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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.  Schätler et al. [4] and Jee et al. [5] proposed the 

multiple seeding as the way to fabricate a large grain 

YBCO bulk sample in a short time.  In order to shorten the 

processing period further, Kim et al. [6] developed an 

interior seeding technique that the interior seed has realized 

three-directional growth into both up and down that 

resulted in the reduced processing time together with the 

improvement of material quality. On the other hand, 

multi-seeding technique has been also used in order to 

fasten the processing time. Multi-seeding technique needs 

to control seed orientation in order to match the 

crystallographic planes of c-axis REBCO grains which 

were grown from different seeds.  In TSMG processes, 

seeds are placed on the outer surfaces of the powder 

compacts; in the center [1–3, 4, 5, 7-9], of the top surfaces 

or on the bottom [10], on the corner [11]. All 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. 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. 

In multi-seeding processing, each grains nucleated from 

corresponding seeds will grow in all the directions of a-axis, 

b-axis and c-axis at the same time and the grain growth will 

be stopped when the grains meet together in the mid-way 

between the seeds. The cross encounter of grains inevitably 

leads to the formation of the grain boundaries  with 

different characteristics depending on the crystal 

orientations of seeds placed on/inside of the powder 

compacts. Grain boundaries with various orientation 

relationships have been prepared and their electrical and 

magnetic characteristics have also been investigated [12, 

13]. Alignment of multi-seeds has been an issue because 

the formation of grain boundaries with second impurity 

phases disturbs the super-current and leads to the decrease 

of magnetic properties of melt processed REBCO bulk 

superconductors. Very recently, Shi et al. [14] have shown 

that the buffer-bridge seed method forms the impurity-free 

grain boundaries and single grain behavior of magnetic 

properties was obtained. However, buffer-bridge seed 

method does not reduce the processing time. The 

buffer-bridge seeding also increased the volume fraction of 

a-c growth sector which shows inferior magnetic properties 

to a-b growth sector (a- or b-axis grown region) [4]. 

In this article, 3-D seeding technique is introduced in 

order to fabricate the single grain REBCO bulk 

superconductor in a reduced processing time period and to 

fabricate a high performance REBCO bulk superconductor 

by enhancing the volume fraction of a-b growth sector.  The 

development of the growth pattern, shape change and the 

magnetic properties of REBCO grains are discussed. 

 

 

2. EXPERIMENTALS 

 

Y1.5Ba2Cu3O7− y (hearafter Y1.5) powder was used as a 

raw material in this study. Y1.5 powder was made by 
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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 steel mold with a diameter (d) of 30 mm. The 

thickness of powder compact after cold isostatic pressing 

was 3 mm and 6 mm. 6 mm-thick compact was place at the 

bottom and 3 mm-thick compacts were stacked layer by 

layer. In order to provide the air channel, 3 mm thick 

compact was divided into two pieces and seeds were placed 

between the divided pieces. Fig. 1(a) depicts how powder 

compacts and seeds were positioned. Fig. 1(b) and (c) 

shows (a) the cross sectional view and (b) the top view 

showing how the grain growth is supposed to occur growth 

by a 3-D seeding method. 

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
− 1 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
− 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.  

Maximum magnetic levitation force and trapped 

magnetic fields at 77 K were measured for the top surface 

and the cross section of the field-cooled samples. To 

measure the force-distance curves, the specimens were 

cooled to 77 K in a magnetic-free environment (zero field 

cooling, ZFC) and the permanent magnets were 

approached to the cooled superconductors. The maximum 

magnetic levitation force (Fmax) is defined as the force when 

the distance (d) between the superconductor and the 

permanent magnet is 0.1 mm. 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. 

 

 

3. RESULTS AND DISCUSSION 

 

Fig. 2 shows the photos of the top and bottom 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 dual X-shaped facet lines have 

been formed at the top surface; i.e., small X-shaped facet 

lines are formed inside of outer X-shaped facet lines. Kim 

et al. showed that the X-shaped facet lines are formed on 

the top surface for the specimens which were prepared by 

an interior seeding method [4]. A grain grown from a top 

seed also forms X-shaped facet lines. However, there is a 

small difference between these two rectangular patterns. 

 
 

Fig. 1.  Schematic drawings showing (a) the 3-D seeding 

method, (b) the cross sectional view showing how the grain 

growth is supposed to occur during melt growth by 3-D 

seeding method and (c) the expected top view after melt 

growth. Dotted lines present the (001)/(001) grain 

boundaries where the grains meet in the middle of seeds 

(S1-S2, S2-S3). Black squares represent seeds. Gray 

colored-areas indicate a-axis growth sectors and light grey 

colored- areas indicate c-axis growth sectors. 

 

X-shaped pattern represents a-axis growth sector for a grain 

nucleated from a top seed while X-shaped pattern 

represents c-axis growth sector for a grain nucleated from 

an interior seed. 

Y123 grains from two Sm123 seeds (S1 and S2 in Fig. 

1(a)) can nucleate in three different ways;  

 

-    A grain nucleates from top seed (S1) first. 

-    A grain nucleates from either of interior seeds (S2 

and/or S3) first. 

-    All the grains nucleate simultaneously from top 

seed (S1) and interior seed (S2 and S3), 

respectively. 

 

Nucleation of Y123 grains will be widely affected by 

several processing variables such as a melt composition, 

oxygen partial pressure and seed orientation and so on. There 

are various factors affecting on the nucleation behavior of 

Y123 grain. Huang et al. [16] observed that two different 

lateral overgrowth stages were observed with about 50 times 

difference in the lateral overgrowth rate of NdBCO crystal 

by using YBCO film seed. They have suggested that the 

composition change of Y/Nd ratio in the vicinity of YBCO 

seed causes the variation of undercooling and leads to the 

huge difference of growth rate. In this work, the same Sm123 

seeds were used as a top seed (S1) and an interior seeds (S2). 

Therefore, there might be little difference of composition in 

front of seed crystal and any compositional variation hardly 

affect on the nucleation temperature.  
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Fig. 2.  Photos of (a) the top surface, (b) the bottom surfaces 

and (c) the side of a melt grown specimen. S1 denotes a 

Sm123 top seed and S2 and S3 are the interior seeds. 

 

 
 

Fig. 3 Photos of the cross section of the specimen prepared 

by 3-D seeding melt growth method. 

 

Yan et al. [17] has reported that the growth rate of 

YBCO crystal is enhanced by performing the melt 

processing under 1 atm oxygen atmosphere. They 

suggested that the high growth rate is attributed to the 

higher solubility of Y in Ba-Cu-O melt under higher 

oxygen partial pressure. Oxygen atoms are released during 

a peritectic decomposition reaction as follows; 

 

REBCO → RE2BaCuO5 + Liquid + O2 

 

There is a possibility that the oxygen partial pressure is 

higher in a seed channel than on the top surface due to a 

dimensional constraint retarding the out-diffusion of 

oxygen. However, it may be reasonable to assume that 

there is little difference of oxygen partial pressure between 

seed channel and top surface due to air convection inside of 

muffle furnace. Therefore, it looks sound to assume that the 

oxygen partial pressure difference might not affect on the 

nucleation temperature and growth rate.  

From the above discussion, a compositional variation 

and oxygen partial pressure change might not lead to 

different nucleation behaviors depending on the seed 

position at the top surface and the interior of compact. 

Therefore, it is considered that two grains has nucleated 

simultaneously at both of top and interior seeds and met 

together in the middle between top seed (S1) and interior 

seed (S2).  

Fig. 2(b) shows that the grain grown from the bottom 

seed has grown down to the bottom of the specimen 

through the thickness. Fig. 2(c) shows that there was little 

dimensional distortion of the specimen after the melt 

growth by 3-D seeding technique. It is seen that the seeds 

have stayed in their original positions. 

Fig. 3 reveals the photos of the cross section of the 

specimen prepared by 3-D seeding melt growth method. 

Specimen was cut along the <100> direction of YBCO 

grain by using a table-top diamond wheel saw.  It is seen 

that there is thickness and width contractions after the melt 

processing. It is seen that crack lines are present though the 

thickness and growth patterns have formed due to the 

independent nucleation from each seeds of S1, S2 and S3.  

All the seeds were placed as the c-axis is normal to the 

specimen surface and therefore the crack lines are likely to 

be parallel to a-axis or b-axis. Therefore, it was expected 

that all the grains nucleated from the seeds grows forming 

so-called X-shaped facet pattern as reported in both of 

TSMG and interior seeding melt growth. Fig. 3(b) exhibits 

the schematic drawing of Fig. 3(a) where dotted lines 

denotes the <110> facet lines. It can be seen that the 

diamond-like patterns are built up between S1 and S2 as 

well as between S2 and S3. The (001)/(001) grain 

boundaries, which may have very low interfacial energy, 

are hard to figure out in the Fig.  

S2 seed that was in contact with both of upper and lower 

compact at the same time and S2 grew in both compacts. 

Therefore, the grain, which was nucleated from S1, is not 

able to seen in the Fig. 3(a). The grain, which was nucleated 

from S1, was ground out during surface polishing and 

therefore it is not seen in Fig. 3(a). But it is clearly seen that 

the a-c growth sectors of the grains, which were nucleated 

from S2 and S3, meet together and form a diamond shape. 

From the formation of diamond shaped a-c growth sector, it 

can be said that the horizontal diagonal of the rhombus is 

the (001)/(001) boundary where two grains from S1 and S2 

have been met.  

Fig. 4 shows the magnetic levitation forces at the top 

surface and the cross section of the specimen. It is seen that 

the magnetic levitation force at the top surface is measured 

as 32.1 N which is about two times higher than 14.8 N of 

the cross section. The seeds were placed as the c-axis of the 

seeds is perpendicular to the top surface of the specimen. It 

means that the grown YBCO grain has a crystallographic 

orientation as that (001) plane is parallel to the specimen 

surface and the cross section has (100) crystallographic 

plane. Therefore, the levitation force on the (001) plane is 

about twice high of that on (100) plane. Jung el al. [18]  
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Fig. 4. Magnetic levitation forces (a) at the top surface and 

(b) the cross section of the specimen, respectively.   

 

reported that the levitation forces on (001) plane is 1.4 - 1.6 

time higher than that on (100) plane. The weak levitation 

force on (100) plane may attribute to the presence of seed 

channel and/or the presence of lots of macro-cracks along 

the (001) planes. The volume of the seed channel is too 

small to attribute to the more than 50 % reduction of the 

levitation force. Therefore, the macro-cracks are likely to 

be a main cause of large reduction of levitation force 

because the presence of macro-cracks lowers the current 

carrying capacity across the cracks. As discussed by Jung et 

al. [18], the critical current density (Jc) of YBCO is 

anisotropic with  the direction of magnetic field (H) applied 

to the crystallographic plane; highest Jc under <001>//H 

and lowest Jc under the magnetic field of <100>//H.  

Fig. 5 shows the trapped magnetic field map of the top 

surface of the specimen prepared by a 3-D seeding method. 

A single peak is observed at the center of the trapped field 

contour map. The peak is not present at the center of the 

specimen and rather is deviated from the center of the map. 

This peak deviation may reflect the non-uniformity of the 

specimen. There are several experimental factors which 

might cause the peak shift; 
 

-    The center of grain is deviated from the specimen 

center. 

-    A subsidiary grain is developed. 

-    A dimensional change 

-    The presence of seed channel. 

 
 

Fig. 5. Trapped magnetic field map of the top surface of the 

specimen prepared by a 3-D seeding method. 

 

In Fig. 2, it was seen that the top seed and the second layer 

seed (S1 and S2) are displaced to the left from center of the 

specimen. However, the peak position is not coincided with 

the position of the top seed. It is clear that the trapped field at 

the seed channel is zero. Therefore, the presence of the seed 

channel will result in the shift of the peak position out of the 

center as appeared from the magnetic field map of the cross 

section of the specimen. In Fig. 3, it is seen that a huge 

subsidiary grain has been developed. It is also seen that the 

macro-cracks in the subsidiary grain are vertical to top surface 

of the specimen. From the directions of the macro-cracks, it 

can be said that the <001> axis is parallel to the specimen top 

surface and (100) plane is parallel to the top surface.  It 

indicates that the asymmetric trapped field might be due to the 

presence of the subsidiary grain with c-axis parallel to the top 

surface of the specimen. The maximum trapped field (Bmax) at 

the peak point has been measured as 2.16 kG. 

Fig. 6 shows the trapped magnetic field map at the cross 

section of the specimen shown in Fig. 3. The Bmax at the peak 

point is 1.15 kG. Double peaks are observed in the trapped 

field contour map. The double peaks may attribute to the 

presence of the seed channels.  Seed channel might reduce the 

trapped field because of the decrease of super-currents 

resulting from a discontinuity and reduction of the specimen 

volume. From the observations of the cross section, it is 

evident that the measured specimen is full of microstructural 

defects which make it difficult to analyze the magnetic 

measurement results systematically 
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Fig. 6. Trapped magnetic field map of the cross section of 

the specimen prepared by a 3-D seeding method. 

 

 

4. CONCLUSIONS 

 

High performance REBCO bulk superconductor has 

been successfully fabricated by using 3-D seeding method. 

3-D seeding is beneficial for shortening the processing 

period and enhancing the magnetic properties of REBCO 

bulk superconductors fabricated by melt growth. Oxygen 

channels were provided by using divided powder compacts  

instead of a rubber insert. Microstructure observation 

revealed that the grains grown from the seeds impinged 

each other and formed low angle grain boundaries of 

(001)/(001). It has also been shown that the 3-D seeding 

technique reduces the volume fraction of a-c growth sector 

and thereby maximizes the area of a-b growth sector which 

attributes to the high magnetic characteristics of single 

grain REBCO bulk superconductors 
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