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THE METALLURGICAL DESIGN OF Nb-Ti AND NbgSn 
MULTIFILAMENT  SUPERCONDUCTORS 

D .  C .  Larbalest ier* 

ABSTRACT 

Although the   meta l lurg ica l   p roper t ies   a re   on ly   one  
of a number of  important  concerns  in the design  of a 
useful  multif i lament magnet conductor,  they  are  of ba- 
s ic   importance  both  to   the  fabr icat ion  process  and t o  
the   c r i t i ca l   cu r ren t   dens i ty   J c .  In this   paper  we dis- 
cus some of the implications  of making cer ta in   metal-  
lurgical   choices  - f o r  example  in  the Nb-Ti system  high 
Jc  may be obtained  over a range  of  alloy  contents  and 
for  bronze  route Nb3Sn conductors a variety  of  bronze 
to  Nb ra t ios   a re   chosen .  Some of the  consequences  of 
the  choice  are  explored  with  respect  to  the  basic 
superconducting  properties Tc and Hc2, the s t rongly 
s t ruc tu re   s ens i t i ve   p rope r ty   J c ,   t he   f ab r i cab i l i t y  and 
the  mechanical   s tabi l i ty .  

NIOBIUPI  TITANIUM 

Niobium t i tanium  al loys have been the superconduct- 
ing work horse  for  we1 1 over  10  years. However i t   i s  
i n t e re s t ing   t o   no te   t ha t  an e thnic   d ivers i ty   in   s tan-  
dard  compositions  of Nb-Ti has  emerged. A t  the  low Ti 
end i s  IMI  (UK) w i t h  Nb 44w/o Ti ,  the standard U.S. 
a l l o y ,  Nb 46.5w/o T i ,   l i e s   i n  the middle  while the 
Germans have generally  preferred a higher  Ti  al loy,  Nb 
50w/o T i .  Standard  tolerances on these   a l loys   a r e  gen- 
e r a l l y  +2w/o so i t  can be seen   t ha t   t he re   i s  some over- 
lap .  Higher T i  a l l o y s   a r e  sometimes a l s o  found e .g .  Nb 
53-55w/o Ti b u t  the   o r ig ina l  Atomics International  hish 
Ti a l l o y  Nb 65w/o Ti has f a l l en   i n to   d i s f avor .1  By 
reference to  the  phase  diaaram shown in   f i gu re  1 i t  can 
be seen t h a t  a consequence  of  going  to  higher Ti con- 
t e n t s   i s   t o  make the body centered  cubic  (bcc) Nb s o l i d  
solution  phase B want to  break down t o  a 2 phase  mixture 
of  and a-Ti. A t  f i e l d s  i n  the  technical  ranqe  of 
i n t e r e s t  w T i  i s  not  superconducting and can be an ef-  
f ic ien t   f lux   p inner .  We explore  some of  the  conse- 
quences o f   t h i s  phase in s t ab i l i t y   i n   t he   s ec t ions   t ha t  
f o l l  ow. 

Basic  Superconducting  Properties 

The f i r s t   s e l e c t i o n   o f  an i n t e r e s t i n g  superconduc- 
t ing  magnet  material i s  on the  basis  of  suitably  high 
values  of Tc and Hc2.  The  Tc of the NbTi a l loys   i s   we l l  
known, lying i n  the  range 9-9.3K f o r  Nb 40-50w/o Ti ,2  
although a value  as low as  8.5K has been reported  for  
an optimized  conductor  of Nb 49.9w/o Ti .  3 There  has 
been more disagreement on the subject  of Hc2 although 
recent  measurements a r e   i n  agreement t h a t  Hc2 a t t a i n s  
maximum values  of  about 11 Tesla a t  4.2K. 3,4 Reduced 
f ie ld   values   of  k 2  f o r  4 commercial a l l o y s   a r e  
given  in  Table 1 from which i t  can be seen  that  Hc2 i s  

TABLE I 
Hc2 Values  of Commercial NbTi 4 

relatively  independent  of  composition  over  the  range 
46.5-53w/o T i .  T h i s  is   pr imari ly   because Tc and Hc2 
are  determined by the  composition  of the p phase. Be- 
yond about Nb 50 T i  a prec ip i ta t ion  becomes increasingly 
important  and tends to   ensure   tha t   the   mat r ix  composi- 
tion  remains  about Nb 48w/o Ti.   Increases  in Hc2 over 
these  values have t o  be achieved by going  to  ternary 
and quaternary  cornpositions.5 

Cr i t ica l  Current Density 

In con t r a s t   t o  Tc and Hc2 which a r e   r e l a t i v e l y  
f ixed   quan t i t i e s  the current   densi ty   Jc   is   extremely 
s t r u c t u r e   s e n s i t i v e  and there  has been continual  prog- 
ress  i n  increasing  Jc   s ince the era   o f   s ing le   f i l ament  
NbTi  when a Jc  (5T, 4.2K) value  of 1000 A/mm2 was  good 
and peak e f f e c t s  were common. Today commercial f i n e  
f i lament  (10Um dia .  and g r e a t e r )   a l l o y s  can  regularly be 
obtained  with  Jc  in  the 1750-2000 A/mm2 (5T,  4.2K)4 
range and l i t e ra ture   va lues   o f  u p  to  3600 A/mm2 (5T, 
4.2K) have been ouoted.8 Such high  values do not  appear 
t o  be ava i lab le  from regular  production. However we 
have obtained a production  alloy from Vacuumschmelze 
w i t h  Jc  (5T, 4.2K) = 2700 A / m m z .  The f u l l  Jc/H curve 
f o r  this and o ther  commercial compositions  of NbTi a r e  
shown i n  f i g u r e  2 .  Note however t h a t  a second nominal 
Nb 50w/o Ti a l l o y  had Jc  of  only  1800 A/mm2. Since  the 
J C  i s  SO stronqly  microstructure  dependent  _these  values 
need to  b2 taken  as  guides rdther than  auarantFes. 

Our general  understanding  of how the  mfcrostructure  
of Nb-Ti a l loys  determines  the  Jc   is  good and t h i s  sub- 
j e c t  has  recently been reviewed by F ? c l n t ~ r f f . ~ .  For the  
lower Ti a l l o y s  i n  the  approximate  range Nb 40-48w/o Ti 
a-Ti r i ch   p rec i ? i t a t e s   a r e   e i t he r   no t  found or found in  
only  small   quantit ies.  Here a high  Jc  requires  the 
development  of a highly  dis located  cel l   s t ructure   pro-  
duced by the  large  area  reduct ions  (general ly  > lO4:l) 
of  wire  drawing. Such a s t r u c t u r e   i s  shown in   f i gu re   3 .  
A study by Neal e t  a16 showed tha t   J c  i s  proportional 
t o  the inverse  of   the   cel l   s ize .   Since  the  cel l   s ize  
is   only  s lowly  ref ined by wire  drawing,  such  composi- 
t ions  need area  reductions of  between 104-105:l t o  
develop optimum Jc and f ine   f i l amen t s  (10-25um d i a . )  
are  consequently  preferred.  

A t  higher T i  contents  ( the  exact  composition  is  
var iab le  dependinq on the  0 and PI content ,  the heat 
treatment and the   d i s loca t ion   dens i ty)  a-Ti prec ip i t ion  
becoma a;; important   factor .  Optimum Jc  appears  to be 
developed by sequent ia l   precipi ta t ion  t reatments  (-400°C) 
and draw Such treatments  'have been shown to 
nucleate  very  small  a-Ti  precipitates 2-10nm in   d i a .  
within  the  cel l   wal ls  and the double  f lux  pinning  effect  
of t he   ce l l   wa l l   s t ruc tu re  and the  hiah  densitv  of  small  
a-regions i s   r e spons ib l e   fo r   t he   ve ry 'h igh   va l i e s   o f   J c  
obtained,  The advantages  of  Jc shown  by the  well   opti-  
mized Nb 50 Ti al1o.y a re   ev iden t   i n   f i gu re  2, Jc  beinc 

f i e l d s .  The pr incipal   advantage  is  however in   the  low 
Nb 46.5w/o T i  14.4  Tesla  14.1  13.9 11.1 and mid field  range,  declining  towards Hc2. A t  higher 

49.7w/o Ti  14.3  14.0  13.8  11.0 T i  contents   the a-Ti p r e c i p i t a t e s  become pregressively 
50.4w/o T i  14.2  13.9 13.7 10.9 l a r g e r  and the   a l loys  more d i f f i c u l t   t o  draw. The net  
52.7w/o Ti 14.1 13.8  13.6  19.9  effect i s   t o  make flux  pinning by p r e c i p i t a t e s  now t!w 

determinant o f  Jc .  Hiqh values  of  Jc  can now be  develop- 
ed with 1 ess  cold work and t h e r e   i s  a tendency f o r   t h e  
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F a b r i c a b i l  i t y  a n d   Y e c h a n i c a l   S t a b i l i t y  

O f  m a j o r   i m p o r t a n c e   t o   t h e   c o s t   a n d   a v a i l a b i l i t y  
i s   t h e   a b i l i t y   o f  a m a n u f a c t u r e r   t o   f a b r i c a t e   t h e  com- 
p o s i t e   w i t h  a minimum o f   s p e c i a l   h a n d l i n g   a n d  a maximum 
o f   c o n f i d e n c e .   W i t h   p r e s e n t l y   a v a i l a b l e   i n t e r s t i t i a l  
l i m i t s  (O+C+N - 1000 ppm max.)6911 t h e   l o w   T i   a l l o y s  
such  as Nb 44-48w/o a r e   e a s i l y   f a b r i c a b l e  down t o  lOum 
d i a .   f i l a m e n t s .   H i g h   T i   a l l o y s  ,55w/o T i   e x h i b i t   r o b -  
lems  due t o   t h e   p r e s e n c e   o f   s u b s t a n t i a l  2nd  phase. I; 
The q u e s t i o n   o f  Nb 5Ow/o T i   i s   i n t e r e s t i n g .   R e p o r t e d  
methods o f   m a x i m i z i n g  Jc a r e   b y   g i v i n g   m u l t i p l e   a r e c -  
i p i t a t i o n   h e a t   t r e a t m e n t   a n d   c o l d  draw c y c l e s . 3 ~ 8  A 
c h a r a c t e r i s t i c   o f   a t   l e a s t  some samples o f   t h i s   a l l o y  
i s   t h e   v e r y   e v i d e n t   d i s t o r t e d  shape o f   t h e   f i l a m e n t s  
as may be  seen i n   f i g u r e   4 .  Such composi tes show some- 
w h a t   g r e a t e r   r e s i s t i v e   s l o p e s   i n   t h e i r  V/I c h a r a c t e r i s -  
t i c  compared t o  Nb 46 .5   T i .  The general   tendency  ap- 
p e a r s   t o  be t h a t   t h e   f i n e s t   f i l a m e n t s   a r e   m o s t   e a s i l y  
produced  f rom  s ing le  phase  h igher  Nb a l l o y s  (Nb  44-46.5 
T i ) ,   t h e  minimum f i l a m e n t   d i a m e t e r   i n c r e a s i n g   a s   t h e   T i  
content   does.  The i n t e r m e d i a t e   a l l o y  Nb 50 T i  appears 
t o  pose some i n t e r e s t i n g   f a b r i c a t i o n   p r o b l e m s  and  more 
pub l i shed   i n fo rma t ion   on   t h i s   sub jec t   wou ld   be   use fu l .  
We a r e   c u r r e n t l y   p r o c e s s i n g  a b i l l e t   o f   t h i s   m a t e r i a l  
and will r e p o r t  on o u r   f i n d i n g s   a t  a l a t e r   d a t e .  

Another   aspect  o f   t h e  mechanical   behavior o f   t h e  
N b - T i   a l l o y s   i s   t h e i r   r e s p o n s e   t o   s t r e s s   a t  4.2K. D i s -  
c o n t i n u o u s   y i e l d i n g  and  consequent  heat ing o f   t h e  Nb T i  
in to   the   normal   s ta te   have  been  observed  by  a number o f  
w o r k e r s   b o t h   f o r   s i n g l e   h a s e  p a l l o y s ,  Nb 44 T i ,  and 
t h e  2 phase Nb 50 Ti.1Z973  Various  causes  have  been 
p r o p o s e d   i n c l u d i n g   j e r k y   d i s l o c a t i o n   f l o w ,   t w i n n i n g   o r  
t h e   m a r t e n s i t i c   b r e a k d o w n   o f   t h e  6 phase. A p o r t i o n   o f  
t h e  r 'k  c u r v e   ( t h e   t e m p e r a t u r e   a t   w h i c h   t h e   t r a n s f o r m a -  
t i o n   o c c u r s   s o l e l y  on c o o l i n g )   i s  shown i n   f i q .  1 and 
i t  has   been   sugges ted   t ha t   t h i s   ex t rapo la tes   t o  a 
c o m p o s i t i o n   o f  Nb 49 T i  a t  4K.74 I n   o t h e r  systems 
p l a s t i c   d e f o r m a t i o n   m a r k e d l y  enhances  the  t ransformat ion 
so i t  may be tha t   the   commerc ia l   a l loys   can   be  made 
u n s t a b l e   b y   s t r e s s i n g  a t  4.ZK. All a l l o y s  (Nb  44-53 T i )  
t h e r e f o r e   a p p e a r   p o t e n t i a l l y   u n s t a b l e   t o   s t r e s s ,   t h e  
e f f e c t   i n c r e a s i n g   a s   t h e  T i  content   increases.   Magnet  
des igners  who a r e   i n c l i n e d   t o w a r d s   t h e   v i e w   t h a t   s u c h  
phenomena may be  a cause o f   t r a i n i n g   i n   h i g h   c u r r e n t  
d e n s i t y  magnets may t h e r e f o r e   p r e f e r   t h e   h i g h e r  Nb a l l o y  
c o n d u c t o r s ,   d u e   t o   t h e i r   l e s s e r   t e n d e n c y   t o   i n s t a b i l i t y .  

NIOBIUM TIN 

The  development o f   f i l a m e n t a r y  (FM) Nb3Sn conduc- 
t o r s   u s i n g   t h e   b r o n z e   r o u t e  has g rea t l y   w idened   the  
a p p l i c a t i o n s   f o r  Nb3Sn over   those  that   can  be  met   by 
t h e   u s e   o f   t a p e .  The   bas i c   me ta l l u rg i ca l   dev i ce   used  
t o   p r o d u c e  Nb3Sn i n   f i l a m e n t a r y   f o r m  - t h a t   o f   c o -  
d r a w i n g   t h e   d u c t i l e  components o f  Cu o r  Cu-Sn a l l o y  
and Nb a n d   d e f e r r i n g   t h e   f o r m a t i o n   o f  Nb3Sn t o  an i n t e r -  
d i f f u s i o n   h e a t   t r e a t m e n t   a t   t h e   f i n a l   w i r e   s i z e  i s  
c a p a b l e   o f  a number o f   v a r i a n t s   b u t  we will c o n f i n e   o u r  
d i s c u s s i o n   h e r e   t o   t h e   p r o p e r t i e s   o f   b r o n z e   r o u t e   m u l t i -  
f i l a m e n t   c o m p o s i t e s .   M i r r o r i n g   t h e   d i v e r s i t y   o f   a l l o y  
c o n t e n t s   f o u n d   i n   N b - T i   a l l o y s ,   t h e r e   i s   a l s o   i m p o r t a n t  
d i v e r s i t y   i n   t h e   d e s i g n   o f  FM Nb3Sn conductors,  most 
n o t a b l y   w i t h   r e s p e c t   t o   t h e   b r o n z e   t o  Nb r a t i o  and t o  
t h e   f i l a m e n t   s i z e .  The s i g n i f i c a n c e   t h a t   t h i s   h a s  on 
d e t e r m i n i n g   t h e   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   i s   c o n s i d e r -  
a b l e  and we he re   d i scuss  some o f   t h e  consequences. 

Bas ic   Superconduct ing   Proper t ies  

I n   c o n s i d e r i n g   t h e   p r o p e r t i e s   o f  Nb3Sn, t h e  com- 
p o s i t i o n   o f   t h e  phase i s   i m p o r t a n t .  However, r e l i a b l e  
v a l u e s   a r e   s e l d o m   o b t a i n e d ,   e s p e c i a l l y   i n   f i n e   f i l a -  
mentary   form,   because  the  ext reme  th inness  o f   most  
r e a c t i o n   l a y e r s  (1 -3pm)   p rec ludes   the   use   o f   the   e lec-  

t r o n   p r o b e  as a q u a n t i t a t i v e   t o o l .   I n   t h e   b i n a r y  
system  the  phase  ex is ts   over   the  range  18-26a/o Sn16 
and t h e  Tc i s  f o u n d   t o   f a l l   o f f   s h a r p l y  way f r o m   t h e  
s t o i c h i o m e t r i c  Nb 25a/o Sn c o m p o s i t i o n . l g   F o r t u n a t e l y ,  
when d i f f u s i o n   l a y e r s   o f  NbgSn a r e  grown, a s u b s t a n t i a l  
p r o p o r t i o n   o f   t h e   l a y e r   i s   a p p a r e n t l y   a t   o r   n e a r  
s t o i c h i o m e t r y   j u d g i n g   f r o m   t h e   h i g h   v a l u e s   o f  Tc,  Jc 
and Hc2 t h a t   c a n   b e   o b t a i n e d .  Tc and Hc2 a r e   a l s o  
known t o  b e   s e n s i t i v e   t o   s t r e s s   a n d   i n   p a r t i c u l a r   t o  
the   magn i tude   o f   t he   p recompress ion   exe r ted   on  them by 
t h e   g r e a t e r   t h e r m a l   c o n t r a c t i o n   o f   s u r r o u n d i n g   b r o n z e  
mat r ix .18-20   Tc   depress ions   o f   up   to   1 -1 /2K  f rom  the  
b u l k   v a l u e   o f  18.2K a r e   o b t a i n e d  when t h e   r a t i o   o f  
b r o n z e   t o  Nb3Sn i s   v e r y   1 a r g e . l g   I n  FM conductors,  how- 
ever ,   as   the  NbgSn l a y e r  grows the  precompress ion  de-  
c l i n e s   t o   s u f f i c i e n t l y   l o w   v a l u e s   t h a t   b u l k   v a l u e s   o f  
Tc (18-18.2K)   are  obta inable.21 

The s i t u a t i o n   w i t h   r e s p e c t   t o  Hc2 i s   l e s s   c l e a r ,  
few  measurements o f  Jc be ing  made up t o  Hc2. Fo r  many 
r e a c t i o n   c o n d i t i o n s  Hcp can  be  determined  by  making a 
l i n e a r   e x t r a p o l a t i o n   o f   I c 1 / 2   v s .  H t o   z e r o .  We have 
f o u n d   t h i s   f u n c t i o n   t o  be l i n e a r   o v e r   t h e   r a n g e  - 10-17 
Tes la .  The Hc2 v a l u e   i s   f o u n d   t o  depend  both  on  the 
f i l a m e n t   s i z e ,   t h e   d e g r e e   o f   r e a c t i o n   a n d   t h e   h e a t  
t rea tmen t .   La rge   ra t i o   compos i tes  (e.q. bronze: Nb 
r a t i o   4 . 7 : l )   g i v e   l o w e r  maximum v a l u e s   o f  Hc2 ( -  20 
Tes la )   t han   t hose   exh ib i t ed   by   compos i tes   w i th   l ower  
r a t i o   ( a t   2 . 7 : l  Hc2 c a n   a t t a i n  22 T e s l a ) . l S  However i t  
a p p e a r s   t h a t   t h e  Hc2 o f   t h e   h i g h   r a t i o   c o m p o s i t e s   c a n   b e  
made t o  a p p r o a c h   t h a t   o f   t h e   l o w e r   r a t i o   b y   a p p l y i n g  a 
s u i t a b l e   t e n s i l e   s t r e s s . 2 2   I n  so d o i n g ,   t h e   p r e -  
c o m p r e s s i o n   e x e r t e d   b y   t h e   c o n f i n i n g   b r o n z e   m a t r i x   i s  
r e d u c e d   a n d   t h e   d e t r i m e n t a l   e f f e c t   o f   c o m p r e s s i o n   o n  Tc 
and  Hc2  removed. A1 though i t  i s  c o n v e n i e n t   t o   d e f i n e  
these  composi tes i n  t e r m s   o f   t h e  known r a t i o   o f   b r o n z e  
t o  Nb, i t  i s   o f   c o u r s e   t h e   b r o n z e   t o  Nb3Sn r a t i o   w h i c h  
d o m i n a t e s   t h e   p r o p e r t i e s   o f   t h e   r e a c t e d   c o m p o s i t e .  
Except,  however, i n   t h e  case o f   f u l l y   r e a c t e d   f i l a m e n t s  
o f   u n i f o r m   c o m p o s i t i o n ,  i t  i s   n o t  easy t o   d e f i n e   t h i s  
r a t i o . 2 1  Hc2 and Tc are   expec ted  t o  i n c r e a s e   w i t h   t h e  
e x t e n t   o f   r e a c t i o n ,  so long  as   the   decreas ing   b ronze:  
Nb3Sn r a t i o   e f f e c t   i s   n o t   c o u n t e r e d   b y   t h e   c h a n g e   o f  
s t o i c h i o m e t r i c  Nb3Sn o f  o p t i m u m   p r o o e r t i e s   t o  Sn 
d e f i c i e n t  Nb3Sn o f   p o o r e r   p r o p e r t i e s .  Such may occur  
f o r  composites  where  there i s   i n s u f f i c i e n t  Sn t o  com- 
p l e t e l y   r e a c t   t h e  Nb t o   s t o i c h i o m e t r i c  Nb3Sn. Th is  
o c c u r s   f o r  13w/o Sn b ronzes   on l y  when t h e   b r o n z e   t o  Nb 
r a t i o   f a l l s   b e l o w   3 : l   b y  volume. 

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

For  FM Nb3Sn c o m p o s i t e s ,   t h e   o n l y   m i c r o s t r u c t u r a l  
f e a t u r e   r e s p o n s i b l e   f o r   f l u x   p i n n i n g   i s   t h e   g r a i n  bound- 
ary23,24  and t h i s   g i v e s  a l o p s i d e d  shape t o   t h e   p i n n i n g  
f o r c e   c u r v e   o f  Nb Sn i n   c o r w r 7 s o n   t o  Nb T i   ( F i g .   5 ) .  
F o l l o w i n g   K r a m ~ , ? ~  i t  appears   t ha t  i n  t h e   l o w   f i e l d  
regime (< 8 - 9   T e s l a ) ,   l o w   t e m p e r a t u r e   r e a c t i o n   t r e a t -  
ments on  f i n e   f i l a m e n t s   p r o d u c e   t h e   h i q h e s t   J c   s i n c e  
these  cond i t ions   min imize   g ra in   g rowth   and  max imize   the  
gra in   boundary   c ross-sec t ion .   Th is  i s  bo rne   ou t   by   ou r  
measurements  on the   4 .6 : l   b ronze :  Nb r a t i o  AERE com- 
p o s i t e  CF87:15,21 a t  600°C Jc  (5T)  increases1 mono- 
t o n i c a l l y   w i t h   t i m e ,   r e a c h i n g  a v a l u e   o f  1800 A/mm2 
a f t e r  1 2 5 0   h o u r s   r e a c t i o n   w h i l e   a t ,  750°C t h e  Jc  peaks 
a t  1650 A / m d  a f t e r  -200  hours o f   r e a c t i o n .  All values  
o f  Jc q u o t e d   h e r e   a r e   r e f e r r e d   t o   t h e   o r i g i n a l   b r o n z e  
+ Nb c r o s s - s e c t i o n   u n l e s s   o t h e r w i s e   s t a t e d .  

A t  h i g h   f i e l d s   t h e   g r a i n   s t r u c t u r e   i s  much l e s s  
s i g n i f i c a n t  and t h e   v a l u e   o f  Hcz appears t o   e x e r t   t h e  
dominat ing  in f luence  on  Jc,   even 5-7 Tes la   be l  ow Hc2, 
i .e. i n   t h e  13-1 5T range. We have   p rev ious l y   d i scussed  
t h e   o p t i m i z a t i o n   o f   d i f f e r e n t   b r o n z e :  Nb r a t i o  com- 
p o s i t e s   f o r   t h e   h i g h   f i e l d   r a n g e ,   c o n c l u d i n g   t h a t   f o r  
excess Sn composi tes  (bronze: Nb r a t i o  > 3 : l   f o r  'i3w/o 
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t i n u r e  4 .  Cross-sections o f  reqular  1021:: dia  
Flb 46.5w/o Ti f i laments  and i r r e g u l a r  
-50pm dia  Nb 50.4w/o Ti f i laments .  

Figure 5.  Pinning  force  curves  for  optimized 
FM Nb3Sn and NbTi conductors. 
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Sn bronzes)   the  heat   t reatment   temperature   is   not   cr i t -  

Redctions which produce  high [c2 
ical ,   providing  substant ia l  r action  takes  place.  

therefore  automatically  produce  high  Jc,   unless  the  are 
grossly  abusive.15 In a comparison  paper  to  this,2% we 
present  h i g h  f i e l d   t e n s i l e   s t r e s s  measurements  of Jc   in  
the  range of 13-16 Tesla ,   f inding enhancements  of  over 
100% i n   J c   f o r   s t r e s s e s  of  around  160 MPa. We a so re -  
port   there   that   very  s imilar   l imit ing  values   of  3 c a r e  
obtained  for  3 different  composites from 3 d i f f e r e n t  
manufac turers .   Qual i ta t ive ly   a t   l eas t   therefore   the   Jc  
properties  of Nb3Sn are   beginning  to  becoms well  de- 
f ined .  On t h e  one hand the   ze ro   ex te rna l   s t r e s s   c r i t i -  
cal  current  IC  of a composite i s  maximized by having a s  
much cross-section  of Nb3Sn of stoichiometric  chemical 
composition  as  possible,  so t h a t   t c o  h i g h  a bronze: Nb 
r a t i o  and  too low a react ion  are   both  to  be avoided. In 
o ther   appl ica t ions ,   the   des i re   to  have maximum r e s i s -  
t a n c e   t o   s t r a i n   i s  dominant.  Since t h i s   i s  encouraged 
by increasing  the  precompression on the hb3Sn l a y e r s ,  
low reac t ions ,   l a rge  Bronze: Nb r a t i o s  and l a r g e   f i l a -  
ments are   favored.  Such composites  then  require a 
t e n s i l e  stress t o   a t t a i n   t h e i r  maximum values  of  Jc. 
The compromise i s  u p  to   the  individual  magnet designer 
and s ince   the   ex ten t  o f  react ion i s  under  his  control,  
he can in   p r inc ip le   ge t   exac t ly  what  he wants. 

In f i g u r e  6 we turn to   cons ide r   t he   i n t r in s i c   J c  
(measured across   the NbgSn layer  only)  exhibited  both 
by bronze  route FM Nb3Sn and by tape Nb3Sn produced by 
CVD and by t h e   l i q u i d  Sn route .  The tape  values   are  
taken from25326 while the FM values   are   der ived assum- 
i n g  ful l   conversion  of   the  f i laments  t o  s toichiometr ic  
Nb3Sn and a Nb t o  Nb3Sn volume expansion of 37.5%.21 I t  
i s  i n t e r e s t i n g   t o   n o t e   t h a t   i n   t a p e  Nb3Sn t h e   J c  i s  also 
dominated by t h e   r e l a t i v e  thermal contract ions  of   the  
s u b s t r a t e  and Nb3Sn and tha t   the   h ighes t   Jc   i s   ob ta ined  
f o r  Nb core  tapes where the  thermal  contraction most 
c lose ly  matches t h e  Nb3Sn. In the  absence o f  external  
s t r e s s  we have s t i l l   no t   ach ieved  w i t h  FM Nb3Sn t h e  
remarkably  high  (but s t r ic t ly   experimental)   values  ob- 
tained  with C V D  NbgSn  on Nb. In tension however the 
h i g h  f ie ld   p roper t ies   o f  FM Nb3Sn exceed  those of the  
best   reported  tapes.  

SUMMARY A N D  CONCLUSION 
I n  many's i tuat ion no choice i s  made o f  a l loy  com- 

pos i t ion  and what i s  bought i s  what i s   a v a i l a b l e .  How- 
ever ,   there   a re  some important  differences  in  the  areas 
in  which the  individual  al loys  excel1 and  where i t  is 
possible  choice may be  worthwhile.  Within  the range 
-Nb45-53Ti t h e r e   i s   l i t t l e  change i n  Hc2 or  Tc and  there 
seems l i t t l e  reason  to  base a choice on  t h i s  ground. I f  
the prime  requirement is  f o r  low AC loss ,   f ine   f i l aments  
wil l  be required and s i n g l e  phase  alloy  such  as Nb44 
or 46.5Ti wil l  be preferable .  For absolute  maximum J c ,  
the  choice  wil l  be Nb50Ti with some r e s t r i c t i o n  c;n f i l -  
ament s i z e .  The higher Ti a l loys  become progressively 
more d i f f i c u l t   t o  draw due to   their   increased  hardness .  
However, since  they  develop  high  Jc  without  extensive 
cold work, they would be logical   choices   for  some l a r g e  
dc c ryos tab le  magnets where la rge   f i l aments  can be 
to1 e ra ted .  

For FM Nb3Sn a p p l i c a t i o n   t h e r e   s t i l l  much l e s s  
experience  than  for NbTi. Since  for  most people  the 
b r i t t 1  e nature   of  Nb3Sn and the  degradation  produced by 
e i ther   e lec t romagnet ic   s t ra in   o r  bending s t r a i n   i s  the 
main concern,  present  applicationsmay  wish  to  emphasize 
conductors  with  high  valug  of  precompression. The 
choice  will   then  favor  large  ratio  conductors (3-4.521 
Bz:Nb), large  f i laments  (5-811 diameter) and p a r t i a l  
reac t ion .  Such conductors  should  offer  reasonable  cur- 
rent   densi ty ,   (approximately 200 A/mm2 a t  12T) together  
wi th   the   ab i l i ty   to   g ive   about  1 %  s t ra in   before   c r i t i ca l  
current  degradation  is   observed.27 For the adventurous, 

the choice   wi l l   l i e   in   the   oppos i te   d i rec t ion ,   the   re -  
ward being  higher   current   densi t ies   with a l e s s e r ,  
though s t i l l   adequa te ,  margin  of s t ra in   tolerance.15 
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