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Abstract— For application to ultrahigh-field nuclear magnetic 

resonance spectroscopy (e.g., 30 T), we have started to develop a 

REBa2Cu3O7-δ (RE123, RE: rare earth) multi-core coated con-
ductor in which the ceramic layers (RE123 and buffer layers) are 
electrically separated to create multiple filaments. This method is 

called electrical separation by inner splitting, and the wire is 
called a split wire. The multi-core structure is fabricated using 
electrical separation by a phase stress, which utilizes the differ-

ence in toughness between ceramics and metal, such as partial V-
bending by stress along the longitudinal direction of the coated 
conductor using a commercially available single-core RE123 

coated conductor. In addition, about 10 narrow cores (width: 5–
15 µm) can be formed by one bending. These cores are called 
subcores. The wire is composed of main cores and subcores. In 

this study, a 4 mm wide multifilamentary RE123 split wire with 
16 main cores and 150 subcores was fabricated and evaluated. 
The manufacturing method, microstructure, and critical current 

properties under an external magnetic field and tension are pre-
sented. 
 

Index Terms— inner split, multi-core, RE123, split wire 

I. INTRODUCTION 

ECENT developments in fine filament technology for 

tape-shaped REBa2Cu3O7-δ (RE123, RE: rare earth) coat-

ed conductors have improved the performance of high-field 

magnets by reducing the large diamagnetism of the RE123 su-

perconducting layer [1-6]. For an example, laser scribing 

method has been used to fabricate the multiple filaments that 

many slits are formed in RE123 layer [1, 2]. In this method, 

RE123 and partial metal substrate (e.g., hastelloy) are usually 

removed at the slit portion. The effectiveness and practicality 

of multifilamentation on shielding current and AC loss have 

been demonstrated for wires and coils [1-4]. 

We previously proposed a multi-core RE123 coated con-

ductor called a split wire that utilizes inner splitting technolo-

gy [5, 6]. The fabrication method is called electrical separation 

by inner splitting (ESIS), where electrical separation means 

that the cores are separated electrically without superconduct-

ing current flow. ESIS with mechanical modification is called 

electrical separation by phase stress. Depending on the type of 

applied stress, electrical separation by bending stress (ESBS) 
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or electrical separation by pressure concentration (ESPC) can 

be adopted. In this study, ESBS was used to fabricate RE123 

split wires. 

In the split wire, the ceramics, namely the RE123 and buffer 

layers, are separated without removing any material. Due to 

the use of bending in the fabrication process, the wire extends 

slightly (e.g., a few micrometers) in the width direction, and 

narrow splits form due to elongation.  

With the mechanical bending process, fast fabrication can 

be achieved (e.g., 800 m/h per inner split). Recently, we 

demonstrated the fabrication of split wires with 2, 3, 4, and 5 

cores for 4-mm-wide wire that exhibited high performance, 

such as a high critical current, above 95% of that for the origi-

nal non-split wire, and a high tensile stress tolerance of above 

650 MPa [5]. 

In the present study, a 16-main-core and 150-subcore split 

wire was prepared and evaluated. 

II. EXPERIMENTS 

A. Sample Preparation 

A (Y,Gd)123 coated conductor with a width of 4 mm and a 

length of 1 m manufactured by SuperPower Inc. (type 

SCS4050) was used to make the split wire. The thicknesses of 

silver layers on both (Y,Gd)123 and hastealloy sides are 2 µm 

and 1.8 µm, respectively. These for copper layers on both 

sides are the same 20 µm. A compact roller splitter, reported 

previously, was used for bending the wire for ESBS [5]. Fig. 1 

shows an image of ESBS process. To form 16 main cores, the 

bending process was carried out 15 times from one edge of the 

wire to the other edge at intervals of about 200 µm in the 

width direction of the wire. The bending direction was to-

wards the hastelloy side [6] to reduce damage to the 

(Y,Gd)123 layer. For comparison, a 2-core split wire was also 
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Fig. 1 Schematic illustration for manufacturing split wire with ESBS. 



 

 

2 

prepared by bending towards the (Y,Gd)123 side [5]. 

Figure 2(a) shows a model of the structure for a split wire 

consisting of main cores and subcores. Multiple subcores form 

along the fold during the ESBS process, and main cores are 

situated in the non-bending area. The number of split lines 

Nsplit_lines is Nmain_cores+Nsubcores+1, where Nmain_cores is number of 

10 µm 
(c) subcore in RE123 layer 

Fig. 2. Model structure of split wire and images of the prepared sample. (a) is model for 5-main-core and 40-subcore wire, (b) is part of the tape surface on the 

prepared split wire sample with 16 main cores (right plot is a surface height measured along the blue line of width direction), and (c) is subcore in RE123 layer 
formed along the fold. The distance between two main cores d, width of main core wm, width of a subcore ws overall width of subcores wso by a one bending, and 

width stamped by blade edge of the roller splitter wb are shown in the figures. The dashed arrow in figure (b) shows the depression formed on the tape surface by 

bending.  
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main cores, and Nsubcores is number of subcores. To observe the 

microstructure of the (Y,Gd)123 layer, the (Y,Gd)123 surface 

was exposed via delamination of the Cu and Ag layers.  

 

B. Measurements 

A microscope manufactured by Keyence Corporation 

(VHX-500F) was used for observation and distance determi-

nation. All the measurements of critical currents were carried 

out with a sample length of 4 cm at 77 K. The criterion for the 

critical current was 1 μV/cm. The criterion for tensile stress 

tolerance was 95% of the critical current in the tension-free 

state without an external magnetic field. For comparison, the 

original single-core coated conductor and a 2-core split wire 

without subcores were also measured.  
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Fig. 3. Current-voltage curves for original coated conductor and 16-main-

core split wire in tension-free state without an external magnetic field. The 

criterion for the criterion for the critical current Ic was 1 µm/cm. 

Fig. 4. Critical current ratio Ic/Ic0 under tensile stress. The criterion for tensile 

stress tolerance was 95% of Ic0. 

Fig. 5. Magnetic field dependence of critical current ratio Ic/Ic0. A small 

tension of 50 MPa was applied to prevent bending by the electromagnetic 
force. 

 

 
 

Fig. 6. Critical current changes for 16-main-core and original coated 

conductors. The arrow shows the crossover point about 2.5 T. 
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III. RESULTS AND DISCUSSIONS 

A. Observation of microstructure 

Figure 2(b) shows an image of part of the Cu surface 

(hastelloy side) on the 16-main-core split wire. The distance d 

between two adjacent main-core centers is in the range of 

160–260 µm. As shown in the right plot for surface height, a 

depression was formed at each fold. The depth and width of 

the depression are about 10 µm (one half the original Cu 

thickness) and 60 µm, respectively.  

An image of part of the subcore in the RE123 layer is 

shown in Fig. 2(c). There are many straight split lines (about 

10), which are almost parallel to the longitudinal direction of 

the wire. This is beneficial for maintaining a high critical 

current without crossing the current flow direction. In 

particular, for the development of an ultrafine filament with a 

large number of cores, the retention of original critical current 

is very important. The width of a split in this study is only 

about 0.1 µm, which value cannot be obtained using advanced 

laser scribing technology that is limited to about 10 µm. The 

width of a subcore ws is in the range of 5-15 µm, and the 

overall width of the subcores wso is 60 µm, corresponding to 

that of a depression, as shown in Fig. 2(b). The width of the 

main core is 100-200 µm, as calculated using  

 

wm = d - wso, 

 

where d is the distance between adjacent main cores, as 

measured above. 

 

B. Critical currents of the samples 

The critical currents Ic0 in the tension-free state and in a 

self-magnetic field are shown in Fig. 3. The Ic0 values for the 

original coated conductor and the 16-main-core split wire 

sample were 97.5 A and 80.3 A, respectively. After 15 itera-

tions of the bending process, the critical current was 

maintained at above 80% of the original value. It indicates that 

part of the current flows still along the subcores, but the 

majority of the current flows along the main core. The two 

samples had the same n value of 25. 

The tensile strengths in a self-magnetic field were evaluated. 

Figure 4 shows the tensile stress dependence of the critical 

current ratio Ic/Ic0. With a criterion of 95% [7, 8], the tensile 

stresses δ95 for the original, 2-core, and 16-main-core samples 

were 750, 679, and 680 MPa, respectively. The latter is 91% 

of that for the original coated conductor, indicating that high 

tensile strength can be maintained after 15 iterations of the 

bending process for ESBS. 

Figure 5 shows the measurement results for the critical ratio 

Ic/Ic0 in an external magnetic field. The curves for single-core 

and 2-core wires are similar, whereas that for the 16-main-

core sample is slightly higher. The lack of degradation com-

pared to the original coated conductor indicates high 

performance in a magnetic field. For further investigation, the 

critical current changes of the 16-main-core and original wires 

in magnetic field are shown in Fig. 6. The decreasing rate of 

critical current for the former is smaller than that for latter. 

The crossover point as shown with arrow in the Fig. 6 

indicates that the critical current of the 16-main-core wire has 

the same value with original wire at about 2.5 T. This increase 

may be related to a large increase in the split number as a 

function of the path of magnetic field lines. The magnetic field 

lines in direction passing through the tape surface without 

detouring in split wire is largely increased than that in original 

coated conductor. 

IV. CONCLUSION 

We prepared a multifilamentary RE123 split wire with 16 

main cores and 150 subcores using the ESBS method. The 

widths of the main core and subcore were below 200 µm and 

15 µm, respectively. The critical current was maintained at 

above 80% of that of the original coated conductor with the 

same n value. In the tensile test, the wire showed high me-

chanical strength, which remained at above 90% of that of the 

original wire. The magnetic dependence of the critical current 

showed no degradation at magnetic fields up to 5 T, and a 

small increase compared to that of the original wire was found. 

ACKNOWLEDGMENT 

This work was supported by the MEXT project of Leading 

Initiative for Excellent Young Researchers (LEADER) in Ja-

pan (Project ID: 16810210). We wish to thank Dr. Tatsuoki 

Nagaishi for providing samples of the GdBCO coated conduc-

tor, which were manufactured by the pulsed-laser deposition 

(PLD) method. 

The measurements of critical currents under tensile stress 

and in magnetic field were carried out at the High Field La-

boratory for Superconducting Materials (HFLSM) at Tohoku 

University. The authors would like to thank Prof. Satoshi 

Awaji and Dr. Hidetoshi Oguro for their assistance. 

REFERENCES 

[1] T. Machi, K. Nakao, T. Kato, T. Hirayama and K. Tanabe, “Reliable 
fabrication process for long-length multi-filamentary coated conductors 

by a laser scribing method for reduction of AC loss,” Supercond. Sci. 

Technol., vol. 26, no. 10, 2013, Art. no. 105016.  

[2] J. Šouc, F. Gömöry, J. Kováč, R. Nast, A. Jung, M. Vojenčiak, F. Grilli 

and W. Goldacker, “Low AC loss cable produced from transposed stri-

ated CC tapes,” Supercond. Sci. Technol., vol. 26, no. 7, 2013, Art. no. 
075020.  

[3] S. Fujita, S. Muto, C. Kurihara, H. Sato, W. Hirata, N. Nakamura, M. 
Igarashi, S. Hanyu, M. Daibo, Y. Iijima, K. Naoe, M. Iwakuma, T. Kiss, 

“Characterization of Multifilamentary REBCO Coated Conductor Coil 

Fabricated by Using the Process of Scratching the IBAD-MgO Layer,” 
IEEE Trans. Appl. Supercond., vol. 27, no. 4, 2017, Art. no. 6600504.  

[4] M. Iwakuma, K. Nabekura, K. Yun, K. Yoshida, S. Sato, A. Tomioka, 

M. Konno, A. Ibi, T. Machi, T. Izumi, “Scribing Effect on Shielding 
Current in REBCO Superconducting Coils,” IEEE Trans. Appl. Super-

cond., vol. 27, no. 4, 2017, Art. no. 4700806. 

[5] X. Jin, H. Oguro, Y. Oshima, T. Matsuda and H. Maeda, "Development 
of a REBa2Cu3O7-δ multi-core superconductor with 'inner split' technolo-

gy," Supercond. Sci. Technol., vol. 29, no. 4, 2016, Art. no. 045006. 

[6] T. Matsuda, X. Jin, T. Okamura, “Screening current induced magnetic 
field in REBCO superconducting coil wound by using split wire having 

intermittent inner split,” Cryogenics, vol. 86, 2017, pp. 38-41. 



 

 

5 

[7] K. Osamura, S. Machiya, S. Ochiai, G. Osabe, K. Yamazaki and L. Fu-

jikami, “Direct evidence of the high strain tolerance of the critical cur-
rent of DI-BSCCO tapes fabricated by means of the pretensioned lami-

nation technique,” Supercond. Sci. Technol., vol. 26, no. 4, 2013, Art. no. 

045012. 
[8] K. Osamura, M. Sugano, K. Nakao, Y. Shiohara, A. Ibi, Y. Yamada, N. 

Nakashima, S. Nagaya, T. Saitoh, Y. Iijima, Y. Aoki, T. Hasegawa and 

T. Kato, “Reversible strain limit of critical currents and universality of 
intrinsic strain effect for REBCO-coated conductors,” Supercond. Sci. 

Technol., vol. 22, no. 2, 2009, Art. no. 025015. 

 


