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Abstract

The succesgful fabrication of a fine filament
high current density WbTi superconductor can have a
significant impact on the cost of the Superconduct-
ing Supercollider. Consequently, we have been
exploring various approaches for fabricating this
type of superconductor, in collaboration with
several superconductor wire manufactucers. The
tachniques investigated incliude double conventional
hot extrusion, large single stack conventional hot
axtrusion, and warm hydrostatic extrusion. The
important c¢onductor properties (critical currcent
density, plece length, yleld, and cost) will be
compared for the various approaches. Finally, the
feasibility of manufacturing production quantities
of 2 fine filament conductor will be assessed.

Introducti

In September, 1986, the Magnet Selection
Advigory Panel chose a high fleld magnet desizn for
the Superconducting Super Collider (SS5C) dipole mag-
nets. The conductor specified for these magnets is
WbTi with s filament dismater of 5 uym and mini-
mm critical current dengity (J,, 4.2 K) of

2750 A/mn2 at ST and & J, (4.2 K} of 1100 A/nm?

at 8 T. These values ars considerably higher than
those specified for existing dipoles in the Tevatron
or those under construction for the HERA project
(ses Table I.). Consequantly, a conductor devalop-
mant program is underway to insure that supercon-
ducting cable can be made to these specificatlions in
a cost effective manner. The initial goal for this
development program was to produce industrial-size
bililets of multifilamentary MHLTiL with a filament
size of 18-20 ym and a J,. (4.2 K, 5T) greater
than 2400 A/ma2. This goal was met in 19841 and
the results were confirmed by the fabrication of
12 additional billets?. However, if strands with
20 ym filaments are used in the SSC dipoles,
powsrful correction colls are necessary in ocder to
correct the field distortion produced at the accel-
erator injection field (0.3T). This fleld distor-
tion is produced by magnetization affects which are
proportional to the size of the superconductor fiia-
ments and hence can be reduced by reducing the
fllament diameter. Consequently, a second phase
conductor development program was initiated in 1984
with the pgoal of producing strands with high
Jo (> 2750 A/me? st 5T) and a fina fllament
dismeter (< 5 um).

Experimental Detailg of the Strand
Development Program

Initial experimental rcesults3+4 and a review
of the published literature on fine fillament WLT{
conductors®:7  indicated that conventional fabei-
catlon techniques would not produce fine filaments
with acceptable properties. One pcoblem iz the
formation of a brittle intermetallic compound layer
between the Cu matrix and the 8bTLi filamentz azx a

Table I. Wire and Casble Specifications for
Accalerator Dipole Magnets
Dimensional
Iolecances  Iavatron/CBA HERA 88C
Strand $.0076 mm £.01 mm £.0025
Surface Sn/AG Coating Sn/AG Coasting Bare
Fil.Diam. 8 ym < 20 ym 5 um
Twist Pitch 13 ra 25 m 25 e
+.2
Cu:sc 1.8/1 1.8 $2%
=0.1
Eeystone 2.05° 2.2* 1.68°
Angle
Cable +.000 $.02 +.0127
Mid- outar sdge
thickness -.025
(wm) +.000
inner edge
~.025
Width +.000 £.025 1.025
() -.025
Cable Edge - -
Radius >.25
Min.Length
Strand (m) 305 400 764
Min. Length - 385 outer 675 outer
Cable (m) 600 inner S$42 innev
pim. Q.C. 10-atack 10-stack 10-stack
BRER AS 60 10
Jo 1800 A/mml 2400 A/ma? 2750 A/mm?
5T 5T 5T
1100 A/mm?
8T

result of the interdiffusion which occurs during the
thermomechanical processing of the composite.
Another problem is the progressive detercioration of
the unlform filament cross section, described as
“asusaging”, which becomss much more pronocunced as
the filament diameter isx reduced. Sausaging behav-
ior 13 caused by the intermetallic formation, but
can also result from other causes and be present in
the absence of intermetallic compound formation, as
described balow,

rine filament fabrication problems have also
been studied in detail for the case of multifila-
mentary NbqSn, since, in this cagse, WbySn is
produced by the diffusion and reaction between Nb
filamants and Sp in the bronze matrix. In order to
limit reaction temperaturs and time, tha Eb €ilament
size wust be maintained at 5 ym or less. The
results of several fabrication studies8,9:10 on
¥hySn have been reported, asnd these studies pro-
vided useful dlrection for resolving the problems
associated with the fabrication of fine filament
WhTi.

Several potential processes for the fabrication
of fine filament WbTi weare identlified, and & matrix
of expariments (Table II.) were begun in ocrder to
svaluaste bDoth technical feasibility and cost. Two
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approaches for sliminating the problem of interme-

tallic compound formation wers investigated.

Ficst,

s diffusion barrier was applied acound each MHTi
fllament in oprder to prevent the Iintecdiffusion of

Cu and Ti. This approuch was investigated in re-
search and development billets, processed at
Superconll,12  gnd Intermsgnetics General Corp.
t1ecyl1l,13,  Although the use of diffusion bar-

riers had baen describeds.?

or alluded tof pre-

viously, it was uecesssary to demonstcate that this
approach could be used in largs scals fabrication
snd in u cost effective mannar.

Table II. Billets Fabricated in SSC Phase I
Fine Filament RED Program

Designation Fllament Size

(Subcon- at Final Extrusion Expsrimental
tractor) Wice Diam. Techn Gosls
LBL-1 B ym Lg. single High J,,
(Supercon) stack diffusion
barcier
LBL-2 6 ym Lg. single demo, eco-
(Supercon) stack nomlics, fil.
spacing .
$914-12 5 ym Dbl. hot
(160C) extrusion
5914-221 2.7 ym Dbi. hot ¥ine fil.,
(16C) extrusion diffusion
bacrier
5914-222 2.7 ym Dhi. hot demo, sco-
extrusion nomics, fil.
spacing
5940-21 5 ym Lg. single Production
(16C) stack experience
5940-22 5 ym Lg. single Producticn
(1GC) stack expecience
59431-1 5 um Lg. single Alt. NbTL
(16C) stack source sval.
Hydrostatic-1 2.7 pm Warm Hydrostatic
(¥at'l hydrost. sxtrusion
Standard) eval., fil.
spacing
Rydrostatic-2 2.7 ym Warm Hydrostatic
{Mat'l hydrost. axtrusion
Standacd) eval., fil.
spacing
Hydrostatic-2 2.7 ym Warm Hydrostatic
(Hat’l hydrost. extrusion
Standard) sval., fil.
spacing

In the ficrst phase of the fina filament program,

Supercon

constructed
{305 mm diameter);

two production-size Dbillets
one was designed for S5C inner

layer cable and the other for 8SC outer layer
cable. Likewise, 1IGC congtructed two Dbilists,
254 mm in diameter, one with a copper to supercon-
ductor ratlo of 1.3:1, and the other with a ratlo of
1.8:1 (see Table 1I for additional details). Final-
ly, the feagibility of using reduced tempersture
processing in order to reduce intermetallic forma-
tion without the use of & diffusion bacrrier was
investigated by use of warm hydrostatic extrusion
and short time intermediate heat treatments. This
option was explored with thres billets, 165 sm in
dismetar, extruded at the M¥Mational Standards produc-
tion facility in Perth, Scotland.

In ocder to reach the requisite large number of
tllaments in the composite strands, two billet
sssenbly approaches wers investigated, Billets
LBL-L and {BL-2 were stacked st Supercon by assembl-
ing spproximately 4,165 Cu-clad monofilament WbTL
rods. The advantages of this large single stack
spprosch include (i) a uniform enviromment which is

provided for nearly all filaments, and (ii) higher
yields which are made possible as a result of re-
ducad loss in extrusion. The 5914 series billets
and the hydrostatic extrusion billets were fabricat-
ed using a double stacking approach. The advantages
of this approach include (1) handling of fewaer ele-
ments in the assembly of each billet, and (ii) the
ability to handle the large number of filaments re-
quired to reach ultrafine (1 pm or less) filament
gizes.

Discugsion of Strand Improveent Program Results

The primary purpose of this strand evaluation
program was to gain information on the following
pacameters: critical current dengity, process
reliability, and ability to fabricate strand into
cables. We now discuss the regults of processing
the billets described in the previous section into
strands in order to evaluate J, and drawability
(plece length). Subsequently, the strands with
acceptable J, and drawability were then cabled for
evaluation of cabling degradation. These results
will be degscribed in a later section.

The large zingle stack billets (LBL-1 and LBL-2)
showed the best critical curcent results. Samples
with optimized heat treatments yielded J, values

XBB B866-1794

Fig. 1. SFM Micrographs of Extracted Filaments
From The Hydrostatic Extruzion Billat Which Was
Processed with 10 hr., 375°C Heat Treatments.



over 3100 A/mm at ST and over 1170 A/ma? at BT.
The n-valuss (for a discussion of the relationship
between n-values, J. and fllament quality, see
papar MF-7, these procesdings) for these strands
weare gquite high - approximately 30 for BT and 50-60
for 5T measuremants. The double stack billets yiald-
od J. values in the rangs of 2300-2500 A/om?  at
5T and n-values of about 25. The hydrostatic extru-
sion billets yielded low J, values and low n- values
aven in the absence of any appraciable intermatallic
compound formation. For example, one sample was pro-
ceassed with minimal heat Lreatments (three at 375°C
for 10 hrs.). SEM analysis (Fig. 1) showed little
intsrmetallic compound formation, but considerable
sausaging; this result was confirmed by ecritical
current messurements which yielded n-values of ap-
proximately 25.

The results for the hydrostatic extrusion
billets weres dominated by filament sgausaging bde-
havior and can be explained by examining the inter-
filament spacing compared with the spacing used in
tha other billets (Table IIL.). Billets LBL-1 and
LEL-2 had uniformily spaced filaments and showed no
tendency toward sausaging {(Fig. 2). Billets 5914
had bundles of closely spaced filaments geparated by
thick copper layers. The filaments within the
tundles were uniform, but those at the edges exhib-
ited ssusaging (Fig. 2). The hydrostatic extrusion
billets, with comparatively wide spacing within the

Fig. 2.

3

Materisl Fil.Diam.

Table III.
Filament Spacing in Fine Filament Material

LBL-1 8 um
LBL-2 6 pm
5914-12 5 ym

5914-221 2.7 ym

Hydrogtatic 2,7 pm

Spacing

Spacing/ at Final

Fil.Diam. Wire Size
0.11 0.9 ym
0.17 1.0 ym
0.2 1.0 um
0.14 0.36 ym
0.4 1.0 pym

XBB 866-4560
LBL-1 — Fine Filament WbTi Made by Large Single Staek Approach at Supercon, Inc.

Fil.Quality

Excellent
n = 60
Excellent
n =5
Sausaging
at edge of
7X bundie
n = 25

at 5 ym
fil.diam,
n =13

at 2 um
fil.diam.
Sausaging
at edge of
19X bundle
n = 25
Sausaging
at edge and
interior of
19X bdundle
n = 10-25




bundles, showed sausaging, both at the adges and
within the filament bundles.

From thess results, we conclude that filament
spacing must be maintained uniform and <¢lase to-
gather. However, for this application in SsC di-
poles, 3 minimum spacing reguirement has also bean
identified. Ghosh and Sampgon 1% have shown that
a filament spacing of about 0.4-0.5 ym is required
to avoid electrical coupling of the filaments at the
85C injection fisld of 0.3T. This coupling is be-
lisved to originate from a proximity effect and may
be enhanced in this case dJue to the high purlty
copper matrix (the high purity is maintained by the
diffusion barrier). Thus, filament gpacing must be
chosen to satizxfy both the mechanical stability and
the electrical requiremsnts; we conclude from this
study that a value of spscing to fllament diameter
of about 0.15 is appropriate.

MY +
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Fig. 3. Micrograph of Billet 5914-221 Showing
Pilament Sausaging at Edge of 19 Pilament Bundles.

With regard to the evalustion of drawability,
initial samples from all ©billets, except the
5940-5941 series, showsd some problems. Several
different sources for thesw drawing problems have
been ildentifled and eliminated in subsequent pro-
cassing. Copper-to-copper bonding problems were
prasent in portions of billets 5914-221, 5914-222,
LBL-1, and the hydrostatic extrusion billetu. The
problem is due to a combination of the large inter-
facial surface area present in these billets, and
low sxtcusion temperatures employed. Tha problem
was most severs for the hydrostatic billets which
ware heatsd to 200°C and extruded at a rather low
ratlo aces reduction of 10 {exit temperature was
sbout 450-500°C).An attempt was made to remaove
thase defects by hot isostatic pressing the extruded
teds at 8 25 we dimmeter; results showed a partial
improvement, but some unbonded acreas remained, Sub-
sequent attempts to draw material with these defects
resulted in wire breskage at the fine wire sizas.
These studies confirm that a high extrusion tempecs-
turs, or a pre-extrusion bonding step, is desicable
for achieving high product ylelds.

Aftec the portions of the billets showing
bonding problems were set aside, additional drawing

problems were cncountered. Experiments wete per-
formad in which the drawing die paramesters ware
changed and drawability improved drsmatically. The
tentative conclusion is that the high Jo fine
filament composites develop 8 high tensile strength
and thue cequire somewhat different processing than
more conventional WDPTL composites. After Lhe die
changes were wmade, both billet LUBL-2 and billet
5914-~221 yislded over 80% of the material in lengths
greater than 3,000 m; billet 5940-21, producsd after
thesa problems wers ldentified snd corrected,
yielded one length over 12,000 m length and over 85%
of the material in lengths over 3,000 m.

Cable Produced from Fines Fiiswent ¥bTi

A series of 23-strand and 30-strand cables wars
made to SSC specifications from the strands deserib-
ed above. When compared with cables made ta the
same spacifications from strands with 18-20 m
filament size, these cables showed two primary
diffarences. First, the amount of degradation in
eritical current which occcurred during cabling was
reduced from typically 10-15% for the large filsment
waterial to 0-2% from the fine fllament matecial.
Second, the strands weare more difflcult to cabls and
showed gome tendency to protrude from the cable when
the cable was bent around a small dlameter under
light tension. 1In order to ptesent this information
In & more quantitative manner, we have developed =
springback test for agsessing the cabling ease of
various gtrands. Results indicate that the high
J. fine filament stcands have a relatively high
springback value. Sevecral experiments are undecway
to reduce this springback. Ficst, we find that
eold-worked strands axhibit less springback than
strands in which the Cu matrix 1s annealed, so we
are making cables with cold worked strands for
evaluation. Second, we are studying a modified heat
treatment sequence with less cold work in the final
stage to see if such processing will produce a high
Je strand with less springback.

Conclusiong

1. The use of diffysion barriers appears to be a
reliable and cost effective modification to con-
ventional fabrication for applications where fine
filaments are raquirsd.

2. The large single stack approach to billet
assembly yields the bHeat product for the S5SC
specification of 5 ym fllaments in 0.6 to 0.8 mm
diameter wires. For finer filamants oc other
applications requiring a larger number of fllaments,
it may be necessary to use a double stacking
approach. If so, the largest feasible number of
elemants should be stacked together fn order to
minimize the number of sausaged filaments which
occur at the perimater of the stack.

3. Pine filament strands can be produced to the
SSC specification of 2750 A/meZ in a reliable and
cost effective manner.

4. Cabls wmade from high J. fine €ilument
strands shows decreased degradatlon, but s greater
sptingback tendency, than cable made from strands
with 20 ym diameter fllaments and J, = 2400
armnd at ST.
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