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Angular Dependence of Critical Current and Grain
Alignment in Bi-2223 Superconducting Joint
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and Hitoshi Kitaguchi

Abstract—We clarify the relationship between the angular de-
pendence of critical current in a Bi-2223 superconducting joint
and the grain alignment of an intermediate layer in the joint. The
angular dependence of critical current for the superconducting
joint is discussed using a model to describe that for a Bi-2223 tape.
Considering an angle of the c-axis grain misalignment, the angular
dependence is calculated. The misalignment angle is validated
from the microstructure observations of the intermediate layer. We
can conclude that the c-axis grain alignment in the intermediate
layer dominates the angular dependence of critical current in the
superconducting joint.

Index Terms—Bi-2223 tape, critical current, HTS magnets,
microscopy.

I. INTRODUCTION

SUPERCONDUCTING joints are essential if a supercon-
ducting magnet is to be operated in persistent mode [1],

[2]. Recently, development of superconducting joints between
high-temperature superconductors (HTSs) has been signifi-
cantly progressed [3], [4], [5], [6], [7], [8], [9], [10], [11].
We have developed superconducting joints between multifila-
mentary (Bi,Pb)2Sr2Ca2Cu3Oy (Bi-2223) tapes [7], [10], [12].
An intermediate layer of a polycrystalline Bi-2223 thick film
is used to form a superconducting joint showing high critical
current (Ic).

HTS materials show anisotropic electromagnetic properties.
One of the properties is observed in Ic of an HTS tape in
a magnetic field with various directions, that is, the angular
dependence of Ic. It is important to evaluate the angular de-
pendence of critical current of a superconducting joint (Icj), as
in the case of an HTS tape. This is because in a persistent-mode
magnet, a magnetic field with various directions may be applied
to superconducting joints, depending on the magnet design.
Evaluation of the angular dependence of Icj for an HTS joint
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contributes to not only persistent-mode magnet technology but
also materials science of the HTS joints.

In a previous study, we evaluated the angular dependence of
Icj for a Bi-2223 closed-loop sample with a superconducting
joint [13]. To evaluate in-field Icj, the decay of a current flowing
in the closed loop (Iloop) was measured, while the supercon-
ducting joint of the sample was placed in a magnetic field.
The direction of the magnetic field was changed by rotating the
sample to obtain the angular dependence of Icj. The evaluation
of Icj from current decay measurements provides only Icj lower
than the initial Iloop. The Iloop is introduced into the sample via
magnetic induction using a copper coil located at the center of
the loop. The initial Iloop is limited by the current of the copper
coil. This is because the temperature of the copper coil, which
is increased due to Joule heating, must be kept sufficiently low.
At present, the maximum of the initial Iloop is 220 A. In other
words, Icj that can be evaluated using this method is up to 220 A
so far.

In this study, we discuss the angular dependence of Icj in the
Bi-2223 superconducting joint. We use a model that describes
the angular dependence of Ic in a Bi-2223 tape considering
an angle of the c-axis grain misalignment in superconducting
filaments [14], [15], [16], [17]. The relationship between the
angular dependence of Icj and the grain alignment of an in-
termediate layer in the superconducting joint is clarified using
microstructure observations.

II. EXPERIMENTAL

A Bi-2223 closed-loop sample with a praying-hands-type su-
perconducting joint, which is schematically shown in Fig. 1 and
explained in detail in [10], was prepared. The self-inductance
(L) of the sample was 1.4 μH. The sample was made from
a commercially available Bi-2223 tape with the Ni-alloy me-
chanical reinforcement (DI-BSCCO Type HT-NX, 4.5 mm wide
and 0.25 mm thick [18]). The Ic of the tape is about 180 A
at 77 K in self-field and higher than 1 kA at 4 K and 1 T
parallel to the tape surface [19]. Both ends of the tape were
connected using our joining processes [7], [10], [12], [20].
The reinforcement at both ends was removed. To fabricate
a superconducting joint, most of the Bi-2223 filaments were
exposed by low-angle polishing at less than 0.5°. The exposed
filaments were connected via an intermediate layer, which was
equivalent to an about 0.1 mm thick polycrystalline Bi-2223
film. This thick film was synthesized through the slurry process,
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Fig. 1. Angular dependence of calculated and experimentally obtained Icj
at 4 K and 0.15–0.28 T. Experimentally obtained values are reported in [13].
Dashed curves, which are calculated using (1) and (5) with σ= 18.6°, α= 91.7
and γ = 0.627, agree well with experimentally obtained values.

uniaxial pressing at room temperature, and heat treatments. The
intermediate layer is formed almost parallel to the surface of the
tapes at the joint.

Icj of the sample at 4 K and 0.15–0.28 T was evaluated
from the current decay measurements. Voltage (V) was calcu-
lated from time (t) dependence of Iloop using the equation of
V = −L(ΔIloop/Δt). Icj was determined by Iloop at a voltage
criterion (Vc) of 10−8 V in the obtained V–Iloop curve. By
applying a horizontal magnetic field to the joint and rotating
the sample incrementally around the vertical axis, we evaluated
the angular dependence of Icj. Details of the sample fabrication
and Icj evaluation, which includes the reason why we chose the
magnetic fields of 0.15–0.28 T, are described in [13].

We observed the microstructures of the intermediate layer in
the superconducting joint of the sample. The polished surfaces
of the transverse cross-sections of the joint were observed. We
used a field emission scanning electron microscope (FE-SEM,
Hitachi SU-70) to obtain secondary electron images.

III. RESULTS AND DISCUSSION

A. Angular Dependence of Critical Current in Bi-2223
Superconducting Joint

The experimentally obtained angular dependence of Icj at
4 K and 0.15–0.28 T is shown in Fig. 1 [13]. The angle of
the magnetic field (θ) is determined as schematically shown in
Fig. 1. θ of 90° corresponds to a magnetic field parallel to the
surface of the tapes at the joint. The experimentally obtained
Icj values increase with increasing the angle. This is similar to
the angular dependence of Ic in a Bi-2223 tape [16], [17]. As
described in Section I, Icj values higher than 220 A at high angles
were not evaluated experimentally.

The angular dependence of Icj including at high angles was
calculated using a model that describes the angular dependence
of Ic in a Bi-2223 tape. This model takes the perpendicular
component of a magnetic field (B) applied to a tape into account

Fig. 2. Icj as a function of perpendicular component of magnetic field calcu-
lated using (1) with σ = 18.6°. Experimentally obtained Icj values appear to be
scaled. Icj is fitted using (5) with α= 91.7 and γ = 0.627 shown in gray dashed
curve. This curve agrees well with most of experimentally obtained values.

as follows [15], [17]:

〈B |cos θ|〉 = B

∫ 90◦

−90◦
G (ϕ) |cos (θ + ϕ)| dϕ, (1)

where G(ϕ) is a Gaussian distribution of an angle of the
c-axis grain misalignment (ϕ) in superconducting filaments and
given by

G (ϕ) =
1

σ
√
2π

exp

(
− ϕ2

2σ2

)
. (2)

The standard deviation (σ) is reported to be 6–12° for fila-
ments of commercially available Bi-2223 tapes [16], [17], [21].
To determine σ, the scaling function of

f (θ) = 〈B |cos θ|〉 / 〈B |cos (0)|〉 (3)

can be used. The relationship between σ and f (90°) of

σ [◦] = 70.9f (90◦) (4)

is valid with 1% accuracy in σ ranging from 0 to 20° [15]. By
comparing the measurement results at θ = 0 and 90°, σ can be
determined.

From current decay measurements at θ= 90°, we experimen-
tally obtained the Icj values of 155 and 173 A at 0.70 and 1.0 T,
respectively. From the comparison of these Icj values with the
Icj values at 0.15–0.28 T and θ = 0, we obtained σ = 18.6°
using (4). This σ is larger than the reported values for filaments
of commercially available tapes (6–12°) [16], [17], [21]. Given
that Icj is mainly dominated by Ic of an intermediate layer [22],
the larger σ probably corresponds to the grain misalignment of
the Bi-2223 intermediate layer in the superconducting joint.

Fig. 2 shows Icj as a function of the perpendicular component
of the magnetic field calculated using (1) and σ = 18.6°. The
experimentally obtained Icj values at 0.15–0.28 T and 0–65°
appear to be scaled by <B|cosθ|>, as demonstrated in Bi-2223
tapes [15], [16], [17]. This suggests that the model for a tape is
applicable to the superconducting joint.
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Fig. 3. (a) Secondary electron image of polished surface of transverse cross-
section of intermediate layer of superconducting joint. Grains appeared to be
weakly aligned. (b) Magnified view of a grain to indicate how to measure ϕ of
the grain.

Icj shown in Fig. 2 was fitted to the Irie-Yamafuji model, that
is,

Icj = α(〈B |cos θ|〉)γ−1, (5)

where α and γ are the fitting parameters estimated from the
experimental results [23]. We obtained α= 91.7 and γ = 0.627
from the fitting using the least squares method, as shown in the
gray dashed curve of Fig. 2. This fitting curve, which agrees well
with most of the experimentally obtained values, underestimates
the highest Icj value by 1.79%. An equation considering scaling
laws for the pinning force density may better describe Icj [17].
This equation could not be used in this study owing to the
insufficient data on Icj to apply the scaling laws.

The calculated angular dependence of Icj at 0.15–0.28 T is
shown in dashed curves of Fig. 1. For the calculation, we used (1)
and (5) with σ= 18.6°, α= 91.7, and γ = 0.627. The calculated
Icj agrees well with the experimentally obtained values at low
angles. We estimated Icj values at high angles, which were not
experimentally evaluated in the previous study [13]. Considering
that the model describes well the angular dependence of Ic in
tapes and reproduces the Icj values at low angles, we believe
that the angular dependence of Icj is appropriately described
including at high angles.

B. Grain Misalignment of Intermediate Layer Evaluated From
Microstructural Observations

The large σ value obtained in the previous section probably
corresponds to the c-axis grain misalignment in the intermediate
layer. To evaluate σ directly, the distribution of the c-axis grain
misalignment angle (ϕ) was examined from the microstructural
observations of the intermediate layer. Fig. 3(a) shows a sec-
ondary electron image of the polished surface of the transverse
cross-section of the intermediate layer. The horizontal direction
is parallel to the tape surface at the joint, corresponding toϕ= 0.
Typical plate-like Bi-2223 grains and voids were observed.
Many grains showed small ϕ. As reported in [22], the grains
appeared to be weakly c-axis-aligned.

Fig. 4. Histogram of misalignment angle ϕ. Three g(ϕ) curves are also
displayed. Red solid curve is good agreement with histogram at |ϕ| ≤ 45°.
This suggests that at |ϕ| ≤ 45°, ϕ distribution approximately follows Gaussian
distribution with σ = 20.0°.

We measured ϕ for each Bi-2223 plate-like grain in three
secondary electron images including Fig. 3(a). The size of each
image was 13μm× 8.9μm. We measuredϕ for a grain as shown
in Fig. 3(b). We drew the straight line along the longitudinal
direction of the grain, which is orthogonal to the direction of the
c-axis.ϕ corresponded to the counterclockwise angle formed by
the line and horizontal direction. Theϕ values of all grains in the
three images were measured. In the case of Fig. 3(a), ϕ values of
84 grains were measured. The total number of the grains which
we measured ϕ was 284.

Fig. 4 shows a histogram of the misalignment angle ϕ. The
average of ϕ (ϕ̄) and standard deviation (σ) were −1.2° and
30.9°, respectively. The histogram shows quantitatively that the
grains are weakly aligned, which agrees with the qualitative
impression obtained from Fig. 3(a).

The model to calculate the angular dependence of Icj as-
sumes a Gaussian distribution of ϕ. We compared the histogram
to the Gaussian distribution described using (2). ϕ̄ was too
small and neglected. Considering

∫ 90◦

−90◦ G(ϕ)dϕ ∼= 1, we used
g(ϕ)=NDG(ϕ), where N and D were the sum of the frequencies
and the size of bins (15°), respectively.

∫ 90◦

−90◦ g(ϕ)dϕ nearly
corresponds to the sum of the area of the bins in the histogram,
ND.

Three g(ϕ) curves are displayed in Fig. 4. The blue dotted
curve is g(ϕ) with σ = 30.9° and N = 284. This σ was obtained
from the distribution over the entire ϕ. The green dashed curve
is g(ϕ) with σ = 18.6° and N = 284. This σ corresponds to that
used in the previous section. However, these two g(ϕ) curves
appeared to disagree with the histogram.

Hensel et al. proposed the railway-switch model, suggesting
that the small-angle c-axis tilt grain boundaries were the current
path in filaments of a Bi-2223 tape [24], [25]. Applying this
model, the grains with large |ϕ| will not contribute to Icj. As-
suming that the bins of |ϕ| ≥ 45° can be neglected, ϕ̄ = −0.4°,
σ = 20.0°, and N = 242 are obtained. Corresponding g(ϕ) is
shown by the red solid curve in Fig. 4. The ϕ̄ was too small
and neglected. This solid curve is in better agreement with the
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histogram at |ϕ| ≤ 45° than the dashed and dotted curves. This
implies that at |ϕ|≤ 45°, the distribution of the misalignment an-
gleϕ approximately follows the Gaussian distribution described
using (2) and σ = 20.0°.

C. Discussion

In Section III-A, we used the standard deviation σ of 18.6° to
calculate the angular dependence of Icj. This σ was larger than
those reported for tapes. In Section III-B, the microstructural
observations suggested that the distribution of the c-axis grain
misalignment angle ϕ in the intermediate layer follows the
Gaussian distribution described using (2) and σ = 20.0° at
|ϕ| ≤ 45°. This σ is close to the large value of 18.6°. The large
σ used in calculating the angular dependence of Icj is validated
from the microstructural observations.

The model that describes the angular dependence of Ic of a
tape [14], [15], [16], [17] assumes a Gaussian distribution of the
misalignment angle. As explained in Section III-A, this model
can also describe the angular dependence of Icj using the large
σ of 18.6°. The microstructural observations of the intermediate
layer validated this large σ and the Gaussian distribution of the
misalignment angle. We can conclude that the c-axis grain align-
ment in the intermediate layer dominates the angular dependence
of Icj.

In the microstructural observations of the intermediate layer,
15% of the total grains showed |ϕ|≥ 45°. Because the grains with
|ϕ| ≥ 45° will not contribute to the current path, the reduction of
these grains by improving the grain alignment will be effective
to increase Icj. In addition, a decrease in σ increases Ic of a
tape [21]. This also suggests that the improvement of the grain
alignment in the intermediate layer to decrease σ is promising
for increasing Icj.

The c-axis grain alignment of a thick film can be improved by
mechanical processes using a uniaxial pressure [26]. Uniaxial
pressing at a high pressure will be effective to improve the align-
ment of an intermediate layer. In this case, mechanical damage of
superconducting filaments of joined tapes must be suppressed, as
shown in our previous study [22]. An alignment technique using
a magnetic field is also effective for the improvement [27], [28].

If the grain alignment of an intermediate layer is improved,
higher Icj will be achieved. In contrast, this improvement of
the grain alignment will also result in the stronger angular
dependence of Icj owing to smallerσ. Fig. 5 shows the calculated
angular dependence of Icj at 4 K and 0.15 T. The Icj value is
normalized by that at θ= 0. For the calculation, we used (1) and
(5) with σ of 6.0–30.0°, α = 91.7, and γ = 0.627. The black
solid curve with σ= 18.6° corresponds to the calculated angular
dependence of Icj shown in Fig. 1. Inset shows normalized Icj
at 90° as a function of σ. At low angles, normalized Icj is
independent on σ. However, normalized Icj at high angles is
strongly dependent onσ. Whenσ decreases from 18.6° to 6.0° (σ
for a tape reported in [21]), normalized Icj at 90° increases from
1.64 to 2.51. This calculation shows that improvement of the
grain alignment results in the stronger angular dependence of Icj.

The stronger angular dependence may not be suitable for
applying superconducting joints to a persistent-mode magnet.

Fig. 5. Calculated angular dependence of Icj at 4 K and 0.15 T. Icj values are
normalized by that at θ = 0. Inset shows normalized Icj at 90° as a function of
σ. Improvement of grain alignment results in stronger angular dependence.

This is because a magnetic field with various directions may
be applied to the joints, depending on the magnet design. The
angular dependence of Icj should be discussed not only in
materials science, as in this study, but also in persistent-mode
magnet technology.

IV. CONCLUSION

The relationship between the angular dependence of Icj in the
Bi-2223 superconducting joint and the grain alignment of the
intermediate layer was clarified. The angular dependence of Icj
was calculated using the model for a Bi-2223 tape, considering
the angle of the c-axis grain misalignment. The calculated Icj
agreed well with the experimental results. We estimated Icj that
was not evaluated experimentally. The microstructural observa-
tions suggested that the distribution of the misalignment angle
in the intermediate layer approximately followed the Gaussian
distribution. The standard deviation of the misalignment angle
used in calculating the angular dependence was validated. We
concluded that the c-axis grain alignment in the intermediate
layer dominated the angular dependence of Icj.

The improvement of the grain alignment will result in higher
Icj and the stronger angular dependence. The angular depen-
dence should be discussed not only in materials science, as in
this study, but also in persistent-mode magnet technology.
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