J Mater Sci: Mater Electron (2023) 3

t‘)

Check for
updates

Formation and growth of Bi-2223 phase in Bi-2223/Ag
and Bi-2223/AgAu tapes

Xiaobo Ma', Shengnan Zhang'*

Jianfeng Li'

, Jianging Feng', Chengshan Li', Botao Shao', and

" Northwest Institute for Nonferrous Metal Research (NIN), Xi‘an 710016, China

Received: 21 July 2022
Accepted: 6 December 2022
Published online:

31 January 2023

© The Author(s),

exclusive licence to Springer

under

Science+Business Media, LLC,

part of Springer Nature 2023

1 Introduction

ABSTRACT

Mono-filament Bi-2223/Ag and Bi-2223/ AgAu tapes were fabricated by power-
in tube technique. The Bi-2223 phase formation temperature and content of Bi-
2223/Ag and Bi-2223/AgAu tapes were analyzed first. To have a quantitative
understanding of growth process of Bi-2223 grains during the sintering process,
the length and thickness of Bi-2223 platelets were measured. It is found that the
growth rate in the length direction of Bi-2223 platelets was two orders of
magnitude higher than that in the thickness direction and the Bi-2223 grains had
same growth rate in the length direction for Bi-2223/Ag and Bi-2223/AgAu
tape, but growth rate in the thickness direction was different. When sintering
time reached 10 h, the average platelet thickness of Bi-2223/Ag and Bi-2223/
AgAu tapes were 0.3 and 0.23 pm, respectively. This will bring about the dif-
ference in the phase content of Bi-2223, which is the key to affecting the current-
carrying performance of the tape. The above results provided insightful infor-
mation to understand both Bi-2223 phase growth of Bi-2223/AgAu tape and to
improve its current-carrying property.

reduce the thermal conductivity of Bi-2223 tapes
effectively [15], so Bi-2223/AgAu tape is a good

Among high temperature superconductors (HTS),
Ag-sheathed BiySr,CayCuzOq045 (Bi-2223) composite
conductor is currently the primary HTS conductor
available in lengths suitable for practical applications
[1-4]. Many groups have investigated Ag and Ag
alloy (including elements Mg, Au, Mn, Cu, Ni and Ti)
as the sheath materials for fabrication Bi-2223 tape
suitable for application such as power cable [5],
motors [6, 7], magnets [8-11], as well as current lead
[12-14]. The addition of Au into Ag sheath can
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choice for the fabrication of HTS current lead. How-
ever, several problems still remain in Bi-2223/AgAu
superconducting tapes. The most important one is
the lower Bi-2223 formation rate due to the low
oxygen diffusion rate of AgAu sheath comparing
with Ag sheath [16]. Considering that the phase
evolution process of Bi-2223 involved with complex
reactions and oxygen release/absorption process, the
smaller oxygen diffusion rate could lead to slower
change of local oxygen partial pressure of
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superconducting cores, thus influenced the formation
of Bi-2223 phase and critical current density. Due to
the higher manufacturing costs and lower transport
properties compared to Bi-2223/Ag tape, the appli-
cations of Bi-2223/AgAu tape are limited, so it is very
necessary to improve critical current of Bi-2223/
AgAu tapes.

During the PIT process, there are many parameters
which can affect critical current of Bi-2223 tapes. First,
the fabrication techniques for precursor powder,
including solid state sintering [17], high energy mil-
ling [18], co-precipitation [19, 20], spray drying
[21, 22] and spray pyrolysis [23], have been opti-
mized. Meanwhile, the chemical composition of Bi-
2223 precursor powders and chemical stoichiometry
of Bi-2223 phase are important parameters [24-26].
Second, the influences of alloying additions on criti-
cal current and mechanical properties of Bi-2223
tapes have also been investigated [27-31]. Due to the
change of mechanical properties and oxygen pene-
tration rate of metal sheathes, the critical current
varied greatly [32-34]. In these studies, however, the
phase formation process and grain size which affect
critical current of Bi-2223 tapes are not systematically
evaluated. Therefore, it is quite necessary to study the
phase evolution process in the AgAu sheathed tapes
and to enhance their current capacity.

In the present study, the thermodynamic and
kinetic differences of Bi-2223/Ag and Bi-2223/AgAu
tapes during the heat treatment process were sys-
tematically investigated. Using step-by-step sinter-
ing 4+ quenching method, the growth process of Bi-
2223 platelet during the sintering of Bi-2223 tapes
were analyzed, to reveal the difference in the phase
formation process between Bi-2223/Ag and Bi-2223/
AgAu tapes. This research will assist determining
proper heat treatment of Bi-2223/AgAu tapes o
improve its critical current that can be the focus of
future application.

2 Experiment

Precursor powders with the nominal composition of
Bi; 76’bg 34511 93Ca5 02Cus 060 were prepared
through a two-powder co-precipitation process with
the initial phase assemblage of the (Bi, Pb)-2212,
CayCuO;, and CuO [35]. The precursor powders were
packed into pure Ag and AgAu5 wt% tubes ((outer
diameter: ¢12 mm, wall thickness: 1 mm). With a
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series of swaging and drawing processes, single fil-
ament wires with diameter ¢1.86 mm were obtained.
The rolling processes for the two wires are identical,
with the reduction rate of ~ 20% per pass. Samples
of as-rolled tapes with the length of 15 cm were sin-
tered at 826 °C for different time under flowing Ar-
7.5% Oy, and then quenched in air.

X-ray diffraction was done by an X-ray diffrac-
tometer (Bruker D8 Advance) with Cu-Ka radiation.
The phase composition of core at Ag/superconductor
interface, 0.11 mm distant from Ag/superconductor
interface, and 0.16 mm distant from Ag/supercon-
ductor interface were characterized by X-ray diffrac-
tion after sheath was removed. The volume fractions
of Bi-2223 and Bi-2212 phase can be calculated from
the intensity I of some selected peaks by the follow-
ing relation:

V2223(%) = Doos(010)/ [I2223(0010) + D212(008) | * 100%

(1)
Voo12(%) = Do1o(00s) / [I2223(0010) + I212(008) ] * 100%

(2)

where, I3 o10) and I»»1o (gog) are the intensities of
(0010) peak of Bi-2223 and (008) peak of Bi-2212,
respectively. The microstructure and composition
were examined using JEOL 6700F scanning electron
microscope equipped with Inca-X-Stream energy
dispersive X-ray spectroscopy (EDX).

3 Results and discussion

Figure 1 shows DSC curves of mono-filamentary Bi-
2223/Ag and Bi-2223/AgAu tapes. It can be seen
from Fig. 1 that the positions of the characteristic
peaks and the shape of the curves are basically the
same as the temperature increases for different tapes.
The 830-870 °C part is shown in the inset of Fig. 1,
and the characteristic peak temperature is marked
with an arrow. It can be seen that the formation
temperature of Bi-2223 phase in Bi-2223/Ag and Bi-
2223/AgAu tapes are 823 and 825 °C, and the melt-
ing decomposition temperature are 860 and 862 °C.
XRD patterns and Bi-2223 content at different
regions along the thickness direction of Bi-2223/Ag
and Bi-2223/AgAu tapes sintered at 826 °C for 15 h is
shown in Fig. 2. Since Ag sheath can reduce the for-
mation temperature of Bi-2223 phase, Bi-2223 phase
content at the core surface is 83.9% and this value
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Fig. 1 DSC curves of mono-filamentary Bi-2223/Ag and Bi-
2223/AgAu tapes

steadily decreased as the polished surface reached to
the center of the core. The Bi-2223 phase contents are
77.8% and 75.9% at the regions which are 0.11 mm
and 0.16 mm distant from core surface, respectively.
However, Bi-2223 phase contents of Bi-2223/AgAu
tape in same regions are always lower than that of Bi-
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2223/ Ag tape. The difference is the largest on core
surface, which will gradually decrease when the
region is closer to core. This is because oxygen dif-
fusion rate in Ag sheath is larger than that in Ag alloy
sheath (for example AgAu sheath) [16]. The differ-
ence of oxygen diffusion rate will influence oxygen
partial pressure, which will lead to the change of Bi-
2223 phase formation temperature and phase for-
mation rate.

The backscattered electron images of Bi-2223/
AgAu tapes sintered at 826 °C for different time have
been shown in Fig. 3a-d. EDX results of different
phases of sample d are shown in Fig. 3e. Combining
EDX results and research results of Chen X P [36], the
light gray phase is Bi-2212, the dark gray phase is Bi-
2223, the white area is the amorphous phase formed
by the liquid phase after quenching. When holding
time reaches 3 h, only a small amount of long tape-
shaped Bi-2223 platelets are randomly distributed in
the superconducting core. As the holding time
increases, the number of Bi-2223 platelets increase
significantly. In addition, the length and thickness of
some Bi-2223 platelets also increase, and the grain

Fig. 2 XRD patterns at
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Fig. 3 SEM images of mono-
filament Bi-2223/AgAu tapes
sintered at 826 °C for different
timea3h,b5h, c10h,

d 15 h and e EDS results of
different phases of sample d

spectrum 2

arrangement of Bi-2223 platelets gradually tends to
be the same, showing a certain degree of texture.

In order to have a quantitative understanding of
the growth process of Bi-2223 platelets during the
sintering process, the length of Bi-2223 platelets is
measured by the image analysis software Image]®.
For example, the length of Bi-2223 platelets is mea-
sured in Fig. 3b. Due to the serious overlap between
Bi-2223 platelets after the holding time increases to
15 h, it is difficult to accurately measure the length of
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Bi-2223 platelets. Therefore, the length of the Bi-2223
platelet in the tapes with the holding time of 3-10 h
are only analyzed. Statistical distributions of Bi-2223
platelet length of Bi-2223/AgAu tape sintered at
826 °C for different time are shown in Fig. 4.
According to the statistical results, the average Bi-
2223 platelet length can be obtained by calculating
the expected value of all the measured data. The
results show that the average Bi-2223 platelet length
increases from 5.9 um of the tape sintered for 3 h to
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12.9 pm of the tape sintered for 10 h. When holding
time is less than 10 h, Bi-2223 platelet length increa-
ses very rapidly. Curves of average Bi-2223 platelet
length and growth rate are shown in Fig. 5. During
holding time increase from 3 to 10 h, Bi-2223 platelet
length is continuously increasing, but the growth rate
is continuously decreasing. Growth rate of the length
decreases from 2.0 pm/h of the tape sintered for 3 h
to 1.3 um/h of the tape sintered for 10 h. This is
because with the increase of Bi-2223 content and the
decrease of liquid phase, there are more and more
obstacles in the length direction, making it difficult to
grow.

It can be seen from the inset in Fig. 4c, Bi-2223
platelet length distribution of Bi-2223/Ag and Bi-
2223/ AgAu tape is basically the same after sintering
for 10 h. The average platelet length of mono-fila-
mentary Bi-2223/Ag tape is 12.9 pm, while that of Bi-
2223/AgAu tape is 12.8 pm. It indicates that for Bi-
2223 tapes, the type of sheath has little effect on the
growth rate in the length direction.

The backscattered electron images of Bi-2223/
AgAu tapes sintered at 826 °C for different time are
shown in Fig. 6. The thickness of Bi-2223 platelets
with different holding time is measured by the image
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Fig. 5 Curves of average Bi-2223 platelet length and growth rate

thickness of Bi-2223 platelets is measured in Fig. 6c.
Through the statistics of a large number of SEM
photos, statistical distributions of Bi-2223 platelet
thickness of mono-filamentary Bi-2223/AgAu tape
sintered at 826 °C for different time are shown in
Fig. 7. Due to the serious overlap between Bi-2223
platelets after the holding time increases to 50 h, it is
difficult to accurately measure the thickness of Bi-
2223 platelets. Therefore, the Bi-2223 platelet thick-
ness in the tapes with the holding time of 3-20 h is

analysis ~software ImageJ®. For example, the only analyzed. According to the statistical results, the
Fig. 4 Bi-2223 platelet length 50 50
of mono-filamentary Bi-2223/ (@) (b)

401

AgAu tape sintered at 826 °C
for different time a 3 h, b 5 h,
and ¢ 10 h. The inset in
figure ¢ shows statistical
distribution of Bi-2223 platelet
length of mono-filamentary
Bi-2223/Ag tape
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Fig. 6 SEM images of mono-
filamentary Bi-2223/AgAu
tapes sintered at 826 °C for
different time a 3 h, b 5 h,
c10h,d20hand e 50 h

average Bi-2223 platelet thickness can be obtained by
calculating the expected value of all the measured
data. The results show that the average Bi-2223 pla-
telet thickness is 0.14, 0.17, 0.23 and 0.27 pm after
holding for 3, 5, 10 and 20 h. The average thickness is
1-2 orders of magnitude smaller than the average
length after the same holding time.

Curves of average Bi-2223 platelet thickness and
growth rate are shown in Fig. 8. During holding time
increase from 3 to 20 h, Bi-2223 platelet thickness is
continuously increasing, but the growth rate of the
thickness is continuously decreasing. Growth rate of
the thickness decreases from 0.048 pm/h of the tape
sintered for 3 h to 0.014 pm/h of the tape sintered for
20 h. The growth rate along the thickness direction is
very slow compared to the growth rate along the
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length direction, which is two orders of magnitude
lower than the growth rate along the length direction.

It can be seen from the inset in Fig. 7c, the number
of platelet with larger thickness is more in Bi-2223/
Ag tape compared with Bi-2223/AgAu tape, and the
average platelet thickness of Bi-2223/Ag and Bi-
2223/AgAu tapes are 0.3 and 0.23 pm, respectively.
This is due to the low oxygen diffusion rate in AgAu
sheath, and Bi-2223 grains grow very slowly along
the thickness direction. The above results show that
the difference in thickness brings about the difference
in the content of Bi-2223, which is the key to affecting
the current-carrying performance of the tape.

Based on the above analysis, the growth process of
Bi-2223 grains in Bi-2223/AgAu tapes can be descri-
bed as follows: as shown in Fig. 9, at the initial stage
of the reaction, Bi-2223 grains nucleated at favorable
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Fig. 8 Curves of average Bi-2223 platelet thickness and growth
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positions in the core. With the increasing of holding
time, the nucleated grains at the early stage begin to
grow. At this time, the grains grow both along the
length direction and the thickness direction, and the
growth rate along length direction is faster. After the
sintering time reaches 20 h, Bi-2223 platelets overlap
in the length direction. so it is difficult to continue to
grow along the length direction, the Bi-2223 grains
only grow along the thickness direction.

compared with the traditional Bi-2223/Ag tape, Bi-
2223 grains in the Bi-2223/AgAu tape have the same
growth rate along the length direction of Bi-2223
platelet. But the growth rate along the thickness
direction is slower. Under the same heat treatment
conditions, the Bi-2223 content and grain size of the
Bi-2223/AgAu tape is lower and smaller, so current
density is lower than Bi-2223/Ag tape. The heat
treatment process of Bi-2223/AgAu tape needs to be
optimized in order to obtain higher current density.
The results of this study provided a new opportunity
for the further enhancement of the current carrying
capacity of Bi-2223/AgAu tapes for practical appli-
cation. Though lots of important results are obtained,
how the oxygen partial pressure inside
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Fig. 9 Schematic diagram of
Bi-2223 grain growth process

Length and thickness
increase

=

Length increase, platelet

5-10h overlap each other, 20-50 h Length and thickness
thickness increase increase slightly
%
— e  — ——
10-20 h Length increase, platelet overlap each other seriously,
thickness increase continuously
superconductor filaments varied in different organization or entity with any financial interest or

sheathed Bi-2223 tapes still call for more detail
investigation. What is the proper oxygen partial
pressure for different sheathes and precursor powder
still need to be found urgent in the future.
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