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Abstract.

It is shown that filling the holes of a drilled bulk high-temperature superconductor
(HTS) with a soft ferromagnetic powder enhances its trapping properties. The
magnetic properties of the trapped field magnet are characterized by Hall probe
mapping and magnetization measurements.  This analysis is completed by a
numerical model based on a 3D finite-element method where the conductivity of the
superconducting material is described by a power law while the permeability of the
ferromagnetic material is fixed to a given value and is considered uniform. Numerical
results support the experimental observations. In particular, they confirm the increase
of trapped flux that is observed with Hall probe mapping after impregnation.
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1. Introduction

Recent progress in the synthesis of bulk high-temperature superconductors (HTS) with
high current densities makes them very attractive to be used as permanent magnets in
several engineering applications [1, 2]. Single domains of (RE)BCO, where RE denotes
a rare earth, are able to trap up to 2 T at liquid nitrogen temperature [3, 4, 5], a
trapped flux which is typically four times stronger than that measured above a Nd-
based permanent magnet.

Trapped field magnets (TFM) are usually processed in either a parallelepiped or a
disk geometry [6, 7, 8], have a typical length or diameter of 20 to 50 mm, and a thickness
of 5 to 10 mm. In order to improve the processing of single domains with such large
dimensions, it has been recently proposed to drill artificial holes in the sintered powder
before the crystal growth [9, 10, 11]. These drilled structures offer a larger surface for
oxygen diffusion, thus enabling a high oxygen content in the sample and reducing the
formation of macrocracks during the oxygen annealing.

In drilled structures, the free space cleared by the holes may be advantageously used
for TFM applications. As already discussed in Refs. [11, 12], the mechanical resistance
of the magnet can be significantly increased by impregnating the holes with a resin.
Similarly, the insertion of an iron yoke in the centre hole of an YBCO ring has been
shown to increase the magnetic flux trapped by the ring [13]. These results suggest that
the impregnation of the hole with a ferromagnetic material could be a simple way to
enhance the trapped flux of the drilled sample.

Using a combination of ferromagnetic and HTS materials for enhancing the
performance of an application is not a mnovel concept. Macroscopic hybrid
ferromagnetic/superconducting structures have already been considered in various
applications. When aimed at large current transport, HTS tapes that are surrounded
by ferromagnetic sheets sustain larger critical currents with reduced AC losses [14, 15,
16, 17, 18, 19]. In magnetic shielding applications, placing a hollow ferromagnetic
cylinder around a superconducting tube improves the shielding properties of the
superconductor [20, 21, 22].

To our knowledge, the situation where the holes of a drilled YBCO sample are
filled with a ferromagnetic powder has never been considered. In this paper, we
propose to characterize the magnetic properties of such impregnated structures using
both experiments and modelling: the distribution of magnetic flux and the average
magnetization of the impregnated TFM are measured and compared to numerical results
obtained with a three-dimensional finite-element method.

The paper is organized as follows. In Section 2, we present the techniques
used for impregnating the samples and for measuring their magnetic properties. The
experimental results are then discussed in Section 3. Section 4 reports on the numerical
model for calculating the magnetic properties of impregnated samples. In Section 5, we
describe the simulation results and use them for explaining the measurements. Section 6
summarizes our findings and presents our conclusions.
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2. Experiment

2.1. Drilled samples and impregnation technique

We consider two drilled samples made out of bulk YBayCu3zO7_s high-temperature
superconductors (HTS). The samples were processed at CRETA (Grenoble, France)
by the top-seeded melt-grown technique [10] in the shape of cylinders with a diameter
of 16 mm and a height of 10 mm. Artificial holes were drilled in the preforms, in the
direction parallel to the c-axis of the samples. Samples A and B were prepared with 55
holes each, with diameters of respectively 0.8 mm (sample A) and 0.35 mm (sample B).
The holes were arranged on a centered rectangular lattice.

The magnetic properties were measured for each sample with and without a
ferromagnetic material in the holes. Ideally, such a material should exhibit a high
initial relative permeability, u,., and a high saturation density, B, both at cryogenic
temperatures. The material should be easily manipulated in order to fill the holes
compactly, the best option being a powder. In practice, one finds materials such as
iron-nickel alloys with high g, (~ 10*) but small By (< 500 — 800 mT), or materials
with larger B, (> 1 T) but smaller p,..

As will be shown below, the trapped field magnets considered in this paper can
trap magnetic fields with local densities of the order of 500 mT. We thus opted for a
magnetic alloy [23], the stainless steel AISI 410 (Fe/Cria5), which is available in the
form of a powder, has a large saturation density of B, ~ 1.1 T, and exhibits an initial
permeability p, ~ 30. The average size of the particles is 45 pum, which is much less

(a) No ferro filling (b)  With ferro filling
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Figure 1. (a)- Picture of sample A before impregnation. (b)- Picture of sample A
after impregnation. (c)- Picture of sample B before impregnation. (d)- Picture of
sample B after impregnation.
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than the diameter of the holes. The powder is compacted mechanically and held in the
holes by two polyimide films (Kapton) placed on the sample surfaces.

The volume ratio of ferromagnetic powder in samples A and B is 16% and 3%,
respectively. The relative magnetic permeability of the powder at low fields was
measured as u, = 24 at T' = 300 K and as p, = 28 at T' = 77 K. Figure 1 shows a
photograph of samples A and B before and after filling the holes with the ferromagnetic
powder.

2.2. Experimental methods

To characterize the influence of the ferromagnetic powder on the magnetic properties
of the drilled superconductors, two types of quantities were measured : (i), the average
magnetization, and (ii), the distribution of the trapped magnetic flux above the surface
of the sample.

2.2.1. Measurement of the average magnetization

The average magnetization of the drilled samples is measured in a Physical Property
Measurement System (PPMS - Quantum Design). Fourty turns of 80 ym-diameter wire
are wound around the sample. This constitutes a pick-up coil which is centered around
the median plane and extends up to 3 mm from the bottom and top surfaces. The sample
is inserted in the experimental chamber of the PPMS and is cooled down to 77 K in
zero field. Then, a linearly increasing magnetic flux density, B,, is applied parallel to
the c-axis. The field is swept from 0 T to 1.5 T at a rate of 5 mT/s, and then cycled
between —1.5 T and 1.5 T with the same sweep rate. The induced electromotive force
(emf) across the pick-up coil is recorded by a nanovoltmeter (HP 34420A) controlled by
a GPIB interface. The coil signal is calibrated by running a measurement sequence at
a temperature of 100 K, when the sample is in the normal state.

The induced emf is integrated numerically in order to obtain the average flux density

inside the sample, < B >. The magnetization M of the sample is then given by

poM =< B > —B,. (1)

During the integration procedure, the constant offset of the voltmeter is carefully
subtracted from the measured data, so that each magnetization curve is superposed
on itself after a complete cycle.

2.2.2. Characterization of the trapped magnetic flux

The spatial distribution of the magnetic field above the sample is measured with a
miniature probe, fixed to a motor-driven xy micro-positioning stage scanning over the
sample surface. The active area of the Hall probe is 0.05 x 0.05 mm? and is sensitive to
the component of the local field which is perpendicular to the surface. The gap between
the Hall probe and the sample surface is maintained at 0.5 mm. The Hall probe is
moved across either the top or bottom surface with a step size of 0.5 mm in the x and y
directions. In addition to the distribution of the magnetic flux density above the surface,
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Figure 2. Volume magnetization as a function of the applied flux density of the non-
impregnated (open black triangles) and the impregnated (open grey circles) samples.

we also measure the maximum trapped magnetic flux density directly on the surface.
To this aim, we bring the Hall probe in close contact with the sample and the probe
position is adjusted around the sample centre until the maximum value is recorded. The
trapped field in the drilled samples is measured for 15 min, after a 5 min field-cooling
activation in a uniform magnetic flux density of 500 mT generated by a large copper
coil.

3. Experimental results

The average magnetization curves of samples A and B are shown in Figure 2-
(a,b), respectively with (open grey circles) and without (open black triangles) the
ferromagnetic powder in the holes. Each magnetization curve forms a hysteresis loop.
In sample A, the impregnation of the holes strongly modifies the hysteresis loop, which
undergoes a counter-clockwise rotation of a few degrees with respect to its centre (see
arrow in Figure 2). The magnetization of sample A under large fields is strongly modified
after impregnation. In particular, when B, = 1.5 T, the bulk magnetization of the non-
impregnated sample increases from —100 000 A/m to —50 000 A/m when the holes
are filled with the powder. Note that the ferromagnetic filling also affects the shape of
the magnetization curve, which develops an increase of the magnetization (in absolute
value) on the upper right and lower left parts of the cycle. These changes are similar
to those found for the iron-YBCO structure studied by Granados et al [13]. In sample
B, the magnetization curve is modified in similar ways upon impregnation, although
the magnitude of the counter-clockwise rotation is smaller than in sample A, consistent
with a smaller volume proportion of the ferromagnetic material in sample B (3%) than
in sample A (16%). In both samples, the average remnant magnetization is almost
unaffected by the impregnation.

The distribution of the vertical component of the trapped magnetic flux density
above the top and bottom surfaces of samples A and B is shown in Figure 3-(a,b). For
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Figure 3. Hall probe mappings of the trapped flux density after a field-cooled
magnetization (B, = 450 mT) at 0.5 mm above the surface of the non-impregnated
(left column) and impregnated (right column) samples. In each case, the first row
corresponds to the top surface and the second one to the bottom surface.

each sample, the trapped flux distributions are shown either without (left panels) or
with (right panels) ferromagnetic powder in the holes. As usual with this field mapping
technique, the small but finite distance between the probe and the surface does not
allow one to resolve the positions of the holes [24, 25].

As observed in Figure 3, filling the holes with the ferromagnetic powder leads
to slight modifications of the trapped flux profiles. When there is no ferromagnetic
material inside the holes, samples A and B exhibit an axisymmetric flux profile with
a single maximum for both surfaces, indicating that there is no macrocrack close to
the surfaces. In sample A, when the holes are filled with the powder, the maximum
trapped flux that is measured at 0.5 mm above the surface is slightly larger than when
the sample is not impregnated, while the flux profile is almost unchanged. In sample
B, the impregnation of the holes involves a similar slight increase of the maximum
trapped flux, and the corresponding flux distribution is irregular, with some bumps
around the maximum. It should be noted that sample A appears to be of a better
quality than sample B, as indicated by a larger trapped flux, already in the sample with
no ferromagnetic filling.

In order to further investigate the increase of trapped flux observed in Figure 3, we
report in Table 1 the maximum vertical component of the trapped flux density, Buax,
measured when the Hall probe is brought in contact with the surface. The impregnation
of the holes in sample A yields the largest increase of trapped flux, with a relative
increase of ~ 34 % measured on the top surface. By contrast, the maximum trapped
flux density of sample B rises by ~ 10 %.



Magnetic properties of drilled bulk HTS filled with ferromagnetic powder 7

Table 1. Maximum trapped magnetic flux density on the top and bottom surfaces of
Sample A and B

Sample A Sample B
No ferro  Ferro | No ferro  Ferro
Top surface 303 mT 406 mT | 209 mT 244 mT
Bottom surface 282 mT 350 mT | 176 mT 194 mT

4. Numerical model

Modelling the detailed behaviour of the hybrid system is a challenging task. As will be
explained below, a number of simplifications are needed in order to keep a manageable
number of unknowns and a reasonable resolution time. The following model is thus a
qualitative one, which reproduces the systematic behaviour of the system and helps us
elucidate the influence of the main parameters.

We follow the 3D finite-element method described in Ref. [27]. The magneto-
quasistatic Maxwell equations are expressed in the A — ® formulation and solved with
the open source solver GetDP. The HTS is modelled with a power law relationship
between the electric field E and the current density J, E = E.(J/J.)", where E, and
J. are respectively the critical electric field and the critical current density. Here, as a
first approximation, J. is taken constant.

The ferromagnetic material inside the holes is described with a specific magnetic
constitutive law that should ideally include both saturation and the variation of pu,
with B. (The magnetic permeability is defined piecewise on the simulation domain and
is discontinuous at the superconductor/powder interface.) However, incorporating a
non-linear ferromagnetic constitutive law in the 3D finite-element formulation leads to
time-consuming calculations. As an example, a non-linear magnetic permeability has
already been successfully integrated in GetDP when modelling F/S hybrid structures
for the specific case of two-dimensional axisymmetric geometries that we discussed in
our previous work [22]. In such geometries, the meshing comprises less than 5000 nodes
and the treatment of the non-linearity of the magnetic material requires a calculation
time that is 20 times larger than that required if the material is linear. Such an increase
in the time cost is not affordable in the 3D meshings of the present work, involving over
150000 nodes.

The results obtained in Ref. [22] concerning the shielding properties of a
combination of a superconducting tube with a ferromagnetic one show that the
saturation of the ferromagnetic material does not qualitatively modify the results. An
enhancement of the shielding limit of the superconducting tube is still observed, even
though the saturation alters the actual value of the relative increase of the shielding
limit.

In our problem, we expect that modelling the ferromagnetic powder with a field-



Magnetic properties of drilled bulk HTS filled with ferromagnetic powder 8

independent magnetic permeability should already bring very valuable qualitative
results. As the saturation of the ferromagnetic material is accompanied by a decrease
of its relative magnetic permeability p, (approaching asymptotically p,. = 1 at large
magnetic fields) a simple way to estimate the effects of the saturation is to consider a
constant magnetic permeability that is smaller than the low field value. To this aim,
three different values of magnetic permeability are considered (in a given simulation, a
unique value of p, is assigned to the ferromagnetic region): (i) p, = 20, which is close
to the measured permeability of the ferromagnetic powder at low fields, (ii) p, = 2, and
(iii) u, = 1.5. The last two values are representative of situations when the powder is
saturated.

It should be noted that the magnetic flux density, and hence, the magnetic
permeability of the ferromagnetic powder, is in fact a function of the radial position
of the hole with respect to the sample centre and may also vary along the axis direction.
Our use of a uniform magnetic permeability neglects these variations.

A further approximation consists in neglecting the electrical conductivity of the
ferromagnetic material, 0. The characteristic time for the magnetic flux to diffuse
across a hole with a diameter d is given by 6T = woud?. This time is much shorter
than the time taken by the external source to magnetize the system, 7' = B/ B,. For
instance, taking d = 0.8 mm for sample A, o = 2.5 10° S/m [26], u = 30 o, and the
values of Table 2, we find 07" = 0.2 ms and T" = 300 s. Retardation effects associated
with eddy currents can thus be ignored and we set o to zero.

As a final approximation, the magnetic behaviour of the ferromagnetic powder
subjected to a given applied flux density, B,, is assumed not to depend on the history
of the applied field (we neglect the hysteresis of the soft ferromagnetic material). In
particular, in the case of a linearly varying applied field, the simulation of the magnetic
properties of the powder subjected to B, should not depend on the number of time-steps.
When associated with a HT'S sample, single time-step simulations, as discussed in [27],
are thus possible. In particular, two time-steps simulations are used for calculating the
trapped flux profiles of impregnated samples, with a first step for increasing the applied
flux density to B, = 3 T at a sweep rate of 10 mT/s, and a second one for reducing the
applied flux density to 0 with the same sweep rate.

The calculation is first performed on a geometry similar to that of sample A. The

Table 2. Parameters used for the finite-element simulations

Critical exponent n 21
Critical current density — Jo 2 108 A/ m?
Critical field FE. 107 V/m
Maximum applied field Bpax 3T
Sweep rate B, 10 mT/s
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cylindrical sample has a height of 10 mm and a diameter of 16 mm. It contains 55
holes with a diameter that is either 0.8 mm (same as sample A), 1 mm, or 1.2 mm.
In a second part, samples with different hole diameters are considered. The material
parameters and the applied fields used in the simulations are summarized in Table 2.

5. Numerical results

5.1. Magnetization of impregnated samples

The virgin magnetization curve of the impregnated sample (diameter of the holes:
0.8 mm) is calculated with the help of FEM simulations. The applied field is ramped
from 0 to B at a constant sweep rate, B, = 10 mT/s. Figure 4 shows the calculated
magnetization M as a function of the applied field B, for the non-impregnated sample
(1 = 1 - black line) and for the impregnated one with u, = 1.5 (dark grey line),
iy = 2 (grey line), or pu, = 20 (light grey line). Each point of the magnetization curve is
obtained with a single time-step FEM simulation. Note that the magnetization values
corresponding to applied fields smaller than 600 mT suffer from bad convergence and
are not reproduced in Figure 4.

The virgin magnetization curve of the non-impregnated sample saturates when
B, > 800 mT. In the impregnated samples, the magnetization no longer saturates at a
constant value, but rather increases linearly with the applied field when B, > 800 mT.
The slope of the curve S, calculated between B, = 1 T and B, = 3 T, increases with
the relative permeability of the powder: S = 0.055, S = 0.066, and S = 0.62, when
e = 1.5, u. = 2, and p, = 20, respectively.

The magnetization curve of a drilled sample undergoes a counter-clockwise rotation
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Figure 4. Initial magnetization curve of a drilled sample whose holes are either non-
impregnated (black line) or impregnated with a ferromagnetic powder with u,. =1.5
(dark grey line), u, =2 (grey line), and p, = 20 (soft grey line). The magnetization is
calculated with a single time-step FEM simulation.
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when the holes are filled with a ferromagnetic material. This tendency is consistent
with the measured magnetization curve of the impregnated samples shown in Figure 2.
Qualitatively, the increase of magnetization with the applied field that leads to the
rotation of the magnetization curve results from the interplay between the diamagnetic
behaviour of the superconductor and the ferromagnetic behaviour of the powder. The
powder concentrates the flux lines inside the holes, thereby increasing the average flux
density in the volume of the sample, as well as its average magnetization. The magnetic
flux density inside the holes increases with the applied field, as indicated by the increase
of the magnetization with the applied field.

Although the interplay between the superconducting and the ferromagnetic
materials can be explained qualitatively in simple terms, we were unable to derive
analytical expressions that quantitatively reproduce the numerical results. This
difficulty arises from the fact that the magnetization of the impregnated holes directly
affects — through demagnetizing effects — the magnetic flux threading the HTS bulk.
Calculating the details of such an interaction requires numerical modelling.

5.2. Trapped flux profile in impregnated samples

The trapped flux profile along a diameter in the median plane of the drilled sample
(diameter of the holes: 0.8 mm) is represented in Figure 5. The relative permeability of
the ferromagnetic material is respectively g, = 1 (non impregnated sample - black lines),
iy = 2 (dark grey lines), and p, = 20 (grey lines). The hole positions are indicated by
dashed lines. Note that, when p, = 20, the magnetic flux density in several holes is in
fact out of the range of the vertical axis.

At the interface between the superconductor and the ferromagnetic materials,
the tangential component of the magnetic field H is continuous and the trapped flux
profiles of impregnated samples exhibit discontinuities. In particular, the ratio between
the magnetic flux density at the interface at the ferromagnetic side (with a relative
permeability ), Biero, and that at the superconducting side, Bgyper, 1S given as
Berro/ Bsuper = ftr- The magnetic flux density in the hole of the impregnated sample
is thus larger than when the holes are not filled by the ferromagnetic powder. The
increase of trapped magnetic flux density increases with the relative permeability of the
ferromagnetic powder.

Moreover, the trapped magnetic flux profile in the superconductor is reshaped
due to the presence of the ferromagnetic material inside the holes. The slope of the
distribution of B between two neighbouring holes is reduced in the impregnated samples.
In particular, the slope is smaller around the sample centre. This modification of slope
in the trapped flux profile proves that the magnetization of the superconducting material
is actually modified by the presence of the ferromagnetic powder in the holes.

From the results presented in Figure 5, we observe that the maximum trapped flux
density is strongly enhanced in the median plane of the impregnated sample. However,
such an increase is much larger than that observed on the surface with the Hall probe
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mapping experiments reported in Figure 3.
Let us analyze the trapped flux density as one gets further from the median plane.
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Table 3. Average trapped flux density in impregnated and non-impregnated samples

Plain sample Drilled sample Impregnated sample

pr =15 p, =2 p, =20

Median plane 0.61T 0.53 T 0.62T 064T 217T
Top surface 05T 041 T 049T 053T 19T

In Figure 6, the vertical component of the magnetic flux density in the centre hole
of the impregnated sample, B,, is plotted as a function of the vertical distance from
the median plane, z. The ferromagnetic material is assumed to be characterized by a
constant relative permeability of i, = 1 (non-impregnated sample - black line), p, = 1.5
(dark grey line), p, = 2 (grey line), or p, = 20 (light grey line).

While the magnetic flux density remains almost constant in the volume of the
ferromagnetic material (and equal to its value calculated in the median plane), it decays
closer to the surface and drops suddenly above the sample surface (z > 5 mm) to get
closer to the value of the non-impregnated sample. The magnitude of the drop increases
with p,.. As a result, the increase of trapped flux measured on the surface of the
impregnated sample is lower than that calculated in the median plane. This contributes
to the discrepancy between the increase of trapped flux density calculated in the median
plane after impregnation and that measured experimentally above the surface.

The magnetic flux densities averaged over the cross section are calculated in the
impregnated sample and in the non-impregnated one. They are listed in Table 3 for
fields in the median plane and on the surface. While the average magnetic flux density
in the median plane increases by a factor 1.17, 1.2, and 4 when the relative magnetic
permeability is respectively u, = 1.5, pu,, = 2, and p,. = 20, the corresponding factors on
the surface are given as 1.2, 1.3, and 4.63.

Table 3 also shows the average magnetic flux density calculated in a sample having
the same characteristics as those of sample A but no hole. These values are of course
higher in drilled samples [28]. In both the median plane and the top surface, we observe
that the drop of the trapped flux density induced by the presence of the holes is
totally compensated by impregnating the holes with the ferromagnetic powder, even
with a relatively low magnetic permeability of . = 1.5. These results suggest that the
impregnation of a drilled sample with a ferromagnetic powder allows one to reduce the
inherent drop of trapped flux due to the presence of the holes, the magnitude of which
was calculated in our previous works [27, 28].

Maximum local fields at 0.5 mm above the surface are listed in Table 4. A
comparison of these increases of maximum trapped flux density with the measurements
on sample A indicates that the ferromagnetic powder exhibits a relative permeability
that is on average close to p, = 2. This result indicates that most of the ferromagnetic
powder is in fact saturated and, as a result, exhibits a small relative permeability.
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Table 4. Maximum trapped flux density 500 pm above the top surface

Plain sample Drilled sample Impregnated sample
=15 p =2 p, =20
0.72T 0.56 T 06T 064T 107T

Maximum trapped flux calculated

at 500 um above the top surface 2k ' '
Hole radius (mm) 0.4 0.5 0.6 oz T
5z 10}
Non-impregnated sample 560 mT 488 mT 420 mT § =
o8 °F
|mpregnated sample (urzz) 644 mT 574 mT 500 mT e g sl
o ®
Relative increase 15% 18% 19% g a_Ec 7L
g3
6k
5 ' ' '

0.4 0.5 0.6
Hole Radius (mm)

Figure 7. (a)- Maximum trapped magnetic flux density calculated 500 pym above
the surface of a non-impregnated sample and an impregnated sample (u, =2). The
hole radius is respectively 0.4 mm, 0.5 mm, and 0.6 mm. (b)- Relative increase of
the trapped magnetization (with respect to that of a non-impregnated sample) as a
function of the hole radius.

5.2.1. Influence of the volume of impregnated ferromagnetic material

Recall that the powder impregnation in sample B, with the smallest hole diameter,
yields smaller modifications of the magnetic properties than those obtained with sample
A (see Figure 3). In order to discuss this observation on the basis of our model, we
consider three drilled samples with a different hole radiusi: (i) » = 0.4 mm - the
same sample as that considered in the previous sections —, (ii) 7 = 0.5 mm, and (iii),
r = 0.6 mm, where we assumed that a change in radius does not affect the J. of the
sample.

The maximum trapped flux density calculated 500 pym above the top surface is
reported in Figure 7-(a). The samples are either impregnated (with a ferromagnetic
material of relative permeability p, = 2) or not. The relative increase with respect to
a non-impregnated sample is also indicated. Figure 7-(b) shows the relative increase of
the trapped magnetization in the impregnated samples (with respect to that of the non-
impregnated ones) as a function of the hole radius. In each situation, we observe that
the increase of trapped flux or magnetization depends on the volume of ferromagnetic
powder inside the holes. The larger the hole radius, the larger the relative increase.
Nevertheless, the increase of the hole radius is accompanied by a decay of the maximum

I Note that the modelling of a sample having a radius smaller than » = 0.4 mm (such as sample B)
could not be performed because the size of the meshing exceeds the largest available computer capacity.
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magnetic flux density that is trapped in the sample, since the volume of superconducting
material is reduced.

Note that, in each case, the trapped magnetization of impregnated samples exhibits
a smaller relative increase (as compared to a non-impregnated sample) than the
maximum trapped flux. The effect of the ferromagnetic powder thus appears more
pronounced when evaluating local quantities, such as the maximum trapped flux density,
than when considering global quantities.

6. Conclusions

This paper presented the effects of filling the holes of drilled HTS samples with a
ferromagnetic powder. These effects were both measured and evaluated with a FEM
model.

The experimental and simulation results provided qualitative complementary
observations that were in good agreement with one another (although the non-linearity
of the ferromagnetic material is neglected in the model). They put forward two main
consequences of impregnating the holes with a ferromagnetic powder:

(i) The magnetization curve of impregnated samples undergoes a counter-clockwise
rotation with respect to that of a non-impregnated sample. The concentration of
the flux lines inside the hole increases the average magnetic flux density in the
sample and results in an increase of the average magnetization.

(ii) The trapped flux of impregnated samples is enhanced with respect to that of the
non-impregnated ones. The increase of trapped flux is shown to be larger in the
median plane than on the sample surface. The gain in the maximum trapped
flux and in the magnetization of the impregnated samples could thus be used for
reducing the inherent drop of trapped flux resulting from drilling holes.

The effects of the ferromagnetic material on the trapping properties of the drilled
samples were found larger when the volume ratio of ferromagnetic material increases.
Using holes of large diameters allows one to get a larger relative increase of the maximum
trapped flux. However, there is a compromise to resolve as the samples with large hole
diameters are not able to trap a large magnetic flux.

Our model was constructed with a number of simplifying assumptions. Two
elements are worth discussing.

First, we showed that the enhancement of the trapping properties of drilled samples
due to the ferromagnetic powder depends on its relative permeability. Our model thus
predicts that a larger relative permeability leads to a larger relative increase of the
trapped magnetization. It should however be kept in mind that the magnetization of
the ferromagnetic material is bound to saturates for B > B;, a flux density above
which the powder exhibits a small effective permeability. Magnetic saturation of the
ferromagnetic powder is expected to limit the predicted increases in magnetization.
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Second, our model considered a constant current density J., whereas the sample
clearly exhibited a J.(B) dependence. For samples with a strong variation of .J. with
respect to B, the ferromagnetic material is expected to increase the trapped flux by two
mechanisms: (i), by concentrating flux lines through the holes, as studied here, and (ii),
by depleting the magnetic flux in the superconducting material, thereby increasing .J.
and the magnetization.

In summary, our simplified model shows that a ferromagnetic material can be used
to improve the trapped flux in a drilled bulk HTS.
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