
European  Patent  Office 

Office  europeen  des  brevets  
©  Publication  number: 0  1 8 7   4 5 2  

A 1  

©  EUROPEAN  PATENT  APPLICATION 

©  Application  number:  85308080.2  ©  Int.  CI.4:  C  22  F  1 /00  

©  Date  of  filing:  06.11.85 

©  Priority:  06.11.84  US  668771  ©Applicant:  RAYCHEM  CORPORATION 
07.10.85  US  783371  300  Constitution  Drive 

Menlo  Park  California  94025(US) 

©  Date  of  publication  of  application:  @  Inventor:  Simpson,  John  A. 
16.07.86  Bulletin  86/29  2390  W.  Middlefield,  5 

Mountain  View  California  94040IUS) 
©  Designated  Contracting  States: 

AT  BE  CH  DE  FR  GB  IT  LI  NL  SE  ©  Inventor:  Duerig.Tom 
41681  Mission  Creek  Drive 
Fremont  California  94539(US) 

©  Inventor:  Melton,  Keith 
21702  Columbus  Avenue 
Cupertino  California  95014(US) 

©  Representative:  Benson,  John  Everett  et  al, 
Raychem  Limited  Intellectual  Property  Law  Department 
Swan  House  37-39,  High  Holborn  . 
London  WCKGB) 

©  A  method  of  processing  a  nickel/titanium-based  shape  memory  alloy  and  article  produced  therefrom. 
©  There  is  disclosed  a  method  of  processing  a  nickel/ 
titanium-based  shape  memory  alloy.  The  method  comprises 
overdeforming  the  alloy  so  as  to  cause  at  least  some  amount 
of  nonrecoverable  strain,  temporarily  expanding  the  trans- 
formation  hysteresis  by  raising  the  austenite  transformation  . 
temperature,  removing  the  applied  stress  and  then  storing 
the  alloy  at  a  temperature  less  than  the  new  austenite 
transition  temperature.  There  is  also  disclosed  a  method  of 
preassembling  a  composite  coupling  which  includes  the 
steps  of  overdeforming  a  driver  member,  removing  the 

f™  stress,  engaging  the  driver  member  and  an  insert  and  them 
^   warming  the  driver  and  insert  to  a  temperature  less  than  A,'. 

Finally,  there  are  disclosed  couplings  produced  by  these 
N  methods. 
i n  
<* 

IS 
oo 

o  

CL 
1U 

Croydon  Printing  Company  Ltd. 

 T h e r e   is  disclosed  a  method  of  processing  a  nickel/ 
titanium-based  shape  memory  alloy.  The  method  comprises 
overdeforming  the  alloy  so  as  to  cause  at least  some  amount 
of  nonrecoverable  strain,  temporarily  expanding  the  trans- 
formation  hysteresis  by  raising  the  austenite  transformation 
temperature,  removing  the  applied  stress  and  then  storing 
the  alloy  at  a  temperature  less  than  the  new  austenite 
transition  temperature.  There  is  also  disclosed  a  method  of 
preassembling  a  composite  coupling  which  includes  the 
steps  of  overdeforming  a  driver  member,  removing  the 
stress,  engaging  the  driver  member  and  an  insert  and  them 
warming  the  driver  and  insert  to  a  temperature  less  than  A,'. 
Finally,  there  are  disclosed  couplings  produced  by  these 
methods. 



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

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

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

c o u p l i n g .  

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   k n o w n .   An  a r t i c l e  

made  of  s u c h   m a t e r i a l s   can  be  d e f o r m e d   f rom  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 h e   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  i s   a  r e s u l t   of  t h e   f a c t   t h a t   t h e   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   i s   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   i s   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  s u c h   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 ,  

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

s t a t e   to   t h e   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  

w h i c h   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  t h e   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   is   wa rmed   to   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 l l o y   s t a r t s   to   r e v e r t   b a c k   t o  

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

a t   w h i c h   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  

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

w h i c h   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   u s e   in  r e c e n t   y e a r s  

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



b u t   n o 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   t h e   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  w i d 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   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  

t o   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 .   I f   t h e   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   t h e   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 ,   t h e   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   5 0 ° C .   I t   i s   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 h e   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   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   t h e   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 h e  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 h e   a r t i c l e   w o u l d   no t   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  w h i c h   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   w h i c h   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 a y ,   g r e a t e r   t h a n   a b o u t  

1 2 5 ° C .   I f   t h e   h y s t e r e s i s   we re   s u f f i c i e n t l y   w i d e   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 h e   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 h e   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  t h e   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   i s   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   n o 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   n o t   be  a p p l i e d   u n t i l   t h e   a l l o y   ( in   t h e   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 ,   w h i c h   w o u l d   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 ,   w o u l d   r e m a i n   in  t h e   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 h e   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  

h a s   a  h y s t e r e s i s   s u f f i c i e n t l y   w i d e   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  h a v e   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   i s   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 r o m   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   n o 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   w e r e   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 h e   s e r v i c e   t e m p e r a t u r e   mus t   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   w o u l d   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 h e   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 h e   b i n a r y   a l l o y   i s   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   i s   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 h e   a l l o y   w o u l d   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 h e   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   m u s t   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   n o t   s o l v e d   t h e   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   7 0 ° 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  

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

a l l o y s   mus 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   u s e   of  s h a p e   m e m o r y  

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  t h e   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,   1 9 8 3 ,   a r e   n o t   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   i s   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 .  

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 h e   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   i s   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 e e   B r o o k   e t  a l . ,  U S P   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   h a v e   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  

h a s   b e e n   f o u n d   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 h e   h y s t e r e s i s   means   t h a t  

t h e  M S ,   Mf,  As,  and  Af  t e m p e r a t u r e s   have   a l l   been   ' 

t r a n s l a t e d   to  M s ' ,   M f ' ,   As'  and  Af'  s u c h   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 h e   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  t h e   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 h e   s t r e s s   is   a p p l i e d  

to   t h e   s h a p e   memory  a l l o y   at  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   m a y  b e   s h i f t e d   so  t h a t   t he   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   a t   w h i c h   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 h e   s t r e s s ,   t h e  

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

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   i s   i m p a r t e d  

to   t h e   a l l o y .   T h a t   i s ,   when  t h e   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   w a s  

some  c o m p o n e n t   of  t h e   s t r a i n   w h i c h   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   t h e   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   i s   n o t  

c l e a r   f r o m   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   w a s  

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

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

t e s t e d .   T h e r e   is   no  i l l u s t r a t 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   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  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  

was  o b s e r v e d .  

W h i l e   i t   can  be  a p p r e c i a t e d   t h a t   i t   w o u l d   b e  

d e s i r a b l e   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   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 h e   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 .  

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

f o u n d   u s e   in  p i p e   c o u p l i n g s .   The  p i p e   c o u p l i n g   may  b e  

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

e a r l i e r - m e n t i o n e d   H a r r i s o n   and  J e r v i s   p a t e n t s .  

A l t e r n a t i v e l y ,   t h e   p i p e   c o u p l i n g   may  be  a  c o m p o s i t e  

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

p a t e n t   and  in  U .S .   P a t e n t   Nos .   4 , 3 7 9 , 5 7 5 ;   4 , 4 5 5 , 0 4 1 ;  

and  4 , 4 6 9 , 3 5 7   to   M a r t i n ,   t h e   d i s c l o s u r e s   of  w h i c h   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 .   As  n o t e d   in  M a r t i n ,  

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

s l e e v e   m e m b e r .  

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

t o   a s s e m b l e   t h e m .   In  t h e   M a r t i n   p a t e n t s ,   t h e r e   a r e  

n o t e d   s e v e r a l   ways  to   a s s e m b l e   t h e   c o u p l i n g s .   In  o n e  

way ,   t h e   s l e e v e   may  be  a s s e m b l e d   w i t h   t h e   d r i v e r   j u s t  

a f t e r   t h e   e x p a n s i o n   of  t h e   d r i v e r   so  as  to   t a k e  

a d v a n t a g e   of  t h e   e l a s t i c   s p r i n g b a c k   of  t h e   m a t e r i a l .  

The  d r i v e r   and  s l e e v e   m e m b r e s   a r e   t h e n   s t o r e d   in  a  

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

A l t e r n a t i v e l y ,   t h e   d r i v e r   a l o n e   may  be  s t o r e d   in  a  

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



t i m e   of  i n s t a l l a t i o n .   Once  j o i n e d   w i t h   t h e   s l e e v e ,   t h e  

d r i v e r   is  a l l o w e d   to   f u l l y   r e c o v e r .  

In  p r a c t i c e ,   t h e   d r i v e r   may  be  e x p a n d e d   a n d ,   a f t e r  

s p r i n g b a c k   has   o c c u r r e d ,   j o i n e d   w i t h   t h e   s l e e v e   w h i l e  

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

r e c o v e r y   of  t h e   d r i v e r   has   o c c u r r e d ,   t h e   s l e e v e   is   o n l y  

l o o s e l y   j o i n e d   and  w o u l d ,   in  f a c t ,   become   s e p a r a t e d  

f rom  t h e   d r i v e r   i f   means   w e r e   n o t   p r o v i d e d   to   p r e v e n t  

t h i s   s e p a r a t i o n .   The  m e a n s   to   p r e v e n t   t h i s   s e p a r a t i o n  

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

of   t h e   s l e e v e   w h i c h   makes   f o r   a  s l i g h t   i n t e r f e r e n c e   f i t  

b e t w e e n   t h e   s l e e v e   and  t h e   d r i v e r .  

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

t h a t   t h e   d r i v e r   m u s t   be  s t o r e d   in  a  c r y o g e n i c   or  o t h e r  

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

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

d r i v e r   may  r e c o v e r   p r i o r   to   j o i n i n g   w i t h   t h e   s l e e v e ,  

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

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

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

t h e   d r i v e r   and  s l e e v e .  

I n  C l a b b u r n ,   a  k e e p e r   is   u t i l i z e d   to  a p p l y   a  s t r e s s  

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

r e m a i n s   in  t h e   m a r t e n s i t i c   s t a t e   w h i l e   t h e   s t r e s s   i s  

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

I t   can  be  a p p r e c i a t e d   t h a t   i t   wou ld   be  d e s i r a b l e   t o  

h a v e   t h e   d r i v e r   and  s l e e v e   p r e a s s e m b l e d   such   t h a t   o n e  

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



c a r t o n   on  a  s h e l f   and  t h e n   p r o c e e d   to   i n s t a l l   t h e  

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

of   t h e   c o u p l i n g .   Thus  f a r ,   t h e   p r i o r   a r t   has   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   t h i s   d e s i r a b l e   r e s u l t .  

T h u s ,   i t   i s   an  o b j e c t   of  t h e   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   and  a r t i c l e  

w i t h   a  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 .  

I t   i s   a n o t h e r   o b j e c t   of  t h e   i n v e n t i o n   to   p r o c e s s   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   and  a r t i c l e   s o  

as  to   t e m p o r a r i l y   e n l a r g e   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  

of   t h e   a l l o y   and  a r t i c l e .  

I t   i s   a l s o   an  o b j e c t   of  t h e   i n v e n t i o n   t o   h a v e   a  

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

t h e   n e e d   f o r   a  c r y o g e n i c   or  o t h e r   c o l d   f l u i d .  

I t   i s   a n o t h e r   o b j e c t   of  t h e   i n v e n t i o n   to   h a v e   a  

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

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

n e e d   f o r   a  c r y o g e n i c   or  o t h e   c o l d   f l u i d .  

I t   i s   a  f u r t h e r   o b j e c t   of  t h e   i n v e n t i o n   to   h a v e   a  

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

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

n e c e s s a r y .  

T h i s   i n v e n t i o n   r e l a t e s   to   a  m e t h o d   of  p r o c e s s i n g   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 .   The  p u r p o s e  
of  t h e   m e t h o d   is   t e m p o r a r i l y   to   r a i s e   t h e   As  and  A f  

t e m p e r a t u r e s   to   As'  and  A f ' ,   r e s p e c t i v e l y .   T h i s  

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

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



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

c o m p o s i t e   c o u p l i n g .   The  c o u p l i n g   has   a t   l e a s t   one  h e a t  

r e c o v e r a b l e   d r i v e r   member   and  at   l e a s t   one  m e t a l l i c  

i n s e r t .   The  d r i v e r   member   is   made  f r o m   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   h a v i n g   a  
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   by  Ms,  Mf,  As,  and  Af  

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

d r i v e r   member   by  a p p l y i n g   a  s t r e s s   s u f f i c i e n t   to  c a u s e  

n o n r e c o v e r a b l e   s t r a i n   in  t h e   d r i v e r   member   so  t h a t   t h e  

As  and  Af  t e m p e r a t u r e s   a r e   t e m p o r a r i l y   r a i s e d   to   AS ,  
and   A f ' ,   r e s p e c t i v e l y ;   r e m o v i n g   t h e   s t r e s s ;   e n g a g i n g  

t h e   d r i v e r   member  and  i n s e r t ;   and  w a r m i n g   t h e   d r i v e r  

and   i n s e r t   to  a  t e m p e r a t u r e   l e s s   t h a n   A s ' .  

We  h a v e   f o u n d   t h a t   by  t a k i n g   a d v a n t a g e   of  t h e  

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

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

p r e a s s e m b l e d   s i m p l y   and  e f f i c i e n t l y .  

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

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

h y s t e r e s i s .  

F i g u r e   2  is   a  s c h e m a t i c a l   i l l u s t r a t i o n   of  t h e  

e x p a n s i o n   of  t h e   s h a p e   memory  a l l o y   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 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  s c h e m a t i c a l   s t r e s s / s t r a i n   c u r v e   f o r   a  

b i n a r y   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 .  



F i g u r e   4  s c h e m a t i c a l l y   i l l u s t r a t e s   t he   b i n a r y   a l l o y  

s t r a i n e d   as  in  F i g u r e   3  in  t h e   u n r e c o v e r e d   a n d  

r e c o v e r e d   s t a t e .  

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

a f t e r   r e c o v e r y   of  a  5%  d e f o r m a t i o n   and  i l l u s t r a t i n g   t h e  

p r e s e n c e   of  t h e   R  p h a s e .  

F i g u r e   6  i s   a  s c h e m a t i c a l   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 u r v e   f o r   a  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   a f t e r  

r e c o v e r y   of  a  16%  d e f o r m a t i o n   and  i l l u s t r a t i n g   t h e  

a b s e n c e   of  t h e   R  p h a s e .  

F i g u r e   7  i s   a  s c h e m a t i c a l   s t r e s s / s t r a i n   c u r v e  

s i m i l a r   to   F i g u r e   3  b u t   f o r   a  t y p i c a l  

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

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

F i g u r e   3  t h e   s h a p e   memory  a l l o y   s t r a i n e d   in  F i g u r e   7  i n  

t h e   u n r e c o v e r e d   and  r e c o v e r e d   s t a t e .  

R e f e r r i n g   to   t h e   f i g u r e s   in  more  d e t a i l   a n d  

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 s   1  and  2,  t h e r e   i s  

g r a p h i c a l l y   i l l u s t r a t e 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  

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

s h i f t i n g   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   as  w o u l d  

o c c u r   i f ,   f o r   e x a m p l e ,   a  s t r e s s   was  a p p l i e d .   T h e  

h y s t e r e s i s   has   moved  u p w a r d l y   in  t e m p e r a t u r e   f r o m  

p o s i t i o n   2  to   p o s i t i o n   4,  shown  in  d o t t e d   l i n e s .   W h i l e  

t h e   e n t i r e   h y s t e r e s i s   has  moved  u p w a r d l y   in  t e m p e r a t u r e  

i t   can  be  s e e n   t h a t   t h e   w i d t h   of  t h e   h y s t e r e s i s ,  

i n d i c a t e d   g e n e r a l l y   by  6  has  r e m a i n e d   a p p r o x i m a t e l y  



c o n s t a n t .   In  o t h e r   w o r d s ,   Ms,  Mf,  As,  and  Af  have   a l l  

been   t r a n s l a t e d   to   h i g h e r   t e m p e r a t u r e s   and  a r e   now 

d e n o t e d   as  M s ' ,   M f ' ,   A s ' ,   and  A f ' .   Of  c o u r s e ,   a s  

s t a t e d  e a r l i e r ,   t h e r e   a r e   c i r c u m s t a n c e s   w h e r e   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 s   may  be  t r a n s l a t e d   to  l o w e r  

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

In  c o n t r a s t   to   t h e   s h i f t i n g   of  t h e   h y s t e r e s i s   a s  

i l l u s t r a t e d   in  F i g u r e   1,  F i g u r e   2  now  i l l u s t r a t e s   i n  

g e n e r a l   t h e   e x p a n s i o n   of  t h e   h y s t e r e s i s .   I t   can  b e  

s e e n   t h a t   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 s  

r e m a i n   c o n s t a n t   b u t   t h e   a u s t e n i t e   t r a n s i t i o n  

t e m p e r a t u r e s   h a v e   b e e n   t r a n s l a t e d   u p w a r d l y   so  t h a t   t h e  

w i d t h   of  t h e   h y s t e r e s i s   i n d i c a t e d   g e n e r a l l y   by  6  h a s  

now  b e e n   e x p a n d e d   as  i n d i c a t e d   g e n e r a l l y   by  8.  T h a t  

i s ,   Ms  and  Mf  r e m a i n   c o n s t a n t   or  n e a r l y   c o n s t a n t   w h i l e  

As  and  Af  h a v e   been   t r a n s l a t e d   to   h i g h e r   t e m p e r a t u r e s  

and  a r e   now  d e n o t e d   as  As'  and  A f ' .  

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

h y s t e r e s i s   v e r s u s   s h i f t i n g   t h e   h y s t e r e s i s   can  b e  

e x p l a i n e d   as  f o l l o w s .   R e f e r r i n g   a g a i n   to   F i g u r e   1,  a  

c o u p l i n g   may  be  e x p a n d e d   and  h e l d   in  t h e   e x p a n d e d  

c o n d i t i o n   so  as  t e m p o r a r i l y   to   r a i s e ,   i . e . ,   t e m p o r a r i l y  

s h i f t ,   t h e   h y s t e r e s i s .   As  l o n g   as  t h e   s t r e s s   i s  

a p p l i e d ,   t h e   h y s t e r e s i s   w i l l   be  s h i f t e d .   I f   i t   i s  

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

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

t r a n s f o r m   to  a u s t e n i t e   as  l o n g   as  t e m p e r a t u r e   TA  i s  

b e l o w   A s ' .   Upon  t h e   r e m o v a l   of  t h e   s t r e s s ,   t h e  

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

w i l l   be  a t   TA  when  t h e   s t r e s s   i s   r e m o v e d   bu t   t h e  



h y s t e r e s i s   w i l l   h a v e   s h i f t e d   f rom  p o s i t i o n   4  b a c k   t o  

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

s h i f t   f rom  p o s i t i o n   4  to   p o s i t i o n   2  m u s t   n e c e s s a r i l y   b e  

a u s t e n i t i c   a f t e r   t h e   s h i f t .   T h i s   m e t h o d   may  be  u s e d  

f o r   c o n s t r a i n e d  s t o r a g e   ( s e e ,   e . g . ,   C l a b b u r n ,   USP 

4 , 1 4 9 , 9 1 1 )   w h e r e i n   a  c o u p l i n g   i s   e x p a n d e d   and  t h e n   h e l d  

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

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

t h e   Ms  t e m p e r a t u r e   so  t h a t   i t   may  be  r e l e a s e d   f rom  t h e  

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

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

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

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

a m o u n t   of  r e c o v e r y   m o t i o n   w i l l   be  p e r m a n e n t l y   l o s t .  

R e f e r r i n g   now  t o   F i g u r e   2  i t   can  be  s e e n   t h a t   b y  

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

c o u p l i n g   i s   h e l d   a t   a  TA  l e s s   t h a n   As'  t h e r e   w i l l   be  n o  

t r a n s f o r m a t i o n .   S i n c e   no  s t r e s s   need   be  c o n t i n u a l l y  

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

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

w o u l d   s i m p l y   be  h e a t e d   a b o v e   A s ' ,   t r a n s f o r m a t i o n   f r o m  

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

h y s t e r e s i s   w o u l d  t h e n   s h r i n k   b a c k   down  to   i t s   f o r m e r  

p o s i t i o n .  

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

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

by  Ms,  Mf,  As,  and  Af  t e m p e r a t u r e s .   In  g e n e r a l ,   t h e  

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



t e m p e r a t u r e s   to   As'  and  A f ' ,   r e s p e c t i v e l y ,   so  t h a t   t h e  

t e m p e r a t u r e   d i f f e r e n c e   b e t w e e n   As'  and  Ms  is   g r e a t e r  

t h a n   t h e   t e m p e r a t u r e   d i f f e r e n c e   b e t w e e n   As  and  M s .  
T h e - m e a n s   f o r   e x p a n d i n g   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  

may  be  r e m o v e d   and  t h e n   t h e   a l l o y   is   s t o r e d   a t   a  

t e m p e r a t u r e   l e s s   t h a n   A s ' .  

U s u a l l y ,   a c c o r d i n g   to   t h e   i n v e n t i o n ,   b o t h   t h e   Ms 
and  Mf  t e m p e r a t u r e s   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  

d u r i n g   t h e   e x p a n s i o n   of  t h e   h y s t e r e s i s .   H o w e v e r ,   i n  

c e r t a i n   a l l o y s ,   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 ,  

e i t h e r   or  b o t h   of  t h e  M s   and  Mf  t e m p e r a t u r e s   m a y  

p e r m a n e n t l y   c h a n g e .   T h i s   c h a n g e   may  r e s u l t   f rom  t h e  

v a r y i n g   of  t h e   s l o p e   or  e v e n   m o v e m e n t   of  t h e  

m a r t e n s i t i c   p a r t   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   c u r v e  

due   to   t h e   i n t e r a c t i o n   of  c e r t a i n   m e t a l l u r g i c a l  

c o n d i t i o n s .   H o w e v e r ,   t h e   i m p o r t a n t   p o i n t   to   e m p h a s i z e  

h e r e   i s   t h a t   t h e r e   w i l l   a l w a y s   be  a  n e t   i n c r e a s e   of  t h e  

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   a c c o r d i n g   to   t h e  

m e t h o d   of  t h e   i n v e n t i o n .  

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

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

s t r a i n   in  t h e   a l l o y .   I t   s h o u l d   be  u n d e r s t o o d   t h a t  

n o n r e c o v e r a b l e   s t r a i n   m e a n s   s t r a i n   w h i c h   is   n o t  

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

h e a t i n g   to   a t   l e a s t   t h e   Af '   t e m p e r a t u r e .  

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

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

i s   w e l l   known  to   one  s k i l l e d   in  t h e   a r t   is   to   v o i d   a n y  
n o n r e c o v e r a b l e   s t r a i n .   The  r e a s o n   f o r   a v o i d i n g   a n y  



n o n r e c o v e r a b l e   s t r a i n   is   t h a t   t h e   p r e s e n c e   o f  

n o n r e c o v e r a b l e   s t r a i n ' t e n d s   to   r e d u c e   t h e   a m o u n t   o f  

m o t i o n   upon   r e c o v e r y .   I t   has   b e e n   f o u n d ,   h o w e v e r ,   t h a t  

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

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

h a v i n g   an  e x p a n d e d   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 c c o r d i n g  

to   t h e   p r e s e n t   i n v e n t i o n .  

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

t o   c a u s e   a t   l e a s t   1%  or  more   of  n o n r e c o v e r a b l e   s t r a i n  

in  t h e   a l l o y .   U s u a l l y   ( b u t   n o t   n e c e s s a r i l y )  a f t e r   t h e  

a l l o y   i s   o v e r d e f o r m e d   t h e   s t r e s s   w i l l   be  r e m o v e d .  

I t   i s   n e c e s s a r y   to   t h e   i n v e n t i o n   t h a t   t h e  

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

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

m a r t e n s i t e   can   be  s t r e s s - i n d u c e d .   To  t h o s e   s k i l l e d   i n  

t h e   a r t   t h i s   t e m p e r a t u r e   i s   c o m m o n l y   known  a s : M d .   I t  

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

be  a b o v e   M s .  

Once   t h e   h y s t e r e s i s   has   b e e n   e x p a n d e d   a t   l e a s t  

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

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

A s ' .   By  h e a t i n g   to  a t   l e a s t   As'   t h e   t r a n s f o r m a t i o n  o f  

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

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

g r e a t e r   t h a n   Af'  so  as  to  e f f e c t   f u l l   r e c o v e r y   of  t h e  

a l l o y .  

I t   has   been   f o u n d   t h a t   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   may  be  a  b i n a r y   or  i t   can   be  a t  

l e a s t   a  t e r n a r y .   I f   i t   i s   a  t e r n a r y  



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 e   t e r n a r y  

c o n s i s t s   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  a t   l e a s t  

one   o t h e r   e l e m e n t   s e l e c t e d   f rom  t h e   g r o u p   c o n s i s t i n g   o f  

i r o n ,   c o b a l t ,   v a n a d i u m ,   a l u m i n u m ,   and  n i o b i u m .   T h e  

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

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

a l l o y s   h a v i n g   an  Ms  l e s s   t h a n   a b o u t   0°C  a r e   p r e f e r r e d  
s i n c e   t h e s e   a l l o y s   h a v e   t h e   mos t   u t i l i t y   and  b e s t  

p e r f o r m a n c e .  

The  b e n e f i t s   of  e x p a n s i o n   of  t h e   s h a p e   memory  a l l o y  

t r a n s f o r m a t i o n   h y s t e r e s i s   have   a l r e a d y   been   d i s c l o s e d  

in  our   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   No.  6 6 8 , 7 7 1  

f i l e d   N o v e m b e r   6,  1984  e n t i t l e d   "A  Me thod   o f  

P r o c e s s i n g   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  

and  A r t i c l e   P r o d u c e d   T h e r e f r o m "   t h e   d i s c l o s u r e   of  w h i c h  

i s   i n c o r p o r a t e d   h e r e i n   by  r e f e r e n c e .   We  have   f o u n d  

t h a t   i f   in  c o n j u n c t i o n   w i t h   t h e   e x p a n s i o n   of  t h e  

h y s t e r e s i s   of  t h e   t h e   d r i v e r   m e m b e r ,   t h e   d r i v e r   m e m b e r  

i s   p r e a s s e m b l e d   w i t h   t h e   s l e e v e ,   t h e n   t h e   p r e a s s e m b l y  

i s   g r e a t l y   f a c i l i t a t e d .  

R e f e r r i n g   a g a i n   to   t h e   f i g u r e s   F i g u r e   7 

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

t y p i c a l   s h a p e   memory  a l l o y   w h i c h   was  o v e r d e f o r m e d .   T h e  

l o a d   was  t h e n   r e m o v e d .   Wi th   o v e r d e f o r m a t i o n   t h e r e   i s  

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

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

w i l l   o c c u r   when  t h e   a l l o y ,   g e n e r a l l y   s p e a k i n g ,   i s  

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



a p p r o x i m a t e l y   by  r e f e r e n c e   n u m e r i c a l   10 .   A f t e r   r e m o v a l  

of   t h e   s t r e s s ,   t h e   a l l o y   was  h e a t e d .  

In  F i g u r e   8  c u r v e   12  i l l u s t r a t e s   t h e   h e a t i n g   a f t e r  

t h e   r e m o v a l   of  t h e   s t r e s s .   When  t h e   t r a n s f o r m a t i o n   w a s  

c o m p l e t e   t h e   a l l o y   was  c o o l e d   down  as  i l l u s t r a t e d   b y  

c u r v e   14 .   D u r i n g   t h e   c o o l i n g   down  u n d e r   a  s m a l l   l o a d  

and   Ms  and  Mf  t e m p e r a t u r e s   w e r e   m e a s u r e d .   The  a l l o y  

was  t h e n   r e h e a t e d   ( c u r v e   16)  to   m e a s u r e   t h e   r e c o v e r e d  

a u s t e n i t i c   t r a n s i t i o n   t e m p e r a t u r e s   As  and  A f -  

As  we  s t a t e d   in  our   p a t e n t   a p p l i c a t i o n   a b o v e   t h e r e  

i s   more   t h a n   one  way  to   l o c a t e   on  a  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 u r v e   t h e   m a r t e n s i t i c   and  a u s t e n 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 s .   R e f e r r i n g   a g a i n   to   f i g u r e  

8  t h e   l i t e r a l   s t a r t i n g   and  e n d i n g   of  t h e   a u s t e n i t i c  

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

18  and  20  r e s p e c t i v e l y   on  c u r v e   12.   H o w e v e r ,   t h e  

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

p o i n t   24  ( d e n o t e d   as  A s ' )   and  t h e   a u s t e n i t i c  

t r a n s f o r m a t i o n   e f f e c t i v e l y   ends   a t   a b o u t   p o i n t   26  

( d e n o t e d   as  A f ' ) .   Thus  i t   can  be  s a i d   t h a t   t h e   b u l k   o f  

t h e   t r a n s f o r m a t i o n   o c c u r s   b e t w e e n   As'  and  A f ' .   T h e  

same  is   t r u e   f o r   t h e   o t h e r   t r a n s f o r m a t i o n s   a s  

i l l u s t r a t e d   by  c u r v e s   14  and  16.  The  e f f e c t i v e  

a u s t e n i t i c   and  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 s  

may  be  c o n v e n i e n t l y   d e t e r m i n e d   by  t h e   i n t e r s e c t i o n   o f  

t a n g e n t s   to   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   c u r v e s .   F o r  

e x a m p l e ,   t a n g e n t s   22  on  c u r v e   12  l o c a t e   As'  and  A f ' .  

W h e n e v e r   t h e   a u s t e n i t i c   and  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 s   a r e   m e n t i o n e d   in  t h i s  

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



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

n o t e d   m e t h o d   of  i n t e r s e c t i n g   t a n g e n t s .   W h e n e v e r   t h e  

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

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

t e m p e r a t u r e s   w i l l   be  r e f e r r e d   to   as  t h e   t r u e  

m a r t e n s i t i c   and  a u s t e n 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 s .  

T h u s ,   t h e   l i t e r a l   s t a r t i n g   and  e n d i n g   p o i n t s   of  t h e  

a u s t e n i t i c   t r a n s f o r m a t i o n   a f t e r   e x p a n s i o n   of  t h e  

h y s t e r e s i s   a r e   r e f e r r e d   to   as  t r u e   As'  and  t r u e   A f ' .  

C u r v e s   14  and  16  r e p r e s e n t   t h e   s h a p e   memory  a l l o y  

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

c u r v e s   12  and  14  r e p r e s e n t   t h e   s h a p e   memory  a l l o y  

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

Thus   i t   can  be  s e e n   t h a t   t h e   o v e r d e f o r m a t i o n   of  t h e  

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

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

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

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

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

d r i v e r   member   and  at   l e a s t   one  m e t a l l i c   i n s e r t .   T h e  

d r i v e r   member   i s   made  f rom  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   h a v i n g   a  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   by  Ms,  Mf,  As  and  Af  t e m p e r a t u r e s .   The  m e t h o d  

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

s t r e s s   s u f f i c i e n t   to  c a u s e   n o n r e c o v e r a b l e   s t r a i n   in  t h e  

d r i v e r   member   so  t h a t   t h e   As  and  Af  t e m p e r a t u r e   a r e  

t e m p o r a r i l y   r a i s e d   to   As'  and  A f ' ,   r e s p e c t i v e l y .   T h e  

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

t h e   d r i v e r   member   and  i n s e r t ;   and  t h e n   w a r m i n g   t h e  

d r i v e r   and  i n s e r t   to   a  t e m p e r a t u r e   l e s s   t h a n   A s ' .  



U s u a l l y ,   as  s t a t e d   e a r l i e r ,   b o t h   t h e   Ms  and  Mf 

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

t h e   e x p a n s i o n   of  t h e   h y s t e r e s i s .   H o w e v e r ,   in  c e r t a i n  

a l l o y s   e i t h e r   or  b o t h   of  t h e   Ms  and  Mf  t e m p e r a t u r e s   may  

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

v a r y i n g   of  t h e   s l o p e   or  e v e n   m o v e m e n t   of  t h e  

m a r t e n s i t i c   p a r t   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   c u r v e  

due   to   t h e   i n t e r a c t i o n   of  c e r t a i n   m e t a l l u r g i c a l  

c o n d i t i o n s .   H o w e v e r ,   t h e   i m p o r t a n t  p o i n t   to   e m p h a s i z e  

h e r e   i s   t h a t   t h e r e   w i l l   a l w a y s   be  a  n e t   i n c r e a s e   of  t h e  

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   a c c o r d i n g   to   t h e  

m e t h o d   of  t h e   i n v e n t i o n .   T h a t   i s ,   t h e   t e m p e r a t u r e  

d i f f e r e n c e  b e t w e e n   As'  and  MS  w i l l   be  g r e a t e r   t h a n   t h e  

t e m p e r a t u r e   d i f f e r e n c e   b e t w e e n   As  and  M s .  

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

one   d r i v e r   member ;   h o w e v e r ,   t h e r e   may  be  more   t h a n   o n e  

s u c h   as  when  r i n g   d r i v e r s   a r e   u s e d .   S i m i l a r l y ,   t h e r e  

m u s t   be  a t   l e a s t   one  i n s e r t   b u t   t h e r e   may  be  mroe  t h a n  

one   s u c h   as  when  m u l t - p i e c e   i n s e r t s   w e r e   u t i l i z e d .  

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

i n s e r t   p r e f e r a b l y   need   to   be  warmed  to   a  t e m p e r a t u r e  

w h i c h   i s   l e s s   t h a n   A s ' ,   t h e y   in  any  c a s e   n e e d   to   b e  

r a i s e d   to   a  t e m p e r a t u r e   a b o v e   t h e   t r u e   A s ' .   The  r e a s o n  

f o r   t h i s   i s   t h a t   b e l o w   t r u e   As'  t h e r e   w i l l   n o t  b e   a n y  

r e c o v e r y   of  t he   s h a p e   memory  a l l o y .   R e f e r r i n g   a g a i n   t o  

f i g u r e   8  i t   can  be  s e e n   t h a t   b e t w e e n   t r u e   As'  and  A s '  

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

28.   A f t e r   As'  i s   p a s s e d   t h e   b u l k   of  t h e   r e c o v e r y   w i l l  

e f f e c t i v e l y   o c c u r   as  i n d i c a t e d   by  30.   From  f i g u r e   8 

t h e n   i t   is   a p p a r e n t   t h a t   t o   g e t   to  any  a m o u n t   o f  

r e c o v e r y   t h e   m a t e r i a l   has   to   be  h e a t e d   a b o v e   t r u e   A s ' .  



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

t r u e   As'  and  As'  i s   much  l e s s   t h a n   t h e   r e c o v e r y  

o c c u r r i n g   b e t w e e n   As'  and  t r u e   Af'   l i t t l e   s h a p e   m e m o r y  

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

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

T h i s   p a r t i a l   r e c o v e r y   i s   no t   so  g r e a t   as  to   c r u s h   t h e  

i n s e r t   bu t   o n l y   so  g r e a t   as  to   be  a b l e   to   h o l d   t h e  

i n s e r t   and  d r i v e r   s n u g l y   e n g a g e d .  

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

may  t a k e   many  f o r m s .   f o r   e x a m p l e ,   t h e   i n s e r t   may  b e  

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

in   t h e  a b o v e   M a r t i n   p a t e n t s .   A d d i t i o n a l l y ,   t h e   i n s e r t  

may  be  s i n g l e   or  m u l t i p i e c e .   F i n a l l y ,   t h e   i n s e r t   may  
h a v e   an  i r r e g u l a r   s h a p e   s u c h   as  to   be  x - s h a p e d ,  

y - s h a p e d   or  t - s h a p e d .  

The  i n s e r t   may  a l s o   h a v e   s e a l i n g   means   as  a l s o  

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

m e a n s   any  c o m p r i s e ,   f o r   e x a m p l e ,   t e e t h   or  g a l l - p r o n e  

m a t e r i a l s .  

I t   s h o u l d   a l s o   be  u n d e r s t o o d   t h a t   t he   d r i v e r   m e m b e r  

may  t a k e   many  f o r m s .   I t   i s   p r e f e r r e d ,   h o w e v e r ,   t h a t  

t h e   d r i v e r   member   b e  a   t u b u l a r   d r i v e r   or  a  r i n g   d r i v e r .  

In  t h e   s t e p   of  o v e r d e f o r m i n g   t h e   d r i v e r   member  i t  

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

c a u s e   a t   l e a s t   one  p e r c e n t   of  n o n r e c o v e r a b l e   s t r a i n   i n  

t h e   d r i v e r   m e m b e r .   Of  c o u r s e   t he   n o n r e c o v e r a b l e   s t r a i n  

may  be  much  more  t h a n   one  p e r c e n t   w h i c h   is   u s u a l l y   t h e  

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

p e r c e n t   s t r a i n .  



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

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

t e m p e r a t u r e   a t   w h i c h   m a r t e n s i t e   can  be  s t r e s s - i n d u c e d .  

The  t e m p e r a t u r e   i s   a l s o   known  as  t h e   Md  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   i s   t h a t   when  t h e   m a t e r i a l   has   b e e n  

d e f o r m e d   a t   a  t e r m p e r a t u r e   g r e a t e r   t h a n   Md  t h e   a m o u n d  

of  s t r a i n   r e c o v e r a b l e   upon  s u b s e q u e n t   h e a t i n g   i s  

d r a s t i c a l l y   and  d r a m a t i c a l l y   r e d u c e d .   G e n e r a l l y ,   t h e  

more   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   i s   r a i s e d   a b o v e   Md,  
t h e   g r e a t e r   w i l l   be  t h e   r e d u c t i o n   in  r e c o v e r a b l e  

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

t e m p e r a t u r e   be  b e t w e e n   Ms  and  A s .  

I t   i s   d e s i r a b l e   t h a t   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   has   an  Ms  t e m p e r a t u r e   l e s s   t h a n  

a b o u t   0°C.   H o w e v e r ,   i t   is   p r e f e r r e d   t h a t   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   i s   s t a b l e ,  

d o e s   no t   c o n t a i n   an  R  p h a s e   and  has   an  Ms  t e m p e r a t u r e  

l e s s   t h a n   a b o u t   0°C.   To  t h o s e   s k i l l e d   in  t h e   a r t   t h e   R 

p h a s e   is   known  as  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   t h e  

a u s t e n t i t e   a n d  m a r t e n s i t e   and  has  a  s t r u c t u r e   d i f f e r e n t  

t h a n   e i t h e r .   The  e f f e c t   of  t h e   R  p h a s e   is   to   d e p r e s s  

t h e   a u s t e n i t i c   and  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 s .   A l l o y s   t h a t   a r e   s t a b l e   ( i . e .   e x h i b i t  

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

t h a n   a b o u t   20°C  a f t e r   a n n e a l i n g   and  w a t e r   q u e n c h i n g   a n d  

s u b s e q u e n t   a g i n g   b e t w e e n   300  and  5 0 0 ° C .  

The  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   may  b e  

a  b i n a r y   or  a t   l e a s t   a  t e r n a r y .   In  t h e   c a s e   w h e r e   t h e  

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

c o m p r i s e   n i c k e l / t i t a n i u m   and  a t   l e a s t   one  o t h e r   e l e m e n t  

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



v a n a d i u m ,   a l u m i n u m   and  n i o b i u m .   I t   is   m o s t   p r e f e r r e d  

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

I t   i s   b e l i e v e d   t h a t   t h e   t e a c h i n g   of  t h i s   i n v e n t i o n  

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

t h e   m e t h o d   of  t h e   i n v e n t i o n .   However   i t   s h o u l d   b e  

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

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

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

E m b o d i m e n t s   of  t h e   i n v e n t i o n   a r e   now  d e s c r i b e d ,   b y  

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

e x a m p l e s .  

E x a m p l e   1 

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

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   a  c o m p o s i t i o n   o f  

5 0 . 7   a t o m i c   p e r c e n t   n i c k e l   and  4 9 . 3   a t o m i c   p e r c e n t  

t i t a n i u m .   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   3 3 0  

g r a m s .   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   b e a m  

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   1 0 - 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  u s e   o f  

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   ho 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  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   w e r e   c u t  

f r o m   t h e   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 .   The  s t r i p   was  t h e n  

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 h e   s t r e s s   was  r e m o v e d   a n d  



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  t he   s h a p e   memory   a l l o y .   The  r e c o v e r y   w a s  

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  t h e   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   s a m p l e   w a s  
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 h e  

m e a s u r e m e n t   of  t h e   m a r t e n s i t e   and  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 .   The  r e s u l t s   a r e   t a b u l a t e d   b e l o w   in  T a b l e   1 .  

The  m e a s u r e   As'  m i n u s   Ms  is   v e r y   u s e f u l   s i n c e   Ms  i s  

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

t h e   a l l o y   and  t h e   As'   i s   d i r e c t l y   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   w h i c h   may  be  e n c o u n t e r e d   ( e . g .  

d u r i n g   s t o r i n g   and  s h i p p i n g )   b e f o r e   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   w i l l   e f f e c t i v e l y   b e g i n .   T h u s ,   Ag'  m i n u s  

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

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

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

o p e r a t i n g   r a n g e   of  t h e   a l l o y   a f t e r   t h e   t e m p o r a r y  

e x p a n s i o n   of  t h e   h y s t e r e s i s   has  been   r e c o v e r e d .   As 

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

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

i n v e n t i o n .   T h u s ,   c o m p a r i n g   As'  m i n u s   Ms  to   As  m i n u s   Ms 

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

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

R e f e r r i n g   now  to   T a b l e   1,  As'  m i n u s   Ms  and  As  m i n u s  

Ms  a r e   a b o u t   t h e   same  a t   5%  e l o n g a t i o n ;   h o w e v e r ,   a t   16% 

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

u s e f u l   to   n o t e   t h a t   As'  a f t e r   16%  e l o n g a t i o n   i s   a b o v e  

n o r m a l   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   may  now  b e  

h a n d l e d   a t   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   may  now 

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

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



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

e x p a n s i o n   of  t h e   h y s t e r e s i s   a r e   t h e   M50,  A50,  and  A 5 0 '  
v a l u e s .   T h e s e   a r e   t h e   m a r t e n s i t e   and  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   a t   w h i c h   t h e   t r a n s f o r m a t i o n  

i s   50%  c o m p l e t e .   T h u s ,   r e f e r r i n g   to   T a b l e   1  i t   can  b e  

s e e n   t h a t   t h e   t h e   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 h e   m e a s u r e m e n t   of  t h e   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 .   The  r e s u l t s   a r e   t a b u l a t e d   b e l o w   i n  

T a b l e   1 .  

The  m e a s u r e   As'   m i n u s   Ms  is   v e r y   u s e f u l   s i n c e   Ms  i s  

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

t h e   a l l o y   and  t h e   As'  is   d i r e c t l y   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   w h i c h   may  be  e n c o u n t e r e d   ( e . g .  

d u r i n g   s t o r i n g   and  s h i p p i n g )   b e f o r e   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   w i l l   e f f e c t i v e l y   b e g i n .   T h u s ,   As'  m i n u s  

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

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

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

o p e r a t i n g   r a n g e   of  t h e   a l l o y   a f t e r   t h e   t e m p o r a r y  

e x p a n s i o n   of  t h e   h y s t e r e s i s   has  been   r e c o v e r e d .   As 

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

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

i n v e n t i o n .   T h u s ,   c o m p a r i n g   As'  m i n u s   Ms  to   As  m i n u s   M  

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

h y s t e r e s i s   as  w e l l   as  t h e   a d v a n t a g e s   of  t he   i n v e n t i o n .  

R e f e r r i n g   now  to   T a b l e   1,  As'  m i n u s   Ms  and  As  m i n u s  

Ms  a r e   a b o u t   t h e   same  a t   5%  e l o n g a t i o n ;   h o w e v e r ,   a t   16% 

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

u s e f u l   to   n o t e   t h a t   As'  a f t e r   16%  e l o n g a t i o n   is   a b o v e  

n o r m a l   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   may  now  b e  



h a n d l e d   a t   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   may  n o w  

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

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

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

e x p a n s i o n   of  t h e   h y s t e r e s i s   a r e   t h e   M50,  A50,  and  A 5 0 '  
v a l u e s .   T h e s e   a r e   t h e   m a r t e n s i t e   and  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   a t   w h i c h   t h e   t r a n s f o r m a t i o n  

i s   50%  c o m p l e t e .  

In  r e f e r r i n g   to  T a b l e   1  i t   can  be  s e e n   t h a t   t h e  

d i f f e r e n c e   b e t w e e n   M50  and  A50,  t h e   p e r m a n e n t   w i d t h   o f  

t h e   h y s t e r e s i s ,   is  a b o u t   60°C .   H o w e v e r ,   t h e   w i d t h   o f  

t h e   h y s t e r e s i s   may  be  t e m p o r a r i l y   e n l a r g e d ,   i . e . ,   A 5 0 '  



m i n u s   M50,  f rom  64°C  a t   5%  e l o n g a t i o n   ( a t   w h i c h   t h e r e  

i s   no  n o n r e c o v e r a b l e   s t r a i n )   to   91°C  a t   16%  e l o n g a t i o n  

( a t   w h i c h   t h e r e   is   s u b s t a n t i a l   n o n r e c o v e r a b l e   s t r a i n ) .  

The  M 5 0 ,  A 5 0 ,   and  A50'  v a l u e s   a r e   a l s o   u s e f u l   b e c a u s e  

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

T h e s e   r e s u l t s   a r e   g r a p h i c a l l y   i l l u s t r a t e d   i n  

F i g u r e s   3  and  4.  F i g u r e   3  i l l u s t r a t e s   a  s t r e s s / s t r a i n  

c u r v e   f o r   t h e   b i n a r y   a l l o y   w h i c h   was  s t r a i n e d   to   16%.  

The  l o a d   was  t h e n   r e m o v e d .   W i t h   16%  s t r a i n   t h e r e   is   a  

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

t h e   a l l o y .   N o n r e c o v e r a b l e   s t r a i n   w i l l   o c c u r   when  t h e  

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

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

n u m e r a l   10.   A f t e r   r e m o v a l   of  t h e   s t r e s s ,   t h e   a l l o y   w a s  

h e a t e d .  

In  F i g u r e   4,  c u r v e   12  i l l u s t r a t e s   t h e   h e a t i n g   a f t e r  

t h e   r e m o v a l   of  t h e   s t r e s s .   When  t h e   t r a n s f o r m a t i o n   w a s  

c o m p l e t e ,   t h e   a l l o y   was  c o o l e d   down  as  i l l u s t r a t e d   b y  

c u r v e   14 .   D u r i n g   t h e   c o o l i n g   down  u n d e r   a  s m a l l   l o a d  

t h e   Ms  and  Mf  t e m p e r a t u r e s   w e r e   m e a s u r e d .   The  a l l o y  

was  t h e n   r e h e a t e d   ( c u r v e   16)  to   m e a s u r e   t h e   r e c o v e r e d  

a u s t e n i t e   t r a n s i t i o n   t e m p e r a t u r e s   As  and  A f .  

T h e r e   i s   more   t h a n   one  way  to  l o c a t e   on  a  

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 u r v e   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 .   R e f e r r i n g   a g a i n  

to   F i g u r e   4,  t h e   l i t e r a l   s t a r t i n g   and  e n d i n g   of  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   may  be  i n d i c a t e d ,   f o r   e x a m p l e ,  

by  p o i n t s   18  and  20,  f o r m a t i o n   e f f e c t i v e l y   b e g i n s   a t  

a b o u t   p o i n t   24  ( d e n o t e d   as  A s ' )   and  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   e f f e c t i v e l y   ends   a t   a b o u t   p o i n t   26  

( d e n o t e d   as  A f ' ) .   Thus  i t   can  be  s a i d   t h a t  t h e   b u l k   o f  

t h e   t r a n s f o r m a t i o n   o c c u r s   b e t w e e n   As'  and  A f ' .   T h e  

same  is   t r u e   f o r   t h e   o t h e r   t r a n s f o r m a t i o n s   a s  

i l l u s t r a t e d   by  c u r v e s   14  and  1 6 .  T h e   e f f e c t i v e  

a u s t e n i t e   and  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  

may  be  c o n v e n i e n t l y   d e t e r m i n e d   by  t h e   i n t e r s e c t i o n   o f  

t a n g e n t s   to   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   c u r v e s .   F o r  

e x a m p l e ,   t a n g e n t s   22  on  c u r v e   12  l o c a t e   As'  and  A f ' .  
The  m i d - p o i n t   of  t h e   t r a n s f o r m a t i o n ,   f o r   e x a m p l e   A 5 0 '  

on  c u r v e   12 ,   i s   s i m p l y   v e r t i c a l l y   e q u i d i s t a n t   f rom  t h e  

l i t e r a l   s t a r t i n g  a n d   e n d i n g   p o i n t s ,   f o r   e x a m p l e   18  a n d  

20  on  c u r v e   12 ,   of  t h e   t r a n s f o r m a t i o n .  

W h e n e v e r   t h e   a u s t e n i t e   and  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   a r e   m e n t i o n e d   in  t h i s  

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

t e m p e r a t u r e s   r e f e r   to   t h e   a u s t e n i t e   and  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   d e t e r m i n e d   by  t h e  

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

C u r v e s   14  and  16  r e p r e s e n t   t h e   s h a p e   memory  a l l o y  

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

c u r v e s   12  and  14  r e p r e s e n t   t h e   s h a p e   memory  a l l o y  

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

Thus   i t   can  be  s e e n   t h a t   t he   e l o n g a t i o n   of  t h e   a l l o y  

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

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

In  sum,  t h e   e x p a n s i o n   of  t h e   h y s t e r e s i s   w i l l  

f a c i l i t a t e   t h e   c o n v e n i e n t   h a n d l i n g   and  s h i p p i n g   of  t h e  

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

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



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

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

E x a m p l e   2 

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  

i r o n   w e r e   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   a  

c o m p o s i t i o n   of  47  a t o m i c   p e r c e n t   n i c k e l ,   50  a t o m i c  

p e r c e n t   t i t a n i u m   and  3  a t o m i c   p e r c e n t   i r o n .   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   a l l o y s  

w e r e   m e l t e d   in  an  e l e c t r o n   beam  f u r n a c e   in  t h e   s a m e  

m a n n e r   as  t h e   n i c k e l - t i t a n i u m   b i n a r y .   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   a t   a p p r o x i m a t e l y   8 5 0 ° C .   R o u n d ,  

t e n s i l e   b a r s   ( 1 / 4 "   in  d i a m e t e r )   w e r e   t h e n   m a c h i n e d   f r o m  

t h e   h o t   s w a g e d   i n g o t ,   v a c u u m   a n n e a l e d   a t   850°C  f o r   30  

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

The  t e n s i l e   b a r s   w e r e   t h e n   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 h e   s t r e s s   was  r e m o v e d   and  t h e  b a r s   w e r e  

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

memory  a l l o y   in  t h e   same  m a n n e r   as  t h e   b i n a r y   a l l o y .  

Due  to   t h e   e x t r e m e   low  t e m p e r a t u r e s   i n v o l v e d ,   some  o f  

t h e   v a l u e s   had  to   be  e x t r a p o l a t e d   as  n o t e d .   T h e  

r e s u l t s   a r e   t a b u l a t e d   b e l o w   in  T a b l e   2 .  

The  d i s c r e p a n c y   in  t h e   m a r t e n s i t e   and  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 t w e e n   5  and  16% 

e l o n g a t i o n )   can  be  e x p l a i n e d   in  p a r t   by  t h e  

i n t e r f e r e n c e   of  t h e   R  p h a s e ,   to   be  d i s c u s s e d   in  m o r e  

d e t a i l   l a t e r .  

As  i t   can  be  a p p r e c i a t e d ,   t h e   w i d t h   of  t h e  

h y s t e r e s i s   and  t h e   o p e r a t i n g   r a n g e   have   been   e n l a r g e d  



as  a  r e s u l t   of  t h e   16%  e l o n g a t i o n   of  t h e  a l l o y .   T h e  

i m p o r t   of  t h i s   is   t h a t   a f t e r   e l o n g a t i o n   of  t h e   a l l o y ,  

t h e   a l l o y   no  l o n g e r   has   to  be  s t o r e d   in  l i q u i d   n i t r o g e n  

to   p r e v e n t   i t   f r om  t r a n s f o r m i n g   i n t o   a u s t e n i t e .   S i n c e  

As'   has   been   r a i s e d   to   - 8 8 ° C   o t h e r   f o r m s   of  c o l d  

s t o r a g e   may  now  be  u s e d   to   s t o r e   and  s h i p   t h e  

n i c k e l / t i t a n i u m / i r o n   a l l o y   p r i o r   to  i t s   f i n a l   u s e .   I t  

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

t h e   a l l o y .  



E x a m p l e   3 

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   w e r e   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   a  

c o m p o s i t i o n   of  47  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  9  a t o m i c   p e r c e n t   n i o b i u m .   T h e  

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  

c o m p o s i t i o n   was  m e l t e d   in  an  e l e c t r o n   beam  f u r n a c e   a s  

was  t h e   c a s e   w i t h   t h e   a l l o y s   in  E x a m p l e s   1  and  2.  T h e  

r e s u l t i n g   i n g o t s   we re   ho t   s w a g e d   in  a i r   a t  

a p p r o x i m a t e l y   8 5 0 ° C .   The  r e s u l t i n g   b a r   was  m a c h i n e d  

i n t o   r i n g s   w h i c h   w e r e   v a c u u m   a n n e a l e d   in  8 5 0 ° C   f o r   30  

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

e n l a r g e d ,   u n s t r e s s e d   and  s u b s e q u e n t l y   h e a t e d   so  as  t o  

m e a s u r e   t h e   f r e e   r e c o v e r y   of  t h e   a l l o y .   The  r e s u l t s  

a r e   t a b u l a t e d   b e l o w   in  T a b l e   3 .  



I t   can  be  s e e n   f rom  T a b l e   3  t h a t   t h e   h y s t e r e s i s  

w i d t h   (A50  -M50)  in  t h e   f u l l y   r e c o v e r e d   s t a t e   i s   a b o u t  

55°C  w i t h   As  b e i n g   - 5 6 ° C .   Wi th   t h e   a u s t e n i t e  

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

a l l o y   to   be  c o l d   s t o r e d   in  o r d e r   to   p r e v e n t  

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

H o w e v e r ,   i f   t h e   r i n g   is  now  e n l a r g e d   a b o u t   5%,  t h e   As 

t e m p e r a t u r e   has  been   t e m p o r a r i l y   r a i s e d   to  - 1 4 ° C   w h i c h  

w o u l d   s t i l l   r e q u i r e   c o l d   s t o r a g e .   By  e n l a r g i n g   t h e  

r i n g   12.1%  at   w h i c h   p o i n t   t h e r e   i s   now  s u b s t a n t i a l  

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



i n c r e a s e d   to   27°C.   T h u s ,   a t   t h i s   t e m p e r a t u r e   t he   a l l o y  

may  be  s t o r e d   and  s h i p p e d   a t   room  t e m p e r a t u r e .   No  c o l d  

s t o r a g e   p r o v i s i o n s   a r e   r e q u i r e d .   I t   a l s o   can  be  s e e n  

t h a t   t h e   w i d t h   of  t h e   h y s t e r e s i s   has   now  been   i n c r e a s e d  

to   124°C  f r o m   55°C  and  t h e   o p e r a t i n g   r a n g e   ( A s ' - M s >   h a s  

been   i n c r e a s e d   to   1 1 7 ° C .   By  e n l a r g i n g   t h e   r i n g   1 6 . 2 %  

As  has   now  been   t e m p o r a r i l y   r a i s e d   to   41°C  w i t h   t h e  

w i d t h   of  t h e   h y s t e r e s i s   now  b e i n g   140°  and  t h e  

o p e r a t i n g   r a n g e   now  b e i n g   1 3 1 ° C .  

I t   i s   b e l i e v e d   t h a t   to   h a v e   t h e   m o s t   c o m m e r c i a l l y  

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

w i d t h   of  g r e a t e r   t h a n   a b o u t   125°C   w i t h   a m b i e n t   or  r o o m  

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

so  as  to   a l l o w   a  s u b s t a n t i a l   l e e w a y   on  e i t h e r   s i d e   o f  

room  t e m p e r a t u r e   f o r   t e m p e r a t u r e   e x c u r s i o n s .   S t r i c t l y  

s p e a k i n g ,   i t   w o u l d   be  mos t   p r e f e r r e d   i f   t h e   As'  c o u l d  

be  r a i s e d   to   a b o u t   5 0 ° C .  

The  f i r s t   t h r e e   s a m p l e s   e n l a r g e d   a t   5 . 2 ,   1 2 . 1 ,   a n d  

16 .2%  w e r e   e n l a r g e d   in  l i q u i d   n i t r o g e n   w h i c h   i s  

s u b s t a n t i a l l y   b e l o w   Ms.  I f   t h e   s a m p l e s   w e r e   now 

e n l a r g e d   in  - 9 0 ° C   a l c o h o l ,   w h i c h   i s   a t   t h e   Ms 

t e m p e r a t u r e ,   i t   can  be  s e e n   t h a t   t h e   a u s t e n i t e  

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

v a l u e s   t h a n   when  e n l a r g e d   in  l i q u i d   n i t r o g e n .   By 

c o m p a r i s o n ,   t h e   As'  t e m p e r a t u r e s   h a v e   been   r a i s e d   f r o m  

41  to   5 0 ° C .   W h i l e   t h i s   i n c r e a s e   i s   n o t   of  g r e a t  

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

I t   i s   m o s t   p r e f e r r e d   t h a t   t h e   t e m p e r a t u r e   o f  

d e f o r m a t i o n   be  a b o v e   Ms.  The  i m p o r t a n c e   of  t h i s  

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



d e f o r m e d   a t   - 7 0 ° C   ( c o m p a r e d   to  an  Mg  of  - 9 0 ° C ) .   I t   c a n  
be  s e e n   t h a t   A s ' ,   and  A 5 0 ' - M 5 0   and  A s ' - M s   h a v e   a l l  

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

The  n e x t   s a m p l e   was  e n l a r g e d   a t   0°C.   W h i l e   i t   c a n  
be  s e e n   t h a t   t h e   h y s t e r e s i s   has   b e e n   e x p a n d e d ,   t h e  

e f f e c t   of  t h e   e x p a n s i o n   of  t h e   h y s t e r e s i s   has   n o t   b e e n  

as  g r e a t   as  when  i t   was  e n l a r g e d   in  - 9 0 ° C   a l c o h o l   o r  
- 7 0 ° C   a l c o h o l   s i n c e   As'  has  o n l y   b e e n   r a i s e d   to   3 4 ° C .  

The  p r e v i o u s l y   s t a t e d   r e s u l t s   h a v e   been   o b t a i n e d   b y  

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

a l l o y   so  a s  t o   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 ,   r e m o v i n g  

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

l e s s   t h a n   A s ' .  

The  p r o c e s s   may  be  v a r i e d   s o m e w h a t   so  as  to   g i v e  

e q u a l l y   d r a m a t i c   r e s u l t s .   Thus  a  s a m p l e   may  b e  

o v e r d e f o r m e d   a t   low  t e m p e r a t u r e s   s u c h   as  - 9 0 ° C   i n  

a l c o h o l   t o   s t a b i l i z e   t h e   m a r t e n s i t e   a t   or  n e a r   r o o m  

t e m p e r a t u r e .   When  t h e   s t r e s s   i s   r e m o v e d   t h e r e   w i l l   b e  

an  e l a s t i c   s p r i n g b a c k   of  a b o u t   4%.  Now  i f   t h e   a l l o y   i s  

r e d e f o r m e d   a t   20°C  to  t h e   same  a m o u n t   o f  

o v e r d e f o r m a t i o n ,   1 6 . 2 % ,   and  t h e   s t r e s s   r e m o v e d ,   i t   c a n  

be  s e e n   in  t h e   l a s t   c o l u m n   of  T a b l e   3  t h a t   t h e  

a u s t e n i t e   t r a n s i t i o n   t e m p e r a t u r e s   h a v e   been   r a i s e d   t o  

even   h i g h e r   v a l u e s   when  c o m p a r e d   to   a  s i n g l e   e x p a n s i o n  

in  - 9 0 ° C   a l c o h o l .   T h u s ,   As'  has   b e e n   moved  f rom  5 0 ° C  

to   55°C .   A g a i n ,   w h i l e   t h i s   i n c r e a s e   in  As'  may  a p p e a r  
to   be  a  s m a l l   a m o u n t   of  t e m p e r a t u r e   i n c r e a s e   i t   i s  

n e v e r t h e l e s s   of  g r e a t   i m p o r t a n c e .   One  e a s y   way  t o  

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

m a n d r e l   and  t h e n   l e t   t h e   r i n g   and  m a n d r e l   warm  to  r o o m  

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



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

p r e f e r r e d   a l l o y s   due  to   t h e i r   r e a d y   s u s c e p t i b i l i t y   t o  

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   a s  

i l l u s t r a t e d   a b o v e .   Of  a l l   t h e   t e r n a r y   n i o b i u m   a l l o y s ,  
t h o s e   t h a t   a r e   s t a b l e ,   h a v e   an  Ms  g r e a t e r   t h a n   0°C  a n d  

do  n o t   h a v e   an  R  p h a s e   a r e   t h e   mos t   p r e f e r r e d .   The  R 

p h a s e ,   as  f u r t h e r   d i s c u s s e d   b e l o w ,   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 .   S i n c e   t h e   R 

p h a s e   i s   n o t   p r e s e n t ,   t h e r e   is   s u b s t a n t i a l   u n i f o r m i t y  

in  t h e   m a r t e n s i t e   and  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   f rom  s a m p l e   to   s a m p l e .   A l l o y s   t h a t   a r e  

s t a b l e   ( i . e . ,   e x h i b i t   t e m p e r   s t a b i l i t y )   h a v e   an  Ms  t h a t  

d o e s   n o t   c h a n g e   more   t h a n   a b o u t   20°C  a f t e r   a n n e a l i n g  

and  w a t e r   q u e n c h i n g   and  s u b s e q u e n t   a g i n g   b e t w e e n   3 0 0  

and  5 0 0 " C .  

E x a m p l e s   4,  5,  and  6 

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  

a m o u n t s   of  v a n a d i u m ,   c o b a l t ,   and  a l u m i n u m   w e r e   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   c o m p o s i t i o n s   o f :   46  

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

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

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

and  50  a t o m i c   p e r c e n t   n i c k e l ,   4 8 . 5   a t o m i c   p e r c e n t  

t i t a n i u m ,   and  1 .5   a t o m i c   p e r c e n t   a l u m i n u m .   Each  of  t h e  

c o m p o s i t i o n s   was  m e l t e d   and  0 . 0 2 5 - i n . - t h i c k   s t r i p s  

p r e p a r e d   in  t h e   same  way  as  t h a t   p r e v i o u s l y   s t a t e d   w i t h  

r e s p e c t   to   t h e   b i n a r y .  

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



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

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

m a r t e n s i t e   and  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  

w e r e   m e a s u r e d   w i t h   a  l o a d   of  20  k s i   and  t h e n  

e x t r a p o l a t e d   to   0  k s i .   The  r e s u l t s   a r e   t a b u l a t e d   b e l o w  

in  T a b l e s   4,  5,  and  6 .  

R e f e r r i n g   to   T a b l e   4,   t h e   l a r g e   d i s c r e p a n c y   b e t w e e n  

t h e   m a r t e n s i t e   and  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   a t   5  and  16%,  r e s p e c t i v e l y ,   i s   b e l i e v e d  

due   to   t h e   i n t e r f e r e n c e   of  t h e   R - p h a s e .   R e f e r r i n g   t o  

F i g u r e   5,  t h e   p r e s e n c e   of  t h e   R  p h a s e   28  is   m o s t  

n o t i c e a b l e   on  t h e   a u s t e n i t e   l e g   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   f o r   t h e   a l l o y   d e f o r m e d   5%.  As  s t a t e d  

p r e v i o u s l y   t h e   R  p h a s e   i s   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  

t h e   a u s t e n i t e   and  m a r t e n s i t e   and  has  a  s t r u c t u r e  

d i f f e r e n t   t h a n   e i t h e r .   The  e f f e c t   of  t h e   R  p h a s e   is  t o  

d e p r e s s   t h e   a u s t e n i t e   and  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 .   F i g u r e   6  i l l u s t r a t e s   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   c u r v e   f o r   t h e   same  a l l o y ,   b u t   a f t e r  

r e c o v e r i n g   f r o m   16%  d e f o r m a t i o n .   The  R  p h a s e   i s  

n o t i c e a b l y   a b s e n t .   The  a u s t e n i t e   and  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   in  F i g u r e   6  a r e   a l s o  

n o t i c e a b l y   h i g h e r .  

R e f e r r i n g   a g a i n   to   T a b l e   4,  i t   can  be  s e e n   t h a t   a  

5%  d e f o r m a t i o n   has   l i t t l e   e f f e c t   on  t h e   e x p a n s i o n   o f  

t h e   h y s t e r e s i s .   T h u s ,   As'  m i n u s   Ms  and  As  m i n u s   Ms  a r e  

s u b s t a n t i a l l y   t h e   s a m e .   T h i s   is   n o t   t h e   c a s e   a f t e r   16% 

d e f o r m a t i o n   w h e r e i n   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 a s  

b e e n   n o t i c e a b l y   e n l a r g e d .  

The  r e s u l t s   in  T a b l e   5  a r e   s i m i l a r   to  t h o s e   i n  

T a b l e   4  in  t h a t   a  5%  d e f o r m a t i o n   (no  n o n r e c o v e r a b l e  

s t r a i n )   had  l i t t l e   e f f e c t   on  t h e   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   w h e r e a s   a  16%  d e f o r m a t i o n  

( s u b s t a n t i a l   n o n r e c o v e r a b l e   s t r a i n )   had  a  m a r k e d   e f f e c t  

on  t h e   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 .  

The  c h a n g e   in  t h e   r e c o v e r e d   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 t w e e n   t h e   5% 

and  16%  d e f o r m a t i o n s   i s   a g a i n   b e l i e v e d   due  to   t h e  

i n t e r f e r e n c e   of  t h e   R  p h a s e   in  t h e   s a m p l e   d e f o r m e d   5%. 





R e f e r r i n g   now  to   E x a m p l e   6  and  T a b l e   6,  t h e   s a m p l e  
d e f o r m e d   16%,  and  t h u s   h a v i n g   s u b s t a n t i a l  

n o n r e c o v e r a b l e   s t r a i n ,   shows  a  m a r k e d   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   (as   in  t h e   p r e v i o u s   t w o  

e x a m p l e s )   w h e r e a s   t h e   s a m p l e   d e f o r m e d   at   5%  s h o w s  

e s s e n t i a l l y   no  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 .  

A g a i n ,   t h e   i n t e r f e r e n c e   of  t h e   R  p h a s e   h a s  

m a n i f e s t e d   i t s e l f   by  d e p r e s s i n g   t h e   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   in  t h e   s a m p l e  

d e f o r m e d   5%. 



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

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

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

be  d e f o r m e d  a n d   t h e n , s t o r e d   a t   r o o m  t e m p e r a t u r e .   T h e  

p r e s e n t   i n v e n t i o n   has  s o l v e d   a l l   t h e   p r o b l e m s   of  t h e  

p r i o r   a r t   and  has   now  r e s u l t e d   in  an  a l l o y   and  a r t i c l e  

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

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

room  t e m p e r a t u r e   or  a t   l e a s t   can  be  d e f o r m e d   in  c o l d  

t e m p e r a t u r e s   b u t   can   be  s t o r e d   and  s h i p p e d   a t   r o o m  

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

p r o c e d u r e s .  

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

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

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

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

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

as  w e l l ,   as  i l l u s t r a t e d   in  t h e   a b o v e   e x a m p l e s .  

I t   can  a l s o   be  a p p r e c i a t e d   t h a t   t h e   e x p a n s i o n   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   w i l l   be  more   d r a m a t i c   i n  

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

a p p a r e n t   when  c o m p a r i n g   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  

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

t e r n a r y   a l l o y .  

E x a m p l e   7 

A  c y l i n d r i c a l   d r i v e r   member   was  made  f r o m   an  a l l o y  

h a v i n g   t h e   c o m p o s i t i o n   of  47  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   i t a n i u m   and  9  a t o m i c   p e r c e n t   n i o b i u m .  



The  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 ,   in  g e n e r a l ,   a r e   t h e  

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

o u r   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   No.  6 6 8 , 7 7 7   f i l e d  

N o v e m b e r   6,  1 9 8 4 ,   e n t i t l e d   " N i c k e l / T i t a n i u m / N i o b i u m  

S h a p e   Memory  A l l o y   and  A r t i c l e " ,   t h e   d i s c l o s u r e   o f  

w h i c h   i s   i n c o r p o r a t e d   by  r e f e r e n c e   h e r e i n .  

The  d r i v e r   was  m e l t e d   and  p r o c e s s e d   as  n o t e d   in  o u r  

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

m a c h i n e d   i n s t e a d   of  a  r i n g .   The  d r i v e r   was  m a c h i n e d   t o  

h a v e   an  i n s i d e   d i a m e t e r   of  .847  i n c h e s ,   an  o u t s i d e  

d i a m e t e r   of  1 . 3 1 3   i n c h e s   and  a  l e n g t h   of  2 . 1 2   i n c h e s .  

A  c y l i n d r i c a l   i n s e r t   was  t h e n   made  to   be  e v e n t u a l l y  

j o i n e d   w i t h   t h e   d r i v e r   so  as  to   fo rm  a  c o m p o s i t e  

c o u p l i n g .   The  i n s e r t   was  m a c h i n e d   f rom  316  s t a i n l e s s  

s t e e l   so  as  to   h a v e   an  i n s i d e   d i a m e t e r   of  .850  i n c h e s ,  

an  o u t s i d e   d i a m e t e r   of  .970  i n c h e s   and  a  l e n g t h   of  2 . 1 2  

i n c h e s .   I t   is   n o t   n e c e s s a r y   to   t h e   i n v e n t i o n   t h a t   t h e  

i n s e r t   be  made  f r o m   s t a i n l e s s   s t e e l .   I t   is   o n l y  

n e c e s s a r y   t h a t   t h e   i n s e r t   be  made  f rom  a  m a t e r i a l   t h a t  

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

d r i v e r   upon   f u l l   r e c o v e r y   t h e r e o f .  

W i t h   t h e   p a r t i c u l a r   a l l o y   u t i l i z e d ,   t h e   Ms 

t e m p e r a t u r e   was  - 9 0 ° C ,   t h e   As  t e m p e r a t u r e   was  - 5 6 ° C   a n d  

t h e   Md  t e m p e r a t u r e   was  - 1 0 ° C .   A l t h o u g h   n o t   a c t u a l l y  

m e a s u r e d ,   s u c h   an  a l l o y   e x p a n d e d   a b o u t   16%  a t   - 5 0 ° C  

w o u l d   be  e x p e c t e d   to   h a v e   a  t r u e   As'  of  - 5 2 ° C   and  a n  

As '   of  + 5 2 ° C .   T h u s ,   i m m e d i a t e l y   a f t e r   e x p a n s i o n ,   t h e  

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

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

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 f t e r   e x p a n s i o n ,   t h e   d r i v e r   was  r e m o v e d   f rom  t h e  

c o l d   f l u i d   and  p l a c e d   on  a  work  b e n c h .   The  i n s e r t   w a s  

t h e n   s l i p p e d   i n t o   t h e   d r i v e r .   T h e r e a f t e r ,   t h e   d r i v e r  

and   i n s e r t   w e r e   a l l o w e d  t o   warm  to  room  t e m p e r a t u r e ,  
w h i c h   i t   is  n o t e d   is   s u b s t a n t i a l l y   b e l o w   A s ' .   I t   w a s  
f o u n d   t h a t   t h e   d r i v e r   and  i n s e r t   we re   s n u g l y   e n g a g e d  
and  c o u l d   o n l y   be  moved  r e l a t i v e   to  e a c h   o t h e r   w i t h  

g r e a t   d i f f i c u l t y . .   I t   s h o u l d   be  n o t e d  t h a t   w h i l e - t h e  

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

c r u s h i n g   of  t h e   i n s e r t .  

The  d r i v e r ,   p r e p a r e d   as  d e s c r i b e d   a b o v e ,   w o u l d   b e  

e x p e c t e d   to   h a v e   a b o u t   8%  r e c o v e r a b l e   s t r a i n .   A b o u t   1% 

of   t h a t   r e c o v e r a b l e   s t r a i n   was  u t i l i z e d   in  t h e  

p r e a s s e m b l i n g   of  t h e   d r i v e r   and  i n s e r t .   T h u s ,   a b o u t   7% 

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

t h e   s u b s t r a t e s .  

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

r e a d y   f o r   s t o r a g e   or  u s e .  

E x a m p l e   8 

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   w e r e   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   a  

c o m p o s i t i o n   of  47  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  9  a t o m i c   p e r c e n t   n i o b i u m .   T h e  

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   we re   p l a c e d   in  w a t e r - c o o l e d ,   c o p p e r   h e a r t h   i n  

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   1 0 - s   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  u s e   of  t h e   e l e c t r o n   beam.   T h e  

r e s u l t i n g   i n g o t s   w e r e   ho t   s w a g e d   in  a i r   a t  



a p p r o x i m a t e l y   8 5 0 ° C .   The  r e s u l t i n g   ba r   was  m a c h i n e d  

i n t o   r i n g s   w h i c h   w e r e   v a c u u m   a n n e a l e d   in  850°C  f o r   30  

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

e n l a r g e d ,   u n s t r e s s e d   and  s u b s e q u e n t l y   h e a t e d   so  as  t o  

m e a s u r e   t h e   f r e e   r e c o v e r y   of  t h e   a l l o y .   The  r e s u l t s  

a r e   t a b u l a t e d   b e l o w   in  T a b l e   7 .  

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

t h e   d a t e   is   n e v e r t h e l e s s   i n d i c a t i v e   of  how  t h e   m a t e r i a l  

w o u l d   p e r f o r m   as  a  d r i v e r .   In  e a c h   c a s e ,   t h e r e   is  a  

s u b s t a n t i a l   d i f f e r e n c e   b e t w e e n   t r u e   As'  and  A s '  

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

of  t h e   i n v e n t i o n .   The  t r u e   As'  f o r   t h e   s a m p l e   e x p a n d e d  

a t   - 7 0 ° C   i s  b e l i e v e d   to   be  an  a n o m a l y   in  t h a t   t h e  

s a m p l e   may  h a v e   i n a d v e r t e n t l y   wa rmed   to  n e a r   r o o m  

t e m p e r a t u r e   p r i o r   to   t h e   a c t u a l   m e a s u r e m e n t   of  t r u e   A s '  

and  A s '  .  

I t   i s   p r e f e r r e d   t h a t   t h e   m a t e r i a l   be  e x p a n d e d   a t  

t e m p e r a t u r e s   no  h i g h e r   t h a n   Md  ( - 1 0 ° C   in  T a b l e   1)  s i n c e  

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

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

o b t a i n a b l e .   H o w e v e r ,   e x p a n s i o n   a t   t e m p e r a t u r e s   h i g h e r  



t h a n   Md  d o e s   n o t   a p p e a r   to   a f f e c t   t h e   d i f f e r e n c e  

b e t w e e n   t r u e   As'  and  A s ' .  

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

b e t w e e n   As  and  Ms.  T h i s   i s   b e c a u s e   a t   t e m p e r a t u r e s  

h i g h e r   t h a n   As  or  l o w e r   t h a n   Ms,  e l a s t i c   s p r i n g b a c k   o f  

t h e   m a t e r i a l   may  be  i n c r e a s e d .   A d d i t i o n a l l y ,   t h e  

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

b e t w e e n   As  and  M s .  

E x a m p l e s   9  to   1 3  

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

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   a  c o m p o s i t i o n   o f  

5 0 . 7   a t o m i c   p e r c e n t   n i c k e l   and  4 9 . 3   a t o m i c   p e r c e n t  

t i t a n i u m .   A d d i t i o n a l l y ,   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  a m o u n t s   of  v a n a d i u m ,   c o b a l t ,  

a l u m i n u m   and  i r o n   w e r e   w e i g h e d   in  p r o p o r t i o n s   so  as  t o  

g i v e   c o m p o s i t i o n s   o f :   46  a t o m i c   p e r c e n t   n i c k e l ,   49  

a t o m i c   p e r c e n t   t i t a n i u m   and  5  a t o m i c   p e r c e n t   v a n a d i u m ;  

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

and  2  a t o m i c   p e r c e n t   c o b a l t ;   50  a t o m i c   p e r c e n t   n i c k e l ,  

4 8 . 5   a t o m i c   p e r c e n t   t i t a n i u m   and  1 . 5   a t o m i c   p e r c e n t  

a l u m i n u m ;   and  47  a t o m i c   p e r c e n t   n i c k e l ,   50  a t o m i c  

p e r c e n t   t i t a n i u m   and  3  p e r c e n t   i r o n .  

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 .   The  c h a m b e r   was  e v a c u a t e d   to   1 0 - 5   T o r r   a n d  

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  u s e   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 r o n - c o n t a i n i n g   i n g o t s   we re   h o t  

s w a g e d   a t   a p p r o x i m a t e l y   8 5 0 ° C .   R o u n d ,   t e n s i l e   b a r s   ( 1 "  



in  d i a m e t e r )   w e r e   t h e n   m a c h i n e d   f rom  t h e   h o t   s w a g e d  

i n g o t ,   v a c u u m   a n n e a l e d   a t   850°C  f o r   30  m i n u t e s ,   a n d  

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

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 h e   s t r e s s   was  r e m o v e d  

and  t h e   b a r s   w e r e   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  t he   s h a p e   memory   a l l o y .   The  r e c o v e r y   w a s  

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  t h e   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   s a m p l e   w a s  
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 h e  

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

f r o m   t h e   s t r i p ,   d e s c a l e d   and  v a c u u m   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 .   The  s t i p   was  t h e n  

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 h e   s t r e s s   was  r e m o v e d  

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   w h i c h   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  t h e   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   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  t o  

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

a u s t e n 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 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 .   In  t h e   c a s e   of  t h e   c o b a l t   a l l o y ,  

t h e   m a r t e n s i t i c   and  a u s t e n 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 s   w e r e   m e a s u r e d   w i t h   a  l o a d   of  20  k s i   a n d  

t h e n   e x t r a p o l a t e d   to   0  k s i .   The  r e s u l t s   a r e   t a b u l a t e d  

b e l o w   in  T a b l e s   9  to   1 2 .  





As  s t a t e d   e a r l i e r   i t   is   b e l i e v e d   t h a t   t h e   a b o v e  

d a t a   w h i l e   n o t   d e r i v e d   f rom  d r i v e r s   p e r   se  i s  

n e v e r t h e l e s s   i n d i c a t i v e   of  how  e a c h   of  t h e s e   m a t e r i a l s  

w i l l   p e r f o r m   as  a  d r i v e r .   T h u s ,   f o r   e a c h   of  t h e s e  

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

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

As'   and  As'  so  t h a t   t h e s e   m a t e r i a l s   a r e   s u i t a b l e   t o  

a c h i e v e   t h e   o b j e c t s   of  t h e   i n v e n t i o n .  

F i n a l l y ,   i t   can  be  a p p r e c a t e d   t h a t   w h i l e   t h e  

s a m p l e s   in  t h e   a b o v e   e x a m p l e s   w e r e   d e f o r m e d   b y  

a p p l i c a t i o n   of  a  t e n s i l e   s t r e s s ,   t h e   o b j e c t s   of  t h e  

i n v e n t i o n   can  be  f u l l y   a c h i e v e d   by  a p p l i c a t i o n   of  a  

c o m p r e s s i v e   s t r e s s .  



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   p r o v i d e s   a  
n u m b e r   of  m e t h o d s .   A r t i c l e s   by  any  o n e ,   or  a n y  
c o m b i n a t i o n   of  t h o s e   m e t h o d s   a l s o   fo rm  p a r t   of  t h e  
p r e s e n t   i n v e n t i o n .   P a r t i c u l a r l y   p r e f e r r e d   a r t i c l e s  
i n c l u d e   c o u p l i n g s .  



1.  A  m e t h o d   of  p r o c e s s i n g   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   h a v i n g   a  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   by  Ms,  Mf,  As,  and  Af  t e m p e r a t u r e s ,   t h e   m e t h o d  

c o m p r i s i n g :  

t e m p o r a r i l y   e x p a n d i n g   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  

by  e l e v a t i n g   t h e   As  and  Af  t e m p e r a t u r e s   to  As'  a n d  

A f ' ,   r e s p e c t i v e l y ,   so  t h a t   t h e   t e m p e r a t u r e  

d i f f e r e n c e   b e t w e e n   As'  and  Ms  i s   g r e a t e r   t h a n   t h e  

t e m p e r a t u r e   d i f f e r e n c e   b e t w e e n   As  and  Ms;  a n d  

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

A s ' .  

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

e x p a n d i n g   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   c o m p r i s e s  

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

to   c a u s e   n o n r e c o v e r a b l e   s t r a i n   in  t h e   a l l o y .  

3.  A  m e t h o d   of  p r o c e s s i n g   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   h a v i n g   a  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   by  Ms,  Mf,  As,  and  Af  t e m p e r a t u r e s ,   t h e   m e t h o d  

c o m p r i s i n g :  

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

s u f f i c i e n t   to  c a u s e   n o n r e c o v e r a b l e   s t r a i n   in  t h e  

a l l o y   w h e r e i n   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 s  

t e m p o r a r i l y   e x p a n d e d   by  e l e v a t i n g   t h e   As  and  Af  

t e m p e r a t u r e s   to  As'  and  A f ' ,   r e s p e c t i v e l y ,   so  t h a t  

t h e   t e m p e r a t u r e   d i f f e r e n c e   b e t w e e n   As'  and  Ms  i s  



g r e a t e r   t h a n   t h e   t e m p e r a t u r e   d i f f e r e n c e   b e t w e e n   As  
and   M s .  

4.  A  m e t h o d   of  C l a i m   3  f u r t h e r   c o m p r i s i n g   t h e   s t e p   o f  

s t o r i n g   t h e   a l l o y   a t   a  t e m p e r a t u r e   l e s s   t h a n   a b o u t   A s ' .  

5.  A  m e t h o d   a c c o r d i n g   to   C l a i m   2,  3  or  4,  f u r t h e r  

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

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

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

and  a t   l e a s t   one  m e t a l l i c   i n s e r t ,   t h e   d r i v e r   m e m b e r  

made  f r o m   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  

h a v i n g   a  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   by  M s ,  

Mf,  As,   and  Af  t e m p e r a t u r e s ,   t h e   m e t h o d   c o m p r i s i n g :  

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

s u f f i c i e n t   to   c a u s e   n o n r e c o v e r a b l e   s t r a i n   in  t h e  

d r i v e r   member   so  t h a t   t h e   As  and  Af  t e m p e r a t u r e s  

a r e   t e m p o r a r i l y   r a i s e d   to  As'  and  A f ' ,  

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

d r i v e r   member   and  i n s e r t ;   and  w a r m i n g   t h e   d r i v e r  

member   and  i n s e r t   to   a  t e m p e r a t u r e   l e s s   t h a n   A s ' .  

7.  A  m e t h o d   a c c o r d i n g   to   any  p r e c e d i n g   C l a i m   w h e r e i n  

in  o v e r d e f o r m i n g   t h e   a l l o y   or  t h e   d r i v e r   m e m b e r ,   a  

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

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

8.  A  m e t h o d   a c c o r d i n g   to  any  p r e c e d i n g   C l a i m   w h e r e i n  

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

t h a t   i s   l e s s   t h a n   a b o u t   t h e   maximum  t e m p e r a t u r e   a t  

w h i c h   m a r t e n s i t e   can   be  s t r e s s   i n d u c e d ,   a n d / o r  



(b)  a t   a  t e m p e r a t u r e   t h a t   is   g r e a t e r   t h a n   Ms,  a n d  

i s   p r e f e r a b l y   a t   a  t e m p e r a t u r e   b e t w e e n   Ms  and  A s .  

9.  A  m e t h o d   a c c o r d i n g   to  any  p r e c e d i n g   C l a i m   w h e r e i n  

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

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

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

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

10.   A  m e t h o d   a c c o r d i n g   to  C l a i m   5,  or  any  C l a i m  

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

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

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

s t r e s s   s u f f i c i e n t   to   c a u s e   n o n r e c o v e r a b l e   s t r a i n   in  t h e  

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

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

t e m p e r a t u r e ,   and  is   p r e f e r a b l y   room  t e m p e r a t u r e .  

11.   A  m e t h o d   a c c o r d i n g   to  any  p r e c e d i n g   C l a i m ,   f u r t h e r  

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

t e m p e r a t u r e   g r e a t e r   t h a n   a b o u t   As'  p r e f e r a b l y   g r e a t e r  

t h a n   a b o u t   A f ' ,   so  as  to  e f f e c t   a t   l e a s t   p a r t i a l  

r e c o v e r y   of  t h e   a l l o y .  

12.   A  m e t h o d   a c c o r d i n g   to  any  p r e c e d i n g   C l a i m ,   w h e r e i n  

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   has   an  Ms 

l e s s   t h a n   a b o u t   0 ° C .  

13.   A  m e t h o d   a c c o r d i n g   to  any  p r e c e d i n g   C l a i m ,   w h e r e i n  

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   is   s t a b l e ,  

d o e s   n o t   c o n t a i n   an  R  p h a s e .  



14.   A  m e t h o d   a c c o r d i n g   to  any  p r e c e d i n g   C l a i m ,   w h e r e i n  

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   i s   (a)   a  

b i n a r y   a l l o y ,   or  (b)  a t   l e a s t   a  t e r n a r y   a l l o y ,  

p r e f e r a b l y   a  t e r n a r y   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   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  n i c k e l ,   t i t a n i u m   a t  

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

c o n s i s t i n g   of  i r o n ,   c o b a l t ,   v a n a d i u m ,   a l u m i n u m ,   a n d  

n i o b i u m .  
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