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Thickness Dependence of Trapped Magnetic Fields
in Machined Bulk MgB> Superconductors

Mark D. Ainslie, Senior Member, IEEE, and Akiyasu Yamamoto

Abstract—MgB: in bulk form shows great promise as an inex-
pensive, lightweight alternative to bulk (RE)-Ba-Cu-O materials
to act as trapped field magnets (TFMs), which can replace per-
manent magnets in applications such as desktop high-field mag-
net systems and rotating machines. In this paper, we investigate
the thickness dependence of the trapped magnetic field in bulk
MgB: superconductors. Two bulk MgB: samples, 20 mm in di-
ameter and 10 mm in thickness, were fabricated using the pow-
der-in-closed-tube (PICT) technique. The trapped field was then
measured after field-cooled magnetisation for thicknesses of ap-
proximately 20 mm (both bulks stacked), 10 mm (single bulk),
and then 7.5, 5, 4, 3, 2, 1.5 and 1 mm, for which the sample was
machined down to the designated thickness using an automated-
wet-polishing technique. A 2D axisymmetric finite-element model
based on the H-formulation is used to simulate the experimental
results and explain the observed thickness dependence of the
trapped field. The numerical results assume a Jc(B) dependence
based on the measured characteristics of small specimens taken
from the bulk before and after machining. The J.(B) measure-
ments suggested a degradation of J. occurred as the bulk was
machined thinner and thinner: a decrease in Jc(0 T) of ~35% was
observed between the pre- and post-machining specimens. Tak-
ing this into account in the models, by assuming a linear reduc-
tion in Jc with each machining process, reproduced the experi-
mental results with very good agreement. Consistent trapped
field measurements on the top and bottom surfaces suggest this
degradation occurred globally, rather than local to the machined
surface.

Index Terms—Bulk MgB>, trapped field magnets, numerical
modelling, H-formulation, thickness dependence

1. INTRODUCTION

MGB2 in bulk form shows great promise as an
inexpensive, lightweight alternative to bulk (RE)-Ba-
Cu-O (where RE = rare earth or yttrium) materials with
trapped field capabilities in excess of 3 T, and up to 5.6 T,
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demonstrated to  date [1]-[8]. Magnetised bulk
superconductors can act as powerful trapped field magnets
(TFMs) and offer significant performance advantages over
conventional permanent magnets in a number of applications,
including desktop high-field magnet systems and rotating
machines [9]. In addition to being inexpensive and
lightweight, MgB, exhibits a number of additional advantages:
a long coherence length, lower anisotropy, strongly-linked
supercurrent flow in untextured polycrystalline samples, and
the relative ease of fabrication has enabled a number of
different processing techniques to be developed [10]-[15]. In
this work, the thickness dependence of the trapped magnetic
field in bulk MgB, superconductors is investigated,
experimentally and numerically, to understand the effect of
and optimise the geometry in order to maximise their
performance as permanent magnet analogues.

II. EXPERIMENTAL DETAILS

Two bulk MgB, samples, 20 mm in diameter (D) and
10 mm in thickness (¢), were fabricated using the powder-in-
closed-tube (PICT) technique [3], [4]. The samples were field-
cooled (FC) magnetised using a Gifford-McMahon (GM)
cryocooler (CRT-HEOS5-CSFM, Iwatani Gas), under an
external field of 6 T generated by a superconducting coil
magnet. The samples were initially field-cooled at 5 K, then
slowly warmed to 40 K (above the critical temperature, T¢).
The trapped field was measured using transversal cryogenic
Hall sensors (HGCT-3020, Lake Shore) at the centre of both
surfaces for thicknesses of approximately 20 mm (both bulks
stacked), 10 mm (single bulk), and then 7.5, 5, 4, 3, 2, 1.5 and
1 mm, for which the sample was machined down to the
designated thicknesses using an automated-wet-polishing
technique. The automated-wet-polishing was carried out using
a Buelher EcoMet™ grinder-polisher, using a low machining
speed setting and water as the fluid. Fig. 1 shows photographs
of one of the bulk MgB, samples under investigation: (a)
before machining (¢ = 10 mm), and (b) the final machined disc
(=1 mm).
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Fig. 1. Photographs of one of the 20 mm-diameter bulk MgB, disc samples
under investigation, fabricated using the powder-in-closed-tube (PICT)
technique: (a) before machining (thickness, + = 10 mm), and (b) the final
machined disc (=1 mm).

III. MODELLING FRAMEWORK

The model implements the 2D axisymmetric H-formulation
[16] and was built in COMSOL Multiphysics using the
Magnetic Field Formulation (mfh) interface. The independent
variables are the components of the magnetic field strength, H
= [H:, H,, 0], and the governing equations are derived from
Ampere’s and Faraday’s laws. The current density, J = [0, 0,
Jo], and electric field, E = [0, 0, E,], are parallel to each other,
such that E = pJ. The nonlinear resistivity, p(J), of the
superconductor is simulated using an E-J power law [17],
[18]:

n-1

K J
J.(B)|J.(B)
where Eo = 1 pV/em is the electric field criterion, Jo(B) is the
magnetic field-dependent critical current density of the

superconductor and n (assumed here to be 50) defines the
steepness of the transition between the superconducting state

(D

1E+10 .
—e—Pre-machining J,
—=—Post-machining J,
1E+9 |~
&
ji 1E
< +8
\U
1E+7
1E+6
0 2 4
Magnetic Field [T]
Fig. 2.  The assumed Jo(B, 20 K) characteristics for the numerical models,

based on experimental data for small specimens taken from one of the
unmachined bulks (‘pre-machining J.’) and from the final machined bulk
(‘post-machining J;’). The data is input into the model using a direct
interpolation.

and the normal state [19], [20].

The assumed J.(B) characteristics, shown in Fig. 2 for a
temperature 7 = 20 K, are taken from experimental data for
small specimens taken from one of the unmachined bulks and
from the final machined bulk. J; of the small specimens — cut
from the centre of the bulks with typical dimensions of
1 x 1 x0.5mm?® — was calculated from the width of the mag-
netization hysteresis loops measured using a SQUID magne-
tometer (Quantum Design: MPMS-XL5s). This calculation is
based on the extended Bean model using the equation
J. =20AM/a(1 — a/3b), where AM = M" — M is the hysteresis
loop width, and a and b (a < b) are the dimensions of the rec-
tangular sample [21]. The J(B) characteristics are then input
into the model using a direct interpolation, as described in
[22]-[24]. A mapped mesh, with a fixed element size of
0.33mm % 0.33 mm, was used to discretize each bulk
geometry.

Finally, to simulate the FC magnetisation process, a zero-
field-cooling (ZFC) magnetisation process is employed in the
simulations by applying and removing a slowly-ramped
external magnetic field that is several times larger than the full
penetration field of the bulk [16], [25]. All of the modelling
results are calculated at z = +0.5 mm above the centre of the
top surface of the bulk, taking into account the active region of
the Hall sensor in the experiments, and at a time +10 min after
the magnetic field is removed to allow for flux creep.
Isothermal conditions are assumed because the magnetisation
process is slow [10], [16], [25], [26] (and, experimentally, the
measured temperature deviation was much less than 1 K);
hence, no thermal model is included.
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Fig. 3.  Comparison of the thickness dependence of the trapped magnetic

field between the experimental field-cooled magnetisation results and the
modelling results, assuming the pre-machining J, (J.pr.) and post-machining J.
(Jepost) separately, for a temperature 7= 20 K. Also included are the calculated
results from the general analytical formula given by equation (2), based on
Bean’s critical state model and application of the Biot-Savart law, taking into
account the finite thickness of the bulk.
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Fig. 4. Comparison of the modelled current density, |J], distributions throughout the cross-section of the MgB, bulk as the thickness is varied from 20 to 1 mm

assuming the pre-machining J; (J; ), for a temperature 7= 20 K.

IV. RESULTS & DISCUSSION

In Fig. 3, the experimental FC magnetisation results for a
temperature 7' =20 K are compared with the modelling results,
firstly assuming the pre-machining J. (Jepre) and post-
machining J. (Jepost) from Fig. 2 separately. Fig. 3 also
includes the calculated results from the general analytical
formula [27-29], given by (2), based on Bean’s critical state
model and application of the Biot-Savart law. This equation
calculates the magnetic flux density at any height, z, above a
superconducting disc of radius, a, carrying an induced,
persistent supercurrent of constant critical current density, J,
taking into account the finite thickness of the bulk, #:

B(Z)='u°TJ° (z+0)hn a+ia +(z+t)

zZ+t

2
a+VJa*+7° @)

z

—z-In

Here, J. is calculated assuming z = +0.5 mm (active region
of Hall sensor), =20 mm and B(+0.5 mm) = 1.81 T (from the
experimental data), giving J. = 3.69 x 10® A/m?. This J. value
is then used to calculate B using equation (2) for each
thickness. It is obvious that the analytical formula drastically
underestimates the trapped field for reducing thicknesses,
highlighting the need for numerical models that take into
account J(B), since J; varies quite dramatically with B for
bulk MgB; material as seen in Fig. 2. Thus, in comparison to
(RE)-Ba-Cu-O [30] and iron-pnictide [25] bulks, there is a
much stronger suppression of J. for the larger current loops

associated with the trapped field of bulks with larger
thicknesses. This is evidenced by the current density
distributions extracted from the modelling results, as shown in
Fig. 4, at the end of the magnetisation process for the Jepre
models. It is clear that as the thickness is reduced, the width
over which the highest current density flows increases.
Conversely, as the bulk thickness increases, the amount of
supercurrent flowing through the cross-section increases,
leading to a higher magnetic field within the bulk, and
subsequently a stronger suppression of J..

The very good agreement for the trapped magnetic field
between the experimental results and the modelling results
using Je pre for the unmachined bulk (¢ = 10, 20 mm) shown in
Fig. 3 suggests that the local distribution of superconducting
properties inside the MgB, bulk sample is quite uniform and
the supercurrent flows throughout the whole bulk volume as
simulated. Fig. 3 also shows a large discrepancy between the
experimental and modelling for most thicknesses, with Jcpre
overpredicting the trapped field as the thickness decreases and
Jepost underpredicting the trapped field as the thickness
increases; however, there is good agreement assuming J yr. for
the unmachined bulk (z = 10, 20 mm) and J. post for the final
thickness (¢ = 1 mm). This suggests that degradation of J.
occurred as the bulk was machined thinner and thinner: a
decrease in J(0T) of ~35% was observed (see Fig. 2)
between the pre- and post-machining specimens (a ~0.5 K
reduction in 7, was also observed in separate measurements
not reported here).

Assuming, for simplicity, that there is a linear reduction in
Je with each machining process, then a new Je, Jemod, Can be
defined, such that



Jos(B) = (B)+ (Jc_pre (B)—J,,.( B)){ N‘]‘\}—_N ] 5

total

where Nl 1S the total number of machining processes
carried out (here Nt = 7) and A, is the i-th machining carried
out (i.e., Ny = 0 for ¢t = 10, 20mm and N; = 1...7 for
t=7.5... 1 mm).

Fig. 5 compares the modelling results assuming Jcmod With
the experimental ones and we find very good agreement
between the two. This suggests that the assumption of a
gradual reduction in J. with each machining process is a
reasonable one. Interestingly, the trapped fields measured on
each surface of the bulk (i.e., machined vs unmachined
surfaces) did not show any significant difference (< 2% across
all thicknesses; see Figs. 3 and 5), suggesting the degradation
occurred globally, rather than locally to the machined surface.
The exact cause and nature of this degradation warrants
further investigation, but is considered to be due to the
degradation of grain boundaries caused by mechanical effects
and/or penetration of water in the solvent into the porous bulk
during the automated-wet-polishing.
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Fig. 5. Comparison of the thickness dependence of the trapped magnetic

field between the experimental field-cooled magnetisation results and the
modelling results, assuming a linear reduction in J; with each machining
process, for a temperature 7= 20 K.

V. CONCLUSION

In this paper, the thickness dependence of the trapped mag-
netic field in bulk MgB, superconductors was investigated,
experimentally and numerically. A 2D axisymmetric finite-
element model based on the H-formulation was used to simu-
late the experimental results for the trapped field in field-
cooled bulk MgB, samples fabricated using the powder-in-
closed-tube (PICT) technique. The trapped field was measured
for thicknesses of approximately 20 mm (two bulks stacked),
10 mm (a single bulk), and then 7.5, 5, 4, 3, 2 and 1 mm, for

which the sample was machined down to the designated thick-
ness using an automated-wet-polishing technique. The numer-
ical results assumed a J.(B) dependence based on the meas-
ured characteristics of small specimens taken from the bulk
before and after machining. The J«(B) measurements suggest-
ed a degradation of J. occurred as the bulk was machined
thinner and thinner: a decrease in J(0 T) of ~35% was ob-
served between the pre- and post-machining specimens. Tak-
ing this into account in the models, by assuming a linear re-
duction in J; with each machining process, reproduced the ex-
perimental results with very good agreement. Consistent
trapped field measurements on the top and bottom surfaces
suggest this degradation occurred globally, rather than local to
the machined surface.
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