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Hoop Stress Modification, Stress Hysteresis and
Degradation of a REBCO Coil Due to the Screening

Current Under External Magnetic Field Cycling
Shunji Takahashi, Yu Suetomi, Tomoaki Takao , Yoshinori Yanagisawa , Hideaki Maeda ,

Yasuaki Takeda, and Jun-ichi Shimoyama

Abstract—Degradation of a REBCO coil under external mag-
netic fields is one of the major technical problems in the field of
HTS magnet technology. A possible cause of such degradation is an
inhomogeneous hoop stress distribution, or hoop stress modifica-
tion (both increase and decrease), induced by the screening current.
In this work, we investigate such a hoop stress modification by a
small coil experiment with a strain measurement and a numerical
simulation. An experimental result shows a very high stress increase
factor of>4.1, defined by the maximum circumferential stress over
BzJR stress, and the simulated result is in qualitative agreements.
The strain (stress) shows a hysteresis effect corresponding to the
screening current behavior. A large hoop stress modification causes
not only a hoop stress increase, but also buckling of the conductor,
which induces delamination and micro-clacks of the superconduct-
ing layer. We also show the stress modification can be reduced by
bonding turns with epoxy.

Index Terms—REBCO coil, inhomogeneous hoop stress,
screening current, stress modification, degradation.

I. INTRODUCTION

ONE of the most important issues to be solved for
high-temperature superconducting (HTS) magnet is
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degradation of the performance of REBCO coils for mechanical
reasons [1]. Although the REBCO conductor is strong enough
to resist axial tensile stress, it is easily degraded by local stress
concentrations appearing in the case of peeling/cleavage, edge-
wise bending and buckling [2]. Degradations are classified into
the following two categories; (a) degradation due to thermal
stress and (b) degradation due to electromagnetic forces [3]. The
mechanism of thermal stress-induced degradation has been ex-
tensively investigated and some remedies have been proven to be
effective [4]–[12]. However, in the latter case, the REBCO coil
still sometimes shows degradation of the performance, although
the average hoop stress, BzJR, caused by the electro-magnetic
force is far below the tolerable strength of the REBCO conductor
[3], where Bz is the axial magnetic field, J is the conductor
current density and R is the coil radius.

Hahn et al. [13] suggested that the degradation of a no-
insulation (NI) REBCO double-pancake insert coil for a 45.5 T
field is due to the interaction between the axial magnetic field
and the screening current induced in the REBCO conductor.
More recently, Ueda et al. [14] and Xia et al. [15] demonstrated
stress increase by numerical simulations. However, such stress
modification due to screening current has not been systemati-
cally investigated so far. Furthermore, the relation between stress
modification and coil degradation has not been clarified; they
are investigated in this paper. Structural features of the dam-
aged REBCO conductor were investigated by scanning electron
microscopy (SEM).

The topics investigated are (i) hoop stress modification dur-
ing the external field cycle and transport current cycle using
experiments and numerical simulations and (ii) hysteresis of the
modified stress during sweep of the external field. Damages on
a degraded REBCO coil and a remedy will be discussed.

II. EXPERIMENTAL

A schematic drawing of the coil experiment is shown in Fig. 1.
We fabricated REBCO single-pancake dry-coils such as Coils #2
and Coil #3; three strain gauges (εθ,up, εθ,center and εθ,low) were
bonded to the outer surface of the outermost turn of each coil as
seen in the photograph in Fig. 1. In order to measure a screening
current-induced field in the radial direction, a Hall sensor was
installed near the strain gauges for each coil. Parameters of the
REBCO coils are listed in Table I; Coil #2 and Coil #3 have
the same physical parameters. One of the test coils was fixed at
the top end of the cold bore of an NbTi coil as shown in Fig. 1,
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Fig. 1. Experimental apparatus for measuring hoop strain distribution of the
outermost turn of a REBCO single pancake coil under external magnetic fields
in liquid helium.

TABLE I
PARAMETERS OF REBCO SINGLE PANCAKE COILS AND A NBTI COIL

∗J: conductor current density, R = O.D./2

Fig. 2. Measured strain distributions in a REBCO single pancake coil with
and without a transport current under an external magnetic field. The vertical
axis does not include strain produced by the effect of bending and cooling.
The stresses are obtained from the stress-strain characteristics obtained by the
numerical model described in section IV.

which was tested in liquid helium at 4.2 K. We measured the
strains for the outermost turn of the test coil under the external
magnetic field Bz = 2.8 T and Br = 1.6 T generated by the
outer NbTi coil, with and without a transport current in the
REBCO coil.

III. EXPERIMENTAL RESULTS

A. Inhomogeneous Hoop Strain (Stress)

The closed triangles in Fig. 2 show conductor strains mea-
sured for Coil #3 just after holding the external magnetic field
generated by the NbTi coil; the horizontal axis gives the position
in the width direction. Even in the case of zero current, a
circumferential strain as high as 0.16% appears at the upper
part of the conductor, while it is nearly zero at the lower part of
the conductor; the 0.16% strain corresponds to 281 MPa based
on the stress-strain characteristics obtained from the numerical
model described in the next section. They are caused by the
electromagnetic force resulting from the interaction between
the axial-magnetic field and the screening current; their di-
rections are outward at the upper part whereas inward at the
lower part.

The strains, εθ,up, εθ,center and εθ,low, increase with the coil
transport current, as the electromagnetic force is modified; e.g.,
for 300 A, they are 0.21%, 0.09% and 0.04%, respectively. The
0.21% and 0.04% strains correspond to stresses of 347 MPa
and 87 MPa, respectively. Considering the strain distribution in
Fig. 2, the maximum hoop stress,σθ,max, and the minimum hoop
stress, σθ,min, should be >347 MPa and <87 MPa, respectively.
Therefore the stress increase factor, defined as σθ,max/BzJR,
is >4.1 ( = 347/84), while the stress decrease factor, defined as
σθmin/BzJR, is <1.04 ( = 87/84). After holding the external
magnetic field, εθ,up showed a negative drift with time, which
was caused by relaxation of the screening currents.

Thus, this data clearly demonstrates that the inhomogeneous
hoop strain distribution in the width direction seen in Fig. 2 is
mainly dominated by the effect of the screening current induced
by the cycling of the external magnetic field.



TAKAHASHI et al.: HOOP STRESS MODIFICATION, STRESS HYSTERESIS AND DEGRADATION 4602607

Fig. 3. (a) Measured hysteresis effect of strains (εθ,up, εθ,center, and εθ,low)
under a NbTi coil field sweep without transport current of the REBCO single
pancake coil. The stress of 441 MPa is obtained from the stress-strain charac-
teristics obtained by the numerical model described in section IV. (b) Measured
hysteresis effect of strains (εθ,up, εθ,center, and εθ,low): 2nd run obtained after
the 1st run shown in (a). (c) Screening current-induced field (SCIF) in the radial
direction obtained by substituting the external radial magnetic field of the NbTi
coil, Br , from the measured radial magnetic field, Br,meas. Inset: Schematic
drawings of the current distribution in the REBCO conductor. Numbers (1), (2),
(3), and (4) correspond to the charging processes indicated by the arrows (1),
(2), (3), and (4) in Figs. (a) and (b).

B. Hysteresis Effect of Hoop Strain (Stress)

Figs. 3(a) and 3(b) show a hysteresis behavior of εθ,up,
εθ,center and εθ,low for Coil #2, during a positive/negative
charge/discharge of an NbTi coil; the REBCO coil current was
kept at 0 A (i.e., IRE = 0 A); note that the horizontal axis
corresponds to the external field strength. Fig. 3(a) is the 1st
test run, while Fig. 3(b) is the subsequent 2nd test run. Such a
hysteresis behavior of the strain has not been reported before.

Fig. 3(c) plots a hysteresis loop of the radial component of
screening current-induced field (SCIF) near the strain gauges,

measured with the Hall sensor indicated in Fig. 1 (see the
bottom figure). As demonstrated previously [1], the SCIF shows
a significant hysteresis effect during the current cycle of the
external field; this is usually explained using arguments based
on the Bean model.

As seen in Fig. 3(a), εθ,up increases in the positive direction
(i.e., tensile strain) with the external field during the first positive
charge, indicated by the arrow (1) in Fig. 3(a); the curve is
smaller during the discharge of the external coil, indicated
by the arrow (2) in Fig. 3(a). Similar hysteresis is observed
in the negative charge/discharge process (see the arrows (3)
and (4) in Fig. 3(a), respectively). Hysteresis for εθ,center is
similar, although 3 to 4-fold smaller than εθ,up. To the contrary,
hysteresis behavior for εθ,low is different. During the first charge,
εθ,low increases with the external field in the negative direction
(i.e., compressive strain), while it becomes positive during the
discharge process. The behavior is seen more clearly in the
negative charge/discharge process on the left.

The hysteresis effect during the positively charged process is
interpreted as follows; as the external field is increased, positive
and negative screening current gradually penetrates from the
upper and lower ends of the conductor respectively, as seen
in the inset of Fig. 3(c). Both this effect and increase in the
axial magnetic field results in the gradual increase shown by the
arrow (1) in Fig. 3(a). During the discharge process, negative
current penetrates from the top end with positive current from
the bottom end, which are superimposed on the remnant current
described above; see the inset (2) in Fig. 3(c) [16]. This results in
a smaller strain than that in the charge process; see the arrow (2)
in Fig. 3(a). The hysteresis for the negative charge and discharge
are bilaterally symmetrical.

The hysteresis loop in the 1st run seen in Fig. 3(a) is slightly
different from other loops. Here, εθ,up increases from 0% to
0.27% in the first charge process, while it decreases to 0.03%
in the discharge process; the remnant strain is due to the plastic
deformation of the conductor. Similar behavior is also observed
for εθ,center. To the contrary, εθ,low is dissimilar; the positive
tensile strain superimposes on the negative compressive strain
above 70 A, as seen in Fig. 3(a). It is suggested that the superim-
posed tensile strain may be due to deformation by buckling of the
winding; as the coil winding can be modeled as a thin cylinder
under external pressure, it is reasonable to assume the appear-
ance of buckling. This point will be discussed later with regard
to the performance degradation of Coil #3 after the test runs.

IV. NUMERICAL SIMULATION

A. Numerical Simulation Model

We carried out a numerical simulation of inhomogeneous
hoop stress in the 5-turn REBCO single pancake coil in the
external field of the NbTi coil.

A screening current distribution in the REBCO conductor in
the coil was calculated using the superconductor thin strip model
under self and external fields [17]–[19], which simulated tran-
sient behavior of screening currents. The width and thickness of
the superconducting layer were 4.0 mm and 1 μm, respectively.
Critical current and n-index were 912 A and 24, respectively. In
order to simulate the experiment, the external radial magnetic
field and the REBCO coil current were swept from 0 T to 1.6 T
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TABLE II
MECHANICAL PROPERTIES OF REBCO CONDUCTOR MATERIALS

Fig. 4. Simulated stress distribution in the REBCO single pancake coil with
a transport current under an external magnetic field.

and from 0 A to 300 A in 1,170 seconds. The Lorentz force
distribution in the superconducting layer was obtained from
production of the screening current density distribution and the
magnetic field distribution. For simplicity, magnetic coupling
between each turn was neglected.

Then, we made an axisymmetric structural analysis model of
the 5-turn REBCO coil for obtaining a hoop stress distribution
using the Solid Mechanics interface of the commercial FEM
software COMSOL Multiphysics [20]. The REBCO conductor
was composed of a REBCO layer, a copper stabilizer and a
Hastelloy substrate, whose thick-nesses were 1, 40 and 50 μm,
respectively, which was modeled as a 0.1 mm-thick orthotropic
elastic material as reported in ref. [21]. The silver layer and buffer
layer were neglected since they are both very thin. The use of
35 μm-thick polyimide insulators for both sides of each turn
were also considered. The mechanical properties of each mate-
rial component are listed in Table II. In addition, gap elements
between each turn were considered to model a dry winding coil.
For the boundary condition, contact pairs are defined between
adjacent turns. Furthermore, the radial displacement at the coil
inner periphery and the axial displacement at the coil lower end
were not allowed to be negative considering the existence of the
coil former and the coil base seen in Fig. 1. The entire element
in the model was meshed into 36,000 square elements. By using
this model under the Lorentz forces generated by the screening
current as the body forces to the conductor, the stress distribution
was analyzed.

B. Strain Distribution

Fig. 4 shows a simulated stress distribution in the cross-section
of the REBCO coil with a transport current of 300 A just after

Fig. 5. Comparison between simulated and measured strain distributions in the
REBCO single pancake coil with a transport current under an external magnetic
field.

holding the external field of the NbTi coil. The cross-section
shows a coil deformation with enlargement of the upper part
(324 MPa; 0.18%) and shrinking of the lower part along the
radial direction (−216 MPa; −0.13%), which gives a stress
increase factor of 3.9 ( = 324/84) and a stress decrease factor
of −2.6 ( = −216/84). Note that these stress/strain values are
those of the outer surface of the REBCO conductor modeled as a
0.1 mm-thick homogenized orthotropic elastic material [21].

Fig. 5 compares the simulated hoop strain distribution along
the conductor width direction to the measured strains shown
in Fig. 2. The simulated result qualitatively agrees with the
measured strain distribution although the polarities of the lower
part, i.e., εθ,low-part, are different. In the experiment, friction
between the bottom of the coil and the coil base beneath the coil
might interfere with the radial displacement of the conductors
towards the inner direction. Further discussions are presented in
the next section.

V. DISCUSSION

A. Degradation in Coil Performance

If a local hoop stress at the top end of a REBCO conductor
is excessively enhanced by the effect of screening current, the
coil performance may be degraded. In our previous paper [2],
inhomogeneous tensile strain has been reported, where both
hoop stress and edgewise bending were applied simultaneously
to a REBCO conductor. It gives rise to micro-cracks in a half
of the conductor, which degrades the conductor critical current.
Thus, it is probable that stress modification seen in Figs. 4 and
5 due to screening current results in critical current degradation
due to micro-cracks.

In order to clarify this issue, we made a postmortem exam-
ination of Coil #3 after conducting the coil tests described in
Fig. 2. The coil critical current, Ic,coil, at 77 K was degraded
from 70 A to 30 A. The lower end of the outermost turn was
deformed in a wavy fashion resembling buckling as seen in
Fig. 6 (schematic) and Fig. 7(a) (photo); three convex parts are
indicated by the ×-marks in Fig. 6, one of which is seen in



TAKAHASHI et al.: HOOP STRESS MODIFICATION, STRESS HYSTERESIS AND DEGRADATION 4602607

Fig. 6. Schematic of damaged part for the lower half part of Coil #3.

Fig. 7(a). As a lower half of the conductor is considered to be
a thin-walled cylinder under external pressure, buckling is thus
easily induced. Buckling is also proved by the appearance of the
hysteresis loop for the 1st charge seen in Fig. 3(a) as described
previously. As shown by the open square in Fig. 8, the critical
current for the lower half of the conductor near the wavy part
was enormously degraded, while the upper half was not; note that
the conductor piece corresponds to V3 seen in Fig. 6. After this
experiment, we chemically removed the copper stabilizer and
silver protection layer from this REBCO conductor; the surface
of the lower half was observed with an optical microscope and
a SEM. Notable delamination of the REBCO layer was found
near the lower periphery of the conductor as shown in Fig. 7(b)
observed with an optical microscope and Fig. 7(c) with SEM;
the delamination is at a foot of a convex as indicated in Fig. 6. In
addition, micro-cracks were found at a convex part (see Fig. 6)
as seen in Fig. 7(d); the length of a micro-crack was ∼200 μm
along the conductor width direction. Thus, it is demonstrated that
buckling of the lower half of the conductor induces delamination
and micro-cracks, resulting in degradation of the coil critical
current.

The appearance of buckling may be affected by mechanical
mobility of the conductor including friction on the coil base
and the existence of soft polymer insulation between coil turns.
It is suggested that the upper periphery of the conductor was
enlarged by a positive hoop stress enhanced by the screening
current, while the lower periphery was deformed with buckling
under a negative hoop stress as described in Fig. 9. In the
present experiment on Coil #3, the enhanced hoop stress at the
upper periphery does not exceed the irreversible stress limit of
the conductor [23], while the buckling at the lower periphery
produce delamination and micro-cracks, causing degradation in
the conductor performance. The upper and lower peripheries
of the superconducting layer had many pre-existing cracks pro-
duced by the slitting process which were made during conductor
manufacturing [11], [13] and it is probable that such pre-existent
cracks are the origination of the delamination under buckling.
The inset in Fig. 7(b) implies that the delamination propagated
along the pre-existing cracks.

The coil deformation shown in Figs. 6 and 9 can explain
the discrepancy between the measured strain and the simulated
strain for the conductor lower part shown in Fig. 5 as there should

Fig. 7. (a) Conductor deformation of Coil #3 after the experiment at 4.2 K
in the external field. (b) Partial delamination of the superconducting layer of a
degraded part. (c) SEM image of the delamination part. (d) SEM image of a part
with micro-cracks.

be strain distribution along the coil circumferential direction in
the actual coil, while the two-dimensional simulation could not
consider the buckling effect.

For a more comprehensive understanding of the conductor
degradation, more observations with a SEM are necessary, which
are being made in our laboratory.
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Fig. 8. Voltage-current characteristics of a degraded part (V3) of Coil #3 shown
in Fig. 7(a).

Fig. 9. Schematic of deformation of a REBCO single pancake coil under the
hoop stress modification due to the screening current.

B. Effect of Epoxy Bonding on Suppression of
Stress Modification

As a remedy for the hoop stress modification due to screening
currents, the effect of epoxy bonding of the coil was numerically
discussed. Fig. 10(a) shows the bonded-turn number dependence
of the stress increase factor (σθ,max/BzJR: open circles) and the
stress decrease factor (σθ,min/BzJR: open triangles) on the 5-
turn REBCO coil model as shown in Fig. 10(a’). The horizontal
axis is the number of bonded-turns, Nbond, from the outermost
layer. The Lorentz force distribution is the same as described
above. The stress increase factor is reduced to 3.06 for a fully
bonded winding (Nbond = 5) from 3.84 for a dry-winding, while
the hoop stress decrease factor is raised to −0.50 from −2.53.
This result indicates epoxy bonding between turns suppresses
the stress modification, owing to an increase in the mechanical
rigidity of the coil winding.

In order to observe the effects of Nbond on the stress modifi-
cation, we also made a simulation with a many-turn coil model
as shown in Fig. 10(b’). In this model, all turns are bonded and
the same Lorentz force distribution was assumed for each turn
for simplicity. Fig. 10(b) shows that both the stress increase
and decrease factors gradually approaches 1.0 with increasing
Nbond, respectively reaching 1.0 and 0.49 at Nbond = 50, i.e.,
stress modification (both increase and decrease) is suppressed.
Thus sufficient epoxy bonding may prevent both over hoop stress
and buckling seen in Fig. 9. However, an epoxy impregnated

Fig. 10. (a) Bonded-turn number dependence of the stress increase and de-
crease factors on the 5-turn REBCO coil model as shown in (a’). (b) Total turn
number dependence of the stress increase and decrease factors on the many-turn
coil model in which all the turns are bonded as shown in (b’).

coil sometimes degrades due to a thermal stress during cooling
[4]. Therefore a thermal stress must be suppressed by such as
methods as those reported in refs. [5]–[12].

VI. CONCLUSION

We measured hoop strain distributions in a REBCO single
pancake coil at 4.2 K under an external magnetic field. Our
conclusions are as follows.

1) We experimentally demonstrated an inhomogeneous hoop
stress in a REBCO single pancake coil caused by the
screening current, which produces a substantial increase
of the local hoop stress.

2) The stress inhomogeneity is dominated by the screening
current and therefore shows hysteresis.

3) An inhomogeneous hoop stress makes compressive strain
for a conductor periphery. It can result in buckling, causing
delamination and micro-cracks, and resultant degradation.

4) Epoxy bonding between turns increases the mechanical
rigidity of the winding, resulting in a decrease in the stress
modification (both increase and decrease). This may be
a remedy against this problem although thermal stress-
induced degradation still needs to be taken into account.
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