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1. INTRODUCTION 
 

High magnetization high Tc REBCO bulk 

superconductors have been fabricated by a melt process [1] 

and large grain specimens are prepared by using a top-seed 

melt growth (TSMG) process. However, TSMG takes a 

long process time and therefore multi-seed technique has 

been developed [2-5]. Even though multi-seed technique 

has a big advantage in reducing a processing time, the weak 

link grain boundaries are formed because of the presence of 

the trapped liquid phase at the grain boundary where two 

growth fronts meet. Several techniques [6-10] have been 

suggested for obtaining clean grain boundaries with no 

trapping of un-reacted liquid phase. The control of seed 

orientation is one of the methods. Shi et al. [11] reported 

that the grain boundary junction with no weak link was 

obtained by aligning the <110> axis of two seeds parallel 

each other and thereby fast growing (110) plane of each 

seed meet together in the middle of the seeds and pushes 

out the melt upward and downward resulting in no trapping 

of liquid phase at the grain junction. Kumar et al. [7] has 

used a buffer pellet between seed and compact and 

fabricated a high quality bulk superconductor because the 

weak link grain junction is formed in the buffer pellet and is 

not extended to YBCO compact due to a proximity effect. 

However, both methods are available only when the 

distance between the seeds is close. Meanwhile, it appears 

that the two dimensional array of the seeds with 45º-45º 

boundaries also results in the formation of weak link grain 

boundary junctions that lead to poor magnetization 

characteristics of bulk superconductors [12]. Therefore, it 

is need to develop a method to eliminate the trapping of the 

liquid phase at the grain boundary junctions formed when 

two grains meet.  

It has been showed that the presence of artificial hole 

through the compact thickness did not lead to the reduction 

of the magnetization of large grain bulk superconductor 

[13-17]. They also showed that the artificial holes give an 

advantage of the reduction of pores in a sample which leads 

to enhanced mechanical properties. It has been also 

demonstrated that the filling of the artificial holes using 

epoxy or metals can reinforce the bulk materials and 

enhance the toughness of the bulk superconductor [14-15, 

17]. 

In this work, an artificial hole is provided at the side edge 

of the compact and seed is placed between artificial hole   

(Fig. 1) and side wall of the compact. By varying the seed 

alignment, various grain boundary junctions have been 

formed at the opposite side of the seed and the 

characteristics of crystal growth and grain boundary 

junction have been investigated.   

 

 

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 steel mold with a diameter of 40 mm. Vertical 

artificial holes with a diameter of 5 mm were drilled 

through the thickness 5 mm apart from the side wall of the  
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Fig. 1. (a) a schematic drawing that shows the position of 

the artificial hole and the Sm123 seed. (b) an angle between 

the center line and the a-axis of seed crystal. 

 

compacts. Before drilling, cold isostatic pressing was 

conducted for further densification of the compacts.  

Fig. 1(a) depicts a schematic that shows the position of 

the artificial hole and the Sm123 seed.  Fig. 1(b) shows how 

the seed orientation was varied in order to control the grain 

boundary junction. By changing the angle () between the 

a-axis of seeds and the line connecting the centers of the 

compact and the artificial hole, various grain boundary 

junctions were able to obtain. Line c-c’ connects the centers 

of the compact and the artificial hole. The seed center was 

tried to locate on the line c-c’ at our best.  The angle, , was 

chosen as to be. For convenience, we present then as 0-0 

boundary, 30-30 boundary and 45-45 boundary when the 

angle, , is 0°, 30° and 45°, respectively. 

The heat treatment procedure for melt growth (MG) was 

similar to those reported in the literature [18]. 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.  

Trapped magnetic fields at 77 K were measured for the 

top 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. Microstructures have been investigated using an 

optical microscope.  

 

 

3. RESULTS AND DISCUSSION 

 

Fig. 2 shows the schematics showing the idea how 

various grain boundary junctions are formed with an angle, 

, formed between the <100> axis of seed and the line c-c’ 

which connects the centers of the artificial hole and the 

compact. It illustrates the crystal growth scenario and the 

procedures how 0-0, 30-30, and 45-45 grain boundary 

junctions are formed. The numbers in the drawings denotes 

the sequence of the crystal growth procedure. Fig. 2(a) 

shows the process how 0-0 grain boundary junction is 

formed. Two growth fronts with  = 0 meet at the point J 

and 0-0 grain boundary junction is extended along the 

red-colored line. <110> facet lines will be formed along the 

yellow-colored line. The formation of the <110> facet lines 

is similar with the other works [2-10]. Suggested scenario 

may be available under the assumption that the crystal 

growth occurs uniformly in all the directions. Grain 

boundary junction and <110> facet line may not be straight 

if there are asymmetric or inhomogeneous nature of the 

crystal growth due to either chemical and/or geometrical 

non-uniformities. 

Fig. 2(b) shows the process how 30-30 grain boundary 

junction is formed. In this case, crystal growth behavior is 

more complex than in the case of the formation of 0-0 grain 

boundary junction. Crystal will grow to the line 1 and meet 

at the point, J, on the periphery of an artificial hole. Then, 

the left Y123/liquid growth interface will form a tangential 

line with the periphery of an artificial hole. New 

Y123/liquid interface will be generated once that the 

crystal grows further than the tangential line. In order to 

minimize the Y123/liquid interface energy, a new interface 

will be of a crystallographic plane of (010) if the existing 

interface is (100) plane. The generation of new (010) plane 

interface resulted in the formation of <110> facet line as 

presented as yellow line. As crystal grows further, right side 

growth sector will meet the same situation as the left growth 

sector experienced. Therefore, another <110> facet line 

will formed starting from the point, J’, on the periphery of 

an artificial hole. Two growth sectors will meet in the 

middle area between two <110> facet lines and forms a 

grain boundary junction along the line presented as red 

color. Suggested scenario may be also available under the 

assumption that the crystal growth occurs uniformly in all 

the directions.  

Fig. 2(c) shows the process how 45-45 grain boundary 

junction is formed. In this case, crystal growth behavior is 

nearly the same with the case of the formation of the 30-30 

grain boundary junction. As the Y123 crystal grows, crystal 

reaches line 2 which is a tangential to the periphery of the 

artificial hole. As the crystal grows further than line 2, new 

Y123/liquid interface will be formed as the red-colored 

lines presented in line 3. In order to minimize the 

Y123/liquid interface energy, new interface with red color 

will be a crystallographic plane of (010) if the blue-colored 

original interface is (100) plane. The generation of new 

(010) plane interface resulted in the formation of <110> 

facet line. As like shown in Fig. 2(b) and 2(c), there are two 

tangential lines. 
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Thereby, two new <110> facet lines are formed from 

both of left side and right.  Chaud et al. [13] also have 

reported the formation of striation in the TSMG specimen 

with array of artificial holes with a diameter of 1 mm which 

is much smaller than this work. Two growing interfaces 

will met in the middle of two growing fronts as the grain 

growth proceeds further. Crystal growth proceeds from line 

2 to line 3 (in Fig. 2(c)), two growing fronts is likely to meet 

at single point, J, as line 3. Therefore, there is little 

possibility of liquid trapping at the grain boundary junction 

which will be formed along the line C-C’ with further 

crystal growth as drawn as lines 4-6(in Fig. 2(c)). It is 

considered that the artificial hole leads to the formation of 

clean grain boundary junction as well as the formation dual 

streaks of <110> facet lines. Single <110> facet line might 

be formed in upward direction along the C-C’ line if the 

artificial wall was not present.  

Fig. 3 shows the top-views of the specimens with 0-0, 

30-30, and 45-45 grain boundary junction, respectively. It 

is seen that the grain shape and <110> facet line are varied 

depending on the change of the angle, , of Fig. 1(b). It is 

evident that <110> facet lines are not quite straight as 

reported in the literatures [2,5,15] and rather bent. 

Four-fold <110> facet lines are closely related to the 

four-fold crystallographic structure of REBCO crystal and 

the appearance of four fold-face line represents the 

epitaxial growth of seed without the nucleation of 

subsidiary grains [2,5]. The <110> facet lines are the lines 

where the a-axis growth sector and the b-axis growth sector 

meet together. There is no reason of asymmetric growth 

between a-axis growth sector and b-axis growth sector as 

far as the compact is symmetric and seed is placed at 

compact center. Therefore, the bent <110> facet line means 

that the competition between a-axis growth sector and 

b-axis growth sector is present because somewhat 

asymmetry parameters exist. The <110> facet line will be 

bend toward the direction of the growth sector with weak 

driving force of crystal growth from the growth sector with 

weak driving force of crystal growth. More fundamentally, 

the bending of the <110> facet line may be the outcome of 

the difference of growth rate in <110> crystallographic 

directions.  There are two possible reasons evolving the 

different growth rate; 

 

(a) Variation of chemical composition 

(b) Asymmetry of mechanical force 

 

Firstly, the mechanical force may arise from the volume 

contraction during the solidification melt to Y123 crystal 

and therefore a pulling force will be exerted to the crystal 

growth fronts. Tensile force acting on the growth front may 

possibly affect on the deformation of crystal shape [19] and 

thereby might result in the formation of curved <110> facet 

lines. Secondly, the geometrical asymmetry may rdisturb 

the uniform diffusion of the atomic elements of Y, Ba, and 

Cu. For instance, the distance between the <110> facet 

lines becomes closer with the crystal growth and the 

diffusion is the direction normal to the facet lines become 

slower. Therefore, a-axis sector and b-axis sector may have 

dissimilar melt interface with different chemical 

compositions which result in the different growth rate.  

Comparing the suggested growth models in Fig. 2 and 

the melt processed specimens in Fig. 3, it can be said that 

the crystal shapes, the generation of the <110> facet lines 

and the formation of grain boundary junction are well 

coincided with the predictions explained previously in Fig.  

 
Fig. 2. schematics showing the procedures how various grain boundary junctions are formed. (a) 0-0 grain boundary 

junction ( =0º) (b) 30-30 grain boundary junction ( =30º) (c) 45-45 grain boundary junction ( =45º).  Lines indexed with 

number shows the crystal growth sequence. Yellow lines represents the <110> facet lines. 
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Fig. 3. Optical images of the top surface of the specimens 

with 0-0, 30-30, and 45-45 grain boundary junction, 

respectively. Digital images clearly shows the <110> facet 

lines and the growth fronts. However, the grain boundary 

junctions are not clear. 

 

2(a) and Fig. 2(c) for 0-0 and 45-45 specimens, 

respectively.  However, the crystal growth features of the 

30-30 specimen are not matched with the suggested 

structures in Fig. 2(b). 

 

Fig. 4 shows surface view of another specimen with 

30-30 grain boundary junction. It is seen that the 

macrostructure of another 30-30 specimen is well matched 

with the structures suggested in Fig. 2(b). It is also seen that 

the <110> facet lines and the grain boundary junction are 

curved. Lines are drawn in the picture for ease of eye 

guidance (dotted line for the <110> facet lines and a middle 

line for the grain boundary junction).  Chaud et al. [13] 

reported that their TSMG specimen with many artificial 

holes with a diameter of 1 mm observed the streaks that 

were formed by the recombination of the a-axis growth 

sector and the b-axis growth sector.  Their results show that 

the presence of these streaks (grain boundary junctions) 

rather leads to the increase of the trapping magnetic field of 

the specimens [13, 15]. The prediction about the effects of 

an artificial hole, which was made in Fig. 2, clearly explains 

the formation of the <110> facet lines and various grain 

boundary junctions with different angle, , in Fig. 1(b). 

Fig. 5 shows the trapped magnetic field of the specimen 

with 0-0 grain boundary junction. It is seen that 0-0 

junction specimen show no characteristics of weak link 

grain boundary junction. There is no drop of magnetic 

trapping force where 0-0 grain boundary junction is 

supposed to be present. 

 
 

Fig. 4.  Optical  image of the top surface the specimen with 

30-30 grain boundary junction. 

 

Fig. 6 shows the trapped magnetic field of the specimen 

with 30-30 grain boundary junction. It is seen that two 

contour line map is not symmetrical but is well matched 

with the grain shape. It is also considered that there is no 

evidence of the presence of the weak link grain boundary 

junction. 

Fig. 7 shows the trapped magnetic field of the specimen 

with 45-45 grain boundary junction. It is seen that two 

contour line map is not symmetrical but is well matched 

with the grain shape. It shows that there is a valley. It can be 

thought that the appearance of a valley is indication of the 

presence of the weak link grain boundary junction. 

 

 
Fig. 5. Trapped magnetic field of the specimen with 0-0 

grain boundary junction. 

 

 
Fig. 6 Trapped magnetic field of the specimen with 30-30 

grain boundary junction. 
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Fig. 7.  Trapped magnetic field of the specimen with 45-45 

grain boundary junction. 

 

From the observations about the trapped magnetic field 

profiles from Figs. 5 - Fig. 7, it can be said that all the grain 

boundary junctions of 0-0, 30-30 and 45-45 junction shows 

the behavior of clean grain boundary without the 

entrapping of the un-reacted liquid phase even though the 

45-45 specimen shows a valley in the trapped magnetic 

field curve. Due to the circular geometric characteristics of 

artificial hole, the Y123/liquid interfaces move along the 

periphery of the artificial hole from two opposite directions 

and two growth fronts always meet at single point on the 

periphery of the circular artificial hole. Thereafter, the 

growth competition in <110> direction between two 

growth fronts has occurred and there is little opportunity of 

liquid trapping at the grain boundary. From this 

geometrical reason, it is more likely that the appearance of 

valley for 45-45 specimen may have other reason than the 

trapping of liquid phase in grain boundary junction. There 

are many attempts [19-24] to eliminate the weak link nature 

of the grain boundary junctions in the REBCO bulk 

superconductor which have been prepared by multi-seeded 

TSMG. It is thought that this study provides an basic idea 

how to control the characteristics of the grain boundary 

junctions and the crystal growth behavior by using the 

artificial hole though the compact thickness. 

Fig. 8 shows the low magnification digital optical 

microscopic image of the specimen with 0-0 grain 

boundary junction. It is observed that the diameter of 

artificial hole was reduced from  = 5 mm to  = 4.7 mm 

after the melt process.  We have carefully observed the 

areas near the grain boundary junction for all the specimens 

with 0-0, 30-30 and 45-45 boundaries. As reported in [11], 

it is hard to observe any structural non-uniformities near to 

the <110> facet lines. It is also difficult to tell the location 

in the microstructure where the two growth fronts are met; 

i.e., the grain boundary junctions are relatively clean under 

microscopic observations. 

Fig. 9 shows the high magnification microstructure of 

the 45-45 specimen near the periphery of an artificial hole. 

It is seen that fine Y211 particles are uniformly dispersed 

though the whole area. It can be also said that any 

meaningful difference of distribution density of Y211 was 

not prominent even at the very near to the hole. It means 

that the presence of the artificial hole did not affect on the 

distribution of Y211 particles which is crucial for the 

formation of Y123 superconducting phase though a 

peritectic reaction of  Y211 + Liquid phase → Y123.  

 
 

Fig. 8. Low magnification digital optical microscopic 

image of the specimen with 0-0 grain boundary junction. 

 

 
 

Fig. 9. High magnification microstructure of the 45-45 

specimen near the periphery of an artificial hole. 

 

 

3. CONCLUSIONS 

 

Melt-processed large grain YBCO superconductors with 
various grain boundary junctions have been successfully 
prepared by control the seed direction to the grain 
boundary with the angle of 0º, 30 º and 45º, respectively.  
The presence of the artificial hole is beneficial for the 
formation of clean grain boundary junction and single peak 
trapping magnetic field profiles have obtained. Artificial 
hole leads to the formation of new <110> facet lines. The 
presence of artificial hole is not likely to affect on the 
distribution of Y211 particles. The newly formed <110> 
facet lines are explained by the formation of new 
Y123/liquid interface with (010) crystallographic plane. 
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