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Abs t rac t  

Resu l ts   a re   p resented   showing  tha t   commerc ia l l y  
produced  Nb-Ti  and  Nb-Ti-Ta  can  have  extensive 
chemical   inhomogenei t ies,  of o rde r  10 wt.%. These 
c h e m i c a l   i n h o m o g e n e i t i e s   a r e   a s s o c i a t e d   w i t h   s i g n i f i -  
c a n t   s u b - s t r u c t u r e   i r r e g u l a r i t i e s  and, i n  one case, 
w i t h   f i l a m e n t   s a u s a g i n g  and  poor Jc performance. 
Homogenization o f  such a l l o y s   i s   d i s c u s s e d .  Some 
recent   ingo ts   have been much more  homogeneous than 
t h o s e   f i r s t   s t u d i e d  and it i s  conc luded   tha t   pu rchase  
o f   c h e m i c a l l y  homogeneous m a t e r i a l s   i s   p r e f e r r e d   f o r  
h i g h  Jc composites. 

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

Many aspec ts   o f   the   p roduc t ion   o f   Nb-T i   a re   sub jec t  
t o   s t r i n g e n t   c o n t r o l ;   f o r   e x a m p l e ,   t h e   c h e m i c a l   s p e c i -  
f i c a t i o n ,   t h e   g r a i n   s i z e ,   t h e   i n c l u s i o n   c o u n t ,   t h e  
surface  roughness and t h e   s t r a i g h t n e s s   o f   t h e   r o d s  
d e s t i n e d   f o r   b i l l e t   p a c k i n g .  The c h e m i c a l   s p e c i f i -  
c a t i o n   i s   r a t h e r   s t r i c t ;   t h e   n o r m a l  U.S. a l l o y ,  Nb 
46.5 wt .% T i ,  has a T i   t o l e r a n c e   o f  f 1.5 wt.% Ti  and 
i s   p e r m i t t e d   o n l y  f00 ppm maximum o f  most  (except Ta 
and 0) i m p u r i t i e s .  However, the  separat ion  between 
s o l i d u s  and l i q u i d u s   i s   r a t h e r   l a r g e   i n   t h e  Nb-Ti 
system  and t h i s   l e a d s   t o   t h e   p o s s i b i l i t y   o f   s i g n i -  
f i c a n t   l o c a l   c h e m i c a l   s e g r e g a t i o n   ( c o r i n g )   i n   c a s t  
a l loys.   Th is2,gas been recogn ized by a number o f  
manufac turers .  One r e p o r t  on t h e   m a n u f a c t u r e   o f  
l a r g e  Nb-Ti i n g o t s   s t a t e s   t h a t   t h e   c o r i n g   i n  a 0.4 m 
d i a  Nb 46.5 wt.% T i   i n g o t  was on a s c a l e   o f  - 100 um 
w i t h  a composi t ion  spread  o f   about  6 wt .% Ti ,2  Cor ing 
has r e c e i v e d   v e r y   l i t t l e   p u b l i s h e d   s t u d y ,  however,  and 
i t  i s   n o t   c l e a r   w h e t h e r   t h e  above f i g u r e s   a r e   a t  a1 1 
t y p i c a l .  

The present   paper   descr ibes some observa t i ons  on 
t h e   e x t e n t   o f  and t h e   e f f e c t s   o f   c o r i n g  on t h e   m i c r o -  
s t r u c t u r e   a n d   p r o p e r t i e s   o f  Nb-Ti  and  Nb-Ti-Ta 
a l l o y s .  Our s t u d i e s   o f   t h i s   s u b j e c t  were t r i g g e r e d   b y  
t w o   p a r a l l e l   i n v b t i g a t i o n s .  One of   these  concerned 
t h e   s t u d y   o f   t h e   r a t e   o f  sub-band  ref inement i n  Nb 
46.5 wt .% T i   d u r i n g   c o l d  work  and  our   surpr ise  a t   the 
i r r e g u l a r  sub-band st ructures  which  were  produced i n  
the   ma te r ia l   under   s tudy .  The second o f   t h e   s t u d i e s  
was performed on t h e  second b i l l e t   o f  Nb 4 wt.% T i  25 
wt.% Ta produced  by Wah Chang and M ( X 4 y 2  Consider-  
ab le   f i l ament   sausag ing  was found i n   t h i s   b i l l e t  and 
t h e   c r i t i c a l   c u r r e n t  was smal ler   than  expected.  I n  
bo th   o f   t hese   cases ,   cons ide rab le   l oca l   chemica l  
inhomogeneit ies  were  found.  Considerat ion o f  t h e  
p r e s e n t   r e s u l t s   s u g g e s t s   t h a t   c o r i n g   o f   v a r y i n g   e x t e n t  
i s  p r e s e n t   i n  a1 1 Nb-Ti a1 1 oys  and tha t   remov ing   o r  
m i n i m i z i n g  it requ i res   spec ia l ,   bu t   f eas ib le ,   manu fac -  
t u r i n g   s t e p s .  It i s  c o n c l u d e d   t h a t   t h i s   e f f e c t  may be 
one o f   t h e   m a j o r  causes o f   p r o d u c t   v a r i a b i l i t y   i n  
composite  manufacture. 

I. Sub-band S t r u c t u r e  Development i n   A l l o y  Rods 

Exper imental   Procedure 

These  studies were i n i t i a t e d   w i t h  15.9 mn diameter 
rods o f  Nb 46.5 w t  .% Ti  and Nb 43 wt.% T i  25 wt.% Ta 
taken  f rom  Teledyne Wah Chang's  normal  production. 
The s c a l e   o f   t h e   i n i t i a l   i n g o t s   d i f f e r e d   s u b s t a n -  
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t i a l l $ ,   t h e   b i n a r y   a l l o y   h a v i n g  been mel ted  on a l a r g e  
s c a l e  (0.5 m d i a )   w h i l e   t h e   t e r n a r y  was a s p e c i a l  
mel t   90.15 m) for   the  Genera l   Atomics 12 T e s l a   t e s t  
c o i l .  The rods  had 1 a s t  been  annealed  at  40 mm 
d iameter ,   be fore   be ing  swaged t o   t h e   s i z e   a t   w h i c h  
t h e y   w e r e   d e l i v e r e d   t o  us. The rods  were  sheathed i n  
copper   be fore   d rawing ,   the   s ta r t ing   d iameter   be ing  
increased  f rom 15.9 mm t o  19 mm. ( A l l   r o d   d i a m e t e r s  
now q u o t e d   r e f e r   t o   t h e   t o t a l   d i a m e t e r   o f   t h e  Nb-Ti 
rod  and the  copper   sheath ing. )  The rods  were  then 
drawn down t o  a f i n a l   d i a m e t e r   o f  2.7 mm w i t h  an area 
r e d u c t i o n   o f  20% a t  each  pass. Samples f o r  TEM 
examinat ion  were  cut   f rom  the  back-end o f  t h e   r o d  
a f t e r  each  pass.  Discs  were  cut  from  each  sample o f  
t h e   r o d   f o r   e x a m i n a t i o n   o f   t h e   m i c r o s t r u c t u r e   i n  
t r a n s v e r s e   s e c t i o n .   T h i n   f o i l s   f o r  TEM were  prepared 
u s i n g  a c o m m e r c i a l l y   a v a i l a b l e   e l e c t r o p o l i s h i n g  
u n i t .   D e t a i l s   o f   t h e   e l e c t r o p o l i s h i n g   o n d i t i o n s   f o r  
Nb-Ti a l l o y s  have.been  given  previously.  ct 

Se lec ted   samp les   o f   t he   d rawn   rod   were   hea t - t rea ted  
f o r  100 hours   a t  400°C (a f te r   remova l   o f   t he   copper  
shea th ing )   t o   de te rm ine   wha t   e f fec t   t he   d rawn   m ic ro -  
s t r u c t u r e  had  on t h e   s i z e  and  morphology  of   the  a-Ti  
p a r t i c l e s   w h i c h   p r e c i p i t a t e d   d u r i n g   t h e   h e a t -  
t rea tmen t  . 
Resu l t s  

F ig .  1 shows t h e   m i c r o s t r u c t u r e   o f   t h e  drawn  Nb-Ti 
r o d   a t  16.5 mm d i a m e t e r   ( c o l d   a r e a   r e d u c t i o n   r a t i o  
(CARR) = 6.32, t r u e   s t r a i n  ( E )  = 1.84). The rod  
con ta ined  a 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 ,   b u t   t h e   s u b -  
band s t r u c t u r e  had n o t   y e t   s t a r t e d   t o   d e v e l o p .  On 
f u r t h e r   d r a w i n g   t o  6.7 mm d iameter ,   F ig .  2, a 
t r a n s v e r s e   s e c t i o n   o f   t h e   m i c r o s t r u c t u r e  showed t h a t  
long,  narrow  sub-bands  had  developed i n   c e r t a i n   a r e a s  
o f   t h e   r o d   b u t   n o t   i n   o t h e r s  (CARR = 50.8, E = 
3.93). Th is   inhomogeneous  microst ructure was s t i l l  
p r e s e n t   a t   t h e   f i n a l   d i a m e t e r   o f  2.7 mm, Fig. 3 (CARR 
= 313, E = 5.75). 

F ig .  1. Nb-Ti  rod  drawn t o  16.5 mn d iameter  

The t r a n s v e r s e   m i c r o s t r u c t u r e   o f   t h e   r o d   a t  2.7 mm 
d i a m e t e r   a f t e r   h e a t - t r e a t m e n t   f o r  100 h o u r s   a t  4flOOC 
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F ig .  2. Nb-Ti  rod  drawn t o  6.7 m diameter.  

F ig .  3. Nb-Ti  rod  drawn t o  2.7 mm d iameter .  

i s  shown i n   F i g .  4. The elongated  sub-bands  of   Fig.  3 
had become f a r  more   equ i -axed  a f te r   heat - t rea tment   bu t  
t h e r e  was a l a r g e   v a r i a t i o n   i n   t h e   m o r p h o l o g y   o f   t h e  
a-T i   p rec ip i ta tes .   Large ,   equ i -axed  p rec ip i ta tes   were  
p r e s e n t   i n   t h e   a r e a   c o n t a i n i n g  sub-bands,  but i n   t h e  
r e g i o n   f r e e   o f  sub-band s t r u c t u r e ,   t h e   a - T i   p r e c i p i -  
t a t e s  were   sma l l   d i scs   o r i en ta ted   w i th   respec t   t o   t he  
m a t r i x .  The v a r i a t i o n   i n   t h e  a - T i   p r e c i p i t a t e  
morphology  wi th   the  degree o c o l d - w o r k   i n   t h e   m a t r i x  
has  been r e p o r t e d   p r e v i o u s l y .  5 

Fig .  4. Nb-Ti   rod  a t  2.7 mn diameter.   Heat- t reat.ed 
f o r  100 hours   a t  40OoC. 

11. Measurement o f   Composi t ional   Inhomogenei t ies 

Experimental  Procedure 

Samples of   both  rods  were  examined i n   t h e  as- 
r e c e i v e d   c o n d i t i o n   ( i  .e. a f t e r   c o l d - w o r k i n g   f r o m  40 mm 
t o  15.9 m by Wah Chang), t o g e t h e r   w i t h   c r o s s - s e c t i o n s  
o f   t h e   c o m p o s i t e   f a b r i c a t e d  by MCA f r o m   t h e  Nb 43 wt .% 
T i  25 wt.% Ta i n g o t ,  as we l l  as a Nb 46.5 wt.% Ti 
compos i te   o f   s im i l a r   des ign   (bo th   were   o f   t he   Fe rm i lab  
des ign) .  The Nb 46.5 wt.% Ti  composite  bore no known 
r e l a t i o n   t o   t h e   r o d   o f  Nb 46.5 wt .% Ti,  however,  and 
was i n c l u d e d   o n l y   f o r   c o n t r o l   p u r p o s e s .  

Sec t i ons   were   cu t   f rom  the   rods   and   t he   mu l t i f i l a -  
mentary  composites  and  mounted i n   B a k e l i t e .  The 
samples  were  ground  and  polished  but  not  etched. All 
t h e  samples  were  examined i n  a JEOL 35C scanning 
e lec t ron   m ic roscope  (SEM) w i t h  an energy   d i spe rs i ve  
x - ray  (EDX) spect roscopy  detector   a t tachment .  The r o d  
sample's  were  imaged i n   t h e  SEM us ing   the   back-  
s c a t t e r e d   e l e c t r o n   s i g n a l .  The back -sca t te r  image i s  
v e r y   s e n s i t i v e   t o   d i f f e r e n c e s   i n   t h e   a v e r a g e   a t o m i c  
number  between d i f f e r e n t   r e g i o n s   o f   t h e  sample  and i s  
u s e f u l   f o r   d e t e c t i n g   c o m p o s i t i o n a l   i n h o m o g e n e i t i e s .  
Regions o f   h igher   average  a tomic  number back-sca t te r  
more e l e c t r o n s   f r o m   t h e   i n c i d e n t  beam and thus  appear 
l i g h t e r   i n   t h e   b a c k - s c a t t e r  image. 

Resu l t s  

The r e s u l t s   o f   t h e s e   a n a l y s e s   a r e   g i v e n   i n   T a b l e s  
1, 2,   3 ,  and 4. B a c k - s c a t t e r   e l e c t r o n   i m a g e s   o f   t h e  
Nb-Ti  and  Nb-Ti-Ta  rods  are shown i n  Figs.  5 and 6, 
w h i l e  a c r o s s - s e c t i o n   o f   t h e  Nb-Ti-Ta  composite i s  
shown i n  Fig.  7. A s t r i k i n g   f e a t u r e   o f   t h e   b a c k -  

Table 1: Chemical 

Ana lys is*  

1 
2 
3 
4 
5 
6 
7 
8 
9 

10 
11 
12 
1 3  
14  
15  
16 

A n a l y s i s   o f  a Nb-Ti Rod. 

T i  w t . %  Nb w t . %  

46.2 
50.4 
50.0 
46.3 
46.5 
45.9 
44.3 
44.4 
44.3 
43.8 
41.8 
41.4 
41.1 
41.1 
47.3 
45.8 

50.8 
49.6 
50.0 
53.7 
53.5 
54.1 
55.7 
55.7 
55.7 
56.3 
58.2 
58.6 
58.9 
58.8 
52.7 
54.2 

* A n a l y s i s   p o i n t s  .-- 10 um apar t .  

Tab le  2: Chemical   Analys is   o f  a Nb-Ti-Ta Rod 

Ana lys i s *  Nb w t %  T i  w t $  Ta w t %  Area 

31.9 
32.3 
32.6 
33.0 
32.6 
32.0 
32.0 
32.5 

39.8 28.5 
42.4 25.8 
48.3 19.1 
37.3 29.7 
47.3 20.2 
39.9 28 c3 
47.4 20.5 
41.5 26.1 

L i g h t  
Average 

Dark 
L i g h t  
Dark 

Average 
Dark 
L i g h t  

*Analyses  were  carr ied  out  i n  areas  showing maximum 
l i g h t   o r   d a r k   c o n t r a s t   i n   t h e   b a c k - s c a t t e r e d  image. 



Tab le  3: Chemica l   Ana lys is   o f  a Nb-Ti  Composite 

F i  1 ament 

10 
11 

Nb wt% 

54.3 
54.3 
54.5 
54.4 
53.7 
54.3 
53.8 
54.7 
54.0 
54.0 
53.9 

T i  wtl 

45.8 
45.7 
45.6 
45.5 
44.9 
45.6 
46.2 
45.3 
46.0 
46 -0 
46.1 

Table 4: Chemical  Analysis o f  a Nb-Ti-Ta  Composite 

F i   l a m e n t  

1 
2 
3 
4 
5 
6 
7 
8 
9 

10 
11 
12 
13 
14 
15 
16 
17 

Nb w t %  

34.4 
31.9 
32.7 
31.5 
32.2 
33.4 
31.8 
32.3 
31.5 
31.1 
31.3 
31.9 
32.6 

30.3 
32.4 
32.1 

33.1 

T i  w t %  

40 .O 
41.1 
40.3 
41.4 
42.6 
41.1 
42.5 
45.8 
44.6 
46.1 
46 .O 
45.2 
41.4 
41.5 
41.8 
45.6 
43.2 

Ta w t %  

25.7 
27.0 
27.2 
27.1 
25.3 
25.6 
25.8 
22.1 
24.0 
22.9 
22.7 
22.9 
26.0 
25.4 
27.9 
22.0 
24.7 

F ig .  5. Nb-Ti  rod,  unhomogenized.  Back-scatter 
e l e c t r o n  image. 

s c a t t e r  images i s   t h e  pronounced  banding  resul t ing 
f r o m   l o c a l   c o r i n g .  The s c a l e   o f   t h e   c o r i n g   i s   a b o u t  
10 i n   b o t h  cases. The f o l d e d   n a t u r e  o f  the   band ing  
r e s u l t s   f r o m   t h e   s w a g i n g   s t e p s   i n   t h e   r o d   r e d u c t i o n  
process. The EDX spot  analyses show t h a t   b o t h   r o d s  
had l a r g e   l o c a l   c o m p o s i t i o n   g r a d i e n t s ,   . t h e   T i   c o n t e n t  
rang ing  from 41.1 t o  50.4 wt.% i n  t h e   b i n a r y   a l l o y .  
The t e r n a r y   a l l o y  showed l i t t l e   v a r i a t i o n   i n  Nb 
con ten t  (31.9 t o  33.0 wt.%) b u t   t h e r e  was , a   l a r g e  
v a r i a t i o n   i n   T i  (39.8 t o  48.3 wt.%)  and Ta con ten t  
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Fig .  6. Nb-Ti-Ta  rod,  unhomogenized.  Back-scatter 
e l e c t r o n  image. 

F ig .  7. Nb-Ti-Ta  composite.  Optical  micrograph. 

(19.1 t o  28.5 wt.%). The c r o s s - s e c t i o n   o f   t h e   N b - T i -  
Ta composi te showed many markedly   sausaged  f i laments,  
i n   c o n t r a s t   t o   t h a t   o f   t h e  Nb-Ti composi te,   which  had 
u n i f o r m   f i l a m e n t s .   A n a l y s i s   o f  random f i l a m e n t s   i n  
the  Nb-Ti -Ta  composi te  showed a lmost  as l a r g e  a compo- 
s i t i o n   v a r i a t i o n  as t h e   a l l o y   r o d ;   t h e  Ta con ten t  
va r ied   f rom 22.0 t o  27.2 wt.%, t he   T i   f r om 40.3 t o  
46.1 wt.% and t h e  Nb from 30.3 t o  33.4 wt.%. By 
c o n t r a s t ,   t h e   v a r i a t i o n   f o u n d   i n   t h e   b i n a r y   c o m p o s i t e  
was on ly  1.2 wt .%,  which i s  on t h e   o r d e r   o f   t h e  
exper imen ta l   unce r ta in t y .  

I I I. Homogeni z a t i  on  Heat  Treatments 

Cor ing  can be  removed by a homogenizat ion  heat 
t rea tmen t ;  we have  normal ly  used a t r e a t m e n t   o f  8 h r s  
a t  1300 - 1350°C on o u r   l a b o r a t o r y   s c a l e   a r c   m e l t e d  
a l l o y s .  Such high  temperatures  are  needed  because o f  
t h e   h i g h   m e l t i n g   p o i n t   o f  Nb-Ti.  Such high  tempera- 
t u r e s   a r e   e x p e r i m e n t a l l y   i n c o n v e n i e n t  and a r e   a l s o  
h i g h  enough t o   g i v e   c o n c e r n   a b o u t   c o n t a m i n a t i o n   o f   t h e  
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mate r ia l   by   a tmospher i c  gases. D e t e r m i n a t i o n   o f   t h e  
co r rec t   annea l   requ i res  a d e c i s i o n  on t h e   s c a l e   a n d  
degree t o  which  homogenization i s   r e q u i r e d ,  as w e l l  as 
a knowledge o f   t h e   s c a l e   o f   t h e   o r i g i n a l   c o r i n g   a n d  
t h e   a p p r o p r i a t e   d i f f u s i o n   c o e f f i c i e n t s .  The s c a l e   o f  
t h e   m i c r o s t r u c t u r e   d e t e r m i n i n g   J c   i s  5 - 50 nm and   the  
c r u c i a l   a - T i   p r e c i p i t a t i o n   p r o c e s s   r e q u i r e s   u n i f o r m  
compos i t ion   and  sub-band  s t ruc tu re   a t  a s i z e   o f   a b o u t  
50 nm. However ,   exper imenta l   de termina t ion   o f   the  
degree o f   homogen iza t i on  on t h i s   f i n e  a sca le  i s  
d i f f i c u l t .  The convent iona l   too l   used i s   t h e  SEM o r  
e l e c t r o n   p r o b e   w i t h  a s p a t i a l   r e s o l u t i o n  1 imit o f  - 1 
- 2 vm and a chemica l   reso lu t i on  limit o f  - 1%. The 100 
b a c k - s c a t t e r   e l e c t r o n  images  seen i n  Figs.  1 and 2 
have a g r e a t e r   s p a t i a l   r e s o l u t i o n  (- 0.1 - 0.2 vn)   but  2 
a r e   o n l y   q u a l i t a t i v e .   B a c k - s c a t t e r  images  can 3 

norma l l y   de tec t   a tom ic  number v a r i a t i o n s   o f  * 1, which c 
corresponds t o  a T i   c o n t e n t   v a r i a t i o n   o f  - 5% f o r  a Nb 
50 w t . %  T i  a1 loy .  Thus these   t oo l s   can  be a p p l i e d   t o  
t h e   i n g o t  or  r o d   a t   l a r g e   s i z e   b u t   t h e y  become # 
p r o g r e s s i v e l y   l e s s   u s e f u l  as t h e   r o d   i s   r e d u c e d   t o  a 
f i n e   f i l a m e n t   i n   t h e   c o m p o s i t e .  6 +.I 

h 

N 
4 

To p r o v i d e   a d d i t i o n a l   i n p u t   t o   t h i s   p r o b l e m ,  we 
have a t tempted a t h e o r e t i c a l   c a l c u l a t i o n   o f   t h e   t i m e  w 
and  temperature  needed t o  remove co r ing .  The a 
c a l c u l a t i o n s   u s e   t h e   a n a l y t i c a l   a p p r o x i m a t i o n ' s   o f  8 
Unman e t  a1.8 F o r   t h i s   c a l c u l a t i o n  i t  was necessary 
t o  make th ree   app rox ima t ions ;  one t h a t   t h e   r a t e   o f  
homogenizat ion was governed by t h e   d i f f u s i o n   o f  Nb i n  
N b - T i ;   t w o ,   t h a t   t h e   i n i t i a l   d e n d r i t e s  were  pure Nb o r  
pure  T i ;  and t h r e e ,   t h a t   t h e   N b - r i c h   d e n d r i t e  arms  had 
a p a r t i c u l a r   r a d i u s .  Measurements f rom 309 i n g o t s  
m e l t e d   i n   o u r   l a b o r a t o r y   y i e l d e d  a va lue   o f   app rox i -  
mate ly   10  run f o r   t h e   d e n d r i t e  arm r a d i u s   i n  a Nb-50 
a t %   T i ,  (Nb-34 wt.% T i ) ,   a l l o y .  The d e n d r i t e s   i n  a 
l a r g e  0.3 m d i a   i n g o t  have  been shown t o  be - 100 m 
i n   w i d t h   b u t   f a b r i c a t i o n   o f   t h e   i n g o t  will r a p i d l y  
r e d u c e   t h i s   s i z e .   V a l u e s   o f   t h e   d i f f u s i o n   c o e f f i c i e n t  

values, it was p o s s i b l e  t o   c a l c u l a t e  t h e   l e n g t h   o f  
f o r  Nb were  taken  from o u r  own data.  Using  these  F ig .  8. Calcu lated  homogenizat ion  t reatment ,  1300°C. 

t i m e   r e q u i r e d   t o   r e d u c e   t h e   d i f f e r e n c e   i n   c o m p o s i t i o n  
between t h e   d e n d r i t e s  and t h e   a v e r a g e   o v e r a l l   a l l o y  
composi t ion  to   va lues  between 5 and  0.01 a t  %. These 
c a l c u l a t i o n s  were c a r r i e d   o u t   f o r   h e a t - t r e a t m e n t  tem- 
p e r a t u r e s   o f  1300  and 14OOOC over   the  whole  range  o f  
a l l o y   c o m p o s i t i o n s   f r o m  0 t o  100 a t  % Nb, and a r e  
p l o t t e d   i n   F i g s .  8 and 9. As an example, f o r  a homo- 
g e n i z a t i o n   t e m p e r a t u r e   o f  13OO0C, t h e   c o m p o s i t i o n   o f  
t h e   d e n d r i t e s   i n  a T i -44  a t% Nb, (Nb 39.6 wt.Z T i )  
a l l oy   wou ld  be w i t h i n  0 . 0 1   a t %   o f   t h e   a v e r a g e   a l l o y  
c o m p o s i t i o n   a f t e r  an 8 hour   heat - t rea tment .  - 

Figs. 8 and 9 show that   homogenizat ion  can i n   a l l  g 
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cases be ach ieved   f o r   hea t   t rea tmen ts   o f   l ess   t han  50 
hours   a t  140OOC. I n   f a c t   t h e   a c t u a l   t i m e s   r e q u i r e d  
a r e   l i k e l y   t o  be sho r te r ,   s i nce   t he   assumpt ions   t ha t  8 
t h e   e f f e c t i v e   d i f f u s i o n   c o e f f i c i e n t   i s   t h a t   o f  Nb and H 

t h a t   t h e   d e n d r i t e s   a r e   i n i t i a l l y   e i t h e r   p u r e  Nb o r  Ti 2 lo 
a r e   b o t h   p e s s i m i s t i c  ones. 
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IV. Discuss ion  

The r e s u l t s   o f  the .   p resent   paper   a re   in te res t ing  
from a number o f   p o i n t s   o f   v i e w .  We have p r e v i o u s l y  
emphasized  that  what i s   r e q u i r e d   f o r   t h e   d e v e l o p m e n t  
o f   t h e   h i g h e s t  Jc values i s  an ordered  heterogeneo 
m i c r o s t r u c t u r e  on1$ s c a l e   o f   l e s s   t h a n   a b o u t  40 nm. 
A companion  paper shows d e t a i l s   o f   t h e   m i c r o s t r u c -  
t u r e   o f  such  high  Jc  composi tes  and  conf i rms  that  a 
common f e a t u r e   o f   a l l   t h e   h i g h  J (> 2000 A/mm2 5T, 
4.2K) composi tes  that  we have d i e d   i s  the  presence 
o f  dense w a l l s   o f  a -T i   w i th   ave rage   separa t i ons   o f  - 
30 nm. These  dense arrays  can  on ly  be formed when t h e   F i g .  9. Ca lcu la ted   homogen iza t ion   t rea tment ,  1400°C. 
i n i t i a l  sub-band s t r u c t u r e   i s  as r e g u l a r  as p o s s i b l e ,  
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u n d e t e c t a b l e   i n   t h e   b i n a r y   a l l o y  and o f   o rde r   abou t  2 
wt.% i n   t h e   t e r n a r y .  It t h u s   a p p e a r s   p e r f e c t l y  
f e a s i b l e   t o   c o n t r o l   t h e   p r o b l e m  on an i n d u s t r i a l   s c a l e  
and s p e c i a l l y   p r e p a r e d  homoge ous m a t e r i a l   i s  now 
a v a i l a b l e   f o r   s p e c i a l   o r d e r .  85 I n   v i e w   o f   t h e  
m i c r o s t r u c t u r a l   o b s e r v a t i o n s   d e s c r i b e d   i n   t h i s   p a p e r ,  
we b e l i e v e   t h a t   s e l e c t i o n   o f  homogeneous s t a r t i n g  
m a t e r i a l  will be f u l l y   j u s t i f i e d  by t h e   g a i n s   i n  Jc 
a r i s i n g   f r o m  a more u n i f o r m   m i c r o s t r u c t u r e .  

s i n c e   t h e   n u c l e a t i o n  and g rowth   o f   a -T i   occu rs   p re fe r -  
e n t i a l l y   i n   t h e  sub-band  walls. 

I n   c o n t r a s t   t o   t h e   d e s i r e d   r e g u l a r   s t a t e   j u s t  
d e s c r i b e d ,   t h e   p r e s e n t   r e s u l t s   p r o v i d e   . e v i d e n c e   f o r  
both  chemical  and s t r u c t u r a l   i n h o m o g e n e i t i e s   i n   s i n g l e  
phase a l l o y s  and show t h a t  a chemica l l y  and, s t r u c t u r -  
a l l y   i r r e g u l a r   m i c r o s t r u c t u r e   p r o d u c e s  an i r r e g u l a r  a- 
T i   d i s t r i b u t i o n   a f t e r   h e a t   t r e a t m e n t   ( F i g s .  3 and 
4). One example o f   g r o s s   c o r i n g   a t   t h e   l a r g e   r o d   s i z e  
was found t o  be a s s o c i a t e d   w i t h   f i l a m e n t   s a u s a g i n g   a t  
f i n a l   c o m p o s i t e   s i z e .  We now e x p l o r e   t h e s e   f i n d i n g s  
i n  more d e t a i l   w i t h  a v iew t o  assess ing   the   genera l  
e f f e c t   o f   c h e m i c a l   i n h o m o g e n e i t i e s   i n  Nb-Ti  and i t s  
a1 1 oys. 

The most   obv ious   e f fec ts  were  seen i n   t h e  Nb 43 
wt.% T i  25 wt.% Ta a1 l oy .   Th i s   i ngo t  was m e l t e d   a t  
about 150 mm d iameter  and f i r s t  examined by us a t  
about  19 mm, when i n v e r s e   s e g r e g a t i o n   o f  T i  and Ta t o  
t h e   e x t e n t   o f   a b o u t  10 w t . %  was f o u n d   t o  be present.  
This  chemical i nhornogeneity was  a1 so found i n  random 
checks  o f   the  sausaged  f i laments shown i n  Fig.  7. 
Al though i t  cannot  be  proved  that   the  sausaging was 
provoked by the  chemical   segregat ion,  it i s   c e r t a i n l y  
a reasonab le   suppos i t ion .  The e l a s t i c  modu lus   o f   the  
group IV - V a l l o y s   i s   w e l l  known t o  be v e r y   s e n s i t i v e  
t o   t h e   l o c a l   e l e c t r o n   t o  atom r a t i o  and t h e   i n v e r s e  
seg rega t ion   o f   T i  and Ta found  here i s   l i k e l y   t o  be 
much more d e l e t e r i o u s   t o   t h e   p r o p e r t i e s   t h a n   t h a t   o f  
t h e   i s o - e l e c t r o n i c  Nb and Ta. It should  a lso  be  noted 
t h a t   e x c e s s i v e   a - T i   p r e c i p i t a t i o n  was a lso  suggest  
as a r e a s o n   f o r   t h e   s a u s a g i n g   o f   t h i s   b i l l e t .  
I r r e g u l a r ,   l o c a l i z e d   p r e c i p i t a t i o n   i n   t h e   T i - r i c h  
regions  would  be an obvious  consequence o f   t h e  
obse rved   i nhomogene i t i es ,   a l t hough   the   f o rm  o f   t he  
f l u x   p i n n i n g   c u r v e   o b s e r v e d   f o r   t h i s   c o m p o s i t e  
s u g g e s t e d   t o o   l i t t l e ,   r a t h e r   t h a n   t o o  much a-Ti 
p r e c i p i t a t i o n . ' '  

Yl 

A more  genera l   aspect   o f   the  problem i s  suggested 
b y   t h e   r e s u l t s  on t h e   b i n a r y  Nb 46.5 wt .% T i  rod  where 
the   inhomogene i t ies   had a s i m i l a r   s c a l e  and  magni- 
tude. The i r r e g u l a r i t y   o f   t h e   m i c r o s t r u c t u r e s   e v e n  
a f t e r   c o n s i d e r a b l e   c o l d - w o r k   i s   v e r y   s u r p r i s ' n   F o r  
example ,   our   s tud ies   o f  a Fermi lab  have 
shown t h a t  a co ld   a rea   reduc t ion   o f   300: l   p roduces  a 
reasonab ly   regu la r   sub -band   s t ruc tu re ,   o f   ave rage  
diameter  69 nm. Al though some sub-bands  were 
a s p e c t e d ,   t h e y   d i d   n o t  show t h e   l a r g e   a s p e c t   r a t i o   o f  
t hose  shown i n  Fig.  3, where a m a r k e d l y   i r r e g u l a r  
s t r u c t u r e   i s  shown. The c o l d   a r e a   r e d u c t i o n   o f   t h e  
present  case i s  a lmos t   i den t i ca l ,   be ing   313 : l .  It i s  
t e m p t i n g   t o   a s s o c i a t e  some o f   t h e  sub-band  bending 
seen i n   F i g .  3 w i t h   t h e   g r o s s e r   f o l d i n g   p r o d u c e d  by 
s a u s a g i n g   ( F i g .   6 )   b u t   f u r t h e r   t e s t s  must  be made 
b e f o r e  we can  be c e r t a i n  on t h i s   p o i n t .  Based  on our  
u n d e r s t a n d i n g   o f   t h e   m i c r o s t r u c t u r e s   o f   h i g h  Jc 
composites,  however, we would  not   expect   that   rods 
with these  inhomogenei t ies  would be. an a p p r o p r i a t e  
c h o i c e   f o r  such a composite. 

A q u e s t i o n   w h i c h   n a t u r a l l y   a r i s e s   i s   t h e   e x t e n t   t o  
wh ich   t he   resu l t s   p resen ted   he re   a re   t yp i ca l .  How- 
e v e r ,   o u r   r e s u l t s   a r e   t o o  few i n  number t o   p r o v i d e   a n y  
firm answer. It i s  n o t   s u r p r i s i n g   t h a t   i n i t i a l   m e l t s  
o f  a new t e r n a r y   a l l o y   w o u l d   h a v e  shown some inhomo- 
gene i t y .  Ta has a h i g h   m e l t i n g   p o i n t  and t h e r e   a r e  a 
number o f   e x p e r i m e n t a l   v a r i a b l e s   i n   c o n s u m a b l e   a r c  
me l t ing   wh ich   can   a f fec t   the   ingo t   homogene i ty .  The 
Nb-Ti r e s u l t  was more s u r p r i s i n g   b u t  it may be no te-  
wor thy   tha t   our   f i l ament   ana lyses   on  a randomly 
se lec ted   compos i te   d id   no t  show t h e   e f f e c t .  We have 
r e c e n t l y   a n a l y z e d   f u r t h e r   i n g o t s   o f  Nb 41 wt.% Ti 15 
wt.% Ta and Nb 46.5 wt.% T i  made by Wah Chang. The 
seg rega t ion  was much reduced i n   b o t h   i n g o t s ,   b e i n g  
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