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Abstract: Monofilament AgAu sheathed Bi-2223 tapes were fabricated by powder in tube (PIT) process. The influences of cooling

rate during the second heat treatment process (HT2) on the phase composition, microstructures and transport properties of
Bi-2223/AgAu tapes were investigated. Results show that after the HT2 process, the content of Pb-rich Pb;Sr, sBisCa;CuOy (3321)

phase increases with the decreasing cooling rate, while the size of CuO phase particles becomes bigger. With the cooling rate

decreasing from 600 °C/h by 1 °C/h, the critical current density J; increases from 7 kA/cm® to the maximum value of 11.5 kA/cm?,

which increases by 64%. Meanwhile the current capacities in magnetic field of these Bi-2223/AgAu tapes have also been enhanced

with slow cooling process, attributed to the improvements of both the intergrain connectivity and the flux pinning properties.
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Since the first discovery of Bi-based superconductors in
1986, Bi,Sr,Ca,Cu;04¢.5 (Bi-2223) has become one of the
most promising high temperature superconductors (HTS) for
practical applications under liquid nitrogen temperature (77 K),
due to the high superconducting transformation temperature
(T.~110 K) and high critical current density (J;) ', Recently,
AgAu sheathed Bi-2223 has been recognized to be the best
candidate for the fabrication of HTS current lead, considering
the extremely low thermal conductivity of AgAu sheath!®.
However, the phase evolution process of AgAu sheathed
Bi-2223 tapes is different from that of Ag sheathed tapes
attributed to the slower oxygen penetration rate of AgAu
alloy”™. Nowadays, the obtained current capacity of AgAu
sheathed tapes is still ~30% lower than that of Ag sheathed
tapes'®’. Therefore, it is quite necessary to study the phase
evolution process in the AgAu sheathed tapes and to enhance
their current capacity.

In Ag sheathed tapes, based on previous studies, it was
reported that the microstructures, including the size of
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secondary phase, texture structures and phase distribution of
the ceramic core played an important role in the current
transport properties. And the cooling process of heat treatment
had a great influence on the microstructures of Bi-2223/Ag
tapes, by varying the phase composition as well as particle
sizes of different phases. In Bi-2223 tapes, secondary phases,
such as (Ca,Sr),CuO; (namely 2:1 AEC), CuO and
(Ca,Sr)14Cuy40y4; (namely 14:24 AEC) formed during the
sintering process can be reserved during the cooling process.
Meanwhile, precipitates of liquid phase at high temperatures
tended to assemble at grain boundaries as intergrain weak
links. These secondary phases may persist in the final product
and block/break the current paths, thus diminishing the
current-carrying capacity of the fully tapes”*). So it is crucial
to tune the phase composition of secondary phases through the
cooling process. A significant number of studies related to the
effect of
microstructures in the final processed tapes have been

cooling on the transport properties and

published previously" .
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Parrell et al!'” reported that slow cooling (<0.1 °C/min) in
7.5% O, atmosphere could increase the J. (77 K, self-field)
values by as much as 50% over the tapes cooled more quickly,
and considerably sharpened the T, transition, despite the
decomposition of Bi-2223 phase at temperatures below the
2223 phase stability limit. Tetenbaum and Maroni!
discovered that slow cooling process could also lead to the
increase of the oxygen content in Bi-2223 phase, which could
contribute to the enhanced critical current density. Chen!"”
et al investigated the effect of cooling rate on the transport
properties and microstructures after the first heat treatment.
The results showed that the critical current density increases
linearly with the cooling rate decreasing logarithmically due
to the obvious optimization of both the Bi-2223 phase purity
and on the connectivity between grains.

In the present study, aiming at the enhancement of current
capacity in AgAu sheathed Bi-2223 tapes, the influences of
cooling rate in the second heat treatment process on the phase
composition, microstructures and transport properties of AgAu
sheathed Bi-2223 tapes were discussed. The AgAu sheathed
Bi-2223 tapes have been fabricated with the two-powder
precursor powders and traditional powder in tube process. An
obvious enhancement of J, over 64% was obtained with the
cooling rate of 1 °C/h.

1 Experiment

AgAuSwt% sheathed (Bi, Pb)-2223 mono-filamentary tapes
were fabricated with the powder in tube (PIT) technique "%, and
the precursor powders with the nominal composition of
Biy 76Pbyg 34511 93Ca, 0,Cus 60, Were prepared by the two-powder
process!'”! with the initial phase assemblage of the as-rolled
tapes Bi-2212, Ca,CuO; and CuO. Samples of as-rolled tapes
with the length of 10 cm were then thermo-mechanically
processed by three heat treatments (namely first heat treatment
(HT1), second heat treatment (HT2) and third heat treatment
(HT3), and an intermediate rolling step between HT1 and HT2
to develop a dense and aligned Bi-2223 phase structure. The
HT2 process was performed at 826 °C for 78 h in flowing 7.5%
O.,/Ar atmosphere. The samples were then cooled from 826 °C
to 800 °C under electronic furnace programmer control with the
cooling rates of 600 (quench in air), 100 (furnace cooling), 6, 2,
1 and 0.5 °C/h. Below 800 °C, the samples were furnace-cooled
with the cooling rate of ~100 °C/h. The HT3 process was
performed at 780 °C for 18 h in flowing 7.5 % O,/Ar
atmosphere. The final cross section dimensions of all these
tapes were ~0.33%4.76 mm.

Polycrystalline X-ray diffraction (XRD) patterns of tapes
were taken on a X-ray diffractometer (Bruker D8 Advance)
with Cu-Ka radiation. XRD analysis was performed by
peeling off the Ag-Au sheath from one side and exposing the
flat ceramic core surface to the X-ray beam. The Bi-2223 and
Bi-2212 phase volume fractions of powders were calculated
based on the intensities of some specific peaks on X-ray

diffraction patterns, namely,

Vs (%) = [2223(0010) /[12223(0010) + [2212(008):| x100% &)

sz]z (%) = ]2212(oox> /[12223(0010) + 122]2(()()8)] x100% @

where, L5553 0010 and L5512 o0s) are the intensities of (0010) peak
of Bi-2223 and (008) peak of Bi-2212, respectively.
Microstructures of the final tapes were examined by scanning
electron microscopy (SEM). Polished samples in transverse
view were observed using backscattered electrons with a
JEOL 6400 SEM. Chemical compositional analysis was
performed by Inca-X-Stream energy-dispersive X-ray
spectroscopy (EDX). The critical current (/) at 77 K, 0 T was
measured using a standard four-probe DC method with the
criterion of 1 uV/cm. Critical current density J, was calculated
as J=I/A, where A is the cross section areca of
superconducting core. The critical currents in magnetic field
were measured at 77 K in the magnetic field from 0 T to 0.6 T,
both parallel and perpendicular to the rolling plane of the tape.

2 Results and Discussion

X-ray diffraction patterns of the samples with different
cooling rates of 1, 6, 100 and 600 °C/h are shown in Fig.1.
The patterns have been plotted into logarithmic coordinates to
show the characterized peaks of secondary phases clearly. The
existences of secondary phases including Bi,Sr,CaCu,0g.5
(2212), (Ca, Sr)CuO, (1:1 AEC) and CuO can all be clearly
observed as marked by different symbols. Based on the
calculation by Eq.(2), the contents of 2212 phase are
approximately 5% in different tapes regardless of the cooling
rate. Meanwhile, under different cooling rates, the contents of
both 1:1 AEC and CuO phases remain basically the same.
While in the tapes with large cooling rate (air-quenched and
100 °C/h), there is almost no Pb-rich Pb;Sr;sBijsCa,CuO,
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Fig.l X-ray diffraction patterns of Bi-2223 tapes with the cooling
rate of 1, 6, 100 and 600 °C/h (diffraction peaks of 3321 phase

at 31.3° are zoomed in the inset)



1816 Ma Xiaobo et al. / Rare Metal Materials and Engineering, 2019, 48(6): 1814-1818

(3321) phase. However, 3321 phase begins to appear in the
slow cooled tapes (1 and 6 °C/h). And the content of 3321
phase increases with decreasing cooling rate, as shown in the
inset at 20~31.3°.

Backscattered electron images of the cross section of
Bi-2223 tapes with different cooling rates are shown in Fig.2.
It is known that different phases can be distinguished as
contrast in backscattering electron images. Therefore, it can be
observed that in all these tapes, Bi-2223 grains align parallel
to the tape surface as light gray matrix. Besides, there exist
three different kinds of secondary phases, shown as black and
dark gray particles and white sheets. All the phases in the
images have been carefully examined with EDX. And it can
be observed that with different cooling rates, AEC phase as
black particles and CuO as dark gray particles (as marked by
arrows) exist in all the tapes. And with the decrease of cooling
rate, the particle size of CuO increases obviously. It is because
CuO phase is precipitated from the liquid phase during the
high temperature heat treatment. Thus when the cooling rate is
slow, it is very beneficial for the formation and growth of
CuO particles“S]. In Fig.2a and 2b, no Pb-rich Pb;Sr;,;Bigs-
Ca,CuO, (3321) phase can be observed in the samples with
slow rate of 1 °C /h and 6 °C /h. However, from XRD patter
(Fig.1), the content of 3321 phase increases with the decrease
of cooling rate. This is probably because in the slowly cooled
samples, although 3312 phase has precipitated from liquid, the
particle size is too small to be observed under this
magnification. As shown in Fig.2c and 2d, there is a large
content of white un-crystallized liquid phase. It is because the
cooling rate is too large, and thus the liquid phase is unable to
form at the high temperature to crystallize.

Fig.3 shows the J, value (77 K, self-field) as a function of
cooling rate from 0.5 °C/h to 600 °C/h. It can be noted that the
J.values increase from 7 kA/cm” of the 600 °C/h cooled tape
to the maximum value of 11.5 kA/cm?, which is obtained with
the cooling rate of 1 °C/h. Then with the further decrease of
cooling rate to 0.5 °C/h, the current density greatly decreases
to 7.6 kA/cm’. The Bi-2223 volume fraction of powder close
to AgAu-sheath was calculated by Eq.(1). The obtained
Bi-2223 volume fraction decreases from 93% for 1 °C/h
cooled tape to 85% when the cooling rate is lower than 1 °C/h.
Considering that the Ag-superconductor boundary is the high
current capacity area, the decomposition of the Bi-2223 phase
in this area is the reason for the obvious J, decreasing at the
cooling rate of 0.5 °C/h. It can be concluded that the
optimized cooling rate for our AgAu sheathed Bi-2223 tapes is
1 °C/h from 826 °C to 800 °C.

Generally speaking, there are two factors which can affect
the current capacity of Bi-2223 tapes, namely the intergrain
connections and flux pinning properties. In order to
understand the reason for the enhancement of J, in 1 °C/h
cooled tapes compared to the tapes with large cooling rate,
critical currents were measured for 1, 6 and 100 °C/h cooled
tapes under the magnetic field of 0 to 0.6 T. Fig.4 shows both
the critical current density J. (77K, 1pV/cm) values and
normalized J./J.(0) values as functions of magnetic field
applied parallel to the tape surface of samples cooled at 100, 6,
and 1 °C/h. It can be observed that within the entire applied
magnetic field region, the maximum values are all obtained
in the tape with 1 °C/h cooling rate, and the decreases of
normalized J, values with magnetic field is slower for the 1
°C/h cooled tapes, which both suggest that the intergrain

Fig.2 Backscattered electron images of Bi-2223/AgAu tapes with the cooling rate of 1 °C/h (a), 6 °C/h (b), 100 °C/h (c), and 600 °C/h (d)
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Fig.3 J. (77 K, self-field) as the function of cooling rate (the
temperature range is from 826 °C to 800 °C)
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Fig.4 Critical current density as a function of magnetic field applied
parallel to the ab plane of Bi-2223 tapes with cooling rate of 1,
6 and 100 °C/h (a) and normalized J. value as a function of
magnetic field (b)

connections has been greatly enhanced with the decrease of
cooling rate.

Fig.5 shows the critical current density and normalized
J/J(0) value in magnetic field applied parallel to the nominal
direction of the tape surface. The slowly cooled samples
exhibit better in-field J, retention at all fields applied parallel
to the nominal direction, just as they do at fields applied
parallel to the ab plane, which suggests the enhancement of
flux pinning properties with slow cooling process. Based on
the XRD and SEM results, the amount and size of second
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Fig.5 Critical current density as a function of magnetic field applied
parallel to the nominal direction of the tape surface (a) and

normalized J; value as a function of magnetic field (b)

phase particles, especially CuO, slightly increase with the
decreasing cooling rate. Thus the reduced volume fraction of
second phase cannot be the reason for the observed /. benefits
of slow cooling. Since the formation of the Bi-2223 phase
always involves liquid phases''**"), the residual liquid phase at
grain boundaries is considered as intergrain weak links for the
current transport process. As shown in Fig.2d, in the tapes
with larger cooling rate, there is no enough time for these
liquid phase to crystallize. While, when the cooling rate is
slow, crystallized 3321 phase can precipitate from these liquid
phases, which disperse precipitates uniformly at grain
boundaries and is not only beneficial to the intergrain
connections, but also work as flux pinning centers to enhance
the flux pinning properties of Bi-2223 tapes. Therefore, the
current capacity of our AgAu sheathed Bi-2223 tapes has been
greatly enhanced both under self field and magnetic field.

Besides, we have also study the effects of slow cooling rate
on the current transport properties of 37 filaments AgAu
sheathed Bi-2223 tapes. The enhanced /. values from 112 A
for 100 °C/h cooled tape to 144 A for 1 °C/h cooled tape,
corresponding to the 27% J, increase from 11.7 kA-cm™ to
14.8 kA-cm™ suggest the effect of slow cooling process on the
enhancement of superconducting transport properties of
multifilamentary AgAu sheathed tapes.

3 Conclusions
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1) With the decrease of cooling rate, although the CuO
particle size slightly increases, which will affect the texture
structure of Bi-2223 alignment, the precipitates of 3321 phase
are greatly beneficial to the intergrain connections.

2) The J, values both under self-field and in low magnetic
field (parallel to the ab plane and the nominal direction of tape
surface) have been obviously enhanced. Attributed to the good
grain connectivity and enhanced flux pinning force, the
maximum J, value of 11.5 kA /cm® is obtained at the cooling
rate of 1°C for mono-filamentary tapes.
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