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S U P E R C O N D U C T I N G  MATER1ALS-A R E V I E W  OF R E C E N T  ADVANCES AND CURRENT PROBLEMS IN PRACTICAL MATERIALS 

David C. Larbalest ier  

Abstract - In the . fou r   yea r s   s ince   t he   l a s t  
Internat ional  Magnet Technology  Conference,  there has 
been a significant  increase  in  both  the  breadth and 
s c a l e  of  superconducting magnet construct,ion. A 
number of advances have been pursued  out of the  labor- 
a tory  into  large  scale   construct ion so that  today we 
see  large  scale magnets u t i l i z i n g  He I i n  f r e e  convec- 
t i on   bo i l i ng ,  He I in  conduit  (force  flow) and 
He 11. Whereas four  years ago filamentary Nb3Sn'had 
only just become ava i lab le   in  magnet conductor  config- 
urat ions and lengths ,  now i t   i s  being produced i n  
quant i ty   for  a number of large  projects .  The discon- 
t inuous  route  to  f i lamentary NbgSn has received much 
labora tory   inves t iga t ion  and may soon be avai lable   for  
industrial   scale  production. Fundamental s tud ies  of 
Nb3Sn and other A15 compounds have shown t h a t   s i g n i f i -  
cant  improvements  in  Jc and Hc2 are  possible,   al though 
n o t  a l l  improvements can be achieved  with  favorable 
fabrication  techniques.  There have a l so  been substan- 
t i a l  developments  in Nb-Ti. Production  has  increased 
s i g n i f i c a n t l y  and experience  with  large  scale  produc- 
t ion  runs has ass i s ted   the  development of higher  Jc 
values  in  both the small  diameter,  fine  filament 
conductors  typical of high  energy  physics  magnets as 
we1 1 as   the 1 arge mono1 i t h ,  1 arge  filament  conductors 
u t i l i zed   fo r  some MHD and fusion  applications.  Micro- 

some of the  crucial   steps  in  the  optimization of 
conductors of a rb i t r a ry   s i ze  and design. A t  t h e  same 
time i t  has  proved possible t o  r a i se   t he  upper c r i t i -  
ca l   f ie ld  of Nb-Ti  by a l loy ing ,   par t icu lar ly  w i t h  T a ,  
and these  a l loys may f ind   s ign i f icant   appl ica t ion   in  
magnets of 8-12 Tesla  for  applications such as   fusion,  
new higher  energy  accelerators and NMR. This paper 
reviews  these and other  important  developments  in  the 
f i e l d  of practical   superconducting  materials.  

' st ructural-processing  s tudies  have begun to  reveal 

I. INTRODUCTION 

To attempt a survey of recent  advances and cur- 
rent  problems  in  practical  superconducting  material s 
i s  an undertaking of considerable  magnitude,  given  the 
diverse  nature of the  present  applied  superconducti- 
v i t y  community. In order t o  make my t a s k   a t   l e a s t  
reasonably  manageable, I have confined my comments t o  
Nb-Ti and NbgSn, knowing that   o ther   mater ia ls   wil l  be 
discussed i n  a companion paper a t  the  Workshop on t h e  
Front ie rs  of Technology in  Superconducting  Materials 
for  Magnetsrl].  There i s ,  however, plenty  to   discuss  
for  both o f  the  above mater ia l s  and the  rapid  increase 
in   the  scale  of product ion  seen  for   these  mater ia ls   is  
plainly  throwing up many ques t ions   to  which we do not 
yet  have the answer. 

One of the  immediately  obvious  changes which has 
occurred  since  the  last  Magnet Technology  Conference 4 
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years  ago has been a major  increase  in  the  size of the  
market  for  superconductors and the  scale  and organiza- 
tional  changes t h a t  have occurred  in  the  superconduct- 
ing  wire  industry  as a r e s u l t .  Market surveys  of a l l  
s o r t s  have been made and there  has  indeed been a la rge  
increase  in  industry  turnover and in  the number and 
sca le  of the end markets  for the superconductor. A 
c h a r a c t e r i s t i c  of some of these new markets,  for 
example fusion and MHD,  i s   t h e   f a c t  t h a t ,  however 
important  the  magnets  are  in  the  overall  devices, 
solut ion of the  magnet problems i s  by  no means the  
most important  part of the  project .  In other words, 
t h e r e  has been a d i s t i n c t  change of emphasis t o  a 
s i t u a t i o n  where the  business i s  now driven by the 
l a rge   s ca l e   i ndus t r i a l   f ab r i ca to r  of the  magnet in- 
stead of by t h e   i n t r i n s i c   s c i e n t i f i c   i n t e r e s t  of t h e  
research  laboratory. 

A t  t he   ou t se t  o f  the  preparation of this paper I 
attempted t o  s tep  a l i t t l e   o u t s i d e  my usual ro l e   a s  a 
s c i e n t i f i c   i n v e s t i g a t o r  of the  superconductor and t o  
imagine what might be some of  the  questions posed by a 
technically  competent newcomer t o  the  business who  was 
placing  the  order  for a large  conductor  procurement 
for  a major new magnet system. Some of the  questions 
imagined  were: 

(i) Can this  conductor be made re1 iably by 
several  manufacturers and can i t  be bid r e a l i s t i c a l l y  
i n  open competition? 

( i i )  Can I sca le   the   cur ren t   .dens i ty  from a 
s tandard   c r i t i ca l   cur ren t   dens i ty   p lo t  and expect t o  
get  about  the same values  in my particular  design of 
conductor? 

( i  i i )  How long a piece  length can be  made? 

( i v )  How long do I have to   wai t   for   del ivery? 

( v )  What prospects   are   there  of expecting 
e i t h e r  a modest improvement i n  properties  and/or a 
modest  reduction  in  price  (say of order 10%) without 
technical  input from my s t a f f ?  

( v i )  Does scrap magnet wire have any value? 

There have  been many cases of the  single  source,  
cost   p lus   fee   type  contract   response  to   these 
questions b u t  a l so  many cases  in which conductors have 
been bid from one or more sources   a t  a fixed  price. 
Although there  have been many successful  procurements, 
t h e r e  have a l so  been s u f f i c i e n t   f a i l u r e s  or 
unexplained  features of successful  production  to 
provide ample evidence  that   basic  features of compo- 
s i t e   f a b r i c a t i o n  and property  prediction  lack  quanti- 
t a t i ve   de f in i t i on .  In general ,  however, the  supercon- 
ductor   fabr icat ion community has  not been good a t  
c a t a l o g u i n g   i t s   f a i l u r e s  or even desc r ib ing   i t s  
successes   in   detai l .  Our colleagues,   the magnet 
builders,   are  perhaps more forthcoming: Bruce 
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Montgomery  reviewedC21 a number o f   s i g n i f i c a n t  magnet 
f a i l u r e s  some years  ago and t h e   t r i b u l a t i o n s   o f   t h e  
recen t  TPC magnet a re   desc r ibed   by  Gr'een e t  al.[3] t n  
a companion  paper a t   t h i s   c o n f e r e n c e .   T h i s   l a c k   o f  
d i s c u s s i o n   h a n d i c a p s   o u r   e f f o r t s   t o   u n d e r s t a n d   t h e  
complex f a b r i c a t i o n - m i c r o s t r u c t u r e - p r o p e r t y   r e l a t i o n -  
ships,  many o f  whose q u a n t i t a t i v e   d e t a i l s   s t i l l   r e m a i n  
obscure. 

The p l a n   o f   t h e   p r e s e n t   r e v i e w   i s   t o   s e l e c t  
c e r t a i n   t o p i c s   r e l a t i n g   t o   r e c e n t   a d v a n c e s   o r   c u r r e n t  
problems. A b roader   perspec t ive  may be  obta ined  f rom 
r e v i e w s   i n   t h e   r e c e n t  ICMC conferences[4,5],  the  1980 
NATO Advanced  Study I n s t i t u t e   o n   S u p e r c o n d u c t i n g  
Ma te r ia l s [6 ]  and t h e  1980  App l ied   Superconduct iv i t y  
ConferenceC71.  This  author  has  provided  two  long 
reviews  on  Nb-Ti[8,91, Suenaga two on f i l a m e n t a r y  
Nb3Sn[10,11], H i l lmann  one  on f a b r i c a t i o n   a s p e c t s   o f  
both  Nb-Ti and  Nb3Sn[12], w h i l e   s t r e s s   e f f e c t s   i n   t h e  
A15 compounds  have  been reviewed  by Welch[13]  and 
EkinC.141. I n   s i t u   c o n d u c t o r s  have  received  severa l  
rev iewsC15-191,   wh i le   the   bas ic  phase r e l a t i o n s h i p s   o f  
t h e  A15 compounds  have  been reviewed  by  FlukigerCZO]. 

11. GENERAL CONSIDERATIONS 

One o f   t h e   q u e s t i o n s   o f   i n c r e a s i n g   i m p o r t a n c e   i s  
t h a t   o f   s t a n d a r d s  and s p e c i f i c a t i o n s .  ' T h i s   i s   n a t u r a l  
as  the  superconductor   bus iness  leaves i t s   r e s e a r c h  
l a b o r a t o r y   b a c k g r o u n d   t o  become an e s t a b l i s h e d   h i g h  
techno logy   i ndus t r y .  One area  o f   s tandards  concern i s  
t h a t   o f   d e f i n i n g   c r i t i c a l   c u r r e n t ,   a n o t h e r   t h a t   o f  
d e f i n i n g  a c h e m i c a l   s p e c i f i c a t i o n   w i t h   p e r m i t t e d  
i m p u r i t i e s   f o r   t h e   r a w   m a t e r i a l  Nb o r  Nb-Ti.  Success- 
f u l   s t a n d a r d s  will permi t   competent   sc ient is ts   and 
eng ineers ,  who a r e   n o t   t h e m s e l v e s   s p e c i a l i s t s   i n  
s u p e r c o n d u c t i v i t y ,   t o   s a f e l y   s p e c i f y   m a t e r i a l s  and 
t e s t s .  However, f o r m u l a t i o n   o f  such  standards i s  no t  
n e c e s s a r i l y  easy,  even when the   exper ts   agree   on   the  
t e c h n i c a l   d e t a i l s  ( I  b e l i e v e   t h i s   t o   b e   b r o a d l y   t h e  
case i n  the  case o f  a c r i t i c a l   c u r r e n t   s t a n d a r d ) ,  
s i n c e   t h e   i m p l i c a t i o n s   o f   t o o   s t r i n g e n t  a t e s t  may be 
c o n s i d e r e d   f i n a n c i a l l y   p r o h i b i t i v e .   T h i n g s   a r e   e v e n  
more  uncer ta in ,   for   example,  i n   r e s p e c t   o f  
s u p e r c o n d u c t o r   c o m p o s i t i o n ,   s i n c e   t h e   s c i e n t i f i c  
a s p e c t s   o f   p e r m i t t i n g   g r e a t e r   f r e e d o m   i n   t h e   c h e m i c a l  
compos i t ion   a re  unknown. There   a re   o f   cou rse  many 
o t h e r   s p e c i f i c a t i o n s ,  most q u i t e   l o c a l   i n   a p p l i c a t i o n ,  
a f f e c t i n g   t h e   s u p p l y  and d e l i v e r y   o f   s u p e r c o n d u c t o r .  
Some o f   t h e s e   s p e c i f i c a t i o n s   d a t e   f r o m   t h e   v e r y   e a r l y  
days i n  superconductor  manufacture and it may, the re -  
f o r e ,   b e   h e l p f u l   p e r i o d i c a l l y   t o  ask the   ques t i ons :  

( i )  What s i t u a t i o n s   o r   c o n t i n g e n c i e s   a r e   t h e s e  
s p e c i f i c a t i o n s  supposed to   ensu re   o r   avo id?  

(ii) I s   t h e r e  a good s c i e n t i f i c   o r   e m p i r i c a l   b a s e  
t o   j u s t i f y   t h e   s p e c i f i c a t i o n s ?  

My purpose i n   r a i s i n g   t h i s   p o i n t   i s   t o   a t t e m p t   t o  
f o c u s   a t t e n t i o n   o n   t h e   q u a n t i t a t i v e   a n d e r e d i c t i v e  
aspec ts   o f   ou r   know ledge ,   ra the r   t han   t he   pu re l y  
q u a l i t a t i v e  and general.   For  example, we understand 
q u i t e   w e l i   t h a t   l o t s   o f   c o l d  work  and t h e   c o r r e c t   h e a t  
t r e a t m e n t   a r e   d e s i r a b l e   f o r  Nb-Ti  composites.  But  the 
a c t u a l   f a b r i c a t i o n  o f  p a r t i c u l a r   c o m p o s i t e s   f o l l o w s  a 
r e c i p e   w h i c h   i s   g e n e r a l l y   s e c r e t  and e s s e n t i a l l y  

empir ica l .   Smal l   changes i n  composi te   des ign 
f r e q u e n t l y   l e a d   t o   c o n s i d e r a b l y   d i f f e r e n t   p r o p e r t i e s  
and y i e l d s  and a g e n e r a l   c o n c e r n   o f  U.S. wire  manufac-  
t u r e r s   i s   p r o d u c t   v a r i a b i l i t y ,  even   g i ven   t he   ra the r  
s t r i n g e n t   s p e c i f i c a t i o n   o f   t h e   i n i t i a l  Nb-Ti. 

To understand why t h i s   i s  so we need look   no  
fu r ther   than  the   connect ion   be tween  what   the   fabr ica-  
t o r  does t o   h i s   c o m p o s i t e   e x t r u s i o n   b i l l e t  and t h e  
p r o p e r t i e s   t h a t  he measures  before  he  ships it o u t   t h e  
door.  Present  emphasis i s  on l a r g e   s c a l e  
p r o d u c t i o n .   S u p e r c o n d u c t o r   b i l l e t s  now weigh  1/4 t o  
1 / 3   t o n ,   w i t h   s t a r t i n g   d i a m e t e r s   o f  25 t o  30 cm. 
Annual   Nb-Ti   product ion i n   t h e  USA i s  about 100 t o n s  
o f   a l l o y  per  year and over 800 n o m i n a l l y   i d e n t i c a l  
b i l l e t s   o f   t h e   F e r m i l a b   E n e r g y   S a v e r / D o u b l e r   c o m p o s i t e  
(Fig.   1)   have been made. L a r g e   p r o d u c t i o n   f a c i l i t i e s  
have come i n t o   o p e r a t i o n  and many magnets  been  con- 
s t ruc ted .  

F i g .   1 .   C r o s s - s e c t i o n   o f  a Fermi lab  composi te .  

If we i n q u i r e  what i s   t h e   m e d i a t o r   b e t w e e n   t h e  
l a r g e   s c a l e   f a b r i c a t i o n   e q u i p m e n t  and t h e   h o p e f u l l y  
i nexpens ive ,   h igh   qua l i t y ,   h igh   cu r ren t   dens i t y   con -  
duc tor   ou tpu t ,  we s h a l l   f i n d   t h a t   t h i s   i s   t h e   m i c r o -  
s t r u c t u r e  and i t s   s c a l e  has  not  changed a t   a l l ,  
r e m a i n i n g   v e r y   f i n e   i n   s c a l e .  The m i c r o s t r u c t u r e  
w h i c h   p i n s   t h e   v o r t e x   l a t t i c e  must  be made heterogen- 
eous  on a s c a l e   c o m p a r a b l e   w i t h   t h a t   o f   t h e   v o r t e x  
l a t t i c e .   F o r   b o t h  Nb-Ti  and NbjSn, t h e   v o r t e x   d i a -  
meter i s   o f   t h e   o r d e r  lOnm ( looi l ) .  The e q u i l i b r i u m  
s e p a r a t i o n   o f   t h e   v o r t i c e s  depends  on f i e l d  as 
(@o/B)l/*,  where $o i s   t h e   f l u x  quantum, 2 ~ 1 0 - ~ ~ W b / m ~ ,  
and B i s   t h e   m a g n e t i c   f i e l d   s t r e n g t h .  The separa t i on  
thus   var ies   f rom  about  40nm a t  2T t o  about 15nm a t  
10T.  The f a b r i c a t i o n   p r o c e s s  .will not  produce a h i g h  
c r i t i c a l   c u r r e n t   d e n s i t y   u n l e s s  it produces a m ic ro -  
s t r u c t u r e   o n   t h i s   s c a l e .  Such m ic ros t ruc tu res   can   be  
ext remely  complex.   F igure 2 shows a h i g h   m a g n i f i c a -  
t i o n   t r a n s m i s s i o n   e l e c t r o n   m i c r o g r a p h   o f  a s m a l l   p a r t  
o f  a v e r y   h i g h   c u r r e n t   d e n s i t y   f i l a m e n t   ( J c  l ~ ~ - ' ~ ~ - i m ,  
5T,4.2K=2600A/mm2)[21]. The m i c r o s t r u c t u r a l   d e f e c t s  
h e r e   a r e   t h e   v e r y   h i g h   d e n s i t y   o f   d i s l o c a t i o n s   i n t r o -  
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duced by the  cold-drawing  process. They have banded 
themselves  into  walls,  forming a sub-band s t r u c t u r e  
elongated  along  the  drawing  axis and possessing a 
charac te r i s t ic   separa t ion  of about 40nm. Not v i s i b l e  
in  the  micrograph, b u t  of crucial  importance t o  the  
J,, a re   p rec ip i ta tes  of a normal ( i e ,  non-superconduc- 
t l n g )  a-Ti  phase  produced by special  heat  treatments 
near  the  f inal   wire  size.  The micrograph of a Nb3Sn 
fi lamentC221,  in  this  case a t ransverse   sec t ion  norlnal 
t o   t h e  drawing axis  of the or iginal  Nb, appears some- 
what simpler,   (Fig.   3).  In th i s   case  much of the  
d is loca t ion   s t ruc ture   ex is t ing   in  the Nb i s  annealed 
away during  the  high  temperature  reaction  necessary  to 
produce the Nb3Sn. So f a r   a s  we know, the  Nb3Sn t h a t  
grows i s   s i n g l e  phase and the  defect   responsible   for  
the   h igh   Jc   i s  the grain  boundary. A crucial  para- 
meter i s  then  the  heat  treatment  since  this  controls 
the  grain  s ize ,  which should be around l O O n m  o r   l e s s  
i f   t h e   J c   i s   t o  be high. 

( i )  The micros t ruc ture   i s   defec t ive  on a very 
f ine   s ca l e  and contains  defects of high s p e c i f i c  
energy whose scale  and d i s t r i b u t i o n   a r e   c r i t i c a l l y  
s e n s i t i v e  t o  thermal  treatment. 

( i i )  The microstructures  of high Jc  composites 
a re  of necessi ty  inhomogeneous and because many of our 
common probes of the  superconducting  state,  such  as 
t h e   r e s i s t i v e  and magnetic  measurement, respond 
p r e f e r e n t i a l l y  t o  the  regions of best  superconducting 
property, we do n o t  necessarily  get  a good picture  of 
t h e  volume d i s t r i b u t i o n  of the  property from our 
measurement[23]. 

( i i i )  The f ine   sca le  of t he   de fec t s ,   t yp ica l ly  10 
t o  lOOnrn, requires   sophis t icated and non-routine 
methods of analysis ,  such as  transmission  electron 
microscopy. 

I t  i s  perhaps  for  these  reasons t h a t  many impor- 
tant  production  aspects of the   fabr ica t ion  of multi- 
filamentary  superconducting  composites remain 
unclear. In a quant i ta t ive  and predictive  sense,  our 
ignorance i s   s t i l l   l a r g e .   I f  we could  risk a compari- 
son wi th   s tee l ,  we might  say that  although  the  empiri- 
cal  achievements of the  industry have  been consider- 
able ,  our process  control i s   s t i l l   a t   t h e   s t a g e  o f ,  
"heat   to   cherry  red,  quench into  sheep  dip and reheat 
t o  pale  straw - and for   real ly   important   del iver ies  i t  
wouldn't hurt t o  get  the  phase of the  moon right  too".  

Fig. 2 .  Longitudinal  section o f  a high  current  density  particularly i n  O l d e r  work, can  be l a i d  at the use Of 

Nb 50w/o  Ti f i lament[21] .   pulsed  f ie lds   with  short   r ise   t imes and some t o  t h e  
use of d i f f e r i n g   d e f i n i t i o n s  of H r 3 .  A more basic  

111. NIOBIUM-TITANIUM AND ITS ALLOYS 

Upper Cr i t i ca l   F i e lds  

The upper c r i t i c a l   f i e l d s  of the  binary Nb-Ti 
a l l o y s   a r e   s t i l l  a subject   for   discussion.  A compila- 
t i o n  of values from t h e   l i t e r a t u r e   i s  shown i n  
Fig.  4[8,9]  where, f o r  example, u0Hc2(4.2K) values  of 
12.4 Tesla have been claimed. Some  of this  confusion, 

problem, however, i s   t h e  fundamental  heterogeneity of 
the  optimized,  high  Jc  superconductor,  already  discus- 
sed. Tc and Hc? are  almost  invariably measured by 
magnet ic   or   res is t ive means. In the  case of Nb-Ti and 
t he   duc t i l e   a l l oys   t he  upper l i m i t  t o  t he   t r ans i t i on  
i s  bel ieved  to  be determined by the   sho r t   c i r cu i t  
paths of t h e  sub-band s t r u c t u r e  and concentration 
gradients  and other  inhomogeneities  are known t o  be 
present   in   diffusion grown layers  of Nb3Sn[23,24,25]. 

The upper c r i t i c a l   f i e l d   i s  most f requent ly  
measured r e s i s t i v e l y ,  with some small b u t  a r b i t r a r i l y  
chosen current   densi ty .  In cold worked a l loys  a broad 
t r a n s i t i o n  of 0.5-1  Tesla  width i s   genera l ly  found 
(Fig. 5) and the  posi t ion o f  the t r a n s i t i o n  can vary 
over a similar  range  depending on the  exact,  even i f  
negl igi  bly  small,  measuring  current  density  chosen. 
The inves t iaa tor  can in   addi t ion  decide  to   reDort  
e i ther   the   F i r s t   depar ture  from superconduct i i i ty ,   the  

Fig.  3.  Transverse  section  of a high current  density  disappearance of the last  l i n g e r i n g  trace or the 

down the  middle  of  the  rnicrograph[22]. 
Nb/Nb3Sn f i lament .  The  Nb/Nb3Sn interface  runs t ransi t ion mid-point. An alternative d e f i n i t i o n ,  

which has some p r a c t i c a l   v a l i d i t y ,   i s   t o   u s e  an extra-  
This  introduction of the   micros t ruc ture   a t   th i s   po la t ion   func t ion  of current   densi ty  and f i e l d .  For 

stage  serves t o  make several  points: Nb-Ti and i t s   a l l o y s ,   t h i s   i s  just the  bulk  pinning 
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F ig .  4. L i t e r a t u r e   v a l u e s   o f   p o H c 2 ( 4 . 2 K )   f o r   N b - T i [ 9 ] .  
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J, ( Amps /mm2) - 
Fig. 5. R e s i s t i v e  Hc2 t r a n s i t i o n s   i n   c o l d  worked  Nb-Ti 

a l l oys [28 ] .  

f o rce  Fp (=JCxB) [26], w h i l e   f o r  Nb3Sn t h e  Kramer func-  
t i o n  J c 1 / 2  B1/4is  more usua1[27]. Annea l ing   the  
m a t e r i a l   s h o u l d ,   i n   p r i n c i p l e ,  remove the ,   he terogene i -  
ty  and produce a s h a r p   t r a n s i t i o n   c h a r a c t e r i s t i c  of 
t h e   b u l k   m a t e r i a l .  A comparison o f   t h e  HC2 va lues  
o b t a i n e d   f o r  Nb 46.5 w / o . T i   u n d e r   d i f f e r e n t   c o n d i t i o n s  
i s  shown i n  Table 1. There i s  seen t o  be a spread o f  
0.85 Tesla  or   about 8% i n   t h e  Hc2 values. It shou ld  
b e   n o t e d   t h a t   t h e   l i n e a r   e x t r a p o l a t i o n  t o  zero i s  a 
very  good  one[26]. Our c o n c l u s ' i o n   i s   t h a t  an unambig- 
uous d e f i n i t i o n   o f  Hc2 i s   d i f f i c u l t  and t h a t   f u r t h e r  
work i s  needed w i t h   t e c h n i q u e s   t h a t  measure t h e   a c t u a l  
v o l u m e   f r a c t i o n   t r a n s f o r m i n g   b e f o r e   t h e   s i t u a t i o n  will 
be f u l l y   e x p l a i n e d .  

W i t h   t h i s   u n d e r s t a n d i n g   i n   m i n d  i t  i s   p o s s i b l e   t o  
r a t i o n a l i z e ,  i f  not   comple te ly   unders tand,  some o f   t h e  
c l a i m s  made f o r   h i g h   f i e l d   s u p e r c o n d u c t i v i t y   i n  Nb-Ti 
and i t s   a l l o y s .  Two c l a i m s   i n   p a r t i c u l a r   s t a n d   o u t .  

One in   t he   Nb-T i -Z r   sys tem  by   A lekseevsk i   e t  al.[2SI] 
f o r  a v0H,2(4.2K) v a l u e   o f  13.6T and one b y   H o r i u c h i  
e t  a1.[30] f o r  13.1T i n   t h e  Nb-Ti-Ta-Zr  system. 

Table  1  

Measured uoHc2(4.2K) Values   fo r  Nb 46.5 w/o Ti l281  

Exper imenta l   a l loy  as  drawn 1OO:l a r e a   r e d u c t i o n  11.5T 
(Jc = 0.05 A/rnm2, d e f i n i t i o n   a s   i n   F i g .  5) 

Exper imenta l   a l loy   annea led  20 mins/1350°C 
(a, = 0.05 A/mmZ, by d e f i n i t i o n   a s  i n   F i g .  5 )  

M u l t i f i l a m e n t a r y   c o m p o s i t e  
(Jc x B e x t r a p o l a t e d   l i n e a r l y   t o   z e r o )  

11.25T 

- - 
10.65T 

Remakes o f   t h e s e  and n e i g h b o r i n g   a l l o y s   i n   o u r   l a b o r -  
atory[28,31]  produced maximum v a l u e s   o f  p0H,2(4.2K) of 
11.0 and 11.85T, respec t ive ly ,   us ing   even  the   most  
o p t i m i s t i c   d e f i n i t i o n   o f  Hc2. Us ing   ou r   p re fe r red  
d e f i n i t i o n   ( t h e   f i r s t   d e p a r t u r e  f rom the  superconduc- 
t i n g   s t a t e   a t  Jc=0.05 A/mm2, a va lue   a t   wh ich  Hcp i s  
becoming i n s e n s i t i v e   t o  Jc, as shown i n   F i g .   5 ) ,   t h e  
va lues   a re  9.7 and  11.25T, va lues  which  are  not  su- 
p e r i o r   t o   t h o s e   f o u n d   i n   t h e   b i n a r y   N b - T i  
system[8,9,31]. When  we f i r s t .  began t o  become i n t e r -  
e s t e d   i n   t h e ' h i g h   f i e l d   p r o p e r t i e s   o f   N b - T i   a b o u t  3 
yea rs  ago, we were s u r p r i s e d   a t   t h i s   v a r i a b i l i t y  and 
t h e   l a c k   o f   p r e c i s e   q u a n t i t a t i v e   u n d e r s t a n d i n g   e v e n  
f o r   p u r e  Nb-Ti a l l o y s .   B e f o r e   d i s c u s s i n g   o u r   a l l o y  
development  work,  however, it may be he1 p f u l   t o  
summarize some a s p e c t s   o f   t h e   t h e o r y   o f   t h e   u p p e r  
c r i t i c a l   f i e l d .  

The theo re t i ca l   f r amework   f o r   t he   unders tand ing  
o f   t h e  upper c r i t i c a l   f i e l d   i s   i n   p r i n c i p l e   w e l l  
es tab l i shed .  The b a s i c   e q u a t i o n   i s   t h a t   o f   G i n z b u r g ,  
Landau, Abr ikosov  and  Gorkov (GLAG). The zero  temper- 
a t u r e   p r e d i c t e d  Hc2, uoHc2*(0), i s   g i v e n  by 

u H * ( O )  = 3 .11~10  pny Tc (Tes la )  3 

O c2 
where pn  i s   t h e  n o r m a l   s t a t e   e l e c t r i c a l   r e s i s t i v i t y  
and y t h e   e l e c t r o n i c   s p e c i f i c   h e a t   c o e f f i c i e n t   w h i c h  
i s  p r o p o r t i o n a l   t o   t h e   d e n s i t y   o f   s t a t e s .   F o r   h i g h -  
f i e l d ,   p r a c t i c a l   s u p e r c o n d u c t o r s   t h e   c o n s t a n t   o f  
p r o p o r t i o n a l i t y  needs t o  be   mod i f i ed   t o   t ake   accoun t  
o f   o r b i t a l  pa ramagne t i sm,   sp in -o rb i t   sca t te r i ng ,  
e lec t ron-phonon and e l e c t r o n - e l e c t r o n   c o u p l i n g  
e f fec ts [32 ,331 .   I n   t he   b ina ry   Nb-T i   a l l oys ,   v0Hc2* (0 )  
i s   n o t  reached,  due t o  l i m i t a t i o n s  imposed  by  the 
o rb i ta l   pa ramagne t i sm  o f   t he   no rma l   s ta te ;   t he  GLAG 
va lue   a t   OK 'shou ld   reach  -18 T e s l a   i n s t e a d   o f   t h e  -15 
Tes la   exper imenta l l y   observed.  A more d e t a i l e d  
d i s c u s s i o n   o f   t h e s e ' p o i n t s  has  been  given i n  2 e a r l i e r  
review  papers[8,9]. 

Severa l   avenues  appeared  poss ib le   for   a l loy 
development  aimed a t   i n c r e a s i n g   H c i [ 2 8 ] .   I n   t e r m s   o f  
t h e  GLAG equat ion ,  pn  i s  a parameter o f   s i g n i f i c a n t  
s t r u c t u r e   s e n s i t i v i t y  and t h e   r e s i s t i v i t y   o f   t h e  Nb-Ti 
a l l o y s   ( a s   f o r   a l l  Group I V - V  a l l o y s )   i s   a n o m a l o u s l y  
h i g h , ' d u e   t o   t h e ' i n c i p i e n t   l a t t i c e   i n s t a b i l i t y   o f   t h e  
body  centered  cubic  phase[8,9]. Hafnium and vanadium 
are  two  e leaents   which  are  c lose  ne ighbors i n   t h e  
p e r i o d i c   t a b l e  and w h i c h   r a i s e  pn. To.summarize a 
f a i r l y  complex i n v e s t i g a t i o n  somewhat i ncomp le te l y ,  we 
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The r e l a t i v e  importance of t h i s   i nc reases  as t h e  
temperature  decreases  (since,   at   higher  temperatures,  
t h e  Cooper pairs  are  thermally  disordered).   Experi-  
mentally, no enhancement i s  seen  in  the 4.2K upper 
c r i t i c a l   f i e l d  of t h e  Nb-Ti-Hf alloys,   al though  there 
i s  a small enhancement in  the Nb-Ti-Ta system (11.8 T 
vs  11.5 T). A t  2K, the increases  become s i g n i f i c a n t ,  
pa r t i cu la r ly   i n   t he  Nb-Ti-Ta system  (Figs. 7 and 8). 
The e f f e c t  of addi t ions o f  10-15% of Ta or Hf i s  t o  
completely remove the  paramagnetic  limitation 
(Fig. 6 ) ,  producing an enhancement of uoHc2(2K) from 
14.25 T in  the  best   binary  alloy (Nb 46.5w/o Ti)  t o  
15.5  Tesla  for a wide range o f  al loys around Nb 25w/o 
Ta 43w/o Ti. Although i t  i s  n o t  a p p r o p r i a t e   t o  
discuss   the  theoret ical   aspects  of t hese   r e su l t s  
further  here,  we should  point  out  that  the  behavior  of 
these  alloys  has many fea tures  of i n t r i n s i c   s c i e n t i f i c  
i n t e r e s t   t h a t  we report  on  elsewhere[9,28,31]. 

0.8 } 
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The variation  of  pn,y.Tc. and the   theore t ica l  
G L A G  2 n d  experimental   upper   cr i t ical   f ie lds ,  F i g .  7 .  Experimental  upper c r i t i c a l   f i e l d s   a t  2K f o r  
uoHc2 and H fo r  Nb-Ti-Ta and Nb-Ti-Hf  Nb-Ti-Hf alloys[28,45]. 
a l loys   o f  co0ns€ant e lec t ron   to  atom r a t i o  
(4.35)  [9,28]. 

TI 

found, however, t h a t  t h e   r e s i s t i v i t y   i n c r e a s e s  may be 
outweighed by decreases  in Tc and  y[9,28]. The orbi- 
t a l  paramagnetism o f  the  normal s t a t e  is  always impor- 
t a n t  and the  degree of spin-orbi t   scat ter ing which 
r e l i eves   t h i s   i s   t he re fo re   c ruc ia l  t o  the  development 
o f  higher upper c r i t i c a l   f i e l d s .  A comparison between 
Nb-Ti-Ta and  Nb-Ti-Hf a l l o y s   i s  shown in  Fig. 6. Of 
the  parameters  in  the GLAG equation, Tc i s  seen t o  
decl ine i n  b o t h  cases as Hf and Ta are   subst i tuted  for  
Ti and Nb, respect ively.  y decl ines   for   subs t i tu t ions  
of Hf, remaining  constant  for  substitutions o f  Ta. pn 
increases   for  Hf s u b s t i t u t i o n s ,  remaining  approximate- 
ly  constant  for Ta subs t i tu t ions .  In  b o t h  a l loy  
systems,  the  net   effect  1 s  t o  produce  decreases  in  the 
GLAG value of H c 2 ,  uoHC2 ( 0 ) .  The decrease i s  re1 a- 
t i v e l y  small for  Ta, somewhat larger   for  Hf. What 
counts   p rac t ica l ly ,  however, are  the  experimental 
values. In  binary Nb-Ti a l l o y s ,   t h e r e   i s   s i g n i f i c a n t  
Daramaqnetic l imi ta t ion  and b o t h  Hf and Ta, beinq 
heavy elements ,   are   eff ic ient  removers o f  the   l imi ta -  
t ion  through  the means of spin  orbit  scatteringC321. Fig. 8 .  Experimental  upper c r i t i c a l   f i e l d s  a t  2K for  

Nb-Ti-Ta alloys[28,45] 



The i n c r e a s e s   i n  Hc. are   ob ta ined  even  though  the  
Tc of t h e   N b - T i - T a   a l l o y   i s   l o w e r .   A t   h i g h   f i e l d s ,  
however, t h e   s p i n - o r b i t   s c a t t e r i n g   p r o c e s s   c a u s e s   t h e  
Hc2 vs. T curves  o f  t h e   b i n a r y  and t e r n a r y   a l l o y   t o  
c ross  as i s  shown i n  Fig.  9[31].These i n c r e a s e s   i n  Hc. 
a r e   o f   c o n s i d e r a b l e   p r a c t i c a l   i n t e r e s t  when a l l i e d  
w i t h  He I I  c o o l i n g .   I n d u s t r i a l   f a b r i c a t i o n   o f   t h e  Nb 
25w/o Ta 43w/o T i   a l l o y  has  taken  place i n   t h e   f o r m   o f  
a F e r m i l a b   d e s i g n   b i l l e t   w h i c h  will be  incorporated 
i n to   t he   Genera l   A tomic  12 T e s l a   t e s t   c o i l [ 3 4 ] .  The 
c u r r e n t   d e n s i t i e s   a t t a i n e d   i n   t h i s   a l l o y   t a k e   t h e  
d u c t i l e   a l l o y s   i n t o   a t   l e a s t   t h e  12 Tes la  and perhaps 
the  13  Tesla  range,  areas  where Nb3Sn h i t h e r t o  was t h e  
o n l y   p r a c t i c a l   a l t e r n a t i v e .  We d i s c u s s   t h e   c u r r e n t  
d e n s i t y   o f   t h i s   a l l o y   i n   t h e   n e x t   s e c t i o n .  

Nb 

Nb 

Nb 43 %Ti 25 w/,  To 

Nb 46.5 % T i  A 

II 
0 1  2 3 4  

T ( K )  

F i g .  9. C r i t i c a l   f i e l d   v e r s u s   t e m p e r a t u r e   f o r  
Nb 46.5w/o T i  and Nb 43w/o Ti. 25w/o  Ta[28] 

C r i t i c a l   C u r r e n t   D e n s i t i e s  

The genera l   f ounda t ion   f o r   ou r   unders tand ing   o f  
t h e   c r i t i c a l   c u r r e n t   d e n s i t y   i n   N b - T i   a l l o y s  was l a i d  
down some 10 yea rs  ago i n  work repo r ted   by  some o f   t h e  
superconductor  manufacturers.   For  example,   Hi l lmann 
and h is   co-workers [35 ]   es tab l i shed  the   impor tance  o f  
a - T i   p r e c i p i t a t i o n   i n  Nb 50w/o T i ,  Neal e t  al.[36] 
showed the  impor tance  o f   smal l   sub-band  d iameter  and 
f i n a l   s i z e   h e a t   t r e a t m e n t   i n   t h e   l o w e r - T i   c o n t e n t  
s i n g l e  phase a l l oys   such  as Nb 42w/o T i ,   w h i l e  
C r i t c h l o w   e t   a l . [ 3 7 ]  showed tha t   hea t   t rea tmen ts  
p e r f o r m e d   a t   s e v e r a l   t i m e s   t h e   f i n a l   w i r e   d i a m e t e r  
were  more e f f e c t i v e   t h a n   t h o s e   p e r f o r m e d   a t   t h e   f i n a l  
s i ze .  Each o f   t h e s e   o b s e r v a t i o n s   i s   s t i l l   v a l i d  - y e t  
t h e r e   i s   s t i l l   w i d e s p r e a d   s e c r e c y   o v e r   t h e   f a b r i c a t i o n  
r e c i p e  used  by  each  manufacturer and cons ide rab le  
d i v e r g e n c e   i n   c u r r e n t   d e n s i t y   f r o m  one d e s i g n   o f  
compos i te   t o   ano the r  and even  between  remakes o f   t h e  
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same des ign   o f   compos i te .  
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Fig.   10.  The a /B  phase f i e l d s   i n   N b - T i [ 9 ] .  

An i n t e r e s t i n g   d e t a i l   o f   c o m p o s i t e   d e s i g n   i s   t h e  
q u e s t i o n   o f   a l l o y   c o m p o s i t i o n .  Nb 50w/o T i   remains  
t h e   a l l o y   f a v o r e d   b y  Vacuumschmelze, w h i l e  US manufac- 
t u r e r s   p r e f e r   t h e  more  Nb-rich, Nb 46.5w/o T i .  As can 
be  seen i n   F i g .  4, b o t h  a1 1 oys  have  optimal Hc2 v a l -  
ues, p a r t i c u l a r l y   s i n c e   t h e  Nb 50w/o T i   a l l o y s   a r e  
h e a t   t r e a t e d   t o   p r o d u c e   s i g n i f i c a n t   a - T i   p r e c i p i t -  
a t ion ,   thus   mak ing   the   mat r ix   compos i t ion   more  Nb- 
r i c h .  The papers   o f   H i l lmann[35 ]   have  recogn ized  th is  
f o r  many yea rs   bu t  it i s   i n t e r e s t i n g   t o   n o t e   t h a t  Nb 
46.5w/o T i  was f o r m u l a t e d   p a r t l y  on t h e   b a s i s   t h a t  
f i n e   f i l a m e n t ,   l o w  AC l oss ,  HEP c o n d u c t o r s   r e q u i r e d  
s i n g l e  phase a l l o y s   i n   o r d e r   t o   a v o i d   b r e a k  up d u r i n g  
drawing. The l o w   t e m p e r a t u r e   p o r t i o n   o f   t h e   p h a s e  
d iagram  o f   Nb-T i  i s  shown i n   F i g .  10. It can  be  seen 
how f l a t   t h e  B/a+g phase  boundary i s   i n   t h e   v i c i n i t y  
o f  4 5 - 5 0 w / o   T i .   T h i s   w r i t e r ' s   o p i n i o n   i s   t h a t   t h e  
e x a c t   c o m p o s i t i o n   o f   t h e   a l l o y   w i t h i n   t h i s   r a n g e   i s   o f  
l e s s   i m p o r t a n c e   t h a n   t h e   d e f e c t   d e n s i t y   p r o d u c e d   b y  
t h e   f a b r i c a t i o n   o f   t h e   a l l o y .   C a r e f u l   t r a n s m i s s i o n  
e l e c t r o n   m i c r o s c o p y   o f   o u r s  has shown t h a t   a - T i  
p r e c i p i t a t i o n   i s   c r u c i a l   t o   t h e  development o f   h i g h  Jc 
i n  Nb 46.5w/oTi,  as i n  Nb 50w/oTi[38,39].  Hil lmann 
has,  however,  argued t h a t   c o m p o s i t i o n   i s   v e r y   i m p o r -  
t a n t ,   a l t h o u g h   w i t h o u t   g i v i n g   t h e   p r o c e s s i n g   d e t a i l s .  
to   suppor t   the   a rgument [40 ] .  

When  we b e g a n   o u r   s t u d i e s   o f   t h e   c r i t i c a l   c u r r e n t  
d e n s i t y   i n  Nb-Ti and i t s   a l l o y s ,  we were  impressed  by 
t h e   d i v e r s i t y   o f   c l a i m s  made by d i f f e r e n t   a u t h o r s  and 
manufacturers.  The quo ta t i on ,   "There   a re   t h ree   k inds  
o f  1 i e s :   l i e s ,  damned l i e s  and s t a t i s t i c s "   i s   a t t r i -  
b u t e d   b y   t h e   O x f o r d   D i c t i o n a r y   o f   Q u o t a t i o n s   t o  Mark 
Twain  through  Disrael i [41] .  We f e e l   c e r t a i n   t h a t  a 
modern  Mark  Twain  would  have f e l t  c o m p e l l e d   t o  add a 
f o u r t h   c a t e g o r y   " L i e s ,  damn l i e s ,   s t a t i s t i c s  and 
c r i t i c a l   c u r r e n t   d e n s i t i e s " ,   t o   h i s   l i s t .   F o r t u n a t e l y  
t h e r e   i s  an ASTM c o m m i t t e e   b a t t l i n g   p r e s e n t l y   w i t h  
th i s   p rob lem and we send  them  our bes t   w ishes   on   the i r  
leng thy   task [42 ] .  Our comments, t hough   face t i ous ,  
are,  however,  meant t o  have a s e r i o u s  base.  The 
c u r r e n t   d e n s i t y  can be  measured  prec ise ly  and i t  i s  a 
s i g n i f i c a n t   w a s t e   o f   v a l u a b l e   i n f o r m a t i o n   t o   o v e r e s t i -  
q a t e   t h e  Jc o f   p r a c t i c a l . c o m p o s i t e s   b y   v a r y i n g  amounts 
when t h i s   i n f o r m a t i o n   i s   g e n e r a l l y   t h e   s o l e   i n f o r m a -  
t i o n   a v a i l a b l e   t o  m e a s u r e   t h e   e f f e c t s   o f   t h e   c o m p l e x  
f a b r i c a t i o n   p r o c e s s  used t o  produce  the  conductor.  

The  approach t h a t  we t o o k   i n   o u r   i n v e s t i g a t i o n s  
was t o  seek o u t  a r e p r e s e n t a t i v e   s e l e c t i o n   o f   t h e  
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composites  being  commercially  produced  in  the  world, 
t o  systematical ly  measure the i r   p roper t ies  over t h e  
f i e l d  range u p  t o  Hc2 a t  4.2K and below and t o  use 
transmission  electron  microscopy (TEM) t o   cha rac t e r i ze  
their   microstructures .   Detai ls  on 4 of  the  composites 
thus investigated  are  given  in  Table 2, where i t  will 
be  noted t h a t  t h e r e   i s  a s ign i f icant   range  of  composi- 
t ion,   f i lament   s ize ,  number etc[26,38,43]. 

Table 2 

D e t a i l s  o f  t h e  Four  Comnercial  Nb-Ti  Composites 

Nb 46.5wloTi Nb 50.4wIoTi Nb 52.7wIoTi Nb 4lw/oTi  
15woITa 0wIoZr 

Wire  Diameter (nm) 0.686 

Copper1S.C. Rat io   1 .8: l  

Number of Fi laments 2100 

Fi lament  Size (urn) 10 

Sub-Band Diameter 455; 

and * 
M i c r o s t r u c t u r a l   S t a t e   a - T i  

0.60 

60 

1.2:l 

400A 
52 0 

+ 
a -T i  

0.83 0.31 

1.8:l  8.86:l 

1 a0 61 

38 0 29 0 

51  0A 41 5A 
t + 

= - T i   a - T i  

Fig.   11.   Cri t ical   current   densi ty  a t  5T,  4.2K vs. 
the   inverse  sub-band  diameter[38]. The 
s o l i d   l i n e   i s  due t o  Neal et .   a1.[36].  

The TEM examinations  revealed  structures  such  as  those 
shown in  Fig.  2 ,  where the  e longated  s t ructure  i s  a n  
array of d i s loca t ion  sub-band walls 40-50nm apar t ,  
introduced by the  very 1 arge  degrees of cold 
workC211. Not v i s ib le   in   the   micros t ruc ture ,  b u t  of 
crucial  importance t o  the development of high J c  
values, i s  an array of noma1 a-Ti prec ip i ta tes   ( they  
a re   ev iden t   i n   t he   d i f f r ac t ion   pa t t e rn ,  however). A n  
important  early  investigation was t h a t  of  Neal e t  
al.[36], who found an inverse  re la t ionship between J c  
and  sub-band  diameter  in  single  phase  alloys.  Their 
maximum Jc(5T, 4.2K) value was a b o u t  1200 A/rnm2, a ,  
value  that  would be considered  very low today. A p lo t  
of our  data shows that  the  simple  inverse  dependence 
no longer  holds  for  high  Jc  composites,  (Fig.  ll[38]) 
s ince i t   i s  now t h e  a-Ti p rec ip i t a t e   a r r ay  which i s  
the   l a rger   cont r ibu tor  t o  the   Jc .  However, actual 
data on the density and d i s t r i b u t i o n  of the   p rec ip i -  
ta tes   are   sparse[9]  and t h i s  remains an important  area 
of  ignorance,  not  only  because o f  t he   e f f ec t  on Jc  b u t  
a l s o  because of t he   e f f ec t   t ha t   p rec ip i t a t ion  has on 
i n i t i a t i n g  composite  break-up.Critica1  current  density 
values   a t  4.2K and 2K measured a t  a t r u e  10-14m 
composite r e s i s t i v i t y   a r e  given  in  Figs. 1 2  and 13 

and 13  ( these  should  therefore be excepted from Mark 
Twain's  description).   I t   should be emphasized t h a t  
these  curves  are  not meant t o  be typical  or  necessar- 
i l y   c h a r a c t e r i s t i c  of  the  alloys,  nor,  as  has been 
d iscussed   ear l ie r ,   i s   the   composi t ion   necessar i ly   the  
determining  factor  in  the  differences between the  
composites.  Rather i t  i s  the  overall  combination o f  

36001 0 N b  46.5 "16 T i  

A N b  50.4*/. T i  

3200 0 Nb 5 3  % Ti. 

p.H ( T e s l a  1 

Fig. 1 2 .  Current   densi t ies  o f  commercial composites 
a t  4.2K[8,26]. 
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F i g .  13.   Current   densi t ies  o f  commercial composites 
a t  about 2K[9,26], 
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t h e   a l l o y   c o m p o s i t i o n ,   t h e   e x t r u s i o n   c o n d i t i o n s ,   t h e  
degree  of   cold  work  and  the  heat  t reatment  schedule 
tha t   de t ,e rm ines   t he  Jc w i t h i n   t h e  Tc, Hc2 envelope 
p rov ided  by t h e   a l l o y   m a t r i x   c o m p o s i t i o n .   T h r e e  
p o i n t s   a t   l e a s t   a r e   w o r t h y   o f   n o t e :  

( i )   T h e r e   i s  a wide  range  o f  Jc v a l u e   a t   a n y  
g i v e n   f i e l d  (eg. Jc (5T,  4.2K) ranges  f rom -1500 t o  
-2600 A/mm2, Jc(8T, 4.2K) f rom -400 t o  800 A/mm2). 

( i i )  The Jc a t  2K i s   s u b s t a n t i a l l y   l a r g e r   t h a n  
t h a t   a t  4.2K ( 5 T  - twice,   8T - t h r e e   t i m e s ) .  

( i i i )  The t e r n a r y  a1 l o y   c o n t a i n i n g  Ta and Z r  has 
an e x t r a o r d i n a r i l y   h i g h   l o w   f i e l d ,   l o w   t e m p e r a t u r e  Jc 
0 6 0 0 0  A/mm2 a t  2T, 2K). T h i s  may b e   a t t r i b u t e d   t o  
t h e   e f f e c t i v e   n a t u r e   o f   t h e   f l u x   p i n n i n g   a - T i ,   p r e c i p i -  
t a t e s  when Z r  i s  present.  

Table 3 

Sub-band  Dlarneters  a6 a funct ion of Heat-Treatment and Cold-Work I n  a  
Fermilab Nb 46.5wt.X TI FM Composite 

(west and L a r b a l e s t i e r .  1391.  

ub-band 
i a n e t e r  

Cold  Area 
Reduction 

R a t i o  

:: 1 3742 
255 

5 3  
46 ; 7533 

5878 

Heat 
Treatment 

1 hr/300°C 
31300 

301300 
1001300 

31375 
11375 

301375 
1001375 

11400 

301400 
31400 

1001400 

a-Ti Precipitation 

1 none 

none 
none 
possible 
s l   i q h t  

possible 
d e f i n i t e  

d e f i n i t e  
possible 

F o r  none o f   t h e  above  composites  were  heat  treat- 
ment  and f a b r i c a t i o n   s c h e d u l e s   a v a i l a b l e .  In general  
terms,  however, the  schedules  are  wel l -known; a t y p i -  
ca l   t r ea tmen t   be ing   t o   ex t rude   by   16 -2O: l   a rea   reduc t -  
i o n   r a t i o   a t  500-550°C, c o l d  draw t o  3 -5   t imes  the  
f i n a l   w i r e   d i a m e t e r  and h e a t   t r e a t   f o r  20-200  hours a t  
350 t o  400°C. More d e t a i l s  have  been  given i n   e a r l i e r  
rev iews  by us[8,91. What a c t u a l l y  happens d u r i n g   t h e  
h e a t   t r e a t m e n t   i s   r e v e a l e d   i n  a r e c e n t   s t u d y   o f   o u r s  
on a Fermi lab  composi te [39] .   F i rs t ,   the  unstable  sub-  
b a n d   s t r u c t u r e  shows subs tan t i a l   g rowth  and o n l y   a f t e r  
some c o n s i d e r a b l e   t i m e   d o e s   t h e   a - T i   p r e c i p i t a t i o n  
process  begin.   (Table  3)  The f i r s t   o f   t h e s e   p r o c e s s e s  
t e n d s   t o   d r i v e  down t h e  Jc, t h e  second t o   d r i v e  i t  
back up. The h e a t   t r e a t m e n t   t a k e s   p l a c e   a t  a very   low 
t e m p e r a t u r e   w i t h   r e s p e c t   t o   t h e   m e l t i n g   p o i n t   ( 4 . 3 )  
and t h e   d i f f u s i o n   p r o c e s s e s  needed t o   p e r m i t   t h e   a - T i  
p r e c i p i t a t i o n   o c c u r   w i t h i n   t h e   d e f e c t  
s t r u c t u r e   o f   t h e  sub-band  walls.  The  sub-band  diame- 
t e r   i s   d e t e r m i n e d   b y   t h e   d e g r e e   o f   c o l d  work; t h e  
g r e a t e r   t h e   d e g r e e  o f  c o l d  work, t h e   f i n e r   i s   t h e  sub- 
band  diameter.  The i m p o r t a n c e   o f   c o l d - w o r k   i s   t h e r e -  
f o r e   i t s   e f f e c t  on sub-band  diameter  and on t h e   k i n e t -  
i c s   o f   t h e  sub-band  g rowth /a-T i   p rec ip i ta t ion   p rocess  
du r ing   hea t   t rea tmen t .  It i s  h e r e   t h a t   t h e   g r e a t  
c o m p l e x i t y   i n   t h e   p r o c e s s i n g  and o p t i m i z a t i o n   o f   N b - T i  
l i e s .  The smal l  amount o f   p u b l i s h e d   d a t a  on  these 
p o i n t s   i s   q u i t e   i n s u f f i c i e n t   t o   p e r m i t   q u a n t i t a t i v e  
p r e d i c t i o n s  and i s   t h e  reason why composite  develop- 
ment  proceeds  by t r i a l  and e r r o r   o p t i m i z a t i o n .   F u r -  
t h e r   m i c r o s t r u c t u r a l   e v a l u a t i o n   o f   p r a c t i c a l  compo- 

s i t e s   i s   v i t a l .   F i g u r e  14  exempl i f ies   one o f  t h e  
c o m p l e x i t i e s   o f   m i c r o s t r u c t u a l   e x a m i n a t i o n .  Two 
a p p a r e n t , l y   s i m i l a r   m i c r o s t r u c t u r e s   a r e  shown f rom a 
f i n a l   s i z e   F e r m i l a b   c o m p o s i t e .  One has a Jc (5T, 
4.2K, 10-14C2m) v a l u e   o f  366A/mm2, one a v a l u e   o f  
1540A/mm2. There i s  a s m a l l   d i f f e r e n c e   i n   t h e  sub- 
band  diameter,   51  versus 44nm, b u t   t h i s   i s   q u i t e  
i n s u f f i c i e n t   t o   e x p l a i n   t h e   d i f f e r e n c e   i n  Jc. 

F i g .   1 4 .   T r a n s m i s s i o n   e l e c t r o n   m i c r o g r a p h s   o f   F e r m i -  
l a b   c o m p o s i t e s   a t   f i n a l   s i z e .  The  upper  has 
rece ived   no   hea t   t rea tmen t ,   t he   l ower   160  
hours a t  375"C[21,39]. See t e x t   f o r   d e t a i l s .  

The c r u c i a l   d i f f e r e n c e   i s   t h a t   t h e   h i g h e r  Jc, f i n e r  
sub-band m a t e r i a l   r e c e i v e d  a h e a t   t r e a t m e n t   o f  160 
h o u r s   a t  375°C a t  5-1/3 t i m e s   t h e   f i n a l   w i r e   s i z e .  
This   heat   t reatment   a lmost   doubled  the  sub-band  d iame- 
t e r   b u t   p r o d u c e d   a - T i   p r e c i p i t a t i o n  and the  subsequent 
co ld   work  i n   t h e   p r e s e n c e   o f   t h e   p r e c i p i t a t e s   r e f i n e d  
t h e  sub-band  diameter t o  44nm, b e l o w   t h a t   o f   t h e  
sample  which  received no hea t   t rea tmen t  and con ta ined  
n o   p r e c i p i t a t e s .  The Jc o f   t h e   h e a t   t r e a t e d  sample 
was 1540 A/mm2 and a subsequent   heat   t reatment   a t  
f i n a l   s i z e  (3hrs/30O0C)  which  produced no  change i n  



1616 

sub-band s ize  or  presumably the  a-Ti prec ip i ta te  
d i s t r ibu t ion   r a i sed   t he   J c   fu r the r  t o  1670 A/mm2.  A 
f u l l e r   d i scuss ion  of these and other   factors   affect ing 
t h e   J c  may be found in  a recent reviewC91. 

Scaling  Behavior 

Another  useful  tool  for  assessing  the  quality of 
a superconducting  composite  can be the   in te l l igent   use  
of   the  scal ing laws f i r s t  observed by Fie tz  and 
WebbC44-j. These  authors  noted t h a t  t he   f i e ld  depen- 
dence of the  volume pinning  force Fp could be scaled 
by H c 2 ,  according t o  the  empirical   expression, 

F = JcxB = ~i H '(T) f ( h )  
P O c2 (2) 

where n i s  an empirically  determined  exponent  having 
values from about 1.7 t o  2.5 for  Nb-Ti[9,47] and  f ( h )  
i s   t h e  shape o f  the pinning  force  curve.  During  the 
development of the Nb-Ti-Ta al loys  for   the 12  Tesla 
program[34], we  made extensive  use of t h i s   r e l a t i o n -  
ship[26,45]. The Jc  data  plotted  in  Figs.  1 2  and 13 
i s   r e p l o t t e d   i n   s c a l i n g  form in  Figs.  15 and 16. 
Figure  15 shows the magnitudes of the  pinning  force  in 
t he   d i f f e ren t  commercial composites, where of course 
the  maximum pinning  force  Fpmax.varies  widely  depen- 
ding on the  degree of optimlzatlon.  Note, however, 
t h a t  the   posi t ion of Fpmax i s   r a t h e r  independent  of 
composite,  occurring a t  about 0.45H/Hc2 f o r   a l l .  When 
the  pinning  force  is   i t se l f   normalized,  as in  Fig.  16, 
the  curve  shapes  are  seen  to be very  similar and do  
n o t  depart   great ly  from a h ( 1 - h )  dependence ( h = H / H c 2 ) .  

FP 

x IO-' 

( N/m3 1 

Nb4IW/eTi15% T o  w/eZr 

0 0.2 0.4 0.6 0.0 1.0 

H 
hI- 

HC* 

Fig.  15.  Pinning  force ( J  xB) vs: reduced f i e l d  
a t  4.2K for the  t o u r  Nb-Ti m u l t i f i l a -  
mentary  composites whose Jc  data  are 
given  in  Fig. 12[8,26].  

There  are a number of p o i n t s  t o  be made about  the 
scaling  behavior.   First ,   the  shape of the  curve i s  
extremely  sensi t ive t o  t he   de t a i l s  of the   in te rac t ion  
between the vor t ex   l a t t i ce  (which may be amorphous, 
however, in  such a strong  pinning  microstructure) and 
the  microstructure.  Although we do  n o t  yet  k n o w  how 
t o  sum the   in te rac t ions  between the  individual  f lux- 
oids  and the i r   p inning   s i tes ,  we do know tha t   t he  more 
e f f ic ien t   the   p inning ,   the  lower  in  reduced f i e l d  h 
will  the peak i n   f ( h )  occur[46]. Thus the  posit ion  of 
Fpmax i s  a s ign i f icant   gu ide  t o  the  success of optimi- 
zation In a given  composite and i s  a subs tan t ia l  
argument for  making current   densi ty  measurements  over 
a t   l ea s t   t he   mid - f i e ld  range where the peak in  F p  
occurs  (say 3 t o  7 Tesla  for Nb-Ti a t  4.2K) when  new 
composite  designs  are  in  fabrication. 

19 
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Fig. 1 6 .  Superimposed  reduced  pinning  curves  for 
four  commercial Nb-Ti filamentary compo- 
s i  tes[26], 

A second  point i s   t h a t   t h e   s c a l i n g   r e l a t i o n s  can 
be practically  very  useful  in  saving a l o t  o f  
t e s t i n g .  While neither  the  exponent  in Eq. 2 nor f ( h )  
can be expl ic i t ly   predicted  in  advance ( t h o u g h  n 
appears  always t o  have a value of 2 t o  2.1 for  optimi- 
zed conductors[26,47]),  the  temperature  scaling  of 
f ( h )   i s   e x c e l l e n t   [ s e e   r e f .  261. Moreover the h i g h  
f ie ld   shape   of   f (h)   a t   g rea te r   than  0.75h i s   l i n e a r   t o  
a very  high  degree of accuracy[26]. Both these  points 
enable  the low temperature and the high f i e l d   J c  t o  be 
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p r e d i c t e d   t o  good order .  

2500 
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I500 

Jc 
(A/mm2 ) 
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I ,  - Nb43wk i i  25%'Ta ' 

- - -  Nb 46.5 k Ti 
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Jc (5T,4.2K,16'451-rn 1 \ A/rnmz 

. . . . . 8 TESLA . 

. . . . . . 10 TESLA 

1.6 1.8 2.0  2.2 2.4 2.6 2.8 3.0 3.2 

T ( K )  

Fig.  17.  Comparison o f   t h e   p r e d i c t e d  'Jc v a l u e s   a t  
8,lO  and 12 T e s l a   f o r  Nb 46.5w/o T i  and 
Nb 43w/o T i  25w/o Ta composi tes  (Cour tesy 
D. G. Hawksworth). 

Such a procedure was fo l lowed  by  us  for   the Nb 
43w/o T i  25w/o Ta a1 loyC261. I n  advance o f   t h e  manu- 
f a c t u r e   b y  M C A  o f  a m u l t i f i l a m e n t   b i l l e t ,  we sca led  
t h e   h i g h   f i e l d  Jc, us ing  Eq. 2 and our  measurements o f  
the   tempera ture   dependence  o f  Hc2 i n  our 30gm sample 
o f   t h e  Nb-T i -Ta   a l loy  and t h e  MCA Nb 46.5w/o T i   s t a n -  
dard  product[26,48]. Our p r e d i c t i o n   o f   t h e   1 2   T e s l a ,  
2K Jc f e l l   w i t h i n  10% o f   t h e   v a l u e   a c t u a l l y   o b t a i n e d  
by  MCA[48]. F i g u r e  17 shows t h a t   t h e r e   i s  a cons ider -  
a b l e   c r i t i c a l   c u r r e n t   m a r g i n   f o r   t h e   t e r n a r y   a l l o y  and 
t h a t   t h e   t e m p e r a t u r e   m a r g i n   o f   t h e   N b - T i - T a   a l l o y   o v e r  
Nb 46.5w/o T i   i s  about 0.7K. F u r t h e r   o p t i m i z a t i o n s  
will c e r t a i n l y   i m p r o v e   t h e   c u r r e n t   d e n s i t y .   I n   f a c t ,  
when t h e   p i n n i n g   f o r c e   c u r v e   o f   t h e   f i r s t   i n d u s t r i z l  
samples o f   t h e   t e r n a r y   a l l o y C 4 8 1   a r e  compared t o   t h o s e  
o f  Nb 46.5w/oTi[28], t h e  peak i n  F i s  seen t o  occur 
a t  a much h i g h e r   f i e l d  (-0.55 HC2,'Fig. 18 ) .   Th i s  
s t r o n g l y   s u g g e s t s   t h a t   i n s u f f i c i e n t   a - T i   p r e c i p i t a t i o n  
has   occur red   dur ing   heat   t rea tment ,  a c o n c l u s i o n   a l s o  
s u p p o r t e d   b y   t h e   r e l a t i v e l y   l o w  5T Jc o f   t h i s   p a r t i c u -  
l a r  compos i te .   Fu r the r   deve lopmen ts   o f   t h i s   a l l oy   a re  
d iscussed  by  Segal   e t   a l . [49]  i n  a p a p e r   a t   t h i s  
conference. 
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8 4.2K 

0 1 I I 

0 0.2 0.4 0.6 0.8 1.0 
h 

F ig .  18.  Reduced p i n n i n g   f o r c e   c u r v e s   f o r  
Nb 46.5w/o T i  and Nb 43w/o T i  25w/o Ta 
mu l t i f i l amen ta ry   compos i tes [28 ] .  

Table 4 

Costs  and Components for a Fermilab Energy Saver Billet 
(Data Courtesy o'f R. Remsbottom [501). 

Extrusion diameter 
Final size 
Number of filaments 
Filament diameter 
Gu:Nb-Ti ratio 

250 mn 
0.68 mn dia. 
2070 
8-10 ym 

1.8:1 nominal 

Weight o f  Nb-Ti per billet 60 kg 
Weight of Cu tubing 96 kg 
Weight o f  Cu extrusion can 
(nose cone + tail = 36.6 kg) 

90 kg 

Total weight of extrusion 247 kg 

Cost o f  Nb-Ti  at S198lkg $1 1,880 
Cost o f  Cu tubing at $6.60/kg 636 
Cost o f  extrusion can 3 

$14.160 
- 

Raw material cost = J57.38Ikg 
Processing cost at 3L/ft = 9.84bIm = $33.86/kg 
Total  cost = $57.38 + $33.86 = $91.24/kp 

- - - ~  F a b r i c a t i o n  and I n d u s t r i a l   C o n s i d e r a t i o n s  

The r e l i a b l e  and e c o n o m i c a l   f a b r i c a t i o n   o f  compo- 
sit,es i s   t h e   j o b   o f   i n d u s t r y  and t h e r e  have  been many 
cons iderab le   ach ievements   by   the   indus t ry  i n   r e c e n t  
years.  An i n t e r e s t i n g   p e r s p e c t i v e   i s   p r o v i d e d   b y   t h e  
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Fermi lab  composi te ,   s ince i t  has  been made i n   g r e a t  
q u a n t i t y ,   b y  a v a r i e t y   o f   m a n u f a c t u r e r s  and some 
reasonab ly  firm d a t a   i s   a v a i l a b l e  on i t s   c o s t s  and 
p r o p e r t i e s .  The r a w   m a t e r i a l   i s   h i g h   p u r i t y  Nb 
46.5w/o T i   ( t h e   p r i n c i p a l   i m p u r i t i e s   a r e  0 and Ta a t  
1000 p p  max, a l l   o t h e r s   b e i n g   l e s s   t h a n  200 ppm) and 
OFHC  Cu. The c o s t   o f   p r o d u c t i o n   i n  1980 was $91.25/kg 
(composed o f  a r a w   m a t e r i a l   c o s t   o f  $57.40 and a 
p r o d u c t i o n   c o s t   t o  0.68 mm d i a .   s t r a n d   o f  $33.85). 
The cost  breakdown i s  shown i n   g r e a t e r   d e t a i l   i n  
Tab le  4[9,50]. 

The c u r r e n t   d e n s i t y   i n   t h e   f i n a l   s t r a n d   h a s  
v a r i e d   f r o m   t i m e   t o   t i m e  and manufac turer   to   manufac-  
t u r e r   b u t   i s   t y p i c a l l y   a b o u t  1800-2000A/mm2  (5T, 4.2K, 
10'-14Qm), a1 though somewhat h igher   va lues   have  recent -  
l y  been  obtained[51]. A magnet b u i l d e r   r e a l l y   w a n t s  
ampere turns,  however, so t h a t  one appropr ia te   normal -  
i z a t i o n   f a c t o r   i s   t h e   c o s t   p e r  A.m. The Fermi lab  
conductor i s   i n   f a c t  a 23 s t rand  compacted  Ruther ford 
cab le  and, i n c l u d i n g  a c a b l i n g   c o s t   o f  $1.41  per 
meter ,   the   p r ice   per  A.m f o r   d i f f e r e n t   f i e l d   v a l u e s  
a re  shown i n  Table 5. Va lues   a re   g i ven   a t   bo th  4.2 
and 2K so t h a t  one o f   t h e   c o s t   f a c t o r s   i n v o l v e d   i n  a 
He- I1  system  analys is  may b e   q u a n t i f i e d .  O f  course, 
most  conductors do n o t   h a v e   t h e   p r o d u c t i o n   h i s t o r y   o f  
the   Fermi lab   conductor   beh ind  them  and some need t o  be 
considerably  more  complex. However, some i d e a   o f  
b a s e l i n e   c o s t  i s  s u r e l y   v e r y   u s e f u l   i n   t h e   s c o p i n g  
s tage  o f   conductor   des ign .  

Table  5  

1980   Cos t s  of  Fermi lab   Cab le   pe r  Kilo-amp.m[5O]. 

S i n g l e   s t r a n d   c o s t s  
2 3   s t r a n d   c o s t  
C a b l i n g   c o s t  
T o t a l   c o s t  

9 6.091m 
26.5c/m 

9 1.41/rn 
$ 7.501111 

F i e l d   C u r r e n t  D e n s i t y  Cost   per  kA.m 

4.2K 2K 4.2K 2K 

4 Tesla  2200 3200 $1.11  $0.77 
5 1800 2800 1.36  0 .87 
6 1400  2400  1 .75  1 .02 
8 750  1700  3 .26   1 .44  

10 150   1050   16 .32   2 .33  
1 2  400 .... 6 . 1 2  _ _ _ _  

The  above   va lues   a re   based  on a nominal c r i t i c a l  
c u r r e n  o f  5500A a t  5T and  4 .2K,   corresponding  to   a  
Jc(lO- + 4 m )   v a l u e  o f  1800A/mm2. 

A r e c e n t   i n t r o d u c t i o n   t o   t h e  U.S. market  by Wah 
Chang has  been Nb der ived  f rom  pyrochlore  ore.  The 
p r i n c i p a l   f e a t u r e   o f   t h e   u s e   o f   t h i s   o r e   i s   t h a t   t h e  
Nb i s   l i k e l y   t o  have a h i g h e r   r e s i d u a l  Ta conten t   than 
t h a t  made f rom  co lumbi te   o re ,   perhaps   lead ing   to  
r e s i d u a l  Ta l e v e l s   o f  as much as 5000 p p   i n  Nb and 
Nb-TiC521. Exper iments on  model  alloys[9,531 o f  Nb-Ti 
s u g g e s t   t h a t   t h e r e   i s   l i t t l e  cause for  concern,   though 
t h e   w h o l e   q u e s t i o n   o f   s m a l l   i m p u r i t y   l e v e l s   ( s u c h  as 
Fe) i s   r e a l l y   n o t   w e l l   u n d e r s t o o d .   S i g n i f i c a n t  econo- 
mic   ga ins  have  been  predic ted  f rom  the  use of pyro- 
c h l o r e  Nb[53] and t h e i r   c u r r e n t   i n t r o d u c t i o n   i s   b e i n g  
m o n i t o r e d   t o  see   whe the r   t hese   p red ic t i ons   t u rn   ou t   t o  
be t r u e .  

A f i n a l   p o i n t   t o  be  considered i n   t h e   f a b r i c a t i o n  
o f  Nb-Ti   conductors i s   t h e   q u e s t i o n   o f   c o n d u c t o r  
assembly.  Large  magnets  run a t   c u r r e n t s   o f  one t o  
t e n s   o f   t h o u s a n d s   o f  amperes. H i g h   c u r r e n t   d e n s i t i e s  
r e q u i r e   l a r g e   a r e a   r e d u c t i o n s  (-104:1), w h i l e   i n i t i a l  
e x t r u s i o n s   a r e   p r e s e n t l y   l i m i t e d   t o   a b o u t  30cm i n  
diameter.  A1 though  there  have  been  examples o f   l a r g e ,  
m o n o l i t h i c   c o n d u c t o r s  (eg. MFTF), the   genera l   tendency  
i s   t o  assembly   by   cab l ing   o r   b ra id ing ,  as i n   t h e  
Fe rm i lab   cab le   o r   B rookhaven   I sabe l l e   b ra id .  The 
q u e s t i o n   o f  changes i n   c u r r e n t   d e n s i t y   w h i c h   o c c u r  
d u r i n g   t h e   a s s e m b l y   o f   o p t i m i z e d   s t r a n d s   c a n   s t i l l   b e  
ext remely  vex ing.   Opt imized  s t rands,   requi re   a-T i  
p rec ip i t a tes   bu t   subsequen t   ove r -work ing   o f   such  
s t rands  can  produce  excess ive  breakage  or   reduct ion i n  
c u r r e n t   d e n s i t y .   T h i s   i s  an important  area  where 
l i t t l e  u n d e r s t a n d i n g   y e t   e x i s t s   b u t  whose p r a c t i c a l  
importance i s  cons iderab le .  

An a l t e r n a t i v e   a p p r o a c h   t o   c o n d u c t o r   b u i l d  up  has 
r e c e n t l y  been   deve loped   a t   A i r co   f o r   t he  Elmo Bumpy 
Torus and Tore- I1   conductors [54 ] .   Ind iv idua l   s t rands  
o f  a standard  conductor,   such as the  Brookhaven 
Isabe l le   des ign ,   a re   assembled   together   near   the i r  
f i n a l   s i z e  and cont inuously   wrapped  wi th  a Cu s t r i p  
which i s   a u t o m a t i c a l l y   w e l d e d   t o   f o r m  a cont inuous  
sheath. A f i n a l   d r a w i n g  and heat  t reatment  produces a 
h igh   cur ren t   conductor   hav ing   the   degree  o f   co ld   work  
b e l o n g i n g   t o  a smal l   d iameter  conductor  (Fig.   19).  

F i g .  19. 

The 

Compacted m o n o l i t h   c o n d u c t o r   f o r  EBT made 
o f  19   Brookhaven  Isabe l le   des ign   s t rands  
( C o u r t e s y   o f  S.O. Hong). 

IV. NIOBIUM-TIN 

bas ic   conductor   des ign   fo r  Nb+n i s  more 
complex  than  for   Nb-Ti   because  there  aye now f o u r  
components i n   t h e   c o m p o s i t e ,   t h e   t i n   s u p p l y ,   t h e  Nb, 
t h e   d i f f u s i o n   b a r r i e r  and t h e   h i g h   p u r i t y   s t a b i l i z i n g  
Cu. The i n t r i n s i c   b r i t t l e n e s s   o f  Nb3Sn r e q u i r e s  
r e a c t i o n   a t   f i n a l   s i z e  and d i f f u s i o n   r a t e s   a r e  so slow 
t h a t   f i l a m e n t s   o f  much l e s s   t h a n  1 O p m  are  needed i n  
o r d e r   t o  keep reac t ion   t imes  reasonab le .  The l a r g e  
number o f  components i n   t h e   c o m p o s i t e  and the   sma l l  
f i l amen t   s i ze   t ends   t o   exace rba te   t he   p rob lems   o f   co -  
process ing;   f i lament   sausaging and i r r e g u l a r   f i l a m e n t  
shape are   cons tan t   p rob lems  to   be   avo ided.  



I f ' b r q n z e   i s  used f o r   t h e   t i n   s u p p l y ,  many 
anneals   are needed t o   a v o i d   c r a c k i n g   t h e   b r o n z e  and 
some r e a c t i o n   t o  NbgSn occurs  at   each  anneal ,   perhaps 
posing  problems i f  f i l a n e n t s   o f   l e s s   t h a n  5pm a r e  
needed.  For the   p resent ,   the   on ly   compos i tes   o f  
p rac t i ca l   impor tance   a re   t he   conven t iona l   b ronze   rou te  
compos i tes   con ta in ing  Nb embedded i n  a b ronze   ma t r i x ,  
genera l ly   Cu '13w/o Sn. I n  essence, t h e i r   d e s i g n  
r e m a i n s   e s s e n t i a l l y   s i m i l a r   t o   t h e   f i r s t   p r o t o t y p e  
magnet   conductors   in t roduced  a t   the  1974  Appl ied 
Superconductivi ty  Conference[55,56]. Many d i f f e r e n t  
v a r i a n t s   o f   c o m p o s i t e   d e s i g n s  have  since  been  produced 
and eval  uated. 

A l t h o u g h   t h e   c a p a b i l i t y   f o r   t h e   p r o d u c t i o n   o f  
Nb3Sn composi tes i s   i n   p r i n c i p l e   w e l l - e s t a b l i s h e d  
t h e r e   a r e   s t i l l   l a r g e   u n c e r t a i n t i e s   r e g a r d i n g   t h e  
i n t r i n s i c   p r o p e r t i e s   o f   f i l a m e n t a r y  (FM) Nb3Sn 
compos i tes .   Pa r t i cu la r   p rob lems   a re   t he   f ac t   t ha t   t he  
d i f f u s i o n   - l a y e r s   o f  Nb3Sn g e n e r a l l y  have a compos i t ion  
g r a d i e n t   a c r o s s  them, l e a d i n g  t o  inhomogeneous 
superconduct ing  proper t iesC23-251,  and t h a t   t h e  
p r o p e r t i e s ' o f  NbgSn a r e   v e r y   s e n s i t i v e   t o   s t r e s s  and 
thus  show marked e f fec ts ,   wh ich  may b e   v e r y   v a r i a b l e  
on a l oca l   sca le ,   resu l t i ng   f rom  the   compress ion  
exer ted  by  the  surrounding  bronze[ l3 ,14] .  .- 

For   these and o t h e r   r e a s o n s   t h e r e   i s   a s   y e t  
l i t t l e  general  agreement  on  what  the  basic  envelope o f  
p r o p e r t i e s   t o   b e   o b t a i n e d   f r o m  a FM Nb3Sn composite 
should  be and why present  composi tes show such 
v a r i a b l e   p r o p e r t i e s .  An i n d e x - o f   t h i s   s i t u a t i o n ,  
w h i c h   p a r t i c u l a r l y   s t r i k e s   t h e   p r e s e n t   w r i t e r ,   i s   t h e  
r a n g e   o f   b r o n z e   t o  Nb r a t i o s  chosen   by   d i f f e ren t  

manufacturedC57-591. 
, manufac turers ,   va lues   rang ing   f rom 4.6 t o   2 : l   b e i n g  

I n   o r d e r   t o   r e s t r i c t   t h e s e  comments t o   t h o s e   o f  
reasonab le   ex ten t ,   t he ,   p r i nc ip1e .d i scuss ion  will bear 
on  bronze  route FM NbgSn. A w ide r   pe rspec t i ve   can 'be  
obta ined  f rom a number o f   t h e  more  general  -reviews; 
a l r e a d y   n o t e d   i n   t h e   i n t r o d u c t i o n [ l O - 2 0 ] .  

B a s i c   P r o p e r t i e s  and T h e i r   C h a r a c t e r i z a t i o n  

A l o g i c a l   p l a c e   t o   b e g i n   i s   i n   t h e   s e l e c t i o n   o f  
s t a r t i n g   b r o n z e  and Nb needed t o   f o r m   . t h e  Nb3Sn. 
Knowledge o f   t h e   r e q u i r e d   q u a l i t i e s  and p u r i t i e s   o f  
t h e s e   c o n s t i t u e n t s  i s  o f   c o u r s e   o f   c o n s i d e r a b l e  
e c o n o m i c   i m p o r t a n c e   y e t   t h e r e   a r e   s t i l l   i m p o r t a n t  
a r e a s   o f   d i s a g r e e m e n t .   T h e r e   i s ,   a t   l e a s t   i n   t h e  USA, 
no general  agreement  yet on whether  the  13w/o  bronze 
s h o u l d   b e   a i r   o r  vacuum cas t  and on what t h e   t o l e r a n c e  
f o r  oxygen is .   Exper ience  has  been  var iab le.  The 
success fu l  AERE bronzes  were a l l   a i r  melted[55,59,60] 
as i s   t h e   b r o n z e   f o r   t h e  LCP conductor[61]  but  
L ivermore  has favoured 'vacuum  cas t ing  as produc ing  a 
more d u c t i l e  bronzeC621.  The  oxygen s o l u b i l i t y   i n  
pure  Cu i s  ex t remely   low (<lo ppm a t  700°C)[63], 
(a l t hough  it i s   v e r y   m o b i l e )   b u t   t h e r e   i s  much 
u n p u b l i s h e d   " f o l k - l o r e ' '   t h a t   o x y g e n   s o l u b i l i t y   i s  
h i g h e r   i n   b r o n z e  and e x e r t s   s i g n i f i c a n t l y   d e l e t e r i o u s  
e f f e c t s   o n   b o t h   t h e   f a b r i c a b i l i t y  and t h e   f i n a l  
p r o p e r t i e s   o f   t h e   c o m p o s i t e .   H i g h   p u r i t y  Sn and Cu 
a r e   g e n e r a l l y  used f o r   t h e   b r o n z e   b u t   a g a i n   t h e r e  
appears t o  be l i t t l e  agreement  on t h e   r e q u i r e d   p u r i t y  
o r   t h e   d e l e t e r i o u s   i m p u r i t i e s   w h i c h   a r e   b e i n g   g u a r d e d  
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a g a i n s t   i n   s e l e c t i n g  h,igh p u r i t y   s t a r t i n g   e l e m e n t s .  
There   a re   f ewer   conce rns   abou t   t he   pu r i t y   o f   t he  Nb, 
s i n c e   t h e   e l e c t r o n  beam m e l t i n g   p r o c e s s   i s   i n h e r e n t l y  
c a p a b l e   o f   p u r i f y i n g  down t o   v e r y   l o w   l e v e l s ,   b u t   e v e n  
h e r e   t h e   r e q u i r e m e n t s   o f   c o - p r o c e s s i n g  may r e q u i r e  
s p e c i a l   s e l e c t i o n   o f   t h e  Nb. 

The s e l e c t i o n   o f   i n p u t   p u r i t i e s  must  be  judged 
b o t h   a g a i n s t   t h e   t e s t   o f   f a b r i c a b i l i t y   t h r o u g h  
m u l t i p l e   e x t r u s i o n   ( g e n e r a l l y   r e q u i r e d   b e c a u s e   o f   t h e  
sma l l   , s i ze  and. l a rge   f i l amen t   number ) ,   w i re   d raw ing ,  
m u l t i p l e   a n n e a l i n g  and t h e   p r o p e r t i e s   o b t a i n e d   a f t e r  
the   compos i te  i s   r e a c t e d   a t   f i n a l   s i z e .  
C h a r a c t e r i z a t i o n   o f   t h e   f i n a l   s i z e   p r o p e r t i e s   i s   n o t  
n e c e s s a r i l y   s t r a i g h t f o r w a r d ,  however. 

C h e m i c a l   a n a l y s i s   o f   t h i n   l a y e r s   o f  1-2um o r   l e s s  
i s   n o t   a t   a l l   r o u t i n e   s i n c e ,   a l t h o u g h   m o s t .  
l a b o r a t o r i e s  have  access t o   s t a n d a r d   e l e c t r o n   p r o b e  
m ic roana lyze rs  and t h e y   a r e   f r e q u e n t l y  used t o  probe 
NbgSn l a y e r s ,   t h e i r  limit o f   r e s o l u t i o n   l i e s  between 1 
and 2um. Recourse  must   therefore  be made t o  more 
exot ic   techniques  such  as Auger e l e c t r o n   s p e c t r o s c o p y  
(AES).  Recent  work i n  our  laboratory[24,25] has  shown 
t h a t ,   w i t h   c a r e f u l   c o r r e c t i o n   p r o c e d u r e s ,   t h e  
compos i t ion  and i m p u r i t y   p r o f i l e   c a n   b e   o b t a i n e d  on a 
s c a l e   o f   a b o u t  O.1pm (F ig .  20). These s t u d i e s  have 
produced a t   l e a s t   t w o   i n t e r e s t i n g   p o i n t s ,   t h e   f i r s t  
b e i n g   t h a t   t h e  Sn c o n c e n t r a t i o n   p r o f i l e   i s   r e l a t i v e l y  
f l a t ,   t h u s   e n s u r i n g  good s u p e r c o n d u c t i n g   p r o p e r t i e s  
over  most o f   t h e   l a y e r .   M o s t   o f   t h e   r e q u i r e d  
c o n c e n t r a t i o n   g r a d i e n t   t h u s   a p p e a r s   t o   o c c u r   c l o s e   t o  
t h e  Nb/Nb3Sn i n t e r f a c e .  

BR-NB-BR SANDWICH 
REACTED  AT 650.C 
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F ig .  20. Auger e l e c t r o n   s p e c t r o s c o p y   s p u t t e r   p r o f i l e s  
f o r   t h e  Sn peak ob ta ined  on d i f f u s i o n   g r o w n  
Nb3Sn laye rs .  The z e r o   s p u t t e r e d d e p t h   i s   t h e  
bronze-NbgSn i n t e r f a c e .  The Sn concent ra -  
t i o n   d r o p s   t o   z e r o   a s   t h e  Nb c o r e , i s   r e a c h e d .  
(Cour tesy  o f  D.B. Smathers) 

The  second p o i n t   r e l a t e s   t o   t h e   r e d u c e d  
p r o p e r t i e s   o f   t h i n   l a y e r s .   T h i n   l a y e r s  (<200nm) a r e  
seen t o  be h i g h   i n  0 and p o s s i b l y  C t o o ,   r e d u c i n g   t h e  
Sn con ten t   be low  s to i ch iomet ry  and d e p r e s s i n g   t h e  
superconduct ing  propert iesC25-j .   This i s   c l e a r  
e v i d e n c e   f o r   t h e   d e l e t e r i o u s   e f f e c t   o f  D on NbgSn 
p roper t i es ,   t hough  i t  i s   u n c l e a r   w h e t h e r   t h e  0 source 
o r i g i n a t e d   i n   t h e   b r o n z e   o r  was d e r i v e d   f r o m   t h e  0 
o r i g i n a l l y   a d s o r b e d  on t h e   s u r f a c e   o f   t h e  Nb rods. 

A d e t a i l e d   a n a l y s i s   o f   t h e   c a p a b i l i t i e s   o f  
magne t i za t i on   measuremen ts   f o r   revea l i ng   t he   s t ruc tu re  
of t h i n   l a y e r s   o f  Nb3Sn has  been  presented  by  Evetts 
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e t  a1.[23] and their   d iscussion of the c a p a b i l i t i e s  
and l imi ta t ions  of the   bas ic   e lec t r ica l  and magnetic 
characterization  experiments  is   invaluable  for  workers 
seeking t o  use  such  techniques to  reveal  basic 
i nformati on  a b o u t  th in  1 ayersC231. 

Transition  Temperatures and Upper Cr i t i ca l   F i e lds  

Due to  the  surrounding  matrix and the  axial  
compressive  strain imposed on t h e  Nb3Sn, t h e r e   e x i s t s  
a s ignif icant   depression of both the  Tc and Hc2 of FM 
Nb3SnC10,131. Since  the  depression  depends on such 
factors   as   the  bronze  to  Nb r a t i o  and t h e   y i e l d  
s t rength (and  residual  composition) of the bronze, i t  
i s  necessary  to  remove the  bronze  in  order t o  be able  
to   a s ses s   t he  fundamental  quality of the Nb3Sn. 

The Tc depression i s  well e s t ab l i shed   t o  be 
parabolic  in  the  axial   strainC131,  reaching a maximum 
of about 1.2K fo r   l a rge  bronze t o  Nb r a t i o s .  
Practical   ratios  (2.5-4.5:l)   reduce Tc by about 
0.5K. When the  bronze i s  etched  off,  maximum Tc 
values  reach  about 18K, 0.1-0.3K below the  maximum 
recorded  for  pure Nb3Sn. This may be due t o  C u  
incorporation  in  the  layer,   residual  inhomogeneities 
o r   s t r a i n s  or other   present ly  unknown fac tors .  

I- 
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increasing  divergences  are  noted  thereafter,  high 
f i e l d   t a i l s   e x i s t i n g   t o  22T or higher  (Fig. 21 ) .  I f  
the  pinning  center  density  is   higher t h a n  i s  normal 
f o r  FM Nb3Sn (eg.  in  irradiated  material  or very  small 
f i lament   in   s i tu   conductors) ,  a (1-a. fi ) 
mult iplying  correct ion  factor  must be used t o  
l i n e a r i z e   t h e   J c   p l o t  (where a. i s   t h e   f l u x o i d  
separat ion and p the  density  of  f lux  pinning  si tes.)  
However, even for   f ie ld   ranges  where th i s   s ca l ing  
re la t ion  works well,  the  magnitudes of the   sca l ing  
parameters  are shown t o  be incompatible w i t h  some of 
the  basic  physical   properties of NbgSn.  The physical 
bas i s  of the Kramer model as  applied  to Nb3Sn thus 
appears  doubtful  although i t  may be useful  as a n  
empirical too1[64]. To the   uncer ta in ty  i n  Hc2 
generated by the  use of a n  extrapolat ion  funct ion,  we 
may add the  addi t ional   uncer taint ies  of the   poss ib i l ty  
of a low temperature  cubic-tetragonal  phase 
transformation and a general  lack of measurements of y 
and pn, data which a re  needed t o  f i t   t h e  behavior  of 
Nb3Sn t o   t h e   b a s i c  GLAG and WHH theor ies  
(Eq. 1)[32,33]. Measurements of p n  i n  FM Nb3Sn a r e  
r e a l l y  not f e a s i b l e ,  due t o   t h e   i r r e g u l a r i t y  of t h e  
cross-section  (Fig.  22)[66] and the  presence of  an 
unreacted Nb core  and y can  therefore n o t  be 
deconvol  uted from the  s lope ( dHc2/dT) a t  Tc, which i s  
proport ional   to  pny .  

Fig. 21. A plot  of Jc1/2H1/4 vs. H f o r  a 
monofilamentary Nb3Sn wire which was heat 
t r e a t e d   a t  725°C f o r  120h, indicat ing  the 
extrapolated H,2 and the  low current  den- 
s i t y  Hc2C641. 

Although t h e r e   i s  good agreement on t h e  Tc values 
t o  be expected,  the  question of Hc2 i s  more unclear. 
Few workers have made measurements a t  other  than 4.2K 
and even fewer have had access t o  f ie lds   g rea te r   than  
UoHc2(4.2K). An extrapolat ion  funct ion  is ,   therefore ,  
needed in   o rder   to   der ive   the  Hc2  from lower f i e l d   J c  
measurements.  This  question  has been extensively 

uenaga and  WelchC10,64].  The  Kramer 
i s  found t o  be a l i nea r   func t ion  of 

the  Jc  over much of t h e   f i e l d  range (-10 t o  18T) b u t  

Fig. 22 .  Scanning  electron  micrograph of a s ing le  
filament from a multifilament Nb3Sn com- 
posi te .  The layer  was reacted t o  completion 
a t  780°C for   168hrs .  

Recent work on e lec t ron  beam evaporated 
films[33,66] and bulk  samples[20,67]  has  indicated 
t h a t  there  should be considerable  scope  for 
improvement in  the upper c r i t i c a l   f i e l d .   F i g u r e  23 i s  
taken from the  work of Orlando e t  al.[66] on th in  
fi lms  deposited on sapphire   substrates  ( p n  and y can 
then be determined and the   p roper t ies  compared t o  
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p r o b a b l y   r e f l e c t s   t h e   f a c t   t h a t   s i g n i f i c a n t   p i n n i n g   i s  
produced  on ly   by  gra in   boundar ies.  The d i f f e r i n g  
shapes o f   t h e   t w o   c u r v e s  does  draw a t t e n t i o n   t o   t h e  
cons ide rab le   ga ins   t ha t   cou ld   be  made i f  Nb3Sn c o u l d  
b e   o p t i m i z e d   t o   t h e  same e x t e n t  as  Nb-Ti. 

theory[33]) .  Peak uoHc2 v a l u e s   a r e   s e e n   t o   a t t a i n  29T 
a t  0 K o r  -25T a t  4.2K, f o r  a Tc value,  however, o f  
about 16K and a r e l a t i v e l y   h i g h  pn o f  -25uacm. These 
va lues  are some 3 t o  5 T e s l a   h i g h e r   t h a n   t h o s e  
commonly  observed f o r  FM NbgSn, 

300 

Nb-Sn 

Fig .  23. C r i t i c a l   f i e l d s   o f  Nb-Sn w i t h   d i f f e r e n t  
n o r m a l   s t a t e   r e s i s t i v i t i e s  pTC. As 
t h e   r e s i s t i v i t y  p~~ increases,  Tc 
decreases  but Hc2 goes  through a 
maximum[66]. 

A p o s s i b l e   e x p l a n a t i o n   f o r   t h e   d e p r e s s i o n   o f  Hc. 
and t h e   l a r g e   s t r e s s   s e n s i t i v i t y   o f  i lc2 has  been 
advanced i n  a number o f   recen t   pub l i ca t i ons [68 -72 ] .  
The p r i n c i p a l   p r o p o s a l   i s   t h a t   t h e   u n s t r e s s e d  
compos i te   leaves   the  NbgSn i n   s u b s t a n t i a l l y   t h e  
t e t r a g o n a l   s t a t e ,   t e n s i l e   s t r a i n   t h e n   c a u s i n g   g r o w t h  
o f   t h e   h i g h e r  Hc2 c u b i c  phase[67,691. A number o f  
g r o u p s   a r e   a c t i v e   i n   t h i s   a r e a  and  conc lus ive  ev idence 
shou ld  soon  be a v a i l a b l e   t o   s u p p o r t   o r  deny t h i s  
exp lanat ion .  

The l i t e r a t u r e  on 3 r d   e l e m e n t   a d d i t i o n s   t o  Nb3Sn 
i s   r a t h e r   e x t e n s i v e  and we r e f e r   t o  Suenaga f o r   r e c e n t  
reviews[8,9]. Ta, Z r ,  H f  and T i   can   i nc rease  Hc. (as 
j u d g e d   b y   c r i t i c a l   c u r r e n t   e x t r a p o l a t i o n s )   t o w a r d s   t h e  
25T leve1[74]. A t  p r e s e n t   t h e   r e a s o n s   f o r   t h e  
i nc reases   a re   no t   c lea r ;   t hey  may r e f l e c t   e i t h e r   a n  
i n t r i n s i c   i n c r e a s e   i n  Hc2 due t o  changes i n   t h e  
p r o p e r t i e s   w h i c h  go i n t o  Eq. 1 o r  a m o d i f i c a t i o n   o f  
the   cub ic / te t ragona l   phase  ba lance  so  as t o  produce 
more o f   t h e   c u b i c   h i g h  Hc2 phase[69,71,72]. 

C r i t i c a l   C u r r e n t  De- 

C r i t i c a l   c u r r e n t   d e n s i t i e s   i n  FM Nb3Sn are  found 
t o   v a r y   q u i t e   w i d e l y  and p a r t i c u l a r l y  above  12T, t h e  
Jc i s  found t o   f a l l   o f f   r a t h e r   r a p i d l y .  When t h e  
p i n n i n g   f o r c e   o f   p r e s e n t l y   o p t i m i z e d  FM Nb3Sn i s  
compared t o   t h a t   o f  Nb-Ti   (F ig .24) ,   the Nb3Sn i s  seen 
t o  be r a t h e r   u n d e r - o p t i m i z e d   a t   h i g h   f i e l d s C 5 7 1 .   T h i s  
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F ig .  24. P inn ing   f o rce   cu rves   f o r   Op t im ized  FM 
NbgSn and  NbTi  conductors  [571. 

From a fundamenta l   po in t   o f   v i ew ,   t he  J, i n   t h e  
l a y e r   i s   t h e   c r u c i a l   q u a n t i t y   b u t   t h e   l a r g e  number o f  
f i l a m e n t s ,   t h e i r   s m a l l   s i z e  and i r r e g u l a r  shape  makes 
t h e   d e t e r m i n a t i o n   o f   t h e   c r o s s - s e c t i o n a l   a r e a  
d i f f i c u l t .   P r a c t i c a l l y ,  i t appears  more  reasonable t o  
n o r m a l i z e   t h e   c r i t i c a l   c u r r e n t   t o   t h e   o r i g i n a l   b r o n z e  
+ Nb package  needed t o  make t h e  Nb3Sn and t h i s   i s  
a lmos t   i nva r iab l y   t he   me thod   used   t oday .   Th i s  will 
however  obscure  changes i n   l a y e r  Jc: for   example i t  
i s   p e r f e c t l y   f e a s i b l e   f o r   t h e  Jc i n   t h e   l a y e r   t o  
d e c l i n e  as t h e   r e a c t i o n   p r o c e e d s ,   w h i l e   t h e   o v e r a l l   J c  
i n c r e a s e s   a s   t h e   t o t a l   c r o s s - s e c t i o n a l   a r e a   i n c r e a s e s .  

The comments o f  Mark  Twain, r e c a l l e d   e a r l i e r ,   a r e  
probably   even  more  appl icable  to   measurements made on 
Nb3Sn. R e s i s t i v e   v o l t a g e s   a r e  more common i n  
r e s i s t i v e   t r a n s i t i o n   p l o t s ,   b o t h  because o f   t h e   l o n g e r  
c u r r e n t   t r a n s f e r   l e n g t h s   i n   t h e   r e s i s t i v e   b r o n z e  and 
because o f  damage t o   t h e   f i l a m e n t s .   B o t h   e f f e c t s   l e a d  
t o  b r o a d e n e d   t r a n s i t i o n s ,   m a k i n g   t h e   c r i t e r i o n  used t o  
d e f i n e  Jc i m p o r t a n t .   T h e   s t r a i n   s e n s i t i v i t y   o f  Jc can 
a l s o   l e a d   t o   m i s l e a d i n g   r e s u l t s  and i t  has  also  been 

-shown t h a t   t h e   f o r m   o n   w h i c h   t h e   w i r e   i s  mounted  can 
e x e r t  a s i g n i f i c a n t   i n f l u e n c e  on the  Jc[75] .  The l o n g  
b a r r e l  sample  reacted and s o l d e r e d   t o  a s t a i n l e s s  
s tee l   cy1   i nde r   p robab ly   rema ins   t he   mos t   des i rab le  
t e s t   b u t  i t  i s  a1 so  demanding i n  te rms   o f   t he   d iamete r  
o f   reac t ion   fu rnace,   ease o f  mount ing and t i m e  
r e q u i r e d   f o r   t e s t [ 7 6 ] .   S i n c e  many r e a c t i o n   t r e a t m e n t s  
a r e   g e n e r a l l y   r e q u i r e d   t o  map o u t   t h e   c h a r a c t e r i s t i c s  
o f  a composi te ,   there i s  a tendenc.y t o  accept   s imp ler  
sample c o n f i g u r a t i o n s   y i e l d i n g  more  quest ionable  data.  
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Suenaga[lO,ll]  has  recently made a n  extensive 
summary  of the   Jc   va lues  found in   t he   l i t e r a tu re ,  b o t h  
for  conventional FM Nb3Sn and i t s   i n   s i t u   v a r i a n t s .  
The r e su l t s   a r e  shown in  Figs.  25 and 26. 

Fig.  25. A comparison  of  Jc  in  commercially  processed 
mu1 t i f i l a m e n t a r y   w i r e s   p l o t t i n g   ~ , 1 / 2 ~ 1 / 4  
vs H. 

- 
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Fig. 26. A comparison of J c  vs. H in  experimental 
Nb3Sn wires  produced by various  in  si tu 
processes [ I l l .  

The d i v e r s i t y  of values i s  obvious. I t  i s   a l s o  
in te res t ing   to   no te   tha t   in   s i tu   Jc   va lues ,   a t   l eas t  
below about 12  Tesla,  appear t o  be f u l l y  comparable t o  
bronze  route  values. 

The question of optimization  through  correct 
choice of composite  design,  filament  size and react ion 
treatment  remains  largely  unanswered.  Perhaps  the 
best   characterized colnmercial composite  remains  the 
or iginal  AERE design[55,59,76]. The J,  values of t h i s  

composite were par t icu lar ly  good below about 14 Tesla 
(Fig.   27) ,   fa l l ing  off  above t h i s   f i e l d  due t o   t h e  
reduced Hc2 produced by the  high  bronze t o  Nb r a t i o  
(4 .6 : l ) .  Comparison t o  the  propert ies  of 2 lower 
r a t i o  composites  (2.7:l and 3 : l )  appears t o  suggest a 
cross-over a t  around  14  Tesla,  the 1 owest r a t i o  
composite  being  best  at  high  fields,  as  expected from 
i t s  lower  precompression. More s u r p r i s i n g   i s   i t s  
lower  Jc a t  lower f i e l d s  - unless   this  may be re la ted  
to   the  varying  extent  of the  cubic   to   te t ragonal  phase 
transformation  with  varying  bronze t o  Nb r a t i o .  
However, these  comparisons must remain provisional 
s ince  the 3 composites came from d i f f e r e n t  
manufacturers, had sornewhat d i f f e ren t   f ab r i ca t ion  
h is tor ies ,   s ta r t ing   b ronzes ,   e tc .  and a r e   i n  no  sense 
the  product of a controlled  production  series.  All 
t he   fu l l   l i ne   va lues   a r e   fo r   6  t o  8um diameter 
fi laments,   while  the dashed l i ne   i s   fo r   a   nomina l ly  
ident ica l  remake of t h e   i n i t i a l  AERE composite  with 
3pm dia.  filamentsC771. 
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Fig. 27. J c  vs voH for  several Nb3Sn composites of 
d i f f e r e n t  bronze t o  Nb ratios[77]. 

The absolute  values of the  Jc  are  comparatively 
good,  reaching -850 A/rnrn2 a t  1OT (higher  in  f iner 
filaments,  a  trend  confirmed  elsewhereC781) and 559 
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A/mm2 a t  12T. An i n t e r e s t i n g   c o n c l u s i o n   t o   b e   d r a w n  
f rom a s t u d y   o f   t h i s   c o m p o s i t e   i s   t h a t   t h e r e  may b e  
some economic, as we l l  as t e c h n i c a l   g a i n ,   t o   b e  
d e r i v e d   f r o m   t h e   h i g h e r   b r o n z e   t o  Nb ra t i o   compos i tes ,  
s i n c e   b r o n z e   i s   a p p r e c i a b l y   c h e a p e r   t h a n  Nb. 

A f i n a l  emphasis   wi th   respect  t o   t h e   q u e s t i o n   o f  
Jc i n  FM Nb3Sn i s   t h a t  we a r e   s t i l l   v e r y   u n c e r t a i n  
about  what a r e a s o n a b l e   l i m i t i n g   v a l u e   o f  Jc should  be 
and tha t   t he re   rema ins  much t h a t   i s   c u r i o u s   a b o u t   t h e  
r e a c t i o n   c h a r a c t e r i s t i c s   o f   p a r t i c u l a r   c o m p o s i t e s .  It 
i s   t o  be  hoped t h a t ,  as s tandard   des igns   o f   compos i te  
become more w i d e l y   a v a i l a b l e ,  as much e f f o r t  will be 
p u t   i n t o   t h e i r   c h a r a c t e r i z a t i o n  as  goes i n t o   t h e i r  
f a b r i c a t i o n .  

\ \i 

Fig.  28. R e l a t i v e   c r i t i c a l - c u r r e n t   d e n s i t y  J /J as 
a f u n c t i o n   o f   i n t r i n s i c   s t r a i n  c0(2-cc')' 
f o r   d i f f e r e n t   m a g n e t i c   f i e l d s  evaluate! us- 
i n g  Eq. (3)  and t h e   t y p i c a l   s e t   o f   s c a l i n g  
p a r a m e t e r s   i n d i c a t e d   i n   t h e   f i g u r e  [79]. 

S t r a i n   E f f e c t s  

The s t r a i n   s e n s i t i v i t y   o f  Nb3Sn i s   o f  such 
fundamental   importance t o   i t s   a p p l i c a t i o n   t h a t  a l a r g e  
amount o f  work  has  been  performed and,  as may be  seen 
f rom  the   recent   rev iews  o f   WelchClS]   and  Ek in [ l4 ] ,   the  
sub jec t   appears   to   be   phenomenono log ica l l y   we l l  
unders tood .   Un less   t he   b ronze   t o  Nb r a t i o   i s   v e r y  
low[58], u n i a x i a l   t e n s i l e   s t r a i n   i s   f o u n d   t o   i n c r e a s e  
Tc, Hc2, and Jc, u n t i l   t h e   p o i n t   a t   w h i c h   t h e   r e s i d u a l  
a x i a l   s t r a i n  on t h e  Nb3Sn reaches   ze ro .   Fo r   p rac t i ca l  
c o m p o s i t e s ,   t h i s   r e q u i r e s   s t r a i n s   o f  0.3 t o  0.6%. The 
magnitude o f   t h e   i n c r e a s e   i n  Jc i s  dependent on f i e l d  
and  precompression,  increasing  wi th  both  parameters.  
Ek inc791 and Rupp[8O], i n   p a r t i c u l a r ,  have  stressed 
t h e   u t i l i t y   o f   s t r a i n   s c a l i n g ,   f i n d i n g   t h a t   d a t a  on a 
w i d e   v a r i e t y   o f   c o m m e r c i a l   c o m p o s i t e s   c a n   b e   f i t t e d   t o  
the  equat ionC791: 

where   t he   subsc r ip t  m r e f e r s   t o   t h e  maximum va lue  
o b t a i n e d   a t   z e r o   i n t r i n s i c   s t r a i n ,   w h i l e  n, p and q 
a r e   e m p i r i c a l l y   d e t e r m i n e d   e x p o n e n t s   o f   v a l u e s  -1, 
4 . 5  and 2, r e s p e c t i v e l y .  The u t i l i t y   o f  such a se t  
o f   s c a l i n g   r e l a t i o n s   i s ' o b v i o u s  and  an  example i s  
shown i n   F i g .  28. 

The   p reced ing   sca l i ng   behav io r   desc r ibes   t he  
e l a s t i c   b e h a v i o r   o f   t h e  Nb3Sn and  ceases t o  be v a l i d  
when f i l a m e n t   c r a c k i n g   o c c u r s .  An i n t e r e s t i n g   f e a t u r e  
o f  FM Nb3Sn i s   t h a t   i t s   s t r a i n   t o l e r a n c e   i s   r e m a r k a b l e  
f o r  a b r i t t l e   m a t e r i a l ,   s i n c e   b y   t h e   c o n v e n t i o n a l   r u l e  
o f  thumb, t t i e  NbgSn s h o u l d   f r a c t u r e   a t  a s t r a i n   o f  
0.2% o r   l e s s .  The s t r a i n   t o l e r a n c e   a r i s e s   b o t h   f r o m  
the   p recompress ion   ( t he  Nb3Sn must o f   c o u r s e  be  taken 
i n t o   t e n s i o n   b e f o r e  it can  crack)  and t h e   f i l a m e n t a r y  
n a t u r e  o f  t h e  phase. S i m p l e   e l a s t i c   s t r e s s   a n a l y s i s  
shows t h a t   t h e   s t r e s s   c o n c e n t r a t i o n   a t   t h e   r o o t   o f  a 
no tch   has   the   va lue   2 (c /p ) l I2 ,   where  c i s   t h e   c r a c k  
h a l f   l e n g t h  and p t h e   r a d i u s   o f   c u r v a t u r e   a t   t h e   n o t c h  
r o o t .  p i s   f i x e d ,   b e i n g  o f  t h e   o r d e r   o f   t h e   i n t e r -  
a tomic   spac ing  i n  a b r i t t l e   m a t e r i a l ,   l e a v i n g   t h e  
c r a c k   l e n g t h  as the   impor tan t   var iab le .   Notches   must  
be  expected'  i n   b r t t l e   m a t e r i a l s  (see, f o r  example, t h e  
i r r e g u l a r   r e a c t i o n   i n   F i g .   2 2 )  and w i t h o u t   p l a s t i c  
f l o w   t o   b l u n t   t h e   n o t c h ,  some cracking  must  a lways  be 
expected. The upper limit t o   t h e   c r a c k   l e n g t h   i s  
c l e a r l y   t h e   f i b e r   d i a m e t e r .   F o r  a 1 um d i a m e t e r '  
f i l a m e n t ,   t h e   s t r e s s   c o n c e n t r a t i o n   i s   a b o u t  45, r i s i n g  
t o  -1400 f o r  a 1 mm d i a .   f i l a m e n t .   F i n e   f i l a m e n t s  
t h u s   h a v e   h i g h e r   f a i l u r e   s t r e s s e s   ( a n d   s t r a i n s )  and 
t h e   i m p r o v e d   b e h a v i o r   o f   e v e n   f i n e r   f i l a m e n t s   i s  
c o n f i r m e d   i n   t h e   i n   s i t u  and s p e c i a l   f i n e   f i l a m e n t  Cu- 
Nb composites[17,81],  where f a i l u r e   s t r a i n s  as h igh  as 
1 t o  2% have  been  observed. 

Although  most  experiments  have been performed i n  
u n i a x i a l   t e n s i o n ,   t h e   c a s e   o f   b e n d i n g   i s   a l s o  
impor tan t .  Luhman e t  a1.[82] have shown t h a t   t h e  bend 
t o l e r a n c e   i s   n o t   a s   h i g h  as t h e   u n i a x i a l   s t r a i n  
to le rance .  The r e a s o n   f o r   t h i s   i s   t h a t   t h e   b r o n z e  on 
t h e   o u t e r , t e n s i o n   s i d e   o f   t h e   n e u t r a l   a x i s   y i e l d s  
b e f o r e   t h a t  on t h e   i n n e r   c i r c u m f e r e n c e ,   f o r c i n g   t h e  
n e u t r a l   a x i s   t o w a r d s   t h e   c e n t e r   o f   c u r v a t u r e   a n d  
p r e f e r e n t i a l l y  damaging t h e   o u t e r   f i l a m e n t s .  However, 
f o r   b o t h   t y p e s   o f   s t r e s s ,   t h e   f r a c t u r e   i s   p r o g r e s s i v e  
r a t h e r   t h a n   c a t a s t r o p h i c  and  bend . s t r a i n s   o f  -0.5% 
a p p e a r   f e a s i b l e   i n   p r a c t i c a l   c o n d u c t o r s .  

As a p r a c t i c a l   p o i n t ,  we may n o t e   t h a t   t h e   f i r s t  
c o i l s   t o  be wound o f  FM Nb3Sn per formed  very we1 1 a t  
s t r e s s e s   o f  up t o  150 MPaC591. T h e i r  quench c u r r e n t s  
were s u b s t a n t i a l l y   ( 3 5   t o  50%) g r e a t e r   t h a n   t h e   s h o r t  
sample c r i t i c a l   c u r r e n t s   b u t   s i n c e   t h e s e  were  obtained 
i n   t h e   e a r l y   1 9 7 0 ' s  when t r a i n i n g  was expected t o  
reduce   t he   behav io r   o f   t he   magne ts   t he   resu l t s  seemed 
improbable and  were n o t   p u b l i s h e d   u n t i l  some 3 y e a r s  
l a t e r C 5 9 1 .   I n   f a c t ,   t h e   e a r l i e s t   e x p e r i m e n t s  on t h e  
t e n s i l e   p r o p e r t i e s   o f   i n d i v i d u a l   w i r e s   p r o v e d   t h a t  i t  
was e a s i e r   t o  damage t h e   w i r e s   i n   i s o l a t i o n   t h a n  was 
t h e  Case when they  were wound i n t o   c o i l s ,  and reac ted  
i n  place. The p r o s p e c t s   f o r  magnet   use  are  therefore 
v2r.y good. S i n c e   t h e  maximum peak d e s i g n   s t r a i n  
seldom  exceeds 0.2% i n  a l a r g e  magnet, Nb3Sn has in 
p r i n c i p l e  a s a f e t y   m a r g i n  o f  2 t o  3 i n   s t r a i n .  The 
p r o b l e m   o f   u t i l i z i n g   t h e  Nb$n i s  thus  a p rob lem  o f  
e n s u r i n g   t h a t   t h i s   s t r a i n  will not   be   exceeded  o r   o f  
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providing  appropriate re1 ief   (extra   cool ing  e tc . )   for  
regions where i t  may be. 

Fabrication  Considerations 

Although the  usage of FM Nb3Sn does n o t  yet  
approach  that of Nb-Ti, t h e r e   i s  now a considerable 
forward committment t o  i t s  use in   l a rge  magnets and 
large  scale  production  l ines have been s e t  u p  t o  
produce i t .  We have already remarked on the  large 
d i v e r s i t y  of present  conductor  designs and the   ex ten t ,  
therefore ,  t o  which any one design can be considered 
standard i s   doubt fu l .  The design t o  be most widely 
produced  in the near   future   is ,  however, t h e  LCP 
strand  at  Airco  (Fig. 29) .  Over 100 extrusions of 
th i s   des ign   wi l l  be made and much will be learn t  a b o u t  
t he   e f f ec t  of process  variables  if  good 
charac te r iza t ions   a re  made of d i f f e r e n t   b i l l e t s  o f  
t h i s  conductor[83]. 

Fig. 29. The Airco LCP conductor. 
(Courtesy o f  P.  Sanger) 

Alternative  processing  routes of a var ie ty  of 
designs have been proposed and wire produced on a 
small scale .  Amongst these we  may c i te   the   ex te rna l  
diffusion  route,  applied  both  to  conventionally 
stacked Cu-Nb b i l l e t s  and i n - s i t u   b i l l e t s ,   t h e  use of 
Sn-rich compounds in  place of bronze  as  the Sn source 
and the  extensive work on in-situ  composites,  using 
both  casting and  powder extrusion  routes.  We refer  t o  
recent  reviews[10,11,15-17]  for more d e t a i l s  of these 
processes.   This  diversity of approach  emphasizes t h a t  
Nb3Sn o f  good qual i t y  can be produced in  a var ie ty  of 
ways, even i f  none of these  alternative  processes  has 
y e t  achieved  commercialization. 

Although cost   advantages  are  frequently  cited  in 
support o f  a l te rna t ive   rou tes  t o  FM Nb3Sn, i t  should 
be real ized  that   these arguments r e a l l y   r e s t  on a very 
uncertain  foundation. The reason  for  this i s  t h a t  we 
d o  n o t  yet  have f i rm  cost   data   ( that   i s   publ ished  a t  
least)  for  bronze  route Nb3Sn. A s ta r t   might ,  
however, be made by dividing  the  costs   into raw 
material and fabrication  categories.   Since the raw 
mater ia l   costs   tend  to  be similar from process   to  
process ,   th is  may indica te  whether much i s   t o  be 
gained from al ternat ive  processing.  The d a t a  i n  
Tables 4 and 5 enable  such a comparison t o  be made for  
Nb-Ti b u t  I am n o t  aware o f  any comparable  data  for 
Nb3Sn. 

Fig. 30. Expanded Nb sheet used in   the   Je l ly  Roil 
NbgSn composite shown in  Fig.  31.  (Courtesy 
of  W.K.McDonald.) 

One var iant  of the  bronze  process  recently 
proposed by Wah Chang does however deserve some 
mention i n  view of i t s   i n t e re s t ing   p rope r t i e s  and 
apparent  production  simplicity. Nb f o i l   i s   s l i t  on a 
conventional s l i t t e r  used t o  produce expanded mesh 
(Fig. 30) and rol led  in  a " j e l l y  or Swiss rol l"   with 
bronze sheet, so as  t o  produce a multiply  connected 
filament  network.  After  wrapping  with a diffusion 
barr ier  and a Cu s t a b i l i z e r ,   t h e   b i l l e t   i s  compacted 
and then  extruded and drawn in a conventional 
mannerC841. Recent reports  o f  the  AC loss of t h i s  
composite  (Fig.  31)  suggest  that i t   a c t s  much  more 
l i k e  a conventionally  stacked  composite  with 
disconnected  filaments  than a multiply  connected  in 
s i t u  compositeC851. The prospects   for   this  Wah Chang 
process may be considerable ,   therefore ,   in  view o f  the  
el iminat ion o f  much b i l le t   s tack ing  and mult iple  
extrusion work. 

Fig. 31. The J e l l y  Roll Nb3Sn composite  of Wah 
Chang. (Courtesy of W.K. McDonald.) 



1685 

ACKNOWLEDGEMENTS 34. J.S. A lcorn ,  J.R. P u r c e l l  , W.Y. Chen  and Y.H. Hsu, 

A number o f  people  deserve my t h a n k s   f o r   h e l p   i n  
t h e   p r e p a r a t i o n   o f   t h i s   r e v i e w .  I am p a r t i c u l a r l y  
i n d e b t e d   t o  members o f  my own g r o u p   f o r   d i s c u s s i o n s  
and a s s i s t a n c e ;   p a r t i c u l a r l y   D a v i d  G. Hawksworth, 
Dav id  B. Smathers  and  David  L.  Moffat.  The use o f  
unpub l   i shed  thes is  work o f   D a v i d  G. Hawksworth and 
David B. Smathers i s   a l s o   g r a t e f u l l y  acknowledged. 
Recen t   d i scuss ions   w i th  Dr. Masaki Suenaga on t h e  
p r o p e r t i e s   o f  Nb3Sn were   a lso   o f   g rea t   ass is tance.  

F i n a l l y  I am p leased  to   acknowledge  the   suppor t  
f o r  our   research  prov ided  by  the  Depar tment   o f   Energy,  
O f f i c e   o f   F u s i o n   E n e r g y  and  Energy  Storage  Systems. 

REFERENCES 
Workshop  Panel  Session,  "Superconductors f o r  
Magnets:   Front iers   o f   Technoloqy,"   Sess ion WA-1, 

1. 

2. 

3. 
4. 

5. 

6. 

7. 

8. 
9. 
10. 
11. 
12. 
13. 
14. 
15. 
16. 

t h i s   c o n f e r e n c e .  
D.B. Montgomery,  Proceedings o f   t h e   6 t h  Symposium 
on Eng. Problems of   Fus ion  Research,  IEEE 
P u b l i c a t i o n  75CH1097-5-NPSY p. 122  (1975). 
M.A. Green,  paper DD-1, t h i s   c o n f e r e n c e .  
Advances i n  Cryogenic   Engineer ing 26 10,  Plenum 
Press  (1981). 
F i lamentary  A15 Superconductors ,   ed i to rs  M. 
Suenaga  and A.F. C la rk ,  Plenum  Press  (1980). 
S u p e r c o n d u c t i n g   M a t e r i a l s ,   e d i t o r s  S. Foner and 
B.B. Schwartz,  Plenum  Press  (1981). 
Proceed ings   o f   the   1980 Appl i e d   S u p e r c o n d u c t i v i t y  
Conference, I E E E  Trans. MAG. 17 1 (1981). 
D.C. La rba les t i e r ,   Re f .  4. 
O.C. La rba les t i e r ,   Re f .  6. 
M. Suenaga,  Ref. 6. 
M. Suenaga, Ref. 7. 
H. Hi l lmann,  Ref. 6. 
D.O. Welch,  Ref. 4. 
J.W. Ekin,  Ref. 6. 
D.K. Finnemore,  Ref. 4. 
S. Foner,  Proceedings o f   t h e   8 t h  Symposium on 
Enqineer inq  Problems  o f   Fus ion  Research,  IEEE 

-- - 

Publ i c a t i o n  79CH1441-5-NPSY p. 230 (1979). 
17. R. Roberge,  Ref. 6. 
18. J. Bevk, M. Tinkham, F. Habbal, C.J. Lobb and 

19. A.I. B r a g i n s k i  and G.R. Wagner, Ref. 7, p. 243. 
20. R. F luk iger ,   Ref .  6. 
21. A.W. West, Un ive rs i t y   o f   W iscons in ,   unpub l i shed .  
22. A.W. West and R.D. Rawlings, J. Mat. Sc i .  2, 1862 

23. J.E. Evet ts ,  J.R. Cave, R.E. Somekh, J.P. Stan ton  

24. D.B. Smathers  and D.C. L a r b a l e s t i e r ,  Ref. 4, 

25. D.B. Smathers and D.C. L a r b a l e s t i e r ,  Ref. 5, 

26. D.G. Hawksworth and D.C. La rba les t i e r ,   Re f .  16, 

27. E.J. Kramer, J. Appl. Phys. c, 1360  (1973). 
28. D.G. Hawksworth, Ph.0. t h e s i s ,   U n i v e r s i t y   o f  

Wisconsin  (1981).  
29. N.E. A lekseevsk i ,  0. Ivanov, 1.1. Rayevsk i i  and 

N.V. S tepanov ,   Sov ie t   Phys i cs   Dok lady12 ,g  
(1 968) . 
Met. 37, 8  883  (1973). 

pub1 ished. 

Phys. Rev. 14.7, 295 (1967). 

Beasley, Phys. Rev. 4545 (1979). 

J.P. Harbison,  Ref. 7,  p. 235. 

(1977). 

and A.M. Campbell,  Ref.  7 p. 360. 

p. 415. 

p. 143. 

p. 249. 

30. T. Hor iuch i ,  Y. Monju  and N. Nagai, J. Jap. I n s t .  

31. D.G. Z w k s w o r t h  and D.C. L a r b a l e s t i e r ,   t o   b e  

32. N.R. Werthamer, E. He l fand and P.C. Hohenberg, 

33. T.P. Or1andcE.J .   McN i f f ,  Jr., S. Foner and M.R. 

35. 

36. 

37. 

38. 
39. 
40. 

41. 

42. 

43. 

44. 

Ref.  7 p. 642. 
I. P f e i f f e r  and H. Hi l lmann,  Acta Met. 2 1429 
(1968). 
D.F. Neal, A.C. Barber, A. Woolcock  and J.A.F. 
G id ley ,   Ac ta  Met 19 143  (1971). 
P.R. Cr i t ch low,  E. Gregory and B. Z e i t l i n ,  
Cryogenics 11 3  (1971). 
A.M. West and D.C. La rba l   es t i e r ,   Re f .  4. 
A.W. West and D.C. La rba les t i e r ,   Re f .  7, p. 65. 
H. H i l lmann ,   I n t .   D i sc .   Mee t ing   on   F lux   P inn ing   i n  
Superconductors,  Sonnenberg, W. Germany (1974) 
p. 235. 
O x f o r d   D i c t i o n a r y   o f   Q u o t a t i o n s ,   O x f o r d   U n i v e r s i t y  
Press  (1979) p. 187. 
A.S.T.M. committee, F. F i c k e t t ,  NBS Boulder ,  COY 
p r iva te   communica t ion .  
K.F. Hwang and D.C. L a r b a l e s t i e r ,  IEEE Trans. Mag. - 15, 1 p. 400  (1979). 
W.A. F i e t z  and W.W. Webb, Phys. Rev. 178 p. 657 
I 1 oca \  

45. D.G. Hawksworth  and D.C. L a r b a l e s t i e r ,  Ref.  7 

46. E.J. Kramer, J. E l e c t r o n i c   M a t l s .  4, 839  (1975). 
47. R.G. Hampshire  and M.T. T a y l o r ,  J. Phys.  F 2, 89 

(1972). 
48. H.R. Segal, T. M. H r y c a r j ,  Z.J.J. Stek ley ,  T.A. 

dewin ter  and K. Hemachalem, Ref.  16, p. 274. 
49. H.R. Segal, Z.J.J; Stek ley,  T.A. dewin ter  and K. 

Hemachalem, paper  BB-10, t h i s   con fe rence .  
50. R.H. Remsbottom, U n i v e r s i t y   o f   W i s c o n s i n ,   p r i v a t e  

communication. 
51. B.A. Ze i t l   in ,   In te rmagnet ics   Genera l   Corpora t ion ,  

\ I jr"2,. 

p. 49. 

p r iva te   communica t ion .  
52. R.J. Marsh  and W.K. McDonald.  Teledyne Wah Chang, 

53. 

54. 

55. 

p r iva te   communica t ion .  
C.W. C u r t i s  and W.K. McDonald, I E E E  Trans. MAG. 
- 13,  769  (1977). 
E. Gregory, E. Adam, S. Hong, W. Marancik. P. 
Sanger, C. Spencer,  paper FB-1, t h i s   con fe rence .  
D.C. L a r b a l e s t i e r ,  P.E. Madsen, J.A. Lee, M.N. 
Wi lson and J.P. Char leswor th,  I E E E  Trans. MAG 2, 
247 (1975). 

56. E. Greaorv. W.G. Marancik and F.T. Ormand,  IEEE 
Trans."MAt-11, 295 (1975). 

57. D.C. L a b a l e x i e r ,  I E E E  Trans M A G E ,  209  (1979). 
58. D.C. L a r b a l e s t i e r ,  J.E. Magraw  and M.N. Wilson, 

59. D.C. L a r b a l e s t i e c  Proc. MT-6, A l f a  Publ. Co., 
I E E E  Trans. MAG 13, 462  (1977). 

B r a t i s l  ava  1080  (1978). 
60. J.A. Lee and C.A. S c o t t ,   i b i d ,  p. 35,  Ref. 5. 
61. P.A. Sanger, E. Adam, E. I o r i a t t i  and S. R ichards,  

62. R. Scanlan,  Lawrence  Livermore  National Lab, 

63. V.M. Horr igan,  Met. Trans A E ,  785  (1977). 
64. M. Suenaga  and D.O. Welch,  Ref. 5, p. 131. 
65. D.B. Smathers,  unpublished  work. 
66. T. P. Or1 ando, J.A. A1 exander, S. J. Bending, J. 

Kwo, S.J. Poor, R.H. Hammond, M.R. Beasley, E.J. 
McNi f f ,  Jr.; and S. Foner,  Ref. 7,  p. 368. 

R. F l u k i g e r   t o  appear i n  J. M a t .  Sc i .  

Fa r re l l ,   Re f .  7,  p. 364. 3140 

Ref. 7,  p. 666. 

p r iva te   communica t ion .  

67. H. Devantay, J.L. Jorda, M. DeCr oux, J. Mu1 l e r  and 

68. R.W. Hoard, R.M. Scanlan, G.S. Smith and C.L. 

69. R. F luk iger ,   Repor t  KFK Oct.1980,Kernforschungs- 

70. O.M. Kroeger, D.S. Easton, C.C. Koch and A. 

71. R. Roberge, H. LeHuy, S. Foner, t o  appear i n  Phys. 

72. R. F l u k i g e r ,  W. Specking, B. Schmidt and E. 

73. S. Foner and E.J. McNi f f ,  Jr., Appl.  Phys.  Letts. 

zentrum Karlsruhe 

DasGupta,  Ref. 5, p. 205. 

L e t t .  

Springer,  paper GB-6, t h i s   con fe rence .  

- 32,  122  (1978). 



1686 

74. H. Sekine and K. Tachikawa, Appl. Phys. Let ts .  3 5 ,  

75. H. Hillman. H. P f i s t e r .  E. Sorinaer.  M. Wilhelm 
472 (1979)- 

and K. Wohlleben,  Ref.; p. 1 7 .  

1 5 ,  784 (1979). 

, - ,  

76. S.O. Hong and D.C.  Larba les t ie r ,  IEEE Trans MAG 

77. T O .  Hong  and D.C. Larbalestier,  unpublished work. 
78. M.S. !z’alker, J.M. Cutro, B.A. Z e i t l i n ,  G.M. 

Ozeryansky, R.E. Schwa1 1 ,  C.E. Oberly, J.C. Ho and 
J.A. Wool 1 am,  IEEE Trans MAG 2 80  (1979). 

79. J.W. Ekin, Ref. 7 ,  p. 658. 
80. G. R u p p ,  Ref. 7, p. 1099. 
81. S.F. Cogan, D.S. Holmes, R.M. Rose, J. Appl. Phys. 

82. 7 Luhman, D.O. Welch, M. Suenaga, Ref.  7, p. 662. 
83. P. Sanger,  Airco,  private communication. 
84. W.K. McDonald, idah Chang, pr iva te  communication. 
85. S.S .  Shen, Oak Ridge  National Lab, pr iva te  

51 4332 (1980). 

communication. 


