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1. Introduction

1-1. Superconductor

Superconductivity was discovered by Kamerlingh Onnes in
1911.[1-1-1] He observed the fact that the electrical resistance
of mercury disappeared completely at 4.1 K using liquid helium.
He concluded that the resistance state of the nercury was
transformed into a new phase. The phase-transition temperature
is called as critical temperature (Tc). It was found that many
metals became the superconductors such as Nb and Pb at 4.2 K.

Since then many trials were attempted for getting high critical
current density (Jc) for power applications. However, the
metals such as Hg, Pb (Tc=7.2 K) and Nb (Tc=9.2 K) so called as
type-I superconductors, did not allow high Jc and the
construction of magnets generating high magnetic field because
of low critical magnetic field (Hc). For example, the critical
magnetic field was 400 Gauss for the first discovered
superconductor -mercury- even at absolute zero temperature. The
problem for low Hc was settled by discovery of the
superconducting alloys such as NbTi(Tc=18 K), Nb38n (Tc=18.3 K)
and Nb3Ge (23.2 K) etc. (type-1II superconductors) because there
are a continuous increase in flux penetration starting at a lower
critical field HCl and reaching B=H at a upper critical field
ch, instead of a discontinuous break down of superconductivity
in a first-order transition at He in type-1 superconductors, and

further the pinning sites were introduced to disturb the break

down by the flux flow caused by Lorentz force between the
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transport current and magnetic field. The Hno, was of the order
of 10-20 Tesla for those alloy superconductors.

The superconductors have the advantages of large current
without electric resistance and of large generating magnetic
field for power applications. However, there were some
disadvantages. Liquid helium which is inevitable for working
superconductors as coolant, is expensive and restricted for
resource, and it is difficult to simplify the cryostat including
the cooling systems. Therefore, the applications were limited
to the superconducting magnet mainly and it was difficult to
apply on superconducting cables etc. because the large cooling
systems were required. Now superconductivity is applied to the
superconducting magnets such as in MRI devices and other various

magnets by using liquid helium.

1-2. High-Tc Oxide superconductor

Since oxide high-Tc superconductors were discovered by
J.G.Bednortz and K.A.Muller in 1986,[1-2-1] there have been
reports of a Y-based oxide superconductor by Wu et al.[1-2-2]
with a superconducting critical temperature (Tc) in the 90 K
class, followed by 110 K class Bi-based oxide superconductor by
H.Maeda et al.[1-2-3] and a 125 K class Tl-based oxide
superconductor by A.M.Hermann et al. [1-2-4], thus making it
possible to use liquid nitrogen (where boiling temperature at 1
atm. is 77.3 K) as the coolant. Since a new oxide

superconductor , Bi-Sr-Ca-Cu-0 system with a high-Tc phase (110

K) and a low-Tc phase (80 K) was reported by Maeda et al., there
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have been many investigations for homogenization of each phase.
For high-Tc phase, it was reported that substituting a part of
Bi for Pb produced a stable high-Tc phase.[1-2-5] Bi-based
high-Tc oxide superconductors with a high-Tc phase was expected
to have a higher Jc because of a larger margin between its Tc and
the liquid nitrogen temperature (77.3 K) than a low-Tc phase.
However, it was difficult for the high-Tc phase to produce the
single phase because the low-Tc phase was included.

Not only is liquid nitrogen easy to use and inexpensive, but
it also makes it possible to simplify the cryostat and features
a large heat flux. It is expected that the actual use of a
superconductor at the temperature of liquid nitrogen will greatly
affect such fields as energy and electronics.[1-2-6] For power
applications, for example, the superconducting cable which can
transfer the large electric current with much smaller volume and
voltage than the cables by the copper or aluminum conductors, can
be used in low magnetic field below 0.1 Tesla. The
superconducting magnets which can be used for MRI device or
MAGREV (magnetic revitator), are used in high magnetic field over
1 Tesla. Therefore, it was the most important subject for the
development of oxide superconducting wire to increase the
critical current density (Jc) in each operating magnetic field.

The author has made an early start on research into the
development of Bi-based high-Tc oxide superconducting wires.
In this thesis the author represents the studied of the silver
sheathed Bi-based high-Tc oxide superconducting wires.

Bi-based high-Tc superconductor has two kinds of the phases

which have critical temperatures exceeding 77.3 K. That is, the
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phase with the chemical formula of BiZSrZCaZCUBOy is called as
2223 phase (Tc=110 K), and the other phase with the formula of
BiZSrZCaCuzoy is called as 2212 phase (Tc=80 K). 2212 phase
is homogenized by melt processing and 2223 phase is homogenized
by solid reaction process.

Before the advent of Bi-based oxide superconductor, the oxide
superconducting wires by Y-based oxide superconductor with high
Jc over 104 A/cm2 could not be obtained at 77.3 K. The major
cause was the presence of weak links at the grain boundaries.
The oxide superconductor is composed of polycrystalline with the
crystallets size in range from a few microns to several tens
microns in the wire. Therefore when the transport current flow
across the grain boundaries, it is restricted to decrease by
barriers and micro-bridges at the grain boundaries because of the
short coherence length of superconducting carrier and flux creep.
The weak link effect has been shown by some researchers[l-2-
7,80, The peculiar characteristics are rapid decrease of Jc by
applying the slight magnetic field (<100 Gauss) and hysteresis
phenomena in Jc vs. magnetic field during increase and decrease
of magnetic field. These phenomena were improved for the first
time through the development of Bi-based oxide superconducting
wires in the author's research.

In the early stage of the research, it was not much expected
to obtain high-Jc Bi-based oxide superconductor because of the
fact that the possibility of flux-lattice melting in the wide
range of temperature was indicated through the measurement of

magnetization at 77.3 K and the temperature dependence of

stiffness of magnetic flux lattice using a high-Q mechanical
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oscillator.[1-2-9] AM disappeared at about only 0.5 Tesla in

M-H curve by magnetization measurement at 77.3 K. While AM of

other oxide superconductors, such as Y-based and Tl-based
superconductors remained over 1 Tesla.[1-2-10,11] And the
softening of the flux lattice was measured. Bi-based oxide
superconductor has higher anisotropic structure composed of each
layer such as Bi-,Sr-,Ca- and Cu- oxide. The reason is that
(Bi—0)2 planes in the unit cell show the nonmetallic nature,

while the CuO2 planes are conductive.[1-2-12]

1-3. Powder-in-tube Process

It is widely accepted that the promising process for
fabricating long wire is only powder-in-tube method now[1-3-
< S The manufacturing process 1is as follows. The
superconducting powder is filled in metal pipes, drawn to a round
wire, rolled or pressed into a flat tape shape wire and then
sintered, as shown in Fig.1-3-1. Therefore, the wire is composed
of the metal sheath and the superconductor. So far, silver has
been successfully applied as the sheath material. There are
following two reasons for it; (1) Silver does not react with
oxide superconductors and (2) silver does not oxidize, even at
high temperature and in oxygen gas. If copper sheath was used,
the oxide superconductor would react, be deoxidized and not
exhibit superconducting properties.

Powder-in-tube process has advantages such as; (1) for
processing metallic wire drawing, rolling and other conventional

techniques are used, so it is possible to obtain long unit
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length and fine wire with small cross section, and (2) the metal
sheath can be used as a stabilizer ( a bypass for the current in

the case of partial breakage of the superconductivity).[1-3-3]




o

2. Experimental

2-1. Measurement of Jc and Tc

2-1-1. 4-probe dc method

The criterion for critical-current (Ic) determination was
defined as 1 - 0.1 pV/cm for 4 probe dc method. Expressed as
electrical resistivity, 1 pV/cm is equivalent to approximately
4x10°° pQ cm for the typical tape with about 4 mm¥ x 0.15 mm® and
silver-superconductor ratio 3.5, which is an adequate value when
compared to the electrical resistance of silver, which is 3x10~
1 pQ cm at 77.3 K. Jc was calculated through dividing Ic by the
cross section area of superconducting section in the silver

sheathed tape.[2-1-1]

2-1-2. SQUID

The magnetization measurements were carried out by using a
superconducting quantum interference devices (SQUID) magnetometer
with a 2 cm scan length, where the field inhomogeneity is
estimated to be no greater than 0.01 %.[2-1-2] The data are
taken by measuring the magnetization versus temperature at
various fixed magnetic fields in the temperature range from the
irreversible temperature to 300 K. Background signals and
normal-state magnetization were carefully subtracted using the

extrapolation of a curve fitted to the measured magnetic moment-

versus-temperature data between 200 and 300 K.




2-1-3. a.c. inductive method (Campbell method)

a.c. inductive method was conceived by A.M.Campbell.[2-1-3]
The features of this method is to piled up the minute a.c.
magnetic field to d.c. magnetic field and to be able to obtain
the more spacious data by penetration of the a.c. magnetic field
than d.c. magnetization method. Therefore, this method is
useful for the polycrystal high-Tc oxide superconductors with the
complex current path, such as the transport critical current
density through the grain boundaries and the local critical
current density within the grains through the measurement of the
spacious distribution of a.c. magnetic flux for penetration
depth.[2-1-4]

Figure 2-1-1(a) shows the flux distribution in the slab
superconductor which is placed parallelly to y-z plane with
thickness; d, and infinite width for y-z direction when the a.c.
field is piled up on the minute a.c field. Constant d.c.
field, B, and minute a.c. field are applied to z-direction in the
process increasing d.c. field. It is defined that the amplitude,

® of a.c. field is applied to the sample at the d.c. field Be'
and the penetrated region reaches the depth, A' to x direction
from the surface. When b increases by 6b, & and A' increases by

8¢ and 6A', respectively. 6% corresponds to the hatching in

Fig.2-1-1(a). When it is based on the critical state model, it

is introduced as follows;




HoJc=8b/6N (2-1-1)

Therefore, Jc can be estimated from the function of b for A'.

For quantitative calculation, the width of a sample is assumed

as w for the y-direction. The &% becomes,

5&=2wSbA’ (2-1-2)

In the case of slab superconductor, 6% exhibits the flux which
penetrates from both surfaces. If 8b-0, equation (2-1-2)

becomes

AM=1/2w (d®/db) (2-1-3)

Therefore, each relationship of A for b is introduced by

measurement of & for b and calculation by the function (2-1-3).
Figure 2-1-2 shows the measurement system of a.c. inductive
method. A superconducting sample and pick up coil are placed in
the minute a.c. field piled up to the constant bias d.c. field.
A cancel coil is placed at the empty space in the a.c and d.c.
fields. The cancel coil acts for canceling the inductive
signal in the space without the superconducting sample. The
measurement frequency was 35 Hz.
When an amplitude of the a.c. field, b is applied, the
inductive voltage appears for the pick up (Vp) and cancels coils

(Vo), respectively as follows;




VP=—NP(SP—SS) db/dt-N

p de/dt, (2-1-4)

V,=-aN_ db/dt, (2-1-5)

where N_ and N, are the number of turns of the coils, and Sp, SC

P
and Sg are cross section areas perpendicular to the applied field
of the pick up coil, cancel coil and the sample, respectively.
a-value (O<a<l) exhibits the partial voltage by voltage divider.

The term of db/dt can be canceled by adjustment of a-value.

d®/dt is obtained as follows,

d@/dt=(Vc-Vp)/Np. (2-1-6)

2-2. Observations of structures and sample preparations

TEM (Transmission Electron Microscope), SEM (Scanning Electron
Microscope), EDX (Energy Dispersive X-ray analysis) and X-ray
diffraction analysis were wused for the observation of
morphologies of samples.[2-2-1]

Sample preparations were as follows. For the TEM
observation, the silver sheathed tapes were peeled off from the
sheath and were cut perpendicularly to the tape plane and ground
down to below 20-30 pm in thickness. And then the samples set
on the single core mesh, were ground by an ion etching device to
below sub-micron in thickness. TEM observations were carried
out in view along tape planes.

For SEM and EDX, the silver sheathed tapes buried in the epoxy

12
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resin, were ground to flat surface and polished by aluminum
powder in alcohol.

X-ray diffraction analysis using Cu-Ka radiation was performed
on the tape surface of each oxide superconductor after the silver

sheathes were peeled off.
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3. Development of Bi-based oxide superconducting wires

with high Jc

3-1. Introduction

Maeda et. al who discovered Bi-Sr-Ca-Cu oxide superconductor,
exhibited that the Bi-based oxide superconductor had two kinds
of phases, Tc=80 K class phase (2212) and Tc=110 K class phase
(2223 ), exceeding liquid nitrogen temperature.[1-2-3] Since the
discovery, much effort had been made to single out the high-Tc
phase, Bi-2223. In order to increase the high-Tc phase, an
addition of excess Ca and Cu [3-1-1,2], high pressure oxygen
treatment [3-1-3] and prolonged sintering [3-1-4], were
attempted, for example, about 1 week. Among these efforts, it
was reported to increase the ratio of 110 K phase (Bi-2223)
through the partial substitution of Pb for Bi [1-2-5]. However,
the 80 K phase (Bi-2212) still remained in Bi(Pb)-Sr-Ca-Cu-0 bulk
samples. Therefore, it was impossible to obtain high Jc at 77.3
K by disturbance of the 1low Tc phase, non-supercoducting
materials and weak links at the grain boundaries.

In the early period, Bi-based oxide superconductor was not
much expected to obtain high Jc because the weak pinning force
was indicated through the measurements of magnetization at 77.3

K compared to other oxide superconductor such as Y-based and Tl-
based superconductors. AM disappeared at about only 0.5 Tesla

in M-H curve by magnetization measurement. However the

2

transport Jc over 104 A/cm“ has been obtained at 77.3 K and at

1 Tesla for (Bi,Pb)ZSrZCaZCu3Ox silver sheathed tapes by the

14
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author's studies. After the author's study, many researchers
had participated in the researching Jc for Bi-based oxide
superconductor. In following sections, the author describes how

the Bi-2223 superconducting wires with high Jc were developed.

3-2. Homogenization of Bi-2223 phase

The oxide superconducting powder was put into a silver tube.
This powder was produced by mixing the powders of the composition
ratio of 1,1,1 and 2 for Bi, Sr, Ca and Cu from Bi,O05, SrCOg,
CaCOq4 and CuO, respectively. This ratio was reported first by
Maeda et.al.[1-2-3] It was known also that the partial
substitution of bismuth by lead increases the high-Tc phase.[1l-
2-5] The powder of the composition ratio of 0.8, 0.2, 1, 1 and
2 for Bi, Pb, Sr, Ca and Cu from 81203, PbO, SrCO3, CaCO3 and
Cu0O, respectively, was produced.[3-2-1] Then the powders were
mixed and calcined and sintered before putting into the silver
tube. The sintered powder was composed of low-Tc phase (B0-K
phase) rather than high-Tc phase (110-K phase). After reduction
of the diameter by drawing, they were introduced to a press
process. The drawing process can not increase the density of
oxide powder enough because the strength of the silver sheath is
not sufficient to squeeze the inner powder. The press process
which is extensively used to make bulk material is adequate for
controlling the pressure for the inside powder when pressure is
applied to the silver sheathed wire. The length of wire which

is limited by a pressure die head, is 30-50 mm, sufficient to

15
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measure JcC. Milling by rolls can produce long lengthen tape
conductors, where the material elongates in a longitudinal
direction, and this process was not adequate for experiments in
controlling the pressure. In the press process, the oxide
powder in the silver tube are elongated in the transverse
direction of the conductor length. The elongation in the
longitudinal direction is highly restricted by the friction
between silver surface and pressure die head. The cross section
slightly changes in accordance with the increase of inner powder
density. This means that the pressure goes to the inside powder
effectively by press process using a sheath conductor. All
press processing was performed at room temperature. The tapes
after pressing were sintered. The heat treatment is necessary
to obtain Jc. Jc and Tc were measured through 4-probe dc
method.

Jc did not change in the BiSrCaCuzox superconductor with
silver sheath for the load before heat treatment as shown in Fig.
3-2-1. In this BiSrCaCu,0, silver sheathed wire without Pb, Jc
could be increased by using heat treatment around the melting
point for short period rather than using press processing.

However the produced superconducting phase was low Tc phase (Bi-

2212 phase; 80 K class) only. Figure 3-2-2 shows that the Jc
rapidly increases at 880 C for 1 hr sintering. In this case
it was observed that the oxide became dense by melting. The

maximum Jc was 426 A/cm2 at 77.3 K and Tc(R=0) was 84 K.
When Pb was partially substituted to the bismuth, the
phenomenon drastically changed. The oxide superconductor of

Bll.BPbo.ZSrCaCuzox with silver sheath exhibited that the

16
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thickness of the wire becomes thinner when increasing the load

by pressing, and then Jc increases rapidly as the press load

increases and the maximum value was 1,850 A/cm2 at 77.3 K in zero
magnetic field as shown in Fig.3-2-3. When the tapes become
too thin, Jc decreased rapidly. The reason is due to damage of

superconducting phase through the gas inflation from inner oxide.

The TC(p_g) Of the sample with 1,850 A/cm® was 104 K, thus
the high-Tc phase (Bi-2223 phase) was dominant in this
Bil.SPbO.ZSrCaCuzox silver sheathed wire. The susceptibility
of this sample after removing the silver sheath was measured.
The result is shown in Fig. 3-2-4. The onset of Tc was 110 K
and the low temperature phase could not be seen for this sample.
It was thought before that it was difficult to obtain the single
high-Tc phase, and the long heat treatment (for example, for
longer than 1 week) was necessary to obtain a large volume of
high-Tc phase from the bulk material experiments, but all samples
in this experiment were sintered for 24 hours. The formation
of high-Tc phase was accelerated by press processing and the
silver sheath.

Previously, lengthy period over 1 week was required for the
sintering time[3-1-4]. U.Endo et al. produced single phase by
sintering under low oxygen pressure, 1/13 atm at 842 C for 84
hours. [3-2-2] The author succeeded to produce the single phase
for a very short time, only 24 hours under atmosphere without

controlling the oxygen partial pressure.

3-3. Double deformation and sintering process
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Figure 1=3=% shows the fabricating process of
(Bi,Pb)zerCaZCuBOy silver sheathed wire.[2-2-2,3-3-1] Oxide
or carbonate powder of Bi, Pb, Sr, Ca and Cu with the each
composition ratio is mixed with (Bi,Pb)ZSrZCaZCuSOx and calcined
from 750 to 860 C.

The powder is filled in a silver pipe, and then the composite
is drawn and rolled to a tape shape, typically 0.170.2 mm in
thickness and 275 mm in width. After then the wires are
sintered at about 850 C and deformed again by rolling or pressing
and finally sintered again.

It was found that this double deformation and sintering
process had the different functions for each step. At the first
step, the filled powder is homogenized +to 2223 phase (110 K
phase) for growing large grains as shown in Fig.3-3-1(a). At the
second step, the platelet grains are connected strongly by the
deformation and sintering again. If the sintering process was
conducted once only, the Jc would decrease rapidly in a slight
magnetic field because the grains grow to the large straight
planes with misorientation to each other and the grain boundaries
are composed of the point contacts which become the origin of the
rapid decrease of Jc in low field by the weak links as shown for
sample C in Fig. 3-3-2. In this case the Jc-B properties
exhibit the 2-step decrease and especially decreases to over 1/10
at only about 100 Gauss as shown in Fig.3-3-3. The improvement
of Jc and Jc-B properties can be executed by repetition of
deformation and sintering, and the 2-step decrease phenomena of
Jc-B disappears as shown as samples A and B in Fig.3-3-3. It

was shown that Jc was increased and Jc-B properties were improved

18




l"‘--'!---——

by the second sintering. The grain boundaries are connected at
the c-plane to each other with slight bending as shown in Fig.
3-3-1(b).

Figure 3-3-4 shows the X-ray diffraction pattern for the
specimen with Jc of 5,500 A/cmz. The series of peaks of the

low-Tc phase with the characteristic (002) peak at 20=5.7 and

7.2 degree could not be observed. Therefore, the only
superconducting phase of this specimen was the 110 K phase.

However, it was observed that the non-superconducting phase,
Casz04, remained. The grains in the 110 K phase were found to
be oriented with the c-axis perpendicular to the wide plane of

the specimen.

3-4. Control of the composition ratio

The optimization of composition ratio was carried out for getting
higher Jc.[3-4-1] Figures 3-4-1(a) and 3-4-1(b) show the SEM
photographs on the polished surface of the cross section of
sample A (Jc(77.3 K,0T)=14,300 A/cmz) and B (Jc(77.3 K,0T)=5,500
A/cmz). The composition ratio of sample A was
Bil'BPb0.4Sr2Ca2.2Cu30x and that of sample B was
Bij gPbg 4Sr,CasCujz0, . TC(g=p) ©f sample A was 106 K. TC (r=0)
of sample B was 104 K. By increasing the composition ratio of
Bi and Ca, the volume of the non-superconducting phases in sample
A was reduced to a half of those in sample B. The optimized
composition ratio might be shifted to higher composition ratio
oL Bi and Ca from the complete composition ratio,

(Bi,Pb)zBrZCaZCuaox for increasing Jc.

19
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Through the improvement by the optimized composition ratio
and fabricating process, JC achieved 4.7 x 104 A/cmz at 77.3K and
a zero magnetic field. This wire exhibited Jc=l.1x104 A/cm2 at
1 Tesla as shown in Fig. 3-4-2, For actual applications, J.

was required to be over 104 A/cm2

at least in each operating
magnetic field. It is shown that the J, of BiPbSrCaCuO silver-
sheathed wire is close to the useful level of the cables and

magnets.

3-5. Summary

It was found that the Jc and Jc-B properties were improved by
the homogenization of high-Tc phase (110 K phase), alignment of
the superconducting grains and the good contact at the grain
boundaries through the double deformation and sintering process.

For homogenization of high-Tc phase, it was found that the
silver sheath accelerated the formation of high Tc phase (2223
phase).

For double deformation and sintering process, it was found
that the filling powder was homogenized to 2223 phase (110 K
phase) for growing large grains at the first step and the
platelet grains were connected strongly by the deformation and
sintering again.

For controll of the composition ratio, it was found that the
volume of the non-superconducting phases (CanO4, Ca2Cu03, etc.)
were reduced through the control of composition ratio by

increasing Bi and Ca.
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As a result, Jc became first exceeding 104 A/crn2 in zero
magnetic field at 77.3 K through the improvement of these
morphologies. These data exhibited that the Bi-2223 silver
sheathed wire had high potentiality for the practical use to

power applications.
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4. Studies of weak links at grain boundaries

and the history effect
4-1. Introduction

It was observed that the sintered polycrystalline samples of
high-Tc oxide superconductors had low Jc and showed hysteresis
of Jc in low magnetic field during increase and decrease of the
magnetic field (history effect).[1-2-7] It is empirically known
that the history effect is caused by weak couplings at the grain
boundaries in superconductors.[4-1-1]

The history effect was exhibited for metal superconductors by
T.Aomine et al.[4-1-2] They produce a micro bridge for granular
Al, In, Nb, NbN etc. as shown in Fig.4-1-1. The two
superconducting banks are connected through the bridge. When
the bridge 1length is shorter than coherence 1length, E&(T),
Josephson effect appears. In this case, the bridge length is
longer than &(T). The history effect of granular Al with 2
pm>L> (T), 3 pm>W>1 pm, 2,000 pm>wbank>20 pm, 800 pm>d>44 pm was
observed, where L, W, Wp,., and d indicate the bridge length,
width, bank width and thickness, respectively. The
characteristics of history effect for the micro bridge were
summarized as follows:

(1) the history effect became small when the bridge length became
large and the width became large:;

(2) magnetic field with the maximum value of Jc, and Hp became
large when the bank width became large;

(3) the history effect did not appear for the samples without the
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bridge;

(4) the history effect became larger when the thickness at the
panks became larger than at the micro bridge. They exhibited
that the micro bridge model could apply to the polycrystalline
Y-Ba-Cu-0 high-Tc oxide superconductors.[4-1-3]

The history effect was explained also through the Josephson
type weak 1links of polycrystalline YBaZCu307 by E.Evetts et
al.[4-1-4]. They explained that an interpretation of the
complex dependence of critical current on applied field and
sample microstructure was given in terms of the hysteretic
properties of a Josephson-junction network mediated by trapped
flux which was retained by strong pinning regions.

The weak link problems at grain boundaries with history
effect of the silver sheathed wire was serious for the
development of practice superconducting wires. Silver sheathed
Y-based oxide superconducting wires were fabricated by the
powder-in-tube method. Even if Jc was 4,140 a/cm2 at "3 Kdn
zero magnetic field for YBaZCu307_6, it was decreased rapidly to
1/100 at slight magnetic field of about 2x10™2 Tesla.[4-1-5]
Polycrystalline YBa,Cuz0,_5 has granular grains and it is
difficult to align the grains in a-b plane. D.Dimos et al.
reported that the Jc decreased as a function of misorientation
in a-b plane of bicrystal of YBaZCu307_6.[4—1—6] Therefore, it
was very important for good connection at grain boundaries to
align the grains. The author describes about the relationship
between Jc and weak links through the history effect and the

temperature dependence.




e —

4-2. Studies of weak links by 4-probe dc method

In Fig. 3-3-3, sample C has a two-step decrease in Jc
against H, while samples A and B have only a one-step decrease
in the higher magnetic field.[2-2-1] Sample C is from the first
process only (rolling-sintering) in the double deformation and
sintering process (deformation-sintering-deformation-sintering).

Samples A and B are from the complete double deformation and
sintering process. The difference was revealed in the
observation of SEM photographs of the fracture surfaces of sample
B and C in Fig.3-3-1. It was found that sample C has the grain
boundaries composed of the point contacts with different
orientation in a-b planes by straight platelet grains as shown
in Fig.3-3-1(a). Sample B has grain boundaries which are
connected at the c-plane to each other with slight bending as
shown in Fig. 3-3-1(b). Therefore the transport current flows
smoothly through the grain boundaries securely along the aligned
a-b plane. The rapid decrease disappeared in the low magnetic
field at about 100 gauss since the magnetic field never
penetrated easily into the grain boundaries by the strong bonding
at the grain boundaries.

Figure 3-3-2 shows the history effect of Jc during the increase
and decrease of the magnetic field.[3-4-1] The hysteresis
appeared at a low magnetic field below 0.1 Tesla and showed
anisotropy for the magnetic field direction, parallel and
perpendicular to the tape surface. The hysteresis of sample A
was small, while sample C had large hysteresis. Therefore the

hysteresis must be caused mainly by the weak links at the grain
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boundaries.

Figure 4-2-1 shows the relationship between the magnetic
field dependence and history effect of Jc of Bi-based oxide
superconducting wire. In the low magnetic field below 0.1 T,
it was found that the magnetic field dependence and history
effect of Jc were improved with the increase of Jc in a zero
magnetic field. The history effect disappeared for the wire
with Jc above 2.5 x 104 A/cm2 in a zero magnetic field. This
indicates the disappearance of the weak 1links which 1led the
history effect by improvement of the contact at the grain
boundaries. [4-2-1]

Fig. 4-2-2 shows the magnetic field dependence of Jc of
various samples at 4.2 K. Jc at 77.3 K for each specimen were

(A) 2.8 x 10% A/cm?, (B) 2.5 x 10% A/em?, (c) 1.8 x 10% A/cm?

and (D) 1.4 x 104 A/cmz. Jc at 23 T was 4.6 x 10% A/cm2 (:Te
= 54 A) at 4.2 K for sample A. The history effect was
observed during the increase and decrease of magnetic field.

The magnetic field dependence of Jc and history effect were
improved also with the increase of Jc in a zero magnetic field
at 4.2 K. The wire B with 2.5 x 10% A/cm2 did not exhibit the
history effect in 77.3 K as shown in Fig. 4-2-1, but exhibited
it clearly at 4.2 K. It is considered that the magnetic field
dependence of Jc is influenced more strongly by the weak links
at the grain boundaries at 4.2 K than 77.3 K.

The temperature dependence of history effect of Jc was
measured at the temperature range from 4.2 k to 20 K by using
liquid helium and hydrogen for the samples with Jc=16,000-30, 000

A/cm? at which the history effect did not appeared at 77.3 K.[4-
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2-2] Figure 4-2-3 shows the magnetic field dependence of Jc at
4.2 K, 15 K and 20 K for the sample with Jc=30,000 A/cmz. The
history effect is quite evident at 4.2 K, less so at 15 K and
virtually nonexistence at 20 K. Therefore it was found that the
history effect appeared again at temperature range below 20 K for
the sample without the history effect at 77.3 K. It is known
that the history effect appears by weak links with microbridge
at grain boundaries. Therefore these data suggest that the weak

links appear again at the temperature below 20 K.

4-3. Studies of weak links by a.c. inductive method

Figure 4-3-1 shows the A-b line of the Bi-based oxide

superconducting silver sheathed wire through a.c. inductive
method. The horizontal axis exhibits the amplitude of a.c. field

and the vertical axis exhibits the penetration depth of the
magnetic field from the sample surface. The gradient, dA'/db

exhibits as l/poJc in eq.2-1-1. In this case, there are 2 kinds
for gradient. These data show the 2 kinds of Jc with different
current path such as inter- and intra-Jc for superconducting
grains. In this section, the author discusses Jc through the
inter-grain.

Figure 4-3-2 shows the comparison of JC—B properties measured
at 77.3 K for silver-sheathed BiPbSrCaCuO wires by a.c. inductive
method and 4 probe dc method.[4-3-1] JC of these wires was 1.7
x 104 A/cm? in a zero magnetic field measured by the 4 probe d.c.
method. Jc-B properties are almost the same for the two

measurements, a.c inductive method and 4-probe d.c. method.
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This result shows that the magnetic field dependence of the
transport JC can be described by ac inductive method as well as
4 probe dc method. This means that it is possible to easily
measure the temperature dependence of JC-B properties (JC—B—T)
of the wires with high critical current without the influence of
heating at the transport current terminals in flowing gas helium.
The transport critical current of 233 A (JC=2.lx105 A/cmz) at 4.2
K in a wire with the dimension of 4.2mm% x 0.15mm® was achieved,
so the large heat flux for coolant or extremely low resistive
joints are required in the case of transport current measurements
by 4 probe dc method.[4-2-2]

Figure 4-3-3 shows the temperature dependence of Je in 0.2,
1.0 and 2.0T for sample #1 (JC(77.3K,0T)=2.5 x 104 A/cmz) by a.c.
inductive method. It was found that the Je decreased largely in
the temperature region over about 20 K with the increase of
magnetic field from 0.2 to 2 Tesla. Figure 4-3-4 shows the
magnetic field dependence of Je up to 4 Tesla and 60 K. At 4.2K
and 25 K, the magnetic field dependence of Je is small and
especially small around 4 Tesla, while at 60 K J, has large field
dependence. Je can be represented under a fixed magnetic field

as follows:
Jo * Be™(T) « [1-(T/Tc)?1™, (4-2-1)

using an empirical temperature dependence of BCZ(T) o 1—(T/TC)2

[4-2-3]. m-value is usually a parameter determined by the sort
of pinning sites. Figures 4-3-5 and 4-3-6 show the double

logarithmic plots of Jo vs 1—(T/TC)2 for sample #1 and sample #2
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(Jo(77.3K,0T) = 6.3 x 103 A/cm?). For sample #1, m is 3.43 at
high temperature region and 10.05 at low temperature region.

For sample #2, m-value is 2.75 and 16.3 at high and low

temperature regions, respectively. These data exhibit that the
Je-B properties were dominated by more than 2 kinds of pinning
mechanism at least. Normally m ~ 1.5 is obtained for plane
pinning sites and m ~ 4 for point pinning sites.[4-2-4]

However, these are not fitted in this case in the low temperature
region. The effects of another factors, such as change of
properties of weak links and flux creep, should be taken into
account for more comprehensive understanding of pinning. In
low temperature region, the influence by weak links is large
because m value was decreased much from 16.3 to 10.5 with the
increase of Jg. (77 .3K) from 2.5 x 104 A/cm2 to 6.3 x 103 A/cmz.
Figures 4-3-7 and 4-3-8 show the history effects of J,-B
properties for sample #3 ( JC(77.3K,0T)=3.0 X 104 A/cmz) and
sample #2 at 4.2 K and 20 K. Solid circles indicate the
increasing procedure of magnetic field and open circles indicate
the decreasing one in the case of a zero field cooling. The
obtained critical current density takes a smaller value in the
increasing field procedure than the decreasing one. This data
is also consistent qualitatively with 4 probe dc method [4-3-
i L] However, in the case of decreasing magnetic field, the
external field does not penetrated into the center of the
superconducting grains. Therefore, it needs to penetrate the
field into the center of grains by getting the field cooling
measurement. Open squares indicate Jo-B properties in the field

cooling procedure. In this case, the intragrain shielding
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currents were not induced, and so JC was not influenced by the
weak links at the grain boundaries. Therefore, in the field
cooling case, JC must be taken as an intermediate value of those
in increasing and decreasing (major) lines. In sample #3 with
high Jga, the field cooling line is in approximately intermediate

region, while in sample #2 with low J the field cooling line

cr
is larger than the decreasing field line in a zero field cooling
procedure. It is considered that when the history effect exists
up to much higher magnetic field than the maximum field in the
present measurement, the decreasing field line can not return
completely to the major decreasing line. That is, the history
effect shown in Fig. 4-3-8 is smaller than true one. Here the

degree of history effect is represented by the difference in Je

between major increasing 1line and field cooling 1line,
[AJC=JC(FC)—JC(increasing)]. This difference, AJC, in low J¢
sample is larger than those in the higher Jc samples. However
this figure shows that the history effect almost simultaneously
disappears near 20 K for both samples at 3 Tesla, which can be
seen in Fig. 4-3-9. Figure 4-3-10 shows the temperature
dependence of history effect, (JcFC-Jcinc)/Jcinc at 0.5 Tesla.
It is shown that the history effect is reduced with increasing
temperature and disappears at near 30 K. These data are
consistent with temperature dependence of transport Jo-B by using
lig. He and Ligq. H, in Fig 4-2-3.

Figure 4-3-10 exhibits that the hysteresis becomes small with
the increase of Jc. Figures 4-3-5 and 4-3-6 shows also that the
m value which represents the decreasing rate of Jc, becomes small

in low temperature region with the increase of Jc. These
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results suggest that a further improvement in Jc can be attained
by improvement of weak coupling at the grain boundaries.
Furthermore, the strong temperature dependence of Jc for m value,
indicates differently from the temperature dependence predicted
from the pinning mechanism. Therefore the equation (4-2-1) as
which m value is defined, is meaningless. However, the equation
can be meanful by exchanging ch to the irreversibility field

(H ) because Hi r has the Jc dependence as well as in this case

irr
as shown in Chapter 6.

Figure 4-3-11 and 4-3-12 represent the results in the low
temperature region of Figs. 4-3-5 and 4-3-6. These results
show that deviation from the straight 1line in the higher
temperature region starts at about 30 K at 0.2 Tesla and at
about 20-30 K with decreasing temperature for the both
samples.[4-3-2] Hence the strong temperature dependence of Jc
coincides with that of the history effect in the low temperature
region. It can be concluded that both the rapid decrease in Jc
with elevating temperature and the history effect originate from
weak links in the samples.

The rapid decrease in Jc 1is considered to be caused by
degradation of superconductivity in weak 1link region with
increase of temperature. These regions seem to 1lose the
superconductivity completely above 20-30 K and remain as a strong
coupling region only at the grain boundaries. Hence, the
variation in Jc becomes more gradual and is accompanied by the
disappearance of the history effect. The disappearance of the
history effect at higher temperature does not originate from

better coupling due to longer coherence length but from the fact
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that the current flows only through the strong coupling region

without the history effect.

4-4, Summary

It was corroborated that the rapid decrease of Jc in low
magnetic field region was dominated by the weak link at the grain
boundaries, and the history effect could disappear by double
sintering process (deformation-sintering-deformation-sintering)
and the improvement of morphologies including non-superconducting
phases with increasing of Jc.

The temperature dependence of Jc-B properties and the history
effect were measured effectively in wide temperature range on
BiPbSrCaCuO silver sheathed wires with various level of critical
current density. The results were obtained as follows;

(1) Both the rapid decrease in Jc with increasing temperature and
the history effect of Jc appeared in the same temperature region,
below 20-30 K. In the low temperature region, it was observed
clearly that JC was influenced by weak links with the history
effect. It is concluded from the coincidence of the two
temperature regions that these phenomena are caused by the low
temperature weak links in the silver sheathed Bi-based oxide
superconducting tapes.

(2) In the samples with a smaller Jc, the history effect is
relatively larger and the temperature dependence of Jc in the low
temperature region is stronger. Therefore, Jc in this state is
still thought to be influenced by the weak 1links and the
improvement of weak coupling is necessary in order to improve Jc

further at the grain boundaries.
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5. Studies of Jc-B properties

5-1. Introduction

Since the discovery of high-Tc oxide superconductors exceeding
liquid nitrogen, many efforts have been attemped to get higher
Jc for power applications. At the beginning, it was difficult
to get the polycrystalline oxide superconductors such as Y-based
high-Tc superconductors. For Bi-2223 oxide superconductor, Jc
was low and magnetic field dependence of Jc had two-step
decrease. The low field decrease was improved by solution of
weak links problems as described in previous chapter 4.
However, the decrease of Jc in the higher magnetic field remains.
Usually, Jc-B properties in the higher magnetic field were
explained by pinning mechanism.

Type 11 superconductor has mixed state allowing penetrating
guantum fluxoids between HCl and ch. When the current flows
in the state, the quantum fluxoids move by Lorentz force and
induce the voltage. However, the fluxoid's motion by Lorentz
force can be restrained through the pinning sites composed of
separating fine non-superconducting phases and lattice defects
etc. Therefore the fluxoids were trapped in the wvalley of

potential of pinning sites against Lorentz force, and do not

induce the voltage through movement of fluxoids. For
increasing Jc, The effective pinning sites have been
investigated.

Pinning mechanism of metal superconductors such as NbTi were

investigated quantitatively.[5-1-1,2] When the quantum fluxoid
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lattice is assumed as a continuous medium, the elastic properties

are represented by elastic modulus tensor as follows;
2 2 S
Cq4=(Bg2“/pg)b%, (5-1-1)
2 T
c66=(BC2 /Po)Gea(b); (5-1-2)

where Ggg(b)=( 1/8K2)(1-K2/2)b(1-b)2(1-0.58b+0.29b%), b=B/B, and
K=NME (GL parameter). When a quantum fluxoid moves slightly as

shown in Fig. 5-1-1(a), the surrounding fluxoids were moved
together to the same orientation. Radius of the correlating
region is represented as lgg for shear motion of quantum fluxoid.
The correlating length is represented as 1l,, for the bending
motion as shown in Fig.5-1-1(b). 144 and 166 are written

respectively as follows,
144=(Cqq/0)1/2, (5-1-3)
lgg=(Cgg/a) /2, (5-1-4)

where a is Labusch parameter determined by pinning potential,

Uo.[5-1—3] When Lorentz force density, F; increases as the

L
transport current, the pinned fluxoid get out of the pinning
Sites and begins to slip against other pinned one. The relative

restrain force is proportional to the shear modulus of flux

lattice, Ce6 - Therefore the slip of fluxoids begins when Fp is

equal to F
q p’




Fp=Cee/2™2¢ (5-1-8)

where af=(2¢0/[38)1/2 (29=h/2e). Therefore, Fp is dependent on
the properties of flux lattice.

For high-Tc oxide superconductors, dominating factors of Jc-
B properties were not clear enough because of the strong
anisotropy of superconducting properties such as the short
coherence length, penetration depth and high thermal activation
energy in high temperature region. The author discusses later
the dominating factors and mechanism of Jc-B properties through
the difference of Jc-B properties for Jc values and applied

magnetic field directions of polycrystalline Bi-based oxide

superconductors.
5-2. Dominating factors of Jc-B properties
5-2-1. Parallel magnetic field to a-b plane

Figure 5-2-1 shows the magnetic field dependence of Jc at 77.3
K, which are normalized by Jc in a zero magnetic field from
1.7x104 to 3.0x10% A/cmz.[4—2—l] The magnetic field was
applied perpendicularly to a transport current, and parallelly
to the wide plane of the wires at 77.3 K. The magnetic field
dependence of Jc was improved with the increase of Jc in a zero
magnetic field. The sample with Jc = 3.0 x 104 A/cm2 (Ic=35 A)
in a zero magnetic field has Jc = 1.5 x 104 A/crn2 at 0.1 Tesla,

which is considered for usage with the superconducting cables

and has Jc = 3.3 x 103 A/cm2 at 1 Tesla which is the field used
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for the magnets. While, when the magnetic field applied
perpendicularly to the tape surface, the improved tendency at
the high Jc region is much smaller than that in parallel field
as shown in Fig. b5-2-16. Therefore it was found that the
magnetic field dependence of Jc had different tendency for the
directions of the applied magnetic field with respect to the tape
surface.

Figure 5-2-2 shows Jc in each magnetic field compared to Jc
in a zero magnetic field. It was found that the improved
tendency of the magnetic field dependence of Jc was enhanced
better simultaneously in the low magnetic field area below 0.1
Tesla and the high magnetic field area above 1 Tesla. In the
magnetic field from 0.1 to 1 Tesla, the improved tendency of the
magnetic field dependence of Jc was the same because the lines
for the region from 0.1 Tesla to 1 Tesla were parallel to each
other as shown in Fig. 5-2-2. However, the tendency is much
larger at 2 Tesla than that below 1 Tesla.

Figure 5-2-3 shows the magnetic field dependence of pinning
force (Jc X B) for wires having each 1levels of JC ,(a)
47,000A/cm?, (b) 18,000 A/cm? and (c) 5,500 A/cm2. Pinning
force increased in whole range up to 3 T with the increase of Je
in a zero magnetic field. The magnetic field at which the
pinning force becomes the maximum value, does not change.
Figure 5-2-4 shows the pinning force normalized with maximum
pinning force value. The magnetic field dependence of the
Pinning force was improved especially large in the high magnetic
field region. This means that the pinning force becomes large

relatively at high magnetic field region. Figure 5-2-5 shows
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the SEM photographs of superconducting section of wires having
Jo of (a) 5,500 a/cm?, (b) 10,600 A/cm? and (c) 22,200 A/cm?.
In sample (a) with low JC’ three kinds of non-superconducting
phases, such as phase I (SrCaCuO), phase II ((Ca,Sr)szO4) and
phase III (CaZCu03), were found with large granular shape. In
sample (b), phase I disappeared, and phase II became small and
thin shape. However, phase III remained with the large size.
In sample (c) with high JC, all non-superconducting phases were
dispersed in fine and thin shape.

The fine dispersed non-superconducting phases were observed
through TEM. Figure 5-2-6 shows the TEM image of thin non-
superconducting phase at a gap in a-b planes viewed along the a-
b plane, which was found in the sample B. The thickness is about
several nm. The boundary between the high-Tc phase with c/2=1.8
nm and the non-superconducting phase 1is clear, and the
arrangement of atoms in the high-Tc phase does not show any
disorder. These phases found through TEM were platelet shaped,
and aligned along the plane of the wire. Therefore they are
expected to function as the pinning sites for the Lorentz force
along c-axis. The superconducting grains connect smoothly with
gentle bending toward each other.

The fine granular non-superconducting phase was found, as
shown in Fig.5-2-7. This granular non-superconducting phase
may act as the point pinning sites which become effective when
the magnetic field applied perpendicularly to a-b plane.
However, it must be noted that the weak links are produced
Simultaneously at the grain boundaries including the non-

Superconducting phases since the a-b planes at both side of the
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grain boundary have misorientation.

The grain boundaries which did not include the non-
superconducting phases, were observed along a-b plane of Bi-
2223 oxide superconductor through TEM. Three types of grain
boundaries were observed as shown in Figs. 5-2-8 and 5-2-9.
Figure 5-2-8 shows the twist boundary which was composed of the
aligned grains rotated around c-axis since the arrangement of
atoms was clear for the only upper grain through high resolution
TEM. Figure 5-2-9 shows the misfitted grain boundaries with
small angle as shown in the electron diffraction pattern. The
boundary is sharp and clear because it does not include the non-
superconducting phase. Figure 5-2-7 shows the grain boundary
in a-b plane with diferent orientation by small angle. Each
arrangement of atoms was connected smoothly through the grain
boundary. The area of these clean and sharp grain boundaries
as shown in Figs.5-2-8 and 5-2-9 increases and the current path
through the grain boundary connections becomes smooth with
decreasing the non-superconducting phases.

The volume ratio of non-superconducting phases to high-Tc
phase was estimated by observation through EDX measurement to be
30% for sample(a), 20% for sample(b) and 8% for sample(c) through
Fig.5-2-5. The improvement of chB properties of the wires in
Fig.5-2-1 have strong relationship with the improvement of
morphology.

In the low magnetic field below 0.1 T, the magnetic field
dependence and history effect of Jc were improved with the
increase of Jc in a zero magnetic field through history effect

as shown in Fig. 4-2-1. These data correspond the improvement
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of the contact at the grain boundaries. The decrease of Jc
in the high magnetic field area around 1 T was shifted to a
higher magnetic field as shown in Fig.5-2-1. It looks like
that the improvement of the weak links at the grain boundaries
corresponds to the improvement of Jc-B in a high magnetic field
when it is applied parallelly to the plane of the wire.

Figure 5-2-10 shows the magnetic field dependence of Jc for
the wire of Jc = 2.5 x 10% A/cm? at 77.3 K.  When the magnetic
field was applied parallelly to the plane of the taped wire, it
was found that the wire exhibits the same magnetic field
dependence of Jc for both directions, parallel and perpendicular
to the transport current. This means that the Jc-B properties
are dominated by the same mechanism for parallel and
perpendicular directions to the transport current.

The BiPbSrCaCuO superconductor was composed of platelet
grains with a few hundreds nm in thickness piled up along the
c-axis as shown in Fig. 3-3-1(b). The transport current in
the wire must have the two kinds of components along the c-axis
direction when it crosses the grain boundaries and along the a-

or b-axis directions when it flows in a platelet grains.

Usually, the magnetic field dependence of Jc in the higher
magnetic field have been understood by pinning theory which
dominates the pinning force estimated by the size and interval
distance of pinning sites through Lorentz force between the
transport current and magnetic field. However, the author
discusses later about the presence of the other dominating
factors of Jc-B properties.

The author considered how Lorentz force acted and the
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magnetic flux flowed in polycrystalines of Bi-2223 oxide

superconductor when the transport current flowed through the

grains as shown in Fig. 3-3-1(a). In this case, the grains were
composed of straight platelet shape. Therefore the grain
boundaries have misorientation and a point contact. The Jc-B

properties in high magnetic field region are improved by the
second deformation and sintering process as shown in Fig. 3-3-
3.

It was found that Bi-2223 oxide superconductor in silver
sheathed wire has large anisotropy by large two-dimensional
fluctuation in the magnetization measurements.[5-2-1,2] The
magnetization in high fields from 1 to 5 Tesla displays good
scaling behavior as function of 4nM/(TH)1/2=A[T-Tc(H)]/(TH)1/2,
which can be explained by Ginzburg-Landau fluctuation theory for
a two-dimensional system as shown in Fig.5-2-11(a). For three
dimensional scaling law, it was not fitted as shown in Fig.5-
2-11(b). While, for YBaZCu307, it was fitted as function of
4nM/(TH)3/2-A[T-Tc(H)]1/(TH)3/2, which can be explained as three-
dimensional system as shown in Fig. 5-2-12 by U.Welp et al. [5-
2-3] These data mean that the correlation between layers of
a-b plane of Bi-2223 oxide superconductor is much weaker than
that in a-b plane.

The flux lattice softening was observed through loss peaks
of a high-Q mechanical oscillator by Gammel et al. as shown in
Fig.5-2-13. For Bi-based oxide superconductor (2212 phase)
single crystal, the softening temperature exhibited TS/TC=O.32.
The magnetic flux lattice becomes soft at 77.3 K. Furthermore,

when the flux flows at a few Tesla, the flux flow resistivity is
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very low at 77.3 K because the flux-flow resistivity, Rg is
represented by the simplest Bardeen-Stephen model[5-2-6] as

follows:

Rf(T )=pnB/ll0ch(T);

where p, 1s the normal-state resistivity at measuring

temperature. The term of B/poﬂcz(T) means that the flux-flow
resistivity is proportional to the area of the normal core of a
vortex. At 77.3 K, BoHgy is determined as 128 Tesla through

the measurement of M-H curve. The flux resistivity becomes
about 1/32 of p, when the flux flow appears at 4 Tesla.

When the flux moves along a-b plane, the correlation length of
flux lattice, 144 (bending motion) and 166 (shear motion) is
short and the elastic modulus of flux lattice, C,, (bending
motion) and C66 (shear motion) is small. Therefore, local flux-
flow can occur perpendicularly to c-axis through the weak
correlations.

Through the above considerations, the author proposes a model
for the magnetic field dependence of Jc of BiPbSrCaCuO silver
sheathed wire at 77.3 K as follows.

Figure 5-2-14 shows the model for the interactions between
magnetic field and transport current. In the wire, the
transport current flows along c-plane in the grains, and when
the transport current crosses the grain boundaries, it flows
along c-axis. Therefore the interaction between transport

current and magnetic field must be considered for two kinds of




transport current.

when the magnetic field was applied parallelly to the taped
plane and perpendicularly to the current, the Lorentz force was
generated parallelly to c-axis for current along a-b plane and
perpendicularly to c-axis for current along c-axis as shown in
Fig. 5-2-14(a).

Bi-based oxide superconductor has strong anisotropy and short
coherence length. The coherence length was measured through the
magnetization measurement on the silver sheathed wire with the

magnetic field parallel to the c axis. The coherence length,

£(0),=0.96 nm and E.(0)=0.02 nm was estimated by a reversible M-

H curve, where &(0). was calculated by using the anisotropy ratio

for Bi-based superconductor, (=50).[5-2-2,4] The temperature
dependence of Hn,(T) was estimated as shown in Fig 5-2-15.
HCZ(O) and Hc2(77.3 K) was estimated as 297 Tesla and 128 Tesla,
respectively.

It must be considered that the pinning force has anisotropy
with respect to crystal orientation. The reasons are as follows.
Many possible pinning sites such as a thin non-superconducting
phases and intergrowth layers as shown in Fig.5-2-6 and the
twist grain boundaries as shown in Fig.5-2-8 were observed
perpendicularly to c-axis. While, there are few pinning sites
along c-axis. Furthermore, the grains are aligned to c-axis, and
coherence length and penetration depth of Bi-2223 oxide
Superconductor have large anisotropy.

Therefore it is considered that Jc-B characteristics are
influenced by Lorentz force along a-b plane generated by current

with c-axis component and the applied magnetic field. The
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relationship between the improvement of Jc-B characteristics and
history effect is explained as follows: When the current path
pecomes narrow at the grain boundaries with weak links, magnetic
field enters easily in the grain boundary and history effect
occurs by difference of shielding current during increase and
decrease of magnetic field.[1-2-8,5-2-5] At these grain
boundaries, the transport current along c-axis concentrates at
the narrow weak link path in the magnetic field, and Lorentz
force is generated strongly perpendicular to c-axis for the weak
links. When the history effect is improved with the increase
of Jc, the current path becomes wide and the bending becomes
strong at the grain boundaries and the influence of magnetic
field may become small for it.

In more macro scopic scale, the sample with low Jc involves

the big size non-superconducting phases such as CaCuO, CaSrPbO

and SrCaCuO as shown in Figs. 5-2-5 (a) and (b). The
transport current with c-axis component occurs around the
non-superconducting phases. The transport current density

along the c-axis becomes relatively large around those phases
and the Lorentz force works parallelly to the a-b plane with
wide area as shown in Figs.5-2-5(a) and (b). The transport
current density along c-axis becomes small and the area with c-
axis current becomes small with the decrease of the size of
non-superconducting phases as shown in Fig. 5-2-5 (c¢),
relatively. Therefore the Lorentz force which works parallelly
to the a-b plane becomes small. The Jc-B characteristics are
dominated by the current with c-axis component at the grain

boundaries. When local flux flow along a-b plane appears at
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a few Tesla and 77.3 K, the flux-flow resistivity is small and

stabilizes by the high Hep

5-2-2. Perpendicular magnetic field to a-b plane

Figure 5-2-16 shows the magnetic field dependencies of Jc
when the magnetic field was applied perpendicularly to the
plane. The magnetic field dependence of Jc in the 1low
magnetic field region was improved, but it was not improved in
the high magnetic field region. The feature is quite different
from the case of the parallel magnetic field as shown in Fig. 5-
2-1. Therefore, the factors which dominate Jc-B
characteristics are different between the applied magnetic
field parallelly and perpendicularly to the tape plane. The
magnetic field is applied perpendicularly to the a-b plane as
shown in Fig. 5-2-14 (c), the Lorentz force works parallelly
to the a-b plane for the transport current in the a-b plane and
it hardly works on the c-axis component transport current.
Jc-B characteristics correspond to the magnetic field dependence
of AM by VSM (Vibrating sample magnetometer) as shown in Fig. 5-
2-17. The magnetization curve corresponds to the Jc-B
characteristics in the grains which has much larger Jc than the
transport Jc through grain boundaries.

Because Jc-B characteristics must be dominated by the
intrinsic pinning sites along c-axis in each grain with the large
volume, they were not dependent on the grain boundary
Characteristics in high field region. For the improvement of

Je-B characteristics when the magnetic field is applied
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gﬁrpendicularly to the tape plane, it is necessary for the
increase of pinning force to introduce the effective pinning
sites along c-axis. Accordingly, the flux flows along a-b plane

when the magnetic field is applied along c-axis.
5-3. Jc-B properties in liquid helium

Figure 5-3-1 shows the magnetic field dependence of J, at 4.2 K

2 in a zero

for tape wires having J. of 1.4x10% to 4.4x104 A/cm
magnetic field and at 77.3K.[5-3-1] The magnetic field was
applied parallelly to the tape plane up to 23 Tesla. Jo changed
little in the magnetic field from 5 to 23 Tesla. The JC at
4.2K was also increased with the improvement of JC at. 7738 K
The wire with Jg(77.3K)=4.4x104 A/cm? has a J; of 1.03x10° A/cm?
at 23 Tesla. Figure 5-3-2 shows the magnetic field direction
dependence of the wires with JC(77.3K)=2.8x104 A/cmz. When the
magnetic field was applied parallelly to the tape plane,
JC(4.2K,23T) was 4.6x104 A/cmz. When the magnetic field was
applied perpendicularly to the tape plane, JC(4.2K,23T) was
3.5x10% A/cm?. Accordingly it was found that the difference was
only about 30%. These properties are much more excellent than
the metallic superconductors such as NbBSn because JC of the
metallic superconductor becomes smaller around 20 Tesla as shown
in Fig.5-3-3. Therefore it was found that BiPbSrCaCuO sheathed

wires had a sufficient high potentiality for the application in

Super-high magnetic field over 20 Tesla at 4.2 K.

5-4. Jc-B properties in liquid hydrogen
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The cooling system would be simplified if the superconducting
magnets could generate by using the other coolants for liquid
helium. The operation in liquid hydrogen has large merit from
the points of running cost and the operating technique if the
superconducting magnets are operated at 15-20 K by using liquid
hydrogen. [4-2-2, 5-4-1]

For this measurement, a two-specimen sample holder was built
to be used in a cryostat containing a bath of boiling liquid
hydrogen. The sample holder is equipped with three current leads,
two sets of voltage taps, and two carbon-resistor liquid-level
indicators. Because of safety requirements, all the vapor is
vented outdoors through a pumping system that can maintain a
constant cryostat pressure. In the experiments, the leads could
safely carry currents up to 21 A at 100 torr(15 K for hydrogen)
cryostat pressure.

The typical measurement procedure consisted of two basic
steps: (1) hydrogen runs at 20 K and 15 K (2) helium run at 4.2
K, the sample holder was placed in a cryostat containing liquid
hydrogen (1.5-2 liters), and the 20 K data were taken at the
magnetic field up to 19.75 Tesla. The 20 K measurements were
immediately followed by the 15 K measurements with the cryostat
operated at a pressure of 99-100 torr; the same field sequence
was used. After completion of the hydrogen runs, the cryostat
with the sample holder was removed from the magnet and taken
outdoors.

Figure 5-4-1 represents three separates sets of Ic vs. T

Plots, for the three groups of tapes. No 4.2 K data were taken
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for Tape 1 and 2 as shown in Table 5-4-1. The magnetic field
direction 1is parallel to the tape's flat surface and
perpendicular to the current direction. Tape 3 in the table,
for example , has a Ic of 60.6 A at 19.75 Tesla and 20 K, which
corresponds to a critical current density (over the
superconductor cross section area of 0.110 mmz) of 55,100 A/cmz,
a value significantly higher than that at 19.75 Tesla and 4.2 K
achievable by the best NbSSn conductor now available. This sample
shows Jc=103, 000 A/cm2 at 4.2 K and 23 Tesla. Figure 5-4-2 shows
the comparison of Jc-B properties at 4.2 K and 20 K. The V-I
trace taken for this tape at 19.75 Tesla and 4.2 K shows that the
conductor's index number n is 29. ( n is the exponent appearing

in the V-I relationship near Ic: Vx(I/Ic)n.) These properties

suggest that the Jc-B properties not only at 4.2 K but also at
20 K, are much more excellent than the metallic superconductors
such as NbaSn as shown in Fig.5-4-2.

The critical current values achieved with these tapes now make
the construction of "high-Tc" superconducting magnets of
engineering interest feasible, at least when operated below ~20
K, Although the operating of high-Tc superconducting magnets
in the temperature range below 20 K seems, at first glance, less
appealing than that at 1liquid-nitrogen temperature, when
requirements of stability and protection for engineering devices
are included in magnet design[5-4-2], this lower temperature
range operation may appear desirable. A high wvalue of n
Obtained at 19.75 Tesla and 4.2 K also strongly suggests that
BiPbSrCaCu0O, when operated at 4.2 K, may ultimately become the

best conductor material for persistent-mode, high-field (>29
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resla) or high proton-frequency (>900 MHz) nuclear magnetic

resonance (NMR) superconducting magnets.

5-5. Summary

It was found that the Jc-B properties have different
dominating factors for the parallel and perpendicular magnetic
field to the tape plane of Bi-based high-Tc oxide superconducting
wires. The factors dominating the magnetic field dependence
of Jc of silver sheathed polycrystalline BiPbSrCaCuO (Bi-2223)
wire were investigated. The following model was proposed to
interpret the results data. When the magnetic field is applied
parallelly to the wide plane of the wire, Jc-B characteristics
are dominated by the c-axis component of the transport current
crossing the grain boundaries. When the magnetic field is
applied perpendicularly to the wide plane of the wire, the Jc-
B characteristics are dominated by the current in the a-b plane.
For both cases, the fluxoid flows along a-b plane.

The magnetic field dependence of Jc was measured at 4.2 K.
It was found that the Jc was much larger at 4.2 K than at 77.3
K and increased up to over 105 A/cm2 at 23 Tesla. The magnetic
field dependence of Jc was small in the magnetic field from 5 to
23 Tesla. The J, at 4.2K was also increased with the

improvement of J. at 77.3 K.

C
The magnetic field direction dependence of the wire was
measured. The difference between parallel and perpendicular to

the tape plane was only 30 %. These properties are much more

excellent than the metal superconductors such as Nb3Sn and NbTi.
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Therefore it was found that BiPbSrCaCuO sheathed wires had a
very high potential for the application in super-high magnetic
field over 20 Tesla at 4.2 K.

Jc-B properties were measured in high magnetic field until
19.75 Tesla in liquid hydrogen. High Jc and n-value were
obtained for construction of high-Tc superconducting magnets
which made it feasible for engineering interest, at least when

operated at 20 K.




6. Studies of Irreversibility lines

f-1. Introduction

1t was represented as shown in the previous chapters that the
influence of the weak links at grain boundaries were decreased
for Bi-based oxide superconductor. Very high Jc was achieved
up to very high magnetic field at low temperature region below
20 K. However, these values fall off rapidly with increasing
field at high temperature such as liquid nitrogen temperature.
These data means that the lack of such effective pinning centers
restricts the critical current property at high temperature as
shown in Fig. 6-1-1. This property is characterized by the so-
called irreversibility 1line, i.e., the boundary between the
reversible (Jc=0) and irreversible (Jc>0) regions in the
temperature versus magnetic field space.

For the design of a superconducting magnet, irreversibility
magnetic field Hirr(T) and temperature T;  .(H) are important

because the critical current is dominated by the H,__(T) rather

irr
than the critical magnetic field HCZ(T). The irreversibility
field, Hirr(T)' is obtained as the inverse relation of the

irreversibility temperature, Tirr(H)‘

This phenomenon was first noted by Muller et al.[6-1-1] They
showed that there is a significant temperature range below the
mean-field critical magnetic field ch(T) in which the
magnetization of bulk La-Sr-Cu-0 is reversible during a warming
and cooling cycle in the magnetic field. The low-temperature

boundary of this reversible range is called the irreversibility
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temperature T, . (H) or irreversibility magnetic field H; .

which depends on T as

Hyppe(T)%[1-T/Tc(0)13/2.

Based on this and other related observations, they proposed the

existence of a superconducting glass state.

On the other hand, Yeshurun and Molozemoff, who observed a

similar relationship between T; (H) and H for a single crystal

of YBaZCu3O7, argued that this magnetization behavior could be

described by a conventional flux-creep model.[6-1-2]

The highly movable flux lines have also been studied by

measurements of the broadening of the resistive superconducting

transition under magnetic field [6-1-3] and of the complex ac

susceptibility near the critical temperature, Tc(H).[6-1-4]

results of these studies were generally explained by the

thermally assisted flux motion under the Lorentz force.

Thus, it was not clearly established whether this dissipative

magnetic state is a consequence of a phase transformation in the

' flux-line lattice or is due to thermally activated motion of flux

lines (depinning fluxoids).

In this chapter, the author describes the measurements of

irreversibility line and the dependence for critical current

density.

6-2. Measurement and discussion of irreversibility lines

Five test samples with 3 levels of Jep at 7.3 K and
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nagnetic field, (No. 1,2 and 3: 300 A/mm%, No. 4: 220 A/mm? and
Nos 52 130 A/mmz) were prepared. [6-2-1,2] (Note that test
samples 2 and 3 are provided from the same tape.) The critical

temperature, TC' of each tape was 106 K. The overall dimensions,

including silver sheath, were 4 mm in width, 0.15 mm in
thickness. A sample holder, housed in a temperature controlled
adiabatic chamber, was used for these measurements. In the

holder, test samples 1, 2, 4, and 5 were oriented to align each
tape plane parallel to the applied magnetic field direction,
while test sample 3 was aligned in such a way that the tape plane
was perpendicular to the applied field. The experimental

procedure was as follows. For a given temperature, the applied
magnetic field, Ha was swept at a constant rate (uOdHa/dt=O.l6—l

Tesla/min) starting at a field considerably below e
corresponding to the temperature. For a given magnetic field
setting, the temperature was increased at a constant rate from
4.2 K to 120 K. The 4-probe dc technique, with a constant
measurement current of 100 mA (J=0.9 A/mm2 over the
superconductor cross section) for sample 1 and 200 mA (J=1.5
A/mm2 ) for samples 2, 3, 4, and 5, were used to measure voltage.

H and Tirr were defined by a resistive electric field of 1

irr

uv/cm. This electric field is equivalent to an effective
resistivity of 7x10'11 Q.m, whose value is much lower than
3x10~9 Q.m, the resistivity of silver at 77 K

Figure 6-2-1 shows BoH vs T plots for test samples 1 (open

iry
Symbols) and 2 (solid symbol) with JCO=300 A/mmz. The sweep rate

dependency of magnetic field on H; ., was measured with 0.16 (open

:

triangles), 0.4 (open circles) and 0.8 Tesla/min (reversed open
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triangles) for sample 1. T (H) (open squares) was evaluated

irr
with a temperature sweep rate of 5 K/min. For sample 2 (solid
circles), MOHirr was measured up to 30 Tesla with a 1 Tesla/min
sweep rate. As shown in Fig.6-2-1, it was found that the
irreversibility lines were not changed with the different
measurement procedures.

Figure 6-2-2 shows MoHijrr Vs T plots for test sample 2 (open
circles), 3(solid circles), 4(open squares) and 5(open
triangles). Hirr(SS K) values were obtained at 27.9 T for
sample 2, 22.8 Tesla for sample 4 and 18.2 Tesla for sample 5,
with the magnetic field parallel to the tape plane. The data
clearly show that Hysp increases with JCO'

Figure 6-2-3 shows the relation between irreversibility field
at 77.3 K and Jc at the same temperature without magnetic field.
The samples has Jc=3.01x104 A/cm2 (Te=107.7 K) for #3, 1.39x10%
A/cm? (Tc=109.1 K) for #4 and 0.78x10% A/cm? (Tc=108.8 k) for #5,
respectively.[6-2-3] For these samples, the irreversibility
fields, were determined by the temperature at which the voltage
of 0.1 pvV was detected between the voltage terminals of 3 mm.
In the figure, open symbols indicate the bulk samples for
comparison. [6-2-4] This also clearly shows that the Hivr
increases monotonically with increasing critical current density.

The author described in the previous chapter that an increase
in JCo suggests an improvement of morphology in BiPbSrCaCuO
Caused by a decrease in weak links at grain boundaries and a
fine dispersion of nonsuperconducting phases. These data suggest

that H;  apparently increases with improved morphology of the

high-Tc superconducting section in the silver-sheathed tapes.
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Therefore the improvement to the high field and high
temperature region for irreversibility line suggests that the
line is dominated by the depinning process with the improvement
of morphology in the superconducting phase. These data indicate
that the irreversibility field can be increased by the
improvement of morphology.

For test samples 2 and 3 from the same tape, with which the

effect of field direction on H; . was examined, the data clearly

)

. show anisotropy in relation to field direction. With the tape

plane perpendicular to applied field (test sample 3, solid circle
’ in Fig. 6-2-2, pOHirr(sa K) was 17 Tesla, which shows a lower

irreversibility field than that of sample 2. The Hy begins

» i
to increase steeply at about 50 K as temperature is lowered.
With a parallel applied field (test sample 2, open circle in

Fig.6-2-1), this steep increase begins at about 80 K.
It is known that Hy . (T)x(1-T/T_.)™, where T_=106 K for the

tapes of sample 1, 2 and 3. Figure 6-2-4 shows 1n(pH,

irr) VS

hﬂ1~T/Tc) plots for test sample 1 (open circle) and 4 (solid

circle ), with uoHirr in Tesla. From these data, using the
P least-squares method, we obtain the values of n for the two
| orientations. For the perpendicular-field orientation, n=3.0 for
the temperature range from 55 K to 90 K; for the parallel-field
orientation, n=2.8 for the range from 33 K to 90 K. The dotted
lines in Fig. 6-2-4 correspond to these n-values. It is known
that the irreversibility line is given by Hx(1-T/Tc)l:5 for
YBa20u307 superconductor[6-1-2]. However the n-value of Bi-

2223 oxide superconductor did not correspond for the case of Y-

based oxide superconductors. '




f-4. Summary

The irreversibility lines of BiPbSrCaCuO silver sheathed tapes
were measured as a function of temperature. The high
irreversibility fields were obtained for Bi-2223 oxide
superconductors. For the sample with JC0(77.3 K)=30, 000 A/cmz,
PoHipr Was 27.9 Tesla at 55 K.

It was found that the irreversibility magnetic field (Hir )

r
’ increased with Jeo- The dependence of H; . on Jcp Suggests to
originate from depinning mechanism rather than the phase

transition for fluxoids.

Irreversibility lines were fitted by the function of
Hypp(T)*(1-T/T_)®. n-values were obtained with 3.0 for the
perpendicular field to tape plane and 2.8 for the parallel field.

These values were larger than that of Y-based superconductors

etc.
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7. Conclusions

For the development of Bi-based oxide superconducting wire
with high Jc, it was found that the Jc and Jc-B properties were
improved by the homogenization of high-Tc phase (110 K phase),
controll of composition ratio, and the alignment of the
superconducting grains and the good contact at the grain
boundaries through the double deformation and sintering process.
For homogenization of high-Tc phase, it was found that the silver
sheath accelerated the formation of high Tc phase (2223 phase).
‘ For double deformation and sintering process, it was found that
the filling powder was homogenized to 2223 phase (110 K phase)
for growing large grains at the first step and the platelet
grains were connected strongly by the deformation and sintering
again. For controll of the composition ratio, it was found that
the volume of the non-superconducting phases (CanO4, CaZCuOB,
etc.) were reduced through the control of composition ratio by

4 in zero

increasing Bi and Ca. As a result, Jc over 104 A/cm
magnetic field was obtained in the sample with Jc=4.7x10% A/cm2
‘ at 77.3 K and 0 Tesla through the improvement of morphologies.
These data exhibit that the Bi-2223 silver sheathed wire has
high potentiality for the practical use to power applications.
For studies of weak 1links at grain boundaries, It was
corroborated that the rapid decrease of Jc in low magnetic field
region was dominated by the weak links at the grain boundaries,
and the history effect could disappear by double sintering

Process (deformation-sintering-deformation-sintering) and the

improvement of morphologies including non-superconducting phases
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with increasing of Jc.

The temperature dependence of Jc-B properties and the history
effect were measured effectively in wide temperature range on
BiPbSrCaCuO silver sheathed wires with various level of critical
current density. The results were obtained as follows;

(1) Both the rapid decrease in Jc with increasing temperature and
the history effect of Jc appeared in the same temperature region,
below 20-30 K. In the low temperature region, it was found that

J~ was influenced by weak links with the history effect observed

C

clearly. It is concluded from the coincidence of the two
temperature regions that these phenomena are caused by the low
temperature weak links in the silver sheathed Bi-based oxide
superconducting tapes.

(2) In the samples with a smaller Jc, the history effect is
relatively larger and the temperature dependence of Jc in the low
temperature region is stronger. Therefore, Jc in this state is
still thought to be influenced by the weak 1links and the
improvement of weak coupling is necessary in order to improve Jc
further at the grain boundaries.

For studies of Jc-B properties, the factors dominating the
magnetic field dependence of Jc of silver sheathed
polycrystalline BiPbSrCaCu0 wire were investigated and the
following model was proposed. When the magnetic field is
applied parallelly to the wide plane of the wire, Jc-B
Characteristics are dominated by the c-axis component of the
transport current. When the magnetic field is applied
Perpendicularly to the wide plane of the wire, the Jc-B

Characteristics are dominated by the current in the a-b plane.
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For both cases, the flux flows along a-b plane.

The magnetic field dependence of Jc was measured at 4.2 K.
1t was found that the Jc increased much larger at 4.2 K than at
77.3 K and changed little in the magnetic field from 5 to 23
Tesla. The JC at 4.2K was also increased with the improvement
of Jo at 77.3 Ks The magnetic field direction dependence of the
wires was also investigated. The difference between parallel
and perpendicular to the tape plane was only 30 3%. These
properties are much more excellent than the metallic
superconductors such as NbsSn and NbTi. Therefore it was found
‘ that BiPbSrCaCuO sheathed wires had a sufficient high
potentiality for the application in super-high magnetic field
over 20 Tesla at 4.2 K.

Jc-B properties were measured first in high magnetic field
until 19.75 Tesla in liquid hydrogen. High Jc and n-value was
obtained for construction of high-Tc superconducting magnets
making engineering interest feasible, at least when operated at
20 K.

For studies of irreversibility lines, the irreversibility
' lines of BiPbSrCaCuO silver sheathed tapes were measured as a
function of temperature. The high irreversibility fields were
obtained for Bi-2223 oxide superconductors. For the sample with

JC0(77'3 K)=30,000 A/cmz, poH was 27.9 Tesla at 55 K. It was

irr
found that the irreversibility magnetic field (Hirr) increased
with Jeo- The dependence of H; .. on Joo Suggests for the
irreversibility line to be originated from depinning mechanism

rather than the phase transition for fluxoids.

Irreversibility 1lines were fitted by the function of
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Hirr(T)fK(l—T/Tc)“. n-values were obtained with 3.0 for the

perpendicular field to tape plane and 2.8 for the parallel field.

These vales were larger than that of Y-based superconductors etc.
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Figure captions

Fig.1-3-1 Fabricating process of silver sheathed BiPbSrCaCuO
oxide superconducting wire.

Fig.2-1-1 Arrangement of specimen and magnetic field for (a) ac
inductive measurement for critical current density and
(b) resistive measurement by 4-probe dc method.

Fig.2-1-2 measuring system of ac inductive method.

Fig.3-2-1 Jc vs. press load for YlBaZCU307-x and BiSrCaCu20x

‘ silver sheathed oxide superconducting wires.
Fig.3-2-2 Critical current density vs. sintering temperature for
BiSrCaCu,0, oxide superconductor. Sintering time is
1 houxs

Fig.3-2-3 Jc vs. tape thickness for silver sheathed
BiO_BPbO.ZSrCaCuzox superconductor. This size in the
figure are the wire diameter before press processing.

Fig.3-2-4 dc susceptivility vs. temperature for silver sheathed
BiO‘BPbO_ZSrCaCuzox superconducting wire.

Fig.3-3-1 Fracture furface of BiPbSrCaCuO oxide superconductor

’ inside silver sheathed tapes. a) Sample C. b)Sample

B

Fig.3-3-2 The history effect of Jc during the increase and
decrease of H for samples A and C. a) H parallel to
wide plane of the tapes. b) H perpendicular to wide
plane of the tapes. Solid circles and triangles
represent Jc during an increase in the magnetic field
; open circles and triangle srepresent it during a

decrease in the field. i
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Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

4-3-1

Mgnetic field dependence of critical current density

of sample A (Jc(77.3 K, O T)=6,930 A/cm?), B (5,500
A/cmz) and C (1,650 A/cmz) during increase of the
magnetic field. Lines are drawn as guide for the eye.
X-ray diffraction pattern for the wide surface of
BiPbSrCaCuO specimen with Jc=5,500 A/cm2 after
stripping of the Ag-sheath.

SEM images of the polished surfaces on the cross
sections in (a) sample A(14,300 A/cmz) and (b) sample
B (5,500 A/cm?).

Magnetic field dependence of Jc of BiPbSrCaCuO silver
sheathed wire (Jc(77.3 K,0 T)=47,000 A/cm?.

Schematic diagram of superconducting bridge.

Mgnetic field dependence of Jc of the wires with Jc
from 1,650 A/cm? to 25,000 A/cm? during increase of
magnetic field.

History effect of Jc at 4.2 K for the wires (A:
Jc(77.3 K)= 2.8 x 10% a/cm?, B: 2.5x10% A/cm?, c:
1.8x10% A/cm? and D: 1.4x10% A/cm?).

Jc vs. B plots for tape 3 at 4.2,15 and 20 K for
increasing (0-19.75 T) and decreasing (19.75-0 T)
field sequences.

M vs. by of a silver sheathed BiPbSrCaCuO oxide
superconducting wire at 77.3 K by ac inductive method.
Magnetic field dependence of Jc for BiPbSrCaCuO silver
sheathed wire with 1.7 x 10% A/cm2 by 4-prove dc
method and ac inductive method.

Temperature dependence of Jc of sample #1 in 0.2 T,
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1.0 T and 2.0 T by ac inductive method.

Fig.4-3-4 Magnetic field dependence of Jc in 4.2 K, 25 K and 60
K.

Fig.4-3-5 Logarithmic plots of Jc vs. 1—(T/Tc)2 at Q2 P 3
and 2 T for samples #1.

Fig.4-3-6 Logarithmic plots of Jc vs. l—(T/Tc)2 at 0.2y7. I T
and 2 T for sample #2.

Fig.4-3-7 History effects of sample #3 in 4.2 K and 20 K.

Fig.4-3-8 History effects of sample #2 in 4.2 K and 20 K.

Fig.4-3-9 Temperature dependence of history effect for sample

' #2(#:3c(77.3 K)=6.3x103 A/cm?) and #3(M:Jc(77.3
K)=3.0x10% A/cm?) at 3 T.

Fig.4-3-10 Temperature dependence of history effect for sample
#1, #2 and #3 at 0.5 T

Fig.4-3-11 Replots of the results in low temperature region for
Logarithmic plots of Jc vs. 1—-(T/Tc)2 at 0207 L T
and 2 T for samples #1.

Fig.4-3-12 Replots of the results in low temperature region for
Logarithmic plots of Jc vs. 1—(T/Tc)2 at 027, 1 T

‘ and 2 T for samples #2.

Fig.5-1-1 Concept of the correlation length of the fluxoids (a)
shearing correlation length, (b) bending length.

Fig.5-2-1 Magnetic field dependence of Jc normalized by Jcg at
77.3 K for magnetic field applied parallel to the

plane of the specimens. JcO(A/cmz): .:1.0x103,
A:1.7x103, 0;5.5x103 and o; 3.0x104 A/cmz.

Fig.5-2-2 Jc in each magnetic field vs. Jc in zero

magnetic field applied parallel to the plane of
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tapes; ®: O.1 T, A: 0.5 T, l: 1 T and 0o: 2 T.

Fig.5-2-3 Magnetic field dependence of pinning force for sample
(a),(b) and (c).

Fig.5-2-4 Magnetic field dependence of normalized pinning force
for sample (a), (b) and (c).

Fig.5-2-5 SEM photographs of polished surface for sample (a)
5,500 A/cm?, (b)10,600 A/cm? and (c) 47,000 A/cm?2.

Fig.5-2-6 TEM photograph viewed along the plane of the
BiPbSrCaCuO wire.

Fig.5-2-7 TEM photograph viewed along the plane of the

' BiPbSrCaCuO wire.

Fig.5-2-8 TEM photograph viewed along the plane of the
BiPbSrCaCuO wire.

Fig.5-2-9 TEM photograph viewed along the plane of the
BiPbSrCaCuO wire.

Fig.5-2-10 Magnetic field dependence of critical current density
(Jco=2.5x104 A/cm2 ) for magnetic field in three
directions, where H = magnetic field and I = transport
current.

' Fig.5-2-11 (a) 2D scaling of the magnetization data for Bi(2223),
measured at 10,000, 30,000 and 50,000 Oe. (b) 3D
scaling of the same magnetization data as shown in
(a). ;

Fig.5-2-12 (a) 2D scaling of the magnetization data for

Y1Ba,Cuq0q_ o, measured at 10,000, 30,000 and 50,000
Oe.

(b) 3D scaling of the same magnetization data as

shown in (a).
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Fig.5-2-13 The frequency and dissipation of the silicon
oscillator as a function of temperature. The vortex
mobility transition occurs at the peak in the
attenuation.

The Meissner signal and softening temperature of flax
lattice for single crystal BSCCO.

Fig.5-2-14 Model for the factor dominated Jc-B characteristics:
(a) HL I and H// tape plane; (b) H//I and H// tape
plane (c) HL1 I and HL tape plane.

' Fig.5-2-15 Temperature dependence of H,, for Bi(2223), where
solid and open symbols correspond to the values
derived with a constant x(170.4) and linearly varying
k., respectively.

Fig.5-2-16 Magnetic field dependence of Jc normalized by Jcg at
77.3 K for magnetic field applied perpendicular to the
plane of the specimens. JCO(A/sz): a;l.7x103,
®;5.5x103 and o; 3.0x10% A/cm?.

Fig.5-2-17 Magnetization curve of the specimen with Jco=2.231(}4

A/cm2 at . 77.3 K.

$ Fig.5-3-1 Magnetic field dependence of Jc at 4.2 K for samples
a (Jc(77.3 K)=47,000 A/cm?, b (25,000 A/cmZ, c(18,000
A/cm?) and d (14,000 A/cm?.

Fig.5-3-2 Magnetic field dependences of Jc at 4.2 K for magnetic
field applied parallel (e®,0) and perpendicular (AA)
to the tape plane. The magnetic field was increased
(solid symbols) to 23 T and decreased (open symbols).

Fig.5-3-3 Magnetic field dependences of Jc at 77.3 K and 4.2 K
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Fig.5-4-1

Fig.5-4-2

Fig.6-1-1

Fig.6-2-1

Fig.6-2-2

Fig.6-2~-3

q‘ Fig.6-2-4

copared with NbTi and NbBSn.

Ic vs. T plots at 0, 5, 10 and 19.75 T for three
groups of silver sheathed Bi; gPby 4 SryCa, 5 Cug Oy
tapes.

Comparison of Jc-B properties at 4.2 K and 20 K.
Irreversibility field in Magnetization

curve.

Irreversibility line data for samples with Jc(77.3
K,0 T)=30,000 A/cm?.

pOHirr(T) data for four test samples (1l: circle, 2:
square, 3: triangle and 4: solid circle). Open symbols
indicate that the applied magnetic field is parallel
to the tape plane, while the solid symbols indicate
a perpendicular magnetic field. The lines provide a
guid for the eye.

Relation between irreversibility field at 77.3 K and
critical current density at the same temperature
without magnetic field. The open symbols show
experimantal data for bulk Bi-2223 specimens.
ln(pOHirr) vs. (1-T/Tc) data for test sample 1
(circle) and 4(solid circle). Note that MoH; is

irr

in Tesla and Tc=106 K.
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TEM Photograph

of Ag/BiPbSrCaCu0
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TEM Photograph of Ag/BiPhSrCaCu0
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Test Samples

Parameter 1 ] 2 | 3 4
Je.* (A/mm?) 208 | 221 | 133 | 208
I.* (A) 39.6 | 294 | 17.7 | 39.6
T. (K) 106
superconductor area (mm?) 0.133

overall thickness (mm) 0.156 | 0.155 | 0.150 | 0.156
overall width (mm) 4.35 4.50 4.50 4.35

* Values are in zero field and at 77 K.

Table 5-4-1
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