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ABSTRACT 
Ten factors relating to Bi-22231Ag tape production and thermomechanical processing have 

been examined in a statistically designed study to determine optimal parameter values for high 
critical current density J, in rolled tapes. The study indicates that low fill factor, narrow tapes 
processed for long times yield the best J, values, and that strain rate, as expected, is not a 
significant factor. The major microstructural conclusion is that macrocracking, even at the early 
stages of tape processing, should be avoided, as these cracks cannot easily be healed. 

INTRODUCTION 
The production of high critical current density Jc conductors by the oxide-powder-in-tube 

technique employing the Bi-2223 phase superconductor is a complex process involving 
interactions among many different parameters.[l] To better understand which factors are most 
important, and to examine interaction among these, an experiment to study the effects of ten of 
these process variables, relating to the properties of the tube geometry and packing procedure, 
the deformation from tube to tape, and the subsequent thennomechanical processing steps 
(time, temperature, and size of intermediate reductions produced by rolling) leading to the 
production of Bi-2223 silver sheathed tapes, has been designed. To better understand the 
effects of the process variables, these have also been correlated with such material properties as 
phase punty and grain alignment in the final tape. 

EXPERIMENTAL 
A experiment was designed 

to study the set of ten factors of 
2 or 3 levels each (shown in 
Table I) using a fractional fac- 
torial design. This reduced the 
number of experiments from a 
full factorial study of >5,000 
different conditions to approxi- 
mately 180 experiments includ- 
ing replicates for analyzing the 
statistical significance of the 
results. Statistical analysis of the 
J, response data included 
calculation of the main effects 
and two-factor interactions and 
analysis of the variance. 

Table I. Factors and Levels for Bi-2223/A 

The powder, of nominal 
Bi 1.8Pbo.4Sr2Ca2Cu3~ stoichiometry, was prepared using a two component method [2] by 
blending Bi1.8Pbo&r2CalCu2& and sol-gel synthesized "CaCu02" consisting of 
Cao.45Cuo.55@ + CaO. Silver tubes were hand-packed with powder at -40% theoretical den- 
sity or filled with cold isostatically pressed (CIP'd), machined cores of -80% theoretical den- 
sity, and then sealed into the Ag tubes by electron-beam welding. The tubes were drawn from 
12.7 mm to 1.25 mm diameter through a series of 50 dies and then rolled to 145 pm thick tape 
at less than 10% reduction per pass before sectioning into 15 cm long samples for further ther- 
momechanical processing. Samples were fired 3 times in tube furnaces in flowing 10+0.5%02 / 
90% Ar. The final sinter time was fixed at 96 h. Subsequent deformation reductions R1 and R2 



were based on presinter tape thicknesses. Finally, the critical current IC was determined using 
the standard 1 pV/cm electric-field criterion for 2 regions per tape and 2 replicates per treatment 
condition. Optical microscopy was used to determine cross section areas for calculation of Jc . 

RESULTS A N D  DISCUSSION 
For the tube and tape fabrication factors, the Strain Path and Core Thickness (SP and CT) 

were found to be significant variables. The best results (-10 kA/cm2) were obtained when the 
Strain Path is Narrow. Significant interactions occurred for Packing x Core Thickness and 
Strain Path x Core Thickness. The best results were for a Thin Core and the poorest for a Thick 
Core which had been CIPd. Strain Rate was not a significant variable. Packing density/method 
did not change the results except for an interaction with Core Thickness. 

For the within-tape factors (thermomechanical processing) reductions R1, R2 could be 
achieved within +2% of target values. Cracks in the Wide Strain Path tapes could not be healed 
even after multiple process steps (Fig. 1). Temperature1 and Reduction1 (T1 and R1) were 
significant variables. High T1 degraded the results, and best values were obtained for R1 at + 
or - values. The Strain Path, Packing, Reduction2, and Temperature1 had significant 
interactions with Core Thickness. The largest response for all of these variables occurred for a 
Thin Core. Other significant interactions included Reduction 1 x Reduction2, Temperature2 x 
Reduction2, Temperature1 x Temperature2, and Temperature1 x Reductionl. 

Fig. 1. a. As rolled, wide strain path tape showing major cracking; b) fully processed wide tape 
showing persistent cracks that could not be healed even after sintering 3 times. 

CONCLUSIONS 
The experiment confirmed many of the expected main effects, specifically, the response of 

the tape production factors Core Thickness, Packing, Strain Path, and Strain Rate; this was one 
of the main goals of the study. However, the quadratic response of Reduction1 and Reduction2 
was not expected. There were a significant number of interactions, many of them expected. A 
major finding is that macrocracking of the core during the initial deformation to tape appears to 
be unrecoverable and should be avoided at all costs. 

Future experiments can now be designed with fixed Core Thickness (Thin), Packing 
(either, with hand packing slightly better), Strain Path (Narrow), and Strain Rate (either, with 
slow values slightly better), and Time1 and Time2 can be tentatively fixed near the long value. 
The tape production factor levels are expected to be relatively independent of the powder em- 
ployed whereas the details of the within tape processing are likely to be highly powder depen- 
dent. Thus the Time, Temperature, and Reduction factors must be evaluated for each new pow- 
der examined. 

ACKNOWLEDGMENTS 
Work was performed under the auspices of the US DOE, Office of Energy Management. 

REFERENCES 
1. L. Gherardi and P. Caracino, Proceedings of International Workshop on Critical Currents, 

Alpbach, Austria, 24-27 January 1994 
2. M. G. Smith, J. 0. Willis, D. E. Peterson, J. F. Bingert, D. S. Phillips, J. Y. Coulter, K. 

V. Salazar, and W. L. Hults, Physica C 231, 409 (1994). 


