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Abstract  Quench and mechanical behaviors are critical issues in high temperature
superconducting (HTS) coils. In this paper, the quench characteristics in the rare earth
barium copper oxide (REBCO) pancake coil at 4.2 K are analyzed, and a two-dimensional
(2D) axisymmetric electro-magneto-thermal model is presented. The effects of the con-
stituent materials, background field, and coil size are analyzed. An elastoplastic mechan-
ical model is used to study the corresponding mechanical responses during the quench
propagation. The variations of the temperature and strain in superconducting layers are
compared. The results indicate that the radial strain evolutions can reflect the transverse
quench propagation and the tensile hoop and radial stresses in superconducting layers
increase with the quench propagation. The possible damages are discussed with the con-
sideration of the effects of the background field and coil size. It is concluded that the high
background field significantly increases the maximum tensile hoop and radial stresses in
quenching coils and local damage may be caused.
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1 Introduction

Nowadays, rare earth barium copper oxide (REBCO) coated conductors have become the
dominant practical conductors for high temperature superconducting (HTS) coils owing to
their advanced current carrying capability and mechanical strength. In general, REBCO coils
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operate under complicated conditions with low ambient temperature and high background field
for the generation of strong central magnetic field[!l. Under such conditions, coils are relatively
susceptible to unexpected mechanical and thermal disturbances, i.e., conductor motion, non-
recoverable local defects, heat leakage, and failure of the cryogenic system[®. Quench and
mechanical issues are of vital importance to HTS coils and high field magnets(®4.

In HTS systems, the quench characterization is relatively complicated. In addition to the
quench propagation in the longitudinal direction, the transverse quench propagation should be
thoroughly studied. Sumption et al.[’] experimentally investigated the quench properties of
REBCO coils, and concluded that the transverse normal zone propagation velocity (Vnzp) was
one or two orders of magnitude smaller than the longitudinal Vxzp. They also pointed out that
increasing the transverse Vnzp could compensate the longitudinal one and then facilitate the
quench detection and protection. Many efforts have been made to increase the Vnzp or thermal
stability of HTS coils by modifying the cooling patterns! and constituent materials(”1%, among
which partial insulation, metal-as-insulation winding, and no-insulation (NI) technology play
a significant role on improving the self-protection property of HTS coils, even though they
could result in charging delay or field drift issues. In quench analyses, two-dimensional (2D)
and three-dimensional (3D) quench models have been established for coils!” and conductors on
round core (CORC) cables!™], respectively. Recently, Pi et al.'? developed a four-dimensional
(4D) quench model to study the quench behavior of quasi-isotropic superconducting cables.

During quench propagation, it is noteworthy that non-negligible thermal stress and strain
will be generated due to the thermal mismatch between constituent materials. Under such
thermal stress and high Lorentz force under high filed conditions, the mechanical issues in
the process of quench propagation should be concerned. The reasons are that, the electrical
properties of the REBCO conductor can be affected by mechanical deformation and stress!'3!,
and the current-carrying capacity might drop severely if the tensile stress and strain exceed the
corresponding irreversible limits!'4. Besides, the possible delamination will occur between the
constituent layers of the conductor after the tensile transverse stress exceeds the critical onel*®.
In addition, severe degradation can be caused, and the possible mechanical damage should be
cared[16].

A simple analytic formula,

oo, =1J,B,

in which r, J,, B., and o, denote the radius, the current density, the axial magnetic field, and
the hoop stress, respectively, gives a rough estimation on the hoop stress induced by the Lorentz
force. A more complex analytical formulal'” originates from the classic elastic theory, in which
the coil is reduced to a disk and the plane stress approximation is adopted. Arp!*® summarized
analytical formulae for calculating the stress and strain in superconducting solenoids due to
winding, cooling, and magnetic forces. Numerical analyses based on the combined homogenous
cylinder model*! or continuum bulk model?* 21 are often used in coil stress calculation. Xia
et al.?? analyzed the screening current effect on the stress and strain in HTS magnets, and
compared the results obtained by the continuum bulk model and the discrete contact model.
However, most of the aforementioned mechanical models adopted linearly elastic approxi-
mations, and the composite coated conductor was treated as homogenous with a mixed rule.
Under the action of large load, linearly elastic approximation can cause non-negligible estima-
tion bias since high stress is very likely to cause plastic deformation in the tape. Therefore, it
is necessary to establish an elastoplastic mechanical model for more exact estimation of stress
and strain in REBCO pancake coils. In this paper, the quench and mechanical behaviors in
REBCO pancake coils at 4.2 K are numerically analyzed. The electro-magneto-thermal model
and elastoplastic mechanical model are used and presented in Section 2. In Section 3, the
quench behaviors of REBCO pancake coils and the effects of the constituent materials, external
field, and coil inner radius are obtained and compared. In Section 4, the variations of stress
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and strain in the quenching coils are evaluated. Finally, the conclusions are given in Section 5.

2 Numerical models

The object in our simulation is single insulated pancake coils with the turn number of 100,
fabricated by co-winding REBCO coated conductor from SuperPower Inc. and Kapton tape.
Coated conductor is mainly composed of copper stabilizer layers, substrate, and REBCO layers.
In modeling, to speed up calculation, most of the constituent layers are considered while the
silver and buffer layers are omitted. Considering the axis-symmetry property of the pancake
coil, a reduced 2D axisymmetric model is established with the actual size and configurations
shown in Fig. 1, where the coil inner and outer radii are 30 mm and 40 mm, respectively, the
height is 4mm, and the thicknesses of copper, substrate, REBCO, and Kapton are 20 um,
50 pm, 1 pm, and 59 um, respectively.

In the simulation, to trigger the quench in REBCO pancake coils, the heat power is uniformly
exerted on the partial insulation layer of the 50th turn for 50 ms. In order to monitor the quench
initiation and propagation, several temperature and strain probes are regularly arranged on the
superconducting layers near the heat region, as shown in Fig. 1. The simulation here focuses on
the transverse quench propagation, and the longitudinal one cannot be described. In that case,
3D modeling is needed, which is not yet within the scope of our analysis. In the following, we
will introduce the quench and mechanical models in detail.

€5 €4 E3 €3 €1 Air domain
Copper stabilizer
2‘ SS316L substrate
REBCO
o (P B B Kapton

T | T5|Taf| T| T2 | Ty mm Heating region

e Temperature probe
Strain probe

Fig. 1 Model diagram of the REBCO pancake coil, in which nine turns near the heat region are drawn
for clear vision. The heat region is located at the partial insulation layer of the middle turn
with the cross-sectional area of 0.4 mm x0.059 mm, and the temperature and strain probes are
arranged sequentially on superconducting layers (color online)

2.1 Electromagnetic model based on H-formulation

In this subsection, we calculate the electromagnetic field distribution of REBCO pancake
coils with the aid of H-formulation®®) and E-J power law. The governing equations of H-
formulation are written as follows:

OH, O0H. OH,. OH,
8(7”/)( 8282 or )) :M0T8£r7 _8<Tp( 8237« or )) :Moragz, (1)

where H, and H, are the radial and axial magnetic fields in the 2D axisymmetric model,
respectively. g refers to the permeability of vacuum (o = 47 x 1077 T-m-A~!). The
electric resistivity p is temperature-dependent except for air domains and insulation layers,
whose resistivity values are given as 1€)-m for fast convergence. The resistivity values of
copper?# | stainless steell®¥ | and Hastelloy[®®! are illustrated in Fig. 2(a). The resistivity of the
superconducting layer can be calculated from the E-J power law as follows:

J J n—1
E,=E, 7|77 2
P OJC JC ’ ()
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where E,, is the electric field, and Ej is the reference electric field with a value of 1 x 1074 V-m~1.
J, is the current density, and J. is the critical current density depending on the magnetic field
and temperature. The power index n is 3126/, Here, a conventional elliptical formulal2f! is
introduced to describe the angular dependence of the critical current I, on the magnetic flux
density for the REBCO tape at 4.2 K.

V((aB:)? + B?) ) -

1.(B,6) = I(B,,B.) = C0(1 " ”

(3)

where[26-27]

Io=T720A, a=0.03813, B.=0631T, b=0.7122.

To illustrate the correlation between the critical current and the temperature, a typical
model described in Ref. [11] is adopted:

T.—T

B
To<T<T,
TC—TO)’ oSt te

1By, B2)(
I (T) = (4)

0, T=>T1T,

where 3 represents the temperature dependence of the critical current, ranging from 1 to 2.
Here, the nonlinear relationship between the critical current and the temperature is simplified
and B = 1 is chosen for the quench simulation!?’l. By substituting the relation in Eq. (4) into
Eq. (2), one can find that the resistivity of the superconducting layer becomes infinitely large
when T' > T. (T, = 92K). This phenomenon is unreasonable, as the superconductor would be
locally transformed into the normal conductor for T > T,. Therefore, a modified formulal2®!
is introduced to fit the smooth transition of the electric resistivity ps. in the superconducting
layer, i.e.,

~ PscPn
= (5)

where pg. is the resistivity of the superconducting layer in the superconducting state, p, is the
corresponding resistivity in the normal state, and

n—1

E
=7 . pa=107Qm,

J.
Psc = J. i

Je

2.2 2D axisymmetric heat transfer model
The corresponding heat diffusion equation is given as follows:

(kST

r orT
8T_(13(kar) z>)+QP+QS, (6)

Ve or +

r or 0z
where v, ¢, and k represent the mass density, the specific heat capacity, and the thermal
conductivity, respectively. The temperature dependence of ¢, and k is considered and plotted
in Figs. 2(b) and 2(c), respectively. @, is the heating power, and Q5 stands for the Joule heat
(Qs = E - J). Tt is assumed that the boundary of REBCO coils is adiabatic and a uniform
temperature distribution (7y = 4.2K) inside the winding is set as the initial condition.
2.3 Elastoplastic mechanical model

A 2D-axisymmetic elastoplastic mechanical model is implemented in the finite element
method (FEM) software for the stress-strain calculation of coils during the quench propagation.
The electromagnetic load and temperature change are considered. For simplicity, the magnetic
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Fig. 2 Resisitivity, thermal conductivity, and specific heat capacity of constituent
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field change and heat generation caused by structural deformation are not taken into account
in the simulation.

Here, the constituent materials inside the winding are considered to be continuous, isotropic,
elastic, or elastoplastic. The mechanical model is assumed to have small deformation, and the
geometric nonlinearity can be neglected. The pancake coil is considered to be placed between
two rigid plates, and the displacements of the upper and bottom edges in the axial direction
are set as zero. All layers inside the coils are assumed to be bonded together, and the radial
and shear stresses on the inner and outer boundaries of coils are zero.

In the mechanical analysis, the electromagnetic force and the temperature change induced
by the quench propagation are applied gradually. At each load increment, the structural equi-
librium is satisfied. The mechanical equilibrium equations in the 2D axisymmetric model are

do T, o — 0 o T, T,

A e S
where o, 0, 0., and 7, are the non-zero components of the stress tensor. The body forces f,
and f, represent the radial and axial electromagnetic forces, respectively, f, = B.J,, and f, =
—B,.J,. For the brittle material like the REBCO layer, a linearly elastic behavior approximation
is adopted, and the generalized Hooke’s law[*? is applicable in the description of the stress-strain
relationship as follows:
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where €., €4, €, and 7, denote the non-zero components of the total strain tensor. ey, is
the thermal strain induced by the temperature change, and ey, = (T — Tp) in which « is
the thermal expansion coefficient. A and G are Lamé’s constants, A = pE/((1 + p)(1 — 2u)),
and G = E/(2(1 + u)), in which E and p represent the elastic modulus and Poisson’s ratio,
respectively. The corresponding parameters are listed in Table 1. The geometric equations in
the 2D axisymmetric model are expressed as follows:

~ Ou u _ Ow 0w Ou
T g SeT g SET gy %T_ar—’—@z’ 9)
where u and w denote the displacements in the radial and axial directions, respectively.
However, for the elastoplastic material like copper stabilizers, Eq. (8) is not applicable when
yielding occurs. The elastoplastic constitutive relation needs to be established. A small plastic
strain model is assumed, and the total strain tensor € can be additively decomposed into the
elastic strain tensor &, the plastic strain tensor €y, and the thermal strain tensor £ 1321,

€ = Eol + Epl + Etn- (10)

We use the von Mises yield criterion®? to determine whether the material yields. The
bilinear isotropic hardening law!32 33! is also adopted. It can be described by

E\E
Oys = Oys0 T E_E Eeps (11)
- t

where oy is the initial yield strength, F; and eep are the tangent module and the effective
plastic strain, respectively.

Table 1 Properties of constituent materials in REBCO pancake coils[24> 34-38]

Property Copper Stainless steel REBCO Kapton

Mass density v/(kg:m~3) 8940 8000 5900 1420

Thermal expansion coefficient 14 12.7 1 20
ax 1078 /(K1)

Elastic modulus E/GPa 85 193 150 3

Poisson’s ratio p 0.338 0.3 0.3 0.34
Yield strength oys0/MPa 350 840 - 69
Tangent modulus E;/GPa 4 10 - 1

3 Simulation results on the quench behavior of REBCO pancake coils

3.1 Quench behavior of REBCO pancake coils
Two important quench characterized parameters in REBCO pancake coils, i.e., the minimum

quench energy Fyiq (unit: J) and the transverse Vazp (unit: mm-s~—!) are introduced and defined
as follows:

Aw
Enq :/ thQmpdV, Vnzp = AL (12)
Vi

1eater
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in which Vieater is the volume of the heating region, t; is the heating time, ¢, = 50ms, and
Qmp is the minimum heating power required to initiate the quench propagation in the coil.
At represents the time delay that occurs when the adjacent superconducting layers reach the
critical temperature, and Aw is the corresponding radial spacing.

First, the critical currents of REBCO pancake coils at self-field and external field cases are
calculated by using the self-consistent model®¥-4. The critical currents at self-field and in-field
cases are labeled as Ioo coil and I coil(Bext ), respectively, where Bey is the external field.

Then, the minimum quench energy of the pancake coil is analyzed by modifying the mag-
nitude of heating power. With the accumulation of heat, quench first occurs in the supercon-
ducting layer closer to the heating region, and the temperature of Probe 77 can be regarded
as the hot-spot temperature Tio. Figure 3(a) plots the hot-spot temperature in coils with
the transporting current of 333 A (0.81¢0 coil)- It is found that once the heating energy slightly
exceeds 3.85J, the hot-spot temperature increases to exceed the critical temperature after the
heat pulse, and then quench occurs. Thus, Fyq in such cases can be determined as 3.85.J.

At the heating energy of 3.85J, the current transfer between layers occurs in the 50th turn,
closer to the heating area. The current redistribution is shown in Fig. 3(b). The heating power
input causes the hot-spot temperature to increase beyond the current sharing temperature,
and thus part of the operating current in the superconducting layers flows into the copper
layers. After the heat pulse, the hot-spot temperature and current distribution nearly remain
unchanged in a short period of 1s, which is not drawn in Fig.3(b). Immediately after this,
the hot-spot temperature climbs, and the current in the superconducting layers transfers into
the copper layers, which is the consequence of the fact that the Joule heat in the copper layers
cannot spread out by the thermal conduct. There is almost no transporting current in the
superconducting layers when quench occurs (T' > T¢.). Meanwhile, quench propagation starts,
and the temperatures in adjacent superconducting layers rise rapidly, as plotted in Fig. 3(c).
The temperatures in probes of 71, T5, T3, and T} ascend in the similar trend. We can take the
time delay between Ty and Ty as At. According to Eq. (12), Vzp is approximately 9.4 mm-s~1.
It can be seen that the simulation result for Vzp of REBCO coils at 4.2K is close to the
experimental results for a small YBCO coil at 4.2 K[+,

3.2 Factor analysis on quench behavior of REBCO pancake coils

In this subsection, we will study the influence of several practical factors on Eyq and
transverse Vnzp. These factors include the substrate material, background field, and coil size
of the REBCO pancake coil.

3.2.1 Substrate materials

Stainless steel and Hastelloy are conventional substrate materials in the manufacturing of
REBCO coated conductors. Here, a detailed comparison on Eyiq and Vizp of stainless steel-
based coil and Hastelloy-based coil is presented in Fig.4. From Fig.4(a), we can see that
the Fhiq values of both coils decrease with the increase in the normalized operating current
i (= Io/1Ico,coil, where Iy is the transporting current). At the range of normalized operating
current from 0.6 to 0.8, Enq of stainless steel-based coil descends from 10J to 4J, and the
counterpart of the Hastelloy-based coil reduces from 9.5J to 3.5J. The stainless steel-based
coil has a higher Fyq than the Hastelloy-based coil, and the discrepancy between their val-
ues of F\iq is about 0.5J. Such a difference is caused by the specific heat of stainless steel
which is higher than that of Hastelloy at low-temperature region. However, Vzp in the trans-
verse direction shows an opposite tendency (see Fig.4(b)). For the Hastelloy-based coil, the
transverse Vazp increases from 4mm-s~' to 5.8 mm-s~! at the range of the normalized oper-
ating current from 0.6 to 0.8. Similarly, the counterpart in the stainless-steel based coil rises
from 4.3mm-s~! to 5.6mm-s~!' with the normalized operating current from 0.65 to 0.8, and
this counterpart is slightly less than that of the Hastelloy-based coil. By comparison, we find
that the stainless steel-based coil has higher Eyq while its transverse Vnzp is comparatively



242 Mengdie NIU, Jing XIA, Huadong YONG, and Youhe ZHOU

250
g
E 200
3
2 150
&
g 100
@
S50
0 9‘ L L L L L L I I
00 02 04 06 08 1.0 1.2 14 1.6
Time/s
@
300
350 250
<
E 250 200 v 200
[} (9] ()
= 200 = =
= 150 2 Z 150
3] ® &
= 150 3 3
=} 100 & =
2 100 £ £100 ]
() ()
= 0 50
0 /]
-50 1 1 1 v 1 1 1
0 04 08 1.2 155 157 1.59 1.611.63
Time/s Time/s
(b) (©

Fig. 3 (a) Hot-spot temperature Thot (= T1) in coils with the transporting current of 333 A under
different heating energies; (b) current redistributions and (c) temperatures of Probes T1, 75,
T5, and Ty in adjacent superconducting layers at the heating energy of 3.85 J (color online)
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Fig. 4 (a) Emq versus the normalized operating current i for the stainless steel-based coil and
Hastelloy-based coil; (b) the corresponding Vnzp in the transverse direction at the heating
energy of 9.7 J (color online)

lower. Thus, the stainless steel-based coil will be further investigated in the following simulation.
3.2.2  Axial background field and coil size

High background field is demanded for the generation of a large central field in magnets.
For this reason, we further discuss the quench behavior in pancake coils under different external
fields. Figure 5 presents the normalized Eyq and Vizp of pancake coils with the normalized
operating current ¢ (= Io/Ic coil(Bext)) of 0.8 and various background fields. It can be seen that
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Eyiq decreases slightly with increasing the background field when the background field exceeds
2.5 T. No decrease in Ejiq is found at the background field of 2.5 T, while it shows 12% decrease
of Fnq at the 15T background field. The reason why Ehiq reduces is that the current sharing
temperature is reduced by the high background field. Similar to the variation of Evq, Vze
(at the heating energy of 3.85J) also descends with the background field from 2.5T to 15T,
which should be attributed to the decrease in the critical current and operating current. At a
large background field of 15T, the transverse Vnzp is 0.65 of the counterpart in the self-field
case. Thus, high background field inevitably affects the transverse quench propagation.

The variations of Fyiq and Vazp with the coil inner radius are shown in Fig. 6. From Fig. 6,
we can see that Eyq at the 0T external field increases linearly from 2.8J to 5.9J with the
coil inner radius from 20 mm to 50 mm. This is attributable to the increased heat capacity
due to the increase in the coil inner radius. The similar rising tendency is also observed at
the background field of 15T, the corresponding Eyiq rises from 2.5.J to 5.2.J. In addition, the
transverse Vnzp is almost unchanged with the coil inner radius from 20 mm to 50 mm for both
the self-field and the 15T background field cases. In other words, Enq is more sensitive to the
variation of the coil size, whereas the transverse Vazp is almost unaffected.
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4 Mechanical responses of coils during quench propagation

4.1 Comparison of temperature and radial strain evolutions in superconducting
layers

The mechanical responses of the pancake coil in the process of quench propagation are
evaluated by using the aforementioned elastoplastic mechanical model. The quench detection
technology based on strain evolutions has been proved to be useful in low temperature supercon-
ducting (LTS) structures[*? 43! which inspires us to see if the strain variations can characterize
the quench propagation in the HTS coil.

Figure 7 compares the variations of temperature and radial strain in the superconducting
layers of coil with the operating current of 250 A (0.61¢0,c0i1) and the heat power of 35.5 W-m~3.
We can see that the temperatures of Probes T1 Ty (see Fig. 7(a)) and the radial strains of Probes
e1-€4 (as shown in Fig. 7(b)) in the superconducting layers rise in a similar trend after heat pulse.
This reminds us that the radial strain evolutions can also reflect the transverse quench propaga-
tion in the REBCO pancake coil. Here, the reference radial strain 0.15% is selected to evaluate
the transverse Vzp due to the similar tendency among ¢, €2, €3, and €4 as they exceed 0.15%.
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Fig. 7 (a) Temperatures of Probes T1-T4 and (b) radial strains of Probes e1—4 in the superconduct-
ing layers of REBCO pancake coils with the operating current of 250 A and the heating power

of 35.5 W-m ™ (color online)

The evaluated time delay between €5 and €4 is identical to the counterpart between T and T}.
According to the definition of transverse Vnzp in Eq. (12), we can easily find that the values
of Vnzp based on temperature and radial strain evolutions are consistent. Consequently, the
theoretical feasibility of the strain-based quench detection technology for HTS coils is validated.
4.2 Stress-strain states of coils under high field conditions

In this subsection, the normalized operating current is 0.6, the heating power is 35.5 W-m ™3,
and the heating duration is 50 ms. The stress-strain states of the pancake coil in the process of
quench propagation will be evaluated and compared. Only the cases where T}t is within 200 K
are discussed to avoid critical thermal stress*4).

Figure 8 shows the contour plots of temperature 7', radial stress o, and hoop stress o,
in the quenching coil at the moment of T, = 200K. One can see from Fig. 8 that the large
temperature gradient in the radial direction resulting from lower Vnzp appears near the heating
zone, and the temperature difference in the axial direction is almost zero. One can also see that
the radial stresses in the inner turns are almost all at the tensile state and the radial stresses
are at a compressive state for outer turns. The maximum tensile radial stress is 1.73 MPa in the
case without external field, and it is increased to 6.03 MPa for the 5T background field case.
Different from the radial stress distribution, the hoop stress at the heat region shows a strong
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Fig. 8 Distributions of T', 0, and o, in quenching coils at the moment of 71, = 200 K for the coils
with the axial background fields of (a) 0T and (b) 5T, where “IR” and “OR” represent the
coil innermost region and the outermost region, respectively (color online)
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discrepancy between the constituent layers, and the stainless steel substrate bears the maximum
compressive hoop stress, which is —568 MPa at the self-field case and increases to —450 MPa
for the 5T background field case. No compressive hoop stress is found in the insulation layer.
Furthermore, most of the tapes away from the heating region are subjected to the tensile hoop
stress.

Figure 9 gives the variations of the hot-spot temperature, maximum hoop strain, peak hoop,
and radial stresses in all superconducting layers. From Fig.9(a), one can see that Tiot at the
10 T background field climbs to 200K first due to the release of higher electromagnetic energy,
and the counterpart at the 5T external field reaches 200 K secondly. The maximum hoop
strain gradually increases with the quench propagation. At the moment of Ty, = 200K, the
maximum hoop strain reaches 0.23% for the 10 T external field, which is more than those for
the 0T and 5T background fields.
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Fig. 9 Variations of (a) the hot-spot temperature and maximum hoop strain in the superconducting
layers and (b) the peak hoop and radial stresses in the superconducting layers after the heat
pulse for the coils with the axial background fields of 0T, 5T, and 10T, where the vertical
dashed lines represent the moment of Thot = 200 K (color online)

Similarly, the values of the peak hoop and radial stresses in the superconducting layers
increase with the quench propagation, as shown in Fig.9(b). For the case without external
field, the peak hoop and radial stresses are all at the compressive state after the heat pulse, and
are increased to —370 MPa and —4.2 MPa at the moment of T}, = 200 K, respectively. The
stress distribution at the self-field case is mainly affected by the thermal stress due to the higher
temperature rise and temperature gradient near the heat region, which can be seen in Fig. 8(a).
For the cases with the background fields of 5T and 10T, the peak hoop and radial stresses
are almost all at the tensile state because of the large radial Lorentz force of J, - B,. Notably,
both the Lorentz force and the thermal stress can affect the stress distribution, and the J,B,r
formula is not applicable for hoop stress calculation. The compressive stress dominates the
peak hoop stress at the moment of T}, = 200 K for the 5T external field case. At the moment
of Thot = 200K, the peak hoop stress in the superconducting layers at the 10 T external field
ascends from 350 MPa to 370 MPa, and the corresponding peak tensile radial stress climbs from
7.9MPa to 9.7 MPa. This enhancement mainly originates from the temperature change in the
process of quench propagation.

In summary, the stress-strain states of quenching coils are affected by both the thermal
stress and the Lorentz force. Accompanied by the quench propagation, the peak hoop and
radial stresses are all at the compressive state for the self-field case, and they are almost all at
the tensile state for the high background field case. The peak hoop and radial stresses increase
in the process of quench propagation. In addition, the high axial background fields can directly
lead to higher peak hoop and radial tensile stresses in the superconducting layers.
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In order to qualitatively clarify the effects of the external field on the stress distribution,
the profiles of radial and hoop stresses in the middle point of the superconducting layers at the
moment of T}t = 200K are plotted in Fig. 10, in which the stress distribution is approximately
uniform along the tape width.

It is found from Fig. 10 that both the hoop and radial stresses increase with increasing the
background field. With the background field from 0T to 5T and then to 10T, the peak tensile
radial stress rises from 1.69 MPa to 5.63 MPa and then to 9.7 MPa, and the corresponding peak
tensile hoop stress climbs from 43 MPa to 207 MPa and then to 370 MPa. As a consequence of
the low transverse quench propagation, the radial and hoop stresses vary greatly with increasing
the radius at the nearby of the heat region due to the high temperature gradient and temperature
rise. Except for several superconducting layers near the heat region, the remained ones are
subjected to the tensile hoop stress. The maximum tensile radial and hoop stresses are located at
the superconducting layer on the left side of the heat region and the innermost superconducting
layer, respectively. In addition, the maximum tensile radial stress of 9.7MPa at the 10T
background field case is close to the critical transverse tensile stress of about 10 MPa reported
in Ref. [45]. Tt indicates that the separation between the constituent layers of the local tape
may occur and hence the local tape could be damaged.
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Fig. 10 Profiles of (a) the radial stress o, and (b) the hoop stress o, in all superconducting layers at
the moment of Tho = 200 K, where the turn sequence number is arranged from the innermost
superconducting layer to the outermost superconducting layer (color online)

4.3 Effects of the coil size on the stress-strain states

The variation of the coil size may significantly affect the distributions of the stress and
strain in coils. Here, we focus on the effects of the coil inner radius on the stress-strain state
in the superconducting layers at the 10 T background field case. Figure 11 gives the profiles of
the radial stress, hoop stress, and hoop strain in the superconducting layers at the moment of
Thot = 200K with the normalized operating current of 0.6 and the coil inner radii of 10 mm,
20 mm, and 30 mm.

From Fig. 11(a), it is clear that the tensile radial stress in the superconducting layers descends
with increasing the coil inner radius. The maximum tensile radial stress decreases from 15 MPa
to 9.7 MPa with the coil inner radius from 10 mm to 30 mm. It can be concluded that increasing
the coil inner radius can effectively suppress the maximum tensile radial stress, though the effect
is limited.

In contrast to the variations of the radial stress, the hoop stress and strain ascend with
increasing the coil inner radius, as shown in Figs. 11(b) and 11(c). The peak tensile hoop stress
climbs from 180 MPa to 370 MPa with the coil inner radius from 10 mm to 30 mm, and the
corresponding peak tensile hoop strain rises from 0.11% to 0.23%. This is easy to understand
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Fig. 11 Profiles of (a) the radial stress o,, (b) the hoop stress o,, and (c¢) the hoop strain £, in
all superconducting layers along the radial direction at the moment of Thor = 200K (color
online)

with the aid of the classic formula
o, =1J,B..

When the radius increases, the hoop stress should increase, even though the thermal stress is
not considered in the simple formula.

5 Conclusions

In this paper, the 2D electro-magneto-thermal model and the elastoplastic mechanical model
are used to study the quench and mechanical behaviors in REBCO pancake coils. The effects
of several factors including the substrate materials, background field, and coil size are analyzed.
The results are summarized as follows.

(i) When the transporting current increases, Eng of REBCO pancake coils descends and
Vnzp in the transverse direction ascends. Stainless steel-based coil is found to have a higher Fnq
than Hastelloy-based coil, while the Vxzp of the former is lower. When the axial background
field exceeds 2.5 T, Eynq and Vazp of the pancake coil slightly decrease with increasing the
axial background field. In addition, the transverse Vnyzp is insensitive to the variation of the
coil size, while Fhiq increases with increasing the coil inner radius.

(ii) The radial strain evolutions can reflect the transverse quench propagation of REBCO
coils.

(iii) The tensile hoop and radial stresses in the superconducting layers increase with the
quench propagation. High background field can significantly increase the hoop and radial
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stresses in quench coils. At the axial background field of 10T, the maximum tensile radial
stress in the superconducting layers at the moment of T = 200K is close to the critical
transverse stress, the possible delamination between the constituent layers may occur, and coils
may be damaged in part.
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