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. 'Summary :,' 

We nade a number of mechanical and electrical 
measurements on joints in typical conductors for the ' 
proposed mirror fusion test facility (MFTF) and high 
field test facility (HFTF). For such measurements, ve 
used a commercially available cold-pressure-weld*:^ 
nachlne. For-joints in the HFTF conductor, which has 
a large proportion of superconductor, joint strength 
approached conductor strength. For £ be HFTF conductor, 
where the Cu-to-superconductor ratio la 4.33/1, the 
joint is stronger than the conductor. 

Electrically, the joints were not superconducting. 
{We Measured resistances in fields up to. 8 T.) While the 
resistance is higher than might be. achieved by other 
forms of joining, we feel that the cold-weld joint has 
the advantages o£ simplicity, speed, reliability, and 
reproducibility. This makes the method attractive for 
MFTF, where resistance losses will be-small compared 
with the total 4 K refrigeration requirements. 

Introduction 

At the sixth symposium, a paper was presented de
scribing a method of explosively bonding the Nb-Tl/Cu 
composite for MFTF. The resultant joints had excel
lent properties, but there were serious drawbacks to. 
their use in MFTF. In windings such as MFTF's, which 
consist of many pancake colls,"joints, between pancakes 
would have to be made in situ. The necessary safety 
precautions would .considerably hamper the winding proc
ess and make it difficult to. make joints close to the 
winding (such as the outside joint between adjacent 
pancakes). We have, therefore, investigated alterna
tive joining methods; this paper describes our work 
carried out using cold welding. 

Process Description 

Cold-pressure welding is the process of producing 
a true metallurgical bond between metal surfaces 
through the application of pressure alone at room tem
perature. A range of standard commercial machines us
ing this principle is available and they are in common 
use for joining nonferrous metals and alloys, particu
larly Al and Cu. The smaller size machines have also 
•been used for joining small-diameter superconductors 
(usually individual strands) during the process of 
fabricating mtiltlstrand superconducting braid. Since 
no Information Was available on the use of larger 
machines on the size of HFTF*a conductor, we Initiated 
a study to check .the feasibility of cold pressure weld
ing on large Nb-Ti/Cu composites and to evaluate the 
resulting joints. 

Figure 2 shows the various stages of making the 
joint. In stages 1 through .3, the die inserts grip the 
two conductors and then press them together. The die 
is recessed to accommodate the extruded material. The 
presence of oxide and other contamination between the ̂  
two butted surfaces usually prevents the' formation of 
a bond at this stage. The dies then open'and re-grip 
the conductor further back; the process is then 
repeated (stages 4 through 6). After stage 6, when the 
contamination has been extruded out of the joint re
gion, the two pieces are invariably joined. To ensure 
a good joint, we repeat stages 4 through 6 three more 
times (making a total of five pressure applications). 
The machine is.bydraulically operated from a foot- pedal 
during this whole process, which takes less than one ' 
minute to complete. 

Joints in Prototype MFTF Superconducting Core , 

We purchased a number of lengths of superconductor 
from U.S. manufacturers to develop the MFTF conductor. 
Material from two manufacturers has been .used to 
Investigate the feasibility and properties of cold-
welded joints. Table 1 provides the pertinent param
eters of these two conductors. * 

Table 1. Parameters of conductors used In joint tests. 

Conductor 
Item "A" "B". . 

Dimensions (mm) 
Cu-to-superconductor ratio 
Nb-Ti filaments 
Average filament dlan (um) 
Cu resistivity ratio 

6.5 x 6.5 6.5 x-6.5 
1.55/1 0.85/1 
517 666 
200 200 

200 ~100 

Figure 2 shows a joint in conductor "A" (a) as 
removed from the machine.'(b) with the excess material 
removed, and (c) with the Cu partially etched away to 
show the Nb-Tl filaments.. Notice that the filaments'. 
bend almost at right angles in the joint region and 
that there are probably no metallurgical bonds .between 
superconducting filaments. -' 

Electrical Properties 

Resistance measurements on three typical joints in 
fields up to 8 T appear, in Fig. 3. - He made two joints 
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Fig. 1. Steps in ccld-velding process. 

Fig. :2. A cold-weld joint,in MFTF superconducting 
""core, showing the'joint (a) unfinished( (b) trimmed 
V* to)slze, and (c) etched with nitric acid. 

using ..'conductor "A" and a third using conductor ftB". 
Although the resistance is about a. factor of 10 higher 
than that for the explosive technique, the average loss 
per joint at maximum current and* field will only be in 
the region of 1/4 W,' which is acceptable. 

* Mechanical Properties 

We first established the strength of the conduc
tors, then proceeded .to measure the breaking load of a 
number of joints. Table 2 glves'the results. 

Table 2. Ultimate tensile strength'of base conductor 
and sample joints. " 

Conductor' MPa (kal) 

' Item "A" ... "B" 
Conductor at 300 K 564 (82) -
Conductor at- 4.2 K 874 (127) 1032 (150) 
Joints at 4.2 K 

1A, 757 (110) -. 
2A • . 'i 798 (116) -
3A - 771 (112)« - . . 

1 ''• • ' 887 (129) 
2 . • - 887 (129) 
3 - 901 (131) 

A * 867 (126)". 

We subjected further sample joints to cyclic load
ing at 4.2 K and plotted the results ,o£ these tests in 
Fig. 4« We have added the 4.2-K stress-strain curve 
for conductor "A" to this figure so the safety margin 
for ,a.given strain and number of cycles can be 
assessed. 

The failure of the joint at 4.2 K reveals very 
little elongation or reduction in area; but examination 

Current - kA 
V . , 

Fig»;33 Resistance of cold-veld joint in three samples 
,of nominal MFTF Nb-Tl superconductor. 
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Cycles to failure 

Fig. 4. Fatigue, test of Joints in both conductors at 
.4.2 K. Upper "curve: number of cycles to failure of 
joints against stress, expressed as % of ultimate 
tensile strength. Lower curve: stress vs strain for 
conductor "A". . . . 

of the fracture, reproduced in.Fig. -3, shows the mode 
of failure as ductile. ** * 

Photomicrographs were taken at varying depths ., 
into the joint after two, three, four, and five appli
cations* of pressure to determine whether or not the 
joint had voids or dislocations. Some voids could be 
seen at a depth of 0.013 mm (0.005 in.) (Fig. 6a), but 
these were probably due to the specially roughened 
gripping surface of the dies. At a depth of 0.76 mm 
(0.030 In.) (Fig. 6b) and to the center of the joint, -
there were no traces of any voids even after only two 
applications of pressure, 

' Effects of Annealing 

The high strength of a cold-pressure weld is 
largely due to local cold-working of the .copper. We 
can, therefore, expect that any subsequent heating will 
tend to anneal and, therefore, reduce the strength of 
the joint. This is important in the "case of the MFTF 

, conductor, since the joint will be heated when stabi- ,. 
lizingCu is soldered around it. This may occur during 
the conductor fabrication process or while stabilizer 
is being re-applied to a joint In the superconducting , 
core as the coil Is being wound. 

So far we have only carried out a preliminary 
check on this effect. After the.stabilizer has been 
rolled around the pre-soldered core, stabilizer and 
core pass through a furnace, taking about one minute to 
traverse its length and exit at a temperature of 
420°C. We carried out room-temperature tensile tests 
on conductor "A" and in that conductor's joints after 
passing them through the fabrication process. Table 3 
provides the results. * 

Table 3. Results of room-temperature tensile tests on 
conductor and joints (conductor "A"). 

Condition 

Ultimate .tensile 
strengths at 300 K, 
MPa (ksi) 

(a) Conductor as received 564 
(b) After "annealing" 530 
(c) Joint as received 475 
(d) Joint No. 1 after "annealing" 392 
(e) Joint No. 2 after "annealing" 400 

(82) 
(77) 
(69) 
(57) 
(58) 

Fig. 5. Photomicrographs of fracture surface after' 
testing to destruction. At 200X (top) and 2000X 
(bottom). :-, 

Joints in HFTF Conductor 

Cold-weld joints have been used In the conductor 
of the first two HFTF coils. Table 4 provides the 
conductor details. 

Table 4. Details of HFTF conductor. 

Item Value 

Dimensions (rap) 
• Cu-to-superconductor ratio 
Critical current at 7.5 T (kA) 
Filament diam (ura) 
Filaments 

2.5 x 10 
4.33/1 
2.4 
141 
300 

.Figure 7 shows the electrical resistance of a 
typical joint. Twelve such joints were tens He-tested 
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Fig. 6. fc Photomicrographs of joint section after two 
pressure applications. At 0.013-mm (0.0D5-in.) depth ' 
in top view; at 0.76-mn (0.030-i i . ) depth in bottom 
view. 

500 1000 
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Fig. 7. Resistance of typical Joint in HFTF conductor. 

at room temperature t In all cases, failure occurred in 
the conductor remote from the joint at an average 
stress of 333 HPa (48 ksi). 

Conclusions 

, We conclude that satisfactory joints can be made 
in certain large Cu/Nb-Ti composite conductors using 
coaaercially available cold-pressure-welding equipment. 
It^ advantages are that a minimum of preparation and 
•kill are required; there is no danger from overheat-' 
ing; and the electrical and mechanical properties of 
the joints are "reproducible: thes*e indicate a high 
degree of reliability. The nain disadvantage is that 
since the joint is a plain butt* without welding of the 

. -filajventa, the resistance of the joint may be higher 
than that for"sone other forms of jo^nt. Further work 
is still required to determine the changes partial ** 

annealing has on the joint's mechanical and electrical 
properties. 
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