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ABSTRACT 

Multilayer ribbons have been fabricated from 0.004 in. thick silver strips, 
coated with Bi-2212 powder. After stacking and sealing in an evacuated silver 
box and cold-rolling to a 0.023 in. thick sandwich, very encouraging 
superconductive behavior has been observed. At 4.2 K such a ribbon carried 
critical currents of 200 A and 100 A, respectively, in fields of 0 T and 2.8 T, 
corresponding to current density values of 4.2 x 10 4 A/cm2 and 2.1 x 104A/cm2; 
at 77 K the current decreased to 2.5 A in zero field. Considerable grain 
alignment in the superconductor was noted close to the silver sheath in ribbons 
with these results. 

INTRODUCTION 

Bi2Sr2CaCu20g.x (2212) exhibits anisotropic supercurrent transport 
behavior; almost all of the current flows in the a-b planes, with little flowing in 
the c-axis direction. Furthermore, intergrain current transport by coupling 
between adjacent grains is adversely affected by orientation differences between 
such grains. These factors which reduce critical current density (J c), can be 
minimized by preferential alignment of the a-b planes parallel to the direction of 
current transport, usually the long axis of the conductor.1*3 Measured J c 

values are always significantly lower at higher temperatures. Kumakura, et al. 4 

have also observed critical current anisotropy for currents deduced from 
magnetization measurements. Their results show that the severity of the 
anisotropy increases as measurement temperature is increased from 4.2 K to 
77 K, with the most rapid increase occurring between 15 K and 25 K. 

Several different mechanical processing methods have been used to 
produce enhanced alignment in metal sheathed 2212 ribbons. In all the 
processing methods used, ribbons are heat treated so that the 2212 is first 
partially melted, then cooled, and then subsequently annealed as a solid to 
cause crystallization and growth of the desired phase. All the best results have 
been obtained using silver as the normal metal sheath, and Kase, et al.,5 have 
demonstrated its superiority to other metals. There appears to be interaction 
between the ceramic and silver so that the Bi-2212 crystallizes with preferred 
alignment. The different mechanical processing methods include 
powder-in-tube processing followed by cold rolling,2'6'7 tape-casting and 
attachment to a silver substrate, 3 , 5 ' 8* 1 0 brushing a Bi-2212/dispersant mixture 
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onto silver substrates, 7 , 1 1 and dip-coating.12 The continuous dip-coating 
technique was used to produce a Ag/2212 composite ribbon 6 m long, from which 
a single pancake coil was fabricated by a wind, react and wind method. This coil 
had a critical current (I c) of 230 A at 4.2 K in a 12 T field; however, the J c of 
2.5 x 10 4 was some four times lower than that measured in a short sample of the 
same ribbon. Brush coating has been used to produced multilayer ribbons, since 
the beneficial effects of Ag/2212 interaction suggest that the amount of aligned 
material can be increased by increasing the number of silver/ceramic 
interfaces.7 

Clearly, for near term application of high critical temperature 
superconductors in electrical machines, one of the many problems to be resolved 
is the fabrication of long lengths of wire or ribbon conductor with enhanced a-b 
plane alignment. The methods described above have varying degrees of 
suitability for producing such a conductor. We have investigated another 
technique having some similarities to certain of the above methods, in which a 
multilayer sandwich of Bi-2212-coated silver strips stacked into a silver box is 
deformed by cold rolling. In this paper, we describe details of this process and 
the critical currents and microstructures obtained. 

MATERIALS AND PROCEDURES 

The constituent parts and their method of assembly into the multilayer 
sandwich before rolling are shown schematically in Figure 1. The coated strips 
were prepared by painting 0.004 in. thick silver strips on both faces with a 
butanol suspension of 2212 aerosol-pyrolysis powder. After evaporation of the 
butanol, the powder layers were consolidated by cold pressing at 10 ksi, and 
then heat treated at 870 * C and 845 * C in an atmosphere of 2% oxygen in argon. 

Three coated strips, each -1.25 in. x 0.2 in., were stacked on top of each 
other in an appropriately sized cavity in an open top silver box. The box was 
then covered with a silver sheet and this lid sealed under vacuum by 
electron-beam welding. In a variation of this procedure, the strips were 
interleaved with uncoated, 0.010 in. thick silver strips to change the 
silver-to-superconductor ratio within the conductor cross-section, from 9.2 to 7.3. 

After annealing at 450* C, the assembly was unidirectionally cold rolled in 
a series of passes with intermediate anneals down to a final thickness of 
-0.020 in. Samples from this ribbon were then given a two-stage heat treatment 
in air, e.g., melting at 920* C for 6 minutes and annealing at 820' C for 60 hours. 

L. values were determined at 77 K and 4.2 K using a four point transport 
method and a 1 utv/cm criterion. Current density, (J c) values were calculated 
from the appropriate cross-sectional area of the layers of superconductor which 
comprised the core of the ribbon. The area was determined using an automated 
electronic image analysis technique. Standard metallographic procedures were 
used to examine the longitudinal and cross-sectional microstructures of the 
ribbon. 
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Fig. 1-Schematic drawing c-f assembly prior to rolling to multilayer 
ribbon 

RESULTS AND DISCUSSION 

A short sample of heat-treated 0.023 in. thick ribbon was found to be 
superconducting at 77 K and 4.2 K Critical currents at 4.2 K of 200 A and 
100 A were measured in fields of 0 T and 2.8 T respectively, but at 77 K the I c 

decreased to 2.5 A at zero field. The relationship between I c and field, (H) is 
shown in Figure 2 along with the details of the heat treatments given to the 
strips and to the ribbon. 

The microstructures of the coated strips before assembly into a multilayer 
sandwich for rolling, illustrated in Figure 3, show the 0.002 in. thick layers to 
contain randomly grown, acicular 2212 phase. The onset critical temperature 
(Tc) for these strips was 86 K and the zero resistance T_ was 82 K. 

After rolling and heat treatment the multilayer ribbon appears to have 
codeformed in a reasonably uniform manner as evidenced by the 
macrostructures shown in Figure 4. The six layers of superconductor are still 
present and continuous. Some separation or bloating in the center of the ribbon 
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Tig. 3 • Microstructures of a silver strip predeposited with Bi-2212. after heat 
treatment but prior to assembly into a multilayer billet lor rolling 
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treatment 

may be seen, which is thought to be attributable to gas evolution or contraction 
of the superconductor during the melt treatment stage. Despite this potentially 
damaging observation the ribbon did carry a high supercurrent. At 4.2 K, the 
calculated J c values were 4.2 x 10 4 A/cm2 and 2.1 x 10 4 A/cm , respectively, in 
fields of 0 T and 2.8 T. 

Micrographs at a higher magnification, Figure 5, clearly show the highly 
aligned, platy grains observed by other workers. This morphology is more 
prevalent near the Ag/2212 interface, in agreement with the hypothesis that 
alignment of the 2212 is favored by proximity to the silver during growth of the 
superconductive phase. In a multilayer ribbon such as these it is advantageous 
to make the layers of superconductor as thin as practicable, since this will yield 
the maximum amount of aligned 2212 by interactions with the substrate. The 
J c values now observed, being much below those of thin films, suggest that the 
current is actually carried in only a small portion of the total cross-section, viz. 
the strongly aligned portion near the silver. Thinner layers will increase the 
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Fig. 5 - Layering of Bi-2212 phase in longitudinal 
section of a portion of a rolled multilayer 
silver/Bi-2212 ribbon, after heat treatment 

proportion of such material which ought to increase the J c . Obtaining such 
thinner layers by additional deformation will require further development, 
however, since in the experiments described in this paper, the respective I c 

and J c values at 4.2 K and zero field were 130 A and 3.6 x 10 4 A/cnr*2 for a 
0.013-in.-thick ribbon produced from the 0.023 in. thick ribbon shown in 
Figure 5. 

The multilayer ribbon with an I c of 200A appears to have good resistance 
to any damage associated with mechanical handling or strains induced in 
thermal cycling between ambient and liquid helium temperatures. This 
observation is illustrated in Figure 6, which shows that the I c versus H 
relationship for a Bi-2212/Ag ribbon is only marginally degraded when exposed 
to mechanical and thermal strains. 

Changing the heat treatment temperatures for similar multilayer ribbons, 
in this instance to 900 * C and 815' C, resulted in an identical I c value of 200 A 
at 4.2 K and zero field. However, in a related but more extensive series of 
experiments on Bi-2212/Ag wires 1 3 the authors have found that melt treatment 
and annealing temperatures of 870 and 790 *C resulted in I c values exceeding 
450 A at 4.2 K and zero field. Comparing the results in this and the referenced 
studies leads to the conclusion that, while there is quite a broad range of heat 
treatment conditions over which relatively high I c values may be obtained, those 
yielding the maximum I c differ substantially for different type of samples. 
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Fig. 6-Effeds of demounting (handlingl and thermal cycling on the critical current vs magnetic field for silver/8i-2az 
multilayer ribbons at 4.2 K 

The relatively low values herein obtained for J c at 77 K, compared to other 
workers, require explanation. Kumakura, et al., 4 conclude that their results on 
the temperature dependence of anisotropy indicate the presence of two kinds of 
flux-pinning sites, planar defects effective at high temperatures and point 
defects effective at low temperatures. If they are correct, then, in principle, the 
superconductor could become too crystallographically perfect. It is possible that 
our samples, the treatment of which was optimized for maximum I c at 4.2 K, 
may be exhibiting this behavior. This possibility requires further consideration 
because, if correct, then processing conditions for optimum I c development at 
77 K or intermediate temperatures may differ from those for optimum I c at 
4.2 K, with the heat treatment conditions being especially important. 

SUMMARY 

Multilayer Bi-2212/Ag ribbons have been fabricated by rolling which are 
capable of carrying currents of 200 A at 4.2 K and zero field. Considerable grain 
alignment has been observed at the superconductor/silver interface, suggesting 
that the hypothesis of interaction during phase growth is correct. Heat 
treatments appear to have some latitude with respect to the temperatures of 
both the melting and annealing steps. Such ribbons are not severely degraded 
in I c value by mechanical and thermal cycling. 
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