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& % REBa;Cu307.s (RE123; RE = 3 fff
Ay TR FE) T IRIRERIRE 77K %
IO CTOMIRERE LT 19874
IZWu BIZE s THEAEINE?, 20
T niE (BB KR ES5=0)% Fig. 1-8
IZRT, ORI & IR RS
& RRE, AR A 5 CuOs M & BT
b CchHr 7 a v 7 BNZ AT
JE L7 ZEmREMa T A b A ME
WEa LD, BPIE RSN Y123 LISt
IZ% . RE 7% La, Pr,Nd, Sm, Eu, Gd, Dy,
Ho, Er, Tm, Yb, Lu ® #3412 RE123 @
MiEZ L0, 20955 Prlkh 90K
D EN Te DRBIGEZ R Z & 03k

%}g\ é ﬂf: 24,25,26,27O

Fig. 1-8 Crystal structure of REBa;Cu307.s
(0=0).
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REI123 (2B W TR EOZE(LIZ X 100
o> TSRS KE AT 5, Fig |
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1.3.2.  RE FEIZ L SHMEDESE
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Table 1-1 RE ionic radius (IR) and T}, of RE123.%

RE La Nd Sm Eu Gd Dy Y Ho Er Tm Yb Lu

IR/A 1.16 1.109 1.079 1.066 1.053 1.027 1.019 1.015 1.004 0.994 0.985 0.977
T,/°C 1090 1090 1060 1050 1030 1010 1000 990 980 960 900 &80
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Fig. 1-12 Dependences of T, lattice constants and peritectic temperature in RE123 on RE

ionic radius (C. N. =8).%2 Data are quoted from Takita et al.*?, Tarascon et al.>*,
Tamegai et al.*” and Iwata et al >
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Fig. 1-13 Temperatures for orthorhombic-tetragonal phase transition and realizing various
T, for RE123 in Po, = 1 atm as a function of RE ionic radius.>¢
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Fig. 1-14 Relationship between 7: of RE123 and temperature for
annealing in flowing oxygen.*

1.3.3. kA
@ RE %A k
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BT HZ LT CuO H~DF ¥ U 7 HHFEEI L, T MR 5%9, —FHTHy Y
T O XY RE123 ORAFEZ S ET L8R S H D, 24°F TO001]-tilt KL 2
FHI D34 7 1) AKX )LD YBCO #REIZHBWTIE Ca K= 12k ki J. 3 B L7722
ERHIE SN, UM EOFEILPE L ORI SPIX YBCO fEREERE V7 12k
WT, W77 A UEEEAT D a-growth fEIECTO J. 2, v~V F v — NIEIZKH1E
BT S NTR T TORIM] Jo 2 Ca R—ICX VM ETE5Z 2P LN LT,

@ Ba ¥ A K
RE123 @ Ba ¥ A MIBEHLTE 5 0HEIL, 100
RE. Hpl2i7 HIE TEOMIC, Ba & %57l

. _ 904

TohbH St T ALY, Fig. 1-15 1077 & Z
D1, SrUIIESEINC D T X RIS 5 80)
}Z) 44

o 70_
@ Cu¥A1 k 60f

RE123 ® Cu-O $40 Cu(1) VA MI@EH T i

%t I%, Al Fe, Co, Ni, Ga, Ag 72 EMNZET 5 Y 05 1.0

A 24546474849 5 RE123 @ CuO, i D Cu(2) Fig. 1-15 T¢ for YBaz(1.St2xCusOr.54
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Fig. 1-16 a- and b-axis lengths for
YBCO as a function of doping level Fig. 1-17 T¢ for YBCO as a function of doping
of Fe, Co, Al, Zn and Ni.*® level of Fe, Co, Ni, Zn and Al. %
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SHER L) SRR B T, M Te, 2 RTAZRETGVE, BHohae — LU ARER E
DI DITEFE D N K D BN K E <, Abrikosov #1- & 13572 BRIk BE H B4
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IR, MR OBIREIOEJR CTh L2 X — ik Z A FICiYI ST 5
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T A, SRIEIEFE 72 & OFIZ T B,
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Fig. 1-19 Vortex-matter phase diagram in untwinned YBCO single crystals
with different oxygen content y; overdoped (a) and slightly underdoped (b).>
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1.4. REBCO & @hEEE v 7
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HTH DD, %O)—o@i/ﬁ# Jin I L0 BRAANTHRE SRR ELE T 50, 1R
AR RIS BN EZ. . Morita B 2325 U 7= db i (BLARTRE O E ) RE123 O Higk
i 2 fE GG & L CHW D FE2R I A ST\ %, Fig. 120 ICHERERIETH
% L7z REBCO ¥&REERE L 7 DT E %777, REBCO VERIEERE SV 7 1% 2 filifidm L
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Fig. 1-20 Photo image of +2Ba0 129 +2Cu0

REBCO melt-textured bulk. Fig. 1-21 Pseudo-binary phase diagram of YBCO.%
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1.4.1.  [ERF%

Fig. 1-21 |Z YBCO 52D St RIRREX %795, RE123 (X 1000°C {3 D &R T,
[EFHCd 2% RE211 M AR RS 2, & DOERIRENIRAED & B IRE T, DL FICHR
% LRSS 20 S AR 2 1T &8 5 Z & © REBCO RREMEEE SV 7 MG 5,

i ah 2 FHV 2 REBCO 23V 7 O EM Y72 FRFIE & LTI TSMG £ & TSIG ED
2 AN ZET Hivd, Fig 1-22 12 2 FBEOERIEIZBIT 5L v FOZL O [K %
RY, FEfFHT TIEIZIE hot-seeding 75 & cold-seeding 5738 5, hot-seeding 15150771
ALREED XL » MR EZE < TIETH Y BUC X 2R OS2 I T 203,
KR 7R 358 OB MM LB L 72 %, cold-seeding JEITRIBRIAL » MIFER S E &H S )
COFE L7z ECTHRERE ST TETHY , ffECTH LD EREL LTI
FIZRAWBEND FIETH D,

precursor pellet pellet in partial melting state REBCO melt-textured bulk
RE211 phase + Ba-Cu-O liquid phase RE123 matrix + RE211 precipitates
seed crystal
heating (> Tp) slow cooling

TSMG method

ixed powder of » »
RE123 & RE211
crystal growth direction
/ seed crystal
TSIG method R powder JEUCEULCNCIRNIN infiftration slow cooling
RE035 powder I

Fig. 1-22 Schematic illustration of TSMG and TSIG methods.

(D TSMG (Top-Seeded Melt-Growth)i%

TSMG {£1% Morita 512 XV PUNZIRE SN HEEREE 2 ThY ., BIEICEDFET
REBCO 7NV DFRE DR THW LN TE 72— 172 FETH S, TSMG 1L TIL,
RE123, RE211, EFEIRND DR ZIRE LT iBUR &2 500 TARE L. R ic X 0 s i
PO AR A AT S H D, A OTEHORIERARA L > FNIZEESE LR D FicH 72
ElZX 0 mERI72 v 7 OV A ZFREIEEEN L >y R0 b/hS< b, 72, 5
FRRR-C R B R DAL EARIFIE DS K Z VRS0, TSIG ik & 95 & &Rk 81T
% RE211 R P23 RTH L mNEE LTEIT 65,

RE123 #3K & RE211 My R ARG LIE S 2063k 0 Tk & 135272 U RE203, BaO, CuO
DJFEHIARD D RE123 & RE211 DIRAMRZEZEER LSV BT 2 FEEY
FFFEE D LA HIZBESE L%, = O FE T RE211 K A2 & AR R 2315
BT, R E U TREMERICIIT 2 RE211 Rl b D L7 b &9 F
SRB D,

@ TSIG (Top-Seeded Infiltration-Growth)y%
IG ERHRS 6 2 W2 TSIG IE T, 0 RRIE COBEMIZH 725 RE123 fH &
WFAIZ 872 5 BasCusOs FHDZ A E DA B M U 7= Al A2 ffg L, Iz X
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THREZRE LV CTHD Z L LFETH DY, —J5 T, FFEFIN L < 72 < TSMG 14
THEK LI VL LT 2 & BUR T J o ey 23K,
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1.4.2.  REBCO L2 2517 3 ke jk R 515
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FEE & RS AL IE T MO c-growth FEIIZ KRB TE 4, 5OV A X222 562 LI
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OPHIFLR DEMZOWT, BIFREOHFE HITLL T O L 5 I8 Lz,

Fig. 1-24 {Z HoBCO 7NV 7 @ 77 K AZEIT 5 Je OBGRTGNMEZ R T74, Lo, L lZEN
ZH a-, c-growth FEI DUV U 723BH A OFERS L O DOIERETH 5, c-growth 8
RTINSV VR Z PRV TR 12BN D J D 2 ¥ — 7 D3 a-growth FEIE Tl
HIIRNZ EDRTND,

Fig. 1-23 Schematic illustration of the change in YBCO crystallization structure according
to the seed size.”
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Fig. 1-29 12777, BaxCuzO4Cl Z W L7275 72730 7 #0 TIX L O I zMJi_E
T L7223, BaxCuz04Cly ZIRI L7207 TIEE O ERAAENMEI L, 2RI
23E E L7, Fig. 1-30 (Z1F#0 L #0.5 O ac mrﬁﬁ@ﬁj_aﬁ%ﬁﬁﬁfﬁ{%%ﬂ“@—
BarCusOsCl HEIRINGUEL CHIER I 7= ab HIZID - 72588 KBG73 . 0.5 mol% BaxCuz04Cla
INGRECIZBL D 72 o T2, Y123 O ST irf» BayCwsO4sCL M IV 8GE L7122 &
DIRIE XI5, £72#0.5 TiX. ~10 nm ORGHZRHET REG N BEAFRIZ 38k U 7= 6k 1 b 1 22
SNz, ZORMBPED Ry = T2 Z—L L THELZAEELEZ D 2D,
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Fig. 1-29 Dependences of J: at 77 K in 0 (closed) and
2 (open) T on a function of distance L from seed
crystal for specimens cut from YBCO melt-textured
bulks with addition of 0, 0.5, 1 and 5 mol%
Ba;Cuz04Cla.

1.4.3. =2 e S —
REBCO L7 3= 7w 22— 05

Fig. 1-30 Transmission electrion
images for Y123 matrix of polished
surfaces parallel to ac-plane of
YBCO bulks with addition of 0 and
0.5 mol% BaxCu304Cl,.

D RMaDOTEIANZ < & JALD T2

WZIZENZENOE =0 T o — ORI E BT BN b 5, ARIETIL REBCO
ST ORI E T, REBCO MEIOREM R =0 T X — %8l 5,

O EFCisti

RE123 DEFEDEAIZ X AT EES T DZALIZHOWTIE 1.3.1 Tl 7253,
BeEXRBIIE = T 2 — L LTI 6L 20, BRREDOMEN R T LS
K& ZAbT %, Fig 1-31 ICERFE RIERESD 72 5 NdBCO Bt D 77K (BT 5 Je-
B Wi 298 SOBIMNT R, Je D 2 B — 7 RNBEEIZ /20 | RA[RY: Bi DVE
5 ENgnD, BigITBRRKEBOEMNcE sy =7 homEick s, 7272
LEIH D XAS (6=0.09)2>5 XA6 (6=0.11)~DZAbD X H 12, BEHEKBEI BRI/
L EHEERMEN ST D2 e b D, T2 B DR FIXBEROK FIZL Y A

PERHINT 5720 THDH EEZBND,
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A : Bllc 4
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Jo/ 10*Acm2
N w

B(T
Fig. 1-31 J.-B curves at 7(7 I)( for NdBCO single  Fig. 1-32 Jc-B curves at 77 K for c-
crystals with various oxygen deficiency & XA1  growth region of YBCO melt-textured
(5<0.04), XA2 (5=0.05), XA3 (6=0.06), XA4 bulk  anncaled  at  various
(5= 0.08), XA5 (5= 0.09), XA6 (5= 0.11) and  temperatures.*
XA7 (60 < 0.04). The inset shows J. at different
temperatures which all have the same
irreversibility field Bir = 11 T.%!

REBCO &FEEE NV 7 b RO 2 7R 2 & BN YR EOHE L RS L7728
Fig. 1-32 IS EF S ERIBEDOHREXIEH TT =—/L% L7z YBCO 73/L7 D c-growth
T OREL A D 77 KITBT 5 J. OMSHKFEEZ~T, RIETOT =—/Z X ek
EERES LEREHT Jo O V=2 RN EN 2o 72— T, &\ B 28 LT,
DFVY JoOm EIZT T TE, @URRECHMET =— L ETHORERDH D,

Fig. 1-33 {2 Y123 @ Cu-O $H & MARIE AT b o R VEAMEE ToIE L8 2 R 35,
Nishizaki &%, A D XL 9 22— DOERFEZELOREIT L THIRS, KESITAK D X
VIR DN TATIR ) T AR —HBRT D L2 LMNT Lz, BRFEZEIL, B— D8
BlEae—L U AR EHEET D LA XADN/NINTED, ZDOXHIT T AZ—EBRK
THZETERMOE = T Z—L LTHEET D ZENEZBND,

Fig. 1-33 LT-STM atomic image of Cu-O chain layer in YBCO single crystal;
oxygen vacancy clusters (left) and single oxygen vacancy (right).®’
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RE123 CIXIE dhn> & E 7 dh~ O R
HRRIZ LRV, Fig. 1-34 1278 L72 NdBCO Hiik
Ba D ab THORICBMEE O L 512, Wb
DRSNS, WEAtmiirr=r2r7k8r
K — & U THERET 5 3%, REBCO 7NV 7 (2

BOTHZOHFLAS N EELBRTH
7 Fig. 1-34 Polarizing microscope image of

ab-surface for NdBCO single crystal.?*

@ FARENT Y

%1 FEBEERICSWTHEEI NI e = e 2 — L LT
58, ab— LU ARMDVEWVEIRBEEERTIL, KIROFERES YOV A X EL
5 & K& W=, BERAE & OR MmN Y v =0 7 D EicE S5+ 5%,

REBCO N7 iZBW Tk bREMNRFLEN O = 7% —1F
RE;BaCuOs (RE21 D)DK F Th 5, wauURIT X 5 RE123 FHOfE Lk R Oiafe TR
FANIZ BT 5 72 D BB IIIHT ) TldZe W23, REI3 BZERA E OREmA L =
VTR A—E UTTHEEET D720, B L CRIEEEZINSE 2 nrr=
7 hm EICETH D, FEIE 5.1 BECTRD, Fig. 1-35 (287 B ARRES (A - 5 A8
FE4)R D YBCO 73V 7 % 0.01 T DY FT~10K IZmEIfE, JHEL T 13K £ TH
BLUTHELEGZ RIS, (bIERMA 4 BHEMBISIMIG EEEn 77 7 ¢
—IZ L VBIER U TS 2 B A b2, (a) & O)ITaE A 287 12 +£521H
FCHRE L2 SIM B TH D, SIM GO WGEIE Y211 b2kt 5, &b
DY R = 7 SR N L 05D,

(a)

L B som

Fig. 1-35 Reconstructed phase image d\_z‘erlappec'i by SIM image of a squared-column-shaped
YBCO bulk in remanent state at 13 K (b) and SIM images of left- and right-side views of
specimen (a), (c).*®

RE211 477 LLAF Tl RE;BasCuMO, (RE2411; M = U, Zr, Hf, Nb, Ta, Mo 72 £), BaSnOs.
BaTbOs 72 L Sy =2 /v 4 — & LCHERET B W B HAT I E L CRIFBRLS
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RE123 TIZ RE » Ba %A NI EH: L 72 RE1+Bax.CusO, DERIEZ KT 5 =
ERFNHLNTND, Z OFEEFEIBITIIHEEEFER CTH 5720, KIRE OGS H
TEr= TR Z—& L THRET D, RE DA AL R0 & o THEEEIZZE LT 5,
FTo, AL AE R ETCHEEELA T 5 Z N ARETH S, FEMIT
4.1.1 THTER %,

3 I I ! I ! T ¥ T T T T T
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Fig. 1-36 Magnetic field dependences of
Je at 77 K for c-growth region of Sr-
doped YBCO melt-textured bulks.”?

Fig. 1-37 Magnetic field dependences of J. at
77 K for YBCO melt-textured bulks by dilute
impurity doping for Cu sites in Y123 phase (x

=0.02).%8

1.3.3 TR L 912, REI23 OEEBRICHEDY A NI ITHE CEELD AIHET
b5, ORI = TRHEREICTE ST oD H 5,

St R—7 12XV YBCO V7 O JHFHMENSESIND Z LIS E TH O 2
72939 Fig. 1-36 |29 L 912 Sr & Ba A MZxf L 0.05mol% KN—7"9% Z & T/
D2 B— 7 BDPEFICEN, WGP TR L 2R LT,

YBCO ~® Zn, Li, Ni 72 EOERINC L 5 J oG om EbHE Sh T& -
959697 —J5 T, BEHEAZH S CuO D CuR)Y A F D& B ICHEBHTIL T DR T
RIE L 725, UAFEEDO A HIE, Cu-0 $4D Cu(D) VA FO&EETEBEHIZLY T %
MEFFLTFE =7 NE M ETE 52 25T Lz, Fig. 1-37 12 Cu(1) YA
N ZEHLT 5 Fe, Co, Ga X° Cu)¥ A M ZEHLT 2D Zn ZPXEIRIN L7z YBCO HHhE:
BV 7 D 7TKANZEBIT B J OBGRGMEZ /R, Zn iIRINCH i kE<mEL
23, Fe, Co, Ga INIITIX XV BAE R J. D5 2 B — 7 R8Tz, AW % CuO, B{mE
MIZEE R—79725L0 1, Cu-O i~ F—7 T2 Ry = ¥ —%
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BMATEXDZER 00D, £7-, Ba A FE@EETH Sr & Cu()V 4 FEEHETD
Co DI R—=T12LV L REV\ETEZEHEHELNIR-72, 31l Co 73 Cu(l)
A NE@BEHTDHE, OG)VA MBI HEmBENEML, RIS 7272 E 00
Ba WA MM S DNEHLLTLRDEEZOLND, TDSr & CoDREICLIY B =
YINNREETDHED, @EIBERINZEEZ LD,

Fe-B &4, Fe-Ni 54, Fex03 72 & DREMRI ORI L 5 J. O L b @G ST
FI00I0LI02 7 = B DNV 7 TIE RE21 KL OFAIME & fERR S 7219, Fe <° Ni
D CuH A h~OEHE RE211 KDL A G D S > Ty = 7 ham L
Tl ERRIBREINS,

©® HH KA

IR CERICAN TRy = T X — 28 ANT D TR, B B, Bk
T BA TR EORIFRRBEIC L > TRIBEFKR T 2 FERS 5, RO A4 XL
TRV F— 2L o TRMEDOFRSCT A X B BT 5, FEE 6.1.4 THTH RS,

FOMIZ L FEE R P b = S A — 2 UTHSREL 9 A, F-EMR
BEICHR LAY N v Py 7 = TR LELZOND B 1L

1.44.  JHHEREGFIE & AT

REBCO ARMEERE SV 7 (3B AT O 2 & CHlEHERN AN E /58 B 84 &
L CHIANTE %, Fig. 1-38 |21 XD LV Nd-Fe-B KAMA (%), YBCO /3L
7 WA (77 K). GABCO 7NV A (77 KON R MG o0 A0 2 9710, — 7 e oA &
R AKAEA VTR0 | VT A DIRES L2 — RO RE LV | EDRK
RS K ABAIC L DS LD bEVMEE RO R T vy VERT S, BIfE, A
IV B DRSO ReeklT 17 T 2 2 TV 5(3.1.3 THS M),

(a) (b)

1.8

0.4T

Fig. 1-38 Magnetic field distributions for samples (60 mm¢ x 20 mm’) of Nd-Fe-B
permanent magnet at room temperature (a), YBCO bulk magnet at 77 K (b) and GdBCO
bulk magnet at 77 K (c).!*
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TR L 2 R O IR R BRI, B h A HIPE(FC 15; Field Cooling
method) & /XL A 35415 (PFM; Pulsed Field Magnetization technique)2’ & 0 105 i i f#as
0)@%@%’@%5%5%&&1 - ’C'fﬁb \ﬁj\ﬁ' V) %\g7§§ g?) }:)o

O ®EGHmENE (FC 1K)

FC {Ei%, RKMOEMACEBIEE~ 7 Xy NOMBHZLEL T2, A7 EO
HRBIG R R RIRICH ST Z L 2B E T OEMFIETH D, TDOFIEYE
Fig. 1-39 (TR 77, HAREARAE D)L 7 MBI AN joHa Z2FIIN L . % DYREE T roH,
TO T LA FIZWEIT 5 & BRPE LI TSV NITRA L, 207 NERIZITE
REERAEET 5, ZOREBTHBHEGZERIZL TS, —HO®EFHERRITHER
BN y=ransdlzd, BALET RV A E LTRIHTE 5, 727210,
7NV 7 DIHRESG R % e KIRIZ 51 & 972 DITIE, e KIS oHT UL b D S5
G T HVERD D,

T>T,
external field H,

T<T.
external field H,

T<T,
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lines of _magnetic
. magnetic flux
bulk material force quantum
1oH, woH
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Fig. 1-39 Schematic illustration of magnetization of superconducting bulk by FC method.

@ 7V AFERE (PFM )

PFM 51T Te LA FICWH UBREIREIC L2V 7 122 Y A — 2 — DOV A K
ZHINT 52 & TEHEMETD2FIETHLY, DY L ) A RaAf WA TEBNRTED
72 FCYED X 5 e KM /3@ 2 B b &, BREEE & V7 a2 —IKMe s+
EITHAIAT Z & B TE D, FCIE & T 5 & /N Dl 22l 72 F1E Th 5,
— T, EWOBIZANRRET D720, BAOFAMGSCEBIHZTe ) 7z TRAME L
2%, ETFCIEEITERY | ST OFIREGREZ R RIRICH| & 3 2 &1 38B
BECIIARRRETH U | FfE TE 25 OMEIZ/ N XV, PRM IEIC L 2 i O e imnd
#kiX. Fujishiro 5723V A OHIINZ 72 HIRE4TK — 28 K) TEF 4 [FfTH v /L F

2OV AEIIMZ £V GABCO 7¥/L 7 (45 mmg x 15 mmO)IZBWCERMR LT 520 T TH D
108

o
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1.4.5. B

UTAE ORI THA OHEHXZ L REBCO RREEERE L 7 13 & & 2 Aicte s
TR T3 CTE 5 K 912785 T 7=(Fig. 1-40)!%, REBCO »NL7 OISR 1O i@
B 1@ BAFEE~DICH] 1Q A8 A & LTOIRH] IZRITE D,

Cylindrical shape

Sphere
. /Ball-shape .

(with a metal ring)

Meander

Fig. 1-40 Various shapes of REBCO bulk materials synthesized by Nippon Steel &
Sumitomo Metal Corporation.'?”

OF:LInY .
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REBCO ¥R /S L 7 13 B Vapor

AR E~ 7 % v N OEH Y — L \4 Current connection

— RELTnHENTWAS, &Y :ﬁservoir
— K &% Fig 1-41M2Rr3 XK 9512 cryocooler
HARE o A VA & AN R E
ABSHEBAROZ L THY VAT

DB EN R & 5T DA

Tl %M, GERATFA TS ITL ineroopt ™|
TeD3 i & P % & BRI R8Ik

1
1
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- o o s e e

Transition
- ansitio

pd Lower-stage
warm-end connection

==

\

|- Lower stage
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) T o Vapor—]| © : |
HTAR\ AR L) TR flow ® S
¢4 Bi-Sr-Ca-Cu-O AW 51 e rl_i__i(//oevace

&0 M, ZD%, BERAL
3 L~ SR G A 3

%{ﬁ@ﬁﬁiﬁ: . DESH% - ?F‘;\ﬁ%ﬁ) Fig. 1-41 General concept for HTS current lead
Rk SN 7o 2 E THHARREE®E - divided into a lower stage, adjacent to the low-
BT B4 REBCO ~\/L 27 #f  temperature environment, and an upper stage,
BEC ORI A HE AT (Fig, 1-42)1 adjacent to the ambient environment. !

REBCO /L7 |3 Bi SRR {EAR & il d™ 2 Lk T To L < CEiRY — FE LT
BARR 2B T 2 L S 2 5. FFIC RE 23 Dy O5A 7MY, Fig. 1-43 [R5 & 5 1CBYR
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WRANSLSRDTEOEE LN ERMBN TN,

AU — NLSAOEAEISH Tk, IE4 T 2 A GABCO #pf DI YBCO /31
7 % MW DRBDBIEE > T LM, BUIRTIEIT D GABCO #iFF D 10% D &N L 2t
TWRWed, @I RWTH RERZIE D KO REERSERDOHND,

200 T T T T I T L) L) T I
- —e— DyBaCuO (ab) |1
i —o— DyBaCuO (c ]
150 —— YBaCuO (ab) |4
L/ N\ | eeeeeeeee YBaCuO (c) .

x(mW/cmK)
>
o
T

! ' 1 1 1 1 1 1 l 1 1 il 1 ]
0 100 200 300

." T(K)

of DBCO Fig. 1-43 Temperature dependences of ab-plane
and c-axis thermal conductivity xu» and x. for
DyBCO and YBCO bulks.!''?

Fig. 1-42 Appearance
bulk current leads.!*
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o HRREDEBENBEN T SNV 7 K ABARER AL DG E = 795
ZET, T Y —CRERMRE LA R TE D, BFfE e & CIIOKARA L iRiE
EHTHAEI L2 REBCO /N7 BB Y I B iR L EBROE RN L A%
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—BRC, BRE [Ny « by« ¥« 7 2—F v — PART2) I8+ 5K —R— %
WA EWZ L BB U722 SRR BT E L,

BT EOREBERIZRICHENTE NI 7 7 A4 A — NV REETH D, WA
AR S HEERT RN — 2 EH TRV —L L CEETIEETHDIN., —ixRM72R
7 T A KA — LTINS TSR Z SRR 5 700 Bl BB L 5 =¥
— ORIV D1, — T, 2 BAEHRAE ST 2L TLY EEOE
PP E N B TE 5, NEDO 7' 2 ¥ =7 MIBWTHEMZE B/ TOILTEY,
2015 4 9 AIZiX Fig. 1-45 IR TR ERBEOKRMNR T 74 RA —NVEBEL AT L%
A3 2% IR R 2N (LBLECK B Lz sepk L7218 RS2 0O 1 — & (2 REBCO /3L
JMEE, AT —ZIZREBCO MM AR WS Z LT, HE2m, HE4 M b oL
AR ESHE, 100kWh kD7 7 A KA — V&2 ERTE-, I0MW KEGE3EFTOE
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Generator motor
by RTRI
Converts be n rotating energy
and electrical energy to
store/discharge electricity

CFRP flywheel
by Kubotek Corporation

S dedin f ingworid's
largest-class CFRP flywheel with 2-meter
diameterby unique carbon fiber weaving

Vacuum vessel
by Mirapro Co., Ltd.
Decompresses the airtight
vessel to reduce energy loss
by air resistance to flywheel

Connected to
megawatt solar
power system

System connection with the
solar power plant

by Public Enterprise Bureau

of Yamanashi Prefecture

Connects fywheel poveer storage
system and solar power plant, and
stabies power supply
Superconducting
magnetic bearing
( by RTRIand
B N ; Furukawa Electric Co., Ltd.
e y | Succeeded in contactless, low-loss
bearing g ting powerful

- - m i
Rotaung §haﬁ o 1 field by superconducting coil and’bulk
containing Superconducting
superconducting bulk l coil (bearing) |

System specifications

d - Output: 300 kW

- Storage capacity: 100 kWh

« Maximum rotating speed: 6,000 rpm

Output and capacity can be changed

Mf - 4 . < e o =y with different combination of the motor
v 993 E» = g i and fly wheel, according to different
4an Yamanashi Prefecture: usages.

ST y
Outpm: > W;.—;*.:___;_;__ B .

Fig. 1-45 Configuration of flywheel power storage system test machine completed by
Railway Technical Research Institute et al.!'”

Permanent
Magnet (PM)

POV T M E W TR AR BT R E
~OISH BT SIS, Fig. 1-44 1237
L T REEE L — LRI T2 KA
Wi THERL T 5 2 & T ALE ORI iR
REEEFRE L TV B0 F 7 R BT
RpPEEICODICH SN TEBY, FAL R TR
% REBCO 7NV 7 ZFLIRA A T2 7 INFERE
fikPBASFCRIEE Y 2 7 A 2B E L TV B 12
SV MERHIRE AR ElSIc b 5 L F

R HIVTWAI2 N Ak T 2 Bl & B

KR TUN B 123124125 Fig. 1-44 Schematic illustration of
magnetic-levitation  superconducting
seismic isolation device.!"’

2nd Layer
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@ WABEER A E L TOIGH

fth DG A SEE & i U 728D REBCO NV 7 B D o A hRoH A R | R
% Fig. 1-46 (253 195, KM OERACBISE 2 A VA & igT 5 &/NlD%
i C, KARA &l d 5 &GN ) CTh DN B E NV I A D& —7 > b
Thb, RBIFEERINTWDICHEIZZET 5 L. REBCO V7 EAIZRD 5
NHEINIZOKEY HbEmL, ISTEREEFTTHLEEZLND,

10

Novel magnetic field generator

(57 I N . U / -
T Mag. Lev.Train

Boundary of
conventional
technology

Large scale
electro magnet

Magentic flux density (T)

Permanent magnet

\

Small Size Large
Less expensive Cost Expensive

Fig. 1-46 Industrial market region of HT'S bulk magnets among other magnetic
field generators.'%

@ RIS AL AT L (MDDS)/ REMEEAIIEE S 2 T A

REBCO L7 BAIXERSEH TORHEBRINT WD, K/NNROEGETRR
FROZN I DI BLZ A HE & UEIEH 2 K08 & 1 5 3R~ A7 A(DDS)D—Ffl & LT
ERERINTWD T RT ADPERIEAW % > A7 A (MDDS; Magnetic Drug Delivery
System) T 520, Z OHEMEX % Fig. 1-47 12759127, MDDS 133V 7 it & VTR
BT S AT RS A RS D RN U Bk 72 R U 72 384 & B & CTRp -
ST LHEBEOU AT LTH D 12,

F IO E W ORRLEE A HE L MERSMIL AR THET 2 FEBIIZRES
TW5D, —ICEE L & SN D BEEIRE OFAS ZOFIEICLY I =742 TIIBEIC
FEh LT 128,

ZOEIRVATATOMMAZTEHNE LIEFOODL YA RO/ NUERE L
7 WEAAAEE S B RERNIC L VB SN TV 5, Bl — M TH 0 M E S 2 K
(AR L 7= Z D& (Fig. 1-48)1L 46 K TOMHIT 35T Ot & L THEH TX 5129180
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Cryocooler with cooling fan

Thermal | (65 mm in depth)
conducting bar

235

Unit: mm

Magnetic:
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K\ >

>

-
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Fig. 1-47 Schematic illustration of  Fig. 1-48 Structure and photo image of the
magnetic drug delivery system.'?’ trial palm-sized HTS bulk magnet.!3°

@ RIS HE

REBCO 7V 7 A7 & W CEREERIE O 2 B a8 6 & 5, Fig. 1-49 |20
7 WA e T2 15 9K G L EEE OIS X CH 5B, EKOFEBLRIREMEOMFIE & LTk
12 Fes04 & FerOs DBERITBEIZ AP LT Z & bt S Tun a3

Fo BEE IR IIRETOFESIC L0 BSHEE CHER LR RO LA R
KOTBEC L VBRYET D LWV I RB L H DB, Fig. 1-50 IZZ DOBRYOFiI &2~ 134, 15
ROERIFRTHY 30 FH ORWHJEIZ AT 2 PCs M LITRAE LT W e o),
FT LA R UL 2B T 5, EO%EDOR LA, Cs 22 < IFWFE L7\ KR
D1: 1L Cs L MAETDHRMED 2 : 1 MWK EET 52T, IHRHEHED
R & FRE L 95 134135,

SSection# FR A

Magetic separator | | Membrane separator
| | section oo
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3 0@, o
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0@ |[s0000
Effluent \._./ 0838¢

Washing water

Sand gravel Clay minerals
Rotating shel Bs "kl'll 00000 | Cs migration treatment
Flow regulator RN (washing)
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Conlamina}r;{ g Magnetic separation
Influent #i N;)ccu a'm (HGMS)
agnetic
tank A particle i
Ferromagnetic floc ! V
CCHOAN 77474 i 2:1 type clay minerals 1:1 type clay minerals
Fig. 1-49 Schematic illustration of system for
magnetic  separation of magnetite and Fig. 1-50 Flow diagram of
hematite.!3! decontamination of radioactive soil.!3*
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@ = 7 NMR/MRI

IIRABA BT 2 F W29k D NMR Baa 13m0 fEie & B89 5 72 DI KB 72
DO~EFRAEPEAL TS, —H U U WRICI LT LSV A WA Z & T, D
[ /X7 NRRBRIEGIR) LW O FFRZTED L, AL - VR - & - XA L
S T2 D 22 W EF I 2 > NMR ffr O EFLDSHIFE T 5136137 Fig. 1-51 (2F DK
KX, FE LIz V7 OFEE, {630 NMR #f1 & DOV A Aoz /4138, 7o b
RN JE S $0AY 200 MHZz #% O NMR <2, EuBCO % V7= MRI 24 {& 139 CTIZB% S
TU\E) 138,139O

(@) (b)
Bore (Room Temperature) —_| ]
HTS Bulks /M
Reinforcement Ring /
Vacuum Chamber / | “

Cold Head /E

O Valve)

[Compressor{< Unit

Refrigerator

Fig. 1-51 Cryocooled HTS bulk magnet for NMR; schematic illustration of the magnet
(a), stacked bulks for the magnet (b), and comparison with a conventional NMR magnet
(left: 300 MHz SCM, right: bulk magnet) (c).'*8
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A E— 2Ry - W ER R ER e E 0T —F - FEEHK T, 17— X BEROK
DBt % V7 A B & Az 5 2 8T, AL - mRRE L ER T E D 2 L B HIRE
ENTWBH Fig. 1-52 (27 BAr & O - [REEEE O XK 2 x4 Sv
AT PRMIEIC K W BT 5 2 & DMEE S AL TN 5 14218
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Current
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(Field magnet disk) )
Magnetic Fluied Seal Unit Copper insulator ~ Refrigerant

Fig. 1-52 Schematic illustration of a single Fig. 1-53 Schematic illustration of
rotor type synchronous HTS motor.'*! stacked HTS array and solenoid.'*
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Fig. 1-54 Strategy for enhancement of
Btmax In superconducting bulk magnets.

Fig. 1-55 |2 3 fFHD Y4 AX(30 mmg x 10 mm’, 46 mmg x 15 mm’, 64.5 mmg x 20 mm’)
OF AR GIBCO /v 7 O EEOFRE LS 27 E 77 K 2B T DYy
DR Z R T, LT PR E 72 DI OFUHIRBES OEN 7 E5 5 Z 3D,
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Fig. 1-55 Top views of GABCO bulks manufactured by Nippon Steel & Sumitomo Metal

Corporation (a) and relationship between trapped field at 77 K and diameter of those bulks
(b).148’109
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b 1 EORERE D FRLTZ b O L F%EOH Fig. 1-56 Top view (top) and trapped
Pewsts & sEnk L7z, field at 77 K (bottom) for YBCO bulk

grown from two seed crystals.'#’
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Fig. 1-57 Expected conditions for practical applications of superconducting bulk magnets.'%
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Fig. 1-58 Overview of the progress of QMG (REBCO melt-textured bulks manufactured by
Nippon Steel Corporation & Sumitomo Metal Corporation. Total flux density at 77 K 1is

shown as an index of the performance of QMG bulk magnets.
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REBCO &REERE /L 7 OVERL « S D FEARR) 72 FIEZ Fig. 2-1 O 7 v —F ¥ — |k

T, RHPOlIZETYWERILTH D, W8T & O RIESTEM 22 SEBR SR IIA EIC
FLT, AREE TIIAGR LD D FEARN 72 HER T IEIZ DN Tab R 5,

Starting materials: RE,O;, BaCO5;, CuO

RE:Ba:Cu=1:2:3 RE:Ba:Cu=2:1:1
Mixing & Calcination in air Mixing & Calcination in air

RE123 powder

RE211 powder

v
Mixing [RE123 : RE211 =7 :3] + Pt 0.1 ~ 0.5 wt%

v
Pelletizing by uniaxial pressing (100 MPa)

4
Melt-growth in air (seed: Nd123 single crystal)

REBCO melt-textured bulks

Cutting into rectangular pieces (~2 mm X 2 mm X 1 mm/’°)

Annealing in flowing oxygen (> 100 h)

W
Characterization

Fig. 2-1 Experimental procedure for preparation and characterization
of REBCO melt-textured bulks.

2.1, fEAHFREE
i SCH TR W 23K & Table 2-1 (281529 5,
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Table 2-1 Reagents used in this study.

Reagent Manufacturer Purity / %
Y203 Furuuchi Chemical Corporation 99.9
Nd»03 Furuuchi Chemical Corporation 99.99
Gdx03 Nippon Yttrium Co., Ltd. 99.99
Dy»03 Furuuchi Chemical Corporation 99.9
Ho,03 Furuuchi Chemical Corporation 99.9
Ern0O3 Furuuchi Chemical Corporation 99.9

BaCO; Furuuchi Chemical Corporation 99.9
BaCO; TEP Corporation 99.86
BaO» Furuuchi Chemical Corporation 99.9
CuO Furuuchi Chemical Corporation 99.9
CuO TEP Corporation 99.9
Ag0 Furuuchi Chemical Corporation 99.9
Pt Furuya Metal Co., Ltd. -
Y123 TEP Corporation -
Gdi123 TEP Corporation -
Dyl123 TEP Corporation -

2.2.  REBCO &l /v o R
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MEIXYSZ ThoTz, 1EIDOR—/LINTS5 gD REI2IHERICHL 15 g DR—L %
7z, B (E 300 rpm T, 5 min Al S % 72 TNT Smin IR IE LEVDOFAEE I 2
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B LT RO —EBI% TEP B0 ) DT, SALD-300V (& HEERTH) 2 H
W2 b= —[RIHTEIC L DRI 21T > T2,

22.2. HIBEHENS L > f DR

A L7z RE123 & RE211 OJFEMKREWERELTT7:3 LRDEIOMEL, Pt
A0 2 EDORMY & & b IZ TR A% . IR BT 5> NPa & A 7
L8 % FAWT—H~" L A (100 MPa)lZ X 0 BIBER~ L h 21572, Pt & AgO ZUN
L7-EEHIZENEILS14H, 7.1 HiTiRR5,
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time
F1:g 2-3  Photo image of precurs;)r pellet set  Fig. 2-4 Heat treatment profile for melt-
in electric furnace. growth of REBCO bulks.
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225 AAZDGYHIL - HHE Nd123 seed crystal
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Fig. 2-5 12”9 & 912, i m D a-growth
fEI. $RIE TR c-growth RIS HEIY 1Y Fig. 2-5  Schematic illustration of bulks
L 7= 3Bk B O flE 5 78 B O FEEEA 7 112 showing the positions of specimens for
characterization.
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RS IE FH OFEHIEI Y B &9, L - K 20 ELEE Metaserv 2000 36 KL OF
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Fig. 2-6  Relationship between temperatures, oxygen pressures Po>
and oxygen deficiency AS.'>
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superconducting bulks.

IR ey
Fig. 3 2 Secondary electron 1mage
of polished ab-surface for YBCO
melt-textured bulk.

RBEIVEZOLIZHERKESEDZ LT ANV RNIZEGFTDHHRA BRI HZ L
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v h~O—H{ 7T LV ADOHREZHRE L T ZoHE TR, ik L 72544460
MPa TO 7' L A% LTV 950°C, 4 h DRHIBER) THE L7 Y211 ~ L v M & HWTER L
TSNV T IXTTKIZEBWTEMGE TEW L (65T T~ 100 Acm?) ZHERF L7122 & &2l
_RTWD,

IGEUAMZ S, Ag SN, BV ORIIEEIR12, Ml 5 < T CORTELELL
it B AR ORISR MU AR Th D, Lo LI SRH K T T o EiR L]
IZRE123 fHD RE @ Ba ¥ A F~OH B A RES Y, TR J 2R TS5 ERK &
2%, & ZTHMEEOFA OITME MR SR X T (Poz ~1 kPa)T® YBCO 73)L7
B R, RA FOKRE Y/Ba EEEING] 2 FIRFZE#ER S5 2 &I L7210,
ZOFETHER LT YBCO SV D ac #fFBEH % Fig. 3-3 (121, ARJEMIEE SR R P
TERIZEVEGFERA RO LN LTz, 77K IZBT D J. ORSGIKTE(Fig. 3-4)
MHIX, JoDFE 2 E—7 XL VIREIGO SN KREL M ELTZZ ERg0D, BRIEZ O
Je DI % Y/Ba YA N ER S =720 LSl T 72, 2 OBSEGREEIR O J Jk
L, SRS AT AL OFEBOEDICEE THH LSR5,

Fig. 3-3 Secondary electron images of polished ac-surfaces for YBCO bulks melt-textured
in air (a) and under pure oxygen atmosphere with a low pressure of ~1 kPa (b)!¢,

8 T T T T
Y123 —o—2mm —o— 1 mm
—o— 2mm
68 —-o0—-4mm | i
o P —— 3mm
5§ 8 —o-6mm | melt-solidified in -
f melt-solidified in
e 4 open : air 1
=~ closed : low pressure]
=

pure oxygen

2 2
uHIT uHIT
Fig. 3-4 Magnetic field dependence of J; at 77 K for YBCO bulks melt-textured in air and

under pure oxygen atmosphere with a low pressure; a-growth region (left) and c-growth
region (right)'®.
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3.1.3.  EHATEIE R FIC LB IR D]

FRBES O cmrieklL, ZORICAR— VR T2 THEEB S E7 2 2OV &5
W S LMD HEER ST E T2, Fuchs HI1X Ag % 10 wt% i L A7 > L 2 Cade
Z & CHEMAERE Z 1) E X H 72 YBCO /3L 7 (26 mmg) T, 225K IZHBWT 1435T D
eSS & 2R L7219, Tomita HIFBIIEZRICEVARA R0V T v 7 28D | [RFEHK
MECTEA, BMRE L BAFICT 272012 ALFREZREA L7z YBCO /3L 7 (26.5 mmg)llis
WC, 29K T 17.24 T OREERES & AL L 7= (Fig. 3-5)'%%, Durrell 5 I3IRGEIE AT >~
LAY 7 TR LTZ Ag BRI GABCO 7317 (24.15 mmg)iZ 26 K T 17.6 T Z it &
B2 Z LIk T) L7Z(Fig. 3-6)'%%, Z @ Durrell 5 28NEERL L 72 flHERGSS S BLAE O R 5o d%
Thbd,

181
16
14[

12}

[ = ~O-26K (end of
€ 10f 2 R,
ke o) -9-35K
2 7 & —*—-45K
= 8 15 /s N -A-50K
o7/ . \
— 10 0//A\ N
° S /s \’
i ke y *
= © ‘A *\
r 2 / / g/ A
54 1/ / N\
ar g/ \\\:
2 1 ®
s 78K -10 0 10
914 _'7 6 7 14 . Distanf:e from Centre (mm)
Distance from the centre (mm) Fig. 3-6 Photo image for two Ag-added

Fig. 3-5 Trapped field distributions at 29, GdBCO bulks (24.15 mmg¢) reinforced with
46 and 78 K between two YBCO bulks  shrink-fit stainless steel (top) and trapped
(26.5 mm¢) with carbon fiber wrapping, field distributions at 26, 35, 45 and 50 K
resin impregnation and embedded Al1'%. between them (bottom)'%%,

3.1.4.  REI23 JAFHH K DHHIE

REBCO {&RlEEE SV 7 DE JABIZIT TiX, 5 S B TRRS L 51T, mk&ffko
RE211 AT H#) OB LR AR SN T E T2, TOFIEO—23, A—/L I LK
IRBERIZ & 0 W10 RE211 B K2 ik 35 Z & Th 5, — 5T, D RE123
JFEH R OB E DO FIZ DN T, THETIE L A EHEEIN TR, b7y
FFED—>TdH % Thoma OO TIL, KRN/ D 2 MO Y123 FEMR(EN
IR 2,70, 6.39 um) % VT 20 mmg (Fdu R %) D YBCO /L7 2 EfL L 7=
& 2 A TTK TORRES OEIIIR X 2B WIS o 72 2 L 2R TN 519,
L2 L Y211 BB O AL & tile 2 & i TR\ Lot/ hsnb oo, 2
DG TOFEHERES DEIEH] Z1E 0.54 - 0.61 T 72 &, Y123 JZEH ROFHMEIZ L 5
MRS xRz s s,
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32, HEYE

AHFFE TlE REBCO IR RMEEE /L 7 1281 D FRIF AR A R DR R it et xt
T HHIBAESN L y NOFEBEONREFMT L2 2B E Lc, RERORRD
RE123 FEMRZHWED | B LETHIREFIET LV ACIP) AT T56Z &
T, SFEIE R TEEEOFIIRAKL v & HE L, REBCO IFRElEEE NV 7 % {EHL -
A L7z, 672 RE123 RS R 1% TEP #EAEHMERL L2 b D2 LT,

33.  YBCO /3L 7 TOEEM

33.1.  EBRLE

2 TR Y123 BUEHEYR(Y123-A, Y123-B)DIERISGA: B L OVF D “IREH % Fig.
3-7 12”9, TEP BRAESHNER L7- Y123-B 1, Y123-A L0 b EiE AR L=,
R—L IR b S i, ZIRE BN L 5025180 | YI23-BIX Y123-A £V
T H Y . SEHIRORI B BIEZ ST, SALD-300V (B3 RERT ) &2 V2 L —H —
[BIPTIEIC L DRI AT OFE R, SEEIRIPRIT Y123-A 73 4.58 um, Y123-B 7% 0.71 um T
otz ARBFFEDERRTE% Fig. 3-8 12, YBCO /3L OFKSM % Fig. 3-9 12, #k
B o0 H UALIE % Fig. 3-10 (2759, a-growth SHI, c-growth SHIKZ L Z 40> 5 4]
D H U7 T OFERE S S OBEA Ly, Lo/ mm & B<, 2L v M Y123, Y211,
Pt DIRAHEK 9.0 g Z 100 MPa T8l 7L 2425 Z & T20 mmgll i L=, —#D
~ Ly M, Dr. CIP (47 L8R5 T 200 ¢ L < 1Z 300 MPa @ CIP % & 51247572, Ji
BB EXOCIPEE2E 252 L To MIHOREIZER L-, A1 RORE IREEDSy
Mrix BB OV CHEMEAENT > 7 b Image I 2 W CTiT-o7-, 22 Tl 78
SIS ENT CREE AL N EE L 72 5 c-growth FEIR ORLAR-CHHE &2 ST 5,

Starting materials: Y,0,, BaCO,;, CuO

| Mixing (Y :Ba: Cu=1:2:3) |

v v
Calcinationin air Calcinationin air
880°C, 24 h 925°C, 50 h
v
| Ball-milling |

Fig. 3-7 Experimetal proc’edure for preparation of Y123 pc;wrs an their secondary
electron images; Y123-A (a) and Y123-B (b).

44



H

i

Temp.

Fig. 3-9 Heat treatment profile for melt-
growth of YBCO melt-textured bulks.

Starting materials: Y,05, BaCO;, CuO

Calcination Calcination Y:Ba:Cu=2:1:1
I Calcination in air
Ball-milling 800°C, 120 h

Y123-A Y123-B Y211 powder
\2

Mixing [Y123 : Y211 =7 : 3] + Pt 0.5 wt%

v

Pelletizing (20 mm¢) by uniaxial pressing (100 MPa)
CIP (200, 300 MPa)

v

Melt-growth in air (seed: Nd123 single crystal)

YBCO melt-textured bulks (~ 17 mmg)

Cutting into rectangular pieces (~2 mm X 2 mm X 1 mm/’°)

v

Annealing in flowing oxygen (450°C, > 100 h)

v

Characterization
Microstructural observation: SEM
Magnetic measurement: SQUID, VSM

Fig. 3-8 Experimental procedure for this study.

Nd123 seed crystal

facet line
1040°c /05

peritectic temp.

c—gr%wth reglon

time Fig. 3-10 Schematic illustration of
specimens cut from a- or c-growth
regions of YBCO melt-textured bulks.
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3.3.2.

NI 2 DA X E (AR D 2L
Fig. 3-11 ({Z/ERL L 7= 6 F¥EOEI D Em DB E % | Table 3-1 [ZikkEE 5. Y123 Ji
BHOAR. CIP OFET), BIBMER LV v b EEERIRER DSV O A4 Z&F0T, &2TO
FHTUU TN RAAL DNV T OFERICKE Uiz, BIBRERL v b Clid, 72
Y123-B Z W5 Z L CEIEZFHO, @FED CIP IZ LV BIRF B OUIUHEN R 5
N7z, FZ2OR/NEFRITEMKER bR S L,

#1 #2
5 mm 5 mm
#4 #5
5 mm 5 mim

Fig. 3-11 Top views for YBCO melt-textured bulks of #1 — #6.

Table 3-1 Starting Y123 powder, CIP pressure for YBCO precursors and sizes of disks before/after
melt-growth in this study.

CIP Size of disk
Sample Y123 pressure ‘ before he'c}t treatment ‘ after me}t- growth

No. powder / MPa Diameter Thickness Volunge Diameter Thickness Volun;e

/ mm / mm / cm / mm / mm / cm
#l1 - 20.0 8.2 2.6 17.0 6.8 1.5
) P 200 101 79 23 168 6.7 15
#3 300 18.8 7.7 2.1 16.8 6.7 1.5
#4 - 20.0 7.8 2.5 17.1 6.2 1.4
#5 Y_I]§3 200 18.9 7.9 2.2 17.0 6.2 1.4
#o 300 18.8 7.5 2.1 16.9 6.1 1.4

Fig. 3-12 {2 Le = 1 mm OALE S0 H L72iBH A O ab WFEEH O —IRE 1B % 1~
I, FEHITEL LB ERN~10> um TH D RE 2R A RIZIF & A B SRR
2o ZOMEBIIREITETH D720, RA ROJRIK & 22554825, Y123 FAA LR

BT 2B DRTH LT Wb TH D &

A TE 5, AA FOBITD70 D

DD, ZORTHET D L W R TH D Y123-B 2B IERL U 7-#4, #5, #6 1T#1, #2,
IV LEFELTEARA ROV NE IR T BT,
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Y

Fig. 3-12 Seconary electron images for polished ab-surfaces at c — 1 mm of YBCO melt-
textured bulks #1 — #6.

Fig. 3-13 Secondary electron imags fr lisdb-surfaces atL.=3 m f YBCO elt-
textured bulks #1 — #6. Area fractions of voids are shown in each image.

—J5. Fig. 3-13 2R L7z Le =3 mm OMLEN L) H L7723 E T Tk, WihoiR
BECH Le=1mm XYV RA ROEGENBN -T2, TOHRTHET S L, AR L7 L
I DY A RZANPE L TRTE DL 9IS, Bl R TH S Y123-B O CIP D
M E D RERARA ROBNBD Li=Z LR35 D, Fig. 3-13 [IZIXERELD ab HFE
MO KRB TFRIZEIT 2R A FOWEMOEIE bR L T D, ZOEIE SRR
THD YI123-BOFEHL CIP IZ L WK T L7z, Fig 3-14 138 A RO WriEfE O F8 %t 5K
DEARNTTLTHD, CIP Z470DT Y123-A > HAER L72#1 Tl 2 x 10°um? ULk
DOWrEfE % AT 2 RERRA B LT —T5 T 72 Y123-B 7 B AERL L 7244, #5,
#6 TIXZD X D RRERAA FIFBEINT, 1 x 10° um? LLFO/NE 726 D0 70%
LhbEZ &7, RA Ko7y REBCO 7SV 7 1ZARA RDOZ G D & Bl U TR
SRENEN TS E VI MERH LNV TNEEEE XD L#a, #5,#6 13#H1 LD b
FIRETH DT ENPIFTE D,
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X 2 | = 20 )
< 80 fromY123-A { 3 80 fromY123-A | 3 80 from Y123-A
S without CIP S 200 MPa CIP S 300 MPa CIP
S 60 S 60 S 60
(o (o (o
o o o
"q') 40 "q') 40 "q_) 40
2 2 2
© © ©
T 20 T 20 T 20
o o o
% 1.0 2.0 % 1.0 2.0 % 70 2.0
Area of void / 104 um?2 Area of void / 104 um?2 Area of void / 104 um?
100 T T 100 T T 100 :
i #4 = #5 1 = #6
3 80 fromY123-8 { 3 80 fromY1238 | 3 80 from Y123-B 1
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S 60 S 60 S 60
[on (o (o
D o o
; 40 "q') 40 "q_) 40
2 2 2
© © ©
T 20 T 20 T 20
(2 o o
% 1.0 2.0 % 1.0 2.0 % 1.0 2.0
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Fig. 3-14 Distributions of cross-sectional area of voids for polished ab-surfaces at Lc = 3
mm of YBCO melt-textured bulks #1 — #6.

ges with high
=3 mm of YBCO melt-textured bulks #1 — #6.

F 72 Y123 BBAAERHH T /01 L 72 Y211 FEBASEA O ) O W XLL/0 47 13 Fig.
3-151CR L7 Le=3mm TO ZREFBTHD L5118, FREOR CALENHY)D
L7230 ORI CIER E RBEWT R O o T2,
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3.3.3.

LR L ay T

TIX92.0-923K Th o7z, L=

BEAEFFIEDZSE
Fig. 3-16 [C" T K DT, #1-#6 D Lc=

L3mm 680 HL7=22ToORET 258

RUT, T X Le=1mm ONETIZ91.9-922 K, L.=3 mm Of[&
3mm OREH T DIFH

DIXHDEN Le=1mm D

%@i@%%@k%<\Yuua#%@%Lkﬂw7#%@DMLkﬁﬂﬁ@ﬁﬂ

YI23-A 60D X0 HEmW T 2R LT,

7/ - (normalized)

915

92.5

x /- (normalized)
)
(@)1

Or (b) Lc=3lmm

- #1 A #4
-+ #2 = #5
—-O0— #3 —e— #6

Fig. 3-16 Temperature dependences of magnetization for sample pieces cut from
L.=1mm (a) and 3 mm (b) of #1

J,/ 104 Acm?
N

T T
Nd123,
seed crystal

—— #1 O #2 —o0— #3

—A— #4 m #5 e #6

23
B/T

J,/ 104 Acm?2

91.0
T/K
— #6.
L,=3 mm
6 - #1 O #2 -0 #3 |
% —A— #4 B #5 - #6
—X/— grown in air*
—V— grown in low pressure pure O2*
*Y. Kinemura et a/

B/T

Fig. 3-17 Je-B curves at 77 K for sample pieces cut from L. = 1 mm (a) and 3 mm (b) of #1
— #6. Open and closed black reverse triangle symbols in (b) represent the samples melt-
solidified in air and in low-pressure pure oxygen atmosphere, respectively, in Kinemura’s

study'°®.

Fig. 3-17 12 L. =

mm TIXW 3o

1, 3 mm OFET D 77 K \ZBIVT D J OGN ZRT, Lo =1
AEY 0—5 T DORRSEE CTRIED J. &

w72 —J7. Le=3 mm

TOJNIL=1mmDOLDO LY HEEVMEE 7o 72, ZHuTfERGEsE & L THVLZ Nd123
HAEEE DD DO Nd OV Le =3 mm DD/ NEho-720ThrEEZ NS, F
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72 Le=3mm OB AL Le=1mm OH D & B2 | I OB L » ~DOEWIZ
KU JFREICBRE 2 E DR R ST, il Y123 B RKOEHL CIP I L v | 4F
122 TULFOIRESS O J. 3m L Lz, BlxiX, AR TH D Y123-B 2 H T 300
MPa @ CIP ZAT > J2HIBA~N L > R BAER U72#6 1%, 77K, 2 T T~4.3 x 10* A cm™
EVIEW L ER LT, 20X D7 LA BT R TR EOYFREED, KT
MR FFS T THRK L2 YBCO /L7 TORER L RO R THD (Fig 3-17 (b)
DEDOTFHE =AY VR,

5 ¥ % 2 il T X ' ¥ T ¥ ¥ ¥ ¥
I L.=3mm]
#6 ™ ]

IS

40K ]

Jo/10° Acm=2
w

o 5 _ _ 10 15
B/T

Fig. 3-18 J.-B curves, measured at IMR of Thoku Univ., at 40 and 60 K for sample pieces
cut from L =3 mm of #3 and #6. B” was defined by a peak in the field derivative dJ./dB and
By was defined by a peak in the J.-B curves.

B2 % Y123 FBH R A FH Y 300 MPa O CIP %247 - 7-BiBR{IE~= L v S ERLL 72
#3 L#6 O Lo =3 mm OALENSHEY H LB IOV T, VSM (40, 60 K)F L O
SQUID (77 K) CTORELRIE D & 5 L 7= J. DRESGEFE% Fig. 3-18 1279, Y123-B
HVERLU72#6 13, YI23-A 0 BAERL L7243 L0 b @S £ TaWL J 2 HERF LT, #6
D J DFEIX 60K, 4T T~22x10°Acm™?, 40K, 4T T~4.9x10°Acm? TH o7z, Rk
W72 DIETH D B (J. DREGIRSY dJJ/dB D8R % & DRE5) & Bp (Je BB KZ &
L1 B Fig. 3-18 TIXHERM LT\ 5, B OfEII#H6 D HB#3 L0 /& hodz,

J FFEDE WL Le=1mm ORET TII/NE o772~ T, Le=3mm CTIIBEE 28]
BWENTz, ULEDRERNS, ST NORA ROSHDBEACRFEIC B L T 5 Al EE
HERBZ BND, & LD B, AA ROKBIZ LD BEEERNRND Z &0
TEHOWmEENEICHEIN L7272 ThD &35 L LT FIE TR CHIE 7217 M
EL7ZEFFTHB, LML Fig3-170)06 8005 L )12, Baibrfie4T Lk
DEREE T J AR E B3 72 <. Bk £ 0 BARES TR Jo 03 m L7z, ZOEH
ELTEZALNDUTO3 SEBNEREZEL TELZLE,
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D Y123 FEH R ORERAR D
@ EEFEKXKEHROY Y = T X —D55 DAL,
@ KKa%E E DAL

@ Y123 FEP R ORI OE

Y123-A & TEP Hﬁ/\ﬁmfﬁﬁz L7 Y123-B Id, BERRIEEE AN E 72 B 7= DA RAHIZ
WAL, 2D JFEDZLDN | S Z Sz AlgetEnE 2 55, Fig 3-19
IZY123-A & Y123-B DF3oE XRD /X% — 2 2R d, WIih YI23fHN EFETH - 7=
723, Y123-A Tl BaCuO,. Y123-B Tid BaCOs; D &EFRAT L Tz,

T L T T T T T T
[index: Y123 v: BaCuO; v:BaCOs]]

[s0}
i =} o
Y123-A
calcined at 880°C for 24 h
") -|5 %x10% cps
q_ L
(@]
— | Y123-B 1
> F v calcined at 925°C for 50 h -
= and ball-milled
W F ]
C )
[l Y123-A -
E !

Y123-A ball-milled for 6 h
v v

20 22 24 26 28 30
20/ deg (Cu-Kqy)

Fig. 3-19 Powder x-ray diffraction patterns for Fig. 3-20 Secondary electron
the starting powders Y123-A, Y123-B, Y123-A’ images for Y123-A’ (top) and
and Y123-A”. Y 123-A” (bottom).

# 2 1X BaCOs 23 FAEHIFRAZE L T\ D & | HofERIIZ Y123 FRICERFE D3 3 5 Al etk
AEETDHIENTERY, REFIT Y123 D Cu-0 4D Cu VA k% CO> DI TEH#
L' YI23 DX v V7 R—=7REBICELE LT 6T Z RTINS,

Z 2T Y123 JFREH R OMERARIZ L & T RMEI L DN R EZ D72, Y123-A
L CHE L2 YI23-A’B X OV Y123-A755 YBCO /NL 7 #7,#8 Z/ERLL | #1 &
FEMEZ e U7z, YI123-A’B KOV Y123-A71F, Y123-A % 300 rpm TEILZE4L 6, 24 h,
YSZ A= E Wl R A — LV IV TS 5 2 & THE Lz, FEHRRIT Y123-
A 7b§ 4.58 um, Y123-A’732.49 um, Y123-A”/32.14 ym TH V. ERHOR—1L IV

ZXOHEIN LT, YI23-AB X ONY123-A"0 “RE 4 % Fig. 3-20 (259, #7, #8 1%
#1 EFRIRROSEETER L, Wb v 7V R AL AR LT,

51



or(a) e ot (b) N
Le=1mm Lo=3 mm
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Fig. 3-21 Temperature dependences of magnetization for sample pieces cut from L. = 1
mm (a) and 3 mm (b) of #1, #7 and #8.

8 T T T T 8 T T T T
Nd123
@ “mm| [® ==
=-lc.=3mm
o O | o OF - #1
(EJ % 2 —A— #7
< < 4
< <
e =] L =3 mm
) =,
77 K
Hllc
> 3 4 O 1 = '
B/T B / T

Fig. 3-22 J.-B curves at 77 K for sample pieces cut from L. = 1 mm (a) and 3 mm (b) of #1,
#7 and #8. B” was defined by a peak in the field derivative dJ./dB and By was defined by a
peak in the J.-B curves.

#1,#7,#8 O Lo=1,3 mm OALENSEI Y H L7232V, Fig. 3-21 [2féfb=R
DIRERAEME A Fig. 3-22 12 77 K TO J. ORI Z RS, 2 TORBF B ¥
— I BREEEE AR Lz, £72 Le =3 mm OALEICEITS 77 K TO J. 1%, F1# o
Y123 JFUEHY R ORI DA 72 21F £ RFIZ Bk LA OGS REIR T %mfﬁibko
ZAVUTENRO#1 —#6 TOER L [FAEROEM TH S, LLEX Y| YI23-B OfEHIZ X
Jo ] B0 Y123 JFEMEY R ORERRAR DFEVNZ L2 O TlidZenwz & ithuaﬁﬂ%
RO SV 7 NSO J FHESGEICA I TH D Z b E ol

@ WEXBEH RO = T B — DA DZEAL
RS CORA N7 =— /M L DR EHRIEOBRIT, 7 NIZFERIE LR A
RREER OILHAEIE L 700 9 D, DT, RA ROV A XAz BlbswgizZ &
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Fig. 3-23 |2 HIP Fiit¢ O#E T ORAL R OIBERIFIE L 77 K IR T D J OBEGIRTT
M Rd, HIP %1%, #113292.1 > 91.7K, #4132 923K > 91.6 K & Tt 3L F LT
BY, A== F—RENER SN EDRBEND, Fl2, WTHOREA D
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Fig. 3-23 Temperature dependences of magnetization (a) and J.-B curves at 77 K (b) for
sample pieces cut from L. = 3 mm of #1 and #4 before and after high-Po> annealing.

@ KB EDEAL

BEARA RODSAEOEIZEY, o= T Z2—L LTEX 9507 NOK
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Fig. 3-24 12 0.5, 1.5, 2.5 TIZETF 5 In[(M(t2 + £) — M(t: + £)) / (M(t2) — M(t1))] D Int & D
IR Z "9, T2 T, n BELWplE, TNZFIEEERE X OYEBERRICIB W T,
BOBEACREFNRE D72 D H BYE0.5,1.5,2.5 TICE L2 Z TH 5, £7=. Table3-2
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IZHETRRE D K5 CORALERE S 2 F LT, SIIEBIGIZOWNT Inte>5 DT —X
DRI IR (Fig. 3-24 (23 1F 2 BOWHH DM E O ER LT, 1.5T LT OIS
TII#H6 DI HBH# L0 bIRALETIDN D T2 2 N D, DT b, RA KD
IRV TR I N D DBESE CO Yy = FRT oy LRSI 5 =
EDIRIB STz,

M(to + ) - M(t + 1)
M(to) - M(t1)

In

77 K #3 —o—
Hilc Lc=3mm #6 —e-

3 4 ) 6 7 8
In ¢

-1.0

Fig. 3-24 Relations between In¢ and In[(M(#, + 1) — M(t1 + 1)) / (M(t2) — M(t1))] at 77 K in
0.5, 1.5, 2.5 and 3.5 T for #3 and #6. Black broken lines indicate slopes of straight fitting
line for data at Inf > 5.

Table 3-2 Magnetic relaxation rate S at 77 K.

S
Sample No. - — %1 2357
) 0034  0.050  0.12
46 0030  0.037  0.127

UbEXD, SA7RNORA ROEEGRKE SN, B By &\ o B biE
DSDHENNCELE LD T AREMENE X DD, Fl L Y123 S Tl ¢ fil & %
TR 2 DT 7288, B = B*C Bragg 7 7 AFANBEHR 7T ZAMEEE T 5 & PRI
TN 38 ASOL T [ FHEER & iS5 & RG2S, T LRV BHUIRRE D 2 b
AL, B2 E—7 NBEFEICBENDAREEDL H D, AR TIER LR A Fob7eunik
BHE, RSB W T Z O X 5 2is 235 L 2 Sh, OB C J. 23 m E L7
EEZLND, IHIT, INHORETIEXLOE 22— N T a— R Tholz, 2D
BSITH 4 ETH#ERT 5 RE RS REBCO 2NV THEU SN2, Z ORI ED R
B O L VIR A ICEITT D Z EDRB I NDH 0, £ ORFRIZH L Tl
W, A RODIRNVRBHIAR A RNRZWEELL Y & AA N TR S LD NERIG
I8 . < O RIEHRE XM E BT 5B 2 Hivd—J7 T, YBCO i#
ETHAETPINTZ LI ICARA ROBRIZL Y 2D XL 5 72 KIGH1E A S Uz aTRENE
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Hd 5, REBCO ZDREIOBEHIRAEIZZ D L 9 AR RIGEEICIEFICBURTH Y .
21X, M7 U —>D YBCO Hijffidh TOMACKEDOWRAR-EMIZE X, BRI
BRMEEATDHZETHIEITE 2 ZENMBNTWAT, AIFETH., WEORA
REEEIZ L0 SR EN R DAREMEN S D720, L0 EEM e iE Pt ORMEIC L v |
Bk UL FOMSE T oy = 7 Ha EOBFEZPELNCTHZ LNk,

3.4. DyBCO 73V 7 TOFH

34.1.  FEELE

S VY72 DyBCO 73V 27 1% Fig. 3-25 D 7 i —F ¥ — MIft-> TERLZ, =22
TIE Dyl123 FEHRIZEMEL, <Ly MEROBEO 7 L ADHIZ(T 572 CIP O
JEAZEE LC 3 FEORBHZ ERL LTz, fEE B OIRE ¥ — % Fig. 3-26 IR,
%L v MZ Dyl23, Dy211, Pt DIREHKR 10 g M HERIL 72,

Starting materials: Dy,0,;, BaCO,;, CuO

Dy:Ba:Cu=1:2:3 Dy:Ba:Cu=2:1:1
Calcination in air Calcination in air
880°C, 24 h 800°C, 120 h
Dy123 powder Dy211 powder
v
Mixing [Dy123 : Dy211 =7 : 3] + Pt 0.5 wt%

Pelletizing (20 mm¢) by uniaxial pressing (100 MPa)
CIP (200, 300 MPa)

v

Melt-growth in air (seed: Nd123 single crystal)

DyBCO melt-textured bulks (~ 17 mm¢)

Cutting into rectangular pieces (~2 mm X 2 mm X 1 mm/°)

v

Annealing in flowing oxygen (450°C, > 100 h)

v

Characterization
Microstructural observation: SEM
Magnetic measurement: SQUID

Fig. 3-25 Experimental procedure for this study.
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Table 3-3 CIP pressure for DyBCO precursors
and sizes of disks after melt-growth.
CEi- CIP Size of disk after melt-growth
2 pressure/  Diameter Thickness Volume
MPa / mm / mm / cm?
- 17.1 6.2 1.4
time 200 17.0 6.3 1.4
Fig. 3-26 Heat treatment profile for
300 17.0 6.2 1.4

melt-growth of DyBCO bulks.

342, 2DV XL BRI DZTE

Fig. 3-27 IZ{E#L L 7= DyBCO /v 7 @ B DEH % | Table 3-3 IZIEFKEHZ DL
I DY A X% CIP DES L & BITFET, WmED CIP 2179 2 & TH A ZADOUHEIT R S
AL D3, HIEI D YBCO 2V 7 280 DM R O I K 2 00HE & i35 &, K&
R TlE e o T,

Fig. 3-28 1347V 7 D ab WHEEH O _IRE 14 Th 5, YBCO 73V L [FEIERIZ, CIP
WL VENTIZH DR A ROV A XOHME/INB R BT,

without
CIP

200 MPa
CIP

5mm

300 MPa
CIP

Fig. 3-27 Top views for DyBCO melt-textured bulks with/without CIP.

Fig. 3-28 Secondary electron images for polished ab-surfaces at L. =3 mm of DyBCO melt-
textured bulks with/without CIP.

34.3.  BHEHFEDZEE
% DyBCO 7NV Le=1,3mm OALENHE) Y H L7ZREH T IZ oW T, BEEDOIR

FE (R A % Fig. 3-29 12, 77K TO J. DRESHKAEIES Fig. 3-30 12737,
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or (b)

Lo=3 mm

Pressure of CIP
/MPa

Pressure of CIP
/ MPa

y /- (normalized)
)
(6]

y /- (normalized)
)
(6]

< Hie NYVY7/.
1 (S =10 Oe -1

89 90 91 92 93 89 90 91 92 93

Fig. 3-29 Temperature dependences of magnetization for sample pieces cut from L. =
1 mm (a) and 3 mm (b) of DyBCO melt-textured bulks with/without CIP.

8 T T T T 8 T T T T
@ mm |® =
Le=1mm Le=3mm o
~ 6 Pressure of CIP | 7| ~ 64 Pressure of CIP | 7
£ / MPa = /MPa
: > =
=4 L
o o
2ot ot
¢ 5 % T4 5

Fig. 3-30 J.-B curves at 77 K for sample pieces cut from L. = 1 mm (a) and 3 mm (b) of
DyBCO melt-textured bulks with/without CIP.

CIP Z1T > T2 HIBEAER L v h M BIERL L 723EHE CIP Z21Th 72 o2 b D L0 b &
W TemR Lic, 72, YBCO 2L 7 [Alkk, mETO CIP 12K VNS Jo Dm B2,
Hiv. TOMEWEIX Le=1mm OfEL Y S Lo =3 mm ODAED TN RKENhoTz, 1=
72 L Je O _EIZ B LA E ORI CHE CThH - 72,

YBCO 73V 7 TOFHITH CIP (2 KD Je A BT A S 7223 (Fig. 3-17). f0ilE 722 et
MAROFERIC LD S EL T 5 L ZOBIRIIREL o Tz, ST O J Ak
WS Tk, CIP OEA XY LR RO Z BT 5 &2 TH D &V ) "AJHEMHER
» b,
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35. BEIEDFELYD

REBCO VARINEEE 2NV 7 (281 DERIFARA RO O BT R E I 69 2 AiBRis
XUy NOEEELOREETRD Z L2 HIIZ, REROER D REI23 FEHD K Z
AW BR5FEOCIP A EALZY 52 8T, SF I ERFTEBEORTERA
L hEZHE L. REBCO IRl v 2 /FRL - 5Pl L7z, 2 OfE R, ek 77
R[F TR KREAF CREERE SEZICL0b b3, #H7 RE123 JFEM RO H
RRCEETO CIP (2L L7 WENZFRAE Lo A KRB L 72, RA Ko7 itk
TEFRHRRE I BN TEW J 2R Lic, 2 OGBS T 5 J FrtEde B i 3mea s
HOBICEETH D7D, ZOLIIER LA A RO 7 i@ ki o
EEATDHZ LAz, BHEEEAH(< 60 K)TE\WHRESEE 2R+ 2 L 23 % T
x5,

3.6. B3 EOME

3.6.1.  Lc=5mm TOMk « BIEFFHEDEL

33 fiT Le = 1, 3 mm OALE T ORI RER M 2 21 L 72 YBCO /S/L 27 (6.1 —
6.8 mm)IZDVT, Le=5mm ONEN DYV H L723REHT D ab WHE T O —IRE 114
% Fig. 3-31(IKM5 ) & Fig. 3-32(B )0 RT, £72, BUEROREEERFEL 77K I
BT D J. DWESHEKAFM % Fig. 3-33 12”7,

m £ i ( 2 00 A X s el N s D FX
Fig. 3-31 Secondary electron images for polished ab-surfaces at L. = 5 mm of YBCO melt-
textured bulks #1 — #6.

58



[ 5o |

Fig. 3-32 Secondary electron images with high magnification for polished ab-surfaces at L.

=5 mm of YBCO melt-textured bulks #1 — #6.

—A—#1—D—#2—O-—#3-
—— #4 & #5 e #6

z | - (normalized)
S
(6;]

Fig. 3-33 Temperature dependences of magnetization (a) and Jc-B curves at 77 K (b) for
sample pieces cut from L. = 5 mm of YBCO melt-textured bulks #1 — #6.

Le=5mm CTIWTHNORETH B aiiG aD JixmhroTlob 00, ISR
N7 a—RTholeh) “ETH-o720 L, BT LITE» -T2, TAUTEEmIZIT
K THL72OIT, R FRLLEFL, IFRBEETH D Y211 b DR R K
ol THDHEEZLIND, RIBMADTIEE LN F D> 1272 DI oFE L D
HE SBMED o T2#6 NI J BMED -T2 2 En D ERREBRRICB W TV O
TIZEN 2 ALOSEENS DA X I R —varBNbho-aEELEZ b, FTHEE
FED @ RIBRAEDN O 3V 7 ZERS DR RAF (R SR E 2 T i 2 PR3 720
X, @BEDRRDZICHLAB/EDON Ly B ER L, KO Z UIErd 5 2
H5,
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3.6.2.  a-growth fEELIZ IS 1T B4k < BB L

~ = | 0 _\w B
: 20, #2 C o Lz 2immi

Fig. 3-34 Secondary electron images for polished ab-surfaces at L, = 2 mm of YBCO melt-
textured bulks #1 — #6.

E] Y e Wiy £

ith high magnification for polished ab-surfaces at L,

2= 6/mm

Fig. 3-36 Secondary electron images for polished ab-surfaces at L, = 6 mm of YBCO melt-
textured bulks #1 — #6.
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Fig. 3-37 Sendary ltrn images with high
= 6 mm of YBCO melt-textured bulks #1 — #6.

x I - (normalized)
S
(6;]

©)
L;=2mm

84 -~ # O #2 o #3 |
—-A— #4 = #5 —e— #6

(@)
1

J, /104 A cm?
=N

N
1

y 1 - (normalized)
=)
(6]

@
8 L,=6 mm

A #1 O #2 o #3 |
—A— #4 = #5 e #6

Fig. 3-38 Temperature dependences of magnetization (a)(b) and J.-B curves at 77 K (c)(d)
for sample pieces cut from L, = 2 and 6 mm of YBCO melt-textured bulks #1 — #6.
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Fig. 3-34, Fig. 3-35, |2 L, =2 mm @ Fig. 3-36, Fig. 3-37 {2 L, = 6 mm OFREHT D
ab WHETE O “IREBAR(ZNEIRGESRE, mER)EZRT, KAV a-growth i8Ik T
IR AR R CRIAENIMTIZ R T W00, WTFRORETIZEB W THEFL
7oA N 7einotlz, BAERME S REL AT CRET RS, A1 FOBENBIRE
FRRICR B A RIT T &0 O REOSIm a2 BT T\ 5,

3.6.3. AT S IERLL 7= RE J254 REBCO N/ 2 D (B 1
WE TR % RE A REBCO /3L T

8 S
% Fig. 3-39 {259 % 9 12 Le=3 mm OALfE (Y,Dy)BCO
(ZBWT, B R OB £ 5 J Fithtk ook L,=3mm
ERE DT, Aed YI23-A B A Fl - % open: from Y123-A
%iﬂé%@{’ﬁ;ﬁ,%?ll@i/k%fﬁf\ 60 Y123-B :E , closed: from Y123-B
NHIER U723 0B S RO R TH R L =
ToD8, R R 2 - ak BB L 2~ = T e
5o U WAL HRND B D110, HELEE 2'77K
I TR o T, Hilc

0% éB/Té 4 5

Fig. 3-39 J.-B curves at 77 K for sample
pieces cut from L. = 1 and 3 mm of
(Y,.Dy)BCO melt-textured bulks prepared
from Y123-A and Y123-B powders.
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Vivia gl J .t

A
W v = ZHEHEIC XI5 RE IR S35

77 K R K VAKIRIZI T D J FitED & 572 A IC AT, REBCO A RlEEE v 2
DGR Y = ZRHEIT 5 RE IBG 2R 4. RE @ Ba YA F~DFEHY72[H
VB 2 FERE ISR AT L 7=, 1 -2 FESH D RE & VW CERE L 72 15 FE O
DAL - EB 7 L7245 5L, RE/Ba [BEVEE D /D 720 RE123 REFE N S
BE CHWHEEBEEZHERF T Z EDNH LN Ro Tz, 2O, KR - &S A
AN TR, Y REA HETEA ST REJES REBCO SV N EVELTWAS Z
EINTRIB S T,

4.1. B

P

4.1.1.  RE/Ba [Ei5rE1%

REI123 ([ZIZ& B ARELMENRH Y . REF 2 Ba?' VA MIEBICE# L 7= EAAE
RE+Bay.Cu;07.6% oK 9%, Table 4-1 |{Z RE123 O#EEZ D = &N T BREZ R
JRE O A A2 28285507177, Ba? It A A L 8 5 A3 284 T FE T3 (LRE) & A
V7= RE123 TIX RE/Ba [EEAENE L 25 Z E0NHMLNTE Y Hl 21X Nd O EFR R A
IERAF 890°C T x=0.60 & CTiZEd 578, RE/Ba [EARHIE CIL 3 lidA A>3 2 i
PA MBS H720F v U TRENED L, ZO/RR TR T T 5, 20780
HIREIEE 2~ RE7Z LREI123 Z KAHF TEKT 5 Z L IZREETH 51710, F7-
RE/Ba [EAZE O M EV, RE123 O b IEILE T fh 22 B IEJT 825 < . Fig. 4-1
(ZEARBOSIZ 20 Ak L7z Nd123 ZiEdiiR D T & Nd123 O E O, ALIA TSR
TOBE Nd & x & OBMREZRT x OB, TR T L, x> 0.2 THE AL
ENIEGERIZEE LT Z EN b,

Z ® X 912 RE/Ba [HE T RE RO ALAMBIZ K-> THEEMT 5, HFE=ED
INFR T Y R B ERE U 72 Y123 BERSIAD Y123 FHOHE DL & T DK FH»
5. RE1+:BarCwsO7.EE AR Z T L 72 E B X T2 Y T Y/Ba BN Z 5
Z L AR L2

Table 4-1 ITonic radii of RE** (coordination number = 8).!”’
Ion La* Nd* Sm?* Eu®* Gd* Dy**
Tonic radius (CN.=8)/A  1.160 1.109 1.079 1.066 1.053 1.027

Ton Y3* Ho** Er* Tm3* Yb** Lu**
Ionic radius (CN.=8)/A  1.019 1.015 1.004 0.994 0.985 0.977
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x Fig. 4-2 Temperature dependences of

Fig. 4-1 Dependences of lattice parameters magnetization for NdBCO samples melt-
and T on excess amount x of Nd in nominal  processed in O (a), air (b), 1% Oz in Ar (c),
composition. '8! and 0.1% O in Ar (d), respectively.'s?

FTo. BBEDER EOERSEIFIZ L 5T RE/Ba EiEEIIA(T 5, Fig 4-2 12X
F I EREEFESIE T THE L7Z NdBCO B OB ORI Z <318, Bk
JEDS XD ARWRFAK CTEHER L7-3EHE ESWBR SR 2R L, KRR FRERK T CF
FL72(c)E(@)TIL95 —96 K D Tt &R Lz, ZAUTETLEFEHSK FTCOEKIZLY
RE123 @ RE/Ba [EiEZ KZ <M T D Z L 2BWT 5, ZOBSRILRE L Ba?D
BB L O A ZDEWP LI TE 5, LIRS T TlL CuO $HOfESEE N
L.Ba¥ A NEBEOREBEMELENEED BT A ORI O E D720, BN
RELHAZXE/NERRE N Ba A MZADRLT b, —FH, BILEMA T T
Ba VA NITEOREBRIEENMEL 720 YA EBERBNTIAN D20, B/ E <
A XHRE7Z Ba? D Ba A MIAVRT L 25BN, BLRBEKTO
REBCO 73V 7 Ol ik B R Tk % OCMG (Oxygen Controlled Melt Growth){k & FES, =
DFIET A 123 L7 OB RIS,

RE/Ba [E¥AFEEIIR Te 588072 O TURRE O EIIMSG T TR = 7k 4
— & L THERET D, Z D= EERZI D Lo 4 123 O J-B thfR I X E /e
¥ 2 =728l d, Fig 4-3 13 Y123 &k & | IZBIudRPHAU N CHR L 72 Nd123 #06
& D 77K TD J. DREHEAFNED Ll T
b1, BILEHK TERKICL Y Nd/Ba
EVAE 2 5 L7z Nd123 O J 13 T
RERE 2 ©—27 2R LTz, Fig.4-4 121
Nd123 & Y123 DS D ac 1 OZEIEE
TEAMEE R (R LR ) &2 97185, Nd123 B
fEEm CII NG 28 Ba?™ o MC@E# L7z &
HEW S 0 2 B IZ 0 H L 72 A s il s
SN, ZOZ EHE RE/MBa BEEGEED B

" X . Fig. 4-3 Magnetic field dependences of J. at
ARESEHN0m THHEFZDBNDe 77K for Y123 and Nd123 samples. 8
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Fig. 4-4 TEM images of ac-plane for single crystals of Nd123 (a) and Y123 (b).'®

Gd IT8BA HHOF TA AU BN/ SN2, Gd123 [TRAFTERR L THo
A LJE 123 & LRikd 5 & RE/Ba [EIR23EST L7evy, £ D7 REBCO /L7 # LD
HCIE GABCO 23Frfth & A PEME DI CTHER STV D, FEER, Kbk R R O E L
S n xR il LB CIE 77K T2 T LA L@ ittt 2 B T& T g 104

— 5T, 77 K LA F OIKIR TOFE ,

P & RE/Ba [ &EDBEMRIZOWNT i " RE123 melt-solidified bulks T, |

DWMEITZ LV, YRR D I st oyrza| o a1k
Y e Y L undoped(r=0. 4K ]

%@i Y123 E‘/‘DE%\ DyBCO {@I’T‘ﬂ{ﬁgﬁ 5| —o—undoged(r=0.6) 92,5 K_

L2 . GABCO H R /L 7 o [ —¥— undoped Gd123(r=0.6) 93.7 K

B g Y123 single crystals
IZDOWTC, 40 K £ TOD J Ktk %23 247 - Sr-doped  90.9 K-
L -0~ Co-doped S92.0K ]

fifi L7=1%, Fig.4-5\ZRL7z L0l 2 [  undoped 921K |

JERIFME T, Al F—7 03 S |

AREFCHET S L, 40K TIL LD 2r 1

K/NEIGR DN WL L C, Y123 HAs S, 1F o, |

. L _ s c

Dl bEW J 2R Lz, B s - 30 kOe

VABLEERE L7 TOETH %70 Y 45 =& 7

LT B T & Za U A, I I /K

. . Fig. 4-5 Temperature dependences of J. at 30 kOe
- =] - - =

(X > T Je (LD T IT R il 75 for Y123 single crystals and melt-textured bulks
RE/Ba [E¥S &2 2 AIREMEDY 2 of GABCO and DyBCO. '8¢

DIERINEEZBND,

4.1.2.  REBCO FFHZIF517 5 RE /25
REBCO #EtD J. Btk Z#Z iz 1a1 ) 1 DO EHT 2 F¥ELL ED RE t# % V5 RE
BAFENINETCHIREINTET,

O TbiEE

Tb I RE123 DO#EA L 572V RE D—2>ThHh DAY, UHFFEED HIG & 1T E D Tb
RF—712 &V DyBCO #RlEEE SV 7 O Jo 3w B35 2 26 Lz %% Ziuk
Tb 7% RE123 RHHIZER D IAENTIC, R E = 7k & —L LTIEE b X 9 5%
72 BaTbOs HTHZ TR LT-72d THDH EE X LD,
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Pr |3 RE123 O#EZ & 2723 Pr123 1 ZFEEBIREAH TH %, (REL,,Pr)Ba;Cus07.5 Tl Pr
W&y OEIMIENTAME T L, 2 y CHRIZENEAT S, BIEENEETDy
IZRE OA A LR EHHERHDZ ENHONTND B, it 4ilib L<IX3, 4
MOIRE A TH 2 PriZ kD RE123 @ CuO, AV Tl 22 s — a2 8 -
7oz, b L<IE, PrD4fHE & CuO m D O O 2p WEBSIEK L7- 2 & TR 72
Cooper R DEEINTZT-H B2 HNH,

@ s HHEES
Matthews 513 Nd & Y ZIRE

F L7Z(NA,Y)BCO TARIEERIA O [ = 1%07Ar ]
NITKIZBNTO6TLUTFD 8 ¢ okogy . e
IERES T T, fIE7 YBCO 2 B = "
NdBCO L0 b #VAETT S §uml —F° s s ]
LA LI, Schitzle HiE g [ 8 ¥ il |
(Nd,Y)BCO Wl 77K 3 | — e
TH3TETYBCO XV b § wl d [ EuGT [ ek ] |
W S BRSNS & e
FMELS D Z L ZHLMMITL : ' Y

1.04 108 1.08 1.10 112
7218, Saitoh %1% Nd, Sm, Eu, Averaged lonic Radius [10-10m)

Gd,Y oH735 1-2 f@fHo RE  Fig. 4-6 Decomposition temperatures as a function of
%41 REBCO OO/Nifin i T, Average ionic radius of (RE,RE’) in (RE,RE*)123.!%°
A L7210, Fig.4-6 (2 Tm & #REHF D RE DR A 4 28 & DR E RS, T
SEH) RE A A2 BROENMNC L ERIERIC NG 5 = L 305, ZORIT, 2
JAD RE ZIRG L CHRERE—OEEEREZEN TE D Z L 2T 5, Yao I
g FVEIC K0 RS L 72 (Y,Nd)BCO & (Y,Sm)BCO DA 3l L 72", £4°. Nd &
Sm | Ba-Cu-O R DK ~DIEFREN Y LD KE WD T, (Y,Nd)BCO <°(Y,Sm)BCO (%
YBCO L0 b EEENEHS 2oz, £ Y A FO—#Z Nd X Sm ([ZEH
HZETTNAELERET TR, J-BHIFRHIE 2 ©— 27 B34 Uiz, Wu bIEEHEK
JEVETHERL L 72 REBCO BERSATOD RE @ Ba ¥ A F~DERRA Z AT 5P T,
Nd-Y-Ba-Cu-O SR OFHK] (JRF2kt (nna + ny + nea) / neu = 1) 2 1ERL L 72 (Fig. 4-7)%, Nd
EYIXRE YA F&aT X AITEA LT, Fig 4-8 IZMKIH D(NAG,Y)123 B O EK
TO T R D, ZOBIRERMIX Ba Y1 & A L7z RE A 4> OEITKAT L,
RE A A U REITIRTF L7202 E 0%, Zhou 5 1E(Gd,Nd)BCO <°(Sm,Y)BCO /3L
7 ERLZ@ U, FREIIKIR TORS B R RE/Ba [EA 2 P25 2 & 24 L7213,
3 FE¥H O RE Jt# %R A L 72 REBCO &REEERE /L 7 HFFE S 4L C X 7=, Muralidhar
51X Nd, Sm, Eu, Gd 7» 53 A 72 3 FEE O RE ZIRE LIERL L7237 23, 1 FEFED RE
ARV AL I RERFE 22— IRER LI EEWME LT P, BEHZ
Ui, B S B L 7= RE-rich 72 RE123 7 7 A X —MFELTZT2OTHDH EEZ B
%, Fig. 4-9 X OCMG £ TESL L 72 (Ndo33Eu0.38Gdo28)BaxCus Oy @ 77 K IZH1F D J. D
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SR TH 219, 77K, 4.5 T TEIFIITE WD Je ~7 x 10* A em? A 508k L. R Ak
77K T14 T 272, Fig. 4-1012% D STM 4% -9 1%, RE123 RHHED B 5
57 CIX RErich 727 7 A2 =733 —4nm AD T A TEE LT L, £ OB
vr=rvrer—L L3 E onmbE L SR ITFonTn5,

011

(nggtny)ng, =1

Y123

211

Nd123ss

(Y,Nd)202 (Nd,Y)201+CuO (N Yo ) sB, 5O, Nd,Ba, .Cu0,,
Fig. 4-7 The section of Nd-Y-Ba-Cu-O phase  Fig. 4-8 Single phase range of (Nd,Y)ss
diagram with (nna + ny + nBa) / ncy = 1.1%2 in Fig. 4-7.1%
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Fig. 4-9 Magnetic field dependence of Jc at 77 K Fig. 4-10 STM images of NEG-123

for (Ndo.33Eu0.38Gdo.28)BaxCus O, with 5 mol% recorded with bias voltage Vs=1V

NEG-211, 10 wt% Ag>O and 0.5 mo% Pt.!%* and tunneling current /; = 0.3 nA."*

@ FEATIERES

Balkin 513 Y123 & Er211 225 V' — 2 AL METHERL L 72(Y,Er)BCO #4412 B\ T,
Y & Er &% REI23 BInEMENME LN L, Y OREANTER LM LIV b
BN Je NEERR S 7= 2 & B A L7215, Yanagisawa 513 Y123 & Ho21l OJFUER R A
5 VERLL 72 (Y,Ho)BCO J&RMEEE /X /L7 23 77 KAZEBWT 1 T UL FOfES FC YBCO X
DWW J BR LI 2 L 2l L7 Zhix 2 O REIRE DAL D RE211 K10
YA RN THZEILANThHoTETDEEIND, £, BHEEDOHIE S I
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YBCO IAREEE NV 7 ~DOfE Lu R—7 DR EZFHE L7z %, LI Ao an
KON RETTHLTED, YA FO—HA LIC@E SN D Z & T CuO; Hil
JOPTHI R IHE DN UL F ORI RR E v = Ve 2 —L LT3 6L 2 & T L
FZAUTHE D RATHRGG N E LTz E 2 bivd, ZORERIZR R DA 4D RE
EAEDED T ETEMKSG T TO LR EZHETE LI EE2RBE LTINS,

4.1.3. Dy Y #H100E L= RE JEE REBCO I55FEER] S0 2

ZOETITEEDELLHRLETD
MFZEIZOWTCE LD P, EilkL7=
RE IR & FHECEM L 72 REBCO ¥ Sample name

Table 4-2 Bulks synthesized in my previous study.

Starting materials

RE123 RE211
@i/*‘/?? ’C“l‘i‘ﬁ%b)a: Je DA L3R (Dy,Dy)BCO Dy211
; ifw‘: 3. RE IBRAICX D J Rk (Dy,Er)BCO Y211
A B T Ho211
A E 1SS 2 L bINEETH o7, (Dy,Er)BCO Er211
ik\%@ﬁﬁ@fﬁtﬁ%éﬂf (Y,Dy)BCO Dy211
Wipole, EERIBIETIE RE yypeq Y211

@éhiék%ﬁ&%@%@ﬁﬁﬁ (Y.Ho)BCO Y123 Hoo 11
HEzBEE L, D RE BAE (Y.Er)BCO En1l
REBCO /L7 ZAEBL L & DR %

L U7=, 2 2 Clid Table 4-2 IZHIFL L 72 8 FFHOREHZ DWW T ORE R ZLR D, ZD

95 2B 1 FEEO RE 2 BAERI L7260 DT, 780 @ 6 3B 2 FSEO RE 7> S 1E
L7 REEAGRETH S, REREEREHIFI D RE123 & RE211 OFEEHR RO T
¥.727% RE & W TIERL L 72,

Fig. 4-11 IZ(Y,Er)BCO @ ab W DO KK EFHE Y & Eric DWW TOIHE~ v B
T ORERZMNEL TRT, 2D X 97 SEM IZ X 2 AR E 22 & EDX IZ X 2 JHATHl
AT DFE R, 4T ?D RE {EE#ENC, REI23 3 X O RE211 OFUEHE K H kD% RE
D EREAIHR D RE123 REFHFS L OV RE211 K -INTIRTE L CU e, BVILERRFI# 0 2 FEkE
@ RE (=RE’, RE )OS ARIZLL F D & 5 1c#:E 5,

H38 5B RE’123 + RE”211
KRR R (RE’,RE”)123 + RE’211 + RE”211 + (RE’,RE”)211

Fig. 4-11 Backscattered electron image (a) and distribution of Y (b) and Er (c) for polished
ab-surface of (Y,Er)BCO melt-textured bulk.
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Fig. 4-12 {Z(Dy,RE”)BCO & (Y,RE”)BCO 76810 H L7=&kE A D 77 K IZBIT D J.
DK EE . B & & BITrT, wlXiEN»SHEH L?LJE’C% V. wn
RKEWIZE RE/Ba BEEEN/ NS W &2 BERT 543 HizR),

(Dy,RE”)BCO TOfEHRZ %5 & RE ZiEA L7calBHI(Dy,Dy)BCO £V &V Je
R L, 52 BE—= 2 3mBS N E T, 0 76 bHERITE 5 & 9 IZ(Dy,Dy)BCO T
I 72 Dy/Ba BRI KV Dyl23 RO B G EEE % /I/ﬂ?~—75§ﬂ§T L Je PMEL 72
STt EZ NS, —F Y, Ho, Er ZIRE L7-ilECIZ BV &3 8 FE (2l S vz =
& ZORERITTREL TV D,

(Y,RE”)BCO TO#ERAZ A% & REIREEGFEZ(Y,Y)BCO LV HENT J Rz R
L. FFIZ(Y,Dy)BCO D J, A E > T2, ZAUE Dy & Z 72 Z & Gl I KJE £ D RE/Ba
BRI N B SN -720 ., B ko =0 7 hRm E L2 ERERTH S &
BEZbhD,

8 T T T T 8 T T T T
(Dy;RE”)BCO ‘ RE" » (Y,RE”)BCO RE" %
Le=2mm —e— Dy 84; Le=2mm - Y 89

- Dy 8.5;

6 —-e— Ho 8.6g| ] 6 & Ho 8.8, T

—— Er 8.9 & Er 8.8

Oxygen annealed

at 450°C Oxygen annealed

at 450°C

Jo/ 104 Acm2
S

Jo/ 104 Acm2
N

0 1 2 3 4 5 % 1 2z 3 4 s
HH 1T uHIT
Fig. 4-12 Magnet field dependences of J. at 77 K for the sample

pieces cut from (Dy,RE”)BCO (left) and (Y,RE”)BCO (right).

Fig. 4-13 |2 (Dy,Er)BCO, (Y,Dy)BCO, 5
(Y,Er)BCO ® 40,60K (24317 5~15T £ T

(RE\RE"BCO  Rp Re’

D J DBEGIKGFMEEZRT(ZZTO 41
(Dy,Er)BCO % Fig. 4-12 L3RI EICTH N‘g "
%) (Dy.Er)BCO (XXM T D Je 1L 70> <
ST, 10T BLETIERERC XL 5 J O =2l
BRKE Do, Y123 FR RS

N
T

5 AEHR L 72 RE/Ba [EEE & DD 720 2 30K
R E O J A R LT, | ,
VI EORER LY REIRBAIZE Y REI23 0 5 WHIT 10 15
BB OB R ZHERF L2 £ & Fig. 4-13 Magnet field dependences of J.

RE/Ba [EA®AHIECTE 5 Z LAVRES  at40 and 60 Kup to ~15 T for
iz, RE BAICED J ks (DYEDBCO, (Y.Dy)BCO and (Y.ENBCO.

RE/Ba ERHIEIC LB EE 2 N5,
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42. HBYETTE

AHFZE TIHME LR SCFZEN Hal & ki x . 77 K R L VIKIRICBIT 2 LRt S 57
% IZ AT REBCO JRRElEERE SV 7 DWER e = T HREEIZR 5 RE IRAZRD
R 5 A B L L=, 1 -2 F¥H D RE % & T REBCO AR /L 7 ZERLL |
RE @ Ba %A s ~DOEH R ERE R A2 TR, £ OBIEREZ RFANTEHMm L7z,

43. EERFE

FBRIX Fig. 4-14 O 7 0 —F ¥ — MIHE> CTIT- 77, Fig. 4-15 ICHIBMADEE X ffd &
HIPNZAT > T ABERK & . IRRARIR OIRE N ¥ — > % 7” 7§, Fig. 4-16 [P O 72
OB O H ULALE Z R TSV ORAK TH 5, c-growth FEIHEI Y H L7
WAL RNE DT> OB O FEfG 26 DOFEREZ Lo & 3V 72, Table 4-3 I[ZARWFSE THE
fili U723 D FUEH R LIRS E D720 DIRE T, T, T3 2~ d, Zh S DOIEEILRE
25 1 FEE O RE123 T SN TECEaRE T, 132 HZR)OEE L BT,
BFE R OFITEERR 2 I TIRIE LTz,

Start'"g(gétfgﬂsbﬁEéoﬁ,},BE%O” cuo (RE’,RE”)BCO melt-textured bulks

RE:Ba:Cu=1:2:3 RE:Ba:Cu=2:1:1 Cutting into rectangular pieces
Calcination in air Calcination in air (~2mm x 2mm x 1 mm/c)
880°C, 24 h 800°C, 120 h 7

| Annealing in flowing oxygen (> 100 h) |
RE’123 powder RE”211 powder v
Characterization

— ¥ Microstructural observation: SEM, TEM
| Mixing [RE123 : RE211=7: 3] + Pt 0.5 wt% | Local compositional analysis: EDX
v Magnetic measurement: SQUID, VSM
| Pelletizing (20 mm¢) by uniaxial pressing (100 MPa) | Phase identification: XRD
v

| Melt-growth in air (seed: Nd123 single crystal) |—

Fig. 4-14 Experimental procedure in this chapter.

Nd123

facet line seed crystal

in air T,

a-growth
region

temp.

I 900°C

melt-solidification
time Fig. 4-16 Schematic illustration of
Fig. 4-15 Temperature profile for pre-sintering and bulks showing the positions of
melt-growth of (RE’,RE”)BCO melt-textured bulks.  specimens for characterization.

pre-sintering
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Table 4-3 Starting powders and temperature conditions of melt-growth.

g | Starting materials Temperatures for melt-growth in Fig. 4-15
ample name
P RE123 RE211 Tv/°C T>/°C T5/°C
(Gd,Gd,)BCO Gd211 1065 1047 999
(Gd,Dy)BCO Gd123 Dy211 1060 1042 994
(Gd,Y)BCO Y211 1057 1039 991
(Dy,Gd)BCO Gd211 1060 1042 994
(Dy,Dy)BCO* Dy211 1050 1017 987
(Dy,Y)BCO* Dy123 Y211 1048 1015 985
(Dy,Ho)BCO* Ho211 1048 1015 985
(Dy,Er)BCO* Er211 1048 1015 985
(Y,Dy)BCO* Dy211 1048 1015 985
(Y,Y)BCO* Y123 Y211 1043 1010 978
(Y,Ho)BCO* Ho2l1l1 1040 1007 977
Y,Er)BCO* Er211 1040 1007 977
(
Ho,Ho)BCO Ho211 1030 997 965
( Hol23
0
o,Er r
(Ho,Er)BCO Er211 1030 997 961
(Er,Er)BCO Er123 Er211 1028 992 944

T EBAEEALIL, a-growth FEIROFERG S22 5 2 mm BN 7A@ B 810 L7238k
B & fgE 7 =—/L L, B3R XRD (RIEHEE 2° min) THIE L7 B — 27 M EE 2 FVW T
Si & W= NEBIEHERIZ L W T > 7=, RE/Ba[EIAEDIEIEL LT, o, bEHENDES
fatEy L FOX L EH L,

70 = 1000 (b—a)/ (b +a)
ZZTab/AlTabfiRTHY, b>a ZWil-9, 411 HTHZ LY, RE/Ba
WEOEATIZEY REI123 FHOR A E I XE T b D IEF TS 2 2B 56T
W5, ZHUT REXAS Ba® A b ~EH L7688 Tl CuO #85~ b #1771 Th< a
AN HEARA AV BADRT LK RDTZDEEZEZILND, o lZKEWIF L RE/Ba
WENDVINEEZ D,

AHFFETIX RE 123 JFEM R & RE™211 JFUEH K% 7 : 3 (BE/VE) TIRA LIERLL 7=
REBCO & ftkEE /L 7 % (RE’,RE”)BCO & K77 5, Table 4-3 T*&DiF 7= 8 iEHZ
4.1.3 HTIRAR7AE LRSI TIER L2 ETh U | RETITFMEO I THW S,
AAFZETITFEY O 7 RBFAERLL 7=,

(Gd,Gd)BCO. (Gd,Dy)BCO, (Gd,Y)BCO, (Dy,Gd)BCO % 4.4, F A LFuHFE %2 HW
72 RE {&4& REBCO /3L 7 | 12T, (Ho,Ho)BCO. (Ho,Er)BCO. (ErEr)BCO I% 4.5, &
7 H¥ETFE A AV 72 RE A REBCO 2NV | (2T, T ORMSE 25089 5,
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44. W tHEETEE VW RE A REBCO /3L

AR TIXREI3 FUEHS RICHWZZRE 28Gd & L < 1 Dy DiREHZ W TR 5,
B hE L 72(Gd,Gd)BCO, (Gd,Dy)BCO, (Gd,Y)BCO, (Dy,Gd)BCO ® i »EE % Fig. 4-17
IZR T, (GA,Y)BCO D, Tk kA BAF TR 1272807 a il 7 [ O s R fiil o —
P E CRESRARE S E £ R0 > 72N, S E THlRE Lok 5800 L7230k A
O TRl 24T - 72 O TLAR OamIC B W T & 22 B 720, Z O OFREHT
DWNWTIET U TN RAAL DOV DBERRICET LT,

(a) (b) (c) (d)

5mm

5 mm

5mm

5mm

Fig. 4-17 Top views of (Gd,Gd)BCO (a), (Gd,Dy)BCO (b), (Gd,Y)BCO (c) and (Dy,Gd)BCO (d).

44.1. BET=— IR EDRE

RE R &7 ECH 5 (Gd,Dy)BCO, (Gd,Y)BCO, (Dy,Gd)BCO (Z- >\ T idxi 72iEE T
S UREN I NE TRBESN TV oTe, 2O, £33 Le=3 mm OALED
HEID LB A ZHWT B O JFEE B L7200 DEEE T =— VIREORE %
ATz, B IXBELF T TOERT =—/L(> 100 h)% 450, 425, 400, 375, 350°C D
IETITV, &7 =— VILEROFEEIZ SQUID (2 & DB E E 1T 72, HBEE TR
57 =—/L&BEMLZEHIZ, RE123 @ CuO $HOEEIEITEENL L VB A D ) HE i &
BEXpWEEZZT20THD,

Fig. 4-18 |% 3 #ELOBAL R OB KA TH D, 7T =— VIRENMEL 72512 EBs
BN 220 Teidm E L7, (Gd,Y)BCO Tlx7 =—/VIREIZ L5 T. DZE{L)Mb,
D2RELLV/INEL, 450°C DT =— /LT hipii N—REBIGEWVEESRE L 2D 2 &

INGYIND, ABRIOT =— VIRE O TIiX 350°C 23F T 25572 OICKiE THDH 2
EMBRZ LD, AL TIE Te TERL L FHEDPRRB E R DBET =— /ViRE %L
BRBZT D72, WIT Je DRESGRAFN: 2 53 5,
ol (Gd,Dy)BCO L ol (Gd,Y)BCO ol (Dy,Gd)BCO
L;=3mm L;=3mm L;=3 mm
T O ) Rt T
8 —e— 450 I —o— 450 8
s —&— 400 E —A— 400 E
S50 T s 051 & s E-05¢
£ —— 350 £ —— 350 £
= = Hie=10 Oe R
Hye= Z—Fg Hye =
-1 10 Oe | -1 -1 10 e |
84 86

88 90 92 94 84 86 86 92 94 88 90
T/IK T/K

Fig. 4-18 Temperature dependences of magnetlzatlon for (Gd,Dy)BCO, (Gd,Y)BCO and
(Dy,Gd)BCO annealed in flowing oxygen at 450 — 350°C.

84 86 92 94
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%45
4 | y ' : .
(Gd,Dy)BCO H// ¢ | | Oxygen annealing
L.=3mm temp./°C
¢ —— 450
—&— 400
~w— 375
—— 350

Jo/ 104 Acm2
Jo/ 10° Acm2

0o 1 2 3 4 5
wHIT wH I T
Fig. 4-19 Magnetic field dependences of J. at 77 K (left), 40 and 60 K (right)

for (Gd,Dy)BCO annealed in flowing oxygen at 450 — 350°C.

(Gd,Y)BCO H/l ¢ Oxygen anr!’ealing
"-,\ '8 t—eorﬂp' 4/158
H i 3 L St \ i .

o o —A— 400
g g 40K ¥ 375
< < —— 350
b <, 60 K
o o
< < .|

(Gd,Y)BCO

L,=3mm

0 1 1 1 1
0 1 2 3 4 5
HHIT HIT

Fig. 4-20 Magnetic field dependences of J. at 77 K (left), 40 and 60 K (right)
for (Gd,Y)BCO annealed in flowing oxygen at 450 — 350°C.

8 T T T T 4 T T T T

D ,Gd BCO 77 K D ,Gd BCO H/l ¢ Oxygen annoealing

£ 313 mn)1 Hllc ( y ) temp./°C

c —e— 450

6 g 425

—A— 400

- 375

—— 350

Jo/ 104 Acm2
Jo/ 10° Acm2

HHIT WHIT
Fig. 4-21 Magnetic field dependences of J. at 77 K (left), 40 and 60 K (right)
for (Dy,Gd)BCO annealed in flowing oxygen at 450 — 350°C.

Fig. 4-19, Fig. 4-20, Fig. 4-21 |2(Gd,Dy)BCO, (Gd,Y)BCO, (Dy,Gd)BCO #H FH D 40,
60,77 K (23T D Je DMESEAFMEE R~ T, IRVIRE TR Y =— L &7 513, K]
Wil Hin IXM E L, JoOF 2 E— 7 RN BN IS b RELS hoTe, =27 TO
JAEHZNEEVMET LY EIRESCHESSIZ L - T IAEOR/NBIEB LD 5720
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T 57O, @I DIEOORET =— /VIREAZBEMIZIRETHZ EIFTE e, Ll
ARFFECIE, KR - SRESISHICT CTEZETHDH 60K, 4 T TO JIZHEH L, LI
DFfFZE TIX(Gd,Dy)BCO ¥ X UNDy,Gd)BCO X 350°C. (Gd,Y)BCO % 400°C CHEeE T
=—NVEITo7, £72. (Gd,GA)BCO % 350°C CRFET =— L &1T-o7, ZOIREIX
WEOYBIFIEE DML E 2 THRE LTz %,

F72. 20 3RE ORI THET S & (Dy,Gd)BCO ® J. fHi1%(Gd,Dy)BCO, (Gd,Y)BCO
DLDO LY HEHLDIEN -T2, & OHRIZHOWTIIRIE TRl 3 2 SRR O
MHBELET D,

44.2.  PEFEE, MR RE 20
Table 4-4 (Z(Gd,Gd)BCO, (Gd,Dy)BCO, (Gd,Y)BCO, (Dy,Gd)BCO D& 1-E4% & H. )5 iy
Mo CEEME + fR8E R ) 2 4150 LTz,

Table 4-4 Lattice constants and orthorhombicity o for the sample pieces cut from L, =2 mm.

Starting materials Lattice constants Orthorhombicity
Sample name
RE123 RE211 alA b/ A clA jZe)
(Gd,Gd)BCO Gd211 3.842 3.899 11.711 738 +£0.15
(Gd,Dy)BCO  Gd123 Dy211 3.834 3.899 11.707 8.40+0.12
(Gd,Y)BCO Y211 3.833 3.895 11.706 8.02+0.19

(Dy,Gd)BCO Dyl23  Gd211 3.834 3.897 11.707 7.85+0.13

(Gd,Gd)BCO & (il 3% &, (Gd,Dy)BCO & (Gd,Y)BCO 1 ¢ #iliE DM & o DILTF
MEBHNTZ, Dy R Y %#i{RA L7z Z & T RE/Ba BRI IH SN2 ERRBIND,
L22L, Dy K0 Y OFNEELICK WEEZ LD —F T, o 1£(Gd,Y)BCO LV
(Gd,Dy)BCO D F B K E o7,

(Dy,Gd)BCO Dy 1% 7.85+0.13 T > 72, 4.1.3 T Tk L 72(Dy,Dy)BCO Do (X 8.47
+0.30 Tho7272, Gd DIRAIZ LY RE/Ba[ERENHERKLIZEEX LD,

RE AN TdH 5 (Gd,Dy)BCO, (Gd,Y)BCO, (Dy,Gd)BCO (2> TIH A% & RE
AT BRI L7z, Fig. 4-22 1% Lo=2mm 7 58]0 H U72508HT @ ab BB 1 O K
% T&H %, (Dy,GA)BCO TIL RE123 B{=ERAHIZ /3 L 7= RE211 K D2 LW KA
MBIz, 441 HTHRRTZLBY ZoFREHIMO 2 308 & ik LT L ME o 72
M. T O RE21 Fi - OHKIENEDRKR THDH B2 HND, T ORKHEICE T S
RE211 K7 DY A ZOPTER FAZ DV TIIIRE Cilkam 5. £7-. RE123 @{mE R
IZ1% RE2BasCupPtO0 FHONTH & A S a7z (Fig. 4-22 OEERHE CTIXBLO N2 7228,
(Gd,Dy)BCO TH Z DIbEW O IR S 72), Z4UT RE211 KRGk D 72D
IR L7Z Pt O (0.5 wt%) DN IBEI TH 12720 THDH EEZLND, ZOIEWIX
RE=Y,Ho TZNE CTHEINTNDY,
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AN
gl

(@Iby)Bco] 2\~ (@dY)BCO

RE,Ba,Cu,PtO;,
123 phase 123 phase

(Dy,Gd)BCO

211 phase

211 phase 123 phase

211 phase /REzBaSCuthOw

Fi. 4-22 ackscattered electron images for polished ab-surfaces of
(Gd,Dy)BCO, (Gd,Y)BCO and (Dy,Gd)BCO.

Fig. 4-23, Fig. 4-24, Fig. 4-25 |Z(Gd,Dy)BCO, (Gd,Y)BCO, (Dy,Gd)BCO *ZFILD ab
MO “REFB L., TOHEIIEBITS RE2E REPOTHE~ v B IV ORERERT
(RE’, RE”IZZ 114 RE123 & RE211 JFUEH R HI 2k D RE), (Gd,Dy)BCO & (Gd,Y)BCO
TIiX RE211 JFEPM KH KD RE”N U » F 72 RE211 kL 23 EITBIE S L7203,
(Dy,Gd)BCO DML AL L7z RE211 Ki1 CTIIHIHI D RE123 JFEHH ARk D Dy 23V » F
Thole ZORKIZONWTHRE TELET S,

Fig. 4-23 Secondary electron image (a) and distribution of Gd (b) and Dy (c
for polished ab-surface of (Gd,Dy)BCO melt-textured bulk.

Fig. 4-25 Secondary eltron iage () and distribution of Dy (b) and Gd (¢)
for polished ab-surface of (Dy,Gd)BCO melt-textured bulk.
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4.4.3. EEEIFE

% 9°(Dy,Gd)BCO ® L.=2 mm
DALED HEIY 1 L 723 0BH
D, BALE ORI % Fig.
42612, TTKIZBITD L & F,
DS AFEYE % Fig. 4-27 (2 th
® (Dy,RE”)BCO (RE” = Dy, Y,
Ho, En)OfER & & HIZITRT,

(Dy,RE”)BCO D T (% 55k
Bl o T % H Y & W E(~92
K)Cd - 72, GdI23 |L RE123
(RE =Dy, Y, Ho, Er) & ¥ & Ak
D T BEWTZ, Gd 2 —H
REI123 FHIZEVAENT-Z &
TEW TS 2R LTeEEZD

ND, —J5, BAREEB OIS B3 D ITHR Y ¥ — 7 TldRdo7c, ZHFE T T

ol (Dy,RE")BCO

L;=2mm

—~
O RE” | oxygen annealed
3 —+—at350°C
= - Dy |

© y

g —O 5 | Ho at 450°C
B -o— Er |
=

1
~

xR

Hire

=10 Oe T

91 92 93
T/K

Fig. 4-26 Temperature dependences of magnetization
for (Dy,RE”)BCO (RE” = Gd, Dy, Y, Ho and Er).

& % RE/Ba [EIRTHIA TR ST 2 & 2T 5,

F2. J X Fp, OfEIX(DY,RE”)BCO Ot DFEL &tk L T(Dy,Gd)BCO LKV Vi 2 7~
L7z, ZAuZ, Gd 28 RE123 FHICHV IAE 72 Z L IZ X VU RE/Ba B &S WE & 720
BE A OBREE T r LT —ME T L0 s EX N5, FI-AE Tl
RE211 i O KL B IRKDO—>ThH & TFETE S, (Dy,RE?)BCO TiX RE”% Ho

REr &t Wo mEATHTHRICT A2 E03E JALICHET 5 2 E BNy o T,

8 — T 12
(Dy,RE )BCO ‘ RE" %
Lo=2mm 10
—e— Dy 84,
~ 6 1
' —-e— Ho 86; C?E 8
§ , —e— Er 89 ]
<€ t Oxygen annealed OOZ
T 4N atas0c | &6
~ \0_4
\C’ 21 Oxygen annealed w
at 350°C 5
77K
0 Hllc . f
0 1 2
UHI'T

(Dy,RE")BCO
L.=2mm

LoH I T

Fig. 4-27 Magnetic field dependences of J. (left) and F}, (right) at 77 K
for (Dy,RE”)BCO (RE” = Gd, Dy, Y, Ho and Er).
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4

IZ(Gd,RE”)BCO (RE” = Gd, Dy, Y) DAL O FEAR A7 % Fig. 4-28 12, 77K 23

T % Je & Fp ORGHHRAFEM % Fig. 4-29 (2R3, Te DAE D R/NBEFR I G123, Dy123,Y123

DELEDODRNERE KM LD Tholz, JJRMEZRDE, 2 B — 27X REES

1T TUW2UW(Gd,GA)BCO Nk b K& o7z, 7272 L F, OBSSHRIFEN ST, 4T

UL EO @RS CIXREBARBO TN E Wy = F HEAT 52 L0302 % . RE/Ba

[V OIHNC L 0 B OBROEBIRE N @ £ THEFFS LD Z LR Sz, @il

5Tl RE IRAREINHHRTH 5 &\ 9 H[A1X(Dy,RE”)BCO O F, DWHGHEFETSH
RonztboThbd,

0 | (GU.RE")BCO st
s SR

RE”
—— Gd

| —— Dy

Oxygen annealed
at 400°C

Oxygen annealed

x ! - (normalized)
=}
(6]

at 350°C
ZFC
= Hie
-1 T““V“v =10 Oe
91 92 93 94

T/K

Fig. 4-28 Temperature dependences of magnetization
(left) for (Gd,RE”)BCO (RE” = Gd, Dy and Y).

8 T T T T 12 T T T T
(Gd,RE’)BCO | re ,, | (Gd,RE”)BCO =
Le=2mm —— Gd 73| ] 10LLe=2mm —— Gd

o B 0y 8wl o [77K

g e 8FHIl¢c b,
<€ P

<« 4 i ©

o Oxygen annealed 2

= L. at400°C =

":J Oxygen annealed o

) at 350°C L

21
77K

0 HIll c . . . . . .

0 1 2 3 4 5 2 3 4 5
HoH 1T MHIT

Fig. 4-29 Magnetic field dependences of J. (center) and F}, (right) at 77 K
for (Gd,RE”)BCO (RE” = Gd, Dy and Y).
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45. ®EHTHETELZH W REES REBCO /3L 7

A CILRE123 JFEH RICHWVWZ RE’ A Ho % L < 1% Er OREHZ DWW TRtk %,

ik L7z (Ho,Ho)BCO, (Ho,Er)BCO, (Er,Er)BCO @ L[ D5 H % Fig. 4-30 (Z~d, 9
NRTOREHZDOWT U TV R AL DNV T OBERRICEEY U=, 3B ickd 5 g
FT =— /X 450°C TIT1~ 77,

®), ©

5mm

Fig. 4-30 Top views of (Ho,Ho)BCO (a), (Ho,Er)BCO (b), (Er,Er)BCO (c).

4.5.1.  BEFEE, MRk RE 220

Table 4-5 |Z(Ho,Ho)BCO, (Ho,Er)BCO, (Er,Er)BCO D& E%x & B 7 it o CEHE
+ B E)ZFIFL L7z, Ho' X Ba' A E ~OEEIXD 72 RE Th DM,
(Ho,Er)BCO Tl (Ho,Ho)BCO LY by BDAREXL o TEY, Er ZIRAELIZZ LT
RE123 fHC® RE/Ba [E{EN & HITHIH| Sz Z &R nnd,

Table 4-5 Lattice constants and orthorhombicity o for the sample pieces cut from L, =2 mm.

Starting materials Lattice constants Orthorhombicity
Sample name
RE123 RE2l11 alA b/ A c/A 70
(Ho,Ho)BCO Hol23 Ho211 3.820 3.886 11.691 8.50+0.26
0
(Ho,Er)BCO Er211 3.819 3.886 11.686 8.60 +0.27

(Er,Er)BCO  Erl23 Er211 3.815 3.886 11.677 9.18+0.34

RE B A #0EC&H 5 (Ho,Er)BCO ® L, =2 mm M H U0 U723 @ ab BFEE R O
-1 % Fig. 4-31 (12397, 3%l 72 RE211 R 2SRRI A3 8 L 72 /AR S8 & =,
AT (Gd,Dy)BCO, (Gd,Y)BCO, (Dy,Gd)BCO Tl Pt % & » RE2BasCuaPtO1o FHOHF H
DB ST —F T, (Ho, Er)BCO T
BasPt11,CuzOg. FHOMT D HERR SN T2, =
DOALEOHTHITZ I E T Kim 523

LTCWa 18,

Fig. 4-32 1Z(Ho,Er)BCO D ab W EEH D —
WEFH L FHEOHo & Er DtHE~ v &7
VT DORERTH D, RE211 JFEM K H kD
Er 28U v F 72 RE211 i ¥28%< . Sum % SRR
I REEAT H5REDORAIE LA Fi. 4-3 1‘)Bcst;ere trn mages
Er-rich, J& 72 Ho-rich Th - 7=, for polished ab-surfaces of (Ho,Er)BCO.
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F1g 4-32 Secondary electron image (a) and dlstrlbutlon of Ho(b) and Er (c) ]
for polished ab-surface of (Ho,Er)BCO melt-textured bulk.

4.5.2.  BEIHE

Fig. 4-33 Z (Ho,Ho)BCO, (Ho,Er)BCO,
(Er,Er)BCO @@ft%@ﬁﬁ@zf % | Fig.
4-34 12 77 KIZBTF D Je & F, DBESEAT
Mz, enEhrd, REBAGHEITHD
(Ho,Er)BCO [Zfth o> 2 30k} & Hb~_T T 13K
MoT=b DD, BAER J DF 2 B—T %
LTz, Fy OB TE— 27 N8l
7243513, (Ho,Er)BCO Tl (Ho,Ho)BCO X°
(Er,Er) BCO &V &Ko7,

8 T T T T
(Ho,RE")BCO & (Er,Er)BCO
' Lo=2 mm %
—A— (Ho,Ho)BCO 8.5,
o~ O —&— (Ho,ENBCO 8.6 |
'E -¥— (Er,ErBCO 9.1g
o Oxygen annealed
< 4 at 450°C
S
(8]
Sl
O L

0o 1 2 3 4 5
uHIT

ol (Ho,RE”)BCO
(Er,Er)BCO

L.=2mm

—&— (Ho,Ho)BCO|
—&— (Ho,Er)BCO
5} - (ErENBCO

Oxygen annealed
at 450°C
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)
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Hipe |

. ‘ _ =100e
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Fig. 4-33 Temperature dependences of
magnetization for (Ho,Ho)BCO,
(Ho,Er)BCO and (Er,Er)BCO.
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Fig. 4-34 Magnetic field dependences of J. (center) and F}, (right) at 77 K
for (Ho,Ho)BCO, (Ho,Er)BCO and (Er,Er)BCO.
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4.5.3. EEBEEDIE T TOT=— DR

Ho’" & Er'id Ba* 4 F~OEEIZV72WVWRE THHD, TR H0bLT4ET
TRERIOFE2E—I 1T BEXRED L IIHBENRKGICHEK Ty =7 F
VE—IZLHE = ThDLHARENE LD, FZ THBRARBEICLHOE—2 T
HHMNE I MEFRD T2, IR KB Z RIFIART 2720 O mBEFE S E T TOR A
N7 ==L ZATV, £ ORI TOMRERMEZ i LT,

MIERDE T TORZ M7 =—/UE, ERDIEFRT =— /L (Por= 1 atm, 450°C, > 100
h)D% I, BAEKE 7 L A(HIP)2: (& (KOBELCO: O2-Dr. HIP) % IV CiEN L 7=, HIP
DEAIX Pox = 10 atm, 300°C, 8 h Th D, AFEBRIL L =3 mm OZENGEIY H LT
B THWTITo 1=,

Fig. 4-35 (% HIP fiitk @ 3 iELOBALROWEERTIE L 77 KB 5 J. OBIGIKAT
PHTH D, Por=10 atm, 300°C, 8 h DFEHE T =— /L2 X W RE123 FHOEEFE KIEH KD
Voo o 2= A ERLS o tEBE BN, 3REE L S DOFE 2 E—7 1T
INEL Ipotz, L LEKERE L C(Ho,Er)BCO TITHAE R 2 ¥— 7 RN/ Hh, 1 -3
T TO J. DIEIFHD 2 3B L 0 Edvotz, ZDZ & )35 (Ho,Er)BCO D {LERFRIC
I, % U TREICKG LW Lo ORIy = Fe v ¥ —BNEET S
AREMER B 2 B D,

”I 8 T T T T
of (Ho,RE")BCO (Ho,RE"BCO & (Er,Er)BCO
(Er,Er)BCO closed: Pog = 1 atm, 450°C, 100 h
= L;=3 mm open: Poz = 10 atm, 300°C, 8 h
[0) o 7%
N —&— (Ho,Ho)BCO
| RS 5 Shapt
Er,Er)BCO < ’ Bo
§ 05F ¥ i < 4 (Er,Er)BCO 9.1g
o closead: o
RS Floz o atm, 450°C, 100 h = L.=3mm
\; I%Fc,:rl" 10 atm, 300°C, 8 h -9 ol
ZFC
e SNV
-1 '\mm'I»)jl.b.'/.t.'/{é){‘FA 7 2 | ':’/{ICO Oel gl Hle, | TEH s
90 91 92 93 0 1 2 3 4 5

Fig. 4-35 Temperature dependences of magnetization (left), magnetic field dependences of
Je at 77 K (right) for (Ho,Ho)BCO, (Ho,Er)BCO and (Er,Er)BCO before/after high Po>
annaling.

4.54.  TEM |2 J 3 HHRimea 25

(Ho,En)BCO DM mERARIIE, A A RO D 2 FEADNRAET 2 72 D I
T DEZDAEL, ZOHEEBHIGT TR = 72— LT bnik
AREMENE 2 HivD, & Z T TEM % VT (Ho,Er)BCO DAL 2 8Big2 LT,
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Fig. 4-36 (Z(Ho,Er)BCO @ L, = 1 mm DOALE N ST H L7230 O ac BFE T 0%
ARSI 2 T, BEITEIZE LSRR, WTh OB TS c #lifidh L 72 RE123
FIZIRE DT HoE M LM BL O V7o, RFTHEC T OFE R, IR D78 2 FEIRIC
BT DML OE I RT3 o T2y & OERITIZEHIEN 2= O3B DI &
EWICE b0 TIZARWE THEEND,

553 B TR L 72 YBCO /L7 (#4)D Lo =1 mm OALE S0 1 U723 0EH D ac
HFBE 1 O FE 1 BRIER 8 % Fig. 4-37 123, REOFEL & LM RO B RGN
HT RO HEMIZITHR TE RV, 2F L L THEHT 5, 1 JEHO RE 22 H1E
L 7= Z OB TIL, (Ho,Er)BCO THIZ Iz X 9 72l 7e ik D Te H0E M LT
fRIEA B2 5 72, ~10nm MR CTRIROZL P BEE S T2, ZAUTEEIOESL O
BlbLizlzbThd EEZ BN D,

UL EX Y (HoEr)BCO T SN IX. A A LB E/2 D RE % 2 FEA W
I VAL FOEAERTHAEEENE 2 bND, ZORFEEZZEX LD
DT, L0 FER G RRBIE SN ETH B,

0 N N \ \
W\ N
\ © ‘\;"' ARG N\
A
\ \’l‘ N \ % AN \S‘

ras fr (HoEBC.

\\\\

Fig. 4-3TEM images for polished ac-surfaces for YBCO prepared in chapter 3.
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4.6. KR - WS E T J RRE

REBCO J&hEEE SV 7 % T2 58 1R 2 18 O BB 1 3m BAsm JN K 5 20 -
60K ThHDEMEIND, ZDT=D, 77K L0 HIKE TO LS ELEETH 5,
ARETIE, KR - BRSO J BN RE123 BRI XL > TED X YBT3 %5
i %,

Fig. 4-38 {Z(Dy,Er)BCO & (Ho,Er)BCO O 20, 40, 50, 60, 77 K (2B} 5 J. DRGHEAT
Mz~ 9, ZD(Dy,Er)BCO IL Fig. 4-13 DL O L Rl—DRET TH D, 77K TORIE
1% SQUID %, 60 K LA T CORIEIFHALK FE B EHFSEET D VSM 2 W TiTo 72,
(Dy,Er)BCO @ 50 K, ~10 T 3 & ON(Ho,Er)BCO ® 50 K, ~12 TICR H N5 J. DFE T,
VSM ORGHARSIREDOETIZ L 5 H DT, KEWRLOTRNZ LICHEET 5,

S0KETIREZ FIF A1 2o0NJ.DFE2—I7 N7 a— NI AEFNERI ST,
L LWTHoRED 40K TiX, S0K ThROLNZE—7 LT 5 &7 r— RTIX
RNE =7 (P TEMAE RN 2-3TICHIL, 10T LA IS ifRO B IR D2 b
BoOITz, 2L, TTK TIZ 1 D LR oo o B — 27 NREL T 512205
ZLTWE, 40K THEEICH N2 L AmRied 5,

F72, 20K ETHREAZTT DL, JITP o ET> 10°A cm? & 725 Z L3
bk o7z, (DyEr)BCO & (HoEr)BCO % th#gd 25 L, 20 -50 K TDO 10 T LA ED
T35 BEE T3 (Ho,EnBCO D 573 & J. & #EFF L 7=,

1.2 P .2 P
(Dy,Er)BCO 20K (Ho,Er)BCO 20K
1.0F\ Lc=2mm 40K | 1.0 Lo=2mm 40K |
oal Ilc e 2ol Ilc 60K |
' ' 77K

Jo/ 105 A cm=
o
(o)]

o
-
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o
()]
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o
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wHIT wHIT

Fig. 4-38 Magnetic field dependences of J. at 20, 40, 50, 60 and 77 K
for (Dy,Er)BCO (left) and (Ho,Er)BCO (right) measured at IMR of Tohoku Univ.
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o ‘
e I ]— Dy Dy 8.4,
- = 1— Ho Er 8.6
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Fig. 4-39 Magnetic field dependences of J. at 40 and 60 K up to ~15 T for

(Gd,Gd)BCO, (Gd,Y)BCO, (Dy,Dy)BCO, (Ho,Er)BCO and (Er,Er)BCO measured
at IMR of Tohoku Univ.

Fig. 4-39 ZAMFZE THE#RL L 72(Gd,Gd)BCO, (Gd,Y)BCO, (Dy,Dy)BCO, (Ho, Er)BCO
(Er,Er)BCO @ 40 33 LY 60 K 12T D J. ODWHGHEF A2 /RT, 40 KIZHITD J D
2 B — 27 O3 %IE(Gd,GA)BCO LIS THLL LTz, ZHUCfEVy, RE iEA REBCO /\11/7
A0 K AZBWTEBEY £ TR L &2 LT,

Fig. 4-40, Fig. 4-41, Fig. 4-42, Fig. 4-43 (Z 40, 60 K |Z31F 5 J. DWHB A | AB D
WA 273, P ORI 9 RO LA TORIFHIR TH 5, J-B HfRIZE
HE—T OHHEIITNG OFRERN D bR TE S, FFIZ Fig. 4-42 O (Ho,Er)BCO @ 40

KDT7T—4ZTiX, 2200 — 7 PNEHFIZBON ST, Fig. 4-39 THLEMARH D Z
EMBEGTT DD,

2 . . 2 .
(Gd,Gd)BCO (Gd,Gd)BCO
L.=2mm L.=2mm
~ 1 ~ 1
£ £
< <
% of |2 o !
33 == _
60 K 60 K
Bllc Bllc
2 5 10 15 2 5 10 15
BIT BIT

Fig. 4-40 Magnetic field dependences of AJ. / AB for (Gd,Gd)BCO
at 40 K (left) and 60 K (right)
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Fig. 4-41 Magnetic field dependences of AJ. / AB for (Gd,Y)BCO
at 40 K (left) and 60 K (right)

(Ho,Er)BCO

Lo=2mm

2 :
(Ho,Er)BCO

Lc=2mm

Fig. 4-42 Magnetic field dependences of AJ. / AB for (Ho,Er)BCO
at 40 K (left) and 60 K (right)

. ; 2
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Le=2mm
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Blle
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BIT

Bllc
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Fig. 4-43 Magnetic field dependences of AJ. / AB for (Er,Er)BCO
at 40 K (left) and 60 K (right)
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ZIHOFRED 40 K IZBIT D J-B HifE O T, 2-3T OIREESG THION D E—7
X R XS 3R U CEN A BT e = S 2 — (B BEIZ XD
HO, 10T L LSS TGN B — 71X, RIRIZR 5 1% EmBEG AN BLN Ak
Wpvr=rrtr2— Bl BEXRBIWZLL2bDOTHL EBESND,

(Gd,Gd)BCO T 40 K TH B —7 O NBL LN~ =R IKIE, 8%/ RE/Ba [
WL bFN e = T2 o X =N b B NEL ool ThH D L&
zZ bbb,

47, EHSEVEEREY = T IO RERI I B

4.7.1.  RE/Ba [ZlVFEDHEE

AHFFEIZF 1T D (RE,RE?)BCO /3L 7 @ RE123 fHEICH 1T % RE/Ba [HiE &% AAE D
B0, WIHFK % YimBar.CusO, (x =0, 0.01, 0.02) & L TYERLL 72 Y123 Z4b ik
¥ CoOE M T D, 728, x=0.01,0.02 OFEHT Y/Ba EEZRE S5 72
DT 5 R TR P T (Po2 = 0.35 MPa) THERL L 72 H D TH 5, x=0, 0.01, 0.02 Dk}
Dyo I ZEINZEI 9.08, 7.77, 6.90 ThH o T2, AMFEOREHT o N TOLL ETHoT720,
FEHH T RE/Ba EEROZEIT 2%, FThoTz & THETE 5, ZOFEFEIL, REIE
BT XV RE/Ba [l &4 FFFIARIRE QMR CTHIMH T&E | £/ R e = 7 i zm b
TEAHZLERRT S,

4.7.2.  TIKICEBIIS B =

RE/Ba [EVAR DO K/ £ B T 2B, ZZETORREE LD D, o
/INE7pFBHE £ RE/Ba B EN SN EICHIGLTWS EEZ NS, 9. 77K D
Bl D Fy DKM Fpmax & 70 DBIR % Fig. 4-44 12759, RE123 BB K SED RE’ (=
Gd, Dy, Y, Ho, EDIC L > TR EZE 2 TWDH ARV, AETRLESHE O 77K
28T D J OBGIEGFETOLDEFR L TH D,

RE' =Y OFEIT0 N/ NEL 25138, RE’=Dy b L< 1F Ho DHAITn 8Kk & <
22 DIEEE Fpmax 278 LT2, FIH1O RE123 FEHRD RE 2L - T, & F, 237772
HIZ RE/Ba [EEEZ I ED DICHIEIT 2 _REDPN AL D FAEENREZ DD, &b
B Fy &2 L72#EHI(Dy,Er) BCO Th o7z, —FH, RE'=Gd O 3 & EHCTldp o &L b
RMEITBL LT, RE ZIRA L TV 72U (Gd,Gd)BCO 28 & iV Fymax 278 LT2,

Fig. 4-44 |ZIZRETHE TOFERITHEDSW TR RE &5 0 B LR 1% D T A E2 OV,
Z OS#S 7% RE/Ba [EA RO LT F B EN R E S BLT 25 2 L3005, RE RAIE
Z D & 572 RE/Ba HEEDOFELHEIZAN THL Z LRI TE 5,
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Fig. 4-44 Relationship between orthorhombicity o and Fpmax at 77 K for (RE’,RE*)BCO.

4.7.3. 60K IZHIT5 B =2 TERPE

Fig. 4-45 1%, 60 K (23T 5 J. DREIGKAFME 2 mfdéss £ TRl L7z 6 5Bt D, 60, 77
KIZBITD Fomax &0 BB TH D, 105 - 10° Nm>ThHD 77 K TD Fymax & LLETT
HE, 60K TD Fymax 15 10° = 101 Nm? L4 10 (5 DOETH - 7=, ¥ RE123 JFE
MED REN Gd D6, Y O%46, B LETEMHo, EnDOLATHET LI E, T
NOYE S 77K Tlidpo BN/ WikEL 377005 RE/Ba BEEEDZ WO EERSE VY Fpmax
R LTz, —J 60K TiX, RE’2’ Y, Ho, Er OHAITIFIER U Fomex D% & 72, F
72y Gd DA I RDERD IR Ly DR ERREL O TR E D Fomax 78 LT2, BLEXE
V AKIE TIL RE/Ba EEEN VWO FMENT- Vo = TR 2 G35 Z &7

TR X T,
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Fig. 4-45 Relationship between o and Fpmax at 60 K (top)

and 77 K (bottom) for

(Gd,Gd)BCO, (Gd,Y)BCO, (Y,Dy)BCO, (Y,Er)BCO, (Ho,Er)BCO and (Er,Er)BCO.

48. HAEDOE LD

TTK R L VARIRIZIIT B J RFED & 672 AU IZRIT
W e = FHMEIC 645 REIBE IR Z., 1 -2 fiED
[ /)L 7 DOFBARE R ME D B R HAIIZ 34 L 72,

REBCO & @ligE[E N v 7 D
RE # & Tr REBCO & ftlE

W1 > RE123 JFEMS R H 3D RE’ A Gd X° Dy & W\ 7= 17 HHE I DA  RE211

R RO REVICHEA TFEITESY 2 HWD & 77K TEV

Ve TR 2 E BB NS

ole, FTREEAIZKYD, LOF2 =273 L0 @S AIcIiniz,
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Wi RE123 JFUEH R kD REA Y REA T tHFE(Ho ° EnNdD¥A. RE BRA
WL TTK TO I\ ET 52 DB mhoic,

40 K TlZ. REJEA REBCO NV TR S DHFE2 E— I NHH L, ZOMEENL
OREHIERIS £ Tl Je ZHEFF L72, F72. (KIE Tl RE/Ba BEEENDI2WVEED
FIRENE Y = 7 NERTZEN RSN, ULELY | KR - @SS HIZIEY
SREA T TEEZH W REIES REBCO NV N5 Z EMIA LN E o7,

Fig. 4-46 | Z AW CHE SN AKX 2 7R3, KBad /72 RE123 Bk Thil
I, RIBICB W TGN R E < 251204, BN SERIE T2 A7 Bragg 77 A
NS, ZUo X LR = 72— X DRI E IR D SNTBIR 77 AFE
~FRFP-ERRTFIER AR L, ZFORR L OF 2 = RNET DY, Do b TR
%49 % REBCO 73V 7 Cid Bragg 7' 7 AMDFIET D AHLIT /2 W AS, (KfESIZ B
CId Bragg 7 7 ARIZRIT= R O @ RIEDMFAE L, BESIRAE I K 0 2 OFFFEN
FAb$ % EHETE D, RE/Ba FEEENVRVGE. 2 ORF- IR TS OB Rt
RS ET D 2B 20N 50, BEERkov =72 —3Edb 4%,
W ER BN S WA TR MBS AN TAE L, Sl COMSERER ST
HEBZOND BNy = TR R LooES £ T J ATV B
1%L, RE IBREBIC XV i EEHABUICHETT5 2 & TRIgEE D 2 EDRIB S LD,
ZDO7, EESSRIZ AT 72 RE/Ba FEEEHIENC X REEADIEFITAN L FIETH
HZEMHLMNE ST,
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Fig. 4-46 Schematic illustration of vortex-matter phase diagram in this study.

—7J7C. RE/Ba [EEEDEVEE TR %5 & RE G REBCO 7SV 7 DJ7 5 m
Foem LTcZ 806, REBEICE D J Rt deE2) 17 RE/Ba EEAEOHIHEI 721712 X
HH DT MEOEWNCS LD AR R SNz, A A BRORR S 2 FiSE
DREZHW-Z & THEUERTFOELNE = T LI EE LT NEZLD
b, ZORBFEAEEIEDDHIEDITIE, L0 FEMRMIEREIE N LETH D,
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49. HATEOMIE
4.9.1.  RE (2L S FEH E H G tt DZE

(RE’,RE”)BCO /)L 7 D RE DYX]A F o H:48 & RE123 fHD a, b, c i3 L OET
matEyo OBAtR % Fig. 4-47 1Z- ¥, EMHRIIHE ORI TH S, (RE,RE”)BCO /31
IO FEE K% RE: RE” =7 : 6 (MEEN)ERD X HITIRA L TER L7
W, EfEAAEO RE123 AR CTO RE LB [RIUTH D LE L. RE OFEA F 22
BIX(T r(RE)+ 6 H(RE”)) /13 & L72(#(RE): RE DA 4 L ¥4%), a, b, cEiR W T H RE
DA T 2 DN T DITON RN R L7, bR (T a, c R & LHiR L
THIBMHEDME S | A F B8 L b iR O KR/DERAS R L7 B b o 7o, 8
A AR L B L C b BHE DN EWVEREHIIE F IE N2 EMEE SN D, B
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Fig. 4-47 Dependences of a-, b- and c-axis lengths (a)(b)(c) and orthorhombicity jo (d) of

RE123 phases on average RE radius ((7 #(RE’) + 6 n(RE”)) / 13) for (RE’,RE”)BCO melt-
textured bulks.
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Fig. 5-6 Schematic illustration showing a particle in front of solid-liquid interface and the
necessary condition of particle pushing.?? (a) for Aoy > 0 and (b) for Aoy < 0.

Ra(30K) [-3
Rc(30K)

Rec(10K)
Ra(10K)

'Pushing Ly V
r'a@0K) r'c(30K)  r‘a(10K) rc(10K) Y
radius of inclusion : r Y1 23 Y211 + liquid
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mages for polished surfaces of GdBCO bulks prepared from
different Gd211 starting powders of which average particle sizes were 2.7 um (a), 1.0 um
(b) and 0.1 um (c), respectively.?!*
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Fig. 5-11 Je-B curves at 77 K for the specimens cut from the c-region (a) and the a-growth

region (b) of (Gd,Y)BCO bulks fabricated from various Y211 powders.?!3
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Fig. 5-12 Liquidus lines of RE elements (Y, Yb, Dy, Gd, Sm, Nd) in Ba3CusOg melt under
an air atmosphere. 2!
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Fig. 5-13 Relationship between particle size of RE211 starting powder and average size of
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776
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531  ZEBLUE

FERIT Fig. 4-14 D7 0 —F v — MIit»> T o T2, TERLL 723Bl & 2 D72 b DR FE
% Table 5-1 |27,

Starting materials: RE,0;,BaCO,, CuO (RE = Gd, Dy, Y, Er)

RE:Ba:Cu=1:2:3 RE:Ba:Cu=2:1:1
Mixing & Calcination (880°C, 24 h) Mixing & Calcination (800°C, 120 h)

RE’123 powders RE”’211 powders

v
[RE'123:RE”211 =7 : 3] + Pt 0.5 wt%, Mixing
v
Pelletizing (10 mmg), Uniaxial pressing (100 MPa)
v v
Melt-solidificationin air Melting & Quenching in air

(seed crystal: Nd123 single crystal)

0.5h T,
peritectic temp. 1 h| peritectic temp.

(RE’,RE”)BCO (RE’,RE”)BCO
melt-solidified bulks melt-quenchedbulks

Cutting into rectangular pieces (~2mm x 2mm x 1 mm/°)
v
Microstructure observation: SEM
Local compositional analysis: EDX

Fig. 5-14 Experimental procedure in this section.
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Table 5-1 Starting materials and temperatures for preparation of (RE’,RE”)BCO samples.

Starting materials Temperatures for preparation of samples
Sample name
REI123 RE211 Tv/°C Ix/°C T5/°C

(Gd,Dy)BCO Gd123 Dy211 1060 1042 1014
(Dy,Gd)BCO Gd211 1055 1042 1010
(Dy,Y)BCO Dyl123 Y211

1048 1015 987
(Dy,Er)BCO Er211

AT EE[ARE, RE’ 123 & RE”211 OJFUERE K> 5 /EHL L 72 REBCO &%+ % (RE’,RE”)BCO
EIES, ERVERNRAED H AR L TS 7-(RE’ ,RE”)BCO ISl EEHI S L, B4R
ALRRE N & A% L T -3 4 (RE’, RE”)BCO ARl AG R E & #3015, 4189 ORE
DFLEHZNZIUT DN T, BRI FUR L ISR am R e 2 ERL U 7o, SR RS
NOEIRA~ORMIT, BB LZHETZ ALOsIRZ L P 72 HNWTR Yy 7 26 HER
<HEUY USRI ECWmEId 5 2 & TiTo 7o, SORLRRELILE & RFTHLE AT O 72 9 Ok
B IE. XLy b EEP R SEME GRS 2 mm BEALZEIEL (AREEEEVE OB A
L, =2 mm OFEEOFEY) 22680 L7,

532, (Gd.Dy)BCO &*(Dy,Gd)BCO D H it

Fig. 5-15 1Z(Gd,Dy)BCO & (Dy,Gd)BCO D ¥AFhEEE LD ab AFEER O —IRE 14T
D, HIE 4.4.2 THTORE R L [FHE. (Dy,Gd)BCO TiX(Gd,Dy)BCO KL ¥ ¥l K72 RE211
BT 3M8122 S 7=, Fig. 5-16 12(Gd,Dy)BCO & (Dy,Gd)BCO DAl i O BE 1
“RE TG TH D, BHVEEEDY RE211 AH, IRWIK GOS0 IR BIZ B 1T 218
FH(Ba—Cu—O NS LTV 5, I e m il B © % (Dy,Gd)BCO Ti%(Gd,Dy)BCO £ Y
¥ RE211 KD KEBEIT L TV e, 202 & L0, H&HARICEBIT D RE211 kL
T OR/NERIL, EOERRIBICEB W CTIRET 5 2 ENRB STz,
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Fig. 5-15 Secondary electron images for polished ab-surfaces of

melt-textured bulks of (Gd,Dy)BCO (left) and (Dy,Gd)BCO (right).
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Fig. 5-18 Secondary electron age (a) andistbon of Dy (b) and Gd (¢)
for polished surface of (Dy,Gd)BCO melt-quenched bulk.

Fig. 5-17, Fig. 5-18 12(Gd,Dy)BCO & (Dy,Gd)BCO % A1 D mh & i ek O A B 1w
O _WESBEZDOWmIZET D RE 94z 77, (Gd,Dy)BCO TixgI#d Dy211 ki
wiE D X912 Gd211 DB LIcARF 23 R T & 7=—J7 T, (Dy,Gd)BCO TIEWIH D
RE123 JFEH KD RE T % Dy & Hlr & L7272 RE211 Kif b EIZR Sz,

5.3.3.  (DyRE”)BCO (RE” = Gd, Y, Ho) DI i#¢

Fig. 5-19 I&(Dy,Gd)BCO (Fig. 5-15 /A XD 348), (Dy,Y)BCO, (Dy,Er)BCO ¥l [
RELD ab HFEH O “RE B TH S, (Dy,Y)BCO & (DyEr)BCO Ti(Dy,Gd)BCO &
F20 | PR RE211 RO WA R b, RN Sum M2 2 b D1TIF e A S8
LZINRoT, Fig 5-20 1 FEMEMTBIOMIET O —IRE B TH D0, Tt
IREEA Sk U7z Z OfEAE T S RE211 Ki+ D K/NERIZFERETH - 7=,
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Fig. 5-19 Secondary electron images for polished ab-surfaces of
melt-textured bulks of (Dy,Gd)BCO (left), (Dy,Y)BCO (center) and (Dy,Er)BCO (right).
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Fig. 5-20 Secondary electron ime for poished a-rfcésw of
melt-quenched bulks of (Dy,Gd)BCO (left), (Dy,Y)BCO (center) and (Dy,Er)BCO (right).

electron iage (a) and distribution of Dy (b) and Y (c)
for polished surface of (Dy,Y)BCO melt-quenched bulk.

Fig. 5-22 Secondary elecrn ige () and ditribution of Dy (b) and Er (c)
for polished surface of (Dy,Er)BCO melt-quenched bulk.

Fig. 5-21, Fig. 5-22 {Z(Dy,Y)BCO & (Dy,Er)BCO Z 1 E L DRl A7 3R O BF BE [ D
TWRE A & OmIZEBIT S RE 494 & <7, Fig. 5-18 D (Dy,Gd)BCO & g4 % & |
WL WD RE123 JEEHR KRS Dyl23 THDIZHL b 53, 0 RE fhlTE
725 Tz, (Dy,Y)BCO & (Dy,Er)BCO Tidw##id RE211 KL 123D 7o W EI LAY
L7z Dy211 RiF- DB S TR T MBIEE S 472, — . (Dy,Gd)BCO Tl D Dyl123
BIARHEKD Dy211 & Fuls & L7z K& 72 RE211 K- 2MF(E L TV iz,

Z O RE211 KT DRPBEHRIZHOW TIIIRET ORER BEEE A T, 55 H TELRT 5,
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RE211 R DR b A2 BEE IR S B REE 2 Ao < 37572012, Pt 2 NI
FTITER L 73B T RE i Lo, ERiEioER T, Mok o
PREREE TV 32N E D (RE’,RE”)BCO O i 7o {ER S 2 1 & 2 CURIE L7223 Fig.
5-14 \Z/R LT2IREE /N2 — 2 Tl 900°C 206 Th°C £ TOHRIRBSE S T iz k- T L
TLE o7z, ZOFEHEDE WD RE211 AL O A R ET L2NEARHTH D
D, AREBRTIE N & FREEZBE Lz, EBUT Fig. 5-23 D7 1 —F v — MIE-
TiTo72, Z Z TIiX(Gd,Dy)BCO & (Dy,Gd)BCO DR A e % | fmiiE T =1040
H L <IE1060°C, EOMRFRF 1 & L<iZ5h Ex@E L, SHMER L7, RTkk
SHTIX EDX Tld7e < EPMA Z W o, = 3L — 380 X #oHr £ 0 & E 40
XM DT, I LTZ RE DALY "MLV OSBEREN B W Th 5,

Starting materials: RE,0;,BaCO;,CuO (RE = Gd, Dy)

RE:Ba:Cu=1:2:3 RE:Ba:Cu=2:1:1
Mixing & Calcination (880°C, 24 h) Mixing & Calcination (800°C, 120 h)
RE’123 powders RE”’211 powders
v
[RE’123: RE"211=7: 3], Mixing
2
Pelletizing (10 mmg), Uniaxial pressing (100 MPa)

v

1060 or 1040°C

Melting & Quenching in air 1or5h

\ 100°C h-1
900°C

temp.

in air

time

(RE’,RE”)BCO melt-quenched bulks

Cutting into rectangular pieces (~ 2 mm x 2 mm x 1 mmy/)
v

Microstructure observation & Local compositional analysis: EPMA

Fig. 5-23 Experimental procedure in this section.

54.2. AP D RE2L BIF DT
Fig. 5-24 |Z(Gd,Dy)BCO ®. Fig. 5-25 |Z(Dy,Gd)BCO ®., 1040 & L < 1% 1060°C T 1
H UL IE S5 hRF S B REN S 2B LR O ER O —IRE 841~
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quenéhed bulks

held at 1040 or 1060°C for 1 or 5 h.
25 Secondary electron images' (Dy,Gd)BCO met-quenchéd bulks

Fig; 5-24 Seconary elecfron images (Gd,Dy)BCO met

ﬁig. 5

held at 1040 or 1060°C for 1 or 5 h.
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(Gd,Dy)BCO (Gd,Dy)BCO
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Fig. 5-26 Histogram of the number of Y211 particles against the diameter
for (Gd,Dy)BCO and (Dy,Gd)BCO melt-quenched bulks hold at 1060°C for 1 or 5 h.

(Dy,Gd)BCO @ 5 53(Gd,Dy)BCO L ¥ & 5 um LLEDHI K7 RE211 Ki 1734 < #1453
STz, £l FVEWIRE TR Y RERRFT 2 2 & T, RE211 K7 O R kA
T35 2N 0hnd, T, 1060°C b2 L7c 4 308 RE211 K71 % #5 ULl
L7ZBRDRAE L HEOFE D 5541 (Fig. 5-26)0 6 bH LN TH D,

543,  ZmAE D RE2LL £ ND RE 537

Fig. 5-27 12(Gd,Dy)BCO @, Fig. 5-28 {Z(Dy,Gd)BCO ®. 1040 % L < 1% 1060°C T 1
H LIS h RFFSEREN S 2N LIEREI O ERICHIT S Gd & Dy O~ v ¥
YT ORRERT, 2206, REFEOBSIETOREC LY RE211 R -2 KAE L
T2 &N D,

1040°C 7~ 524 L 72(Gd,Dy)BCO Tl&, #1#1d RE123 FUEH R RD Gd211 73,
WD Dy211 FEE 5 K OISR LIk +- 3 BlEE STz,

1060°C 7> 672 L72(Gd,Dy)BCO TiX. il 2 1L Fig. 5-27 @ 1060°C x 5 h D5 D AL
TH S TZ@EFTD L 912, P11 RE123 FUEHH AR kD Gd211 290 & L7z Sum UL
? RE211 K1 HAF(E LT,

1040°C 7 52 L 72(Dy,Gd)BCO Tl 1060°C 2> 52 L72(Gd,Dy)BCO ® X 9 (2,
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HI D RE123 JFEH R D Dy211 Z Huls & L7z RE211 R 76 2 < fF7E LT,
1060°C 2> 524 L 72(Dy,Gd)BCO Ti, Dy211 Z .0 &35 RE211 28 & 0 LR L3
LERFRBIE ST,

1040°C X1 h 1040°C X5 h
e e ; Gd Lv R . ' Gd Lv
: e 36 % i 95
: 31 : 83
27 71
22 59
18 47
13 35
9 23
4 11
0 0
Ave 7 Ave 30
Dy Lv Dy Lv
41 111
35 97
30 83
25 69
20 55
15 41
10 27
5 13
0 0
Ave 7 Ave 29

1060°C X1 h

B R o Gd Lv Gd Lv
@ . . | 102 96
e 89 84
| 76 72
63 60
51 48
38 36
25 24
12 12
0 0
Ave 35 Ave 35
Dy Lv Dy Lv
112 102
98 89
84 76
70 63
56 51
42 38
28 25
14 12
- g ” 0 0
| Dy e Ave 32 Ave 32

Fig. 5-27 Distribution of Gd (top) and Dy (bottom) for polished surface of (Gd,Dy)BCO
melt-quenched bulks hold at 1040 or 1060°C for 1 or 5 h.
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o cd Lv [ TESEETTE ey Gd Lv
34 80
29 70
I 25 60
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0 0
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Dy Lv Dy Lv
41 106
35 92
30 79
25 66
20 ; 53
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10 ; 26
5 it 13
2 ap ¢ : ¢ 0 0
| Dy 5 um ¢ < Ave 8 Ave 32
1060°C X1 h
& Gd Lv Gd Lv
34 80
29 70
25 I 60
21 50
17 40
12 30
8 20
4 10
0 0
Ave 6 Ave 24
Dy Lw Dy Lv
41 106
35 92
i 30 79
25 66
20 53
15 39
10 26
5 13
0 0
Ave 8 Ave 32

Fig. 5-28 Distribution of Gd (top) and Dy (bottom) for polished surface of (Dy,Gd)BCO
melt-quenched bulks hold at 1040 or 1060°C for 1 or 5 h.
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5.5. TVRRIRAE T RE211 Ki DY A R DB 2R

AREITIX 5.3, 5.4 HiTOMELEE 2729 2T, ¥IHOFEEMEK TO RE O AT
2 X DA D RE211 R DY A XADiEWE, [RE123 FHO 4 fiRIEE ) & [RE DK
FA~DIRIREEE | DRI HEET D,

5.5.1.  REI123 tHDMENJEDE I J 5 RE211 B+ D1 XD
132 #iThbi Lz B0, RE21 (s) + [3

BaCuO; + 2 CuO] (I) - 2 RE123 ()OS NH » 1040 or1060°C

T DR TH IX.RE DA F NP RELS R B A~ ~1030°C
HIEEEL D, TOMWETHD REII MO o N AN
fR R 2 RE123 (s) » RE211 (s) + [3 BaCuO, + 2 CuO]

D) +y 02 (@)L Z DIRSE T b [AAED K/ NBEILRIC > time

Decomposmon

HEEBZBND, T TIEHEHEOTLD Tn=T, &f}i of (Gd,Dy)BCO
ELTS4FHOELEZFLIGEGREED D, 54 Hi Decomposition
THE 2 O RE123 O T 1. Gd123 13 1030°C, oDy Gd)BCO

Dyl123 1 1010°C Th %, ZDi= 54 fico  Fig 5-29 Schematic illustration
TIE, I RE123 FUEHRZEIC Dyl23 % Uiz ?égjgeygglégrﬁg(lg;’vg;ho'
(Dy,GA)BCO D J7 78, Gd123 FEM R % v 7=

(Gd,DY)BCO LV & RSOGO 2 A X Vv TR R LB 2 5 b (Fig. 5-29),
2% D (Dy,GA)BCO D773, RE211 HAMEAR & il 4 2 KfH 23 & < . RE211 KD
Ostwald fENHEIT LB X 6N D,

(Gd,Dy)BCO @ 1060°C TDOHREF & (Dy,GA)BCO @ 1040°C TORFFX, WTND T
25 30°C EVRE TOMREFCTH Y . ik & RE211 AR B9 D EERIZE L Th 5,
M aECHIE O RE’123 JFEEM K kD RE’211 % F0s & L7z RE211 KL - BFA(ET D
FREDHEN A SN2 &G, ik & RE211 B4 2 FERAY RE211 K+ DRk
RICHET IR THDL Z EIWREBEIND,

Fig. 5-30, Fig. 5-31 {Z Tm 7> 5 ZALE 740 30, 50°C & WIEE CHEE 415 RE211 K70
%R OFE T & K TR T (1060°C THRER L 72(Dy,Gd)BCO 1Z#&H M T 5 &5 %
53LD). T = Tm+ 30°C TlL, RE211 ki1 DE DOBEE CEBOR 03855 L=V |
W D/NE 72 Dy211 K-S AR ICES AR L. K0 K& 72 RE211 RO & O FmEIC
Brii L7290 U, ERED X 5 e fllik 315 S/ vl REMEDN B 2 B4 D, T=Tm+50°C Tl
A & RE211 AH AT DN S BICR <725 2 & T, Ostwald sl L D #ITL
Tl EMBALND,

RE211 Ki 1D EMHIO 72 DI & RE211 FAA M3 2 B &2 58 < 9 B I3
FRHEE T2 TP 2 b b bAAFZITIESH S0, BHEATEEAT O F Ik Mk E
DIKTEBE, VTNV RAL AMEDRIIZEN S Z L %)3%)%6 EEZBND,

bz F o5 L, RE211 RO KA Z M]3 5 72 DIiX, WA & RE211 FH 3
fih 9~ B 2 < T2 MR H Y . REI23 FHOD Ty 75>m1/\ RE % #J# o> RE123 JFUEHG)
RIEMAT2Z ERIENTH D s ohs,
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RE -rich RE211

O

oo €O
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Fig. 5-30 Schematic illustration of ripening of RE211 particles at 7 ~ Tm + 30°C
in (RE’,RE”)BCO starting from RE’123 and RE”211 powder materials.

c =)

RE rich RE211

o

Fig. 5-31 Schematic illustration of ripening of RE211 particles at 7 ~ T, + 50°C
in (RE’,RE”)BCO starting from RE’123 and RE”211 powder materials..

5.5.2.  RE DiH~DIBHE/E DV L 5 RE211 #/7 DV IDXTE

S1SHETHHLEZL T, T, L EDOREIZE VT RE @ Ba-Cu-O %@?ﬁiifﬁ/\aﬂﬁ
f#FE1X RE DA AL EENRKRELRDIEEREL D, ZOBMEDOENZLY
RE211 KL ¥ DR AL H = Al REMERE 2 B D,

A E COMEEZMEZ D &, RE'123 & RE211 OIREHARE Tn LA EDOIREEIIN
BT 5B RE’123 FUEH Rk D RE 211 23910 RE™211 278 9 X 5 IR T % &
EZOHND, TDHZORETHII CTH 5 RE211 KL -1, RE211 2B DR
C—HOFIED RE™211 kit Th 5 L HER S 5D, RE211 K+ D Ostwald sl Tl
INS TR SRR AT L TR E RO E OREITHT T2 &Z2 o570
Ostwald % D iEFE CHRARIZENAGA 4D RE211 K712 2 D XL 9 724> RE”211 K1
FTHHZ ENRESRD,

5.3,5.4 Hi COFERTHIHO RE211 FEH RIZHVZ Y, Dy, Gd 129U T, BasCusOs
Al H1 T RE L% Table 5-2 (12" ¥, 2O T O TR I N REREIX, RE211
HNLEETHHIRER TOMETH D 2, ZoXNEHNT, KR TIER L= %
OB ORFREIEIZI 1T DT O REIRE A FHE L1z, £ ORER % Table 5-3 |12~
T, AWFFETIX. Y, Dy, Gd DfEIZZ 1€ 411(Dy,Y)BCO, (Gd,Dy)BCO, (Dy,Gd)BCO |23
7% RE211 KiFDH A IR THEEZ BN D,
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Table 5-2 Liquidus lines for various RE elements in BazCusOsg

melt while RE211 is the thermodynamic stable phase.?!°
RE RE in liquid phase at 7K / at%
Y 1.08-10% x exp {-1.26:10*/ T}
Dy 2.02:10% x exp {-1.32:10%/ T}
Gd 3.46:10% x exp {-1.37-10%/ T}

Table 5-3 Calculated RE concentration in Ba;CusOg melt in this study.

RE in liquid phase /
RE T/°C
at%
Y 1048 0.78
1060 1.01
Dy
1040 0.87
1060 1.19
Gd 1055 1.15
1040 1.02

Gd IFAMFZE CTRE LIZWTNORETH AT OIRENMLO RE LV HEW, £
DIz, (Dy,Gd)BCO % =i THRFFT DER, /NS 70 GA211 R SRR L o3 0
EEZOLNDTD, LD G211 K723 9% & & b, RE211 KD Ostwald
REOHETAM OB L D IEET H & THTE S, TURNEHOERIKIEIZS T 5
RE211 Ki DKL (Dy,GA)BCO THE THLIEHTH S LHHTEX 5, ZDOIRGE
MIE LT AuE, 5.4 #iCTERL L 72 1060°C THREE L72(Gd,Dy)BCO & 1040°C THREFL
72(Dy,Gd)BCO ClRlkE DFHfk 2 BIEL S 7= 23, 1060°C T Dy OIEMEEE & 1040°C
TO Gd DIEFRFENIT NSO THDHEEXH EHTE D, /2, 53 HiTERLE
(Gd,Dy)BCO (Fig. 5-15) & (Dy,Y)BCO (Fig. 5-19)% i L7=FE. (Dy,Y)BCO D J5 H3 i
72 RE211 R 2358 L CUWV=FH b | 1048°C TD Y DIEMEFE 1060°C T Dy DI
FRIEEL D /NSWT2DThD LT 5,

ZDEDIT, WRRED K/ Ostwald fR DELRT SITHEST L EEZ2DH L, H)
#> RE211 JREHS RIZ Ba—Cu-O [l ~DIEFEIE /N E 72 RE Z W2 03, Hef&fi
kI35 5 RE211 K- LA IH TE 5 L fESN D,
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56. HESEOELD

RE &% REBCO AREERE SV 7 12381 5 RE211 R 1D YA X OELR 1 OfifBH %
HEOIZ, SR TR RGBT O @S R FHEE ) b 2 S 723 OGHEFLER<> RE /041 % 5
i L7z, ZDfEFR., AT T 5 RE211 K+ D Y1 XD K/NEELRILER 5 Rtk BE
DERFETRET D Z DB ahoTe, £, MBI ORER. RE123 FUEHH R O AL MR
FE T, BAmniZ E . b L< I, RE211 BRI R D RE OIEAB~ DR/ NS WT E
R VRRLIRAE T RE211 R FOREN IR SN D Z L DR I,

ZD2O0HERFD I L, EBLNRIENTH 2 NIEAMIE TITHA LI/ 678
oo LU, T BEME S RE DA AV ERENPRKREWVIZERELS RDETH D, £D
72 RE123 & RE211 OMMFEH KO TR % RE Z# W DHERIL., A 4RO
K& 72 RE % RE123 JFBHT, A A0/ &7 RE % RE211 JFEEHC WS Z & 23,
FOEHERR T RE211 B O KA ZH0H] Lis Jo DEERUT DR D Z BRI,
M L72 RE OflE&E28AT X, RE & 1 fi%H LA W7evy REBCO /L7 K0 i
RE {E#A REBCO 73V 7 D J5 78 RE211 K D KRAL 2 #ifi] T & 5729 RE123 & RE211
DYHAFE K TR REZHWDIERLDH D EE XD,
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BBRIC L Ay = T

REBCO & RlEEE NV O =0 THRER EORT v Vv EFHIT 5720, H
72% RE123 f:FEZ A4 5 3EHI % LT 35 MeV OEBE MR 247 -7-, RS K
DEASINTZZ ET, WTHORECHIREES T J BEIICH E L7, 70,
RE/Ba [E{A & DD 720 RE123 BAEZ AT 258D H N E TR X 5 J Rtk
EHRERBRENZ EBHLMNTR T,

TR —

6.1. =y
6.1.1.  fifdEF 7 EBE DA 219220

BT EOMERLIXEmEOLA, WE L EHE - Bk - S G - EEERGEL & Vo
FHAEERZEZ L, =3 XF—Z28EL LT, WER F23WE T 28T 55,
BN ES de H720 110K PO VX — —dE ZFLILEE S=—dE/ dx & M5, 2
IEHE S/MeV em™ 1%, EEECHIELIC L 5 S &R 74% & O 2255 < Sk & Bk
LD SsOFTRIND(S=S1+Sk+ S5, SsliFhF-REmTRNX—DEETHEGT
%o HAEDORLAT S lFHimD T/NS WA B TITE N TEEE] O P EL 2 #8 1 I
LARFRICEEND Z Eb b D, B3 E R TR X —% T _XTRUVMEIR
THETOBENERE / cm ZWEDOEEp / g cm™® TR UAEITHRER / g cm? & FEX
. UTFoXTcEREnsd,

R=p

EdE IE dE

0 s Ph ZdE/dx

6.1.2. BT RIALF—HFIZ L BEF DL 2
B R L X — R A D R E
Ik BETOBEH LM /
. ) _ AT ./ °
AR 72 e % Fig. 6-1 1Z/R M. E e N
o—>-————--~~=g M- s

o ANIPRLF(E & M, ==X

VX —E)PIERR - (E &
M) & HEVERIZE L, =R L¥
—E, DIEWRFIZEIND
L5, Bkl TEZXD
&L R IEATLE & B C
EE) 2 IR D T2 D OB E H
L=/ F—EglZxt LT, Ep
>Eqa DS AR O E H L

E<E A
Cpramiaesan @ ) /
EBEzk . ,,' =0~\ /
.--lité;‘i’:bi@% { /1 \...3 ’,1
do'p(E, Ep) SN
=GP(E)LVP(‘E7EP)dEp liﬁ;‘iﬁ Z, 4 — FWEP> Ey

Tzl v(E) (=5)

Fig. 6-1 Basic rules for irradiation damage evaluation.??!
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MIEZ D, EdlIFEORESLHMICL > TEEAETHHN, 25-60eV THDH L X
N5, Ey(>E) %5 T > THAIEALE D B & H S 7212 — R & i LR F(PKA,;
Primary knock on atom) & FE.5, B, >> Eq D3350, PKA DMERIPE O o Ji+- & 28
LCHE M LoD Z 5, Z O 2 M A7 — R EMES, Fio, sk
ZE2OFE Z D R0T XM EGELT oy TRINDD, JRTFOHMEH L A2 2 HRIT
BRI B, D Ep £ dE, £ COHPHO =)L F—Z S 1 RS H LIS ﬁﬁ%
doy (E1, E))Z D BN S 5, 4 1 IR E H LIFnE i IE E, 02 ICh- 280 % &
DULTO X IcEREND,
0,(E)=[do,(E,E,)

6.1.3. ETFAF—E I EYEDIHE L
O

IEEMERGELIC L D R EIC a2 A 2 D720, IKIREEIL 6.1.1 THTORTEH 2
HILHE XV FEIZ/INEW 2, Feather 138 DT RV F—E./MeV ETRFER/gem?|Z

R=AE.-B
EWOBRNH D Z L AR LI, B A, B OEITHE Z L ITHENCRE AR D8, Katz
& Penfold IZLA F KU F & 7=23,
R=0.412 E,205700934nEe (5 01 < E, <2.5)
0.530 E, —0.106 (25<E,)

@ FEToOmEHL

TR FX—E L OHMEERICL > THRETFOBMEHLITEZ 5, 1O
KX =L mec*=0.511 MeV (me: BFDOFRIVERE, ¢ HH)TH D72, MeV 4—H
— DTN F—% [T HEFITHERERICE DR T IR LRV, B ¥—&

& DEZET PKA D2 T HLD e KD T RV X —Ep max 1ELL F DO THFR & 5224225,

Epmax =2 Ec (Ee + 2 mec?) | Ma ¢

T WS UFEREIT., ENRTOARICEOLES, HIETN 2L << 137 %
7= 9 & X 1T%Y TH D McKinley-Feshbach & 5 & |

7 \2 2 E E 1/2 E
G, =7 Ze - 1 f p,max ﬁ In + ﬂaﬂ p,max 1l-1n p,max
mec B Eq Ed Eq Eq

ERTZEMTED2, ZZTa=2%e*he. f=v/c(: FFIERDORTIZETOHX)
Th D,
D PKA TR VX —Ep 13 E/ me ca>> 1125 L CIEERIAIC

_ E 2
E, = EqqIn| —20% 1428
Ed hC

ERED P BT Ea DA —F—ThDH I D, BB L 0 W I 2
T VU NVERRTOBE M LIZ L VAR U 52 R LR OxE2Y D R S
DT EnHREEND,
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6.1.4.  REBCO B(nE Mk ~DF, RIS

ERABGERA~D N TR L =0 T v 2 — DB AFIED—DIT, R -
FHZ X DA RMEOEBEADR B D, FEAMEIA~OR BRI 2 X NED O 7 G
REDME D HBLFETIIARWA, MEHZ X 2HIK08 07 BREEFICkh =
TR B =DV A X JEIR - AR E R IR GICHIE CTE D 2 LD, BRE Y
= TRHEIZOW T ORGE TITRI R 5 5, BRI IC K 2 KBl RiFfEoHE &
R RAF =D, TR R K> A r— RRMa->HR R e 2L, &
A RXHREL B2, Z O TIE REBCO MENOHC & IRREEERE SV 7 & Bk a2 %)
TR0 R RS OWFSE & PSRRI T 5,

@ E/]’ j—\/;’ﬁﬁﬁ‘g\%zz&ﬂiﬂo,ﬁl

HA A RIS i@%%éﬂé&ﬁk%i Y123 a3k —L v RAEITEVELRE
EHT D20, ARRKIISIHR - TRG BN S NG A IR e = 7 X
~kbfik%<moE%ﬁ/ﬁ%%iﬁﬁfwm%iﬁmtﬂ\4hvwi4ﬁ/
THIRABHEN~10-100 um TH D 720222, L7 TIEH E DRI N TR0,
6 GeVPb A A > OIREHZ XL 0 AR D 1272 DAEIR K a2 E A L7z YBCO HifEgh D,
FRETRIZ D 40 K IZ8B T D J OBESGURATME % Fig. 6-2 1239 230, FREHT X v RNk

BIFDINMELEZ ERDND,

@ HYEFRR RS 227

T RLE =8 0.1 MeV LL_E D k-2 FV 72 dEdl th e o T, AR o IR IE BRI
2T BN T 7 AMES NI A — KRN 7 > 2 DT S v D,

NdBCO HfE b ~D 101 ecm? OIS Clix, 77K ICBIT Dbt A7V & ADHE
KRR 60K (23T 5 mliss CTOMALER OGN R o7 22, 72721, & ~10"
ecm? ZHBz5HE. B RMWN A== v T LE V= TIRPMETT 5 L &I,
RHAHOERERF N BB LT,

e YBCO !
() 1.5 N, B :
B - T=40K 1 3.51
L - - 30
i — 1 3.
< ot ‘“‘%\*\ ) 25}
© Yr 7 Fo "
o - 1 = 20
i o J N k A VYIRS
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Fig. 6-2 J-H curves at 40 K for YBCO  Fig. 6-3 Distribution of trapped field at 77
single crystals before (open) and after K for Y57CO bulk irradiated with fast
(closed) introduction of different track  neutrons.
configurations.?*°
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Fig. 6-3 (X1 FREF R T YBCO 737 (25 mmg x 13 mm’) @ 77 KIZBIT 5
MG A OELTH D 27, ARG IIRHARIT 017 T Tho7on, WE#E
1£3.72T & RbgZm L7,

R FREHZIZMIC & . 7 T 70 & OB RMRLZTE 2 3N U 72 BURHT B M- R
1T T, AEINER TOESEIT L WEIRR 217 5 FiENH 523,

@ 51 FR

SRR IR CII A RBENE A &N D, Civale 513 Fig. 6-4 12783 X 912 3 MeV DO
THMH L7 YBCO HfER TIZ 77K 1T TLN 1M E L2 E&2fE LS, L
P UIRI D Je OB EEFMEN DL, BEEEZHEMNT 2 LT 0H0 5 i J 23m E
THR, WPREL., EHITHEPT LR TT5ZERm0n5,

Kinjo &% DyBCO ¥&flEEE /L 27 OFEHT (2.5 mm’)IZ 200 MeV DB 1-# % BT L
72235, 200 MeV DF51- @ Dyl123 FTOR AL 64 mm EFHETX 5720, Z O
LTI HITRE 2 &l L2 B 2 Hivd, Fig 6-5 ICB R IRE A% ORE R o 77
KIZB T 2 mmarnd, et 0.11 T 2056 0.19 T Icm kL7,

L . |
1x104 | (a) > K
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-leor - 2 H Il c—oxis
o — 10
—4x10* o] 4x10* .
H (Oe) Fig. 6-5 Trapped field profile at 77

Fig. 6-4 M-H loops at 5 K (a) and 77 K (b) for K for sample pieces of DyBCO
YBCO single crystal with 3 MeV proton irradiation.  melt-textured bulk before (A) and
Inset: Dose dependence of J. at 77 K in 1 T.?** after (B) proton irradiation.?*®
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O BERE AN E R CORRMBEAZ L VIR ESND 2 &, £, 20%T =
—VEATH Z & CTHRRMEBE KT S M2 TICRE D Z &2 mis Lz 17,
Rangel & 1% Ag FRIN YBCO & EFEIZ 72V LT 1.3 MeV O 1% BE L7227,
FORER, T XA EL7z— 5T, BEEEmEBITIT o — Nidkholz, £/, WinEkne
TOBEMRMET L, J T 6 fFicm b Lz 27,

6.2. HBEYE HFE

REBCO J&MlEEE L7 DR E v =2 THER EORT o oy VEFHMET 5729,
RE/Ba [E{ARE O 722 5 FH OB AT L CE RN Z21To 70, EFHIL. Zh
% ¢ REBCO #EHZ R L TITHIL T2 35 MeV & W) BT R F—DH D% v
7o B IRREHIE A A BRGSO MR & i3 2 LBt o @l R K
e, A=y S Xk @EETHEATE L LMD,
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6.3. FEERJGIE

AHFSE CE A2 BE U723 i, B inseFse CERLL 7= 5 FidH o REBCO &
FMUEEE 2NV 7 (Table 6-1)Td 5, Z O FrEIIARGRCE 4 BIZHBH L7, 2 ToR
BEA 134500 7 OfF] CALEFERSSAE T, FfE 25 2 mm BN 7288806890 L
b0 THY ., YA XZ~2mmx 1 mmx lmm’” TdHh 7=, Table6-1 21X, FILEND
VT DE T (1000 (b-a)/ (b+a), a BEXTO b IXREI23HHD a,b R (b>a))
BT, 0 AN ERREHTE L, REI23 FH910 RE/Ba EiAEN KE B TH D EE 2
5 4 =S,

Table 6-1 Starting materials, orthorhombicity and irradiation doses for five specimens.

Starting materials Orthorhombicity Irradiation doses / 10'7 cm™
Sample name
RE123 RE211 70 #0 #1 #2 #3
(Dy,Er)BCO Dyl123 Er211 8.30+0.30
- 52 9.6 15.5
(Y,Dy)BCO Y123 Dy211 8.53+0.38
(Dy,Dy)BCO  Dyl23  Dy2ll 8.47+0.31
(Y,Er)BCO Y123 Er211 8.80+0.19 - 4.4 10.3 -
(Y,Y)BCO Y123 Y211 8.95+0.52

ﬁﬂ«@% P T AL R PR F 0 LR RSB R - DI T A F > 7 WF5ehE
FIEIER 2 FH L TiT> 72, Fig. 6-7 ICEROBAX 27, B 13—
Oﬁomﬁfﬁhtﬁfﬁﬁ@%i&wft/bbto%Mw¢>%@%%Eil
Bl&H7-0 4.4 -59 x 107 em? ThH -7, (Dy,Er)BCO I L U(Y,Dy)BCO (ZiLFt 3 [H],
(Dy,Dy)BCO, (Y,Er)BCO, (Y,Y)BCO (Z #2@@%%%ﬁ%\%%K%%EMLTP
ST, T ZTIE, BERTOFEZ#O, 13@@%%%ﬁok%ﬂ%%ﬂ%ﬂM#2%
EEFT D, TNTENOREED Table 6-1 12589, BREATI L O IREH% 12 SQUID
IZ L DWALRE Z AT o 72, 70k, BRETEZ TR 2B LT s 728, BIEREE
EHRS D BREER AT o T2,

lead block
35 MeV I
electron beam
5x 102 cm2s 1
samples
slit (4 mmg) wrapped in Al foil

Fig. 6-7 Schematic illustration of electron irradiation with a linear accelerator.
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6.4. BEEIFEFIZI S J M E

0t (Dy,ErnBCO 0 (Y,Dy)BCO
5} £5)
o )
N N
© ©
£ 05 —0—#0 —A—#2| | E_05_—o—#0 —A—#2
s W # V#3 o - #1 -V #3
< S | BK=0001T
N X
=11 Bjc=0.001T - -1
88 89 90 91 9I2 9I3 94 88 89 90 91 92 9I3 94
T/K T/K
0 r (Dy,Dy)BCO 0r(Y,ErBCO
—0—#0 —O0—#0
- #1 - #1
——#2 —A—#2
B//c =0.001T B//c =0.001T

x| - (normalized)
S
(6]

y I - (normalized)
S
(6]

88 89 090 91 92 93 94 88 89 90 91 92 93 94

0 (Y,Y)BCO

—O0—#0
—#1
—A—#2

By.=0.001T

1 !

92 93 94

88 89 90 91
T/IK

Fig. 6-8 Temperature dependences of magnetization
for (Dy,Er)BCO, (Y,Dy)BCO, (Dy,Dy)BCO, (Y,Er)BCO and (Y,Y)BCO.
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Fig. 6-9 Magnetic field dependences of J. at 40, 60 and 77 K
for (Dy,Er)BCO, (Y,Dy)BCO, (Dy,Dy)BCO, (Y,Er)BCO and (Y,Y)BCO.
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Fig. 6-8 [ZFET-#RIRSTRIHE O 5 BUBHT ORALR O EIKAFIEZ 7R, RS BN

WD, Te2METF L, BEEEE N 7 v — NIRRT 2 &N nnd, iR OIRN Y
DIFRIE, #UB R N OIS B —1272 0 | BB O 2 mEIls — Ak ”“’“Lb\ T. TiX

ﬁ<ﬁot_&#%z%ﬂé fE BN T BRE O — DI BV IZ L 4 BE i
N DB, FRIGERF OFEHREE 1L 50°C L FE WO IRKIETH D E ENdH72d, K
m%?@%z_<m Lo TCZoMFEEROEMIT, EFHREHIZLY Cu-O HD O 28
RIS E SN TH D LHEHITX 5,

Fig. 6-9 |ZE FHRIBE AT D 5 30T D 40, 60, 77 K (2B D J. DBESEAFM % 7~
T, BRI X0 WTHoRES J BRI I Z B W CRIIC T B Lz, F72,
BEEIORGHNZ LY Sk blzm b UL, Bz IXHEHFETE 3.3 x 10° A cm™? Th o7z
(Y,Dy)BCO ® 40 K, 0.5 TIZBIT 2 J X, BEFE2EMTSE 52 % 10°, 6.4 x 10°, 7.0 x
100 Acm? &[] ELTWolz, kbt =72 —8 LTEE b < KM E T

FEEHZ LV RFRICEA SN2 ERIBE I ND,

108 : . , . . :
' ' Bie=05T |
#1 1
(e-irrad. x 1)]
CIV -
5
< 10°F ]
~3 )
—— (Dy,ENBCO 8.3, 4 large
. +(Dy‘Dy)BCO 8-47 level of /
| —#— (Y,.Dy)BCO 8.5; | ReEma #0
A I substitution (pristine)
—&—  (Y,Y)BCO 8.95 ¥ smal
104 ' ' .
30 40 50 60 70 80
T/K

Fig. 6-10 Temperature dependences of J: in 0.5 T for #0 and #1.

Table 6-2 J. (40 K, 0.5 T) for #0, #1, #2 and #3 of the five specimens.

Sample Je (40K, 0.5T)/10° A cm?

name #0 #1 #2 #3
(Dy,Er)BCO 42 6.3 7.2 7.6
(Y,Dy)BCO 3.3 52 6.4 7.0
(Dy,Dy)BCO 2.8 4.4 5.4 -
(Y,Er)BCO 3.3 72 7.8 -
(Y,Y)BCO 2.5 5.5 5.6 -
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Fig. 6-10 ([ZHRH AT OFEN#H0)I LN 1 B OREI#1) D 40 K, 0.5 T IZH1T 5 Je
DIRERNEZE RS, BHIRFIC X D Jo1m EiX 40, 60, 77 K X TOIRE THERE S
72, Table 6-2 (240K, 0.5T TOEHRBEHIZRTO S 2 FE LD,

Fig. 6-11 1%, WHATE D J. (40 K, 0.5 T)D L DO WK BARIFETH 5, WRE R OB
N T3 H) B L7223, ZOEE IR ZERD IOV oz, U RT
TR LT FRMEF82 22, B 24, B 2 O ER & [FEEOEm Th 5, AR

TOREA L S SICHBEZBML CTOITIE, L EoEEGRfafniL, H5REEND
IXLMET T2 ERTFREIND,

2.5¢ : . :
2.0} ]
= 3 ]
&1 &l 40K |
) L 4
219 Be=05T -
= : ]
e - .
£ 1.04 . ]
o ] —&— (Dy,ErBCO 8.3¢ 4 large
L —e— (Dy,Dy)BCO 847 | §_
05 —m— (Y,Dy)BCO 855 |}§s |
I ——  (Y,Y)BCO 8.95 -
% 0.5 1.0 1.5 2.0

Fluence / 1018 cm2

Fig. 6-11 Irradiation dose dependences of J.=™4 / J.* at 40 K in 0.5 T for
(Dy,Er)BCO, (Y,Dy)BCO, (Dy,Dy)BCO, (Y,Er)BCO and (Y,Y)BCO.

6.5. RE/Balfiliz®= ¢ J. A E
BB O RS B T ETE < D & L@ﬁi@%Aﬁﬁﬂ”k’iﬁé’kﬁAﬂ

%o Bz 1E(Y,Dy)BCO & (Y,Er)BCO ® 40K, 0.5T (BT 5 Jix. BERITITIEEL
fE(G.3x10°Acm?) Th o> 7=— 5T, 1 [BIfHE TITZENZEI 5.2 105Acm 7.2x10°
Acm? LB BE %R LT, REBCO ARlEERE /L7 12K~ T, FRIRATIC L 21

R = TR EOREN R D L PRI T,

Fig. 6-12 1% 1, 2 [AIfRS L 72308 & AT OB O To, 40 K IZKIT D J. DD
BRI T o Do Fy DHOBEIHERAFNEIZ xS LT 5, (Y,Y)BCO <2(Y,Er)BCO &
W o T2y DIEWVEREL, 77725 RE/Ba BEARSD IR WEERDS | BRI L D S0
Fp O ENFRICRENZ EBNHA LN TH S, Fig 6-10 # HiKT & FOREKRTH
RE/Ba [EIE &N D72 VB R E 2R Jo i AR LTI Z &b 530D,
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Fig. 6-12 Magnetic field dependences of the J.5 ™4 / J#0 at 40 K
for #1 (left) and #2 (right) of the five specimens.

6.6. REI123 FHFHDEBEWIC L S J. [ EOZBIZHON T DEL

ATEICiE. REI23 BZERARIZIS 1T D RE/Ba [EVEE D K/MZ X W . REBCO &Rl
BNV OB TR L D L m ERIGENRH D Z EAURIB I N, ZORINE
3ODBEMNGEELERT D,

1 ©HI% RE123 B{RERAH OB EE = R L X — D@L D L THEETH
%, WBEHETH T TS RE RBIT L, vy — 7 RBIEERB bR Sz, R
FEDH DD REI123 RHAHOBIREEHE = RV —ICRE BEE LTI ol b
Ez 605, Lo L, RE/BaEEEDZ\ ) RE123 fidh T Tk, FRERTOR S ClRZE
BHE =R L X —DME T L TWAD 7o, BINKRIGICE D =0 7 R ARERINCGE -
TLHAITE D, TRWZ, BRI L D KIEOBIMZ., ROBRE 2 L7
RE123 £ Z £2(Y,Y)BCO <2(Y,Er)BCO &\ 7= REBCO /S Z7 (2B WT LY A%
L7 HBHETHTES,

2 SHIE RE/Ba BEAEFEIROFIEICL 2 RRMBOBEOHIRIZL S T 55LTH
4o HRMaDH A RIZREI2ZZ Dabt—L U ZR LD /NSW=, BIETIZAER e
==L LTHBELRVWEEZXOND, 5 614 @OTHHHALIZL DI,
BILBIC LV mRMaN 7 T AZ—% T HZ & TP TRWE = 7k 2 —
LTI B EFHTE S, ZD 7= RE/Ba [EEFEEL & W o 72 KBS BETRT S £
SHIET LB TIL, AXRMOBEBHIR S, 7 7 AZ—BIR LIZS <, BEXK
falz LD Jem EN/ NS 72D 6B TE D,

3 2HIEX RE/Ba HEIZ LY Ba A FMIFEOEFIRENENTHZ LT, FILE
FROMKETHRFOME H LENEAD L, BEXRBAEAIIIISS DT
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X TohbH, BlzI1E Ba %14 M REFER LIEEBRMEMT 5 Z LT, Cu-0 ${0 O
MEE ST K R D ATREMERE 2 b,

UEBRELLERDO S b, WTFNBARDRER D7, b L IFBLHIRER 2D
DMIARBFGEI T DI E TE RV, LA L 5 TSI L7= DyBCO &RIEERE S L 7
2% % 200 MeV D58 OBFSE 22° TlE, BRI OfHREIE DMK - 7230
EB RN X DRSO m LN R E o722 & b L TW b, e ETOHRMIE
DK E A Dy/Ba BEIAHKOE =0 7o X —nA7 SITRF LT &0,
RE123 RHAHOD BRETAT O 5 COBREEHHE = R L X —DEWIZ L D & THEEND
ZORKEZFHTE 5,

6.7. 35MeV EHRIT L DS K[

6.13. O TR L=XEHWD &, 35MeV DEFDORFLITI~1.8x10gem? TH D L it
HCTXx 5, REI23 OEEZARPILORELEL D KEHIZ 7.1 gem™ (= Erl23 OEE)T
H5EELTSH, REI23 HFTOFHBEREL 2 cm 2B X DML 5720, ARWFZET
MR U723 IR~ mm) 2 BIOE R CTX D =R VX — % FFo T,

A O E H L =RV —Eg % 15, 30, 45, 60 eV EFE L7ZEED. Y, B, Cu, O J&.¥
i E T 7 DICMERE DT RV X —E, & Table 6-3 |Z507, Z OEIZEJR D
R EEANWT6.13. @QTRLERXDNGREM Lz, EaZREDIZ60eV TH D EHE
LTH, BHER ENIWTHORFIZBWTYH 35MeV 22 FlEl 5D, ABFFE Tl Cu—-
O D O NEFHIBHIC LV HE H AR EAINT EAE LA o JR1
DOEEXHL AR S, 12, 6.1.3.00XEHV T 35MeV OFEFHRTO
Ep,max, Ep,ave ;:L) Y, Ba, Cu, @) %ﬂ%ﬂﬁi“)b\“( Eq=30eV L 'f}iﬁr_‘_’ LT§+%“§—5 L . Table
6-4 DfEE &5, ZNHDMEIT Eg XLV IXDNICKE W0, & H Sl -2Mio
KRigaBRT5H5Z & HEX HILDH, Kinchin—Pease 7 /L2383 % AW THEIEIICE 2 5
&L HEH LEERE Y (E) (T R/LVF—E, D PKA OO H LE)IL, 2Ei<E, D
A Ey/2E 72D,

LLEX Y| 35 MeV OFE-#REIREZ OFREHIIZ R KBS O KB FAE L TV 5 Af
HEMELH LD, WHOTTEMICEABENLETH D,

Table 6-3 Electron energy E. [MeV] to eject Y, Ba, Cu and O.

E. / MeV for Ep,max > Eq
Target atom
Eq=15¢eV Eq=30eV Eq=45¢eV Eq=60¢eV
Y 0.428 0.715 0.947 1.146
Ba 0.594 0.965 1.261 1.514
Cu 0.329 0.561 0.751 0.916

O 0.100 0.185 0.261 0.331
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Table 6-4 Epmax and E;, for Y, Ba, Cu and O in E. = 35 MeV and Eq = 30 eV.

Y Ba Cu 0O
Epmax / keV 3.04 x 10 1.97 x 10 4.26 x 10 1.69 x 10?
Ey/eV 2.04 x 10? 2.03 x 10? 2.08 x 10? 2.35 x 10?

68. HOE6EDEL®H

REBCO VARMEERE NV 7 ORER E > =2 TR EORT o X VAT 5720,
RE/Ba [EARO 22 5 FIHOBE A ICR L CERIBH 21T o7, F72. 35 MeV
EVD FIERF—DE R REBCO WEFEERE SV 7 12 H 2 D%~ 5 =
EHLHIE LT, ZORER, WTHoORE S EFHRRIIZ LV J B3 FICIRBES 2B W
TEIMIZW E L7z, £z, RE123 B{=ERHHO RE/Ba BEE &S D72 WEEHEZ &, BT
BRIBHNC L 2 LB BB KRENWZ LR LN o7z, Z DFEFIL REBCO MEHZ RS
KRGS D SR EZEANT DRI BB BICTE D ARERH 5,
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Sifse ST
7

T E
Ag ¥SHI RE {#4A REBCO 73V 7 Dl S B i it

Ag SN REBCO ¥EREERE 7SV 7 D J FFEIZRT LT REBAZIRDBEZN TH 50

I 5720, AgO % 10 wt% ¥R L 7= 9 fii¥E D REBCO »3 V7 Z {ESL « ZFAH L
Tz TORER, Ag IRIMEEHIB W T HRR Y Y = VRGBS RE IRE AR
ThoHIEPHLNERoT, o, KR - MERSHICIX Y SEA L o#E %
G RERA /LI DT 5 LW ) FEEHT Ag IRIEREHZ Y Tk E 5 2 & R
=iz,

7.1, HE

P

7.1.1.  REBCO JBHFEE] /12 D PENEIZ X 75 Ag IR NIZIFE
REBCO VAREERE NV 7 ~D Ag TSI

75 s BAEODMERKAS FORMICS ) | |
AT, BRIBIE DT LIS Th D190 Pyl
HTERMOENTNDEOM, F Agi’M © 1000 || 1 L%
AT DRMEEER LSO ARD DY 2 ] e

M RMANE D HROBORM T e 300 | [ B
bOLTH, TRLOEEND, B 8 980 ‘—K +— -
VARG 215 5 T DI Ag WRINIE R o5 Lt 8——#——#

o

BRWFIETHD EE 2D, £72 REBCO i 5 10 15 20 25 30
BFCIE Fig. 7-1 lOR L2 K510 Ag i ~ Ag doped (%)
SRR TT 59, 2orb aglh (E LTS e S
JIN REBCO & flEEE /S v 7 DO bk R IR

T Ag ERMOL DO XY LIRS EE LT X 5700, MR ERENMIT 5 &
Ba—Cu-O Rl FIZIEMET % RE BT 5720, fimEREENES D2 LI

EETHMERD D,

7.1.2.  REBCO J55@#EE <02 @K’ﬁ:ﬁ#/ﬁhxfﬁé Ag NIZ)F

REBCO &@hEEE SV 7 OFBIRERFEIZRT T 5 Ag IRINOFZEIZ DWW T, HiF%E
FBOHE BN RANHAE L2224 Ag i Aghe LT RE123 fHD Cu-O $HD Cu »—
HAEERT D EEZ DI, ZOFEE RE123 FHD a, b iR ITZL L7220 ¢ Bl 13
ET5, £72 Ag' Cu-O $HD Cu VA M ZEEHT 5 & c BiFHIZ O-Ag-O DFEE N
e S, Cu-O SHICB T 2% v U TIRENMET I 5700, Ho K— 7 REEZER T
H1ODWEFET =— )VOIREIIK T3 5, Fig. 7-2 I DyBCO I&RlEEHE NV 7 (1281 %
BT =— VIR & T ORERThH 2 M, SROWIMBEBOHIM LN T Fxm & 70 b
ek 7 =— VIRFEEDME T LU, HEASINEUEL & 10 wt% B INEE Tl 100 - 125°C 2705 Z
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EMGND, FEleENE R & SND
Wi (Ag JERINGUEC 0.8°Chl| Ag
WIERENT 0.5 °C W) THE & ¥ 723
Ay Ag TINEECIZBEESGERE & i
LT Te OfcEfEMET L7722 &b HiA
Biv %, Lo LA Uil E ok T
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Annealing Temperature in Flowing Oxygen / °C
Fig. 7-2 Relationship between oxygen
annealing temperature and 7c°™ for Ag-free
(cooling rate 0.5 or 0.8 °C h'!) and Ag-added
(0.5 °C h'') DyBCO melt-textured bulks.>**

YA NEEWRT DL TEZOFEETIE b BT MICERE N EA ST, Ba?™ 1 NEH
DABMEENMETT 5720 L TAg RN X0 FRIEENME N L72Z & TRE Ok
BOREME T T 5720 72 ENBEHEE L TE X HILD, Fig 7-3 (21% REBCO 1A fElEE
73V 7 (RE = Gd, Dy, Y, Ho)D Ag SERNNFUBHARMIEEE 0.8 °C h™)F LT 10 wt% D Ag0
UL 723RBHIR 0.5 °C h) TR BERHE T = — ViR & T ORIfR & 7R3 24,
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Fig. 7-3 Relationship between oxygen annealing temperature and 7" for Ag-free (cooling
rate 0.8 °C h'') and Ag-added (0.5 °C h') REBCO melt-textured bulks (RE = Gd, Dy, Y and

Ho).2#
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Ag #I1 REBCO & RlEER SV 7 TS F O Jo M RELS M ET5Z2 L bHbT
W%, Fig. 7-4 12 YBCO SV 7 @ 77 K IZET D J—B HifpZ 728, Bk %2 iRfIicE
ALTeA == R=RECTIZBEERFE 2 = NBNT-Z LRG0 5 28, Agh
Cu-O $5D Cu H A A [EHL L 72 fEIRI L, FER E DDA A R OEWNZ LV /T
W72k T BANE L, BBREEK CTH D EHHSND, TDOD, BEH Ta%h 7
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ThdEZLND,

6 6
(a) (b) .

5 Bllc | 5 Bllc |
f Ll 77K | o 77K
§ 4 £ 4r ]
<4l Ag-added g al Ag-added
=’ 2t :02-

1t 1k

% 4 "2 3 4 5 O 2 3 4 5

BIT BIT

Fig. 7-4 J—B curves at 77 K for Ag-free and Ag-added YBCO melt-textured bulks in
optimally doped (a) and over doped (b) state.?*?

Diko 5% Ag ¥R YBCO TARMNEERE NV 7 B D Ag IR % F R X #oir &
P TRMIG L7222, RBIC B L7 Y211 B2 B3 Ag I3t S e o 7z, £72,
a-growth FEIK D Ag RIS GBEN DI oNvmE< e olz, T U AT BLTE
R—=FTENEN R = T Z—E U CHRET 2 ol i R R o e — 1
VARED2fE, T B Y123 OBAIL 77K T~6nm TH 524, Y123 FHD Cu-0 $5D
CutA b~D Ag EHLOEE . Y123 FHHFIZK L T~0.03 at% Th 5 L iR TX 5203,
HIE SN2 Y123 FHTO Ag IEEIE~0.12 at% TH Y . ZIUTHKEME LY 4 [EEVMET
bolz, ZOHED 77T K TO J-B IR THIHERE 2 B — 7 NALNT-72%, Diko
HIX 450 AgWIEFFD 7 7 AZ —% BT D AlReME 2 154 L7c 2%, s
EOBLAND BIATE D,

72, HBYEJ5H

Ag W1 REBCO #RlEERE SV 7 D J FFHEICRT L TH REIRGIIRDANTH 50
RPN D Z LA BHME L, AgO % 10 wt% ¥R L7z 9 Fi¥H D REBCO /3L 7
(17mm@)ZER L. J FpE% RE/Ba [ER &2 EIEICFHME L7z, £70. fEkEZOY
A AH20mmeD Ag TN REBCO 7NV 7 DB FRSAE 2 WS L, iR B 2 3740 L
7=,
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7.3.  Ag ¥ RE 124G REBCO IAEREEE /L 27 D J, Fetk O FF-A

7.3.1.  EBELE

AETH RE 123 & RE”211 OFEEHS R D 6 /EHL L 72 REBCO /YL 7 % (RE’,RE”)BCO
ERFLT Do FEBRILFig. 7-5 D7 a—F ¥ — M- TITo 72, Pt OIRINEZ 0.1 wt%
ELTZHEHIE, 05 wt% & L7285 4 EOFRENCIE Pt 23 AT R ARSH SRR 43
BL727=8Toh s, Fig 7-6 ITIERKE O ¥ — %7~ , Table 7-1 IZAMFSE T
FEAM U 72 3B O JFEHEY R S AR D72 O DIRE Th, Th, T3 / °C B L OREEE 11,
/°Ch! 2504, ZHOHDIREITSF 4FD Ag BIRINRE COLME2EEIZLoo, &
BFE R ORITEFAZ ERQTRE LTz, MRE LT LN T3 Ag BIRMEEIL Y 20 -
35°C IR BRE L. RIMIBFEZ 2 BePEIC Lz, Y123 JEEM R 2 AV 723U Cld R
FE % Gd123 <° Dyl23 OJFEHY R Z W25k L 0 IR RE LZBBIE, Y IX Gd %
Dy £ ¥ Ba-Cu—O 2 DliE~DIEFRE DN /NS W=D Th 5D, T TOLRFFRER] 2 20 min
(ZHEAE LB, Ag DI K 2R SR O iz < Th B,

a-growth, c-growth FEIE2~ )0 H L 72306 OFERS 2 & OBt 2 T Z L La, Le
LB < (Fig. 7-7). B EBMEEALIZ. Le=2 mm OALENGY)YD H L72RE T 225k
7 =—/L L, K XRD (UEEE 1°min ) TRIE L= — 27 AEE AT, SizHun
TN L VT o 72, B &M ld a, b RN B 4 T & RRICEH LT,

Starting materials: RE,03, BaCO;, CuO

Ag-added (RE’,RE”)BCO
(RE = Gd, Dy, Y, Er)

melt-textured bulks
(~17 mmg) X 7 mm))

RE:Ba:Cu=1:2:3 RE:Ba:Cu=2:1:1
Calcination in air Calcination in air
880°C, 24 h 800°C, 120 h

Cutting into rectangular pieces
(~2mm x 2mm X 1 mm’®)
RE’123 powder RE”211 powder

v ———
Annealing in fl
Mixing [RE123 : RE211 = 7 : 3] + Pt 0.1 wt% | Ain®aig In Towing oxygen

+10wt% Ag,0
\L A4

- . - Characterization
| Pelletizing (20 mm¢) by uniaxial pressing (100 MPa) | Microstructural observation: SEM

Magnetic measurement: SQUID
| Melt-growth in air (seed: Nd123 single crystal) I— Phase identification: XRD

Fig. 7-5 Experimental procedure in this chapter.

Nd123 seed crystal
facet line

temp.

c—g’%mth region
fime Fig. 7-7 Schematic illustration of

Fig. 7-6 Temperature profile for melt-growth ~ bulks showing the positions of

of (RE’,RE”)BCO melt-textured bulks. specimens for characterization.
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Table 7-1 Starting powders and temperature conditions for melt-growth of
Ag-added (RE’,RE”)BCO bulks (~17 mm¢).

Starting materials ~ Temperatures for melt-growth Cooling rates
Sample name RE123 RE21L Ty T> T3 Ty 1 19)
/°eC /°C /°C /°C /°Ch!' /°Ch'

(Gd,Gd,)BCO Gd211 1055 1015 983 971

(Gd,Dy)BCO Gd123 Dy211 1050 1010 978 966 0.4 0.3
(Gd,Y)BCO Y211 1047 1007 975 963
(Dy,Dy)BCO Dy211 1030 990 958 946

(Dy,Y)BCO Dyl23 Y211 1028 988 956 944 0.4 0.3
(Dy,Er)BCO Er211 1025 985 953 941
(Y,Dy)BCO Dy211 1030 990 960 948

(Y, Y)BCO Y123 Y211 1025 985 955 943 0.3 0.2
(Y,Er)BCO Er211 1022 982 952 940

7.3.2.  fLEICLE BT R OZE
Fig. 7-8 IZEM L 7= 9 HBto LIHOGFETH S, £ TOREHZI DWW T 7L R A
A MBIRB VT DBERIZET LT,

(Gd,Gd)BCO (Gd,Dy)BCO (Gd,Y)BCO
5 mm 5 mm
(Dy,Y)BCO (Dy,Er)BCO
5 mm
(Y,Dy)BCO (Y,Y)BCO| | (Y,EnBCO
5 mm 5 mm 5 mm

Fig. 7-8 Top views of Ag-added (RE’,RE”)BCO melt-textured bulks prepared in this study.
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Fig. 7-9 |2 Ag #SI1(Gd,Dy)BCO ¥&flEERE SV 27 D Le =2, 5 mm OLEHH) D H L
TeRBEA D ab WFEEH O ZIRE B A2 RT, HEADOMGHE THDIVCERIZIT Ag 2347
LT (IEfEIZIE, Krabbes © 23852 L7c Agoss0.02Cu0.02:000500.10:0.03 T 5 &
BEIIND), AgO Z Ui L?’:?ﬁﬂ’(“%@ffh% AR %%ﬁﬂf:bﬁﬁf“ ILARA RDFEAFL T
W, BERPBRE R ED - DI L DRA REFET 5720121, Bl R O H
%’1&Fﬁ@@&“?§?§~.ﬂ?“(@§ﬁkﬁ . ﬂﬂ@i{f%rﬂ/\ éﬁéﬁgﬂ% HEEBEZBND,

Fig. 7-9 Secondary electron images for polished ab-surfaces of sample pieces cut from
L.=2 mm (left) and 5 mm (right) of Ag-added (Gd,Dy)BCO melt-textured bulk.

7.3.3. BET=— R EDRBE S Ag FESNRE D I FFED I EE

FRA M A ST 2 BTIC 45 Ag WSHI REBCO NV D 72 fEsE 7 = — /VIRE D
WK%, Le=3mm OMENSY Y B U 2 W TR, 4.4.1 THE FRERIC,
B IIERZ SR T TOER T =—/L(> 100 h)% 25°C 4 & CTEiifln o4, £7
=— /VALEE D FEIZ SQUID (2 X D RALHIE 21T - 7=, HIERE PG L > T JAED
KNBHRITZE DY 5 D720, & J D= D 7 =— VIR E 2 B ET 5 2 LI
TERVD, AR TITRIE - EBGISHICHIT CTEETHS 60 K, 4 T TD J M3k
LR DT == VIRE AR LI,

Table 7-2 Optimal temperature for annealing of
(RE’,RE”)BCO bulks in flowing oxygen.

Sample name Optimal annealing temperature / °C

(Gd,Gd)BCO 300
(Gd,Dy)BCO 300
(Gd,Y)BCO 350
(Dy,Dy)BCO 350
(Dy,Y)BCO 375
(Dy,Er)BCO 350
(Y.Dy)BCO 375
(Y,Y)BCO 375
Y,Er)BCO 375
(Y.,Er)
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Table 7-2 (245 Ag I REBCO /3L 7 ([ZHOWTHRR U I-feli /R iR 7 = — VIR E %
S0, M L7 RE OA AL 2RIV EWVITE Cu-0 BHICIENEA SIS D
720, IRWEETOT =— A BUEL 7257, FRlEORALROIRERITIE & 40,60,
TTK BT D J OBEEHRIFNMED WFE T =— /VIREIC L 5 BLIIARZEOMIE TR,

ZTIERFE E LT Ag IRII(Gd, DY) BCO TOZEAL%E ., Ag HEHRIMNEE & 8T Fig.
7-10 12777,

(Gd,Dy)BCO bulks 77K
L;=3 mm Hllc

Oxygen
annealmg

6 open: Ag-free 4

—~ | o g
temp. / °C \‘ ) : Ag-
g emp. /0 / = closed: Ag-added
N —o— 425 s o
® J < Oxygen annealing
E-OS—:é:S% A | <+ 4 temp. / °C T
S —0— 325 o = —0— 450 —O— 350
c — —<>— 425 —0— 325
= r] open: o —— 300
- | “Agfes < A 375 A 275
~ ] closed: 2
— Ag-added
-1 Hye = 10 O] :
" " n 1 n
86 88 90 92 94 5

20

] Y
LJ

open: Ag-free

Jo/ 104 A cm™2
o
Jo/10° A cm2
N

Oxygen annealing (Gd,Dy)BCO bulks | Oxygen annealing
5 temp. / °C . 1 FLe.=3mm temp. / °C -
o5 o 35 . &5 o a5
—O— 300 60K 40 K —o— 300
i 375 —a—275| HIl ¢ g Hllc A 375 — 275
0 1 2 3 4 5] 0 1 2 3 4 5
UH I T UH I T

Fig. 7-10 Temperature dependences of magnetization and magnetic field dependences of J.
at 77, 60 and 40 K for (Gd,Dy)BCO melt-textured bulks with/without Ag-addition.

(Gd,Dy)BCO TlL T. DEITIEHE 7 =— VML 72 21 KR E L7z, 275°C TOfRFHE
T == VED Tk, Ag IRIEREIL V& Ag BRI O 3 mh o 1o, Wikl Te

DEALIZFE D Fig. 7-3 () L R T o T, Je DT Ag UMK D 725 Ag SEIRINEA
LD b@Erotz, TR T L X 512, Ag'd—#872 RE123 FEAHO Cu-O
40 Cut A NEBHRLEZZ LT, TOEESESE T Ty S A — Lot
O ThiHEEZLND,
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7.3.4. 77K ICEITS B =22 E X RE/Ba [EEE D BIFE

Ag INRE’ RE”BCO D Le =2 mm DOALENHYIY H L7 R O 77 KIZBIT 5
Fy DWESHHARTEME % Fig. 7-11 12739, 1 T RE 7 HERL U 7=30kF & Heifs L. RE B
RISV R 2R Lz, 202 &b, RERAIT AgIRIAEHZ SV TH, B
=V TN ECHETHD Z ERHLMNE o7z,

8 T T T T
77 K Ag-added RE' RE”
. (RE’,RE")BCO bulks{ |- Gd Gd
c? H // Cc _ Lc =2 mm Gd D
= sl | —— { .y
- open: RE' = RE’ ' /
closed : RE' # RE”
OOO (RE-mixed) o Dy D_y
4 —— Dy Er
< - Y Dy
- : v
~ -+ Y Er
= 2
L
0%

Fig. 7-11 Magnetic field dependences of F}, at 77 K for Ag-added (RE’,RE”)BCO
melt-textured bulks; RE’=RE” (open) and RE-mixed (closed).

4 T % W & & % %) % o %%k o % E [ %o ¥
Ag-added (RE’',RE”)BCO bulks 77 K ¢ (Gd,Gd)BCO
L, =2 mm Hilc {|® (Gd,Dy)BCO
= Gd,Y)BCO
~ 3T | |1 1o (DyDy)BCO
o
T ) | | ® (DyENnBCO
Il 2 + H m (Y,.Dy)BCO
T | i || (Y,Er)BCO
g
Large  RE/Ba substitution level ~ Small
=g >
0 TSI N U T S T [ S TN U TN [ T TN S T [ S T
6.5 7.0 7.5 8.0 8.5 9.0

orthorhombicity j, / -

Fig. 7-12 The relationship between peak field p0H (Fp = Fpmax) at 77 K and
orthorhombicity o for Ag-added (RE’,RE”’)BCO melt-textured bulks.

130



H7E

Fy Wi KRAE & 2p o 12— 7 Wit & REL OB T bty (REMESIR)OR% % Fig.
T-12 \ 2R T, o MAKX 723k, T72 B RE/Ba EIEEN D20 EE SN DREHT
E. BTN ERYs & o T, B4 ETHANZ X 912, RE/Ba BRI IR
ORI ER Y = 72— LT 5 < 23, RE123 BHHO AR E LG = %
NFE—ZETFEIELERTHLH D, D7, RE/Ba EIREDD Wik @kiss £
THRWBEELZHRCXEEZLND,

Fig. 7-13 1L 77K 2B T 5 Fy, DKM Fomx & o DBRTH 5, 1 FIFHD RE 2> HAE
R 723 & el L C REBARBINEWF, 2R LT, 24 FETERLEZLD
2, AT VRN RID RE Z 2FEREG LT EICE VALK FOEATERT
LR E 2 b, £7o. REEGHEEIOF TII RE/Ba BEEENDR2NEEE
=T IMAETHZER LN E o7, ZOJRKEIZATEO &Y . RE/Ba [EiEE
DIEMT L 2 B OBIEEEHE = R L X —DEWCL D LB BND,

| Ag-added (RE’,RE”)BCO bulks Hile | |© (GdGd)BCO
s Lo=2mm ¢ (Gd,Dy)BCO
£ gl g s
= (Dy,Er) S Bl
o RE-mixed ® {|o (DyDyBCO
~ 6} - (Y.En) | Dy,Y)BCO
~ (Gd,Dy) 2 (Y.Dy) e (DyErnBCO
—~ L (Gd,Gd) ]
X — - ®m  (Y,Dy)BCO
N~ 4 (DyDy) - - (Y.Y)BCO
’ m (Y,Er)BCO
£ 21 1
u Large  RE/Ba substitution level ~ Small

O PRSP RS S SN RS S U RS S S U RS S
65 70 75 80 85 90
orthorhombicity 5, / -

Fig. 7-13 The relationship between Fmax at 77 K and orthorhombicity yo
for Ag-added (RE’,RE”)BCO melt-textured bulks.

7.3.5. B JALIZ/EITE RE DG H DEE

77K L0 HIRRICE N T LA SGEICA I Th D RE DAY E2E4T 5, 5T
TOBAGRIED B 13 60 K (28T D Fomax Zali CE 2202, 2 2 TlE Jo TRl s
%, Fig. 7-14 1 -3 L O a-growth I H U] 0 H L7250BHA D 60 K (28T 5 J. DR
BHRIFECH D, F 3 c-growth fEIK D L.=2mm OALE S0 H L7=alkEH T o J K
ME 75 L. (Dy,Y)BCO, (Dy,Er)BCO, (Y,Er)BCO 73~4T £ CTEWJ. ZR~Liz, ZD3
AEHZIFZR D L 9 edbil@ i d 5, 73, WInbEA L TESLY 2 V72 RE B
AREICHD, T LT, AV 2O RERE'BLOREND 9B, A 4L FEOK
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X 7¢ RE ;5_» RE123 JFEH RIZHWESECTH 5, A ICOWTITE 4 BORMH TE L
Lick oz, ERTHETESLY /M52 & T RE/Ba l(@ﬁl?fﬂﬁﬁﬂéhtt&bfibé
EEZ %ﬂéo BEIZOWTIEFE S BTELR LI L HIZ. RE DA A LD KR/NT
R T D ERIRE S L ITEMBEOEWNCL Y | K&k RE211 ki1 KL
Ml Enizi=dTh s LRI TE B,

F7o. VT H KA LT BRI E OME OfE#S ~ DT 51K E < 72 %5 a-growth
fEk T, RE @n’*ﬂ/\ﬂ‘ﬁ XD LFMHEOEWVILVBEE CTH-o T2, & 5IT a-growth FEIK
TlE, A RO RE ZflAHHET RE EREHRAETH 5 (Dy,Y)BCO &
(Y,Er)BCO 25 E0 J, %fm L7,

PLEX D Ag s REBCO NV 7 128\ T, KA - @SOS, EA 15
TLHERY ZHWE REBEBARENEVWERT VoY L/ T5H 2 LOURBEINT,

25 T T T T
Ag-added (RE’,RE”)BCO bulks
60 K
T s
Q
= Ly ,
O 15+ ; 1
5 gl
-
o
2 R
) L.=2 mm
5F open:RE =RE”
closed : RE’ # RE”
(RE-mixed)
0O 1 2 3 4 5
UHIT
RE’ RE”
—— Gd Gd
1| Gd Dy
o =
g -o— Dy Dy
:_E —— Dy FEr
‘c_> -2 Y Dy
ﬁo & Y Er
5F open:RE = RE” 3
closed : RE’ # RE”
(RE-mixed)
OO 1 2 3 4 5
tH T

Fig. 7-14 Magnetic field dependences of J. at 60 K for specimens cut from
L.=2 mm (top) and L, = 2 mm (bottom) of Ag-added (RE’,RE”)BCO melt-textured bulks.
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7.4.  Ag¥H1RE A REBCO /N v 7 O KL & it et

WA, BB CIER LIz JERMEEIC M 72 RE O A2, et EZ I
B CTHHINETBET D0, RKRAUYL L7230 7 (=20 mmg) 2 /ERLL . Z DO
T 2 B L 7=,

7.4.1.  FEBELL

FEBRIL Fig. 7-15 O 7 0 —F v — MMIfE-> THr- 72, REI23 FUEH RIZIZ, 3 & T
DFERZ & &2, TEP BRI HAMER U 72 i R 2 6 L7z, RiBEAR~L > FDJE
MIZIE Yo Os MR & = & /7 — )L ClaEM L8BAR L7 (Fig. 7-16), Yb123 Dbk E X
Gd123,Dy123,Y123 72 E X 0 IRV &S FERLERE O 2> & OfE Sk R O )
HEZHFRFCEX D720 ThHh D, AFFETSH, RE’123 & RE”211 OFEEHYEN SIERL L 7=
REBCO & flEERE NV 7 % (RE’,RE”)BCO & 5, IRl R DR X% — % Fig. 7-17
2. ZFDIRE L ARMEE % Table 7-3 1277, 25 mmgDRIBEIAR L > MIERER
~20 mm@ZIAE L7, 2 TOREHZDOWT Fig. 7-19 IR LT LDy v TV R AL v
NSRBIV DB IR Uiz, B - B 2R ICIT > 7230 7 OBRFELT T
TOT =—)LVDIRE /X — > % Fig. 7-18 |2, & DIEE % Table 7-4 12779, £ 450°C
T 60 h REFTHZE T NIE THRAENDILET 5 Z L 2iloT-, TOHBREFL
TR XRIENC CREVT 2 W TRk L7ZIRE TH 5, 300°C L WO IKIE T =—
VLT GBI R A OB L D b REE LT, REHPTD 7 T v 7 FAEZ
Hil9 5720, REHIAH TR IFWTHAIL T,

TR BEAE | LB E R A BN AT O /10 T, B mEEIC X 0 iT-o 70, Ik
EHRTOMINT I D 77K TORREYS 7040 OFHiIX, FIIIRES X 1T, Bl 1T 30
Gsl, »VUL7 kil E Hall 7 v —7 OE#ET 0.5 mm TH-72, 30 mm VU5 OHEZ 0.5
mm PO 5% A CRIE Uiz, WS ENC L 2 RS OB ERIFIEIT, 35K 128\ T
5T CHEB L THIR LN GHIE Lz, WBREGEREIX 30 G s, FHEEE13~0.002°C s,
sV Eif & Hall F 17O HREX 0.07mm TH Y, b & JEEHOEEE LT,

Pelletizing (25 mm¢)
RE,0,, BaCO;, CuO by uniaxial pressing (100 MPa)
(RE = Gd, Dy, Y, Er) ¥

Starting materials:

Melt-growth in air
(seed: Nd123 single crystal)

RE:Ba:Cu=2:1:1
Calcination in air Ag-added (RE’,RE”)BCO

R(E:’c;r;:;n erci(ajl 800°C, 120 h melt-textured bulks
powder (~20 mmg¢) X 10 mm9)
manufactured by
TEP corporation RE”211 powder [ Annealing in flowing oxygen
L4

v Characterization

Mixing [RE123 : RE211 =7 : 3] + Pt 0.1 wt% Measurement of field-trapping properties
+ 10wt% Ag,0 (field cooling method)

Fig. 7-15 Experimental procedure in this chapter.
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Fig. 7-16 Bottom of precursor pellet coated with Yb,O3 powder.

T.°C T2 °C
1 /

temp.

time
Fig. 7-17 Temperature profile for
melt-growth of (RE’,RE”)BCO melt-

textured bulks.

Temp.

in flowing oxygen

me

ti
Fig. 7-18 Temperature profile for
annealing of (RE’,RE”)BCO melt-
textured bulks in flowing oxygen.

Table 7-3 Starting powders and temperature conditions (Fig. 7-17) for melt-growth of
Ag-added (RE’,RE”)BCO bulks (~20 mm¢).

Starting materials ~ Temperatures for melt-growth Cooling rates
Sample name T T: T T.
P RE123 RE211 ' ; ’ ) oo
/ec /°C /°C /°C /°Ch® /°Ch
(Gd,Gd,)BCO Gd211 1055 1015 983 965
Gd123 0.4 0.3
(Gd,Dy)BCO Dy211 1050 1010 978 960
(Dy,Y) BCO Dyl23 Dy211 1030 990 958 940 0.4 0.3
(Y,Y)BCO Y211 1025 985 955 937
Y123 0.3 0.2
(Y,Er)BCO Er211 1022 982 952 934

Table 7-4 Conditions for annealing of Ag-added (RE’,RE”)BCO bulks (Fig. 7-18).

Sample name T/°C t/h

(Gd,Gd,)BCO 300 150
(Gd,Dy)BCO
(Dy,Y)BCO

(Y,Y)BCO 375 120
(Y,Er)BCO
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%7

(Gd,Gd)BCO

N

_..(Gd,Dy)BCO (Dy,Y)BCO

|5mm 5mm 5mm

(Y,Y)BCO (Y,Er)BCO

5mm

5mm

Fig. 7-19 Top views of Ag-added (RE’,RE”’)BCO melt-textured bulks (~20 mm ).

7.4.2. 77K ICEIT S IR
@D (Gd,Gd)BCO ¥ L Y(Gd,Dy)BCO

Fig. 7-20 (2(Gd,Gd)BCO 3 L TN(Gd,Dy)BCO ?® 77 K (21T B FHERIE /A (AL G)
R, YRGS Br D KAE Brmax 13200 G & IEE K72, W ORES L
7 DIMA & FULE D TR FEIR D Iy Z fiE Lc, ZAUI SV IZE A Z
v I IMAS TWEEATREMENE 2 DD, £, BREXRHP TOT =— AN E LT
TAREME L B 5, 2D OFEHIERMIZ 300°C L WHIKIR T =— L &21T-o72, 7
=— VORI OREL L D b R0, TN THRBNARE L T\l ERB 2
LD,

= 180-200
= 160-180
= 140-160
=120-140
=100-120
=80-100
=60-80
40-60
=20-40
= 0-20

0 5 10 15 20 25 30 0 5 10 15 20 25 30

Fig. 7-20 Distributions of trapped field Br/ G at 77 K
for (Gd,Gd)BCO (left) and (Gd,Dy)BCO (right).
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@ (Dy,Y)BCO, (Y,Y)BCO, (Y,Er)BCO

Fig. 7-21, Fig. 7-22, Fig. 7-23 IZ(Dy,Y)BCO, (Y,Y)BCO, (Y,Er)BCO ZZHn D 77K IT
B DRSO (AL Q) 2R, TR O KIE Brmax D73V 7 L 0.5
mm (2B AHEME L . FDfEH S Biot-Savart DERIZ AW TRAESL - 72707 Fil
0 mm (23317 S HEHIfE A Table 7-5 (22T, 7233, Fig. 7-23 THAT O —HANELIVIZ FEi T
X, Hall 7 —7 LNV BEDBELTZ72OTH Y . KEN2H DO TiERw,

= 2600-2800
* 2400-2600
= 2200-2400
= 2000-2200
= 1800-2000
= 1600-1800
= 1400-1600
= 1200-1400
= 1000-1200
= 800-1000
= 600-800
400-600
p % 200-400
0 5 10 15 20 25 30 »0-200

Fig. 7-21 Distributions of trapped field Bt/ G at 77 K for (Dy,Y)BCO.

= 2600-2800
* 2400-2600
= 2200-2400
= 2000-2200
= 1800-2000
= 1600-1800
= 1400-1600
= 1200-1400
= 1000-1200
= 800-1000
= 600-800
400-600
= 200-400

0 5 10 15 20 25 30 *0-200

Fig. 7-22 Distributions of trapped field Bt/ G at 77 K for (Y,Y)BCO.

30  ®2600-2800
+ 2400-2600
05 W2200-2400
2000-2200
= 1800-2000
= 1600-1800
= 1400-1600
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Fig. 7-23 Distributions of trapped field Bt/ G at 77 K for (Y,Er)BCO.
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Table 7-5 Brmax at 77 K for (Dy,Y)BCO, (Y,Y)BCO and (Y,Er)BCO.

Sample Btmax (z=0.5 mm) / T (measured) Btmax (z=0mm) /T (estimated)
(Dy,Y)BCO 0.24 0.34
(Y,Y)BCO 0.27 0.39
(Y,Er)BCO 0.19 0.27

W NORE OIS DA 2 — B Th o7, ZO3RETIIREIRAZ LT
W2UNY,Y)BCO 23 B BV Brmax 78 LT, 734 TR LA REEAICL D Fyal b
B U7 RER TR o e, ZTHUHERW Br ODEIC K D ATHEMRE 2 Hivd, Fig
7-11 O Ag WHEREHZ BT 5 77K TO F, DRESHEREM S, 0.5T LLFORGS T Tk
BHE CHZE 7BV TE O N o T2, F, O L% Br OfEICH KM S5 720121,
LV E WS AR TE 5007 ZRR%E L2 i 570,

7.4.3.  IHIERELG OO0 EE A

30—

L top bottom ]

55l (Dy,Y)BCO |

~ — (Y,Y)BCO |

20} — e (Y.Er ) BCGO

- | !

~ 15F ]
@ [

1.0} -
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Fig. 7-24 Temperature dependences of trapped fields for top and bottom sides of
(Dy,Y)BCO, (Y,Y)BCO and (Y,Er)BCO.

Fig. 7-24 1%(Dy,Y)BCO, (Y,Y)BCO, (Y,Er)BCO ® i X OV O HREIZ I8 1T 5
HERESS Br DIREEREETH D, LEIF40KITBWT23-3.0T D Bramr LT,

(Dy,Y)BCO [ ZJE MM T Br DRI ICAKR > 72, ZAUTER £ TRl E 23 £ 72
STtz b LI, JEE AT IZIV T RE/Ba [BEEEANEE & 720 | BAERENE
LI LIz ThDHEEZLND,

(Y,Er)BCO (% 77 K Ti& 3 B THRHEVETH 7228, 40 K Tl LTI
(Dy,Y)BCO |Z, JE[fH TIZ(Y,Y)BCO DMEIZVLH L7z, T2 BIREK TICZL D Br Dl
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ERRLREDN-T2, THIE(Y,Er)BCO

DMK - @l £ T J 2/ERF T 5 & Ag-édded ('RE’,RE")BCO' bulks
555 4 OO L [FIREC . RE/Ba [ 4l fo =2 mm |
#FO/H 720 RE 184G REBCO SV 7 Th ‘-“E MM
HI2DTHHAREERH S, LT <‘(’ 3

NoOFRENS Br ME< | Fig. 7-25 TR L 0

72 40 K (281 % J B (<17 mmgmd /™ . ar

NIINDEY M LRICHRT =— vk 5 veco _
Tl B ToORER, 60 K TOD J. Fr | 40K
PEIX Fig. 7-14 BH)OMENE, Br I | e
J i S22 o T, o 1 iong 4 5

7.44. IR LIZE1T T
ARFECYERL L 72~20 mmg@? REBCO /3

Fig. 7-25 Magnetic field dependences of J. at
40 K for sample pieces cut from Ag-added
(Dy,Y)BCO, (Y,Y)BCO and (Y,Er)BCO
(~17 mmg). Those specimens were annealed
in flowing oxygen after being cut.

IV Z 1IN TS SR BEYS O E D3 i D H
HEHKT D Ko, T ZOJRK% Fig. 7-26
D Ag TIN(Y.ENBCO /L7 ZHWTEZET S, 20
ZVZIEHTEE TO Ag III(Y,ErBCO /3L 7 & RIS
ECHER L7223, bk Thb s iR O E 727> > 7o Ik
IN—ERAEAE LTz, 7277 U2 OFE 2 IR T 13 fa R 1
BifThr LAz TN, ZOREZRIEETO
Ag WIN(Y,Er)BCO L7 L [RSGMH CTRRFELIRH DT
— NV EATo e BT, BBHAICEI Y L. BABRNE %
1T-7,

—

5 mm

Fig. 7-26 Top views of failed
Ag-added (Y,Er)BCO melt-
textured bulks (~20 mm ¢).
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Fig. 7-27 Temperature dependences of magnetization (left) and magnetic field dependences
of J. at 77 K (right) for specimens of Ag-added (Y,Er)BCO melt-textured bulks annealed

before/after cutting process (closed/open).
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Fig. 7-29 Temperature dependences of magnetization for sample pieces cut from

L.=3 mm of (RE’,RE”)BCO annealed at various temperatures;

RE’ = Gd (top), Dy (middle) and Y (bottom).
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Fig. 7-30 Magnetic field dependences of J. at 40, 60 and 77 K for sample pieces cut from
L. =3 mm of (RE’,RE”)BCO annealed at various temperatures;
RE’ = Gd (top), Dy (middle) and Y (bottom).
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Fig. 7-31 Temperature dependences of magnetization for c-growth regions of
(RE’,RE”)BCO; RE’ = Gd (top), Dy (middle) and Y (bottom).
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Fig. 7-32 Magnetic field dependences of J. at 77 K for c-growth region of (RE’,RE”)BCO;
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Table 7-6 Lattice constants and orthorhombicity jo

for Ag-added (RE’,RE”)BCO sample pieces cut from L, =2 mm.
Starting materials Lattice constants Orthorhombicity
Sample name
RE123  RE211 al A b/ A c/A 70
(Gd,Gd,)BCO Gd211 3.846 3.901 11.719 7.13+0.34
(Gd,Dy)BCO Gd123  Dy2ll 3.839 3.897 11.719 7.40 £ 0.51
(Gd,Y)BCO Y211 3.836 3.893 11.724 7.34 +£0.50
(Dy,Dy)BCO Dy211 3.833 3.889 11.712 7.28 £0.56
(Dy,Y) BCO Dyl23 Y211 3.826 3.888 11.711 8.01 £0.32
(Dy,Er)BCO Er211 3.825 3.888 11.701 8.07 £0.48
(Y,Dy)BCO Dy211 3.828 3.888 11.707 7.76 £ 0.47
Y, Y)BCO Y123 Y211 3.822 3.887 11.706 8.33 +0.36
(Y,Er)BCO Er211 3.822 3.884 11.704 8.01 +0.34
3.85 L T T T T ¥ 3.91 ¥ T T T T T
(a) $ ' (b)
open: Ag-free & L
o 3.84 r closed: Ag-added + b oL
E + E 3.90r é
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Fig. 7-33 Dependences of a-, b- and c-axis lengths (a)(b)(c) and orthorhombicity o (d) on
average RE radius ((7 n(RE’) + 6 #(RE”)) / 13) for (RE’,RE”’)BCO melt-textured bulks;
Ag-free (open) and Ad-added (closed).
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Table 7-7 Starting powders and temperature conditions for melt-growth of

(Y,Y)BCO and (Gd,Gd)BCO.
Starting materials Temperatures for melt-growth
Sample name
REI123  RE2I1 Tv/°C Ty /°C I3/ °C
(Y, Y)BCO Y123 Y211 1040 1007 975
(Gd,Gd)BCO  Gd123  Gd211 1065 1047 998

Fig. 7-35 IZ(Y,Y)BCO $ L ONGd,Gd)BCO ® 77 K (ZH31F 5 ki & J& i O e oy
iz ~d, (Y,Y)BCO IE EmiA~0.48T, JEMEA~038T @, (Gd,Gd)BCO i _Eifi73~0.44
T. JEEAEID~0.10T @ Brmax Z7R L7z, 2D Z & 735(Y,Y)BCO 1%(Gd,Gd)BCO & Hk L
TIEH £ TR E DN HEA ), K COBREREOLLAIH SN2 LR E 2
LD, 1272 LIRS A O IR | R EDR AR —Th o722 E A%
Toinbd, —J7. (Gd,Gd)BCO IFHitemes o O MIBE L E < . BT M OREdb kR
NE) =TT Z LR35, KNI DS 0% LWME S 208572 RE/Ba [#H
R X D BIEEREOLIENRER TH S L35 &, 743 THIZE W T RE/Ba BEEEN
2\ L E Z 535 (Dy,Y)BCO DOJEHEIZH T DS N ME 722 & Exbisd 5,

WIZ Ag Z ¥R L CERL L 7=(Dy,Dy)BCO, (Dy,Y)BCO, (Y,Y)BCO D¥ARMEERHE /L7
& (~17 mmg¢ x 7 mm") DRSS 0 A0 2 95, 45 OFEHT Fig. 7-34 & Table
7-8 DIRESMENSERL L=, #I# > RE123 & RE211 OJFESRITOF b BEL
72o Pt B LN A0 ORMEIZZNEI 0.5, 10 wt% Th 7=, IEHET =—/L L 77K
\ZE 1T B Wit 041 OFEM L Cambridge K% Bulk Superconductivity Group (Z#7E H
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Fig. 7-35 Distributions of trapped field at 77 K for Ag-free (Y,Y)BCO and (Gd,Gd)BCO
annealed at NSSMC; top-sides (top) and bottom-sides (bottom).

Table 7-8 Starting powders and temperature conditions for melt-growth of
(Dy,Dy)BCO, (Dy,Y)BCO and (Y,Y)BCO.

Starting materials Temperatures for melt-growth
Sample name
REI123  RE2I11 Tv/°C T>/°C T3/ °C
(Dy,Dy)BCO Dy211 1015 987 955
Dy123
(Dy,Y)BCO V211 1013 985 953
(Y,Y) BCO Y123 1005 977 945

Fig. 7-36, Fig. 7-37, Fig. 7-38 |24 a0kt _Lia « i O 77 K (2351 2 e oA &
T, FYERES O B FIE Brmax 13 Table 7-9 (28GR T 5,

WFOFE T b o — RIS i e b iz, 22 TH(Y,Y)BCO (Fhod
L& L5 & kil & T O Br DZED/IN S o 1o, BT E TR Ah R E DA 20,
JEE COBGERMEOBEN IR Sz ENE XD, £72 RE IRA REBCO A
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Table 7-9 Btmax at 77 K of top and bottom sides
for Ag-added samples.

BT,max /T
Sample name - -
Top side Bottom side

(Dy,Dy)BCO 0.34 0.25

(Dy,Y)BCO 0.22 0.15

(Y,Y)BCO 0.25 0.26
0BT cisil ‘[77 777777 S e 1 e -0.01500
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Fig. 7-36 Distributions of trapped field at 77 K for Ag-free (Y,Y)BCO;
top-side (top) and bottom-side (bottom).
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Fig. 7-37 Distributions of trapped field at 77 K for Ag-free (Dy,Dy)BCO;
top-side (top) and bottom-side (bottom).
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Fig. 8-1 TOp views of precursor pellets (top) and melt-textured bulks (bottom) of
SmBCO.>?
+«—— Seed crystal
Seed crystal YBCO sample

\

,’ - '<—Buffer pellet

Sl

Fig. 8-2 Schematic illustration of the growth of Y123 phase for samples
without and with a buffer pellet (left and right, respectively).?>
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8.1.3.  EBELL

FZBRIL Fig. 8-3 D7 0 —F ¥ — MIfE- TITo 72, 34 mme?D BiBRAR I35 5k R %
~29.3 mm@l UG L7z, M L7IRA M ARDOE &L, AilAE L > F2340.0g, N> 7
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TE SR OEEAE L &<, BALHIEH OFE X Fig. 8-3 IR L 912, N7 R
M Le=2,6,10mm ONLE &, FEFESEE T Le=-2,0,2,4mm ONENSEID H L7z, L
<O DI Ny 77—y NRTHDLHZ LITHEET 5,

Starting materials: Y,03;, BaCO;, CuO

YBCO melt-textured bulk
(~29.3 mm¢) x 10.2 mm))

Y:Ba:Cu=1:2:3 Y:Ba:Cu=2:1:1
Calcination in air Calcination in air
880° C 24 h 800°C, 120 h
Cutting into rectangular pieces
(~2mm X 2mm X 1 mm’)
Y211 powder
Y123 powder powde 2 6 10
Mixing [RE123 : RE211 =7:3]+Pt0.1wt% |
2 v
Pelletizing (34 mm¢) Pelletizing (10 mm¢)
by uniaxial pressing by uniaxial pressing
(100 MPa) (100 MPa)
Precursor pellet Buffer pellet
Annealing in flowing oxygen
. . 1060"0/1016"0 (450°C, >100 h)
Melt-growth in air . g
(seed: Nd123 single crystal) £ N\
Characterization
time Magnetic measurement: SQUID

Fig. 8-3 Experimental procedure in this section.
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Fig. 8-4 |, TERDFIETER LGk e Ny 77—~y FEHWTER L 723K
o FHOBEETHD, 77y FTA U EROBBETRT, Ny 77—~y %
RAWiehpo il Tl R IR E CHEIT LT, 778y b4 028 10 K
ILSAFELTEY, 4EHORIZR bNRrol, —H, Ny 77—y &
IRV v Sl e “ﬁ%%wfﬁif®ﬁﬁﬁﬁmﬁﬁbkoﬁﬂﬁ@w@mﬁ\
Ny 77—~y NOEHANRIRERBRICEN D ZENAZITONO/ERE

ST,

151



without a buffer pellet (left) and with a buffer pellet (right).

FEAE SR OB N &L OFERREITEIT LR o 72 0 B2 0 35, Bl 213
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EDHHNNY T 7 =Ly b ERAWZO)DOBE L, DD O a fill 5 H ORI
BRH->TH, Ny 77— v NOJEREMNAET c-growth fEIR & 72 5728, HIBKARA~
Ly NOFEEEICIIREL RN EEIbND, TDH, Ny 77—~ v MNI(b)
BT TES THLIENEE LNWE TIRTES, ATy 77—y b5
WTHERLL 72 YBCO 73/v 7 T a Bl G A OFES A E D 1 T BIF TR TR,
Ny T7 =Xy NOFEENRRELTWEEDTHDLEEZHND,

(a) (b)

seed crystal

c-growth
region

c-growth
region

Fig. 8-5 Schematic illustration of a-growth and c-growth regions for YBCO melt-textured
bulks synthesized by using a buffer pellet with different aspect ratio.

815 AN TrF—NLvw hEHDTIERL = YBCO /b2 DF 8454
Fig. 8-6 |ZFffk SR EL N OFEIA 5, Fig. 8-7 (2L 7 REOME NS, Zh2hnt) by
H U723 OB LR O ERFM: & 77 K 2B 5 J. OB EE 2 =3,
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Fig. 8-6 Temperature dependence of magnetization (left) and magnetic field dependence of
Je at 77 K (right) for sample pieces cut from L. = -2, 0, 2 and 4 mm of YBCO melt-textured
bulk with a buffer pellet.
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Fig. 8-7 Temperature dependence of magnetization (left) and magnetic field dependence of
Je at 77 K (right) for sample pieces cut from L, =2, 6 and 10 mm of YBCO melt-textured

bulk with a buffer pellet.
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82.1. &
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FhaE LB G I AR Z D 72 RIBEAED B YBCO 73V 7 (~25 mmg x ~14.5 mm)
% VERL L 7= (Fig. 8-8)™, Z OFIEIT Y211 BB —72 408 L7 YBCO /L2 & H
TOHDIZHMRFIETHY | BIREREEZ M ESEDRT vy vEa/T 52 &
Bkl o7=?, F72 Zhai B, Y211 R AL O 7= OIZIRINT 5 CeOr DIRFEIC
R DU TR L b BERLL T2 YBCO /30 7 DR 1T - 712 (Fig. 8-9)°%.

» -0 ‘F

||||||||||||||||||||||||l||||||| o
Oem 1 2 3 4"'In.,,,) L

Fig. 8-8 Top view of YBCO Fig. 8-9 Schematic illustration of graded-CeO. YBCO
bulk prepared from precursor  sample processed from precursor powders containing 2 and
pellet with graded change of 1 wt% CeO: (left), top view of YBCO bulk (~31 mm¢)
Y-211 concentration.?%* (center) and trapped field distribution at 77 K (right).>*
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Fig. 8-10 Schematic illusttin of RE compitional gradient method (a), top view of Gd-
based QMG (150 mm¢) of GABCO with a compositional gradient of Dy (b) and distribution
of trapped field at 87 K (in liquid Ar) (c).!%®
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822 AL G#f

ISV T B FERE U TR, IO ARV DS s o T2 IRBEIZ 70 B, E D
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ZDZ L EEEE XA TIX, Fig 8-11 12T X 2 I2HLEAN(Y,Dy)BCO, #1E 6
R(Dy,Y)BCO & 72 % X 9 REEMEN S NV 2 FT 5 2 & 2Rk Hl-, ®72% REIR
BEMAPEDOET VT DFRIZZNETTHOTTH D,
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s L

Fig. 8-11 Schematic illustration of precursor pellet with two type of mixtures;
Y123 + Dy211 and Dy123 + Y211.
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Fig. 8-13 Temperature profile for melt-
Fig. 8-12 Schematic illustration of procedure  growth of graded (Y,Dy)BCO melt-
for preparation of precursor pellet. textured bulks.
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Dy211 D FER R S VERL L 72(Y,Dy) BCO &2 3 v )V KA A AL E R L7200 D &
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Fig. 8-14 Photo images of graded (Y,Dy)BCO melt-textured bulk.
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Fig. 8-16 Trapped field B; at 77 K for SmBCO bulks
processed in air with 0, 1, 2 and 4 wt% BaO»

addition. **!
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8.3.3.  EBELL
FERIT Fig. 8-17 D7 0 —F ¥ — M- TiTo 70, fb B S % Fig. 8-18 (2,

B) v LA E oK & Fig. 8-19 |Z7R 7, Table 8-1 (21X HZEFEL, BaO, shi=,
pa R OIRECIRMEE 2 £ L 7o, BRGIEE 7 & CTER L7z BaO RN
DEODOLOEF—THDH, AHTH, RE’123 & RE™211 OJFEHH RN HIERLL 72
REBCO VARlEERE NV 7 %2 (RE’ RE”)BCO & £FL 7 5, (Gd,Dy)BCO ¥ X O¥(Dy,Y)BCO
1% 1, 2 wt%. (Gd,Gd)BCO, (Dy,Dy)BCO, (Y,Y)BCO L 2 wt%? BaO, % ¥s/i L 7=ikkt &
TFR U7, BBET =— VOIRE G 7 B TR b L7z VW 72(7.3.3 IHS M),

Starting materials: RE,0;, BaCO;, CuO Ag-added (RE’,RE”)BCO

(RE = Gd, Dy, Y, Er) melt-textured bulks

(~17 mmg) X 7 mm)

RE:Ba:Cu=1:2:3 RE:Ba:Cu=2:1:1
Calcination in air Calcination in air
880°C, 24 h 800°C, 120 h

Cutting into rectangular pieces
(~2mm X 2mm X 1 mm’¢)
RE’123 powder RE”211 powder
v

A ling in flowi
Mixing [RE123 : RE211 = 7 : 3] + Pt 0.1 wt% I ANeAIng nTowhe dxgen
+10wt% Ag,0 +1 ~2 wt% BaO,
v
| Pelletizing (20 mmg) by uniaxial pressing (100 MPa) |

Characterization
Microstructural observation: SEM
Magnetic measurement: SQUID
| Melt-growth in air (seed: Nd123 single crystal) l— Phase identification: XRD

Fig. 8-17 Experimental procedure in this section.

Table 8-1 Starting powders and temperature conditions for melt-growth of
Ag-added (RE’,RE”)BCO bulks with BaO, addition.

BaO Starting materials Temperatures for melt-growth ~ Cooling rates
a2

Sample name T b 15 1y ri r
/wt% RE123 RE211 . .
/°C /°C /°C /°C /°Ch" /°Ch

(Gd,Gd,)BCO 2 Gd211 1055 1015 983 971
1 Gd123 0.4 0.3

(GdDyBCO Dy211 1050 1010 978 966

(Dy,Dy)BCO 2 Dy211 1030 990 958 946
1 Dyl23 0.4 0.3

(DyY)BCO Y211 1028 9838 956 944
(Y,Y)BCO 2 Y123 Y211 1025 985 955 943 03 0.2
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Fig. 8-18 Temperature profile for melt-growth bulks showing the positions of
of (RE’,RE”)BCO melt-textured bulks. specimens for characterization.
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DR TE 5D, REOKKTFIT BaOy DAHEIZ LD ,
254k LT, BaOs % WhN L7275 7= 3B Fig. 7-8) B 0 ™™
RIIOERD 55— 5T A CTHESRL L7~ BaO,  Fig. 8-20 Top view of Ag-added
FINEEI O£ T ITHIRICZ Livo7-, Fig. 8-21 12 (Qd,Gd)BCO melt-textured bulk
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O “IREA B2~ BaOy FERMFEI O R M TR TH > 7223, BaOs IRIIEED

FHENIA L S DAEE N ER L= DOH 5 D Th -7,

R n

bR L g T AR 7 T : DX
Fig. 8-21 Secondary images for surfaces of Ag-added (Gd,Gd)BCO melt-textured bulks;
BaO;-free (left) and 2 wt% BaO,-added (right) samples.
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8.3.5.
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Fig. 8-22 Temperature dependence of magnetization (left) and magnetic field dependence
of J. at 60 and 77 K (right) for sample pieces cut from L. =2 mm of Ag-added (Gd,Gd)BCO

melt-textured bulks; BaO»-free (open) and 2 wt% BaO;-added (closed).
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Fig. 8-23 Temperature dependence of magnetization (left) and magnetic field dependence
of J. at 60 and 77 K (right) for sample pieces cut from L. =2 mm of Ag-added (Gd,Dy)BCO

melt-textured bulks; BaO;-free (open) and 1 or 2 wt% BaO»-added (closed).
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Fig. 8-24 Temperature dependence of magnetization (left) and magnetic field dependence
of J. at 60 and 77 K (right) for sample pieces cut from L. =2 mm of Ag-added (Dy,Dy)BCO
melt-textured bulks; BaO»-free (open) and 2 wt% BaO;-added (closed).
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Fig. 8-25 Temperature dependence of magnetization (left) and magnetic field dependence
of J. at 60 and 77 K (right) for sample pieces cut from L. = 2 mm of Ag-added (Dy,Y)BCO
melt-textured bulks; BaO»-free (open) and 2 wt% BaO;-added (closed).
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Fig. 8-26 Temperature dependence of magnetization (left) and magnetic field dependence
of Jc at 60 and 77 K (right) for sample pieces cut from L. = 2 mm of Ag-added (Y,Y)BCO
melt-textured bulks; BaO»-free (open) and 2 wt% BaO;-added (closed).
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Fig. 8-27 The relationship between Fmax at 77 K and orthorhombicity yo
for Ag-added (RE’,RE”)BCO melt-textured bulks with/without BaO»-addition.
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Fig. 8-28 Temperature dependence of magnetization (left) and magnetic field dependence
of Je at 60 and 77 K (right) for sample pieces cut from L. =3 mm of Ag-added (Gd,Gd)BCO
melt-textured bulks; BaO»-free (open) and 2 wt% BaO;-added (closed).
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Fig. 8-29 Temperature dependence of magnetization (left) and magnetic field dependence
of Je at 60 and 77 K (right) for sample pieces cut from L. =3 mm of Ag-added (Gd,Dy)BCO
melt-textured bulks; BaO»-free (open) and 2 wt% BaO;-added (closed).
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Fig. 8-30 Temperature dependence of magnetization (left) and magnetic field dependence
of J. at 60 and 77 K (right) for sample pieces cut from L, =2 mm of Ag-added (Dy,Dy)BCO
melt-textured bulks; BaO»-free (open) and 2 wt% BaO;-added (closed).
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Fig. 8-31 Temperature dependence of magnetization (left) and magnetic field dependence
of J. at 60 and 77 K (right) for sample pieces cut from L. =2 mm of Ag-added (Dy,Y)BCO
melt-textured bulks; BaO»-free (open) and 2 wt% BaO;-added (closed). Those bulks were
synthesized from lab-made or commercial Dy123 starting powders.
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Fig. 9-1 Schematic illustration of the difference in the decrease in density of superconducting
electrons depending on the distribution of RE/Ba substituted regions in one-dimensional
space; high-level (top) and low-level (bottom) of RE/Ba substitution.
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Fig. 9-2 Thickness dependences of estimated trapped field at the center of the surface
for bulk magnet with ¢ =r.
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