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Abstract There are growing concerns about the strfsses created by shielding
currents in high field superconducting magnets fabricated from tape conductors
leading to reduced performance and lifetime. This paper presents results of
stress/strain calculations caused by shielding ‘currents assuming the conductor
deformations are linear. An anisotrepic bulk approximation approach was used to
calculate the electromagnetic field distributions in a REBCO high field coil with a
stack of pancakes and a large number of turns first, and then the Lorentz force
distribution and mechanical response characteristics were studied in the
two-dimensional axisymmetr\ic configuration. A new discrete contact mechanical
model implemented, by 'the finite element method, which is able to simulate the
contact and separationsbehaviors between adjacent turns during the deformation, was
proposed to analyze the distributions of hoop stress, hoop strain, radial stress and
radial displacement in the coil. The influences of shielding current on those
mechanical résponses were obtained by comparing the simulation cases with and
without takinggshielding current into account. Besides, a continuum bulk mechanical
model, which is parallel to the discrete contact mechanical model and treats the
pancakes as continuum bulks, was modeled as well in order to understand the
mfluences of different models on the simulation results. Furthermore, we studied the

influences of a couple of practical factors (including the n-value, ramp rate, and
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operating mode of the REBCO coil winding) on the shielding current and hoop stress.

A couple of novel and important conclusions were found. 1) Neglecting the
shielding current behavior would significantly underestimate the maximum local hoop
stress in a REBCO high field coil. 2) The continuum bulk mechanical model is not
adequate for the stress analysis of dry-wound high field coils, by which unreasonably
large tensile radial stresses could be obtained. 3) The highest local hoop stresses at the
fully-charged moment and the fully-discharged moment are located'in a certain
pancake near the end of the coil winding and the end pancakegrespectively. 4)
Decreasing the n-value and the ramp rate of the REBCO coil could be two auxiliary
ways to suppress the shielding current and maximum local hoop stress-in the coil. 5)
For the ramp-and-hold operating mode, the REBCO coilyexperiences the highest
stress level at the moment when it right achieves the goal field. 6) The cycling
operation of a REBCO high field coil can cause thestape experiencing alternative
positive and negative stresses and this may decrease the fatigue life of the tape and
then the life of a magnet. R

Keywords REBCO high field coil, REBEO panecake coil, shielding current, hoop

stress, mechanical response, Lorentz force

1. Introduction

Strain sensitivity of coil‘performance is a very significant and general problem in
the history of developing SQperconducting magnet technologies. The mechanical
characteristics in low-tempetature superconducting (LTS) cable-in-conduit conductors
(CICCs) have been widely studied and debated over the past decades [1-5]. Compared
to CICC strands,. high-temperature superconductors (HTSs), especially REBCO
coated conductors, demonstrate much lower strain sensitivity with respect to the
current transport preperty and intrinsic higher tensile tolerance exceeding 600 MPa .
The excellent critical eurrent performance under high magnetic field and the strong
mechanical property prompt researchers to pursue more powerful superconducting
magnets with compact constructions by winding REBCO tapes into pancake coils or
layer-wound solenoids [6]. A new record all-superconducting user magnet,
constructed at the National High Magnetic Field Laboratory (NHMFL), reached its
full field of 32T at the end of 2017, and an early exploration for developing the

2
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next-generation of high field superconducting magnets towards 40 T was launched
recently [7]. Under such high magnetic field condition associated with large operating
current densities in the coil windings, there are more and more concerns about the
mechanical issues. For one thing, high hoop stress can lead to a severe degeneration
of the critical current after the irreversible strain limit is exceeded. Besides; it was
reported that high hoop stress could bring out large stress concentration in the
soldered joint, inducing the cleavage and peeling of the conductor there [8]. Therefore,
it is important to obtain a deep understanding on the characteristiestof stress/strain
distributions in REBCO high field coils.

There are two kinds of mainstream approaches to analyze the stress/strain
distributions in REBCO coils currently. The most widely used is an analytic formula
in the form of the product of the radius, current density and magnetic field, which
gives a very simple way to roughly estimate the hoopsstresses.in‘a coil [9]. The other
approach originates from [10], in which Gray, and Ballou neglected the axial
dimension of the coil and used the classic elastic theory with plane stress state to
analytically solve the stress, strain, and displacement in t.he coil, where the coil was
treated as a plane disk and a transversely isotropic constitutive relation in the plane
stress state was adopted. Following [10], a few specific calculations were performed
for Bi-2223 and REBCO pancake coils andisome strain measures were carried out for
comparison [11-14]. Note that the classie plane disk model is a continuum model,
which cannot take into account the separation behavior of adjacent turns in a coil.
Recently, based on the aforementioned classic model, Wang et a/ [15, 16] developed a
combined homogeneous cyli}der model to study the effects of the winding tension
and overband over the ‘outer radius of a pancake on the mechanical behaviors. Their
theoretical results‘showed that suitable winding tension and overbanding condition
could effectively reduce the maximum hoop stress in the REBCO coil. More recently,
Liu et al [17] studied the mechanical responses in a no-insulation REBCO
layer-wound coil after,quench, based on a thermal-coupled electromagnetic model
and atwo-dimensional axisymmetric bulk mechanical model.

However, all the aforementioned methods did not consider the shielding current
induced in winding turns, which is an intrinsic electromagnetic behavior existing in
superconducting tapes to resist the magnetic field from penetrating into themselves.
Namely, in the previous studies, the current density distribution in each turn was

uniform and the influence of shielding current on the magnetic field distribution also
3
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could not be taken into account, which resulted in a significant deviation on
determining the Lorentz force distribution in the coil. In fact, a pair of azimuthal
currents with opposite directions flow in each winding turn [18-20], which will bring
out a considerable effect of radial shear on the deformation of the pancake in achigh
axial magnetic field condition. Therefore, nonuniform radial deformation willappear
in the height direction of the pancake and rather high local hoop stress may be
generated in the turns.

In this paper, the two-dimensional axisymmetric configuration withr respect to the
cross section of a coil winding will be adopted to study the mechanical responses in a
REBCO high field coil with a stack of pancakes and a large/number-of turns, on a
basis of a calculation result of the shielding current distribution. Two mechanical
models in association with a transversely isotropic constitutive relation in
three-dimensional stress state are proposed to calculate the distributions of stress,
strain and displacement in the coil. In section 2, the eleetromagnetic model for
calculating the electromagnetic field distributions withitaking shielding current into
account is introduced first. Subsequently, the /two mgchanical models, i.e., the
continuum bulk model and the discrete contact model, are introduced in detail. In
section 3, the distributions of electromagnetic field, Lorentz force, stress, strain and
displacement in the coil are given. Theyinfluences of shielding current on the
mechanical responses are discussed and the effect of employing different mechanical
models on determining the simulation results is presented. In section 4, we further
study the influences of a couple of practical factors on the shielding current and hoop

stress. In section 5, we sitmmarizethe conclusions.

2. Model descriptions

The full-size 20/70 coil of the dual-coil HTS insert in the NHMFL 32 T
all-superconducting magnet [21, 22] is chosen as a specific example for the
stress/strain apalysis, accompanying with the LTS outer magnet which plays the role
on providing ayl5 T background field. The analysis results of the full-size HTS insert
with dual coils are not presented here because using a single coil winding is more
convenient and straightforward to give an insight into the general mechanical
response characteristics of REBCO high field coils. The 20/70 HTS coil consists of 20

double pancakes which are co-wound with one turn of un-insulated REBCO tape and
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1
2
z one turn of insulated stainless steel (SS) tape. The LTS multisection outer magnet with
5 a combination of three NbzSn coil windings and two NbTi coil windings in reality [22]
6
7 is simplified as two concentric coil windings here. The coil system depicted is
g illustrated in figure 1 and the design parameters are listed in table 1.
10 ;
1 1
12 |
13 I
14 :
15 :
16 I
17 - 5. L
18 :
19 | ~
20 :
21 I
22 : Midplane
23 LTS coils  REBCO coil
24
25
26 Figure 1. Schematic drawing of the superconducting coil system.
27
28 IS
29 Table 1. Design parameters of the high field coil system.
30
g ; Coil Parameter Value
33 REBCO coil  Inner/outer radii (mm) 20/70
34 Number of pancakes 40
35 Turns per pancake 244
g? Tape width(mm) 4
38 Insulation gap between adjacent
0.45
39 pancakes (mm)
40 Height of coil (mm) 177.55
2; Coil cufrent &nsity (A/mm?) 197
43 Field contribution (T) 10.7
44 LTS coil I Inner/outerradii (mm) 135/190
45 Heightof coil (mm) 500
2? Coil current density (A/mm?) 130
48 LTS coil II Inner/outer radii (mm) 214/310
49 Height of coil (mm) 620
?1) Cail current density (A/mm?) 81
57 Total field contribution of LTS coils (T) 15
53
54
55 2.1. Electromagnetic model
g? The REBCO conductor/insulated SS co-wound pancake coil will be simplified as
gg a series of concentric independent cylindrical layers, and thus can be dealt with in the
60 way of two-dimensional axisymmetric problem. An anisotropic bulk model

5
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formulated in the form of two-dimensional axisymmetric H-formulation was
developed successfully to simulate the time-dependent electromagnetic behaviors of
high field REBCO pancake coils in our previous work [18]. Now a brief introduction
to the anisotropic bulk model is presented as follows and more details are available'in
[18].

(a) ! Symmetrical axis
I
— Outer boundary

Air region

REBCO layer

|
T
i H
T

(b) 4 Symmetrical axis
' > | D

Pancake bulk

4

(©) > kD,

)
\
Q,

Figure 2. Schematic drawing of the two-dimensional axisymmetric electromagnetic

model.

Figure 2(a) gives the schematic drawing of the two-dimensional axisymmetric

model. The solving region consists of the REBCO layers in the pancakes, the LTS coil
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windings and the air surrounding them. Considering the symmetry of flux distribution
with respect to the midplane of the coil windings, only half of the full-size
construction is needed to solve once we constrain the radial magnetic field component
equal to be zero on the boundary of midplane. The power law is used to describe the
E—J constitutive relation for the HTS region and the corresponding effective

resistivity p has a form of

n-1

E, | L
’ ‘JC(B’G)‘ JC(B'Q)’

where J , E; and n are the current density in the azimuthal direction, the voltage

p= (1

criterion for the critical current density, and the flux creep exponerR, respectively.
E,=1x10" Vm™ is used throughout in this paper and n isispecified as 25 unless
otherwise stated. The critical current density J, in the REBCO layer has an essential
anisotropic property with respect to the magnetic field. A practical fit function for the
corresponding critical current | ( B, 9) is employed here.[23]:

K, N k,
(B+4)" (B+A)

o (B)= clls{am } ,

in which B stands for the magnitude of the magnetic field, € denotes the angle

1.(B,6) = —4[ef (B)aos’ (0-¢,)+sin* (0-¢,)]

)

between the field vector and the c—axis of the superconductor. The others correspond
to the fit parameters, andamnenlinear fit based on the Levenberg—-Marquardt algorithm
was implemented for the/expérimental data measured for the SCS-4050-AP tape
(SP-26) [23]. Table 2 listsithe fit parameters in detail. In addition, we ignore the

shielding effectsin the LTS coil windings and specify their electric resistivities as a

constant value of material copper at liquid helium temperature, i.e., 2x10™ Qm.
Moreover, a very large resistivity of 1Q m is set for the air region.

Due to' the high ratio of the width to thickness of the mesh element (typically
40-80), simulating the electromagnetic behaviors in a stack of REBCO tapes or a
stack of pancake coils with modeling the actual thickness of the superconducting layer
is rather time-consuming [18, 24-26]. An effective and simple way is to artificially
expand the thickness of superconducting layer to the overall thickness of one turn of

the co-wound tape. Consequently, the radial gaps between adjacent superconducting
7
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Table 2. Fit parameters in equation (2).

Parameter Value

K, 8870

K, 18500

a, 1.30

a, 0.809

B 13.8

B 13.8

2] —0.180°*

C, 2.15

& 0.6 o

*This nonzero value implies the maximum of 1 () devidtes from the ab-plane, but

it is so small that we ignored it in the simulations for simplicity.

layers in the original geometry vanish and the expanding superconducting layers unite
as a bulk, as shown in figure 2(b). Accordingly, the critical current density in equation

(1) should be replaced with the engineering ctitical curtent density, i.e.,

1.(B,6)

D 3)

J..(B, @)=

where 1.(B,8) corresponds to/equation (2), and w, D denote the width and

thickness of the co-wound tape, respeectively. Furthermore, several adjacent turns in
a pancake with a large number of turns can be combined into one ‘engineering turn’
attributed to their similar current density distributions (see figure 2(c)). If we assume
that the sheet current densityis uniform over the radial thickness of the pancake bulk,
the thickness of the engineering turn even can be adjusted more flexibly and is no
longer restricted to the integral multiples of the thickness of co-wound tape. Finally, a
current constraint with integral form is applied on each engineering turn as the

boundary condition of the solving system:
sz J,(t)dQ, =D,1(t)/D, (4)
where €2, denotes the cross-section domain of the kth engineering turn, D, the

thickness of the engineering turn and 1(t) the time-dependent applied current in one

original turn. Similar integral current constraints are applied on the LTS coil windings
as well.
Each of the bulk-like pancakes in the model is meshed to 50 engineering turns

8
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and the first-order edge element [27] with rectangular shape is adopted for
discretization. The general form PDE module of the commercial finite element
software Comsol Multiphysics [28] is used to solve the electromagnetic field

distributions in the system.

2.2. Mechanical models

Two two-dimensional axisymmetric mechanical models for the, REBCO high
field coil will be modeled and compared in this paper. The one issthe bulk model
which treats a pancake as a continuum bulk. A similar idea was widely used for the
stress analysis in the plane stress state, namely, treating the pancake as'a continuum
disk without height along the axial direction [10-16]. Because our REBCO high field
coils were wound in the dry-wound approach [21], the adjacent turns in a pancake
may separate from each other during deformation. Therefore, amew discrete contact
model which considers the behaviors of contact and separation between adjacent turns

is proposed as well in order to obtain more reasonable results.

&
3.(r) T 3(r)
2 (2) 2(2)
) 1()
Stack of co-wound Representative velume element  Equivalent homogeneous element
tapes Q (RVE) Transversely isotropic material

Isotropic plane: 1-2 plane

Figure 3. Equivalent homegeneous concept for the REBCO conductor/SS co-wound

tape in a pancake:

2.2.1. Bulkkmodel

The! REBCO conductor/SS co-wound tape in the pancake has a laminated
architecture and thereby can approximate to an equivalent homogeneous material with
transverse isotropy, for which the 1-2 plane is the isotropic plane, as shown in figure 3.
This transversely isotropic homogeneous material follows a material constitutive

relation 1n the form of
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e ] [Su Su S 0 0 o]
& Sp Sy Si 0 0 0,
€ | _ Si; Sz Sy 0 0 0 O3 )
V23 0 0 0 S, O 0 Ty |
Va1 o 0 0 0 3, 0 Ta
72] [0 0 0 0 0 2(S,-S,)| ]

where the column vectors on the left and right sides of equation (5) stand/for the strain

and stress components, respectively. The subscripts (1,2,3) correspond to ((o, z, r)

in the cylindrical coordinate system, respectively. The 6x6 |square ‘matrix in
equation (5) is the elastic compliance matrix, which has the symmetrical property and
only five independent components exist. Those nonzero compliance coefficients can
be expressed by a series of equivalent elastic constants of the transversely isotropic

homogeneous material as

1 V. V. 1 1
811:E1 SlZI—E—le, Sl3:_E_3:l 833: ) S4426_23- (6)

E,
g
The equivalent Young’s modulus components “E;/ and E,, equivalent Poisson’s ratio

components v,, and V,,, and equivalent shear modulus component G,; depend on

the elastic constants and thicknéssyproportions of the component materials in the
laminated composite co-wound tapes The formulated relations are presented in
equation (7) and the derivations in detail are given in the Appendix.

Z Cme Em
m

= 1 C
E: _— = —m v —=-M__
DY Y R

(7

s 1 c
V31:E32Cmvm’ G__B:ZG_m’
1, m m

m

in which ¢, represents the thickness proportion for the mth component, and E_,

v, G  are the Young’s modulus, Poisson’s ratio, and shear modulus for the mth

m? m

component,/ respectively. Table 3 summarizes the material components in the
co-wound tape and the corresponding elastic constants at the liquid helium
temperature Note that equations (5)-(7) present a completed elastic constitutive
relation for the transversely isotropic homogeneous material in three-dimensional
spatial stress/strain state, which can be used straightforward for three-dimensional
stress/strain analysis or be regressed to lower-dimensional situations. In addition, the

10
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1

2

i nonlinear elastoplastic property is not considered in this paper.

5

6

7 Table 3. Material components and elastic constants in co-wound tape at 4.2 K.

8

9 Thickness

10 Component (um)? E,. (GPa) v, G, (GPa)

11

19 Copper 100 40 0.3 15

13 Hastelloy C-276 50 210 [29] 0.3 81

14 REBCO 1 180 [30, 31] 0.3 69

15 Ag+Buffer 4 90 [32] 0.3 35

1? Insulated SS tape 32 156 © 0.3 60

18 % Ideal specifications of the component thicknesses are used_insour model. The
19 variations of thicknesses over the total length of the tapes/in a pancake and the
20 assembling clearances between turns are ignored. Therefore, thedouter radius of the
21 pancake in our model is 65.6 mm instead of 70 mm as presented in table 1.

22 b Adjusted based on the secant modulus of the reference stresssstrain curve for the
;i 32-T REBCO conductor at a strain of 0.4% [22].

25 © The insulated SS tape consists of a bare SS tape with'a thickness of 25 um and a
26 coated sol-gel insulated layer with a thickness of 3.5 um en the both sides. The
27 tensile stiffness of the latter is neglected and the Young’s. modulus is scaled by a factor
;g of 25/32 from the original 200 GPa [32] for stainlesssteel.

30

g; We need to point out that the Young’s modulus of copper stabilizer given in table
33 3 is much lower than its realistic value (85 GPa at 77 K [33]). This treatment
34

35 originates from the nonlinear meehanical® property of the laminated composite
g? REBCO conductor. Uniaxial, tension testsy[22, 33] showed that the REBCO coated
38 conductor with a 100 pum-thickness copper stabilizer had a nonlinear stress-strain
39

40 relation even at early deformation stage, the slope decreasing with increasing strain.
41 . : Iy S o

42 This is attributed to the fact/that the yielding of the copper stabilizer starts at a much
ji lower stress level.compared with that of the Hastelloy substrate [33]. In this paper, a
45 linear constitutive model i1s used, neglecting the nonlinear behavior. Employing the
46

47 realistic Young’s modulus for copper stabilizer will result in significant
jg underestimations 'on the hoop strain at high hoop stress levels. Therefore, we adjust
g? the Young’s modulus of copper so that the conductor can deform along a secant path
52 of 04% strainvbased on the reference stress-strain curve of the 32-T REBCO
53

54 conductor, as shown in figure 4.

55

56

57

58

59

60

11
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@400 y;
= /s
v 300 A
V/ /4
200 KK
100 /4
0 ~
0.0% 0.2% 0.4% 0.6% 0.8% 1.0% 1.2% 1.4%
Strain

Figure 4. (Solid line) the reference stress-strain curvesfor the 32-T REBCO conductor
at 4.2 K [22]. The dash line illustrates the initial slope of theicurve and the dash dot

line illustrates the secant stress-strain relation used inthe s.imulations.

Besides the constitutive relation (58),:the stress equilibrium equation (8) and

kinematic equation (9) are indispensable for constituting the governing equations of

r

the problem of elastic mechanics:
. 0r,, O,y =0,

a; - + 2+ f =0,

r VA

oo, Ot T r ®
L4 Ly f =0,

0L 0L 1

ou u ow ou ow
ST £, T T E, T 7zr:_+_'
o7 r oz oz or

Here the two-dimensional @xisymmetric formulation are presented directly and u,

&

)

w denote the displacements of radial and axial directions, respectively.

Once'the distributions of the magnetic field and current density are worked out
from the ‘electromagnetic model, the Lorentz force f, in the form of equation (10)
will'be appliéd on the engineering turns in the pancakes.

f.=3xB="fi +fk=JB,i -J,BK, (10)
immwhich f and f, represent the radial and axial components of the Lorentz force

(corresponding to the same notations in equation (8) as well), i, and K represent

r

12
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the unit vectors of radial and axial directions, respectively.

A simple boundary condition is taken into account here, i.e., we constrain the
axial displacement for the bottom boundary of the bulk-like pancake, and the other
boundaries are able to move freely. The winding tension, the overband around the
outer radius of the pancake, and the residual stress resulting from the <thermal
contraction during cool down are not considered currently.

Equations (5)-(10) in association with the aforementioned boundary condition
will be solved numerically by the structural mechanics module embedded inthe same
simulation platform, i.e., Comsol Multiphysics. The second-order Lagrange element
with rectangular shape is employed for discretization (which is also-employed in the

following discrete contact model).

2.2.2. Discrete contact model

The basic governing equations and boundary conditions still work on the discrete
contact model. Here the 50 engineering turn$ in. a pancake, as depicted in the
electromagnetic model, are refined into 200 turns. after the calculation of
electromagnetic fields is completed. Contaet pairs are defined between adjacent turns
in a pancake. Moreover, the friction force between adjacent turns is ignored due to
three reasons: (1) The influence of friction on determining the hoop stress can be
ignored; (2) The values of.the friction eoefficients are unknown yet currently; (3)
Adding friction to the contaet problem will increase the computation time
significantly, and even cause convergence problems [34]. The simulation of the
behaviors of deformation, contact:and separation for the bundle of discrete turns in a
pancake is implemented by the structural mechanics module of Comsol Multiphysics
with the ‘contact’sub-module being employed. The built-in penalty method is chosen
as the contact/algorithm. That method is rather simple and robust, which, roughly
speaking, is_on a basis/of adding a stiff spring between contacting boundaries, active
only in compression [34]. Furthermore, the Lorentz force is gradually increased to the

final value by several load steps in order to avoid non-convergence.

3. Model study

In/ this section, we will discuss the influences of shielding current on the

mechanical responses in the HTS coil, as well as study the differences of the

13
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simulation results from the aforementioned two mechanical models.

The inner HTS coil and the outer LTS coils are charged independently [21, 22].
In this paper, the latter is charged first to generate a 15 T background field in its bore
during the electromagnetic simulation. After the background field becomes steady, the
former is ramped up to a goal operating current of 180 A with a ramp rate of 1 A/s
unless otherwise stated and the central field rises to 25.6 T at that tufning-point
moment. Afterwards, the mechanical responses of the HTS coil at that moment,are

analyzed by means of the two mechanical models in the high field condition.

3.1. Distributions of electromagnetic field and Lorentz force ~

Figure 5 gives the distributions of magnetic field components and.current density
in the 20/70 REBCO coil as the coil system is right, fully charged, in which the
symbols ‘#1°, ‘#10° and ‘#20° on the left of the coil indicate themumbering sequence
for the pancakes from the midplane to the end of the coil'winding in the half-built
model. One can see the axial field distribution/has a straightforward characteristic of
descending with increasing radius. Moreover, the radial.ﬁeld ascends as the spatial
position moves away from the midplane and the end pancake suffers the highest radial
field among the pancake stack. One can also, see that the radial field cannot
thoroughly penetrate the pancakes and themmagnitude of radial field decays towards
the interiors of the pancakes. The physical reason is attributed to the shielding
currents induced in the superconducting tapes, as shown in figure 5(c). It can be seen
that a pair of azimuthal currents flowing along opposite directions appears in the turns,
which generates an opposite}nagnetic field to resist the radial field from penetrating
into the pancakes. Due to the increasing of the radial field along the direction from
pancakes #1 to #20, the shielding current behaves more conspicuously in the pancake
with a larger pancake sequence number. Note that figure 5(c) presents the
superposition.consequence of the shielding current and the applied current, rather than
the former individually. Similar current density distributions have been found by
usingsother simulation methods, such as the minimum magnetic energy variation
method [19] and iterative multi-scale method [20]. We can also see the current density
profiles along the axial direction in figure 17, which will be presented in the next

section.
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Figure 5. Distributions of (a) axial field, (b) radial field and (c) current density in the
56 20/70 REBCO coil as the coil system is fully ramped up. ‘IR’ and ‘OR’ indicate the

58 positions of inner radius and outer radius of the coil, respectively.
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Figure 6. Distributions of radial Lorentz force for (a) “With SC’, i.e., the case with

shielding current and (b) ‘Without SC’;1.e:the casewithout shielding current.

The corresponding Lorentz force distribution in the coil is shown in figure 6(a).
Moreover, figure 6(b) gives the corresponding result for the case of neglecting the
shielding current behavior for comparison, which is implemented by treating the HTS
coil as a copper coil, namely, employing the resistivity of copper instead of the
superconducting one. One canr find'that the distributions for the two cases are totally
different. For the case with shielding current, it is apparent that the distribution
characteristics ofthe,shielding current play the dominant role on determining the
distribution pattern of the Lorentz force. A pair of radial Lorentz forces with opposite
directions act on the /turns. The radial shear will make the turns experience a
significantly nonuniform radial deformation in the tape width direction. Larger local
hoop stresses. will be generated at the top edges of the turns and smaller local hoop
stresses will be generated at the bottom edges of the turns. For the case without
shiclding current, the distribution pattern of the Lorentz force is exclusively
determined by the magnetic field distribution since the current density distribution is
uniform in that case. The Lorentz force exclusively points towards the direction of

radial expanding and it declines with increasing radius. The deformation of radial
16
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shear here can be neglected compared to that for the case with shielding current. In
addition, one can also find that the case with shielding current has larger magnitudes
of the Lorentz force than the case without shielding current, which originates from the
higher current densities in the former. This feature implies that higher local hoop
stresses could be generated in the turns due to the shielding current effect.
Furthermore, figure 7 gives the profiles of the radial Lorentz forcenalong the
radial direction in three typical pancakes, in which three key local positions in the turn
(i.e., the top, the middle and the bottom as illustrated in the legend) arerpicked for the
data output. One sees that the Lorentz force decreases with increasing radius for both
cases with and without shielding current, which is the consequence.ofithe decline of
the axial magnetic field along the same direction. The force magnitudes in the case
without shielding current are obviously smaller than those in the case with shielding
current, and the curves for different latitudes in each pancake.are almost overlapping.
For the case with shielding current, the distribution characteristics are complicated. In
pancake #20, the Lorentz forces on the middle‘latitudesare higher than those on the
top latitude. However, the feature is opposite in pancakg #10. Besides, no negative
Lorentz forces exist in pancake #1. Those eharacteristics can be understood by means

of the corresponding current density distributionsywhich are shown in figure 8.

; I I ' ' ' ' ' ' ' i ' ' Cross-section of one turn
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Figure 7. Profiles of the radial Lorentz force along the radial direction in pancakes #1,
#10 and #20. The upper three plots correspond to the case with shielding current and
the lowerithree plots correspond to the case without shielding current. The legend

illustrates the corresponding latitude locations of the profile curves in every pancake.
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Figure 8. Profiles of the current density along the radial direction in‘pancakes #1, #10

and #20.
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Figure 9. Distributions of{a) hoop stress and (b) radial stress in pancake #20 based
on the discrete contact model, where the shielding current behavior is taken into

account. The deformation scale factor is 5 in both plots.

3.2. Mechanical responses in discrete contact model

Now we take pancake #20 as an example to detail the characteristics of
mechanical responses in a pancake. Figure 9 demonstrates the contour plots of the
hoop and. radial stresses for this pancake based on the discrete contact model while
taking into account the shielding current behavior. Different from the case neglecting
the shielding current behavior, it can be seen that the pancake here experiences a
nonuniform radial deformation along the axial direction. Figure 9(a) shows that the

18
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top edges of the turns in the pancake are subjected to high tensile hoop stresses and
the bottom edges of the turns are subjected to compressive hoop stresses. Moreover,
figure 9(b) shows the radial stress distribution has complicated features. First,
compressive radial stresses appear at the bottom zone of the pancake, which is'the
consequence of the bottom edges of the turns moving towards the central axi§ due to
the radial shear. However, the compression behavior is not obvious at the top zone of
the pancake. Second, tensile radial stresses appear at the middle zone of the pancake.
This is because the upper and lower parts of the turns move towards the.opposite
directions and thereby tensile stresses are generated in the middle parts of the interiors
of the turns. Third, one can see an obvious compressive stressizone which is near the
middle latitude of the pancake and also close to the outersradius. That implies the
complexity of mechanical response of the multibody systemhand we think the
compressive stress zone is attributed to the adjacent turns being/compressed by each
other as the upper parts of the turns move outwards. Figure 10 gives a series of more
detailed results to help us understand the deformation response. From figure 10(a),
one sees that for the case with shielding current, the local.hoop stress at the top edge
of the turn basically keeps a constant along the radial'direction and increases a little in
the vicinity of the outer radius; the value, of local hoop stress on the middle and
bottom latitudes monotonously ‘increases, with increasing radius. Therefore, the
highest tensile and compressive hoop stresses are located at the top edge of the
outermost turn and the bottom e€dge of the innermost turn, respectively. Moreover, a
hoop stress profile in the case without shielding current is also drawn in figure 10(a).
Note that since the curyes cohesponding to different latitudes are almost overlapping

in this case, only the curve for the middle latitude is presented. In addition, the hoop

stress estimation based,on the classic formula o, (r)=r-J (r)-B,(r) is presented as
well for comparison, i, which J, and B, take the results without considering the

shielding current behavior. It is found that the aforementioned two curves agree well
with each other and they are slightly higher than the curve corresponding to the
middle latitude of the pancake in the case with shielding current; however, their
results are significantly lower than the local stresses at the top edge of the pancake in
the case with shielding current. Furthermore, we found the analytical formula of
rJ, B, cannot give an adequate estimation for the local hoop stress even though the

electromagnetic field results of considering the shielding current behavior are used.
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Figure 10. Profiles of (a) hoop stress, (b) hoop strain, (c) radial stress, and (d) radial

displacement,_on different latitudes in pancake #20 based on the discrete contact

model.

From figure 10(b), it can be seen that the hoop strain profiles have consistent features
with the stress ones. Figure 10(c) gives radial stress profiles on different latitudes of
the paneake. For the case with shielding current, one can see the radial stresses at the
top, edge of the pancake are negligible under that vertical coordinate scale; a

complicated non-monotonous distribution exists on the middle latitude of the pancake,

20
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which can be understood by recalling figure 9(b); the radial stresses at the bottom
edge of the pancake are compressive and the compressive stress ascends towards the
outer radius direction. For the case without shielding current, the radial stresses ate
negligible compared to the results with shielding current. Figure 10(d) gives the radial
displacement profiles on different latitudes of the pancake. For the case with shielding
current, the value of radial displacement increases with increasing fadius and
increasing latitude location; for the case without shielding current, ‘the curve is
slightly higher than the middle one in the case with shielding currentr Furthermore,
we give the hoop strain distributions in the direction of tape width at different radial
positions in pancake #20, as shown in figure 11. It is clear that thesvalue of hoop
strain increases from the bottom edge to the top edge imythe case with shielding
current; however, the hoop strains in the case without shielding current are almost the
same in each turn. One can see the hoop strains at thesmiddle of‘tape width are close
to each other for the two cases. Roughly speaking; the nonuniform strain distribution
in the case with shielding current can be deemed to be a consequence of the
combination of a pure stretching along the length. directi():l and a pure bending in the

tape plane.

0.6 F With SC: Pancake No.: #20
| —*— @ Inner radius
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—#— @ Inner radius
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| . e Top
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Figure 11. Hoop strain distributions in the direction of tape width at different radial

positions in pancake #20 based on the discrete contact model.

Figure 12 summarizes the maximum local hoop stresses in every pancake, where

only the data with even pancake sequence numbers are presented for brevity. It
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indicates that neglecting the shielding current behavior results in a significant
underestimation on the local hoop stress. The percentages on the top of the columns

denote the relative deviations between the data of the two cases, which are calculated

by (omss —omense) / ouetsS | where o and o' represent’ the
maximum local hoop stresses with and without shielding current in every pancake,
respectively. For the case without shielding current, the maximum local hoop stresses
nearly keep a constant of 225 MPa in every pancake. This point ¢an be easy to

understand by means of the analytical formula of o, =rJ B,: the maximum local

hoop stresses are located in the outermost turn for every pancake ani the' B, there

changes a little along the axial direction; therefore, the stressestin every pancake are
close to each other. For the case with shielding current, the maximum local hoop
stress in pancake #14 is up to 766 MPa. The nonuniform/distribution of the
maximum local hoop stresses originates from the differenceof the torques acting on
the turns of the pancakes. And the latter is dominated by the difference of the current
density distributions in every pancake, as shown/in ﬁgu’re 17. The maximum local
hoop stress does not monotonously‘inerease with increasing pancake sequence
number and the highest local hoop stress 18 located in a certain pancake near the end
of the coil winding. The reason‘is thatralthough pancake #20 suffers a higher radial
magnetic field and thereby_ the shielding, current behavior is more conspicuous, the
higher radial magnetic field leads to a severer degeneration on the critical current
density, which gives rise to/ lower curtent densities at the top and bottom edges of the
pancake. Consequently,the torques acting on the turns of the pancake are not the

strongest and thus the highest local hoop stress does not appear in it.

77 with sSC XYY Without SC

g 600 - 17% 1A1 -
S | =T
§-4oo-% gé
=
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Figure 12. Maximum local hoop stresses in pancakes based on the discrete contact
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model.

3.3. Mechanical responses in bulk model

This subsection will present the mechanical response results simulated by the
bulk model and these results will be compared with those simulated by theddiscrete
contact model. Only the case with shielding current is discussed in this subsection.

Figure 13 shows the contour plots of the hoop and radial stresses for pancake#20
based on the bulk model. It can be seen that the radial shearing deformationresulting
from the pair of opposite Lorentz forces is negligible and no compressive hoop stress
is found in the pancake. The tensile hoop stress descends monotonously towards the
outer radius. Moreover, large tensile radial stress appears, in the pancake, which

implies the bulk model forcibly prevents the turns from separating from each other.

(@) Pancake#20: o (MPa)
IR OR
V¥ 76.6 - s A 315
100 200 300

(b) Pancake#20: o, (MPa)

IR OR
N
Vv -59 L A 50
0 10 20 30 40

Figure 13. Distributions of (@) hoop stress and (b) radial stress in pancake #20 based
on the bulk model, where the shielding current behavior is taken into account. A

deformation scale factor of 40 is used here.

Similar' to figure 10, figure 14 gives the profiles of hoop stress, hoop strain,
radial stress¢and radial displacement in pancake #20 based on the bulk model, in
which the corresponding curves calculated from the discrete contact model are
redrawn for comparison. It is clear that the two models give very different results. In
the bulk model, the stresses and displacement are almost uniform in the direction of

tape’ width. Namely, the nonuniform responses cannot be embodied. From figure
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Figure 14. Profiles of (a) hoop stress, (b) hoop strain, (c) radial stress, and (d) radial
displacement on different latitudes in pancake #20 based on the bulk model. The
corresponding profiles based on the discrete contact model are redrawn here for

comparison.

14(a), one sees that the hoop stress declines with increasing radius in the bulk model
(noting that the shielding current behavior is taken into account in our bulk model),

which is qualitatively consistent with the feature reported by the works [10, 11] which
24
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did not consider the shielding current behavior. However, the results of the discrete
contact model indicate that the local hoop stress has a rising tendency towards the
outer radius. The corresponding hoop strain values can be seen in figure 14(b). From
figure 14(c), one sees that the radial stresses are almost all at the tensile state in'the
bulk model, mostly larger than 10 MPa. However, the transverse delamination tests
of YBCO coated conductors showed that the critical transverse tensiledstress was
about 10 MPa [35]. It indicates that the bulk model forcibly restricts,the separation
of adjacent turns and the simulation deviates from the reality for dry-wound pancakes.
From figure 14(d), it is found that the radial displacements approximate to a constant
in the bulk model. However, the value of radial displacement “increases with
increasing radius in the discrete contact model. In summary;the bulk model deviates
from the fact that adjacent turns in dry-wound pancakes could separate from each
other during the deformation and movement. It considerably suppresses the radial
shearing deformation of the pancake and the, maximumy local hoop stress is

underestimated.
&
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Figure 15. Maximum local hoop stresses in pancakes based on the classic formula
(without “SC), bulk model (with SC) and discrete contact model (with SC),

respectively.

Furthermore, figure 15 compares the maximum local hoop stresses in pancakes

among the classic formula o, (r)=r-J (r)-B,(r), bulk model and discrete contact

model. The shielding current behavior is taken into account for the two models, while
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the traditional formula estimation does not consider it. The percentages on the top of
the columns denote the relative deviations referring to the results of the classic
formula. Two findings can be concluded. First, the maximum local hoop stresses for
the bulk model basically lie on a same level and so do those for the classic formula:
The formers are significantly higher than the latters because of the contribéition of
shielding current to the Lorentz force. Second, the results of the bulk modelare lower
than those of the discrete contact model (expect for pancake #2), and the deviations

are still significant.

3.4. Discussions ~

The degradation of critical current can occur at @, tensile stress/strain of
>575MPa / >20.65% for the REBCO tape used in the, NHMFL 32 T
all-superconducting magnet [22]. Our simulation results,of the discrete contact model
show that the high local hoop stress/strain originating from the shielding current is
very likely to cause the plastic deformation in the REBCO tape and the
superconducting layer in the tape may be damaged in pa?t. The overband around the
outer radius of the pancake and the winding tension, which are adopted in reality,
seem effective to suppress the hoop stress,currently. But the high local hoop stress
caused by the shielding current is still a'wery noticeable issue as the service time of
the magnet accumulates and also in thewnext exploration activities of developing a
stronger superconducting magnet. In addition, note that our calculations are based on
the assumption of linear deformation. The simulation of nonlinear plastic deformation
remains to be implemented in thesfiiture.

The nonuniform hoep strain in the direction of tape width is a new noticed
problem in the application of REBCO tapes. Although the hoop strain at the middle of
a turn is much/lower than the permissible limit, the high local hoop strain at the top
edge of a turn could initiate the microcracks nearby and even facilitate the expanding
of the microcracks; which will lead to the degeneration problem of the critical current.
A recent tensile’ test which brought about a combined strain mode of uniaxial
stretching and in-plane bending in REBCO tapes showed an earlier degeneration than
the pure stretching [36]. More experiments with elaborate designs and relevant
theories are expected in order to understand the correlation between the high local
hoop strain and current transport property, or namely, what the limit for the tape to

tolerate the nonuniform deformation is.
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4. Factor study
In this section, we will study the influences of a couple of practical factors on
the shielding current and hoop stress based on the discrete contact model. The factors

include the n-value, ramp rate, and operating mode of the REBCO coil winding:

4.1. n-value and ramp rate

During the activities of developing the HTS insert for the 32 & magnet, we
noticed that the n-value of the REBCO conductor could vary neticeably over the
total conductor length employed in the coil windings. This inspired us to see if we
could reduce the hoop stress by means of controlling the n-valuesFigure 16 shows
the current density profiles along the axial direction at the ‘intermediate radius of the
REBCO coil winding, calculated from different n-values. The profiles correspond to
the turning-point moment when the REBCO coil is#amped up'to the goal operating
current, 180 A. It is found that a lower n-value results in lower current density
peaks in the pancakes. As a consequence, the hoop stress should decrease. Table 4
gives the variation of the maximum local hoop sttess of the coil winding and it shows

that the stress decreases by 6.5% from n=35 to n=15.
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Figure'16. Cusrent density profiles along the axial direction at the intermediate radius

of the REBCO coil winding for the cases of N=15 and n=35, respectively.
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Table 4. Influence of the n-value on the maximum local hoop stress of the REBCO

coil winding.

n-value Max. local hoop stress (MPa)  Located in which pancake
35 781 #14
15 730 #14

Deviation of max.

0 -
local hoop stresses 16.5%

Similarly, figure 17 shows the influence of the ramp rate of the REBCO coil
winding on the current density distribution at the turning-point moment. One sees that
reducing the ramp rate has a slight effect on suppressing the shi?lding current.
Furthermore, the variation of the maximum local hoop stress of the coil winding is
given in table 5 as well.

It can be seen that decreasing the n-value/or ramp rate can suppress the

shielding current and maximum local hoop stress, but their effects are limited.

|Curves with higher peaks: 1 A/s Curves with Iower‘peaks: 0.1 A/s n=25 |
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Figure 17. Current density profiles along the axial direction at the intermediate radius

of the REBCO coil winding for the cases of 0.1 A/s and 1 A/s, respectively.

Table S. Influence of the ramp rate on the maximum local hoop stress of the REBCO

coil winding.

Ramp rate Max. local hoop stress (MPa)  Located in which pancake
1 A/s 766 #14
0.LA/s 715 #13

Deviation of max.

0 -
local hoop stresses 16.7%
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4.2. Operating mode of the REBCO coil winding

According to our experience, there are two ways to use the superconducting
magnet in general [22]. The one is to ramp the magnet up and then hold the field fora
period of time, i.e., the ramp-and-hold mode. The other is to ramp the magnet up‘and
down nearly continuously, i.e., the ramp-up-and-down mode. Understanding the
evolution behaviors of the current density and stress/strain distributions, in these
operating modes are very useful for the magnet design. Here we considered two cases
for the simulation study.

Case I: the 15 T background field is raised up, and then a ramp-and-hold pattern
is applied on the REBCO coil. Figure 18 gives the current/density~profiles at the
intermediate radius of the REBCO coil when the REBCO coil right achieves the goal
operating current of 180 A and maintains that current for one hour, respectively. It is
found that the shielding current obviously decays onesheur latery which indicates that
the REBCO pancakes experienced the highest hoop stress level at the turning-point
moment and the hoop stress gradually relaxed<afterwards. The flux creep should be
responsible for the degeneration phenomenon [37, 38].’ Due to the creep of flux

vortexes along the direction of tape width, the gradient of the magnetic field

component 0H,/0z reduces and hence the current density J , decays according to

Ampere’s law. Table 6 lists the maximum local hoop stresses in the REBCO coil at

the corresponding moments.

Curves with higherpeaks:right achieving goal operating current Ramp rate: 1 Als
Curves with lower peaks: holding goal operating current for one hour n=25
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Figure48. Current density profiles along the axial direction at the intermediate radius
of the REBCO coil winding. The corresponding moments of the profiles are indicated

in.the legend.
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Table 6. Maximum local hoop stresses in the REBCO coil winding at the specific

moments.
Moment Max. local hoop stress (MPa)  Located in which pancake
Right gchlevmg goal 766 #14
operating current
Holding goal operating 640 #13
current for one hour
Deviation of max. local 116.4% -
hoop stresses
~

#1 \ S
v -18x107 — s < 10° A 1.7x10°
.15 -1.0 -05 0.0 05 1.0 15

Figure 19. Current density distributions in pancakes #1, #9, #15, #18, #20 at the first
fully-discharged moment for the REBCO coil.

Case II: ' the I5 T background field is raised up and held, and then a
ramp-up-and-down. pattern is applied on the REBCO coil. Figure 19 gives a set of
representative contour plots of the current density in the REBCO coil at its first
fullysdischarged moment (noting that the background field is not discharged with the
REBCO coil'in this simulation). When the applied current reached the peak of 180 A
and turned to ramp down, a pair of opposite shielding currents would appear at the top
and.bottom edges of the pancake (i.e., the blue one on the top edge and the red one on

the bottom edge shown in figure 19) in order to hold back the decline of the radial
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field. As the applied current decreased, the fronts of this pair of shielding currents
gradually penetrated towards the interior of the pancake and finally get to the pattern
shown in figure 19. A current density profile along the axial direction at the

intermediate radius of the REBCO coil winding for the current moment is giyen'in

figure 20.
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Figure 20. Current density profile along the axial/direction at the intermediate radius

of the REBCO coil winding at the fully-diseharged moment.

o, (MPa)
IR (4 OR
T
#20 NIIIIIIIIT ::: F‘l o
i N T —
#18

LA A N T AT |
SN .
#1 J

V¥ -801 | N — | A 846
-800 -600 -400 -200 0 200 400 600 800

Figure 21. Hoop stress distributions in pancakes #1, #9, #15, #18, #20 at the

fully-disecharged moment. A deformation scale factor of 5 is used here.

Figure 21 shows the hoop stress distributions in those pancakes at the current
moment. In contrast to the mechanical response at the fully-charged moment, an
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opposite radial shear deformation appears at the fully-discharged moment. The hoop
tensile and compressive states in the upper and lower parts of the turns are reversed.
This feature indicates that the cycling operation of a REBCO high field coil can cause
the tape experiencing alternative positive and negative stresses and this may decrease
the fatigue life of the tape and then the life of a magnet. From figure 21, it is also clear
that the maximum tensile and compressive hoop stresses are located at.the bottom
edge of the outermost turn and the top edge of the innermost turn_in a pancake,
respectively. Employing an overband is supposed to be effectivesto restrain the
movement of the outermost turn and thereby reduce the maximum tensile hoop stress
in the pancake. In addition, figure 21 also shows that the stress levelsnereases from
the middle to the end of the coil winding.

Figures 22 and 23 show more detailed results for the,stress and strain
distributions in a pancake. Here pancake #20 is takenpas a specific example and the
other pancakes have consistent characteristics. From figure 22, one sees that both of
the values of the hoop stress and hoop strain inerease with increasing radius on
different latitudes of the pancake. From figure 23, it car: be seen the value of hoop

strain in each turn monotonously decreases from the'bottom edge to the top edge.
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Figure 22. Profiles of (a) hoop stress and (b) hoop strain on different latitudes in
pancake #20 at the fully-discharged moment.
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Figure 23. Hoop strain distributions in the direction«of tape width at different radial
positions in pancake #20 at the fully-discharged moment.
v

Figure 24 summarizes the maximum local hoop stresses in pancakes at the
fully-discharged moment, in which the corresponding results at the fully-charged
moment are redrawn for comparison. For the fully=discharged moment, it is found that
the maximum local hoop stress in¢reases with increasing pancake sequence number
and the highest local hoop stress in the coil.winding is located in the end pancake. The
reason is that the new pair of shielding currents induced at the ramp-down stage, i.e.,
the pair of blue and red ones close to the top and bottom edges of the pancake shown
in figure 19, penetrates into\a deeper depth in the pancake with a larger sequence
number, which can,provide a/pair of stronger driving forces for the radial shear
deformation. In ‘addition, one can see the maximum local hoop stress at the
fully-discharged moment is lower than that at the fully-charged moment for a majority
of pancakes.in the coil winding, which is easy to understand, due to the decrease of
the magnetic/field at the fully-discharged moment. However, it is surprising that
pancakes #18and #20 have higher values at the fully-discharged moment. The reason
is that the decrease of the magnetic field results in the turning up of the critical current
and thereby a higher shielding current is induced at the fully-discharged moment (see
figure 25(a)), causing the increase of the Lorentz force although the magnetic field

decreases (see figure 25(b)). Consequently, the torque acting on the turn is larger.
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Figure 25. Profiles of (a) current density and (b) radial Lorentz force along the

direction of tape width in the outermost turn of pancake #20 at the fully-charged
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5. Conclusions

The mechanical responses caused by shielding current in a REBCO high field
coil have been studied in this paper. Two two-dimensional axisymmetric mechanical
models, i.e., the discrete contact model and the continuum bulk model, were proposed
to simulate the distributions of the stress, strain and displacement in the coil winding.
Moreover, both the cases with and without shielding current were simulated for
comparison. Furthermore, the influences of a couple of practical factors,(includingthe
n-value, ramp rate, and operating mode of the REBCO coil winding) on the shielding
current and hoop stress are studied by the discrete contact model. The conclusions are
summarized as follows: -

1) For the discrete contact model, nonuniform radial deformation in.the direction of
tape width is obtained from the case of considering the shielding current behavior;
however, the radial deformation is almost uniform'in the.case of neglecting the
shielding current behavior. The hoop stress distribution along the radial direction

in the case without shielding current is consistent Xvith that derived from the

classic formula of o, (r)=r-J (r)-B,(r) (in which the electromagnetic field

results without considering the shielding effect are used), and these results are
slightly higher than the hoop stress profile on the middle latitude of the pancake in
the case with shielding current.:However, it is shown that the case without
shielding current and theclassic theoretical formula significantly underestimate
the local hoop stress when compared to the case with shielding current for the
hoop stresses on the top l{titude of the pancake.

2) For the continuum bulkdnodel, the nonuniform radial deformation in the direction
of tape width/is negligible even though the shielding current behavior is
considered. The bulk.model considerably underestimates the maximum local hoop
stress in a majority of pancakes when compared to the discrete contact model.
Moreover, the dependence of hoop stress on the radius presents a monotonously
declining tendency, which is opposite to the feature in the discrete contact model.
The bulk model is not adequate for the stress analysis of dry-wound high field
coils, due to the prediction of unreasonably large tensile radial stress.

3) Thesimulations of the discrete contact model with taking shielding current into
account show that for the fully-charged moment, the highest local hoop stress is

located in a certain pancake near the end of the coil winding, rather than in the end
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pancake; for the fully-discharged moment, it is located in the end pancake.

4) Decreasing the n-value and the ramp rate of the REBCO coil could be two
auxiliary ways to suppress the shielding current and maximum local hoop stress in
the coil.

5) For the ramp-and-hold mode, the shielding current and hoop stress reach the peak
level at the turning-point moment and gradually decay afterwards.

6) For the ramp-up-and-down mode (noting that the background field. is not ramped
down with the REBCO coil), the evolution of the shielding current/gives,rise to a
reversing of the hoop stress state in the direction of the tape width. The cycling
operation of a REBCO high field coil can cause the tape eXperieneing alternative
positive and negative stresses and this may decrease the fatigue lifeof the tape and
then the life of a magnet. In addition, the pancakes in the vicinity of the coil end
may even experience a higher hoop stress level atthe fully-discharged moment in

contrast to the fully-charged moment.

Appendix
Here we give the derivations of the equivalent elastic constants for the equivalent

transversely isotropic homogeneous material as formulated in equation (7).

(1) E
Considering a representative volume element (RVE) of the laminated composite
co-wound tape as illustrated{l figure Al, subjected to a uniaxial stretching along the
1 direction. Then, the corfesponding equivalent homogeneous material satisfies a
stress vs. strain rélation of
G, =Ez&. (A1)
The resultant force applied on an end face vertical to the 1 direction satisfies the

following relation:

&A= oA, (A2)

where, A represents the overall area of the end face, o,, represents the tensile stress
applied on the mth component material, and A, is the corresponding area. Moreover,

each component material in the RVE is regarded as an isotropic material which

follows the Hooke’s law, i.e.,
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o,=E,&. (A3)
After substituting equations (Al) and (A3) into equation (A2), and defining

c,=A,/A asthe area (or thickness) proportion for the mth component, we can get

E, =Y c,E,. (A4)

Figure A1. Schematic drawing of the RVE for théiderivation of E,.

(2 E
L
Considering the RVE is subjected a uniaxial stretching along the 3 direction, as

shown in figure A2. Similarly, we have
&, = E,z,. (A5)
The overall stretching deformation of the RVE along the 3 direction satisfies the

following relation:

gd=>¢.d,, (A6)

where d, and d denote the thickness of the mth component and the overall
thickness of the RVE, respectively. ¢, is the tensile strain along the 3 direction in

the mth component.and can be calculated by the following relation once we assume
every component in the RVE is subjected to an identical tensile stress of &,
53

En =2 (A7)

m
m

Substituting 4 equations (AS5) and (A7) into equation (A6) and considering
dy/d=A,/A=c,, one can get

Cm

JT[ =
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1 s
lES’ 53

Figure A2. Schematic drawing of the RVE for the derivation of ES .

@3) v
~
Considering the RVE is subjected to a uniaxial stretching.along the 1 direction,
which leads to a contraction deformation along the 2 direction as shown in figure A3.

The macroscopic strain components & and &, satisfy the definition of
&y = V&) (A9)
In order to guarantee every component in the RVE has an identical contraction strain

&
of &, in the 2 direction, internal stresses must be yielded in the components along

that direction. The RVE should satisfy an internal force equilibrium in the 2 direction,

1e.,

D CnOmi=0. (A10)

Based on the superposition theory of linear elastic mechanics, the 2-direction strain in
each component can be decomposed, into the contraction strain attributed to the
uniaxial stretching along thes b, direction and the internal strain attributed to the

internal stress. Therefore, we have
int

g, =—V_ & +——. All
2 m~1 E ( )

m

Substituting equations (A9) and (All) into equation (A10), one can get

V= (A12)

Consideting’ the relation of ¥, /E =v;/E,

i =V, | E; originating from the symmetrical

property of the elastic compliance matrix and E, = E,, we have
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Z Cme Em
z C'm Em .

(A13)

Vo =V =

oNOYTULT D WN =

22 Figure A3. Schematic drawing of the RVE for the derivation of v,, .

26 (4) 1731
28 Considering the RVE is subjected a uniaxdal stretching along the 1 direction, as
&

shown in figure A4. The macroscopic strain ¢gomponents & and &, satisfy the
definition of

33 Ey = Vol (Al4)
35 The overall contraction deformation of the RVE along the 3 direction satisfies the

37 following relation:

39 gd=>¢.d,, (A15)
in which the 3-direction strain\ &, 1n each component can be calculated by

44 E, ="V, & (A16)

46 Substituting equations (Al4) and (A16) into equation (A1S5), one can get

47 —
48 Vig = CoVin- (A17)
Again considering the relation of v, / E=v,/ Ej , We can get

i ji

>3 V==V == CoVe (A18)

39



oNOYTULT D WN =

AUTHOR SUBMITTED MANUSCRIPT - SUST-103205.R3

3 5 B
1 lgB

<«

£, |A— &

1
153

Figure A4. Schematic drawing of the RVE for the derivation of ;.

(5) Gy =
Considering the RVE experiences a shear deformation‘imithe 2-3 plane, as shown
in figure AS5. The macroscopic stress 7,, and macroscopic strain 7,, follow the

Hooke’s law in shear, i.e.,
Ty = G237723- (A19)
The overall shear deformation of the RVE satisfies the following relation:

7t =D yndos (A20)

where the shearing strain in each.component y, = can be calculated by the following
relation once we assume every component in the RVE is subjected to an identical
shearing stress of 7,,:
=2 (A21)
~ G,
Substituting equations ((A19) and (A21) into equation (A20), one can get

1 C
G23 Z Gm ( )

> Tog Vo3
l T
1 | —
2 Ty YV

Figure A5. Schematic drawing of the RVE for the derivation of G,, .
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