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Abs t rac t  , 

The e f f e c t   o f   v a r y i n g   t h e   a n n e a l i n g   t e m p e r a t u r e  on 
t h e   d e g r e e   o f   p r e - r e a c t i o n   o f   t w o  Nb3Sn composites  has 
been i n v e s t i g a t e d .   A n n e a l i n g   a t  550, r a t h e r   t h a n  
450 C p roduces   no t i ceab ly   more   i r regu la r   g rowth  and 
more  uneven Nb3Sn l a y e r s  when f i n a l   r e a c t i o n   o c c u r s .  
It i s   b e l i e v e d   t h a t   t h i s   i s  due t o   t h e   e f f e c t   t h a t  
p r e - e x i s t i n g  Nb3Sn n u c l e i  have on subsequent Nb3Sn 
growth .   In  one c a s e   t h e   u s e   o f   f o u r   a n n e a l s   a t  550 C, 
r a t h e r   t h a n  450 C was found t o  reduce   t he  Jc by 50%. 
R e s u l t s   a r e   a l s o   p r e s e n t e d  on some samples o f   t h e  HFTF 
conductor.  It i s  c o n c l u d e d   t h a t   o v e r - a n n e a l i n g   o f   t h e  
bronze  can be a major   cause  o f   reduced Jc i n  bronze 
NbjSn conductors.  

I. I n t r o d u c t i o n  

The use o f  Nb3Sn f o r   l a r g e   p r o j e c t s  has  meant t h a t  
a s i g n i f i c a n t   p r o d u c t i o n   e x p e r i e n c e   i s   b e i n g   o b t a i n e d  
f o r   f i l a m e n t a r y  (FM)  Nb3Sn  made by the   b ronze  rou te .  
Two p r o j e c t s ,   t h e  Nb  Sn  LCP c o i l  and t h e  HFTF o i l s ,  
h a v e   r e q u i r e d   m u l t i p q e   b i l l e t s   o f  FM  Nb Sn.lYs I n  
v i e w   o f   t h e  many v a r i a b l e s   o f  Nb3Sn manu fac tu re ,   t he  
i n i t i a l  approach  has  been t o   s e t   r a t h e r   c o n s e r v a t i v e  
s p e c i f i c a t i o n s   i n   o r d e r   t o   a l l o w   f o r   t h e   n o r m a l ,   b u t  
n o t   a l w a y s   p r e d i c t a b l e   p r o b l e m s ,   w h i c h   a r i s e  when a 
r e s e a r c h   l a b o r a t o r y   s c a l e   p r o d u c t i o n   i s   t r a n s f e r r e d   t o  
t h e   f u l l   s i z e   i n d u s t r i a l   s c a l e .  Among the   ques t i ons  
o r   p r o b l e m s   a f f e c t i n g   l a r g e   s c a l e   p r o d u c t i o n ,  we may 
c i t e   t h e   q u e s t i o n s   s u r r o u n d i n g   t h e   c h o i c e   o f   i m p u r i t y  
s p e c i f i c a t i o n s   f o r   t h e   s t a r t i n g   m a t e r i a l s ,   t h e   b r o n z e  
m e l t i n g   p r a c t i c e  (vacuum o r   a i r   m e l t )  and the  problems 
o f   f i l amen t   sausag ing   and   excess i ve  Nb3Sn p r e - r e a c t i o n  
brought  on by  the  bronze  anneals .   Th is  l i s t   i s   p u r e l y  
i l l u s t r a t i v e  and i n  no way d e f i n e s   a l l   t h e   p a r a m e t e r s  
c o n t r o l  1 i n g   t h e   d e s i g n  and p r o d u c t i o n   o f  FM Nb3Sn 
composites.3 

R e p o r t e d   c r i t i c a l   c u r r e n t   d e n s i t i e s   o f  Nb3Sn  com- 
p o s i t e s  have  been r a t h e r   v a r i a b l e  and a t tempts  t o  
u n d e r s t a n d   t h i s   v a r i a b i l i t y   i n   t e r m s   o f  such  para- 
meters as t h e   b r o n z e   t o  Nb r a t i o ,   t h e   f i l a m e n t   s i z e ,  
t h e   g r a i n   s i z e  and t h e   c o m p o s i t i o n   g r a d i e n t  a r s t h e  
Nb3Sn 1 ayer  have  had 1 im i ted   success  so An 
e x t e n s i v e   s t u d y   o f   t h e   r e a s o n s   f o r   l o w  J i n   t h e  
s e r i e s   o f   p r o d u c t i o n   c o m p o s i t e s   f o r   t h e   H f T F   c o i l s  
uncovered a number o f   v a r i a b l e s ,   s u c h  as Nb3Sn pre- 
r e a c t i o n ,   s t r a n d   s a u s a g i n g   a n d   i n t e r n a l   s t r a i n s   w h i c h  
c o u l d   c o n t r i b u t e   t o   t h e   d e g r a d a t i o n  of t h e  J i n  t h e  
f i n a l   c o n d u c t o r .  It was f o u n d   t h a t ,   h o w e v e r ,   t h a t   t h e  
v a r i a b l e  Jc c o u l d  be q u a l i t a t i v e l y   c o r r e l a t e d  wi th t h e  
q u a l i t y   o f   t h e  Nb  Sn l a y e r  g r o w n   d u r i n g   f i n a l   r e a c t i o n  
a n d   t h e   r e l a t i o n s 8 i p   o f   t h i s   t o   t h e   s t a t e   o f   t h   f i l a -  
ment i n   t h e   ( n o m i n a l l y )   u n r e a c t e d   c o n d i t i o n . ?  The 
present   paper   repor ts  on some a s p e c t s   o f   t h e s e   f i n -  
d ings ,  as we l l  as on t h e   e f f e c t   o f   i n c r e a s i n g   t h e  
bronze  annea l ing   tempera ture   f rom 450 t o  550 C and i t s  
i n f l u e n c e  on t h e  Jc and Nb3Sn morpho1  ogy o f  two   h igh  
Jc b ronze   compos i tes .   Degrada t ion   o f   t he   qua l i t y  of 
t h e  Nb3Sn l a y e r  and the   compos i te  JI: was seen f o r   b o t h  
c o m p o s i t e s ,   t h e   e f f e c t s   b e i n g   p a r t i c u l a r l y   s e v e r e   f o r  
the   compos i te  wi th t h e   f i n e s t   f i l a m e n t s .  

11. The Anneal ing  o f   Bronze 

It has  been e m p i r i c a l l y   e s t a b l i s h e d   t h a t   t h e   h i g h  
Sn bronzes (- 13 wt.%) used f o r  NbgSn manufacture  need 
t o  be  annealed a f t e r   e v e r y   t h r e e  draw  passes, t h e  
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reduc t ion   per   d raw  pass   be ing   convent iona l l y  20%. 
Bronze  anneal ing  temperatures  undoubtedly  vary  f rom 
manufac turer  t o  manu fac tu re r ,   w i th   two   genera l  
approaches  having been taken. One approach  has  been 
t o   m i n i m i z e   t h e   t i m e  and temperature  because o f  con- 
ce rns   abou t   t he   f o rma t ion   o f  even 50 t o  100 nm l a y e r s  
o f  Nb3Sn. This  approach has r e s u l t e d   i n   a n n e a l s   o f  
t h e   o r d e r   o f  1 h r   a t  450°C ( o r   p o s s i b l y  425°C). A 
second  approach  has  been t o   t r e a t  Nb3Sn composites 
l i k e   o t h e r   C u - a l l o y   p r o d u c t s ,   a n n e a l i n g   t h e m   i n   a i r   o r  
i n d u s t r i  a1 l y  ava i  1 ab le   a tmospheres   f o r   sho r t   pe r iods  
a t   h i g h e r   t e m p e r a t u r e s  (500 - 600°C). As  Nb  Sn 
composi tes  have  increased i n   s i z e   f r o m   t h e   i n i t i a ?  - 
100 mm e x t r u s i o n   d i a m e t e r   t o  - 200 mm, there  has  been 
a na tu ra l   t endency   t o   i nc rease   t he   annea l i ng   t empera -  
t u r e s  and t o   p e r f o r m   t h e   a n n e a l s  on l a r g e r   p i e c e -  
w e i g h t s   i n   l a r g e r   f u r n a c e s   w i t h   l e s s   s t r i n g e n t  atmos- 
phere and t e m p e r a t u r e   c o n t r o l ,   t h u s   p e r m i t t i n g   f a s t e r  
th roughput .  

111. The H i  gh-Fie1 d T e s t   F a c i l  i t y  Conductor 

The HFTF conductor  i s  an i n t e r e s t i n g  example o f  t h e  
p r o d u c t i o n   o f  a h i g h   c u r r e n t   m o n o l i t h  by the  assembly 
o f   m u l t i p l e   s m a l l   s t r a n d s ,  a method  which  o f fers  
s i g n i f i c a n t   e c o n o m i e s   o f   s c a l e ,  as  compared t o  
conven t iona l   me thods   o f   l a rge   mono l i t h   p roduc t i on .  An 
e x t e n s i v e   d e s c r i p t i o n   o f   t h e  HFTF conductor   develop-  
ment   has  recent ly  been  given.2 

A s i g n i f i c a n t   p r o b l e m   w i t h   t h e  HFTF conductors ,  
however, was t h e i r   l o w   c u r r e n t . z  The s p e c i f i c a t i o n   o f  
7500 A a t  12 Tesla  corresponds t o  a Jc .   (b ronze + Nb) 
of 315 A/mm2 , a reasonab ly   conserva t lve   va lue ,  as 
compared t o   t h e  400 - 450 A/mm2 v a l u e   e x p e c t e d   o f   t h e  
s t r a n d s   g o i n g   i n t o   t h e  composite.' Many o f   t h e  
p roduc t i on   l eng ths   had  IC values  below 4500 A and some 
f e l l  as low as 2000 A. Our examinat ion   o f   samples   o f  
t he   conduc to rs  showed t h a t   t h e   o n s e t  Tc values o f  
nomina l l y   un reac ted   mono l i t h   conduc to rs  were as h igh  
as 14 K .  These h i g h   v a l u e s   w e r e   a l s o   f o u n d   f o r   t h e  
s t r a n d s   u s e d   f o r   t h e   f a b r i c a t i o n   o f   t h e  mono1 i t h .  
M e t a l l o g r a p h i c   e x a m i n a t i o n   o f   t h e   f i l a m e n t s   o f   n o m i -  
na l l y   un reac ted   compos i tes  showed a s i g n i f i c a n t   b u t  
v a r i a b l e   d e g r e e   o f  NbgSn p r e - r e a c t i o n ,   o f   w h i c h   F i g .  1 
i s  an example. The annea l ing   schedu le   used  fo r   the  
composites  had  been a nominal 1 hr/520°C;  a l though 
t h e r e  was a concern   t ha t   t he re   cou ld   have  been s i g n i f -  
i c a n t   v a r i a t i o n   b o t h   f r o m   b a t c h   t o   b a t c h  and f rom 
p l a c e   t o   p l a c e  on a g iven  w i re   spoo l  , a s s o c i a t e d   w i t h  

F ig .  1. Unreacted HFTF f i l a m e n t   a t   f i n a l   s i z e .  
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such  features as t h e   l a r g e   b a t c h   s i z e s ,   t h e  uneven 
heat-up  and  cool-down  t ime  and  the  normal  temperature 
g r a d i e n t s   f o u n d   i n   l a r g e   f u r n a c e s .  

The i r r e g u l a r   r e a c t i o n   l a y e r  shown i n  Fig.  1 was 
found   to   be   rep roduced  i n  t h e  Nb3Sn l a y e r s   o f  many 
reacted  composi tes,  an  example o f   w h i c h   i s  shown i n  
F ig .  2. The Jc va lue   o f   t he   compos i te  shown i n  Fig.  2 
was found t o  be  about h a l f   t h a t   o f   t h e   p r o t o t y p e  
conduc to rs ,   f o r   wh ich  compact y d  u n i f o r m   l a y e r s   o f  
Nb3Sn were f o u n d   a f t e r   r e a c t i o n .  

F ig .  2. Reacted HFTF f i l amen t .  

Al though a r a t h e r   h i g h   d e g r e e   o f   c o r r e l a t i o n  
e x i s t e d  between t h e   d e g r e e   o f   i r r e g u l a r i t y   o f   t h e  
Nb3Sn l a y e r  and t h e   v a l u e   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 ,   f u r t h e r   i n v e s t i g a t i o n s   u n c o v e r e d   a d d i t i o n a l  
c o n t r i b u t i o n s   t o   t h e   d e g r a d a t i o n  of Jc. Measurements 
o f   t h e  Jc as a f u n c t i o n   o f   r e d u c t i o n   i n   a r e a   d u r i n  
compaction showed t h a t   t h e   J c   d e c l i n e d   f r o m  350 A/mm 
(12 T2) a t  10% r e d u c t i o n   t o  250 A/mmz a t  40% reduc- 
t i o n .   T h i s   r e d u c t i o n  had a t   l e a s t   t w o   a d d i t i o n a l  
causes ;   the   b readth   o f   the  Tc. t r a n s i t i o n   s i g n i f i c a n t l y  
broadened as t h e   a r e a   r e d u c t i o n   i n c r e a s e d ,   i n d i c a t i n g  
the   p resence   o f  a s t r a i n   i n d u c e d  Tc depression. A 
second c o n t r i b u t i o n   t o   t h e   r e d u c t i o n   i n   J c  was found 
a f t e r  measurements o f   t h e   v a r i a b i l i t y   o f   t h p   s t r a n d  
c ross -sec t i on   d iamete r ;   whereas   t he   ra t i o   (S /A )   o f   t he  
s t a n d a r d   d e v i a t i o n   o f   t h e   s t r a n d   s i z e s  ( S )  t o   t h e  mean 
c ross-sec t iona l   a rea  ( A )  was 3.4% a t   t h e   f i r s t  compac- 
t i o n  stage, i t  had   i nc reased   to  6.8% a t   t he   seven th  
and f i n a l   s t a g e .  There,  thus,  were a number o f  
f a c t o r s   c o n t r i b u t i n g   t o   t h e   d e c l i n e   o f   t h e  J i n   t h e  
HFTF conductors ,   render ing  it uncleaf  what t i e   e x a c t  
e f f e c t   o f   t h e  Nb3Sn p re - reac t i on  was. 

IV. V a r i a t i o n   o f   A n n e a l i n g   T e m p e r a t u r e   a n d   I t s  
E f f e c t s  

Y 

I n   o r d e r   t o   s t u d y   t h e   e f f e c t   o f   v a r y i n g   t h e  
annea l ing   tempera ture  on the  morphology and t h e  J o f  
Nb3Sn composi tes,  we se lec ted   two  compos i tes   o f   h igh  
Jc whose p r o p e r t i e s  we have  a l ready   ex tens ive ly   char -  
acter ized.  Both  composi tes were made by t h e   b r o n z e  
rou te ,  one being  assembled i n   t h e   c o n v e n t i o n a l  way 
(CF136),  one be ing  made by t h e   m o d i f i e d   j e l l y   r o l l  
(MJR) process (M68).  Composite d e t a i l s   a r e   g i v e n   i n  
Table 1. 

Table 1: ComDosite d e t a i l s .  

I n i t i a l /   I n i t i a l /  
Compo- F ina l   F ina l   Bronze:  Manu- 

s i t e   d i a  (mm) f i l . s i z e *  Nb r a t i o   f a c t u r e r  

M68 0.91/ 8x2 m/ 2.96:l Wah Chang 
0.267 2.5x0.6 

CF136 1.02/0.267 8 /2  4.1 :1 AERE 
*approx imate  va lues 

values o f  > 500 A/mm' (12 T, 4.2 K, m) can be 
Long sample Jc m asurements have sh wn t h a t  Jc 

obtained  f rom  these  two  composi tes.  T measurements 
on t h e  MJR c o m p o s i t e   d i s c l o s e d   v e r y   l i t t 5 e   r e a c t i o n  i n  
t h e   a s - r e c e i v e d   c o n d i t i o n  (Tc onset * 11 K ) ,  w h i l e  
t h e r e  was somewhat more f o r   t h e   c o n v e n t i o n a l   c o m p o s i t e  
(Tc  onset - 13 K). The f i lament   morphology  conf i rmed 
these Tc f i n d i n g s ,   t h e r e   b e i n g   v e r y   l i t t l e  Nb3Sn ,on 
t h e  M68 but a l i t t l e  more on t h e  CF136. These f i n -  
d ings   a re   cons i s ten t   w i th   t he   annea ls   g i ven   t he   two  
com o s i t e s ,   t h e s e   b e i n g   s t a t e d   t o  be 1/2 hr /475"C  fo r  
M68 8 and a dua t r e a t m e n t   o f  4 hrs/280°C + 2 hrs/475OC 
f o r   t h e  CF136. 4 

Samples of   both  composi tes  were  then drawn  from 
1.02 mm (CF136)  and 0.91 rnm (M68) t o  0.27 mm d i a ,  
u s i n g  a 20% area  reduct ion  per  pass.  One se t  was 
annea led   fo r  1 hr/45O0C, t h e   s e c o n d   f o r  1 hr/550°C 
a f t e r  each t h r e e   d i e  passes.  Long sampl c r i t i c a l  
c u r r e n t  measurements a t  a s e n s i t i v i t y   o f   1 0 - 5 4  sm were 
made on samp les   t aken   a t   va r ious   s i zes ,   t he   reac t i on  
t imes   be ing   sca led  as the   square   roo t   o f   t he   d iamete r ,  
i n  o r d e r   t o   o b t a i n  a r o u g h   e q u i v a l e n c e   o f   r e a c t i o n   i n  
t h e   w i r e   a t  each  size, as shown i n  Table 2. The 
number of   anneals   per formed  var ied  f rom 1 t o  4. The 
Nb3Sn growth  morphology was observed  us ing  a scanning 
e lec t ron   m ic roscope  (SEM). 

Table  2: NbqSn r e a c t i o n   d e t a i l s .  

M68  CF136 
Wire S i z e  React ion  Wire  S ize  React ion 

.635 mm 96hrs/700C* .a mm 190hrs/7OOC* 

.320 __ 25/700 .x1 49/700 

.267 17/700 .267 27/700 

.455 49/700 .508 97/700 - 

*An add i t i ona l   1 /2h r /800C was g i ven  due t o   t h e  
requ i rements   o f   o ther   samples  i n   t h e   f u r n a c e .  

Note:   Anneals   were  per formed,   a t   the  s tar t ing  s izes 
(M68, 0.91 mm : CF136, 1.02 mm) as we l l  as t h e  
under1 i ned s izes .  

F i g .  3. M68 f i l a m e n t  as received. Wi re   d iamete r  i s  
0.91 mm. 

Examples o f   t h e  Nb3Sn morphologies  obta ined  are 
shown i n  Figs.  3-6 f o r   t h e  MJR composi te M68. The 
f i l a m e n t s  were r a t h e r   c l e a n  and r e g u l a r   i n   t h e  as- 
r e c e i v e d   c o n d i t i o n ,   t h e r e   b e i n g   l i t t l e   s i g n   o f  Nb3Sn 

o f  - 10.5 K (Fig.  3 ) .   Annea l ing   fo r  1 h r   a t   5 5 0 " f  
p r e - r e a c t i o n  and t h e  compos i te   hav ing   the  low  onset T 

ra i sed   t he   onse t  Tc t o  - 12.6 K. A f te r   f ou r   annea ls  
o f  1 hr/45O0C  and  drawing t o  0.267 mm, t h e   f i l a m e n t s  
were s t i l l   q u i t e   u n i f o r m   i n   c r o s s - s e c t i o n   a l t h o u g h  a 
few   nodu les   o f   d i   me te r  - 0.2 um cou ld .be  Seen on t h e  
f i l a m e n t   s u r f a c e  ? F i g .  4). The predominat ing   fea ture  
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v i s i b l e  was, however, t h e   a n g u l a r   r i d g i n g ,   c h a r a c t e r -  
i s t i c   o f   t h e   d e f o r m a t i o n   o f   t h e  Nb f i l a m e n t ,   R e a c t i o n  
o f   t h i s   c o m p o s i t e   f o r  17 hrs/700"C  produced a f a i r l y  
un i fo rm Nb3Sn 1 a y e r   w i t h  a few   ex te rna l   nodu les   o f  
d iameter  ,- 0.5 - 1 um (F ig .  4). 

Fig. 4. M68 f i l a m e n t s   a t   w i r e   d a m e t e r   o f  0.267 mm 
wi th 450°C anneal ing  temperature,   Upper:   unreacted; 
Lower:  reacted. 

The appearance o f   t h e   s e r i e s   a n n e a l e d   a t  550°C- was 
s i g n i f i c a n t l y   d i f f e r e n t .  The f i n a l  anneal   ( for   both 
s e r i e s )  was per fo rmed  a t  0.32 m, t h i s   p r o d u c i n g  an 
i r r e g u l a r   r e a c t i o n  on t h e   f i l a m e n t s   ( F i g .  5) which was 
n o t i c e a b l y   r o u g h e r   t h a n   t h a t   f o l l o w i n g   t h e  450°C 
anneal. The roughness was ma in ta ined   a f te r   d raw ing  t o  
0.267 mm and a subsequent   reac t ion   o f  17 hrs/700°C 
produced an i r r e g u l a r  Nb  Sn layer   morpho logy   (F ig .  
6) .  The 55OOC annea ls   c jea r l y   p roduced  a s i g n i f i -  
c a n t l y  more i r r e g u l a r   m o r p h o l o g y   t h a n   t h e  450°C 
a n n e a l s .   Q u a l i t a t i v e l y   s i m i l a r  morpho1 ogies  were seen 
i n   t h e  CF136 compos i te ,   a l t hough   the   d i f f e rence  
between  the 450°C and 55OOC s e r i e s  was l e s s  marked. 

between  the Jc va lues  of t h e  45OOC and 550°C s e r i e s  
d i v e r g e s   s t r o n g l y   f o r  M68. A very  much s m a l l e r   e f f e c t  
i s  however  seen f o r  CF136. D e c r e a s i n g   t h e   w i r e  and 
f i l a m e n t   s i z e   d i m i n i s h e s   t h e  Jc o f   b o t h   s e r i e s ,   t h e  
550 C s e r i e s   h a v i n g  a s l i g h t l y   l o w e r  J,. 

Fig.  6. M68 f i l a m e n t s   a t  0.27 mm w i r e   d i a m e t e r   a f t e r  
a n n e a l i n g   a t  550°C. Upper:  unreacted;  Lower: 
reacted. 

I ' I ' I  I I 1 1 1 1  I ' 1 ' 1  I 

35 - OM68 4 5 0 C  - 
OM68 5 5 0 C  

2 4 6 8 1 0  20 40 

Ai /a 
F ig .  7. Jc ( 5  T, slm) n o r m a l i z e d   t o   t h e   b r o n z e  + 
Nb c ross-sec t ion   as  a f u n c t i o n   o f   i n v e r s e   a r e a   r e d u c -  
t i o n .  Ai i s   t h e   a r e a   a t   i n i t i a l   s i z e  (CF136: 1.02 mm; 
M68: 0.91 mm). 

V - D i  scuss i  on 

Fig.  5. M68 f i l a m e n t s   a t  0.32 mm w i r e   d i a m e t e r   a f t e r  
a n n e a l i n g   a t  550OC; unreacted. 

The r e s u l t s   o f   t h e   c r i t i c a l   c u r r e n t   e x p e r i m e n t s   a r e  
shown i n   f i g .  7. It can  be  seen t h a t   t h e  550°C 
anneals   exer ted a p a r t i c u l a r l y   d e l e t e r i o u s   e f f e c t   o n  
t h e  J p r o p e r t i e s   o f  K 8 ,  t h e  J ( 5  T) p i n g  reduced 
t o  ha?f i t s   v a l u e  (1450 vs. 2600 A/mm-), f o l l o w i n g  
f o u r  55OoC, r a t h e r   t h a n  450°C anneals., The separa t i on  

The p r e c e e d i n g   m e t a l l o g r a p h i c   o b s e r v a t i o n s  show 
t h a t  3 o r  4 a n n e a l s   a t  550 r a t h e r   t h a n  450°C a r e   q u i t e  
s u f f i c i e n t   t o   p r o d u c e  a s i g n i f i c a n t  change i n   t h e  
morpho logy   o f   the  Nb3Sn formed  both by the  anneal  
i t s e l f  and  any  subsequent  react ion  process. The 
layers  produced by the   lower   tempera ture   annea l   a re  
1 ess nodular  and  more  uni form and t h i s   c h a r a c t e r i s t i c  
i s   r e t a i n e d  on subsequent   react ion.  
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The l a y e r  of Nb3Sn formed  dur ing  anneal ing i s  
p r o g r e s s i v e l y   f r a c t u r e d  on subsequent  drawing,  the 
debr is  being  presumably embedded i n   t h e   b r o n z e  and Nb 
a t   t he   f i l amen t -ma t r i x   i n te r face .   Dur ing   subsequen t  
b ronze  annea ls ,   fu r ther  Nb3Sn growth  occurs and it may 
be  assumed t h a t  some o f   t h l s   o c c u r s   p r e f e r e n t i a l l y   a t  
t h e   e x i s t i n g  Nb3Sn p a r t i c l e s .   T h i s   i s   l i k e l y   t o   o c c u r  
p a r t i c u l a r l y   r a p i d l y   f o r   t h e   p a r t i c l e s  embedded i n   t h e  
bronze and t h i s  may be t h e   o r i g i n   o f   t h e   n o d u l e s   w h i c h  
appear t o  be s c a t t e r e d  on t h e   f i l a m e n t s   i n   F i g s .  3 and 
4. A l t h o u g h   t h e   c o n t r o l l e d   e x p e r i m e n t s   d e s c r i b e d   i n  
P a r t   1 1 1   o n l y   p e r m i t t e d   t h e   e f f e c t   o f   f o u r   a n n e a l s   t o  
b e   s t u d i e d ,   t h e   r a t h e r   l a r g e r   i r r e g u l a r i t i e s  seen i n  
F igs .  1 and 2 s u g g e s t   t h a t   t h e   e f f e c t s   o f   p r e - r e a c t i o n  
a r e   c u m u l a t i v e   o v e r  many annea l ing   cyc les .  

The p r e s e n t   r e s u l t s  emphasize t h a t  a h i g h   c u r r e n t  
d e n s i t y   c o n d u c t o r   r e q u i r e s   n o t   o n l y   t h a t   t h e   a p p r o p r i -  
a t e   m i c r o s t r u c t u r a l   c o n d i t i o n s  be s a t i s f i e d  (e.g. f i n e  
g r a i n s i z e  and correct   chemical   composi t ion)  on a 
s c a l e   o f  A t o  5 bu t   t ha t   ' t he  m a t r ~  s t r u c t u r a l   a s p e c t s  
o f   t h e   f i l a m e n t  be cor rec t ly   a r ranged  too .   These 
involve  such  parameters as t h e   s e l e c t i o n   o f   t h e  
c o r r e c t   g r a i n   s i z e   f o r   t h e  Nb, t h e   a v o i d a n c e   o f   f i l a -  
men t   sausag ing   and   t he   m in im iza t i on   o f   p re - reac t i on  so 
as t o  p roduce   regu la r   l aye rs   o f  Nb3Sn o f   u n i f o r m  
c r o s s - s e c t i o n .   J u d g e d   b y   t h i s   l a t t e r   c r i t e r i o n ,  it i s  
n o t   a t   a l l   s u r p r i s i n g   t h a t   l o w  Jc values  were  found 
f o r   t h e   c o m p o s i t e s   i n   F i g s .  2 and 6. However, t h e  
v e r y   d i f f e r e n t   b e h a v i o r   o f  M68 and CF136 r e q u i r e s  some 
d iscuss ion.   There  are  two  factors   which  could  be 
r e s p o n s i b l e   f o r   t h e   g r e a t e r   d e g r a d a t i o n   i n  M68. The 
f i r s t   i s   t h a t   t h e  normal  anneals  g iven t o  M68 before  
d e l i v e r y   t o  us were f o r   1 / 2   h r   a t  475°C  whereas t h e  
CF136 had a higher  temperature  two-step  anneal   (4 
hrs/280°C + 2 hrs/475"C). The M68 composi te was, 
t hus ,   c leaner  and l e s s   r e a c t e d   t o   s t a r t   w i t h ,  a p o i n t  
con f i rmed  by the  SEN p i c t u r e s  and t h e  Tc measure- 
ments.   A l though  both  composi tes  s tar ted  wi th   very  
h i g h  J v l u e s ,   t h a t   o f  M68  was p a r t i c u l a r l y   h i g h  
(3100 h/mn5 a t  5 T).  The h i g h   v a l u e   f o r  M68 i s  
no tewor thy   s ince  we know t h a t   t h e   f i l a m e n t s   a r e  
unevenly   reacted i n   t h i s  composite, due t o   t h e   p r e f e r -  
ent ia l   p lacement   o f   bronze  towards  the  center   o f   the 
composite. The CF136 composi te may  a1 ready  have  been 
p a r t i a l l y  degraded by i t s   h ighe r   t empera tu re   annea ls .  
The second p o i n t   i s   t h a t   t h e   f i l a m e n t s  o f  M68 s t a r t e d  
a t  - 8 x 2 un a t  0.91 mm composi te  d iameter,   reducing 
t o  - 2.5 x 0.6 um a t   f i n a l   s i z e .   N o d u l a r  Nb3Sn growth  
on a s c a l e   o f  ,.. 0.5 - 1 um would,  thus,  be a much more 
s i g n i f i c a n t   p e r t u r b a t i o n   t o   t h e s e   f i l a m e n t s   t h a n   t o  
the   approx imate ly   round ones found i n  CF136 (- 8 um a t  
s t a r t i n g   s i z e   a n d  - 2 urn d i a m e t e r   a t   f i n a l   s i z e ) .  

There  are a number o f  ques t i ons   ra i sed  by t h e  
present  work  which we a r e   n o t   y e t   a b l e   t o  answer. One 
r e l a t e s   t o   t h e   c o m p o s i t e   o r   f i l a m e n t   s i z e   a t   w h i c h  it 
becomes i m p o r t a n t   t o  limit Nb3Sn growth. Nb3Sn growth 
i s   l i k e l y   t o  be o f   l e s s   i m p o r t a n c e   a t   l a r g e   f i l a m e n t  
s i z e s   b u t  as the   f i l amen ts   a re   reduced  t o  sma l le r  
d iameters ,  it w o u l d   c e r t a i n l y  be i m p o r t a n t   t o  limit 
Nb3Sn p re - reac t i on .  A s e c o n d   q u e s t i o n   r e l a t e s   t o   t h e  
f i n a l   r e a c t i o n .  A s i g n i f i c a n t  expense o f  t ime  and 
resources i s   s t i l l  needed to   de te rm ine   t he   op t imum 
r e a c t i o n   c o n d i t i o n s   f o r   i n d i v i d u a l  Nb3Sn composites. 
I f  a s i g n i f i c a n t   q u a n t i t y  o f  Nb3Sn p a r t i c l e   d e b r i s   i s  
p r e s e n t   a t   t h e   m a t r i x - f i l a m e n t   i n t e r f a c e ,   t h i s  must 
f i r s t  be "g lued"  back t o g e t h e r   b e f o r e   d i f f u s i o n   c a n  
occur.  The debr i s   a l so   p rov ides  a very  heterogeneous 
nuc leat ion  env i ronment   for   subsequent  Nb3Sn growth.  
P re - reac t i on  may, thus ,  be a m a j o r   c o n t r i b u t o r   t o   t h e  
v a r i a b i l i t y   o f   r e a c t i o n   c o n d i t i o n s   f o u n d   i n   i n d u s t r i a l  
composi tes.  We have a l ready  commented on the   poss i -  
b i l i t y   o f   p a r t i c u l a r l y   r a p i d   g r o w t h   f o r   t h e  Nb3Sn 
p a r t i c l e s  embedded in   t he   b ronze ,  some o f   wh ich  may 
never be i n c o r p o r a t e d   i n t o   t h e   b u l k   o f   t h e   g r o w i n g  

l a y e r  and will, thus ,  make no c o n t r i b u t i o n   t o   t h e  
t r a n s p o r t   c u r r e n t   d e n s i t y .  

The ve ry   c lean   f i l amen ts  seen i n  Fig. 3 f o r  a 
composite  given on t h e   o r d e r   o f   t e n  1 /2  h r   a t  475 C 
annea ls   sugges ts   t ha t   t he   p rob lem  o f   p re - reac t i on   i s  
c o n t r o l l a b l e   u n d e r   p r o d u c t i o n   c o n d i t i o n s .  It i s  
r e l a t i v e l y  easy t o   m o n i t o r   t h e   p r e - r e a c t i o n  by induc- 
t i v e  Tc measurements o r  by SEM meta l lography  s was 
done here   o r  by magne t i za t i on  measurements. llf A t  
p resent ,  we cannot   be   quant i ta t i ve   about  how l a r g e  a 
r o l e   p r e - r e a c t i o n   p l a y s  i n  l i m i t i n g   t h e  Jc a v a i l a b l e  
from a given  composi te.   Nevertheless,   the  observa- 
t i o n s   o f   t h i s   p a p e r   s u g g e s t   t h a t  a s t rong   p r ima   fac ie  
case  can be made t h a t   t h e   e x i s t e n c e   o f   v a r i a b l e   p r e -  
r e a c t i o n   i s  a m a j o r   c o n t r i b u t o r   t o   t h e   d e g r a d e d  and 
v a r i a b l e   p r o p e r t i e s   o f   b r o n z e  Nb Sn conductors.   Since 
the   p rob lem can bo th  be con t ro l yed  and monitored, we 
may hope f o r  an e a r l y   d e c i s i o n  on t h i s   i s s u e .  
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