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Abstract
Superconducting conductors on round core (CORC®) cables and wires can meet the needs of
large high-field magnets, such as particle accelerators and compact nuclear fusion machines,
due to their simple cabling process, high current-carrying capacity and reliable operation under
high mechanical stresses. Many high-field magnets require CORC® cables to carry a current of
thousands of amperes in a background magnetic field exceeding 20 T. As a result, the large
electromagnetic forces will deform the cable in the axial direction due to hoop stress and in the
transverse direction by compressive stress. Therefore, it is essential to determine the irreversible
deformation limit of the CORC® cable under axial tensile load and optimize the cabling
parameters to potentially extend this limit. Analytical and numerical methods are developed to
assess the performance degradation of CORC® wires under axial tensile load. The strain level,
interlayer contact pressure and friction and their impact on the critical current are calculated by
combining the mechanical response and the T-A method. Analyzing the results shows that the
winding angle of the tape and the Poisson’s ratio of the inner core are key factors affecting the
irreversible tensile strain limit of CORC® wires. The smaller the winding angle and the higher
the Poisson’s ratio of the inner core, the higher the irreversible tensile strain limit. For
multi-layer CORC® wires, the initial contact pressure caused by the cabling process must also
be considered. The inter-layer interaction is coupled with the tape strain of each layer. The
results of this research can serve as a basis for optimizing and designing CORC® wires with
extended irreversible strain limits.
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1. Introduction

The recent development of second-generation high-
temperature superconductor (HTS) cables for large-scale
applications has made considerable technological advances.
They allow operation at magnetic fields exceeding 20 T and
at temperatures significantly above the boiling temperature
of liquid helium, which is beyond the capabilities of cables
made from NbTi and Nb3Sn [1–3]. Existing large magnets
made from superconducting cables include magnetic reson-
ance imaging [4], particle accelerators [5], and nuclear fusion
reactors [6]. Many applications required operation at cur-
rents of over 5 kA in a background magnetic field of over
20 T [7, 8]. High electromagnetic stress can cause mechan-
ical stability problems and electrical performance degrada-
tion. The superconducting layer in REBCO tapes is brittle
and deformation beyond the intrinsic axial tensile strain limit
(εirr = 0.45%) results in irreversible electrical performance
degradation [9, 10]. This limit is far less than the deformation
limit of NbTi wires (3%) [3] and close to that of Nb3Sn wires
(0.3%–0.6%) [11].

The existing cables made of REBCO tape include the fol-
lowing four structures: Roebel assembled coated conductor
cables [12, 13], twisted-stack slotted core cables [14, 15], twis-
ted stacked-tape cables [16–19] and conductor on round core
(CORC®) cables and wires [20]. The CORC® cable contains
HTS tapes wound around a core, has a simple production pro-
cess, strong current carrying capacity, and low AC loss. The
strain state of the REBCO layer is determined by the tape strain
during the cabling process, the thermal strain of the tape during
the cooling process, and the strain introduced by the electro-
magnetic stress during operation.

To determine the effect of the REBCO tape strain on the
CORC® wire performance, Anvar et al studied the bending
flexibility of CORC® wires by combining experiments with a
finite element model and considering the effect of the wind-
ing process on the REBCO layer strain [21]. Wang et al cal-
culated the nonlinear contact characteristics and deformation
of the HTS tape under different winding parameters during
CORC® cabling by simulation and theoretical method [22].
van der Laan et al conducted uniaxial tensile tests of multi-
layer CORC® wires in liquid nitrogen, studying the perform-
ance degradation of CORC® wires under monotonic and cyc-
lic axial loads [23]. Their latest axial tensile experimental
study shows that the CORC® wire can maintain more than
97% of the transport performance at an applied axial tensile
strain is as high as 7% through structural optimization [24].
The result was confirmed by initial finite element modeling
[25]. Except the mechanical properties, there are also the fol-
lowing studies on the electromagnetic properties of CORC®

wires. Wang et al calculated the electrical characteristics of
CORC® cables by the T-Amethod, which is based on the mag-
netic vector potential A and the current vector potential B and
often used to describe thin superconducting tapes [26], and
their results showed that the AC losses of CORC® layers were
affected by the different winding geometry parameters. Yang
et al analyzed the AC loss of CORC® cables by H-method
[27]. Their study found that the losses of CORC® cables are

mainly in the core. Lai et al proposed J-method and studied the
current distribution and AC loss on the surface of HTS tape in
CORC® cables under transverse magnetic field [28]. In addi-
tion, the latest study by Phifer et al also shows that the contact
between tapes in CORC® wires greatly influences its electrical
properties [29].

Most of the previous work focused on experimental and
electromagnetic performance prediction. This paper describes
the establishment of a highly detailed three-dimensional
model of CORC® wires under applied axial tensile strain by
combining theory with the finite element method (FEM) that
goes beyond that of [25]. Here, we study the influence of cable
winding parameters and inter-layer interaction, such as inter-
layer contact pressure and friction of CORC® wires during
application of tensile strain. Firstly, the approximate analyt-
ical expression of the strain in helical HTS tape, of a single-
layer CORC® wire under tensile strain, is given. The strain
level of the REBCO layer is calculated for different winding
angles and core diameters. The distribution of normal contact
force and friction between layers is studied by parameter vari-
ation. Secondly, the strain distribution of the REBCO layer
between the inner and outer layers at different winding angles
is analyzed for a 2-layer CORC® wire. The reduction of the
transport performance of the inner and outer layers, caused by
tensile strain is calculated with the T-A method. Finally, the
initial contact and inter-layer interaction during cabling and
applied axial tensile load are considered in detail. The strain
level, contact force distribution, and critical current reduction
of each layer in optimized CORC® wires with 12 and 14 layers
are calculated. Section 2 of this paper outlines the theory and
the finite element model. Section 3 provides a discussion of the
model results and final conclusions. Table 1 lists the important
parameters in the model.

2. Model introduction

2.1. Theoretical model of CORC® wires under axial tensile
strain

The tapes wound in a helical fashion around the inner core
of the CORC® wire are of the type SCS2030 (width: 2 mm,
thickness: 45 µm) produced by Superpower Inc. The change in
tape geometry when axial strain is applied to the wire is shown
in figure 1(a). Since the tape thickness is far less than its width,
the deformation of the tape along its thickness is minor. So,
only the tape axial strain along the helical axis is considered
here and the gap between tapes is ignored. According to the
deformation geometry, and since the tape is thin, the tape strain
is approximately the REBCO layer strain, which is:

εTape =
∆S
S

=
l+∆l
sinα ′ − l

sinα
l

sinα

≈ ∆l
l
sin2α

+
∆r
r
cos2α+

∆φ

l
∗ rsinαcosα, (1)

Here, εCORC = ∆l
l is the strain along the tensile direction

of the overall cable, εr = ∆r
r is the strain associated with the
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Table 1. Important parameters in the model.

Parameter Description Unit Parameter Description Unit

l CORC® wire length mm S Helical tape length mm
r Radius of the core mm µ Friction coefficient —
α Winding helix angle ◦ ν Core Poisson’s ratio —
φ Tape self-rotation angle ◦ E Young’s modulus MPa
t Thickness of the tape mm λ Lamé constant MPa
ρ Radius of helical curvature mm f Friction stress MPa
F Winding pre-tension force N D Tape bending stiffness MPa
p Contact pressure MPa pi Contact pressure of layer i on layer i − 1 MPa
σr Radial stress MPa σrk Radial stress onto layer k due to tension MPa
σr(i→k) Radial stress of layer i on layer k MPa pm Initial contact pressure on layer m due to cabling MPa

Figure 1. (a) Overview of the change in tape geometry in a CORC® wire under tensile strain. (b) Friction distribution of the helical tape
rotating on the core surface.

radial contraction of the cable, εφ = ∆φ
l is the rotation angle

of the tape cross-section along its axis in unit length. For the
helical tape, the rotation angle is usually ignored.When tensile
strain is applied to the CORC® wire containing a single tape,
the core will contract in the radial direction due to the Pois-
son’s ratio, which is generally smaller than the radial contrac-
tion of the helical tape. The thickness of the tape is much smal-
ler than the core radius, so the radial strain can be written as
follows:

∆r
r

≈−ν
∆l
l
, (ν ⩽ tan2α). (2)

Here, the Poisson’s ratio of the coremust be less than tan2α,
which is the equivalent Poisson’s ratio of a helical tape. When
the Poisson’s ratio of the core is greater than tan2α, the radial
contraction of the core is higher than that of the tape, and the
tape does not maintain contact to the core. The tape strain
is calculated by combining (2) and (1) and ignoring the tape
rotation:

εTape ≈ εCORC(sin
2α− νcos2α), (ν ⩽ tan2α). (3)

Then the contact pressure between the tape and the core,
originating from the CORC® wire strain, is:

p=
EεTapetcos2α

r
. (4)

In addition, the tape rotates on the core surface (see
figure 1(b)). The displacement is almost zero in the tape center
and the maximum is at the tape edge. The maximum friction
stress is:

f=−µp. (5)

Equations (2)–(5) ignore that the multi-layer interaction is
only valid in the case of a single-layer CORC® wires. When
tension is applied to multi-layer CORC® wires (see figure 2),
the problem is more complex, as radial contraction and con-
tact forces between layers vary. The following equation can
estimate the influences from inter-layer interactions on radial
contractions between each layer [30]:

∆r
r

=− νk
λk

(
σrk+λk

∆l
l

)
. (6)

Here λk =
Eνk

(1+νk)(1−2νk)
is the Lamé constant of tape layer

k, r is the core radius, rk is the radius of layer k, and σrk is the
radial stress on layer k due to tension. In a multi-layer CORC®

wire under tension, each layer will add to the force applied to
the inner layer.

When pi is the contact force of layer i onto layer i − 1, the
stress applied by layer i onto layer k is:

σr(i→k) =−pi
1− (rk/r0)

−2

1− (ri/r0)
−2 (7)
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Figure 2. Diagram of inter-layer interaction during stretching of multi-layer CORC® cable.

σrk =−σr(k→k−1) −σr(k+1→k−1) − . . .−σr(12→k−1)︸ ︷︷ ︸
The support force of the inner layer on layer k

+σr(k+1→k) +σr(k+2→k) + . . .+σr(12→k)︸ ︷︷ ︸
The pressure of the outer layer onto layer k

. (8)

It can be seen that for only one layer of tape, rk = ri ≈ r,
the contact pressure p is relatively small compared to λ∆l

l , and
equation (6) can be simplified to equation (2).

Therefore, the inter-layer interaction of multi-layer
CORC® wires under axial tensile strain can be calculated by
formulas (4)–(8). The actual strain of each layer is calculated
by formulas (6) and (1). The layer contact is coupled to the
layer strain and the problem can only be solved numerically.

2.2. Initial contact pressure caused by the cabling process

In the process of CORC® cabling, several HTS tapes are helic-
ally wound onto the central core under a defined winding ten-
sion. Having the asymmetrically positioned REBCO layer on
the inside, facing the core, an additional compressive strain is
introduced into the REBCO layer, improving the axial tensile
critical strain of the CORC® wire to a certain extent. This work
focuses on the effect of CORC® wires under axial tensile load,
while the pre-strain caused by the cabling process is neglected.
However, the pressure exerted by the outer tapes onto the inner
layers during the CORC® cabling process is considered. For a
single-layer CORC® wire, the contact pressure resulting from
the cabling process is around 1MPa, which has little influence
on the cable tensile results. However, for multi-layer CORC®

wires, the pressure will be superimposed and this signific-
antly affects the axial tensile behavior. The nonlinear and non-
uniform contact between layers is ignored to simplify the cal-
culation. Then, the contact pressure of each layer after cabling
can be calculated by equations (9)–(11) [22], while the calcu-
lated result of the contact pressure of each layer based on the
cable winding parameters of 12-layer and 14-layer CORC®

wires [23] is shown in figure 3:

p=
F
(
1− D

2Fρ2

)
ρw

(9)

Figure 3. The initial contact pressure of each layer after cabling of
12-layer and 14-layer CORC® wires.

σr(i→m) = pi
1− (rm/r0)

−2

1− (ri/r0)
−2 (10)

pm = σr(m+1→m)+σr(m+2→m)+ . . .+σr(i→m)+ . . .+σr(12→m).

(11)

2.3. T-A FE model of CORC® wires under axial tension

A three-dimensional finite element model is established in
three main steps, using commercial software COMSOL, as
illustrated in figure 4. The first step is to establish the over-
all structure of the CORC® wire. The HTS tape and core
are solid units, calculated within the solid mechanical mod-
ule. The ends of the tapes and core are bound as coupling
points on both ends of the cable. One end is fixed while the
other end is moved over a specified displacement. Next, hel-
ical shells without thickness represent the REBCO layer in
the HTS tape, which is cut from the middle part of the solid
model geometry can eliminate stress concentrations caused
by boundary conditions during strain application. Then, the

4
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Figure 4. Three-dimensional finite element (FE) model of the T-A method considering a cable tensile loading process.

strain and deformation states calculated in step-1 are imple-
mented to the shell. Subsequently, the deformed helical shell
in step-2 is wrapped with a cylindrical air domain. Finally,
the T-A method-based model can calculate the critical current
degeneration of the tape in CORC® wires under tension.

Here, we briefly review the specific equations of the T-A
method, defining the current vector:

J=∇×T, (12)

T1 −T2 =
Iapply
tREBCO

,

where Iapply is the applied direct current:

Iapply = I0rn(time) . (13)

Here, rn(time) is a function that increases the transport
current linearly with time. The magnetic field is:

B=∇×A. (14)

The Faraday’s law of the electromagnetic induction is:

∇×E(J) =−∂B
∂t

. (15)

The Ampere’s law for the magnetic potential loss repres-
entation is

∇×∇×A= µJ. (16)

The electric field as a function of current density is

E(J) = E0

(
|J|
Jc (ε)

)n J
Jc (ε)

, (17)

Jc (ε) = Jc0 ∗T(ε) . (18)

Here, T(ε) is the fitting function of a straight tape under
self-field conditions [9], represents the impact of the strain
field, which is:

T(ε) =

{
1− 6918|ε|2.2±0.2

, ε⩽ 0.6%
−202.52ε+ 2.1262 , ε > 0.6%

. (19)

In this way, the critical current reduction of all layers of the
CORC® wire can be calculated after tensile strain is applied,
and the local deformation from the inter-layer contact can also
be considered for the multi-layer tape.

2.4. Model parameters and experimental validation

Specific material parameters were fitted using the experi-
mental curve shown in figure 5(a). It shows the tensile stress
versus strain curve of two types of core materials in liquid
nitrogen and the results of the corresponding FEM simula-
tion [24]. The linear reinforced plasticity model is used for
the cores. Figure 5(b) shows the critical current reduction
comparison between experiment and FE model for a single
straight tape [9]. The irreversible tensile limit of the tape
is 0.45%, and 0.6% in the figure is considering the cool-
ing thermal strain (−0.15%). The tape is considered an iso-
tropic homogeneous material, and the ideal plasticity model
is used. All the parameters in the FE model are listed in
table 2.

The winding structure of the 12-layer CORC® wire from
the experiment described in [23] was modeled. Figure 6 shows
the points representing the experimental results and the solid
lines are the model calculations. It can be seen that the initial
contact and friction between layers must be considered when
the multi-layer CORC® cable is strained. The initial contact
pressure between tapes will increase the Young’s modulus and
the yield limit of the cable. The results also confirm the FE
model.

5
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Figure 5. (a) Experimental tensile stress–strain curves and FEM simulation of two different cores under 77 K. (b) Experimental and FEM
results of critical current reduction of a straight tape as a function of axial tensile strain.

Table 2. Material parameters in the model.

Parameter Value

Young’s modulus of SCS2030 tape (77 K) 180 GPa
Young’s modulus of 1/8 hard Cu core (77 K) 130 GPa
Young’s modulus of 1/2 hard Cu core (77 K) 130 GPa
Plastic yield stress of SCS2030 tape (77 K) 1091 MPa
Plastic yield stress of 1/8 hard Cu core (77 K) 110 MPa
Plastic yield stress of 1/2 hard Cu core (77 K) 390 MPa
Poisson’s ratio of the tape 0.3
Poisson’s ratio of the core 0.3

Figure 6. Comparison of experimental and FEM force versus strain
curves for a 12-layer CORC® wire.

3. Results and discussion

3.1. Result of single-layer CORC® wires under applied tensile
strain

The mechanical behavior of a single-layer CORC® wire under
applied tensile strain is calculated along the tape length. The

locations for which strain, contact force, and friction are cal-
culated are indicated by the lines shown in figure 7.

As shown in figure 8, the results of the FEM model show
stress concentrations at the ends of the cable, while the strain
and normal contact force are uniform in the middle of the
cable. Therefore, the tape strain of the middle part of the cable
can be used as a criterion of tape deformation due to CORC®

wire tensile strain. In addition, figures 8(c) and (d) show that
the frictional force at the center of the tape along the width
direction is almost zero when axial tensile strain is applied to
the single-layer CORC® wire. The maximum frictional force
occurs at the edges of the tape and the helical tape will rotate
around the tape axis on the core surface. Moreover, the upper
limit of friction is the sliding friction set by the model, and its
value is µp. Also, for single-layer CORC® wires, the initial
contact pressure has little influence on the results. Therefore,
only the impact from the cooling and tensile strain process is
considered, and the initial strain state of the tape in the cabling
process is ignored in all following calculations.

3.1.1. Tape tensile strain as a function of CORC® wire tensile
strain. The effect of CORC® wire tensile strain on the
deformation and contact pressure of the tape in the cable are
calculated using the FEM model. A single layer CORC® wire
with 45◦ winding angle and uniform strain of −0.15% due
to cool down is considered. It can be seen from figure 9 that
when the cable strain increases, the tape strain and the contact
force between the tape and the core both increase. For a single
layer CORC® wire, the initial contact force has little effect and
can be ignored in subsequent parameterization calculations.
Equations (3) and (4) can be used to calculate the tape strain
and the contact pressure. The plasticity of the core causes a
deviation at high strain. The stronger the core (the higher the
yield limit), the higher the tape strain and the normal contact
pressure under the same CORC® wire tensile strain.

3.1.2. Effect of the diameter and Poisson’s ratio of the core.
Figure 10 shows the tape strain for different core diameters
in a single-layer CORC® wire in which the tapes are wound

6
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Figure 7. FE model of single layer CORC® wire.

Figure 8. Mechanical behavior of the tapes in a single-layer CORC® wire after 1% and 2% tensile strain has been applied to the wire.
(a) Tape strain along the helical arc direction. (b) The contact pressure between the tape and the core. (c) Friction stress between the tape
and the core under 1% cable tensile strain. (d) Friction stress between the tape and the core under 2% cable tensile strain. The initial contact
pressure and tape strain from cabling are ignored, while the following parameters were used in the model: α= 45◦, r= 1.29 mm,
l= 5× 2πr, µ= 0.3, νcore = 0.3, νtape = 0.3.

at an angle of 40◦. It can be seen that the tape strain does
not change significantly with the core diameter variation. It
is shown in figure 10(b) that the Poisson’s ratio of the core has

an impact on the tape strain. When the Poisson’s ratio of the
core increases, the tape strain decreases, which follows dir-
ectly from equation (3).

7
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Figure 9. (a) Calculated tape strain along the helical arc direction. (b) Contact pressure between the tape and the core as a function of strain
applied to a single-layer CORC® wire. The initial contact pressure and tape strain from cabling are ignored, while the following parameters
were used in the model: α= 45◦, r= 1.29 mm, l= 5× 2πr, µ= 0.3, νcore = 0.3, νtape = 0.3.

Figure 10. Tape strain versus cable axial tensile strain of a single layer CORC® wire (a) for different core diameters, and (b) for different
Poisson’s ratios of the core. The initial contact pressure and tape strain from cabling are ignored, while the following parameters were used
in the model: α= 40◦, l= 5 × 2πr, νtape = 0.3.

3.1.3. Effect of tape winding angles. The winding angle of
tapes in a CORC® wire under tensile axial load has a signi-
ficant effect on the tape strain. This is shown in figure 11(a),
where it is shown that the tape strain increases with winding
angle. It should be noted that the winding angle affects the
winding pitch and the number of tapes that can be wound in
single layer, but these have little effect on the tensile beha-
vior of the cable. Therefore, the results in figure 11 are all
calculated at four pitch lengths and two tapes wound in one
layer. The tape axial stress as a function of cable tensile strain
is given in figure 11(b). The lower winding angle results in
the tape to remain in the elastic regime under high CORC®

tensile strain. It can thus be concluded that the lower the wind-
ing angles result in a better tensile property of the CORC®

wire. Also, amaximum contact pressure between tape and core
occurs at 50◦ winding angle (see figure 11(c)). The analytical
formulas (3) and (4) can estimate the tape strain and tape-core
contact pressure with reasonable accuracy in the low CORC®

tensile strain range. At higher applied CORC® tensile axial

strain levels, a significant error can occur, mainly due to the
plasticity of the core.

Considering the cooling process that induces an additional
tape strain of −0.15%, formula 3 can be used to estimate the
tensile strain limit of a single-layer CORC® wire for differ-
ent tape winding angles and different Poisson’s ratios of the
core. Figure 12(a) shows that the cable’s irreversible tensile
strain limit will decrease when the winding angle increases.
The REBCO layer will be damaged when exceeding the irre-
versible strain limit and permanent critical current degrada-
tion will occur. This shows that for a CORC® wire in which
the tapes are wound at angles of 30◦–35◦, the critical tensile
strain limit increases from 2% to 10%, compared to a cable in
which the tapes are wound at 40◦–45◦. In addition, an increase
in the Poisson’s ratio of the core can also significantly increase
the tensile strain limit of CORC® wire. The radial contraction
of the core must be less than that of the helical tape, for which
ν ⩽ tan2α. It should be noted that the materials with high Pois-
son’s ratios are mostly soft materials or flexible structures.

8
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Figure 11. (a) Tape strain as a function of winding angle at different strains applied to a single-layer CORC® wire. (b) Stress–strain
relationship of the tapes wound at different winding angles. (c) Contact pressure between the tape and the core as a function of winding
angle. (d) Theoretically, it can be proven that the normal contact pressure is the maximum at 50◦. The initial contact pressure and tape strain
from cabling are ignored, while the following parameters were used in the model: r= 1.29 mm, l= 5× 2πr, µ= 0.3, νcore = 0.3,
νtape = 0.3.

Figure 12. (a) Analytical prediction of the irreversible CORC® tensile strain limit with different core material Poisson’s ratios, versus the
tape helix winding angle. (b) FEM results and analytical prediction of the critical current reduction of a single-layer CORC® wire at
different helical angles, versus applied tensile strain.

Although the irreversible tensile strain limit of CORC® wires
can be increasedwith suchmaterials, their overall strength will
be lower.

Finally, the critical current reduction of a single-layer
CORC® wire under tension is calculated for different winding

angles and the results are shown in figure 12(b). The solid lines
represent the results of the numerical model, and the dashed
lines are produced from the analytical formulas. The analyt-
ical formulas can predict the critical current reduction quite
well for low applied tensile strains and high winding angles.

9
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Figure 13. The distribution of the friction along the tape width (a) for different tensile strains applied to the CORC® wire, (b) for different
coefficients of friction, and (c) for different winding angles. The initial contact pressure and tape strain from cabling are ignored, while the
following parameters were used in the model: r= 1.29 mm, l= 5× 2πr, νcore = 0.3, νtape = 0.3.

Nevertheless, in the high tensile strain and lower winding
angle ranges, the deviation is higher because the core plastic
deformation is not accounted for in the analytical formulas.

3.1.4. Tape friction in CORC® wires under axial strain. The
friction characteristics between tape and core are discussed
for the case of a CORC® wire with two tapes wound into a
single-layer under applied axial tensile strain. The influence
of the CORC® tensile strain, friction coefficient, and winding
angle is investigated. The results are summarized in figure 13.
The tangential friction stress increases progressively towards
both tape edges with increasing CORC® tensile strain until

the maximum friction is reached (see figure 13(a)). When the
CORC® tensile strain reaches 2%, the friction stress increases
linearly from the tape center line towards the edges, and does
not reach a plateau. Figure 13(b) shows the distribution of
the friction along the tape width for different friction coeffi-
cients. With the increase of friction coefficient, only the max-
imum (plateau) friction towards both tape edges is increased,
and the linear distribution of the stress across the tape width
(slope of the curve) remains the same. When the winding
angle increases from 30◦ (see figure 13(c)), the maximum fric-
tion stress increases initially and decreases after passing an
angle of about 50◦. In addition, the curve’s slope of the stress

10
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Figure 14. (a) The friction stress distribution for different winding angles. (b) The influence of the tape’s Poisson’s ratio on the direction of
the friction stress.

distribution towards the tape ends changes. It is noteworthy
that the direction of the friction stress is not along the hel-
ical axis of the tape but occurs at an angle γ with respect to
the tape axis (see figure 14(a)). The angle γ remains the same
for different winding angles, but changes for different Pois-
son’s ratios of the tape; a linear fit for this relation is shown
in figure 14(b). The reason is that when the CORC® cable is
axially strained, the tape is also elongated along its axis and at
the same time contracts along its width due to the tape Pois-
son’s ratio. In addition, the influences of core radius and tape
width were also calculated by this model but are not shown
in detail. The core radius almost had no influence on the tape
strain but was inversely proportional to the tape-core contact
pressure. The core radius increases, the contact pressure and
the maximum friction decreases. The tape width would extend
the maximum friction range at the tape edge.

3.2. Two-layer CORC® wire under tensile load

For a two-layer CORC® wire, the critical current density
(Jc) degradation under applied tensile load is studied. The
deformed geometry of a two-layer CORC® wire under axial
tension and the strain distribution of the REBCO layer, con-
sidering the core and layers interaction, are all mapped to
the T-A module. The strain distribution of the two-layer
CORC® wire is calculated for applied cable tensile strain
levels of 0.5%, 1.0%, 1.5% and 2.5%. The results are shown
in figures 15(a) and (b), illustrating the local bending at the
gaps between tapes in each layer of 0.54 mm, which is the
direct cause for the degradation of the outer tapes. The fric-
tion of the two-layer CORC® wire during strain application
is shown in figure 15(c). The color distribution in the figure
is the normal contact force and the arrow direction is the
direction of friction. It can be seen that a friction ‘vortex’
exists at the contact position between inner and outer layers,

which is caused by the mutual dislocation between the adja-
cent layers when the cable is strained. In addition, the dis-
tribution of the strain in the REBCO layer and that of the
critical current reduction after tensile loading is shown in
figure 16.

The axial tensile load on the cable can have a signific-
ant effect on the transport performance of the tapes. The Jc
reduction of the inner tapes is more severe than that of the
outer tapes. The reason for this is that when the multi-layer
CORC® wire is strained, the outer helical tape will contract
radially, while the radial contraction of the core is limited, so
strain superposition will be accumulating towards the inner-
most tape, resulting in the largest Ic reduction. The outer
tape’s largest reduction location is at the location of the gaps
between the tapes in each layer due to localized bending.When
the cable applied tensile load exceeds 2.5%, the irreversible
degradation area near the gap has expanded along the entire
tape cross-section.

3.3. Result of multi-layer CORC® wires under applied tensile
strain

3.3.1. 12-Layer CORC® wire under tensile load. The 12-
layer CORC® wire in the experiment performed by Advanced
Conductor Technology LLC [23] is adopted for our multi-
layermodel. The FEMcalculation and the experimental results
are shown in figure 17(a), after Ic testing of separate extrac-
ted tapes from all layers, revealed that when the cable applied
tensile strain reached 1.5%, the critical current degradation
in the seventh tape layer was the largest. The critical current
degradation shown by the solid line is calculated from the aver-
age strain in the FEM model. When the average strain is less
than the irreversible strain, the critical current degradation cal-
culated by the FEM model is always less because the tape
strain has positive and negative regions. Figure 17(b) shows
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Figure 15. (a) The strain distribution of the two layers of tape (solid element) under 0.5%, 1.0%, 1.5%, and 2.5% applied cable tensile
strain. (b) The local bending of the outer tape at the gaps of 0.54 mm. (c) The friction of the two-layer CORC® wire during stretching. The
initial contact pressure and tape strain from cabling are ignored, while the following parameters were used in the model: α= 45◦,
r= 1.29 mm, l= 5× 2πr, µ= 0.3, νcore = 0.3, νtape = 0.3.

Figure 16. (a) The strain distribution of the two layers of REBCO (shell element) under 0.5%, 1.0%, 1.5%, and 2.5% applied cable tensile
strain. (b) The critical current reduction distribution of inner and outer REBCO layers. The initial contact pressure and tape strain from
cabling are ignored, while the following parameters were used in the model: α= 45◦, r= 1.29 mm, l= 5× 2πr, µ= 0.3, νcore = 0.3,
νtape = 0.3.

the average strain level of each tape layer when the cable is
strained. Due to the inter-layer interaction, the tape strain vari-
ation trend is different. The average strain level of the seventh
layer tape is always the largest.

Figure 18 shows several numerical model calculation res-
ults of the average contact stress and tape axial strain in the
tape layers, following the 30-tape conductor layout of [23]
with tape angles of 30◦–47◦ and for the case in which all lay-
ers would be wound at an angle of 45◦. The figure also shows
the case in which the 3rd and 10th layers are wound at 35◦,
and all other layers at 45◦ angle. It also includes the case in
which the 9th layer is wound with 35◦, and all others with 45◦.

The average contact stress and tape axial strain distributions,
as calculated with the FE model, clearly point out the signi-
ficance of the choice of the layer winding angle on the strain
concentration and the potential to optimize that. In addition,
the calculation results of formula 6 are also shown in the figure
(see curvewith red trianglemarkers). This result is obtained by
substituting the inter-layer contact force as calculated by FEM
into formula 6. When the winding angle of the adjacent tape
layers changes considerably, the radial shrinkage of the two
layers becomes entirely different. As a result, local excess-
ive strain concentrations are created by inter-layer compres-
sion. The analysis shows that for multi-layer CORC® wires,
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Figure 17. (a) The 12-layer CORC® wire in the experiment performed by Advanced Conductor Technology LLC [23]. The blue dashed line
separates the layers that contain two tapes each (left) from those that contain three tapes each (right). (b) The average axial strain of each
tape layer as a function of cable tensile strain.

Figure 18. Numerical model calculation results of the average contact stress and tape axial strain, (a) in the tape layers following the
30-tape CORC® wire layout from [23]. (b) In case all layers are wound at an angle of 45◦, (c) in case the 3rd and 10th layers are wound at
an angle of 35◦ and all other layers at 45◦, and (d) in case the 9th layer is wound at an angle of 35◦, and all others with 45◦. The initial
contact pressure and tape strain from cabling are ignored, while the following parameters were used in the model: α= 45◦, r= 1.29 mm,
l= 5× 2πr, µ= 0.3, νcore = 0.3, νtape = 0.3.
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Figure 19. (a) The strain distribution in the cross-section of the 12-layer and optimized 14-layer CORC® wires under 5% applied axial
tensile cable strain. (b) The stress–strain curve of each tape layer of the 12-layer and (c) optimized 14-layer CORC® wires. The initial
contact pressure from cabling is considered, while the following parameters were used in the model: α= 45◦, r= 1.29 mm, l= 5× 2πr,
µ= 0.3, νcore = 0.3, νtape = 0.3.

the change in winding angles of subsequent layers should be
minimized.

3.3.2. Optimized 14-layer CORC® wire under tensile load.
The performance of an optimized 14-layer CORC® wire, with
winding angles of 25◦–35◦ and only a slight change in the
winding angle of adjacent layers, was recently tested under
axial tensile strain [23]. The CORC® wire maintained 98%
of its critical current at an axial tensile strain of 7%. Figure 19
shows the tape axial stress and the strain distribution across the
REBCO layers of the optimized 14-layer CORC® wire under
5% axial strain, comparedwith the 12-layer CORC® wire from
the previous section. The deformation of the superconducting
REBCO layers and the tape axial stress in the optimized 14-
layer CORC® wire is considerably smaller compared to that of
the 12-layer CORC® wire. In addition, the void space within
each layer for these two types of cable was calculated and
it was found that the void space was about 81%–86%. The
main reason of critical current degradation is thus the different
winding angle of each layers and the layers interaction, while
the tape gap between tapes in same layer is only exacerbates
degradation.

4. Conclusion

Analytical and FE models that combine the mechanical
response and T-A methods were established to evaluate the
strain distribution, inter-layer interaction, and their effect on
the critical current of CORC® wires under applied axial tensile
strain.

The strain distribution of individual tapes in CORC® wires,
with up to 14 layers of tape, the distribution of the normal
contact force and tangential friction between tapes and core
under axial applied tensile strain were investigated for differ-
ent cabling parameters, such as winding angle, core radius and
core material. The results show that the winding angle and
Poisson’s ratio of the core are key factors affecting the CORC®

wire performance under axial applied tensile strain. A smaller
winding angle (25◦–30◦) and higher Poisson’s ratio of the core
can greatly improve the tensile performance of the CORC®

wire. It is also found that if the winding angle of adjacent tape
layers changes considerably, the radial contraction of the two
layers also differs significantly. As a result, local excessive
strain concentrations are created at the locations of the gaps
between the tapes in each layer by inter-layer compression.
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The analysis shows that for multi-layer CORC® wires, the
change in winding angles of subsequent layers should be min-
imized. The cable’s irreversible tensile strain limit can be sig-
nificantly increased to 7%,when the tape helical winding angle
is set around 30◦. It is expected that these conclusions can be
used to design CORC® wires with optimal performance.
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