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Abstract
During the sintering process of Ag-alloy sheathed Bi-2223 tapes, post-annealing (PA) played an important role on the final
current capacity by forming a Pb-rich phase named (Pb,Bi)3Sr2Ca2CuOx (3221) and healing the cracks. Due to the different
oxygen penetration rate between AgAu alloy and pure Ag, which is traditionally used in other Bi-2223 tapes, the influence of PA
parameters on the 3221 phase content, microstructures, and current capacity of AgAu tapes should be systematically studied. In
this study, PA processes with different temperatures of 770–800 °C have been performed on fully reacted 37-filamentary (Bi, Pb)-
2223/AgAu tapes in the atmosphere of 7.5% O2 balanced with Ar. It is found that the 3221 phase appeared after PA with its
amount first increasing then decreasing with increasing PA temperature. The critical temperature Tc and peak temperature (Tp)
obtained with AC susceptibility measurement both increased with increasing PA temperature, and reached the maximum value at
780 °C then decreased with increasing PA temperature. Due to the improvement of Tc and intergrain connectivity, the critical
current density (Jc) increased by 24% after PA at 780 °C. Meanwhile, the 3221 phase formation mechanism has also been
systematically discussed by varying the amount of remnant liquid in tapes in HT1 process.
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1 Introduction

Bi2Sr2Ca2Cu3O10+δ (Bi-2223) high temperature superconduc-
tors have a high potential for applications in a number of
electrical devices such as power transmission cables, trans-
formers, magnets, motors, and generators [1–3]. In order to
obtain high performance in Bi-2223 superconducting tapes,
much effort has been made [4–8].

AgAu sheathed Bi-2223 tapes with lower thermal and elec-
trical conductivity are a good choice for manufacturing HTS
current leads [9]. However, their low critical current density
compared with traditional Bi-2223/Ag superconducting tapes
[10], as well as the high manufacturing costs, is the major

limiting factors for applications, so it is very necessary to
improve critical current density of AgAu sheathed Bi-2223
tapes.

It was well known that the critical current density of Bi-
2223 tapes is mainly determined by two aspects highly phase
pure Bi-2223 with perfect texture, superior grain connectivity.
Bi-2223 phase content can be improved by optimizing precur-
sor powder preparation and tape heat-treatment process
[11–13]. While grain connectivity has become a key factor
for improving Jc, it is reported that the PA process can enhance
the Jc by 10–25% at normal pressure [14, 15] and by 30–40%
with high pressure heat treatment [16, 17] in Bi-2223/Ag
superconducting tapes through improving inter-grain connec-
tivity. Due to the low oxygen diffusion rate of AgAu sheath
comparing with Ag sheath, the influences of post annealing
parameters on the Pb-rich phase formation process in AgAu
sheath Bi-2223 tape are different from that in Ag sheath tape.
Therefore, the post-annealing process of AgAu sheath Bi-
2223 tape needs to be systematically optimized; meanwhile,
the evolution process of phase composition and microstruc-
ture, as well as the PA effect on Jc, should be investigated.

In the present study, tapes after two-step heat treatment
were post-annealed (PA) with different parameters. The phase
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evolution process and current capacity have been studied on
the AgAu sheath with different PA process, and the mecha-
nism of the post-annealing is discussed based on the above
results.

2 Experiment

The (Bi, Pb)-2223 precursor powders were prepared with a two-
powder process [18], with the starting materials of Bi2O3, PbO,
SrCO3, CaCO3, and CuO (> 99.9%). The average composition
of the 2223 precursor was Bi1.76Pb0.34Sr1.93Ca2.02Cu3.06Ox.. 37-
filamentary Ag-Au sheathed tapes were prepared by powder in
tube (PIT) technique. Samples of as-rolled tapes with the length
of 15 cmwere sintered at 826 °C for 15 h in 7.5%O2 (HT1), and
then after, tapes were rolled to be 0.25mm in thickness; the tapes
were sintered at 826 °C for 78 h in 7.5% O2 (HT2), with the
sample called HT2 sample. The HT2 samples were post-
annealed with the PA temperature between 770 and 800 °C for
36 h; corresponding samples were named as PA770, PA775,
PA780, PA785, PA790, PA795, and PA800, respectively.

The phase composition in the tapes was determined using
X-ray diffraction. The volume fractions of Bi-2223 and Bi-

2212 phase can be calculated from the intensity I of some
selected peaks by the following relation:

V2223 %ð Þ ¼ I2223 0010ð Þ= I2223 0010ð Þ þ I2212 008ð Þ
� �� 100% ð1Þ

V2212 %ð Þ ¼ I2212 008ð Þ= I2223 0010ð Þ þ I2212 008ð Þ
� �� 100% ð2Þ

where I2223(0010) and I2212(008) are the intensities of (0010)
peak of Bi-2223 and (008) peak of Bi-2212, respectively.
The existence status of Pb element in Bi-2223 tapes was per-
formed by X-ray photoelectron spectroscopy (XPS). The mi-
crostructures of the sintered tapes were investigated by scan-
ning electron microscopy (SEM). Critical currents (Ic) were
measured using a standard four-probe technique with the cri-
terion of 1 μV/cm. AC susceptibility was measured by the
superconducting quantum interference device with the AC
magnetic field of 0.5 Oe and frequency of 333 Hz from 60
to 120 K. Jc–B dependence was determined in applied fields
parallel and perpendicular to the tape plane direction at 77 K
from 0 to 0.6 T, respectively.

3 Results

3.1 Phase Composition and Microstructures

X-ray diffraction patterns of Bi-2223 tapes after HT2 and PA
process with different post-annealing temperature are shown
in Fig. 1a. The existences of secondary phases including

Fig. 1 XRD diffraction patterns of HT2 and PA samples sintered within 770–800 °C. a Full scale. b Amplifying region of 2θ = 30.2–32.7°

Table 1 Microstructural and physical parameters of HT2 and PA
samples sintered within 770–800 °C

PA temperature HT2 770 780 790 800

3321(300)/2223(0014) 0 0.0342 0.02 0.011 0.005
Lattice parameter, c, Å 37.100 37.104 37.102 37.101 37.100
Critical temperature,

Tc, K
107.5 108 108.5 108 107.5

Peak temperature, Tp,
K (@ Hac = 0.5 Oe)

98 103 105 103.5 101.5

�Fig. 2 Backscattered electron images of the cross section of HT2 and PA
samples sintered within 770–800 °C. a HT2, b 770 °C, c 780 °C, d
790 °C, and e 800 °C. The dark gray matrix, the white particles, and
the large black particles are Bi-2223, 3221, and alkaline earth cuprate
(AEC) phases. f PA temperature dependence of 3321 phase volume
fraction
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Bi2Sr2CaCu2O8+δ (2212) and (Ca, Sr)CuO2 (1:1 AEC, alkali
earth cuprates) phase can be detected besides Bi-2223 phase
as major phase. Based on the calculation by Eqs. (1) and (2),
the contents of Bi-2223 phase are approximately 94% in dif-
ferent tapes regardless of the PA temperature, and after post-
annealing, the content of Bi-2212 phase slightly decreases. In
Fig. 1a, it can be observed that a Pb-rich (Pb, Bi)3Sr2Ca2CuOx

(3221, 2θ = 31.5°, 300/111) phase appears after the post-
annealing process as circled out based on the JCPDS Card
No. 44-0053. There is no 3221 phase in the HT2 sample,
which implies that the cooling rate during the furnace cooling
process we adopted in HT2 process is not small enough for the
formation of 3221 phase [19]. In Fig. 1b, the intensity ratio
between the 3221 (300) peak and Bi-2223 (0014) peak for the
tapes with different post-annealing temperatures is plotted in
the inset and listed in Table 1. It can be seen that with the
increase of PA temperature, the intensity of 3221 (300) peak
first increases and then decreases, which suggests that the PA
temperature of 770–780 °C is suitable for the precipitation of
3221 phase.

Figure 3 shows the SEM backscattered images of the cross
section of tapes after HT2 and different PA temperatures. In all
these tapes, the majority phase is Bi-2223 along with small
amounts of AEC and CuO phase, shown as black and dark
gray particles. In Fig. 2a, there is no white 3221 phase in HT2
sample, which suggests that the 3221 phase begins to appear
only during PA process. The volume fraction of 3221 phase is
calculated based on the statistics of large amount of SEM
images, and the results are shown in Fig. 2f. With the increase
of PA temperature, the content of the 3221 phase first in-
creases then decreases. When PA temperature reaches
800 °C, there is nearly no 3221 phase. The changing tendency
of 3221 phase content obtained with SEM images analysis is
consistent with that obtained with XRD analysis.

Considering that the valence of Pb element is different in
(Bi,Pb)-2223 phase and in Pb-rich 3221 phase, it is possible to
study the existence status of Pb in Bi-2223 tapes with different
PA processes based on the characteristic of XPS. XPS patterns
of Pb ions of the HT2, PA770, and PA800 samples are shown
in Fig. 3. All the Pb patterns can be fitted into two peaks,
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Fig. 3 XPS of Pb ions in Bi-2223 tapes with different PA temperatures. Blue curves represent the Pb4+ peaks, and green ones for Pb2+ peaks. a HT2, b
770 °C, and c 800 °C



suggesting the coexistences of Pb2+ and Pb4+ ions as marked
in Fig. 3. Based on the XPS fitting results, the ratio of
Pb4+:Pbtotal increases from 0.37 for HT2 sample to 0.42 for
PA770 sample then decrease to 0.38 for PA800 sample. The
higher content of Pb4+ ions increases after PA suggests that the
Pb2+ ions in (Bi,Pb)-2223 phase have been oxidized to Pb4+

ions to form Pb-rich phase.

3.2 Superconducting Properties

AC susceptibility is widely used as a nondestructive method
for the determination and characterization of the intergrain
connections in the polycrystalline high-temperature supercon-
ductors [20–23]. The temperature dependencies of the real
component, χ′, and imaginary component, χ″, of AC suscep-
tibility for the HT2, PA770, PA780, PA790, and PA800 sam-
ples were measured in an AC field of 0.5 Oe with the frequen-
cy of 333 Hz and plotted in Fig. 4a and Fig. 4c, respectively.
The transition areas of the real component χ′ were plotted in
the inset of Fig. 4a. Based on the critical temperature values as
a function of PA temperature, which is shown in Fig. 4b, the

onset Tc changes systematically with different PA processes.
The Tc value increases from 107.5 K for HT2 sample to
108.5 K for PA780 sample, then decreases to 107.5 K for
PA800 sample. For Bi-based superconductors, the
superconducting transition temperature Tc is mainly deter-
mined by the carrier concentration on [Cu-O2] layer, which
is produced by excess oxygen and a Bi-O bilayer. So the Tc
value increases after PA implies the change of oxygen content
in Bi-2223 phase.

Correspondingly, on each imaginary component curves,χ″, a
peak appears, which is the measure of dissipation in the sample.
Therefore, by examining the change of peak temperature, Tp, on
the χ″curve, the weak link behavior in the superconducting ma-
terials can be discussed. As shown in Fig. 4d, the Tp values
increase with PA temperature until 780 °C from 98.0 to
105.0 K, then decreases to 101.5 K with further increase of PA
temperature. This result suggests that the intergranular connec-
tions between grains in the Bi-2223 sample have been greatly
improved by a proper amount of 3221 phase precipitation.

The values of Jc at 77 K in the self-field of (Bi,Pb)-2223/
AgAu tapes as a function of PA temperature is shown in Fig.

Fig. 4 a PA temperature dependence of the ac susceptibility for HT2 and
PA samples sintered within 770–800 °C in the ac field amplitude of
0.5 Oe at the frequency of 333 Hz. The transition areas of the real
component χ′ were plotted in the inset; the critical temperature values

as a function of PA temperature are shown in b; PA temperature
dependence of the imaginary component χ″ is shown in c; d the PA
temperature dependence of peak temperature, Tp
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5, where Jc(PA) denotes Jc of the PA samples and Jc(HT2) de-
notes Jc of the HT2 sample. It can be observed that within the
performed PA temperature range from 770 to 800 °C, all the Jc
values have been effectively enhanced after PA, with all the
Jc(PA)/Jc(HT2) values higher than 1. Especially with the post-

annealing at the temperature 780 °C, Jc is improved by 24%.
Then, the enhancement of Jc goes down with increasing PA
temperature. Therefore, PA at 780 °C can be recognized as the
optimized temperature of (Bi,Pb)-2223/AgAu tape. Qu et al.
[24] think that the optimum PA temperature of (Bi,Pb)-2223/
Ag tape is 790–800 °C. Optimum PA temperature difference
is likely caused by low oxygen diffusion rate of AgAu sheath
comparing with Ag sheath.

Figure 6 shows the relationship between both the critical
current density, Jc (77 K, 1 μV/cm) values, and normalized Jc
values (Jc/Jc0) and the applied field parallel and perpendicular
to the tape plane for samples before and after post-annealing.
It is clearly observed that Jc of all samples decreases signifi-
cantly with increasing applied magnetic field, and Jc of PA780
sample reached maximum values in both parallel and perpen-
dicular field. The high normalized Jc value in parallel field
shows that the densities of strongly couple grains in PA780
sample are higher than other PA and HT2 samples. The nor-
malized Jc values in perpendicular field of all the samples are
nearly the same, which suggests that the flux pining properties
are almost unchanged. So it is the better intergrain connec-
tions, which contributes to the enhancement of Jc.

Fig. 5 Temperature dependence of the post-annealing on the critical
current density for samples post-annealed in 7.5% O2 for 36 h

Fig. 6 a Critical current density and b normalized Jc as a function of magnetic field applied parallel to the ab plane for HT2 and PA samples sintered
within 770–800 °C. c Critical current density and d normalized Jc as a function of perpendicular magnetic field
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4 Discussion

By analyzing these XRD patterns, the origin of 3221 phase
can be deduced. Based on previous reports, there are two
possible origination of Pb-rich 3221 phase, namely the resid-
ual liquid phase [24, 25] and the (Bi, Pb)-2223 [26]. By cal-
culating the lattice parameter c from these XRD patterns, as
listed in Table 1, it shows that the variation of c for (Bi, Pb)-
2223 phase is within 0.01 Å. Therefore, the Pb content of (Bi,
Pb)-2223 changes a little [27]. Thus, it can be deduced that not
much Pb has originated from (Bi, Pb)-2223 phase after PA,

suggesting that the (Bi, Pb)-2223 phase cannot be the main Pb
source of 3221 phase.

In order to confirm that liquid phase is the major source of
Pb for the formation of 3221 phase, samples with different
liquid phase contents are obtained. Two as-rolled tapes with
the length of 15 cm are thermo-mechanically processed in
7.5% O2/Ar atmosphere by two heat treatments. In the first
heat treatment (HT1) process after sintering under 826 °C for
30 h, the two samples are quenched in air and slow cooled
(1 °C/h from 826 to 778 °C and then furnace cooling), respec-
tively, which were named as Q-HT1 and S-HT1 accordingly.
Then, the both samples were post-annealed with PA tempera-
ture 770 °C for 12 h; these samples were named as Q-PA and
S-PA, respectively.

X-ray diffraction patterns of Bi-2223 tapes after HT1 and
PA process are shown in Fig. 7. As circled out, 3221 phase
appears in the S-HT1 tape, but there is no 3221 phase in the Q-
HT1 tape; 3221 phase exists in the both two tapes after PA
process. The intensity ratios between the 3221 (300) peak and
the Bi-2223 (0014) peak are 0.01139 and 0.02236 for S-PA
and Q-PA tapes, respectively; Q-PA tape contains about 96%
more 3221 phase than S-PA tape. BSE images of Fig. 8 show
the same results as XRD; in addition, some white liquid phase
as pointed out appear in the Q-HT1 tape, and then disappear
after PA process.

Table 2 shows the Ic values (77 K, 0 T) and Bi-2223 phase
contents of Bi-2223 tapes after HT1 and PA process. The Bi-
2223 phase content of S-HT1 tape was only 3% higher than
Q-HT1 tape, but Ic of S-HT1 tape was 394% higher than Q-
HT1 tape. After PA, the Bi-2223 phase content had increased

Fig. 7 XRD diffraction patterns of Bi-2223 tapes after HT1 and PA
process

Fig. 8 Backscattered electron
images of the cross section of
HT1 and PA samples (a) S-HT1,
(b) Q-HT1, (c) S-PA, and (d) Q-
PA
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slightly in both tapes; liquid phase in Q-HT1 tape disappears,
whereas Ic increased by about a factor of 11 in Q-PA tape but
only by a factor of 3 in S-PA tape. Therefore, it can be con-
firmed that the increased Ic after PA can be contributed to the
reduction of liquid phase from grain boundary of Bi-2223
phase during PA. Considering that the residual liquid phase
blocks the current transport, the precipitation of 3221 phase
can improve the intergrain connections. The small increase of
Ic in S-PA tape compared with Q-PA tape was due to S-HT1
tape having less liquid than Q-HT1 tape. Therefore, it can be
deduced that the residual liquid phase is a main source of 3221
phase.

5 Conclusions

In this study, the influences of PA on the phase formation
process of (Pb, Bi)3Sr2Ca2CuOx (3221), microstructures,
and the current capacity of AgAu sheathed Bi-2223 tapes
and the source of 3221 phase were systematically investigat-
ed. Experimental results showed that 3221 phase appeared
after PA process with the phase content first increasing then
decreasing with increasing PA temperature. The critical tem-
perature Tc and peak temperature (Tp) obtained by AC suscep-
tibility measurement were both increased after PA reached the
maximum value at 780 °C simultaneously. Most 3221 phase is
thought to form from crystallization of remnant liquid phase
during the PA process. The crystallization removes liquid
from Bi-2223 grain boundaries after HT1, enhancing the Bi-
2223 connectivity. Thus, both the self-field and in-field Jc
values (parallel to the ab plane) have been obviously en-
hanced. The maximum Jc value of 17.3 kA/cm

2 was obtained
when PA temperature reached 780 °C for 37-filamentary Bi-
2223/AgAu tapes, which is 24% higher than that of the HT2
sample. Although Jc value of Bi-2223/AgAu tapes is en-
hanced by PA, which is still ~ 20% lower than Bi-2223/Ag
tapes, the low thermal conductivity makes them one of the
best candidates for current leads. Therefore, further optimiza-
tion is still worthy to do.
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Table 2 Summary of Bi-2223 phase contents and Ic value

%2223(Ic)

Sample HT1 PA IC-PA/IC-HT1

Quenching 89.5 (5.4A) 90.6 (57.9A) 10.7

Slow cooling 92 (21.3A) 92.3 (65.9A) 3.1
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