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Abstract

This paper presents critical current and magnetization data for
tome multifilameotary Nb3Sn wires that have been produced by the
internal-tin method. A comparison of magnetization and transport
critical current measurement* show that filament bridging daring
beat treatment it a common occurrence leading to effective filament
diameters that *re sometime* an order of magnitude larger than the
geometrical filament size. At mesent, Jc*« (in the non-copper re-
floo) greater than 1300 AAnm at 10T have been achieved to tome
conductor!, which also exhibit high losses. Low losse* have only
been seen in conductors with c high local ratio of alobmm to
copper. Also the we of (Nb-l%Ti) alloy instead of pure Nb helps to
reduce low field loss and increase Ugh field Jv Measurements of
the temperature dependence of hyrteretic loss to 5T indicate that
loss decreases linearly with increasing temperature.

Introduction

NbjSn wire technology has progressed steadily doling the last
decade. Whereas some mann&ctaren have favored the traditional
"bronze route", others, notably. IOC Advanced Superconductors
(K3Q and Teledyae Wai Change, Albany2 (TWCA) have relied on
die internal-tin core method to produce Ugh Jc wins at reasonable
cost. Although both manufacturers we a tin core, their individual
fafflet designs are unions aad differeaL K3Cs Tnternal-Sn" metfa-
oor^ iin f̂ a1 composito tnbo l̂ftn*njf of niobfawp fn^nww^ |Q SI
copper matrix filled witb tin which is then cold draws and
reatactedaswbelcmentiwittun a suitable barrier and copper ttabi-
Bzer tube aad then drawn to final Mrs size, TWCA's "modified
jelly roO* (MJR) approach uses an expanded metal mesh of
niobium which Is rolled tip Jelly toll fuhlon with copper sheet as
the matrix material onto* con rod «f tin. This composite is then
drawn to fouu the subclcment which is tben similarly restadced
within tbo stabilizer.

Over the yean R&D has centered on producing high J c

{>10Q0A/mm at 1017 wires with filament diameter* (or thickness
5a the case of MIR) in the range of 1 to S microns. However, .an
early study of magnetization properties7 showed that these wires
bad high hysteretic losses arising primarily from metallurgical
bridging of the filaments in the scbelement These large magneriwt-
UJon could be characterized by an effective filament size which in
some cases was an order of magnitude larger than the geometric
size. " '

. In mis paper we review the magnetization and cdtical current
pwpertisa of early wires produced by the tin-core method and
present data on some recent wires mat are being produced for Ugh"
SeW iipole aad fasten magnets and for laboratory research.

Experimental Details and Analysis '

The wires used in this study were suis Uy pie-reacted and thai
teat treated in the temperature range 650C-700C for periods of 48
to 150 boms depending on the wire and the manufacturing source.
J e optimization was not always done, hence the valoe quoted in the
summary table is not necessarily the highest I c achievable for mat
wire. The critical current, l^. was measured in a different apparatus
depending on the field of interest In the low field range of 3T to
ST, If. measurements are taken at an effective resistivity of 10 O-..
m. The 8T to I0T measurements are reported for an Ic criterion of
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lOjtv/m. Details of the measurement are given in rcf. 8. The Jc

quoted at 10T is for the non-copper region which includes the
barrier.

Magnetization measurements are made using different-tech-
niques depending on die sample size. For long wire sampling
(-10m) and fully finished Rutherford cables, an integration tech'
nique is employed. For small wire lengths -10 cm aad variable
temperature measurements a commercial SQUID magnetometer is
used. In this case die sample consists of a bundle of wires — 6 mm
long.

Wire Description

In Table I, die relevant parameters of die NbjSn samples that
have been studied are listed. 'Included in die list, for
comparison, are two bronze process wires: Sample #1 measured
earlier at BNL7 is a bronze route wire similar to that used .in
a dipcle magnet at SACLAY10 and #2 is a recent wire
reported by Krautii11 from Vacuumschmelze (VAC), Data for
#2 wire has been taken from reff. II . Wire similar to this was
used to make a prototype L9C dipole magnet at CERNU.
Sample #3 U an early IGC wire" with high J,. and #4 - #7 is
a subset of 18 bfllet* that IOC manufactured in the mid 80's
to study die effect of local area ratio on d ^ A report on this
ttady is given in ref. 14. I t Qoldfarb et> at has also
reported on an independent study of loss for some oftiiese
samples. Samples #8 - #11 are recent wires made by IGC"
with improved geometry to minimize d^j . #12 is a prototype
wire of a new process developed by IOC called die tin tube
process (TTS) . Samples #13-#14 were made by TWCA for a
high field magnet being developed at .BNL and reported
elsewhere in these proceedings19. #15 la a low lossvcrsion
developed for die US-DPC coil being built by MIT30. The
table contains references in which die strand cross sections are

'depicted.

Effective Filament Diameter d»# • -

A typical magnetization hysteresis loop is shown in Fig. 1. To
characterize die magnctizatioQ properties of die wire it u conve-
nient to define an effective filament diameter d f̂v from dte width of
die magnetization loop7 at a field larger than die full penetration
field. This width 2/IQM can be written as

2 ^ ( 1 0 = 2»i0 (2/3x) Mc(H)deff (I)

where X is die area fraction of the non-copper region and JC(H) Is
die critical current density of titis sarae area, la eq. (I) Tftjtd Is. in
units of Tesla, Jc in A/inand d e f f in meters. If A is die area of the
wire cross section and I<. is the critical current measured at die field
H, then

d ^ • (2fioMA)/[2}i0(2/3x) L/H)] (2)

When using eq. (2) to calculate de f f , L/H) should te corrected, for
self field7 especially if H is low. Typically d e f f is calculated at ST
using die measured self field corrected 1̂  at the same field. Howev-
er, when only high field data are available, die 1̂  at low field is
estimated from die Jc (H) behavior as shown in subsequent sec- .
tions. If deff is equal to the geometrical filament diameter, d. then
the filaments behave as if uncoupled and as expected from the
critical state model. The hysteresis loss QH. is evaluated from the
area under the M-H loop for a given field sweep, eg. ± ST. QH

would depend not only on d c f f and IC(5T), but would be influenced
by the barrier properties as well as the Jc behavior at low fields.
This as shown later depends on the alloy composition used.
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Table L Summary of Conductor Parameters and Properties

Sample #
Wire DU. OUT. Barrier

VrotxulAMoy mm Cu/NCa Comp. *
Cc/Nb Fit. Dla.
ratio %SC d. |im

j,aop
a/mm

derr J c (Nb3§n) Reference
(id A/mm #

Bronze
See Footnote*
1. (MCA)
2.(VAQ

3. GOO ' INT-Sa/Nb -
4.GGC-5901 - INT-So/Nb
5. (K3C-S9O1) INT-SayNb

0.68
0.92

0J0
0.62

Ta
Ta

S.flGC-5956)
9. (KJO5SS3)

10. (K3C-59S4)
H.C0C-IJS4)
12.«QO

is. crwcA-ttio)
14. CrwCA-1072)
15, (TWCA-1094)

INT-Sa/Nb

IHT-So/Nb
INT-Sa/Nb
INT-Sa/Nb-l«Ti
INT-Sn/Nb-I*T1

-Sa-Rlaf/Nb-HtTi

MIR-Sa/Nb-ISTI

MJR-Ss/Nb-ltiTt

0.68 1.00 Ta
0.68 OM . Ta
0.68 092 Ta
0.68 092 Ta
0.68 052 Ta

0.78
043
044
042
OS2

044
0.73

1.08 Ta
IJOI Ta
IJQ5 Ta
045 NbJCa
U7 . Ta

13
14
14
14
14

9
24
18
15
10

b
14

1.2
1.5
1.5
14
1.8

d
23.0
24:0

28.0
22^
22J

4.0
3.0

2.0
5.1
2.8

18.6 2.6

14

. 14 V/Nb 15
UB V/Nb 13
145 V 13

19.7 3.5
20.0 34
18.7 AX

1.0 17.5 A3.
0.8 31.S 4.0

04 33A 2*7(4)
13 .25.0 2*7(4)
J.7 23^1

e f
600 4
800 7

1024 20
890 17
930 11
840 U
740 S

650 7.1
S50 124
940 14.6
925 52
1550 . . 25
1240 80
*40 24
740 1?

1890
2415

2650
3866
2995
3273
2881

2391
3080
3643
3830
3554

2682
2435
2331

10
11

13
14
14
14
14

16

17
17
18

19
19
20

a : penxota(o «re» of tester in Cho ictfon exdo^iaj die tWhffSwr Co
b : local ana ntto in the Co (CBSO)- Mb cempodto
« : I c for noo-popper rcgloo. J c at 10T <Jefined for 10tlV/m criterion
d : penwttaj- area of Mb (or Kb-I%T0 as fibmeeta fa tiie noo-Co r

k• : J c C10T BoaaaUiod for HbjSn atnndnt 37% wtane capaiitka dadng innnling
f : efcciiw filamert clameter as caiealated from magmitTaHnii dan stlac eq- (2)

Resoltt and Dfacattion

In tnis section we additu the question of Jc aoddU*. We also
ttow dtat die iow field JC(H) behavior Is more &voraMe for Hie
Nb-1«T1 aHojr tiun for pore Nb. Data oa fee tempentsre <fcpen-
dence cf tbe byttecetic ton Q^ is pxesented and the effect of the
balder material is discussed In relation to d ^ and low field loss.

Qftteal Cntreat* and d^y , . .

• Table I summarises tbe JL f*̂  nf£nTt?r*t̂ "f 4tftf tot die
samples listed, b almost every case except sample « , i^g is
creater Shan d Indieatins * « filameot Wdgmj is a common ooeor-

i i A
s gj

rence even in bronse processeiS wirtx. An example of filament
b d d ^ U l P i 2 F i 3 U l r f d f i lbdd«^UtlKniamPij .2 .Fi^3Uapl«<rfd^venasf i la i»at
size for aD die samples except *H and #13. Most of die data lie
between d^a • 2 to 4 times d. Oeaiiy, die least vafoe of d^y is for
• eoodoctor witb die smallest filaments and toe bigbest local area
isSaThis is essentially die same cooclasion drawn from die earlier
stesJy. k which 18IGC billett were measured to study the effect
of local ratio and filament size on deft.
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Fig. 1 A typical magnetization measurement. Data shown
for sample #8:

- Another oteresting plot is taatofdUfVenas critical conent
density Jc at 10T, which is shown in Rg. 4VHcie one finds that d ^
ncreases as die wire Jc increases, which menu diat die magnetiza-
tion or loss increases nca-liosarly wim 3V For die IOC Tateroal-
Sn" process a 31 of -lOOQA/mm can bo achiered for a ̂ g -14
jun. The MJR-Sn process seems to have higher losses tbaa the
"imernal-Sn" wires billet tot comparable 3^ However, reeestry
TWCA has soccessfolry ftbrkated «low loss wire witb a Jo of
l050Afam\'

At present die highest Jc measated in an internal tin wire is for
d b n i d b l G C i M l

lum filsments wfth • niobium area incdon of - 3 9 * of die non-
copper region. Tbe local ndo was - OS. This wire bad a 3C >
20QCtA/mra as 10T. Howerer, die wire had a high Iota wim die
magnetization consistent wim die snbelements acting u a single
large filament of diameter - 40 pa. Optimized TWCA-MJR wires
similar to sample #13 have been reported to have Jc in excess of
1500 A/mm. These wires too have very high losses. Interestingly
enough, a bronze processed wire win local ratio of 0.8 was also
measured to have a high loss with d^j/d-IO. it appears that using
local area ratios of less than 1.0 usually produces wires wim high
loss . •

Fig. 2 a) Filament bridging and b) tbe filament surface of an
iuternal-Sn wire (Sample #10). No "sausagtng" observed along the
filameat length.
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(Nb - l%Ti),Sn vers.* Nfe.Sa

.. It i« well know from studies of bronze processed wires22, that
die high field J c of Nt^Sn alloyed with HOT has * shallower Jc-H
slope than wires made with pure Mb, This 2s also evident from
Table I when the J c of NbjSn is calculated from the known area
fraction of the superconductor ttwmung complete reaction. The
highest Jc -3700 AJatar tt JOT it achieved ia woes urfng Nb-
190*11 alloy. To map this difference as a function of field the ratio
Jc(H)/rc(8T) versos H is plotted in Fig. S for samples #9 and #10
which have the same J c at ST. In ibis plot, the Jc at fields < 5T is
obtained firom die magnetization wid'fc aad fba calculated d ^
Fxom this figure one-expects (hat die low field toss would fee
smaller for die wires wim Nb-SfcT^alley. In fact the ± 3T loss for
ssmple #10 was -20% tower than "that for die #9 condoctor. In
extrapolating J c data from 8T to tow fields, for the purpose of
comparing magnetization and critical current information, die val-
ves given m Table II were used. These are average values for the
two classes of tnres. Conductor! made wim Nb-7.59&Ta alloy is
expected So behave similarly to the Nb-!%Ts alloy conductor.
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Diffnaton Banier

Jhe choice of die barrier nmtTTi«1 is a vexing problem for the
wire manufacturers. For economic as well as for dsawability rea-
sons. If a niobium or a combinatiou of niobium/copper is used then
die formation of Nb,Sn at die copper-niobium interface produce* a
large magnedzadon at all fields leading to • high d<j» (sample
#11). Use of die traditional tantalum barrier, although suitable from
&x loss point of view, has its own problems of drawatility and
piece length in die manufacture of die wire. TWCA has had a great
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HYSTERESIS LOSS W
MULTVRLftMENTAHYNt̂ Sn _

f .. I I I I I I I I I I I I
6 7 8

TEMPERATURE (K)

10

Fig. 5 The normalized JC(H) behavior of Nb3Sn and (Nb- Fig. 6 The temperature dependence of QH (±5T). The loss is
l%Ti)3Sn. Data given for samples #? and #10. nornialfeed to the value at 4.5K-



deal of success in utilizing vanadium or a niobium/vanadium bar-
rier in their wire production6. Use of Jhis barrier does not lead to
increased losses except at fields where niobium is superconducting
i. c. less than 0.6T.

Temperature Dependence of Q,T

The temperature dependence of QH(± 5T) was measured for
samples #8 and #15. Conductor #8 had a 4.5K Joss of 120 mJ/cm3

whereas #15 bad a loss of 188 mi/cm3. Fig. 6 Is a plot of QH versus
T, -where the loss is normalized to its value at 4.5K. The limited
data show that QH scales linearly with temperature for both Nb3Sn
and (Nb-l%Ti)3Sn conductors. The linear dependence can be writ-

QH(T)/QjI(4.5K) •= 1.47 - 0.103T

Conclusions

(3)

• The choice of the conductor design depends largely on the
requirements of die high field device, dearly, for device operation
at 10-12T, the alloy superconductor Nb-I%Ti (or Nb-7.5%Ta)
guarantees a higher current density than pure Nb. Additionally,
these alloys have the added advantage of lowering the overall
hycteretk loss.

In developing conductors for magnet operations a -I0T, the
overall Jc rcquiremect has to be traded with acceptable loss or low
field magnetization. At present this imposes some restrictions on
the choice of J^. Where the application is such that loss is not a
major concern, cocdoctors like #12 and #13 are suitable to build
high field magnets. With a high Jc -1500 A/mm2, the wire can have
a itrfficirnt copper contest for conductor stability and queach-
protection, without appreciably sacrificing the current carrying
capacity. In utfliziag bronze process wire like #2, the stabilizer
content has to be reduced, significantly to achieve a high L .̂ This
may compromise the quench protection of high inductance dipole

gnftT -(like the LHC magnet), since the current density in the
eopper can become unacceptable large thereby requiring active
energy extraction daring a quench to prevent magnet burnout

For accelerator magnets where the low field magnetization .
properties ate important for machine operation. Fig. 4 would indi-
cate that at present an acceptable conductor would have a moderate
Sc (10T) - 1 0 0 0 A/mm and a de f f ~ 14 um and a barrier of either
gaatalsm ox vanadium. It is possible that further refinements of the
billet geometry could decrease dc f f to the range of 7-9 flm primar-
fly by reducing d-2 fun.

To achieve a low loss conductor, the Jc is restricted to values
< 800A/mm with local area ratio preferably - 1.5, with filament
Siometerc - 2 Jim. This wire requires the use of a tantalum or a
vonadium barrier..
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