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Abstract—This work extends to second generation Rare-Earth
Barium-Copper-Oxide ((Re)BCO) tapes an experimental procedure
previously developed to analyze the impact of double bending at
room temperature on the performance of Bismuth-Strontium-Cal-
cium-Copper-Oxide (BSCCO) tapes. The modified procedure is ap-
plied to measure the critical current of a commercial (Re)BCO tape
subjected to bending around a cylindrical mandrel first on one side,
then on the other side, followed by the cooldown to cryogenic tem-
perature. In the bending phase, mandrels of decreasing diameter are
used to identify the minimum curvature leading to a significant re-
duction of the tape critical current. Furthermore, a novel finite ele-
ment model is developed to complement the experimental results.
The model simulates the double bending at room temperature, the
following straightening of the sample, and its cooldown to cryogenic
conditions. The coupled thermo-mechanical numerical model to-
gether with the temperature-dependent mechanical properties allow
investigating the combination of thermal contraction effects and
bending loads in the whole domain of the problem. The experi-
mental and numerical results obtained help to give a better insight
in the distribution of the strain and stress components inside the
(Re)BCO tape and to evaluate their impact on the conductor electri-
cal performance in relevant operating conditions.

Index Terms—HTS tapes, Finite element methods, Strain distri-
bution, Critical current measurement

I. INTRODUCTION

T HE High Temperature Superconducting (HTS) materials
are considered as possible candidates for application to
high field magnets, e.g. for fusion and high-energy physics, and
to AC or DC power applications. The development of HTS con-
ductors requires extensive information about the impact of the
cable architecture on the electrical performance of the super-
conducting tapes or wires. In particular, for a proper conductor
design, it is important to characterize the bending behavior of
the tape. Recently, a significant effort to investigate in this di-
rection was performed both with experimental and numerical
studies [1]-[7].

In this work, a measurement procedure is applied to deter-
mine the critical current of the tape when subjected to a bending
deformation on its two opposite sides (the so called “double
bending”, see e.g. [8]) at room temperature, followed by the
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cooldown to cryogenic conditions. In the flexural phase, man-
drels of decreasing diameter are used.

Additionally, a novel finite element model is developed to
analyze the experimental results. As a first step, the double
bending is simulated, followed by the straightening of the sam-
ple as a second step. Finally, in the third step the cooldown to
77 K is modelled, thus computing the final strain field.

II. THE EXPERIMENTAL PROCEDURE

The procedure for the measurement of critical current of
Rare-Earth Barium-Copper-Oxide ((Re)BCO) tapes after
double bending at room temperature is derived by extending
with some modifications a similar procedure developed for
Bismuth-Strontium-Calcium-Copper-Oxide (BSCCO) tapes
[8], which led to the publication of an IEC standard [9].
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Fig. 1. Geometry of the cross-section of the SUNAM SCN04 model tape
(not to scale).

The specimen used in the present work is a SCN04 model tape
manufactured by SUNAM Co., Ltd. The superconducting layer
is composed of GdBaCu3;O7 (GdBCO). Fig. 1 presents its
cross-section and the dimensions of each layer. The tape sam-
ples are 30 cm long.

The procedure is carried out as follows. First of all, the tape
is cooled down in liquid nitrogen and its critical current is meas-
ured to determine its reference value before the application of
external mechanical loads. The specimen is mounted on a rigid
G10 straight support having the same length of the tape, and
both ends of the tape are pressed onto the holder using two 10
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cm long copper bars. This length has been set to allow the cur-
rent to distribute from the current lead to the tape without caus-
ing excessive heating due to the contact resistance. Indium is
not used between the tape and the copper bar. Pressure is main-
tained using brass screws, without solder. The voltage taps are
placed in the central part of the tape, clipped onto its surface, at
a distance of 5 cm to each other, without solder. Not soldering
is very important to avoid any additional mechanical stress dur-
ing the bending process. An image of the specimen on the
holder is shown in Fig. 2(a); note that the distances between the
various taps are consistent with the criteria described in [9].

Fig. 2. (a) HTS tape laid over the straight sample holder and connected to cur-
rent leads. (b) HTS tape bent over the mandrel.

The sample is immersed in liquid nitrogen and the measure-
ment is carried out in self-field. After the measurement, the
specimen is warmed up to room temperature and the double
bending procedure is carried out. As a first step, one section of
the tape is fixed on a mandrel with a certain diameter. The fixed
point is close to the region of the tape that was not immediately
covered by the copper bars during the straight test. One of the
two free regions of the tape, the portion including voltage taps,
is gradually bent along the mandrel from the fixed point to the
next tape section previously covered by the second copper bar,
as shown in Fig. 2(b). In this way, the whole region between the
voltage taps is certainly bent. The sample is then released and
free from constraints. The same procedure is repeated by turn-
ing the tape on its opposite face and bending exactly the same
tape portion. Finally, the tape is straightened again, repositioned
on the sample holder, cooled down in nitrogen, and subjected
again to the critical current measurement. It should be noted that
some layers of the tape, in particular the copper layer, may have
plasticized during the bending procedure, and the tape may con-
sequently result bent even when left free. In order to lay the tape
over the rectilinear support, one end is first fixed below one of
the two copper bars and the free end is slowly straightened to
get it below the second copper bar.

After the critical current measurement, the tape is removed
and a new sample is placed on the holder, repeating the proce-
dure with a mandrel of different diameter.

III. THE NUMERICAL MODEL

The numerical model developed is based on a coupled
thermo-mechanical approach, with temperature dependent ma-
terial characteristics. Given the high aspect ratio of the tape
sample — with a length of 300 mm and a thickness of 0.139 mm
— and the thinness of the (Re)BCO layer, an effective finite el-
ement discretization operated by means of 3D continuum ele-
ments would require millions of elements, thus resulting in mil-
lions of degrees of freedom. To avoid this, homogenization pro-
cedures could be used [10]-[13]. On the other side, HTS tapes
can be considered thin-walled structures where in-plane com-
ponents of the strain and stress fields play a major role. Shell
elements are suitable to model this type of geometric domains,
in which one dimension (the thickness) is significantly smaller
than the other two. In this way, the formulation of the problem
is restricted to a 2D domain, and only the reference surface
needs to be discretized. Concerning the presence of several ma-
terials, in this study multi-layered composite shell elements are
used. In detail, shell elements with 4 nodes and 6 degrees of
freedom per node are chosen, with reduced integration (1 Gauss
point in the mean plane) to avoid spurious modes and to opti-
mize the computational cost. In the out of plane direction, to
reconstruct in detail the stress and strain distributions across the
tape thickness, the composite layup-type section is made of 6
layers, and 3 Simpson integration points per layer are used. The
whole 4x300 mm sample was modelled, for a total of 5587 ele-
ments, 9807 nodes and 19056 degrees of freedom.

All analyses were run considering large displacement, finite
strain formulation, elastic-plastic materials for copper, substrate
and silver, linear elastic behavior for (Re)BCO. Finally, contact
phenomena with the surface of the mandrel were also imple-
mented. The commercial software ABAQUS® [14] was used
for the computations.

Concerning the material characteristics, unfortunately it is
very difficult to find a consistent set of data for the temperature
range of interest. In the following, for the cryogenic tempera-
ture, we consider mainly the material characteristics found in
[15]. With these mechanical parameters at hand, the tape be-
havior at 77 K was validated against the stress-strain curve
available from SUNAM [16]. Concerning the room temperature
characteristics, ad hoc experimental tests were performed to
measure the global behavior of the tape, as described in the fol-
lowing section.

A. Measurement and simulation of the stress-strain curve of
the (Re)BCO tape at room temperature

The measurements of the stress-strain curve under a tensile
load were performed at the University of Padova, by applying
the following procedure. Each sample was mounted on a Galda-
bini SUN/2500 machine (25 kN maximum force, based on the
UNI EN ISO 7500-1 standard, accuracy class 0.5). The tests
were conducted by applying controlled displacements at the
sample ends at a very low velocity (5 mm/min), in order to
avoid inertial effects. The sampling frequency of loads and dis-
placements was 15 ms. The nominal strain was calculated by
dividing the applied displacement by the initial sample length,
the corresponding stress was obtained by dividing the recorded
force by the cross section of the tape.



In the related finite element computations, a straight tape was
considered as a starting configuration; the longitudinal degrees
of freedom were constrained at the first raw of nodes at one end,
while displacements were applied to the nodes at the other end.

Fig. 3 reports the comparison of the stress - strain curve ob-
tained numerically with the results of the experiments at 77 K
and 293 K. The simulation results for both temperatures exhibit
a good agreement with the experimental stress—strain curves.
The material data validated by this comparison were then used
for the simulation of the double bending experiments; the main
parameters are reported in Table I. The material characteristics
over the temperature range of interest were reconstructed by lin-
ear interpolation.

TABLEI
MATERIAL DATA USED IN THE FINITE ELEMENT MODEL
Temper- Material Young Yielding Plastic Thermal
ature [K] modulus limit modulus contrac-
[GPa] [MPa] [GPA] tion co-
efficient
[1/K]
77 Substrate 179.5 725 10 1.34E-05
77 Copper 85 350 4 1.77E-05
77 Silver 90 225 22 1.90E-05
77 (Re)BCO 140 - - 1.00E-05
293 Substrate 125 350 49 1.34E-05
293 Copper 85 350 4 1.77E-05
293 Silver 90 225 22 1.9E-05
293 (Re)BCO 150 - - 1.00E-05
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Fig. 3. Longitudinal behaviour of the tape: comparison between experimental
(dashed lines) and numerical results (continuous lines). The experimental data
shown are obtained by averaging over five sample results.

B. Simulation of the double bending experiments

The finite element analyses performed consist of three steps.
In the first one the double bending is modelled, by considering
the mandrel as a rigid surface and applying a uniform pressure
on one side of the tape, then releasing the load and applying it
to the other side. Concerning the boundary conditions, the lon-
gitudinal degrees of freedom were constrained at the first raw
of nodes at one end, while all the other nodes were left free. In
the second step, the pressure was removed and suitable dis-
placements were applied to the unconstrained tape end, to re-
cover the initial straight configuration. Finally, in the third step,
the cooldown from 293 K to 77 K was modelled, by applying a
uniform decrease of temperature to all the nodes of the mesh,
divided into ten equal steps. The simulations were repeated for
4 different mandrel diameters, namely 10, 12.5, 15 and 20 mm.
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Fig. 4. Stress (on the bottom axis) and strain (on the top axis) distribution along
the tape thickness.
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Fig. 5. Evolution of the strain components in the (Re)BCO layer during the
double bending at room temperature around a mandrel with a 20 mm diameter
(0-1), tape straightening (1-2) and final cooldown (2-3). Green line: total loga-
rithmic strain (LE), blue line: thermal strain (THE), red line: elastic strain (EE).

The finite element model developed allows computing the
strain and stress fields in the whole domain of interest. Fig. 4
shows the distribution of the longitudinal strain and stress com-
ponents in the various tape layers. Since there is no delamina-
tion, the strain is linear across the thickness (orange line with
triangles), while the jumps in the stress values (blue line with
squares) are due to the different Young moduli of the materials
involved.

For the 20 mm diameter taken as exemplifying case, the evo-
lution of the thermal, elastic and total longitudinal strain in the
barycenter of the (Re)BCO layer is shown in Fig. 5. The meas-
ure of strain is logarithmic as properly computed for large de-
formation regimes. The total strain (LE) is given by the sum of
the elastic (EE) and thermal (THE) contributions. It can be
noted that in the (Re)BCO layer the maximum strain is reached
during the double bending phase, with a slight difference be-
tween the absolute values reached in tension and compression,
due to the asymmetric position of the superconducting material
with respect to the neutral axis.

During the bending phase, the silver and copper layers reach
their yielding limit. For example, the longitudinal strain occur-
ring in the top copper layer is plotted in Fig. 6. It is clearly vis-
ible that the plastic strain contribution (PE) develops shortly af-
ter the beginning of the first bending, it becomes compressive



during the second bending and then remains constant till the end
of the cooldown.

Finally, Fig. 7 summarizes the strain values in the (Re)BCO
layer obtained for the 4 different diameters mentioned above.
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Fig. 6. Evolution of the strain components in the top copper layer during the
double bending at room temperature around a mandrel with a 20 mm diameter
(0-1), tape straightening (1-2) and final cooldown (2-3), with the grey line rep-
resenting the plastic contribution (PE).

1.2
oy 510 mm
0.9 DY
12 mm
—_ 0.6 ~-15mm
e
é 0.3 —20 mm
g
= 0
= 8
@ 03
-0.6
-0.9 .
12 -
0 0.5 1 1.5 2 2.5 3

Step time [-]

Fig. 7. Evolution of the total longitudinal strain in the (Re)BCO layer for dif-
ferent mandrel diameters.

IV. EXPERIMENTAL RESULTS AND DISCUSSION

As anticipated in Section II, the double bending experiments
were repeated adopting mandrels of different diameter, starting
from 50 mm and progressively reducing it to 12 mm. The toler-
ance in the diameter value is + 0.5 mm for all the mandrels pre-
pared for this work. For each of the studied diameters, the whole
procedure was repeated twice, by changing the tape sample. A
good reproducibility of the results was recorded, thus giving
confidence in the experimental procedure adopted. Fig. 8 shows
the critical current values obtained in the tests. It can be noticed
that the tape shows a clear threshold behavior between the di-
ameters of 15 mm, for which the tape is not degraded, and 12.5
mm, when a dramatic reduction of the critical current is found.

The results of the numerical model presented in section III
help interpreting the obtained experimental results. Given a
mandrel diameter, the FE analysis calculates the strain field

during the whole experiment. The longitudinal strain reaches its
peak value during the double bending phase and decreases in
the following steps. This behavior suggests that the abrupt deg-
radation of the (Re)BCO layer for mandrel diameters below 15
mm occurs during the double bending at room temperature.
Furthermore, since the final strain field at 77 K is significantly
lower than the peak values reached during the bending proce-
dure, the investigation of the complete mechanical history of
the tape seems mandatory.

The numerical model allows identifying the threshold strain
level which must not be overcome to avoid the dramatic drop
of the tape performances. In particular, between the 15 mm and
12.5 mm diameter cases the numerical model calculates a strain
value in the (Re)BCO layer ranging from 0.75 to 0.9%, which
exceed the irreversible strain limit of the tape [16].
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Fig. 8. Experimental results of the double bending procedure with different
diameter

V. CONCLUSION

A set of measurements of critical current of (Re)BCO tapes
subjected to double bending at room temperature was per-
formed by extending an experimental procedure previously de-
veloped for BSCCO tapes. The results of the test campaign
clearly indicated, for the investigated SUNAM tape, the exist-
ence of a threshold mandrel diameter (included between 12.5-
and 15- mm) below which the critical current of the tapes dra-
matically drops. A novel finite element model was developed
to compute the strain distribution in the tape under bending and
thermal loading. The model showed that the strain in the
(Re)BCO layer reaches its maximum during the double bending
phase, with values in the range from 0.75 to 0.9%, which exceed
the irreversible limit of the tape. The abrupt performance drop
found in the experiments suggests a possible rupture of the
(Re)BCO layer.
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