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Nickel/titanium/copper  shape  memory  alloys. 

The  invention  relates  to  shape  memory  alloys  consisting 
essentially  of  nickel,  titanium,  and  copper.  The  alloys  of  this 
mvention,  which  contain  less  than  a  stoichiometric  amount  of 
titanium,  are  capable  of  developing  the  property  of  shape 
memory at  a temperature  abeve 0°C.  The  presence  of from  8.5 
to  1  5 atomie  percent  copper  stabilizes  the  alloys.  Alloys  ac- 
cording to this invention  are  particulary  useful  as  switches  and 
actuators. 



T h i s   i n v e n t i o n   r e l a t e s   to   s h a p e   memory   a l l o y s   c o n s i s t i n g  

e s s e n t i a l l y   of   n i c k e l ,   t i t a n i u m ,   and  c o p p e r .  

A l l o y s   w h i c h   e x h i b i t   t h e   s h a p e   memory   e f f e c t   a r e   n o w  

w e l l - k n o w n ,   and  i n c l u d e   a  n u m b e r   of   a l l o y s   c o m p r i s i n g  

n i c k e l   and  t i t a n i u m .   S e e ,   e . g . ,   U . S .   P a t .   Nos .   3 , 1 7 4 , 8 5 1 ;  

3 , 3 5 1 , 4 6 3 ;   and  3 , 7 5 3 , 7 0 0 .   A  w i d e   v a r i e t y   of   u s e f u l  

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

p i p e   c o u p l i n g s   can   be  made  f r o m   s u c h   a l l o y s .   See  e . g .  
U . S .   P a t .   Nos .   3 , 7 4 0 , 8 3 9 ;   4 , 0 3 5 , 0 7 7 ;   and  4 , 1 9 8 , 0 8 1 .  

S h a p e   memory   a l l o y s   a l s o   f i n d   u s e   in   s w i t c h e s ,   s u c h   a s  

a r e   d i s c l o s e d   in   U . S .   P a t e n t   No.  4 , 2 0 5 , 2 9 3 ,   and  a c t u a t o r s ,  

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

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

t h a t   t h e   a l l o y   e l e m e n t ' w i l l   r e m a i n   in  i t s   m a r t e n s i t i c  

s t a t e   u n l e s s   h e a t e d   e i t h e r   e x t e r n a l l y   or   by  t h e   p a s s a g e  
of   an  e l e c t r i c   c u r r e n t   t h r o u g h   i t .   B e c a u s e   of   t h e  

h y s t e r e s i s   of  t h e   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 ,  

t h e   d e s i r e d   M50  w i l l   g e n e r a l l y   be  a b o v e   0°C  f o r   a n  

As  a b o v e ,   s a y ,   2 0 ° C .  

E s p e c i a l l y   in  t h e   c a s e   of   s w i t c h e s ,   a c t u a t o r s ,   and  h e a t  

e n g i n e s ,   in  w h i c h   t h e   s h a p e   memory   a l l o y   e l e m e n t   may  b e  

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

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

may  be  a  p r o b l e m .   C r o s s   e t   a l ,   NASA  R e p o r t   C R - 1 4 3 3  

( 1 0 6 9 ) ,   p p . 5 1 - 5 3 ,   d i s c u s s   b r i e f l y   t h i s   p h e n o m e n o n ,  

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

t h a t   t h e r e   may  be  a  s i g n i f i c a n t   l o s s   in  r e c o v e r y   a t  

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



For   s h a p e   memory   a p p l i c a t i o n s   in   g e n e r a l ,   a  h i g h  

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

t h e   a m o u n t   of   t h e - s o m e w h a t   e x p e n s i v e   a l l o y   r e q u i r e d   a n d  

t h e   s i z e   of   t h e   a r t i c l e .  

I t   h a s   b e e n   g e n e r a l l y   a c c e p t e d   t h a t   s h a p e   memory  a l l o y s  

a r e   u n s t a b l e   in   t h e   r a n g e   o f   100°C  to   500°C  i f   t h e  

t i t a n i u m   c o n t e n t   i s   b e l o w   4 9 . 9   a t o m i c   p e r c e n t   ( S e e  

W a s i l e w s k i   e t   a l . ,   M e t .   T r a n s . ,   v .   2,  pp .   2 2 9 - 3 8  

( 1 9 7 1 ) . ) .  

The  i n s t a b i l i t y   ( t e m p e r   i n s t a b i l i t y )   m a n i f e s t s   i t s e l f  

as  a  c h a n g e   ( g e n e r a l l y   an  i n c r e a s e )   in   Ms,  t h e  

t e m p e r a t u r e   a t   w h i c h   t h e   a u s t e n i t e   to   m a r t e n s i t e  

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

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

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

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

u n i f o r m ,   s t r e s s - f r e e   c o n d i t i o n ,   f o l l o w e d   by  s u f f i c i e n t l y  

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

a r o u n d   900°C   f o r   a b o u t   10  m i n u t e s   a r e   g e n e r a l l y   s u f f i c i e n t  

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

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

of   t h e   low  Ti  c o m p o s i t i o n s .   T e m p e r i n g   h e r e   m e a n s  

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

l o n g   p e r i o d   ( s u c h   as  a  few  h o u r s   a t   2 0 0  -   4 0 0 ° C ) .   T h e  

i n s t a b i l i t y   t h u s   m a k e s   t h e   low  t i t a n i u m   a l l o y s   d i s -  

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

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

MS  i s   d e s i r e d .  

Two  f u r t h e r   r e q u i r e m e n t s   f o r   t h e s e   s h a p e   memory  a l l o y s  

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

W o r k a b i l i t y   i s   t h e   a b i l i t y   of   an  a l l o y   to   be  p l a s t i c a l l y  



d e f o r m e d   w i t h o u t   c r u m b l i n g   or   c r a c k i n g ,   and  i s   e s s e n t i a l  

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

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

a b i l i t y   of  t h e   a l l o y   to  be  s h a p e d ,   s u c h   as  by  t u r n i n g  

or  d r i l l i n g ,   e c o n o m i c a l l y .   A l t h o u g h   m a c h i n a b i l i t y   i s  

n o t   s o l e l y   a  p r o p e r t y   of  t h e   a l l o y ,   N i / T i   a l l o y s   a r e  

known  to  be  d i f f i c u l t   to   m a c h i n e   ( s e e ,   e . g . ,   M a c h i n i n g  

D a t a   h a n d b o o k ,   2  ed .   ( 1 9 7 2 )   f o r   c o m p a r a t i v e   m a c h i n i n g  

c o n d i t i o n s   f o r   v a r i o u s   a l l o y s ) ,   i . e .  t h e y   a r e   e x p e n s i v e  

to  s h a p e ,   and  a  f - 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   s h a p e  

memory  a l l o y   w e r e   be  e x t r e m e l y   e c o n o m i c a l l y   a t t r a c t i v e .  

In  U . S .   P a t e n t   No.  4 3 3 7 0 9 0   i t   i s   d i s c l o s e d   t h a t   t h e  

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

low  t r a n s i t i o n   t e m p e r a t u r e   (an   A50  in  t h e   r a n g e   o f  

f rom  - 5 0 ° C   to   - 1 9 6 ° C )   p r o v i d e s   a  s i g n i f i c a n t   i m p r o v e m e n t  

in  m a c h i n a b i l i t y   and  t e m p e r   s t a b i l i t y ,   e n a b l i n g   t h e  

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

We  h a v e   d i s c o v e r e d   t h a t   t h e   a d d i t i o n   of   a p p r o p r i a t e  

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

a l l o y s   h a v i n g   an  M   a b o v e   0°C  can   s i g n i f i c a n t l y  

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

a l l o y   and  e n a b l e   t h e   m a n u f a c t u r e   of   s h a p e   memory   a l l o y  

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

and  h i g h   M s .  

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

memory   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   n i c k e l ,   t i t a n i u m  

and  c o p p e r   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  c o p p e r   t e r 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 i a l  

w i t h   i t s   f i r s t   v e r t e x   a t   42  a t o m i c   p e r c e n t   n i c k e l ,   4 9 . 5  

a t o m i c  p e r c e n t   t i t a n i u m ,   and  8 . 5   a t o m i c   p e r c e n t   c o p p e r ;  

i t s   s e c o n d   v e r t e x   a t   3 5 . 5   a t o m i c   p e r c e n t   n i c k e l ,  



4 9 . 5   a t o m i c   p e r c e n t   t i t a n i u m ,   and  15  a t o m i c   p e r c e n t  

c o p p e r ;   i t s   t h i r d   v e r t e x   a t   41  a t o m i c   p e r c e n t   n i c k e l ,  

44  a t o m i c   p e r c e n t   t i t a n i u m ,   and  15  a t o m i c   p e r c e n t  

c o p p e r ,   and  i t s   f o u r t h   v e r t e x   a t   4 4 . 2 5   a t o m i c   p e r c e n t  

n i c k e l ,   4 7 . 2 5   a t o m i c   p e r c e n t   t i t a n i u m ,   and  8 .5   a t o m i c  

p e r c e n t   c o p p e r .   The  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  

a d v a n t a g e o u s l y   d i s p l a y   t h e   p r o p e r t i e s   of   h i g h   s t r e n g t h  
and  an  M50  (138   M P a ) ( 2 0   k s i )   t e m p e r a t u r e   a b o v e   0 " C .  

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

s t a b i l i t y ,   w o r k a b i l i t y   and  m a c h i n a b i l i t y .  

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

c o n s i s t s   e s s e n t i a l l y   of   f r o m   4 0 . 5   to   4 1 . 5   a t o m i c  

p e r c e n t   n i c k e l ,   f r om  4 8 . 5   to   4 9 . 5   a t o m i c   p e r c e n t  

t i t a n i u m   and  f r o m   9 .5   t o   1 0 . 5   a t o m i c   p e r c e n t   c o p p e r .  

S h a p e   memory   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   m a y  

c o n v e n i e n t l y   be  p r o d u c e d   by  t h e   m e t h o d s   d e s c r i b e d   i n .  

f o r   e x a m p l e ,   U . S .   P a t s .   No.  3 , 7 5 3 , 7 0 0   and  4 , 1 4 4 , 0 5 7 .  

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

a r a t i o n   and  t e s t i n g   o f   s a m p l e s   of   memory  a l l o y s .  

EXAMPLE 

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 ,   and  OFHC 

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

p e r c e n t a g e   c o m p o s i t i o n s   l i s t e d   in   T a b l e   1  ( t h e   t o t a l  

m a s s   f o r   t e s t   i n g o t s   was  a b o u t   330  g ) .   T h e s e   m e t a l s  

w e r e   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 .   T h e  

c h a m b e r   was  e v a c u a t e d   to   10-5   T o r r   and  t h e   c h a r g e s  

w e r e   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   w e r e   h o t   s w a g e d   and  h o 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  t o   p r o d u c e   s t r i p   o f  

a p p r o x i m a t e l y   0 .5   mm  ( 0 . 0 2 5   i n s )   t h i c k n e s s .   A f t e r  



d e - s c a l i n g ,   s a m p l e s   w e r e   c u t   f rom  t h e   s t r i p   and  v a c u u m  

a n n e a l e d   a t   9 0 0 ° C .  

The  a n n e a l e d   s a m p l e s   w e r e   c o o l e d   and  r e - h e a t e d   w h i l e  

t h e   c h a n g e   in  r e s i s t a n c e   was  m e a s u r e d .   From  t h e  

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

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   was  c o m p l e t e ,   t h e   Mf 

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

e r a t u r e   at   w h i c h   ‰   of   t h e   t o t a l   d e f o r m a t i o n   h a d  

o c c u r r e d   u n d e r   ‰   MPa  (20  k s i )   l o a d ,   r e f e r r e d   t o   a s  

t h e   M50  (138   M P a ) ( 2 0   k s i )   t e m p e r a t u r e .  

A f t e r   t e m p e r i n g   e a c h   s a m p l e   f o r   two  h o u r s   a t   4 0 0 ° C ,   the 

t e s t s   w e r e   r e p e a t e d .   The  a v e r a g e   o f   t h e   t e m p e r a t u r e  

s h i f t   of   t h e   r e s i s t i v i t y   c h a n g e   and  o f   M50 
(138  M P a ) ( 2 0   k s i )   was  u s e d   as  an  i n d e x   of   i n s t a b i l i t y :  

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

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

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

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

a t   80°C  a b o v e   Ms.  V a l u e s   f o r   M50  (138   M P a ) ( 2 0  

k s i ) ,   t h e   i n s t a b i l i t y   i n d e x ,   t h e   y i e l d  s t r e n g t h   and  t h e  

w o r k a b i l i t y   a r e   l i s t e d   in  T a b l e   1.  On  t h e   b a s i s   o f  

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

i n v e n t i o n   h a v e   b e e n   d e f i n e d .  





The  c o m p o s i t i o n   of   t h e   a l l o y   of  t h i s   i n v e n t i o n   can   b e  

d e s c r i b e d   by  r e f e r e n c e   to   an  a r e a   on  a  n i c k e l ,   t i t a n i u m ,  

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

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

t h e   s m a l l   t r i a n g l e   in  F i g u r e   1.  T h i s   a r e a   of  t h e  

c o m p o s i t i o n   d i a g r a m   i s   e n l a r g e d   and  shown  in  F i g u r e   2 .  

t h e   c o m p o s i t i o n s   a t   t h e   p o i n t s ,   A,  B,  C,  and  D,  a r e  

shown  in  T a b l e   I I   b e l o w .  

The  l i n e s   AB  and  BC  c o r r e s p o n d   a p p r o x i m a t e l y   t o  

t h e   w o r k a b i l i t y   l i m i t   t h e s e   a l l o y s ,   w h i l e   t h e  

l i n e s   CD  and  DA  c o r r e s p o n d   a p p r o x i m a t e l x   to   an  M50 
(133  K P a ) ( 4 0  k s i )   o f   0 ° C .  

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

a t i o n   ( s h a p e   memory)   t h a t   can   be  i n d u c e d   in   t h e s e  

a l l o y s   d e c r e a s e s   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 ,   t h e  

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

l i e   n e a r e r   l i n e   AB  ( t h e   h i g h   t i t a n i u m   l i n e )   o f   t h e  

q u a d r i l a t e r a l   ABCD  of   F i g u r e   2 .  

The  a l l o y s   of   t h i s   i n v e n t i o n   a l s o   e x h i b i t   a  g r e a t e r  

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

For   e x a m p l e ,   a  c o p p e r   a l l o y   s h o w e d   l e s s   t h a n   h a l f   t h e  

l o s s   of  r e c o v e r a b i l i t y   of   an  e q u i v a l e n t l y   p r o c e s s e d  

b i n a r y   a f t e r   1000  c y c l e s   of   f a t i g u e   t e s t i n g   a t   a b o u t  

276  MPa  (40  k s i )   l o a d .  



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 s   of   t h i s   i n v e s t i o n  

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

b e t t e r   t h a n   w o u l d   be  p r e d i c t e d   f rom  s i m i l a r   N i / m i  

a l l o y s .   W h i l e   n o t   w a s h i n g   to  be  h e l d   to   a n   p e t i c u l e s  

t h e o r y ,   i t   is  c o n s l d e r e d   the  t h i s   f r e e - m  e d i n  g  

p r o p e r t y   of  t he   a l l o y s   i s   r e l e t e d   to   t h e   p  e  c e   of   a  

s e c o n d   p h a s e ,   p o s s i b l y   T i 2 ( M ,  C u ) 3 ,   in  t h e   T i N i  

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

m a c h i n a b i l i t y   w i l l   m a n i f e s t   i t s e l f   o n l y   w h e  t  

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

t h e   T i : N i : C u   r a t i o   i s   s u c h   as  to   f a v o u r   t h e   f o  a t i o n  

of   t h e   s e c o n d   p h a s e .  

In  a d d i t i o n   to   t h e   m e t h o d   d e s c r i b e d   in   t h e   E x a m p l e ,  

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   may  be  m a n u f a c t u r e d  

f rom  t h e i r   c o m p o n e n t s   ( o r   a p p r o p r i a t e   m a s t e r   a l l o y s )   b y  

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

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

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

m e l t i n g   in  an  i n e r t   a t m o s p h e r e   o r   in   v a c u u m ,   a r e   w e l l  

known  to   t h o s e   s k i l l e d   in  t h e   a r t   and  a r e   n o t   r e p e a t e d  

h e r e .  

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

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

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

a b o u t   0 . 0 5   to   0 . 2   p e r c e n t .   The  e f f e c t   o f   t h e s e   m a t e r i a l s  

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

The  a l l o y s   of   t h i s   i n v e n t i o n   p o s s e s s   good   t e m p e r  

s t a b i l i t y ,   a r e   h o t - w o r k a b l e ,   and  a r e   f r e e - m a c h i n i n g ;  

in   c o n t r a s t   to   p r i o r   a r t   a l l o y s .   They  a r e   a l s o   c a p a b l e  

of   p o s s e s s i n g   s h a p e   m e m o r y ,   and  h a v e   a  M50  ( 1 3 8  

MPa)  (20  k s i )   t e m p e r a t u r e   a b o v e   0 ° C .  



1.  A  s h a p e   memory  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   o f  

n i c k e l ,   t i t a n i u m   and  c o p p e r   w i t h i r .   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  c o p p e r   t e r 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 i a l   w i t h   i t s   f i r s t   v e r t e x   at   42  a t o m i c  

p e r c e n t   n i c k e l ,   4 9 . 5   a t o m i c   p e r c e n t   t i t a n i u m .   and  8 . 5  

a t o m i c   p e r c e n t   c o p p e r ;   i t s   s e c o n d   v e r t e x   a t   3 5 . 5   a t o m i c  

p e r c e n t   n i c k e l ,   4 9 . 5   a t o m i c   p e r c e n t   t i t a n i u m ,   and  15 

a t o m i c   p e r c e n t   c o p p e r ;   i t s   t h i r d   v e r t e x   a t   41  a t o m i c  

p e r c e n t   n i c k e l ,   44  a t o m i c   p e r c e n t   t i t a n i u m ,   and  15 

a t o m i c   p e r c e n t   c o p g e r ,   and  i t s   f o u r t h   v e r t e x   a t   4 4 . 2 5  

a t o m i c   p e r c e n t   n i c k e l ,   4 7 . 2 5   a t o m i c   p e r c e n t   t i t a n i u m ,  

a n d  6 . 5   a t o m i c   p e r c e n t   c o p p e r .  

2.  A  s h a p e   memory   a l l o y   a c c o r d i n g   to   c l a i m   1  w h i c h  

c o n s i s t s   e s s e n t i a l l y   of  f r o m   4 0 . 5   to   4 1 . 5   a t o m i c  

p e r c e n t   n i c l   1 ,   f r om  4 8 . 5   t o   4 9 . 5   a t o m i c   p e r c e n t  

t i t a n i u m .   and  f rom  9 .5   to   1 0 . 5   a t o m i c   p e r c e n t   c o p p e r .  

3.  An  a r t i c l e   p o s s e s s i n g   t h e   p r o p e r t y   of  s h a p e  

memory   w h i c h   i s   made  f rom  an  a l l o y   as  d e f i n e d   in  c l a i m  

1  or   2 .  
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