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Critical Current Limiting Factors in Post Annealed
(Bi, Pb)9SroCagCus O, Tapes

J. Jiang, X. Y. Cai, J. G. Chandler, S. Patnaik, A. A. Polyanskii, Y. Yuan, E. E. Hellstrom, and D. C. Larbalestier

Abstract—Processing (Bi, Pb),Sr2Ca;Cuz 0, (Bi-2223) tape
by the oxide-powder-in-tube technique normally includes two
heat treatments and one intermediate rolling. A three-step heat
treatment was applied for the second heat treatment (HT2).
Experimental procedures were designed for understanding the
roles of each processing step in HT2 and the post anneal. It was
found that post annealing improved the critical temperature 7,
critical current density J. and flux pinning characteristic field
H,. The midpoint T, was raised from 103 to 109 K by post
anneal, while H, was increased from 126 to 183 mT. Post anneal
at about 790°C precipitated Pb from Bi-2223 phase to form a
Pb-rich phase, thus the microstructure looked worse but T, J.
and H, were raised. J. was raised as the Bi-2212 phase signature
in the T trace decreased. The most important observation is that
raising 7. and minimizing residual Bi-2212 are decisive factors
for increasing J. at 77 K in Bi-2223 tapes.

Index Terms—Bi-2223, critical current density, critical temper-
ature, (Bi, Pb)>Sr,Ca,Cu3O,, tape, post anneal.

1. INTRODUCTION

HE processing of long length Ag-clad
T (Bi, Pb)SroCasCus0,. (Bi-2223) tapes is a complex,
multi-parameter oxide-powder-in-tube process [1]-[3], which
includes processing precursor powder, packing the powder
into silver tube, mechanically deforming the loaded tube into
a wire, and heat treating the wire twice with an intermediate
rolling. The critical current limiting mechanisms are many and
complex in Bi-2223 tape [3], [4]. The key to high performance
is to improve the electrical connectivity, which is compromised
by weak flux pinning regions, by lower 7. intergrowths [5],
cracks or porosity [3], [4]. Slow cooling [6], two-step sintering
[7], [8], and post anneal [9] have been found to improve the
critical current density (J.). This later two-step sintering
involved a sintering step at 840°C, followed by a second step
at 820°C in the second heat treatment [7], [8]. Both slow
cooling and the second step of the two-step sintering were
believed to convert the residual liquid or amorphous phase,
which forms Bi-2201 at a normal cooling rate, into Bi-2212,
thus improving connectivity [6]-[8].

In this work, we applied a three-step heat treatment to the
second heat treatment (HT2), which included 36 hours at
828 °C, 48 hours at 822 °C and 24 hours at 805 °C. The first
step at 828 °C is a bit higher than the normal Bi-2223 sintering
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temperature 820—-825 °C in 0.075 atm. oxygen partial pressure.
It was used for healing cracks created by intermediate rolling,
and forming Bi-2223 phase under the belief that the higher
temperature promotes more liquid to enhance the reaction.
The second step at 822 °C was applied for further Bi-2223
formation but with less liquid. The third step at 805 °C was for
reducing the residual liquid, similar to the second step of the
two-step sintering [7], [8]. After HT2, samples were annealed
for 24 hours at temperature between 750 °C and 800 °C. It was
found that post annealing boosts the critical current density
significantly. Thus, further experimental procedures were
designed for understanding the roles of each processing step
in HT2 and the post anneal. Two of the three steps of HT2
(822°C/48 h and 805 °C/24 h), and 787 °C/24 h) were chosen
for the further post anneal procedures. Cai et al. developed a
technique for probing internal Bi-2212 intergrowths and grains
by SQUID magnetometer that was applied to analyze the effect
of post anneal on Bi-2212 intergrowth [10]. We found that
raising 7. and minimizing Bi-2212 are decisive factors for
increasing .J.. in Bi-2223 tapes.

II. EXPERIMENTAL DETAILS

Monocore Bi-2223 tapes with powder composition
of Bij gPbg.3Sr; 9Cas oCus 0O, were prepared by the
oxide-powder-in-tube (OPIT) process, using a thermomechan-
ical treatment based on two heat treatments (HT1 and HT2)
and one intermediate rolling, as described previously [11].
The dimensions of the tape are 0.13 mm by 3.5 mm. HT1 was
done at 828 °C for 36 hours in a flowing 7.5% Oa/balance
N, atmosphere. After HT1, the tape thickness was reduced
by 15-20% in one pass. As shown in Fig. 1, a three-step heat
treatment was used for HT2, which includes 36 hours at 828 °C,
48 hours at 822 °C and 24 hours at 805 °C. As shown in Fig. 2,
samples after HT2 were annealed for 24 hours at temperature
between 750 °C and 800 °C. It was suggested from Fig. 2 that
the optimal temperature for the lowest temperature post anneal
was between 770 and 790 °C. Thus, 787 °C was chosen for
the post anneal. Further post anneal procedures are described
in Fig. 1. Samples taken at the end of each stage were labeled
TA-1 to TA-6.

Measurements of critical current (I.) were made in liquid ni-
trogen in a 1 Tesla electromagnet with the magnetic field H ap-
plied perpendicular to the broad tape surface, making H nomi-
nally parallel to the ¢ axis [12]. The criterion for I.. is 1 ©V/cm
and J. was defined as I./A, where A is the average of two or
three Bi-2223 cross-section measurements. Magnetic moment
was measured by zero field cooling (ZFC) samples to 5 K, then
applying a field of 0.5 mT parallel to the broad tape surface
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Fig. 1. Schematic diagram of heat treatment procedures and .J..(0 T, 77 K) for
samples TA-1 to TA-6.
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Fig. 2. Critical current density J.(0 T, 77 K) versus the post anneal
temperature for samples before and after post anneal at temperature between
750-800 °C. All samples before post anneal had been heat treated at 828 °C
for 36 hours, 822 °C for 48 hours, and 805 °C for 24 hours.

in a Quantum Design magnetometer. Microstructural examina-
tions were made in a JSM-6100 Scanning Electron Microscope
(SEM).

III. RESULTS AND DISCUSSION

As shown in Fig. 2, J,. was improved from ~ 26 kA /cm? to ~
31 kA/cm? (0 T, 77 K) for samples annealed at temperature be-
tween 760 °C and 800 °C. The J.. value for the sample annealed
at 750 °C was almost the same as that before post anneal, even
though a significant amount of Pb-rich phase (Pb-3221) was ob-
served in this annealed sample by SEM and X-ray diffraction
(XRD).

J.(0 T, 77 K) and J.(0.1 T, 77 K) are listed in Table I. The
higher J.(0 T), the higher .J.(0.1 T). After HT2, J.(0 T, 77 K)
was 25.4 kA /cm? for sample TA-1. As described in Fig. 1, TA-2
was obtained by annealing TA-1 at 787 °C for 24 hours, and
J.(0 T, 77 K) was raised to 30.0 kA/cm?. TA-3 was made by
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TABLE 1
TEMPERATURE OF LAST HT STEP, J.(0 T) AND J.(0.1 T) AT 77 K,
CHARACTERISTIC FIELD H, AND T (50%).
TA-S 1EIC 31.5 92 183 15
Th-2 787°C 30.0 33 120 1075
Ta4  805°C 29.1 25 17 1070
ThaH 7287°C 271 15 171 1054
Ta-l 805°C 254 65 163 1057
Ta3  gn'c 162 37 126 106 4
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Fig. 3. Zero field cooled DC magnetization as a function of temperature for
samples TA-1 to TA-6 measured by SQUID in a field of 0.5 mT parallel to the
broad tape surface.
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Fig. 4. J.(77K, 0 T) as a function of T..(50%) for samples TA-1 to TA-6.

annealing TA-2 at 822 °C for 48 hours. This step was supposed
to grow more Bi-2223 phase. But, in fact J.(0 T, 77 K) for
TA-3 dropped significantly, to 16.2 kA/cm?, only half that of
TA-2. Sample TA-4 was prepared by annealing TA-3 at 805 °C
for 24 hours, and J.(0 T, 77 K) remarkably increased from
16.2 t0 29.1 kA /cm?. Sample TA-5 was obtained by further an-
nealing TA-4 at 787 °C for 24 hours. J.(0 T, 77 K) of TA-5
further improved to 31.5 kA /cm?, even better than that of TA-2
(30.0 kA /cm?). Another approach, TA-6, was to combine the
three heat treatments, 822 °C/48 hours, 805 °C/24 hours and
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Fig. 5. Backscattered scanning electron microscopy images of cross sections for samples TA-1 to TA-6. The dark gray matrix, the white particles and the large
black particles are Bi-2223, Pb-3221 and alkaline earth cuprate (AEC) phases [(Ca, Sr)oCuO3 and (Ca, Sr)14Cu240, 1, respectively.

787 °C/24 hours into one heat treatment with three steps shown
in Fig. 1. Sample TA-6 was obtained by annealing TA-2 in this
way. So sample TA-6 had similar heat treatments to TA-5, ex-
cept that TA-5 experienced cooling to and warming from room
temperature between each HT step. J.(0 T, 77 K) of TA-6 was
27.1 kA/cm?, 20% lower than that of TA-5. Apparently the
heating and cooling steps present in TA-5 and absent in TA-6
are beneficial for .J..

Fig. 3 shows the T traces for samples TA-1 to TA-6. The
onset 7, and transition width differed significantly, because the
post anneal changes the T, of Bi-2223. The midpoint values
T.(50%) are listed in Table I. It was found that 7..(50%) changes
from 103.4 K for sample TA-3 to 108.6 K for sample TA-5.
The values of T,.(50%) are plotted against .J.. in Fig. 4. A strong
correlation between .J. and 7. is found.

As reported previously [12], the J.(H) curves of Bi-2223
tape exhibit an exponential form above the self-field and
weak-link dominated region, J. ~ exp(—H/H,), where the
characteristic field H), characterizes the in-field performance.
As listed in Table I, H) increased from 126 mT for TA-3
to 183 mT for TA-5. The important observation is that H,
exhibited the same trend as 7., J.(0 T) and J.(0.1 T). The
higher T, the higher J. and H,,.

Fig. 5 shows backscattered SEM images for samples TA-1
to TA-6. It was found that annealing at 787 °C (TA-2, and 5)
resulted in formation of Pb-3221, seen as white particles in
the SEM images of samples TA-2 and TA-5, while annealing
at 822 °C (TA-3) dissolved the Pb-3221 phase. The formation
and decomposition of Pb-3221 in these samples were also con-
firmed by X-ray diffraction. As mentioned above and described
in Fig. 1, samples TA-5 and TA-6 experienced similar post an-
neals, except that TA-5 was cooled and heated between HT
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Fig. 6. Comparison of magnetic moment as a function of temperature for
sample TA-6 as-annealed and after 30% rolling reduction. As indicated by
the transition at 80 K in the rolled sample curve, the rolling deformation
fragmented the tape and exposed the Bi-2212 intergrowth and grains.

steps. Eliminating the 2 heating and cooling steps markedly re-
duced the Pb-rich phase content in TA-6. This indicates that
the heating and cooling helped the nucleation of the Pb-3221
phase. The reason is that the optimal formation temperature
of Pb-3221 is about 750 °C and both the cooling and heating
passed through this temperature. TA-5 contained the highest
amount of Pb-3221, corresponding to the highest .J.. The pre-
cipitation of the Pb-3221 phase means that the Pb content in the
Bi-2223 matrix is reduced. Thus, Pb may play a role in deter-
mining 7. T, variation with heat treatment was also observed
by Daumling et al. [13]. The mechanism of the effect of post
anneal may be complicated because forming Pb-3221 not only
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Fig.7. Normalized magnetic moment as a function of temperature for samples
TA-6 as annealed and after 30% rolling reduction. For quantitatively calculating
the Bi-2223 content, a straight line is drawn between the high-temperature
purely Bi-2223 component and the low-temperature magnetization in which all
2212 and 2223 shield flux. The contribution to magnetization at 80 K by 2212,
and by both 2212 and 2223 are labeled as Amaz12 and Amr, respectively.
The ratio Amao2/Amy is defined as the relative amount of 2212.
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Fig. 8. Relative Bi-2212 content as a function of J.(0 T, 77 K) for samples
TA-1 to TA-6. The straight line is a guide to the eye.

pulls out Pb but also other elements such as Bi, Sr, and Cu from
the Bi-2223 phase to form Pb-3221.

Fig. 6 shows the magnetic moment as a function of tempera-
ture for sample TA-6 as-annealed and after 30% rolling reduc-
tion. The rolling reduction fragmented the tape and exposed in-
ternal 2212 intergrowths and grains. The method for estimating
the relative amount of Bi-2212 in the tape is described in Fig. 7
[10]. The relative amount of Bi-2212 against .J.(0 T, 77 K) for
samples TA-1 to TA-6 is plotted in Fig. 8. A linear relation be-
tween J. and the Bi-2212 content was found in these samples
excluding sample TA-3. A similar relation was also found by
Huang et al. in fully processed multifilamentary tapes [10]. But
the data point of TA-3 is far away from the linear line in Fig. 8.
This indicates that something in addition to Bi-2212 may play a

3021

role in determining the properties of the lowest .J. sample TA-3.
The Bi-2212 content of TA-3 was the highest, corresponding to
the lowest .J.. value. These results indicate that internal Bi-2212
intergrowths and grains play an important role in limiting J., as
pointed out by Umezawa et al. [5].

IV. SUMMARY

We have investigated the effect of post anneal on J., T,
Bi-2212 intergrowth and microstructure in monocore Bi-2223
tapes. We conclude that raising 7T, and minimizing residual
Bi-2212 are decisive factors for increasing J. at 77 K. The
main findings are as follows:

1) HT finishing at 822 °C (TA-3) is really detrimental for .J.,
T and Hp,. T is lower in TA-3 and there is more Bi-2212
in TA-3 too.

2) There is a strong correlation between T, and .J.. It had
been thought that post anneal determined the doping level
of Bi-2223 through precipitation of Pb-3221 and up take
of Oy. Comparing TA-5 and TA-6, it seems as if precipita-
tion of Pb-3221 may be more important. But there is also
much more Bi-2212 in TA-6 than TA-5. So the Pb content
in Bi-2223 and the amount of Bi-2212 present are linked.

3) The clean microstructures in TA-1 and 3 do not favor
J.. Higher .J. is seen for worse-looking microstructures
(TA-2 and TA-5).

REFERENCES

[11 A.P. Malozemoff, W. Carter, S. Fleshler, L. Fritzemeier, Q. Li, L. Masur,
P. Miles, D. Parker, R. Parrella, E. Podtburg, G. N. Riley Jr, M. Rupich,
J. Scudiere, and W. Zhang, IEEE Trans. Appl. Supercond., vol. 9, pp.
2469-2473, 1999.

[2] R.Flukiger, Y. Huang, F. Marti, M. Dhallé, E. Giannini, R. Passerini, E.
Bellingeri, G. Grasso, and J.-C. Grivel, IEEE Trans. Appl. Supercond.,
vol. 9, pp. 2430-2435, 1999.

[3] J. Jiang, X. Y. Cai, A. A. Polyanskii, L. A. Schwartzkopf, D. C. Lar-
balestier, R. D. Parrella, Q. Li, M. W. Rupich, and G. N. Riley Jr, Super-
cond. Sci. Technol., vol. 14, pp. 548-556, 2001.

[4] X. Y. Cai, A. Polyanskii, Q. Li, G. N. Riley, and D. C. Larbalestier,
Nature, vol. 392, pp. 906-909, 1998.

[5] A.Umezawa, Y. Feng, H. S. Edelman, T. C. Willis, J. A. Parrell, D. C.

Larbalestier, G. N. Riley Jr, and W. L. Carter, Physica C, vol. 219, pp.

378-388, 1994.

J. A. Parrell, D. C. Larbalestier, G. N. Riley Jr, Q. Li, R. D. Parrella, and

M. Teplitsky, Appl. Phys. Lett., vol. 69, no. 19, pp. 2915-2917, 1996.

[71 W. G. Wang, J. Horvat, B. Zeimetz, H. K. Liu, and S. X. Dou, Physica

C, vol. 291, pp. 1-7, 1997.

B. Zeimetz, H. K. Liu, and S. X. Dou, Supercond. Sci. Technol., vol. 11,

pp. 505-508, 1998.

H. Deng, P. Hua, C. Dong, F. Wu, H. Chen, X. Wang, Y. Zhou, and G.

Yuan, Physica C, vol. 339, pp. 171-180, 2000.

Y. B. Huang, X. Y. Cai, G. N. Riley Jr, D. Larbalestier, D. Yu, M.

Teplitsky, A. Otto, S. Flesher, and R. D. Parrella, Advances in Cryogenic

Engineering, vol. 48, pp. 717-723, 2002.

J. Jiang, X. Y. Cai, J. G. Chandler, M. O. Rikel, E. E. Hellstrom, R. D.

Parrella, D. Yu, Q. Li, M. W. Rupich, G. N. Riley Jr, and D. C. Lar-

balestier, [EEE Trans. on Appl. Supercond., vol. 11, pp. 3561-3564,

2001.

L. A. Schwartzkopf, J. Jiang, X. Y. Cai, D. Apodaca, and D. C. Lar-

balestier, Appl. Phys. Lett., vol. 75, no. 20, pp. 3168-3170, 1999.

M. Daumling, R. Maad, A. Jeremie, and R. Flukiger, J. Mater. Res., vol.

12, no. 6, pp. 1445-1450, 1997.

[6

—_

[8

[l

[9

—

[10]

(1]

[12]

[13]



