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Abstract — Multi-seeded YBCO superconductors (cylindrical size) 32 mm in diameter were fabricated by top-seeded melt growth
(TSMG). Melt-processing was performed using a precursor containing 75 wt % of Y123 and 25 wt % of Y211 with 0.5 wt % of
CeO;. Trapped magnetic field at 77 K of the multi-seeded bulk samples (single grain and two grains) were studied. The maximum
trapped field measured at the top and bottom surface of single grain YBCO 32 mm in diameter were as 0.56 and 0.55 T at 77 K|
respectively. Trapped field measurements on the top and bottom surfaces of the (100) // (100) aligned samples were measured

and as the value of d increases, trapped magnetic field decreases.
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I. INTRODUCTION

Since the discovery of high temperature superconductors,
many fabrication techniques have been used by scientists. One
of the most effective techniques is top-seeded melt growth
(TSMG) to fabricate large grain YBCO bulk in some practical
applications such as electrical motors, magnetic bearings,
generators, flywheel and energy storage devices [1-4]. For the
TSMG method, it is important to use a cold-seeding technique
in that seed was placed on the top of YBCO pellet. The seed
can be NdBaCuO (NdBa2Cu307) or SmBaCuO
(SmBa2Cu307) because the melting point of them is higher
than that of YBCO [5].

Many researchers have succeeded lots of work about
superconductors in some trapped magnetic field measurements
up to now [6-14]. It is known that the trapped magnetic field
is dependent on many parameters such as the critical current
density, grain orientation, size of the sample and the cooling
temperature [8-10]. In the literature, the measurement of the
trapped magnetic field between a TSMG single grain YBCO
and a permanent magnet (PM) have been worked generally at
77 K using liquid nitrogen by many researchers [8-15].

In recent times, several special methods such as grain
boundary joining using filler materials [16], diffusion bonding
with pressure [17] and multiseeding [18,19] have been tried to
fabricate the sample with larger grain size as well as to reduce
processing time. Surrounded by them, the multiple seeding
technique was advised as a nominal way that can fabricate the
large c-oriented sample in a short time. Kim et al. fabricated a
rectangular multi-seeded isothermal-melt-textured (MSIMT)
by SmBaCuO seed with (100)/(100) grain junctions and the
trapped magnetic field of these samples decreases as d
(distance between two seeds) increases from 0 to 20 mm [20]
It is also stated that (RE)BCO (where RE=rare earth, Gd or Y)
bulk superconductors can trap fields greater than 17 T the
longstanding world record field produced by an arrangement

of two bulk superconductors of 17.24 T at 29 K [6] was
recently exceeded by 17.6 T at 26 K in [7].

For the practical application of the YBCO bulk, we made
multi-seeded YBCO samples with (100)/(100) junctions and
studied the interaction between superconductor and a
permanent magnet. Particularly, trapped magnetic field
profiles (3-D maps and 2-D contours) in the superconductor
was investigated.

I1. MATERIALS AND METHOD

Single grain and multi-seeded YBCO bulk superconductor
was fabricated by the Top-Seeded Melt-Growth (TSMG)
process in air. Y123 (YBa2Cu307) and Y211 (Y2BaCuO6)
were prepared using Y203, BaCO3 and CuO powders and
calcinated at 900 °C for 20 h and 920 °C for 15 h, respectively
by solid-state reaction method. 75 wt. % of Y123 and 25 wt. %
of Y211 with 0.5 wt. % of CeO2 was mixed. CeO2 powder
was added to prevent the grain growth of Y211 phase [21].
Mixture of powders was pressed in a steel mold into the
cylindrical pellets of 32 mm in diameter. NdBaCuO seed was
used as a seed material for the growth of YBCO grains and
YBCO pellet with an arrangement of making (100)/(100)
junctions before melt processing of Fig. 1 (a) was placed on
the pellet on the calcinated Y211 particles at the center of an
electrical box furnace and melt-processed following the
heating cycles of Fig. 2 [22]. The c-axis of the NdBaCuO seeds
was normal to the top surface of the YBCO compacts. The
distance between the two seeds (d) was varied from 0 to 12
mm. Fig. 1 (b) shows that the diameter of multi-seeded YBCO
bulk sample reduces to 26 mm after thermal process. Samples
were oxygenated in flowing gas at 450 °C for 7 days following
TSMG processing to convert the tetragonal Y123 phase to the
superconducting orthorhombic phase. Multi-seeded YBCO
samples will be hereafter denoted as MS-00 (d = 0 mm), MS-
01 (d =1 mm), MS-04 (d = 4 mm) and MS-12 (d = 12 mm)
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Unreacted liquid-rich phase was removed from the base of
all samples before the top and bottom surfaces of both samples
were polished flat and parallel. The maximum trapped
magnetic fields were measured both the top and bottom face
of the samples at 77 K following field cooling in an applied
magnetic field of 1.4 T. The magnetic field was measured
initially using a hand-held Hall sensor positioned 0.5 mm
above each sample surface. The full trapped field profiles were
then measured at both the top and bottom surfaces using a
rotating array of 20 Hall probes at a distance of 1.0 + 0.5 mm
from the surface of each sample [23].
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Fig. 1 The view of the top face of multi-seeded YBCO pellet before and after
thermal process.
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Fig. 2 Heating cycles of the top-seeded melt processing

I11. RESULTS AND DISCUSSION

Fig. 3 shows the pictures of the top surface of the multi-seed
samples fabricated by TSMG method with various seed
distances. It can be seen in all samples that two Y123 matrix
were grown at the two seeds and enclosed the whole top
surfaces. Owing to the two Y123 grain growth, the
(100)//(100) grain junctions were designed at the center region
of the top surfaces. The positions of the seeds appear to be
progressed considerably from the original positions because of
the shrinkage of the YBCO compacts throughout melt textured
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process. The grain junctions are so slanted marginally from the
(100)//(100) junction.

1 > N
Fig. 3 The view of the top face of multi-seeded YBCO pellets:MS-00, MS-
01, MS-04 and MS-12.

Fig. 4 and Fig. 5 shows the trapped magnetic field profiles
(3-D maps and 2-D contours) of the top face of MS-00, MS-
01, MS-04 and MS-12 samples. The sample with d= 0 mm
shows the trapped magnetic field (H) profiles having a hill in
the centre region. The H value at the hill is about 0.56 T. The
trapped magnetic field profiles (3-D maps) in Fig. 4 with a hill
is same that of the MSIMT fabricated sample by using a
SmBaCuO seed that indicated a single hill at the center of the
sample [20]. MS-01, MS-04 and MS-12 samples show the
trapped magnetic field distribution (2-D contours) profiles in
Fig. 5 including two hill points at the right and left borders in
one separated crystal line at the center. They link to the grain
centers of the two grains and the grain connection,

respectively.
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Fig. 3 Trapped magnetic field profiles (3-D maps) for the top face of MS-00,
MS-01, MS-04 and MS-12 samples.
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Fig. 4 The trapped magnetic field distributions (2-D contours) for the top
face of MS-00, MS-01, MS-04 and MS-12 samples.

Fig. 5 and Fig. 6 indicates the trapped magnetic field profiles
(3-D maps and 2-D contours) of the bottom face of MS-00,
MS-01, MS-04 and MS-12 samples. It can be clearly observed
that the distance between two hills at the right and left sides
and one separated crystal line at the center increases. As can
be seen in Fig. 5 and Fig. 6, the trapped magnetic field values
at the grain junction in the separated crystal line at the center
is a function of the d value. When analyzed in Fig. 6, the
trapped magnetic field values of MS-01, MS-04 and MS-12
samples decrease swiftly as distance between two seeds
increased.
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Fig. 5 Trapped magnetic field profiles (3-D maps) for the bottom face of
MS-00, MS-01, MS-04 and MS-12 samples.
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Fig. 6 The trapped magnetic field distributions (2-D contours) for the bottom
face of MS-00, MS-01, MS-04 and MS-12 samples.

Our trapped field results plainly indicated that the amount
of grain boundary residual phases was varied by the d value
control. When the two seeds were placed very closely, no melt
phase was seemed. At the smaller d value, there seems be little
chance for the melt to be entrapped in the gap space between
the two Y123 grains. This is because in the beginning of the
growth stage, the two Y123 grains impact each other previous
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to the melt entrapment. By contrast, much more melt was
entrapped in the gap spaces of the samples with higher d value.
When d value is higher, it gets a long time for the two growing
Y123 grains to impact each other. The melt can easily be
entrapped in the long and narrow gap that is made by the
growth of the two grains toward the bottom of the compact.
[20, 24-26].

IV.CONCLUSION

Multi-seeded YBCO samples were fabricated TSMG
method by using Nd123 seed using (100) // (100) aligned two
seeds. The magnetic trapped field of these samples with the
different seed distances (d) were analysed. The maximum
trapped field value decreases as the d increases. The the
reduction of trapped field is related with the magnetic
properties at the grain junctions because of the existence of the
residual melt-forming phases around the grain junctions.

ACKNOWLEDGMENT

This research was supported by Recep Tayyip Erdogan
University  Scientific Research Projects Coordination
Department. Project Number: 2014.102.01.05. All the authors
would like to thank Dr. Hari Babu Nadendla (at Brunel
University, London, UK) for the sample preparation method
developed by him, Dr. Yunhua Shi (at Cambridge University,
Cambridge, UK) and Kenta Nakazato (at Shibaura Institute of
Technology, Tokyo, Japan) for his support and
encouragement.

REFERENCES

[1]  F.N. Werfel, U. Floegel-Delor, R. Rothfeld, T. Riedel, B. Goebel, D.
Wippich and P. Schirrmeister, “Superconductor bearings, flywheels
and transportation,” Supercond. Sci. Technol., vol. 25, pp. 014007,
2012.

[2] M. Strasik, J.R. Hull, J.A. Mittleider, J.F. Gonder, P E Johnson, K.E.
McCrary and C.R. Mclver, An overview of Boeing flywheel energy
storage systems with high-temperature superconducting bearing,
Supercond. Sci. Technol., vol. 23, pp. 034021, 2010.

[3] M. Tomita, Y. Fukumoto, K. Suzuki, A. Ishihara and M. Muralidhar,
“Development of a compact, lightweight, mobile permanent magnet
system based on high Tc Gd-123 superconductors,” Journal of Applied
Physics, vol. 109, 023912, 2011.

[4] N.Del-Valle, A. Sanchez, C. Navau, D.X. Chen, “Magnet Guideways
for Superconducting Maglevs: Comparison Between Halbach-Type
and Conventional Arrangements of Permanent Magnets,” J. Low Temp.
Phys., vol.162, pp. 62-71, 2011.

[5] Y. Shi, N. Hari Babu and D.A. Cardwell, “Development of a generic
seed crystal for the fabrication of large grain (RE)-Ba-Cu-O bulk
superconductors,” Supercond. Sci. Technol., vol. 18, pp. L13-L16,
2005.

[6] Tomita, M. and Murakami, M., Natur, vol. 421, pp. 517-520, 2003.

[7]1  Durrell, J.H., Dennis, A.R., Jaroszynski, J., Ainslie, M.D., Palmer,
K.G.B., Shi, Y., Campbell, A.M., Hull, J., Strasik, M., Hellstrom E.E.
and Cardwell, D.A., Supercond. Sci. Technol., vol. 27, pp. 082001,
2014.

[8]  Nariki, S., Sakai, N. and Murakami, M., Supercond. Sci. Technol., vol.
18, pp. $126-S130, 2005.

[91 Nagashima, K., Higuchi, T., Sok, J., Yoo, S.l., Fujimoto, H., and
Murakami, M., Cryogenics, vol. 37, pp. 577-581, 1997.

[10] Jee, Y.A., Kim, C.-J,, Sung, T.-H., Hong, G.-W., Supercond. Sci.
Technol., vol. 13, pp. 195, 2000.

[11] Lo, W., Zhou, Y.X,, Tang, T.B., Salama, K., Physica C, vol. 354, pp.
152- 159, 2001.

[12] Shlyk, L., Krabbes, G., Fuchs, G., Physica C, vol. 390, pp. 325-329,
2003.

[13] Sawh, R.P., Weinstein, R., Carpenter, K., Parks, D. and Davey, K.,

“Production run of 2 cm diameter YBCO trapped field magnets with
surface field of 2 T at 77 K,” Supercond. Sci. Technol., vol. 26, pp.
105014, 2013.



Guner et al., Trapped Magnetic Field Measurement at 77 K for Multi-grain YBCO Bulk Superconductor, ISAS 2018-Winter, Samsun, Turkey

[14] Z. Deng, J. Zheng, J. Li, G. Ma, Y. Lu, Y. Zhang, S. Wang, J. Wang,
Materials Science and Engineering B vol. 151, pp.117-121, 2008.

[15] Choi, J.S., Park, S.D., Jun, B.H., Han, Y.H., Jeong, N.H., Kim, B.G.,
Sohn, J.M., Kim, C.J., Physica C, vol. 468, pp. 1473-1476, 2008.

[16] K. Kimura, K. Miyamoto, M. Hashimoto, in: Advances in
Superconductivity VII, Proceeding of ISS’94, p. 681, 1994.

[17] Ph. Vanderbemden, A.D. Bradley, R.A. Doyle, W. Ro, D.M. Astill,
D.A. Cardwell, A.M. Campell, Physica C, vol. 302, pp. 257, 1998.

[18] P. Schatzle, G. Krabbes, G. Stover, G. Fuchs, D. Schlafer, Supercond.
Sci. Technol., vol. 12, pp. 69, 1999.

[19] Y.A. Jee, C.-J. Kim, T.-H. Sung, G.-W. Hong, Supercond. Sic.
Technol., vol. 13, pp. 195, 2000..

[20] C.J. Kim, H.J. Kim, J. H. Joo, G. W. Hong, S. C. Han, Y. H. Han, T.
H. Sung, and S. J. Kim, “Effects of the seed distance on the
characteristics of the (100)/(100) junctions of top-seeded melt growth
processed YBCO superconductors using two seeds,” Physica C, vol.
336, pp. 233-238, 2000.

[21] C.J.Kim, K.B. Kim, G.W. Hong, D.Y. Won, B.H. Kim, C.T. Kim, H.C.
Moon, D.S. Suhr, “Microstructure, microhardness, and
superconductivity of CeO2-added Y-Ba—Cu-O superconductors,” J.
Mater. Res., vol. 7, pp. 2349, 1992.

[22] M. Murakami, “Melt-processing of high temperature superconductors,”
Progress in Materials Science, vol. 38, pp. 311, 1994.

[23] J. V. J. Congreve, Y. Shi, A. R. Dennis, J. H. Durrell and D. A.
Cardwell, “Improvements in the processing of large grain, bulk Y-Ba—
Cu-O superconductors via the use of additional liquid phase,”
Supercond. Sci. Technol., vol. 30, pp. 015017, 2017.

[24] C.J.Kim, K. B. Kim, I. H. Kook, G. W. Hong, Physica C, vol. 255, pp.
95, 1995.

[25] C.J.Kim, K. B. Kim, H. W. Park, T. H. Sung, I. H. Kuk, G. W. Hong,
Supercond. Sci. Technol., vol. 9, pp. 76, 1996.

[26] C.J. Kim, G. W. Hong, Supercond. Sci. Technol., vol. 12, pp. R27,
1999.

906





