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Effects of grain-domain-size (GDS) on levitation force have been directly investigated and identified
in well-textured YBCO bulks. A single-grain-domain YBCO bulk (¢=30mm) was prepared by a
top seeded melt growth process, then divided into two, three and four grain-domain to acquire the
levitation forces of samples with different GDS. It is found that the levitation force of the samples
monotonously decreases with the decreasing of the average GDS (or with the increasing of the total
length grain-boundaries of the sample). The maximum levitation force for the single-grain-domain
sample is about 1.68, 2.05 and 2.4 times higher than that of the samples with two, three, and four
grain-domains. It is concluded that the levitation force of a single-grain-domain YBCO bulk is
higher than that of samples with multi-grain-domains. It is also found that the levitation force
is proportional to the average grain-domain radius, but inverse proportional to the total length of
grain-boundaries of the sample, a simple physical model has been provided and well interpret the
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experiment results.

I Introduction

High levitation force of single-domain YBCO bulk su-
perconductors has made it possible for various applica-
tions, such as non-contacted superconducting bearing
[1,2], flywheel [3-8], magnetic levitation transport sys-
tems [9,10] and motors [11,12]. It is believed that the
energy loss of superconducting magnetic flywheel is as
little as 0.1% per hour, only one tenth of that with
conventional bearings. The commercialization of this
technique will not only reduce the energy losses, but
also make the electricity consumption more economical
and reasonable to meet our demands.

The levitation force between a superconductor and
a magnet is closely related with the critical current den-
sity Jc and the radius R of the induced shielding current
loops (ISCL) in a superconductor. Higher Jc and larger
R are very important to achieve higher levitation force
[13]. Now single-domain YBCO bulk superconductors
can be fabricated in many labs [14-21], so a relatively
larger R of ISCL can be achieved while a magnet ap-
proaches to it. The size of single-domain YBCO bulk

is generally about several centimeters in diameters, and
limited to10 cm for high quality YBCO bulk up to now,
because of the grains miss-orientation during the melt
growth process.

The levitation force is also related with many pa-
rameters, such as thickness of the sample [22], grain-
orientation [15,26-28], temperature, magnetic field dis-
tributions [23-25], and the gap between superconduc-
tor/magnet [29] etc. Recently, an electromaglev exper-
iment performed on a single-domain YBCO bulk (¢ =
30mm) and a multiple bulk comprised smaller disks (¢
=10mm) [30]. It is found that the levitation force of
a single larger YBCO disks is superior to assemblies of
smaller disks, the experiments were done with different
samples and especially the geometric shape of the as-
sembled smaller discs could not well match the volume
shape of the ¢ = 30mm single-domain YBCO sample.
But the physical mechanisms governing the levitation
force associated with the grain-domain-size (GDS) or
ISCL are not clearly. We cannot see any report di-
rectly focused on the effect of GDS on levitation force
of well-textured YBCO, especially all the experiments
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was directly done by using a single-grain-domain YBCO
bulk superconductors. Identification of the relationship
between the levitation force and GDS of YBCO bulk
is not only interested to fundamental studies, but also
very important for practical.

In this paper, a single-domain YBCO bulk
(¢ =0mm) was fabricated and divided into two, three,
and four grain-domains. The levitation force measure-
ments were done on the YBCO samples with a sin-
gle, two, three, and four grain-domains to investigate
the physical mechanisms of GDS on the levitation force
of well-textured YBCO superconductors, and a simple
physical model has been deduced and well explained
the experimental data.

II Experiments

Samples preparation. X-ray Pure YBasCu3O,, 4N
purity Y203 and PtOs powders were weighed and
mixed in the weight ration of 90.5:8.5:1. The
well-mixed powder was uniaxially pressed into pel-
lets of ¢=35mmx15mm in a steel mould. The
Nd;4,Bas_;Cu3zO, single crystals were prepared in air
[32] and used as seeds in this study. The pellets with
seed were put into a furnace with a temperature gradi-
ent 1-4 °C/cm in vertical direction. The samples were
heated up to 1040-1060°C at a rate of 120°C/h, and
held for 2-6 hours for homogenous melting. After that,
the samples were cooled to about 1020 °C at a rate
of 10-30°C/h, and further cooled to 940-960 °C at a
rate of about 1 °C/h, then the samples were cooled to
room temperature at a rate of 120 °C/h. Finally the
as-grown samples were annealed at 400-550 °C for a
week in flowing Os.

The typical photograph of a single-domain YBCO
bulk (¢=30mm) is shown in Fig. 1. The grain-
orientation of the sample was investigated by XRD,
optical, SEM and ¢-scan examinations. All results in-
dicate that the YBCO sample is a single-domain with
c-axis normal to its top surface (results not shown here).
The sample was firstly divided into two grain-domain
after levitation force measurement, and then divided
into three and four grain-domains by a line-saw, so
that we can make four well-textured YBCO samples,
each of them has the same size (¢p=30mm) and grain-
orientations, but only with different GDS. The samples
with a single, two, three and four grain-domains are
named as a, b, ¢ and d respectively, as schematically
shown in Fig. 2. The volume and shape of four sam-
ples are considered as the same because the diameter
of the line-saw is very thin and only about 0.1 mm.
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Figure 1. Optical photograph of single-domain YBCO bulk

superconductor.
a
b
c d

Figure 2. Schematic diagram of the configuration of YBCO
bulk samples with different grain-domains. a) Single-grain-
domain; b) two grain-domain; c¢) Three grain-domain; d)
Four grain-domain.

The levitation forces were measured in a homemade
device [24,25]. A magnet of 30 mm in diameter was used
for all the levitation force measurements. The magnetic
field is about 0.5 T at the center of the top surface. At
the beginning of each measurement, the sample was
symmetrically fixed on the axial line of the magnet and
kept 50-60 mm below the magnet. After the sample was
completely cooled to liquid nitrogen temperature (zero
field cooling), then the magnet was moved towards to
and away from the sample by a controlled motor. Thus
the levitation force as a function of distance between
the magnet and the sample can be obtained. The max-
imum levitation force was measured at a gap of 0.1 mm
between the two nearest surfaces of the sample and the
magnet in this experiment.
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IITI Results and discussion

The levitation force values were measured in zero field
cooled state at 77 K for the samples a, b, ¢ and d, shown
in Fig.3. As we can see from this figure, the levitation
forces are much different for the samples with different
GDS. The maximum levitation force is 67.5 N obtained
in the single-grain-domain sample a, and the minimum
one is 28.15 N obtained in the sample d with four grain-
domains. The curve of levitation forces is shifting to the
left side and the slop of the curves is gradually decreas-
ing with the increasing of grain-domain numbers from
one to four corresponding to the curves a, b, ¢ and d in
Fig.3. These mean that the levitation force decreases
with the increasing grain-domain numbers (or with the
decreasing of grain size), while the shape, size and vol-
ume of the YBCO bulks are the same.
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Figure 3. The levitation forces verses distance at 77K for the
melt grown YBCO bulk sample with different grain-domain
size.

In order to make clearly the relationship between
the levitation force and the GDS, the maximum lev-
itation forces of the four samples were collected and
drawn as a function of the corresponding average grain-
domain radius R, as shown in Fig. 4. As we can see
from Fig. 4, the levitation force monotonously increases
from 28.15N to 67.5N while the R increases from 0.75cm
to 1.5 cm, the increasing factor is around 2.4. The ex-
perimental showed that the levitation force is nearly
proportional to the average radius of grain size, this
results is in agreement with reference [13]. But the lev-
itation force will not go to zero while R is extrapolated
to zero.
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Figure 4. Maximum levitation force versus the average grain
radius of samples with different grain-domain numbers at
liquid nitrogen temperature.

T T T T T T T
oF,
60} £ i
— §
z :
o 50f 1
(&)
B 20F .... [} g [ Fr |
y— (Y [
2 %‘Jﬁo...
O 30f . T %0%eey
= —e—Experimental data
S 20 —e—Calculated results ]
(O]
- 10F ]
O AR T NSNS S S AT ST ST ST SN NN ST ST ST S ST T S SN S T SO S S A ST SO SO S |

10 12 14 16 18 20 22
P total (C m)

Figure 5. The maximum levitation force versus the total
grain-boundary length piotar of samples with different grain-
domain numbers at liquid nitrogen temperature.

The grain boundary of the sample increases gradu-
ally with the increasing of grain-domain numbers after
each cutting, the boundaries formed by cutting will en-
tirely stop the induced shielding current to cross the
narrow cutting gap, and lead to some new and smaller
induced shielding current loop (ISCL) (compared with
that before each cutting), and finally result in a re-
duction in levitation force. The total length of grain-
domain boundaries increases from sample a to d with
increasing of the grain-domain numbers. Let us assume
Protal Tepresent the total length of grain-domain bound-
aries of YBCO sample, then pgota1 = mRs, 27 Rs + 4R,
27 Rs + 6Rs and 2w Rs + 8 R, for samples a, b, ¢ and d
respectively, where R is the radius of sample a. Fig.
5 shows the maximum levitation force of the samples
with different pgota1. As we can see from Fig.5, the
levitation force decreases quickly with the increasing of
Protal- Lhe flux pinning force is very strong for the well-
textured YBCO samples under 0.5 T at 77 K, so the
flux penetration layer is very thin. It means that the
induced electric current can only flow in a very narrow
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layer along the grain-domain-boundaries of the sample.
Here the induced current can be regarded as only a
constant surface current, so the total length of ISCL is
equal to the piotal. Based on this, piotar is related with
the levitation force of corresponding YBCO samples.
The levitation force F is proportional to the radius
of ISCL [13]. How about the relationship between the
levitation force and pgota1? Considering a set, of samples
with different GDS. Let A denote the top surface area
of a single-grain-domain superconducting sample, and
then the sample was
RQ

n= (1)
divided into several equivalent smaller grain-domains
(n=1, 2, 3..., represent the numbers of smaller grain-
domains). R and r, denote the radius of the single-
domain sample and the samples with n smaller grain-
domain respectively. Then A = nA,,, where A, is the
top surface area of the smaller grain-domains. So the
n can be described as:

Then the total grain-boundary length of the sample
with n smaller grain-domains can be written as:

2
n

Protal = N - 27Ty, (2)

Substitute equation (1) to (2), the average grain-
domain radius of the sample with multiple

r, = Lo p (3)
Ptotal
grain-domains can be formulated as:

Where ppin is the grain-boundary length (or
perimeter) of the single-grain-domain sample without
any cutting. pmin = 27R = piotal, corresponding to
n=1.

According to Ref [13], the levitation force is propor-
tional to the radius r,, of the grain-domains, thus the
levitation force of sample with n grain-domain can be
described as:

Fn — Pmin Fl (4)
Ptotal

Where F) is the maximum levitation force of the
single-domain sample corresponding to ptotal = Pmin-
This means that the levitation force is inverse propor-
tional to piotal-

In this experiment, pin = 27 R, protal = 27 R +
L,F; = 67.5N, and Ry = 15mm. L, the length of in-
troduced grain boundaries by cutting, is of 0,4R, 6 R
and 8 R, for the samples with single, two, three and four
grain-domains respectively. Then, in this experiments,
the levitation force can be formulated as:

2T R,
= —“F
27Rs + L ! (5)

The levitation force of the sample with different L
values has been calculated using formula (5) and shown

Fy,
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in Fig.5. As we can see from Fig.5, the calculated re-
sult is in good agreement with the experimental data.
The insert in Fig.5 shows that the experimental data
forms a straight line between the levitation force and
Pmin/ Protal. This conforms that the levitation force is
really inverse proportional to the total grain-boundary
length of the superconducting sample.

IV Conclusion

A single-grain-domain YBCO sample (¢ = 30mm) has
been prepared by a top seeded melt growth process and
separated into two, three and four grain-domains af-
ter each levitation force measurements. The maximum
levitation force of the single-domain sample is about
1.68, 2.05 and 2.4 times higher than that of the sam-
ples with two, three, and four grain-domains respec-
tively. It is found that the levitation force of a single-
domain YBCO bulk is much higher than that of the
same sized samples with smaller gain-domains. The
levitation force is inverse proportion to the total length
of grain-boundaries of the sample, and a simple physi-
cal model has been suggested and well interpreted the
experiment results.

This work is supported by the Ministry of Sci-
ence and Technology of China (NKBRSF-G19990646),
Project “973”.
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