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Abstract

Four batches of Bi-2212 precursor powders prepared by both the co-precipitation method (CP) and the spray pyrolysis tech-
nology (SP) with two compositions (Bi:Sr:Ca:Cu=2.17:1.94:0.89:2.00, 2.07:1.94:0.89:2.00) were obtained. The feature of
the powder was firstly characterized. The faster phase evolution and lower melting temperature range (AT) of the precursor
powder prepared by SP proved that Bi-2212 powder can be obtained by SP with both a higher preparation efficiency and
better composition homogeneity. Then the current-carrying property and microstructure of these wires made from these
powders were analyzed comprehensively. The property of the wires was proved to be influenced by the feature of these
precursor powders a lot. Wires made by the precursor powder with the better composition homogeneity and higher phase
purity were confirmed to hold a larger processing window (77,). In addition, the decrease of the planar size of Bi-2212 crystals
was discovered to improve both the machining homogeneity and texture of the wire. What’s more, both the better composi-
tion homogeneity of the precursor powder and the larger width of Bi-2212 crystals were found to improve both the interior
texture and connectivity of Bi-2212 filaments. For the first time, the article provided quite specific directions to improve
the quality of the precursor powder so as to both broaden T}, and enhance the current-carrying property of Bi-2212 wires.

Keywords The spray pyrolysis technology - The composition homogeneity - The processing window - The texture - The

connectivity

1 Introduction

Bi,Sr,CaCu,0, (Bi-2212) superconducting round wire has very
high critical current density (J,) at a low temperature under
a high magnetic field [1]. The isotropic round form entails
Bi-2212 wires to be twisted directly to make Rutherford cables
or cable-in-conduit conductors (CICC) [2-7]. In addition, com-
pared with the other two commercial high-temperature super-
conductors, that is Re;Ba,Cu;0, (ReBCO)-coated conductors
and Bi,Sr,Ca,Cu;0, (Bi-2223) superconducting tapes [8, 9],
the alternating current loss of Bi-2212 wires was the lowest
[10]. All the above advantages make Bi-2212 wires the most
promising superconducting materials to be used in future high-
field magnets, such as the high-resolution NMR used in 23T
[3] and the high-energy particle accelerator magnets designed
tobe used in 15-20 T [10, 11].
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However, the high-field magnets always need plenty of
Bi-2212 wires to reach the required magnetic field, which
brought huge challenges to Bi-2212 wires. As we all know,
Bi-2212 wires need to be sintered to form the superconduct-
ing phase so as to carry a large current. However, the process-
ing window (7},) of Bi-2212 wires which can hold both a high
and stable J, was quite small in the present stage [12, 13].
Both the large temperature fluctuations in the furnace and the
mass heat transfer in Bi-2212 wires itself might both decrease
the current-carrying property of Bi-2212 wires and cause
severe inhomogeneity distribution of the magnetic field. The
small 7, will both bring quite high requirements on the fur-
nace manufacturing technology and lead to the poor perfor-
mance or even severe damages of the huge magnets, which
will definitely increase the cost performance of Bi-2212
wires and limit its engineering applications. Therefore, both
broadening T}, and improving J, for Bi-2212 wires were
urgent and necessary to accelerate its practical applications.

However, articles and reports related to T}, of Bi-2212
wires were quite limited [14—16] and methods to broaden it
seemed to be less. T.M. Shen et al. had studied the influence
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of both the wire diameter and filament size on 7}, of Bi-2212
wires [14]. They mainly found that 1.20-mm and 1.00-
mm wires had a larger 7}, and 0.8-mm wires had a smaller
T,. The smaller 7}, of 0.8-mm wire was mainly ascribed
to their severe filaments’ coupling. What’s more, though
two batches of powders with exactly the same preparation
method and the same composition were discovered to have
different Tp, there was no more detailed discussion about
this phenomenon.

Moreover, J, of Bi2212 wires was studied quite exten-
sively and deeply for a long time. By using the overpres-
sure heat treatment (OPHT) process to decrease the pores
in filaments, J. of Bi-2212 wires was increased by ~ 7 times
compared with that without OPHT [1]. And in 2019, D.C.
Larbalestire et al. recorded the highest J, of Bi-2212 wires
by using the precursor powder made by nGimat [17], in
which the highest J, was mainly ascribed to the improved
connectivity [17] and the much higher texture of Bi-2212
filaments [18]. As for why the precursor powder made by
nGimat entails Bi-2212 wires the highest J, or how the high-
est J, was related to the feature of the precursor powder
made by nGimat was not disclosed until now. This makes
it difficult to improve J, of Bi-2212 wires further and will
impede the engineering application of Bi-2212 wires to a
large extent.

In this article, influence of the precursor powder on both
T, and J, of Bi-2212 wires was studied comprehensively.
Four batches of Bi-2212 precursor powders prepared by two
methods with two different compositions were prepared. The
feature of the powders was firstly characterized in detail.
Then, both 7}, and J, of wires made from these powders were
compared and connected closely to the feature of the precur-
sor powders. Finally, the specific methods and directions for
both broadening 7, and improving J, of Bi-2212 wires were
provided especially from the aspect of the precursor powder.

2 Experimental Details
2.1 Sample Preparation

Bi-2212 precursor powders with a composition of Bi:Sr:Ca
:Cu=2.17:1.94:0.89:2.00 were synthesized both by the co-
precipitation (CP) method and the spray pyrolysis technol-
ogy (SP), which were marked as CP-Bi2.17 and SP-Bi2.17
respectively. In addition, two batches of Bi-2212 precursor
powder with the same composition of Bi:Sr:Ca:Cu=2.07
:1.94:0.89:2.00 were further prepared by SP, which were
marked as SP-Bi2.07-1 and SP-Bi2.07-2 respectively. Dur-
ing the two processes, solutions with the designed elemen-
tal compositions were all firstly prepared by mixing Bi,05,
SrCO;, CaCOs;, and Cu with HNOj;. Then, in the CP process,
the corresponding nitrate solution was mixed with the oxalic
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acid precipitant to get the original precipitate. The precipi-
tate was firstly pyrolyzed under 500 °C for 8 h. Then, the
pyrolyzed powder was heated and grounded mechanically
at 740 °C, 800 °C, 820 °C, 850 °C, and 865 °C successively
to obtain the precursor powder. And in the SP process, the
corresponding nitrate solution was directly sprayed into a
furnace chamber set at 800 °C to get the green powder. The
green powder was then heated and grounded manually at
820 °C, 850 °C, and 865 °C successively to obtain the pre-
cursor powder. All the sintering process for these powders
was undergone in air.

Based on the above four powders, four wires with the
same architecture of (18+ 1)x 37 were all prepared using
the powder-in-tube (PIT) method and machined to the diam-
eter (d) of 1.00 mm. The three tubes used and the whole
machining process were all kept exactly the same for these
wires. The loading density was also kept as same as pos-
sible around 2.30+0.10 g/cm? for the four wires. Details
of these lines’ mark and their loading density are all listed
in Table 1. Then these wires were sintered in a tube fur-
nace (OTF-1200X, Hefei Kejing Material Technology Co.
Ltd, USA and China) according to the sintering procedure
showed in Fig. 1. Only the maximum temperature (7,,,)
was varied from 882 to 8§92 °C. The temperature accuracy
of the tube furnace can be controlled in+1 °C in a tem-
perature range from 850 to 900 °C. Finally, all the sintered
wires were annealed under 0.1 MPa Ar with 99.9% purity
at 500 °C for 2 h.

2.2 Sample Characterization

The inductively coupled plasma-mass spectrometer (ICP,
Nexion 300X, PerkinElmer, America) was firstly used to
confirm the practical composition of the precursor powder.
Carbon—sulfur analyzer (C-S-600, Leco, USA) and Hydro-
gen analyzer (RH-600, Leco, USA) were used respectively
to check the carbon and hydrogen content in the precursor
powder. The powders heated under some specific tempera-
tures were conducted under X-ray diffraction (XRD, Ultima
IV, Japan) with Cu K, source to obtain their phase composi-
tion. And the microstructure of the precursor powders was
firstly observed under SEM (JSM-6700F, Japan Electronics
Co. Ltd and Oxford Instruments, Japan and UK). In addition,

Table 1 The basic information for the four wires prepared in this article

Line mark Precursor powder used Loading density
(g/cm’)
W-CP-Bi2.17 CP-Bi2.17 2.29
W-SP-Bi2.17 SP-Bi2.17 2.41
W-SP-Bi2.07-1 SP-Bi2.07-1 2.23
W-SP-Bi2.07-2 SP-Bi2.07-2 2.20
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Fig. 1 The schematic sintering A
procedure for Bi-2212 wires
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the precursor powders compacted under 10 MPa for 60 s was
watched carefully both under SEM and back scattered elec-
tron (BSE) pattern at the same place to confirm the existence
of the second phase. What’s more, the thermogravimetric
(TG) and differential scanning calorimetry (DSC, NETZSCH
STA 449 F3, Germany) curves for the precursor powders
were obtained under O, with a heating rate of 10 °C/min
from room temperature (RT) until 1000 °C. The melting tem-
perature range (AT) for these powders was then determined
by referencing the national standard of GB/T 1425-1996.

For both the macrostructure and microstructure observa-
tions in these wires, both the machined wires and annealed
wires were firstly mounted in the bakelite powder and pol-
ished with SiC grinding paper until the grit size of 5-7 pm.
Mirror-polished wires were finally obtained by further pol-
ishing the above wires on the silk clothes with nano-sized
Al,0O5 solutions as the polishing agent. Then images of the
transverse cross-sections for both the machined wires and
annealed wires were taken under a light microscope. The
filling factor (f), the average diameter (D,), and the average
roundness (R,) of the superconducting filaments were statis-
tically analyzed by utilization of the image processing soft-
ware based on the transverse cross-sections of the machined
wires. Roundness (R) for every single superconducting fila-
ment was defined according to the following equation:

R=P* /(4% x % A) (1)

in which, P is the perimeter of a single superconducting
filament, and A is the area of the superconducting filament.
Then R, was averaged from all the superconducting fila-
ments in the wire. In addition, the images taken under the
light microscopy for the annealed wires were firstly used
to check the coupling state of the filaments. Moreover, the
annealed wires polished both on the transverse and longi-
tudinal cross-sections were observed under both SEM and
BSE pattern to check their detailed microstructure and the
second phases.

A 4

Time

Besides, the annealed wires were also dealt with the
following procedure to check both the texture and con-
nectivity of the filaments on their transverse cross-section.
The annealed wires were inserted into small round holes
which were drilled into one side of a high-purity graphite
cylinder. The diameter of the holes was~ 1.3 mm and the
depth ~5-7 mm. The length of these wires was kept the same
with the depth of the holes. Then paraffins were melted into
the holes by heating and solidified at room temperature so
as to fix the wires in the hole. These workpieces mounted
with Bi-2212 wires were then polished under the same pro-
cedure described above for the wires mounted in the bake-
lite powder. The wires were then taken out by volatilizing
paraffins without damaging the polished surfaces as care-
fully as possible. Clean and isolated wires with a mirror-
polished surface were finally obtained by ultrasonic cleaning
in acetone. To check the texture and microstructure of the
wires in detail, the above wires were finally sintered under
0.1 MPa oxygen at 800 °C for 1 h and then observed under
BSE pattern.

What’s more, the annealed wires polished both on the
transverse and longitudinal cross-sections were detected
under micro-area XRD (D8 Discover, Bruker) with Co
source to acquire their phase composition. The selected spot
size for the micro-area XRD test was 0.5 mm, which was
located around the center of each wire both on the transverse
and longitudinal cross-sections. According to the micro-area
XRD result, the texture quality for both Bi-2212 phase and
Ag on the transverse and longitudinal cross-sections was
then evaluated. The texture quality for Bi-2212 phase on the
transverse and longitudinal cross-sections was denoted as
Tcg and T} g, which was coarsely evaluated by Egs. (2) and
(3) respectively. The texture quality of Ag matrix (T,,) was
evaluated by Eq. (4). Then the content of both Bi,Sr,CuO,
(Bi-2201) (Mg;_590;) phase and Sr,Ca,_,Cu, O, (AEC) phase
(M, gc) was also evaluated by the corresponding peak inten-
sity ratio according to Egs. (5) and (6).
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in which I(om) represents for the (0kO) peak intensity of

Mype = % 100% (6)

Bi-2212 on the transverse cross-section, I the (00 1) peak
intensity of Bi-2212 on the longitudinal cross-section,
Y 101, the total peak intensity of Bi-2212, 1, the (I11)
peak intensity of Ag, I( ) the (222) peak intensity of Ag,
21, the total peak intensity of Ag, 3’15,y the total peak
intensity of Bi2201, and )’ I, the total peak intensity of
AEC. Moreover, all the above data was calculated again by
the peak area, in which the corresponding peak intensity was
all replaced by the corresponding peak area. To distinguish
the value obtained from the peak intensity and the peak area,
the corresponding parameter was added by the suffix of PI
and PA respectively.

The critical currents (/) for all the annealed wires
sintered at different T, ,, were tested at 77 K under self-
field based on the DC four-probe transport method with
the criterion of 1 pV/cm and the voltage tap distance
of ~1 cm. I for each wire was tested and averaged from
two samples considering I, might fluctuate along the
length of the wire. The engineering current density (J,)
was then obtained according to J,=41./nd?. Then, the
largest J. (J..,ax) Was obtained for each wire sintered
under different 7,,,,. T, was defined as the temperature
range in which 90%* J of the wire could still be sus-
tained. Finally, J, for each wire was calculated according

€-max

3 Results and Discussion
3.1 The Feature of the Precursor Powder

Firstly, ICP and the impurity content of both C and H for
the four powders are provided in Table 2. It can be found
that the practical composition was basically consistent with
the designed composition. Only quite small fluctuations
of some elements were a little deviated from the designed
value, which was in the range of the detection accuracy of
ICP. As for the reason of the deviation for these elements, it
needs to be studied further in the future. The total contents
of C and H are kept basically the same with each other,
which indicated that the impurity gas was not likely to be a
main factor affecting J in the later discussion.

Figure 2 showed XRD patterns for the four sets of
powders pyrolyzed at specific temperatures described in
Sect. 2.1, from which the phase evolution for each powder
can be discovered. For CP-Bi2.17, it can be found the chemi-
cal reactions were still undergone for powders sintered below
820 °C. And until 820 °C, the Bi-2212 phase was the only
phase found in all the four powders except SP-Bi2.17. The
phase evolution and the related reactions to form Bi-2212
phase in detail can be referenced from Liu’s article [19].
Though Bi-2201 was a common medium phase participat-
ing in the formation of Bi-2212, the existence of Bi-2201 in
SP-Bi2.17 sintered at 865 °C indicated that there were extra
Bi-2201 in SP-Bi2.17. Considering both the real time taken
and the phase evolution route for powders synthesized by CP
and SP, it is found SP had a simpler route and higher rate of
Bi-2212 phase formation compared with CP. What’s more,
with temperature increasing from 820 to 865 °C, the full
width at half maximum (FWHM) corresponding to most of
the peaks basically showed a decrease trend, which indicated
the size of Bi-2212 crystal increased. It is easy to be under-
stood from the aspect of the growth kinetics for Bi-2212
crystals with the temperature increasing.

Figure 3 presented the variation of FWHM corresponding
to the crystal plane of (002), (006), (008), (0010), (0012),
and (020) respectively for the four precursor powders. It is
found that FWHM varied in a same trend for the abovemen-
tioned (00 1) except (020). According to the flake feature of
Bi-2212 powder, FWHM of (00 1) can be used to evaluate

to Jo=Je maxlf- the average planar size of Bi-2212 crystals (S, pjane)> and
Table2 ICP,C, and H content Powder Designed ICP Practical ICP C (ppm) H (ppm)
for the four precursor powders
CP-Bi2.17 Biy 1751 94Cag 89Cui5 00O Biy 1751 95Cap 99Cut; 990« 160 180
SP-Bi2.17 Biy 1751 94Cag 89Cui5 00O 1 Biy 1751 97Ca0 99Cui5 0505 1« 170 140
SP-Bi2.07-1 Bi; 7511 94Ca 89CU2 0005.4.x Bi; 07571 99Ca 59CU2.01Og.4x 190 160
SP-Bi2.07-2 Biy 4751 94Cag 89Cui5 00O 1« Biy 4751 93Ca0 83Cu5 0005 1« 190 150
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Fig.2 XRD patterns for the four sets of powders pyrolyzed at specific temperatures

FWHM of (020) can be used to evaluate the thickness of
Bi-2212 crystals (S, thickness)- A higher FWHM value cor-
responds to a smaller crystal size often. Therefore, it is

—u— CP-Bi2.17
—e— SP-Bi2.17

0.25 A SP-Bi2.07-1
—v— SP-Bi2.07-2
| | |
=020
% I N—
E . P | .

(002) (006) (008) (0010) (0012) (020)
The different crystal plane

Fig.3 The variation of FWHM corresponding to (002), (006), (008),
(0010), (0012), and (020) respectively for the four precursor powders

deduced that S;, e Of these powders varied as follows:
CP-Bi2.17 < SP-Bi2.07-2 < SP-Bi2.17 < SP-Bi2.07-1; and
Sin-thickness varied as follows: CP-Bi2.17 < SP-Bi2.07-1 < SP-
Bi2.17 <SP-Bi2.07-2 respectively. And the practical crystal
size will be confirmed further by SEM later.

TG and DSC curves for the four precursor powders are
showed in Fig. 4a. Figure 4b is the magnification of the
DSC curves in Fig. 4a around the melting temperature. AT
value for the powders is marked in Fig. 4b. From TG curves,
it can be found that there are mainly two mass loss stages
and the total mass loss varied from 1.32 to 1.68% among
these powders. The first mass loss was slow and happened
mainly below ~ 880 °C, which was mainly caused by the
volatilization of the impurity gas absorbed on the surfaces of
the precursor powders. And the second mass loss was quite
fast and happened mainly around the melting point of these
precursor powders at~890 °C, which indicated the decom-
position of the powders. AT was 28.5 °C, 21.5 °C, 16.5 °C,
and 16.5 °C for CP-Bi2.17, SP-Bi2.17, SP-Bi2.07-1, and
SP-Bi2.07-2 respectively. AT was discovered to have a close
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Fig.4 a TG-DSC curves. b AT value for the four precursor powders

relationship with the composition homogeneity of the pre-
cursor powders [16, 20]. And a lower AT means the better
composition homogeneity. It is then deduced that the com-
position homogeneity of CP-Bi2.17 was worst. Though there
was a small content of Bi-2201 in SP-Bi2.17, its AT was
still smaller than that of CP-Bi2.17. Combing with both the
process of the phase evolution and the color homogeneity
in BSE showed later for powders obtained by CP and SP,
it is speculated that SP had an advantage of synthesizing
the precursor powder with a higher composition homoge-
neity and a higher preparation efficiency. What’s more, the
composition homogeneity of SP-Bi2.17 was worse than that
of SP-Bi2.07-1 and SP-Bi2.07-2, which might be mainly
ascribed to the existence of Bi-2201 in its precursor pow-
der. AT for SP-Bi2.07-1 and SP-Bi2.07-2 was the same and
smallest among the precursor powders, which indicated their
best composition homogeneity. However, it can be found the
smallest AT is still too large for Bi-2212 powders, which
indicates that the composition homogeneity of Bi-2212 pre-
cursor powders needs to be improved further in the future.
What’s more, the morphology of the precursor pow-
ders is showed in Fig. 5. It can be found Bi-2212 crystals
were basically flakes, and the planar size was much larger
than its thickness. In addition, the thickness information in
detail was magnified on the right side of Fig. 5. It can be
discovered that along the thickness direction, one Bi-2212
particle was commonly stacked and composed of several
flakes. Then based on these pictures, Sj, e and the pla-
nar size distribution for Bi-2212 crystals were analyzed
from ~ 200 crystals respectively for each precursor powder.
From Fig. 6, it is found the planar size was basically in the
range of 0 to 6 pm. The total frequency for the planar size
located between 0.5 and 2.0 pm was basically larger than
70% except SP-Bi2.07-1. For SP-Bi2.07-2, its planar size
located between 0.5 and 2.0 pm was the largest to be 89%.
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However, for SP-Bi2.07-1, the planar size which occu-
pied more than 70% was mainly located between 1.0 and
2.5 pm. Finally, S;; ,jane Was calculated to be 1.26 +0.75 pm,
1.60+0.66 pm, 2.03+0.79 pm, and 1.38 +0.53 pm for
CP-Bi2.17, SP-Bi2.17, SP-Bi2.07-1, and SP-Bi2.07-2
respectively. Most of the time Bi-2212 flakes lay on the
planar directions in SEM view. Therefore, the crystal num-
ber used for the thickness analysis was much smaller. Here,
Sin-thickness Was averaged from ~ 10 crystals and provided here
for a rough reference. S ickness Was 53 nm, 81 nm, 71 nm,
and 187 nm for CP-Bi2.17, SP-Bi2.17, SP-Bi2.07-1, and
SP-Bi2.07-2 respectively.

It is then found both the planar and the thickness size
obtained from SEM images were basically consistent with
that evaluated from FWHM value for these powders except
the thickness size for SP-Bi2.17 and SP-Bi2.07-2. For
FWHM value indicated that the thickness of SP-Bi2.17
was only a little smaller than that of SP-Bi2.07-2, while
the statistical data found that the thickness of SP-Bi2.17
was much smaller than that of SP-Bi2.07-2. This might be
mainly ascribed to the too small sample capacity analyzed
for the thickness. Then combining with the preparation
process for the precursor powders, it is then deduced that
both the lowest planar and thickness size of CP-Bi2.17
might result from the mechanical grinding in its whole
preparation process. This was easy to be understood for
the grinding process will break Bi-2212 flakes from both
the planar and the thickness direction. And the mechanical
grinding was thought to be much more violent than the
manual grinding. Moreover, it seemed that the thickness
size and the planar size varied in a reverse direction for the
precursor powders synthesized by SP. It can be explained
by the competitive growth in these two vertical directions.
This phenomenon had been reported and explained in our
previous article [16]. However, the reason of how the size
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Fig.5 The morphology for the
precursor powders (left) and

the magnification of the red
circles in the left images (right):
aand b CP-Bi2.17;cand d
SP-Bi2.17; e and f SP-Bi2.07-1;
g and h SP-Bi2.07-2 (the red
arrows mean the total length of
the labelled crystals)

varied among the three powders was still unclear now.
It is guessed that it might relate to the subtle elemental
ratio variation or there might be another unknown factor
controlling the growth of Bi-2212 crystals. In the future,
the mechanism controlling the growth of Bi-2212 crystals
needs to be studied deeply.

In Fig. 7, both SEM and BSE images taken at the same
place were put together to check the existence of the
second phase. It is discovered that no second phase was
found in all the precursor powders, which was basically
consistent with XRD results above except SP-Bi2.17. It is
deduced that both the small content and the small size of
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Fig.6 The average planar size and the planar size distribution for Bi-2212 crystals in the precursor powder of a CP-Bi2.17, b SP-Bi2.17, ¢

SP-Bi2.07-1, and d SP-Bi2.07-2

Bi-2201 in SP-Bi2.17 resulted in its difficult detection in
BSE. In addition, from these BSE images, quite blur and
local color inhomogeneity were observed in CP-Bi2.17,
while the color distribution was much more homogene-
ous for the other three powders prepared by SP. This
might indicate again that the composition homogeneity
of powders synthesized from SP was better than that syn-
thesized from CP.

3.2 The Machinability of the Wires

Figure 8 showed the transverse cross-section for the four
machined wires. The basic information including D,, R,, and
fare analyzed and listed in Table 3.

From Table 3, it is found D, showed no obvious dif-
ference among the four wires. R, was the smallest for
W-CP-Bi2.17. R, of W-CP-Bi2.07-2 was located at the
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second place. And R, of the other two wires was basi-
cally the same and also the largest. The smaller R, always
meant the shape of the filaments was closer to the round
shape. And R, data was thought to relate to the different
machinability of the wires. Considering all the machin-
ing processes were kept exactly the same for these wires,
R, was deduced to be mainly influenced by the differ-
ent feature of the precursor powder. Combined with the
microstructure characterization results for the precursor
powders, it is suspected that the planar size of the precur-
sor powders might affect the machinability of the wires
a lot. In the initial machining process, the powder slides
easily in the first Ag tube, while the powder will be densi-
fied gradually later. At the final stage of the machining,
the harness of the densified powder might become larger
than that of Ag matrix. D, was the same; therefore, wires
prepared by the precursor powder with a larger planar size
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Fig.7 SEM and BSE images
taken at the same place for the
squeezed precursor powders
aand b CP-Bi2.17;cand d
SP-Bi2.17; e and f SP-Bi2.07-1;
g and h SP-Bi2.07-2

might have more probability to slide through Ag matrix
and lead to the less regular shape of the filaments. And
it just turned out the smaller planar size of the precursor
powders basically corresponded to the smaller R, of the

machined wires. Therefore, it is deduced that decreasing
the planar size of Bi-2212 crystals in the precursor pow-
der might be beneficial to improve the machining homo-
geneity and result in a smaller R,.
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Fig.8 The transverse cross-section for the four machined wires

3.3 The Processing Window and Current-Carrying
Property of the Wires

3.3.1 The Processing Window and Current-Carrying
Property of Bi-2212 Wires

Figure 9a shows the variation of J, with T,,,,. T}, are then
obtained and listed in Table 4. At the same time, the temper-
ature accuracy of the furnace (7,) for retaining 90%*J, .«
of the wires is also presented in Table 4. From Table 4, it
can be found 7, was smallest for W-CP-Bi2.17 and it was

Table 3 The basic information for the four machined wires

Line mark D, (um) R, f

W-CP-Bi2.17 18.04+2.29 1.66+0.46 21.07%
W-SP-Bi2.17 18.14+2.20 1.83+£0.91 20.95%
W-SP-Bi2.07-1 17.84+£1.91 1.83+0.55 20.45%
W-SP-Bi2.07-2 18.89+3.28 1.79+0.62 22.27%
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larger for W-SP-Bi2.07-1 and W-SP-Bi2.07-2. A smaller
T, meant a higher requirement of the temperature accuracy
for the furnace, which will increase the application cost of
Bi-2212 wires. Correspondingly, the requirement for 7, was
the largest for W-CP-Bi2.17 and smallest for W-SP-Bi2.07-1
and W-SP-Bi2.07-2 to retain their 90%*/J_ ... Figure 9b
shows the maximum J, (J__,,) for the four wires. J__.. was
the smallest for W-SP-Bi2.17, and J__,, of W-CP-Bi2.17
was larger. J._ .. for W-SP-Bi2.07-1 and W-SP-Bi2.07-2
was basically the same with each other and was also the
largest among these wires.

3.3.2 The Microstructure and Phase Composition
of Bi-2212 Wires

Figure 10 shows the macrostructure of the four annealed
wires holding the highest J.. The coupling of the filaments
can be observed clearly, which was always a key factor to
influence the whole texture of Bi-2212 wires [21, 22]. The
filaments’ coupling in W-CP-Bi2.17 seemed to be the least
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because of the minimum connected branches of Bi-2212
crystals between their neighboring filaments. The coupling
of the filaments in W-SP-Bi2.07-2 became larger, and
that was the most severe in both W-SP-Bi2.17 and W-SP-
Bi2.07-1. This result was consistent with R, value obtained
above. With the same D,, the larger R, corresponded to the
more severe coupling of the filaments. It is easy to be under-
stood because the less round filaments had more probability
to be connected with its neighboring filaments, resulting in
a higher probability of coupling.

Figure 11 showed the microstructure taken under BSE
pattern for both the transverse and the longitudinal cross-
sections for the four wires holding the highest J,. Bi-2201
and 1:2 AEC were the second phases mostly observed in
all the wires. The coupling states of the filaments were also
consistent with that observed in Fig. 10. In addition, the
area of Bi-2201 phase was found to be largest obviously
in W-SP-Bi2.17 observed from both the transverse and the
longitudinal cross-sections.

To learn more about the microstructure detail of the
four wires, one side of transverse cross-section of the wires
holding J, .., was mirror-polished according to the methods
elaborated in 2.2. Then, the polished wires were sintered
under 0.1 MPa O, at 800 °C for 1 h, which were further
observed under BSE pattern (Fig. 12) to check the texture
and connectivity detail. Here it should be noticed that this

Table 4 7, and the corresponding T, for the four wires

Line mark Tp °C) T, (°C)
W-CP-Bi2.17 886 +1
W-SP-Bi2.17 888-890 +2
W-SP-Bi2.07-1 884-888 +3
W-SP-Bi2.07-2 886-890 +3

130 [ —=—Jc| 126
= 123.4
/ i —n

1113
-\

1 Il L Il

W-CP-Bi2.17 W-SP-Bi2.17 W-SP-Bi2.07-1 W-SP-Bi2.07-2

Line mark

b The maximum J, for the four wires

method of post-annealing samples at a temperature lower
than the highest sintering temperature of the samples was
a common way used in ceramic samples. This can bare the
grain boundaries of samples and provide more detail infor-
mation for the samples. And the premise is that there is no
phase variation during the post-annealing. From both Hao’s
[23] and Matras’s articles [24], it is deduced that no phase
variation or quite limited phase variation existed in Bi-2212
wires sintered under 820 °C for a short period. From Fig. 12,
lots of small light-gray phases marked by the yellow round
circles were found everywhere, which was confirmed by
EDS to be the mixture of Sr and O elements (Sr,O,). The
reason for the existence of Sr,O, was not clear now, which
needs further study in the future. However, the content of
Bi-2201 was still the largest in W-SP-Bi2.17, while that in
the other three samples was much smaller. And this was
consistent with that observed in Fig. 11. Though the micro-
structure in Fig. 12 was definitely not the real microstructure
of Bi-2212 crystals in the annealed Bi-2212 wires because of
their extra sintering step at 800 °C, it is thought this micro-
structure can still reflect lots of detail information for the
Bi-2212 crystals in the annealed Bi-2212 wires.

From Fig. 12, the assembling and interior texture infor-
mation for Bi-2212 crystals can be clearly observed for
the first time. There are much more different orientations
of Bi-2212 crystals in W-CP-Bi2.17, which indicated the
number of the nucleation cores in Bi-2212 phase during
the cooling stage of the sintering process was much larger.
The assembling and texture of Bi-2212 crystals were better
in W-CP-Bi2.07-1 and best in W-CP-Bi2.07-2. It is then
discovered that the assembling of Bi-2212 crystals in these
wires seemed to be closely related to their AT. A higher AT
was deduced to bring much more nucleation cores under
the same cooling rate because of the worse composition
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Fig. 10 The transverse cross-section for the four annealed wires holding the highest J, a, b, ¢ W-CP-Bi2.17; d, e, f W-SP-Bi2.17; g, h, i W-SP-
Bi2.07-1; j, k, 1 W-SP-Bi2.07-2 (the center column is a representative area from the inner ring and the right column area from the outer ring)

homogeneity. And more nucleation cores will then lead to
the worse assembling of Bi-2212 crystals. What’s more, it
can be found the assembling of Bi-2212 crystals differenti-
ated with each other a lot even in the same wires, which
was obvious especially in W-CP-Bi2.17. This might also
result from its highest AT and verify its worst composition
homogeneity. The better assembling of Bi-2212 crystals
in W-CP-Bi2.07-2 compared with that in W-CP-Bi2.07-1
was thought to be related to the higher thickness of Bi-2212

@ Springer

crystals in the precursor powder. With the same AT, the
higher thickness of Bi-2212 crystal itself might be beneficial
to the assembling of Bi-2212 crystals in the sintering process
and improve its texture in the interior of the filaments.

In addition, the connectivity between Bi-2212 crystals
might also be reflected from Fig. 12. There are lots of quite
small gaps that appeared at the boundaries of Bi-2212
crystal clusters. The gaps existing in the single Bi-2212
phase were thought to mainly result from the following two
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Fig. 11 The microstructure
observed on the transverse (left)
and the longitudinal (right)
cross-sections for the four

wires holding the highest J,: a,
b W-CP-Bi2.17; ¢, d W-SP-
Bi2.17; e, f W-SP-Bi2.07-1; g,
h W-SP-Bi2.07-2

/
Bi2201

Bi2201

Bi2201

_Bi2201

reasons. One is the anisotropy of the thermal expansion
coefficient in Bi-2212 itself [25-27], which will lead to
the gaps appearing at the high -angle boundaries between
Bi-2212 crystal clusters. The second reason might also
relate to the composition inhomogeneity of the powder,
which will also cause the subtle difference of the thermal
expansion coefficient. Therefore, both the more consistent

Bi2201

o
Bi2201

/
Bi2201

10_;1_m

assembling of Bi-2212 crystals and the better composition
homogeneity of Bi-2212 precursor powders meant both the
smaller number and the narrower distance of gaps. Then, it
is deduced that these gaps appearing here may reflect both
the connectivity and composition homogeneity of Bi-2212
crystals. And the connectivity in W-SP-Bi2.07-2 might be
best while that in W-CP-Bi2.17 was worst.
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Fig. 12 The transverse cross-
section taken under BSE pattern
for the annealed Bi-2212 wires
holding J, .., sintered further at
800 °C for 1 h under O,: a and
b W-CP-Bi2.17; ¢ and d W-SP-
Bi2.17; e and f W-SP-Bi2.07-1;
g and h W-SP-Bi2.07-2

What’s more, the connectivity of Bi-2212 crystals
seemed to be also closely related to the assembling or the
interior texture of Bi-2212 filaments. From Fig. 12, it can
be found both the number and the distance of gaps were
smaller in the wires with better assembling of Bi-2212
crystals. In theory, the Bi-2212 crystals assembled in a
more consistent direction, and both the decreased high

@ Springer

angle boundaries and the decreased gaps will enhance its
connectivity because of the much more consistent ther-
mal expansion coefficient. Therefore, the better texture of
Bi-2212 crystals in the interior of Bi-2212 filaments might
correspond to the better connectivity of Bi-2212 crystals.
The connectivity of Bi-2212 crystals was always thought
to be quite an important factor influencing J,. Eliminating
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Fig. 13 The micro-area XRD detected a on the transverse cross-section and b on the longitudinal cross-section for the four wires

the porosity on the macrostructure of Bi-2212 wires was a
key way to enhance the connectivity of Bi-2212 crystals.
However, the methods to improve the connectivity on the
microstructure seemed to be not mentioned until now. The
highest J_ recorded for Bi-2212 wires was reported to be
related to the improved connectivity in its wire [17]. And
this wire was latterly also confirmed to hold the quite high
texture [18]. Both W-SP-Bi2.07-1 and W-SP-Bi2.07-2
holding the highest J in this article were also proved to
have the best connectivity and the highest texture in the
interior of Bi-2212 filaments observed from Fig. 12.

The corresponding micro-XRD data for the four wires
holding the highest J, were plotted in Fig. 13. Some more
detailed analyses based on Fig. 13 are listed in Tables 5, 6,
7, and 8 for comparison convenience.

By analyzing all the data obtained from the micro-area
XRD showed above, some certain conclusions can be
obtained. Firstly, Bi-2201 and 1:2 AEC were also confirmed
to be the main second phases, which was consistent with EDS
data above. The much larger content of Bi-2201 in W-SP-
Bi2.17 detected on both the transverse and longitudinal cross-
sections was also consistent with the results obtained above.
It also indicated there was~5.95% 1:2 AEC phase existing in
W-SP-Bi2.17 on the transverse cross-section, while its con-
tent became quite small on the longitudinal cross-section.
The existence of 1:2 AEC had been checked by EDS, and

here its quantitative content was provided for the four wires
from the micro-area XRD. The inconsistence content of 1:2
AEC on the two directions might be mainly ascribed to the
large difference of the tested area. For in the micro-XRD test,
the number of filaments detected on the transverse cross-
section was much larger than that detected on the longitudinal
cross-section. In addition, ~3% 1:2 AEC was both discov-
ered in W-CP-Bi2.17 on its transverse-cross section and in
W-SP-Bi2.07-2 on its longitudinal cross-section. The largest
content of Bi-2201 in W-SP-Bi2.17 was mainly ascribed to
the extra Bi-2201 found in its precursor powder. As for the
reason of the appearance of 1:2 AEC and its content varia-
tion, it needs further study in the future. Secondly, both the
texture and the crystal size of Ag matrix did not have an obvi-
ous difference among the four wires. This indicated that Ag
matrix will not be a main factor to affect both the microstruc-
ture and J,, of the four wires. Thirdly, the texture of Bi-2212
phase both on the transverse and longitudinal cross-sections
for W-CP-Bi2.17 and W-SP-Bi2.07-2 was larger compared
with the other two wires. And the texture of Bi-2212 phase
for W-SP-Bi2.07-2 was better compared with that for W-CP-
Bi2.17. As for the texture variation of these wires, it will be
explained in detail in the fourth part of 3.3.

Figure 14a provided the AC susceptibility for W-CP-
Bi2.17, W-SP-Bi2.07-1, and W-SP-Bi2.07-2 tested under
0.1 Oe from 4.2 to 105 K. The lowest J, of W-SP-Bi2.17

Table 5 The information of Ag

S 1 111) of A, Tyo. Ty,. 040) of Bi-2212 Teg. Tes.
and Bi-2212 phases analyzed ampe (Dol Ag AsPl AgPA L sl cs-pA
based on the micro-area XRD 20 FWHM 20 FWHM
detected on the transverse cross-
section for the four wires W-CP-Bi2.17 44.64 0.251 73.10% 64.31% 82.93 0.425 57.30% 60.02%

W-SP-Bi2.17 44.67 0.243 73.85% 64.20% 82.89 0.464 36.49% 46.59%

W-SP-Bi2.07-1 44.67 0.253 72.17% 62.65% 82.93 0.455 39.68% 54.60%

W-SP-Bi2.07-2 44.65 0.253 65.59% 58.98% 82.84 0.418 51.61% 60.04%
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Table 6 The infi i f

Ba-bzzg 1 g,zlEoCrmitlon‘ 0 Sample (315()) of Mgimorer  Mgiosoipa  (400) Of Macept  Magcpa

- an phases Bi-2201 1:2 AEC

analyzed based on the micro- - 0

area XRD detected on the 20 FWHM 20 FWHM

transverse cross-section for the

four wires W-CP-Bi2.17 50.62 0.1 1.90% 0.12% 46.299 0.216 3.29% 2.81%
W-SP-Bi2.17 50.62 0.1 10.49% 4.14% 46.289 0.229 6.74% 5.16%
W-SP-Bi2.07-1 50.64 0.1 1.89% 0.10% 46.19 0.1 2.65% 0.14%
W-SP-Bi2.07-2 - - 0.00% 0.00% 46.18 0.1 2.36% 0.11%

was thought to be mainly resulted from its largest content of
the second phases, whose AC susceptibility was not tested
here. The AC susceptibility is an effective method to obtain
T, and characterize the inter-grain connectivity of the super-
conducting crystal. There are mainly two obvious drops for
' with temperature decreased. The first drop can be rec-
ognized as T, for the samples, which can be obtained by
extrapolating the high-temperature part of the curve to the
zero magnetization. The other drop of y’ presented the cou-
pling signal, which was caused by the macroscopic shielding
currents by the grains and the grain boundaries [28]. A peak
also appeared in the imaginary part of the AC susceptibil-
ity, which can reflect the dissipation mechanism due to the
vortex motion [29]. Here, the dissipation peak position of
x"" was defined as T, According to Kim’s study [30],
the shifting of 7., to the lower temperature suggested the
weaker superconducting coupling across the grain bounda-
ries. Then T and T, for the three wires were obtained and
plotted in Fig. 14b. It can be seen that T and 7}, varied in
the same trend among the three wires. T, and 7., were both
highest in W-SP-Bi2.07-2, indicating its best oxygen dop-
ing state and the best connectivity of Bi-2212 crystals at the
same time. T and T}, were lowest in W-CP-Bi2.17. Here
T, was thought to be mainly related to the different oxygen
doping level in these wires, which was mainly decided by the
original oxygen level in the precursor powder considering
the same sintering process for these wires. As for Ty, it
is found the data was exactly consistent with the connectiv-
ity state discovered above. T, was the highest for W-SP-
Bi2.07-2 holding the best connectivity and it was the lowest
for W-CP-Bi2.17 holding the worst connectivity. This also
verified that the provided method in 2.2 was quite effective
to characterize the connectivity of Bi-2212 crystals.

3.3.3 The Influence of the Precursor Powder on T,
of Bi-2212 Wires

From Table 3, it can be found Tp was smallest for W-CP-
Bi2.17 and largest for W-SP-Bi2.07-1 and W-SP-Bi2.07-2.
Combing with the corresponding AT value, it is found the
higher AT seemed to correspond to the smaller 7},. The
lower AT value for the precursor powders obtained from
SP indicated that SP had the advantages of preparing the
precursor powder with the higher composition homogene-
ity. In addition, it is found the second phases like Bi-22201
might also contribute to the increase of AT.

The larger AT of Bi-2212 precursor powder influenced
the nucleation behavior of Bi-2212 crystals a lot in the
sintering process, which eventually led to both the worse
texture and weaker connectivity of Bi-2212 crystals in the
interior of Bi-2212 filaments. The slow cooling rate in the
sintering process for Bi-2212 wires contributed a lot to the
high texture formed later [31]. Though the solidification
and nucleation mechanisms of Bi-2212 phases in the partial
melting process were not exactly clear now, the increased
nucleation cores resulting from the worse composition
homogeneity were definitely detrimental to both the assem-
bling and connectivity of Bi-2212 crystals under the same
cooling process. Eventually the larger AT brought the larger
perturbation to /, by deteriorating both the interior texture
and the connectivity of Bi-2212 crystals to a larger extent.
What’s more, the higher AT of the precursor powder led to
the melting of Bi-2212 crystal less completely compared
with the precursor powder holding a lower AT under the
same T,,,.. The precursor powder holding the higher AT
finally resulted in the melting of Bi-2212 crystals that hap-
pened in a larger temperature scale and led to a smaller 7},

Table 7 The information of Ag

S 1 111) of A, Th,. Th,. 008) of Bi-2212 Ty Ty
and Bi-2212 phases analyzed ampre L AgPl AgPA L LSpl LS-PA
based on the micro-area XRD 20 FWHM 20 FWHM
detected on the longitudinal
cross-section for the four wires W-CP-Bi2.17 44.62 0.260 81.24% 72.21% 26.87 0.279 71.93% 72.85%

W-SP-Bi2.17 44.65 0.272 72.41% 60.77% 26.93 0.268 66.84% 62.06%

W-SP-Bi2.07-1 44.67  0.269
W-SP-Bi2.07-2  44.65  0.266

68.54%  68.53%  26.87  0.285 68.54%  68.53%
75.04%  65.71%  26.88  0.279 81.51%  82.47%
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TBalb; gl Zgg Z‘g’cr“;ﬁta‘;’; of Sample (006) 0f Bi-2201 My psrpt  Myimsorpn  (755) f 12 AEC  Myugepr  Mapcpa

analyzed based on the micro- 20 FWHM 20 FWHM

area XRD detected on the

longitudinal cross-section for W-CP-Bi2.17 - - 0.00% 2.81% 83.740 0.1 0.79% 0.05%

the four wires W-SP-Bi2.17 25.430 0.210 6.17% 5.16% 83.798 0.412 0.57% 0.79%
W-SP-Bi2.07-1 23.359 0.203 2.96% 0.14% 83.740  0.379 1.17% 1.62%
W-SP-Bi2.07-2  25.321 0.235 2.81% 0.11% 83.759 0.345 3.64% 2.94%

Therefore, increasing the composition homogeneity of
Bi-2212 phase itself and decreasing the content of the impu-
rity phases existing in Bi-2212 precursor powder might be
the key methods to control the melting behavior of Bi-2212
crystals and to improve T, of Bi-2212 wires. SP had been
proved to be a better method to prepare the precursor pow-
der with a smaller AT. In the future, factors influencing AT
of the precursor powder prepared by SP need to be studied
further to decrease its AT.

3.3.4 The Influence of the Precursor Powder on J
of Bi-2212 Wires

Factors influencing J, of Bi-2212 wires are quite compli-
cated, mainly including the type and content of the second
phase, the texture of Bi-2212 crystals, 7, and the connectiv-
ity of Bi-2212 crystals. Both the largest content of Bi-2201
and 1:2 AEC had been found in W-SP-Bi2.17. The exist-
ence of Bi-2201 in SP-Bi2.17 should take responsibility for
its largest content of second phases in W-SP-Bi2.17. Three
percent 1:2 AEC phase was both found in W-CP-Bi2.17 and
W-SP-Bi2.07-2. And the phase purity was the highest in
W-SP-Bi2.07-1.

As for the texture of Bi-2212 wires, it is discovered that
both the interior texture of the filaments and the coupling
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of the neighboring filaments contributed to its final texture.
Though the interior texture of Bi-2212 filaments seemed to
be worst in W-CP-Bi2.17, its smallest coupling between the
neighboring filaments finally made its texture rank secondly
in the four wires. Combining with the best interior texture in
Bi-2212 filaments and a subtle coupling between the neigh-
boring filaments, W-SP-Bi2.07-2 entailed the best texture
finally. Though the interior texture was good for W-SP-
Bi2.07-1, its most severe coupling led to its final texture
ranked thirdly among the four wires. And W-SP-Bi2.17 held
the worst texture because of both its most severe coupling
and bad interior texture of Bi-2212 filaments.

As for the connectivity of Bi-2212 crystals, it had been
found the connectivity of Bi-2212 crystals has a close rela-
tion with its interior texture. Better texture in the interior of
Bi-2212 filaments had been proved to correspond to a bet-
ter connectivity of Bi-2212 crystals. And the connectivity
state was also verified by T, data obtained from the AC
susceptibility. Therefore, the connectivity of Bi-2212 crys-
tals was best in W-SP-Bi2.07-2 and worst in W-CP-Bi2.17.
And the connectivity of Bi-2212 crystals in W-SP-Bi2.07-1
ranked secondly.

Eventually, the largest content of the second phases in
W-SP-Bi2.17 was the main reason leading to its lowest J,
among the four wires. It should be noticed here that J, of
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Fig. 14 a AC susceptibility tested under 0.1 Oe from 4.2 to 105 K. b T, and T}, for the four wires
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W-SP-Bi2.17 was much lower compared with the other three
wires, which indicated the large content of the second phases
deteriorates J, a lot. W-SP-Bi2.07—-1 held the highest phase
purity, while its T, was just a little smaller and its connectiv-
ity and texture were just a little worse than those of W-SP-
Bi2.07-2. Therefore, eventually J, of W-SP-Bi2.07-1 and
W-SP-Bi2.07-2 was basically the same with each other and
was also the highest in the four wires. The total texture for
W-CP-Bi2.17 ranked secondly in the four wires; however, it
still had ~3% content of 1:2 AEC, and its lowest T, and the
worst connectivity made its J, rank thirdly in these wires.

4 Conclusions

All in all, the feature of the four precursor powders, the
microstructure, and property of the four wires made from
these powders were characterized comprehensively. The
microstructure, Tp, and J, of these Bi-2212 wires were
closely related to the feature of these precursor powders.
The main conclusions were summarized as follows:

1. The smaller planar size of Bi-2212 crystal in the precur-
sor powder might be beneficial to improve the machin-
ing homogeneity of Bi-2212 wires, which will further
decrease the coupling of neighboring filaments and
improve its texture in the sintering process;

2. The larger thickness of Bi-2212 crystals in the precursor
powder might be beneficial to the assembling of Bi-2212
crystals. Increasing the thickness of Bi-2212 crystals
might be another way to improve its interior texture;

3. The composition homogeneity of the precursor powder
can be evaluated by its AT. The higher AT indicated the
worse composition homogeneity. In addition, Bi-2201
phase existing in the precursor powder will also lead to
the increase of AT;

4. Compared with CP, SP showed a higher preparation
efficiency of Bi-2212 precursor powders and Bi-2212
precursor powders prepared by SP had better composi-
tion homogeneity;

5. A higher AT in Bi-2212 precursor powder will lead to a
smaller 7, in Bi-2212 wires and will also decrease both the
interior texture and connectivity of Bi-2212 filaments;

6. The final texture of Bi-2212 wires was decided both by
its interior texture in the filaments and the coupling state
of the neighboring filaments.

SP was a promising method to prepare Bi-2212 precur-
sor powders with better property. Influence of the specific
feature of the precursor powder on both the microstructure
and property of Bi-2212 wires was discussed deeply for the
first time. The smaller planar size and the larger thickness
of Bi-2212 crystals were beneficial to improve the texture

@ Springer

of Bi-2212 wires. And the lower AT in the precursor pow-
der can increase Tp, the interior texture, and connectivity of
Bi-2212 wires. In the future, factors influencing the feature
of the precursor powder need to be deeply studied to control
its microstructure and improve its composition homogeneity.
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