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The primary aim of this study is to understand how the thermally induced strain varies with change in
thickness of REBCO tapes. During the production stage of REBCO tapes, a residual thermal strain is
induced in it due to cool down from 1020 K to 77 K. The 4 mm long and 0.091 mm thick REBCO tape cools
down from 1020 K to a 0.17% residual compressive strain at room temperature and cools down to a
0.242% residual compressive strain at liquid nitrogen temperature. But these values are dependent upon
the thickness of other elements in the REBCO tape. A mathematical model for the system is developed
and validated using experimental data. The model is then subjected to different practical conditions
and its thermal behaviour is evaluated. The performance of the superconductor is closely monitored
and the degradation is determined for each case. The study has given more information on how the ther-
mally induced strain differs with changes in thickness of REBCO tapes. The results obtained are expected
to make modifications in the current production process for REBCO tapes and in its eventual usage.
� 2020 Elsevier Ltd. All rights reserved.
Selection and peer-review under responsibility of the scientific committee of the International
Conference on Energy and Environment
1. Introduction

Rare Earth Barium Copper Oxide (REBCO) tapes are among the
most promising of all the various High Temperature Superconduct-
ing (HTS) materials. REBCO coated conductor consist of Hastelloy
(C-276) substrate, REBCO layer, copper stabilizing layer, silver
cap and also some oxides of Magnesium. An internal residual strain
is developed in the REBCO layer during the production process due
to the different thermal expansion coefficients when it cool down
to 77 K/333 K. The production process involves a metal organic
chemical vapor deposition in which the REBCO is deposited on
the Hastelloy substrate at 1020 K, then cooled down to 333 K for
electroplating with copper. Then it can be cooled down to room
temperature and then to cryogenic temperature (Operating tem-
perature, 77 K).

Several authors reported the reversible strain behavior of
REBCO tapes. Cheggour et al. have reported that, reversible varia-
tion of critical current appears below a certain strain limit [1].
The reversible strain limit is defined as the strain below which
the critical current can recover when the applied strain is relieved.
The extend of applying mechanical strain externally depends on
the internal residual strain developed in the REBCO layer during
the production process. Osamura et al. tried to experimentally
investigate the residual strain developed in the REBCO layer [2].
Effect of COPPER and REBCO-thickness dependence of additional
residual compressive strain induced in the REBCO layer was stud-
ied by John Ryan C. Dizon et al. [3] This study is tries to reproduce
the experimental value obtained in COMSOL Multiphysics software
and then carry out a parametric study to understand the effect of
variation in thickness and width of the superconducting tape on
the internal residual strain developed.
2. Modelling

Modelling has become an essential part of engineering and
design. Modelling is being used for analysis, optimization, virtual
production, etc. in various fields of engineering. Computer simula-
tions can save total production cost and product development
time. One of the powerful features of analysis software is in para-
metric analysis of variables affecting the performance of device or
system that needs to be investigated.
ucting
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Fig. 1. The geometry of Superconducting REBCO tape.
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High temperature superconducting tapes have multi layered
structure as shown in Fig. 1. The manufacture of REBCO tape starts
with a substrate material (Hastelloy) on which thin buffer layer
and REBCO film are deposited followed by silver layer and copper
layer. The modelling can be divided in to three distinct stages. At
first, REBCO film is coated on substrate by metal organic vapour
deposition (MOCVD) process at 1020 K. Secondly, copper is electro-
plated over the tape for electrical stability at 333 K. Finally it is
cooled down to room temperature and then to operating tempera-
ture (77 K). Buffer layer and silver layer are neglected due to its
small thickness. The effect of variation of residual compressive
strain which is thermally induced when cooling down from
1020 K to 77 K is computed for different cases of hastelloy and cop-
per thickness.

In this study, a FE model is used to numerically simulate the
strain in the superconducting layer of a REBCO tape under thermal
loading condition. Strain is induced in superconducting layer due
to the relative thermal contraction of materials during cool down
from production stage to the tape operating conditions (77 K).
Parametric analysis is also carried out to understand the effect of
thickness of REBCO tape on the thermally induced residual strain
at room temperature and at liquid nitrogen temperature.

The model considered is a piece of tape, 4 mm width by 10 mm
length having thickness of 0.091 mm.

Some of the assumptions used for creating the model is; linear
temperature dependency of material properties, plastic deforma-
tion of copper and Hastelloy, stress contribution from buffer and
silver cap layers are negligible due to their very low thickness,
REBCO is elastic under whole range of applied load.
2.1. Material properties

The material properties of copper, REBCO and hastelloy at
1020 K, 333 K and 77 K are directly taken from K. Ilin et al. litera-
ture [4]. Both the elastic and plastic properties of hastelloy and
copper materials has to be considered at room temperature (RT)
and liquid nitrogen temperature (77 K). Throughout, the paper
REBCO is considered as elastic and the same assumption is used
by the previous researchers [4,5]. The properties used for creating
the model is mentioned in Table 1.
Table 1
Material properties of REBCO tape [4].

Material Young’s modulus (GPa) Yield stress
(MPa)

Hastelloy (RT) 223 891
Hastelloy (77 K) 228 1141
Copper (RT) 80 120
Copper (77 K) 98 146
REBCO 157 NA
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2.2. Mesh and boundary conditions

A mesh independent study was carried out to find out the opti-
mal mesh for the model and hence carry out the parametric study.
Based on the study, the mesh obtained as an optimal case is as
shown in the Table 2 and the meshed geometry is also shown in
Fig. 2.

The mesh used in REBCO tape for simulation is having distribu-
tion of 8 elements along the width, 16 elements along length and 4
elements along the thickness of the REBCO tape.

Electroplating of a copper is challenge in modeling, since the
layer are to be added on the deformed configuration resulting from
initial cool down. This is done by a method called ‘‘Birth and Death
Method” [6]. During initial cool down, passive copper layer is also
allowed to deform freely without contributing any stress. This is
done by providing a very low value of young’s modulus of the cop-
per. In modelling second cool down, the hastelloy, copper and
REBCO are cooled down from 333 K to room temperature or 77 K
by giving the actual value of young’s modulus of copper.

2.3. Validation of the numerical model

The elastic strain in REBCO layer is measured at each stage of
simulation. The strain in REBCO layer is compressive due to the dif-
ference in thermal expansion coefficients of REBCO, Hastelloy and
Copper. Fig. 3 shows the values obtained from the present study
and those reported in literature. Those values reported in the liter-
ature are used for validation.

2.4. Analytical approach for residual strain calculation

The residual compressive strain in the superconducting REBCO
layer at the end of production process can be evaluated analytically
by the following formulae [2], so that a comparison with the
results obtained from numerical model can be made. The formula
for residual strain calculation is as follows:

ah� arð Þ � Vfh � Eh � DT1þ ac � arð Þ � Vfc � Ec � DT2ð Þ
Vfh � Eh � DT1þ Vfc � Ec � DT2 � DT1 ð1Þ

Where ah, ar, ac are the thermal expansion coefficients of hastel-
loy, REBCO layer and that of copper layer respectively. Vfc, Vfh
Poisson’s ratio Thermal expansion coefficient (K�1)

0.307 1.34 � 10�5

0.307 1.34 � 10�5

0.34 1.77 � 10�5

0.34 1.77 � 10�5

0.3 1.1 � 10�5
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Table 2
Mesh details.

Direction Number of elements

Length 16
Width 8
Thickness 4

Fig. 2. Meshed geometry.

Fig. 3. Thermal loading result validation [4,2].

Fig. 4. Residual compressive strain at room temperature calculated analytically.
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are the volume fractions of copper and hastelloy respectively. Eh
and Ec are the young’s modulus of hastelloy and copper. DT1 =
(293.15 K (or 77 K) – MOCVD temperature) and DT2 = (293.15 (or
77 K) – copper electroplating temperature). For this case, MOCVD
temperature is 1020 K and copper electroplating temperature is
333 K.
Fig. 5. Residual compressive strain at 77 K calculated analytically.
3. Results and discussions

Manufactures are always interested in smaller dimensions of
tapes and cables due to space constraints and ease of usability. It
is therefore good to know the residual compressive strain due to
the thermal loading is computed analytically and by simulation
for various cases of hastelloy and copper thicknesses.

3.1. Residual strain at room temperature computed analytically

As shown in Fig. 4, when cooled down to room temperature, it is
found that for a particular copper thickness of 4 mm width tape,
when hastelloy thickness is decreased from 0.05 mm to 0.02 mm,
the residual compressive strain is increased. It may be due to
decrease in cross sectional area due to the reduction in hastelloy
thickness. There is an increase of 2.44% in compressive strain when
Please cite this article as: K. B. Ashok, S. J. Purushothaman, R. Jacob Thomas e
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hastelloy thickness is reduced from 0.05 mm to 0.02 mm at
0.02 mm copper thickness, 4 mm width of the tape. When going
to smaller hastelloy thickness, it is observed that the graph is
becoming steeper. When the copper thickness is decreased from
0.02 mm to 0.004 mm for 4 mm wide tape, it is found that the
residual compressive strain decreases. It may be due to decrease
in cross sectional area due to the reduction in copper thickness.
When reducing from 0.02 mm to 0.004 mm copper thickness, it
is found that the value of residual compressive strain at room tem-
perature is approaching a constant value with varying hastelloy
thickness at any particular copper thickness. There is a decrease
of 1.33% in compressive strain when copper thickness is reduced
from 0.02 mm to 0.004 mm at 0.05 mm (maximum) hastelloy
thickness. The decrease is 3.3% for the same change in copper
thickness, when the thickness of the hastelloy minimum
(0.02 mm). It may be noted that tape width is 4 mm.
3.2. Residual strain at 77 K computed analytically

Fig. 5 depicts the change in residual compressive strain with
varying hastelloy thickness at different copper thickness. It may
be noted that hastelloy thickness is decreases with increasing the
residual compressive strain. When the copper thickness is reduced
from 0.02 mm to 0.004 mm, there is 5.7% and 12.3% decrease of
residual compressive strain observed at 0.05 mm and 0.02 mm
hastelloy thickness respectively. For copper thickness of
t al., Parametric investigation on the thermal aspects of superconducting
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Fig. 6. Residual compressive strain at 77 K at different copper and hastelloy by
simulation.

Fig. 7. Simulation result deviation from analytical value at different copper
thickness.

Fig. 8. Residual compressive strain at 77 K by simulation at different tape width (Wh
0.05 mm to 0.02 mm in the step of 0.01 mm; Case 5–8 : copper thickness = 0.01 mm an
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0.005 mm and 0.004 mm, when hastelloy thickness is reduced
from 0.06 mm to 0.02 mm, the residual compressive is approach-
ing a constant value.

3.3. Residual strain at 77 K computed by simulation

As shown in Fig. 6, for copper thickness greater than 0.009 mm
up to 0.02 mm, when the hastelloy thickness is reduced from
0.06 mm to 0.02 mm, the residual strain at 77 K becomes more
compressive. At copper thickness of 0.02 mm and 4 mm wide tape,
the residual compressive strain is increased by 5.19% when hastel-
loy thickness is reduced from 0.06 mm to 0.02 mm for 4 mm wide
tape. There is a decrease of 7.5% and 13% residual compressive
strain, when decreasing the copper thickness from 0.02 mm to
0.004 mm at 0.06 mm and 0.02 mm hastelloy thickness respec-
tively. The trend observed is same as that of the trend that is being
obtained by the analytical calculations (Fig. 5). It is observed that
when hastelloy thickness is reduced by 60 percentage at a copper
thickness of 0.02 mm, the residual compressive strain at 77 K
increases by 4.31% in simulation but by analytical calculations
the percentage increase is 9.79%.

3.4. Comparison of analytical result with simulation result

Fig. 7 shows that the deviation of simulation result from the
analytical value. It may be noted that the thickness of hastelloy
and copper decreases with increasing the percentage deviation
from the simulation result. The percentage deviation from the ana-
lytical result is greater at 0.02 mm hastelloy thickness and
0.004 mm copper layer thickness and maximum deviation is
9.5%. It implies that, the result obtained from the analytical and
simulation results are in good agreement. It is also observed that
analytical equation my not be the correct one for predicting the
behavior of residual compressive strain for small tape width. If
the thickness of the tape is less than 2.9 lm, then an alternate
equation needed to predict the behavior of residual compressive
strain,

3.5. Residual strain for varying tape width

Fig. 8 depicts that, width of the tape has a little influence on the
residual compressive strain at 77 K. All the 3 different tape width,
gives almost same value of residual compressive strain and the
maximum difference is 1%.
ere case 1–4: copper thickness = 0.02 mm and hastelloy thickness decreases from
d hastelloy thickness decreases from 0.05 mm to 0.02 mm in the step of 0.01 mm).

t al., Parametric investigation on the thermal aspects of superconducting
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It is found that, both at room temperature and at liquid nitrogen
temperature, with reduction in hastelloy thickness and increase in
copper thickness, the residual compressive strain increases. This
behavior observed may be due to the difference in thermal expan-
sion coefficients of copper and hastelloy which are 1.77e�5 (1/K)
and 1.37e�5 (1/K) respectively.

4. Conclusions

The effect of dimensional parameters such as tape width,
hastelloy thickness and thickness of copper on the residual com-
pressive strain developed in the REBCO layer were studied and fol-
lowing conclusions have been drawn. The results have been
plotted in terms of residual compressive strain, which in turn rep-
resent tensile load bearing capacity. It is observed that for given
thickness of copper layer, when brought to room temperature,
decreasing the thickness of hastelloy result in the increasing ten-
sile load bearing capacity of the tape. Also keeping the hastelloy
thickness constant and bringing it to room temperature, increasing
the thickness of copper layer result in increase of load bearing
capacity. Further it is observed that, when reducing the thickness
of copper layer the tensile load bearing capacity seems to
approaching a constant value. Maximum change in the residual
compressive strain at room temperature with variation in the
hastelloy thickness (From 0.05 mm to 0.02 mm) is 2.44%. For this
case copper thickness is maintained at 0.02 mm and width of the
tape is 4 mm. whereas maximum change in the compressive strain
with change in copper thickness (From 0.02 mm to 0.005 mm) is
1.33%, in this case hastelloy thickness kept constant at 0.05 mm
and tape width is 4 mm.

The residual compressive strain increases with a decrease in
hastelloy thickness at room temperature and liquid nitrogen tem-
perature, and also increase with an increasing the copper thick-
ness. REBCO tape gives a decrease in residual compressive strain
of 5.7% and 12.3% by analytical computation and a decrease of
7.5% and 13% by simulation, when the copper thickness decreased
from 0.02 mm to 0.004 mm at 0.05 mm and 0.02 mm hastelloy
Please cite this article as: K. B. Ashok, S. J. Purushothaman, R. Jacob Thomas e
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thickness respectively. It is also found that analytical equation is
not useful for predicting the residual compressive strain when
the tape thickness is less than 2.9 lm. Also, tape width has a little
influence in developing the residual compressive strain. The reason
for developing different residual strain at different thicknesses is
the difference in each layer’s thermal expansion coefficient.
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