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1. INTRODUCTION   
 

 
High performance single-grain REBa2Cu3O7−y (RE123, 

RE: rare-earth elements) bulk superconductors have been 
fabricated by a top-seeded melt growth (TSMG) process 
[1–3]. In TSMG processes, seeds are placed on the outer 
surfaces of the powder compacts; in the center [1–3, 4, 5, 
6-8], of the top surfaces or on the bottom [9], on the corner 
[10]. Most of these seeded melt growth techniques have 
placed the seed as that the c-axis of seed is normal to the 
surface of the powder compact in order to fabricate a high 
performance bulk superconductor. Therefore, the a-c 
growth sector grows in depth and a-b growth sector grows 
laterally when the <001> direction of seeds is 
perpendicular to the specimen top surface. Moreover, it has 
been reported that the a-c growth sector shows inferior 
magnetic properties to a-b growth sector (a- or b-axis 
grown region) [11]. 

More recently, Lee[12] has reported that the seed 
orientation directly affects on the growth behavior and the 
magnetic properties of melt processed single grain REBCO 
bulk superconductors.  Especially, the areas both of a-c 
growth sector and a-b growth sector vary depending on the 
seed orientation.  In TSMG processes, small sized seed 
have been used in order to minimize the contamination of 
light rare earth element from the seeds to YBCO crystal 
which leads to the degradation of superconducting 
properties of melt processed YBCO bulk superconductor 
[13]. However, buffer-bridge seed technique has reduced 
the contamination from seeds and enhanced the 
superconducting properties of the melt processed REBCO 
bulk superconductor [14]. Bridge-seed technique has also 

been developed by the same research group and has used in 
order to study the effects of the grain boundary 
characteristics on the superconducting properties of melt 
processed REBCO bulk superconductor [15]. It infers that 
the seed length may affects on the growth behavior of 
REBCO crystal and the processing time as well as the 
superconducting characteristics of a melt processed 
REBCO bulk superconductor. Therefore, it is thought that 
the control of seed orientation together with seed geometry 
is able to make it possible to control the ratio of the areas 
both of a-c growth sector and a-b growth sector. The 
increase of the a-c growth sector will also lead to the 
enhancement of the magnetic properties of melt-processed 
REBCO bulk superconductors. 

In this article, long-length seeds with different 
orientation were prepared and its effects on the growth 
behavior and the magnetic properties of melt processed 
single grain REBCO bulk superconductor have been 
investigated by a Hall probe measurement at 77K, the 
observations of facet lines as well as the observation of 
crystal orientation by X-ray diffraction of the 
melt-processed specimens. 

 
 

2. EXPERIMENTALS 
 
Y1.5Ba2Cu3O7− y (hereafter Y1.5) powder was used as a 

raw material in this study. Y1.5 powder was made by 
mixing 1 mole Y123 (Solvay Germany, 99.9 % purity, 2–3 
μm in size) with 0.25 mole Y2O3 (BM-CHEM HI-TECH 
Co., Ltd, China, 99.99 % purity, 0.12–3 μm in size) powder. 
1 wt. % CeO2 powder was added to the Y1.5 powder to 
refine Y211. An appropriate amount of Y1.5 powder was 
put into a rectangular steel mold with a cross section of 30 
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mm x 30 mm. Compacts with different thickness of 9-mm 
and 14-mm were prepared by an uni-axial pressing and then 
cold isostatic pressed.  

Fig. 1 depicts the schematic drawings how the length and 
the geometry of the seeds were varied. In Fig. 1 (a), c-axis 
of Sm123 seed is parallel to slab surface and the seed length 
is longer than the slab thickness. In Fig. 1 (b), c-axis of 
Sm123 seed is parallel to slab surface and the seed length is 
shorter than the slab thickness. In Fig. 1 (c), c-axis of 
Sm123 seed is vertical to slab surface and the seed length is 
longer than the slab thickness. 

The heat treatment procedure for melt growth (MG) was 
similar to those reported in the literature [15]. The cooling 
rate controlled with 0.25℃/h at the temperature regime for 
the growth of Y123 grains. After the MG heat treatment, 
Y1.5 samples were heated to 500℃ at a rate of 200℃/h in 
flowing oxygen for oxygenation, held at this temperature 
for 50 h, cooled to 400–500℃ at a rate of 100℃/h, held at 
this temperature for 200-300 h, and then cooled to room 
temperature at a rate of 200℃/h.  

Trapped magnetic fields at 77 K were measured for the 
slab surface and the cross section of the field-cooled 
samples. A trapped magnetic field (B) measurement was 
performed on field-cooled samples.  Permanent magnet 
with a diameter of 30 mm and a surface field of 4.9 kG was 
placed on the sample, and liquid nitrogen was poured 
thereon to cool the sample to 77K (field cooling, FC). 
When the temperature of the sample reached 77 K, the 
permanent magnets placed on the superconductor were 
removed, and the magnetic force trapped in the 
superconductor was measured on the top surface using a 
hall probe. 

The orientation of the grown crystals was measured by 
using θ−2θ X-ray diffraction (XRD) method. Facet lines, 
which are the intersection lines of facet places, are 
observed at the top and the lateral surface of a single grain 
REBCO bulk superconductor in order to analyze the effects 
of seed orientation on the formation of the Y211 particles. 
The effects of seed orientation of the microstructures were 
also investigated using optical microscope (OP). 

 
 

3. RESULTS AND DISCUSSION 
 
Fig. 2 shows the photos of a top surface, a front surface 

and a rear surface of a melt grown REBCO specimen, 
respectively, that c-axis of Sm123 seed is parallel to slab 
surface and the seed length is longer than the slab thickness 
as indicated in Fig. 1(a). It is seen that the size and the 
shape of the grown grain at the front surface are not 
identical to those at the rear surface of the REBCO slab. 
There are two possibilities that the macrostructure of front 
side are not the same with that of the rear side. 

 
-    Seed crystal was not a single grain 
-    Seed crystal was not placed properly and thereby 

tilted or rotated from the target orientation at the top 
surface of the REBCO slab.  
 

It is not easy to tell the growth behavior of a grain only 
by observing the macrostructure and the facet lines. In 
order to analyze the crystal growth, it may need to examine 

the crystal orientation as well as the magnetic property for 
the specimen surfaces along with the cross section of the 
specimen. Fig. 3 shows the trapped magnetic fields map of 
the cross section of the specimen at about 15mm below the 
top seed. It is seen that the trapped field maps, which have 
been measured from the front surface and the rear surface, 
are symmetrical and single peak. It means that the grain is a 
single grain through the thickness of the sample. Therefore, 
it is thought that the asymmetric structure of the specimen 
might be due to the tilting of the Sm 123 seed. The two tone 
structure at the rear surface might be formed due to the 
partial wetting of the remained melt on the specimen 
surface due to the seed tilting or an incomplete melt process. 
Lee [12] has reported that the wetting behavior of the melt 
varies with the crystal orientations due to their different 
surface energies.  

 

 
 

Fig. 1.  Schematic drawings showing the method how the 
seed geometry has been arranged. (a) c-axis of Sm123 seed 
is parallel to a slab surface and the seed length is longer 
than the slab thickness. (b) c-axis of Sm123 seed is parallel 
to a slab surface and the seed length is shorter than the slab 
thickness. (c) c-axis of Sm123 seed is vertical to a slab 
surface and the seed length is longer than the slab thickness. 
Arrows denote the (001) direction of seed crystal. 

 

 
 

Fig. 2. Photos of (a) a top surface, (b) a front surface and (c) 
a rear surface of a melt grown specimen. c-axis of Sm123 
seed is parallel to slab surface and the seed length is longer 
than the slab thickness. A-A’ indicates the line where the 
microstructural observation will be made (refer to Fig. 
15(a)).  
  

 
 

Fig. 3. Trapped magnetic fields map at the cross section of 
the specimen together with the cross sectional view of the 
REBCO specimen in Fig. 2 at 15 mm below the top surface.   

 
 

 
 

 
 

(a) (b) (c) 
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Fig. 4. Photos of (a) a top surface, (b) a front surface, and 
(c) a rear surface of a melt grown specimen. c-axis of 
Sm123 seed is parallel to slab surface and the seed length is 
shorter than the slab thickness. Dotted lines denote the facet 
lines formed during crystal growth.  

 

 
 

Fig. 5. Photos of (a) a top surface, (b) a front surface and (c) 
a rear surface of a melt grown specimen. c-axis of Gd123 
seed is vertical to slab surface and the seed length is longer 
than the slab thickness. A-A’ indicate the line where the 
microstructural observation will be made (refer to Fig. 
15(b)).  
 

Fig. 4 shows the photos of a top surface, a front surface 
and a rear surface of a melt grown specimen, respectively, 
that c-axis of Sm123 seed is parallel to slab surface and the 
seed length is shorter than the slab thickness as shown in 
Fig. 1(b). It is seen that the size and the shape of the grains 
are not identical at front and rear surface as in the specimen 
of Fig. 2. As shown in Fig. 4(a), it is seen that the at the 
bottom end of seed, which has an orientation of a-axis 
parallel to seed length, formed facet lines due to the a-b 
sector growth. Therefore, the upper top part of rear surface 
represents the a-b sector growth and the front surface 
represents the a-c growth sector together with the a-b 
growth sector as marked in Fig. 4(b) and 4(c). 

Fig. 5 shows the photos of a top surface, a front surface 
and a rear surface of a melt grown specimen, respectively. 
Previous two specimens have been prepared by using 
Sm-123 crystal seeds that a-axis is parallel to the seed 
length. However, Sm-123 crystal seeds that c-axis is 
parallel to the seed length was hard to obtain because 
Sm-123 seeds were cut into small pieces due to serious 
cleavage in (001) plane. Gd-123 seeds were also cleaved 
into (001) plane but appropriate length Gd-123 seeds were 
able to obtain by careful cutting using diamond wheel saw. 
c-axis of Gd123 seed is vertical to slab surface and the seed 
length is longer than the slab thickness as shown in Fig. 1(c). 
It is seen that the size and the shape of the grains at the front 
surface are different from those at the rear surface as like in 
the specimens of Fig. 5(b) and 5(c).  As discussed earlier 
for Fig. 2, seed tilting may lead to the asymmetric structure  
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Fig. 6. XRD patterns of the specimens prepared by using 
the seed that (a) c-axis of Sm123 seed is parallel to slab 
surface and (b) c-axis of Gm123 seed is vertical to the slab 
surface. The seed length was longer than the slab thickness 
in both specimens. 

 
Fig. 6 shows the XRD patterns of the specimens of Fig. 2 
and Fig. 5, respectively. As mentioned previously, a-axis is 
vertical to the slab surface in Fig. 2 and c-axis is vertical to 
the slab surface in Fig. 5. From the XRD diffraction 
patterns in Fig. 6, it is confirmed that the grown crystals 
have the same crystallographic orientations with the top 
seeds where used in this TSMG experiment for the 
preparation of the specimens. It is seen that the XRD 
pattern of Fig. 6(a) shows a bi-crystalline nature with the 
crystallographic planes of (100) and (010). Further work is 
needed to clarify the reason why bi-crystalline nature is 
appeared 

Fig. 7 and Fig. 8 show the trapped magnetic fields maps 
at the front surface and at the rear surface, respectively. The 
specimen has been fabricated using a seed longer than a 
slab thickness. and a-axis normal to the slab surface. It can 
be seen that the trapped magnetic field map is nearly 
symmetric at the front surface as well as at the rear surface.  
In Fig. 7and Fig. 8, the maximum trapped magnetic field is 
as low as about 10 kG. Low trapped field might be partly 
due to the orientation of the grain that a-axis of the crystal is 
normal to the specimen surface.   

Fig. 9 and Fig. 10 show the trapped magnetic field maps 
at the front surface and at the rear surface, respectively. The 
specimen has been fabricated using a seed shorter than a 
slab thickness and a-axis normal to the slab surface. It can 
be seen that the trapped magnetic fields map at the front 
surface is severely asymmetric.  The maximum trapped  
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Fig. 7. Trapped magnetic field map and the photo of the 
front surface of the specimen (Fig. 2(b)). 

 

 
Fig. 8. Trapped magnetic field map and the photo of the 
rear surface of the specimen (Fig. 2(c)). 
 
magnetic field is as low as about 10 kG at the rear surface 
even though the rear surface is partly consisted of c-axis 
crystal normal to specimen surface. However, the 
maximum trapped magnetic field is high as 1.8 kG at the 
front surface even if most of the front surface is consisted of 
a-axis crystal normal to specimen surface. The low trapped 
magnetic fields at the rear side might be partly due to a 
small size of crystal and an incomplete crystal growth. 

Fig. 7 – Fig. 12 shows the trapped magnetic field maps of 
the specimens with different seed orientation and geometry. 
The specimens that a-axis of the grown crystals is normal to 
slab surface does not show single grain characteristics and 
rather show multi-grain behavior with double and 
asymmetric peaks. The magnitude of the trapped magnetic 
field was lower than 2 kG which is below 40% of the 
magnetic field of a permanent magnet which wasused for  

 
Fig. 9. Trapped magnetic field map and the photo of the 
front surface of the specimen (Fig. 4(b)). 
 

 
Fig. 10. Trapped magnetic field map and the photo of the 
rear surface of the specimen (Fig. 4(c)). 

 
magnetization of the specimens.  On the other hands, a 
specimen that c-axis of the grown crystals is normal to slab 
surface shows single grain characteristic with single peak 
as shown in Fig. 11 and Fig. 12. The magnitude of the 
trapped magnetic field was high as 3 kG which is about 
60% of the magnetic field of the magnet which was used for 
magnetization. There is about 50% difference of the 
trapped magnetic field between a-axis specimen and c-axis 
specimen. The 50% difference of the trapped magnetic 
field between a-axis specimen and c-axis specimen is 
similar to the value reported by Jung et al. [17]. Jung et al. 
[17] has reported 4 kG of the trapped magnetic field for the 
specimen with a same thickness of 8-mm which is the same 
thickness of the specimen used in this experiment for 
measurement. It means that the specimen fabricated in this 
study shows relativelylow trapped magnetic field. In this 
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Fig. 11. Trapped magnetic field map and the photo of the 
rear surface of the specimen (Fig. 5(b)). 
 

 
Fig. 12. Trapped magnetic field map and the photo of the 
rear surface of the specimen (Fig. 5(c)). 
 
study, the REBCO crystal has been fabricated using a 
rectangular powder compact and the grain growth 
proceeded farther than 25 mm from top surface in the 
direction to the bottom of the specimen. Actually, the melt 
processing has been rarely reported in the thin slab 
specimen standing vertically with a long seed across the 
slab thickness.  Therefore, it should be considered that the 
specimens might be experienced more complex 
environmental conditions during the melt processing.  
Further works are clearly needed in order to optimize the 
processing parameters such as slab thickness, the 
dimension and the quality of the seed and so on. 

As mentioned earlier, there are different features of 
crystal growth and the magnetic properties between at the 
front surface and at the rear surface of all the specimens  

 

 
 

Fig. 13. Photo of the cross section a melt grown specimen 
below 2mm from a top surface( refer to Fig.5(c)). c-axis of 
seed was vertical to slab surface. Arrows denotes the (001) 
crystallographic orientation. 
 

 
 

Fig. 14. Photos showing the corresponding positions in the 
cross sectional view respective to the front surface and rear 
surface, respectively. A and A’ denote the points where 
a-axis grain meets with c-axis grain at the rear surface 
whereas B and B’ denote the points where a-axis grain 
meets with c-axis grain at the front surface. Arrows indicate 
the c-axis of REBCO grains. 

 
fabricated in this work. In order to clarify the reasons why 
the asymmetric structures have been formed in the melt 
processed REBCO bulk superconductors, a cross section of 
slab has been observed for the specimen that c-axis is 
normal to slab surface. Fig. 13 shows the cross sectional 
view at the 2-mm deep below the top surface of the 
specimen that c-axis is normal to slab surface. It can be 
seen that the center grain has a same crystallographic 
orientation with the Gd123 seed as shown Fig. 1(c). It is 
also seen that there are subsidiary grains that c-axis is 
vertical to side surfaces. The orientation of the subsidiary 
grains has a orientation relationship of (100)//(001) with 
the grain directly nucleated from a Gd123 seed.  It means 
that the (100) grains have been nucleated at the growth 
front of the (001) grain.             

In Fig. 14, cross sectional view is shown together with 
the front surface view and rear surface view.  From the 
figure, it can be seen that the a-axis grain occupies 
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considerable area of the upper part of the specimen. The 
development of a-axis grain at the upper part of the 
specimen explains the reason why trapped magnetic field 
was low at the upper part of the specimen and the maximum 
trapped magnetic field was measured far below from the 
Gd123 seed. The isosceles trapezoidal shape of the trapped 
magnetic field mapping is also well coincided with the 
grain shape having (001) plane parallel to surface in rear 
surface.  The relatively low trapped magnetic field of 30kG 
is also explained by the development of a-axis grains at the 
upper edges of the specimen. As described earlier, the 
growth technique of REBCO crystal of a thin slab has been 
attempted and we obtained a single grain REBCO bulk 
superconductor even though subsidiary a-axis grains has 
been formed at the upper edges of  the specimen.  

Fig. 15 shows the OP microstructures of the specimens 
which have been prepared by using the seeds with different 
orientations. The a-axis of seed was normal to the slab 
surface for Fig. 15(a) and the c-axis was normal to the slab 
surface for Fig. 15(b). It is seen that the size of second  

 

 
 

 
  

Fig. 15.  (a) OP microstrucrture at the A-A’ cross section in  
Fig. 2(b). Photo has been taken at the center of the cross 
section and (b) OP microstrucrture at the A-A’ cross 
section in Fig. 5(c). Photo has been taken for the dotted 
rectangle in Fig 13.  

phases (Y211) is larger in Fig. 15(a) than those in Fig. 15 
(b). It has been reported that the size of Y211 particles are 
smaller in a-b growth sector whereas larger Y211 particles 
are formed in a-c growth sector. REBCO crystal has grown 
in the direction of c-axis in Fig. 15(a) whereas REBCO 
crystal grows in the direction of a-axis in Fig. 15(b) due to 
the different orientation of seed. It means that small size 
Y211 particles should be formed for the specimens in Fig. 
15(b). However, it is seen in Fig. 15(b) that the size of 211 
particles is nearly identical in a-b growth sector and a-c 
growth sector for the specimen that the a-axis of seed was 
parallel to the slab surface. 

In summary, TSMG has been applied for a vertical thin 
slab for the fabrication of single grain REBCO bulk 
superconductors. Single grain REBCO bulk 
superconductor, which is mainly consisted of a-b growth 
sector, has been successfully fabricated even though 
magnetic properties are not superior to the specimen 
prepared by using a conventional TSMG method. 

 
 

4. CONCLUSIONS 
 
The effects of the orientation and the geometry of seed 

on the growth behavior have been investigated for the melt 
processed single grain REBCO bulk superconductor and its 
magnetic properties. Single grain REBCO bulk 
superconductors have been grown successfully by a top 
seed melt growth method for a vertical thin REBCO slab. 
Asymmetric structures have been developed at the front 
surface and at the rear surface of the specimen. Higher 
magnetic properties have been obtained for the specimen 
that c-axis is normal to the specimen surface. The 
relationships between microstructure, grain growth and 
magnetic properties have been discussed. 
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