. HOKKAIDO UNIVERSITY

Title Plastic Deformation Simulation of REBCO Tapes Using Particle Methods
Author (s) Mato, Takanobu; Noguchi, So
Citation IEEE transactions on applied superconductivity, 32(6), 8400705
https://doi.org/10.1109/TASC. 2022. 3185568
Issue Date 2022-09
Doc URL https://hdl. handle. net/2115/86749
© 2022 IEEE. Personal use of this material is permitted. Permission from IEEE must be obtained
for all other uses, in any current or future media, including reprinting/republishing this
Rights material for advertising or promotional purposes, creating new collective works, for resale or
redistribution to servers or lists, or reuse of any copyrighted component of this work in
other works.
Type journal article

File Information

MT_Paper FINAL VERSION Takanobu Mato.pdf

kaido
Sl

Hokkaido University Collection of Scholarly and Academic Papers : HUSCAP




THU-PO3-717-05

Plastic Deformation Simulation of REBCO Tapes
Using Particle Methods

Takanobu Mato and So Noguchi, Member, IEEE

Abstract—Ultra-high field superconducting magnets are facing
a mechanical degradation problem. On 2017, a world-record high
DC magnetic field of 45.5 T was generated by insert no-insulation
(NI) Rare-Earth Barium Copper Oxide (REBCO) pancake coils
(14.4 T), called “LBC3”, and an outsert resistive magnet (31.1 T).
Although the experiment showed a high potential of the NI
REBCO magnets for ultra-high field generation, the insert NI
REBCO pancake coils and the REBCO tapes were plastically de-
formed. The critical current properties of damaged REBCO
tapes were degraded although the Hastelloy substrate of REBCO
tapes is stiff and it has a high yield point of approximately 1 GPa.
However, the mechanisms of the damaging REBCO tapes are not
clarified. Therefore, it is necessary to clarify the mechanical phe-
nomenon of REBCO tapes.

In this paper, we model a REBCO tape with a smoothed parti-
cle hydrodynamics (SPH) method, which can represent plastic
deformation. The SPH simulation is coupled with electromagnet-
ic analysis with a partial element equivalent circuit (PEEC) mod-
el which we have previously developed. In the simulation, an ex-
ternal field, which linearly increases to 5 T and then decreases to
0 T, is applied to a short-length REBCO tape. The simulation re-
sults show that the REBCO tape largely deforms during the ex-
ternal field excitation and deexcitation.

Index Terms—mechanical simulation, particle method, plastic
deformation, REBCO tape, screening current.

1. INTRODUCTION

THE performances of ultra-high field superconducting mag-
nets have been drastically improving [1]-[4]. On 2017, a
world-record high DC magnetic field of 45.5 T was generated
with insert no-insulation (NI) Rare-Earth Barium Copper Ox-
ide (REBCO) pancake coils (14.4 T), called “LBC3”, and an
outsert resistive magnet (31.1 T) [5]. After 45.5-T generation,
the insert NI REBCO pancake coils were quenched, and plas-
tic deformations of REBCO tapes were observed [6]. Since the
Hastelloy substrate of REBCO tapes is stiff, whose yield point
is 800 MPa[7], REBCO tapes have great mechanical proper-
ties together with high critical current density and critical
magnetic field. NI REBCO pancake coils showed their poten-
tial to generate an ultra-high magnetic field beyond 30 T.
However, REBCO tapes were plastically deformed and dam-
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aged in several cases after high field generation; e.g., the
LBC3 [5], [6], and the MIT 1.3-GHz NMR insert magnet [8].
The critical current (/) properties of the damaged REBCO
tape were degraded. One of the possible reasons for /. degra-
dation is large unexpected deformation due to screening cur-
rents.

When an external field is applied to a REBCO tape, a
screening current flows in the REBCO tape as shown in Fig. 1.
A large magnetic force due to the screening current is generat-
ed on the edges of REBCO tape, and the REBCO tape would
largely deform. A similar phenomenon would happen in
REBCO windings. Although several methods for the mechan-
ical stability improvements were proposed [9], [10], it is nec-
essary to clarify the mechanical phenomenon of both REBCO
tapes and windings towards further developments of ultra-high
magnetic field magnets.

So far, some journal papers on mechanical simulation on
REBCO magnets have been published [11]-[14]. In these pa-
pers, the finite element method (FEM) was employed as a me-
chanical simulation. However, the FEM cannot accurately
simulate plastic deformations. Hence, we model REBCO tapes
with a particle method for mechanical simulation in this paper.
The particle method, particularly the Smoothed Particle Hy-
drodynamics (SPH) method, can represent plastic deformation
of the material, such as the large deformation of REBCO tape.
The simulated mechanical behaviors of REBCO tapes under
large electromagnetic force are shown in this paper.

II. SIMULATION METHODS

As the simulation methods, we coupled the electromagnetic
simulation with plastic deformation simulation as shown in
Fig. 2. A 3-D Partial Element Equivalent Circuit (PEEC)
method is adopted for the electromagnetic simulation [15].
The PEEC method enables to simulate an accurate screening
current with short computation time. A REBCO tape is mod-
eled with a number of inductances L and REBCO resistances
Rre. The nonlinear electrical properties of the REBCO layer

During Excitation REBCO Tape
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Fig. 1. Schematic explanation of damaging REBCO tape during external
field excitation.
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are considered with the power index model [16] considering
the J.-B-6 characteristics.

A Smoothed Particle Hydrodynamics (SPH) method is used
for the mechanical simulation [17]. The SPH method is one of
the meshfree methods having attention. The SPH method fea-
tures fast computation and easy implementation. The SPH
method can accurately represent plastic deformation as well as
the elastic deformation of the REBCO tape. In the SPH meth-
od, REBCO tapes are represented by a set of particles, which
are governed by the continuity equations and the constitutive
law as follows:
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where v, p, I, 7, p, fex, G, and ¢ are, respectively, the velocity,
the pressure, the identity matrix, the shear stress tensor, the
density, the external force per unit volume, the shear modulus,
and the strain tensor. The third equation (3) is the well-known
Hook’s law. First, the shear stress tensor is updated according
to Hook’s law (3). Here, the strain tensor is also updated by
the following derivative:
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where v represents the ith component of the velocity. For the
plastic deformation analysis, we modeled the REBCO tape as

Tape deformation

l Update parameters l

l

l Solve circuit equation l

Minor loop

REBCO Tape

l Calculate magnetic field l

Magnetic force Electromagnetic simulation (PEEC)

REBCO Tape

‘ Update parameters ‘

‘ Calculate accel. by Eq. (1) ‘
v

Each particle moves
according to accele-
ration obtained from
Eq.(1)

Mechanical simulation (SPH)

‘ Update particle position ‘

‘ Check plastic deformation ‘

Fig. 2. Simulation flow of electromagnetic simulation code combined with
mechanical simulation. A Partial Element Equivalent Circuit (PEEC) method
and A Smoothed Hydrodynamics method are used.
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Fig. 3. REBCO tape deformation during field excitation process. Large
magnetic force is applied to REBCO tape.

TABLEI
TAPE SPECIFICATIONS AND OPERATING CONDITIONS

Parameters Values
Tape length [mm] 45
Tape width [mm] 4.0
Tape thickness [um] 50
Clip length [mm] 10
Mass density [kg/m®] 8890
Young’s modulus [GPa] 182
Shear modulus [GPa] 69
Yield strength [MPa] 800
Operating temperature [K] 4.2
Critical current, s.f. @ 77 K [A] 120
n value 25
Field sweep rate [T/min.] 1.0
By

Rotation ang 18 deg
%

B,,sin(6-1811/180)
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Fig. 4. Angles of REBCO tape and external field Bey.

a perfectly plastic model. That is, when the von Mises stress
exceeds a yield point, the shear tensor is scaled back to the
yield point. The density change is computed with (2). The
pressure is derived from the equation of state [18]. Then the
velocity change is calculated according to (1). Finally, the par-
ticle positions are updated with the acceleration. The differen-
tial terms are computed with the weighted average of the
physical values within the kernel radius. In this simulation, the
quintic kernel is adopted [19]. Also, boundary techniques are
not incorporated.

The magnetic forces obtained with the electromagnetic sim-
ulation are input as the external forces in (1). The deformation
result is feedbacked to the electromagnetic simulation. That is,
the REBCO tape rotation angle &, shown in the Fig. 4, is trans-
ferred to the PEEC model to consider the induced voltage V.
on minor loops (shown in Fig. 2) according to Faraday’s law:

d . 18
V.= ESBﬂsm (6 —mn) %)

where S is the area of minor loops and Bc is the external mag-
netic field. It is noted the rotation angle € is the local average
angle of each minor loop as shown in Fig. 2. The relation of
the rotation angle € and the magnetic field is also taken into
account to specify the local critical current density.

III. SIMULATION METHOD AND RESULTS

The short-length REBCO tape whose ends are clipped, as
shown in Fig. 3, is simulated under the conditions listed in Ta-
ble I. An external field is applied with an angle of 18 degrees,
and it is linearly ramped up to 5 T with 1.0 T/min. When the
field reaches 5 T, the field immediately starts to decrease with
-1.0 T/min. No enforced current flows in the REBCO tape.



The Young’s modulus and the shear modulus are calculated
from the composite rule with copper and Hastelloy. The yield
point of the composite material is 800 MPa [7].

A. Magnetic force and deformation

Fig. 5 shows the cross-sectional view of the REBCO tape
during external field excitation. The arrows represent the
magnetic force vectors. At = 60 s, a small deformation ap-
pears, and the tape slightly rotate due to positive torque. Since
the screening currents are induced on both top and bottom
edges, the REBCO tape rotates with torque. At ¢ =120 s, when
the external field reaches 2 T, the screening currents are more
induced, and the tape cross-section forms an S-shape. As the
large shear forces work in the middle part of the REBCO tape,
plastic deformation occurs. Consequently, a large deformation
can be observed. When the time reaches 180 s, the magnetic
force orientation turns opposite due to the opposite-directional
induced current caused by deformation. At this time, the
REBCO tape is subjected to the force that makes the defor-
mation back. When the time passes 240 s, the tape defor-
mation is close to the initial form; however, the large magnetic
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Fig. 5. REBCO tape deformation and magnetic force during field excitation
process. Cross-sectional views are shown. Large magnetic force is applied to
REBCO tape, and REBCO tape rotates.

t=360s

Fig. 6. REBCO tape deformation at 360 s and 420 s during demagnetization.

forces can be seen on the REBCO tape edges due to the in-
duced current remaining in the tape edge. Thus, the REBCO
tape rotates so as to be identical to the field orientation as
shown at =300 s.

After the external field starts decreasing at 300 s (5 T), the
tape deforms as shown in Fig. 6. The larger deformation is
seen than that during the external field excitation. The mecha-
nism is explained in the Fig. 7. In this case, the rotation angle
of the REBCO tape is beyond 18 degrees at the start of the
field demagnetization. The screening current is more induced
in the same direction as that during field excitation. The mag-
netic force still works to rotate and expand the REBCO tape,
and the REBCO tape rotates so that the rotation angle expands.
The force direction and the current flowing direction do not
change during the field decreasing, because the tape rotation
angle keeps over 18 degrees which is the external field angle.
The force intensity decreases with time, and the tape cross sec-

tion eventually remains an S-shape due to the plastic defor-
mation.

B. Stress distribution

Fig. 8(a) shows the von Mises stress distributions at ¢ = 60,
120, and 180 s, and Fig. 8(b) is the enlargement view of the
REBCO tape at the middle. The von Mises stress is a value
used to determine whether the REBCO tape is in an elastic or
plastic region. The von Mises stress Owises 1S calculated from
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Due to large magnetic forces, large stress occurs inside the
REBCO tape. The stress concentration at the tape-clipping
ends is observed at ¢t = 60 s. The plastic region develops with
time as shown at # = 120 and 180 s. Meanwhile, the plastic re-
gion inside the REBCO tape can be also seen in Fig. 8(b).
Since the opposite forces acting on the upper and lower sur-
faces of the tape surface create a large shearing force, the tape
experiences a tensile or compressive force at the middle of the
REBCO tape. Thus, the von Mises stresses increase up to the
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Fig.7. Mechanism of tape rotation angle during excitation or de-excitation.



yield point. The tape strains develop at the plastic regions.

The comparison between our proposed model and the
elastic FEM-based model [20] is shown in Fig. 9. The REBCO
tape is shown in the same scale. The FEM-based model does
not consider plastic behavior deu to a used comercial software.
In the FEM-based model, the large tension can be seen just
outside the clipped portions because the plastic region is not
considered. It causes the gentle curve. In the proposed model,
which can deal with the plastic behavior, the tape moves en-
tirely keeping a line, because the REBCO tape locally reaches
the plastic region just at the outside of the clipped portions,
and a large tension is not absent. The deformation between the
proposed and FEM-based models looks similar; however, the
stress behavior completely differs. After the stress of REBCO
tape reaches the yield criterion, the results simulated with and
without plastic property consideration are much different.

C. Current distribution

Next, we discuss the current distributions in the REBCO
tape. Fig. 10 shows the current distributions during the exter-
nal field excitation. The only left half of the tape is shown for
symmetry. The screening current starts flowing along the top
and bottom edges at the beginning of the excitation. When the
current density reaches the critical current density, the current
propagates into the inside of the tape. Thus, the current pene-
tration develops, and the screening currents are widely distrib-

(a) Overall view

Stress concentration /

at edges

t=60s
Plastic region
develops

t=120s

t=180s 0 200 400 600 800
| I |

von Mises stress [MPa]
(b) Enlarged view

t=60s t=120s
'/ o)

t=180s
J-Y
E——
=

l
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Fig. 8. Von Mises stress distributions of REBCO tape. Tape ends near clip-
ping reach to a yield point first. Tape central part also develops plastic region
internally.

FEM-coupled %0 F
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) ‘ [ 300 g
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Fig. 9. Comparison between proposed model and FEM-coupled model [20].

t=180s

Fig. 10. Current distribution inside the REBCO tape. Screening currents
decrease at the middle of the tape due to deformation.

uted at £ = 60 s. Due to the screening current, the REBCO tape
strains largely. Due to the deformation, the screening current
decreases mainly at the middle of the tape at # = 120 s. When
the field reaches 3 T (180 s), the complicated screening cur-
rent distribution can be seen due to the deformation, and the
intensity of the screening current is not so large. However, the
large field is applied to the tape externally, the large magnetic
force appears.

IV. CONCLUSION

In this paper, we simulated the mechanical behavior of a
REBCO tape during external field excitation. We have devel-
oped the electromagnetic simulation code coupled with the
mechanical simulation by a Smoothed Particle Hydrodynam-
ics (SPH) method. This method enables to represent plastic
deformation.

As the result, large deformation of the REBCO tape during
external field excitation can be observed. This is due to a large
magnetic force caused by screening currents. The plastic re-
gions of REBCO tape are seen mainly near the clipping ends
and the middle of REBCO tape. The deformation at these re-
gions develops and results in large plastic deformation.
Meanwhile, the screening current decreases due to the defor-
mation, and the REBCO tape rotates so that the cross-section
is aligned with the magnetic field direction.

The clear S-shape of the REBCO tape cross-section is ob-
served due to the plastic deformation, which is not seen in the
mechanical simulation by FEM analysis. In the near future, we
will expand the simulation target from the REBCO tape to
REBCO windings, and the deformation mechanism of the
REBCO windings will be investigated.
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