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Electromagnetic, Thermal, and Mechanical Modelling of Thin-Wall

HTS Bulks During PFM
Santiago Guijosa, Kévin Berger, Frederic Trillaud and Melika Hinaje

Abstract—High-temperature superconductors, especially rare-
earth barium copper oxide (REBCO) bulks, are promising for
superseding permanent magnets in power applications. However,
being essentially ceramics, their practical use is limited by their
brittleness that turns into mechanical failures during high-field
magnetization. These failures often arise from defects that appear
during the fabrication process, such as pores and cracks. This
fragility may be mitigated by including artificial holes in the
bulks. The number, size and distributions of these holes may
not just improve cooling, but they may also reduce porosity, and
enhance both mechanical strength and flux pinning. Modelling
the impact of such holes on the trapping performance of the
bulks and their thermo-mechanical response to magnetization,
particularly the pulsed field magnetization (PFM) that is con-
sidered practical for actual applications, is challenging and
requires a multiphysics approach. In that context, the present
work introduces a 2D finite element model (FEM) that includes
coupled electromagnetic, thermal and mechanical physics to
simulate thin-wall REBCO bulks with ring reinforcement. The
numerical results provide insight on how to maximize trapped
magnetic fields while minimizing mechanical loads with thin-wall
reinforced REBCO bulks.

Index Terms—Artificial holes, multiphysics finite element anal-
ysis, pulsed-field magnetization, REBCO bulk.

I. INTRODUCTION

H IGH-temperature superconducting (HTS) bulks can be
used as permanent magnets when magnetized at low

temperatures [1], [2]. They can trap magnetic flux density
several orders of magnitude higher than conventional magnets
for samples weighing less than a few hundreds of grams.
A record was broken a few years ago with a trapped field
up to 17.6 T achieved between a stack of two bulks [3].
The trapping is generated by the induction of macroscopic
superconducting currents in the body of the bulk via the
application of a time-dependent external magnetic field. These
currents persist in the absence of the external magnetic field.
One of the main techniques for field trapping is the Pulsed-
field magnetization or PFM [4], [5]. It is the preferred choice
for practical applications where bulks can only be magnetized
in situ, requiring compact setups with a short magnetization
process that may last for a few milliseconds. However, due to
its duration with rapid flux dynamics, high thermal gradients
are generated in the material resulting in a lower intensity of
trapped magnetic fields [6], [7]. The same thermal gradient in
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combination with the Lorentz force lead to the generation of
high tensile stresses inside the bulk often leading to fractures.
In the worst case scenario, it can result in the loss of its
physical integrity [8]–[13].
Rare-earth barium copper oxide (REBCO) bulks are manufac-
tured principally using the top-seeded melt growth (TSMG)
method or one of its derivatives [14], [15], such as the top-
seeded infiltration growth (TSIG) method and the new single-
direction melt growth (SDMG) [16]. The ceramic material
is brittle with low tensile strength (≈10-100 MPa). This
low strength is attributed to the presence of inherent micro-
structural defects such as pores, cracks, and grain boundaries,
making them prone to fracture and crack propagation [17]–
[20]. Furthermore, porosity (gas trapped in the material) can
negatively impact superconducting properties during fabrica-
tion as discussed in [21]–[23]. As a result, it could significantly
decrease the trapped field and increase tensile stresses during
magnetization [24]. Hence, a solution to reduce porosity, and
thereby to increase the mechanical resilience and to improve
the superconducting properties, is the inclusion of artificial
holes. This alternative was proposed in [25]. Thus, prior to
the growth process, millimeter-sized holes are drilled in the
RE-211 phase, allowing gas to escape the material during the
melting process, ultimately reducing porosity and improving
superconducting homogeneity through better oxygen anneal-
ing. Moreover, holes filled with some thermally conductive
and mechanically rigid materials could improve mechanical
properties and cooling during magnetization [26], [27]. Such
significant improvements in the superconducting, mechanical,
and flux-trapping properties, have been found in YBCO ma-
terials [25], [28]–[31].
Even though a consequent body of experimental [32]–[36]
and numerical [24], [37]–[39] works have been carried out on
the magnetization of thin-wall REBCO bulks, there are still
some aspects that have not yet been addressed, in particular
the electro-thermal-mechanical behavior of such bulks under
PFM. In that regard, a 2D finite element multiphysics model
built in COMSOL Multiphysics® is proposed hereinafter. The
electromagnetic, thermal and mechanical response of a thin-
wall REBCO bulk is studied under PFM. The focus is on
the use of different materials to fill artificial holes, with and
without a metal ring as structural reinforcement to minimize
tensile stresses and maximize the trapped field.

II. MODELING FRAMEWORK

In the 2D model illustrated in Fig. 1, the HTS bulk (domain
Ωsc) is an infinitely long cylinder encapsulated by an air
domain Ωa, In the present case, the bulk is fastened by a
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Fig. 1. Definitions of domains and geometry. The YBCO bulk has 13 holes
of 1 mm diameter each disposed following a triangular lattice with average
separation between holes of 5 mm. Additionally, the model includes a 5 mm
thick stainless steel ring for mechanical reinforcement.

TABLE I
CONSTANT MATERIAL PROPERTIES FOR COPPER, SILVER, SN-IN,
STYCAST, CU/STYCAST AND YBCO [4], [10], [27], [41], [42].

Property Copper Silver Sn-In Stycast Cu/Stycast YBCO
αl

(×10−6 K−1) 2.7 18.9 10 30 10.9 5

κ
(W·m−1·K−1) 400 429 50 1.2 280.4 20

E
(GPa) 126 83 25 6 90 150

cp
(J·kg−1·K−1) 385 235 150 250 345 see [4]

γm
(kg·m−3) 8,940 10,500 7,300 2 400 6,978 5,900

σc

(×106 S·m−1) 60 62 5 0 42 see (2)

stainless steel ring Ωr (5 mm thickness). The bulk includes 13
holes lumped in the domain Ωh; each hole is 1 mm in diameter.
They are distributed following a triangular lattice, with an
average separation between holes of 5 mm. The external
pulsed field Ba(t) = Bm (t/τ) exp (1− t/τ) is applied along
the axial direction at the air boundary Γa.
To investigate the effect of different fillers, several commonly
used options were selected [27], [28]: copper, silver, Sn–In
alloy, Stycast epoxy, and a composite of copper powder
mixed with Stycast epoxy. These cases are compared against a
reference provided by a bulk without holes, assuming identical
superconducting properties for the YBCO material. This sim-
plification was chosen to focus the study on the geometrical
impact of the lattice and not the superconducting properties.
The properties of the materials, assumed constant in this work,
are summarized in Table I. For the Cu/Stycast composite, a
70/30 volume ratio (copper to epoxy) is chosen, and the ef-
fective properties are obtained through homogenization. These
parameters and properties used in the simulations (see Table II)
agree with typical PFM setups and REBCO bulks [28], [40].

A. H-formulation

The electromagnetic model solves the magnetic field H via,

µ0
∂H

∂t
+∇× (ρc∇×H) = 0, (1)

where µ0 is the permeability of vacuum and ρc is the electrical
resistivity of the material. The latter is equal to ρc = 1 Ω ·m
for both Ωa and Ωh for unfilled holes. For stainless steel

TABLE II
PARAMETERS FOR THE SIMULATION [4], [40].

Parameter Description Value
D Bulk’s diameter 27 mm
Dh Holes’ diameter 1 mm
nh Number of holes 13
n Power law exponent 21
Ec Electric field criteria 1 µV/cm
Jc0 Current density constant 500 A/mm2

B0 Flux density constant 1.3 T
Bm Max. applied field magnitude 4 T
τ Pulse time constant 13 ms
Tc Critical temperature 92 K
T0 Operating temperature 65 K

and fillers, the resistivity is calculated from the electrical
conductivity σc given in Table I. The power law model given
by (2) is used to describe the resistivity of the superconductor.

ρsc =
Ec

Jc

(
||J||
Jc

)n−1

. (2)

Ec is the critical electric field, n is the index of transition,
J is the current density, and Jc is the bulk critical current
density which depends on the local magnetic flux density and
temperature according to Jc(B, T ) [43]:

Jc(B, T ) =
Jc0(

1 +
||B||
B0

) (1− ( T

Tc

)2
) 3

2

. (3)

The parameters can be found in Table II.

B. Heat balance equation

Heat is generated in electrically conductive materials via
Joule dissipation expressed as Q = |E| · |J| to the exception
of the “air” and the unfilled holes that are non-conductive
by construction. The Joule dissipation Q is a source term in
the heat balance equation (4) to solve the temperature across
the system made of the HTS, the filled holes and the ring if
present.

γmcp
∂T

∂t
−∇ · (κ∇T ) = Q. (4)

γm is the mass density, cp is the specific heat capacity at
constant pressure, and κ is the thermal conductivity of the
material. Heat convection, at the exterior of the sample (rim
of the bulk or of the stainless steel ring, if present) and at
the boundaries of the unfilled holes, is provided by subcooled
liquid nitrogen at a constant temperature of 65 K. In the
present model, it is mathematically represented by a linearized
convective heat flux with a heat transfer coefficient h equal to
600 W·m−2·K−1 [44], and no thermal calculations are actually
carried out in the domain of the unfilled holes (Ωh).

C. Mechanical model

Temperature gradients and Lorentz force (FL = J×B) arise
during magnetization thereby deforming the superconductor.
The resulting displacement field u is determined by solving,

∇ · σ + FL = γm
∂2u

∂t2
, (5)
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TABLE III
COMPARISON OF NUMERICAL RESULTS FOR DIFFERENT FILLERS WITHOUT

A REINFORCEMENT RING, SHOWING RELATIVE OR ABSOLUTE CHANGES
WITH RESPECT TO THE REFERENCE CASE.

Case Bt (∆%) Tm (∆%) σm1 (MPa) σm2 (∆%)
Reference 1.457 T 69.5 K 0.0 2.8 MPa
Unfilled −4.962 12.0 4.3 86.1
Copper −5.665 0.5 0.2 2.8
Silver −5.759 0.6 0.9 29.2
Sn-In −5.675 4.6 1.3 57.6
Stycast −5.533 11.7 4.5 78.5
Cu/Stycast −5.773 0.8 0.2 20.4

Fig. 2. Magnetic flux density distributions at the end of magnetization (t =
130 s) for: the reference case, the copper fillers, and the unfilled holes, without
the stainless steel ring. The thin-wall samples exhibit an inhomogeneous
magnetic field distribution, with an approximate 5% reduction in the intensity
of the trapped field compared to the reference case.

where σ denotes the 2D stress tensor, related to the total strain
ε (mechanical and thermal) through the Hooke’s law, σ = Cε.
C is the fourth-order stiffness tensor that characterizes the
elastic properties of the material. Since ceramics generally
fail abruptly when one of the normal stress components
exceeds the tensile or fracture strength σF , the key mechanical
parameter considered in this study is the maximum stress,
defined as σmax = max(σr, σθ) in a 2D cylindrical coordinate
system.

III. RESULTS AND DISCUSSION

Table III summarizes the results for the trapped field (Bt),
maximum temperature (Tm), and maximum stress (σm) during
the PFM process for different fillers. These results are com-
pared with the results obtained for the plain reference case
(no holes). The trapped field is interpolated at the center of
the 2D model. As expected, the introduction of holes leads to
a reduction in the trapped field since the same properties for
the thin-wall bulk and the ideal reference were assumed. As
previously mentioned, different superconducting properties are
expected between a reference bulk and a thin-wall sample as
a consequence of the fabrication process. In particular, bulks
with holes may exhibit improved superconducting properties,
such as higher critical current density Jc and critical temper-
ature Tc, due to reduced porosity and enhanced oxygenation.
However, to unveil the impact of the geometry and not the
change of superconducting properties, a simpler case has been
assumed here with equal material properties with and without
holes. Thus, within this idealized framework, all thin-wall

Fig. 3. Comparison of temperature distributions for the unfilled, copper- and
Sn-In-filled cases at τ = 13 ms. Poorly conducting or unfilled holes lead
to localized temperature hot spots around the holes. Conductive fillers like
Copper promote a more homogeneous temperature distribution.

configurations exhibit reductions of comparable magnitude
in the trapped magnetic field, with the smallest decrease
observed for the unfilled-hole case, which still shows an
almost 5% reduction relative to the reference bulk. To evaluate
the sensitivity of the results to possible improvements in
superconducting performance, an additional simulation was
carried out assuming a modest 10% increase in Jc for the
thin-wall sample [29], even though studies have found almost
a 100% increase [25]. This 10% increase in the Jc leads to an
increase of approximately 2% in the trapped magnetic field
compared to the reference bulk, partially compensating the
geometric reduction. These results indicate that the trapped-
field reductions reported here should be interpreted as a lower
bound associated with geometry alone.

Figure 2 compares the trapped field distributions for some
selected cases: reference, copper, and unfilled. The presence
of holes also modifies the magnetic field profile, resulting
in a loss of isotropy and cylindrical smoothness with square
or hexagon shaped distributions. Besides the differences in
magnitude reported in Table III, no significant variations of
the field distribution across the bulk are observed between
the copper filler and the unfilled case. This non-uniformity is
consistent with the expected disturbance of current flow around
the holes, which introduces discontinuities in the propagating
flux front [38].

The decrease in trapped field with different fillers results
from the interplay of several factors like heat diffusion, local
variations in the temperature, and inhomogeneous current dis-
tributions. Even when enhanced heat diffusion is provided, the
average critical current density (Jc(B, T )) can still decrease.
Hence, the improved thermal conduction can diffuse the heat
across the entire bulk raising everywhere the temperature,
in contrast to the unfilled case, where the heat concentrates
around the holes resulting in a localized increase in tem-
perature. This can be observed in Fig. 3 with the presence
of unfilled or poor thermal conducting fillers that disrupts
the homogeneity and isotropy of the temperature distribution
across the bulk. Hence, the unfilled-hole and Stycast cases
exhibit the highest local temperature rise, with a maximum
temperature Tm increase of about 12% compared to the
reference case. In contrast, copper- and silver-filled holes with
the best thermal conduction reduce the maximum temperature
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Fig. 4. Comparison of the evolution of the maximum temperature over
the HTS bulk during the PFM. The unfilled case exhibits a higher and
sharper temperature rise during the pulse ascent due to localized losses around
the holes, whereas copper fillers mitigate local heating by enhancing heat
diffusion. The use of a metal ring also improves the cooling of the system.

by spreading the heat evenly around the holes.
Figure 4 compares the evolution of the maximum tempera-

ture in the bulk for the copper-filled and unfilled cases. Two
contrasting behaviours are observed. The unfilled case has the
highest maximum temperature, especially during the ascending
stage. The copper fillers not only act as a diffuser of heat but
they add mass to the system explaining a lesser maximum
temperature rise with fillers than without. In other words,
the system has more capacity to absorb energy for a given
temperature difference. As an example, the stainless-steel ring
when included in the model presents a significant reduction of
the maximum temperature even with the unfilled case. Eddy-
current heating in the metallic fillers is estimated to be several
orders of magnitude lower than that in the bulk and is not
included in the model.

Two peaks in maximum tensile stress (σm1 and σm2) occur
during PFM: one is associated with thermal expansion during
the pulse rise, and the other is associated with Lorentz force
during the flux-trapping stage [24]. The unfilled-hole and
Stycast cases show an increase in both peaks (up to 86.1% in
σm2). However, the copper fillers behave as in the reference
case with a similar σm1 and an almost negligible 2.8% increase
in σm2 compared to other materials. The Cu/Stycast composite
exhibits intermediate behavior. It offers better cooling and
lower stress than insulating materials but it performs slightly
worse than pure copper with a lower thermal conductivity.
Fig. 5 compares the evolution of maximum stress for the
copper fillers and the unfilled case. The stainless-steel ring
fastens the bulk by restraining its expansion during magneti-
zation therefore reducing the tensile stress.

Fig. 6 presents the temperature and stress distributions for
the unfilled case. The maximum temperature rise occurs during
the pulse ascent, primarily around the holes (Fig. 6(a)), as
reported in [24], due to localized losses. This leads to local
thermal expansion and the development of tensile stresses
as illustrated by Fig. 6(b). During the flux-trapping stage,
magnetic flux relocates toward the center of the bulk, pro-

Fig. 5. Comparison of maximum stress evolution during the PFM. Two
distinct stress peaks are observed, associated with thermal expansion during
the pulse rise and with the Lorentz force during flux trapping. Copper fillers
reduce both the magnitude and localization of tensile stresses compared to
the unfilled case, as well as the presence of a metal ring.

Fig. 6. (a) Temperature distribution at peak temperature (t ≈ 4 ms). (b)
Maximum stress distribution at peak temperature and peak stress (t ≈ 40 ms)
for the unfilled case without the stainless steel ring. Localized heating
around the holes during the pulse rise induces thermal expansion and stress
concentrations. During flux-trapping stage, the Lorentz force induces tensile
stresses in the center of the bulk, amplified by the absence of mechanical
support in the holes.

Fig. 7. (a) Temperature distribution at peak temperature (t ≈ 4 ms). (b)
Maximum stress distribution at peak temperature and peak stress (t ≈ 40 ms)
for the copper fillers without the stainless steel ring. For fair comparison, the
scale is the same as in the unfilled case. Enhanced heat diffusion provided by
copper fillers suppresses local thermal hot spots and promotes a more uniform
stress distribution, resulting in reduced peak tensile stresses compared to the
unfilled case.

ducing high electromagnetic tensile stresses. Since there is
no mechanical support offered by any filling materials in
the holes, stress concentrations set in at the center of the
bulk. In contrast, Fig. 7 shows the corresponding distributions
for the copper fillers. The temperature rise is mitigated by
improved heat diffusion (Fig. 7(a)), preventing the formation
of local thermal tensile stresses (see Fig. 7(b). Additionally,
the electromagnetic stress during the flux-trapping stage is



5

reduced.
To understand the effect of mechanical mismatch [45]

introduced by the fillers, a parametric sweep of the filler
thermal expansion coefficient αf and Young’s modulus Ef

was carried out using values inferior to, equal to, and superior
to those of the HTS, namely αf = {1.67, 5, 15}× 10−6 K−1

and Ef = {50, 150, 450}GPa. The remaining material prop-
erties are those of copper (see Table I). The corresponding
normalized mismatch parameters are defined as:

Mα = log

(
αf

αHTS

)
=


< 0, less expansive,
= 0, equally expansive,
> 0, more expansive.

(6)

ME = log

(
Ef

EHTS

)
=


< 0, softer,
= 0, matched,
> 0, stiffer.

(7)

These parameters provide a useful centred description of the
mechanical mismatch between the filler and the bulk. Fig. 8
summarizes the results of the parameter sweep showing the
envelope of possible stresses bounded by a minimum and
maximum stress curve. It can be seen that the lower bound
corresponds to matching the filler mechanical properties to the
bulk (ME = Mα = 0), while the upper bound corresponds
to two cases differentiating the properties of the bulk from
those of the fillers. All intermediate combinations lie between
those two limits. The results are also compiled in Fig. 9 as
the increment of each stress peak on top of the matched
case. Although present, the initial stress peak σm1 remains
almost negligible for all configurations due to the high thermal
conductivity of the filler. The dominant contribution are the
second peak σm2, occurring during the Lorentz force driven
stage, and a later stress peak σm3 visible on the red curve in
Fig. 8.

The increase of σm2 depends primarily on the stiffness
mismatch ME . Even in the absence of thermal expansion
mismatch (Mα = 0), it increases when ME ̸= 0. Both
softer fillers (ME < 0) and stiffer fillers (ME > 0) lead
to higher σm2 values compared to the matched case. At later
times, when the external field is removed and a slight increase
in temperature is induced due to the changing currents (see
Fig. 4 at t ≈ 10−1 s), an additional stress peak σm3 emerges
when more expansive fillers are introduced. This third peak
is smaller for matched or less expansive fillers (Mα ≤ 0)
but it notably increases for a positive mismatch (Mα > 0).
The magnitude of σm3 is further amplified when combined
with stiffness mismatch, indicating that differential expansion
between the filler and the bulk becomes an important source
of tensile stress.

IV. CONCLUSIONS

A 2D multiphysics finite element model was developed
to investigate the coupled electromagnetic, thermal, and me-
chanical behavior of REBCO thin-wall bulks under PFM.
The results indicate that the presence of holes reduces the
trapped field compared to the ideal reference case (no holes),

Fig. 8. Maximum tensile stress evolution for different mechanical mismatches,
showing a stress envelope bounded by the matched case (minimum) and two
representative mismatched cases (maximum).

Fig. 9. Increment of stress peaks ∆σm2 and ∆σm3 relative to the matched
case (Mα,ME) = (0, 0), for all mismatch combinations.

assuming identical superconducting properties, although in
practice, holes may enhance mechanical and superconducting
performance. Therefore, the results should be interpreted as
a lower bound related to the geometry alone. Filling the
holes with materials combining high thermal conductivity and
similar Young’s modulus and thermal expansion coefficient
to the bulk is essential to limit temperature rise and suppress
local tensile stresses. Hence, copper appears as the best choice
among the studied materials. Nevertheless, its manufacture
might be difficult, making the Cu/Stycast epoxy a practical
trade-off. Finally, the addition of a ring reinforcement pro-
vides extra cooling and compressive support, reducing tensile
stresses.
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