- 

223/Ag tapes with the magnetic Jc(B, 7) behaviour of both the intact tapes and powder 

extracted from the tapes have shown that in the high field regime, the critical current 
density is limited by flux motion within the grains themselves, regardless of the 

overall degree of intergranular connectivity. 26 In addition, it turns out that the current 
density of the well-connected boundaries that survive the 'magnetic break-up' of a 

sample has a higher Jc than the individual grains. The pinning strength within the 

(BiPb)-2223 grains therefore determine the high field macroscopic Jc(B, 7) 

dependence of a sample. 
Dhalle et al. have shown that the variation of Jc(B) is approximately 

exponential for a wide range of (BiPb)-2223/Ag tapes. This suggests is that the 

intragranular pinning strength is sample-independent, and hence uninfluenced by any 

details of sample preparation. 26 

It has been suggested that a single pinning mechanism describes the whole 

superconducting temperature range, the evidence coming from work that showed how 

the J,, (B) dependencies of BSCCO-2223/Ag tapes at different temperatures can be 

scaled on to a single temperature-independent curve. 26,12 The fact that there is a wide 

variety of pinning phenomena observed in BSCCO-2212 single crystals 35 makes this a 

somewhat suprising result. However, Fftikiger et al. have pointed out that it is possible 

that these effects are also present in BSCCO-2223/Ag tapes, but are largely masked 

by the residual low field granularity. 36 
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Direct experimental observations allow the quantification of the pinning 
potential in terms of an effective pinning potential UefKB, J, 7) for thermally activated 
flux motion. The current dependence of this potential can be inferred from the 

26,33 functional form of the current-voltage relation , while its field and temperature 
dependence are deduced from the corresponding variations in the critical current and 
the flux creep rate; 

26 flux creep is discussed in Chapter 5. Summarising the work of 
Dhalle et al., 

26 the effective pinning potential can be described to a good 
approximation as X- 

Ue 

, ff 
(B, J, T) = UO exp(-T / TO) In(Jo / J)(Bo / B) (4.3) 

where UO, To, JO and BO are the characteristic energy, temperature, current and field 

scales. It is this exponential decrease of the pinning potential with temperature that 

causes the rapid decay of J,, at high temperatures. This in turn limits the 77 K use of 
high current (BiPb)-2223/Ag tapes to magnetic fields of less than - 0.2 T. 

Fortunately, as we will see in Section 4.4, introducing pinning centres into BSCCO- 

2223 increases the pinning energy of this phase and hence lifts its irreversibility line. 

4.3. So what is the Critical Current Density J, Really? 

The critical current density is the single most important parameter that must be 

maximised for practical applications. As there are a number of ways of defining Jc the 
37 

potential for confusion is considerable, as pointed out by Larbalestier. As we 

mention later in Chapter 5, strictly speaking the macroscopic or intergranular 

transport Jc is not measured but calculated using the expression 

ic 
IC 

A 
(4.4) 

where I,, is the measured critical transport current and A the whole cross-sectional area 

of the superconductor. An engineer would consider it reasonable to calculate an 

engineering critical current densityJcEý taking A as being the whole conductor cross- 
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section, inclusive of the sheath. In contrast, from a physicist's point of view, A will be 
the cross-sectional area of the polycrystalline superconducting filaments. 

It must be born in mind that polycrystals have inhomogeneous microstructures 
that contain "weak-links". There are also more macroscopic barriers such as pores, 
cracks, secondary phases and section irregularities due to filament sausaging that can 
impede the flow of current. Consequently, tape conductors can have multiple current 
limiting mechanisms. 38 This means that there is bound to be some uncertainty about 
A. In fact, in typical tape conductors the local current carrying cross-section may be 
less than 10% of A. Also, it is evident from the previous section that A can vary with 
temperature and magnetic field, as the current carrying capacities in different parts of 

a sample alter. It therefore becomes apparent that the intergranular Jc derived from 

Equation 4.4 may be much less than the local intragranular critical current density. 

The range of reproducible critical current density values for BSCCO tape 

conductors, 10-50 kA/cm 2, is just 1-5% of that of the best thin film values 37 
. 

However, extremely high local current densities of greater than 106 A/cM2 have been 

measured in BSCCO-2223 tapes, 39,40 which is encouraging since this is 10-100 times 

the threshold required for their economic operation. 

4.4. Enhancing J,, 

As mentioned above in Section 4.2. a detailed study by Dhalle et al. showed 

that the intragranular Pinning properties of (BiPb)-2223/Ag appear almost the same in 

samples of widely different transport critical current densities. This indicates that the 

overall Jc performance in these tapes is determined by their intergranular connectivity. 

Improvement of their high field behaviour calls for novel techniques to introduce 

stronger pinning centres. 

Possibly as little as 10% of the cross-section of typical tapes may be 

effectively carrying current .41 An insight into the possible role of all the defects that 

appear in tapes is therefore vital in the drive to strongly enhance J, Along with the 

obvious need to reduce the occurrence of pores, cracks, secondary phases and 

filament sausaging, optimisation of J,, requires a maximum degree of texturing of the 

grains throughout the whole width of superconducting filaments. 

71 



It is well known that increased pinning in conductors can be obtained by 
introducing columnar defects created by heavy ions 

ý42 or high energy protons . 
43,44 

These defects act as effective pinning sites because they have a similar size to the 
superconducting coherence length. However, these methods are costly and tend to 
leave the sample radioactive, so that they do not provide a viable route to large-scale 

conductor fabrication. 

Studies of the effects of mechanical deformation on the critical current density 

show that J, begins to increase with the degree of deformation, reaches a maximum 
and then decreases 

. 
45This is commonly ascribed to cracks that occur as a result of the 

deformation process and are imperfectly healed during subsequent heat treatments. 
Indeed, there is a strong indication that micro- and nano-cracks are responsible for 
increased pinning in BSCCO-2223/Ag tapes. 46 However, cracking also degrades the 
intergranular connectivity of a sample. Thus a compromise between an improvement 

in flux pinning and optimal intergranular connectivity is required to obtain high 

current tapes that can operate in at high magnetic fields. Horvat et al. have reported 
that an intermediate deformation is beneficial for an improvement in pinning, but that 

excessive deformation can be detrimental good intergranular connectivity. 47 

Parrell et al. have shown that both the intergranular connectivity and flux 

pinning of (BiPb)-2223/Ag tapes are improved by slowly cooling after the final 2223 

heat treatment. 48 The connectivity is improved by eliminating small quantities of 

residual liquid phase that wet the 2223 grains, crystallising them into Pb-rich second 

phase particles. Slow cooling is also effective in increasing the 77 K irreversibility 

field (from - 120 to 200 mT) and reducing the sensitivity of Jc to an applied magnetic 

field. This improvement is attributed to a reduction in anisotropy as the material is 

oxygenated during cooling, and by the introduction of flux pinning defects into the 

crystal structure by decomposition of the BSCCO-2223 phase. 

Further enhancements in Jc may be possible if a way could be found to reduce 

both the intrinsic anisotropy and the anisotropy of the critical current density of the 

BSCCO-2223 system. Grasso et al. have had some success with the latter of these 

problems using a new deformation process in the PIT method. 49 Instead of deforming 

by swaging, drawing and rolling, multifilamentary samples are reduced to the final 

size by means of a prototype four-roll machine, producing rectangular shaped wires in 

which groups of filaments can be arranged to have their c-axes in two different and 

mutually perpendicular directions as shown in Figure 4.7a. Self-field critical current 
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densities of 28 kA/cm 2 at 77 K have been achieved in rectangular wires longer than 
50 m. Measurements of the anisotropy of the transport Jc with respect to the sample 
plane (see Chapter 6) were performed on a rectangular tape, and also a reference flat 

monofilamentary tape with a field of 0.2 T and for 0 :! ý 0 :! ý, 180', where 0 is the angle 
between the direction of applied magnetic field and the normal to the plane of the 
tape. For the case of the monofilamentary tape, a minimum A occurs at 0= 0' and 
180' that is - 75% lower than the maximum Ic measured at 0= 90*. Encouragingly, 

Figure 4.7b shows that the rectangular wire displays a minimum critical current value 

at 0= 45' that is only 35% lower than the maximum value measured at 0= 00. 

a) 

to 
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0.6 
0.4 
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0 30 so 90 120 ISO ISO 

Moto [*) 

Figure 4.7. (a) Transverse cross-section of the 

BSCCO-2223 rectangular wire with orthogonal 

filaments. 49 Wire width is 0.9mm and wire thickness is 

0.6 mm. (b) The angular dependence of the critical 

current density at 0.2 T for a monofilamentary tape 

and the four-roll rectangular wire. The angle discussed 

is the angle that the applied magnetic field makes with 

the normal to the plane of the tape. 
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4.5. Summary 

This Chapter began by exploring three noteworthy supercurrent conduction 
models: the "brick wall", "railway switch" and "freeway" models. The microstructure 
of high current (BiPb)-2223/Ag tapes does not resemble the "brick wall" structure and 
thus it does not appropriately describe current transport in these conductors. Although 
the "railway switch" and "freeway" models are both microstructurally appropriate and 
closer to the real conditions in the description of the colony-to-colony transport in 
tapes, there are distinct differences between the two models. The former proposes that 
the frequent small angle colony boundaries (SCB's or "railway switches") constitute 
strong links for the supercurrent. Current transport is not limited by grain boundary 
"weak links"; instead it is poor c-axis conduction that is the dominant dissipation 

mechanism. In the "freeway" model, conduction through edge colony boundaries 
(ECB's or "rotary junctions") is proposed as a significant mechanism, facilitated by c- 
axis current redistribution. Interestingly, in complete contrast to the "railway switch" 
model, current transport should remain high for samples with near perfect c-axis 
alignment. 

At high temperatures and high magnetic fields there is a highly non-uniform 
current flow in (BiPb)-2223/Ag conductors. In spite of the granular character of tapes, 

a sizeable macroscopic current survives up to relatively high magnetic fields, where 
intragranular flux motion takes over as the main current limiting mechanism. 
Furthermore, several techniques have demonstrated the non-uniformity of the current 

distribution in tapes. Mechanical slicing and miniature Hall probes have been used to 

measure lateral current distribution profiles in tapes, showing that the current density 

is larger at the edges than it is at the centre of the tape. MO studies of the cross- 

sectional current distribution also demonstrate that currents flow preferentially in 

narrow high Jc layers situated near the Ag/BSCCO interface. The centre of the tape, 

on the other hand, supports mainly percolative and granular current patterns on scales 

larger than typical grain sizes. 

It is clear from the considerably higher Jc's achieved in BSCCO thin films 

compared with BSCCO-2223/Ag tapes, that the maximum possible Jc's in the latter 

have not yet been reached. The critical current density appears to be limited by a 

hierarchy of current limiting mechanisms, determined first by any of several 

intergranular connectivity limiting factors, and finally at high fields by the 
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intragranular flux pinning strength. The most promising way forward seems to be to 
increase the "effective" current carrying cross-section of the tapes, by improving grain 
alignment and understanding and controlling the inhomogeneities responsible for 
limiting Jc- 

At low temperatures (4.2 K), there is little doubt that BSCCO conductors will 
be used for high field (> 20 T) applications in place of the conventional low 
temperature superconductors, provided that tapes can be made economically using 
this compound. 

At 77 K, the situation is far less clear. Clever materials processing can move 
the irreversibility line around a little, but cannot make the major changes needed to 

provide high J,, in sizeable fields at this temperature. Introducing columnar defects 
into the BSCCO-2223 system can also increase pinning. However, it is doubtful 

whether this method to extend the operating range of BSCCO out to 77 K in high 

magnetic fields will ever become economically viable on large scales. In spite of these 

pitfalls, BSCCO-2223 still remains a possible candidate for low field applications, 

such as power transmission at 77 K. 

Other important requirements for producing high quality (BiPb)-2223/Ag 

tapes are a reduction in both the intrinsic anisotropy and the anisotropy of the critical 

current density with respect to the tape plane. Improvements in the latter have been 

achieved using a novel tape production technique that produces rectangular shaped 

wires. Any reduction in intrinsic anisotropy will only come about from refined 

metallurgical treatments. 
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Chapter 5 

Experimental Techniques 

The critical current density J, is the major electrical parameter for measuring a 
superconductor's current carrying capacity and performance. It is not suprising 
therefore that the primary goal of applied HTSC research today is to improve the Jc 

performance in superconductors of all types. Consequently, proper measurement of 
the value of Jc is crucial to their further development and application. 

This chapter begins by explaining the methods that that we use to 

experimentally determine the transport Jc of HTSC tapes. Next, we show how we 

measure Jc magnetically. Finally, we describe how a combination of magnetic and 

transport measurements performed on the same sample can lead to a better 

understanding of its dominant current limiting mechanisms. 

5.1. Transport Measurements 

Transport measurements monitor macroscopic currents that are forced to flow 

through the bulk of a superconductor across a whole range of grain boundaries. In a 
basic transport experiment, we apply an increasing current to a conductor and then 

measure the dissipative voltage drop that develops across it. This technique allows us 

to determine the sample's current-voltage (I- P) characteristic. It is then a simple matter 

of geometry to obtain an electric field-current density (E-, ý curve using the distance 1 

across which the voltage difference is measured, and the cross-sectional area A of the 

superconducting filament: 

E= 
A 

(5.1) 
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As we saw in Chapter 2, under certain conditions there is a relationship between the 

measured voltage and the motion of flux vortices between the voltage taps. Thus, it is 

useful to study the variation of the electric field with the current density as it gives 
some measure of the vortex motion in a sample. 

We also use the E-J relation to extract a transport critical current density Jc at a 
chosen electric field criterion. This implies that the tested sample is capable of 
carrying the reported Jc with negligible resistivity. Furthermore, by taking these 

measurements at different temperatures and in magnetic fields of varying intensity and 

orientation we are able to study the Jc(T, B, 0) behaviour of a superconductor. 
This section begins by explaining two key transport Jc measurement 

techniques, the DC method and the pulsed current method. In particular, we focus on 
the pulsed current transport rig and trapezoidal current pulses, showing how we used 
them to take the transport current data presented in Chapters 6 and 7. We then discuss 

interfering voltages. The various procedures we undertake in order to ensure the 

accurate measurement of a sample's I- V characteristics are covered next. We describe 

how we have used a parabolic pulse to acquire an I- V curve from a single pulse. Next, 

we show how we correct the I-V characteristics obtained for tape samples, for the 

parallel current contribution of the Ag sheath. Finally, we show simple flow diagrams 

that illustrate the transport current measuring procedure, using trapezoidal and 

parabolic shaped current pulses. 

5.1.1 DC Transport Method 

This is the simplest and most commonly used E-J measuring technique. For 

this method, a continuous or stepped DC ramp is applied to the sample while the 

resulting voltage is measured. High currents result in considerable heating at current 

contacts. Because of this, the sample is placed in a bath cryostat, although the 

temperature stability of the sample is maintained only as long as the cooling power of 

the cryogen is much greater than the heating at the sample. One major drawback of 

using a bath cryostat is that it does not allow the same degree of temperature control 

that a closed cycle cryostat affords. 
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5.1.2. Pulsed Current Transport Method - Overcoming the Problems of 
Sample Heating 

Any unwanted rise in the temperature of the sample during an experiment will 
result in the measurement an artificially low J,,. This provides the motivation for using 
the pulsed current technique, as it is particularly useful in avoiding undesirable ohmic 
12R heating at contacts. There is however a downside to this technique, in that it 
pennits adverse transient effects, a point we return too later. 

Essentially, we pass a well-shaped trapezoidal current pulse through the 

sample while measuring the voltage using a standard 4-probe configuration. 
Application of a current to the sample in this way reduces the 12part of 12R by the 

pulse duty cycle: I 

duty cycle = 100% x- 
pulse width 

. -. pulse repetition period 
(5.2) 

This allows us to calculate the reduction in heat generation within the sample, 
compared to that produced in a DC transport measurement. For the case of a 10 A 

pulse that has a width of 10 ms and a repetition period of 30s, we obtain a duty cycle 

of - 0.05%; a reduction in heating by a factor of - 2000. Clearly, it is possible to 

avoid high current heating problems by adjusting the pulse width and delay between 

pulses until the right balance is struck. 
High resistance current contacts can also lead to local heating at the sample. 

We discuss current contacts later, but it is important to point out here that we can 

overcome this problem by ensuring that the current contacts offer the lowest possible 

resistance thus reducing the R term in 12R. 

Superconducting tapes have high current capacity making them ideal 

candidates for use with the pulse current method. Furthermore, this technique allows 

us to measure the transport characteristics of tape conductors in a closed cycle cryostat 

with all the advantages of temperature control that it offers. 
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Figure 5.1. A block diagram of the pulsed current transport rig that we use to perform transport 

measurements on tape conductors. 2 

5.1.3. The Pulsed Current Transport Rig 

The pulsed current transport rig was originally designed and built during the 

period 1991-1995 by Dr M. N. Cuthbert, a former PhD student at Imperial College. 2 it 

allows the user to pass a current pulse with an amplitude of between 0.1 A and 50A 

through a sample and then to measure the consequent voltage drop, if any, across that 

sample. The rig is also equipped with a rotatable closed-cycle crycooler suspended 

between the poles of a2T electromagnet. Furthermore, the pulsed I- V measurements 

are initiated from a personal computer through an IEEE 488 interface. Figure 5.1 

shows a block diagram of the pulsed current transport rig. 

Attached to one end of the sample rod is a Cu base plate that is in turn 

connected to the cryocooler via a cold head. The rod consists of a hollow stainless 

steel tube with Cu braiding running down the centre connecting the base plate and a 
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Cu sample block (Figure 5.2) that is attached to the other end of the rod. A heater, 

sample and Carbon-Glass resistance thermometer are all connected to the sample 
block. When an experiment starts the temperature required is set using an Oxford 

Instruments Intelligent Temperature Controller (ITC4) that controls the heater output 

and monitors the CG resistance. The operating temperature of the rig is - 30-200 K. 

It is important to note that if any eddy currents are induced on the surface of 
the Cu sample block they will interfere with the signal voltage. 3 In order to minimise 

this effect we increase the distance between the sample and Cu block using a single 

crystalline MgO plate, which is electrically insulating but has a high thermal 

conductivity. 

Copper sample 
block 

Current 
leads 

Heater 

MgO Substr., 

/oltage taps 

Tape 
conductor 

a ýss 

od 

CG Resistor 

Fwisted 
: 'airs 

Figure 5.2. The copper sample block used to hold the sample during a pulsed current transport 

experiment. Note that the current leads, voltage leads and heater leads all form twisted pairs. The sample 

is electrically isolated from but thermally linked to the Cu block. 

82 



As mentioned before, the rig is fitted with a rotatable cryostat suspended 
between the poles of a2T magnet. We use the electromagnet to study the Jc(B) 

behaviour of a sample. However, it is the ability to be able to rotate the cryostat and 
hence the sample with respect to the magnetic field that makes the rig particularly 

versatile. This facility allows us to study the E-J characteristics as a function of 

magnetic field orientation. Figure 5.3 shows a transport anisotropy Jc (0) experiment, 

where we rotate the applied field at an angle 0 with respect to the tape surface. During 

this measurement, we keep the field always perpendicular to the transport current to 

ensure that the Lorentz force on vortices does not change for a variation of 0. 

Transport 
current 

to tape 
ace 

Applied mac 
field 

Figure 5.3. For a transport anisotropy J,, (0) experiment we rotate the applied 

magnetic field with respect the tape surface while always keeping it 

perpendicular to the transport current. 
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Figure 5.4. The voltage response during a typical 10 ms trapezoidal pulse with 2 ms rise and 

fall times. 

5.1.4. Experimental Procedure - Acquiring the I-V Characteristic 

At the beginning of an experiment, the computer control program (written in 

Turbo Pascal 6) sets the required temperature and magnetic field. Next, it triggers a 

voltage pulse through a Stanford Research Systems DS345 Function Generator with 

amplitude and waveforin according to the current pulse required. A current pulser then 

gives a current pulse corresponding to the voltage pulse across a 0.10 resistor; thus, a 

IV pulse results in a current pulse of 10 A being triggered through the sample. The 

signal voltage, or voltage drop across the sample, is amplified by a factor of 103 using 

a differential amplifier and then detected by a Stanford Research SR760 Spectrum 

Analyser. When used in "time record" mode, the SR760 acts as a fast sampling, low 

noise digital voltmeter. Finally, the control program reads the pulse data every 125 [ts 

from the SR760 as 400 voltage-time (V-t) data points equally spaced over a 50 ms 
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period. We can acquire a complete I- V characteristic by systematically increasing the 

amplitude of the pulse and measuring voltage response. 
Originally, a 10 ms (80 point) trapezoidal pulse was used in a 50 ms (400 

point) time window (Figure 5.4). After the initiation of a pulse, the control program 
first calculates the absolute voltage level of each point along the top of the pulse. It 
does so by subtracting the background level 20 ms (160 points) further on from the 

pulse, thereby eliminating the effects of any offset introduced and/or 50 Hz (20 ms) 

mains pickup. We obtain the absolute voltage level of the pulse top, or equivalently a 

voltage value for an I- V point by averaging the corrected pulse top points. In order to 

reduce any inductive rise and fall time effects, only 49 of the 64 points are used in the 

averaging. We illustrate this procedure in Figure 5.4. 

5.1.5. Interfering Voltages 

The pulsed current transport rig employs low noise instrumentation for 

sensing, amplifying and recording the sample's signal voltage. In particular, a high 

common mode rejection amplifier is used to solve the problems of common mode 

voltages that can hinder the pulsed current measurements. ' However, other sources of 

interfering voltages can complicate transport measurements. In this section we identify 

some of these potential error sources. We also discuss the steps taken to avoid them, 

in order to maximise the measurement accuracy. 

The first source of noise voltage that we consider is electromagnetic pickup. 

Motion of the voltage sensing leads and the loop formed by these leads and the sample 

relative to a magnetic field induce spurious voltages. The induced voltage Vi 

developed in a circuit enclosing a prescribed area is 

Vi - 
do 
dt 

d(Af? ) 
= 13' dA 

+A 
dt dt dt 

(5.3) 

where A is the loop area, B the magnetic flux density and 0 A) the magnetic 

flux. Clearly, the generation of these voltages can be avoided by minimising vibration, 

movement and the loop area. 
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During an experiment the displacer in the crycooler pumps continuously 

causing the sample rod and hence sample to vibrate in the applied magnetic field. 

However, it was found that the rod could be taken away from resonance by securing a 
100g Pb mass to its end, reducing the vibrational effect by - 90%. Another source of 

motional emf arose from the impulse given to the sample rod by a current pulse. A 

predicted solution to this was found by matching the rise time of the trapezoidal pulse 
(2 ms) to the natural frequency of the sample rod (- 500 Hz). 

Finally, we return to the subject of contact heating. As mentioned before, this 

can be avoided by finding the right balance between the pulse width and pulse 

repetition period. In addition, the effects of heating can be reduced by increasing the 

contact area and/or reducing the resistance of the contact. We obtain a sufficiently 

large contact area and low contact resistance (- 0.1 Q at 77 K) by painting the current 

leads across an Ag sheathed tape conductor using Ag paint (Figure 5.6). In general, 

the heating caused by a single high current pulse that is 10 ms wide and repeated every 

30 s. is insignificant and does not compromise the data. 

At the time of design, the noise level finally achieved on an individual I-V 

curve pulse in low magnetic field was less than I [N. In higher field however 

(> 0.5 T), the noise voltage was higher. Consequently, all transport critical current 

density data were extracted at an electric field criterion of 3 [tV/cm. 

5.1.6. Motivation for Improving the Performance of the Pulsed Current 

Transport Rig 

Dr. Cuthbert had succeded in building a versatile and low noise setup. 

However, we decided that we could further improve the performance of the pulsed 

current transport rig in three main respects: 

0 Further reduction of interfering voltages in order to maximise measurement 

accuracy; 

0 Use of a Hall probe to accurately monitor the applied magnetic field; 
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0A change in the shape of the current pulse to enable the aquisition an I- V 

characteristic from a single pulse. 

Generally, HTSCs show a curved upward trend in V with increasing L Thus, it 

is important that reasearchers adopt a common electric field criterion E, at which the 

critical current density J,, is extracted". The most commonly used criterion is I ýN/cm. 
Our motivation for making the first of the improvements listed, was that we wanted to 

reduce the noise voltage at both low and high fields, to a level where we could reliably 

and consistently extract the critical current density at this criterion. 
We now turn to the second improvement listed. Originally, the computer set 

the magnetic field according to a polynomial relationship between the magnet power 

supply output current and the magnetic field. However, this routine did not take 

account of the 20 mT remanant field of the magnet. Since some HTSC samples are 

extremely sensitive to very low fields and also display hysteresis with respect to field 

cycling, it was important that we implement a routine that not only set the field 

accurately and correctly, but also did not allow any field overshoot. 
The last item raised was really an issue of time saving. If we could obtain a 

detailed I- V curve from a single pulse, then we would be able to completely 

characterise a sample in just a fraction of time it would take to do the same using 

trapezoidal pulses. In the following sections we discuss each of these three 

improvements in detail. 

5.1.7. Maximising Measurement Accuracy 

Although we were aware that it would not be possible to competely remove all 

interfering voltages, we could at least attempt to bring the noise voltage down to less 

than I ýN at all fields. Equivalently, we required that the sum of the interfering 

voltages at any current along the I- V characteristic be less than I ýX. 

With this aim in mind we first made sure that the voltage leads were twisted as 

tightly as possible without stressing the wire. We then tied each twisted pair down 

securely while taking it as close to the sample as possible. These precautions reduce 

both the movement of the leads in a magnetic field and the loop area A (Equation 5.3). 
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In addition, we twisted the current and heater leads and made sure that they were kept 

as far away as possible from each other and from the voltage sensing leads, in order to 

reduce any mutual inductance between the different wires. 
Noise and error voltages in transport measurements can also arise from ground 

loops that are due to having multiple ground points in the test circuit. We cured this 

problem by grounding all equipment to one point. 
Our next area of concern was that of spurious I- V data points. We established 

that they arise from two main causes. First, we noticed that occasionally the function 

generator would trigger a voltage pulse of different amplitude to that required. 

Second, there were large, low frequency (< 50 Hz) disturbances of unknown cause 

appearing in some pulses but not in others. 
The problem with the function generator was easily solved although not fully 

understood. A loop was written into the computer control program whereby the 

amplitude would be set and then checked to see if it coincided with that required. 

Once this requirement is met, the voltage or current pulse is applied to the sample. 

Our next concern was the low frequency disturbances. We adjusted the 

function generator and signal analyser to generate a 10 ms (40 point) pulse in a 100 

ms (400 point) time window. We then modified the control program so that it 

compares the background level 20 ms (one noise cycle) before the pulse top with the 

background level 40 ms (two noise cycles) before the pulse top. If these background 

levels do not agree to within ± 0.5 ýN the sample is pulsed again. This routine 

continues until either there is agreement of the background levels or the sample has 

been pulsed five times. Then, as before, the absolute value of the pulse top is obtained 

by averaging of the corrected pulse top points. A 10 ms pulse in 100 ms time window 

corresponds to 40 V-t points. Thus, we had reduced the number points averaged to 

find the absolute voltage pulse top from 49 to 25. In addition, we had halved the 

sampling rate and maximum measurable frequency from 16 kHz to 8 kHz and 6.25 

kHz to 3.125 kHz respectively. 

in order to test whether our improvements had lead to a reduction in the noise 

level, we repeated a transport anisotropy measurement that we had previously 

performed on a BSCCO-2223/Ag tape prior to the modifications. Figure 5.5 compares 
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Figure 5.5. Non-nalised transport anisotropy J, (0) data taken before and after 
modifications to the pulsed current transport rig. The level of noise voltage on 
the curve taken after is lower than that on the curve taken before. 

the normalised anisotropy curve measured before with that measured after. Clearly, 

we had not only maintained the reproducibility of the measurements but also achieved 
some improvement in the level of noise voltage (We give full details of transport 

anisotropy measurements in Chapters 6 and 7). 

Next, we needed to determine if we had achieved the sub ýtV noise level that 

would allow us to extract Jc reliably and consistently at I ýN/cm, from I-V curves 
taken at both low and high fields. L. F. Goodrich and S. L. Bray have developed a 

simple test that is effective in detecting the presence of interfering voltages. 4,5 It is 

carried out with the measurement system configured exactly as it would be for an I-V 

measurement but with one exception. The test requires that a single point on the 

specimen is instrumented with two voltage-sensing leads, e. g. a null-voltage tap. In 

addition, the null-voltage tap pair has enhanced inductance to simulate the inductance 

of the differential voltage tape pair that is normally used during a transport experiment 

(Figure 5.6). Any voltage detected in this configuration is an interfering voltage. 
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We have performed zero resistance tests on the pulsed current transport rig, 

using it in exactly the same way as we would during normal operation, with the 

exception of the change in lead configuration shown in Figure 5.6. The results of the 

tests are shown in Figure 5.7. They indicate that the rig has a voltage noise -± 30 nV 

at zero field, -± 80 nV at IT and -± 200 nV at 2 T. The increase in noise level with 

magnetic field shows that there is still room for improvement. However, the central 

message of this test is that we have achieved our goal of sub ýN level of noise in fields 

up to 2 T. Consequently, we were able to extract the low and high field J, data 

presented in Chapters 6 and 7 using the conventional 1 ýLV criterion. 

Current leads 

/ Tape 

III 

Null voltage tap 
pair with enhanced 
inductance 

Figure 5.6. Illustration of tape and lead 

configuration for zero resistance test. 
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stated current. The level of noise voltage increases with increasing magnetic 

field, but is still sub [tV to 2 T. 
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5.1.8. Setting the Magnetic Field 

As already mentioned, it is desirable not only to set the magnetic field 

accurately but also to avoid field overshoot. To this end, we have developed a field 

setting routine that sets the field to within ±I mT without overshooting the set point. It 

uses the computer together with a Hall probe and a voltmeter to set and monitor the 

magnetic field. 

The routine begins by checking the magnitude of the magnetic field with the 
Hall probe. If a remnant field is detected it is cancelled by reversing the polarity of the 

current through the magnet. When the field is set to zero, the sample is placed between 

the poles of the magnet. Next, the field is incremented and continually monitored. As 

the set point is approached, the size of the increment is reduced in order to avoid 

overshoot. The routine ends when the magnitude of the field is set to within ±I mT of 
the applied magnetic field required. 

5.1.9. Parabolic Pulses - One Pulse, One I-V Characteristic 

In this section, we discuss the concept of acquiring an I- V characteristic from a 

single parabolic shaped pulse. This idea is attractive because it greatly reduces the time 

normally taken to fully characterise a sample using trapezoidal pulses. For example, it 

takes - 10 min to obtain a 20 point I- V characteristic using trapezoidal pulses with a 

repetition period of 30 s. To acquire 50 of these I-V curves, as is common when 

performing Jc(B) or Jc(O measurements, it would take -8 hrs. If we wanted more 

detailed I-Vs, with 160 points per curve, it would take - 66 hrs, which is of course 

impractical. However, using the parabolic pulses with a repetition period of 30 s, we 

could acquire these 50 detailed 160-point I-V characteristics injust 25 minutes. 

At first glance, the idea behind the technique appears simple. Pulse the sample 

using a 40 ms (160 point) parabolic pulse of the form I(t) oc ?, in a 100 ms (400 point) 

time window. Setting the rise of the pulse to start at 50 ms, allows us to correct each 

voltage value by subtracting the background level 40 ms behind the pulse; 40 ms 

corresponds to two 50 Hz noise cycles or 160 points. 
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Next, the computer calculates the current associated with each of the corrected 
voltage points using the equation 

(i 
- 

200) 

current value I=1 
(160) 

(5.4) 

Here I,,, a., is the maximum current required and i is an integer variable looped from 200 

to 360 in steps of 1. Thus, the pulse starts at point i= 200 where I=0. At point i= 

360, the current value is the maximum required, e. g. I= Imax. In Figure 5.8, we show 

the voltage response of a BSCCO-2223/Ag tape during the application of a parabolic 

pulse that has a maximum amplitude I,,, a,. = 30 A. Each voltage value is then stored 

with its corresponding current value, giving a complete 160 point I-V characteristic 
from the single parabolic pulse. 
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Figure 5.8. The voltage response (without inductive compensation) of a (BiPb)- 

2223/Ag tape to a parabolic pulse with a maximum amplitude I. ax = 30 A. 
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Figure 5.9. Simple circuit used to "tune out" the inductive component from an I- V curve 

obtained from a single parabolic pulse. 

However, we found that the inductive voltage that arises from the rise time of 

the pulse dIldt plagues the parabolic pulses. We found an acceptable solution to the 

problem with a simple circuit (Figure 5.9) that allows us to "tune out" any inductive 

component. First, we introduced a coil L2 into the current/sample circuit. Next, we 

wrapped a second coil L, around coil L2 and then formed a simple circuit from the 

series combination of a variable resistor and the coil L1. We then connect this circuit to 

the spectrum analyser's input terminal B that hence measures the inductive voltage 

resulting from the rise time of the pulse, dIldt. We then connect the signal voltage 
leads from the sample to the analyser's input A. Finally, we obtain an I-V curve 

corrected for any inductive component by setting the spectrum analyser to measure the 

A-B voltage. Note that we cool the sample to - 40 K to ensure that any resistive 

component to the inductive voltage is negligible. In addition, the actual "tuning out" of 
the inductance is accomplished by tweaking the variable resistor. 

In Figure 5.10 we show an I- V curve obtained using trapezoidal pulses, a curve 

obtained without the use of the tuning circuit shown in Figure 5.9 and a curve acquired 

using the tuning circuit to correct for any inductive effects. Clear signs of inductive 

voltages are evident in the low voltage region of the uncorrected curve, where we have 
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measured erroneously high voltages. On the other hand, the curve obtained using 

trapezoidal pulses and the corrected curve agree down to around 0.5 [tV, although they 

begin to diverge at lower voltage. Encouragingly, there is no significant increase in the 

level of noise voltage on the I-V curve obtained using the parabolic pulse compared 

with that obtained using trapezoidal pulses. 
Because we developed this technique recently, we did not have the opportunity 

to perform further tests on different samples and at different magnetic fields. For this 

reason, we did not use it to take any of the transport data presented in Chapters 6 and 
7. However, the initial results are very promising, and we will therefore endeavour to 

develop further the performance of the pulsed current transport rig in this direction. 
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Figure 5.10. I-V curve obtained using trapezoidal pulses compared with those 

obtained using parabolic pulses both before and after correction for inductive voltages. 

The corrected curve agrees with the curve acquired using trapezoidal pulses down to 

voltages of about 0.5 gV. 
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5.1-10. Correcting for the Parallel Current Path in the Ag Sheath 

When performing transport current measurements on HTSC tapes, it is 

important to take into consideration the parallel current path in the Ag sheath. The 

silver acts as a resistor in parallel with the superconducting core and therefore some 

correction to the current measured may be needed. 
We subtract the parallel current contribution of the Ag sheath using the 

equation 

, 
core 

v 

Rn (5.5) 

where I is the measured current, V the measured voltage, Icoe the current flowing in 

the superconducting core and Rn the sheath resistance. R,, is determined from a 

sample's I- V characteristics measured above Tc: we form a linear R, - T plot of the Ag 

sheath by measuring the slope of I-Vs taken at different temperatures above T, 

Oustified by the known linear pAg(l)). Next, we extrapolate Rnbelow T, by extending 

the Rn-T behaviour linearly to lower temperatures. 

5.1.11. Computing 

Dr. Cuthbert wrote the original pulsed current rig control program. However, 

we have made many changes to the original code reflecting the changes that we have 

made to the rig itself In Figures 5.11 and 5.12, we show simple flow diagrams that 

illustrate the transport current measuring procedure, using trapezoidal and parabolic 

shaped pulses respectively. 
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Figure 5.11. Simple flow diagram illustrating the pulsed current measurement procedure 

using trapezoidal shaped pulses. 
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Figure 5.12. Simple flow diagram illustrating the pulsed current measurement 

procedure using parabolic shaped pulses. 
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5.2. Magnetic Measurements 

This section begins with a review of the commercial (Oxford Instruments 

3001) Vibrating Sample Magnetometer (VSM), that we used to take the magnetisation 
data presented in Chapters 6 and 7. In fact, as we shall see, this turns out to be a 

convenient, non-contact experimental approach to measuring J', in a superconductor, 

since it does not require conduction of high currents through electrical contacts 

attached to the sample. Next we introduce the Bean model and show how we use it to 

obtain the critical current density of a sample, from the measured irreversible 

magnetic moment Am. Other techniques and methods used to interpret magnetic data 

are also presented. 

5.2.1. Vibrating Sample Magnetometer 

The VSM is a relatively simple and versatile instrument that is widely used for 

measuring the magnetisation properties of HTSC tapes. It vibrates a sample parallel to 

a DC magnetic field between two differentially wound pick-up coils (Figure 5.13). 

The frequency of vibration is fixed at - 66.67 Hz. If the sample has a magnetic 

moment m, the coils detect an induced emf that arises from the local change in 

magnetic flux. Good sensitivity and low errors due to unwanted noise signals are 

obtained by using a lock-in technique where the vibrator frequency is used as the 

reference signal . 
6,7 The VSM measures voltages of - 0.1 ýN to 10 V, corresponding to 

range of measurable magnetic moments of - 10-9-10-1 AM2 . Furthermore, it has a 

maximum signal sensitivity of 10-9 AM2 and a signal noise level of 10-8 Am2. 

The VSM houses a niobium titanium superconducting magnet capable of 

applying axial (bi-polar) magnetic fields of up to 8 T. Moreover the sample can be 

cooled from room temperature down to 4.2 K, with a stability of about 0.01 K. 
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Figure 5.13. Vibrating sample magnetometer used to measure the magnetic properties of 

HTSC samples. A tape sample is fixed to the sample rod such that the magnetic field is applied 

perpendicular to the tape plane. 

5.2.2. The Bean Model 

In Chapter 1, we described the fully reversible magnetic behaviour of ideal 

Type II superconductors. Chapter 2 then described how structural defects and 
impurities in Type Il superconductors act as flux pinning centres that prevent flux 

lines from moving freely into and out of a sample. The result of this is that whenever a 

magnetic field is applied to a sample, flux density gradients are generated across it, a 

condition that leads to a magnetisation curve showing irreversibility (hysteresis). From 

Ampere's law, curl B=u,, J, these non-uniform flux density profiles are closely 

related to the flow of an electric current. This forms the main idea behind the Bean 

mode18 for the relationship between irreversible magnetic behaviour and macroscopic 

current flow in a superconductor in the Vortex State. 

The Bean model introduces the hypothesis that the flux density gradient 

generated within a sample because of flux pinning is always equal to the maximum 

gradient possible. Equivalently, application of a magnetic field to a superconductor 
induces screening currents within its interior that flow at the maximum current Jc 

without any dissipation. Thus, at any point in the sample the current can only be equal 

to either ± J,, or zero. 
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Figure 5.14. An increasing magnetic field is applied normal to the plane 

of a thin superconducting disc. This sets up screening currents having 

value J, in an outer annular region of width 5r, radius r and thickness t 

that spreads inward towards the centre of the sample. 

To show how the Bean model is used to describe the field and current 
distribution in a superconductor, we begin by considering a thin superconducting disc 

of radius R and thickness t (Figure 5.14). This geometry simplifies the problem 

significantly by allowing Ampere's law to yield a linear behaviour of B when J is 

constant. When an external magnetic field is applied normal to the sample plane, 

magnetic flux penetrates into an annulus of inner radius r and width 8r at its surface. 

The Bean model assumes that the screening currents induced in this annulus flow such 

that 

i=00 <ro <r (5.6a) 

i= ic r< ro (5.6b) 

where r=R- t5r, leaving a field- and current-free region at the centre of the sample. 

As the applied field is increased the annulus thickens, again carrying Jc, but 

over an increasingly larger cross-section. Eventually the screening currents reach the 

centre of the sample at which point it is said to be fully penetrated and in the critical 
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state. The field at which this occurs is known as the penetration field Hpen. A uniform 
field is added to the flux profile at fields above Hpen5 which means that the current 

profile remains unaltered. The successive states of the superconducting disc are shown 
in Figure 5.15. 

H 

H> Hpen 

H= Hpen 

H< Hpen 

0 

i 

ic 

0 

- Jc 

Figure 5.15. Magnetic flux and current distribution in a thin 

superconducting disc according to the Bean model, when a magnetic 

field is applied normal to the sample plane. The field is increased 
fTom zero to H= Hpe,,, and then to H> Hpen- 
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Figure 5.16. A schematic M(H) loop for a thin superconducting disc. The sample is in the 

critical state (bold line) after the initial magnetisation, and immediately after reversal of the 

applied magnetic field. Broken lines indicate sections of the loop where self-field effects are 

important. 

Reversing the field sweep direction induces screening currents of opposite sign 

that again progress from the periphery to the centre of the sample. Eventually field 

reversal erases all previous magnetic history and the sample is returned to the critical 

state, with screening currents flowing everywhere again with a value J, but this time 

in the opposite sense (Figure 5.16). 

In the low-field regime, H< Hp,,,,, induction within the thin superconducting 

disc is complicated by self-field effects. 9,10,11 However, at fields above Hpený we can 

assume that the induction within the sample is fairly uniform, 12 with screening 

currents flowing in concentric loops (Figure 5.14) each giving rise to a magnetic 

moment m=M. It is then straightforward to show that integration over this series of 

current loops yields a relationship between AM and Jc, which is the same as that 

obtained for a cylinder: 

AM -- 
2JCR (5.7) 

3 
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where M is the magnetisation ml V and V the sample volume. This gives an expression 
for J, in terms of the measured magnetic moment through the Bean model: 

JC= 
3 Am 

(5.8) 
2 VR 

5.2.3. The Current Carrying Length Scale 

We have already shown how the irreversible magnetic moment directly 

measures screening currents induced in response to changes in the applied magnetic 
field. In a homogeneous superconductor, these currents would circulate on a scale 

corresponding to the sample dimension, and be directly comparable to transport 

currents. However, as already mentioned in Chapter 2, superconducting tapes are 
inhomogeneous materials, containing a large array of grains and grain boundaries 

through which the current can flow. Application of a magnetic field to these 

polycrystalline samples sets up screening currents both within grains and on a 

macroscopic scale. Consequently, the measured irreversible magnetic moment of a 

tape conductor Am(tape) is written as a sum of intragranular and macroscopic 

intergranular terms: ' 3 

Am(tape) = Am(intra) + Am(inter). (5.9) 

We can now express these moments in terms of their corresponding intra and 
intergranular critical current densities Jintra and Jinter: 

Am(tape) =2 V(aO Jintra + Alinter 

3 
(5-10) 

where V is the volume of the superconducting core, ao is the typical grain size and A 

the length scale of coherent current flow (current carrying length scale). 

In granular superconductors, any closed current loop contributes to Am(tape) 

and A represents an average loop size. An additional complication in these samples is 
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the presence of "weak-links" that tend to break down with field and temperature, 
fragmenting the pattern of screening current flow. Consequently, we cannot simply 

equate A to the dimension of the sample because a straightforward application of 
Equation 5.8 would lead to underestimation of Jc. 

We can estimate A from measurements of the initial "reverse leg" magnetic 

susceptibility of the magnetisation loop. 14 This non-destructive technique allows us to 
detect changes in the pattern of current flow and granularity within a sample. For the 

case of a thin superconducting disc of thickness t, and providing A ý! t, an adequate 

estimate of the average A can be made from 

dAm 
_Vý, v A 

dH t 

where Vis a number close to unity. 

In all HTSC tapes, it is desirable to have A of the order of sample size, with 

currents flowing macroscopically. At low magnetic fields and low temperatures, good 

quality samples do display this behaviour. In contrast, there is often no measurable A 

for samples that are composed of poorly connected grains. 

5.2.4. Magnetic Relaxation 

Another useful parameter that can be extracted from magnetisation loops is the 

instantaneous creep rate SR. This quantifies the rate at which the vortex configuration 

in a HTSC decays to its equilibrium state, following the onset of giant flux creep. The 

customary means of determining the effects of flux creep is by monitoring the critical 

state magnetisation as it decays with time t, at a fixed applied magnetic field: 

SR dInM(t) 
dInt 

(5.12) 

As we have already seen from the Bean model, application of a magnetic field 

to a HTSC sets up screening currents having density J, that can be expressed in tenns 
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of the measured magnetisation such that J oc m. Clearly, a time decay of M is 

equivalent to a time decay of J. We also know from Faraday induction (6 = -LdIldt) 
that there will be an electric field associated with this time-varying applied magnetic 
field or current, due to self induction of the sample; typical 'relaxation-creep' 

measurements yield E values in the range 10- <E< 10-7 V/M 
. 
13 Bearing these points 

in mind, we can write 

dl dM 
Ex-x 

dt dt (5.13) 

Thus we see that SR(t) is closely related to the sample's E-J characteristics. 

Moreover, we can fit the logarithmic E-J curves (Chapters 6 and 7) locally with 

E oc J", and hence rewrite the creep rate as 

SR dlnJ 
dlnE B, T 

I 

n-I 
(5.14) 

where n is the logarithmic slope dInEldInJ. 

The 'relaxation-creep' technique, although useful for measuring the creep rate, 

is subject to two main experimental limitations. 14 First, there is the settle time, a 

period at the start of a relaxation experiment (which can be as long as a few minutes) 

when there is a redistribution of the flux and current profiles within the sample so that 

the behaviour is more complicated than that expressed by Equation 5.13. 

Consequently, we cannot use the relaxation technique to measure short time relaxation 

or equivalently, high electric fields. Second, when the applied field is swept to the 

required value, there is an inherent field overshoot in the magnet system of the VSM. 

This problem results in the observed creep rate being lower than the true creep rate. 
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5.2.5. 'Sweep-Creepand Magnetic E-J Characteristics 

An alternative method that we can use to determine the creep rate in HTSCs is 

called 'sweep-creep'. We use this technique to obtain a dynamic creep rate rather than 

the static creep rate of relaxation measurements, by comparing magnetisation loops 

taken at different magnetic field sweep rates. 15,16 Moreover, it allows the creep to be 

measured continuously as a function of magnetic field, and overcomes the 

experimental limitations of the traditional 'relaxation-creep' experiment. Typical 

4relaxation-creep' measurements correspond to the range 10-8 <E< 10-5 V/M7. 

To gain an understanding of the 'sweep-creep' technique, let us first examine 
Faraday's law: 

d(1) 
E. dl -- dt 

(5.15) 

It is evident from this that as a magnetisation loop is swept out for a thin 

superconducting disc of radius r, the steady sweep of the magnetic field applied at a 
I 

rate Oldt = ýtOH induces an electric field around the sample given by 

ýtorH' 
2 

(5.16) 

For the case of a granular sample, we develop Equation 5.16 further by rewriting E in 

terms of the current carrying length scale A 

ýtOAHf 
2 

(5.17) 

where we assume that the magnetic moment Am is dominated by the intergranular 

contribution (Equation 5.10). 
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Figure 5.17. Three magnetisation loops acquired for a tape conductor are 

shown. The inner, middle and outer field sweep rates are 0.4,0.8 and 1.6 mT/s 

respectively. IF is normal to the tape surface. To obtain an E-J curve at a field 

of for example, 0.4 T, we draw a vertical line that cuts each loop at this field, 

giving an E-J point (m) at each intersection of the line and loop. 

Figure 5.17 shows typical magnetisation loops of a tape conductor, obtained at 

different magnetic field sweep rates. Here we see that for an increase in H or E. the 

curves move to larger M and hence higher J. We can construct E-J characteristics 

from the 'sweep-creep' data since we can calculate Ji"te, using the measured magnetic 

moment (Equation 5.10). This illustrates that measurement of A. M(Ji) is identical to 

an E-J measurement. Moreover, it is clear that the density of screening current flow Jc 

given by Equation 5.8 is ill defined, and should be replaced by a current density that is 

dependent on the field sweep rate and applied magnetic field. 

The magnitudes of the electric fields measurable in magnetic measurements 

are lower than those accessible to transport experiments. Indeed, the E-J curves 

extracted from 'sweep-creep' data at selected fields extend transport E-J curves 

acquired at the same fields downward several orders of magnitude in E. 
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We can now define a normalised 'sweep-creep' rate S as 
17,18 

(alnM) c9 In J) 
(5.18) aInH') B, T= 

(a 
In E)B, T 

* 

This demonstrates that the creep rate is determined entirely by the E-J relation. 
Furthermore, it can be shown that S and SRare related through the equation 

-SR 
SR +1 

and it should be noted that in most cases S << 1, so that S ;: tý 
SR. 

5.3. Summary 

(5.19) 

This chapter described the experimental apparatus and techniques that we have 

used to study the magnetic and transport properties of HTSC tapes. In particular, we 
focussed on the pulsed current transport rig, giving a snapshot of progress made to 

date and the possible future directions for improvement. We also discussed how the 

accurate measurement of both transport and magnetic Jc requires careful attention to 

many important factors. 

Transport and magnetisation measurements of the I-V characteristics of tape 

conductors complement each other in two important respects. First, the magnetic 

studies extend the characteristics downward several orders of magnitude in electric 
field. Second, the topology of the important current paths may be very different for 

two cases. Strictly speaking, Jc is not measured, but calculated using the current 

carrying length scale A for Jc(magnetic) and the sample's core cross-section A for 

Jc(transport). However, we must remember that tape conductors are inhomogeneous 

materials. Consequently, A may be less than the width of the superconducting core 

and the current-carrying cross-section may be smaller than A. This often results in a 
discrepancy between a conductor's magnetic and transport characteristics, reflecting 

the different current paths that are important in the two kinds of experiment. 
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Transport currents monitor dissipation at grain boundaries, as they must find 

paths that traverse the entire tape sample. In contrast, any closed current loop 

contributes to the magnetisation, so that the dominant magnetic screening currents can 
probe both currents across grain boundaries and within the grains themselves. This 

means that any inhomogeneities in the sample will affect the transport and magnetic 

screening currents differently. Thus, the principal motivation for performing a 

combination of transport and magnetic studies on the same sample is that it sheds 

more light on the physical mechanism limiting the macroscopic Jc, than can be 

obtained from each individual experiment. 
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Chapter 6 

Influence of the 
Superconductor Layer 
Thickness on the Dissipation 
in (BiPb)m2223IAg PIT Tapes 

The granular nature of (BiPb)-2223/Ag tapes makes it likely that only a small 

percentage of their cross-section is carrying current effectively. Consequently, efforts 
have been applied to the task of elucidating the current distribution in tape conductors. 

In Chapter 5, we described several experimental studies, utilising both magnetic and 

transport techniques, which have demonstrated the variations in local current density. 

Moreover, they show how currents flow preferentially in narrow high J, layers 

situated near the Ag/BSCCO interface of tapes. 

In this Chapter, we compare the critical current density behaviour of two 

monocore (BiPb)-2223/Ag tapes that were prepared under identical conditions but 

with different superconducting core thickness. The aims of this study were to identify 

the nature of the dissipation mechanisms that limit Jc under various conditions and to 

demonstrate that inhomogeneous current flow occurs across the thickness of tapes. 

We have achieved these aims using a combination of direct transport current 

measurements of our two tapes and DC magnetisation measurements of the tapes, and 

superconducting powder extracted from them. 

1. Samples 

We have studied two monocore (BiPb)-2223/Ag PIT tapes that were both 

prepared in the same way but with different superconducting core thickness t. Table 

6.1 presents their compositional information and key superconducting properties. In 

Chapter 3 we explained the methods used to fabricate BSCCO-2223/Ag tapes and 
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D10 D100 

Deformation method Rolled Rolled 

Heat treatment ('C/h) 832/(80 60 and 45); 833(80) 832/(80 60 and 45); 833(80) 

Composition (BiO. 
8Pbo. 4)Sr2Ca2CU3 OX (BiO. 

8PbO. 4)Sr2Ca2CU3 OX 

Core thickness t 10 ýLm 100 [tM 

Cross-sectional area of core 

A 

5x 10-4 CM2 5x 10-3 CM2 

1, (77 K, 0 T) 5.75 A 14 A 

Jc (77 K, 0 T) 11 50OA/cm 2 2800 A/cM2 

Table 6.1. Key properties of the (BiPb)-2223/Ag PIT tapes D 10 and D 100. Details of tape fabrication 

and typical tape microstructure are given in Chapter 3. 

reviewed the microstructural features that are 

conductors. 

6.2. Transport Measurements 

commonly observed in these 

Transport current-voltage (I-k) characteristics were measured in the standard 
four-terminal geometry using the pulsed current transport rig. The current density J 

and electric field E were calculated using the (BiPb)-2223/Ag core cross-section A 

given in Table 6.1, and a voltage tap spacing I- 10 mm: 

A1 
(6.1) 

In the electric field window of the transport E-J measurements considered in this 

Chapter, 10-6 V/CM <E< 10-4 V/CM, the parallel current path through the Ag sheath 

was estimated to be negligible at < 1% of the total current. Unless stated otherwise, 

the transport critical current density was extracted using an E=5 [tV/cm criterion. 
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6.2.1. Transport J, (B, 0= 90 0) Dependence 

We have already mentioned in Chapter 4 that there are two distinct regions in 

the J, (B) behaviour of BSCCO-2223/Ag tapes that are separated by crossover field 

B, In Figure 6.1, we show the J, (B, 0= 90') behaviour of D 10 and D 100 at 75 K5 

where 0 is the angle that the applied magnetic field makes with the tape plane. Thus 

0= 90' indicates that the magnetic field was applied always perpendicular to the 

plane of the tape. Figure 6.1 a shows how from a field of - 0.02 T up to Bcr = 0.08 T, 

the decay of Jc appears straight on a double-logarithmic scale for both tapes. This is 

indicative of power law dependence: 

J, oc B-'. (B < B, (6.2) 

Recall from previous chapters that such behaviour is consistent with a model 

in which current flows through a "weak-link" network where v is determined by the 
'typical' or dominant junction geometry. For both DIO and D100, the exponent 

v-0.4, a value that is common for BSCCO-2223/Ag conductors. ' 

Above B, 
.,, 

the J, (B, 0= 90') behaviour of the two tapes changes character and 

is approximately exponential: 

J, oc exp - (B > B, ) 
Bp 

(6.3) 

as illustrated on the linear-logarithmic scales shown in Figure 6.1b; Bp is the 

exponential attenuation field. The crossover field B, represents the onset of dominant 

intragranular dissipation, and at 75K it is - 0.08 T for both tapes. 
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Figure 6.1. The transport J, extracted at a criterion of E=5 ýX/cm as a 
function of magnetic field applied perpendicular to the tape plane. Below the 

crossover field B, the curves are straight on a double-logarithmic scale, 

indicative of a power law dependence (a). Above the crossover field, the 

curves appear straight on a linear- logarithmic scale indicating that the 

, 
(B, 0= 90') dependence is approximately exponential (b). 
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6.2.2. Transport E-J Characteristics 

Figures 6.2 shows the transport electric field verses current density (E-J) 

characteristics of samples D 10 and D 100 obtained at a fixed temperature of 75 K and 

for fields above, below and at the crossover field, always applied perpendicular to the 

tape plane. The logarithmic E-J curves of both tapes display a similar qualitative 

evolution of the E-J relation with magnetic field, showing a negative curvature at low 

E and rising to higher E less rapidly than a pure power law. Such behaviour is 

indicative of a true critical current density below which the dissipation is zero. At 

lower electric fields (E < 10 ýX/cm), the slope n of each curve is essentially linear 

and can be defined by the power law E-J relation 

E oc f, (6.4a) 

or equivalently 

d(In E) (6.4b) 
d (In J) 

We have determined the value of n for E=I- 10 ýN/cm. For D 10, the effect of 

the magnetic field is to steadily reduce the power law slopes of the characteristics 

from about 10 at 0.02 T to -4 at 0.2 T. In contrast, the slope of D100s E-Js are 

almost independent of field, remaining at a value of - 4. Thus at higher fields, the 

experimentally observed value for n is -4 for both tapes. 
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Figure 6.2. Transport E-J characteristics of (BiPb)-2223/Ag tapes DIO (a) 

and D 100 (b) at a fixed temperature of 75 K and in selected magnetic fields. 

The magnetic field was applied always perpendicular to the plane of the tape. 
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Figure 6.3. Illustration of the experimental configuration for 

measuring J, as a function of magnetic field orientation to the tape 

(but always perpendicular to the transport current). When the 

magnetic field is applied parallel and perpendicular to the tape plane t, 
0 and O= 90' respectively. 

6.2.3. Transport Critical Current Anisotropy 

Figure 6.3 shows the experimental configuration for measuring the critical 

current density as a function of magnetic field orientation to the tape, but always 

perpendicular to the transport current. In Figure 6.4, we compare J, (B, 0= 0) with 

J, (B, 0= 90') for D 10 and D 100 at 75 K. 

Clearly, for both tapes, the low field drop in the critical current is much less 

pronounced for a magnetic field applied parallel to the tape plane. As is the case for 

J, (B, 0= 90'), the high-field behaviour of J, (B, 0= 0) is also exponential, although 

there is a change of slope compared to when the field is perpendicular to the tape 

plane. This suggests that the pinning properties of the tapes are anisotropic. 

As mentioned earlier in Chapter 2, according to the Kes model for dissipation 

in single crystals of the highly anisotropic HTSC compounds, the dissipation is 
dependent only on the magnetic field component normal to the ab-plane or 

equivalently parallel to the c-axis. It is well known that surface coated BSCCO-2212 

conductors ý2 BSCCO-2223 thin filMS3,4 and BSCCO-2223/Ag tapeS5 display 

dissipative behaviour that is analogous to this model. 
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We would of course expect the J, (B, 0= 0) behaviour of D 10 and D 100 to be 
independent of B if they followed perfect two-dimensional (21)) Kes scaling. 
However, perfect scaling requires perfect texturing of the grains with their c-axes 
aligned perpendicular to the tape plane. Otherwise, when a field is applied parallel to 

the plane of the tape, any misaligned grains will feel a small component of field 

parallel to their c-axis, so causing dissipation. We already know from Chapter 4 that 

there are many misaligned grains in tape conductors. Transport anisotropy studies 
have shown that BSCCO-2223/Ag tapes have an effective grain misalignment angle 

(peff of about 100 5,6 that is in good agreement with the average crystallographic grain 
4 misalignment angle found by SEM studies. Note that ýpff is defined as the average 

angle between the tape plane and the ab-planes of the current carrying grains (or 

colonies). Thus, as well as poor intergranular connectivity, grain misaligm-nent in tapes 

D 10 and D 100 provides an explanation of why their J,, (B, 0= 0) curves fall below 

their zero field value for increasing magnetic field. 

Using the data of Figure 6.4, we have evaluated an anisotropy ratio R(B), of the 

transport J, when a magnetic field is applied parallel to the tape plane, to J, when the 

field is applied perpendicular to the tape plane: 

i, 
R(B) =ý 

(B, 0 0) 
* J, (B, 0= 90') 

(6.5) 

Figure 6.5. compares this ratio obtained for D 10 with that of D 100. Both tapes display 

an initial rapid increase in R, followed by a slower increase that starts at - 0.05 T and 

continues out to higher fields. However, the increase in R is sharper for DIO than for 

D 100. At 0.4 T,, the anistropy ratio has increased from a zero field value of I to -6 in 

D 10 but only -3 in tape D 100. This indicates that the grains or colonies within the 

effective current carrying cross-section are better aligned in DIO than they are in 

DIOO. 
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Figure 6.5. The transport J, anisotropy ratio R(B) = J, (B, 0= 0)/ J, (B, 0= 90') for 

D 10 and D 100 at 75 K. The increase in R(B) is sharper for D 10 than it is for D 100. 

Measurements of the transport critical current density as a function of 

magnetic field orientation 0 with respect to the tape (Figure 6.3) are important 

because as we shall see, they reinforce the suggestion that a sharper and larger R 

implies improved granular alignment of the effective cross-section in tapes. Figure 

6.6 displays the 75 K normalised critical current density Jc(O)IJ, (O = 900) at a 

constant magnetic field of 0.06 T for tapes DIO and D100. Scrutiny of these curves 

reveals that there is a distribution of J, about a peak that occurs at -0= 0'. Here, the 

normalised J, is -2 for D 10 but - 1.7 for D 100; note that each of these values are 

equivalent to the value of R(B) for each tape at a field of 0.06 T (Figure 6.5). 

Another key feature of the curves is that J, (OIJ,, (O = 900) is higher in D 10 

than in DIN for all angles up to - 45' where the two curves coincide. Grain 

misalignment in the tapes plays an important role in determining the dissipation for 

the case of 0< 45 '. The lower values of J, (O)IJ, (O = 90') observed for DIOO 

compared to D 10 suggests that the former feels a stronger effective field component 

BsinO (Figure 6.3) than the latter, even though the same field (0.06 T) has been 

applied in both cases. 
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Figure 6.6. Measurement of the transport critical current density as a function of 

magnetic field orientation 0 with respect to the tape. The J, (O) curves have been 

normalised by J, (O = 90'), where 0= 90' corresponds to the magnetic field being applied 

perpendicular to the tape plane. 

To explore this further we consider the situation when 0= 0'. A tape sample 

with perfectly aligned grains will feel no dissipative field component in this situation. 

However, as mentioned before, there is an effective grain misalignment angle ýOff in 

BSCCO-2223/Ag tapes so that in reality the effective field component is in fact 

Bsin(O + (peff) instead of BsinO. This relationship reduces to BsinýOff for 0=0. Thus, 

if the field component Bsin(peff is larger for D 100 than for D 10 for the same B, then 

the effective grain misalignment angle for D 100 must be larger than that it is for tape 

DIO. Equivalently, the effective current carrying cross-section in DIO is better 

textured than it is in D 100. 

As 0 is increased beyond 45', the normalised critical current density 

90') falls off to a shoulder region (0 - 70-90') where J, remains almost 

constant. When 0= 90', the effective field component felt by both tapes depends 

only on the magnitude of the applied field because here Bsin90' = B. Indeed, the 
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wide shoulder region in J, means that J, (B, 0) - J, (B) for all angles in the range 
0- 70-90'. It therefore follows that grain misalignment in the tapes has a negligible 

effect on the dissipation when the field is applied at angles of around ± 20' about the 

perpendicular to the plane of the tape. 

6.3. Magnetic Measurements 

In Chapter 5 we explained the techniques that are used to study the magnetic 
behaviour of tape conductors. This section presents a magnetic study of the BSCCO- 

2223/Ag tapes D 10 and D 100. 

6.3.1. Comparison between AM(tape) and AM(powder) 

Chapter 5 showed that the irreversible magnetisation Am(tape) of a tape 

sample could be expressed in terms of both intergranular and intragranular 

contributions: 

Am(tape) = Am(intra) + Am(inter) =2 
V(aojintra + AJinter (6.6) 

3 

where V is the volume of the superconducting core, ao is the average grain radius, A 

the length scale of coherent intergranular current flow, and Ji"tra and Jinter the 

intragranular and intergranular current densities respectively. In order to distinguish 

between intergranular and intragranular dissipation in tapes DIO and D100, we 

extracted their superconducting core and then gently ground it to a powder so that 

under a microscope it appeared to have been reduced to grain dimensions (a few 

microns). Finally the power was dispersed in wax and its magnetisation m(powder or 

intra) measured in a VSM. By preventing the flow of any macroscopic currents, this 

technique effectively isolates Jintra, ensuring that only the intragranular component of 

the dissipation is measured. The powder moment Am(powder) = (2/3) VaoJintra. 

This procedure has its uncertainties. For example, while the grains within the 

tapes may be well aligned those in the powder/wax samples are randomly oriented. 

Also, there may still be some clusters of grains within the powder. However, a more 
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detailed analysis shows that these aspects have no serious effect on the comparison of 
Am(inter) with Am(powder). 6 
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Figure 6.7. Comparison of tape magnetic moment with that of the powder 

extracted from it for samples (a) D 10 and (b) D 100 at 10 K, 40 K and 75 K. 
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Figure 6.7 compares the tape magnetisation AM(tape) = Am(tape)/V with that 

of the powder AM(powder) = Am(powder)/ V extracted from it for D 10 and D 100, at 10 
K, 40 K and 75 K. For DIOO, AM(tape) is proportional to AM(powder) with a 
proportionality constant that is almost independent of field and temperature. At 75 K, 

the tape and powder magnetisation curves track each other but differ by a factor of - 3. 
The tape and powder moments measured for tape D 10 also appear to track one 

other but differ by a factor - 6. Since 

Jinter 

C 
AM(tape) 

Jintra A-M(powder) 
(6.7) 

we infer that intergranular screening currents Jinte, are more dominant in A-M(tape) 

measured for DIO than they are for the case of D100. Equivalently, the magnetic 

screening current distribution is more uniform in the former than in the latter. 

6.3.2. Magnetic E-J Characteristics 

Recall from Chapter 5, that when a magnetisation loop is traced out for a 

granular sample, the steady sweep of the magnetic field at a rate H is proportional to 

the induced electric field E and length scale of macroscopic coherent current flowA: 

ýtOAHI 
2 

(6.8) 

Moreover, since we can obtain the intergranular current density Jinter from Equation 

(6.6), magnetisation data taken at several sweep rates can be used to extend the 

transport E-J characteristics downward several orders of magnitude in electric field E. 
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The data at E fields above 10-6 V/cm are from transport measurements, below 

10-6 V/cm they are derived from magnetic studies. Both were calculated using 

the superconducting core dimensions. 
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Figure 6.8 shows a comparison of the transport and magnetically derived E-J 

curves for D 10 and D 100 at magnetic fields above, below and at the crossover field Bcr 
(Figure 6.1). As previously discussed in Chapters 4 and 5, it is difficult to estimate the 
relevant current carrying cross-section for the conversion of measured currents and 
magnetic moments to current densities. We therefore present the data converted in 
terms of the superconducting core volume V and sample 'radius' A-R (- width/7c"2); 
the values thus calculated will necessarily reflect the magnetic field dependencies of 
both current flow geometry and local current density. Interestingly, for both tapes, the 

magnetic and transport E-Js are consistent within a factor of two or so in current 
density. This implies that at the magnetic fields indicated the transport and 

magnetically induced currents are flowing on a similar macroscopic scale and are 

probing the same dissipation mechanisms. 

6.4. Discussion and Conclusions 

In this study we have used the data from two monocore (BiPb)-2223/Ag tapes 

that have a different superconducting core thickness t, to illustrate how transport and 

magnetisation experiments complement each other in the identification of the current 
limiting mechanisms in tapes. The tapes D 10 and D 100 have t- 10 [tm and - 100 ýtm 

respectively. 
We have identied two distinct dissipation regimes in the transport 

J, (B, 0= 90') behaviour of DIO and D100 (Figure 6.1). At 75 K, these regimes are 

separated by crossover field B, that has the same value for both tapes. Below B, the 

dominant dissipation occurs at "weakly-linked" boundaries. The fact that D 10 shows a 

strong n(B) dependence while D100 does not (Figure 6.2) is probably related to the 

much larger relative importance of "weak-linked" current paths in the former at low 

fields. 

The low field value of n can be as high as 60 for polycrystalline YBC07 and 
50 for TI-1223/Ag tapes. As we will see in Chapter 7, a lower n points to a much 

wider distribution of unction J, 's in the BSCCO-2223/Ag tapes than there are in 

either of the other two materials. 
At higher fields, the experimentally observed value for n is -4 for both tapes. 

We suggest that the observed behaviour can be explained by noting that intragranular 
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dissipation dominates both samples above B, and thus it is intragranular flux pinning 
that determines the shape of their E-J curves at high fields. 

The transport studies have also revealed an important difference between D 10 

and DIOO. The zero field current density at 75 K of DIO is -4 times that of DIOO. 
Thus, although the superconducting core thickness and hence the cross-sectional area 

of D 100 is - 10 larger than that of D 10, it carries only - 2.5 times higher total current. 
We have also extracted a further significant piece of information concerning 

the grain aligm-nent in D 10 and D 100 using transport anisotropy studies (Figures 6.4- 

6.6). They show that the effective current carrying cross-section in the former is better 

textured than is the effective current carrying cross-section in the latter. 

The magnetic studies described here unveil granular signatures in both tapes 

(Figure 6.7). However, the magnetically induced current distribution in D 10 seems to 

be more uniform than it is in D 100. 

The complementary use of transport and magnetic studies of the two tapes 

demonstrates clearly that the critical current performance of D 10 is superior to that of 

D100, giving a clear indication that of the two tapes, DIO has the larger effective 

current carrying cross-section. In particular, this analysis highlights both the non- 

uniform nature of the flow of current across the thickness the tapes, and the important 

role that the BSCCO/Ag interface plays in the formation of well-aligned secondary 

phase free current paths. 
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Chapter 7 

Dissipation in (TfBt)=12231Ag 
PIT Tapes 

As has been discussed in earlier chapters, the key factors that make the thallium-based 
1223 phase conductors attractive candidates for high field applications are a high 

transition temperature (-115 K), and an irreversibility line comparable to YBCO. 
Unfortunately, unlike BSCCO, the thallium cuprates appear not to achieve good grain 
texture during tape fabrication, which is one of the reasons why they suffer the severe 
"weak-link" problems, that plague polycrystalline YBCO. The high J"s of strongly c- 

axis textured TI-1223 thick films highlight the importance of achieving good grain 
texture in the TI-1223 phase. Here the intergranular connectivity is close to optimal, 

showing that it is good granular alignment that is crucial for achieving the high JC's. 

On the other hand, for (TIBi)-1223/Ag tapes produced by the powder-in-tube (PIT) 

method, it has been suggested that granular aligni-nent will become the decisive factor 

in improving transport Jc only after extensive and close intergranular connectivity has 

been established. ' Thus a combination of enhanced granular connectivity and 

alignment is needed to improve J, and reduce grain boundary "weak-link" behaviour 

in (TIBi)-1223/Ag tapes. 

In Chapter 3, we described various processing routes that are used for 

fabricating TI-1223 PIT tapes. We discussed the in situ reaction route, a process that 

leads to higher J,, 's and improved field dependence of J, However, as we shall see 

later, the critical current performance of in situ processed (TIBi)-1223/Ag tapes is still 

severely limited by "weak-links" at the grain boundaries. Consequently, Moore et al. 

developed a melt-processing route for fabricating (TIBi)-1223/Ag tapes, in an attempt 

reduce the problem of grain boundary "weak-links" and improve further J, 

In this chapter, we present detailed magnetic and transport current-voltage 

measurements performed on in situ processed and melt-processed (TIBi)-1223/Ag 

PIT tapes. The motivation behind this study was to address the primary issue of 

whether the problems of extreme sensitivity to magnetic field due to "weak-links" in 
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TI-1223/Ag tapes can be overcome. This leads on to a discussion about the role of 
grain boundaries, and the questions of what/where are the current paths that survive in 
thallium-based tapes at high magnetic fields. 

1. Samples 

We have studied two (TIBi)-1223/Ag tapes prepared by in situ reaction of Tl- 

and Bi-oxides with a SrCaCuO precursor. A third tape studied was fabricated using a 

melt-processing technique. Table 7.1 presents the key properties of the in situ 

processed tapes IS75 and IS150 and the melt-processed tape MP. Mr. C. J. Eastell of 
the Materials Department of Oxford University has carried out TEM, SEM and 
HREM observations on transverse as well as longitudinal cross-sections of the tapes 

and found that there was no difference in the observed microstructure between them. 

We have already given full details of tape fabrication and the observed microstructure 
in Chapter 3; here we review only a few of the more salient observations. 

Tape IS75 has a denser superconducting core than tape IS150. However, the 

microstructure of both tapes consists of well-defined platelets typically 1-2 ýtm in 

length, having an aspect ratio of - 5: 1. Neither IS75 nor IS 150 show any macroscopic 

granular alignment whatsoever. Indeed their microstructure is characterised by a large 

number of high angle grain boundaries where the c-axis misorientation between 

adjacent platelets is usually between 45'-60'. Furthermore, the average c-axis 

misorientation of the grains with respect to the tape surface is - 22'-30'. Both 

crystalline and amorphous secondary phases have been observed at grain boundaries. 

Another important feature of these tapes is the existence of a few regions where there 

are clusters of four or five grains, which result in small but well-connected dense 

areas of microstructure. Grains within these regions are separated mainly by low angle 

grain boundaries. 

The microstructure of tape MP is markedly different to the in situ processed 

tapes, consisting of densely packed colonies of less well-defined TI-1223 grains. 

Colonies are - 60-70 ýtrn in length and contain grains that are separated by a mixture 

of both high angle (> 10 0) and low angle (< 10 ') grain boundaries. Melt-processing 

significantly enhances the intergranular connectivity, but does not lead to any 
improvement in granular alignment. While the microstructure of tape MP reveals no 

129 



IS75 IS150 MP 

Source Materials Dept. 
University of Oxford 

Materials Dept. 
University of Oxford 

Materials Dept. 
University of Oxford 

Processing method In situ reaction In situ reaction Partial melt-process 
Composition (TIO. 

700.22)(Sro. 813aO. 
DC 

a2CU30x 

(T1O. 
78BiO. 22)(SrO. 8BaO. 2)C 

a2CU30x 

(TIO. 
78BiO. 22)(Sro. 8BaO. 2)C 

a2CU30x 

Core thickness t 75 ýtm 150 ýLrn 95 [trn 

Cross-sectional 

area of core A 

10-3 CM2 3x 10-3 CM2 1.5 x 10-3 CM2 

1, (77 K, 0 T) 5.1 A 10.2 A 4.5 A 

J, (77 K, 0 T) 5 100 A/cm 2 3400 A/CM2 3000 A/cm 2 

1, (40 K, 0 T) 9.9 A 23.1 A 17.1 A 

J, (40 K, 0 T) 9900 A/cM2 7700 A/CM2 11400 A/cm 2 

Table 7.1. Key properties of the (TIBi)-1223/Ag PIT tapes IS75, IS150 and NIP. Full details of tape 

fabrication and microstructure are given in Chapter 3. 

amorphous phases, it does show that the melt-process leads to a range of crystalline 

phases with a composition different from (TIBi)-1223, that are intimately mixed with 

the superconducting grains. It is important to note that no attempts were made to 

maximise J, in tape MP by pressing or optimisation of the rolling process. 

7.2. Transport E-J Characteristics 

Transport current-voltage (I-ý) characteristics were measured in the standard 

four-terminal geometry using the pulsed current transport rig, and corrected for the 

parallel current path in the Ag sheath using the techniques explained in Chapter 5. The 

current density J and electric field E were calculated using the superconducting core 

cross-sections A given in Table 7.1, and a voltage tap spacing I- 10 mm: 

i=I 

Magnetic fields were applied always perpendicular to the tape plane. 

(7.1) 
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7.2.1. Severe Grain Boundary "Weak-Links" 

Figure 7.1 compares the transport E-J characteristics of a BSCCO-2223/Ag 

tape, 2a sintered polycrystalline YBCO rod 2 and the in situ processed tape IS75. 

Clearly, the BSCCO-2223 E4 curves are completely different to those of the other 
two materials. As we have already mentioned in Chapter 2, it is well known that the 

YBCO E-J relationships are characteristic of "weak-links" and that this phase can be 

treated as a network of grain-boundary Josephson junctions. Therefore, the similarity 
between the YBCO and (TIBi)-1223 E-Js can be seen as an indication that the grain 
boundaries in the (TIBi)- 1223/Ag tape also act predominantly as "weak-links". 
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Figure 7.1. Transport E-J characteristics on similar scales of 

(a) a BSCCO-2223/Ag tape, 2 (b) a sintered polycrystalline 

YBCO rod 2 and (c) the (TIBi)-1223/Ag tape IS75. Curves 

obtained for the tapes have been corrected for the parallel 

current contribution in the Ag sheath. 
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7.2.2. Effects of Melt-Processing 

Figure 7.2 shows the zero-field transport E-J characteristics of the in situ 

processed tapes IS75 and IS 150 and the melt-processed tape MP, at 77 K and 40 K. 
At 77 K, the E-, Ts of all three tapes display "weak-link" signatures. However, IS150 
has a slightly sharper critical current than both IS75 and MP. At 40 K, the onset of 
dissipation in MP becomes very rounded and is far less sharp than in either of the in 

situ processed samples. Later, we show how this indicates that the melt-process 
improves upon the severe grain boundary "weak-link" problems that occur in (TIBi)- 

1223/Ag tapes fabricated using an in situ processing route. 
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Figure 7.2. Zero-field transport E-J characteristics of tapes IS75, IS 150 and NIP at (a) 77 K and (b) 

40 K. The curves have been corrected for the parallel current contribution in the Ag sheath. 
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Transport Jc(By 0= 90 0) Characteristics 

In this section we present transport critical current versus magnetic field 

measurements, with the magnetic field applied perpendicular to the tape plane. The 

transport critical current density data, J, (B, 0= 90') where 0 is the angle that the 

applied magnetic field makes with the tape plane (Figure 6.3), were extracted using 

the conventional electric field criterion E=I ýN/cm (= 0.1 mV/m). 

7.3.1. Further Evidence of "Weak-Links " 

Figure 7.3 compares 4(B, 0= 90') obtained for BSCCO-2223 and (TIBi)- 

1223 (tape IS75), with J, (B) obtained for YBC03 at 77 K, in increasing and 

decreasing magnetic fields. Qualitatively, the behaviour exhibited by (TIBi)-1223 
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and YBCO is again similar showing a rapid suppression of J,, in field and critical 
current hysteresis with respect to field cycling. The hysteresis effect has been 

explained as flux trapping in a network of "weak-links". 4,5,6 

In contrast, there is no critical current hysteresis at 77 K for the BSCCO- 

2223/Ag tape. Furthermore, the suppression of J, by an applied field is markedly 

slower in this material; at 0.1 T, J, has fallen from its zero-field value by a factor 

-5 whereas this factor is - 30 and - 80 in YBCO and (TIBi)-1223 respectively. The 

precipitous low-field drop in J, observed for the in situ processed tape IS75 provides 
further evidence that this conductor is severely limited by grain boundary "weak- 

links", that are very similar to those in YBCO. 

Note that the field cycling hysteresis observed for TI-1223 shows that the 

magnetic history of the material has a significant effect on the measured J, Thus, the 

critical current data presented in the rest of this Chapter were all taken on samples that 

had been zero-field cooled and for increasing magnetic fields only. 

7.3.2. Improved Jc(B, 0= 90 1) Performance in Melt-Processed 

(TIBi)-1223IAg Tapes 

Figures 7.4 and 7.5 show a comparison of the transport J, (B, 0= 90') for 

IS755 IS 150 and MP at 77 K and 40 K (increasing magnetic field). At 40 K, all three 

tapes display an initial rapid suppression of J, followed by a high field plateau that 

starts from - 40 mT; at - 500 mT, J, has fallen from the zero field value of - 9900 

A/cm 2, - 7700 Alcm 2 and - 11400 A/cM2 by a factor of - 25 in IS75, - 34 in IS 150 

but only -6 in MP respectively. 
Suppression of J,, by an applied field is faster at 77 K. Here, the field 

dependence of Jc for IS75 and MP is roughly the same and better than for IS 150 out to 

- 100 mT. However, at 500 mT, J, has fallen from - 5100 A/CM2 to - 20 A/CM2 in 

IS75, - 3400 A/cM2 to -2 A/cm 2 in IS 150 and - 3000 A/cm 2 to - 80 A/CM2 in MP. It 

is evident from these data taken at 77 K and 40 K, that there is a significant 

improvement in both the field dependence and high field plateau value of transport J,, 

in the melt-processed tape compared with the in situ processed tapes. 
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In Figures 7.4 and 7.5 we see that for all three tapes, the low-field region of 

their J, (B, 0= 90') curves appears straight on a double logarithmic scale, indicative 

of power law dependence: 

oc (7.2) 

that is consistent with a model in which current flows through a "weak-link" network 

where v is determined by the typical or dominant junction geometry (Chapter 2). As 

for YBCO 7 the exponent v-I for the in situ processed tapes at both 77 K and 40 K. 

In contrast, for the melt-processed tape, v-1 at 77 K but decreases to - 0.6 at 40 K. 

This behaviour is similar to that observed for BSCCO-2223/Ag tapes, where v 

decreases with temperature within the range 1-0.25.8 
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7.3.3. High Field Plateau in Jc(B, 0= 90 

Although the precipitous low-field drop in J,. (B, 0= 90') is consistent with the 

model of dissipation at Josephson junction grain boundary "weak-links", this model 
fails to explain the relatively field independent plateau at higher fields. Figures 7.4 

and 7.5 show that the J, 's in the plateau regions are low, especially at 77 K. It is 

important therefore, that we consider how much current is carried by the sheath before 

proceeding later to discuss the high field current distribution in the three (TIBi)- 

1223/Ag tapes. Figures 7.6-7.8 compare the uncorrected and corrected E-Js taken at 
77 K and 40 K. At I ýN/cm, the electric field criterion used to evaluate J, the 

parallel current path in the sheath is negligible in all three tapes at 40 K. At 77 K 

however, the sheath current becomes dominant only in tape IS150 and for magnetic 
fields above - 300 mT. 

Further information concerning the plateau in J, (B, 0= 90') can be extracted 

from the E-J characteristics shown in Figures 7.6-7.8. Both at 77 K and 40 K, the 

logarithmic E-J curves of the (TIBi)-1223/Ag tapes display a similar qualitative 

evolution of the E-J relation with magnetic field: negative curvature rising to higher E 

less rapidly than a pure power law. This behaviour is indicative of a true critical 

current density below which the dissipation is zero. For low electric fields 

(< I mV/m = 10 ýN/cm) however, the slope n of each corrected curve is essentially 

linear and can be defined by the power law E-J relation 

ocP (7.3a) 

or equivalently 

d (In E) (7.3b) 
d (In J) 

138 



We have determined n for E= 1-10 [N/cm. At 40 K and in zero field n- 50 

for both IS75 and IS 150 but - 30 for MP. Looking back at Figure 7.2, it is clear that 

this difference in n reflects a difference in the sharpness of the onset of dissipation. 

The considerable broadening of the onset and consequent lowering of n observed for 

MP, implies that there is a wider distribution of junction Jc, 's in this sample than in 

either of the in situ processed tapes. However, in the plateau region of J, (B, 0= 90'), 

n has decreased to - 10 for IS75 and IS150, but has increased to - 50 for MP. The 

decrease in n observed for the in situ processed tapes is consistent with increasing J, 

inhomogeneity for increasing magnetic field. In contrast, the increase in n seen for the 

melt-processed tape suggests a transition from a wide distribution of inhomogeneous 

"weak-links" to a more uniform J, distribution for the surviving current paths, where a 

"strong-link" component may be dominant. 
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7.4. Anisotropy of Transport J,, 

In this section we present a study of the E-J characteristics as a function of 
magnetic field orientation. During these measurements we rotate the magnetic field 

with respect to the tape surface while keeping it always perpendicular to the transport 

current as shown previously in Chapter 6, Figure 6.3. 

7.4.1. Isotropic Response at High Fields 

Measurements of the anisotropy of the transport J,. with respect to applied field 

direction for tapes IS75, IS 150 and MP at 40 K are shown in Figure 7.9. From these 

data we have evaluated the anisotropy ratio R(B): 

R(B) = 
J, 

ý(B, 
0= 

(7.5) 
J, (B, 0= 90') 

where we recall from Chapter 6 that J, (B, 0= 0) and J, (B, 0= 90') are the critical 

current densities when a magnetic field is applied parallel and perpendicular to the 

tape plane respectively. Figure 7.10 compares R(B) obtained for the (TIBi)-1223/Ag 

tapes with that of a BSCCO-2223/Ag PIT tape. As the magnetic field increases, R(B) 

decreases in the in situ processed and melt-processed conductors. Furthermore, at 

fields where we have observed a plateau in J, (B, 0= 90') the response is almost 

isotropic, with R(B) - 1. This behaviour appears completely different to that observed 

for the BSCCO-2223/Ag tape, where the critical current anisotropy increases with 

field. The different field dependence of R(B) between the two systems is indicative of 

different patterns of current flow at high fields. 
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7.5. Magnetic Measurements 

In Chapter 5, we explained the techniques used to study the magnetic 

properties of tapes. This section deals with the magnetic behaviour of the in situ 

processed and melt-processed (TIBi)-1223/Ag tapes. The magnetic current densities 

presented here were extracted at the electric field criterion E-0.02 ýN/crn. 

7.5.1. Granularity 

Recall from Chapter 5, that the measured irreversible magnetic moment of a 

tape conductor Am(tape) can be written as a sum of intragranular and macroscopic 

intergranular terms: 

Am(tape) =2 
V(aojintra + AJinter 

3 
(7.6) 
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where V is the superconducting core volume, Jintra and Jinter the intra- and intergranular 

current densities, a,, the typical grain size and A length scale of coherent macroscopic 

current flow. We also saw that A could be estimated from measurements of the initial 

"reverse leg" magnetic susceptibility of the magnetization loop: 

dAM A 
dH t (7.7) 

where t is the thickness of the superconducting core. In Figure 7.11 we show results 

of this length scale analysis performed on the melt-processed tape MP at 40 K. 

Although the dominant magnetic screening currents initially flow coherently around 

the whole sample, at higher fields the current pattern breaks up into islands 

corresponding to colony size (- 100 ýtm). For tapes IS75 and IS150 on the other 

hand, A is never of sample dimension even at low fields, and we estimate that the 

screening current loops flow on a scale corresponding to a grain size or to small 

clusters of well-connected grains (- 10 ýtm). Clearly, in all three samples, this field 

induced suppression of the intergranular screening current length scale A means that 

at higher fields Am becomes increasingly dominated by the intragranular term in 

Equation 7.6. 
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7.5.2. Magnetic Jc(B, 0= 90') Characteristics 

Unlike the magnetically induced currents, transport currents flow on a 
macroscopic scale forcing the current across a whole range of grain boundaries, and 
will therefore be dominated by any dissipation at "weak-links". Thus we expect 

completely different J,, (B, 0= 90') behaviour from transport and magnetic 

measurements. Figure 7.12 shows a comparison between the transport and magnetic 
J, (B, 0= 90') for the three (TIBi)-1223/Ag tapes at 40 K. The magnetic J, 's were 

calculated from the measured magnetic moment Am: 

ic 
=3 

Am 
2 VA 

(7.8) 

where V is the sample volume (Chapter 5); the magnetic data are converted in terms 

of the geometrical factors A- 10 ýim for IS75 and IS 150, and A- 100 ýtm for MP. 

For all three samples, the magnetic intragranular current densities are 2-3 orders of 

magnitude higher than the intergranular transport current densities. It is important to 

note that for the case of all three tapes, the calculated contribution to the 

magnetisation arising from the measured transport current is only - 10% of the 

observed magnetisation. Therefore, the magnetic measurements reflect the behaviour 

of intragranular currents. 

At low fields, the transport J, drops off much more steeply than the 

magnetically induced J,,. Also, unlike the transport J,, 's, the magnetic J, 's do not 

display a high field plateau. This indicates that at high fields, the residual transport 

current in the (TIBi)-1223/Ag tape conductors is still not limited by intragranular 

dissipation, as is the case for BSCCO-2223/Ag tapes. In other words, the high field 

plateau in the transport J, (B, 0= 90') is caused by the field-independent properties of 

the surviving intergranular connections, and is not indicative of intragranular 

behaviour. Furthermore, in contrast to BSCCO tapes, the average critical current 

density across these connections is orders of magnitude less than the intragranular 

current density. 
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Figure 7.13 shows a comparison of the magnetic J,, (B, 0= 90')/J,, (B = 0) 

obtained for a BSCCO-2223/Ag tape and the (TIBi)-1223/Ag tape MP. The latter 

shows the better field dependence with its magnetically induced J" decreasing much 

more slowly than that of the BSCCO-2223/Ag tape. This is a direct consequence of 

the higher irreversibility line of the Tl- 1223 phase. 

7.6. Discussion 

Unquestionably, the biggest disappointment with the melt-processed and in 

situ processed (TIBi)-1223/Ag tapes studied, is the precipitous low-field drop in the 

transport J, (B, 0 := 90'). Although this is a clear indication of severe grain boundary 

weak-links" , its appearance in tape MP should not detract from the potential of the 

melt processing method. The transport studies presented in this chapter show clearly 

that the intergranular connectivity and transport J, (B, 0= 90') performance of this 

conductor is enhanced significantly over that of the in situ processed tapes. 
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We begin this section with a review of the experimental evidence that shows 
how the melt-process improves grain boundary "weak-link" behaviour. Next we 
examine how these improvements are related to the enhancements achieved in the 
microstructure of tape MP. Finally, we discuss how the information obtained relates 
to the role of grain boundaries and current paths in the (TIBi)-1223/Ag tapes at high 
fields, in particular, addressing the question as to whether the nature of the current 
paths in these conductors differ from those in BSCCO-2223/Ag tapes. 

7.6.1. Improved Transport Critical Current Density Performance in Melt- 
Processed (TIBi)-1223IAg Tapes 

The low field observations made of all three tapes are consistent with a "weak- 
link" network model in which the power law exponent v quantifies the initial rapid 
decay in Jc(B, 0= 90'). At 77 K, v -1 for all three tapes, which is similar to that 

observed for polycrystalline YBCO. However, at 40 K, J, (B, 0= 90') decays faster 

(larger v) in samples IS75 and IS150 than in sample MP. Although the exponent v 

remains at -I for the in situ processed tapes, it decreases to - 0.6 for MP. 

Interestingly, as we have already mentioned, v has a similar weak temperature 

dependence for BSCCO-2223/Ag tapes. The difference in v for the melt-processed 

and in situ processed tapes is a strong indication that the "weak-link" problems that 

occur in the former are far less severe than those that occur in the latter. 

At high fields, all three tapes display a plateau in their transport J, (B, 0= 90') 

characteristics (Figures 7.4 and 7.5). Encouragingly, in this plateau region, the melt- 

processed tape has a significantly enhanced critical current density compared with that 

of the in situ processed tapes, especially at 40 K. 

Another important result of this study is that at 40 K and zero-field, the onset 

of dissipation in the tape MP is far less sharp and broader (lower n) than in either of 

the in situ processed tapes (Figures 7.6-7.8). This suggests that there is a wider 

distribution of junction Jc's in the former than in the latter, and provides yet further 

evidence that the effects of "weak-links" in the melt-processed tape are less severe 

than in the tapes fabricated using an in situ processing route. As the magnetic field is 

increased, the slope n of the logarithmic EJ curves decreases for tapes IS75 and 

IS150 but increases for MP. The decrease in n for IS75 and IS150 is hardly suprising 
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since it indicates increasing J, inhomogeneity, as we might expect for such "weakly- 
linked" samples. 

However, the rise in n with increasing field observed for tape MP is an 
interesting result. It suggests a sharpening of the intergrain Jc distribution in this 

sample at high field, where the intergranular conduction may be dominated by a 
strongly linked component. Similarly, an increase in n for increased field has been 

observed for aligned fine grain bulk YBCO. 9 It is important to note that the due to 
their sharper critical current, the values of n observed for the (TIBi)- I 223/Ag tapes are 
higher than those observed for BSCCO-2223. 

The significant improvements in both the field dependence and high field 

plateau value of the transport J, (B, 0= 90'), show clearly that melt-processing 
improves upon the grain boundary "weak-link" problems that occur in the in situ 

processed tapes. TEM, SEM and HREM (Chapter 3) studies all indicate that the melt- 

process has not led to any improvement in granular alignment, either locally (colony 

scale - 60 ýtm) or macroscopically. Thus, the improvements in the transport properties 

of MP are due entirely to its enhanced intergranular connectivity. 
In spite of the lack of any grain alignment, the melt-process still results in a 

very different and improved microstructure compared with the in situ tapes. Tape MP 

possesses a denser microstructure, consisting of grain colonies - 60 ýtm in length. 

Grain boundaries within the colonies have large areas of contact, do not contain any 

amorphous or crystalline secondary phases, and are thus well connected. 

Measurements of the magnetically derived current carrying length scale A correlate 

closely with the improved intergranular connectivity. Looking back at Figure 7.12, we 

see that for tape MP the dominant magnetic screening currents initially flow 

coherently around the whole sample, while at higher fields the current pattern breaks 

up into islands corresponding to colony size (- 100 [tm). For the in situ processed 

tapes on the other hand, full coherence is not reached even at low fields, and we 

estimate that the magnetically induced screening current loops flow on a scale 

corresponding to a grain size or to small clusters of well connected grains (- 10 ýIm). 

There are other aspects of the relationship between improved performance and 

tape microstructure that deserve emphasis. The superconducting core of IS 15 0 is more 

porous than that of IS75, which correlates with the lower zero-field Jc at both 77 K 

and 40 K (Table 7.1). At the same time, the melt-processed tape has enhanced 
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intergranular connectivity compared with the in situ processed samples, yet has the 
lowest critical current density at 77 K. Eastell et al. have shown that the complex 
nature of the chemistry of melt processing leads to a range of crystalline secondary 
phases in the microstructure, but not at grain boundaries within grain colonies, at a 
much larger volume fraction than formed by the in situ process. The presence of these 

phases substantially reduces the current carrying cross-section of the superconducting 

core, and are likely to limit the zero-field Jc at 77 K, even though the intergranular 

connectivity and hence magnetic field dependence of Jc are substantially improved by 

melt-processing. 

At 40 Ký it is tape MP that exhibits the highest zero-field critical current 
density. The microstructural studies of the tapes reveal no obvious clues as to why 
the superconducting properties of the melt-processed tape should improve so 
dramatically compared with the in situ processed tapes for decreasing temperature. 

A comparison between the transport and magnetic J, (B, 0= 90') behaviour of 

the three tapes shows their magnetic intragranular current densities to be two to three 

orders of magnitude higher than their intergranular transport current densities (Figure 

7.12). Of particular importance is the absence of any plateau in the magnetic 
J, (B, 0= 90'), implying that at higher fields the magnetic and transport measurements 

are completely unrelated. For the case of the magnetic measurements, it is 

intragranular vortex motion that dominates the dissipation. In contrast, it is clear that 

the residual transport current at high field is probing intergranular connections and is 

not being limited by intragranular dissipation, as is the case for PIT BSCCO. 

Schultz et al. have measured the transport J, (B, 0= 90') of various Tl- 

1223/Ag tapes for fields up to -IT, prior to and following neutron irradiation. 10 The 

critical current density of the irradiated samples decreased at all fields, showing that 

intragranular pinning is not the limiting factor for J, This confirms that in complete 

contrast to BSCCO-2223/Ag tapes, the transport J,, (B, 0= 900) behaviour of 

TI-1223/Ag tapes does not display a transition from a "weak-link" dominated region 

to a pinning dominated region 
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7.6.2. Current Paths and the Ro/e of Grain Boundaries at High Magnetic 
Fields 

We devote this section to a discussion of the possible macroscopic 
intergranular current paths that survive and give the plateau in the J, (B, 0= 900) 
behaviour of the (TIBi)- I 223/Ag PIT tapes at high magnetic fields. 

Within the framework of the "weak-link" network model, we can interpret the 
sharp drop in J,, (B, 0= 90') at low fields as a necking down of the effective current 

carrying cross-section. The ensuing plateau in J,, (B, 0= 90') observed for all three 

tapes out to higher fields appears to be evidence of percolative conduction through 
"strongly-linked" boundaries in the remaining current carrying cross-section. 

As already mentioned in Chapter 4, PIT BSCCO contains a wide distribution 

of grain-to-grain connections, which can be modeled as a "strongly-linked" backbone 

within a "weakly-linked" matrix. Junctions with the weakest coupling break down in 

low fields and cease to carry any useful current, so that at higher fields the dominant 

macroscopic intergranular conduction occurs through a percolative network of 

strongly-coupled low angle grain boundaries. 

However, the E-J characteristics of the (TIBi)- I 223/Ag tapes are more similar 
to those of polycrystalline YBCO than PIT BSCCO samples (Figure 7.1). Thus the 

question to be answered for the TI-1223 phase is whether the dominant intergranular 

conduction of transport currents at high fields occurs through a network of low angle 

grain boundaries, as is likely to be the case for BSCCO-2223/Ag tapes. Or is it 

through an extended network of strongly conductive regions that exist within all grain 

boundaries that survive at higher fields? 

In order to span the entire sample, so that a macroscopic current can flow at 

high magnetic fields, the density of strong links in a tape must be higher than a certain 

percolation threshold. For a random unaligned material, percolation will occur when 

- 12% of the grain boundaries are conducting. " The percolation threshold may be as 

high as 55% for aligned materials, where the current flow is considered strictly 

two-dimensional. 12 Since the percentage of low angle grain boundaries in the 

(TIBi)-1223/Ag tapes is well below both thresholds, it is unlikely that they alone can 

account for the required "strong-linked" density necessary for the occurrence of the 

high field plateau in Jc(B, 0= 90'). 

153 



Magnetic measurements and microstructural studies show that "weak-link" 
boundaries are heterogeneous on many length scales. 13 Furthermore, as already 
mentioned in Chapter 2, at least some high angle grain boundaries in YBCO and 
bismuth- and thallium-based conductors have been found to be strongly coupled. 
Unfortunately, it is not possible to discern from the microstructural studies of the 
(TIBi)-1223/Ag tapes whether coherent grain boundaries contain regions of 
coincidence that are not "weak-linked". 

Interestingly, early studies of the residual currents in sintered YBCO indicated 

that they were limited by the occasional microbridges that spanned otherwise 
"weakly-coupled" junctions. 14 Also, recall from Chapter 3, Figure 3.6, that studies of 
aligned fine grained polycrystalline YBCO showed there to be relatively field 

independent regions in the J(B) characteristics of this material. These were ascribed to 

remnant "nonweak-linked" conduction paths that exist in parallel to the "weak-linked" 

conduction paths. An important observation that supported this conclusion was a rise 
in the slope n of the E-J characteristics at magnetic fields above - 10 mT. 

Furthermore, Ekin et al. 's extensive data on both aligned9 and unaligned 15 

polycrystalline YBCO showed that at least some "nonweak-linked" transport 

conduction survived in a wide range of samples. They considered this as being more 

consistent with the explanation that strong links exist within each grain boundary 

rather than the explanation of percolation paths between a few "nonweak-linked" 

grain boundaries. 

The persistence of relatively small but finite intergranular transport currents in 

the presence of high magnetic fields observed for (TIBi)-1223/Ag tapes suggests that 

"strongly-linked" regions exist within each grain boundary of their remaining current 

carrying cross-section. 

Next we turn briefly to experimental studies of highly textured TI-1223 films 

(see also Chapter 3). Up to 60-80% of the grain boundaries in these TI-1223 films 

have low misorientation angles with respect to the substrate, which means that they 

alone can account for any high field transport conduction. Kroeger et al. and Goyal et 

al. have proposed that transport currents travel along percolative paths traversing only 

these low angle, supposedly "strongly-linked", boundaries. 16,17 In addition, magneto- 

optical imaging of TI-1223 films with almost perfect c-axis texture indicate that 

currents flow freely through low angle grain boundaries, and that the magnitude of the 

transport Jc is largely determined by a few high-angle grain boundaries. 18 
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Studies of the critical current anisotropy of TI-1223 films in applied magnetic 
fields up to 150 mT, show that they do not display a decrease in R(B). 19 It appears 
then that the aligm-nent of strong current paths in TI-1223 films is related to the 

substrate, as is likely to be the case for PIT BSCCO-2223 (Chapter 6). This is in 

complete contrast to the (TIBi)-1223/Ag PIT tapes that show a decrease and 
subsequent near isotropic response in R(B) at higher fields (Figure 7.10). 

7.7. Conclusions 

Although signatures of "weak-link" behaviour are still evident in the 
(TIBi)-1223/Ag melt-processed tape, it should not detract from the promise of the 

processing method. Transport studies described in this Chapter show clearly that the 

J, (B, 0= 90') performance of this conductor is improved significantly over that of the 

in situ processed tapes. This is a direct consequence of enhanced intergranular 

connectivity, since the melt-process does not achieve any improvement in granular 

alignment. 

The magnetic behaviour of the melt-processed tape correlates closely with the 

well-connected grain clusters (- 60-70 ýtm in length) present in its microstructure. At 

high magnetic fields, the dominant magnetic screening currents flow on a scale of 

- 100 ýtm, whereas it is only -10 ýtni in the in situ reacted tapes. Encouragingly, the 

magnetic studies of the in situ and melt-processed tapes show that the intragranular 

pinning is strong enough to suggest that any further improvements in tape 

microstructure will have a major impact on TI-1223 conductor technology. 

We have argued that the microstructural studies and high field J,. (B, 0= 90') 

behaviour of the (TIBi)-1223/Ag tapes support the explanation that intergranular 

conduction occurs through "strongly-linked" regions that exist within each grain 

boundary of the remaining current carrying area. In contrast, electromagnetic and 

microstructural studies of TI-1223 films show that the dominant intergranular 

conduction of transport currents at high fields occurs through a percolative network of 

low angle grain boundaries, as is probably so for BSCCO tapes. Thus, were it possible 

to produce (TIBi)-1223/Ag PIT tapes with improved grain alignment, a likely 

outcome is a high field pattern of current flow that is related to the Ag-sheath. 
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Unlike BSCCO-2223/Ag tapes and TI-1223 films, the (TIBi)-1223/Ag PIT 

tapes display a decrease in the anisotropy ratio R(B) at higher fields. The fact that the 

grains in the former are well aligned while those in the latter are poorly aligned 
suggests that measurements of R(B) give an indication of the development of grain 
alignment in a conductor. 

Another important lesson to be learned from studies of TI-based films is that it 

is possible to achieve near optimal intergranular connectivity and excellent grain 

alignment of the TI-1223 phase. It appears that there is still plenty of room for 

improvements in granular alignment and intergranular connectivity in (TIBi)-1223/Ag 

PIT conductors. As we have already mentioned, the melt processing technique has 

significantly improved the connectivity. Unfortunately, microstructural. observations 

of Ag/(TIBi)-1223 interface within the tapes (Chapter 3) show that although the 

TI-1223 will preferentially align on a flat Ag surface, the Ag sheath is too rough for 

the alignment to be maintained over distances greater than a few grains. In addition, 

studies of the interface suggest that the superconductor must be deposited in thin 

layers on the flat substrate. Accordingly, an open tape configuration using melt 

processing is a promising conductor manufacturing route for the future. 
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Chapter 8 

Future Work 

Chapter 5 described the experimental apparatus and techniques that we have used to 

study the magnetic and transport properties of BSCCO-2223/Ag and (TIBi)-1223/Ag 

PIT tapes. In particular, we focussed on the pulsed current transport rig, giving a 
snapshot of progress made to date and the possible future directions for improvement. 

Initial results on the acquisition of an I-V characteristic from a single parabolic pulse 

are very promising. Since this technique would allow us to completely characterise a 

sample in just a fraction of the time it would take using trapezoidal pulses, we will 

endeavour to develop further the performance of the pulsed current transport rig in 

this direction. 

The ability to be able to rotate the cryostat and hence sample with respect to 

the applied magnetic field is another feature that makes the transport rig particularly 

versatile. This facility allows us to study the E-J characteristics as a function of 

magnetic field orientation. As we saw in Chapters 6 and 7, these transport anisotropy 

studies allow us to explore and extract useful information about the level of grain 

aligm-nent in a tape conductor's effective current carrying cross-section. However, it is 

extremely time consuming to take the anisotropy measurements, as the rotation of the 

cryostat has to be done manually. Fitting bearings to the rotation stage and a stepping 

motor to drive a worm gear would automate this and increase further the data 

collection capability of the rig. 

We have shown how transport and magnetisation measurements complement 

each other in the identification and analysis of the dissipation mechanisms that limit 

the critical current density in tape conductors. However, it is now important that we 

combine these techniques with local characterisations using scanning Hall probes. 

This would provide better correlation between the current patterns and the possible 

structural inhomogeneities of the superconducting core, associated with stoichometry, 

porosity, grain alignment etc. In addition, further vital information about grain 

alignment could be obtained using our transverse field VSM, since the orthogonal 

magnetic moments yield information about the average crystallite misorientation. 
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The critical current densities achieved in monofilamentary and 
multifilamentary BSCCO-2223/Ag tapes are no doubt impressive. However, the 
microstructure of these conductors is still nonetheless granular, and hence material 
scientists must aim for homogeneity throughout the whole of the superconducting 
filament. Severe processing difficulties with YBCO and TI-1223 has meant that only 
BSCCO has reached the long length stage. It is therefore likely that multifilamentary 
BSCCO-2223/Ag PIT conductors will be the first of the HTSCs to be utilised for AC 
power applications operating at 77 K. This makes it important that we study both the 
self-field and background AC losses for these materials in the 50-60 Hz range. 

There definitely has been progress in processing innovations for growing Tl- 
1223 and YBCO in a form appropriate for a conductor. However, the usefulness of 
these techniques for the production of long lengths remains questionable. 

Melt-processing improves significantly the high field critical current 
performance of (TIBi)-1223/Ag PIT conductors compared with that of in situ reacted 
tapes. This is a direct consequence of enhanced intergranular connectivity, since the 

melt-process does not lead to any improvement in grain alignment. Alignment of the 

TI-1223 phase requires that it be deposited in thin layers on a smooth substrate. Thus 

an open tape configuration using melt processing appears to be a promising 

manufacturing route for the future. Detailed microstructural, transport, magnetisation 

and local characterisations of these conductors will show whether they achieve the 

level of intergranular connectivity, and grain alignment, necessary to overcome the 

extreme sensitivity to magnetic fields due to "weak-links" shown by the PIT 

conductors. 

The IBAD and RABITS fabrication techniques grow YBCO with strong 

biaxial alignment, thus reviving the material as a candidate for conductors. A 

combination of the characterisation techniques discussed above can establish whether 

second generation YBCO conductors are uniformly connected and correlated with the 

microstructure. Furthermore, they will address issues of conductor inhomogeneity and 

assess their viability of these materials in specific technical applications. 
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Appendix A 

Circuit Diagrams 

This appendix contains full circuit diagrams and component lists for the current pulse 
amplifier and the Common Mode Rejection Amplifier. 

1. Current Pulse Amplifier 

The current pulse amplifier was designed by B. Unvala, of the Department of Materials, Imperial College. 
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A. 3. Component Lists 

Power Supply Board I 

TRI 20V 20AV 
RECI RI 33Kf2 

MI L200 R2 IKM 
OPI TIL 113 R3 200Q 
BI 3x6V R4 200f2 
KI G6C 11 14P 12Vdc R5 360f2 
K2 20Vac 30Ax2 R6 47KQ 
wi sub miniature R8 51M 
Sl illuminated R9 33M 
DI BZX85C ci 50V 
D2 3V6 C2 50V 

Power Supply Board 2 

TRI 12V 3VA RI 240Q 
TR2 6V 3VA R2 620f2 
RECI REC70 R3 24Q 
REC2 REC70 R4 330f2 
DI 12Vdc R5 6K8Q 
D2 IN4001 R6 IOQ 
D3 IN4001 R7 4K392 
KI 12V IA 

R8 20M 
Ql BFY52 

R9 3900 
Q2 BD139 
Ul OP77 RIO 18Kf2 

U2 OP77 RII 8KM 

cl 35V 1000 ýiF 
R12 750f2 

C2 35V 1000 ýtF 
mi LM317 
M2 7805 

C3 16V 2200 gF M3 7905 
C4 16V 2200 gF 
C5 I [tF 

4700 pF 
4700 
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Amplifier Output Board 
Sl FP input switch 
IC2 4053B 
KI 24Vdc 
Ul OP77 (IC5) 
U2 OP77 (IC4) 
U3 EL2003 (10) 
DI 15V BZX85C 
D2 IN4001 
D3 LED green FP 
FETI SMW60NIO 

Logic Board 
Ul 4070 '/4(IC 10) 

U2 4070 '/4(IC 10) 

U3 4070 '/4(IC 10) 

U4 LT1012 (IC6) 
U5 OP77 (IC7) 
U6 OP90 (IC8) 
icil P9224 
IC9 4047 
ici 4047 
Ql BC179 
cl 0.1 [tF 
C2 0.1 ýT 
C3 I ý& 
C4 0.1 ýT 
C5 820 pF 

168 

RI 20KQ 
R2 20KQ 
R3 500KC2 
R4 220Q 
R5 2KQ 
R6 50Q 
R7 2KQ 
R8 lKf2 
R9 0.05f2 25W 
cl I ý& 
C2 2.2 [tF 
C3 470 pF 

RI 160M 
R2 50Kf2 
R3 2K49Q 
R4 50Q 
R5 2K49Q 
R6 IKf2 
R7 200Q 
R8 I OKf2 
R9 56M 
RIO I OOKD 
RII 25KQ 
R12 160KQ 
R13 50KQ 
DI IN4001 
D2 red flashing 
D3 green flashing 



Common Mode Rejection Amplifier 
ici OP27 
IC2 SSM22 
I Cl) SSM22 
IC4 SSM22 
IC5 LM5342 
IC6 OP 177GP 
IC7 AMP02 
IC8 OP27 
DI IN4148 
Cil 0.01 
C 12 1 [tF 
C13 0.1 ýff 
C 14 4.7 [tF 
C15 4.7 pF 
C16 4.7 ý& 
VRI IOOQ 
VR2 1 OM 
VR3 2KQ 
VR4 20KQ 

RI 30KO 
Q IOOKC2 
R3 22EI 
M IK5Q 
R5 10012 
R6 IOOQ 
R7 220Q 
R8 2212 
R9 390Q 
RIO 10012 
RII I OOKQ 
R12 22Q 
R13 IK5Q 
R14 IOOQ 
M5 30KQ 
R16 5M 
R17 I Om 
R18 20KQ 
HO 50M 
R2 I 20KQ 
R22 loom 
R23 1 OOQ 
R24 100KQ 
R25 1 OOQ 
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A. 4. Common Mode Rejection Amplifier - Calibration 
Testing 

The test point settings of the CMR Amp are: 

tPI +12V (+8V... +15V) 
tp2 common or OV 
tp3 - 12V (-8V... -15V) tp5 and tp6 are differential inputs 
tp4 and tp8 are differential outputs 
tp9 is the output with respect to the common (single ended output) 
tp7 common or OV 

and 

IC7 converts the differential outputs to a single ended output with adjustable gain. 

Calibration 

(1) Connect the following resistor network to the input of the amplifier. 

500Q 

IT 

* 

+ve input 

-ve input 
V/1000 

adjustment pots 

50OC2 

0.1% VR I VR2 VR3 VR4 

DMM 

VR2 coarse offset 
VR4 fine offset 
VRI common mode adjustment 
VR3 gain adjustment 

(2) Short A to B and connect to power supply common (OV). Adjust VR2 to give an 
approximate 0 on the DMM then adjust VR4 to give O. OOOOV reading. 

(3) Connect the shorted A and B next to +3.5V (with respect to power supply 
common). Adjust VRI to give O. OOOV reading. 

(4) Repeat steps (2) and (3) until no adjustment is needed. (Note no coarse 

adjustment will be needed. ) 

(5) Disconnect the short of A and B. Connect B to power supply common and A to 

+3. OOOOV. (voltage across IQ will be +3.00OOmV. ) Adjust VR3 to give 3. OOOV 

output. 

Amplifier 

170 



Altering the Range of Gains Possible 

The gain is set by the values of 7 resistors and I potentiometer. The amplification 
happens in two stages. The first stage gain is set by the ratio of RI to the 2 parallel 
resistors R5 and R6. The factory settings are: 

RI 30.9Kf2 
R5 I oof2 
R6 I OOQ 

Thus the gain at this stage is: 

30K9 
618 

1 
YIOO+Yloo 

These values are repeated for R 15, R 10 and R 14. 

The second stage gain is defined by R20 and VR3. (VR3 is in series with R20. ) This 
gain is given by: 

G2 = 
50000 

+1 
(R20 + VR3) 

For the factory setting to give an overall gain of 1000, R20 is 80.6KQ, VR3 is 5KQ 
and G2 is set to 

1000 

= 1.618. 
618 
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Appendix B 

Publications 
Papers 1-7 are publications for which I have taken and analysed all of the 
data presented. 

J. Everett, M. D. Johnston, M. DM16, H. K. Liu, S. X. Dou and A. D. Caplin. 
Influence of superconducting layer thickness on the dissipation 
in monofilamentary BSCCO/Ag 2223 tapes 
UK Inst. Phys. Conf Ser. 148 355 (1995). 

2. J. Everett, M. Dhalle, M. D. Johnston, J. C. Moore, S. Fox, 
D. Hyland, C. R. M. Grovenor and A. D. Caplin. 
Well Defined Grain Boundary Weak-Links in TI-1223 Silver-Sheathed 
Tape Conductors 
High Temperature Superconductors: Synthesis Processing and Large-Scale 
Applications, Edited by U Balachandran, P. J McGinn and J S. Abell, The 
Minerals, Metals and Materials Society 329 (1996). 

3. J. Everett, M. Dhalle, M. D. Johnston, J. C. Moore, S. Fox, 
D. Hyland, C. R. M. Grovenor and A. D. Caplin. 
Well defined grain boundary weak-links in silver-sheathed 

(Tlo. 78BiO. 22)(Sro. 8Bao. 2)2Ca2CU30xtape conductors 
Supercond Sci. & Technol. 9 1077 (1996). 

4. J. Everett, M. Dhalle, M. D. Johnston, J. C. Moore, S. Fox, D. Hyland, 
C. R. M. Grovenor and A. D. Caplin. 
Well defined grain boundary weak-links in TI-1223 tapes 
Proceedings of the 8th International Workshop on Critical Currents in 
Superconductors, Edited by T Matsushita and K Yamafuji, World Scientific 
487(1996). 

5. J. Everett, M. D. Johnston, G. K. Perkins, A. V. Volkozub, J. C. Moore, 
S. Fox, D. Hyland, C. R. M. Grovenor and A. D. Caplin. 
Transport and Magnetisation Measurements of TI-1223 Tapes - the Nature 

of Current Paths and the Role of Grain Boundaries at High Magnetic 

Fields 
IEEE Trans. AppL Supercond 7 1965 (199 7). 

6. J. Everett, M. D. Johnston, G. K. Perkins, A. V. Volkozub, J. C. Moore, 

C. J. Eastell, S. Fox, D. Hyland, C. R. M. Grovenor and A. D. Caplin. 

Enhanced Grain Connectivity and Transport Critical Currents in 

Melt-Processed (TIBi)-1223/Ag Tapes 
UK Inst. Phys. Ser. 158 905 (1998). 
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7. J. Everett, G. Perkins, A. V. Volkozub, M. Dhalle, A. PoIcari, F. Marti, Y. B. Huang, R. FWkiger and A. D. Caplin. 
Filament Architectures in AC Conductors: the Influence of Intergrowths Paper Submitted to ICMC '98, May 10 (1998). 

Paper 8 is a publication that I wrote as first author although I did not take the data myself. 

8. J. Everett, M. Dhalle, M. N. Cuthbert, M. D. Johnston and A. D. Caplin. 
Current-Voltage Characteristics of BSCCO Conductors 
Proceedings of the 8th International Workshop on Critical Currents in 
Superconductors, Edited by T Matsushita and K Yamafuji, World Scientific 
463(1996). 

Papers 9 and 10 are publicationsfor which I have taken and analysed some (9) 
or all (10) of the transport and magnetic data presented 

9. A. L. Crossley, J. Everett, G. Wirth, K. Kadowaki, C. Morgan, C. J. Eastell, and 
C. R. M. Grovenor and A. D. Caplin. 
Comparative Study of J, Flux Pinning and the Influence of Irradiation in 
Bi-2212 Single Crystals 
UK Inst. Phys. Ser. 158 115 7 (199 7). 

10. C. J. Eastell, J. C. Moore, S. Fox, J. Everett, A. D. Capfin, C. R. M. Grovenor 
and M. J. Goringe 
TEM Investigation of the Microstructure and Properties of TI(Bi)-1223/Ag 
Powder-in-Tube Superconducting Tapes. 
Acceptedfor Publication in Phil. Mag. A (1998). 

Paper 11 is a publication for which I did not take any of the data but was 
involved in discussions of the ideas and conclusions presented 

M. Dhalle, M. N. Cuthbert, M. D. Johnston, J. Everett, R. Fliikiger, S. X. Dou, 
W. GoIdacker, T. Beales and A. D. Caplin. 
Experimental Assessment of the Current-Limiting Mechanisms in 
BSCCO/Ag High-Temperature Superconductors 
Supercond Sci. Technol. 10 21 (1997). 

Papers 3,5,6 and 8 are included at the end of this appendix. 
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Wellmdefined grain boundary 
weakmlinks in silver=sheathed 
(TIO. 78BiO. 22)(Sro. 8Bao. 2)2Ca2CU30x tape 
conductors 

i Everettt, M Dhall6t, MD Johnstont, AD Caplint, JC Mooret, 
S Foxf, D Hylandt and CRM Grovenort 

f Centre for High Temperature Superconductivity, Blackett Laboratory, Imperial 
College, London SW7 213Z, UK 
I Department of Materials, University of Oxford, Parks Road, Oxford OX1 3PH, UK 

Received 17 May 1996, in final form 8 August 1996 

Abstract. The key factors that make the thallium-based 1223 phase conductors 
attractive candidates for high-field applications at 77 K are a high transition 
temperature (about 115 K) and an irreversibility line comparable to that of 
YBa2CU307. However, a third important factor is the grain boundary behaviour. We 
have performed detailed current-voltage (I-V) studies of a silver-sheathed 
(TIO. 78E3iO. 22)(SrO. 8Bao. 2)2Ca2CU30x (TI-1223/Ag) tape. Although the tape has a fairly 
high self-field critical current density Jc at 77 K (about 5x 103 A CM-2), the I-V 
characteristics display the 'weak-link' signatures well known for YBa2CU307: linear 
dissipation above a sharply defined critical current, a pronounced decrease of JC in 
a magnetic field H and hysteresis with respect to field cycling. Broader implications 
for the superconductive behaviour of HTS grain boundaries are discussed. 

1. Introduction 

It is well known that the silver-clad (BiPb)2Sr2CU2Ca3O, 
(BSCCO-2223/Ag) tape conductors have overcome the 
grain boundary 'weak-link' problems that occur in 
ordinary polycrystalline YBa2CU307 (YBCO) [1]. Various 
models of the supercurrent transport in BSCCO tapes 
have been proposed, attempting to relate their enhanced 
perfon-nance with structural features [2,3]. Detailed 
magnetic and transport studies show that high-quality tapes, 
although somewhat granular, support sizeable macroscopic 
currents up to relatively high magnetic fields, whereupon 
intragranular flux motion takes over as the main current 
limiting mechanism [4,5]. Furthermore, similar studies 
have highlighted the important role that grain texturing 
plays in achieving high critical currents in tapes [6]. 

However, at 77 K the J, (H) performance of BSCCO- 
2223/Ag tapes is still too low to meet technical specifica- 
tiOns for high-field applications. This has generated much 
interest in thallium-based (TIBi)(SrBa)2Ca2CU30x silver- 
sheathed (fl-1223/Ag) tapes with partial substitution of TI 
either by Bi or by Pb and of Sr by Ba [7,8]. The TI- 1223 
Phase contains only a single TI-O insulating layer which 
results in stronger coupling between adjacent CU02 planes 
than in other BSCCO or TI-based phases. This improve- 
ment in coupling leads to enhanced flux pinning [10] and 

0953-2048/96/121077+04$19.50 g 1996 IOP Publishing Ltd 

an irreversibility line comparable to that of YBCO [ 10,11 
Combined with a high transition temperature (about 115 K), 
these features suggest that TI-1223/Ag tapes should be at- 
tractive candidates for high-current and high-field applica- 
tions at 77 K. 

The powder- in- silver-tube (PIT) technique has proved 
the most successful method for producing high-J, - 
performance BSCCO-2223/Ag tapes [12]. This technique 
has been applied also to the production of the TI-based tape 
conductors. To achieve the maximum attainable J, in both 

materials, careful control of all the processing parameters 
(from tube-packing to final annealing treatments) is 

required. Unfortunately, unlike BSCCO, the thallium 

cuprates appear not to achieve good grain texture during 

tape fabrication, as was shown by recent TEM and SEM 

studies [10]. Despite this, optimization of tape processing 
techniques lead to self-field J, values for the thallium tapes 

approaching 104 A CM-2 , although these J, values are 
depressed rapidly in an applied field [131. 

The importance of achieving good grain texture in 

the TI-1223 phase is highlighted by recent studies which 
suggested that the grain boundaries for tilt angles 0 larger 

than 15' limit the transport J, as 'weak-links', whereas 
for 0< 10' the grain boundaries are not 'weak-linked' 
in TI-1223 and TI-2212 phases, and so do not impose 

a 'weak-link' limitation [14]. Strongly c-axis textured 
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, _1223 
films have been produced that have good self- 

field j, values at 77 K [15-18]: for example J, ý_- 7x 

104 A Cm-2 has bee 
in 

recorded for I itiri thick (both sides 

coated) electrodeposition-derived Tl- 1223 films on Ag [ 18]. 
However, these films do exhibit 'weak-link' behaviour in 

magnetic fields. 
in this paper we present detailed transport current- 

voltage (I-V) or electric field-current density (E- 

j) measurements performed on a (TIO. 7813 10.22)(SrO. 8 
BaO. 2)2Ca2CU30x/Ag tape. We demonstrate how this, the 
first such detailed study of the I-V characteristics, has 

allowed us to characterize the grain boundaries, present in 

the tape conductor. 

Experimental details 

The TI-1223/Ag tape studied was prepared using the PIT 

method [131, and by in situ reaction of the TI and Bi oxides 
with a Sr-Ca-Cu-0 precursor. The superconducting tape 
core had a thickness of about 75 /-tm and a cross sectional 
area of about 10-7 M2. 

Measurements of the transport current-voltage charac- 
teristics were performed in a pulsed current transport rig 
[19]; the pulsed current technique has the advantage that 
it avoids problems arising from ohmic heating at contacts. 
The parallel current contribution of the Ag sheath was sub- 
tracted using the simple relationship between the current 
flowing in the superconductor Icore and the resistance of 
the Ag sheath R, extrapolated from measurements above 
the critical temperature: 

I, ore ýI- VIRn 
- 

Transport critical current data were evaluated at an electric 
field critefion of 10-' mV m-1. 

3. Experimental results 

3.1. Transport current-voltage characteristics 

Figure I compares the E-J characteristics of a BSCCO- 
2223/Ag tape [201, a sintered polycrystalline YBCO rod 
[201 and the TI-1223/Ag tape. Both for TI-1223 and for 
YBCO the onset of dissipation is sharp; at large currents 
the dissipation in both phases is linear and can be described 
by a slope resistivity p' of a magnitude that is almost 
independent both of field and of temperature. Clearly, 
the BSCCO-2223 characteristics are completely different, 
exhibiting a strong temperature- dependence. 

It is well known that the YBCO E-J relationships are 
characteristic of 'weak-links' and that this phase can be 
treated as a network of grain-boundary Josephson junctions 
[21,22]. This is a strong indication that, just as in the 
case of YBCO, the grain boundaries in the TI- I 223/Ag tape 
act predominantly as 'weak-links'. We have expanded the 
YBCO and TI-1223/Ag data of figures I(b) and (c) and 
ShOwn them in figure 2, in order to illustrate further their 
linear E-J relationships that are characteristic of 'weak- 
link' behaviour. 

Previous observations in YBCO have led to an 
interpretation 

of p' as characteristic of dissipation at grain 
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Figure 1. E-J characteristics on similar scales of (a) a 
BSCCO-2223/Ag tape [20], (b) a sintered polycrystalline 
YBCO rod [20] and (c) the Tl- 1 223/Ag tape. 

boundaries [21]. A fundamental parameter associated with 
any 'weak-link' is the product i, r, [23], where r, is the 
normal-state resistance of the link and i, its critical current. 
Experimentally, i, r, can be estimated as pdJ,, where d is 
the typical grain size. Analysis of the I-V characteristics of 
polycrystalline YBCO yields low-temperature i, r, products 
of about 100 /. tV [22]. We estimate for the Tl- 1223/Ag tape 
that, in the low-temperature and zero-field limit, i, r, 
20 /N. 

3.2. The critical current versus magnetic field curve 

Figure 3 shows the JjttoH) curves obtained for the 
BSCCO [191, TI-1223 (J, -5x 103 A CM-2 at 77 K and 

zero field) and YBCO [24] phases at 77 K, in increasing 

and decreasing magnetic fields. Qualitatively, the J, (jtOH) 

behaviours exhibited by the TI-1223 and YBCO phases are 

again similar: rapid suppression of J, in field and critical 

current hysteresis showing that the magnetic history of the 

sample has a significant effect on the measured J, In 

contrast, for the BSCCO-2223/Ag tape there is no field- 

cycling hysteresis at 77 K. Also, the suppression of J, by 

an applied field is markedly slower in the BSCCO/Ag tape; 

at 0.1 T falling by a factor of about three from its zero-field 

value, whereas in YBCO and TI-1223, it is about 30-100. 
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4. Discussion 

For YBCO it has been suggested that one important factor 
leading to 'weak-links' is oxygen concentration variation 4: 1 

across the grain boundary [25-27]. The sensitivity of both 
the thallium-based materials and of BSCCO to oxygen 
concentration is less important than it is for YBCO, so one 
might expect the thallium cuprates to behave in a way more 
comparable to BSCCO. Furthermore, the presence of other 
polymorphic phases in these two systems (they are absent 
in YBCO) might ease the fon-nation of strongly coupled Z: ) 
low-angle grain boundaries [28,29]. However, as our data 
clearly indicate, there is a striking similarity of the low-field 
E-J and J, (IiOH) behaviours observed in the TI-1223/Ag 
conductor to those of polycrystalline YBCO. This suggests 
that grain boundary 'weak-links' limit the critical current 
in TI-1223 as they do in YBCO, whereas they are much 
less important in BSCCO. 

On the other hand, a recent comparison between 
the transport J, (I-toH) behaviour and magnetic J, (AOH) 
behaviour of the TI-1223/Ag tape [30] showed that, at high 
fields (AoH > 100 mT), a few strongly linked current paths 
do survive and the residual transport current may be limited 
by intragranular dissipation, as suggested by previous work 
[311. Furtheniiore, measurements of the anisotropy of 
J, (transport) for this phase suggest that, although the bulk 
of the tape core is untextured, the strongly linked current 
paths that survive to high fields are significantly textured 
[30]. 

T=77 K 
lol 

POKMT) 
Figure 3. The transport J, (B) for a BSCCO-2223/Ag tape 
[19] and for the TI-1 223/Ag tape, both with the field applied 
perpendicular to the tape plane, and for polycrystalline 
YBCO [24]. Increasing and decreasing magnetic fields are 
represented by full and open symbols respectively. 

5. Conclusion 

We have shown that the critical current performance 
of a (TIO. 78B, 0.22)(Sro. 8Ba4D. 2)2Ca2CU30x tape conductor is 

severely limited by grain boundary 'weak-links' that are 

very similar to those in YBa2CU307. Furthermore, the key 

to this behaviour probably lies in the microstructure of the 

various systems. 
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Encouragingly the intragranular pinning is strong 

enough to suggest that an improvement in granular 

connectivi ill greatly enhance the prospects of Tl- tY w 
1223 being used for high-field applications at 77 K. 

Measurements of the anisotropy of J, in TI-1223 tapes and 

recent advances made in the synthesis of strongly c-axis 

textured TI-1223 films indicate that the texturing required 

to alleviate the 'weak-link' behaviour in the Tl- 1223 phase 

, Day be achievable. 
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Abstract-The key factors that make the thallium-based 1223 

phase conductors attractive candidates for high field applica- 

tions are a high transition temperature (- 115 K), and an irre- 

versibility line comparable to YBa2CU307. However, a third im- 

portant factor is the grain boundary behaviour. We have made 
detailed transport current-voltage (I-V) and magnetic studies of 

a Ag-0.1%Hf sheathed TI-1223 tape. For low fields (B < 100 

mT) its critical current density J, performance displays the 

66weak-link" signatures well-known for polycrystalline 
YBa2CU307. At high fields however (B > 100 mT) there is a pla- 

teau region in its J, (B) characteristics. Possible scenarios for 

inter-granular transport current conduction and dissipation in 

this region are discussed. 

1. INTRODUCTION 

It is well known that the silver-clad (BiPb)2Sr2CU2Ca3Ox 
(BSCCO-2223) tape conductors have overcome the grain 
boundary "weak-link" problems that occur in polycrystalline 
YBa2CU307 (YBCO) [1]. Various models of supercurrent 
transport in BSCCO tapes have been proposed, attempting to 
relate their enhanced performance with structural features [2], 
[3]. Detailed magnetic and transport studies show that good 
quality tapes, although somewhat granular, support sizeable 
macroscopic currents up to relatively high magnetic fields, 

where intra-granular flux motion takes over as the main cur- 
rent limiting mechanism [4], [5]. 

However, at 77K the J, (H) performance of BSCCO-2223 
tapes is still too low to meet technical specifications for high 
field applications. This has generated much interest in 
(TIBi)(SrBa)2Ca2CU30x silver-sheathed (TI-1223) tapes with 
partial substitution of TI by either Bi or Pb and of Sr by Ba 
[6]. The TI-1223 phase contains only a single TI-O insulating 
layer, which results in stronger coupling between adjacent 
CU02planes than in other BSCCO or TI-phases; this leads to 
enhanced flux pinning [7], and an irreversibility line compa- 
rable to YBCO [8], [9]. Combined with a high transition tem- 
perature (-115 K), these features suggest that Tl- 1223 
tapes should be attractive candidates for high current and high 
field applications at 77 K. 

The powder- in-s ilver tube (PIT) technique has proved the 
most successful method for producing high J, performance 

Manuscript received August 26 th, 1996. 
This work was supported by UK EPSRC and by EC Brite Euram- 

Contract CT93 0445 and the National Grid Company p1c. 

BSCCO-2223 tapes [10]. This technique has been applied 
also to the fabrication of TI-based tape conductors. Unfortu- 
nately unlike BSCCO, the thallium cuprates appear not to 
achieve good grain texture during tape fabrication, as was 
shown by recent TEM and SEM studies [11], [8]. Despite 
this, optimisation of tape processing techniques lead to self- 
field J, s for the TI tapes approaching 104 A/cm2, although 
these are depressed rapidly in an applied field [12]. The im- 
portance of achieving good grain texture in the TI-1223 
phase is highlighted by recent studies which suggest that grain 
boundaries with tilt angles 0 larger than 15' limit the trans- 
port J, as "weak-links", but for 0:! ý 10' the grain boundaries 
are strongly linked in TI-1223 and TI-2212 [13]. 

We present magnetic and transport current-voltage meas- 
urements performed on a Tl- 1223 tape, and show how the 
information obtained relates to the role of grain boundaries, 
and current paths in this sample at high magnetic fields. 

11. EXPERIMENTAL DETAILS 

The Ag-O. I%Hf sheathed TI-1223 tape studied was pre- 
pared by the PIT method [ 12], by in-situ reaction of the TI 

and Bi-oxides with a SrCaCuO precursor. The tape core was 

-150 ýtm thick, with a cross-sectional area of -3 x 10-3 CM2. 
Magnetic studies of the tape were made using an Oxford In- 

struments Vibrating Sample Magnetometer; measurements of 
the transport current-voltage (I- V or electric field-current den- 

sity E-, ý characteristics were taken in a pulsed current trans- 

port rig [14]. The parallel current contribution of the sheath 

was subtracted using I, =I- VIRn) where is the current 
flowing in the core, and Rnthe sheath resistance. 

111. EXPERIMENTAL RESULTS 

A. Transport E-J Curves 

Fig. I shows the E-J characteristics of the Tl- 1223 tape. At 
high temperatures the onset of dissipation is sharp but be- 

comes rounded at lower temperatures; for large currents the 

curves are near-linear at all temperatures shown, and can be 

described by a slope resistivity of a magnitude that is almost 
independent of both field and temperature. It is well-known 
that these linear E-Js are a strong indication that, just as in 

the case of YBCO, the gain boundaries in TI-1223 tapes act 

predominantly as "weak-links" [14]. 
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Fig. 1. Transport E-J characteristics of the TI-1223 tape in zero applied field. 
The curves have been corrected for the parallel current contribution from the 
sheath. 

B. Transport J, (B) Characteristics 

Fig. 2 shows the J, (B) curves obtained for the TI-1223 tape 
at 77 K and 40 K. At 40 K there is an initial rapid suppres- 
sion of J. in field, where at -50 mT it has fallen by a factor 
of -25 from its zero field value of -7700 A/CM2. Interest- 
ingly, at higher fields J, displays a plateau that extends out 
to -2 T. Similar transport studies of TI-1223 tapes display 
this plateau in J, up to -5 T at 45 K and -1 T at 75 K [151. 
Suppression of J, by an applied field is slightly faster at 
77 K, with J, having fallen from its zero field value of 
-3400 A/CM2 to -30 A/cm2 at 50 mT, a factor -100. At 
77 K there is a double-step feature that appears to level out 
from -500 mT; at ITJ, has fallen to -2 A/CM2. 

The precipitous low field drop in J, is consistent with the 
model of dissipation at Josephson junction grain boundary 
" weak-links" [16], [17]. However, this model fails to explain 
the relatively field independent J, (B) characteristics at 
higher fields. 

10' 
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loý 

u 
10, 

st-41 
64 

10, 

Fig. 3. The 40 K and 77 K transport J, (H) characteristics, evaluated at 
0.1 mV/m and corrected for sheath contribution. The magnetic field was 
applied perpendicular to the plane ofthe tape. 
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Fig. 3. Transport EJ characteristics for selected magnetic fields applied per- 
pendicular to the tape plane at (a) 40 K and (b) 77 K; open symbols are data as 
measured, closed symbols as corrected for the parallel current in sheath. The 
dotted line represents the resistivity of the sheath. 

C. High Field Plateau in the Transport J, (B) Characteristic 

Because the J, 's in the plateau region of the J, (B) charac- 
teristics for the TI-1223 tape are low (-200 A/cm2 at 40 K 
and -2 A/cM2 at 77 K), it is important to consider how 
much current is carried by the sheath. Fig. 3 compares the 
uncorrected and corrected EVs at 40 K and 77 K. For 40 K, 
it is clear that at 0.1 mV/m the parallel current path in the 
sheath is negligible. At 77 K the sheath current is negligible 
up to -60 mT, but becomes dominant above -300 mT. 

D. Magnetic Measurements 

When a magnetic field is applied to a superconductor, 
magnetic screening currents are set up both within grains, 
and on a macroscopic scale. The irreversible magnetisation 
Am is a direct measure of these screening currents, and can 
be written as a sum of inter- and intra-granular contribu- 
tions: 

Am = (2/3) V,,, [Ji, t,, A+ Jit,,, aj, (1) 

where V,,,, is the core volume, Ji, t,, and Ji,, t,,, the inter- 

and intra-granular J, 's, A the radius of the circulating 
screening current loops and a,, the typical grain size [I]. 
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This requires knowledge of A which is complicated by the 
presence of "weak-links" in the granular superconductors. 
The "weak-links" tend to break down the pattern of screening 
currents with increasing magnetic field and temperature, so 
that A cannot be equated simply to its physical dimension. 
However, previous analysis has shown that at a given T and 
H, the initial "reverse-leg" magnetic susceptibility is propor- 
tional to A, and so allows the latter to be estimated [ 18]: 

(dAMIdH) cc (A/t) (2) 

where t (-150 pm) is the thickness of the superconducting 
core. For both 10 K and 40 K we estimate that at IT 
(dAMIdH) - 0.06 indicating that the dominant magnetic 
screening currents circulate on a scale corresponding to a 
grain size (-10 pin) thus probing intra-granular dissipation 
within grains; this confirms earlier magnetisation measure- 
ments, throughout a wide magnetic field range made on simi- 
lar samples [ 19]. Although (2) breaks down once A :! ý t[ 18], 
this low value does indicate loss of coherence on a larger 
scale than 100 pin. Thus at higher fields Am becomes in- 
creasingly dominated by the intra-granular term in (1). 

Transport currents on the other hand, flow on a macro- 
scopic scale, forcing the current across a whole range of grain 
boundaries and are dominated by dissipation at "weak-links". 
We would therefore expect completely different J, (B) behav- 
iour for the two types of measurement, and this is illus- 
trated in Fig. 4(b). At low fields the transport J, shows the 
poorer field dependence. However, unlike the transport J, the 
magnetic J, does not display a high field plateau. One should 
note, that in the calculation of the magnetic J, 's we as- 
sumed a geometrical factor A- Wpm, since the lengthscale 
in this regime is too small to be determined experimentally. 
As such the absence of a plateau in the magnetic data might 
reflect a continuing evolution of the true A, rather than Jinw- 

IV. DISCUSSION 

Although the low field drop in the J, (B) characteristic for 
Tl- 1223 can be explained by the theory of Josephson junction 
"weak-links", this cannot explain the plateau in J, at high 
fields. This has generated much interest and speculation as to 
the specific nature of current conduction in this plateau re- 
gion. We have shown that at the voltage criterion we used to 
evaluate critical current data (0.1 mV/m), that transport cur- 
rents flow through the superconducting core in the 40 K pla- 
teau region, but for the 77 K relatively field independent re- 
gion, there is a significant parallel current contribution from 
the tape sheath. 

Recent work on TI-1223 thick films has shown that 60 to 
80% of the grain boundaries in these materials have low mis- 
orientation angles 0, and on this basis it has been proposed 
that the current travels along percolative paths consisting 
of only low-angle, supposedly strongly linked 
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Fig. 4. (a) The magnetic moment measured for the tape. (b) Comparison of 
magnetic J, (H) and transport J, (H) behaviour of tape. 

boundaries [20], [21]. Kung et al. suggest that a strongly 
linked network of percolative conduction paths, combined 
with good interplanar coupling result in the plateau seen in 
the transport Jc of TI-1223 tapes [15]. On the other hand, 
extensive work on aligned and unaligned fine grained bulk 
Y, Ba2CU307-5 show a high-field "nonweak-linked" transport 
Jc that is considered to be due strong linked regions existing 
within each coherent grain boundary [22]. Also, residual cur- 
rents have been observed in sintered YBCO, and a study by 
Larbalestier et al. indicated that they were limited by the oc- 
casional micro-bridges that spanned otherwise weakly cou- 
pled boundaries [23]. 

Since the E-J characteristics of TI-1223 tapes are more 
similar to those of bulk YBCO than PIT BSCCO samples 
[14], the question to be answered is whether in the strong- 
linked high field region conduction occurs through strongly 
coupled low-angle grain boundaries, as it is likely to be the 
case in BSCCO tapes [3], or, as suggested for YBCO [22], 
[23] through grain boundaries which exhibit a high degree of 
micro-bridging. In order to span the entire sample, so that a 
macroscopic current can flow, the density of strong links must 
be higher than a certain percolation threshold. Previous stud- 
ies on fine grained YBCO have suggested that percolative 
conduction paths would require -15% of grain boundaries to 
be "nonweak-linked" [22]. Because the TI cuprates, unlike 
the BSCCO based conductors, appear not to achieve good 
grain texture during tape fabrication [8], it seems unlikely that 
low angle grain boundaries alone can account for the required 
strong-link density necessary for the occurrence of the high 
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Abstract. We report detailed transport current-voltage (I-P) studies of in situ 
and melt-processed (TIBi)-1223/Ag tapes. Although their low field critical 
current density Jc performance is limited by grain boundary "weak-links", there 
is a plateau region in their J,, (B) characteristics at high fields. In this plateau 
region, the melt-processed tape shows a transport Jc that is enhanced 
significantly over that of the in situ processed tapes. 

1. Introduction 

Key factors that make the thallium-based 1223 phase conductors attractive candidates for 
high field applications are a high transition temperature (-115 K), and an irreversibility line 

comparable to YBa2CU307-Unfortunately, unlike BSCCO, the thallium cuprates appear not 
to achieve good grain texture during tape fabrication [1]. Despite this, optimisation of 
processing techniques has produced TI tapes with self-field Jc's at 77 K of - 2x 104 A/Cm2 

, 
although these J,, values are depressed rapidly in an applied magnetic field [2,3]. 

The importance of achieving good grain texture in the TI-1223 phase is highlighted 
by the high J,, 's (- 7x 104A/CM2 at 77 K and 0 T) of strongly c-axis textured TI-1223 thick 
films [4]. Here, the grain connectivity is close to optimal showing, that it is good granular 
alignment that is crucial for achieving the high 4's. On the other hand, for (TIBi)-1223/Ag 

tapes produced by the powder-in-tube (PIT) method, it has been suggested that granular 
alignment will become the decisive factor in improving transport J,, only after extensive and 
close intergranular connectivity has been established [2]. Thus a combination of enhanced 
granular connectivity and alignment is needed to improve J,, and reduce grain boundary 

"weak-link" behaviour in (TIBi)-1223/Ag tapes. In this paper we show how the 
intergranular connectivity and transport Jc of a melt-processed (TIBi)-1223/Ag tape, are 

enhanced significantly over those of in situ processed (TIBi)- 1223/Ag tapes. 

2. Experimental 

We have studied two (TIBi)-1223/Ag tapes prepared by in situ reaction of Tl- and Bi-oxides 

with a SrCaCuO precursor. The superconductor core thickness I of tape IS75 is -75 ýtm and 

its cross-sectional area A_ 10-3 CM2; for tape IS 150, t -150 ýtm, A -3x 10-3 crný. A third tape 
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studied was prepared using a melt-processing technique, with t -95 ýtm and A-1.5 x 10-3CM2. 

Full details of tape fabrication and microstructure are given elsewhere [5,6]. Tape 
IS75 has a denser superconducting core than tape IS150. However, they have a similar 
microstructure, consisting of well-defined platelets typically 1-2 4m in length. Neither IS75 
nor IS150 show any granular alignment. Furthermore, their microstructure reveals 
crystalline and amorphous secondary phases. Amorphous phases are of particular 
importance in the in situ processed samples, as they tend to coat a high proportion of their 
grain boundaries. Another feature of these tapes is the existence of a few regions where 
there are clusters of four or five grains that result in small, but well-connected dense areas of 
microstructure. 

The microstructure of the melt-processed tape is markedly different from the in situ 
processed tapes. It consists of densely packed regions (colonies) - 60-70 ýtm in length, of 
less well defined TI-1223 grains. Grain boundaries appear well-connected with large areas 
of contact, although there is no long-range granular alignment. While the microstructure of 
the tape reveals no amorphous phases, it does show that the melt-process leads to a range of 
crystalline secondary phases that are intimately mixed with the superconducting grains. It is 
important to note that no attempts were made to maximise J,, in this tape, by pressing or 
optimisation of the rolling process. 

Transport I-V (or electric field-current density E-J) characteristics were taken in a 
pulsed current transport rig. We subtracted the parallel current contribution of the Ag sheath 
using I- VIR, where is the current in the core, and R,, the sheath resistance. 

3. Results and discussion 

Fig. I shows the E-J characteristics of IS75, IS 150 and W at 77 K and 40 K. At 77 K, the 
Ws of all three tapes display the "weak-link" signatures well known for polycrystalline 
YBCO: linear dissipation above a sharply defined critical current [7]; However, IS 150 has a 
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Figure 1. Transport EJ characteristics of the (TIBi)-1223/Ag tapes IS75, IS150 and NW in zero 

applied field at (a) 77 K and (b) 40 K. The Curves have been corrected for the parallel current 

contribution in the sheath. 
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slightly sharper critical current than IS75 and MP. At 40 K, the onset of dissipation in MP 
becomes very rounded and is far less sharp than in both of the in situ processed tapes. This 
indicates that the melt-process improves the severe grain boundary "weak-link" problems 
that occur in (TIBi)-1223/Ag tapes fabricated using an in situ processing route [8]. 

Fig. 2 shows the transport Jc(B) curves obtained for IS75, IS 150 and MIP at 77 K and 
40 K. At 40 K, all three tapes display an initial rapid suppression of 4, followed by a high 
field plateau in Jc that starts from - 50 mT; at - 500 mT, Jc has fallen from the zero field 
value of - 9900 A/CM2, - 7700 A/CM2 and - 11400 A/cM2 by factors - 25 in IS75, - 34 in 
IS 150 and -6 in MP respectively. Suppression of Jc by an applied field is slightly faster at 
77 K. Here, the field dependence of Jc for IS75 and NW is roughly the same and better than 
for IS150 out to -100 mT. However, at 500 mT, Jc has fallen from - 5100 A/CM2 to -20 
A/CM2 in IS75, - 3400 A/cM2 to -2 A/cm2 in IS 150 and -3000 A/CM2 to - 80 A/CM2 in MP. 
At 0.1 mV/m, the electric field criterion used to evaluate 4, the parallel current path in the 
sheath is negligible in all three tapes at 40 K. On the other hand at 77 K, the sheath current 
becomes dominant in IS 150 above - 300 mT [9]. It is evident from these data that there is a 
significant improvement in both the field dependence and high field plateau value of 
transport 4 in the melt-processed tape compared with the in situ processed tapes. 

The precipitous low field drop in Jc is consistent with the model of dissipation at 
Josephson junction grain boundary "weak-links" [10]. However, this model fails to explain 
the relatively field independent Jc(B) characteristics of the three tapes at higher fields. 
Recent measurements of the anisotropy of 4(transport) with respect to applied field 
direction for the three tapes, showed that as the field is increased their critical current 
anisotropy decreases. Interestingly, it also showed that in the plateau region of their 4(B) 
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characteristics the response was isotropic [8], which indicates the absence of any grain 
texturing with respect to tape plane. It is important to note that this behaviour is completely 
different from BSCCO-2223/Ag PIT tapes, where the critical current anisotropy increases 
with field. This is indicative of different patterns of current flow in the two systems at high 
fields [8,9]. 

A recent study of the magnetic behaviour the three (TIBi)-1223/Ag tapes showed that 
for NIP, at 40 K, the dominant magnetic screening currents initially flow coherently around 
the whole sample, while at higher fields the current pattern breaks up into islands 
corresponding to - colony size (- 100 ýtm) [8,9]. For IS75 and IS 150 on the other hand, full 
coherence is not reached even at low fields, and it is estimated that the screening current 
loops flow on a scale corresponding to a grain size or to small clusters of well-connected 
grains (- 10 ýtm). Furthermore, a comparison between the transport J, (B) and magnetic J,, (B) 
behaviour of the three tapes showed that their magnetic intragranular current densities were 
one to orders of magnitude higher than their intergranular transport current densities. 

4. Conclusions 

Although signatures of "weak-link" behaviour are still evident in the (TIBi)-1223/Ag melt- 
processed tape, it should not detract from the potential of the processing method. Transport 
studies described here show that, the grain connectivity and transport Jc(B) performance of 
this conductor is improved significantly over that of the (TIBi)-1223/Ag in situ processed 
tapes. The coating of grain boundaries by amorphous phases is abundant in the in situ 
processed samples, and it is likely that the improvements achieved in the melt-processed 
tape are due largely to the absence of amorphous material from its microstructure. 
Encouragingly, intragranular pinning in the in situ and melt-processed tapes is strong 
enough to suggest that the achieved enhancement in granular connectivity will boost the 
prospects of (TIBi)-1223 being used for high field applications at both low and high 
temperatures. Recent advances made in the synthesis and performance of strongly c-axis 
textured TI-1223 films indicate that the goal now should be to obtain the large-scale grain 
alignment required to alleviate the "weak-link" behaviour in the (TIBi)-1223/Ag phase. 

Work supported by UK EPSRC. J Everett thanks The National Grid Company p1c: for financial support for this 

work through the CASE Award scheme. 
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ABSTRACT 

Transport and magnetisation measurements of current-voltage (I-V) characteristics of 
conductors complement each other in two important respects: The magnetic studies 
extend the characteristics downward several orders magnitude in electric field E, and 
the topology of the important current paths may be very different in the two cases. 
Furthermore, current paths that are associated with grain boundary weak-links (WL) are 
suppressed in rather low magnetic fields. 
We report detailed transport and magnetic studies of two silver-sheathed BSCCO-2223 
tape conductors (BSCCO/Ag), and interpret the data within a description that 
incorporates a spectrum of current paths, and includes both inter- and intra-granular 
current limitation. 

1. Introduction 
An understanding of the dominant current-limiting mechanisms in BSCCO/Ag tapes is 

crucial if their performance is to be improved further beyond the recent remarkable 
advances. The main current limiting mechanisms appear to be grain boundary 
"weak-links" (WL's) and flux motion. Both may be present in a single sample, in different 

parts of the H-T plane, or in different regions of these highly inhomogeneous and 
anisotropic systems. In order to address these questions, we have performed a 
combination of detailed transport and magnetisation studies on two BSCCO/Ag 2223 

mono -filamentary tapes. 1,2 

2. Experimental Details 

The two tapes measured were both prepared using the powder-in-tube technique. ' 

Samples IPI and T2 both have a core thickness - 30 ýtin and self-field critical current 
densities of J, (77 K, 0 T) = 180 and 22 NWm 2 respectively. 

Transport I-V curves were taken using a pulsed current transport rig. E-J curves were 
calculated using the voltage lead spacing (- 10 mm) and BSCCO core cross section; J, 

was evaluated at E= 10-4 V/M. Magnetisation measurements were carried out in a 

vibrating sample magnetometer. The current density was extracted from the irreversible 

component of the magnetic moment Am, using the Bean model: J= 3Aml2VA, where Vis 

the volume of the superconducting core and A the experimental length-scale of coherent 

current floW. 4 The corresponding E was calculated using Eý (doldt) /A ýý 7TApodHIdt, 

where the last equation holds for full sample penetration. 3 
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3. Results and discussion 

Figure I shows the E-J characteristics for T2 and IP1. Both samples display a similar 
qualitative evolution of the E-J relation with field. At low fields the logarithmic curves 
show a negative curvature, which can be approximated by the empirical relation E oc (J 

- 
4, 

empiricaly, 
5 

whereJc, empirical is the finite current density at which the E appears 
to tend to zero, and n is the logarithmic E-J slope in the limit of high J At higher fields, 
the curves straightenOUt) Jc, 

empirical vanishes and the E-J behaviour becomes power-law 
like: ln(ElEo) = nln(JlJo). 

T2 
10-2- T=70K 

ý"? p 
cl ob 

J3 
'cr p 

op 

10-4- 
t= 

5 Aý 
(0 

19- 
A Vm 1) 

T4 Avm G06T 
0.5r Mr QTT 

I-P-1 

T =70K 

0.5r V 0.06r 

Ur GIT 

0 101 0 101 
Current density (A/m 2) 

Figure 1. E-J curves for samples T2 and IPI. The data at E fields above 10-4 V/m are 
from transport studies, below 10-4 V/m they are derived from magnetic studies. 

For both samples, at low fields, the transport and magnetic characteristics are in fair 

agreement, but clearly tend to diverge as the field increases. This discrepancy reflects the 
different current paths that are significant in the two kinds of experiment. While any 
closed current loop will contribute to the magnetisation, the transport measurements must 
find paths that traverse the entire sample. This means that any inhomogeneities in the 

sample will affect the transport and magnetic screening currents differently. 
Throughout this paper we have used the core cross-section and sample radius to 

calculate the transport and magnetic J, respectively. If the tapes were homogeneous then 

we would expect the transport and magnetic E-, Ts to be identical, with a length scale A 

that was of order the sample dimension, and independent of both field and temperature. 
However, figure 2 shows clearly that in both samples, A tends to the sample radius at low 

fields, but drops off steeply at high field. This field induced fragmentation of the sample 

explains the high field discrepancy between the magnetic and transport E-, Ts. The whole 

picture points to a scenario of interconnected islands of typical size A. The transport 
E-, Ts are a measure of the behaviour at the interconnections, while the magnetic E-. Ts 

measure the behaviour within the islands. However, the local gradients of the magnetic 

and transport E-, T s do not significantly differ, suggesting that the interconnections behave 

in the same way as the islands, so that there may be no need to invoke different dissipation 

mechanisms in the two situations. 
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Figure 2. Magnetically-derived length scales A at low and high temperatures for 
BSCCO/Ag 2223 tapes T2 and IPI. 

Figure 3 shows the J, (B) dependence for samples T2 and IP I. Again there is a feature 
common to both samples. Two different regimes can be distinguished. At low magnetic 
fields, B<B*(T), J, drops off fast with field, following a power law J, oc B-'. Above B* 
the form of J, (B) changes to exponential, J, (B) - J,,, exp(-B/Bd, as indicated by the 
dashed lines. This difference in behaviour has been shown to reflect a difference in the 
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Figure 3. Transport J, (B) at selected temperatures for T2 and IP I, with B perpendicular 

to the plane of the tape, showing two dissipation regimes. 

dominant dissipation mechanism.. ' At low magnetic fields, J, (B) is determined by the 

intergranular properties of a Josephson-like weak-linked network, while at B>B* only 

strong-linked grain-to-grain connections survive and the dominant dissipation mechanism 
becomes intragranular flux motion. The crossover field B*(T) is temperature and sample 
dependent, and corresponds to the field where the curvature of the E-J relation 
disappears. The low field J, (B) behaviour mirrors the disappearance of the empirical 
Jc, empirical describing the downward curvature on the E-J curves shown in figure 1. 
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A recent study has shown how in the high field region of the J, (B) relation the E-J 
characteristics can be used to probe the physical processes underlying the dissipation due 
to flux motion .2 In particular, the temperature- and field-dependences of the E-J 
characteristics and the derived experimental J, (TH) are related directly to the J and H 
dependences of the effective pinning potential U(JB, T). Furthermore, it has been shown 
that the power-like character of the E-J curves and their logarithmic slope allows 
extraction of this UQB) relation directly from the data, without having to resort to any 
particular model other than the general assumption of thermally-activated flux motion. 

4. Conclusions 

We have shown that a combination of transport and magnetic studies performed on 
the same sample can shed light upon the physical mechanism limiting the macroscopic 
critical current density. At high temperatures and fields there is a field-induced 
fragmentation of the current distribution, with the magnetic screening currents breaking 
up into islands. Furthermore, we have demonstrated that the EV relation exhibits different 
signatures at low and high fields. In the low field region, where the detailed behaviour is 
strongly sample-dependent, the EV characteristics tend towards a finite critical 'J, ' at low 
E's, which can be seen as indicative of weak-link dominated dissipation. As the magnetic 
field increases, this finite 'J, ' gradually decreases to become zero at a cross-over field B*. 
Above B*, the EV curves are essentially power-like in most of the experimentally- 
accessible voltage window; here magnetic flux motion in the surviving strong-linked 
current paths takes over as the dominant dissipation mechanism. 
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