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Abstract

Single-grain (c-normal or c-parallel) and multi-grain YBCO superconductors were prepared by a melt growth process
with/without seeding. The magnetic levitation force and trapped magnetic field at liquid N2 temperature (77 K) of the YBCO
superconductors were investigated. Samples for the levitation force measurement were zero-field cooled (ZFC) to 77 K, and
samples for trapped field measurement were field-cooled (FC) using Nd magnets. As for the magnetic levitation force, the c-normal,
single grain sample showed the largest value, whereas the multi-grain sample showed the lowest value. The trapped magnetic field
of the c-normal and c-parallel single-grain samples was 4-5 times that of the multi-grain sample. In addition, as the external
magnetic field (the number of magnets) increased, the both properties increased proportionally. These results were explained in
terms of the orientation dependence of the levitation forces and the magnetic field trapping capability of the YBCO superconductor.

Keywords: YBCO, superconductor, magnetic levitation force, trapped magnetic field, single-grain, multi-grain, orientation

1. INTRODUCTION

The high-temperature YBa,CuzO-.q superconductor
(hereinafter YBCO) has a superconducting transition
temperature (T¢) of 93 K [1], which is higher than the
boiling point (77 K) of liquid nitrogen (LN2) that is a
cheaper refrigerant. Much effort has been done for the
practical use of YBCO. For this, it is necessary to increase
the critical current density (Jc) of YBCO at the magnetic
fields. Melt growth process utilizing incongruent melting
and slow cooling through the peritectic temperature is one
of effective ways that increase the J. of YBCO. When
YBCO is manufactured by the melt growth processing, a
very large grain of several cm grow from the melt [2-5].
The large grain YBCO superconductor showed very high
Jc even at magnetic fields of several tesla (T) [2-4].

The large-grain YBCO bulk superconductor can be used
a part of the magnetic levitation devices (e. g, active
bearings of flywheel energy storage system [6]) that utilize
the strong repulsive force between the superconductor and
the permanent magnet. In addition to the large levitation
force, a very large magnetic field can be trapped inside the
superconductor. A magnetic field of more than 15 T can be
stored in the superconductor at 20 K [7-9]. The large grain
superconducting can be used as a bulk magnet in a
superconducting magnetic separator [10].

The magnetic levitation force of the superconductor
depends on the material factors such as Jc and grain size of
YBCO, and the magnetic strength of a permanent magnet
[11-14]. When the larger magnetic field is applied to the
superconductor, the repulsive force between the
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superconductor and magnet is large. In addition, the
strength of the magnetic levitation force depends on the
crystal orientation of YBCO. This is because the current
flow along the direction normal to the c-axis of YBCO is
much larger than that parallel to the c-axis [5, 14]. For the
development of the superconductor energy storage device,
therefore, it is necessary to understand the superconductor-
magnet interaction as well as the magnetic levitation
properties of the superconductor.

In this study, YBCO samples of single-grain YBCO
samples whose growth direction is normal or parallel to the
c-axis of YBCO and multiple grains were fabricated. The
magnetic levitation properties of the three YBCO samples
were compared.

2. EXPERIMENTS

2.1. Sample preparation

The YBCO bulk superconductors used in this study were
prepared by the seeded melt growth process. 0.3 mole of
Y203 and 1 wt. % of CeO, were added to YBCO powder
to refine the Y211 particles [17], which enhance the flux
pinning capacity. The powder mixture was put into a
square mold and pressed into a compact with a side length
of 40 mm. The growth direction of YBCO was controlled
using SmBCO seeds with various crystallographic
orientations. The c-normal seed or c-parallel seed was used
for the fabrication of single grain YBCO samples and no
seed was used for the multi-grain sample. The YBCO
powder compacts with/without seed were put into a box
furnace and a melt process heat treatment was applied to
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Fig. 1. Single grain sample with (a) c-normal, (b) c-parallel
orientation, and (c) multi-grain sample with random
orientation.

the compacts. The applied heat treatment profiles are
documented in detail in other papers [18].

Figure 1 shows the top surface of single-grain YBCO
sample with (a) c-normal orientation, (b) c-parallel
orientation, and (c) multi-grain sample with random
orientation. The initial side length of the powder compact
was 40 mm. After the melting process, the side length was
reduced to 30 mm due to the densification during the heat
treatment.

As can be seen in Fig. 1(a), one large YBCO grain of 25
mm or more was grown on the top surface of the sample
(a). The grain orientation is normal to the c-axis of YBCO.
Unlike sample (a), a large grain grew parallel to the c-axis
of YBCO on the top surface of sample (b). Several lines
perpendicular to the top surface (see the lines marked by c)
are observed, which are cracks formed on the a-b plane of
YBCO due to the stress of orthorhombic-to-tetragonal
phase transition during oxygen heat treatment [19, 20]. The
cracks developed throughout the sample indicate that the
YBCO grain grew to one direction in entire top surface. On
the other hand, several YBCO grains are observed to grow
in random orientations on the top surface of the sample (c)
(see the regions marked by G1-G5 in Fig. 1(c)). In our
previous work [13], we analyzed the crystal orientation of
the YBCO growth surface by X-ray diffraction method.
With reference to the analysis, the crystal orientation of the
samples used in this study could be easily predicted.

2.2. Magnetic levitation force

The magnetic levitation force of YBCO samples at 77 K
was measured by zero-field cooling (ZFC) method. A
sample was placed in a cooling bowl, and LN2 was poured
into the sample, and held for 1-2 minutes (see Fig. 2). After
cooling was completed, the permanent magnet was brought
close to the superconductor. The repulsive force (F)
between the superconductor and magnet was estmated
using the scale (weighing device) placed under the sample
holder and is plotted as a function of distance (d). For the
magnetic force measurement, an Nd magnet with a
diameter of 20 mm and a thickness of 10 mm was used,
and the number of magnets was changed to increase the

Liquid N2

Fig. 2. Superconducting magnetic levitation force

measuring device.

- Nd magnet
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rubber plate

YBCO
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Fig. 3. Arrangement of an Nd magnet, gap-making rubber
plate and YBCO for field cooling experiment.

magnetic force. When one Nd magnet was used, the
surface magnetic force (H) was 378 mT, and when the
number of magnets was increased to two and three, the
magnetic field was 457 mT and 482 mT, respectively.

2.3. Trapped magnetic field

To measure the magnetic field trapped in the YBCO
superconductor, samples was field-cooled (FC). For this, a
superconductor, gap-making rubber plate, and Nd magnet
were arranged as shown in Fig. 3. A 2 mm thick rubber
plate was inserted between the superconductor and the
magnet. Therefore, the measured magnetic field is the
value when the gap distance is 2 mm. The reason for
inserting a rubber plate between the YBCO and the magnet
is to make it easier to separate the magnet from the
superconductor after LN2 cooling. After placing a
permanent magnet on the superconductor, LN2 was poured
into the superconductor. When the superconductor was
completely cooled, the rubber plate was removed and the
magnet was separated from the superconductor. The
magnetic field of the top surface of YBCO was measured
using a gauss meter.

3. RESULTS AND DISCUSSION

3.1. Magnetic levitation force
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Fig. 4. Force-distance (F-d) curves at 77 K of YBCO
samples measured using (a) one, (b) two, and (c) three
magnets.

Figure 4 shows the force-distance (F-d) curves at 77 K
of YBCO samples measured using (a) one, (b) two, and (c)
three Nd magnets. As can be seen in Fig. 4(a), the repulsive
force (F) between the YBCO samples and the magnet
appears at about 30 mm. The surface magnetic force of a
single Nd magnet is 378 mT. As the distance (d) between
the superconductor and the magnet decreases, F increases
rapidly. This is because the magnetic force (H) of a
permanent magnet is inversely proportional to the distance
(d) squared (H = A/d?[21], where A is constant).

For the multi-grain sample composed of several grains,
a maximum repulsive force (Fmax) at d=1 mmis 5.4 N. On
the other hand, Fmax S Of the c-normal and c-parallel single-
grain sample were 17.6 N and 22.8 N, respectively, which
were relatively higher than the multi-grain samples. Even
in the single-grain samples, F of the c-normal sample is
higher than that of the c-parallel sample, because the
highest current flows in the c-normal direction in the
YBCO crystal [15, 16].

When F of the same YBCO samples was measured using
two magnets, an F-d curve similar to Fig. 4(a) could be
obtained. An increase in the number of magnets increases
the H value of the magnet, which leads to an increase in F
of the superconductors. When two magnets are
superimposed, H of the magnet is 457 mT, which is 17%
higher than the H of one magnet, 378 mT. Fnyax. of the c-
normal sample is 26.1 N, which is 12% higher than 22.8 N
when using one magnet.

As can be seen in Fig. 4(c), even when three magnets are
used (H=482 mT), Fs of samples increase over the entire d
range. Fmax. Of the multi-grain sample and the c-normal
sample were 7.8N and 30.7N, respectively. In this study,
when the magnetic force of the magnet increased from 378
mT to 482 mT (one to three magnets), Fmax. Of the multi-
grain sample increased from 5.39 N to 7.8 N, and Fmax. Of
the c-normal sample increased from 22.8 N to 30.7 N.
These values correspond to an increase in repulsive force
of about 40%. The repulsive force acting between the
superconductor and the permanent magnet is one of the
factors that determine the energy storage capacity of the
superconducting magnetic levitation device. The results of
this study indicate that a magnet with high magnetic force
should be used to levitate large weight (to storage large

energy).

3.2. Trapped magnetic field

Figure 5 shows the magnetic distribution maps of the top
surface of (a) c-normal, (b) c-parallel single-grain samples
and (c) multi-grain samples. These are field maps
measured on superconducting samples that have been
field-cooled to 77 K using magnets one, two and three
magnets. As shown in Fig. 5(a), in the field map of the c-
normal sample, there is a peak at the center, and the
strength of the trapped field gradually weakens toward the
edge of the sample. This is a typical map that appears in a
single crystal. Also, as the number of magnets used
increases (increasing the applied magnetic field), the
magnetic field trapped in the sample increases
proportionally. For H =378 mT, H = 457 mT and H = 482
mT, the magnetic fields trapped on the top surface were
224 mT, 239 mT and 253 mT respectively.

Figure 5(b) shows the magnetic field distribution on the
top surface of the c-parallel sample. There are two peaks in
the center of the curve, and the maximum trapped filed is
250 mT. The valley located between the two central peaks
indicates a discontinuity of the superconducting grain at
the center. The trapped magnetic field at the valley is 200
mT. Grain boundaries, continuous non-superconducting
inclusions such as a liquid layer, and cracks are possible
causes of the discontinuity in superconducting grains [18,
22]. In this study, the crack observed in Fig. 1(b) is thought
to be the cause of the discontinuity. Similar to the result
observed in Fig. 5(a), the strength of the magnetic field
trapped on the surface is proportional to the number of
permanent magnet used during cooling (applied magnetic
field). As the external magnetic field increases, the
magnetic field trapped in the superconductor increases.

Figure 5(c) shows the magnetic field distribution of the
multi-grain sample. There are also two peaks in this curve,
and the peak strength on the left is relatively larger than
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Fig. 5. Magnetic distribution maps of the top surface of (a)
c-normal (b) c-parallel single-grain sample, and (c) multi-
grain sample.

that on the right. The trapped magnetic fields of the two
peaks are 90 mT and 50 mT, respectively, and the magnetic
field trapped between the two peaks is close to zero (center
position of the sample). This is compared with the
magnetic field (200 mT) in the central valley shown in the
c-parallel sample in Fig. 5(b). Another noteworthy point is
that the maximum trapped field of this sample is very small,
about half that of sample (a) or sample (b). The magnetic
field trapped in the superconductor is dependent on J. of
the superconductor and the grain size [16]. Since all
samples were prepared under the same process conditions,
Jc of the samples will be similar. Then, the difference
between the samples is the grain size. Samples (a) and (b)
are single-grain and their grain sizes are about 30 cm,
whereas sample (c) is composed of several grains which
varies from 1 cm to several mm. Therefore, it is thought
that the grain size caused the difference in the trapped
magnetic field between the samples. The maximum
trapped magnetic field of each sample is summarized in Fig.
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Fig. 6. Maximum trapped magnetic field of a c-normal, c-
parallel and multi-grain sample as a function of the external
magnetic field (number of magnets).

6 as a function of the external magnetic field (number of
magnets).

The magnetic levitation force and trapping flux of
YBCO depend on the material properties. In the case of a
use of a magnet of several thousand Gauss, the magnetic
levitation force decreases rapidly when the thickness of the
YBCO superconductor is 8 mm or less [12, 13]. In addition,
as confirmed in this study and other studies, the single
grain samples without grain boundaries show better
performance than the multi-grain sample. In particular, the
existence of discontinueity such as grain boundaries and
cracks causes a significant decrease in magnetic levitation
properties [18, 22]. Also, the homogeneity of the
microstructure of YBCO (existence of pores or oxygen
deficiency) affected the magnetic properties [14]. Among
the various variables the grain size is thought to be the most
important factor that decides the magnetic levitation
properteis of the superconductor because the shielding
current generated by the external magnetic field is limited
inside the grain.

Figure 7 shows a superconducting magnetic bearing
used in rotating devices. As shown in this figure, a
permanent magnet is levitated above the YBCO
superconductor cooled with liquid nitrogen. A repulsive
force and an attractive force act simultaneously between
the two objects. Superconducting bearings are used to
increase energy storage efficiency by reducing friction
between mechanical parts. To store large energy in a
superconducting energy storage device, the repulsive force
between the permanent magnet and the superconductor
should be large. For this, the current carrying capability of
the superconductor needs to be improved and a permanent
magnet with high magnetic force should be used.

Supercondqctor

10 mm

Liquid N2

Fig. 7. Superconducting magnetic bearing used in a
rotating machine.
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4. CONCLUSIONS

In this study, the magnetic levitation force and trapped
magnetic field at 77 K of single- and multi-grain YBCO
superconductors were investigated. The single grain
sample (c-normal) showed the largest levitation force,
whereas the multi-grain sample showed the lowest. As the
external magnetic field increased, the magnetic levitation
force increased. In addition to the magnetic levitation force,
the trapped magnetic fields of single-grain samples (c-
normal and c-parallel) were higher than that of the multi-
grain sample. This is attributed to the orientation
dependence of J. of the YBCO superconductor, the
difference in grain size and magnetic field trapping
capability of the superconducting grain. The result of this
study is expected to be used for the development of
superconducting energy storage devices utilizing the
superconductor-magnet interaction.
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