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Abstract

This paper presents critical current and maguetization data for
some multifilamentary Nb,Sn wires that have beea produced by the
intemnal-tin method. A comparison of magnetization and transpost
critical currcat measurcments show that filament bridging during
héat treatment is & common eccurreace leading to effective filament
diameters that are sometime: an order of magnitude larger than the
geomeuicalﬁl&mmtslzc.n?xmt.l's(in&enon-eoppdle-
glon) grester than 1300 A/mm' at 10T have been achieved in some
conductors, which also exhibit high losses. Low losses have oaly
becn scen in conductors with & high local ratio of miobium ¢o
copper. Also the use of (Nb-1%Ti) alloy instead of pure Nb helps to
reduce low. ficld loss and increase high field J.. Measurements of
dwwmpmedependcneeofhymlmtoﬂ'indlwom
lou decreases lincarly with increasing temperature.

Introduction

Nb,Snwnetechnologyhuprogxmdeydmngthehn
dead&m:ommmnﬁmmhweﬁv«edmcmd:ﬁmd
“brouze route”, othess, notably, IGC Adyanced
(IGC) and Teledyne Wah Change,
thchmd-mmmﬁodmgoduxhighlcmnwmabh
cost. Although both manufacturers use a tia core, their individual
billet designs aro unique and different. JGC's "Internal-Sn" meth-
od>"* uses « composite tube element of alobium filaments in &
copper matrix filled with tin which is then cold drawn and
restacked as subclements within a suitable barrier and copper stabi-
Hzer tbe and then drawn to final wire size. TWCA's "modified
jelly: rolI* (MIR)*® approach uscs an expanded metal mesh of
alobium which is relled up Jelly sroll fashion with copper sheet as
the metrix material oato a core rod of tin. This composite Is then
Mmm&mmummym
within tho stabiliver, -

" Over the years R&D has ceatered on producing high J,
(>1000Almm ulﬂ)mmﬁ&ﬁhmmtdhmem(ordﬂckness
in the case of MIR) in the range of 1 to 5 microns. However, an
eaﬂymdyofmgnmﬁmpmpaua’mwedmmmm
ad high hysteretic losses arising primarily from metallurgicel
kridging of the filaments in the subelement, These large magnetiza-
tion could be characterized by an effective filament size which in
nsomceuuwumotde:ofmagmmdelargerthmthegeometnc
cize.

Inﬂmpapawemwwthemgnemonmdcauulcnm
Wuduﬂywﬁumﬁwdbylhcdnmmﬂkodmi

present dets on some receat wires that are being produced for high
rescarch,

fGeld dipole end fusion magnets end for Iaboratory

' Experimental Details and Analysls -
‘mewimusedinthlsmdywmsuif -.ypm-tucudandthm
feat treated in the tempersture rangs 650C-700C for periods of 48

mlSOhomtdcpmdmgoad:ewhemdthemnnﬁmﬂngmm
opdmbﬁﬂonwunoulway:dme.bencethevdwquowdhthe

mmmuyubleisnotnemaﬁlythemhml achievable for that’

mmmﬁmlmm,!c,wumusmedinldxﬂ'muppm-
&cpendingontheﬁcldofinmut.lnthelowﬁeldungeofﬂw

8T, I, measurements are taken at an effective resistivity of 100
m. The 8T 1o 10T measurements are reported for an I criterion of
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10pv/m, Details of the measurement are gwcn in ref. 8. The 1
quoted at 10T is for the non-copper xcglon which includes thc

bamer

- Magnetization measurements are made using différent: tech-
niques depending on thé sample size. For. long wire sampling
(~10m) and fully finished Rutherford cables, an integration tech-
nique’ is employcd. For small wirc leagths ~10 cm &nd varigble
temperature messurenents a commercial SQUID magnetometer is
used.’lnchuasctheumpleconsmsoflbundleofwms-ﬁmm
loag.
Wichscriﬂon
In Table I, the relevant parametess of the NbySo samples that
have been studied are listed. ‘Included in the list, for
compnuon.mtwobmnupmceuwm&mplcﬂmeasmd
carlier at BNL? is a brouze route wire similar to that used in
a dipcle maguct st SACLAY'® and #2.is a reccnt wire
reported by Krauth®! from Vacucmschmelze (VAC). Data for
#2 wirs has been taken from zef. 11. W'unumilumdxhwu
uwdmmkeapxmo:ypel.ﬂcupolemagne(nm
Sample #3 is an early IGC wire™” with high I, and #4 - #7 is
& subsct of 18 billets that IGC manufactured in tho mid 80°s
tomdytheeffectofloulmuﬂoonde%Amouthis
atudy is given in ref. 14, R. Goldfarb et. al.™ has also -
reported on an Independent study of loss for some of -these
samples. Samples #3 - lllmmmwhumdebylGC“’"
with improved geometry to minimize d pp . #12 is & prototype
wﬁoofnnew‘pmoeudcvelopedbylGCcmedmeunmbo
pmeeu('l‘l‘S) Samples #13-#14 were made by TWCA for a
highﬁddm@abeingdcvdogednxm.mdtepm
elsewhere in these procecdings’ . #15 is a low loss_version
doveloped for the US-DPC coll being built by MIT™. The
leconuin:refamlnwhmblhemndmwcﬂmm

“depicted.

Effective Filament Diameter [

Atyplulmlgucuuuonhyswesuloopisshowninﬁg. L.To

charactecize the magnetization properties of the wire it is conve-
nientwdcﬁneaneﬂ'ecuveﬁhmemdiammd from the width of
the magnetization loop at a ficld larger dun the full penetration
ﬁcld.'l‘huw:dth%Mcanbewnmu

ME) = 24, (237 NENegy m

wherelisthenm(ncﬁon_ofﬁenon-coppangicnmd]c(ﬁ)ls
the critical curreat deasity of this same area. In eq. (1) 20,M is in
units of Tesls, J in A/m” and d.¢r in meters. If A Is the area of the
wﬁomumwndlchthecnumlmm«mduthefield

H, then

degr = (zﬂgMA)/I%(‘A’Bz) LD @
thnusmgeq (2) to calculate d_¢r. I.(H) should te comected for
u]fﬁeld especially if H is low, 'l‘yplcallydeﬂizeu!cuhwdu.ﬂ'
using the measared self field corrected I, at the same field. Howev-
er, when only high ficld data are available, the L at low ficld is

estimated from the J, (H) behavior as shown in subsequent sec- .

tions. If d ¢r is equal to the geometrical filament diameter, 4, then
the filaments behave as if uncoupled and as expected from the
critical state model. The hysteresis loss Qy, is evaluated from the
area under the M-H Joop for a given field sweep, eg. £ 5T. Qy
would depend not only on d_g; and I (5T). but would be influenced
by the barrier properties as well as the J. behavior at low ficlds.
This as shown later depends on the alloy composition used.
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DISCLAIMER

This report was prepared as an account of work sponsored by an agency of the United States
Government. Neither the United States Government nor any agency thereof, nor any of their
employees, makes any warranty, express or implied, or assumes any legal liability or responsi-
bility for the accuracy, completeness, or usefulness of any information, apparatus, product, or
process disclosed, or represents that its use would not infringe privately owned rights. Refer-
ence herein 10 zny specific commercial product, process, or service by trade name, trademark,
manufaclurer, or otherwise does not necessarily constitute or imply its endorsement, recom-
mendation, or favoring by the United States Government or any agency thereof. The views
and opinions of authors expressed herein do not necessarily stalte or reflect those of the
United States Government or any agency thereof,
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Table L. Summary of Conductor Parameters and Properties

- - Table I summarizes tho J, and magnetization data for the
samples listed. In almost every caso except sumplo #1, dopp is
grester than d indicating that filament bridging is o common occar-
Tencs even in brouze processed wire. An example of filament
bdd;inghshwnln!’ig.z.l’igdhapludddvmﬁlm
size for all the samples except #11 and €13, Most of the data lic
between dogr = 2 to 4 times d. Clearly, the Jeast valuo of d, g is for
cewdwmwﬁh&mﬂe«ﬁlmm@hmkdm
ratio. This is esscatially the same conclusion drawn from the earlier

stdy'* in which 18 IGC billets were measured to study the effect
of local ratio and filament size on dgp .
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Fig. 1 A typical magnetization measurement. Data shown
for sample #8:

- ‘Wire Din. ) DIT. Barxler Cw/Nb Fil. Dia.  J, (10’!) defl ‘,c (Nbﬁn) Reference
Sample # Process/Alloy " mm CuNCa  Comgp. % ratie %SC. 4, ftm a/mm pm Almmn *
Sce Footnotes . : " a ‘b d ¢ f c
1 : Bro 0.68 050 T 9 18 230 40 600 4 1890 10
z ((gfé)) Bzv:zz:lnBJJ%Ta 092 0.62 -1-: 15 240 3.0 800 7 2415. 11
] INT-Sw/Nb - 0.68 .13 12 280 20 1024 20 2650 13
t g&'&m INT-So/Nb 048 tl;gg . '}: 14 15 225 sk 890 17 2866 ‘14
Sl mam . es e R M BB oZ @ oL BN
%_ (({006_9043 Err-swb 068 g 'r: 14 18 186 26 740 5 2881 “
AGCS956) | INT-SaNb 078 T ‘9 1.3 197 35 60 71 B9 16
:: gac-ss»s.%) ’ ﬁm 083 :ﬁ 'r: 24 12 200 38 350 128 3080
10. @GC-59%4) INT-Sa/Nb-1%Ti Q.84 105 Ts 18 1.0 183 42 940 146 3643 17
11..(aC-5784) INT-Ss/Nb-1%Ti 082 085 Nycuw 15 L0 175 42 925 $2 3830 l;l
12. GC0) -SaRing/Nb>-1%T 052 - 127 . Ta 10 083 315 40 1550 .25 3554 1
COWCA~ ~Sa/Nb- . b 15 08 335  207(4) 1240 80 2682 19
:%. m:uo) ﬁ-swb-}:g 2:44 lL.; VINb 13 1.5 .250 2°74) 340 %4 2435 19
1S, (TWCA-1054)  MIJR-Sn/ND-1%T1 073 s v 13 17 .20 4% 740 17 2331 20
_ 8 ¢ peiceatage arca of basiler in the region excinding the stabifizer Cu
b 3 Tocal area ratio fu the Cu (CuSa)- Nb composite .
© 3§, for mon-copper teglon. I, at 10T defined for I0RV/m criterlon
4 : percentas~ grea of Nb (or Nb-1%TY) as filamoots kn the soa~Cu region
¢ 3 J, @10T normalized for NbySa sssuming 37% voleme expansion anncaling
l’:e&wﬁw'ﬁlm s L magnecizstion data using eg. (2)
Results and Discussion . Anoﬁahuwidngplmhﬁnof%vzmaiﬁalmt
.. . . ¥ deasity 7 at 10T, which is shown in Fig. 4. one finds that
In this sectin we address the question of J, and We also mcummjcmm&mm' mmmddf
show that the. low ficld J (H) behavior is mote for the ﬁmotlmmnm-lw’ywhh%.!whm‘lm -
Nb-1%Ti alloy than for pure Nb. Data oa the depen- . Sp* process a J, of ~1000Afmm” can be achioved for & Jagr ~ 14
dence of the bysteretic loss Qy; is prescated and the effoct of the " The MJR-$n scems o havo Tosses than the
pm. process o higher
barrier material is discussed in relation to dggj and low ficld Joss. “internal-So® wires billet for comparable J.. However, recextly
: TWCA™ has successfully fabeicated ¢ low loss wire with a J, of
- Critical Curmnu md &r 1050AfmmZ. - c

At preseut the highest I, measured in an internal tin wire is for
an experimental billet made by IGC with 91 subelements coataining
1jum filsments with & nicbium area fraction of ~ 39% of the noa-
copper region. The local rutic was ~ 0.8. This wire had & J. >
2000A/mm” st 10T. However, the wire bad a high oss with the
magnetization consistent with the subelements acting as a single
large filament of dismeter ~ 40 yica. Optimized TWCA-MIR wires®
:imﬂuws;mple#lshvebmnpmdtohwlehexmof
1500 A/fmm", ‘These wires too have very high losses. ingly

Iateresting!,
caough, a bronze processed wire with local ratio of 0.8 was zlso
meagsured to have a high loss. with 6, /d~10. It appears chat using
ratios of less than 1.0 usually produces wires with high

local ares
loss. -

Fig. 2 a) Filament bridging and b) the filament surface of an
intcrnal-Sn wire. (Sample #10). No “sausaging” observed along the
filament length.
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 Fig. 3 Plot of dgr versus filament diameter, d.

(Nb - 1%Ti),Sn vers:s Nb,Sn

nicmnhowﬁmmdiuofhmpxmsedwuu . that
thehighﬁeldI of NOySa alloyed with 1%71 has u shallower J-H
dnpethmwﬁumdeﬁ&pmNb.ﬁiahukoevidmtﬁm
Table I when the J; of NbySn is calculated from the known arca
ﬁwmdﬁewduawumhgeompmmﬁe
highest J_ ~3700 Afmm® et 10T is achioved in wires using Nb-
l%ﬁaﬂay.‘l‘omplhhdiﬁ‘munfmeﬁonofﬁddtheuﬂo
J(H)/I(8T) versus H is plotted in Fig. § for samples #9 and #10
_which bave the samo J; at 8T. In this plot, the J, at fiedds < ST is
obuinedﬁomlhemagneﬁnﬁonw‘idsh aﬁdﬂ:eedwluedd,,ﬁs
From this figure ono expocts that tho low ficld loss would te
maﬂufwthewhuwthb—l%‘llaﬂoy ‘In fact tho & 3T loss for
ssmple #10 was ~20% lower than ‘that for the #9 condactor. In
extrapolating J. data from 8T to low ficlds, for the purpose of
eemparmgmagncﬁuﬂonmda‘him!cminfmmtbenl-
ucs given in Table I were used, Theso are average values for.the
“two classes of wires. Conductors made with Nb-7.5%Ta slloy is
expected to behave similarly to the Nb-1%Ti alloy conductor.
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Fig. 5 The normalized J (H) behavior of Nb,Sn and (Nb-
1%Ti);Sn. Data given for samples #9 and #10.
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‘The choice of tho barrier material is a vexing problem for the
wire manufacturers. For economic as well as for drawability rea-
souns, if a njobium or & combination of nicbium/copper is used then
thefomnmobe,Snntheeogpu ~niobium interface produces a
large at all fields” leading to & high dye (spmple
#11), Use of the traditional tantalum barrier, although suitable from
the Joss point of view, has its own problems of drawability and
pieoeleagd:hthemmufmeofthemWCAwhadtg:w
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Fig. 6 The temperature dependence of Qp (£5T). The loss is
normsalized to the value at 4.5K.



deal of success in utilizing vanudxum or a niobium/vanadium bar-
rier in their wire producuon Use of this barrier does not fead to
incrcased losses except at ficlds where niobium is superconducting
i. ¢. less than 0.6T.

Temperature Dependence of Q,

The temperatore dependence of Qu(+ ST) was measured for
samples #8 and #1S. Conductor #8 had a 4.5K loss of 120 mi/cm’
whereas #15 had a loss of 188 mJ/cm’. Fig. 6 15 a plot of Q,, versus
T, where the loss is normalized to its value at 4.5K. The Limited
data show that Q,, scales lincarly with temperature for both Nb,Sn
and (Nb-l%Ti),Sn conducton. The linear dependence can be writ-
ten as .

Qu(THQ(4.5K) = 147 - 0.103T 3

Conclusions

- The choice of the conductor design depends largely- on the
requiréments of the high field device. Clearly, for device operation
at 10-12T, the alloy superconductor Nb-1%Ti (or Nb-7.5%Ta)
guarantees 8 higher currcnt deusity than pure Nb. Additioaally,
these alloys have the added advantege of lowering the overall
hysteretic loss.

In developing conductors for magnet operations a ~10T, the
overall I, requiremcnt has to be traded with acceptable loss or low
ficld magnetization. At preseat this imposes some restrictions on
thecholwof]c.thmthcapphauonhmchdmlossisnota
msjor concern, coeductors like #12 and #13 age suitable to build
high ficld magnets. With a high J_ ~1500 Afmm?, the wire can have

atnfﬁdmcoppaommtio:condummbﬂuyandqumh-

protoction, without appreciably sacrificing the currcnt camying
capacity. In utilizing broaze process wire like #2, the stabilizer
content kas to be r2duced significantly to achieve a high L. This
may eompremise the quench protection of high inductance dipole
magnets (like the LHC magnet), since the current deasity in the
copper can become umacceptable lurge thereby requiring active
energy extraction during s queach to prevent magaet buraout.

For accelerator magnets where the low ficld maguetization .

propertics ere important for machine operation, Fig. 4 would indi-
cumthuupmemanwxpmblecmdumorwouldhavenmodm
I (107) ~ ~ 1000 Afmm® and & d ¢ ~ 14 pm and a bagrier of cither
tantalnm or vanadium. & is possible that further refinements of the
billet geometry could decrease d ﬂ-tothemgeof‘l-9umpnmar
ily by reducing d~2 pm.

“To nchievealow loss conductor, the I is restricted 1o values
< 800A/mm” with local area ratio pmfcrably-— 1.5, with filameat
diameters ~ Zum.‘l'humremquuenhenseofamntalumora
'vanadmmbama.
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