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I. INTRODUCTION 

Construction of High Field Test Facility (HFTF) at Lawrence 
Livermore Laboratory (LLNL) requires an extended surface Nb3Sn 
superconductor cable of carrying currents in excess of 7500 amperes 
in a 12 Tesla magnetic field. This conductor consists oE a 5.4 mm x 
11.0 mm superconducting core onto whose broad surfaces are soldered 
embossed oxygen free copper strips. Two different core designs have 
been developed and the feasibility of each design evaluated. Equip
ment necessary to produce the conductor were developed and tech
niques of production were explored. 
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ILJjb^Sn CORE (TASK 1) 
A 187 filament first extrusion billet was extruded to provide 

hexagonal rods for packing second extrusions. This vacuum cast 
bronze billet of 13 weight % Sn was machined to 188 mm o.d. x 486 mm 
long and 187 equally spaced holes of 7.04 mm i.d. were drilled the 
length of each billet. Niobium rods 6.9 mm o.d. purchased from KBI 
were inserted into the holes and a cap and cone were welded onto the 
ends of the billet. Following evacuation, the billet was extruded 
to 38.1 mm. The extruded billet was divided into two lots: one half 
to be packed into an 1777 x 187 filament second extrusion and one 
half to be packed into an 85 x 187 filament second extrusion. 

One half of the first extrusion billet was cold drawn with in
termediate annealing to 3.45 mm f-f hexagonal rods (see Figure 1), 
straightened, cut into 220 mm lengths, and given an anneal. Follow
ing a thorough cleaning, 1777 hexagonal rod.: were assembled into a 
pack, surrounded by a Ta diffusion barrier in a 188 mm o.d. oxygen 
free copper can, and sealed under vacuum after welding a cap and 
cone onto either end of the billet. Following extrusion to 47.6 mm 
u.d. rods, the monolith second extrusion was cold drawn to 29.6 mm 
o.d. (see Figure 2) for evaluation. Niobium filaments were found to 
be nonuniform in diameter,, but not to a degree which would preclude 
the production of the Nb3Sn core by this method. The billet con
tained approximately 25% Cu stabilizer. 

The remaining half of the first extrusion billet was cold drawn 
with intermediate annealing to 13.9 mm f-f hexagonal tods (see 
Figure 1). These rods were straightened, cut into 308 mm lengths, 
and annealed. After being cleaned an 85 hexagon pack was assembled, 
inserted into a 152 mm o.d. can, and sealed under vacuum with a 
welded cap and cone. This billet was extruded to 25.4 mm o.d. (see 
Figures 3a and 3b) . A tantalum diffusion barrier and approximately 
30% stabilizing copper was added to the extruded rod and the compo
site was cold drawn to 2.30 mm o.d. Micrographs revealed that the 
niobium filaments were nonuniform in diameter but not to a degree 
which would severely degrade the critical current of the final 
conductor. Careful studies were made of the hardness of the niobium 
filaments prior to the second extrusion stage, especially noticing 
work hardening differences between KBI and TWCA niobium. The 
results were reported on July 13, 1979 under P.O. No. 3964609 and 
P.O. No. 5227009. A copy of those data are included as Table 1. 
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III. HFTF ALTERNATE CONDUCTOR (TASK 2) 

A monolithic superconductor for HFTF would consist of a 
bronze/Hb3Sn/Nb core surrounded by a Ta diffusion barrier and 65% 
Cu. This conductor would be produced by drawing the monolithic con
ductor described under Task 4 and to 23.4 mm o.d. and to add stabi
lizer by inserting it into an oxygen free copper tube for final 
drawing to a 5.4 ram x 11.0 ram conductor. A large monolithic conduc
tor is characterized by possible breakage during twisting and form
ing operations, yield losses during the production of integral 
multiples of 95 m lengths, incomplete filament transposition, a long 
transfer length, and a high probability of critical current degrad
ing filament diameter nonuniformity. To circumvent many of these 
problems an alternate approach to large conductor production has 
been investigated, Full transposition of filaments was achieved by 
cabling 18, 27, or 54 strands of Nb3Sn superconductor together. 
These _ables were inserted into oxygen free copper tubes and reduced 
to 5-4 mm x 11.0 mm by turksheading and drawing. 

Unreacted Nb 3Sn strands were made from the 85 x 187 filament 
extrusions developed under Task 1 and P.O. No. 3964609 and from a 19 
x 151 filament strand design in Airco's inventory. Eighteen strands 
21.8 mm o.d. were cabled together in a two level cable by cabling 
three strands together and recabling six of these triplets together 
i.o make the eighteen strand (6 x 3) cable. The twenty-seven and 
fifty-four strand cables were three level cables of 1.8 mm and 
1.2 mm strands respectively. Each cable was built of sublevels by 
making triplets of the strands and then twisting three triplets 
together to build a nine strand (3x3) subcable. Three subcables 
were cabled together to make a twenty-seven strand cable (3x3x3) and 
six subcables were cabled together to make a fifty-four strand cable 
(6x3x3). All short aample cables were initially made by hand 
through a die rather than on machines as the latest samples have 
been. A six strand and a 27 strand planetary cabler are available 
for large scale cabling (Figure 4). 

Each of the cables were inserted into tubes 15.9 mm o.d. x 
0.81 mm wall thickness reduced to 5.4 mm x 11.0 mm by series of 
round draw passes followed by turksheading and a final draw pass to 
produce a conductor with no corner flashing. It was then esta
blished that a turkshead reduction schedule with approximately 154 
area reduction (RA) and intermediate anneals produced the most com
paction because the relatively soft Cu was forced to flow and fill 
the void space between the harder Ta/bron/e/Nb cores. Figures 5a, 
b, and c display the intermediate reductions from insertion of the 
cable to final conductor. Early samples of conductor displayed some 
strand brerkage in the final compacted conductor. It is felt the 
increased annealing and a minimum of 301 Cu on ti.e strands will 
minimize breakage by suppling a soft matrix to flow around the 
Ta/bronze/Nb cores. 
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IV. PRODUCTION FACILITY FOR COMPACTED MONOLITH (TASK 3) 

To extend the compacted monolith from a hand made cable inserted 
into short tubes to a product which can be produced in long lengths 
required the development of new techniques for inserting cable into 
a tube and reducing to the desired size and shape. The planetary 
cablers shown in Figure 4 are capable of producing cable compacted 
through a die. Tube insertion was accomplished by adapting an 
existing Airco tube mill to produce 15.9 mm o.d. seamed oxygen free 
copper tube, shewn in Figure 6. Cable of the appropriate configura
tion is payed off over a series of rolls and inserted into the Cu 
sheath as it is being formed into a round tube. Cable insertion 
occurs in the tube mill during the forming of Cu strip between the 
forming and closing rolls. Final welding of the tube has been 
accomplished with full penetration of the tube and no damage 
observed to the cable. The cable is not in good thermal contact to 
the tube since there is approximately 2.5 mm clearance between the 
cable ind the tube i.d. Also, the cable is moving approximately 50% 
faster inside the tube than the tube itself is moving. Both of 
these conditions tend to protect the cable from weld damage. 
Sheathed cable emerging from the weld station of the tube mill is 
positioned by pinch rollers and by a small caterpuller which serves 
to align the weld seam and to decouple the tube mill from motion 
further downstream of the tube mill. Downstream of the caterpuller 
is a microswitch which senses the height oi. the tube from the floor 
as the tube enters two drawing dies which reduce the tube o.d. from 
15.9 mm to 10.4 mm in a single pass. Because the reduction occurs 
mostly in the tube and only a slight compaction occurs in the cable, 
the tube and cable enter the dies at different speed and emerge at 
the same speed. The round conductor is then taken up on a coil on a 
1 m a.c. driven drawing block. The speed of the drawing block is 
controlled by the height sensing microswitch and will run about 90 
m/hour. A block of the system is shown in Figure 7. Lengths in 
excess of 100 m have been sheathed on this line. 
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V. OPTIMIZATION OF THE SUPERCONDUCTOR (TASK 4) 

Work done under Task 2 required that the optimized compac
tion/anneal schedule be developed. Samples produced were reacted 
and sectioned for .metallographic inspection. Good current transfer 
within the conductor is dependent upon good strand-strand and 
strand-sheath bonding. It was found that samples heat treated at 
temperatures in excess of 700° C Longer than 30 hours exhibited 
grain growth in the Cu across the former strand interfaces. Sinter
ing is essential in this process and clean interfaces are required 
to maximize the sintered interface. An acid cleaning line has been 
built to clean individual strands and dry boxes with an N2 purge 
have been built to store etched wire and cable awaiting further pro
cessing. Attempting to etch cabled strands was deemed impractical 
and clean dry storage was determined to be the best process. 

Seven different samples of reacted conductor have been supplied 
to LLNL for evaluation. All samples have nearly met or exceeded the 
required "500 A at 12 T critical current specification. Optimal 
currents are expected to be for reactions done at 730°C to 74u"°C 
for 60 to 120 hours. Sample dimensions and critical current 
measurements are listed in Table 2, 
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VI. PREPARATION OF EMBOSSED STRIP 

The conductor for HPTF consists of hardened oxygen free Cu 
stabilizer bonded to the superconducting core by soldering tech
niques. Stabilizer strip is formed from oxygen free Cu coil 10.2 mm 
o.d. by turkshead forming into a rectangular strip, drawing through 
a special "T" shaped die, and then embossing on a Loma rolling mill 
shown in Figure 8. The finished rolls are shown in Figure 9 and 
were machined as in Figure 10. An extra set of rolls has been 
machined and is available as a replacement for existing rolls. 
Embossing can be done at speeds in excess of 240 m/hour. Oil and 
dust picked up during the embossing operation are moved in an ultra
sonic cleaner using a caustic solution as a degreasing agent. This 
cleaning has been assembled especially to clean the MFTF conductor 
jacket prior to wrapping. Approximately 1800 m (545 kg) of embossed 
strip is available for use during qualification runs. Unannealed 
copper strip was found to have an ultimate tensile strength in 
excess of 6450 Newtons and a 0.2% offset yield strength in excess of 
5780 Newtons. 

Following the cleaning operation, solder is plated in the 
desired composition to the desired thickness on the embossed side of 
the strip. A block diagram of the plating process is shown in 
Figure 11. Solder plated onto the strip can be made to be 50 Sn-50 
Pb or 60 Sn-40 Pb composition. Tests at LLNL have determined that 
both compositions have similar strengths at 4.2 K. The basic plat
ing line is described in the final report issued under P.O. Mo. 
4165009, but modifications <ind improvements were made when the line 
was transferred to the Carteret facility. New Lucit2 tanks were 
built and installed into the system with a modified electrode system 
for mounting the solder plates. Several new pumps were installed to 
improve the plating tank circulation. A new and much improved 
system of heat exchange was built into the line to store the plating 
solution at the desired temperature and a two bed strong base water 
deionizer with a water quality analyzer were added to keep water 
quality at a high purity. Over 600 m of strip have been electro
plated w'.th 50 Pb-50 Sn solution and plates. Early compositions 
were found to be closer to 60 Sn-40 Pb solder and the solutions were 
corrected so that 400 m of strip was plated with 50 Sn-50 Pb solder. 
In the future plating solution compositions and electroplated solder 
compositions can be analyzed immediately with Airco Superconductors' 
Vcrian Series AA-475 atomic absorption spectrophotometer. A photo 
of the modified line in operation in the Carteret facility is shown 
in Figure 12. 
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VII. SOLDERING OF EMBOSSED STRIP TO REACTED CORE 

Superconductor Eor the HFTF coils consists of reacted Nb3Sn 
core to which two strips of embossed Cu strip have been soldered, 
one on each broad side of the core. During the soldering process, 
the embossed strip must retain most of its strength while still 
achieving a strong solder bond. Soldering is done continuously 
followed by ultrasonic inspection to verify the soundness of the 
bond. A block diagram of the soldering process is shown in Figure 
13 and the final conductor is shown in Figure 14. 

The basic soldering line has been previously described in the 
final report for P.O. No. 4165009. A great deal of modification has 
been done to the line during the move to the Carteret facility and 
in response to the cianging needs of the LLNL winding team. The 
payoff of the superconductor will now be from a stationary pancake 
spool along a support which will prevent reverse bend strains in the 
reacted conductor. Embossed and electroplated strip is payed off 
from pancake wound spools above and below the superconductor and 
straightened with 5 roll straighteners which are mounted on a rein-
forcpd unistrut frame downstream from the payoff. The two strips 
and the core are fed into a flux tank with a circulating pump. 
Following the flux rinse with Kester 817 flux, the strips and core 
enter an inert gas soldering furnace. The furnace has been rotated 
45° from its previous orientation such that the Sylvania heaters 
flow dry nitrogen gas into the heating chamber from the top, bottom, 
and the r,ides. New graphite channels have been machined for the 
bottom of the furnace which allow better circulation of the hot gas 
around the underside of the bottom embossed s'.rip. While in the 
furnace the strips are held in close contact with the core by force 
applied from above. Five thermocouples positioned on the conductor 
with stainless steel shoes monitor temperatures at the top and side 
of the strip and core while in the furnace. Two of these thermo
couples measure temperature which feeds back to electronics control
ling the last eight torches in two final heat zones. These control
lers keep the soldering temperatures in the range desired for 
uniform bonding. All 21 torches have thermocouples ..nich measure 
the temperature of the heated gas exiting each torch, i'he first 1:. 
torches are individually controlled with rheostatici". Ly set SCR's 
and gas temperatures are preset to predetermined safe values during 
operation and periodically monitored to correct a;-,y hot or cold 
zones which may develop in the course of a run. The la=t 8 automat
ically controlled torches compensate for temperature fluctuations 
which may arise in the first 13 torches. A shroud ki'.-ps the solder 
molten while the conductor traverses the distance uet'.-.oen the last 
Sylvania torch and the compressor which aligns the strips and core 
and holds them firmly together until the solder quenches. 

Following a series of acid solution and water rinses, the 
soldered conductor passes through a bath in which two ultrasonic 
transducers are positioned so as to monitor the quality of the 
solder bond between the core and the two strips. The unit supplied 
by LLNL has I gates available for each the top and the bottom solder 
joints and a 6 pen Brush chart recorder to record the output of each 
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gate. Three people presently at Airco have been trained by 
Krautktamer-Branson and been qualified in ultrasonic nondestructive 
testing. 

A caterpuller is positioned to pull the conductor through the 
lin* at constant speed. After exiting the caterpuller, the conduc
tor is pulled by constant tension and pancake wound onto a wood 
shipping spool supplied by LLNL. 

Figure IS shows an overview of the present cladding line. All 
the controls were centralized during the movement of the line to 
Carteret and logic installed to allow safe startups from a single 
location. A digital counter/speed readout has been installed into 
the line which is capable of displaying speeds with a precision of + 
0.03 m/min which will allow reproduceability from run to run. 

Soldering conditions which will heat the conductor sufficiently 
to allow good bonding between core and strip but yet not seriously 
degrade the yield strength of the strip have been established. 
Samples of embossed strip were heat treated at 300° C, 350° C, 
and 375° C for 2 minutes and 4 minutes. Ultimate tensile strength 
and the yield strength at 0.2% offset were measured and are listed 
in Table 3. These measurements indicated that 2 minutes is a safe 
residence time for temperatures up to 375° C, however, 4 minutes 
at any temperature will probably cause unacceptable annealing of the 
stabilizer strip. Three precautions are necessary to stay in a safe 
regime: 1. Use lowest melting solder possible; 2. Keep the line 
speed as high as deemed safe; .̂ nd, 3. Adjust the furnace torches so 
that the conductor temperature is uniformly increased in the preheat 
section and the conductor is above the solder liquidus only long 
enough to wet the core surface. Runs with dummy Cu core have been 
made to establish soldering conditions using these guidelines with 
50 Sn-5Q Pb and with 60 Pn-4G Pb solder. It is desireable to use 60 
Sn-40 Pb solder which has a lover liquidus than 50 Sn-50 ph to pre
vent annealing of the strip to any significant degree. Good solder 
bonds have been observed to bend/reverse bend 10 cycles around a 30 
cm bend diameter with no damage to the solder bond on any of the 
pads. 
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VIII. CONCLUSION 

Nb 3Sn conductor has been made in both the 1777 x 187 monolith
ic configuration and in the 85 x 187 strand configuration. Evalua
tion of the problems and advantages associated with the monolith *r 
compacted monolith processes indicated that the more reliable way to 
fabricate HFTF core is to use the compacted monolith approach, h 
tube mill and reducing stand have been modified in a manner which 
allows the sheathing of an 11.6 mm o.d. cable with a 15.9 mm o.d. 
copper tube followed by a round reduction to partially compact the 
conductor. Cabling can be done on planetary cablers which are pre
sently part OL (.irco's production facility. Final forming to 5.4 mm 
x 11.0 mm conductor is done in coils on conventional drawing blocks. 

Facilities are available for forming and embossing the oxygen 
free stabilizer strip in lengths exceeding 100 m. These lengths are 
to be cleaned in an existing ultrasonic cleaner with a caustic solu
tion and electroplated in the solder plating line with either 50 
Sn-50 Pb or 60 Sn-40 Pb solder. 

Solder plated embossed strip will be solder bonded to the react
ed NbjSn core in the solder cladding line. After the soldering is 
completed, the conductor, is to be rinsed and ultrasonically inspect
ed in-lin9. the ultrasonic inspection unit allows evaluation of 
solder joints at the top and bottom and 3 gates each to monitor var
ious reflection modes. Output from all 6 gates will be recorded by 
a brush strip chart recorder for future reference. Finished conduc
tor will be pancake wound on a wood spool for shipment to U.NL. 
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FIGURE 1: 187 filament first extrusion billet consisting of 
13 weight % Sn vacuum cast bronze and KEI Nb filaments 
after being extruded: a) drawn to 3.45 mm f-f (lOx); 
and, b) drawn to 13.9 mm f-f (lOx). 
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FIGURE 2: Filament pattern of 1777 x 187 filament billet 
after extrusion and an area reduction of 512: 
a) lOx; and, b) 50x. 
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FIGURE 3: Filament pattern of 85 x 187 filament billet after 
extrusion to 25,4 mm o.d.: a) 10x; and, b) 50K. 



FIGURE 4: Planetary cablers available at Aircoj a) six strand 
cabler capable of planetary or rigid operation; and, 
b) twenty-seven strand Uatson cabler. 
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FIGURE 5: Intermediate stages during forming of sheathed cable 
to final 5.4 mm x 11.0 mo conductor: a) 18 strand (6x3) 
conductor; b) 27 strand (3x3x3) conductor; and, c) 54 
strand (6x3x3) conductor. 
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FIGURE 6: Tube mill which produces 15.9 mm o.d. oxygen free 
copper tubing into vhich superconducting cable is 
inserted. Reduction occurs in a special die located 
approximately \ m downstream of the weld head. 
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FIGURE 8: Loma rolling mill v'nich is used to emboss the 
HFTF stabilizer strip. 
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FIGURE 9: Photograph showing embossing rolls installed in 
rolling mill. 
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FIGDRE 12 : Line for continuously electroplating solder onto 
embossed side of stabilizer strip. 
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FIGURE 14: View of HFTF compacted nonolith after solder cladding. 



FIGURE 15 : View of solder cladding line from end at which 
strip and conductor are payed off. 



T A U L IS 1 : T e n s i l e P r o p e r t i e s a n d H a r d n e s s o f Mb 

TWCA :C,S 4 - 3 ) 

u " s ""ELD ••Ail3.\::jr. 'JTS YIELD KARONZi 
C'•'?»;• tksi.; ixp^: ;:<.-;:.) ;^noc?: o:?a) (ksi) ;y.?a; , ;:<si; c<r.os; 

5.93 nur. o.d. 207 3C 126 IS.5 92 193 28 103 15 73-S: 
(as received) 

1.45 rr-Ti o.d. 362 52.5 279 4 . - 5 121 33£ 49.0 241 35.0 126 
(as extruded) 

0.5 7 r,-.~ o.d. 
a is drawr. 562 31. 6 52 6 70.3 163 655 95.0 54 S 79.5 17 7 
strain relieved 445 64.5 399 57.9 145 4S3 70 37v 55 

(alt. ;-.e>:; 

0.13 a n o.d. 
as drawr. 717 104 224 S06 117 243 
strair. relieved 517 75 135 710 103 226 
(monolith hex) 



T A B L E 2: S h o r t S a m p l e s D e l i v e r e d Co L a w r e n c e L i v e r m o r e L a b o r a t o r y 

S A M P L E N O . 

12 

15 

17 

18 

19 

20 

2 1 

D I M E N S I O N S ( m m ) 

ii . 7 x 4 . 5 

5 . •'. x I I . " 

5 . 1 x 1 1 . 0 

5 . 1 x 1 1 . 0 

5 . ' . >: 1 1 . 1 1 

5 . 4 x 1 1 . 0 

5 . 4 x l l . i l 

S T KA.N n s 
(85 x 187 f i l a m e n t s ) 

18 (e x 3) 

5 4 lb x 3 2 ) 

5 4 (6 x 3 2) 

18 (fi x 3) 

IB f IS x 3) 

19 ( s t r a i g h t ) 

5 4 (6 x 3 l ) 

R E A C T I O N T E M P / T I M E 

750°<:/96 hrs 

7 5 0 ° C / 9 6 hrs 

7 3 5 ° C / 1 2 0 hrs 

735°c:/12 0 hrs 

7 3 0 ° C / 6 0 h r s 

7 3 0 ° C / 6 0 h r s 

7 3 0 ° C / 6 0 hrs 

I c amp @ 12T 
1 0 - 1 1 5 2 * c m 

5 5 0 0 

6 5 0 0 

8 7 5 0 

7 0 0 0 

7 2 0 0 

9 2 0 0 
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T A H L E 3: T e n s i l e P r o p e r t i e s of A n n e a l e d S t a b i l i z e r Strip 

T e m p e r a t u r e C°C) 

T i m e ( m i n ) 

U l t i m a t e load ( l b s ) 

Y i e l d l o a d , 0.27. o f f s e t 
( l b s ) 

300 

2 

14 3 0 

1280 

300 

4 

13 70 

1140 

3 5 0 

1440 

1 3 0 0 

350 

4 

1210 

470 

375 

Z 

1410 

1190 

375 
4 

1120 

330 
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APPENDIX A 

LIST OF TASKS 

TASK 1 

Prepare extrusion billet from Klil niobium available from Subcontractor's 
inventory and C ti 13 weight 2 Sn bronze from University's inventory at 
Subcontractor's facility. Extrusion billet shall be 188 mm dianeter 
by 480 mm long and contain 187 Kb rods, Extrude billet, d;aw to size, 
hex, and reassemble in second extrusion. Second extrusion shall con
tain approximately 91 elements. Extrude, add Ta barrier and 50% by 
area copper. Draw to about 1.5 mm diameLer. Total yield shall be 
100-130 KG. Send 3 meter sample to University for evaluation. 

TASK 2 

Develop methods for cabling approximately 18 copper strands in copper 
jacket followed hy compaction and shaping into a rectangular cross 
section of 5.4 x 1.1,0 mm. Final conductor shall contain 65% copper, 
balance Ta, bronze, and niobium, Fabricate a 15 meter prototype 
length, react to form Nb Sn and clad with Type 1 HFTF cladding. Ship 
conductor on 55 en diameter spool to University for evaluation. 

Shipments of material from Subcontractor's plant to Cnivcrsity shall 
be F.n.B, Subcontractor's plant. 

TASK 3 

C o n s t r u c t a c a b l i n g l i n e and a j a c k e t i n g l i n e capab l e of p roduc ing in 
e x c e s s of 2 ,000 m of HFTF a l t e r n a t e co re s u p e r c o n d u c t o r in 100 m 
c o n t i n u o u s l e n g t h s a t a r a t e of a t l e a s t 300in/week, Components of 
the l i n e s a r e shown on a t t a c h e d drawing No, 89?-8' i5u which i s hereby 
made a p a r t of t h i s S u b c o n t r a c t , 

TASK_4 

Optimize compaction schedule and heat treatment sequence for HFTF 
NbjSn superconductor. Optimized superconductor shall be 5.4 x 11,0 nm 
in cross section and shall exhibit complete diffusion bonding of the 
strands and Che jacket in the finished conductor. Superconductor 
shall have a critical current in excess of 7,500 amps in an applied 
transverse field of 12 T at 4.2 K. Furnish University at least two 
0.75 m samples for evaluation. 
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TASK 5 

Qualify the cabling and jacketing lines by producing at least two 
100 m continuous lengths of finished core. 

TASK 6 

Process at least 30 m of alternate HFTF Sb,Sn superconductor through 
cabling and jacketing lines. React to form N'b,3n in a spiral wrap 
on a 40 cm diameter nandrel. Clad with copper produced on P.O. 4165009. 
Ship to University for evaluation. 


