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Abstract

®

CrossMark

The effect of intermediate layer densification on the critical current (/) of Bi-2223
superconducting joints was quantitatively studied. First, we evaluated the phase purity, density,
and intergrain critical current density (J.) of Bi-2223 thick film samples simulating the
intermediate layer. The samples were uniaxially pressed to increase the film density. After two
heat treatments of the pressed film, an increase in J. was achieved. Second, we fabricated
superconducting joints by synthesizing an intermediate layer between two Bi-2223 tapes.

Applying a uniform uniaxial pressure on the joint resulted in the formation of a homogeneous
structure. This process enables the reproducible fabrication of superconducting joints with high
n values. The .. of the superconducting joint was increased by intermediate pressing (IP) and
two heat treatments. However, pressing at high pressures can mechanically damage filaments in
the Bi-2223 tapes, leading to a decrease in /.. Sample characterization showed that the optimum
IP pressure range to produce high /. was 1.5-2 x 10 Pa. We confirmed that pressing densified

the intermediate layer of the superconducting joints. Our experimental results and analyses
reveal that densification of the intermediate layer increases the /. of Bi-2223 superconducting

joints.

Keywords: superconducting joint, Bi-2223, HTS, critical current, densification

(Some figures may appear in colour only in the online journal)

1. Introduction

The commercially available Ag-sheathed multifilamentary
(Bi,Pb),Sr,Ca,Cuz Oy, [Bi-2223] high-temperature supercon-
ducting (HTS) tape, DI-BSCCO® [1, 2], exhibits high critical
current (/) up to 200 A at 77 K in self-field and >500 A at
4.2 K under ~20 T parallel to the tape surface [3, 4]. This tape
has been used for magnets operating at a high temperature of
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20 K [2, 5, 6] and generating a high field of >24 T at around
4 K [7-9].

Superconducting joints are necessary for magnets operat-
ing in the persistent current mode [10, 11]. Persistent current
mode magnets are used for magnetic resonance imaging and
nuclear magnetic resonance systems because of their tempor-
ally stable magnetic field. In the last decade, significant pro-
gress on developing superconducting joints between HTS con-
ductors has been made [11-18].

We developed a high-/. superconducting joint between Bi-
2223 tapes [13] by synthesizing a Bi-2223 intermediate layer
between the exposed filaments of the two tapes. The synthesis
comprises a slurry process, uniaxial pressing at room temper-
ature, and heat treatment. It was found that the larger the num-
ber of exposed filaments of the Bi-2223 tapes, the higher the

© 2023 The Author(s). Published by IOP Publishing Ltd
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I, of the superconducting joint. To expose a large number of
filaments, the Bi-2223 tapes were mechanically polished at a
small angle of less than 0.4°.

In a recent study [19], I, was improved by applying two-
step sintering. The process involves an initial heat treat-
ment, intermediate uniaxial pressing, and a second heat treat-
ment. The superconducting joint achieved a practical I, of
290-306 A at 4.2 K and 1 T under a resistance criterion of
1079 Q.

Although the I.. of the Bi-2223 superconducting joint has
been improved, the key parameters affecting /. have not yet
been clarified. To identify these parameters, it is necessary to
understand the relationships between I, and the microstruc-
ture, density, and phase purity of the superconducting joint.

The uniaxial pressing pressure on the Bi-2223 intermediate
layer significantly influences the microstructure and density,
as demonstrated in bulk samples [20-22] and thick films [23].
During the joining process we applied intermediate pressing
(IP) pressure of about 200 MPa [19], which likely densified
the intermediate layer. However, the effect of densification has
not yet been quantitatively evaluated.

In this study, we clarify the effect of intermediate layer
densification achieved by IP on the /. of the Bi-2223 super-
conducting joint. Firstly, we evaluated the phase purity, dens-
ity, and intergrain critical current density (J.) of thick film
samples. The relationship between density and intergrain J,
was established. Secondly, the fabrication process of the
superconducting joint was modified to achieve a uniform uni-
axial pressure. The relationships between the IP pressure,
density of the intermediate layer, and /. of the superconduct-
ing joints were determined.

2. Relationship between density and J. of thick film
samples

2.1. Experimental

Thick film samples simulating the intermediate layer of a Bi-
2223 superconducting joint were prepared by a slurry process
[23]. Figure 1 shows a schematic of the sample and flow
chart of the sample preparation process. Commercially avail-
able Bi-2223 precursor powder produced by TEP Co., Ltd
was used. The nominal chemical composition of the powder
was Bi:Pb:Sr:Ca:Cu = 1.6:0.45:1.9:2.0:3.0. The slurry was
obtained by mixing the precursor powder with EtOH/1-BuOH
solvent.

The slurry was dropped onto a Ag sheet and dried in air. The
Ag sheet was 15 mm long, 5 mm wide, and 0.2 mm thick. The
dried samples were uniaxially pressed at 2.0 x 10® Pa (about
200 MPa). Sample TF1 was prepared at this stage as shown
in figure 1(b). The other pressed films were each covered with
a 30 pm thick Ag foil. We performed the first heat treatment
(HT1) for these films. At this stage, sample TF2 was ready. We
carried out the second heat treatment (HT?2) for the remaining
samples after IP to prepare sample TF3-5. IP pressures (Pip)
for samples TF3-5 are shown in table 1. HT conditions for
both HT1 and HT2 were at 815 °C for 36 h under a partial

(a) Oxide layer
ab .1 mm
Ag sheet— _/5' it

(0.2 mm)

(b)

Precursor powder

| [+ EtOH/1-BuOH ][ Mixing
Slurry

Dropping|| Drying

Uniaxial pressing (2.0 x 108 Pa)
Pressed films >Sample TF1
| [Covering with Ag][HT1
Films after HT1 >TF2
| 1P (1.0-2.0 x 108 Pa)|[HT2

Films after HT2——— TF3, TF4, TF5

Figure 1. (a) Schematic of the thick film sample and (b) sample
preparation flow chart.

oxygen pressure (Pg;) of 3 kPa in a tube furnace. We con-
trolled Po; by flowing 3%0,/Ar gas in the furnace. The thick-
ness of the oxide layer of the obtained samples was about
0.1 mm. The Ag foil and sheet were removed as needed during
characterization.

The density (p) of the samples was calculated using the
mass and dimensions of the rectangular oxide layer after
removing the Ag foil and sheet. The theoretical density of
6.3 g cm 2 [24] was used to calculate the relative density (D).

0/26 surface x-ray diffraction measurements were per-
formed using a Rigaku MiniFlex II. The measurements were
performed on the surface of the oxide layer and the oxide/Ag
interface. The molar fraction of the Bi-2223 phase (fBi-2223)
was estimated by

Igi-2203
fBinpn = ——"7"-"7"— (D
Igi2203 + IBi-212

where Igj223 and Igj.017 are the integrated intensities for the
0014(Bi-2223) peak with 26 of about 34° and 0012(Bi-2212
[(Bi,Pb),Sr,CaCu,0y]) peak with 260 of about 35° in the x-ray
diffraction pattern.

The intergrain J,. for the samples was evaluated at 77 K and
zero external field by remanent magnetization measurements
[23, 25] using a SQUID magnetometer (MPMS, Quantum
Design). We used the extended Bean model to calculate J..
The magnetic field was applied normal to the surface of the
samples, i.e. parallel to the pressing direction.
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Table 1. Thick film sample specifications. Heat treatment conditions for both HT1 and HT2 were at a partial oxygen pressure (Po2) of 3 kPa

and 815 °C for 36 h.

Intergrain J.

/KA cm ™2
(77 K, zero
Sample Heat treatment and IP Prp / 10% Pa fBi-2223 / —(Surface) fgiaxn3 / —(Interface) p/g em™® D/% external field)
TF1 — — 0.094 — 3.90 62 —
TF2 HT1 — 0.769 0.853 3.62 57 0.25
TF3 HT1 — IP — HT2 1.0 0.883 0.902 3.86 61 1.1
TF4 HT1 — IP — HT2 1.5 0.932 0.886 4.02 64 14
TF5 HT1 — IP — HT2 2.0 0.891 0.884 4.21 67 1.8
1 v 1 1 v
Thick film ¢ index Bi-2223
® o e ©Bi-2212
° I:I. m} o® O CaszO4

Intensity (normalized)

30

40

26/ deg (Cu-K)

Figure 2. Typical surface x-ray diffraction patterns of sample TF1-3. The Bi-2223 phase formation progressed significantly during HT1. In
the oxide/Ag interface of TF2, Bi-2223 was the main phase. Bi-2223 was the main phase even on the oxide surface of TF3.

2.2. Results

Figure 2 shows typical surface x-ray diffraction patterns for
the samples. The main phase of TF1 was Bi-2212. There were
also small amounts of Bi-2223 and Ca,PbOj, phases. Although
CuO or (Ca,Sr)-Cu-O phases should also exist on the oxide
surface considering the nominal chemical composition, we
could not clearly find their peaks. This is probably because of
the overlapping peaks, their scarce amount, or small crystallite
size.

The Bi-2223 phase formation progressed significantly dur-
ing HT'1. The unreacted Bi-2212 phase remained on the oxide
surface of sample TF2, whereas Bi-2223 was the main phase
in the oxide/Ag interface. It is well known that the presence of
Ag aids in the formation and c-axis grain alignment of the Bi-
2223 phase [26, 27]. The diffraction pattern in the interface of
TF2 indicates improved Bi-2223 phase formation and c-axis
grain alignment. Even on the surface of TF3, Bi-2223 was the
main phase.

Table 1 summarizes the fgj.203 values for the surface and
interface, p, D, and the intergrain J. for sample TF1-5. For
TF3-5, fBi2203 values were not dependent on Pp and larger
than 0.88 on both the surface and interface. This indicates that
Bi-2223 was the main phase for the entire sample after HT2.
[Bi-2223 on the interface of TF2 was 0.853, which is larger than

that on the oxide surface and comparable to that for TF3-5
because of the presence of Ag.

The p of TF1 was 3.90 g cm 3, which corresponds to a D of
62%. This relatively low value was probably due to the insuf-
ficient pressing pressure of 2.0 x 10% Pa. TF2 had a lower p
of 3.62 g cm~3. This is because the oxide layer swelled during
HT1 when the Bi-2223 phase was being formed [28, 29].

In preliminary experiments, we obtained higher p of
45 g cm™ in a thick film by high-pressure pressing at
1.0 x 10° Pa (about 1 GPa) before HT1. Due to the swelling,
however, p of this thick film decreased to 3.7 g cm 3, which is
comparable to that of TF2. This indicates that it is difficult to
improve final p of thick films by high-pressure pressing before
HT1.

p increased after IP and HT2. IP contributed to the densi-
fication, as demonstrated in a bulk sample [21]. In the present
work, it was found that the higher the Ppp, the higher the p
of the Bi-2223 thick film. Among all samples, the highest p
of 421 g cm—3 corresponding to a D of 67% was obtained
by TF5. This p value is comparable to that for bulk samples
prepared with a Pip of 1-2 x 108 Pa [21, 22]. However, this
p value is still low compared with that of the filaments of the
Bi-2223 tape (D of about 100%) fabricated by rolling and over-
pressure sintering processes [2].



Supercond. Sci. Technol. 36 (2023) 035004

Y Takeda et al

D/ %
25 5|0 . 6|0 7|0
Thick film
20} i
77 K, [ |
G zero external field
15} -
3] &
<
= 1.0} v -
___’0
B TF5
i ¢ TF4 |
0.5 ¥ TF3
0 O TF2
O ; L i L 1 L ; i i 1 L L
3.0 3.5 4.0 4.5

plgem

Figure 3. Relationship between p and intergrain J. at 77 K and zero
external field for sample TF2-5. The gray dashed line was derived
from TF3-5 data points using the least-squares method. J. increased
after IP and HT?2. In the thick film, an increase in intergrain J. is
achieved by densification.

Figure 3 shows the relationship between p and intergrain J.
at 77 K and zero external field for TF2-5. The gray dashed line
was derived from TF3-5 data points using the least-squares
method. J. increased after IP and HT2. This increase in J.. is
mainly due to the high purification and densification. There
appears to be a linear relationship between p and J.. in TF3-5.
Therefore, it was verified that in the Bi-2223 thick film, an
increase in intergrain J. is achieved by densification.

3. I and microstructure evaluation for
superconducting joint samples

3.1. Experimental

DI-BSCCO® Type H tapes 4.2 mm wide and 0.22 mm thick
(without mechanical reinforcements) were used to fabricate
the Bi-2223 superconducting joints. Figure 4(a) shows the
transverse cross-sectional view and height profile of one side
of the Bi-2223 tape. This cross-section shows a bulge, i.e., the
center is thicker than that of the edges. Height profile meas-
urements in the lateral direction (x) using a laser microscope
(Keyence VK-X1100/1000SP1976) showed that the height of
the center (x = 2 mm) was about 20 um larger than that of the
edges.

The uniaxial pressure on the joint will not be uniform using
such tapes, i.e., the high pressure is concentrated in the thicker
central part. This non-uniform pressure distribution is one of
the major reasons why the densification demonstrated in the
thick film could not be replicated in the intermediate layer of
a joint.

To ensure that the applied uniaxial pressure is uniform, the
tape was flattened by polishing both sides. Figure 4(b) shows
the transverse cross-sectional view and height profile of one
side of the flattened Bi-2223 tape. The thickness of the center

(a)

3120 Km As-purchased Edge
= *Edge *

5

[

i

5 |T20 um
< ’ Edge  Flattened |Edoe
=
Ro) -
(]
I 1 1 1 " 1 M 1 "
0 1 2 3 4 5

X/ mm

Figure 4. Transverse cross-sectional view and height profile of one
side in the lateral direction (x) for (a) as-purchased Bi-2223 tape and
(b) flattened Bi-2223 tape. The gray dashed line in the height
profiles is the reference level. The surface of the flattened tape is
perfectly flat.

of the flattened tape was 30-40 pum smaller than that of the
as-purchased tape. Height profile measurements show that the
surface of the flattened tape is perfectly flat.

In the present work, straight lap joint samples were fab-
ricated using flattened Bi-2223 tapes 6 cm long. Figure 5(a)
shows a schematic of the joint. One end of each flattened tape
was polished at 0.3° to expose most filaments [13, 19]. The
joining procedure involving Bi-2223 intermediate layer syn-
thesis was similar to that described in [13, 19] and was applied
using the same slurry to prepare the thick film samples.

We confirmed that the uniaxial pressure in pressing could
be made uniform using the flattened tapes, as shown in
figure 5(b). Joint samples using as-purchased tapes or flattened
tapes were prepared and pressed at 1.0-2.0 x 10% Pa with
the pressure measurement films (Fujifilm Prescale HS). The
sample using the as-purchased tapes showed a color gradi-
ent at 1.0 x 10% Pa. This indicates that the high pressure is
concentrated in the thicker central part and the thinner edges
are not pressed. Even when pressing at 2.0 x 10% Pa, although
the pressed area increased due to sample deformation, the thin-
ner edges are still not pressed. In contrast, the joint using the
flattened tapes showed no color gradient despite the pressing
pressure. This indicates the uniform pressure distribution at
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(a) Polished at 0.3°
to expose filame‘nts

Tape/
I

Ilzlattened (polished at 0°)

Intermediate Iéyer (about 70 mm?2)

(b) Pressing

As-purchased Flattened
pressure: 5 5
1.0 x 108 Pa K B
2.0 x 108 Pa BN ]
Pressure measurement film 1E1

Figure 5. (a) Schematic of the straight lap joint using the flattened
tapes. (b) Photograph of pressure measurement films (Fujifilm
Prescale HS). Joints using the as-purchased tapes or flattened tapes
were pressed at 1.0-2.0 x 10® Pa with the pressure measurement
films. These films indicate that uniaxial pressure in pressing can be
made uniform by using the flattened tapes.

1.0-2.0 x 10® Pa. The width of the region to which pressure
was applied almost completely corresponded to that of the tape
(4.2 mm).

The intermediate layer area was about 70 mm?. However,
there was an area uncertainty of about 10%. This means that
the uncertainty of the pressing pressure was also about 10%.
The joint was uniaxially pressed at (2.0 £ 0.2) x 10% Pa before
HT1. HT2 was performed for some samples after IP at a Prp
of 1-2 x 108 Pa with £10% uncertainty. HT conditions were
the same as those for the fabrication of the thick film samples,
i.e., at Po, of 3 kPa and 815 °C for 36 h.

Transport measurements in the self-field were performed
for the samples in a liquid nitrogen bath (77 K). The conven-
tional dc four-probe method was used. /. was determined at
a voltage of V = 0.2 ;/V. Assuming an empirical power law
model (V o< I'"), the exponent n was calculated for a voltage
range of 0.2 uV <V < 0.7 uV.

The microstructures of the samples were observed using a
field emission scanning electron microscope, Hitachi SU-70.
Secondary electron images were obtained from the polished
surface of the transverse cross-section of the samples. We
estimated the filling factor (F) for the intermediate layer of the
samples by image analysis. More than ten images of the inter-
mediate layer were obtained for each sample. The size of the
images was 25 um x 18 ym. We estimated F values by image
thresholding, measuring F for each image, and calculating the
mean and standard deviation values.

3.2. Results

3.2.1. I and n values after HT1.  Eight sample joints were
fabricated. Table 2 summarizes the /., n and Pip for each
sample. Samples J1 and J2 were prepared using only HT1

Table 2. Joint sample specifications. /. and n values at 77 K in
self-field were examined by transport measurements. The heat
treatment conditions were at Po, = 3 kPa and 815 °C for 36 h.

After HT'1 After HT2
Sample  I./A  n/-  Pp*/108Pa  I./A nl-
J1 373 14.1 — (only HT1)
2 31.6 15.2 — (only HT1)
13 33.8 18.1 1.0 40.3 17.6
J4 42.6 13.1 1.5 73.1 11.5
J5 393 15.7 1.5 68.7 15.2
J6 24.7 18.9 2.0 73.3 16.3
17 33.8 16.5 2.0 45.1 8.35
J8 22.8 16.5 2.0 5.1 8.63
2 Prp uncertainty was about 10%.
3 T I T T T T T T
Joint
After HT 1
2F —J1 g
—J2
> | —J3
E— —_—J4
> 1 i
—J6
—J7
—J8
0 p= — e’ i
77 K, self-field
L | 1 1 1 1 1 1 1 1 1
0 10 20 30 40 50 60
1A

Figure 6. V-I curves measured at 77 K in the self-field for sample
J1-8 after HT'1. All curves show a typical superconducting to
normal transition, indicating that the superconducting joints were
formed in all samples after HT1.

(without IP). For J3-8, the I, and n values after HT2 were also
evaluated.

Figure 6 shows the V-I curves at 77 K in the self-field for
the samples after HT1. All V-I curves show a typical super-
conducting to normal transition, indicating that superconduct-
ing joints were formed in all samples after HT1. As shown in
table 2, the ranges of /. and n values were 22.8-42.6 A and
13.1-18.9, respectively. In the previously reported supercon-
ducting joints, the n values were 6-10 [13, 19]. In this study,
after HT1, the samples exhibited higher n values with high
reproducibility.

The higher n values are attributed to the homogenous
structure [10], as demonstrated in Nb-Ti wires and Bi-2223
tapes [30, 31]. By using flattened Bi-2223 tapes, a uniform
pressing pressure could be applied enabling the formation of a
homogeneous structure. This allows the reproducible fabrica-
tion of superconducting joints possessing high n values.

3.2.2. Increase in I after IP and HT2.  In a previous study,
we demonstrated /., improvement in the superconducting joint
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Figure 7. Relationship between Pip and Al at 77 K in self-field for sample J3-8. The Pip error bars correspond to £10% uncertainty. The
gray dashed line was derived from J3—6 data points by the least-squares method. There appears to be a linear relationship between Pip and

Al of these samples. At a Pp of 2.0 x 10® Pa, a large Al was not reproduced.

Joint sample

(a) J1

Transverse
cross-section

Intermediate
layer

L.

Bi-2223=—
tape

I
Ag Filament

Al_IA — (only HT1)

(b) J3

6.5

(c) J4 (e)J8

30.5 48.6

Figure 8. Secondary electron images of typical polished surfaces for the joining part of J1, J3, J4, J6, and J8. The position for the
observation and Al of each sample are also shown. Many cracks were observed in most J8 filaments. IP at a Pip of 2.0 x 10% Pa can cause
significant damage to the filaments in the Bi-2223 tape, resulting in the small A/..

by introducing IP and HT2 [19]. In this study, in order to
quantify the increase in I, we used increments of I, Al. = I
(after HT2) — I, (after HT1). The relationship between Pp and
Al for J3-8 is shown in figure 7. The Pip error bars corres-
pond to £10% uncertainty. The gray dashed line was derived
from J3-6 data points by the least-squares method.

The n values for J3—6 were >11 after HT2, as shown in
table 2. There appears to be a linear relationship between Pip
and A, for these samples. This implies that a denser interme-
diate layer was formed with a higher Pjp, resulting in a larger
Al J6 at a Pp of 2.0 x 10% Pa showed the largest Al of
48.6 A.

The Al of J7 and J8 were much smaller than that of J6. The
Pyp for J7 and J8 were similar to that for J6. A large Al was
not reproduced at a Pip of 2.0 x 108 Pa. As shown in table 2,
J7 and J8 had low n values (<9) after HT2. The cause of the
small Al. and low n values for J7 and J8 is discussed in the
next section.

The Al of J3 at a Pp of 1.0 x 10% Pa was only 6.5 A.
This may be because the densification of the intermediate
layer was insufficient to achieve a large Al.. At a Pp of
1.5 x 10® Pa, relatively large Al of 29.4 and 30.5 A were
observed in J4 and J5, respectively. There is an optimum Pjp
of around 1.5-2 x 108 Pa to achieve a large Al. with high
reproducibility.

3.2.3. Evaluation of microstructure and intermediate layer
densification. ~ The microstructures of J1, J3, J4, J6 and
J8 were examined. An intermediate layer with a homogen-
eous thickness of about 30 um is formed in each sample,
as reported in [19]. Figure 8 shows typical secondary elec-
tron images of the polished surfaces of the samples. In each
image, the upper and lower parts correspond to the inter-
mediate layer and Bi-2223 tape, respectively. As reported in
[13, 19], the grains were in good contact at the interfaces
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Figure 9. Typical secondary electron images of polished surfaces for the intermediate layers of J1, J3, J4, J6 and J8. The filling factor (F) of
the intermediate layer was calculated using such images.

between the intermediate layer and filaments. A large num-
ber of voids were observed in the intermediate layer of each
sample.

As shown in figure 8(e), many cracks were observed in
most filaments of J8. Few and thin cracks were observed in
the filaments of the other samples. There was a difference
in the damage to the filaments between J6 and J8 pressed
at a Pp of 2.0 x 10® Pa. This may be due to the uncer-
tainty of Prp. The actual Pp applied to J8 was probably higher
than the nominal value, resulting in significant damage to the
filaments.

Figure 9 shows typical secondary electron images of the
polished surface of the intermediate layer for J1, J3, J4, J6,
and J8. General plate-like Bi-2223 grains were found in each
sample. The grain size was 5-10 pum, which was compar-
able to that of the previously reported bulks heat-treated at
Poy = 3 kPa and 815 °C-825 °C [22].

In J3, J4, J6, and J8, the main phase of the intermedi-
ate layer was Bi-2223, which was not dependent on Ppp.
This result is consistent with that of the thick film samples
shown in section 2.2. We could not find coarse impurities such
as (Pb,Bi)3Sr,Ca,CuO, (Pb-3221), Bi-2212, or (Ca,Sr)-Cu-O
phases in the intermediate layer.

There appeared to be no difference in the degree of c-axis
grain alignment among these samples. The c-axis grain mis-
orientation angle for the intermediate layer of each sample
was estimated from the directions of the plate-like Bi-2223
grains. Although there was broad distribution of the misorient-
ation angle depending on the observation location, the mean
misorientation angle was about 15°-30° calculated using
about 30 grains in each sample. This suggests that a weakly
grain-oriented intermediate layer was formed in each sample

Table 3. Pip and calculated F of the intermediate layer with mean
and standard deviation values.

Sample Pip? /10% Pa Fl%

i — (only HT1) 68.6 + 3.0
13 1.0 712422
14 15 737+19
16 2.0 774 +£20
18 2.0 780+ 1.9

# Pip uncertainty was about 10%.

because pressing pressure up to 2.0 x 103 Pa was too low to
promote c-axis grain alignment.

The calculated filling factors (F) with the mean and stand-
ard deviation values for the intermediate layer of each sample
are summarized in table 3. The table quantitatively shows that
IP densifies the intermediate layer. The higher Pp, the denser
the intermediate layer.

The F value of J8 is comparable to that of J6. This means
that the densification by IP was achieved even in the interme-
diate layer of J8, although the A/, of J8 was much smaller
than that of J6. It has been reported that mechanical damage
to the filaments deteriorates the /. and n values of Bi-2223
tape [32, 33]. The filaments in J8 were significantly damaged
as shown in figure 8(e), resulting in the lowered A/, and n
values.

Although the microstructure of J7 (P of 2.0 x 10® Pa)
was not observed because J7 was degraded after the transport
measurements, the corresponding F' value is probably similar
to that of J6 and J8. The small Al and low n value of J7 was
probably caused by the damage to the filaments in the Bi-2223
tapes.
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Figure 10. Relationship between F and Al for the
superconducting joint samples J1, J3, J4 and J6. Gray dashed line
was derived from J3, J4, and J6 data points using the least-squares
method. Al appears to be positively correlated with F, indicating
that the densification of the intermediate layer produces a large Al
of the Bi-2223 superconducting joint.

4. Discussion

4.1 Relationship between intermediate layer densification
and Al of the superconducting joint

As presented in section 2.2, IP increased the p of the thick film
samples. The higher the Pip, the higher the p in sample TF3-5.
An increase in intergrain J, was achieved by the densification.
Assuming that J. of TF2 is a typical value for a thick film after
HT1, increments of J., AJ. = J. (after HT2) — J (after HT1)
will also increase by the densification in TF3-5.

In the superconducting joints, IP densified the intermediate
layer, as shown in table 3. The higher the Pjp, the higher the F
in samples J3, J4, and J6. This densification of the intermediate
layer contributed to the large A/, of the superconducting joint.

Figure 10 shows the relationship between F and Al for
the superconducting joint samples J1, J3, J4, and J6. J1, which
was prepared with only one HT process (HT1), was plotted as
Al. = 0. The gray dashed line was derived from J3, J4, and
J6 data points using the least-squares method. Al. appears to
be positively correlated with F. It can be concluded that the
densification of the intermediate layer produces a large A/, in
the Bi-2223 superconducting joint.

4.2. Achieving high Ic in the Bi-2223 superconducting joint

We clarified that the density of the intermediate layer is one of
the key parameters affecting /. of the Bi-2223 superconducting
joint. Figure 10 suggests that if the intermediate layer density
is increased to F > 90%, a Al above 120 A can be achieved.
Given that the /. of the joints after HT1 ranged from 22.8 to
42.6 A, an I, above 140 A is possible after HT2 with a very
dense intermediate layer. This /. is comparable to that of the
commercially available Bi-2223 tape [2].

High-pressure IP can cause mechanical damage to the
filaments in Bi-2223 tapes, and densification methods other
than uniaxial pressing are needed to obtain dense intermediate
layers. Hot pressing, which has been demonstrated in Bi-2223
tapes [34], may be effective. However, filament damage can
occur and needs to be suppressed. It may be possible to intro-
duce an already very dense material prepared in advance as an
intermediate layer. However, achieving good grain contact at
the joining interface may be difficult.

The large Al demonstrated in this study is attributed to the
increase in intergrain J, of the intermediate layer due to densi-
fication. Other methods for controlling the J.. of the intermedi-
ate layer can be effective in producing a high /.. The signific-
ant parameters for controlling J. include constituent phase [2],
c-axis grain alignment [35], chemical composition [22, 23],
and grain boundary structure [36]. Among them, improving
c-axis grain alignment is promising because the grain align-
ment of the intermediate layer was poor, as shown in 3.2.3.

5. Conclusion

We clarified the effect of Bi-2223 intermediate layer densi-
fication achieved by IP on the /. of Bi-2223 superconducting
joints. The following conclusions are drawn:

(a) Bi-2223 thick films can be densified by IP. An increase in
intergrain Jc can be achieved by densification.

(b) Using flattened Bi-2223 tapes for making a joint enables
uniform uniaxial pressure to be applied. The uniform
pressure probably promotes the formation of a homogen-
eous structure. This allows the reproducible fabrication of
superconducting joints with high n values.

(c) The I, of Bi-2223 superconducting joints could be
increased by applying IP and HT2. However, the filaments
of the Bi-2223 tapes can be damaged by high-pressure IP,
which then causes /. deterioration in the joint. To achieve
ahigh I, the optimum Pyp is in the range of 1.5-2 x 108 Pa.

(d) The densification of the Bi-2223 intermediate layer by IP
increases the Al of the superconducting joint. The density
of the intermediate layer is a key parameter affecting the
1. of the Bi-2223 superconducting joint.

(e) In order to further enhance the /. of Bi-2223 superconduct-
ing joints, densification methods other than uniaxial press-
ing are needed. Controlling J.. of the intermediate layer is
also effective in producing a high I..
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