
( 

'VQUF-7&U2S-J& 

PREPRINT UCRL- 772^1 

Lawrence Uvermore Laboratory 
EXPLOSIVE JOURS HJ Jib-Ii/Cu CCMPOSTIE SUEERCOHDUCTCKS 

D. H. Cornish 
J . P . Zbasnik 
H. E . Pa t t ee (BA0!TEI£E COLTMBOS LABCKATCKY) 

November 3 , 1975 

i 

MASTB? : 

This is a preprint of a paper Intended for publication in a journal or proceedings. Since changes may be made 
before publication, this preprint is made available with the understanding that It will not be cited or reproduced 
without the permission of the author. 

This paper was prepared for submission t o the 
Proceedings of t h e S ix th Symposium on Engineering 
Problems of Fusion Research, San Diego, Ca l i fo rn i a 
Uovember 18 through S I , 1975. 

DISTRIBUTION OF THIS DOCUMENT IS UNLIMITED 



mt-i^.'.i-j.wirfxirsz •erKsspdn&!>M&&?z'?z^~ 

EXPLOSIVE JOINTS IN Nb-T1/Cu COMPOSITE SUPERCONDUCTORS 

D. N. Cornish and J . P. Zbasnlk 
Lawrence Llvermore Laboratory 
Livermore, California 94550 

H. E. Pattee 
Battelle Columbus Laboratories 

Columbus, Ohio 43201 

IKHUOHJ W ik* tMU4 Sum CncmoMI Nfcihti 

h w t * upi Dmlcrum AtaW-ouo*. « W i ' 

SLwEw". « ** «***—. « - .*•» 
M«iy'« , ; * « * « . » f« * . «tw»cr. o—ffcimni 

. J J a i ttaioM*. •• nvmcMi ihrt Hi • • " ' • I «* 
M ^ r n W A o w O W n 

Summary 

Explosive welding techniques have been applied to 
the joining of a Nb-Ti/Cu composite conductor. Details 
of the process are given, together with mechanical and 
electrical evaluations of the resulting Joints. 

Introduction 

Restrictions are often imposed on the design and 
construction of large superconducting magnets by the 
maximum length of conductor available. The length is 
limited by thfe billet weight (about 600 lb) that can be 
handled with existing equipment. Magnets of the 
future, particularly for fusion applications, will re
quire many tons of conductor and* therefore, many 
joints. 

The most common method used for making joints is 
to overlap the conductors and then to either solder, 
bolt, or both solder and bolt then. In general, the 
solder gives a low resistance, while the bolting pro
vides the mechanical strength. Since jcints of this 
typo occupy considerable space, they must be made at 
predetermined positions, and special arrangements must 
be made to accommodate them. In some instances, this 
can present economic and time penalties because of 
wasted conductor material and inadvertent conductor 
breakage at any stage. 

It follows that advantages are to be gained from a 
reliable joining procedure that would supply the 
frllowing: 

• A joint that occupied no additional space, thus 
permitting the conductor to have effectively in
finite length. 

• A joint that can be made close to the coil during 
the coil winding process without fear of damaging 
the coil by excessive heat or spilled solder. 

For systems having high stored energy, a conductor 
having a current 1n the region of 1003 A or more is 
usually necessary to give mechanical Integrity to tha 
coil and to limit the discharge voltage to an accept
able value in the event of a quench. Adaptation of 
existing explosive welding techniques should produce 
good results on conductors of this size. In fact, a 
number of coils have already been successfully made 
using this technique. For example, Berruyer et_aJL 
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describe a coil 1n which the portion wound with Imper
ial Hetals Industries conductor* included a number of 
explosively welded joints. This was a 1500-A con
ductor, 10 x 1.8 mm, with joint resistances of about 
2 * JO" 9 n in a field of 6 T. 

Possible requirements for the next mirror machine 
at Lawrence Livermore Laboratory are now being studied. 
I t 1s l i ke ly that the confining f i e ld wi l l be generated 
by a pair of large Yin-Yang-shaped colls wound with 
Nb-Ti superconductor. In the type of conductor being 
considered (F ig . 1 ) , a l l of the superconducting f i l a 
ments are embedded in one quadrant, while the other 
three quadrants of 0FHC Cu provide the required cryo-
stat ic s tab i l i za t ion . The superconducting element has 
a low Cu-to-superconductor r a t i o , about 1 :1 , and 1s 
approximately 6 * 6 mm. 

Stabilizing Cu 

V-Cooling 
i j channels 

-*H 12 mm W — 

Fig. 1. Conductor configuration. 

This paper reports the results of a preliminary 
study of the technique of explosively joining such a 
conductor, and the properties of sample joints. 

Preliminary Melding Studies 

Preliminary welding parameters for the supercon
ductor material were established with Cu bar, whose 
cross-sectional area corresponded approximately to that 
of the superconductor (0.250 in. or 6.35 nn 2). Joints 
that can be explosively welded are limited to lap 
joints, or versions thereof. A tapered, or scarf, 
joint design was selected for this application in order 
to obtain a large joint surface and to minimize machin
ing operations. Tapers of 6 C and 12° were 
investigated. 

Reference to a company or product name does not imply 
approval or recommendation of the product by the Uni
versity of California or the U.S. Energy Research and 
Development Administration to the exclusion of others 
that may be suitable. 
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The manner in which the workpleces were arranged 
for welding is shown in Fig. 2. The upper joint member 
(laminated to a Cu shield plate) was positioned 
0.031 in . (0.79 mr,) above the lower member. The Cu 
shield plate was formed to produce a 6° (or 9") angle 
between the upper and lower jo int members. 

t r conductor —> Lcwtr conductor 

a, 12* tapered workpieces-

-1 /32 rtand-oH 

Lotw-conductor 
Explosive chirg 

- Lower conductor 

b. 6* tapered workpieces. 

Fig. Z. Parts arrangement for welding. 

a. Complete joint. 

75X b. Wave morphology at detonation end. 

Data obtained during these studies are summarized 
in Table 1. In all instances, welding was done with 
SWP-1 explosive, a nitrostarch-sensitized, ammonium-
nitrate explosive that detonated at 3050 m/s. 

Wave morphology and joint microstruetures are 
shown in Fig. 3. The typical wavy interface associated 
with explosive welding occurred at the start of weld
ing. As welding progressed, the wave amplitude de
creased until an essentially flat Interface was 
produced. 

Table 1. Explosive welding of Cu bar stock. 

Specimen 
number3 

Stand
off 
angle 

Loading 
Remarks 

1.65 Weided. Short, unbonded 
area at trailing end of 
joint, 

1.65 Lengthened explosive 
charge. Welded as above. 

L-3 9 1.65 Not welded. 
L-4 6 1.9B Welded. Short, unbonded 

area at trailing end of 
joint. 

LL-1 6 1.65 Partially welded. Long 
(3/4-1n.) unbonded area 
at trailing end of joint 

LL-2 6 1.65 Lengthened explosive 
charge. Partially 
welded, as above. 

LL-3 9 1.65 Not welded. 

Specimens L-1 to L-4 were made with 12"-tapered work-
pieces; LL-1 to LL-3 were made with 6°-tapered work-
pieces. 

Fig. 3. Explosive welds in Cu bar stock. 

Based on these studies, ft appeared that accept
able joints could be produced in accordance with the 
following parameters: 

Type of explosive 
Explosive loading 
Stand-off distance 
Stand-off angle 
Horfcpiece taper 

SWP-1 
1.98 g/cm2 

0.031 in. 
6° 
12° 

Welding of Superconductor Material 

Initial Studies 

Details of the superconductor used for the experi
mental joints were as follows: 

Dimensions 
Number of filaments 
Ratio of Cu to 

superconductor 

6 x 6 mm 
500 

1.2:1 

The superconductor was machined to produce speci
mens with a 12° taper. After machining, the component 
parts of the joint (workpleces, side rails, shield 
plates, and explosive charge) were arranged for welding 
as shown in F1g. 2a. Since the superconductor material 
was stronger and stiffer than the Cu bar stock, experi
mental welds were made with Increasing explosive load-
ii.g, as Indicated below: 

Sppdmen LC-1 
Specimen LC-2 
Specimen LC-3 

1.98 g/cm 
2.31 g/cm2 

2.64 g/cm2 

Photomacrographs of these joints are shown in Fig. 4. 
Some metallurgical features of these joints are illus
trated 1n Fig. 5. 



Specimen LC-1 (1.98 g/cur). 

a. Wavy interface through superconductor and Cu matrix 
(Specimen LC-3). 

c. Specimen LC-3 (2,64 g/cm ) 

Fi9. 4. Explosive welds in superconductor with 
different explosive loadings. 

The weld made with an explosive loading of 
2.31 g/cm wai the most acceptable in terms of wave 
morphology and completeness of bonding. However, it 
was suspected that the difference 1n joint quality of 
Specimens LC-1, LC-2, and LC-3 was associated more with 
the accuracy of parts lay-up (e.g., stand-off distance, 
stand-off angle, etc.) than with the specific explosive 
loading. Nonetheless, it was decided to weld specimens 
for joint evaluation with an explosive loading of 
2.31 g/cm2. 
Joint Evaluation and Procedure Modification 

Several superconductor assemblies were welded in 
accordance with the procedures used to make Specimen 
LC-2. Two specimens were tested in tension with 
results shown in Table 2. Upon examination of the 
fractured surfaces, 1t was determined that approxi
mately half of the joint area was either unbonded or 
weakly bonded. In some areas, jetting had occurred 
during the explosive welding operation, but the result
ing weld had little strength. The joints were strong
est in areas where a wave pattern existed, and weakest 
where it was absent. 

While joint strength was important, the probable 
loss or conductivity through the joint was of even more 
concern. Thus, efforts were Initiated to improve the 
quality &f welding. Lead tamping on outer surfaces of 
the explosive and explosive charge variation were in
vestigated without noticeable effect on joining. 

After considering these alternatives, it was 
decided that the problem was associated with the basic 
design of the joint. That 1s, as welding progressed 
along the scarf joint, the mass of metal to be acceler
ated gradually Increased, and the explosive loading was 
Insufficient to provide the force required for welding. 

To overcome this difficulty, an additional explo
sive charge was positioned on the other side of the 

HElMa 
b. Flat interface through superconductor and I 

(Specimen LC-2). 

Fig. 5. Joint microstructure. 

Table 2. Tension test results. 

Specimen 
number 

Tensile 
strength 
(ksij 

Percent of base 
metal strength3 

44./ 
46.9 

51.6 
54.2 

aThe base metal strength was determined to be 
86.6 kst. 



joint assembly, as shown In F1g. 6. Oolnts welded in 
this manner had a tensile strength of 68.5 ksl, which 
Is 79.1% of base metal strength. These specimens ex
hibited (F1g. 7) a small area at the ends in which 
optimum welding did not occur. 

With further, slight adjustments to the welding 
set-up, we believe that joints equal in strength to 
that of the base metal could be made. However* time 
did not permit these adjustments, so four Identical 
joints were made using the same arrangement and 
2.31 g/cm2 of SWP-1 explosive. 

Cu shield 
Plata 

F1g- 6. Modified set-up for explosive welding of 
superconductor jo in ts . 

1000 2000 3000 4000 5000 
Current — A 

Fig. 9. Resistance of jo int In magnetic f ie ld . 

Fig. 8. Typical j o in t . 

10,000 

Photonacrograph of complete jo int (note 
fracture at t ra i l ing end of weld). 

Evaluation of Final Joints 

So far, tests have been carried out on only two of 
the four f inal jo ints. Figure S shows one of the 
joints exactly as removed from the joining f ixture. ^ 

The low-temperature resistance of the two joints I 
was similar: the results of t.« tests on one jo int are «* 
given in Fig. 9. Measurements were made with the jo int c 
In background fields of 5 to 6.5 T, perpendicular to £ 
the conductor. -5 

O 
The critical current of the joint and of the base 

conductor are shown 1n Fig. 10. The limit of sensitiv
ity In all cases was 0.03 uV across the sample. 

The Cu surrounding the filaments In the vicinity 
of the joint was dissolved away on one of these 
samples. The sample was then loaded in a tensile test 
machine until All the strands fractured at a peak load 
of 172 lb. Photomicrographs of the joint and visual 
Inspection before and after fracturing the etched joint 

1000 

100 

n 1 1 r 

- Base conductor 

f Joint 

J I I L 
4 5 6 7 8 9 10 

Field - T 

Fig. 10. Crit ical current at 4.5 K. 



Fig. 11. Joint after etching. 

indicated that there were many welded joints between 
filaments. The relatively low breaking load for this 
sample was largely c'ue to two things: the tearing mode 
of failure and the twist 1n the filaments that caused 
unequal sharing ov the load between the filaments. 

Figure 11 shows the joints between filaments after 
the Cu was etched away, and Fig. 12 is a scanning 
micrograph of the filaments after the etched joint was 
broken. 

Conclusions 
Existing explosive-welding techniques have been 

shown to be readily adapted to the production of 

Fig. 12. Scanning micrograph of broken filaments. 

scarfed joints in Nb-Ti/Cu composite conductors. The 
limited trials reported resulted in a joint strength of 
about 80% of the base conductor and it 1s believed that 
further minor adjustments would raise that figure to 
100%. 

Preparation of the conductor for joining is 
simple, and the characteristics of the explosive 
charges can be accurately controlled. Therefore, there 
1s every Indication that with proper jigging and f1x-
turing, this technique would result in reproducible* 
good-quality joints without recourse to specialized 
skills. 

The electrical tests indicate that, although the 
superconducting properties of the joint are less than 
those of the base conductor, the joint resistance is 
very low. Hundreds of such joints would be acceptable 
in a large coil. 


