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Abstract-- The critical current, I, degradation behaviors
with bending strain were investigated in a commercially
available YBCO coated conductor tape. In particular, the
strain reversibility of I, and the influence of repeated bending
on I have been studied. Also, repeated bending at 77 K was
done in order to understand the I. behavior under cyclic
bending strains. A reversible behavior of I, has been found up
to a high bending strain of 1.60% for the RABiTS/MOD
processed CC sample with copper reinforcement. Under
repeated bending, the I, showed a 95% I, retention up to 100
cycles for bending strains of 1.0% or less. The n-value
behavior showed a good agreement with the I, degradation
behavior, representing that any cracking did not occur on the
YBCO film resulting from the reinforcement provided by the
copper stabilizers.

1. INTRODUCTION

Recent advances in the fabrication technology of
ReBCO coated conductors (CC) have widened their
application fields to electric power cables, motors, magnets,
etc. Long length YBCO CC tapes with high current density,
J., over 1 MA/cm? have been achieved through the
rolling-assisted biaxially textured substrates (RABITS) and
ion beam assisted deposition (IBAD) substrates [ 1-3].

The I-strain/stress relations in YBCO CC tapes will be
of great significance in the design of superconducting
devices. For YBCO CC tapes, some electro-mechanical
properties have already been investigated by many research
groups including tensile and bending strain dependencies
of the critical current, 1. [4-8]. Under tensile stress, it was
observed that the I, can increase or decrease reversibly with
strain up to an irreversible strain limit, g, [5-7]. Also, the
lamination of stabilizers which enhances the mechanical
properties of these tapes resulted in the increase in g;; [5].
A peak value of I was also observed before decreasing at
higher strain values [5,7]. When a bending strain was over
0.5%, cracking was observed. The generation of the crack
appears to be the primary reason for the I. degradation
[4,8].

In practical applications to electrical devices, HTS
wires/tapes will be subjected to various kinds of
stress/strain. Among the various types of stresses occurring
in superconductors in practical applications, bending
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stress/strain is most common in superconducting wires or
tapes when they are fabricated into cables or wound in a
coil shape for magnet construction [4, 9-13]. Also, during
the service life of these tapes, they will be subjected to
cyclic/repeated loading which are cansed by various
reasons such as re-coiling, thermal cycling, Lorentz force
variations due to change in coil current, and alternating
centrifugal forces during motor operation. Therefore, in
order to apply HTS tapes to practical applications, the
endurance evaluation of the tapes which includes
mechanical and electrical stability and reliability is needed
[14].

Since thin CC tapes have now become available
commercially, testing the bending strain tolerance of CC
tapes would require the use of much smaller diameters of
bending mandrels as compared with those used for BSCCO
tapes [9-13]. For this reason, a small-scale Goldacker type
test rig to apply bending strain of up to ~1.6% to 0.2 mm
thick CC tapes was used.

In this paper, we have investigated the 1. degradation
behaviors with bending strain in a YBCO CC tape. The
reversibility of I, under bending strain, and the effects of
repeated bending on the- I, degradation have been
discussed.

2. EXPERIMENTAL PROCEDURE

A commercially available YBCO CC tape which was
manufactured by the RABiTS/MOD process was supplied
for the bending tests. Fig. 1 shows its cross-sectional view
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Fig. 1. Cross-sectional view of copper-stabilized YBCO
CC tape processed by the RABiTS/MOD method.
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TABLE I
SPECIFICATION OF YBCO COATED CONDUCTOR SAMPLES.

RABITS/MOD
Structure Ag/YBCO/Ce0,/YSZ/ Y205
YBCO film thickness ~1 pm
L 86 A
Dimension, T x W 0.19x4.3 mm
Substrate Ni-5at. %W
Substrate thickness 80 pm

Stabilizer Hardened copper

Stabilizing technique Lamination (solder)
Stabtlizer thickness 40 pm

Manufacturer AMSC

and the properties are tabulated in Table 1. The tape was
reinforced externally at both sides by the lamination of
copper stabilizers.

The bending strain dependence of I, in Cu-stabilized
YBCO tapes has been investigated. Fig. 2 (a) shows the
small-scale Goldacker type test rig used for the bending
tests [11-13]. The bending deformation was applied to the
tape using the test rig which is suitable for the test of CC
tapes in the easy bending mode [9]. The tape was
mechanically connected to the current terminal blocks
instead of soldering. The total sample length, voltage tap
separation, the location of the turn axis, and gauge length
subjected to bending deformation were 60, 10, 11.8 and
18.5 mm, respectively. Voltage taps were soldered on the
edge of the tape to keep a homogeneous circular
deformation of the tape. For the test procedure: One end of
the sample was fixed at RT; the sample was cooled to 77 K
in straight position; the other end was fixed at 77 K; the
critical current at the as-cooled state, I, was measured;
The sample was bent; I, was measured at a specific bending
strain; the last two steps were repeated up to the specified
bending strain.

The bending strains, &, and &y, Were defined as the
strain at the outer surface of the tape and at the YBCO
coating film, respectively. The nominal bending strain on
the tape are given by [9, 10]

t

g, = 100% 1
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where r is the radius of sample holder; t is the thickness of
the sample, t, is the thickness of the substrate. The
maximum bending strain, that can be given by the
small-scale Goldacker type bending test rig to the
RABiITS/MOD YBCO CC sample was ~1.60%. Fig. 2 (b)
shows the sample bent at this bending strain. Repeated
bending tests were carried out at specific bending strains
such as g, = 0.8, 1.0 and 1.1%.

(a) at & = 0%
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(b) at e, = 1.6%

Fig. 2 View of the bending rig for electro-mechanical
testing at 77K.

[ measurements were carried out using the four probe
method at 77 K and defined by a 1 uV/cm criterion. For the
reversibility tests, the I, was measured at specific bending
strains and also after straightening. From the
current-voltage (I-V) curve obtained, the n-value was also
calculated by a linear fitting in the voltage range of 0.2-5.0
uV/em. The voltage, V, in the transition range from the
superconducting state to the normal state can be
empirically approximated by V=cI" as a function of current,
I, where ¢ is a constant.

Fig. 3 shows the bending strain dependence of the I,
degradation in the RABiTS/MOD processed YBCO CC
tape. A gradual and small I, degradation with the increase
of the bending strain was observed. No peak I. was
observed unlike the I -tensile strain previously reported [5].
At g, = 1.6%, which was the applicable maximum bending
strain using the test rig, the I, degradation was ~10% for the
RABITS/MOD sample. At this bending strain, the I still
showed a reversible behavior. The bending strain
corresponding to 95% I retention, i.e., &, 954, Was about
1.1%. As compared with Bi-2223 tapes, this bending strain
tolerance of I in YBCO CC tapes are much higher [9-10].
When compared with the ReBCO tapes previously reported
[8], the reinforcement of Cu layers to YBCO CC tapes
enhanced the resistance to the initiation of cracking on the
YBCO film, which resulted from the difference of thermal
contraction between Cu layers and other components and
acted as a crack arrester [5,7].
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3.  RESULTS AND DISCUSSION

The I, was aiso plotted against the bending strain
calculated on the YBCO layer using Eq. (2). The I,
degradation curve significantly moved towards the left side,
and the bending strain corresponding to 95% I, retention
was €, ygco, 95% ~ 0.45%. This large difference in &, o504
resulted from the bending strain characteristics. It can be
found that the 95% I, retention strain limit for this tape
under easy bending is similar with the case under uniaxial
tensile strain which was ~0.43% [15].

The results of the reversibility tests by I, measurements
after the straight state are also plotted in Fig. 3. The I,
degradation behavior was reversible up to g, ~ 1.6%.

For the repeated bending test, three bending strain levels
were selected from the I.-g, relationship; €, = 0.8, 1.0 and
1.1%. Fig. 4 shows the results of the repeated bending tests
of the CC samples.
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Fig 3. I.-&y, &uypco Characteristics of the RABITS/MOD
YBCO CC tape.
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Fig. 4. I./l.o-N relationship of the RABiTS/MOD YBCO
CC tape.

For the case of 0.8% bending strain, the I, degraded
slowly initially, but after 40 cycles the I, degraded by 5%
from the I, value. And then, the I, saturated with cycles
without further degradation up to 100 cycles. The I, was
recovered to the original value after straightening the
sample after 100cycles.

For the case of 1.0% bending strain, the I, degraded to
about 4% at the bent state and maintained that level up to
100 cycles. But every time, the I, recovered to 1, when the
sample was straighetened. For the case of 1.1%, the I,
dropped to 93% of the ., after bending, and to ~87% after
100 cycles, but after straightening the sample, it recovered
to ~95% of the .. From these results it can be thought that
Cu-stabilized YBCO CC tapes represent high bending
strain tolerance of I against repeated bending at 77 K.

In addition, thermal cycle tests at bent state and fully
reversed (double bend) cyclic tests are further needed in
order to assess the reliability of these YBCO CC tapes in
bending mode for practical applications.

Finally, the n-value behaviors as a function of the
applied strain, g, was investigated and shown in Fig. 5. A
gradual and small variation of n-value with the increase of
bending strain could be seen. The curve shows a similar
behavior with the 1., shown in Fig. 3, representing that
significant cracking did not occur on the YBCO film. This
could explain the reversible strain effect in YBCO CC tape
samples observed under bending strain, wherein the I,
behaved reversibly even though it degraded to almost 90%
of Iy for the RABITS/MOD YBCO CC sample.

Under repeated bending shown in Fig. 6, the n-value
showed a small variation with repeated cycles similar with
the I, even though some scattering of n,-value existed,
which represents that any cracks did not form on the YBCO
layer during repeated bending up to 100 cycles. As a whole,
there was a good similarity between the n-value-g, and
I./T.o-€y, behaviors.
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Fig. 5. n-value-g,, relationship of the RABITS/MOD YBCO
CC tape.
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Fig. 6. n-value-N relationship of the RABITS/MOD YBCO
CC tape.

4. CONCLUSION

The influence of bending strain on the critical current, I,
degradation behaviors in a commercially available YBCO
coated conductor tape fabricated by the RABiTS/MOD
process were investigated. The reversibility of I,
degradation and the influence of repeated bending on I,
have been discussed. Also, repeated bending at 77 K was
done in order to understand the 1, behavior under cyclic
bending strains. Due to the copper stabilizers used as
reinforcement a reversible behavior of 1. was observed up
to €,=1.6% in the RABiTS/MOD sample. Under repeated
bending, at an applied maximum bending strain up to
~1.0%, the I, could be recovered up to 100 cycles. The
n-value behaviors showed a good agreement with the I
degradation behavior of the RABITS/MOD tape.
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