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ABSTRACT 

In the process of developing high temperature superconducting (HTS) transmission 
cables, it was found that mechanical strength of the superconducting tape is the most 
crucial property that needs to be improved. It is also desirable to increase the current 
carrying capacity of the conductor so that fewer layers are needed to make the kilo-amp 
class cables required for electric utility usage. A process has been developed by 
encapsulating a stack of Bi-2223iAg tapes with a silver or non-silver sheath to form a 
strengthened bundle superconductor. This process was applied to HTS tapes made by the 
Continuous Tube Forming and Filling (CTFF) technique pursued by Plastronic Inc. and 
HTS tapes obtained from other manufacturers. Conductors with a bundle of 2 to 6 HTS 
tapes have been made. The bundled conductor is greatly strengthened by the non-silver 
sheath. No superconductor degradation as compared to the sum of the original critical 
currents of the individual tapes was seen on the finished conductors. 

INTRODUCTION 

Because of the fundamental processing requirements. ceramic High Temperature 
Superconductors (HTS) are made in the form of thin tape that is very fragile and carries a 
current of only tens to a few hundred amperes each. In the process of developing HTS 
transmission cables, it was found that the mechanical strength of the superconducting tape 
is the most crucial property that needs to be improved'. It is also desirable to increase the 
current carrying capacity of the conductor so that fewer layers are needed to make the lulo- 
amp class cables required for electric utility usage. 



Plastronic Inc. has been pursuing a Continuous Tube Forming and Filling (CTFF) 
approach to make Bi-2223/Ag tapes’. As an extension of this techmque, a sneath is 
wrapped around a bundle of HTS tapes to form a strengthened. higher current carrying 
superconductor. Thus, a process is being developed to make the Bi-2223/Ag tapes into a 
workable, higher current carrying conductor for large scale applications. Examples of the 
strengthened bundle superconductors and their electrical and mechanical test results are 
presented. 

ENCAPSULATED BUNDLE SUPERCONDUCTOR 

A stack of HTS tapes are bundled together. encapsulated with a silver or non-silver 
sheath by a continuous tube forming process, and sintered to finish the superconductor 
forming process. A large current carrying conductor is acheved with the stacking of 
multiple HTS tapes. Different strengthening metal. both silver and non-silver, can be used 
as the sheath material to wrap around the stack to form a robust conductor. Bundle 
superconductors of up to 6 HTS tapes have been made. Figure 1A shows the cross section 
of a 3-tape bundle conductor consisting of Bi-2223/Ag tapes made by the CTFF approach 
pursued by Plastronic Inc. Each HTS tape contains 8 filaments running the width of the 
tape. The superconductors of the finished conductor are well protected from external 
abuses and possible damages caused by liquid nitrogen penetration. 

The unique procedure of sintering after the encapsulation makes the present 
technique also suitable to make bundle conductors out of finished HTS tapes. No 
undesirable soldering process that may damage the HTS tapes is used. Figure 1B shows 
the example of a 3-tape bundle conductor consisting of commercially available Bi-2223/Ag 
tapes (T-tapes) acquired from a third party tape manufacturer. 

The present bundling and encapsulating approach is quite flexible. Depending on the 
application, sheathing material of different strength and thermal or electrical properties can 
be used. The non-silver sheath may provide enough resistance so that no additional 
insulation is needed for some applications. Different stacking arrays of the HTS tapes can 
be arranged. For ac applications, resistive barriers can be inserted between the HTS tapes 
to reduce the ac losses. 

MECHANICAL STRENGTH OF THE BUNDLE CONDUCTOR 

Mechanical strength of the CTFF- and T-HTS tapes and examples of the encapsulated 
bundle conductors have been measured at room temperature. The results are summarized 
in Table 1. For the HTS tapes the averages from several samples are listed. The yield 
stress (YS) was taken at a strain of 0.2 YO. The elongation percent was measured after the 
sample broke into two halves. The percent increase of the sum of the length of the pieces 
over the original length are listed as the elongation YO. 

The CTFF tape has a slightly better ultimate tensile strength (UTS) (60 Mpa) than the 
T-tape (45 Mpa) and a slightly higher elongation %. The UTS of the bundle conductors are 
(1 34-1 53 Mpa) much higher than the HTS tapes. The elongation test resulted in the bundle 
conductor having more than an order of magnitude higher elongation YO before breaking. 
The more brittle inner HTS tapes probably broke before the sheath. The measured 
mechanical properties of the bundle conductors seem to be dominated by the characteristics 
of the sheath. Thus, desirable mechanical properties of a bundle conductor can be acheved 
with the proper choice of the sheath material and thickness. 



Figure 1. Cross sectional view of examples of encapsulated bundle superconductor. (A)  a 3-tape 
bundle of CTFF tapes. (B)  a 3-tape bundle of T-tapes. 

Table 1. Mechanical properties of HTS tapes and sample bundle conductors 

5ample LTS YS Elon, Oatioii 
( l l p a  I ksi I ( J lpa i ksi 1 ( T O )  

CTFF-tapes 60 s.8 5 5  i s.0 3.5  
T-tapes 15 ' 6.5 12 i 6.1 1 .o 

A 3-tape bundle 153 ' 22.2 64 19.3 -10 
A 6-tape bundle I34 19.5 0 3  19.1 30 



BENDING TESTS OF THE BUNDLE CONDUCTOR 

Bundle conductor with Plastronic Tapes 

DC I-V curves were measured on a bundle conductor made of three 8-filament 
Plastronic CTFF tapes encapsulated in a Ag-sheath. The bundle conductor has overall 
dimensions of 0.94 mm x 5.9 mm. The measurement was made in liquid nitrogen with the 
sample in straight length first. The conductor was then coiled onto a 2.54-cm diameter 
holder, and the I-V curve was measured again. Figure 2 shows the two measured I-V 
curves. There is significant decrease in the current carrying capacity of the conductor after 
bending. The voltage taps were separated by 20 cm. Thus, this conductor has a critical 
current, I, of 34.5 A in straight length and of 18.5 A when wrapped around a 2.54-cm 
diameter holder. There is a 46% reduction in I, after the bending. 

Bundle Conductor with Third Party Tapes 

As was mentioned before, the present bundling and encapsulating technique can be 
applied to commercially finished HTS tapes. A sample was made with the T-tapes by 
encapsulating a 3-tape bundle with a non-silver sheath. An extensive study of the bending 
tolerance of this conductor was made by coiling it onto successively smaller diameter 
holders. Since the conductor sheath has one thickness on one side of the bundle (see Fig. 1) 
and double thickness on the other side, this sample was cut into two halves and tested 
separately in different bending forms. One half was tested with the double sheath thickness 
on the ID of the winding and the other half was on the OD of the winding. A lay angle of 
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Figure 2. I-V curves of a 3-tape bundle of CTFF tapes in straight length and wrapping around a 
2.54-cm diameter holder. 



35" was used in this series of tests. Figure 3A shows the I-V curves of the half tested with 
the double sheath side on the ID of the winding. A gradual decrease in the current carrying 
capacity of the conductor was observed. Figure 3B shows the I-V curves of the other half 
tested with the double sheath side on the OD of the winding. A similar but less severe 
decrease in the current carrying capacity was seen in this case. 
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Figure 3. I-V curves of a 3-tape bundle of the T- tapes in straight length and wrapping around 
successively smaller diameter holders. (A )  the double-sheath side was wound on the ID of the 
former. (B) the double-sheath side was wound on the OD of the former. 



Nearly identical critical currents of 51.4 A and 52.8 A were measured for the two 
halves of the sample in straight len-gh. The as received tape has a nominal I, of 15.6 A. 
Thus, the encapsulated bundle conductor has more than retained the original I, of the 
individual tapes. 

The degradation of bending with the double sheath thlckness on the ID of the winding 
were, however more severe than on the OD of the winding. For example. at the 7.62-cm 
diameter bend the I, had dropped to 3 1.1 A in the former case but to 41.5 A for the latter 
case. Apparently, even though the conductors were bent on the same diameters. the degree 
of bending on the superconductors were different under these two conditions. 

The average bending strain. E on a conductor bending to a radius, R is given by 
t / 2  

R (1) & = -  Sin8 . 
where the lay angle, 8 is measured from the axis of the former and t is the thickness of the 
conductor. The 3-HTS-tape bundle thickness is about 0.66 mm, the sheath thlckness is 
about 0.178 mm for a total conductor thickness of 1.194 mm. Thus, the neutral plane was 
0.597 mm from the ID of the conductor when it is bent. When the double-sheath thickness 
was on the ID of the winding, the thickness of the HTS tapes that was under tension was 
0.419 mm. When the double sheath thickness was on the OD, the thickness of the HTS 
tape that was under tension was 0.241 mm, i.e. less superconductor was under tension in 
the latter case. By using these thickness' of the superconductor under tension as the t/2 in 
Eq. (l), we calculated the bending strains of the superconductor under the two different 
bending cases. The strain levels were 74% higher when the double-sheath thickness was 
bent on the ID of the winding. Figure 4 shows the two sets of the measured I, as a function 
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Figure 4. Critical currents as a function of bending strain for the conductor tested in Fig. 3.  The 
strains were calculated with the thickness of the superconductor in tension only. 



of the bending tensile strains. The solid line curve is drawn through the set of data of the 
double-sheath side on ID. The two sets of data show a single trend of degradation. Thus. 
we conclude that the part of the superconductor that is under bending tension contributes to 
most of the degradation. Note that because no data was taken at strains less than 0.5 % on 
h s  set of data, the linear drop indicated by the line connecting to the zero strain point may 
be fortuitous. 

- 

Comparison with Single Tape Bending Results 

0.4 

As a control, a piece of the T- tape was taken through the same re-sintering process 
as the bundle conductor. This tape was also tested for its bending tolerance by wrapping 
onto successively smaller diameter holders. I-V curves similar to those shown in Fig. 3 
were measured. 

The bending strain at each holder diameter was again calculated with Eq. (1). Note 
that since half of the superconductor was under tension (and half was under compression) 
the total tape thickness was used as the c in this case. Figure 5 shows the reduced I,, IJIc0 
as a function of the bending strain for this re-processed tape and the bundle conductor 
described in above. The curve is a smooth fit through the data of the control tape. The 
bundle conductor data goes right along this curve. Thus, the I, degradation is due mostly to 
the tensile bending strain - the part of the superconductor that is subjected to bending 
tension, whether it is in a single tape or in a bundled form. More than 90% of the straight 
length I, can be retained if the tensile bending strain is limited to 0.2 % for conductors 
made of this HTS tape. 

- a control single tape 
3tape bundle, double sheath on windjng ID 
3-tape bundle, double sheath on winding OD 

Figure 5. Reduced critical currents as a function of the bending strain for a control single tape and 
the bundle conductor tested in Fig. 3. 



If the conductor has to be bent into a given diameter. the bundle conductor will be 
subjected to hlgher bending strain and thus higher I, degradation because of its larger 
thickness. However, because it is mechanically stronger. it will be subjected to degradation 
caused by strains from handling and winding. 

CONCLUSION 

A process to strengthen the fragile HTS tapes has been developed by encapsulating a 
tape bundle with a metallic sheath. The same techruque was used to make conductors with 
commercially finished HTS tapes as well as tapes that have not received a final heat 
treatment yet. When this technique was used for some finished tapes, the encapsulated 
bundle superconductor had more than retained the original I, of the individual tapes. 

The encapsulated bundle conductor not only increases the current carrying capacity of 
the conductor but also improves its mechanical properties significantly. It is much easier to 
handle. The cabling and coil winding of such conductors will be more like that of 
conventional superconductors. Bending tolerance measurement on single control tape and 
the encapsulated bundle conductor showed similar I, degradation, due mostly to the part of 
the superconductor that is subjected to tension from bending. 

The presently developed robust and high current carrying conductor should be very 
useful for large scale applications that use large bore windings, such as transformer, motor 
and generator, magnetic separation, energy storage, and MRI, etc. 
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