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HTS Tape Mechanical Behavior Sensitivity on
Material Properties and Thickness of Material Layers

Hamed Milanchian , Tiina Salmi , Alexandre Halbach, and Reijo Kouhia

Abstract—Multilayer 2G high-temperature superconductor
(HTS) tapes undergo various mechanical loading steps as part of a
superconducting magnet operation. The mechanical loading steps
include cool-down to cryogenic temperatures and Lorentz forces
when powering up the magnets. Studying the mechanical behavior
of the constituent layers in a HTS tape can reveal the strain or stress
level in each layer and help in predicting the probability of mechan-
ical failure or critical current degradation. A detailed finite element
method (FEM)-based simulation models enable us to estimate the
mechanical behavior in each layer. However, defining the model
parameters for material mechanical properties or thickness of each
material layer can have considerable uncertainty due to variation
in manufacturing processes and missing measurements of material
properties within these tapes. The material properties in thin layers
may not exactly comply with bulk materials of the same kind. In
this paper we present a sensitivity analysis for mechanical behavior
dependence on material properties variation in the constituent
layers of a HTS tape. The results give important insight about
the accuracy and reliability of mechanical simulation results and
guide the priorities in future material characterization. In addition,
we will investigate the effect of the thickness of Hastelloy layer on
effective macroscopic mechanical behavior of the tape. A nonlinear
elastoplastic FEM model is used for performing the simulations.

Index Terms—FEM, HTS tapes, mechanical analysis, YBCO.

I. INTRODUCTION

MULTILAYER Yttrium barium copper oxide (YBCO)-
based coated HTS tapes have been regarded as a promis-

ing option for future high-field applications [1]. Studying the
mechanical behavior of these tapes is very crucial for HTS tape-
based cable, coil, and superconductor magnets, as mechanical
strain can lead to a degradation of YBCO’s critical current [2].

Several mechanical modeling of coated HTS tapes has been
done before with different finite element (FE) modeling soft-
wares, Abaqus, Ansys, and COMSOL [3], [4], [5]. A 3D non-
linear numerical FE model for HTS tapes has already been

Manuscript received 12 November 2022; revised 10 February 2023; accepted
20 February 2023. Date of publication 1 March 2023; date of current version 15
March 2023. This work was supported by the Academy of Finland, under Grant
324887 (Super20T). (Corresponding author: Hamed Milanchian.)

Hamed Milanchian and Tiina Salmi are with the Department of Elec-
trical Engineering, Tampere University, 33720 Tampere, Finland (e-mail:
hamed.milanchian@tuni.fi).

Alexandre Halbach is with Quanscient, Tampere, Finland.
Reijo Kouhia is with the Department of Civil Engineering, Tampere Univer-

sity, 33720 Tampere, Finland.
Color versions of one or more figures in this article are available at

https://doi.org/10.1109/TASC.2023.3251293.
Digital Object Identifier 10.1109/TASC.2023.3251293

developed by us, which enables studying strain and stress in
elastoplastic regimes [6]. This weak formulation FE model
has been built in the FEM C++ library of Sparselizard [7].
In addition to the numerical models, one needs to have the
correct material properties in order to produce reliable simula-
tion results. These properties are typically not readily available
within the temperature range of interest, and material properties
can represent one of the biggest uncertainty in the simulation
input. In the review presented in [6], it was found that the
material properties of the constituent layers in the simulated
HTS tapes varied significantly in the literature. Therefore, it is
very insightful to know how each material property of each layer
affects the study and the simulations. This work utilizes the built
FE model and Sparselizard implementation in material property
sensitivity analysis impacting the mechanical behavior of HTS
tapes and the YBCO layer. Another aspect expected to affect
the tape mechanical behavior strongly is the thickness of the
substrate (Hastelloy) layer. Hence, in this paper, the Hastelloy
thickness impact on the tape and YBCO layer during loadings
was quantified as well.

In Section II, the numerical mechanical model is briefly
presented. Next, the coated HTS tape, geometry and material
properties are explained in Section III. In Section IV, the results,
including the material sensitivity analysis and Hastelloy thick-
ness analysis, are demonstrated. Finally, Section V concludes
this article.

II. MECHANICAL MODEL

The elastic mechanic model is as follows:

∇ · σ +�b = 0 (1)

σ = D : (ε− εth) (2)

ε =
1

2

(∇�u+ (∇�u)T
)
. (3)

Stress tensor and infinitesimal strain tensor are shown with σ
and ε, �u is the displacement field, and εth is the thermal strain
caused by temperature change. Moreover, �b is the body force,
and D is the elastic material stiffness tensor.

For implementing an elastoplastic study, a plasticity model
should be used. The isotropic linear hardening model has been
used for that purpose which includes the additive decomposition
rule (4), Hooke’s law (5), flow rule (6), isotropic hardening rule
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(7), and the consistency condition (8).

ε̇ = ε̇e + ε̇p (4)

σ = D : (ε̇− ε̇p) (5)

ε̇p = λ̇
∂f

∂σ
= λ̇ n̂ (6)

K̇ = H λ̇ (7)

ḟ = 0. (8)

In which εe and εp are the elastic and plastic components of
the total strain, λ, and n̂ are the plasticity multiplier (norm)
and the unit direction vector for it, H is the generalized plastic
modulus (related to the tangent modulus), K is the isotropic
hardening parameter, and f is the yield function. Note that
plastic behavior starts with stress reaching a critical value (yield
stress) and causes permanent deformations. The yield function is
defined to state if plasticity happened or not. The yield function
in the isotropic linear hardening plasticity model considering
Von Mises equivalent stress is defined as follows:

f =

√
3

2
s : s− σy −K

{
f < 0 elastic,

f = 0 plastic.
(9)

The deviatoric stress, s, in (9) can be computed from:

s = σ − 1

3
tr(σ)1. (10)

To solve the nonlinear elastoplastic problem, the FE weak form
of the elastic model and the discretized plasticity rules are used
together with Newton-Raphson method. The complete formu-
lation has been reported in [6].

III. HTS TAPE

The coated HTS tapes are composites with different layers.
Copper, Hastelloy, YBCO, silver, and buffer are the main mate-
rials.

A tape with all seven layers (including all materials) is consid-
ered for the material property sensitivity analysis. For Hastelloy
thickness sensitivity analysis, the buffer and silver layers are
omitted because, based on the results shown in Section IV-A,
they would have negligible impact on the results.

A schematic of the seven-layered tape is shown in Fig. 1. The
fixed mechanical boundary condition of one end of the tape has
also been shown, and the tape is aligned along the z-axis. The
thickness for the layers, width, and length of the simulated tape
are in Table I.

For modeling the cool-down and axial loading of the HTS tape
with linear hardening elastoplasticity model, elastic properties
as young modulus (E), Poisson’s ratio (ν), thermal property as
the coefficient of thermal expansion (αth) and plastic behavior
properties as initial yield stress and tangent modulus are re-
quired. The material properties in Table II have been chosen
for the constituent layers in the HTS tape for the reference
case in our simulations. There are uncertainties about the exact
behavior of the YBCO layer in the HTS tapes due to the unique

Fig. 1. Schematic of a seven-layered coated HTS tape.

TABLE I
THE SIMULATED HTS TAPE DIMENSIONS [M]

TABLE II
MATERIAL PROPERTIES OF THE REFERENCE CASE OF THE HTS TAPE

manufacturing process and its super thin thickness (2 μm); still,
an elastoplastic behavior has been selected for our simulations
(σy = 40 MPa, ET = 0). The 40 MPa assumption for σy is
a rough average value based on bulk YBCO measurements,
31 MPa of splitting tensile strength [8], and flexural strength
of 54–57 MPa [9]. While in HTS tapes applications, some,
such as [10] and [11], considered a yield stress of 56 MPa
for the YBCO layer, [4] used complete elastic assumption,
and [5] assumed elastoplastic behavior with a yield stress
of 1200 MPa.

IV. RESULTS

The simulation of HTS tapes takes place in two stages of
loadings. Initially, the tape is cooled-down to 77 K. The strain
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Fig. 2. Stress in constituent layers of the detailed HTS tape (7-layered) during
cool-down and axial loading stage (with reference case material properties).

and stress are studied at this point. Later, the axial loading by
means of imposed boundary condition is simulated. Note that
pre-strain, pre-stress, and plastic material property evolution act
as initial conditions prior to studying the axial loading part. As
the tape is axially loaded, the strain and stress along the tape
(z-axis) are studied in the results. The stress along the tape after
both loading for the reference case can be found in Fig. 2. The
stress in layers of HTS tape emerges in cool-down due to the
difference in thermal properties, and later more stress is gener-
ated during axial loading of the tape. The YBCO layer in both
loading and the silver layer in axial loading undergo the plasticity
regime. The built FE numerical model with Sparselizard has
been compared with COMSOL, and a below 0.4% difference
has been obtained [6].

A. Material Sensitivity Analysis

To investigate the impact of the material properties of the lay-
ers on the mechanical study sensitivity analysis has been imple-
mented. With five materials in the tape (copper, silver, Hastelloy,
buffer, YBCO), five material properties (αth, E, ν, ET , σy), and
two change cases (+10% and −10% of change for each material
property), there will be 50 different cases of simulations to be
executed. Each of the cases is compared with the reference case,
and the differences in (1) YBCO behavior and (2) the tape’s
average behavior are reported. This sensitivity analysis is done
once at the cooled-down point and once after axial loading at
77 K. After studying the cases impacting YBCO behavior after
cool-down, the results show that the silver and buffer properties
had a below 1% effect. The effect of the top five properties of the
other three materials is in Fig. 3. As is seen from Fig. 3, YBCO’s
σy has 10% effect on (σzz)YBCO, Hastelloy’sαth and copper’sαth

have 8% and 2% effect on (εzz)YBCO. For tape’s behavior after
the cool-down, silver, buffer, and YBCO properties had below
1% effect. Again top 5 most influential copper and Hastelloy
properties impacting tape after cool-down are chosen to be
shown in Fig. 4. Hastelloy’s αth has the largest effect, with 8%
change in (εzz)tape.

Fig. 3. Relative difference of YBCO layer strain and stress after cool-down in
cases of ±10% material property change (top 5 cases).

Fig. 4. Relative difference of tape strain after cool-down in cases of ±10%
material property change (top 5 cases).

With the assumed elastoplastic behavior and material proper-
ties for the YBCO layer, it lies in the perfect plastic regime, and
the stress does not evolve during axial loading; therefore, it is
not possible to see the difference and do the sensitivity analysis
for YBCO behavior during axial loading. On the other hand,
the sensitivity analysis impacting tape strain after 600 MPa of
axial loading at 77 K has been done. 600 MPa stress was chosen
as it is close to 700 MPa of yield stress in SuNam HTS tapes.
Similar to cool-down tape analysis, the effect of silver, buffer and
YBCO properties are negligible and below 1%. The results of
the top 5 properties are in Fig. 5. Hastelloy’s E and αth have the
most significant effect, 59% in −10% and 48% in +10% change
for Young’s modulus and 36% difference for the coefficient of
thermal expansion impacting (εzz)tape. Copper’s αth and σy have
almost 8% effect on (εzz)tape as well.
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Fig. 5. Relative difference of tape strain after cool-down and 600 MPa of axial
loading in cases of ±10% material property change (top 5 cases).

Fig. 6. The strain-stress behavior of the HTS tape and the YBCO layer during
cool-down and mechanical loading with different thickness of Hastelloy layer.

B. Hastelloy Thickness Sensitivity Analysis

The Hastelloy layer (the substrate layer in HTS tapes) pro-
vides the mechanical stability for the tape and makes most
part of it (50–70% in HTS tapes of different manufacturers).
The HTS tape’s average mechanical behavior depends on this
crucial layer. Therefore, how this layer’s thickness affects the
whole behavior should be studied. The whole loading case
for the HTS tape (cool-down + axial loading) with two more
different thicknesses of Hastelloy (50 μm and 150 μm) are
simulated and compared with the common 100 μm thickness
of Hastelloy. The strain-stress diagram for the YBCO layer and
tape behavior is shown in Fig. 6. In both cases (50 μm and
150 μm thickness of Hastelloy), the YBCO layer lies in the
plasticity regime, similar to the reference case, and not much
different behavior can be seen. However, larger impacts on tape

TABLE III
RELATIVE DIFFERENCE OF YBCO LAYER AND TAPE AVERAGE BEHAVIOR IN

DIFFERENT HASTELLOY THICKNESSES COMPARING TO THE REFERENCE CASE

OF 100 µM

behavior can be seen with different thicknesses of Hastelloy.
For better comparison, the differences to the HTS reference
case of 100 μm thickness of Hastelloy after cool-down and
after 600 MPa of axial loading at 77 K are computed, which
can be found in Table III. With ±50% of Hastelloy thick-
ness change, below 4% effect has been observed impacting
YBCO strain, YBCO stress, and tape strain at the complete
cool-down. On the other hand, after 600 MPa of the axial
loading, HTS tape with thicker Hastelloy (+50% change) has
−33.36% effect impacting tape strain. In addition, the HTS tape
with thinner Hastelloy (−50% change) undergoes larger tape
strain (102.09%).

V. CONCLUSION

Material properties sensitivity analysis was done for coated
HTS tape mechanical simulation during cool-down and axial
loading. The results suggested that Hastelloy’s E and αth had
the largest impact on the simulated loadings. For example,
a 10% decrease in Hastelloy’s E led to a 58% increase in
tape strain. Regarding the YBCO layer behavior, especially
its transition to the plastic regime, σy obviously is essential.
However, finding a reliable value for the yield stress value of
the thin YBCO layer in the literature is not easy. As expected,
the thin silver and buffer layers had almost no impact on the
study. Consequently, when selecting the material properties, one
should pay the most attention in choosing the properties for
Hastelloy. YBCO mechanical characterization is also required
for future works to obtain more accurate results that may be
needed for YBCO delamination and critical current degradation
analyses.

The Hastelloy thickness sensitivity analysis considered
50 μm, 100 μm, and 150 μm of Hastelloy thicknesses. After the
cool-down, all cases behave rather similarly. After subsequent
axial loading, the 50 μm thick Hastelloy tape had 102% and
136% more strain than the 100 μm and the 150 μm thick
Hastelloy tapes. The thicker Hastelloy in tapes thus decreases
the strain in the tape and the YBCO layer when subject to the
same axial loading. This could be one aspect to consider when
designing the architecture of a coated HTS tape for a given
application.
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