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Influence of CaCuO2 Particle Size on Phase Evolution of
Bi-based High Temperature Superconductors Prepared
by Two-powders Route
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Abstract: Bi; 76Pbo34S11.03Ca20Cus30605+9 (Bi-2223) precursor powders were fabricated with a two-powder route based on
co-precipitation process. During this process, Bij.76Pbg34Sr1.93CaCu;. 060s+5 (Bi-2212) and CaCuO, (with the actual phase
composition of Ca,CuO; and CuO) powders were first synthesized and calcined separately, and then mixed together before
packed into Ag sheath. By adjusting the pH values during the co-precipitation process, CaCuO, powders with different average
particle sizes of about 1.10, 0.75, and 0.60 um were obtained. Then single filament Bi-2223/Ag tapes were fabricated by
powder in tube (PIT) process with precursor powders obtained by mixing the different particle sized CaCuO, powders and
well-calcinated Bi-2212 powders. The influences of CaCuO; particle size on microstructure, phase evolution dynamics and
superconducting current capacity of sintered Bi-2223 tapes were studied. Results show that due to higher uniformity of
Ca,CuO; and CuO distribution in filaments, clustering of secondary phases and insufficiently reacted areas are effectively
avoided. Therefore, higher current density of ~12 200 A-cm™ is obtained for the 1# tape by further optimizing the final

dimension of the tapes.
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Due to the high current capacity at liquid nitrogen
temperature, Bi,Sr,Ca,Cu;0,0+s (Bi-2223) is considered to
be one of the most promising high temperature
superconductors (HTS) for practical applications since its
discovery in 1986!"1. After several decades of research, the
fabrication technique of Bi-2223, namely powder-in-tube
process combined with a commercialized controlled
over-pressure  heat  treatment process, has been
well-developed®™. And the maximum critical current of
>270 A at 77 K under self-field was reported by Sumitomo
Electric Industries, Ltd. Furthermore, many demonstrative
projects have been designed and carried out with Bi-2223

9]

tapes, such as cables'® 7' and motors™ ?. Recently, the
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. Recently, the possibility of fabricating high
field magnets with Bi-2223 tapes has also been proved:
Marshall et al'” achieves 5.5 T under 14 T background
field in National High Magnetic Field Lab using the
Bi-2223 coil, and Yanagisawa et al'" ' from RIKEN
achieves 4.5 and 6.5 T in sequence in 11 T background field
using the Bi-2223 and REBCO coil.

Precursor powders with high Bi-2212 phase content,
proper phase assemblage, as well as suitable particle size,
are the most crucial factos for the fabrication of Bi-2223
tapes with high current capacity. Many methods have been
proposed for the fabrication of Bi-2223 precursor powders,
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including high energy ball milling'"*!, spray drying!'* ',

spray pyrolysis!'® "7 and co-precipitation process. Among
these methods, co-precipitation process exhibits many ad-
vantages, such as low equipment requirement, high con-
trollability and reliability. Therefore, many industrial com-
panies fabricate Bi-2223 and Bi-2212 precursor powders
using this method"® '”!. Based on previous studies, the ap-
pearance of both Bi; ;6Pbg 34Sr,CuOg. (Bi—22()1)[20], due to
the insufficient calcination of powders, or Bi-2223, due to
the over-sintering of powders, should be avoided. However,
considering the narrow formation window of Bi-2212 phase,
it is very difficult to control the calcination process of pre-
cursor powders to avoid the formation of Bi-2201 and
Bi-22231" %,

In previous work™™?% two-powder route based on
co-precipitation technique was adopted, and (Bi, Pb)-2212
powders and CaCuO, which actually consists of Ca,CuO;
and CuO (1:1 molar ratio) were synthesized and calcined
separately. The formation of a large content of properly
sintered Bi-2212 phases is guaranteed. While during this
process, the microstructure of CaCuO, should be very im-
portant for the phase evolution process, and the current ca-
pacity of final tapes. Thus, in this study, CaCuO, powders
with different particle sizes were synthesized by tuning the
pH values during co-precipitation process. The influences
of CaCuQ, particle size on the phase evolution dynamics,
microstructures, as well as critical current density were
systematically investigated.

1 Experiment

(Bi, Pb)-2212 precursor powders with the chemical
composition of Bi; 76Pbg34Sr; 93CaCu, 00s.5 were synthe-
sized by co-precipitation process with the starting materi-
als of Bi,0;, PbO, SrCO;, CaCO;3; and CuO (>99.9%) as
described in our previous study”®”’. CaCuO, powders with
the actual phase composition of Ca,CuO; and CuO were
also synthesized by similar co-precipitation process. By
tuning the pH values to 3.0, 5.0 and 6.5, CaCuO, powders
with obviously different particle sizes were obtained,
namely 1#, 2#, and 3# samples, respectively. After a series
of calcination process combined with intermediate grind-
ing, both powders with a main phase of Bi-2212 and
Ca,Cu0O;+CuO were obtained separately. By mixing these
two powders uniformly in a molar ratio of 1:1, precursor
powders of Bi-2223 with a nominal composition of
Bi; 76Pbg 34S1; 93Ca,Cu; 06O0g:+5 Were obtained. And a
calcination process was performed under ambient
atmosphere at 800 °C/3 h for carbon removal. Single
filament Bi-2223/Ag tapes were fabricated by the typical
powder in tube (PIT) technique. In order to investigate the
influences of filament size, tapes with different final
thicknesses of 0.35, 0.27, 0.23 and 0.20 mm were
fabricated from different starting diameters of 1.86, 1.51

1.23 and 1.00 mm. Then a three-step sintering process was
performed for the sintering of the as-rolled tapes with a
length of 10 cm under the atmosphere of 7.5% O,, during
which the first heat treatment process (HT1) was per-
formed at 824 °C for 15 h, the second heat treatment
process (HT2) was at 824 °C for 50 h, and the post an-
nealing process (PA) was at 780 °C for 20 h. An interme-
diate rolling was adopted between HT1 and HT2 for the
further formation of Bi-2223 phase.

Polycrystalline X-ray diffraction (XRD) patterns of
both precursor powders and sintered tapes were obtained
by X-ray diffraction (XRD, Bruker D8 Advance) with
Cu-Ka radiation. Microstructures of both precursor pow-
ders and tapes during different sintering processes were
examined by scanning electron microscope (SEM) under
secondary electron image (SEI) mode and backscattering
electron image (BEI) mode. The compositional analysis
was conducted by Inca-X-Stream energy-dispersive X-ray
spectroscopy (EDX) to recognize the phase distribution.
The phase distribution in BSI images was analyzed by a
software named ImageJ®. The chemical composition of
obtained precursor powders with the nominal chemical
composition of Bi-2223 was determined by inductive
coupled plasma atomic emission spectrometry (ICP-AES)
with IRIS® Advantage ICP-AES. Transport critical cur-
rent (/) was measured using standard DC four-probe
method at 77 K and 0 T with the criterion of 1 pV/cm.
Critical current density J. was calculated as J.=I./4, where
A is the cross section of superconducting core.

2 Results and Discussion

XRD patterns of fully calcinated CaCuO, powders are
obtained, as plotted in Fig.la. The phase composition of
these three powders is identical, all composed of Ca,CuO;
and CuO phases as designed. No detectable secondary
phase can be observed in these three powders. However,
with the increase of pH values during co-precipitation
process, obvious increase of full-width at half-maximum
(FWHM) is observed, as shown in the inset in Fig.1a. By
refining the obtained patterns, FWHM values of (001)
peak of Ca,CuOj; and (111) peak of CuO are estimated and
plotted in Fig.1b. The FWHM values increase from 0.163°
and 0.199° to 0.387° and 0.573° at different pH values, as
listed in Table 1, representing the decrease of particle size
of both Ca,CuO; and CuO. Specific BET surface area
measurement is also performed for different powders. As
listed in Table 1, the average particle sizes are analyzed to
be about 1100, 750 and 600 nm.

The SEM images of CaCuO, powders obtained at different
pH values are shown in Fig.2a. In each image, there are
basically two different particles, which are identified by EDX.
The bigger ones with clean surface and polyhedron shapes can
be recognized as Ca,CuQj; particles. The other smaller ones
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Fig.1 XRD patterns (a) of CaCuO, powders obtained at different
pH values (certain peaks of both phases are zoomed in inset
to show the broadening of peaks); FWHM of characterization
peaks (b)

with spherical shape are regarded as CuO particles. The
difference in particle size can be clearly observed in both low
and high magnification images, as shown in insets. Both the
difference in particle size between Ca,CuQO; and CuO, and its
change with pH values are consistent with the analysis of Fig.2 SEM images of CaCuO, powders at different pH values:
XRD, which proves the effectiveness of controlling CaCuO, (a) 1#, pH=3.0; (b) 2#, pH=5.0; (c) 3#, pH=6.5
particle size by altering pH values.

LEI 150KV 1,000 10pm

Table 1 Physical parameters of CaCuQ; and Bi-2223 precursor powders and related tapes

Parameter 1# 2# 3#
pH value 3.0 5.0 6.5
FWHM of (011) peak for Ca,CuO3/(°) 0.163 0.280 0.387
FWHM of (011) peak for CuO/(°) 0.199 0.431 0.573
Particle size based on BET 1100 750 600
measurement/nm
Bi content in Bi-2223 powders/wt% 34.31 34.60 34.28
Pb content in Bi-2223 powders/wt% 6.41 6.48 6.40
Ca content in Bi-2223 powders/wt% 7.33 7.41 7.35
Sr content in Bi-2223 powders/wt% 15.63 15.55 15.61
Cu content in Bi-2223 powders/wt% 18.42 18.45 18.34
Surface ratio of Bi-2223 after HT1/% 91.66 87.52 82.88
Surface ratio of Bi-2223 after PA/% 94.25 91.57 87.76
Maximum eritical current 12 205.94 9524.65 9351.44

density/A-cm™
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In order to fabricate Bi-2223 tapes, CaCuO, precursor
powders with different particle sizes are mixed with their
corresponding completing component, Bi-2212, under the
same plenary ball milling process. The chemical composition
of these powders is characterized with ICP. As listed in Table
1, due to the small influences of pH values on the chemical
composition of CaCuO, rather than Bi-2212 phase, the
chemical composition variation of different powders are all
within the error range of 1.0%. Therefore, the influences of
chemical composition difference on the current capacity of
final tapes can be ruled out.

After the mixture is packed into Ag tubes and standard
drawing, swaging and rolling process, the green tapes are
obtained. The cross section SEM images are obtained after
polishing. The contrast in BSI should be attributed to the
chemical composition variation of different phases. Therefore,
the distribution of both Ca,CuO; and CuO can be observed.
As shown in Fig.3, based on EDX characterization, black
particles are Ca,CuQOs phase and gray particles are CuO phase,
which are slightly smaller than black particles. The
distribution of Ca,CuO; and CuO is mostly homogenous in
Fig.3a. While, more and more clusters of Ca,CuO; and CuO
can be observed with the decrease of particle size. Both the
increase of cluster number and clusters size is observed in the
powders obtained at pH=6.5. The formation of clusters should
be directly related to the larger specific surface areas and
higher surface energy of small particles, which will deteriorate
the homogeneity of Bi-2223 precursor components during
phase evolution and consequently decrease the phase content
of Bi-2223, texture alignment, and supposedly its electrical
performance. Moreover, the formed clusters will also greatly
obstacle the movement of powders during drawing process,
thus leading to the formation of more cracks, which can also
influence the current capacity of final tapes.

Single filament tapes are adopted for the phase evolution
study. After sintering with HT1 process, the cross section of
tapes is polished and SEM images are shown in Fig.4a~4c.
Combining EDX analysis and the contrast of these BEI
images, it can be deduced that after HT1 process, a large
content of Bi-2223 phases form as the major phases. While

there are still considerable contents of secondary phases,
including alkali earth cuprate ((Ca, Sr),Cu,O,, AEC) phase
and CuO. By analyzing these images with ImageJ, the area
ratios of different phases, namely AEC+CuO-+pores, which
are mainly the dark particles, and Bi-2212 phase, which are
light gray sheets, are obtained, as shown in Fig.4d. Obvious
increase of secondary phase content with decrease of parti-
cle size can be clearly observed. Most secondary phases can
be considered as the residual of Bi-2223 formation reac-
tions, which is due to the insufficient reaction between
Bi-2212 and original Ca,CuO; and CuO. Therefore, it is the
lack of Bi-2212 phase in cluster regions that should be at-
tributed to the massive remaining of both AEC and CuO
phases. It implies that the inhomogeneous distribution due
to the formation clusters seriously delays the formation of
Bi-2223 phase.

The SEM images of single filament tapes after PA proc-
ess are obtained, as shown in Fig.5a~5c, and the surface ra-
tios of secondary phases, namely AEC+CuO+ Pores, shown
as dark particles, and Bi-2212+Pb-rich phase, shown as
light particles, are obtained and shown in Fig.5d. After the
PA process, a certain amount of Pb-rich phases, especially
Pb;Sr;Ca,CuOy, (3321) phase, appear as light gray particles
and are precipitated during the PA process, according to the
previous studies”, which is responsible for the enhance-
ment of intergrain connections. Obvious decrease of sec-
ondary phase content can be observed compared to the
tapes after HT1. The phase content of CuO is larger than
that of AEC phase. The particle size of CuO increases from
1# to 3# tapes, which is contrary to the original particle size
results, implying that most CuO particles are newly formed
during the sintering process. Therefore, the final particle
size has nothing to do with original particles, but is related
with the reaction equilibrium between different phases in-
stead. Clusters, smaller than original ones, are still visible
in 2# and 3# tapes, which still can be regarded as the resid-
ual of insufficient Bi-2223 formation reactions. The clusters,
mainly composed of AEC phase, can be used to explain the
increase content of CuO in Bi-2223 matrix. Meanwhile, it
should be noticed that the characterization size of clusters of

Fig.3  SEM images of green tapes packed with Bi-2212 and CaCuO, powders at different pH values: (a) 1#, pH=3.0; (b) 2#, pH=5.0;

(c) 3#, pH=6.5
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Fig.4 SEM images of sintered tapes after HT1 process packed with Bi-2212 and CaCuO, powders at different pH values: (a) 1#, pH=3.0; (b) 2#,

pH=5.0; (c) 3#, pH=6.5; surface ratio of different phases (d)
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Fig.5 SEM images of sintered tapes after PA process packed with Bi-2212 and CaCuO, powders at different pH values: (a) 1#, pH=3.0; (b) 2#,

pH=5.0; (c) 3#, pH=6.5; surface ratio of different phases (d)

20~40 pm is much larger than that of CuO (3~8 um), so the
influences of these clusters on both the textural structure of
Bi-2223 grains and the current capacity of obtained tapes
should be crucial.

The critical current density, /., of these single filament
tapes after complete heat treatment process are obtained
and listed in Table 1. The thickness of 0.35 mm combined

with the width of 4.6 mm is a typical structure for this pro-
cedure. However, as shown in Fig.1, the critical current
density values of 0.35 mm thick tapes are very low, within
the range of 3500~6500 A-cm™. Therefore, we assume that
it is the low filament density that should be accused for the
weak intergrain connections, leading to low current capacity.
In order to further enhance the intergrain connections,
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Fig.6  Critical current density of tapes with different thicknesses

after complete heat treatment process

thinner tapes are obtained by applying large reduction rate
of rolling process. Therefore, tapes with the cross section of
0.27 mmx3.4 mm, 0.24 mmx3.0 mm and 0.20 mmx2.3 mm
are obtained. As shown in Fig.6, the reduction of thickness
is effective for the improvement of current capacity, which
is more obvious for the 2# and 3# tapes. It can be explained
that the reduction of tape thickness should contribute to
both the enhancement of filament density and effective
crash of some clusters. For 1# tape, the filament density
enhancement mainly contributes to the J. enhancement. As
for 2# and 3# tapes, the effective crash of clusters leads to a
more sufficient Bi-2223 formation reaction and less resid-
ual clusters, which also contributes to the J, improvement.
However, with the further decrease of tape thickness, more
cracks can be formed and the current capacity exhibits a
decreasing tendency again. Therefore, it can be concluded
that the proper CaCuO, particle size for two-powder proc-
ess should not be smaller than 750 nm and proper tape
filament is also crucial for the final current capacity of
tapes.

3 Conclusions

1) Both the grain size and particle size of CaCuO, can be
controlled by tuning the pH values during co-precipitation
process.

2) The decrease of CaCuO, particle size passing a
threshold value can lead to the formation of considerable
amounts of clusters in Bi-2223 green tapes, thus obviously
affecting the Bi-2223 formation reaction.

3) The residual clusters can be crashed by decreasing the
tape thickness. However, it is still the tape with the largest
CaCuO, particle size that exhibits the maximum critical
current density of over 12 200 A-cm™,
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