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 Japanese Contributions (IBAD, Self-epitaxy, PLD, MOD)
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 Higher In-field I, by APC Control
» Lower AC Losses & Control of Magnetic Relaxation
by Filamentation
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 Lowering Cost » Higher Performances
* New Concept of “ISOTROPIC C.C.”
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The First HTS Wires (1987)
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Presentation Notes
Fujikura tried to make Ag-sheathed YBCO wire just after the discovery of the YBCO material.
However, the Jc value of the wire was not enough to the expectation.
There were several reasons. One was the crack formation after oxygen annealing. Another reason will be shown on the next slide.
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Serious Effect of Misalignment Angle
at Grain Boundaries on J,
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Presentation Notes
In order to realize the essential and high potential of the REBCO material, we need to prepare a three dimensional texturing. The right graph shows the grain boundary angle dependence of Jc. When the angle is larger than 10 degree, the Jc value deteriorates to 1/10.
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Architecture of 2nd Generation
Coated Conductor (C.C.)

In-plane Grain Alignment

Thick Film for High I, Epitaxial growth of REBCO

Introduction of Flux Pinning Centers
High Rate Deposition on the textured buffer layer!

Long Length Stable Deposition 9 >1 06 A/cm2@77K’ S.f.

Uniformity

Template for Grain Alignment Stabilizing Layer
Suppression of Chemical Reaction ] Ag, Cu etc
Prevention of Crack Generation (10~304 m)

High Rate Deposition SC Layer
Uniformity Y-123, Sm-123, Gd-123, Eu-123,

RE(Alloyed)-123 (1~3 m)

Buffer Layer
MgO, GZ0, YSZ, CeO,, LMO, Y,O;

\ etc. (<3um)
Metallic Substrate

Non-Magnetic Material Hastelloy ™ ezc, Ni-base Alloy, Stainless Steel (SUS)
Thin and Smooth Surface RABITS: (Ni, Ni-W, Cu, Ag, Clad-composite )
(RABITS: Fine Grain alignment) (50~100 m)

High Mechanical Strength
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In order to realize a three dimensional texturing, the layered structure was adopted. In this structure, if we can prepare the well-textured structure up to the top surface of the buffer layer, an epitaxial growth can be applied to the superconducting layer.
Actually, high Jc values over 1MA/cm^2 were achieved by employing this architecture.
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Advantages of REBCO C.C.

Cost, YkKAm(@77K, s.f.)
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It was expected that the coated conductors would have several advantages compared to the BSCCO silver sheathed tapes such as “Future Cost”, “In-field Performance”, “Mechanical Strength” and “Low AC Loss”.  Then, the national project was started with the above issues as motivations for research and development of C.C..


I[EEE/CSC & ESAS SUPERCONDUCTIVITY NEWS FORUM (global edition), October 2015.
Plenary presentation PL3 given at EUCAS 2015; Lyon, France, September 6 — 10, 2015.
Not submitted to IEEE Trans. Appl. Supercond.

National Projects in JAPAN
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Here is the history of the National Projects in Japan on superconductivity. The R&D of C.C. was started before FY2000. Remarkable progress was achieved in Ic value and length with the first ten-year’s projects.
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Japanese Contribution for C.C.
- Bi-axial Grain Alignment by IBAD -

IBAD (Ion Beam Assisted Deposition) Process
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Concerning  the progress achieved for R & D of C.C., there is a considerable number of Japanese contributions. One of the important contributions was the development of the IBAD process, which was firstly done by Dr. Iijima in Fujikura. IBAD gives us well-aligned buffer layers even on randomly oriented metal substrates.  
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Improvement of Rate in US for IBAD

Problem in IBAD of
Early Stage (YSZ & GZO)

- Long Time for Alignment
(e.g. 4hr for Ap~10°)

Drastically Shortening Time
for Alignment in U.S.
GZ0O > MgO
(e.g. 2 min. for Ap~10°)

Hastelloy

Ref: C.P. Wang et al. APL vol . 171(1997)2955
PN. Arendt et al. MRS Bulletin vol.29(2004)543
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In the early stage, the problem was the long deposition time needed for an alignment. The problem had been solved by two ways. One is the discovery of MgO as a suitable material for shortening the deposition time, which was discovered in U.S.
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Japanese Contribution for C.C.
- Bi-axial Buffer by Self-epitaxy -

Definition: in-plane misorientation angle (A¢)
decreases with increasing film thickness
(discovered by Muroga et al. in 2002)

A@v
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Another solution to shorten the deposition time was the discovery of the self-epitaxy of a CeO2 cap layer on the IBAD layer. This phenomenon could be observed on any IBAD material. This is also one of the Japanese contributions.
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Japanese Contribution for C.C.
- Bi-axial Buffer by Self-epitaxy -

IBAD-Gd»Zr,0)
170min.—10°

\
*
\

PLD-CeO:

° PLD-CeO>

4min.—3°

Ce0,/ IBAD-Gd,Zr,0,

1 10 100
Deposition time, 7 (min)

Drastic changes in the grain sizes
at the interface

Ce0,/ (LMO) / IBAD-MgO

‘.'.\\\

12


Presenter
Presentation Notes
The above-mentioned discoveries drastically made the deposition time shorter. Additionally, the degree of the achieved texturing was also improved. 
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Japanese Contribution for C.C.
- MPMT-PLD Process for REBCO -

Multi-Plume & Multi-Turn PLD

» YBCO layer deposition temperature : 800 ~ 850 °C
» Oxygen pressure: 200 m Torr
» Laser beam energy: 500 mJ
» Repetition rate of laser pulse: 160 Hz,
(divided to 4-plumes with laser pulse of 40 Hz each)

Substrate
\
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M‘a 1
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Ref: A.1bi, Y, Shiohara, et al:
Physica C ,445-448 (2006)525
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Concerning deposition of superconducting layers, there are several processing techniques. In Japan, the PLD, MOD etc. have been employed in the national project. 
In the R&D of PLD process, Multi-Plume & Multi-Turn systems were developed for an improvement of production rate and material yield with controlled supersaturation.
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Japanese Contribution for C.C.
- GdBCO for PLD -

Advantage of GABCO
High I.&J., High I.-B -0, High Production Rate
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Another Japanese contribution for a progress of the PLD process is the discovery of realizing the advantages of REBCO, which includes RE element other than Y. For example, the GdBCO has several advantages on the Ic & Jc performances under self field and magnetic fields, and the production rate.
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Long Length C.C. @Fujikura(ISTEC)

PLD(GdAdBCO)/IBAD Coated Conductors
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As a result, Fujikura reached a high technological level for long tape production. This slide shows examples of the CCs with high and uniform Ic distributions.
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Japanese Contribution for C.C.
- Fundamental Analysis of TFA-MOD -
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On the other hand, fundamental investigations on growth mechanisms were performed for the TFA-MOD process. Through these investigations, several important suggestions for a higher performance and high growth rates have been proposed.
For example, the figure on the right side shows the influence of the composition of the starting solution on the Jc property. A Ba-deficient composition is suitable for higher Jc films.
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Long Length C.C. @ SWCC(ISTEC)

TFA-MOD(YBCO)/IBAD Coated Conductors
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The idea of the Ba-deficient composition was transferred to Showa. They successfully fabricated long tapes with high Ic values by a batch-type MOD process on IBAD buffered metal tapes.
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Progress of Long C.C. (as of 2015.6.8)
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The history on the progress of HTS tape development elucidated by considering the IcxL product. The R&D of CC has been promoted by the competition between Japan and U.S. And Recently, SuNAM has grown rapidly.
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2. PRESENT STATUS

 Higher In-field 1. by APC Control

e Lower AC Losses & _
Control of Magnetic Relaxation
by Filamentation
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Special Requirements for C.C. from Applications

< Requirements >

High In-field 7, |8

Control of
Shielding Current
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The IcxL value of CC has been progressed in these 10 years, and the development of applications using CC was started. Here, the further specifications other than Ic under self-field are required such as “High In-field Ic”, “High Mechanical Strength”, “Low Heat Generation (Low AC Loss etc.)”, “Control of Shielding Current” and “Low Cost”. Recently, the targets of R&D on CC are moving to the efforts to satisfy the above requirements.
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Improvement of In-field I
in IBAD-PLD C.C.

PLD Process
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Early Stage of APC Introduction
( APC : Artificial Pinning Center )

BaZrQO; nano-rods

GdBCO + BaZr03 (RTR short sample ) ®

Bamboo
GdBCO(215.6 m, 2204, 1.2um" )

structure of
BaZrO; (APC)
P \&'“"" in the matrix of
¢ GdBCO
YBCO(212.6 m, 2454, 2.25im'")
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In order to improve the in-field performance, it is well-known that artificial pinning centers are effective. BaZrO3 nano-rods in the films processed by vapor deposition are famous materials as effective pinning centers.
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Effective APC Materials for IBAD-PLD C.C.
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However, the Jc(B) properties in the thicker films were degraded in the BZO-GdBCO system.  The tendency is relieved by using BaHfO3(BHO) material as the pinning material. 
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|.-B-T in BHO doped IBAD-PLD GdBCO C.C.

Comparison with other BMO I —B-T Mapping Image
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The BHO system revealed another advantage, which is the superiorities of the in-field performance not only in the high temperature region but also in the low temperature one, where BZO system might lose the superiority.
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Features of EUBCO + BHO @ ISTEC

Comparison with other BMO
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Most recently, the further effective combination of EuBCO and BHO was found. This combination gives us a higher in-field performance in thick film up to 4μm.
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94m 1ong C.C. with Thick EuBCO + BHO film (3.6 pm)

Monitoring Voltage

Watch

Contact Resistance | Current Power Supply

Coated Conduct

Magnetic field circuit

Critical Current in the Field,

I. @ 77K 3T (A/em-w)

77K & 3T

L 4
&
°
% @
®
\000000000'000'. o0

{ L. :124 Alem-w

93.7 m long EuBCO with BHO
1 1 1

1
90 120 150 180 210
Angle of Applied Magnetic Field, & (degree)

77K& 03T

STD=2.9%

| V-IIaplDiqtanlce 48qm

0 10 20 30 40 50 60 70 80 90 100
Position on Tape (m)

Estimation from the minimum I¢

I oin > 500 A/em-w (65K, 3 T)

JSIERA | istec « 27

26


Presenter
Presentation Notes
The new combination of EuBCO and BHO was applied to long tape processing. A uniform and reasonable in-field Ic distribution was obtained in a 94m tape.


What can be expected in MRI ?

Ii:min. [A/cmW] @77K5 3T
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Conductor Specification for 3T-MRI
(from conceptual design of Prof. Fukuyama for BSCCO@20K,3T)

1,,=185A@3.6T Load=0.77 $=4.5x0.3mm’

:>I = 185/0.77x(10mm/4.5mm)— 534 A/cm-w

Estimation of Operating Temperature

GdBCO+BHO
85 A/cm-w

= BHO 4 BSO
£ ® Pure ¢+ BZO
0
0 0.5 1.0 1.5 2.0 2.5 3.0 3.5 4.0 4.5
Thickness (pm)

141 A/emw@77K,3T
= 527 A/cm-w
@65K.,3.6T

Estimated using “Lift Factor(B//c)”
of GdBCO +BHO
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The extremely high Ic CC allows that the 3T-MRI can be operated in liquid nitrogen according to the design from the Kyoto University.
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Improvement of In-field I
in TFA-MOD C.C.

MOD-REBCO TFA-MOD Process
Epitaxial CeO,

Untextured Metal
Hastelloy ™

Multi-Turn

MO Solution—7
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Interim Heat Treatment(IHT) in TFA-MOD
for Finer BZO Particles

With interim heat treatment

)

b interim heat
treatment

«—>
575°C.3h

Temperature (°C

Time(h)

77K, 3T
a.  With infermediate |
heat treatment

&

I, nin=26.1 A/em-w
W oL -

Without
intermediate B
heat treatment 1z =154 A/em-w

—
[
e
-
oL
rw.._
l"-.._.
&
=
H
2
<
S
-...CJ

0
5L

¢, min

i | b | |
50 100 150 200 250
0 (deg)

=
—

1. - B - 0 properties

ISTEC ( A/
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On the other hand, the new heat-treatment pattern including an “Interim Heat Treatment” was development for the TFA-MOD process for improving the in-field performance. The BZO particles in the films become smaller and well dispersed, and the in-field performance was improved. 
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Long Tape of IBAD-MOD with APC

Length : ~124m

Superconducting Layer :
YGdBCO+BZO (20mML)

Thickness : 2.5umt

Interim Annealing : Yes
Furnace : Batch Type

I. @ 77K, s.f.

reoh /o, mnedsas Gas i ubes & 77K & 31- %020 4‘ Poic}tiona?m)wo 120

= e —— 180 5 100

|

;;:;l‘f‘i‘ I Xl

40 o

1 (Alcm-w) @3T,T7K

Drum Chamber (~ 50torr) ] 50 A/Cm—w u or 55 A/cm-w

e 0 0
b U 3{] SU 9{] 12{] 15{] 18!] 21{] 240 ] 30 ECI 9!] 120 15!1 130 210 240 0 3{] SU 9{] 120 15{] 18!] 21{] 240
‘e ?!'I'!Sg ISTECm Angle (deg.) Angle (deg.) Angle (deg.)

Long MOD tape with high 7 (B) !
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The idea of the interim heat treatment was introduced into long tape processing. And the high in-field Ic distribution over 50 A/cm-width at 77K under 3T was obtained.
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Lower AC Losses &

Control of Magnetic Relaxation

by Filamentation

AC Loss Control

Reduction
of
LOSS

Shield Current

Control

Current

Main Coil

REBCO C.C.

Design Field,

"
-

Lowering Shield

4
‘I | Shielding
Current

Shielding Current-induced
Magnetic Field B,
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The scribing technique and the validities are shown as other activities. It is well known that the scribing is effective to suppress the AC loss. Recently, it was expected to also be effective for the shield current control.


Hysteresis loss (arb.)

IEEE/CSC & ESAS SUPERCONDUCTIVITY NEWS FORUM (global edition), October 2015.
Plenary presentation PL3 given at EUCAS 2015; Lyon, France, September 6 — 10, 2015.

Not submitted to IEEE Trans. Appl. Supercond.

Filamentation of C.C. for Low AC losses

Scribing technology for forming fine grooves

~

Laser scribing

Etchant:
Ag: H,0, +NH,
HTS: (NH),[Ce(NO,)4]

2-step chemical etching

100m long C.Cs. with 10 filaments in Smm-width

100

(=2
(—]

o
=

ro
=

[—
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| Hysteresis loss

~1/10
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[—]
}

~140 ' ' '
£120
=100 ~1/10

I MOD
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[— I —
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! |

i
;
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o
(=1
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I I

(—]
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Scribing technology using laser and chemical etching was developed to form fine grooves. The scribing technique was applied to long tapes which are fabricated by PLD and MOD processing, and both AC losses of these tapes were lowered to 1/10, which is equivalent with the number of the filaments.
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Reduction of Hysteresis Loss in Solenoid Coll

s ZoHs s 20rs W =4 pB_7 %
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Furthermore, the scribed tapes were wound into a coil shape. Here, the special winding technique is necessary to maintain the effect of lowering the losses in the tape even in the coil shape.
As a result, it was confirmed that the AC loss of the coil shape could be reduced.
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Control of Shielding Current for
DC Coils @ ISTEC & Kyushu Univ.

Effect of Filamentation on

Magnetic Relaxation 4l Unscribed C.C.

PLD-GdBCO, without APC
@65K,3T

- ."w
y % /Scnbed (500um)
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Reduction of Magnetization
by filamentation

Magnetic Moment (emu)

—
=
=r]
-
=
=

—
-,
=]
=
@
=]
(=T ¥
~
—
-~
= |
"]
~
=

]
-
=
S

Z

7280 60 40 20 0 20 40 60 80

isTEC 2  JSIERA External Field (Oe)



Presenter
Presentation Notes
Most recently, an effect of the filamentation on the magnetic relaxation was proven. The shielding current was suppressed and the time to reach the steady state was considerably shortened in the scribed tape. 
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3. FUTURE PROSPECTS

< Near Future >

e Lowering Cost
e Higher Performances

< Challenging Tasks >
« “ISOTROPIC C.C.”
* “Superconducting Joint” etc.
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Lowering Cost

Cost of C.C. wam)
Production Rate/”

Process Cost Other Cost
(Equipment & Materials) + (Factory, Labor & Indirect)

Critical Current (A) X Yield

J. & Thickness 7 Elimination of Serious Defects

> Reducing # of Buffer Layer
For > Higher Ic @ operating T & B
> Higher Yield (Yield)
Lower Cost=> > Joint and/or Repair
> Volume of Order et al.
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Costs of CC consists of several factors which are “Process Cost”, “Other Cost”, “Critical Current” and “Yield”. Through the development of CC with higher production rate, higher Ic, higher yield, the costs have been lowered. However, it is not enough.
In order to realize lower cost, the following efforts should be made: 
► Reducing # of Buffer Layers 
► Higher Ic @ operating T & B
► Higher Yield
► Joint and/or Repair 
► Volume of Order                  etc.



IEEE/CSC & ESAS SUPERCONDUCTIVITY NEWS FORUM (global edition), October 2015.
Plenary presentation PL3 given at EUCAS 2015; Lyon, France, September 6 — 10, 2015.
Not submitted to IEEE Trans. Appl. Supercond.

Development of 3rd Generation Wires

“Present R&D for Applications”

\ 4
Confirmation for

“REALIZATION OF C.C. APPLICATIONS “

Enough for 2 NOI

“Advantages to Competitive Technologies”
\ 4

“Third Generation Tapes"
Ultra-high Specifications beyomd Present Forecast
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On the other hand, the present performance of CC is not enough for “Absolute Superiority”. In order to attain the clear advantages to conventional technologies, ultra-high specifications are required.
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3rd Generation Wires (Japan)

For Establishment of
“Advantages to Competitive Technologies”

Ultra-high /.
>eg 1,>20000/cm-w (],> 10MA/cn¥)
Uitra-high /: (B)
>e4. > 9004 @65K, 5T
Uitra-low AG LOSS
>e.g. Multi-filamentation
Uitra-high Uniformity
>e.g. Width & Llength Repeatability 0=0.5%
Ultra-low GOSt >e.4. <1Yen/Am 1000 Yen/m
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Here are some examples of the ultra-high specifications.
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What are the future tasks for CC?

1) “Round Wire” with
“Isotropic I.-B-0” for
“Complicate Shape of coil”.

- “Mechanically & Electro - magnetically
Isotropic C.C.”

2) Superconducting Joint by “Easy Process”
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In the further future, the essential problems should be solved, which CCs still have. The problems are “isotropic wire like a round wire” and “superconducting joint”.
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Isotropic Coated Conductors
( Mechanical & Electromagnetic Properties )

Control of
Mechanical Properties

Low Aspect Ratio C.C.

Stabilizer—> [
Buffer&Super—>
Hastelloy—> |

)

120~200pm

* Higher I, Uniformity
+
* Precise Cutting &
Scribing Techniques
+
* Protection

Control of
Electromagnetic
Properties

1y W)

Angle of B

*Precise Control of APC
based on X’tal Growth
!

* Isotropic Behavior at
Temp. & B
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Concerning the isotropic wire, we need to realize two kinds of isotropies, which are mechanical and electromagnetic ones.
For the mechanical properties, we propose “Low Aspect Ratio CC”, which is a narrow width CC. In order to realize it with high performance, the ultra-uniform CC is necessary and the precise cutting technologies also should be developed.
On the other hand, the isotropy on the electromagnetic property could be controlled by the arrangement of the suitable Artificial Pinning Centers.
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Superconducting World !

IIe/n;;s“ Two l’BIIS " toreach

“Superconducting World "
/.

Application Material (Tape)
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The HTS is facing the critical situation, because no real application has appeared. Now, effective and serious cooperation between “material side” and “application one” is really required to produce the first real HTS application.
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End

Thank you for your attention!

Part of this work was supported by the Japan Agency

for Medical Research and Development (AMED), the

New Energy and Industrial Technology Development

Organization (NEDO) and/or Ministry of Economy,
Trade and Industry (METI).
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