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Abstrset

The bronze matrix/niobium filament process has become
established as a commercially viable method for producing
multifilamentary Nb3Sn  superconductors.  This  paper
describes @ new method, the Modified Jelly-Roil (MXR)
approach, which can produce a structure similar to that in &
conventionally fabricated multifilamentary Nb3Sn conductar.
This approach utilizes alternate sheets of niobium expanded
metal and bronze, which are roiled into a ‘jelly-roll"
configuration and then extruded. Ouring extrusion and
subsequent drawing, the junctures in the nigbium are
elongated and the material develops a filamentary structure.
This method may offer significant advantages in terms of
reduced fabrication time and cost over the conventional
approsch. Results of a manufacturing development program
will be presented in which two lengths of conducter were
made to High-Field Test Facility conductor specifications, In
addition, critical current and transition temperature
measurements of the sub-elements used to construct the
HF TF -type Jengths will be reported.

Introduction

The MJR approach! for fabrication of bronze matrix
Nb 35 superconductors is extremely versatile with respect to
changes In the configuration and properties of the composite.
The bronze te Nb ratio can be varied simrly by changing the
thickness nr number of wraps of branze sheet used in the jelly
roll, The final filament size and number can be controlled by
the thickness and the number of wraps of expanded Nb metat
sheets, The effects of impurities or intentional ternary
additions on the mechanical properties of the Nb or bronze
can be assessed as the matetial is being reduced to sheet, In
the event of processing problems, this material is easily
recycled, since it has not yet been combined in a composite.
To date, the MIR process has been utilized to produce over 70
experimental billets, in which the parameters such as bronze
ta Nb ratio, filament size and spacing, and the effects of
ternary additions have been studied.

This paper describes a two-part program aimed at
understanding and optimizing the MR pracess. In the first
stage, a number of small billets were extruded and drawn to
0.9-mm wires, which were evaluated. In the next stage, a
number of first-stage billets (with fixed parameters) were
used to construct a second-stage extrusion billet. The
parameters aof this secand stage extrusion billet were chosen
to meet the HFTF conductor specifications,” since we have a
substantial data base for conventional bronze-process
material mede to that specification.

Experimental Procedure

The bronze used in these experiments was nominal Cu
13.5 wt. % Sn material, vacuum melted ang cast in the form
of rectangular strips, The actual composition of the bronze
varied from §0.4 wt. % Sn to 14.4 wt. % Sn; the composition
was varied intentionally in arder to investigate its effect on
processing. These strips were homogenized and then hot
rolled to a thickness of approximately D4 mm. The filament
material consisted of two compositions--pure Nb and
Nb-0.8 wt. % Ti. This material was rolled into sheets
spproximately 0.3 mm thick and expanded in order to produce
the metal mesh. The first-stage billets were prepared by
wrapping a sheet of expanded Nb or Nb alloy and a sheet of
branze around a core rod in g spiral, or "jelly-roll,"
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configuration, A diffusion barrier was Incorporated by
interleaving 8 Ta sheet between the final two wraps of No
expanded metal. This package was loaded into a copper can,
after which the can was evacuated and sealed in preperation
for extrusion. The billets, 80 mm in diameter and 200 mm
long, were extruded in a conventional hot extrusion operation
to 25-mm diameter rods. Subsequently, the material wae cold
drawn to D.9-mm-diameter wire with intermediate anneals of
the bronze. Cantinuous annealing, i.e. moving the rod through
the furnace an a conveyor belt, was used for straight rods
between 25 mm and 10 mm jn diameter. This operation
resulted in & minimum of time.at-temperature accurulated
in the anneals, and subsequent enalyses showed no eppreciable
formation of Nb3Sr. High sensitivity (inductive) Tg
measurements yielded T, values between 10.1 and 10.8 K for
the samples analyzed. These results and the technique are
mare fully discussed in Ref, 3, The cross section for a typieal
length of material is shown in Fig. 1.

[ 0.2mm

Fig. ta. Micrograph of a typical MIR conductor crass
section. Proceeding out from center, the components are
bronze care, bronze and Nb expanded metal spiral wrap, No
and Ta diffusion barrier, and Cu.

Samples from these wires were wrapped arpund a
mandrel and heat treated for various times at 700 °C, Long
semple, critical current measurements were performed to
fields as high as 18.5 T at the Francis Bitter National Magnet
Laboratory, with a sensitivity of [0°12 2 » cm, It should be
nated that high-sensitivity J, measurements such as these are
typically [0-20% lower than J. values determined by
heirpin-type samples of Nb3Sn. Metallography end enalyses
by Scanning Auger Microprobe (SAM) were performed on the
branze matrix and the Nb35n reaction lay »rs.

In the second phase of this project, three first-stage
billets (M74, M78, and M79) were prepared with the same
nominal composition (see Table D These billets were
processed following the procedure already described, and part
of the material was drawn into 0,9-mm wire, The remaini
material was formed into hexagenal rods {I9-mm flat to flat
which were cut into lengths and assembled into 3 second
extrusion billet, 70 mm in diameter. The cross section
consisted of one pure copper rod at the center with 36
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Fig. b, Enlarged micrograph showing outer filaments and
diffusion barrier. Dark layer in diffusion barrier is Ta.
Filaments maintain the rectanguler cross s-ction of the
starting matetial throughout processing.

TABLE [ - First Stage Exclusion Billet Parameters

Filament Bronze:Nb  Overall Bronze
Designation Composition Ratio Composition
{wt. % 5n)

M57  Nb-0.8 wt. % Ti 3.45:1 13.0
M6l Nb-O.Bwt % Ti 2.5:1 13.2
M62  Nb-DBwt % Ti 2.3:1 13.0
Més  Nb-0.8 wt. % Ti 2.96:1 13.4
M6BL. Nb 2.96:] 13.5
M74  Nb 2.7%:1 13.2
M78  No 2.83:1 l4.1
M73  Nb 2.8l 13.8

composite rods arranged around this central rod. This bundie
was loaded into a copper can, evacuated, and sealed in
preparation for extrusion. The billet was heated for 30
mirutes at 450 °C and then 8 minutes at 650 OC, follawed by
extrusion to 38-mm diameter. This rod was processed to a
final cross section of 54 mm x. {[,0 mm and a length of
100 m, j.e. to the HFTF specifications, A cross section at an
intermediate stage of pracessing is shown in Fig. 2, This final
composite is 64% Cu, again to HFTF specification.

Results and Disc 'ssion

Critical Current

Critical current as a function of field to 18,5 T has been
determined for 0.9.mm diameter wires of the first five
samples listed in Table I. The wires were wound as coil
samples on a mandrel and heat treated for 48, 96, and 168
hours at 700 °C. The changes in J, (bronze and Nb3Sn,
excluding diffusion barriers) showed no consistent trend as a
function of heat-treatment time. There is a tendency for J,

at high fieids to increase with annealing time, and the

10 mm

Fig. 2. Micrograph of HFTF-type canductor cross sectlan
after extrusion end drawing,

tendency is consistent with the reduction of the Sn gradient
across the Nb3Sn layers (discussed in anelysis section)
However, the largest change in J; at high fields s produced
by the Ti additions, as shown in Fig. 3, These samples were
chosen for comparison because the other parematers) ..
bronze to Nb rotio and bronze composition, were nearly
Identical (see Table I), At low fields, the sample with pure Nb
produced higher J. values, However, at higher fislds, the
samples with Nb-0.8 wt. X Ti produced much higher Jn
values, e,qg. a factor of 4 improvement at |8 T, A significant
factor in this improvement is the increased upper critical
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Fig. 3. Critical current density (in non-copper area) for a
typical sample containing Ti additions compared with a
typical sample with pure Nb cores. The enhancement in Jp at
higher fields with Ti additions is quite significant.
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Fig. 4 A plot of M2 ylfs uH, which provides an
estimate, of Hyp by axtrapolation to J1/2 KU = 0, after
Kramar,?

field of the sample with Ti additions, Figure 4 is a plot of

alla v, ok which allows en extrapolation to Hege
The value of Moy for the Tl-addition materlal is 23 %,
whereas the value for the pure Nb wample is 19 T. Similar
enhancements in Hpy have been cbserved praviously for
edditions of transition slementa ta NogSn {ses the review by
Suenaga® for a discussion of slloy additions). The increase in
Hpg is belieyed to be caused by the increass in the
normal-state resistivity, p,, However, the decresse in J, at
lower fields may be due to the same effect, i.e. the increase
in py. The increase in [y, may decrease the effectiveness of
flux pinning in the regime where Ax pinning is important, A
ote compiasherwive study is necessary to complete our
understanding of these pinning effects,

The values of J, obtained for this MJR-processed
material are comparable to the best values obtained for
material processed by the conventignal bronze route. In
Fig. 5, we compare the J. for a sample without Ti additions
with J; far conventional bronze samples.r7 The critical
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Fig. 5. Comparison of J. values for MR-process material
with several results for optimized, coqaventional, bronze-
process matarial. Filament cores in ail cases ars pure Nb,

currents for all thrse semples are comparsble; If the
MJR-process sample with Ti additions had beon Included, it
would be clearly superior at fislds above 13 T, The results
for the best MR ssmple (M52) have nat besn plottsd, bacases
it was mede with a low bronze to Nb ratio that mede a direct
comparison difflcult, This semple produced critical current
values of 260 AfmeZ st 15 T and 130 A/mmZ at 17 T, which
ars compsrsble ta the best values reported for conventional
bronze-process material with various atloy sdditions.8

Analytical Results

Analyses were cbtained for both the bronze and
Nb-Nb35n components #8 & function of heat trestment. In
addition, sensitive T, measursments were utilized in otder to
check for pre-rsaction formation of Nb35n. No spprecisble
formation of Nb3Sn was detacted for thase semples, snd these
results confirm that btohze snd Nb can bs co-processed
successfully through the extrusion and intermediate snnealing
steps if care ix taken to minimize the time at temperature.

The SAM profiles of the bronze matrix for a sample of
MGBL after various heat treatments are shown in Fig. 6
Thage profiles are typical for the MOR process material snd
indicate that & substantia] matrix 5n concentration gradient
oxists batween the matrix surrounding the inner filsments snd
that surrounding the outer filaments.
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Fig. 6. 5Scanning Auger Microprobe results showing the
evolution of 5n profiles in the bronze matrix following various
heat treatments,

SAM profiles aiso were obtained for Nb3Sn filaments
located at verious positions in the composites.” Gradisnts in
Sn concentration across the NoySn layers were observed, and
the steepness of the gradient depended on the position of the
tilament. Filsments located near the bronze core showed
rather uniform Sn profiles, especially for the long resction
times which resuited in completely rescted filaments.
However, most filaments near the diffusion barrier showed
staep Sn profiles, especially if the filaments were only
partislly rescted. If the maximum Sn concentration in the
filaments is assumed t2 be 25 at, %, the value near the center
(for filaments located near the barrier) is typically sbout 20
at. %, The significance of these results and comperison with
;-uulu on conventional bronze-process material is discused
n Ref. 9.

These analytical results suggest that the critical current
cen be incressed (beyond the comparatively good value
already obtained) by changing the composite con
These chenges are essily accomplished for the MJR procoss,
ie. the bronze core can be made smaller and additional
bronze sheets can be added near the outer dismetsr of the
spiral wrap. Experiments are planned to evaluste thess
changes in configuration.



HETF Size Conductor

The HFTF-type conductor fabricated with pure Nb core
is nearing cormplation, and smembly of an additional sscond
stage billet incorporating Nb-0.8 wt. % T expanded metal is
In progress. After fabrication is complete, J. snd J, =s a
function of straln will be messured for thesa samples and the
results reported at a later data,

Summary

The MR procem for fabricating Nb3Sn has besn
evaiuated with regerd ta superconducting properties and
adeptability to [aroe scale processing, Critical current valurs
comparable to those obtained for conventional bronze proce.s
material ‘were cbeerved for pure Nb cores. Excellant critica.
current values at high fields were obtained with Nb-0,8 wt. %
Ti cotes. Coepsbility for producing complex, lerge
cross-section conductors was o ated by fabricating a
100-m length to HF TF specifications.
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