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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]. However, extended heat treatment is needed to grow 

large single-grain REBCO bulk superconductors because 

the peritectic growth reaction of REBCO grains is sluggish. 

In order to shorten the processing period, Kim et al. [4] 

developed an interior seeding technique that the interior 

seed has realize two-directional growth into both upward 

and downward directions that resulted in the reduced 

processing time together with the improvement of material 

quality. On the other hand, multi-seeding technique [5, 6] 

has been also used in order to fasten the processing time. 

Multi-seeding technique needs to control seed orientation 

in order to avoid the formation of high angle grain 

boundaries that are formed by the impingement of the 

grains grown from different seeds [7].  In TSMG processes, 

seeds are placed on the outer surfaces of the powder 

compacts; in the center [1–3, 6, 8, 9], of the top surfaces or 

on the bottom [10], on the corner [11]. All these seeded 

melt growth technique, seed placed as that c-axis of seed is 

normal to the surface of the powder compact 

Jung et al. [12] have reported that the magnetic 

properties of melt-grown REBCO single grain vary with 

the crystal orientation of a YBCO grain.  The c-axis 

oriented YBCO grain showed the highest magnetic trap 

field and levitation force. The orientation dependence of 

the magnetic properties was originated from the anisotropic 

grain growth behavior and the critical current density of 

REBCO crystal.  Kim el al.,[4] also suggested that a-c 

growth sector (c-axis gown region) is inferior to a-b growth 

sector (a- or b-axis grown region) due to fast growth rate in 

c-axis. Therefore, the observations of seed orientation on 

the growth behavior of REBCO grains by TSMG may give 

fundamental idea how the growth pattern and growth 

behavior are varied with seed orientation. The size of a seed 

crystal is so small that it is not easy to cut the seed crystal 

with a desired orientation at will. Therefore, it may be 

helpful if the seed orientation is controlled systematically 

with ease. 

 In this article, a simple method in controlling the seed 

orientation is introduced in order to fabricate the large 

REBCO grains with various orientations.  The relationships 

of the growth pattern, shape change and the magnetic 

properties of REBCO grains with seed orientation are 

discussed in terms of the observed grain growth behaviors 

and the measured magnetic properties.    

 

 

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 Y2BaCuO5 (Y211). An appropriate amount of Y1.5 

powder was put into a steel mold with a diameter (d) of 20 

mm. In order to perform TSMG, Sm123 seeds were used.  
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Fig. 1. Schematic drawings showing the seeding method. 

(a) Cross sectional view showing how the rotation angle 

around b-axis is controlled. (b)-(f) shows the seeds with the 

rotation angle from 0° to 90° with an interval of 30°. 
 

Fig. 1(a) shows a schematic drawing how the seed 

orientation was controlled. The surface grooves, which 

have the right-angled triangular prism cross section, were 

provided at the center of powder compact with the 

variation of ramp angle(denoted as  in Fig. 1(a)) with 30, 

45 and 60 degree and placed the seed on the powder 

compact surface as shown in Fig. 1(a). Surface grooves 

were prepared by placing right-angle triangular 

prism-shaped 3 mm-thick rubber inserts with different 

angles.  The Y1.5 powder with the insert was pressed into 

the pellet. After pressing, the powder compact was taken 

out of the pressing die and the insert was removed from 

the top of the powder compact. Platelet c-axis Sm123 

seed was placed on tapered ramp with various angles of 

30, 45 and 60 degree. Figs. 1(b)-(e) depict the schematic 

drawings of the seeds with different orientations. The heat 

treatment procedure for TSMG was similar to those 

reported in the literature [13]. The cooling rate controlled 

with 0.25℃h
− 1 at the temperature regime for the growth 

of Y123 grains. After the TSMG heat treatment, Y1.5 

samples were heated to 500℃ at a rate of 200℃h
− 1 in 

flowing oxygen for oxygenation, held at this temperature 

for 50 h, cooled to 400–500℃ at a rate of 100℃h
− 1, held 

at this temperature for 200-300 h, and then cooled to room 

temperature at a rate of 200℃h
− 1.  

Magnetic levitation forces and trapped magnetic fields 

at 77 K were measured for the top surface of the 

field-cooled (FC) or zero field-cooled (ZFC) samples. 

Force-distance curves were obtained by measuring the 

force exerting on the magnet when the permanent magnet 

was approached to the superconductors which were 

cooled to 77 K under no external magnetic field (zero 

field cooling, ZFC). A Nd-B-Fe magnet with a surface 

field of 520 mT was used for the FC experiment. The 

trapped magnetic fields of the top surfaces of the FC 

samples were measured using a Hall probe. 

Force–distance curve (F–d) at 77 K was obtained for the 

ZFC samples. For the levitation force measurement, 

Nd-B-Fe permanent magnets with d=30 mm were used. 

Maximum magnetic levitation force at 77 K was defined 

as the force when the permanent magnet is distanced 0.1 

mm from the superconductor surface. 

3. RESULTS AND DISCUSSSION 

 

Fig. 2 shows the photos of the top surfaces of the samples 

after melt growth (MG) heat treatment. The diameter of the 

sample was reduced after the MG heat treatment. It is seen 

that all the specimens have four facet lines irrespective of 

seed orientation (0°< <90°) but the angles between the 

X-shaped facet lines varies with the seed orientation. The 

crystallographic planes of seeds with different rotation 

angles (theta, ) are presented in Table I. The angle 

between the facet lines decreases with the rotation angle up 

to  = 60° and bounds back to 90° at  = 90°. 

In order to observe the X-shaped facet more clearly, top 

surface of the specimens was ground out and the growth 

patterns were photographed as in Fig. 3. Pattern shapes are 

not clear yet to measure the angle between facet lines and 

therefore the facet lines are drawn schematically in Fig. 4. It 

is observed that the angle between the facet lines tends to 

decrease with the rotation angle up to  = 60° but the actual 

angle between the facet lines far from the calculated values 

in Table I. The calculated angles in Table I were obtained 

based on the assumption that the growth rates of a Y123 

grain in a-axis, b-axis and c-axis are identical. However, 

the growth rate of Y123 grain may vary with the 

crystallographic orientation. Nakamura et al. [14] reported 

 

 
 

Fig. 2. Photos of the top surface of the TSMG specimens. 

Rotation angles of seed are (a) 0°, (b) 30°, (c) 45°, (d) 60° 

and (e) 90°. 
 

TABLE I 

THE CRYSTALLOGRAPHIC PLANES OF SEEDS WITH RESPECTIVE TO THE 

SPECIMEN TOP SURFACE WITH DIFFERENT ROTATION ANGLES 

( IN FIG.1(A)) AROUND B-AXIS. 

Rotation angles             0°            30°            45°           60°           90° 

Crystallographic         (001)        (102)         (101)       (201)         (100) 

plane   

Crystallographic 

direction of facet          <110>       <221>         <111>          <112>         <011> 

lines 

Angle between            90°           83.6°         70.5°         48°           90° 

facet lines 

*The calculation of the angle between the facet lines was performed based 

on the assumption that the lattice parameters of a-axis, b-axis, and the 1/3 

of the lattice parameter of c-axis have the same value like a cubic 

structure and the growth rates of Y123 crystal are same regardless of 

crystallographic directions. 
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Fig. 3. Photos showing the facet line patterns formed on the 

top surface of the TSMG specimens after surface grinding. 

Rotation angles of seed are (a) 0°, (b) 30°, (c) 45°, (d) 60° 

and (e) 90°. 
 

that the growth rate of Y123 grain varies with the 

crystallographic orientation as well as the undercooling for 

grain growth and the amount of Y211 particles in the front 

of the growing grains. It means that the X-shaped facet lines 

pattern are formed through much complex procedure. 

Therefore, further works are needed in order to validate the 

relationship between the angles of X-shaped facet lines and 

the seed orientation. 

In Fig. 3, it is also seen that the macroscopic cracks were 

formed for the specimens with  = 45°, 60°, and 90°. For 

the specimen with  = 45°, cracks appears predominantly at 

the right half of the grown grain while cracks are covers 

whole grain in the specimens with  = 60° and 90°. Kim et 

al. [4] has developed an interior seeding technique and 

successfully showed that the inverse octahedral growth 

pattern is formed for the upper part of the specimen when 

the seed was placed in the center of the specimen. It means 

that an asymmetric microstructure develops if a seed crystal 

is tilted with respect to the specimen surface. The partial 

development of cracks in Fig. 3(c) is possibly explained by 

the assumptions that the left half of the grown grain 

represents the a-axis growing sector and the right half of the 

grown grain with macroscopic cracks is the c-axis grown 

sector.  

Additionally, Fig. 4 shows that the sample shapes for  = 

60° and 90° vary from circular cross section to an oval 

cross section during a melt process. The photos of the 

polished specimens show that the specimens are divided 

into two regions of the grown grain and the un-reacted 

solidified melts.  

Figs. 4(c)-(e) show the schematic drawings showing that 

the macroscopic shape changes can be described by two 

circles with different diameters. The specimens with  = 0° 

and 30° have a circular cross section with a diameter of 

radius of 1.7 mm but the cross sections of the specimens 

with  = 60°, and 90° are consisted of two areas which can 

be characterized using the circles with different diameters; 

central parts are consisted of the Y123 grain with a 

diameter of 1.69~1.7 mm and two ends are consisted of the 

 
 

Fig. 4. Schematic drawings of the facet line patterns and the 

dotted circles showing the radius of curvature of the 

un-reacted melts solidified after melt process. Rotation 

angles of seed are (a) 0°, (b) 30°, (c) 45°, (d) 60° and (e) 

90°. 

 
solidified melts with a diameter of 1.4~1.5 mm. It is 

noticeable that two ends having small radius of curvature 

are the directions parallel to c-axis (i.e., normal to (001) 

plane). It is known that the (001) crystallographic plane of 

Y123 has a lowest surface energy and therefore the 

interfacial energy between the (001) plane of Y123 and 

melt is also minimum. Low interfacial energy resulted in a 

large wetting angle of the melt on the (001) plane of Y123 

compared to those on the other crystallographic planes. At 

the later stage of the growth of Y123 grain, un-reacted melt 

is remained on the specimen surface and walls. Depending 

on the crystallographic orientations, the wetting angle of 

the remnant melt varies and the specimen wall normal to 

c-axis growth front has a small radius of curvature due to its 

low interfacial energy. Diko and Goretta [15] reported that 

a distortion from circular cross-section is attributed to 

liquid transport from a slower growth front in a-axis 

direction to a faster growth front in a c-axis direction at the 

edge between the a-growth and c-growth fronts. Iida et al., 

[16] has shown that the macroscopic shape change of 

specimen occurs for the BaZrO3 particle doped YBCO 

specimen prepared by TSMG method. The addition of 

BaZrO3 increased the amount of 211 particles in the melts 

during the growth of Y123 single grain and led to a 

prominent shape changes. It seems that the BaZrO3 

addition may change the melt chemistry and thereby the 

interfacial energy between Y123 grain and the melt. 

Namburi et al. [17] also has reported the shape change in 

the YBCO specimen prepared by TSIG (Top-seeded 

Infiltration Growth) method when the pre-sintering 

temperature of Y211 pellets was lower than 1050 ℃. 

Therefore, it is thought that the distortion of the melt   

11



 

Effects of seed orientation on the growth behavior of single grain REBCO bulk superconductors  

 

 

 
 

Fig. 5. Photos showing the cracks  in the cross sections of 

the TSMG specimens. Rotation angles of seed are (a) 0°, 

(b) 30°, (c) 45°, (d) 60° and (e) 90°.  White rectangles 

denote the seeds and arrows represents the <001> 

directions of seeds. Dotted lines indicate the crack lines on 

(001) planes.  

 

processed specimens might be closely related to the melt 

chemistry during the synthesis of REBCO superconductors.  

From the observations of Figs. 2, 3 and 4, the shape 

changes from the seed tilting (or rotation) were able to 

explain in terms of the interfacial energy differences in 

various crystallographic planes without the assumption of 

liquid transport suggested by Diko and Goretta[15]. 

Fig. 5 shows the cracks in the cross sections of the TSMG 

specimens. Rotation angles of seed are (a) 0°, (b) 30°, (c) 

45°, (d) 60° and (e) 90°.  White rectangles denote the seeds 

that were placed on cold compact before melt process. 

Dotted lines indicate the crack lines on (001) planes which 

have been developed during oxygenation heat treatment. It 

can be seen that the crack lines are not parallel to the (001) 

planes of seeds. The angles between the crack lines and the 

compact surface were measured as 0°, 21°, 24°, 47°, and 90° 

for the specimens with the rotation angle of seeds of 0°, 30°, 

45°, 60° and 90°, respectively. The specimens with  =0° 

and  90°, the angles between the crack lines and the specimen 

surface coincide with the angles formed between (001) plane 

and the specimen surface. The deviations of the crack 

orientations from the seed orientations were 9°, 21° and 13° 

for the specimens with the rotation angle of seeds of 30°, 

45°and 60°, respectively.  The deviations from the seed 

orientation and the crack orientations in (001) plane may 

attribute to the dimensional changes of the compacts during 

the melt process at high temperature where the specimens is 

present as a mixture of melt and second phase particles. It has 

been known that there are dimensional changes of the 

compacts during the melt process in both of lateral and 

vertical directions through the melt processing of REBCO 

superconductors. These dimensional changes are dependent 

on the melt chemistry as well as the processing temperature, 

the amount of Y211 particles and so on. In this study, the 

melt processing has been performed by using Y1.5 compacts 

which have large dimensional change of 12.2% compared 

with relatively small change of 2% for Y211 compact [18].  

In order to make a qualitative analysis of the seed rotation 

during the melt process, more elaborated experimental 

design is needed. 

 
 

Fig. 6. A typical example of a F-d curve of a melt grown 

YBCO superconductor. 

 

 
 

Fig. 7. Variation of the maximum magnetic levitation 

forces at 77K  of the TSMG specimens with various angles 

of seed rotation around b-axis. Rotation angles of seed are 

(a) 0°, (b) 30°, (c) 45°, (d) 60° and (e) 90°. 

 

Fig. 6 shows a typical example of F-d hysteresis curve at 

77 K of the ZFC specimen. The repulsive magnetic force 

(F) induced by the Meissner effect of the superconductor is 

negligible until the distance, d, becomes 10 mm. We 

measured F-d curves for all specimens to understand the 

maximum levitation force at d=1 mm. 

Fig. 7 shows the variation of the maximum magnetic 

levitation forces at 77 K of the ZFC specimens, which were 

prepared by TSMG using the seeds with different 

orientation. It is seen that the levitation force is 11.3 N for 

the specimen prepared by using the seed of  = 0° (c-axis is 

normal to sample surface), reaches to a maximum force of 

13.2 N for is for the sample of  = 30°, and then gradually 

decreases down to 4.7 N as the rotation angle of seed 

around b-axis increases to 90° (a-axis is normal to sample 

surface). Jung et al. [10] reported that the magnetic 

levitation is maximum for the specimen with  = 0° and the 

levitation forces are similar for the specimens where each 

a-axis, b-axis and <110>-axis is normal to the pellet surface. 
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They explained the orientation dependence of levitation 

force is mainly due to the difference of critical current 

density (Jc) with crystallographic planes. As seen in Fig. 3, 

the polished surface showed severe macroscopic cracks for 

the specimens with  = 45°, 60°, and 90°. The macroscopic 

crack is one of the detrimental defects which result in the 

decrease of Jc and followed drop of magnetic levitation 

force.  The generation and propagation of cracks is closely 

related to the presence of second phase particle of Y211 in 

Y123 superconductor matrix. The areas with cracks also 

contain less second phase particles, which is possibly 

beneficial for the flux pinning, compared to those without 

cracks. 

In order to explain the high levitation force of the 

specimen with  = 30°,  it is needed to quantify the effects 

of several variables of the microstructure, orientation, and 

the size and amount of 211 particles on the magnetic and 

electrical properties of TSMG specimens. As seen in Fig.5, 

all the specimens show severe cracks with a difficulty to 

compare which one is better.  Simply comparing two 

specimens with  = 0° and 30°, it is seen that the c-axis 

growth sector is more prominent in the specimen with  = 

0° than in the specimen with  = 30°. The increase of a-axis 

growth sector in the specimen with  = 30° might be related 

to the slight increase of magnetic levitation force relative to 

that of the specimen with  = 0°. However, it is still lack of 

detailed data to determine the separated effects from each 

variable of the microstructure, orientation, and the size and 

amount of Y211 particles on the magnetic and electrical 

properties of TSMG specimens. 

 

 

4. CONCLUSIONS 

 

Single grain REBCO (RE: rare-earth elements) bulk 

superconductors have been synthesized by controlling the 

seed orientation with ease. Seed orientation was varied 

systematically from c-axis to a-axis with every 30 degree 

rotation around b-axis. Orientation control was achieved by 

putting the seed with various angles on the prismatic indent 

prepared on the surface of REBCO powder compacts. 

Growth pattern was changed from cubic to rectangular 

when the seed axis normal to compact surface was varied 

from c-axis to a-axis by rotating around b-axis. 

Macroscopic shape change has been explained by the 

changes of wetting behavior of un-reacted melt because the 

wetting angle decreases with the decrease of the interface 

energy between Y123 grains and melt during melt 

processing. Highest magnetic levitation force was shown 

for the specimen prepared using tilted seed with an angle of 

30 degree rotation around b-axis.   
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