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1. INTRODUCTION 
 

Superior mechanical properties and high current 
densities under magnetic fields have allowed REBCO 
coated conductor (CC) tapes to be applied in power and 
magnet applications [1, 2] and in fields of advanced 
medical technology applications, such as magnetic 
resonance imaging and nuclear magnetic resonance [3]. 
Despite having outstanding mechanical and 
electromechanical properties, tape performance is 
sensitive to strain in the REBCO superconducting film 
layer [4, 5]. In various practical applications, CC tapes are 
subjected to various types of stresses and strains which 
inevitably influence their transport properties. Among 
them, bending strain is a design constraint to be considered 
precisely to prevent degradation of tape performance [6, 
7]. 

The bending tolerance of commercially available 
REBCO CC tapes has been previously examined [8], and 
the critical current (Ic)-bending strain dependence within 
the REBCO layer was found to be a characteristic of the 
manufacturing process [4]. The differences in compressive 
and tensile strain limits and the reversible and irreversible 
degradation behaviors of Ic went beyond differences in 
substrate thickness. 

In this study, the characteristic responses of Ic in 
differently processed Gadolinium-Barium-Copper-Oxide 
(GdBCO) CC tapes in bending modes were evaluated. 
Two bending test apparatuses, which differently support 
the sample during testing, were used to apply the bending 
strains to CC tape samples. Using both bending 

apparatuses, the Ic degradation behaviors, including strain 
sensitivity, were examined and compared in both the 
compressive and tensile bending strain regions. 

 
 

2. EXPERIMENTAL PROCEDURES 
 
2.1. Samples 

Samples of three types of commercially available CC 
tapes were designated as Sample 1, Sample 2, and Sample 
3. They differed in fabrication process and substrate 
material. Figure 1 shows schematics of (a) a Sn-Cu double 
layer stabilized CC tape on a stainless steel substrate for 
Sample 1 and (b) a Cu-stabilized CC tape on a Hastelloy 
substrate for Samples 2 and 3. On the GdBCO 
superconducting layer of each CC tape sample, a Ag layer 
was applied by sputtering. The surrounding copper 
stabilizer was electroplated on the CC tape for protection 
and enhancement of electrical stability. Table 1 
summarizes the specifications of these samples. Sample 1 
had an additional ~10-𝜇m Sn stabilizing layer on the 
Cu-stabilized layer. 
 
2.2. Electromechanical test procedure under bending strain 

In this study, two bending test apparatuses were used. 
One is a springboard bending beam holder [9] wherein the 
CC tape is directly attached to the sample holder. The other 
is a Goldacker-type bending test rig [6], which lacks a 
holder to support the sample during bending. With either 
apparatus, tensile and compressive strains could be 
continuously applied to the CC tape sample without 
changing its configuration.  

Figure 2 illustrates the setup for measuring electromechanical  
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Abstract 

When REBCO coated conductors (CCs) are applied to superconducting devices such as coils and magnets, they are subjected to 
deformation in various modes such as compression/tension bending, uniaxial/transverse tension and torsion. Despite outstanding 
performances by REBCO CC tapes, their electromechanical properties have been evaluated primarily under uniaxial tension, 
therefore data about the critical current (Ic) response in the compressive strain region are lacking. In this study, the characteristic 
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bending beam was used, wherein the CC tape sample was soldered onto the surface of the springboard. A Goldacker-type bending 
test rig, which lacks a support holding the sample during testing, was used as a comparator. Degradation in Ic behaviors, including 
strain sensitivity, in differently processed REBCO CC tapes were examined based on the test rig used. 
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properties using a springboard bending beam at 77 K. A 
78mm CC tape sample was soldered to the beam holder 
using a corrosive soldering flux (ZnCl) and 
indium-bismuth (In-Bi) solder with a low melting point 
(70.9 oC) to reduce thermal influence during soldering. The 
strain induced on the springboard bending beam was 
measured using two strain gauges attached to the surface of 
the sample holder. The strain was used to derive the 
bending radius of the sample holder. The bending radius 
was then used to calculate the bending strain induced on 
the superconducting film.  

To measure Ic in the CC tape sample, voltage taps were 
soldered to the tape 20 mm separation. At each end of the 
springboard, a Cu block served as a current terminal 
through which current flowed from the power source to the 
CC tape sample. To isolate the springboard assembly from 
the testing machine during Ic measurement, GFRP spacers 
were inserted between the springboard legs and the upper 
and lower loading rods. The Ic measurement could then be 
carried out after mounting the springboard assembly to the 
universal testing machine (Shimadzu AG-IS, 5 kN 
capacity) and cooling it to 77 K.  

Test procedure details using the Goldacker-type 
bending test rig are discussed elsewhere [10, 11].  

The Ic was measured using an electric field criterion of 1 
µV/cm [12]. It was measured repeatedly at increments of 
0.05% of the strain interval in both compressive and tensile 
bending conditions. When the measured Ic degraded by 5% 
from its initial value, Ic0, the bending strain applied was 
removed, and the retained Ic in the flat state was measured 
to check the reversibility of Ic. If any Ic degradation from 
Ic0 occurred in the flat state after unloading, the irreversible 
strain limit, εirr, of the sample was determined using the 99  
% Ic0 recovery criterion. However, if the retained Ic was 
reversibly recovered to Ic0 after unloading, the reversible 
strain limit, εrev, was determined using the 95% Ic0 
retention criterion during loading [13]. 
 
2.3. Calculation of the bending strain induced on the 
springboard bending beam 

The bending strain induced in the surface of the 
springboard bending beam (εspringboard) sample holder in a 
bent state by bending can be calculated as follows: 
 

R
th

dSpringboar 2
±=ε  

 
 

Fig. 2. Appearance of the springboard assembly mounted 
on the testing machine for electromechanical property 
measurements at 77 K. 
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TABLE 1 
SPECIFICATIONS OF CC TAPE SAMPLES. 

Designation Sample 1 Sample 2 Sample 3 
Fabrication process IBAD/RCE-DR  IBAD/MOCVD ISD/Co-evaporation 
 Sn-Cu stabilized  Cu-stabilized Cu-stabilized 
Structure  Ag/GdBCO/LaMnO3/ 

IBAD-MgO/Y2O3/Al2O3/ 
Stainless steel 

Ag/YBCO/LaMO 
Homo-epi MgO/IBAD 

MgO/Hastelloy 
 

Ag/GdBCO/ 
MgO Cap/ISD-MgO/ 

Hastelloy C-276 

REBCO film thickness  ~ 1µm ~ 1 µm ~3.5 µm 
Critical current, Ic ~227 A ~109 A ~150 A 
Dimension, t x w 0.144 mm x 4.06 mm 0.085 mm x 4.06 mm  0.147 mm x 4.05 mm 
Substrate thickness  ~90 µm ~5 µm ~100 µm 

Stabilizer technique Cu electroplated, surround (~15 µm) 
Sn electroplated, surround (~10 µm) 

Cu electroplated, surround  
(~20 µm) 

Cu electroplated, surround 
(~15 µm) 

Manufacturer  SuNAM. SuperPower THEVA 
 

 
(a) 

 
(b) 

 

Fig. 1. Schematic structures of (a) Sample 1 and (b) Samples 
2 and 3. 
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(3) 

 
where th is the thickness of the sample holder (2.5 mm),  
and R is the bending radius of the sample holder in the bent 
state. εspringboard was obtained from two strain gauges 
attached to the surface of the springboard beam. Then, 
using Eq. (1) and the strain measured εspringboard, R of the 
sample holder in the bent state can be derived. This R was 
used to calculate the strain at the GdBCO film as follows: 
 

( ) %100@ ×±=
R
y

GdBCOε  

2
scch ttty ++

=
 

 
where the y component can be composed as illustrated in 
Fig. 3, and ts and tCC are the thicknesses of the substrate and 
CC tape sample, respectively. Here, the location of the 
neutral axis in the CC tape sample was assuemed to be at 
the center line of the CC tape. This assumption is valid if 
the superconducting layer is much thinner than the 
substrate layer [4].This assumption was also adopted for 
the bending strain calculation using the Goldacker-type 
bending test rig. 
 
  

3. RESULTS AND DISCUSSION 
 

3.1. Electromechanical properties under bending strain 
In this study, the characteristic responses of Ic in 

differently processed REBCO CC tapes were evaluated at 
77 K employing two bending test apparatuses. With either 
apparatus, compressive and tensile bending strains could 
be applied smoothly to a CC tape sample.  

The characteristic responses of Ic against an applied 
bending strain were obtained using a springboard bending 
beam and a Goldacker-type bending test rig, and results 
were plotted in Fig. 4(a) and (b), revealing that Ic/Ic0 
gradually decreased at the beginning, then rapidly 
decreased upon further applied strain under a tensile 

bending. However, under a compressive bending, Samples 
1 and 2 showed symmetrical Ic degradation behaviors 
without a rapid drop in Ic. Sample 3 showed an increasing 
Ic behavior as the compressive bending strain increased, 
indicating that an Ic peak under a compressive strain, as a 
result of the release of residual strains induced on the 
GdBCO superconducting layer. 

As shown in Fig. 4(a), for Sample 1, 𝜀rev = 0.50 % in the 
tensile region using the springboard bending beam, this is 
slightly higher than that found for Sample 2, where 𝜀rev = 
0.40%. On the other hand, Sample 3 exhibited 𝜀irr = 0.45% 
in the tensile strain region and an abrupt degradation of Ic 
when it reached the 5% degradation limit. Thus, Ic did not 
recover to Ic0, indicating that tensile bending strain caused 
damage to the GdBCO film on the Cu-stabilized CC tape 
sample, resulting in a significant drop in Ic. In the 
compressive strain region, however, Ic gradually increased 
beyond Ic0, showing a residual strain effect on the ceramic 
GdBCO film. Ultimately, Ic peak was found to be -0.43 %. 

 
 

Fig. 3. Schematic cross-section of the springboard bending 
beam with the CC tape sample attached. 
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Fig. 4. Behaviors of Ic/Ic0 against bending strains in various 
GdBCO CC tapes, obtained using (a) a springboard bending 
beam and (b) a Goldacker-type bending test rig. 

TABLE 2 
ELECTROMECHANICAL PROPERTIES OF VARIOUS GDBCO CC TAPES OBTAINED UNDER TENSILE/COMPRESSIVE BENDING. 

Sample 
Springboard bending beam Goldacker-type bending rig 

Tension,  
εrev(%) 

Compression, 
εrev(%) 

Strain 
sensitivity, a 

Tension, 
εirr(%) 

Compression,  
εrev(%) 

Strain  
sensitivity, a 

Sample 1 
(IBAD/RCE-DR) 0.50 0.42 0.20 0.56  0.48 0.19 

Sample 2 
(IBAD/MOCVD) 0.40 0.37 0.33 0.52(εrev) N/A 0.17 

Sample 3 
(ISD/Coevaporation) 0.45 (εirr) N/A 0.06 0.34 N/A 0.28 
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 On the other hand, the monotonic continuous bending 
tests performed at 77 K using the Goldacker-type bending 
test rig, as illustrated in Fig. 4 (b), showed that Sample 1 
had a greater 𝜀irr (0.56 %) than Sample 3 (0.34%). Because 
Sample 2 exhibited no Ic degradation in the unloaded flat 
state, even at the maximum tensile bending strain 
obtainable, 𝜀rev was determined using the 95% Ic0 retention 
criterion and it was 0.52%. Moreover, in the compression 
bending region, Sample 1, a Sn-Cu-stabilized CC tape, 
exhibited 𝜀rev  = 0.48 %, but the two Cu-stabilized CC tapes 
on Hastelloy substrates, Samples 2 and 3, did not show the 
5% Ic degradation. In particular, for Sample 3, Ic peak = 
-0.43%. This behavior represents the superior bending 
strain tolerance of Ic in these CC tapes under compression 
bending. 
 
3.2.  Ic - strain sensitivity under bending strains 

To investigate the intrinsic bending strain effect on Ic in 
REBCO CC tape samples using a springboard bending 
beam, Ic was normalized against its peak or maximum 
value, Icmax and plotted as a function of intrinsic strain, 
𝜀b-𝜀@peak. This allowed a direct comparison of the 
behaviors of the REBCO CC tape samples of different 
structures and geometries. Figure 5 shows the intrinsic 
strain effect on Ic in the three CC tape samples using both 
testing apparatuses. Data from Fig. 4 were used to 

calculate strain sensitivity using the power-law expression 
[14], given as follows: 

2

@max 1/ Icpeakbcc aII εε −−=  

 
where Icmax is the maximum value of Ic, 𝜀b is the strain 
applied to the CC tape sample, and 𝜀@peak is the strain 
applied at Icmax. All points plotted are well fitted using Eq. 
(4), and the strain sensitivity, a, could then be determined. 
Table 2 summarizes the electromechanical properties of 
various GdBCO CC tapes under tensile/compressive 
bending strains. The GdBCO CC tape samples tested 
showed similar values for a (~0.20). Reference data for 
strain sensitivity show that, for an RCE-DR sample under 
uniaxial tension, a = 0.199 [14, 15]. However, Samples 2 
and 3 differed greatly, yielding values of ~0.33 and ~ 0.06, 
respectively. This might be the effect of residual thermal 
strain induced on the GdBCO film in the CC tape samples 
with Hastelloy substrate by soldering to the sample holder. 
It was reported that the strain sensitivity of Ic degradation 
in the GdBCO CC tapes relies on the crystal orientation in 
the coating film [16, 17]. Especially, Sample 3 was 
produced using an ISD process, which imparts an inclined 
crystal orientation to the tape, and this might be the reason 
a was lower for this sample. Also, Sample 3 showed 
uneven Ic/ Ic0 –behavior with increase of the intrinsic strain 
when compared other two Samples. Sample 1 has a similar 
crystal orientation, parallel to the lengthwise direction of 
the tape, and this might be why these two exhibited similar 
values for a. Results show that the strain sensitivity of Ic 
under bending strains, obtained using the springboard 
bending beam, depended on the fabrication process and 
substrate material. Consequently, the deviation of the 
strain response, as shown in Fig. 5(a), resulted from 
differences in the pre-strain state in the GdBCO 
superconducting film, an effect of the differences in 
coefficient of thermal expansion (CTE) in the constituent 
layers and sample holder. 

Using the Goldacker-type bending test rig as in Fig. 5 
(b), a was found to be somewhat lower excepting Sample 3. 
Results for Sample 1 were comparable to those found for 
the intrinsic strain effect on Ic using the springboard 
bending beam. Results for Sample 2, on a Hastelloy 
substrate, were not comparable. The value for a was 
largely different when using this rig (0.17). Finally, for 
Sample 3, strain sensitivity was quite large (0.28). Because 
this sample showed an Ic peak in the compression region, it 
can be assumed that upon applying a compressive strain, 
the residual strain greatly affected the reversible strain 
limit and the strain sensitivity of Ic. Further investigation of 
the intrinsic strain effect in Sample 3 is necessary to 
explain these variations. 

 
 

4. CONCLUSIONS 
 

In this study, using both a springboard bending beam 
and a Goldacker-type bending test rig, the Ic degradation 
behaviors in a wide range of compressive and tensile 
bending strains could be examined. Each has the advantage 
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Fig. 5. Normalized critical current, Ic/Icmax, in various CC 
tapes, obtained using (a) a springboard bending beam and 
(b) a Goldacker-type bending test rig. 
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of applying bending strain smoothly and continuously to a 
CC tape sample at 77 K. Results showed that the strain 
sensitivity of Ic under bending strains depended on the 
fabrication process and substrate material in the CC tape 
samples. The electromechanical properties obtained using 
each test apparatus were comparable with each other. 
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