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A n e x p e r i m e n t a l s i l i c o n s t e e l h a s b e e n u s e d in a d e t a i l e d k i n e t i c a n d s t r u c t u r a l s t u d y of
t h e b a i n i t e t r a n s f o r m a t i o n in a n a t t e m p t t o r e s o l v e s o m e of the c o n t r o v e r s i e s c o n c e r n i n g
t h e r e a c t i o n m e c h a n i s m . D i s t i n c t r e a c t i o n ' C ' c u r v e s a n d t r a n s f o r m a t i o n m e c h a n i s m s
w e r e o b s e r v e d f o r t h e u p p e r a n d l o w e r b a i n i t e r e a c t i o n s . T h e o b s e r v e d s e t o f t h r e e m i n i m a
in t r a n s f o r m a t i o n k i n e t i c s w e r e f o u n d t o be i n c o m p a t i b l e w i t h t h e s o l u t e d r a g e x p l a n a t i o n
o f t h e k i n e t i c Bs t e m p e r a t u r e . 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 i n d i c a t e d t h e g r o w t h of
b o t h u p p e r a n d l o w e r b a i n i t e by the p r o p a g a t i o n o f d i s p l a c i v e s u b u n i t s , w i t h a d j a c e n t nu -
c l e a t i o n in t h e l a t t e r c a s e . D e f i n i t e e v i d e n c e f o r c a r b o n s u p e r s a t u r a t i o n was o b t a i n e d f o r
t h e l o w e r b a i n i t i c f e r r i t e . T h e r e s u l t s a r e bes t e x p l a i n e d in t e r m s of a s h e a r m e c h a n i s m
f o r t h e f e r r i t i c c o m p o n e n t of b a i n i t e r a t h e r t h a n a l e d g e m e c h a n i s m ( a s i s o b s e r v e d in
W i d m a n s t a t t e n f e r r i t e g r o w t h ) . C a r b i d e p r e c i p i t a t i o n e v e n t s w e r e a l so c h a r a c t e r i z e d a n d
t h e e v i d e n c e s u g g e s t e d t h a t p r e c i p i t a t i o n r e s u l t e d f r o m t h e a g i n g of a s u p e r s a t u r a t e d m a -
t r i x in l o w e r b a i n i t e . T h e e v i d e n c e a l so s u g g e s t s t h a t c a r b i d e p r e c i p i t a t i o n e v e n t s a r e o f
s e c o n d a r y i m p o r t a n c e t o t h e e s s e n c e o f b a i n i t e f o r m a t i o n . It was f u r t h e r p r o v e n that t h e
c o n c e p t of a m e t a s t a b l e equ i l i b r ium 1 c o n t r o l l i n g t h e t r a n s i t i o n f r o m u p p e r t o l o w e r b a i n i t e
was not a p p l i c a b l e t o t h e p r e s e n t s t e e l a n d i n d e e d , i f a n y m e t a s t a b l e e q u i l i b r i u m d o e s
e x i s t in any o t h e r s t e e l , i t d o e s not c o n s t i t u t e a g e n e r a l p h e n o m e n o n a n d h e n c e i s not es -
s e n t i a l to t h e b a i n i t e t r a n s f o r m a t i o n m e c h a n i s m .

T H Eb a i n i t e t r a n s f o r m a t i o n r e m a i n s t h e l e a s t u n d e r -
s t o o d of a l l the d e c o m p o s i t i o n r e a c t i o n s of the h i g h
t e m p e r a t u r e a u s t e n i t i c p h a s e in s t e e l s . T h e c o m p l e x i -
t i e s of i t s f o r m a t i o n m e c h a n i s m a n d k i n e t i c s , a n d t h e
a p p a r e n t d i v e r s i t y in i t s m i c r o s t r u c t u r a l a p p e a r a n c e ,
e v e n c r e a t e d i s a g r e e m e n t in i d e n t i f y i n g i t s c o r r e c t
d e f i n i t i o n . 1,2 H o w e v e r , the we l l k n o w n d i f f e r e n c e in
c a r b i d e d i s t r i b u t i o n b e t w e e n b a i n i t e f o r m e d a t h i g h a n d
l o w t e m p e r a t u r e s , v i z . , i n t r a l a t h a n d i n t e r l a t h , r e s p e c -
t i v e l y , a p p e a r s to e x i s t in a m a j o r i t y of s t e e l s a n d
m a k e s t h e c l a s s i c a l n o m e n c l a t u r e of u p p e r a n d l o w e r
b a i n i t e u s e f u l , b o t h in d e s c r i b i n g t h e m i c r o s t r u c t u r a l
a p p e a r a n c e a n d in c l a s s i f y i n g the o v e r a l l r e a c t i o n m e -
c h a n i s m . 3"° I n t h i s r e s p e c t , t h e s e t e r m s a r e u s e d in
t h e p r e s e n t w o r k .

S i n c e b a i n i t e f o r m s in t h e t e m p e r a t u r e r a n g e d i v i d -
i n g the r e c o n s t r u c t i v e f e r r i t e / p e a r l i t e r e a c t i o n s a n d
t h e d i s p l a c i v e m a r t e n s i t i c r e a c t i o n , t h e r e h a s b e e n a
n a t u r a l d e s i r e to r e l a t e b a i n i t e t o o n e o r o t h e r of t h e s e
p h a s e s , w h i c h h a s l e d t o m u c h c o n t r o v e r s i a l d e b a t e
c o n c e r n i n g t h e m e c h a n i s m of i t s f o r m a t i o n . 1,1°-14

O n e s c h o o l of t h o u g h t c o n s i d e r s t h a t t h e f e r r i t i c c o m -
p o n e n t of b a i n i t e d e v e l o p s o v e r t h e w h o l e b a i n i t i c t e m -
p e r a t u r e r a n g e by a d i f f u s i o n a l l e d g e m e c h a n i s m a n a l o -
g o u s to t h e p r o p o s a l s m a d e t o a c c o u n t f o r t h e f o r m a t i o n
of W i d m a n s t a t t e n p r o - e u t e c t o i d f e r r i t e . 1 T h e c a r b o n
c o n t e n t o f t h i s f e r r i t e i s c o n s i d e r e d to be b e t w e e n t h e
~/oz + F e 3 C a n d t h e e x t r a p o l a t e d ~ / ~ + 7 p h a s e b o u n d -
a r i e s , a n d t h e b a i n i t i c c a r b i d e s a r e c o n s i d e r e d to f o r m
p r i m a r i l y on t h e a u s t e n i t i c side of t h e a u s t e n i f e / f e r -
r i t e i n t e r f a c e . 1 R e c e n t d e t a i l e d e l e c t r o n d i f f r a c t i o n
s t u d i e s of t h e c a r b i d e p r e c i p i t a t i o n r e a c t i o n s h a v e
b e e n i n t e r p r e t e d to g i v e s u p p o r t t o t h i s h y p o t h e s i s , i s
A s o l u t e d r a g m o d e l i s i n v o k e d t o e x p l a i n the b a y in the
T T T c u r v e a t t h e B s t e m p e r a t u r e . 1~ T h e i n c o m p l e t e

H. K. D. H. BHADESHIA and D. V. EDMONDS are Research
Student and Royal Society Warren Research Fellow, respectively,
Department of Metallurgy and Materials Science, University of Cam-
bridge, Cambridge, U.K.

Manuscript submitted August 17, 1978 .

METALLURGICAL TRANSACTIONS A

r e a c t i o n c h a r a c t e r i s t i c of the b a i n i t e t r a n s f o r m a t i o n 1'16
i s c l a i m e d not t o be a g e n e r a l p h e n o m e n o n .1

T h e o p p o s i n g s c h o o l o f t h o u g h t c o n s i d e r s the b a i n i t e
r e a c t i o n to be a d i s p l a c i v e t r a n s f o r m a t i o n ( i n v o l v i n g
a n a t o m i c c o r r e s p o n d e n c e ) c o n t r o l l e d e s s e n t i a l l y by
t h e r a t e a t w h i c h c o m p o s i t i o n c h a n g e i s a c c o m p l i s h e d
by c a r b o n r e m o v a l t o t h e s u r r o u n d i n g a u s t e n i t e , o r by
s o m e o t h e r r a t e c o n t r o l l i n g p r o c e s s s u c h a s s t r a i n
e n e r g y r e l a x a t i o n . l , 1 0 '11'16 I t i s e x p e c t e d that t h e aus-
t e n i t e / f e r r i t e i n t e r f a c e s h o u l d e x h i b i t the s a m e c h a r -
a c t e r i s t i c s a s 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 h e
f e r r i t i c c o m p o n e n t o f b a i n i t e i s t h u s t h o u g h t t o f o r m
w i t h a c a r b o n s u p e r s a t u r a t i o n 1°'16'17 w h i c h in l o w e r
b a i n i t e i s r e l i e v e d by c a r b i d e p r e c i p i t a t i o n w i t h i n t h e
f e r r i t e . T h i s r e a c t i o n i s t h u s a n a l o g o u s t o a u t o t e m -
p e r e d m a r t e n s i t e . T h e e x i s t e n c e o f a m e t a s t a b l e
e u t e c t o i d r e a c t i o n c o n t r o l l i n g t h e c a r b i d e p r e c i p i t a -
t i o n e v e n t h a s a l so b e e n p o s t u l a t e d . 1B T h i s c o n c e p t i s
a l so e x t e n d e d t o s u p p o r t the i d e a o f a d i s c o n t i n u o u s
c h a n g e f r o m u p p e r to l o w e r b a i n i t e a t a t e m p e r a t u r e
of 3 5 0 ° C v i r t u a l l y i n d e p e n d e n t of s t e e l c o m p o s i t i o n .
T h e B s t e m p e r a t u r e i s c o n s i d e r e d to be due t o t h e
i n t e r s e c t i o n o f t w o s e p a r a t e C - c u r v e s f o r r e a c t i o n s
o c c u r r i n g by f u n d a m e n t a l l y d i f f e r e n t m e c h a n i s m s . l ' 1 8

T h e p r e s e n t p a p e r d e s c r i b e s a s t u d y o f t h e b a i n i t e
r e a c t i o n in a s t e e l c o n t a i n i n g d e l i b e r a t e a d d i t i o n s of
M n a n d Si . T h e i m p o r t a n c e of t h e Si a d d i t i o n in t h i s
r e s p e c t i s t h a t i t i n h i b i t s t h e f o r m a t i o n of c e m e n t i t e ,
w h i c h i s t h e c r i t i c a l e v e n t in t h e p r o g r e s s o f t h e b a i n i t e
r e a c t i o n , s i n c e i t r e m o v e s c a r b o n f r o m t h e a u s t e n i t e
o r f e r r i t e . T h u s , d e s p i t e b e i n g c l a s s i f i e d a s a f e r r i t e
f o r m i n g e l e m e n t , the p r e s e n c e o f Si d u r i n g t h e b a i n i t e
r e a c t i o n l e a d s to i n c o m p l e t e t r a n s f o r m a t i o n . T h e f u r -
t h e r a d d i t i o n o f M n t o t h e a l l o y h e l p s t o s t a b i l i z e t h e
u n t r a n s f o r m e d a u s t e n i t e a t r o o m - t e m p e r a t u r e , a n d
a l so t o i m p a r t s u f f i c i e n t h a r d e n a b i l i t y f o r h e a t t r e a t -
m e n t . T h e p r e s e n c e of r e t a i n e d a u s t e n i t e a n d t h e
s l o w e r p r o g r e s s of t h e o v e r a l l b a i n i t e r e a c t i o n a l l o w s
a m o r e t h o r o u g h s t u d y o f t h e t r a n s f o r m a t i o n m e c h a -
n i s m .
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E X P E R I M E N T A L P R O C E D U R E S

A 6 5 g m e l t of the e x p e r i m e n t a l a l l o y w a s p r e p a r e d
f r o m p u r e c o n s t i t u e n t s in a n a r g o n - a r c f u r n a c e , a n d
the f i n a l c h e m i c a l a n a l y s i s w a s F e - 0 . 4 3 C - 3 . 0 0 M n - 2 . 1 2 S i .
T h e i n g o t w a s s e a l e d in a q u a r t z c a p s u l e u n d e r a p a r t i a l
p r e s s u r e of a r g o n a n d h o m o g e n i z e d for t h r e e d a y s at
1 2 5 0 ° C , b e f o r e h o t - s w a g i n g to 3 m m d i a m rod.

A u s t e n i t i z i n g t r e a t m e n t s ( g e n e r a l l y 5 rain at 1 2 0 0 ° C )
w e r e c a r r i e d out w i t h the s p e c i m e n s e a l e d in a q u a r t z
c a p s u l e . S u b s e q u e n t i s o t h e r m a l heat t r e a t m e n t s w e r e
c a r r i e d out b y f r a c t u r i n g the q u a r t z a n d q u e n c h i n g the
s p e c i m e n into a tin b a t h c o v e r e d w i t h a l a y e r of a c t i v e
c h a r c o a l .

T h i n foil s p e c i m e n s for 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 w e r e p r e p a r e d f r o m 0 . 2 5 m m t h i c k d i s c s slit
f r o m the h e a t - t r e a t e d 3 r a m d i a m e t e r r o d u n d e r con-
d i t i o n s of f l o o d l u b r i c a t i o n . T h e d i s c s w e r e s u b s e q u e n t l y
t h i n n e d a n d e l e c t r o p o l i s h e d in a t w i n - j e t p o l i s h i n g unit
u s i n g a 2 5 pct g l y c e r o l , 5 pct p e r c h l o r i c a c i d a n d 7 0
pct e t h a n o l m i x t u r e at r o o m t e m p e r a t u r e a n d 55 V o l t s .
T h e f o i l s w e r e e x a m i n e d in a P h i l i p s E M 3 0 0 .

D i l a t o m e t r i c a n a l y s i s w a s c a r r i e d out o n a T h e t a
I n d u s t r i e s h i g h - s p e e d v a c u u m d i l a t o m e t e r u s i n g a
2 0 m m b y 3 m m d i a m tube s p e c i m e n w i t h a 1 . 5 r a m
d i a m b o r e to facilitate fast c o o l i n g . Q u e n c h i n g to the
i s o t h e 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 w a s a c h i e v e d
b y a n a u t o m a t i c a l l y c o n t r o l l e d h i g h - p r e s s u r e h e l i u m
jet d i r e c t e d b o t h r a d i a l l y a n d a x i a l l y at the s p e c i m e n .
N o significant d e c a r b u r i z a t i o n o c c u r e d .

X - r a y diffraction a n a l y s i s w a s c a r r i e d out o n 1 . 5 r a m
t h i c k f l a t - r o l l e d s p e c i m e n s w h i c h w e r e c h e m i c a l l y
t h i n n e d to r e m o v e a p p r o x i m a t e l y 0 . 3 m m of m a t e r i a l
f r o m the s u r f a c e . A P h i l i p s h o r i z o n t a l d i f f r a c t o m e t e r
with C o r a d i a t i o n a n d a L i F c r y s t a l m o n o c h r o m a t o r in
the d i f f r a c t e d b e a m w a s u s e d .

R E S U L T S A N D D I S C U S S I O N

1 . R e a c [ i o n K i n e t i c s

D i l a t o m e t r y c o m b i n e d w i t h o p t i c a l a n d e l e c t r o n m i -
c r o s c o p y was u s e d t o d e t e r m i n e the b a i n i t e T T T c u r v e .
F i g u r e 1 s h o w s t h e 5 pct t r a n s f o r m a t i o n c u r v e ; the
d a s h e d l i n e s i n d i c a t e t h e s c a t t e r o b t a i n e d a n d it i s
t h o u g h t that t h i s s c a t t e r i s r e a l s i n c e i t e x c e e d s the
e s t i m a t e d e x p e r i m e n t a l e r r o r s . S i n c e t r a n s f o r m a t i o n
was u s u a l l y i n c o m p l e t e , c a l i b r a t i o n f o r t h e t o t a l l e n g t h

c h a n g e due t o 100 pct t r a n s f o r m a t i o n was o b t a i n e d by
f i r s t t r a n s f o r m i n g to u p p e r b a i n i t e a t 3 5 0 ° C f o l l o w e d
by a t e m p e r a t 5 0 0 ° C in o r d e r t o d e c o m p o s e t h e r e -
t a i n e d a u s t e n i t e . T h e t w o l e n g t h c h a n g e s m e a s u r e d
w e r e t h e n a d d e d , a f t e r a l l o w i n g f o r t h e r m a l e x p a n s i o n ,
in o r d e r t o o b t a i n t h e l e n g t h c h a n g e due t o 100 pct
t r a n s f o r m a t i o n . S e p a r a t e C - c u r v e s w e r e i n d i c a t e d f o r
u p p e r a n d l o w e r b a i n i t e , * a n d t h i s i s c o n s i d e r e d

*Throughout this paper upper bainite is defined as an aggregate of bainitic
ferrite and high-carbon retained austenite without any carbide precipitation due
to the influence of the high level of silicon in the experimental alloy. Lower
bainite is defined as an aggregate of bainitic ferrite with little retained austenite
and, distinctively, intralath precipitation of sheet-like cementite particles in the
ferrite. Justification for these definitions willbecome evident in the section on
microstructural observations.

f u r t h e r b e l o w .
E l e c t r o n m i c r o s c o p y r e v e a l e d that the u p p e r a n d

l o w e r b a i n i t e r e a c t i o n s did not go to c o m p l e t i o n d e s p i t e
p r o l o n g e d p e r i o d s of h o l d i n g a t the i s o t h e r m a I 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 i g n i f i c a n t a m o u n t s o f r e t a i n e d
a u s t e n i t e w e r e d e t e c t a b l e in a l l c a s e s ) .

It was f o u n d that n e a r t h e B s t e m p e r a t u r e only a
v e r y l i m i t e d a m o u n t of a u s t e n i t e t r a n s f o r m e d to b a i n i t e
d e s p i t e h o l d i n g a t t h e i s o t h e 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 f o r 32 h . D i l a t o m e t r y i n d i c a t e d a n i n i t i a l
l i m i t e d a m o u n t o f r a p i d t r a n s f o r m a t i o n f o l l o w e d by a n
a s y m p t o t i c t e r m i n a t i o n . F i g u r e 2 s h o w s a s p e c i m e n
i s o t h e r m a l l y t r a n s f o r m e d a t 4 5 2 ° C f o r 32 h a n d it i s
c l e a r t h a t o n l y a s m a l l a m o u n t of u p p e r b a i n i t e h a s
f o r m e d a n d that e v e n t u a l l y t h e p e a r l i t e r e a c t i o n h a s
t a k e n o v e r .

T h e t e m p e r a t u r e d e p e n d e n c e of t h e ' i n c o m p l e t e r e a c -
t i o n ' was i n v e s t i g a t e d by m e a s u r i n g t h e l e n g t h c h a n g e
f r o m z e r o t i m e t o a t i m e w h e n the r e a c t i o n r a t e was
n e g l i g i b l e ( d L / d l = 7 . 9 × 10-6 c m s - l ) . T h e s e d a t a a r e
p l o t t e d a s a f u n c t i o n of i s o t h e 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 in F i g . 3 . I t i s c l e a r that t h e e x t e n t of
t r a n s f o r m a t i o n i s a s e n s i t i v e f u n c t i o n of t e m p e r a t u r e
a n d t h i s i s t o t a l l y c h a r a c t e r i s t i c of the i n c o m p l e t e r e -
a c t i o n p h e n o m e n o n .1G T h i s r e s u l t i s c o n s i d e r e d t o be
p a r t i c u l a r l y r e l e v a n t s i n c e t h e r e i s n o i n t e r f e r e n c e
f r o m c a r b i d e p r e c i p i t a t i o n d u r i n g the u p p e r b a i n i t i c
f e r r i t e r e a c t i o n in t h i s a l l o y . A n y p r e c i p i t a t i o n of
c a r b i d e w o u l d n a t u r a l l y r e d u c e t h e c a r b o n c o n t e n t of
the e n r i c h e d a u s t e n i t e , t h e r e b y p r o m o t i n g f u r t h e r
t r a n s f o r m a t i o n .

M m
2001.0 I~ ~ U ~0

t.oe (t~m/m~cm~B)
Fig. 1-Dilatometrically determined 5 pct transformation TTT curve.

E

Fig. 2-Optical micrograph showing termination of the upper bainite
reaction and onset of the pearlite reaction during isothermal transfor-
mation at 452°C for 32 h .
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Fig. 3 Curve of dL versus isothermal transformation temperature show-
ing temperature dependency of the 'incomplete reaction' phenomenon.

T h e e x t r a b a y s i n d i c a t e d by h i g h - s p e e d d i l a t o m e t r y
in the b a i n i t e T T T d i a g r a m b e t w e e n t h e u p p e r a n d
l o w e r b a i n i t e r e a c t i o n s , a n d b e t w e e n t h e l o w e r b a i n i t e
a n d m a r t e n s i t e r e a c t i o n s h a v e not b e e n d e t e c t e d b e -
f o r e a n d r e q u i r e d f u r t h e r c o n f i r m a t o r y s t u d i e s . Q u e n c h -
i n g into a t i n b a t h h e l d a t t h e r e q u i r e d i s o t h e 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 f a i l e d t o r e v e a l m e t a l l o g r a p h i -
c a l l y t h e l o w e r p a r t of the u p p e r b a i n i t i c c u r v e due to
t h e o n s e t of t h e l o w e r b a i n i t e r e a c t i o n . H o w e v e r , i t
was f o u n d t h a t w h e n h e l i u m q u e n c h i n g was u s e d (in t h e
d i l a t o m e t e r ) the l o w e r p a r t of t h e u p p e r b a i n i t i c c u r v e
was we l l d e f i n e d ( e . g . F i g . 1), a n d m e t a l l o g r a p h y s p e c i -
f i e d a t e m p e r a t u r e r e g i o n w h e r e e i t h e r u p p e r b a i n i t e
o r l o w e r b a i n i t e f o r m e d but n e v e r a m i x t u r e o f the t w o .
T h i s i n d i c a t e d a d e p e n d e n c e of the t r a n s f o r m a t i o n
p r o d u c t ( u p p e r o r l o w e r b a i n i t e ) on t h e q u e n c h r a t e to
t h e i s o t h e 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 . I t a p p e a r e d
that u p p e r b a i n i t e w o u l d f o r m w h e n t h e q u e n c h r a t e was
r e l a t i v e l y s l o w . S t e p q u e n c h i n g e x p e r i m e n t s w e r e c o n -
d u c t e d to v e r i f y t h i s . F o l l o w i n g a u s t e n i t i z a t i o n , s p e c i -
m e n s w e r e q u e n c h e d t o the m e t a s t a b l e b a y (500°C)
a b o v e t h e B s t e m p e r a t u r e a n d h e l d f o r 30 s e c o n d s b e -
f o r e q u e n c h i n g into a t i n b a t h a t a t e m p e r a t u r e in the
l o w e r r a n g e of t h e u p p e r b a i n i t e C - c u r v e (286°C). T h i s
t r e a t m e n t e f f e c t i v e l y r e d u c e s t h e q u e n c h r a t e t o t h e

(a)

(b)

(c) (d)
Fig. 4-Upper bainite formed after isothermal transformation at 286°C for 30 min. (a) Optical micrograph. (b) Transmission bright field image of
a single plate. (c) Corresponding dark field image of retained austenite. (d) Corresponding diffraction pat tern.

METALLURGICAL TRANSACTIONS A VOLUME 10A, JULY 1979-897



i s o t h e 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 . V e r y l i t t l e
t r a n s f o r m a t i o n to a t y p i c a l l y f e a t h e r y u p p e r b a i n i t i c
p r o d u c t was r e c o r d e d , a n d e l e c t r o n m i c r o s c o p y c o n -
f i r m e d u p p e r b a i n i t e c o n s i s t i n g of b a i n i t i c f e r r i t e a n d
r e t a i n e d a u s t e n i t e in a bulk m a t r i x of m a r t e n s i t e ( F i g .
4 ) . T h e e x i s t e n c e of a s e p a r a t e C - c u r v e f o r t h e u p p e r
b a i n i t e r e a c t i o n was t h e r e f o r e c o n f i r m e d in d e t a i l a n d
a q u e n c h r a t e e f f e c t was n o t e d s u c h t h a t u p p e r b a i n i t e
was o b t a i n e d a t l o w q u e n c h r a t e s ( to t h e i s o t h e 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 ) in t h e r e g i o n of o v e r l a p
o f the u p p e r a n d l o w e r b a i n i t e r e a c t i o n s .

I s o t h e r m a l t r a n s f o r m a t i o n a t 2 4 6 ° C r e v e a l e d t h e
l o w e r p a r t o f t h e l o w e r b a i n i t e c u r v e ; v e r y l i t t l e
t r a n s f o r m a t i o n was d e t e c t a b l e m e t a l l o g r a p h i c a l l y
d e s p i t e r e l a t i v e l y l o n g p e r i o d s a t t h e i s o t h e 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 ( F i g . 5). It i s n o t e d that the
d i l a t o m e t r i c a l l y d e t e r m i n e d M s t e m p e r a t u r e o f t h i s
a l l o y i s 2 2 0 ° C . I t was f o u n d t h a t a s i g n i f i c a n t s l o w i n g
down o f r e a c t i o n k i n e t i c s c o r r e s p o n d i n g to t h e u p p e r
p a r t of the l o w e r b a i n i t e C - c u r v e c o u l d not be d e t e c t e d
w i t h c o n f i d e n c e .

By t h e k i n e t i c d e f i n i t i o n the b a i n i t e r e a c t i o n h a s i t s
o w n C - c u r v e ; a s t h e m a x i m u m t e m p e r a t u r e o f t h i s
c u r v e (the s o - c a l l e d k i n e t i c B s t e m p e r a t u r e ) i s a p -
p r o a c h e d , the p r o p o r t i o n of b a i n i t e f o r m a b l e d e c r e a s e s
( i d e a l l y ) to z e r o . 1 I n a l l o y s t e e l s t h e r e i s u s u a l l y a
we l l d e f i n e d b a y a t the B s t e m p e r a t u r e a b o v e w h i c h
a u s t e n i t e wi l l not t r a n s f o r m by the b a i n i t i c m o d e . T h e
p r e s e n t r e s u l t s a r e c o n s i s t e n t w i t h t h i s d e f i n i t i o n a n d
b e c a u s e of t h e a g r e e m e n t b e t w e e n t h e d i l a t o m e t r y
a n d o p t i c a l a n d e l e c t r o n m i c r o s c o p y , a l so i n d i c a t e
that the k i n e t i c d e f i n i t i o n i s d i r e c t l y e q u i v a l e n t t o
t h e m i c r o s t r u c t u r a l B s . T h e e x i s t e n c e o f s e p a r a t e
r e a c t i o n c u r v e s f o r the u p p e r a n d l o w e r b a i n i t i c t r a n s -
f o r m a t i o n s i s a l so o b s e r v e d .

B a s e d on k i n e t i c o b s e r v a t i o n s of a n F e - M o - C a l l o y ,
A a r o n s o n c o n c l u d e s that t h e k i n e t i c - B s i s only a m a n i -
f e s t a t i o n of t h e s p e c i a l e f f e c t o f a l l o y i n g e l e m e n t s o n
t h e g r o w t h k i n e t i c s o f p r o e u t e c t o i d f e r r i t el ' e i . e . t h e
m i n i m u m in g r o w t h k i n e t i c s i s i n t e r p r e t e d in t e r m s of
a d r a g e f f e c t p r o d u c e d by the s e g r e g a t i o n o f c e r t a i n
a l l o y i n g e l e m e n t s to the a u s t e n i t e - f e r r i t e i n t e r f a c e s .
I t i s s u g g e s t e d that a l l o y i n g e l e m e n t s w h i c h d e c r e a s e
t h e a c t i v i t y of c a r b o n in a u s t e n i t e s h o u l d e x e r c i s e a n
e n h a n c e d d r a g e f f e c t r e l a t i v e to t h o s e that do n o t 2,'s
a n d t h e a b s e n c e o f a b a y in a n F e - C - 1 a t . p c t . M n a l -

loy i s c l a i m e d t o be c o n s i s t e n t w i t h t h e r e l a t i v e l y
s m a l l e f f e c t o f M n in r e d u c i n g t h e c a r b o n a c t i v i t y in
a u s t e n i t e . 1S I t i s f u r t h e r c l a i m e d t h a t e l e m e n t s s u c h
a s Si a n d Co w h i c h r a i s e the a c t i v i t y of C in a u s t e n i t e
s h o u l d not g i v e r i s e to t h e k i n e t i c - B s p h e n o m e n a . 2 I n
p l a i n c a r b o n s t e e l s t h e k i n e t i c f e a t u r e s a r e n o t we l l
d e f i n e d a l t h o u g h s e v e r a l o t h e r f e a t u r e s o f t h e b a i n i t e
r e a c t i o n s a r e p r e s e n t . D e p e n d i n g on the t h e o r y sub-
s c r i b e d t o , d i f f u s i o n a l l e d g e s o r d i s p l a c i v e s h e a r , t h i s
c a n be a t t r i b u t e d e i t h e r to o b s e r v a t i o n a l d i f f i c u l t i e s
( r e l a t e d to c o m p e t i t i o n f r o m t h e p e a r l i t e a n d p r o e u -
t e c t o i d f e r r i t e r e a c t i o n s ) 1 o r to t h e a b s e n c e of a n y
s u b s t i t u t i o n a l s o l u t e e l e m e n t s t o e x e r t a d r a g o n the
t r a n s f o r m a t i o n f r o n t . 1

A c c o r d i n g to A a r o n s o n 2 t h e d e v e l o p m e n t of t h e b a i n -
i te r e a c t i o n b e l o w B s t e m p e r a t u r e c a n be v i s u a l i z e d in
t e r m s of t h e c o m p e t i t i o n b e t w e e n the r e a c t i o n d r i v i n g
f o r c e a n d t h e a p p r o a c h to s a t u r a t i o n o f t h e s o l u t e d rug
e f f e c t .

T h e p r e s e n t r e s u l t s w o u l d a p p e a r to be i n c o n s i s t e n t
w i t h the s o l u t e d r a g m o d e l w h i c h c a n only e x p l a i n a
s i n g l e b a y in t h e v i c i n i t y o f t h e B s t e m p e r a t u r e , a n d
not t h e t h r e e o b s e r v e d in t h e p r e s e n t w o r k . R e c e n t
w o r k on F e - M o - C s t e e l s19'2° h a s a d d e d t h e p o s s i b i l i t y
that t h e s o - c a l l e d " s o l u t e d r a g e f f e c t " m a y s i m p l y be
due t o the i n f l u e n c e o f c a r b i d e p r e c i p i t a t i o n on the d y -
n a m i c s of the 7 / a i n t e r f a c e in t h e r e g i o n o f t h e b a y .

B a s e d on a v a i l a b l e t h e r m o d y n a m i c d a t a21 i t i s con-
c l u d e d that the c o m p o s i t i o n of t h e p r e s e n t a l l o y m e r i t s
a l a r g e i n c r e a s e in t h e a c t i v i t y o f c a r b o n in a u s t e n i t e .
D e s p i t e t h i s f a c t , a s t r o n g k i n e t i c B s i s o b s e r v e d , in
c o n t r a d i c t i o n t o the a b o v e s o l u t e d r a g m o d e l - f u r t h e r -
m o r e , e l e c t r o n m i c r o s c o p y c l e a r l y s h o w s t h e a b s e n c e
of a n y c a r b i d e p r e c i p i t a t i o n a t t h i s t e m p e r a t u r e .

T h e a l t e r n a t i v e e x p l a n a t i o n i s that t h e B s t e m p e r a -
t u r e a r i s e s f r o m a f u n d a m e n t a l l y d i f f e r e n t m e c h a n i s m
of t h e b a i n i t e r e a c t i o n a s c o m p a r e d to t h e f o r m a t i o n
of W i d m a n s t a t t e n f e r r i t e . 1,~°,14,16 F u r t h e r m o r e , s u p -
p o r t e r s of t h i s t h e o r y that b a i n i t e f o r m s by a d i s=
p l a c i v e s h e a r m e c h a n i s m a l so p o s t u l a t e that it ' f o r m s '
by r e p e a t e d n u c l e a t i o n of s u b s t r u c t u r a l u n i t s that p r o -
p a g a t e r a p i d l y to a l i m i t e d s i z e , a n d t h u s t h e i n c o m -
p l e t e n a t u r e o f the r e a c t i o n c a n be a t t r i b u t e d to a r e -
s t r i c t i o n on n u c l e a t i o n r a t h e r than g r o w t h . C o n s i s t e n t
w i t h t h i s o b s e r v a t i o n i s t h e f a c t that u p p e r b a i n i t e
p l a t e s r e t a i n t h e i r a c i c u l a r i t y ; t h e y do n o t a p p e a r t o

Fig. 5 Lower bainite formed after isothermal transformation at 246°C
tbr 30 rain.

Fig. 6-Upper bainite formed after isothermal transformation at 350°C
for 205 rain. The retained austenite is the grey phase.
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t h i c k e n f o l l o w i n g t h e i r i n i t i a l r a p i d f o r m a t i o n . T h e r e
i s only l i m i t e d e v i d e n c e f o r t h e e x i s t e n c e o f t h e s e sub-
s t r u c t u r a l u n i t s , e s p e c i a l l y f o r t h e c a s e of u p p e r b a i n -
i r e . l ° E v i d e n c e o f t h e s e u n i t s h a s b e e n f o u n d f o r b o t h
u p p e r a n d l o w e r b a i n i t e in the p r e s e n t w o r k a n d i s p r e -
s e n t e d in t h e s e c t i o n on m i c r o s t r u c t u r a l o b s e r v a t i o n s .

T h e t w o s e p a r a t e C - c u r v e s f o r u p p e r a n d l o w e r b a i n -
i r e o b s e r v e d in the p r e s e n t s t u d y a r e a l so t h o u g h t to
a r i s e f r o m t w o d i s t i n c t t r a n s f o r m a t i o n s o p e r a t i n g in
e a c h c a s e a n d t h e l o w e r p a r t s o f the t w o C - c u r v e s
m a y t h e n be a t t r i b u t e d to the i n c r e a s i n g d i f f i c u l t y of
r e l i e v i n g a c c u m u l a t e d s t r a i n e n e r g y w i t h d e c r e a s i n g
t e m p e r a t u r e ; i n c r e a s i n g c a r b o n s u p e r s a t u r a t i o n w i t h
d e c r e a s i n g t e m p e r a t u r e m a y t e n d t o e n h a n c e t h i s e f -
f e c t . The i n c r e a s e in a c i c u l a r i t y w i t h d e c r e a s i n g t e m -
p e r a t u r e i s c o n s i s t e n t w i t h t h i s i d e a .

t e n i t e r e g i o n s , t h e f e r r i t i c c o m p o n e n t s of t h e p l a t e a r e
s e m i - c o n t i n u o u s a n d in t h e s a m e c r y s t a l l o g r a p h i c
o r i e n t a t i o n . I t i s c l e a r l y d i f f i c u l t to s e e h o w the p l a t e s
c o u l d h a v e t h i c k e n e d t o t h i s m o r p h o l o g y by the p r o g -
r e s s i o n o f l e d g e s a l o n g p l a n a r ~ t e r f a c e s p a r a l l e l to
t h e l o n g d i r e c t i o n of the p l a t e s . R a t h e r , t h e r e g u l a r
p a r t i t i o n i n g o f t h e p l a t e a l o n g i t s l e n g t h by the a u s t e n -
i t e f i n g e r s e m a n a t i n g f r o m the m a i n a u s t e n i t e l a m e l l a e
i s m o r e s u g g e s t i v e e v i d e n c e f o r the f o r m a t i o n o f b a i n i -

2 . M i c r o s t r u c t u r a l O b s e r v a t i o n s

(i) U p p e r B a i n i t e . I s o t h e r m a l t r a n s f o r m a t i o n in t h e
u p p e r b a i n i t i c t e m p e r a t u r e r a n g e ( d e f i n e d by d i l a -
t o m e t r y ) a l w a y s g a v e a n a g g r e g a t e of b a i n i t i c f e r -
r i t e a n d r e t a i n e d a u s t e n i t e ( F i g . 6). T h e r e was n o d e -
t e c t a b l e c a r b i d e p r e c i p i t a t i o n e v e n a f t e r h o l d i n g a t
3 5 0 ° C f o r 74 h . A s i n d i c a t e d by p r e v i o u s i n v e s t i g a -
t o r s 22-24 t h i s c l e a r l y r e s u l t s f r o m t h e p r e s e n c e o f Si .
S i i s k n o w n t o i n h i b i t c e m e n t i t e f o r m a t i o n d u r i n g t h e
t e m p e r i n g r e a c t i o n in s t e e l s .22-24 T h i s i s g e n e r a l l y e x -
p l a i n e d by the r e l a t i v e i n s o l u b i l i t y of Si in c e m e n t i t e
r e q u i r i n g t h e d i f f u s i o n c o n t r o l l e d e j e c t i o n of Si a t t h e
t r a n s f o r m a t i o n f r o n t w h i c h in t u r n r e s u l t s in a Si c o n -
c e n t r a t i o n b u i l d - u p d u r i n g a n e a r l y s t a g e of g r o w t h .
T h i s l o c a l l y i n c r e a s e s the a c t i v i t y of c a r b o n so t h a t
t h e c a r b o n f lux i s r e d u c e d a n d f u r t h e r d e v e l o p m e n t
of t h e c e m e n t i t e e m b r y o i n h i b i t e d . 22

P r e v e n t i o n of c e m e n t i t e f o r m a t i o n c o r r e s p o n d i n g l y
l e a d s to a h i g h c o n c e n t r a t i o n o f c a r b o n in a u s t e n i t e .
S t a b i l i z a t i o n o f t h e a u s t e n i t e a t r o o m t e m p e r a t u r e i n -
d i c a t e s that a t s o m e s t a g e d u r i n g the b a i n i t e r e a c t i o n
t h e a u s t e n i t e b e c o m e s e n r i c h e d w i t h r e s p e c t t o c a r b o n .
W h e t h e r the b a i n i t i c f e r r i t e f o r m s w i t h a s u p e r s a t u r a -
t i o n in c a r b o n , a n d i f s o , a t w h i c h s t a g e of t h e r e a c t i o n
t h e p a r t i t i o n i n g o f c a r b o n to t h e a u s t e n i t e t a k e s p l a c e ,
i s a m a t t e r of k e e n d i s p u t e (e.g. R e f . 1). F u r t h e r m o r e ,
a l t h o u g h c a r b o n m u s t p l a y a v i t a l r o l e in the s t a b i l i t y
of t h i s a u s t e n i t e , it i s l i k e l y t h a t o t h e r p h y s i c a l f a c t o r s
a l so c o n t r i b u t e t o t h i s a n d t o t h e o v e r a l l e x t e n t of
t r a n s f o r m a t i o n ; t h i s p o i n t i s d e a l t w i t h f u r t h e r in the
d i s c u s s i o n of t h e X - r a y d i f f r a c t i o n e x p e r i m e n t s . F o r
t h e p u r p o s e of a d e t a i l e d m e t a l l o g r a p h i c s t u d y i t was
f o u n d t h a t 30 m i n a t 3 5 0 ° C a l l o w e d s u f f i c i e n t r e a c t i o n ,
a n d h e n c e a d e q u a t e c a r b o n e n r i c h m e n t to s t a b i l i z e t h e
a u s t e n i t e f o r s u b s e q u e n t r o o m t e m p e r a t u r e e x a m i n a -
t i o n . T h i s d o e s not i m p l y that z e r o a u s t e n i t e i s r e -
t a i n e d w h e n t h e e x t e n t of t r a n s f o r m a t i o n i s l o w b e -
c a u s e r e g i o n s of a u s t e n i t e w h i c h b e c o m e t o t a l l y s u r -
r o u n d e d by b a i n i t i c f e r r i t e a c h i e v e t h e r e q u i r e d c a r -
b o n c o n t e n t (e.g. F i g . 4).

T h e i n t e r w o v e n o r b r a n c h i n g n a t u r e of t h e b a i n i t i c
f e r r i t e / r e t a i n e d a u s t e n i t e a g g r e g a t e , a s s h o w n in F i g s .
4 a n d 6 i s c h a r a c t e r i s t i c o f t h e u p p e r b a i n i t e m o r -
p h o l o g y in s i m i l a r s t e e l s c o n t a i n i n g Si a d d i t i o n s , is I t i s
i n t e r e s t i n g t o s p e c u l a t e a s to h o w b a i n i t i c p l a t e s c o u l d
h a v e f o r m e d w i t h internal f i l m s o f a u s t e n i t e t o g i v e a n
i r r e g u l a r c o m p o s i t e c h a r a c t e r t o e a c h i n d i v i d u a l m a c r o -
s c o p i c p l a t e . A l t h o u g h i n t e r r u p t e d by t h e S - s h a p e d aus-
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Fig. 7-Microstructural features of upper bainite formed after isother-
mal transformation at 350°C for 205 min. (a) Dislocation clusters as-
sociated with the bainitic ferrite/retained austenite interface. (b) Dark
field image of upper bainitic retained austenite showing extensive fault-
ing. (c) Dark field image o f upper bainitic retained austenite showing
accommodation slip steps.
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t i c f e r r i t e by ' m a r t e n s i t i c j u m p s ' c o m p o s e d of s m a l l e r
u n i t s .

D u r i n g t h e c o u r s e o f e l e c t r o n m e t a l l o g r a p h y i t was
o b s e r v e d q u a l i t a t i v e l y t h a t t h e b a i n i t i c f e r r i f e c o n -
t a i n e d a h i g h d i s l o c a t i o n d e n s i t y , a n d t h a t t h i s was
h i g h e r t h a n that of the r e t a i n e d a u s t e n i t e . C l u s t e r s
of d i s l o c a t i o n s c o u l d a l so be f o u n d a s s o c i a t e d w i t h
t h e a u s t e n i t e / f e r r i t e i n t e r f a c e s ( F i g . 7 ( a ) ) . T h e r e -
t a i n e d a u s t e n i t e was a l so f o u n d t o c o n t a i n p l a n a r
f a u l t s , o f t e n a l w a y s w i t h one d o m i n a n t f a u l t p l a n e
( F i g . 7 ( b ) ) . W h e n the f a u l t p l a n e was a p p r o x i m a t e l y
n o r m a l to the f o i l p l a n e , the f a u l t s c o u l d be s e e n to
t e r m i n a t e a t s l ip s t e p s in t h e a u s t e n i t e / f e r r i t e i n t e r -
f a c e ( F i g : 7 ( c ) ) . I t i s a t t r a c t i v e to s u g g e s t that t h e s e
s t e p s a r e i n d i c a t i v e o f a c c o m m o d a t i o n s l ip on {111}~/
p l a n e s in t h e a u s t e n i t e p h a s e d u r i n g a d i s p l a c i v e
t r a n s f o r m a t i o n .

A s e r i e s of s p e c i m e n s was g i v e n d i f f e r e n t a u s t e n i t i z -
i n g t r e a t m e n t s b e f o r e t r a n s f o r m i n g t o u p p e r b a i n i t e f o r
115 m i n a t 3 5 0 ° C . V a r y i n g b o t h t h e a u s t e n i t i z i n g t e m -
p e r a t u r e a n d t i m e g a v e a r a n g e of a u s t e n i t e g r a i n
s i z e s a n d a l so c o r r e s p o n d i n g c h a n g e s in a u s t e n i t e t e x -
t u r e (due to s e l e c t i v e g r a i n g r o w t h ) ; t h e i s o t h e r m a l
t r e a t m e n t c h o s e n a l l o w e d t h e b a i n i t e r e a c t i o n t o p r o -
c e e d to a n e x t e n t s u f f i c i e n t to s t a b i l i z e u n t r a n s f o r m e d
a u s t e n i t e t o r o o m t e m p e r a t u r e . T h e a u s t e n i t e l e v e l s
w e r e s u f f i c i e n t f o r a c c u r a t e X - r a y a n a l y s i s .

T h e v o l u m e f r a c t i o n o f r e t a i n e d a u s t e n i t e was c a l -
c u l a t e d f r o m the X - r a y i n t e n s i t i e s ; t e x t u r e e f f e c t s
w e r e t a k e n into a c c o u n t in a c c o r d a n c e w i t h the w o r k
of D i c k s o n 2s by u t i l i z i n g the i n t e g r a t e d i n t e n s i t i e s of
a m i n i m u m of t h r e e 7 a n d t h r e e a p e a k s . E x p e r i -
m e n t a l l y d e t e r m i n e d l a t t i c e p a r a m e t e r s w e r e u s e d in
e a c h c a s e s i n c e t h e s e w e r e e x p e c t e d t o v a r y w i t h t h e
d e g r e e o f t r a n s f o r m a t i o n due to t h e p a r t i t i o n i n g of
c a r b o n into t h e a u s t e n i t e ; d i f f e r e n t s t r u c t u r e f a c t o r s
t h u s h a d to be c a l c u l a t e d f o r e a c h s p e c i m e n . T h e a c -
c u r a c y o f l a t t i c e p a r a m e t e r c a l c u l a t i o n s was m a x i m i z e d
by t h e use of a n e x t r a p o l a t i o n f u n c t i o n .26

T h e r e s u l t s o f t h i s a n a l y s i s m a y be i n t e r p r e t e d a s
f o l l o w s ; P h k l = 0 c o r r e s p o n d s to a r a n d o m o r i e n t a -
t i o n , P h k l < 1 s h o w s that s u c h hkl p l a n e s a r e p r e f e r -
e n t i a l l y a v o i d e d a n d P h k l > 1 m e a n s t h a t t h e s e p l a n e s
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Fig. 8 - T h e variation of upper bainitic retained austenite with the
parameter Z = 17.5Po22~ + (124,300/da).

a r e p r e f e r e n t i a l l y o r i e n t e d p a r a l l e l to t h e p l a n e of
s e c t i o n . *

*Phkt = (lhkdRh~l)/ ~ Z( I/R )
where I = integrated intensity of the reflection concerned
andR = correction factor for each reflection as defined in Ref. 25.

T h e p r i o r a u s t e n i t e g r a i n d i a m e t e r (d) was a l so
m e a s u r e d by l i n e a l a n a l y s i s on the a c t u a l s p e c i m e n s
u s e d f o r t h e X - r a y d e t e r m i n a t i o n s . T h e c o r r e l a t i o n b e -
t w e e n the v o l u m e f r a c t i o n of r e t a i n e d a u s t e n i t e a n d
g r a i n s i z e p r o v e d to be r a t h e r p o o r w i t h t h e bes t c o r -
r e l a t i o n c o e f f i c i e n t of 0.56 o b t a i n e d a g a i n s t d -3 .

I n v i e w o f t h i s r a t h e r p o o r c o r r e l a t i o n t h e d a t a was
e x a m i n e d in g r e a t e r d e t a i l a n d it was t h o u g h t t h a t t e x -
t u r e was a f f e c t i n g t h e d e g r e e of t r a n s f o r m a t i o n . T o
t e s t t h i s h y p o t h e s i s , the pct r e t a i n e d a u s t e n i t e was
e x a m i n e d a s a f u n c t i o n of P~11-/and d -3 . It was f o u n d
t h a t a d r a s t i c a l l y i m p r o v e d m u l t i p l e c o r r e l a t i o n c o -
e f f i c i e n t was o b t a i n e d w h e n pct r e t a i n e d a u s t e n i t e was
p l o t t e d a s a f u n c t i o n of b o t h P i n y a n d d -3 . H o w e v e r ,
t h e m u l t i p l e c o r r e l a t i o n c o e f f i c i e n t was f u r t h e r i n -
c r e a s e d to 0 . 9 8 1 w h e n Pl~o~ was u s e d i n s t e a d o f P ~ V "
( F i g u r e 8). T h i s i s p r o b a b l y b e c a u s e t h e t e x t u r e d
a u s t e n i t e {111} p l a n e s a r e not n e c e s s a r i l y f a i t h f u l l y
r e p l i c a t e d by t h e f e r r i t e { l l 0 } a p l a n e s d u r i n g t r a n s -
f o r m a t i o n .

In v i e w of the e x c e l l e n t c o r r e l a t i o n it i s c o n c l u d e d
t h a t the t e x t u r e o f t h e {111}-/ p l a n e s h a s a s i g n i f i c a n t
e f f e c t on t h e e x t e n t of t r a n s f o r m a t i o n . S i n c e t h e {111}./
p l a n e s a r e t h e m o s t c o m m o n s l ip p l a n e s in a u s t e n i t e ,
t h i s e f f e c t i s c o n s i s t e n t w i t h s l ip in t h e a u s t e n i t e d u r -
i n g t r a n s f o r m a t i o n ; t h a t i t s i m p o r t a n c e i s r e v e a l e d
t h r o u g h a t e x t u r e e f f e c t i s p r o b a b l y b e c a u s e of a
g r e a t e r p o s s i b i l i t y o f c o o p e r a t i v e t r a n s f o r m a t i o n b e -
t w e e n a d j a c e n t g r a i n s w i t h a n i n c r e a s e in t h e {111}V
t e x t u r e . C e r t a i n l y , in t h e i n i t i a l n u c l e a t i o n e v e n t , i r -
r e s p e c t i v e of the f i n a l d e t a i l s of t h e t r a n s f o r m a t i o n
c r y s t a l l o g r a p h y , the c l o s e - p a c k e d p l a n e s a r e con-
s i d e r e d t o be o f f u n d a m e n t a l i m p o r t a n c e in g e n e r a t i n g
the b c c l a t t i c e f r o m t h e f c c l a t t i c e . 27 O n e w o u l d t h u s
e x p e c t a d e c r e a s e in the a m o u n t o f r e t a i n e d a u s t e n i t e
w i t h a n i n c r e a s e in the d e g r e e of c o o p e r a t i v e f o r m a -
t i o n , a s m a n i f e s t e d by the P I ~ V a n d P o l ~ v a l u e s .

T h e s t r o n g c o r r e l a t i o n of P ~ 7 w i t h pct r e t a i n e d aus-
t e n i t e r a t h e r t h a n a n y of the o t h e r l o w i n d e x a u s t e n i t e
p l a n e s u n d e r l i n e s t h e i m p o r t a n c e o f {111}.r p l a n e s in
t h e u p p e r b a i n i t i c t r a n s f o r m a t i o n . T h i s i s c o n s i s t e n t
w i t h the p r e v i o u s o b s e r v a t i o n of s l ip s t e p s o n {111}~
p l a n e s in t h e u p p e r b a i n i t i c r e t a i n e d a u s t e n i t e .

T h e f a c t that s u c h l a r g e v a r i a t i o n s in the e x t e n t of
t r a n s f o r m a t i o n c a n be a t t r i b u t e d s o l e l y to p h y s i c a l e f -
f e c t s e m p h a s i z e s t h e n e e d to r e f i n e t h e r m o d y n a m i c
t h e o r i e s of p h a s e t r a n s f o r m a t i o n w h i c h o f t e n i g n o r e
t h e s e v a r i a b l e s .

B a i n i t i c c a r b i d e p r e c i p i t a t i o n i s a n i n t e g r a l p a r t o f
t h e o v e r a l l b a i n i t e r e a c t i o n , a n d in o r d e r to s t u d y t h i s
in the u p p e r b a i n i t e r e a c t i o n in the S i - s t e e l i t was
n e c e s s a r y to i n d u c e d e c o m p o s i t i o n of t h e r e t a i n e d
a u s t e n i t e by t e m p e r i n g a t a h i g h e r t e m p e r a t u r e . T e m -
p e r i n g a t 5 0 0 ° C f o r l e s s t h a n 30 m i n g a v e a m i c r o s t r u c -
t u r e c o n s i s t i n g of b a n d s o f f i n e c a r b i d e s s e p a r a t e d by
' c l e a n ' f e r r i t e ( i . e . w i t h a m i n i m u m of c a r b i d e p r e -
c i p i t a t i o n ) , i n d i c a t i n g that t h e c a r b i d e s h a d m a i n l y
p r e c i p i t a t e d in t h e p r i o r a u s t e n i t e r e g i o n s ( F i g . 9(a)).
T h e c a r b i d e s h a d a thin p l a t e l i k e m o r p h o l o g y , a n d due
to t h e i r e x t r e m e l y s m a l l s i z e a n d c l o s e s p a c i n g , i d e n -
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(a) (b)

(c) (d)"

(e)
Fig. 9-Precipitation events resulting from the tempering of upper bainite formed after isothermal transformation at 350°C for 205 rain. (a) Tem-
pered at 500°C for 30 rain. (b) Convergent beam diffraction pat+ern from monoclinic carbide of 9(a). (c) Tempered at 500°C for 60 rain. (d) Tem-
pered at 500°C for 120 min. (e) Hot stage electron micrograph showing decomposition of retained austenite at 500°C.

t i f i c a t i o n by c o n v e n t i o n a l s e l e c t e d a r e a e l e c t r o n d i f -
f r a c t i o n p r o v e d i m p o s s i b l e . H o w e v e r , u s i n g c o n v e r g e n t
b e a m e l e c t r o n m i c r o s c o p y s e v e r a l s o l v a b l e d i f f r a c t i o n
p a t t e r n s w e r e o b t a i n e d , a n e x a m p l e of w h i c h i s i l l u s -
t r a t e d in F i g . 9 ( b ) . 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 c o u l d
be c o n s i s t e n t l y i n d e x e d t o t h e f o l l o w i n g m o n o c l i n i c
s t r u c t u r e :

a = 8.096A
b= 10.41.~
c = 7 . 0 0 i
/3 = 1 0 7 . 2 °

It i s t h o u g h t t h a t t h i s p h a s e i s p r o b a b l y a n i r o n - s i l i -
e o n - m a n g a n e s e e a r b i d e . T h e i d e n t i f i c a t i o n o f t h i s
c a r b i d e i s e o n s i d e r e d m o r e fu l l y e l s e w h e r e .28
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(a) (b)

(c)

(d) (e)
Fig. 10-(a) Typical lower bainitic microstructure after isothermal transformation at 300°C for 30 rain. (b) Dislocation arrays in lower bainite
formed after isothermal transformation at 247°C for 30 rain. (c) Mechanical twinning in lower bainite formed after isothermal transformation at
300°C for 30 rain: Diffraction pat tern, bright field image, matrix dark field image, twin dark field image. (d) Structure of lower bainitic retained
austenite after isothermal transformation at 300°C for 30 min. (e) Morphology of lower bainitic cementite.

F u r t h e r t e m p e r i n g a t 5 0 0 ° C l e d t o c o m p l e t e d e c o m -
p o s i t i o n of t h e r e t a i n e d a u s t e n i t e ( F i g . 9 ( c ) ) a n d r e -
p l a c e m e n t o f the a b o v e m o n o c l i n i c c a r b i d e by c e m e n -
t i t e ( F i g . 9 ( d ) ) , w i t h t h e m i c r o s t r u c t u r e n o w a p p e a r i n g
s o m e w h a t s i m i l a r t o c o n v e n t i o n a l u p p e r b a i n i t e . T h e
c e m e n t i t e was c o n c e n t r a t e d a t l a t h / s u b - b o u n d a r i e s
a n d g a v e u n u s u a l o r i e n t a t i o n r e l a t i o n s h i p s ( i . e . i n c o n -
s i s t e n t w i t h a n y k n o w n f e r r i t e - c e m e n t i t e o r i e n t a t i o n
r e l a t i o n s h i p s ) . I t i s t h u s p r o b a b l e that t h e c e m e n t i t e
p r e c i p i t a t e d a t the m o n o c l i n i c c a r b i d e / / f e r r i t e i n t e r -
f a c e s in w h i c h c a s e i t w o u l d be e n e r g e t i c a l l y f a v o r a b l e
f o r i t to a d o p t a n o r i e n t a t i o n g i v i n g l o w e n e r g y i n t e r -

f a c e s w i t h b o t h t h e m o n o c l i n i c c a r b i d e a n d the f e r r i t e .
S i n c e n e g l i g i b l e i n t r a g r a n u l a r p r e c i p i t a t i o n o c c u r r e d
in t h e b a i n i t i c f e r r i t e i t was c o n c l u d e d t h a t t h e c a r -
b o n c o n t e n t of t h e f e r r i t e was o f t h e o r d e r of 0.03 p c t .
H o w e v e r , t h i s only s h o w s that t h e f i n a l u p p e r b a i n i t i c
f e r r i t e i s not s u p e r s a t u r a t e d w i t h r e s p e c t t o c a r b o n
a n d g i v e s no i n d i c a t i o n a s to w h e t h e r i t was s u p e r -
s a t u r a t e d a t s o m e e a r l i e r s t a g e in t h e r e a c t i o n w i t h
c a r b o n w h i c h s u b s e q u e n t l y p a r t i t i o n e d r a p i d l y into t h e
s u r r o u n d i n g a u s t e n i t e .

I n o r d e r to e x a m i n e t h e p r e c i p i t a t i o n s i t e s , hot s t a g e
e l e c t r o n m i c r o s c o p y was c o n d u c t e d on s p e c i m e n s w h i c h
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had f i r s t been transformed t o upper bainite ( i . e . a

l ame l l a r aggregate of retained austenite and bainitic
ferrite). This revealed (Fig. 9(e)) that while some
precipitation o c c u r r e d totally within the austenite
(marked), the majority of carbides formed at the T/~
interface and grew into the y. Following this the
boundary pulled away from the line of carbides and
this sequence continued repeatedly until the 7 had
fully decomposed. In general, due to the thinness of
the austenite lamellae, only one or two lines of carbide
were observed before austenite decomposition was
completed. T h e s e results indicate that the majority
of upper bainitic carbides nucleate at the ~/~ inter-
face and grow into the y, resulting in its diffusional
decomposition. It is thought that this sequence is
representative of the full reaction to a bainitic fer-
rite/carbide aggrega te in low-Si steels, but that in the
latter case the decomposition events must o c c u r virtu-
ally simultaneously. Furthermore, in steels where in-
termediate carbides are stabilized relative t o cemen-
tire, there is a c l ea r possibility that the final upper
bainitic cementite is really the result of a sequence of
carbide precipitation events.

(ii) Lower Balnite. Isothermal transformation in
the lower bainitic temperature range also resulted in
an aggregate of f e r r i t e and retained austenite, although
the amount of retained austenite was very much lower
than obtained in the upper balnite reaction. The lower
bainite structure was, however, distinctly c h a r a c t e r -
ized by the presence of carbide precipitation within the
bainitic ferriteplates (Fig. 10(a)).

In contrast t o upper bainite, the individual f e r r i t e
plates in the lower bainite a r e more r e g u l a r . The dis-
location content of the f e r r i t e was aga in higher than in
the retained austenite, and also higher relative to up-
per bainitic f e r r i t e . Furthermore, r egu la r dislocation
a r r a y s were occasionally observed, with dislocation
lines appearing parallel t o the t r a c e s of the sheets of
carbide precipitates, implying as will be seen l a t e r
that the dislocations could lie on ~110}0~ planes (Fig.
10(b)).

The ferrite plates very occasionally showed twin-
ning (Fig. 10(c)) on a single variant of the twin plane
which appears very s i m i l a r t o the twins observed in
the martensite in this alloy. Studies of martensite in
this alloy have shown that t h e s e martensitic twins
are on {112}~ planes. When the austenite-martensite
matrix-martensite twin lattices are superimposed in
the c o r r e c t relative orientations, the (l12}a planes
correspond t o different planes in the austenite lattice
in different sets of data (the same variant of c o r r e -
spondence is used in each case) which suggests me-
chanical r a t h e r than transformation twinning.29 If they
had been transformation twins they would all have cor-
responded t o the same austenite plane. While a s i m i l a r
analysis has not yet been conducted for the lower baini-
tic twins, the morphology, probability of occurrence,
and distribution are the same and it is tentatively con-
cluded that they are also mechanical twins. This is
considered to be an appropriate conclusion for a super-
saturated lower bainitic ferrite; the carbon would be
expected t o r a i s e the f e r r i t e yield s t r e s s relative t o
the flow stress, thereby making twinning deformation
more likely.

No apparent regularity in the dislocation structure
of the retained austenite was detected. Furthermore,
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the lower bainitic retained austenite did not in genera l
exhibit r egu la r stacking fault a r r a y s (Fig. 10(d)), and
the stacking fault density also appeared to be signifi-
cantly lower relative t o the upper bainitic retained
austenite. These qualitative observations on the differ-
ences in the defect structures of upper and lower bainite
provide further evidence for mechanistic differences
between the two structures.

Despite the high l eve l of silicon in the experimental
alloy, the intragranular bainitic carbide was identified
by transmission electron microscopy and electron dif-
fraction t o be cementite, even at the very earliest of
transformation t i m e s (2 min at 300°C), and at the low-
est of transformation temperatures (247°C). The ce-
mentite displayed a distinctive sheet like morphology
(Fig. 10(e)), s i m i l a r t o that often obtained in tempered
martensites. It is noted that in this alloy t h e r e can be
no confusion between auto-tempered martensite and
lower bainite s i n c e electron microscopy revealed that
the martensite did not contain carbides (Fig. 11). Fur-
thermore, interlath retained austenite cannot be de-
tected in association with martensite in this alloy a f t e r
water quenching from the austenitizing temperature. 3°

Epsilon carbide was not detected at any s tage of the
lower bainite reaction. This may be attributable t o
the high l eve l of manganese in the experimental al-
loy, which would tend to stabilize cementite; man-
g a n e s e is very soluble in cementite and also f o r m s
Mn~C which has a structure isomorphous with cemen-
t i t e . ~ This r e s u l t is also consistent with dilatometer
results which showed no contraction associated with
the tempering of lower bainite; a contraction is ex-
pected if epsilon is present and is eventually re-
placed by cementite.~6

The absence of ~-carbide is inconsistent with the
interesting concept of a metastable V = o~ + c eutectoid
reaction 16 proposed t o explain the relative temperature
insensitivity of the transition from upper to lower
bainite t o the carbon content of the steel. However, in
view of the low diffusivity of Si in the lower bainite
temperature r ange , the cementite must be supersatu-
r a t e d with Si and this leads t o the possibility of another
metastable equilibrium reaction i . e . ~ = o t + 0metastable.
T o examine this proposal step quenching experiments,
consistent with the methods of Ref 16, were c a r r i e d
out by transforming for s h o r t periods at the isother-

Fig. 11-Typical microstructure of lath martensiteresultingfrom a
direct quench following austenitization.
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Fig. 12-(a) Dark field illumination of several cementite variants in a single lerrite crystal. (b) The orientation relationship between cementite and
lower bainitic ferrite. It should be noted that (011 )o is essentially a missing reflection. (c) Incipient precipitation in lower bainite formed after iso-
thermal transformation at 300°C for 4 min. (d) Superposition of iron atoms at the cementite-ferrite interface.

m a l t e m p e r a t u r e s b e t w e e n 350 a n d 5 0 0 ° C . S u b s e q u e n t
e x a m i n a t i o n by thin f o i l 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 s h o w e d t h a t the c e m e n t i t e d id not r e d i s s o l v e ,
a n d c o n s e q u e n t l y t h e p o s s i b i l i t y of a m e t a s t a b l e e u t e c -
t o l d r e a c t i o n b a s e d on c e m e n t i t e was a l so r u l e d o u t .
T h e s e r e s u l t s s h o w t h a t t h e m e t a s t a b l e e u t e c t o i d , i f i t
e x i s t s a t a l l , c a n n o t be a g e n e r a l p h e n o m e n o n a n d
t h e r e f o r e c a n n o t a l o n e a c c o u n t f o r the d i f f e r e n c e s b e -
t w e e n t h e u p p e r a n d l o w e r b a i n i t e r e a c t i o n s .

T r a c e a n a l y s i s s h o w e d t h e c e m e n t i t e p r e c i p i t a t e
h a b i t p l a n e t o be {011}c~ in t h e m a j o r i t y of m i c r o g r a p h s
a n a l y z e d a l t h o u g h in t w o s p e c i f i c c a s e s t h e r e s u l t s

w e r e u n c l e a r . U p t o f o u r d i f f e r e n t v a r i a n t s of t h e c e -
m e n t i t e h a b i t p l a n e h a v e b e e n o b s e r v e d in a s i n g l e
f e r r i t e c r y s t a l (e.g. F i g . 1 2 ( a ) ) . A n a l y s i s of s e v e r a l
e l e c t r o n d i f f r a c t i o n p a t t e r n s (an e x a m p l e i s g i v e n in
F i g . 12(b)) r e v e a l e d a n u n c o m m o n o r i e n t a t i o n r e l a -
t i o n s h i p b e t w e e n t h e c e m e n t i t e a n d f e r r i t e m a t r i x , viz.,

(011)0 I[ {011}~

[122 ]0 rf (100)c~

H o w e v e r , i t was not p o s s i b l e t o o b t a i n a r a t i o n a l
t h r e e p h a s e (a-y-O) o r i e n t a t i o n r e l a t i o n s h i p g i v e n the
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~a) (b)

(c) (d)

(e) (D
Fig. 13-(a) Grain boundary and intragranular lower bainite in a martensitic matrix after isothermal transformation at 246°C for 30 min, (b) Paral-
lelism o f habit plane traces of grain boundary and intragranular lower bainite. (c) Structure o f an intragranular plate t ip; isothermally transformed
at 257°C for 10 rain. (d) Individual intragranular spikes of lower bainite after isothermal transformation at 257°C for 5 rain. (e) Spikes associated
with grain boundary lower bainite formed during isothermal transformation at 257°C for l0 min. ~ Grain boundary lower bainite formed during
isothermal transformation at 247°C for 30 rain.

e x p e r i m e n t a l l y o b s e r v e d ot-0 a n d a - y ( K u r d j u m o v -
Sachs ) o r i e n t a t i o n r e l a t i o n s h i p s .

It was a l so o b s e r v e d t h a t i s o t h e r m a l t r a n s f o r m a t i o n
f o r s h o r t p e r i o d s s h o w e d a g e n e r a l l y l o w p r e c i p i t a t e
d e n s i t y , a n d that o f t e n s o m e o f t h e l o w e r b a i n i t i c f e r -
r i t e d id n o t c o n t a i n d e t e c t a b l e c a r b i d e p r e c i p i t a t e s a t
a l l ( e . g . F i g . 12(c)). T h i s o b s e r v a t i o n , a l o n g w i t h t h e
m u l t i - v a r i a n t h a b i t p l a n e a n d o r i e n t a t i o n r e l a t i o n s h i p s

i s s [ r o n g e v i d e n c e f o r the h y p o t h e s i s t h a t t h e c e m e n t i t e
p r e c i p i t a t e s f r o m a s u p e r s a t u r a t e d m a t r i x . T h i s c o n -
c l u s i o n i s s u p p o r t e d by r e c e n t p r o o f that t h e h i g h e r
t e m p e r a t u r e i n t e r p h a s e p r e c i p i t a t i o n of c a r b i d e s a t
t h e a u s t e n i t e / f e r r i t e i n t e r f a c e o f p r o e u t e c t o i d f e r r i t e32
in l o w a l l o y s t e e l s r e s u l t s in a s i n g l e h a b i t p l a n e
v a r i a n t a n d a c o n s i s t e n t t h r e e - p h a s e o r i e n t a t i o n r e l a -
t i o n s h i p . T h u s , t h e o f t e n s u g g e s t e d p o s s i b i l i t y 1,s3 that
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the bainitic carbides form at the austenite/ferrite in-
terface is discounted.

The corollary to this argument is that the lower
bainitic f e r r i t e does form with a carbon supersatura-
tion which is subsequently relieved by carbide pre-
cipitation. It may not form with a full supersaturation
since enriched retained austenite is still obtained.
From carbide volume fraction measurements the
supersaturation is estimated t o be 0.25 t o 0.3 wt pct C.

It is c l ea r that at the reaction temperatures involved
the lower bainitic cementite formation could not possi-
bly have involved any diffusion of iron atoms or of sub-
stitutional atoms. It is therefore believed that the ce-
mentite must form with a supersaturation of silicon so
that the growth b a r r i e r posed by the build up of Si at
the cementite-ferrite interface does not a r i s e . A de-
tailed examination of the positions of iron atoms in the
f e r r i t e lattice and the cementite lattice (Fig. 12(d)) for
the observed orientation relationship shows that only
s m a l l atom shuffles are required to generate the ce-
mentite lattice from the f e r r i t e lattice. Furthermore,
the stacking sequence of the (110}~ planes is the same
as for the (022)0 planes a f t e r allowing for the shuffles.
This is entirely consistent with the idea that cemen-
rite has f o r m e d with a supersaturation of silicon and
with a sheet like morphology.

At low magnifications the cementite often appeared
wavy. However, high resolution electron microscopy
revealed that the individual cementite particles a c t u -
ally consisted of combinations of sheets on different
variants of the habit plane (Fig. 10(e)). These com-
ponents of the individual particles are also in differ-
ent crystallographic orientation, i . e . the whole particle
is not illuminated in dark field illumination but only
those components that lie on the same habit plane.
This is the r e a s o n why despite the absence of any coin-
cident reflections between different cementite variants,
one is able to image parts of precipitates on apparently
different habits (Fig. 12(a)). Considering the mecha-
nism of the cementite formation, the change in habit
plane in individual precipitates could be due to effects
of growth accommodation or minimization of carbon
diffusion distances. The apparently wavy nature of the
carbide phase has in the past been attributed to the
consequence of ledge motion,m

Some interesting observations were made on speci-
mens partially transformed to give lower bainite in a
m a t r i x of martensite. Optical microscopy r e v e a l e d
two b a s i c morphologies of bainitic ferrite, one associa-
ted with the gra in boundaries and the other precipitated
intragranularly (F ig . 13(a)). It was found that the edges
of the gra in boundary phase corresponded t o the habit
plane t r a c e s of the intragranular phase (Fig. 13(b)).
Furthermore, the intragranular plates often formed
from the gra in boundary lower bainite in a morphology
not far removed from that of Widmanstatten sideplates
associated with proeutectoid f e r r i t e allotriomorphs.

The tips of the intragranular plates could be re-
solved by electron microscopy into a set of spikes
(Fig. 13(c)) of approximately 0.2 microns width. No
superledges were observed on the planar edges of
these plates. Often individual isolated spikes of ap-
proximately 0.2 m i c r o n width were also observed
(Fig. 13(d)); these exhibited the full carbide precipita-
tion characteristics of the plates ( i . e . more than one
variant of cementite) although some spikes had none
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or only sporadic cementite precipitates due to the
s h o r t transformation times involved. These spikes
had the same habit plane t r a c e as those at the tips of
l a rge r plates.

Spikes could also be associated with the gra in bound-
ary nucleated lower bainite (GBLB), as shown in Fig.
13(e), and aga in the width of these spikes was approxi-
mately 0.2 microns. The t r a c e s of these spikes cor-
responded to the intragranular lower bainite t r a c e s
(Fig. 13(b)) so that the mechanism of t h e i r formation
is not considered to be different in the two structures.
In some cases all of the spikes terminated at the same
position, giving a jagged, step-like appearance to the
transformation front, with the width of these perturba-
tions corresponding to approximately 0.2 ~tm, consist-
ent with that of the isolated spikes (Fig. 13~)). It is
noted that these cannot be mistaken for superledges
s i n c e they are not on the habit plane but a c r o s s the
plate; the superledge mechanism r e q u i r e s a m a j o r
component of ledge motion t o lie on the habit plane t o
give rise to the plate morphology.

It is suggested that the observation of the spikes at
the advancing transformation interfaces of lower
bainitic plates provides strong metallographic evi-
dence for the propagation of the lower bainite reaction
by the successive transformation of units of austenite
by displacive shear. This proposal is also consistent
with the constant width recorded for the s h e a r units,
whether on intragranular or g ra in boundary nucleated
plates.

It is considered that the morphological differences
in lower bainite only a r i s e because of the effect of the
gra in boundaries in stimulating nucleation so that a
l a rge r n u m b e r of s h e a r units are nucleated adjacent
t o each other, giving rise to the GBLB structure.

3. GENERAL SUMMARY

The Si-containing s t e e l examined in the present in-
vestigation was found t o exhibit the upper and lower
bainite microstructures as described classically, al-
though in the case of upper bainite carbide precipita-
tion was prevented by the silicon addition. Detailed
dilatometry and electron metallography of this bainite
provides further experimental evidence which is thought
t o be pertinent to the differentiation of the two most
favored models proposed for the reaction mechanism.
Both the kinetic and structural results obtained appear
inconsistent with a growth m o d e l b a s e d on a diffusional
ledge mechanism (as applied more successfully to Wid-
manstatten ferrite).

Separate bainite C-curves have been identified dila-
tometrically, with a Bs-temperature and incomplete
reaction, which with microstructural observations in-
dicate the overlap of separate C-curves for f e r r i t e /
pearlite and upper bainite, consistent with transforma-
tion by fundamentally different mechanisms. The exist-
ence of separate C-curves for upper and lower bainite
gives rise t o two further incubation bays in the trans-
formation curve which are impossible to explain by
special alloying element effects giving interracial solute
drag . Furthermore, the morphology of the upper bainite
is difficult to reconcile with its formation by the mi-
gration of transformation ledges a l o n g the planar par-
tially-coherent faces of the bainitic f e r r i t e plates.

In contrast, the observation of lower bainitic ferrite
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g r o w t h by t h e a p p a r e n t f o r m a t i o n a n d c o a l e s c e n c e of
s h o r t t r a n s f o r m a t i o n s p i k e s i s c o n s i s t e n t w i t h the h y -
p o t h e s i s of g r o w t h by r e p e a t e d n u c l e a t i o n of s h e a r
u n i t s . F u r t h e r m o r e , the i m p o r t a n c e o t the {111}~/ s l ip
p l a n e s , a n d o b s e r v e d d e f e c t s t r u c t u r e in t h e r e t a i n e d
a u s t e n i t e s u g g e s t t r a n s f o r m a t i o n s l ip in t h e p a r e n t
a u s t e n i t e in u p p e r b a i n i t e , w h i l s t the h i g h d i s l o c a t i o n
d e n s i t y ( w i t h s o m e l i n e a r a r r a y s p a r a l l e l to { l l 0 } a
t r a c e s ) a n d o c c u r r e n c e o f m e c h a n i c a l t w i n n i n g in t h e
f e r r i t e s u g g e s t a c c o m m o d a t i o n in t h e p r o d u c t f e r r i t e
in l o w e r b a i n i t e . T h e s e o b s e r v a t i o n s not o n l y s u p p o r t
f o r m a t i o n of b a i n i t i c f e r r i t e by a s h e a r m e c h a n i s m ,
but a r e a l so c o n s i s t e n t w i t h the e x i s t e n c e of two s e p -
a r a t e C - c u r v e s f o r u p p e r a n d l o w e r b a i n i t e , a n d i n -
d i c a t i v e o f t w o f u n d a m e n t a l l y d i f f e r e n t r e a c t i o n m e c h -
a n i s m s s e p a r a t e d by a v e r y n a r r o w t e m p e r a t u r e r a n g e
a t a p p r o x i m a t e l y 3 5 0 ° C .

D i l a t o m e t r i c l e n g t h c h a n g e s a n d t h e r e t e n t i o n of
a u s t e n i t e s u g g e s t c a r b o n e n r i c h m e n t of t h e p a r e n t
a u s t e n i t e in b o t h the u p p e r a n d l o w e r b a i n i t e r e a c t i o n s .
I n u p p e r b a i n i t e t h e e n r i c h e d a u s t e n i t e d e c o m p o s e d d u r -
i n g s u b s e q u e n t t e m p e r i n g t o f e r r i t e a n d c a r b i d e ; c a r -
bide p r e c i p i t a t i o n was s h o w n to o c c u r a t t h e a u s t e n i t e /
f e r r i t e i n t e r f a c e a n d g r o w into the a u s t e n i t e . T h i s b e -
h a v i o r i s c o n s i s t e n t w i t h t h e c r y s t a l l o g r a p h y o f aus-
t e n i t e , f e r r i t e a n d c a r b i d e p h a s e s f o u n d , a n d c o n f o r m s
to a g e n e r a l l y a g r e e d s e q u e n c e f o r t h e u p p e r b a i n i t e
c a r b i d e p r e c i p i t a t i o n r e a c t i o n . I t was n o t p o s s i b l e to
d e t e r m i n e w h e t h e r the u p p e r b a i n i t i c f e r r i t e was s u p e r -
s a t u r a t e d w i t h c a r b o n a t a n y s t a g e of i t s f o r m a t i o n .
T h i s was p o s s i b l e to d e d u c e , h o w e v e r , in t h e c a s e of
the l o w e r b a i n i t i c f e r r i t e . F i r s t l y , b e c a u s e of t h e
m e c h a n i c a l t w i n n i n g w h i c h i m p l i e s a h i g h e r y i e l d
s t r e n g t h c o n f e r r e d by c a r b o n s u p e r s a t u r a t i o n , a n d
s e c o n d l y , b e c a u s e of s t r u c t u r a l o b s e r v a t i o n s m a d e of
the m o d e o f i n t r a l a t h c a r b i d e p r e c i p i t a t i o n . T h i s c a r -
bide was not o b s e r v e d a t v e r y s h o r t t r a n s f o r m a t i o n
t i m e s , but t h e n p r e c i p i t a t e d on m o r e t h a n one v a r i a n t
of the h a b i t p l a n e , a n d w i t h a u n i q u e l y d e t e r m i n e d h a b i t
p l a n e c o n s i s t e n t w i t h m i n i m u m e n e r g y p r e c i p i t a t i o n
f r o m s u p e r s a t u r a t e d s o l i d s o l u t i o n .

T h e a b s e n c e o f E - c a r b i d e , a n d t h e t h e r m a l s t a b i l i t y
of c e m e n t i t e in t h e l o w e r b a i n i t e s h o w that l o w e r b a i n -
i r e in t h i s s t e e l c a n n o t be t h o u g h t o f a s t h e p r o d u c t o f
a m e t a s t a b l e e u t e c t o i d r e a c t i o n .
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