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An extensive overview of a model that describes current flow and dissipation in high-quality
Bi,Sr,Ca,Cus0, superconducting tapes is provided. The parallel path model is based on a superconducting
current running in two distinct parallel paths. One of the current paths is formed by grains that are connected
at angles below 4°. Dissipation in this strongly linked backbone occurs within the grains and is well described
by classical flux-creep theory. The other current path, the weakly linked network, is formed by superconducting
grains that are connected at intermediate angles (4°—8°) where dissipation occurs at the grain boundaries.
However, grain boundary dissipation in this weakly linked current path does not occur through Josephson weak
links, but just as in the strongly linked backbone, is well described by classical flux creep. The results of
several experiments on Bi,Sr,Ca,Cu;0, tapes and single-grained powders that strongly support the parallel
path model are presented. The critical current density of Bi,Sr,Ca,Cu;0, tapes can be scaled as a function of
magnetic field angle over the temperature range from 15 K to 77 K. Expressions based on classical flux creep
are introduced to describe the dependence of the critical current density of Bi,Sr,Ca,Cu;0, tapes on the

magnetic field and temperature.
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I. INTRODUCTION

Efforts to develop high-temperature superconducting
wires for electric power applications have led to a number of
successful demonstration projects?> and commercial
applications.® Recently, the emphasis has shifted toward the
development of YBa,Cu3;0,_s (YBCO-) coated conductors,
which has resulted in very high critical current densities (/)
of over 3 MA/cm? in lengths routinely exceeding 300 m.*
Research in Bi,Sr,Ca,Cu;0, (Bi-2223) tapes has also
progressed.> Their availability in long lengths at relatively
low cost makes Bi-2223 tapes currently the choice for large-
scale applications. The design of applications and further
materials development of Bi-2223 tapes, Bi,Sr,CaCu,O,
(Bi-2212), and YBCO-coated conductors require a detailed
understanding of current flow in these conductors and an
understanding of the relation between various dissipation
mechanisms at different temperatures, magnetic fields, and
field orientations.

Improved grain alignment and connectivity in Bi-2223
tapes has been accompanied by the formulation of more ad-
vanced models that, with increasing accuracy, describe the
limits to the critical current (/.). The brick-wall model, de-
veloped in the early 1990s, describes current flow as if the
grains in Bi-2223 tapes are stacked like bricks in a wall.> In
such morphology, current flow from grain to grain is severely
hindered along the ab planes. Instead, supercurrent crosses
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from one grain to the next along the ¢ direction and dissipa-
tion occurs at Josephson-type weak links, both at the grain
boundary itself and between the weakly coupled CuO planes
within the grains. The railway switch model was developed
during the mid-1990s when the quality of Bi-2223 tapes was
improved due to a higher degree of grain alignment.®° The
authors observed that grains in high-quality tapes are not
stacked as bricks in a wall, but are well connected along their
ab planes. Current does not flow along the ¢ axis of the
grains, but runs primarily from grain to grain along the ab
planes. Indeed, the coherence length along the ab planes,
£45(0), in Bi-2223 is of the order of 1.5 nm,'? whereas the
coherence length in the ¢ direction, £,(0), is only on the
order of 0.1-1.0 nm.'"'? Significant current flow along the c
direction between grains is therefore highly unlikely. Current
redistribution occurs through a network of small-angle c-axis
tilt grain boundaries, resulting in current flow primarily in
the ab planes, even for current that runs normal to the tape
plane in Bi-2223 as has been confirmed by Cho et al.'?
Most models that describe the critical current in Bi-2223
tapes as a function of magnetic field and temperature assume
dissipation at low magnetic field to occur within a Josephson
network of weak links and dissipation at high magnetic field
to result from intragranular flux motion. None of these mod-
els accurately predicts the critical current over an extended
range of magnetic fields, field angles, and temperatures. The
parallel path model assumes that current in Bi-2223 tapes
flows through two paths in parallel, with dissipation in each
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path occurring through flux creep. A contribution to the over-
all critical current from current paths that contain Josephson
weak links is not excluded and even very likely. These cur-
rent paths could involve decoupled CuO, planes, high-angle
grain boundaries, stacking faults, or secondary phases. Since
Josephson weak links in general result in a strong reduction
of critical current density especially in a magnetic field, cur-
rent paths that contain Josephson weak links will not signifi-
cantly contribute to the overall critical current of high-
quality Bi-2223 tapes. In order to keep the model as simple
as possible, these current paths are not included in the paral-
lel path model. A number of experiments support this picture,
and we demonstrate that such a model predicts the depen-
dence of J,. on an extensive range of magnetic fields, field
angles, and temperatures. In Sec. II, we introduce the parallel
path model and describe the dissipation mechanisms in both
types of current paths in Bi-2223 tapes. Different methods to
separate the contributions of both current paths are intro-
duced. Clear differences between dissipation mechanisms are
revealed by studying the effect of magnetic field and me-
chanical strain on the critical current density.

In Sec. III, the critical current versus magnetic field be-
havior of Bi-2223 tapes is related to the direction in which
the magnetic field is applied. A scaling of J., as a function of
magnetic field angle, is demonstrated over the temperature
range from 15 K to 77 K by considering the contributions of
both individual current paths separately.

In Sec. 1V, it is shown that the dissipation in the strongly
linked backbone and in the grain boundaries within the
weakly linked network are both strongly related to classical
flux creep. Expressions for the dependence of the critical
current as a function of magnetic field and temperature are
introduced.

Finally, in Sec. V, the results are summarized and how
Bi-2223 tapes can further be improved is discussed.

II. CURRENT FLOW IN Bi-2223 TAPES
A. Parallel path model

Filaments in multifilamentary Bi-2223 tapes consist of a
complex system of long, thin grains that are aligned along
their ¢ axis within 10°—15°, on average. The grains are con-
nected over a variety of grain boundary types and form mul-
tiple chains along the length of the tape. The most common
grain boundaries found in Bi-2223 tapes are those where
well-aligned grains have (a) a common ¢ axis, but are twisted
with respect to their ab planes (OABTWIST), (b) edge-on
c-axis tilt (ECTILT), and (c) small-angle c-axis tilt (SCTILT)
boundaries® (Fig. 1). Grain boundaries in high-temperature
superconductors severely limit current transport when the
grain boundary angle exceeds about 4°.'%-!7 Transport cur-
rent is limited by flux creep in Bi-2223 along the grain
boundary up to an angle of about 8°,'%1° while Josephson
weak links are formed at grain boundaries with angles ex-
ceeding about 8°.

It has been shown that transport current in high-quality
Bi-2223 tapes flows in part along pathways where grain
boundaries form no significant barrier and where dissipation
occurs within the grains.’*>3 The grains that make up this
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FIG. 1. A representation of grains in Bi-2223 tapes that are
connected over distinct grain boundaries: mainly, (a) OABTWIST,
(b) ECTILT, and (c) SCTILT.

strongly linked backbone are connected at angles smaller
than about 4°. Apart from this backbone, a number of other
current paths also contribute to the overall critical current of
the tape. The most significant contribution comes from a
network of grains that are connected at angles of approxi-
mately 4° <a<8° the so-called weakly linked network.
Current in this network is limited through intergranular flux
motion along these grain boundaries. Current paths that con-
tain grain boundaries larger than 8° do not significantly con-
tribute to the overall current due to their Josephson-like dis-
sipation and therefore are not included in the parallel path
model. The overall transport critical current I.(B,T,®) can
then be described as the summation of both contributions:

1.(B,T,a)=1.,B.,T,a) + I,(B,T,a) (1a)

or

J.(B,T,a) = %JCW(B,T, a) + %JES(B,T, a). (1b)
In Egs. (1a) and (1b), J,,(B,T, a) is the critical current den-
sity, A,, is the cross section of the weakly linked network,
J.(B,T,a), and A, represents the same parameter for the
strongly linked backbone. The total cross section A of the
current path is, of course, the sum of the A, and A,. The
dependence on magnetic field, temperature, and field angle is
determined by the dominant dissipation mechanism of each
current path. For instance, weaker pinning of flux at grain
boundaries in the weakly linked network compared to intra-
granular flux pinning in the strongly linked backbone results
in a J., dependence on magnetic field that is steeper than
that of J,,. This results in a typical double step in the overall
critical current density as a function of magnetic field when
the magnetic field is applied perpendicular to the tape
surface®* (see Fig. 2). All Bi-2223 tapes that are part of this
research have been produced by the powder-in-tube method.
Here, the critical current density is measured with a transport
current at an electric field criterion of 1 wV/cm and the
critical current density is obtained by dividing /. by the over-
all cross section of the Bi-2223 core. The tape (sample B-1)
consists of 85 filaments and a silver matrix, a cross section of
the ceramic core of 0.3 mm, and has a self-field /. at 77 K of
about 36 A. The critical current density of the weakly linked
network is strongly reduced at intermediate magnetic fields,
whereas the critical current density of the strongly linked
backbone decreases significantly only at higher magnetic
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FIG. 2. Transport critical current density of a Bi-2223 tape (B-1)
as a function of magnetic field at various temperatures. The mag-
netic field is applied perpendicular to the tape surface. The dashed
lines are guides for the eye.

fields. Transport current below /. is divided between the cur-
rent paths such that dissipation in both types of current paths
is comparable.

B. Dissipation in high magnetic fields

To understand dissipation in Bi-2223 tapes, it is important
to study dissipation processes both in the weakly linked net-
work and in the strongly linked backbone. Measuring the
contributions of both current paths separately is not straight-
forward, since both are contained within the overall critical
current of the tape. Fortunately, a magnetic field affects J,
and J,, differently. The contribution J.,, of the weakly linked
network to J. diminishes at intermediate magnetic fields and
completely vanishes at higher magnetic fields, where only
the contribution J_, of the strongly linked backbone remains.
Intragranular flux motion in the strongly linked backbone
can thus be studied directly at high magnetic fields.

When dissipation occurs through intragranular flux mo-
tion and when the pinning potential is a logarithmic function
of current, the critical current density decays exponentially
with magnetic field.”> An exponential decay of J. has been
observed in Bi-2223 tapes at higher magnetic fields by a
number of authors.”2%20 The temperature and magnetic field
dependence of the overall J,. of a Bi-2223 tape in higher
magnetic fields, and thus the critical current density of the
strongly linked backbone, can as a first approximation de-
scribed by

Jcs(B’T) = Jcs(O’T)eXp(_ (2)

)
Bpeak(T) .
This empirical relation is a rough estimate of the critical
current density at high magnetic fields which will be dis-
cussed in the second part of this paper, but all its parameters
can be directly obtained from experimental data. With this
approximation, we can describe current flow without going
right away into details about the underlying dissipation
mechanisms. The temperature-dependent characteristic field
Bpeu(T) in Eq. (2) reflects the pinning force in the strongly
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FIG. 3. Macroscopic pinning force as a function of magnetic
field at various temperatures of tape B-2. The magnetic field is
applied perpendicular to the tape surface. The solid lines are a
second-order polynomial fit around the maximum of the pinning
force.

linked backbone. Its value is obtained directly from experi-
mental results by deriving the macroscopic pinning force
(F,). The macroscopic pinning force was introduced by
Kramer?’ to describe the pinning properties of metallic
type-1I superconductors and is defined as

F,=|J.XB|. (3)

F, shows a maximum as a function of applied magnetic field,
as shown in Fig. 3. Here, the critical current density of the
sample is derived from its dc magnetization using the
critical-state model,”® where J. a linear function of the irre-
versible magnetization. The dc magnetization of the 4-mm-
long sections of the tape is measured with a superconducting
quantum interference device (SQUID) magnetometer. In the
original Kramer analysis, flux motion occurs by flux-line de-
pinning at fields below the peak field (B,c,) (determined by
a second-order polynomial fit around the maximum) and by
synchronous shear of the flux-line lattice above the peak
field. However, in this paper, the position of the peak is used
more generally to select a temperature-dependent scaling
field for analyzing the data.

When J,, [Eq. (2)] is normalized to the maximum pinning
force F), . at the peak field B, we obtain the empirical
relation for the critical current density of the strongly linked
backbone is obtained?® as

Fp max(T) ( B )
Jos(B,T) = —2H—= I——]. 4
CS( ) Bpeak(T) P Bpeak(T) ( )

Dissipation in the strongly linked backbone is described
separately by use of the above procedure. The two fitting
parameters B, and F, . in Eq. (4) are completely defined
by the macroscopic pinning force (see Fig. 3) and obtained
directly from the data. Figure 4 shows the magnetic field
dependence of the overall J. of a Bi-2223 tape that is derived
from the dc magnetization at a range of temperatures. The
tape (B-2) consists of 55 filaments, a cross section of the
ceramic core of 0.3 mm, a silver matrix, and a self-field /, at
77 K of about 65 A. The J,. that is obtained from dc magne-
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FIG. 4. Normalized critical current density of Bi-2223 tape B-2
measured with dc magnetization as a function of magnetic field at
various temperatures. The magnetic field is applied perpendicular to
the tape surface. The solid lines are fits to Eq. (4).

tization behaves similarly as a function of magnetic field
when compared to the J, as is obtained from transport mea-
surements. This confirms that there exist chains of strongly
linked grains that are connected over the entire length of the
sample and that a simple model based on weakly linked
grains does not apply. Note the difference in characteristic
fields between the J,. value obtained from dc magnetization
and that obtained from transport measurements, which is due
to the difference in electric field between both measurement
procedures. The solid lines represent the exponential decay
of J, with field [Eq. (4)] and show a reasonable fit to the
measured J,. at high magnetic field. The contribution of the
weakly linked network to the overall J, is observed at low
magnetic fields, where the actual J. value is substantially
higher than that predicted by Eq. (4). A deviation between
the exponential field dependence of J,. and the observed
critical current density is evident for low current and high
magnetic fields, and is due to the over-simplification inherent
in Eq. (4). A deviation from the empirical relation given by
Eq. (2) where Eq. (4) is derived from is clearly observed. A
more detailed relation that is based on classical flux creep
will be introduced in Sec. IV. The approximation here does
influence the separation of the contributions of both current
paths somewhat, but has a negligible effect on the results
presented in the remainder of this paper.

C. Aligned single-grained Bi-2223 powder

It was demonstrated in the previous section that intra-
granular flux creep is the dominant dissipation mechanism
within the strongly linked backbone in Bi-2223 tapes. It is
possible to separate J,., from the overall J,. of the tape by
using an external magnetic field to suppress the critical cur-
rent density of the weakly linked network.

Intragranular dissipation can also be studied directly in
single-grained samples where no grain boundaries are
present. Dissipation within the strongly linked backbone can
thus be studied in single-grained powders extracted from a
Bi-2223 tape by measuring J,. with dc magnetization. Previ-
ous studies on single-grained Bi-2223 powder showed a sig-
nificant reduction in J. at low magnetic field, but no direct
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FIG. 5. Scanning-electron micrograph of aligned grains that
were extracted from a Bi-2223 tape (B-2).

comparison between intact tape and ground powder could be
made.>*3? The magnetic field dependence of J. in layered
high-temperature superconductors such as Bi-2223 depends
strongly on the angle at which the magnetic field is applied.
This is due to the large anisotropy in J,. along the c¢ axis,
compared to J, in the ab plane® (see Sec. III). A direct
comparison between the field and temperature dependence of
the J. of a tape and of a single-grained powder extracted
from the tape is possible only when the powder has a grain
alignment that is comparable to that of the tape.

In this study, a single-grained powder was extracted from
a mono-core Bi-2223 tape by grinding the core and removing
remaining clusters of connected grains from the powder by
filtering out particles larger than 10 um.** The resulting
powder had a grain size smaller than 10 wm, which is well
below the average size of grains in Bi-2223 tapes. It cannot
be guaranteed that the powder does not include any grain
boundaries, although their number is strongly reduced from
that in a tape. Grain alignment was then introduced by mix-
ing the powder with diluted epoxy and pressing the resulting
solution on a glass plate. This procedure aligned the small
plate-like grains with their ab planes parallel to the glass
plate. After the epoxy was cured, a thin sample was obtained,
containing c-axis-aligned Bi-2223 grains (Fig. 5). This film
was cut into multiple round disks with a diameter of ~5 mm
that were stacked on top of each other to increase the sample
volume in the dc magnetization measurement. A high degree
of c-axis alignment of the grains in the powder is important
to be able to make a comparison with a tape. The critical
current density of the powder will decrease more slowly at
high magnetic field when the alignment of the powder is not
comparable to that of the tape. The effective magnetic field
component parallel to the ¢ axis of the grains in that case will
be smaller in the powder than in the tape. The high degree of
c-axis alignment in the powder used in this study follows
directly from its behavior in high magnetic field, comparable
to that of a tape, as will be shown later.

The critical current densities of the Bi-2223 tape and that
of the aligned powder were measured with dc magnetization
(Fig. 6), with the magnetic field applied perpendicularly to
the surface of the tape and the powder stack (along the ¢ axis
of the grains). The difference in sample size between powder
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FIG. 6. Critical current density as a function of magnetic field of
Bi-2223 tape B-2 (solid symbols) and the powder extracted from
the tape (open symbols) at various temperatures. Open and solid
symbols of the same type correspond to the same temperature. The
critical current density is normalized to its value at 4.2 K and 0.5 T.
The dashed lines are guides for the eye.

and tape was taken into account by normalizing the critical
current density to its value at 4.2 K and at a magnetic field of
0.5 T. The weakly linked network in the tape carries no cur-
rent at this field. An absolute value for the critical current
density of the powder cannot be provided since the exact
sample size is unknown. A comparison between the critical
current density of the tape (solid symbols) and that of the
powder (open symbols) shows that the magnetic field depen-
dence of both J, values is comparable above a temperature-
dependent minimum magnetic field. The critical current den-
sity of the powder at low magnetic field is indeed lower than
that of the tape, due to the absence of a weakly linked net-
work.

The dissipation in the strongly linked backbone of the
tape that in the aligned powder is further compared by means
of the macroscopic pinning force as well. The temperature
dependence of the magnetic fields at which the macroscopic
pinning force is maximum (B,) in both tape and powder is
compared in Fig. 7. As expected, the intragranular pinning
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FIG. 7. Temperature dependence of the field at which the mac-
roscopic pinning force is maximum (Bje,) of a Bi-2223 tape and
the powder extracted from the tape. The lines are guides for the eye.
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Before straining

After straining

FIG. 8. (a) MO image of part of a Bi-2223 filament (oriented
horizontally) in tape B-3 before axial strain is applied. The filament
is partly shielded from the external magnetic field of 25 mT (dark
areas). (b) Less dense areas form filament-wide cracks after strain is
applied (bright areas), starting at a strain of ~0.6%. The scale bar
represents 125 um.

properties are not changed by grinding the tape into a pow-
der. The values of B, are comparable for the tape and the
powder and have a comparable temperature dependence. The
mechanical grinding does not influence the pinning proper-
ties of the powder by introducing additional pinning sites.
Damage from grinding is expected to occur on a much larger
length scale than the coherence length of 1-2 nm and will
therefore only limit the critical current density by breaking
the ceramic core.

The results presented here strongly support the parallel
path model. The comparable dependences on magnetic field
of J. in the powder and that in the tape at higher magnetic
fields confirms that chains of well-connected grains exist in
Bi-2223 tapes, in which dissipation occurs not at grain
boundaries, but rather inside the grains. A network of grains
that are connected at intermediate angle contributes to the
overall J,. of the tape only in relatively low magnetic fields.

D. Effect of strain on the critical current

The filaments in Bi-2223 tapes can be severely damaged
by mechanical strain. It is well known that the critical current
density of the tape degrades irreversibly when an applied
axial strain exceeds the irreversible strain limit (g;,).3>% Mi-
croscopy shows that this degradation occurs due to damage
to the grain structure on both a submillimeter length scale,
observed with magneto-optical imaging (MOI),*~*! as well
as on a finer micrometer length scale, observed in scanning-
electron-microscopy (SEM) studies.*>*3

Defects on a submillimeter length scale occur in the fila-
ments of Bi-2223 tapes at strains much larger than g;,. They
are formed at locations where the microstructure is less
dense due to sausaging or other preexisting inhomogeneities.
An example of these filament-wide cracks that develop at
high strain is shown in Fig. 8. Cracks that span the width of
the Bi-2223 filaments were observed at an applied strain of
0.6% (1.5 times ;). The tape (B-3) consists of 65 filaments,
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FIG. 9. SEM image of the grain structure of Bi-2223 tape B-4
showing cracks (arrows) after tensile strain exceeding e;,, is applied
in situ. The exact amount of applied strain is unknown, due to the
partial etching of the tape surface.

a cross section of the ceramic core of 0.15 mm, a silver
matrix, and a self-field I, at 77 K of about 20 A. The
magneto-optical image shows that an applied magnetic field
of 25 mT partly penetrates the grain structure at these loca-
tions even before strain is applied [Fig. 8(a)]. These locations
of relatively easy flux penetration in the filaments form
cracks at high strain [Fig. 8(b)].

Although the filament-wide cracks that are observed with
magneto-optical imaging will certainly block a transport cur-
rent, they are not responsible for the initial degradation in J,.
when the irreversible strain limit is exceeded. The damage to
the grain structure that is responsible for this initial degrada-
tion of J,. occurs on a much finer micrometer scale, far below
the resolution of MOI. Microcracks form at strains exceeding
&;, before filament-wide cracks appear, as observed in situ
by SEM (Fig. 9). The tape (B-4) consists of 55 filaments, a
cross section of the ceramic core of 0.39 mm, a silver matrix
and a self-field /. at 77 K of about 135 A.

Both the weakly linked network and the strongly linked
backbone are affected by mechanical strain. Since both types
of current paths differ in grain structure (grains connected at
low angle in the strongly linked backbone versus grains con-
nected at angles up to 8° in the weakly linked network), axial
strain is unlikely to affect them equally.** According to the
parallel path model, a difference in strain sensitivity between
both current paths would be revealed when J,. is measured as
a function of axial strain in the presence of a magnetic field.
In that case, the decrease in J, with strain (exceeding &;,,) at
low magnetic field would be different from the decrease in J,.
at high magnetic field. Exactly this behavior was observed
when the transport J, of a Bi-2223 tape was measured as a
function of axial strain (g;,~ 0.5% for this particular sample)
and a magnetic field applied perpendicular to the tape sur-
face. The tape (B-5) consists of 19 filaments, a silver matrix,
and a self-field /. at 77 K of about 30 A. For example, the
critical current at a strain of 0.83% degraded by ~75% in
self-field, but only by ~40% at 280 mT [see Fig. 10(a)]. The
difference in strain sensitivity is even more apparent from
the degradation in n value [the slope in the curve for log(E)
vs log(J); see Sec. IV] [Fig. 10(b)]; the degradation in self-
field was 65%, compared to only 10% at 280 mT.
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FIG. 10. (a) Normalized critical current of Bi-2223 tape B-5 as
a function of axial strain at 77 K for different magnetic fields ap-
plied perpendicular to the wide side of the tape, showing a greater
effect of strain at low magnetic fields. (b) Normalized n-value as a
function of axial strain and magnetic field.

From these results it can be concluded that axial strain
exceeding g;, affects high-angle grain boundaries more than
grains that are connected at low angle, which can be seen as
further support for the parallel path model. High-angle grain
boundaries are not only characterized by weaker flux pin-
ning, but are also mechanically weaker than low-angle grain
boundaries, as evidenced by a faster J,. decrease with strain
at low magnetic fields compared to that at high magnetic
fields.

III. MAGNETIC FIELD ANGLE DEPENDENCE OF J,

The critical current density of Bi-2223 tapes depends not
only on the applied magnetic field, but also on the angle at
which the field is applied with respect to the crystalline axis.
Magnetic flux pinning is much stronger when the field is
applied parallel to the tape surface, and dissipation depends
largely on the magnetic field component perpendicular to the
tape.

Large anisotropy in combination with a small coherence
length results in a weak coupling between the CuO, planes
of layered high-temperature superconductors within a wide
temperature range where the spacing between the CuO,
planes is larger than the coherence length normal to the
planes.!1124-47 The normal regions between the planes act
as strong pinning centers for flux lines oriented along the ab
planes® (referred to as the parallel magnetic field direction),
whereas the pinning of flux lines perpendicular to the ab
planes (parallel to the ¢ axis of the grains and referred to as
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the perpendicular magnetic field direction) is much weaker
and depends on the landscape of defects that act as pinning
centers.*® The strong intrinsic flux pinning along the ab
planes results in a J,. of thin films and single crystals that is
almost independent of magnetic field for fields applied along
the ab plane.

Since Bi-2223 tapes consist of a large number of platelike
grains that are aligned within ~10° —15° following a Gauss-
ian distribution,” a magnetic field applied parallel to the tape
plane will still result in a small magnetic field component
parallel to the ¢ axis of most grains.*® This component of the
magnetic field parallel to the ¢ axis of the grains B causes
the reduction in J, with magnetic field in Bi-2223
tapes.$:9:30-52

Until now, modeling the dependence of J. on magnetic
field angle over a wide temperature range has not been suc-
cessful, even when the effective magnetic field component
parallel to the ¢ axis of the grains is regarded as the driving
force behind dissipation in Bi-2223 tapes. According to the
parallel path model, current flows in two types of current
paths, with clear differences in grain structure (and thus grain
alignment). Grains in the strongly linked backbone are better
aligned than grains in the weakly linked network, resulting in
a difference in B,y for both current paths. Dissipation in
these current paths also occurs at different locations (at grain
boundaries for the weakly linked network and within the
grains for the strongly linked backbone). A successful scaling
of J. on magnetic field angle (by calculating the effective
magnetic field component responsible for dissipation) can be
achieved only when both types of current path in Bi-2223
tapes are regarded separately, an approach that was not taken
in previous investigations.

The dependence of J.. of Bi-2223 tapes on magnetic field
angle along the lines of the parallel path model is analyzed
by measuring J,. for magnetic fields applied parallel and per-
pendicular to the tape surface. The critical current density is
extracted from the dc magnetization and is normalized to its
self-field value at 4.2 K. These data are shown as a function
of magnetic field in Fig. 11 for both field directions at tem-
peratures between 15 K and 45 K. The anisotropy in mag-
netic flux pinning is evidenced by a much stronger field de-
pendence of J. when the magnetic field is applied
perpendicular to the tape surface (solid symbols), compared
to when it is applied parallel to the tape surface (open sym-
bols).

Scaling the J.(B) dependence at high magnetic field for
both parallel and perpendicular magnetic field directions is
straightforward, since only the strongly linked backbone car-
ries current at high field. The effective magnetic field com-
ponent parallel to the ¢ axis of the grains (B.g) that applies to
the strongly linked backbone is thus entirely determined by
the average grain alignment of the strongly linked backbone
and the dissipation mechanism in this current path. By is
nearly equal to the applied field when the magnetic field is
applied perpendicular to the tape surface, and B.=B/b,
when the field is applied parallel to the tape surface. The
scaling factor b, is determined from the macroscopic pin-
ning force and is equal to the fraction of the peak field (B e,x)
for both magnetic field directions:
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FIG. 11. Normalized critical current density obtained from dc
magnetization of Bi-2223 tape B-2 as a function of magnetic field
applied parallel (open symbols) and perpendicular (solid symbols)
to the tape surface, at different temperatures. Open and solid sym-
bols of the same type correspond to the same temperature. The
critical current density is normalized to its value at 4.2 K.

b= L (5)

Here, B, is the magnetic field where the macroscopic
pinning force is a maximum for a parallel applied magnetic
field and B, | is the field for a perpendicular applied field.
The critical current density as a function of B at high mag-
netic field (i.e., completely carried by the strongly linked
backbone) coincides for both field directions over a large
temperature range (see Fig. 12).

A large deviation between J,.(B.) for both field directions
is observed at low magnetic field, where the weakly linked
network significantly contributes to the overall J,.. The dif-
ference in average grain alignment and the difference in dis-
sipation mechanism results in a different B g of the weakly
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FIG. 12. Normalized J.(By) for magnetic field applied parallel
(open symbols, B=B/b.) and perpendicular (solid symbols,
B.=B) to the tape surface of tape B-2 at different temperatures.
Open and solid symbols of the same type correspond to the same
temperature. The critical current density is normalized to its self-
field value at 4.2 K.
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FIG. 13. Critical current density of the weakly linked network as
a function of magnetic field applied parallel (open symbols) and
perpendicular (solid symbols) to the wide side of tape B-2, at dif-
ferent temperatures. Open and solid symbols of the same type cor-
respond to the same temperature. The critical current density is
normalized to its self-field value at 4.2 K.

linked network when compared to that of the strongly linked
backbone.

The dependence of the dissipation in the weakly linked
network on magnetic field direction is determined by deter-
mining the scaling factor b, which defines B.=B/b,,,, for
this current path. The critical current density J., of the
weakly linked network is obtained by subtracting the critical
current density J,, of the strongly linked backbone [Eq. (4)]
from the overall J,. of the tape. A clear difference in magnetic
field dependence of J., is shown in Fig. 13 for magnetic
fields applied parallel and perpendicular to the surface of the
tape. A less sensitive J,,,(B) dependence on applied magnetic
field is measured when the magnetic field is applied parallel
to the tape surface, compared to perpendicular to the tape
surface; a behavior similar to that of the strongly linked
backbone. A close correlation in J,.,, for both field directions
is found (Fig. 14) when J,,, is plotted as a function of effec-
tive magnetic field component (B, is approximately equal to
the applied magnetic field when it is applied perpendicular to
the tape surface, and B.;=B/b,., when the magnetic field is
applied parallel to the tape surface). The scaling factor by, is
chosen such that J,,,(B) coincides for both magnetic field
directions. Only a relatively small deviation is found at in-
termediate magnetic fields, presumably due to the incom-
plete separation of the contribution of the weakly linked net-
work form the overall J,, since Eq. (4) is an approximation
of J.. This incomplete separation has no significant influ-
ence on the value of b,

Dissipation in the weakly linked network and dissipation
in the strongly linked backbone are not equally sensitive to a
magnetic field that is applied parallel to the tape surface. The
scaling factors b, and b, that define By for both current
paths are compared in Fig. 15 and show distinct differences.
The scaling factor b, is larger, approximately 3.8 = 0.3, and
is independent of temperature. A similar temperature inde-
pendence is measured for the strongly linked backbone at
temperatures above 50 K. Even though the strongly linked
backbone has a higher degree of grain alignment, its dissipa-
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FIG. 14. Normalized critical current density of the weakly
linked network as a function of effective magnetic field component
(Beg) at different temperatures for magnetic fields applied parallel
(open symbols, B.;=B/b,.,) and perpendicular (solid symbols,
B.i=B) to the surface of tape 2. Open and solid symbols of the
same type correspond to the same temperature.

tion mechanism is more sensitive to a parallel applied mag-
netic field than is the dissipation mechanism of the weakly
linked network. Below 50 K, b, is temperature dependent
and varies from approximately 3.0 at 50 K to 1.4 when the
temperature is reduced to 15 K. This behavior indicates that
dissipation in the strongly linked backbone becomes more
sensitive to parallel magnetic field at reduced temperatures
and becomes almost independent of magnetic field angle at
15 K.

The relatively small difference in B, between the weakly
linked network and the strongly linked backbone above 50 K
explains why a field angle scaling of the overall J.(B) has
been successful at 77 K when both current paths are treated
as equal.’>>* Here it is demonstrated that such a scaling will
be unsuccessful at temperatures below 50 K when current
flow in Bi-2223 tapes is described along the lines of a single
current path. The clear differences in current paths must be
taken into account for such a scaling to be successful, which
strongly supports the parallel path model.

6.

5L

A

IR = S S
o

2| i/},’ e,

1 by

% 20 20 60 80

T[K]

FIG. 15. Scaling factor b, for the strongly linked backbone and
by, for the weakly linked network as a function of temperature.
The dashed lines are a guide to the eye.
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IV. FLUX MOTION IN Bi-2223 TAPES
A. Classical flux-creep theory

The critical current density for a chain of well-connected
Bi-2223 grains is limited by intragranular flux motion, as
long as the grain boundary angles do not exceed 4°.!%-!7 The
flux lines are pinned within the grains by a landscape of
defects that can be described by a pinning potential
U(B,T,J) that depends on magnetic field, temperature, and
current density. A Lorenz-force-driven depinning of the flux
lines results in flux motion, which in turn results in an elec-
tric field E.

Flux lines that become depinned generate an electric field
defined by E=Bv. When thermal activation over a pinning
barrier is causing the flux motion, the velocity v can be writ-
ten as>

v= vy e VBTN (6)

This determines the electric field as
E(B,T,J) = EO(B)e(—U(B,T,J)/kT) o
and
Ey(B) = y)B = wyLB. )

In Eq. (8), w, is the attempt frequency and L the hopping
distance over which flux lines move when they become de-
pinned. The pinning potential of a superconductor can be
obtained by measuring the magnetic relaxation of the critical
current density.”> A logarithmic dependence of the pinning
potential on current density was found for Bi-2223
tapes0-%;

J.(0,7)
T) ©)

U(B,T.J) = UO(B,T)ln<

The pinning potential vanishes when the current density be-
comes equal to the critical current density J,.(0,7) at zero
applied magnetic field. The dependence of the prefactor U,

on temperature and magnetic field has the following form®:

Uy(B,T) = kT(Bi"TfT)y. (10)

The irreversibility field B;,(7T) is defined as the magnetic
field at which the flux line lattice changes from a vortex solid
to a vortex liquid, resulting in flux flow and a large electric
field over the superconductor. This is a measure for the flux
pinning strength, which is related, but not equal, to By in
the macroscopic pinning force. Inserting Egs. (9) and (10)
into Eq. (7) provides an equation for the electric field
E(J,B,T) and an equation for the critical current density
J.(B,T) by setting E=E, at J=J_:
7\ Bil1VB)"
E(B,T,J) =EO(B)<J—> (11)

C

and
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FIG. 16. Critical current density of Bi-2223 tape B-2 measured
with dc magnetization as a function of magnetic field. The critical
current density is normalized to its value at 4.2 K. The magnetic
field is applied perpendicular to the tape surface. The lines represent
J s according to classical flux-creep theory [Eq. (12)].

J.(B,T) = JC(O,T)exp[— (B- B(T) )nln( E(]);B) ) ] . (12)

Equations (11) and (12) describe the electric field and the
critical current density of a superconductor when dissipation
occurs through thermally activated intragranular flux creep,
such as in the strongly linked backbone of Bi-2223 tapes and
within a single-grained Bi-2223 powder. The magnetic field
dependence of the critical current density, according to Eq.
(12), is dominated by the exponential term and simplifies to
Eq. (4). The term [B;,(T)/B]" in Eq. (11) corresponds to the
power in the E-J relation and is the slope of the
log(E)-log(J) curve.

B. Intragranular flux motion in Bi-2223

The parallel path model is capable of describing current
flow in Bi-2223 tapes, as was demonstrated by a number of
experiments in Secs. II and III. The experiments indeed in-
dicate that current can be modeled to flow in two parallel
paths. Furthermore, there is clear evidence that dissipation in
high magnetic fields is caused by intragranular flux motion.
Here, it is determined whether intragranular flux motion in
Bi-2223 tapes can be described by classical flux-creep theory
[Eq. (12)].

The critical current density of a Bi-2223 tape extracted
from the dc magnetization as a function of magnetic field at
various temperatures is shown in Fig. 16. The dependence of
J. on magnetic field can be described accurately by classical
flux creep in high magnetic fields [Eq. (12), solid lines]. The
irreversibility field By, is substituted by Bj, , to indicate that
this is the scaling field of the strongly linked backbone. Table
I lists the parameter values of Eq. (12) that apply to the
Bi-2223 tape, while the temperature dependence of J,.,(0,7)
is shown in Fig. 21(a) and that of B;, (7) in Fig. 21(b). A
value of 0.01 is taken for the velocity v, in Eq. (8). The
deviation between model and measurement at low magnetic
fields in Fig. 16 can be explained by the contribution of the
weakly linked network to the overall J..
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TABLE 1. Parameter values of Egs. (12) and (14) for tape B-2.

W EC ny, ng chs ch(OvT) Birr,wBirr,s(T)
[m/s] [V/m] (-] (-] [A/mm?] [T]
Bi-2223 transport 0.01 1074 0.45 1.23 Fig. 21(a) Fig. 21(b)
Bi-2223 dc-magnetization 0.01 107 0.96 0.52 Fig. 21(a) Fig. 21(b)

The critical current density of the strongly linked back-
bone of Bi-2223 tapes can also be described by classical
flux-creep theory when J.. is measured with a transport cur-
rent (Fig. 17). Classical flux creep [Eq. (12)] describes J, in
the magnetic field region where the weakly linked network
no longer contributes to the overall critical current (param-
eters listed in Table I), which is above 1 T at 4.2 K for a
transport measurement. The weakly linked network carries a
significant part of the transport current at low field.

The hypothesis that classical flux creep is responsible for
the dissipation in the strongly linked backbone is supported
by the current-voltage characteristics that were measured
around the superconducting transition at E=FE, of the tape
(Fig. 18). The electric field across the superconductor is well
described by the power-law dependence [Eq. (11)] around
the electric field criterion of 10™* V/m at high magnetic
field, where the weakly linked network no longer contributes
to the overall critical current density. The dashed horizontal
line in the figure is the voltage criterion of E,=10"* V/m for
which the critical current density is defined.

C. Intergranular flux motion in Bi-2223 tapes

Grain boundaries present in the microstructure of various
high-temperature superconductors suppress a supercurrent
when the grain boundary angle exceeds about 4°.!4-7 The
strain fields that are formed due to the lattice mismatch at the
boundary lower the effective cross section of the current path
over the grain boundary. The strain fields start to overlap at a
grain boundary angle exceeding about 8° (Refs. 18 and 19),
at which angle the grain boundary becomes weakly linked

1200

and Josephson behavior is measured.!> Dissipation at low
magnetic field is therefore often described along the lines of
a Josephson coupled network of grains.®'~% A widely used
expression for J. of a network of weakly coupled grains is
given by%+0

J.(B,T) = _JL0D
|

8| )B'
By(T)

The characteristic field of the weak links is presented by B,
and S reflects the geometry of the weak links.°® When the
weak links have an elliptical cross section, 3 has a value of
3/2 and the magnetic field dependence is the same as in the
case of an Airy diffraction pattern. In case of rectangular
junctions, one obtains S=1 when the field that penetrates the
weak links is within a few degrees of being parallel to one of
the junction edges. For other field orientations, S=2.
According to the parallel path model, the weakly linked
network in Bi-2223 tapes consists of grains that are con-
nected at angles below 8° and no Josephson behavior is ex-
pected. A different description of dissipation in the weakly
linked network is obtained when one assumes coupling be-
tween intergranular and intragranular flux lines.’-%° Abriko-
sov vortices with highly anisotropic Josephson cores (AJ
vortices) at grain boundaries are pinned at defects that are
formed mainly by strain fields. Intergranular flux pinning at
boundary defects is not the only pinning mechanism. A
strong electromagnetic interaction between the intergranular
Al vortices and the intragranular Abrikosov vortices exists,

(13)
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FIG. 17. Transport J. of Bi-2223 tape B-2 measured as a func-
tion of magnetic field applied perpendicular to the tape surface. The
solid lines represent the critical current density of the strongly
linked backbone according to classical flux-creep theory [Eq. (12)].
The dashed lines are a guide to the eye.
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FIG. 18. E(I) characteristics at high magnetic fields of Bi-2223
tape B-2, measured at different temperatures. The solid lines repre-
sent the E(I) characteristics according to classical flux creep [Eq.
(11)]. The dashed line is the voltage criterion at which the critical
current is defined.
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FIG. 19. Normalized critical current density of the weakly
linked network of Bi-2223 tape B-2 that is measured with dc mag-
netization at 20 K. The magnetic field is applied perpendicular to
the wide side of the tape. J,,, is obtained by subtracting J,. of the
aligned powder from that of the tape from which the powder was
extracted. The critical current density is described according to a
network of Josephson weak links [Eq. (13)], with 8=1 and B8=2,
and according to classical flux-creep theory [Eq. (12)].

which interaction keeps the vortices at the grain boundaries
in place. In YBCO, this mechanism is confirmed by several
experimental studies.”®7

The coupling between AJ vortices at the grain boundaries
and the strongly pinned vortices within the grains suggests
that dissipation in the weakly linked network also occurs
through flux creep. The magnetic field dependence of J,,, at
20 K is studied more closely in Fig. 19. Here J,,, is defined
as the difference between J,. of a tape and J, of the single-
grained powder: J.,,(B,T)=J. upe(B.T)=J; powaer(B,T). A
power-law dependence of J,, versus magnetic field [Eq.
(13)] fails to describe J,,,(B), even when the value of param-
eter B is set equal to 2. The parameter 8 in Eq. (13) has to be
increased to an even higher value to minimize the deviation.
However, such a high value of 8 cannot be correlated with a
physical mechanism. On the other hand, dissipation within
the weakly linked network can be described accurately by
Eq. (12), indicating that intergranular flux motion can be
described with classical flux creep.

D. Modeling the overall J, in Bi-2223 tapes

In the previous sections it became clear that dissipation in
both the weakly linked network and the strongly linked back-
bone in Bi-2223 tapes can be well described with classical
flux-creep theory. The overall J.. of a Bi-2223 tape is a sum-
mation of two contributions (/,,, and J,) that can both be
described by Eq. (12) with a separate set of parameters J.q_,
and B;,,. The overall J.. can thus be described as

A, A,
J.(B,T)= X”JCW(B,T) + XJCS(B,T)

_Ay B__\" (E\(B)
- A"”“(O’T)exp[_(Bm,w(T)) ln( E, ﬂ

A, B \" (EfB)
+AJcs(O’T)eXp|:_<BimS(T)> ln< Ec ):|

(14)
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FIG. 20. Critical current density of Bi-2223 tape B-2 as a func-
tion of magnetic field at various temperatures, measured with a
transport current. The magnetic field is applied perpendicular to the
tape surface. The solid lines represent the critical current density
according to classical flux-creep theory [Eq. (14)].

An example, where the overall J. of a Bi-2223 tape is de-
scribed by Eq. (14) is shown in Fig. 20. The magnetic field is
applied perpendicular to the tape surface, and J,. is measured
with a transport current. The solid lines are the parallel path
model [Eq. (14)], where the parameter values are listed in
Table 1. The model describes J.(B,T) well over the entire
magnetic field range, except for the lowest magnetic fields at
low temperatures, where the self-field of the tape is compa-
rable to the applied magnetic field. The self-field depends on
the current running through the tape and is roughly 20-30
mT for a current of 100 A. The temperature dependence of
J.,,(0,7) and J.,(0,7) in Eq. (14) is plotted in Fig. 21(a). The
critical current density at zero magnetic field of the strongly
linked backbone is nearly independent of temperature below
40 K, while J,,,(0,7) is dependent on temperature over the
entire temperature range. Although J,.(0,7) is lower than
J.,(0,7) at low temperatures, they become comparable for
temperatures above 40 K. This general behavior is observed
in a number of different Bi-2223 tapes (not shown here). The
temperature dependences of the scaling fields B;,,(T) for the
weakly linked network and B;, (T) for the strongly linked
backbone are shown in Fig. 21(b). The difference in pinning
strength between both types of current paths follows directly
from this comparison. Although this route is not followed in
this paper, the accuracy with which parameters J,, and J, in
Eq. (14) are obtained can be increased by following the pro-
cedure to separate the contributions of both current paths
directly from the experimental data, as described in Ref. 26.

The values of a number of parameters in Eq. (14) depend
on the tape quality. For instance, a higher overall J. will
result in higher values of J,,,(0,T) and J,,(0,T), due presum-
ably to a larger cross section of both current paths. An en-
hancement in flux pinning will result in higher values of
By, and By, ,, although their dependence on temperature is
expected to remain unchanged. The parameters that are listed
in Table I (n,, n,, and E;) are defined mainly by the intrinsic
properties of the superconductor and do not change signifi-
cantly between samples. This result has been confirmed by
measuring the properties of a variety of Bi-2223 tapes, a
result not presented in this paper.
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FIG. 21. (a) Temperature dependence of I.,(0,7)/A and
1.,(0,T)/A of a Bi-2223 tape when I, is measured with a transport
current. (b) Temperature dependence of By ,,(7) and By, (T) when
J. is measured with a transport current.

V. CONCLUSIONS

The parallel path model is based on the assumption that
two different types of current paths contribute to the overall
critical current density in Bi-2223 tapes. The strongly linked
backbone consists of grains that are connected at low angles,
whereas the weakly linked network contains grains that are
connected at slightly higher angles. Based on results that are
reported in literature, the crossover occurs at an angle of
about 4°. Grains that are connected at angles exceeding 8°
form Josephson weak links and do not significantly contrib-
ute to the overall critical current density. Dissipation in the
strongly linked backbone occurs mainly at high magnetic
fields and is situated within the grains through intragranular
flux creep. Dissipation in the weakly linked network occurs

PHYSICAL REVIEW B 77, 104514 (2008)

at grain boundaries through intergranular flux creep. In both
current paths, flux motion can be described through classical
flux-creep theory.

Several experiments were presented that support the par-
allel path model. The contributions of both current paths
were studied separately by grinding a Bi-2223 tape into a
single-grained powder. This method destroys the weakly
linked network in the Bi-2223 core of the tape by breaking
up the grain boundaries. Dissipation in the powder occurs
entirely through intragranular flux motion, as was confirmed
by comparing dissipation in both tape and powder. The pow-
der shows a strongly reduced critical current density at low
and intermediate magnetic fields compared to that of the
tape. No significant change in dissipation was measured at
high magnetic field.

By analyzing the magnetic field dependence of the overall
critical current density as a function of axial strain, it was
found that the critical current density at low magnetic fields
(where the weakly linked current path has a significant con-
tribution) is more sensitive to axial strain than that at high
magnetic fields (where only the strongly linked backbone
carries current). Scanning-electron micrographs showed that
microcracks develop mainly at grain boundaries when strain
exceeds the irreversible strain limit. This confirms that grains
that are connected at low angle are mechanically stronger
than grains that are connected at angles larger than 4°.

The dependence of the critical current density of Bi-2223
tapes on magnetic field that is applied parallel to the tape
surface is described in terms of its dependence on magnetic
field applied perpendicular to the tape surface over a wide
temperature range of 15-77 K. Such an accurate description
is possible only when the contributions of the weakly linked
network and the strongly linked backbone are separately
considered. Differences in dissipation mechanism in both
current paths are revealed by a difference in sensitivity to
magnetic field applied parallel to the tape surface. For in-
stance, the critical current density of the strongly linked
backbone becomes more isotropic in terms of magnetic field
direction when the tape is cooled below 50 K, while such
behavior is not measured for the critical current density of
the weakly linked network.
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