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Abstract
High-temperature superconductor (Re)Ba2Cu3Ox (ReBCO) conductor on round core cable
(CORC®) has a large current carrying capacity for high field magnets. Lorentz forces acting on
CORC conductors, cause a reduction of the critical current, or even permanent degradation of
their performance when exceeding critical values. Transverse compressive stress is one of the
principal mechanical stresses when CORC cables are bundled to cable-in-conduit conductors
(CICC) conductors capable of operating at currents up to 100 kA in magnetic fields of up to
20 T. In this research, a mechanical-electromagnetic model is developed to study the effect of
transverse compressive loads on the electromagnetic performance of CORC cables. A
mechanical transverse load on the cable is implemented to simulate the electromagnetic force. A
comparison of numerical simulations with experiments for a three-layer CORC cable is first
performed to validate the model’s reliability, with particular attention to critical current
reduction during the transverse compression process. A novel feature of this paper is that the
model developed can analyze both mechanical response under transverse compressive loads and
electromagnetic performance under applied AC magnetic fields with low amplitudes. On this
basis, the model investigates the effects of winding parameters on the axial strain and critical
current reduction of the ReBCO layer in a single-layer CORC cable. The numerical analysis
shows that increasing the winding angle can reduce the axial strain and critical current reduction
of the ReBCO layer in the contact area. Subsequently, a detailed comparative study is carried
out studying the axial strain of the ReBCO layer in the non-contact area with and without taking
the winding core into account. In addition, a sudden increase in the magnetization loss is
explained when the transverse compressive load reaches a certain level. Finally, a six-layer
CORC cable’s electromagnetic analysis is performed, and each tape layer’s critical current
reduction is investigated and discussed. The comparison of magnetization loss and current
density between six- and single-layer CORC cables in the no-strain case is also given. This
finite element model can guide optimizing a cable design for specific application conditions.
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1. Introduction

With the rapid development of high-temperature supercon-
ducting (HTS) material technology, conductor on round core
cable (CORC) cables made from (Re)Ba2Cu3Ox (ReBCO)
second-generation HTS tapes are expected to open opportun-
ities to a new generation of large superconducting magnets
with small size, high current density, high critical current,
and low cooling cost. These large superconducting mag-
nets can transfer high engineering current density in back-
ground magnetic fields exceeding 20 T, which extends the
application of CORC cables for high field magnets [1–3].
Due to the high-field magnets’ extreme operation conditions,
CORC cables have to withstand extreme stress and strain
caused by the interaction of current and high magnetic field
[4]. In the case of some very high fields, CORC cables are
susceptible to plastic damage and deformation by Lorentz
forces [5–7].

The mechanical and electromagnetic response of CORC
cables has attracted significant attention because of their
importance for magnet design and optimization [8–22]. Anvar
et al [8] presented finite element (FE) modeling of the stress–
strain state of CORC cables and wires under bending loads.
They optimized the parameter variables (winding angle, tape
width, tape thickness, etc) to improve the mechanical proper-
ties of CORC cables. Subsequently, analytical and FE mod-
els were also developed to predict the performance of CORC
wires under axial tensile strain [9].Wang et al [10] investigated
the nonlinear contact behavior of the CORC cable from the-
oretical and FE perspectives, and a formula for estimating the
contact force was proposed. They evaluated the performance
of CORC cables under axial tensile loading. ReBCO layer
strains, interlayer interactions, contact pressure, and friction
were calculated [11]. Van der Laan et al [12] tested optim-
ized CORC cables and wires for axial tensile loading. They
found that the irreversible strain limit of the optimized CORC
cables and wires could be ten times higher than that of single
ReBCO tape with the irreversible strain limit reaching up to
even 7%. These studies have only investigated CORC cable
from a mechanical point of view that lacked electromagnetic
analysis.

Mulder [13] measured the critical characteristics of CORC
cables after winding them into magnet coils. They found
that the strain level of the superconducting tape in CORC
cables exceeded its irreversible strain limit when the wind-
ing radius is small, resulting in significant degradation of the
overall cable performance. Van der Laan et al [14] investig-
ated the effect of monotonic and cyclic axial tensile loading
on the critical current degradation of CORC cables. Solovyov
et al [15] experimentally tested the AC loss characteristics
of single-layer CORC cables. They found that the helical

structure of CORC cables reduces the AC loss compared to
straight superconducting tapes. Sheng et al [16] developed
a numerical model to calculate the magnetization loss of
CORC cables under a transverse magnetic field based on
the H-formulation [23, 24]. In 2019, Wang et al [17] calcu-
lated the electromagnetic characteristics of single- and three-
layer CORC cables in transverse magnetic fields by the T–A
formulation [25–27]. They pointed out that the lower mag-
netization loss in CORC cables, compared to straight super-
conducting tapes, was due to the lower surface-induced cur-
rents caused by the tape’s spatial distribution in the helical
structure. Two adjacent induced current loops will interact and
reduce the induced current amplitude. In addition, also due
to the magnetic shielding effect, the magnetization loss per
superconducting tape decreases as the number of wound layers
increases [17]. Recent studies [18–21] have also analyzed the
electromagnetic behavior of CORC cables in multiple aspects.
Wu et al [18] investigated the electromagnetic and mechan-
ical properties of single-layer CORC cables with and without
shielding currents. Clegg et al [19] discussed in depth the
distribution of critical current and critical current density in
multiple tapes of CORC cables by a three-dimensional (3D)
FE method. Li et al [20] proposed a modified T–A formula-
tion to calculate the losses of cables under different electrical
and thermal conditions. Fareed et al [21] conducted a com-
prehensive study on the twist pitch angle of CORC cables.
The optimum pitch was determined from the perspective of
AC loss. To our knowledge, it has not been examined before
how mechanical transverse load, simulating the electromag-
netic force on a CORC cable under the influence of an applied
AC magnetic field, affects magnetization loss.

Due to the interaction of current and magnetic fields, trans-
verse compressive stress is one of the principal mechanical
stresses that CORC cables have to withstand in operating
conditions. The transverse compressive stresses acting on a
cable or strands leading to irreversible degradation of the
critical current and reducing the current sharing temperature
have been significant issues in developing low-temperature-
superconducting (LTS)-based CICC conductors for thermo-
nuclear experimental reactor (ITER) [28]. Significant degrada-
tion occurred in one of the two CORC-CICC samples tested at
the SULTAN facility of the Paul Scherrer Institute in Switzer-
land. The degradation of one of the 6-around-1 conductors
may result from the deformation of the CORC cables due to the
cable configuration andwinding parameters [13]. Thus, optim-
izing CORC cables is essential to avoid degradation caused by
transverse compression. Van der Laan et al [22] experiment-
ally investigated the effect of transverse monotonic and cyc-
lic mechanical loading on the critical performance of CORC
cables. Their work focused on the critical current degrada-
tion, not on the magnetization loss. Except [22], few works
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are conducted for CORC cables for analyzing the electromag-
netic performance when subjected to transverse compressive
loads.

In this paper, we study the mechanical and electromag-
netic properties of CORC cables under transverse compressive
loads. The 3D model built can provide a platform for optimiz-
ing thewinding parameters of CORC cables. First, in section 2,
the 3D mechanical-electromagnetic model is described. Then,
in section 3, the results of mechanical and electromagnetic
simulations of single- and six-layer CORC cables are dis-
cussed. The main conclusions of this work are summarized
in section 4.

2. Model description

Here, we consider multilayer CORC cables under transverse
compression, as shown in figure 1. The ReBCO tapes are
SCS2030 tapes from SuperPower Inc. The winding angle of
each layer is αi. The width of the tape is w, and the applied
AC magnetic field amplitude is B. The load and the AC mag-
netic field are applied both to the CORC cable in the trans-
verse direction, and the direction of the load with respect to
the AC magnetic field is perpendicular. The main geometric
and mechanical parameters of the CORC cable are listed in
table 1.

2.1. Main steps and implementation

The work on CORC cables [8–22] is either treating the mech-
anical, electromagnetic, or critical transport characteristics,
lacking a model so far that simultaneously handles mechanical
and electromagnetic properties. Consequently, a 3D numerical
model of the CORC cable is established based on the T–A for-
mulation and the FE method. The detailed process is divided
into a mechanical deformation module and an electromagnetic
analysis module, see figure 2.

First, the entire tape is considered a homogenized volume.
The axial strain is calculated for the superconducting tape after
deformation in the body coordinate system using the coupled
solid mechanics module and the flow method module.

Second, the ReBCO layers in the original cable structure
are created using the shell unit module. The shell cell is cre-
ated to locate the ReBCO layer in the tape accurately. When
the cable is deformed, the mechanical response of the ReBCO
layer in each superconducting tape is determined by mapping
the data acquired in the first step into the shell unit.

Lastly, the cylindrical shape of the air domain is applied,
and the electromagnetic characteristics are calculated using
the partial differential equation module coupled with the mag-
netic field module.

It is worth noting that the step shown in figure 2 is themech-
anical loading process first, and then the electromagnetic ana-
lysis is performed after the end. It means there is no coup-
ling relationship between step-1 and step-2. Next, we detail
the implementation of the mechanical and electromagnetic
processes.

2.2. 3D mechanical model

A 3Dmechanical model with appropriate boundary conditions
is developed in COMSOL Multiphysics® software [31] to
evaluate the deformation of the superconducting tape ReBCO
layer under transverse compressive loading. The detailed FE
model is shown in figure 3. The ReBCO layer faces the wind-
ing core.

The CORC cable is fully constrained at both terminals,
and the displacement boundary conditions for different operat-
ing conditions are imposed to simulate electromagnetic forces.
The coefficient of friction between all contact pairs in the sim-
ulation is 0.3. The number of seeds set along the width and
thickness directions of the tape is 20 and 1, respectively. The
unit size in the length direction of the tape is kept consist-
ent with the width direction, i.e. when the size of the unit is
0.1015 mm× 0.1015 mm× 1 mm, the mesh converges better.

Establishing a body coordinate system in the axial direction
of the superconducting tape during the whole cable deform-
ation process is required to acquire the overall performance
of the CORC cable. This is difficult for the axial direction of
the deformed cable in the simulation but in order to achieve
this, here, an equivalent method is used. The helical super-
conducting tape is considered a fluid channel, supposing that
an ideal incompressible fluid flows through the structure of
the deformed cable. Without consideration of the boundary
effect, the velocity direction of the fluid flow can be regarded
as the axial direction of the superconducting tape. The fluid is
set to flow uniformly without inertial and volumetric forces
in the calculation. The control equation can therefore be
simplified as

∇· u= 0. (1)

∇· [−pI+K] = 0. (2)

Here u is the deformation velocity tensor, p is the pressure
intensity, I is the unit matrix, the deviation tensor of stress
K = µ (∇u + (∇u)T), and µ is the dynamic viscosity. The
boundary conditions are set for one end of the CORC cable as
the inflow port, the other end as the flow outlet, and the outlet
pressure is zero. In this way, after determining the axial direc-
tion of each point on the superconducting tape, the axial strain
εaxial at each point can be obtained as follows:

εaxial = εcable ·
up
|up|

(3)

where up is the deformation velocity tensor at any point on the
tape, εcable is the strain of the CORC cable.

The above steps map the CORC cable’s strain after loading
deformation to the ReBCO layer, and the obtained strain will
be applied to the subsequent electromagnetic analysis.

2.3. 3D electromagnetic model based on T–A formulation

The T–A formulation is used to calculate the current and mag-
netic field. A current vector potential T is defined [25, 32, 33]:
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Figure 1. (a) Geometry of the CORC cable transverse compression model and (b) the structure of a multilayer CORC cable.

Table 1. Geometric and mechanical parameters of the CORC cable.

Parameters Value

Former size (2r) (mm) 2.58
Tape width (w) (mm) 2.03
Tape layers (—) 1, 6
Winding angle (αi) (◦) 31–70
Number of tapes per layer (—) 2
Winding core (Young’s modulus) (GPa) 130 [29]
Winding core (Poisson ratio) (—) 0.3
HTS tape (Young’s modulus) (GPa) 180 [30]
HTS tape (Poisson ratio) (—) 0.3

J=∆×T (4)

where J is the current density. The controlling equation of
Faraday’s law is

(∆×E) ·n=
−∂Bn
∂t

. (5)

Here, n stands for the tape’s unit normal vector. Bn denotes the
normal component of themagnetic fieldB. The current density
J determines the electric field E. And the E–J relationship for
the REBCO conductor is expressed as [34, 35]

E(J) = E0

(
|J|

Jc (B)

)n J
Jc (B)

(6)

where the critical electric field Ec = 1 × 10–4 V m–1 and the
flux-creep exponent n= 43 [36]. Jc(B) with a field-dependent
critical current density is described as [35]

Jc (B) = Jc (Bpar,Bper) =
Jc0[

1+
√

(kBpar)
2 +B2

per/Bc

]b (7)

where Bpar and Bper denote the magnetic field components
parallel and perpendicular to the tape surface, respectively,
Jc0 is the critical current density. k, b, and Bc are shape
parameters describing the anisotropic characteristics of the
REBCO conductor, and k = 0.009 13, b = 0.7518, and
Bc = 467.4 mT [34].

Equation (8) is used to calculate the normalized critical cur-
rent of the ReBCO layer. The critical current of the ReBCO
layer is thought to be determined by the tape’s weakest
section [37]:

Jc
Jc0

{
1− a|εi|n, εi < 0.45%

0, εi ⩾ 0.45%
. (8)

εi is the intrinsic strain in the ReBCO layer after the trans-
verse compression load is applied to the cable, which can be
obtained by equation (3). A single straight tape experiment
determined the strain sensitivity parameters a and n. Particular
attention should be paid to the fact that the power-law expres-
sion in equation (8) is only valid for 77 K, self-field conditions
and small applied magnetic fields and cannot be used for lar-
ger applied magnetic fields. There is no consideration of a DC
applied magnetic field in this study and in the experimental
measurements of a and n.

The magnetization loss energy induced in the supercon-
ducting layer is calculated by [38–42]:

Q= 2
ˆ 1/f

1/(2f)
dt
ˆ

Ω

E · JdΩ (9)

where Q is in units of J/cycle, and 1/f is the period of the
applied background sinusoidal magnetic field.
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Figure 2. Schematic diagram of the mechanical-electromagnetic model.

Figure 3. A FE model for structural analysis of double-layer CORC cables.

Figure 4. Schematic illustration of views A and B and applied field.

A Dirichlet–Neumann boundary condition is imposed on
the outer boundary of the 3D air domain to simulate the applied
background magnetic field (see figure 4):

B= ((B0 sin(2πft) 0 0) (10)

where B0 is the magnitude of the AC magnetic field, f is the
frequency.

3. Results and discussion

3.1. Model validation

The change of the critical current or its reduction is cal-
culated and compared with [22] to validate the above

mechanical-electromagnetic models. The choice of geomet-
ric and physical properties is in accordance with [22]. The
ReBCO tape is surrounded by a 20 µm thick plated cop-
per layer. The CORC cable comprises nine tapes wound into
three layers on a solid stainless-steel former with a diameter
of 4.92 mm. The spacing between the CORC cable tapes is
0.5 mm and more details are reported in [22]. Figure 5 com-
pares the critical current reduction from the experimental test
and the simulation. Exp-1 and Exp-2 represent the critical cur-
rent reduction data measured twice under the same experi-
mental conditions for the same type of CORC cable samples.
The load where the normalized critical current becomes less
than 95% is taken as the critical load in the experiment.
The 95% criterion refers to the critical current reduction
of the cable as a whole, possibly with local irreversible
reduction already occurring. The authors do not claim this
threshold to be a relevant criterion, it is just considered here
for comparison with the reported experiments. We find that
the critical load obtained from the simulation amounts to
130 kN m−1 and from the experiment 245 and 208 kN m−1

is reported for Exp-1 and Exp-2, respectively. The differ-
ences between the simulation results and Exp-1 and Exp-2
are 47% and 38%, respectively. In order to analyze if our
model itself causes this relatively large difference, simula-
tions of the critical current reduction under axial tensile load-
ing were performed. Compared to transverse compression, the
tape strain obtained in the case of axial tension is far more
uniform.
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Figure 5. Experimental and simulated results of the critical current
reduction and degradation under transverse mechanical load.

Figure 6. The dependence of critical current reduction on applied
tensile strain measured in CORC®-S30 is compared between
experiment and two simulations.

Figure 6 shows the experimental and simulation res-
ults of the critical current reduction for different layers of
CORC®-S30 under axial tensile loading. Specific details about
CORC®-S30 are described in [14] and similar results have
been reported previously in [9]. Sim-1 represents the data
obtained by averaging the tape strain as a whole and substitut-
ing it into equation (8), while the data of Sim-2 are obtained
directly using equation (8). From figure 6, it can be seen that
the direct use of equation (8) to solve for the critical current
reduction value agrees reasonably well with the experiment,
which also indicates that it is acceptable to use equation (8) to
solve for the critical current reduction in our model for axial
strain.

After verifying the method for solving the critical current
reduction, the other causes are analyzed. One of the reasons

for the difference may be explained in [43]. The critical prop-
erties of a single superconducting tape in axial tension, trans-
verse compression, and torsion are studied in detail in [43]. It
is pointed out in [43] that the area where the axial strain of the
tape is greater than 0.45% is defined as the ‘damaged area’.
The critical current starts to reduction only when the damaged
area is 15%–20% of the tape width [43]. It can be noted that
the 15%–20% difference also relies on the chosen electric field
criterion. A criterion of 10 µVm−1 was utilized in [43], while
100 µV m−1 was employed experimentally here and in [22].
The higher electric field makes the experimental method less
sensitive than the model for detecting initial reduction. Even
with the improved new method (Ic-integration method), there
is still a 21% difference between the FE and experimental res-
ults for SCS4050 tapes in [43]. Considering that the complex
structure of the CORC cable compared to a single supercon-
ducting tape (with dog-boning being ignored here), combined
with the influence of interlayer interactions for transverse
load, it is reasonable to expect an error between our model
and experimental results. Furthermore, the soldered termina-
tions and contact resistance between the tapes may be another
reason for the larger critical load found in the experiment. In
practice, the current redistribution among three tapes of the
same layer of the CORC cable mainly depends on the con-
ductor resistance and terminal contact resistance [44]. Current
redistribution depends mainly on the terminal contact resist-
ance when the terminal contact resistance is high. When the
terminal contact resistance is low enough, current redistribu-
tion will be limited by the tape critical current. Similarly, it has
been demonstrated in [45] that the tape-to-tape contact resist-
ance plays a critical role in the cable’s current sharing capabil-
ity and current distribution. The presence of contact conduct-
ance leads to current sharing, which lifts the decrease of the
overall cable critical current density.

Although there is a difference between our model and the
experimental results, our model can make reasonable quantit-
ative predictions of the mechanical-electromagnetic behavior
under transverse compressive loading, explaining at least qual-
itatively the impact of the cable geometry parameters.

3.2. Single-layer CORC cable under transverse compression

The core and the winding angle of the tape are critical com-
ponents of the CORC cable, and it is meaningful to study their
effect on its properties. First, the impact of the winding angle
on the transverse compression properties of CORC cables is
considered.

Figure 7 shows that the axial strain distribution of the
ReBCO layer of single-layer CORC cable is periodic (strain
output along the ReBCO layer winding direction). There-
fore, we take one period at different winding angles for the
subsequent comparison. According to the rainbow lines in
figure 7, the axial strain in the ReBCO layer can be roughly
divided into three parts: the larger positive strain region, the
larger negative strain region, and the smaller strain region. The
transition of axial strain in these three regions is sharp. In com-
bination with the cloud diagram of the ReBCO layer, it can be
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Figure 7. Axial strain of ReBCO layer at 40◦ winding angles after 5.41% transverse compressive strain of single-layer CORC cable.

Figure 8. Axial strain of ReBCO layer with winding angle after transverse compressive strain of 5.41% for single-layer CORC cable.

seen that the larger positive and larger negative strains are loc-
ated where the CORC cable comes into contact with the rigid
plane. In contrast, the smaller strain region is located where the
CORC cable does not come into contact with the rigid plane.

Figure 8 depicts the axial strain of the ReBCO layer versus
the winding angle for a single-layer CORC cable after a trans-
verse compressive strain of 5.41%. All references to transverse
compression strains here, including those that follow, refer to
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Figure 9. Axial strain of ReBCO layer with winding angle after transverse compressive strain of 5.41% for single-layer CORC cable.

the engineering strains at the downward compression distance.
Here we define the area in contact with the rigid plate as the
contact area and the other areas as the non-contact area. It can
be seen from figure 8 that the ReBCO layers’ axial strain is lar-
ger in the contact area and decreases with the increase of wind-
ing angle. The reason is that the smaller the winding angle of
the CORC cable, the smaller the gap between the tapes. The
tape mainly carries the effect of transverse load, and as the
winding angle increases, the gap between the tapes increases,
and part of the transverse load effect is carried by the wind-
ing core. This suggests that choosing a larger winding angle
in winding CORC cables can improve the ReBCO layer strain
limit. Except for the end effect, the axial strain in the ReBCO
layer of the contact area is larger on the tape’s edge and rel-
atively flat in the middle, as shown in figure 8(a). The higher
strain at the edge of the tape can be explained by the bend-
ing deformation of the tape due to the transverse compression
load. Additionally, figure 8(b) shows that when other condi-
tions are kept constant, the axial strain of the ReBCO layer in
the non-contact region does almost not change with the wind-
ing angle.

The effect of Poisson’s ratio of the core material and the
radius of the core on the transverse compression properties of
the single-layer CORC cable is then studied. Figure 9 shows
the effect of different core Poisson’s ratios on the axial strain of
the ReBCO layer with a winding angle of 45. The axial strain
of the ReBCO layer at the contact area is almost unaffected by
the core Poisson’s ratio variation. There is also almost no effect
on the ReBCO layer axial strain at the contact area by changing
only the core diameter when other conditions are kept constant
(not shown here).

3.3. Electromagnetic analysis of single-layer CORC under
transverse compression

3.3.1. Critical current reduction of single-layer CORC cables.
In the previous section, the axial strain distribution of the
ReBCO layer is calculated in the CORC cable under transverse

compressive loading. According to equation (8), the critical
current reduction of the ReBCO layer is solved by mapping
the results of the mechanical deformation module.

Figure 10 illustrates the critical current reduction of the
ReBCO layer against winding angle for a single-layer CORC
cable following a 5.41% transverse compressive strain. The
critical current reduction of the ReBCO layer is mainly con-
centrated in the contact area, especially at the edge of the tape,
and it reduces with the increase of the winding angle. It is
the opposite of what is observed for the tensile case, where
the critical current reduction increases with the increase of the
winding angle [9]. Therefore, to optimize the winding para-
meters of the CORC cable, both axial tension and transverse
compression cases should be considered depending on its
application.

The critical current reduction of the ReBCO layer is largest
at the winding angle of 31. For winding angles larger than
50, the critical current of the ReBCO layer is (practically)
not reduced. This can be attributed to the fact that the axial
strain of the ReBCO layer at the contact area reduces with the
increase of the winding angle. The irreversible critical strain
in the ReBCO layer of the CORC cable is 0.6% [22], consid-
ering a thermal strain of −0.15% during transverse compres-
sion. Since the axial strain of the ReBCO layer in the contact
area at a winding angle of 50 is practically less than 0.6% (see
figure 8(b)), the critical current is not reduced.

Figure 11 show the axial strain distribution and critical cur-
rent reduction characteristics of the ReBCO layer in CORC
cables with 31 and 50 winding angles at different transverse
compressive strains. The critical current of the ReBCO layer
of the 31 winding angle CORC cable shows irreversible reduc-
tion at transverse compressive strain exceeding 2.77%, as
shown in figure 11(a). The critical current of the ReBCO
layer did not show any significant reduction for the 50 wind-
ing CORC cable, even when the transverse compressive strain
was over 5.41%, as shown in figure 11(b). Consequently, tape
wound at a larger angle can lead to a better performance in
terms of critical current for transverse load.
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Figure 10. Critical current reduction with winding angle after the transverse compressive strain of 5.41% for single-layer CORC cable.

3.3.2. Magnetization loss with applied AC magnetic field and
transverse compressive load. The ACmagnetic field affects
the distribution and reduction of the critical current of the
superconducting material [17, 18, 46], but this effect does not
necessarily make the critical current degrade. The critical cur-
rent reduction of the superconducting tape in the cable varies
with the external AC magnetic field amplitude in transverse
direction of the cable [47, 48]. The effect of the AC mag-
netic field on the electromagnetic performance of single-layer
CORC cables under transverse compressive load is discussed

in this section only, and the effect of transport current is not
specifically analyzed.

The reduction of the critical performance of the ReBCO
layer under transverse load is given for a CORC cable with
a winding angle of 35 for different periods of a sinusoidal
applied magnetic field. As shown in figure 12(a), there is a
major effect on the local critical current from the axial strain
of the ReBCO layer at the contact area (seen from view B).
The critical current becomes further limited in figures 12(c)
and (d) for an applied AC field but the transverse compressive
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Figure 11. Axial strain distribution and critical current reduction of ReBCO layers for (a) 31 and (b) 50 winding angle of CORC cables at
different transverse compressive strains (view B).

strain on the CORC cable does not affect the Ic seen from for
viewA, since the strain does not change notably for these parts
of the tapes. In addition, the reduction of the critical current in
the ReBCO layer is most pronounced when the amplitude of
the transverse background magnetic field is at the peak and
minimum, i.e. when the time is at (1/4 cycles and 3/4 cycles) and
dB/dt is zero. Even when the amplitude of the transverse AC
magnetic field is zero at 1/2 cycles and 1 cycles, the induced
magnetic self-field generated by the induced currents in the
ReBCO layer is still present. This induced magnetic self-field
causes the reduction of the critical current.

In the previous part, we mentioned that the critical cur-
rent reduction of the ReBCO layer in the non-contact area
is not significant when the transverse compressive strain of
the CORC cable changes with applied AC magnetic field.
Based on this, the axial strains of the ReBCO layer are shown
in figure 13. The cloud diagram shows that the axial strain
of the ReBCO layer in the non-contact area does not vary

much with the transverse compressive load, so the critical cur-
rent reduction is not significant. Note that the axial strain of
the ReBCO layer in the non-contact area decreases slightly
with increasing transverse compressive load, which the inter-
action by core support may cause. To verify this conjecture,
we removed the winding core in the model. The cloud of
the axial strain of the tape and the ReBCO layer for differ-
ent transverse compression strains are obtained and shown in
figure 14. As shown in figure 14(a), the axial strain in the
ReBCO layer in the non-contact area of the CORC cable with
no winding core becomes more compressive with increasing
transverse compressive strain. The axial strain of the ReBCO
layer in the non-contact area of the CORC cable with the pres-
ence of a winding core increases positively with the transverse
compression strain, as shown in figure 14(b). Therefore, the
CORC cable with a winding core can prevent the negative
growth of ReBCO layer strain of the non-contact area when the
transverse compressive strain increases. In addition, the axial

10
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Figure 12. The critical current reduction of the ReBCO layer in the CORC cable under the combined effect of transverse compressive strain
and applied magnetic field.

Figure 13. The strain distribution of ReBCO layers of CORC
cables, made with a 35◦winding angle, under different transverse
compressive strains (view A).

strain of the ReBCO layer in the non-contact area in figure 13
is negative and tends to zero as the transverse compressive
strain increases. It is mainly due to the initial thermal strain
of −0.15% factored into the CORC cable electromagnetic
analysis.

Figure 15 depicts the magnetization loss in the tape for
four different winding angles for CORC cables under differ-
ent transverse compressive strains. It should be noted here that
all the mentioned magnetization loss refers to the magnetiz-
ation loss of the tape. The magnetization loss of the wind-
ing core, i.e. eddy current loss, is not involved in this paper.
The eddy current loss of different CORC cable core mater-
ials is detailed in [49]. Only the CORC cable pitch changes
when the winding angle changes, so we use the unit cable
length to express the magnetization loss instead of the unit

volume. The magnetization loss per unit length of cable is
almost unchanged when the transverse compression strain of
the cable is small. As the transverse compression strain of the
cable increases, the smaller the winding angle of the CORC
cable, the more the magnetization loss increases. For example,
when the transverse compression strain exceeds 2.11%, the
magnetization loss per unit length of the CORC cable with
a 31 winding angle increases fast. The magnetization loss per
unit length of cable for CORC cables with a winding angle
of 40 increases rapidly only when the transverse compres-
sion strain exceeds 4.49%. However, the magnetization loss
per unit length does not increase for the 45 winding angle
CORC cable, even with a transverse compression strain of
5.41%. It can be seen from figure 15 that the axial strain of
the ReBCO layer in the non-contact area has a considerable
effect on the magnetization loss per unit length of cable. The
smaller the axial strain in the ReBCO layer in the non-contact
area, the less the irreversible critical current reduction caused
by mechanical deformation, resulting in a higher induced cur-
rent density and a significant increase in magnetization loss.
Therefore, when transverse compressive strain reaches a par-
ticular level (this particular level is related to the winding angle
and increases with the winding angle), magnetization loss
appears to increase abruptly. Smaller winding angles cause
increased magnetization loss per unit cable length because
more pitch per unit length of cable is exposed to the magnetic
field.

The magnetization loss per unit length of a single-layer
CORC cable after subjecting to a 5.41% transverse compress-
ive strain with different background field amplitudes is shown
in figure 16. The magnetization loss increases approximately
linearly with the magnetic field amplitude. The linearity
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Figure 14. The axial strain distribution of the tape and ReBCO layer of CORC cables made without (a) and with (b) winding core at a
winding angle of 35, after a transverse compressive strain of 5.41%.

Figure 15. Magnetization loss as a function of winding angles of
single-layer CORC cables, applied different cable transverse
compressive strain.

increase may be because the helical structure of the CORC
cable penetration field lower than the straight tape. After all,
the helical tape of the CORC cable has an angle with the
external magnetic field everywhere, not always 90◦. Secondly,

Figure 16. Magnetization loss distribution among single-layer
CORC cable with different background magnetic field amplitudes,
applied cable transverse compressive strain of 5.41%.

the transverse load applied to the CORC cable causes the tape
critical current reduction, which also leads to a decrease in the
penetration field of the CORC cable. From the figure, it can
also be seen that this penetration field is lower than 0.02 T.

12



Supercond. Sci. Technol. 35 (2022) 115006 J Yan et al

Figure 17. Model schematic of a six-layer CORC cable.

Figure 18. Axial strain distribution and critical current degradation of a six-layer CORC cable after a cable transverse compressive strain of
18.6%.

However, no expression can calculate the penetration field of
CORC cables until now.

For the case of combined transverse load and AC magnetic
field, the CORC cable with larger angle winding has not only
the ability to withstand better transverse deformation but also
has relatively low magnetization loss per unit length of CORC
cable. This is useful for CORC cables requiring smaller losses
in high-energy physics and energy conversion applications.

3.4. Multiple-layer structure CORC cables

After discussing the analysis of the electromagnetic behavior
of single-layer under transverse compressive loads, we further
discuss the case of more multiple-layer CORC cables. Unlike
single-layer CORC cables, multiple-layer CORC cables have
a more complex structure that also requires the consideration
of inter-layer interactions. Our study is based on a six-layer

example since the 12-layer CORC cable is computationally
very challenging. Figure 17 shows a schematic of the model
built using six-layer CORC cable parameters produced by
Advanced Conductor Technologies LLC (ACT). Details of the
CORC® wire structure are explained in [50] and the tape type
is SCS2030 from Superpower Inc.

Figure 18 show the axial strain distribution and critical cur-
rent reduction characteristics of the ReBCO layers for a six-
layer CORC cable following an 18.6% transverse compress-
ive strain. The degradation of the critical current is smallest
in the innermost layer and greatest in the middle layer. It is
mainly due to the effect of transverse compressive load and the
interaction between the layers resulting in the highest strain in
the middle layer of the CORC cable and relatively low strain
in the innermost and outermost layers. Further, we analyzed
the critical current reduction in each of the six layers of the
CORC cable under different transverse compression strains.

13



Supercond. Sci. Technol. 35 (2022) 115006 J Yan et al

Figure 19. Critical current reduction as a function of applied cable compressive strain of six-layer CORC cable.

Figure 20. Magnetization loss distribution among single-layer and six-layers of CORC cable for an applied field amplitude of 0.05 T.

As shown in figure 19, the critical currents of the layers hardly
reduce when the transverse compressive strain does not exceed
10%. The critical current starts to reduce only when the trans-
verse compression strain of the cable exceeds about 3% for
single-layer CORC cables with a winding angle of 35. It indic-
ates that a multi-layer CORC cable can resist large transverse
compression loads compared to a single layer cable. The crit-
ical currents of each layer show different degrees of degrad-
ation with increasing transverse compressive strain, but the
middle layers degrade the fastest.

Further, we discuss the effect of an applied AC magnetic
field on the magnetization loss of the six-layer CORC cable.
Figure 20 gives the magnetization loss power and energy per
unit length of CORC cable when the cable is in a no-strain
condition, with a transverse sinusoidal magnetic field only.
The magnetization loss shows an approximately uniform dis-
tribution among the six layers of the cable. Only the extremes
appear in the second and third layers, respectively. This is

likely because ACT produced the six-layer CORC cable with
the winding angle of each layer approximately between 30 and
36. Therefore, we compared the magnetization loss per unit
length of single-layer CORC cables with winding angles of
31 and 35. As shown in the blue and black dots in figure 20, it
is clear that the magnetization loss of a single-layer CORC
cable is higher than that of a six-layer CORC cable. Over-
lapped ReBCO tapes have field shielding effects with the same
applied field, resulting in less magnetization loss on each tape
in a six-layer CORC cable. To reflect on this phenomenon
more clearly, we show the current density for a single-layer
CORC cablewith awinding angle of 35 and each layer of a six-
layer CORC cable in figure 21. Two large magnetization cur-
rent loops are induced on the single-layer tape within a pitch.
In six-layer CORC cables, the induced magnetization current
is divided into many small local current loops due to the mag-
netic shielding effect between the overlapping ReBCO bands.
Therefore, the induced current on each tape in the six-layer
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Figure 21. The induced current density distribution in the single-layer and six-layers CORC cables, at t = 1 cycles and with an applied field
amplitude of 0.05 T.

CORC cable is smaller, and the magnetization loss is also
smaller.

The above results show that for multilayer CORC cables, a
reasonable design is one in which the winding angles of each
layer in the cable do not differ much, and the winding direc-
tions of adjacent layers are opposite [17]. This can result in
relatively low magnetization losses that are uniformly distrib-
uted among the layers and can resist relatively high transverse
loads.

4. Conclusion

A detailed CORC cable mechanical-electromagnetic FE
model is developed to analyze the electromagnetic character-
istics under transverse compressive loading. The transverse
load is to simulate the real existing electromagnetic force. The
CORC transverse loading FE model can reasonably predict
the CORC cable performance. The FE model results show that
the smaller the winding angle, the greater the axial strain and
critical current reduction of the ReBCO layer is in the con-
tact area. Poisson’s ratio and wound core size have almost no
effect on the ReBCO layer strain. The presence of the wind-
ing core causes the strain in the non-contact area of the ReBCO
layer to change from zero to a positive increase when the trans-
verse compressive load increases. Multilayer CORC cable cal-
culation results show that the axial strain and critical current
reduction are the smallest in the innermost layer and most

significant in the middle layer. In the zero applied strain case,
the magnetization loss per unit cable length is approximately
uniformly distributed for each six-layer CORC cable. Com-
pared to single-layer CORC cables with winding angles of
31 and 35, the magnetization loss is lower for each layer of
the CORC cable than for single-layer CORC. The developed
models can serve in the design optimization of CORC
cables.
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