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Abstract
High temperature superconducting (HTS) conductors, represented by Rare Earth-Barium-
Copper-Oxide (REBCO) conductors, are promising for high energy and high field
superconducting applications. In practical applications, however, the HTS conductors experience
different stresses and strains, including residual stresses due to thermal mismatch and tensile
stresses due to Lorentz forces, resulting in some circumstances to a reduction in the load-carrying
capacity as well as the risk of degradation in conductor critical current. In this study a mixed-
dimensional high-aspect-ratio laminated composite finite element model for REBCO conductor
is developed for stress and strain analyses in the processes of fabricating and cooling, as well as
tensile testing. The model includes all the major constituent layers of a typical REBCO
conductor and is experimentally validated. First, the thermal residual stresses and strains
accumulated during the fabrication and cooling processes are analyzed by a multi-step modeling
method that emulates the manufacturing process. Then, with the residual stresses and strains as
initial stresses and strains, the mechanical behavior under a tensile load is studied. Lastly, a
phenomenological critical current-strain model based on the Ekin power-law formula and the
Weibull distribution function is combined with the mixed-dimensional conductor model to
predict the strain dependence behavior of critical current in the reversible and irreversible
degradation strain ranges. Simulation results show that the multi-step modeling is an effective
method for stress and strain analyses of REBCO conductors during the fabrication and cooling
processes and under and tensile loads. Compressive thermal residual stress generated on the
REBCO layer during fabrication and cooling strongly affects the subsequent mechanical and
current-carrying properties. Stress—strain curves generated by tensile loads are analyzed and
experimentally validated at both the conductor and constituent-layer levels. Simulation results
for the strain dependence of critical current are in good agreement with experiment data in both
the reversible and irreversible degradation stages.
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Description
Critical current
Irreversible strain

Displacement vector
Displacement vector of in-contact surface j
(superscript) on interface i (subscript)

Strain tensor

Elastic strain tensor

Thermal strain tensor

Plastic strain tensor

Initial strain tensor

Temperature

Reference temperature
Coefficient of thermal expansion
Elastic modulus

Poisson’s ratio
Temperature-dependent elasticity matrix
Stress tensor

Initial stress tensor
Yield stress tensor

Temperature-dependent modulus
matrix

Width of the model
Length of the model

tangent

Normal vector of the symmetric boundaries
Initial fabrication temperature, 970 K

Silver cap layer deposition temperature, 770 K
Copper electroplating temperature, 330 K
Room temperature, 300 K

Initial stress tensor in step S2

Initial strain tensor in step S2

Computational domains of the REBCO-buffer-
Hastelloy partially-fabricated conductor

Computational domain of silver layer
Initial stress tensor in step S3
Initial strain tensor in step S3

Computational domain of the silver-REBCO-
buffer-Hastelloy partially-fabricated conductor

Computational domain of copper stabilizer

Initial stress tensor in tension analyses step

\%i
Eequ -1
Eequ —1I

Oy—1

Oy—11

Initial strain tensor in tension analyses step
Computational domain of the fully-fabricated
conductor

In-plane biaxial thermal residual of the jth
constituent layer

Biaxial modulus of the jth constituent layer

CTE of the jth constituent layer

CTE of ‘substrate’ in a laminated composite
Slope of stress-temperature curve of the jth
film layer

CTE of Hastelloy

CTE of copper

Volume of Hastelloy layer
Volume of copper layer
Residual strain of the jth layer

Real strain
Thermal strain of the jth layer

Temperature difference

Applied tensile strain (engineering strain)
Applied tensile stress (engineering stress)
Original length of the conductor

Final length of the conductor

Applied force

Original cross-section area of the conductor
Equivalent stress of a composite system

Stress of jth constituent layer in the REBCO
conductor

Volume of jth constituent layer in the REBCO
conductor

Equivalent conductor-level elastic modulus of
the first stage

Equivalent conductor-level elastic modulus of
the second stage

The first conductor-level yield stress

The second conductor-level yield stress
Internal strain in REBCO layer

Principal stress of REBCO layer in the long-
itudinal direction

Principal stress of REBCO layer in the width
direction

Principal stress of REBCO layer in the
thickness direction

Young’s modulus of REBCO
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E} Tangent modulus of REBCO

v’ Poison’s ration of REBCO

ey Residual strain on the REBCO layer

oy von-Mises stress

fo Principal stress in the longitudinal direction

oy Principal stress in the width direction

to Principal stress in the thickness direction

i Critical current density under strain €

T The maximum critical current density

Emax So-called maximum strain, at which critical
current density becomes a maximum value

Jio Critical current density under zero-strain

c

L Critical current under strain €

Lo Critical current under zero-strain

Sofr Effective area of the undamaged cross-section
in the REBCO layer under uniaxial
deformation

So Cross-section of the REBCO layer under zero-
strain

W (e) Weibull’s distribution function in term of €

m Shape parameter of Weibull function

g0 Scaling parameter of Weibull function

1. Introduction

The high temperature superconducting (HTS) Rare Earth-
Barium-Copper-Oxide (REBCO) conductors are one of the
most promising superconducting conductors for high energy,
high field applications such as power cables, superconducting
magnets and flux pumps for their high critical temperature
and high critical current density in the presence of a high
background magnetic field [1-7].

REBCO conductors are layered composite materials
consisting of multiple laminated high-aspect-ratio (HAR)
layers with vastly different material properties; these layers
include the stabilizer, silver, REBCO, buffer layers, and the
substrate. Due to the differences in coefficients of thermal
expansion (CTEs) among the constituent layers, residual
stresses and strains accumulate on all the constituent layers
when the temperature varies drastically during the heat
treatments in the fabrication process and cooling process.
Experimental measurements of residual stresses/strains in
REBCO conductors reported that high level of compressive
residual strain at about —0.2% accumulated on the super-
conducting film layer when temperature decreased from the
initial fabrication temperature to room temperature (RT)
[8, 9]. Furthermore, the compressive component of the resi-
dual strain induced by the fabrication heat treatments became
tensile at the ‘force-free strain’, at which the internal stress on
the REBCO layer changes to zero [8]. Numerical investiga-
tions on thermal residual stresses and strains were carried out

as well in [10, 11], and their results suggested that residual
stresses /strains induced by mismatch of CTEs significantly
affected the mechanical and superconducting properties of
REBCO conductors.

In practical applications, internal mechanical loads occur
among the constituent layers inside a REBCO conductor
during and after the conductor and coil fabrication processes
and under Lorentz forces during magnet operation. Exper-
imental results and theoretical analyses showed that the cri-
tical current (/) of a REBCO conductor was influenced by
intrinsic strains induced by external forces or deformations
[8-25]. The strain effect on . can be divided into two regions:
reversible and irreversible degradation regions. In the rever-
sible region, the strain-dependent degradation of I. in a
REBCO conductor is gradual and recoverable. One study
showed that the reversible strain effect on I. is because the
local critical current density was substantially suppressed by
recoverable dislocations at the grain boundaries due to limited
deformation on the REBCO layer [12]. Moreover, first-prin-
ciples calculations showed that the strain effect on super-
conducting properties was also influenced by a deformation-
induced charge redistribution, which lead to a self-doping
process of hole-transfers between CuO, plane and Cu-O
chain in the cuprate superconductors [13]. In the irreversible
degradation region, when a deformation exceeds a certain
critical strain value (i.e. the irreversible strain, ¢;,.), I.
degrades dramatically and irreversibly [8, 9, 11-17]. For
example, experimental data showed that I, of a typical
REBCO conductor started to decline rapidly at around 0.7%
tensile strain and the normalized I, degraded 50% at a tensile
strain of about 0.8% [8]. Scanning electron microscopy
(SEM) showed that transverse crack arrays were generated in
yielded samples [18] and edge and ‘shattered’ cracks were
detected in the REBCO layers when severe I. reduction
occurred [19]. Furthermore, micro-cracks in the REBCO layer
were detected through magneto-optical (MO) images for
applied strains larger than ¢;,, [17]. The dramatic degradation
of 1. in REBCO conductor was suggested to be attributed to
the initiation of cracking and damage evolution on the
REBCO film. Furthermore, as a laminated layered composite,
the stress and strain states in the REBCO superconducting
layer within the conductor are influenced by the adjacent
layers, such as the substrate and stabilizer.

It is therefore important to understand the evolution of
the stress and strain distributions in all the constituent layers
of a REBCO conductor under different construction and
operational conditions when designing a superconducting
magnet with high reliability and sustainable structural integ-
rity. However, it remains difficult to experimentally observe
static details, let alone in situ dynamic details, of the stress
and strain distributions on each constituent layer within a
conductor. A computational approach is the most viable and
effective way to study the evolution of the sublayer-level
stress and strain distributions within a REBCO conductor and
their influences on I. in different processes such as fabrica-
tion, cooling and tensile loading.

As typical REBCO conductors contain multiple lami-
nated HAR thin layers, effective modeling is a significant
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challenge. This is mainly because the number of non-degen-
erated finite elements required to approximate geometrically
with sufficient accuracy a composite that contains HAR thin
layers would be enormously large. Direct meshing of the thin
layers and scaling to reduce the aspect ratio [10, 11, 20-23]
are some common practices in treating thin layers computa-
tionally. Prior finite element (FE) analyses of stress distribu-
tions on the constituent layers of a REBCO conductor during
fabrication and cooling processes and under external
mechanical load [10, 11, 20-23] did not include all the major
constituent thin film layers. For example, it is common that
the REBCO and buffer layers are considered as a single layer
to reduce the difficulty of modeling separately the laminated
thin films [21-23]. Theoretical and numerical results, how-
ever, indicated that the properties of buffer layer strongly
affected the properties of the superconducting layer [24, 25].
Homogenizing or simplifying the two components as one
layer representing the superconducting layer misses the
influential effects caused by the buffer layer and lead to
inaccurate simulation results.

Here a three-dimensional/two-dimensional (3D/2D)
mixed-dimensional FE structural model for REBCO con-
ductors is developed for detailed stress and strain analyses.
The 3D/2D mixed-dimensional modeling techniques, which
has been successfully applied to quench and delamination
simulations of REBCO conductors [26-28], is an efficient and
effective approach to overcome the meshing and computa-
tional problems associated with modeling HAR laminated
thin film layers in FE model. The key technique of the mixed-
dimensional approach is to model the laminated HAR thin
film layers, namely, the silver, REBCO and buffer layers, as
separated 2D laminated surfaces, independent of the thickness
of each layer. The conductor model includes all the major
constituent layers and is experimentally validated. Stress and
strain analyses are performed under conditions occurring
during fabrication, cooling and tensile loading. First, the
thermal residual stresses and strains accumulated during the
fabrication and cooling processes are analyzed. Then with the
residual stresses and strains acting as initial conditions, the
mechanical behavior under tension loads is studied. Finally, a
phenomenological model for the strain dependence of I.
under uniaxial tensile load is presented by combining the FE
model with the Ekin power-law formula [29] and the Weibull
statistic distribution function [30]. The Ekin power-law
formula and Weibull distribution function have been used to
predict respectively the reversible and irreversible strain-
dependence properties of I. in REBCO conductors
[8, 12, 31, 32]. The simulation results for the tensile test and
I. versus strain are shown to be in good agreement with
experimental data.

2. Numerical modeling

2.1. 3D/2D mixed-dimensional model

The 3D/2D mixed-dimensional structural model for
REBCO conductor is implemented in FE using COMSOL

Surface:
k=1
k=2

Interface:

Figure 1. A representative implementation of a 3D/2D REBCO
conductor model. Thicknesses (not to scale) of the physical layers
and names of the surfaces and interfaces are shown.

Multiphysics. The model is based on Superpower’s REBCO
conductor [33] and includes all the main conductor layers,
including the stabilizer, substrate, and the laminated thin
films, including the silver, REBCO, and buffer layers, as
shown in figure 1.

Similar to [26-30], the HAR thin film layers are modeled
as 2D surfaces while the relatively thick stabilizer and sub-
strate are implemented in 3D domains. This mixed-dimen-
sional modeling approach overcomes the difficulties in
modeling 3D HAR thin layers in mesh-based numerical
methods such as FE and makes computation much more
efficient, which has been demonstrated in [26-28].

The implementation techniques of the mixed-dimen-
sional structural model is similar to those of the delamination
model presented in [28], except they are tailored for stress and
strain analyses in fabrication, cooling and tensile loading
procedures. The main difference is that instead of a spring-
based interface constitutive equation, a displacement con-
tinuity constraint is defined on each interface to connect
rigidly the two in-contact surfaces that the interface lies
between. Referring to figure 1, the continuity constraint on
interface k (k =1, ..., 4) located between two in-contact
surfaces k and k + 1 (k =1, ..., 4) is:

ug =t (D
where uf represents the displacement vector of in-contact
surface j (superscript) on interface i (subscript). This con-
straint ensures that the displacements on two in-contact sur-
faces k and k + 1 at the same material coordinate are always
equal, regardless of deformation. This implies that the two in-
contact surfaces are in perfect, non-slip, non-tear binding.
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Refer to [28] for details about how laminated 2D surfaces are
implemented in COMSOL.

Besides perfect binding, it is also assumed that the
temperature variation at any time in the fabrication and
cooling processes is slow enough that uniform temperature is
always established in the entire conductor. Isotropic elasto-
plastic mechanical properties are also assumed on all con-
stituent layers.

Under the above assumptions, the strain tensor € for a
small deformation is given as:

€= %[(Vu)T + Vul. )

In general, the strain in equation (2) consists of elastic,
thermal, initial, and plastic contributions, that is:

€ =€a+ €m + €0 + €p1, 3

where g is the elastic strain tensor, &y, is the thermal strain
tensor, & is the initial strain tensor and gy is the plastic strain
tensor. The thermal strain tensor, &q,, is calculated as:

T
Eth = adT, 4)

where T is the temperature, T, is the reference temperature
and « is the coefficient of thermal expansion.

For a linear elastic deformation condition, there is no
plastic deformation; the constitutive model is described as:

o =D(T)(e — em — &) + 00, @)

where D(7) is the temperature-dependent elasticity matrix,
which is derived from the elastic modulus E and Poisson’s
ratio v of the materials [34], o is the stress tensor and oy is
the initial stress tensor.

Silver, copper and Hastelloy in REBCO conductor are
typical ductile materials, and so they can generally become
hardened or softened after yielding. In this paper, von-Mises
yield criterion and bilinear kinematic hardening properties are
adopted to describe the strain-hardening behavior. The con-
stitutive model for a plastic deformation condition is descri-
bed as:

o = oy + E(T)ey, (6)

where oy is the yield stress tensor, and Ey(7) is the temper-
ature-dependent tangent modulus matrix. A tangent modulus
defines the stress—strain slope of strain-hardening/softening
after yielding. Although REBCO and buffer layers are brittle
ceramic materials, the failure of which is fracture, plastic
deformation constitutive model is also used for the brittle
ceramic layers. An occurrence of a damage on a brittle mat-
erial, for example, in the form of cracking, causes some
relaxation changes in stresses and strains that appear to be due
to some sort of yield-like softening behavior [8, 35]. Based
upon this fact, the model uses an onset of plastic deformation
at yield point on a brittle layer as the criterion to determine an
occurrence of damage on that layer. Capturing the stresses
and strains at the onset of damage, i.e. at the yield point in
modeling, of the REBCO and buffer layers is critical for an
electromechanical analysis. In particular, on the REBCO

REBCO
Buffer

Substrate

Bottom stabilizer I
Figure 2. Schematic diagram of a quarter of the conductor model
(not to scale).

layer, such yielding condition represents the onset of an
irreversible degradation of I.. The stress/strain behavior on
the REBCO and buffer layers after the occurrence of the
initial damage, i.e. after the yielding in simulation, has little
effects on the electromechanical and overall mechanical
behavior of the conductor. This is because the thicknesses of
the REBCO and buffer layers are very thin relative to the
thickness of the conductor; thus, the overall mechanical
properties of the conductor are hardly affected by the
mechanical behavior on the REBCO and buffer layers. In
other words, the adoptions of either a linear or plastic material
constitutive models on the brittle layers are immaterial
[10, 11] to the after-yield behavior of the conductor.

2.2. Model geometry and materials properties

The conductor model, which is based on SuperPower’s
SCS4050 conductor [33], has a dimension of width
Wiape = 4 mm and length /,,,, = 20 mm. The thicknesses of
all the constituent layers are modeled in real dimensions, as
shown in figure 1. Due to the spatial symmetry of the struc-
ture and boundary conditions, only a quarter of the conductor
is modeled, as shown in figure 2, which shows that a 20 um
thick copper stabilizer also surrounds the sides of the con-
ductor. The symmetric boundaries satisfy n - u = 0, in which
n is the normal vector on the symmetric boundaries, and u is
displacement vector. To simplify simulation, the conductor is
always laid flat by setting the constraint u = 0 on the bottom
surface of the substrate.

Table 1 lists the material parameters for all the con-
stituent materials; most are adopted from multiple sources
[8, 10, 11, 17, 25, 36-38]. Only the Young’s moduli, yield
strengths and tangent moduli of copper and Hastelloy are
temperature-dependent and they are obtained from parameter
fitting on the experimental data reported in [17]. As the buffer
layer in a typical IBAD-based superconductor consists of
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REBCO | | Tension
Buffer
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Figure 3. Modeling steps for fabrication and cooling processes and subsequent tensile loading of a REBCO conductor.

several thin layers [25], its Young’s modulus, Poisson’s ratio
and CTE are estimated by volume-weighted-average calcu-
lations based on the experimental data reported in [25]. The
CTE of Hastelloy is chosen as 14, which is in the range
between 10.9 and 16 reported in [8, 10, 11, 25, 38]. The
REBCO yield strength is obtained from parameter fitting on
the experimental data in [8]. No data is available for the yield
strength of the buffer, but because of the likely weak
mechanical effects of the buffer layer due to its extreme
thinness (0.2 um), it is modeled as being the same as REBCO.
There is also no data available for the tangent moduli of
REBCO and buffer. Recall that a tangent modulus defines the
behavior of strain-hardening /softening after yielding and the
latter when applied to a brittle layer is considered as the onset
of irreversible damage. It is likely that the mechanical beha-
vior of a broken thin brittle material has little mechanical
effects on other components in a layered composite. There-
fore, the tangent moduli of the two brittle thin layers are
chosen as a small value of 1 GPa, which adds insignificant
mechanical effects but allows better computational conv-
ergence. In fact, simulations show that due to the thin
thicknesses of the REBCO and buffer layers, changing the
values of their moduli has little effect on the overall stress and
strain simulation results.

2.83. Analysis details

The stress and strain analyses of REBCO conductors pre-
sented here are performed for the fabrication and cooling
processes and subsequently under tensile loading. The
sequence of the simulation steps is illustrated schematically in
figure 3. The entire simulation sequence is designed accord-
ing to conductor and coil fabrication procedures reported in
the literature [8, 11, 25, 39] and are simplified into four main
steps. Step S1: starting from the MOCVD process that creates
the REBCO film on the buffer-substrate partially-fabricated
conductor at an intermediate fabrication temperature of
970 K, the fabrication temperature changes from 970 K (7) to
770K (T). Step S2: Silver cap layer is deposited on the
REBCO film at 770 K and the temperature is then changed
from 770 to 330 K (73). Step S3: The copper is electroplated
around the conductor to create the surround copper stabilizer
at 330K. The fabrication process is now completed. The
temperature is then cooled from 330K to RT or 77 K. Step
S4: Tension load is applied on the fully-fabricated conductor
at RT or 77K with the thermal residual stresses/strains

accumulated from all the prior fabrication steps acting as
initial stresses/strains. During the fabrication and cooling
processes, i.e. from step S1 to step S3, only the temperature
load but no external mechanical load is applied and
mechanical free boundary conditions are applied on all the
non-symmetric boundaries. In the last step the tensile load is
applied as a displacement boundary condition in the long-
itudinal direction on one end of the conductor to create a
strain from 0% to 2%.

In the fabrication process analysis, new constituent layers
are added one by one to the model using the following multi-
step approach. Step 1: A complete conductor model, with all
layers included, is built with the same ends of all layers
constrained to the same ‘locked’ displacement. Step 2: Very
‘soft’ mechanical material properties, e.g. Young’s moduli
with very small values, are applied to layers that are yet to be
added so that they extend or contract easily without adding
much stresses to the ‘partially-fabricated’ conductor. The
‘locked’ displacement constraints ensure that all the layers
have the same length at the end of one fabrication step. Step
3: When a ‘new’ layer is added, its mechanical material
properties are changed back to their normal values. Step 4:
The residual stresses and strains from the previous step, i.e.
from all the ‘added’ layers, are input as the initial stresses and
strains for the next step.

Before the silver cap layer is added to the REBCO layer,
thermal residual stresses and strains have accumulated on the
REBCO, buffer, and substrate layers in step S1 when the
temperature varies from 77 to 7,. These residual stresses and
strains are defined as the initial stresses and strains on the
REBCO-buffer-substrate partial-conductor as:

o =0lr=1, .
> in Qgpy, (7a)
€ = €lr=p,

while the initial stresses and strains on the silver layer are set
to zero, i.e.:

{"02 =0 0 a. (7h)
Ep = 0

where o, €y, are respectively the initial stress and strain
tensors in step S2 analysis, {zgy represents the computa-
tional domains of the REBCO-buffer-Hastelloy partial-con-
ductor, and {2 is the computational domain of the silver layer.
Note that the silver layer is not involved in the calculation in
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Table 1. Material properties of all the constituent materials of the REBCO conductor [8, 10, 11, 17, 25, 36-38].

Poisson’s ratio

Yield strength Tangent modulus

Young’s modulus E (GPa) v oy, (MPa) E, (GPa) CTE o (% 10°° Kil)
Temperature (K) 77 300 77 300
Copper 85 70 0.34 330 190 5 17.7
[17] [17] [11] [17] [17] [17] [8, 10, 11]
Silver 76 0.37 14 1 17.1
[36, 37] [36] [36, 37] [36] [10, 36]
REBCO 157 0.3 1030 1 11
[8, 10, 11, 25, 38] [10, 11] [8] [8, 10, 11]
Buffer 170 0.226 1030 1 9.5
[25] [25] [25]
Hastelloy 178 170 0.307 1200 980 6 14

[17] [17] [11]

[17] [17] [17] [8, 10, 11, 25, 38]

step S1 and for this reason, the initial stresses and strains on
the silver layer for step S2 are set to zero.
Similarly, the initial stresses and strains in step S3 are

defined as:
{”°3f Tl 5 g, (8a)
€03 = €lr=1
{"03 =0 Qe (8b)
€3 =0

where o3, €93 are respectively the initial stress and strain
tensors, (2gppy represents the computational domains of the
silver-REBCO-buffer-Hastelloy partial conductor, and ¢ is
the computational domain of copper stabilizer. Note that the
copper stabilizer is not involved in the calculation in step S2
and for this reason, the initial stresses and strains on the
copper stabilizer for step S3 are set to zero.

In the tensile load analysis, the stresses and strains
accumulated from step S1 to step S3 are defined as the initial
stresses and strains on the fully fabricated conductor in step
S4 as:

in Qupe, ©)

00t = O l7—RTor 77K
€0t = €|r=RTor77K

where oy, €o are respectively the initial stress and strain
tensors in the tensile loading step (step S4), respectively. 2,4,
represents the computational domain of the fully-fabricated
conductor, which now includes the copper stabilizer, silver,
REBCO and buffer layers, and Hastelloy substrate.

3. Results and discussion

As isotropic, elastoplastic material properties are used for all
constituent layers in the model and the stresses induced by
thermal mismatch are mainly in-plane biaxial stresses (nearly
zero in the thickness direction) on all conductor layers, about
the same thermal residual stresses are generated in both the
longitudinal and width directions on each layer. When a
REBCO conductor-based coil operates under normal working
condition, Lorentz forces typically generate stresses much

larger in the longitudinal direction than in the width direction.
This situation holds when winding tension is applied during
coil fabrication and when the coil is cooled to cryogenic
temperature. The aim of this work is to study the mechanical
behavior and its effect on the critical current under the resi-
dual stresses due to thermal mismatch and tension that arise
during fabrication, cooling, and tensile loading. Therefore,
here the analyses focus on the stress and strain properties in
the longitudinal direction. Hereafter, unless stated otherwise,
‘stress’ and ‘strain’ respectively refer to the stress and strain
components in the longitudinal direction. In addition, based
on the analysis in the appendix, the stress distribution on each
layer is almost homogeneous across the width direction of the
conductor; a slight variation in stress distribution only appears
on a narrow region along each edge of the conductor. A
similar situation occurs with the strain distribution on each
layer. As a result, point-value stress and strain distributions on
each constituent layer are measured at the layer’s center (in
width and thickness (for 3D domains) directions), which is
within the homogeneous stress and strain distribution region.
Also note that the stresses and strains on the top and bottom
copper are approximately the same and thus only the stress
and strain information on the top copper layer is presented.

3.1. Fabrication and cooling processes simulations

3.1.1. Residual stress distributions on all constitute layers.

Figure 4 shows the changes in the thermal residual stresses in
the longitudinal direction on all constituent conductor layers
as the temperature varies from 970 to 77K during the
fabrication and cooling processes. The residual stresses and
strains on the partially-fabricated buffer-substrate conductor
at the beginning of the studied fabrication process are
assumed zero at the initial temperature 970 K. Note that the
thermal residual stresses on the REBCO and buffer layers are
always negative, indicating that these two layers experience
only compressive stresses during fabrication and cooling.
This is due to the fact that the CTEs of REBCO and buffer are
smaller than those of the other components (see table 1). In
addition, as the CTE of buffer is smaller than that of REBCO,
the residual compressive stress in the buffer layer is always
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Figure 4. (a) Thermal residual stresses on all the constituent layers
versus temperature during fabrication and cooling processes. (b)
Details for the dotted-line frame in (a).

larger than that in the REBCO layer. The compressive stresses
on these two layers increase linearly as a function of
temperature and the slope increase for 7' > 330 K after the
copper stabilizer, which has the largest CTE, is electroplated
around the conductor. The in-plane biaxial thermal residual
stress distributions in a thin film layer of laminated
composites can be expressed [25] as:
o} = E] (s — a}) AT, (10)
where aj;, EJZ/ and ajc represent the in-plane biaxial thermal
residual stress, the biaxial modulus and the CTE of the jth thin
constituent layer (here j =1, ..., 3 refers to the silver,
REBCO and buffer, respectively), o is the equivalent CTE of
the thick ‘substrate’, and AT is the temperature change. Here
‘substrate’ represents a partially or fully fabricated composite
that includes all the relatively thick layers, namely the
Hastelloy substrate and/or the copper stabilizer but excludes
all the thin films. The thin films are omitted from the substrate
because their contributions to the stress calculation of the jth
layer are negligible due to their diminutive thicknesses. The

slope of stress-temperature curve of the jth film layer is:

A |
K= L = (o - ab.

AT (11)

Before the copper stabilizer is added, the ‘substrate’ is
simplified as only the Hastelloy layer, so oy = ag, where ay
is the CTE of Hastelloy. After the copper stabilizer is added,
the ‘substrate’ is treated to contain both the copper and
Hastelloy layers, and the equivalent CTE of the ‘substrate’ is
estimated by volume-weighted-average as:

_acVe+agVy

* Ve + Vg
where o is the CTE of copper, V¢ and Vy are the volumes of
the copper and Hastelloy layers. Since ac > ay (17.7 versus
14), the value of oy in equation (11) must be larger than oy,
while E;, is invariant. As a result, the slopes of the residual
stress-temperature curves of the REBCO and buffer layers
become larger when T > 330 K. In contrast, there is no
obvious change in the slopes of the curves at 770 K when the
silver layer is deposited on the REBCO layer although the
CTE of silver (17.1) is also greater than those of the REBCO
and buffer layers. This is simply because the silver layer
thickness is small and its Young’s modulus (76 GPa) is also
relatively small compared to the ceramic REBCO and buffer
layers; as a result, the influence of the silver on the REBCO
and buffer layer is negligible.

The magnitudes of the thermal residual stresses on other
layers are much smaller than those on the REBCO and buffer
layers, but some important information is revealed in the inset
for the dotted-line frame in figure 4(a). In the inset figure 4(b),
the silver layer yields early at T = 738 K due to its small
yield strength. In addition, before the copper layer is added,
the thermal residual stress on the Hastelloy substrate is tensile
and increases with decreasing temperature. After the copper
layer is added, however, the stress on the Hastelloy eventually
becomes compressive as temperature decreases. The CTE of
the Hastelloy substrate alone is slightly smaller than the
combined CTE of the three thin films, causing the stress on
the substrate to become tensile before copper is added. The
copper layer has a total thickness comparable to that of the
Hastelloy and a CTE larger than that of the Hastelloy, so the
presence of the copper layer results in compressive stress in
the Hastelloy with decreasing temperature. Thus, when
cooling is completed, the thermal residual stresses on the
buffer, REBCO, and Hastelloy layers are compressive, while
those on the silver and copper layers are tensile.

Figure 5 shows the residual stress distributions due to
thermal mismatch on all the constituent layers at RT (solid
line) and 77 K (dashed line). Due to their smaller CTEs and
thinner thicknesses, the REBCO and buffer layers experience
much larger compressive stresses than the other layers:
—446 MPa at RT and —648 MPa at 77 K on the REBCO layer
and —658 MPa at RT and —929 MPa at 77 K on the buffer
layer. The silver layer, which has the second largest CTE and
the smallest yield strength resulting in early yielding at
T = 738 K, as shown in figure 4, experiences much smaller

12)
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Figure 5. Thermal residual stress distributions on all constituent
layers at RT (solid) and 77 K (dashed). Thicknesses are not to scale.

tensile stress, only about 16 MPa, even at 77 K. The stress on
the copper stabilizer, with the largest CTE, is 9 MPa at RT
and 88 MPa at 77 K. The stress on the Hastelloy substrate
changes from only 4 MPa at RT to —54 MPa when cooled to
77K. Since copper is added at 330K, the temperature
variation on the stabilizer at RT is only 30 K, therefore, it has
little effect on the stress distributions on the substrate and
other layers at RT. At 77 K, however, the large contraction of
the stabilizer leads to compressive stress distribution on the
substrate and increased compressive stresses on the REBCO
and silver layers.

Note that all the thermal residual stresses on the
constituent layers shown above are intrinsic stresses internal
to the conductor. Thus, a conductor that is mechanically free
from any constraint and external force should have null total
residual stress at any temperature. When observed at the
composite conductor level, the equivalent stress of the
composite can be expressed by the volume-weighted-average:

o :M (13)
equ ZVJ P

where ¢/ and V/ represent the stress and volume of the jth
constituent layer (j refers to copper, silver, REBCO, buffer or
Hastelloy), respectively. The equivalent stresses of the
conductor at RT and 77K calculated by (13) using the
residual stress values shown in figure 5 are close to zero at
0.098 MPa and 0.123 MPa, respectively. The small nonzero
equivalent stresses are attributed to the facts that in
simulations the effects of the side stabilizer and inhomoge-
neous stress distributions appearing near the edges on all the
constituent layers (see the appendix) are neglected and the
conductor is always constrained to lay flat.

3.1.2. Residual strain distributions on all constitute layers at RT
and 77 K. The residual strain £/, of the jth layer (j refers to

res
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Figure 6. Thermal residual strains on all the constituent layers versus
temperature during fabrication and cooling processes.

thermal mismatch can be obtained as:

5{@5 = Ereal — 5{},’ (14)
where ¢, 1s the real strain of the REBCO conductor
composite as a whole and is obtained from the fabrication and
cooling simulations by imposing the same edge/boundary
constraints and temperature difference on all the constituent
layers. According to (14), the changes in the thermal residual
strains on all the constituent layers as temperature varies from
970 to 77 K during fabrication and cooling are shown in
figure 6. The strain curves, except that on the silver layer,
vary in trends similar to those of the corresponding stress
curves shown in figure 4; this is because each remains in the
elastic region. On the silver layer, however, even though its
residual stress does not change much after it yields at
T = 738 K, the residual strain continues to increase with
decreasing temperature, even after yielding. The strain in the
silver includes the contribution from plastic deformation after
yielding. After the copper is added, the slope of the strain—
temperature curve decreases because the copper layer has a
slightly larger thermal contraction than the silver layer. At the
end of the fabrication and cooling processes, the tensile
residual strains on the silver layer are larger than those of the
copper stabilizer, albeit the tensile residual stresses on the
silver layer are smaller than those on the copper stabilizer.

To validate the necessity of the multi-step, layer-by-layer
fabrication modeling method outlined in section 2.3 for
finding the residual stresses/strains, a one-step fabrication test
model is used to generate comparison results. The one-step
model computes the stress and strain evolutions in one single
fabrication step, i.e. starting with all the constituent layers of
the conductor included with actual material properties at the
initial fabrication temperature 970 K. Figure 7 shows the
comparison of thermal residual strains on the REBCO layer
versus temperature during the fabrication and cooling
processes between the two modeling methods. As the CTE
of copper is larger than REBCO, the accumulated compres-
sive residual stress and strain calculated from 970 to 77 K by
the one-step method is much larger than that by the multi-step
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Table 2. The summary of the residual strain in the REBCO layer at
RT and 77 K.

Residual strain in the REBCO layer (%)

RT 77K
Experiment [8] —0.20 —
Analytical [8] -0.17 —0.26
FE modeling [11] —-0.17 —-0.24
Multi-step simulation —-0.20 —0.28

method. This indicates that it is necessary to use the multi-
step modeling method to obtain good accuracy in mechanical
properties of a REBCO conductor during the fabrication and
cooling processes.

Table 2 summaries the residual strains on the REBCO
layer at RT and 77 K, which are taken from the experimental
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Figure 9. Comparison of tensile stress versus applied tensile strain
between experimental data and simulated results on 4 mm and
12 mm REBCO conductors: (a) RT case, (b) 77 K case.

and analytical calculation results in [8], the FE modeling
results in [11] and the multi-step simulations presented above.
The multi-step method produces a residual strain that matches
well with the experimental data at RT and closes to the
analytical calculation in [8] and FE modeling result in [11]
at 77 K.

Figure 8 shows the residual strain distributions due to
thermal mismatch on all the constituent layers at RT and
77 K. For the same reasons stated above that explain the
phenomena depicted in figure 6, the residual strain distribu-
tions on all the layers other than the silver layer, vary
relatively in similar trends seen in the corresponding stress
distributions shown in figure 6, while the tensile strains on the
silver layer are larger than those on the copper layer at both
RT and 77 K.

3.2. Uniaxial tensile load simulation

Uniaxial tensile tests generating stress—strain curves are the
most common method for characterizing the mechanical
properties of many materials, including composites. Here, a
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longitudinal uniaxial tensile load is implemented within the
conductor model with the thermal residual stresses and strains
accumulated from the fabrication and cooling processes set as
the initial stress and strain states. The stresses and strains at
both the conductor and constituent-layer levels are studied.

3.2.1. Stress and strain analyses at the conductor level.
Figure 9 shows the simulation results of the stress—strain
relationship under tension for the REBCO conductor at RT
and 77 K. Here the tensile strain € and tensile stress o are
calculated as the engineering stress and engineering strain
[16, 17] as:

el (15)
lo
F

o= —, 16
" (16)

where [ is the original length of the conductor and [ is the
final simulated length of the conductor, F is the applied
tension load used in simulations and A, is the original cross-
section area of the conductor. The mechanical parameters of
the stabilizer and substrate and the data for validation are
obtained from [16, 17]. The tested sample used in [16, 17]
was a 12 mm wide REBCO conductor, however, simulations
showed that a 4 mm wide conductor is sufficient for accurate
simulation. As a result, the simulation results presented in this
paper, including those in the previous section, are all based on
a 4 mm wide conductor. To justify this decision, the stress—
strain curves shown in figure 9 are generated from both the
4mm conductor model and a 12mm counterpart. The
calculated stress—strain curves for the 4 and 12mm are
almost identical and agree well within the experimental data
taken from [16, 17] on a 12 mm conductor.

When observed at the composite conductor level, the
tensile stress computed by (16) can be estimated as the
equivalent stress 0,4, of the composite based on the volume-
weighted-average (13). Adding side copper stabilizer (20 um
thick each side) has little impact on the conductor-level
equivalent stresses in the 4 and 12 mm conductors because the
volumetric ratio of the side copper stabilizer to the other
layers in either conductor is very small. Furthermore, the
volumetric ratios of the surround copper stabilizer to the
4mm and 12mm conductors are 0.4348 and 04311,
respectively, and the ratios of the Hastelloy layer to the
conductors are 0.5312 and 0.5347, respectively. These small
differences in the ratios between the 4 and 12 mm conductors
are the reasons that the calculated conductor-level results
from the 4 and 12 mm conductors are nearly identical. As a
result, the 12 mm conductor experimental data taken from
[16, 17] is used to validate the simulation results generated by
the 4 mm conductor model. Conversely, the simulation results
generated by the 4 mm conductor model can used to represent
the mechanical behavior of a 12 mm conductor.

It is interesting to observe from figure 9 that as an elastic-
plastic composite, the stress—strain curves of the REBCO
conductors at RT and 77 K can be divided into three stages,
represented by three different color zones, via two yield
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points Y; and Y. As the copper stabilizer and Hastelloy
substrate are the main components of the composite structure,
the mechanical behavior of the REBCO conductor is mainly
determined by these two layers. Using the materials properties
listed in table 1, it can be deduced that the yield points ¥; and
Yy, are due to the yielding of copper and Hastelloy,
respectively. Specifically, from point O to ¥;, both the copper
and Hastelloy layers are in the elastic stage; From Y; to Yy,
copper yields but Hastelloy is still in the elastic stage. At Yy,
and beyond, both copper and Hastelloy yield. Taking the RT
case shown in figure 9(a) as an example, the equivalent elastic
moduli (i.e. the slopes) of the first stage E,,,; and the second
stage E.y,—n are ~127 GPa and ~95 GPa, which are nearly
equal to the volume-weighted-average Young’s moduli at
these stages. The volume-weighted-average Young’s moduli
are calculated by an equation similar to (13) but with the
stress of each constituent layer replaced by its Young’s
(before yielding) or tangent (after yielding) modulus. The two
yield stresses oy_; and oy_j; found in figure 9(a), ~343 MPa
and ~625MPa respectively, are nearly the same as the
volume-weighted-averages of the stresses (calculated from
table 1) at points ¥; and Y. The corresponding tensile strains
are found from the curves to be ~0.27% and 0.57%,
respectively. Similarly, from the 77K case shown in
figure 9(b), the two equivalent elastic moduli, which are
~138 and ~101 GPa, and the corresponding yield stresses,
which are ~473 and ~800 MPa, are also about the same as
the corresponding volume-weighted-averages of Young’s
moduli and stress counterparts, with the corresponding tensile
strains equal to ~0.33% and ~0.68%. Note that although all
the layers in the conductor experience the same engineering
tensile strain and the yields of the conductor at points ¥; and
Y}, result from the yielding of the copper and Hastelloy layers,
the conductor-level yield strains at ¥; and Y;; are in general
different from the intrinsic yield strains of copper and
Hastelloy. For example, the intrinsic yield strain of copper
at 77K as calculated from table 1 is 330 MPa/85 GPa
=0.388%, while the yield strain at ¥; at 77 K is 0.33%, here
330 MPa and 85 GPa are respectively the yield stress and
Young’s modulus of copper. This discrepancy is due to the
fact that the copper layer is pre-strained by the thermal
residual strain (~0.068%, see figure 8) at 77 K before the
tensile test.

3.2.2. Stress and strain analyses at the constituent layer level
3.2.2.1. Internal strain on the REBCO layer. The current-
carrying capability of a REBCO conductor is dependent on
the electromechanical properties and state of the REBCO
layer, and in particular the strain in the REBCO layer.
Figure 10 shows the dependence of the internal strain €j, of
the REBCO layer on the applied tensile strain € at RT. Here
e}, is the internal strain induced by both thermal mismatch
and tensile deformation. For a typical brittle material, a linear
elastic constitutive relation is used to model mechanical
properties until damage occurs. In this model, yield is used to
represent the occurrence of damage in the brittle layers. As
REBCO is a brittle material, elastic strain is needed to
distinguish the undamaged, elastic behavior from the
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Figure 10. Comparison of internal strain versus applied tensile strain
on the REBCO layer between experimental data and simulated
results.

damaged one, however, an internal strain calculated by
equation (14) contains both the elastic and plastic
components. To distinguish the plastic strain, the internal
strain is calculated directly as follow:

1
Ein = E[Uix — V¥ (oy, + )], (17a)
where o3, oy, and o, are the principal stresses on the

REBCO layer in the longitudinal, width and thickness
directions, respectively, and E* and v* are the Young’s
modulus and Poison’s ratio of REBCO, respectively. As o}, is
nearly zero, it can be simplified as,

€in = 72

= (17b)

— V0!

s
[0 wl:

The elastic deformation behavior is seen in figure 10
from zero to 0.7% applied tensile strain. When ¢ is larger than
0.7%, the slope of ;, reduces, signifying a yield accompanied
with a damage, such as a crack on the REBCO layer, as
mentioned in [8]. At zero applied external strain, a
compressive residual strain of 0.20% generated during the
fabrication process remains on the REBCO layer at RT, as
seen in figure 8. When an external tensile load is applied, the
compressive residual strain on the REBCO layer decreases
and reaches zero at ¢ = 0.20%, which is defined as the force-
free strain in [8]. Beyond this strain, the internal strain of the
REBCO layer changes into a tensile component with the
increase of €. Before yield, the strain curve is nearly linear,
and the inclination angle of this curve is about 45°. The
relationship between ¢;, and ¢ satisfies,

s s
€in =€ + Eress

(18)
where ¢, is the thermal residual strain in the REBCO layer
in the longitudinal direction accumulated in the fabrication
process from the initial fabrication temperature to RT. From
figure 10, it can be seen that the simulation results agree well

with the tested data taken from on the elastic part and yield
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point. This indicates that using elastic and plastic yield
properties together, the model can characterize well the
deformation behavior and occurrence of relaxation (at yield
point) on the brittle superconducting layer in REBCO
conductors. According to [8], a relaxation was caused by
damage, such as cracks. When a tensile load is applied to a
REBCO coated conductor, the mechanical properties, such as
the strain curve, can be separated into three stages: elastic,
micro-yielding, and macro-yielding regions [35]. In the
macro-yielding region, damage-like cracks are introduced,
resulting in irreversible degeneration of .. In the model, an
onset of such damage-induced relaxation on a brittle layer is
identified as yielding. Note that the calculated smaller slope in
e}, after 0.7% is due to the yielded plastic stress components,
however, since E* is always used in (17) instead of E; after
fracture (represented by yielding in this model), (17) may not
capture the after-yield internal strain accurately. The latter,
however, is not important since for the REBCO layer, finding
the yield point which represents the onset of damage is what
matters most. The damaged part, i.e. the strain curve after
yielding, has no physical meaning for a brittle material in the
model and its slope is governed by the tangent modulus E/,



Supercond. Sci. Technol. 33 (2020) 044015

P Gao et al

S~

A 1600 Y

p—

5 1200 . .
- L 3 - o = - .&\

> 800 i~REBCO N
S P
= 400} ! uffer]
) I

2 , R .

*.E ok : B*\ — / i
= X \

S o0t ' Silver 4
- | 1

‘—d 1

8 800 - : :Solid lines: with initial stress

K= I ! 1Dash lines: without initial stress
* -1200 | [ o
@ | 0.64% 1 10.74%

= -1600 1 1 ! l/ 1

w2 0.0 04 0.8 12 16

Applied tensile strain £ (%)
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which, for REBCO (and buffer), is much smaller than E*
(1 GPa versus 157 GPa). The small E; of the brittle REBCO
and buffer layers result in small plastic contributions, which,
as mentioned in section 2.2, produce negligible effects on the
overall stress and strain simulation results.

3.2.2.2. Stress distribution on all constitute layers. Figure 11
shows the stress on each constituent layer versus applied
tensile strain € at RT and 77 K. As seen in figure 5, due to
thermal mismatch, there are non-zero residual stresses on all
layers at zero applied tensile strain, including large
compressive residual stresses accumulated on the REBCO
and buffer layers.

The total residual stress of the composite conductor at
zero applied tensile strain, however, is zero, as shown by the
volume-weighted-average calculations based on (13) and data
taken from figure 5 at both RT and 77 K in section 3.1.1. The
compressive stresses on the REBCO and buffer layers first
reduce to zero and then become tensile as the applied tensile
load increases. When € reaches ~0.7% at RT and ~0.74% at
77 K, the slope of the stress on the REBCO layer reduces due
to yielding, signifying the onsets of damage and irreversible
degradation in the critical current. This critical strain is the
irreversible strain denoted as ¢;,. The value of ¢;,, at 77 K
(~0.74%) is in agreement with the experimental results
presented in [8, 11, 16, 17, 40, 41]. The stress on the silver
layer is nearly unchanged during the entire tensile test at both
RT and 77K because silver has already yielded in the
fabrication process and it has a weak strain hardening with a
small tangent modulus of 1 GPa. The stress—strain curves of
copper and Hastelloy layers show the typical elastoplastic
deformation properties. The applied tensile strains corresp-
onding to the yield points of copper are 0.27% at RT and
0.33% at 77 K, which correspond to the first yield points in
the stress—strain curves seen in figure 9. The applied strains
for the yield points of Hastelloy are 0.57% at RT and 0.68%
at 77 K, which correspond to the second yield points in the
stress—strain curves seen in figure 9. The stress—strain curves
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for the 4 mm conductor and experimental data shown in
figure 9 are repeated in figure 11 for comparison.

To study the effect of residual stresses and strains
accumulated from the fabrication and cooling processes on
the accuracy of mechanical analysis, the same uniaxial tensile
test presented before is rerun on the same conductor model
without the residual stresses and strains as the initial stresses
and strains. The comparison between the calculated stress—
strain curves is shown in figure 12 for 77 K. Note that on the
model without initial residual stresses and strains added, all
the stresses start from zero at zero applied tensile strain.
Recall that there are non-zero residual stresses on all layers at
zero applied tensile strain on the model with initial residual
stresses and strains added, despite there is null total residual
stress on the composite conductor. Although there are no big
differences on the copper and Hastelloy layers in these two
calculations, significant discrepancies appear on the REBCO
and buffer layers. The calculation from the model with the
residual stresses and strains considered, as shown in
figure 11(b), shows that the tensile loading starts with large
compressive stresses on the REBCO and buffer layers and
results in g, = 0.74% at 77 K. The calculation without the
residual stresses and strains included, however, shows that the
tensile loading starts with zero initial stresses on all layers and
consequently results in a smaller ¢;,, = 0.64%. This compar-
ison indicates that neglecting residual stresses and strains
accumulated from thermal mismatch, and likely also from
tension and bending, leads to unreliable simulation results.
This is particularly important when considering the mechan-
ical state of the REBCO layer and its relationship to the
critical current.

As fractures such as cracks are more likely to be caused
by tensile strain than by compressive strain, the results in
figure 12 imply that the mechanical integrity and the current-
carrying capability of the REBCO layer are enhanced by
compressive residual stresses and strains generated in the
fabrication and cooling processes. It is plausible that
compressive residual stresses and strains would also affect
the results for cyclic fatigue measurements. Since the stresses
induced by thermal mismatch are in-plane for the thin film
layers, with negligible component in the thickness direction,
the same compressive residual stress and strain are generated
in both the longitudinal and width directions on the REBCO
layer during the fabrication and cooling processes. When a
longitudinal uniaxial tensile load is applied to the conductor,
however, the compressive residual strain on the REBCO layer
in the longitudinal direction is released and the compressive
strain in the width direction is increased. The von-Mises yield
criterion in the principal plane stress state, which can be

simplified as oy = \/ O’ix — OOy + aiy, is commonly used
to determine the onset of yielding in a ductile material. In the
conductor model, this yield criterion is also used to determine
the onset of damage on the REBCO layer. This implies that
the critical yield strain ¢;,, is not only related to the stress state
in the longitudinal direction but also the stress state in the
width direction of the REBCO layer. This indicates that a 3D
structural model similar to the model presented here is



Supercond. Sci. Technol. 33 (2020) 044015

P Gao et al

necessary to obtain accurate stress and strain information for
complex composites like REBCO conductors. Note that
because the von-Mises yield criterion uses REBCO’s yield
strength o, = 1030 MPa to determines the onset of yielding on
the REBCO layer, the longitudinal yield stress of REBCO
layer with ~650 MPa at 77 K and at ~500 MPa at RT, as seen
in figure 11, is smaller than 0.

3.3. Critical current under uniaxial tension

The strain effect on I. can be divided into two regions:
reversible and irreversible. The Ekin power-law formula [29]
has been used to predict the reversible degradation of I, under
uniaxial strain in REBCO conductors [8, 12]. Irreversible
degradation of I, is caused by damage on the REBCO layer
[17-19]. Furthermore, irreversible degradation of I. in both
BSCCO-based (e.g. Bi-2212 and Bi-2223) and REBCO
conductors has been studied using a statistical approach based
upon the Weibull statistics [31, 32, 42—-45]. Here a critical
current phenomenological model that combines the Ekin
power-law formula and the Weibull distribution function with
the REBCO conductor model is used to predict the electro-
mechanical behavior of /. in REBCO conductors across the
entire strain range.

Suppose ¢ is the strain within a REBCO conductor from
a uniaxial loading, the applied strain dependence of the cri-
tical current density j. normalized by the maximum critical
current density j, .. in the reversible region is formulated by
Ekin’s power-law formula is [29]:

L1 ale - el (19)
]max

where e, is the so-called maximum strain, at which the
critical current density reaches the maximum value j_ .., a
and b are constants, which are determined by curve fitting on
the experimental data taken from the reversible part. Using
equation (19), the reversible strain dependence of critical
current density normalized by the current density under zero-
strain j,, can be written as:

can be calculated as:

L=
Sefr

idS, Lo= f JodsS. Q1)
So

where S, is the effective undamaged cross-section area on

the REBCO layer under uniaxial deformation, and S, denotes

the cross-section area of the REBCO layer at the initial state

with zero-strain.

Ignoring the linear deformation effect on the REBCO
cross-section area, and assuming a uniform distribution of
current on the REBCO layer, the normalized critical current
I. /1. is obtained by:

15 _ J: Seﬁ

Lo JjoSo

(22)

A statistical approach based upon the Weibull distribu-
tion function has been used to characterize the effective area
of undamaged superconducting region under deformation in
BSCCO-based conductors [42-45], and the irreversible
degradation of I. in both BSCCO-based and REBCO con-
ductors [31, 32]. The statistical ratio of undamaged super-
conducting cross-section area to the before-damaged
superconducting cross-section area under uniaxial loadings,
Sefr /S0, can be expressed using the Weibull distribution as:

1 lf&-ggirr

W(g) - exp[_( ) ] lf € > é‘irr’ (23)

here the irreversible strain ¢;,,, under uniaxial tension load is
determined from simulation, as demonstrated in the previous
section, at the onset of damage occurs on the REBCO layer,
i.e. when the REBCO layer yields. The parameters m and &
are respectively the shape and scaling parameters of the
Weibull function, which can be determined by curve fitting on
experimental data taken from the irreversible part.

Combining (20)—(23) the applied strain-dependent nor-
malized critical current model is written as:

Sefy _
- € — Eir
0
€0

Je 1
= (1 —ale — e ") (20) L 1
Jo 1 —alemxl = (1 —ale —emx [H)W(). (24a)
. . . . ICO 1 —a |5max Ib
Experimental results showed that irreversible degradation
of [, increased with the enlargement of crack propagation on Using (23), the model is rewritten as:
1 b .
——— (U —ale —emu ") if €< €in
A l—a |5max |b
- = (24b)
[CO 1 € — &irr

1 — a |emax |b

the REBCO layer [17-19], indicating that the current-carrying
capability was related to the effective undamaged cross-
section area on the REBCO layer. Therefore, the strain-
dependent critical current /. and zero-strain critical current I

(1 —ale — Emax |b)exp[—(

14

]m:I lf € > Eirr.

€o

Using the critical current model above, the critical current
dependence on the tensile strain can be investigated. The
terms in (24b) for the ¢;,, < €; and €, > €, cases represent
the reversible change and irreversible degradation of [,
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Figure 13. Comparison between simulation results and experimental
data for the strain dependence of normalized critical current.

respectively. The parameters in the reversible term of
equation (24b) are adopted from [8] as a = 1300, » = 1.9 and
Emax = 0.035%. Based on the simulation results in figure 11,
the irreversible strain ¢;,, = 0.74% is used. The parameters
m =2 and ¢y = 0.21% are found by curve fitting on the
experimental data taken from the irreversible part in [8].

Figure 13 compares the simulation result calculated by
(24) against the experimental data taken from [8] for the
applied strain dependence of (normalized) critical current.
The inset shows that /. increases slightly to a maximum value
at point M when the applied tensile strain increases from zero
to Emax = 0.035%. After reaching the peak, I. decreases
gradually and then drops sharply when the applied strain
passes the point G, which is at the irreversible strain ¢;,.
According to the experimental data in [8, 16, 17], the gradual
degradation in I. from zero strain to ¢, is reversible and
beyond ¢;,, irreversible degradation in I, occurs due to
damage of the REBCO layer. Figure 13 shows that the pre-
diction from the model is in good agreement with the
experiment data in both the reversible and irreversible
degradation regions.

4. Conclusion

An elastoplastic FE model HAR laminated composite model
is constructed for stress and strain analyses of REBCO con-
ductors during fabrication and cooling and under tensile load.
The 3D/2D mixed-dimensional modeling method is used to
overcome the meshing and computation difficulties com-
monly encountered in modeling laminated thin-film multi-
layers in full-3D FE models. This approach allows all major
constituent layers of a conductor to be included and modeled
in real dimensions independent of the thicknesses of the
individual layers.

Results show that the multi-step modeling method for
fabrication of a conductor is an essential and effective method
for residual stress and strain analyses in REBCO conductors
during fabrication and cooling. Non-zero thermal residual
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stresses accumulated during fabrication and cooling exist on
all the constituent layers. In particular, compressive thermal
residual stress generated on the REBCO layer strongly affects
the mechanical properties of the REBCO layer under tension
load. Tensile loading simulation shows that the stress—strain
curves of REBCO conductor at RT and 77 K can be divided
into three stages separated by two yield points, one due to the
yield of copper and the other due to the yield of Hastelloy.
The irreversible strain where the onset of damage occurs on
the REBCO layer is found to be about 0.7% at RT and 0.74%
at 77 K. The stress and strain distributions under applied load
at both the conductor level and constituent-layer level are
experimentally validated. Simulation results show that the
critical current model based on the Ekin power-law formula
and Weibull distribution function can predict the I, versus
strain electromechanical behavior of REBCO conductor in
both the reversible and irreversible degradation regions.
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Appendix. Stress distribution in the width direction

For a real REBCO conductor, the edges are usually composed
of electroplated copper or solder fillet. In such a structure, the
side material creates boundary constraints on the outer sides
of each constituent layer, and so the outer side boundaries of
each constituent layer are no longer free. As a result, inho-
mogeneous stress distributions appear on all the constituent
layers along the regions near the edges. Figure A1 shows the
residual stress distributions of all the constituent layers of a
half-width (2 mm) conductor in the width direction at 77 K.
The stress distribution on each layer is nearly homogeneous in
the width direction from the center to 1.9 mm, while inho-
mogeneous stress distributions appear near the edge from 1.9
to 2 mm. The homogeneous stress distribution region takes up
about 95% of the width and the mechanical and super-
conducting properties are mainly determined by the perfor-
mance of this region. As a result, the stresses on all the
constituent layers are obtained from their longitudinal centers,
which are within the homogeneous stress distribution region.
In addition, it can also be seen that the stresses on the top and
bottom copper layers are almost the same when measured at
their half-thickness centers. Though the conductor structure in
the thickness direction is not symmetrical, the thicknesses of
the HAR laminated layers are so thin that their effects on the
stress distributions of the copper layers are very small. Thus,
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Figure A1. Residual stress distributions on all the constituent layers
of a half-width conductor in the width direction at 77 K.

only the stress and strain information on the top copper layer
is used in this paper.
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