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Abstract

The extensive research effort in the development of high-7, superconducting (HTSC)
class-II (Bi,Pb),SryCa;CusOx.10 (Bi(Pb)-2223) coils, and magnets, through processing
optimization, and characterization of silver, and silver-alloy composite tapes, has been
conducted at the Center for Superconducting and Electronic Materials (part of the
Institute of Materials Technology and Manufacturing), Department of Materials

Engineering, University of Wollongong.

Studies leading up to the production of Bi(Pb)-2223 class-II coils, and magnets include
the following investigations in materials processing, and science of Bi(Pb)-2223

composite tapes:-

The processing of Bi(Pb)-2223 short, and long length composite tapes (from the
standard procedure of PIT, to the conventional method of CTFF, and the novel format
of WIT, or wire-in-tube), and the characterization on their physical, chemical,
electrical, and magnetic properties by means of measurements - implemented
techniques include; Vickers microhardness tests (HyT), particle size analysis (PSA), X-
ray diffraction (XRD), differential thermal and thermo-gravimetric analysis (DTA/TG),
scanning electron microscopy with energy-dispersive spectrometry (SEM/EDS),
electrical transport, ac-susceptibility, and the SQUID (superconducting quantum

interference device) magnetometry.

The effect of powder packing density, using the conventional method of powder-in-
tube (PIT) by various means, on the transport critical current density, J., mechanical
properties, and high-T, phase (2223) formation of Bi(Pb)-2223 single filamentary (SF)
superconducting tapes - higher initial packing density of PIT monocore short tapes has
been found to give higher J. values, as well as higher rate of 2223 formation, while
lower initial packing density samples gave better mechanical performance. Critical
strains for bend tests showed a dependence on the core thickness, and silver/oxide

volume ratio.
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The effect of sintering periods on the microstructure, phase development, and electrical
transport and magnetic properties of Bi(Pb)-2223 SF tapes - comparisons have been
made between three batches of tapes with the same thermomechanical deformation,
and sintering conditions, but with the starting precursor powders being different in
their synthesis. It has been found that the volume density of the macroscopic pinning
force in fields up to 1T is greater for a particular sintering period, viz. ~ 60 h in
duration. Resistivity measurements further showed that the pinning activation energy
also reaches a higher value for the same sintering period chosen. Scanning electron
microimages of the fractured surfaces indicated that better core morphology, and
density can be achieved in SF tapes from using this particular sintering period. Prolong
sintering has been found to lead to greater porosity, while short duration sintering
inhibits grain growth, which is undesirable for not providing sufficient time for the
healing of cracks, induced during the intermediate deformation between sintering
periods. The results also showed that longer sintering periods (of duration = 100 h)
tend to give better grain growth (in terms of grain size), but greater grain misalignment.
Prolong sintering however, has been found to facilitate the increase in porosity of the
core due to random grain growth. Critical currents in tapes treated with long sintering
periods also have been measured to be lower in comparison with the values obtained
for samples treated with slightly shorter sintering periods. The tapes made using ‘three-
to-four-sinter-period’ (each period ~ 60 h) showed superior electrical transport
properties over the ‘two-sinter-period’ (each period = 100 h) tapes, and revealed less
microcracks in comparison with the ‘five-to-six-sinter-period’ (each period ~ 40 h)
tapes. These attributes are the result of higher core density with better connected and

aligned grains, owing to sufficient sintering time for each period of heat treatment.

The effect of intermediate rolling reduction on the transport property, microstructure,
phase formation and fill factor of Bi(Pb)-2223 composite tapes - well controlled
intermediate deformation between sintering stages of Bi(Pb)-2223 composite tapes is
crucial in achieving high critical current density. This deformation whether by rolling
or pressing, depends on factors such as the compositional phase, the degree of
microcracks, sintering periods or duration, and sintering temperature. It has been
investigated that there is indeed an optimal ‘window’ of reduction for intermediate

rolling (at room temperature) between sintering stages. For a particular sintering
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temperature, this window has been determined to vary depending on the time of
sintering and phase composition after a certain sintering period. It has been found that
the amount of intermediate deformation controls the transformation rate of 2223, as

well as determining the tape’s final microstructure and fill factor.

Mechanical property, and filamentary configuration of Bi(Pb)-2223 composite tapes -
mutifilamentary (MF) tapes prepared by both methods of oxide-powder-in-tube
(OPIT), and continuous-tube-forming-filling (CTFF) technique with reproducible, and
scalable transport critical current densities between 15 and 20 kA/cm?® (77 K, self field,
lp V/cm) by rolling have been achieved. It has been found that the filament
distribution (geometry of filaments), the fill factor (ratio of superconducting ceramic
core to the total cross-section of the conductor), and the stacking factor (number of
times the filaments are stacked) play a crucial roll in determining the overall

mechanical and electrical performance of these tapes.

The determination of stability parameters for Bi(Pb)-2223 composite tapes - with high
upper critical fields, HTSC have been recognized as candidate materials for coil and
magnet applications. High field devices at one time or another, when operated close to
their rated limits, are often faced with instability problems which normally are of
electrical, magnetic or mechanical nature. The determination of stability parameters
therefore are of interest to the conductor designer which assists in the processing aspect
of long length production of wires and tapes. It has been found that Bi(Pb)-2223/Ag
tapes are cryostabled, as well as flux-jump stabled. Processing parameters such as
intermediate deformation and fill factor, have found to have a direct effect on the

stability outcome of these tapes.

Thermal stability of Bi(Pb)-2223 coils at 77 K - it has been found that the degree of
thermal stability of Bi(Pb)-2223/Ag pancake-shaped coils at 77 K can be determined
by controlling the amount of matrix and superconducting materials during processing.
The intermediate deformation step between sintering stages has been found to be
crucial in optimizing the performance of the processed composite tapes as well as
governing the thermal stability of the subsequently produced pancake-shaped coils.

Results obtained from numerical analysis by the finite element method has shown that



monolayer coils produced from Bi(Pb)-2223/Ag composite tapes are thermally very
stable, with high values of fill factor. Increasing the number of co-wound tapes
however, for reasons of achieving higher current carrying capacity, and improving in
mechanical integrity of the coil or magnet system, has been found to require either a
reduction in the fill factor or an increase in cooling rate for thermal stability to be

sustained as would otherwise be achieved with the metallurgically same single tape.

Development of Bi(Pb)-2223 class-II coils and magnets - once the production of high
quality long length Bi(Pb)-2223/Ag tapes have been achieved considerations such as
how to fabricate them into practical applications without degrading the performance of
the tape becomes the major issues. The main problems concerned are usually related to
the winding procedures (e.g. wind-react (W&R) and react-wind (R&W)), the insulating
material, the construction or stacking of coils if they are pancake-shaped, and the study

of quench propagation parameters.

A novel W&R solenoidal coil (reaching ~ 973 ampere-turns) wound on an alumina
ceramic tube generates a dc-field of ~ 19 mT at 77 K has been produced together with
five pancake-shaped coils, each generates an average of ~ 5 mT at 77 K, destined for
magnet construction with a possible combined calculated field of ~ 0.04 T at 77 K
(with liquid nitrogen as a coolant). Critical currents of superconducting silver, and
silver-alloy composite double pancake coils of Bi(Pb)-2223 have been measured at
liquid nitrogen temperature. A critical current density of ~ 12.5 kA/cm® has been
measured for a coil fabricated from Bi(Pb)-2223/Ag composite tape of length ~ 2.2 m
(~ 342 Ampere-turns) using the WIT method. For coils made from alloys of silver (e.g.
~ 0.02% magnesium), higher critical currents (~ 17 A) have been achieved over those
fabricated with tapes processed with pure silver matrix. Transport measurements of
normalised J. vs B in fields up to 1T showed encouraging results for WIT, and CTFF
composite tapes prepared from intermediate rolling. New methods of joining between
double pancake-shaped coils have also been investigated, together with the
determination of some quench propagation parameters. The implementation of the
superconducting joint with strap has produced a laboratory test magnet constructed
from two double pancake-shaped coils (total length of ~ 20 m, or ~ 552 Ampere-turns)
giving a self dc-field of ~ 21 mT, at 77 K.
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Chapter 1

Superconductivity Review: Fundamentals, Materials

and Applications of High-T, Superconductors

1.1 Brief History

It could be said that superconductivity owes itself to the study of Low Temperature
Physics. The theory of superconductivity began when scientists around the world were
attempting to liquefy the so-called permanent gases - elements that exist on earth only in
the gaseous state. Michael Faraday’s realization of applying high pressure and Thomas
Andrews’ discovery of low temperature that made the liquefaction of carbon dioxide (~
194.7 K) first possible in 1869 [1]. Raoul Pictet and Louis Paul Cailletet independently
managed to produce droplets of liquid oxygen (~ 90.2 K) and nitrogen (~ 77.4 K) in 1877,
which Zygmunt Wroblewski successfully reproduced in 1883. The greatest challenge then
was to liquefy the remaining two permanent gases of hydrogen (~ 20.4 K) and helium (~
4.2 K), and it took nearly fifteen years later for hydrogen gas to be condensed by James
Dewar, in 1898 [2]. The liquefaction of helium gas was first performed by Heike
Kamerlingh Onnes in 1908 and it was the pursuit in the study of the effects of impurities
on the low-temperature resistance of gold and platinum that led to the discovery of
superconductivity. The breakthrough was made on April 28, 1911 when the resistance

of mercury was reported by Onnes to have vanished [3].

Being synonymous with its zero resistance state, it took over 20 years until in 1933 when
Walther Meissner and his colleague Robert Ochsenfeld performed their landmark
experiment that demonstrated the expulsion of magnetic flux density from the interior of a
metal cooled below its superconducting, transition or critical temperature, 7. [4] (with the

latter term sometimes defined to be the temperature at the midpoint between the onset



temperature of superconductivity and the temperature at which the specimen is in its full
superconducting state). This implied that the local magnetic field causes supercurrents to
flow, rather than the electric field, as in an ordinary conductor. Maxwell’s classical theory
of electromagnetism could not predict this perfect diamagnetism [5] and it was now clear

that superconductors were not just (lossless) perfect conductors.

Based on the notion of perfect diamagnetism - the Meissner effect - the brothers  Heinz
and Fritz London formulated two electrodynamic equations, first published in 1935 [6].
The first London equation made an additional claim to the Meissner effect that a current
that flows in a superconducting wire is maintained by its own self generating field. The
second equation expresses the Meissner result whereby the magnetic flux density must
vanish inside a superconductor, not merely remain unchanged. The London theory at the
same time importantly established that the magnetic flux density could occupy a shallow
region at the surface of a superconductor - now called the London penetration depth, A,
somewhat analogous to the skin depth, §, in ordinary conductors. However, unlike &, A is
not a function of frequency. According to the London theory, the magnitude of A is
determined by the mass, charge and density of superelectrons. This last property directly
correlates with the two-fluid model (that the electrons which flow in a superconductor can
be categorized into two types; the normal electrons and the superconducting electrons -
hence the name) of Gorter and Casimir [7] where there is also a parameter that indicates
the strength of superconductivity. Like A;, this parameter vanishes at the transition

temperature and reaches a maximum value at the lowest temperature.

Although essentially classical, the phenomenological picture of superconductivity from the
London theory and the two-fluid model from Gorter and Casimir could then be understood
from a quantum mechanical view point that the superconducting electrons could somehow
only move in unison - a condensation of superelectrons in momentum-space. Further
contribution by London includes the prediction of magnetic flux quantization in a

superconducting loop in 1950 [8].



In his 1953 paper, Brian Pippard introduced a parameter known as the coherence length, &,
into his new formulation for the expression relating supercurrents and magnetic field [9].
This concept of nonlocal electrodynamics suggested that the extent of superconductivity is
governed by the size of the region set by £. The consequence of this idea is that the density
of superelectrons (London theory) or degree of superconductivity (two-fluid model) cannot
appreciably change over an arbitrary short distance in the superconductor, but vary only a

characteristic distance &,

Within the same decade (in 1950), Vitaly Ginzburg and Lev Landau developed yet another
important phenomenological theory which uses quantum mechanics to predict the
electrodynamic behaviour of superconductors [10]. The Ginzburg-Landau (GL) theory
expressly makes use of a superconducting wave function whose attributes determine the
behaviour of the superconductor. This wave function is termed an order parameter in the
sense that it measures the extent to which the long-ranged order of the superconducting
state exists. This order parameter in the GL theory is essentially equivalent to the London
density of superelectrons or the Gorter-Casimir degree of superconductivity. One of the
greatest successes of the GL theory was the prediction of the existence of type-H

superconductors.

In 1957 John Bardeen, Leon Cooper and Robert Schrieffer developed, now considered as
one of the great achievements of modemn science, a microscopic theory of
superconductivity, in that it provides an explanation of how superconductivity comes
about at the atomic and sub-atomic level. The core of the problem was to identify a

microscopic mechanism that leads to superconductivity.

Herbert Frohlich in 1950 proposed a mechanism for superconductivity whereby he
suggested that ions in a superconductor or the crystalline lattice itself must participate in
the interactions of the electrons (an electron-phonon interaction) [11]. He claimed the
experiment required to do was to look for an isotope effect [12] in superconductors, Based
on the ionic motion in solids, and that heavier ions vibrate more slowly than their

counterparts (as with protons and neutrons) it was possible to relate the lattice vibration



frequency and the mass of the ions. By making use of the mass spectrographs developed in
the 1940s, it was possible to sort elements by their mass. John Bardeen in that same year,
duplicated Frohlich’s results using a different theoretical technique [13]. Many major
groups around the world eventually succeeded in demonstrating the isotopic effect,
obtaining conclusive evidence that superconductivity was linked to the electron-phonon

interaction.

According to quantum mechanics, it is not possible to form a bound state between any
tightly bound particles unless the attractive binding energy is sufficient to overcome the
particles kinetic energy. Leon Cooper took the next significant step in developing the
theory of superconductivity in 1956 [14] by showing, in the presence of an attractive
interaction, no matter how weak, two electrons with equal and opposite momentum added

to the Fermi energy level will form a bound pair.

Having layed the ground work, Bardeen, Cooper and Schrieffer (BCS) proceeded to
combine the concepts of the attractive electron-phonon interaction and the Cooper pair
with the use of a mean-field assumption (by considering pair interactions only), whence
the evolution of the BCS theory [15]. In the BCS theory, the transition to the

superconducting state is given by
k,T, =ho, exp[~1/ NV | (L.1)

where kg is the Boltzmann constant, n is the Planck constant, 4, divided by 2w, @y is the
Debye frequency of the lattice, Ny, is the density of states at the Fermi surface, and V is
the effective electron-electron attraction potential with Ny)V as the dimensionless electron-
phonon coupling parameter. Equation (1.1) yields insight concerning the enhancement of
the superconducting transition temperature, 7,. It is dependent on the frequency of the
lattice vibrations, the density of states of carrier electrons and the net attractive potential
between the paired electrons. The theory shows that the transition to the superconducting

state is caused by an attractive interaction between the itinerant charge carriers (electrons



or holes) mediated by the lattice which causes them to form pairs. It enables the
calculation of the probability for forming Cooper pairs from electrons of given energy
levels in the Fermi sea possible. This calculation reveals an energy distribution complete
with an energy gap which corresponds to the binding energy of the Cooper pair. The
attractive interaction responsible for pairing is caused by the virtual exchange of phonons,
the quantized vibrational modes of the lattice. These are the same lattice vibrations which,
when thermally excited, scatter the conduction electrons - a process that results in the
temperature-dependent electrical resistance. This theory provides the understanding for
why poor metals are good superconductors: a strong electron-phonon interaction gives
high resistance above T¢, and strong pairing below. The BCS theory has been successful in
explaining essentially all of the phenomena associated with the superconducting state,

inlcuding: specific heat, critical fields, tunnelling, and others.

The other major theoretical development in superconductivity came in 1962 with Brian
Josephson’s prediction of pair tunnelling between weakly linked superconductors [16].
The quantum mechanical process of tunnel junctions had first been studied by Ivar Giaever
in 1960 describing that the chances of a particular electron crossing through a tunnelling
barrier were slim but nonzero. By 1963, the first Josephson junctions had been made and
the theoretical prediction was verified. When pairs carry current, there is no resistance,
thus there is zero-voltage current in a Josephson junction. Josephson also predicted an
additional effect in these junctions: the so-called ac Josephson effect. With an applied
voltage across a thin insulating oxide barrier (~ 10 A) between two superconductors, an

alternating current flows whose frequency is set by the magnitude of the voltage.

In 1957, Alexei Abrikosov [17] theoretically predicted the existence of what he coined the
mixed state in superconductors. This state reduces the amount of energy that a
superconductor must expend in expelling magnetic flux densities by letting a partial
penetration of the field into the material. In the ordinary Meissner effect, magnetic flux
densities are kept at bay by surface diamagnetic screening currents. In the mixed state, the
flux lines penetrate the superconductor through a number of cylindrical cores of normal

material distributed across the superconducting surface. The cores or vortices are



surrounded by tiny circulating currents maintaining a magnetic field. Each vortex contains
exactly 1 quantum of magnetic flux. As predicted by Fritz London, any closed loop of
superconductor can contain only certain quantized amounts of magnetic flux; a vortex in

the mixed state forms just such a closed loop.

Superconductors exhibiting these behaviour are known as type-II superconductors, which
act like ordinary superconductors in the presence of small magnetic fields (as type-I
superconductors), but in a sufficiently large field, the mixed state takes over [18]. In this
state, the field generated by the current encircling each vortex is interacted with the field
of other vortices. This result in an arrangement called fluxon lattice due to the repulsive
forces that exist between the vortices. To achieve the lowest energy state, the lattice takes
on an hexagonal symmetry. The size of the vortices is set by the superconducting
coherence length (~ a few 100s A). The GL theory of superconductivity thus provided a
way to predict a type-II behaviour in superconductors. The test involves comparing the
magnetic penetration depth, A, with the superconducting coherence length, & [19]. Type-II
superconductors always have A > £, the reason being that & determines the characteristic
separation between the electrons in a Cooper pair. This separation is normally so large that
many pairs can coexist (electrons can ‘exchange partners’ if you will) in the same region
of the superconductor (as with type-I superconductors). When the separation of & is small
(like in type-II superconductors), the Cooper pairs cannot over lap much and as a result,
magnetic flux lines can thread their way between Cooper pairs in discrete channels. Most
elemental superconductors have been shown not to have such compact Cooper pairs,

whereas niobium and most alloys and compounds do [20].

It turns out that the presence of the vortices in superconductors enables them to cope with
magnetic fields in a way that requires the expense of much less energy. As a result, type-II
superconductors can sustain superconductivity in far greater magnetic fields making them
prime candidates for superconducting wire applications. However, to be useful, the current
carrying capacity of any superconductor is also of major concern. For type-II
superconductors, their critical currents (I, the current at which the onset to the normal

state occurs) can be improved by manipulation of the imperfections in the superconductor.



By virtue of the Meissner effect, supercurrents flow only at the surface of type-I
superconductors. For type-II superconductors, the mixed state allows supercurrent to flow
partially into the superconductor, but according to the law of electromagnetism, moving
electrons and magnetic fields exert forces on one another [21], this so-called Lorentz force
causes the vortices to move at right angles to the direction of current flow, which give rise
to energy dissipation in the form of heat. This dissipation of energy or flux flow resistance
results in very small I, for type-II superconductors. Fortunately, flux flow resistance can be
overcome by controlling the imperfections of the superconductors by either adding

appropriate elements or by means of mechanical deformation of the superconducting wire

[22].

So much for the theoretical development in superconductivity. The search for
superconducting materials continues on with over a quarter of all the natural elements -
and about half the metallic elements found to be superconductors. The applications for the
so-called low temperature superconductors (LTSC) is another topic of its own and shall be
mentioned briefly later on in this chapter. The transition temperature for most alloys and
compounds (7, up to ~ 23.2 K) [23] is usually somewhat higher than for elemental metals
(T, of no more than ~ 9.25 K, that of niobium) [24] such compounds followed certain
empirical rules [25] (discovered from experiments, not deduced from theory) which were
first reported by Matthias and co-workers [26] in 1953. Synthesizing compounds
according to Matthias’s rules became a major research activity in the 1960s and 1970s.
Soon the quest for the highest possible superconducting transition temperature centred
around the niobium compounds and one particular crystal structure known as the beta-
tungsten or “A15” structure [27]. The highest T, recorded for materials with the AlS5
structure was ~ 23.2 K, that of the binary compound of niobium germanium (Nb;Ge)
reported by John Gavaler in 1973 [28]. This T, remained the highest for the next 15 years
until a breakthrough in an entirely different class of material to surpass the

superconductivity of the niobium compounds.



In 1973, the first superconducting oxide was discovered by David Johnston and Bernd
Matthias - that of lithium titanate, with a respectable T of ~ 13 K [29]. Two years later,
Arthur Sleigh discovered another superconducting oxide, barium-lead-bismuth-oxide with
a T, of ~ 14 K. Despite these discoveries the search for high temperature superconductors
(HTSC) was mainly focussed on intermetallic compounds (formed from metals), organic
compounds and thin film materials. The breakthrough came in 1986, when a
superconducting oxide in the Ba-La-Cu-O system (or La;gsBag;sCu;O4) or chemically
known as perovskites [30], was reported to have a transition temperature of ~ 40 K by
Johannes Georg Bednorz and Karl Alex Mueller [31]. This record 7, did not stand for
long when within less than a year later, Maw-Kuen Wu and James Ashburn (lead by
Ching-Wu Paul Chu) smashed it with the announcement of superconductivity at ~ 90 K
(breaking the liquid nitrogen barrier of 77 K) in compounds with the general formula
RBa,;Cu30s (i.e. RBCO, in which R indicates Y or a rare-earth element) [32]. This fuelled
the search for even higher- T, materials. Two major discoveries followed soon after, again
in the copper-oxide system, and as a result have launched HTSC technology with great
practical possibilities. The first superconducting system published by Maeda et al in 1988
[33] was that in the Bi(Pb)-Sr-Ca-Cu-O (BSCCO) with T,’s as high as ~ 110 K. The
second subsequently reported by Herman et al [34] also in the same year, was that of TI-
Ba-Ca-Cu-O (TBCCO) system with a 7, of ~ 125 K, second only to Hg-Ba-Ca-Cu-O
(HBCCO) with a current 7, record of ~ 135 K [35].

At the present time there are strong indications that the pairing interaction in the so-called
high-7, (to mean anything with 7, =2 90 K) copper oxide superconductors is not due to
phonons (unlike conventional superconductors - defined as superconductors that do not
contain Cu-O planes, or 7, < 25 K) but rather other degrees of freedom are responsible
[37]. While there is no clear consensus among scientists, most would agree however, that
the role of phonons cannot be excluded (at least) up to ~ 50 K and that present theories do
not exclude the existence of even higher 7, > 200 K. With these cuprates superconductors,
both their superconductivity, and normal state properties posed the greatest challenge to

the existing theory developed so far.
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Figure 1.1 The evolution of critical temperatures since superconductivity

was first discovered [36].

1.2 Fundamentals of Superconductivity

The discussions on the fundamentals of superconductivity in this section focus primarily
on type-II and the high-7, superconducting (HTSC) oxides, with the inclusion of the
relevant theories and results established so far for type-I superconductors where necessary.
Although the explanation for the mechanism responsible for superconductivity in HTSC
cuprates remains to be d topic of theoretical research, the macroscopic behavior of these
superconductors however, can be quantified by fundamental physics. Rigorous

mathematical treatment on the theory of superconductivity is beyond the scope of this



thesis and can be found in some of the text books and journal articles given in the

reference section.

1.2.1 Zero Resistance and Perfect Diamagnetism

It is a known fact that any material which is considered to be a superconductor must
exhibit the following two properties: no electrical resistivity and zero internal magnetic

induction.

1.2.1.1 No electrical resistivity (o =0 forall T < T,)

When the state of superconductivity is reached, scattering between electrons and lattice
vibrations ceased to exist. The electrons which form into pairs have opposite momenta
(and opposite spins) with zero net momentum. By the de Broglie relation for the Fermi

momentum prand wave vector kg [38]

Pr ="k (1.1)

where 1 is the Planck constant, A, divided by 2m, the associated wave of the pair has an
infinite wavelength (or in physical terms, the wavelength is the of the order of the size of
the sample), since in the matter waves equation, A = h/mv, with m the mass of the moving
particle with a velocity v. Hence the Cooper pairs cannot be scattered by the usual way as
normal electrons, i.e. there is no mechanism that could give rise to resistivity. This
property can be demonstrated with the percolative nature of a dc-resistivity measurement
made on a HTSC multifilamentary Bi; gPbg 4517 0Ca;2,Cus Oy silver sheathed (or Bi(Pb)-
2223/Ag) tape prepared at the Center for Superconducting and Electronic Materials
(CSEM), Institute of Materials Technology and Manufacturing (IMTM), University of

Wollongong (UW). The transition temperature curve is shown in Fig. 1.2 below.

In a conventional superconductor, the resistive transition shifts downwards with increasing

applied external magnetic field. In HTSC material the same increase in field would cause a
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broadening of the transition. This effect is shown in Fig 1.3, that of a Bi(Pb)-2223/Ag

superconducting tape.
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Figure 1.2 Temperature dependence of electrical dc-resistivity of a 37 filamentary
Bi(Pb)-2223/Ag oxide superconducting tape. The measurement was
carried out at liquid nitrogen temperature of ~ 77 K with zero applied

magnetic field.
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Figure 1.3 The broadening effect of temperature dependence electrical resistivity

measurements due to background field for the same HTSC tape shown

in Fig. 1.2.
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The plots of Fig. 1.3 also show the anisotropy of these HTSC oxides, namely with
conductivity decreases dramatically in the c-axis (normal to the tape plane) in comparison
with that in the ab-plane (or tape plane). This is attributed to the inherent plate-like
crystallites of these layered structure ceramic materials composed of the non-metallic Bi-O

layers [39].

In general, dc-resistive measurements are not very sensitive to small amounts of impurity,
though magnetic impurities tend to lower the transition temperature [40]. A more
informative method would be that of magnetic ac-susceptibility (a volumetric method in
nature) where more precise temperature determination, geometrical concerns and the
detection of impurity phase (and hence loss mechanism) can be revealed in one

measurement [41]. Figure 1.4 depicts one of such measurements performed at the Center.
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Figure 1.4 Real and imaginary ac-magnetic susceptibilities, ' and X" as a
function of increasing temperature in field of 350 mG at 1kHz, with
the intrinsic and coupling segments identified for a monocore

Bi(Pb)-2223/Ag tape.
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It must be mentioned that the conditions for superconductivity are different when the
superconductor is subjected to an ac-current because of the inertial mass of the
superelectrons. The alternating electric field thus causes the supercurrent to lag behind -
superconductivity does not occur instantaneously but only at the rate at which the electrons
accelerate in the electric field. Hence the superelectrons present and inductive impedance.
In addition, since there is now an alternating e.m.f. present, some of the current will be
carried by the normal electrons. This also results in an inductive reactance, but is swamped
by the resistance resulting from their being scattered in the metal. Hence a representation
for a superconductor under ac-resistivity conditions would be a perfect inductance in

parallel with a resistance.

1.2.1.2 No magnetic induction (B = 0 inside the superconductor)

This behavior is analogous to Lenz’s law for electromagnetic induction of normal metals.
The screening currents on the surface of the superconductor would generate an internal
flux density everywhere equal and opposite to the applied magnetic flux density, B,, and
consequently the net flux density is zero. Alternatively, the exclusion of magnetic flux
lines in a superconductor can be explained with the assumption that the relative
permeability i, = O (the effect of screening currents is included in this statement), thus B =

U, B, is zero. The magnetic field strength of the applied field is given by
B, (1.2)
(4o, the permeability of free space = 4mx107 H/m) and that the flux density in a magnetic
material is related to the strength of the applied field by
B=uy(H,+M) (1.3)

where M is the magnetization, which represents the intrinsic magnetic properties of a

medium. The Meissner effect requires B = 0 implies that

13



M=-H, (1.4)

and the magnetic susceptibility, i.e. the ratio of the magnetization to the field strength,

must be

x2=-1 (1.5)

the negative sign of Eqn. 1.4 and 1.5 indicates that the superconductor becomes a perfect

diamagnet that excludes the flux from its interior by means of surface currents.

This second property can be better envisaged from a schematic shown in Fig. 1.5 where

perfect diamagnetism is achieved.

Sample Cooled In No Sample Cooled in No
Applled Magnetic Fleld Applied Magnetic Field
Perfect Conductor Superconductor Perfect Conductor Superconductor

- O O | -0 O

O) (O == (DO

Figure 1.5 Magnetic behavior between a “perfect conductor” and a

superconductor [5].
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Unlike the “perfect conductor”, a metal in a superconducting state never allbws a magnetic
flux density to exist in its interior as shown in Fig. 1.5. The state of magnetization of a
“perfect conductor” would depend on the order in which the final conditions of applied
magnetic field and temperature were obtained, but the magnetization of a superconductor
depends only on the actual value of the applied field and temperature, not on the way they

were arrived at.

1.2.2 Characteristic Lengths and Critical Fields

In general, associated with each superconductor is a critical surface of current density,

magnetic field and temperature (J-H-T) defining the region within which the material is

superconducting.
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Figure 1.6 The relationship between temperature (T), magnetic flux density
(LoH), and current density (J) in a superconductor. Superconductivity

is sustained anywhere inside the surface [42].
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Apart from the intrinsic critical temperature, T, and critical field, H,, superconductors of
various types can categorically be grouped according to their characteristic lengths. These
are [5]; the wavelength of electromagnetic field, 2nc/@ (with ¢ the velocity of light and
a2t the frequency of the field), the magnetic penetration depth, A (that thickness of a
sample as measured from the surface, through which supercurrents flow), the coherence
length, & (the characteristic distance that the electrons in the Cooper pair remained
correlated) and the mean free path, I, (being the intrinsic average distance between
scattering events given that the average time between each scattering event is 7,, such that

l;y = vr Ty, where v is the Fermi velocity, order of ~ 10% m/s in most metals [43)).

1.2.2.1 Coherence length

The notion of coherence length, &, was first introduced in the microscopic theory of BCS

and is given by [15]:

£, =018 (16)
kT

c

where £, denotes the BCS coherence length. For a T, of ~10 K, &, ~1800 A . This length is
temperature-independent. Note that & is much greater than the average distance between
electrons in a solid, one Cooper pair overlaps many others. This overlap causes a
correlated state over the entire solid and gives rise to a macroscopic wave function or an
order parameter, thus creating the superconducting state. The relation to the temperature
dependent coherence length & (T) of the Ginzburg-Landau (GL) theory, depends on the
mean free path [, of the electrons [10]. The two limiting cases are given here for an
isotropic superconductor. For a ‘clean’ material (where [, is much greater than &) the

temperature dependent coherence length is given by [5]:

T 172 (17)
&)= O.74§O[T - T] , e » &,

c

16



and in the case of the ‘dirty’ limit, it is given by

T 12 (1.8)
E(T)=085J& . (ﬁ} s e« |

4

Equations (1.7) and (1.8) have an important physical interpretation. When the
superconductor is being alloyed with non-magnetic impurities, its 7, and vg remain
unchanged, hence &, is rather insensitive to alloying. However, by decreasing the mean

free path with alloying, the GL coherence length of & (T) would also decrease.

For an anisotropic superconductor (such as those of HTSC cuprates), the following
expressions are better suited in characterizing their coherence lengths, also derived from

the GL equations [18]:

. h (1.9)
2meo
and
g __h (1.10)
2m® ,

where the electron mass m has been replaced by the tensor mass m° and m“ along the c-
axis and ab-plane respectively, due to the layered structure of these HTSC oxides, with o
= a(T-T,), a a constant in the Helmholtz free energy expression in powers of
magnetization, close to the transition point [35]. Note that the directions a and b are taken
to lie in the plane of the Cu-O planes while the c-axis is taken to be perpendicular to that

plane. The results from Eqn. 1.9 and 1.10 indicate that & « &>,
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1.2.2.2 Penetration depth

For isotropic superconductors, the expressions for the penetration depth, A(T), for two

limiting cases in the Ginzburg-Landau analysis is given below [18]

1 T )" (1.11)
/l(T)=J§/lL[T:T] , le» &y,

where the London penetration depth, A, = [m/,uonez]m , (n the number of carriers per unit

volume) and

(1.12)

1/2
M(T) = 0.64 i—"[T—T—] , Lo« &,

4

Contrary to the coherence length, which decreases as the mean free path becomes shorter
by alloying, the penetration depth increases. As a result the Ginzburg-Landau parameter

k = A/, is given in the two limits by [18]:

K‘=0.96£, I » &, (1.13)

So

and

x=0.715%, L « &, (1.14)

0

From the Eqn. 1.13 and 1.14, it can be seen that x increases with decreasing mean free
path. Thus it is possible to produce a type-II superconductor by alloying a type-I

superconductor. Close to T, k is independent of temperature and it enables the distinction

between type-I (x < 1/+/2 ) and type-II (k2 1/ v2') superconductors.

With HTSC oxides possessing high 7. (some 10 times of that of type-I and some

conventional superconductors), it can be expected from Eqn. 1.6 that these cuprates have
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much shorter coherence lengths since & ~ vp/kpT.. In addition, because of the low density
of carriers, v in the ionic materials of HTSC is also lower than in normal metals. This
results in a very short &. Again, due to the anisotropy nature, the penetration depths vary

depending on the orientation of the superconducting material:

¢ = m° (1.15)
and
4% = m® (1.16)

\/ﬂonez ’

which implies that in high-T. oxides, A° « A?’. Tables 1.1(a)-(c) lists some characteristic

property and critical field values for the three types of superconductors [18, 35, 37].

The values given in Table 1.1(a) are for clean elements of type-I superconductors while in
1.1(b) they are representative values for type-II superconductors (again depends on how

clean or dirty the material is).

TABLE 1.1 Approximate values of the characteristic parameters and critical fields of

type-1 and type-1I superconductors (T, values are in zero magnetic field).

(a) Type-1 |

Material T. (K) Ao (B) Eo (B) Ay (meV) B (mT)
Al 1.18 500 16000 0.18 10.5
In 3.41 650 3600 0.54 23.0
Sn 3.72 500 2300 0.59 30.5
Pb 7.20 400 900 1.35 80.0
Nb 9.25 850 400 1.50 198.0
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(b) Type-II (Conventional Superconductors)

Material T. (K) Ac(0) (B) Sa(0) (B) Ay (meV) B0 (T)
Pb-In 1.0 1500 300 1.2 0.2
Pb-Bi 8.3 2000 200 1.7 0.5
Nb-Ti 9.5 3000 40 1.5 13
Nb-N 16 2000 50 24 15
PbMoeSs 15 2000 20 24 60
V3Ga 15 900 20-30 2.3 23
V3Si 16 600 30 2.3 20
Nb3;Sn 18 650 30 34 23
Nb3Ge 23 900 30 3.7 38

(c) Type-1I (High-Temperature Superconductors)

Material T.K) 2@ »@& &@® &@R BT BT
La, sSto.sCuOy 40 800 4000 40 7 80 15
YBa,Cuz0; 95 1500 6000 15 4 150 40
Bi,Sr,CaCu, 04 85 250 5000 40 2 280 32
Bi,Sr,Ca,Cu0;p 110 2000 10000 13 2 250 30
TLBa,Ca,Cu,0p9 125 2000 6000 - - 120* -

* Thallium based systems exhibit non-micaceous morphology showing less anisotropy in their

microstructure [35].

For type-I and conventional superconductors, the ‘0’ subscript is used to denote values
given at zero temperature, e.g. 4 is the gap characteristic given at zero temperature (with
2A(T) as the electrons binding energy or ‘energy gap’ in a Cooper pair). The penetration
depth Ag(0) and coherence length &g(0) are coefficients of the Ginzburg-Landau
temperature dependence equations [5] similar to that of Eqn. 1.7, 1.8 and 1.11, 1.12. Table
1.1(c) lists the approximated values for some HTSC materials given in their nominal
compositions (since the stoichiometric values of these compounds do vary substantially

making some of these results not being well established). Apart from the two distinctive
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values of upper critical magnetic flux densities of B (T)and B, (T) (discussed next)

listed in Table 1.1(c), the measurement of the energy gap parameter is also affected by the
anisotropic nature of these HTSC oxides, hence making it only plausible to say that the
gap in the ab-plane is larger than along the c-axis for these materials. For some HTSC

oxides however, the superconducting energy gap is ~ 25 meV [37].

1.2.2.3 Critical fields

In a type-I superconductor with a geometry where demagnetization effects can be ignored,
Eqgn. 1.4 holds up to the critical field H.(T), which has been experimentally established to

be described within an error of a few percent by the following ‘parabolic’ relation [18]

2 (1.17)
H.(T)= HO[I— [1] }
T,

with Hj the extrapolated value of H, at absolute zero temperature. Note that the H.
vanishes at T,, where a change of phase from the perfect diamagnetism state to the normal

state takes place.

In a type-II superconductor for which in increasing magnetic field, the Meissner state is
followed by the mixed state before the normal state is reached. In the mixed state, single-
quantum magnetic flux lines enter the superconductor forming a flux line lattice
representing a mixture between the superconducting and the normal phases. The value of
magnetic field at which the mixed state starts to form is called the lower critical field H.;.
The mixed state extends up to the magnetic field value H,, called the upper critical field.
The following relations for H.; and H,, for isotropic superconductors derived from the
Ginzburg-Landau equations [44] (based on the Schrédinger equation from wave

mechanics) are given as follows:

H 1.18
H, =~—=Ink =~ —=—Ink (1.18)
4 A V2K
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and

- Do _ o, C(119)
2mp €

c2

where the quantity ®¢ = h/2e = 2.07 x 10™"° Tm? represents the magnetic flux quantum.

By applying the Ginzburg-Landau equations, it can be established that the following

relation holds true:
Bc2=/‘10Hc2:/‘10K\/5Hc‘ (120)

Thus this further enables the distinction between the two types of superconducting

materials;

e if K< 1/4/2, then B, < B, as for a type-I superconductor - by decreasing the field the

superconductor state appears at (and below) B, with total expulsion of the flux.

e Ifx>1/2,then B.; > B,, as for a type-II superconductor - since the flux expulsion is

not complete, the superconducting state appears at and below B_,.

————

B < Bcl B(:I<B<Bc2 B>Bc2
MEISSNER STATE MIXED STATE NORMAL STATE

Figure 1.7 Magnetic flux expulsion in the Meissner state, partial penetration in

the mixed state and total penetration in the normal state [18].
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Figure 1.7 illustrates the manifestation of magnetic flux density B within a superconductor
for the three different states - Meissner, mixed and normal states. Figures 1.8(a) and (b)
show the magnetization behavior with applied external magnetic induction. The variation

of critical fields B.; and B, as a function of temperature is shown in Fig. 1.9.
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Figure 1.8 Variation of magnetization as a function of applied magnetic

induction for (a) type-I and (b) type-1I superconductor.
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Figure 1.9 Variation of critical fields B.; and B, as a function of

temperature [18].

Typical critical field values for various types of superconductors are given in Table 1.1(c).
The product of Eqn. 1.18 and 1.19 gives rise to the following relation which gives some

insight into the magnitude of critical fields of type-II superconductors:

B_,B., =B’Ink. (1.21)
As the value of the critical field does not vary very much in an isotropic type-II
superconductors between 0.1 and 1 T, Eqn (1.21) implies that the higher B, is, the lower
B.; becomes. In high-T, superconductors where B, is very high (of the order of 100 T) due
to the short & B, is very small of the order of 10 mT (see also Table 1.1(c)). The

following expressions best describe the limiting values of critical fields for the HTSC

oxides, derived from the anisotropic version of the GL equations:
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D, A% (1.22)

B, = In—- for Bl/c,
47r(/”t"” )2 £
and
. d A% Q° (1.23)
BY = e "(;/'tc I{é"”&] for B_Lc,
for the lower critical field, and
L))
B, = __01’7 for B//c, (1.24)
27r(§" )
and
Bc"é’ = (D‘; for B_Lc, (1.25)
2”5(1 éc

for the upper critical field.

Although the phenomenological model proposed by Lawrence and Doniach [45] (two
superconducting layers coupled by a Josephson junction) can be used to further describe
the above properties of the layered oxides, the microscopic theory of BCS and GL still
remain very useful as it accounts for many properties of these highly anisotropic HTSC

oxides such as those of Bi- and T1- based compounds.

1.2.3 Flux Pinning and Irreversibility

Superconductors find applications in areas such as power engineering and electronics
primarily on the account of their ability to sustain extremely high current densities. Above
a certain critical current density, J., however the material becomes normal or resistive.
When current is flowing, flux motion requires a voltage to sustain that current, thus
defeating the purpose of superconductivity. Flux line motion also originates from
thermally activated fluctuations, and is therefore a means of dissipating energy within a

superconductor. Flux pinning can then be understood as an interaction between defects or
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inhomogeneities in type-II superconductors and the flux lines, and mostly connected with
the variation of the order parameter (or wavefunction: Y(r) = |ylexpigr), a complex
scalar) in the homogeneity [23]. Pinning sites for flux vortices by almost all defects, such
as dislocations (extended departure from regularity in crystals), point defects (defects
which involve one atom or molecule), voids, grain boundaries, twin boundaries and

precipitates, 1s based on this mechanism [46].

1.2.3.1 Flux flow

When a type-II superconductor is in a mixed state with a transport current density J flowing
through the superconductor, the Lorentz-force on a unit length of a flux line, per area of
superconductor is given by fi, = Jx®, with the corresponding macroscopic Lorentz-force
density is given as Fy = JxB, where B is the applied magnetic flux density. Flux line
movement begins to set in when F; exceeds F), the macroscopic pinning force density. This
pinning force density is directly related to the critical current density J., by the expression F,
= J.B, when the transport current and applied field are perpendicular to each other. The
motion of flux lines is in the direction of the driving Lorentz-force with velocity v which

induces an electric field E given by: E = Bxv.

Flux flow is the motion of flux line lattice (FLL) induced when J > J... Thus the movement of
the FLL is only retarded by viscous damping as there is now no pinning of the flux lines. The
viscosity 7, is an unknown parameter which experimentally has been observed to be
independent of current and does not vary very much with B [47]. In terms of the normal state

resistivity p,, magnetic flux quantum @, and upper critical field B, is given by [47]

®,B, (1.26)
P,

n:

Once there is a flux flow and a resistance in the material (at the onset, as J > J.), thermal
heating may produce a positive-feedback mechanism to further enhance the flow. It has been

proposed that this energy dissipation originates from the moving of a vortex core [48]. This
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core area, with a radius of about &, is in the normal state and the energy dissipation in this

area is caused by an ordinary resistivity process.

1.2.3.2 Flux creep and TAFF

In the case where F; < F), when J < J;, with sufficient temperature 7, thermal fluctuations
permit the flux lines to move and the phenomenon is often referred to as flux creep. Its
prediction was made in 1962 by Anderson [49], investigated for conventional
superconductors in 1969 by Beasley et al [50] and recently revived for the study of high-T,
superconductors in 1988 by Dew-Hughes [51]. Thermally assisted flux flow (TAFF) appears
only in HTSC oxides for J « J,, with the same type of mechanism as flux creep. The various

regimes of flux motion are shown in Fig. 1.10 below.

E
linear
Themmally Activated (T<>0)
exp (JJth)
Non Thermally
\\ Activated
linear
— JCc
0 Jth Jco (B.T)
|
| l
Thermally Flux Creep Flux Flow
Activated (J>Jth)
Resistance
(J<Jth)

Figure 1.10 E versus J plot at finite temperature, showing the effect of thermally
activated flux motion. This giant flux creep (used to describe the
behavior of HTSCs) causes energy dissipation (equivalent to

resistance) at J « J. [35].
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In either flux creep or flux flow, a flux line or flux bundle is imagined to hop over the
pinning energy barrier under the influence of a Lorentz-force. A series of wells evolves into a

staircase with progressively less opposition to flux motion. Figure 1.11 illustrates this effect.

Figure 1.11 The presence of current in a magnetic field generates a Lorentz force
which tilts the staircase, allowing flux lines to hop out of their pinning

wells more easily [35].

On this model, the dissipated energy (or resistance) is given by an Arrhenius-type equation

[52]:

p(T) ~ po exp(-Up/ksT), (1.27)
where U, is the activation energy (with Up — 0 as T — T.). For HTSCs, it has been
experimentally observed that the pinning strength Up falls off as (1-T/T)**/H [53, 54]. TAFF

is observable in particular, only when the potential barrier is low and gives rise to a

resistivity as given in Eqn. 1.27.
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In general, practical applications require that flux-flow be avoided and flux creep minimized.
The maximum current density that a superconductor can sustain at the given temperature and
magnetic field without energy loss is the current density at which the Lorentz force F; equals
the pinning force F. It is therefore evident that flux pinning plays a very important role in

determining the current carrying capacity of these type-II superconductors as it dictates the

suitability of a material for large-scale applications.

1.2.3.3 Hysteresis and irreversibility line

When magnetic energy is converted into heat during repeated cycles of applied ac-field,
the dissipative or irreversible loss is called hysteresis. This occurs when the magnetization
M is not a single-valued function of the applied field H - as with ferromagnetic materials
and type II superconductors. Hysteresis arises from flux pinning in superconductors; those
which exhibit irreversibility due to structural imperfections or chemical impurities which
prevent the free motion of the flux line lattice. The dissipation of energy occurs by two
different mechanisms: conventional electrical resistance, or changing magnetic flux. In the
superconducting state, the first is absent, but Maxwell’s equation requires that curl E = -

dB/dt, which implies that a voltage is needed to sustain a current.

Just as a magnet iron is often referred to as hard when it has a significant hysteresis loop, a
superconductor is also called hard when its hysteresis loop is significant. The hysteresis
loop in the M-H plane determines the energy loss per cycle for low-frequency
applications. In general, this loss limits the potential use of type-II superconductors in ac-
applications. For dc-applications, dB/ot is zero, flux is pinned by virtue of the hysteretic

property, and there is no loss [55].

In a superconductor, the field at which the M vs. H curve is no longer double-valued is
known as the irreversible field, H;,. In conventional (LTSC) superconductors, such as
NbTi and Nb;Sn, H;,, is extremely close [56] to H,,, and there is no important distinction

between them. By contrast, in a HTSC, flux line motion near H,; is easier due to greater
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thermal activation. As a result, the following occurs: when H is reduced after reaching H,,
the trajectory of M retraces its path as flux lines are free to move. Along this path, the
superconductor becomes soft. Then comes a point when flux pinning becomes stronger,
causing B to decline slower than H, and M to deviate from the increasing-H curve. Along
this path, the superconductor changes to hard. This value of H,,, in HTSCs is appreciably
different from H,,, although still quite far above H.;.

Be (T)
Reversible Normal
State

Irreversible

Magnetic Induction (T)

Bc1 (T)

Meissner State

Temperature (K) Te

Figure 1.12 Magnetic induction B(T) vs. temperature T(K) state diagram for

high-T. superconductors.

The flux pinning properties of superconductors can be investigated by measuring the
irreversibility line (IL). The IL, defined as the disappearance of flux pinning at a certain
temperature and magnetic field, is a line existing between the B.,-T and B,-T curves in the
magnetic field versus temperature state diagram (or B-T plane), as shown in Fig 1.12. In this
diagram, below and to the left of the IL the magnetic flux is pinned by flux pinning centers,
and the material exhibits irreversible magnetic behavior and can sustain a rather high current
density with little or no energy loss. Above and to the right of the IL, however, the pinning
ability is lost, and the material exhibits reversible magnetic behavior, which can not carry

current without dissipating energy.
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The mixed state area (shown in Fig. 1.12) is divided into two areas (reversible and
irreversible) by the IL. For Yttrium-based materials, and conventional superconductors, the
IL can be described [57] by I- Ti(B) T, o< B??. For Bismuth-based bulk and tape, and
Thallium-based bulk materials, the linear relationship 1- T;,{B)/T, < B I holds instead [58],
where T;,(B) is the field dependence of the irreversibility temperature. The different
dependence of (1-T;,/T.) on B for Bi-based and Y-based materials has been attributed to the
difference in the dimensionality of the superconducting properties of these two types of
materials [58]. Both Bi-based and Y-based superconductors have layered structures, which
lead to strong anisotropy of their properties. The anisotropy parameter, g, is given as
(mo/ma)m , where m, and m, are the effective superconducting masses for pair motion along
the ¢ direction and the a-b plane, respectively. g is reported to be in the range 25-50 for Bi-
based materials [59, 60], while it is estimated to be 5 for YBa,Cu3O7 [61]. This difference
causes Bi-based materials to be considered two-dimensional, whereas YBa,Cu3;O7, is

considered three-dimensional.

Thus, for useful high field applications it is necessary to push the IL to a high-
temperature/high-magnetic field region, by such means as introducing efficient pinning
centers into the superconducting materials and/or thermo-mechanically controlling the
processing of composite wires and tapes to achieve an optimal microstructure [62] - HTSC
materials such as Bi(Pb)-2223 are highly processing dependent, as large current carrying
capacity (viz. the scientific superconductor critical current density, J., or engineering
conductor critical current density, J,) corresponds directly to how densely, well connected
and aligned the grains are which depends very much on the history of sample preparation of

these composite tapes [63].
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Figure 1.13 Experimental data showing the irreversibility line (IL) for two
multifilamentary tapes (MT) of Bi(Pb)-2223/Ag prepared by the
method of continuous-tube-forming/filling (CTFF). The given J.

values are from transport measurements.

For any given choice of temperature, there is a particular M vs. H diagram, and with it a
value of Hj,. These values can be assembled into an IL as a function of 7. Figure 1.13
shows some typical data for some MF tapes of Bi(Pb)-2223 plotted on a B-T plane. Notice
that at or below ~ 40 K, the magnetic behavior of these composite superconductors favors
high (dc) field applications. The IL shown in Fig. 1.13 was determined using magnetization
measurements. In this method, the field-cooled (FC) and zero-field-cooled (ZFC)
magnetizations were measured with a superconducting quantum interference device
(SQUID) magnetometer and the irreversibility temperature was taken as the point which
separates a high-temperature magnetically reversible region from a lower-temperature region

exhibiting magnetic hysteresis. More on measurementation in chapter 2.
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1.3 Materials, Power Applications and Stability
Issues of Bi(Pb)-2223

Extensive studies on HTSC materials have shown that (Bi, Pb),Sr,Ca;Cu30, 0.4 (or Bi(Pb)-
2223) will not be able to match the performance of YBa,Cu305., (or Y-123) at 77 K in terms
of flux pinning, in particular on a thin film basis and under substantial magnetic fields [64-
66]. The ease with which Bi(Pb)-2223 can be fabricated into composite tapes however, as
well as applications of electrical transmission and those of electric power in nature which
involve transporting currents in modest fields of no more than ~ 0.6 T at 77 K have resulted
in a continual development in the production of its long length [67-69]. A common key
feature of these composite tape conductors with highest J. has been a high degree of
crystallographic alignment of the superconducting oxides after thermo-mechanical
processing [70]. Furthermore, recent studies have shown that thermo-mechanical processing
in addition, determines the extent of cryo-stability [71] as well as mechanical strength [72] of
these composite tape conductors, notably in coil, and magnet applications [73]. It is therefore
imperative to understand the crystallography and microstructure of Bi(Pb)-2223 in its tape
form before embarking on how to enhance its performance or bringing about its fullest
potential by means of materials processing. This section concludes with a survey on stability
issues concerning composite tape conductors produced from Bi(Pb)-2223 for use in electric

power applications.

1.3.1 Bismuth-based High-7, Superconductors

Although the first sign of superconductivity in the Bi-Sr-Cu-O system was first observed by
Michel et al [74] in 1987, attributed to Bi,Sr,CaCuszO7.y, it was later revealed that the
superconducting phase was Bi,Sr,CuOg. (termed the 2201 phase) with a T, of ~ 22 K [75,
76]. Bismuth cuprates of Bi,Sr,CaCu,0s.x (2212 or low T, phase) and Bi;S12Ca;Cu30)04x,
(2223 or high T, phase) with T, of ~ 80 K and ~ 110 K respectively were then observed soon
after [33, 34, 78]. Sunshine ef al [81] and subsequently Y. Yamada et al [82] later showed
the importance of Pb addition with its roll as a stabilizer in the partial substitution of Bi at

elevated temperatures in the formation of 2223 phase.
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1.3.1.1 Crystallography

The structure of Bi,Sr;Ca;CusOjo4x is highly anisotropic. The anisotropy is due to the
layered crystal morphology, which, according to current understanding, is essential for
superconductivity with high transition temperatures. The layers of this material are
composed of Cu-O planes, separated from each other by planes of various other oxides and
rare earths - the resultant sequence of Bi,Sr2Ca;CusOjoux (2223) with n = 3 CuO, layers is
[83] ... CuO; SrO (BiO), SrO CuO, Ca CuO, Ca CuO, SrO (BiO), SrO CuO, ... It is
believed that the superconductivity and charge transport are mostly confined to the Cu-O

planes [84].

@ Ca
® Sr (Ba)

Bi,Sr,CuOg Bi,CaSr,Cu,0q Bi,Ca,Sr,Cu;04g
(Tl,Ba,Cu0y) (TI,CaBa,Cu,0g)  (TI,Ca,Ba,Cuz0,0)

Figure 1.14 Structural unit cells for the bismuth-based (and thallium-based)

superconductors [85].

34



The Bi-based compounds belong to a family of layered structures known as polytypoids,
which in general have a pseudo-tetragonal structure [27], consisting of Cu-O pervoskite [86]
lamellae alternating between NaCl-like double layers of Bi,O,, Fig. 1.14 depicts a simplified
crystal structure. The bonding between the Bi,O, layers is weakly cleaved [87], yielding
similar mechanical properties with that of graphite and mica [30]. As a result, this presents
difficulties in grain growth owing to the weak bonding along the ¢ axis, but has an advantage
for grain alignment in the a-b plane direction. Interestingly, the 7, value of various Bi-Sr-Ca-
Cu-O phases increases with n number of CuO; layers in their crystal structure. For instance,
the n = 1 (2201) polytypoid has a transitional temperature in the range of 7-22 K, the n = 2
(2212) a T, of about 85 K and the n = 3 (2223), with a T, of 110 K [88].

1.3.1.2 Microstructure

Since it exists as a ceramic, Bi(Pb)-2223 contains grains, grain boundaries, twins (twist
boundaries, where successive layers have the a- and b-axes interchanged), voids and other
imperfections - or defects. Despite the fact that impurities collect at grain boundaries, the
weak-link behavior due to this effect has never been a problem with LTSCs as it is with
HTSCs primarily due to the different coherence lengths, & In HTSCs, & is typically 2-40 A,
which is comparable to the grain boundary thickness. Barrier penetration is therefore much
more difficult and hence attenuation in high-7, oxides is finite. This corresponds to a finite
resistivity at the boundary. Apart from this shortcoming of the high-7, oxides, these same
grain boundaries have been found to play an important part in flux pinning and mechanical

properties of BSCCO wires and tapes [89-92].

A very common defect occurrence is the presence of intergrowth defects in which different
numbers of CuO, layers can be incorporated into pervoskite layers of different thicknesses
[93-95]. Ramesh et al [96] found that regions adjacent to grain boundaries observed to be
intergrowth defects correspond to a lower 7, in comparison with regions within the grains
themselves. The 2201 phase was found to be adjacent to a grain boundary, followed by the
2212 and 2223 phases. The presence of the 2201 intergrowth adjacent to the grain boundary

could well be a crucial factor in determining the 7, and J. of composite tapes due to the loss
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of connectivity of 2223 grains. With Pb-doping however (the substitution of Pb for Bi at
elevated temperatures), better inter-grain connectivity can be attained attributing to the
increase of compositional homogeneity [97, 98]. Figure 1.15 displays the superconducting
core morphology of Bi(Pb)-2223/Ag monocore tape both parallel and transverse to the a-b
(or tape) plane.

1,200 1opp WD3Z9

Figure 1.15 SEM secondary electron images of a Bi(Pb)-2223/Ag monocore tape
showing grain morphology parallel (left) and transverse (top right)
to the a-b (or tape) plane. The grains of 2212 phase shows up as
white, while thai of 2223 appears greyish (using EDS) in another
monocore tape’s longitudinal cross-section SEM back-scattered-

electron image (bottom right).

Grain alignment is also equally important because of the inherent anisotropic nature of the
HTSC crystals in general [99] and Bi-based compounds in particular [88], with J. larger in
the a-b plane and smaller in the c-direction. In Bi(Pb)-2223, a small misalignment between
crystalline axis and applied magnetic field can dramatically change the J. value [100]. Unlike
YBCO which exhibits a wide shoulder region in a J. vs. B plot [101], BSCCO samples are

much more anisotropic which stresses the importance of grain alignment from the standpoint
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of enabling practical design of high-field superconducting magnets at high operating
temperatures. The anisotropy is shown in Fig. 1.16, depicting a plot of transport critical
current I, as a function of the angle between magnetic field and the a-b plane for Bi(Pb)-

2223/Ag multifilamentary tape at liquid nitrogen (LN) temperature.

Angular Dependence of Flux Density on Critical Current of MT37B I
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Figure 1.16 Transport critical current 1. as a function of the angle between
magnetic field and the a-b plane for Bi(Pb)-2223/Ag MF tape at

LN temperature.

With relation to the study of boundaries and alignment of grains, various models
developed so far have yet to describe conclusively the flow of current through Bi(Pb)-2223
composite tapes. Among these, the “brick wall” [91, 102, 103] and the “railway switches”

[104, 105] are commonly discussed models in numerous literature.
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1.3.2 Electric Power Applications

Most electric power applications of superconductors have began with the use LTSC
materials such as with NbTi wires and NbsSn tapes [20, 22, 106]. It is only recently, since
their discovery that HTSC materials have been manufactured into kilometer lengths of
wire and tape (Bi-based) with high critical current capability at higher operating
temperature in low magnetic fields, suitable for some large scale commercial applications

[107-109].

Potential commercial products for power applications and for propulsion/levitation
purposes include; current leads, Class II coils and magnets (compact in size, densely
constructed), transmission lines, fault current limiters, electric motors and generators,
superconducting magnetic energy storage (Class I - physically large), magnetic levitating
(Maglev) trains, magneto-hydro-dynamic (MHD) generators [35], just to name a few. The
industrial requirements of HTSC performance vary depending on the type of application.

Table 1.2 lists some minimum values needed for a few of the aforementioned applications

[110].

TABLE 1.2  Industry-defined performance requirements for high-T,

superconducting wire {and tape} .

Application Je Field Temp,, I.
(A/em?’) (T) (K) (A)
Fault Current Limiter 0.5-1.0x10° 1-6 20-77 10°-10*
Large Motor (>745.7 kW)  2.0-3.0x10* 4-5 20-77 500
Generator (300 MVA) 2.0-3.0x10" 4-5 20-50 500-1,000
Transformer 1x10* 0.1-0.5 65-77
Transmission Cable 1.0-2.5x10* <0.2 65-77 25-30
Small Motor (93.2 kW) 1.5x10* 1 27 75-80
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Application Length Strain Tol. Bend Radius Cost

(m) (%) (m) ($/kA-m)
Fault Current Limiter 100 0.2 0.1 10-100
Large Motor (>745.7 kW) 1,000 0.2-0.3 0.05 <10
Generator (300 MVA) 500-1,000 0.2 0.1 10
Transformer 1,000 0.2 1 10
Transmission Cable 100 0.4 28 10-100
Small Motor (93.2 kW) 300 0.2 0.01 10-100

* Values are from industrial sources. As a rule of thumb, superconductors give their best performance when
at temperature below about 60 % of their critical temperature. * Minimum for high-T, wire alone.
* Current for individual wire cables, with multiple wires, require current of 5 kA.

@ Cable radius.

Despite the broad application spectrum, the remainder of this section will be devoted to
the applications and the design and operational issues of HTSC coils and magnets made
with Bi(Pb)-2223 ceramic superconductor. The analysis on the thermal stability of HTSC
coils and magnets are given in the next section. Further review on magnet quenching and

protection will also be discussed there.

As relevant to the majority of research carried out at CSEM, IMTM, UW, the operating
temperature of interest is that of LN,, the HTSC material used is, once again Bi(Pb)-2223

and the subjective application under investigation is that of Class II coils and magnets.

1.3.2.1 Bi(Pb)-2223 magnet applications

Although the high field performance of long length Bi(Pb)-2223 composite tapes at 77 K
has yet to satisfied industrial standards for several power applications, recent advances in
the development of more flexible, strain tolerant, high I, J. and J. of these ceramic-
composite tape conductors have already demonstrated the suitability for some commercial
applications [111-113]. As a result, a large number of prototype Bi(Pb)-2223 coils (as
solenoidal or pancake-shaped) and magnets (constructed from single or double pancake-

shaped, or race-track-shaped [114, 115] coils - e.g. Fig. 1.17) have been developed and
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tested, as a stand-alone unit [116-120, 114, 115] (at operating temperature at 77 K, or from
4.2 K to 77 K), or with an iron core [121] (at 77 K), or as insert coils part of a hybrid
magnet with the outer coil often made from LTSC materials such as NbTi (at 4.2 K),
capable of withstanding large background fields up to ~ 20 T [122, 123].

Figure 1.17 Commercially produced HTSC Bi(Pb)-2223 double pancake-
shaped and race-track coils (American Superconductor Corp.

Appl. Supercond. Conf., 25-30 Aug., 1996, Pittsburgh, PA, Us ).

1.3.2.2 Joints between Bi(Pb)-2223/Ag tapes

Many types of HTSC applications have need of high quality superconducting joints.
Superconducting joints are required to provide the long lengths of conductor and the
temporal stability necessary in HTSC magnets. The construction of a superconducting
magnet inevitable requires joints between successive lengths of wire, and indeed, there
have been studies carried out by various research groups on the development and
characterization of HTSC joints, both with Bi(Pb)-2223/Ag tapes [124-126] and Bi-2212
composites [127]. Results are promising, with I#/1. (where I,; denotes the critical current
across the joined section of two short tapes) reaching from 60 % to nearly 100 %
depending on the joining angle. This is all very nice for test samples of short tape, but for
practical applications however, applying this technique to two HTSC double-pancake-
shaped coils has proven most difficult indeed. Instead, ordinary Sn-Pb and pure indium (by
virtual of its low melting point) solder were used in the construction of magnets from

single and double-pancake coils of Bi(Pb)-2223 [120], from the fact that the constructed
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coils have low indices n [119, 120], where the index number, », is defined [55] by the

following VI characteristics applicable at and near I,.

I n
v=ve [T] (1.28)

V. is the resistive voltage at which I is defined. Equation (1.28) implies that the conductor
is resistive even when it is operated below I.. It must be mentioned that for coils with high
n, such as those used in NMR or in any application which requires persistent mode of
operation, the joints must be lossless for the current to be persistent else magnetic energy

will be dissipated across the joint resistance.

1.3.2.3 Design and operational issues

For issues concerning the designing aspects, whether for experimental purposes or for a

system component, the magnet must satisfy the requirements for spatial distribution and

temporal variation of the specified magnetic field H (x, ¥, z, t). Normally, specifications
include the following three parameters: 1) Hy, the field at the magnet origin ((x, y, z) = (0,
0, 0)); 2) Vy, the extended volume or work-space within which 1-7 (x, y, z, t) is specified;
and 3) H(t), the field time variation. Lastly, with relation to cost, weight and size, the
volume of the windings should be at a minimum, yet at the same time meeting all required

specifications.

With regard to the operational aspects, the coil or magnet system must be structurally
strong to be able to withstand very large electromagnetic forces [128] (such as
circumferential or axial magnetic stresses, under high field operation), thermally stable to
maintain the conductor at its operating temperature and well protected from permanent
damage in the event of a magnet quench [129]. Of these three considerations, the
temperature stability is most unpredictable and least controllable as the energy stored in
the magnet (magnetic and mechanical) can easily be converted into heat upsetting the

thermal equilibrium of the system.
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The thermal behavior or temperature stability therefore may be quantified by examining

the three basic constituents of the magnet winding and the corresponding power equation

operating on a unit volume of superconductor. These are 1) conductor, 2) coolant and 3)

structural material. The conductor temperature T, is governed by the following power
density equation [130]:

Cm% =V (k,VT)+ p,(T) (1) + g(l‘)—%%

(1.29)

Equation (1.29) shows that the change in stored energy (left-hand side) is balanced by the
sum of the conduction heat flow, the joule heating, the heat generation (magnetic and
mechanical) and the cooling of the conductor (right-hand side terms), where C,, is the heat
capacity of the conductor element, &, p.(7T) and j,, the thermal conductivity, temperature
dependent electrical resistivity and current density of the normal matrix respectively, with
P, denotes the conductor perimeter, A, is the matrix’s cross-sectional area and ¢

represents the heat transfer flux.

1.3.3 Stability - Theories and Criteria

The topic of superconductor stability is concerned with determining permissible energy
inputs as well as methods of modifying the configuration and components of a
superconducting system to either limit the amount of energy inputs, or to make the system
more tolerant of such inputs. Different approaches to stability modify different
components of a composite superconductor. Adiabatic stability for instance, limits local
energy inputs by controlling the dimensions of the superconductor; dynamic stability
slows down flux motion; and cryostability improves heat transfer to expedite the thermal
recovery of accidentally formed normal regions. The theories and concept for stability may
be said to have evolved around specific solutions of Eqn. (1.29). Table 1.3 best sums up
the different types of concept concerning stability, with ‘0’ signifying that the parameter is

negligible or not being considered in the equation, and ‘v’ means it is included.
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TABLE 1.3  Stability concepts derived from Eqn. (1.29).

¢ L | V-&VT) puDijp) 8O By Application

" ot 4 0

d 0 0 v 0 Flux jump

0 0 v 0 v/ Cryostability

v/ v v 0 v Dynamic stability
0 v/ v 0 v “Equal area”

0 v/ v 0 0 Mp7Z*

v 0 v 0 0 Protection

v v v 0 0 Adiabatic NZP*

* Minimum propagation zone. “ Normal zone propagation.

Some of the theories and criteria expressed subsequently can be found in various texts
with more in depth treatment such as those specializing in how to avoid instabilities and in
superconducting magnet systems. Among these are excellent texts written by H. Brechna
[128], M.N. Wilson [129], E.-W. Collings [20, 22], and Y. Iwasa [131]. Nevertheless,
expressions are repeated where necessary (applicable to tape conductors), with some
modification for the treatment of multi-filamentary Bi(Pb)-2223 edge- and face-cooled
tapes - precedented by the work of Ogasawara [132, 133] on Y-123 mono- and multi-
filamentary tapes at 20 K and 77 K.

1.3.3.1 Bean’s critical state model

The critical state model, proposed by C.P. Bean [134] in 1962 (known as the Bean critical
state model) evolved from the Goodman’s “lamina” model (an alternative model to the
“vortex” version proposed by Abrikosov [17]), forms the basis of calculations on stability
and hysteresis loss. The model is used to derive a criterion for flux jumping, a kind of
electromagnetic/thermal instability afflicting all high field superconductors. The critical
state model introduces the hypothesis that whenever a current Ip flows in a
superconducting wire, the current density at the outside (surface) will immediately jump

up to the critical current density value J.. To transport more current, the shallow layer
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thickens, again carrying J;, but over a larger cross-sectional area. In this way, the total
current flowing is always with critical current density J, but only the outer portion of the
superconductor carries a current other than zero. The Bean critical state model has indeed

been verified experimentally at various depths within the superconductor [135].

Bo(r)

3

- wire diameter ¢ -
Jz(n
Jc
-a a
r —_—

Figure 1.18 Magnetic flux and current density distribution according to the

Bean critical state model.

1.3.3.2 Flux jumping - stability for edge-cooled tape conductors

As mentioned earlier, flux-jumping is the result of flux motion within the superconducting
material which causes thermal runaway instability and in turn generates more magnetic
flux motion. It is associated with the re-distribution of magnetic fields. This instability
occurs most frequently at or near 4 K as the specific heat of the conductor (matrix and

superconductor) is very small comparing to that of say liquid helium (LHe) [136]. Unlike
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mechanical disturbances the effect of flux jumping is now well understood, and is no
longer a serious problem for magnet operation. Precautions are made at the designing
stage to prevent this effect from occurring during operation. For tape conductors, it’s
possible to calculate the critical size (d;) above which flux jumping will occur [131] based

on the Bean critical state model, with the assumption of a linear temperature dependence

for J(T):

T.-T
=
T,-T, (1.30)

Two criteria may be applied - adiabatic (worse case scenario with no heat transfer), giving

3C,(T. - T,
d, =2 —LJOJQ—"), (1.31)

co

and dynamic, with

LG (T.-1,) (1-A)6d,,(T. - T, )h,
= + .
o Ao 2, Antp,J?, (132)

where h, is the constant heat flux coefficient, C;, the specific heat of capacity of the
superconductor, p,, the electrical resistivity of the matrix, T, taken as 107 K (~
temperature at the midpoint of transition), J,, the critical current density of the
superconductor at operating temperature T,,, and du4 and dgy,, are the respective adiabatic
and dynamic critical widths of the tape conductor. The composite nature of the tape
conductor, A, (originally used for mono-filamentary tape conductors) has been replaced by
A, (denoting the filling factor which is defined here as the ratio of superconductor to total

conductor) for multi-filamentary tapes (refer to Fig. 1.19).
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Cross section of monocore Bi(Pb)-2223/Ag tape.

Cross section of multi-filamentary Bi(Pb)-2223/Ag tape.

< d
|

A= A R = ﬁ
(Asc + AAg) Asc

Figure 1.19 SEM images of cross-sections of single and multi-filamentary

Bi(Pb)-2223/Ag tape conductors.

From Eqn. 1.32, it can be seen that the criterion for dynamic stability is more general and
covers the case of adiabatic condition when edge-cooling is absent. It is valid for HTS
magnets operated in a bath of cryogen or for force-cooled magnets. For the case where the

HTS magnets operated in vacuum (h, = 0), the criteria is not applicable.
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1.3.3.3 Cryostability

The idea behind cryostability is to restore superconductivity in an already flux-jump
stabled composite conductor once an electrical or thermo-mechanical disturbance has
occurred. In other words, cryostability allows the magnet to return to standard operation

even from a condition where the entire coil has gone normal (a quench). The key to

cryostability is heat transfer (¢ ) to the surrounding cryogenic bath. Figure 1.20 shows

0 as a function of temperature for both LHe and LN [136]. The ‘dipping’ part of the LHe

curve (dashed lines) indicates unstability upon warming at temperatures near 4 K, whereby

an instantaneous jump is made from the nucleate boiling regime (first region of increase in
0 ) into the film boiling regime (second region of increase in ¢ ). The instability is due to
a veneer of helium gas surrounding the warm object, which has a slow cooling rate in a
medium whose effective ¢ is below ~ 0.25 W/cm? For LN on the other hand, a

temperature rise can be as high as 20 K above the bath, nucleate boiling will still continues
and there is no discontinuous jump to film boiling, which only takes place at temperatures

above ~ 100 K or so [137].
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Figure 1.20  Heat transfer as a function of temperature for LHe (left)
and LN (right).
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Thus for HTSC magnets, nucleate boiling is the condition which they should be operating
in. Based on this notion, Stekly’s cryostability [138, 139] has been formulated to place an
upper limit the size of the conductor to ensure sufficient cooling. Conditions for
cryostability therefore involves determining conductor parameters such as R; (the ratio of
matrix to superconductor - refer to Fig. 1.19, which relates to A), the area of matrix, A,,, or
conductor diameter which is itself a function of R, [22, 131]. As a result, the following

criterion has been established as a condition for cryostability (or Stekly’s cryostability

criterion):

Ok 2 1 (stable-sufficient cooling) (1.33a)

O < 1 (unstable-insufficient cooling) (1.33b)

where 0, is a dimensionless number (known as Stekly’s stability parameter), derived from
equating the heat generation (Joule dissipation) density to the cooling density provided

from the cryogen bath [131], and is given as

_ prchmhq (Tc - Top)
- pmlczo , (1.34)

sk

with P4 and f, as the total conductor perimeter and fraction of P.s exposed to the cryogen
bath respectively. Since ot o< Ay, it can be understood from Eqn. 1.34 that there is a trade
off between the amount of matrix material and the overall critical conductor current

density to attain greater stability.

1.3.3.4 Quench propagation - 1-D analysis for tape conductors

The thermal recovery of a magnet system from a quench depends on heat transfer between
each element of conductor and its surroundings, which includes other parts of the winding
and the cooling reservoir. For a given current carrying superconducting tape with a hot
spot at a temperature above T, there will be a balance between ohmic heating and thermal

conduction along the tape. If the hot spot is very short, heat conduction will exceed heat
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generation, the spot will contract and the tape will recover superconductivity; but if the hot

spot exceeds a certain length, it will grow.

The term minimum propagating zone (MPZ) coined by Wipf [140] denotes the boundary
between the expansion and contraction of the hot spot. The theory of MPZ enables the
determination of the length (lypz), the velocities (v; and v,) and the triggering energy
(Empz) of a normal zone. Models of the normal zone are usually of ellipsoidal [131, 141],
sometimes cylindrical [141, 142] in shape and can require a 3-dimensional analysis [143]
for superconducting wires. For composite tape conductors however, a 1-dimensional
analysis can be adopted [131] and is the chosen treatment here for its simplicity. The

schematic representation is shown in Fig. 1.21.

F‘ 2 Iypz ---)l

7

-xmz[ x=0 Xmz

e— L =P

no cooling

NORMAL SUPERCONDUCTING

A —

Figure 1.21  One dimensional MPZ length and velocity representation in a

composite superconducting tape.
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The 1-d treatment assumes that the MPZ region (|x| < X, ) 18 insulated from cooling and
that one of the tape’s broad surfaces is exposed to cooling for |x| > x, , as shown in Fig.

1.21. The coolant temperature equals the operating temperature and surface cooling flux
acting on one side of the broad tape’s surface is given by hg(T-T,p), with the assumption
that the heat transfer coefficient, h,, is constant. By considering the steady-state power
density equations (from Eqn. 1.29) for regions |x| > x,,_, Iypz can be derived [131, 144] to

be:

, (T.-T,) Ihk,
) pm[‘]co]f DMT , (135)

! MPZ =

where Dyt = tA,/Aior, (t is the conductor thickness and A,,,, the total cross-section area of

conductor), &, the matrix’s thermal conductivity, 7}, the temperature of the cryogenic

bath, and [] co ]s = Jeo, the critical current density in the superconductor at 7.

The growth of the normal zone at a velocity in the longitudinal direction (along the
conductor axis) v, (or vyzp in Fig. 1.21) can be used as a safety measure to shut down a
magnet at the onset of a quench. From a 1-d analysis of Eqn. 1.29, the normal zone
propagation (NZP) longitudinal and turn-to-turn (between layers of composite
superconducting tape in a tape-wound pancake coil) velocities (under adiabatic conditions)

can be expressed as [131, 71]:

I | Pukn
V"CC,, (T,’—Top)’ (1.36)

and

T =
Cea | 26, (T/— Top) (1.37)
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respectively, where J,,, the matrix’s critical current density, T," = (T.s + T.)/2, with T, the
current sharing temperature Te; = T(I), and C.y and C,, are the volumetric average of
superconductor’s and matrix’s heat capacities at 77 K and over the temperature range of
interest respectively. & and k; are the insulator’s thickness and thermal conductivity and

6.4 (= 1) is the thickness of the superconducting tape.

It is also of interest to calculate the minimum energy necessary to trigger the growth of a
normal zone (Eypz), which in a way measures the sensitivity of the structure to thermal

disturbances. The following expression [131, 71, 142] is used to quantify such energy

concentration:
Evrz = AulirzCu (Tc - Tb) . (1.38)

In practice, quench-induced disturbances can be larger than the MPZ. Thus it is desirable
to have their rate of expansion be as large as possible to prevent hot-spot formation. It is

possible to control this rate by optimizing parameters such as R and A.
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Chapter 2

Processing and Characterization of Bi(Pb)-2223
Composite Wires and Tapes for Magnet Applications

2.1 Tape Processing and Magnet Development

The objectives of the extensive research carried out at CSEM, IMTM, UW were to
conduct experiments leading up to and including the development of superconducting
coils and magnets made from long lengths of Bi(Pb)-2223/Ag (or Ag-alloyed) composite
tapes. Like other conductor applications, the objective here was to fabricate these tape
conductors with the highest possible J., and, J, (and also, although not so critical, their I,
as well) by means of material processing, using only of course what’s available at the time.
Needless to say that there are various ways to improve the J, of the Bi(Pb)-2223 tape.
Most of them would fall into one of the three main categories. They are: 1) manipulating
the crystallographic structure of the precursor or of the reacted oxide to better its flux
pinning property, 2) developing silver-alloyed sheathing material to further enhance not
only the microstructure of the superconducting ceramic but the strength as well as current
conduction property of the matrix, and 3) optimizing the conductor performance through
the use of thermo-mechanical processing control methods. The results presented in this
chapter thus details some of the research work performed at the Center pertaining to the

latter two categories.

2.1.1 Powder Preparation

The precursor powders used in ceramic processing are stable compounds, sometimes
hydrated, and are of defined purity. Powder processing involves the control of particle size
and of mixing powder reagents, whether of the precursor powders or of the partially

reacted powders - to enable the formation of new stable phases during the process of
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thermal agglomeration (or sintering). Despite the numerous different ways of
superconducting powder synthesis [145-151] these methods can essentially be classified into

two types: 1) solid state reaction, and 2) solution route.

The solid-state reaction (two-powder-process, dry-mixing) technique involves mechanical
mixing of appropriate amounts of starting materials followed by calcining, grinding and
sintering to form the superconducting phase. Due to the slow reaction rates in this method,
long sintering times and close temperature control are required to assure substantial
formation of the major high-T, (2223) phase. In particular, when metal carbonates such as
CaCOj3 and SrCOj; are used as starting materials, large particles of Sr-Ca-Cu-O, Ca-Cu-O

and CuO phases are commonly found in the resultant powders [152].

The solution route for powder preparation includes thermal co-decomposition, co-
precipitation, freeze-drying, sol-gel processing and spray-pyrolysis in which the metal
nitrates and oxides are dissolved into a solution (e.g., nitric acid), then dried and calcined.
The solution route method provides a close control of the chemical and physical properties
of the precursor powder with the main advantages being enhanced in homogeneity, uniform
particle size and better maintainability of the stoichiometry [153]. However, special attention
should be paid to the precise control of processing parameters, such as the pH values in co-

precipitation and sol-gel methods, to avoid severe impurity segregation [154].

As common to both routes, the process of calcination is necessary to thermally decompose
the mixed powder, with the amount of heating applied below the powder’s melting point.
The pre-calcined powders are not normally pressed, which would allow the escaping of
gases produced as a by-product. The reaction is only partially completed (and is typically
endothermic) owing to the small contact areas at the boundaries of grains. After the
calcination process, it is necessary to grind, crush and/or mill (attrition- or ball-milled) the
porous solid, after which pelletization (or pressing) of the finely grounded powder takes
place by axial pressure applied with a hydraulic press to the powder using a set of
cylindrical metallic die. Sintering of the pellet(s) then follows (by the use of a furnace),

with the temperature set near the powder’s melting point [155, 156] (~ between 835°C and
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850°C) during which large crystallites are formed. The pellets are normally placed on
chips or powder of the same material (superconductor) to avoid contamination from the
underlying brick/ceramic plate during firing. Repeated grinding, mixing/crushing and
sintering are needed to complete the chemical reaction, thus forming the single
superconducting high-T. (2223) phase. The pressing and sintering processes are usually
repeated with an intermediate grinding step (with a porcelain mortar and pestle or into a
nylon jar with zirconia balls as the grinding media and hexane as the carrier). Figure 2.1
perhaps best summarizes the processing steps involved in the preparation of Bi(Pb)-2223

precursor powders.

Powder Processing

Mixing
Mortar &
Pestle

Ball Milling
ZrOz2-Nylon-
Hexane

Calcining
Fumace

Grinding
Attrition Mill or
Mortar &
Pestle

Pressing
Cylindrical
Metal Die

Sintering
Furnace

Figure 2.1  Schematic representation of powder processing of Bi(Pb)-2223.
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The precursor powders of Bi(Pb)-2223 used for the processing of wires and tapes were
produced from both methods of solution route and solid-state reaction and are designated
as S, T, D, U, and B. The molar ratio and method of synthesis for the precursor powders

are given in Table 2.1, with the corresponding processing description of each given in

Table 2.2.

TABLE 2.1  Molar (cation) ratios and method of preparation for the five
precursor powders of Bi(Pb)-2223 used.

Powder ID Method Bi:Pb:Sr:Ca:Cu

S Thermal co-decomposition 1.84:0.35:1.91:2.05:3.05
(solution route)

T Two-powder route 1.84:0.35:1.91:2.05:3.05
(solid-state reaction)

D Dry-mixing 1.84:0.35:1.91:2.05:3.05
(solid-state reaction)

U Dry-mixing 1.84:0.35:1.91:2.05:3.06
(solid-state reaction)

B Spray-pyrolysis 1.80:0.33:1.87:2.00:3.00

(solution route)

TABLE 2.2  Methods and processing details for the five precursor powders
of Bi(Pb)-2223 used.

Powder ID Processing description”

S The nitrates of Bi, Pb, Sr, Ca, and Cu as the starting materials are
mixed and stirred in aqueous solution of nitric acid until only the
residue is left from evaporation. The powder is then grinded and
calcined at ~ 700°C for 24h. Calcination processes are normally

carried out with the powders unpressed to minimize contact areas
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at the grain interfaces so reactions do not go to completion.
Sintering is then performed at ~ 835°C for 24h with the powder
grinded and pressed (for homogeneity and greater contact surface
between grains) before hand. To achieve fine particle size the
sintered powder is further grinded (attrition or ball milled) and

passed through a mesh for selected particle size.

T This involves the mixing of oxides, peroxides and carbonates of
Bi, Pb, Sr, Ca, and Cu as the starting materials. A ‘one reduction
in Ca stoichiometric’ content of the final composition is first
formed from calcination at ~ 750°C for 15h then sintered at ~
840°C for 24h. The calcium copper oxide is formed separately
with the same calcining condition but sintered at ~ 900°C for 48h.
It is then mixed with the ‘one reduction in Ca stoichiometric’

compound to give the final desired composition.

D The process of dry mixing is quite similar to that for two-powder
route. It involves the mixing of oxides, peroxides and carbonates
of Bi, Pb, Sr, Ca, and Cu as the starting materials. Calcination is
then carried out at first ~750°C for 15h, then sintered at ~ 845°C
for 30h. Mixing, grinding and pressing were carried prior to each

heat treatment.

U Commercially made precursor powder from ISS Inc. (U.S.),
containing 2212 as the major initial phase - refer to section 2.2 for

powder characteristics.

B Commercially available precursor powder from EM Industries,
Inc., Merk Ltd. (U.K.), containing 2212 as the major initial phase -

refer to section 2.2 for powder characteristics.

* The heating and cooling rates for most precursor powders were 2°C/min. and 4°C/min.

Sintering of the precursor powders were conducted at ambient atmosphere.
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2.1.2 Fabricating Bi(Pb)-2223 Composite Tape Conductors

Silver, the chosen sheathing material because it fulfills (as does gold) several chemical
requirements: 1) it doesn’t react with the BSCCO during sintering, 2) no occurrence of
oxidation during sintering, and 3) it allows the passage of oxygen through its sheath - an
important property for any cladding material to be used for BSCCO since the oxygen content
of these superconductors varies with temperature [157]. In addition, cladding the ceramic
superconductor is required for reasons of mechanical strength and flexibility as well as
providing a normal-conducting current path should the superconductor revert to the normal
state. The disadvantages of using Ag however, are: 1) its relatively high cost, 2) its low
strength, and 3) its thermal expansion of coefficient does not match that of BSCCO - a1 m
long Ag-bar shrinks ~ 3.6 mm when cooled down to 80 K [131]. Nevertheless, due to high
manufacturing cost in purchasing Ag-alloys at the time, silver of ~ 99.99 % purity was used

for the majority of the work performed at the Center.

Supplied from Johnson Matthey Ltd., Australia, the Ag matrix arrived in the form of 1 m
length hollow cylindrical tubes of various inner/outer diameters. This necessitated the
processing of different combinations of the number of filaments in the processing of MF
tapes. Besides providing a sheath in which compaction occurred, the Ag tube supplied the
ductility necessary for drawing and rolling. Prior to processing, the tubes were ‘burnished’ -
cleaned with silver paste by the use of an electric hand -drill and a stainless steel rod, then
rinsed with acetone or ethanol, and finally fired to ~ 400-500°C for 2-3 hr to burn away any
residue. The tubes were then sealed one end by either: 1) cold forming on a lathe, 2)
extrusion by swaging thus producing a tapered end - tagging, or 3) simply place a roll of pure

silver tape at one end.

For the standard procedure of oxide-powder-in-tube (OPIT or simply PIT) [158-160] or
the novel method of oxide-wire-in-tube (OWIT or simply WIT) [161-163, 157], the finely
hydrated precursor powder was poured into the cleaned, one-end sealed tube by hand (with
the use of a hammer and rod in the case of PIT) or with the aid of a vibrator [164], after

which the other end of the tube was sealed. The frequency of vibration varied from high to
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low (60-10 Hz) as more powder settled in. The initial packing density produced by using a
hammer and rod ranged between 55-70 % of the theoretical value, while it was only between
25-35 % with the vibrator. The mass density of Bi(Pb)-2223 used was ~ 4,350 kg/m3,
comparing with ~ 6,490 kg/m® for Bi-2223 (containing no lead), or sometimes reported as ~
6,100 kg/m3 [165]. Using the vibrator (shown in Fig. 2.2) however, higher reproducibility
and consistency were achieved. As an alternate method, rods of pre-compacted powder could

be used to control the initial packing density. Next, the sealed powdered tube was then drawn

or groove-rolled into wire form.

Figure 2.2  Vibrator machine used for transferring powder in the PIT

and WIT processes.

2.1.2.1 Wire processing

With the processing of Bi(Pb)-2223 composite superconducting tapes, there are generally
two standard procedures used. They are the method of powder-in-tube (PIT - the most
commonly used method by wire/tape manufacturers such as Intermagnetics General
Corporation (IGC), American Superconductor Corporation (ASC), Sumitomo Electric
Industry (SEI), Vacuumschmelze, and Metal Manufactures Ltd. (MM) [166]) and the
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continuous-tube-forming/filling (CTFF) process - which is quite different from the Jelly
roll technique [167] where a layer of HTSC material is deposited on the silver substrate.
Analogous to the PIT technique, a slight deviation in processing where a rod or wire is
inserted in the center of the tube (hence wire-in-tube, or WIT) can be implemented to
increase the Jc (but not ) of the superconducting tape quite substantially, by substituting
some of the superconducting ceramic for the matrix material, based on the notion that
supercurrent flow primarily at the matrix-core interface [161-163]. The schematic
representation of the methodology for each of the three procedures used in the processing

of Bi(Pb)-2223 wires and tapes are shown in Figs. 2.3-2.5.

Oxide Powder
In Tube

WIRE
Annealing - - Rolling
If nec. - Drawing
- Swaging

- Monocore
- Multifilament

Restack using
guider or
poslitioner

Wire

- Rolling
- Drawing
- Swaging

Annealing
if nec.

TAPE
l Flat rolling
Annealing
if nec.

Figure 2.3  Schematic of the powder-in-tube (PIT) method.
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Continuous Tube
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- Monocore
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Wire
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- Rolling
- Drawing
- Swaging

TAPE
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it nec.

Figure 2.4  Schematic of the continuous-tube-forming/filling (CTFF) process.

From Figs. 2.3-2.5, the procedure of CTFF requires least processing time and effort as the
drawing to thin wire stage has been by-passed. In brief, the process of CTFF can be
explained as follows [168]; the powder is normally poured continuously through a
calibrated orifice onto a moving strip of 99.99 % pure silver. The silver strip weighs about
4.5 kg (~ 10 pounds), 0.254 mm thick and 10.414 mm wide. The burden of the powder on
the strip is controlled using a blade. The powder-bearing strip then enters a tube mill; in
several stages the strip is folded and overlapped by passing through several sets of rolls
and dies. The yield is ~ 335.3 m (1100 ft) of cylindrical finished ‘cigarette’ wire with

diameter of ~ 1.5 mm.
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Figure 2.5  Schematic of the wire-in-tube (WIT) procedure.

In comparison with PIT, CTFF does give better uniformity at the matrix-core interface
[169]. However, there is a processing problem with the CTFF wires - they tend to ‘open
up’ during sintering, causing the powder to leak out. For multi-filamentary tapes (MT) this
‘powder-leaking-problem’ was circumvented with a pre-annealing step incorporated prior
to drawing or groove-rolling stage at elevated temperatures between 750-780°C for ~ 15 h.

Figure 2.6 shows the cigarette wires ‘closing’ after annealing.
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(a) (b)

Figure 2.6  Cross-sections of 14 CTFF wires prior to wire forming: (a) before and
(b) after annealing at ~ 760°C for 15 hr in a tubular furnace.

For wire forming, two options were available: 1) groove-rolling (with the cross-section of
each groove being octagonal in shape - having alternating very short and long sides), and
2) drawing. It must be mentioned that the second option was not available (and
operational) until early 1996, thus most of the wire processing was performed using

groove-rolling.

The groove statistics are listed in Table 2.3, plotted in Fig. 2.7b, left. The mathematical
treatment on area and area reduction calculations are detailed in Appendix A. Since each
successive reduction in area was large, between ~ 22-42 % (except moving from groove
11 to 12), adjustments were made on the dual-rolling machine (Fig. 2.7a, left) such that
each reduction was within the range between 10-15 % for all wires - as any greater
reduction often results in work-hardening of the silver clad, which would require more
frequent annealing at ~ 500°C between 20-30 min. depending on the thickness of the
Bi(Pb)-2223 composite wire.
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Figure 2.7a Left is the dual-rolling machine (Model M.100/55 - 010 Mejora,
F.11i CAVALLIN, Italian import) with groove-rolling on its left
and flat-rolling on its right. Right is the draw-bench, also used in

the processing of composite Bi(Pb)-2223 wires.
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Figure 2.7b  Details for groove-rolling (top) and drawing (bottom) of wire, as
given in Tables 2.3 and 2.4.

For drawing, the wires were drawn with set die diameters on a straight draw bench (Fig.
2.7a, right) with a variable speedometer box (on the far back wall in the photograph),
adjusted to give a slow controllable pace within several cm/s. The draw-pass schedule for
Bi(Pb)-2223 composites is given in Table 2.4 with the reduction in cross-sectional area of
the wire per pass lying between ~ 6-20 %. The corresponding data is also plotted in Fig.
2.7b, right. With drawing, intermediate annealing was performed after die numbers 13, 18,
and 22 at ~ 500°C for 20-30 min. depending on wire thickness. In both groove-rolling and
drawing, more frequent intermediate annealing was necessary when thinner silver tubes

(4.5/5.5 and 9/10 mm inner/outer diameters) were used.



TABLE 2.3  Approximate groove statistics on the dual-rolling machine.

Groove  long-opposite-  Short-opposite-  Approximate Approximate area
no. side distance side distance ~ area of groove  reduction between
(mm) (mm) (mm?) grooves (%)

1 5.71 5.78 27.83 -

2 4.62 5.06 17.53 37.01

3 3.95 4.24 12.34 29.60

4 3.55 4.00 9.60 22.22

5 3.18 3.48 7.45 22.43

6 2.84 3.13 5.70 23.42

7 2.55 2.83 4.39 23.05

8 2.27 2.47 3.29 2493

9 2.06 2.24 2.52 23.60

10 1.80 2.04 C 173 31.43

11 1.57 1.87 1.03 40.05

12 1.48 1.68 0.95 7.83

13 1.33 1.59 0.70 26.95

14 1.24 1.52 0.53 23.75

15 1.13 1.39 0.31 41.36

16 1.04 1.31 0.24 22.34

17 0.98 1.25 0.19 22.06

The fabrication of multi-filamentary (MF) wires (Fig. 2.8) followed the same procedure as
those of mono-filament. Prior to drawing however, the filaments were stacked using a
‘filament-positioner’ (simply a short section of the same silver tube), with one end of the
tube tapered by either groove-rolling or by swaging. The swaging machine from MFG Co.,
Proivdence R.I., U.S., is shown in Fig. 2.11, left, appearing on the right side of the double-

pair-flat-rolling machine.
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TABLE 2.4

Draw-pass schedule used in the drawing of Bi(Pb)-2223 wires.

Area

Die no. Diameter Area (%) | Die no. Diameter Area Area (%)
(mm) (mmz) reduction (mm) (mmz) reduction
1 11.50 103.87 --- 15 3.76 11.10 12.08
2 11.15 97.64 5.99 16 3.48 9.51 14.34
3 10.16 81.07 16.97 17 3.18 7.94 16.50
4 9.18 66.19 18.36 18 2.96 6.88 13.36
5 8.50 56.75 14.27 19 2.77 6.03 12.43
6 7.86 48.52 14.49 20 2.52 5.00 17.24
7 7.20 40.72 16.09 21 2.30 4.15 16.70
8 6.60 34.21 15.97 22 2.15 3.63 12.62
9 6.15 29.71 13.17 23 2.01 3.17 12.60
10 5.68 25.34 14.70 24 1.91 2.87 9.70
11 5.21 21.32 15.86 25 1.79 2.52 12.17
12 4.80 18.10 15.12 26 1.61 2.04 19.10
13 4.48 15.76 12.89 27 1.51 1.79 12.04
14 4.01 12.63 19.88 28 1.42 1.58 11.57

Figure 2.8

Filaments and tubes before and after stacking.
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With dc-applications in mind, the consideration of ‘filament-design’ is primarily governed
by the metal-working such as stress and strain tolerance properties rather than electrical
concerns as in the case of ac-applications. As the majority of the processed tapes were

tested under dc condition, the assembly of filaments in MF wire was investigated for

processing and stability studying purposes.

The systematic removal scheme (SRS) [22] can be used to demonstrate the assembly

geometry which maximizes the number of hexagonal nuts able to be placed into a

circumscribed circle with given diameter.

Figure 2.9  ‘Nut-model’ geometric configuration representing the stacking

arrangement of filaments in a tube.
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As shown in Fig. 2.9, the SRS simply suggests that by using a systematic approach in
removing groups of six hexagonal nuts at a time, the assembly of nut configuration returns
to its original formation with one layer less after the third removél step. The nut-model
shown starts with n = 5 layers (top left), and ends up with n = 4 layers (bottom right) after

the third group removal, with Z a coded symbol used in the scheme.

The aim then was to maximize the number of filaments of various sizes to be inserted into
a cylindrical tube of a given diameter. The total number of filaments can be derived to be
1+3m(m+1), where m = n-1, with n denoting the number of layers with the central filament
being regarded as the first layer. This simple expression theoretically gives the highest
filamentary density for any multifilamentary wire, refer to Appendix B for derivation.
Several tube diameters were tried with various filamentary sizes. The resultant optical
images of wire cross-sections using groove-rolling are shown in Fig. 2.10 for various
combinations of tube sizes and filaments. The precursor powders used were dry-mixed
powder U for OPIT wires and that of a similar type in synthesis for CTFF wires. Table 2.5

contains the corresponding dimensions and processing details.

It was subsequently found that the initial fill factor, A (ratio of core to conductor area), was
quite difficult to control primarily due to vacant spaces around the filaments being unfilled
as well as the non-conforming octagonal shape of the filaments themselves. In commercial
practice however, the vacant spaces remaining between the filaments and the cylindrical

tube can sometimes be occupied by specially shaped filler pieces.

As listed in Table 2.5, increasing filamentary number is usually accompanied with a
decrease in fill factor (or increase in Ag matrix), partly due to the limited tube sizes
available. Investigations on the fill factor and critical bend strain dependence on critical

current density and filamentary number are given in the next chapter.
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Figure 2.10 Optical images of cross sections of Bi(Pb)-2223 MF CTFF (9, 12, 14, 36,
36Cu, 37, 50, and 41 filaments) and OPIT (19, and 31) composites, before

(filaments stacked in tube) and after (wire forming) groove-rolling.
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TABLE 2.5

Corresponding dimensions of cross-sections shown in Fig. 2.10.

MF Tube Wire
1, 2" Stacking  Filament size Wire size Fill factor, A
(0.d./i.d. - mm) (groove-rolled)# (groove-rolled)
9-CTFF 6.5/5.5 after 13" grv. | after13™ grv. 0.233
12-CTFF 6.5/4.5 after 13" grv. | after13™ grv. 0.218
14-CTFF 6.5/5.5 after 17" grv. | after13™ grv. 0.197
19-OPIT-vib". | 6.5/4.5,6.5/5.5  after 17" grv. | after13™ grv. 0.297
31-OPIT-ham®. | 6.5/4.5, 10/8 afterl4® grv. | after13™ grv. 0.257
36-CTFF 10/8 after 17" grv. | after12™ grv. 0.210
37-CTFF 10/8 after 17" grv. | after12™ grv. 0.184
50-CTFF* 10/8, 10/8 12"/7% groove | after 5™ grv. 0.106
36Cu”-CTFF 10/8 after 17" grv. | after12™ grv. 0.154
41-CTFF* 6.5/5.5,10/8  12"/10" groove | after 9" grv. 0.142

*The actual sizes in mm are given in Table 2.3. " Vibrator used for PIT. © Hammer and rod used for PIT.

¢ Double-stacked. % Pure Ag cladding for filaments, Stirling Ag (Ag:Cu = 93:7) for outer sheath.

2.1.2.2 Tapep

Having produced wires of diameters/thickness of normally between 1 and 3 mm, the next

rocessing

step was to convert them into ‘green’ or unreacted tapes by cold-rolling. Three rolling

machines were used for tape processing. These were: 1) the dual-roller (Fig. 2.7, left), 2) the
double-pair-flat-roller from Crofts, Engineers Ltd., Bradford, England (Fig. 2.11, left), and
3) the hydraulic flat-rolling machine (Fig. 2.11, right). These rolling machines also provided

a mechanical means of intermediate deformation for long length composite reacted (‘red’)

tapes after each

sintering stage.
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Figure 2.11 The double-pair-flat-roller (left) and the hydraulic flat-rolling

machine (right).

Unlike the other two rolling machines, the hydraulic rolling machine has a variable speed
controller. The slowest speed was used to produce tapes, ~ 1-3 cm/s. The majority of tape
processing was performed using the dual roller (Fig. 2.7, left), whose characteristics are

given as follows:

Roller diameter: 55 mm

Roller width: 100 mm

Roller speed: 1.6-1.8 rad/s
Maximum clearance: 14 mm

Production rate: 3 m/min

Motor: 2 HP

Overall sizes: 38 x 67 x 120 cmh
Weight: 175 kg

The roll spacings were reduced by about 15-20 % for each successi?e pass. The final tape
dimensions range between 0.08-0.45 mm thick and 2-4 mm wide depending on the
composite (moncore or multifilamentary). Again, intermediate annealing (at ~ 500°C for ~
20-30 min.) was necessary when either thin wall-tubes were used (to avoid edge cracking) or
work-hardening was felt, or that the tape became hot and stiff (systematically after every 4

passes). Both short and long lengths of composites were produced. Long composite tapes
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were wound onto alumina ceramic tubes of various diameters (furnace- and application-
dependent), shown in Fig. 2.12, for sintering and annealing purposes. Short composite tapes

of 20-40 cm in lengths were also fired in tubular and muffle furnaces, normally placed on

rectangular alumina ceramic plates for heat treatment.

(b)

(c)

Figure 2.12 Long lengths of reacted multifilamentary tapes: (a) 3x7-10 m
segments of 31-filamentary PIT (powder U) tapes after first sintered,
(b) 7 m 31-filamentary PIT (powder U) fully reacted tape used for
winding a solenoidal coil, and (c) ~ 58 m 37-filamentary PIT (powder

B) tape ready for the final sintering step.

It has been reported [170], with continuous deformation processes such as rolling, drawing

or extrusion, more uniform deformation should result with moderately large per-pass
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reductions (such that mechanical mismatch in strength between core and matrix is
minimized), small die angles, or large roller diameters [171-173] (giving greater contact
surface area between rollers and tape) with small rolling speed (perhaps to simulate that of
unjaxial pressing). In addition, considerations must be given to the strength of the ceramic
core and that of the sheathing material as reported by Willis et al [174], where two distinct
types of strain exist during deformation as a result of mismatching stress state between
core and matrix. ‘Sausaging’ or symmetric (necking) mode is a result of a strong core and
weak sheath while the anti-symmetric (undulating) mode is generated with a weak core

and strong sheath.

Figure 2.13 The ‘Mand 15 Ton’ (left) and Enerpac hydraulic-driven

(right) pressing machines.

Uniaxial-pressing was also used as the intermediate mechanical deformation step for batch
processing of short tapes, serving the same purpose as rolling by improving the density and
grain alignment in the superconducting core of the tape. The pressing and sintering processes

were repeated several times until a maximum critical current density was achieved.
Two pressing machines were used, shown in Fig. 2.13. The ‘Mand 15 Ton constant strain

rate’ pressing machine (Mand Precision Eng. Co. Ltd. Worcestershire, England) can apply
a vertical force of up to ~ 120 kN (left of Fig. 2.13), while the capacity of the Enerpac
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hydraulic-driven machine, from Butler, Wisconsin, U.S. (right of Fig. 2.13) is ~ 100 kN
force (10 Tons). Typical uniaxial pressure applied to superconducting tapes was in the
range of ~ 0.4-1 GPa depending on the area of the ceramic core. The rate of uniaxial

pressing was kept to a minimum where speed control was available (with the Mand

machine only).

1.1 v I ! I I T ) * I ! i
10 Monocore Bi(Pb)-2223/Ag Tapes ~ 0.175 mm
Y (S precursor powder) ]
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Figure 2.14 Normalized J. versus holding time during uniaxial pressing of

monocore Bi(Pb)-2223 tapes (powder S), both ~ 0.175 mm thick.

Once the pressing machine reaches the required force, it was found that keeping the
pressure applied for at least ~ 30 sec. helped improve the J. of the tapes. For sufficient
sintering time necessary to fuse the cracks inflicted on the superconducting core during
intermediate pressing, extended holding time up to several minutes can improve grain
alignment and core density, although the upper limit seemed to be ~ 3-4 min. (Fig. 2.14),
depending on the thickness of the tape.
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2.1.2.3 Heat treatment

Both large and small electric tubular (‘home-made’ and purchased from Ceramic
Engineering, Furnace Manufacturers, Sydney, Australia), as well as muffle furnaces were

used in the heat treatment process. These are shown in Fig. 2.15 (with the controller brand-

name indicated below) and 2.16.

(a) Shinko, and Shimaden (b) Jetflow (c) Jetflow

(Japanese import) (Australian made) (Australian made)

Figure 2.15 Small tubular furnaces used for sintering of short composite tapes.

Figure 2.16 Large tubular (left) and muffle furnaces ( right) used for annealing

and sintering of long length composite wires and tapes.

The temperature profiles for the Top and Bottom tubular furnaces (Fig. 2.16, left) are

given in Fig. 2.17. The ‘hot-zone’ (region of constant temperature, here taken as +1°C) of
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the large Bottom furnace was measured to be ~ 1.10 m. For the Top furnace, the hot-zone

was increased by the use of two concentric ceramic tubes, with the one containing the tape

lying on the inside.

Large Furnace #1 (Top)
Controller setting: 816 816 816 819

o 835 SSsssssccosmssesm=zesc

S 0 830 e =

32w 8%

© 8.2 820

o920

28 815
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a 800 =i
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(a)

Large Furnace #2 (Bottom)
Controller setting: 831 826 831

—
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(b)
Figure 2.17 Temperature profiles for the large Top (a) and Bottom (b) electric
tubular furnaces used for the annealing and sintering of long length

composite wires and tapes.
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A small heating and cooling rate (1.5 down to 0.25 %min, Fig. 2.18) was used to minimize
‘bubble formation’ (or ‘blisters’) between the Ag sheath and the superconducting ceramic
core, which normally occurred after the first sintering stage, most apparent with long length

composite tapes. All tape sintering was conducted at ambient air atmosphere.

0
. 800-820°C 60/803:138;)3?20?1
500-600 C 5-7h

5-10h o .
’ Oo/min 0.25 /min o
Rm Temp. 1.5%min ) 1.25 /min Rm Temp.

Figure 2.18 Heat treatment pattern used in the processing of composite short

tapes: monocore of powder S, T, D and multifilamentary of CTFF

precursor powder.

The heat treatment pattern shown in Fig. 2.18 was later modified to incorporate a ‘drop in
temperature’ (of variable degrees, depending on the precursor powder type). The first two
dwelling periods of heat treatment (Fig. 218) were eliminated, with the reduction in
temperature during sintering including approximately 15 h into the last dwelling period.
This step-wise reduction in temperature was found to expedite the high-7, phase formation

of 2223, making possible a two-sinter process. More on this topic in the next chapter.

2.1.2.4 Blisters, sausaging and edge-cracking

‘Blisters’ or ‘bubbles’ are the deforming or bulging of the sheathing materials due to high
internal gas pressure build up during heat treatment at elevated temperatures [175] (Fig.
2.19). The source of the released gas has been attributed to condensed species such as
Ca(OH), or Sr(OH), producing water, CO, and O, [157]. Water can enter the conductor as
absorbed species on the surface of the powder, and the CO, can probably enter either as a
carbonate from incomplete reaction or reaction between powder and the CO; in the
atmosphere. For Bi(Pb)-2223 composite tapes, the problem of blisters was minimized with

the annealing of the PIT tube containing dehydrated powder at temperatures between 650
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(for powders S, T, D, U and B) and 800°C (for precursor powder of CTFF wires and tapes)
for approximately 10 hr. Alternatively, water and CO; could be eliminated by heating the
powder in flowing O, or inert gas at ~ 800°C, or in vacuum at 500-600°C, for times ranging

from 8 to 48 hr [157].

o
v 4

Blisters

Black-spots

Edge-cracking

Figure 2.19 Blisters, black-spots, and edge-cracking of sintered Bi(Pb)-2223

composite tapes.

‘Sausaging’ (or ‘necking’) and edge-cracking are the result of mechanically induced defects
which occur during deformation. The problem of edge-cracking (as shown in Fig. 2.19 and
2.20 - cracking of filaments within the MF tape) is normally the result of using {too} thin-
wall tubes. This problem persists when insufficient annealing is made during cold-rolling, in
conjunction with large reduction per-pass which work-hardens the matrix, and often can lead

to surface cracking. Continuing heat treatment can result in ‘black-spots’ forming due to

| powder leaking (refer to Fig. 2.19).

To eliminate the problem of sausaging, it is necessary to understand the cause behind it.
Sausaging is believed to be the end product of a bifurcation from a state of homogeneous
strain to a state of non-uniform strain of composite materials u_ndergoing mechanical
deformation [176, 174]. The transport property of PIT Bi(Pb)-2223 composite tapes has
been hampered by the presence of sausaging, which creeps in at an early stage of thermo-

mechanical processing.
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(a) MF19-tube (b) MF19-wire (c) MT19-green

Figure 2.20 Non-uniform distribution of filaments as shown in (b) and (c), with
some inter-filamentary cracking in tape form due to the use of thin Ag-
cladding on the filaments (Qupe = 6.5/5.5 mm), leading to mechanical

non-homogeneity.

As shown in Fig. 2.21(a)-(d), sausaging was found to occur in monocore tapes with oxide
cores of approximately < 40 pum in thickness, consistent with that reported by Hellstrom
[157]. To combat this problem, alloys of silver such as Ag-7 at.% Cu (= 64Hy0.025, red
tape), depicted in Fig. 2.21, (e)-(f), and Ag-0.02 at.% Mg (= 44H,0.025, red tape) were
used to reduce the mechanical mismatch between the relatively hard HTS core (=
125H,0.025) and the compliant Ag (= 38H,0.025) cladding during rolling. Indeed, a
variety of Ag alloys, such as Ag-Al [177, 178], Ag-Mg [178-181], Ag-Cu [182, 168, 181],
Ag-Ni [183], Ag-Mn [183], Ag-Au [184, 181], Ag-Au-Mg [181], Ag-Ni-Mg [183, 185],
and Ag-Pd-Mg [181] have been examined as possible sheath materials to improve the

mechanical strength.

Since the J, values of Ag alloy sheathed tapes are normally lower than that of pure Ag
sheathed tapes, studies have also been carried out by Maeda et al [186] on the effect of
doping on the superconducting properties and microstructures of Bi(Pb)-2223 Ag alloy
sheathed tapes with elements such as Ti, Zr and Hf to Ag-Cu sheath to further improve the

J. as well as the mechanical strength.
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(f) T-PIT Ag-Cu 0.20 mm

R ST \L . » II—‘ £ s
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(c) B-PIT 0.11 mm (g) U-CTFF 0.11 mm
T T o ey . - S5 RSN N
(d) B-PIT 0.20 mm (h) U-CTFF 0.20 mm

Figure 2.21 Optical micrographs of transverse and longitudinal cross-sections of
unreacted Bi(Pb)-2223 monocore tapes (prepared from powders S, T, B,
and U) showing the onset of sausaging, occurs in tapes with cores
approximately < 40 um thick, (a)-(d). Ag alloys such as Stirling silver
was used to reduce the mismatch in mechanical strength between oxide
and sheath, (e)-(f). The process of CTFF by-passes the bulk of
mechanical drawing to fine wires giving in general more uniform and

homogeneous structures of HTSC Bi(Pb)-2223 composite tapes, ( g)-(h).
On this same note, an equally important consideration is the determination of electrical

resistivity and magnetoresistivity of the sheath material of HTS conductors to predict

the stability and quench behaviour. Indeed, studies have been made by Dur et al [187] on
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Mg doping (Ag-1.2 at%Mg) in Ag, showing an increase in reisistivity and a weak
magnetic field dependence in these tape samples, possibly due to the inhomogeneity of Mg
remnant in the silver lattice as well as the presence of MgO in the Ag-Mg sheath after heat
treatment. In fact, even by reducing the content of Mg down to Ag-0.02 at.% Mg (as

processed for a monocore and a 21-filament sample), the problem of oxidation of Mg after

sintering still remained.

Getting back to the current topic of sausaging, an alternative remedy to this problem can
also be found in the realm of mechanical processing (or controlled-deformation). A
successful method in reducing the effect of bottle-necking is that of CTFF (refer to Fig.
2.21(g)-(h)), whereby much of the mechanical drawing of wires is by-passed, producing
more uniform and homogeneous composite wires - with careful control in attaining the

desired strength of Ag during prior to wire filling and forming.

2.1.3 Development of Bi(Pb)-2223 Coils and Magnets

In relation to the processing of long length Bi(Pb)-2223 composite tapes, the
multifilamentary (MF) layout was chosen in recognition of the improved strain tolerance
property over that of the monocore version [168]. Thus the majority of solenoidal and
pancake-shaped coils produced have been wound with MF tapes of Bi(Pb)-2223. This
section details the work conducted at CSEM on the production of coils and magnets
following the React-Wind (R&W), and the Wind-React (W&R) procedures. The
development of stacked single- (SP) and double-pancake (DP) coils is also discussed.
Experimental details and characterizing of coils and magnets are given in section 2.2 and

in chapter 4.

2.1.3.1 Coil fabrication

Depending on whether the method is W&R or R&W, the adopted approach in coil making
is shown as a flow-chart in Fig. 2.22. For the W&R procedure, large furnaces (tubular and
muffle) were used for the final sintering stage, with the coils normally placed alumina

plate holders (pancakes) or supported by friable bricks (solenoids).

81



Solenoidal &
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Coils
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Coiling
- single
- co-wind

Application of
Slurry
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- single
- co-wind

Final Sintering
Step

Figure 2.22 Step-wise procedure for solenoidal and pancake-shaped coil

production.

Thick-wall alumina based hollow ceramic tubes (with small diameters) were used as
formers in the production of solenoidal coils following the W&R procedure. These
ceramic formers were selected because of their ability to withstand extreme temperature
variation - during sintering (up to ~ 845°C), and during LN and/or LHe testing. For the

R&W method, materials such as high strength plastic, polypropylene, and copper (or
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brass) were chosen to make formers. These insulated (prior to winding) metallic based
formers offer high strength as well as the thermal ability to contract and expand (as do the
composite tape) in conditions of changing temperature. The mean linear thermal
expansion over a temperature range [131] for some selected materials are listed in Table

2.6.

TABLE 2.6  Mean linear thermal expansion of some selected materials,

[I(T) - L(293 K)J/L(293 K) in 10”.

Material T [K]

20 80 140 200
Aluminium® -4.15 -3.91 -3.12 -2.01
Brass” -3.69 -3.37 -2.60 -1.63
Copper -3.24 -3.00 -2.34 -1.50
Silver -4.09 -3.60 -2.70 -1.48
Epoxy -11.5 -10.2 -8.99 -5.50
Teflon (TFE) -21.1 -19.3 -16.6 -12.4
Solder® -4.98 -3.65 -2.29

*70Cu-30Zn, © 50Sn-50Pb.
¢ An Al bar 1-m long at 293 K shrinks by 4.15 mm when cooled to 20 K.

Unlike coils made from wires (the most suitable configuration for winding), coils
produced from BPSCCO tapes are difficult to have their windings graded. Ideally, the
conductor used for coil winding should be reduced gradually in size (cross-sectional area)
in the outward radial direction according to its I, vs. B characteristic curve. That is, since
the magnetic field drops off radially away from the center of the coil, thinner wires or
tapes can be utilized to carry the same critical current. This minimizes the use of material,

and is cost effective [188].

Pancake coils both single and double were produced from winding partially (for W&R) or

fully (for R&W) reacted composite tapes onto cylindrical tubes of a given diameter (such
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as PVC conduits) which were often lubricated with vacuum grease or vaseline for later
separation. The nylon-based double-grip hose clips (from Adair Industrial Supplies,
Australia) were sometimes used as clamps on finished pancakes (as shown in Fig. 2.23),

but normally not required when following the W&R procedure.

Figure 2.23 Some of the solenoidal and pancake coils produced from Bi(Pb)-2223
composite tapes using the W&R and R&W procedures.

The coils shown in Fig. 2.23 are numbered from left to right, top to bottom, with the
details concerning powder type, processing procedure, filamentary configuration,
dimensions, I, J., By (central field), sintering treatment, and insulating materials used

tabulated in Appendix C. Further details are given in Section 2.2.

Associated with the production of coils and magnets is the choice of insulating materials.
The thermal properties of some are listed in Table 2.7. Those used in the R&W procedure
include the teflon tape (polytetrafluoroethylene - PTFE) of ~ 0.03 mm in thickness (local
hardware store), alumina paper (from Morganite Insulating Products Pty. Ltd., NSW,
Australia), and mylar tape (polyethylene) ~ 0.2 mm thick (courtesy of Cadillac Plastic
Australia, NSW). It was found that teflon and mylar tapes were more suitable (better
strength and easier to handle) for the R&W procedure. In case of the W&R procedure,

alumina powder based slurries were used. These include the imported alumina based Aron
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Ceramic D from Toagosei Co. Ltd., Japan (with the average weighted mean (a.w.m.) of
particle size distribution of ~ 37.7 um - refer to Appendix D), and the ‘home-made’
version slurry created from fine (a.w.m. of ~ 0.1 and 1 Pm size) alumina powders mixed in
solution of sodium silicate (‘water glass’). To reduce the viscosity and large particle size
distribution of the slurry, fine powder of Al,O3 in aqueous solution was often added to the

existing mixture to give a thinner coating layer (av. ~ 0.1 mm) when applied onto the

surface of the tape prior to winding.

TABLE 2.7  Thermal properties of some insulators.

Material Teflon Tape*’A Mylar Tapei'A Epoxy Resin”  Alumina Slurry™
Conductivity ~291x10°  ~7.16x107  ~9.67x10” ~7.9x10”
(W/cm-K)

Expansion Coeff. ~11.9 ~0.3 ~10.1 ~8
(10°°C)

"A.R. Haines, Cadillac Plastics, NSW, Australia. " Modern Plastic Encyclopedia 1982-1983.
* Toagosei Co. Ltd., Japan.

To minimize coil degradation through the frictional heat of a component motion, epoxy
resin and acrylic resin were tested as potting materials. These were Araldite epoxy resin
(LC191) mixed with hardener (HY956), using a ratio of ~ 4:1, resin to hardener (from
Ciba-Geigy Australia Ltd.), and Acryfix, a fast curing acrylic resin from Struers,
Copenhagen, Denmark, with pre-determined mixture of 2 parts liquid to 1 part solid (by
volume). The notable cracking of these setting resins (in particular the Araldite epoxy) has
indicated their unsuitability for cryogenic applications, as well as not being able to
withstand the stress-induced motion from the test-coil structure when cooled down to 77
K. The thermal insulation from these potting materials was also a major concern since it
could cause damage to the entire coil should a quench occur. Instead, the use of ‘tight’
construction techniques was adopted in conjunction with the use of an alumina based
impregnant to eliminate conductor motion. Despite, this attempt, ‘training’ of some of the

new constructed magnet systems were often encountered. Perhaps other impregnants such

85



as paraffin wax [189, 190], alcohol [191], and Wood’s metal [192] would be a bete
choice - any material that has good thermal property, and hardens or solidifies ag the

magnet is cooled down to its operating temperature would make a good impregnant.

2.1.3.2 Magnet construction

The question of which type of joint is best suited for use in connecting superconducting
composite tapes has been faced by every experimentalist who has embarked on the
development of superconducting applications such as coils and magnets. A review on the
various types of HTSC Bi(Pb)-2223 joints is given in section 1.3. In general, the
fabrication of joints can be classified into 4 different splice types - butt, lap, scarf, and

mortise [22], as defined in Fig. 2.24.

Classification of Common Joinis

| Butt

| Lap

= Mortse

Figure 2.24 Classification of common joints in increasing order of
complexity. The scarf may be derived from the lap by subsequent

external scarfing to a constant thickness across the joint.

The adopted joint type for the construction of Bi(Pb)-2223 SP and DP coils and magnets
has been the lap-splice, joined by the same superconducting tape used to wind the coils
using solder of ordinary Sn-Pb (whose electrical resistivity varies with composition and is
magnetic field dependent [193]), and pure indium (electrical resistivity ~ 8.37x10°Q/cm,

at room temperature, in zero field [30]). It must be mentioned that since the solder used to
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splice two broad surfaces of the conductors is often an alloy of tin and lead, the
conductivity does not improve with decreasing temperature as do the conductivities of

pure metals.

Figure 2.25 The added use of a superconducting strap in the construction of two
double-pancake coils, co-wound from two layers of 37 filamentary tape
(SEM-QBSD image of cross-sectional areas on the right), produced
from the method of PIT, powder type B, following the W&R procedure.

Extra ‘straps’ were also incorporated as alternate current paths for diverting current
between successive coils. These straps helped stabilize the magnet system mechanically
and at the same time increased (slightly) the ampere-turns of the magnet. Figure 2.25
shows an example of a magnet system constructed from two DP coils with the use of a

superconducting strap. The testing of this magnet system is given in chapter 4.

2.2 Characterization - Measurements, Standards and Criteria

Crucial to the development of Bi(Pb)-2223 composite tapes for magnet production is the
understanding of their microstructural morphology and phase assemblage. To acquire this
knowledge, it is necessary to conduct certain measurements and microstructural
observations on these composite tapes. This section thus concentrates on the experimental
details with some of the results obtained in characterizing the processed tapes together

with the principles behind various equipments used.
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2.2.1 Particle Size Analysis

The particle size analysis (PSA) was performed using the Malvern MasterSizer, from
Malvern Instruments Ltd., Worcestershire, U.K. This instrument uses the technique of
laser light diffraction (more correctly called Low Angle Laser Light Scattering - LALLS)
to measure the particle size distribution of a particulate material as dispersed in a liquid
media [194]. Distilled water was used to disperse the material under analysis. The solution
is pumped through a flow cell in such a manner as to present a thin (mono) layer of
particles to a laser beam. The resultant distribution reported is a representation of the
volume of material that is within the stated size class (up to 100 size classes in the range of
0.1 - 80 um) expressed as a percentage. The data reported represents the diameter of a

spherical particle which has the equivalent volume as that detected. The Malvern

MasterSizer is shown in Fig. 2.26.

Figure 2.26 The Malvern MasterSizer used in the determination of particle size

characteristics for precursor powders and alumina based slurries.

The statistics of the distribution of the analyzed powder particles are calculated from the
raw result using the derived diameters D[m,n] - an internationally agreed method of
defining the mean and other moments of particle size [195]. The derived diameters are

defined as:
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where V; is the relative volume in class i with mean class diameter of d;. m and n are
integer values which describe the type of derived diameter, e.g. D[4,3], D[3,2], and D[1,0]
are the volume weighted, surface weighted, and arithmetic mean diameters respectively.
The cumulative volume under size percentiles for 10 %, 50 %, and 90 % of the total
volume of all particles in the distribution are expressed respectively as d[v,0.1], d[v,0.5]
(or median of the volume distribution), and d[v,0.9]. To give a quantitative description of
the distribution, the Span (which describes the width of the distribution) and Uniformity (a

measure of absolute deviations from the median) are defined as

d(v,09)—(v,01)

Span =

and
L ZV|dw05)-4|
Unijormity == 055V, 2.3)

The details of the PSA for five powder types, an Al,O3 based slurry, and a standard of fine
alumina particles are tabulated in Table 2.8. Here it can be seen that the solid state reaction
of dry-mixing (precursor powders of type D, and U) gives a slightly more uniform particle
size in comparison with those prepared from a solution route (powders of type S, and B).
Apart from the slow reaction rate, large agglomeration of particles often remain
unsegregated when metal carbonates such as CaCOs; and SrCOs; are used as starting
materials (as with powders of type T) in the solid state reaction technique. All Bi(Pb)-2223
powders shown to have comparable particle sizes with reasonable distribution spans,
except for precursor powder of type B - perhaps as a result of bulk materials processing. In
contrast to the oxide powders of Bi(Pb)-2223, the particle size characteristics obtained for
an alumina based slurry showed large variation in particle size ranging from ~ 0.4 to over

100 um (Table 2.8). The uniformity value for this slurry is nearly 2, with a volume
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weighted mean of ~ 38 um. The actual plots of distribution for each powder and slurry are
included in Appendix D, together with that obtained for a standard using fine Al,O;

powder of 1 pm particle size.

TABLE 2.8  Particle size characteristics of Bi(Pb)-2223 precursor powders, a

selected alumina based slurry, and a standard of fine Al,O3 powder.

Powder ID S T D U B Slurry  Standard”
D[4,3] (um) |20.82 29.00 11.02 509 8.76 37.68 0.89
D[3,2] (um) | 8.40 1220 8.00 354 423 1.32 0.45
dv,0.11(um) | 3.72 597 459 187 2.14 0.38 0.22
d[v,0.5] (um) | 16.13 21.80 9.59 4.63 584 17.52 0.58
d[v,0.9] (um) | 4533 60.60 19.61 896 2075  104.18 1.98
Span 258 251 157 153  3.18 5.93 3.00
Uniformity | 0.82 0.80 048 047 0091 1.99 0.95

" Fine Al,O5 powder of 1 um in particle size.

In general, to achieve a high degree of grain alignment in Bi(Pb)-2223 tapes, the oxide
core of these tapes should be thin (~ 40-50 pum or less), which requires the initial powder
to have a small particle size. As mentioned in section 2.1, tapes with ceramic cores < 40
um thick often exhibit sausaging. This phenomenon exists primarily due to the variation in
mechanical attributes of the composite material being processed. Thus to reduce this
variation, the powder should ideally contain a single phase so that each grain has the same
mechanical properties and the powder deforms more uniformly. To give an indication of
the J, values obtained with various powders used, Fig. 2.27 shows roughly the highest J;
achieved, obtained with single- (SF) and multi-filamentary tapes (MT) using several

processing techniques for the corresponding powders of Bi(Pb)-2223.
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Figure 2.27 Highest J. values achieved, obtained with single- (SF) and multi-
filamentary tapes (MT) using various processing techniques for the
corresponding powders of Bi(Pb)-2223. (The S powder used at the

time had a volume weighted mean diameter of ~ 5 um).

2.2.2 Microstructural Studies With SEM/EDS and OI

The scanning electron microscope (SEM) is one of the most versatile instruments
available for the examination and analysis of the microstructural characteristics of solid
objects. The primary reason for the SEM’s usefulness is the high resolution which can be
obtained when bulk objects are examined. The SEM system used for microstructural
studies of specimens of Bi(Pb)-2223 was the Leica Cambridge Stereoscan $440, equipped
with x-ray analytical capabilities. The topographic (typically in secondary electron or SE
mode), crystallographic or atomic variation (best with backscattered electron or BSE
mode) and compositional information can thus be obtained simultaneously from the same
area of a given specimen. The basic components of the SEM are the lens system, electron
gun, electron collector, visual and recording cathode ray tubes (CRTs) and the electronics
associated with them. The setup of the Leica $S440 SEM with energy-dispersive
spectrometer (EDS) is shown in Fig. 2.28. A detailed description on the operation of the

SEM/EDS system can be found in Scanning Electron Microscopy and X-ray
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Microanalysis, by Goldstein, et al [196]. For optical imaging (OI), the MD-20 optical
image analyzer from the Flinders University of South Australia was used, also shown in

Fig. 2.28.

Figure 2.28 The SEM setup (left) equipped with EDS Link System Detector. For

optical imaging, the MD-20 optical image analyzer was used (right).

The preparation of SEM specimens involved mounting ~ 5-10 mm long pieces of tape in
epoxy resin mounts. The bottom surface (with the tape's cross section exposed) of the mount
was then polished using the various grades of SiC grinding papers. The specimens were then
polished on a 6-lum and a 1-pum diamond embedded pads (from Struers) for up to 20 minutes
each, with a further final 0.06 um finishing touch on a Buehler micro-cloth with colloidal
silica used as a lubricant. The polished specimen was then glued oﬁto an Al stub (holder).
Prior to SEM examination, the polished specimens would normally be sputtered with gold or
alternatively, amorphous carbon coated by vapour deposition if EDS analysis was to be
performed, since the characteristic peaks of C are positioned well away (of lower energy)

from those of the elements contained in Bi(Pb)-2223.
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Powder S Powder T

Powder D Powder B

Figure 2.29 Secondary electron SEM micrographs of the unreacted precursor
powders S, T, D, and B of Bi(Pb)-2223 used for the fabrication of the

composite tapes.

For initial powders of Bi(Pb)-2223, SEM specimen preparation involved sprinkling of some
of the powder onto a thin layer of silver paste applied on the surface of the aluminium stub.
The granulometric study performed using SEM has demonstrated that CaCuO, particles
exhibited a size distribution with a majority of the particles below ~ 1 um, but also showing
the presence of larger aggregates, ranging from ~ 5 to 15 pm, depending on the powder type.
The secondary electron (SE) images of the precursor powders of S, T, D, and B are shown
in Fig, 2.29, agreeing well in particle size characteristics with the results obtained from
PSA, as discussed previously. The appropriate morphology of the unreacted Bi(Pb)-2223

precursor powders observed in these SEM images show large aggregates of 2212 platelet
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type grains, surrounded by smaller CaCuO, particles. The presence of smaller secondary
phase particles such as CaCuO, and CuO not only enhanced the reaction kinetics for 2223
phase formation, but also improved their uniformity due to an increase in the contact surface

between 2212 grains and secondary phases.

MTI9 MT37
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MT40

Figure 2.30 Optical images of transverse and longitudinal cross-sections of
Bi(Pb)-2223 composite green tapes prior to sintering. These samples
have been flat-rolled from groove-rolled wires prepared using the

methods of PIT and CTFF shown earlier in Fig. 2.10.

The use of optical imaging includes calculating the transverse cross-sectional area of a
composite tape for the determination of its fill factor, J., J., and for observational purposes
on the spatial distribution and uniformity of the filaments. Figure 2.30 shows some optical
images of the transverse and longitudinal cross-sections of Bi(Pb)-2223 unreacted (green)
MF tapes prior to sintering. These samples have been flat-rolled from groove-rolled wires
prepared from the methods of PIT (MT19 and MT31) and CTFF (MT9, MT12, MT 14,
MT36, MT36¢c, MT37, MT40, and MT50) shown earlier in Fig. 2.10. As can be seen from
the cross-section of MT9 of Fig. 2.30, the filaments can sometimes be displaced during
wire processing which results in an uneven distribution of the filaments throughout the
composite tape. With pure Ag as a cladding material, the distribution of the filaments in
general was found to be uniformly spaced. This spatial distribution can be further
improved by the use of various alloys Ag. To arrange the position of the filaments closer
to the edge and evenly across the tape for uniform cooling of the filaments, several tubes

of various sizes would be needed for the preparation of wires.

For MT36c, the outer layer (or strand) matrix was that of Ag-Cu alloy, with pure Ag used
as the cladding material for the filaments. The initial ideas behind this attempt were to
achieve better uniformity, and to provide extra reinforcement in mechanical strength for

the conductor, plus at the same time eliminate the possibility Cu reacting with the oxide
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core at elevated temperature. As a result, the J. was found to increase by two fold (cf.
between MT36 and MT36¢c) as well as an improvement in strength (through Vickers
microhardness tests) was achieved. These gains were not without their price of course.
Added problems includes firstly, the formation of ‘lobes’ during tape processing whereby
the filaments towards the center of the tape received the greatest amount of vertical strain
causing those near the edges to bulge outwards (as can be seen with MT36c in Fig. 2.30).
This was attributable to the added mismatch of mechanical property between Ag-Cu and
Ag, and secondly, the oxidation of Cu at elevated temperature (identified with EDS on
SEM image of MT36c, as shown in Fig. 2.31) which has been shown (in particular, for the
oxidation of Mg) to increase the matrix’s electrical resistivity [187], which in effect would
have an adverse influence on the stability of the tape in terms of the matrix’s thermal

conductivity.

MTI2
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Figure 2.31 Backscattered electron images of longitudinal (left column) and
transverse (right column) cross-sections of Bi(Pb)-2223 composite
red tapes obtained after the final sintering step, predecessors of those

shown in Fig. 2.30.

The backscattered electron images of the longitudinal (left column) and transverse (right
column) cross-sections of Bi(Pb)-2223 composite PIT and CTFF red tapes obtained after
the final sintering step shown in Fig. 2.31 are the predecessors of the wires shown in Fig.
2.10 and green tapes shown in Fig. 2.30. Apart from the problem of sausaging, prominent
in filaments of thickness less than ~ 30 um, the undesirable presence of the current-
shunting needle-like intergrowth between filaments was often encountered. This inter-
filamentary phenomenon is sometimes referred to as ‘bridging’. The manifestation of
bridging is demonstrated in samples MT19 and MT31 of Fig. 2.31. Nevertheless, good
grain connectivity and alignment has generally been observed with increase in core density
and texture following the final heat treatment. Most of the plate-like grains were observed
to be well aligned longitudinally (along the tape length or rolling direction) paralle] to the
wide surface of tape. The high mass density and high degree of grain alignment in the silver-
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clad tapes are believed to be responsible for the enhancement of J, and J.-magnetic field

characteristic of these tape conductors.

The identification of different phases present was made from direct SEM observations
supplemented with qualitative EDS microanalyses. Apart from the superconducting
platelets of low- and high-T, phases of 2212 (light grey) and 2223 (dark grey), large black
regions with mixtures of oxides, Ca;«Sr,CuO; (up to ~ 25 pm) were observed as well as
the very fine plates of Ca;PbOy4 (~ 0.1-0.3 pum thick) which cannot be seen directly with
the contrast and magnification used in the microimages shown in Fig. 2.31. It is possible
that these non-superconducting Ca-Cu-O phases consolidated into larger grains through
sintering of the smaller CaCuO, grains which originally were part of the agglomeration
present in the precursor powder. These black regions can be understood to have a negative
effect on the tape’s electrical as well as mechanical property, .attributed to the low
plasticity of these secondary phases, which tend to accumulate in specific areas of the core.
As a consequence, these are the culprits in the diminishing of grain alignment of the
superconducting phases during mechanical deformation, and are also the cause of multiple
ruptures often found in the relatively softer and ductile silver sheath. At the same time,
these large Ca-Cu-O phases can significantly inflict large transversal cracks during the

bending operation of tapes.

2.2.3 Phase Assemblage Analysis with XRD

An understanding in the phase assemblage and reaction kinetics is of obvious importance
for controlling the microstructure and hence achieving high current densities for the
composite tape conductors. For this reason, X-ray diffraction (XRD) patterns were
obtained from prepared samples of powder and tape for phase identification. For tape
specimens, typical samples of ~ 5 mm X 5 mm exposed surfaces of reacted oxide cut from
tapes were used. A razor blade or scalpel was used to split the surface of a small section of
tape open after trimming off the edges, then with tweezers to peel off the sheath, and

finally with a glass slide to gently flatten the fractured surface. A rectangular cavity at the
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centre of a flat perspex sample holder was used for positioning the fractured tape sample as

well as for containing the powder specimens for the duration the scan.

Figure 2.32 X-ray diffraction measurements using the PWI1730 Philips vertical

diffractometer, with Cu-K« radiation.

All XRD patterns were taken at room temperature using the PW1730 Philips vertical
diffractometer (Fig. 2.32) with counter monochromatized Cu-K¢ radiation (from a Cu
tube), of wavelength ~ 1.5406 A, through a Ni filter in the reflecting geometry. The voltage
and current settings were set at 40 kV and 20 mA, respectively. All samples were examined
over the angle range of 260 = 3° to 70°, which covers the major characteristic reflections for
all superconducting phases in the Bi-Pb-Sr-Ca-Cu-O system. The scanning speed and

incremental step-size used were 26 = 1°/min. and 0.02°, respectively.

The identification of the phase assemblage in XRD patterns was made based on the pre-
defined [197] high- and low-T, peaks listed as relative intensities in Table 2.9, with
corresponding 26, observed d-spacings, and lattice spacing reflection indices, (hkl). These
high- and low-T, peaks are plotted in Fig. 2.33. The secondary phases, referred here to
2201 (which can either be superconducting or non-superconducting), CuO, Ca,Pb0Oy, and

Ca,CuOs are plotted in Fig.2.34.
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TABLE 2.9

Powder X-ray diffraction data for Bi-Pb-Sr-Ca-Cu-O superconductor.

20 dansB) (BT (k)" Wy [200°) dus(R) (WK (RK) I,
486  18.167 (002) 28 4466 2027 (0018) 66
578 15278 002) 26 4486 2018 (2010) 41
1762 5.029 ©006) 17 [45.14  2.006 (1113) 32
23.16  3.837 ©08) 73 4732  1.919 (2200 39
2400 3707 (113) 38 |47.62 1908  (222) 54
2483 3.573 (113) 30 [48.08 1891 (2014) 37
2606 3401  (115) 29 [48.56  1.873 0212) 30
2770 3.240 (115) 82 |5058  1.803 (1115 57
2068  3.074 (0012) (0010) 100 |56.36 1.631 (0218) (1117) 39
3101 2.878 (117) 94 |56.74 1.621 2210) 34
31.86  2.808  (119) 45 5746  1.602 137) 30
33.18 2701  (200) (200) 87 |57.74 1595  (1121) 29
3380 2.652 202) 45 |57.96 1589  (139) 37
3428 2.616 (0014) 26 |5838 1580  (319) 30
3458 2593 (204) 26 5948 1553  (2214) (2016) 37
3506 2.560 ©012) 79 |6024 1535 (139) 42
3544 2532 (1111) (204) 54 |60.64 1526 (2212) 40

2223, 72212,
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Reference Peaks of High- and Low-Tc Phases
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Figure 2.33 XRD reference peaks of the high- (2223) and low-T. (2212) phases.
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Figure 2.34 XRD reference peaks of the secondary phases of to 2201, CuO,
CayPb0y, and Ca,CuQs, and also those of pure Ag is shown.
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The enhancement of 2223 grains has generally been reported [198-200] to take place with
the aid of a partial melting liquid phase in the presence of the secondary phases of 2201,
Ca,Pb0s, CuO, and Ca,CuO; and that precipitation from this melting phase occurs. The
2223 phase is formed through 2201 and 2212 phase transition according to the following

chemical reactions [201]:

1 1
Bi,Sr,CuO4 + ) Ca,CuO; + 5 CuO —— Bi,Sr,CaCu, 0,

(2.4)
: 1 1 :
Bi,Sr,CaCu,0, + 3 Ca,CuO, + > CuO —— Bi,Sr,Ca,Cu,0, (2.5)
for the unleaded Bi-Sr-Ca-Cu-O system, and
1
1
(Bi, Pb),Sr,CaCu, Oy, , + ECaZPbO4 + CuO ——(Bi, Pb),Sr,Ca,Cu;0,,, , 2.7)

for the leaded Bi-Sr-Ca-Cu-O system. Hatano ef al has also shown that the precipitation of
the impurity (i.e. secondary and minor) phases at the grain boundaries of 2223 is inevitable
during the cooling process, which is a disadvantage for producing a material with superior
superconducting properties. He suggested the use of non-equilibrium synthesis processes

to improve the J, in the Bi-Pb-Sr-Ca-Cu-O system.

Thus to facilitate liquid phase formation in the subsequent sintering processes it was
necessary for the precursor powder to have 2212 as the major phase [202, 203]. Fig. 2.35
shows the XRD patterns of partially reacted precursor powders designated S, T and D with
2212 as the major phase and Ca,PbOy, Sr-Ca-Cu-O, and 2223 as the minor phases. All
precursor powders had the same stoichiometric composition prior to OPIT. The synthesis

description has been given in section 2.1.1.
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Figure 2.35 XRD patterns for the partially reacted powders S, T, and D showing the
major phase (2212) and minor phases (2223 and Ca,PbO,).
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Figure 2.36 XRD patterns of untreated and partially annealed CTFF tapes showing
2212 as the major phase with minor traces of Ca;PbOy4, CuO and 2223.
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Similarly, XRD patterns for an untreated and partially annealed (at ~ 780°C for ~ 15 h)
CTFF tapes, given in Fig. 2.36 also reveal a major phase of 2212 with minor traces of
Ca,PbO4, CuO and 2223. The XRD pattern of the untreated CTFF tape is equivalent to
that obtained for the precursor powder itself since no heat treatment was carried out during

tape processing. For the annealed CTFF tape, a slight reduction in the 2212 and secondary
phases are apparent from Fig. 2.36.

In order to decide how much intermediate deformation should be applied and the extent of
the following sintering period on a partially reacted composite tape, XRD data were often
obtained to determine the compositional phase change. It must be pointed out that all the
XRD data presented are only a representative of the superconducting region close to the
BPSCCO-matrix interface. The stated percentages calculated from XRD intensity peaks
are approximations only. These values are normally interpreted with the assistance of other
analytical tools such as SEM and DTA/TG, etc., since the effective penetration depth for
the Cu radiation (~ 8.04 keV) into the ceramic core is only ~ 3-4 um [204, 205].

Figures 2.37 and 2.38 show successive XRD patterns belonging to short tape samples
obtained from long lengths of 31-filamentary tape prepared with precursor powder U. The
XRD information was obtained for each short sample after each sintering period with
different duration to study the compositional change of phase. From inspection of the XRD
patterns, the high-T,. phase of 2223 can be seen to generally increase with repeated cycles of
intermediate deformation (cold-rolling) and sintering, and at the same time a reduction in
secondary phases (estimated to be less than ~ 4 %). A notable fluctuation in the 2212 phase
can also be observed at 260 ~ 23.20° (or (008) reflection) in Fig. 2.38, possibly due to the
displacement and exposure of the 2212 grains as a result of intermediate mechanical
deformation. This is consistent with the fact that the (0010) and (0014) peak intensities

increase with the amount of cold rolling reduction as reported by Yoo et al [206].

105



intensity (arb. units)

XRD Pattems of 31-Filamentary Tape

Obtained After 100 and 220 hr of Sintering Time

| L L)

T T T T T T T T T

~73.2 % 2223

PRI TR SR R |

r|||||—]—l|1°

(100+120) hr

50 60

~83.5 % 2223

M SR SR L

. 1 2 1

50 60 70

Figure 2.37 XRD patterns obtained after 100 and 220 hr of sintering time for a

31-filamentary tape prepared using powder U.
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Figure 2.38 XRD patterns obtained after 60, 140, 230/240 hr of sintering time for a

31-filamentary tape prepared using powder U.
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The fraction of 2223 calculated so far (and subsequently) has been estimated from the
expression: I;/(I;; + Irz), where I, and I, representing the relative intensities of the (0010)
(at 20 ~ 23.92% , and (1110) (or (008), at 26 of ~ 23.20°%) reflections for the 2223 and 2212
phases respectively. Figures 2.37 and 2.38 have demonstrated that it is possible to achieve a
significantly pure single-phase of 2223 (~ 94 %) within approximately 140 hr of sintering
time following a two-sinter process each with a sintering period of ~ 60-80 hr in duration for
tapes prepared using powder U. The sintering temperature used was ~ 832 + 1 °C. The
results were later found to be the same for the other precursor powders, with the use of a

slightly modified sintering schedule for the second sintering period.

Texturing evaluation of composite tape samples was determined based on a simple method
introduced by Lotgering [207, 181, 208] by making use of the results obtained from XRD
analysis. Since the ratio of the intensities of the (00/) and (hkI) reflections increases with
the improving c-axis orientation, the extent of texturing of the superconducting ceramics
can therefore be quantified. The Lotgering factor F, indicating the degree of grain

orientation, is defined as:

g (P-Po)
(I-Po) 2.8)
where
%I(OOI)
b= S om’ (2.9)

hkl

I refers to the X-ray peak intensities. P is the sum of integrated intensities for all (00])
reflections divided by the sum of all intensities of (hkl) in the textured sample. Py is an
equivalent parameter for the randomly oriented powder sample. For a perfect alignment and

complete texture, such as for a single crystal, F would be unity.
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TABLE 2.10

XRD data for the randomly oriented Bi(Pb)-2223 powder B.
2(001) = 305, 3(hkl) = 630, Py = 0.484.

(k) 200 B y ) | @y 200 ds @y, 9
(002) 4.96 16.002 57 (1010)  29.02  3.074 46
(004) 9476  9.401 6 (119) 3218 2779 20
(103) 18.14  4.886 6 (200) 3318  2.698 100
(008) 19.10  4.643 5 (0014) 3388  2.644 37
(0010) 2404  3.699 60 (1111) 3556  2.523 22
(113) 2438  3.648 21 (2012) 4464  2.028 37
(115) 2624 3393 62 (220)  47.30 1.920 38
(0012) 2752 3.238 98 (1117)  48.20 1.880 5
TABLE 2.11 XRD data for the sintered SF Bi(Pb)-2223 tape of powder B.
3(001) = 277, 3(hkl) = 315, P = 0.879, F = 0.766.

W)y 200 de®  yp@) | @k 200 G @y %)
(002) 4.90 16.046 12 (0014)  33.88 2.644 97
(103) 17.66  5.018 14 (1111) 3556 2523 12
(008) 19.10  4.643 2 (0016) 3878 2320 10
(0010) 2404  3.699 81 (2012) 4404 2054 6
(115) 2624  3.393 6 (1117) 4821 1.689 15
(0012) 2882  3.095 43 (0020)  49.04 1.857 13
(119) 31.90  2.803 4
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Tables 2.10 and 2.11 lists respectively the XRD data obtained for the randomly oriented
Bi(Pb)-2223 powder B and the subsequent SF tape (initial thickness ~ 0.1 mm), with a J,
of ~ 21.5 kA/cm? at 77 K, 0 T, processed using a two-sinter procedure with uni-axial
pressing as the intermediate deformation. By using eqns (2.8) and (2.9), Py, P and hence F

were calculated to be 0.484, 0.879, and 0.766 respectively.

The effect of rate of uni-axial loading was also examined in order to understand how it
affects the development of the 2223 phase. SF tapes of initial thickness of ~ 0.175 mm,
prepared using powder D, were uni-axially pressed at two different loading rates (viz. fast
-> 150-155 rpm, and slow -> 50-60 rpm of motor speed) on the ‘Mand 15 Ton’ pressing
machine (shown in Fig. 2.13, section 2.1.2.2) in between sintering periods each of 60 hr
duration. The applied vertical force was ~ 90 kN for each intermediate loading operation
and the same for both rates. This force corresponded to a uni-axial pressure of ~ 1 GPa.
Table 2.12 lists the J. measured (in LN, and self field) after each sintering period for the

two different rates.

TABLE 2.12 Critical current densities of SF tapes processed with different

intermediate uni-axial pressing rates.

90 kN J. (kAfcm?) J. (kAfem?) J. (kA/cm?)
Uni-axial Force after 60 hr after 60x2 hr after 60x3 hr
Fast pressing rate 3.28 7.13 11.05
Slow pressing rate 2.43 9.05 15.02

The XRD patterns obtained after 60x3 hr of sintering time for the two rates are shown in
Fig. 2.39. From these patterns two contrasting features can be seen. They are: 1) the
prevailing traces of secondary phases, and 2) a significant amount of 2212 phase still
remain (notable at the (008) intensity peak) after 180 hr of sintering time in the sample
intermediately pressed with a fast rate. In short, the results from both J. measurements and
XRD analysis have conclusively shown that the uni-axial force should be loaded slowly to

avoid excess fracturing of the elastically stiff 2223 grains as a result of textural hardening.
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Effect of Rate of Uni-Axial Loading on the Phase Evolution of 2223
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Figure 2.39 The effect of rate of uni-axial loading on the development of the 2223
phase in SF tapes prepared from powder D.

2.2.4 Reaction Kinetics with DTA/TG

To obtain information concerning the events which occur during the sintering of Bi(Pb)-
2223 composite tapes, differential thermal analysis (DTA) and thermo-gravimetric (TG)
measurements were conducted on green tapes samples as well as precursor powders in
ambient air atmosphere. The DTA/TG measurements were performed in a SETARAM
thermal analyser (imported from France) using Al,O; as reference, with a heating rate of
10 °C/min, reaching ~ 1100°C from room temperature. The setup of the equipment is

shown in Fig. 2.40.
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Figure 2.40  The SETARAM thermal analyzer setup.

The initial parameters used for each measurement, the onset temperature of melting (7},)
and sintering temperature (7;) obtained from the DTA curves (Fig. 2.41 and 2.42) are
listed in Table 2.13. The onset temperature was determined from the intersection of the

negative slope tangent and the line joining two chosen points on the DTA curve.

TABLE 2.13 DTA/TG parameters used with onset and hence chosen sintering

temperatures obtained for powders and composites of Bi(Pb)-2223.

Sample D" S T D U B  S_tape CTFF
Sample mass (mg) 44 60 50 50 58 36 52
Expt. Duration (min) 96 96 96 96 96 96 96
Atmosphere air air air air air air air
Crucible type AlLb,O;  AlLO; AlLO; AlLO; AlLO; AlLO;  AlO;
Max. temp. (°C) 1000 1000 1000 1000 1100 1100 1100
Heating rate (°C/min) 10 10 10 10 10 10 10
Melting onset (°C) 877 860 862 842 848 837 833
Sintering temp.” (°C) 834 838 832 832 841 - -

"S, T, D, U, and B designate the precursor powder type. CTFF represents the untreated CTFF wire.
*+1°C
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DTA Pattems of Precursor Powders
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Figure 2.41 DTA curves of the five different precursor powders of Bi(Pb)-2223.
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Figure 2.42 DTA curves of a green SF tape produced from powder S (top), and that
of a CTFF wire (bottom).
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Various authors have reported that the reaction corresponding to the DTA peak just before
melting occurs seems to be a necessary condition for growth of the 2223 phase [198-200].
The region sustaining a liquid phase is often referred to as the region of partial melting,
which can cover a temperature range of up to ~ 30°C before the onset of melting, as
reported by Yamada et al [209]. The favorable sintering temperature (7) for 2223 phase
formation for precursor powders has also been shown to be bounded between the
endothermic partial melting peak (7,,,) and the maximum peak at which melting occurs

(T,), obtainable from DTA curves [200, 198, 210].

Figures 2.41 and 2.42 show respectively the DTA curves obtained for the five different
precursor powders and two composites of Bi(Pb)-2223. The latter figure contains
additional endotherms indicating the melting of silver at an onset temperature of
approximately between 946-8°C. The accompanying TG curves which show the

corresponding weight loss due to any liquid phase formation are included in Appendix E.

Firstly, it appears that the solid-state reaction method of synthesis (for powders of T, D,
and U) seems to generate more unreacted phases which can be seen as small ‘ripples’.
These ripples appear on both the powder and tape DTA spectra and are identifiable via
XRD analysis discussed earlier. Secondly, the presence of moisture (which is the prime
suspect behind the cause of ‘bubbling’) in the solid-state reacted precursor powders seems
to be more prominent. Thirdly, T for each precursor powder type has been chosen such
“that: ~ Ty, < Ty < T}y, since the presence of a liquid phase enhances the diffusion rate and
facilitates the formation of the 2223 phase. It has also been found that any deviation in
sintering temperature from this region has resulted in a decrease in Je. Electrical transport
measurements were performed on one-sinter heat treated SF tapes of initial thickness of ~
0.28 mm prepared from various precursor powders to narrow down 7. Plots of critical

current versus sintering temperature are shown in Fig. 2.43.
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Figure 2.43  Critical current versus temperature plots, after the first sintering period

(60 h) for SF tapes produced from different precursor powders.

Finally, the growth process of the ~ 107 K 2223 phase during sintering can be attributed to
the reaction between the secondary phases of 2212, Ca,PbOs, and CuO. The large
endotherm present on all DTA curves is presumed to be the melting of 2212, or a
decomposing reaction of the superconducting phases [198]. It is known that the onset
temperature near the partial melting region tends to decrease as calcium is substituted for
strontium [211, 212]. Slight variation in onset temperatures between these powders (877,
860 and 862°C for S, T and D, respectively) near partial melting can be attributed to small

variation in calcium and strontium concentration.

2.2.5 Magnetic Measurements

Magnetic measurements refer to those which measure the induced current rather than
current driven directly from a power supply (i.e. transport). The majority of the dc-
magnetization data presented in this section were obtained from the superconducting

quantum interference device (or SQUID) at AMES Laboratory, lowa State University in the
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US. Ac-susceptibility measurements, results to be presented in later chapters, were

performed using a mutual inductance bridge method.

2.2.5.1 Magnetization measurements

A great many measurements of critical current densities obtained via magnetization
measurements for HTS during the late 1980s were perhaps due to insufficient materials
available or because of the difficulty of producing long length samples, or both.
Consequently, the magnetic critical current density (J.,,) data were often extracted from
magnetization data (such as hysteresis loops) through the Bean model [134]. Since the
geometry of the superconducting tape samples is elliptical in cross-section, or closer to
rectangular than circular, the magnetic J,,, (in A/cm?) can be generalized [213, 214] and is

given by the following equation:

AM AM
J,, =20 20

T w(d=3D) w (2.10)

for I > w, where AM is the width of the magnetization loop in emuw/cm’, [ is the length and

w the width of the superconductor in cm.

In an attempt to examine the origin and compare the history effect of three 37-filamentary
tapes prepared from different precursor powders, B, T, and U, dc-magnetization curves
were measured on rectangular pieces of cut tapes using a SQUID magnetometer. In brief,
the operation of a SQUID is based on the principle of Josephson effect. A typical SQUID
magnetization setup consists of a test sample, at constant temperature, placed in a uniform
field. The test sample is then moved back and forth in the uniform field, which, during
each cycle it passes through the measurement coils, one located at one end of the test
sample, the other located at the other end. The induced current in each measurement coil is
measured by the SQUID in terms of a field generated by the current, which, in turn, is a

measure of the test sample’s magnetization.
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Figure 2.44 Magnetization curves under H//c for three 37-filamentary Bi(Pb)-2223

tapes.

Figure 2.44 shows the magnetization curves of magnetic moment versus applied magnetic
flux density obtained at a constant temperature of 5 K with H//c for the three tape samples,
identified respectively as MT37B, MT37T, and MT37U. The metallurgical details and
electrical transport property for these tapes are listed in Table 2.14. These samples were
extracted from long length composites which went through similar processing procedures
except for the different sintering temperatures used. A two-sinter schedule with a
temperature drop in the second sintering period (60/25-40 hr) was employed for their heat

treatment.
The magnetic J., was then calculated based on the magnetization data of Fig. 2.44 using

eqn (2.10). The resultant plots are shown in Fig. 2.45, which exhibit an exponential Jon

dependence which is typical for flux creep.
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tapes of Bi(Pb)-2223.

TABLE 2.14 Metallurgical details and transport property of three 37-filamentary

Sample ID MT37B MT37T MT37U
No. of filaments 37 37 37
Powder type B T U
Procedure OPIT-grv.rolled  OPIT-grv.rolled OPIT-grv.rolled
leond (mm) ~0.8 ~1.35 ~1.30
Weond (TIM) ~3.30 ~3.30 ~3.50
feond (M) ~0.3 ~0.3 ~0.3

Fill factor () 0.114 0.168 0.159

Wi (mm)” 4.5/5.2x3.3=2.85 3/4.2x3.3=2.36 4.5/5.2x3.3=2.85
Acong (cm®) 9.9%107 1.08x107 1.05x107
Ay (cmd)? 1.13x107 1.81x107 1.67x107
Weight¥ (mg) 7.04 11.32 11.55

Ve (cm®) 9.04x107 2.44x10™* 2.17x10™
I.(A) ~7.2 ~6.7 ~ 4.6

J. (kA/em®)* ~5.99 ~4.62 ~3.85

Symbols: A, V, sc, and cond denote area, volume, superconductor, and conductor respectively.

" Lopna = length, Weong = width, and t.,.g = thickness of the cut composite tape conductor.

"'V = m/p with p = 4350 mg/cc for the leaded Bi-2223.

* Fraction ratio of SC’s effective width to the tape width, determined optically.

* Transport measurements in LN, 0 T, cut from coils, fully heat treated. * Ay = A Acond-

* Weight of the cut conductor sample.

A comparison between the three samples show that MT37B possesses better flux pinning
ability than the other two (since it has a larger irreversible field) giving higher J.,, in B//c
at 5 K. This order is followed by MT37T, then MT37U. Although there were slight
processing variations between the samples, such as different sintering temperature used
and the extent of intermediate deformation imposed, which might be the determinant

factor, the precursor characteristics attributable to the fineness and homogeneity of the
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solution route method of synthesis of precursor powder B can not be ruled out. In general,
with a suitable thermomechanical treatment, finely produced precursor powders of
appropriate composition of Bi(Pb)-2223 underpins the rate of reaction kinetics, which in

turn determines the core density, grain alignment and connectivity.
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Figure 2.45 Field dependence of magnetic J.,, under H//c for the three Bi(Pb)-2223
37-filamentary tapes.

As detailed studies in HTSC have resulted in the observation that there exists a
thermodynamic reversible region in (H, T) space, just below the normal-superconductor
phase boundary (T(H) line), various techniques have been developed to determine the so
called irreversibility line, (T,, H,), below which hysteretic behavior sets in. The following

three different procedures [41] show how the IL can be found in HTSC:
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1. Field-cooled (FC) and zero field-cooled (ZFC) magnetization curves in a constant
dc field H measured as a function of temperature. The temperature at which the

curves merge gives a point, 7,{H), on the irreversibility line.

2. Measure of hysteretic isothermal magnetization curves, i.e. M vs. H. The field,

H/(T), at which hysteresis vanishes gives a point on the (7}, H,) line.

3. The complex ac magnetic susceptibility (y = le + ix',',) measured in constant dc

field H as a function of temperature. A thermodynamic response requires that

X'H(T) be positive just below T, which is called the Differential Paramagnetic

Effect (DPE) [215]. The temperature at which 2 (T) switches from positive to

negative is identified as T.{H).

Birr (T)

Figure 2.46 Irreversibility lines determined based on magnetic hysteresis data for

the three 37-filamentary Bi(Pb)-2223 tapes.
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Figure 2.46 shows the three ILs for MT37B, MT37T, and MT37U, extracted from
individual measurements of m vs. H, under H//c (included in Appendix F) over a
temperature range from 5 to 77 K (m here denotes the magnetic moment and has units of
emu). A slight shift of the IL for samples MT37B, and MT37T towards the higher
temperature and field region is an indication of better flux pinning. At lower temperatures
however, an enhancement of the flux pinning property for sample MT37U is noticeable,
possibly due to the potentially good pinning sites of the 2212 and impurity phases - recalling
that solid state reactions of powder synthesis tends to leave behind traces of 2212 and

secondary phases in processed tapes, as discussed in previous sections.

Figure 2.47 shows the field dependence of irreversibility temperature, 7;,,, obtained from
field-cooled (FC) and zero field-cooled (ZFC) magnetization curves in a constant dc
magnetic field (H//c), measured as a function of temperature (given in Appendix F) for a
moncore (T-P) and a 31-filamentary (MT31-P) tape. Uni-axial pressing was used as the
intermediate deformation between sintering periods for both samples. The applied vertical
load was ~ 100 kN. A two-sinter schedule with a temperature drop in the second sintering
period (60/25-40 hr) was also employed for T-P and MT31-P. Metallurgical details and
electrical transport property of the samples are given in Table 2.15. As can be seen from
Fig. 2.47, the pinning strength of the single-filamentary (SF) tape is larger (i.e. weaker
field dependence) in comparison with that of the multi-filamentary (MF) one. The shifting
of sample T-P’s IL up to the high temperature region in the B-7;,, phase diagram (most
apparent at temperatures approximately < 50 K) can be associated with the microstructure
and grain orientation, which are extrinsic to the materials. Since the same vertical loading
force was used for both samples during tape processing, the larger value of fill factor (A)
of T-P over MT31-P suggests that much of the vertical pressure was absorbed in aligning
the grains themselves rather than spreading the ductile matrix sideways (due to horizontal

strain) as would likely to happen with MF tapes, and in particular in tapes with small A.
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Figure 2.47 Field dependence of irreversibility temperature, T,,, obtained from
FC and ZFC magnetization curves for uni-axially pressed SF (T-P),
and MF (MT31-P) tapes of Bi(Pb)-2223.

Although larger hysteresis loops are associated with greater energy loss as with ac
operations, under dc conditions however, this means better flux pinning properties. Based
on isothermal hysteretic measurements at 20, 40, 60, 70, and 80 K, a significant increase in
flux pinning was found, again, for the SF format over the MF format. This time, cold-
rolling was the intermediate mechanical deformation of choice. These two samples, cut
from longer lengths of reacted tape, are identified as T-R (monocore) and MT31-R (MF).
The metallurgical details and electrical transport property of these samples are also

contained in Table 2.15.
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TABLE 2.15

pressed, and rolled composite tapes of Bi(Pb)-2223.

Metallurgical details and transport property of uni-axially

Sample ID T-P T-R MT31-P MT31-R
No. of filaments 1 1 31 31
Powder type T T U U
Procedure OPIT-Pressed  OPIT-rolled OPIT-Pressed  OPIT-rolled
leond (Mm) 0.75 1.25 1.55 1.32
Weond () 3.25 3.25 3.45 3.60
teond (MM) 0.25 0.25 0.30 0.30
Fill factor (A) 0.291 0.212 0.162 0.146
Weight® (mg) 3.30 6.01 13.8 12.24

J. (kA/em?)* 5.4 6.3 5.0 6.0

# Transport measurements in LN, 0 T, fully heat treated. % Weight of the cut conductor sample.
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Figure 2.48 Magnetic phase diagram for the monocore and multi-filamentary tapes

produced by cold-rolling, showing that (T,, H,) is increased by having a

SF format.
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As shown in Fig. 2.48, a notable shift of the IL towards both higher temperature and field
region can be seen. Once again, since the IL provides information on the core pinning
strength, the large shift of the IL for T-R is an indication of the enhancement of core pinning.
It has been reported by Liu et al [216] that the grains in tape samples contain more defects
than those for powders, and that as a consequent (after having eliminated most of the grain
boundaries by scraping powder from tape), intra-grannular defects and interfacial pinning
can be improved via harsh thermomechanical deformation during tape processing. Thus the
reason for the improvement in core pinning of T-R over MT31-R once again has to come
from the history of sample preparation which takes into account factors such as sintering
temperature and period (which determines the compositional phase), and the amount of
reduction on the tape thickness during intermediate mechanical deformation (which

determines the final value of A).

2.2.5.2 Ac-susceptibility

With the discovery of HTSC materials, ac magnetic susceptibility measurements have
become widely used for characterization of samples as well as for fundamental study
purposes. The ac-susceptibility measurement is based on the mutual inductance technique
where a primary coil and two secondary (oppositely wound) coils form the basic circuitry.
In the absence of the sample, which is normally centered in one of the secondary coils, the
net flux across the secondary coils is zero (by having an additional compensation system
to adjust the output of the secondary coils to a minimum). In the presence of a sample, the
induced magnetization due to the ac primary field results in an off-balance signal of the
secondary coils, which picks up by the detection system (a lock-in amplifier) and recorded
using a computer based data acquisition program. The temperature is measured by placing a

copper-constantan thermocouple near the sample.
Sintered HTSC tapes, and LTSC composite wires with closely spaced filaments exhibit

two critical temperatures. One is intrinsic to the superconductor and the other is

characteristic of the coupling between either grains [217, 218], or filaments [219, 220]. A
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typical measurement for a sample of sintered high-T. (Bi,Pb),Sr,Ca,CuszO;o.«x bulk is
presented in Fig 2.49, with the intrinsic and coupling segments identified. The onset of
intrinsic diamagnetism corresponds to the initial decrease in electrical resistivity upon
cooling, but the onset of inter-grannular coupling coincides with the temperature for zero
resistivity. The lower critical field may be determined by the field at which the imaginary

part of susceptibility increases from zero.
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Figure 2.49 Ac-susceptibility as a function of temperature for a sintered Bi(Pb)-
2223 bulk, with the intrinsic and coupling components identified
(After Goldfarb et al [220]).

In dc-susceptibility the ZFC curve demonstrates flux shielding (flux exclusion) upon
warming, and the FC curve demonstrates the Meissner effect (flux expulsion) upon
cooling - refer to Appendix F for examples. Whether measured upon warming or cooling,
ac-susceptibility (with no dc-bias field) always measures shielding. More discussion on ac-

susceptibility is given in chapter 3.

2.2.6 Electrical Transport Measurements

Although magnetic measurements are useful for sample characterization and fundamental

studies, large scale applications make it necessary to measure the actual current moving
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down the wire or tape, known as transport current. For this purpose, three different
methods were devised to measure the critical transport current, I, of Bi(Pb)-2223
composite tapes of various lengths. As shown in Fig 2.50, for short and long lengths of
composite tape, the standard 4-probe dc technique was employed. In case of testing for
current uniformity, a ‘50-probe’ instrument was used to measure straight Bi-based tapes up
to 50 cm in lengths. The criteria for /. were 1uV/cm for short samples and 10"1Q-c¢m for

long lengths, coils, and magnets.

4-probe 50-probe 4-probe

Figure 2.50 Instruments and methods used for the determination of transport I. of

short and long lengths of Bi(Pb)-2223 composite tapes.

To determine the J. and J, of superconducting tapes, the core area of cross-sections must
be known. To measure these, and values of A, the MD-20 Image Analysis System from
The Flinders University of South Australia was used, shown in Fig. 2.28. Table 2.16
contains the corresponding J, and J, of fully reacted MF tapes prepared using the method
of CTFF. The metallurgical and microstructural details of these samples are given in
sections 2.1.2.1 and 2.2.2 respectively. Although it has been found [154] that J. generally
increases with thinner core, J, = A J, means that a compromise in fill factor must be taken
into consideration in order to improve the overall engineering critical current density, yet

at the same time keeping J, at a respectable level.
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TABLE 2.16  Transport property of some CTFF and OPIT Bi(Pb)-2223 composite

tapes.
Sample ID Thickness  J,. (kA/em®)  J, (kA/cm?)
(Preparation method) (mm) 77K,0T) (@77K,0T)
MT9 (CTFF) 0.24 ~10.81 ~2.16
MT12 (CTFF) 0.20 ~15.54 ~1.99
MT14 (CTFF) 0.25 ~1580 = ~258
MT36 (CTFF) 0.25 ~15.84 ~3.14
MT36Cu (CTFF) 0.28 ~ 18.53 ~2.80
MT37 (CTFF) 0.24 ~9.75 ~0.73
MT40 (CTFF) - double stacked 0.24 ~4.51 ~0.50
MT50 (CTFF) - double stacked 0.37 ~2.65 ~0.29
MT19 (OPIT) 0.28 ~ 10.75 ~2.11
MT31 (OPIT) 0.24 ~ 6.87 ~1.28
T (OPIT) 0.18 ~4.62 ~1.25

Figure 2.51 shows the variation in I, over 50 cm long strips of MF tapes. The I.
determination for each strip was based on the 1uV/cm criterion, obtained by tapping the
voltage at specific points along its length (using the 50-probe instrument). The fluctuation
was found to be ~ 7, 10, and 11.5 % for MT36Cu (processed with Ag-7 at.% Cu as the
outer sheathing material), MT37B, and MT37T respectively. The smaller variation of /. in
MT36Cu over the other two strips is a testimony of improved mechanical strength in using
alloys of silver as the cladding matrix. Long lengths including ~ 7 and ~ 55.3 m of MF
tapes were also tested for uniformity. The I, variation was determined to be within ~ 15 %
over the entire lengths of these long composites, as shown in Fig. 2.52. The V-I curve
shown in Fig. 2.53 gives an I, of ~ 7.5 A, corresponding to a J. ~ 7 kA/cm® over the 55.3

m length based on the following equations:

126



l
=Z—, and
¢ (2.11)
V=IR
= Icﬁ—l (2.12)

where I, is the short tape critical current using 1iWV/cm criterion, p=10'11 Q-cm as the
resistivity, [ the length of the long tape, and A, as the cross-sectional area of the
superconductor. The J. over the entire length of the tape was found to be in reasonably
good agreement with those obtained for short sections (~ 8.5-9 kA/cm®). A two-sinter
process with a temperature drop in the second sintering period was used for the heat
treatment of the 55.3 m long composite tape. Further details on heat treatment schedule are

given in chapter 3.
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Figure 2.51 Variation of I. over 50 cm long strips of MF tapes of Bi(Pb)-2223.
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