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Abstract 

Nuclear fusion can be considered as a viable source of energy in the future when 

considering the high depletion rate of conventional energy sources and the increase in 

energy demands. Superconducting magnets being an integral part of any nuclear fusion 

reactor, wires and cables that can carry a huge amount of current without any loss and 

with minimum cost are to be developed. The high-temperature superconductors (HTS) 

are considered to be cost-effective when compared to low-temperature superconductors 

(LTS). However, the development of HTS-based wires or cables requires much research, 

mostly because majority of them are brittle. The second-generation HTS of the rare-earth 

barium copper oxide (REBCO) family are potentially promising because of their large 

current density and low hysteresis losses. However, being brittle in nature, they must be 

first transformed into tapes before being converted into superconducting cables and wires 

for use. REBCO conductors also have many desirable properties required for various 

applications, such as strength, flexibility, and strain tolerance for winding, and current 

densities at high to very high magnetic fields even at liquid nitrogen temperatures (77 K). 

However, they can degrade and lose their superconducting property unless they are kept 

within certain limits (known as critical limits) in terms of temperature, current density, 

magnetic field, and structural strain. It is necessary to determine these critical limits for 

any given type, geometry and size of superconductor when they are subjected to 

mechanical forces/stresses. HTS tapes and cables being expensive, the experimental 

investigations for determining these critical limits are costly and also challenging. This is 

mainly due to their brittle nature, high current density, and cryogenic operating 

temperatures. Therefore, the use of simulation studies employing FEM software is found 

to be a viable option. This study, using simulation, attempts to understand the degradation 

of the REBCO tapes under different mechanical loading (tensile, bending, torsion, cyclic 

and winding loads) and also by varying the geometric parameters of the tape. The 

geometry parameters considered are the thickness of the constituting layers (mainly those 

made of Hastelloy and copper), width of the tape, winding angle, central core diameter, 

etc.  Parametric studies carried out by varying the type and magnitude of the forces 

applied on them will help to identify the relative involvement of each geometric parameter 

on performance of the superconducting tape.  The model for the simulation studies has 

been developed using COMSOL Multiphysics and have been compared with the 
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experimental and simulation studies reported in the literature. The results are obtained 

under tension, bending, torsion winding loads and also under the fatigue type of loading. 

 The results obtained reveal that Hastelloy and copper thicknesses have a 

significant influence on the development of intrinsic strain under tensile and bending 

loads; but found to be not much significant in the case of torsional load. The tape width 

is found to be the most crucial parameter in case of torsional loads. By decreasing the 

tape width, the critical limits can be pushed further, giving more flexibility for the 

manufacturers to accommodate combined tensile and torsional loads. Decreasing the tape 

width by 75 %, increased the maximum allowable angle of twist by 326 %. The winding 

study of simple superconducting CORC cable revealed that 45o is the best angle for 

winding, and also found that, the intrinsic strain in the REBCO layer is increased with the 

decrease in the central core diameter.  The fatigue loading studies showed that the bending 

load is the most severe one of the three types of loading. Also, it is found that, upon 

fatigue type loading, the Hastelloy layer fails first, followed by the bottom copper layer, 

the silver layer, and then the top copper layer for the given tape configuration and loading 

conditions.  

It is found that the role of each tape parameter is different depending on the type of load 

applied. Under the tensile type of load, the thickness of the Hastelloy and copper layers 

is more significant than other tape parameters. Whereas, under bending, the thickness of 

the Hastelloy layer has more important role. Under the torsional load, the width of the 

tape is the most determining parameter. The thickness of the Hastelloy and copper layers 

is significant in the case of fatigue type of loading for tension, bending and torsion. 

The various results obtained are expected to help the manufacturers and researchers to 

develop better HTS REBCO tapes and cables when they are subjected to tension, bending, 

torsion, cyclic and winding loads as well as under fatigue type of loading. 
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Chapter 1 

Introduction 

1.1. Introduction 

One of the major concerns of the world today is the depletion of energy sources 

and the increasing energy demand. Natural resources of energy are scarce now in the 

universe, as they form naturally taking thousands of years. The rate of replenishing these 

stockpiles and the rate of depletion are not comparable. The energy outlook report from 

the International Energy Agency (IEA) reveals that global energy demand has increased 

by 4.6 % in the last year [1]. Coal, gas, oil, nuclear energy, traditional biomass, other 

renewable energy are the major energy resources in India, and their contribution is 

depicted in Figure 1.1.  
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Figure 1.1: India's energy demand in different years [1] 

Energy demand in 2022 has nearly doubled from that was in 2000. The percentage 

utilisation of renewable energy sources has been increasing in the last decades, but it is 

not enough to fulfil all the energy requirements of the world. Non-renewable energy 

sources like oil, gas, and coal are widely used today but are highly polluting. As fossil 

fuels are becoming scarce and with the rising of the global energy demand, the debate 

over tomorrow's energy sources resurfaces. Nuclear fusion is projected as the most viable 

solution for meeting future energy demands considering the scaleup factor and 

dependability. Nuclear energy is cost-effective and does not contribute to the greenhouse 

effect. In this perspective, nuclear fusion appears to be a perfect option for achieving 

sustainability, availability, and reliability in future energy utilization. 

The nuclear fusion energy potential is enormous: just 100 kg of deuterium 

combined with 300 kg of tritium may generate 1000 MWe in a year, which is equal to 

175 tonnes of natural uranium, 1.8 million tonnes of oil, or 2.6 million tonnes of coal [2]. 

Deuterium is abundant in seawater and lithium reserves/ mined (from which tritium is 

produced) is available for more than a thousand years [2]. Technology must progress 

significantly to utilise this powerful and long-lasting energy. The thermal energy of 

plasma produced by fusion of atom (generally hydrogen isotopes) is extracted to produce 

fusion energy. Plasma confinement is difficult because no substance on earth can 

withstand more than 100 million degrees Celsius temperatures that is required for the 

ionization. One of the potential solutions to the problem is to confine the charged plasma 

under a strong magnetic field. The conventional electromagnet cannot be used to produce 

a high magnetic field due to the heating losses and restriction of the size of the system. 

Superconductors must be employed to reduce conductor size and heating losses. 

2000   2010   2021 
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The promising energy project, International Thermonuclear Experimental Reactor 

(ITER) is developing in Saint-Paul-lès-Durance, France. India is one of 35 countries 

working together to construct the largest tokamak in the world. The magnetic fusion 

device aims to establish the possibility of large-scale fusion on the surface of the earth by 

using the same mechanism that powers the Sun and the stars. The superconducting fusion 

experiments are getting closer to the point where the nuclear fusion reaction will gain 

energy. The ITER, currently the largest fusion experiment, will be used to accomplish 

this. To produce the required magnetic fields, ITER uses the LTS elements niobium-

titanium (NbTi) and niobium-tin (Nb3Sn). ITER's magnets are kept superconducting by 

cooling them with liquid helium (He).  

Liquid or gaseous helium is used to cool LTS. Future fusion magnets may use 

coated conductors (CC) or tapes made of rare-earth-barium-copper-oxide (Rare-

Earth1Ba2Cu3O7-x or REBCO) tapes, which are second-generation high-temperature 

superconductors (HTS). These materials outperform LTS materials at very high 

background magnetic fields in terms of their mechanical characteristics and current 

densities. In addition, liquid nitrogen can be used to cool HTS to operating temperatures 

at 77 K as opposed to liquid helium at 4 K. As a result, the design of the cryostat, electrical 

cold testing, and cooling equipment and systems for the magnets can all be simplified. 

Helium may also be avoided as a cooling liquid because it is in scarce supply on earth. 

However, most of the HTS materials identified are brittle and therefore making 

wire/ cable etc., are challenging. Consequently, special configuration and cable 

production methods are adopted for producing HTS wires/ cables. However, it must be 

ensured that HTS materials are not damaged/'degraded' (lose its superconducting 

property) in their production and application stages. Therefore, the strain developed in 

the REBCO (HTS material) during the production and application stages has to be within 

the allowable limits. Hence, it is required to find the allowable limits for the various 

combination of the geometrical and operational parameters. 
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1.2. Superconductivity 

Heike Kamerlingh Onnes discovered superconductivity in 1911 at the University 

of Leiden, the Netherlands [3, 4]. He found that the resistance of Mercury suddenly drops 

to zero when it is cooled to liquid helium temperatures (< 4.2 K) as depicted in Figure 

1.2. He was awarded the Nobel Prize in 1913 for this ground-breaking discovery. 

However, he was unable to describe the physics involved. Since then, many people have 

attempted to formulate many hypotheses. Unfortunately, superconductivity currently 

lacks a solid explanation for the visible and hidden characteristics of this beautiful 

phenomenon. Researchers took a long time to come up with a reasonable explanation.  

 

Figure 1.2: Schematic of the discovery of superconductivity. 

Walther Meissner and Robert Ochsenfeld discovered the Meissner effect [5-8] in 

1933, which stated another defining characteristic of superconductivity: the expulsion of 

magnetic flux when superconducting material is exposed to an external magnetic field. 

Based on classical electrodynamics, the London theory was the first to explain 

superconductivity successfully. This macroscopic theory was put forward by London 

Brothers in 1935 [9, 10]. It successfully explains the Meissner effect, but it is valid only 

for homogeneous materials. The Ginzburg-Landau theory [11] can be considered as an 

extension of the previous model proposed in 1950. It explains superconductivity with the 

help of a single wave function. This is based on Landau's theory of second-order phase 

transitions of free energy in superconductors. It is stated that a macroscopic quantum 

effect causes the superconducting phenomenon and also valid for non-homogeneous 
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materials. However, it provided new insights into superconductivity in terms of coherence 

length and penetration depth.  

John Bardeen, John Robert Schrieffer, and Leon Cooper suggested the 

microscopic BCS theory in 1957 [10, 12] and they were awarded Nobel Prize in 1972. It 

explained the superconductivity of conventional superconductors, but the theory fails to 

explain the characteristics of most of the type II superconductors [10, 12]. BCS theory 

explained superconductivity by using electrons with opposite spins forming cooper pairs 

of the same energy state, resulting in a negative cloud that distorts the lattice structure 

and creates a zero resistance Path. The fundamental tenet of the BCS theory is that two 

electrons in a superconductor have the ability to link together forming a Cooper pair 

(bonded pair formed when two electrons come into attractive contact with one another). 

The nominal positions of the positive ions are deformed because of the attraction of an 

electron that travels through the lattice. The displaced ions draw the second electron from 

the Cooper pair. Note that this second electron can only be attracted to the lattice 

distortion if it approaches before the ions have returned to their equilibrium positions. 

This results in a weak, delayed force of attraction between the two electrons. Thus, 

distorted lattice structure gives a channel with zero resistance. 

1.2.1 Critical parameters 

Critical parameters define the conditions under which a superconductor keeps its 

superconducting properties. The critical parameters are temperature (Tc), current density 

(jc) and the magnetic field (Bc). If any of these is beyond its critical limit, the 

superconductor loses its superconductivity. The critical parameters are interdependent as 

depicted in Figure 1.3. For instance, the critical limit of temperature changes with the 

values of magnetic field and current density. 

 

Figure 1.3: Critical parameters 
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Similarly, if the magnetic field is increased, its critical current density is also decreased 

proportionally. 

Critical temperature means the temperature at which electrical resistance becomes 

zero. Below this range, it behaves as superconductor. The change from the normal to 

superconducting states is abrupt. Critical current density and critical magnetic field can 

also be defined similarly. If the critical limit is crossed, it suddenly changes from a 

superconducting to a normal state. The value of the critical magnetic field mainly depends 

on the temperature and material. The temperature-dependent critical magnetic field has 

been reported in the literature [13, 14]. 

                                       Bc (T) = B0 (0K). (1 − (
𝑇

𝑇𝑐
 )2)                                             (1.1) 

The magnetic field is created in two ways either by the current passing through the 

superconductor and the magnetic field applied externally (background field). This 

demonstrates that current in the superconductor reduces the background field at which 

the transition between the superconducting state and the normal state occurs. So the 

critical current density and the external magnetic field are dependent and reported by 

different researchers [13, 15].   

                                            jc = 
𝛼𝐵

𝐵𝐸𝑥𝑡+𝐵0
                                                  (1.2) 

Where ‘αB’ and ‘B0’ are constants and dependent on the material of the superconductor. 

‘B0’ is in the order of milli tesla and ‘BExt’ in the order of several tesla. So critical current 

density is inversely proportional to the external magnetic field. 

In the case of superconductors, the electrical resistance is zero and there is no 

electrical field along the conductor. When transition occurs from a superconducting state 

to normal conducting state, the electrical field ‘E’ appears. Figure 1.4 shows the gradual 

transition from the superconducting state to a normal state, but in the case of the ideal 

superconductor, this transition is sudden. So ideal superconductor cannot be used for 

technical applications.  
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+ 

Figure 1.4: Electrical field and current density relation for technical superconductors 

[16] 

The electrical field and current density correlation is expressed with the help of the power-

law of superconductors and mentioned below in equation 1.3 [13, 17]. 

                                                         E = Ec. (
𝑗

𝑗𝑐
)𝑛                                                      (1.3) 

Where ‘Ec’ and‘ jc’are the critical electrical field and critical current density respectively. 

The electric field is the criterion for finding the critical current because the transition from 

the superconducting state to the normal state is a sudden process. For LTS (NbTi and 

Nb3Sn) the critical electric fields are set to 0.1 Vcm-1 according to international standards 

[13]. 'Ec' is taken as 1 Vcm-1 for the first-generation HTS, Bi2Sr2Ca2Cu3Oy (BSCCO) 

tapes [13]. However, the 'Ec' of REBCO tapes are yet to be standardized. However, 

researchers are adopting 'Ec' of 0.1 V cm-1 as low threshold is crucial for magnetic 

applications. In addition to all these parameters, the physical strain also leads to the 

degradation of the superconductors [17, 18].  

1.2.2   Type I and type II superconductors 

Superconductivity is destroyed by high magnetic fields and restores to the normal 

conducting state. Type I and II superconductors can be distinguished based on the nature 

of this transition. Figure 1.5 depicts the internal magnetic field strength, ‘BInt’ as a 

function of the applied external magnetic field, ‘BExt’. Region 1, 2, and 3 represent the 

Meissner phase 1, Shubnikov phase and normal conducting phase respectively. The 

internal field is found to be zero (as predicted by the Meissner effect) until a critical 

magnetic field, ‘Bc1’ is reached, and then an abrupt transition to the normal state has 

occurred. This causes the applied field to penetrate inside the superconductor. Type I 
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superconductors are those that exhibit this sudden transition to the normal state above a 

critical magnetic field one depicted in Figure 1.5a.  

 

Figure 1.5: a) Type I superconductor behaviour b) Type II superconductor behaviour 

 

Meanwhile, Type II superconductors, respond to a magnetic field differently, as 

illustrated in Figure 1.5b. ‘Bc1’ and ‘Bc2’ are the critical magnetic field one and two. The 

applied field starts to permeate the superconductor's interior at ‘Bc1’. At this moment, the 

superconductivity is preserved. On the second region, with considerably higher critical 

field, ‘Bc2’, the superconductivity vanishes. The Meissner effect is incomplete for applied 

fields between Bc1 and ‘Bc2’ known as the Shubnikov phase, allowing the superconductor 

to withstand very high magnetic fields.  

A second phase transition occurs at considerably higher magnetic fields. The 

Shubnikov phase breaks down at the upper critical magnetic field ‘Bc2’, and the alloy 

returns to its normal conducting state. The change from the Meissner to the Shubnikov 

phase takes place at very low magnetic fields of just a few milli tesla. The second 

transition happens at fields of several tesla or higher. Because 'Bc2' is substantially larger 

than 'Bc1', only type II superconductors are viable for technical power applications 

including magnets, rotating machines, transformers, fault current limiters, and power 

cables. 
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1.3. Applications of superconductors 

Nuclear fusion is regarded as the most promising source of energy in the future. 

The process of nuclear fusion happens when two light nuclei fuse to generate a heavier 

nucleus, releasing a tremendous quantity of energy. In the nuclear fusion reaction, 

Deuterium and Tritium should be heated to millions of degrees Celsius, in which atoms 

combine to form a heavier nucleus and release energy. However, no material on the earth 

can resist such a high level of energy. Plasma confinement with high magnetic fields is 

one possible approach and superconductors can create such strong magnetic fields. As if 

now, the ITER is the world's largest fusion experiment that employs LTS magnets made 

of NbTi and Nb3Sn to produce suitably high magnetic fields. 

For the current world, the most valuable thing is time. Superconducting maglev 

trains will make a huge impact on transportation and save time. Powerful electromagnets 

made of superconductors have been used to build levitating trains. The train can levitate 

while traveling ahead because conventional electromagnets on a guideway beneath it 

repel (or attract) the superconducting electromagnets. The maglev train has several 

advantages, including no friction between the rail and the train, minimal power 

consumption, and quiet operation. One of the first commercial operations of the maglev 

train is reported in 2006 from Xangai and the Pudong airport (30 km), China. Various 

countries, including Japan, the United States, Australia, and China, are actively 

developing superconducting maglev trains that can travel at speeds of over 600 km/h. 

The development of a large, steady magnetic field for use in medical imaging is the 

most significant and widely used commercial application of superconductivity. A medical 

imaging technology named MRI scanning provides two-dimensional images of any 

anomalies, cancerous regions, or other bodily parts. The efficiency of scanning 

technology can be increased by using superconducting magnets instead of normal 

electromagnets. Another application in the superconductivity is the power grid and fault 

current limiter. Current can be transported without any resistance with higher transport 

capability. Some of the global superconducting project details are mentioned in Table 1.1 

[19, 20]. 
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Table 1.1: Superconducting global projects for power transmission [19, 20] 

Year Local Length [m] Capacity 

2008 USA (long Island) 600 574 (138kV AC, 2.4kA) 

2011 China 360 13(1.3kV DC, 10kA) 

2013 Korea (Icheon) 100 154(154kV AC, 10kA 

2014 Germany 1000 40 (10kV AC, 3.75kA) 

2014 Japan (Ishikari) 2000 100 (710kV DC, 5kA) 

2014 Korea (Jeju) 500 500 (80kV DC) 

2014 USA (Westchester) 170 96(13.8kV AC, 5kA 

2015 Russia(st.petersburgo) 2500 50 (20kV DC, 2.5kA) 

2015 Korea (Jeju) 1000 154(154kVAC,3.75kA) 

2015 Japan(Yokohama) 250 200(66kV AC,5kA) 

2017 Netherlands(Amsterdam) 6000 250 (50kV AC) 

 

The magnetic field of superconducting quantum interference devices (SQUID) is 

extremely sensitive. Even the magnetic field of the brain can be sensed using SQUID (10-

13 Tesla). It can be utilised to perform non-invasive brain diagnostics. Nuclear Magnetic 

Resonance (NMR) is a powerful spectroscopic technique that is widely used in 

fundamental and applied research in different areas, including biology, materials science, 

medicine, and physics. Another important application of superconductivity is in the 

magnetic energy storage (Superconducting Magnetic Energy Storage, SMES). By using 

powerful superconducting magnets, the capacity and the efficiency of the system can be 

increased. 

Superconductivity is used in the transformer, generator, and motors in order to 

improve their efficiency. The application of this technology in electric power starts in the 

early 1960s with the use of LTS. Europeans (ABB and Alstom), Japanese (KEPC), and 

Americans (Westinghouse) conducted extensive research (USA) with these electrical 

power appliances with LTS [20]. However, the cost of the cooling system requirement is 

high for the LTS based system. After the discovery of the HTS in 1986, scientific progress 

in these electrical applications has accelerated. HTS electrical system have several 

advantages, including higher efficiency, the ability to run above-rated power without 

compromising life, being smaller, lighter, and quieter. In addition to this, the losses in an 

electrical generator associated with rotor windings and armature bar, can be eliminated. 
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So, HTS superconductors have opened new insights into the technology and its 

applications. There are numerous other applications for superconductivity, all of which 

improves the system efficiency and performance. It will enable significant energy and 

financial savings. 

1.4. Superconducting materials for technical applications 

Superconducting materials used frequently for technical applications includes two 

LTS type materials and four HTS type materials. LTS materials are NbTi and Nb3Sn and 

HTS materials include Bi2Sr2Ca1Cu2Oy (BSCCO 2212) as round wires and 

Bi2Sr2Ca2Cu3Oy (BSCCO 2223) as tape or bulk material and rare-earth barium copper 

oxide (Rare-earth1Ba2Cu3O7-x or REBCO as bulk or tape material), and Magnesium-

diboride (MgB2). The critical temperature of each material is given in Table 1.2. There is 

no clear boundary temperature to differentiate between LTS and HTS superconductors. 

However, researchers use 30 K or liquid nitrogen boiling point temperature (77K) to 

differentiate between HTS and LTS.  

Table 1.2: Critical temperature of technical superconductors 

Material Critical temperature (K) 

NbTi (LTS) 9.5 

Nb3Sn (LTS) 18.3 

MgB2 (HTS) 39 

REBCO (HTS) 92-95 

BSCCO2212 (HTS) 95 

BSCCO2223 (HTS) 107 

 

NbTi superconductors are mainly used for medium magnetic field application 

which includes magneto-resonance-imaging (MRI) devices, accelerator magnets or some 

fusion magnets [13, 15]. The Nb3Sn compound is utilised to produce a magnetic field of 

15-20 T [13, 15]. The MgB2 compound is mostly used in satellite wire, low to medium 

magnetic field applications. BSCCO2223 is mostly utilised as a power cable and current 

leads in medium-field applications. BSCCO2212 and REBCO materials are required if 

the magnetic field required is more than 20 T [13, 21].  
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Figure 1.6: Variation of engineering current density with change in magnetic field [13] 

Variation of engineering current density with changes in the magnetic field is depicted in 

Figure 1.6. It may be noted that the magnetic field is increased with decreasing the 

engineering current density for all the technical superconductors. Please note that this 

graph is plotted at 4.2 K for all the materials except for NbTi kept at 1.9 K.  It is also 

observed that when the magnetic field is perpendicular to the material, then there is a 

sudden decrease in the engineering current density. REBCO and BSCCO2212 material 

shows stable engineering current density with an increase in the magnetic field. So, it can 

be used for high magnetic field applications. A comparison of these superconducting 

materials is given in Table 1.3 based on different aspects. Even though making REBCO 

superconductors is difficult, it has outstanding mechanical properties and can produce 

powerful magnets. REBCO material is a potential candidate for the ’DEMO’ programme 

and other nuclear fusion initiatives that is expected to provide stable and continuous 

electricity. 
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Table 1.3: Comparison of technical superconductors 

 NbTi Nb3Sn REBCO BSCCO2212 BSCCO2223 

Magnetic 

field 

Medium field High field Very high 

field 

Low field Very high 

field 

Mechanical 

properties 

Very 

good(ductile) 

Bad 

(Brittle) 

Very good Depending 

upon 

lamination 

Bad 

Strain 

dependence 

on critical 

current 

Low High Low Medium Medium 

Cost of raw 

material  

Low Low Low High High 

Producing Simple  Medium very 

complex 

Medium Complex 

Availability Very good  Very 

good 

Medium Bad Bad 

 

REBCO, high-temperature superconductors are perovskite crystalline chemical 

compounds [22, 23]. And it is available in bulk crystal form and coated conductor form. 

Comparing coated conductors (CC) to bulk crystals, bulk crystals have a lower critical 

current density. As a result, bulk crystals are primarily used in magnetic bearings [24] 

and maglev trains [25]. Fusion magnets are not made from bulk crystals. Coated 

conductors, on the other hand, are the future candidate for fusion magnets. The alignment 

of the grain boundaries and saturation of oxygen with copper is very important to 

determine the superconducting properties of the REBCO material. REBCO acts as a 

superconductor when the copper is partially saturated with oxygen (x< 0.55, 

orthorhombic) and as an insulator when the oxygen concentration is low (0.55 ≤ x ≤ 1, 

tetragonal structure) [23]. 
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1.5. Cabling configurations 

Converting superconducting materials into wires and cables are challenging 

especially when they are brittle in nature as in the case of HTS. Many times, the 

superconducting materials are coated on a substrate and then the substrate is reinforced 

with other layers for turning it into wires and cables Some of the popular ones are 

presented here. 

1.5.1. Roebel Assembled Coated Conductor (RACC) cables 

The method of forming a group of insulated flat copper conductors into a 

rectangular rod for the use in large electrical machines was proposed by Ludwig Roebel 

in 1912 [26]. The Karlsruhe Institute of Technology (KIT) and Industrial Research 

Limited are the principal developers of RACC cables [27-29] made of REBCO tapes. 

RACC cables are made up of meander-shaped coated conductor tapes constructed using 

the Roebel process, resulting in rectangular cables with the same width as their constituent 

REBCO tapes. The number of tapes in the RACC cable is dependent on the thickness of 

the cable as well as its twist pitch as depicted in Figure 1.7. A part of the tape is wasted 

when REBCO tape is punched in a meander shape. 

 

Figure 1.7: Schematic of Roebel Assembled Coated Conductor with 5 tapes [30] 

RACC cables are having anisotropic mechanical properties and the manufacturing of the 

cable is complex. However, the degradation of the cable due to its manufacturing process 

is low. It is having “U-shape” or “stair” type contacting method. It shows the complete 

transposition of the current. Scaling to fusion currents is not possible for RACC cables.  

For electrical stabilization, copper tapes are added. It is having poor mechanical 

properties. Voids must be filled to prevent movement & distribute loads. 
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1.5.2. Coated Conductor Rutherford Cable (CCRC) 

The Rutherford winding process is used to wrap many RACC cables around a 

former, resulting in Coated Conductor Rutherford Cable (CCRCs). The RACC sub cables 

are held in place by the grooves in the former. RACC wires are bent in and out of plane 

around a structural former in this way. 

 

Figure 1.8: Schematic drawing of CCRC cables with cables wound over a former of 

structural material [13, 31] 

Mechanical stability of the entire cable and cooling channels is also provided by the 

former as depicted in Figure 1.8. For added mechanical stability, CCRCs can be outfitted 

with a structural material jacket. Rutherford cabling method completely transposes the 

strands. The strands' superconductor tapes and RACC's sub cables are also completely 

transposed. CCRCs can be scaled up to extremely high currents by increasing the number 

of RACC sub cables and REBCO tapes per sub cable. Small RACC sub cables are used 

as strands in the CCRC concept. RACC contacting methods can therefore be employed 

in CCRCs, but on a lesser scale and multiple times for each CCRC. The "stair" or "double 

stair" designs are viable options since they use fewer REBCO tapes per RACC sub cable. 

To homogenize the contact resistance between the RACC sub cables, symmetric 

arrangements with similar copper cross-sectional areas and distances are required. 

In conclusion, CCRC cables are having two cable stages and their manufacturing 

is very complex. It is having "U-shape" or "stair" type contacting method. It is having 

complete transposition. Scaling to fusion currents is possible for CCRC cables but a high 

cross-section area is necessary. For electrical stabilisation, copper tapes or former can be 

used. 
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1.5.3. Twisted Stacked-Tape Cable (TSTC) 

M. Takayasu et al. proposed Twisted Stacked-Tape Cable (TSTC) in 2011 and it 

is represented in Figure 1.9. It offers a high current density as well as a scalable cabling 

system that may be used for a large-scale magnet. The Massachusetts Institute of 

Technology's Plasma Science and Fusion Center is working on the TSTC concept [32, 

33]. 

 

 

 

Figure 1.9: Schematic of a single Twisted Stacked-Tape cable (TSTC) [13] 

 

Several REBCO tapes are stacked and twisted to form Twisted Stacked-Tape Cables. The 

top and bottom of the REBCO tape stack can be covered with 1 mm thick copper tapes 

of the same width. Additional electrical and mechanical stability is provided by the copper 

tapes. The twisted stack is placed within a structural material tube (sheath). All spaces 

between the TSTC and the sheath must be filled to restrict the tapes from moving and to 

minimise stress concentrations. Glue, resin or solder are the suitable filling materials. A 

single TSTC stack can only hold a certain number of tapes and the ideal stack thickness 

is equal to the tape width. For instance, stack sizes of roughly 40 SuperpowerTM  type 

tapes are required to attain 4 mm width. Several TSTCs must be combined to improve the 

current carrying capacity. The TSTC stacks can be sub-cables of a larger cable, similar to 

the RACC cables in the CCRC concept. To stabilise the cable, several TSTC stacks can 

be placed into the grooves of a former made of structural or stabilising material.  Multi-

stack TSTCs can also be provided with structural material jackets for further mechanical 

stabilisation. 
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In radial directions, TSTCs are isotropic due to their round geometry. As a result, 

only two types of mechanical loads must be considered: (1) longitudinal mechanical loads 

and (2) radial mechanical loads [13, 34]. Magnet conductors experience hoop stresses that 

are parallel to the cable. Because REBCO tapes are arranged nearly straight in the TSTC 

concept, the mechanical performance of TSTCs is found in a parallel direction by the 

average mechanical properties of the former and the tapes. The TSTC concept is an 

excellent alternative for applications with considerable mechanical loads in the parallel 

direction, like high-field magnets. 

1.5.4. Round Strands Composed of Coated Conductor Tapes (RSCCCT) cable 

In 2012, D. Uglietti et al. proposed the RSCCCT cable concept. There are two 

stages of cabling in this HTS cable concept. Stacks of REBCO tapes are soldered between 

two semi-circular copper profiles during the first cabling stage. The resultant conductor 

is almost round, as shown in Figure 1.10, because each REBCO stack contains a few 

tapes. The superconducting tapes are partially transposed as a result of their twisting. 

 

Figure 1.10: Scheme of first cabling stage of RSCCCT with REBCO tapes soldered 

between two semi-circular copper profiles [13]. 

The initial phase resembles the TSTC idea. However, the second stage of cabling 

is distinct. In the RSCCCT cable design, the first stage of cabling's roughly circular 

conductors is stranded. It completely transposes the strands. As the REBCO tapes are 

only partially transposed during the first stage of twisting, the overall transposition of this 

idea remains incomplete when the cable's self-field is considered. Considering only 

magnetic background fields, the second stage's transposition meets the criteria for 

complete overall transposition. Due to the strong background fields of fusion magnets, 

the magnetic self-field of each conductor can be neglected. The contracting method used 

for RSCCCT and TSTC is the same, BSCCO-REBCO connectors help to make the 
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contact. As a conductor in fusion magnets, the large copper fraction of RSCCCT cables 

is advantageous for electrical stabilisation.  

1.5.5. Conductor on Round Core (CORC) cable 

The cable concept has been proposed and developed by D.C. van der Laan et al. 

in 2009 [35, 36]. The central core and REBCO tape are the key parts of a CORC cable. 

A centre former is wound with REBCO tapes to form the CORC cable. 

Tapes are wrapped around the conductor on a round core cable. A copper rod or a 

copper power cable is used as a former in most CORC cables. The former contributes to 

both electrical and mechanical stabilisation. The cable's forced flow cooling can also be 

accomplished using a hollow former. Figure 1.11 depicts a CORC cable with multiple 

layers and how the winding orientation between each layer has been reversed. The tapes 

are wound in opposite directions around a former and the inner layer stays close to the 

centre while the outer layer stays away from the centre. The transposition of the CORC 

cable is partial. 

 

Figure 1.11: Schematic drawing of CORC cable wound on round former with reversed 

winding direction for each layer [13]. 

The round geometry of CORC cable makes it isotropic in the radial direction. The cable's 

longitudinal and radial mechanical loads are considered the most important. All crystal 

unit cells c-axis (001) is perpendicular to the tape surface in the tapes. The a (100) and b 

(010) axes are in the tape plane, parallel to or perpendicular to the tape direction. The 

orientations of the a- and b-axes may vary from grain to grain. If the mechanical load is 

applied along the tape, it operates on the a-axis in certain grains. In contrast, the b-axis is 

strained in other grains. When the tape is wound at 45 degrees around the core, it has 

some advantages since it works equally on the a-and b-axes of all grains. As a result, there 
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is the lowest amount of strain [37]. Therefore, CORC cables are thus excellent for 

mechanical loads that are both longitudinal and radial.  
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1.6. Comparison of different cabling configuration 

 

Figure 1.12: Comparison of different cabling configurations 
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After conducting a review of various superconductor cables, it has been found that 

CORC cables are the most promising one for REBCO type materials. The use of CORC 

cables for future superconducting advancements are expected in terms of ease of 

manufacturing, cabling degradation, mechanical characteristics, and electrical stability. 

CORC cable cooling is a bit challenging, therefore various research works are underway 

to address it. 

1.7 Quenching and related issues 

When the critical limit of the superconductor is exceeded, quenching may occur. 

Also, when the magnetic field, current density, temperature, and physical strain exceed a 

particular limit, and it can cause quenching and eventual degradation. Quenching of the 

superconducting magnet is one of the major concerns that occurred in the superconductors 

mainly due to the development of small amounts of heat and eventually spread and 

damage the whole system. Large Hadron Collider (LHC), a particle accelerator at CERN 

in Geneva, is the largest and maybe most complex piece of scientific equipment ever 

created. Due to the accelerator's reliance on the reliable operation of around 10,000 

superconducting magnets containing approximately 15,000 MJ of magnetic energy. This 

was cooled by 130 tonnes of helium at temperatures of 1.9 and 4.2 K. After 10 days from 

the first operation of LHC in 2008, September 10, a short circuit (induced by the 

mechanical displacement) resulted in an accident that burned a hole in a container holding 

liquid helium [13]. The explosion that followed left the machine inoperable until 2009 

July.  If the 
𝑰

𝑰𝒄
 is greater than 0.8, then the minimum quench energy is in the order of 10µJ. 

So, the operation of superconducting magnets, precise design of geometrical parameters, 

insulation, coil winding, coil curing, and coil assembly is required for smooth and safe 

operation. 

This research work focuses on how the physical strain influences the degradation 

of REBCO tape and CORC cable. Therefore, a complete literature survey on various cases 

where physical strain may developed in the superconductor including tensile, bending, 

twisting, fatigue, and their combined effects are presented.  
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Chapter 2 

Literature Review 

2.1  Introduction  

The role superconductors can play in meeting the huge energy demands of the 

future is significant. The HTS type of superconducting materials is expected to have the 

potential to improve efficiency and reduce the cost. The process of converting brittle HTS 

materials to wires and cables through different cabling concepts are available.  

 

2.1.1 Significance of High-Temperature Superconductors 

Georg Bednorz and K. Alex Müller discovered HTS in 1986. In 1987, they 

received the Nobel Prize in Physics for "their significant advance in the discovery of 

superconductivity in ceramic materials. The use of HTS materials in fusion machines 

significantly increases the efficiency, as reported by W.H. Fietz et al. in 2011 [21]. HTS 

achieves greater thermal stability to guard against the magnet system's failure and reduce 
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the nuclear radiation shield's thickness. It has also been documented that, compared to 

their counterparts, HTS have maintained a high critical current density at increasing 

temperatures and magnetic fields. The amount of fusion power in a fusion tokamak 

system is proportional to the fourth power magnetic field [2]. Using HTS material in coils 

and current leads would be promising approach for future fusion reactors. If the coils 

could run at temperatures above 65 K, this would significantly benefit in reducing the 

operating cost. It might be possible to reduce the size of the machine and simplify the 

cryostat by avoiding the radiation shield of the coils. Additionally, using less power for 

refrigeration reduces both investment and maintenance costs. 

Significant progress has been made in the capacity of HTS to carry a high current 

under a high magnetic field by improving their flux pinning capabilities through inserting 

nano-scale defects [1]. The scientific community is interested in REBCO compounds to 

attain the fields in the span of 30-50 T in superconducting magnets [2, 3]. D C van der 

Laan compared HTS and LTS based on the development of magnetic field capability and 

the cooling medium employed [38]. In liquid helium, LTS are restricted to magnetic fields 

of 20–22 T [38]. Due to their exceptionally high upper critical magnetic field, HTS are 

the only materials that can be used to generate magnetic fields larger than 22 T [38]. 

According to the Japanese national project, HTS cables are capable of achieving a 

considerable power capacity and low-loss power transmission [39]. Fujikura Ltd. 

developed a 66 kV-5 kArms HTS power cable utilising high critical current REBCO 

tapes. They successfully developed a 20 m-long 66 kV-5 kArms HTS power line with 

less than 2 W/m AC loss [39].  

2.1.2 Configuration of High-Temperature Superconductor tapes 

The basic configuration of superpower® REBCO (Rare Earth Barium Copper 

Oxide) 2G (second generation) HTS wire is shown in Figure 2.1. The superconducting 

REBCO tape comprises different layers such as copper stabiliser, silver over layer, 

REBCO, substrate, and buffer stack.  
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Figure 2.1: Configuration of SuperPower® 2G HTS Tape SCS4050 [40]. 

The substrate is usually made with Hastelloy (C276), Stainless steel, lanthanum aluminate 

(LaAlO3), Nikkel and silver [41]. Buffer layers are the combination of different ceramic 

oxides such as magnesium oxide (MgO), Cerium oxide (CeO2) and Yttria-stabilised 

Zirconium materials [41]. The materials electrical and mechanical properties depend on 

the 41properties of the constituting layers and the crystal lattice alignment [42, 43]. The 

Inclined Substrate Deposition (ISD), Ion Beam Assisted Deposition (IBAD), Rolling 

Assisted Biaxially Textured Substrate Method (RABITS), Pulsed Laser Deposition 

(PLD), Electron Beam Co-Evaporation, Metal-Organic Chemical Vapour Deposition 

(MOCVD) are some of the processing techniques utilised for substrate, buffer layer, and 

REBCO [42, 44, 45, 46, 47, 48, 49].  

2.1.3 Development of strain in High-Temperature Superconducting tapes  

The different types of mechanical loads are acting on the superconducting tapes 

during their operation and manufacturing stages. One of the major forces during its 

operation manufacturing stages is the magnetic Lorentz force. Thermal force is due to 

repeated heating and cooling down. Fatigue loads are developed in mobile systems and 

also in rotating members in addition to the fatigue load due to Lorentz force. Mechanical 

forces acting on the REBCO tapes and cables during the manufacturing phase. Residual 

strain is another force that developed during the production time of the tape. Different 

mechanical loads act on them are tension, bending, torsion and transverse load [50]. The 

individual loads as well as the combined effect of each load should be maintained below 

the critical limit so as to ensure smooth and safe operation of the superconductors. Stress 

induced is highly dependent on the material's intrinsic properties, such as its yield strength 

and Young's modulus. On the other hand, the strain values are not varying much with 

changes in material properties. Therefore, the strain values are most frequently used in 
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the calculations for determining the dimensions of HTS tapes [50]. Figure 2.2 represents 

how the strain values are distributed in the tape with different loading such as tension, 

bending and torsion [50]. The distribution of the strain based on the type of load is 

reported [50]. It is important to understand the degradation of the superconductor under 

these loads and also the critical limits beyond which they degrade. 

 

Figure 2.2: Strain distribution for three different modes of loading [50]. 

A detailed literature review is carried out for each loading, such as tension, bending and 

twisting and winding. The studies reported on the fatigue failure in the REBCO tape under 

different mechanical loads are also presented in the subsequent sections. 

2.2 Effect of tensile loading on High- Temperature Superconducting tapes. 

Tension is one of the straightforward forms of mechanical load; however, may 

lead to the degradation of the tape and eventual quenching. Superconductors can be 

fractured by tensile loads from the exterior. Non-homogeneities or sharp notches between 

grains can raise local stress levels, leading to the start of cracks [50]. Low grain 

connection can also contribute to the start of cracks at lower stress levels. The uniaxial 

strain influence on the critical current of the superconductors can be explained in terms 

of compressive pre-strain, irreversible strain and elastic strain sensitivity of the upper 

critical field and peak pinning force [51]. The pre-compressive strain mainly developed 

due to the difference in the thermal expansion coefficient of the layer when subjected to 

cooling down from its production temperature to operating temperature. After the 
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production process, the residual strain is developed in the REBCO tape and is 

compressive in nature. This compressive component decreases during the tensile loading 

and eventually comes to a strain-free state [52]. The force-free state is evaluated from the 

mechanical properties of about 0.17 % and 0.26 % at 298 K and 77 K respectively [52]. 

The strain at which the residual strain on the superconducting tape becomes zero is 

referred to as force-free strain [53]. There are reports that this strain-free state occurs for 

YBCO compounds with 0.18-0.42 % strain depending on the geometrical configuration 

and the manufacturing methods [54]. The maximum value of critical current is observed 

at the strain-free state.  

The residual strain developed in the REBCO layer is dependent on the processing 

technique. Residual strain in the REBCO layer is compared when it is prepared by a 

different process such as DC sputtering and pulsed laser deposition (PLD). These results 

show residual strain values as 54 MPa and 282 MPa respectively [55]. The residual strain 

in the REBCO layer and other constituting layers is affected by the temperature of the 

substrate, in addition to the processing technique. The following equation can be used to 

represent the residual stress in the material [55, 56]. 

                             σres = σin + σth + σex                                                      (2.1) 

Where σres is the total residual stress in the material and σin is the intrinsic stress developed 

during the deposition process. It is due to various defects and lattice mismatches between 

the layers. σth is the thermal stress developed due to the cooling after deposition, and σex 

is the stress developed due to the external force. 

The residual stress/strain in the REBCO layer is usually measured by the X-ray 

diffraction (sin2Ψ method) method, and the coordinate system for X-ray diffraction is 

shown in Figure 2.3 [41, 55]. 

                               
∆𝑑

𝑑
=

𝑑𝛹−𝑑𝑇

𝑑𝑇
= 𝜎∅

(1+𝑉𝑐)

𝐸𝑐
 sin2Ψ                                               (2.2) 
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Figure 2.3: Coordinate system for X-ray diffraction  

where dψ and dT represent the measured lattice spacings of the film at angles ψ and 0◦ to 

σ3, and E and v represent the film's elastic moduli and Poisson ratio, respectively. 

DYBCO did not show any peak critical current in the tensile region under tensile 

loading. However, compressive strain is applied to the DyBCO layer by bending, showing 

the peak critical current in the superconducting layer [52, 57]. Like DyBCO, the SmBCO 

compound is also in the tensile strain state; the critical current decreased monotonically 

with the applied tensile strain [57]. It is also reported that when the tensile load is applied 

to the superconducting tape, the change in the mechanical properties is divided into three 

stages, Elastic, micro yielding, and macro yielding [53, 57]. Hastelloy and copper behave 

plastically in the micro yielding phase, while the YBCO layer remains in the elastic region 

[52, 58]. The mechanical characteristics tested at 77 K demonstrated that the annealed 

Hastelloy C-276 substrate material at 963 K exhibited discontinuous yielding, thermal 

stability, and inertness to the buffer layer [57]. It may be because of the low carbon and 

silicon composition, which prevents carbide precipitation at grain boundaries.  

The mechanical properties of the substrate material are critical for determining 

the allowed strain limit in coated conductors, and the strain value at quenching is not 

influenced by the buffer layer or superconducting materials [57]. However, the critical 

current value recovered even after the applied strain reached 0.30 % for CeO2/YSZ 

buffered tape and less than 0.22 % for MgO buffered tape [59]. The use of metallic 

stabilisers additionally increases the reversible limit of the coated conductor [54]. The 

reversible limit of a Stainless steel-reinforced YBCO-coated conductor is double that of 

a non-stabilised conductor [54]. The critical current (Ic) degrading behaviour of YBCO-

coated conductors manufactured using the RABiTS-PLD process may be separated into 

two stages. Stage I: When the strain was released, the YBCO film behaved elastically, 

and Ic recovered. Stage II: Ic degradation is caused by cracking in the YBCO film due to 

plastic deformation of the substrate or the stabilising layer [54]. The stress-strain 
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correlation for commercial REBCO coated conductors from five different industrial 

manufacturers, including Bruker HTS, Fujikura, SuNAM, SuperOx, and SuperPower, 

was examined at 77 K (self-field) and 4.2 K (19 T) [60]. These tapes have different 

electro-mechanical and mechanical properties due to the manufacturers' use of various 

materials and deposition techniques. The irreversible strain limit varied from 0.45 % to 

0.72 % [60]. It is also reported that the young's modulus of all the tapes does not vary 

with temperature, but a 10 % higher yield strength is found at a lower temperature (4.2K). 

This implies that temperature also has a significant impact on the degradation of the tape 

[60]. The irreversibility limit of REBCO tape from different manufacturers are also 

reported. The irreversible limit varies from the different manufacturers in the range of 

0.25 to 0.6 % applied strain [15]. The tape's stress-strain characteristics depend on the 

size and properties of the substrate material [15]. The majority of the tape performs well 

under applied compressive strain. The irreversible limit is also dependent on the 

temperature and the Superpower® 2G SCS4050 tape shows a higher irreversible limit at 

4.2 K than 77K [1]. 

The performance of tape under torsion, tensile, and transverse loading was 

investigated by K Ilin et al. in 2015 [17]. The effect of thickness of copper stabiliser layers 

and the non-uniformity of the tape surface profile on the critical force was also confirmed. 

Systematic measurements were performed on a single REBCO tape, and the tape's 

response to axial tension, torsion, and transverse stress was calculated. An experimental 

study and detailed finite element modelling of the 3D stress-strain state in a single 

REBCO tape under various loads starting from the initial tape processing phase, during 

production and up to the operating stage were discussed in the paper. The models account 

for temperature dependence and elastic-plastic properties of the tape materials. The 

critical strain in the REBCO layer is about 0.7 % (Corresponding to 0.45 % of intrinsic 

axial strain) as given in Figure 2.4 [17, 52].  
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Figure 2.4: Crack initiation in the REBCO layer under tensile loading [17, 52]  

The copper layer improves the fracture toughness of the tape and delays crack 

formation. The value of the irreversible limit increased from 0.4 % to 0.5% when YBCO-

coated conductors were electroplated with copper [61]. 11 % decrease in the critical 

current density is observed at 77 K. However, when the temperature is reduced to 4 K, 

the drop in the critical current density is reduced to 3.5% [61]. The paper also reported 

the influence of the magnetic field on the irreversible limit. The magnetic field is 

increased from 0.5 T to 3 T; the sensitivity of critical current density to strain decreases. 

However, after 3 T to 16 T, an increase in the sensitivity of critical current density to 

strain is observed [61]. 

The reversibility of critical current with strain is evaluated for thin and thick YBCO-

coated conductors at 77 K and 4 K and a varying magnetic field from 0 T to 16 T [61]. 

The reversible effect is dependent on temperature and magnetic field. The effect of strain 

appears to decrease with reducing the temperature [61]. The strain influence on critical 

current at different magnetic fields is determined at the YBCO layer, and it is discovered 

that strain sensitivity increases with temperature, and the magnetic field effect on critical 

current is more prominent at higher temperatures [62].  
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2.3 Effect of bending on high-temperature superconducting tapes 

The bending load is acted on the superconducting tape during the manufacturing 

stage of superconducting cables/wires and magnets and also in the application stage due 

to the effect of Lorentz force. It is reported to be the most critical one, out of the different 

mechanical loads. 

The reversible degradation of HTS was first reported in 2003 [63]. MOD- 

RABiTS sample shows that the 40 % critical current reversible reduction is observed 

when subjected to 0.95% compressive strain. Under applied tensile strain, the critical 

current first increases slightly for YBCO, then further tensile strain critical current 

reversibly decreases, and finally, irreversible degradation occurs [63]. The power-law 

expression best describes the strain dependence of critical current density in self-field for 

YBCO manufactured by different production methods [63].  

                                               
𝐽𝑐(𝜖)

𝐽𝑐(𝜖0)
 = 1- a|𝜖0|

2.2±0.02                                                  (2.3) 

Where 'a' is the strain sensitivity parameter, 'ϵ' and 'ϵ0' are intrinsic strain and intrinsic 

strain at maximum critical current density, respectively.   

In 1999, a winding study related to BSCCO material found that 48 % of critical 

current degradation happens when the bending diameter changes from 11.5 cm to 5 cm 

(10µv criterion was used) [64]. The critical bending diameter is considered as 5 cm 

because after that there is a sudden decrease in the critical current was observed [64]. A 

new design of bending of BSCCO tape was reported in 2004, which facilitates the 

measurement of bending strains to single BSCCO tapes without any tape manipulation or 

handling throughout the experiment [65].  It helps to avoid the continuous heating and 

cooldown problems during the investigation. Also, they use the calps to attach the fixture, 

which helps prevent the soldering issues and overheating problems that damage the tape. 

The paper also reported that the filament structure, sheath composition, and filling factor 

substantially influence the strain limit where filament cracks happen [65]. The behaviour-

critical current degradation of BSCCO under bending loading is gradual and consistent, 

which is different from tensile loading behaviour [66]. Simultaneous initiation of crack 

and growth was observed for BSCCO compound up to the irreversible limit, and after the 

irreversible limit, this growth is different for different sections. Literature provides simple 

equations for calculating the bending strain for hard and easy bending [66-68]. The 
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bending load is applied in thickness and width direction in the case of easy and hard 

bending, respectively.  

                                     ϵ = 
𝑊

2𝑟+𝑊
× 100   (Hard bending)                                           (2.4) 

                                    ϵ = 
𝑡

2𝑟+𝑡
× 100   (Easy bending)                                              (2.5) 

Where 'w' and 't' are the width and thickness of the tape, respectively.  

The pictorial representation of strain distribution of easy and hard bending is provided 

below [68]. 

 

Figure 2.5: Strain distribution under a) easy bending and b) hard bending [68] 

The easy bending of YBCO tape is reported with 4.3 mm width and 0.19 mm 

thickness; 95% of critical current retention was observed in the strain limit of 0.35-0.45 

% of bending strain [69]. On the other hand, in the case of hard bending, no significant 

degradation of critical current was found upto 0.6 % of bending strain. However, it is 

found that winding a single pancake coil with a diameter of up to almost 12 mm is feasible 

at 0.65 % bending strain for the YBCO tape in simple bending [69]. 

The experimental investigation under bending for second generation REBCO tape 

and strand is reported [70]. The strand has a round cross-section consisting of 4 sub-

strands, each composed of 18 REBCO tape. The sub-strands are arranged so that 1 and 3 

sub-strands undergo in-plane bending (hard bending), and the other two undergo out-of-
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plane bending (easy bending). The literature found the minimum bending radii for each 

case. The minimum bending radii for the strand is 352 mm, and for the tape under in-

plane and out-of-plane bending is 229 and 5.8 mm, respectively [70].   

The out-of-plane bending characteristics of REBCO tape are discussed in the 

literature [71]. The easy (90o) and hard (0o) bending is considered the two ends of out-of-

plane bending. In out-of-plane bending, the angle is maintained between 0o and 90o. The 

critical bending radius for 2.5 mm tape at different angles is given below in Table 2.1 

[71].  

Table 2.1: Critical bending radii and bending strain for out-of-plane bending [71] 

Bending angle Critical bending diameter (mm) Critical bending strain 

0o 420 0.595% 

15o 408 0.595% 

30o 408 0.538% 

45o 260 0.695% 

60o 200 0.649% 

75o 70 1.002% 

 

When the bending angle increases from hard to easy bending, the critical bending 

diameter decreases and the tape's ability to withstand the strain increases.  

In 2005, the critical current dependence on bending strain was investigated to use 

YBCO material in the solenoid and pancake-type magnets [72] They chose different 

configurations of the YBCO tape with Hastelloy, buffer layer, YBCO and silver cap layer. 

The heat cycle test was carried out ten times by applying tensile strains of around 0%, 

0.30%, and 0.50% and found any degradation in all three samples [72]. 

The pre-compression strain of a typical A15 (e.g., Nb3Sn) structure compound is 

in the range of 0.2 % to 0.4 % and also shows good elastic strain sensitivities. Unlike A15 

superconductors, B1 and C15 crystal structure superconductors have no appreciable 

elastic strain dependence on critical current density [51]. The 5 % reversible reduction in 

critical current for YBCO was reported in the literature when the bending radii comes to 

0.25-0.28 m [73]. The YBCO layer's thickness does not depend on the critical current 

density under in-plane bending [73]. The sensitivity of the critical current density of the 
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YBCO-coated conductor on in-plane bending depends on the axial strain and the width 

of the tape [73]. The effective width of the tape is slightly smaller (slitting edge damage) 

than the physical width, which might be why the width is dependent on critical current 

density. 

When the REBCO tape is subjected to a bending load, the position of the neutral 

axis is crucial. The distance between the REBCO layer and the neutral axis is a critical 

parameter determining the amount of strain developed in the REBCO layer. Suppose the 

REBCO layer is above the neutral axis, tensile strain is induced in the REBCO layer. On 

the other hand, the compressive strain is produced (when positioned below the neutral 

axis). To understand the influence of bending strain on the REBCO tape, copper is 

electroplated only on the top side of the REBCO tape, and a bending load is applied to 

the REBCO tape [74]. The study found that the location of the neutral axis is fixed in the 

elastic regime and positioned between the silver REBCO interface. The copper layer 

would reach its elastic limit and be unable to carry the additional stress or strain when the 

bending diameter is reduced (bending strain increased). As a result, the neutral axis 

moves in the direction of Hastelloy to achieve the desired balance of stresses between the 

tensile and compressive sides. At a smaller diameter, the strain eventually rises to the 

point where the Hastelloy begins to yield under tension. Once the substrate reaches its 

yield point in compression, the neutral axis position shifts back towards the REBCO layer 

to balance the stress balance [74]. 

Electroplating the copper stabiliser to one side of the REBCO tape is one of the 

best approaches to reduce the compressive strain induced in the REBCO layer during the 

bending due to the shift of the neutral axis close to the REBCO layer. Soumen Kar et al. 

in 2017, carried out the bending study by wounding the 2 mm REBCO tape over the 

central core, whose diameter varied from 12.5 mm to 0.51 mm [75]. It is found that 22 

μm substrate with 20 μm and 30 μm copper electroplated only on one side shows no 

significant critical current degradation at 0.81 mm and 1.1 mm bending diameter, 

respectively [75]. Also reported that the 50 μm substrate sample degraded faster than the 

22 μm sample [75]. It is concluded that using a thinner substrate and one-side copper 

plated REBCO tape can improve the critical current reversible limit [75]. The position of 

the neutral axial is calculated from the internal stress balance, and zero bending strain is 

developed at the neutral axis. So, the position of the neutral axis is important. Placing the 

neutral axis at the REBCO layer will help improve the tape's performance under bending. 
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The equation for placing the neutral axis at the REBCO layer with substrate, silver 

overlayer and solder is reported in the literature is given below [76], 

                                       Eoto
2 + 2 Eo tl to + Eltl

2 – Ests
2 = 0                                         (2.6) 

Where ‘t’ and ‘E’ stand for the layer thickness and Young's modulus, respectively, and 

‘s’, ‘o’, and ‘l’ represent the substrate, silver overlayer, and solder (copper layer), 

respectively.  

The bending study was carried out by taking four different samples from Shanghai 

Superconductor Technology (SST) and Suzhou Advanced Materials Research 

Institute (SAMRI) (Two samples from each) [77]. They also found the critical bending 

radii for each case and determined the cause for critical current degradation with the help 

of chemical etching and ESEM (environmental scanning electron microscope). The 

transverse cracks are developed during the bending that blocks the longitudinal current 

path and leads to the tape's degradation [77]. The critical bending radii for SST236 (50 

μm substrate thickness and 85 μm stabiliser) and SST380 (50 μm substrate thickness and 

160 μm stabiliser) are 6-7 and 4-5 range, respectively [77]. However, the critical bending 

radii of the SAMRI sample (61 μm substrate thickness and, 180 and 316 μm stabiliser) 

are around 4 mm. This shows the better bending tolerance of REBCO tape from SAMRI. 

One major difference between these samples is that STT conductors used PLD technique, 

and SAMRI conductors adopted the MOCVD technique.   

The critical current characteristics in the length direction under winding are 

analysed through non-contact, continuous critical current measurement using Mcorder 

equipment was reported in 2019 [78]. The bent diameter was calculated by winding the 

YBCO tape over a 4.5 mm central core in two different ways. The first one is the YBCO 

layer facing outside, and the second one, the YBCO layer, faces inside. It is found that 

the YBCO layer facing inside is the best option because the smallest safe bending 

diameter for the YBCO face inside and outside is greater than 14 mm and less than 4.5 

mm, respectively [78]. The paper also fitted the normalised critical current data to a 

sigmoid-like function when the tape faces outside during the winding. 

                                                Ic_normal= 
1

1+𝑒−𝛼∗(𝑑−𝛽)
                                                     (2.7) 
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Where ‘d’, ‘α’, and ‘β’ are the bending diameter, the transferring region’s gradient 

(1742 m−1), and the transferring region’s central point (9.8e-3 m), respectively. From the 

above function, it was reported that at bending radii of 9.8 mm and 4.5 mm, respectively, 

50% and 1% of the critical current is retained, while 97.5 % of the critical current is 

maintained at a bending diameter of 14 mm [78]. In another study, the thicknesses of the 

silver cap varied from 10 µm to 30 µm in steps of 10 µm, keeping the Hastelloy thickness 

constant at 100 µm. The results show that when using thicker silver cap layers, there is 

an improvement in the first degradation point of the YBCO superconductor [22].  

After bending the wires to various diameters between 10 and 3.5 cm, Jeremy D. 

Weiss et al. performed current measurements on tapes taken from CORC cable of 2 and 

3 mm width [79]. Although it was bent to a diameter of 3.5 cm, these thin wires are 

incredibly flexible and hold close to 90 % of their initial critical current. An engineering 

current density of 233 A/mm2 at 4.2 K and 10 T was seen in a small 5-turn solenoid built 

and tested as a function of the applied magnetic field [79].  

Recent studies show that reversible degradation is observed when the tape is 

subjected to compressive bending, and irreversible degradation or damage is observed 

during tensile bending. Depending on the position of the neutral axis and that of the 

REBCO layer, the intrinsic strain in the REBCO layer can be compressive or tensile in 

nature [67] Therefore, it has to be make sure that the REBCO layer is in the compressive 

side of the tape during the bending process. The thickness of the substrate significantly 

influences strain development. Using a substrate with a smaller thickness can minimise 

the overall area of the REBCO tape, which is a simple and appealing strategy. Reducing 

the overall thickness of the wire is an efficient approach to raise the critical current 

density. Using this thinner substrate instead of the typical 50 μm thick substrate and with 

the same critical current will helps to increase the critical current density by 30% to 45% 

[80].   A dramatic improvement in the critical current density and bend tolerance was 

reported in the literature with the ultra-thin substrate with copper stabiliser [80]. 

The findings from the bending load investigations since 1999 on different HTS 

materials is consolidated in Table 2.2. 
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Table 2.2: Important findings under the bending load scenario 

Year Compound Hastelloy 

thickness 

(µm) 

Strain / Bending 

radius 

Findings Reference 

1999 BSCCO -  Bending radius 

reduces from 

11.5 cm to 5 cm 

48 % reversible 

critical current 

reduction 

[64] 

2003 BSCCO - 1 % of bending 

strain 

Gradual and 

consistent 

critical current 

degradation is 

observed. 

[66] 

2005 YBCO 100 Compressive 

bending strain 

up to 0.6 % 

No degradation [72] 

2005 YBCO 100 Tensile bending 

strain up to 0.5 

% 

No degradation [72] 

2007 YBCO 75 0.95 % of 

compressive 

strain 

40 % reversible 

critical current 

reduction 

[63] 

2008 YBCO 50 0.25- 0.28 m of 

bending radii 

5 % critical 

current reduction 

[73] 

2012 YBCO 80 0.35-0.45 % of 

bending strain 

95 % critical 

current retention 

[69] 

2016 REBCO 0.11 mm 

total 

thickness 

Bending radius 

= 5.8 mm (In-

plane- bending) 

95 % critical 

current retention 

[70] 

2016 REBCO 0.11 mm 

total 

thickness 

Bending radius 

= 229 mm (out-

of-plane- 

bending) 

95 % critical 

current retention  

[70] 



38 
 

2017 REBCO 22 Bending radius 

= 0.81mm 

No significant 

critical current 

degradation 

[75] 

  50 Bending radius 

= 3.19 mm 

40 % critical 

current reduction 

[75] 

2017 REBCO 30 3.5 mm 10 % critical 

current reduction 

[79] 

2019 YBCO 50 4.5 mm 1 % critical 

current retention 

(YBCO facing 

outside) 

[78] 

2022 REBCO 50 Bending radius 

= 6-7 (80 

stabiliser 

thickness) and 4-

5 (160 stabiliser 

thickness) 

95 % critical 

current retention 

[77] 

2022 REBCO 60 Bending radius 

= 4 mm 

95 % critical 

current retention 

[77] 

 

It may be observed from Table 2.2, the Hastelloy thickness has profound influence on the 

degradation of the superconductor and also the strain induced in REBCO tape. Therefore, 

Hastelloy thickness is considered as an important parameter in the design stage of the 

REBCO tape. 

2.4  Effect of torsional loading on high temperature superconducting tapes 

The torsional strain could not be avoided during the winding process, and the 

studies on the strain dependence on critical current degradation is limited in the open 

literature. Less than 10 % of critical current degradation is observed for the BSCCO 

compound when the twist angle reaches 60o where the torsional strain is 5.5 % [64]. The 

impact of torsional strain on the degradation of the HTS material is less than bending and 

tensile loading.   
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When subjected to torsion, the critical degradation of the BSCCO compound is 

gradual when the torsion angle exceeds 150o [66]. Similar to BSCCO compound, gradual 

degradation is also reported for YBCO coated conductors under torsion [81]. This is 

recognised by the consistent degradation of the critical current along the tape's 

longitudinal direction at each subsection. In this study, the torsional angle is varied from 

0 to 450o in steps of 30o. The strain dependence on critical current is separated into three 

regions. In 0 to 180o of the angle of rotation, no notable degradation was observed. But 

in the second region, the angle of rotation between 180o -390o, gradual degradation of 

critical current is reported. In the third region, between 390o-450o, there is a rapid 

degradation of critical current was reported [81]. The paper also reported that 95 % of 

critical current retention corresponded to 80 mm twist pitch [81]. Another study reported 

in the literature found that the critical current of YBCO tape remains unchanged up to 

120 degrees. Beyond that a sudden change in the critical current occurred [82]. But in the 

case of BSCCO tape, critical current degrades above 150 degrees. But the direct 

comparison of YBCO and BSCCO tape is not possible in this case because 4.1 mm wide 

YBCO tape and 10 mm wide BSCCO tape were chosen for the study [82]. Tape width is 

a significant parameter that affects the degradation of the tape. The torsional strain effect 

of YBCO and BSCCO compounds on critical current degradation was well described and 

available in the literature [83]. By twisting the tape up to a 200 mm twist-pitch, the critical 

currents of the 4 mm wide YBCO tape were unaffected, but the critical currents decreased 

very sharply below the 130 mm twist-pitch [33, 83]. But in the case of 3 mm width, 

BSCCO tapes show 2 % of critical degradation at 200 mm twist pitch, then sharply 

decreased with increasing the twist pitch. In the literature it is also reported that this 

critical current in the BSCCO tape is irreversible, whereas 2G YBCO tapes are pretty 

strong against mechanical twists and no permanent degradation is observed when the 

twisting force was removed [83]. The axial longitudinal strain in the superconducting tape 

is analytically provided as follows [83]. 

                                              𝜀𝑥 =
1

2
(
𝛾𝑚𝑎𝑥

𝑡
)2(𝑥2 −

𝑤2

12
)                                                  (2.8)                              

                                                      𝜀𝑚𝑎𝑥 =
𝑤2𝜃2

12
                                                            (2.9) 

                                                     𝜀𝑚𝑎𝑥 = 
−𝑤2𝜃2

24
                                                        (2.10) 
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Where maximum shear strain ′𝛾𝑚𝑎𝑥′ = ′𝜃𝑡′, ‘t’, ‘w’, and ′𝜃′ are the thickness, width and 

twist per unit length of the tape. The maximum strain value occurs at the tape's far end, 

and the minimum value occurs at the tape centre.  

Torsional studies have been reported in the literature by different manufacturers 

of HTS conductors. Two samples were each taken from Shanghai Superconductor 

Technology (SST) and Suzhou Advanced Materials Research Institute (SAMRI). The 

critical twist pitch corresponding to each loading situation is given in the Table 2.3 [77]. 

Table 2.3: Critical twist pitch from different manufacturers [77] 

Manufacturer Hastelloy 

thickness (µm) 

Stabiliser 

thickness (µm) 

Width (mm) Critical twist 

pitch (mm) 

SST 50 85 4 90.2 

SST 50 160 4 255.9 

SAMRI 61 180 4 86.4 

SAMRI 61 316 4 82.3 

 

The REBCO tape manufactured by SAMRI (MOCVD technique used) shows 

more uniformity and stability under torsional loading as it is evident from the table. 

MOCVD method help to provide better tape compared to the PLD technique ones. The 

literature also illustrates that critical current degradation, mainly due to the oblique cracks 

caused by torsion and the cracks are developed from side to centre [77]. The twist pitch 

is calculated using the following equation; 

                                               Twist pitch = 
𝐿

𝜃
360𝑜⁄

                                                     (2.11) 

Where ‘L’ is the length of the sample and ′𝜃’ is the torsional angle. The pure torsional 

and combined tensile and torsional load on REBCO tape from three different 

manufacturers is reported in the literature [84]. It is found that all three samples start to 

degrade steeply when the twist pitch is below 80 mm. For this case, the tape width slightly 

varies from 4.1 to 4.42 [84]. 

Under combined tension and torsion, 10 % reversible degradation in the REBCO 

tape is observed when the twist pitch is 200 mm, and the maximum tensile stress is 700 

MPa [84]. A fixed axial tensile strain on the tape of 0.3 % approaches the critical value 
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of 0.45 % at a 183° twist angle, where the highest strain is found near the edge of the 

ReBCO layer [17]. In 2009 studies on the critical current degradation of YBCO tape under 

torsion and tension reported the results by classifying them into three different regions 

[85]. In the first region, up to 26o/cm, a negligible effect of applied torsion on critical 

current is found. In the second region, a linear relationship between the applied torsion 

and critical current degradation is observed (26o/cm- 47o/cm). In the final region a sudden 

drop in the critical current is observed above 47o/cm. In 2013, Luisa Chiesa developed a 

probe that simultaneously measures both torsional torque and critical current [86]. In his 

experiment, the torsional load applied on the YBCO tape from different manufacturers 

such as AMSC and Super-power. It is found that rapid degradation of critical current is 

observed for both tapes when the angle of twist reached below 70 mm [86]. The paper 

also reported that twisted stacked tape cable with AMSC tape is harder than that of 

Superpower tapes.  

A study in 2013 has developed an analytical expression of critical current 

dependence on twist pitch for YBCO and BSCCO (2223) compounds [87]. The paper 

reported that 95 % critical current retention was observed when the twist pitch reached a 

value of 114 mm and 80-90 mm, respectively, for YBCO and BSCCO [87]. The paper 

also discussed the sensitivity of twists at different temperatures and found that at lower 

temperatures sensitivity of twists is slightly lower compared to high temperatures. The 

findings related to the torsional studies are consolidated in Table 2.4. 

Table 2.4: Consolidated findings of different HTS materials under the torsional load 

scenario 

Year Compound Tape 

width 

(mm) 

Torsional 

load 

Findings Reference 

1999 BSCCO - 60o < 10 % critical current 

degradation 

[64] 

2003 BSCCO 2.95-3.7 < 150o Gradual degradation 

of critical current is 

observed. 

[66] 
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2003 YBCO 4.15-

4.42 

<70 mm twist 

pitch 

Rapid degradation of 

critical current is 

observed. 

[86] 

2007 YBCO 4.1 120o The critical current 

remains unchanged up 

to 120o angle of 

rotation 

[82] 

2007 BSCCO 10 150o Critical current 

degrades above 150o. 

[82] 

2007 YBCO 4.3 114 mm twist 

pitch 

95 % critical current 

retention 

[81] 

2009 YBCO 4.1 26o/ cm Negligible effect on 

applied torsion 

[85] 

2009 YBCO 4.1 26o/ cm- 47o/ 

cm 

A linear relationship 

between applied 

torsion and critical 

current 

[85] 

2009 YBCO 4.1 Above 47o/ cm Sudden drop in critical 

current 

[85] 

2010 YBCO 4 200 mm twist 

pitch 

Critical current 

unaffected 

[83] 

2010 YBCO 4  130 mm > 

twist pitch 

Critical current 

degrades very sharply 

[83] 

2010 BSCCO 3  200 mm twist 

pitch 

2 % critical current 

degradation is 

observed 

[83] 

2013 YBCO 4.1-4.4 114 mm twist 

pitch 

5 % critical current 

degradation 

[87] 

2013 BSCCO 4.5 80-90 mm 

twist pitch 

5 % critical current 

degradation 

[87] 

2015 REBCO 4.1-4.42 80 mm > twist 

pitch 

Critical current 

sharply decreases 

[84] 
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2015 REBCO 4.1-4.42 200 mm twist 

pitch + 700 

MPa 

10 % critical current 

degradation 

[84] 

2015 REBCO 4 mm 183o angle of 

rotation + 0.3 

% tensile 

strain 

0.45 intrinsic strain 

criterion is observed 

[17] 

2022 REBCO 4 mm > 4.3o/ mm  Reversible 

degradation 

[88] 

2022 REBCO 4 mm < 4.3o/ mm  Rapid and irreversible 

degradation 

[88] 

 

It may be observed from the table that, different high-temperature superconductor 

behaves differently and tape width also influence the degradation of the HTS tape. 

Therefore, Tape width can be considered as a crucial parameter for the further study under 

torsion. 

2.5 Effect of winding on high temperature superconducting tapes 

The critical current degradation caused by the winding process of the Bi-2223 

compound was investigated and reported in 1999 [16]. In the winding process, the critical 

current degradation in the wire mainly comes from tensile, bending and torsional strain 

[16]. A winding study on a simple superconducting CORC cable conducted found that 

winding angle, core diameter and tape width are crucial parameters that influence the 

development of strain in the tape [36]. It is found that, during the winding, the outer layer 

of the tape is in the tensile state, and the inner layers are in the compressive state. For this 

reason, the REBCO layer is placed below the neutral axis to get more flexibility for the 

manufacturers. However, the study did not consider individual properties of each layer in 

their model. Instead, a homogenisation approach was taken by weighing Young's 

modulus of the copper, substrate, and superconducting layers based on the volume 

fraction of each material [36]. 

D C van der Laan investigated the electro-mechanical characteristics of 

conductors coated with YBa2Cu3O7 under high axial compressive strain in 2009 [35]. 

The critical current is up to 2% strain and exhibits no irreversible damage [35]. With the 
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help of the results reported here, a new technique for creating YBa2Cu3O7 coated 

conductor cabling for use in low ac-loss and high-field magnet applications has been 

developed. Coated conductors are wrapped around a former that has a relatively small 

diameter. Full conductor transposition is possible with this idea, along with high cable 

critical currents, low inductance, and a reasonably high engineering current density. A 

record critical current of 5021 A was measured in 2013 at 4.2 K and 19 T using CORC 

cable [38]. This number corresponds to an engineering current density of 114 A/mm2 in 

a cable with an outer diameter of 7.5 mm [38]. This is the greatest current density till 

recorded for a superconducting wire under such powerful magnetic fields. A current 

density of at least 300 A /mm2 and a cable-bending diameter as small as 40 mm were 

measured in 2015, which had previously been impossible with superconducting tapes 

produced on substrates that were 50 µm thick [89]. Compared to earlier cables wound by 

hand, a specialised cable machine made higher-quality cables with superior tape retention 

performance. With a reduction in cable diameter from 7.5 mm to 6.0 mm, the thinner 

substrate (38 µm) indicated an almost two-fold increase in engineering current density 

from 114 A /mm2 to 216.8 A /mm2 at 4.2 K and 20 T [89]. This indicates that winding 

tension and Hastelloy's thickness significantly impact the CORC cable's performance. 

The greatest performance of any CORC® cable to date was measured in 2016. 

The measured cable critical current of 7030 A at 4.2 K in a background field of 17 T 

equals a current density of 344 A /mm2 [90]. They were able to extrapolate the cable 

performance to 20 T using the magnetic field dependence, and they predicted a critical 

current of 5654 A and a current density of 309 A /mm2 [90]. The findings unequivocally 

demonstrate that significant strides are being achieved toward removing the current 

density barrier to the use of CORC® cables in the upcoming accelerator magnets. 

SuperPower Inc. in 2020 developed REBCO tapes made on a 25 µm thick Hastelloy® 

substrate. The highest current density was ever recorded in a CORC® conductor, with a 

critical current as high as 6231 A (12 T, 4.2 K), with an engineering current density of 

678 A/mm2 extrapolates to over 450 A/mm2 at 20 T [91]. The improvement in the 

engineering current density from the last few years for the CORC cable is given in Table 

2.5. From the table, it is clear that substrate thickness and core diameter significantly 

influence the engineering current density and a considerable improvement in the 

engineering current density from 2013 to 2020. 
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Table 2.5: Improvement of engineering current density in CORC cable in the past years 

Year Diameter 

(mm) 

Substrate 

thickness (µm) 

Engineering current density 

at 4.2 K and 20 T (A/mm2) 

2013 7.5 50 114 

2015 6 38 216.8 

2016 5.1 30 309 

2020 3.1-3.42 25 450 

 

A FE simulation of the 3D SSS in a CORC® wire under bending strain was 

performed in 2018 [92]. The critical intrinsic tensile strain value of 0.45 % is used to 

determine the point at which a tape's performance starts to degrade permanently. A 

parametric analysis including dependent variables was conducted to pursue further the 

optimisation of CORC cables and wires for various applications. The flexibility and 

engineering current density increase with a smaller core diameter, but tape with a thinner 

Hastelloy layer is needed [92]. CORC cable is able to pass 40 % of critical current at 123 

K for one minute without any degradation [93]. This was an interesting finding that 

showed the high degree of stability in the CORC cable. 

Using the result from the bending experiment, Soumen Kar et al. selected the 

central core diameter as 0.81 (using ETP grade copper) and the tape configuration with 

22 µm Hastelloy, 20 µm copper (electroplated on a single side), 2 µm silver cap and 1 

µm REBCO material [75]. They performed the winding by hand up to six layers by 

varying the twist pitch from 2.8 (first layer) to 4.4 (sixth layer). Bending experiments 

were conducted using this sample and found that when the bend diameter is reduced to 6 

cm, there is no appreciable critical current degradation. The critical current begins to 

degrade at 5 cm bending diameter and experienced the highest degradation of 17% at 3 

cm bend diameter [75]. 

A cable wrapped from GdBa2Cu3O7-coated conductors with an outer diameter 

of 7.5 mm and a critical current of around 2800 A at 76 K and self-field was described in 

2011 [94]. The smaller size and flexibility of the cable make it suited for Navy and Air 

Force power transmission'. This enables the electric power transmission superconducting 

wire lines with smaller diameters. They are also suitable for high-field magnet 

applications due to their ability to increase the engineering current density while 

maintaining flexibility. The advantages of a ready-to-use shape offer CORC wires an 
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appealing option for applications requiring high current densities and high-field magnets 

with small bending diameters between 4.2 and 77 K [79].  

The strain sensitivity on the critical current in the REBCO coated conductors 

during the winding for 50 mm, 75 mm, and 100 mm mandrel diameter was reported in 

the literature [67]. The mandrel diameter and pitch-to-width ratio are significant 

parameters determining the degradation point. The critical current starts to degrade at 2, 

2.5, and 4 pitch-to-width ratios, corresponding to 50 mm, 75mm, and 100 mm mandrel 

diameter [67]. In CORC cable, REBCO tape is wound helically; hence, only a portion of 

total axial tensile strain is experienced during tensile loading. As a result, the tensile load-

bearing capacity of the CORC cable is increased ten times that of the REBCO tape [95]. 

The irreversible strain limit for CORC cable or wire is about -1.2 % when the tape is 

wound into the CORC cable configuration [95]. Usually, the core of the CORC cable is 

chosen with high yield strength like hardened copper, stainless steel, beryllium-copper 

etc. [95]. The torsional strain in the REBCO layer is more prominent at smaller winding 

angles [95]. The literature concludes that the CORC cable is one of the best 

superconducting cable configurations for future applications like superconducting 

magnet, military, power grid etc. 

2.6  Effect of Fatigue type of mechanical loads on high-temperature 

superconducting tapes 

The cumulative influence of fatigue type of loading may cause the HTS 

superconducting materials to fail due to the repeated application of stress. This stress can 

be of different types like thermal, mechanical etc. 

The cyclic thermal load is caused by the cooldown of superconductor using a cryogen or 

cryo refrigerator and its heating up when not in operation. Another source is alternating 

current applications, in which the stress caused by the Lorentz force that varies 

periodically at the same frequency as that of the current. The next source is the rotational 

(centrifugal) stress, which arises in applications requiring rotating equipment such as 

motors and generators. Also, random loads in any mobile system which is less predictable 

can also causes fatigue failure [61]. 

A high cycle fatigue test on DyBaCuO bulk superconductor is reported in the 

literature [96] at room temperature. The stress ratio and the frequency chosen for their 

experiment are 0.1 and 20 Hz, respectively. The specimens fail about 2x 104 cycles when 
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the applied cyclic tensile load exceeds 60 MPa. The threshold stress intensity of this 

superconductor is reported to be in the range of 0.93 to 1.33 MPa/√𝑚. 

Many researchers are reported that the crack propagation initiated at the edges of 

the sample and propagated towards the centre [97-99]. Wei Chen et al. conducted a 

detailed experimental investigation on fatigue and found that stress ratio, amplitude, and 

external magnetic field are the parameter that influence the irreversible limit. The critical 

current value of YBCO tape is inversely proportional to the external magnetic field. 

According to the study, the amplitude has a bigger impact than the maximum stress value. 

It is reported that under fatigue loading with a stress ratio of 0.7 and a maximum stress 

value of 600 MPa, the critical current degradation does not happen below 104 cycles. The 

critical current of YBCO tape drops when the number of fatigue cycles reaches 3x104 

[100]. 

Studies have been conducted to find out the effect of fatigue, on the 

superconducting BSCCO2223 compound. One study found that there is no significant 

critical current degradation when the strain is kept between -0.2 % and 0.2 % for up to 

5000 cycles [101]. Another study reported that for reinforced BSCCO2223 tape 

conductor, the maximum fatigue tolerable c-axis tensile stress for up to 105 cycles is 

approximately 24 MPa [74]. The fatigue strength of the multifilamentary BSCCO2223 

material can be improved by sheath alloyed with Ag, Mn, etc [102]. The fatigue strength 

of the steel foiled reinforced BSCCO2223 superconducting tape was higher than that of 

the Mn sheath alloyed one [103]. 

Sugano et al. described two different mechanisms for fatigue damage. The first is 

caused by fatigue fracture of the Hastelloy substrate, and the second by fatigue fracture 

of the silver stabiliser layer. In the first case, there is insignificant critical current 

degradation; whereas, there is only a slight decrease in the critical current degradation in 

the second case [104]. Also, it is found that, most of the stress is carried in the Hastelloy 

(substrate) material. The fatigue and yield strength of superconductor can be dependent 

on the temperature. The yield strength of the SmBCO reported is 411 MPa to 573 MPa 

respectively at room temperature and 77K [105]. The fatigue life of the SmBCO 

compound is specified as 5x104 to 106 cycles, and the fatigue strength as 401 MPa and 

487 MPa, respectively, corresponding to stress ratios of 0.1 and 0.05 [105]. 
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A high cycle uniaxial fatigue test is carried out on GdBCO CC tapes of 4 mm and 

12 mm widths [106]. The 4 mm width shows a lesser fatigue limit than the 12 mm width 

one due to the slit edge effect in the 4 mm wide tape. Also reported that, regardless of the 

tape width, the characteristic strength of the tape at 77 K is in the following order.  

Yield strength > Irreversible stress limit > Mechanical fatigue limit > Electrical fatigue 

limit. 

The transverse cycle fatigue studies on HTS are limited in the open literature. Ekin 

et al. conducted the transverse fatigue study on the YBCO superconductor and reported 

that the critical current degraded by about 2 % after 2000 cycles of transverse load and 

amplitude of 122 MPa [107]. Static and dynamic fatigue study on REBCO tape through-

thickness is reported in the literature [108]. In the case of normal longitudinal fatigue 

analysis, metal fatigue is dominant because the superconducting ceramic layer is parallel 

to a metal substrate and a copper stabiliser. However, in the case of fatigue through the 

thickness, the metals and superconducting ceramic layers are in series. Therefore, the 

ceramic superconducting layer controls the fatigue strength and the crack in the REBCO 

layer due to the Subcritical Crack Growth (SCG) [108]. The paper also reported that the 

fatigue crack strength does not reduce when used at low temperatures [108]. 

The fatigue behaviour of the GdBCO with stainless-steel substrate is studied 

under cyclic tensile loading manufactured by SuNAM. The results obtained are compared 

with the previous result of those manufactured by Superpower, reported in the literature 

[98, 99]. The critical current degradation after 1, 10, 102,103,104 and 105 cycles is noted 

corresponding to the strain level of 0.35%, 0.45% and 0.50%. Critical current degradation 

is initially noticed for strains of 0.35 % and 0.45 % after 104 cycles, whereas for strains 

at 0.50 % level, critical current decreases after 103 cycles [98]. SEM image of GdBCO 

compound after fatigue analysis revealed that there are two major reason for the 

degradation of the superconducting tape [98]. One is micro-cracks initiated at the 

conductor edge and propagated inward. The second is due to the delamination of the 

superconducting layer. So bonding between the layers is a very important parameter.  This 

needs to be checked and improved during the manufacturing process itself. 

The fatigue crack growth rate and fatigue life in the interface between the different 

layers of the superconducting REBCO tape is calculated using Displacement-Energy 

Model (DEM) [109]. The results show that critical fatigue growth rate in the tape is 2.54 
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pm/cycle coreesponding to 3.9 x 105 cycles [109] for which the applied stress range is 

0.35-0.46 % and 0.002-0.007 stress ratio. 

The fatigue test under tensile loading was reported in the literature for YBCO tape 

without copper stabiliser and one side copper stabiliser (with thickness of Hastelloy 100 

µm and copper stabiliser as 100 µm). It is found that the mechanism of fatigue fracture 

starts from the Hastelloy layer. Also, it is reported that adding the copper stabiliser layer 

increases the fatigue strength of YBCO tape by 19 % for a 0.5 stress ratio [110]. The 

fatigue analysis is conducted for YBCO tape with one side copper stabiliser layer at a 

maximum load of 1720 N and a stress ratio of 0.5 and found that no degradation is 

observed up to 106 cycles. Then extract copper from the REBCO tape and carry out the 

tensile analysis. It has been noted that the copper layer's yield strength has increased and 

reached saturation after 105 cycles [110]. 

The long-term reliability studies of GdBCO tape are reported in the literature 

[111]. The static fatigue analysis was carryout in a U-shaped bend section (100 mm, 75 

mm and 50 mm bent diameters) to find the fatigue limit. At 100 mm bending diameter, 5 

% critical current degradation criteria are crossed at 50 and 40 hours under 0.88 and 0.9 

times of irreversible limit (when subjected to uniaxial tension test = 650 MPa) [111]. 

However, at a 75 mm bending radius, 5 % critical current degradation criteria are crossed 

at 22 and 2 hours under 0.88 and 0.9 times of irreversible limit [111]. The paper also 

defined the electrical fatigue limit based on time elapsed (100 hours) and 95 % critical 

current retention criteria. The electrical fatigue limit was found to be 0.63, 0.83, and 0.86 

times of irreversible limit corresponding to 50, 75, and 100 mm bending diameters, 

respectively [111].   

The high cycle fatigue test for Single Tape Wider Co-wind (STWC) was reported 

in the literature.   The study revealed that at pressures of nearly 100 MPa, a coil with 

REBCO tape wider than its co-wind, exhibited a 5% permanent critical current reduction 

[112]. The impact of cyclic transverse load on round HTS strands from two different 

manufacturers at 77 K was reported [113]. According to reports, SuperOx strand does not 

lose fatigue properties for cyclic loads of 20 MPa and 30 MPa, but at 40 MPa, strand 

performance began to decline after 800 cycles (with a 5% degradation). In comparison, 

the SuperPower sample with the non-annealed copper profiles has shown to have very 
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stable performance for the load amplitudes up to 40 MPa: strand’s critical current was 

almost unaffected after 1000 load cycles [113]. 

The fatigue analysis of REBCO tape when subjected to repeated bending load and 

torsional load is limited in the open literature. In 2009, critical current degradation due to 

repeated bending load was reported for a 10 mm width and 100 µm Hastelloy thick tape 

[114]. The repeated bending load varied from a lower limit of 0.1 % strain to an upper 

limit of 0.91 %, 0.93 %, and 0.94 % strain. It is found that when the upper limit is 0.93 % 

and 0.94 %, the critical current degraded suddenly after 104 cycles. However, when the 

upper limit is 0.91 %, the sudden decrease in the critical current is visible after 2x104 

cycles [114]. 

Tomokazu Matake in 1977 reported that the fatigue cracks are initiated in the slip 

band and it appeared in the direction of maximum shearing stress [115]. The fatigue crack 

is caused by the repetition of slip in the crystal and its propagation is caused by normal 

tensile stress. This Matake criterion coincides with the empirical equation suggested by 

Gough for the brittle material [115].  

2.7 Technological Gaps 

A detailed literature survey on the superconducting tapes/ cables under different 

mechanical loads such as thermal, tensile, bending, twisting, and fatigue loads is carried 

out. Some of the major research gaps are identified.  

 Limited studies on the estimation of degradation in HTS superconducting cables 

under mechanical, thermal, and fatigue loading conditions are observed in the open 

literature. In addition, the determination of the extent of degradation in HTS tapes under 

different mechanical loading and its role on layer thicknesses and width are not explored 

in detail, since superconducting CORC cables/wires are in the developing stage. Studies 

on the influence of the winding of REBCO are limited and not available for a wide range 

of geometrical parameters. Another critical factor that leads to the degradation of the 

superconducting tape/ cable is the fatigue type of loading. HTS are more susceptible to 

fatigue due to repetitive thermal and electro-mechanical loads. However, the influence of 

fatigue loading on the performance of HTS REBCO tapes cannot be fully understood 

from the current open literature. 

Therefore, the objective of the study is formulated based on the technological gaps 

identified. The literature have also helped in finding the methodology to be adopted in 
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achieving each objective. Some of the fundamental theories related to the selected 

methodology/ approaches are also discussed in the subsequent chapters. 
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Chapter 3 

Objectives and Methodology 

3.1 Objectives of the thesis 

The overall objective of the work is to simulate and experimentally validate the 

degradation in superconducting REBCO tapes of various geometric sizes under different 

loading conditions. The specific objectives for accomplishing the overall objective are as 

follows. 

➢ Estimate the amount of strain developed in HTS REBCO tapes of different sizes 

and layer thicknesses under tensile loading conditions. 

➢ Determine the extent of degradation in HTS tapes under bending and its role on 

layer thicknesses and width. 

➢ Find out the combined effect of torsion and tension loads on the performance of 

HTS tapes under various tape dimensions. 
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➢ Evaluate the influence of the winding process of REBCO tapes on CORC cable 

configuration under various geometrical parameters.  

➢ Carry out studies to bring out the role of fatigue loading on HTS tapes of varying 

layer thicknesses and width. 

The specific objectives target the performance variation of HTS REBCO tape when 

subjected to different loading conditions. At first, the tape will be subjected to tensile 

load. The geometrical parameters of the tape will also varied to find the critical loading 

condition under tension.  Afterwards, the degradation of the tape when subjected to 

bending and twisting loads are investigated for different geometrical configurations. The 

fourth stage, the effect of winding on a single layer superconducting CORC cable is 

carried out. Effect of  critical central core diameter, best winding angle, layer thicknesses 

and tape width are investigated. The final stage deals with fatigue analysis of 

superconducting REBCO tape under repeated cyclic tensile, bending and torsional loads.  

Each specific objective will be accomplished so that the overall objective of the 

degradation in REBCO superconducting tapes under various geometry and mechanical 

loading conditions are achieved. 
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3.2 Methodology 

The methodology for accomplishing each specific objective and thereby the 

overall objective is schematically depicted using a flow chart 3.1. 

 

Figure 3.1: Methodology adopted to accomplish the objectives 
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According to the methodology, the investigations start with a detailed literature review to 

recognize the challenges and the gap areas that need to be concentrated. This will give 

rise to the problem definition and the formulation of the objectives. In order to accomplish 

each of the objectives, simulation-based analyses are chosen. The HTS tape is modelled 

right from its production phase.  The REBCO tape production process consists of two 

steps. In the first step, REBCO film is deposited on the substrate using the MOCVD 

method. MOCVD is conducted at 1020 K, and then it is cooled to 333K. At 333 K, copper 

electroplating is performed to create the copper stabilising layers, and then it is cooled 

down to room temperature. During the production stage, the cooldown from 1023 K to 

77K residual strain induced in the tape. It may be noted that this residual strain value is 

critical in the case of superconductors. After that, the tape is subjected to various 

mechanical loads. The mechanical loads include tension, bending, and combined tension 

and torsion load. In addition to this, winding simulation is also carried out, which includes 

the combined effect of tension, torsion, and bending loads. Afterwards, the tape is 

subjected to fatigue loads. The fatigue failure is significant because the HTS tapes are 

subjected to fatigue loadings while in operation in terms of repeated thermal cycles, 

periodic electromagnetic force, etc. along with the repeated structural loads. This will 

adversely impact the performance of superconductors and result in the degradation of 

superconducting wires and cables in magnets and power systems.  

 The simulation results obtained will be compared with the experimental results 

available in the open literature. Once the simulation results are in good agreement with 

the experimental ones, parametric analyses are carried out under different loading and 

geometrical conditions of the tape. The mechanical loads are varied within a practical 

range as understood from the literature.  The geometrical parameters considered are the 

thickness of Hastelloy, copper layers, tape width, winding angle, and core diameter. After 

completing the parametric analysis, the result obtained out of different parametric studies 

are compared and consolidated. The critical parameters for manufacturing REBCO tape 

and CORC cables are thus determined.  
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3.3 Finite element analysis   

Finite element analysis is the process of solving the physical phenomenon using the 

numerical technique. The detailed step involved FEA analysis is depicted in Figure 3.2. 

Engineers utilise FEA software to reduce the number of physical prototypes and 

experiments and optimise components throughout the design phase to build better 

products faster and save money.  

 

Figure 3.2: Different steps involved in the Finite Element Analysis (FEA) 
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The discretisation of the geometry is the first step in the finite element method to break 

down the geometry into smaller elements. In one-dimensional geometry, the link element 

is employed, in two-dimensional geometry, triangle or quadrilateral elements are used, 

and in three-dimensional geometry, tetrahedron or hexahedron elements are primarily 

used. Identify the primary unknown and apply the boundary condition after discretisation. 

The primary unknown in structural problems is displacement. The most crucial step is to 

choose the interpolation or shape function. Based on the element type, simple linear, 

quadratic, cubic, and others, the interpolation functions are selected. The next step is to 

derive and apply the element-equation to each element. Equilibrium equations, strain 

displacement relations, and stress-strain relations are the governing equations in structural 

problems. In the fifth step, the element equations are combined to form an overall 

equation (Overall stiffness matrix). In the sixth step, use the numerical techniques like 

the Gauss elimination etc. to solve the overall equation and thereby determine the primary 

unknown (displacement). The seventh step implements the theory of elasticity and 

Hooke's law to calculate secondary unknowns such as strain and stress. In the final step, 

the results are displayed and interpreted. 

3.4 FEA Software  

Modelling has a vital role in engineering and design. Simulation modelling is the 

act of creating and analysing a mathematical replica of a physical model to determine 

under what situations and in what ways a part might fail, how efficient it is,  the maximum 

load it can withstand, method to improve its performance etc. A mathematical model 

helps to save money and production time. Complex problems can be simulated with the 

help of simulation software without producing any prototypes. One of the most appealing 

aspects of simulation analysis is parameter analysis; any parameter can be modified easily 

and quickly.  

3.4.1 COMSOL Multiphysics 

The COMSOL Multiphysics general-purpose FEA software platform is based on 

cutting-edge numerical techniques. It offers a number of physical interfaces and tools for 

applications in the electrical, mechanical, and chemical fields. The attractive feature of 

this software is that it provides to couple different physics phenomena. 
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Regardless of the application, COMSOL Desktop is a strong integrated platform built 

for cross-disciplinary product development with a fixed workflow. The model tree in 

the model builder provides the model's complete structure, including geometry, mesh, 

and physics settings, boundary conditions, studies, solver, post-processing, and 

visualisation. COMSOL Multiphysics is not good enough to draw complicated geometry, 

so it offers Live Link connections to well-developed CAD packages like Solid Works, 

CATIA, Pro/ENGINEER, Revit, AutoCAD, Inventor, Solid Edge, etc. Also, it offers a 

good programming environment by live link connection with MATLAB. 

 Material properties, boundary conditions, source or sink terms etc., can be defined 

with the help of user-defined equations. Material properties also can be imported in .txt, 

.xlsx, .dat format as a function. It will automatically do extrapolation and interpolation 

without any additional computation. Loads, parameters etc. can be changed step by step 

with the help of auxiliary sweep and parameter sweep. 

 Results can be exported to text files in the .txt, .dat, and .csv formats. 

WithLiveLink™ for Excel®, results can be exported to the Microsoft® Excel® .xlsx 

format.  

3.4.2 Hooke’s Law 

Hooke's law states that the stress is directly proportional to strain when a material is 

loaded within the elastic limit [116] . The Hooke's law of linear elasticity is usually 

written as, 

                                         σij =Cijkl εkl                                                                                          (3.1) 

Where 'σ' and 'ε' are the stress and strain tensor of second-order, while the constitutive 

tensor C is a fourth-order tensor. 

3.4.3 Analysis of deformation 

For structural analysis of tiny and finite deformations, COMSOL Multiphysics 

uses a comprehensive Lagrangian model. This demonstrates that the calculated stress and 

deformation state are always related to the configuration of the material relative to its 

present position in space. Therefore, spatially varying material properties can be 

evaluated just once for the initial material configuration, and do not change when the solid 
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deforms and rotates [117]. During deformation, the particle follows the path provided by 

[117], 

                                                        x = x(X,t)                                                             (3.2)  

                                                      x = X + u(X,t)                                                        (3.3) 

Where x, X represents the spatial and material coordinates, and u is the displacement. The 

displacement is a function of the material coordinates (X, Y, Z) but not the spatial 

coordinates directly (x, y, z). As a result, derivatives can only be computed with respect 

to the material coordinates. The coordinate mapping is pictorially represented in Figure 

3.3 [117]. 

 

Figure 3.3: Pictorial representation of the spatial and material coordinate mapping 

The gradient operator is represented with respect to material coordinate is represented as, 

                                                    ∇ = ∇x = [
𝜕

𝜕𝑋
,

𝜕

𝜕𝑌
,

𝜕

𝜕𝑍
]                                                 (3.4)  

So the gradient of displacement is always provided with respect to material coordinate in 

COMSOL Multiphysics [117], 
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                                                              (3.5) 

Using the deformation gradient tensor F, the mapping from an infinitesimal line element, 

dX, to the equivalent deformed line element, dx, is illustrated. Deformation gradient ‘F’ 

completely represents the local straining and rotation of the material. It is a two-point 
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tensor (double vector) that transforms into a vector for each of its indexes. The reference 

and current configurations are involved in F.  

                                          dx = 
𝜕𝑥

𝜕𝑋
dX =FdX                                                (3.6) 

The deformation of the material also leads to the change in the density, and it is 

represented in equation 3.7[117]. 

                                        
𝑑𝑉

𝑑𝑉𝑜
 = 

𝜌𝑜

𝜌
 = det(F) = J                                         (3.7) 

Where 'ρo' and 'ρ' represent the initial and current density after the deformation, the 

volumetric change with respect to the initial state is represented by the determinants of 

the deformation gradient tensor F. Determinants of deformation gradient are always 

positive, and it is less than one for compression and more than one for expansion. In the 

case of pure rigid body and incompressible materials, J = 1.  

In general, mass-density is considered constant in the material formulation in 

COMSOL Multiphysics because it is formulated for fixed material particles. So one of 

the assumptions used here is temperature-independent mass density, and change in the 

volume with temperature is incorporated with the help of thermal expansion coefficient 

data. 

3.4.4 Deformation calculation 

The deformation gradient tensor 'F'  combines the material and spatial coordinates, and 

is asymmetric. A singular value decomposition can be used to calculate the amount of 

stretch or rotation that a unit volume material has experienced. Right polar decomposition 

is applied on the deformation gradient, 

                                             F = RU                                                                 (3.8) 

Where U is the right stretch tensor in the material frame and R is the proper orthogonal 

tensor (det(F) =1 and R-1=RT). The rotation tensor R describes the rigid rotation, and the 

symmetric tensor U provides all information about the material's deformation. The 

eigenvalues of U tensor λ1, λ2, and  λ3 are the principal stretch.  

                                      λ = 
𝑳

𝑳𝒐
  = 1+ εeng                                                                 (3.9) 
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Where Lo, L are the initial and current length, respectively, and εeng is the engineering 

strain. λ1, λ2, and  λ3 are acted along the three mutually perpendicular directions. In the 

case of nonlinear analysis, the Green-Lagrange strain tensor is usually used to represent 

the strain in COMSOL Multiphysics software [117]. 

                              Green-Lagrange strain 'ε' = 
𝟏

𝟐
(C-I) =

𝟏

𝟐
(FFT-I)                              (3.10)      

Where C is the right Cauchy-Green deformation tensor (FFT=U2) [117]. The Green-

Lagrange strain tensor is represented by using displacement component, and the cartesian 

coordinate is, 

                                         εij = 
𝟏

𝟐
(
𝝏𝒖𝒊

𝝏𝑿𝒋
+

𝝏𝒖𝒋

𝝏𝑿𝒊
+

𝝏𝒖𝒌

𝝏𝑿𝒊

𝝏𝒖𝒌

𝝏𝑿𝒋
)                                                 (3.11) 

Please note that "ε' denote the Green-Lagrange strain in nonlinear analysis and 

engineering strain in the linear analysis. 

3.4.5 Engineering strain 

The strain is used to define the state of strain at a point. In the case of small-displacement 

and rotation, normal and shear strain components are represented below, 

                                                     εx = 
𝜕𝑢

𝜕𝑥
                                                                    (3.12)  

                                                     εy = 
𝜕𝑣

𝜕𝑦
                                                                    (3.13)                                                    

                                                    εx = 
𝜕𝑤

𝜕𝑧
                                                                    (3.14)                                                                 

                                              εxy = 
𝛾𝑥𝑦

2
 = 

1

2
(
𝜕𝑢

𝜕𝑦
+ 

𝜕𝑣

𝜕𝑥
)                                                                               (3.15)                                                                       

                                              εyz = 
𝛾𝑦𝑧

2
= 

1

2
(
𝜕𝑣

𝜕𝑧
+ 

𝜕𝑤

𝜕𝑦
)                                                                               (3.16)                                                                    

                                              εxz = 
𝛾𝑥𝑧

2
= 

1

2
(
𝜕𝑢

𝜕𝑧
+ 

𝜕𝑤

𝜕𝑥
)                                                                                (3.17)                                                                                

                                               ε = [

𝜀𝑥 𝜀𝑥𝑦 𝜀𝑥𝑧

𝜀𝑥𝑦 𝜀𝑦 𝜀𝑦𝑧

𝜀𝑥𝑧 𝜀𝑦𝑧 𝜀𝑧

]                                                   (3.18) 
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3.4.6 Strain contribution due to inelastic strain 

Total strain developed is the combination of elastic strain and inelastic strain. Inelastic 

strain, which includes, Initial strain (ε0), External strain (εex), Thermal strain (εth), 

Hygroscopic strain(εhs), Plastic strain (εp), Creep strain, (εcr), and Viscoplastic strain (εvp). 

So total strain can be represented as 

                                                        ε = εe + εinel                                             (3.19) 

                                    εinel = ε0 + εex + εth + εhs + εp + εcr + εvp                                      (3.20)   

The thermal strain mentioned in equation 3.19 can be computed using the following 

expression, 

                                         εth = α (T – Tref)                                                     (3.21) 

Where 'α' is the coefficient of thermal expansion (CTE) and T, Tref are the current and 

strain-free reference temperatures.        

Total deformation gradient F can be represented as follows, 

                                             F = Fel Finel                                                         (3.22) 

The deformation gradient tensor is also mapped from material frame to spatial frame. 

However, in this case, three frames are involved. The Finel tensor is mapped from the 

material frame to the intermediate frame, and the Fel tensor is mapped from the 

intermediate frame to the spatial frame. Fel also can be computed using the inverse of Finel 

in equation 3.20, 

                                          Fel = F Finel
-1                                                         (3.23) 

The elastic right Cauchy-Green deformation tensor can be computed using Fel and then 

find the elastic Green-Lagrange strain tensor. 

                                             C = Fel
T Fel                                                         (3.24) 

                                           εel = 
𝟏

𝟐
(Cel- I)                                                        (3.25) 
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The different inelastic processes (thermal expansion, plasticity etc.) are applied 

subsequently to calculate the total inelastic deformation tensor Finel. 

                                  Finel = F1F2F3F4 ...                                                       (3.26) 

Plastic strains are primarily expressed as the plastic deformation gradient tensor, Fpl, in 

cases with high plasticity. From the plastic deformation gradient tensor, the plastic Green-

Lagrange strain tensor is computed as, 

                                         εpl = 
𝟏

𝟐
(Fpl

T Fpl- I)                                                    (3.27) 

3.4.7 Different types of stress  

There are several kinds of stress tensors that are frequently used in COMSOL 

Multiphysics, including Cauchy stress 'σ', First Piola-Kirchhoff stress 'P', Second Piola-

Kirchhoff stress 'S' etc. Cauchy stress is defined as a force per deformed area in fixed 

spatial directions and is symmetrical. First, the Piola-Kirchhoff stress is a two-point 

unsymmetric tensor, with the force in the spatial frame and the area in the orthogonal 

(material) frame. The force and area of the second Piola-Kirchhoff stress, which is a 

symmetric tensor, are both in the material frame. The stress should be considered as the 

second Piola-Kirchhoff stress in geometrically nonlinear analysis. The stress represented 

as,  

                                                       S = F-1P                                                               (3.28) 

                                                 σ = J-1PFT = J-1FSFT                                                  (3.29) 

The distinction between all the three stress measures vanishes and converges to a single 

value in the case of linear analysis. 

3.4.8 Equation of motion 

The expression "P" = "FS" can be used to calculate the first Piola-Kirchhoff stress "P" 

from the second Piola-Kirchhoff stress. The equation of motion is expressed as follows, 

where nominal stress is another name for the first Piola-Kirchhoff stress [117].  

                                               ρo
𝝏𝟐𝒖

𝝏𝒕𝟐
 = FV - ∇X. P                                                       (3.30) 
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Where 'FV' and 'ρo' are the volume force vector and the density corresponding to the initial 

undeformed state. The volume force vector 'FV' contains components in the real 

configuration but is expressed in terms of the undeformed volume. The tensor divergence 

operator is calculated with regard to the material frame's coordinates. The equation 3.30 

can be represented in vector and tensor component form, 

                                ρo
𝝏𝟐𝒖𝒙

𝝏𝒕𝟐
 = FVx – (

𝝏𝑷𝒙𝑿

𝝏𝑿
+ 

𝝏𝑷𝒙𝒀

𝝏𝒀
+ 

𝝏𝑷𝒙𝒁

𝝏𝒁
)                                          (3.31) 

                                ρo
𝝏𝟐𝒖𝒚

𝝏𝒕𝟐
 = FVy – (

𝝏𝑷𝒚𝑿

𝝏𝑿
+ 

𝝏𝑷𝒚𝒀

𝝏𝒀
+ 

𝝏𝑷𝒚𝒁

𝝏𝒁
)                                          (3.32) 

                               ρo
𝝏𝟐𝒖𝒛

𝝏𝒕𝟐
 = FVz – (

𝝏𝑷𝒛𝑿

𝝏𝑿
+ 

𝝏𝑷𝒛𝒀

𝝏𝒀
+ 

𝝏𝑷𝒛𝒁

𝝏𝒁
)                                           (3.33) 

Equation 3.29 can be used to determine the Cauchy stress. True stress is a symmetric 

tensor that correlates forces in the current configuration (spatial frame) to areas in the 

current configuration. The following form can be used to express equation 3.30 in terms 

of Cauchy stress, 

                                                   ρ
𝝏𝟐𝒖

𝝏𝒕𝟐
 = fV - ∇x . σ                                                       (3.34) 

Where 'fV' and 'ρ' are the volume force vector and density corresponding to the actual 

deformed state. In this case, the volume force vector components are in the spatial frame 

with respect to the deformed volume. The divergence operator is computed with respect 

to the spatial coordinates. 

Above mentioned approaches and theories are used in the COMSOL Multiphysics to 

develop the simulation models. 

3.5 The organization of the thesis 

The thesis is divided into ten chapters, and the chapter-wise split up is given as follows: 

Chapter 1. Introduction: This chapter introduces the area of research, emphasizing the 

significance, applications, and challenges in the field of research. 

Chapter 2. Literature Review: Extensive literature survey has been done on various 

superconducting wires/ tapes of HTS tape and also on the different mechanical loads 
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applied on them like tensile, thermal, bending, twisting, winding and fatigue. The 

research gaps identified to find out the overall and specific objective of the work. 

Chapter 3. Methodology: This chapter discusses the objectives of the research study. And 

also, the methodology followed to accomplish the objectives.  

Chapter 4. Effect of residual strain and tensile load on the degradation of REBCO 

superconducting tape: This chapter discusses how residual strain affects tape degradation 

under tensile loading. In the first stage, the residual strain is calculated analytically and 

numerically, and the results are compared. The degradation of the tape under tensile 

loading is evaluated in the latter stage, and critical parameters for the degradation of tape 

are suggested. 

Chapter 5. Effect of bending load on the degradation of REBCO superconducting tape: 

This chapter discusses the impact of bending loading on the degradation of 

superconducting REBCO tape. The initial phase of this chapter deals with the analytical 

calculation of bending strain using the Flexure formula. In the later stage, degradation of 

REBCO tape under bending load is evaluated numerically with and without using plastic 

strain. In the final phase, critical current degradation of the REBCO tape is calculated 

using the power law and the numerical simulation results. 

Chapter 6. Effect of twisting and combined tensile and twisting loads on the degradation 

of REBCO superconducting tape: Twisting load, which is another crucial load that leads 

to the degradation of superconducting REBCO tape is studied in detail. The initial stage 

of this chapter evaluates the effect of twisting on the degradation of tape. In the later 

stage, critical current degradation is calculated using the empirical relation reported in the 

literature. 

Chapter 7. Effect of winding on the degradation of REBCO superconducting tape: This 

chapter deals with the winding of simple superconducting CORC cable and then evaluates 

critical winding parameters. Parameters considered for this study are core diameter, 

winding angle, tape width, Hastelloy and copper thickness. The final stage, critical current 

degradation of the REBCO tape, is evaluated using the empirical correlation reported in 

the literature. 
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Chapter 8: Effect of fatigue loads on the degradation of REBCO superconducting tape: 

This chapter evaluates the ability of REBCO tape to withstand repeated cyclic loads for 

different geometrical configurations when subjected to tensile, bending, and twisting 

forces. The results obtained for the three types of repeated loads are compared to each 

other. The maximum allowable repeated tensile, bending, and twisting loads values for 

different copper and Hastelloy thicknesses are also presented.  

Chapter 9: Conclusions: This chapter consolidates the important findings from each 

chapter and discusses the significance of each load on the degradation of the REBCO 

tape.  

  



68 
 

 

  



69 
 

 

Chapter 4 

Effect of residual strain and tensile load on the 

degradation of REBCO superconducting tape 

Different mechanical loads causes strain to be induced in the REBCO layer, which 

leads to the eventual degradation of the tape. One of the most important factors to consider 

while analyzing the degradation of REBCO tape is the induced-strain in the tape. The 

residual strain developed in the tape also contributes towards the development of induced-

strain in the REBO tape. The degradation of the REBCO tape under various loading 

conditions is further investigated in the following chapters. 

 

4.1. Introduction 

The second-generation HTS like the REBCO are brittle in nature. They must first 

be transformed into tapes before being converted into superconducting cables & wires for 

use in various applications. The superconducting REBCO material is deposited/ coated 
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on a substrate layer for making tapes. Different types of deposition techniques are used 

to convert REBCO material into tapes. MOCVD is used to deposit REBCO material into 

the substrate. The MOCVD method shows superior properties, grain orientation, and cost-

effectiveness compared to other types of techniques. During the MOCVD process, the 

materials are subjected to temperatures up to 1020 K; later, when used as superconducting 

cables/ wires, they are cooled to liquid nitrogen temperature as low as 77 K. Due to this 

wide range of temperature variations, residual strain is developed in the tape. These 

residual strains significantly impact the operation and reliability. The effects of residual 

strain on the structural properties of the superconducting layer are studied. In addition, it 

is essential to understand how changes in the different geometrical parameters of the tape 

influences the residual strain.  

Understanding and regulating residual stress can help to define the occurrence of 

peak critical current values in REBCO tapes. This, in turn, aids in designing and 

customising these tapes to meet the specific requirements of many applications [118]. 

This residual strain is formed mainly due to the difference in the thermal expansion 

coefficient between the constituting layers in the REBCO tape [118, 119]. Tensile load is 

the simplest form of the load that acts on the tape during the manufacturing stage and 

application phase of the superconducting cable. In this study, initially the residual strain 

developed is calculated and then the effect of tensile loading is studied by applying the 

tensile load on the tape. The pictorial representation of the REBCO tape is shown in 

Figure 4.1. 

 

Figure 4.1: Pictorial representation of the constituent layer of REBCO tape [120]. 

A superconducting layer is grown over buffer layers coated on a Hastelloy 

substrate (Hastelloy, stainless steel or nickel alloys). Buffer layers avoid diffusion 
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between substrate and REBCO layer and allow homogeneous growth by compensating 

lattice mismatch. RABITS, ABAD (Alternating Beam Assisted Deposition) or IBAD  is 

used to provide good alignment of grains for longer tapes [119]. A good texture decreases 

the angle between grain boundaries, which is necessary for higher performance. Copper 

is electroplated around the tape for additional electrical, mechanical and chemical 

stability. Copper thickness is important because it grows as the induced residual strain in 

the REBCO layer increases, hence increasing the irreversible axial strain limit [52, 121]. 

The thickness of the REBCO layer depends upon the manufacturing method used. All 

matrix materials' thermal and mechanical properties are essential in determining the 

relative strain developed in each layer due to differences in thermal expansion 

coefficients. The whole physical process of production of a REBCO-type tape is 

modelled. 

4.2.  Modelling 

The modelling of the tape production process, including its cooldown, is divided 

into two steps. In the initial state, REBCO tape is deposited on the substrate (Hastelloy 

C276) using MOCVD process. This is the most crucial step in the actual situation because 

the quality of this operation impacts the tape's overall transport properties. The pictorial 

representation of the tape production process is shown in Figure 4.2.  

 

Figure 4.2: Pictorial representation of the production process and loading phase of 

REBCO tape. 
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After the deposition of REBCO into the substrate, it is cooled down to 333 K. The 

remaining layers of the tape including the copper layers are electroplated. Then, the 

second step is to cool down the tape to room or operating temperature (liquid nitrogen 

temperature) to evaluate the residual strain developed in the REBCO layer. In the final 

stage, the tensile load is applied to find the critical degradation point of the tape. The 

superconducting tape considered in this study is the REBCO type designated as SCS4050 

[121], where the numbers 40 and 50 represent the thickness of copper and Hastelloy layers 

in micrometres, respectively. The cross-section of the tape showing different layers is 

depicted. The tensile load is applied to the REBCO tape to calculate the critical limit. The 

geometry of the tape considered for the analysis is 4 mm width, and 10 mm length with a 

thickness of 0.091 mm, as shown in Figure 4.3.  

 

Figure 4.3: Geometric representation of REBCO tape selected and its layers. 

Only REBCO, Hastelloy and copper are considered for the modelling of the tape and 

neglect the buffer layer and silver overlayer throughout analysis. Because stress 

contribution due to these layers are negligible due to it small thicknesses. Similar 

assumptions are also taken by other researchers [17].  The assumptions considered for the 

modelling are,  

• Poisson's ratio, thermal expansion coefficients of all materials, and other material 

properties of REBCO are independent of temperature. 

• Linear temperature-dependent properties of Hastelloy and Copper are used. 

• Stress contribution from buffer and silver cap layers is considered negligible due to 

their very low thickness 

• REBCO is elastic under the whole range of applied load 
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In the final part, a geometrically parametric study is conducted by varying the thickness 

and width of the REBCO tape. The effects of residual strain and tensile load on the 

REBCO layer are found. For each case, the critical limit under the residual strain and 

tensile loading conditions in the superconducting REBCO layer of tape is determined. 

4.2.1. Meshing and boundary conditions 

A mesh-independent study is conducted to identify the optimal mesh for the 

model. The optimal mesh identified and used for this analysis is 14 elements along the 

width, 36 elements along the length and 4 elements along the thickness of the REBCO 

tape. The approach used is the Birth and death method [122]. Adding a passive copper 

layer is the first step of modelling. This passive copper layer deforms freely without 

providing any stress during the initial cool down (Step 1). This is accomplished by 

providing a very low Young's modulus’ value to the copper layers in the first step. Copper 

is electroplated on the deformed geometry before the second step of the modelling 

(cooling down from 333 K to RT/ 77 K).  In the second step, the actual properties are 

provided to all the layers to obtain the residual stress/ strain.  

4.2.2. Material properties 

Material properties selected for the modelling are given the Table 4.1. The plastic 

properties of Hastelloy and copper are considered and plotted in Figure 4.4. REBCO is 

considered elastic under the whole range of applied load. 

Table 4.1: Material properties of Hastelloy, copper and REBCO [17] 

 Hastelloy Copper REBCO 

293.15 

[K] 

77 [K] 293.15 

[K] 

77 [K] 

Young's Modulus 

(GPa) 

223 228 80 98 157 

Yield stress (MPa) 891 1141 120 146 ….. 

Poissons ratio 0.307 0.307 0.34 0.34 0.3 

Thermal expansion 

coefficient 

1.34 x 10-5 1.34 x 10-5 1.37 x 10-5 1.37 x 10-5 1.1 x 10-5 
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Figure 4.4: Plastic properties of Hastelloy and copper [17]. 

Both the plastic properties and elastic properties are directly taken from the literature [17]. 

4.2.3. Analytical Approach for Residual Strain Calculation 

The residual strain developed during the production process of the REBCO tape can be 

calculated using the analytical equation 4.1 [52]. 

            
((𝛼ℎ−𝛼𝑟)∗𝑉𝑓ℎ∗𝐸ℎ∗𝛥𝑇1+(𝛼𝑐−𝛼𝑟)∗𝑉𝑓𝑐∗𝐸𝑐∗𝛥𝑇2)

𝑉𝑓ℎ∗𝐸ℎ∗𝛥𝑇1+𝑉𝑓𝑐∗𝐸𝑐∗𝛥𝑇2
* ΔT1                          (4.1) 

Where αh, αr, αc are the thermal expansion coefficients of the Hastelloy, REBCO layer 

and that of the copper layer, respectively. Vfc, Vfh are the volume fractions of copper and 

Hastelloy, respectively. Eh, and Ec are Young's modulus of Hastelloy and copper. ΔT1= 

(293.15 K (or 77K) - MOCVD temperature) and ΔT2= (293.15 (or 77K) - copper 

electroplating temperature). And the MOCVD temperature is 1020 K, and the 

electroplating temperature for copper is 333 K. 

4.2.4. Validation 

Table 4.2 depicts the numerical simulation model is successfully validated by 

comparing with experimental and simulation results published in the literature [17]. Both 

results show good agreement, and a maximum deviation of 3 % is observed between the 

present simulation result and the result published by K llin et al. [17]. Analytical 

evaluations are also carried out to verify the residual compressive strain generated at the 
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end of the manufacturing process. The residual strain in the REBCO layer is compressive 

due to the difference in the thermal expansion coefficient of constituting layers.  

Table 4.2: Comparison of present study and previous studies  

Parameter 
Experimental Data 

literature [17] 

FEM 

Literature 

[17] 

FEM 

(Present 

study) 

Analytical 

(Present 

study) 

Residual strain in 

REBCO layer at RT 

(%) 

-0.20 

 

-0.17 

 

-0.17 

 

-0.17 

 

Residual strain in 

REBCO layer at 77 K 

(%) 

- 
-0.237 

 

-0.242 

 

-0.245 

 

 

The intrinsic axial strain in the REBCO layer should not exceed 0.45 % to prevent 

degradation of the superconducting wire. The strain developed in the REBCO layer is 

calculated in these conditions to determine the threshold criterion for irreversible critical 

current degradation. C. Zhou et al. [123] evaluated the performance of SuperPower® 

REBCO tape in a critical current-strain testing rig. The results of their experimental work 

are compared with this simulation results. The intrinsic strain versus applied strain in the 

REBCO tape under tensile loading at liquid nitrogen temperature is depicted in Figure 

4.5. 
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Figure 4.5: Intrinsic strain vs applied strain in the REBCO layer at room 

temperature. 

It may be noted that after the production process there is 0.242 % residual strain 

is developed in the tape. So, when the applied strain is 0 %, the intrinsic axial strain in 

the REBCO layer is -0.242 %. It is also noted that there is a linear relationship between 

the applied strain and the intrinsic axial strain. To achieve a strain-free state, need to apply 

around 0.25 % of applied strain. Researchers will be benefited by understanding the 

strain-free state of the REBCO tape corresponding to different geometrical 

configurations. 

 

Figure 4.6: Stress vs percentage of applied strain in the REBCO tape at room 

temperature. 
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Figure 4.6 depicts the applied strain versus stress in the REBCO tape under tensile loading 

at room temperature. Both experimental and simulation findings illustrate good 

agreement, with a maximum deviation of 1.8 % between the two. It may be noted that 

when the intrinsic tensile strain reaches 0.45 %, causing REBCO tape degradation, the 

stress developed in the REBCO tape is 861 MPa and the applied strain is 0.7 %. This 

simulation model is used to carry out the parametric studies mentioned in the subsequent 

sections.  

4.3. Results and discussion 

The effect of each geometrical parameter on the development of residual strain is 

examined in this section by numerical simulation and analytical calculations. The 

parameters considered for this analysis are Hastelloy thickness, copper thickness and tape 

width. 

4.3.1. Residual strain computed analytically at room temperature and 77 K 

Figure 4.7 depicts the variation of residual strain with changes in Hastelloy 

thickness calculated analytically at room temperature. It may be noted that as the 

Hastelloy thickness decreases, the compressive residual strain in the REBCO layer 

increases. 

 

Figure 4.7: Residual compressive strain at room temperature calculated analytically  

When reducing the thickness of the copper from 0.02 mm to 0.004 mm, the value of the 

residual compressive strain at room temperature approaches a constant value with 
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changes in Hastelloy thickness for any particular copper thickness. For instance, when 

the Hastelloy thickness varied from 0.05 mm to 0.02 mm for a particular copper thickness 

of 0.02 mm, the residual compressive strain increased by 2.44 %. Similarly, When the 

copper thickness is varied from 0.02 mm to 0.004 mm, the residual compressive strain 

induced in the REBCO layer decreases. Compressive strain decreases by 1.33 % when 

the copper thickness is reduced from 0.02 mm to 0.004 mm at a Hastelloy thickness of 

0.05 mm (maximum). The decrease for the exact change in copper thickness is 3.3 % if 

the thickness of the Hastelloy is minimum (0.02 mm). Please note that tape width kept a 

constant of 4 mm. It may also be observed that the graph becomes steeper at a smaller 

Hastelloy thickness. 
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Figure 4.8:  Residual compressive strain at 77 K calculated analytically 

Figure 4.8 shows the variation of residual compressive strain with changes in 

Hastelloy thickness of different copper thicknesses at 77 K. More residual strain is 

developed at 77 K compared to room temperature. Similar to the previous case (room 

temperature), the residual compressive strain increases with a reduction in Hastelloy 

thickness. For instance, when the copper thickness is reduced from 0.02 mm to 0.004 mm, 

the residual compressive strain at 0.05 mm and 0.02 mm Hastelloy thicknesses drop by 

5.7 % and 12.3 %, respectively. The reason for the variation of residual strain with 

changes in Hastelloy and copper thicknesses is further investigated. 

When the tape cools down to liquid nitrogen/ room temperature, copper undergoes 

more compressive strain and also tries to pull the REBCO and Hastelloy to the 
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compressive side because copper has a high value of thermal expansion coefficient. At 

the same time, REBCO and Hastelloy pull back the copper to the tensile side, as shown 

in Figure 4.9. It may be noted that the thermal expansion coefficient of REBCO, Hastelloy 

and Copper are 1.1×10-5, 1.34×10-5 and 1.77×10-5, respectively.  

 

 

 

Figure 4.9: Schematic diagram of thermal loading:  a) Before loading b) After loading 

(no bonding between the layers) c) After loading (actual situation) 

Each layer's volume fraction influences the development of the pulling load between the 

layers. Considering the effect between the REBCO and Hastelloy layers, Hastelloy tries 

to pull the REBCO layer to the compressive side, and the REBCO layer tries to pull the 

Hastelloy to the tensile side. After the production process, the combined effect of each 

layer's pulling force significantly influences the development of the final residual strain. 

4.3.2. Residual strain computed by numerical simulation at 77 K. 

The variation of residuals strain with changes in Hastelloy thickness 

corresponding to different copper thicknesses is illustrated in Figure 4.10. Similar to 

analytical calculation, it may be noted from the figure that Hastelloy thickness decreases 

with increasing the residual compressive strain developed in the REBCO layer except for 

0.004 mm and 0.005 mm copper thicknesses. 

a) Before loading b) After loading 
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Figure 4.10: Residual compressive strain at 77 K at different copper and Hastelloy by 

simulation 

The residual compressive strain increases by 5.19 % at a copper thickness of 0.02 

mm and 4 mm wide tape when the Hastelloy thickness is reduced from 0.06 mm to 0.02 

mm. The residual compressive strain is reduced by 7.5 % and 13 % when lowering the 

copper thickness from 0.02 mm to 0.004 mm at 0.06 mm and 0.02 mm Hastelloy 

thickness. The observed trend is the same as the trend obtained in the analytical 

calculations. It is also observed that if the Hastelloy thickness is reduced by 60 % at a 

copper thickness of 0.02mm, the residual compressive strain at 77 K increases in 

simulation by 4.31 %, but the percentage increase is 9.79 % by analytical calculation. 
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4.3.3. Comparison of analytical result with the numerical simulation result at 77 K 

Figure 4.11 depicts the comparison of residual strain calculated by analytical calculation, 

and the percentage deviation between the two sets of values is plotted for different 

Hastelloy and copper thicknesses.  

Figure 4.11: Simulation result deviation from the analytical value of residual strain at 

different copper thickness 

The results obtained from the analytical calculations and simulation are in good 

agreement. It may be noted that the percentage deviation between the numerical 

simulation and the analytical computation increases when the copper and Hastelloy 

thickness decreases. The maximum deviation observed is 9.5% for 0.02 Hastelloy and 

0.004 mm copper thickness. It is also observed that the analytical equation is not accurate 

in predicting the residual compressive strain behaviour for small tape thickness. If the 

tape thickness is less than 2.9μm, then an alternative equation is required to predict 

residual compressive strain behaviour. 
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4.3.4. Residual strain with changes in the tape width 

Variation of residual strain with variation in tape width and copper thickness at 

77 K is demarcated in Figure 4.12. It may be noted that the residual compressive strain is 

nearly the same for all three tape widths, with a maximum deviation of 1%. 

 

Figure 4.12: Residual compressive strain at 77 K by simulation at different tape width 

(where case 1-4: copper thickness=0.02 mm and Hastelloy thickness decreases from 

0.05mm to 0.02mm in the step of 0.01mm ; Case 5-8 : copper thickness= 0.01mm and 

Hastelloy thickness decreases from 0.05mm to 0.02mm in the step of 0.01mm ).  

The variation of residual strain with tape width is found to be not significant because the 

volume fraction of the tape does not change with changes in tape width.  

4.3.5. Effect of Hastelloy thickness in the development of intrinsic stress in the 

REBCO layer 

Figures 4.13, 4.14, and 4.15 show the relationship between the application of 

force, the development of stress, and the development of the intrinsic REBCO strain. 

REBCO strain varies linearly in all three cases with the applied force up to a given value, 

then a sudden increase in REBCO strain is observed to a slight rise in applied force under 

tensile loading. The thick horizontal and vertical line is marked in the Figures to mention 

the critical limit corresponding to the 0.45 % intrinsic axial strain in the REBCO layer. 
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Figure 4.13: a) REBCO strain VS applied force b) Stress VS REBCO strain at varying 

Hastelloy thickness for 0.02 mm copper thickness 

 

Figure 4.14: a) REBCO strain VS applied force b) Stress VS REBCO at varying 

Hastelloy thickness for 0.01 mm copper thickness 

The thickness of copper also influences the force that can be applied and the stress that 

develops. It may be noted that the force which can be applied without causing degradation 

to the tape, the critical limit decreases with a decrease in Hastelloy thickness. Beyond the 

critical limit, the increase in the REBCO strain is almost vertical with the increase in the 

applied force.  Therefore, it is imperative that this type of REBCO tape must be operated 

well below the critical limit to ensure that there is no degradation. A similar relationship 

can be noted between the stress developed and the thickness of the Hastelloy. 
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Figure 4.15: a) REBCO strain VS applied force b) Stress VS REBCO strain at varying 

Hastelloy thickness for 0.005 mm copper thickness 

It is also evident that there is a complete upward shift for the REBCO VS stress strain 

graph, with decreased copper thickness and a complete leftward shift for the force applied 

VS REBCO strain. It implies that the stress developed increases with a decrease in copper 

thickness but the force that can be applied decreases. This is due to the reduction in cross-

sectional area due to reduced thickness of the copper layers. 

 

Figure 4.16: Schematic diagram of tensile loading a) Before loading b) After loading 

(no bonding between the layers) c) After loading (actual situation) 

Variation in the Hastelloy and copper thickness with changes in the critical limit 

may be due to the variation of the volume fraction of material. It is very similar to the 

thermal loading explained in the Figure 4.9. But, Young’s modulus of the constituent 
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material depends on the final position of the tape. The material with lowest Young’s 

modulus value elongates more and vice-versa. Copper and REBCO try to pull the 

Hastelloy to the tensile side and Hastelloy try to pull back to the compressive side, as 

shown in figure 4.16. The combined effect of each layer’s pulling force has a crucial 

impact on the development of the final strain at the end of the tensile load. 

4.3.6. Effect of tape width in the development of intrinsic stress and strain in the 

REBCO layer 

Figures 4.17 depict the applied force variation with changes in intrinsic axial 

strain in the REBCO layer. It may be noted that intrinsic axial strain increases with 

increasing the applied force up to a particular value, then there is a slight increase in the 

force that leads to a sudden increase in the intrinsic axial strain.  
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Figure 4.17: Variation of Applied force with changes in intrinsic axial strain in the 

REBCO layer 

It is also observed that, as the width of the tape decreases, the force which can withstand 

without degradation decreases. For instance, the tape width decreases by 1/4th (from 4 

mm to 1 mm), the critical force that it can withstand is reduced by 75 %. 

Tape width (mm) 

 

Tape width 4 mm 

copper thickness 0.01 mm 
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Figure 4.18: Relationship between stress and intrinsic axial strain in the REBCO layer. 

Figure 4.18 shows the relationship between the developed stress and the intrinsic axial 

strain at different tape widths. The graph shows that tape width does not influence the 

stress developed as they are all overlapped; however, the force applied in the REBCO 

layer corresponds to the intrinsic axial strain changes.  

4.3.7. Comparison of critical limits in the REBCO tape 

The critical force at different copper thicknesses from figures 4.13, 4.14 and 4.15 

at different Hastelloy thicknesses is consolidated and plotted in figure 4.19. It may be 

noted that with an increase in Hastelloy and copper thickness, the critical force that can 

withstand without any degradation increases. It is also observed that the relationship 

between the critical force and the Hastelloy thickness is linear. When the thickness of the 

copper layers are decreases by 75%, the critical force decreases by 12 % and 25 % 

respectively at 0.06 mm and 0.02 mm thickness of Hastelloy. When decreasing the 

Hastelloy thickness from 0.06 mm to 0.02 mm (about 66 %), the critical force decreased 

by almost 66 %. 

 

Tape width 
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Variation of critical stress with varying Hastelloy thickness at different copper 

thicknesses is shown in Figure 4.20. The critical stress developed also follows the same 

trend; with an increase in Hastelloy thickness, the critical stress of the REBCO tape 

increases. It is also found that as the copper thickness decreases by 75 % the critical stress 

decreases by 21 % and 32 % respectively at 0.06 Hastelloy thickness 0.02 mm Hastelloy 

thickness. 

From all the above graphs, it may be inferred that tape thickness significantly 

influences the development of intrinsic axial strain in the REBCO layer under tensile 

loading. When the thickness of the tape is reduced, the critical current density increases, 

but the critical force limit of the tape decreases. Thus, the dimensions of the tape can be 

chosen based on the application and the load. 

4.4. Summary 

The effect of residual strain on the occurrence of peak critical current and its 

impact on tape degradation under tensile loading is investigated. The residual strain is 

calculated both analytically and numerically. The effect of Hastelloy thickness on residual 

strain is also investigated, and it is found that residual strain increases as Hastelloy 

thickness decreases. Tensile loading studies are performed for various Hastelloy, copper, 

and tape width configurations and the corresponding critical force values are determined. 

The important results may be summarised as follows, 

Figure 4.19: Hastelloy thickness VS Critical 

force at different copper thickness 

Figure 4.20: Hastelloy thickness VS Critical 

Stress at different copper thickness 
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• Residual strain is induced in the REBCO tape because of the wide temperature 

changes to which the tape is subjected during its manufacturing and application 

stages. The residual strain induced when bringing down the tape from 1020 K to 

liquid nitrogen temperature is 30 % more than the induced residual strain when 

cooling down the tape from 1020K to room temperature. 

• The quantity of residual strain-induced is about 50 % of the tensile degradation 

limit of the tape in terms of the absolute value.  

• However, since this residual strain is compressive in nature, it helps to withstand 

more loads when subjected to tensile loads.  

• The residual strain-induced changes with variation layer thicknesses. With the 

decrease in the thickness of the substrate layer (Hastelloy), the residual strain-

induced will increase. A 66 % decrease in the Hastelloy layer resulted in about a 

5 % increase in residual strain. 

• Similarly, with the decrease in the reinforcement layers (copper), the residual 

strain-induced decreases. An 80 % decrease in the thickness of copper layers has 

resulted in about an 8% decrease in the compressive residual strain. 

• Decreasing the width of the tape was found to have no effect on the induced 

residual strain. 

• The REBCO tapes are degraded beyond certain loads when subjected to tensile 

loading. These critical limits change with variation in geometrical parameters like 

layer thicknesses and width of the tape. The force corresponding to critical limit 

is termed as the critical force that the tape can withstand without getting degraded. 

• This critical force decreases almost linearly with decrease in Hastelloy thickness; 

thereby reducing the quantity of tensile load the tape can withstand. Decreasing 

the Hastelloy thickness by 66 %, decreases the critical force by almost 66 %. 

However, decreasing the copper thickness by 75 %, decrease the critical force 

only by 13 %.   

• This critical force decreases almost linearly with decrease in the width of the tape.  

Decreasing the tape width by 75 %, decreases the critical force that it can 

withstand by 75 %. 

Therefore, it is understood that the residual strain induced in REBCO tapes are significant 

and cannot be neglected while performing modelling studies on such superconducting 
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tapes. Therefore, residual strain induced in the tape not neglected and considered for the 

rest of the study. 
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Chapter 5 

Effect of bending load on the degradation of REBCO 

superconducting tape 

5.1. Introduction 

The effect of thermal and tensile loading and their eventual degradation limits are studied 

in the previous chapter, it is required to understand the effects of other types of 

mechanical loads on the REBCO tape. Another important type of mechanical load that a 

HTS tape is subjected to is the bending load. The REBCO tapes are subjected to bending 

load during the manufacturing of wires, cables, superconducting magnets etc. It is very 

important to determine the mechanical strength of the superconductor and its degradation 

limits under bending. The superconductor's degradation limits depend not only on the 

bending radii; but also on the geometrical parameters such as the thickness of Hastelloy, 

copper layers. 
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While changing the parameters, the effect of bending on strain development in the 

REBCO layer is determined. For each bending radii, the variations in the induced strain 

are determined. When varying the thickness of substrate and reinforcement layers, the 

role of the position of the neutral axis while bending is thoroughly investigated. The 

results of both analytical and simulation methods are compared. This analysis is carried 

out in stages. In the initial phase, the strain in the REBCO layer is calculated analytically 

using the Flexure formula. The residual strain developed during the production process 

of the tape and plastic property of the Hastelloy and copper is neglected in this calculation. 

However, in the later stage, the residual strain and plastic properties are taken into 

consideration. Finally, critical current retention is determined using the power law. 

5.2.  Analytical approach for determining the induced strain in the REBCO layer 

A pictorial representation of the REBCO tape subjected to bending load is shown 

in figure 5.1. Kindly note that the REBCO tape considered here is an approximated model 

of the actual one shown in Figure 4.1. The buffer and silver cap layers are not considered 

from the mechanical point of view as the stress contribution from these two layers is 

negligible owing to their very low thickness [17]. 

   

Figure 5.1: Cross-sectional view of a REBCO tape subjected to the bending load 

To obtain smaller bending radii, the tape strip utilized in this investigation has a length of 

5 mm. Bending is done along the length of the tape, as shown in the diagram. The bending 

moment on one end of the tape is 'M,' while the other end is fixed, causing the tape to 

bend. Using the Flexure formula and assuming the tape as a beam, the maximum stress 

developed in the REBCO layer is computed. The Flexure formula is created for a tape of 

homogeneous material. Therefore, it cannot be used to calculate the normal stress in a 

composite beam directly. However, a method transformed section approach is developed 

Neutral axis 
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for converting the cross-section of a composite beam into one comprised of a single 

material [116]. After completing this transformation, the Flexure formula can be used to 

calculate the stress. When a bending moment is applied to a tape, like the homogeneous 

tape, the overall cross-section area of the tape remains unchanged after bending. Normal 

stress rises linearly from zero at the neutral axis to a maximum in the farthest location 

from the neutral axis. In this analysis, the Hastelloy and REBCO layers are converted to 

copper using the transformed sectional approach. The new width of Hastelloy can be 

calculated by considering a small element in Hastelloy with a width dz and thickness dy 

(as illustrated in Figure 5.2), where the force dF acts on the tape's area dA= dzdy. 

 

                                              dF = ϭdA= (Ehε)dzdy                                                     (5.1) 

 

'σ' is the normal stress acting on the elemental area 'dA'. Eh, Ec and Er are Young's modulus 

of Hastelloy, copper and REBCO, respectively. After applying the transformed section 

method, all the materials are converted to as equivalent homogeneous material (in this 

case copper). So, the width of the corresponding element is assumed as ndz. 

 

                                               dF’= ϭ’dA’= (Ecε)ndzdy                                               (5.2) 

 

Both the force terms in equations 5.1 and 5.2 are equated, such that they produce the same 

moment about the neutral axis. 

 

                                               (Ehε)dzdy=(Ecε)ndzdy                                                   (5.3) 

 

                                                        n = 
𝑬𝒉

𝑬𝒄
                                                                   (5.4)                       

 

The transformation factor is the dimensionless number 'n'. It specifies that the original 

tape's cross-section with width 'W' must be stretched to a new width ‘W2= nW’. The 

normal stress distribution throughout the changed cross-section will be linear once the 

tape has been transformed into a single-layer material. The altered area's neutral axis 

(centroid) and moment of inertia are easily computed. The stress at each point of the 

transformed one can be calculated using the flexure formula in the normal manner. 
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𝑴

𝑰
=

Ϭ

𝒀
=

𝑬

𝑹
                                                               (5.5) 

 

The stress in the transformed tape will be equivalent to the stress in the actual tape. 

However, the changed material's stress must be doubled by the transformation factor (n). 

Because the area of the converted material, "dA' = ndzdy", is n times the area of the 

original material, "dA' = dzdy," 

 

                                                dF= ϭdA = ϭ’dA’                                                         (5.6)                                           

                                                ϭdzdy = ϭ’ndzdy                                                          (5.7) 

                                                       ϭ = nϭ’                                                                   (5.8) 

 

The same method is used to convert the REBCO layer into an equivalent copper layer of 

different widths, corresponding to the difference in their Young's moduli. The Flexure 

formula is used to determine the normal stress values after the whole tape is converted to 

equivalent copper material. 

5.2.1. Determination of the neutral axis for the analytical studies 

As mentioned in the previous section, to calculate the position of the neutral axis 

and the strain developed in the REBCO layer, Hastelloy and REBCO layers are converted 

to equivalent copper based on the modular ratio. The modular ratio for REBCO and 

Hastelloy are denoted respectively as 'm' and' n'.  
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Figure 5.2: Transformation of (a) the composite REBCO tape (b) into single material of 

copper and the (c) enlarged view of REBCO tape. [Yc1,Yr,Yh,Yc2 are the distance between 

bottom side of the tape to the centroid of bottom copper layer, REBCO layer, Hastelloy 

layer and top copper layer respectively] 

Therefore, the length of the REBCO layer is increased by 'm' times, and that of Hastelloy 

is increased by 'n' times and depicted in Figure 5.2. 

                                                             m= 
𝑬𝒓

𝑬𝒄
                                                            (5.9)                                    

                                                               n= 
𝑬𝒉

𝑬𝒄
                                                           (5.10) 

Where Er, Ec and Eh are 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 at 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 5.1. Where Ac, Ar, and Ah are the 

cross-sectional areas of copper, REBCO, and Hastelloy, respectively. 

Table 5.1: Parameters for finding the position of the neutral axis 
 

Material Area (A) Y AY 

Copper 1 Ac Yc1 Ac Yc1 

REBCO Ar Yr ArYr 

Hastelloy Ah Yh AhYh 

Copper 2 Ac Yc2 Ac Yc2 

 

                        Neutral axis = 
𝑨𝒄𝒀𝒄𝟏+𝑨𝒓𝒀𝒓+𝑨𝒉𝒀𝒉+𝑨𝒄𝒀𝒄𝟐

𝑨𝒄+𝑨𝒓+𝑨𝒉+𝑨𝒄
         [116, 124]                       (5.11) 

Neutral axis 
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The following equation can be used to calculate the moment of inertia [116], 

                                                 I =∑ ((
𝒃𝒉𝟑

𝟏𝟐
 ) + Ad2)                                                    (5.12) 

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. The parallel 

axis theorem is used to find out the moment of inertia of each material. 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.   

5.3. Numerical modelling of REBCO tape 

 

5.3.1. Mesh, boundary conditions and properties 

The bending of REBCO tape is simulated using 5 mm length, 4 mm width, and 0.091 mm 

thickness REBCO tape. The meshed geometry of the REBCO tape is depicted in Figure 

5.3. 

 

Figure 5.3: Meshed geometry of REBCO tape subjected to bending load 

Copper, REBCO, and Hastelloy have a thickness of 0.02, 0.001, and 0.05 mm, 

respectively. The boundary condition is set up so that one side of the tape is stationary. 

The other is rotated 270o about the x-axis using a rigid connector with the centre of 

rotation (0, 0, (0.091/2)). Properties of different layer materials such as copper, Hastelloy, 

REBCO are already provided in chapter 4 in Table 4.1.  
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5.3.2. Mesh independent study 

Figure 5.4 shows a mesh-independent investigation that is carried out by varying 

the mesh. The optimal mesh is selected based on the accuracy and time required for the 

analysis. 

 

Figure 5.4: Effect of increase in the number of elements on percentage reduction in 

error 

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

(𝐴𝑣𝑒𝑟𝑒𝑔𝑒 𝑖𝑛𝑡𝑟𝑖𝑛𝑠𝑖𝑐 𝑠𝑡𝑟𝑎𝑖𝑛)𝑃𝑟𝑒𝑣𝑖𝑜𝑢𝑠
         (5.13) 

For this bending analysis, 36 elements along the width and 24 elements the along length 

direction gives the optimum mesh. Along the thickness direction, 4 elements are taken, 

each material having one element. 

5.4. Results and discussion 

The analytical method approximates the composite layers to a single material layer, 

the effect of bending on the superconducting material (REBCO) is to be calculated in 

terms of intrinsic axial strain. The Flexure formula is used in the analytical approach to 

calculate the maximum stress developed in the REBCO layer. The effects of change in 

the thickness of the substrate (made of Hastelloy) and the stabiliser material (of copper) 

on the superconducting REBCO layer are determined using parametric studies. Each 

results obtained are presented. 
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5.4.1. 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 figure 5.5. 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. These values 

are also plotted. 

 

Figure 5.5: Effect of thickness of Hastelloy layer on the induced strain in the REBCO 

for 1 mm bending radius and 0.02 mm copper thickness 

The intrinsic axial compressive strain increases as the thickness of Hastelloy increases. 

The resulting stress is compressive because the REBCO layer lies below the neutral axis 

upon bending. The figure also depicts how the distance between the neutral axis and the 

bottom side of the REBCO layer (boxes with arrow marked inside) 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. 

5.4.2.  Effect of thickness of copper on the induced strain in the REBCO layer 

In superconducting HTS tapes, the copper stabiliser is utilised as a reinforcement 

sandwich layer to protect and electrically stabilise the other layers, such as the 

superconducting material and its substrate. One of the most commonly used copper 

stabilisers are of 0.02 mm thick. The effect of changing the copper thickness on the 

intrinsic strain created in the REBCO layer due to bending is investigated in this section. 
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It should be noted that the copper layers are provided as sandwich, with the top and 

bottom copper layers protecting all the other layers in between. The distance between the 

neutral axis and the bottom side of the REBCO layer does not change when the thickness 

of these copper layers is varied symmetrically on both sides. This is depicted in Figure 

5.6. 

 

Figure 5.6: 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 figure shows that the distance between the neutral axis and the bottom side 

of the REBCO layer is constant (0.0256 mm) when the thicknesses of copper layers are 

changed symmetrically on both top and bottom sides (from 0.04 to 0.005 mm).  The 

intrinsic strain that is developed in the REBCO layer is found to be constant for all the 

copper thicknesses. However, in practice the strain values should change when varying 

the copper thickness. A constant value is obtained due to the assumption of a single 

material layer than layers of different materials. Also, the interaction between the layers 

is ignored in this result.  

Another important factor to be considered here is the change in the neutral axis 

position 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 the decrease in bending diameter, the strain increases and may exceed the 

elastic limit of the copper layer. Since the copper layer can no longer take any stress, the 

neutral axis may shift towards the Hastelloy side to balance the stress between the tensile 
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and compressive stress. When the bending diameter is further decreased, the Hastelloy 

may start yielding in tension. The position of the neutral axis may move back to the 

REBCO layer side to maintain the stress balance. Similar behaviour is obtained even in 

tapes with asymmetric structure as reported by A. Ben Yahia [125]. 

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 subsequent parts of the chapter. 

5.5. Comparison of analytical approach with numerical modelling for determining 

the induced strain in REBCO tape 

The Flexure formula may provide only a rough approximation of the stresses 

induced in the REBCO tape because of non-homogeneity in the composite structure and 

the mutual interaction between the layers. Therefore, the numerical modelling is 

performed in this section. Parametric studies are carried out to reveal the effects of 

varying the thickness of Hastelloy substrate and copper layers. The results obtained are 

compared with those computed using the Flexure formula. 

5.5.1. Comparison of analytical and numerical approaches for a given thickness of 

Hastelloy and copper. 

Figure 5.7 depicts the results obtained using the Flexure formula and the 

numerical model for a REBCO tape of Hastelloy thickness, 0.05 mm and copper 

thickness, 0.02 mm when subjected to bending stress. The bending radius is decreased 

from 10 mm to 1 mm in multiple steps. The graph shows that the compressive strain in 

the REBCO layer increases with decreasing the bending radius. However, it is found that 

by decreasing the bending radius below 4 mm, the increase in intrinsic axial strain is 

drastic. Therefore, it may degrade the superconducting tape as the induced stress is more 

than 1%. 
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Figure 5.7: 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). 

It can be observed from Figure 5.7 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), doubled the strain by 

306% (from 0.0064 to 0.026). The analytical approach by the Flexure formula and the 

numerical method shows 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 maximum 10 % difference between the strain values computed. The 

numerical approach gives a higher value of strain. The difference is maximum (10%) at 

a bending radius of 1 mm. It may be noted that both numerical and analytical approaches 

considered the tape as elastic, but in numerical modelling, the intertwined effects and 

interaction between the layers are considered. In the analytical approach, the tape is 

converted to single equivalent material and then the stress is calculated then stress based 

on the neutral axis position. Therefore, using the Flexure formula for determining the 

induced strain below 4 mm bending radius may not provide accurate results. 

5.5.2. 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 Figure 5.8.  
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Figure 5.8: 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). 

When the bending radius is decreased, the curvature radius increases, leading to the 

development of more strain in the REBCO layer. At different Hastelloy thicknesses, the 

result obtained from analytical and numerical simulation is also compared in Figure 5.8. 

It may be noted that the trend for both numerical and analytical approaches are almost the 

same. The maximum difference between these results is observed at the smallest bending 

radius of 1mm, equal to 25%. It is also observed that deviation between the numerical 

and analytical results increases with decreasing the thickness of the Hastelloy layer. As a 

result, caution should be exercised because excessive bending of REBCO tapes during 

the cabling and application phases might induce significant strain in the tapes, causing 

them to degenerate. At the lower bending radii, the impact of changing the thickness of 

Hastelloy from 0.05 to 0.02 mm has decreased the induced strain in the REBCO layer by 

almost 50 %. This means that while making superconducting tapes, the thickness of 

Hastelloy layer must be carefully decided considering all the influences. 

5.5.3. Comparative evaluation of the analytical and numerical 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 Figure 5.9. 
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Figure 5.9:  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). 

Decreasing the bending radius increases the curvature radius and thereby induces 

more strain in the REBCO layer. Changing the copper thicknesses on the induced intrinsic 

axial strain under different bending radii is calculated analytically and numerically. When 

comparing analytical and numerical approaches to changes in bending radius, the results 

are almost matching. The maximum difference between the results is about 14% for the 

lowest bending radius (1 mm). However, the result obtained from the analytical 

calculation shows that intrinsic axial strain is the same for all the copper thickness. No 

change is obtained with increase/ decrease of copper thickness in the analytical approach. 

The numerical approach shows that copper thickness has an influence on the development 

of intrinsic axial strain in the REBCO layer. Intrinsic axial strain in the REBCO layer 

increases with increasing the copper thickness.  

 However, the impact of the changing in the thickness of copper from 0.04 to 0.005 

mm has not significantly affected the induced strain in the REBCO layer. It may be noted 

that the percentage change is only about 5.7%. On the other hand, the change in the 

thickness of Hastelloy has resulted in about 50 % change in the induced strain. Therefore, 

it may be concluded that the effect of changing the copper thickness is less significant 

compared to that of changing the Hastelloy thickness. 

  Plasticity and the residual strain are two important parameters that influence the 

development of intrinsic axial strain in the REBCO layer. Therefore, these two factors 
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are taken into account in numerical modelling, and the simulation is performed again to 

determine their influence on the intrinsic strain in the superconducting layer. The 

objective is to obtain more realistic results. 

5.5.4. Modelling of the superconducting tape considering residual strain and 

plastic properties. 

The Flexure formula is applied only in the elastic range in the analytical 

calculation. Even though the tape is considered a composite structure of different 

constituent layers, it should be converted to equivalent homogeneous material before 

applying the Flexure formula. In the earlier numerical approach, the tape is assumed 

elastic. It cannot be assumed that the tape is elastic for entire range of study. So, the non-

consideration of plastic properties may affect the results obtained. The tape is subjected 

to a high temperature of 1020 K during production, and as a result residual strain could 

develop within the tape. This also affects the development of intrinsic axial strain in the 

REBCO layer. The plastic behaviour of layers is captured by providing realistic property 

value for the different constituent materials has given in chapter 4 in TABLE 4.1. The 

results obtained using the more realistic model considering the plastic properties and 

residual strain, are compared with that of the previous analytical and numerical 

approaches. For all three cases, the increase in the induced strain with the decrease in 

bending radii follow the same trend as evident from Figure 5.10. 

 

Figure 5.10: 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). 
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The difference between the old and new numerical models is approximately 7.6 

%, while the difference between the analytical approach and the new simulation model is 

about 17 %. It may be noted that 17% is the maximum difference obtained and it is at the 

lowest bending radius (1 mm). The difference decreases with increasing bending radius 

and may even become insignificant at higher values, especially when the materials are 

elastic. However, it may be noted that the induced strain increases when plastic properties 

and residual strain are considered. 

 

 

Figure 5.11: 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). 

Figure 5.11 depicts the percentage deviation in intrinsic axial strain in the REBCO 

layer with and without considering the plastic properties and residual strain into account. 

The percentage deviation between the new and old numerical model drastically increases 

with decrease in bending radius. This is because the tape reaches the plastic range at a 

smaller bending radius. Throughout the paper, 1% axial compressive strain in the REBCO 

layer (intrinsic axial strain) is considered the maximum degradation limit. It may be noted 

that 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 and proper modelling conditions have a significant impact on determining 
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the degradation limit in terms of bending radius of superconducting tapes, wire, and 

cables. 

5.5.5. Distribution of intrinsic axial strain along the length and width of the 

superconducting tape 

The maximum intrinsic strain developed during bending is studied in previous 

sections while varying the thickness of the superconducting tape. However, determining 

the strain distribution along the length and width of the REBCO layer may be useful. This 

allows for the identification of critical areas with high strain concentrations, in the 

superconducting tapes. 

 

Figure 5.12: 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). 
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Figure 5.13: 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). 

The distribution of induced intrinsic axial strain after bending along the length of 

the tape for different bending radii at the centre of the width is depicted in Figures 5.12 

and 5.13. For comparisons, two numerical models have been used: a) the initial numerical 

model (without considering the plastic properties) and b) the improved numerical model 

considering the plastic properties and residual strain. When comparing the improved 

numerical model to the initial model, it is clear that there is a significant difference in 

strain distribution, and reveals the effect of plastic properties of the materials on the 

induced intrinsic axial strain in the REBCO layer. In the improved numerical model, the 

magnitude of the intrinsic axial strain distribution along the length considered at the centre 

of the tape has increased only by about 3 %. However, the near uniform strain distribution 

along the length of the tape has changed to a new distribution with the improved 

numerical model where the strain at the two ends of the tape is significantly reduced. It 

may be due to the effect of consideration of plastic properties. 

The distribution of the intrinsic axial strain along the width of the tape for different 

bending radii at 0.05 mm and 0.02 mm Hastelloy thicknesses is depicted in Figure 5.14 

and Figure 5.15. Please note that copper thickness is not varied, but kept at 0.01 mm. 
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Figure 5.14: Effect of variation in the thickness of Hastelloy on intrinsic axial 

strain along the width of the tape for different bending radius at a Hastelloy thickness of 

0.05 mm. (0.01 mm copper thickness). 

 

 

Figure 5.15: Effect of variation in the thickness of Hastelloy on intrinsic axial strain 

along the width of the tape for different bending radius at a Hastelloy thickness of 0.02 

mm. (0.01 mm copper thickness). 
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The induced strain in the tape appears to increase as the bending radius decreases. 

The distribution shows that the compressive strain is lowest at the edges compared to the 

centre. The strain distribution obtained is consistent with prior studies [120, 126]. Even 

though the magnitude of intrinsic axial strain has decreased with Hastelloy thickness of 

0.02 mm, the trend remains the same. Compared to the 0.05 mm case, the induced 

intrinsic axial strain is nearly half that of Hastelloy, with a thickness of 0.02 mm. This 

demonstrates the significant influence of Hastelloy thickness on strain-induced 

irrespective of bending radii. Reason for the same is already discussed in the section 5.41. 

 Similarly, the effect of varying the thickness of copper layers on the strain-

induced is thoroughly investigated. Figure 5.16 depicts the distribution of intrinsic strain 

along the width of the tape for two different copper thicknesses of 0.02 and 0.01 mm, at 

a constant thickness of Hastelloy layer (0.05 mm). The figure shows that changing the 

thickness of copper has a comparatively slight impact on the strain-induced. It is almost 

insignificant in the infinite bending radius case (both points coincide), and there are only 

slight differences at the edges in the 5.3 mm bending radius case.  

 

Figure 5.16: Effect of variation in the thickness of copper on intrinsic axial strain along 

the width of the tape for different core diameters and a given Hastelloy thickness of 

0.05 mm. 

The maximum increase in intrinsic strain is observed at the smallest bending 

radius (1.06 mm), and it is more prominent at the edges than in the centre. This type of 

behaviour is observed because, as the thickness of the sandwich copper layers changes, 
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the position of the neutral axis does not change significantly. As a result, its influence is 

minimal in the REBCO layer when bending. 

The combined effect of changes in the thicknesses of copper and Hastelloy is 

presented. Figure 5.17 illustrates the variation of intrinsic strain with bending radius for 

various thicknesses of copper and Hastelloy layers. When the bending radius is reduced, 

the intrinsic strain-induced increases. The impact of changing the thickness of the copper 

layer from 0.02 to 0.01 mm on the strain-induced is not the same for different Hastelloy 

thicknesses. For a bending radius of 1.06 mm and a Hastelloy thickness of 0.05 mm, the 

difference in strain-induced is 2.9 %; this increases to 3.9 % for a Hastelloy thickness of 

0.04 mm and to a maximum of 5.7 % for a thickness of 0.02 mm. 

 

Figure 5.17: Effect of copper and Hastelloy thickness on the induced strain in the 

REBCO layer. 

It may be observed that altering the thickness of the copper layer did not affect 

the intrinsic axial strain created in the REBCO layer (see figure 5.6). With the 

consideration of the residual strain generated during the manufacturing process and the 

plastic properties of the materials taken into account, then there is a considerable effect 

on the strain induced in the REBCO layer when the thickness of the copper layers is 

changed.  

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. For instance, 

at 0.03 mm thickness of Hastelloy the minimum bending radius possible is 2 mm. 
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Similarly, for the lowest thickness taken for the Hastelloy (0.02 mm), the minimum 

bending radius obtained is 1.5 mm. These findings are consistent with previous research 

on a similar tape configuration. The experimental study in the literature reported 2.3 and 

1.6 mm for 0.03 and 0.02 mm Hastelloy thicknesses, respectively [5]. 

The changes in the position of the neutral axis of the superconducting tape with 

changes in the thickness of copper and Hastelloy layers are graphically represented in 

Figure 5.18. 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). 

 

Figure 5.18: Effect of thickness of copper on the induced intrinsic axial strain in the 

REBCO layer at different Hastelloy thickness (1 mm bending radius). 

The neutral axis position is marked on each bar diagram using a bold dashed short 

line in the diagram. 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 behaviour 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. 

5.6. Electrical performance under bending on REBCO tape 

Superconductors are used in systems that require a significant quantity of current 

to be transmitted. The level of degradation in superconductors can be measured in terms 
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of their current carrying capacity. This electrical performance of superconductors can be 

influenced by a variety of mechanical loading, including bending. This section 

investigates the effect of bending-induced strain on the electrical performance of 

REBCO-based superconductors. The critical current degradation can be determined using 

the power law of critical current strain dependency [127-129]. This expression applies to 

REBCO coated conductors manufactured using the IBAD-MOCVD process. The critical 

current’s power-law strain dependency is expressed as, 

 

                                Ic=  Ic (εm)(1-a(α)│ε-εm(α)│2.18)                                              (5.13)        

 

The critical current for a given strain (ε) is denoted by Ic. The strain at which the critical 

current reaches its highest value (Ic(εm)) is indicated by εm, which is 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 taken straight from the literature 

[127]. It may be noted that ‘α’ is the in-plane angle at which strain is applied. The critical 

current retention is defined as the ratio of the critical current to the maximum value of the 

critical current, and its change with different bending radii is depicted in Figure 5.19.  

 

Figure 5.19: Critical current retention with the decrease in bending radius (0.02 mm 

copper thickness). 

It may be noted that the critical current drops with decreasing bending radius. In 

the case of smaller bending radii, the critical current degradation is dramatic. For instance, 

when assuring that the critical current degradation is less than 5%, the bending radius can 
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vary widely. It can be seen that 5% of critical current degradation occurs at 4.3, 3.5, 2.7, 

and 2 mm bending radius respectively for 0.05, 0.04, 0.03 and 0.02 mm Hastelloy 

thicknesses. It is observed that the tape’s current carrying capability degrades 

significantly beyond these bending radii. It may be noted that the copper is kept constant 

at 0.02 mm.  

Figure 5.20 depict the direct relationship between the thickness of the Hastelloy 

layer and the limiting bending radius. When decreasing the bending radius, the thickness 

of the Hastelloy layers has to be also decreased to keep the critical current degradation 

constant at 5%. The critical bending radius varies only slightly with changes in copper 

thickness, and the trend is nearly constant. It may be observed that for smaller Hastelloy 

thicknesses and bending radii, the copper thickness has a more significant role in causing 

degradation. 

 

Figure 5.20: Limiting bending radius at 5% critical current degradation for different 

Hastelloy and copper thicknesses. 

Therefore, for any given thickness for Hastelloy and copper layers, there can be a limiting 

value for the bending radius. Decreasing beyond them will significantly reduce the 

current-carrying capacity. It should be noted that a critical current degradation of 5% is 

permissible if the physical change in the superconducting tape is reversible.   

These findings are expected to assist manufacturers in making appropriate decisions 

during the manufacturing of superconducting tapes and conductors. The values obtained 
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in this work for a critical current degradation of 5% are compared with the available 

experimental results [36]. The results are represented in Figure 5.21. 

 

 

Figure 5.21: Comparison of limiting bending radius for the present study and 

experimental result [36]. 

The graph indicates that both experimental and numerical results follow the same trend 

and the values are comparable. Since the numerical results obtained are slightly higher 

values, the design is safer and can ensure very few chances of tape degradation during 

bending. These study’s findings are expected to be valuable in the production and 

application stages of superconducting cables. 

5.7. Summary 

The effect of bending load on the degradation of the superconducting REBCO tape is 

investigated. The influence of Hastelloy and copper thickness variation on intrinsic axial 

strain is further studied, and also found critical bending radii for various situations. The 

important results may be summarised as follows, 

• The effect of induced strain on the degradation of these superconducting 

properties during bending of REBCO tapes has been numerically explored and 

compared to the traditional analytical technique.  

• The superconducting tape’s geometrical configuration varies in terms of the width 

and thickness of its constituent layers. In all situations, the strain induced in the 

REBCO layer is computed.  
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• The conventional analytical technique via the Flexure formula and the numerical 

approach agree well at a larger bending radius (more than 4 mm), the difference 

increases below.  

• The distance between the neutral axis and the REBCO layer increases linearly as 

Hastelloy thickness increases. As a result, there is an increase in intrinsic axial 

strain.  

• It is also found that constituent materials’ plastic characteristics significantly 

impact the induced strain in the REBCO layer. The difference between the old 

(Without plastic characteristics) and new numerical models (With plastic 

characteristics) is approximately 7.6 % 

• With the new numerical model, a 60% reduction in Hastelloy thickness (0.05 mm 

to 0.02 mm) decreased the induced strain to almost half for all bending radii. This 

reveals the profound influence of Hastelloy thickness on strain-induced, 

irrespective of bending radius.   

• The thickness of copper has a relatively less impact on the strain-induced; a 50% 

reduction in copper thickness (from 0.02 mm to 0.01 mm) results in a maximum 

drop in the strain-induced of just 5.7%.  

• For 0.03 mm and 0.02 mm Hastelloy thicknesses, the limiting bending radius 

beyond which the superconductor may degrade (as per the 1% criterion) is 2 mm 

and 1.5 mm, respectively.   

• 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 benefit manufacturers trying to make 

power cables and magnets with smaller core diameters. 

The previous chapters investigated the effects of tensile and bending loads on the 

degradation of REBCO tape. Twisting is another significant load that contributes to 

degradation. Also, the combined effect of tensile and torsional loads is also investigated 

in the subsequent chapter. 
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Chapter 6 

Effect of torsional load, and combined tensile and 

torsional loads on the degradation of REBCO 

superconducting tape 

6.1. Introduction 

The effect of thermal, tensile, and bending load on the degradation of REBCO 

tape has been discussed. This chapter deals with investigations on the effect of torsional 

load on the degradation of the REBCO tape. The studies reported in the literature on the 

degradation of HTS tape during winding indicates that the torsional load has a lesser 

impact than bending and tensile loading [82, 130]. However, when the torsional load is 

combined with other loads, especially the tensile load, may have an impact on the 

degradation of the REBCO tape. It is reported that the torsional strain in the tape helps to 

increase critical current slightly in the initial stage [17]. However, with a further increase 
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in torsional strain, the critical current density decreases sharply (below the critical twist 

pitch limit) [17]. It is reported that the role of intrinsic axial strain on critical current 

degradation of REBCO tape is very much determined by the characteristics of the 

substrate layer and the thicknesses of different constituting layers [57, 131]. The width of 

the tape is another crucial parameter when the tape is subjected to torsional loading since 

the longitudinal strain gets affected [83]. Allen N. C et al. has carried out the numerical 

simulation under different tensile and torsional load for a specific geometry of the tape 

[132]. But the detailed numerical simulation of REBCO tape subjected to tensile and 

torsional load for a wide range of geometrical parameters like Hastelloy thickness, copper 

thickness, and tape width is scarce in the open literature. Therefore, it is worth 

investigating on the behaviour of REBCO tape under torsional load and combined tensile 

and torsional loads for different geometrical parameters. 

6.2. Modelling 

  The layers are modelled using a brick element with 27 nodes, as recommended by 

the COMSOL Multiphysics developers for thin layer geometries. The angle of twist is 

changed from 0o to 360o in order to provide the torsional load. When the entire 70 mm 

tape is subjected to the full torsional load with a twist angle of 360o, an equivalent load is 

produced in 1/4th of the tape (17.5 mm) with a twist angle of 90o in the symmetrical part. 

A symmetrical boundary condition is provided at one end of the tape. The pictorial 

representation of the tape symmetry and the part of the tape modelled is presented in 

Figure 6.1. 

 

Figure 6.1: Pictorial representation showing the tape symmetry and the section of the 

tape modelled. 

Only a symmetrical portion of the tape is modelled to minimise computing effort. A 

REBCO tape with a length of 70 mm is considered. 

Figure 6.2 shows a schematic of the geometry and dimensions of the modelled 

REBCO tape section; also the thickness of the constituting layers are shown. The tape, 

which has dimensions of 17.5x4x0.091 mm (length, width, and thickness), is modelled 
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with layers of copper, Hastelloy, and REBCO. The tape width is altered from 3 mm to 12 

mm to understand the effect of changing the tape width. The mesh dependent study is 

carried out to find the optimum mesh for the analysis. The mesh size of 72 elements per 

length, 24 elements per width, and 4 elements per thickness achieved good results that 

were closer to the experimental work. The thickness of the Hastelloy layer is varied from 

0.02 to 0.05 mm, and that of the copper layer varies from 0.005 to 0.04 mm. The intrinsic 

axial strain generated in the REBCO layer is computed for all tensile and torsional load 

cases. The tape is considered degraded if the generated axial strain exceeds the reversible 

limit. 

 

Figure 6.2:  Schematic showing the geometry and dimensions of the section modelled 

and the constituting layers of the REBCO tape 

When a finite load is applied to the REBCO tape, the differences in layer properties 

profoundly influence the intrinsic axial strain developed. The bonding between the layers 

may influence the eventual force transmitted between the layers. This effect is pictorially 

represented using a tensile loading case as depicted in Figure 6.3. 
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Figure 6.3: Pictorial representation of the effect of different dissimilar material layers on 

the induced strain in the REBCO tape a) Before loading b) Under loading with no 

interfacial bonding between the layers c) Under loading with interfacial bonding 

between the layers  

 

The tensile stress applied is the same for all the layers, then the strain induced in 

each layer is dependent on Young's modulus of the constituting layers. Hastelloy, which 

has a high Young's modulus than other layers, will experience less strain than copper and 

REBCO. The layers having lesser value of Young’s modulus, the copper layers will 

experience the maximum tensile strain due to its lowest Young's modulus value out of all 

other layers. Under tension, the copper layer tries to pull adjacent REBCO and Hastelloy 

layers to the right, as marked in Figure 6.3. At the same time, REBCO and Hastelloy 

layers may resist this pulling of the copper layers. A similar interfacial effect is also 

observed between the Hastelloy and REBCO. Hastelloy tries to pull the REBCO layer to 

the left, but the REBCO layer resists this effect and also vice versa. This effect is marked 

by small arrow marks on the right side of Figure 6.3. Pulling force of each layer has 

combined impact on the eventual strain under tensile load. Therefore, the dimensions of 

individual layers, including thickness, length, and width, may affect the strain developed 

by tensile loading. When the thickness of a layer is changed, the volume fraction of the 

layer changes. This in turn changes the cross-sectional area on which the stress acts. 

However, it may be noted that because all layers have the same width and length, the 

volume fraction of each layer remains constant if the length or width of the tape is 

changed. When the tape is subjected to pure tensile loading, a change in tape width may 

have no effect on the development of intrinsic axial strain in the REBCO layer. However, 



121 
 

the associated intertwined effects and interfacial bonding are expected to have a minor 

influence on the induced strain. 

The effects of characteristics of different material layers, bonding between layers, 

and residual strain would influence the intrinsic axial strain generated in the REBCO layer 

in the case of pure torsional and combined tensile and torsional loading. However, unlike 

in a pure tensile situation, the mechanism of action and failure for combined tensile and 

torsional loading will be different. 

The method developed for providing pure torsion, pure tension, and combined 

tension and torsional stresses are depicted in Figure 6.4. The production process of 

REBCO tape is first modelled to determine the amount of residual strain induced in the 

tape. In the second stage, the tensile stress is changed from 0 %  to 0.7 % in 15 steps with 

an increment of 0.05 %. The torsional load is changed in the third stage for each tensile 

load by varying the angle of twist from 0o to 90o about the y axis with a step size of 5o . 

 

Figure 6.4: Methodology adopted for providing pure torsional, pure tensile and 

combined tensile and torsional loads on REBCO tape in FE modelling. 

In this methodology, the pure tensile, pure torsional, and combined torsion and tension 

cases are applied. 
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6.3. Validation 

The results obtained using the model are compared with that of the experimental 

and simulation works mentioned in the literature [17]. The results are plotted in Figure 

6.5. Figure also distinguishes the reversible and irreversible regions of the REBCO layer 

under tension and torsion stress based on critical limit criteria. 

 

Figure 6.5: Comparison of the simulation results of the present study with experimental 

and simulation data available in the literature [17]. 

The present simulation results and the experimental result available in the literature show 

reasonably good agreement (6 % average difference), except at one point. Similarly, the 

simulation study mentioned in the literature and the present study are having very close 

agreement (maximum difference is 1.2%). The difference between the simulation and the 

experimental results may be due to the sensitivity difference in detecting irreversibility 

for tensile and torsional loads. K. lin et al. mentioned that the sensitivity is sufficiently 

high for pure tensile strain but very small for torsional strain at a critical current criterion 

of 10 μVm−1[17]. It is understood that the created model is adequate for carrying out the 

studies. 

The parametric studies analyse both the individual effects of tensile and torsional 

loads as well as their combined influences. The parameters changed are the thickness of 

the copper layer, the thickness of the Hastelloy layer, and the width of the tape. The results 
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of the parametric studies obtained under pure tensile, pure torsional, and combined tensile 

and torsional loadings are discussed. 

6.4. Results and discussion 

The results of pure tensile loading are reported first, followed by the findings of combined 

tensile and torsional loading. The critical degradation point corresponding to different 

loading conditions is calculated for various tape dimensions. 

6.4.1. Influence of pure tensile loading on the performance of the REBCO tape. 

The effects of pure tensile loading on tape degradation and the changes obtained with 

alterations in the tape's geometry are discussed. Figure 6.6 depicts the changes in applied 

critical force with variations in geometrical parameters such as the thickness of Hastelloy 

and copper layers. 

 

Figure 6.6: Effect of Hastelloy and copper thicknesses on the applied critical force 

(Tape width = 12 mm). 

The applied critical force increase as the thicknesses of the Hastelloy and copper layers 

are increased. However, increasing the thickness of the Hastelloy layer has been found to 

have a more significant influence. When the Hastelloy thickness increases from 0.02 mm 

to 0.05 mm (about 150 % increase) for the thickest copper layer (0.04 mm), the applied 

critical force increases by 72.5 %. Whereas when the copper thickness is increased from 
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0.005 mm to 0.04 mm (a 700% increase), the applied critical force only increases by 32.9 

% (for the thinnest Hastelloy layer of 0.02 mm). 

 

Figure 6.7: Effect of tape width on the applied critical force. 

Figure 6.7 depicts the effect of tape width on the applied critical force. It may be 

noted that as the tape width increases, so does the maximum force that can be applied to 

the tape. The load-bearing capacity of the REBCO tape increases with the increase in 

Hastelloy thickness. When the Hastelloy thickness is increased from 0.02 mm to 0.05 mm 

(about 150 %), the applied critical force increases by 97 % for all tape widths. 

6.4.2. Variations in the induced strain in REBCO with change in Hastelloy 

thickness 

 

The axial force subjected on the REBCO tape induces axial strain in the REBCO 

layer. As previously stated, intrinsic axial strain developed above a certain limit may have 

an effect on the performance of the superconducting tape. As a result, the changes in 

intrinsic axial strain with changes in the thickness of the Hastelloy layers of the tape are 

determined. Figure 6.8 depicts the effect of pure tensile loading on intrinsic axial strain 

on the REBCO tape for various Hastelloy thicknesses. 
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Figure 6.8: Effect of Hastelloy thickness on intrinsic axial strain under pure tensile 

loading. 

For any given Hastelloy thickness, increasing the applied tensile strain produces a directly 

proportional increase in the intrinsic axial strain in the REBCO layer. It is evident from 

the graph that, before the application of the tensile load, there is residual strain in the 

REBCO layer developed during the manufacturing of the tape. It may be noted that the 

residual strain in the REBCO layer is -0.242 % at zero applied strain (at 0.05 mm 

Hastelloy thickness). When the Hastelloy thickness is dropped to 0.02 mm, the residual 

strain rises from -0.242 % to -0.27 % (about 2.7 %.) It is also found that when the applied 

tensile strain is about 0.25 %, the intrinsic axial strain in the REBCO layer changes from 

compressive to tensile (negative to positive values). It may be observed that the intrinsic 

axial strain in the REBCO layer is decreased as the Hastelloy layer thickness is reduced. 

It is due to the changes in the volume fraction of different layers with increase/ decrease 

in the Hastelloy thickness. The critical strain criterion is marked by the continuous  

horizontal line at the top of the graph. Precautions must be taken when using the tape to 

ensure that the magnitude of the applied tensile strain does not exceed the critical values 

specified by this degradation limit. It may be noted that as the thickness of Hastelloy is 

reduced, there is a slight increase in the critical strain value. As the thickness of Hastelloy 

decreases from 0.05 mm to 0.02 mm (60 % decrease), the applied tensile strain increases 
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by 3.75 %. In all these cases, the copper layer thickness is kept constant at 0.02 mm and 

the tape width at 12 mm. 

6.4.3. Variation in the induced strain in REBCO with change in copper thickness 

 

The effect of changing copper thickness on intrinsic axial strain in the REBCO 

layer under pure tensile load is depicted in Figure 6.9. The differences in copper thickness 

affect the intrinsic axial strain induced in the REBCO layer, and the variations obtained 

are nearly identical to those obtained for Hastelloy thickness. However, in contrast to the 

case of Hastelloy thickness, when the copper thickness is increased from 0.005 mm to 

0.04 mm, the difference in intrinsic axial strain increases by 4 %. The critical strain value 

rises by 5.3 % for the same variation in copper thicknesses. 

 

Figure 6.9: Effect of copper thickness on the intrinsic axial strain in the REBCO layer 

under pure tensile load. 

Similar to the Hastelloy variation case, the residuals train values are also dependent on 

the thickness of the copper. The residual strain value varies from -0.223  to -0.262 % 

when the copper thickness is changed from 0.005 mm to 0.04 mm, as discussed. The 

applied tensile strain that may withstand without producing degradation increases as the 

copper thickness increases.  
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6.4.4. Variation in the induced strain in REBCO with change in tape width. 

Figure 6.10 and 6.11 representing the changes in the applied critical strain with 

variation in the tape width corresponding to different Hastelloy and copper thicknesses. 

 
Figure 6.10:Variation in applied critical strain with changes in tape width for different 

Hastelloy thicknesses under pure tensile loading 

Though the trend remains the same for all widths, the magnitude of the critical applied 

strain decreases as tape width increases. The degradation is faster as the tape width 

increases (lower values for critical applied strain). Larger tapes can bear higher tensile 

force without degrading. When the Hastelloy thickness is increased from 0.02 mm to 0.05 

mm on a 12 mm tape, the critical applied tensile strain values are reduced by 

approximately 36%. 
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Figure 6.11:Variation in applied critical tensile strain with changes in tape width for 

different copper thicknesses under pure tensile loading 

Figure 6.11 shows the critical applied strain change with tape width variations 

corresponding to different copper thicknesses under pure tensile loading. It is found that 

the influence of copper thickness on the induced intrinsic axial strain is not as significant 

as it is in the Hastelloy case. For instance, increasing the thickness of copper from 0.005 

mm to 0.04 mm (approximately 700%) increases the critical applied tensile strain value 

only by 3.9 %. It can also be noted that the tape width has no significant effect on the 

development of intrinsic axial strain in the REBCO layer with changes in copper 

thickness. 

6.5. Influence of combined tension and torsion on the performance of the REBCO 

tape. 

The degradation of the superconducting tape under tension and torsional load is 

important since these tapes are subjected to such loads during the manufacturing of the 

superconducting cable and the magnets. The impacts of changes in geometrical 

parameters of the tape when subjected to combined loading is studied. The degradation 

limits of the tape are plotted as a function of Hastelloy, copper layer thickness and the 

width of the tape. 
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6.5.1. Effect of combined tensile and torsional loading on REBCO with changes in 

Hastelloy thickness. 

Figure 6.12 depicts the degradation limits of REBCO tape subjected to the 

combination of tensile and torsional loads. Torsional and tensile loads are represented in 

terms of angle of twist and tensile strain. The curve denotes the degradation point 

corresponding to each combined tensile and torsional load. The shaded area above the 

curve represents the degradation region, and white region below the curve indicates the 

safe area. The graph illustrates that when the torsional load (angle of twist) is large, the 

tensile load that the tape may withstand will be reduced. For instance, if the twist angle 

is 0.18 deg/mm, the maximum tensile strain applied is 0.65%. When the twist angle 

increases from 0.18 to 0.72 deg/mm (300 % increase), the maximum value of applied 

tensile strain is reduced to 0.3 % (about 54 % decrease). The applied tensile strain can be 

as high as 0.7 % when the twist angle is zero (pure tension case). Similarly, when no 

tensile load is applied, the highest twist angle available is 0.93 deg/mm ( the pure torsion 

case). 

 

Figure 6.12: Critical strain in the REBCO layer under the combined loading of tension 

and torsion at different Hastelloy thicknesses for a) 12 mm tape width b) 10 mm tape 

width 

Increases in the thickness of the Hastelloy layer have less effect on the critical limits, as 

shown in Figure 6.12. In the pure torsion situation, the angle of twist can only be increased 

by 2.2 % when the Hastelloy thickness is decreased from 0.05 mm to 0.02 mm 

(approximately 60% reduction). It may be noted that in all these cases mentioned, the 
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thickness of copper is kept constant at 0.02 mm. In the case of Figure 12 (a), the tape 

width is kept constant at 12 mm. Figure 12 (b) shows the effect of decreasing the tape 

width to 10 mm. Figures 12(a) and 12(b) show that a tape with a 12 mm width degrades 

faster than one with a 10 mm width. In the pure torsion scenario, it is also found that a 10 

mm wide tape can sustain 1.2 deg/mm of twist angle. This is approximately 28% higher 

than the tape with 12 mm width. 

6.5.2. Effect of combined tensile and torsional loading on REBCO with change in 

copper thickness. 

The impact of copper thickness on the degradation of REBCO tape under 

combined tension and torsional loads is studied. A similar result as that of the Hastelloy 

study is obtained; when the angle of twist that can be applied is large, the tensile load that 

the tape can sustain is smaller. The results indicate the critical limits; the intrinsic axial 

strain values beyond this value are not acceptable. For instance, it is found that the 

maximum angle of twist that can be applied is 0.92 deg/mm when the tensile load is zero 

(pure torsion). On the other hand, the maximum applied tensile strain that can be applied 

is 0.65 % when the torsional load is zero (pure tension). This is for the case where the 

copper thickness is the minimum (0.005 mm).   

 

Figure 6.13: Effect of copper thickness on critical strain under combined tension and 

torsion 
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Figure 6.13 depicts the effect of changing the thickness of copper layers. The curve denote 

the degradation points corresponding to each combined tension and torsion load. Under 

pure torsion, the angle of twist that can be applied increases to 0.95 deg/mm for the 

maximum copper thickness (0.04 mm) (about 3.2 %). Under pure tension, the applied 

tensile strain increases to 0.7 %, which is approximately 7.7 % for the same copper 

thickness. Tapes with the smaller copper thickness degrades faster and this comparison 

bring out the importance of copper layer in maintaining the strength of the tape for a wide 

range of operations. 

6.5.3. Effect of combined tensile and torsional loading on the REBCO with changes 

in the tape width 

The effect of reducing the tape width on degradation under combined tension and 

torsional loads is investigated. Figure 6.14 depicts the critical limits for each tape width, 

for a wide range of torsional and tensile loads as well as their combinations. The area 

above each curve in the degradation region and it is safe to keep the tape below the curve.  

 

Figure 6.14: Effect of tape width on critical strain under combined tension and torsion 

Figure 6.14 shows that when the width of the tape decreases, the critical limits are moved 

further out, offering manufacturers more flexibility in terms of combined tensile and 

torsional loads. For the pure torsion the situation of reducing the tape width from 12 mm 

to 3mm (75 % decrease) increased the maximum permitted angle of twist from 0.93 to 4 

deg/mm (326 % increase). However, in the case of pure tension, the change in tape width 

has no significant effect. The tape degraded at 0.7 % applied tensile strain irrespective of 
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tape width. With an increase in the angle of twist, the influence of tape width becomes 

more noticeable in the combined tensile and torsional cases. On the other hand, in pure 

torsional loading, increasing the width of the tape has a very significant effect on the 

generated intrinsic axial strain. The cross-sectional area increases proportionally as the 

tape width increases; whereas, the volume fraction remains the same. In the case of 

torsional loading, it is found that the cracks develop at the edges. A smaller tape width 

results in a lesser strain on the tape. Therefore, the width of the tape is found to have a 

very significant influence on the combined tensile and torsional loading as well as the 

pure torsional loading. If the tape is wider, under combined tensile and torsional loading, 

the tape will fail quickly with an increase in the load. This is evident from the Figure as 

the slope becomes steeper with the increase in tape width.   

6.6. Electrical performance of REBCO tape subjected to combined tension and 

torsion. 

 

The electrical performance of superconducting REBCO tape when subjected to 

torsional loading is investigated.  The effect of combined tension and torsion forces on 

the induced strain and the associated amount of degradation of the superconducting tape 

is presented in terms of its current carrying capacity. After being converted to 

cables/wires, superconducting tapes find use in a variety of systems, including magnets, 

where a huge quantity of current must be transmitted through them without causing any 

Joule heating. However,  induced strain due to mechanical loads on them can degrade the 

superconducting tape; thus producing some electrical resistance. Though the value of 

such electrical resistance will be very small, the resulting heating would be enormous due 

to the large quantity of high current being passed through them. This result in situation 

like quenching and can permanently damage the superconducting cable/ wire. Each 

superconducting tape has a maximum current carrying capacity, called as the critical 

current limit and this capacity decreases as the tape degrades. Therefore, the current-

carrying capacity of superconducting tape may be used to determine the extent of 

degradation. This changes the electrical performance of superconductors when subjected 

to tension, torsion, and combined tension and torsion are important and need to be 

monitored. 
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6.6.1. Changes in the critical current retention under pure torsional loads 

The critical current depends upon the intrinsic axial strain. In pure torsion and 

combination tension and torsional cases, the intrinsic axial strain is not constant over the 

width of the tape. Under torsion the strain-induced will be more at the edges of the tape 

and when moved to the centre line along the width direction, the strain is reduced. 

Consequently,The current-carrying capacity will change according to the strain-induced, 

Equation 6.1 may be used to calculate the overall current carrying capacity of the tape 

[83]. 

                                                       Ic= 𝑡𝑠 ∫ 𝑗𝑐 (ε𝑥)𝑑𝑥
𝑤

2

−
𝑤

2

                                                (6.1) 

Where the critical current 'Ic' of a twisted tape is represented as a sum of critical current 

densities 'jc(𝜀𝑥)' over the width 'w' and thickness 'ts' of the tape cross-section, the critical 

current density is the function of the intrinsic axial strain in this expression. A more 

precise empirical expression (Equation 6.2) is reported in the literature [83], and it is 

based on SuperPower data on Yttrium Barium Cupric Oxide (YBCO) [121]. 

𝐼𝑐

𝐼𝑐𝑜
= 0.057713x1012 εx

6 - 0.03979215x1010 εx
5 - 0.02090279x108 εx

4 + 0.02385557x106 

εx
3-           0.1668065 x104  εx

2 - 0.003662115 x102  εx + 1                                (6.2) 

Where ‘Ico’ is the critical current density at zero intrinsic axial strain. Critical current 

retention at a particular strain is the ratio of critical current at that strain to the critical 

current value when the intrinsic axial strain is zero. The above expression is used for 

calculating  the critical current retention (
𝐼𝑐

𝐼𝑐𝑜
) of different cases.  

6.6.2. Effect of thickness of Hastelloy on the critical current retention 

Figure 6.15 describes the influence of Hastelloy layer thickness on critical current 

retention under pure torsion (zero applied tensile strain). 
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Figure 6.15: Critical current degradation at different Hastelloy thicknesses under pure 

torsion 

The torsional load is changed by varying the angle of twist, which is represented on the 

X-axis. The Y-axis represent the the critical current retention. The maximum critical 

current retention allowable is 95 % and it is marked by the horizontal straight line at the 

top. The graph shows that as the angle of twist increases, the critical current retention is 

good until about 0.9 deg/mm, beyond which it decreases significantly. A 50% increase in 

the angle of twist beyond 0.9 deg/mm (0.9 deg/mm to 1.35 deg/mm) reduces critical 

current retention by nearly 50%. The similar trends can be seen for other Hastelloy 

thicknesses (from 0.05 mm to 0.02 mm). Initially, as the angle of twist increases, so does 

the critical current retention. This is due to the influence of residual strain as discussed 

earlier. When the twist angle is about 0.54 deg/mm, the critical current retention is near 

1. 

The graph also illustrates that by decreasing the thickness of Hastelloy, the tape 

may not be able endure a higher angle of twist without affecting critical current retention. 

For instance, at 0.05 mm thickness of Hastelloy, critical current retention of 95 % is only 

possible up to a twist angle of 0.96 deg/mm. When the thickness of Hastelloy is reduced 

from 0.05 mm to 0.02 mm (a 60% reduction), the angle of twist possible (torsional load) 

increases to just 0.99 deg/mm, which is about 2 % increase only. The results suggest that 

it is possible to reduce the thickness of Hastelloy without significantly affecting its 

electrical performance. 
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6.6.3. Effect of thickness of copper on the critical current retention 

The thickness of the copper layers’ is changed in this case and Figure 6.16 shows 

its corresponding the changes in critical current retention under pure torsional loading. 

 
 

Figure 6.16: Critical current degradation at different copper thicknesses under pure 

torsion 

The copper layers’ thickness is increased and then decreased from the given value of 0.02 

mm. When increasing the angle of twist, the critical current retention under pure torsion 

is better with the thicker copper layers. When the copper thickness is decreased, the 

critical current retention is slightly reduced. At a copper layer thickness of 0.04 mm, the 

critical current retention of 95% is possible only up to an angle of twist equal to 0.98 

deg/mm. The maximum angle of twist is reduced to 0.95 deg/mm when the thickness of 

the copper layers is decreased to 0.005 mm. For almost all the copper thicknesses, the 

degradation limit in terms of torsional load demarcated by limit in terms of 95 % critical 

current retention beyond 0.9 deg/mm for the given configuration. 

For all cases, the critical current retention becomes 1, when the angle of twist is 

nearly 0.54 deg/mm. With an initial torsional load of up to 0.54 deg/mm, tapes with 

thicker copper layers can hold more residual strain. On the other hand, a torsional load 

above 0.54 deg/mm has high critical retention for tapes with larger copper thickness.  
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6.6.4. Effect of tape width on the critical current retention 

Figure 6.17 depicts the impact of tape width on critical current retention under 

pure torsion (zero applied tensile strain). The width of the tape is reduced from the given 

value to understand its impact on the electrical performance. 

 

Figure 6.17: Critical current degradation at different tape widths under pure torsional 

load 

The findings indicate that the width of the tape has a considerable impact on critical 

current retention. When the width of the tape is reduced from 12 mm to 3 mm (75% 

reduction), the maximum angle of twist possible without degradation increases from 0.93 

to 4.1 deg/mm (about 326 % increase). The 95 % critical current retention is marked by 

the straight horizontal line at the top. It is evident from the graph that the impact of tape 

width on critical current retention is more crucial at higher tape widths. 

6.6.5. Changes in the critical current retention under combined tensile and 

torsional loads 

The critical current retention of the REBCO superconducting tape under 

combined tensile and torsional loads is shown in Figure 6.18. The changes in torsional 

load is indicated on the x-axis in terms of the angle of twist, and the various tensile loads 

applied are marked in the legend of the graph. The critical current retention varies from 

around 100 % to  65 % for the given range of parameters, as shown in the graph. If the 
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critical current retention is less than 95 %, the tape is considered to lose its 

superconductivity and so degraded. The horizontal line at the top of the graph shows this 

limit. The region above this line can be considered as safer region. As expected the critical 

current retention considerably decreases with a significant increase in tensile and 

torsional loads. 

 

Figure 6.18: Critical current degradation under combined tensile and torsional load 

The shapes of the different graphs show that as the applied tensile strain increases, 

the rate at which the critical current retention decreases increases. It may be noted that 

even without any torsional load (0 deg/mm angle of twist), the critical current retention 

is less than 95 % at the maximum applied tensile strain (0.7 % curve). When a more 

torsional load is applied, the entire tape enters the degraded region. On the other hand, 

the highest angle of twist that can be provided without degradation is 0.97 deg/mm in the 

absence of any tensile load (0 % applied tensile strain). It may also be observed that the 

critical current value first increases with an increase in the angle of twist. Once it reaches 

a particular strain value, it starts decreasing for each case of applied tensile strain. Similar 

results were obtained by other researchers earlier [8]. It may be due to the relief of the 

residual strain in the tape. 

The numerical simulation done by llin et al. [17] reported that, when the applied 

strain is 0.3%, then the maximum angle of twist that can withstand without any 
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degradation is 2.29 °/mm. This study also found a similar result, the maximum allowable 

angle of twist without any degradation at 0.3% applied strain is 2.25 °/mm. The critical 

current degradation under combined tension and torsion is reported in another literature 

[88]. However, a direct comparison of these two studies is not possible, because the 

present study is using 12 mm wide tape, and the literature use 4  mm wide tape. At 0.6% 

applied strain, 4 mm width tape can accommodate 1.8 °/mm angle of twist [88]. In this 

study, 12 mm width tape at 0.6% applied strain can accommodate 0.42 °/mm. Another 

study by Gorospe et al. reported that 5% critical current degradation occurred for 4.01 

mm GdBCO tape at 2.96 °/mm [133]. However, in the present study, 5% critical current 

degradation is observed at 0.97 °/mm (12 mm width tape). In all the cases, a direct 

comparison of this 12 mm and 4 mm width tape is not possible, even though it is clear 

that 12 mm width tape fails first compared to 4 mm width one under pure torsion and 

combined tension and torsion.  

6.7. Summary 

The influence of intrinsic axial strain induced on the degradation of REBCO tape under 

combined twisting and torsion has been studied. The tape parameters, such as the 

thickness of Hastelloy and copper layers, the width of the tape, etc., are varied to evaluate 

the amount of degradation under pure tension, pure torsion and combined tension and 

torsion loads. From the results obtained from the study, the following conclusions can be 

derived.  

• Under pure tensile loading, the applied tensile strain on the tape is directly 

proportional to intrinsic axial strain developed in the REBCO layer irrespective 

of the thickness of Hastelloy and copper layers and the width of the tape. For the 

given configuration, the applied tensile strain beyond which the tape degrades is 

between 0.6 %, and 0.7 % applied tensile strain for any thickness of layers and 

tape width.  

• Under combined tension and torsion, there is an inverse relationship between the 

applied tensile strain and the angle of twist that can be applied. When the angle of 

twist is increased from 0.18 to 0.72 deg/mm (300 % increase), the maximum value 

of applied tensile strain that can be applied, is to be decreased from 0.65 % to 0.3 

% (about 54 % decrease). Decreasing the tape width further decreases the 

maximum value of applied tensile strain for the same increase in the angle of twist. 
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Changing the thickness of Hastelloy and copper layers is not found to have much 

significant influence on the degradation of the tape.  

• It is found that under pure torsional as well as combined tensile and torsional 

loads, the applied tensile strain that can be applied on the tape can be increased 

by decreasing the width of the tape.  By decreasing the tape width, the critical 

limits can be pushed further, giving more flexibility for the manufacturers to 

accommodate combined tensile and torsional loads. By decreasing the tape width 

from 12 mm to 3mm (75 % decrease), the maximum allowable angle of twist can 

be increased from 0.93 to 4 deg/mm (326 % increase) under pure torsional 

loading. 

• The study found that under pure torsion, the influence of Hastelloy thickness on 

the degradation limits are not appreciable in the given range. Decreasing the 

Hastelloy thickness from 0.05 mm to 0.02 mm (about a 60 % decrease) has 

increased the maximum allowable angle of twist by only 2.2 %.  

• Observation of the critical current retention under combined tension and torsion 

revealed that the critical current value first increases with an increase in the angle 

of twist. However, further increase will decrease the critical current retention. 

• Changing the thickness of Hastelloy and copper layers is not found to have any 

significant influence on the critical current retention in the REBCO tape. When 

reducing the thickness of Hastelloy from 0.05 mm to 0.02 mm (60% decrease), 

angle of twist can only be increased from 0.96 to 0.99 deg/mm (2.2%). Similarly, 

when the copper thickness is reduced from 0.04 mm to 0.005 mm (87.5 % 

decrease), the maximum allowable angle of twist decreases from 0.98 to 0.95 

deg/mm (3.1 % decrease). 

• It is found that under pure torsion, the width of the tape has significant influence. 

The angle of twist has to be decreased from 4.1 to 0.97 deg/mm (326 %) with the 

increase of tape width from 3 to 12 mm (300 % increase).   

The results generated are expected to help the manufacturers of superconductors when 

developing REBCO based tapes and cables subjected to tensile, torsional, combined 

tensile and torsional loads. 
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Chapter 7 

Effect of winding on the degradation of REBCO 

superconducting tape 

7.1. Introduction 

This chapter studies the influence of the winding process on simple 

superconducting CORC® cable while changing tape parameters like substrate thickness, 

copper stabiliser layer thickness, winding angle, and centre core diameter. D. C. van der 

Laan developed the CORC cable in 2009 [35, 127], and a detailed discussion on this type 

of cable has been provided in section 1.5.5. The previous chapters discussed the effect of 

different mechanical loads such as tension, bending load, twisting load and combined 

tension and twisting on the degradation of the REBCO tape. The winding process has the 

combination of all three mechanical forces applied simultaneously. In the CORC type 

cable, winding of the superconducting REBCO tape is performed on a central core. One 

of the advantages of CORC® cable over other cable types is the possibility of using a 
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central core with a small diameter, thereby reducing the cable size.  It is essential to 

calculate the lowest possible core diameter of the cable without any degradation of the 

HTS layer. Smaller the core diameter, more profound would be the effect of the critical 

parameters. In addition to this, parameters such as Hastelloy thickness, copper thickness, 

tape width and the winding angle also influence the degradation of the superconducting 

tape.  

 Winding of simple superconducting cable is earlier reported in the literature by 

Wang et al. [126]. They have treated the multi-layered tape made of various materials 

such as copper, Hastelloy, REBCO as a single homogeneous material for their analysis.  

They have also considered the materials as completely elastic. Young's moduli of the 

superconducting substrate, and copper layers were weighted according to the volume 

fraction of each material to calculate the equivalent Young's modulus. The residual strain 

presents in the material is a crucial component determining the tape performance under 

structural loading; however, their work did not consider the effect of residual strain.  

When considering the tape as a homogeneous material with elastic properties, the 

modelling would be easier [3]. However, since the tape is constituted of different layers 

made of different materials consideration of homogeneous materials may not generate 

accurate results especially when modelling of more involved process like the winding. In 

addition to this, most of the layer materials are plastic in nature and the consideration of 

elastic properties will have an impact on the induced strain in the tape during the winding 

process.  In the present study, the influence of these aspects is studied in detail. 

7.2. Modelling approach  

Winding the superconducting cable is a crucial process. The experimental 

investigation to find the critical limit would be time-consuming and costly. In addition to 

this, winding for various central core diameters with different REBCO tape 

configurations is practically difficult to execute. The numerical model of single-layer 

superconducting CORC cable is developed with the help of the Solid Mechanics module 

in COMSOL Multiphysics® software. The numerical model created is used to determine 

the range of each parameter within which the cable is not degraded. The numerical model 

helps to conduct the analysis for a series of winding processes so as to find the degradation 

limit of each parameter. Figure 7.1 shows the configuration of the Superpower REBCO 

tape used in the analysis. The layer' details and their functions are already discussed in 

the initial Chapters. 
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Figure 7.1: Configuration of SuperPower® 2G HTS Tape SCS4050 [121] 

The strain developed in the REBCO layer due to the effect of other layers under 

different loading situations is a concern when using superconducting tape. However, it 

may be observed that the thickness of the Hastelloy substrate and copper stabiliser is 

dominant among the different layers. As a result, their impact on the strain generated in 

the REBCO layer will be significant compared to the other much thinner layers. REBCO, 

copper, and Hastelloy layers are considered for modelling, but the remaining layers are 

ignored, as mentioned in the previous chapters [17, 91]. The simple superconducting 

CORC cable and the winding machine is depicted in the Figure 7.2. 

 

Figure 7.2: a) CORC cable winding machine [126] b) Simple superconducting CORC 

cable      

In actual practice, the winding process is carried out at room temperature, and residual 

strain is calculated similarly as provided in the previous chapters. The lower limit of 

temperature is 293.15 K. The material properties and assumptions used are already 

mentioned in chapter 4. Also, REBCO is considered elastic in the whole range of 

temperature, and the plastic properties of Hastelloy and copper are considered throughout 

the modelling. The residual strain already present in the tape is also considered. 
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7.3. Mesh and boundary conditions 

The numerical modelling of the winding process of the REBCO tape over the 

central core is challenging due to the contact involved. Contact pair is defined in 

COMSOL Multiphysics in two ways; the Augmented Lagrangian and Penalty methods. 

The system of equations is solved segregated way in the augmented Lagrangian approach. 

Augmentation components for contact pressure and friction traction vector components 

are introduced. There is an additional iteration level in which the normal displacement 

variables are solved independently of the contact pressure and traction variables. This 

process is repeated until the algorithm satisfies a convergence criteria. There are no 

additional degrees of freedom required for the contact pressure or the friction traction 

vector when using the penalty technique. These results are calculated from the 

displacements and the penalty stiffness. This means that no additional solver strategies 

are required. Although the enhanced Lagrangian technique is more accurate, it has a 

higher computing cost and requires more fine-tuning to converge [117]. The Penalty 

technique is less accurate but more robust and requires less solver tuning. Therefore, in 

this study the penalty method is used to define the contact pair between the tape and 

central core to achieve a faster convergence.  

 Contact pair is defined by taking the bottom side of the tape as the destination, 

and the periphery of the central core is the source. The mesh in the contact layer of the 

tape is refined by inserting diagonal elements to ensure proper contact during winding. 

The tape has meshed finer than the central core to achieve better contact. The mesh 

independent investigation is performed by altering the number of elements in width and 

length. Taking 8 elements width wise and 200 elements lengthwise provide good results 

for all winding angles. These findings are comparable to those obtained with finer meshes. 

The tape has been meshed with 200 elements along the length and 8 elements along the 

width for all of the following models. The tape thickness is selected so that each material 

selected has one element in thickness. one layer of Hastelloy and REBCO and two layers 

of copper. It may be noted that because geometry comprises the thin layer of materials, 

the tape will have a high aspect ratio. The attempt to lower the aspect ratio will result in 

a larger number of elements and a more extensive computation.  

The following boundary conditions are provided for the modelling: the rigid 

connector boundary condition is applied to one surface of the central core to provide the 

rotation and translational movement to the central core. Rotational and translational 
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motions are applied to the REBCO tape surfaces as pictorially represented in Figure 7.3. 

The opposite end of the REBCO tape is subjected to a boundary load of 50-100 MPa, and 

the displacement perpendicular to the tape surface is limited to zero. It may be noted that, 

in practice, winding stress is usually kept between 50 and 100 MPa. 

 

Figure 7.3: Mesh and boundary conditions: REBCO tape and central core. 

The convergence is verified using mesh-independent analysis and constant monitoring of 

the convergence plot. To achieve better convergence, the damping factor is adjusted. The 

tolerance limit is initially set at 0.001 and later raised to 10-6. Figure 7.3 also depicts the 

relative movements of the central core and the tape during the winding process.  

 

 

 

 

 

 

 

 

Figure 7.4 shows a magnified sectional view of the tape. The REBCO layer is placed on 

the Hastelloy substrate and covered by copper layers on the top and bottom sides. It may 

be noted that while winding, the side with the REBCO layer faces the central core. 

 

 

Boundary load 

Rotation along with 

translation in the 

tape axial direction 

(Rigid connector) 

 

Figure 7.4: Enlarged sectional view of the REBCO Tape. 
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7.4. Results and discussion 

7.4.1. Comparison of the present study with literature 

 

Figure 7.5: Comparison of present study with result published in the literature, 

Distribution of intrinsic axial strain across the width of the tape when subjected to 

winding load. 

The winding of REBCO tape over a 2.5 mm core diameter shows good agreement 

with the result published in the literature [126]. It may be observed that there is difference 

in the edges and the middle portion may be due to the consideration of layered structure, 

residual strain and consideration of plastic properties in the present study. In both the 

results, the amplified axial strain can be observed at the centre of the tape. The same has 

been reported by other studies too [126]. The lack of adjacent support at the edges will 

result in decreased strain. There is about 11 % difference at the centre of the tape and this 

increases to about 100 % at the edges. This behaviour is discussed in detail in the 

subsequent sections.  
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7.4.2. Development of strain during the cabling 

The winding stage is crucial in developing CORC cable because it contributes to 

strain variations in the superconducting material. Compressive strain is created in the 

REBCO layer during winding because the side of the tape with the REBCO layer below 

the neutral axis faces the central core. The winding is initially modelled using an arbitrary 

central core diameter of 3 mm, using a tape width of 4 mm, with a winding angle of 45o. 

Figure 7.6 depicts the distribution of intrinsic strain in the REBCO layer after winding. 

The varied strain pattern generated at the end of the tape is owing to its boundary 

condition provided.  

                       

Figure 7.6: Intrinsic axial strain distribution of the REBCO layer for a 3 mm diameter 

central core, 4 mm tape width, and 45o winding angle 

 

Figure 7.7: Intrinsic axial strain in the REBCO layer vs tape width for a 3 mm diameter 

central core CORC cable. 
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7 mm 

 

Figure 7.7 indicates the strain distribution across the width of the tape. The strain value 

is varied from -0.06 % to -0.45% across the width of the tape. These values are almost 

constant at the centre. This variation is mainly due to the combined effect of tension, 

bending and twisting load during the winding. It may be observed that the maximum 

intrinsic axial strain developed is -0.45 % and is more predominant at the central portion 

of the tape compared to the side end. It is also clear that the strain distribution are almost 

axially symmetric over the width of the tape. This is because REBCO tape is subjected 

mainly to bending, as it is eccentrically located at the inner side of the tape, closer to the 

central core. 

7.4.3. Variation of central core diameter 

The size of the central core is an important parameter during the manufacturing 

stage of the CORC cable. Smaller the diameter for central core, higher would be the strain 

development. The diameter of the centre former is varied in five steps, from 7 to 1 mm 

and the results obtained are presented in Figure 7.8. It may be noted that the tape 

considered has a width of 4 mm, Hastelloy thickness of 0.05 mm, and copper thickness 

of 0.02 mm. 

 

 

 

 

 

 

 

Figure 7.8: Intrinsic axial strain pattern in the REBCO layer for different central core 
diameters. 
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Figure 7.9 depicts the effect of variation in intrinsic axial strain in the REBCO layer 

across width when wound on central core of different diameters. The graph illustrates that 

for all diameters, the distribution of intrinsic axial strain across the width of the tape is 

axi-symmetric. It may be noted that the compressive strain generated in the REBCO layer 

increases as the central core diameter decreases. The bending radius decreases with 

increasing the radius of curvature of the central core and leads to more strain. Therefore, 

to reduce the induced strain, central core with higher diameters can be used. For instance, 

when increasing the core diameter from 1 mm to 7 mm, while the intrinsic axial strain in 

the REBCO layer drops by 75%. 

 

Figure 7.9: Intrinsic axial strain of REBCO layer with different central core diameters 

The findings are in good agreement with those of a previous study published in the 

literature [126]. Both studies show the same trend in the variation of axial strain along the 

width of the tape for different core diameters. However, as compared to earlier studies, 

the axial strain values obtained in this work are slightly higher in most cases. This may 

be because the maximum strain developed in this study is plotted rather than the average 

strain developed. The differences in values may be also due to the consideration of 

different material layers than the homogeneous single material assumption of the tape. 

The consideration of residual strain is also may increase the strain induced in the tape.  

It is understood that decreasing the central core diameter results in the 

development of greater compressive strain. The compressive strain increases with 

decreasing the central core diameter. However, in practice, using a smaller central core 

can be significantly advantageous since it approaches the required small round wire 
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diameter range with a high current density [37]. An attempt is made to determine the 

limiting diameter for the central former beyond which the strain produced is not within 

the acceptable limits. This result is presented in Figure 7.10. The diameter of the central 

former is varied from 7 to 1 mm in eight steps.  

 

Figure 7.10: Maximum intrinsic axial compressive strain across the width of the 

REBCO layer with a different central former diameter 

It may be observed that when the core diameter decreases beyond 3.43 mm, there is a 

sudden increase in the intrinsic compressive strain. This is observed at about -0.42 % 

intrinsic axial strain. So, care must be taken not to reduce the core diameter below 3.43 

mm for the given tape configuration and loading conditions.  

7.4.4. Variation in winding angle 

The angle of winding considerably impacts the strain generation in REBCO tape. 

The generation of strain for five different winding angles, ranging from 0o to 600 in steps 

of 150 has been found. The thickness of the Hastelloy substrate is 50 mm, and the 

thickness of the copper stabiliser is 20 mm for this tape configuration. The bending 

curvature of the superconducting tape gradually reduces as the helix angle rises, as 

depicted in Figure 7.11. As a result, the axial compressive strain in the REBCO layer 

decreases as it is visible from Figure 7.11. The induced intrinsic axial strain over the width 

of the tape is maximum at 0o winding angle, where the influence of layer twisting is 

absent. 
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Figure 7.11: Axial strain in the REBCO layer for different winding angles. 

Figure 7.12 shows the detailed strain distributions across the width of the tape under 

different winding angles. It may be observed the strain values are lower for 30o and 45o 

winding angles. 

 

 

Figure 7.12: Axial strain in the REBCO layer with different winding angles (central 

former diameter = 3 mm). 

D.C.Van der Laan et al. reported that the strain sensitivity is maximum when the strain is 

applied parallel to 0o and 90o directions [17, 37]. It is reported that the critical current is 

independent of strain when the strain is applied at 45o direction [17, 37]. At 0o winding 

angle, where there is no influence of twisting and hence torsion strain is the least, the 

strain distribution is most uniform across the width, indicating close to pure bending 

0o 15o 30o 45o 60o 
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strain. Eventually, the best choice for the winding angle would depend on the application 

and the anticipated bending radius of the CORC cable.  

7.4.5. Substrate thickness variation 

The strain generated in the REBCO layer is affected by variations in the thickness 

of the substrate used to make the superconducting tape. It may be noted that the relative 

position of the REBCO layer would shift away from the neutral axis if the thickness of 

the substrate (made of Hastelloy) is increased. As a result, given a thicker substrate the 

intrinsic axial strain induced during winding increases. Figure 7.13 depicts the difference 

in strain generation with decreasing substrate thickness for different core diameters. 

 

Figure 7.13: Maximum axial tensile strain in the REBCO layer vs substrate thickness 

for different central former diameters from 1 to 3 mm and α =45o 

It may be noted that winding involves both bending and twisting effects in the tape. 

Compression occurs in the layer below the neutral axis, and tension occurs in the layer 

above the neutral axis during bending. The graph illustrates that decreasing the thickness 

of Hastelloy reduces compressive strain in the REBCO. This is observed for all core 

diameters. It may also be observed that reducing the thickness of the substrate has a 

greater impact when the core diameter is small. Therefore, using a thinner substrate to 

reduce the total thickness of the wire is an effective way to increase the critical current 

density of the REBCO tape [80]. It may be noted that when reducing the Hastelloy 

thickness from 0.06 mm to 0.02 mm at 1 mm core diameter, the compressive strain 

decreases by 59 %, and by 44 % at 3 mm core diameter. For a previous study reported in 

the literature [126], the results follow the same pattern. However, the graphs are steeper 



153 
 

than the current one. This could be due to a variation in modelling technique and the 

relaxation of homogeneity. 

7.4.6. Effect of tape width 

The effect of tape width on strain in the REBCO layer is studied. The tape width 

is varied from 1 to 5 mm in steps of 0.5 mm. The thickness of the Hastelloy substrate is 

kept as 0.05 mm, the thickness of the copper stabiliser at 0.02 mm, and the winding angle 

at 45o. The results are depicted in Figure 7.14. Results show that the difference and 

distribution of strain caused differ with tape width. In addition, a wavering strain pattern 

is visible in the strain distribution plot. The reason for this pattern could be due to plastic 

deformation, as observed in a long membrane. Lin and Wickert also report similar 

observations in the open literature [134]. 

                                                  

 

                                                                                                      

 

                           

                                                                                                                                                          

Figure 7.14: Axial strain distribution in REBCO layer for different tape width 

  

1 mm 1.5 mm 2 mm 

2.5 mm 3 mm 3.5 mm 

4 mm 4.5 mm 5 mm  
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Figure 7.15: Average axial strain in the REBCO layer vs tape thickness (central former 

diameter = 3 mm and α =45o). 

Figure 7.15 depicts the variation of the intrinsic strain in the REBCO layer across the 

width of the tape for each tape width. It may be noted that when the tape width is 

increased, the maximum strain produced decreases at the centre portion. For all tape 

widths, the maximum strain in the tapes remains near about 0.5 %. The warpage effect is 

more prominent in tapes having smaller width, and the compressive strain level decreases 

as tape width increases especially at smaller widths. The findings are in agreement with 

a previous study published in the literature [126]. As the width of the tape increases, the 

strain level in the superconducting layer drops. Further, as the tape width increases, the 

maximum strain caused reduces at the centre portion, but the maximum value remains 

nearly constant in all cases.  

7.4.7. Combined variation of thickness of copper, Hastelloy layers, and tape width 

on winding for different core diameters 

It may be observed that the compressive strain in the REBCO layer increases as 

the Hastelloy thickness increases. Figures 7.16 and 7.17 show how the maximum 

compressive strain varies with changes in Hastelloy thickness from 0.05 to 0.02 mm at 

0.02 mm and 0.01 mm copper thickness, respectively. The maximum strain value appears 

to converge to a single point as the Hastelloy thickness reduces from 0.05 mm to lower 
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values. It is also evident that the variation in maximum strain in the REBCO layer is more 

significant for smaller core diameters. When the Hastelloy thickness is reduced from 0.05 

to 0.02 mm, the change of maximum strain at 1 mm core diameter is 47 %. 

 

Figure 7.16: Maximum intrinsic compressive strain in REBCO layer vs Hastelloy 

thickness (0.02 mm copper thickness) 

 

 

Figure 7.17: Maximum intrinsic compressive strain in REBCO layer vs Hastelloy 

thickness (0.01 mm copper thickness) 
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A maximum strain variation of 52 % is reported for 0.02 mm copper and 0.05 mm 

Hastelloy thickness (at 1 mm core diameter). When the core diameter increases from 1 to 

3 mm for the Hastelloy thickness of 0.02 mm, the variation reaches its maximum of 43%. 

Similarly, when the core diameter increases from 1 to 3 mm, the maximum strain 

variation is 50% for 0.01 mm and 0.05 mm copper and Hastelloy thickness respectively. 

These variations are more significant as the copper thicknesses is increased. 

7.5. Electrical performance of simple CORC cable/ wire 

The electrical performance of superconducting CORC cable with the help of data 

published by SuperPower on Yttrium Barium Cupric Oxide (YBCO) is discussed. 

Electrical performance of the superconducting tape may get affected during the winding 

process because of the strain induced. Therefore, the induced strain is computed for 

different cases of core diameter, winding angle and thickness of various layers of the tape. 

The results obtained are substituted in the empirical equation to determine critical current 

retention of the tapes. Detail explanation of the empirical equation is provided in section 

6.6.1. [83]. 

Figure 7.18 depicts the variation in critical current retention with changes in core 

diameter. The critical current retention drops as the core diameter decreases. This is due 

to an increase in the radius of curvature, which results in higher compressive bending 

strain in the REBCO layer. This strain causes the tape to degrade. For instance, it can be 

observed from the figure that when the core diameter is reduced from 7 mm to 1 mm, the 

critical current retention is decreased by nearly 40%. 

 

Figure 7.18: Variation in critical current retention with changes in core diameter. 
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 The winding angle is varied from 0o to 60o, and the critical current retention is 

plotted against the winding angle, as shown in Figure 7.19. When the winding angle is 

changed from 0o to 45o, it can be observed that the critical current retention capacity of 

the cable/wire increases. When the winding angle is increased beyond 45o, the critical 

current retention capacity drops. 

 

Figure 7.19: Variation of critical current retention with change in winding angle 

It may be observed that when the REBCO tape is wound on a 3 mm central core, the 

critical current retention capacity drops only by 3% at a 45o winding angle. The maximum 

degradation is occurring at a 90o/0o winding angle. Therefore, it may be understood that 

45o is the best angle for winding. Similar findings are also reported by D. C. van der Laan 

et al. [37]. 

Figure 7.20 illustrates the critical current retention in the REBCO tape for various 

Hastelloy thicknesses. As the Hastelloy thickness increases, the critical current retention 

in the REBCO layer reduces. When the Hastelloy thickness is increased from 0.02 mm to 

0.06 mm, the critical current retention drops by 47.4 % and 6.2 % for 1 mm and 3 mm 

core diameters, respectively. 
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Figure 7.20: Variation in critical current retention with changes in Hastelloy thickness 

for different core diameters 

Therefore, CORC cables with smaller core diameters degrade faster than those with larger 

ones. The radius of curvature for the winding increases as the core diameter decreases 

during winding. More strain is developed in the REBCO layer as the radius of curvature 

increases, resulting in higher level of degradation in the critical current. 

Figure 7.21 depicts the variation in critical current retention with changes in Hastelloy 

thickness for various core diameters and tape widths. The critical current retention 

increases as the Hastelloy thickness is decreased from 0.05 mm to 0.02 mm. It also be 

observed that the change in critical current retention in the REBCO layer with changes in 

Hastelloy thickness is more significant for small core diameters. 
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Figure 7.21: Variation in critical current retention with changes in Hastelloy thickness 

for different core diameters and tape widths. 

Therefore, consideration have to be taken while increasing the thickness of the Hastelloy 

layer. When the Hastelloy thickness is increased from 0.02 to 0.05 mm, the critical current 

is reduced by 31.6 % for 1 mm core diameter. This is because as the Hastelloy thickness 

increases the distance between the neutral axis and the REBCO layer increases. As a 

result, the intrinsic axial strain induced during winding increases, and hence affects the 

critical current retention. Changes in tape width is found to have minor influences on 

critical current degradation than changes in core diameter. When the core diameter is 

reduced from 3 mm to 1 mm, the critical current is reduced by 31.9 % and 5.5 % at 0.05 

mm and 0.02 mm Hastelloy thicknesses. Figure 7.22 depicts the variation in critical 

current retention with modifications in Hastelloy thickness for various copper 

thicknesses. The critical current retention in the REBCO layer lowers as the Hastelloy 

thickness increases. 
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Figure 7.22: Variation in critical current retention with changes in Hastelloy thickness for 

different copper thicknesses 

It has also been found that increasing the copper thickness leads to critical current 

degradation. It can be related to the neutral axis shift as well as interfacial bonding 

between various layers. When the Hastelloy thickness is increased from 0.02 mm to 0.05 

mm, the critical current is reduced by 31.4 % and 28.7 % for 0.02 mm and 0.01 mm 

copper thicknesses, respectively. This is also shows that when compared to Hastelloy 

thickness, the influence of the copper thickness on critical current retention is less 

significant.  

7.6. Summary 

Modelling of REBCO tape is performed to examine its degradation upon winding 

loads for different winding patterns and tape parameters. The strain created in the REBCO 

layer is the result of the combined effects of axial tension, compression, bending, and 

torsion. The strain generated under various conditions is estimated and compared to 

ensure that the strain remains within the degradation limits. The result indicates that the 

compressive intrinsic axial strain in the REBCO layer increases when the central core 

diameter decreases. When the thickness of the substrate is reduced, the compressive strain 

in the superconducting tape decreases. It is also observed that the best winding angle is 

45o. The strain in the superconducting layer decreases as the tape width increases and 



161 
 

warpage caused by twisting is more evident on tapes with a smaller width. The influence 

of Hastelloy thickness and core diameter on winding is determined. When the Hastelloy 

thickness decreases from 0.05 to 0.02 mm, at 1 mm core diameter, the variation of 

maximum strain is 47 % and 52%, at 0.01 and 0.02 copper thickness, respectively. The 

compressive strain increases by 43 % when the core diameter decreases from 3 to 1 mm, 

at 0.02 mm Hastelloy thickness. Varying the thickness of copper layer is found to have 

comparatively less significance on the REBCO tape. A similar trend is observed in the 

case of critical current retention as well.  
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Chapter 8 

Effect of different fatigue loads on the degradation of 

the REBCO superconducting tape 

8.1 Introduction   

The effect of different mechanical loads on the degradation of REBCO tape is 

investigated in chapters 4-7. Apart from these normal mechanical loads, another 

significant load is the fatigue type of loading. One of the sources of fatigue type of load 

is repeated thermal cycling during the usage phase, where the tape temperature changes 

from room condition to cryogenic temperature. In addition to this, the tape may be 

subjected to repeated mechanical loads during its installation and operating stage. The 

repeated thermal and mechanical load cycles affect superconductor performance and 

cause the tape to degrade. Another source for fatigue load is due to the Lorentz force 

developed when alternating current passes through the superconductor. Fatigue load is 
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experienced in the case where REBCO tape is used in rotating machines like motors and 

generators. This is happening due to the development of centrifugal stress. Carrying out 

the high-cycle fatigue at cryogenic temperature is costly and time-consuming. Numerical 

modelling has huge potential to overcome this challenge and avoid the use of 

sophisticated experimental facilities. This chapter investigates the fatigue strength or limit 

of superconducting REBCO tape subjected to different cyclic mechanical loads, such as 

tension, bending, and torsion. The influence of changing the thickness of Hastelloy and 

copper layers on fatigue strength is also studied.  

8.2 Modelling 

The phenomenon of a component failing after repetitive loading and unloading is 

referred to as fatigue. However, the magnitude of each load applied under repeated 

loadings is smaller than the material's ultimate stress. The numerical simulation model is 

developed using the fatigue module of COMSOL Multiphysics. In the first stage, the 

mechanical load is applied using the solid mechanics module in COMSOL Multiphysics. 

The repeated load is applied using the fatigue module to calculate the Fatigue strength/ 

Fatigue usage factor. Different type of fatigue modelling approaches are used to carried 

out the fatigue analysis. The major models are stress based, strain based, stress life based, 

strain life based, energy based etc. [135]. Stress based and stress life-based approaches 

are best suited for high cycle fatigue analysis. However, this work is concentrated on 

stress-based approach. Findley Criterion, Matake Criterion, and Maximum Normal Stress 

Criterion are most widely used stress-based approaches. Matake approach is best suited 

for the brittle and ductile materials so the work is further concentrated on the same [115]. 

For stress based High Cycle Fatigue, Matake criteria are used to evaluate the Fatigue 

usage factor (FUS). Utilizing the critical plane approach, multiple orientations in space 

are evaluated to determine the critical plane where fatigue is anticipated to occur. Stress-

Based Fatigue Models predict a fatigue usage factor (FUS), which is the ratio of the 

applied stress to the stress limit. This implies that the stress limit has been exceeded and 

failure is expected, or that the component will maintain its quality throughout the 

anticipated fatigue life. The fatigue usage factor is opposite to the safety factor. 

                   𝐹𝑎𝑡𝑖𝑔𝑢𝑒 𝑈𝑠𝑎𝑔𝑒 𝐹𝑎𝑐𝑡𝑜𝑟 (𝐹𝑈𝑆) =
𝐴𝑝𝑝𝑙𝑖𝑒𝑑 𝑠𝑡𝑟𝑒𝑠𝑠

𝐹𝑎𝑡𝑖𝑔𝑢𝑒 𝑆𝑡𝑟𝑒𝑛𝑔𝑡ℎ
                                  (8.1) 
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In this criteria, the critical plane is calculated based on the shear stress value in each plane. 

When the shear stress value is maximum, it is considered the critical plane, and the 

maximum normal stress is evaluated on that plane. 

 ( 
∆𝜏

2
)
𝑚𝑎𝑥

+ 𝑘𝜎𝑛= f     (8.2) 

 Where ‘Δτ’ is the maximal shear stress range on a plane, ‘σn’ is the normal stress 

on the same plane, ‘k’ and ‘f’ are material properties. 

𝜎𝑎

2
(1 +

𝑘𝜎𝑚𝑎𝑥

𝜎𝑎
) = 𝑓        (8.3) 

Material properties ‘k’ and ‘f ’values are calculated using the experimental data available 

in the literature (σmax = 669 MPa, and the stress ratio is 0.1) [106].  ‘σmax’ and ‘σa’ are 

maximum stress and stress amplitude respectively. The geometry and dimension of the 

REBCO tape considered for the study are shown in Figure 8.1. A tape of 5 mm length, 4 

mm width, and 0.093 mm thickness is modelled to carry out the numerical simulation. 

Compared with previous mechanical analyses, here silver overlayer is also considered for 

the analysis to measure its influence on the REBCO tape's degradation.  

 

Figure 8.1. HTS REBCO tape modelled and its constituent layers 

The tape production process and mechanical loading are similar to tensile, bending and 

twisting cases investigated earlier in this study. However, for providing the fatigue type 

of loading, a repeated load of 106 cycles is applied and the FUS values are evaluated using 

the fatigue module. The material parameters, ‘f ’and ‘k’ are calculated using a dedicated 

Matlab code. 
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Figure 8.2 shows the relationship between the limit and normal sensitivity 

coefficient. It may be observed that the limit factor increases linearly with the normal 

sensitivity coefficient. 

 

Figure 8.2. k and f material parameter function for Matake criterion 

The mesh independent study is carried out to fix the mesh in the analysis. For tensile 

cyclic loading, 30x24x6 mesh size, and for bending and twisting loads, 42x30x6 mesh 

size are taken for the analysis 

8.3 Comparison of numerical and experiment results 

The numerical simulation result is successfully validated with the experimental 

data from the literature [106], as depicted in Figure 8.3. Applied stress is provided on the 

x-axis and fatigue strength on the primary y-axis. The percentage deviation of 

experimental and numerical simulation results is represented on the secondary y-axis. The 

fatigue strength of REBCO layer calculated experimentally is reported in the literature  

and the value is 609 MPa [106]. 
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Figure 8.3: Comparison between simulation (Matake) and experimental results 

[106]  

The comparison between the two sets of data shows that the maximum percentage 

deviation between the experimental and numerical simulation results is less than 1 %.  

8.4 Results and discussion 

Unlike simple tension, bending or torsional loading, the repeated cyclic loading 

has multiple influences on the degradation of the superconducting tape. Changes in the 

FUS values of the REBCO tape subjected to tensile, bending and torsional repeated cyclic 

load are discussed in detail as separate sections. The impact of changing the thickness of 

Hastelloy and copper layers on the FUS value is also investigated in each case of tensile, 

bending and torsional fatigue loading. 

8.4.1 Cyclic tensile loading 

While maintaining temperature at 77 K, repeated cyclic tensile loads are applied 

to the superconducting tape in terms of stress value. The maximum applied stress is varied 

from 569 to 769 MPa in 6 steps by keeping the stress ratio constant at 0.1. The results 

show that upon cyclic tensile loading, the values of FUS are different for different layers 

and this is depending on the type of the layer material. Also, it is found that the FUS 

values are not the same within a layer and they change with their position in the layer. 

The degradation of the superconducting tape is expected to get initiated at the point where 
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the FUS values are maximum. Figure 8.4 shows the variation of maximum FUS values 

for each layer while changing the applied stress.  

 

 

Figure 8.4. FUS variations of different layers with applied tensile stress  

It may be observed that the maximum value of FUS increases with the increasing applied 

stress in all the layers. The FUS value and the applied stress seem to have an almost linear 

relationship. It is also observed that in the entire load range, the FUS values of the 

Hastelloy and REBCO layers have crossed their fatigue strength (FUS > 1). Beyond this 

point, cracks may be found in the layers and may propagate into other layers, eventually 

degrading the entire tape. The order in which each layer may fail can be predicted from 

their relative maximum FUS values. Accordingly, from Figure 8.4, it may be understood 

that the Hastelloy layer that has the highest FUS is the first to fail. This is followed by 

REBCO, bottom copper, silver and top copper layers. Since there is no degradation found 

in the REBCO layer up to 609 MPa, the tape would be able to carry the same amount of 

electrical power through the intact REBCO layer. For loads beyond 609 MPa, the tape 

will fail as the maximum FUS values of the REBCO layer is above its fatigue strength. It 

may be noted that this is in spite of the fact that the maximum FUS values of copper and 

silver layers are less than one for the entire range.  

It may be observed from Figure 8.4 that though the FUS values on the Hastelloy 

layer cross the limit (value > 1), there is no degradation found in the REBCO layer. 

Similar results have been obtained in an experimental study reported in the literature [7]. 
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It was found that though there is a failure in the Hastelloy layer, a corresponding 

degradation in the current carrying capacity is not observed in the REBCO tape. Results 

of this simulation study also substantiate this finding. Therefore, tape would be able to 

carry the same amount of electrical power through the intact REBCO layer.  

Upon the application of cyclic tensile load the maximum FUS values are 

changing. Therefore, it is interesting to find out the distribution of FUS values within an 

entire layer. Such a graph will help us to identify the critical regions within a layer that 

may be expected to fail first. The FUS distribution over the surface of the REBCO and 

Hastelloy layers only are taken into consideration as the FUS values of other layers are 

below one. The changes in the FUS values under cyclic tensile load for REBCO and 

Hastelloy are depicted in Figures 8.5 and 8.6 respectively. For these cases, a repeated 

cyclic tensile load of 669 MPa is applied to the superconducting tape at 77 K, and for a 

stress ratio of 0.1. It may be noted that the same case is used for the validation. The 

adjacent layers and the properties of each layer influence the FUS values within a given 

layer. As a result, the FUS values would be different for the top and bottom surfaces of 

each layer. Therefore, in Figures 8.5 and 8.6, the distributions of FUS values are 

separately plotted for the top and bottom surfaces of the REBCO and Hastelloy layers. It 

may be noted that the REBCO layer is deposited above the Hastelloy substrate. Therefore, 

the FUS values in the bottom layer of REBCO will also be influenced by the changes in 

the top surface of the adjacent Hastelloy layer. Similarly, the FUS distribution in the top 

surface of the REBCO layer will be affected by the bottom surface of the silver layer, 

which is above it. Figure 8.5 shows the distribution of FUS values of the top and bottom 

surfaces of the REBCO layer. 

Figure 8.5. Distribution of FUS value of REBCO layer on it's a) top layer surface b) 

bottom layer surface. 

 
  

TOP Bottom 

FUS 
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It may be observed that the FUS values in the top surface of the REBCO layer is 

lower than those in the bottom layer. This is due to the fact that the maximum FUS values 

in the Hastelloy layer is higher than those in the REBCO layer as evident from Figure 

8.4. In addition to this Figure 8.5 depicts that the FUS values are at their maximum at the 

corners of the tape; this is true for both the top and bottom layers. Therefore, it may be 

expected that the failure in these layers may get initiated from the corners. It may be due 

to the higher stress concentration at the edges because of absence of the side support at 

any edge. The maximum FUS value experienced in the REBCO layer is 1.09 and are at 

the corners of bottom surface.  

The distribution of FUS values of the top and bottom surfaces of the Hastelloy 

layer is shown in Figure 8.6. It may be noted that the adjacent layer to the top surface of 

the Hastelloy layer is the REBCO layer. And the adjacent layer of the bottom surface of 

Hastelloy is the bottom copper layer.  

 

  

 

 

 

 

 

 

 

Figure 8.6: Distribution of FUS value of Hastelloy layer on it's a) top layer surface and 

b) bottom layer surface. 

It may be observed that the FUS values in the top surface of the Hastelloy layer is higher 

than those in the bottom layer. The FUS values in the bottom layer of Hastelloy is not 

much influenced by the top surface of the adjacent copper layer. However, the FUS 

distribution in the top surface of the Hastelloy layer is affected by the bottom surface of 

the REBCO layer above it. This is due to the fact that the maximum FUS values in the 

REBCO layer is higher than those in the bottom copper layer (as evident from graph 

shown as Figure 8.4). For both the top and bottom surfaces of Hastelloy, the FUS values 

are maximum at the corners. The maximum FUS value experienced in the entire Hastelloy 

layer is 1.27 at the corners near to the top layer.  

   

TOP 
Bottom 

FUS 
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8.4.2 Parametric studies under cyclic tensile loading 

The cyclic tensile load has been provided with a stress ratio of 0.1 to determine 

the FUS values. However, a more realistic fatigue loading would be with a stress ratio of 

-1 where the tape is subjected to alternatively to tensile and compressive loads in a cyclic 

manner. This would be the worst-case scenario and it is necessary to determine the region 

where the FUS values cross their fatigue limit and may get degraded. At the load of 669 

MPa and 0.1 stress ratio, REBCO tape is already in the degraded region. For providing a 

stress ratio of -1, the load is reduced to half (669/2 MPa) and the FUS values are 

calculated. However, for this case, it is found that the tape is in the degraded area. 

Therefore, the load is further reduced to almost one by forth of 669 MPa so that the region 

for degradation can be identified. At a tensile load of 130 MPa (669/4), the tape is found 

to be in the transition region for degradation. Under these conditions the effect of 

changing the geometrical parameters of the tape is carried out. The thickness of the 

Hastelloy layer is varied from 0.02 mm to 0.05 mm and copper thickness is varied from 

0.01 mm to 0.04 mm. While varying thickness of one layer, that of the other layers are 

kept constant. The individual parametric studies are presented in the subsequent sub-

sections. 

8.4.2.1 Effect of Hastelloy thickness on FUS value 

The effect of variation of FUS value with changes in Hastelloy thickness for 

Hastelloy, REBCO and silver layers are represented in Figure 8.7. It can be observed that 

a thicker layer of Hastelloy can bear more load compared to thinner one as the FUS value 

increases with decreasing the Hastelloy thickness.  
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Figure 8.7: Variation of FUS value with changes in Hastelloy thicknesses 

When the Hastelloy thickness increases from 0.02 mm to 0.05 mm, the FUS value 

decreases by about 48 %. It can be seen that at least 0.0425 mm of Hastelloy thickness is 

needed to tolerate a 62.5 N cyclic tensile load and beyond that there can be the 

propagation of crack in the Hastelloy layer. It can be also seen that for the REBCO and 

silver layers, the failure may happen for Hastelloy layer with lower thicknesses. Please 

note that the copper thickness is kept constant at 0.02 mm. Since no degradation is 

observed in the copper layers at the given load range, the changes in the FUS values 

within the copper layers are not plotted. 

8.4.2.2. Effect of copper thickness on FUS value 

The variation of FUS value with changes in copper thickness for Hastelloy, 

REBCO and silver layers is depicted in Figure 8.8. 
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Figure 8.8: Variation of FUS value with changes in copper thicknesses 

It can be observed that thicker copper layers can withstand more load as the FUS value 

decreases with increasing the copper thickness. There is a 25 % reduction in the FUS 

value in the all the three layers when the copper thickness is increased from 0.01 to 0.04 

mm. Since the tape is in the safe area when subjected to a 62.5 N cyclic tensile load till 

0.01 mm copper thickness, a degradation in the tape can be observed at much lesser 

copper thicknesses. However, the thicknesses of copper cannot be reduced beyond a 

certain limit due to stability reasons [136]. It is found that changing the Hastelloy 

thickness has a more significant influence than changing the copper thickness. For 

instance, 150 % increase in the thickness of Hastelloy layer resulted in 48 % reduction in 

the FUS value; whereas, 300 % increase in the thickness of copper layer has reduced the 

FUS value by only 25%.  

8.4.2.3 FUS distribution under repeated cyclic tensile load with stress ratio -1. 

The distributions of FUS values at top and bottom surfaces of the Hastelloy and 

REBCO layers corresponding to the 62.5 N and -1 stress ratio for a specific geometrical 

condition (0.05 mm Hastelloy thickness and 0.02 mm copper thickness) are plotted in 

Figure 8.9 and 8.10. The results obtained have a similar trend as that of the distribution 

obtained for a higher load of 669 MPa (N) and for a stress ratio of 0.1 depicted earlier in 

Figures 8.5 and 8.6. The regions of maximum FUS values, the distribution of FUS in 
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different surfaces, the relative values of FUS in different layers, etc. remains the same in 

both cases. However, there are differences in the magnitude of FUS values due to changes 

in the load applied and the stress ratio. 

 

 

 

 

 

 

 

 

 

Figure 8.9: FUS distributions in the Hastelloy layer under repeated cyclic tensile load 

 

 

 

 

 

 

 

 

 

Figure 8.10: FUS distribution in the REBCO layer under repeated cyclic tensile loading 

It is understood that the location of the critical region where the cracks are initiated 

depends on the bonding between the layers and the yield strength of the material layers 

[110]. It may be observed that the maximum value of the FUS observed at the edges. 

Same results have been reported by other researchers [1, 2]. However, it is observed that 

the maximum value of FUS is found not to be at the surface but a little below the 

interfacing surface between the Hastelloy and REBCO layers. This is depicted as a 

zoomed image in the inset of Figure 8.9. Therefore while performing the experimental 

investigation on the fatigue failures of superconducting tapes, the surface imaging 
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technique may not be sufficient enough to grab the exact picture of crack propagation. It 

may also be observed that the FUS distribution in the top surface of the REBCO layer is 

lower than that on the bottom surface, as depicted in Figure 8.10. This again shows the 

influence of the interfacing surface between Hastelloy and REBCO layers on the overall 

fatigue performance of the tape. 

8.4.3 Cyclic bending load 

The repeated cyclic bending loads are applied to the superconducting tape. The 

maximum value of bending moment is varied from 0.1 to 0.6 N-mm in 5 steps by keeping 

the stress ratio constant at -1. In the initial model, REBCO tape of 0.05 Hastelloy and 

0.02 mm copper thickness is considered. The variation of the FUS value with changes in 

bending moment is illustrated in Figure 8.11. The results show that as similar to the tensile 

fatigue study, under bending loading the Hastelloy material fails first, followed by the 

REBCO material.  

 

Figure 8.11: Variation of FUS value with changes in bending moment. 

  The figure shows that with the increase in bending moment, the FUS value is also 

increased. It is also found that up to 0.52 N-mm bending moment, for the given tape 

configuration and size, the tape is in the safer region. Beyond 0.52 N-mm, the tape may 

start to degrade. This study is further extended by varying the thickness of Hastelloy and 

copper layers. To get the FUS values close to one, the maximum value of bending 

moments is kept as 0.2 N-mm and 0.4 N-mm, respectively, for Hastelloy and copper 

layers by trial and error approach.  
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8.4.3.1 Effect of thickness of Hastelloy layer under repeated cyclic bending load 

The variation of FUS values with changes in Hastelloy thickness when the tape is 

subjected to cyclic bending load is plotted in Figure 8.12.  

 

Figure 8.12: Variation of FUS value with changes in Hastelloy thickness under bending 

It may be observed that with increasing thickness of the Hastelloy layer, the FUS 

values in all the layers (Hastelloy, REBCO silver and copper) decrease asymptotically. A 

similar trend is obtained for the tensile load case. When increasing the thickness of  

Hastelloy from 0.02 mm to 0.03 mm (0.01 mm increase), the FUS value is decreased by 

61 %. Whereas, increasing the thickness from 0.02 to 0.06 mm (0.04 mm increase), the 

decrease in the FUS value is 94 %.   It is found that the tape starts to degrade, for the 

given applied load and tape configuration, when the Hastelloy thickness is reduced 

beyond 0.028 mm (the region where the FUS values are more than one).  

8.4.3.2 Effect of thickness of copper layer thickness under repeated cyclic bending load 

The decrease in the FUS value with an increase in copper thickness is shown in 

Figure 8.13. When the thickness of the copper layer is increased from 0.01 mm to 0.04 

mm, the REBCO tape is found to be safe up to 0.016 mm for the given bending moment 

of 0.4 N-mm and 0.05 mm thickness for the Hastelloy layer. Below this point, since the 

FUS value is more than one, the Hastelloy layer may start to degrade, followed by the 

REBCO layer (at a copper thickness of 0.147 mm). The total reduction in the FUS value 
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is found to be 93 % for the given configuration and conditions. It may be noted that the 

thickness of copper layer can not be substantially reduced because of stability reasons 

[136].  

 

Figure 8.13: Variation of FUS value with changes in copper thickness under bending. 

It may be also observed that under cyclic bending loading, the Hastelloy material fails 

first, followed by the REBCO and silver layers 

8.4.3.3 FUS distribution under repeated cyclic bending load 

To visualise the changes in the FUS values in the top and bottom surfaces of 

Hastelloy and REBCO layers, their distribution are plotted in Figures 8.14 and 8.15 

respectively. The maximum bending moment applied, in this case, is 0.5 N-mm, and the 

stress ratio is -1. 

 

Figure 8.14: FUS distribution of Hastelloy under repeated cyclic bending loading 
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Figure 8.15: FUS distribution of REBCO under repeated cyclic bending load 

It may be observed that under cyclic repeated bending load, the higher value of FUS 

occurs at the loading end of the tape. It may be due to the continuous changing of the 

nature of load (tensile to compressive and backforth) above and below the neutral axis.  

8.4.4 Cyclic torsional loading 

The effect of variation in the twisting moment on the degradation of the REBCO 

tape is studied.   The twisting moment is varied from 0.02 N-m to 0.07 N-m with 0.01 N-

m increment and its effect on the FUS values in the Hastelloy and REBCO layers is 

depicted in Figure 8.16.   

 

Figure 8.16: Variation of FUS value with changes in the torsional moment. 
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With increasing the twisting moment, the FUS values are increased both in the Hastelloy 

and REBCO layers. However, beyond value of 0.056 N-m, since the FUS value is more 

than one and the Hastelloy layer may start to degrade. The Hastelloy layer fails first, 

followed by the REBCO layer at 0.067 N-m. It may be noted that, similar type of 

behaviour is obtained for repeated tensile and bending load as well.  

8.4.4.1. Effect of Hastelloy thickness under repeated cyclic torsional load 

The changes in FUS value with increase in Hastelloy thickness are depicted in 

Figure 8.17. The twisting moments are changed by the trial-and-error method to obtain 

the region where FUS values are near to one. Correspondingly, for Hastelloy and copper 

variation the moments obtained are   0.04 N-m and 0.05 N-m respectively.  

 

Figure 8.17: Variation of FUS with changes in Hastelloy thickness under cyclic 

torsional load 

Similar to earlier cases, as Hastelloy thickness increases, the FUS value decreases. For 

instance, as the Hastelloy thickness increased from 0.02 mm to 0.05 mm, the FUS value 

decreased by almost 45 %. For a given configuration and applied twisting moment, the 

REBCO tape is found to be safe up to 0.03 mm of Hastelloy thickness.  
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8.4.4.2. Effect of copper thickness under repeated cyclic torsional load 

The variation of FUS value with changes in the thickness of copper layer under 

cyclic torsional load is depicted in Figure 8.18. It may be noted that the thickness of 

copper is not reduced beyond 0.01 mm due to stability issues. 

 

Figure 8.18: Variation of FUS with changes in copper thickness under cyclic torsional 

load 

When decreasing the thickness of copper layer, as expected, the FUS values decrease. 

When copper thickness changes from 0.01 mm to 0.04 mm, the FUS value decreases by 

about 29 %. It may be observed that for the entire range of copper thicknesses, all the 

three layers remain in the safer region up to 0.01 mm copper thickness.  

8.4.4.3 The FUS distribution under repeated cyclic torsional load 

FUS distribution of Hastelloy and REBCO are plotted in Figures 8.19 and 8.20 

respectively. It may be observed that under cyclic repeated torsional loading, the higher 

value of FUS  is observed in the two sides of the REBCO tape. Similar results are reported 

for normal torsional loading cases in the literature [17]. 
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Figure 8.19: FUS distribution in the Hastelloy layer under repeated cyclic torsional 

loading 

 

 

Figure 8.20: FUS distribution in the REBCO layer under repeated cyclic torsional 

loading 

As compared to the FUS values in the bottom surface of  Hastelloy layer, those in the top 

surface are higher. It may be noted that the REBCO material is coated on the top surface 

of the Hasetlloy layer. Correspondingly, the FUS values in the bottom surface of the 

REBCO layer is higher than those in the top layer. 

8.4.5 Comparative analysis of FUS value under different cyclic repeated 

mechanical loads 

The way in which each layer of materials and their interface surfaces are affected 

by fatigue loading is compared under tension, bending and twisting loads. In order to 

compare the FUS values at different interface and inner surfaces, they are divided by the 

maximum FUS value obtained. This ratio is multplied by 100 to obtain the 'Percentile of 

FUS'. For each case of repeated cyclic tensile, bending, and twisting loads the 'Percentile 

of FUS' is plotted in the y-axis as represented in Figure 8.21. 
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Figure 8.21: Percentile of FUS under repeated cyclic tension, bending, and twisting 

loads 

The figure shows that, irrespective of repeated cyclic tension, bending, or twisting 

loads, the distribution of the maximum FUS values in the different layers of the tape are 

almost in the same order. The layer surfaces in the descending order of maximum FUS 

values are as follows: 1) layer just below the top surface of Hastelloy, 2) layer just above 

the bottom surface of Hastelloy, 3) REBCO-Hastelloy interface, 4) Hastelloy-copper 

interface, 5) silver-REBCO interface, 6) copper-silver interface, 7) top copper layer top 

surface, and 8) bottom copper layer bottom surface. The same order is followed for 

tension, bending and twisting cases. 

It may be understood that the maximum values of FUS is not only dependent upon 

type of layer material but also influenced by the material properties of the adjacent layers. 

The maximum FUS value is observed inside the Hastelloy in all three scenarios. It may 

be either in the layer directly below or above the top and bottom interfacing layers of 

Hastelloy with its adjacent layers. The FUS value is decreased in the interface between 

Hastelloy and copper. The point where the FUS value is increased is in the interfacing 

layer between REBCO and silver. The FUS value further decreases the interface between 

silver and copper layers. Then the FUS value decreases further at the top surface of the 
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upper copper layer. The lowest value is found to be at the bottom surface of the bottom 

copper layer. 

8.4.5.1. Percentage variation of FUS with changes in Hastelloy and copper thickness 

under different repeated cyclic loading 

The percentage variations of FUS value with changes in Hastelloy and copper 

thicknesses for tensile, bending and torsional loads are depicted in Figure 8.22. The y-

axis depicts the percentage decrease in the FUS values when increasing the thickness of 

Hastelloy and copper layers from the initial value to a final value of the range considered 

in this study. 

|Variation of FUS value|= |
(FUS at initial thickness of the layer − FUS at final thickness of the layer)

FUS at initial thickness of the layer 
| x 100 

The force applied in the each case of tensile, bending and twisting is also provided in the 

legend of the graph. 

 

Figure 8.22: Variation of FUS with changes in Hastelloy and copper thickness under 

cyclic tensile (62.4N), bending (0.2 N-mm) and twisting loads (0.04 N-m) 

Compared to tensile and torsional loads, the variation in FUS value with changes in the 

Hastelloy and copper thickness is more predominant under cyclic bending loading. As 

the Hastelloy thickness increased from 0.02 mm to 0.05 mm, the FUS value is decreased 

by 48 %, 91 %, and 45 %, respectively, for tensile, bending and torsional loads. A similar 

kind of variation is also observed with changes in the copper thickness. When the copper 

thickness changes from 0.01 mm to 0.04 mm, the FUS value decreases by 25 %, 92 %, 
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and 29 %, respectively, under cyclic tensile, bending and torsional loads. Therefore, it 

can be understood that out of the three loading conditions, repeated cyclic bending load 

has more influence on the degradation of the superconductor. 

8.4.5.2. Limiting load for different Hastelloy and copper thicknesses under different 

repeated cyclic loading 

The maximum load that can be applied without any degradation (at FUS =1) is 

denoted as the limiting load. The limiting tensile, bending, and twisting load for 0.02 mm 

and 0.05 mm Hastelloy thicknesses are given in Table 8.1. As the Hastelloy thickness 

increases from 0.02 mm to 0.05 mm (60 % increase), there is 88.5 % increase in the 

limiting tensile force, 256 % increase in limiting bending moment and 81% increase in 

the limiting twisting moment are observed under different cyclic loadings. 

Table 8.1: Limiting load at 0.02 and 0.05 mm Hastelloy thicknesses for a constant 

copper thickness of 0.02 mm 

Mechanical cyclic load Hastelloy thickness (mm)  

 0.02 0.05 

Tension  37.60 N 70.88 N  

Bending  N-mm  0.52 N-mm  

Twisting  0.031N-m  0.056 N-m  

 

Table 8.2: Limiting load at 0.01 and 0.04 mm copper thicknesses for a constant 

Hastelloy thickness of 0.05 mm 

Mechanical cyclic load Copper thickness (mm)  

 0.01 0.04 

Tension  62.91 N 83.38 N 

Bending  0.28 N-mm  1.31 N-mm 

Twisting 0.05 N-mm 0.071 N-mm 

 

The limiting force/ moments corresponding to 0.01 mm and 0.04 mm copper thicknesses 

are given in Table 8.2. As the copper thickness increases from 0.01 mm to 0.04 mm, there 

is 32.5 % increase in the limiting tensile force, 367 % increase in the limiting bending 

moment and 42 % increase in the limiting twisting moment are observed under different 

cyclic loadings. 
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It may also be understood that the thickness of Hastelloy and copper layers are significant 

parameters under fatigue loading irrespective of the nature of cyclic load (Tensile, 

bending, twisting).  

8.5 Summary  

The fatigue analysis on superconducting REBCO tape is carried out under tensile, 

bending, and twisting cyclic load. The results may be summarised as follows, 

• The thickness of Hastelloy also has a significant influence on the degradation of 

the tape under cyclic tensile loading. The Hastelloy thickness increased from 0.02 

mm to 0.05 mm (60 % increase); fatigue usage factor value decreased by 48 % 

(maximum value of applied stress = 62.4.5N, R = -1). It is also found that at least 

0.425 mm of Hastelloy thickness is needed to tolerate a 62.5 N cyclic tensile load, 

and beyond that, there would be crack propagation in the Hastelloy layer. 

• There is a linear relationship between the maximum value of the applied bending 

moment and the fatigue usage factor. It is found that the tape is in the safer region 

for bending moments up to 0.52 N-mm for the given configuration and size. Also, 

it is found that at least 0.028 mm Hastelloy thickness is needed to accommodate 

0.2 N-mm bending moment with Copper layer thickness of 0.02 mm. Similarly, 

0.016 mm copper thickness is required to tolerate 0.4 N-mm bending moment for 

tape with the Hastelloy thickness of 0.05 mm. 

• REBCO tape is subjected to repeated torsional load is in the safer region up to 

0.056 N-m twisting moment for a given tape configuration (0.05 mm Hastelloy 

thickness and 0.02 mm copper thickness). Use of thicker Hastelloy layer helps to 

withstand more twisting moments under cyclic loading. When the Hastelloy 

thickness is increased from 0.02 mm to 0.05 mm (150 % increase), the Fatigue 

usage factor decreases by almost 44 %. It is found that at least 0.03 mm Hastelloy 

thickness is required to accommodate 0.04 N-m twisting moment for REBCO tape 

with a Copper thickness of 0.02 mm without any degradation.  

• It can be concluded that the variation of FUS value with changes in the Hastelloy 

and copper thickness is more predominant under cyclic bending loading than in 

the tensile and torsional fatigue loads. When the Hastelloy thickness is increased 

from 0.02 mm to 0.05 mm, there is 88.5 % increase in the limiting tensile force, 

256 % increase in the limiting bending moment, and 81 % increase in the limiting 
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twisting moment under different cyclic loadings. Similarly, when the copper 

thickness is increased from 0.01 mm to 0.04 mm, the limiting values are increased 

by 32.5 %, 367 %, and 42 % respectively for repeated cyclic tension, bending and 

twisting loads.  

• Under repeated loading, it is obtained that the Hastelloy layer is the first to fail, 

followed by REBCO, bottom copper, silver, and finally top copper, irrespective 

of the nature of the load. This is true for fatigue type tensile, bending and torsional 

loads. 

 

 

 

Publication arising out of this chapter  

• K. B. Ashok, R. Jacob Thomas, M. Jose Prakash, and A. Nijhuis, “Influence of 

fatigue on superconducting REBCO tapes under repeated cyclic tensile, bending 

and twisting loads: A simulation-based investigation,” Cryogenics, vol. 132, no. 

January, p. 103672, 2023, doi: 10.1016/j.cryogenics.2023.103672. (Impact factor: 

2.13) 
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Chapter 9 

Conclusions 

The present work has attempted to find the degradation in the superconducting 

REBCO tape under different mechanical loads, such as tensile, bending, and torsion, both 

in normal and fatigue loading conditions. The effect of the combination of these loads are 

also evaluated. The COMSOL Multiphysics finite element tool is used to model the tape 

configuration and simulate the mechanical loads and other loading conditions. The 

mathematical model is customized and also validated with experimental data available in 

the open literature. 

Parametric analysis is carried out by varying the tape parameters like tape width, 

copper, and Hastelloy thicknesses. The magnitude of the mechanical loads are varied for 

both normal and fatigue loading conditions. The winding of the REBCO tape in 

superconducting CORC cable is carried out for various central core diameters and 

winding angles. Under repeated cyclic loading, the high-cycle fatigue analysis is carried 

out for tensile, bending, and torsional loads. The tape parameters like Hastelloy and 
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copper thicknesses are varied to evaluate their influence on the fatigue type of loading. 

The findings of the normal and fatigue types of loading under tension, bending, and 

torsion loads are consolidated.  

• The study has found that residual strain is developed in the REBCO tape during 

its production stage. It is also found that the quantity of residual strain induced is 

significant and is about 50 % of the critical strain beyond which the tape degrades.  

• Also it is found that the residual strain developed is dependent on its operating 

temperature. For the given tape configuration, it is about 0.25% and 0.17% at 77 

K and 293 K, respectively. The main reason for the residual strain development 

in the tape is the lattice mismatch between the adjacent layers. 

• The residual strain developed in the tape is compressive in nature, therefore it 

helps to withstand more load when subjected to tension.  

• Varying the thicknesses of the Hastelloy and copper layers has affected the 

residual strain value and in turn provided the opportunity to modify the load-

bearing capacity of the tape.  

• The critical force, which is the maximum force that tape can withstand without 

any degradation is significantly affected by changes in the thickness of Hastelloy 

and copper layers. The critical force for the SCS4050® tape that has been used is 

313 N. The changes in critical force with layer thickness is captured and is as 

shown in Table 9.1. 

Table 9.1: Changes in the critical force under different thickness of constituting 

Hastelloy and copper layers 

 
Critical Force (N) 

Hastelloy 

Thickness 

(mm) 

Copper 

thickness 

(mm) 

0.02 0.01 0.005 

        0.06 365 337 323 

        0.05 313 286 272 

        0.04 260 234 221 

        0.03 211 184 166 

        0.02 157 131 118 

 

• The influence of bending loads on REBCO tapes is investigated numerically and 

also compared with the traditional analytical approach. The results of the 

traditional analytical approach using the Flexure formula show good agreement 
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with that of the numerical approach only at a higher bending radius greater than 4 

mm. With smaller bending radii, the deviation between the two approaches are 

found to be increasing. This implies the need for more accurate numerical 

approach in capturing the strain induced upon bending than relying on the 

traditional analytical approach.  

• It is found that upon bending the tapes with thicker Hastelloy layer degrade faster. 

When increasing the thickness of the Hastelloy layer, the distance between the 

neutral axis and the REBCO layer increases and thereby induces more strain in 

the REBCO layer while bending. Strain reduced to almost half when the thickness 

of the Hastelloy layer was decreased by 60% irrespective of the bending radius.  

• The thickness of copper is found to have comparatively lesser influence on the 

strain-induced. For a 50% decrease in the thickness of copper, the maximum 

decrease in the strain-induced obtained is only 5.7%. This is because when 

changing, both the top and bottom copper layers uniformly changes. The resulting 

size change in the tape is symmetrical with respect to the neutral axis.  

• The lowest bending radius possible for SCS4050® tape for the given configuration 

is found to be 2.8 mm. The smallest bending radius possible for a tape width of 4 

mm and copper thickness of 0.02 mm for different Hastelloy thicknesses is 

determined and presented in Table 9.2. 

Table 9.2: Changes in the critical bending radius with changes in thickness of 

constitute Hastelloy  

Hastelloy (mm) Critical 

bending radius 

0.05 2.8 mm 

0.04 2.4 mm 

0.03 2 mm  

0.02 1.5 mm 

 

• Investigation on the effects of torsion loads on the tape has found that the tape 

width has a significant impact on the degradation of the tape. Decreasing the tape 

width from 12 mm to 3 mm (75 % decrease), increases the maximum allowable 

angle of twist from 0.93 to 4 deg/mm (326 % increase) under pure torsional 
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loading. When the tape width is increased, the distance from the centre line of the 

tape centre to the side increases, resulting in more strain in the tape.  

• It is also understood that the thickness of the Hastelloy and copper layers have 

only slight impact upon torsional loads. The critical angle of twist for SCS4050® 

tape configuration for different tape widths is given in Table 9.3. 

Table 9.3: Changes in the critical angle of twist with changes in tape width 

Tape width 

(mm) 

Critical angle 

of twist 

(deg/mm) 

12 0.93 

10 1.2 

8 1.5 

4 3 

3 4 

 

• It is found that decreasing the tape width provides more flexibility for the 

manufacturers to accommodate combined tensile and torsional loads.  

• The combined tension and torsional loading study revealed that tension have more 

profound effect than torsion. When the torsional load is increased by 300 % (angle 

of twist from 0.18 deg/mm to 0.72 deg/mm) the corresponding decrease in the 

tensile load so as to keep the tape within the degradation limit is only 54 % 

(applied strain from 0.65 % to 0.3 %).  

• Winding of REBCO tape on the central core is carried out, and it is found that the 

central core diameter, winding angle, and thickness of the Hastelloy layer 

significantly impact the degradation of the REBCO tape. Under winding, for the 

given tape configuration, for any central core diameter below 1 mm, the tape fails.  

• The best angle of winding for the CORC cable configuration is found to be 45o. 

Moreover, the thickness of the Hastelloy layer has got more influence on induced 

strain than that of the copper layer.  

• Fatigue analysis found that the Hastelloy layer is the most critical one among 

different constituents of the tape irrespective of the type of loading. In all three 

types of loading, the degradation first happens within the Hastelloy layer.  
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• The layer that fails under fatigue loading after the Hastelloy layer is the REBCO 

layer; it is followed by the bottom copper layer, then the silver layer, and finally 

the top copper layer for the given tape configuration and loading conditions.  

• For the SCS4050® tape under fatigue loading, it is found that minimum Hastelloy 

thickness of 0.0425 mm, 0.028 mm, and 0.03 mm is required respectively so as to 

accommodate 62.5 N tensile, 0.2 N-mm bending, and 40 N-mm torsional loads.  

• In fatigue loading, among the three types of loads, the most detrimental one is 

found to be the bending. Also, the thickness of the constituting layers is found to 

have a significant influence under the fatigue type of loading.  

• When the thickness of the Hastelloy layer is increased by 150 %, upon fatigue the 

degradation in the tape decreases by 48 %, 91 %, and 45 %, respectively, for 

tensile, bending, and torsional loads. When the thickness of the copper layers are 

increased by 300 %, the degradation in the REBCO tape decreases by 25 %, 92 

%, and 29 %, respectively for tension, bending, and torsion loads.  

 

This investigation conducted helped in the fine-tuning of different parameters like 

the maximum load applied, bending radii, angle of twist, central core diameter, winding 

angle etc. for HTS. Based on these findings, special care has to be taken while deciding 

the thickness of the constituting layers and the width of the tape during the manufacturing 

and application stages. The knowledge obtained is expected to help the manufacturers 

and researchers in developing better HTS tapes and cables.  
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Future scope 

• Determining the degradation of the REBCO tape under the combined 

influence of magnetic Lorentz force and mechanical loads may help to 

bring out a more realistic picture 

• The combined influence of magnetic Lorentz force and mechanical loads 

on the degradation of CORC cables may be performed with multiple layers 

to find the intertwined effect between the layers.  

• It may be more revealing if the degradation of the REBCO tape, when 

subjected to various fatigue loads, are carried out using different 

modelling approaches reported in the literature. 

• Fatigue analysis may extended to other commercial cabling configuration 

as well as to combined magnetic Lorentz force and mechanical loads. 
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