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Summary 

The electromagnetic stresses in projected designs 
of high-field magnet coils sometimes exceed the yield 
points or creep strengths of the presently used coil 
winding materials. This is especially true of react­
after-winding Nb3Sn coils, plastic insulating 
materials, and the crossed strands of twisted cable. 

This report presents compression stress-strain 
curves of stranded and twisted flat cable coil wind­
ing specimens for reacted and epoxy-impregnated 
Nb3Sn coils, at 300 K and 80 K. The lateral and 
longitudinal strains of one specimen were measured 
along with the direct compressive stress-strain, at 
300 K. A similar specimen was compressed to 40 MPa 
(6 kpsi) at room temperature and then to 145 MPa 
(20 kpsi) at 80 K. Plastic flow occurred up the 
maximum stress. Stress cycles subsequent to maximum 
stress were elastic. Some specimens were mounted in 
a rigid enclosure to simulate hydrostatic containment 
of the magnet coil. Pure annealed Cu was tested at 
300 K, and pure epoxy was tested at 300 and 80 K. 
In addition the thermal contractions from 300 to 80 K 
were measured. 

Introduction 

One kind of superconducting magnet currently under 
development at the Lawrence Berkeley Laboratory 
employs Nb3Sn flat cable, wrapped with fiberglass 
tape insulation, and vacuum impregnated with epoxy. 
For a 10 T central field in a block design, a com­
pressive "minimum principal stress" of over 
20,000 psi is expected to develop locally, and an 
average compressive stress of 12,000 psi along its 
midplane. This level of stress should be carried by 
the conductor without degrading it. Past behavior 
of superconducting magnets, especially dipoles, had 
shown a close relation between the magnet "training" 
curve and the cable mechanical properties, which are 
nonlinear

1 
orthotropic, i·nelastic and temperature 

dependent The cable is "poorly behaved" to such 
a degree that it is not yet possible to characterize 
it in a general way by a few of the usual mechanical 
parameters. We are therefore presenting the complete 
stress-strain curves for the test conditions most 
relevant to magnet design. 

Compressive stress-strain measurements were made 
for wind-and-react Nb3Sn epoxy impregnated coil 
specimens. One cable (Rutherford type) and one epoxy 
formulation were used to make the specimens (except' 
for one epoxy bond test). Most of the measurements 
were made with the load applied normal to the broad 
face of the conductor. In one of these tests the 
strains in the lateral and longitudinal (along the 
length of the conductor) directions were measured as 
well as the strain in the load direction. One test 
was made with the load normal to the narrow face of 
the cable. ·Some tests were made with the coil 
specimen rigidly e"nclosed on all sides. Three coil 
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specimens were tested at 77 K. Two shear tests were 
performed to measure the bond strength of the copper­
clad cable to the epoxy. Stress-strain measurements 
were made for pure annealed copper and for pure epoxy 
at 295 K and 77 K. The test conditions are summar­
ized in the table below. As yet, the program has not 
included measurements of the effect of the antici­
pated strains upon the superconducting tritical 
current. 

Specimen 
Type 

Nb3Sn 
Coil 

Matrix 

Copper 

Epoxy 

TABLE I: List of Tests Performed· 

Max. 
Test 

Stress 
(kps i) 

16 

15 

20 

15 

15 

15 

20 

Temp. 
(K) 

295 

Remarks 

Load perpendicular to the 
broad face of.the conduc­
tor, strain in load 
direction 

Strain in lateral 

Strain in longitudinal 
d i rect.i on 

77 After 295 K test to 
15 kpsi 

295 Rigidly enclosed sides 

77 After 295 K test to 
20 kpsi 

Rigidly enclosed sides, 
new specimen 

295 Load perpendicular to 
narrow face of conductor 

295 OFHC Annealed 

295 Vacuum degassed 

77 

Preparation of the Test Specimens 

The Nb3Sn coi 1 specimen·s were prepared by wind­
ing Rutherford cab 1 e conductor into flat "racetrack" 
coils, firing the coil to form the Nb3Sn, and then 
vacuum impregnating the coil with epoxy. The conduc­
tor was 23 strand Rutherford cable manufactured by 
the internal bronze process with a tantalum barrier, 
1.27 mm x 7.8 mm. overall cross-section. The stabi­
lizing copper to non-copper ~olume ratio was 2:1, and 
the strand diameter was 0. 76 mm. The strands were 
annealed many times during fabrication and the cable 
was delivered in a partially soft condition, quite 
soft and inert compared to typical Nb-Ti cable. The 
cable was compacted to a so~id fraction of about 85%. 
The cable was wound in the as-manufactured surface 
condition. Turn-to-turn insulation was provided by 
spiral wrapping the cable with a high temperature 
fiberglass tape that had been wet with melted parafin 
wax for ease of handling. (Parafin.will not be used 



in the next specimens . ) The racetrack was wound with 
two conductor lengths started at the inner turn and 
insulated from the coil form and from each other . 
The glass tape 1·1as 1 em wide and 0 . 13 mm ( . 005 in . ) 
th ick. The tape width was not uniform by a s much as 
1 mm . In order to avoid overl app ing in making the 
"butt" wrap, gaps up to 1 mm were present. The cable 
was wound on an inner form 152 mm (6 in . ) long x 
25.4 mm (1 in.) wide with semicircular ends. Sixteen 
turns were wound to· make a wind ing depth of about 
24 mm. After winding and before epoxy impregnati on 
the coil was compressed on the straight lengths of 
the outer turns to 2 . 9 MPa (422 psi), and tested for 
turn-to- turn vol tage breakdown. The breakdmm vol­
tage was 680 VDC which is about 35% of that predicted 
by Paschen's Curves for t he 0 .25 mm distance betl'leen 
conductors . A second racetrack of the same type 1·1as 
compressed to 8 . 8 MPa (1270 psi) with the same 
result. The area of turns facing each other was 
476 cm2 . The coil was then mounted in a stain less 
steel fixture ho l ding the same winding depth corre­
sponding to the 2.9 MPa compression . The coil ~1as 
baked out in a low vacuum oven at 200"C for 4 hours 
to remove most of the parafi n . The coi 1 was baked 
i n a high vacuum furnace at 700" C for 48 hours and 
then at 750"C for 48 hours to form the Nb3Sn . The 
coil 1·1as transferred to a vacuum potting form which 
held a light compr ession. on the wi nding depth. The 
epoxy fo r mu l ation used was 500 g of EPON 826, 500 g 
EPON 736, 280 g TONOX; cured for 8 hours at 60"c and 
8 hrs at 80"C. After potting the turn- to-turn 
resistance was measure d to be 12 ohms, assumed to be 
due to car bon from decomposition of the s i zing , which 
would not be present in a production coil . The 
impregnat i on was complete, inc l uding the spaces 
inside the two strand layers of the cable, except f or 
several groups of half mm s i zed bubbles on the si des 
of t he ~linding. Specimens for mechan i cal testing 
were cut from the stra ight length s o f the race t rack. 
All th e samples reported we r e approx i mately 25 mm in 
the compress i on direction x 8 mm wide x 25 mm long 
in the conductor length d i rection . Specimens which 
l'lere loaded to 145 Mpa (20 kpsi) were only 19 mm 
long . The "edge-l oaded " specimen was made by g l uing 
with epoxy three pieces cut from the winding . 

The copper specimen was cut from OFHC bar and was 
annealed in an air furnace by bringing the furnace 

Fig. 1. Sample, compress i on plunger, and stra in 
measur ing rods . Photo shows a Nb- Ti bundle spec imen 
from a previous test series . 

2 

temperature to 800"c and left in the fu rnace unti 1 
cooled . The epoxy specimens were cut from the vacuum 
degassed surplus epoxy from th e coil potting . 

Apparatus 

The sample i s ins erted i nto a loose-fi t ting, 
U- sh ape , stainless steel block , Fi gs . 1 and 2 . The 
load is applied with a st a in les s steel plunger . 
Quartz rods transmit the pos it i ons of the b l ock and 
plunger to t he body and p iston, respec tively , of a 
1 inear variable di ffet·ent i al transfo rmer (LVDT), 
which is a t room tempe rature, Fig . 3 . 

Fig . 2 . Closeup of sample in compress i on apparatus . 

Fig . 3. LV DT - Transformer and co re at upper end of 
stra i n measuring rods . 

., 
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Testing is performed in a dewar install ed in an 
Instron universal tes ting machine h av ing a capaci t y 
o f 5000 lb . (22 kN), Fig . 4. Si gna l s f rom the LVDT 

Fig . 4 Mechanica l facility · for compress ion and 
th ermal tests (400 to~ K). 

and load cel l are recorded and processed by an HP85A 
desk t op compu t er (Fig . 4) . The compression stages 
of t he tester are bu i lt r ather li ghtl y t o all ow for 
operation at liqu i d helium temper a ture, and there are 
some apparatus deflec t ions wh i ch contribute to the 
strain r eadings . The appar atus deflect i ons wer e 
measured by tests us ing a steel s pecimen and are 
subtracted out by the computer . 

Res ul ts 

ln t he Nb3Sn coil specimens, plast i c flo1·1 
begins at practically zero stress and i s large, 
reach i ng 2~ a t 15 kpsi (103 . 4 I'IPa ). Load cycles 
be l ow a pr eviously app li ed s tress are r easonab l y 
el as ti c. After t he tests the specimens showed no 
app arent macroscopic damage even after l oading to 
20 kps i (enc l osed spec imens) . The l ateral expansion 
strain resulti ng from a "perpendi cular" (to the broad 
face of t he conduc t or) s t r ess amounts t o more than 
hal f o f the di r ect compression strai n. The long i tu ­
dinal stra in i s much less but coul d be a signifi cant 
design factor : i n a 5 m magnet t he effect of pre­
compress i on to 10 kps i would inc r ease the coil leng t h 
1 em . This data offer s the pos s ibility t hat pre­
l oad ing a co il in the per pendicul ar direct i on could 
achi eve pr e l oad i n the other 2 axes . See 
Fig . 5a,b , c . 

Figure 6 shows that plast ic flow r eap pears at 77 K 
even after the specimen was prev i ously stressed to 
15 kpsi . The dashed li ne on the graph repr esents the 
cool down pr ocess . The th erma l contraction from 300 
to 77 K at any stress l evel is measured horizontal l y 
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Fig. Sa. Str ess-strai n perpendicular t o the broad 
f ace o f the conductor. 
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Fig . Sb . Latera l strain as a result of the app l ied 
stress s hown in Fig . 5a. 
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Fi g. Sc . Longitud i nal str ain as a r esult of the 
appl i ed str ess shown in Fig . Sa . 

bet~1een the 300 and 77 K segments of the graph pro­
vitl ed Lh e ma teria l is e l astic or the str ess i s hel d 
constant duri ng coo ldown. At 2 kpsi the contrac t i on 
i s 0 . 36% . Th i s is a better valu e than can be 
obtained f r om Fig . 9 . 

Enclosing t he s ample on a ll s i des reduces the 
pl ast ic strai n al t he hi gher s t ress l eve l s . The 
hysteres is loops i n the load cyc l es are apparently 
due to t he room temper a tur e behavior of t he epoxy 
cons tituent pl us f ricti on with the enclosure. 1-ihen 
the r oom t emperature spec i men, well - seated in the 
enclosure by t esti ng to 20 kps i, 1·1as cooled · to 77 K 
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Fig. 6. Perpendicular stress-strain and cooldown 
from 300 to 77 K of a sample previously tested to 
15 kpsi at 295 K. 
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Fig. 7. Perpendicular stress-strain in a fully 
enclosed sample (300 K). 
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Fig. 8. Perpendicular stress-strain at 77 K in a 
fully enclosed sample (same sample as previously used 
for Fig. 7). 
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Fig. 9. Perpendicular stre~s-str~i~ and cooldown. 
from 300 to 77 K on virgin sample fully enclosed. 

. ·~·"1'2. 
and · remeasured, there was 1 ittl e further p 1 asHe 
strain. I.t may be compared to the new sample pre": 
stressed to only 6 kpsi at· room temperature. :The':. 
effect of enclosure friction is evident at both' 300 'K: 
and 77 K. See Figs. 7, 8 and 9. · · .... 

The initial loading curve of the '"edge-loaded" 
specimen in Fig. 10 is about the sarrie as that in 
Fig. 5a, but the load cycles show two regions of' low 
and high slopes. · 
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Fig. 10. Stress-strain perpendicular to the narrow 
face of the conductor. 

When the stress-strain slopes are steep, ·a small 
error in strain measurement, of the order of the 
calibration correction makes a large error in calcu­
lating a value of Young's modulus. Therefore the 
graphs should not be used to estimate Young's modulus 
for values >4 or 5. Our best estimates of the slopes 
of the last load cycles with rising stress are 
3. 5x1o6 psi at 300 K and 6x1Q6 psi at 77 K. 
These values were not affected by the rigid 
enclosure, probably due, in part at least, to 
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uncontrolled voids within the sample or the fit of 
the sample. 

Al 1 of the room temperature measurements show 
evidence of creep at stresses >10 kpsi. 

Two shear tests were made to measure the epoxy­
to-copper bond along the direction of the conductor. 
The rupture strengths were found to be 500 and 
900 psi, indicating the need for improved surface 
treatment. 

The test of annealed OFHC copper, Fig. 11, shows 
a yield point (0.5 offset) of about 5 kpsi, much 
lower than the 10 kpsi usually quoted. 
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Fig. 11. Stress-strain of annealed OFHC copper. 

The test of pure epoxy at 300 K, Fig. 12, shows 
elastic behavior to 10 kpsi with Young's modulus of 
5x1o5 psi, unlimited creep at 15 kpsi, a big 
hysteresis loop, but surprising strength recovery 
after a total strain of 9%. At 77 K, Fig. 13, the 
epoxy was elastic to 21.5 kpsi (the limit of the 
tester; there was no failure of the epoxy) with 
Young's modulus of 1.2x106 psi. The thermal con­
traction from 300 to 77 K was 0.8 . 
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Fig. 12. Stress-strain of pure epoxy at 300 K. 
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Fig. 13. Stress-strain and cooldown from 300 to 77 K 
of pure epoxy. 
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