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Analytical and Numerical Investigations on the
Degradation of REBCO Based Superconducting

Tapes Under Bending
Ashok KB , Rijo Jacob Thomas, Jose Prakash Mathai , and Arend Nijhuis

Abstract—Second-generation high-temperature superconduc-
tors, being brittle, need to be deposited on a substrate and con-
verted to tapes with additional reinforcement layers. These tapes
are wound on a core to make superconducting wires and cables.
The mechanical loads during bending, twisting, winding, etc., can
degrade the superconductor. It is necessary to determine the strain-
induced during these processes. Variations in induced strain with
bending of superconductors have been investigated analytically
and numerically for various configurations of Rare-Earth Barium
Copper Oxide (REBCO) tape. The numerical simulation has been
carried out using COMSOL Multiphysics software; the analytical
examination of the effect has been performed applying the Flexure
formula. The geometrical configuration of the superconducting
tape is varied in terms of the bending radius, the thickness of con-
stituting layers made of Hastelloy and copper. The results showed
that the variation in the thickness of the substrate has a large
influence on the induced strain. Electrical performance analysis
is also carried out using the power law of strain dependence and
the 5% critical current degradation point is noted. Results of these
numerical and analytical investigations are expected to help in
finding out critical parameters to avoid degradation while being
in use.

Index Terms—Bending, CORC cable, high temperature
superconductors, intrinsic axial strain, REBCO tapes.

I. INTRODUCTION

SUPERCONDUCTORS are widely used in a variety of
fields like energy production using nuclear fusion, ma-

glev transportation, energy storage, high energy physics, med-
ical fields, and so on [1]–[4]. Out of the different types, the
second-generation high-temperature superconductors (HTS) are

Manuscript received April 22, 2021; revised July 6, 2021 and July 22, 2021;
accepted August 28, 2021. Date of publication September 2, 2021; date of
current version September 20, 2021. This work was supported in part by the
TKM College of Engineering, Kollam, Kerala, India and in part by EMS group,
University of Twente, The Netherlands. Scholarship provided for Mr. Ashok KB
under National Doctoral Fellowship scheme by AICTE government of India
is duly acknowledged. This article was recommended by Associate Editor V.
Selvamanickam. (Corresponding author: Ashok KB.)

Ashok KB and Rijo Jacob Thomas are with the Department of Mechanical
Engineering, TKM College of Engineering, ,APJ Abdul Kalam Technological
University, Kollam 695016, India (e-mail: ashokkb189@gmail.com).

Jose Prakash Mathai is with the TKM Institute of Technology, APJ Abdul
Kalam Technological University, Kollam 695016, India.

Arend Nijhuis is with the Faculty of Science and Technology, University of
Twente, 7522 NB Enschede, The Netherlands.

Color versions of one or more figures in this article are available at https:
//doi.org/10.1109/TASC.2021.3109720.

Digital Object Identifier 10.1109/TASC.2021.3109720

expected to make an impact in every field. They have reduced
operating cost and better operating efficiency as compared to
the low temperature superconductors that are maintained at
extremely low temperatures using liquid helium [5]. The HTS
superconductors can be operated at liquid nitrogen temperatures.
Currently many rare earth materials-based compounds like RE-
BCO are found to be promising candidates. Researchers from
different parts of the world are in the process of developing
REBCO based superconducting cables [6], [7]. A dramatic
increase in thermal stability, flexibility, and enhancement in
critical current can be achieved with HTS [8]. Being brittle, the
REBCO-based superconductors are initially made into a tape
with different layers, and these tapes are wound on a core to
make cables and wires (CORC). Though composed of multiple
layers, the tapes fundamentally should have four basic layers;
the superconducting layer made of REBCO, its substrate layer
made of Hastelloy for the reinforcement, and then there are two
sandwich copper layers at the top and bottom for electrical and
thermal stability reasons. Sundaram et al. [9] reported that an
effective way to increase the engineering critical current density
in REBCO tapes is by using a thinner substrate. Similarly, the
effect of changing the thickness of the copper layers along
with other configurational parameters is significant. It is also
found that the thickness of the REBCO layer can influence
the induced strain and thereby degrade and reduce its current
carrying capacity [9].

The fabrication method of the REBCO tape also has an impact
on the performance of the superconductor. Metal oxide chemical
vapour deposition (MOCVD) [10] is one of the methods, which
provide large throughput [11], [12]. This type of tape comes
under the category of coated conductors and is advantageous as
it helps the formation of low-angle grain boundaries, by means of
epitaxial growth of HTS grains onto a metallic substrate. During
the fabrication process, the superconductor is subjected to wide
temperature variations and this can induce residual stresses
within the superconducting layer. Hsueh and Paranthama [13]
developed an analytical solution for residual stress in a multi-
layered system and mentioned that lattice mismatch is the cause
for developing the residual stress.

It is also found that mechanical load on the superconductor
due to different processes involved in the production process
of cables and wires such as bending, twisting, winding, etc.
may degrade the superconducting properties. Van Der Laan
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Fig. 1. Cross-sectional view of a REBCO tape and the process of applying the
bending load.

and Ekin [12], [14] reported that 40% reversible reduction in
critical current is observed at –1% compressive strain in self
field under in-plane bending and also mentioned that, up to
5% reversible reduction in the critical current is measured on
4 mm width tape with 0.25–0.28 m bending radius. llin [15]
broad numerical studies on REBCO tape by applying different
mechanical loading. In the case of axial compressive strain on
in-plane bending, there is no irreversible degradation observed
up to 2% compressive strain in the REBCO tape; however, 95%
of reversible degradation is noted at 2% compressive strain [16].
For a similar study, Shin et al. [17] reported that reversible
behavior is observed up to –1.5% strain in the tape.

This article aims to find out the influence of the bending on
developing strain in the REBCO layer in a superconductor. The
studies are carried out for different bending radii to find out
the variations in the induced strain. The studies are repeated for
different thicknesses for the substrate and reinforcement layers.
The role of the position of the neutral axis while bending is
investigated in detail. Both analytical and simulation methods
are used and the results are compared.

II. ANALYTICAL APPROACH FOR DETERMINING THE INDUCED

STRAIN IN THE REBCO LAYER

A cross-sectional view of the REBCO tape is shown in Fig. 1
to understand the different constituting layers. The tape is having
four layers; the REBCO layer and its substrate layer made of
Hastelloy and then the two reinforcing copper layers at the top
and bottom. Kindly note that the REBCO tape considered here
is an approximated model of the actual one. The buffer and
silver cap layers are not considered from the mechanical point
of view as the stress contribution from these two layers are
negligible owning to their very low thickness. The length of
the tape considered for this analysis is 5 mm. As depicted in
the figure, bending is performed along the length of the tape.
The bending moment applied on one end of the tape is “M”
while the other end is fixed so as to create a bending of the
tape. The maximum stress developed in the REBCO layer is
calculated using the Flexure formula by considering the tape as
a beam.

The Flexure formula was developed only for the tape hav-
ing homogeneous material, and this formula cannot be applied

Fig. 2. Transformation of (a) the composite REBCO tape, (b) into single
material of Copper, and (c) the enlarged view of REBCO tape.

directly to determine the normal stress in the composite beam.
However, a method for transforming a composite beam’s cross
section into one made of a single material is developed [18].
Once this transformation is carried out, the Flexure formula can
be used to find the stress values. When the bending moment
is applied to the tape, like the homogeneous one, the total
cross-section area will remain the same after bending. The
normal stress will vary linearly from zero at the neutral axis to a
maximum at a position that is located farthest from the neutral
axis. In the transformed section method, Hastelloy and REBCO
layers are also converted to copper. The new width of Hastelloy
can be determined by considering a small element in Hastelloy
having a width dz and thickness dy as shown in Fig. 2, the force
dF is acting on area dA = dzdy of the tape

dF = σdA = (Ehε) dzdy (1)

where “ϭ” is the normal stress acting on the elemental area “dA”
and Eh is the Young’s modulus of Hastelloy correspondingly, the
Young’s modulus of copper and REBCO are denoted by Ec and
Er. The transformed section represents the cross section of a
member made up of homogeneous material of copper, so the
width of the corresponding element is assumed as ndz

dF ′ = σ′dA′ = (Ecε)ndzdy. (2)

The two forces are equated such that they produce the same
moment about the neutral axis

(Ehε) dzdy = (Ecε)ndzdy (3)

n = Eh/Ec. (4)

The dimensionless number “n” is called the transformation
factor. It indicates that the cross-section, having a width “W” on
the original tape, must be increased to a width W2 = nW.

Once the tape has been transformed into one having a single
layer material, the normal stress distribution over the trans-
formed cross section will be linear. Now the neutral axis (cen-
troid) and the moment of inertia for the transformed area can
be easily determined. The Flexure formula can be applied in
the usual manner to determine the stress at each point of the
transformed one

M

I
=

σ

Y
=

E

R
. (5)



KB et al.: ANALYTICAL AND NUMERICAL INVESTIGATIONS ON THE DEGRADATION OF REBCO 8400712

TABLE I
PARAMETERS FOR FINDING THE NEUTRAL AXIS

The stress in the transformed tape will be equivalent to the
stress in the actual tape. However, the stress found on the
transformed material has to be multiplied by the transformation
factor (n). Since the area of the transformed material, dA’ =
ndzdy, is n times the area of actual material dA = dzdy, i.e.,

dF = σdA = σ′dA′ (6)

σdzdy = σ′ndzdy (7)

σ = nσ′. (8)

It may be noted that the same procedure is used to convert the
REBCO layer also into an equivalent copper layer of a different
width corresponding to the difference between their Young’s
moduli. Once the total tape is converted to be made of equivalent
copper material, the Flexure formula is applied to find out the
normal stress values.

It may be noted that the residual strain induced during the
production time is not considered and also the plastic properties
of Hastelloy and copper are neglected in the initial simulation
study. Results obtained are compared with that of the analytical
approach using the Flexure formula. In the later stage of the
simulation study, the modeling of REBCO tape under bending
load is started from the production stage with plastic properties
of Hastelloy and copper layers.

A. Determination of the Neutral Axis for the Analytical Studies

To find out analytically the neutral axis and strain developed
in the REBCO layer, the REBCO and Hastelloy layers are
converted into copper based on the modular ratio, as shown in
Fig. 2. The modular ratio for REBCO and Hastelloy are denoted,
respectively, as “m” and “n”. Therefore, the length of REBCO
layer is increased by “m” times and that of Hastelloy is increased
by “n” times

m =
Er

Ec
(9)

n =
Eh

Ec
. (10)

It may be noted that Er, Ec, and Eh are the Young’s modulus
of REBCO, copper and Hastelloy, respectively.

The neutral axis of the transformed geometry and original
untransformed geometry is the same because the thickness of
the REBCO tape is maintained the same value. Yc1, Yr, Yh,
Yc2 are the distance between the bottom side of the tape to the
centroid of each material. The calculation of the neutral axis is
described in Table I. Where Ac, Ar, and Ah are, respectively,
the cross-sectional areas of copper layer, REBCO layer, and
Hastelloy

Fig. 3. Meshed geometry of REBCO tape.

TABLE II
PROPERTIES OF THE LAYER MATERIALS OF THE SUPERCONDUCTOR [15]

Neutral Axis =
AcYc1 +ArYr +AhYh +AcYc2

Ac +Ar +Ah +Ac
. (11)

The moment of inertia can be calculated by the following
equation [18]:

I =
∑ ((

bh3

12

)
+ Ad2

)
(12)

where d is the distance between the neutral axis and the centroid
of material sections. h, b, and A are, respectively, the thickness,
new width, and area of each layer. Parallel axis theorem is used
to find out the moment of inertia of each material, and finally,
all these moments of inertia can be added to find out the total
moment of inertia. Then, the Flexure formula is used to find out
the stress induced in the REBCO layer.

III. NUMERICAL MODELING OF REBCO TAPE

A. Mesh, Boundary Conditions, and Properties

The simulation of the bending of REBCO tape is carried out
with COMSOL Multiphysics software. A tape having 5 mm
length, 4 mm width, and 0.091 mm thickness is taken for the
study (see Fig. 3). The thickness of each layer such as copper,
REBCO, and Hastelloy is 0.02, 0.001, and 0.05 mm, respec-
tively. The boundary condition is given in such a way that one
side of the tape is fixed and the other side is given a 270° rotation
about x-axis with the help of a rigid connector with the centre of
rotation (0, 0, (0.091/2)). Properties of different layer materials
such as copper, Hastelloy, REBCO are given in Table II.

The bending of superconducting tape is modeled and pre-
sented in Fig. 4. It may be observed that one end of the tape is
fixed and a bending moment applied on the other end so as to
create a bending of the tape.
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Fig. 4. Bending performed on the numerical model.

Fig. 5. Percentage reduction in error with an increase in number of elements.

B. Mesh Independent study

A mesh independent study was carried out by varying the
mesh, as shown in Fig. 5. Based on the accuracy and time
needed for the analysis, the optimum mesh was fixed. It may be
noted that, for the bending analysis, 36 elements along the width,
and 24 elements the along length direction gives the optimum
mesh. Throughout the analysis, 36x24x4 mesh was used. Along
the thickness direction, four elements are taken, each material
having one element.

IV. RESULT AND DISCUSSIONS

A. Determination of the Induced Strain in Superconducting
Tapes Using the Analytical Approach

In the analytical approach, the Flexure formula is applied to
determine the maximum stress developed in the REBCO layer.

Fig. 6. Effect of thickness of Hastelloy layer on the induced strain in the
REBCO for 1 mm bending radius and 0.02 mm copper thickness.

In the method, the composite layers are approximated to be
made of a single material layer and the effect of bending on the
superconducting material (REBCO) can be computed in terms
of intrinsic axial strain. Parametric studies are also carried out
to evaluate the effects of the thickness of the substrate (made of
Hastelloy) and the stabilizer material (copper) on the REBCO
layer.

1) Effect of Thickness of Hastelloy on the Induced Strain in
the REBCO Layer: The effect of varying the thickness of the
substrate layer made of Hastelloy is studied and is plotted in
Fig. 6. It may be noted that varying the thickness of the substrate
changes the distance between the neutral axis and the bottom
side of the REBCO layer. This in turn may influence the strain
induced in the REBCO layer.

It can be observed that with an increase in thickness of Hastel-
loy, there is an increase in the intrinsic axial compressive strain.
It may be noted that the intrinsic strain values are negative. This
is due to the reason that while bending, the REBCO layer being
below the neutral axis, the stress resulted will be compressive.
The figure also depicts how the distance between the neutral axis
and the bottom side of the REBCO layer is increased linearly
when increasing the thickness of Hastelloy. Correspondingly,
it can be observed that the intrinsic axial strain in the REBCO
layer is increased linearly.

2) Effect of Thickness of Copper on the Induced Strain in
the REBCO Layer: The copper stabilizer is provided in a su-
perconducting HTS tape as the reinforcement sandwich layer
protecting the other layers including the superconducting mate-
rial and its substrate. It may be noted that the primary function
of the copper layers is to electrically stabilize the tapes. In most
practical cases the thickness of this copper layer is 0.02 mm. This
section explores the effect of varying the copper thickness on the
intrinsic strain induced in the REBCO layer due to bending. It
may be noted that copper being provided as a sandwich, there
are two layers made of copper (top and bottom layers). It may
be noted that when varying the thickness of these copper layers,

Percentage reduction in error =
(Averege intrinsic strain)Previous − (Averege intrinsic strain)Current

(Averege intrinsic strain)Previous
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Fig. 7. Effect of thickness of copper layers on the induced strain in the REBCO
for 1 mm bending radius and 0.05 mm Hastelloy thickness.

the distance between the neutral axis and the bottom side of the
REBCO layer is not changed, as depicted in Fig. 7.

The figure shows that the distance between the neutral axis and
the bottom side of REBCO layer is constant (0.0256 mm) when
the thicknesses of copper layers are changed symmetrically on
both sides (from 0.04 to 0.005 mm). Consequently, the intrinsic
strain that is developed in the REBCO layer is also a constant for
all the copper thicknesses. However, this result is practically not
correct as the strain values should get affected when increasing
the copper thickness. This result may be due to the assumption
of a single material layer than layers of different materials for
superconducting tape and also ignoring the interaction between
the layers. Another important factor to be considered here is
the change in the position of the neutral axis while varying the
bending diameter. Decreasing the bending diameter may give
rise to progressive plastic deformation in the different layers
of the tape. Therefore, in practice, with decrease in bending
diameter, the strain increases and may exceed the elastic limit of
the copper layer. Since the copper layer can no longer any more
stress, the neutral axis may shift towards the Hastelloy side so as
to balance the stress between the tensile and compressive stress.
When the bending diameter is further decreased consequently at
some point the Hastelloy may start yielding in tension. There the
position of the neutral axis may move back to the REBCO layer
side so as to maintain the stress balance. A similar behaviour is
obtained even in tapes with asymmetric structure and is reported
by Yahia et al. [19].

The use of Flexure formula and equivalent widths of layers
for this type of application can be an oversimplification mainly
because of two reasons: 1) The tape is comprised of multiple
layers of different materials and 2) when the tape is subjected to
smaller bending diameters that there can be significant plastic
deformation. These two factors are further investigated in the
latter part of this article.

B. Comparison of Analytical Approach With Numerical
Modeling for Determining the Induced Strain in REBCO Tape

The Flexure formula may provide a rough estimate of the
stress developed, however, in cases like REBCO tapes, it may
not give an accurate value owning to the nonhomogeneity in the

Fig. 8. Comparison of analytical and numerical approaches on the effect of
bending radius on axial strain in the REBCO layer (Hastelloy 0.05 mm, copper
0.02 mm thickness, and 4 mm width tape).

composite structure made of different layers and their mutual
interactions. Therefore, in this section, the numerical modeling
approach is performed where the REBCO tape is considered to
be made of different layers of copper, REBCO, and Hastelloy.
Parametric studies are also carried out to bring out the effects
of the thickness of Hastelloy substrate and copper. The results
obtained are compared with those computed using the Flexure
formula.

1) Comparison of Analytical and Numerical Approaches for
a Given Thickness of Hastelloy and Copper: The results ob-
tained using the Flexure formula is compared with the numerical
model for a Hastelloy thickness of 0.05 mm and copper thickness
of 0.02 mm (see Fig. 8). The bending radius is varied from 1 mm
to about 10 mm in multiple steps.

The graph shows that the compressive strain in the REBCO
layer increases with decreasing the bending radius in both an-
alytical and numerical approaches. However, it is found that
by decreasing the bending radius below 4 mm, the increase in
intrinsic axial strain is drastic and may degrade the supercon-
ducting tape as the induced stress is more than 1%. It can be
observed from the figure that while reducing the bending radius
from 10 mm to 4 mm, the increase in induced compressive strain
is 156% (changed from 0.0025 to 0.0064); however, further
reduction in radius (from 4 to 1 mm), increased the strain by
306% (from 0.0064 to 0.026). Both the analytical approach by
the Flexure formula and the numerical approach show the same
trend. Results of both are in good agreement at higher bending
radii (say above 4 mm, the maximum deviation is 2% only).
For bending below 4 mm, there is a considerable difference
between the strain values computed; the numerical approach is
giving a higher values of strain and the difference is maximum
(10%) at the lowest bending radius of 1 mm. It may be noted
that both numerical and analytical approaches considered the
tape as elastic, but in numerical modeling intertwined effect
or interaction between the layers are considered. In analytical
approach, tape is converted to single equivalent material, and
then calculating the stress based on the neutral axis position.
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Fig. 9. Comparison of analytical and numerical approaches on the effect of
bending radius on axial strain in the REBCO layer for varying thickness of
Hastelloy (thickness of copper 0.02 mm, and 4 mm width tape).

Therefore, it may be concluded that using the Flexure formula
for determining the induced strain below 4 mm bending radius
may not provide accurate results.

2) Comparative Evaluation of the Analytical and Numerical
Approaches Under the Varying Thickness of Hastelloy: The
variations in the induced strain with changes in the bending
radius for different Hastelloy thicknesses are presented in Fig. 9.
When the bending radius decreases, the radius of curvature
increases and that leads to the development of more strain in
the REBCO layer. The comparative evaluation of the results
obtained by the analytical and numerical approaches is also
presented. The comparative evaluation of the results obtained
by the analytical and numerical approaches is presented along
with its changes under different thicknesses Hastelloy.

The results show that for both analytical and numerical ap-
proaches, the trends are almost the same. The maximum dif-
ference between the results obtained is about 25% and they are
observed at the smallest bending radius (1 mm). It is also noted
that the difference between the numerical and analytical calcula-
tion increases with decreasing Hastelloy thickness. Therefore, it
may be concluded that care should be taken as too much bending
of the REBCO tapes during the cabling stage and application
phase may induce significant strain in it and may eventually get
degraded. Increasing the thickness of Hastelloy may also result
in degradation of the tape owing to the steeper increase in the
stress. The impact of the change in the thickness of Hastelloy
from 0.05 to 0.02 mm has decreased the induced strain in the
REBCO layer by about 50% at the lower bending radii. This
implies that the thickness of Hastelloy needs to be judiciously
selected while manufacturing superconducting tapes.

3) Comparative Evaluation of the Analytical and Numeri-
cal Approaches Under the Varying Thickness of Copper: The
variations in the induced strain with changes in the bending
radius for different copper thicknesses are presented in Fig. 10.
The increase in radius of curvature leads to the development
of more strain in the REBCO layer. The effect of changing
the thickness of copper is determined both analytically and

Fig. 10. Comparison of analytical and numerical approaches for the effect
of bending radius on axial strain in the REBCO layer for varying thickness of
copper (thickness of Hastelloy 0.05 mm, and 4 mm width tape).

numerically. However, the results obtained in the case of the an-
alytical approach are the same for different copper thicknesses.
The numerical approach has provided changes in induced strain
with the decrease in copper thickness. The comparison of ana-
lytical and numerical approaches with changes in bending radius
gives almost the same trend. The maximum difference between
the results obtained is only about 14% for the smallest bending
radius (1 mm) in this case. Here, also, it can be observed that
too much bending of the REBCO tapes may induce significant
strain to eventually degrade it.

However, the impact of the change in the thickness of copper
from 0.04 to 0.005 mm has not significantly affected the induced
strain in the REBCO layer. The percentage change is only about
5.7%. It may be noted that on the other hand, the change in the
thickness of Hastelloy has resulted in about a 50% change in the
induced strain. Therefore, when compared to the significance of
thickness of Hastelloy, that of copper is less significant.

Two other parameters that can influence the induced strain
in the REBCO layer are the plasticity property of the other
material layers as well as the residual stress inherently present
in the tape while performing the bending. Therefore, in the
numerical modeling, these two parameters are considered and
the simulation is performed again to obtain the intrinsic strain
in the superconducting layer.

C. Modeling of the Superconducting Tape Considering
Residual Stress and Plastic properties

The Flexure formula used in the analytical approach can be
applied only in the elastic range. Therefore, even though the tape
is constituted of different materials, in the analytical method
it was assumed to be made of an equivalent homogeneous
material that is elastic. Also in the numerical approach, the
tape is assumed to be constituted of elastic materials. Therefore,
the nonconsideration of plastic properties may have affected the
results obtained. Since the tape is subjected to a high temperature
near 1020 K during its production, there could be residual strain
developed within the tape. This may also influence the induced
strain in the REBCO layer during the bending process, resulting
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Fig. 11. Comparison of the improved numerical model considering plastic
properties and residual strain with previous analytical and numerical approaches
(0.05 mm Hastelloy thickness, 0.02 mm copper thickness, and 4 mm width tape).

in its faster degradation. The plastic behavior of layers are
captured by providing realistic property value for the different
constituent materials has given as TABLE II. Therefore, more
realistic modeling of bending of tape may include the consider-
ation of plastic properties as well as residual strain.

For doing this, the tape is remodeled starting from its produc-
tion process itself [20], [21] and also by considering the plastic
properties of copper and Hastelloy. Simulation is carried out
for different bending radii to bring out intrinsic strain induced
in the REBCO layer. The comparison of the old analytical and
numerical approaches with the result obtained with the improved
simulation model is presented in Fig. 11. For all three cases, the
increase in the induced strain with the decrease in bending radii
follows the same trend.

However, with the consideration of plastic properties and
residual strain, the induced strain has increased. The difference
between the old and new numerical models is about 7.6%;
whereas, the difference between the analytical approach and the
new simulation model is 17%. It may be noted that 17% is the
maximum difference obtained and it is at the lowest bending
radius (1 mm). With an increase in bending radius, the difference
reduces and may even become insignificant at higher values
especially when the materials are elastic.

Fig. 12 illustrate the percentage deviation in intrinsic axial
strain in the REBCO layer with and without the consideration
of plastic properties and residual stress. It may be noted that
this effect is predominant at a smaller bending radius because
at smaller bending radius more strain is induced it and tape
will come to plastic range. Therefore, the percentage deviation
increases with a decrease in the bending radius. Throughout
the article, 1% axial compressive strain in the REBCO layer
(intrinsic axial strain) is considered as the maximum limit for
degradation. It may be noted the bending radii corresponding
to the 1% compressive strain for analytical, numerical model
not considering and considering plastic properties and residual
strain are 2.66 mm, 2.79 mm, and 2.86 mm, respectively. This
shows that consideration of realistic properties of materials, as

Fig. 12. Percentage deviation of intrinsic axial strain with plastic and without
plastic properties (0.05 mm Hastelloy thickness, 0.02 mm copper thickness, and
4 mm width tape).

well as proper modeling conditions, have a significant impact
on the strain-induced in superconducting tapes.

D. Distribution of Intrinsic Strain Along the Length and Width
of the Superconducting Tape

In the previous sections, the maximum intrinsic strain devel-
oped during bending is studied while varying the thickness of
the superconducting tape. However, it may be interesting and
useful to find out the strain distribution along the length and
width of the REBCO layer. In doing so, the critical areas where
the concentrations of strain are high can be identified. This may
help in better designing superconducting tapes.

The effect of plastic properties of the materials will be more
revealing from Fig. 13. The distribution of induced strain after
bending along the length of the tape for different bending radius
is taken at the centre of the width along the length as marked
in Fig. 4. Two numerical models are considered for compar-
isons; a) initial numerical model (without considering the plastic
properties) and b) final numerical model (with plastic properties
and residual strain). The plots are coupled together for a better
understanding of changes in the strain distribution.

It can be observed that there is considerable change in the
distribution of strain with the final numerical model as against
the initial model. The magnitude of the intrinsic strain distri-
bution along length considered at the centre of the tape has
slightly increased in the case of the final numerical model (3%).
However, the distribution of the strain almost uniform along the
length has changed to a new distribution with the final numerical
model. Here the strain at the two ends of the tape is considerably
reduced.

The distribution of the intrinsic axial strain along the width
of the tape for different bending radii is depicted in Fig. 14. The
distribution has been plotted for the higher and lower thicknesses
of Hastelloy for a given copper thickness of 0.01 mm. It may be
observed that with the decrease in bending radius, the induced
strain in the tape increases. The distribution shows that the
compressive strain is the minimum at the edges as compared
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Fig. 13. (a) Intrinsic axial strain along the length at the centre of the tape without considering plastic properties and residual strain (0.05 mm Hastelloy thickness,
0.02 mm copper layer thickness). (b) Intrinsic axial strain along the length at the centre of the tape with considering plastic properties and residual strain (0.05 mm
Hastelloy thickness, 0.02 mm copper layer thickness).

Fig. 14. (a) Effect of variation in the thickness of Hastelloy on intrinsic axial strain along the width of the tape for different bending radius and Hastelloy thickness
of 0.05. (0.01 mm copper thickness). (b) Effect of variation in the thickness of Hastelloy on intrinsic axial strain along the width of the tape for different bending
radius and Hastelloy thickness of 0.02 mm. (0.01 mm copper thickness).

to the central region. The strain distribution obtained is in line
with the works reported in the literature [21], [22]. With 0.02 mm
thickness of Hastelloy, even though the magnitude of strain has
reduced, the trend remains the same As compared to the 0.05 mm
case, with 0.02 mm thickness of Hastelloy, the induced strain is
almost half. This shows the profound influence of the thickness
of Hastelloy on the strain-induced irrespective of the bending
radii.

Similarly, the effect of varying the thickness of copper layers
on the strain-induced is investigated in detail. Fig. 15 depicts
the distribution of intrinsic strain along the width of the tape for
two different copper thickness of 0.02 and 0.01 mm and a given
thickness of Hastelloy (0.05 mm, for which the strain values are
high).

In the figure, it can be observed that, the influence of changing
the thickness of copper has comparatively less influence on the
strain-induced. It is almost insignificant at the infinite bending
radius case (both points are coinciding) and in the case of 5.3 mm
bending radius, there are slight differences at the edges. At the
lowest bending radius (1.06 mm), the maximum increase of in-
trinsic strain is observed is 2.9% and they are more significant at

the edges as compared to the central region. This type of behavior
is observed because of reason with changes in the thickness of
sandwich copper layers, the position of the neutral axis is not
much changed. Consequently while bending its influence is not
much felt in the REBCO layer.

The combined effect of changes in the thicknesses of copper
and Hastelloy is presented in this section. Fig. 16 depicts the
variation of intrinsic strain with changes in bending radius for
different thickness of copper and Hastelloy layers. With the
decrease in bending radius, there is an increase in the intrin-
sic strain-induced. When the thickness of the copper layer is
changed from 0.02 to 0.01 mm, its impact on the strain-induced
is not the same for different thickness of Hastelloy. For the
bending radius of 1.06 mm, in the 0.05 mm Hastelloy thickness
case, the difference in strain-induced is 2.9%; this is increased
to 3.9% for the Hastelloy thickness of 0.04 mm and increased
to a maximum of 5.7% for the case of Hastelloy layer with a
thickness of 0.02 mm.

It may be noted that the effect of varying the thickness of
the copper layer had no effect on intrinsic strain developed in
the REBCO layer (see Fig. 7). With the consideration of the
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Fig. 15. Effect of variation in the thickness of copper on intrinsic axial strain
along the width of the tape for different core diameter and a given Hastelloy
thickness of 0.05 mm.

Fig. 16. Effect of thickness of copper and Hastelloy thickness on the induced
strain in the REBCO layer.

residual strain induced during the production process and also
the plastic properties of the materials, now there is a significant
effect on the strain induced in the REBCO layer while changing
the thickness of the copper layers.

It may be observed that the lowest bending radius (that
can be attained without degradation of the tape) changes with
variation in the thickness of Hastelloy. It may be noted that,
in this article, the limiting criteria for degradation of tape is
taken as 1% intrinsic strain. For instance, at 0.03 mm thickness
of Hastelloy the minimum bending radius possible for this
configuration is 2 mm. For the lowest thickness taken for the
Hastelloy (0.02 mm), the minimum bending radius obtained is
1.5 mm. These results obtained are in close agreement with the
experimental investigation on a similar tape configuration. The
experimental work in the literature reported 2.3 and 1.6 mm,
respectively, for 0.03 and 0.02 mm Hastelloy thicknesses [6].

The changes in the position of the neutral axis of the super-
conducting tape with changes in the thickness of copper and
Hastelloy layers are graphically represented in Fig. 17. For each
thickness of Hastelloy (0.02, 0.03, 0.04, 0.05 mm), the thickness
of copper is varied in three steps (0.02, 0.01, and 0.005 mm). In
the diagram, the position of the neutral axis is marked on each

Fig. 17. Effect of thickness of copper on the induced intrinsic axial strain in
the REBCO layer at different Hastelloy thickness (1 mm bending radius).

bar diagram using a bold dashed short line. It may be noted that
with the increase in the thickness of Hastelloy, there is an almost
proportional increase in the intrinsic strain irrespective of the
thickness of the copper layers. On the other hand, the reduction
in the thickness of the copper layers gives only a slight decrease
in the intrinsic strain. This behavior can be explored from the
changes in the relative position of the neutral axis with changes
in the thickness of layers. The thin dotted lines marked in the
diagram connecting the position of corresponding neutral axes
show that the variation is almost linear.

E. Electrical Performance Under Bending on REBCO Tape

Superconductors find application in systems where a large
amount of current needs to be passed. In Practical situations,
the effect of strain-induced and its corresponding degradation
of the superconducting tapes are critical. The amount of degra-
dation of superconductivity can be identified in terms of their
current carrying capacity. This can be termed as the electrical
performance of superconductors and it can be affected due to
various mechanical loading including bending. The effect of the
strain-induced due to bending upon the electrical performance
of REBCO-based superconductors is investigated in this section.

The critical current degradation can be calculated from the
power law of strain dependence of critical current using an
empirical expression [6], [23], [24]. It may be noted that this
expression is applicable for REBCO coated conductors pro-
duced with the Ion Beam-Assisted Deposition (IBAD)-MOCVD
method. The power-law strain dependence of the critical current
is given as

Ic = Ic (εm)
(
1− a (α) |ε− εm (α)|2.18

)
(13)

where Ic is the critical current for a given strain (ε). εm is the
strain at which maximum value of critical current is occurring
(Ic (εm)). It is nothing but the equivalent of the residual strain
applied to nullify the residual strain and make the resultant strain
zero. a(α) is the strain sensitivity of critical current and the value
is directly taken from the literature [6]. It may be noted that α
is the in-plane angle at which strain is applied. The ratio of
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Fig. 18. Critical current retention with the decrease in bending radius (0.02 mm
copper thickness).

Fig. 19. Change in the values of Hastelloy thickness with bending radius to
maintain the critical current degradation constant at 5% for different copper
thicknesses.

the critical current by the maximum value of critical current
is termed as the critical current degradation and its variation
with different bending radii is plotted in Fig. 18. It may be
observed that with the decrease in bending radius the critical
current decreases. The critical current degradation is drastic in
case of lower bending radii. For instance, when ensuring that the
critical current degradation is within 5%, there is a wide range
of variation possible for the bending radius. It may be observed
that 5% of critical current degradation is occurring for 0.05, 0.04,
0.03, and 0.02 mm Hastelloy thickness at 4.297, 3.5, 2.7, and
2 mm bending radius, respectively. Beyond these bending radii,
there is considerable degradation of the current carrying capacity
of the tape. It may be noted that, in this case, the thickness of
copper is 0.02 mm.

The figure also shows that there is a direct correlation between
the thickness of Hastelloy and the bending radius. With the
decrease in thickness of Hastelloy, the bending radius that can
be achieved without change in degradation also decreases.

Fig. 20. Comparison of limiting bending radius for the present study and
experimental result [3].

Fig. 19 depicts that the value of Hastelloy thickness need
to be decreased when decreasing the bending radius so as to
maintain the critical current degradation constant at 5%. With
changes in copper thickness there is only slight variations and
the trend remains almost the same. It may be noted that, the
copper thickness has more influence in inducing degradation at
smaller Hastelloy thicknesses as well as bending radii.

Therefore, it can be seen that for a given Hastelloy and
copper thickness, there can be a limiting value for the bending
radius and decreasing beyond that will considerably decrease the
current carrying capacity. It may be noted that a critical current
degradation of 5% can be acceptable if physical change in the
superconducting tape is reversible. However, if the bending has
induced an irreversible damage, then the tape can be damaged
and not used anymore. Similar studies will help the manufactur-
ers to take informed decisions during the production process of
superconducting tapes and conductors. The values obtained for a
critical current degradation of 5%, in this article, are compared
with the available experimental results [6] and is depicted in
Fig. 20.

The graph shows that both experimental and numerical results
have the same trend and also are close to each other. The
numerical values being slightly on the higher side, the design
would be safer, and ensure that there are limited chances for the
degradation of tapes during bending. The results of the article
are expected to be useful in the manufacturing and application
stage of the superconducting cables.

V. CONCLUSION

The influence of induced strain on the degradation of these
superconducting property upon bending of REBCO tapes has
been investigated numerically and compared with the traditional
analytical approach. The geometrical configuration of the super-
conducting tape is varied in terms of its width and thickness of
constituting layers. The strain induced in the REBCO layer is
computed in all the cases. The results show that though the tradi-
tional analytical approach by Flexure formula and the numerical
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approach shows good agreement at a higher bending radius
(greater than 4 mm), below that there is increase in difference.
The values of strain-induced for the numerical approach are
higher than that of analytical calculation. The distance between
the neutral axis and the REBCO layer is increases linearly with
an increase in thickness of Hastelloy. Consequently, there is an
increase in the intrinsic axial strain. The numerical model has
been improved to consider the influence of the plastic properties
of the constituting materials as well as the residual strain induced
during the production process of superconducting tapes. With
the improved numerical model, a 60% decrease in the thickness
of Hastelloy (0.05 mm to 0.02 mm) reduced the induced strain
to almost half for all the bending radii. This shows the profound
influence of the thickness of Hastelloy on the strain-induced
and it is irrespective of the bending radius. It may be noted that
the influence of the thickness of copper has comparatively less
influence on the strain-induced; a 50% decrease in the thickness
of copper (from 0.02 mm to 0.01 mm), the maximum decrease
in the strain-induced obtained is only 5.7%.

The limiting bending radius beyond, which the degradation
of the superconductor may happen (as per the 1% criteria),
for 0.03 mm and 0.02 mm Hastelloy thicknesses is 2 mm
and 1.5 mm, respectively. These results obtained are in close
agreement with the experimental work reported. In practice, the
degradation of the superconductor is reflected in terms of its
current carrying capacity. It may be observed that the 5% critical
current degradation is occurring at bending radii of 4.3, 3.5, 2.7,
and 2.0 mm for the Hastelloy thickness of 0.05, 0.04, 0.03, and
0.02 mm, respectively. The effect of configurational parameters
of REBCO-based superconducting tapes under bending and the
limiting values obtained would be of great use to the manufac-
turers who are attempting to produce power cables and magnets
of smaller core diameters.
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