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Research and Development of the High Tc Superconducting Magnet
tor Superconducting Magnet Energy Storage
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SUMMARY

I. Title

Research and development ot the high Tc superconducting magnet

for superconducting magnet energy storage

0. Background

Since the discovery of superconducting ceramic oxides based on
Y-Ba-Cu-O oxide, Bi-(Pb)-Sr-Ca-Cu-O oxide and TIl-Ba-Ca-Cu-0O oxide,
there are many studies on synthetic process of oxide supercondu-
ctor for increase of transition temperature Tc¢ and on manufac-
turing process of oxide superconductor for 1ncrease of critical
current density. High Tc oxide superconductor has superconductivi-
ties -no resistance and no loss-in ligud nitrogen temperature
(7T7TK). If this oxide superconductor 1s put to practical use,
various industrial areas such as power electric application part

of superconducting magnet energy storage, no loss power transmi-
ssion cable and MHD generator etc. and electronic application

part of SQUID and super high speed computer are expected to

be influenced. It 1s demanded the development of high Tc super-
conducting wire having high critical current density to manufacture
the superconducting magnet generated high magnetic field for ener-
gy Storage.

In this project, synthetic process of oxide superconductor wire ma-

nufacturing process, increase of critical current density of oxide
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superconductor, coil and ring type magnet manufacturing process
and precision measurement technologies for Tc¢ and magnetic prope-

rties were investigated for the actural application.

. Contents

1) Basic research of superconducting magnet for energy storage
- Principle and construction of energy storage
+  Properties and trends of energy storage system
2) High Tc¢ superconducting magnet manufacture
« Coil type high Tc superconducting magnet
»  Manufacture ot ring type high Tc sgperconducting magnet
and measurement of its properties
3) Synthesis ot high Tc superconductors
«  Y-Ba-Cu-O system and Bi-(Pb)-Sr-Ca-Cu-O system
superconductors
»  Y,Ba,CuzO, superconductor added CuO
* Y ,Ba,Cuz O, superconductor dopped Ag
* Increase of Tc and Jc properties of superconductor
4) Manufacturing process and properties of high Tc super conduc ting
wire
*  Wire manufacturing process

( Cold working, hot working, drawing )

* Tape type wire manufacturing process

( Rolling )



V. Results and future research program

1)

(1)

2)

Results
It was investigated to make superconducting wire by cold
extrusion with the condition, optimal die cone angle 25 ~60°,
under 809% reduction ratio, loose powder compaction and
graphite mixed grease as lubricants. And the plastic deforma-
tion in superconducting wire extrusion 1is effected by those
extrusion condition.
In hot extrusion over 700 ¢, there was {racture of sheath
material because the difference of superconducting core and
Ag sheath material’s strength made non uniform deformation
of superconducting wire.
The tape type superconducting wire has 700 A ~cf critical
current density.
The magnet of 7 Y;Ba,Cus3O, superconducting rings has 4
gauss magnetic field.
Y,Ba,Cu;O, grain has planary type with addition of excess
CuO, and the grain size 1s most large at the point of
20 wt % excess Cu(Q was added.
Future research program
In this project, the coil ~type magnet of high Tc superconduc-
ting ceramic with Ag sheath metal was manufactured through
the results of the lst year research, but 1t had not supercon-

ductivity because of mechanical deformity by bending.



Magnetic property iIn ring-type magnet of ceramic superconductor
was studied As it’s result, the magnetic {field intensity of 7-
ring magnet with YlBagbuaox sintered ceramics was 4 gauss.

In the future, manufacture of the high Tc superconducting magnet
as the coil type needs to investigated systematically for bending
properties of superconducting wire. And finally our 1mmediate res-
earch plans ftor the next fiscal year are the developmental res-
earch of high Tc¢ superconducting magnet with high magnetic {ield

and superconducting wire with high current density Jc.

- 10 —



i
Al o Wl e T R e o AP G ek NP UG T

CONTENTS

Chapter 1. Introduction  -r-occr-eerrererreriiiiiiiiiiiiiii ittt it 15

Chapter 2. Superconducting Magnet Energy Storage (SMES)--- 18

Section 1. Principle of the SMES «trrrersrermmreiiieimiiiiiete, 18
Section 2 . Construc.tion of the SMES +eeececereereersaranteaeeeanenarsennn. 29
1. Qutline and characteristics of the SMES rocereemreeeeeeiiiien... 22

9  Construction of the SMES reererreserstrranrrrensratererosaneacirenses 93
Section 3. Operating DPrOpErties «+-+--sssseesesssmssmmarmmimmmiiieieei e, 96
Section 4 . Efficiency of the SMES ereeereerrernmmerumnimminiiie. 99
Section 5. Technological confidence cerceccrrenrrecrtiiiitiiiiiiiiiiiiiiniiie. 73
Section 6 . Trends of domastic and {foreign research «----eerreeeeeveeeee: 36
Chapter 3. High T. Superconducting Magnet -----orrorverereeeieeeeeee: 39
Section 1 . Criterion of magnetic Stability ceereeeeerenenerniiiiiiiin. 40
1. Magnetic instability seeeeeeeeeessrrsreeessemmmmmmiiiis 40

2 . Adiabatic Stability «eseereesessssremrmmaremmeiiiiii e, 43

3 . Dynamic stability ce-seeeeeermeessenses e etteeeeniestectenceteeecneetiesnetannens 44
Section 2. Research trends of high T. superconducting magnet <+ 46

1 . Superconducting magnet using the tape of high T,
Super COIldLlC tOI- ........................................................................ 4 7

2 . Superconducting coil with binder mixture -r--eeceemmreeiiiiiiia... 51

Section 3 . Manufacture of ring type high-T. superconducting

1 . Prmciple ................................................................................. 52

- 11 -



2 . Experiments and discussion ......... S e R P I AN rE s TR anRt e R TERERERIEY LAY RN 5 4

Chapter 4 ] High Tt Superponducting Wire ................................. 61
SECtiOﬂ 1 . EXtI’USiOﬂ ......... 6ceaemssesrseataannratseunttonrrsottienasdnonssanannantsen vee 63

1 ) COld EXTTUSIOIL = ****t*eceereeerssesacssssttoscssecccssrsssvessoscsarssorraassesosss 64

2 X HOt extrusion ........................................................................ 69
Section 9 X Drawing ........................................................................ 71
Section 3 . RO]_ling ........................................................................... 72
Chapter 5. Research on the high T. Superconductor ------------ 78
Section 1 . Bl — System SuperconduCtor ............................................. 78
Section 2. Y,;Ba,Cu3O, +CuO system superconductor -eteerreseecceceeens. 81
Section 3. Y;Ba,Cu30O, +Ag system superconductor  -:sceeererecaacenss. 88
Chapt er 6 . Conclusion .................................................................. 91
RefErence .......................................................................................... 013

- 12 -



B L AP Al B oot e 15
Al 2 &b 5@5 ol x| HMZA AR ( SMES ) -eeeeee e aeertteter e rreeaaareas 18
Al 1A SMESS] Q18] ceererrnrrttiaeitia et 18
Al 27 SMES Q] TGEIZ ceereeitatntitinetiiia et e ettt s 22
1. SMESS 708 @ EZ  cirerrirnreeiiiiraieeiiiearee e riereeaaiae e 29

2 . SMESS 8] h5 cevrresentttiitiiiiiittittiiiiiiiiiiitiiniiiai ittt se e 2193

7 T T = =3 U PP 26
473 SMES Q]  FG cecreerrrceriatatiieiti e ettt e 29
A5 A 7] 9F] AIZ]A]L ereeeierier et e 33
A BA AL AT EBE e 36
H3ZE T8 T KFA ccorerrreriiiiiiiiiiiii e 39
A 1A A7) OFAAIL]  F]SE e A0

I . AF7] B0l R ceeiii et 4 6)

= o B I PP 43

3. A QFAIA] teerirreeener et e e 44
A2A 78 AL MY A EBF e A6

1. 79 ZAE tape S 0|83 ZAET AA e AT

9 Binder & AFR3F FZA T FTY  cererriiiii e 51

Al 34 Ringd 318 ZAHLE ARA A BF  ceeerenii 59

- - S P PRI 59

2. 218 Tl I eeeeeeeneeeeeee e s 54

_.13._



- 61

Y

M

K]
i

M 4 &t

63

64

69

ol

o

Al 2 A

o1 7

=4

Ir

S|

IK4
0l

M & &

- 18

- 31

27 T A

R‘” 2@ Yl B&gCU.30x +CU.O7:”

83

2 52 A

A

Yl Bﬁg CUg Ox + Ag 7ﬂ

A 324

91

a2 =

Xl 6 A

cene 93

ol
OH

__Am

— 14 —



A1 A =

AFEHe was ool duA Audel FA Fsbstn e W,

e 2 Mg 2e AdUAAdE Haxezm mzsHo o uhel

AAE, e, FadUAsH 2 dAddAel s fA 3 oy A

d Tom st ArldluvAiel figk deExE B JiEsE Fdew H

_..15_



Hyu%
Bednorz &}
AR

Y -A, Bi - 7

19874,

7o Z

1

o]
i

Attt e

al

A&7t Ths

=]

L

] Al o] T,

5] ol ofgh

—.

——

A
LI

1

o] %1-0}

~ 10,000 MWh =
T1 - A<l

AL O
0l

=

R

p3e

, A

) A

74]!

ol g

Ax A o

MEDT &

=

& Al 77HA]

-16 -




ldom 5 A A= 7HA

e}

HE

_17_..



| (SMES)

Ax ANYz] AA A=

3=

A 27

_%]_g’ 1) +2)

A1 SMES 2]

A=

3] 8

=
=1

==,

AF7F H

O
=

a9 S,
o O

A

[LHe _He

52} (dewar )
r\,/ |

|

@

~ 18 -



SF-A) o]

2] A) Aol 2

I R

olgq g

oo}

ot %] 7]

8 2 -2 o A

Hho} ol

3 L.
T—

o

&= o

A1

A A7l v A =

sko] 2] €] (Thyristor)

3

L-_
1.

A8 ol

_19_



85k,

_7_:.:':!
(Ls _I-L[ ) dI //dt

H z] ©-
A=

Kirchhoff ¢!

|

(LS—I—LI)I

SIR=k=]

L. 1,

(L5+LI>I

L. L.
(Ls +Ll )2

IZ

L,

i

L, I?

le

[ (L L,)/(L.,+L,)>* ] »H

ofl 11 2] 2
(L:/(L.+L,)21m7t =

il

O]
AA

5

ol %] 1

st

e

Qo]

A

al

S, el

2~ 7]

CLs I, )/CLy+L,)7A  F7}s8

A7)

SIEEAS ISR [EEAE

o] &

A

=
=

....20_



=

2

A — T
T}~
L S : - »
x &
! __ 4
14
rlln._/O 4
o M
' FP00 - 4 ﬁ
o N
y W |
o :1! T
S

] Z o] o

P
&9

OQ]EIj SE ’ S3

RSy

7 =

13

A
7

C <l

3} Fof| A



A 2d SMESe F*

1 o

O

=

watA 1 FE7E thEm,

o

T 3=

| -
L

2 &} ofl U =] 7}

Axlel = ol

Lot

=12

HAAANAR 2 A AH 1,

Freol Fo

=
chA

prd

A 71| X =

ko]

65 ~T0 %

&°I

5ol A




2) oA A%

e
1
rr
Sy
f’N
N,
olft
10
o

0

X
2
A
2
2
o3
i)
=
=1
Ot
_T-—l
s
2,

mzely 2Ax 2Y FHd B Uz FHFHns Qe Be o

astd dgre ouyx ARl slishth

4) AAH AR FRAJIE AMLEE AE ARG AAH =

Rold  zde] WHEe e TrARAE Awg olgsA Hoh AR

6) XAE FLdEe HAE F Ko FHL2ozm H[HA3ok st =A &9

o] Hojdmz ddden ALg 27 AW FYL &

A ol X 2kl AR A wlgdlos FdQ3 dedse] 4 W fHAAA

- 23 -



oFrubA 4ol FE7F 1000 MWholAl 10,000 MWh A wole gz olaist 7]&
o HHAFo =M= oA AZ AxE HELE A5, 1 FEE 1,000
~ 10,000 MWh =& =35 sfopstth? Al =X E wadlEZE I iy
ol Ae AAIAg g o R AtgElu dout SMESe e gyl d A
b Fgs S8d e glonm, Adidolstn stEade £ MJ o A AR A

of B olx] AHALHE= 7 m7]o dolaA] 104 Aol zbolyl 9

o ol ok aATZel glou A ohsHE  ul ( aspect ratio ) - 2

SMESl olA ode] ufade Az ool = shvie] #AEo

2 AzZEE Aol darge AAEAE s %, ddzdr nloay e

== o) EanBE|l - )
= okfubA ol AL YRR E IR Eo]l I AUAE LA AL E F

71 sl BEEFAel o8] AatEte 3d eizisiAlE2 SMESA

Rd
M1
al
10
o

—re————
P
- —— ——

—_—

/£) aspect ratio : &4 FdlkolEa YUY FolF AB R YiF Tk




2o

El o] 73 Al

A z7 H Qs

o] 4}

SHA|

20 vk

Ok
21

O
s

1000 MWh ¢]

™

3
=B

#7bssA

SMES 2| #} & o]

T of| A

gt

o] 2

wkALo] of

o
Al & 2= 0]

] eF PEIRE

gt

5 9}

O

@ 9
L

lolgbsr &bH 7 250 ~
Foh oA

Qs

=2

i3]
=

Bl

T
p———
1.

AT

-
—

0

15 ey

A
T

= o}&

- 25 -

o] o



—r

&ol Aol ¢

sta

= Hs

A €

] A9

H A 2]

O
=4

SMES <}

13 2 -6 9



Zq
2

=
=

FEf Al A Mol 2] AF

(5)

/

L -1

]

&t A|

2

kyd
g ek

7| &9 o]

ol 2} ,

t =8 [ AlXt]

I =16%t(A],

292 (HJ,

1. =

o
8 T

1,000 MWh £

dch, =

1,520 V7}
Bl & 4 o2

V =

Al = o]

l
A% @A A Aole] AH W

5=

7}

s
T

X

7ta], 8 A

=
S

A

31}

.

228 MW7}

Mpo] 2] AF

2], solel ~Hel 9

e

71 2l

2}

<

= 78 2-T9l A

= ylo]g] AH A

':..{i"_
—1

Aoyt SMESel 7

X ks

Hpetdel o EHBA
Aol 2] AH

-@-l.

Al

iy

ol & g




Hholall 2= Aol 2] 28 &

SMES 2] 32w

52 —6.

L

njo] 5 24 o] 2]

Mol 2] 2B B2} A

- 28 -



FA 7 EHe= AL HAol AT Aol HFE Adn, &F 5043 A

o] whEAlgo] shselol ke Molth oldd dbol stsEtt s @

2 "ot ol Al thal IH 2-6b)lA B wpel o] (a)3] 29

A% 299% stalel wloldla sole] A7} AFRHTD o A, G

thaloll  mpoluj~ sMolg|~2HE z=24 "Hu sy Aol xEHE

S
=dHoR FHuPdwe 89, ‘oY AAst7ees "ol slol Aol

2l ~Ejo] ol o} AT Aloleo]l o 1 Ve HpAtstrzt Al sk of

of SMES®l #Molgl~E A& ZEs AEHO fdel LLHE gud

o Atobd AU F 270 MWh ol gl A Molg sl fae T

A bssi o] £Ag aeste] SMESE ofzr MMl ALET AS

o AHelMel  t =8Ae] M dEHoletn AEZAolAd AP

A 44 SMESe A&

- 20 _



4 Qe Jurow
Ao oluiAeli: Afwol dd F e Afel Ao

T et el AS Al-rA - E oAl o et st
ARAde An glod, ddald ZASdlE H o], =

AN HA7-714 -»d2e A AAel gk oldl wHas] SMESE



7V &

100 % ol

a8 50|

O T

B oA &
1. L )

A= Al
1

Wz 7] 9]

1)
o~

| I
| -

Az el vy SMES 9

A7 o}

Ao =

S A

AN

Al

4
L

SMES 9]

=t 24 A E5H

=]
R
o

H 2},

FAIsE ol

A

Mo

il

=
=

AN A (AE )

AH] 5 =

aen (%)<=,

(E —AE ) E, X100

E 9

|

-
1-..---
7}

- AEE& FolH H

CEER

&5+71

g =AA

as

o} e} A

o}t

2] A o

A A7)

o} 2

H 2 =
L IIC’]-I?:]_..i

SMES 2]

Mol g A H

1)

= @z

1T} of 7] o A

O
MA

7}

I+

A

Ao]

4
L -

2~ 3 %°

2 2ol L %) o]

9o} A o]

8 skl Bl

=g

o] 31 &

o

©



b nlslgh

(<]
LA

—L
A=

okofl A =

T -
Toa 9

CH & A

toll

e}

od B3
Lo

FRP

o, ©

A}

3t

th &

2.7

= O
&

NNAN\N\N
NN

AolM G

SMES ]|

a9l 2 -9,



7V =2 A=A

A 5 A

71

o= SMES <9

A i

BIE)

J|3
X

l

st7defl o

1)
pra

AA

A 719

s

A7 Ha o, &

Aol B

g ©]

2

7} 5}

] 3f

Zz19

SEEOE

e

<x
=

ZHlE Sl 7 oA

Bl 5l o] #E 7

o 3

A A 3ol

L
=

gy

2 AR 3

4,

7t 7kol 7t

100 %

=, 352

71 3HA]

lof]

-~ 33 _—



A 71l of 7] el A

Z FHH s}

dI ~ dt &

: ol

=

2

%)
T

3 7)

Lq

[Rq

|

L.dl ~dt

(<]
| W

bok mheba

A=

7}

VQ:IRQ( 1_

M, L )

zAE sla e x4

gy 2-10.



chro g olEsk oldHtel WAE HrHog Azs] wHA. A wr
Wahs oldaEgte Al A4, ¢AstAGel sl wstat. AF ®

2-1° FAI$E Type I ~1& 3%/ ZHAn wladgeEd djs] 2 o4

A ©ed gol AAWTDLY 2AE uladEe] LA alE ol ARge 4

Aol o]l 1apgzoletn duf YgAoz HAH + Arth

dlI L1
V — L _ 0 3t5 _0 5t5 .................. ‘\].OJ
q dT Ta exp J
E:__Jf', t:T/TQ

Type | - Type I Type 1
Conductor | NbTI Nb,Sn compound wire of
NbT1 and Nb,Sn
Current density (A/m?) 2. 17 x 10 2. 07 x 107 6. 9 x 107
Self inductance (H) 1. 83 ; 0.1 | 299 /24
Magnetic field (T) 6 8 | 12
Characteristic time T | 0.3 | 3.4 | 4.9
Stored energy (J) 97X 10 - 2.5x107 1. 56 x 10

_35_



70
2 ~ 50

40

voltage, Vg (kV)
VOlt age , VQ ( kV)

30

20

Abnormal
- el
.E_——'—__I—'_—
3
\\‘HEi-i-
< =
Abnormal

2AE ouvAl AL I ofelbeirt zlkd el 25d Jhzkel A

He St r=g SHdem #g davh JaAHS 2: dw. v=e

= Mg, FEAE, ALr%, dvds ¥ aAH@rlE 2AE dux A

ol ey 7t zATEoll dn AFE AMAR ol A¥szd g

gFE ZHel g 2ws ATES APAART 53], da2Ad M=

— 36 -



I 5.5 GWh

°

o}

EPRI ) el

Power Research Institute,

+4 ( Electric

=

Power Administration®] Tacoma

30 MJ ,

g

A 7

A 2=

4=y

ol sf

Alamos National Laboratory ¢l

Bonneville

obx A FAA

o) o1}

Aat )

2

_::_::/"

Zof) & st

SMES 2]

8

{+

Wi

v =3

A4, A4 2

Al

= Al Eul oll A 2

-3 -



=2

s

H metof

7t

!

A=

&

B =jojob  ghtf,

13

] S S

N3 A A e}

_38_



AE N SRR

2A T

A J. 7 AdtE

A7
%

_‘l

A
304

7]

A 2 5t
=1

Sk

S

A

k-
T

=
=

A 2] bending test

FRE
=g

) = 5t

SIEf =2

tape

ol g}

—_

_39_

e =

YBCO



A1

3t

o]

A

Aol o &

Sh
=

Al =] of of

‘?’]

A 5} 7]

I 3 — 1A%

3H

| R e

e

al L
O

O
=

4Q, (Jm™ )

Cr]
p =l

4T

Po Jca

3 (T{:_Tn )

4Q =

- 40 -



¢ AdALE, T, = £719 <Lexo|t}

TH3— 1. AR Fe]l Hedd HPstA pEd E 2a
of FH&E TollAM Aol FHej.d ol A
FHERE B, oA B, = wWsiAZIch grel 3
Aol FAsH, &xx T, ooz 27}
i AHE AEES By oA By = AV
ilcidsy

24 AHEFY AE 5 AT A S aEe Aoy 2ExE s AR
A
1

oldew FErtu AHMLE aH3-19 By AHdH Al

o}
A7) etA A el 71£&  feedback FHH el SIS uwHEA L|Fa

— 41 -



FAEA 188 feedback A

lon] ol7]A
st = Abe] 7}

7 Ceors > 0 o]0}

rlo

b

yCeic 7} “07c02 Hd FIZHozw =

dojdeh webr EdmAld 2yl A

o2 HFE

Ax ZHA=A HFAAMY 2EidIe= T
AEAE BE iy ¥ EdERE M
Aol & Aoz AzZtdEvh Iy Junod

— 47 -



S0 o9& wiE npel ol AHWes gAeozm wALF 4 i

oboll Aol Al ErA S AASA ZuixE YBCOY AR =HE A

Azt 4+ glom=z 29 ABE ZlxzE st YBCOY T. & 90 K=2 7}

A3 § YBCOS g <MAGAE s a3y 2o Aa A4 AL

252l 77T KolA|l &8&o] Jbtwstar vlEld A3 718 Aoz 7|gstes

thbo Btk % 3-1¢ YBCOS SFAECl FolA d=d H7IA . =

T=T7TK

YBCO:

oy (Qm) 5 x 107°

k. (Wmk!) 6.7

yC (Jm3K™1) 0.96 x 10°®
Copper :

o (Qm ) 2.3 X 107°

k. (WmK! ) 5.5 X 102

yC(Im™2K™1) 1.70 x 10¢

....43...



weta]  YBCOS <rgsAl =rlieE 1), 627 E3-10 Fo4xl FEZF
BH o&3 ol F& F lth

Aot ] oS =zt a8y YBCOY EAxEE F

]
v Arg Zouwzg AMz FoA =717 Aol FAHEHE Fol FHoAHA

Bl YBCO zA=Ale AlzelE&d AAA Fo e o A AF7 &

st oy, &g wsbH YBCOOIAM AP etge 2 @9 AltE &EdH =
— 1

dol &= AL Yu|gr, agR=

— 44 —



ks(Tc_Tu)(l_‘z)
A J.p

g
)

2 FoiXlm H7IA 2+ YBCOY &, pv &9 HiA ot} obj

d 7152 slab et filament & A5 A7

a. < +3d ( slab )
ar < +/8d ( filament )

2 Folzlth, 2=042 & T 5 AF AADLLZ(TTK) o

d = 0.24mn ( TT K ) ceeererrervemesniiiioiiiie, e reeeraaes 20)
olm g2 (94 AL wWdsd

0.41mm (77 K )

o
I

0.68mm ( T7T K )

vy
i

2 Foix AAd B A8e o] FAZE 1730tk mad FFH <

1-!-!-_

: 0.14mm  ( 77K )

.
i

0.26mm ( 77 K )

o
1

ol o] HIEL geofshd H3-29 Hrh

£33 YBCO K gEAdlel dA=Arl7 & AW &

— 45 —



#3-2. A Q4E FY AA"H TAHL] =AY
(T,=77K, J.=1.0X10°A /m2a} 713 )

 neme ]
Jc_ |

1.0 X 10° Am™2 |
Adiabatic sté.bility limit 4—]
a (mm) 4.95
Dynamic stability limit
a, ( mm ) 0.41
ag ( mm ) 68
Dynamic stability :
| at (mm) 0.14 |

— 46 -



A ZAEAES FE ARSI

2l TR2FHFAE magnet ZYE A AN AFEHE AE Sumitomo El-
ectric Industries, Ltd. 2 M. Nagata® ¥ 7} The Furukawa Electric Co.
Ltd. © Y.Tanaka ® ' A xolt}h o]
o AMgd AMues FFHexE YA 123 A=A oA 1 Al Wy

clo]  zlolrt AT o3 AFE FAEAL JEElu AEE Eslo A
o}

23t magnet AZIFAHE MY, {3 F2AS FoA T

ARS8l Y,0,, BaCOs & CuO H2& Y:Ba:Cu& 1:2:3

3.0m = A= <lvkt T2 AAQE 909% olAe]l  powder density

%50 TC F7I=ollA = WA S0AIE AAS T AAERV] EAEHE s
% o
BiAlel 749% Big.sPby.,SrCaCu,.s0, =4l zHArAd dfste] A5}

Jedl A2Z2F 2AEAE BEUR2 e & (Ag) tubeod FIg ohE <l

42 AFS AT GCAAAYS AH HF¥o2 th  amealing

...47....



(77.3k )l A

4=
=

o} 4] A 2

dA o @

AT,

}1\_]:

Y Ba 9 CU3 O'?*x

g}

Fol 71l = of

A

71 o &

1—‘
-L._l

ahct.

o] =4

YB&QCU:;O?_X —(2:" Biﬂ.g Pbo.g SrCaCu1.5Ox

] [ 1
e
| K O
H.l.l
- ®
3
O
RN
<
®
I _
- - - oo
= = = =

(w2/V) ALISNAd LNAIIND

Ag/BiPbSrCaCuO

N

10600

TVOILIYO

REDUCTION RATIO(D/t)

J. o 3t

-~ 48 —



tape &f U4 7HEF &0l Figel ot FAE Jerl ZES nodFo 7}

=3 5H Big.sPbg.2SrCaCuy,O, XA+ DC susceptibility X o2 dith

-

st A dE EEskAl Itk YAEZ(R=0)E 104 Kt

Fxgl T 0.5mm FAY tape s FYES W JAABULEE 183-

1ol HeEnh 228 Ase 49 Jo= stranol 0.3%E 9U& o
0% ez F73 Ao dusiel 22" A dwsoz

MA 7] 7] Felt

K
N\
—
0.8 1.6
BENDING STRAIN(%)
1¥3-4. AHAE ML tape @ bendingol &3k J_ w3

_49_



[, 9]

tape ©f

10 m Zo]e]

ey’

O
A

/R]Il'

8 7l &

3ol A

AT

]

A% 3% o

7 o

87N A3

T
| —

ol A A

]. = 850A ¢

77.3K

00

10

thickness, U.5mm

(V) INHIAND TVOILLIED

LONGITUDINAL DISTRIBUTION(m)

YBa,Cuz 04,

o2y

bobbin <]

]

|8
B

50 mm¢l A2}

A &

L I—
| —

Hth, Magnet

7}

A= (0) AelA

64 gauss $3i T,

e

- 50 -



2 .

binder &

)

=
=

Z= A e A Ay

Aok, UM T3

A 2]

<
=

O
=

s

A S

b o

RERE e

<]
1—

7holot
T 7 A]

A =7l o Folt

7]

—

e

Ao uH TS

or thorhombic

tetragonal of] A}

=5

F

)

o] 0] 4] of g}

S

FA o

)

Al

A

3~6 Azt

850 ~ 950 T ol A

223 polymer binder

El_

.08
A3 €A

o] IR
2] &} 7]

=
1

heh WAL

S

l mm I

=
RL

Z+11 binder &
= A 2

=
=

A
v

[=)

3 T

12 A 7k
~ 51 —



o] AHFIALEE= TTKolA 1330 A cF 1 TTKS 4.2KelA d& A

Zrel  M7l=  zZEzE 21,1 gauss 9 350 gauss ©1 % Th

A F7HA] & ZFHEAH magnet S w=i=d oA el JiEsA S A

%, ringel o8l WSojm WAL Ag dW A& ¢=AB,olth s

Aol AE o2 oz wEsitm s1AEA. Lenzd WA odl A A

&3 gol Folmch?

1

—A (dB, /7dt ) Ri + 1 (di /dt ) ceeeeemmemmmniiiaiiiennen, (23)

o714 R¥} 18 3= FAEH} inductance ojtd, HEFS] A 33 7zt

- 52 —



ad3—6. A3 FH=E

=8 AR € AP WY ringg Ads AEHL2

_T{_'_‘I)__
A7kl wel zras Folnh gy 2A% s ZdME R=0olnz

—A(dB, /dt ) = T (di /dt )  ceemveermmrmmiii, (©4)
ol 5L WEHA
[.1 + AB& — ?_?126] .................................................................. (23

olth, o714 Li +AB, & 328 Fdsts FA&olth F, TAYHzE

Sdete Fase WHY + gloh W sllE AFY Azlzh dsc

_53_



2. g % 4E

Ring 3@ Y,Ba,Cu;O0, 2244 Y:Ba:Cu=1:2:39 4oz Y,0,,
BaCO, ,CuO E ball mill & 4Jo] 900 T, 24 A7+ 3715l A stadr tg 3
sl 22 Fdor staE wkEsTh stad BEe 974 34 ¢, 3
22 ¢2] ring Bepz AHL A FstAd 950 T, 24 A7F AFAE- 7)o A
~AstdY olde]  ring ¥ 3-—-73% Ztvh Ringel FA= °F 2.8

=8

mm R Y;BaCuzO, ringd 4HZAZA Alo]o =X

9l keptong Alolel 79 AN AZAAE HAZsen A& W

el EE 7hEste]  AREStAT olFAl A ringd  Yi1Ba,CusO, A
=AM ¥es 29 3-80 YERAUG. Ring®d FHE AHe AR/ F
ao 2AE AN fFedl AT EYxolx Aoz FE  AI|Ax
& wxkste WHeER sith A8 3-9= ALE Al REAL A%

PR

AR ERR R4 Tt i aaees P T L I T PRETTY -~ S . e e I ST

........

.“..._
.

........

R
i ¢ i B ot e e : : i
o . . - - Wt eeeis P TR A A 1T SUEEEE ) = N w-\.q.-'l%"'""""':"
SRR Hatd " i
. ne - . . : -
- : o . : o
i L T A S i H “ T L
: i A : :
N . = : : .
: P : : 1
: : e ol
. : : i .
LA : [ -
oave . . T = L
. : e ":_7' e
B
B
H

P T H .

.

AH3—T. 2% ring W72 : 22¢, 217334 ¢, 54 0.28 cm



CG

G
.

i

Bleanaill

é.’
[4

s
-

i
bl

“
e
=5
TR

-
et

E L
MLl

e
el

S

=

L
e

I

e

e

P P

-
=
-

=

tas
:

. L)

G

P

nan
et
Rtk L

Dwe
PrEy
PR

epant
- .
naabeL H
R L

Eress
ankl’

Hid:
R
TR

-
e

byt

.
=
e
e

grimis

Do

4
.




il miem e O e A S, S apr EEe AR AN AN maa W W - @k - s am e S .

-_I 1 Bobbin
=

Ring
=

|HRE Aol ofsl ZME Al A8 81




o

FAE A

S

O

H coil of

=Iol A 2]

9 ) 2

a8 3— 10

O
=

_5?_



A B AT oW AZIFE “07elN B, 2 wWHAD I FU

ol ¥zl ringd AMe FAE st ohdsl wRel fmd  AF

2 ZEstoh oF Eelnoz A dAwE ZEEs W APl eF 300
gauss o, T7H&l ringS A=% FA%E AN AR wlamHol wRA
g A1EE 4 gauss Qi
AR SAEE sl Abgs Adli: FLOW.Bell Alel 54 &8 Gauss Me-
ter Sith =dx Aol FrlEl A avli: erolrR Il el 2leliA] =
dat A7l ghg ol fstel ot ol Al aksked vk
oldHel Eelwojzol A5 vhEel Aol whaEln
B o= ff, o QL e 1 sreeeresreeeeeesie e (26)
o] 71 2 o Abel A7, op, = AEe FAE, ne wike] Aol 4
= ol 1 etk Ring® ARe] T8 rningell LF gE2 0 1Y
ol AiFrt svtm 7PEEE B 4gauss (=4 X 1074 T ) o5 ring
shfell T2 A% 1w
- B __ AXT08T 27
LT 4 n T 4mx107T.m/AXT,0.02m
olth, o714 ring ¢ wHA S& A4Hshd
.......................................... (28)



5.35 A e

EA 2] A

bulk =%l

-L—r-
1—_

5.35 A e

—
vt T

]

H]

of

312y of

i US4 ete)

) -
.

L, R ARel a7l

T
1.

&}

Ao

ol
=

“2Absted of

A A A o 2

Sl

2 AR E O

....59_



=3l dA ringg Alxstes died] Aol sl ringd LA A A

Fol TAste FAol AstHiu Utk IH3-11L ring JWHe #EIY

SEM ARzIQIH]l HA RHole= 71-& wfFol FHF7trert ol zrle] o

FlME ringel AL AAsE AT ot dFFxel AN A

- 60 —



ne ZAEAE 837 SAsME SH"om MAstrh o Foldol &

W a2 FAEA= ceramic Al 24 ceramic &89 WrbEA I #H A o] o
=

o= ceramic B3 ke or Alxd xHE MA H§ Aulre]  =A

SEAlOA FAEAAE 2 g3E o] 3wl FEgEAe AHirrr s=27) uf

ot HA YA A% 99.9%0°de] =& 7} Y,0,, BaCO,, CuO *
2 ol83led Y:Ba:CusS molHHl22 1:2:3 o3 =&Ekdtey 24 A]7F ball

mill stg o, SF3 BHIS 900 ¢, 930 ¢ F7I=oA 24 A7 EFAE

HEE S 5 950 T, AFARESIICA 24 A7 AASle] 600 C AR 7)ol A

57 AATSY T olFA st dolW AAEH 2ARAE Easted 23

o
rlﬂ
2%
i
N
rN
(1
;bi'l;
1o
ol
— O
rir
¥

T B3AMae] core ABEE AFLEEY T

Pb:Sr:Ca:Cu?® mol®BlZ 0.7:0.3:1:1:1.8 2 800 C oA 24 A7+ 3}

2% OS2 850 C, 168A17F AE3d AlgE HHstY AMAle] Z=AEA co-

- 61 -



ARl FAIFL a9 4-1dM et o, ofstll M= 2 Y SRSt

Y,Bi-Sys. Superconductor powder

I o

e .‘

Cold Extrusion ]——‘ Hot Extrusion
| L J

|

J

1 SwagingH Drawing | Colf Drawing .
Rolling .
t T -
| 1

+

| N

[TEST
1

% 4-1 Az A

- 62 -



S (die)gs £

73ksted

A 5 (billet) &

&)
| B

A 1} .7

ke

©

= = Aol A

Holc}, 28 4 — 2

—al
O

7}

Aof A = =t

-

RS DS

=
%)

fracture, pinch-off

core

Al =

==
=3

O}
H

5}
<

H
=

St

H]

F Al el

flow7}F A&

core 2} I T H

]

- 63 -



BodFelME H4— 1M o] AF zUg WEAIHA 2R I

352 25, 300 oA Wi coreo] Adto] glo] sl dEHU=H ol
ASE EOE FAZRHe g w9ttt EAMaAl =i W5 core A
2324 Y,Ba, CusOx ¢ Big.,Pbg.sSrCaCu,.;0x & Ael3le] corezl 52l wH

slo] we EBEAe Aol Abw ugth

core W73 Die Z+ % Die HH == Z 7] &} X 5 7] &)} K |
(nm) (deg) 217 (mm) | (ton) (ton)
10 ~ 12 60,90 712 88 ~94 | 98 ~ 127
15.5 ~ 17.5 30,60 s ~13 | 64 ~72 | 76 ~ 88
18 ~ 19.5 25,30,60 | 12 ~13 | 64 ~72 | 80 ~ 92
21 ~ 22 50 12 64 ~72 | 84 ~ 98
|

corec| Mol Ashual %2 Lolusl st YAl HEL  zAW)
Wk o4 % punch heado) Ht}E  strain gage & H-AFStd  X—Yre-

corder o] UEl= punch? o]lFAge WE IJFHHIE a@FOo ZA| co-

~ 64 —



(ton)
120

100

80

“1%l 4-3

(d)

(D)

DISPLACEMENT

Strain gage ol 2°jst SA&HE

(a) Y] Bagcuaox

(b) Big.TPbﬂ.gsrCaCul.g Ox

- 65 -

Wi Z7lel coimning WAl &

S 7Veb 7 o =

peak %] o]

-
. .

T}
=

7
5}



7212 Wl HF core®| coinning WA o 98, peak 2|7} YEIIE AL A
core 2f LI gl AofEbel ®Ed wE FEHel FEYS utidie Ao

2 core fracture =2 pinch-off &Ate] <lolo w2 o AHT 3% 4 — 4

(a)x= olgtzre wHel o3 <t&EdE AlggE Sdozm Ausht Alzxlo g A

core fracture =& pinch-off &l Ate] 2 e} Sl

oAf mergh - Al skee] WEeol glel vts] gAaHEE st oA
94— 4 (a) s wE O¥94—4 (bollA X+ AAHY HFcore ot <

gl Z0) Ao EAle] WaAHol FzeA FEHYSS onan)

gk die H ©WH s Eo] FUdE zHEAE Ewe] =z, die 9
& 3 diedHi ol &8s oS WA FEE HEgs Fd Fd

o]
A T

AN

core WA 10~ 12mmet HZE die XA 7T~9mme] 749 strain gauge

of fel shes FAEE E A ol sgwEel Aadon HA <hE

jl'j_'_
A zabe) w2y 4-5 (s gol We AW wave AL B F

2

o)tk whHo| core WA 10~ 12me} die HFAAE 12mE ALE Sl

z0
i
&l
oy
-LO
Ml
Ok
o]

°

=7lsrth7} 7FA}7] BfRo] A Tro 2] 93] 40

e
pA

5] T3Eo] WX core Eao] F&TEA npgoz IZpuleo bk} (
o

28 4—5(b)) wWEq gEFAL, die Am7E 25~60" U

- 66 -



(b)

Fig 4-4 <=3 A= A7iel @95
(a) YlBagcu:s Ox core
(b) Big.7 Pbg.; SrCaCu,.30x core

- 67 -



4 4-5 Core”’} Y;Ba,Cu;0, A A <gEXAe AE

(a) =" XMAoA2] wave 2} pinch off

(b)) Y== HkA) S fracture

- 68 —~



Za% Aoz AAHY oRd UsNE FFd oA

oo rRE & g URe] YA Bi —Al xA=AE Hlms KU

Bi —A|7}F Y—AlXY Zp&idel Sods 9 AN = Bi —AZE Y-

Aol w3 FE8Ho|l Hold HFAQd 23] =AY st Hl

Ag tube2|73-& 33mm, W5 core? AL 8§~17mmi WH3I}AIAH Y,Ba,Cu,

e a8 4—6+ %2719

Ol

Oy =AEA FEL-E& ZZAAAH d7d=L

billet #ejsl JHFe] HBE mAFT Utk

r7




%71 billet & 900°ColA YA e F dAtEd A 2P 4-—

7ol et o] SjulFLo] waE e tEEACh

1% 4-7 Y,Ba,Cus0x 2HE A4 didE F

sbalgl AAleh e

ol 24T wWE %2 QUSIEH] corexlme] WHIEE  zold 719

- L
3t Zlog Q32| ceramic coreo]e <= JridEd HlE 43S
7l ®Wweor AzEHv, o] [AE dolrr] I dUUE 2EE 90T

AM 700 C7HA] FAAA BYEY AEFF MAclre )EHAge] 743

ok zEiv ARAA o we exdddelrel AR sjnA] Sy



o 4ol texture A o] YEd F Qe FHE ZANEZA oL ojet o}

g2l &4l billet o diedlMel SHFEE FEAol 71T HT vlgA g

billet &] AAIAZ = g=Al9]  billetd Ao Ev] F329 2 core

o mEFHe FEd WYE FrEe Ny Add AFE Agsin Aok

e ol PolME Hyrol lwe] oF WAL Wol oL 7}

mpet shaped die) & Algsl¥ o dAXal 2742 600 CollA  1A17F A

AMAM FIAA

A2l sl . Swaging 7h¥E FASHEA 4dtd SIS WAIEHI EF

B AFo|A ALEH  swaging died @A go] UFR HEdle  AHFA

A3 7FEA3E wol Mol Zolwd  cracko] AFA AP oem cr-

ack o] glol swagingd AHAE FFHe ALFHFS AXE  crackol



dde 1AdENE= BA roll 2 AREsiY BAYEES IR 2adE
Ax = FEd] swaging ZF2 AU HAE hAsly tapedom A F
sttt a4 —8E olFASlY dojxl ZHE tapeo] 2FoBA Z pm

ol o,

ady olZA A FE tapede] AAME HF I ZAI 1FH 4-—9
oA eF o] Agel ZAEAZF FEElHUA AsHA FEE Aol HENTL

ol AATAFol FAUES A @yl wWEel YA AW ol

4% 71EAEE w7l AEez A4EH ol A s A 9d
23viel dAzE WEHoR FHEE 5 S o= HAPHO

NeFHAE wire @ tapee T.+ E5F 80KolA9 e KAy J.

= 7F&dHe wEt B2 zel7h A A
a8 4—1091= wire Jej ot el ol tape FElS] AR AA Y

A&y dALsE T.S =A% graph 24 bulkAlFEe] H& T, gtol <




tape A 20 7F

O
=

o} 3]

7} Ak, 4 TR ol

2

dls o

wire o

5 ~ 25 cmS) o |

A 57}

700A/ ¢l

T Je %°

tape ]

] =]

A Z T

zFe] 7}

o, 2% 4 —11

) .
|

s}

Al

==
-

chH A .01 e Q) ta

ZE =S

J<7F ©¥700A /cd 7} =) T}

core 5-

0.064 ¢ (0.8 X 0.08),

=z
A

Ehaasil

Lol
| B—

UH3F} L

1

A
L

% &

# _f.

—
qRA T

A

l

™

1 2V A uff &

- 73 —



—
-

Q0

o)

RESISTANCE ( x1075Q )
N IN

SOLID LINE ; Rolling after Extrusion and Drawing
DASHED LINE; Drawing after Extrusion

50 100 150 200 250
TEMPERATURE (K)




A= 0.0] cHh

Voltage (uV)

I I B I I
0 2 4 6 8 10

|
|
M

|
ro
Ir
3
=
>
al
plia)
ct

o
O

D
10
st
A,
fflo
W
13
<
0
.m
us)
(s
rou
oy
tlo
A

Bllled ad4— 12 2A= AAAZE 9dst] 2% bulk AR

nAzF oz AL AAERFe A FAAFel = AASF T oA S +

A st  tape AA B JFEFIF Fo dHEHEFol aH 4—12 (b)) EA O AAME

7FEEE ThE 890 T, 4 A1 dEAEE SelE 2R dAbEe]l AL &

FaHS Wy 7jolx ez olFoHq <dorn ol JAAFERE JIF
o]

-7 —



1% 4"12 YIBEECUEOIE”]

(a) 950 C AFAE-2] 7] A

(b) tape 41z ¢
(c) tape 414 2]

H i

COre s

crack o] 7}

= Pl

SEM A}z

24 Al ZF E A3l

|~ =

GUYE ==



Aot}

l_-;l‘l_.
)

TRER

T H O]

7 ol A

=

2%

]
=t

vt U2 BiAd 2AEAH

Y 7

Al & ol Tt

- 77 -



A 14 Bl a2 2AEA

Y;Ba,Cu;0, 711& A A dhAolx FEF 40

L-r-

Y
Gd*“Er?"’Ho??’ $° ¢& 3IEF fdaz txa Ags59 54

0¥ 5— 12 Maedaseol 4Adg ZAvolth. I Inoue’t’ 52 BiSrCaCu,
Ox ZHd&ale] anealing @do] wfsl| dAFstde=ul ¥ 5 — 29 1ok o

714 AH3rzkel wHaslE wvw o (a), (b), (c) 2% 80K Z2¥re]  low T. phase

2t 100K o]2Fe] high T. phase& Z1 USZ & & Ao FH o Bi
A PbE A Fsle] 100K o]kl high T. phase 43 S7M 7] A7

ol Huxm FE Aol Majdqte] Ab8"  Pb 7t HrbEH BiA 2HE

2] dted Byl E=A % A7} sheath metal (¢] A9 Ag Ytlto g Hlo] 1}

= e #FP £ At ol dxd FAGM 0,7 FES wA Y

b2l Fela 2AEA JRFel 7leE dAske Aoz AtRHTh olElg

_78_



units)
o
N

Resistivity({arb.
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Temperature (K)

2% 5-1 BiSrCaCu,04 8 &xof wWE H| X3t
A: 870 CX 12h, 1.0mm', B: 870 C X 12h, 0.5 mn'
C: 870 °C X 12h, 0.25mm* D: 860 C X 12h, 0.25 mnn'
E: 850 C X 12h, 0.5mn'

0.08

0.07 (c)

)

0.05 (b)

0.04

0.03

Registance |

(a)
0.02

8.01

50 100 150 200 250 300

Temperature (K)

e 5-2 BiSrCaCu,0x 2A =AY HA2] a3}

(a) ceramic sintered at 850 C in air for 5h
(no annealing). (b) ceramic annealed at 750 C
in air for 60h. (¢) ceramic annealed at 650 C

in air for 60h.
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