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Three types of bismuth-based bulk samples were prepared through uniaxial pressing at room
temperature, hot isostatic pressing (HIP) and drawing and rolling. Transport current properties
were characterized in a steady field up t0 1.12 T at 77 K(7/T; = 0.75). The Josephson weak-link
decoupling fields have been found to be 5 mT for the cold-pressed pellet and 30 mT for the HIPed
pellet and the rolled tape. At the decoupling field the transport critical current density, J;, drops
80% from 124 (0 T) to 29 Acm ™% (5 mT) for the cold-pressed pellet, 80% from 582 (0 T) to
126 A cm~2(30 mT) for the HIPed sample and 50% from 6500 (0 T)to 2850 A cm ™% (30 mT) for
the rolled tape. In the flux flow regime, where B is perpendicular to the c-axis a modified Kim's
model J; = (o/By)/[(1 + B/By)]" can be used to describe the field dependence of the critical
current density, J;, in the field range 0.2-1.12 T. The effective upper critical fields were estimated
to be 0.98, 1.54 and 1.94 T for the three types of samples, respectively. An adjustable range of
B., for bismuth-based bulk high 7. superconductors is given. Flux shear may operate in these
materials. The prediction of this pinning mechanism is yielded from fitting the equation
qualitatively. When B is parallel to the c-axis, the absence of strongly intragranular flux-pinning is

emphasized by the poor flux flow regime for the rolled tape sample.

1. Introduction

The problems of low transport critical current den-
sities for most bulk high-T, superconductors have
been of great concern since they were realized. In
particular, bismuth-based bulk materials, around
liquid nitrogen temperature, are considered to be
superconductors with some intrinsic disadvantages
such as weak links, weakness of flux pinning and
strong anisotropy of upper critical field [1, 2]. Many
materials fabrication techniques have been used to
find a way through which one expects that those
disadvantages would be overcome to a large extent.
Evaluations of these attempts can be obtained
through investigations of the magnetic-ficld depend-
ence of the transport critical current density for the
resulting materials.

In the present work we characterized the field de-
pendence of the transport critical current density, J,,
for three types of bismuth-based bulk superconduc-
tors, produced by uniaxial pressing at room temper-
ature, hot isostatic pressing (HIP) and drawing and
rolling. The J, under a magnetic field, B(B = poH),
shows a step-drop off behaviour for all three samples.
When B is perpendicular to the c-axis, the weak-link
decoupling field is increased by the HIPing and rolling
techniques. Percolation conducting paths are enlarged
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by the rolling method and silver addition. In the flux
flow regime, a modified Kim’s model is used as
a mathematical criterion for extrapolating B., of the
bismuth-based bulk samples. An adjustment range for
the extrapolated B., is given. A mechanism of flux
shear arising from the model used is qualitatively
predicted. The absence of strong intragranular flux-
pinning is emphasized by the poor flux flow regime for
the rolled tape sample when B is parallel to the c-axis.

2. Experimental procedure

The powders were prepared by a solid state reaction
route: the powders of Bi,O;, PbO, SrCO;, CaCO;,
and CuO were mixed in the ratio Bi:Pb:Sr:Ca:Cu
=1.8:0.4:2:2.2:3 by ball milling, then calcined at
800 °C for 48 h and 830 °C for 60 h, pressed into pellets
and sintered at 845-850°C for 20-120 h. The pellets
were crushed and ground into powders with an aver-
age particle size of 5-10 pm. All calcination and sin-
tering was carried out in air. X-ray powder diffraction
patterns of the resulting powders show that most of
the peaks correspond to those of the 110 K phase.
Three materials processes were used: cold pressing,
hot isostatic pressing, and drawing and rolling.
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2.1. Cold pressing

Powders were compacted under a uniaxial pressure of
2.5 T cm™? at room temperature to make a pellet with
dimensions of 20 mm diameter x 2 mm. Then the green
pellet was sintered.at 845 °C for 48 h in air. A sintering
density of 445gcm™3, 70% theoretical density
(6.36 g cm ~*), was obtained. A roughly aligned sur-
face with a thickness of 50 um can be observed with
scanning electron microscopy (SEM). The pellet
shows a single but slightly broad superconducting
transition with an onset temperature of 120 K, mid-
point 108 K, and zero resistance at 103 K. This pellet
is termed the cold-pressed sample.

2.2. Hot isostatic pressing (HIP)

A cold-pressed peliet as a precursor was encapsulated
with silver plus Pyrex glass and HIPed at 650°C
under 200 MPa argon for 2 h. The density of the
HIPed sample was 5.86 g cm ~3, 92% theoretical den-
sity. The superconducting transition midpoint tem-
perature was 106 K and zero resistance at 103 K. This
is termed the HIPed sample.

2.3. Drawing and rolling

Powders were poured into a silver tube of 10 mm
outer and 8 mm inner diameter and drawn to a final
outer diameter of 1 mm. The wire was then rolled into
tapes with a thickness of about 0.1 mm and a width of
3 mm. The tape was then treated at 830 °C for 100 h in
a mixture of oxygen and nitrogen with an oxygen
partial pressure of 0.05 atm. The rolling and sintering
process was repeated twice. The resulting tape shows
a zero resistance of 103 K. SEM reveals excellent grain
alignment with the c-axis perpendicular to the rolled
surface. This sample is termed the rolled tape.

The transport currents of the cold-pressed, HIPed,
and rolled samples were measured at 77 K at several
constant fields up to 1.12 T. Fields both parallel and
normal to the pressing direction were applied. The
current was perpendicular to the field. An electric field
criterion of 1 pV cm ~* was used for the determination
of the critical transport current, I. The transport criti-
cal current density, J,, was calculated by dividing the
total current, I, by the cross-section of the sample.

3. Results and discussion

Fig. 1 shows the field dependence of J, at 77 K and in
the magnetic field perpendicular to the pressing direc-
tion. The common feature for the three bismuth-based
bulk samples is that J. shows a stepped drop off
behaviour.

From a very low field of 0.05mT, J_. decreases
slightly with increasing magnetic field and then
rapidly drops at about 5mT for the cold-pressed
sample and at 30 mT for the rolled tape. This is the
first stepped drop off regime that extends to 30 and
100 mT for the cold-pressed and rolled samples, re-
spectively. At fields higher than 30 or 100 mT for these
two samples, plateau regions exist. The plateau ex-
tends up to 0.6 T for the rolled tape but only up to
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Figure 1 Characteristics of J, for three types of bulk sample of
Bi; gPbg 4Sr,Ca, ,Cu;0, at 77K (T/T, = 0.75) in a field perpen-
dicular to the pressing direction and to the c-axis for the rolled tape
sample.

0.1 T for the cold-pressed sample. From this plateau,
J. drops rapidly again in the second stepped drop off
regime. Qur experimental data are thus consistent
with a model which predicts a double-step behaviour
of critical current versus magnetic field in yttrium-,
bismuth- and thallium-based bulk high-T, supercon-
ductors proposed by Ekin et al. [3]. They describe this
behaviour using three regimes: the Josephson weak-
link regime (the first step), remnant percolation-path
regime (the plateau region) and flux-flow regime (the
second step). The discussion of magnetic-field depend-
ence for our three types of bismuth-based bulk sam-
ples is given below.

3.1. Typical stepped drop off behaviour of
J. for bismuth-based bulk material

3.1.1. The Josephson weak-link regime
(0.05mT < B<30mT for the cold-pressed and
HIPed samples, 0.05 mT < B < 100 mT for the rolled
tape.) The magnetic-field behaviour of the transport
critical current density is explained by a Josephson
weak-link model in which the J data are independent
of the material processing for the yttrium-based sys-
tem [4, 5]. Here Fig. 1 shows that for bulk bismuth-
based high-T, superconductors, there is a similar re-
gime (0.05 mT < B < 30mT) in which the slope of
J. is not dependent on sample fabrication techniques
such as cold pressing, HIPing or rolling. In this regime
the decrease in J, appears to obey a B~°-® power law.

The Josephson weak-link decoupling fields (start of
the drop in the J . in the first step shown in Fig. 1) have
been observed to be 5 mT for the cold-pressed pellet
and 30 mT for the HIPed pellet and the rolled tape.
Beyond these fields, the J, values for all three types of
samples decrease rapidly. For the magnetic-field de-
pendence of J, determined by weak-link decoupling,
Peterson and Ekin have suggested an approximate
B~ %2 power law dependence [5]. They expect that the
B~32 power law could hold in multiphase materials
such as bismuth-based superconductors. The present
experimental data, however, show a better fit with



TABLE I Field dependence of J. in the Josephson weak-link
regime. The italicized data are the J_ values associated with the
Josephson weak-link decoupling fields

Field (T) J.(Acm~%)at 77K

Cold HIPed Rolled

pressed tape
0.00005 123.87 581.60 6496.93
0.0010 3248 250.13 4800.41
0.0047 28.70 212.43 3965.53
0.0195 490 140.67 3164.32
0.0280 4.29 126.13 2848.55
0.0420 - 111.11 1887.62
0.0550 - - 1646.18
0.0640 - ~ 1501.32
0.0860 - - 1404.74
0.0990 - - 1316.95

a B™! power law for the rolled tape, and possibly also
for the cold-pressed pellet (see Fig. 1). This strongly
supports Muller’s model which gives a (C + B)™! de-
pendence of J., where C is a constant [6]. For the
HIPed sample, on the other hand, J. is proportional
to B~%5, which means that an intergranular pinning
force density increases with the applied ficld between
30 and 100 mT because F, = JB oc B"%°B ~ ¢'B®3,
where ¢’ is a constant.

Although all three samples have a similar Joseph-
son weak-link field dependence, the J, levels are quite
different. At the weak-link decoupling field, the
J. value of the cold-pressed pellet drops 80% from
124(0 T) to 29 Acm ™2, the J, value for the HIPed
sample decreases 80% from 582 to 126 A cm~2 and
the rolled tape loses only about 50% of its zero field
value from 6500 to 2850 A cm~ 2. These different
values are listed in Table L.

3.1.2. Percolation-path regime
30mT<B<O01T for the cold-pressed pellet, and
100 mT < B < 0.6 T for the rolled tape sample. After
weak-link decoupling, the J. characteristic does not
continue to drop, but shows a plateau region instead
both for the cold-pressed pellet and the rolled tape
sample, as seen in Fig. 1. Such plateaus have been
interpreted as the result of opening of percolation
paths, which are not decoupled by the magnetic field
[3]. The J. in this plateau region is only weakly
dependent on magnetic field. In the present case, the
percolation-path regimes are 30 mT < B< 0.1T for
the cold-pressed pellet and 100 mT < B< 06T for
the rolled tape sample.

The slopes of the plateaus for these two samples
appear to be approximately identical. This may reflect
some intrinsic behaviour of the J, for bismuth-based
bulk materials, that is, the maner of opening up of
percolation paths is independent of the materials pro-
cessing. The width of the plateau for the rolled tape
sample, however, is six times longer than that for the
cold-pressed pellet. Considering the highly aligned
microstructure in the rolled tape, this indicates that
the amount of opened percolation paths is highly

enhanced by the drawing, rolling and heat treatment.
It is evident that a higher magnetic field is required to
drive J, to drop again from a wider plateau, as in the
case of the rolled tape.

It is interesting to note the characteristics of J. for
the HIPed pellet. No large first step-drop off in Fig. 1
can be found. We attribute this behaviour to an im-
provement of the weak-link. This HIPed sample has
a high density of 92% theoretical value. Densification
improves the contact between the superconducting
grains and grain boundaries become thinner. This
leads to an increase in the weak-link decoupling field
and to the disappearance of the first step in the
Josephson weak-link regime. Above the decoupling
field (30 mT), J. continues to decrease. However, the
rate of decrease proportional to B~'/2 is much less
than B~ %2 dominated by weak links. This implies that
the weak link is improved and that a certain number
of percolation paths are opened even though the pla-
teau is not as perfect as that of the rolled tape sample.

3.1.3. Flux-flow regime
B> 01T for the cold-pressed pellet, B> 04T for
the HIPed pellet and B > 0.6 T for the rolled tape.
Passing through the plateau, J. drops along the sec-
ond step at the field B > 0.1 T for the cold pressed
pellet, B> 0.4 T for the HIPed pellet and B> 0.6 T
for the rolled tape.

In the flux-flow regime, a modified Kim’s model can
fit our experimental data of the J, versus B for all three
types of bulk sample

. /By
© (1 + B/By)"

where o, By, and n are constants, and B, coincides
approximately with the critical field of the material. It
is noticed that when n = 1, Equation 1 then becomes
Kim’s model [7]. Fig. 2a-c are the mathematical fit-
tings, showing that the three samples give two differ-
ent n values: 2 < n < 3 for the cold-pressed sample,
and 1 <n <2 for both the HIPed sample and the
rolled tape.

(1)

3.2. Extrapolation of effective B

The determination of B, in general, depends on the
materials processing, experimental conditions and
mathematical criterion. For a conventional Type 11
superconductor A15 compound, a parabolic extra-
polation has been established by Montgomery et al.
[8], who define the upper critical field as the field at
which the transport critical current density, J
reaches zero.

Here we accept this definition of B, as an effective
upper critical field and use the polynomial relation in
Equation 1 with n =2 for extrapolating B.,. Fig. 3
gives a comparison of the extrapolated B, values. The
horizontal axis represents the starting reduced
J. chosen for the extrapolations. A larger J./J, means
that a broader field region will be taken into account,
where J, is the zero-field value of J..

(2]
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Figure 2 Field dependence of J, obtained by fitting the data in the
flux-flow regime: (a) the cold-pressed bulk sample, (b) the HIPed
bulk sample; (c) the rolled tape.

As seen in Fig. 3, the cold-pressed sample has a low
B, while the HIPed and rolled samples have higher
values. On the other hand, deviations from a linear
relationship can be observed for the rolled sample.
These deviations, to some extent, may reveal an ex-
perimental condition dependence of the extrapola-
tions. This can be attributed to the applied field not
being high enough to drive J, to zero. Statistics show
that the deviations have a normal distribution. The
extrapolated B,,, deviations and the regression equa-
tions for B, versus J./Jy are listed in Table II in
which the average B, for the cold-pressed, HIPed,
and rolled tape samples are 0.98, 1.54 and 1.94 T with
6%, 9%, and 8% s.p., respectively. Recently, Kahan
shows theoretically how small changes in B, affect
the evaluation of grain size, D, and the
Ginzburg-Landau parameter, x, from the scaling law
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Figure 3 Comparison of the extrapolated B., for the three types of
bulk sample of Bi, gPbg 4Sr,Ca, ,Cu;30, at 7/T, = 0.75. J, is the
zero-field value of J..

for flux pinning [9]. He suggests that B, should be
treated as an adjustable parameter. In the present
paper, Table II may provide a range for adjusting
B_, for the bismuth-based bulk materials.

It is striking that the extrapolated B, of 1.94 T for
the rolled tape is consistent with the results given by
Palstra et al. [10]. They reported that the zero-resist-
ance B, at 76 K for the low-T,(80 K) Bi,Sr,CaCu,0,
phase was only about 2 T. The lower B, values and
the differences between the three types of bismuth-
based bulk samples can be explained by three facts.

1. Broad superconducting transition. The cold
pressed, the HIPed and the rolled tape samples show
a similar broad superconducting transition of about
10K [11, 12] even in zero field. Materials having
a broad superconducting transition, in general, have
a lower upper critical field which is observed in many
cases even for single crystals [13, 14].

2. Highly anisotropic B.,. In single crystal form
B., has very strong anisotropy in particular for the
bismuth system. B., anisotropies of 20—60 times have
been reported for the bismuth system [15, 16], com-
pared with an anisotropy for yttrium single crystals of
only about 8 [17]. A well-aligned polycrystalline
sample should have a similar anisotropy .to single
crystals which is reflected in a high sensitivity to the
angular orientation of the grains relative to-the mag-
netic field. The angular deviation limitation for max-
imum B, has been measured to be as low as 1-2°
(15]. It is unlikely that the mechanical deformation
processing could yield a bulk material with all grains
normal to the c-axis with a variation of only about
1°-2°. Therefore, B,, for the cold-pressed sample is
primarily determined by a low value of B, parallel to
¢, whereas HIPed and rolled sample have higher
values of B, due to higher degrees of alignment in
these samples.

3. Local field effect. The cold-pressed bulk sample
has a high porosity. Pores show an irregular cubic
shape and an uneven distribution. The flux lines cross-
ing pores should have an uneven distribution so that
the local field is too high. When the current is passed,
the matrix with intrinsic weak pinning cannot resist
the high local Lorentz force. A low applied field is



TABLE II Statistics of the extrapolated B, values for bulk Bi-Pb-Sr-Ca—Cu-O samples at 7/ T, = 0.75, B L C for the rolled tape sample

By = a + b(Jo/Jo) a b T/ B., SD.
(x107%) (average)

Cold-pressed 1.09 — 5.38 4.0-33 0.98 0.06

HIP-ed 1.76 — 827 1.2-5.0 1.54 0.14

Rolled tape 2.37 —4.12 7.2-1.6 1.94 0.16

Note: the adjustable range of B, is given by the regression equation of B., = a + b(J./J,) with various J./J, values.

strong enough to put J. near zero. Thus the extrapo-
lated B, should be lower. The HIPed sample has
a higher density and the field distribution is improved.
Correspondingly, the extrapolated B, is higher.

Now we check the extrapolated B., values through
fitting the normalized pinning force density versus
reduced field by a scaling law. Recalling Kim’s model,
the constant B, is considered to be (1) the upper
critical field by Dew-Hughes, who pointed out that
when B > By, JB is constant [18], and (2) the local
field by Alford et al. [19] for discussing the self-field
effect. Here we are trying to assign the effective upper
critical field as By. Then the extrapolation equation
used will give rise to a qualitative prediction for the
pinning mechanism operating in the present materials.

As seen in Fig. 2b and ¢, the modified Kim’s model
leads to the extrapolation equations near

I, = 31(1 — 2B + 2B — 05B%) B<1 (2

0
Substituting B by b, b = B/B,, and b« |, this equation
should hold and becomes

z

o
Bc2

J. = (1 — 2b + 2b* — 05b%) 3

Because b« 1 in a low field, the high order term of b3
can be neglected. Simplifying gives

a/

Bc2

J. = (@ — b + b?] t4)
Neglecting b* compared to (1 — b)*, we have

/

o
BcZ

Multiply both sides by B. Then a field dependence of
the pinning force density, F, is obtained

F, = J.B
«b(l — b)? 6)

This is just a common form of the scaling law from the
flux line shear mechanism.

Fig. 4 is a plot of F,/F,m., against the reduced
induction b for the HIPed sample. The experimental
data are fitted by Equation 6 with two extrapolated
B., values 1.34 and 1.73 T, which were calculated from
the regression equation for the HIPed sample in Table
I when J/J, = 0.05 or 0.014. In this adjustable range
both the experimental data and the calculation with
B, = 1.34 T give the peak F, at b = 0.29. The fitting
in the lower field range is satisfactory. However, the
calculation with B, = 1.73, although the variation is

J, = (1 — by &}

H

1.2
Flux shear: A(1-5)
1.0F a39%an
QE' za "g HiPed pellet
o E L
x 0.3r oo %
o . . B
& 4" 0 % B,=1737
L,\Q' 0.6 ®{w= *q n
~ LS ag L]
S gafew N
. ! a
= 5=0.29 . " Bn=134T
0.2 E? K 7
21 ‘ b=039 L
[ v
0 1 F B .l. L.

0 0.20 0.40 0.60 0.80 .00 1.20

Reduced induction, &

Figure 4 Plot of the fit of experimental F/F, ... with a flux-shear
scaling law where F, is proportional to b(1 — b)* for the HIPed
sample. The peak occurs at b = 0.29 both in the experimental and in
the calculated curve, when the extrapolated value of B,; = 1.34 T is
used. The effect of an adjustment range of 1.34 T < B, < 1.73T
can be observed. For example, when B, = 1.73T is used, the
maximum peak occurs at b = 0.39.

well within the limits of error for regression analysis,
moves the peak to b = 0.39. This should affect the
estimation of some parameters from further argument
with the scaling law.

For flux line shear, Campbell and Evetts [20] illus-
trated the field dependence of b(1 — b)? giving
b = 0.33. The adjustable range given here covers this
typical value. Fig. 4, thus, shows the applicability of
the extrapolated B, and indicates that a good fit in
the total field range will be obtained if a proper math-
ematical formula for the flux shear mechanism is
chosen.

3.3. Absence of strong intragranular
flux-pinning

Fig. 5 shows the magnetic-field dependence of J, for
three samples in the field of B parallel to ¢ at 77 K.
Comparing with the case of B perpendicular to ¢ in
Fig. 1, the behaviour of J, when B parallel to ¢ shows
a strong material processing dependence. For the
cold-pressed pellet, J, decreases from 124 A cm™? at
0.05mT to 3.62Acm~2 at 30 mT and then drops
continuously down to 1.82 Acm ™2 at 0.05 T. One can-
not find a weak-link decoupling field, percolation-
path regime or flux-flow regime, indicating that J_ is
completely controlled by the weak-link.

For the HIPed sample, the J. curve remains ap-
proximately identical to that when B is perpendicular
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Figure 5 Characteristics of J, for three types of bulk sample of
Bi; gPby 4Sr,Ca, ,Cu;0, at 77 K (T/T, = 0.75) in a field parallel to
the pressing direction and to the c-axis for the rolled tape sample.

to ¢. The decoupling field is 30 mT at which J, is
76 A cm ™2 and then drops to zero at 0.6 T.

‘For the rolled tape sample, the J, curve changes
from a double-stepped drop off into a one-step drop
off like that of the cold-pressed pellet. This indicates
that when B is parallel to ¢, i.e. perpendicular to the
rolled surface, J, is dominated by the weak-link
Josephson junction between the superconducting
grains in the a—b plane. The difference is that the
rolled tape has a higher J. value, for example,
1080 Acm™2% at 30mT and 597Acm~2 at 01T
whereas J, is nearly zero for a polycrystalline bulk
pellet.

A more important observation, as shown in Fig. 5,
is that J_ for the rolled tape sample decreases more
rapidly than J. does for the HIPed sample above
50 mT. This occurs in the flux flow regime, implying
that the resistance to flux-flow in the rolled tape is
lower than in a denser HIPed pellet when B is parallel
to ¢. The question arises of why the aligned micro-
structure in the rolled tape exhibits such a weak flux
pinning characteristics.

Fig. 6 gives a schematic explanation. When B is
parallel to ¢, magnetic flux lines easily enter the super-
conductor through the aligned planar boundaries
with a larger area. The transport current perpendicu-
lar to B in the a-b plane leads to a Lorentz force
parallel to the planar boundaries. If there is a strong
flux-pinning in the grains, as shown in Fig. 6a, flux
flow will be resisted. Weak flux pinning in the grains
will result in considerable flux flow, as shown in
Fig. 6b. The J, behaviour illustrated in Fig. 5 for the
rolled tape proves the pinning characteristics of the
rolled tape to be the latter, indicating the absence of
strong intragranular flux-pinning.

The randomly oriented grain boundaries in a poly-
crystalline bulk superconductor may have some flux-
pinning effect resulting from the boundaries which are
perpendicular to the Lorentz force. The aligned planar
boundaries parallel to the Lorentz force in the rolled
tape completely lose their pinning ability and provide
a region where the flux lines can travel without any
pinning. Thus the rapid drop in J, for the rolled tape
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Figure 6 Schematic illustration of flux-flow within a planar bound-
ary parallel to the Lorentz force. (a) Pinning in the grain, (b) with-
out pinning in the grain, resulting in flux-flow.

when B is parallel to ¢ can be understood. Moreover it
makes sense that the urgent task to enhance J,, for the
superconducting wire or tape is by increasing the
intragranular flux pinning to a larger extent. A combi-
nation of grain alignment and orientation of desirable
planar defects may be a valuable means: of striving
towards high J, in the bismuth-based materials [21].

4. Conclusion

The transport critical current density for bulk bis-
muth-based high- T, superconductors shows a stepped
drop off behaviour under a magnetic field. A weak
link, to some extent, can be improved by material
fabrication techniques such as HIPing or draw-
ing-rolling and sintering. When B is perpendicular to c,
a modified Kim’s model can describe the field depend-
ence of the critical current density for three types of
bismuth-based bulk samples in the flux-flow regime.
Three different extrapolated B., values have been
found. An adjustable range of B, for bismuth-based
bulk materials is given. Flux shear may operate in the
present samples. Any essential enhancement of the
transport critical current density relies on the im-
provement of the weak link and the presence of
pinning centres in the grains.
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