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Studies on Advanced Superconductors for Fusion Device
Part 1
- Present Status of Nb3Sn Conductors -

Abstract

Nb;Sn conductors have been developed with great expectation as an advanced high-field
superconductor to be used in fusion devices of next generation. Furthermore, Nb;Sn conductors are
being developed for NMR magnet and superconducting generator as well as for cryogen-free
superconducting magnet. A variety of fabrication procedures, such as bronze process, intemal tin
process and Nb tube method, have been developed based on the diffusion reaction. Recently, Nb;Sn
conductors with ultra-thin filaments have been fabricated for AC use. Both high-field and AC
performances of Nb;Sn conductors have been significantly improved by alloying addition. The Ti-
doped NbsSn conductor has generated 21.5T at 1.8K operation.

This report summarizes manufacturing procedures, superconducting performances and
applications of Nb3Sn conductors fabricated through different processes in different countries.
More detailed subjects included in this report are high-ficld properties, AC properties, conductors
for fusion with large current capacities, stress-strain effect and irradiation effect as well as
standardization of critical current measurement method regarding to Nb3;Sn conductors.
Comprehensive grasp on the present status of Nb;Sn conductors provided by this report will act
as a useful data base for the future planning of fusion devices.

Keywords: superconductor, NbsSn, fusion, high magnetic field, critical current,
AC loss, stress-strain effect, irradiation effect
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2. 2 RV ) -—0O-K (Modified Jelly roll-processed wires)
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barrier wires and Nb diffusion barrier wires(5).
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Fig.2. 2-3 Critical current density for a typical sample
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Fig.2. 2-4 The normalized critical currents for the

monofilamentary Nb3Sn wires as a

function of applied strain at 8T(2).
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2.3 AMEBXXE (Internal Sn-processed wires)
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Table 2.3-1. Specifications of Mitubishi's wire
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Fig.2.3-1. Schematic diegram of the internal Pig.2.3-2. Cross-sectional micrograph of
tin process by Milubishi a Mitubishi's Nbadn wire fabricated

in collaboralion with Japan Alomic Energy
Research Institute.
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and applied magnetic field for the tube-

processed wire with 50%Sn.

=0)

0.6

0.4

0.2

Normalized J¢ , Jc () / Jc (e

o x 15T 7
| . o 16T E

Tensile
at 157

Bending

o 137
A 147

1 1 L ] I 1 1 I

02 04 06 08 1.0
Strain, e (%)

Fig.2. 4-4.Normalized J. versus tensile strain

and bending strain.



RT3 B)e

(2) £LEEANDb 3 S nBEESHE
?%%J—tvvlﬂkinybride35T%E%LTBU\:hﬁ&ménfw%%ﬁﬁ
FIND3S nZAIE Fig 245 KRTLIE, Cunw P74, 5X9. S5mmdDPIZT 47 A
MBS A0KRNNDb3SnE/ VAR X 4 mmdAINY Y TEAENLHBEIIL-THEY), EHRE
FiE3980A (12. 1 T) CHEENATVWD (7). Bil, BEOBMHE, SEMPHINHRERO
40T~y PZSERASNTHS ().

Fig.2.4-5 A cross-sectional view of (Nb,Ti)3Sn Fig.2.4-6. A cross-sectional view of
conductor for Hybrid Tl forced-cooled conductor.

(3) BFRFHEIN b 3 S n BIRERE

Fig. 2.4 613 HARFHHRFEODP C— T ] ARUOMEERT, ATV AI ¥ Ty pOPE
F8 (744 P Ee 1A, $HE]. 13, 1.133A/12T)%486%& (34X6) Ho7z

BB Ao TBN, TAVEEILY o TIET Y 74— A F7—wAREHTH2EI Ty PHR
BERAENTVS (3).

2. 4 BEXRD
(1) S.Murase, M. Koizumi, 0. Horigami, H. Siraki, Y. Koike, E. Suzuki, F. Nakane, M. Ichihara, and
N. Aoki, IEEE Trans.on Magn., MAG-15, (1979)83.
( 2) N.Aoki,T.Ogaki, K. Noguchi, M. Shimada, T. Hamaj ima, S. Nakayama, T. Fujioka, Y. Takahashi,
T. Ando, M. Nishi, and H. Tsuji, Cryogenics, Vol. 33, No. 6, (1993)581.
(3) S.Murase, S. Nakayama, N. Aoki, and N. Kobayashi, SCI. REP. RITU. , A-Vol. 37, No. 1, (1692)125.
(4) H.Shiraki,S. Nakayama, M. Tanaka, S, Murase, N. Acki, M. Ichihara, K. Noto, K, ¥atanabe, and
Y. Muto, MRS Int’ | Mtg on Adv.Mats.,6, (1989)43.
(5) S.Murase, 5. Nakayama, 0. Horigami, and N. Aoki, Toshiba Review, Vol. 46, No. 5, (1991) 381.
(6) M.Nishi,T. Isono, Y. Takahashi, T. Ando, K. Tuji, T. Uchiyama, N. Acki, M. Ichihara, and
E. Suzuki, IEEE Trans. on Magn., VOL-27, (1991) 2280.
(7) N.Aoki, M. Ichihara, E. Suzvki, S. Murase, H. Shiraki, Showa Electric Wire and Cable Review
Vol. 39, (1989)129.
(8) K.Inoue,T.Takeuchi,T.Kiyoshi,K.Itoh,T.Fujioka,S.Murase,Y.Wachi,S.Hanai,and
T. Sasaki, IEEE Trans. on Maga., VOL-28, (1992)493.



2. 5 ¥k (Powder-processed wires)

BREL, HBMEL L THRTAHVIAET, Sn OUEFHE., HEMBOBRESEIZL - T,
Table 2.5-1 {ZRTHRESBE SN TWD, SOPT No. 1~3 E7454 7 P RERTHS
B, ZEMETLR (LA ELHIBONIBREOHEMEE, LEBETHE, 7, HEMIP
ISR I A LREE LRSS S, TRIZEN b BROMIESHEES LT VRITA
B bk, Nbid, BER, KESIZLIAFRTNINENGE LK T 5, TOADFEBEROME
EELIL, HRRENBRETAAMP A AL HBPRICHZ A ZEHFARNTRTHB, No. 43HKE
KENEITROBMEFHALRETHS, No. 5~TENbES nOKEMILEHOBHEREHV
ARVFEHRTHY. HiZNo. 5BECNEEHER TS, No. 5~71i%2. 6 ECN-type
wiresTRBMNT B, £/, No. 81X, NoBEEFBEORBIZHEENS n &R S BEH T N
METHRET, TlERT 1 FA L M eFTAEMELHEMTH B, ZOREFIHEAEZE (Infil-
tration process) EFFIENTEBH, 2. 8 Infiltration- processed wire THIE., BT 4, L
TiZNo. | ~4DEEZOWTHMNT 5,

No. 1) COREIAREBIZLY SnitHET2HEETHE, NbBHEREC uBEXZ BES
L ZVALTHERFBEELIES. Nb-—Ta®Cu-—-MnZEOEEHEEAVEIELH S,

Table 2.5-1 Varicus powder-process

No. Powder Supply of Sn Process
I . Composite powder was placed in Cu jacket, drawn
! Nb*, Cu Sn plating to wire, plated Sn and heated.
2 Nb*. Cu* Sn rod Composite powder was placed in Cu jacket with Sn
’ rod, drawn 1o wire and heated.
3 Nb* Sn Sn powder Composite powder was placed in Cu jacket, drawn
’ to wire and heated. '
4 Nb. Ta bronze Composite powder was placed in bronze jacket,
’ matrix drawn to wire and heated.
5 (NbSn,, Nb) or NbSnh Composite powder was placed in Nb tube, drawn to
{(NbSn2, Sn) 2 wire and heated.
6| NbgSns, Cu Nb.Sn Composite powder was placed in Nb tube, drawn to
’ 6775 | wire and heated.
7 | NbeSns, Nb NbgSns Composite powder was placed in Ta wbe, drawn to
’ ‘ wire and heated.
o Composite powder was sintered, infilirated Sn, placed
8 Nb infiltrated Sn in Nb or Cu jacket, drawn to wire and heated.

*NbIEACulZRMTELIMA2BELH S
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Fig.2.5-1 Jc versus Bo at T < 4.2K hydrostatically

extruded, P/M processed for Ca-50wt%Nb-Sn with
extemal Sn, R=2000, heat treated at 700°C for 2days.

Fig.2.5-2 Hysteresis losses vs applied
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P/M processed wires with Sn-xwi%Ti cores:
X - x=1.5, no Nb barricr; O- x=2, no Nb barrier; 20.4vol%Sn(Ga), no Cu, 950°C-20min + 750TC-2h
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The wires were reacted at 7507C for 4days,
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Fig. 2.5-5 Critical current density in the A15 layer vs. B for the Nb-Ta composite core
wire, (1} reacted at 675C/ 100h and (2) at 750°C/ 64h, respectively. Binary and ternary

Nb3Sn wires produced by the conventional bronze technique are shown for comparison.
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2. 6 ECNZ*E (ECN-type wires)
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2. 7 A2 -%14Fa2—% (In situ-processed wires)
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BATOERERTEES WESL T L2000 0 5, T, ORIMANSNIOERELE, SHAT
OEMREIFHOE L, BRAEROEAEHOUBIIAEOBELDHS W) 6).

A2 AF 2 —FNbySoBIIEABRECRES A TE D, EE150om. B 2200mm (H30kg) O
AV HAFa—42Ty FPOCOBMT, +—N—d — LOBREREHE © 2.4X109% /02 (at10T,
A>3y FHEK D Cu-408Nb) AEON TS (6),

Cu-40(ND4TI+205n
1w L Tape(120mx 24mm)

N
T

Overall & (Afcm?)
el ge (4fem

Fig.2.7-1 Overall critical current density J, vs applied magnetic field #
curves for Cu-40 (Nb-x wt. 6 Ti) tapes afier the reaction with 20 wt. % Sn.
The magnetic fields were applied parallel to the tape surface.
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2. 8 EBHBBAE (Infiltration-processed wires)

SO, Table2. 5 1PN o. SIZHITTWVA L) IHkE0—HTHY, BH(ND) M (
Sn)RIGIZLYNSn 2R E B EEBRETINETH I, MBS, N LOMIENE
(. BEIZI Y F—7EENRES K, HRERHE, HESET o KB -BAZLN b BEHF
Avwohd, Nbfk2 u—LEETTVAR, 107 5orrDHEFT2250CT3ninfBELT
HA FEEATRE®RZE2, AT U —ALETF —FHRIZNI L., SnEPIZRLTHAS FIZ
Sni*&B3¢5, HFOBMEETIMIL., BRRELTF—7EETH5 1),

N b OBREEHHSERVZSn, T MEHFS A&, BOMR LT, BOREHHIL,
F—7EEORE LRI, NbERESHBAKE YV AECEAEL, HHERS FEEALZHE
WA E D, CHESMBLCRE S5, REOBRIZI0 SlorrDAEPT2250CT1L hD
MILBET M, COLENDGROBESHFREM 2000 ppmASE~EETp pmil#d L.
NbOIIMAEL (LS ND 0, EREATEEE 25, MBS, REELERS nBPILR
EL., BEEEOEL FIZS n 28R S8, Nb—Sn#ldMETh, Nb—SnHEMENDLSS
WIECUBEDF 2 —TIBAL, ML T, MET 5D, NogSnER#MEIR, 7~7TIE950~
LOOOT. MTHHT750~950TCEEHEMNE Q). (), 3). T2, MTIX (95 0CTED)
+ (700CTH1 00KME @2 BERUBFREREEOM LA EORELSD (3).

$/. S ORERMOWEAZ ENTH Y, Kumakurab 12 L5 L Cudiilil & 1 REHRLER
B 100CTELL 2D, poBRABREENMLETSE0BENFSD @) 76 afEniZl & Dlle
ELLD, TOMHEERATORREREEFTLT S @),

B2 OWVTIE, Fig 2.8-1(2) '

108
— By e e E BRONZE - PROCESS NbaSn
AT & J4d ~ = F — VD I (50LID - STATE mrfu;mu)
LR E A © 1084/02 (at 19T) 7 [T OPTIMIZED HEAT TREATMENTS
. N i DOUBLE AGING LIGUID - INFILTRATION Nb3Sp
M =] . M = LI TN 5 r { SOLID - LICKHD REACTION } T
ERFRIREL | 18K (BHRBUE @ 0.1K LA AGIKG AT 750°C. 800%,
T) MBLATEY, 790 X < i
. . i" Ko SINGLE AGING
% LA 5 BREREL IO N1 S
EDFHEN DD 2), @) . 3
z
10} -
; F
5 I i 1 [ i i 1
8 8 10 12 14 16 18 20

H{ TESLA)D

Fig.2 8-1 Overall crilical current density versus applied field for

bronze-processed Nb35n with optimized heat reatments and
reacted liquid - infiltration Nb3Sn.
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2. 9 EM#L#EiZE (Diffusion-processed tapes)

F—THRONDEBIZS n2WEEE., Nb&Sn¥BHEBIS 2L TN EREE LT —TH
hthd, SHROEBEOERELEFig 2.9 UIFRT (1), H&H, EEHIINSEEERLTYS5b T
PLiBE, FOMENZ. Cu. AFYLARERBELCBY., KEHLMEXFRBA TS,

SALEIZ030TC X B 2 B IRE TITH 1. Benz & DML THNDSWEA 2 pa BRI %S &, RDE
EAEEELH D2 .

BB B3, 2 X109 /02 (ai8T) AR S ATV B (2), BERNERHBE LN BERAN7— 5 fl%
Fig 2.9-2i7R T, NbpSnfB 7 h OHEFEREE TH 540, RBRIIBVEIRON TV S,

T — T - — VOBRERFENIKEVCOT, 1970 IIPHEFERSTHR S
v P SA TV, LL, BEERTRERO - OBBEEIE, /D, 757 7R3V

YAIEERE VI EEN D o BREENEV SO, BAFUNEBRFHEIMR [ w54y M
BubhTwsd (3) .

T T 1 (R T T T — |T
10'}- =
"ﬂ
LEAD-TIN 2
$OLDER ™. g
COPPER L0'E o -
NIQBIUM - TIN —— %% + :
HIOBIUM SUBSTRATE—" 7733
STAIMLESS STEEL
N TP TP [P I WU B B
10—~ {5 Tk e e e 100
H, Kl OGANSS
Fig.2.9-1 Schematic view of a symmetric
composile conductor. Central layer : Fig.2.9-2 Critical current densily for intermetallic compound Nb3Sn

Nb/Nb35Sn superconductor. Quter layers as a function of transverse applicd ficld. Points are for Nb3Sn
: copper and stainless steel. portion of conductor discussed in this paper. Curve represenis
results from earlier work with other types of conductors.
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2. 10 EHEWk (Continuous deposition-processed wires)

RO LIREEEREL L, TOREIC SERONLSnE RSy # T2 TH D, | 5 THD
VAT TRy b BIRE, MU sBEREFOOHI A L) FEESATEY, ERRBEOSR
MOIEEIBEEME LT, ETHESEr . 2 > THESEDH LN THS 1),

BOBE L ZITROGMEREL LTIt 2 7V A7 VHifE, 70 3 M. R FaRet
ESNTV D, BMDEFEIIIS~50unT, ZhIZTEY X, Nb, Cu%ERAy & L%, HZE
FTOMMIIZ L YNDgSn R EREECHELT WS . SnOBRIEI 7o A4 02 0k, Sn
F—=y PR ASy SEORBTHEITCLE IO Th D, SmESME o7y A, Nb, Cu®
REREREN 2um, 0.55 pn. 1.0xnThHD, RELRUBERMER, 725CTIhTh b, KSHO
N b OHR TEHARR L E - ZERFERBEEE, Fig 2.10- HIFRT £ 951286, 0X1084/m2 (at  15T)
EIVENMETHBHS, R/8y &, SMBERGOREIL CHBESHEFTES 1),

B, SR L IZNbSR A EH A0Sy 4 L, A5y ¥ 0N BL AR L BIELEREN
20H5 2.

b r ——
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Fig.2.10-1  Jc versus B for FRS.
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3T TRANSHEBHOBZRE TORHE (AC Wires)

I. Blasnik Si2L 0D, 73 208D NbTi 74 72 7 FERERO Qu-Nigg&< by 7R
ERS R A TSRS AR, 50/60 e DEARIKETY., ¥EE0 G RIZEXTIEEPILENR
FiRkTRETRETH A I &7 1983 FIRBINTLURQ) . 77 ABLIUHAD Super-CM(2)
T 1 T BEI CORBERTED TRV RHMAE L RTERIRR SN, BlEL. EROZHE
DRI EE T A7 DORFEAORF N LI hTnb,

NbaSn 2DV Tit, BRATEE~ -V X ORVEHIARS L ERT A, £1TD Super-6M(2)
ECHEAEG.LE LTHRBMTPRA TV S,

AETIE. 3 INHABEERN O—-RNHRISS S LU T A OFEKBIZOWTHRR, X
W, 70 AEEENEIC L DEHA N3Sn EHOXRHEEL Gz A7) L ARKR) EBAER

FECMELHRRREERNT 5,

3.1 EXRBLEBHRARDIEY (Principles for developing low AC loss wires)
EWOIAHBIFOBMEIZ BV TITHERFER, BOHRBREL TR TEE E MKMIRENRE
505, BEHEELERORBIIBVTIL, BMERFFEIZBELBEAEZBIISTLBAK, Tiadb
HREFEEOBRELH> TRENLT 200 —BNTH 5,
BRI L CRAETALHAKIZ, 74 54 ¥ MROBEEARSICRET S A7 ¥ XK
FEEHET M) v P ABFREINBIBRICLI - TELS V2 - VEREICKBISR, BEIT4 74
MEEBEFHTAERII LA SHEBIULEBESIIRETIRERARE P LR,
v AFY) T AEE (Qh) BLUHESHEE (Qo) 2, TR, RDLIHIIIXDLINE(Q) »
Qh=@8/3) 7 - df- 2 Jc- Bo
Qc=(Bm2  1p2- )/ (2p 1)
SIT df 7454 ME
A BIREAOKEE

Bon : EFENE
lp : VAA v F
f : B

p 1 B DL RTERE
Qh EFHD=DIZIX, 74 T2 ME A T TEBFZIFNASTRIELVEWV) Z &I EHD,
dIOBLEEDIZTAFA VEROGEAL, 074547 M M) v 2 AMBEIE UL
HAHABFMEUTICRBE, 7454 2 MEAESBZENIZESTS V) Wb A ERRIHbN
A28, "ZoT Qh KT S, CORBHBRIBRDOISIMA 74 742 MHBR, < ) v 7
AMBEDIE -V AR £n O# 6 BEELATWVWE ) .



P {(W/Arms-m)

102

REHRAEEDLDIZHE< ) v 7 ZIZHV SRS Cu-30N S&id. Cu IZEE LN OEF
HEIRIZED, 0 DM EEBD. ETHiE Cu 30Ni-0.0Mn B85 MY v 7 AIZHWD E Ma
WL BHEHEEIRIRGE LT, s TabbEBHEBERR 7 4524 > FEIFBAT Cu-30Ni~ U v
TADHGDH /2 DI ERHEREL, BRI NoTi 74 74> ME%E 40.1pn BEMTFIZL
ZeRpIZEE U B ALERAURED (6) DR EHFEC. RO T Qh DLW NoTi EBEEEBELTVA 6),

B 27 2 ZBE NogSn EMABIH72 T, SOFEBRDRERS L 0F, TR HES) 1B
BOBEM7 1 7 4 > MERERE, EELEHTHA,

% Bronze-process

O Internal Sn-process

& In-situ-process

[ ] External Sn diffusion process
AN Tube'-process

{ Powder metallurgy-process

83 g0 '91 92 93 '94
Fiscal Year

Fig.3.1-1. Development history of characteristic hysteresis loss P~ (8) .

P " is defined as follows ;

P = (Qhx50) /{aJec N2 (W, Arms- m)

Fig.3.1-1 H&, Super-GM TREEIN TV AXTHAD NbTi B LU NbsSn EDO L 251 2 A

KOEBER LIV DOTHS , i, XEBEBFHOEIE | Arms H7-h O 271 3 Ak
P’ T,

NbTi (2B & NbgSn ERMO P 71345 2 WREVWHIRTH L, DTio, B L 20
NbaSn M OB KRR S L S HOBEHIIOWTHRS,

3.2 D XEXHMANSn#RH (Bronze-processed AC wires)
Table 3.2-1 4, 70> Xik, WEMEEEE, MIR BI2kB, 274 94> MEd 474 2~6um

D NbsSn M DT L BREMMELRLALDTHLB), 7494 Ebhdw ) v 7 AN,

1.8 DTV ZEMRMORHET 4 T2 ME ALHER T4 54> ME deff BEL ¢dpum i2
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ZoTBY, ZOBMTHE., EBEHGREIE LTV RV Edbhs, 7O AEBHO 714522 b
i, BUCu-SnE e~ M v 7 ACHEBREINR TV A0, ORI TEmN I REER
FELICCO, REHABIGECHERRZRL2850MT ERATn L, T4bb, BEMEMULOL
W74 722 VB TEENRPELL2ESHIRVDT, 7472 VEO< M) v 4 ARHAEL
Thhid, 70 XEFMOC A7) L AHBRIGABHES S Rva, oBEDZTR LD b EL
b,

EBME S CIFRMREA %R SR Tv% [ TER (International Thermonuclear Experimental
Reactor)?® C S Coil {Center Solenoid Coil) R/ REHE SN2 DT, AFHIEEEROB S,
BATIEIZTO U ZXE ®b, Ti)sSn BMAGHEREZEE LTHEETAILEL, Fig 3.2 1 KRLILS
3%, CAFN Y AERPEL, o, BREFRFE 12T OBV 7O AERBRBERLT-T
ET35 () _ .

NI FIZALE Y E LT Ta %BALAT 4522 MER po D702 X NbgSn B 1. No-
Lowth Ti §E3T7 D70 X NgSn MM EHBLT T4 520 M~ I ITENADT, =

L5T TOR A7) I AL GEFEMEH- D) ik, £RFh, 814 n)/cd , 269.5 m)/cmd3 £1:3.3
Do TBY, FISTE2HEH 74720 PRI, FRFR, d6pum §27pn EHFERTVS
10).

T T ‘ T T T T I T T T T E

1000 Required Strand Performance

for ITER-CS coil
Short Strands

developed in
@/ the Last Work
Long Strands

developed in
the Present Work

Practical Strands developed

before the ITER-CS Work
r

1 ) L i i i ] 1 1 L l i
100 500 1000 1500

Hysteresis Loss for +/-3T [mchm3-non Cu]

800

Critical Current Density at 12T [Nmm?]

Fig.3.2-1. Properties of bronze-processed (Nb, Ti)3Sn strands for ITER CS coil (9).
ST, BMAREEOERZHT TERT 5 B8R O NoSn MHREOLZDIZIE. #iE),

A7) Y ARERERD DI T4 52 MERY TSI 0T ALEN BB,
HETIROE RS, Table 3.2-2 IZ7RLAL AT, Si. Mo. Ti 2 BIEIMLA Co Sn 7172



{A/mm?)

AJc

X< by 7 AW TO Y XEBMT74 722 MEEH ¢0.5pn b LIBE. 74522
P S 7 TAFE D LS OBMTIE., 2 J¢ H52.2X103 A/mmZ (at 0.5 T }. Qh oF
1.2k} /m3/cycle(at £0.5T). 7A A FHB 74 24 ME 5% 2.0 OB TIE, ThEh,
1.4%103A/m2 {at 0.5 T). 0.9 kJ/m3 feycie(at £0.5 T} EV IRl L ERL TV 5 (11). HIE
T5 P IX, FhFNR, 3.86X10°5 W/Arps - o, 4.55X10°5 %/Aarps -0 &%k B, Fig3.2:2 &
Fig.3.2-3 {3, #NFN, Table 3.2-2 27 R LAHHOERD A Jck QW 2R LA-LOTH S,
Cu-Sn 70 X~D Si. Mo, Ti OFEIR, £h€h, = ) v 7 AOREHL, BEBEIZLS
EEHRER., B EEOMREMNHLLEELLNS,

Table 3.2-2. Specifications for AC use bronze-processed NbzSn wires(11) .

Terms A B
Outer dia., ¢ mm 0.296 0.296
Filament dia., @ gm 0.5 0.5
Filament spacing, 4m 0.75 1
Matrix composition, Cu-12.55n-0.3081i | Cu-12, 55n-0. 2651
wtd { -0.10Mn-0, 18Ti -0,11Kn-0.18Ti
Core composition, wt¥ Nb-7.5Ta Nb-7.5Ta
Bz/core 12.1 16.9
No. of filaments 22,000 18,000
Stabilizing Cu non non
Twist pitch, mm 3.5 3.5
2500 . 3
D Sk 9
2000 " . ? 2-5 -
E
2 Ir
1500 | =
e
G 15t
L5 ]
1000 | 8
w V|
‘0
500 o
[ 2 05l
—-e—3 la A
£ S
0 N 1 z . n L ] 1 a4 .o ot
a 1 2 3 4 5 6 0 0.5 1 1.5 2
B(T) Bmax(T)
Fig.3.2-2. A ] c characteristics for Fig.3. 2-3. Qh characteristics for
bronze-processed Nb3Sn wires bronze-processed Nbs Sn wires
in Table 3. 2-2(11) . in Table 3. 2-2 (11) .



HMERBOEHGIL, Table 3.2 3 WWRLAL I %, 7OV XEE R~ L LIS Sn HEEE
STLAH NbgSn AMBAR%ETT> T3 (12), (13)o Nb-0. 5at%Ta, Cu-2. 7athSn-2at%Ge DAL D 4
0.2um7 4 Z 2> MEQT O Y ZERMTA J ot 630 A/mn? (at 0.5 T). Qh i 360 J/md/cycle
(at. £0.5T) OBMEANER SN, B 51T, Sn # v FEOBNET b BN Sn HEBUZ LD, P °
12 % B ELT 3.56X105 WArms *m &% 577, $0.2um&E WS 74 542 MEIX, 2. 7at%Sn
EVHIRED Cu-Sn BREMVIZEIN L o THREE 577, Nb 2 TAD 0, 5at% DTaifihlid.
74X OREREEHRT LIRSS Y, T2, < M)y 2 AWML Ge vh. BRMBEHEC

TAZAMEABICHRL, 7492 MO MY v 2 AR EIETALT 23RS B LSRN TWD
(14)

Table 3.2-3. Specifications for AC use external Sn diffusion wires with bronze-process base(13) .

Compositions for core and matrix | Cross-sectional configuration

Core : Nb-0.5at3Ta Bz/core local ratio : 4.7

Matrix : (1) Cu-2.T7at¥Sn-lat¥Ge ‘Bz/core in total 17,5

(2) Cu-2,Tatl8n-2at¥Ce Cu/non Cu : 0.39

Diffusion barrier : Ta

No. of filaments : 745x102
=175, 990

OQuter dia. : ¢0.284 mm

Filament dia. : 0.2 unm

1.5
Nb-Ta,” Cu-5n-Ge
ai=. 1pm
X .
© O\C\
— 1. | \ N
-8 Nb.” Cu-Sn \
.§ df=37pum
J $75T X 100h \
550 T X100h
% 0.5 3
= 600JT x 1@/'
0.0

0 1 2 3 4 5
Bending Strain &, %

Fig.3. Z2-4. Bending stréin dependence of I ¢ for external Sn diffusion-
processed NbsSn wires in Table 3.2-2 (13) .
T/, Fig 3. 24 IRLZE D IZ, COEBRIBVTRTERRERTEAL 3.8 % EFFIZKE
(s TVAIENRHENTNS (13).



3.3 BOBKICLITRANLSHEHR (0ther type AC wires)

3.3.1 ASXX% (Internal Sn-processed wires)
HERETHOEESIE., 7452 ME $0.3un0 ORE Sn HHEE NbSn FRT. 3.8X10 5

WArms - o(£0.5T) ® P fXEBOHRAZLELTVS(05), ¢0.2m OEBR,LSRESNAL 05T
T 2 kAros &P 6X7 KD 2 KBEBEETIL, Nogdn OFVIRE -V /I08 D, RRARRIIKE
FIBEIZLIRBNS DT JMETET., 77y 7 A70-KECHLRABEATTIET,
Fig.3.3-1 ®L I 1q M 1c IHWRELRBIEIRENT, F/2. 20 2 RRBBEERE AV
T 1BV /4 FEUha A L REW HRICLDRAEERTV S,

\_ Iq (2nd-cable)
N

3
(=¥
<000 | \.
g
<
=
1

4
B (T)

Fig.3.3-1. Comparison of I cand I q for a Internal Sn-processed NbySn 2nd-cable (15) .

BR, BEFHO LIV - Fid. AR Sn IR OB & ZRABEMIC LB R RREE L2
BEOBBRLRABEUIIARTETWA, L A7) ¥ ABEEBICIL, SHEE Sn IEEOHRIZL 2 <
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3.3.2 A% 1Fa1—& (In situ-processed wires)
Table 3.3-1, Fig. 3.3-2 &, ThEN,. W77 TORMES 1L > THIE S NF NhaSn THOEH

TEEeATY Y AERRELRLIZODTHS Q0o 1 X4 F2—G2E1. ¢0.5 xn % TEM
fEENTV5, 3.6 p]/Am DPh/Je td, 2.55X104 W Arms -m @ P72+ 2, - oEEs
6@\@H)*%%ﬁﬁiw(ﬁnxwﬂ):ﬁ%ﬁmﬁﬁﬁﬁﬁﬁﬁﬁﬁwiéh,&%thﬁ
le KDKRELADZLEVHIFHEESBOATVES,

Table 3.3-1. Specifications for AC use in situ-processed Nb3Sn wires (20) .

Terms 1993 1994

Quter dia., ¢mom 0.2 0.2
In situ alloy core dia., ¢ am 0.6 0.5
No. of in situ alloy cores 11,880 | 14,976
In situ alloy core spacing, um 0.456 0.38
Nb content in in situ alloy core, wtd 50 50
Sn content, wt® 13 13
Matrix ratio . 9.0 | 8.8
Twist pitch, 8d 8d
5.0 T Y
4,2 K

- 45} Bmax +0.5T |
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Fig.3.3-2. Heat treatment temperature dependence of hysteresis loss for the wire in Table 3. 3-1 (20) .

3.3.3 NbFa-T# (Nb tube-processed wires)

BERERROBESIZL 25, 74742 PETIC Cu-0.5wt%n S XEETS &, Co-10wthNi
FEDADT M)y 7 AOBEITHAT, 74720 MHBELAE S LTHIMTHIEREFE 2 ).
Table 3.3-2 KA L7z & 3 MO Nb F 2~ 7 NogSn BHRABOATVAS 21), ThHOER
DQhET 4 T AL MEEDMFIE, Fig.3.330L 5124205, A JcbOMETYL »ELEP’
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peak DXRBEMREXRBEL T b,

Table 3.3-2. Specifications for AC use Nb tube-processed NbaSn wires (21) .

Item 1 2
Matrix ratio (Cu/CuMn+CuNi/SC) |1.3/4.0/1]1.3/4.0/1
No. of filaments 15,120 15,120
Sn content, wt% 20 30
Filament spacing, um 0.28d 0.28d
Filament dia., ¢ um 0.4, 0.5, 0.7, 1.0,
2.0
40

=

-~

2, Madd, 550°C , 10N
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Fig.3.3-3. Filament diameter dependence of hysteresis loss Qh
for AC use Nb tube-processed NbaSn wires(21).

3.3.4 ¥k (Powder-processed wires) .

Table 3.3-3 i3, (RHFRFOFTRLIZL > THRBSNWIBERE NbySn FHOFTEHFHL.
Fig.3.3-4 HZOBRERERLRL-b0THS (22). £0.5T TOL AT X AKHRIL 25 k]
/m3fcycle EREVAS, 77.5 % @ Nb BEDHFEE NbsSn F#D 0.5 T TD 2 Jid3EHIZH
{, #1000 A/m2 EMMEZNADT, MIET 3 P 7 1EH 1.8X104 ¥/Ars "o &, BORED
NbsSn IZBE U7~ fHIZ 5TV B, ¢0.16 om ERPHD (3X3) ZRIBWTEN-ERALE - NE ¢

62-26 mm, HE 52.5m hIT A NVORRRERT,. S8 (7y 72 BERD 2 L FEHiH.
BEROFNICEXTERATEL{MELTWS,



Table 3.3-3. Specifications and properties for a AC use powder-processed
Nb3Sn wire fabricated through double stacking(22) .

Specifications

OJuter dia., @ mm 0.18

No. of composites 3,721

Composite dia., @ am 1.1

Composite spacing, uzm 0.4

Composite composition [ (Cu-1%Mn)-77.5%(Nb-1%Ta)

Properties

Hysteresis loss at £0.5T,

J/m’/cycle 2.5X10*

Adc at 2T,

A/m* 3.7 x10?

101

Nb content

o ® 775%
L4 O 50%

Jc [over all] (A/m?2)
C]
o
g

a N i .

1 2 3 4 5 6
B(T)

[y
o
@
o

Fig.3.3-4. Critical current density for powder-processed Nb3Sn wires

with Nb content of 50 % and 77.5 %(22).
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BAE BRESFSEAXEEZMS (Large Scale High-Field Conductors fer Fusion)
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4.1 LCT—WHaTH
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4.2 DPC—EX

4.2.1 DPC—EXMNITEET
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Fig. 4.1 Cross sectional view of the LCT-WH

conductor.
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Fig. 4.2 Exploded view of the LCT-WH Caoil.

Table 4.1 Major parameters of the LCT-WH Coil

Coil

Rated current
Rated field
Number of turns
Conductor length
Self inductance
Self-stored energy
Structural material
Typical cooling path length
Winding current density
Conductor
Quter dimension
Cable size
Number of strands
Conduit material
Strand
Diameter
Filament diameter
Number of filaments
Cu/Superconductor ratio

17.76 kA

8T

424

4700 m

075 H

118 MJ

2219-T87 aluminum
120 m

20 A/mm’

29.8 x20.8 mm
173 x17.3 mm
486(3* x 6)
Stainless steel

0.7 mm
3.5 um
2869
1.8




FIEART A &) (DPC . Demo Poloidal Coil) FHE (3) % Mda L7, DPCEHEIOH THRIZEELI NS
FTAM ZA0H, DPC-EX @), 5 THs,
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Fig. 4.3 Cross sectional view of the DPC-EX

strand.

Fig. 4.4 The DPC-EX conductor,
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2ANDOIEHETTETable. 4. 212, 31 VOEH%Fig 4. 51177,

Table 4.2 Major parameters of DPC-EX

Coil
Winding inner diameter 1 m
Winding outer diameter 1.66 m
Rated cumrent 10 kA
Rated field 7T
Number of turns 120
Conductor length 508 m
Self inductance 24 mH
Total stored energy 34MI
Cooling path length 127 m
Winding current density 20.6 A/mm?
Conductor :
Quter dimension 9.4 x 40 mm
Number of strands 153 (9x17)
Conduit material Stainless steel
Cross sectional area of main-channel 61.9 mm’
Cross sectional area of sub-channel ~ 52.8 mm’
Strand
Diameter 0.81 mm
Cu/Superconductor ratio 2
Surface S5um chromium plating

— 48 —

Fig. 4.5 DPC-EX.



4.2.2 FTEXBRGER
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Fig. 4.6 Coil assembly in DPC test facility.
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Fig. 4.7 Dependency of quench currents of DPC-EX

on the ramp rate.
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. Wind-and-React# 42 & DT 57 (16) T 4 A DEEHETT % Table. 4. 314,

Fig.4.8 The US-DPC conductor.

Table 4.3 Major parameters of US-DPC

Coil
Winding inner diameter 1 m
Winding outer diameter 1.82m
Rated current 30 kA
Rated field 10T
Number of turns 100
Conductor length 450 m
Self-stored energy 8 MJ
Cooling path length 150 m

- Winding current density 47.5 A/mm’

Conductor
Outer dimension 223x22.3 mm
Number of strands 225 (3% x 5%
Conduit material Incoloy 908

Cross sectional area of main-channel 82.9 mm
Cross sectional area of sub-channel 33.6 mm

[ 2 N

Strand
Diameter 0.78 mm
Cu/Superconductor ratio 1
Surface 1-2 um chromium plating
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4.4 DPC—TJ
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Fig.4.10.  The DPC-TJ conductor.



Table 4.4 Major parameters of DPC-TJ

Coil
Winding inner diameter I'm
Winding outer diameter 1.8 m
Rated current 24 KA
Raied field 12T
Number of turns 72
Conductor length 320 m
Self-stored energy 2.4 MJ
Cooling path length 80m
Winding current density 40 A/mm’
Conductor
Outer dimension 27.5%x 22 mm
Number of strands 486 (3x3x3x3x6)
Conduit material 1st conduit 316L SS
2nd conduit 316LN SS
Strand
Diameter 0.67 mm
Cu/Superconductor ratio 1.6
Surface bare
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(Stress-Strain Effect and Irradiation Effect in Nb3Sn Wires)
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Fig. 5.9 0.2 % proof stress of a multifilamentary (Nb,Ti)3Sn wire with reinforcing
stabilizer of CuNb. The 0.2 % proof stress at 4.2 K in CuNb / (Nb,Ti)3Sn

was extremely improved, even after the heat treatment at 670°C for
192 hours, which is 1.8 times higher than that in ordinary Cu / (Nb,Ti)3Sn.
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