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(54)  Nickel/titanium/niobium  shape  memory  alloy  and  article. 
Disclosed  are  a  group  of  nickel/titanium/niobium  alloys 

wherein  the  niobium  varies  from  about  2.5  to  30  atomic 
percent.  Also  disclosed  is  an  article  made  from  these 
nickel/titanium/niobium  alloys. 



T h i s   i n v e n t i o n   r e l a t e s   to  the   f i e l d   of  n i c k e l /  

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

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

M a t e r i a l s ,   b o t h   o r g a n i c   and  m e t a l l i c ,   c a p a b l e   o f  

p o s s e s s i n g   s h a p e   memory  a r e   w e l l   known.  An  a r t i c l e  

made  of  such   m a t e r i a l s   can  be  d e f o r m e d   f r o m   a n  

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

h e a t - u n s t a b l e   c o n f i g u r a t i o n .   The  a r t i c l e   is   s a i d   t o  

h a v e   s h a p e   memory  f o r   t h e   r e a s o n   t h a t ,   upon   t h e  

a p p l i c a t i o n   of  t he   h e a t   a l o n e ,   i t   can  be  c a u s e d   t o  

r e v e r t   or  a t t e m p t   to  r e v e r t   f rom  i t s   h e a t - u n s t a b l e  

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

c o n f i g u r a t i o n ,   i . e . ,   i t   " r e m e m b e r s "   i t s   o r i g i n a l   s h a p e .  

Among  m e t a l l i c   a l l o y s   t h e   a b i l i t y   to  p o s s e s s   s h a p e  

memory  is  a  r e s u l t   of  t h e   f a c t   t h a t   the   a l l o y   u n d e r g o e s  

a  r e v e r s i b l e   t r a n s f o r m a t i o n   f rom  an  a u s t e n i t i c   s t a t e   t o  

a  m a r t e n s i t i c   s t a t e   w i t h   a  c h a n g e   of  t e m p e r a t u r e .  

A l s o ,   t h e   a l l o y   is  c o n s i d e r a b l y   s t r o n g e r   in  i t s  

a u s t e n i t i c   s t a t e   t h a n   in  i t s   m a r t e n s i t i c   s t a t e .   T h i s  

t r a n s f o r m a t i o n   is  s o m e t i m e s   r e f e r r e d   to  as  a  

t h e r m o e l a s t i c   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 .   An  a r t i c l e  

made  f rom  such  an  a l l o y ,   f o r   e x a m p l e ,   a  h o l l o w   s l e e v e ,  

is   e a s i l y   d e f o r m e d   f rom  i t s   o r i g i n a l   c o n f i g u r a t i o n   to  a  

new  c o n f i g u r a t i o n   when  c o o l e d   be low  the   t e m p e r a t u r e   a t  

w h i c h   t h e   a l l o y   is  t r a n s f o r m e d   from  the   a u s t e n i t i c  



s t a t e   to  t he   m a r t e n s i t i c   s t a t e .   The  t e m p e r a t u r e   a t  

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

as  Ms  and  the   t e m p e r a t u r e   a t   w h i c h   i t   f i n i s h e s   M f .  
When  an  a r t i c l e   t h u s   d e f o r m e d   i s   wa rmed   to  t h e  

t e m p e r a t u r e   a t   w h i c h   the   a l l o y   s t a r t s   to  r e v e r t   back   t o  

a u s t e R t t e ,   r e f e r r e d   to  as  As  (Af  b e i n g   the   t e m p e r a t u r e  

a t   wh ich   t h e   r e v e r s i o n   is   c o m p l e t e ) ,   t h e   d e f o r m e d  

o b j e c t   w i l l   b e g i n   to   r e t u r n   to  i t s   o r i g i n a l  

c o n f i g u r a t i o n .  

C o m m e r c i a l l y   v i a b l e   a l l o y s   of  n i c k e l   and  t i t a n i u m  

have   been   d e m o n s t r a t e d   to  have  s h a p e - m e m o r y   p r o p e r t i e s  

wh ich   r e n d e r   them  h i g h l y   u s e f u l   in  a  v a r i e t y   o f  

a p p l i c a t i o n s .  

S h a p e - m e m o r y   a l l o y s   have   f o u n d   use   in  r e c e n t   y e a r s  

i n ,   fo r   e x a m p l e ,   p i p e   c o u p l i n g s   ( s u c h   as  a r e   d e s c r i b e d  

in  U . S . P .   4 , 0 3 5 , 0 0 7   and  4 , 1 9 8 , 0 8 1   to   H a r r i s o n   a n d  

J e r v i s ) ,   e l e c t r i c a l   c o n n e c t o r s   ( s u c h   as  a r e   d e s c r i b e d  

in  U . S . P .   3 , 7 4 0 , 8 3 9   to  O t t e   and  F i s c h e r ) ,   s w i t c h e s  

( s u c h   as  a r e   d e s c r i b e d   in  U . S . P .   4 , 2 0 5 , 2 9 3   to   M e l t o n  

and  M e r c i e r ) ,   e t c . ,   t he   d i s c l o s u r e s   of  which   a r e  

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 .  

I t   i s ,   of  c o u r s e ,   a d v a n t a g e o u s   to   have   the   a l l o y  

a u s t e n i t i c   a t   t h e   s e r v i c e   t e m p e r a t u r e   which   is  o f t e n  

bu t   no t   n e c e s s a r i l y   n e a r   room  t e m p e r a t u r e ,   s i n c e   t h e  

a u s t e n i t e   p h a s e   is  s t r o n g e r   t h a n   t h e   m a r t e n s i t e   p h a s e .  

In  f a c t ,   i t   w o u l d   be  d e s i r a b l e   to  have   the   a l l o y   r e m a i n  

a u s t e n i t i c   o v e r   a  wide   r a n g e   of  s e r v i c e   t e m p e r a t u r e s ,  

f o r   e x a m p l e   f rom  s u b s t a n t i a l l y   b e l o w   room  t e m p e r a t u r e  

tc   s u b s t a n t i a l l y   a b o v e   room  t e m p e r a t u r e ,   so  t h a t   t h e  

a l l o y   has  p r a c t i c a l   u t i l i t y .  



As  an  i l l u s t r a t i o n ,   M i l i t a r y   S p e c i f i c a t i o n  

M I L - F - 8 5 4 2 1   r e q u i r e s   a  p r o d u c t   t h a t   is  f u n c t i o n a l   t o  

a b o u t   - 5 5 ° C .   If   t he   p r o d u c t   c o m p r i s e s   a  s h a p e   m e m o r y  

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

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

r e c o v e r   p r i o r   to  a b o u t   50°C.   I t   is  a  m a t t e r   o f  

c o m m e r c i a l   r e a l i t y ,   w i t h i n   and  w i t h o u t   t he   m i l i t a r y ,  

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

I t   i s   a l s o   d e s i r a b l e   t h a t   the   a l l o y   be  m a r t e n s i t i c  

in  t h e   v i c i n i t y   of  room  t e m p e r a t u r e   so  t h a t   t h e   a r t i c l e  

can   be  f a b r i c a t e d ,   s t o r e d ,   and  s h i p p e d   at   or  n e a r   r o o m  

t e m p e r a t u r e .   The  r e a s o n   f o r   t h i s   is  t h a t   in  t he   c a s e  

of  an  a r t i c l e   made  f rom  t h e   a l l o y ,   a  c o u p l i n g ,   f o r  

e x a m p l e ,   t he   a r t i c l e   wou ld   not   r e c o v e r   p r e m a t u r e l y .  

C o n c e p t u a l l y ,   one  way  to  a c h i e v e   t h e s e   d e s i r a b l e  

r e s u l t s ,   to  w i t ,   an  a l l o y   t h a t   is  m a r t e n s i t i c   n e a r   r o o m  

t e m p e r a t u r e   and  wh ich   i s   a l s o   a u s t e n i t i c   o v e r   a  l a r g e  

r a n g e   of  t e m p e r a t u r e s   i n c l u d i n g   room  t e m p e r a t u r e ,   is  t o  

h a v e   an  a l l o y   wh ich   e x h i b i t s   a  s u f f i c i e n t l y   w i d e  

t r a n f o r m a t i o n   h y s t e r e s i s ,   s ay ,   g r e a t e r   t h a n   a b o u t  

1 2 5 ° C .   If   t he   h y s t e r e s i s   were  s u f f i c i e n t l y   wide  a n d  

room  t e m p e r a t u r e   c o u l d   be  l o c a t e d   n e a r   t he   m i d d l e   o f  

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

c o n v e n i e n t l y   s t o r e d   w h i l e   in  the   m a r t e n s i t i c   c o n d i t i o n .  

S i n c e   t h e   h y s t e r e s i s   is  s u f f i c i e n t l y   w i d e ,   t h e   a l l o y  

w o u l d   no t   t r a n s f o r m   to  a u s t e n i t e   u n t i l   h e a t e d  

s u b s t a n t i a l l y   a b o v e   room  t e m p e r a t u r e .   T h i s   h e a t i n g  

w o u l d   no t   be  a p p l i e d   u n t i l   the   a l l o y   ( in   t he   fo rm  of  a  

c o u p l i n g ,   f o r   e x a m p l e )   was  i n s t a l l e d   in  i t s   i n t e n d e d  

e n v i r o n m e n t .   The  a l l o y ,   which   would  t h e n   be  in  t h e  

a u s t e n i t i c   c o n d i t i o n ,   wou ld   r e m a i n   in  the   a u s t e n i t i c  



c o n d i t i o n   a f t e r   c o o l i n g   down  s i n c e   t he   s e r v i c e  

t e m p e r a t u r e   ( w h i c h   may  be  a b o v e   or  b e l o w   r o o m  

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

m a r t e n s i t e   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 .   T h u s ,   t h e  

a b o v e - n o t e d   d e s i r a b l e   r e s u l t s   c o u l d   be  a c h i e v e d .  

U n f o r t u n a t e l y ,   t h e r e   is   b e l i e v e d   to  be  n o  

c o m m e r c i a l l y   v i a b l e   n i c k e l / t i t a n i u m - b a s e d   a l l o y   t h a t  

has   a  h y s t e r e s i s   s u f f i c i e n t l y   wide   to  a c h i e v e   t h e s e  

d e s i r a b l e   r e s u l t s .  

For   e x a m p l e ,   t h e   c o m m e r c i a l l y   v i a b l e   n e a r  

e q u i a t o m i c   b i n a r y   n i c k e l - t i t a n i u m   a l l o y s   can  have   a  

h y s t e r e s i s   w i d t h   of  a b o u t   30°C .   The  l o c a t i o n   of  t h e  

h y s t e r e s i s   f o r   t h i s   a l l o y   is   a l s o   e x t r e m e l y   c o m p o s i t i o n  

s e n s i t i v e   so  t h a t   w h i l e   t h e   h y s t e r e s i s   can  be  s h i f t e d  

f rom  s u b - z e r o   t e m p e r a t u r e s   to  a b o v e - z e r o   t e m p e r a t u r e s ,  

t h e   w i d t h   of  t h e   h y s t e r e s i s   d o e s   no t   a p p r e c i a b l y  

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

t e m p e r a t u r e ,   t he   s e r v i c e   t e m p e r a t u r e   must   be  a b o v e   r o o m  

t e m p e r a t u r e .   S i m i l a r l y ,   i f   t h e   s e r v i c e   t e m p e r a t u r e   w a s  

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

b e l o w   room  t e m p e r a t u r e   so  t h a t   t h e   a l l o y   wou ld   r e q u i r e  

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

s h i p p i n g ,   and  s t o r a g e .   I d e a l l y ,   as  d i s c u s s e d   a b o v e ,  

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

t h e   t r a n s f o r m a t i o n   h y s t e r e s i s .   H o w e v e r ,   s i n c e   t h e  

w i d t h   of  t h e   h y s t e r e s i s   in  t he   b i n a r y   a l l o y   is   s o  

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

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

p r a c t i c a l   m a t t e r ,   t he   a l l o y   wou ld   have  to  be  c h a n g e d   t o  

a c c o m m o d a t e   any  c h a n g e   in  s e r v i c e   t e m p e r a t u r e s .  



I t   can   be  a p p r e c i a t e d   t h a t   t he   r e l a t i v e   l a c k   o f  

c o m m e r c i a l i z a t i o n   of  s h a p e   memory  a l l o y s   must   be  d u e ,  

a t   l e a s t   in  p a r t ,   to  t h e i r   e x t r e m e   s e n s i t i v i t y   t o  

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

p r o c e s s i n g   h a v e   no t   s o l v e d   t he   p r o b l e m .  

N i c k e l / t i t a n i u m / i r o n   a l l o y s ,   e . g . ,   t h o s e   i n  

H a r r i s o n   e t   a l . ,   USP  3 , 7 5 3 , 7 0 0 ,   w h i l e   h a v i n g   a  w i d e  

h y s t e r e s i s ,   up  to  a b o u t   70°C,   a r e   t h e   t y p i c a l   c r y o g e n i c  

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

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

n o t e d   t h a t   in  g e n e r a l ,   t h e   c o l d e r   s h a p e - m e m o r y   a l l o y s  

such   as  t h e   c r y o g e n i c   a l l o y s   have   a  w i d e r  

t r a n s f o r m a t i o n   h y s t e r e s i s   t h a n   t h e   warmer   s h a p e   m e m o r y  

a l l o y s .   In  t h e   c a s e   of  the   c r y o g e n i c   a l l o y s ,   t h e  

a l l o y s   m u s t   be  k e p t   v e r y   c o l d ,   u s u a l l y   in  l i q u i d   n i t r o  

g e n ,   to  a v o i d   t h e   t r a n s f o r m a t i o n   f rom  m a r t e n s i t e   t o  

a u s t e n i t e .   T h i s   makes  t h e   use  of  s h a p e   memory  a l l o y s  

i n c o n v e n i e n t ,   i f   no t   u n e c o n o m i c a l .  

The  n i c k e l / t i t a n i u m / c o p p e r   a l l o y s   of  H a r r i s o n   e t  

a l . ,   U .S .   P a t e n t   A p p l i c a t i o n   No.  5 3 7 , 3 1 6 ,   f i l e d  

S e p t e m b e r   28,   1 9 8 3 ,   and  the   n i c k e l / t i t a n i u m / v a n a d i u m  

a l l o y s   of  Q u i n ,   U .S .   P a t e n t   A p p l i c a t i o n   S e r i a l   N o .  

5 4 1 , 8 4 4 ,   f i l e d   O c t o b e r   14,  1983 ,   a r e   not   c r y o g e n i c   b u t  

t h e i r   h y s t e r e s i s   may  be  e x t r e m e l y   n a r r o w   ( 1 0 - 2 0 ° C )   s u c h  

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

a r t i c l e s .  

N i c k e l / t i t a n i u m / n i o b i u m   a l l o y s   a r e   l a r g e l y  

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

d e t e r m i n e d   [ s e e   " T e r n a r y   I n t e r m e t a l l i c   Compounds   in  t h e  

S y s t e m   N i - T i - N b " ,   P o r o s h k o v a y a   M e t a l l u r g i y a ,   No.  8 ( 4 4 ) ,  



pp .   6 1 - 6 9   ( 1 9 6 6 ) ]   b u t   t h e r e   has   been  no  s t u d y   of  t h e  

p h y s i c a l   p r o p e r t i e s   in  t h i s   s y s t e m .   U . S .   N a v a l  

O r d i n a n c e   L a b o r a t o r y   R e p o r t   NOLTR  6 4 - 2 3 5   ( A u g u s t ,   1 9 6 5 )  

e x a m i n e d   the   e f f e c t   upon   h a r d n e s s   of  t e r n a r y   a d d i t i o n s  

of  f rom  0 .08   to  16  w e i g h t   p e r c e n t   of  e l e v e n   d i f f e r e n t  

e l e m e n t s   ( i n c l u d i n g   n i o b i u m )   to  s t o i c h i o m e t r i c  

n i c k e l / t i t a n i u m .  

The  p r o b l e m s   e x p e r i e n c e d   w i t h   t h e  

n i c k e l / t i t a n i u m - b a s e d   s h a p e   memory  a l l o y s   have   b e e n  

s o m e w h a t   o v e r c o m e   by  p r o c e s s i n g   in  t he   c o p p e r - b a s e d  

s h a p e   memory  a l l o y s .   I t   is  now  known  t h a t   t h e  

h y s t e r e s i s   in  c o p p e r - b a s e d   s h a p e   memory  a l l o y s   can  b e  

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

a u s t e n i t i c   a g i n g   and  h e a t   t r e a t i n g .   In  t h i s   r e g a r d ,  

s ee   B r o o k   e t   a l . ,   USP  4 , 0 3 6 , 6 6 9 ;   4 , 0 6 7 , 7 5 2 ;   a n d  

4 , 0 9 5 , 9 9 9 ,  

The  m e t h o d s   of  t h e   B r o o k   e t   a l .   p a t e n t s   have   b e e n  

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

has   been   found   t h a t   t h e s e   m e t h o d s   have  no  b e n e f i c i a l  

e f f e c t   on  n i c k e l / t i t a n i u m - b a s e d   a l l o y s .  

I t   is   known  t h a t   u n d e r   c e r t a i n   c o n d i t i o n s   t h e  

h y s t e r e s i s   of  n i c k e l / t i t a n i u m - b a s e d   a l l o y s   can   b e  

s h i f t e d   as  o p p o s e d   to  e x p a n d e d .   I t   s h o u l d   b e  

u n d e r s t o o d   t h a t   s h i f t i n g   of  t he   h y s t e r e s i s   means  t h a t  

t h e   Ms,  Mf,  As,  and  Af  t e m p e r a t u r e s   have   a l l   b e e n  

t r a n s l a t e d   to  Ms ' ,   M f ' ,   As'  and  Af'  such   t h a t   t h e r e   i s  

s u b s t a n t i a l l y   no  c h a n g e   in  t he   w i d t h   of  t h e   h y s t e r e s i s .  

I t   s h o u l d   be  n o t e d   t h a t   t h e   t r a n s l a t e d   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   may  be  h i g h e r   or  l o w e r   t h a n   t h e   n o r m a l  

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  the   o t h e r   h a n d ,  



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

u n d e r s t o o d   to  mean  t h a t   As  and  Af  have   been   e l e v a t e d   t o  

As '   and  Af'   w h i l e   a t   l e a s t   Ms  and  u s u a l l y   a l s o   Mf 
r e m a i n   e s s e n t i a l l y   c o n s t a n t .   A g i n g ,   h e a t   t r e a t m e n t ,  

c o m p o s i t i o n ,   and  c o l d   work  can  a l l   e f f e c t i v e l y   s h i f t  

t h e   h y s t e r e s i s .   For   e x a m p l e ,   i f   t he   s t r e s s   is  a p p l i e d  

to  t he   s h a p e   memory  a l l o y   a t   room  t e m p e r a t u r e   t h e  

h y s t e r e s i s   may  be  s h i f t e d   so  t h a t   t h e   m a r t e n s i t e   p h a s e  

can   e x i s t   a t   a  t e m p e r a t u r e   at   wh ich   t h e r e   w o u l d  

n o r m a l l y   be  a u s t e n i t e .   Upon  r e m o v a l   of  t he   s t r e s s ,   t h e  

a l l o y   would   i s o t h e r m a l l y   (or   n e a r l y   i s o t h e r m a l l y )  

t r a n s f o r m   f rom  m a r t e n s i t e   to  a u s t e n i t e .  

M i y a z a k i   e t   a l . ,   ( " T r a n s f o m a t i o n   P s e u d o e l a s t i c i t y  

and  D e f o r m a t i o n   B e h a v i o r   in  a  T i - 5 0 . 6   a t   %  Ni  A l l o y " ,  

S c r i p t a   M e t a l l u r g i c a ,   v o l .   15,  no.  3,  pp.   2 8 7 - 2 9 2 ,  

( 1 9 8 1 )   have  s t u d i e d   t he   d e f o r m a t i o n   b e h a v i o r   of  b i n a r y  

n i c k e l - t i t a n i u m   a l l o y s .   As  i m p l i e d   in  F i g u r e   3  of  t h i s  

r e f e r e n c e ,   t he   a u s t e n i t e   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  

can   be  e l e v a t e d   when  n o n r e c o v e r a b l e   s t r a i n   is  i m p a r t e d  

to  t he   a l l o y .   T h a t   i s ,   when  the   a l l o y   was  s t r a i n e d   t o  

8%  or  h i g h e r   and  t h e   s t r e s s   t h e n   r e m o v e d ,   t h e r e   was  

some  c o m p o n e n t   of  t h e   s t r a i n   wh ich   r e m a i n e d   at  t h e  

d e f o r m a t i o n   t e m p e r a t u r e   of  243°K  ( c o m p a r e d   to  an  Af  o f  

2 2 1 ° K ) .   T h i s   c o m p o n e n t   r e c o v e r e d   when  h e a t e d   to  3 7 3 ° K  

( s e e   d o t t e d   l i n e s   on  F i g u r e   3)  a l t h o u g h   the   p r e c i s e  

r e c o v e r y   t e m p e r a t u r e   was  n e v e r   m e a s u r e d .   I t   is  n o t  

c l e a r   f rom  t h i s   r e f e r e n c e   w h e t h e r   t he   h y s t e r e s i s   was  

s h i f t e d   or  e x p a n d e d   s i n c e   the   b i n a r y   n i c k e l - r i c h   a l l o y  

t e s t e d   is  e x t r e m e l y   u n s t a b l e   when  r a p i d l y   q u e n c h e d   a s  

was  done  in  t h i s   r e f e r e n c e .   In  f a c t ,   one  s k i l l e d   i n  

t h e   a r t   wou ld   have   c o n c l u d e d   t h a t   t h e   h y s t e r e s i s   was  

s h i f t e d   and  no t   e x p a n d e d   due  to  t he   u n s t a b l e   a l l o y  



t e s t e d .   T h e r e   i s   no  i l l u s t r a t i o n   of  t he   t r a n s f o r m a t i o n  

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

In  t h e   M e l t o n   e t   a l .   p a t e n t   p r e v i o u s l y   m e n t i o n e d ,   a  

n i c k e l / t i t a n i u m / c o p p e r   a l l o y   was  d e f o r m e d   b e y o n d   a  

c r i t i c a l   s t r a i n   so  as  to  i m p a r t   n o n r e c o v e r a b l e   s t r a i n .  

H o w e v e r ,   no  e x p a n s i o n   of  the   t r a n s f o r m a t i o n   h y s t e r e s i s  

was  r e p o r t e d .  

Whi l e   i t   can  be  a p p r e c i a t e d   t h a t   i t   wou ld   b e  

d e s i r a b l e   to  have   a  n i c k e l / t i t a n i u m - b a s e d   s h a p e   m e m o r y  

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

t r a n s f o r m a t i o n   h y s t e r e s i s ,   t he   p r i o r   a r t   has   t h u s   f a r  

r e m a i n e d   s i l e n t   on  a  way  to  a c h i e v e   i t .  

T h u s ,   i t   is   an  o b j e c t   of  t he   i n v e n t i o n   to   have   a  

n i c k e l / t i t a n i u m - b a s e d   s h a p e   memory  a l l o y   w h i c h   i s  

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

A n o t h e r   p r o b l e m   common  to  n i c k e l / t i t a n i u m - b a s e d  

s h a p e   memory  a l l o y s   is   t h e i r   n o t o r i o u s l y   p o o r  

m a c h i n a b i l i t y .   Of  c o u r s e ,   w h i l e   n i c k e l / t i t a n i u m - b a s e d  

s h a p e   memory  a l l o y s   can   be  m a c h i n e d ,   i t   is  o n l y   w i t h  

e x p e n s i v e   t o o l i n g   and  t h e n   o n l y   in  r e l a t i v e l y   s i m p l e  

s h a p e s .  

I t   can  be  a p p r e c i a t e d   t h a t   a  f r e e - m a c h i n i n g   n i c k e l /  

t i t a n i u m - b a s e d   s h a p e   memory  a l l o y   would   be  e x t r e m e l y  

d e s i r a b l e .   U n f o r t u n a t e l y ,   the   p r i o r   a r t   has  a l s o  

r e m a i n e d   s i l e n t   on  how  to  a c h i e v e   such   an  a l l o y .  

T h u s ,   i t   is   a n o t h e r   o b j e c t   of  t he   i n v e n t i o n   to  h a v e  

a  n i c k e l / t i t a n i u m - b a s e d   s h a p e   memory  a l l o y   t h a t   i s  

f r e e - m a c h i n i n g .  



S t i l l   a n o t h e r   p r o b l e m   w i t h   s h a p e   memory  a l l o y s   i s  

t h a t   many  a l l o y s   t r a n s f o r m   to  an  "R"  p h a s e   a t  

t e m p e r a t u r e s   a b o v e   the   n o r m a l   m a r t e n s i t e   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 .   The  R  p h a s e   is  a  t r a n s i t i o n a l   p h a s e  

b e t w e e n   a u s t e n i t e   and  m a r t e n   s i t e .   G e n e r a l l y ,   i n  

a l l o y s   w i t h   Ms  t e m p e r a t u r e s   b e l o w   - 7 0 ° C ,   t he   R  p h a s e  

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

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

r e l a x a t i o n   of  s t r e s s e s   upon  c o o l i n g   b e f o r e   the   Ms 

t e m p e r a t u r e   i s   r e a c h e d .  

I t   w o u l d   be  d e s i r a b l e   to  have   an  a l l o y   w i th   no  

d e l e t e r i o u s   R  p h a s e   t r a n s f o r m a t i o n .   Tha t   i s ,   i t   i s  

d e s i r a b l e   to   have   an  a l l o y   w i t h   an  R  p h a s e  

t r a n s f o r m a t i o n   a t   as  low  a  t e m p e r a t u r e   as  p o s s i b l e   o r  

a t   l e a s t   an  R  p h a s e   t r a n s f o r m a t i o n   t h a t   does   n o t  

i n t e r f e r e   w i t h   t he   a u s t e n i t e / m a r t e n s i t e   t r a n s f o r m a t i o n .  

Most  d e s i r a b l e   is  no  R  p h a s e   t r a n s f o r m a t i o n   at   a l l .  

T h u s ,   i t   is  a  f u r t h e r   o b j e c t   of  t he   i n v e n t i o n   t o  

have   a  n i c k e l / t i t a n i u m - b a s e d   s h a p e   memory  a l l o y   t h a t  

d o e s   no t   e x p e r i e n c e   a  d e l e t e r i o u s   R  p h a s e  

t r a n s f o r m a t i o n .  

W h i l e   i t   is  c e r t a i n l y   d e s i r a b l e   t h a t   the   s h a p e  

memory  a l l o y   have   a  wide  t r a n s f o r m a t i o n   h y s t e r e s i s ,   b e  

f r e e - m a c h i n i n g   and  not   e x h i b i t   a  d e l e t e r i o u s   R  p h a s e  

t r a n s f o r m a t i o n ,   i t   is  i m p o r t a n t   to  a p p r e c i a t e   a n d  

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

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

c h o o s i n g   a  s h a p e   memory  a l l o y .  

T h u s ,   i t   is   a  s t i l l   f u r t h e r   o b j e c t   of  the   i n v e n t i o n  

to  have  a  n i c k e l / t i t a n i u m - b a s e d   s h a p e   memory  a l l o y  



w h i c h   i s   e x e m p l a r y   w i t h   r e s p e c t   to  r e c o v e r y   s t r e n g t h ,  

d u c t i l i t y ,   and  s t a b i l i t y .  

T h e s e   and  o t h e r   o b j e c t s   of  t h e   i n v e n t i o n   w i l l  

become  a p p a r e n t   to  t h o s e   s k i l l e d   in  t h e   a r t   a f t e r  

r e f e r e n c e   to  t h e   f o l l o w i n g   d e s c r i p t i o n   c o n s i d e r e d   i n  

c o n j u n c t i o n   w i t h   the   a c c o m p a n y i n g   d r a w i n g s .  

We  have   d i s c o v e r e d   a  g r o u p   o f  

n i c k e l / t i t a n i u m / n i o b i u m   a l l o y s   t h a t   a r e   e x t r e m e l y  

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

h y s t e r e s i s   and  t h a t   do  no t   e x h i b i t   a  d e l e t e r i o u s   R 

p h a s e   t r a n s f o r m a t i o n .   For   t h e   mos t   p a r t ,   t h e s e   a l l o y s  

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

a b o u t   2 .5   to   30  a t o m i c   p e r c e n t   n i o b i u m .  

A l l o y s   a c c o r d i n g   to  t h e   i n v e n t i o n ,   as  d e f i n e d   b y  

t h e   c l a i m s ,   a r e   s t a t e d   to   c o m p r i s e   a  number   o f  

e l e m e n t s .   The  t e r m ' " c o m p r i s e "   i s   u sed   h e r e i n   to   m e a n  

t h a t   t h e   a l l o y   may  c o n t a i n   o t h e r   e l e m e n t s ,   and  t h a t  

t h o s e   o t h e r   e l e m e n t s   may  m a t e r i a l l y   a f f e c t   t h e  

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

a l l o y s   a c c o r d i n g   to  the   i n v e n t i o n ,   as  d e f i n e d   by  t h e  

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

t h e   s t a t e d   e l e m e n t s .   The r   t e r m   " c o n s i s t   e s s e n t i a l l y  

o f "   i s   u s e d   h e r e i n   to  mean  t h a t   t he   a l l o y   m a y  c o n t a i n  

o t h e r   e l e m e n t s   bu t   t h a t   t h o s e   o t h e r   e l e m e n t s   do  n o t  

m a t e r i a l l y   a f f e c t   the   b e h a v i o u r   of  t he   a l l o y .  

E m b o d i m e n t s   of  the   i n v e n t i o n   w i l l   now  be  d e s c r i b e d ,  

by  t h e   way  of  e x a m p l e ,   w i t h   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 ,   w h e r e i n :  



F i g u r e   1  is   a  p s e u d o - b i n a r y   p h a s e   d i a g r a m  

i l l u s t r a t i n g   t he   r e l a t i o n s h i p   of  Ms  t e m p e r a t u r e   to  t h e  

c o m p o s i t i o n a l   a r e a   c l a i m e d   a c c o r d i n g   to  the   i n v e n t i o n .  

F i g u r e   2  i s   a  p s e u d o - b i n a r y   p h a s e   d i a g r a m  

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

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

i n v e n t i o n .  

F i g u r e   3  is   a  p s e u d o - b i n a r y   p h a s e   d i a g r a m  

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

c o m p o s i t i o n a l   a r e a   c l a i m e d   a c c o r d i n g   to  t he   i n v e n t i o n .  

F i g u r e   4  i s   a  p h o t o m i c r o g r a p h   of  an  a l l o y   o u t s i d e  

t h e   s c o p e   of  t he   i n v e n t i o n .  

F i g u r e s   5  t h r o u g h   8  a r e   p h o t o m i c r o g r a p h s   of  a l l o y s  

a c c o r d i n g   to  t he   i n v e n t i o n .  

R e f e r r i n g   to  t he   f i g u r e s   in  d e t a i l   and  p a r t i c u l a r l y  

r e f e r r i n g   to  F i g u r e   1,  t h e r e   is  i l l u s t r a t e d   a  

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

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

c o m p o s i t i o n   may  be  r e a d   on  the   h o r i z o n t a l   a x i s   and  t h e  

n i o b i u m   c o m p o s i t i o n   may  be  r e a d   on  the   v e r t i c a l   a x i s .  

The  n i c k e l   c o m p o s i t i o n   may  be  o b t a i n e d   by  a d d i n g   t h e  

t i t a n i u m   and  n i o b i u m   c o m p o s i t i o n s   and  s u b t r a c t i n g   f r o m  

100 .   Al l   c o m p o s i t i o n s   a r e   in  a t o m i c   p e r c e n t .  

The  c l a i m e d   c o m p o s i t i o n   in  F i g u r e   1  is   g e n e r a l l y  

b o u n d e d   by  a r e a   ADEH.  The  c o m p o s i t i o n   f o r   e ach   of  t h e  

v e r t i c e s   is  g i v e n   in  T a b l e   1 .  



C o m p o s i t i o n s   to  t he   l e f t   of  AD  have   an  Ms 

t e m p e r a t u r e   t h a t   is  too   h igh   and  c o m p o s i t i o n s   to   t h e  

r i g h t   of  EH  have   an  Ms  t e m p e r a t u r e   t h a t   i s   t o o   c o l d  

( s u b s t a n t i a l l y   b e l o w   l i q u i d   n i t r o g e n ) .  

As  w i l l   become  c l e a r   h e r e a f t e r ,   a l l o y s   w i t h i n   a r e a  

ADEH  a r e   v e r y   s u s c e p t i b l e   to  h a v i n g   t h e i r  

t r a n s f o r m a t i o n   h y s t e r e s i s   e n l a r g e d ;   h o w e v e r ,   in  t h o s e  

c o m p o s i t i o n s   b e l o w   l i n e   AH,  t h e   e n l a r g e m e n t   is  t o o  

s m a l l   to  be  of  p r a c t i c a l   u t i l i t y .  

I t   has  been   f o u n d   t h a t   c o m p o s i t i o n s   w i t h   h i g h e r  
n i o b i u r   c o n t e n t s   above   l i n e   DE  have   too   l i t t l e   s h a p e  

memory  e f f e c t   to  be  of  p r a c t i c a l   u t i l i t y   as  w i l l   b e c o m e  

a p p a r e n t   h e r e a f t e r .  

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

c i r c u m s c r i b e d   by  a r e a   BDEG  on  F i g u r e   1.  T h e  

c o m p o s i t i o n   f o r   e a c h   of  the   v e r t i c l e s   is  g i v e n   in  T a b l e  

2 .  



As  b e f o r e ,   l i n e s   BD  and  EG  p r o v i d e   b o u n d a r i e s   f o r  

c o m p o s i t i o n s   h a v i n g   t h e   p r o p e r   r a n g e   of  Ms 

t e m p e r a t u r e s .   S i m i l a r l y ,   l i n e   DE  p r o v i d e s   t he   u p p e r  
l i m i t   of  t he   n i o b i u m   c o n t e n t .  

L i n e   BG  now  p r o v i d e s   t h e   l o w e r   b o u n d a r y   f o r   t h e  

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

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

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

f r e e - m a c h i n i n g   but   a r e   e x c l u d e d   from  the   a l l o y s  

a c c o r d i n g   to  the   i n v e n t i o n   due  to  the   s m a l l   s h a p e  

memory  e f f e c t   p r e s e n t ,   as  m e n t i o n e d   a b o v e .   The  f a c t  

t h a t   t he   a l l o y s   a c c o r d i n g   to  t he   i n v e n t i o n   a r e  

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

W h i l e   not   w i s h i n g   to  be  h e l d   to  any  p a r t i c u l a r  

t h e o r y ,   i t   is  b e l i e v e d   t h a t   t he   f r e e - m a c h i n i n g  

c h a r a c t e r   of  t h e s e   a l l o y s   i s   due  to  the  p r e s e n c e   of  a  

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

p h a s e .   With  c o m p o s i t i o n s   b e l o w   BG,  the   e u t e c t i c   p h a s e  

is   n o n e x i s t e n t   or  is  p r e s e n t   in  such  s m a l l   q u a n t i t i e s  

as  to  be  of  l i t t l e   u s e .   For   a l l o y s   of  g r e a t e r   n i o b i u m  

c o n t e n t   t h a n   the   l i n e   CF,  t h e   n i o b i u m - r i c h   r a t h e r   t h a n  

t h e   s h a p e   memory  p h a s e   b e c o m e s   the   p r i m a r y   p h a s e ,   a n d  



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

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

n i c k e l / t i t a n i u m - b a s e d   a l l o y s ,   is   no t   as  good  as  w i t h i n  

t h e   r a n g e   BCFG. 

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

c i r c u m s c r i b e d   by  a r e a   BCFG  on  F i g u r e   1.  T h e  

c o m p o s i t i o n   f o r   e a c h   of  t he   v e r t i c e s   is  g i v e n   in  T a b l e  

3 .  

L i n e s   BC  and  FG,  a g a i n ,   mark  t h e   b o u n d a r i e s   f o r  

a c c e p t a b l y   h i g h   and  low  Ms  v a l u e s ,   r e s p e c t i v e l y .   A l s o ,  

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

Now,  l i n e   CF  p r o v i d e s   a  b o u n d a r y   b e t w e e n  

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

as  d i f f e r e n t   m a c h i n a b i l i t i e s ,   as  j u s t   d i s c u s s e d .   On 

F i g u r e   1,  t h o s e   c o m p o s i t i o n s   b e l o w   l i n e   CF  have  a  

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

l i n e   CF.  The  i m p o r t   of  t h i s   w i l l   become  a p p a r e n t  

h e r e a f t e r .  

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

BCIJ .   The  b o u n d s   of  t h i s   a r e a   a r e   g i v e n   in  T a b l e   4 .  



L i n e s   CI  and  BJ  have   been  d rawn  to  o p t i m i z e  

r e c o v e r y   f o r c e   and  m a c h i n a b i l i t y .   L i n e s   BC  and  IJ  h a v e  

been   drawn  to  o p t i m i z e   the   d e s i r e d   Ms  t e m p e r a t u r e s   a n d  

t he   e x p a n s i o n   of  t h e   t r a n s f o r m a t i o n   h y s t e r e s i s .  

I t   is  b e l i e v e d   t h a t   the   most   c o m m e r c i a l l y   v i a b l e  

a l l o y s   w i l l   be  l o c a t e d   in  t h i s   a r e a .  

The  a d v a n t a g e s   of  t he   i n v e n t i o n   w i l l   become  m o r e  

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

E x a m p l e s   I  

C o m m e r c i a l l y   p u r e   t i t a n i u m ,   c a r b o n y l   n i c k e l   a n d  

n i o b i u m   were   w e i g h e d   in  p r o p o r t i o n s   so  as  to  g i v e   t h e  

c o m p o s i t i o n s   in  a t o m i c   p e r c e n t   l i s t e d   in  T a b l e s   5  a n d  

6.  The  t o t a l   mass   f o r   t e s t   i n g o t s   was  a b o u t   330  g r a m s .  
T h e s e   m e t a l s   were   p l a c e d   in  a  w a t e r - c o o l e d ,   c o p p e r  
h e a r t h   in  t h e   c h a m b e r   of  an  e l e c t r o n   beam  m e l t i n g  

f u r n a c e .   The  c h a m b e r   was  e v a c u a t e d   to  10-5   T o r r   a n d  

the   c h a r g e s   were   m e l t e d   and  a l l o y e d   by  use   of  t h e  

e l e c t r o n   b e a m .  

The  r e s u l t i n g   i n g o t s   were  ho t   swaged   and  ho t   r o l l e d  

in  a i r   a t   a p p r o x i m a t e l y   850°C  to  p r o d u c e   a  s t r i p   o f  



a p p r o x i m a t e l y   0 . 0 2 5 - i n .   t h i c k n e s s .   S a m p l e s   were   c u t  

f rom  t he   s t r i p ,   d e s c a l e d   and  vacuum  a n n e a l e d   a t   8 5 0 ° C  

f o r   30  m i n u t e s   and  f u r n a c e   c o o l e d .  

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

T a b l e   5,  t h e   Ms  f o r   e a c h   s a m p l e   was  m e a s u r e d   a t   a  l o a d  

of  10  k s i .   Where  t h e   s a m p l e s   had  an  Ms  l e s s   t h a n  

l i q u i d   n i t r o g e n   ( - 1 9 6 ° C ) ,   t he   Ms  was  n o t e d   as  s i m p l y  

l e s s   t h a n   - 1 9 6 ° C .   The  r e s u l t s   a r e   t a b u l a t e d   in  T a b l e   5 

and  p l o t t e d   on  F i g u r e   1.  The  n u m b e r s   n e x t   to  e a c h   d a t a  

p o i n t   in  F i g u r e   1  a r e   t h e   a l l o y   n u m b e r s   and  n u m b e r s   i n  

p a r e n t h e s e s   a r e   t he   Ms  v a l u e s .  

R e f e r r i n g   now  to  F i g u r e   1,  t he   r e a s o n s   f o r   t h e  

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

more  a p p a r e n t .   T h u s ,   i t   can  be  s e e n   t h a t   c o m p o s i t i o n s  

to  t he   l e f t   of  l i n e   AD  have   an  Ms  of  a b o u t   30°C  o r  

h i g h e r .   S i n c e   t h i s   Ms  i s   h i g h e r   t h a n   room  t e m p e r a t u r e ,  

t h e   u t i l i t y   of  t h o s e   a l l o y s   to  t he   l e f t   of  l i n e   AD  i s  

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

t y p e   a p p l i c a t i o n s .  

C o m p o s i t i o n s   to  t he   r i g h t   of  l i n e   EH  have   an  Ms 

s u b s t a n t i a l l y   l e s s   t h a n   - 1 9 6 ° C .   Of  c o u r s e ,   i t   i s  

c o n c e i v a b l e   t h a t   t h e s e   a l l o y s   may  have   some  u t i l i t y  

( e . g . ,   as  r e p l a c e m e n t   f o r   t he   N i / T i / F e   c r y o g e n i c   a l l o y s  

of  H a r r i s o n ,   e t   a l .   as  n o t e d   in  t h e   B a c k g r o u n d   of  t h e  

I n v e n t i o n )   bu t   f o r   t he   i n s t a n t   i n v e n t i o n ,   t h e s e  

c o m p o s i t i o n s   w i l l   no t   f u l f i l l   t he   o b j e c t s   of  t h e  

i n v e n t i o n .  

L i n e   IJ   d e f i n e s   a  c o n s t a n t   Ms  of  a b o u t   - 8 0 ° C .  

C o m p o s i t i o n s   to  the   r i g h t   of  l i n e   IJ   w i l l   have   a  c o l d e r  



Ms  and  c o m p o s i t i o n s   to  t h e   l e f t   of  l i n e   IJ  w i l l   have   a  

warmer   Ms.  An  Ms  of  - 8 0 ° C   is  an  i m p o r t a n t   number   s i n c e  

t h i s   means   t h a t   the   c o m p o s i t i o n   w i l l   have  a c c e p t a b l e  

s t r e n g t h   a t   a b o u t   - 55°C   ( t h e r e   b e i n g   a  s t r e n g t h   m i n i m u m  

at   Ms)  and  t h u s   w i l l   meet   t h e   p r e v i o u s l y   n o t e d   M i l i t a r y  

S p e c i f i c a t i o n .  

I t   s h o u l d   be  n o t e d   t h e n ,   t h a t   t h o s e   c o m p o s i t i o n s  

b e t w e e n   l i n e s   IJ  and  BC  d e f i n e   t h e   most   p r e f e r r e d   r a n g e  
b a s e d   on  t he   Ms  t e m p e r a t u r e .  

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

T a b l e   6,  e a c h   s a m p l e   was  e l o n g a t e d .   A f t e r   e l o n g a t i o n  

t he   s t r e s s   was  r emoved   and  t h e   s t r i p   was  h e a t e d  

u n r e s t r a i n e d   so  as  to  e f f e c t   r e c o v e r y   of  the   s h a p e  

memory  a l l o y .   The  r e c o v e r y   was  m o n i t o r e d   and  p l o t t e d  

as  a  f u n c t i o n   of  t e m p e r a t u r e .   When  the   t r a n s f o r m a t i o n  

was  c o m p l e t e ,   the   s a m p l e   was  c o o l e d   and  t h e n   r e h e a t e d  

so  as  to  c o m p l e t e   t he   m e a s u r e m e n t   of  t he   m a r t e n s i t e   a n d  

a u s t e n i t e   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   b e f o r e   r e c o v e r y  

and  a f t e r   r e c o v e r y .  





As  e x p l a i n e d   in  more  d e t a i l   in  our   c o - p e n d i n g  

a p p l i c a t i o n ,   t h e   e l o n g a t i o n   of  t he   s a m p l e   w i l l   a c t   t o  

e x p a n d   t h e   t r a n s f o r m a t i o n   h y s t e r e s i s   such  t h a t   t h e  

a u s t e n i t e   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 ,   As  and  Af  w i l l  

be  t e m p o r a r i l y   r a i s e d   to  As'  and  A f ' .   For  t he   m o s t  

p a r t ,   t he   m a r t e n s i t e   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 ,   Ms 
and  Mf,  w i l l   r e m a i n   e s s e n t i a l l y   c o n s t a n t .   The  m e a s u r e  

As'   m i n u s   Ms  d e f i n e s   an  o p e r a t i n g   r a n g e .   T h a t   i s ,   t h e  

Ms  v a l u e   w i l l   be  i n d i c a t i v e   of  t he   l o w e r   t e m p e r a t u r e  
l i m i t   of  f u n c t i o n a l i t y   of  the   s a m p l e   and  As'  i s  

i n d i c a t i v e   of  t h e   h i g h e s t   t e m p e r a t u r e   t he   s a m p l e   may  b e  

e x p o s e d   to  b e f o r e   t he   s a m p l e   w i l l   t r a n s f o r m   t o  

a u s t e n i t e .   A f t e r   t he   s a m p l e   t r a n s f o r m s   to  a u s t e n i t e ,  

t h e   h y s t e r e s i s   w i l l   s h r i n k   to  As-Ms .   T h u s ,   A s ' - M s   is  a 

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

For   t h e   p u r p o s e s   of  t h i s   a p p l i c a t i o n ,   A s ' - M s   w i l l   a l s o  

be  u s e f u l   in  i n d i c a t i n g   the   p r e c o n d i t i o n a b i l i t y   of  e a c h  

c o m p o s i t i o n   w h e r e i n   t he   t r a n s f o r m a t i o n   h y s t e r e s i s   c a n  

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

The  r e s u l t s   a r e   t a b u l a t e d   in  T a b l e   6  and  p l o t t e d   on  

F i g u r e   2.  I t   mus t   be  n o t e d   t h a t   t he   Ms  v a l u e s   in  T a b l e  

6  were   e i t h e r   m e a s u r e d   a t   z e r o   l o a d   or  were  m e a s u r e d   a t  

h i g h e r   l o a d s   and  t h e n   e x t r a p o l a t e d   to  z e r o   l o a d .  

L i n e   AH  at   t h e   b o t t o m   of  F i g u r e   2  was  d e t e r m i n e d   t o  

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

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

no t   h a v i n g   p r a c t i c a l   p r e c o n d i t i o n a b i l i t y .   The  

p r e c o n d i t i o n a b i l i t y   number   ( A s ' - M s )   is   t he   top  n u m b e r  

in  p a r e n t h e s e s   a t   each   d a t a   p o i n t   and  Ms  is  the   b o t t o m  

n u m b e r .   The  o t h e r   number   at   each   d a t a   p o i n t   is  t h e  

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



s u b s t a n t i a l l y   c h a n g e   u n t i l   a b o u t   2.5%  n i o b i u m   ( l i n e  

AH).  C o m p o s i t i o n s   to  t he   l e f t   of  l i n e   AD  and  a b o v e  

2.5%  n i o b i u m   have   a  p r e c o n d i t i o n a b i l i t y   of  l e s s   t h a n  

a b o u t   100°C  and  a r e   u n s u i t a b l e ,   in  any  e v e n t ,   s i n c e  

t h e y   have   an  Ms  t h a t   i s   too   warm.  C o m p o s i t i o n s   to  t h e  

r i g h t   of  l i n e   AD  and  a b o v e   2.5%  n i o b i u m   h a v e   a  

p r e c o n d i t i o n a b i l i t y   o v e r   a b o u t   1 0 0 ° C .  

In  g e n e r a l ,   p r e c o n d i t i o n a b i l i t y   w i l l   i n c r e a s e   f r o m  

low  n i o b i u m   c o n t e n t   t o w a r d   h i g h e r   n i o b i u m   c o n t e n t   f o r  

any  g i v e n   c o n s t a n t   Ms  v a l u e .   For  e x a m p l e ,   c o m p o s i t i o n  

24  (15%  n i o b i u m )   is   more  p r e c o n d i t i o n a b l e   t h a n  

c o m p o s i t i o n   6  (12%  n i o b i u m ) ,   even   t h o u g h   b o t h   have   a  

s i m i l a r   Ms.  

A l s o ,   in  g e n e r a l ,   p r e c o n d i t i o n a b i l i t y   w i l l   i n c r e a s e  

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



c o n t e n t .   T h u s ,   c o m p a r i n g   c o m p o s i t i o n s   8,  46,  and  4 8 ,  

a l l   of  w h i c h   have  a  n i o b i u m   c o n t e n t   of  10  a t o m i c  

p e r c e n t ,   t h e   p r e c o n d i t i o n a b i l i t y   i n c r e a s e s   f rom  109  t o  

263  w h i l e   t i t a n i u m   c o n t e n t   d e c r e a s e s   f rom  45  to  43 

a t o m i c   p e r c e n t .  

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

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

e x a m i n e d   a r e   l i s t e d   b e l o w   in  T a b l e   7  and  p l o t t e d   on  

F i g u r e   3 .  

A l l o y s   to  the   l e f t   of  l i n e   BD  c o n t a i n   a  t h i r d ,  

c o a r s e   p h a s e   in  a d d i t i o n   to  t he   p r i m a r y   ( s h a p e   m e m o r y )  

p h a s e   and  t he   e u t e c t i c .   The  e u t e c t i c   s t r u c t u r e ,   i f  

p r e s e n t ,   t e n d s   to  be  r a t h e r   c o a r s e ,   t o o .   In  t h i s  

r e g a r d ,   see   F i g u r e   4  ( a l l o y   5 1 ) .  

A l l o y s   be low  l i n e   BG,  e x e m p l i f i e d   by  a l l o y   3 5 ,  

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

t h a n   a b o u t   5  vo lume  p e r c e n t .   The  m i c r o s t r u c t u r e   can  b e  

s e e n   in  F i g u r e   5 .  

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

CF,  s u c h   as  a l l o y   30,  c o n t a i n   p r i m a r i l y   t he   e u t e c t i c  

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

( s e e   F i g u r e   6 ) .  



The  a r e a   w i t h i n   BCFG  in  F i g u r e   3  is   e x e m p l i f i e d   b y  

a l l o y   14  and  a l l o y   21.  The  m i c r o s t r u c t u r e s   can  be  s e e n  

in  F i g u r e s   7  and  8,  r e s p e c t i v e l y .   The  m i c r o s t r u c t u r e  

is   c h a r a c t e r i z e d   by  t h e   p r i m a r y   ( s h a p e - m e m o r y )   p h a s e   i n  

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

n e t w o r k .   The  e u t e c t i c   a p p e a r s   to  c o n s i s t   of  t h e  

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

w o r k i n g   t h e   e u t e c t i c   n e t w o r k   is   b r o k e n   up  and  t h e   a l l o y  

b e c o m e s   more  h o m o g e n e o u s   on  a  m i c r o s c o p i c   s c a l e .  

G e n e r a l l y   s p e a k i n g ,   t he   v o l u m e   f r a c t i o n   of  e u t e c t i c  

i n c r e a s e s   w i t h   i n c r e a s i n g   n i o b i u m .   Compare   a l l o y   14 

( F i g u r e   7)  w i t h   a l l o y   21  ( F i g u r e   8 ) .   For  a  g i v e n  

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

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

14  has   a  v e r y   f i n e   e u t e c t i c .  

The  p r e s e n c e   of  t he   e u t e c t i c   r e s u l t s   in  a  v e r y  

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

w o r k i n g .   A l l o y s   w i t h   t h i s   m i c r o s t r u c t u r e   h a v e  

e x c e l l e n t   f o r m a b i l i t y   and ,   f o r   e x a m p l e ,   may  be  c o l d  

w o r k e d   a t   room  t e m p e r a t u r e .   By  way  of  i l l u s t r a t i o n ,   a n  

a l l o y   h a v i n g   the   n o m i n a l   c o m p o s i t i o n   of  44  a t o m i c  

p e r c e n t   t i t a n i u m ,   47  a t o m i c   p e r c e n t   n i c k e l ,   and  9 

a t o m i c   p e r c e n t   n i o b i u m ,   ( t h e   a b o v e   a l l o y   14)  was  c o l d  

d rawn   to  0 . 0 2 5 - i n c h   d i a m e t e r   w i r e   f rom  0 . 5 - i n c h   b a r  

w i t h   i n t e r p a s s   a n n e a l s   a t   8 5 0 ° C .   The  same  a l l o y   c o u l d  

a l s o   be  ho t   r o l l e d   to  fo rm  s h e e t   w h i c h   c o u l d   t h e n   b e  

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

U n e x p e c t e d l y ,   i t   has  been   f o u n d   t h a t   t he   a l l o y s  

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

BDEG,  t h e   a r e a   h a v i n g   t h e   g r e a t e s t   a m o u n t   of  t h e  

e u t e c t i c   c o m p o s i t i o n .   Even  more  u n e x p e c t e d l y ,   t h e  



a l l o y s   w i t h i n   a r e a   BCFG  have  g r e a t l y   e n h a n c e d  

m a c h i n a b i l i t y   f o r   r e a s o n s   wh ich   w i l l   become  a p p a r e n t  

s h o r t l y .   G e n e r a l l y ,   i t   has   been   f o u n d   t h a t  

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

A g a i n ,   w h i l e   no t   w i s h i n g   to  be  h e l d   to  a n y  

p a r t i c u l a r   t h e o r y ,   i t   is  b e l i e v e d   t h a t   the   e u t e c t i c   i n  

a r e a   BCFG  is   p r e s e n t e d   as  a  p h a s e   w i t h   d i f f e r e n t  

m e c h a n i c a l   p r o p e r t i e s   much  the   same  way  as  a  

f r e e - m a c h i n i n g   s t e e l   or  b r a s s .   I t   was  f o u n d   t h a t   w h e n  

t he   v o l u m e   p e r c e n t   of  e u t e c t i c   was  5%  or  g r e a t e r ,  

i m p r o v e d   m a c h i n a b i l i t y   was  o b s e r v e d .   With  the   e u t e c t i c  

l e s s   t h a n   a b o u t   5  vo lume   p e r c e n t ,   t he   d e s i r e d   e f f e c t  

was  no t   o b s e r v e d .   In  a r e a   CDEF,  t he   e u t e c t i c   i s  

p r e s e n t e d   as  t h e   m a j o r   c o n s t i t u e n t ,   which   has  b e t t e r  

m a c h i n a b i l i t y   t h a n   the   p r i m a r y   s h a p e   memory  p h a s e   ( a s  

f o u n d ,   e . g . ,   in  n o r m a l   n i c k e l / t i t a n i u m - b a s e d   a l l o y s ) ,  

bu t   no t   as  good   as  where   i t   s u r r o u n d s   the   p r i m a r y   s h a p e  

memory  p h a s e   as  in  a r e a   BCFG. 

A  f u r t h e r   m a n i f e s t a t i o n   of  t he   i m p r o v e d  

m a c h i n a b i l i t y   was  a  d e c r e a s e   in  o b s e r v e d   t o o l   w e a r .   A 

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

r e p l a c e m e n t   b e c a m e   n e c e s s a r y .  

Example   I I  

S a m p l e s   we re   p r e p a r e d   in  t h e   same  mannne r   as  t h o s e  

in  E x a m p l e s   I .   Each  s a m p l e   was  d e f o r m e d   14%  ( e x c e p t  

whe re   n o t e d ) ,   u n l o a d e d ,   h e a t e d ,   and  t h e n   a l l o w e d   t o  

f r e e l y   r e c o v e r   3%.  Each  s a m p l e   was  t h e n   r e s t r a i n e d  

( s t r a i n   r a t e   s e t   a t   z e r o )   so  as  to  b u i l d   up  a  s t r e s s ,  

wh ich   was  t h e n   m e a s u r e d .  



The  p u r p o s e   of  t h i s   t e s t   was  to  s i m u l a t e   t h e  

b e h a v i o r   of  a  c o u p l i n g .   The  3%  f r e e   r e c o v e r y   was  f o r  

t h e   p u r p o s e   of  d e m o n s t r a t i n g   the   t a k i n g   up  o f  

t o l e r a n c e s .   A f t e r   t he   3%  f r e e   r e c o v e r y ,   t h e   c o u p l i n g  

w o u l d   come  up  a g a i n s t   t he   s u b s t r a t e   ( t h e   p i p e )   w h i c h  

w o u l d   a c t   as  a  v i r t u a l l y   i m m o v a b l e   o b j e c t .   At  t h i s  

p o i n t ,   t he   c o u p l i n g   w o u l d   c o n t i n u e   to  a t t e m p t   t o  

r e c o v e r ,   t h e r e b y   b u i l d i n g   up  to  a  maximum  s t r e s s .   T h e  

maximum  s t r e s s   (σmax)  m e a s u r e d   is  a  r e l i a b l e   i n d i c a t o r  

of  t h e   r e c o v e r y   f o r c e   of  t h e   c o u p l i n g .  

The  r e s u l t s   a r e   t a b u l a t e d   in  T a b l e   8 .  

The  f i r s t   f o u r   s a m p l e s   a r e   l o c a t e d   b e l o w   l i n e   C F .  

The  l a s t   f o u r   s a m p l e s   a r e   a b o v e   l i n e   CF.  T h e  

c o m p a r i s o n   of  t he   two  s e t s   of  s a m p l e s   is  m o s t  

r e v e a l i n g .  

C o m p o s i t i o n s   above   l i n e   CF  c l e a r l y   have   l e s s  

r e c o v e r y   f o r c e   t h a n   t h o s e   b e l o w   l i n e   CF.  T h u s ,   i t   i s  

e x p e c t e d   t h a t   t he   l a t t e r   c o m p o s i t i o n s   w i l l   h a v e  

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



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

a b o v e   l i n e   CF  ( b u t   b e l o w   l i n e   DE)  w i l l   s t i l l   h a v e  

p r a c t i c a l   u t i l i t y   and  w i l l   a l s o   s a t i s f y   t he   o b j e c t s   o f  

t h e   i n v e n t i o n .  

A l l o y   38  i s   on  t h e   b o r d e r   b e t w e e n   t he   a l l o y s  

a c c o r d i n g   to  t h e   i n v e n t i o n   and  t he   a l l o y s   no t   w i t h i n  

t h e   s c o p e   of  t he   i n v e n t i o n .   The  r e a s o n   f o r   t h i s  

d e m a r c a t i o n   can  be  e x p l a i n e d   as  f o l l o w s .   I t   is  n o t e d  

t h a t   a l l o y   38  had  z e r o   r e c o v e r y   f o r c e .   T h i s   r e s u l t   i s  

due   to  t h e   f a c t   t h a t   t h e   s h a p e   memory  e f f e c t   in  t h i s  

p a r t i c u l a r   c o m p o s i t i o n   (as   w e l l   as  o t h e r   c o m p o s i t i o n s  

h a v i n g   g r e a t e r   t h a n   a b o u t   30  p e r c e n t   n i o b i u m )   is   s o  

s m a l l   t h a t   t h e r e   was  no t   e n o u g h   s h a p e   memory  r e c o v e r y  

to   t a k e   up  t h e   3  p e r c e n t   s i m u l a t e d   t o l e r a n c e .   T h e  

s m a l l   s h a p e   memory  e f f e c t   is   d u e ,   i t   is  b e l i e v e d ,   t o  

t h e   r e d u c e d   vo lume   f r a c t i o n   p r e s e n t   of  t he   s h a p e   m e m o r y  

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

b e y o n d   l i n e   DE  w i l l   have   l i t t l e   p r a c t i c a l   u t i l i t y .  

E x a m p l e   I I I  

I t   has   been   f o u n d   t h a t   t he   p r o p e r t i e s   of  t he   a l l o y s  

a c c o r d i n g   to  t he   i n v e n t i o n   can  be  i n f l u e n c e d   to  v a r y i n g  

d e g r e e s   by  p r o c e s s i n g .   As  w i l l   become  a p p a r e n t  

h e r e a f t e r ,   t he   p r o p e r t i e s   of  any  p a r t i c u l a r   a l l o y   c a n  

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

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

m e t h o d s .  

I t   is  known  t h a t   p r o c e s s i n g   such  as  c o l d   w o r k i n g  

p l u s   warm  a n n e a l i n g   or  warm  w o r k i n g   p l u s   warm  a n n e a l i n g  

can  be  u s e d   to  i n f l u e n c e   and  c o n t r o l   the   p r o p e r t i e s   o f  



n i c k e l / t i t a n i u m - b a s e d   s h a p e   memory  a l l o y s .   In  t h i s  

r e g a r d ,   t he   d i s c l o s u r e s   of  S e r i a l   No.  5 5 3 , 0 0 5   ( f i l e d  

November   15,  1983)   and  S e r i a l   No.  5 9 6 , 7 7 1   ( f i l e d   A p r i l  

4,  1984)   a r e   h e r e b y   i n c o r p o r a t e d   by  r e f e r e n c e .   T h e s e  

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

t he   i n v e n t i o n   and ,   in  f a c t ,   r e s u l t   in  p r o p e r t i e s   t h a t  

a r e   d i s t i n c t l y   d i f f e r e n t   f rom  t h e   c o n v e n t i o n a l   h o t  

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

In  a  f i r s t   g r o u p   of  s a m p l e s ,   t he   ze ro   l o a d   Ms 

t e m p e r a t u r e   was  d e t e r m i n e d   as  a  f u n c t i o n   of  p r o c e s s i n g  

t e m p e r a t u r e   f o r   an  a l l o y   c o n s i s t i n g   e s s e n t i a l l y   of  44 

a t o m i c   p e r c e n t   t i t a n i u m ,   47  a t o m i c   p e r c e n t   n i c k e l ,   a n d  

9  a t o m i c   p e r c e n t   n i o b i u m .   T h r e e   of  t he   s a m p l e s   w e r e  

warm  w o r k e d   and  warm  a n n e a l e d   a t   t e m p e r a t u r e s   r a n g i n g  

f rom  4 0 0 - 6 0 0 ° C   and  t h r e e   of  t h e   s a m p l e s   were  ho t   w o r k e d  

a t   t e m p e r a t u r e s   b e t w e e n   850  and  900°C  and  t h e n   h o t  

a n n e a l e d   a t   t e m p e r a t u r e s   b e t w e e n   850  and  1 0 5 0 ° C .   T h e  

r e s u l t s   a r e   t a b u l a t e d   in  T a b l e   9 .  

T h u s ,   i t   can  be  s e e n   t h a t   t h e r m o - m e c h a n i c a l  

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

t he   t e m p e r a t u r e   of  t r a n s f o r m a t i o n .  



In  t h e   a b o v e   s a m p l e s   2  t h r o u g h   6,  t he   i n t r i n s i c  

w i d t h   of  t h e   t r a n s f o r m a t i o n   h y s t e r e s i s   ( d e f i n e d   as  Af  
m i n u s   Ms)  was  d e t e r m i n e d   a t   z e r o   l o a d   as  a  f u n c t i o n   o f  

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

in  T a b l e   1 0 .  

I t   s h o u l d   be  n o t e d   t h a t   t h e s e   s a m p l e s   were   n o t  

p r e - c o n d i t i o n e d   as  p r e v i o u s l y   d e s c r i b e d .   From  T a b l e  

10,  i t   can   be  s e e n   t h a t   t he   i n t r i n s i c   w i d t h   of  t h e  

h y s t e r e s i s   a p p e a r s   to  be  o p t i m i z e d   by  warm  w o r k i n g   p l u s  

warm  a n n e a l i n g   a t   6 0 0 ° C .  

F u r t h e r m o r e ,   p r e c o n d i t i o n a b i l i t y   is   a l s o   i m p r o v e d  

by  warm  w o r k i n g   and  warm  a n n e a l i n g .   R i n g s   of  t h e   a b o v e  

a l l o y   we re   e n l a r g e d   16%  at   - 5 0 ° C   a f t e r   wa rm 

w o r k i n g / w a r m   a n n e a l i n g   at   600°C  or  ho t   w o r k i n g / h o t  

a n n e a l i n g   a t   850°C .   The  r i n g s   were   h e a t e d   and  a l l o w e d  

to  f r e e l y   r e c o v e r   so  t h a t   As'  c o u l d   be  m e a s u r e d .   T h e  

warm  w o r k e d / w a r m   a n n e a l e d   r i n g   had  an  As'  of  4 0 ° C .  

From  T a b l e   9,  Ms  was  - 1 7 0 ° C .   T h e r e f o r e   A s ' - M s   i s  

210°C.   S i m i l a r l y ,   t he   hot   w o r k e d / h o t   a n n e a l e d   r i n g   h a d  

an  As'  of  52°C  and  an  Ms  of  - 9 4 ° C   so  t h a t   A s ' - M s   i s  

146°C.   T h u s ,   t he   o p e r a t i n g   r a n g e   of  t he   a l l o y ,   A s ' - M s ,  

has  been   i n c r e a s e d   by  64°C  by  o p t i m i z i n g   p r o c e s s i n g  

c o n d i t i o n s .  



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

s t r e n g t h s   was  s t u d i e d .   In  t h i s   c a s e ,   two  s a m p l e s   w e r e  

made  f rom  an  a l l o y   c o n s i s t i n g   e s s e n t i a l l y   of  45  a t o m i c  

p e r c e n t   T i ,   47  a t o m i c   p e r c e n t   n i c k e l ,   and  8  a t o m i c  

p e r c e n t   n i o b i u m .   One  s a m p l e   was  ho t   w o r k e d   and  h o t  

a n n e a l e d   ( f o r   30  m i n u t e s )   a t   850°C  and  t h e   o t h e r   w a s  

warm  w o r k e d   and  warm  a n n e a l e d   ( f o r   30  m i n u t e s )   a t  

500°C .   The  Ms  a t   10  k s i   and  the   a u s t e n i t i c   y i e l d  

s t r e n g t h s   were   m e a s u r e d .   The  hot   w o r k e d / h o t   a n n e a l e d  

s a m p l e   had  an  Ms  of  - 5 ° C   and  an  a u s t e n i t i c   y i e l d  

s t r e n g t h   of  82  k s i .   The  warm  w o r k e d / w a r m   a n n e a l e d  

s a m p l e   had  an  Ms  of  - 4 7 ° C   and  an  a u s t e n i t i c   y i e l d  

s t r e n g t h   of  96  k s i .  

T h u s ,   p r o c e s s i n g   can   be  u s e d   to  c o n t r o l   t h e  

s t r e n g t h ,   as  w e l l   as  t h e   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 ,   o f  

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

In  a n o t h e r   g r o u p   of  s a m p l e s ,   t he   e f f e c t   of  c o l d  

w o r k i n g / w a r m   a n n e a l i n g   v e r s u s   ho t   w o r k i n g / h o t   a n n e a l i n g  

was  s t u d i e d .   The  s a m p l e s   were   made  f rom  an  a l l o y  

c o n s i s t i n g   e s s e n t i a l l y   of  46  a t o m i c   p e r c e n t   n i c k e l ,   46 

a t o m i c   p e r c e n t   t i t a n i u m ,   and  8  a t o m i c   p e r c e n t   n i o b i u m .  

One  s a m p l e   had  a  10  k s i   Ms  of  24°C  a f t e r   h o t   w o r k i n g  

and  ho t   a n n e a l i n g   a t   8 5 0 ° C .   A n o t h e r   s a m p l e   had  a  10 

k s i   Ms  of  3°C  a f t e r   c o l d   r o l l i n g   and  t h e n   w a r m  

a n n e a l i n g   at   5 0 0 ° C .   The  room  t e m p e r a t u r e   a u s t e n i t i c  

y i e l d   s t r e n g t h   was  r a i s e d   f rom  78  k s i   ( h o t   w o r k e d / h o t  

a n n e a l e d )   to  132  k s i   by  c o l d   r o l ' i n g   and  w a r m  

a n n e a l i n g .  

T h u s ,   c o l d   w o r k i n g   c o m b i n e d   w i t h   an  a p p r o p r i a t e  

a n n e a l i n g   t e m p e r a t u r e   can  a l s o   be  u sed   to  c o n t r o l   t h e  



s t r e n g t h   and  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   of  t h e  

d i s c l o s e d   a l l o y s .  

I t   has  a l s o   been   f o u n d   t h a t   h e a t   t r e a t m e n t   a l o n e  

can   a f f e c t   the   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 .   The  r e s u l t s  

a r e   t a b u l a t e d   in  T a b l e   1 1 .  

T h u s ,   d e p e n d i n g   upon  c o m p o s i t i o n ,   Ms  can   be  e i t h e r  

r a i s e d   or  l o w e r e d   by  h e a t   t r e a t m e n t .  

I t   w i l l   be  o b v i o u s   to   t h o s e   s k i l l e d   in  t he   a r t  

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

m o d i f i c a t i o n s   of  t h i s   i n v e n t i o n   b e y o n d   t h o s e  

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

w i t h o u t   d e p a r t i n g   f rom  t h e   s p i r i t   of  t he   i n v e n t i o n .  

A c c o r d i n g l y ,   such  m o d i f i c a t i o n s   a r e   c o n s i d e r e d   w i t h i n  

t h e   s c o p e   of  t he   i n v e n t i o n   as  l i m i t e d   s o l e l y   by  t h e  

a p p e n d e d   c l a i m s .  



1.  A  s h a p e   memory  a l l o y   c o m p r i s i n g   n i c k e l ,  

t i t a n i u m ,   and  n i o b i u m   w i t h i n   an  a r e a   d e f i n e d   on  a  

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

d i a g r a m   by  a  q u a d r i l a t e r a l   w i t h   i t s   f i r s t   v e r t e x   at   48 

a t o m i c   p e r c e n t   t i t a n i u m ,   49 .5   a t o m i c   p e r c e n t   n i c k e l ,  

and  2 .5  a t o m i c   p e r c e n t   n i o b i u m ;   i t s   s e c o n d   v e r t e x   a t  

3 7 . 5   a t o m i c   p e r c e n t   t i t a n i u m ,   32 .5   a t o m i c   p e r c e n t  

n i c k e l ,   and  30  a t o m i c   p e r c e n t   n i o b i u m ;   i t s   t h i r d   v e r t e x  

a t   33 .7   a t o m i c   p e r c e n t   t i t a n i u m ,   3 6 . 3   a t o m i c   p e r c e n t  

n i c k e l ,   and  30  a t o m i c   p e r c e n t   n i o b i u m ;   and  i t s   f o u r t h  

v e r t e x   at   4 5 . 5   a t o m i c   p e r c e n t   t i t a n i u m ,   52  a t o m i c  

p e r c e n t   n i c k e l ,   and  2 .5   a t o m i c   p e r c e n t   n i o b i u m .  

2.  A  s h a p e   memory  a l l o y   c o m p r i s i n g   n i c k e l ,  

t i t a n i u m ,   and  n i o b i u m   w i t h i n   an  a r e a   d e f i n e d   on  a  

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

d i a g r a m   by  a  q u a d r i l a t e r a l   w i t h   i t s   f i r s t   v e r t e x   a t  

4 7 . 2 4   a t o m i c   p e r c e n t   t i t a n i u m ,   4 8 . 2 6   a t o m i c   p e r c e n t  

n i c k e l ,   and  4 .5   a t o m i c   p e r c e n t   n i o b i u m ;   i t s   s e c o n d  

v e r t e x   at   3 7 . 5   a t o m i c   p e r c e n t   t i t a n i u m ,   32 .5   a t o m i c  

p e r c e n t   n i c k e l ,   and  30  a t o m i c   p e r c e n t   n i o b i u m ;   i t   t h i r d  

v e r t e x   at   3 3 . 7   a t o m i c   p e r c e n t   t i t a n i u m ,   36 .3   a t o m i c  

p e r c e n t   n i c k e l ,   and  30  a t o m i c   p e r c e n t   n i o b i u m ;   and  i t s  

f o u r t h   v e r t e x   a t   4 4 . 6 4   a t o m i c   p e r c e n t   t i t a n i u m ,   5 0 . 8 6  

a t o m i c   p e r c e n t   n i c k e l ,   and  4.5  a t o m i c   p e r c e n t   n i o b i u m .  

3.  A  s h a p e   memory  a l l o y   c o m p r i s i n g   n i c k e l ,  

t i t a n i u m ,   and  n i o b i u m   w i t h i n   an  a r e a   d e f i n e d   on  a  

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

d i a g r a m   by  a  q u a d r i l a t e r a l   w i t h   i t s   f i r s t   v e r t e x   a t  



4 7 . 2 4   a t o m i c   p e r c e n t   t i t a n i u m ,   4 8 . 2 6   a t o m i c   p e r c e n t  

n i c k e l ,   and  4 .5   a t o m i c   p e r c e n t   n i o b i u m ;   i t s   s e c o n d  

v e r t e x   at   4 1 . 3 2   a t o m i c   p e r c e n t   t i t a n i u m ,   38 .68   a t o m i c  

p e r c e n t   n i c k e l ,   and  20  a t o m i c   p e r c e n t   n i o b i u m ;   i t s  

t h i r d   v e r t e x   a t   38  a t o m i c   p e r c e n t   t i t a n i u m ,   42  a t o m i c  

p e r c e n t   n i c k e l ,   and  20  a t o m i c   p e r c e n t   n i o b i u m ;   and  i t s  

f o u r t h   v e r t e x   a t   4 4 . 6 4   a t o m i c   p e r c e n t   t i t a n i u m ,   5 0 . 8 6  

a t o m i c   p e r c e n t   n i c k e l ,   and  4.5  a t o m i c   p e r c e n t   n i o b i u m .  

4.  A  s h a p e   memory  a l l o y   c o m p r i s i n g   n i c k e l ,  

t i t a n i u m ,   and  n i o b i u m   w i t h i n   an  a r e a   d e f i n e d   on  a  

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

d i a g r a m   by  a  q u a d r i l a t e r a l   w i t h   i t s   f i r s t   v e r t e x   a t  

4 7 . 2 4   a t o m i c   p e r c e n t   t i t a n i u m ,   4 8 . 2 6   a t o m i c   p e r c e n t  

n i c k e l ,   and  4 .5   a t o m i c   p e r c e n t   n i o b i u m ;   i t s   s e c o n d  

v e r t e x   at   4 1 . 3 2   a t o m i c   p e r c e n t   t i t a n i u m ,   38 .68   a t o m i c  

p e r c e n t   n i c k e l ,   and  20  a t o m i c   p e r c e n t   n i o b i u m ;   i t s  

t h i r d   v e r t e x   at   39  a t o m i c   p e r c e n t   t i t a n i u m ,   41  a t o m i c  

p e r c e n t   n i c k e l ,   and  20  a t o m i c   p e r c e n t   n i o b i u m ;   and  i t s  

f o u r t h   v e r t e x   at  45 .5   a t o m i c   p e r c e n t   t i t a n i u m ,   50 

a t o m i c   p e r c e n t   n i c k e l ,   and  4.5  a t o m i c   p e r c e n t   n i o b i u m .  

5.  A  s h a p e   memory  a l l e y   c o m p r i s i n g   n i c k e l ,  

t i t a n i u m ,   and  n i o b i u m   w i t h i .   an  a r e a   d e f i n e d   on  a  

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

d i a g r a m   by  a  q u a d r i l a t e r a l   w i t h   i t s   f i r s t   v e r t e x   a t  

4 7 . 2 4   a t o m i c   p e r c e n t   t i t a n i u m ,   4 8 . 2 6   a t o m i c   p e r c e n t  

n i c k e l ,   and  4 .5   a t o m i c   p e r c e n t   n i o b i u m ;   i t s   s e c o n d  

v e r t e x   at  37 .5   a t o m i c   p e r c e n t   t i t a n i u m ,   32.5  a t o m i c  

p e r c e n t   n i c k e l ,   and  0  a t o m i c   p e r c e n t   n i o b i u m ;   i t s  

t h i r d   v e r t e x   a t   33 .7   a t o m i c   p e r c e n t   t i t a n i u m ,   3 6 . 3  

a t o m i c   p e r c e n t   n i c k e l ,   and  30  a t o m i c   p e r c e n t   n i o b i u m ;  

and  i t s   f o u r t h   v e r t e x   at  44 .64   a t o m i c   p e r c e n t   t i t a n i u m ,  



5 0 . 8 6   a t o m i c   p e r c e n t   n i c k e l ,   and  4.5  a t o m i c   p e r c e n t  

n i o b i u m .  

6.  A  s h a p e   memory  a l l o y   c o m p r i s i n g   n i c k e l ,  

t i t a n i u m ,   and  n i o b i u m   w i t h i n   an  a r e a   d e f i n e d   on  a  

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

d i a g r a m   by  a  q u a d r i l a t e r a l   w i t h   i t s   f i r s t   v e r t e x   a t  

4 7 . 2 4   a t o m i c   p e r c e n t   t i t a n i u m ,   4 8 . 2 6   a t o m i c   p e r c e n t  

n i c k e l ,   and  4 .5   a t o m i c   p e r c e n t   n i o b i u m ;   i t s   s e c o n d  

v e r t e x   a t   4 1 . 3 2   a t o m i c   p e r c e n t   t i t a n i u m ,   3 8 . 6 8   a t o m i c  

p e r c e n t   n i c k e l ,   and  20  a t o m i c   p e r c e n t   n i o b i u m ;   i t   t h i r d  

v e r t e x   a t   38  a t o m i c   p e r c e n t   t i t a n i u m ,   42  a t o m i c   p e r c e n t  

n i c k e l ,   and  20  a t o m i c   p e r c e n t   n i o b i u m ;   and  i t s   f o u r t h  

v e r t e x   a t   4 4 . 6 4   a t o m i c   p e r c e n t   t i t a n i u m ,   5 0 . 8 6   a t o m i c  

p e r c e n t   n i c k e l ,   and  4 .5   a t o m i c   p e r c e n t   n i o b i u m .  

7.  A  s h a p e   memory  a l l o y   c o m p r i s i n g   n i c k e l ,  

t i t a n i u m ,   and  n i o b i u m   w i t h i n   an  a r e a   d e f i n e d   on  a  

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

d i a g r a m   by  a  q u a d r i l a t e r a l   w i t h   i t s   f i r s t   v e r t e x   a t  

4 7 . 2 4   a t o m i c   p e r c e n t   t i t a n i u m ,   4 8 . 2 6   a t o m i c   p e r c e n t  

n i c k e l ,   and  4 .5  a t o m i c   p e r c e n t   n i o b i u m ;   i t s   s e c o n d  

v e r t e x   a t   4 1 . 3 2   a t o m i c   p e r c e n t   t i t a n i u m ,   3 8 . 6 8   a t o m i c  

p e r c e n t   n i c k e l ,   and  20  a t o m i c   p e r c e n t   n i o b i u m ;   i t s  

t h i r d   v e r t e x   a t   39  a t o m i c   p e r c e n t   t i t a n i u m ,   41  a t o m i c  

p e r c e n t   n i c k e l ,   and  20  a t o m i c   p e r c e n t   n i o b i u m ;   and  i t s  

f o u r t h   v e r t e x   at   45 .5   a t o m i c   p e r c e n t   t i t a n i u m ,   50 

a t o m i c   p e r c e n t   n i c k e l ,   and  4 .5  a t o m i c   p e r c e n t   n i o b i u m .  

8.  A  s h a p e   memory  a r t i c l e   c o m p r i s i n g   a  s h a p e  

memory  a l l o y   a c c o r d i n g   to   any  one  of  C l a i m s   1  to  4 .  
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