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Stress and Deformation Analysis of REBCO  
Pancake Coils with Individual Turn Movement 

 
Kazuma Kodaka and So Noguchi 

 
 
 

Abstract—In recent years, rare-earth barium copper oxide 
(REBCO) pancake coils have shown excellent performances in 
high magnetic field applications. The no-insulation (NI) winding 
technique enables to enhance the thermal stability and current 
density of REBCO pancake coils. Still, further developments of 
REBCO coils are expected; e.g., the mechanical deteriorations of 
REBCO tapes caused by electromagnetic forces have been report-
ed. The screening currents are considered as one of the causes to 
damage the REBCO tapes because of a nonuniform current distri-
bution. Meanwhile, the electromagnetic forces on non-impregnant 
NI REBCO coils, whose windings can be deformed separately with 
turns and moved easily, are complicated, and the detailed mecha-
nism has not yet been clarified. Commonly, the circumferential 
movement/deformation of the winding is considered as a rigid body. 
In this study, we investigate the stresses and displacements due to 
the electromagnetic forces on NI REBCO pancake coils in high 
magnetic field using a current simulation and a 2D elastic finite el-
ement analysis in the radial and circumferential directions; i.e., 
each turn can individually move in the radial and circumferential 
directions considering the spiral winding structure. The simulation 
results show the circumferential movement/deformation of wind-
ings and the nonuniform hoop stress due to the electromagnetic 
force.  
 

Index Terms— Deformation analysis, high magnetic field, no-
insulation winding technique, REBCO coil. 

I. INTRODUCTION 

N recent years, rare-earth barium copper oxide (REBCO) 
pancake coils have made great progresses in high field ap-

plications. In particular, the no-insulation (NI) winding tech-
nique improves the thermal stability and current density of 
REBCO pancake coils by removing any insulation layer be-
tween turns [1]-[3]. Further developments of REBCO pancake 
coils for high field applications such as nuclear magnet reso-
nance (NMR), magnetic resonance imaging (MRI), particle 
accelerators, and fusion devices are expected [4]-[11]. 

Meanwhile, mechanical damages and critical current (Ic) de-
teriorations of REBCO tapes have been reported [12]. In high 
magnetic field, an excessive force applied to a REBCO tape 

 
Manuscript receipt and acceptance dates will be inserted here. Acknowledg-

ment of support is placed in this paragraph as well. Consult the IEEE Editorial 
Style Manual for examples. This work was support-ed by the JSPS KAKENHI 
under Grant 20H02125. (Corresponding author: So Noguchi.) 

K. Kodaka and S. Noguchi are with the Graduate School of Information Sci-
ence and Technology, Hokkaido University, Sapporo 060-0814, Japan (e-mail: 
kodaka@em.ist.hokudai.ac.jp; noguchi@ssi.ist.hokudai.ac.jp). 

Color versions of one or more of the figures in this paper are available online 
at http://ieeexplore.ieee.org. 

Digital Object Identifier will be inserted here upon acceptance. 

would cause degradations or distortions, which prevent the 
REBCO coil from a stable magnetic field generation. The 
screening current has been considered as one of the causes of 
this problem [13]-[16]. Due to the magnetic field generated 
perpendicular to the wide REBCO tape surface, the screening 
current induced on the longitudinal edges of REBCO tape 
leads to nonuniform current distribution on the cross section of 
the winding. Thus, strong electromagnetic forces generate 
large distortions to coil windings. So far, the detailed mecha-
nism of such damages has not been clarified. Furthermore, un-
like impregnated coils, the deformation of NI REBCO coil is 
much complicated because each turn can independently, sepa-
rately and easily move in both the circumferential and radial 
directions. Although a REBCO pancake coil consisting of one 
continuous tape may move circumferentially as well as radial-
ly, previously reported simulations have considered only the 
radial deformation of windings as a rigid body [17].  

To investigate the mechanism of damages in the REBCO 
coils, deformations, including turn-separate movement keep-
ing the spiral winding structure, should be evaluated. In this 
study, we investigate the stresses and deformations due to the 
electromagnetic forces on the REBCO pancake coils in high 
magnetic field by numerical simulation considering individu-
al-turn movement. 

II. SIMULATION METHOD 

In the developed in-house code, electromagnetic and 
stress/displacement simulations of NI REBCO pancake coils 
are coupled as shown in Fig. 1. The current behavior is com-
puted with the partial element equivalent circuit (PEEC) 

I

 
Fig. 1.  NI REBCO pancake coil simulation coupling electromagnetic and 
stress/displacement analysis. 
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method [3], [18]. The stress and displacement are computed 
by two-dimensional (2D) finite element method (FEM) with 
the BJR stress as an input. 

In the PEEC method, an NI REBCO coil is subdivided into 
the circumferential and radial directions to obtain the detailed 
current distribution. The PEEC model has been shown to be 
effective in many previous studies [19], [20]. The REBCO 
layer resistance in the PEEC model is approximated with the 
n-index model based on I-V characteristics [21]. 

The stress/displacement simulation is performed with 2D 
FEM on the rθ plane. Fig. 2 shows the simulation model of 
FEM considering turn separation. The following equilibrium 
equations are adopted as governing equations to each finite el-
ement: 

 
 (1) 

 
 (2) 

 
where 𝜎𝑟, 𝜎𝜃, 𝜎𝑟𝜃, 𝐽𝑟, 𝐽𝜃, and 𝐵𝑧 are the radial stress, the cir-
cumferential stress, the shear stress around z-axis, the radial 
current density, the circumferential current density, and the 
axial magnetic flux density, respectively. (1) and (2) indicate 
the radial and circumferential equilibriums, separately. Fric-
tion between turns is not considered in this study. 𝐽𝑟, 𝐽𝜃, and 𝐵𝑧 
of each element are obtained from the electromagnetic simula-
tion of PEEC model. 

In the simulation, to consider turn separation, the following 
Karush-Kuhn-Tucker (KKT) condition [22] is employed to 
avoid adjacent tapes from overlapping each other.  

 
 
 (3) 
 
 

where W and G are the objective function which is derived 
from the FEM in this paper and the constraint condition func-
tion which is the distance between adjacent nodes. μ indicates 
the penalty parameter corresponding to the restraining force. 
These KKT equations with FEM are solved with the Newton-
Raphson method as a nonlinear problem. 

In designing REBCO pancake coils, two fixed terminals 
with current leads are indispensable. However, in this simula-
tion where the winding deforms turn-independently in the ra-

dial and circumferential directions, the fixed terminals may af-
fect the mechanical behaviors of REBCO pancake coils. 
Hence, we investigated two cases: (1) fixed terminals and (2) 
radially-movable terminals as a boundary condition. It is as-
sumed that the initial position of the innermost turn is set to 
the minimum radius supposing a bobbin. 

III. SIMULATION RESULTS 

Table I lists the specifications of REBCO tapes and REB-
CO pancake coils. In this paper, the REBCO tapes are as-
sumed as a homogeneous structure, and the physical properties, 
Young's module and Poisson's ratio, of Hastelloy are adopted 
for the stress/strain simulation. We have performed a few sim-
ulations with different conditions listed in Table Ⅱ. It is also 
assumed that an external magnetic field in the axial direction 
is applied uniformly to the REBCO pancake coil by an outsert 
magnet. We will discuss about the effect of the deformation in 
the circumferential direction and the differences in the cases of 
fixed terminals and radially-movable terminals from the ob-
tained simulation results below. 

A. Mechanical behaviors of NI REBCO pancake coils with 
turn-separate deformation 

Figs. 3 and 4 respectively show the distributions of the dis-
placement in the circumferential direction, the hoop stress, and 
the BJR stress in the cases of 0-T and 40-T external magnetic 
fields for the 40-turn REBCO pancake coil with fixed termi-
nals. 

From the simulation result of no external field, the defor-
mation in the circumferential direction can hardly be seen. The 
hoop stress agrees with the BJR stress well. 

Meanwhile, the circumferential deformation of NI REBCO 
pancake coils due to the electromagnetic force can be ob-
served in the case of high external field (40 T). The coil wind-

Fig. 2.  The simulation model of FEM and boundary conditions consider-
ing turn separation. 

TABLE I 
SPECIFICATIONS OF REBCO TAPES AND PANCAKE COILS 

 
Parameters Values 

REBCO Tape 
Tape width [mm] 4.0 
REBCO tape thickness [mm] 0.1 
Copper matrix thickness [μm] 20.0 
REBCO layer thickness [μm] 2.0 
n-index 30 
Ic @ 77 K, self-field [A] 120.0 
Poisson’s ratio 0.32 
Young’s module [GPa] 200 

Single Pancake Coil 
Coil inner diameter [mm] 60.0 
Azimuthal divisions 12 
Contact resistivity [μΩ•cm2] 70.0 

 
TABLE II 

SIMULATION CONDITIONS  
 

Parameters Values 
Number of turns 20, 40, 60 
External magnetic field [T] 0, 40 
Operating temperature [K] 20.0 
Operating current [A] 300 
Terminal conditions fixed or radially-movable 
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ing tends to extend in the radial direction because of the strong 
electromagnetic force, whereas it is also deformed in the cir-
cumferential direction by turn-separate movement together 
with relaxation of hoop stress. The hoop stress pattern in 40 T 
is completely different from that in 0 T. Consequently, it can 
be considered that the circumferentially rotational movement 
reduces the hoop stress by balancing the electromagnetic forc-
es on the whole coil winding. The middle turns of the coil 
greatly moves in the circumferential direction. There is a large 
space between the innermost turn and the next turn around the 
inner fixed terminal. 

Fig. 5 shows the comparison of the circumferential stresses 
for different number of turns (20, 40, and 60 turns). As the 
REBCO pancake coil increases in the number of turns, the cir-
cumferential deformation also increases because a longer 
winding makes more allowances for rotational movement. De-

spite the high hoop stress in the 60-turn case, the stress around 
the outer terminal is smaller than that in the 20- and 40-turn 
coils. Furthermore, particularly in the 60-turn coil, a few slight 
gaps can be seen between turns in the opposite of the terminals, 
as shown in the inset of Fig. 5. These gaps are considered the 
effects of fixed terminals. In the pancake coil where the termi-
nals are fixed and each turn moves separately, the circumfer-
ential movement of windings causes some deflection. The 
large deflection results in more circumferential deformation in 
the case of the greater number of turns. The deflection is con-
centrated on the opposite of the terminals, where windings can 
move easily in the radial direction. Accordingly, the hoop 
stress distribution is also nonuniform. 

From these results, the circumferential deformation enables 
to suppress the hoop stresses, whereas it generates small gaps 
between turns. These gaps possibly deteriorate the turn-to-turn 

 
Fig. 3.  Distributions of (a) circumferential displacement, (b) hoop stress, and (c) BJR stress without external magnetic field (not to scale). 

 
Fig. 4.  Distributions of (a) circumferential displacement, (b) hoop stress, and (c) BJR stress with 40-T external magnetic field (not to scale). 

 
Fig. 5.  Comparison of circumferential stress distributions for different number of turns [(a) 20, (b) 40, and (c) 60 turns] with 40-T external magnetic field (not 
to scale). 
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contact condition so that the contact resistance increases and 
the bypassing current in radial direction is disturbed. Eventual-
ly the thermal stability of NI REBCO pancake coils may be 
degraded. Further investigations on the thermal stability are 
needed in the near future. 

B. Comparison with fixed and radially-movable terminals 

Fig. 6 shows the distributions of the displacement in the cir-
cumferential direction, the hoop stress, and the BJR stress in 
the cases of 40-T external magnetic fields for the 40-turn 
REBCO pancake coil with radially-movable terminals. Alt-
hough the nonuniform hoop stress is generated in the fixed 
terminals case as shown in Figs. 4 and 5, the circumferentially 
uniform distribution of hoop stress in the radially-movable 
case can be seen from the results. The hoop stress is almost 
identical to the BJR stress. Also, no gaps between turns were 
observed in radially-movable terminals. 

Fig. 7 shows the plots of the hoop stress of the analytical 
solution [17], the obtained simulation results of the maximum 
stress in each turn with fixed terminals and radially-movable 
ones, where ρ is the radial position normalized by the inner ra-
dius. In both cases of fixed and radially-movable terminals 
considering turn-separation, the normalized hoop stress is 
larger on the outer turns consistent with the BJR stress. The 
hoop stress with radially-movable terminals is greater than 
that with fixed terminals in each turn due to the less circum-
ferential deformation. 

The electromagnetic forces on the REBCO coil are bal-
anced over the winding by radially-movable terminals. Thus, 
the simulation results with radially-movable terminals are ex-
pected to be close to the conventional stress which is the ana-
lytical solution as a rigid body. The result considering turn-
separate movement is significantly different from the analyti-
cal result. According to the distribution of BJR stress, the sim-
ulation result seems more appropriate because the outer turns 
of the REBCO coil have the larger electromagnetic force. Fur-
thermore, the maximum hoop stress is suppressed more than 
that in the analytical solution due to slight deformation in the 
circumferential direction even in the case of radially-movable 
terminals. 

From these results, we confirmed the behavior of the NI 
RECO pancake coil with radially-movable terminals and the 

validity of the developed simulation. The hoop stress of the 
REBCO pancake coil can be circumferentially uniformed by 
radially-movable terminals. 

IV. CONCLUSION 

We have developed an electromagnetic and 
stress/displacement simulation method for NI REBCO pan-
cake coils considering individually turn-separate movement 
using the PEEC method and the 2D elastic FEM. Also, the dif-
ference of terminal conditions has been investigated. The find-
ings from the simulation results about the circumferential de-
formation of NI REBCO pancake coils in high magnetic field 
and the effect of fixed terminals are summarized as follows: 

1. The winding of NI REBCO pancake coils in high 
magnetic fields is deformed in the circumferential di-
rection to suppress the hoop stresses produced by the 
radial electromagnetic force. This effect is enhanced as 
the number of turns increases. 

2. Large circumferential deformations produce some 
gaps inside the coil. These gaps may degrade the 
thermal stability of NI REBCO pancake coils by dete-
rioration of the contact conditions between turns. 

3. Fixed terminals with current leads cause the circum-
ferentially nonuniform distribution of hoop stresses. 

The effects of metal reinforcement like over-band or 
YOROI structure [23] should be investigated in the near future. 

 
Fig. 6.  Distributions of (a) circumferential displacement, (b) hoop stress, and (c) BJR stress with 40-T external magnetic field and radially-movable terminals 
(not to scale). 

 
Fig. 7.  Plots of the hoop stress of the analytical solution, the simulation re-
sults of the maximum stress in each turn with fixed terminals and radially-
movable terminals. 
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