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I.  Introduction 

Although Nb Sn can now be fabricated with the low ac losses  
3 

required fo r  ac power transmission, one is s t i l l  l e f t  with 

the task of e f fec t ive ly  incorporating. t h i s  compound i n  a conductor 

t o  be wound i n  a coaxial  cable. Conductor designs which incorpor- 

a t e  a th in  Nb tape (-20 pm thick)  reacted t o  form Nb Sn layers  on 3 

each s ide  (-5 pm each) nave been described in a recent review 

a r t i c l e .  The Nb Sn-Nb-Nb Sn composite is e i t h e r  clad sym- 
3 3 

metr ical ly  with -30 pm of copper on each s ide  or  asymmetrically 

with -50 p m  copper on one s ide  and -20 pm s t a i n l e s s  s t e e l  on the 

other .  T.ne copper is required fo r  s t a b i l i z a t i o n  and the  s t a i n l e s s  

s t e e l  provides addi t ional  s t rength wn,ich may be required during 

cable winding; handling and cooldown. 

This paper describes materials  cnoices and trade-offs as- 

sociated with incorporating low-loss Nb Sn tapes into  tnis type 
3 

of comp.osite. These include: 1) reducing the overa l l  ac losses  

*Work performed under the  auspices of the U.S. Energy Research 
and Development Administratron. 
+On leave fo r  8 months from the Bulgarian Academy of Sciences, 
Sofia,  Bulgaria. 



a r i s i n g  from the Nb Sn, the  unreacted Nb (or  N b Z r  a l loy)  substra te  
3 

and the copper/s t a in le s s  scee l  laminates and ( 2 )  opcimiz ing me- 

chanical  propert ies  . 
11. Choice of Substrate Mater ia l .  

The b r i t t l e  nature of Nb Sn makes the subs t ra te  a r equ i s i t e  
3 

i n  the  fabr icat ion and handling of conductors incorporating t h i s  

compound. Nb Sn tapes, therefore,  cons is t  of th in  layers of Nb Sn 
3 3 

on botn s ides  (but not  around the  edges) of a subs t ra te  (see bottom 

of Fig. 1) . This is the configuration of tape conductors when wide 

s t r i p s  of Nb Sn a re  made by diffusion using a niobium subs t ra te  
3 .  

and then s l i t  t o  the  required width. I t  was shown e a r l i e r  tha t ,  

i n  h e l i c a l  windings, the  presence of a substra te  can lead t o  

s i g n i f i c a n t  addi t ional  losses.  The current  flow responsible , 

f o r  these losses is shown schematically i n  Fig. 1 for  two he l i ca l ly  

wound layers  of superconducting tape. The two layers  shown, to- 

gether with two underlying layers  of normal conductor (not shown) 

s imi la r ly  wound with opposite h e l i c i t y ,  cons t i tu t e  the  " inner 

conductor" of a coaxial  pa i r .  This design was adopted a t  BNL t o  

avoid p a r a s i t i c  losses  and voltages associated with a x i a l  f i e lds .  (6) 

The cur rent  pa t t e rn  shown i n  Fig. 1 (top) assumes equal currents 

i n  both superconducting layers.  (7) For the inner layer  of tapes, 

current  flow is e n t i r e l y  on the outer  surface and along the tape 

axes; hence, no subs t ra te  loss  r e s u l t s .  For the outer layer, how- 

ever, current  flow on the  top surface is along the  cable axis  and 



i s  a n t i p a r a l l e l  t o  tne  underlying. l ayer  on the  back surface .  This 

r e s u l t s  in  a component of cur ren t  c i r c u l a t i n g  around each tape of 

the  upper layer ,  and hence c ross ing  the  s u b s t r a t e  a s  shown scne- 

mat ica l ly  i n  Fig. 1. The component of  f i e l d  g iving r i s e  t o  these  

c i r c u l a t i n g  cur ren ts  is equal  t o  H s i n  cp where H is the  azimuthal 
8 0 

f i e l d  a t  the  sur face  of the  inner coax ia l  conductor and cp is  the  

l a y  angle of t he  tapes  (see  Fig .  1) . (5 )  For H between 400 and 
0 

500 rms A/cm and angles 30°<cp<450 t h e  a x i a l ' f i e l d  w i l l  be wi thin  

the range 200 t o  350 r m s  A/cm. Theoret ica l  ca l cu l a t i ons  of l o s se s  

a r i s i n g  from these  cu r r en t s  have been presented e a r l i e r  f o r  both 

- (5) normal and superconducting subs t r a t e s .  For a normal subs t r a t e  

the  l o s s  per  u n i t  volume of subs t r a t e ,  p , is  given by (MKS u n i t s ) :  
n 

when b/2<<6, wnere p i s  the  s u b s t r a t e  r e s i s t i v i t y ,  6 is the  sk in  
n 

depth, b is t h e  widtn of t he  tape,  w is angular frequency, and H 

is  the  r m s  value of  t h e  p a r a l l e l  f i e l d  (=H s i n  cp) . For a super- 
0 

conducting subs t r a t e ,  assuming the  c r i t i c a l  c u r r e n t  densi ty ,  , 

J =/B, the  l o s s  per  u n i t  volume of subs t r a t e  is  given by (MKS): 
C 

provided the  f i e l d  does not  pene t r a t e  t o  t he  cen te r  of t he  tape 



wnere a is a constant .  For operation of an ac cable in the range 

of 6-8 K with a niobium (o r  Nb a l loy)  substra te ,  losses a re  re-  

duced by increasing the c r i t i c a l  current  densi ty  J of the  sub- 
C 

s t r a t e -  A gain i n  the  maximum operating temperature of the cable 

can a l s o  be obtained by increasing the  T of the substra te .  A s  
C 

shown below both of these goals can be r ead i ly  achieved by small 

addit ions of Z r  t o  the Nb s u b s l ~ a t e .  I t  i a  a l so  shown t-ha.t these 

additions'  do n o t  ser iously a f f e c t  the  loss  behavior of the Nb Sn 
3 

i t s e l f .  

A number of Nbpn tapes were prepared by so l id  s t a t e  dif fusion 

with Nb substra tes  containing,%, l%, 2% and 5% Z r .  The bronze 

matrix (Cu-13 wef in )  was i n i t i a l l y  c a s t  around the  N b  and the 

composites ro l led  t o  a f i n a l  thickness of -100 pm, the  Nb or  N b  

a l l o y  substra tes  being -20 p m  thick.  The tapes were then reacted 

in vacuum a t  725'~ f o r  times between 10 and 40 h. The tapes were 

then s l i t  in to  6 mm wide s t r i p s ,  the bronze removed, and substra te  

losses  measured. For comparison.losses were a l so  measured 08 two 

commercial tapes made by l iqu id  diffusion process (IGC 7617 and 

KB-15) using in te rna l ly  oxidized Nb-1% Z r  substra tes .  Losses 

were measured by inducing currents  across the  6 rnrn wide tapes 

mounted on a p la t e  of na tura l  quartz placed in  low pressure (-1 mrn) 

helium gas. Although losses  a r e  produced both in  the Nb Sn and 3 

tne  substra te ,  the Nb Sn loss  is  usually much smaller and can be 3 



neglected. The d e t a i l s  of t ne  apparatus w i l l  be publis.hed e l s e -  

where. Figure 2 shows losses  of  the  Nb-l%Zr (BT-64) subs t r a t e  

versus temperature fo r  surface  f i e l d s  of 150, 250 and 350 r m s  A/cm. 

The losses  a r e  expressed a s  volume losses  x 10 p m  and correspond 

t o  the  add i t iona l  l o s s  per  area  of the  inner coax ia l  p a i r  fo r  a 

subs t r a t e  of 10 ym thickness.  Note (Fig'. 2 )  t h a t  l o s se s  increase 

very rap id ly  once a c e r t a i n  threshold temperature is exceeded, 

reach a maximum a t  a temperature T (temperature f o r  maximum los s ) .  m 

and then decrease t o  a constant  value a s  the  c r i t i c a l  temperature. 

T . . of t.he subs t r a t e  is exceeded, T.he rapid  rise i n  l o s s  cor-  
c s  

responds t o  the  region described by Eq. ( 2 ) .  The f l a t  region 

independent of temperature corresponds t o  a normal subs t r a t e  (Eq. 1) . 
Losses f o r  the  o the r  subs t r a t e  compositions showed e s s e n t i a l l y  t he  

same f ea tu re s  a s  those  of Fig. 2 .  Table I gives  l o s s  values f o r  
of 

e a c  of tne  subs t r a t e s  fo r  f ieldsA 250 and 350 r m s  A/cm a t  various 

temperatures including T and T . The value of T is a l s o  given m C S  m 

f o r  each f i e l d .  Losses a r e  acceptable up t o  -8.5 K fo r  pure JCb 

and -9 K f o r  2 % Z r  a t  t y p i c a l  values fo r  the  a x i a l  f i e l d  (-250 r m s  

A/cm f o r  most cab le  des igns) .  Losses of  the  Nb-5%Zr subs t r a t e  
5- . 

reach a peak a t  a higher temperature than any o ther  subs t r a t e  b u t  

a r e  r a t h e r  high over the  e n t i r e  temperature range, making it l e s s  

des i r ab l e  than the  1% o r  2% Z r  subs t r a t e s .  A t  350 r m s  A/cm the  

advantages .of small addi t ions  of Z r  t o  reduce losses  a r e  c l e a r l y  



vis ib le .  Table I also s.hows losses of the I G C  and KB commercial 

samples which are  seen t o  peak a t  lower temperatures than the 

Nb-l%Zr substrate  of BT-64. Losses are acceptable up t o  -8 K for 

the IGc sample and -7 K for  the KB sample. Losses  i n  the normal 

s t a t e  are  within 20% of E q .  (1) for  samples BT-62, BT-64 and KB-15 

but  are  approximately twice the value of Eq.  (1) for  samples BT-65, 

BT-66 and IGC 7617. In  t.he l a t t e r  case ext ra  losses are believed 

t o  a r i s e  from currents in  the Nb Sn, especial ly a t  the Nb ~ n / N b ~ r  
3 3 

interface.  

Substrate losses are  therefore acceptable f o r  most Nb sub- 

s t r a t e s  up to  -8 K. The addition of small amounts of Z r  (1% or  

2%) fur ther  reduces these losses t o  -9 K. The addition of Z r  t o  

the substrate,  however, w i l l  a f fec t  the loss  character is t ics  of 

Nb3Sn. ( 9 )  T h e  NbjSn loss  was therefore measured a t  4.2 K for each 

of the four so l id  s t a t e  diffused tapes. For t h i s  measurement the 

tapes were reacted a t  7 2 5 ' ~  for  40 h. Results are  shown in  Fig. 3 

where it is seen t h a t  losses are somewhat increased with Z r  con- 

2 
t e n t  but  remain below 3 ~ ~ / c m  a t  500 rms ~ / c m  even for the 5% Z r  

sample. The c r i t i c a l  temperature T of Nb Sn was also found t o  
C 3 

decrease s l i gh t ly  with Z r  content. The onset T values are 
C 

respectively 17.7, 17.7, 17.6 and 17.3 K fo r  Nb 3 Sn containing 0%, 

l%, 2% and 5% Z r .  These e f fec t s  are  small and should have l i t t l e  

influence on losses of t h e  cable even a t  temperatures as high as 

8.5 K. 

Hence one can conclude t h a t  the addition of a few percent 



Z r  t o  tne  WD subs t r a t e  of Nb 3 Sn produced by s o l i d - s t a t e  d i f fu s ion  

w i l l  allow a maximum operat ing temperature of -9 K. The use of 

pure Nb o r  oxidized Nb-l%Zr subs t r a t e s  l i m i t s  t he  temperature t o  

l e s s  than 8.5 K. Additions of Zr a r e  a l s o  des i r ab l e  t o  increase  

the  c r i t i c a l  cu r r en t  dens i ty  of  d i f fu sed  Nb Sn. (8) 
3 

111. Losses i n  Cladding Mater ia l  

I n  an e a r l i e r  s tudy (lo) it was shown t h a t  l a rge  p a r a s i t i c  

losses  o f t en  occur i n  the  cladding mate r ia l s  of commercial tapes .  

These w e r e  associa ted with Pb-Sn so lders  and ferromagnetic n icke l  

f l ashes  used respec t ive ly  f o r  solder ing and e l e c t r o p l a t i n g  t h e  

cladding. Since then, Pb-Sn has been replaced by a nonsupercon- 

ducting Ag-Sn so lder  and n i cke l  f l ashes  a r e  avoided whenever 

e l e c t r o p l a t i n g  is necessary. The remaining sources of  cladding 

losses  a re ,  the re fore ,  eddy cu r r en t s  i n  copper and magnetic losses  

i n  s t a i n l e s s  s t e e l s .  

Eddy cu r r en t  l o s se s  i n  t h e  copper depend on whether a CU/CU 

cladding o r  a SS/CU cladding is  used and a r e  a f f ec t ed  by t h e  lay  

angle cp of the  f l e x i b l e  cab le .  I f  we  consider  only the  inner 

conductor of tne coaxia l  p a i r  (Fig. 1) t h r e e  s l ~ r f a c e s  a r e  exposed 

t o  magnetic f i e l d s ,  t h e  top sur face  ( f i e l d  H ) and the  two sur -  
e ,  

tt faces fac ing t h e  region between l aye r s  ( f i e l d  - 2 sec cp) . Eddy 

cu r r en t  losses  of  a t h i n  l ayer  of normal metal a t  tne  sur face  of 

a superconductor a r e  approximately g iven by (10) 



-9 3 .2  
p z 2 . 1 ~ 1 0  ( d f  / p ) ~  

2 
(w/m2 (3 

where d is the normal metal thickness (m)  , p is its r e s i s t i v i t y  

(R-m) and H is the  surface f i e l d  (rms A/m) . A s  pointed out  e a r l i e r  (10) 

when the  normal metal is bonded with solder  d should include the 

t o t a l  thickness of the copper and solder.  'For copper with r e s i s t i v -  

-10 
i t y  r a t i o  of 150 ( ~ = l . l x l O  a-m) ,  a 30 pm copper layer  exposed 

2 t o  a field H =50O r m s  A/ '~ IN  will y i v e  lcrskcs at -4.6 pw,''em . For 
8 

an angle of 40' the  other  surfaces w i l l  each ' .contribute -2 pW/cm 2 

(assuming 30 pm copper f o r  each) giving a t o t a l  eddy cur rent  loss  

2 
of -8.5 pw/cm . Hence 30 pm copper is  the approximate l i m i t  f o r  

a CU/CU c lad tape. I n  a SS/CU clad tape the s t a i n l e s s  s t e e l  w i l l  

be placed in the high f i e l d  region and copper losses occur only 

f o r  the bottom surface of the  upper layer (Fig. I) . For a 40' 

angle and H =500 rms A/cm a thickness of 50 pm copper (RR=150) 
0 

2 
w i l l  give rise t o  -9 pw/cm . The other  s i d e  of the tape should 

therefore  be c lad with -20 pm of s t a i n l e s s  s t e e l  t o  keep the 

neut ra l  axis  as  c lose t o  the Nb Sn as  possible fo r  good bending 
3 

charac te r i s t i c s .  (11) 

The s t a i n l e s s  s t e e l  should be ca re fu l ly  selected because 

many common s t a i n l e s s  s t e e l s  a re  unstable with respect  t o  mar- 

t e n s i t i c  transformation under s t r e s s  o r  a t  low temperatures, and 

become magnetic(12) resu l t ing  i n  appreciable loss .  A number of 

s t a i n l e s s  s t e e l s  were obtained i n  s t r i p  form and the losses 



measured a t  4.2 K.  T h e  s c r i p s ,  obtained i n  the  " s o f t "  (or annealed) 

condi t ion ranged i n  thickness between 50 p m  and 250 p m .  Results 

a r e  shown i n  Fig. 4. Losses a r e  normalized t o  a  20 ym thickness 

which i s  the  approximate th ickness  t o  be used i n  a  SS/CU c lad  

Nb Sn tape-  Note t h a t  s t e e l s  sucn as  304, 310 and Hastel loy B 3 
2 

e x h i b i t  losses  i n  excess of 10 pW/cm a t  500 rms ~ / c m  and a r e  

tnere fore  unacceptable. The s t e e l  Carpenter 10 CR (not  shown) 

had a l o s s  behavior very s i m i l a r  t o .  type 310 SS.  Steels such a s  

302, 305, 316, 21-6-9 and 316L, 22-13-5 (no t  shown) w e r e  found t o  

be only weakly magnetic and have acceptable l o s se s .  The s t e e l  

21-6-9, whicn is s t a b i l i z e d  wi th  ni trogen,  showed no s i g n  of 

magnetic h y s t e r e s i s  i n  the  l o s s  waveform and the  l o s s  displayed 

in  Fig ,  4 is probably t he  l i m i t  of accuracy of t he  apparatus.  

The magnetic behavior of t h i s  steel  was a l s o  unaffected a f t e r  

s t r e s s i n g  it t o  f a i l u r e  a t  room temperature, The high s t r eng th  

of tnis s t e e l  a t  low temperatures and i t s  s t a b i l i t y  aga ins t  

martens i t i c  t ransformation make it des i r a b l e  f o r  ac conductor 

app l ica t ions .  However, because of d i f f i c u l t y  of so lder ing  o r  

o t h e r  problems, o the r  s t e e l s  such a s  302, 305, 316, 316L, and 

22-13-5 a r e  adequate provided samples of  t he  m e l t  a re  t e s t e d  f o r  

ac l o s se s  before  they are used. 

IV, Mechanical Behavior 

A s  mentioned e a r l i e r ,  an important cons ideracion is the  design 



of Nb Sn conductors is adequate mechanical cha rac te r i s t i c s .  The 
3 

behavior during bending and under t e n s i l e  s t r e s s  is compared be- 

low for  a tape clad o r  both s ides  with copper and a tape clad 

with s t a i n l e s s  s t e e l  and copper. Both tapes were obtained from 

Intermagnetics General Corp. ( I G C )  . The Nb3sn/Nb substra te  was 

prepared by l iqu id  d i f fus ion  followed by an etching process t o  

reduce ac losses.  . ( 3 )  . The. copper and s t a i n l e s s  s t e e l  cladding 

were bonded by soldering with a Ag-Sn eutec t ic .  The thickness 

of the  copper Was 24 pm for the ~u,/C,u clad tape and 48 pm for  

the  SS/CU clad tape. The s t a i n l e s s  s t e e l  was 26 p m  thick.  

Specimens were machined by e l e c t r i c a l  discharge i n  the shape of 

standard sheet  t e n s i l e  coupons having a reduced area gauge sec- 

t i o n  of 3 - 2  mm x 55 mm. The bend ingcharac te r i s t i c s  were de- 

termined by measuring the c r i t i c a l  cur rent  a t  4 .OT and 4.2 K with , 

the  specimen on a holder of the desired radius.  The e f f e c t  of 

.room temperature t e n s i l e  s t r e s s  was determined by applying a load 

t o  the  reduced sec t ion  t e n s i l e  specimens held straight i n  the 

gr ips  of an Instron Universal Testing machine a t  room temperature. 

The samples were then mounted on 2.5 cm radius holder and the 

c r i t i c a l  cur rent  measured a t  4.2 K i n  a 4.OT f i e l d .  Separate 

samples were used fo r  each radius and t e n s i l e  load because of 

possible damage from handling. The c r i t i c a l  current  of tne  SS/CU 



clad tape gave consis tent  and reproducible r e s u l t s .  The CU/CU 

c lad  tape, however, gave var ia t ions  of up t o  30% for  d i f f e ren t  

tapes possibly because of i t s  greater  f r a g i l i t y .  Bending and 

t e n s i l e  t e s t  r e s u l t s  a re  shown respect ively i n  Figs. 5 and 6. The 

bending t e s t  r e s u l t s  of Fig. 5 show t h a t  the  SS/CU c lad tape is  

not completely balanced, the minimum bending radius being smaller 

with the SS on the outside.  The f i r s t  s igns of c r i t i c a l  current  

decreaoc for the SS/'CU clad tape occur a t  0.8 cm with the  SS on 

the outside and 1.5 cm with the  SS inside. For the CU/CU clad 

tape the decrease s t a r t s  a t  a radius of -1.2 cm. The e f f e c t  of 

a t e n s i l e  load applied a t  room temperature is shown i n  Fig. 6 .  

An average load of 22  kg/cm produces f rac ture  of the CU/CU c lad 

tape whereas a lo.ad of up t o  35 kc&'cilL produces fro damage in the 

CU/SS clad tape. 

I n  conclusion, the  CU/CU and SS/CU c lad tapes d i f f e r  most 

s ign i f i can t ly  i n  t h e i r  behavior under a t e n s i l e  load, the  SS/CU 

c lad tape being able t o  sus ta in  approximately twice the load of 

the CU/CU c lad tape before showing any degradation. 
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( 1 )midpoint , ATc+. 2 K 

3 
(2)(loss/volume) x 10.Vm for 6 mm wide tapes; *indicates losses smaller than 1 ~ N / c m '  



Fiqure Captions 

Fig. 1. Schematic of current  flow in the superconducting layers 

of the  inner conductor of a  coaxial  p a i r  ( top)  and across 

the unreacted N b  subs t ra te  (bottom) . 
Fig. 2 .  Losses of a  6.m wide Nb-l%Zr subs t ra te  versus temperature. 

Fig. 3 .  Effec t  of zirconium addit ions on ac losses of Nb Sn a t  3 

Fig. 4.  60 H z  magnetic lusses of s t a i n l e s s  s t e e l s  a t  4 .2  K. 

F i g .  5.  Ef fec t  of bending radius on the c r i t i c a l  cur rent  of a  

CU/CU and a SS/CU clad tape. The CU/CU points a re  

averages of three measurements. 

Fig. 6 .  Effect  of room temperature t e n s i l e  s t r e s s  'on c ' r i t i c a l  

current ,of CU/CU and S S ~ ~ C U  clad tapes. T h e  CU/'CU p o i n t s '  

a r e  averages of three  measurements. 
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