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It i s s h o w n that t h e s t r u c t u r e h o m o g e n e i t y r a n g e o f t h e B2 T i N i c o m p o u n d i s v e r y r e s t r i c t e d
b e l o w 5 0 0 ° C . A n e w p h a s e , c o n t a i n i n g 58 a t . p c t N i a n d s t r u c t u r a l l y r e l a t e d to N i 3 T i , f o r m s
p e r i t e c t o i d a l l y a t 625 ° + 2 0 ° C . The p r e c i p i t a t i o n in n i c k e l - r i c h T i N i i s v e r y s l o w , a n d a
m e t a s t a b l e , s u p e r s a t u r a t e d B2 s t r u c t u r e c a n be r e a d i l y r e t a i n e d . A t equ i l i b r ium t h e m a r -
tensitic transformation t a k e s place at -60°C, independent of the overall composition.
Q u e n c h i n g f r o m 600°C and a b o v e raises the transition t e m p e r a t u r e in titanium-rich, and
l o w e r s it m a r k e d l y in nickel-rich compositions. T h e resulting martensite structure in the
latter is also believed to c h a n g e with increasing the prior anneal temperature. T h e o b s e r -
vations reported previously on the transformation behavior must be considered as obtained
on nonequilibrium, metastable materials,which m a y account for the discrepancies in the ob-
s e r v e d property variation. C l o s e control of the processing variables is n e c e s s a r y to e n s u r e
reproducibility, particularly if nonequllibrium transformation behavior is desired.

T H E r e m a r k a b l e b e h a v i o r of t h e i n t e r m e t a l l i c c o m -
p o u n d T i N i was f i r s t r e p o r t e d by B u e h l e r a n d W i l e y . 1 ' 2
T h e y f o u n d it t o be d u c t i l e a n d i m p a c t r e s i s t a n t ; to e x -
h i b i t u n i q u e d a m p i n g p r o p e r t i e s ; a n d to be q u e n c h - h a r d -
e n a b l e a t s o m e c o m p o s i t i o n s . T h e " m e c h a n i c a l m e m -
o r y " e f f e c t w a s r e p o r t e d by B u e h l e r ,3 w h o o b s e r v e d
that s p e c i m e n s d e f o r m e d a t r o o m t e m p e r a t u r e t e n d p a r -
t i a l l y to r e c o v e r t h e i r o r i g i n a l s h a p e o n f i r s t h e a t i n g to
m o d e r a t e (~100°C) t e m p e r a t u r e s . A l l t h e s e a n o m a l i e s
w e r e i n i t i a l l y r a t i o n a l i z e d in t e r m s o f the d e c o m p o s i -
t i o n of T i N i to T i 2 N i a n d T i N i s , in a g r e e m e n t w i t h t h e
equ i l i b r ium d i a g r a m s p r o p o s e d e a r l i e r .4 ' s X - r a y d i f -
f r a c t i o n d a t a i n t e r p r e t e d a s c o n f i r m i n g t h i s v i e w w e r e
p r e s e n t e d . 6 F u r t h e r m o r e , t h e d e c o m p o s i t i o n o f t h e
" m e t a s t a b l e " T i N i s t r u c t u r e a t a p p r o x i m a t e l y 50°C
w a s s t a t e d to be s t r e s s - s e n s i t i v e , o n e o r the o t h e r o f
o f t h e a b o v e c o m p o u n d s b e i n g p r e d o m i n a n t l y f o r m e d
d e p e n d i n g o n w h e t h e r t h e a p p l i e d s t r e s s w a s t e n s i l e o r
c o m p r e s s i v e .3

T h e e x i s t e n c e o f a d i f f u s i o n l e s s t r a n s f o r m a t i o n in
T i N i w a s f i r s t s u g g e s t e d by P u r d y a n d P a r r . 7 S u b s e -
q u e n t i n v e s t i g a t i o n s s-18 h a v e n o w e s t a b l i s h e d b e y o n d
d o u b t that the s t r u c t u r e t r a n s i t i o n o c c u r r i n g in t h e v i -
c i n i t y o f r o o m t e m p e r a t u r e i s m a r t e n s i t i c a n d c a n n o t
i n v o l v e d i f f u s i o n . A wide d i s a g r e e m e n t , h o w e v e r , e x i s t s
b e t w e e n t h e o b s e r v a t i o n s r e p o r t e d by d i f f e r e n t i n v e s t i -
g a t o r s on t h e t r a n s f o r m a t i o n b e h a v i o r . T h i s i s i l l u s -
t r a t e d by t h e d i f f e r e n t e f f e c t s o f t h e c o m p o s i t i o n o n
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 r e p o r t e d , F i g . 1 . I t i s ob -
v i o u s , therefore, that factors other than composition
must also be significant in affecting the transformation
behavior, and p r e s u m a b l y also the related properties
of the c o m p o u n d .

I n a s m u c h as the utilization of TiNi is likely to d e p e n d
largely on reliable property reproducibility, it is e s s e n -
tial that the factors affecting the properties be suitably
controlled. It is reasonable to a s s u m e that most of the
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p r o p e r t i e s o f i n t e r e s t - a n d in p a r t i c u l a r t h e m e m o r y
b e h a v i o r - a r e d i r e c t l y r e l a t e d t o t h e m a r t e n s i t i c t r a n s -
f o r m a t i o n . The s t u d y o f t h e f a c t o r s a f f e c t i n g t h i s t r a n s -
f o r m a t i o n i s , t h e r e f o r e , o f both b a s i c a n d a p p l i e d i n t e r -
e s t .

W e s h a l l d i s c u s s h e r e t h e e f f e c t s o f t h e c o m p o s i t i o n
a n d of t h e p r i o r h e a t t r e a t m e n t on the 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 b e h a v i o r . It wi l l be s h o w n that in
n i c k e l - r i c h c o m p o s i t i o n s t h e equ i l i b r ium c o n d i t i o n s a r e
d i f f i c u l t to a t t a i n . The u s u a l p r e p a r a t i o n o f T i N i s p e c i -
m e n s r e s u l t s in n o n e q u i l i b r i u m m a t e r i a l , w i t h c o n s e -
q u e n t p r o p e r t y v a r i a t i o n . A t equ i l i b r ium the s t r u c t u r e
h o m o g e n e i t y r a n g e o f T i N i b e l o w 550°C is v e r y n a r r o w
a n d i t s m a r t e n s 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 e s s e n t i a l l y
i n d e p e n d e n t o f c o m p o s i t i o n . It i s p o s s i b l e that b o t h 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 a n d i t s r a n g e m a y be v a r -
i e d within quite wide limits by controlling the extent of
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F i g . 1--The variation of the martensitic transformation tem-
Derature with composition r e p o r t e d for TiNi, R e f s . 11 , 13 ,
and 17 .
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t h e d e v i a t i o n f r o m equ i l i b r ium c o n d i t i o n s in t h e s e m a -
t e r i a l s .

E X P E R I M E N T A L M A T E R I A L S

S o m e t w e n t y c o m p o s i t i o n s b e t w e e n 47 a n d 53 p c t N i *

*At. pct Niused throughout.

a n d t h r e e h i g h - n i c k e l ( 5 5 . 0 , 5 7 . 0 , a n d 60 pc t ) c o m p o s i -
t i o n s w e r e p r e p a r e d by m u l t i p l e n o n c o n s u m a b l e a r c
m e l t i n g o f iod ide t i t a n i u m , a n d o f I n c o 270 n i c k e l r o d
w h i c h h a d b e e n p r e m e l t e d in h y d r o g e n . T h e c o m p o s i -
t i o n s c o n t a i n i n g 48 to 52 p c t N i w e r e s u b s e q u e n t l y

1
f o r g e d a n d r o l l e d a t 750 ° to 800°C to a ~ - - i n . - t h i c k
s t r i p . T h e r e m a i n i n g c o m p o s i t i o n s w e r e u s e d in " a s -
c a s t " c o n d i t i o n .

A l l t h e c o m p o s i t i o n s w e r e d e t e r m i n e d by a c h e c k o f
t h e m a t e r i a l s b a l a n c e , a n d a r e a c c u r a t e to +0.1 p c t .
M o s t o f the s p e c i m e n s w e r e a n n e a l e d f o r 72 h r a t
1000°C a n d w a t e r q u e n c h e d , to e n s u r e h o m o g e n i z a t i o n
p r i o r to f u r t h e r h e a t t r e a t m e n t s . S p o t - c h e c k a n a l y s e s
a f t e r t h e h o m o g e n i z a t i o n a n n e a l s s h o w e d t h e i n t e r -
s t i t i a l c o n t e n t a s <200 p p m ( o x y g e n a n d n i t r o g e n c o m -
b i n e d ) . S e m i q u a n t i t a t i v e s p e c t r o m e t r y s h o w e d no m e -
t a l l i c i m p u r i t i e s a t > 100 p p m , m a j o r i m p u r i t i e s b e i n g
c o b a l t a n d t u n g s t e n , e a c h a t a p p r o x i m a t e l y 80 p p m .

The h e a t t r e a t m e n t s w e r e c a r r i e d o u t in e v a c u a t e d
(10 -6 t o r r ) s i l i c a a m p o u l e s w i t h t h e s p e c i m e n s w r a p -
p e d in t a n t a l u m f o i l . E x c e p t w h e n o t h e r w i s e n o t e d , t h e
h e a t - t r e a t e d s p e c i m e n s w e r e q u e n c h e d by b r e a k i n g t h e
a m p o u l e s u n d e r w a t e r o n the c o m p l e t i o n o f t h e a n n e a l .

E X P E R I M E N T A L M E T H O D S

M e t a l l o g r a p h i c , h a r d n e s s , a n d X - r a y d i f f r a c t i o n ob -
s e r v a t i o n s w e r e c a r r i e d o u t , u s u a l l y on a s e c t i o n o f the
h e a t - t r e a t e d s p e c i m e n s . In a n u m b e r of c a s e s , X - r a y
d i f f r a c t i o n p a t t e r n s a n d t h e r m a l e x p a n s i o n w e r e i n v e s -
t i g a t e d a b o v e a n d b e l o w r o o m t e m p e r a t u r e . A n u m b e r
o f e l e c t r o n - m i c r o p r o b e a n a l y s e s w e r e c a r r i e d o u t , a n d
r e p l i c a e l e c t r o n m i c r o s c o p y was u s e d to r e s o l v e s o m e
f i n e t r a n s f o r m a t i o n s t r u c t u r e s . In a d d i t i o n , s o m e t r a n s -
p o r t p r o p e r t i e s , in p a r t i c u l a r t h e t h e r m o e l e c t r i c p o w e r ,
w e r e f r e q u e n t l y m e a s u r e d .

T i N i i s v e r y d i f f i c u l t to p r e p a r e in p o w d e r f o r m , u n -
l e s s t h e s t a r t i n g m a t e r i a l c o n t a i n s a l a r g e a m o u n t
(>500 ppm) of i n t e r s t i t i a l c o n t a m i n a t i o n . E s s e n t i a l l y
a l l o f the d a t a p r e s e n t e d h e r e w e r e o b t a i n e d o n f l a t ,
bulk s p e c i m e n s , s o m e 25 by 20 by 1.5 m m 3 , p r e p a r e d
by m a c h i n i n g t h e h o t - r o l l e d o r c a s t m a t e r i a l . I n m o s t
c a s e s the s u r f a c e s w e r e p r e p a r e d for m e t a l l o g r a p h i c
e x a m i n a t i o n p r i o r to the diffraction p a t t e r n s b e i n g
t a k e n . Significant p r e f e r r e d o r i e n t a t i o n w a s p r e s e n t in
all the s p e c i m e n s investigated. T h e p r e s e n c e of tex-
t u r e s a n d the f r e q u e n t l y o b s e r v e d p o o r l y d e f i n e d dif-
f r a c t i o n p a t t e r n s w e r e t a k e n into a c c o u n t in the i n t e r -
p r e t a t i o n of the e x p e r i m e n t a l r e s u l t s .

T h e t e x t u r e p r o b l e m w a s m i n i m i z e d b y s i m u l t a n -
e o u s l y p r o c e s s i n g s e v e r a l (typically 6 to 8) c o m p o s i -
t i o n s u n d e r i d e n t i c a l c o n d i t i o n s of t e m p e r a t u r e a n d d e -
f o r m a t i o n . All the " a s - p r e p a r e d " c o m p o s i t i o n s e x h i b -
ited the ~ s t r u c t u r e at 1 5 0° to 2 0 0 ° C , a n d the /3 ( b c c )
t e x t u r e s w e r e c h e c k e d for e v e r y b a t c h of s p e c i m e n s .
W i t h o u t e x c e p t i o n , the t e x t u r e s in e v e r y b a t c h w e r e
f o u n d e s s e n t i a l l y identical, a s j u d g e d b y the r e l a t i v e

i n t e n s i t i e s o f the (110) a n d (200) r e f l e c t i o n s . I n c o m -
p a r i n g t h e d i f f r a c t i o n p a t t e r n s o f s p e c i m e n s f r o m a n y
g i v e n b a t c h we c a n , t h e r e f o r e , a s s u m e that a n y s t r o n g
l i n e s o b t a i n e d a t s o m e c o m p o s i t i o n s i n d i c a t e t h e p r e s -
e n c e o f a n e w s t r u c t u r e . T h e p r e s e n c e of weak n e w
l i n e s , h o w e v e r , c o u l d p o s s i b l y be due to m i n o r t e x t u r e
d i f f e r e n c e s .

It was a l so f o u n d that s i g n i f i c a n t c h a n g e s in b o t h t h e
l i n e i n t e n s i t i e s a n d , p a r t i c u l a r l y , in r e s o l u t i o n , c a n
t a k e p l a c e on a g i n g a t a m b i e n t t e m p e r a t u r e s . S u c h
c h a n g e s a r e e s p e c i a l l y m a r k e d w h e n t e m p e r a t u r e f l u c -
t u a t e s . T o m i n i m i z e s p u r i o u s e f f e c t s , t h e r e f o r e , a l l
t h e d i f f r a c t i o n p a t t e r n s o f a n y g i v e n b a t c h of h e a t -
t r e a t e d s p e c i m e n s w e r e t a k e n a t t h e s a m e t i m e , u s u a l l y
w i t h i n 72 h r o f t h e q u e n c h .

E X P E R I M E N T A L R E S U L T S

1) X - R a y D i f f r a c t i o n

A) C U B I C B2 S T R U C T U R E

When q u e n c h e d f r o m 7 0 0 ° C o r a b o v e a l l t h e c o m p o s i -
t i o n s b e t w e e n 47 a n d 55 p c t N i s h o w e d p r e d o m i n a n t l y
t h e b o d y - c e n t e r e d s t r u c t u r e . T h e p r e s e n c e in m o s t of
t h e p a t t e r n s , r e g a r d l e s s o f t h e t e x t u r e , o f a w e l l - r e -
s o l v e d (321) r e f l e c t i o n p e r m i t t e d a r e a s o n a b l y a c c u r a t e
d e t e r m i n a t i o n o f the l a t t i c e p a r a m e t e r . The v a r i a t i o n
of t h e p a r a m e t e r w i t h c o m p o s i t i o n , a s s h o w n f o r
q u e n c h i n g t e m p e r a t u r e of 8 5 0 ° C in F i g . 2 , i s in a g r e e -
m e n t w i t h t h e e a r l y d a t a .19 F o r t h e l o w e r q u e n c h i n g
t e m p e r a t u r e o f 6 5 0 ° C , h o w e v e r , t h e e f f e c t o f c o m p o s i -
tion o n t h e l a t t i c e p a r a m e t e r i s r e v e r s e d , t h e l a t t i c e
p a r a m e t e r i n c r e a s i n g w i t h i n c r e a s i n g n i c k e l c o n t e n t .
W h i l e t h e c a u s e o f t h i s r e v e r s a l i s not c l e a r , it i s e v i -
d e n t that s o m e c h a n g e o c c u r s a t ( o r n e a r ) 6 5 0 ° C . S p e c i -
m e n s q u e n c h e d f r o m 6 0 0 ° C a n d b e l o w , r e g a r d l e s s of
c o m p o s i t i o n , d id not e x h i b i t a ~3 p a t t e r n s h a r p e n o u g h
to p e r m i t a c c u r a t e p a r a m e t e r m e a s u r e m e n t .

3.04

3.03

:3.02

_t3.01

3 . ~ I J [

Ni, atomic percent
Fig. 2--The variation of the B2 s t r u c t u r e lattice p a r a m e t e r
(at 25°C) with composition for two quenching temperatures.
E r r o r b a r s indicate the e s t i m a t e d e r r o r Ln ao 'o a s d e r i v e d
from d(321) m e a s u r e m e n t s . ( C u K a I = 1.54050A).
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T h e p r e s e n c e of a n o r d e r e d B2 s t r u c t u r e w a s u n a m -
b iguous ly c o n f i r m e d f r o m M o / ~ p a t t e r n s o f s l o w l y
c o o l e d (100) t e x t u r e s p e c i m e n s . S t r o n g (100) r e f l e c -
t i o n s w e r e p r e s e n t , w i t h t h e i n t e n s i t y r a t i o 1(200)/I(100)
of t h e o r d e r o f 10 f o r a l l c o m p o s i t i o n s f r o m 47.9 to
52.4 p c t N i . T h e (100) s u p e r l a t t i c e r e f l e c t i o n s w e r e
a l so u s u a l l y o b s e r v e d in t h e (110) t e x t u r e s p e c i m e n s
c o n t a i n i n g ->50.5 p c t N i a n d q u e n c h e d f r o m 6 5 0 ° C ; it i s
t h e r e f o r e b e l i e v e d that t h e s e w e r e a l so o r d e r e d . T h e
o c c a s i o n a l l y o b s e r v e d a b s e n c e o f t h e s u p e r l a t t i c e r e -
f l e c t i o n in a n u m b e r o f the (110) t e x t u r e s p e c i m e n s
c a n n o t be t a k e n a s i n d i c a t i v e o f a d i s o r d e r e d s t r u c t u r e ,
s i n c e t h e t e x t u r e in t h o s e w a s v e r y s t r o n g , a n d no
(200) r e f l e c t i o n w a s p r e s e n t .

B ) M A R T E N S I T I C S T R U C T U R E P A T T E R N S

A s r e p o r t e d p r e v i o u s l y 8 t h e best p a t t e r n s of the m a r -
t e n s i t e s t r u c t u r e w e r e o b t a i n e d o n s l o w l y c o o l e d s p e c i -
m e n s . E v e n the b e s t p a t t e r n s , h o w e v e r , w e r e c h a r a c -
t e r i z e d b y the p r e s e n c e of o n l y a f e w w e l l - d e f i n e d (but
b r o a d ) l i n e s , o v e r a s m a l l a n g u l a r r a n g e s p a n n i n g t h e
s t r o n g ( I I 0 ) /3 reflection. T h e r e m a i n d e r of the pat-
tern c o n s i s t e d of v e r y d i f f u s e lines, m e r g i n g into the
b a c k g r o u n d , in all the s p e c i m e n s . A t y p i c a l m a r t e n s i t e
p a r t - p a t t e r n in T i N i s l o w l y c o o l e d a f t e r a long a n n e a l
at 5 0 0 ° C is s h o w n in Fig. 3(a). S u c h p a t t e r n s w e r e o b -
s e r v e d in all of the s p e c i m e n s c o n t a i n i n g 47 to 53 pct
N i a n n e a l e d at o r b e l o w 6 0 0 ° C , a l t h o u g h the l i n e s b e -
c o m e b r o a d e r w i t h d e c r e a s i n g , a n d w e a k e r w i t h in-
c r e a s i n g , n i c k e l c o n t e n t . A v e r y b r o a d ( I I 0 ) 13 line
w a s o b s e r v e d a f t e r t h i s a n n e a l o n l y a t >-52 p c t N i ,
F i g . 3 ( b ) . C o n t r a r y to t h e p r e v i o u s o b s e r v a t i o n s , T M

o b t a i n e d o n s p e c i m e n s s lowly c o o l e d a f t e r a s h o r t -
t i m e a n n e a l a t 650° to 7 0 0 ° C , t h e n i c k e l - r i c h c o m p o s i -
t i o n s do t r a n s f o r m a b o v e 25°C w h e n e q u i l i b r a t e d a t
500 ° to 6 0 0 ° C . F u r t h e r m o r e , t h e m a r t e n s i t e p a t t e r n
o b t a i n e d a f t e r s u c h a n n e a l s u g g e s t s no s t r u c t u r e v a r -
i a t i o n w i t h c o m p o s i t i o n r e p o r t e d e a r l i e r by W a s i l -
e w s k i et al.,~s but not by D a u t o v i c h a n d P u r d y .T M

The e f f e c t s of h i g h e r a n n e a l t e m p e r a t u r e s w e r e r e -
i n v e s t i g a t e d o n t h e (100) t e x t u r e s p e c i m e n s , s l o w l y
c o o l e d f r o m 650°C. T h e s e s h o w e d b r o a d m a r t e n s i t e
l i n e s in t h e v i c i n i t y of (110) ~ r e f l e c t i o n . I n a d d i t i o n ,
h o w e v e r , t h e y a l so s h o w e d t w o (for --< 50.2 p c t N i ) , o r
t h r e e (->50.8 p c t Ni) s t r o n g l i n e s c l o s e to t h e (200)
r e f l e c t i o n . T h e t r a n s i t i o n t e m p e r a t u r e s f o r so h e a t -

I i

I I I I I
45 40 ~ ,1~ 40 36

"+ ' - - -20 ~ 2 8

(a) (b)

Fig. 3--The m a j o r l i n e s of the martensite pat tern, a s affected
by composition, in T i - N i s lowly cooled a f t e r a long-time an-
neal at 500°C. CuKa radiation. The position of (110) B2 line
s h o w n b y d a s h e d line. (a) 49.5 pct Ni, 1344 h r / 5 0 0 ° C / A C ;
(b) 51 pct Ni, 1344 hr/500°C/AC.

[ I I I~" I 1 ~ - - 1
2 9 2 8 2 1 ' 2 1 ~ 2 8 2 1 ' M 1 9 2 8 2 7 2 6

•, 2 $
Fig. 4--The discontinuous transition of the m a r t e n s i t e s t r u c -
t u r e on heating nonequilibrated Ti-50.8 a t . pct Ni from -57 °
to - 7 ° C . The transition i s not complete, but the (200) B2 line
i s s e e n to a p p e a r at -10°C a n d grow in intensity without a s i -
multaneous s h i f t and b r o a d e n i n g of the low-temperature s t r u c -
t u r e l i n e s (L). MoKa radiation.
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Fig. 5--Part patterns of Ti-52 pct Ni a s affected by p r i o r
heat t reatment . All s p e c i m e n s initially homogenized at
1 0 0 0 ° C . CuKa radiation. (a) 168 h r at 650°C, quenched. B2
+ TiNi3. (b) 336 h r at 600°C, quenched. B2 + Ti2Ni3. (c) 1330
h r at 500°C, quenched. Martensite (L), + Ti2Ni3 + r e s i d u a l
B2.

t r e a t e d c o m p o s i t i o n s c o n t a i n i n g >51 p c t N i a r e b e l o w
r o o m t e m p e r a t u r e , a s s h o w n in F i g . 4 . A l a r g e n u m b e r
o f p a t t e r n s n o w o b t a i n e d s u p p o r t s t h e e a r l i e r c o n t e n -
t i o n is that two d i f f e r e n t m a r t e n s i t e s t r u c t u r e s a r e
f o r m e d in T i N i f u r n a c e c o o l e d f r o m ->650°C, o n e f o r m -
i n g a t -<50.2 a n d the o t h e r a t ->50.8 p c t N i . T h e f o r m e r
i s t h e s t r u c t u r e o b s e r v e d , r e g a r d l e s s o f c o m p o s i t i o n ,
in c o m p o s i t i o n s s u b j e c t e d to a l o n g - t i m e a n n e a l a t
--< 6 0 0 ° C , F i g . 3 . T h e r e f o r e , the l o w e r 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 , a n d t h e d i f f e r e n t m a r t e n s i t e s t r u c t u r e in
n i c k e l - r i c h c o m p o s i t i o n s a n n e a l e d a t -> 650°C m u s t be
a s c r i b e d t o n o n e q u i l i b r i u m c o n d i t i o n s , p r e s u m a b l y due
t o i n c o m p l e t e p r e c i p i t a t i o n o f e x c e s s n i c k e l .

The d i s c r e p a n c y b e t w e e n t h e e a r l i e r o b s e r v a t i o n s
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r e p o r t e d b y D a u t o v i c h a n d P u r d y'2 a n d b y the p r e s e n t
a u t h o r s T M m u s t h a v e a r i s e n f r o m t h e d i f f e r e n t f i n a l
h e a t t r e a t m e n t u s e d , i . e . , 5 0 0 ° C~: a n d 6 5 0 ° C ,~8 r e s p e c -
tively. T h e f o r m e r w o u l d lead to the e a r l y s t a g e s of
f o r m a t i o n of e q u i l i b r i u m T i N i c o m p o s i t i o n , w h i l e the
latter m u s t h a v e r e s u l t e d in T i N i s u p e r s a t u r a t e d w i t h
n i c k e l at r o o m t e m p e r a t u r e . T h e d i f f e r e n t m a r t e n s i t e
s t r u c t u r e m u s t , t h e r e f o r e , b e d u e to the n o n e q u i l i b r i u m
c o n d i t i o n of the n i c k e l - r i c h m a t e r i a l .

T h e d i s c o n t i n u o u s c h a r a c t e r of the m a r t e n s i t i c t r a n s -
" I 1 8ition at 50.2 pct N i w a s s h o w n p r e v m u s y. T h e s i m i -

l a r l y d i s c o n t i n u o u s a p p e a r a n c e of t h e ( 2 0 0 5 /3 line o n
h e a t i n g the n o n e q u i l i b r i u m 50.8 pct N i m a r t e n s i t e is
e v i d e n t in Fig. 4. T h u s the m a r t e n s i t e t r a n s f o r m a t i o n
in both the e q u i l i b r i u m a n d the m e t a s t a b l e T i N i c o m -
p o s i t i o n is d i s c o n t i n u o u s . T h e t r a n s i t i o n c a n n o t , t h e r e -
f o r e , take p l a c e b y a p r o g r e s s i v e d i s t o r t i o n of the p a r -
ent /3 lattice, a s p r o p o s e d b y W a n g eta1.8,9, n In s u c h
c a s e a p r o g r e s s i v e shift a n d , p o s s i b l y , a b r o a d e n i n g of
the ~3 l i n e s in the vicinity of the t r a n s i t i o n w o u l d h a v e
to b e p r e s e n t .

C ) P R E C I P I T A T E S T R U C T U R E S

F o r q u e n c h i n g t e m p e r a t u r e s of 6 5 0 ° C a n d a b o v e , the
p r e s e n c e of T i N i 3 w a s r e a d i l y c o n f i r m e d b y the a p p e a r -
a n c e o f (0004) a n d (2021) l i n e s of t h e h e x a g o n a l T i N i ~
s t r u c t u r e , a t ( C u / ~ ) 20 o f 43.2 a n d 4 6 . 4 6 d e g , r e s p e c -
t i v e l y , F i g . 5 ( a ) . T h e s e w e r e p a r t i c u l a r l y m a r k e d in
t h e (110) t e x t u r e s p e c i m e n s , s u g g e s t i n g a c r y s t a l l o -
g r a p h i c p r e c i p i t a t i o n h a b i t of t h e T i N i 3 in t h e B2 m a -
t r i x . In t i t a n i u m - r i c h c o m p o s i t i o n s no u n a m b i g u o u s
i d e n t i f i c a t i o n of t h e p r e s e n c e of T i z N i w a s u s u a l l y p o s -
s i b l e , t h o u g h the s t r o n g (511/3335 l i n e w a s o c c a s i o n a l l y
o b s e r v e d . I n v a r i a b l y , h o w e v e r , the m a r t e n s i t i c s t r u c -
t u r e w a s a l so p r e s e n t , t h o u g h w i t h b r o a d a n d i l l - d e f i n e d
r e f l e c t i o n s .

F o r t h e l o w e r q u e n c h i n g t e m p e r a t u r e of 600°C t h e
TiNi3 l i n e s w e r e no l o n g e r s e e n , a n d a s t r o n g , n e w l i n e
a t (CuKa) 20 = 4 4 . 4 4 d e g a p p e a r e d i n s t e a d in t h e p a t -
t e r n s , F i g . 5 ( b ) , of n i c k e l - r i c h c o m p o s i t i o n s . O n f u r -
t h e r l o w e r i n g t h e p r e q u e n c h i n g t e m p e r a t u r e to 5 0 0 ° C ,
the B2 s t r u c t u r e c a n no l o n g e r be r e t a i n e d by q u e n c h -
i n g , a n d t h e m a r t e n s i t e s t r u c t u r e i s f o r m e d a b o v e 25°C
e v e n a t 53 p c t N i ; t h e 4 4 . 4 4 d e g l i n e , h o w e v e r , i s s t r o n g
a n d we l l d e f i n e d , F i g . 5(c5. F u r t h e r m o r e , a l t h o u g h t h e
m a r t e n s i t e l i n e s a r e b r o a d , they c o r r e s p o n d to t h o s e
s h o w n in F i g . 3(a) a n d it i s p r e s u m e d that both t h e s e
p a t t e r n s a r e due to t h e s a m e m a r t e n s i t e s t r u c t u r e .

T h e a p p e a r a n c e o f t h i s n e w l i n e h a s b e e n i n v e s t i g a t e d
in t h e c o m p o s i t i o n r a n g e o f 51 to 57.5 p c t N i . O f p a r -
t i c u l a r i n t e r e s t h e r e a r e t h e o b s e r v a t i o n s on t h e l a t t e r
c o m p o s i t i o n . W h e n h o m o g e n i z e d f o r 72 h r a t 1000°C
a n d q u e n c h e d , it s h o w s t h e p r e s e n c e of T i N i 3 , F i g . 6(a5.
S i m i l a r p a t t e r n s w e r e o b s e r v e d o n s p e c i m e n s q u e n c h e d
f r o m t e m p e r a t u r e s down to 6 5 0 ° C , F i g . 6 ( b ) . O n sub-
s e q u e n t a n n e a l i n g a t 6 0 0 ° C , h o w e v e r , t h e n e w l i n e s a p -
p e a r s in a d d i t i o n to t h e e x i s t i n g l i n e s of B2 a n d T i N i 3
s t r u c t u r e s , F i g . 6 ( c ) , a n d i n c r e a s e s in i n t e n s i t y w i t h
i n c r e a s i n g a n n e a l t i m e .

A n i n t e r e s t i n g e f f e c t a l so o b s e r v e d i s i l l u s t r a t e d in
t h e p a t t e r n s of F i g . 7 . It c a n be s e e n that t h e r e s u l t o f
v e r y s l i g h t w o r k i n g o f t h e s u r f a c e , by a b r a d i n g i t on
400 s i l i c o n c a r b i d e p a p e r , c a u s e s a m a r k e d c h a n g e in
t h e d i f f r a c t i o n p a t t e r n . T h e n e w s t r u c t u r e l i n e a n d t h e
(0004) T i N i 3 r e f l e c t i o n a r e b o t h a l m o s t c o m p l e t e l y r e -

I/
4G 44 42 40 37•" 2 e ~ 2 e ,,, 2e

(a) ( b ) ( c )
Fig. 6--Part-patterns of Ti-57.5 pct Ni a s affected by p r i o r
heat t reatment . CuKa radiation. (a) 72 hr at 1000°C,
quenched. B2 + TiNiz. (b) +168 h r a t 650°C, quenched. B2
+ TiNi3. (c) +336 h r a t 600~C, quenched. B2 + Ti2Ni~ (+ TiNi~).
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Fig. 7--Part-pattern of Ti-57.5 pct Ni, CuKa radiation. (a)
A s annealed 168 h r at 650°C, quenched. B2 + Ti2Ni3 + TiNi3.
(b) The s a m e s u r f a c e a s a b r a d e d on 400 e m e r y . Note the
disappearance of the new s t r u c t u r e .

m o v e d . T h e o r i g i n a l p a t t e r n o f F i g . 7(a5 c a n be r e -
s t o r e d by a s u b s e q u e n t a n n e a l f o r 20 m i n a t 6 0 0 ° C . T h i s
s u g g e s t s that t h e p r e c i p i t a t e c a n be r e a d i l y d i s o r d e r e d
to a d i s t o r t e d /3 s t r u c t u r e by a m i n o r a m o u n t o f w o r k .

N e i t h e r the s t r o n g l i n e o b s e r v e d , n o r s e v e r a l m u c h
w e a k e r l i n e s s e e n in s o m e o f t h e p a t t e r n s , c o r r e s p o n d
to a n y o f t h e k n o w n s t r u c t u r e s in t h e T i N i s y s t e m .
T h e s e l i n e s , h o w e v e r , c o r r e s p o n d v e r y c l o s e l y to a
s t a c k i n g v a r i a n t o f the T i N i 3 s t r u c t u r e o b s e r v e d by
P f e i f e r e t a l . 2 ° a p p a r e n t l y s t a b i l i z e d by a d e f i c i e n c y of
n i c k e l a n d t h e c o n s e q u e n t i n c r e a s e in t h e c o n c e n t r a t i o n
of t h e c o n d u c t i o n e l e c t r o n s .

2) M e t a l l o g r a p h y

T h e m i c r o s t r u c t u r e s t y p i c a l l y o b s e r v e d in T i N i p r e -
p a r e d a n d p r o c e s s e d by t h e u s u a l l a b o r a t o r y o r c o m -
m e r c i a l m e t h o d s a r e not s i n g l e phase,6', 7 ' 18,21 g e n e r a l l y
c o n t a i n i n g the p r e c i p i t a t e o f Ti4Ni20 x in t h e t r a n s -
f o r m e d m a t r i x , e v e n in t h e n i c k e l - r i c h c o m p o s i t i o n s .
T h e f o r m a t i o n o f a n i c k e l - r i c h p h a s e , i n t e r m e d i a t e b e -
t w e e n T i N i a n d T i N i 3 h a s b e e n p r e v i o u s l y s u g g e s t e d to
t a k e p l a c e a t a p p r o x i m a t e l y 650°C.18 E x t e n s i v e m e t a l -
l o g r a p h i c e x a m i n a t i o n w a s , t h e r e f o r e , c a r r i e d o u t o n
a l l t h e X - r a y d i f f r a c t i o n s p e c i m e n s .
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No significant variation of the amountof second phase
with prior heat treatment was observed in all the com-
positions c o n t a i n i n g - - < 5 0 pct Ni. A t y p i c a l s t r u c t u r e
s h o w s t r a n s f o r m e d m a r t e n s i t i c m a t r i x c o n t a i n i n g the
T i ~ N i p r e c i p i t a t e , Fig. 8. T h e r e is n o significant v a r i -
a t i o n in the a m o u n t a n d the d i s t r i b u t i o n of the m i n o r
p h a s e w i t h the a n n e a l t e m p e r a t u r e u p to 1 0 0 0 ° C , i n d i -
c a t i n g a n e s s e n t i a l l y v e r t i c a l p h a s e b o u n d a r y . I n c i p i -
ent m e l t i n g w a s o b s e r v e d at I 0 5 0 ° C , a n d the T i ~ N i p e r -
itectic d e c o m p o s i t i o n t e m p e r a t u r e is t a k e n in a g r e e -
m e n t w i t h that r e p o r t e d b y M a r g o l i n e~ aI.~e a s 1 0 2 5 °
+ 2 0 ° C . L o w e r i n c i p i e n t m e l t i n g t e m p e r a t u r e s w e r e

o b s e r v e d in s e v e r a l h i g h - o x y g e n (500 to 8 0 0 p p m ) al-
loys p r e p a r e d e a r l i e r , a n d it is c o n c l u d e d that the l o w
p e r i t e c t i c t e m p e r a t u r e r e p o r t e d b y P o o l a n d H u m e -
R o t h e r ys m u s t h a v e b e e n d u e to o x y g e n c o n t a m i n a t i o n .

T h e size of the m a r t e n s i t e p l a t e s v a r i e d w i t h the
a n n e a l t e m p e r a t u r e , c o o l i n g r a t e , a n d c o m p o s i t i o n .
T h e i n t e r m e d i a t e c o m p o s i t i o n s , c o n t a i n i n g 50 to 51 pct
N i , e x h i b i t e d g e n e r a l l y f e a t u r e l e s s m i c r o s t r u c t u r e s ,
t h e a p p e a r a n c e v a r y i n g w i d e l y d e p e n d i n g o n the m e t a l -
l o g r a p h i c p r e p a r a t i o n a n d t h e e t c h a n t u s e d . A t y p i c a l
e x a m p l e is s h o w n in Fig. 9.

T h e a n n e a l - t e m p e r a t u r e e f f e c t o n the s t r u c t u r e of
h i g h e r n i c k e l c o m p o s i t i o n s is m u c h m o r e m a r k e d , a s
illustrated in Fig. i0 for T i - 5 2 pct Ni. T h e p r e c i p i t a t e
f o r m e d at 7 5 0 ° a n d 6 5 0 ° C h a s b e e n u n a m b i g u o u s l y i d e n -
tified a s T i N i ~ b y e l e c t r o n m i c r o p r o b e a n a l y s i s . T h a t
f o r m e d at 600 ° a n d 5 0 0 ° C , h o w e v e r , w a s s i m i l a r l y a n a -
l y z e d a n d f o u n d to c o n t a i n 58 ± 2 pct N i o n l y .

T h e p r e c i p i t a t e a n a l y s i s f i n d i n g s a r e f u r t h e r s u p -
p o r t e d b y the v a r i a t i o n in t h e m o r p h o l o g y of the n i c k e l -
r i c h p r e c i p i t a t e s w i t h the p r e c i p i t a t i o n t e m p e r a t u r e .
T i N i s f o r m s a s a n e q u i a x e d p h a s e at h i g h e r t e m p e r a -
t u r e s , but c h a n g e s to a c r y s t a l l o g r a p h i c h a b i t at 6 5 0 ° C ;
F i g s . 1 0 ( b ) a n d (c). T h e c o m p a r i s o n of F i g s . 1 0 ( c ) a n d
(d) i n d i c a t e s that in the 52 pct N i T i N i , the W i d m a n ~
s t a t t e n p r e c i p i t a t e of T i N i ~ p r e s e n t a f t e r the 6 5 0 ° C a n -
n e a l h a s b e e n r e p l a c e d b y a n o t h e r W i d m a n s t a t t e n
s t r u c t u r e a n d a p l a t y p r e c i p i t a t e a f t e r a n a d d i t i o n a l
5 0 0 h r s at 5 0 0 ° C . A s s h o w n in Fig. l l , b o t h of t h e s e a r e
t h e s a m e p h a s e , a n d a r e s u r r o u n d e d b y a t r a n s f o r m e d
m a t r i x . A m u c h m o r e r e g u l a r g r o w t h of the n e w p h a s e
is o b s e r v e d at h i g h e r n i c k e l c o n t e n t s w i t h the m a t r i x

. ~ .... ~;"

J

Fig. 8--Ti-50 pct Ni: T y p i c a l structure of a conventionally
p r o c e s s m a t e r i a l ( s w a g e d rod), air c o o l e d after n o r m a l i z i n g
anneal, 30 rain at 650°C. (a) Longitudinal and (b) transverse
section. Martensitic m a t r i x with (mainly e t c h e d out) T i 2 N i
precipitate.

Fig. 9--Ti-50 pct Ni, s h o w i n g the effect of p r i o r h o m o g e n i z i n g
a n n e a l at 650°C. F i n a l anneal: i000 hr at 650°C, quenched.
Note the t r a c e s of the B2 boundary, c o a r s e r m a r t e n s i t e
a r e a s , and m u c h finer s e c o n d - p h a s e precipitate.
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F i g . 10--The effect o f pr ior anneal temperature o n the structure of T i - 5 2 pet N i . (a) 24 hr at 1 0 0 0 ° C , quenched. B2 structure.
(b) 1 0 0 0 ° C ~ 72 hr at 7 5 0 ° C . quenched. B2 + predominant ly equiaxed, g r a i n boundary , T i N i3. (c) f 0 0 0 ° C + 168 hr at 6 5 0 ° C ,
quenched. B2 matr ix + g r a i n boundaries and WidmSnstatten TiNi 3. (d) Specimen (c) plus 500 hr at 5 0 0 ° C , quenched. A new,
p la ty precipitate has replaced the Widm~tnstatten T i N i 3, and a general prec ip i ta t ion t o o k place i n the m a t r i x .

a p p a r e n t l y t r a n s f o r m e d even at 5 5 pct N i , F i g . 1 2 .
It i s c o n c l u d e d that a new s t r u c t u r e i s f o r m e d i n t h e

b i n a r y s y s t e m b e t w e e n T i N i and T i N i 3 , s t a b l e b e l o w
6 2 5 ° + 2 0 ° C and of a p p r o x i m a t e c o m p o s i t i o n Ti42Ni~8
( w h i c h w e s h a l l for c o n v e n i e n c e r e f e r to a s Ti2Ni3) .
F u r t h e r m o r e , the s t r u c t u r e h o m o g e n e i t y r a n g e of T i N i
at 5 0 0 ° C and b e l o w must b e v e r y n a r r o w , s i n c e T i z N i
i s p r e s e n t at 49.5 pct N i , and the new p h a s e at 5 1 pct
N i .

3) T h e r m a l E x p a n s i o n

The t r a n s f o r m a t i o n b e h a v i o r of a n u m b e r of c o m p o -
s i t i o n s w a s c h e c k e d o n the X - r a y d i f f r a c t i o n and m e t a l -

l o g r a p h i c s p e c i m e n s o v e r the r a n g e of - 4 0° to 1 5 0 ° C .
M i c r o m e a s u r e m e n t s t r a i n g a g e s w e r e c e m e n t e d o n to
the p o l i s h e d s p e c i m e n s u r f a c e s and m o n i t o r e d c o n t i n -
u o u s l y d u r i n g h e a t i n g and c o o l i n g at I ° C per min.

A l t h o u g h no r e l i a b l e data c a n b e o b t a i n e d o n the t h e r -
m a l - e x p a n s i o n c o e f f i c i e n t s , th i s m e t h o d p r o v i d e s a
c o n v e n i e n t m e a n s of d e t e r m i n i n g the t e m p e r a t u r e at
w h i c h the c o n t r a c t i o n (due to the m a r t e n s i t e ~ B2
t r a n s f o r m a t i o n ) o c c u r s . T y p i c a l c o n t r a c t i o n s o b s e r v e d
o n c o m p o s i t i o n s q u e n c h e d a f t e r 672 h r at 6 0 0 ° C a r e
s h o w n in Fig. 13. T h e m i d p o i n t t e m p e r a t u r e s of t r a n s -
ition (on h e a t i n g ) fall w i t h i n the r a n g e of 57 ° ± 12°C for
c o m p o s i t i o n s f r o m 49.5 to 52 pct Ni. T h e s h a r p e s t
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Fig. l l - - T h e structure of Ti -52 pct Ni of Fig. 10(d), as seen
in r e p l i c a u n d e r h i g h e r magnificat ion. The mot t led matr ix
i s transformed, and the same p h a s e f o r m s the platy and the
crystal lographic precipitate.

Fig. 12--The structure of Ti-52 pctNi, homogenized at
1000°C, annealed for i000 hr at 600°C and quenched. The
matrix is again transformed at room temperature, in spite
of the high nickel content.

t r a n s i t i o n s w e r e o b s e r v e d at 50.0 a n d 50.5 pct Ni. In
all e a s e s , h o w e v e r , the t r a n s i t i o n c o n t r a c t i o n a m o u n t e d
to 3 to 5 x 10 -4, a s c o n t r a s t e d w i t h the p r e v i o u s l y r e -
p o r t e d v a l u e of 18 x 10 -4 o n " n o r m a l i z e d " s t o i c h i o -
m e t r i c c o m p o u n d . 18

D i i a t o m e t r i c m e a s u r e m e n t s o n a 51.0 pct N i r o d s i m -
i l a r l y a n n e a l e d s h o w e d a t r a n s i t i o n t e m p e r a t u r e of
59°C ( r a n g e 54 ° to 6 5 ° C ) , a n d a c o n t r a c t i o n o n h e a t i n g
of 3.2 x 104 . T h e s a m e r o d r e a n n e a l e d for 7 2 h r at
6 5 0 ° C a n d q u e n c h e d s h o w e d a t r a n s i t i o n t e m p e r a t u r e
o f - 4 ° C ( r a n g e - 1 6 ° to + 5 ° C ) , a n d a c o n t r a c t i o n of 19
x 10 -4 o n h e a t i n g . T h i s a g a i n d e m o n s t r a t e s the i m p o r -
t a n c e of n o n e q u i l i b r i u m c o n d i t i o n s .
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Fig. 13--The midpoin t temperatures of mar tens i t ic t r a n s -
formation on heat ing, as determined by strain-gage t e c h -
niques for TiNi composi t ions containing 49.5-52 pct Ni e q u i -
l ibrated at 600°C. No significant variat ion wi th composi t ion
i s present .

4) Ti-Ni Equilibrium Diagram

The experimental observations are summarized in
the part-diagram shown in Fig. 14. The following
points have been established.

a) The maximum melting point lies at 50.6 + 0.2 pct
Ni, rather than at the stoichiometric 1:1 composition.

b) On the titanium-rich side, the TiNi phase bound-
ary descends steeply to the Ti2Ni peritectic horizontal
at 1025° ± 20°C and 50.0 ± 0.25 pct Ni. The boundary
then continues vertically, with no measurable solubil-
ity of excess titanium in the B2 structure.

c) On the nickel-rich side, the boundary has been
determined to 1050°C, and is characterized by a rap-
idly increasing solubility of excess nickel in the B2
structure at higher temperatures.

d) A new structure formed peritectoidally in nickel-
rich compositions at temperatures below 625° ± 20°C.
Its composition is close to Ti2Ni3, and the structure
r e l a t e d to that of T i N i 3 .

e) T h e h o m o g e n e i t y r a n g e of T i N i at 5 0 0 ° C a n d b e l o w
is n a r r o w , a n d p r o b a b l y significantly less t h a n 0.5 pct
Ni.

DISCUSSION

I) Homogeneity Range of TiNi

The large solubility of nickel in the TiNi structure
at 750°C and above and the sluggish precipitation be-
low 650°C make it easy to retain a metastable, nickel-
rich TiNi composition. This is of special significance
in materials containing 51 pct Ni, whichhave been con-
sidered particularly suitable for investigation because
of their reported convenient transformation tempera-
ture range.~ It is obvious, however, that an equilibrat-
ing anneal at 500°C results in a major change in the
transformation behavior. Since this change is revers-
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Fig. 14--Proposed equi l ibr ium d i a g r a m of the Ti -Ni b i n a r y
s y s t e m in the vic in i ty of the equia tomic composi t ion . (The
l iqu idus temperatures, and the so l idus of nickel-rich com-
pos i t ion , were t a k e n from R e f s . 5 and 21.)

i b l e by a n n e a l i n g a t 6 5 0 ° C , it i s r e a s o n a b l e to s u g g e s t
that t h e l a t t e r a n n e a l r e s u l t s in a n o n e q u i l i b r i u m s t r u c -
t u r e b e i n g r e t a i n e d a t r o o m t e m p e r a t u r e . W e n o t e t h a t
e v e n a t 50.3 p c t N i d i f f r a c t i o n - p a t t e r n a n o m a l i e s , i n -
t e r p r e t e d a s a p e r i o d i c v a r i a t i o n in t h e c o m p o s i t i o n
w i t h i n t h e l a t t i c e , h a v e b e e n r e p o r t e d in a f u r n a c e -
c o o l e d m a t e r i a l by S t a r k e a n d Lee.23 S u c h p e r i o d i c
v a r i a t i o n m a y wel l i n d i c a t e a p r e p r e c i p i t a t i o n s t a g e in
a s u p e r s a t u r a t e d s o l u t i o n . The s t r i p e d c o n t r a s t ob -
s e r v e d in t r a n s m i s s i o n e l e c t r o n m i c r o s c o p y ~2' 23 m a y
be i n t e r p r e t e d a s due to s u c h c r y s t a l l o g r a p h i c s e g r e -
g a t i o n .

It i s c o n c l u d e d that t h e equ i l i b r ium h o m o g e n e i t y
r a n g e o f t h e T i N i s t r u c t u r e i s v e r y n a r r o w a t 5 0 0 ° C
a n d be low, a n d m a y e v e n be l i m i t e d to a f i x e d c o m p o -
s i t i o n . A t t a i n i n g c o n d i t i o n s c l o s e to equ i l i b r ium is d i f -
f i c u l t in c o m p o s i t i o n s c o n t a i n i n g 50 to 51 p e t N i , a s
l o n g - t i m e a n n e a l s a t t e m p e r a t u r e s o f the o r d e r o f
500°C a n d b e l o w a r e r e q u i r e d .

T h e r e a r e i n d i c a t i o n s that s o m e c h a n g e s do t a k e
p l a c e in s u p e r s a t u r a t e d , m e t a s t a b l e n i c k e l - r i c h c o m -
p o s i t i o n s e v e n a t r o o m t e m p e r a t u r e . T h e s e c o n s i s t o f
the r e p o r t e d o b s e r v a t i o n s o f s t r u c t u r e , 23 e l e c t r i c a l r e -
s i s t i v i t y , ~7 a n d the h e a t of t r a n s f o r m a t i o n 24 v a r i a t i o n
in a g i n g . T h i s i s p a r t i c u l a r l y we l l i l l u s t r a t e d in t h e
m e a s u r e m e n t s of B e r n a n et al. ,24 w h o d e t e r m i n e d the
heat of t r a n s f o r m a t i o n in t h r e e s u c c e s s i v e h e a t i n g a n d
c o o l i n g r u n s a s 495 , 457 , a n d 402 c a l p e r g - a t o m , r e -
s p e c t i v e l y . I t i s o b v i o u s that t h e i r m e a s u r e m e n t s i n -
d i c a t e i n i t i a l l y n o n e q u i l i b r i u m c o n d i t i o n s , a n d a d e -
c r e a s e o n c y c l i n g t h r o u g h t h e t r a n s f o r m a t i o n r a n g e t o
t h e l o w e r ( e q u i l i b r i u m ) v a l u e o f 370 := 20 ,~s o r 310 ~3
c a l p e r g - a t o m . ( I n c i d e n t a l l y - a l t h o u g h t h e c o m p o s i -
tion of t h e s p e c i m e n u s e d i s s t a t e d to be e q u i a t o m i e by
B e r n a n et al. ,24 t h e o b s e r v e d t r a n s i t i o n t e m p e r a t u r e
a n d r a n g e i n d i c a t e it m u s t h a v e b e e n n i c k e l - r i c h , p r o b -
ab ly c o n t a i n i n g - 5 0 . 5 p e t N i ) .

2) P e r i t e c t o i d R e a c t i o n

T h e f o r m a t i o n of a n e w s t r u c t u r e r e p o r t e d h e r e i s
not in a c c o r d w i t h t h e r e c e n t f i n d i n g s of M a r c i n k o w s k i
et a l . T h e s e a u t h o r s c o n c l u d e , p r e d o m i n a n t l y on the

b a s i s o f t r a n s m i s s i o n e l e c t r o n m i c r o s c o p y of t w o c o m -
p o s i t i o n s , that t w o m a r t e n s i t e s t r u c t u r e s e x i s t ;25, 26
t h a t the f o r m a t i o n o f a c o m p l e x t r a n s i t i o n s t r u c t u r e
p r e c e d e s that of T i N i 3 ;2~ a n d t h a t a e u t e c t o i d d e c o m p o -
s i t i o n o f T i N i into Ti2Ni2 a n d TiNi3 t a k e s p l a c e a t
6 4 0 ° C , w i t h t h e e u t e c t o i d c o m p o s i t i o n t e n t a t i v e l y s e t a t
- 5 1 . 5 pct Ni. 2a

W e h a v e a l r e a d y s u g g e s t e d a n u m b e r of r e a s o n s w h y
this i n t e r p r e t a t i o n of t h e t h i n - f i l m o b s e r v a t i o n s m a y
b e e r r o n e o u s . 29 T h e m o s t o b v i o u s a r g u m e n t a g a i n s t
t h e e x i s t e n c e of the e u t e c t o i d , h o w e v e r , lies in the m a r -
tensitic t r a n s f o r m a t i o n b e h a v i o r . F o r o p t i m u m a n d
s h a r p t r a n s f o r m a t i o n , a n a n n e a l of c o l d - w o r k e d T i N i
at 5 0 0° to 6 0 0 ° C is s t a t e d to b e r e q u i r e d . 3° U n d e r t h e s e
c o n d i t i o n s , the p r o p o s e d e u t e e t o i d d e c o m p o s i t i o n w o u l d
b e r a p i d l y initiated, a n d t h e a m o u n t of the B 2 s t r u c t u r e
p r e s e n t d e c r e a s e d d u e to f o r m a t i o n of T i 2 N i a n d T i N i 3 .
T h e latter t w o c o m p o u n d s , h o w e v e r , do not u n d e r g o a
s t r u c t u r a l t r a n s i t i o n , h e n c e t h e i r f o r m a t i o n c a n h a r d l y
s e r v e to o p t i m i z e the t r a n s f o r m a t i o n b e h a v i o r . A c c e l -
e r a t i n g the p e r i t e c t o i d r e a c t i o n , b y the s a m e p r o c e s -
sing s e q u e n c e , s h o u l d lead to r a p i d p r e c i p i t a t i o n of e x -
c e s s n i c k e l f r o m the s u p e r s a t u r a t e d B 2 p h a s e , t h u s
l e a d i n g to a s h a r p t r a n s f o r m a t i o n of the " n e a r - e q u i -
l i b r i u m " B 2 s t r u c t u r e .

3) NiaTi2 S t r u c t u r e

In the w o r k o f P f e i f e r et a l . 2 ° the e x i s t e n c e o f s t a c k -
i n g v a r i a n t s o f t h e T i N i 3 s t r u c t u r e h a s b e e n r e p o r t e d .
T h e h e x a g o n a l T i N i 3 h a s t h e DOz4 s t r u c t u r e , c h a r a c -
t e r i z e d by a c l o s e - p a c k e d s e q u e n c e of 4 p l a n e s in t h e
c - a x i s d i r e c t i o n , a n d d e s i g n a t e d by P f e i f e r et a l . , a s
A 4 . T h e y o b s e r v e d s t a c k i n g v a r i a n t s o f 10 , 9 , a n d 21
s i m i l a r l y c l o s e - p a c k e d s e q u e n c e s in q u e n c h e d c o m p o -
s i t i o n s w i t h d e c r e a s i n g n i c k e l c o n t e n t s .

The c o m p a r i s o n o f t h e d i f f r a c t i o n p a t t e r n s o b s e r v e d
h e r e w i t h t h o s e k i n d l y s u p p l i e d by P r o f e s s o r S c h u b e r t
f o r t h e s e s t a c k i n g v a r i a n t s p e r m i t t e d t h e i d e n t i f i c a t i o n
o f t h e p h a s e p r e s e n t a s A 1 0 . In v i e w o f t h e u n c e r t a i n t y
i n v o l v e d in t h e m i c r o p r o b e a n a l y s i s t h e f o r m u l a Ti2Nia,
r a t h e r t h a n TL2Nisa, i s s u g g e s t e d . T h e A 10 v a r i a n t ,
h o w e v e r , w a s o b s e r v e d a t m u c h h i g h e r n i c k e l c o n t e n t s
in t h e " a s - c a s t " , n o n e q u i l i b r i u m c o m p o s i t i o n s i n v e s -
t i g a t e d by P f e i f e r et al .20

4) T r a n s f o r m a t i o n B e h a v i o r

a) N i c k e l - r i c h c o m p o s i t i o n s s h o w a m a j o r v a r i a t i o n
in t r a n s f o r m a t i o n b e h a v i o r w i t h t h e p r i o r h e a t t r e a t -
m e n t . T h i s i s a s c r i b e d to t h e i n c o m p l e t e p r e c i p i t a t i o n
of n i c k e l , a n d t h e c o n s e q u e n t s u p e r s a t u r a t i o n o f t h e
r e t a i n e d ~ s t r u c t u r e . T h e e f f e c t i s p a r t i c u l a r l y sig-
n i f i c a n t a t l o w e r n i c k e l c o n t e n t s (<51 p c t N i ) , in w h i c h
t h e p r e c i p i t a t i o n of n i c k e l to t h e equ i l i b r ium s o l u t e
c o n t e n t o c c u r s b e l o w 600°C a n d r e q u i r e s long a n n e a l
t i m e s . S i n c e in the p a s t w o r k s u c h c o m p o s i t i o n s h a v e
b e e n p r e d o m i n a n t l y u s e d , t h e v a r i a t i o n in t h e o b s e r v e d
t r a n s f o r m a t i o n b e h a v i o r m u s t h a v e b e e n due to t h e
v a r y i n g e x t e n t o f s u p e r s a t u r a t i o n w i t h n i c k e l .

F r o m the c r y s t a l - s t r u c t u r e d a t a r e p o r t e d h e r e it i s
c o n c l u d e d that e x c e s s n i c k e l in T i N i c a u s e s a m a r k e d
l o w e r i n g in t h e m a r t e n s i t i c t r a n s f o r m a t i o n t e m p e r a -
t u r e , a s we l l a s the f o r m a t i o n of a m a r t e n s i t e o f a d i f -
f e r e n t s t r u c t u r e . A c c o r d i n g to D a u t o v i c h a n d P u r d y ,~2
e x c e s s n i c k e l i s p r e s e n t a s a s u b s t i t u t i o n a l d e f e c t .
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W h e n s u b j e c t e d to l o w - t e m p e r a t u r e a n n e a l s t o e n s u r e
the p r e c i p i t a t i o n of e x c e s s n i c k e l to t h e equ i l i b r ium
s o l u b i l i t y l i m i t , t h e s e c o m p o s i t i o n s a l l t r a n s f o r m a t
the s a m e t e m p e r a t u r e ( - 6 0 ° C ) , i n d e p e n d e n t o f t h e o v e r -
a l l c o m p o s i t i o n . The t r a n s i t i o n i s s h a r p e s t a t 50 to
50.5 p c t N i , a n d the m a r t e n s i t e p r o d u c t s t r u c t u r e i s
a l so i n d e p e n d e n t of c o m p o s i t i o n . T h e r e f o r e , t h e e q u i -
l i b r i u m h o m o g e n e i t y r a n g e o f t h e T i N i s t r u c t u r e a t
r o o m t e m p e r a t u r e r a n g e m u s t be q u i t e n a r r o w .

b) T i t a n i u m - r i c h c o m p o s i t i o n s s h o w r e l a t i v e l y m i n o r
v a r i a t i o n s in t r a n s f o r m a t i o n b e h a v i o r , c o n s i s t e n t w i t h
t h e v e r y l i m i t e d t o l e r a n c e o f t h e T i N i s t r u c t u r e f o r
e x c e s s t i t a n i u m .

The o n l y e f f e c t o b s e r v e d in t h e s e c o m p o s i t i o n s
q u e n c h e d f r o m >-650°C w a s a n i n c r e a s e of t h e t r a n s i t i o n
t e m p e r a t u r e to a p p r o x i m a t e l y 1 0 0 ° C , a n d a b r o a d e n i n g
o f the t r a n s f o r m a t i o n - t e m p e r a t u r e r a n g e . T h e r e a s o n s
f o r that a r e not c l e a r . It i s p o s s i b l e t h a t , w i t h e x c e s s
t i t a n i u m , v a c a n c y d e f e c t s on t h e n i c k e l s u b l a t t i c e in
t h e B2 l a t t i c e m a y be e n e r g e t i c a l l y f a v o r e d , a n d that
a t h i g h e r t e m p e r a t u r e t h e r m a l v a c a n c y f o r m a t i o n wi l l
a l so be m o r e m a r k e d . T h e a c c o m m o d a t i o n o f t h e t r a n s -
f o r m a t i o n s t r a i n s m a y , in t u r n , be f a c i l i t a t e d by t h e
p r e s e n c e o f l a r g e v a c a n c y c o n c e n t r a t i o n s , h e n c e l o w e r
" s u p e r c o o l i n g " p a s t t h e t h e o r e t i c a l Ms t e m p e r a t u r e
n e e d e d b e f o r e t h e m a r t e n s i t e f o r m s . C o n v e r s e l y , t h e
r e t e n t i o n o f s u b s t i t u t i o n a l e x c e s s n i c k e l a t o m s o n t h e
t i t a n i u m s u b l a t t t c e in t h e m e t a s t a b l e n i c k e l - r i c h c o m -
p o s i t i o n s d e p r e s s e s t h e t r a n s i t i o n , p o s s i b l y b e c a u s e o f
a l o w e r t o l e r a n c e of t h e m a r t e n s i t e s t r u c t u r e f o r t h i s
type of d e f e c t .

It i s o f i n t e r e s t h e r e to c o m p a r e the e f f e c t s of t h e
s t r u c t u r e d e f e c t s on t h e m a r t e n s i t i c t r a n s f o r m a t i o n
t e m p e r a t u r e in T i N i w i t h t h e c o r r e s p o n d i n g b e h a v i o r
in o t h e r c o m p a r a b l e m a t e r i a l s . The s u b s t i t u t i o n a l d e -
f e c t s p r e s e n t l o w e r 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 ,
a n d r e s u l t in a d i f f e r e n t m a r t e n s i t e s t r u c t u r e . T h i s
s e e m s c o m p a r a b l e t o t h e b e h a v i o r o f A u - 4 7 . 5 C d , in
w h i c h a l so l o w - t e m p e r a t u r e a n n e a l s c a u s e s i g n i f i c a n t
c h a n g e s in t r a n s f o r m a t i o n b e h a v i o r . 31 P e r h a p s t h e
v a r i a t i o n in M s t e m p e r a t u r e w i t h c o m p o s i t i o n in A u Z n
a n d in C u Z n a r e a l so d e f e c t - r e l a t e d . It w o u l d a p p e a r
that v a c a n c y d e f e c t s a r e l e s s e f f e c t i v e t h a n t h e s u b s t i -
t u t i o n a l a t o m s in a f f e c t i n g t h e t r a n s f o r m a t i o n .

c) T r a n s f o r m a t i o n s h e a r m a y be q u a l i t a t i v e l y e s t i -
m a t e d f r o m t h e c h a r a c t e r of t h e m a r t e n s i t e d i f f r a c t i o n
p a t t e r n , in w h i c h o n l y a f e w l i n e s in t h e v i c i n i t y o f
(110) B2 a r e u s u a l l y r e a s o n a b l y we l l r e s o l v e d . T h i s
s u g g e s t s t h a t t h e m a x i m u m s h e a r r e q u i r e d m a y be
c l o s e to < 1 1 0 ) B2 d i r e c t i o n , so t h a t r e l a t i v e l y l a r g e
a n d s t r a i n - f r e e m a r t e n s i t e d o m a i n s c a n f o r m in s p e c i -
m e n s w i t h (110) t e x t u r e o n t h e s u r f a c e . The v e r y p o o r
r e s o l u t i o n o f o t h e r l i n e s in (110) t e x t u r e s p e c i m e n s
s u g g e s t s e i t h e r a v e r y s m a l l m a r t e n s i t e d o m a i n s i z e
o r h i g h r e s i d u a l s t r a i n s f o r s h e a r d i r e c t i o n s o t h e r
t h a n that o f t h e n o r m a l to the s u r f a c e . T h i s , i f c o r r e c t ,
f u r t h e r s u g g e s t s t h a t a n i s o t r o p i c a n d s h a r p t r a n s f o r m -
a t i o n b e h a v i o r m a y be a t t a i n e d in h i g h l y t e x t u r e d m a -
t e r i a l s , p r o c e s s e d to d e v e l o p a s t r o n g a x i a l ( 1 1 0 ) B2
t e x t u r e b y , e . g . , d r a w i n g a b o v e the p e r i t e c t o i d (bu t b e -
l o w t h e r e c r y s t a l l i z a t i o n ) t e m p e r a t u r e .

C O N C L U S I O N S

1) It i s c o n c l u d e d that t h e equ i l i b r ium T i N i s t r u c t u r e
h a s a v e r y n a r r o w h o m o g e n e i t y r a n g e b e l o w 5 0 0 ° C , a n d

t h a t a s t r u c t u r e r e l a t e d t o TiNi~ but o f t h e a p p r o x i m a t e
c o m p o s i t i o n Ti2Ni3 f o r m s p e r i t e c t o i d a l l y a t 6 4 0 ° C . A t
e q u i l i b r i u m t h e B2 s t r u c t u r e T i N i t r a n s f o r m s m a r t e n -
s i t i c a l l y to a c o m p l e x s t r u c t u r e a t 57 ° + 1 2 ° C , r e g a r d -
l e s s o f the o v e r a l l c o m p o s i t i o n o f t h e t w o - p h a s e
m a t e r i a l . T h e e a r l i e r o b s e r v a t i o n s o f t h e c o m p o s i t i o n -
d e p e n d e n t 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 w e r e o b t a i n e d
o n n o n e q u i l i b r i u m , m e t a s t a b l e m a t e r i a l s , w h o s e t r a n s -
f o r m a t i o n b e h a v i o r c a n v a r y d e p e n d i n g o n t h e p r i o r
w o r k a n d h e a t - t r e a t m e n t h i s t o r y .

2) A s s u m i n g that the a n o m a l o u s b e h a v i o r , n o t a b l y
t h e " m e c h a n i c a l m e m o r y " , o f T i N i i s d i r e c t l y r e l a t e d
t o t h e t r a n s f o r m a t i o n , it f o l l o w s that a n y p r o p e r t i e s
o b s e r v e d to d a t e ( p a r t i c u l a r l y o n n i c k e l - r i c h c o m p o s i -
t i o n ) a r e c h a r a c t e r i s t i c o n l y of t h e s p e c i f i c n o n e q u i l i b -
r i u m c o n d i t i o n s o f t h e e x p e r i m e n t a l m a t e r i a l s . T h i s
a p p l i e s equa l ly to t h e f u n d a m e n t a l c h a r a c t e r i s t i c s ( a s
t h e m a r t e n s i t e s t r u c t u r e a n d t h e Ms t e m p e r a t u r e ) , a n d
to t h e m e c h a n i c a l - o r p h y s i c a l - p r o p e r t y v a r i a t i o n n e c -
e s s a r y f o r e n g i n e e r i n g d e s i g n . A n e x c e l l e n t e x a m p l e of
t h e m e c h a n i c a l - p r o p e r t y v a r i a t i o n i s o b t a i n e d f r o m the
c o m p a r i s o n o f t e n s i l e p r o p e r t i e s r e p o r t e d by R o z n e r
a n d W a s i l e w s k i ~4 a n d by B u e h l e r a n d C r o s s ~° f o r d i f -
f e r e n t l y p r o c e s s e d m a t e r i a l s .

3) T h e t r a n s f o r m a t i o n b e h a v i o r i s o n l y s l i g h t l y a f -
f e c t e d by p r i o r p r o c e s s i n g in t i t a n i u m - r i c h , but v e r y
s i g n i f i c a n t l y so in n i c k e l - r i c h c o m p o s i t i o n s . T h i s i s
s u g g e s t e d a s due to t h e d i f f e r e n t t y p e s o f s t r u c t u r e
i m p e r f e c t i o n s f o r m e d o n e a c h side o f t h e e q u i a t o m i c
c o m p o s i t i o n . The m a j o r d e f e c t in t h e n i c k e l - r i c h T i N i
i s b e l i e v e d to be s u b s t i t u t i o n a l n i c k e l a t o m . Equi l ib -
r i u m c o n d i t i o n s c a n be a t t a i n e d by p r o l o n g e d h e a t t r e a t -
m e n t a t 500°C a n d b e l o w .

4) If n o n e q u i l i b r i u m t r a n s f o r m a t i o n b e h a v i o r i s to be
u t i l i z e d , t h e m e a n s o f c o n t r o l l i n g t h e e x t e n t o f d e p a r -
t u r e f r o m e q u i l i b r i u m , a n d o f t h e d e f e c t s p r e s e n t , wi l l
h a v e to be d e v e l o p e d to e n s u r e r e p r o d u c i b i l i t y .

5) E x t r e m e c a u t i o n s h o u l d be a p p l i e d in i n t e r p r e t a -
t i o n o f o b s e r v a t i o n s on m a t e r i a l s o f t h i s type d e r i v e d
o n i l l - c h a r a c t e r i z e d s p e c i m e n s , o n o n e o r two c o m p o -
s i t i o n s o n l y , o r not c o n f i r m e d by t h e use of o t h e r e x -
p e r i m e n t a l t e c h n i q u e s . A d i f f e r e n c e o f 1 a t . p c t in
c o m p o s i t i o n , o r o f 100°C in the a n n e a l t e m p e r a t u r e , c a n
c a u s e d r a s t i c v a r i a t i o n in t h e b e h a v i o r o f t h e m a t e r i a l .

A C K N O W L E D G M E N T S

T h i s w o r k w a s s t a r t e d at the E n g i n e e r i n g M a t e r i a l s
L a b o r a t o r y , E . I. d u P o n t d e N e m o u r s a n d C o . , W i l -
m i n g t o n , D e f . , a n d c o n t i n u e d b y o n e of the a u t h o r s u n d e r
the s u p p o r t of B a t t e l l e M e m o r i a l Institute, C o l u m b u s
L a b o r a t o r i e s . P . R . H e l d c a r r i e d out the s t r a i n - g a g e
m e a s u r e m e n t s , a n d G. R . S t r a b e l the m i c r o p r o b e a n a -
l y s e s . W e a r e i n d e b t e d to P r o f e s s o r K . S c h u b e r t for
t h e d i f f r a c t i o n p a t t e r n s o f TiNi3 s t a c k i n g v a r i a n t s .
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