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©  Oxysulfide  dispersion  strengthened  titanium  alloys. 
  A  titanium  base  composition  is  prepared  to  contain  a 
finely  divided  dispersoid  of  a  compound  which  is  stable  in 
the  composition  at  elevated  temperatures.  The  compound  is 
of  a  metal  and  a  non-metal.  The  non-metal  may  be  sulfide  or 
oxysulfide  or  a  combination  of  sulfide  and  oxysulfide.  The 
compound  metal  may  be  at  least  one  metal  selected  from  the 
group  comprising  calcium,  strontium  and  a  rare  earth  metal 
selected  from  the  group  consisting  of  those  having  a 
chemical  stability  greater  than  that  of  the  corresponding 
compound  of  yttrium. 



BACKGROUND  OF  THE  INVENTION 

The  p r e s e n t   i n v e n t i o n   r e l a t e s   to  m e t h o d s   and  m e a n s  
f o r   s t r e n g t h e n i n g   t i t a n i u m   a l l o y s   f o r   o p e r a t i o n   a t   h i g h e r  

t e m p e r a t u r e s .   More  p a r t i c u l a r l y   t h e   i n v e n t i o n   r e l a t e s   to  a  
m e t h o d   and  means   by  w h i c h   a  t i t a n i u m   a l l o y   i s   r e n d e r e d  

c a p a b l e   of  o p e r a t i n g   w i t h   good  p h y s i c a l   p r o p e r t i e s   a t  

t e m p e r a t u r e s   a b o v e   t h o s e   a t   w h i c h   t h e   m e t a l   n o r m a l l y   l o s e s  

or   o t h e r w i s e   l o s e s   i t s   good  o p e r a t i n g   p h y s i c a l   p r o p e r t i e s .  

At  t h e   p r e s e n t   t i m e   t i t a n i u m   and  i t s   a l l o y s   can  b e  

u s e d   a t   t e m p e r a t u r e s   up  to   a b o u t   1 1 0 0 ° F .   I t   i s   a  s u p e r i o r  

m e t a l   e x h i b i t i n g   a  good   s e t   of   p r o p e r t i e s   and  many  u s e s   h a v e  

b e e n   made  of   i t   f o r   a p p l i c a t i o n s   a t   t e m p e r a t u r e s   up  to  a b o u t  

1 1 0 0 ° F .   I f   t i t a n i u m   c o u l d   be  m o d i f i e d   so  t h a t   i t s   e f f e c t i v e  

o p e r a t i n g   t e m p e r a t u r e s   we re   a b o v e   a b o u t   1 1 0 0 ° F   i t   c o u l d   b e  

e m p l o y e d   in   t h e   p l a c e   of  more  e x p e n s i v e   s u p e r a l l o y s   w h i c h  

a r e   p r e s e n t l y   u s e d   i n   a p p l i c a t i o n s   r e q u i r i n g   t h e   c o m b i n a t i o n  

of   h i g h   s t r e n g t h   a t   h i g h   t e m p e r a t u r e .   The  s u p e r a l l o y s   a r e  

e m p l o y e d   i n   t h e   t e m p e r a t u r e   r a n g e   of  o v e r   1 0 0 0 ° F   up  to   a b o u t  

1 7 0 0 ° F .   Many  a p p l i c a t i o n s   e x i s t   f o r   a  m e t a l   h a v i n g   g o o d  

s t r e n g t h   and  o t h e r   p r o p e r t i e s   in   t h e   t e m p e r a t u r e   r a n g e   o f  

1 1 0 0 ,   to   1 3 0 0 ° F   and  i f   s u c h   a  t i t a n i u m   a l l o y   e x i s t e d   i t  

c o u l d   be  s u b s t i t u t e d   f o r   more  e x p e n s i v e   s u p e r a l l o y s   p r e s e n t -  

ly   e m p l o y e d   in   a p p l i c a t i o n s   w h i c h   r e q u i r e   h i g h   s t r e n g t h   a t  

t h e s e   t e m p e r a t u r e s .  

The  h i g h   r e a c t i v i t y   of  t i t a n i u m   and  t i t a n i u m  

a l l o y s   i s   m a n i f e s t e d   in   i t s   d i s s o l u t i o n   of  mos t   c a r b i d e s ,  

o x i d e s ,   and  o t h e r   r e f r a c t o r y   c o m p o u n d s   g e n e r a l l y   t h o u g h t   t o  

h a v e   h i g h   c h e m i c a l   s t a b i l i t y   in   o t h e r   a l l o y   s y s t e m s .   T h e r e  

h a s   b e e n   much  work  to   f i n d   c e r a m i c   c o m p o u n d s   w h i c h   r e s i s t  



d i s s o l u t i o n   by  l i q u i d   t i t a n i u m .   A l l   s t u d i e s   h a v e   c o n c l u d e d  

t h a t   e v e r y   m a t e r i a l   w h i c h   h a s   b e e n   e x a m i n e d   r e a c t s   w i t h  

l i q u i d   t i t a n i u m .  

R e c e n t l y ,   i t   h a s   b e e n   f o u n d   t h a t   r a r e   e a r t h  

a d d i t i o n s   to   t i t a n i u m   p r o d u c e   s t a b l e   s e s q u i o x i d e   c o m p o u n d s  

t h a t   h a v e   s t a b i l i t y   i n   t h e   s o l i d   s t a t e   i n   t i t a n i u m   a l l o y s  

a n d   w h i c h   d i s s o l v e   i n   t h e   l i q u i d   s t a t e .   T h i s   h a s   b e e n  

e x t e n d e d   w i t h   r a p i d   s o l i d i f i c a t i o n   p r o c e s s i n g   by  S a s t r y   a n d  

c o - w o r k e r s   to   y i e l d   a  f i n e   d i s p e r s o i d   of   r a r e   e a r t h - b a s e d  

p a r t i c l e s .   T h i s   w o r k   i s   r e p o r t e d   i n   an  a r t i c l e   by  S a s t r y   e t  

a l ,   e n t i t l e d   " S t r u c t u r e   and  P r o p e r t i e s   o f   R a p i d l y   S o l i d i f i e d  

D i s p e r s i o n   S t r e n g t h e n e d   T i t a n i u m   A l l o y s :   P a r t   1.  C h a r a c t e r -  

i z a t i o n   o f   D i s p e r s o i d   D i s t r i b u t i o n ,   S t r u c t u r e   and   C h e m i s t r y "  

M e t .   T r a n s .   A.  V o l .   15A,  pp .   1 4 5 1 - 1 4 6 3 ,   1 9 8 4 .   S a s t r y  e t   a l  

h a v e   d e m o n s t r a t e d   t h e   s t a b i l i t y   o f   t h e s e   d i s p e r s o i d   p a r t i -  

c l e s   t o  h i g h   t e m p e r a t u r e s .   See   i n   t h i s   r e g a r d   SML  S a s t r y   e t  

a l   " D i s p e r s i o n   S t r e n g t h e n e d   P o w d e r   M e t a l l u r g y   T i t a n i u m  

A l l o y s "   F i n a l   R e p o r t ,   C o n t r a c t   No.  F 3 3 6 1 5 - 8 1 - C - 5 0 1 1 ,   R e p o r t  

A F W A L - T R - 8 3 - 4 0 9 2 ,   O c t o b e r   1 9 8 3 .  

I t   h a s   b e e n   known  h e r e t o f o r e   t h a t   h i g h   t e m p e r a t u r e  

s t r e n g t h e n i n g   o f   c o n v e n t i o n a l   t i t a n i u m   a l l o y s   h a s   b e e n  

a c c o m p l i s h e d   t h r o u g h   s o l i d   s o l u t i o n   s t r e n g t h e n i n g   t e c h -  

n i q u e s .   T h i s   i s   b r o u g h t   o u t   i n   t h e   a r t i c l e   by  H.K.  M i s k a  

a p p e a r i n g   on  p a g e s   79  and   80  o f   t h e   J u l y   1974  i s s u e   o f  

M a t e r i a l s   E n g i n e e r i n g   u n d e r   t h e   t i t l e   " T i t a n i u m   and  I t s  

A l l o y s " .   T h e r e   a r e   s e v e r a l   r e a s o n s   why  s o l i d   s o l u t i o n  

s t r e n g t h e n i n g   t e c h n i q u e s   h a v e   b e e n   e m p l o y e d .   One  r e a s o n   i s  

t h e   h i g h   c h e m i c a l   s t a b i l i t y   o f   t i t a n i u m   s o l i d   s o l u t i o n s .  

T h e s e   s o l u t i o n s   e x i s t   as  s t a b l e   p h a s e s   up  to   t r a n s f o r m a t i o n  

t e m p e r a t u r e s   on  t h e   o r d e r   of   1 7 0 0 ° F .  

S o l i d   s o l u t i o n   s t r e n g t h e n i n g   h a s   an  a p p a r e n t   u p p e r  

t e m p e r a t u r e   l i m i t   f o r   e f f e c t i v e   s t r e n g t h e n i n g .   E x a m i n a t i o n  

of   t h e   p r o p e r t i e s   of   c u r r e n t   t i t a n i u m   a l l o y s   w o u l d   l e a d   o n e  



to   t h e   c o n c l u s i o n   t h a t   t h e   l i m i t   of  t i t a n i u m   a l l o y   s t r e n g t h -  

e n i n g   i s   a  r e s u l t   of  t h i s   l i m i t a t i o n   of  s o l u t i o n   s t r e n g t h e n -  

i n g .   One  way  of  p r o v i d i n g   an  i n c r e m e n t   of  s t r e n g t h e n i n g  

b e y o n d   s o l u t i o n   s t r e n g t h e n i n g   i s   to   add  a  p r e c i p i t a t e   o r  

d i s p e r s o i d   p h a s e   to   a  s o l i d   s o l u t i o n   s t r e n g t h e n e d   a l l o y .   I t  

i s   known   t h a t   t h e   t e m p e r a t u r e   d e p e n d e n c e   of  d i s p e r s i o n  

s t r e n g t h e n i n g   i s   a  weak  f u n c t i o n   of  t e m p e r a t u r e ,   v a r y i n g  

o n l y   as  t h e   t e m p e r a t u r e   d e p e n d e n c e   of  e l a s t i c   m o d u l i .  

D i s p e r s o i d   s t r e n g t h e n i n g   c o n t i n u e s   to   be  e f f e c t i v e   a t  

t e m p e r a t u r e s   b e y o n d   t h e   t e m p e r a t u r e s   a t   w h i c h   s o l u t i o n  

s t r e n g t h e n i n g   i s   e f f e c t i v e .   P r i o r   a r t   e x a m p l e s   of  d i s p e r -  

s i o n   s t r e n g t h e n e d   a l l o y s   i n   a l l o y   s y s t e m s   o t h e r   t h a n   t i t a n i -  

um  a r e   t h e   t h o r i a - d i s p e r s i o n   s t r e n g t h e n e d   n i c k e l   a l l o y s ,   a n d  

d i s p e r s i o n   s t r e n g t h e n e d   a l l o y s   p r o d u c e d   by  m e c h a n i c a l  

a l l o y i n g .   In  a l l   c a s e s ,  t h e   d i s p e r s o i d   p h a s e   i s   s t a b l e   t o  

t e m p e r a t u r e s   f a r   above   t h e   l i m i t   of   s o l u t i o n   or  p r e c i p i t a -  

t i o n   s t r e n g t h e n e d   a l l o y s .   U n f o r t u n a t e l y ,   f o r   t i t a n i u m  

a l l o y s ,   t h e   s t a b i l i t y   of  m o s t   p r e c i p i t a t e   p h a s e s   has   b e e n  

i n a d e q u a t e   to   p r e v e n t   t h e   d i s s o l u t i o n  o r   c o a r s e n i n g   of  t h e  

p r e c i p i t a t e   and  a g i n g   of  t h e   m a t e r i a l   d u r i n g   h i g h   t e m p e r a -  

t u r e   s e r v i c e .   T h i s   has   b e e n   r e p o r t e d   f o r   s e v e r a l   c a n d i d a t e  

p r e c i p i t a t i o n   s t r e n g t h e n i n g   s y s t e m s   by  K.C.  A n t h o n y   in   a  

r e p o r t   A F M L - T R - 6 7 - 3 5 2   i n   N o v e m b e r   1967  u n d e r   t h e   t i t l e  

" D i s p e r s i o n   S t r e n g t h e n e d   A l p h a   T i t a n i u m   A l l o y s " .  

F u r t h e r ,   t h e   s e c o n d   p h a s e   c o m p o u n d s   w h i c h   c o u l d  

p o t e n t i a l l y   s e r v e   as  s t a b l e   p r e c i p i t a t e   c o m p o u n d s   a r e   f o u n d  

to   e x h i b i t   s t r o n g   s e g r e g a t i o n   d u r i n g   s o l i d i f i c a t i o n   t h u s  

l i m i t i n g   t h e i r  u s e f u l n e s s   as  s t r e n g t h e n i n g   a g e n t s .   Also   t h e  

s e g r e g a t i o n   r e s u l t s   in   t h e   p r e c i p i t a t i o n   of  l a r g e ,   b l o c k y  

p r e c i p i t a t e   w h i c h   n o t   o n l y   do  n o t   c o n t r i b u t e   to  s t r e n g t h e n -  

i n g   b u t   t e n d   to   w e a k e n   t h e   a l l o y   by  p r o v i d i n g   s o u r c e s   o f  

e a r l y   c r a c k   n u c l e a t i o n .   T h i s   i s   b r o u g h t   ou t   i n  t h e   r e p o r t  

of   K.C.   A n t h o n y   a b o v e .  



F u r t h e r m o r e ,   p r e c i p i t a t i o n   s t r e n g t h e n e r s   s u c h   a s  

T i 3 A l   e x h i b i t   s l i p   l o c a l i z a t i o n   due   to   t h e   l i m i t e d   s l i p  

s y s t e m s   a v a i l a b l e   i n   T i 3 A l .   S l i p   l o c a l i z a t i o n   l e a d s   to   a  

low  p o t e n t i a l   f o r   w o r k   h a r d e n i n g   and  a l s o   l e a d s   to   l o w  

d u c t i l i t y   f a i l u r e s   i n   a l l o y s   c o n t a i n i n g   T i  3Al .   Ti  3Al   a l s o  

e x h i b i t s   i n a d e q u a t e   t h e r m a l   s t a b i l i t y   to   p r e v e n t   p r e c i p i t a -  

t i o n   or   r e - p r e c i p i t a t i o n   d u r i n g   h i g h   t e m p e r a t u r e   s e r v i c e   o f  

t h e   a l l o y .   The  p h e n o m e n o n   o f   p o s t   c r e e p   e m b r i t t l e m e n t  

o b s e r v e d   i n   many  h i g h   t e m p e r a t u r e   t i t a n i u m   a l l o y s   i s   a t t r i b -  

u t e d   to   t h e   p r e c i p i t a t i o n   o f   T i 3 A l   a l o n g   s l i p   b a n d s   f o l l o w -  

i n g   c r e e p   e x p o s u r e .   E m b r i t t l e m e n t   of  t i t a n i u m   a l l o y s  

c o n t a i n i n g   T i 3 A l   i s   t h u s   due   to   t h e   l i m i t e d   t h e r m a l   s t a b i l i -  

t y   o f   T i 3 A l .  
I t   h a s   b e e n   o b s e r v e d   by  R a t h   e t   a l .   in   t h e i r  

p u b l i c a t i o n   " I n f l u e n c e   o f   E r b i u m   and   Y t t r i u m   on  t h e  

M i c r o s t r u c t u r e s   and   M e c h a n i c a l  P r o p e r t i e s   of   T i t a n i u m  

A l l o y s " ,   B . B .   R a t h ,   B .A.   M a c D o n a l d ,   S.M.  S a s t r y ,   R . J .  

L e d e r i c k ,   J . E .   O ' N e a l ,   and   C . R .   W h i t s e t t ,   i n   T i t a n i u m   ' 8 0 ,  

E d i t o r s   H.  K i m u r a   a n d   O.  I z u m i ,   P r o c .   F o u r t h   I n t ' l .   C o n f .   o n  

T i t a n i u m ,   K y o t o ,   J a p a n ,   May  1 9 8 0 ,   Met  Soc  AIME,  1980  t h a t  

t h e   a d d i t i o n   o f   r a r e   e a r t h   m e t a l s ,   t y p i c a l l y   E r ,   Gd,  Y  a n d  

o t h e r s ,   p r o d u c e   a  d i s p e r s o i d   w h i c h   i s   s t a b l e   to   t e m p e r a t u r e s  

as  h i g h   as  1 4 7 2 ° F .   S a s t r y   f u r t h e r   o b s e r v e d   t h a t   r a p i d  

s o l i d i f i c a t i o n   o f   t h e s e   a l l o y s   f r o m   t h e   m e l t   p r e v e n t e d   g r o s s  

s e g r e g a t i o n   o f   t h e s e   a l l o y i n g   e l e m e n t s ,   and   f o r m e d   a  f i n e ,  

u n i f o r m   d i s t r i b u t i o n   o f   d i s p e r s o i d s .  

F u r t h e r ,   S a s t r y   h a s   r e p o r t e d   a  s i g n i f i c a n t  

b e n e f i c i a l   s t r e n g t h e n i n g   e f f e c t   due   to   t h e   f o r m a t i o n   of   t h i s  

f i n e   r a r e   e a r t h   d i s p e r s o i d .   I t   i s   b e l i e v e d   t h a t   a  f i n e  

d i s p e r s o i d   i s   r e q u i r e d   to   a c h i e v e   a  s m a l l   s p a c i n g   b e t w e e n  

p a r t i c l e s   on  any   p l a n e   i n   t h e   a l l o y   i n   o r d e r   to   a c h i e v e  

s i g n i f i c a n t   s t r e n g t h e n i n g .   I t   i s   a l s o   b e l i e v e d   t h a t   a  

b e n e f i c i a l   s t r e n g t h e n i n g   e f f e c t   d r o p s   o f f   r a p i d l y   as  t h e  



s i z e   of   t h e   p a r t i c l e s   i n c r e a s e s   by  t h e   p r o c e s s   of  s o l i d  

s t a t e   p a r t i c l e   c o a r s e n i n g .   I t   i s   f o r   t h i s   r e a s o n   t h a t   t h e  

t h e r m a l   s t a b i l i t y   of   t h e   d i s p e r s o i d   m u s t   be  s u c h   t h a t  

p a r t i c l e   c o a r s e n i n g   i s   m i n i m i z e d   d u r i n g   h i g h   t e m p e r a t u r e  

e x p o s u r e .  
The  r a r e   e a r t h   s e s q u i o x i d e s ,   E r 2 0 3   and  Y203  h a v e  

b e e n   i d e n t i f i e d   to   be  t h e   s t a b l e   d i s p e r s o i d   p h a s e s   i n  

t i t a n i u m   a l l o y s   c o n t a i n i n g   Er  or   Y,  r e s p e c t i v e l y .   The  a b o v e  

a r t i c l e   by  S a s t r y   r e p o r t s   c o a r s e n i n g   of   d i s p e r s o i d s   f o r m e d  

by  t h e   a d d i t i o n   of  t h e   r a r e - e a r t h   e l e m e n t s   Er ,   Nd,  Dy,  G d ,  

Y,  and  Ce  i n   t i t a n i u m   c o n t a i n i n g   i m p u r i t y   o x y g e n   in  a n  

a m o u n t   s u f f i c i e n t   to   c r e a t e   r a r e   e a r t h  o x i d e   c o m p o u n d s .   I t  

h a s   b e e n   f o u n d   t h a t   t h e   a l l o y   T i - E r   p r o d u c e s   t h e   d i s p e r s o i d  

w i t h   t h e   g r e a t e s t   r e s i s t a n c e   to   c o a r s e n i n g   a t   h i g h   t e m p e r a -  

t u r e s .   T h i s   a l l o y   e x h i b i t e d   o n l y   m o d e s t   c o a r s e n i n g   a t  

8 0 0 ° C ,   b u t   i n   45  m i n u t e s   a t   9 0 0 ° C ,   p a r t i c l e   c o a r s e n i n g  w a s  

o b s e r v e d   f r o m   a  mean  p a r t i c l e   d i a m e t e r   of   450A  to  a  m e a n  

d i a m e t e r   of  680A.   The  l o s s   i n   d i s p e r s o i d   s t r e n g t h e n i n g  

r e s u l t i n g   f r o m   t h i s   c o a r s e n i n g   a m o u n t s   to   a p p r o x i m a t e l y   2 0 % .  

I  h a v e   e x a m i n e d   a  t i t a n i u m   b a s e   a l l o y   w i t h   a  c o m p o s i t i o n   a s  

f o l l o w s :  

T i - 6 W / o ,   A l ; 2 w / o ,   S n ; 4 w / o ,   Z r ; 2 w / o ,   M o ; l w / o ,  

E r ; 0 . 2 5 w / o B ,   and   t h e   b a l a n c e   t i t a n i u m .  

In  t h i s   c o m p o s i t i o n   d e s c r i p t i o n   w/o  s t a n d s   f o r  

w e i g h t   p e r c e n t .   T h i s   c o m p o s i t i o n   a l s o   c o n t a i n e d   E r Z 0 3  
d i s p e r s o i d   p a r t i c l e s   d i s p e r s e d   t h e r e i n .   The  c o m p o s i t i o n  

e x h i b i t e d   p a r t i c l e   c o a r s e n i n g   a f t e r   a  one  h o u r   a n n e a l   a t  

9 5 0 ° C .   T h i s   p a r t i c l e   c o a r s e n i n g   was  a c c o m p a n i e d   by  a n  

i n c r e a s e d   mean   i n t e r p a r t i c l e   s p a c i n g   f r o m   .67  m i c r o m e t e r   t o  

1 . 8 7   m i c r o m e t e r .   The  r e d u c t i o n   in   s t r e n g t h e n i n g   due  to  t h e  

O r o w a n - A s h b y   m o d e l   was  46%.  B e c a u s e   of   t h e   n e e d   to  m i n i m i z e  

p a r t i c l e   c o a r s e n i n g ,   S a s t r y   r e p o r t e d   t h a t   h i s   c o n s o l i d a t i o n  

t e c h n i q u e s   w e r e   c a r r i e d   o u t   a t   8 2 0 - 8 5 Q ° C .  



T h e s e   o b s e r v a t i o n s   p o i n t   o u t   t h e   c r i t i c a l   i m p o r -  

t a n c e   t h a t   d i s p e r s o i d   p a r t i c l e   s t a b i l i t y   m a k e s   i n   t h e  

a b i l i t y   t o   p r o c e s s   a l l o y s   a t   e l e v a t e d   t e m p e r a t u r e s   and  i n  

t h e   a b i l i t y   o f   t h e   a l l o y   to  w i t h s t a n d   l o n g   t e r m   e x p o s u r e   a t  

s o m e w h a t   l o w e r   t e m p e r a t u r e s .  

The   t h e r m o d y n a m i c   s t a b i l i t y   of   r a r e   e a r t h   o x i d e s  

i s   g r e a t   e n o u g h   so  t h a t   t h e   e q u i l i b r i u m   v a p o r   p r e s s u r e   o f  

o x y g e n   i n   e q u i l i b r i u m   w i t h   t h e m   a t   t e m p e r a t u r e   up  to   t h e  

m e l t i n g   p o i n t   o f   t i t a n i u m   i s   so  s m a l l   t h a t   in   an  i d e a l   s o l i d  

s o l u t i o n ,   t h e   c o n c e n t r a t i o n   of   o x y g e n   i n   s o l u t i o n   i n   t h e  

a l l o y   r e q u i r e d   to   s t a b i l i z e   t h e   o x i d e   i s   so  s m a l l   i t   w o u l d  

be  u n m e a s u r a b l e   by  c o n v e n t i o n a l   a n a l y t i c a l   t e c h n i q u e s .   T h i s  

s t a b i l i t y   i s   t h e   b a s i s   f o r   t h e   u s e   of   o x i d e   c e r a m i c s   f o r   t h e  

c o n t a i n m e n t   o f   m o s t   l i q u i d   m e t a l s .   T i t a n i u m   i s   f a r   f r o m   a n  

i d e a l   s o l i d   s o l u t i o n ,   h o w e v e r ,   and   t h e   f r e e   e n e r g y   o f  

s o l u t i o n   o f   o x y g e n   i n   t i t a n i u m   s o l i d   s o l u t i o n   i s   on  t h e  

o r d e r   o f   - 1 2 5   K c a l / m o l e   a t   low  o x y g e n   c o n c e n t r a t i o n s .   F o r  

an  i d e a l   s o l i d   s o l u t i o n ,   t h e   e x c e s s   f r e e   e n e r g y   o f   s o l u t i o n  

i s   z e r o .   The   s t a n d a r d   f r e e   e n e r g y   of   f o r m a t i o n   o f   t h e   o x i d e  

c o m p o u n d ,   T i O 2 ,   i s   - 1 1 2   K c a l / m o l e .   S u b t r a c t i n g   t h e   e x c e s s  

f r e e   e n e r g y   o f   s o l u t i o n   of   o x y g e n   i n   t i t a n i u m   ( - 9 7  

K c a l / m o l e ) ,   o n e   c a n   s e e   t h a t   t h e   n e t   f r e e   e n e r g y   o f  

f o r m a t i o n   o f   t h e   r e a c t i o n   o f  T i 0 2   w i t h   t i t a n i u m   s o l u t i o n   o f  

o x y g e n   a t   low  c o n c e n t r a t i o n s   i s   v e r y   s m a l l .   S o l i d   s o l u t i o n  

of   o x y g e n   i n   t i t a n i u m   i s   h e n c e   more   e n e r g e t i c a l l y   f a v o r e d  

t h a n   t h e   o x i d e   f o r   o x y g e n   c o n c e n t r a t i o n s   b e l o w   a  few  p e r c e n t  

o x y g e n .  

A l t h o u g h   t h e   h e a t   of   s o l u t i o n   of   o x y g e n   i n  t i t a n i -  

u m  r e d u c e s   t h e   n e g a t i v e   f r e e   e n e r g y   of   r e a c t i o n   of   m o s t   r a r e  

e a r t h   o x i d e s   i n   e q u i l i b r i u m   w i t h   t i t a n i u m ,   m o s t   r a r e - e a r t h  

o x i d e s   a r e   e n e r g e t i c a l l y   f a v o r e d   a t   some  low  o x y g e n   c o n t e n t  

o f   t h e   s o l i d   s o l u t i o n .   T h i s   i s   v e r i f i e d   by  t h e   e x p e r i m e n t a l  

r e s u l t s   o f   S a s t r y   e t   a l ,   who  h a v e   e s t a b l i s h e d   t h e   p r a c t i c a l  



s t a b i l i t y   of   E r 2 0 3   and  o t h e r   r a r e   e a r t h   o x i d e   c o m p o u n d s   t o  

t e m p e r a t u r e s   as  h i g h   as  8 5 0 ° C .  

R a r e   e a r t h   e l e m e n t   a d d i t i o n s   h a v e   b e e n   shown  t o  

p r o d u c e   f i n e   p r e c i p i t a t e   d i s p e r s i o n s   b a s e d   u p o n   t h e   i n s o l u -  

b i l i t y   of   r a r e   e a r t h s   s u c h   as  e r b i u m   and  t e r b i u m   in   t i t a n i -  

um.  R a p i d   s o l i d i f i c a t i o n   p r o c e s s i n g   h a s   b e e n   shown  to  b e  

r e q u i r e d   to   p r o d u c e   t h i s   d i s p e r s i o n .   T h i s   i n f o r m a t i o n   w a s  

p r e s e n t e d   a t   t h e   p o s t e r   s e s s i o n   of   t h e   N a t i o n a l   B u r e a u   o f  

S t a n d a r d s   C o n f e r e n c e   on  R a p i d   S o l i d i f i c a t i o n   t e c h n o l o g y ,  

D e c e m b e r   of  1982  and  in   w r i t t e n   r e p o r t s   by  S.  S a s t r y .   T h e  

s t a b i l i t y   of  t h e   d i s p e r s o i d s   p r o d u c e d   by  t h e s e   r a r e   e a r t h  .  

a d d i t i o n s   a p p e a r s   a d e q u a t e   f o r   s h o r t - t e r m   e x p o s u r e   t o  

t e m p e r a t u r e s   i n   t h e   n e i g h b o r   r a n g e   of  800°C   b u t   t h i s  

t e m p e r a t u r e   may  n o t   be  a d e q u a t e   to   a l l o w   h i g h   t e m p e r a t u r e  

c o n s o l i d a t i o n   of   t h e s e   a l l o y s   or   may  l i m i t   t h e i r   m a x i m u m  

s u r f a c e   t e m p e r a t u r e .  

S u l f u r   i s   g e n e r a l l y   a v o i d e d   as  a  t r a m p   e l e m e n t   i n  

t i t a n i u m   a l l o y s .   T h i s   i s   b e c a u s e   of  t h e   p o t e n t i a l   f o r   t h e  

f o r m a t i o n   of   t i t a n i u m   s u l f i d e s   w h i c h   w o u l d   l e a d   to  e m b r i t -  

t l e m e n t   in   s e r v i c e .   I  h a v e   f o u n d   t h a t   in   t h e   p r e s e n c e   o f  

r a r e   e a r t h   e l e m e n t s   i n   s o l u t i o n ,   t h e   e q u i l i b r i u m   c o n c e n t r a -  

t i o n   of   s u l f u r   may  be  m a i n t a i n e d   b e l o w   t h e   l e v e l   f o r   p r e c i p -  

i t a t i o n   of   T i 5 S   o r   o t h e r   t i t a n i u m   s u l f i d e s .   I t   i s   k n o w n  

t h a t   m a n g a n e s e   c a n   be  a d d e d   to   s t e e l s   to   e l i m i n a t e   t h e  

e m b r i t t l i n g   e f f e c t   of   r e s i d u a l   s u l f u r   by  t h e   f o r m a t i o n   o f  

MnS.  D . F .   S t e i n ,   " R e v e r s i b l e   T e m p e r   E m b r i t t l e m e n t " ,   A n n .  

Rev .   M a t e r .   S c i . ,   V o l .   7,  pp .   1 2 3 - 1 5 3 ,   1 9 7 7 .  

I  h a v e   e x a m i n e d   d i s p e r s o i d   c o m p o u n d s   in   s y s t e m s  

o t h e r   t h a n   p u r e   o x i d e   c o m p o u n d s   i n   o r d e r   to   i d e n t i f y   a  

d i s p e r s o i d   c o m p o u n d   w h i c h   h a s   g r e a t e r   t h e r m a l   s t a b i l i t y   a n d  

h e n c e   a  g r e a t e r   r e s i s t a n c e   to   h i g h   t e m p e r a t u r e   e x p o s u r e   t h a n  

t h e s e   s e s q u i o x i d e   c o m p o u n d s .   I t   i s   w e l l   known  t h a t   i n  

e q u i l i b r i u m   w i t h   t h e i r   own  v a p o r   p r e s s u r e ,   no  c o m p o u n d s   a r e  



known  w h i c h   h a v e   g r e a t e r   h i g h   t e m p e r a t u r e   t h e r m o d y n a m i c  

s t a b i l i t y   t h a n   t h e   o x i d e s   of   t h e   r a r e   e a r t h s .   T h e i r   s t a b i l -  

i t y   in   e q u i l i b r i u m   w i t h   s o l i d   t i t a n i u m   d e p e n d s   a l s o   on  t h e  

e x c e s s   f r e e   e n e r g i e s   of   s o l u t i o n   of   o x y g e n   and   t h e   r a r e  

e a r t h   e l e m e n t   w i t h   a  t i t a n i u m   s o l i d   s o l u t i o n .   B e c a u s e   o f  

t h i s ,   c h e m i c a l   c o m p o u n d s   w h i c h   h a v e   a  l o w e r   f r e e   e n e r g y   o f  

f o r m a t i o n   i n   e q u i l i b r i u m   w i t h   t h e i r   own  v a p o r   p r e s s u r e   c o u l d  

h a v e   g r e a t e r   s t a b i l i t y   i n   e q u i l i b r i u m   w i t h   a  t i t a n i u m   s o l i d  

s o l u t i o n .   T h i s   c o u l d   o c c u r   i f   t h e   h e a t   of   s o l u t i o n   of  i t s  

c o n s t i t u e n t   e l e m e n t s   w e r e   l e s s   t h a n   t h a t   of  t h e   r a r e   e a r t h  

o x i d e s .   The  c o m p o u n d s   w h i c h   h a v e   t h e i r   own  t h e r m o d y n a m i c  

s t a b i l i t y   s e c o n d   o n l y   to   t h e   r a r e   e a r t h   o x i d e s   a r e   t h e   r a r e  

e a r t h   o x y s u l f i d e s .  

I  h a v e   o b s e r v e d   t h a t   c e r i u m   s u l f i d e s   and   o x y s u l -  

f i d e s   p r o d u c e   a  f i n e   d i s p e r s o i d   when   a d d e d   to   t i t a n i u m  

a l l o y s   and  r a p i d l y   s o l i d i f i e d   f r o m   t h e   m e l t .  

I  h a v e   now  o b s e r v e d   t h a t   r a p i d   s o l i d i f i c a t i o n  

t e c h n o l o g y   a p p l i e d   t o   a l l o y s   c o n t a i n i n g   c e r i u m   and  s u l f u r  

a d d i t i o n s   o f f e r s   a  new  o p p o r t u n i t y   f o r   t i t a n i u m   a l l o y  

d e v e l o p m e n t .   P u r s u a n t   to   t h i s   I  h a v e   f o u n d   t h a t   by  r a p i d l y  

s o l i d i f y i n g   an  a l l o y   f r o m   t h e   l i q u i d   s t a t e   t h e s e   new  d i s p e r -  

s i o n   s t r e n g t h e n i n g   e l e m e n t s   may  be  i n t r o d u c e d   i n t o   t h e   a l l o y  

w i t h o u t   t h e   p r o b l e m   of   c o a r s e   s e g r e g a t i o n   z o n e s   of   p r e c i p i -  

t a t i o n   as  h a s   b e e n   o b s e r v e d   i n   t h e   p r i o r   a r t   as  d i s c u s s e d  

a b o v e .   I  f i n d   t h a t   d i s p e r s i o n   s t r e n g t h e n i n g   c o m p o u n d s   m u s t  

h a v e   t h e   c h a r a c t e r i s t i c   t h a t   d u r i n g   or   a f t e r   s o l i d i f i c a t i o n  

a  f i n e   p a r t i c l e   d i s p e r s i o n   i s   p r o d u c e d   and   i n   a d d i t i o n   I  

h a v e   o b s e r v e d   t h a t   s u c h   f i n e   p a r t i c l e   d i s p e r s i o n   m u s t   b e  

t h e r m o d y n a m i c a l l y   o r   k i n e t i c a l l y   s t a b l e .  

F u r t h e r ,   I  h a v e   o b s e r v e d   t h a t   s u l f i d e s   and  o x y s u l -  

f i d e s   of   c e r t a i n   r a r e   e a r t h   e l e m e n t   a d d i t i o n s   a r e   f o u n d   t o  

p r o d u c e   f i n e   p r e c i p i t a t e   d i s p e r s i o n s   b a s e d   u p o n   t h e   i n s o l u -  

b i l i t y   of   t h e   s u l f i d e s   and   o x y s u l f i d e s   o f   r a r e   e a r t h s   s u c h  



as  c e r i u m   i n   t i t a n i u m .   I t   h a s   now  b e e n   o b s e r v e d   t h a t   r a p i d  

s o l i d i f i c a t i o n   p r o c e s s i n g   i s   r e q u i r e d   to  p r o d u c e   t h i s  

d i s p e r s i o n .  

The  s t a b i l i t y   of  t h e   d i s p e r s o i d s   p r o d u c e d   by  t h e s e  

r a r e   e a r t h   s u l f i d e   and  o x y s u l f i d e   a d d i t i o n s   a p p e a r s   a d e q u a t e  

f o r   s h o r t   t e r m   e x p o s u r e   to   t e m p e r a t u r e s   in  t h e   r a n g e   of  9 5 0 °  

to   1 0 0 0 ° C .   T h i s   i s   a t   l e a s t   100°C  h i g h e r   t h a n   t h e  

c a p a b i l i t i e s   of   d i s p e r s i o n   s t r e n g t h e n e d   a l l o y s   c o n t a i n i n g  

o n l y   r a r e   e a r t h   a d d i t i o n s   w h i c h   p r o d u c e   d i s p e r s o i d s   of  t h e  

s e s q u i o x i d e   t y p e   c o m p o u n d s .  

BRIEF  SUMMARY  OF  THE  INVENTION 

I t   i s   a c c o r d i n g l y   one  o b j e c t   of  t h e   p r e s e n t  

i n v e n t i o n   to   p r o v i d e   s t r e n g t h e n e r s   f o r   t i t a n i u m   b a s e   a l l o y s  

w h i c h   h a v e   g r e a t e r   t h e r m a l   s t a b i l i t y   t h a n   t h e   p r e v i o u s l y  

u s e d   s o l u t i o n   s t r e n g t h e n e r s .  

A n o t h e r   o b j e c t   i s   to  p r o v i d e   p a r t i c u l a t e   s t r e n g t h -  

e n e r s   f o r   t i t a n i u m   a l l o y s   w h i c h   do  n o t   c o n t a i n   s o l u t i o n  

s t r e n g t h e n e r s .  

A n o t h e r   o b j e c t   i s   to   p r o v i d e   s t r e n g t h e n e r s   f o r   a  

v a r i e t y   of   t i t a n i u m   a l l o y s .  

A n o t h e r   o b j e c t   i s   to   p r o v i d e   a  means   and  m e t h o d   b y  

w h i c h   t h e   s e r v i c e   t e m p e r a t u r e   of  t i t a n i u m   b a s e   a l l o y s   may  b e  

a p p r e c i a b l y   i n c r e a s e d .  

A n o t h e r   o b j e c t   i s   to  p r o v i d e   a  c o m p o s i t i o n   o f  

t i t a n i u m   b a s e   m e t a l   h a v i n g   s t a b l e   d i s p e r s e d   s t r e n g t h e n i n g   o r  

s t a b i l i z i n g   a g e n t s .  

A n o t h e r   o b j e c t   i s   to   p r o v i d e   v e r y   f i n e   s t r e n g t h e n -  

i n g   d i s p e r s i o n s   f o r   t i t a n i u m   b a s e   a l l o y s   w h i c h   h a v e   s i g n i f i -  

c a n t   s t a b i l i t y .  

In  one  of  i t s   b r o a d e r   a s p e c t s   t he   o b j e c t s   of   t h e  

p r e s e n t   i n v e n t i o n   a r e   a c c o m p l i s h e d   by  p r o v i d i n g   t i t a n i u m  



b a s e   a l l o y s   h a v i n g   r a r e   e a r t h   s u l f i d e s   a n d / o r   o x y s u l f i d e s .  

S p e c i f i c   r a r e   e a r t h   s u l f i d e s   and  o x y s u l f i d e s   w h i c h   a r e  

u s e f u l   i n   p r a c t i c i n g   t h e   p r e s e n t   i n v e n t i o n   i n c l u d e   t h e  

s u l f i d e s   and   o x y s u l f i d e s   of   c e r i u m .  

I t   i s   w i t h i n   t h e   s c o p e   o f   t h e   p r e s e n t   i n v e n t i o n   t o  

i n c l u d e   d i s p e r s i o n   s t r e n g t h e n i n g   p r e c i p i t a t e s   w i t h i n   a  

s o l u t i o n   s t r e n g t h e n e d   t i t a n i u m   a l l o y   m a t r i x .  

BRIEF  DESCRIPTION  OF  THE  DRAWINGS 

The  d e s c r i p t i o n   of   t h e   i n v e n t i o n   w h i c h   f o l l o w s  

w i l l   be  made  c l e a r e r   by  r e f e r e n c e   to   t h e   a c c o m p a n y i n g  

d r a w i n g s   i n   w h i c h :  

F i g u r e   I  i s   a  g r a p h   p l o t t i n g   u l t i m a t e   t e n s i l e  

s t r e n g t h   i n   k s i   a g a i n s t   t e m p e r a t u r e   i n   d e g r e e s   F a h r e n h e i t  

f o r   c e r t a i n   m e t a l   s a m p l e s .  

F i g u r e   2  i s   a  g r a p h   i n   w h i c h   p l a s t i c   s t r a i n   i n  

p e r c e n t   i s   p l o t t e d   a g a i n s t   s t r e s s   i n   k s i .  

F i g u r e   3  i s   a  g r a p h   s i m i l a r   t o   t h a t   o f   F i g u r e   1 

b u t   f o r   d i f f e r e n t   m e t a l   s a m p l e s .  

F i g u r e   4  i s   a  p a i r   of   g r a p h s   i n   w h i c h   p l a s t i c  

s t r a i n   i n   p e r c e n t   i s   p l o t t e d   a g a i n s t   s t r e s s   i n   k s i   f o r   a  

s a m p l e   as  e x t r u d e d   and   a f t e r   an  a n n e a l   a t   1 0 0 0 ° C .  

F i g u r e   5  i s   an  o p t i c a l   m i c r o g r a p h   o f   a  c r o s s - s e c -  

t i o n   of   a  c a s t   r i b b o n   of   a l l o y   EB  84  a t   a  m a g n i f i c a t i o n   o f  

1 3 6 0 X .  

F i g u r e   6  i s   a  s c a n n i n g   e l e c t r o n   m i c r o g r a p h   a t   a  

m a g n i f i c a t i o n   o f   1530X  of   a  c r o s s - s e c t i o n   of   a  r i b b o n   o f  

a l l o y   EB  84  a f t e r   h e a t   t r e a t m e n t   a t   9 5 0 ° C   f o r   one   h o u r .   T h e  

f i g u r e   s h o w s   t h e   p r e c i p i t a t i o n   of  s e c o n d   p h a s e   p l a t e l e t s  

a l o n g   g r a i n   b o u n d a r i e s   and   s u g g e s t s   s i g n i f i c a n t   d i s s o l u t i o n  

of   t h e   i n i t i a l   d i s p e r s o i d   c o m p o u n d .  



F i g u r e   7  i s   an  e l e c t r o n   b a c k   r e f l e c t i o n   s c a n n i n g  

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   a t   a  m a g n i f i c a t i o n   o f  

40,OOOX  of   a  t h i n   f o i l   s e c t i o n   of   an  a l l o y   EB  83  e t c h e d   t o  

e x p o s e   d i s p e r s o i d   p a r t i c l e s .   A v e r a g e   p a r t i c l e   d i a m e t e r   f o r  

t h i s   s a m p l e   i s   o b s e r v e d   to  be  a p p r o x i m a t e l y   500  to  1 0 0 0  

A n g s t r o m s .   P a r t i c l e s   a r e   o b s e r v e d   to   be  s p a c e d   a p p r o x i m a t e -  

l y   0 . 4   to   0 . 5   m i c r o n   a p a r t .  

DETAILED  DESCRIPTION  OF  THE  INVENTION 

R a r e   e a r t h   s u l f i d e s   a r e   among  t h e   m o s t   c h e m i c a l l y  

s t a b l e   c o m p o u n d s   and  a r e   i n t e r p r e t e d   by  some  to   be  n e x t   t o  

o x i d e s   i n   o r d e r   of  s t a b i l i t y .   In  t i t a n i u m   a l l o y s ,   s u l f i d e s  

and   o x y s u l f i d e s   h a v e   b e e n   f o u n d   to   h a v e   good   s t a b i l i t y   a s  

d i s p e r s o i d s .  

The  a l l o y s   w h i c h   I  h a v e ' i n v e n t e d   u t i l i z e   c e r i u m  

s u l f i d e , -  c e r i u m   o x y s u l f i d e s ,   and  o t h e r   r a r e   e a r t h   s u l f u r  

b e a r i n g   c o m p o u n d s   to  fo rm  f i n e   d i s p e r s o i d s   i n   o t h e r w i s e  

c o n v e n t i o n a l   t i t a n i u m   a l l o y s .   The  d i s p e r s o i d   b e a r i n g   a l l o y s  

p r o v i d e   i n c r e m e n t a l   s t r e n g t h e n i n g   o v e r   t h a t   p r o v i d e d   b y  

c o n v e n t i o n a l   a l l o y i n g .  

In  a d d i t i o n ,   t h e s e   a d d i t i o n s   p r o d u c e   a  d i s p e r s o i d  

of   s i m i l a r   d i s t r i b u t i o n   and  t h e r m a l   s t a b i l i t y   in   a  n u m b e r   o f  

d i f f e r e n t   s o l i d   s o l u t i o n   s t r e n g t h e n e d   a l p h a - t i t a n i u m   a n d  

a l p h a - b e t a   t i t a n i u m   a l l o y s .   The  b e n e f i t   of  a d d i n g   s t r e n g t h  

i n   a d d i t i o n   to   t h a t   p r o v i d e d   by  t h e   c o n v e n t i o n a l   a d d i t i o n   o f  

s o l i d   s o l u t i o n   s t r e n g t h e n i n g   and  a l p h a - b e t a   t r a n s f o r m a t i o n  

s t r e n g t h e n i n g   i s   m a n i f e s t e d   a t   t e m p e r a t u r e s   as  h i g h   a s  

1 2 0 0 ° F .   The  d i s p e r s o i d   c o n t a i n i n g   a l l o y s   b a s e d   u p o n   c e r i u m  

s u l f i d e   and  o x y s u l f i d e   h a v e   b e e n   f o u n d   to   e x h i b i t   g r e a t e r  

s t a b i l i t y   i n   m a i n t a i n i n g   a  f i n e   d i s p e r s o i d   i n   t h e   a l l o y   t h a n  

a l l o y s   b a s e d   o n l y   u p o n   r a r e   e a r t h   o x i d e   d i s p e r s o i d s   f o r   h i g h  



t e m p e r a t u r e   t h e r m a l   e x p o s u r e   a t   t e m p e r a t u r e s   j u s t   b e l o w   t h e  

a l p h a   t i t a n i u m   t r a n s u s   t e m p e r a t u r e .  

S u l f u r   i s   g e n e r a l l y   a v o i d e d   as  a  t r a m p   e l e m e n t   i n  

t i t a n i u m   a l l o y s . .   T h i s   i s   b e c a u s e   o f   t h e   p o t e n t i a l   f o r   t h e  

f o r m a t i o n   of   t i t a n i u m   s u l f i d e s   w h i c h   c o u l d   l e a d   to   e m b r i t -  

t l e m e n t   i n   s e r v i c e .   In  t h e   p r e s e n c e   of   r a r e   e a r t h   e l e m e n t s  

i n   s o l u t i o n ,   t h e   e q u i l i b r i u m   c o n c e n t r a t i o n   of   s u l f u r   may  b e  

m a i n t a i n e d   b e l o w   t h e   l e v e l   f o r   p r e c i p i t a t i o n   of   s u l f u r  

c o m p o u n d s   o f   t i t a n i u m .  

In  t h e   s p e c i f i c a t i o n   w h i c h   f o l l o w s   I  d e s c r i b e  

e x p e r i m e n t a l   d e t a i l s   of   t i t a n i u m   a l l o y s   h a v i n g   a  f i n e  

d i s p e r s o i d   r a n g i n g   i n   s i z e   f r o m   50  t o  3 0 0 0   A n g s t r o m   d i a m e t e r  

and   d i s t r i b u t e d   u n i f o r m l y   t h r o u g h o u t   t h e   t i t a n i u m   b a s e  

a l l o y .   The  a l l o y s   d e s c r i b e d   u t i l i z e   c e r i u m   s u l f i d e ,   c e r i u m  

o x y s u l f i d e s ,   and   o t h e r   r a r e   e a r t h   s u l f u r   b e a r i n g   c o m p o u n d s  

to   f o r m   f i n e   d i s p e r s o i d s   in   o t h e r w i s e   c o n v e n t i o n a l   t i t a n i u m  

a l l o y s .   The  d i s p e r s o i d   b e a r i n g   a l l o y s   p r o v i d e   i n c r e m e n t a l  

s t r e n g t h e n i n g   o v e r   t h a t   p r o v i d e d   by  c o n v e n t i o n a l   a l l o y i n g .  

In  a d d i t i o n ,   t h e s e   a d d i t i o n s   p r o d u c e   a  d i s p e r s o i d  

o f   s i m i l a r   d i s t r i b u t i o n   and   t h e r m a l   s t a b i l i t y   i n   a  n u m b e r   o f  

d i f f e r e n t   s o l i d   s o l u t i o n   s t r e n g t h e n e d   a l p h a - t i t a n i u m   a n d  

a l p h a - b e t a   t i t a n i u m   a l l o y s .  

I  h a v e   f o u n d   t h a t   by  a d d i n g   s t r e n g t h   to   t h e s e  

a l l o y s   as  an  a d d i t i o n   to   t h a t   p r o v i d e d   by  c o n v e n t i o n a l  

a d d i t i o n   o f   s o l i d   s o l u t i o n   s t r e n g t h e n i n g   and  a l p h a - b e t a  

t r a n s f o r m a t i o n   s t r e n g t h e n i n g   p e r m i t s   s t r e n g t h   to   be  a c h i e v e d  

t o   t e m p e r a t u r e s   as  h i g h   as  1 2 0 0 ° C .   The  d i s p e r s o i d   c o n t a i n -  

i n g   a l l o y s   b a s e d   c e r i u m   s u l f i d e   and   o x y s u l f i d e   h a v e   b e e n  

f o u n d   to   e x h i b i t   g r e a t e r   s t a b i l i t y   i n   m a i n t a i n i n g   a  f i n e  

d i s p e r s o i d   i n   t h e   a l l o y   t h a n   a l l o y s   b a s e d   on  o n l y   r a r e   e a r t h  

o x i d e   d i s p e r s o i d s   f o r   h i g h   t e m p e r a t u r e   t h e r m a l   e x p o s u r e   a t  

t e m p e r a t u r e s   j u s t   b e l o w   t h e   a l p h a - t i t a n i u m   t r a n s u s   t e m p e r a -  

t u r e .  



EXAMPLES 

The  c o m p o s i t i o n s   of   t i t a n i u m   b a s e   a l l o y s   p r e p a r e d  

a c c o r d i n g   to   t h e   e x a m p l e s   of   t h i s   a p p l i c a t i o n   a r e   l i s t e d   i n  

T a b l e   I.  The  a l l o y   m a t r i x   c o m p o s i t i o n s   we re   b a s e d   u p o n  

h i g h l y   a l l o y e d   h e a t   s t a b l e   a l p h a - t i t a n i u m   and  a l p h a - b e t a  

t i t a n i u m  f o r m u l a t i o n s   w i t h   a l l o y   l e v e l s   t y p i c a l   of  h i g h  

t e m p e r a t u r e   t i t a n i u m   a l l o y s .   The  a l l o y s   p r e p a r e d   a r e   s e t  

o u t   i n   T a b l e   I  as  f o l l o w s :  





EXAMPLE  A 

A  t i t a n i u m   b a s e   a l l o y   was  p r e p a r e d   to   c o n t a i n   6 

w e i g h t   %  a l u m i n u m   and  2  w e i g h t   %  z i r c o n i u m   and  4  w e i g h t  %  

t i n .   The  a l l o y   d i d   n o t   c o n t a i n   any  c e r i u m   or  s u l f u r   a s  

a d d i t i v e s .   The  s a m p l e   i s   i d e n t i f i e d   as  a l l o y   T IX136   i n  

T a b l e   I  a b o v e .  

The  a l l o y   was  p r e p a r e d   to   p r o v i d e   a  c o m p a r i s o n  

b e t w e e n   a l l o y s   f r e e   of   c e r i u m   s u l f i d e   and  c e r i u m   o x y s u l f i d e  

and   o t h e r   a l l o y s   w h i c h   do  c o n t a i n   c e r i u m   s u l f i d e   and  c e r i u m  

o x y s u l f i d e .   The  c e r i u m   f r e e   s a m p l e   of  t h i s   e x a m p l e   w a s  

p r e p a r e d   to   p r o v i d e   a  b a s i s   f o r   c o m p a r i s o n   w i t h   o t h e r   c e r i u m  

b e a r i n g   a l l o y s .   The  c o m p a r i s o n   w i t h   o t h e r   c e r i u m   b e a r i n g  

a l l o y s   r e l a t e d   to   t h e   p r o p e r t i e s   e x h i b i t e d   by  an  a l l o y   f r e e  

of   c e r i u m   and  s u l f u r   and  one  c o n t a i n i n g   t h e   c e r i u m   a n d  

s u l f u r   d i s t r i b u t e d   in   t h e   h o s t   a l l o y   as  f i n e   p a r t i c l e s .   T h e  

c o m p a r i s o n   was  a l s o   of   t h e   d e g r e e   of  d i s p e r s i o n   and  t h e  

d e g r e e   of   s t a b i l i t y   of   r a r e   e a r t h   s u l f i d e s   in   a  h i g h l y  

s o l u t i o n - s t r e n g t h e n e d   t i t a n i u m   a l l o y   m a t r i x .  

The  a l l o y   was  p r e p a r e d   by  a rc   m e l t i n g   a  m e l t  

b u t t o n .   The  b u t t o n   was  f l i p p e d   s e v e r a l   t i m e s   to   h o m o g e n e -  

o u s l y   m e l t   t h e   a l l o y   and  to   e n h a n c e   u n i f o r m i t y   of   i n g r e d i e n t  

d i s t r i b u t i o n .   The  b u t t o n   m e l t   was  t h e n   d r o p   c a s t   i n t o   a  

c o p p e r   c h i l l   mold   to   p r o d u c e   a l l o y   s t i c k s .   The  r o d   was  t h e n  

u s e d   i n   a  m e l t   e x t r a c t i o n   p r o c e s s   as  d e s c r i b e d   i n   c o p e n d i n g  

a p p l i c a t i o n   f o r   p a t e n t   S .N.   6 6 5 , 9 0 1   f i l e d   O c t o b e r   29,   1 9 8 4  

and   a s s i g n e d   to  t h e   same  a s s i g n e e   as  t h e   s u b j e c t   a p p l i c a -  

t i o n .   The  t e x t   of  t h i s   a p p l i c a t i o n   i s   i n c o r p o r a t e d   h e r e i n  

by  r e f e r e n c e .   In  g e n e r a l   t h e   a l l o y   s t i c k s   w e r e   e l e c t r o n  

beam  m e l t e d   and  m e l t   e x t r a c t e d   in   vacuum  u s i n g   a  c o p p e r  
w h e e l   r o t a t i n g   a t   an  edge   s p e e d   of   a p p r o x i m a t e l y   12  m e t e r s  

p e r   s e c o n d .  



The  p r o c e s s   u s e d   i s   a  so  c a l l e d  p e d e s t a l   d r o p   m e l t  

e x t r a c t i o n   p r o c e s s .   In  t h i s   p r o c e s s   t h e   r o d   i s   m o u n t e d  

e s s e n t i a l l y   v e r t i c a l l y   and   t h e   t o p   of   t h e   r o d   i s  h e a t e d   t o  

m e l t   o n l y   i t s   u p p e r m o s t   e n d .   M e l t   i s   e x t r a c t e d   f r o m   t h e   r o d  

e n d   by  b r i n g i n g   t h e   e n d   i n t o   c o n t a c t   w i t h   t h e   edge   of   a  

r a p i d l y   s p i n n i n g   w h e e l .   As  t h e   d r o p   a t   t h e   t o p   of   t h e   r o d  

i s   e x t r a c t e d   by  t h e   e d g e   of   t h e   w h e e l   t h e   c o n t i n u o u s   a p p l i -  

c a t i o n   o f   h e a t   to   t h e   r o d   end   c a u s e s   more   o f   t h e   r o d   end   t o  

m e l t   and   t h i s   s u p p l i e s   a d d i t i o n a l   m e l t   f o r   e x t r a c t i o n   by  t h e  

w h e e l   e d g e .   The  p r o c e s s   may  t h e n   be  made  c o n t i n u o u s   by  a  

p r o p e r   b a l a n c e   o f   t h e   r a t e   of   m e l t i n g   t h e   r o d   end  and  t h e  

r a t e   o f   e x t r a c t i n g   t h e   m e l t   f r o m   t h e   r o d   end   by  c a s t i n g   o n t o  

t h e   e d g e   of   t h e   r a p i d l y   r o t a t i n g   w h e e l .  

The  a p p a r a t u s ,   w h i c h   h a s   b e e n   f o u n d   p r e f e r a b l e   f o r  

t h e   m e l t   e x t r a c t i o n   o f   t i t a n i u m   a l l o y s ,   and   e s s e n t i a l   f o r  

t h e   m e l t   e x t r a c t i o n   of   a  c e r t a i n   g r o u p   of  t i t a n i u m   a l l o y s ,  

h a s   a  w h e e l   of   m o l y b d e n u m   as  i s   e x p l a i n e d   i n   t h e   c o p e n d i n g  

a p p l i c a t i o n   r e f e r e n c e   i m m e d i a t e l y   a b o v e .  

The  p r o d u c t   f o r m e d   by  t h e   m e l t   e x t r a c t i o n   p r o c e s s  

was   a  f i b e r   or   f i l a m e n t   f o r m   o f   t h e   a l l o y .   Once  t h e   m e l t  

e x t r a c t e d   p r o d u c t   i s   f o r m e d   i t   m u s t   t h e n   be  c o n s o l i d a t e d  

i n t o   a  s o l i d   f o r m   i n   o r d e r   t h a t   t e s t s   c a n   be  made  of   t h e  

p r o p e r t i e s   o f   t h e   s o l i d .  

C o n s o l i d a t i o n   i s   a c c o m p l i s h e d   by  f i r s t   c o l d  

p r e s s i n g   t h e   f i l a m e n t a r y   s a m p l e   i n t o   low  c a r b o n   s t e e l   H I P  

c o n t a i n e r s .   The  s a m p l e s   a r e   t h e n   s u b j e c t e d   to   t h e   so  c a l l e d  

HIP ,   o r   h o t   i s o s t a t i c   p r e s s i n g ,   p r o c e s s .   A c c o r d i n g   to   t h i s  

p r o c e s s   t h e   s a m p l e   to   be  c o n s o l i d a t e d   i s   f i r s t   e n c l o s e d  

w i t h i n   a  m e t a l   c o n t a i n e r ,   t h e   c o n t a i n e r   i s   s e a l e d   a n d  

i s o s t a t i c   p r e s s u r e   i s   a p p l i e d   to   and  t h r o u g h   t h e   c o n t a i n e r  

a t   h i g h   t e m p e r a t u r e   to   c a u s e   t h e   f i l a m e n t a r y   a l l o y   t o  

c o n s o l i d a t e   i n t o   a  s o l i d   b o d y .   In  t h i s   e x a m p l e   t h e  



f i l a m e n t a r y   s a m p l e   was  H I P e d   a t   850°C  f o r   t h r e e   h o u r s   a t   3 0  

k s i   p r e s s u r e .  
The  HIP  can   was  n e x t   r e m o v e d   and  t h e   H I P e d   c o n s o l -  

i d a t e d   a l l o y   s a m p l e   was  m a c h i n e d   to   a  u n i f o r m   c r o s s   s e c t i o n .  

The  a l l o y   s a m p l e   was  f o u n d   to   e x h i b i t   some  p o r o s i t y   a f t e r  

b e i n g   H I P e d .   T h i s   was  a t t r i b u t e d   to   l e a k a g e   of   t h e   H I P  

c o n t a i n e r .   A  s p e c i m e n   was  p r e p a r e d   f r o m   t h e   H I P e d   s a m p l e  

f o r   t e n s i l e   t e s t i n g   d e s p i t e   t h e   f a c t   t h a t   t h e   s m a l l   p o r e s   i n  

t h e   c o n s o l i d a t e d   a l l o y   c o u l d   be  e x p e c t e d   to   r e d u c e   t h e  

a p p a r e n t   s t r e n g t h   and  d u c t i l i t y   of  t h e   a l l o y .   The  t e s t  

r e s u l t s   a r e   r e p o r t e d   b e l o w .  

The  a l l o y   was  t h e n   e x t r u d e d   to   f o r m   a  b a r   a t   a  

r e d u c t i o n   r a t i o   of   7 :1   a t   a  t e m p e r a t u r e   of   8 5 0 ° C   to   fo rm  a  

b u l k   f o r m   of   t h e   a l l o y .   T e n s i l e   s p e c i m e n s   w e r e   m a c h i n e d  

f r o m   t h e   e x t r u d e d   b a r .   Room  t e m p e r a t u r e   t e s t i n g   was  p e r -  
f o r m e d   i n   a i r .   H i g h   t e m p e r a t u r e   t e n s i l e   t e s t i n g   was  p e r -  
f o r m e d   i n   v a c u u m .   The  t e n s i l e   s t r e n g t h   of   t h e   a l l o y   o v e r  

t h e   t e m p e r a t u r e   r a n g e   of  room  t e m p e r a t u r e   to   1 2 0 0 ° F   a r e  

s h o w n   i n   F i g u r e   1  in   d a t a   p o i n t s   of  t h e   l o w e r m o s t   p l o t  

m a r k e d   w i t h   t h e   p l u s   s i g n ,   + .  

The  a l l o y   T i - 6 2 4 ,   of   t h i s   e x a m p l e   h a d   an  a l l  

a l p h a - t i t a n i u m   s t r u c t u r e   w h i c h   i s   r o u g h l y   e q u i v a l e n t   to  t h e  

a l p h a - t i t a n i u m   p h a s e   of   a l l o y   T i - 6 2 4 2 .   A l l o y   T i - 6 2 4 2   i s   a n  

a l p h a - b e t a   t i t a n i u m   b a s e   a l l o y   f o r   h i g h   t e m p e r a t u r e   a p p l i c a -  

t i o n s   w h i c h   c o n t a i n s   6  w e i g h t   p e r c e n t   a l u m i n u m ,   2  w e i g h t  

p e r c e n t   z i r c o n i u m ,   4  w e i g h t   p e r c e n t   t i n   and  2  w e i g h t   p e r c e n t  

of   m o l y b d e n u m .  

The  t i t a n i u m   b a s e   a l l o y s   a l s o   c o n t a i n   s m a l l  

a m o u n t s   of   o t h e r   e l e m e n t s   s u c h   as  c h r o m i u m ,   i r o n   and  a l u m i -  

num  and  t h e   l i k e   as  i m p u r i t i e s .   T h e s e   a r e   i m p u r i t i e s  

c u s t o m a r i l y   f o u n d   i n   h i g h   t e m p e r a t u r e   a l l o y s   and  i n   t i t a n i u m  

a l l o y s   i n   p a r t i c u l a r   a t   t r a c e   l e v e l s .   The  t e r m   " t i t a n i u m  

c o m p o s i t i o n "   or   " t i t a n i u m   b a s e   a l l o y "   as  u s e d   i n   t h e  



s p e c i f i c a t i o n   and  c l a i m s   o f   t h i s   a p p l i c a t i o n   h a s   t h i s  

m e a n i n g ;   n a m e l y ,   t h a t   t h e   c o m p o s i t i o n   or   a l l o y   may  c o n t a i n  

low  l e v e l s   of   i m p u r i t i e s   c o n v e n t i o n a l l y   f o u n d   i n   s u c h  

c o m p o s i t i o n s   o r   a l l o y s .  

The  t e n s i l e   s t r e n g t h   of   t h e   t i t a n i u m   b a s e   a l l o y  

T i - 6 2 4 2   i n   t h e   c o n v e n t i o n a l   t r i p l e x   a n n e a l e d   c o n d i t i o n   i s  

i n c l u d e d   as  t h e   d a s h e d   c u r v e   of   F i g u r e   1  and  i s   so  m a r k e d .  

In  t h e   e x a m p l e s   w h i c h   f o l l o w   t h e   t e r m   " w / o "   m e a n s   w e i g h t  

p e r c e n t   and   t h e   t e r m   " a / o "   m e a n s   a t o m i c   p e r c e n t .  

EXAMPLES  B 

In  t h e   f o l l o w i n g   e x a m p l e s   t h e   r e f e r e n c e   to   a n  

a l l o y   by  a  TIX  m e m b e r   r e f e r s   to   t h e   c o m p o s i t i o n   as  s e t   f o r t h  

i n   T a b l e   I .  

To  t h e   a b o v e   a l l o y s   we  h a v e   a d d e d ,   as  i n d i c a t e d ,  

c e r i u m   and   o t h e r   r a r e   e a r t h   e l e m e n t s   to  f o r m   s t a b l e   d i s p e r -  

s o i d s   f o r   s t r e n g t h e n i n g   t h e   a l l o y   and  p r o v i d e   an  a d d i t i o n a l  

m e a n s   of   a l l o y   m i c r o s t r u c t u r e   c o n t r o l .   In  many  of   t h e  

a l l o y s   we  m e a s u r e d   a p p r o x i m a t e l y   0 . 1   w e i g h t   p e r c e n t   ( 0 . 3  

a t o m i c   p e r c e n t )   o f   o x y g e n   as  a  r e s i d u a l   c o n t a m i n a n t .   I n  

a l l o y s   c o n t a i n i n g   1 -2   w e i g h t   %  c e r i u m ,   t h i s   a m o u n t   of   o x y g e n  

was  u s u a l l y -   s u f f i c i e n t   to   t i e   up  a l l   of   t h e   c e r i u m   or   o t h e r  

r a r e   e a r t h   e l e m e n t s   w h i c h   w e r e   a d d e d ,   as  a  c o m b i n a t i o n   o f  

o x i d e s   and   o x y s u l f i d e s .   B e c a u s e   of   t h i s   r e a c t i o n   w i t h  

o x i d e s ,   t h e   r e a c t i o n s   l e a d i n g   to   t h e   f o r m a t i o n   of   d i s p e r s o i d  

s h o u l d   i n v o l v e   a l l   t h r e e   e l e m e n t s ,   n a m e l y   c e r i u m ,   s u l f u r   a n d  

o x y g e n .  
The  p r o c e d u r e s   u s e d   i n   t h e s e   e x a m p l e s   a r e   s u b s t a n -  

t i a l l y   t h e   same  as  t h o s e   d e s c r i b e d   a b o v e   in   E x a m p l e   A  a b o v e .  



EXAMPLE  # 1  

The  m i c r o s t r u c t u r e   of  a s - m e l t - e x t r a c t e d   f i l a m e n t  

i n d i c a t e d   l i t t l e   s e g r e g a t i o n   d u r i n g   s o l i d i f i c a t i o n ,   a l t h o u g h  

p r e c i p i t a t i o n   of   f i n e   d i s p e r s o i d s   was  d e t e c t a b l e   by  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   and  STEM.  The  a s - s o l i d i f i e d  

i n g o t   m i c r o s t r u c t u r e   was  h e a v i l y   s e g r e g a t e d   w i t h   e v e r y  
i n t e r n a l   b o u n d a r y   c o v e r e d   w i t h   a  d a r k   e t c h i n g   p h a s e .   T h e  

m i c r o s t r u c t u r e   of   r a p i d l y   s o l i d i f i e d   a l l o y   TIX83  c o u l d   n o t  

be  r e s o l v e d   by  o p t i c a l   m e t a l l o g r a p h y   b e c a u s e   i t s   f e a t u r e s  

w e r e   f i n e r   t h a n   t h a t   w h i c h   o p t i c a l   m e t a l l o g r a p h y   c o u l d  

d e t e c t .   The  m i c r o s t r u c t u r e   was  c h a r a c t e r i s t i c   of   t h e  

t r a n s f o r m a t i o n   of  b e t a   t i t a n i u m   to  a l p h a - p r i m e   m a r t e n s i t e .  

T h e r e   i s   l i t t l e   e v i d e n c e   of  t h e   s o l i d i f i c a t i o n   s t r u c t u r e  

e v e n   by  s c a n n i n g   e l e c t r o n   m i c r o s c o p y   b e c a u s e   of   t h e   m a r t e n -  

s i t i c   t r a n s f o r m a t i o n ,   and  b e c a u s e   t h e r e   was  no  e v i d e n c e   o f  

c h e m i c a l   s e g r e g a t i o n   a t   s o l i d i f i c a t i o n   b o u n d a r i e s .   T h e  

p a t t e r n   of   t h e   t r a n s f o r m e d   g r a i n s   and  s t r i a t i o n s   in   t h e  

b a c k g r o u n d   o f   t h e   m i c r o g r a p h   s u g g e s t e d   c o l u m n a r   s o l i d i f i c a -  

t i o n   f r o m   t h e   b o t t o m   to  t h e   t o p   of  t h e   f i l a m e n t .   T h e  

t h i c k n e s s   o f   f i l a m e n t s   was  t y p i c a l l y   50  to   100  m i c r o n s .  

Some  f i l a m e n t s   w e r e   f o u n d   w i t h   a  m i c r o s t r u c t u r e   w h i c h   d i d  

n o t   a p p e a r   t o   be  g e n e r a t e d   by  u n i d i r e c t i o n a l   s o l i d i f i c a t i o n .  

T h e s e   f i l a m e n t s   h a d   h e a v y   p r e c i p i t a t i o n   of   a  s o m e t i m e s  

c o n t i n u o u s   p r e c i p i t a t e   p h a s e   a t   g r a i n   b o u n d a r i e s   n e a r   t h e  

t o p   of   t h e   f i l a m e n t .   T h i s   s u g g e s t e d   t h a t   t h e   s o l i d i f i c a t i o n  

c o n d i t i o n s   o f   f i l a m e n t s   we re   n o t   a l w a y s   u n i f o r m l y   r a p i d .  

EXAMPLE  # 2  

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   of  a  t h i n n e d  

f i l a m e n t   o f   a l l o y   TIX83  r e v e a l e d   p r e c i p i t a t i o n   of   d i s p e r s o i d  



p a r t i c l e s   i n   t h e  a s - m e l t - e x t r a c t e d   f i l a m e n t .   Some  p a r t i c l e s  

w e r e   a l i g n e d   i n   rows   s u g g e s t i n g   p r e c i p i t a t i o n   a t   i n t e r n a l  

b o u n d a r i e s .   O t h e r   a r e a s   s h o w e d   h i g h e r   d e n s i t y   p r e c i p i t a -  

t i o n ,   b u t   a l s o   w i t h   e v i d e n c e   of  a l i g n e d   p a r t i c l e s   w h i c h   m a y  
h a v e   p r e c i p i t a t e d   a l o n g   c e l l u l a r   s o l i d i f i c a t i o n   b o u n d a r i e s .  

P a r t i c l e s   w e r e   c h a r a c t e r i s t i c a l l y   r o u n d e d   o r   e l l i p t i c a l   w i t h  

an  a v e r a g e   d i a m e t e r   of   740  A n g s t r o m .   S m a l l e r   p a r t i c l e s  

a p p e a r e d   t o   h a v e   some  f a c e t e d   e d g e s   w i t h   r o u n d e d   c o r n e r s .  

An  e l e c t r o n   b a c k   r e f l e c t i o n   m i c r o g r a p h   o b t a i n e d   f r o m   t h e  

s u r f a c e   o f   an  e l e c t r o p o l i s h e d   TEM  f o i l   i s   s h o w n   i n   F i g u r e   7 .  

The  d e n s i t y   of   p a r t i c l e s   i n t e r s e c t i n g   t h e   e l e c t r o p o l i s h e d  

s u r f a c e   was   9 . 7   m i l l i o n   p a r t i c l e s / m m 2 .  

EXAMPLE  # 3  

M e l t   e x t r a c t e d   r i b b o n   of  a l l o y   TIX83  was  c o l d  

p r e s s e d   i n t o   a  low  c a r b o n   s t e e l   HIP  c o n t a i n e r ,   H I P e d   a t  

8 5 0 ° C   f o r   3  h r s ,   and   e x t r u d e d   7 :1   a t   8 5 0 ° C   to   f o r m   b u l k  

a l l o y ,   f o l l o w i n g   a  p r o c e d u r e   w h i c h   h a s   b e e n   d e v e l o p e d   f o r  

r a p i d l y   s o l i d i f i e d   t i t a n i u m   a l l o y s .   The  a l l o y   was  f u l l  

d e n s i t y   w i t h   no  e v i d e n c e   of   p r i o r   f i l a m e n t   b o u n d a r i e s   in   t h e  

c o n s o l i d a t e d   m a t e r i a l .   S a m p l e s   w e r e   h e a t   t r e a t e d   a t   7 5 0 ° C  

f o r   24  h r s   to   e v a l u a t e   t h e   t h e r m a l   s t a b i l i t y   o f   t h e   d i s p e r -  

s o i d   a f t e r   e x p o s u r e   to   t e m p e r a t u r e s   in   e x c e s s   o f   any   p o t e n -  

t i a l   t i t a n i u m   a l l o y   s e r v i c e   t e m p e r a t u r e .   The  d i s p e r s o i d  

p a r t i c l e s   a p p e a r e d   to   h a v e   a  w ide   s i z e   d i s t r i b u t i o n ,   w h i c h  

was   b i m o d a l   w i t h   v e r y   l a r g e   p a r t i c l e s   r a n g i n g   f r o m   1 0 0 0 - 3 0 0 0  

A  m i x e d   w i t h   v e r y   s m a l l   p a r t i c l e s   l e s s   t h a n   250  A  d i a m e t e r .  

The   m a t r i x   a l l o y   s t r u c t u r e   was  i d e n t i f i e d   by  e l e c t r o n  

d i f f r a c t i o n   to   be  h e x a g o n a l   a l p h a   t i t a n i u m .  



EXAMPLE  # 4  

A l l o y   TIX137  had   a  b a s e   a l l o y   c o m p o s i t i o n   o f  

T i - 6 2 4   w i t h   a d d i t i o n s   of  1  w/o   Ce,  0 . 1 5   w/o  S  a n d  r e s i d u a l  

o x y g e n   a t   a p p r o x i m a t e l y   0 . 1   w . o .   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   of   t h i s   a l l o y   s h o w e d   t h a t   a f t e r   r a p i d   s o l i d i f i c a -  

t i o n   and  c o n s o l i d a t i o n   a t   850°C   by  t h e   same  HIP  p l u s   e x t r u -  

s i o n   p r o c e s s   d e s c r i b e d   a b o v e ,   t h e   a l l o y   had   a  f i n e   d i s p e r -  

s o i d   w i t h   p a r t i c l e   d i a m e t e r   of   300  to   750  A n g s t r o m   [ 1 3 1 4 -  

A l E ] .   I n t e r s e c t i o n   of  p a r t i c l e s   w i t h   t h e   e l e c t r o p o l i s h e d  

f o i l   s u r f a c e   i n d i c a t e d   a  d i s p e r s o i d   d e n s i t y   of  2 . 8   m i l l i o n  
p a r t i c l e s / m m 2 .   [ 1 3 1 4 A 1 Q ]  

EXAMPLE  # 5  

E n e r g y   d i s p e r s i v e   a n a l y s i s   of   a  p a r t i c l e   in   t h e  

a s - m e l t ' e x t r a c t e d   f i l a m e n t   of   a l l o y   TIX83  s h o w e d   t h a t  

d i s p e r s o i d   p a r t i c l e s   had   a  h i g h   c o n c e n t r a t i o n   of  c e r i u m   a n d  

s u l f u r   Q u a n t i t a t i v e   c o m p a r i s o n   of   t h e   Ce :S   x - r a y   s i g n a l  

i n t e n s i t i e s ,   c o r r e c t e d   f o r   p e a k   o v e r l a p   and  s e n s i t i v i t y  

d i f f e r e n c e s   i n d i c a t e d   a  1 : 1 . 3 6   a t o m i c   r a t i o   of  c e r i u m   t o  

s u l f u r .   The  c o m p o u n d   CeS  h a s   a  1 :1   C e : S   r a t i o ,   Ce2S3  i s  

1 : 1 . 5 ,   C e 2 0 2 S   i s   1 : 0 . 5 ,   and  Ce4O4S3  h a s   a  1 : 1 . 3 3   r a t i o .   T h e  

m e a s u r e d   r a t i o   i s   c l o s e s t   to   t h a t   of   Ce4O4S3 ,   and  d o e s   n o t  

a p p e a r   to   be  c o n s i s t e n t   w i t h   C e 2 0 2 S .  
S e l e c t e d   a r e a   e l e c t r o n   d i f f r a c t i o n   of  d i s p e r s o i d  

p a r t i c l e s   r e s u l t e d   in   d i f f r a c t i o n   p a t t e r n s   t h a t   were   c o n s i s -  

t e n t   w i t h   t h e   p r e s e n c e   of  C e 4 0 4 S 3 , C e S ,   and  Ce3S4 .   D i f f r a c -  

t i o n   p a t t e r n s   w e r e   i d e n t i f i e d   w h i c h   we re   c o n s i s t e n t   a n  

o r t h o r h o m b i c   c r y s t a l   s t r u c t u r e   w i t h   a=  6 . 8 5 1   A,  b = 1 4 . 5 2 9   A,  

c = 3 . 9 5 8   A.  T h i s   c o r r e s p o n d s   to   C e 4 0 4 S 3   as  d e s c r i b e d   in   a n  

a r t i c l e   by  J.   Dague   e t   a l ,   A c t a .   C r y s t .   A l l o y ,   Sec .   B,  V o l .  

34 ,   p.  3 5 6 4 ,   1978 .   O t h e r s   w e r e   c u b i c   w i t h   a  l a t t i c e  



p a r a m e t e r   o f   a = 5 . 7 7 8   A,  t h e   s t r u c t u r e   o f   CeS  as  d e s c r i b e d   b y  

Z a c h a r i e s e n ,   A c t .   C r y s t .   A l l o y ,   V o l .   2,  p.  2 9 3 ,   1949  a n d  

a l s o   i n   V o l .   1,  p.  265 ,   1948  and  f u r t h e r   i n   V o l .  2 ,   p.  5 7 ,  

1 9 4 9 .   The   t h i r d   s t r u c t u r e   i d e n t i f i e d   was  c u b i c   c r y s t a l  

s t r u c t u r e   w i t h   a  l a t t i c e   p a r a m e t e r   a = 6 . 3 6   A,  w h i c h   m a y  
e i t h e r   be  C e 3 S 4   as  n o t e d   in   V o v a n ,   T i e n ,   and   K h o d a d a d ,  

B u l l e t i n   S o c .   Chem.  Fv.  p.  30,  1969  or   CeZS3  as  d e s c r i b e d   i n  

Z a c h a r i e s e n   n o t e d   a b o v e .  

EXAMPLE  # 6  

A l l o y   T I X 1 3 7 ,   d e s c r i b e d   e a r l i e r ,   w i t h   a  b a s e   a l l o y  

c o m p o s i t i o n   of   T i - 6 2 4   w i t h   a d d i t i o n s   o f   1  w/o  Ce,  0 . 1 5   w/o  S 

and   r e s i d u a l   o x y g e n   a t   a p p r o x i m a t e l y   0 . 1   w/o  was  e x a m i n e d   b y  

s e l e c t e d   a r e a   e l e c t r o n   d i f f r a c t i o n   f o r   p a r t i c l e   i d e n t i f i c a -  

t i o n .   A  c o n s o l i d a t e d   a l l o y   s a m p l e   f r o m   t h e   end   of   a  t e n s i l e  

t e s t   s p e c i m e n   s h o w e d   CeS  a n d  C e 4 O 4 S 3   as  d i s p e r s o i d   s p e c i e s .  

T h e r e   was  no  e v i d e n c e   of   any  t i t a n i u m   s u l f i d e   p h a s e .  

EXAMPLE  # 7  

A l l o y   TIX83  w i t h   T i - 6   w/o  A l - 6   w/o  Zr  b a s e   c o m p o -  

s i t i o n   p l u s   I  w/o   Ce,  0 . 1 5   w/o  S,  and   0 . 1 3   w/o  O  ( t y p i c a l  

r e s i d u a l   o x y g e n   l e v e l )  s h o w e d   no  s e g r e g a t i o n   e i t h e r   a f t e r  

r a p i d   s o l i d i f i c a t i o n   or   a f t e r   a  9 5 0 ° C   a n n e a l ,   i n d i c a t i n g  

t h a t   t h e   n o r m a l l y   p r e c i p i t a t i n g   t i t a n i u m   s u l f i d e   p h a s e ,   a s  

d e s c r i b e d   by  A g e e v   i n   P h a s e   D i a g r a m s   i n   M e t a l s   ( R u s s i a n )  

M o s c o w ,   1 9 7 3 ,   i s   t h e r m o d y n a m i c a l l y   p r e v e n t e d   by  t h e   f o r m a -  

t i o n   o f   t h e   m o r e   s t a b l e   c e r i u m   s u l f i d e   or   o x y s u l f i d e   p h a s e s .  

The  d i s p e r s o i d   s i z e   d i s t r i b u t i o n   i n   t h e   c o n s o l i -  

d a t e d   a l l o y   TIX83  i n d i c a t e d   t h e   g o o d   s t a b i l i t y   o f  t h e  

d i s p e r s o i d   t o   c o n s o l i d a t i o n   p r o c e s s i n g   a t   a  t e m p e r a t u r e   o f  

8 5 0 ° C .   M e l t   e x t r a c t e d   f i l a m e n t s   o f   a  n u m b e r   of   d i f f e r e n t  



a l l o y s   and  d i s p e r s o i d   l e v e l s   w e r e   a n n e a l e d   a t   an  even   h i g h e r  

t e m p e r a t u r e ,   9 5 0 ° C ,   to   e v a l u a t e   d i s p e r s o i d   s t a b i l i t y   d u r i n g  

h i g h   t e m p e r a t u r e   e x p o s u r e .   The  t e m p e r a t u r e   of   950°C  i s   f a r  

h i g h e r   t h a n   n e e d e d   f o r   c o n s o l i d a t i o n ,   b u t   w i t h i n   t he   t e m p e r -  

a t u r e   r a n g e   w h i c h   may  be  u t i l i z e d   f o r   s u c h   a d d i t i o n a l  

p r o c e s s i n g   as  g r a i n   g r o w t h ,   e t c .  

EXAMPLE  # 8  

C o n s o l i d a t e d   A l l o y   T IX137   ( T i - 6 2 4   +  1  w/o  Ce  +  . 1 5  

w/o  S  +  .1  w/o  0)  was  a n n e a l e d   f o r   one  h o u r  a t   1 0 0 0 ° C .  

D i s p e r s o i d   s i z e   was  b i m o d a l   in   t h i s   s a m p l e ,  - w i t h   d i s p e r s o i d s  

n e a r   g r a i n   b o u n d a r i e s   a p p e a r i n g   to   be  s i g n i f i c a n t l y   l a r g e r  

t h a n   t h o s e   in   g r a i n   i n t e r i o r s .   The  p a r t i c l e s   a t   g r a i n  

b o u n d a r i e s   had   to  1500  A n g s t r o m   d i a m e t e r   or   l a r g e r ,   a n d  

t h e   r e s u l t a n t  i n t e r p a r t i c l e   s p a c i n g   was  much  l a r g e r .   A t  

1 0 0 0 ° C , - s o m e   b e t a   p h a s e   may  h a v e   b e e n   p r e s e n t   in   a l l o y  

T I X 1 3 7 ,   as  d e t e r m i n e d   f rom  t h e   b i n a r y   t i t a n i u m - a l u m i n u m  

p h a s e   d i a g r a m   as  d e s c r i b e d   by  S c h u l l   e t   al   in   " P h a s e  

E q u i l i b r i a   in   t h e   T i t a n i u m - A l u m i n u m   S y s t e m "   to   a p p e a r   i n  

P r o c e e d i n g s   of  t h e   5 t h   I n t e r n a t i o n a l   C o n f e r e n c e   on  T i t a n i u m ,  

M u n i c h ,   FRG.  1 9 8 4 .   B e t a   p h a s e   h a s   b e e n   shown  to  e x h i b i t  

s i g n i f i c a n t l y   f a s t e r   d i s p e r s o i d   c o a r s e n i n g   t h a n   f o r  

e q u i v a l e n t   c o n d i t i o n s   in   t i t a n i u m   a l p h a   p h a s e   as  b r o u g h t   o u t  

by  D.G.   K o n i t z e r   e t   a l   in   " R e f i n e d   D i s p e r s i o n   of  Ra re   E a r t h  

O x i d e s   i n   T i - A l l o y s   P r o d u c e d   by  R a p i d   S o l i d i f i c a t i o n " ,   O r a l  

P r e s e n t a t i o n :   F i f t h   I n t e r n a t i o n a l   C o n f e r e n c e   on  T i t a n i u m ,  

M u n i c h ,   FRG,  S e p t e m b e r   1984 .   To  be  p u b l i s h e d .  

The  a v e r a g e   p a r t i c l e   d i a m e t e r   f o r   d i s p e r s o i d  

p a r t i c l e s   in   g r a i n   i n t e r i o r s   was  on  t h e   o r d e r   of   400  A n g -  

s t r o m   or   e v e n   l e s s .   [ 1371A1E]   A l t h o u g h   t h e   d o m i n a n t   n u m b e r  

of   d i s p e r s o i d   p a r t i c l e s   in   t h i s   a l l o y   r a n g e   in   s i z e   f rom  2 5 0  

to   1500  A n g s t r o m s   in   d i a m e t e r ,   some  r e g i o n s   of   t h e   s p e c i m e n  



e x h i b i t e d   l o c a l   r e g i o n s   w h e r e   t h e   d i s p e r s o i d   p a r t i c l e  

d i a m e t e r   was  on  t h e   o r d e r   o f   75  to   100  A n g s t r o m ,   w i t h   m e a n  

i n t e r p a r t i c l e   s e p a r a t i o n   on  t h e   o r d e r   of   0 . 0 5   m i c r o n  

[ 1 3 7 1 A 1 G ] .   T h i s   r e s u l t   s h o w i n g   l e s s   t h a n   400  A n g s t r o m  

d i s p e r s o i d s   a f t e r   a  h i g h   t e m p e r a t u r e   a n n e a l   a t   1 0 0 0 ° C  

d e m o n s t r a t e s   t h e   e x t r a o r d i n a r y   t h e r m a l   s t a b i l i t y   of   t h e  

d i s p e r s o i d   b a s e d   u p o n   c e r i u m   and   s u l f u r   a d d i t i o n s   in   a n  

a l p h a - t i t a n i u m   m a t r i x .  

The  v a r i a b i l i t y   i n   d i s p e r s o i d   p a r t i c l e   d i a m e t e r  

d e p e n d s  u p o n   v a r i a t i o n s   in   t h e   q u e n c h   r a t e   of   s o l i d i f i c a t i o n  

and   c o o l i n g ,   and  t h e   d e t a i l s   o f   t h e   a l l o y   m i c r o s t r u c t u r e  

d u r i n g   h e a t   t r e a t m e n t .   The  q u e n c h   r a t e   c an   be  i n c r e a s e d   b y  

s o l i d i f y i n g   t h e   f i l a m e n t   to   a  t h i n n e r   a v e r a g e   d i m e n s i o n   o r  

by  i n c r e a s i n g   t h e   e f f i c i e n c y   o f   h e a t   e x t r a c t i o n   f r o m   t h e  

f i l a m e n t   d u r i n g   s o l i d i f i c a t i o n   and   c o o l i n g .   T h u s ,   t h e   l o w e r  

b o u n d   o f   d i s p e r s o i d   p a r t i c l e   s i z e s   a p p e a r s   to   be  a t   l e a s t   o n  

t h e   o r d e r   o f   t h e  7 5   to   100  A n g s t r o m   p a r t i c l e   s i z e   o b s e r v e d  

i n   t h i s   s p e c i m e n ,   o r   p e r h a p s   s m a l l e r .  

EXAMPLE  # 9  

A l l o y   T IX84   w i t h   T i - 6   w/o  A l - 6   w/o  Zr  b a s e   c o m p o -  
s i t i o n   p l u s   1  w/o  Er  and   0 . 0 2 5   w/o   S.  R e s i d u a l   o x y g e n   w a s  

0 . 1 1   w / o .   T h i s   a l l o y   was  h o m o g e n e o u s   a f t e r   r a p i d   s o l i d i f i -  

c a t i o n ,   b u t   s h o w e d   s e g r e g a t i o n   of   a  c o n t i n u o u s   p h a s e   a t  

g r a i n   b o u n d a r i e s   a f t e r   a n n e a l i n g   a t   9 5 0 ° C .   The  same  s e g r e -  

g a t i o n   i s   n o t   p r e s e n t   i n   o t h e r   a l l o y s   c o n t a i n i n g   t h e   s a m e  

e r b i u m   and   o x y g e n   l e v e l s   b u t   no  s u l f u r   a d d i t i o n .  

The  a s - c a s t   m i c r o s t r u c t u r e   of  b o t h   a l l o y s   EB  8 3  

a n d   EB  84  e x h i b i t e d   l i t t l e   e v i d e n c e   of   a  d i s p e r s o i d   o r  

s e c o n d   p h a s e   c o m p o u n d s   when  o b s e r v e d   by  o p t i c a l  

m e t a l l o g r a p h y .   T y p i c a l   of   t h e   f e a t u r e l e s s ,   m a r t e n s i t i c - t y p e  



m i c r o s t r u c t u r e   of  t h e s e   two  a l l o y s   i s   t h e   o p t i c a l   m i c r o g r a p h  

of   a l l o y   EB  84  shown  i n   F i g u r e   5 .  

The  t h e r m a l   s t a b i l i t y   of  t h e s e   two  a l l o y s   w a s  

e v a l u a t e d   by  a n n e a l i n g   m e l t   e x t r a c t e d   r i b b o n   in   an  a r g o n  

a t m o s p h e r e   a t   a  t e m p e r a t u r e   o f   950°C   f o r   one  h o u r   a t   t e m p e r -  

a t u r e .   A l l o y   EB  84,  t h e   a l l o y   w i t h   e r b i u m   and  s u l f u r  

a d d i t i o n s ,   e x h i b i t e d   g r a i n   c o a r s e n i n g   and  p r e c i p i t a t i o n   of   a  

p l a n a r   p r e c i p i t a t e   p h a s e   a l o n g   g r a i n   b o u n d a r i e s .   T h i s   i s  

shown   in   F i g u r e   6.  T h i s   m i c r o s t r u c t u r e   i s   c h a r a c t e r i s t i c   o f  

an  a l l o y   w i t h   a  h i g h l y   m o b i l e   s o l u t e   s p e c i e s   in   e q u i l i b r i u m  

w i t h   a  t h e r m a l l y   u n s t a b l e   p h a s e .   D u r i n g   h e a t   t r e a t m e n t ,  

s u l f u r   e x i s t s   in   s u f f i c i e n t l y   h i g h   c o n c e n t r a t i o n   to  m i g r a t e  

to   i n t e r n a l   b o u n d a r i e s   and  r e p r e c i p i t a t e   ( p r e s u m a b l y   as  a  

t i t a n i u m   s u l f i d e ) .   T h i s   s u g g e s t s   t h a t   t h e   c o m p o u n d   o f  

e r b i u m   and   s u l f u r   in   a l l o y   EB  84  d o e s   n o t   h a v e   s u f f i c i e n t  

s t a b i l i t y   f o r   h i g h   t e m p e r a t u r e   e x p o s u r e .   F u r t h e r m o r e ,   i t  

d e m o n s t r a t e s   t h a t   f r e e   s u l f u r   in   a  t i t a n i u m   a l l o y   can   r e s u l t  

in   s e v e r e   e m b r i t t l e m e n t   a f t e r   t h e r m a l   e x p o s u r e   due  to  t h i s  

r e p r e c i p i t a t i o n   a l o n g   i n t e r n a l   b o u n d a r i e s .  

EXAMPLE  # 1 0  

A l l o y   T IX154   w i t h   T i - 6 2 4   b a s e   c o m p o s i t i o n   p l u s   1 . 5  

w/o  Y  and   0 . 1 5   w/o  S  was  p r e p a r e d   to   e v a l u a t e   t h e   s t a b i l i t y  

of   a l l o y s   c o n t a i n i n g   i n s t e a d   of   c e r i u m   as  t h e  r a r e   e a r t h  

e l e m e n t .   T h i s   a l l o y   e x h i b i t e d   no  s e g r e g a t i o n   as  r a p i d l y  

s o l i d i f i e d   and  a f t e r   t h e   9 5 0 ° C   a n n e a l   i n d i c a t i n g   t h e  

s t a b i l i t y   of  o x y g e n   and  s u l f u r   b e a r i n g   c o m p o u n d s   in   a  

t i t a n i u m   a l l o y   m a t r i x ,   and  t h e   r e s i s t a n c e   of  any  e x c e s s  

- y t t r i u m   to  m e l t i n g   a t   9 5 0 ° C .  



EXAMPLE  # 1 1  

A l l o y   T I X 1 3 8   w i t h  a   T i - 6 2 4 2   ( T i - 6 A l - 2 S n - 4 Z r - 2 M o )  

b a s e   c o m p o s i t i o n   and   1  w/o  Ce  p l u s   0 . 1 5   w/o  S  s h o w e d   n o  

i n s t a b i l i t y   a f t e r   a  9 5 0 ° C   a n n e a l .   T h i s   a l l o y   h a d   an  a l p h a -  

b e t a   m a t r i x   s t r u c t u r e   and  s h o w e d   t h a t   t h e   p r e s e n c e   of  t h e  

b o d y   c e n t e r e d   c u b i c   b e t a   p h a s e   d o e s   n o t   r e s u l t   i n   t h e  

a p p e a r a n c e   of   u n s t a b l e   p h a s e s   a t   g r a i n   b o u n d a r i e s   or   o t h e r  

i n t e r n a l   s u r f a c e s .  

A l l o y s   w i t h   a  b a s e   a l l o y   c o m p o s i t i o n   o f   T i - 6 2 4  

( T i - 6   w /o   A l - 2   w/o   S n - 4   w/o  Zr)   w e r e   p r e p a r e d   w i t h   c e r i u m  

a d d i t i o n s   r a n g i n g   f r o m   1  to   4 . 5   w/o  c e r i u m   and   s u l f u r   f r o m  

.15  w/o   t o   t h e s e   a l l o y s   w e r e   a n n e a l e d   a t   a  h i g h   t e m p e r a t u r e  

t o   e v a l u a t e   a l l o y   s t a b i l i t y   d u r i n g   h i g h   t e m p e r a t u r e   e x p o s u r e  
s u c h   as   t h a t   w h i c h   m i g h t   be  e x p e r i e n c e d   d u r i n g   c o n s o l i d a t i o n  

of   a  p o w d e r   o r   o t h e r   r a p i d   s o l i d i f i c a t i o n   p a r t i c u l a t e  

c o m p a c t ' t o   p r o d u c e   a  h i g h   i n t e g r i t y   a l l o y   c o m p o n e n t .  

EXAMPLE  # 1 2  

A l l o y   T I X 1 5 1   w i t h   a  m a t r i x   of   T i - 6 2 4   w i t h   3w/o   C e  

and   0 . 1 5 w / o   S  e x h i b i t e d   s e g r e g a t i o n   a t   a l l   s o l i d i f i c a t i o n  

b o u n d a r i e s   as   r a p i d l y   s o l i d i f i e d   by  p e n d a n t   d r o p   m e l t  

e x t r a c t i o n .   A f t e r   9 5 0 ° C   a n n e a l i n g ,   a  c o n t i n u o u s   l a y e r   of   a  

p r e c i p i t a t e   p h a s e   a p p e a r e d   a t   g r a i n   b o u n d a r i e s .   [ 5 7 9 0 9 A 1 C ]  

The  a t o m i c   p e r c e n t a g e s   o f   Ce,  S,  a n d  0   c a n   be  c a l c u l a t e d   t o  

be   1 . 1 ,   . 2 2 ,   a n d   . 4 ,   r e s p e c t i v e l y .   T h e r e   s h o u l d   be  e x c e s s  

c e r i u m   i n   t h i s   a l l o y   o v e r   t h a t   r e q u i r e d   to   f o r m   s u l f i d e s   a n d  

o x y s u l f i d e s .  



EXAMPLE  # 1 3  

A l l o y   TIX153  w i t h  T i - 6 2 4   b a s e   c o m p o s i t i o n   p l u s   4 . 5  

w/o  Ce  and   0 . 1 5   w / o  S   e x h i b i t e d   l e s s   a s - s o l i d i f i e d   s e g r e g a -  

t i o n   a f t e r   r a p i d   s o l i d i f i c a t i o n   by  p e n d a n t   d r o p   m e l t   e x t r a c -  

t i o n ,   b u t   s e v e r e   s e g r e g a t i o n   of  a  c o n t i n u o u s   p h a s e   a t   g r a i n  

b o u n d a r i e s   f o l l o w i n g   a  9 5 0 ° C   a n n e a l   f o r   one  h o u r .   T h e  

a t o m i c   p e r c e n t a g e s   o f  C e ,   S  a n d  0   f o r   t h e s e   l e v e l s   a r e   1 . 5 6 ,  

0 . 2 2 ,   and   0 . 4   r e s p e c t i v e l y .  T h i s  s u g g e s t s   e x c e s s   c e r i u m  

w h i c h   c o u l d   a c c o u n t   f o r   t h e  p r e s e n c e  o f   t h e   u n s t a b l e   p h a s e  

a t   g r a i n   b o u n d a r i e s .  

EXAMPLE  # 1 4  

In  c o n t r a s t   to   t h e   b e h a v i o r   o f  a l l o y s   TIX151   a n d  

T I X 1 5 3 ,   a l l o y   TIX152  w i t h   T i - 6 2 4   b a s e   c o m p o s i t i o n   p l u s   4 . 5  

w/o   Ce  and   0 . 3  w / o   S  e x h i b i t e d  n o   d e t e c t a b l e   s e g r e g a t i o n  

e i t h e r   a f t e r   r a p i d   s o l i d i f i c a t i o n   or   a f t e r   t h e   950°C  a n n e a l  

The  a t o m i c   f r a c t i o n   of  s u l f u r   was  d o u b l e d   in   t h i s   a l l o y   o v e r  

t h a t   of  a l l o y   T I X 1 5 3 ,   a b o v e .   One  s t i l l   w o u l d   e x p e c t   s o m e  

e x c e s s   Ce,  b u t   t h e r e   was  a p p a r e n t l y   e n o u g h   s u l f u r   and  o x y g e n  

to   p r e v e n t   d e t e c t a b l e   e x c e s s   c e r i u m   i n s t a b i l i t y .  

EXAMPLE  # 1 5  

A l l o y   T IX139   w i t h  a   T i - 6 2 4 2   b a s e   c o m p o s i t i o n   a n d  

3 . 7   w/o  Ce  p l u s   .5  w / o  S  a n d  0 . 2  w / o   O  showed   no  g r a i n  

b o u n d a r y   p h a s e   a f t e r   a  9 5 0 ° C   a n n e a l .   Some  s c a t t e r e d   s p h e r i -  

c a l   p a r t i c l e s   w e r e  o b s e r v e d ,   b u t  t h e s e   were   r a n d o m l y   s c a t -  

t e r e d   t h r o u g h o u t   t h e   c r o s s   s e c t i o n   s u g g e s t i n g   t h a t   t h e y  m a y  

h a v e   b e e n   a  r e s u l t  o f   i n a d e q u a t e   m e l t i n g   t i m e   d u r i n g   m e l t  

e x t r a c t i o n .   T h a t   a  c o n t i n u o u s   g r a i n   b o u n d a r y   p h a s e   was  n o t  

o b s e r v e d   s u g g e s t e d   t h a t   f o r   t h i s   a l l o y   w h i c h   had   a t o m i c  



p e r c e n t a g e s   o f   t h e   a d d i t i v e   c e r i u m ,   s u l f u r   and   o x y g e n   o f  

1 . 2 8 ,   0 . 7 5 ,   a n d   0 . 4   r e s p e c t i v e l y .   In  t h i s   c a s e ,   o x y g e n   a n d  

s u l f u r   t i e d   up  e n o u g h   of   t h e   c e r i u m   to   p r e v e n t   t h e   g r a i n  

b o u n d a r y   p h a s e   a t   9 5 0 ° C .  

DISCUSSION  OF  EXAMPLES  11  to   1 5  

F o r   a l l o y s   T I X 8 3 ,   T I X 1 3 7 ,   T I X 1 3 8 ,   and   T I X 1 3 9 ,  

a n a l y z e d   c h e m i c a l   c o m p o s i t i o n s   c o n v e r t e d   to   a t o m i c   f r a c t i o n s  

i n d i c a t e d   t h a t   i n   a l l   c a s e s ,   t h e   t o t a l   a m o u n t   of   o x y g e n   a n d  

s u l f u r   e x c e e d e d   t h e   a m o u n t   of   c e r i u m   i n   t h e   a l l o y .   In  a l l  

o f   t h e s e   a l l o y s ,   g r a i n   b o u n d a r y   p r e c i p i t a t i o n   of   an  u n s t a b l e  

p h a s e   was   n o t   d e t e c t e d .   In  c o n t r a s t ,   a l l o y s   T I X 1 5 1 ,   T I X 1 5 2 ,  

and   T I X 1 5 3   a l l   h a d   e x c e s s   c e r i u m   o v e r   t h e   a m o u n t   o f   s u l f u r  

and   o x y g e n   i n   t h e   a l l o y ,   b a s e d   u p o n   an  a s s u m p t i o n   o f   a  

n o m i n a l   o x y g e n   c o n t e n t   of   0 . 2   w/o  in   e a c h ,   a n d   u s i n g   n o m i n a l  

c e r i u m   a n d   s u l f u r   l e v e l s .   P u b l i s h e d   p h a s e   d i a g r a m   d a t a   f o r  

t h e   t e r n a r y   T i - C e - S   s y s t e m   a t   1 0 0 0 ° C   s h o w s   a  l i q u i d   p h a s e   i n  

t h e   a l l o y   f o r   t h e   c a s e   of   e x c e s s   c e r i u m .   T h i s   d a t a   w a s  

p u b l i s h e d   by  A g e e v ,   P h a s e   D i a g r a m s   i n   M e t a l s   ( R u s s i a n )  

M o s c o w ,   1 9 7 3 .   The  a d d i t i o n   of   a l u m i n u m   h a s   b e e n   r e p o r t e d   t o  

l o w e r   t h e   t e m p e r a t u r e   f o r   t h e   f i r s t   a p p e a r a n c e   o f   l i q u i d   i n  

T i - A l - C e   a l l o y s   w i t h   c e r i u m   o v e r   t h e   s o l u b i l i t y   l i m i t .  

S a v i t s k i i   r e p o r t s   in   E.M.  S a v i t s k i i   and   G.M.  B u r k h a u o v ,  

Z u n u .   N e o r g .   K h i n i c ,   V o l .   2 ( 1 1 ) ,   p.  2 6 0 9 ,   1 9 5 7 ,   t h a t   in   a  

4 . 5   a / o   Al  t i t a n i u m   a l l o y ,   t h e   maximum  s o l u b i l i t y   f o r   c e r i u m  

i s   0 .1 ,   a / o .   T h i s   i s   a l l   c o n s i s t e n t   w i t h   my  o b s e r v a t i o n s   o f  

c o a r s e   g r a i n   b o u n d a r y   p h a s e s   a f t e r   9 5 0 ° C   a n n e a l i n g   of   a l l o y s  

w i t h   e x c e s s   c e r i u m .  

T h a t   a l l o y   T I X 1 5 2  d i d   n o t   e x h i b i t   i n s t a b i l i t y  

d e s p i t e   t h e   f a c t   t h a t   b a s e d   on  n o m i n a l   a d d i t i o n s ,   t h e   r a t i o  

of   C e / ( O + S )   was   1 . 5 ,   s u g g e s t s   t h a t   some  l o s s   o r   c e r i u m   m a y  



h a v e   o c c u r r e d   d u r i n g   m e l t i n g ,   w h i c h   w o u l d   r e d u c e   t h e   a m o u n t  

of   e x c e s s   c e r i u m .  

The  b i n a r y   t i t a n i u m - y t t r i u m   p h a s e   d i a g r a m  d i s -  

c l o s e d   by  W.G.  M o f f a t t   i s   " H a n d b o o k   of  B i n a r y  P h a s e   D i a -  

g r a m s " ,   p u b l i s h e d   by  t h e   G e n e r a l   E l e c t r i c   C o m p a n y ,   1 9 7 6 ,  

S c h e n e c t a d y ,   New  York   shows   a  m o l t e n   p h a s e   f i r s t   a p p e a r i n g  

a t   1 3 5 5 ° C   f o r   a l l o y s   c o n t a i n i n g   more   t h a n   0 . 9   w/o  y t t r i u m .  

S i n c e   y t t r i u m   m e l t s   a b o v e   9 5 0 ° C  i n   b i n a r y   t i t a n i u m   a l l o y s  

e x c e s s   y t t r i u m   a l l o y s   may  n o t   e x h i b i t   t h e   s a m e  d e g r e e   o f  

9 5 0 ° C   i n s t a b i l i t y   as  e x c e s s   c e r i u m   a l l o y s .  

EXAMPLE  # 1 6  

M e l t   e x t r a c t e d   r i b b o n   of  a l l o y s   T I X 1 3 6 ,   T I X 1 3 7 ,  

and   T I X 1 3 8   w e r e   c o l d   p r e s s e d   i n t o   d e c a r b u r i z e d   low  c a r b o n  

s t e e l   HIP  c o n t a i n e r s ,   H I P e d   a t   850°C   and  3 0 k s i   p r e s s u r e   f o r  

3  h r s .   A f t e r   r e m o v i n g   t h e   H I F  c a n   and  m a c h i n i n g   to   a  

u n i f o r m   s e c t i o n ,   t h e   a l l o y s   we re   e x t r u d e d   a t   a  r e d u c t i o n  

r a t i o   of   7 : 1   a t   8 5 0 ° C   to  f o r m   b u l k   a l l o y .   The  s e r i e s   o f  H I P  

c o n s o l i d a t i o n s   in   w h i c h  a l l o y s   T IX136   t h r o u g h   T I X 1 3 8   w e r e  

p r o c e s s e d   s h o w e d   some  p o r o s i t y   a f t e r   HIP,   T h i s   was  a t t r i b -  

u t e d   to   l e a k a g e   of  t h e  H I P   c o n t a i n e r s .   S p e c i m e n s   f r o m   t h i s  

s e r i e s   w e r e   t e s t e d   to   d e t e r m i n e   t h e i r   t e n s i l e  s t r e n g t h  

d e s p i t e   t h e   f a c t   t h a t   t h e  s m a l l   p o r e s   in   t h e   c o n s o l i d a t e d  

a l l o y   c o u l d   be  e x p e c t e d   to  r e d u c e   t h e   a p p a r e n t   s t r e n g t h   a n d  

d u c t i l i t y   o f   t h e   a l l o y s .  

T e n s i l e   s p e c i m e n s   w e r e   m a c h i n e d   f r o m   t h e   e x t r u d e d  

b a r .   Room  t e m p e r a t u r e   t e n s i l e   t e s t i n g   was  p e r f o r m e d   in   a i r  

and   e l e v a t e d   t e m p e r a t u r e   t e s t s   w e r e   c o n d u c t e d   in   v a c u u m .  

The  as  e x t r u d e d   t e n s i l e   s t r e n g t h   of   a l l o y s   T I X 1 3 6   and   T I X 1 3 7  

o v e r   t h e   t e m p e r a t u r e   r a n g e   o f  r o o m   t e m p e r a t u r e   to   1 2 0 0 ° F   a r e  

shown  i n   F i g u r e   1.  The  d i s p e r s o i d   s t r e n g t h e n e d   a l l o y   h a s   a  

h i g h e r   t e n s i l e   s t r e n g t h   up  to   1 0 0 0 ° F ,   t h e   h i g h e s t  



t e m p e r a t u r e   o f   t e s t i n g   of   t h a t   a l l o y .   A l l o y   T I X 1 3 6   w h i c h  

h a s   an  a l l   a l p h a - t i t a n i u m   s t r u c t u r e   i s   r o u g h l y   e q u i v a l e n t   t o  

t h e  a l p h a - t i t a n i u m   p h a s e   of   T i - 6 2 4 2 ,   an  a l p h a - b e t a   t i t a n i u m  

a l l o y   f o r   h i g h   t e m p e r a t u r e   a p p l i c a t i o n s .   The  t e n s i l e  

s t r e n g t h   o f   a l l o y   T i - 6 2 4 2   in   t h e   c o n v e n t i o n a l   t r i p l e x  

a n n e a l e d   c o n d i t i o n   i s   i n c l u d e d   as  t h e   d a s h e d   c u r v e   in   F i g u r e  

1 .  

I t   c a n   be  s e e n   t h a t   t h e   c e r i u m - s u l f u r   a d d i t i o n s  

i m p r o v e   room  t e m p e r a t u r e   s t r e n g t h   s i g n i f i c a n t l y   and  t h e  

1 0 0 0 ° F   s t r e n g t h   s o m e w h a t .   A l l o y   d u c t i l i t y   i s   a c c e p t a b l e   a t  

a l l   t e m p e r a t u r e s   as  s e e n   in   t h e   t e n s i l e   s t r e s s   v s .   s t r a i n  

c u r v e s   o f   F i g u r e   2.  F i g u r e   2  s h o w s   t h e   t e n s i l e   s t r e s s   v s .  

e n g i n e e r i n g   p l a s t i c   s t r a i n   a t   room  t e m p e r a t u r e   and   a t   1 0 0 ° F  

f o r   t h e   a l l o y s   s h o w n   i n   F i g u r e   1 .  

The  t e n s i l e   s t r e n g t h   of   a l l o y   T I X 1 3 8 ,   T i - 6 2 4 2   p l u s  

c e r i u m - s u l f u r   a d d i t i o n s   i s   shown  r e l a t i v e   t o   r e p o r t e d   v a l u e s  

of   t h e   t e n s i l e   s t r e n g t h   of   T i - 6 2 4 2   i n   F i g u r e   3.  The  c e r i u m -  

s u l f u r   d o p e d   a l l o y   e x h i b i t s   h i g h e r   s t r e n g t h   t o   1 1 0 0 ° F   t h a n  

t h e   d a t a   f o r   u n - d o p e d   a l l o y   T i - 6 2 4 2 ,   in   s p i t e   of   t h e   f a c t  

t h a t   d u r i n g   m e l t i n g   o f   t h e   d i s p e r s o i d   b e a r i n g   a l l o y   T I X 1 3 8 ,  

some  a l u m i n u m   was   l o s t   and   t h e   d i s p e r s o i d   b e a r i n g   a l l o y   h a s  

s o m e w h a t   l o w e r   a l u m i n u m   t h a n   T i - 6 2 4 2 .   At  1 2 0 0 ° F ,   t h e  

d i s p e r s o i d   b e a r i n g   a l l o y   h a s   l o w e r   s t r e n g t h .   T h i s   w a s  

a t t r i b u t e d   t o   i t s   much   f i n e r   g r a i n   s i z e  t h a n   t r i p l e x  

a n n e a l e d   T i - 6 2 4 2 .   The  d a s h e d   l i n e   of   F i g u r e   3  i s   a  p l o t   o f  

h a n d b o o k   d a t a   f o r   t r i p l e x   a n n e a l e d   T i - 6 2 4 2   c o n t a i n i n g   n o  

d i s p e r s o i d .   A n n e a l i n g   t h e   d i s p e r s o i d   b e a r i n g   a l l o y   a t  

1 0 0 0 ° C   ( 1 8 3 2 ° F )   r e s u l t e d   i n   a  s t r e n g t h   i m p r o v e m e n t   a t   1 1 0 0  

and   1 2 0 0 ° F .   The   a n n e a l e d   a l l o y   was  s t r o n g e r   t h a n   t r i p l e x  

a n n e a l e d   T i - 6 2 4 2   ( h e a t  t r e a t e d   f o r   maximum  s t r e n g t h   a n d  

c r e e p   r e s i s t a n c e   a t   t h e s e   t e m p e r a t u r e s )   e v e n   t h o u g h   t h e  

m a t r i x   m i c r o s t r u c t u r e   of   t h e   d i s p e r s o i d   b e a r i n g   a l l o y   h a d  

n o t   b e e n   h e a t   t r e a t e d   f o r   maximum  h i g h   t e m p e r a t u r e   s t r e n g t h .  



The  r a p i d   d r o p - o f f   of  t h e   s t r e n g t h   of  t h e  

a s - e x t r u d e d   d i s p e r s o i d   b e a r i n g   a l l o y   a t   1 1 0 0 ° F   and  1 2 0 0 ° F  

r e s u l t s   f r o m   t h e   e x t r e m e l y   f i n e   g r a i n   s i z e   o f   t h e   a l l o y .  

A n n e a l i n g   a t   1 0 0 0 ° C   p r o d u c e s   some  g r a i n   g r o w t h ,   and  h e n c e ,  

g r e a t e r   r e s i s t a n c e   to   h i g h   t e m p e r a t u r e   d e f o r m a t i o n .  

A n n e a l i n g   t h e   a l l o y   in   t h e   b e t a - t i t a n i u m   p h a s e   f i e l d  

o v e r c a m e   t h e   g r a i n - g r o w t h   i n h i b i t i n g   e f f e c t   of  t h e  

a l p h a - b e t a   m i c r o s t r u c t u r e   of  t h e   a l l o y ,   and  r e s u l t e d   i n  

f u r t h e r   s t r e n g t h e n i n g .  

A n n e a l i n g   t h e   d i s p e r s o i d   b e a r i n g   a l l o y   a t   1 0 7 5 ° C ,  

a b o v e   t h e   b e t a   p h a s e   t r a n s u s   t e m p e r a t u r e   of   t h e   b a s e   a l l o y  

T i - 6 2 4 2   r e s u l t e d   in   f u r t h e r   i m p r o v e m e n t   in   s t r e n g t h ,   a b o v e  

t h a t   of   t h e   t r i p l e x   a n n e a l e d   T i - 6 2 4 2   a l l o y   a t   1 2 0 0 ° F .  

The  d u c t i l i t y   of  a l l o y   TIX138  in   t h e   " a s - e x t r u d e d "  

c o n d i t i o n ,   and  a f t e r   a  1 0 0 0 ° C   a n n e a l   can   be  s e e n   to  be  g o o d  

f r o m   t h e   t e n s i l e   s t r e s s   v s .   s t r a i n   c u r v e s   shown  in   F i g u r e   4 .  

F i g u r e   4  i s   a  p l o t   of   e n g i n e e r i n g   t e n s i l e   s t r e s s   v s .  

e n g i n e e r i n g   p l a s t i c   s t r a i n   a t   v a r i o u s   t e m p e r a t u r e s   f o r  

" a s - e x t r u d e d "   and  " 1 0 0 0 ° C   a n n e a l e d "   a l l o y   T I X 1 3 8 .  

SCOPE  OF  THE  INVENTION 

The  s t a b i l i t y   of   s e c o n d   p h a s e   d i s p e r s o i d s   i n  

m e t a l l i c   a l l o y s   i s   d e t e r m i n e d   by  t h e   r e l a t i v e   c h e m i c a l  

a c t i v i t i e s   of   t h e   c o n s t i t u e n t   e l e m e n t s   in   t h e   c o m p o u n d   a n d  

in   t h e  a l l o y   m a t r i x .   The  e q u i l i b r i u m   r e l a t i o n s h i p   b e t w e e n  

t h e   c o n s t i t u e n t   e l e m e n t s   o f  t h e   c o m p o u n d   in   e q u i l i b r i u m   w i t h  

an  a l l o y   s o l i d   s o l u t i o n   m a y  b e   d e s c r i b e d   s i m p l y   by  n o t i n g  

t h a t   f o r   c o n s t a n t   a c t i v i t y   c o e f f i c i e n t s   t h e   p r o d u c t   of  t h e  

e q u i l i b r i u m   c o n c e n t r a t i o n s   of   t h e   two  e l e m e n t s   in   e q u i l i b r i -  

um  w i t h   t h e   d i s p e r s o i d   c o m p o u n d   mus t   be  a  c o n s t a n t .   T h i s   i s  

d e s c r i b e d   f o r   e x a m p l e ,   f o r   t h e   c a s e   of  b o r o n   and  n i t r o g e n   i n  

i r o n   by  F o u n t a i n   and   C h i p m a n   in   a r t i c l e   " S o l u b i l i t y   a n d  



P r e c i p i t a t i o n   o f   B o r o n   N i t r i d e   i n   I r o n - B o r o n   A l l o y s "   T r a n s .  

Me t .   S o c .   AIME,  V o l .   224 ,   pp .   5 9 9 - 6 0 6 .   For   c e r i u m   and   - 

s u l f u r   t h e n ,   t h e   p r o d u c t   [%Ce]  [%S]  i s   a  c o n s t a n t   a t   a  g i v e n  

t e m p e r a t u r e .   As  d e m o n s t r a t e d   by  t h e   i n s t a b i l i t y   of   a l l o y   EB 

84,   e x c e s s   s u l f u r   in   s o l i d   s o l u t i o n   l e a d s   to   t h e   f o r m a t i o n  

of   t i t a n i u m   s u l f i d e s   a t   i n t e r n a l   b o u n d a r i e s .   To  p r e v e n t   t h e  

c o n c e n t r a t i o n   o f   s u l f u r   f r o m   e x c e e d i n g   t h e   s o l u b i l i t y   l i m i t  

f o r   s u l f u r   i n   t i t a n i u m   and  r e p r e c i p i t a t i n g   a t   i n t e r n a l  

b o u n d a r i e s ,   t h e   c o n c e n t r a t i o n   o f   c e r i u m   i n   t h e   a l l o y   m u s t   b e  

k e p t   h i g h .   F o r   t h i s   r e a s o n ,   a l l o y s   c o n t a i n i n g   c e r i u m  

s u l f i d e   d i s p e r s o i d s   s h o u l d   be  d e s i g n e d   w i t h   e x c e s s   c e r i u m   i n  

s o l i d   s o l u t i o n   i n   t h e   a l l o y .  

C h e m i c a l   a n a l y s i s   of   a l l o y   EB  83  g i v e s   t h e   r e s u l t  

t h a t   t h e   c o m b i n e d   a t o m i c   f r a c t i o n   of   o x y g e n   and   s u l f u r  

e x c e e d   t h a t   r e q u i r e d   to   u s e   up  a l l   Ce  i n  t h e   f o r m   of   t h e  

c o m p o u n d   C e 4 0 4 S 3 .   In  s p i t e   o f   t h i s ,   no  e v i d e n c e   of   s u l f i d e  

p r e c i p i t a t i o n   a t   i n t e r n a l   b o u n d a r i e s   was  o b s e r v e d .   T h i s  

s u g g e s t s   t h a t   t h e   p r e s e n c e   o f   o x y g e n   m o d i f i e d   t h e   t h e r m o d y -  

n a m i c   r e l a t i o n   c o n t r o l l i n g   f r e e   s u l f u r   o v e r   t h a t   i n   a l l o y s  

w i t h   no  o x y g e n .   T h i s  i s   an  e n c o u r a g i n g   r e s u l t   f o r   t h i s   l i n e  

o f   a l l o y s   s i n c e   i t   a p p e a r s   to   r e l a x   t h e   r e q u i r e m e n t   f o r  

e x c e s s   c e r i u m   i n   s o l u t i o n .  

E x a m i n a t i o n   o f   t h e   r e l a t i v e   c h e m i c a l   s t a b i l i t y   o f  

s u l f i d e   a n d   o x y s u l f i d e   p h a s e s   f r o m   t h e   known   r e a c t i o n s   t h a t  

c a n   t a k e   p l a c e   b e t w e e n   t h e   r a r e   e a r t h ,   o x y g e n ,   s u l f u r ,   a n d  

t i t a n i u m   a n d   i m p o s i n g   t h e   r e s t r a i n t s   i m p o s e d   by  r e a c t i o n   i n  

a  t i t a n i u m   s o l i d   s o l u t i o n   l e a d s   to   a  map  of   s u l f u r   a n d  

o x y g e n   c o n t e n t s   w h e r e   e a c h   c h e m i c a l   c o m p o u n d   s h o u l d   e x i s t  

r e l a t i v e   t o   o t h e r   c o m p o u n d s .   T h i s   i s   shown   i n   F i g u r e   8  f o r  

t h e   c a s e   o f   c e r i u m ,   o x y g e n ,   a n d  s u l f u r   i n   a  t i t a n i u m   a l l o y .  

T h e  l e v e l   of   c e r i u m   i n   t h e   a l l o y   a f f e c t s   t h e  

c o n c e n t r a t i o n   of   s u l f u r   and  o x y g e n   in   an  a l l o y ,   b u t   t h e  

b o u n d a r i e s   b e t w e e n   t h e   r e g i o n s   o f   f o r m a t i o n   o f   c e r i u m  



s u l f i d e s   and  o x y s u l f i d e s   a r e   d e p e n d e n t   o n l y   upon   t h e   c o n c e n -  

t r a t i o n   of   s u l f u r   and  o x y g e n   in   t h e   a l l o y .   I t   i s   g e n e r a l l y  

f o u n d   f o r   m o s t   a l l o y   s y s t e m s   t h a t   t h e   c h e m i c a l   a c t i v i t y   o f  

s u l f u r   i n   a  m e t a l   m a t r i x   i s   u n a f f e c t e d   by  t h e   p r e s e n c e   o f  

s m a l l   a m o u n t s   of  a  s e c o n d   s o l u t e   s p e c i e s .   I t   c a n   be  s e e n  

t h a t   f o r   m o s t   i n t e n t s ,   t h e   l e v e l   of  s u l f u r   w h i c h   d e t e r m i n e s  

t h e   f o r m a t i o n   p o i n t   f o r   s u l f i d e s   i s   i n d e p e n d e n t   of  t h e  

o x y g e n   c o n t e n t .   B e c a u s e   of   t h i s ,   t h e   c o n c e n t r a t i o n   o f  

s u l f u r   i n   t h e   a l l o y   i n   e q u i l i b r i u m   w i t h   c e r i u m   i s   d e t e r m i n e d  

o n l y   by  t h e   t o t a l   a m o u n t   of   s u l f u r   and  c e r i u m   in   t h e   a l l o y  

and   t h e   d e g r e e   of  c h e m i c a l   s t a b i l i t y   of  c e r i u m   s u l f i d e .  

For   t h e   c a s e   of   c e r i u m   s u l f i d e ,   I  h a v e   e x p e r i m e n -  

t a l l y   e s t a b l i s h e d   t h a t   t i t a n i u m   s u l f i d e   T i s S   as  r e p o r t e d   b y  

A g e e v   or  any  o t h e r   t i t a n i u m   s u l f i d e   d o e s   n o t   fo rm  i n  

c e r i u m - s u l f u r   a l l o y s   w i t h   a p p r o p r i a t e   a d d i t i o n   l e v e l s ,   e v e n  

a f t e r   1000°C   a n n e a l i n g .   In  f a c t ,   t h e   h i g h e r   s u l f i d e   C e 3 S 4  
a l s o   f o r m s   w i t h o u t   T i s S   f o r m a t i o n .   -From  t h e s e   e x p e r i m e n t a l  

r e s u l t s   I  was  a b l e   to   d r a w   t h e   s c h e m a t i c   c o n c e n t r a t i o n   map  
of   F i g u r e   8 .  

F u r t h e r m o r e ,   s i n c e   I  h a v e   e s t a b l i s h e d   t h a t   t h e  

y t t r i u m - s u l f u r   s y s t e m   i s   a l s o   s t a b l e ,   i t   can   be  g e n e r a l i z e d  

w i t h   l i t t l e   r i s k   t h a t   o t h e r   r a r e   e a r t h   s u l f i d e s   w h i c h   f o r m  

s u l f i d e   c o m p o u n d s   t h a t   a r e   a t   l e a s t   as  s t a b l e   c h e m i c a l l y   a s  

t h e   c o m p o u n d   YS  p e r   s u l f u r   a t om,   w i l l   a l s o   fo rm  s t a b l e  

d i s p e r s o i d s   in   a  t i t a n i u m - r a r e - e a r t h - s u l f u r   a l l o y   w h e n  

p r o d u c e d   in   a  m a n n e r   d e s c r i b e d   in   t h i s   a p p l i c a t i o n .  

G s c h n e i d n e r ,   " T h e r m o c h e m i s t r y   of  t h e   Ra re   E a r t h  

C a r b i d e s ,   N i t r i d e s ,   and  S u l f i d e s   f o r   S t e e l m a k i n g : ,   R e p o r t  

No.  I S - R I C - 5 ,   A u g u s t ,   1971 ,   R a r e   E a r t h   I n f o r m a t i o n   C e n t e r ,  

Iowa  S t a t e   U n i v .   Ames,  I owa ,   h a s   t a b u l a t e d   t h e   f r e e   e n e r g i e s  

of   f o r m a t i o n   of  r a r e - e a r t h   s u l f i d e s   f rom  p u b l i s h e d   h e a t   o f  

f o r m a t i o n   and  h e a t   c o n t e n t   d a t a .   He  i n d i c a t e s   t h a t   f o r  

t e m p e r a t u r e s   up  to  1 0 0 0 ° C ,   t h e   s u l f i d e s   of  g a d o l i n i u m ,  



c e r i u m   and  c a l c i u m   h a v e   f r e e   e n e r g i e s   l o w e r   t h a n   t h a t   o f  

y t t r i u m   s u l f i d e ,   YS.  P r a e s o d y n i u m   and   l a n t h a n u m   a r e   c o m p a -  

r a b l e   to   YS  i n   s t a b i l i t y ,   a n d   s t r o n t i u m   may  be  more   s t a b l e .  

H o w e v e r ,   d a t a   on  s t r o n t i u m   s u l f i d e   s t a b i l i t y   i s   l i m i t e d   o n l y  

to   room  t e m p e r a t u r e .   I  am  n o t   a w a r e   o f   p u b l i s h e d   d a t a   o n  

t h e   f r e e   e n e r g y   o f   f o r m a t i o n   o f   t h e   s u l f i d e   E r S .   My 

e x p e r i m e n t s   on  t h e   s t a b i l i t y   o f   t h e   e r b i u m - s u l f u r   s y s t e m  

s u g g e s t   t h a t   t h e   s u l f i d e   ErS  d o e s   n o t   h a v e   c o m p a r a b l e  

c h e m i c a l   s t a b i l i t y   to   YS,  h o w e v e r .  

The  c o n c e n t r a t i o n   o f   t h e   s e v e r a l   m e t a l s   w h i c h   m a y  
be  e m p l o y e d   i n   p r a c t i c e   of   t h e   p r e s e n t   i n v e n t i o n   w h e n  

e x p r e s s e d   i n   a t o m i c   p e r c e n t   i s   b e t w e e n   0 . 5   and  2 . 5   a t o m i c  

p e r c e n t .   A  p r e f e r r e d   r a n g e   i s   b e t w e e n   0 . 8   and  1 .8   a t o m i c  

p e r c e n t .  

The  c o n c e n t r a t i o n   o f   s u l f u r   w h i c h   may  be  e m p l o y e d  

i n   t h e   p r a c t i c e   of   t h e   p r e s e n t   i n v e n t i o n   when  e x p r e s s e d   i n  

a t o m i c   p e r c e n t   may  be  v a r i e d   b e t w e e n   0 . 2   a t o m i c   p e r c e n t   a n d  

1 . 8   a t o m i c   p e r c e n t .  

The  a m o u n t   o f   s u l f u r   u s e d   i s   r e l a t e d   to  t h e   a m o u n t  

of   m e t a l   so  t h a t   when   t h e   p e r c e n t a g e   o f   m e t a l   u s e d   i s   h i g h e r  

t h e   p e r c e n t a g e   o f   s u l f u r   e m p l o y e d   i s   c o r r e s p o n d i n g l y   h i g h e r .  

O x y g e n   i s   a l s o   p r e s e n t   i n   t h e   d i s p e r s o i d   f o r m e d   as  i s  

e x p l a i n e d   a b o v e .  

B a s e d   on  my  e x p e r i m e n t a l   r e s u l t s  t a k e n   i n   c o n j u n c -  

t i o n   w i t h   t h e r m o d y n a m i c   c o n s i d e r a t i o n s   i t   i s   my  c o n c l u s i o n  

t h a t   t h e   s c o p e   of   my  i n v e n t i o n   i n c l u d e s   o t h e r   r a r e   e a r t h s  

w i t h   m o n o s u l f i d e   c h e m i c a l   s t a b i l i t y   g r e a t e r   t h a n   t h a t   of  Y S .  

In  p a r t i c u l a r ,   i t   s h o u l d   i n c l u d e   S r S ,   P r S ,   and  L a S .  

F u r t h e r m o r e ,   t h e   s u l f i d e   CaS  h a s   b e t t e r   s t a b i l i t y   t h a n   YS 

and   h e n c e   CaS  as  a  s t a b l e   d i s p e r s o i d   i n   t i t a n i u m   a l l o y   i s  

a l s o   i n c l u d e d   w i t h i n   t h e   s c o p e   o f   my  i n v e n t i o n .  

A l t h o u g h   d a t a   on  t h e   f r e e   e n e r g y   of   o t h e r  

r a r e - e a r t h   s u l f i d e s   i s   n o t   a v a i l a b l e ,   i t   i s   e a s y   t o  



g e n e r a l i z e   t h a t   w i t h   a  s i m p l e   s u l f i d e   s t a b i l i t y   t e s t ,   m o r e  

r a r e   e a r t h - s u l f u r   s y s t e m s   can   be  i d e n t i f i e d   w h i c h   f o r m  

s t a b l e   d i s p e r s o i d s   in   t i t a n i u m   a l l o y s .  

A  summary   of  t h e   i n v e n t i o n   d e s c r i b e d   h e r e i n   i s  

t h a t   a  c o m p o u n d   s u c h   as  CeS  h a s  b e e n  f o u n d   to   e x h i b i t  

s u f f i c i e n t   c h e m i c a l   s t a b i l i t y   i n  t i t a n i u m   a l l o y s   to   b e  

u s e f u l   as  a  d i s p e r s o i d   in   t i t a n i u m   a l l o y s   when   t h e   a l l o y   i s  

p r o d u c e d   b y  a   r a p i d   s o l i d i f i c a t i o n   p r o c e s s .   In  a d d i t i o n ,  

t h e r m o d y n a m i c   a r g u m e n t s   f o r   t h e   a v o i d a n c e   o f  s u l f i d e   e m b r i t -  

t l e m e n t   r e q u i r e   t h a t   t h e   a l l o y   c o n t a i n   e x c e s s   c e r i u m   a n d  

o x y g e n   o v e r   t h a t   r e q u i r e d   to  t i e   up  t h e   s u l f u r   in   t h e   a l l o y  

as  c e r i u m   s u l f i d e s   or  o x y s u l f i d e s .   An  a l l o y   so  p r o d u c e d   h a s  

b e e n   d e m o n s t r a t e d   t o  h a v e   s u f f i c i e n t   t h e r m a l   s t a b i l i t y   o f  

t h e   f i n e  d i s p e r s o i d   to   w i t h s t a n d   an  a n n e a l   o f   9 5 0 ° C   f o r   o n e  

h o u r   w i t h o u t   s u l f i d e   c o m p o u n d   d i s s o c i a t i o n   or   g r o s s   p a r t i c l e  

c o a r s e n i n g .  



1.  A  t i t a n i u m   base  c o m p o s i t i o n   having  d i s t r i b u t e d   t h e r e i n   a  f i n e  

d i s p e r s o i d   of  a  metal  compound  of  high  chemical   s t a b i l i t y ,  

said  compound  being  formed  of  at  l e a s t   one  metal  and  a t  

l e a s t   one  n o n m e t a l ,  

said  nonmetal  being  an  o x y s u l f i d e ,  

said  metal  being  s e l e c t e d   from  the  group  c o n s i s t i n g   o f  

c a l c i u m ,   s t r o n t i u m   and  a  r a re   e a r t h   m e t a l ,   and 

sa id   ra re   e a r t h   metal  being  one  which   forms  with  s a i d  

nonmetal   a  compound  having  a  chemical   s t a b i l i t y   g r e a t e r   than  t h a t   of  t h e  

c o r r e s p o n d i n g   compound  of  y t t r i u m .  

2.  The  compos i t i on   of  c la im  1  wherein   the  t i t a n i u m   base  c o m p o s i t i o n  

is  a  t i t a n i u m   a l l o y   c o n t a i n i n g   6  we igh t   p e r c e n t   aluminum,  2  weight   p e r c e n t  

t in   and  4  weight   p e r c e n t   z i r c o n i u m .  

3.  The  c o m p o s i t i o n   of  c la im  1  wherein   the  d i s p e r s o i d   p a r t i c l e   s i z e  

is  p r i n c i p a l l y   from  50  to  3000  A n g s t r o m s .  

4.  The  c o m p o s i t i o n   of  c la im  1  wherein   the  d i s p e r s o i d   p a r t i c l e   s i z e  

is  p r i n c i p a l l y   from  250  to  2000  A n g s t r o m s .  

5.  The  c o m p o s i t i o n   of  c la im  1  in  which  the  d i s p e r s o i d   p a r t i c l e   s i z e  

i s - p r i n c i p a l l y   from  50  to  3000  Angstroms  and  the  p a r t i c l e s   are  p r i n c i p a l l y  

spaced  l e s s   than  a p p r o x i m a t e l y   0.4  to  0.5  microns  a p a r t .  

6.  The  compos i t i on   of  c la im  5  in  which  the  d i s p e r s o i d   p a r t i c l e s  

c o n s i s t   p r e d o m i n a n t l y   of  the  compound  Ce404S3.  

7.  The  compos i t i on   of  c la im  1  in  which  the  c o n c e n t r a t i o n   of  r a r e  

e a r t h   metal  is  between  0.5  and  4.5  p e r c e n t   by  w e i g h t .  

8.  The  compos i t i on   of  c la im  1  in  which  the  c o n c e n t r a t i o n   of  m e t a l  

is  between  1  and  3  p e r c e n t   by  w e i g h t .  



9,  The  c o m p o s i t i o n   of  c laims  1  and 7  in  which  the  c o n c e n t r a t i o n  

of  s u l f u r   is  bewteen  0.1  and  0 , 8  p e r c e n t   by  we igh t   and  the  a tomic  r a t i o  

of  Ce/(0+S)  is  l ess   than  1.5  but  g r e a t e r   than  1.0  and  the  atomic  r a t i o   o f  

Ce/S  is  g r e a t e r   than  1 . 0 .  

10.  A  t i t a n i u m   base  compos i t i on   having  d i s t r i b u t e d   t h e r e i n   a  f i n e  

d i s p e r s o i d   o f  a   metal  compound  o f  h i g h   chemical   s t a b i l i t y ,  

said  compound  being  formed  of  at  l e a s t   one  me ta l   and  a t  

l e a s t   one  n o n m e t a l ,  

said  nonmetal  being  a n  o x y s u l f i d e ,  

said  metal  being  s e l e c t e d   from  the  group  c o n s i s t i n g  o f  

ca l c ium,   ce r ium,   g a d o l i n i u m ,   p raesodynium,   l an thanum,   y t t r i u m   and  s t r o n t i u m .  

11.  The  c o m p o s i t i o n   of  claim  10  wherein  the  t i t a n i u m   base  c o m p o s i t i o n  

is  a  t i t a n i u m   base  a l l o y   c o n t a i n i n g   a g r e e a b l e   c o n c e n t r a t i o n s   by  weight   p e r c e n t  

of  aluminum,  t in   and  z i r c o n i u m .  

12.  The  c o m p o s i t i o n   o f  c l a i m   10  wherein  the  metal  is  c e r i u m .  

13.  A  t i t a n i u m   base  compos i t ion   h a v i n g  d i s t r i b u t e d   t h e r e i n   a  f i n e  

d i s p e r s o i d   of  a  metal  compound  of  high  chemical  s t a b i l i t y ,  

said  compound  be ing  fo rmed   o f  a t   l e a s t   one  metal  and  a t  

l e a s t   one  n o n m e t a l ,  

said  nonmetal  being  a n  o x y s u l f i d e ,  

said  metal  being  c e r i u m .  

14.  The  compos i t i on   of  claim  13  wherein  the  t i t a n i u m   base  c o m p o s i t i o n  

i s  a   t i t a n i u m   base  a l l oy   having  s t r e n g t h e n i n g   a l l oy   e l emen t s   d i s s o v l e d   t h e r e i n .  

15.  The  compos i t i on   of  claim  13  wherein  the  d i s p e r s o i d   p a r t i c l e   s i z e  

is  p r i n c i p a l l y   from  50  to  3000  Angs t roms .  

16.  The  compos i t i on   of  claim  13  w h e r e i n  t h e   d i s p e r s o i d   p a r t i c l e   s i z e  

is  p r i n c i p a l l y   from  250  to  2000  Angs t roms .  



17.  The  c o m p o s i t i o n   of  c laim  13  wherein  the  d i s p e r s o i d   p a r t i c l e   s i z e  

is  p r i n c i p a l l y   from  500  to  1500  A n g s t r o m s .  

18.  The  c o m p o s i t i o n s   of  c la im  13  wherein  the  d i s p e r s o i d   p a r t i c l e .  

s ize   is  p r i n c i p a l l y   from  50  to  3000  Angstroms  and  the  p a r t i c l e s   are  p r i n c i p a l l y  

spaced  l e s s   than  a p p r o x i m a t e l y   0.4  to  0.5  microns  a p a r t .  

19.  The  c o m p o s i t i o n   of  c laim  1  wherein  t h e  c o n c e n t r a t i o n   of  c e r i u m  

is  between  0.5  and  10  p e r c e n t   by  w e i g h t .  

20.  The  c o m p o s i t i o n   of  c laim  1  wherein  the  c o n c e n t r a t i o n   of  c e r i u m  

is  between  1.0  and  7.5  p e r c e n t   by  w e i g h t .  

21.  The  method  of  forming  a  t i t a n i u m   base  c o m p o s i t i o n   having  improved  

s t r e n g t h   at  high  t e m p e r a t u r e s   which  c o m p r i s e s ,  

i n t r o d u c i n g   a  h igh ly   s t a b l e   compound  i n t o   a  melt   of  t h e  

t i t a n i u m   base   c o m p o s i t i o n ,  

sa id   compound  being  formed  of  at  l e a s t   one  metal  and  a t  

l e a s t   one  n o n m e t a l ,  

sa id   nonmetal  being  s e l e c t e d   f r o m  t h e   group  c o n s i s t i n g  

of  s u l f i d e   and  o x y s u l f i d e ,  

sa id   metal  being  s e l e c t e d   f r o m  t h e   group  c o n s i s t i n g   o f .  

ca lc ium  and  s t r o n t i u m   and  a  r a re   e a r t h   m e t a l ,  

sa id   ra re   ea r th   metal  being  one  which  forms  with  said  nonmeta l  

a  compound  having  a  chemical  s t a b i l i t y   g r e a t e r   than  t h a t   of  the  c o r r e s p o n d i n g  

compound  of  y t t r i u m   and 

r a p i d l y   s o l i d i f y i n g   the  m e l t .  

22.  The  method  of  claim  26  where in   the  t i t a n i u m   base  c o m p o s i t i o n  

is  a  t i t a n i u m   base  a l l o y   having  a p p r e c i a b l e   c o n c e n t r a t i o n s   of  a l l o y i n g   e l e m e n t s  

t h e r e i n .  

23.  The  method  of  c laim  21  where in   the  d i s p e r s o i d   p a r t i c l e   s ize   i s  

p r i n c i p a l l y   from  50  to  3000  A n g s t r o m s .  



24.  The  method  of  c la im  21  where in   the  d i s p e r s o i d   p a r t i c l e   s i ze   i s  

p r i n c i p a l l y   from  250  to  2000  A n g s t r o m s .  

25.  The  method  of  claim  21  in  which  the  d i s p e r s o i d   p a r t i c l e   s i z e  

is  p r i n c i p a l l y   from  50  to  3000  Angstroms  and  the  p a r t i c l e s   are  p r i n c i p a l l y  

spaced  l e s s   than  a p p r o x i m a t e l y   0.4  to  0.5  microns  a p a r t .  

26.  The  method  of  c la im  21  in   which  the  d i s p e r s o i d   p a r t i c l e s   c o n s i s t  

p r e d o m i n a n t l y   o f  t h e   compound  Ce404S3. 

27.  The  method  of  c laim  21  in  which  the  c o n c e n t r a t i o n   of  r a re   e a r t h  

metal  is  between  0.5  and  4.5  p e r c e n t   by  w e i g h t .  

28.  The  method  of  c laim  21  in  which  the  c o n c e n t r a t i o n   of  metal  i s  

between  1  and  3  p e r c e n t   by  w e i g h t .  

29.  The  method  of  c l a i m s  2 1   and 27  in  which  the  c o n c e n t r a t i o n   o f  

s u l f u r   is  between  0.1  and  0.8  p e r c e n t   by  weight   and  the  atomic  r a t i o   o f  

Ce/(O+S)  is  l ess   than  1.5  b u t  g r e a t e r   t h a n  1 . 0   and  the  atomic  r a t i o   of  Ce/S 

is  g r e a t e r   than  1 . 0 .  

30.  The  method  of  forming  a  t i t a n i u m   base  compos i t i on   having  improved  

s t r e n g t h   at  high  t e m p e r a t u r e s   w h i c h  c o m p r i s e s  

i n t r o d u c i n g   cerium  o x y s u l f i d e   into  a  melt   o f  t h e   c o m p o s i t i o n  

and 

r a p i d l y   s o l i d i f y i n g   the  compos i t i on   from  the  m e l t .  

31.  The  method  of  claim  30  wherein  the  t i t a n i u m   base  c o m p o s i t i o n  

is  a  t i t a n i u m   base  a l l o y .  

32.  The  method  of  claim  30  wherein  the  d i s p e r s o i d   p a r t i c l e   s ize   i s  

p r i n c i p a l l y   from  50  to  3000  A n g s t r o m s .  

33.  The  method  of  claim  30  wherein  the  d i s p e r s o i d   p a r t i c l e   s i ze   i s  

p r i n c i p a l l y   from  250  to  200  A n g s t r o m s .  



34.  The  method  of  claim  30  in  which  the  d i s p e r s o i d   p a r t i c l e   s i z e  

is  p r i n c i p a l l y   from  50  to  3000  Angstroms  and  the  p a r t i c l e s   are  p r i n c i p a l l y  

spaced  l e s s   than  a p p r o x i m a t e l y   0.4  to  0.5  microns   a p a r t .  

35.  The  method  of  c laim  30  in  which  the  d i s p e r s o i d   p a r t i c l e s   c o n s i s t  

p r e d o m i n a n t l y   of  the  compound  Ce404S3.  

36.  The  method  of  c laim  30  in  which  the  c o n c e n t r a t i o n   of  ra re   e a r t h  

metal  is  between  0.5  and  4.5  p e r c e n t   b y  w e i g h t .  

37.  The  method  of  claim  30  in  which  the  c o n c e n t r a t i o n   of  metal  i s  

between  1  and  3  p e r c e n t   by  w e i g h t .  

38.  The  method  of  c la ims  30  and  36  in  which  the  c o n c e n t r a t i o n   o f  

s u l f u r   is  between  0.1  and  0.8  p e r c e n t   by  weight   and  the  a tomic   r a t i o   o f  

Ce/(0+S)   is  l e s s   than  1.5  but  g r e a t e r   than  1.0  and  the  a tomic   r a t i o   of  Ce/S 

is  g r e a t e r   than  1 . 0 .  
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