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Multi-filamentary Yttrium-based
Coated Conductors

Takanobu. Kiss,1 Masataka. Iwakuma,1 Chihaya. Kurihara,2 Shinji. Fujita,2

Naonori. Nakamura,2 Mitsunori. Igarashi,2 Yasuhiro. Iijima,3

Masanori.Daibo,4 and Kunihiro.Naoe,5

With high critical current in magnetic field at a high temperature of above 20 K, Yttrium(Y) 
-based coated conductors are expected to apply to superconducting coils such as MRI (Magnetic 
Resonance Imaging). This is because expensive liquid helium which is required for conventional 
superconductors becomes unnecessary for Y-based coated conductors. To decrease screening 
current which becomes serious for superconducting coil, we developed multi-filamentary Y 
-based coated conductors. Here we report the overview.

1. Introduction

1.1  About Yttrium-Based Coated Conductors

Superconductivity is a phenomenon that the electri-
cal resistance of a substance becomes zero below a 
certain temperature. Among materials that exhibit su-
perconductivity, some oxide superconductors show 
superconductive characteristics even at a liquid nitro-
gen temperature (77K = -196∞C) and their critical 
temperature is significantly higher than those of con-
ventional metallic superconductors. This is called 
high-temperature superconductor, which is expected 
for various applications.

Of oxide superconductors, our Yttrium-based coat-
ed conductor has a tape-like structure. So, it is also 
called as a REBCO tape for short. On a metal substrate 
tape, an buffer layer, superconductive layer, protective 
layer, and stabilizing layer are laminated (Fig. 1). Of 
these layers, the buffer layer has the following func-
tions:

・ Enhancing the crystal orientation of the supercon-
ducting layer

・ Suppressing the reaction of the superconducting 
layer with the metal substrate

To obtain sufficient characteristics of the REBCO 
tape, the buffer layers (IBAD-MgO layer, CeO2 layer) 
are required to be well-textured. In addition, since 
GdBCO easily reacts with hastelloy, buffer layers 

(CeO2 layer, in particular) are inserted in order to pre-
vent contact between the GdBCO and hastelloy.

1.2  About Multi-Filamentary REBCO tapes

The REBCO tape is particularly expected for appli-
cation to coils in strong magnetic fields, because it has 
high critical current density in a high temperature 
above 20K. The tape, however, has a serious matter in 
application to coils: when a REBCO tape is placed in a 
varying magnetic field, eddy current flows through the 
tape to suppress the variation of the field. The current 
is usually reduced immediately by the electrical resis-
tance of the conductor; however, for a superconduc-
tor, this eddy current is not reduced and continuously 
screens the magnetic field, because the electrical re-
sistance of the superconductor is zero. The eddy cur-
rent flowing through the superconductor is called a 
screening current (Fig. 2).

Fig. 1. The structure of Y-based coated conductors 
(REBCO tapes).
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Although the electrical resistance of the supercon-
ductor is zero, a small energy loss is produced by a 
phenomenon called magnetic flux creep when the val-
ue of the flowing current approaches the critical cur-
rent value. Since the screening current density is near-
ly the same as the critical current of the superconductor, 
the eddy current decays gradually by the magnetic 
flux creep. For this reason, a screening current-in-
duced magnetic field raises problems, including (1) 
occurrence of magnetic energy loss called hysteresis 
loss, (2) temporal variation of the magnetic field of a 
coil, and (3) distortion of the magnetic field distribu-
tion of a coil 1). Of coil applications, MRI (Magnetic 
Resonance Imaging) and NMR (Nuclear Magnetic 
Resonance) devices require a homogeneous and tem-
porally stable magnetic field; the screening current is 
a critical problem for the devices. The screening cur-
rent flowing through a superconductor can be de-
creased by reducing the cross section of the supercon-
ductor. For a REBCO tape, the width of the tape should 
be reduced. Dividing a REBCO tape into several fila-
ments is called multi-filamentary process. This is why 
a conventional metallic superconductive wire includes 
multiple ultrafine filaments; however, the REBCO tape 
is greatly affected by the screening current because it 
has a tape-like structure and a monofilament structure 
consisting of a single superconducting layer as shown 
in Fig. 1. Therefore, there is strong desire for multi-
filamentary REBCO tapes.

The main method of manufacturing multi-filamenta-
ry tapes is processing, in the longitudinal direction, 
tapes on which the superconducting layer is formed. 
Some methods with a slit produced by laser 2) or ma-
chining 3) are reported. In these methods, REBCO lay-
er made from a brittle ceramic material are processed 
directly. This will cause cracks and other defects, lead-
ing to degraded mechanical characteristics. For this 
reason, mechanical characteristics are a major prob-
lem in multi-filamentary REBCO tapes. Then, we have 
developed a manufacturing method of multi-filamenta-
ry tapes without the degradation of mechanical 
strength; the following reports the overview of the 
method.

2.  Manufacturing Method of  
Multi-Filamentary Tapes
The reason why the conventional method of manu-

facturing multi-filamentary tapes causes the degrada-
tion of mechanical strength is that the process is car-
ried out after forming the REBCO layer. From this 
viewpoint, we examined the method in which process 
is carried out before forming the REBCO layer. We 
have adopted a method of disturbing the texture of the 
buffer layer, focusing on the crystallization character-
istics as described previously. Our multi-filamentary 
tape is formed by the processes including (1) perform-

ing the scratching process in the longitudinal direc-
tion after forming MgO to make a part without the 
MgO layer, (2) forming the CeO2 layer with the dis-
turbed crystal orientation on the scratch part by form-
ing CeO2 on this tape, and (3) forming GdBCO to 
make the GdBCO layer with critical current density Jc 

of about 0 placed between the GdBCO layer with suf-
ficiently high critical current density. Although a simi-
lar method has already been reported 4), the scratching 
process is performed between the processes of form-
ing the buffer layers in our method while the entire 
buffer layer is processed in the method introduced in 
reference 4). As explained on the paragraph on the 
functions of the buffer layer, the purpose of the pro-
cess is to suppress the reaction of the REBCO layer 
with the buffer layer (CeO2 layer) even when hastelloy 
is exposed. It has been pointed out that the method 
described in reference 4) causes defects on the REBCO 
layer 5). We improved the processing method to re-
duce the risk of defect occurrence.

On the other hand, since in our method the REBCO 
layer is not processed directly, manufacturing multi-
filamentary tapes by our method is expected to be 
more difficult than that by the method using laser or 
machining. It is therefore important to check multi-fil-
amentary characteristics.

3. Experimental
The structure of the manufactured multi-filamenta-

ry tape is shown in Fig. 3. We have adopted a structure 
that the tape is wrapped with Cu foil, which is called a 
forming structure, as a Cu stabilizing layer in order to 
provide moisture protection and improve mechanical 
characteristics 6). As shown in Fig. 1, the inside of the 
Cu stabilizing layer has a laminated structure of /has-
telloy/Al2O3/Y2O3/MgO/CeO2/GdBCO/Ag/.

Then, the following describes processes to disturb 
the orientation of the buffer layer (CeO2 layer). After 
formation of the MgO layer (before formation of the 
CeO2 layer), the tape is processed by carrying it while 
pressing a metal needle. In this process, a 4 mm wide 
tape is carried at 10 m/min to create three scratches in 
the longitudinal direction so as to form four filaments 
with a 1 mm width (Fig. 4).

A 113.2 m multi-filamentary tape with a forming 
structure and a width of 4 mm is manufactured by the 
above-described method.

Fig. 3. The structure of the multi-filamentary tape.
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4. Results and Discussions
We evaluated electromagnetic and mechanical char-

acteristics of the manufactured multi-filamentary tape; 
the results are as follows.

4.1  Critical Current (Ic)

At first, we measured Ic of the manufactured multi-
filamentary tape in liquid nitrogen (77.3K). While car-
rying the conductor, Ic was continuously measured 
every 4.7 m by the 4-probe method. Figure 5 shows 
this measurement result.

As a result of comparing the conventional tape hav-
ing a similar GdBCO thickness (1.9 µm) with the 
multi-filamentary tape, it was found that both tapes 
have an average Ic of about 200 A. At some positions, 
however, Ic of the multi-filamentary tape (a) was lower 
than that of the conventional tape. The possible cause 
of this is that Ic of the entire multi-filamentary tape was 
considered to be low, due to the drift current to a fila-
ment caused by a difference in the contact resistance 
between each filament and electrode. It can therefore 
be said that the measuring method of Ic for multi-fila-
mentary tapes must be improved and the scratching 
process itself has no effect on Ic.

4.2   Electron Back Scatter Diffraction (EBSD)  
Pattern of CeO2 Layer

We examined the texture of the formed CeO2 layer 
by the EBSD (Electron Back Scatter Diffraction) 
method to check the effect of the scratching process. 
As compared with X-ray diffraction, the EBSD method 
allows better microscopic evaluation of the CeO2 tex-
ture.

The EBSD pattern of the manufactured tape is illus-
trated in Fig. 6. The red area in this figure shows that 
the buffer layer is rightly crystallized in the (001) tex-
ture; that is, perpendicular to the substrate. The other 
colors denote that the layer is badly textured for pro-
viding proper GdBCO layer. These indicate that only 
in the region of the MgO layer where the scratching 
process was performed the CeO2 texture is disturbed 
as intended.

4.3   Reel-to-reel Scanning Hall-probe Microscopy 
(RTR-SHPM) Measurement

To clarify that our method can provide multi-fila-
mentary tapes, reel-to-reel measurement which is 
named as reel-to-reel scanning Hall-probe microscopy 
(RTR-SHPM) method was performed 7). This method 
has the following features:

(1) A magnetic field is added to the GdBCO layer in 
the perpendicular direction to two-dimensionally 
measure a remanent magnetic field of a tape using 
hall-sensors.

(2) No screening current flows when a conductor does 
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Fig. 4. The scratching process for a MgO tape.

Fig. 5. The results of continuous Ic measurement.
(a)multi-filamentary tape of our method. 

(b)our conventional tape.
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Fig. 6. The electron back scatter diffraction (EBSD) 
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not exhibit superconductivity, resulting in low re-
manent magnetic field. This makes it possible to 
distinguish areas showing superconductivity from 
those not exhibiting superconductivity and to de-
termine whether or not the manufactured tape is 
multi-filamentary.

(3) This method is performed with a reel-to-reel sys-
tem, allowing two-dimensional measurement of 
the entire tape.

The remanent magnetic field was measured at 
77.3K (in liquid nitrogen). The measurement result is 
shown in Fig. 6. An image showing three black lines 
along the longitudinal direction could be obtained by 
the measurement. These black lines shows areas of 
low magnetic field values, denoting that almost no 
screening current flows. This enables checking wheth-
er the method in which the superconducting layer is 
not processed directly allows the manufacturing of 
multi-filamentary tapes over their full length.

4.4  AC Loss Measurement

An energy loss is produced by adding an AC current 
or an AC magnetic field to REBCO tapes. This is called 
AC loss, which has several causes. The main cause of 
the loss are the previously-described hysteresis loss 
due to a magnetic field generated by a screening cur-
rent, and the coupling loss generated by the conduc-
tion between filaments. Since the effect of the hyster-
esis loss is particularly large, AC loss is reduced in 

inverse proportion to the number of filaments 5). 
Therefore, measuring AC loss allows determination of 
the effect of multi-filamentary tapes on reducing the 
screening current.

The following describes AC loss measurement by 
the pickup coil method used this time. As shown in 
Fig. 8, AC loss is measured by adding the external 
magnetic field B to the GdBCO layer in the perpen-
dicular direction. Figure 9 shows the hysteresis curve 
obtained by plotting this external magnetic field  
B=B0 sinwt, added external magnetic field B as a peri-
odically varying sine wave, and magnetization of the 
tape. The area of the region encircled by this hystere-
sis curve indicates AC loss. The relationship between 
the amplitude of the external magnetic field B0 and AC 
loss Q (per a cycle of the magnetic field and unit vol-
ume) can be determined by repeatedly changing the 
external magnetic field B value. Incidentally, this mea-
surement method is specified by JIS (standard num-
ber: JIS H 7310).

The measurement result of AC loss is illustrated in 
Fig. 10. AC loss of the multi-filamentary tape was about 
one-third that of the conventional GdBCO tape in the 
strong magnetic field (>10-1 T) region, which is the 
target for coil applications. Even though the multi-fila-
mentary tape was processed so as to be divided into 
four filaments, AC loss of the tape was not one-fourth 
that of the conventional one. A possible reason of this 
is the occurrence of coupling loss due to a structure 
with the conduction between filaments. It was found 

Fig. 7. The result of measured magnetic fieldby RTR-SHPM method.
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Fig. 8. The measurement method of AC loss.
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that AC loss could be certainly suppressed by reduc-
ing hysteresis loss despite being affected by coupling 
loss.

4.5   Mechanical Characteristics by Delamination 
Test

We have discussed electromagnetic characteristics 
of the multi-filamentary tape so far. From a viewpoint 
of coil applications, mechanical characteristics are 
also an important matter, because the tape is subject-
ed to a large electromagnetic force. To show that the 
mechanical characteristics are not degraded due to 
the process, the characteristics were evaluated by the 
stud pull delamination test.

To make samples for the test, a pin with f2.7 mm 
was placed on the center of the Ag layer in the width 
direction of the tape. As shown in Fig. 10, three 4 mm 
wide samples (two samples were multi-filamentary 
tapes) were arranged by changing mechanical slit con-
ditions. Samples B and C were processed so as to be 
divided into four filaments.

Figure 11 is the Weibull plot of the delamination test 
result, and reveals that the delamination force of sam-
ple B was obviously weakened as compared with other 

samples. A possible cause of this is the degradation of 
the GdBCO layer due to the process. On the other 
hand, the delamination stress of sample C was not re-
duced compared to sample A, indicating that our 
method is effective for delamination stress. As a result, 
it can be said that manufacturing multi-filamentary 
tapes by performing scratching process on the buffer 
layer can provide sufficient mechanical characteris-
tics.

5. Conclusion
Of coil applications, when an Yttrium-based coated 

conductor is applied to equipment, such as an MRI de-
vice, that requires a strong and homogeneous mag-
netic field, a multi-filamentary tape is needed to reduce 
the screening current. In the conventional method, 
the REBCO layer is processed directly; this may cause 
the degradation of the REBCO layer, leading to dete-
rioration of mechanical characteristics. For this rea-
son, we considered the method of manufacturing 
multi-filamentary tapes by not directly processing the 
REBCO layer but performing scratching process be-
tween the buffer layer processes. We manufactured 
multi-filamentary tapes using a characteristic that the 

A
C

 lo
ss

 (
J/

m
3 /

cy
cl

e)

Field amplitude (T)

109

108

107

106

105

104

103

101

conventional tape
multi-filamentary tape

10-2 10-1 100

Fig. 10. The result of the AC loss measurement.

Sample B Sample C

slit
slit

Ag

GdBCO

CeO2

Buffer layer
(Al2O3/Y2O3/MgO)

Hastelloy

Sample A

4mm width 4mm width 4mm width

Fig. 11. The structures of delamination test samples.

Fa
ilu

re
 r

at
e 

(%
)

100

1

10

1 100

Sample A
Sample B
Sample C

10

Delamination stress (MPa)

Fig. 12. The result of the delamination test (Weibull plot).



Fujikura Technical Review, 2016 11

critical current density Jc of the GdBCO layer formed 
on the buffer layer with disturbed crystal orientation 
becomes almost zero.

Evaluation of characteristics of manufactured tapes 
revealed that our multi-filamentary tapes can be manu-
factured in a simple manner without reduction in Ic 
and degradation of mechanical characteristics. As a 
result, hysteresis loss having a large effect on coil 
characteristics was reduced, allowing the develop-
ment of 100 m multi-filamentary REBCO tapes that are 
more suitable for coil applications than conventional 
REBCO tapes.

In the future, we will collect data on coil applications 
and investigate the effect of multi-filamentary tapes. In 
addition, we intend to manufacture a longer tape as a 
mass-produced product.
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