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1 . 0  INTRODUCTION

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

s t e e l s  c o n t a i n  a p p r e c i a ' o l e  Q u a n t i t i e s  o f  n i c k e l ,  and  t h e r e b y  

s u f f e r  f ro : ;  h i g h  c o s t s .  The u n d e r l y i n g  o b j e c t i v e  o f  t h i s  

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

r e p l a c i n g  n i c k e l  by a c h e a p e r  e l e m e n t ,  man ganes e  was c h o s e n  

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

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

I n  t h e  p r e s e n t  work t h e  a i m h a s  been  t o  a s s e s s  t h e  

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

o f  a  s e r i e s  o f  i r o n  mang an es e  a l l o y s  w i t h i n  a c o m p o s i t i o n  

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

e . g .  0 t o  10/1 m a n g a n e s e .  The h i g h e r  m ang an es e  a l l o y s  

i n  which  e p s i l o n  f o r m a t i o n  o c c u r s  were  a v o i d e d  s i n c e  t h e y  

would  n o t  h a v e  b een  c o m p a r a b l e  w i t h  i r o n  n i c k e l  a l l o y s .

I t  was hoped  o r i g i n a l l y  t h a t  by p r o v i n g  t h a t  i r o n  

m a ng an es e  a l l o y s  c o u l d  p r o d u c e  e q u i v a l e n t  p r o p e r t i e s  a n d  

h e a t  t r e a t m e n t  c h a r a c t e r i s t i c s  t o  i r o n  n i c k e l  a l l o y s ;  

wo r k  c o u l d  go on i n t o  t h e  d e v e l o p m e n t  o f  s t r e n g t h e n i n g  

by p r e c i p i t a t i o n  h a r d e n i n g .  However ,  poor  i m p a c t  p r o p e r t i e s  

wer e  e n c o u n t e r e d  i n  b i n a r y  i r o n  mang an es e  a l l o y s ,  and  t h e  

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

T h i s  was t a c k l e d  by a n  a t t e m p t  t o  d i s c o v e r  a n y  i n h e r e n t  

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

t h e i r  f l o w  s t r e s s  t o  l ow t e m p e r a t u r e s  and  t o  c h a n g e s  i n  

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

p r o c e s s .  N e i t h e r  o f  t h e s e  two a p p r o a c h e s  managed t o  

d i s t i n g u i s h  i r o n  manganese  a l l o y s  f rom i r o n  n i c k e l  a l l o y s ,



and  i t  became e v i d e n t  t h a t  b r i t t l e n e s s  was due t o  g r a i n  

b o u n d a r y  w e a k n e s s .  T h i s  g r a i n  b o u n d a r y  e f f e c t  was g i v e n  

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

was n o t  i d e n t i f i e d .
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2 .1 Modes o f  A u s t e n i t e  d e c o m p o s i t i o n  i n  i r o n  a l l o y s

F i v e  b a s i c  modes o f  t r a n s f o r t n a t l o n  f rom a u s t e n i t e

t o  f e r r i t e ,  wh i ch  do n o t  i n v o l v e  c a r b i d e  s e p a r a t i o n ,  h a v e  

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

d e s c r i b e d  a s  f o l l o w s ;

2 . 1 . 1  S q u i a x e d  F e r r i t e

A u s t e n i t e  decompos es  t o  f e r r i t e  d u r i n g  c o o l i n g  oy 

n u c l e a t i o n  and g r o w t h ,  and  i n v o l v e s  e q u i l i b r i u m  p a r t i t i o n i n g  

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

o f  e q u i a x e d  f e r r i t e  g r a i n s  o f  f a i r l y  low d i s l o c a t i o n  

d e n s i t y ,  i . e .  e q u i v a l e n t  t o  a n n e a l e d  f e r r i t e ,  and  t h e i r  

g r o w t h  i s  u n a f f e c t e d  by p r i o r  a u s t e n i t e  g r a i n  b o u n d a r i e s ,  

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

wh ic h  i n d i c a t e s  t h a t  no s h a p e  c h a n g e  o c c u r s  d u r i n g  t r a n s ­

forma  t i  on.

2 . 1 . 2  p a s s i v e  F e r r i t e -

T h i s  d i f f e r s  f rom e q u i a x e d  f e r r i t e  i n  two m a j o r  

r e s p e c t s .  F i r s t l y ,  no  e q u i l i b r i u m  p a r t i t i o n i n g  o f  a l l o y i n g  

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

maybe s u p e r s a t u r a t e d ,  and  s e c o n d l y  b e c a u s e  i t  d e p e n d s  o n l y  

upon s h o r t  r a n g e  d i f f u s i o n  i t s  g r o w t h  r a t e  i s  much more 

r a p i d .  O t h e r w i s e  t h e  m a s s i v e  f e r r i t e  t r a n s f o r m a t i o n  

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

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

u n a f f e c t e d  by o r i e n t a t i o n  c h a n g e s  a c r o s s  p r i o r  a u s t e n i t e  

g r a i n  b o u n d a r i e s .



*1 • - ' p a s s i v e  M a r t e n s i t e  

T h i s  h a s  a l s o  been  r e f e r r e d  t o  a s  11 s e l f  a c c o m m o d a t i n g "  

" l a t h "  , o r  ’’s l i p p e d "  ^ m a r t e n s i t e ,  bu t  s h a l l  h e r e i n  oe 

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

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

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

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

c h a r a c t e r i s t i c a l l y  d e s c r i o e d  was ”7 i d m a n s t a t t e n ” f e r r i t e ,  

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

f e r r i t e  fo rmed  in  c a r o o n  s t e e l s .  

g . 1 . h  A c i c u l a r  m a r t e n s i t e

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

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

a l l o y s  . ^ a n d  i n  o i n a r y  i r o n  n i c k e l  a l l o y s  c o n t a i n i n g  more 

t h a n  28,* n i c k e l  '*• f c i c u l a r  m a r t e n s i t e  i n  i r o n  n i c k e l  

a l l o y s  i s  a body c e n t r e d  c u b i c  s t r u c t u r e ,  bu t  i s  body 

c e n t r e d  t e t r a g o n a l  i n  c a r b o n  s t e e l s .  I t  d i f f e r s  f rom 

l a t h  m a r t e n s i t e  m a i n l y  by i t s  m o r p h o l o g y ,  whi ch  c o n s i s t s  

o f  l e n t i c u l a r  p l a t e s ,  whose i n t e r n a l  s t r u c t u r e  i s  c r o s s  

h a t c h e d  by t r a n s f o r m a t i o n  t w i n s .  L a t h  m a r t e n s i t e s  do n o t  

e x h i b i t  an y  e v i d e n c e  o f  a t w i n n e d  s u b s t r u c t u r e .

2 . 1 . 5  B p s i l o n  M a r t e n s i t e .

T h i s  o c c u r s  c h i e f l y  i n  s t e e l s  whose a u s t e n i t e  h a s  

a low s t a c k i n g  f a u l t  e n e r g y ,  e . g .  18 Cr  8 h i  s t a i n l e s s  

s t e e l s . ^  and  i s  g e n e r a l l y  b e l i e v e d  t o  r e p r e s e n t  a n  

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

f e r r i t e .  I t s  s t r u c t u r e  i s  h e x a g o n a l  c l o s e  packed  and  i t



f o r m s  i n  p a r a l l e l  s i d e d  b a n c s  bounded by t h e  (l 1 ij 

a u s t e n i t e  p l a n e s .  T h e r e  ’ r e  a v a r i e t y  o f  - means ,  e . g .  

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

e p s i l o n  can  be made s u b s e q u e n t l y  t o  t r a n s f o r m  t o  a body 

c e n t r e d  c u b i c  f e r r i t e  ’’' hose  s t r u c t u r e  c l o s e l y  r e s e m b l e s  

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

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

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

and  s o  h a ve  n o t  been  i n c l u d e d  i n  t h e  a bo ve  l i s t .  However ,  

t h e  i n c l u s i o n  o f  a B a i n i t e  mode o f  t r a n s f o r m s t i o n  maybe 

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

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

v i r t u a l l y  no c a r b o n .  P r o ’;, a s t r u c t u r a l  a s p e c t  t h i 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  ; r o e u c t  r e s e m b l e s  l a t h  m a r t e n s i t e .

I n  b i n a r y  i r o n  manganese  a l l o y s  s e v e r a l  o f  t h e  a o o v e  

modes o f  t r a n s f o r m ; : t i o n  a r e  l i k e l y  t o  be e n c o u n t e r e d  end  

w i l l  dc g i v e n  f u r t h e r  t e n  Lion i n  t h e  f o l l o w i n g  s e c t i o n s .

2 • 2  Genera l  c h a r a c t e r i s t i c " Gf mass ive  f e r r i t e  
and re? r t en  s i t e  i n i r o n  a l l o y s

2 . 2 . 1  p a s s i v e  F e r r i t e .

p a s s i v e  f e r r i t e  u e r i v e s  i t s  none  f rom i t s  

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

c o p p e r  a l l o y s  ^iJ and whi ch  were  t e r med  m a s s i v e ” by 

l b  s s a l  s k i  . i n  f e r r o u s  a 11 nc. s y s  Lems ; . r . s s iv e  f e r r i t e

s t r u c t u r e s . h a v e  b een  o b s e r v e d  i n  numer ous  a l l o y s  i n c l u d i n g
P 1P 1 7 1 Ll 1 ‘) 1 f  1Pi r o n  n i c k e l  ' J i r o n  chromium u i r o n  s i l i c o n
17 . . 1 8 - 2 0  . _  18-21 i r o n  c o p p e r  i r o n  c a r n o n  i r o n  n i t r o g e n  anu

22i r o n  manganese

2 * 2 . 1 . 1  Morphology

A t y p i c a l  ex am pl e  o f  a m a s s i v e  f e r r i t e  s t r u c t u r e ,  

shown i n  F i g .  1,  r e v e a l s  a s t r u c t u r e  c o n s i s t i n g  o f  i r r e g u l a r



r a g g e d  f e r r i t e  gi’s i n s ,  wh i ch  a r e  o f t e n  d i f f i c u l t  t o  

d i s t i n g u i s h  f rom e q u i a x e d  f e r r i t e  by o p t i c a l  me t a l l o g  r  a p h y .

By o v e r - e t c h i n g  m a s s i v e  f e r r i t e  d e v e l o p s  e t c h  p i t t i n g  due 

t o  a s u b s t r u c t u r e ,  w h e r e a s  e q u i a x e d  f e r r i t e  d o e s  n o t ,  and 

t h i s  s u b s t r u c t u r a l  f e a t u r e  i s  even  more c l e a r l y  shown by 

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

o f  l i n e  b r o a d e n i n g  i n  >, r a y  d i f f r a c t i o n .  E l e c t r o n  

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

g r a i n s  s e p a r a t e d  by h i g h  a n g l e  b o u n d a r i e s ,  wh i ch  c o n t a i n
11 12 ~ ■a r e a s  o f  a h i g h  d e n s i t y  ( 1 0  -  1(J '  l i n e s / c m )  o f

u n i f o r m l y  d i s t r i b u t e d  d i s l o c a t i o n s .  T h e s e  d i s l o c a t i o n s
11’t e n d  t o  a d o p t  p l a n e r  d i s t r i b u t i o n s  4. Low a n g l e  o o u n d e r y  

s ub  c e l l s  a r e  s o me t i m es  fo rmed  p a r t i c u l a r l y  when e i t h e r

t h e  c o o l i n g  r a t e  i s  i n c r e a s e d  or  t h e  t r a n s f o r m a t i o n
, , .. - .16.20 t e m p e r a t u r e  u e c r e a s e c

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

compared  t o  e q u i a x e d  f e r r i t e  a l s o  p r o d u c e s  X r a y  l i n e

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

' broad d i f f u s e  X r a y  l i n e s  i n  c o n t r a s t  t o  t h e  s h a r p  l i n e s
< V

p r o d u c e d  by e q u i a x e d  f e r r i t e  J •

2 .2 .1 . 2  0 r y s t a 1 1 o r r a p h y

T r a n s f o r m a t i o n  t o  m a s s i v e  f e r r i t e  a s  s t a t e d  e a r l i e r  

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

and  t h i s  i m p l i e s  t h a t  no l a t t i c e  c o r r e s p o n d e n c e  e x i s t s  

b e t w e e n  t h e  p a r e n t  and p r o d u c t  p h a s e  F u r t h e r m o r e ,

t h e  g r o w t h  o f  m a s s i v e  f e r r i t e  a p p e a r s  t o  pay l i t t l e  r e g a r d  

t o  c h a n g e s  i n  o r i e n t a t i o n  a c r o s s  p r i o r  a u s t e n i t e  g r a i n



b o u n d a r i e s  wh i ch  s u g g e s t s  t h a t  no o r i e n t a t i o n  r e l a t i o n s h i p s
25e x i s t  b e t we en  t h e  f e r r i t e  and  a u s t e n i t e  p h a s e .  A a r o n so n

h ow ev er  h a s  q u e s t i o n e d  t h i s  en d  h a s  s u g g e s t e d  t h a t  b o t h

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

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

i n  m a s s i v e  c r y s t a l s  . A 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

r e l a t i o n s h i p  c a n  e x i s t  h ow ev er  o n l y  d u r i n g  t h e  n u e l e a t i o n

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

p r i o r  a u s t e n i t e  g r a i n  b o u n d a r i e s .  I n  P i g .  2 a p r o c e s s

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

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

s u g g e s t i o n  o f  a p p a r a n t  g r o w t h  a c r o s s  t h e  b o u n d a r y  a nd  a

s i t u a t i o n  where  a n  o r i e n t a t i o n  r e l a t i o n s h i p  c o u l d  e x i s t

b e t w e e n  t h e  a u s t e n i t e  an a  f e r r i t e .  The b a s i s  f o r  t h i s  i s
26e s s e n t i a l l y  t h a t  d e s c r i b e d  by S m i t h  f o r  p r o e u t e e t o i d  

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

n u c l e u s  a t  a g r a i n  b o u n d a r y  w hi ch  grows  more r a p i d l y  i n t o  

t h e  g r a i n  i n  wh i ch  i t  f o r m s  a n  i n c o h e r e n t  b o u n d a r y .  Ho 

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

t h e  a u s t e n i t e  g r a i n  i n  whi ch  g r o w t h  h a s  o c c u r r e d  b u t  one 

d o e s  e x i s t  w i t h  t h e  a d j a c e n t  a u s t e n i t e  g r a i n .  I t  i s  a l s o  

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

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

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

a u s t e n i t e .

2 . 2 . 1 . 3  K i n e t i c s
8 2 *1 h

S e v e r a l  a u t h o r s  9 r h a v e  c o n f i r m e d  t h a t  m a s s i v e



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

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

w i t h  i n c r o n  sc  o' c o o l i n g  r a t e s .  A l s o  a ch • m e t  e r i s t i c  0 t y p e
1 5 . 2 7t r a n s f o r m a t i o n  c u r v e  h a s  been  e s t a b l i s h e d  f o r  i r o n  chromium ' '  

a l l o y s  which  c l e a r l y  i n d i c a t e s  a n  i s o t h e r m a l  n u e l e a t i o n  

and  g r o w t h  mode o f  t r a n s f o r m a t i o n  f o r  m a s s i v e  f e r r i t e ,  

i t  h a s  a l s o  b een  f o u n d  t h a t  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  

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

t e m p e r a t u r e  i s  e v e n t u a l l y  r e a c h e d  whi ch  i s  u n a l t e r e d  by any
P f  f ' !f u r t h e r  i n c r e a s e  i n  c o o l i n g  r a l e  '  Jn '  • T h i s  l i m i t i n g

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  p r o b a b l y  c o r r e s p o n d s  t o  t h e  t e  .p
1 'e r e t u r e  a t  wh i ch  t h e  n o s e  o f  t h e  C -  c u r v e  o c c u r s  J f s i n c e  

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

t h e  c r i t i c a l  t e m p e r a t u r e  would  m i s s  t h e  C c u r v e  and  

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

A l l o y i n g  e l e m e n t s  may a l s o  d e p r e s s  t h e  m a s s i v e  f e r r i t e  

t r a n s f e r *  a t i o n  s t a r t  t e mp er a  t u v e  m i  d i sp l ace -  t h e  J c u r v e  

f u r t h e r -  t o  t h e  r i g h t  euc  t o  t h e i r  i n i  l u e n c e  upon .u i f f u s i o n  

r a t e s  end t h e  T0 t e m p e r a t u r e ,  where  t h e  T0 t e m p e r a t u r e

i s  t h a t  f o r  t h e r mo dyn ami c  e q u i l i b r i u m  be twe en  a u s t e n i t e  

a n d  f e r r i t e  o f  t h e  same c o m p o s i t i o n .  Tr ans fo r m a t i o n  

c a n  o c c u r  o n l y  a t  t e m p e r a t u r e s  be low T0 and  e l e m e n t s  s u c h  

a s  n i c k e l  o r  manganese  whi ch  a r e  a u s t e n i t e  s t a b i l i z e r s  

t e n d  t o  l o w e r  T 0 and h e n c e  the- mas s i  ve f e r r i t e  t r a n s f  o r  ma t i o n  

s t a r t  t e m p e r a t u r e .  F e r r i t e  s t a b i l i z c - r s ,  f o r  e x am pl e  chromium 

an d  s i l i c o n ,  i n i t i a l l y  d e c r e a  *e T0 b u t  r a i s e  i t  a b o v e  a  

c e r t a i n  c o m p o s i t i o n ,  and s o  t e n d  t o  p r o d u c e  s i m i l a r  e f f e c t s
1̂ 2

upon  ods t h e  m a s s i v e  f e r r i t e •t r a n s f o r m a t i o n  s t a r t  t e m p e r a t u r e



I n  a d d i t i o n  t o  t h e  e f f e c t s  o f  a l l o y i n g  upon T0 , t h e

oCr* t e m p e r a t u r e '  i s  l o w e r e d  by t h e  r e d u c e d  r a t e s  o f  d i f f u s i o n ,

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

g r o w t h  r a t e s  by c r e a t i n g  a f r i c t i o n a l  d r a g  upon b o u n d a r y  
M lm o b i l i t y  . T h i s  d r a g  e f f e c t  i s  due t o  t h e  n eed  f o r  

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

i t s  m o b i l i t y  i s  c o n t r o l l e d  by s o l u t e  d i f f u s i v i t y  I n

i r o n  c a r b o n  a l l o y s  f o r  exampl e  t h e  m a s s i v e  f e r r i t e  bou nd a r y  

m i g r a t i o n  r a t e  i s  r e d u c e d  f rom 0 . 8  imn/sec t o  l e s s  t h a n
5 1

0 . 1  nrm/sec by a l t e r i n g  t h e  c a r b o n  l e v e l  f rom 0 t o  0 . 1  V/tp 

F i n a l l y ,  t h e  m a s s i v e  f e r r i t e  t r a n s f o r m a t i o n  i s  a l s o  

a f f e c t e d  by 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  and  t i m e ,  

b e c a u s e  t h e s e  b o t h  c o n t r o l  t h e  a u s t e n i t e  g r a i n  s i z e ,  and  

t h e  number  o f  n u e l e a t i o n  s i t e s  f o r  t r a n s f o r m a t i o n .  Any 

f a c t o r  w h i ch  e n c o u r a g e s  s m a l l  a u s t e n i t e  g r a i n  s i z e s  w i l l  

p r omot e  t h e  f o r me . t i on  o f  m a s s i v e  f e r r i t e  

g . g . l . h  T r a n s f o r m a t i o n  mechan i sms  

I n i t i a l l y  m a s s i v e  f e r r i t e  t r a n s f o r m n t i o n s  wer e  

c l a s s e d  a s  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 s  ^ 2  due  t o  t h e i r  

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

p o s i t i o n a l  c h a n g e .  T h i s  p o s s i b i l i t y  i s  now e x l u d e d  h o w ev er  

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

a nd  t h e  e v i d e n c e  c o n c e r n i n g  t h e  i s o t h e r m a l  k i n e t i c  b e h a v i o u r ,  

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

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

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

a c r o s s  t h e  i n t e r f a c e  r e g i o n  o n l y ,  i . e .  one or  two i n t e r -  

a t o m i c  d i s t a n c e s  . An a l t e r n a t i v e  p r o p o s a l  t o  t h i s ,



p u t  f o r w a r d  by Aa r o n s o n  , i s  s  l e d g e  mechani sm wh ich  

e m pl o y s  a f e r r i t e / a u s t e n i t e  b o u n d a r y  composed l a r g e l y  o f  

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

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

main  b o u n d a r y ,  s e e  F i g .  3* R a p i d  b o u n da r y  m i g r a t i o n  i s  

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

movement o f  t h e s e  d i s o r d e r l y  l e d g e s ,  so  t h a t  t h e  c o h e r e n t  

b o u n d a r y  i s  moved f o r v / a r d s .  T h i s  c o h e r e n t  componen t  o f  

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

o r i e n t a t i o n  r e l a t i o n s h i p  f rom e x i s t i n g  b e t w ee n  m a s s i v e  

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

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

f r e q u e n t l y  o b s e r v e d .

2 . 2 . 2  i . : a r t e n s i t i c  T r a n s f o r i r i a t i o n

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

i t  w i l l  be u s e f u l  t o  r e v i e w  b r i e f l y  some o f  t h e  c h a r a c t e r i s t i c s  

o f  m a r t e n s i t e ,  an d  a l s o  t h e  t h e o r i e s  p u t  f o r w a r d  i n  

e x p l a n a t i o n  o f  t h e s e  c h a r a c t e r i s t i c s .

2 . 2 . 2 . 1  C h a r a c t e r i s t i c s

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  i s  d e f i n e d  a s  a s h e a r  

movement  o f  a to m s  s u c h  t h a t  a t o m s  move f rom a p a r e n t  t o  

a p r o d u c t  l a t t i c e  by a f u l l y  c o o r d i n a t e d  movement .

The  t e r m  " m i l i t a r y 1* h a s  been  u s e d  t o  d e s c r i b e  s u c h  

t r a n s f o r m a t i o n s ,  i n  c o n t r a s t  t o  " C i v i l i a n "  t r a n s f o r m a t i o n ,  

whe r e  a tom movement i s  a random p r o c e s s ,  i . e .  d i f f u s i o n  

c o n t r o l l e d .  As w e l l  a s  t h e  a bov e  d e f i n i t i o n ,  m a r t e n s i t e  

h a s  s e v e r a l  c h a r a c t e r i s t i c  f e a t u r e s  wh i ch  c o l l e c t i v e l y  

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



36 3 7 .  a r e  a s  f o l l o w s :  9

( i )  A t h e r m a l  K i n e t i c s .  I n  most  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 s  t h e  amount  o f  m a r t e n s i t e  formed i s  a f u n c t i o n  

o n l y  o f  t h e  t e m p e r a t u r e ,  and  t o  i n d u c e  c ompl e t e '  t r a n s ­

f o r m a t i o n  r e o u i r e s  c o n t i n u o u s  c o o l i n g  t h r o u g h  t h e  ~ h-p■* D  x

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

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

a u n i q u e  f e a t u r e  o f  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 s .

( i i )  C r y s t a l l o g r a p h y  The p a r e n t  and p r o d u c t  p h a s e s  i n

a 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  e x h i o i t  c e r t a i n  c h a r a c t e r i s t i c  

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  r e l a t i o n s h i p s  and  h a u i t  p l a n e s ,  

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

( i i i )  S u r f a c e  T i l t i n g  M a r t e n s i t i c  t r a n s f o r m  - t i o n  p r o d u c e s  

s u r f a c e  t i l t i n g  on a p r e p o l i s h e d  s u r f a c e  whi ch  i n d i c a t e s  

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

w o r k e r !  h a ve  a l w a y s  r e g a r d e d  s u r f a c e  t i l t i n g  a s  p r o o f

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

h a s  shown t h a t  t h i s  i s  n o t  n e c e s s a r i l y  t r u e  . Kon-

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 s ,  e . g .  v/idroanstatter: f e r r i t e ^
- • . . 39and  o a i n i t e  , and t h e  e a r l y  s t a g e s  o f  p r e c i p i t a t i o n  may 

a l s o  p r o d u c e  s u r f a c e  t i l t s .

( i v )  M f f u s i o n l e s s  Growth C o m p o s i t io n s  remain unchanged  

by a 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 ,  and growth r a t e s  are  

e x t r e m e ly  r a p i d ,  i . e .  t h e y  approach th e  speed  o f  sound  

w i t h in  th e  m e t a l ,  but a s  s e e n  w i th  the  e a s t  o f  m a s s iv e  

f e r r i t e ,  n e i t h e r  o f  t h e s e  two f a c t s  a r e  un icu e  t o  m a r t e n s i t e .



2 . 2 . 2 . 2 .  P h e n o m e n o l o g i c a l  t h e o r y  o f  m a r t e n s i t i c
___________ t  r  a n s  f  o r  ma t  i  o n ._____________________________

P h e n o m e n o l o g i c a l  t h e o r i e s  o f  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  

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

by t r a n s f o r m a t i o n .  The two o r i g i n a l  t h e o r i e s  a r e  e s s e n t i a l l y  

e q u i v a l e n t  a l t h o u g h  a r r i v e d  a t  i n d e p e n d e n t l y  and  a r e  due t o  

W e c h s l e r  Liebermamm & Read and  t o  Bowles  and

M a c k e n z i e , ^ (  B.M) . B o t h  t h e s e  t h e o r i e s  have  b een  t h e  

s u b j e c t  o f  numer ous  r e  v i e w s .

The e s s e n t i a l  b a s i s  o f  t h e s e  t h e o r i e s  i s  t h a t  when 

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  o c c u r s ,  t h e  t r a n s f o r m i n g  r e g i o n  

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

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

d i s i n t e g r a t e .  T h i s  means t h a t  a h a b i t  p l a n e  w h i ch  i s  e i t h e r  

c o h e r e n t  o r  s e m i - c o h e r e n t  must  e x i s t ,  and  i m p o s e s  t h e  

c o n d i t i o n  t h a t  t h e  s h a p e  c hang e  must  a t  l e a s t  a p p r o x i m a t e  

t o  an  " i n v a r i a n t  p l a n e  s t r a i n " ,  i . e .  a t  l e a s t  one p l a n e  

must  r e m a i n  b o t h  u n r o t a t e d  and  u n d i s t o r t e d  by t h e  s h a p e  

c h a n g e .  Two e x a m p l e s  o f  i n v a r i a n t  p l a n e  s t r a i n s  a r e  s i m p l e  

s h e a r  o r  d i l a t a t i o n ,  s e e  F i g .  U s  b u t  n e i t h e r  o f  t h e s e  i s  

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

r e q u i r e d  f o r  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 .  Only  by c o m b i n i n g  

t h e  two i s  i t  p o s s i b l e  t o  p r o d u c e  a n  i n v a r i a n t  p l a n e  s t r a i n  

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

t h e  s h a p e  c ha ng e  i n v o l v e d  i n  a 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  

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

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

<f d e f i n e s  t h e  s h a p e  c h a n g e ,  s e e  F i g .  I t .



I n  t h e  i l . L . R.  and  B.m. t h e o r i e s  t h e  t o t a l  s h a pe  c h a n g e

i s  b r o k e n  down i n t o  component  p a r t s  s u c h  t h a t  b o t h  t h e

n e c e s s a r y  ch an ge  i n  c r y s t a l  s t r u c t u r e  a nd  t h e  i n v a r i a n t

p l a n e  s t r a i n  c o n d i t i o n  i s  f u l f i l l e d .  F i r s t  to be c o n s i d e r e d

i s  t h e  s t r a i n  n e c e s s a r y  t o  c r e a t e  t h e  c o r r e c t  c h a ng e  i n

c r y s t a l  s t r u c t u r e ,  and t h i s  r e q u i r e s  k nowledge  o f  t h e

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

b e t w e e n  t h e  two c r y s t a l  l a t t i c e s .  I n  t h e  f a c e  c e n t r e d

c u b i c  a u s t e n i t e  c e l l ,  an e q u i v a l e n t  c e l l  c a n  be f o u n d  w h i c h

a f t e r  homogeneous  d e f o r m a t i o n  c o n v e r t s  t o  a body c e n t r e d

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

The most  s u i t a b l e  c o r r e s p o n d e n c e  o f  t h e  a u s t e n i t e  -  f e r r i t e

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

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

c e l l ,  s e e  F i g .  5* From t h e  " B a i n  c o r r e s p o n d e n c e "  a body

c e n t r e d  t e t r a g o n a l  c e l l  maybe s e l e c t e d  and i t s  d i m e n s i o n s

made e q u i v a l e n t  t o  t h a t  o f  any  m a r t e n s i t i c  c e l l  by c o n t r a c t i o n

a l o n g  t h e  [olo]  a x i s  p l u s  e x p a n s i o n  a l o n g  b o t h  t h e  Boo]
x x

and [ooi]^ a x i s .  T h i s  homogeneous  d e f o r m a t i o n  i s  r e f e r r e d  

t o  a s  t h e  " B a i n  s t r a i n "  w i t h  p r i n c i p a l  s t r a i n s  e q u a l  t o  

+fyj, +V.-2 ' ~ ^ 3 . I n  p r a c t i c e  t h e  p r i n c i p a l  s t r a i n s  d ep en d  

upon t h e  r e l a t i v e  l a t t i c e  p a r a m e t e r s ' o f  t h e  two p h a s e s ,  

b u t  f o r  example  i n  i r o n  n i c k e l  a l l o y s  t h e y  a r e  ^  = ^ 2  “ 1 . 1 2 , 

^  = 0 . 8 .  A l t h o u g h  t h e  B a in  s t r a i n  p r o d u c e s  t h e  n e c e s s a r y  

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

p l a n e  s t r a i n  c o n d i t i o n ,  and c o n t a c t  c o u l d  n o t  be m a i n t a i n e d  

b e t we en  t h e  t r a n s f o r m e d  r e g i o n  and  t h e  s u r r o u n d i n g  p a r e n t  

m a t e r i a l .  T h i s  i s  shown more c l e a r l y  i f  r e f e r e n c e  i s  made



t o  F i g .  6 where  t h e  a u s t e n i t e  l a t t i c e  i s  r e p r e s e n t e d  by 

a u n i t  s p h e r e  which  d e f o r m s  t o  an e l l i p s o i d  by a d e f o r m o t i o n  

e q u i v a l e n t  t o  t h e  F a i n  1 t r a i n .  • I n  t h i s  d i a g r a m  no p l a n e  

i s  l e f t  e i t h e r  a n n o t a t e d  or  u n d i s t o r t e d ,  bu t  i n s t e a d  t h e r e  

a r e  a s e r i e s  o f  v e c t o r s  1 - i n p  on c o n e s  a t  t h e  i n t e r s e c t i o n  

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

end  t h e  r e c i p r o c a l  s t r a i n  e l l i p s o i d ,  which  e r e  u n d i s t o r  t e c  

bu t  n o t  ur; r o t  a t e d .  The se  tv;o u n e x t  ended  c o n e s  r e f e r  t o  

a s e r i e s  o f  v e c t o r s  and p lane  n o r e a l s  l e f t  u n d i s t o r t e d  by 

t h e  Ba i n  T t r a i n .

To f u l f i l l  t h e  i n v a r i a n t  p l a n e  stro. i n  c o n d i t i o n  

r e q u i r e s  t h a t  t h e  d e f o r  n a t i o n  h o s  p r i n c i p a l  s t r a i n s  ' - he r e  

one i s  p o s i t i v e , one i s  re;, s t i v e ,  and.  t h e  t h i r d  i s  z e r o  

a r c  t h i s  c o n d i t i o n  i s  c l e a r l y  n o t  wet  b;, t h e  B r i n  i t r e  i n .

I t  i s  p o s s i b l e  however  t o  a c h i e v e  t h i s  by i n t r o d u c i n g  an 

a d d i t i o n a l  defor : .  :• t i  on.  hi;, pic - s h e e r s  such  a s c d  r.nicr. 1 

t w i n n i n g  or s l i p  on a d j a c e n t  g l a r e s  njo. ter ; ,  ed " l a t t i c e  

i n v a r i a n t  s h e a r s  " s i n c e  t h e y  do no t  a l t e r  - t h e  c r y s t a l  

s t r u c t u r e ,  and f u r t h e r ; ,  o r e  t h e y  way r e s u l t  i n  c e r t a i n  

v e c t o r s  b e i n g  s h o r t e n e d  or i n c r e a s e d  i n  l e n g t h ,  s e e  F i r  7 . 

Thus  by t h e  a d d i t i o n  o f  a s l i p  o r  t w i n n i n g  d e f o r m a t i o n  t o  

t h e  i  a i n  f t r a i n  one o f  t h e  p r i n c i p a l  da i n  s t r a i n s  c a n  be 

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

p r o d u c e  on o v e r a l l  i n v a r i a n t  p l a n e  s t r a i n .  T h i s  i s  h oweve r  

n o t  q u i t e  c o r r e c t  s i n c e  t h e  Ba in  w t r a i n  a l s o  r e s u l t s  i n  

v e c t o r s  b e i n g  r o t a t e d ,  and a n  a d d i t i o n a l  o p e r a t i o n  i s  

r e q u i r e d  t o  r e t u r n  thee:  b a d :  t o  t h e i r  o r i g i n a l  p o s i t i o n s ;  

t h i s  i s  t e r m e d  a " R i g i d  Body n o t a t i o n " .



The t o t a l  s h a p e  c hang e  i n v o l v e d  i n  a 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  may t h e r e f o r e  by s u mmar i sed  a s  t h e  sum o f  

B a i n  S t r a i n  p l u s  L a t t i c e  I n v a r i a n t  S h e a r  p l u s  R i g i d  Body 

R o t a t i o n .  C u a n t i t a t i v e  p r e d i c t i o n s  o f  t h e  h a b i t  p l a n e ,  

o r i e n t a t i o n  r e l a t i o n s h i p ,  and s hu p e  change  a c c o m p a n y i n g  

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

a n a l y s i s  o r  by m a t r i x  a l g e b r a .  The two b a s i c  m a t r i x  

e q u a t i o n s  a r e  r e p r e s e n t e d  by:

1.  K = KBS ( IV. L , R . )

and  where :

1 . K i s  a m a t r i x  wh ic h  d e t e r m i n e s  li;.e c h a n g e s  o c c u r r i n g

t o  v e c t o r s  f o l l o w i n g  t h e  t o t a l  s h ape  c h a n g e .

2 .  B i s  a m a t r i x  d e t e r m i n e  t h e  c h a n g e s  i n  v e c t o r s

f o l l o w i n g  t h e  Ba i n  S t r a i n ,  a n a  i s  f i x e d  by t h e  l a t t i c e  

p a r a m e t e r s  of  t h e  a u s t e n i t e  and m a r t e n s i t e .  These  t h e r e ­

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

a d d i t i o n a l  v a r i a b l e  i n t r o d u c e d  by t h e  B-K t h e o r y  i s  one 

wh i ch  a l l o w s  f o r  t h e  h a b i t  p l a n e  t o  be s l i g h t l y  d i s t o r t e d ,  

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

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

o r i g i n a l  u n i t  s p h e r e  by an  amount  e q u a l  t o S  and t h i s  a l t e r s  

t h e  B a i n  p r i n c i p a l  s t r a i n s  t o  become ^

3 - 3 i s  a m a t r i x  which  d e t e r m i n e s  t h e  c h a n g e s  i n  v e c t o r s

due  t o  a l a t t i c e  i n v a r i a n t  s h e a r  w i t h  a f i x e d  p l a n e  and  

d i r e c t i o n ,  and  w i t h  a d e f i n i t e  a n g l e  o f  s h e a r .  By v a r y i n g  

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

h a b i t  p l a n e  a r e  p r o d u c e d .



It. Z i s  an  i n v e r s e  .mat r ix  o f  A and r e p r e s e n t s  an

i n v a r i a n t  p l a n e  s t r a i n  or  l a t t i c e  i n v a r i a n t  s h e a r  i n  

a n  o p p o s i t e  d i r e c t i o n  .-to A.

ri . R i s  a m a t r i x  wh i ch  r e p r e s e n t s  a r i g i d  body r o t a t i o n

s u c h  t h a t  a l l  v e c t o r s  wh ich  a r e  r o t a t e d  by t h e  Ba i n  A t r a i n  

and  l a t t i c e  i n v a r i a n t  s h e a r  r e  r o t a t e d  back t o  t h e i r  

or  i  r  i n a  3. n o s i  t  i  on s .

The two e q u a t i o n s  f o r  t h e  h , R . and  a . i . ,  t h e o r i e s

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

d i f f e r e n c e ,  and t h i s  car; be shown by t h e  f o l l o w i n g :

v — r) n r> f t
j . - j  —- i  *. j . . ; * . /  \  • #  X j  •  S . 0  j

- 1b u t  s i n c e  Ah = I  a u n i t  m a t r i x
 -1  _ ,  , , ,

I n  o r d e r  t o  p r e d i c t  t h e  h a b i t  p l a n e  t h e  R-/. e q u a t i o n  r e l i e s
- iupon t h e  c o n o i t i  on t h a t  b o t h  K and A a r e  i n v a r i a n t  p l a n e  

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

t h e  i n t e r s e c t i o n  o f  t h e  two s h e a r  p l a n e s .  F u r t h e r m o r e ,
- 1

t e e  p l a n e  c o n t a i n i n g  t h e  two s h e a r  d i r e c t i o n s - o f  F and  ^ 

h a s  an  i n v a r i a n t  no r ma l  wh ich  t o g e t h e r  w i t h  t h e  i n v a r i a n t  

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

' "hen t h e  t h e o r y  i s  ep,  l i e u  t o  s t e e l s  i t  s u c c e s s f u l l y  

p r e d i c t s  . t h e  fha 9} h a b i t  p l a n e  f ound  i n  h i g h  c a r b o n  s t e e l s  

and  i n  i r o n - 3 0 /  n i c k e l  a l l o y s  when t h e  l a t t i c e  i n v a r i a n t  

s h e a r  s y s t e m  i s  c h o s e n  t o  be t w i n n i n g  on t h e  (*112)- [1 l l  ='(v\ w

(* 1 o)y [i1iq]  s y s t e m ,  ho weve r  t h e  f r e q u e n t l y  o b s e r v e d  {225] ^  

h a b i t  p l a n e  r e q u i r e s  t h e  u s e  o f  t h e  a d d i t i o n a l  d i l a t a t i o n  

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

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



shown t h a t  t h e r e  i s  no e x p e r i m e n t a l  j u s t i f i c a t i o n  f o r  

i n c l u d i n g  S a s  a v a r i a b l e . F u r t h e r  s h o r tc o m in g s  

o f  t h e  t h e o r y  a r e  i t s  i n a b i l i t y  to  a c co u n t  f o r  th e  

o b se rv e d  s c a t t e r  i n  h a b i t  p l a n e s  found f o r  carbon  s t e e l s ,  

and a l s o  th e  c o m p le te  f a i l u r e  to  p r e d i c t  t h e  h a b i t  p lane  

found f o r  l a t h  m a r t e n s i t e s .  The t h e o r y  i s  n e v e r t h e l e s s  

s u c c e s s f u l  i n  p r e d i c t i n g  th e  {259^, or ^3 , 1 0 , 15}^ h a b i t  

p l a n e ,  and perhaps  more i m p o r t a n t ly  i t  p r e d i c t s  t h a t  

m s r t e n s i t e  sh o u ld  c o n t a i n  an i n t e r n a l  s u b s t r u c t u r e  such  

a s  m e c h a n ic a l  t w in s  which i s  f u l l y  i n  a c c o r d  w i t h  m e t a l l o -  

g r a p h ic  o b s e r v a t i o n s . ^

2 . 2 . 2 . 3  K i n e t i c  T h e o r i e s .

K i n e t i c  t h e o r i e s  a r e  d e s ig n e d  p r i m a r i l y  t o  a c c o u n t  

f o r  both a th e rm a l  and i s o t h e r m a l  t r a n s f o r m a t i o n  b e h a v io u r  

d u r in g  m a r t e n s i t i c  r e a c t i o n ,  and a l s o  have  a t t e m p te d  t o  

p r e d i c t  a n u c l e a t i o n  model .  There a re  numerous t h e o r i e s  

based upon both c l a s s i c a l  and non c l a s s i c a l  a p p r o a c h e s  

which have been rev iew ed  p r e v i o u s l y t h e y  

have n o t  been s u c c e s s f u l .  For exam ple ,  the  c l a s s i c a l  

n u c l e a t i o n  approach u s i n g  e i t h e r  a homogeneous or h e t e r o g e n e o u s  

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

which a r e  s e v e r a l  order  o f  magnitude to o  h i g h ,  and n o n -  

c l a s s i c a l  models  such a s  th e  s t r a i n  embryo t h e o r i e s ^ * ^ ^  

p r e d i c t  c r i t i c a l  n u c l e u s  s i z e s  which a r e  f a r  to o  l a r g e  

and which do not  e x p l a i n  th e  e f f e c t s  o f  p r e s s u r e  upon th e  

Ms  t e m p e r a t u r e . ^  The o n l y  c l e a r  i n d i c a t i o n  g i v e n  by 

th e  k i n e t i c  t h e o r i e s  i s  th a t  m a r t e n s i t e  f o r m a t io n  must 

overcome some form o f  n u c l e a t i o n  b a r r i e r ,  s i n c e  i t  r e q u i r e s



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

t r a n s f o r m a t i o n . Some o f  t h e  f a c t o r s  wh ic h  have  b een  s u g g e s t e d  

a s  c o n t r i b u t o r s  t o  t h e  n u c l e a t i o n  b a r r i e r  i n c l u d e :

1. I n t e r f a c i a l  e n e r g y .

2 .  E l a s t i c  e n e r g y  w h i c h  i s  e q u i v a l e n t  t o  t h e  volume

s t r a i n  e n e r g y .

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

a u s t e n i t e ,  e . g .  a c c o mm o da t i o n  s l i p .

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

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

o r  c o n t i n u e .

2 . 2 . 2 . U  Thermodynamics.

♦ ' C l o s e l y  l i n k e d  t o  t h e  k i n e t i c  t h e o r i e s  i s  t h e  

d e v e l o p m e n t  o f  me t hods  f o r  d e r i v i n g  t h e  d r i v i n g  f o r c e  a t

t h e  I/i t e m p e r a t u r e  and  t h i s  h a s  r e c e i v e d  t h e  a t t e n t i o n  of
12,  21 ,  32.  56 v a r i o u s  w orkers .  ' '

The f r e e  e n e r g y  f o r  a r n a r t e n s i t i c  t r a n s f o r m a t i o n

i s  a m e as u r e  o f  t h e  n u c l e a t i o n  b a r r i e r  and  i s  t h e r f o r e
P 7 0p r o p o r t i o n a l  t o  t h e  d e g r e e  o f  u n d e r c o o l i n g  fT 0 -  Mgj 

I t s  v a l u e  f o l l o w s  f rom t h e  r e l a t i o n s h i p s

G = ( 1 “xa) Gpe + XA GA + %

G = (1 - x A) Gpe + x A Ĝ  + g £

A ĝ =  (1 - x  ) Ag" / + x, A gT* + A G; "  (1 )
a Fe a a m

w h e r e  Xfl = mole f r a c t i o n  o f  a l l o y i n g  e l e m e n t  A

/IG n  = "frhe f r e e  e n e r g y  c h a ng e  f o r  t h e  ©c-if c h a n g e  i n
* e pure  i r o n

AG^ = t h e  f r e e  e n e r g y  c h a n g e  f o r  t h e  ot-tf c h a n g e  i n
p u r e  m e t a l  A

ot-tf
AG|,;i = t h e  d i f f e r e n c e  i n  f r e e  e n e r g y  o f  m i x i n g

b e t ween  s o l u t i o n s  o f  i r o n  and t h e  edLement A 
i n  t h e  oc and  S' f o r m s .



AO r e p r e s e n t s  th e  f r e e  e n e r g y  change f o r  t h e  m a r t e n s i t i e  

t r a n s f o r m a t i o n ,  and i t s  e v a l u a t i o n  r e q u i r e s  t h a t  the  terms  

in  e q u a t io n  (1 )  sho u ld  be known. In  t h i s  r e s p e c t  the  two 

most d i f f i c u l t  term s  t o  e v a l u a t e  a re  and

and can o n ly  be e s t i m a t e d  by assum ing  th a t  e i t h e r  an i d e a l
•t-V

or r e g u l a r  s o l u t i o n  e x i s t s .  Measured v a l u e s  f o r  

a r e  a l r e a d y  a v a i l a o l e .

2 . 2 . 2 . !j. 1 I d e a l  S o l u t i o n  ^
ABy d e f i n i t i o n  A qm f o r  i d e a l  s o l u t i o n s  i s  z e r o  

and e q u a t io n  (1 )  hence  becomes

AO = (1  - x ft) A o pe + x A A 0 A

A l s o  by d e f i n i t i o n

G -  G, = RTln A = RTlnX.A A A A

wh er e  G * th e  p a r t i a l  molar f r e e  en erg y  o f  e le m e n t

A d i s s o l v e d  in  i r o n .

A a * th e  a c t i v i t y  o f  e lem en t  A
n

XA * th e  mole f r a c t i o n  o f  e le m en t  A.

T h e r e fo r e  th e  f o l l o w i n g  can be w r i t t e d
y  *

0 A -  0A = RTln XA
— ot oc oC
0 .  -  0 .  = RTln X*

A m A
Vwhere X and X a r e  th e  e q u i l i b r i u m  s o l u o i l i t i e s  o f  m e ta l

A in  ^ and i r o n  r e s p e c t i v e l y .
-  * -

S in c e  G = G. a t  e q u i l i b r i u mr\ *

= RTln — i  Alik “  M S
* a

The f r e e  en ergy  f o r  m a r t e n s ! t i c  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  g iv e n  by
*-ir . .



E q u at ion  ( 2 )  i n  o f  l i m i t e d  use  owing to  the  a s su m p t io n  

o f  i d e a l i t y  and r a r e l y  a p p l i e s  i n  p r a c t i c e  e x c e p t  perhaps  

t o  d i l u t e  s o l u t i o n s .  The a l t e r n a t i v e  a n a l y s i s  i s  based

upon assum ing  t h a t  a r e g u l a r  s o l u t i o n  e x i s t s .
, . :j h t  £5a2 . 2 . 2 . 4 .2  R e g u l a r  S o l u t i o n .

oi-"X
To determ ine  Z\Gr„ By d e f i n i t i o n  o f  a r e g u l a r  s o l u t i o n  m . *

th e  e x c e s s  e n tr o p y  o f  m ix in g  i s  ze ro ;  th e  en tr o p y  o f  

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

o f  s o l u t i o n .  I t  i s  a l s o  assumed t h a t  f o r  a g i v e n  c o m p o s i t io n  

th e  f r e e  e n e r g i e s  o f  m a r t e n s i t e  and e q u i l i b r i u m  f e r r i t e  

a r e  e q u a l .

T h e r e fo r e :
* y

Gm 'r
o< o£

ri — h  — m s  _ nm •L‘-m
where Hrn and Srnare  th e  e n t h a lp y  and e n t r o p i e s  o f  m ix in g  

i n  e i t h e r  t h e  ^ or *  ph&no.

Hm = Ho *
Q — Q .*-'m "* ° o  .

Both  vary  With tem perature  a c c o r d i n g  t o  th e  r e l a t i o n s h i p s
"T
. o  G ^m dT
T

Cprn dT 
—

where Cpm i s  t h e  s p e c i f i c  h e a t  o f  m ix in g .

F u r t h e r ,  by d e f i n i t i o n  in  r e g u l a r  s o l u t i o n s ,  Cpm,Hr.)S and Snvary  

w i t h  c o m p o s i t io n  such t h a t

Cpm = e xp ( 1~xa)

H<;,o = d XA
and SR] = -R ^ x . l n  x L + ( 1-x^)  In ( 1- x A) ^

which e n a b l e s  t h e  e o u a t i o n s  f o r  Grn and Gt.. t o  be w r i t t e n

Gtn ~ d xa( 1“'xa ) “t (K(*Al n  x A + ( 1 - x A) i n (  1 - x A) ) + J o  eY x A( 1~xA)aTj
Tt

G* = d*xA( 1 - x A; -T | F ( x Al n  x A + ( 1 - x A) l n (  1 - x A; ) + j  0 e* x k ( 1 - x A ) dT>



and AGm which i s  th e  d i f f e r e n c e  between t h e s e  two i s  

g i v e n  by

AG?/ = x A ( 1 ~xa) ( b-A) (3 )

where B = dY - e Y T(1- lnT)  and A = d -e* T (1 - ln T )
ed--jr

To determine AGa

At e q u i l i b r i u m  th e  p a r t i a l  molar f r e e  e n e r g i e s  o f

e a c h  component a r e  eq u a l  i n  th e  and X phase .
y oc

1 ' e • GPe = Pe
b ,* = B?n  (■*,

fu r th erm o re  from F i g .  8 i t  can be shown t h a t

JJk = G + ( 1 - x a )  dG
dx

(Jnp = G -  x.* dGX4 e ri dx
T h e r e fo r e

GA = GxA + = gx A + (dx  Hy d x
where Gv , and GvA a r e  th e  f r e e  e n e r g i e s  o f  th e  and IfXHy
p h a se s  a t  th e  e q u i l i b r i u m  c o n c e n t r a t i o n s  o f  x a , and x«*  -oc

r e s p e c t i v e l y ,  and may a l s o  be w r i t t e n  in  a c c o rd a n ce  w i t h  

e q u a t io n  (1 )  a s

gxA = <1"*A > GPe + *A GA + °ro

®xA = ( 4 _XA ) ®Pe + XA + Grs
when t h e s e  are  s u b s t i t u t e d  in  e q u a t io n  (U)

£ ( 1 -xa ) Gpe + xA GA + Gm ^+( 1“x a )  \  1 - x A )Gpe + ^  G/\+G
V * ) * dx * y

( 1~xaJ  £ S  ( 5 )
dx

and t h e  d i f f e r e n c e  between t h e  two s i d e s  o f  t h e  e q u a t io n
a  d-Y

l e a d s  to  an e x p r e s s i o n  f o r ^ G *  in  terms o f  x x* AGT,,~
A’e

A  °and AGn , a l l  o f  which a r e  known, e . g .  x* , X* a r e  

known from th e  e q u i l i b r i u m  diagram and AGm f o l l o w s  from  

e q u a t io n  ( 3 ) -

Thus th e  f o l l o w i n g  e x p r e s s i o n s  a r e  o b t a in e d  from



e q u a t io n  (5 )

A ga * = ( 1 - X / ^ ) 2 A -  ( 1 : - x Ay) 2 B -  RTln xAy ( 6 )

XA*

A G p J  = x Av A -  x f v B -  RTln ( 1 - x A< ) ( 7 )
( 1- x A )

2 / . 
and by assum ing  t h a t  th e  x A term in  e q u a t io n  ( 7 )  i s  s m a l l*-©C
a s o l u t i o n  f o r  B can be o b t a in e d ,  but not  f o r  A. I f  however  

A i s  a l s o  assumed to  be s m a l l  an approx im ate  s o l u t i o n  f o r  

A GA can be o b ta in e d  from e q u a t io n  ( 6 )  which e n a b l e s  A g 

f o r  th e  m a r t e n s i t e  t r a n s f o r m a t i o n  to  be d e ter m in e d .

F i n a l l y ,  maybe c a l c u l a t e d  u s in g  measured v a l u e s

o f  Mq tem p era tu re  and As t em p eratu re  by the  a s su m p t io n  t h a t  

A g = ( <,”x^ )^ Gp e + x*(A+BT +CT ) + x A( 1 - x A)d +e T( 1 - ln T )

where  Aga i s  r e p r e s e n t e d  by t h e  s e r i e s  (A+BT +CTJ ) and
oi-X °i-x

A Gm e q u a l s  x A ( 1 - x A)d + e T ( 1 - l n T )

A s e r i e s  o f  s im u l ta n e o u s  e q u a t i o n s  can be formed t o  e n a b l e  

t h e  c o e f f i c i e n t s  A ,B ,C ,d  , e  , t o  be s o l v e d ,  u s i n g  t h e
<v-7f O

c r i t e r i o n  t h a t  a t  T0 > ^ G = 0 ari(3 To = 2 («<- + Ms ) where  

Ar i s  th e  s t a r t  tem p era tu re  f o r  r e v e r s e  m a r t e n s i t e  t o  

a u s t e n i t e  t r a n s f o r m a t i o n  and Ms i s  th e  a u s t e n i t e  t o  

m a r t e n s i t e  s t a r t  t e m p e r a tu re .

2 . 2 . 2 . 5  C h a r a c t e r i s t i c s  o f  Lath m a r t e n s i t e s  i n
__________f e r r o u s _a l l o y s ______________________________

When th e  m a ss iv e  f e r r i t e  t r a n s f o r m a t i o n  i s  t o t a l l y  

s u p r e s s e d  e i t h e r  by th e  a d d i t i o n  o f  § I i ° y i nG e l e m e n t s  or 

by r a p id  c o o l i n g ,  t r a n s f o r m a t i o n s  i n  many i r o n  a l l o y s  

o c c u r s  m a r t e n s i t i c a l l y  and produces  l a t h  m a r t e n s i t e .

2 . 2 . 2 . 5 * 1  Morphology.

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

f o r  an i r o n  n i c k e l  a l l o y  i s  shown in  F i g .  9,  and s i m i l a r



+ . . 1 9 .2 8  . 13 16s t r u c t u r e s  a r e  o b se rved  in  pure i r o n ,  i r o n  chromium,
17  . ■ U . 1 8 . 1 9  - , . .  18 .2 1i r o n  c o p p e r ,  i r o n  carb on ,  ana i r o n  n i t r o g e n

a l l o y s .  T h is  s t r u c t u r e  i s  b e s t  d e s c r i b e d  a s  a s e r i e s  o f

s t r a i g h t - s i d e d  s l a b s  which do n o t  c r o s s  th e  p r i o r  a u s t e n i t e

g r a i n  b o u n d a r ie s  and do n ot  occur  in  more than fo u r

o r i e n t a t i o n s  w i t h i n  any s i n g l e  a u s t e n i t e  g r a i n .  W ith in

t h e  s l a b s  a s u o s t r u c t u r e  e x i s t s  which can be more c l e a r l y

r e v e a l e d  by th e  u se  o f  a s u i t a b l e  e t c h a n t ,  and c o n s i s t s
57o f  f i n e  s t r i a t i o n s  p a r a l l e l  to  th e  s l a b  b o u n d a r ie s ,  s e e

F i g .  10, and are  d e s c r i b e d  a s  b u n d les  o f  l a t h s .  The u se

o f  two s u r f a c e  t r a c e  a n a l y s i s  r e v e a l s  t h a t  t h e  s l a b s
58

approx im ate  to  p a r a l l e l l o p i p e d s  w i t h  one s i d e  r a t h e r

l o n g e r  than th e  o th e r  two.

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

s t r u c t u r e  i s  o b ta in e d  by e x a m in a t io n  w i t h  t h i n  f o i l

e l e c t r o n  m ic r o sc o p y ,  and r e v e a l s  t h a t  th e  f i n e  s u b s t r u c t u r e

c o n s i s t s  o f  e l o n g a t e d  c e l l s  or l a t h s  i n  a s e r i e s  o f  p a r a l l e l  
5 8 .5 9

b u n d le s .  * The c e l l  b o u n d a r ie s  a r e  composed o f  r e g i o n s  

o f  h ig h  d i s l o c a t i o n  d e n s i t y  and t h e r e  i s  a l s o  a f a i r l y  h i g h  

uniform d i s t r i b u t i o n  o f  random d i s l o c a t i o n s  w i t h i n  ea c h  c e l l .  

C e l l  d im e n s io n s  vary w i th  a l l o y  c o n t e n t  and q u en ch in g  speed  

but t y p i c a l  ones  are  0 .2  -  I .Oyawide and 1 0 - 5 0 ^  l o n g .  For 

exam ple ,  s e v e r a l  a u t h o r s ^ ’ 20 have n o te d  a ten d en cy  f o r  t h e  

c e l l s  to  become l a r g e r  and more eq u ia x ed  i f  the t r a n s f o r m a t i o n  

tem p era tu re  i s  h i g h ,  and hove s u g g e s t e d  t h a t  r e c o v e r y  might  

be t a k in g  p l a c e  during t r a n s f o r m a t i o n .  A l l o y i n g  e l e m e n t s  

have a l s o  been shown to  reduce  t h e  c e l l  d i me n s i o n s , ^  

one p o s s i b l e  e x p l a n a t i o n  be ing  th e  r e d u c t i o n  o f  a u s t e n i t e



6 0
s t a c k i n g  f a u l t  e n e r g y  cau sed  by a l l o y i n g .  a l t h o u g h  the

l o w e r i n g  o f  t r a n s f o r m a t i o n  tem p era tu re  c o u ld  be e q u a l l y

im p o r t a n t i  A f u r t h e r  f r e q u e n t  o b s e r v a t i o n  i s  t h a t  th e
13l a t h  or c e l l  b o u n d a r ie s  a re  o f t e n  wavy and a re  curved

towards  t h e i r  ends  where c e l l s  o f  d i f f e r e n t  o r i e n t a t i o n
1kd o v e t a i l  t o g e t h e r .

E xam inat ion  o f  a p r e p o l i s h e d  s u r f a c e  r e v e a l s  t h a t

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

and t h e s e  b u n d les  c o rresp o n d  to  th e  s l a b s  observed  a f t e r  
5 8 . 62.61

e t c h i n g .  I n d i v i d u a l  s u r f a c e  t i l t s  prob ab ly  c o r r e s p o n a

t o  th e  s i n g l e  c e l l s  or l a t h s  found in  t h i n  f o i l s ,  but t h i s  

i s  not  a b s o l u t e l y  c e r t a i n .  There i s  n e v e r t h e l e s s  no 

doubt t h a t  t h e y  are  r e l a t e d  to  th e  u n d e r ly in g  s t r u c t u r e  

and do not  r e p r e s e n t  s u r f a c e  m a r t e n s i t e . ^

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

t i l t s  have r e v e a l e d  t h a t  a d j a c e n t  p a i r s  a re  s h e a red  i n  

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

accommodation" i s  th ought  t o  e x i s t .  Furthermore the  t i l t s  

have rounded t o p s ,  and t h i s  has  l e d  t o  t h e  s u g g e s t i o n  t h a t  

s l i p  h as  tak en  p la c e  in  th e  sur rou nd in g  a u s t e n i t e , ^  which  

c o u ld  a l s o  produce a s y m p a t h e t i c  n u c l e a t i o n  e f f e c t  f o r  ea ch  

a d j a c e n t  l a t h .  This  accommodation s l i p  i s  shown i n  F i g .  11.

2 . 2 . 2 . 5 . 2  C r y s t a l l o g r a p h y

In  common w i t h  o th e r  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 s ,  

l a t h  m a r t e n s i t e s  e x h i b i t  both a c h a r a c t e r i s t i c  o r i e n t a t i o n  

r e l a t i o n s h i p  and h a b i t  p la n e ,  and t h e s e  have been d e te rm in e d  

both by d i r e c t  measurement and by i n f e r e n c e  from i n d i r e c t  

o b s e r v a t i o n .  E v id en ce  t h a t  th e  h a b i t  p lane  i s  the  [ i l l ]



p lan e  s tem s  i n i t i a l l y  from th e  o b s e r v a t i o n  o f  a c h a r a c t e r i s t i c
U»58 *6 5 * 66

W idmanstatten  arrangement o f  s l a b s ,  and th e

e x i s t e n c e  o f  s l a b s  l y i n g  p a r a l l e l  to  a n n e a l i n g  t w i n s  i n  th e
67p r i o r  a u s t e n i t e  g r a i n s .  f Both o f  t h e s e  o b s e r v a t i o n s  s u g g e s t  

t h a t  th e  h a b i t  p la n e  l i e s  p a r a l l e l  to  th e  p l a n e s ,

but do not  e s t a b l i s h  th e  f a c t  beyond d o u b t .  More r e c e n t l y

d i r e c t  measurements  i n  i r o n  n i c k e l  a l l o y s  c o n t a i n i n g
68r e t a i n e d  a u s t e n i t e  ' have co n f irm ed  th a t  th e  h a b i t  p la n e  

i s  th e  11} p la n e ,  and th e  a n a l y s i s  o f  Bryans**® c o n f i r m s  

t h e s e  f i n d i n g s .  In  f a c t ,  i t  i s  now g e n e r a l l y  a c c e p t e d  

t h a t  th e  h a b i t  p la n e  f o r  l a t h  m a r t e n s i t e s  i s  the  { i n } ,  

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

forms w i t h  a c o m p le t e l y  d i f f e r e n t  h a b i t  p l a n e .  The p a r t i c u l a r  

a l l o y s  a r e  t h o s e  w i th  low s t a c k i n g  f a u l t  e n er g y  a u s t e n i t e s  

such a s  18>Cr. 8 / h i  s t a i n l e s s  s t e e l s ,  and 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  produces  a s t r u c t u r e  w hich ,  a l t h o u g h  

m e t a l l o g r a p h i c a l l y  i n d i s t i n g u i s h a b l e  from o th e r  l a t h
C 1 69 r ~) 70

m a r t e n s i t e s ,  has  a h a b i t  p la n e  o f  e i t h e r  {225J » |259j^ or

( T f 2 )y . Two f u r t h e r  d i f f e r e n c e s  a l s o  e x i s t ,  namely t h a t  

( 1) th e  t r a n s f o r .a t i o n  seems to  have occu rred  v ia  the  

X £~»ec  sequence  and ( 2 ) a d j a c e n t  p a i r s  o f  l a t h s  are  

i n  tw in  o r i e n t a t i o n s  o f  each  o t h e r .  T h is  l a t t e r  o b s e r v a t i o n

i s  not n orm ally  th e  c a s e  f o r  the  ( m }  typ e  l a t h  m a r t e n s i t e ,
y

a l t h o u g h  o c c a s s i o n a l  exam ples  o f  twin r e l a t e d  l a t h  p a i r s
* U . 2 5 . 7 2have been r e p o r t e d .

The o r i e n t a t i o n  r e l a t i o n s h i p  f o r  l a t h  m a r t e n s i t e

i s  c o n s i s t e n t  w i th  a Kurdjumov S a ch s  r e l a t i o n s h i p ,  i . e .

is been found

Lrj y u u n i M u a i i u  w i  a  j v u r u j u m u v  o s e n s  r e i a c i o r

h o }  s h°)JIand t h i s  has
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t o  a p p ly  both  f o r  m a r t e n s i t e s  w i t h  th e  h a b i t

p lan e  and th e  low s t a c k i n g  f a u l t  e n e r g y  -{22-5} ^ ty p e  

a l l o y s .

The r e l a t i v e  o r i e n t a t i o n  between a d j a c e n t  l a t h s  

i s  such  t h a t  a s  each  l a t h  forms in  an a d j a c e n t  p o s i t i o n  

i t  must c o n t in u e  to  o b se r v e  th e  Kurdjumov S ach s  o r i e n t a t i o n  

r e l a t i o n s h i p  w i t h  th e  surro u nd in g  a u s t e n i t e ,  and to  &o t h i s  

r e s t r i c t s  th e  number o f  p o s s i b l e  a d j a c e n t  l a t h  p a i r  

o r i e n t a t i o n  r e l a t i o n s h i p s  t o  t h r e e :

( 1 )  A d ja cen t  l a t h s  a r e  o f  the  same o r i e n t a t i o n ,  but

i n  f a c t  must be r o t a t e d  by 180° about  t h e  i n t e r f a c e  

normal t o  produce a s e p a r a t i n g  boundary.

( i i )  A d ja c e n t  l a t h s  a r e  a l t e r n a t e  tw in  o r i e n t a t i o n s .

( i i i )  A d ja cen t  l a t h s  a r e  r o t a t e d  by 10° about  t h e i r  

i n t e r f a c e  normal, i . e .  t h e  d i r e c t i o n .

I n  most l a t h  m a r t e n s i t i c  s t r u c t u r e s  w i t h  th e  1 ij h a b i t  

p lan e  i t  seems t h a t  th e  r e l a t i v e  l a t h  o r i e n t a t i o n  r e l a t i o n -
8 13 1 b

s h i p  i s  o f  th e  type  ( i i i ) , *  * a l t h o u g h  type  ( i i )  have

been observed , ,  e s p e c i a l l y  in  i r o n  carbon^ and i r o n  nitrogen*^2 

a l l o y s .

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

i s  t h e i r  growth d i r e c t i o n ,  and i t  h a s  been found t h a t  t h e  

major c e l l  a x i s  i s  u s u a l l y  a lo n g  th e  <*111)  d i r e c t i o n ^ * ^ ' ^ '  ^2' 'oL

a l t h o u g h  l a t h s  l y i n g  p a r a l l e l  t o  the  <^10^ d i r e c t i o n  have
16a l s o  been r e p o r t e d .  The d i r e c t i o n  normal to  th e  major  

l a t h  boundary i s  u s u a l l y  th e  110 d i r e c t i o n ? 2 and t h i s  

i s  c o n s i s t e n t  w i th  a |l1o}^ h a b i t  p l a n e ,  or a { m } y h a b i t  

p la n e  due t o  th e  Kurdjumov Sachs  r e l a t i o n s h i p .



2 . 2 . 2 . 5 • 3  P h e n o m e n o l o g i c a l  t h e o r y  a p p l i e d  t o  
____________ l a t h  m a r t e n s i t e s . __________________

I n  th e  e a r l i e r  r e v ie w  o f  .ph en om en o log ica l  t h e o r i e s

i t  was shown t h a t  th e  h a b i t  p lane  p r e d i c t i o n  c o u ld  be v a r i e d

by a l t e r i n g  t h e  mode o f  l a t t i c e  i n v a r i a n t  she ar  and the

magnitude o f  the  d i l a t a t i o n  param eter .  F r e q u e n t ly  the

l a t t i c e  i n v a r i a n t  shear  sys tem  adopted  i s  e i t h e r :

System I ( l lo ) y CrTo^ = ( 1 1 2 ) *  ,[h t 3 *

System I I  ( l 1 l ) r  £ l 2 l ] y = ( 1 0 1 )*  ;£fol]«:

I t  has  f u r t h e r  a l r e a d y  been shown t h a t  t h e  s y s t e m  I

sh e a r  may a c co u n t  f o r  both th e  |259}^ and ^225  ̂ h a b i t  p l a n e s ,

but no m atter  what v a lu e  o f  d i l a t a t i o n  parameter or sh e a r

a n g l e  i s  a p p l i e d ,  th e  j l  1 ij' h a b i t  p lane  cannot  be p r e d i c t e d ,

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

t o  be o b se r v e d .  Shear on sys tem  I I  i s  most l i k e l y  to  occur

i n  low s t a c k i n g  f a u l t  en ergy  a u s t e n i t e s  s i n c e  i t  d e s c r i b e s

e s s e n t i a l l y  the  movement o f  a S h o c k le y  p a r t i a l  d i s l o c a t i o n ,
  7173

and a s  such  i t  p r e d i c t s  s a t i s f a c t o r i l y  the  ( 112)  h a b i t

p lane  o b se rv ed  i n  1 8 /8  s t a i n l e s s  s t e e l s .  I t  a l s o  a c c o u n t s  

f o r  th e  o b s e r v a t i o n  t h a t  a d j a c e n t  l a t h  p a i r s  a r e  tw in  r e l a t e d  

b ec a u se  t h i s  i s  th e  o n ly  way o f  a c h i e v i n g  f o u r  v a r i a n t s  

o f  th e  (112)^ h a b i t  p lane  i n  any one a u s t e n i t e . g r a i n .  When 

a p p l i e d  to  ty p e  l a t h  m a r t e n s i t e s  however i t  i s  a g a i n

un ab le  t o  p r e d i c t  both th e  h a b i t  p lan e  and o r i e n t a t i o n  

r e l a t i o n s h i p .

L a t e r  a t t e m p t s  a t  u s i n g  the  p h e n o m e n o lo g ica l  t h e o r y

and even  m u l t i p l e  shear  on s e v e r a l  s y s t e m s , ^7*75 *Dui- ^hey



s t i l l  do not  s a t i s f a c t o r i l y  p r e d i c t  th e

I n  a p p l y i n g  the p h en o m e n o lo g ica l  t h e o r y  t o  th e  s p e c i f i c

t h e  t o t a l  shape change i s  a p p r o x im a t e ly  a 6 i °  s h e a r  a l o n g

u n r o t a te d  but n o t  u n d i s t o r t e d .  He t h e n  a r g u e s  t h a t  t h i s  

d i s t o r t i o n  i s  accommodated by forming  an a d j a c e n t  l a t h  

s h e a r ed  i n  th e  o p p o s i t e  d i r e c t i o n ,  so  t h a t  an u n d i s t o r t e d

t h i s ,  how ever ,  i t  s t i l l  remains  d i f f i c u l t  t o  im agine  how 

th e  a c t u a l  a u s t e n i t e / m a r t e n s i t e  i n t e r f a c e ,  which  s t i l l  

rem ains  d i s t o r t e d ,  can grow.

In  c o n c l u s i o n ,  t h e  p h e n o m e n o lo g ic a l  t h e o r i e s  do n o t  

a s  y e t  p r o v id e  a s a t i s f a c t o r y  e x p l a n a t i o n  f o r  th e  c r y s t a l l -  

o g r a p h ic  f e a t u r e s  o f  l a t h  m a r t e n s i t e s ,  but i t  a t  l e a s t  

seems p rob ab le  t h a t  a l a t t i c e  i n v a r i a n t  she ar  sy s tem  

i n v o l v i n g  s l i p  o c c u r s ,  and t h i s  i s  one rea so n  why l a t h  

m a r t e n s i t e  i s  f r e q u e n t l y  termed s l i p p e d  m a r t e n s i t e .  The 

r e a s o n s  f o r  th e  f a i l u r e  o f  th e  p h en o m e n o lo g ic a l  t h e o r i e s  

a r e  n o t  c l e a r ,  but one p o s s i b l e  rea so n  co u ld  be t h a t  th e  

l a t h s  do not  c o n t a i n  a p la n a r  i n t e r f a c e .  I t  has  been  

s u g g e s t e d ,  fo r  i n s t a n c e ,  t h a t  l a t h  m a r t e n s i t e  i s  composed  

o f  n e e d l e s ^ a n d  t h i s  would mean t h a t  th e  shape change  

i s  an i n v a r i a n t  l i n e  s t r a i n  i n s t e a d  o f  an i n v a r i a n t  p la n e  

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

t h i s  s u g g e s t i o n .

2 , 2 . 2 , 5 .h  K i n e t i c s

T ra n s fo r m a t io n  to  l a t h  m a r t e n s i t e  h as  been r e p o r t e d

c a s e  o f  l a t h  m a r t e n s i t e s  Bryans was a b l e  t o  show t h a t

t h e d i r e c t i o n ,  and l e a d s  to  th e

produced between t h e  l a t h s .  D e s p i t e



1 s
t o  o c c u r  by a t h e r m a l  means* on t h e  e v i d e n c e  t h a t  c h a n g e s

i n  c o o l i n g  r a t e  do n o t  a l t e r  t h e  s l o p e  o f  t h e  p e r c e n t a g e

o f  t r a n s f o r m - t i o n  v e r s u s  t e m p e r a  l u r e  c u r v e .  E v i d e n c e  t o

t h e  c o n t r a r y  d o e s  h owever  e x i s t  and t h e r e  a r e  a number  o f

f a c t o r s  wh i ch  c o u l d  i n d i c a t e  t h a t  t r a n s f o r m a t i o n  may o c c u r
po 28  29i s o t h e r m a l l y .  F i r s t l y ,  i n  some r e p o r t s  * '  7 t h e  s o -  

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

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

e x p e c t e d  b e h a v i o u r  o f  a t h e r m a l  t r a n s f o r m a t i o n .  F u r t h e r ­

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

t h o s e  o f  l a t h  m a r t e n s i t e s  a r e  p r o d u c e d  i s o t h e r m a l l y  i n
8 9c e r t a i n  i r o n  a l l o y s ,  p a r t i c u l a r l y  i t  seems  i f  t h e

i n t e r s t i t i a l  c o n t e n t  i s  v e r y  l ow.  The t e r m  B a i n i t e  h a s
g

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

i t  i s  p e r h a p s  w o r t h w h i l e  t o  remember  t h e  c l o s e  s i m i l a r i t y

i n  s t r u c t u r e  be t ween  u p p e r  b a i n i t e  and  l a t h  m a r t e n s i t e  i n

c a r b o n  s t e e l s .  A n o t h e r  f a c t o r  w h i c h  may p o i n t  t o  t h e

e x i s t e n c e  o f  e i t h e r  i s o t h e r m a l  m a r t e n s i t e  o r  b a i n i t e  i s

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

o b t a i n e d  by t h e  e x t r a p p l a t  i o n  0f  t e m p e r a t u r e  v e r s u s

c o m p o s i t i o n  d a t a .  The n o r ma l  s t r a i g h t  l i n e  e x t r a p o l a t i o n . - . .

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

f o r  t h e  t e m p e r a t u r e  o f  p u r e  i r o n  o f  |360°C, b u t

f r o m  b i n a r y  s u b s t i t u t i o n a l  a l l o y s  d a t a  t h e  e x t r a p o l a t e d
o 1b

i.l_ t e m p e r a t u r e  i n  pure  i r o n  e q u a l s  750 0 ,  an a  t h i s  r a i s e s  

t h e  q u e s t i o n  a s  t o  w h e t h e r  t r a n s f o r m a t i o n  i n  t h e s e  a l l o y s  

was t r u l y  m a r t e n s i t i c .  The mere  o b s e r v a t i o n  o f  s u r f a c e  

t i l t s  or  m i c r o s t r u c t u r e  i s  n o t  a s u f f i c i e n t  means  o f



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

and t h u s  i t  i s  p o s s i b l e  t h a t  t h e  h i g h e r  t e m p e r a t u r e ,
n. 1 6 . 2 ? . 2 9  .i . e .  ( ) 0  C f o r  p u r e  i r o n  c o r r e s p o n o s  t o  a o a i m t i c

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

n o t e  t h a t  i f  t h e  t r a n s f o r m a t i o n  t e m p e r a t u r e s  i n  more d i l u t e

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

c o m p o s i t i o n  c u r v e  shown i n  f i g .  12 can  be e x t r a p o l a t e  a

back t o  around 560°C. f i n a l l y ,  c a r e f u l  me sure: . -onts o f

t h e  i,;q t e m p e r a t u r e  a t  v e r y  low c a r b o n  c o n t e n t s  h a ve  a t t e m p t e d
28t o  j u s t i f y  t h e  h i g h e r  t e m p e r a t u r e  f o r  pure  i r o n ,  by 

s ho wi ng  t h a t  t h e  h q t e m p e r a t u r e  v e r s u s  c a r b o n  c o n t e n t  d o e s  

n o t  e x t r a p o l a t e  i n  a s t r a i g h t  l i n e  bu t  v i a  a c u r v e  to 7 5 0 ° C . 

T h i s  a l s o  c o u l o  be due t o  a b a i n i  t i c  t r a n s f o r m a t i o n  o c c u r r i n g  

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

t h a t  a- marked i n c r e a s e  i n  c e l l  s i , ; e  o c c u r s  ^ 0  i n  t h e  r e g i o n  

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

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

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

1 ow •

F i n a l  e v i d e n c e  f o r  i s o t h e r m a l  t r a n s f o r  i i o  n o e h a v i o u r  
6 7 . 77i s  p r o v i d e d  by Yeo" ’ who c l a i m s  t o  have n o s e r v e d  t h e  

s low g r o w t h  o f  s u r f a c e  t i l t s  sri a p r e p o l i s h e d  s u r f a c e  i n  

i r o n  n i c k e l  a l l o y s ,  and  h a s  a l s o  m e a s ur e d  a (j c u r v e  f o r  t h e  

t i m e  t e m p e r a t u r e  d ep en d en ce  o f  t r a n s f o r m a t i o n .  T h e r e  are- 

some however  who d i s p u t e  t h i s  e v i d e n c e  or; t h e  b a s i s  t h a t

( i )  t h e  h o l d i n g  t e m p e r a t u r e  may n o t  h a v e  been  s t a b l e  and

( i i )  t h a t  t h e  s u r f a c e  t i l t s  c o r r e s p o n d  t o  s u r f a c e  m a r t e n s i t e



ancl no t  t o  1 a t h  m a - r t e n s i t e  . 'rhe  f i r . i t  o f  t h e n e  two

c r i t i c i s m s  maybe v a l i d  . i i r .ee i t  on l y  r e q u i r e s  a 3 0 °  

d r o p  i n  t e m p e r a t u r e  t o  p r o d u c e  80', o f  t r a n s f o r m a t i o n  

i n  l a t h  m a r t e n s i t e s .  ^

2 . 2 . 2 . 5  The r  mo d yn am ic s  o f  l a t h  m a r t e n s i t e s .

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

f o r  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  a s  a f u n c t i o n  o f  a l l o y

c o m p o s i t i o n ,  u s i n g  e i t h e r  i d e a l  o r  r e g u l a r  s o l u t i o n
„ 12.  ^3- 1 • 23* \'ih r.,, . 14. .m o d e l s .  T h e i r  r e s u l t s  v a r y  m a i n l y  m  r e s p e c t

t o  what  v a l u e  o f  it- t e m p e r a t u r e  i s  t a k e n  f o r  p u r e  i r o n .

Us ing  t h e  v a l u e  o f  360°C f o r  pure  i r o n  t h e  d r i v i n g  f o r c e

f o r  l a t h  m a r t e n s i t e  i s  a p p r o x i m a t e l y  270 c s l s / m o l e  ( 1 l 2 0 J / m o l )

and  t h i s  i s  o n l y  s l i g h t l y  i n c r e a s e d  by a l l o y i n g  a d d i t i o n s ,

e . g .  n i c k e l  i n c r e a s e s  i t  t o  3 Ip c a l s / t r . o l e  ( l 350J / i r i o l )  a t

a p p r o x i m a t e l y  28/  n i c k e l .  The o v e r a l l  m a g n i t u d e  o f  t h e

d r i v i n g  f o r c e  seems t o  be l i t t l e  a f f e c t e d ' oy what  a l l o y i n g

e l e m e n t  i s  i n v o l v e d ,  s e e  F i g .  1 3 s b u t  t h e  r a t e  o f  ch an ge

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

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

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

be 750°C i n s t e a d  o f  560°C t h e  d r i v i n g  f o r c e  r!oi- t r a n s f o r m a t i o n  

v a r i e s  c o n s i d e r a b l y  w i t h  c o m p o s i t i o n ,  f rom api r o x i m a t e l y  

"1 Oi-i c a l s / m o l e  ( h 5 0 J / m o l )  f o r  pur e  i r o n  t o  s o m e t h i n g  i n  t h e  

r e g i o n  o f  3 00  c e l s / m o l e  ( l 2 5 0 J / m o l )  a s  t h e  a l l o y i n g  c o n ­

c e n t r a t i o n  i s  i n c r e a s e d .  I n  v i ew howev er  o f  what  was s a i d  

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

c o r r e s p o n d  t o  a 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 .



2 . 2 . 2 .  A.6 .  K f f e c t  o f  a l l o y i n g  e l e m e n t s  upon I;he 
_________ l a t h  m a r t e n s i t e  t r a n s f o r m a t i o n * __________

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

m a s s i v e  f e r r i t e  t r a n s f o r m a t i o n  and  e n c o u r a g e  t r a n s f o r m a t i o n

t o  l a t h  m a r t e n s i t e ,  s e e  F i g -  1h.  They a l s o  a f f e c t  t h e

Mr t e m p e r a t u r e  i n  a manner  W h i c h  i s  l a r g e l y  d e t e r m i n e d

by t h e i r  i n f l u e n c e  upon t h e  T t e m p e r a t u r e .  For  e x a m p l e ,

e l e m e n t s  whi ch  a r e  a u s t e n i t e  s t a b i l i z e r s ,  e . g .  n i c k e l  o r

m a ng an es e ,  c o n t i n u o u s l y  l o w e r  t h e  t e m p e r a t u r e ,  w h e r e a s

t h e  f e r r i t e  s t a b i l i z e r s  s u c h  a s  chromium may r e d u c e  t h e
16i.U t e m p e r a t u r e  l e s s  e f f e c t i v e l y .  An a d d i t i o n 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  i s  t h a t  t h e y  p r o d u c e  s t r e n g t h e n i n g  

i n  t h e  a u s t e n i t e  p h a s e ,  wh i ch  i n c r e a s e s  t h e  l e v e l  o f  

c o n s t r a i n t  o p p o s i n g  t h e  she- r  t r a n s f o r m a t i o n ,  and  t h e r e b y  

l o w e r s  t h e  f  t e m p e r a t u r e .

2 . 2 . 2 . 6  Twinned m a r t e n s i t e  i n  f e r r o u s  a l l o y s .

S i n c e  t h e  e x i s t e n c e  o f  t w i n n e d  m a r t e n s i t e  s t r u c t u r e s  

c a n  h a ve  p r o f o u n d  e f f e c t s  upon t h e  m e c h a n i c a l  p r o p e r t i e s  

o f  i r o n  a l l o y s ,  t h e  f o l l o w i n g  s e c t i o n  wh ich  d e a l s  w i t h  a 

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

l i t e r a t u r e  s u r v e y .  T h i s  i s  j u s t i f i e d  s i n c e  i t  rnay.be 

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

o f  i r o n  manganese  a l l o y s  i n  t e r m s  o f  t w i n n e d  urn r t e n s i t e .

Twinned m a r t e n s i t e s  a r i s e  i n  i r o n  c a r b o n  a n a  i r o n  

n i t r o g e n  a l l o y s  due t o  t h e  f o r m a t i o n  o f  t r a n s f o r m a t i o n  

t w i n s  a s  a means o f  r e l i e v i n g  t h e  h a b i t  p l a n e  m i s f i t .

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

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



an d  r e s u l t s  i n  a m a r t e n s i t e  whi ch  d i f f e r s  f rom l a t h

m a r t e n s i t e s  i n  a number  o f  r e s p e c t s .  Th ese  d i f f e r e n c e s

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

i n  t h e  c a s e  o f  i r o n  c a r b o n .o r  i r o n  n i t r o g e n  a l l o y s ,  a ch an g e

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

t e t r a g o n a l .  The c r y s t a l  s t r u c t u r e  ch an g e  o c c u r s  a t

i n t e r s t i t i a l  c o n c e n t r a t i o n s  o f  a b o u t  2.8, rj a / o  but  i s  a

g r a d u a l  r a t h e r  t h a n  sudden  c h a n g e ,  and r e s u l t s  i n  t h e  h a b i t

p l a n e  b e i n g  a l t e r e d  f rom t h e  {? 1 l}y p l a n e  t o  t h e  
J-lp l a n e .  Above a p p r o x i m a t e l y  1J-i/ c a r b o n  a f u r t h e r  c h a n g e

i n  h a b i t  p l a n e  f rom t h e  {225^  t o  t h e  £> ,10 , 1  p l a n e

o c c u r s ,  and  t h i s  a l s o  a c c o m p a n i e s  a chan ge  i n  m o r p h o l o g y .

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

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

I n  i r o n  n i c k e l  a l l o y s  t h e r e  i s  a l s o  a c hang e  f ro m

l o t h  t o  a c i c u l a r  m a r t e n s i t e  above  a p p r o x i m a t e l y  26/- n i c k e l ,

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

s t r u c t u r e  r e m a i n s  b o d y . c e n t r e d  c u b i c  i n s t e a d  o f  c h a n g i n g
76

t o  oody c e n t r e d  t e t r a g o n a l .

S e v e r a l  i d c  s h av e  been p u t  f o r w a r d  t o  e x p l a i n  t h e

t r a n s i t i o n  i n  m a r t e n s i t i c  s t r u c t u r e  and t h e s ^  ‘i n c l u d e :

i .  At a c r i t i c a l  i.U t e m p e r a t u r e  t w i n n i n g  whi ch  i s

f a v o u r e d  by low t e m p e r a t u r e s  becomes on e a s i e r  mode o f

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

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

ch an g e  i n  mo rpho lo gy  f rom s l i p r i e d  t o  t w i n n e d  m a r t e n s i t e

o c c u r s .  The c r i t i c a l  t e m p e r a t u r e  h a s  been  s u g g e s t e d
79t o  be a b o u t  200°C h u t  i t  d o e s  n o t  seem t o  a p p l y



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

i s  formed i n  1 8 / 6  s t a i n l e s s  s t e e l s  a t  w e l l  be low room 

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

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

i s  e a s i e r  w i t h  low s t o c k i n g  f a u l t  e n e r g i e s  due t o  t h e

p r e s e n c e  o f  p a r t i a l  d i s l o c a t i o n s .  Thus  i t  h a s  been

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

s t a c k i n g  f a u l t  e n e r g y  e n c o u r a g e  t h e  f o r m a t i o n  o f  t w i n n e d  
8 0m a r t e n s i t e s .  J T h i s  may be t r u e  i n  t h e  c a s e  o f  i r o n

n i c k e l  a l l o y s ,  s i n c e  n i c k e l  d o e s  l o w e r  t h e  a u s t e n i t e
81

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

t o  o t h e r  i r o n  a l l o y s  i n  which  s t a c k i n g  f a u l t  e n e r g y  i s  

l o w e r e d ,  e . g .  Pe 18 Cr  8 h i  and f u r t h e r m o r e  t h e  e f f e c t s  

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

An a d d i t i o n a l  c r i t i c i s m  i s  t h a t  s t r i c t l y  s p e a k i n g  t h e  

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

and  t h e r e  i s  no r e a s o n  t o  s u p p o s e  t h a t  t h e  a u s t e n i t e  

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

m a r t e n s i t e .

i i i  T r a n s i t i o n  fro; ,  l a t h  t o  t w i n n e d  m a r t e n s i t e  o c c u r s  

a t  a c r i t i c a l  l e v e l  o f  d r i v i n g  f o r c e  AG = . r ; , J ' U l y
W 1

315 c a l s / m o l e  ( l 3 5 0 J / m o l ) * whi ch  means t h a t  r e l i e f  o f  t h e  

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

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

a c r i t i c a l  l e v e l .  I n  many ways t h i s  i s  a n  i d e n t i c a l  s u g g e s t i o n  

t o  ( i )  but  i t  a l s o  t a k e s  i n t o  a c c o u n t  t h e  v a r y i n g  a f f e c t s  

o f  a l l o y i n g  e l e m e n t s  on t h e  T0 t e m p e r a t u r e .

i v  D u r i n g  t h e  B a i n  s t r a i n  c a r b o n  a t o m s  may oe t r a p p e d  

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



e . g .  [>• • f • end t h i s  p a r t i a l l y  p r e v e n t s  t h e  f u l l  

c o n t r a c t i o n  o f  t h e  [plo]^ a x i s .  The r e s u l t i n g  s t r u c t u r e  

i s  a body c e n t r e d  t e t r a g o n a l  m a r t e n s i t e ' a n d  i s  c o n s i d e r e d  

t o  be an  " o r d e r e d ” l a t t i c e ,  b u t  i f  s h o r t  r a n g e  d i f f u s i o n  

c a n  o c c u r  t h e  i n t e r s t i t i a l  a toms may move f rom t h e i r  

&<&) s i t e s  i n t o  b o t h  t h e  £v0.q[ and  s i t e s ,  IVhen

t h i s  o c c u r s  t h e  l a t t i c e  i s  expanded e q u a l l y  a l o n g  a l l  t h r e e  

c ube  d i r e c t i o n s  and p r o d u c e s  a body c e n t r e d  c u b i c  c e l l  

wh ich  i s  r e f e r r e d  t o  a s  a " d i s o r d e r e d ” s t r u c t u r e .  . s  w i t h  

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

becomes  s t a b l e  below s c r i t i c a l - t e m p e r a t u r e  Tc . - w h i c h  h a s
pp

been  e s t a b l i s h e d  f o r  i r o n  c a r b o n  a l l o y s  by Z e n e r /  When

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

a c u r v e  l i k e  t h a t  shown i n  f i g .  *»5 i s  p r o d u c e d  which  shows

t h a t  t r a n s f o r m a t i o n  t o  m a r t e n s i t e  f o r  c a r b o n  l e v e l s  be low

a p p r o x i m a t e l y  2 . 8 5  a / o  o c c u r s  a t  t e m p e r a t u r e s  a bo ve  t h e

Tc t e m p e r a t u r e  and  t h i s  p e r m i t s  t h e  d i s o r d e r e d  a u s t e n i t e

t o  p r o d u ce  a body c e n t r e d  c u o i c  m a r t e n s i t e .  i t  h igher -

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

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

p r o d u c e s  m a r t e n s i t e  which  i s  body c e n t r e d  t c i m  , i .

T h e r e  i s  good a g r e e m e n t  b e t w ee n  t h e  t h e o r e t i c a l  and

o b s e r v e d  i n t e r s t i t i a l  c o n t e n t  a t  whi ch  t h e  c r y s t a l  s t r u c t u r e
1Pchange  t a k e s  p l a c e .  bu t  t h e  t h e o r y  d o e s  n o t  s t r i c t l y  

a c c o u n t  f o r  t h e  m o r p h o l o g i c a l  c h a ng e  whi ch  a l s o  o c c u r s .

One p o s s i b l e  s u g g e s t i o n  i s  t h a t  s i n c e  K = RBZ, B must  a l t e r  

t o  a c c o u n t  f o r  t h e  chang e  f rom a body c e n t r e d  c u o i c  t o



a body c e n t r e d  t e t r a g o n a l  c r y s t a l  s t r u c t u r e *  and t h i n  

r e q u i r e s  t h a t  S must a l s o  c h a n g e .  The main d i f f i c u l t y  

w it h  t h i s  th e o r y  however in  t h a t  no change i n  c r y s t a l  

s t r u c t u r e  accom panies  t h e  m o r p h o lo g ic a l  change i n  b in a r y  

i r o n  n i c k e l  a l l o y s ,  end t h u s  t h e r e  i s  no r e a s o n  f o r  S 

t o  ch a n g e .

2 . 2 . 2 . 7  K p s i lo n  m a r t e n s i t e .

E p s i l o n  m a r te n s i t e '  which i s  a h e x a g o n a l  c l o s e  packed  

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

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

from t h e  a u s t e n i t e  r e g i o n  w i t h  a l l o y s  o f  low a u s t e n i t e  

s t a c k i n g  f a u l t  e n e r g y .  The s t r u c t u r e  c o n s i s t s  o f  pa rat 11 e l

w i t h  an o r i e n t a t i o n  r e l a t i o n s h i p  where both  t h e  c l o i e  packed

w i t h  i t s  p rob ab le  mode o f  f o r m a t i o n .  The sriost l i k e l y  

mechanism i s  t h a t  e p s i l o n  r e s u l t s  from t h e  growth o f  a 

s t a c k i n g  f a u l t  w i t h i n  th e  a u s t e n i t e  by t h e  f o r m a t io n  o f  

S h o c k le y  p a r t i a l  e x te n d e d  d i s l o c a t i o n s  on e v e r y  a l t e r n a t e  

p l a n e ,  and t h i s  c o u ld  be a c h i e v e d  by a p o le  mechanism 

c o n s i s t i n g  o f  a s i n g l e  S h o c k le y  p a r t i a l  d i s l o c a t i o n  r o t a t e d  

about  a screw  d i s l o c a t i o n . ^

Of more immediate  i n t e r e s t  than th e  mechanism o f  

e p s i l o n  f o r m a t io n  i s  th e  r o l e  t h a t  e p s i l o n  p l a y s  i n  t h e  

e v e n t u a l  fo rm a t io n  o f  body c e n t r e d  c u b ic  o t  m a r t e n s i t e *

s t r a i g h t  s i d e d  bands l y i n g  a l o n g  th e

The f o r m a t io n  o f  e p s i l o n  i s  o f  l i m i t e d  i n t e r e s t  t o

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



s i n c e  i t  i s  a lm o s t  c e r t a i n  t h a t  e p s i l o n  i s  o n ly  a t r a n s i t i o n
70* 7*J

s t r u c t u r e  i n  t h e  t r a n s f o r m a t i o n  s e q u e n c e  * .

I n  t h i s  r o l e  i t  h a s  been  shown t h a t  e p s i l o n  forms s h e e t s  

l y i n g  p a r a l l e l  t o  t h e  {j ■*{}$' P i s n e s  n u c l e a t e d

a t  t h e  i n t e r s e c t i o n s  o f  t h e s e  s h e e t s ,  i . e .  a l o n g  th e  ^10/^  

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

l y i n g  a lo n g  t h e  {^10^ d i r e c t i o n s  70 .7^  a n  ̂ obey t h e  

Kurdjumov S ach s  o r i e n t a t i o n  r e l a t i o n s h i p  w i t h  t h e  a u s t e n i t e .  

S t r u c t u r a l l y  t h e s e  l a t h s  resem b le  normal l a t h  m a r t e n s i t e *  

but a s  s t a t e d  p r e v i o u s l y  t h e i r  h a b i t  p la n e  i s  d i f f e r e n t ,  

and i s  e i t h e r  t h e  {225}^ or (t?2)y p la n e .  The t r a n s f o r m a t i o n  

o f  e p s i l o n  t o  a lp h a  o c c u r s  on c o o l i n g ,  but f r e q u e n t l y  d o e s  

n o t  go t o  c o m p le t io n  and £  i s  r e t a i n e d  a s  a m e t a s t a b l e

s t r u c t u r e  which can be made t o  t r a n s fo rm  t o  a lp h a  by e i t h e r
8 5 , 8 7  86 

c o l d  work, sub z e r o  t r e a t m e n t ,  or  by low  t e m p e r a tu r e
86.88

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

t r e a t m e n t s  may a l s o  l e a d  t o  an i n c r e a s e  in  the  p e r c e n t a g e  
88o f  e p s i l o n  from th e  breakdown o f  r e t a i n e d  a u s t e n i t e .

2 . 3  T r a n s fo r m a t io n s  i n  i r o n  manganese a l l o y s .

The t r a n s f o r m a t i o n  o f  i r o n  manganese a l l o y s  h a s  been  

shown t o  occur  by two b a s i c  modes, namely th e  °<- 

t r a n s f o r m a t i o n  and th e  t r a n s f o r m a t i o n .  T r o ia n o  &

iMcGuire^ have d eterm ined  both th e  e q u i l i b r i u m  and 

non 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 eh a v io u r  shown in  P i g .  ^6 

and found t h a t  under non e q u i l i b r i u m  c o n d i t i o n s  a l l o y s  

c o n t a i n i n g  up t o  t e n  p e r c e n t  manganese t ra n s fo r m  from  

a u s t e n i t e  d i r e c t  to  a l p h a ,  but above  1 3 >. manganese t h e



t r a n s f o r m a t i o n  i s  v ia  t h e  fo rm a t io n  o f  e p s i l o n  and t h e r e

i s  an i n c r e a s i n g  t e n d e n c y  f o r  a u s t e n i t e  t o  be r e t a i n e d

a t  room te m p e r a tu r e .  At i n t e r m e d i a t e  c o m p o s i t i o n s

between 10? and 13 / manganese rnixed c*:+£ s t r u c t u r e s  were

formed,  and t h e  e p s i l o n  was tra n s fo rm e d  t o  a lp h a  by lo w
85 88t e m p e r a tu r e  a n n e a l i n g .  L a t e r  work h a s  v e r i f i e d  t h e s e  

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

r a n g e s  a t  which th e  d i f f e r e n t  t r a n s f o r  a t i o n  p r o d u c t s  e x i s t ,  

^ee P i g .  17«

The p r e s e n t  work was i n s p i r e d  p a r t l y  by t h e  p r o s p e c t

o f  u s i n g  i r o n  manganese a l l o y s  a s  a s u b s t i t u t e  f o r  t h e

c r y o g e n i c  n i c k e l  s t e e l s  and t h e  maraging s t e e l s ,  and so

t h e  main i n t e r e s t  c e n t r e s  on the t r a n s f o r m a t i o n .

The r e s u l t s  o f  p r e v io u s  work i n  m easuring th e
22 88 50t r a n s f o r m a t i o n  a r e  shown i n  P i g .  18. *° * Most o f

t h e s e  measurements  o f  th e  t r a n s f o r m a t i o n  te m p e r a tu r e

were done a t  s lo w  c o o l i n g  r a t e s ,  and can be s e e n  t o  e x t r a ­

p o l a t e  t o  a t r a n s f o r m a t i o n  tem p era tu re  o f  906°c  i n  pure 

i r o n .  T h i s  means t h a t  t r a n s f o r m a t i o n  in  the  rnore d i l u t e  

a l l o y s  i s  not  m a r t e n s i t i c  but o c c u r s  by e i t h e r  a m a s s iv e  

f e r r i t e  or on e q u ia x ed  f e r r i t e  r e a c t i o n .  I n  th e  range o f  

5 - 1 0 ?  manganese t h e r e  i s  l e s s  s c a t t e r  between th e  X->oC 

t r a n s f o r m a t i o n  t e m p e r a tu r e s  measured by t h e  v a r i o u s  w o r k e r s ,  

and i t  i s  i n t e r e s t i n g  t o  n o t e  t h a t  th e y  can be e x t r a p o l a t e d  

back to  a t em p era tu re  n ear  t o  56o°C f o r  pure i r o n .  On t h i s  

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

th e  5 - 1 0 ?  manganese range i s  m a r t e n s i t i c  even  a t  s lo w  

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



f o r  t h i n .  Gommersall  & Parr however were u n a b le  t o

e s t a b l i s h  th e  e x i s t e n c e  o f  s u r f a c e  t i l t s  on a p r e p o l i s h e d

s u r f a c e  and found t h a t  t h e  u n d e r l y i n g  s t r u c t u r e  a ppeared

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

which  s u g g e s t s  a non 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 ir

r e s u l t s  a r e  p robab ly  m i s l e a d i n g  however due to  th e  phenomenon

o f  s u r f a c e  v o l a t i l i s a t i o n  o f  manganese d u r in g  vacuum

h e a t i n g  and i t  i s  a lm o s t  c e r t a i n  t h a t  t h e i r  a l l o y s , w h i c h

c o n t a in e d  more than 5> manganese,  t ra n sfo rm ed  m a r t e n s i t i c a l l y .

A q u e s t i o n  rem ain ing  however c o n c e r n s  t h e  t y p e  o f  m a r t e n s i t e

produced ,  i . e .  whether i t  i s  t r u e ,  l a t h : m a r t e n s i t e , e p s i l o n

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

no d e f i n i t e  e v i d e n c e  t o  answer t h i s .  T y p i c a l  p h o to m ic r o -  
88g ra p h s  t e n d  t o  i n d i c a t e  t h a t  i t  i s  probably  o f  t h e  t r u e  

l a t h  t y p e .
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P r o p e r t i e s .

I n  th e  p r o c e e d in g  s e c t i o n s  t h e  t r a n s f o r a t i o n  

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

d e s c r i b e d *  and t h e  roost p rob ab le  t r a n s f o r m a t i o n  modes  

e s t a b l i s h e d  f o r  i r o n  manganese a l l o y s #  The rem a in in g  

p a r t  o f  t h e  r e v ie w  o f  l i t e r a t u r e  r e l a t e s  to  t h e  m e c h a n ic a l  

p r o p e r t i e s  o f  i r o n  manganese a l l o y s *  and e s p e c i a l l y  t o  

t h e  problem o f  b r i t t l e  f r a c t u r e .  T h i s  i s  n e c e s s a r y  to  

d e ter m in e  whether  th e  s u b s t i t u t i o n  o f  manganese f o r  n i c k e l  

i n  c r y o g e n i c  and maraging s t e e l s  i s  a f e a s i b l e  p r o p o s i t i o n .

3 .^  P r o p e r t i e s  o f  roaraging s t e e l s .

The n i c k e l  base  m araging s t e e l s  a r e  c a p a b l e  o f  

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

s t r e n g t h  combined w i t h  good d u c t i l i t y ,  and e x t r e m e l y  good
op

low t em p era tu re  impact  r e s i s t a n c e .  They owe. t h e s e  

p r o p e r t i e s  t o  some e x t e n t  t o  p r e c i p i t a t i o n  h a r d e n i n g ,  but  

i t  seems l i k e l y  t h a t  t h e i r  h i g h  t o u g h n e s s  a l s o  s tem s  from  

t h e  l a t h  m a r t e n s i t i c  s t r u c t u r e .  I f  t h i s  i s  th e  c a s e  i t  would  

seem r e a s o n a b le  t o  e x p e c t  t h a t  o t h e r ,  perhaps c h e a p e r ,  i r o n  

base  a l l o y s  might  be used  t o  c r e a t e  an e q u i v a l e n t  s t e e l  

t o  th e  n i c k e l  base  s t e e l s .

3«2 M ech a n ica l  p r o p e r t i e s  o f  i r o n  manganese a l l o y s .

Manganese i s  a p p r o x im a t e ly  t w i c e  a s  e f f e c t i v e  a s
93#9hn i c k e l  i n  p roducing  s o l i d  s o l u t i o n  s t r e n g t h e n i n g  i n  i r o n  

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

maraging  s t e e l s  i n  t h e  s o l u t i o n  t r e a t e d  c o n d i t i o n ,  by the  

u s e  o f  much s m a l l e r  q u a n t i t i e s  o f  manganese than  n i c k e l .



Some i n d i c a t i o n  o f  t h e  l e v e l  o f  m e c h a n ic a l  p r o p e r t i e s  

i t  i s  p o s s i b l e  t o  a c h i e v e  in  i r o n  manganese a l l o y s  i s
95

shown i n  Pig* 19 and t h e s e  are  t h e  r e s u l t s  o f  W a lte r  e t  a l .  

T h ese  show t h a t  s t r e n g t h e n i n g  o c c u r s  by t h e  a d d i t i o n  o f  

manganese up t o  a p p r o x im a t e ly  12, , but beyond t h i s  t h e  

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

t h e  ch a n g in g  m i c r o s t r u c t u r e s  cau sed  by th e  a d d i t i o n  o f  

manganese* and i t  i s  c e r t a i n  t h a t  t h e  a p p earan ce  o f  e p s i l o n  

m a r t e n s ! t e  i n  manganese c o n c e n t r a t i o n s  g r e a t e r  than 12/* 

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

o f  a l l o y s  i n  t h e  a lp h a  range i s  u n c e r t a i n ,  but i t  i s  p o s s i b l e  

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

O th e r s  who have s t u d i e d  th e  m ec h a n ic a l  p r o p e r t i e s  o f  i r o n  

manganese a l l o y s  c o n f ir m  t h a t  i t  i s  p o s s i b l e  to  a c h i e v e
97t h e  same l e v e l s  o f  s t r e n g t h  a s  w i t h  i r o n  n i c k e l  a l l o y s ,  

but t h e r e  i s  one d i s t i n c t i v e  d i f f e r e n c e *  namely t h a t  t h e

i r o n  manganese a l l o y s  a r e  o f t e n  b r i t t l e .  T h i s  b r i t t l e n e s s
q»;

was f i r s t  r e p o r t e d  by Ho a f i e l d  * but  s i n c e  h i s  a l l o y s  

were r a t h e r  impure* t h e  b r i t t l e n e s s  may not  have r e f l e c t e d  

t h e  t r u e  b eh a v io u r  o f  i r o n  manganese a l l o y s .

The more r e c e n t  e v i d e n c e  t e n d s  t o  c o r r o b o r a t e  t h e  

s u s p i c i o n  t h a t  i r o n  manganese a l l o y s  a re  more b r i t t l e  t h a n  

t h e i r  i r o n  n i c k e l  c o u n t e r p a r t s ,  but h a s  been u n a b le  t o
93

e s t a b l i s h  any r e a s o n s  f o r  t h i s .  For exam ple ,  R ees  e t  a l  

found t h a t  t h e  t r a n s i t i o n  t em p eratu re  f o r  i r o n  was r a i s e d  

by th e  a d d i t i o n  o f  manganese ,  and t h a t  p a r t i c u l a r l y  poor  

impact  p r o p e r t i e s  were o b t a in e d  in  an i r o n  % manganese  

a l l o y  which p o s s e s s e d  a r n a r t e n s i t i e  s t r u c t u r e .  I t  i s



n e v e r t h e l e s s  im p o rta n t  t o  n o t e  t h a t  s i m i l a r  b eh av iou r

was n o te d  f o r  i r o n  n i c k e l  a l l o y s , - * 7  a n g t h a t  th e  f r a c t u r e s

which ca u sed  poor impact  b eh a v io u r  were i n t e r g r a n u l a r .

T h i s  s u g g e s t s  t h a t  some g r a i n  boundary im p u r i t y  i s  r e s p o n s i b l e

f o r  t h e  poor p r o p e r t i e s .  Also  when t h e  i r o n  manganese a l l o y

was tempered t o  produce r e c o v e r y  o f  t h e  r n a r t e n s i t i e  s t r u c t u r e

a c o n s i d e r a b l e  improvement i n  impact p r o p e r t i e s  t o o k  p l a c e

which i n d i c a t e s  t h a t  b r i t t l e n e s s  was n o t  a f u n c t i o n  o f  t h e

s o l u t i o n  o f  manganese i n  i r o n .  B r i t t l e n e s s  was a l s o

e x p e r i e n c e d  by N i c o e h e n k o ^  when a t t e m p t i n g  t o  c o l d  r o l l

an i r o n  8/ manganese a l l o y ,  and t h i s  was a t t r i b u t e d  t o  th e

t r a n s f o r m a t i o n  o f  r e t a i n e d  e p s i l o n  t o  a lp h a  d u r in g  c o l d  work.

E a r l i e r  e v i d e n c e  has  shown however e p s i l o n  m a r t e n s i t e  sh o u ld

not  be p r e s e n t  i n  a l l o y s  c o n t a i n i n g  l e s s  than 10/ manganese.  
5 7 .9 9B o n i s z e w s k i  has  shown t h a t  i r o n  7/ manganese a l l o y s

a r e  c o n s i d e r a b l y  more b r i t t l e  than t h e  e q u i v a l e n t  9/ n i c k e l

c r y o g e n i c  s t e e l s  and a r e  much more s u s c e p t i b l e  to  hydrogen  
99e m b r i t t l e m e n t .  The re a so n  f o r  t h i s  was s t a t e d  t o  be

th e  f o r m a t io n  o f  twinned m a r t e n s i t e  i n  th e  i r o n  manganese

. s t e e l  i n  c o n t r a s t  t o  th e  l a t h  m a r t e n s i t e  formed by t h e

n i c k e l  s t e e l s ,  but t h e r e  i s  no r e a l  e v i d e n c e  f o r  t h i s .

The p o s s i b l e  e x i s t e n c e  o f  twinned m a r t e n s i t e s  i n  i r o n
91manganese a l l o y s  was a l s o  used by Wilson*' to  e x p l a i n  

th e  b r i t t l e n e s s  t h a t  he found when e v a l u a t i n g  th e  c o m p le te  

s u b s t i t u t i o n  o f  manganese f o r  n i c k e l  i n  maraging s t e e l s ,  

but a g a i n  no r e a l  e v i d e n c e  was produced .

F i n a l l y  e v i d e n c e  e x i s t s  t h a t  when n i c k e l  i s  s u p p l e ­

mented by manganese i n  maraging s t e e l s ,  a l o s s  o f  impact
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r e s i s t a n c e  o c c u r s ,  but i t  i s  s i g n i f i c a n t  t h a t  th e

101f r a c t u r e s  were i n t e r g r a n u l a r ,  and P a t t e r s o n  h a s  shown 

t h a t  p r o v id in g  th e  Mm S i  or  MmTi r a t i o s  e r e  h i g h  t h e n  

manganese becomes l e s s  d e l e t e r i o u s  t o  impact  p r o p e r t i e s .

The e v i d e n c e  above  seems t h e r e f o r e  t o  s u g g e s t  t h a t  

i r o n  manganese a l l o y s  a r e  b r i t t l e  but t h i s  may be due t o  

s e v e r a l  p o s s i b l e  e x p l a n a t i o n s :

(i). I t  i s  due t o  an i n h e r e n t  e f f e c t  on th e  f l o w  and 

f r a c t u r e  p r o p e r t i e s  o f  i r o n ,  cau sed  by manganese i n  s o l i d  

s o l u t i o n .

fii) I t  i s  p o s s i b l e  t h a t  th e  t r a n s f o r m a t i o n  b e h a v io u r

o f  i r o n  manganese a l l o y s  i s  d i f f e r e n t  from t h a t  o f  i r o n

n i c k e l  a l l o y s ,  namely t h a t  twinned m a r t e n s ! t e s  o c c u r .

A l s o  o f  c o u r s e  th e  e p s i l o n  m a r t e n s i t e  t r a n s f o r m a t i o n  e x i s t s

i n  i r o n  manganese a l l o y s  but n o t  i n  i r o n  n i c k e l  a l l o y s .

( i i i )  Manganese may enhance th e  e f f e c t s  o f  i m p u r i t i e s  i n

c a u s i n g  i n t e r g r a n u l a r  w e a k n e ss .

The problem o f  b r i t t l e n e s s  seems to  be v i t a l  i f

manganese i s  t o  be s u c c e s s f u l l y  s u b s t i t u t e d  f o r  n i c k e l

i n  a maraging s t e e l ,  and i t  i s  t h e r e f o r e  n e c e s s a r y  t o  a s s e s s

t h e  c r i t e r i a  f o r  b r i t t l e  f r a c t u r e  i n  th e  hope t h a t  soine

e x p l a n a t i o n  and cu r e  can be a f f e c t e d .

3 . 5  C r i t e r i a  f o r  b r i t t l e  f r a c t u r e .

I t  i s  w e l l  known t h a t  b r i t t l e  f r a c t u r e  r e s u l t s  when

m ic ro  c r a c k s  formed by d i s l o c a t i o n  i n t e r a c t i o n  r e a c h  a
103s i z e  which i n  r e l a t i o n  t o  th e  G r i f f i t h s  Orowan e q u a t i o n  

e x c e e d  the  c r i t i c a l  s i z e  f o r  f r a c t u r e  t o  o c c u r .  The 

c r i t i c a l  s t a g e  i n  th e  p r o c e s s  i s  c r a c k  p r o p a g a t io n  and



n o t  n u c l e a t i o n  s i n c e  h y d r o s t a t i c  s t r e s s e s  do not a f f e c t  

t h e  b r i t t l e  f r a c t u r e  b e h a v io u r ,  i . e .  c r a c k  n u c l e a t i o n  

depends  upon d i s l o c a t i o n  g l i d e  which i s  c o n t r o l l e d  by  

t h e  l e v e l  o f  sh e a r  s t r e s s , ,  w hereas  c r a c k  p r o p a g a t io n  

depends  upon th e  l e v e l  o f  normal s t r e s s *  Only t h e  normal  

component o f  s t r e s s  i s  u n a f f e c t e d  by h y d r o s t a t i c  s t r e s s e s *

A c r i t e r i o n  o f t e n  used  t o  d e s c r i b e  th e  f a c t o r s
1 oh

i n f l u e n c i n g  b r i t t l e  b eh a v io u r  i s  t h a t  due t o  C o t t r e l l

(m * * ‘v l  lv  = / / y  (9 )
w hich  g i v e s  t h e  c o n d i t i o n  t h a t  b r i t t l e  f r a c t u r e  o c c u r s  

when th e  l e f t  hand s i d e  o f  e q u a t io n  ( 9 )  e x c e e d s  t h a t  on t h e  

r i g h t .  The terms i n  t h e  above e q u a t io n  have th e  f o l l o w i n g  

s i g n i f i c a n c e s

CfL r The l a t t i c e  f r i c t i o n  s t r e s s  which r e s i s t s  d i s l o c a t i o n
10^

movement and i s  th e  same a s  i n  t h e  P e tc h  e q u a t i o n ,  

i . e .  0 ,  = e x t r a p o l a t e d ■ v a lu e  o f  y i e l d  s t r e s s  a t  d‘'=Q

Ky -  The s l o p e  o f  t h e  y i e l d  s t r e s s  v e r s u s  g r a i n  s i z e

c u r v e  o f  t h e  P e tc h  r e l a t i o n s h i p  

d* = A g r a i n  s i z e  parameter where t h e  g r a i n  s i z e  e q u a l s

D and d « D
2

yg =■ A c o n s t a n t  which v a r i e s  from 1 . 0  t o  0 - 3  and r e p r e s e n t s  

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

geornetx’y o f  t h e  t e s t  p i e c e .

JUL = Shear  modulus

% s The s u r f a c e  e n er g y  term, which i n  th e  c a s e  o f  m e t a l s  

i s  th e  combined i n t e r f a c i a l  e n e r g y  p lu s  th e  p l a s t i c  

work done by th e  p ro p a g a t io n  o f  a c r a c k .

I t  should  be p o s s i b l e  t o  a s s e s s  t h e  d i f f e r e n c e s  i n



b r i t t l e  f r a c t u r e  b eh a v io u r  between d i f f e r e n t  metain* e . g .  

i r o n  manganese and i r o n  n i c k e l  a l l o y s  by m ea su r in g  p o s s i b l e  

d i f f e r e n c e s  i n  t h e  param eters  o f  e q u a t io n  ( 9 )  and t h i s  i s  

t h e  i n t e n t i o n  o f  th e  f o l l o w i n g  s e c t i o n s .

3*3*1  S i g n i f i c a n c e  o f  th e  Ci param eter .

(X̂  may be e x p r e s s e d  a s  t h e  sum o f  two components

(V =cr + d
1 O X

where 0  ̂ = t e n s i l e  f l o w  s t r e s s

(J0 = t h e  sfchermal component o f  f l o w  s t r e s s

Q̂g = t h e  therm al  component o f  f l o w  s t r e s s

and i t  i s  n e c e s s a r y  t o  know t h e  p h y s i c a l  meaning o f  bo th

t h e s e  term s  i n  order  to  a s s e s s  t h e  a f f e c t  o f  upon t h e

b r i t t l e  f r a c t u r e  p r o c e s s .  F i r s t  o f  a l l  however t h e r e  i s

a c r i t i c a l  t em p e ra tu r e  T0 a t  which  t h e  thermal component

0^ becomes z e r o ,  and t h i s  h a s  been found t o  be a t  a b o u t
o ^

3 5 0  K f o r  most f e r r o u s  a l l o y s .  On t h i s  b a s i s  i t  can

be assumed t h a t  any ch a n g e s  o c c u r r i n g  i n  t h e  room t e m p e r a t u r e

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

in  CF0 * T h i s  a s su m p t io n  w i l l  be used t o  a l l o w  an a s s e s s m e n t

o f  O' t o  be made.

3 * 3 * 1 .1  S i g n i f i c a n c e  o f  t h e  atherrnal  component  
__________ o f  f l o w  s t r e s s

Of r e p r e s e n t s  th e  c o n t r i b u t i o n  t o  o v e r a l l  f l o w  s t r e s s

made by t h e  f a c t o r s  which c a u s e  l o n g  range s t r e s s  f i e l d s

and produce r e s i s t a n c e  to  d i s l o c a t i o n  movement. T hese  a r e

e s s e n t i a l l y  due t o :

( i )  S o l u t e  atom m i s f i t  s t r a i n s .

( i i )  S t r e s s  f i e l d s  sur rou nd in g  n e i g h b o u r i n g  d i s l o c a t i o n s



( i i i )  C oherency  or volume s t r a i n  f i e l d s  a s s o c i a t e d  w i t h  

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

The f i r s t  o f  t h e s e  two f a c t o r s  a r e  l i k e l y  t o  be o f  im p o r ta n c e  

i n  d e t e r m in in g  t h e  0*o parameter f o r  i r o n  manganese a l l o y s ,  

namely th e  r o l e  o f  manganese o s  a s o l i d  s o l u t i o n  h a r d e n in g  

e lem en t  and s e c o n d l y  th e  i n f l u e n c e  o f  t h e  d i s l o c a t i o n  sub­

s t r u c t u r e  i n h e r i t e d  from t h e  r n a r t e n s i t i e  t r a n s f o r m a t i o n .
23

In  d e a l i n g  w i t h  i r o n  n i c k e l  a l l o y s  S p e ic h  and Swann

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

from o th er  e f f e c t s *  and c o n c lu d e d  t h a t  th e  s o l i d  s o l u t i o n

s t r e n g t h e n i n g ,  and n o t  t h e  d i s l o c a t i o n  s u b s t r u c t u r e  produced

by l a t h  m a r te n s i t e , .  was o f  rna^or im portance  i n  d e t e r m i n i n g

t h e  o v e r a l l  room tem p era tu re  s t r e n g t h .  Xt i s  d o u b t f u l

t h a t  t h e i r  s t r u c t u r e s  were p r o p e r ly  c o n t r o l l e d *  and i t  i s

a lm o s t  c e r t a i n  t h a t  t h e  more d i l u t e  a l l o y s  d id  not  a c h i e v e
107t h e  l a t h  r n a r t e n s i t i e  s t r u c t u r e  i n t e n d e d .  L a ter  work h a s  

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

due to  s o l i d  s o l u t i o n  s t r e n g t h e n i n g  i s  l e s s  im p ortan t*  e . g .

3h/ o f  t h e  t o t a l  s t r e n g t h ,  and the  g r e a t e r  s o u r c e  o f  

s t r e n g t h e n i n g  i s  due t o  t h e  d i s l o c a t i o n  s u b s t r u c t u r e .  

S i g n i f i c a n t l y  i t  h as  a l s o  been shown t h a t  t h e  s t r e n g t h  o f  

i r o n  n i c k e l  m a r t e n s i t e s  d oes  n o t  v a r y  when t h e  n i c k e l  c o n t e n t  

e x c e e d s  a p p r o x im a t e ly  3 / 9 and a l s o  d o es  not  change a f t e r  

th e  t r a n s i t i o n  from l a t h  to  twinned m a r t e n s i t e  o c c u r s  

beyond 2 8 ?  n i c k e l .  R e a so n a b le  agreem ent  e x i s t s  between  

th e  ob se rv ed  s o l i d  s o l u t i o n  s t r e n g t h e n i n g  and t h e  s t r e n g t h e n i n g  

p r e d i c t e d  by th e  Mott& Rabarro t h e o r y ,  which a t t r i b u t e s  

s t r e n g t h e n i n g  t o  m i s f i t  and r e l a t e s  i t  t o  a l a t t i c e  p a ra m eter



change* i . e .  , '
b/3  r  2 /3  1 iH 1/3

2
2L U " x )
2 tt

where ^  = room tem p er a tu re  f l o w  s t r e s s .

= sh ea r  modulus
1 da

£ a = m i s f i t  parameter = sr cTX where a = l a t t i c e
param eter

X = a to m ic  f r a c t i o n  o f  s o l u t e .

I t  i s  d i f f i c u l t  t o  e s t a b l i s h  whether i r o n  manganese

l a t h  r n a r t e n s i t i e  s t r u c t u r e s  w i l l  behave i n  a s i m i l a r  way

t o  i r o n  n i c k e l  a l l o y s  but a t  l e a s t  i t  seems c e r t a i n  t h a t

manganese w i l l  be a more e f f e c t i v e  s o l i d  s o l u t i o n  s t r e n g t h e n e r

than n i c k e l . ^ * ^

The o t h e r  major c o n t r i b u t o r  t o  t h e  s t r e n g t h  o f

r n a r t e n s i t i e  i r o n  a l l o y s  i n  terms o f  s o l i d  s o l u t i o n

s t r e n g t h e n i n g  i s  t h a t  due t o  i n t e r s t i t i a l  s o l u t e  a t o m s .

W ith in  t h e  p r e s e n t  i n v e s t i g a t i o n  however* t h e  i n t e r s t i t i a l

c o n c e n t r a t i o n  shou ld  be s u f f i c i e n t l y  low so  a s  n o t  to  c a u s e

any major change i n  s t r e n g t h .  The most w i d e l y  a c c e p t e d

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

m a r t e n s i t e s  sh o u ld  vary  w i t h  t h e  square  r o o t  o f  t h e  i n t e r s t i t i a l

c o n t e n t ,  i . e .  <J = f  J x Q where Xc i s  th e  a to m ic  f r a c t i o n
"109 110o f  i n t e r s t i t i a l .  * The s l o p e  o f  th e  r e l a t i o n s h i p  v a r i e s  

s l i g h t l y  between l a t h  and twinned m a r t e n s i t e s ,  end i s  s l i g h t l y  

l e s s  f o r  l a t h  m a r t e n s i t e s ,  i . e .  S lo p e  = M / ^ l  f o r  l a t h  and 

f o r  tw inned  m a r t e n s i t e .  I f  th e n ,  a s  s u g g e s t e d

e a r l i e r ,  i r o n  manganese a l l o y s  produced a tw inned  m a r t e n s i t e  

s t r u c t u r e ,  t h e  s m a l l  amount o f  i n t e r s t i t i a l  e l e m e n t s  which  

a r e  i n e v i t a b l y  p r e s e n t ,  c o u ld  c r e a t e  a d i f f e r e n c e  i n  b e h a v io u r



b e t w e e n . i r o n  n i c k e l  and i r o n  manganese a l l o y s .

A f t e r  th e  r n a r t e n s i t i e  t r a n s f o r m a t i o n  in  i r o n  n i c k e l  

a l l o y s  t h e  i n h e r i t e d  d i s l o c a t i o n  s u b s t r u c t u r e  h a s  been  

e s t i m a t e d  t o  c o n t r i b u t e  a p p r o x im a t e ly  o f  t h e  o v e r a l l  

s t r e n g t h ,  and t h e r e  i s  no d i f f e r e n c e  whether  t h e  s u b s t r u c t u r e  

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

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

however must vary  w i t h  d i f f e r e n c e s  i n  h e a t  t r e a t m e n t ,  and 

a l l o y i n g  e l e m e n t s ,  s i n c e  i t  h a s  been shown p r e v i o u s l y  

t h a t  t h e  s u b s t r u c t u r e  s i s e  can  v e r y  w i t h  t h e s e  f a c t o r s .

Again i t  may be p o s s i b l e  t o  d e t e c t  d i f f e r e n c e s  i n  b e h a v io u r  

between i r o n  manganese and i r o n  n i c k e l  a l l o y s  i n  t h i s  

r e s p e c t .

The rem ain in g  f a c t o r  l i a b l e  t o  i n f l u e n c e  t h e

magnitude o f  0  i s  t h e  c o n t r i b u t i o n  due t o  p r e c i p i t a t e s .

I n  t h e  p r e s e n t  work t h e r e  i s  no d e l i b e r a t e  i n t e n t i o n  t o

c r e a t e  p r e c i p i t a t i o n  h a r d e n in g ,  and t h e  o n ly  p o s s i b l e

f a c t o r s  l i k e l y  t o  have  i n f l u e n c e  i n  t h e  i r o n  manganese

a l l o y s  a r e  ( 1) th e  p resen ce  o f  i n c l u s i o n s  and ( 2 ) t h e
111e f f e c t s  o f  c a r b i d e  c l u s t e r i n g  due t o  a u t o t e m p e r i n g .

I n  c o n c l u s i o n  t h e  param eter  f o r  a low carbon  

i r o n  manganese a l l o y  i n  t h e  r n a r t e n s i t i e  c o n d i t i o n  w i l l  

be a f u n c t i o n  o f

<T ■= A ( L +  A d  + A d ,o s  d

where 6 0 = e th e rm a l  component o f  f l o w  s t r e s s

= a therm al  c o n t r i b u t i o n  due to  th e  f l o w  s t r e s s  

o f  pure a n n ea le d  i r o n  

= c o n t r i b u t i o n  due t o  s o l i d  s o l u t i o n



A Oft = c o n t r i b u t i o n  due t o  d i s l o c a t i o n  s u b s t r u c t u r e .

I n  i r o n  n i c k e l  a l l o y s  t h e s e  have  been  shown t o  c o n t r i b u t e

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

AOU 2 5 / ‘ , AGs  31$ ,  A(Ta 1+1;?

3 - 3 « 1 - 2  S i g n i f i c a n c e  o f  0^ th e  therm al  component  
__________o f  f l o w  s t r e s s . __________________ ;____________

0*  a r i s e s  from th e  a b i l i t y  o f  d i s l o c a t i o n s  t o  e s c a p e

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

suc h  c o n d i t i o n s  t h e  f l o w  s t r e s s  becomes both  te m p e r a tu r e
1 06and s t r a i n  r a t e  s e n s i t i v e .  T h is  dependence  upon s t r a i n

r a t e  and t e m p era tu re  i s  g i v e n  by:
-H/KT -H/KT

^  = / > v  -  /*mb A n s 0 l e  =  o r e  ( 1 0 )

where K -  s h e a r  s t r a i n  r a t e

p  = d e n s i t y  o f  m o b i l e  d i s l o c a t i o n s

V = d i s l o c a t i o n  v e l o c i t y

b = b u r g e r ’ s  v e c t o r

A = a rea  o f  g l i d e  p la n e  swept  by a t h e r m a l l y

a c t i v a t e d  d i s l o c a t i o n  movement.  

nr  = Debye f r e q u e n c y  f a c t o r

K = B o ltsm ans  c o n s t a n t

T = Temperature °K

H = A c t i v a t i o n  e n e r g y  f o r  d i s l o c a t i o n  movement

1 -  l e n g t h  o f  d i s l o c a t i o n  i n v o l v e d  in  th erm al

a c t i v a  t i o n

nr  = Frequency f a c t o r  which e q u a l s  / ^ b A ^  1 

The a c t i v a t i o n  en erg y  f o r  th e  t h e r m a l ly  a c t i v a t e d  d i s l o c a t i o n  

movement, H, f o l l o w s  from e q u a t i o n  ( 1 0 )  such t h a t

-  H = KT [ l n l - l n v ]  '
and t h i s  can be d eterm ined  e x p e r i m e n t a l l y  v i a  th e  r e l a t i o n s h i p

-  H = KT2 ( c i ln ! )  ( )
( 37^ ) T ( )t  (11)



where i s  t h e  therm al  component o f  f l o w  s t r e s s  e x p r e s s e d  

i n  terms o f  s h e a r  s t r e s s .  Per th e  purpose o f  d e t e r m in in g  

K, 0^  i s  measured a s  © f u n c t i o n  o f  s t r a i n  r a t e  S' and 

tem p e r a tu r e  T.

I n  a d d i t i o n  t o  t h e  a c t i v a t i o n  e n e r g y  H, a f u r t h e r  

q u a n t i t y  can  be d e term in ed  e x p e r i m e n t a l l y  which i s  a 

measure o f  t h e  work done a s  t h e  d i s l o c a t i o n  e s c a p e s  from  

i t s  b a r r i e r .  T h i s  q u a n t i t y  i s  known a s  t h e  a c t i v a t i o n  

volume and i s  e f f e c t i v e l y  t h e  p roduct  o f  t h r e e  l e n g t h  

t e r m s ,  i . e .

V. = KT Q j L s ij  = -  _S ( 1?)
, : (. ) v 3^

T h i s  parameter V t o g e t h e r  w i th  th e  a c t i v a t i o n  e n e r g y  H

and t h e  f r e q u e n c y  f a c t o r  or a r e  e x t r e m e ly  im p o r t a n t ,  s i n c e

t h e y  a r e  a l l  dependent  upon th e  t y p e  o f  d i s l o c a t i o n  t e r r i e r

o p e r a t i v e ,  and t h e i r  measurement a s s i s t s  t h e  c h o i c e  o f  the

d i s l o c a t i o n  b a r r i e r  which w i l l  a c c o u n t  f o r  t h e  th erm a l

component o f  f l o w  s t r e s s .  V a r io u s  s u g g e s t i o n s  have  been

made f o r  t h e  ty p e  o f  d i s l o c a t i o n  r e a c t i o n  i n v o l v e d  and

t h e s e  in c lu d e ?
112( i )  L o m e r - C o t t r e l l  l o c k i n g :  therm al  a c t i v a t i o n  i s

r e q u i r e d  to  e n a b l e  d i s l o c a t i o n s  t o  e s c a p e  frorn L o m e r - G o t t r e l l

b a r r i e r s  by a p r o c e s s  o f  c r o s s  s l i p .
113( i i )  F o r e s t  th e o r y :  t h e r m a l l y  a c t i v a t e d  d i s l o c a t i o n

movement i s  c o n t r o l l e d  by t h e  e a s e  w i t h  which d i s l o c a t i o n s

on th e  g l i d e  p lane  can  c u t  th rou gh  t h e  F o r e s t  d i s l o c a t i o n s

t h r e a d i n g  through  the  g l i d e  p la n e .
1 11±

( i i i )  J o g  t h e o r y :  e x te n d e d  ;jogs can move n o n - c o n s e r v a t i v e l y



i f  t h e  d i f f u s i o n  c o n t r o l l e d  f lo w  o f  v a c a n c i e s  or

i n t e r s t i t i a l s  i s  s u f f i c i e n t l y  r a p i d .
115( i v )  C l u s t e r  t h e o r y :  d i s l o c a t i o n  movement i s  a r r e s t e d  

by t h e  s t r a i n  f i e l d s  a s s o c i a t e d  w i t h  c l u s t e r s  o f  i n t e r -  

s t i t i a l  a to m s ,  and therm al  e n e rg y  i s  r e q u ir e d  t o  a s s i s t

th e  d i s l o c a t i o n  i n  overcoming such  s t r a i n  f i e l d s .
 ̂g—1 Q

( v )  P e i e r l s - k a b a r r o  f r i c t i o n  s t r e s s :  d i s l o c a t i o n

movement i s  r e s t r i c t e d  by th e  P e i e r l s - h a b a r r o  f r i c t i o n  s t r e s s ,

but d i s l o c a t i o n s  overcome t h i s  r e s t r i c t i o n  by a t h e r m a l l y
1 1 7 .1 1 8a c t i v a t e d  dou b le  k in k  f o r m a t io n  p r o c e s s .

( v i )  C r o s s  s l i p :  d i s l o c a t i o n  movement i s  c o n t r o l l e d  by
119th e  r a t e  a t  V7hich t h e r m a l ly  a c t i v a t e d  c r o s s  s l i p  can  o c c u r .  y

The above i s  a b r i e f  d e s c r i p t i o n  o f  th e  major p r o p o s a l s ,

and s t r i c t l y  sp e a k in g  a l l  do n ot  a p p ly  to  body c e n t r e d

c u b ic  m e t a l s .  The t h e o r y  which a c c o u n t s  most s a t i s f a c t o r i l y

f o r  t h e  b eh a v io u r  o f  body c e n t r e d  c u b i c  m e t a l s  i s  th e
1 1 7 .1 1 8P e i e r l s - K a b a r r o  mechanism.

3.3.1.2.1 Peierls-Pabarro Mechanism.
A b r i e f  d e s c r i p t i o n  o f  th e  d o u b le  k in k  mechanism,  

by which d i s l o c a t i o n s  a r e  a b l e  t o  overcome t h e  P e i e r l s  

b a r r i e r  i s  a s  f o l l o w s .  In P i g .  2 0  i t  i s  shown t h a t  th e  

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

e n e r g y  by l y i n g  p a r a l l e l  to  the  minimum s t r e s s  v a l l e y s  o f  

th e  P e i e r l s - K a b a r r o  f o r c e  f i e l d ,  and i n  order  t o  surmount  

th e  s t r e s s  maximum o f  the P e i e r l s  b a r r i e r  a double  k ink  

i s  formed.  T h i s  k ink  c o n s i s t s  o f  a p a i r  o f  screw d i s l o c a t i o n s  

o f  o p p o s i t e  s i g n  which a r e  c o n n e c t e d  t o g e t h e r  by a segm ent  

o f  edge  d i s l o c a t i o n  on th e  o p p o s i t e  s i d e  o f  t h e  P e i e r l s  h i l l .



With such  an arrangement i t  i s  p o s s i b l e  f o r  th e  d i s l o c a t i o n

t o  surmount the  P e i e r l s  b a r r i e r  by th e  l a t e r a l  movement

o f  t h e  two k in k s  i n  o p p o s i t e  d i r e c t i o n s  t o  e a ch  o t h e r .

The c r i t i c a l  s t a g e  o f  t h e  above p r o c e s s  i s  the

n u c l e a t i o n  o f  th e  d o u b le  k in k  w i t h  a s u f f i c i e n t  s p a c in g

t o  be s t a b l e ,  and t h i s  c r i t i c a l  k in k  c o n f i g u r a t i o n  i s  t h e

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

Two fu n d a m e n t a l ly  d i f f e r e n t  a p p r o a c h e s  t o  t h e

d e t e r m i n a t i o n  o f  t h e  en erg y  r e q u ir e d  f o r  t h e  n u c l e a t i o n
1 1 6o f  a d o u b le  k in k ,  e x i s t  one o f  which due t o  S e e g e r  

c o n s i d e r s  o n ly  t h e  p a r t  p lo y ed  by therm al  en ergy  i n

n u c l e a t i n g  th e  k ink  p a i r .  The o th er  approach due to  Dorn
117 118and R ajn sk  * or A r s e n a u l t  a l s o  i n c l u d e s  th e  c o n t r i b u t i o n

due t o  t h e  e f f e c t i v e  s t r e s s  and i t  i s  t h i s  approach

which  i s  more a p p l i c a b l e  t o  t h e  a n a l y s i s  o f  f l o w  s t r e s s

i n  body c e n t r e d  c u b ic  m e t a l s .

B r i e f l y ,  t h e  a c t i v a t i o n  e n e r g y  i s  th e  en e r g y  r e q u i r e d

t o  n u c l e a t e  a dou b le  k in k  w i t h  a c r i t i c a l  s p a c i n g ,  and

t h i s  i s  c o n t r o l l e d  by th e  f o l l o w i n g  e n e r g y  c o n s i d e r a t i o n s .

A c t i v a t i o n  Energy K i s  p r o p o r t i o n a l  t o  A + B + C -  D

where

A = th e  i n c r e a s e  i n  d i s l o c a t i o n  l i n e  en erg y  produced  

by t h e  c r e a t i o n  o f  two k i n k s .

B = th e  e n e rg y  t o  move a s m a l l  segment o f  edge  

d i s l o c a t i o n  over th e  P e i e r l s  b a r r i e r .

G = t h e  e n e rg y  t o  overcome t h e  mutual a t t r a c t i o n

between th e  two k in k s  and which t e n d s  t o  c a u s e  

c o l l a p s e  o f  th e  doub le  k in k .



D = t h e  work done by t h e  e f f e c t i v e  s t r e s s ! j£ w h ic h  

a i d s  d o u b le  k in k  f o r m a t i o n .

A cco rd in g  t o  th e  above i t  w i l l  be s e e n  t h a t  H t h e  

a c t i v a t i o n  en e r g y  s h o u ld  v a r y  w i t h  t h e  e f f e c t i v e  s t r e s s  

and must t h e r e f o r e  be a f u n c t i o n  o f  t h e  t e m p e ra tu r e  or 

s t r a i n  r a t e .  Furtherm ore H sh o u ld  v a r y  s i g n i f i c a n t l y  

w i t h  t h e  P e i e r l s - N a b a r r o  s t r e s s  due t o  th e  C term o f  th e  

above  e q u a t i o n .  The above  model a l s o  p e r m i t s  f u r t h e r  

p r e d i c t i o n s  t o  be made, namely t h a t  from s e n s i b l y  p r e d i c t e d  

d i m e n s i o n s  o f  a d o u b le  k in k  i t  f o l l o w s  t h a t

t h e  f r e q u e n c y  f a c t  or' i f  = /?  ab L  ( 1 3 )
W

where ~ m o b i le  d i s l o c a t i o n  d e n s i t y

a » d i s t a n c e  between  a d j a c e n t  P e i e r l s  v a l l e y s

b = b u rg ers  v e c t o r

r j Q = Debye f r e q u e n c y  f a c t o r

L = l e n g t h  o f  d i s l o c a t i o n  i n v o l v e d  i n  therm al

a c t i v a t i o n  

W = c r i t i c a l  s p a c i n g  o f  d o u b le  k ink

and t h e  a c t i v a t i o n  volume i s  a p p r o x im a t e ly  Wb*

When t h e  t h e o r e t i c a l  and o b se r v e d  f u n c t i o n s  a r e  

compared i t  i s  found t h a t  K d oes  vary  w i t h  t f  i n  a manner 

more or l e s s  p r e d i c t e d  by t h e  t h e o r y ,  but th e  a c t i v a t i o n  

volume V i s  o n l y  found to  be i n  agreem ent  w i t h  t h e o r y  a t  

t e m p e r a tu r e s  below a p p r o x im a t e ly  160°K,  For h i g h e r  

t e m p e r a t u r e s  w hich  e s s e n t i a l l y  means low v a l u e s  o f  

t h e  measured v a l u e s  o f  "V a r e  v e r y  much t o o  h i g h .  F u r th er m o r e ,  

s i n c e  th e  c r i t i c a l  k in k  s p a c in g  W s h o u ld  n ot  vary  w i t h  

d i s l o c a t i o n  d e n s i t y  th en  V s h o u ld  n o t  v a ry  w i t h  s t r a i n ,  

but t h e r e  a r e  s e v e r a l  exam ples  where V, h a s  been shown t o
r



120*12'!v a r y  w i t h  s t r a i n *  # A f i n a l  c r i t i c i s m  i s  t h a t  i t  h a s

a l s o  been shown t h a t  i n  many i r o n  a l l o y s  t h e  m i c r o - y i e l d
1 2 2 • 12As t r e s s  d oes  not  vary  vdth  t e m p e r a tu r e ,  * which  s u g g e s t s  

t h e  u n l i k e l y  b e h a v io u r  t h a t  d i s l o c a t i o n  movement i n  th e  

m i c r o - y i e l d  r e g i o n  does  not  r e q u i r e  any en e r g y  t o  surmount  

t h e  P e i e r l s - l l a b a r r o  b a r r i e r .

D e s p i t e  t h e  c r i t i c i s m s  l e v e l l e d  a t  th e  d ou b le  k in k  

t h e o r y  how ever ,  it s t i l l  rem ains  t h e  o n ly  t h e o r y  t o  g i v e  

r e a s o n a b le  agreement between th e  c a l c u l a t e d  and o b se r v e d  

b eh a v io u r  o f  f lo w  s t r e s s  i n  body c e n t r e d  c u b ic  m e t a l s .  

Furthermore i t  may a c c o u n t  f o r  t h e  e f f e c t s  t h a t  a l l o y i n g  

e l e m e n t s  have upon th e  tem p eratu re  d ependent  f l o w  s t r e s s  

These  e f f e c t s  a r e  c h i e f l y  t h a t  a l l o y i n g  a d d i t i o n s  a l t e r  th e  

l e v e l  o f  t em p er a tu re  dependent  f lo w  s t r e s s ,  and i t  i s  

found i n  many c a s e s  t h a t  ^  i s  lo w ered  by a l l o y i n g  e l e m e n t s .

Such s o l i d  s o l u t i o n  s o f t e n i n g  h as  been n o ted  i n  i r o n  a l l o y s
93*97  122c o n t a i n i n g  chromium, molybdenum, and vanadium, and

i s  p o s s i b l y  due t o  th e  r e d u c t i o n  o f  by a l l o y i n g *  I n

t h e s e  c a s e s ,  however ,  i t  h a s  a l s o  been s u g g e s t e d  t h a t  t h e

e f f e c t  i s  due t o  th e  s c a v e n g in g  i n f l u e n c e  o f  t h e s e  e l e m e n t s ,

which r e d u c e s  t h e  degree  o f  i n t e r s t i t i a l  s o l i d  s o l u t i o n
1Pn 122h a r d e n in g .  S i m i l a r  o b s e r v a t i o n s  w i th  n i c k e l  and c o b a l t

however can n ot  be a t t r i b u t e d  t o  t h i s  s i n c e  t h e y  do n o t  form

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

e l e m e n t s  c r e a t e  ch a n g es  i n  th e  l e v e l  o f  ^  due t o  t h e i r

i n f l u e n c e  upon th e  P e i e r l s - K a b a r r o  f r i c t i o n  s t r e s s ,  and

t h i s  may be d eterm in ed  from th e  f o l l o w i n g  r e l a t i o n s h i p .

^  — 0(1 A b  exp -  2 -iry 126
2C C



where ^ p R = P e i e r l s - s t r e s s  which  e q u a l s  a t  0°K 

cC = a c o n s t a n t  eq u a l  t o  0 . 5  to  1 . 0

/ I  = shear  modulus

b = b u rg ers  v e c t o r

Y -  d i s l o c a t i o n  w id th  a l o n g  t h e  s l i p  p lan

G th e  b u r g e r s  v e c t o r .

There a r e  two main p aram eters  w i t h i n  t h e  above e q u a t io n

w hich  may be a l t e r e d  by a l l o y i n g  e le m e n ts*  namely JJ. and Y

and i t  h a s  been shown f o r  example t h a t  n i c k e l  l o w e r s  t h e
1Q7sh e a r  m o d u l u s o f  i r o n ,  and s o  may lo w er  the  P e i e r l s -

Habarro s t r e s s .  The a l t e r n a t i v e  i s  t h a t  a l l o y i n g  e l e m e n t s

a l t e r  Y  by t h e i r  e f f e c t  upon th e  s t a c k i n g  f a u l t  energy*

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

s t a c k i n g  f a u l t  e n er g y  c o u ld  reduce  th e  d i s l o c a t i o n  w id th  and

lo w e r  t h e  P e i e r l s - H a b a r r o  s t r e s s .

An a d d i t i o n a l  way i n  which a l l o y i n g  e l e m e n t s  m ight

i n f l u e n c e  th e  P e i e r l s  s t r e s s  i s  due t o  t h e i r  i n f l u e n c e

upon th e  d e g r ee  o f  d i r e c t i o n a l  bonding w i t h i n  a body

c e n t r e d  c u b i c  s t r u c t u r e ,  and i t  i s  r e a s o n a b le  t o  assume

t h a t  e l e m e n t s  w i t h  an e x c e s s  o f  3 d e l e c t r o n s  w i l l  h e l p

c o m p le te  th e  f i l l i n g  o f  th e  3 d s h e l l  o f  i r o n ,  t h u s  r e d u c i n g

th e  l e v e l  o f  d i r e c t i o n a l  bon d in g .  H i c k e l  and manganese

w i l l  on t h i s  b a s i s  have o p p o s in g  e f f e c t s  i n  i r o n  and i t  i s

p o s s i b l e  t h a t  n i c k e l  l o w e r s  th e  P e i e r l s  s t r e s s  w hereas

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

3 . 3 . 1 . 2 . 2  The therm al  component o f  f l o w  s t r e s s  f o r  
r n a r t e n s i t i e  s t e e l s .

The Dorn-Rajnak theory '  p r e d i c t s  t h a t  t h e  t h e r m a l l y  

dep en d en t  component o f  f lo w  s t r e s s  i s  in d ep e n d e n t  o f  d i s l o c a t i o n



d e n s i t y *  and a s  a r e s u l t  o f  t h i s *  r n a r t e n s i t i e  t r a n s f o r m a t i o n

s h o u ld  have no e f f e c t  upon (/  ̂ . There i s  r e a s o n a b le  p r o o f

o f  t h i s  s i n c e  i t  i s  found t h a t  t h e  th erm a l  component o f

f l o w  s t r e s s  i n  pure i r o n  d o e s  n o t  vary  a f t e r  s e v e r e  d e f o r m a t i o n s ,

and t h e  s u b s t r u c t u r e s  produced a r e  v e r y  s i m i l a r  t o  t h o s e

o f  l a t h  m a r t e n s i t e s .  A d d i t i o n a l  e v i d e n c e  i s  t h a t  pure

i r o n  e x h i b i t s  t h e  same b eh av iou r  both a f t e r  a n n e a l i n g  and

a f t e r  i n d u c i n g  a d i s l o c a t i o n  s u b s t r u c t u r e  o f  a l a t h
128r n a r t e n s i t i e  n a t u r e  by sh o c k  l o a d i n g .  These  same

a u t h o r s  a l s o  showed t h a t  i n  a n i c k e l  b ase  maraging s t e e l

t h e  l e v e l  o f  t em p era tu re  dependent  f l o w  s t r e s s  was u n a f f e c t e d

by p r e c i p i t a t i o n  h arden ing*  and was a l s o  s i g n i f i c a n t l y

s m a l l e r  than f o r  pure i r o n .  T h i s  I ca tter  o b s e r v a t i o n  p o s s i b l y

i n d i c a t e s  t h e  l o w e r i n g  o f  th e  P e i e r l s - K a b a r r o  s t r e s s  by

a l l o y i n g  e l e m e n t s .

Other w orkers  have measured the  t em p e ra tu r e  and s t r a i n
1 0 9 .1 2 9

r a t e  s e n s i t i v i t y  o f  f lo w  s t r e s s  both i n  i r o n  n i c k e l
130and i r o n  n i c k e l  chromium a l l o y s  w i t h  s t r u c t u r e s  t h a t

were l a t h  r n a r t e n s i t i e .  T h e ir  r e s u l t s  tend  to  a g r e e  w i t h

the f i n d i n g s  f o r  o t h e r  i r o n  a l l o y s ,  a n 6 g i v e  th e  same

measure o f  agreement between th e  o b se r v e d  b eh a v io u r  and

t h a t  p r e d i c t e d  by th e  I3orn-Rajnak t h e o r y .  One s i g n i f i c a n t

f e a t u r e  however i s  t h a t  no d i f f e r e n c e  i n  f l o w  s t r e s s

b eh a v io u r  was c la im e d  t o  have been found between a l l o y s

o f  d i f f e r e n t  n i c k e l  p l u s  chromium c o n t e n t s  end t h i s  was

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

f r a c t u r e  p r o p e r t i e s *  i . e .  th e  h i g h e r  chromium a l l o y s  ga v e
130much p o o r e r  impact  p r o p e r t i e s .  i t  may n e v e r t h e l e s s  be



S i g n i f i c a n t  t h n t  th e  a c t i v a t i o n  e n e r g i e s  II f o r  the  i r o n  

n i c k e l  chromium a l l o y s  w i t h  poor impact  p r o p e r t i e s  were  

c o n s i d e r a b l y  h i g h e r  than  found f o r  i r o n  n i c k e l  a l l o y s  

which produced good impact  p r o p e r t i e s .

^ . 1 . ^  Summary o f  the  Q c and p a r a m e t e r s .

I t  h a s  been shown t h a t  two f a c t o r s  Oq and (T# 

c o n t r i b u t e  t o  th e  0 ’i  param eter  o f  e q u a t io n  ( 9 ) and b r i t t l e  

f r a c t u r e  b e h a v io u r  can h in g e  on a complex r e l a t i o n s h i p  

betw een  t h e s e  two* I n  i r o n  manganese a l l o y s  th e  e x p e c t e d  

b eh a v io u r  i s  t h a t  (JQ w i l l  be i n c r e a s e d  by s o l i d  s o l u t i o n  

s t r e n g t h e n i n g  and by t h e  r n a r t e n s i t i e  t r a n s f o r m a t i o n ,  but  

i t  i s  by no means c e r t a i n  what ch a n g es  In  w i l l  occur*  

3*3»2  S i g n i f i c a n c e  o f  t h e  Ky param eter .

I r o n  a l l o y s  w i t h  l a t h  r n a r t e n s i t i e  s t r u c t u r e s  do n o t
1 2 9 .1 3 0

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

measure 0 p r o o f  s t r e s s  t o  r e p r e s e n t  t h e  y i e l d  s t r e s s .

S t r i c t l y  t h e r e f o r e  i t  i s  improper t o  r e f e r  to  th e  s l o p e
•»-!

o f  y i e l d  s t r e s s  v e r s u s  t h e  d f?g r a i n  s i z e . r e l a t i o n s h i p  by

t h e  term and i n s t e a d  t h e  parameter which r e f e r s  t o

f l o w  s t r e s s  shou ld  be u s e d .  To a v o i d  c o n f u s i o n  however t h e

param eter  Ky w i l l  be u se d  i n  a l l  f u t u r e  d i s c u s s i o n .

The K« parameter  i s  c o n s i d e r e d  by many a u t h o r i t i e s  y
on b r i t t l e  f r a c t u r e  b e h a v io u r  in  s t e e l s  t o  be an im p o r ta n t  

p a ra m e te r .  In  carbon  s t e e l s  f o r  example  t h e r e  i s  a d i r e c t  

l i n k  Between an i n c r e a s e  i n  t r a n s i t i o n  tem p eratu re  and an 

i n c r e a s e  i n  Ky a s  t h e  carbon c o n c e n t r a t i o n  i s  i n c r e a s e d ,  

and i t  i s  im p o r ta n t  t h e r e f o r e  t o  know t h e  p r e c i s e  p h y s i c a l  

meaning o f  t h e  Ky param eter .  U n f o r t u n a t e l y  none i s

131



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

i d e a s  e x i s t .  Almost  c e r t a i n l y  Kv i s  n o t  a measure o f  t h e
mu n p in n in g  s t r e s s  a s  o r i g i n a l l y  proposed  by C o t t r e l l  in

h i s  model f o r  y i e l d  propogation® s i n c e  i f  t h i s  were s o

Ky sh o u ld  v a ry  both  w i t h  tem p e ra tu r e  and s t r a i n  r a t e  due

t o  t h e r m a l l y  a s s i s t e d  u n p in n in g  o f  d i s l o c a t i o n s  from s o l u t e
1 52a t m o s p h e r e s .  T h i s  d o e s  n o t  occur  e x c e p t  i n  s p e c i a l  

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

More r e c e n t l y  Ky h a s  been i n t e r p r e t e d  a s  s im p ly  a 

measure o f  t h e  e a s e  w i t h  which y i e l d i n g  can be p ro p o g a ted  

from one g r a i n  t o  a n o t h e r ,  and t h i s  h a s  been e x p r e s s e d  

i n  a number o f  ways i n c l u d i n g :
135

1. The Oilman & Hahn t h e o r y  f o r  y i e l d i n g  which  

i n t e r p r e t e s  Ky &s & measure o f  th e  e a s e  o f  d i s l o c a t i o n  

m u l t i p l i c a t i o n .

2 .  That  Ky depends  upon t h e  work h a rd en in g  r a t e ,  s i n c e

i n  order  to  prop agate  y i e l d i n g  t h e  a p p l i e d  s t r e s s  must  

overcome t h e  s t r a i n  hardened l a y e r  which i s  formed i n  th e  

r e g i o n  o f  g r a i n  b o u n d a r ie s  by accommodation s t r e s s e s .

3 -  Y i e l d  p r o p a g a t io n  i s  d ependent  upon t h e  r e l a t i v e

o r i e n t a t i o n s  between a d j a c e n t  g r a i n s  and h en ce  ICy i s  an
137

o r i e n t a t i o n  f a c t o r .

h» Y i e l d  p r o p a g a t io n  i s  dependent  upon th e  number o f

a v a i l a b l e  s l i p  s y s t e m s ,  which i s  dependent  upon th e  e a s e  
192o f  c r o s s  s l i p .

The most o b v io u s  c o n c l u s i o n  t o  be drawn from t h e  

above  i n t e r p r e t a t i o n s  i s  t h a t  Ky i s  s im p ly  a  measure o f  

t h e  e a s e  o f  y i e l d  p r o p a g a t io n  which depends  on no s i n g l e



f a c t o r ,  but upon a l l  o f  t h e  above®

3®3®2®1 kv f o r  m a r t e n s ! t i c  i r o n  a l l o y s ®

iM a r te n s i t i c  s t e e l s  obey th e  F e tch  r e l a t i o n s h i p  when 

t h e  y i e l d  s t r e s s  i s  p l o t t e d  v e r s u s  e i t h e r  p r i o r  a u s t e n i t e
i  g O c -j YjQ

or m a r t e n s i t e  p l a t e  s ize®  In  low  carbon  l a t h

r n a r t e n s i t i e  s t e e l s  v a l u e s  f o r  K h ave  been d e te rm in ed

f o r  both  i r o n  n i c k e l  and i r o n  n i c k e l  chromium a l l o y s ,

and a r e  c l o s e  t o  v a l u e s  d e term in ed  f o r  pure iron®

They a r e  i n  f a c t  v ery  lo w ,  which i n d i c a t e s  t h a t  t h e  y i e l d

s t r e s s  v a r i e s  w i t h  g r a i n  s i z e  by o n ly  a s l i g h t  amount®

I n  t h e  c a s e  o f  i r o n  n i c k e l  a l l o y s ,  K was a l s o  shown t o

vary  w i t h  t e s t i n g  t e m p e r a t u r e ,  t h e  v a lu e  a t  - I 9 b ° 0  b e i n g

much h i g h e r  than  a t  room t e m p e r a t u r e ,  and was p rob ab ly  due
129

t o  m e ch a n ic a l  tw in n in g  a t  low temperatures® ho v a l u e s  

o f  lw a r e  a v a i l a b l e  f o r  i r o n  manganese a l l o y s  but manganese  

h a s  been shown t o  d e c r e a s e  Ky in  carbon s t e e l s .

3*3*3  S ig n i f i c a n c e -  o f  6k

E q u at ion  ( 9 )  i m p l i e s  t h a t  m e t a l s  become more

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

and t h i s  i s  g e n e r a l l y  found t o  be true® The impact  

t r a n s i t i o n  t e m p era tu re  can  i n  f a c t  be r e l a t e d  t o  g r a i n
1

s i z e ,  and one r e l a t i o n s h i p  s u g g e s t e d  i s  t h a t  due t o  t r o h ,  

i . e .  2  = - J  2  l n o  + C (1U)
’i'c 2 0:

where Tc *= impact  t r a n s i t i o n  t em p era tu re

K = Boltzmanns c o n s t a n t

Q ~ A c t i v a t i o n  en e r g y  f o r  t h e  t r a n s i t i o n

d « g r a i n  s i z e



3*3 *h S l g n i f l e a n t  o f  i f  th e  s u r f a c e  e n e r g y  term .

As s t a t e d  e a r l i e r  t h e  s u r f a c e  e n erg y  term i s  

d e te r m in e d  by t h e  amount o f  p l a s t i c  work n e c e s s a r y  t o  

p r o p a g a te  t h e  crack® I f  p l a s t i c  f l o w  can occur  e a s i l y  

c r a c k  p r o p a g a t io n  i s  b lu n te d  and t h i s  i s  r e f l e c t e d  i n  h i g h  

s u r f a c e  e n e rg y  v a l u e s .  Any f a c t o r  which r e d u c e s  t h e  a b i l i t y  

o f  p l a s t i c  d e fo r m a t io n  t o  occur e n c o u r a g e s  c r a c k  p r o p a g a t io n ,  

and s e v e r a l  such f a c t o r s  e x i s t  which a r e  e s s e n t i a l l y  th e  

same a s  t h o s e  l i s t e d  p r e v i o u s l y  t o  d e f i n e  t h e  Ky p a r a m e te r ,  

e.g® d i f f i c u l t  c r o s s  s l i p  or low m o b i le  d i s l o c a t i o n  

d e n s i t i e s  i n h i b i t  t h e  e a s e  o f  p l a s t i c  f l o w  around t h e  c r a c k  

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

o f  i n t e r g r a n u l a r  weakness  by p r e c i p i t a t e s  or s o l u t e  atom  

s e g r e g a t i o n  promotes  an e a s y  path f o r  c r a c k  p r o p a g a t io n  

and premature i n t e r g r a n u l a r  f r a c t u r e ,  e . g .  temper b r i t t l e ­

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

e n e r g y  term®

3 * 3 . 5  S i g n i f i c a n c e  o f  $  and /Li

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

o f  t h e s e  two t e r m s ,  s i n c e  t h e i r  e f f e c t s  upon b r i t t l e n e s s  

s h o u ld  be s i m i l a r  f o r  a l l  f e r r o u s  © H o y s ,  n e v e r t h e l e s s  

t h e y  a re  i m p o r t a n t ,  and i t  i s  w e l l  known t h a t  any f a c t o r  

which  c r e a t e s  s t r e s s  c o n c e n t r a t i o n  c a u s e s  e a s i e r  b r i t t l e  

f a i l u r e .  The c h a n g es  i n  sh e a r  modulus y#. produced by a l l o y i n g  

e l e m e n t s  a r e  u s u a l l y  s m a l l ,  and t h u s  th e  sh e a r  modulus i s  

u n l i k e l y  t o  produce s i g n i f i c a n t  c h a n g es  i n  b r i t t l e  f r a c t u r e  

p r o p e r t i e s .

■3*h Summary®

During th e  r e v ie w  o f  l i t e r a t u r e  i t  h a s  been



r e a s o n a b l y  w e l l  e s t a b l i s h e d  t h a t  r n a r t e n s i t i e  i r o n  manganese  

a l l o y s  a r e  b r i t t l e .  The major p r o p e r ty  param eters  l i k e l y  

t o  be r e s p o n s i b l e  f o r  t h i s  b eh av iou r  have  a l s o  been  

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

i n  i r o n  manganese a l l o y s  i s  l o c k i n g .



U.O EXPERIMENTAL PROCEDURE.

[(,1 A l l o y  P r e p a r a t i o n .

A s e r i e s  o f  i r o n  manganese a l l o y s  were p repared  from  

f e r r o v a c  i r o n  and e l e c t r o l y t i c  manganese t o  g i v e  nominal  

manganese c o m p o s i t io n  o f  2 ,  b t  6 ,  8 ,  and 10/..  The a l l o y s  

were a i r  m elted  in  a h i g h  f r e q u e n c y  f u r n a c e  and c a s t  i n t o  

t w e n ty  f i v e  pound i n g o t s 9 which were hom ogenised  a t  1200°G 

f o r  s e v e n  days  w h i l s t  packed i n  sand t o  p rev e n t  e x c e s s i v e  

o x i d a t i o n .  T h is  t r e a tm e n t  was f o l l o w e d  by sw aging  t o  

h a l f  in c h  d ia m eter  bar and t h e s e  were s u b s e q u e n t l y  a n n e a le d  

a t  1000°C f o r  one h o u r .  At t h i s  s t a g e  a p r e l i m i n a r y  

m ie r o e x a m in s t io n  r e v e a l e d  t h a t  t h e  a l l o y s  were homogeneous  

s i n c e  t h e y  e x h i b i t e d  a un iform  s t r u c t u r e  w i th  no v i s i b l e  

s e g r e g a t i o n .

I n  a d d i t i o n  to  th e  above s e r i e s  o f  a l l o y s  which  were  

a i r  m e l ted  t o  s i m u l a t e  i n d u s t r i a l  c o n d i t i o n s *  two a d d i t i o n a l  

a l l o y s  were vacuum m e l te d  u s i n g  very  h ig h  p u r i t y  base  

m a t e r i a l s .  Both o f  t h e s e  were aimed a t  a nominal  c o m p o s i t i o n  

o f  9/' manganese,  and an a p p r o x im a t e ly  h a l f  p e r c e n t  a d d i t i o n  

o f  molybdenum was made t o  one i n  an a t te m p t  to  overcome  

i n t e r g r a n u l a r  b r i t t l e n e s s .

The a n a l y s i s  f i g u r e s  o b t a in e d  from ea c h  o f  t h e  - wove 

a l l o y s  a re  shown in  Table  1 .  The manganese c o n t e n t s  a r e  

r e a s o n a b ly  c l o s e  t o  the  nominal c o m p o s i t i o n s ,  and w i t h  th e  

e x c e p t i o n  o f  th e  s i l i c o n  c o n t e n t s ,  a l l  o f  the  o t h e r  i m p u r i t i e s  

a r e  a t  a low and r e a s o n a b ly  c o n s t a n t  l e v e l .

h . 2  T ra n s fo rm a t io n  S t u d i e s .

The t r a n s f o r m a t i o n  b eh av iou r  f o r  th e  s e r i e s  o f  i r o n



manganese a l l o y s  was s t u d i e d  u s i n g  a d i l o t o r a e t r i e  t e c h n iq u e  

backed by o p t i c a l  and e l e c t r o n  m e t a l l o g r a p h y ,  but o c c a s i o n a l  

u se  was made o f  therm al  a r r e s t  measurements  f o r  h i g h  r a t e s  

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

a s s i s t e d  by t h e  u se  o f  x - r a y  d i f f r a c t i o n .

h « 2 .1  Specimen p r e p a r a t i o n .

D i l a t o m e t e r  sp e c im en s  were prepared  by m ach in in g  

t h e  o r i g i n a l  bar m a t e r i a l  a f t e r  f i r s t  swaging clown f u r t h e r  

t o  5 roms d i a m e t e r .  T h i s  a d d i t i o n a l  sw aging  t r e a tm e n t  

s e r v e d  both  t o  c o n s e r v e  m a t e r i e l  and t o  improve h o m o g e n e o u i ty .

The spec im en  s i z e  was ch o se n  a s  t h e  most c o n v e n i e n t  

t o  f i t  i n s i d e  th e  d i l a t o m e t e r  tu b e ,  w h i l s t  i t s  l e n g t h  was  

s u f f i c i e n t  t o  d e t e c t  t r a n s f o r m a t i o n  and m in im ise  th e  

p o s s i b i l i t y  o f  tem p eratu re  g r a d i e n t s .  T h i s  s i z e  was 10 mms 

l o n g  by 3c G mnis d ia m e te r  and n 1 . 3  mm d ia m eter  h o l e  was  

d r i l l e d  a l o n g  th e  spec im en  c e n t r e  l i n e  t o  accommodate a 

th e rm o c o u p le .  F i n a l l y ,  the  machined s p e c im e n s  were a n n e a l e d  

a t  1000°G f o r  one hour i n  a rg o n ,  and w ater  quenched,  p r i o r  

t o  u se  f o r  th e  measurement o f  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 .

h . 2 . 2  D i l a t o m e t r i c  A n a l y s i s

k s c h e m a t ic  i l l u s t r a t i o n  o f  the t y p e  o f  d i l a t o m e t e r

used  i s  shown i n  F i g .  2 1 .  The d i l a t o m e t e r  c o n s i s t s  o f  a

k  mm i n s i d e  d ia m e te r  s i l i c a  tube i n t o  which th e  sp e c im en

i s  f e d  through  a window ground i n t o  th e  bottom. The sp e c im e n

l e n g t h  change i s  t r a n s m i t t e d  v i a  a s i l i c a  push rod t o  a

P h i l i p s  ty p e  PR9310/Q1 t r a n s d u c e r  mounted a t  the  top  o f  th e

s i l i c a  t u b e ,  and i t s  output  i s  then  f e d  i n t o  a P h i l i p s

t y p e  PR9300 phase b r id g e  t o  re co rd  a m i l l i v o l t  o u tp u t  on 

t h e  X a x i s  o f  a P h i l i p s  type  PR222 0 / 0 0  X-Y r e c o r d e r



A s p r in g  load ed  mounting f o r  the  t r a n s d u c e r  i s  moved up 

and down through  a c o n t r o l l e d  d i s t a n c e  by a m icrom eter  

head and t h i s  a l l o w s  c a l i b r a t i o n  o f  t h e  spec im en l e n g t h  

change* The spec im en t em p era tu re  i s  s i m u l t a n e o u s l y  

r e c o r d e d  on th e  Y a x i s  o f  the  X-Y r e c o r d e r  from a chrom el  

a lu m el  0 . 1  mm d ia m e te r  therm ocouple  which i s  f e d  from 

th e  u n d e r s id e  i n t o  a s m a l l  h o l e  d r i l l e d  a lo n g  t h e  c e n t r e  

l i n e  o f  th e  c y l i n d r i c a l  s p e c im e n .  Surrounding  th e  

d i l a t o m e t e r  tube  i s  an o u t e r  s e a l e d  s i l i c a  tube w hich  a l l o w s  

an argon  a tmosphere  t o  be m a in ta in e d  around th e  specimen*  

and t h e  argon  i s  f e d  i n  from the  to p  o f  t h e  d i l a t o n s e t e r  

tube  t o  pass  down over  th e  sp e c im e n .  F i n a l l y ,  t h e  w hole  

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

b a la n ce d  fu r n a ce  which i s  a b l e  to  move up and down when 

e i t h e r  h e a t i n g  or  c o o l i n g  i s  r e q u i r e d .  A range o f  c o o l i n g  

r a t e s  i s  p o s s i b l e  bo th  by a d j u s t i n g  th e  p o s i t i o n  o f  th e  

fu rn a c e  and by a l t e r i n g  th e  r a t e  o f  argon  f lo w  th rou gh  th e  

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

To measure tem perature  r e q u i r e s  t h a t  th e  m i l l i v o l t  

s c a l e  c h a r t  o f  t h e  X-Y r e c o r d e r  i s  c a l i b r a t e d ,  and t h i s  

i s  done u s i n g  a p o t e n t i o m e t e r  and s ta n d a r d  th e r m o c o u p le .

Cold  f u n c t i o n  tem p e r a tu re  i s  a u t o m a t i c a l l y  compensated  

f o r ,  and i t  i s  p o s s i b l e  t o  d i s t i n g u i s h  a tem p era tu re  

d i f f e r e n c e  o f  e q u i v a l e n t  t o  1 , 0  Mv which i s  a p p r o x im a t e ly  

± 2°C.

U . S . 3 I s o t h e r m a l  Record ing  D i l a t o m e t e r .

T h i s  d i l a t o m e t e r  used an i d e n t i c a l  m easuring s y s t em  

t o  t h a t  d e s c r i b e d  p r e v i o u s l y ,  namely a P h i l i p s  t r a n s d u c e r



head ,  but d id  n o t  i n c o r p o r a t e  t h e  o u t e r  s i l i c a  t u b e ,  and

used  i n s t e a d  a m i n i  v o l t - t i m e  pen r e c o r d e r  to  measure d i l a t a t i o n .

The sp e c im en  tem p era tu re  was a l s o  r ec o rd ed  s i m u l t a n e o u s l y

on a s e p a r a t e  m i l l i v o l t - t i m e  r e c o r d e r  from a c h r o m e l /a lu m e l

th erm o co u p le  made from 0 . 1  nrm d ia m e ter  w ir e  and th r e a d ed

down t h e  push rod i n t o  t h e  h o l e  a t  the  to p  o f  t h e  s p e c im e n .

The c o m p le te  a s sem b ly  was mounted on a v e r t i c a l  frame and 

c o u ld  be s l i d  i n t o  e i t h e r  a h i g h  tem p era tu re  tu be  f u r n a c e  

or a c o n t r o l l e d  tem p eratu re  bath  s i t u a t e d  a d j a c e n t  t o  one  

a n o t h e r .  The c o n t r o l l e d  tem p era tu re  bath  used a m o lte n  

l e a d  t i n  a l l o y  m ix tu r e  whose t em p era tu re  was c o n t r o l l e d  

t o  w i t h i n  *  2°C v i a  a p r o p o r t i o n a l  c o n t r o l l e r  and was a l s o  

m o n ito red  d u r in g  an ex p e r im en t  w i th  a p o t e n t i o m e t e r .  Two 

window o p e n in g s  were ground on e i t h e r  s i d e  o f  t h e  bottom  

o f  t h e  s i l i c a  tube  in  ord er  t o  f a c i l i t a t e  c o o l i n g  o f  th e  

spec im en t o  th e  r e q u ir e d  t e m p e r a t u r e ,  s i n c e  i t  was found  

t h a t  t h e  t im e tak en  f o r  the  spec im en t o  rea ch  an e q u i l i b r i u m  

t e m p er a tu r e  i n  t h e  c o n t r o l l e d  t e m p era tu re  bath was e x c e s s i v e l y  

l o n g ,  i f  th e  spec im en was c o m p l e t e l y  e n c l o s e d  by th e  o u t e r  

s i l i c a  s h e a t h .  The spec im en s i z e  and shape was t h e  same 

a s  t h a t  p r e v i o u s l y  d e s c r i b e d .

k* 2 * h  Thermal A n a l y s i s

A few e x p e r im e n t s  were done t o  measure t h e  t r a n s ­

f o r m a t io n  tem p eratu re  by therm al  a r r e s t s .  F i r s t l y *  t h e  

h o t  j u n c t i o n  o f  a c h r o m e l /a lu m e l  therm ocouple  made from

0 .1  mm d ia m e te r  w ir e  was s p o t  welded  i n t o  a s p e c i a l l y  

prepared h o l e  i n  th e  spe c im en ,  by d i s c h a r g i n g  a bank o f  

c o n d e n s e r s  through  therm ocouple  and sp e c im en .  The s p e c im e n



was h e a t e d  t o  a r e q u ir e d  a u s t e n i t i s i n g  t em p e r a tu r e  i n  a i r  

and quenched i n t o  a b r i n e  s o l u t i o n .  A p l o t  o f  t h e  t im e  

t em p era tu re  c u rv e  dur ing  c o o l i n g  was measured on a one s eco n d  

r e s p o n s e  m i l l i v o l t / t i m e  pen r e c o r d e r  which  had been c a l i b r a t e d  

t o  r e co rd  t e m p e r a t u r e ,  and by t h i s  means i t  was found p o s s i b l e  

t o  d e t e c t  therm al  a r r e s t s  f o r  t r a n s f o r m a t i o n  a t  c o o l i n g  

r a t e s  i n  t h e  ord er  o f  h O 0 0 ° c /m in u te .

b » 2 . 5  M e t a l l o g r a p h i c  E x a m in a t io n . 

h . 2 . 5 . 1  O p t i c a l  M eta l1 onraphy

Every spec im en used i n  th e  measurement o f  t r a n s f o r m a t i o n

tem p era tu re  was a f t e r w a r d s  examined m e t a l l o g r a p h i c a l l y ,  and

i t  was found t h a t  m e c h a n ic a l  p o l i s h i n g  proved t o  be th e

s i m p l e s t  t e c h n i q u e .  The b e s t  e t c h i n g  t e c h n iq u e  was found

t o  be a double  e t c h ,  u s i n g  2y. n l t a l  to  l i g h t l y  e t c h  t h e

p o l i s h e d  s t r u c t u r e ,  f o l l o w e d  by immersion i n  an aqueous

s o l u t i o n  o f  sodium t h i o s u l p h o t e  p l u s  sodium b i s u l p h i t e

to  d e v e lo p  a b lue-brow n s t a i n i n g  o f  t h e  s u r f a c e .  T h i s
88l a t t e r  s o l u t i o n  was d e v e lo p e d  by Schummann and worked 

w e l l  in d ep en d e n t  o f  th e  s o l u t i o n  c o n c e n t r a t i o n .  I n  p r a c t i c e  

s o l u t i o n s  o f  a p p r o x im a t e ly  3 0 /  c o n c e n t r a t i o n  were u s e d .  

h . 2 . 5 . 2  Hot Stapre M ic r o s c o p y .

Hot s t a g e  m icr o sc o p y  was con d u cted  w i t h  a K e i e h e r t  

h o t  s t a g e  a s se m b ly  t o  s tu d y  t r a n s f o r m s t i o n s  d u r in g  th e  

h e a t i n g  and c o o l i n g  o f  i r o n  manganese a l l o y s .  The method 

was not  p a r t i c u l a r l y  s u c c e s s f u l  however due t o  problems  

which  a r o s e  c o n c e r n in g  th e  type  o f  i n e r t  a tm o sp h e re .  I t  

was found t h a t  under h i g h  vacuum c o n d i t i o n s  e x c e s s i v e



manganese v o l a t i l i z a t i o n  o c c u r re d  which  made i t  i m p o s s i b l e  

t o  d i s t i n g u i s h  s u r f a c e  to p o g ra p h y .  O ther  a t m o s p h e r es  

w hich were t r i e d  i n c l u d e d  h i g h  p u r i t y  argon  and a r e d u c i n g  

atm osphere  c o n t a i n i n g  98£ argon an d p / -  h ydrogen .  T h ese  

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

c o n t a i n i n g  a l k a l i n e  p y r o g a l l o l  and a m o le c u la r  s i e v e ? but  

proved t o  be i n e f f e c t i v e  in  m a in t a i n i n g  t h e  ty p e  o f  s u r f a c e  

on which  t r a n s f o r m a t i o n  c o u ld  be o b s e r v e d .  The main c a u s e  

f o r  t h i s  was t h e  masking o f  th e  t r u e  s t r u c t u r e  by th erm a l  

e t c h i n g  o f  any p r e - e x i s t i n g  s t r u c t u r e .

Thin  f o i l s  were prepared a f t e r  f i r s t  c o l d  r o l l i n g  

t h e  o r i g i n a l  bar m a t e r i a l  i n t o  s t r i p  0*2  mm t h i c k .  T h i s  

c o l d  r o l l i n g  t r e a tm e n t  r e q u i r e d  no i n t e r s t a g e  a n n e a l i n g *  

and was unh indered  by c r a ck in g *  which seems t o  i n d i c a t e  a 

h ig h  d u c t i l i t y  f o r  th e  i r o n  manganese a l l o y s .  V a r io u s  h e a t  

t r e a t m e n t s  were th en  c a r r i e d  o u t  u s i n g  t h e  c o l d  r o l l e d  s t r i p  

i n  o rd er  to  s i m u l a t e  t h e  b e h a v io u r  o f  sp e c im e n s  used t o  

measure t r a n s f o r m a t i o n  tem p era tu res  ana t h e s e  were s u b s e q u e n t l y  

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

I n i t i a l  t h i n n i n g  was by c h e m ic a l  means and v a r i o u s  

s o l u t i o n s  were t r i e d  w i t h  v a r y i n g  s u c c e s s .  L e a s t  s u c c e s s f u l  

was a mixed a c i d  s o l u t i o n  o f  HI!0^P Ii 30^» HP. which  

ten d ed  to  produce s e v e r e  p i t t i n g *  w h i l e  a s o l u t i o n  o f  

2 0  Vol lls Os  ( 1 0 0  V ol)  c 2 0  Vol Kg 0 ,  10 V o l  HOI 1^ °  proved  

t o  be o n ly  m o d e r a te ly  s u c c e s s f u l *  s i n c e  i t  d id  n o t  produce  

a c l e a n  p o l i s h e d  s u r f a c e .  By f a r  t h e  b e s t  s o l u t i o n  was one  

c o n t a i n i n g  50 V ol  Hg02 ( 1 0 0  V o l )*  h2  V o l  KgG* 6 Vol IIP



and t h i n  gave  r a p id  t h i n n i n g  t o g e t h e r  w i t h  a c l e a n  p o l i s h e d  

s u r f a c e  and a l s o  e n a b le d  t h i n n i n g  t o  p e r f o r a t i o n  to  be c a r r i e d  

out*.

F i n a l  t h i n n i n g  was c a r r i e d  out  by e l e c t r o p o l i s h i n g
M 2

u s i n g  what i s  e s s e n t i a l l y  g "window” t e c h n i q u e ,  r w i t h  

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

p c t e n t i o s t a t .  V a r io u s  p o l i s h i n g  s o l u t i o n s  were t r i e d  

i n c l u d i n g  5/ P e r c h l o r i c  a c i d  in  a c e t i c  a c i d  a t  room 

temperature*  1 f  P e r c h l o r i c  a c i d  i n  m ethanol  a t  ~70°C,  

and chrom ic  a c i d  -  a c e t i c  a c i d  a t  0°G. The f i r s t  o f  t h e s e  

t en d ed  t o  g i v e  r a p id  p o l i s h i n g  which was d i f f i c u l t  t o  c o n t r o l  

and t h e  two l a t t e r  s o l u t i o n s  proved t o  g i v e  t h e  b e s t  r e s u l t s ,  

a l t h o u g h  problems w i t h  o x id e  c o n t a m in a t io n  o f  the  f o i l  c o u ld  

a r i s e  i f  th e  chromic a c i d  s o l u t i o n  was not  f r e s h l y  made.

A f t e r  t h i n n i n g ,  t h e  f o i l s  were c u t  and examined u s i n g  

J* H,M. 6.A m icroscope  a t  iQO KV.

h . g . 6  X -ray  D i f f r a c t i o n  T e c h n i q u e s »

X -r a y  e x a m in a t io n  was c a r r i e d  out  upon th e  b u lk  

d i l a t o m e t e r  s p e c  linens a f t e r  m ount ing ,  p o l i s h i n g  and e t c h i n g ,  

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

so u r ce  * C o b a l t  r a d i a t i o n  was ch o se n  In o r d e r  t o  s e p a r a t e  

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

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

hm3 B e te r m !n a t io n  o f  m ec h a n ic a l  p r o p e r t i e s . 

k «3* 1 1 mpact p r o p e r t i e s .

Measurements  o f  t h e  impact  s t r e n g t h  end t r a n s i t i o n  

t em p era tu re  were made u s i n g  a H o u n s f i e l d  B a lan ced  Im pact  

t e s t i n g  machine w i t h  n o tch ed  s p e c im e n s  hh-5 mm l o n g  by 7 . 9 2  mm



d ia m e te r  machined from th e  o r i g i n a l  i "  d ia m eter  bar  

m a t e r i a l .  N o tch in g  was c a r r i e d  out  u s i n g  th e  s ta n d a r d  

H o u n s f i e l d  n o t c h in g  d e v i c e ,  and was done p r i o r  t o  h e a t  

t r e a tm e n t  t o  a v o id  m achin ing  s t r e s s e s  a t  t h e  r o o t  o f  t h e  

n o t c h .  V a r io u s  t e s t i n g  t e m p er a tu re s  were o b t a in e d  by t lie  

imm ersion  o f  t e s t  p i e c e s  in  c o n t r o l l e d  tem p era tu re  b a th s  

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

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

The t im e d e l a y  i n  t r a n s f e r r i n g  th e  t e s t  p i e c e  from i t s  

t e m p er a tu r e  env irom ent  t o  t h e  t e s t  machine was e x t r e m e l y  

s m a l l ,  and th e  t em p era tu re  change was n e g l i g i b l e .

h « 3 .2  T e n s i l e  t e s t i n g .

Normal room tem p era tu re  t e n s i l e  t e s t s  were c a r r i e d  

o u t  on a 5000  kg c a p a c i t y  I n s t r o n  t e n s i l e  t e s t i n g  m a ch in e ,  

u s i n g  s ta n d a rd  H o u n s f i e l d  No. 12 t e n s i l e  t e s t  p i e c e s ,  s e e  

F i g .  2 2 .  T h i s  machine was ad ap te d  f o r  g r i p p i n g  H o u n s f i e l d  

t e n s i l e  t e s t  p i e c e s  by u s i n g  a P o l a n y i  b r i d g i n g  arrangem ent  

shown i n  F i g .  2 3 .

T e s t i n g  was a l s o  c a r r i e d  out  a t  t e m p e r a t u r e s  below  

room tem p eratu re  u s i n g  th e  P o l a n y i  b r id g e  and im m ers ing  

t h e  whole  spec im en  and g r i p p i n g  arrangem ent  i n  a t e m p e r a tu r e  

c o n t r o l l e d  en v iro m en t  c o n t a in e d  i n  a Dewar f l a s k .  Two 

t e c h n i q u e s  o f  a c h i e v i n g  c o n t r o l l e d  low t e m p e r a t u r e s  were u s e d ,

( i )  by immersion o f  t h e  t e s t  p i e c e  i n  a l i q u i d  media such  

a s  b o i l i n g  l i q u i d  n i t r o g e n  a t  -196°C or  c a r d i c e  + a c e t o n e  

a t  - 7 8 °G and ( i i )  by a W e s s e l ^ ^  sp r a y  d e v i c e ,  which  

sprayed  l i q u i d  n i t r o g e n  around t h e  spec im en  from a p r e s s u r i s e d  

l i q u i d  n i t r o g e n  c o n t a i n e r .  The f l o w  o f  l i q u i d  n i t r o g e n  was



c o n t r o l l e d  through  a m agn et ic  v a l v e ,  which was c o u p le d  

t o  an o n - o f f  t em p eratu re  c o n t r o l l e r  and a l l o w e d  a p r e s e t  

spec im en  tem p era tu re  t o  be a c h i e v e d .  A s c h e m a t ic  

i l l u s t r a t i o n  o f  t h e  low  te m p er a tu r e  t e s t i n g  d e v i c e  i s  shown 

i n  F i g .  2k*

The v a r i o u s  p r o p er ty  param eters  which were measured  

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

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

a r e a .  I t  was n o t  p o s s i b l e  t o  measure y i e l d  s t r e s s  s i n c e  

no d i s t i n c t  y i e l d  p o i n t s  o c c u r r e d ,  but i n s t e a d  u s e  was made 

o f  t h e  c a l i b r a t i o n  between th e  spec im en e l o n g a t i o n  v e r s u s  

c h a r t  movement t o  measure t h e  f l o w  s t r e s s  a t  some f i x e d  

l e v e l  o f  s t r a i n .  T h i s  c a l i b r a t i o n  was done u s i n g  a t r a v e l l i n g  

m ic r o sc o p e  t o  d e te rm in e  spec im en e l o n g a t i o n .  E l o n g a t i o n  

v a l u e s  were n o t  g e n e r a l l y  measured' s i n c e  th e  s p e c im e n s  

had r a t h e r  s h o r t  gauge l e n g t h s ,  and n e c k in g  was v e r y  

s e v e r e .

The e f f e c t s  o f  tem p eratu re  and s t r a i n  r a t e  upon th e  

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

on th e  I n s t r o n  t e n s i l e  machine u s i n g  two t e c h n i q u e s ,  namely  

. l o a d  c y c l i n g ,  and s t r e s s  r e l a x a t i o n ,  w i t h  .the l o a d  c y c l i n g  

t e c h n iq u e  th e  f l o w  s t r e s s  was f i r s t l y  measured a t  room 

t em p e ra tu r e  a f t e r  l o a d i n g  t o  a f i x e d  l e v e l  o f  s t r a i n ,

i . e .  2// or 5%$ a t  a e r o s s h e a d  speed o f  0 . 0 0 5  em s/m in ,  i . e .  

a shear  s t r a i n  r a t e  #  o f  0 . 6OI4. x  1 0 ~ V s *  A f t e r  u n l o a d i n g ,  

th e  spec im en tem p era tu re  was a l t e r e d  u s i n g  e i t h e r  t h e  B e s s e l  

sp r a y  d e v i c e  or a c o n s t a n t  tem p eratu re  l i q u i d  b a t h ,a n d  i t s  

new f lo w  s t r e s s  d e term in ed  by r e l o a d i n g  u n t i l  i t s  l i m i t  o f



p r o p o r t i o n a l i t y  was j u s t  reached* T h i s  was done a t  t h r e e

c r o s s h e a d  speeds?  i . e .  0 . 0 0 3 ,  0 ,0 5 ?  and 0*5 crns/min w h ich

were e q u i v a l e n t  t o  sh e a r  s t r a i n  r a t e s  o f  e q u a l  t o  O.bOU x »0

0 . 6 0 b  x  I 0 " 3 f and 0 . 6 0 h  x  10~2 s   ̂ r e s p e c t i v e l y .  The

spe c im en  c r o s s  s e c t i o n a l  a r e a  was remeasured a f t e r  e a c h

l o a d i n g  c y c l e  i n  order  t o  make c o r r e c t i o n s  f o r  t h e  e x t r a

d e f o r m a t io n  produced by ea ch  c y c l e ,  and a t  each  t e s t

t em p era tu re  t h e  spec im en  was g i v e n  a f i n a l  r e l o a d i n g  c y c l e

a t  th e  s l o w e s t  s t r a i n  r a t e  to  d e te rm in e  th e  e x t e n t  o f

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

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

were t h e n  c o r r e c t e d  f o r  t h i s  s t r a i n  h a r d e n in g .  As a means

o f  c h e c k i n g  t h e  above  r e s u l t s ,  i n d i v i d u a l  t e s t  p i e c e s  were

a l s o  t e s t e d  f o r  ea c h  te m p e ra tu r e  and s t r a i n  r a t e ,  and t h e

f l o w  s t r e s s  a t  a g i v e n  s t r a i n  d eterm ined  from th e  c o m p le te

l o a d  e l o n g a t i o n  c u r v e s  which were o b t a i n e d .

The a l t e r n a t i v e  method used t o  d e te rm in e  t h e  dep en d en ce

o f  f l o w  s t r e s s  upon tem p era tu re  and s t r a i n  r a t e  w h ich  was
16Ua d o p te d ,  c o n s i s t e d  o f  s t r e s s  r e l a x a t i o n  m easurem ents .

i  67T h i s  method i s  c o n s i d e r e d  t o  be more a c c u r a t e  t h a n  t h e  

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

s u b s t r u c t u r e  m ight  be produced by l o a d i n g  t h e  spec im en  a t  

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

s t r u c t u r e  i n h e r i t e d  from ea c h  p r e v i o u s  t e m p e r a t u r e ,  i . e .  

w h eth er  c e l l u l a r  or p lanar,  co u ld  p o s s i b l y  i n f l u e n c e  t h e  

l e v e l  o f  a th erm a l  f l o w  s t r e s s ,  and a f f e c t  t h e  v a l u e  o f

d e term in ed  by = The s t r e s s  r e l a x a t i o n
A.

wad done by l o a d i n g  a t  0 . 0 2  cm/min i n t o  t h e  p l a s t i c  r a n g e ,



where t h e  load was m a g n i f i e d  by u s i n g  a z e r o  s u p p r e s s i o n  

d e v i c e  and s w i t c h i n g  t o  a s m a l l e r  l o a d  s c a l e .  At some 

p red eterm in ed  l e v e l  o f  s t r a i n  t h e  c r o s s h e a d  motion  was  

s to p p e d  and l o a d  r e a d i n g s  taken a t  f i f t e e n  second  i n t e r v a l s  

up t o  a maximum p e r io d  o f  f i v e  m i n u t e s .  T h i s  p r o c e s s  was  

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

and a t  d i f f e r e n t  t e s t i n g  t e m p e r a tu r e s  f o r  t h e  s e r i e s  o f  

a l l o y s  w i t h i n  k  t o  10£ manganese.

l j . 3 . 3 .  Hardness  t e s t s .

Every  spec im en  i n c l u d i n g  t h o s e  u sed  t o  s tu d y  t r a n s ­

f o r m a t i o n  and t h o s e  u se d  to  a s s e s s  m e c h a n ic a l  p r o p e r t i e s  

was s u b j e c t e d  t o  a h a r d n e s s  t e s t  by a v e r a g i n g  t h e  r e s u l t s  

o f  a t  l e a s t  t h r e e  V i c k e r s  h a r d n e s s  i m p r e s s i o n s .

Some m ic ro h a rd n e ss  t e s t s  were a l s o  made by th e  

R e i c h e r t  m ic ro h a r d n e ss  t e s t e r .



5 . 0  RESULTS,

5 .^  T r a n s fo r m a t io n  S t u d i e s .

5*1 . ^  D e t e r m in a t io n  o f  As  and k g  on h e a t i n g .

I n  many carbon f r e e  i r o n  a l l o y s  t h e  m a r t e n s ! t i c

s t r u c t u r e  r e v e r t s  to  a u s t e n i t e ,  when h ea te d *  by a mechanism
It 5t h a t  i s  e s s e n t i a l l y  a r e v e r s e  m a r t e n s i t e  t r a n s f o r m a t i o n .   ̂

The c r i t i c a l  As  t em p eratu re  a t  which  t h i s  r e v e r s i o n  t a k e s  

p l a c e  was d eterm ined  f o r  t h e  s e r i e s  o f  i r o n  manganese  

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

B e f o r e  h e a t i n g  t o  r ec o r d  t h e  AB t e m p e r a tu r e ,  th e  d i l a t o m e t e r  

s p e c im e n s  were h e a t e d  t o  1000°G f o r  one hour and t h e n  w ater  

quenched .  The v a r i o u s  h e a t i n g  r a t e s  were o b ta in e d  by 

p r e s e t t i n g  t h e  f u r n a c e  t o  a d i f f e r e n t  tem p er a tu re  b e f o r e  

i t  was s l i d  i n t o  p o s i t i o n  over  th e  d i l a t o m e t e r  tube  co n ­

t a i n i n g  t h e  spec im en ,  and t h e  h e a t i n g  r a t e  was d e te r m in e d  

from t h e  t im e l a p s e  between room tem p era tu re  and t h e  

t e m p e r a tu r e  f o r  th e  s t a r t  o f  a u s t e n i t e  r e v e r s i o n .  Shown 

i n  P i g .  25 a r e  th e  r e s u l t s  o f  t h i s  ex p er im e n t  and th e  

major e f f e c t s  were a s  f o l l o w s :

( i )  The Aej-A^ tem p eratu re  range i s  d e p r e s s e d  by i n c r e a s i n g

t h e  p e r c e n t a g e  o f  manganese .

( i i )  T r a n s fo rm a t io n  i s  co m p le ted  w i t h i n  a narrow range

o f  t em p er a tu re ,  i . e .  t h e  An t o  Af  i n t e r v a l  i s  o n ly  

a p p r o x im a t e ly  30°G ( s e e  P i g .  2 6 ) .

( i i i )  I n c r e a s e d  h e a t i n g  r a t e s  produce a s i g n i f i c a n t  i n c r e a s e  

i n  th e  Ag and A^ t e m p e r a t u r e s .



5 . 1 . 2  D e t e r m in a t i o n  o f  t r a n s f o r m a t i o n  t e m p e r a t u r e s  
on c o o l i n g .

D i l a t o m e t e r  s p e c im e n s  w h ich .h ad  p r e v i o u s l y  been  h e a t  

t r e a t e d  by w ater  q uench ing  from 1000°G a f t e r  one hour i n  

an argon  a tm o sp h e re ,  were r e a u s t e n i t i s e d  i n  t h e  d i l a t o m e t e r  

a t  1000°C and h e l d  f o r  f i f t e e n  m in u tes  p r i o r  t o  c o o l i n g .  

C o o l i n g  a t  v a r i o u s  r a t e s  was th en  a c h i e v e d  by b l a s t i n g  

a rgon  through  th e  d i l a t o m e t e r  or  by a l t e r i n g  th e  f u r n a c e  

p o s i t i o n ,  and th e  a v e r a g e  c o o l i n g  r a t e  was d e term in ed  by 

m easu r in g  th e  t im e  ta k en  f o r  t h e  spec im en  t o  c o o l  from i t s  

a u s t e n i t i z i n g  t em p era tu re  t o  t h a t  f o r  th e  s t a r t  o f  t r a n s ­

f o r m a t i o n .  I t  was found t h a t  by u s i n g  t h i s  t e c h n iq u e  o f  

g a s  qu en ch in g  a range o f  c o o l i n g  f a t e s  between 100°C and 

a p p r o x i m a t e l y  2000°C/m in  c o u ld  be o b t a i n e d ,  and o n ly  by 

a l l o w i n g  t h e  spec im en t o  c o o l  w i t h i n  th e  f u r n a c e  was i t  

p o s s i b l e  t o  o b t a in  s lo w e r  r a t e s  o f  c o o l i n g  than  lOO°C/niin.  

When f u r n a c e  c o o l e d  a c o o l i n g  r a t e  o f  a p p r o x im a t e ly  5°C per  

m in u te  was o b t a in e d  and t h i s  was reduced  to  by u s i n g

a m o to r iz e d  d r i v e  to  s l o w l y  tu rn  down th e  f u r n a c e  v a r i a c .  

A ttem p ts  were made t o  o b t a i n  c o o l i n g  r a t e s  f a s t e r  than  

2000°C per  m inute  by l i q u i d  n i t r o g e n  and w a ter  s p r a y  d e v i c e s  

but were n o t  v e r y  s u c c e s s f u l .  The main r e a s o n  f o r  t h i s  

f a i l u r e  was the  h i g h  s e n s i t i v i t y  o f  t h e  m easuring  s y s t e m  

tow ards  v i b r a t i o n s ,  and l i q u i d  media quenching  ten d ed  t o  

c r e a t e  e r r a t i c  t r a c e s  o f  t h e  l e n g t h  c h a n g e .  I t  was n e c e s s a r y  

t h e r e f o r e  t o  use  t h e  thermal  a n a l y s i s  t e c h n iq u e  d e s c r i b e d  

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

With a l l  o f  th e  a l l o y s  examined o n l y  a s i n g l e  t r a n s -



f o r m a t i o n  k in k  i n  th e  d i l a t a t i o n  v e r s u s  t e m p er a tu r e  c u r v e s  

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

f o r m a t i o n  s t a r t  tem p era tu re  v e r s u s  c o o l i n g  r a t e s  a r e  

p l o t t e d  i n  F i g .  2 7  f o r  t h e  v a r i o u s  a l l o y s .  The main f e a t u r e s  

o f  t h e s e  r e s u l t s  were e s  f o l l o w s :

( 1 )  2 f  Manganese a l lo .v  The t e m p er a tu re  f o r  t h e  s t a r t  

o f  t h e  y -*oC t r a n s f o r m a t i o n  was c o n t i n u o u s l y  d e p r e s s e d  

by i n c r e a s e d  c o o l i n g  r a t e s ,  and i t  was a l s o  shown t h a t  th e  

tem p er a tu re  i n t e r v a l  between  t h e  s t a r t  and f i n i s h  o f  t r a n s ­

f o r m a t io n  was i n c r e a s e d  by i n c r e a s e d  c o o l i n g  r a t e s .

( 2 )  Manganese a l l o y  The t e m p era tu re  f o r  t h e  s t a r t

o f  t h e  X ^ o t  t r a n s f o r m a t i o n  was i n i t i a l l y  d e p r e s s e d  from  

560°C but re a ch ed  a p l a t e a u  tem p eratu re  o f  a p p r o x im a t e ly  

5 0 0 ° c  a t  r ap id  c o o l i n g  r a t e s .

( 3 )  6 % Manga n e s e  a l l o y  A s l i g h t  d e p r e s s i o n  o f  t h e  

t r a n s f o r m a t i o n  tem p e r a tu r e  occurred  on i n c r e a s i n g  t h e  c o o l i n g  

ra te?  i . e .  from h20°C -  3 9 0 °C ,  but a p l a t e a u  t e m p er a tu re

was q u i c k l y  d e v e l o p e d .  There was a s i g n i f i c a n t  i n c r e a s e  

i n  th e  t r a n s f o r m a t i o n  te m p er a tu r e  range a s  th e  c o o l i n g  

r a t e  i n c r e a s e d  f o r  t h i s  a l l o y ,  s e e  F i g .  2 8 ,  but t h e r e  was no  

e v i d e n c e  o f  more than one t r a n s f o r m a t i o n  a r r e s t  on t h e  

d i l a t a t i o n  c u r v e .

( k )  8 and 1Q£ Manganese a l l o y  I n  n e i t h e r  o f  t h e s e

a l l o y s  was t h e  t r a n s f o r m a t i o n  t e m p e r a tu re  or t r a n s f o r m a t i o n  

t em p e ra tu r e  range a l t e r e d  by c o o l i n g  r a t e .  The d i l a t a t i o n  

c u r v e s  o f  th e  10^ manganese a l l o y  were a l s o  examined f o r  

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



s l i g h t  e x p a n s i o n  on c o o l i n g  ( p r i o r  t o  t h e  Mn) * but no

e v i d e n c e  o f  t h i s  was found .

M e t o l l o g r a p h i c  e x a m in a t io n  o f  t r a n s f o r m s ! i o n  
s t r u c t u r e .    ■ ________________ ■

5 . ^ . 3 . ^  O p t i c a l  M e t a l l o g r a p h i c  E x a m in a t io n .

Each o f  t h e  d i l a t o m e t e r  s p e c im en s  from th e  a b ove  was  

s u b j e c t e d  t o  o p t i c a l  m e t a l l o g r a p h i c  e x a m in a t io n  in  an  

a t t e m p t  t o  d e te rm in e  th e  t r a n s f o r m a t i o n  mode.

I n  F i g .  29  & s t r u c t u r e  t y p i c a l  o f  t h o s e  found i n  

t h e  2% manganese a l l o y  a t  c o o l i n g  r a t e s  between 5°G t o  

2Q00°C/rtiin I s  shown, and can  be s e e n  t o  c o n s i s t  o f  i r r e g u l a r  

f e r r i t e  g r a i n s  w i t h  no e v i d e n c e  o f  e i t h e r  th e  p r i o r  a u s t e n i t e  

g r a i n  b o u n d a r ie s  or any s u b s t r u c t u r e .  A s t r u c t u r e  such  

a s  t h i s  may be regard ed  a s  e i t h e r  e q u ia x e d  f e r r i t e ,  or m a ss iv e  

f e r r i t e  s i n c e  both  o r e  s i m i l a r ,  ana t h e r e  was no e v i d e n c e  

a v a i l a b l e  from which a d i s t i n c t i o n  c o u l d  be made. The 

s t r u c t u r e  i s  c e r t a i n l y  n o t  m s r t e n s i t i c  which means t h a t  t h e  

tri®h ^ fo r m a t io n  t e m p e r a tu r e s  shown i n  F ig  q  f o r  th e  2 /  

manganese a l l o y  were n o n - m a r t e n s i t i c .  Some sp e c im e n s  were  

a l s o  quenched i n t o  i c e d  b r in e  t o  d e te rm in e  whether  i t  was  

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

s t r u c t u r e  i s  shown i n  P i g .  3 0  and c o n s i s t s  o f  mixed m a s s iv e  

f e r r i t e  p l u s  l a t h  m a r t e n s i t e .

S in c e  i t  &as n o t  pos ’i b l e  t o  produce a c o m p l e t e l y  

m a r t e n s i t i c  s t r u c t u r e  i n  th e  2 f  manganese a l l o y  i t  was 

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

h p Manganese a l l o y  -

I n  t h e h m  manganese a l l o y  a pronounced change i n  

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



co rre sp o n d e d  w i t h  th e  range where t h e  t r a n s f o r m a t i o n  

t em p e ra tu r e  was d e p r e s s e d .  At s lo w  c o o l i n g  r a t e s  t h e  

s t r u c t u r e  produced was l i k e  t h a t  shown in  F i g .  3**A and 

c a n  be s e e n  t o  c o n s i s t  o f  an e x t r e m e ly  ragged  f e r r i t e  o f  

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

d e p r e s s i o n  o f  th e  t r a n s f o r m a t i o n  t em p era tu re  was accom panied  

by a c o r r e s p o n d in g  change i n  m i c r o s t r u c t u r e ,  i n  which  th e  

ragged  a p p earan ce  o f  F i g .  3^ A was l o s t  and a s e r i e s  o f  

s t r a i g h t  s i d e d  s l a b s  began t o  a p p e a r ,  s e e  F i g s .  31B and 

3 IC, a l t h o u g h  t h e  s l a b s  were o f t e n  r a t h e r  i l l  d e f i n e d  and 

p o s s e s s e d  wavy b o u n d a r i e s .  T h i s  p r o g r e s s i v e  change i n  

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

s p e c im e n s  and a w e l l  d e f i n e d  W id m sn sta t ten  f e r r i t e  t y p i c a l  

o f  l a t h  m a r t e n s i t e s  was formed, s e e  F i g .  3*iX>.

6/v Manganese a l l o y .

C o n s i d e r a b l e  m i c r o s t r u c t u r e  d i f f e r e n c e s  c o u ld  be s e e n  

i n  t h i s  a l l o y  between t h e  s l o w l y  c o o l e d  and r a p i d l y  c o o l e d  

c o n d i t i o n .  The r a p i d l y  c o o l e d  sp e c im en s  a l l  e x h i b i t e d  

s t r u c t u r e s  t y p i c a l  o f  l a t h  m a r t e n s i t e ,  s e e  F i g . 3 2 A ,  but  

t h e  s l o w l y  c o o l e d  sp e c im en s  a l s o  c o n t a i n e d  an a d d i t i o n a l  

p h a s e .  These  a r e a s  o f  second  phase were d i s t i n g u i s h a b l e  

from the  l o t h  m a r t e n s i t e  by s e v e r a l  f e a t u r e s ,  i n c l u d i n g  

( i )  t h e i r  r e a c t i o n  t o  s t a i n  e t c h i n g  by sodium b i s u l p h i t e  

which turned  them l i g h t  b lu e  i n s t e a d  o f  th e  b lue-brow n  

c o l o u r  o f  t h e  l a t h  m a r t e n s i t e ,  and ( i i )  t h e i r  ragged  

b o u n d a r ie s  and i r r e g u l a r  shape which  was i n  c o n t r a s t  t o  th e  

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



s u b s t r u c t u r e  produced by e t c h i n g  w i t h i n  t h e s e  a r e a s  o f  secon d  

phase  was a l s o  r e m i n i s c e n t  o f  s m a l l  e q u ia x e d  sub c e l l s  

r a t h e r  than o f  l a t h s .  A l l  o f  the  d i s t i n g u i s h i n g  f e a t u r e s  

d e s c r i b e d  above a r e  shown by th e  m icrograph i n  F i g .  520  

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

a ppeared  t o  grow from t h e  p r i o r  a u s t e n i t e  g r a i n  b o u n d a r i e s ,  

and o f t e n  on o n ly  one s i d e  o f  the  boundary,  s e e  F i g .  32B.  

Where growth  had appeared  on both  s i d e s  o f  th e  p r i o r  

a u s t e n i t e  g r a i n  boundary t h e r e  was an i m p r e s s io n  o f  growth  

a c r o s s  th e  boundary,  but i n  th e  m a j o r i t y  o f  c a s e s  t h e  

o r i g i n a l  p r i o r  a u s t e n i t e  g r a i n  boundary had n ot  d i s a p p e a r e d ,  

s e e  F i g .  32C.

8-10/? Manganese a l l o y s .

Both  o f  t h e s e  a l l o y s  gave  c o n s i s t e n t l y  t h e  same 

m i c r o s t r u c t u r e s  f o r  t h e  co m p le te  range o f  c o o l i n g  r a t e s ,  

and t h e y  were t y p i c a l  o f  l a t h  m a r t e n s i t e ,  s e e  F i g .  33*

5 . 1 . 3 * 2  E l e c t r o n  r n e ta l lo g r a p h ic  e x a m in a t io n  o f
__________t r a n s f o r m a t i o n  s t r u c t u r e s . ________ ______

Thin  f o i l s  were prepared by th e  t e c h n iq u e  p r e v i o u s l y  

d e s c r i b e d  from 0 . 2 0  mm t h i c k  c o l d  r o l l e d  s t r i p  m a t e r i a l  

which had been a u s t e n i t i z e d  f o r  one hour a t  1000°G i n  an  

argon  a tmosphere  and then  c o o l e d  a t  d i f f e r e n t  r a t e s  by 

f u r n a c e  c o o l i n g ,  argon  b l a s t i n g  or w ater  q u en ch in g .  P r i o r  

t o  f u r t h e r  t h i n n i n g  e a e h  spec im en  was p o l i s h e d  and examined  

by o p t i c a l  m e ta l lo g r a p h y  t o  co n f ir m  t h a t  t h e i r  s t r u c t u r e s  

reproduced  t h o s e  found i n  th e  d i l a t o m e t e r  s p e c im e n s .

Ko sp e c im en s  o f  th e  2 f  manganese a l l o y  were exam ined  

s i n c e  t h e y  d id  n o t  produce th e  m a r t e n s i t i e  s t r u c t u r e s  a imed  

a t .



h S  Manganese a l l o y

Shown in  F i g .  3U- i s  a t h i n  f o i l  e l e c t r o n  micrograph  

f o r  a f u r n a c e  c o o l e d  spec im en  whose s t r u c t u r e  was e q u i v a l e n t  

t o  t h a t  shown o p t i c a l l y  by F i g .  31A.  The s t r u c t u r e  can be 

s e e n  t o  c o n s i s t  o f  i r r e g u l a r l y  shaped sub c e l l s  which  

c o n t a i n  a h i g h  d e n s i t y  o f  p lu n a r  d i s l o c a t i o n s ,  s e e  F i g o h B .

These sub c e l l s  v a r i e d  i n  shape from e l o n g a t e d  t o  e q u ia x e d  

c e l l s ,  s e e  F i g .  3kOf and i t  was shown by s e l e c t e d  a r e a  

d i f f r a c t i o n  t h a t  t h e  b o u n d a r ie s  between c e l l s  were low  

a n g l e  b o u n d a r i e s ,  s e e  F i g .  35A and B. With th e  more 

r a p i d l y  c o o l e d  sp e c im e n s  th e  s t r u c t u r e  became l e s s  i r r e g u l a r  

and th e  c e l l s  appeared more l a t h  l i k e ,  s e e  F i g .  3 6 ,  u n t i l  

i t  f i n a l l y  became a c o m p le te  s e r i e s  o f  p a r a l l e l  e l o n g a t e d  

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

The s t r u c t u r e  shown i n  F i g .  3 7  i s  t y p i c a l  o f  l a t h  

m a r t e n s i t e s  and c o n s i s t s  o f  l a t h s  s e p a r a te d  by b o u n d a r ie s  

o f  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  o th e r  d i s l o c a t i o n s  randomly 

d i s t r i b u t e d  i n  t h e  l a t h  i n t e r i o r s .

6 /  Manganese a l l o y .

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

s t r i p , t o  s i m u l a t e  th e  e f f e c t s  o f  c o o l i n g  r a t e  upon t r a n s f o r m a t i o n  

i n  the  d i l a t o m e t e r  spec im ens ,  t h e  t y p e s  o f  s t r u c t u r e  o b s e r v e d  

o p t i c a l l y  were t h e  sarne a s  t h o s e  shown in  F i g s .  32B and G , .

When t h e  d u p lex  s t r u c t u r e  was e l e c t r o p o l i s h e d  however t o  

produce t h i n n i n g  i t  was found t h a t  p r e f e r e n t i a l  p o l i s h i n g  

t o o k  p la c e  and no good a r e a s  o f  t h e  seco n d  phase  were  

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

was t y p i c a l  o f  l a t h  m a r t e n s i t e ,  s e e  F i g .  3 8 A-, a l t h o u g h  n ear



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

e v i d e n c e  o f  a l e s s  l a t h  l i k e  a p p e a r a n c e ,  s e e  F i g .  38B.

I n  t h e  r a p i d l y  quenched spe c im en s  w hich  were o p t i c a l l y  

d e f i n e d  a s  l a t h  m a r t e n s i t e ,  the  t h i n  f o i l s  r e v e a l e d  

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

no e v i d e n c e  o f  tw inned  m a r t e n s i t e .

8-10/? Manganese a l l o y s .

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

s t r u c t u r e s  f o r  both  o f  t h e s e  a l l o y s  a f t e r  both e x t r e m e l y  

s lo w  and r a p id  c o o l i n g ,  s e e  F i g .  39* Ho ex a m p le s  o f  tw inned  

m a r t e n s i t e  were s e e n  and a l s o  t h e r e  was no e v i d e n c e  t h a t  

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

5 . 1 . U  X -ray  d i f f r a c t i o n

With th e  e x c e p t i o n  o f  th e  non m a r t e n s i t i e  2 % 

manganese a l l o y ,  th e  d i l a t o m e t e r  sp e c im e n s  from which  

c o o l i n g  t r a n s f o r m a t i o n s  had been d eterm ined  were s t u d i e d  

by x - r a y  d i f f r a c t i o n  on the  P h i l i p s  d i f f r a c t o m e t e r .

it/? Manganese a l l o y .

Only one s e t  o f  d i f f r a c t i o n  l i n e s ,  namely th e  body 

c e n t r e d  c u b i c  l i n e s ,  were produced by s p e c im en s  o f  t h i s  

a l l o y  and th e y  a l l  t ended  t o  be broad and d i f f u s e .  A 

d i s t i n c t i v e  d i f f e r e n c e  between th e  b road en in g  o f  t h e  h i g h  

a n g l e  d i f f r a c t i o n  l i n e s  f o r  the  s lo w  and r a p i d l y  c o o l e d  

sp e c im e n s  was t h a t  t h e  s l o w l y  c o o l e d  sp e c im e n s  produced  

a s s y m m e t r i c a l  b r o a d en in g .  Shown i n  F i g .  i |0  a r e  th e  t r a c e s  

fo r  th e  (220}^ l i n e  f o r  both  s l o w l y  and r a p i d l y  c o o l e d  

s p e c im e n s  i n  which t h i s  d i f f e r e n c e  can be s e e n ,  and i t



i s  a lm o s t  c e r t a i n l y  due t o  the  p a r t i a l  r e s o l u t i o n  o f  

th e  K.< i an<3 d o u b le t  which has  l e d  t o  th e  a s s y m e t r i c a l  

b r oad en in g  i n  th e  s l o w l y  c o o l e d  s p e c im en .

6 a Manganese a l l o y .

As w i t h  t h e  W/ manganese a l l o y  o n l y  a s i n g l e  s e t  o f  

d i f f r a c t i o n  l i n e s  occu rred  w i t h  t h e s e  s p e c im e n s .  F u r t h e r ­

more no d i f f e r e n c e  c o u ld  be d e t e c t e d  between th e  s l o w l y  

c o o l e d  d u p lex  s t r u c t u r e  a l l o y  and one c o n t a i n i n g  a l l  

m a r t e n s i t e ,  i . e .  th e  l i n e s  were a l l  broadened c o n s i d e r a b l y .  

S in c e  no double  r e f l e c t i o n s  occu rred  from t h e  d u p lex  

s t r u c t u r e  o f  th e  s l o w l y  c o o l e d  s p e c im e n s  i t  would seem  

t h a t  t h e  two " p h a s e s ” a r e  both f e r r i t i c ,  and a r e  p r o b a b ly  

o f  t h e  same c o m p o s i t io n .

8 and 1pft Manganese a l l o y s .

Broad d i f f u s e ,  body c e n t r e d  c u b i c  d i f f r a c t i o n  l i n e s  

were a l s o  o b se r v e d  f o r  both  o f  t h e s e  s p e c im e n s ,  but i n  

t h e  107  manganese a l l o y  an a d d i t i o n a l  f a i n t  l i n e  was  

o b se r v e d .  T h i s  was shown t o  c o r re sp o n d  t o  a 

h e x a g o n a l  c l o s e  packed r e f l e c t i o n  which  s u g g e s t s  t h a t  

e p s i l o n  m a r t e n s i t e  was p r e s e n t .  The f a c t ,  how ever ,  t h a t  

e p s i l o n  was n o t  d e t e c t e d  d i l a t o m e t r i c a l l y  or  m e t a l l o g r a p h i c a l l y  

and a l s o  b e ca u se  th e  $ 0  l}£ l i n e  c o u ld  o n ly  j u s t  be 

d e t e c t e d  t e n d s  t o  i n d i c a t e  t h a t  th e  amount o f  e p s i l o n  

p r e s e n t  was e x t r e m e ly  s m a l l ,  i . e .  5 a .

5 . 1 . 5  H ardness  m easurem ents .

The d i l a t o m e t e r  sp e c im en s  were h a r d n e s s  t e s t e d  a f t e r  

t h e y  had been  used  t o  d e term in e  t r a n s f o r m a t i o n  t e m p e r a tu r e  

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



F i g .  4 0 .  I n  both  th e  4 /  and 67 manganese a l l o y s  t h e r e  i s  

a c o n s i d e r a b l e  i n c r e a s e  i n  h a r d n e s s  w i t h  c o o l i n g  r a t e  

which c o r r e s p o n d s  t o  the  c h a n g e s  i n  s t r u c t u r e  and t r a n s ­

f o r m a t io n  tem p era tu re  p r e v i o u s l y  d e s c r i b e d ,  but no such  

c h a n g e s  occu r  f o r  th e  8 a and 10a manganese a l l o y s .

I n  a d d i t i o n  to  th e  macro h a r d n e ss  t e s t s  some 

m icro h a r d n e s s  t e s t s  were c a r r i e d  out  on t h o s e  a l l o y s  

which appeared  t o  have  a d u p lex  s t r u c t u r e .  T h ese  r e s u l t s  

a r e  l i s t e d  below:

2 a manganese a l l o y  b r in e  quenched,  s e e  F i g .  30 .

m icro  h a r d n e s s  m a ss iv e  f e r r i t e  175 ~ 10  2 0  gm l o a d

l a t h  m a r t e n s i t e  225  -  10  2 0  grn l o a d

manganese a l l o y

( i )  c o o l e d  a t  5 ° / m i n t  s e e  F i g .  3 1A

m ic r o h a r d n e s s ,  o v e r a l l  2 0 0  -  10  2 0  gm l o a d

( i i )  c o o l e d  a t  1 8 0 0 ° A Ji^» s e e  F i g . 3 1 0
o v e r a l l  2 ? 0  -  10  2 0  gm l o a d

6 a manganese a l l o y

( i )  c o o l e d  a t  5 ° / m i n ,  s e e  F i g .  32B

m ic ro h a rd n e ss  o f  g r a i n  boundary f e r r i t e
2 0 0  *  10 2 0  gm l o a d

m ic r o h a r d n e ss  o f  l a t h  m a r t e n s i t e
2 7 0  ~ 10  2 0  gm l o a d

5»1*6 G enera l  com parison  o f  th e  l a t h  m a r t e n s i t i e  
s t r u c t u r e  f o r  v a r y in g  manganese c o n t e n t s .

The s t r u c t u r e s  formed by a l l o y s  c o n t a i n i n g  betw een  

4a  and 10a manganese were t y p i c a l  o f  l a t h  m a r t e n s i t e s ,  i n  

t h a t  t h e y  c o n s i s t e d  o f  p a r a l l e l  b u n d le s  o f  l a t h s ,  but minor  

d i f f e r e n c e s  between them were a p p a r e n t .  For exam p le ,  i t  

h a s  a l r e a d y  been shown t h a t  t h e  l a t h s  i n  t h e  4 / manganese



a l l o y  t en d ed  t o  be i r r e g u l a r  i n  shape compared t o  t h e  h i g h e r  

manganese a l l o y s ,  and i t  was a l s o  found t h a t  th e  l a t h  w id th  

d e c r e a s e d  w i t h  i n c r e a s i n g  manganese c o n t e n t .  Shown i n  

F i g .  42  a re  t h e  a v e r a g e  l a t h  w id t h s  p l o t t e d  a g a i n s t  th e  

p e r c e n t a g e  o f  manganese,  where a l i n e a r  i n t e r c e p t  method  

was u se d  t o  measure th e  l a t h  w id t h .  These  r e s u l t s  i n d i c a t e  

t h a t  t h e r e  i s  a d e c r e a s e  i n  the  l a t h  w id th  from between  

4 a and 6 /  manganese ,  but beyond t h i s  th e  l a t h  w id th  becomes  

more or  l e s s  c o n s t a n t .

5 . 1 . 7  I s o t h e r m a l  t r a n s f o r m a t i o n  s t u d y .

The d e p r e s s i o n  o f  t r a n s f o r m a t i o n  tem p e ra tu re  by 

i n c r e a s e d  c o o l i n g  r a t e  i n t h e  4 / and 6 a manganese a l l o y s  

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

and i t  was d e c id e d  t o  s tu d y  t h i s  i n  f u r t h e r  d e t a i l .

The a p p a r a tu s  used  was the  i s o t h e r m a l  d i l a t o m e t e r  

p r e v i o u s l y  d e s c r i b e d ,  and spe c im en s  were quenched t o  a 

c o n s t a n t  tem p eratu re  a f t e r  a u s t e n i t i z i n g  a t  100 0 °C f o r  

f i v e  m in u t e s .

With t h e  4 /  manganese a l l o y  v a r i o u s  h o l d i n g  t e m p e r a t u r e s  

betw een  4 5 0  and 6 5 0 °C were u se d ,  and i t  was found t h a t  no 

t r a n s f o r m a t i o n  o ccu rr ed  by h o l d i n g  a t  t e m p e r a tu r e s  above  

560°0  f o r  p e r i o d s  o f  up to  n in e  h o u r s .  As soon a s  s p e c im e n s  

were h e l d  a t  t e m p e r a tu r e s  below 56o°C t r a n s f o r m a t i o n  began  

i m m e d ia t e ly ,  and even  began d u r in g  t h e  s t a g e  when th e  sp e c im e n  

was s t i l l  c o o l i n g  t o  t h e  c o n s t a n t  t em p e r a tu r e  b a th  t e m p e r a t u r e .  

I n  th e  e a r l y  e x p e r im e n t s  no s im u l t a n e o u s  spec im en t e m p e r a tu r e  

and l e n g t h  change r e c o r d i n g s  were kept  and i t  appeared  t h a t  

t r a n s f o r m a t i o n  was c o n t i n u i n g  w i t h  t ime a t  c o n s t a n t



tem p e ra tu r e ,  f o r  a s h o r t  w h i l e  b e f o r e  s t o p p i n g ,  i . e .  i t  

v;as assumed t h a t  th e  sp e c im en  q u i c k l y  c o o l e d  t o  th e  

e q u i l i b r i u m  tem p e ra tu re  o f  t h e  c o n s t a n t  t e m p er a tu r e  b a t h .  

T h i s  a s su m p t io n  was proved l a t e r  t o  be i n c o r r e c t *  and 

i t  was found by m easur ing  s i m u l t a n e o u s l y  both  t h e  spec im en  

tem p er a tu re  and d i l a t a t i o n  t h a t  t h e  spec im en  i n  f a c t  

c o n t in u e d  t o  c o o l  f o r  a t  l e a s t  t h i r t y  s e c o n d s  a f t e r  th e  

i n i t i a l  quench.  I n  F i g ;  43  t y p i c a l  t i m e ,  tem p eratu re*  

and d i l a t a t i o n  c u r v e s  a r e  shown f o r  th e  4 a manganese  

a l l o y  and t h e s e  show q u i t e  c l e a r l y  t h a t  t r a n s f o r m a t i o n  

b e g i n s  a t  560°C and o n ly  c o n t i n u e s  w h i l s t  t h e  spec im en  

i s  s t i l l  c o o l i n g .  T r a n s f o r m a t io n  s t o p s  when a c o n s t a n t  

t em p era tu re  i s  reached and d o es  n ot  c o n t i n u e  d e s p i t e  f u r t h e r  

p r o lo n g e d  h o l d i n g  a t  t h i s  t e m p e r a t u r e .  When s u b s e q u e n t l y  

c o o l e d  t o  .room tem perature*  t r a n s f o r m a t i o n  recommences,  

but n o t  im m e d ia t e ly ,  and s l i g h t  c o o l i n g  was n e c e s s a r y  

b e f o r e  t r a n s f o r m a t i o n  r e s t a r t e d  which s u g g e s t s  t h a t  

a u s t e n i t e  s t a b i l i s a t i o n  had o c c u r r e d .

/The above r e s u l t s  s u g g e s t  t h a t  t r a n s f o r m a t i o n  i s  

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

o f  th e  h o l d i n g  t em p era tu re  and d o es  n o t  a l t e r  w i t h  t i m e ,  

but t h i s  may o n l y  be t r u e  in  r e s p e c t  t o  n u c l e a t i o n .  In  

t h e  e x p e r i m e n t a l  t e c h n iq u e  used th e  e o o l i n g  r o t e s  t o  th e  

e q u i l i b r i u m  h o l d i n g  tem p eratu re  were i n  f a c t  r a t h e r  s lo w  

and i t  would have  been q u i t e  p o s s i b l e  f o r  growth qfthe t r a n s ­

f o r m a t io n  product  t o  have o c c u r r e d  i s o t h e r m a l l y .  Shown 

i n  F i g .  44 i n  th e  r e l a t i o n s h i p  betw een  p e r c e n t a g e  t r a n s ­

fo r m a t io n  and tem p e r a tu re  which was d e r i v e d  from th e  a b ove



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

t r a n s f o r m a t i o n  from th e  d i l a t a t i o n  te m p e r a tu r e  c u rv e  a f t e r  

r a p id  c o n t in u o u s  c o o l i n g .  I t  i s  s i g n i f i c a n t  t h a t  t h e  

s l o p e s  o f  t h e s e  t h r e e  c o n t in u o u s  c o o l i n g  c u r v e s  i n  F i g . 4 4  

a r e  t h e  same d e s p i t e  t h e  s h i f t  i n  tem p era tu re  range f o r  

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

i n  c o o l i n g  r a t e .

F i n a l l y ,  th e  i s o t h e r e a l l y  h e ld  sp e c im en s  were examined  

by o p t i c a l  m e ta l lo g r a p h y  and shown t o  produce m i c r o s t r u c t u r e s  

i d e n t i c a l  t o  t h o s e  shown i n  F i g .  31A* e . g .  s e e  F i g .  4 5 -

6/1 Manganese a l l o y

The e x p e r im e n t s  d e s c r i b e d  i n  t h e  p r e v i o u s  s e c t i o n  

were r e p e a t e d  f o r  th e  6 /? manganese a l l o y s  f o r  a t e m p e r a t u r e  

range o f  3 5 0 -6 0 0 ° C .  At t e m p e r a tu r e s  above 420°C no t r a n s ­

f o r m a t io n  was d e t e c t e d  a f t e r  p ro lo n g ed  h o ld in g *  e . g .  n in e  

h o u r s ,  but t r a n s f o r m a t i o n  began im m e d ia te ly  t h e  t e m p e r a tu r e  

dropped below 4 2 0 °C .  I n  c o n t r a s t  t o  the  4a manganese a l l o y ,  

t r a n s f o r m a t i o n  d id  c o n t i n u e  f o r  a s h o r t  t im e  ev en  when 

th e  spec im en  te m p er a tu r e  had rea ch ed  a c o n s t a n t  l e v e l ,  but  

soon s t o p p e d .  By m a in t a i n i n g  th e  spec im en  a t  i t s  f i x e d  

tem p e r a tu r e  f o r  p ro longed  p e r i o d s  no f u r t h e r  t r a n s f o r m a t i o n  

o c cu rred  and i t  r e q u ir e d  f u r t h e r  c o o l i n g  t o  r e s t a r t  t h e  

t r a n s f o r m a t i o n .  B e f o r e  t r a n s f o r m a t i o n  r e s t a r t e d  however  

t h e r e  was a g a i n  a s l i g h t  d e l a y  and a s l i g h t  t e m p e r a tu r e  

drop was r e q u i r e d .

T y p i c a l  t im e ,  t e m p e r a tu r e ,  d i l a t a t i o n  c u r v e s  w hich  

i l l u s t r a t e  th e  above b eh av iou r  a r e  shown i n  F i g .  46  and 

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



t r a n s f o r m a t i o n  which o n l y  o c c u r s  below 420°C .  T h i 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  however d o e s  n o t  c o n t i n u e  u n t i l  c o m p le te  

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

M e t a l l o g r a p h i c  e x a m in a t io n  o f  th e  i s o t h e r m a l l y  

t r e a t e d  6 a manganese a l l o y s  r e v e a l e d  t h a t  t h e i r  m ic r o -  

s t r u c t u r e s  were i d e n t i c a l  to  t h o s e  produced by s lo w  

c o n t in u o u s  c o o l i n g ,  i . e .  s e e  F i g .  32B.  T h i s  s t r u c t u r e  

was p r e v i o u s l y  d e s c r i b e d  a s  a d u p lex  one c o n s i s t i n g  

o f  l a t h  m a r t e n s i t e  and an  i r r e g u l a r  g r a i n  boundary f e r r i t e ,  

and i t  was prob ab ly  t h i s  l a t t e r  phase which gave r i s e  t o  

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

s e r i e s  o f  s p e c im e n s  were quenched to  a c o n s t a n t  t e m p e r a tu r e  

and h e l d  f o r  v a r y in g  t im e s  b e f o r e  b r in e  q u e n c h in g .  The 

r e s u l t s  o f  h a r d n e s s  measurements  on t h e s e  sp e c im e n s  are  

g i v e n  i n  F i g .  47 and t h e y  show t h a t  th e  h a r d n e s s  d e c r e a s e s  

w it h  h o l d i n g  t i m e .  By a p o in t  c o u n t in g  method th e  p e r ­

c e n t a g e  o f  seco n d  phase ( g r a i n  boundary f e r r i t e )  was  

e s t a b l i s h e d ,  and i t  was p o s s i b l e  t o  c o r r e l a t e  t h i s  w i t h  

th e  spec im en h a r d n e s s ,  s e e  F i g .  4 8 .  I t  seems c e r t a i n  

t h e r e f o r e  t h a t  t h i s  secon d  phase  i s  i n c r e a s i n g  w i t h  t ime  

and i s  r e s p o n s i b l e  f o r  th 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  

o b s e r v e d .

8 > and 10/? Manganese a l l o y s .

No e v i d e n c e  o f  any i s o t h e r m a l  t r a n s f o r m a t i o n  was 

found in  e i t h e r  o f  t h e s e  a l l o y s  a t  any tem p era tu re  b etw een  

2 0 0  and 6 0 0 °G.

5 * 1 . 7 . 1  Hot Stage  M icr o s c o p y .

Specimens o f  both  the  4/' ®nd 6 f  manganese a l l o y s



were examined i n  a H e i c h a r t  h o t  s t a g e  m ic r o s c o p e ,  but l i t t l e  

w o r th w h i le  i n f o r m a t i o n  was o b t a i n e d .  The rnajor problem  

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

s u r f a c e  a t  h i g h  te m p e ra tu r e  which would a l l o w  s t r u c t u r a l  

t r a n s f o r m a t i o n s  t o  be o b s e r v e d .  P ro lon ged  s o a k in g  p e r i o d s  

a t  h i g h  t e m p e r a tu r e s  were n e c e s s a r y  i n  order  to  d e v e l o p  

c o a r s e  a u s t e n i t e  g r a i n  s i z e s ,  and i t  was found t h a t  t h i s  

l e d  t o  s u r f a c e  d e t e r i o r a t i o n .  T h i s  d e t e r i o r a t i o n  o c c u r r e d  

a f t e r  h e a t i n g  under h i g h  vacuum c o n d i t i o n s  due t o  e x c e s s i v e  

s u r f a c e  v o l a t i l i s a t i o n  o f  manganese which  produced a g r a i n  

boundary p e n e t r a t i o n  e f f e c t  n o t  r e l a t e d  to  th e  u n d e r l y i n g  

s t r u c t u r e .  A p o s i t i v e  p r e s s u r e  o f  h i g h  p u r i t y  a rgon  red u ced  

v o l a t i l i z a t i o n  but produced a p i t t e d  s u r f a c e  which e n t i r e l y  

h id  any s i g n s  o f  t r a n s f o r m a t i o n ,  and even  t h e  u s e  o f  a 

r e d u c in g  atm osphere  c o n t a i n i n g  a rgon  + 2 % hydrogen d i d  

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

Perhaps th e  o n ly  u s e f u l  e v i d e n c e  g a in e d  by h o t  s t a g e  

m ic r o sc o p y  was t h a t  s u r f a c e  t i l t s  o ccu rred  d u r in g  t r a n s ­

f o r m a t io n  on c o o l i n g ,  but ev en  t h i s  e v i d e n c e  was r a t h e r  

poor ,  s e e  F i g .  49*

5 . 1 . 7 . 2  X -ray  d i f f r a c t i o n .

Spec im ens  o f  6 /  manganese a l l o y  which  had been  

i s o t h e r m a l l y  t r e a t e d  were examined by x - r a y  d i f f r a c t i o n  

and were shown t o  be i d e n t i c a l  i n  s t r u c t u r e  to  t h e  p r e v i o u s l y  

d e s c r i b e d  c o n t i n u o u s l y  c o o l e d  s p e c im e n s .

5 . 1 . 8  E f f e c t s  o f  a u s t e n i t l z i n g  t im e  and t e m p e r a t u r e .

S e v e r a l  e f f e c t s  i n  terms o f  s t r u c t u r e ,  h a r d n e s s  and 

t r a n s f o r m a t i o n  t e m p e r a tu r e s  were n o ted  by v a r y in g  t h e



a u s t e n i t i z i n g  t im e and te m p er a tu r e  and t h e s e  a r e  d e t a i l e d  

b e lo w .

107? Manganese a l l o y .

When a s i n g l e  d i l a t o m e t e r  spec im en  was c y c l e d  by 

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

and t h e  spec im en  was a u s t e n i t i z e d  f o r  one minute  a t  

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

c y c l e ,  ch a n g es  were produced i n  th e  U t e m p e r a tu r e ,o
h a r d n e s s  and s t r u c t u r e .

I n  F i g .  50A and B, th e  Mg t e m p era tu re  and h a r d n e s s  

measured a f t e r  each  c y c l e  a r e  p l o t t e d  a g a i n s t  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 .  Each o f  t h e s e  c u r v e s  was d eterm ined  w i t h  

s p e c im e n s  which  had i n i t i a l l y  been w ater  quenched from 

850°C and 1100°C r e s p e c t i v e l y .  The c y c l i n g  t r e a tm e n t  

can be s e e n  t o  produce an i n i t i a l  d e c r e a s e  i n  th e  Ms  

t em p era tu re  v/hich i s  accom panied  by an i n c r e a s e  i n  h a r d n e s s ,  

and a f t e r  f u r t h e r  c y c l i n g ,  t h e  Mg t e m p er a tu r e  i n c r e a s e s  

w h i l s t  t h e  h a r d n e s s  d e c r e a s e s .  I n  sp e c im e n s  which had 

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

a u s t e n i t e  g r a i n  s i z e ,  f e w er  c y c l e s  were r e q u ir e d  t o  produce  

t h e  Mr t e m p e r a tu re .m in im a ,  and h a r d n e s s  maxima.

The ch a n g e s  i n  h a r d n e s s  and Mg tem p era tu re  d e s c r i b e d

above were a l s o  accompanied by m i e r o s t r u c t u r a l  c h a n g es

which  a r e  shown i n  F i g s .  51A.,B,C,D, and t h e s e  show t h a t  t h e

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

a f t e r  t h e  f i r s t  c y c l e ,  s e e  F i g .  51A, which  becomes p r o g r e s s i v e l y

more r e f i n e d  a s  t h e  M0 t em p era tu re  d e c r e a s e s  t o  I t s  minimum,► > v

s e e  F i g .  51B. TVhen c y c l e d  t o  s u c c e s s i v e l y  h i g h e r  t e m p e r a t u r e s



th e  m i c r o s t r u c t u r e  becomes coarser  once more end e v e n t u a l l y  

becomes e  c o a r s e  c l e a r l y  d e f i n e d  l a t h  m a r t e n s i t i e  s t r u c t u r e *  

s e e  F i g .  51D. T h i s  c o a r s e n i n g  o f  th e  m i c r o s t r u c t u r e  

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

and i n c r e a s e  i n  te m p er a tu re  which o c c u r r ed  beyond t h e i rs
r e s p e c t i v e  maximum and minimum v a l u e s .

By r e p e a t i n g  t h e  above  c y c l i n g  t re a tm e n t  w i t h  a 

s e p a r a t e  spec im en f o r  each  a u s t e n i t i z i n g  t e m p era tu re  

i d e n t i c a l  ch a n g es  i n  t h e  t e m p e r a tu r e  and h a r d n e s s  

were found* s e e  F i g .  52* which  were accompanied by 

m i e r o s t r u c t u r a l  ch a n g es  s i m i l a r  t o  t h o s e  d e s c r i b e d  a b o v e .

The same e f f e c t s  were a l s o  c r e a t e d  by h e a t i n g  to  a f i x e d  

a u s t e n i t i z i n g  t em p eratu re  and by v a r y i n g  th e  h o l d i n g  t i m e s ,  

a s  i s  shown i n  F i g .  53A-C, and i t  was s i g n i f i c a n t  t h a t  

w i t h  h i g h e r  a u s t e n i t i z i n g  t e m p e r a tu r e s  s h o r t e r  t i m e s  were  

r e q u i r e d  t o  produce t h e  ch a n g es  o b s e r v e d .

F i n a l l y *  s i n g l e  d i l a t o m e t e r  sp e c im e n s  were c y c l e d  t o  

a f i x e d  a u s t e n i t i z i n g  t em p era tu re  f o r  a c o n s t a n t  t im e  o f  

one m inute  and th e  e f f e c t s  on th e  IL„ t em p e ra tu r e  and 

h a r d n e ss  a r e  shown i n  F i g .  54* T h i s  shows t h a t  t h e  c y c l i n g  

t r e a tm e n t  c a u sed  a r e d u c t i o n  i n  th e  tem p e ra tu r e  and an  

i n c r e a s e  i n  t h e  h a rd n ess*  and both  o f  t h e s e  changes  c o i n c i d e d  

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

shown i n  F i g .  5 1 B.

The m e t a l l o g r a p h i c  e x a m in a t io n  o f  t h i n  f o i l s  made 

t o  rep rod u ce  th e  ch a n g es  in  U t em p era tu re  and h a r d n e s s  

d e s c r i b e d  i n  th e  p r e c e d in g  s e c t i o n s  d id  not  r e v e a l  any  

s t r u c t u r a l  d i s t i n c t i o n s  and n e i t h e r  d id  x - r a y  d i f f r a c t i o n .



B oth  o f  t h e s e  t ech h ic iu es  however a r e  p ro b a b ly  r e s t r i c t e d  

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

was a l r e a d y  h i g h l y  d i s t o r t e d  by a m a r t e n s i t i e  t r a n s f o r m a t i o n .

5 • ^ C r y s t a l l o g r a p h i c  o b s e r v a t i o n  o f  t h e  l a t h
________ m a r t e n s i t e  s t r u c t u r e . ____________________ __

The l a t h  m a r t e n s i t i e  s t r u c t u r e  which was o b se rv ed  

i n  a l l o y s  c o n t a i n i n g  between and 10 ‘̂ manganese was 

examined t o  a s c e r t a i n  whether  i t  re sem b led  o r d in a r y  l a t h  

m a r t e n s i t e  or t h e  ty p e  o b served  i n  low s t a c k i n g  f a u l t  

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

F i r s t l y ,  th e  r e l a t i v e  o r i e n t a t i o n s  between a d j a c e n t  

l a t h s  was d eterm ined  u s i n g  s e l e c t e d  a r e a  d i f f r a c t i o n  on 

t h i n  f o i l s ,  and p a r t i c u l a r  a t t e n t i o n  was p a id  to  t h e  

d e t e c t i o n  o f  tw in  r e l a t e d  l a t h  p a i r s .  Many o f  th e  f o i l s  

which were examined gave  r i s e  tov so n e  d i f f r a c t i o n

p a t t e r n s  which  showed v e r y  l i t t l e  m i s o r i e n t a t i o n  between  

a d j a c e n t  l a t h s ,  s e e  F i g .  55> but t h i s  p a r t i c u l a r  zone d o e s  

n o t  d i s t i n g u i s h  a tw in  o r i e n t a t i o n  i f  t h e  tw in  i s  produced  

by a 180° r o t a t i o n  about  a (112]  p l a n e .  D i f f r a c t i o n  from  

o t h e r  z o n e s ,  e . g .  ^ 00^  or a l s o  i n d i c a t e d  however

t h a t  t h e  m i s o r i e n t a t i o n  between a d j a c e n t  l a t h s  was s l i g h t ,  

s e e  F i g s .  5 6 A-B, and th e  < ^ 0 ^  zone i s  p a r t i c u l a r l y  

f a v o u r a b l e  f o r  th e  d e t e c t i o n  o f  tw in  o r i e n t a t i o n s .  Of 

th e  many f o i l s  which were examined w i t h  a l l  o f  the  d i f f e r e n t  

a l l o y  c o m p o s i t i o n s ,  n o t  one example  o f  a t w in  o r i e n t e d  

l a t h  p a i r  was fo u n d .

The m a r t e n s i t e  h a b i t  p la n e  was a l s o  d e term in ed  u s i n g  

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  i n  t h i n  f o i l s .  As t h e r e



was no r e t a i n e d  s u s t e r d t e ,  th e  t e c h n iq u e  c o n s i s t e d  o f  th e  

measurement o f  t h e  d i r e c t i o n  l y i n g  p a r a l l e l  t o  a l a t h  

boundary f o r  a v a r i e t y  o f  z o n e s .  T h i s  d i r e c t i o n  o c c u r s  

a t  the  i n t e r s e c t i o n  between the  h a b i t  p la n e  and t h e  f o i l  

s u r f a c e  and so  can d e f i n e  the  h a b i t  p la n e  i f  two or more
:m -  -

s u c h  d i r e c t i o n s  a r e  known. I t  was n e c e s s a r y  f i r s t  o f  a l l  

to  d e ter m in e  t h e  r e l a t i v e  r o t a t i o n s  produced when t h e  

in s t r u m e n t  was s w i t c h e d  from normal v i e w in g  to  d i f f r a c t i o n  

and t h i s  was done by u s i n g  a c u b i c  molybdenum t r i o x i d e  

c r y s t a l  whose major growth a x i s  was a l o n g  th e  ^ o o )  d i r e c t i o n .  

The R e l a t i v e  r o t a t i o n  between t h i s  e a s i l y  i d e n t i f i e d  

d i r e c t i o n  and i t s  e q u i v a l e n t  i n a d i f f r a c t i o n  p a t t e r n  was  

th e n  d eterm in ed  and shown t o  be 18° i n  an a n t i c l o c k w i s e  

d i r e c t i o n .  D i f f r a c t i o n  p a t t e r n s  were t h e n  taken from  

a r e a s  o f  i r o n  manganese a l l o y  f o i l s  i n  v?hieh th e  l a t h s  

c o u l d  be c l e a r l y  s e e n ,  and whose b o u n d a r ie s  produced a 

sharp  im age .  A f t e r  in d e x i n g  t h e  p a t t e r n ,  the  d i r e c t i o n  

p a r a l l e l  t o  t h e  l a t h  boundary was p l o t t e d  on a s ta n d a r d  

c u b i c  p r o j e c t i o n .  These  l a t h  a x i s  p o l e s  a r e  p l o t t e d  i n  

t h i s  way i n  F i g .  5 7  and a t y p i c a l  l a t h  m a r t e n s i t e  s t r u c t u r e  

w i t h  i t s  accompanying s e l e c t e d  a r e a  d i f f r e t i o n  p a t t e r n  

i s  shown i n  F i g .  58 .  F i g .  57 shows t h a t  th e  l a t h  a x i s  

d i r e c t i o n s  a r e  a l l  w i t h i n  ^ 5 °  o f  th e  f e l o j  g r e a t  c i r c l e s ,  

which s u g g e s t s  t h a t  th e  m a r t e n s i t e  o r  l a t h  h a b i t  p la n e  i s  

c l o s e  to  a {*10^ p l a n e .  I f  i t  i s  a l s o  assumed t h a t  t h e  

o r i e n t a t i o n  r e l a t i o n s h i p  between t h e  a u s t e n i t e  and t h e s e  

l a t h s  i s  o f  t h e  Kurdjuniov Sachs  t y p e ,  th en  t h e  h a b i t  p la n e  

may a l s o  be d e s c r i b e d  a s  t h e  •/1 i i r  p l a n e .  Some a d d i t i o n a l
L Jo



e v i d e n c e  o f  t h e  h a b i t  p la n e  a l s o  a r o s e  from o p t i c a l

m e t a l l o g r a p h i c  o b s e r v a t i o n s  i n  *!h i c h  s l a b  b o u n d a r ie s

c o u l d  be s e e n  l y i n g  p a r a l l e l  t o  a n n e a l i n g  twin b o u n d a r ie s

i n  th e  p r i o r  a u s t e n i t e  g r a i n s *  s e e  Pig*  59* T h i s  a t  l e a s t

means t h a t  th e  m a r t e n s i t e  h a b i t  p la n e  l i e s  i n  a p la n e

w h ich  h a s  a common d i r e c t i o n  w i t h  t h e  { i n } ^  p lan es#

S l a b s  were a l s o  found w i t h  t h e i r  roa^or a x i s  l y i n g  a t  an

a n g l e  t o  t h e  a n n e a l i n g  tw in  boundary* and t h e i r  a n g u la r

r e l a t i o n s h i p  t o  t h i s  boundary was th e  same on b o th  s i d e s

o f  t h e  tw in  boundary* s e e  F i g .  59* T h i s  s u g g e s t s  t h a t

t h e  s l a b s  a r e  p a r a l l e l  t o  th e  p la n e  o f  the  a n n e a l i n g

tw in  which i s  a l s o  a { i l l }  p lane* and p r o v i d e s  f u r t h e r
%

e v i d e n c e  th a t  t h e  h a b i t  p la n e  i s  the  {l1l}^ p l a n e .  The 

above o b s e r v a t i o n s  a l s o  s u g g e s t  t h a t  t h e  assumed Kurd^umov 

S a ch s  o r i e n t a t i o n  r e l a t i o n s h i p  was c o r r e c t .

5 . 2 .  M echan ica l  P r o p e r t i e s .

5 . 2 * 1  Impact  P e s u l t s .

Spec im ens  were machined from th e  h 9 6 ,  8 , and 10?  

manganese a l l o y s *  and th en  a u s t e n l t i s e d  a t  a range o f  

t e m p e r a t u r e s  between 7 5 0  and 1 1 0 0 °C i n  an argon a tm o sp h ere -  

They were then  b r in e  quenched t o  produce a l a t h  m a r t e n s i t i e  

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

s i z e s ,  which was con f ir m ed  by o p t i c a l  m e t a l l o g r a p h i c  

e x a m in a t io n  a f t e r  t h e  sp e c im e n s  had been impact  t e s t e d .  

Impact t e s t s  were th en  c a r r i e d  out  a t  a range o f  t e s t i n g  

t e m p e r a tu r e s  between ~*70°C and 180°G t o  d e te r m in e  the  

d u c t i l e / b r i t t l e  t r a n s i t i o n  tem p era tu re  and th e  r e s u l t s  o f



t h e s e  t e s t s  on t h e  v a r i o u s  a l l o y s  can be s e e n  i n  P i g s  60A-D.

A m e t a l l o g r a p h i c  e x a m in a t io n  o f  t h e  broken spe c im en s  was

th en  c a r r i e d  out  t o  d e te rm in e  both t h e i 3? s t r u c t u r e  and

p r i o r  a u s t e n i t e  g r a i n  s i z e ;  t h e  l a t t e r  b e in g  measured

by a l i n e a r  i n t e r c e p t  method u s i n g  t h r e e  spe c im en s  f o r

each  h e a t  t r e a tm e n t  c o n d i t i o n ,  and by a v e r a g i n g  t h e  r e s u l t s

f o r  s e v e r a l  f i e l d s  o f  e x a m in a t io n .  In  F i g .  61 t h e  r e c i p r o c a l

impact  t r a n s i t i o n  t e m p e r a tu r e ,  which i s  d e f i n e d  a s  th e

tem p eratu re  t o  g i v e  50% o f  the  -maximum d u c t i l i t y ,  i s  shown

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

s i z e ,  and t h i s  gave  a s t r a i g h t  l i n e  r e l a t i o n s h i p  which  was
1^8i n  a c co rd a n c e  w i t h  th e  p r e d i c t i o n s  o f  S tr o h  , s e e  

e q u a t io n  14* T h is  means t h a t  t h e  impact  t r a n s i t i o n  

tem p er a tu re  f o r  t h e s e  i r o n  manganese a l l o y s  i n c r e a s e s  

w it h  i n c r e a s i n g  g r a i n  s i z e ,  and i t  was i n t e r e s t i n g  t o  n o t e  

th e  v a r y i n g  s e n s i t i v i t y  o f  th e  d i f f e r e n t  a l l o y s .  The 10^ 

manganese a l l o y  showed t h a t  g r a i n  s i z e  hod l i t t l e  e f f e c t  

upon the  t r a n s i t i o n  tem perature  w hereas  i n  the  6 f  manganese  

a l l o y  th e  impact  t r a n s i t i o n  i s  v er y  s e n s i t i v e  to  g r o i n  

s i z e .  I t  i s  d i f f i c u l t  t o  s t a t e  a p r e c i s e  r e l a t i o n s h i p
i *

between th e  impact t r a n s i t i o n  tem p era tu re  and th e  manganese  

c o n t e n t  s i n c e  i t  v a r i e s  w i t h  d i f f e r e n t  g r a i n  s i z e s ,  and 

t h e r e  i s  no c o n s i s t e n t  r e l a t i o n s h i p .  At c o a r s e  g r a i n  s i z e s  

t h e r e  a p p e a r s  to  be l i t t l e  d i f f e r e n c e  between the  im pact  

t r a n s i t i o n  te m p e r a tu r e s  o f  the  h i*  8? and 1 0 A manganese  

a l l o y s ,  but th e  6 £ manganese a l l o y  produced a v e ry  much 

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

t h i s  tren d  i s  somewhat r e v e r s e d  and t h e  i> / p 6 i. and 8 A



manganese a l l o y s  become b e t t e r  than th e  10 '̂ manganese  

a l l o y .

As a f i n a l  o v e r a l l  comment upon th e  r e s u l t s  shown 

i n  P i g .  6 1 ,  i t  i s  o b v i o u s  t h a t  th e  d u c t i l e / b r i t t l e  

t r a n s i t i o n  t e m p e r a tu r e s  a re  e i t h e r  n ear  t o  or c o n s i d e r a b l y  

above room te m p e r a tu r e ,  and t h i s  c o n f ir m s  th e  s u s p i c i o n  

e x p r e s s e d  e a r l i e r  t h a t  i r o n  manganese a l l o y s  a r e  b r i t t l e  

i n  most h e a t  t r e a t e d  c o n d i t i o n .

5 . 2 . 1 . 1 * Exam inat ion  o f  F r a c t u r e s .

S p ec im ens  which had f r a c t u r e d  i n  a c o m p l e t e l y  b r i t t l e  

manner were s e c t i o n e d  and mounted t o  e n a b l e  m e t a l l o g r a p h i c  

e x a m in a t io n  o f  a t r a n s v e r s e  s e c t i o n  through  th e  f r a c t u r e  

s u r f a c e .  T h i s  e x a m in a t io n  showed t h a t  th e  f r a c t u r e s  f o r  th e  

8 j£ and 10a manganese a l l o y s  were i n t e r g r a n u l a r  and 

e v i d e n c e  o f  t h i s  i s  shown i n  F ig .  6 2 .  An e x a m in a t io n  o f  

the  f r a c t u r e  s u r f a c e  was a l s o  c a r r i e d  out  on an s c a n n in g  

e l e c t r o n  m ic r o s c o p e ,  and t h i s  co n f ir m ed  t h a t  th e  f r a c t u r e s  

were m a in ly  i n t e r g r a n u l a r ,  s e e  F i g .  6 3 A, a l t h o u g h  some 

a r e a s  o f  t r s n s g r a n u i a r  c l e a v a g e  c o u ld  a l s o  be s e e n ,  s e e  

F i g .  6 3 B. The h/> manganese a l l o y  f r a c t u r e s  were c o n s i d e r a b l y  

d i f f e r e n t  from t h o s e  o f  th e  o t h e r  a l l o y s  and were an i n t e r ­

g r a n u l a r  and t r a n s g r a n u l a r  m ix t u r e ,  s e e  F i g .  6h .

The i n t e r g r a n u l a r  f r a c t u r e s  were s u b j e c t e d  t o  f u r t h e r  

e x a m in a t io n  i n  o r d er  to  d e term in e  w h eth er  t h e y  were c a u s e d  

by some i n t e r g r a n u l a r  p r e c i p i t a t i o n .  With o p t i c a l  

m e ta l lo g r a p h y  however no e v i d e n c e  was r e v e a l e d  o f  any  

i n t e r g r a n u l a r  p r e c i p i t a t i o n ,  a l t h o u g h  i t  was found t h a t



p r e f e r e n t i a l  a t t a c k  .seemed t o  o c cu r  a t  t h e  p r i o r  a u s t e n i t e  

g r a i n  b o u n d a r ie s  when th e  sp e c im e n s  were e t c h e d  i n  sodium  

b i s u l p h i t e .  M icrohardness  measurements  a t  t h e  g r a i n  

boundary a l s o  d e t e c t e d  no s i g n i f i c a n t  h a r d n e s s  d i f f e r e n c e s  

from w i t h i n  th e  g r a i n  i t s e l f .  Carbon e x t r a c t i o n  r e p l i c a s  

a l s o  f a i l e d  to  produce e v i d e n c e  o f  any g r a i n  boundary f i l m  

a l t h o u g h  a s e r i e s  o f  p i t s  co u ld  be seen  running  a l o n g  

t h e  g r a i n  b o u n d a r i e s , s e e  F i g .  65* which were most  p r o b a b ly  

produced by p r e f e r e n t i a l  e t c h i n g  a t t a c k *  Thin f o i l s  a l s o  

f a i l e d  to  r e v e a l  any g r a i n  boundary p r e c i p i t a t i o n .  F i n a l l y *  

t h e  e l e c t r o n  s c a n n in g  m ic r o sco p e  a l s o  r e v e a l e d  l i t t l e  t o  

s u g g e s t  th e  p r e sen ce  o f  any g r a i n  boundf*ry f i l m s  or 

p r e c i p i t a t e s .  Only th e  o c c a s s i o n a l  g r a i n  boundary i n c l u s i o n s  

l y i n g  on t h e  f r a c t u r e  s u r f  c-e was shown.

5 * 2 . 1 . 2  The e f f e c t s  o f  tem p er in g  on impact p r o p e r t i e s .

Impact  sp ec im en s  f o r  th e  v a r i o u s  manganese a l l o y  

c o n t e n t s  were b r in e  quenched from 100D°G a f t e r  one hour  

i n  an argon  atmosphere* and t h i s  was f o l l o w e d  by tem p e r in g  

f o r  one hour a t  t e m p e r a tu r e s  v a r y i n g  between 3 0 0 ° 0  and 6 0 0 °c  

f o l l o w e d  by water  q u e n c h in g .  The e f f e c t s  o f  t h i s  t em p e r in g  

t r e a tm e n t  upon th e  room tem p eratu re  im pact  s t r e n g t h  a r e  

shown i n  F i g .  6 6 * and t h i s  shows t h a t  t h e  impact  s t r e n g t h  

i n c r e a s e d  s h a r p l y  when tem p er in g  above  a p p r o x im a t e ly  

5 0 0 ° c  was c a r r i e d  o u t .  L i t t l e  change in  Impact s t r e n g t h  

o ccu rred  i n  t h e  h/c manganese a l l o y  when tempered a t  t e m p e r a t u r e s  

up to  l | 0 0 °c  but both  the  6 /- and 10 /* manganese a l l o y s  s u f f e r e d  

a s l i g h t  d e c r e a s e  i n  impact  s t r e n g t h  which s u g g e s t e d  temper  

e m b r i t t l e m e n t .  I n  a d d i t i o n  to  t h e  room tem p eratu re  im p a c t



measurements  t e s t s  were co n d u cted  on tempered s p e c im e n s
of o r  a range o f  t e s t i n g  t em p eratu res*  Tempering a t  oOO G 

f o l l o w e d  by w ater  q uench ing  f o r  i n s t a n c e  was shown t o  

lo w e r  c o n s i d e r a b l y  t h e  t r a n s i t i o n  tem p er a tu re  from i t s  

a s  quenched v a lu e *  and t h e s e  r e s u l t s  a r e  p l o t t e d  in  F i g s .

6 7 A, B, and C. I n  the  6 /i manganese a l l o y  t h i s  r e d u c t i o n
/

i n  t r a n s i t i o n  tem p er a tu re  w as / from  a p p r o x im a t e ly  1 7 0 °G 

t o  - 6 5 °G and i n  th e  10£ manganese a l l o y  from a p p r o x i m a t e l y  

35°C to  ~1hO°G. Spec im ens  o f  t h e  6 f  manganese a l l o y  were  

a l s o  tempered a t  6 0 0 °G but a l l o w e d  t o  f u r n a c e  c o o l  t o  

300°C b e f o r e  removal i n t o  the  a i r .  A f t e r  t h i s  t r e a tm e n t  

t h e r e  was s t i l l  a c o n s i d e r a b l e  improvement i n  impact  

p r o p e r t i e s  over  th e  untempered a s  quenched c o n d i t i o n ,  but  

th e  impaet t r a n s i t i o n  tem p eratu re  was now o n ly  a p p r o x i m a t e l y  

-10°C i n s t e a d  o f  -65°C* s e e  Fig* 67B. An a d d i t i o n a l  t r e a t ­

ment t r i e d  w i t h  t h e  manganese a l l o y  was t o  temper a t  
o

3 5 0  C f o r  one hour f o l l o w e d  by water  q u en ch in g ,  and t h i s  

produced an e x t r e m e ly  marked e m b r i t t l e m e n t *  the t r a n s i t i o n  

t e m p er a tu r e  b e in g  r a i s e d  t o  180°C+, s e e  F i g .  6 7 B. A s i m i l a r  

t r e a tm e n t  w i t h  th e  1|F manganese a l l o y  a l s o  r a i s e d  t h e  t r a n s i t i o n  

t em p era tu re  but by a much s m a l l e r  amount,  s e e  F i g .  6 7 A.

F i n a l l y ,  t e s t s  were made upon th e  U>*' find 6 F manganese  

a l l o y s  which had been a l l o w e d  to  a i r  c o o l  i n s t e a d  o f  b e i n g  

b r in e  quenched from 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 s .  The 

e f f e c t  o f  t h i s  was to  produce m i c r o s t r u c t u r e s  f o r  th e  two  

a l l o y s  which were e s s e n t i a l l y  s i m i l a r  to  t h o s e  d e s c r i b e d  

i n  th e  p r e v i o u s  s e c t i o n ,  and shown i n  F i g s .  31A and 3 2 B .

The e f f e c t  o f  t h i s  t r e a tm e n t  was t o  produce  a c o n s i d e r a b l e



i n c r e a s e  i n  t r a n s i t i o n  te m p e r a tu r e ,  i . e .  U/ manganese a i r  

c o o l e d  from 1000°C* Tc = 1W>°c, s e e  F i g .  6 7 A., 6 l, manganese  

a i r  c o o l e d  from 1000°C Tc = ^80oC-i-, s e e  F i g .  6 7 B.

5 . 2 . 1 . 2 * 1  E xam inat ion  o f  the  f r a c t u r e s  from
 _______ tempered s p e c im e n s .

A f t e r  t h e  600°C tem per ing  t r e a tm e n t  th e  impact  

f r a c t u r e s  became t r a n s g r a n u l a r  and tended  t o  r e v e a l  e v i d e n c e  

o f  t h e  m a r t e n s i t e  s u b - b o u n d a r ie s  on th e  f r a c t u r e  s u r f a c e ,  

s e e  F i g .  6 8 A. Tempering a t  350-h 50oc produced i n t e r g r a n u l a r  

f r a c t u r e s  and ev en  tem per ing  a t  600°c  produced some i n t e r -  

g r a n u l a r  f r a c t u r e  w i t h i n  sp e c im e n s  which were a l l o w e d  t o  

s lo w  c o o l  from the  tem per ing  t e m p e r a t u r e ,  s e e  F i g .  6 8 b.  

Furthermore even  t h e  4/* manganese a l l o y  r e v e a l e d  more 

e v i d e n c e  o f  i n t e r g r a n u l a r  f r a c t u r e s  a f t e r  tem pering  a t  

350°c  whereas  p r e v i o u s l y  t h e r e  had been l e s s  e v i d e n c e  o f  

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

F i n a l l y ,  t h e  k Z  and 6$  manganese a l l o y s  which had 

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

both  gave r i s e  to  i n t e r g r a n u l a r  f r a c t u r e s ,  s e e  F i g .  6 9 .

5 * 2 .1 * 2 .2  E xam in at ion  o f  s t r u c t u r a l  c h a n g e s  due
  to  t e m p e r i n g ______________ _______________

M e t a l l o g r a p h i c  e x a m in a t io n  r e v e a l e d  t h a t  a f t e r  t e m p e r in g  

a t  t e m p e r a tu r e s  up t o  0 °G l i t t l e  change i n  s t r u c t u r e  o c c u r r e d .  

There  was, how ever ,  a s l i g h t  t en d en cy  f o r  t h e  l a t h  m a r t e n s i t i e  

s t r u c t u r e  t o  r e a c t  more q u i c k l y  t o  e t c h i n g  and t o  show s i g n s  

t h a t  t h e  l a t h  b o u n d a r ie s  were becoming broken up. A v e r y  

d e f i n i t e  change i n  m i c r o s t r u c t u r e  to o k  p l a c e  a f t e r  t e m p e r in g  

a t  600°G where th e  l a t h  m a r t e n s i t i e  s t r u c t u r e  showed o b v i o u s



s i g n s  o f  b rea k in g  up,  s e e  F i g .  70, but t h e r e  was no e v i d e n c e  

t h a t  t h e  p r i o r  a u s t e n i t e  g r o i n  s i z e  had changed from i t s  

o r i g i n a l  form and t h e r e  was no e v i d e n c e  o f  a u s t e n i t e  r e v e r s i o n .  

Exam inat ion  by t h in  f o i l  e l e c t r o n  m e ta l lo g r a p h y  r e v e a l e d  

t h a t  sp e c im e n s  tempered a t  t e m p e r a tu r e s  below 5 0 0 °C d id  

not  d i f f e r  s t r u c t u r a l l y  from th e  a s  quenched c o n d i t i o n  

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

th e  m i s o r i e n t a t i o n  between a d j a c e n t  l a t h s  had i n c r e a s e d  

s l i g h t l y .  I n  s p e c im e n s  tempered a t  600°C a r e a s  s i m i l a r  

t o  t h o s e  shown i n  F i g .  5 k B c o u ld  be s e e n  where l a t h s  had  

become i r r e g u l a r  i n  s h a p e ,  but t h e r e  was no e v i d e n c e  o f  

r e v e r t e d  a u s t e n i t e  or o f  p r e c i p i t a t i o n .

As a f u r t h e r  t e s t  to  check  whether tem per ing  had 

produced any a u s t e n i t e  r e v e r s i o n ,  d i l a t o m e t e r  sp e c im e n s  

o f  both the  6 /  and 10? manganese a l l o y s  were h e l d  i n  th e  

i s o t h e r m a l  r e c o r d i n g  d i l a t o m e t e r  by h e a t i n g  from room 

tem p er a tu re  and h o l d i n g  a t  600°C f o r  one h o u r .  During  

t h i s  p e r io d  no c o n t r a c t i o n  to o k  p l a c e  which i n d i c a t e s  t h a t  

t h e r e  was no a u s t e n i t e  f o r m a t i o n ,  and fu r th erm o re  t h e r e  

was no e v i d e n c e  o f  t r a n s f o r m a t i o n  t a k i n g  p l a c e  d u r in g  t h e  

p e r io d  when th e  specimen c o o l e d  t o  room t e m p e r a t u r e .  Such  

t r a n s f o r m a t i o n  c o u ld  have  oecured  i f  a u s t e n i t e  formed d u r in g  

h o l d i n g  had tra n sfo rm ed  back t o  m a r t e n s i t e  on c o o l i n g .

F i n a l l y ,  t h e  tempered sp e c im en s  were examined by 

x - r a y  d i f f r a c t i o n  and t h i s  a l s o  produced no e v i d e n c e  o f  

r e s i d u a l  a u s t e n i t e .  r/het d id  o c cu r  however was t h a t  t h e  

l i n e s  became s h a r p e r  and i t  was p o s s i b l e  t o  r e s o l v e  t h e



KoAj IfcC, d o u b le t  f o r  t h e  h i g h  a n g l e  l i n e s  o f  sp e c im en s  

tempered a t  600°C» s e e  F i g .  7^«

3 . 2 . 1 . 3 *  Impact  p r o p e r t i e s  o f  h i g h  p u r i t y  i r o n  manganese  
___________ and i r o n  manganese molybdenum a l l o y s .  ________ _

The b eh a v io u r  e x h i b i t e d  by t h e  i r o n  manganese a l l o y s  

a f t e r  tem p er in g  r e s e m b le s  v e r y  c l o s e l y  t h e  temper b r i t t l e ­

n e s s  phenomenon o b served  i n  low a l l o y  carbon s t e e l s ,  and 

f o r  t h i s  reason  some f u r t h e r  a l l o y s  were produced a s  was 

p r e v i o u s l y  d e s c r i b e d  i n  th e  e x p e r i m e n t a l  p r o c e d u r e ,  s e e  s e c t i o n . 4-' 

These  two h i g h  p u r i t y  vacuum m e l te d  a l l o y s  c o n t a i n e d  

a p p r o x im a t e ly  8 -? -  9 ? o f  manganese and one o f  them a l s o  

c o n t a i n e d  0 . 5 ?  o f  molybdenum. A f t e r  h o l d i n g  f o r  one hour  

a t  1000°C i n  argon ,  b r in e  quenching  produced a l a t h  

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

a r e  shown i n  F i g .  72 .  T h i s  shows t h a t  d e s p i t e  t h e i r  h i g h  

p u r i t y  th e  impact  t r a n s i t i o n  tem p eratu re  was v e r y  h i g h  and 

r a t h e r  s u r p r i s i n g l y  th e  molybdenum c o n t a i n i n g  a l l o y  was 

th e  s l i g h t l y  more b r i t t l e  o f  th e  two.  The molybdenum 

c o n t a i n i n g  a l l o y  was a l s o  tempered a t  3 5 0 °C f o r  one h o u r ,  

and t h i s  produced a marked i n c r e a s e  In  impact  t r a n s i t i o n  

t e m p e r a t u r e ,  s e e  F i g .  7 2 .  T h i s  shows t h a t  0 . 5 ?  molybdenum 

d o e s  n o t  a l l e v i a t e  t h e  temper b r i t t l e n e s s  i n  i r o n  manganese  

a l l o y s .  The f r a c t u r e s  o f  t h e s e  h i g h  p u r i t y  a l l o y s  were  

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

5 * 2 . 2 .  Measurement o f  t h e  p aram eters  c o n t r o l l i n g  
________ b r i t t l e  f r a c t u r e . ____________ __________________

5 . 2 * 2 . 1  F e tc h  A n a l y s i s

H o u n s f i e l d  t e s t  p i e c e s  o f  th e  typ e  p r e v i o u s l y  d e s c r i b e d  

were h e a t  t r e a t e d  t o  produce l a t h  m a r t e n s i t i e  s t r u c t u r e s



w i t h  d i f f e r e n t  p r i o r  a u s t e n i t e , g r a i n  s i z e s .  T h i s  was  

a c h i e v e d  by a u s t e n i t i s i n g  f o r  one hour i n  argon  a t  

t e m p e r a t u r e s  between 7 5 0 - 1 2 00°C f o l l o w e d  by b r in e  q u e n c h in g .  

T e n s i l e  t e s t i n g  was t h e n  c a r r i e d  out  on t h e  I n s t r o n  machine  

a t  a e r o s s h e s d  speed  o f  0 . 0 2  cms/min,  i . e .  s t r a i n  r a t e
_o

a p p r o x im a t e ly  1 . 1J4 x  10  per m inute  and t h e  f o l l o w i n g  

data  d eterm ined  from t h e  l o a d  v e r s u s  e l o n g a t i o n  c u r v e s .

( i )  Flow s t r e s s  a t  s t r a i n .

( i i )  S t r e s s  a t  maximum l o a d

( i i i )  L im i t  o f  p r o p o r t i o n a l i t y .

( i v )  F r a c t u r e  s t r e s s

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

t h e  d i f f e r e n t  a l l o y s  a r e  shown i n  F i g .  73 and a l l  were  

c h a r a c t e r i s t i c  o f  t h e  t y p e  u s u a l l y  o b se r v ed  f o r  l a t h  

m a r t e n s i t i e  i r o n  a l l o y s .  T h i s  c h a r a c t e r i s t i c  shape shows  

a v e ry  s m a l l  e l o n g a t i o n  t o  t h e  o n s e t  o f  n e c k i n g ,  i . e .  

a p p r o x i m a t e l y  5 /? f o l l o w e d  by an e x t r e m e ly  h i g h  r e d u c t i o n  

i n  a re a  u n t i l  f i n a l  f r a c t u r e ,  e . g .  6 0 - 7 0 /?, and t h i s  t e n d s  

t o  i n d i c a t e  t h a t  t h e r e  was a h i g h  i n i t i a l  r a t e  o f  work  

h a r d e n in g ,  s i n c e  t h e  o n s e t  o f  n e c k in g  o c c u r s  when t h e  

s t r a i n  h a r d e n in g  in d e x  dd = CL th e  t r u e  s t r e s s .  I n
de

T a b le  I I  some t y p i c a l  room tem p e r a tu re  t e n s i l e  p r o p e r t i e s  

a r e  g i v e n  f o r  th e  s e r i e s  o f  a l l o y s  t e s t e d .

A f t e r  t e n s i l e  t e s t i n g  th e  g r i p  p o r t i o n s  o f  th e  broken  

t e s t  p i e c e s  were examined m e t a l l o g r a p h i c o l l y  i n  o r d e r  t o

( a )  ch eck  w hether  t h e i r  s t r u c t u r e s  were m a r t e n s i t i e  and

( b) d e term in e  t h e  p r i o r  a u s t e n i t e  g r a i n  s i z e .



F i g u r e s  7AA-L show th e  F e tc h  p l o t s  made f o r  th e

room tem p eratu re  t e n s i l e  data o f  the  s e r i e s  o f  m a r t e n s i t i e

a l lo y s ®  and th e y  show f i r s t  o f  a l l  t h a t  the  F e tc h  e q u a t i o n

was ob eyed .  The most r e l i a b l e  data were o b t a in e d  w i t h  the

1 ,; f lo w  stress v a l u e s  and the  s t r e s s  a t  maximum l o a d ,  i . e .

a p p r o x im a t e ly  5 / f l o w  s t r e s s ,  but th e r e  was a c o n s i d e r a b l e

amount o f  s c a t t e r  f o r  the  l i m i t  o f  p r o p o r t i o n a l i t y  v a l u e s .

There was v i r t u a l l y  no d i f f e r e n c e  i n  s l o p e ,  K , between«y
the  V  f lo w  s t r e s s  and maximum l o a d  s t r e s s  v a l u e s ,  but th e  

s l o p e  o f  the  l i m i t  o f  p r o p o r t i o n a l i t y  cu rve  ten d ed  t o  be 

s l i g h t l y  g r e a t e r .  K v a r i e d  between a p p r o x im a te ly

t 0  o ! o 12F / 1/ . A 3 / 2 cna. i n  rshowri i n  Vlr . ,15  

t o  d e c r e a s e  l i n e a r l y  w ith  an i n c r e a s e  in  manganese c o n t e n t .  

T h ese  v a l u e s  o f  K.r are  r a t h e r  low and i n d i c a t e  t h a t  f lo wo
i n  l a t h  m a r t e n s i t i e  i r o n  manganese a l l o y s  was l a r g e l y  

u n a f f e c t e d  by th e  g r a i n  s i z e ,  p a r t i c u l a r l y  i n  the  c a s e  o f  

t h e  1 0 F manganese a l l o y .  F im i la r  t e n s i l e  t e s t s  to  t h o s e  

d e s c r i b e d  above were a l s o  c a r r i e d  out  a t  -196°C i n  l i q u i d  

n i t r o g e n ,  and i t  was found th a t  many spe c im en s  broke  

p re m a tu r e ly  i n  a c o m p l e t e l y  b r i t t l e  manner. A s u f f i c i e n t  

number s u r v iv e d  however to  d em o n stra te  t h a t  t h e r e  was no 

s i g n i f i c a n t  c i f f e r c n c e  i n  s lo p e  o f  the  F e tch  curve  between  

- 1 9 6 ° 0  and room tem p e ra tu r e .  In F i g .  76  the  room temperatur<  

v a l u e s  o f  taken  from th e  F e tch  c u r v e s  a r e  p l o t t e d  a g a i n s t  

the  p e r c e n t a g e  manganese and i t  can be s e e n  t h a t  between  

/-i; ana 10 , manganese t h e r e  was v i r t u a l l y  no dependence  o f  

upon c o m p o s i t io n



The v a l u e s  ofC^ used i n  F i g .  76 f o r  pure i r o n  and 

t h e  2 $  manganese a l l o y  were o b t a in e d  by u s i n g  a c o n v e r s i o n  

f a c t o r  between t h e  known m ic r o h a r d n e ss  o f  l a t h  m a r t e n s i t e  

and t h e  f l o w  s t r e s s .  T h i s  was d eterm in ed  from t h e  measured  

1$ f lo w  s t r e s s  and m ic r o h a r d n e ss  v a l u e s  o f  t h e  t o  10$
-2

manganese a l l o y s #  and was found t o  be Hv x  0 .2 2 5  = Kg mm .

For pure i r o n  an ap p rox im ate  v a l u e  o f  0j[ f o r  l a t h  m a r t e n s i t e

was o b t a i n e d  by c o n v e r s i o n  o f  h a r d n e s s  g i v e n  i n  p r e v i o u s  
28r e p o r t s  but th e  v a lu e  f o r  th e  2 $  manganese a l l o y  was  

o b t a in e d  u s i n g  t h e  m ic ro h a rd n e ss  g i v e n  i n  s e c t i o n  5 * 1 * 5 .

I t  can  be s e e n  t h a t  t h e  f l o w  s t r e s s  f o r  i r o n  manganese  

l a t h  m a r t e n s i t e s  i n c r e a s e d  s h a r p l y  to  a maximum when t h e  

manganese c o n t e n t  was i n c r e a s e d  to  but was then  h a r d l y  

a l t e r e d  by f u r t h e r  a d d i t i o n .  A l s o  shown in  F i g .  76  a r e

t h e  v a l u e s  o f  f l o w  s t r e s s  f o r  i r o n  manganese a l l o y s  i n

t h e  a n n e a led  f e r r i t i c  c o n d i t i o n ,  a s  d e term ined  by p r e v i o u s  

a u t h o r s ,  and t h i s  e n a b l e s  th e  com par ison  between t h e  s t r e n g t h  

o f  f e r r i t e  and l a t h  m a r t e n s i t e  t o  be made.

When t h e  mean h a r d n e s s  v a l u e s  were a l s o  p l o t t e d  v e r s u s  

manganese c o n t e n t  a s i m i l a r  type  o f  c u rv e  t o  t h a t  shown i n  

F i g .  76  i s  ob ta ined#  se e  F i g .  77* and t h i s  a g a i n  i n d i c a t e d  

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

w i t h  a d d i t i o n s  o f  manganese up t o  but i s  h a r d ly  a f f e c t e d  

by f u r t h e r  a d d i t i o n s .

The room te m p era tu re  measurements  o f  h a r d n e s s  and  

f l o w  s t r e s s  were th o ug h t  t o  d em o n stra te  e s s e n t i a l l y  t h e  

s o l u t i o n  h a rd en in g  e f f e c t s  o f  manganese in  terms o f  t h e  

a therm al  component O’ and i t  was d e c id e d  t h a t  th e  c o r r e l a t i o n



between t h i s  s o l u t i o n  h a r d e n in g  and th e  l a t t i c e  param eter  

s h o u ld  be c h e c k e d .

Bulk  sp e c im e n s  were used  t o  d e term in e  t h e  l a t t i c e  

p aram eters  u s i n g  th e  d i f f r a c t o m e t e r  and a l s o  by c a l i b r a t i n g  

th e  a n g l e s  o f  r e f l e c t i o n  w i t h  a s i l i c o n  s ta n d a r d .  The 

sp e c im e n s  were a u s t e n i t i z e d  a t  10 0 0 °C f o r  one h o u r  i n  argon  

and th e n  b r i n e  quenched t o  produce a m a r t e n s i t i e  s t r u c t u r e  

which  was s u b s e q u e n t l y  tempered a t  600°c f o r  one hour* T h is  

tem p er in g  t r e a tm e n t  e n a b le d  th e  H U *j d o u b l e t  f o r

t h e  h i g h  a n g l e  l i n e s  t o  be r e s o l v e d  and p e r m it t e d  more 

p r e c i s e  l a t t i c e  parameter measurements  t o  be made. P ig*  78  

shows the  e f f e c t  o f  manganese on t h e  l a t t i c e  parameter® 

which was c a l c u l a t e d  from t h e  {112I and {220^  1 Kot 2

r e f l e c t i o n s  u s i n g  a t  l e a s t  t h r e e  specimens® and by c a r r y i n g  

out  a c a l i b r a t i o n  ch eck  f o r  each  o n e .  A lthough  t h e s e  v a l u e s  

may n o t  be t h e  p r e c i s e  l a t t i c e  p aram eters  b e c a u se  o f  t h e  

method u sed  f o r  t h e i r  d e t e r m i n a t i o n  th ey  a r e  s u f f i c i e n t l y  

a c c u r a t e ,  e . g .  ~ 0 .001  A, t o  i l l u s t r a t e  t h e  c h a n g es  which  

ta k e  place® and i t  can be s e e n  t h a t  th e  l a t t i c e  param eter  

i n c r e a s e s  w i t h  manganese i n  a manner e q u i v a l e n t  t o  t h e  

c h a n g es  in  h a r d n e s s  and f l o w  s t r e s s .

5 . 2 . 2 . 1 . 1  F r a c t u r e  s t r e s s .

The f r a c t u r e  s t r e s s e s  were d eterm ined  w i th  t h e  F e tc h  

a n a l y s i s  sp ec im en s  by m easur ing  t h e  r e d u c t i o n  i n  a r e a  f o r  

necked r e g i o n  and by n o t i n g  l o a d  a t  f r a c t u r e .  D i f f i c u l t y  

vvas e x p e r i e n c e d  i n  m easuring  t h e  p r e c i s e  f r a c t u r e  a r e a  and 

c o n s i d r a b l e  s c a t t e r  i n  r e s u l t s  occurred® but d e s p i t e  t h i s  

a r e a s o n a b le  c o r r e l a t i o n  between f r a c t u r e  s t r e s s  and



was obtained® s e e  P i g .  79* Owing t o  t h e  s c a t t e r  i n  r e s u l t s  

i t  was not  p o s s i b l e  to  d i s t i n g u i s h  w hether  d i f f e r e n c e s  

i n  f r a c t u r e  s t r e s s  e x i s t e d  between t h e  d i f f e r e n t  manganese  

c o n te n ts®  but t h e r e  d id  n o t  seem t o  be v e ry  much. Very  

l i t t l e  d i f f e r e n c e  was a l s o  found between t h e  f r a c t u r e  s t r e s s  

a t  -196°C and a t  room tem p e ra tu r e  f o r  th e  6 > manganese a l l o y

5 . 2 . 2 . 2 .  D e t e r m in a t io n  o f  t h e  th erm al  component  
o f  f l o w  s t r e s s .  _______ _____________

H o u n s f i e l d  t e n s i l e  sp e c im en s  f o r  th e  l& 9 6 /  and 1 0 / 

manganese a l l o y s  were h e a t  t r e a t e d  by b r in e  q u en ch in g  a f t e r  

one hour a t  1 0 0 0 °C i n  a r g o n 9 t o  produce a l a t h  m a r t e n s i t i e  

s t r u c t u r e .  They were then  t e s t e d  on t h e  I n s t r o n  t e n s i l e  

machine t o  de term in e  t h e  i n f l u e n c e  o f  t em p eratu re  and s t r a i n  

r a t e  upon f lo w  s t r e s s ,  u s i n g  th e  l o a d  c y c l i n g  t e c h n i q u e  

p r e v i o u s l y  d e s c r i b e d  i n  s e c t i o n  h * 3 - 2 .  A number o f  s p e c im e n s  

were u sed  fo r  each  a l l o y  c o m p o s i t i o n  t o  g i v e  c o m p le te  

c o v e r a g e  o f  t h e  tem p eratu re  range 293 t o  7 7 °K and o f  t h e  

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

sp e c im e n s  f o r  e a c h  s t r a i n  r a t e  and tem p e r a tu re  were a l s o  

c a r r i e d  out w i t h  t h r e e  sp e c im en s  f o r  e a c h  a l l o y ,  t e s t  

t e m p e r a tu r e ,  and s t r a i n  r a t e .  The r e s u l t s  found by b o th  

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

t h a t  no d i f f e r e n c e  e x i s t e d  f o r  t h e  f lo w  s t r e s s e s  o f  th e  

d i f f e r e n t  manganese c o n t e n t s ,  e . g .  no s o l u t i o n  s o f t e n i n g  

such  a s  d e s c r i b e d  i n  3 - 3 * 1 . 2 . 1  was fo u n d .  By assum ing  t h a t  

room tem p era tu re  e q u a l l e d  t h e  t e m p era tu re  a t  which  0  ̂ t h eO ->F
th erm al  component o f  f lo w  s t r e s s ,  becomes z e r o ,  v a l u e s  o f  

were found f o r  th e  d i f f e r e n t  a l l o y s ,  a s  a f u n c t i o n  o f  

terrmera t u r e  and a tw a in  *<■=>. i



where O’./- = a c t u a l  f l o w  s t r e s s

a 2 9 3 ° K = f l o w  s t r e s s  a t  room te m p e r a tu re .

T hese  a r e  shown i n  P i g s ,  80A-C and i n d i c a t e  t h a t ' ' f  i n c r e a s e d  

b o th  w i t h  i n c r e a s e d  s t r a i n  r a t e  and d e c r e a s e d  t e s t i n g  

t e m p e r a t u r e ,  but t h e r e  was no d i f f e r e n c e  between a l l o y s  f o r  

if/? t o  10/l m anganese ,  Cotnparison between t h e  ^  f l o w  s t r e s s  

v a l u e s  a t  d i f f e r e n t  s t r a i n  l e v e l s  a l s o  shows t h a t  i t  was 

in d ep en d e n t  o f  p r i o r  s t r a i n .

The r e s u l t s  o f  t h e  a l t e r n a t i v e  method, i . e .  s t r e s s  

r e l a x a t i o n ,  w i l l  be d i s c u s s e d  l a t e r .

5 . 2 . 3  K f f e c t s  o f  t em p er in g  on m ech a n ica l  p r o p e r t i e s • 

Both th e  t e n s i l e  and h a r d n e s s  p r o p e r t i e s  were  

d eterm in ed  f o r  th e  l a t h  m a r t e n s i t i e  i r o n  manganese a l l o y s  

a f t e r  th ey  had been  tempered a t  d i f f e r e n t  t e m p e r a t u r e s .

The a s  quenched s t a t e  c o n s i s t e d  o f  a u s t e n i t i s i n g  f o r  one  

hour a t  1 0 0 0 °0  and f o l l o w e d  by b r in e  q u e n c h in g ,  and t em p er in g  

was c a r r i e d  o u t  f o r  th e  range 3 0 0  t o  6 0 0 ° 0  f o r  a t im e  o f  

one h o u r .  P i g s .  81A.,B show t h e s e  r e s u l t s  and i t  w i l l  be

s e e n  t h a t  o n ly  a f t e r  tem per ing  a t  above 2| 0 0 °c was t h e r e  

an y  s i g n i f i c a n t  drop in  e i t h e r  t e n s i l e  s t r e n g t h  or i n

h a r d n e s s .  At tem p er in g  t e m p e r a t u r e s  below £|0 0 °G t h e r e  

were s l i g h t  i n c r e a s e s  i n  t h e  f l o w  s t r e s s  from th e  a s  quenched  

c o n d i t i o n ,  a peak b e in g  reach ed  a t  t e m p e r a t u r e s  around 3 5 0 °C.



6 . 0  DISCUSSIONS

6 .1  T r a n s fo r m a t io n  B e h a v io u r .

6 . 1 . 1  D r i v i n g  f o r c e  f o r  t r a n s f o r m a t i o n .

The r e l a t i o n s h i p  between th e  t r a n s f o r m a t i o n  s t a r t  

t e m p e r a tu r e s  and th e  manganese c o n c e n t r a t i o n ,  f o r  bo th  

t h e  and t r a n s f o r m a t i o n s  a r e  shown i n  P i g .  8 2 .

The te m p e r a tu r e s  shown f o r  t h e  t r a n s f o r m a t i o n  r e f e r

t o  t h o s e  which l e d  t o  m a r t e n s i t e  e i t h e r  by i t s  s t r u c t u r e  

o r  a th er m a l  k i n e t i c s  and t h u s  i t  h a s  been l a b e l l e d  f*v.o

Two t e m p e r a tu r e s  a r e  p l o t t e d  f o r  t h e  k% and 6% manganese  

a l l o y ,  namely an upper te m p er a tu r e  which c o r r e s p o n d s  to  

t h e  maximum tem p eratu re  above which  no t r a n s f o r m a t i o n  t o o k  

p la c e  a f t e r  h o l d i n g  f o r  p ro lo n g e d  p e r i o d s ,  and a l s o  th e  

minimum p l a t e a u  tem p e r a tu re  produced by ra p id  q u e n c h in g .

T hese  two t e m p e r a tu r e s  r e p r e s e n t  th e  two d i f f e r e n t  c r i t e r i a  

u se d  t o  d e f i n e  m a r t e n s i t e ,  i . e .  a th e r m a l  k i n e t i c s  or  

m e t a l l o g r a p h i c  s t r u c t u r e .  Two v a l u e s  f o r  the  A 

t e m p era tu re  a r e  a l s o  shown and r e p r e s e n t  t h e  maximum and 

minimum range r e co rd ed  by a l t e r i n g  th e  h e a t i n g  r a t e .  F i n a l l y ,  

a range o f  t e m p e r a tu r e s  a r e  shown f o r  th e  p o s i t i o n  o f  T '  

which was deduced from T = i  (A + M ) f o r  th e  d i f f e r e n t
O  S  r > '

M„ and A_ v a l u e s .

When th e  p r e s e n t  r e s u l t s  a r e  compared w i t h  t h o s e  o f

p r e v i o u s  a u t h o r s  t h e r e  was r e a s o n a b le  agreem ent  w i th  t h e

tem p era tu re  between k / '  and 10# m anganese .  Comparing t h e
88r e s u l t s  w i t h  t h o s e  o f  Sehummann f o r  example  shows t h a t  

t h e r e  was e x c e l l e n t  agreem ent  above a p p r o x im a t e ly  6 #  

manganese and t h e r e  was a l s o  good agreem en t  f o r  a l l o y s  o f



l e s s  th e n  6 £' manganese p r o v i d i n g  t h e  upper t e m p er a tu r e  

o f  th e  p r e s e n t  r e s u l t s  a r e  t a k e n .  T h i s  i s  q u i t e  r e a s o n a b l e
op

s i n c e  Schumrnanns’ r e s u l t s  were o b ta in e d  by s lo w  c o o l i n g .  

On comparing t h e  r e s u l t s ®  w i t h  p r e v i o u s  d e t e r m i n a t i o n s  o f  

t h e  Mb t em p eratu re  a t  r a p id  c o o l i n g  rates® e . g .  Goramersall
22  tand Parr th e  p r e s e n t  r e s u l t s  w i t h i n  t h e  range t o  6 % 

manganese a g r e e d  w e l l  i f  th e  lo w e r  p l a t e a u  tem p eratu re  

was used*

The t r a n s f o r m a t i o n  t e m p e r a tu r e s  g i v e n  i n  F i g .  82 

were used  to  d e term in e  t h e  t r a n s f o r m a t i o n  d r i v i n g  f o r c e  

u s i n g  two b a s i c  a p p r o a c h e s .

6 * 1 . 1*1 I d e a l  s o l u t i o n

R e f e r r i n g  to  s e c t i o n  2 * 2 .2 * h - 1  th e  d r i v i n g  f o r c e  o f  

t h e  t r a n s f o r m a t i o n  i s  g i v e n  by:

£ g = ( 1 - x s ) A gp* + XA E r i n  x ,  ( 2 )

%
and shown i n  T a b le  I I I  are  th e  v a l u e s  f o r  th e  v a r i o u s  

c o e f f i c i e n t s  n e c e s s a r y  f o r  the  s o l u t i o n  o f  t h i s  e q u a t io n *

I n  t h e  f i r s t  f o u r  columns d i f f e r e n t  v a l u e s  f o r  AGp ■ 

a r e  shown® and have  been d e term in ed  by d i f f e r e n t  a u t h o r s .  

Columns two to  f o u r  p r o v id e  v a l u e s  which a r e  i n  good a g r e e ­

ment w i t h  each  o t h e r  and which a r e  a l s o  more com parable
,  d-'fc

w it h  t h e  v a l u e s  o f  AG-, used by most p r e v i o u s  w ork ers  i ni*e
d e r i v a t i o n s  o f  th e  d r i v i n g  f o r c e  f o r  m a r t e n s i t i e  t r a n s ­

f o r m a t i o n .  Shown i n  columns f i v e  and s i x  a r e  th e

e q u i l i b r i u m  s o l u b i l i t y  l i m i t s  x .  and x .  f o r  manganeseA*
1h7i n  i r o n  ta k en  from th e  p u b l i s h e d  e q u i l i b r i u m  diagram.

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

d e r i v e d  from e q u a t io n  ( 2 ) a r e  shown p l o t t e d  a s  a f u n c t i o n



o f  manganese c o n t e n t  i n  F i g .  83A and can  be s e e n  t o  vary

from between 2 5 0 -6 0 0  e a l s / m o l e  ( 1 1 0 0 - 2 3 0 0  J/rool)  a t  th e

minimum p l a t e a u  Mn tem p era tu re  or from between 1 5 0 - 6 0 0  e a l s / m o l e

( 6 0 0 - 2 3 0 0  J /m o l )  a t  t h e  maximum t e m p e r a t u r e .  A l s o  shown

i n  Fig*  8 3 A a r e  t h e  d r i v i n g  f o r c e s  d e r i v e d  by p r e v i o u s  
5311± Ra u t h o r s  ' ^ f o r  i r o n  manganese a l l o y s  u s i n g  an i d e a l  

s o l u t i o n  m odel.

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

th a n  t h o s e  o f  th e  p r e v i o u s  w orkers  and a r e  a l s o  somewhat  

h i g h e r  th a n  t h e  n o r m a l ly  e x p e c t e d  v a l u e s  f o r  l a t h  m a r t e n s i t e  

t r a n s f o r m a t i o n  i n  o t h e r  f e r r o u s  s y s t e m s .  However,  i t  was  

a l s o  t r u e  t h a t  the  p r e v i o u s  r e s u l t s  were r a t h e r  lo w e r  

than  e x p e c t e d ,  e s p e c i a l l y  w i t h  th e  more d i l u t e  a l l o y s .

With regard  t o  th e  d i s c r e p a n c y  between t h e  p r e v i o u s  and 

p r e s e n t  r e s u l t s  i t  cannot  have been due t o  a n y n a jo r  

d i f f e r e n c e  between t h e  measured 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  

but was most l i k e l y  to  have  been ca u se d  by u s i n g  d i f f e r e n t  

v a l u e s  f o r  * P r e v i o u s l y  was c a l c u l a t e d  from

th e  i r o n  manganese e q u i l i b r i u m  diagram v i a  t h e  i d e a l  s o l u t i o n  

a p p r o x im a t io n  t h a t :

A % e  = KTln ( 1 - Xpjy )

(1 >
cf-y

and t h i s  gave  very  much lo w e r  v a l u e s  f o r  AGpe than t h o s e  

used  i n  t h e  p r e s e n t  d e t e r m i n a t i o n .  T h i s  seems to  be an  

i n d i c a t i o n  th a t  i t  was i n c o r r e c t  to  assume t h a t  i r o n  and 

manganese form an i d e a l  s o l i d  s o l u t i o n ,  and f u r t h e r  e v i d e n c e
,  O(''X .

o f  t h i s  was t h a t  t h e  e q u a t i o n  f o r  ^ , i . e .  A g.. = RTln x ftlun iVi n
Xa&oL



produced s o l u t i o n s  f o r  which  were Independent  o f

tem p er a tu r es  which must be i n c o r r e c t .  I t  would seem t h e r e ­

f o r e  t h a t  the  v a l u e s  o f  d r i v i n g  f o r c e  d e r i v e d  i n  th e  

p r e s e n t  i n v e s t i g a t i o n  by assum ing  I d e a l  s o l u t i o n  c o n d i t i o n s  

a r e  i n  e r r o r .  They are  i n  f a c t  too  high* and t h i s  must 

be due to  t h e  f r e e  e n e r g y  o f  m ix in g  term b e in g  i g n o r e d .

6 . 1 . 1 . 2  R eg u la r  S o l u t i o n .

I n  th e  s e c t i o n  2 . 2 . 2 .U . 2  i t  was shown that*.

A a i  = (1 *xA f  a -  (1  - x ,  ) 2 b -  reran x ,  ( 6 )
HoL h X -JL'X.

and t h a t  A -  Xr (1  — ) ( B—A)

By s u b s t i t u t i n g  t h e s e  i n t o  e q u a t i o n  ( 1 )  an e x p r e s s i o n  

f o r  the  d r i v i n g  f o r c e  i s  o b t a i n e d .

AG = (1  - x fi) A g Pg + y.«(( 1 - x A ) A - (  1 - x A ) B -RT l n x A )
{ 2T
( XAC

XA (1 - x fi)(B-A)

and t h i s  s i m p l i f i e s  t o

A G *  -  (1  - x fl) A C ^  - x A (RTln x ^  + B (x a - « x A + x A* ) )  +

* X/W »

Axa ( xa "2V + * L ) ( 1 5 )

A l l  o f  th e  terms i n  e q u a t io n  (1 5 )  can be d e term in ed  

w i t h  t h e  e x c e p t i o n  o f  t h a t  c o n t a i n i n g  A, but i t  can be 

assumed t h a t  t h i s  term i s  s u f f i c i e n t l y  s m a l l  t o  be i g n o r e d  

i n  d i l u t e  s o l u t i o n s .  Shown i n  T a b le  IV a r e  th e  v a l u e s  f o r  

t h e  c o e f f i c i e n t s  needed t o  s o l v e  e q u a t io n  0 5 ) *  where B

was determ ined  from th e  r e l a t i o n s h i p ;

( 1 -  x Ay >
t 1 " HJ (7)

"BxA ^ A6Pe +RTln ( l Z - S k )



T h i s  e q u a t io n  gave a l i n e a r  r e l a t i o n s h i p  f o r  B and T ( 1 - ln T )  

below 8 0 0 °K but l a r g e  d i s c r e p a n c ie s  a r o s e  above t h i s  

tem perature*  The most p ro b a b le  c a u s e  o f  t h i s  was t h e  

ex trem e s e n s i t i v i t y  o f  B to  s l i g h t  c h a n g es  i n  th e  v a l u e s
- X  -

o f  Ag*„ , x A and x .  and i t  was d e c id e d  t h e r e f o r e  t o  assumeI'6 ty.
t h a t  t h e y  were i n  e r r o r .  For t e m p e r a tu r e s  above 800°K  

t h e  v a l u e s  o f  B used  i n  c a l c u l a t i o n  were ta k en  from t h e  

l i n e a r  r e l a t i o n s h i p  between  B and T ( 1 - I n T ) .

P l o t t e d  i n  F i g .  83B a r e  th e  d r i v i n g  f o r c e  v a l u e s  

d e r i v e d  from e q u a t i o n  ( 1 5 ) and t h e s e  were shown t o  v a r y  

from between 2 8 5  and k 5 0  e a l s / m o l e  a t  manganese c o n t e n t s  

w i t h i n  t h e  range k f  t o  10 / when t h e  minimum M tempex’a t u r e  

was u s e d .  The d r i v i n g  f o r c e  f o r  a l l o y s  o f  between hv' and  

6 /. manganese was reduced  t o  1 6 5 -2 5 0  e a l s / m o l e  a t  t h e  maximum 

t e m p e r a tu r e .n

I n  a d d i t i o n  t o  th e  method d e s c r i b e d  above  u se  was
1hQ

a l s o  made o f  i n f o r m a t i o n  p ro v id ed  by H i l l e r t  "which gave  

t h e o r e t i c a l  v a l u e s  o f  f o r  i h e ° ^ s  t r a n s f o r m a t i o n  i niiul
pure manganese .  These  v a l u e s  were d e r i v e d  from the  i r o n  

manganese e q u i l i b r i u m  diagram by u s i n g  e s s e n t i a l l y  t h e  

same r e g u l a r  s o l u t i o n  a p p r o x im a t io n s  t h a t  were made by 

Kaufman & Cohen i n  i r o n  n i c k e l  and a r e  shown i n  T a b le  V

For t h e  ol-^y  t r a n s f o r m a t i o n  the  d r i v i n g  foreeAg^” 

stay be w r i t t e n  a s

G =(1 - x A)AGpe * xftAGjn + >a (1 -* a)(B-A) (16)

where (B-A) i s  o b t a i n a b l e  from e q u a t i o n s  ( 6 ) and ( 7 ) *  i . e .  

( B - A ) = ( % (1 - 2 x Ay) - / ( 1  - 2 , ^ ) )  ( ( * 1 - 4  ) ( AC +RT1 ^ )  +

( 1 “ x ^ )  -  (1  (AGFe + RTln (1  - x ^ ) )

C7 ^ ) )



and t h e  s o l u t i o n s o f  which a r e  shown i n  T a b le  VI

V a lu e s  f o r  t h e  d r i v i n g  f o r c e  a t  t h e  t e m p e r a tu r e  

which  were d e r i v e d  from e q u a t i o n s  ( 1 5 ) and ( 1 6 )  a r e  i n  

good agreem ent  w i t h  ea c h  other*, t h e  o n ly  d i f f e r e n c e  b e in g  

t h a t  t h o s e  d e r i v e d  v i a  e q u a t io n  ( 1 6 ) a r e  s l i g h t l y  l o w e r .

Shown i n  Figa 82 are  the  t h e o r e t i c a l  T Q t e m p e r a t u r e s  

which were d eterm in ed  from e q u a t i o n s  ( 15 ) and ( 1 6 ) : and  

t h e s e  can be s e en  t o  a g r e e  w e l l  w i t h  t h e  maximum o f  th e  

o b se r v e d  T0 t e m p e r a t u r e s  f o r  t h e  d i l u t e  a l l o y s  but a r e  

r a t h e r  h i g h e r  t h e n  t h e  o b se rv ed  v a l u e s  i n  th e  r i c h e r  a l l o y s ®  

e . g .  10/ manganese.  O b v io u s ly  t h i s  d i s c r e p a n p y  i s  due to  

t h e  a p p rox im ate  n a tu r e  o f  th e  r e g u l a r  s o l u t i o n  model® but  

i t  may a l s o  i n d i c a t e  t h a t  th e  measured As  t e m p e r a t u r e s  a r e  

n o t  th e  t r u e  r e v e r s e  m a r t e n s i t i e  t r a n s f o r m a t i o n

t e m p e r a t u r e s .  I t  h a s  been shown t h a t  the  Ac, t em p e r a tu re  

i n c r e a s e d  w i t h  h e a t i n g  r a t e  end i t  was p o s s i b l e  t h a t  a 

p l a t e a u  t e m p era tu re  might  have been reach ed  i f  h i g h e r  r a t e s  

o f  h e a t i n g  c o u ld  have been o b t a i n e d .  T h i s  h i g h e r  t e m p e r a t u r e  

would no doubt  have reduced t h e  d i s c r e p a n c y  between t h e  

o b se rv ed  and c a l c u l a t e d  T0 t e m p e r a t u r e s .

For a l l o y s  c o n t a i n i n g  between b /  and 6 /  manganese  

t h e  d r i v i n g  f o r c e s  a t  th e  minimum tem p era tu re  a g r e e  

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

a l lo y s ®  e . g .  2 8 5 -3 0 0  c a l s / m q l e , ( 1 2 0 0 - 1 2 6 0  j /ruo l)  » but a t  

h i g h e r  manganese c o n c e n t r a t i o n s  th e y  a r e  v er y  much h i g h e r .

I f  t h e  v a l u e  f o r  t h e  1 0 /  manganese a l lo y ®  i . e .  U30 e a l s / m o l e  

(1 8 0 6  «T/mol) was c o r r e c t  th en  tw inned  m a r t e n s i t e  s h o u ld



h a v e  formed a c c o r d i n g  to  th e  s u g g e s t i o n  by B e l l  , s i n c e  

t h e  d r i v i n g  f o r c e  i s  w e l l  above  the  c r i t i c a l  l e v e l  o f  

315 e a l s / m o l e  (1 323  J / m o l )  f o r  t h e  l a t h  t o  tw inned t r a n ­

s i t i o n .  S i n c e  t h i s  d id  n o t  o c c u r ,  and a l s o  due t o  t h e  

d i s c r e p a n c y  between t h e  o b se rv ed  and c a l c u l a t e d  T0 

tem p era tu res#  i t  s u g g e s t s  t h e r e f o r e  t h a t  t h e  r e s u l t  was  

i n c o r r e c t ,  and i n d i c a t e s  t h a t  th e  assum ptionsm ade by th e  

r e g u l a r  s o l u t i o n  model a r e  i n v a l i d  f o r  the  more c o n c e n t r a t e d  

a l l o y s .  I f  i n  f a c t  t h e  d r i v i n g  f o r c e  f o r  t h e  10/ manganese  

a l l o y  i s  c o r r e c t e d  to  t h e  o b se r v e d  T0 t em p e r a tu r e  t h e n  a 

f i g u r e  o f  a p p r o x im a t e ly  300  e a l s / m o l e  ( 1 2 6 0  J /m o l )  i s  o b t a in e d  

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

i r o n  a l l o y s .

F i n a l l y ,  i n  Fig* 82 i t  w i l l  be s e e n  t h a t  by e x t r a ­

p o l a t i o n ,  two f i g u r e s  fo r  t h e  tem p er a tu re  o f  pure i r o n  

can be o b t a i n e d .  The low er  1:1 n tem p eratu re  v a l u e s  e x t r a p o l a t e s  

t o  w i t h i n  th e  r e g i o n  o f  5 5 0 - 6 0 0 °G and t h e  h i g h e r  t o  

750~80Q°c .  Both o f  t h e s e  a r e  c l o s e  t o  th e  t e m p e r a tu r e s  

n o rm a l ly  quoted  f o r  pure i r o n  and i n d i c a t e s  t h a t  t h e  p ro ­

p o s i t i o n s  o f  s e c t i o n  2 . 2 . 2 . 5 *li c o n c e r n in g  b a i n i t e  and 

m a r t e n s i t e  may be c o r r e c t .

6 . 1 . 2  T ra n s fo r m a t io n  b e h a v io u r  o f  i r o n  manganese a l l o y s

I n  a l l o y s  c o n t a i n i n g  between 6 /i and 10;: manganese t h e  

r e s u l t s  have c l e a r l y  e s t a b l i s h e d  t h a t  t h e  y t r a n s ­

fo r m a t io n  i s  m a r t e n s i t i e  over a wide range o f  c o o l i n g  r a t e s .

I t  was i n  f a c t  i m p o s s i b l e  t o  produce m a ss iv e  f e r r i t e  in  

e i t h e r  t h e  8 /  or 1 0 /  manganese a l l o y s .  The m a r t e n s i t e



formed h a s  been shown r n e t a l l o g r a p h i c a l l y  t o  be l a t h  m a r t e n s i t e

and n o t  twinned m a r t e n s i t e  a s  s u g g e s t e d  by some p r e v i o u s  
5 7 . 9 9 .a u t h o r s  and i t  was a l s o  shown t o  be c r y s t a l ! o g r a p h i c a l l y

i n d i s t i n g u i s h a b l e  from t h e  l a t h  m a r t e n s i t e s  formed i n  o t h e r  

i r o n  b ase  a l l o y s #  e . g .  i r o n  n i c k e l  a l l o y s .  Fo e x a m p le s  

were found o f  l a t h  m a r t e n s i t e s  w i t h  a (T T g )^ h a b i t  p la n e  

which i s  t h e  ty p e  found i n  low s t a c k i n g  f a u l t  e n e r g y  

a u s t e n i t e  s t e e l s #  and i s  p ro b a b ly  n u c l e a t e d  by e p s i l o n .

I n  both  t h e  h/ and 6 /  manganese a l l o y s  c e r t a i n  f e a t u r e s  

o f  t r a n s f o r m a t i o n  e x i s t e d  which do n o t  a l l o w  t h e  im m ediate  

c o n c l u s i o n  t h a t  th e y  were m a r t e n s i t i e .

These  f e a t u r e s  f o r  th e  4Z manganese a l l o y  I n c lu d e d :

( i )  d e p r e s s i o n  o f  t h e  t r a n s f o r m a t i o n  tem p eratu re  by 

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

( i i )  c h a n g es  i n  t h e  m ic r o s t r u e t u r e #  where a f t e r  s lo w  c o o l i n g  

a non l a t h  l i k e  appearance  e x i s t e d  which  was more 

r e m i n i s c e n t  o f  p r o - b a i n i t i c  f e r r i t e  than l a t h  m a r t e n s i t e .

( i i i )  c h a n g es  i n  the  m ech a n ic a l  p r o p e r t i e s  which l e d  t o  

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

v a l u e s  a f t e r  s lo w  c o o l i n g .

The most p ro b a b le  e x p l a n a t i o n  o f  t h e  above b e h a v io u r  

i s  t h a t  i n  t h e  hZ manganese a l l o y  t h e  M_ t e m p era tu re  i s  

s u f f i c i e n t l y  h i g h  t o  a l l o w  r e c o v e r y  t o  ta k e  p la c e  d u r in g  

t r a n s f o r m a t i o n , s i n c e  t h e s e  e f f e c t s  a r e  not  produced in  

a l l o y s  whose was below th e  normal r e c o v e r y  t e m p er a tu r e  

o f  i r o n .  e . g .  hOO°C. C e r t a i n l y  t h e  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  

a r e  c o n s i s t e n t  w i t h  t h i s  argument and i t  i s  most l i k e l y



t h a t  t h e  s lo w  c o o l e d  s t r u c t u r e s  were formed a s  a r e s u l t  

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

e v i d e n c e  o f  t h i s  comes from th e  x - r a y  d i f f r a c t i o n  r e s u l t s .

The r e c o v e r y  p r o c e s s e s  a l s o  seem t o  a s s i s t  t r a n s f o r m a t i o n  

s in c e #  i f  s low c o o l i n g  i s  u s e d ,  th e  1AS tem p e r a tu r e  i s  

r a i s e d ,  and th e  d r i v i n g  f o r c e  f o r  t r a n s f o r m a t i o n  i s  red u ced  

from 285 e a l s / m o l e  ( 1 2 0 0  J /m o l )  t o  150 e a l s / m o l e  ( 6 3 0  J / m o l ) .  

There  a r e  s e v e r a l  p o s s i b l e  ways i n  w hich  t h i s  c o u ld  a r i s e ,  

but a l l  a r e  due e s s e n t i a l l y  t o  t h e r m a l l y  a c t i v a t e d  d i s ­

l o c a t i o n  movement.

( i )  By th e  t h e r m a l l y  a s s i s t e d  movement o f  t h e  a u s t e n i t e /  

m a r t e n s i t e  i n t e r f a c e  d i s l o c a t i o n s  ( t r a n s f o r m a t i o n  d i s l o c a t i o n s ) .

( i i )  The l a t t i c e  i n v a r i a n t  s h e a r ,  i . e .  s l i p  c o u ld  be a s s i s t e d  

by e a s i e r  d i s lo e a t io n m o v e m e n t  due t o  thermal  a c t i v a t i o n .

T h i s  would mean t h a t  e x i s t i n g  n u c l e i  or embryos c o u ld  

produce t r a n s f o r m a t i o n  a t  a h i g h e r  t e m p e r a t u r e ,  or  s m a l l e r  

d r i v i n g  f o r c e .

( i i i )  I f  r e c o v e r y  can ta k e  p l a c e  i n  th e  surro u n d in g  a u s t e n i t e  

or i n  t h e  m a r t e n s i t e ,  th e n  th e  d eg r ee  o f  s t r a i n  h a r d e n in g  

produced by the  c o n s t r a i n t  between the  a u s t e n i t e  and m a r t e n s i t e  

w i l l  be re d u ced .  T h i s  would e n a b le  t h e  m a r t e n s i t e  embryos

t o  s t a r t  growth a t  a s m a l l e r  d r i v i n g  f o r c e .

Whichever o f  t h e s e  t h r e e  s u g g e s t i o n s  i s  c o r r e c t ,  

d epends  on whether th e y  f u l f i l l  th e  c o n d i t i o n  t h a t  th e  

t h e r m a l l y  a c t i v a t e d  p r o c e s s  i s  one which a s s i s t s  o n l y  i n  

th e  growth  o f  e x i s t i n g  n u c l e i  and n o t  i n  t h e  f o r m a t io n  o f  

new n u c l e i .  T h is  must oe t r u e  s i n c e  the  : r e s u l t s  showed



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

transform at ion* ,  what r e a l l y  happened was t h a t  i t  became 

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

h i g h e r  tem p e r a tu r e  by s lo w e r  c o o l i n g .  The l a s t  o f  t h e  

above  t h r e e  s u g g e s t i o n s  i s  t h e  most l i k e l y  mechanism i n v o l v e d ,  

and t h u s  t r a n s f o r m a t i o n  i n  th e  U1/  manganese a l l o y  a t  s lo w  

c o o l i n g  r a t e s  c o u ld  be r e f e r r e d  t o  a s  a " r ec o v er y  a s s i s t e d "  

r n a r t e n s i t e .  During  c o o l i n g  t h e r e f o r e *  m a r t e n s i t e  embryos  

o r  n u c l e i  form which c o u ld  be r e g i o n s  o f  h i g h  d i s l o c a t i o n  

d e n s i t y ,  e . g .  " s t r a i n  embryos", but their groi7th i s  r e s t r i c t e d  

by t h e  c o n s t r a i n t  o f  t h e  s u r r o u n d in g  a u s t e n i t e ,  and a 

s u f f i c i e n t  d r i v i n g  f o r c e  must be c r e a t e d  by s u p e r c o o l i n g  

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

no r e c o v e r y  can occur t o  reduce  c o n s t r a i n t  and a normal  

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  a r i s e s  when the  d r i v i n g  f o r c e  

r e a c h e s  th e  c r i t i c a l  l e v e l ,  e . g .  285 c a l s / m o l e .  With  

s lo w e r  c o o l i n g  r a t e s  an i n c u b a t i o n  p e r io d  i s  p ro v id ed  

d u r in g  &hich t h e  c o n s t r a i n t s  a r e  reduced and m a r t e n s i t i c  

t r a n s f e r  a t i o n  can occur  a t  a s l i g h t l y  h i g h e r  t e m p e ra tu re  

w it h  a lo w er  d r i v i n g  f o r c e .  S i n c e ,  how ever ,  t h e r m a l l y  

a c t i v a t e d  p r o c e s s  d o e s  n o t  a s s i s t  i n  p roduc ing  f u r t h e r  

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

i s  s t i l l  r e q u i r e d  t o  produce f u r t h e r  t r a n s f o r m a t i o n .

An i n t e r e s t i n g  p o in t  which  em erges  from t h e s e  r e s u l t s  

i s  t h a t  shown by t h e  e x t r a p o l a t i o n  o f  t h e  t r a n s f o r m a t i o n  

te m p e r a tu r e s  t o  pure i r o n  in  P i g .  8 2 .  E x t r a p o l a t i o n  o f  

t h e  r e c o \re r y  a s s i s t e d  t e m p e r a tu r e s  g i v e s  an  t e m p e r a t u r e



f o r  pure i r o n  o f  a p p r o x im a t e ly  7 5 0°C w hereas  th e  minimum 

p l a t e a u  MR t e m p e r a tu r e s  e x t r a p o l a t e  t o  a p p r o x i m a t e l y  5oO°C. 

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

s e c t i o n  2 . 2 . 2 . 3 *h i s  due t o  d i f f e r e n t  m a r t e n s i t i c  r e a c t i o n s  

An Ms  tem p e r a tu re  o f  560°G i n  pure i r o n  r e f e r s  to  

m s r t e n s i t e  f o r m a t io n  w i t h o u t  therm al  a s s i s t a n c e  w h erea s  

t r a n s f o r m a t i o n  a t  750°G i s  by a r e c o v e r y  a s s i s t e d  me chan ism  

I f  t h i s  i s  t r u e  th e n  i t  i s  a l s o  p o s s i b l e  t o  s p e c u l a t e  

c o n c e r n i n g  t h e  r o l e  o f  i n t e r s t i t i a l  atoms whereby t h e  

p in n in g  o f  d i s l o c a t i o n s  by s o l u t e  a t m o s p h er es  c o u ld  red u ce  

r e c o v e r y  and i n h i b i t  m a r t e n s ! t e  f o r m a t i o n  above 560°G.

T h i s  may a c c o u n t  f o r  t h e  c h a n g e s  i n  Mn tem p eratu re  i n  

pure i r o n  a t  v e r y  low carbon  l e v e l s  such  a s  d e s c r i b e d  by 

Swanson & Parr . F i n a l l y *  t h e r e  i s  th e  q u e s t i o n  o f  

b a i n i t e  t r a n s f o r a t i o n  such  a s  d e s c r i b e d  i n  s e c t i o n  2 . 2 . 2 . 5  

f o r  i r o n  n i c k e l  a l l o y s ,  i r o n  n i c k e l  molybdenum a l l o y s ,  and 

i r o n  manganese chromium a l l o y s .  The a p p a r en 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  produced i n  t h e s e  a l l o y s  c o u ld  q u i t e  

c o n c e i v a b l y  be due t o  r e c o v e r y  i n  t h e  a u s t e n i t e  which  

l e a d s  to  an i n c u b a t i o n  p e r io d  p r i o r  to  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 ,  and t h i s  e x p l a i n s  the  a b i l i t y  to  s u p p r e s s  

t r a n s f o r m a t i o n  by ra p id  c o o l i n g  or  t o  d i s p l a y  a t im e ,  

t e m p e r a tu r e ,  t r a n s f o r m a t i o n  c u r v e .  I t  would i n  f a c t  be 

i n t e r e s t i n g  to  measure th e  a c t i v a t i o n  e n e r g i e s  fo r  t r a n s ­

f o r m a t io n  i n  t h e s e  a l l o y s  and compare them w i t h  t h a t  f o r  

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

low  carbon  s t e e l s  c o u ld  a l s o  be e x p l a i n e d  on th e  above



but i t s  r a t e  i s  c o n t r o l l e d  by t h e  r a t e  o f  r e c o v e r y  i n  th e  

a u s t e n i t e .  T h i s  i n  tu rn  c o u ld  be c o n t r o l l e d  by t h e  r a t e  

o f  carbon d i f f u s i o n .

The o t h e r  p u z z l i n g  t r a n s f o r m a t i o n  e f f e c t s  o c c u r re d  

i n  the 6% manganese a l l o y  and i t  was shown t h a t  a seco n d  

ph ase ,  a d d i t i o n a l  to  t h e  l a t h  m a r t e n s i t e ,  was produced by 

e i t h e r  s lo w  c o o l i n g  or  h o l d i n g  a t  a f i x e d  tem p e ra tu r e  

between th e  Mn and hlf.  T h i s  second  phase was produced  

a t  t h e  p r i o r  a u s t e n i t e  g r a i n  b o u n d a r ie s  and was u n d o u b te d ly  

g en u in e  a s  e v id e n c e d  by th e  c h a n g e s  i n  rn e ta l lo g r a p h ic  s t r u c t u r e  

and m e c h a n ic a l  p r o p e r t i e s  which  i t  produced .  I t  a l s o  seems  

r e a s o n a b ly  c e r t a i n  t h a t  i t  formed i s o t h e r r n a l l y  and produced  

a s u p e r s a t u r a t e d  f e r r i t e  o f  ragged a p p e a r a n ce ,a n d  p o s s i b l y  

i t  was m a ss iv e  f e r r i t e .  However* t h e r e  a r e  s e v e r a l  q u e s t i o n s  

and o b s e r v a t i o n s  which c o n t r a d i c t  t h i s .

( i )  Why sh o u ld  m a ss iv e  f e r r i t e  form i n  a 6 / manganese  

a l l o y  and n ot  i n  a l l o y s  c o n t a i n i n g  l e s s  manganese ? 

e . g .  th e  4 a manganese a l l o y .

( i i )  Why d o es  i t  form o n ly  a f t e r  c o o l i n g  t o  below 420°C  

when th e  d r i v i n g  f o r c e  h a s  rea ch ed  3 0 0  c a l s / m o l e

(1 2 6 0  J / m o l ) ?  F o r m a l ly  th e  d r i v i n g  f o r c e  f o r  m a s s i v e  

f e r r i t e  i s  o n ly  a p p r o x im a t e ly  6 0  c a l s / m o l e  (2 5 2  J / m o l )

( i i i )  Why d o es  t h e  fo r m a t io n  b f  m a s s iv e  f e r r i t e ,  which  

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

t em perature  b e f o r e  a l l  o f  t h e  rem a in in g  a u s t e n i t e  

h a s  decomposed?

Q u e s t io n  ( i )  and ( i i i )  c o u ld  p erhaps  be r e s o l v e d  by



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

6 /  manganese a l l o y  w hich  en a b le d  m a s s iv e  f e r r i t e  to  form.  

However* t h e r e  was a b s o l u t e l y  no e v i d e n c e  o f  t h i s *  e . g .  

x - r a y  d i f f r a c t i o n  a n a l y s i s  and fu r th e rm o r e  no « s e p a r a t e  

t r a n s f o r m a t i o n  k in k  f o r  m a ss iv e  f e r r i t e  was d e t e c t e d  

dur ing  c o o l i n g  w i t h  t h e  d i l a t o m e t e r .  I f  a d i f f e r e n c e  i n  

c o m p o s i t i o n ,  i . e .  s e g r e g a t i o n ,  had o c c u r r e d  th en  a s e p a r a t e  

t r a n s f o r m a t i o n  t em p era tu re  should  have been produced .

The a l t e r n a t i v e  t o  m a ss iv e  f e r r i t e  b e in g  r e s p o n s i b l e  

f o r  t h e  d u p le x  s t r u c t u r e  was t h a t  r e c o v e r y  a s s i s t e d  

m a r t e n s i t e  formed d u r in g  s lo w  c o o l i n g .  C e r t a i n l y  t h i s  

would e x p l a i n  the  t r a n s f o r m a t i o n  d r i v i n g  f o r c e s  and th e  

a b i l i t y  t o  s l i g h t l y  d e p r e s s  the  tem p eratu re  i n  the  6 /  

manganese a l l o y .  Compared w i t h  the 4^ manganese a l l o y  

the  M te m p e ra tu r e  f o r  t h e  6 /  manganese a l l o y  i s  much 

l o w e r ,  and th e  o p p o r t u n i t i e s  f o r  r e c o v e r y  t o  ta k e  p l a c e  

much l e s s ,  s o  t h a t  o n l y  s l i g h t  a s s i s t a n c e  i s  g i v e n  to  

t r a n s f o r m a t i o n  and th e  t em p era tu re  i s  o n l y  r a i s e d  s l i g h t l y  

by s lo w  c o o l i n g .  I t  may a l s o  be p o s s i b l e  t h a t  o n l y  i n  

r e g i o n s  where im p u r i ty  s e g r e g a t i o n  o c c u r s ,  e . g .  p r i o r  a u s t e n i t e  

g r a i n  b o u n d a r ie s ,  i s  i t  p o s s i b l e  f o r  th e  r e c o v e r y  a s s i s t a n c e  

t o  o c c u r .  T h is  would e x p l a i n  why normal l a t h  m a r t e n s i t e  

s t r u c t u r e s  occu rred  e x c e p t  a t  the  p r i o r  a u s t e n i t e  g r a i n  

b o u n d a r ie s .  Furthermore due t o  t h e  l o w e r  Mg tem p e r a tu r e  

and th e  s lo w e r  r e c o v e r y  r a t e s  t h e  growth r a t e  o f  r e c o v e r y  

a s s i s t e d  m a r t e n s i t e  w i l l  be s lo w e r ,  and t h i s  would e x p l a i n  

why i s o t h e r m a l  t r a n s f o r m a t i o n  was o b se rv e d  i n t h e  6/ manganese  

but not  t h e  4 / ’ manganese a l l o y .  T h i s  i s  b e c a u se  t h e  t im e



ta k e n  f o r  th e  4 /  manganese a l l o y  s p e c im e n s  t o  c o o l  t o  t h e  

h o l d i n g  t e m p era tu re  i n  t h e  d i l a t o m e t e r  was perhaps  t o o  

s lo w  f o r  i s o t h e r m a l  growth t o  be d e t e c t e d ,  i . e .  i t  had  

p ro b a b ly  been co m p le ted  b e f o r e  a c o n s t a n t  tem p era tu re  

had been r e a c h e d .  I n  th e  6 /  manganese a l l o y  t h e  s l o w e r  

growth r a t e s  a l l o w e d  i s o t h e r m a l  growth t o  be d e t e c t e d  

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

The most f a v o u r a b l e  e x p l a n a t i o n  o f  t h e  o b se r v e d  

b e h a v io u r  seems t h e r e f o r e  t o  be t h a t  t h e  d u p lex  s t r u c t u r e s  

formed i n  t h e  6 /  manganese a l l o y s  a f t e r  s low  c o o l i n g  were  

due t o  t h e  f o r m a t io n  o f  r e c o v e r y  a s s i s t e d  m a r t e n s i t e ,  and 

n o t  m a ss iv e  f e r r i t e *  and i f  t h i s  i s  s o  i t  i m p l i e s  t h a t  

l a t h  m a r t e n s i t e  may e x h i b i t  I s o t h e r m a l  grow th .  The 

n u c l e a t i o n  however rem ain s  a th erm a l  and d o e s  n ot  produce  

t r a n s f o r m a t i o n  u n t i l  c o o l i n g  below a c r i t i c a l  t e m p e r a tu re  

h a s  been a c h i e v e d .  F u r th er  c o o l i n g  i s  t h e n  r e q u ir e d  once  

t h e s e  n u c l e i  have been e x h a u s te d  i n  order  to  c o n t i n u e  

t r a n s f o r m a t i o n *  and b eh a v io u r  such  a s  t h i s  c l o s e l y  r e s e m b l e s  

upper b a i n i t e  f o r m a t io n .  I t  may be proper  t h e r e f o r e  t o  

d e s c r i b e  t h e  t r a n s f o r m a t i o n  a s  b a i n i t i c .

Summarising t h e r e f o r e *  t r a n s f o r m a t i o n  i n  a l l o y s  

c o n t a i n i n g  between 4 /  ana 1 0 /  manganese h a s  been shown t o  

occur  by a l a t h  m a r t e n s i t i c  mechanism and produces  a 

s t r u c t u r e  which i s  m e t a l i o g r a p h i c a l l y  ana c r y s t a l l o g r a p h i e a l l y  

i d e n t i c a l  to  th e  l a t h  m a r t e n s i t e s  produced i n  i r o n  n i c k e l  

a l l o y s .  I n c r e a s i n g  th e  manganese c o n t e n t  lo w er  t h e  M 

t em p e ra tu r e  due m ain ly  to  t h e  l o w e r i n g  o f  th e  T t e m p e r a t u r e ,  

but t h e r e  i s  a l s o  a srnall i n c r e a s e  i n  d r i v i n g  f o r c e ,  e . g .



from 285 t o  3 0 0  c a l s / m o l e  ( 1 2 0 0 -1 2 6 0  J / m o l ) , which  s u g g e s t s  

t h a t  g r e a t e r  c o n s t r a i n t  i s  r e s i s t i n g  t r a n s f o r m a t i o n  a t  

h i g h e r  manganese c o n c e n t r a t i o n s .  T h i s  c o u ld  be due t o  t h e  

s o l u t i o n  h a r d e n in g  o f  a u s t e n i t e  ca u sed  by i n c r e a s e d  

manganese a d d i t i o n s .  T i t h  manganese c o n c e n t r a t i o n s  o f  

l e s s  than 6 /  manganese the  tem p era tu re  i s  s u f f i c i e n t l y  

h i g h  to  a l l o w  r e c o v e r y  t o  ta k e  p l a c e  i n  th e  m a r t e n s i t e  

d u r in g  i t s  fo rm a t io n *  and t h i s  prod u ces  some therm al  

a s s i s t a n c e  to  t h e  m a r t e n s i t e  r e a c t i o n  by a l l o w i n g  i s o t h e r m a l  

growth t o  occur  i f  s u f f i c i e n t  t im e  i s  a l l o w e d .  M ass ive  

f e r r i t e  s t r u c t u r e s  c o u ld  not  be produced e x c e p t  i n  th e  

2/  manganese a l i o y .

6 . 1 . 3 .  E f f e c t s  o f  a u s t c n i t i s l n g  .time and t e m p e r a t u r e .

I n  s e c t i o n  5 . 1 * 8  t h e  r e s u l t s  a r e  g i v e n  f o r  t h e  e f f e c t s

o f  a u s t e n i t i z i n g  t im e and tem p era tu re  on s u b s e q u e n t  m a r t e n s i t e

t r a n s f o r m a t i o n  i n  a 1 0 /  manganese a l l o y .  The p u rp ose  o f

t h i s  work i n i t i a l l y  was to  e s t a b l i s h  th e  p o s s i b i l i t y  o f

forming  m a ss iv e  f e r r i t e  by producing  f i n e  a u s t e n i t e  g r a i n

s i z e s *  end a l s o  t o  d e term in e  w hether  i t  was p o s s i b l e  t o

a l t e r  p r i o r  a u s t e n i t e  g r a i n  s i z e s  by v a r i a t i o n  i n  h e a t

t r e a t m e n t .  M assive  f e r r i t e  c o u l d  n o t  i n  f a c t  be produced

but i t  was p o s s i b l e  to  a l t e r  the  p r i o r  a u s t e n i l e  g r a i n  s i z e

by v a r y in g  a u s t e n i t i z i n g  t e m p e r a t u r e s  a n d /o r  t ime* and a l s o

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

were n o t e d .  These  e f f e c t s  have  been f u l l y  d e s c r i b e d  e l s e -  
150where but may be b r i e f l y  summarised a s  f o l l o w s .  I n  th e  

e v e n t  o f  i n c r e a s i n g  e i t h e r  th e  a u s t e n i t i z i n g  t e m p e r a tu r e  or



t im e t h e  t e m p e r a t u r e ,  h a r d n e s s ,  and m i c r o s t r u e t u r ef?
underwent the  ch a n g e s  d e s c r i b e d  i n  s e c t i o n  5 - 1 * 8 ,  and t h e  

i n t e r p r e t a t i o n  o f  t h e s e  i s  t h a t  t h e y  are  due t o  t h e  

a c c u m u la t io n  o f  d i s l o c a t i o n s  in  t h e  a u s t e n i t e  f o l l o w i n g  

t h e  r e v e r s e  t r a n s f o r m a t i o n .  Im m e d ia te ly  on r e h e a t i n g

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

i s  i n h e r i t e d  by th e  a u s t e n i t e  due t o  th e  r e v e r s e  m a r t e n s ! t i c  

r e a c t i o n  and i t  i s  proposed  t h a t  due t o  the  a u s t e n i t e ’ s  

low s t a c k i n g  f a u l t  e n e r g y  t h e s e  d i s l o c a t i o n s  i n i t i a l l y  

adopt  p la n a r  d i s t r i b u t i o n s  w i t h  e l a s t i c  s t r e s s e s  due t o  

p i l e  u p s .  With a u s t e n i t e  i n  t h i s  c o n d i t i o n  su b seq u e n t  

t r a n s f o r m a t i o n  t o  m a r t e n s i t e  i s  s t i m u l a t e d  by the  p r e s e n c e  

o f  e l a s t i c  s t r e s s e s ,  and e  h i g h  tem p eratu re  r e s u l t s .

The s t r u c t u r e  formed a l s o  r e t a i n s  t h e  o r i g i n a l  a u s t e n i t e  

g r a i n  s i z e  but i s  d i s t o r t e d  due to  th e  d i s l o c a t i o n s  o f  th e  

a u s t e n i t e  b e in g  t r a n s p o s e d  back t o  th e  m a r t e n s i t e .  The 

h a r d n e s s  a t  t h i s  s t a g e  i s  a l s o  r e l a t i v e l y  low due to  t h e  

i n h e r i t a n c e  by the  m a r t e n s i t e  o f  t h e  o r i g i n a l  c o a r s e  a u s t e n i t e  

g r a i n  s i z e .  With su b seq u en t  r e h e a t i n g  e i t h e r  to  a h i g h e r  

a u s t e n i t i z i n g  tem p era tu re  or  f o r  a l o n g e r  a u s t e n i t i z i n g  t im e  

the d i s l o c a t i o n s  produced by th e  r e v e r s e  ^  t r a n s f o r m a t i o n  

i n  th e  a u s t e n i t e  a r e  a b l e  t o  undergo r e c o v e r y  p r o c e s s e s  

such  a s  t h e  fo r m a t io n  o f  s u b - c e l l s  by t h e r m a l l y  a c t i v a t e d  

c r o s s  s l i p ,  and t h i s  th en  removes  th e  e l a s t i c  s t r e s s e s  

due t o  p i l e  u p s .  On c o o l i n g ,  t r a n s f o r m a t i o n  back t o  

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

by a d e c r e a s e  i n  Mg te m p e r a tu r e ,  s e e  F i g s .  50A-B, which



may be c a u s e d  by the  a c t i o n  o f  s u b - c e l l  b o u n d a r ie s  i n  t h e  

a u s t e n i t e ,  p r e v e n t i n g  t h e  p r o p a g a t io n  o f  m a r t e n s i t e .  

A l t e r n a t i v e l y  t h e  sub c e l l s  may be s a i d  t o  i n c r e a s e  th e  

a u s t e n i t e  f lo w  s t r e s s  and r e s t r i c t  m a r t e n s i t e  fo r m a t io n  

by im p o s in g  g r e a t e r  c o n s t r a i n t .  During t h i s  s t a g e  o f  

t h e  c h a n g e s  i n  tem p era tu re  th e  m a r t e n s i t i e  s t r u c t u r e  

i s  r e f i n e d  by th e  a u s t e n i t e  sub c e l l s  and i t s  h a r d n e s s  i s  

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

a u s t e n i t i z i n g  t im e or t e m p er a tu re  have  been s u f f i c i e n t  to  

promote r e c r y s t a l l i z a t i o n  w i t h i n  th e  h i g h l y  d i s l o c a t e d  

a u s t e n i t e  formed by th e  t r a n s f o r m a t i o n .  Upon th e

removal  o f  t h e  d i s l o c a t i o n s  from th e  a u s t e n i t e  by r e c r y -  

s t a l l i z a t i o n ,  t h e  b a r r i e r  t o  m a r t e n s i t i e  t r a n s f o r m a t i o n  

i s  reduced and the M*. t em p era tu re  i n c r e a s e s *  but w i t h  th e  

c o m p le t io n  o f  r e c r y s t a l l i z a t i o n  however a l i m i t i n g  c o n s t a n t  

ftB t em p era tu re  i s  r e a c h e d ,  i . e .  t h e  Ms  tem p e r a tu r e  i s  

u n a f f e c t e d  by p r i o r  a u s t e n i t e  g r a i n  s i z e  and d oes  n o t  

a l t e r  d u r in g  t h e  g r a in  growth s t a g e .  The m i c r o s t r u e t u r e  

g r a d u a l l y  becomes c o a r s e r  and i t s  h a r d n e s s  i d  reduced  

d u r in g  t h i s  p e r i o d .

Summarising th e  c h a n g e s  shown in  F i g s .  50-5Us t h e y  

a r e  p ro b a b ly  due to  v a r y in g  d e g r e e s  o f  r e c o v e r y  a n d /o r  

r e c r y s t a l l i z a t i o n  i n  t h e  a u s t e n i t e  ca u se d  by v a r i a t i o n s  

i n  a u s t e n i t i z i n g  t im e  or  t e m p e r a tu r e .  I f  no r e c o v e r y  i s  

a l l o w e d  t o  occur  th e  d i s l o c a t i o n s  i n h e r i t e d  by t h e  a u s t e n i t e  

from t h e  r e v e r s e  t r a n s f o r m a t i o n  produce  s t i m u l a t i o n

o f  a s u b seq u en t  m a r t e n s i t e  r e a c t i o n ,  but i f  r e c o v e r y  d o e s



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

i n c r e a s e d .  E v e n t u a l l y  r e c r y s t a l l i z a t i o n  i n  th e  a u s t e n i t e  

l e a d s  to  ©n i n c r e a s e  i n  t em p era tu re  and a r e d u c t i o n  

i n  h a r d n e s s .

The e f f e c t s  o f  c y c l i n g  through  th e  t r a n s ­

f o r m a t io n  seq ue nc e  t o  a f i x e d  a u s t e n i t i z i n g  t e m p er a tu r e  

c a u s e s  a b u i l d  up o f  d i s l o c a t i o n s  w i t h i n  t h e  a u s t e n i t e  

which e n h a n ces  r e c o v e r y .  Thus th e  e f f e c t  o f  c y c l i n g  i s  

t o  d e p r e s s  th e  tem perature*  r e f i n e  m i c r o s t r u e t u r e ,  and 

i n c r e a s e  i t s  h a r d n e s s .

The r e s u l t s  a l s o  d em o n stra te  t h a t  r e f in e m e n t  o f  

th e  a u s t e n i t i c  g r a i n  s i z e  i s  p o s s i b l e  by r e a u s t e n i t i z a t i o n .  

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

r e a c t i o n  which  sh o u ld  c a u s e  th e  o r i g i n a l  g r a i n  s i z e  t o  be 

r e t a i n e d *  and i s  due t o  th e  r e c r y s t a l l i z a t i o n  produced by 

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

6 . 2  M ech a n ica l  P r o p e r t i e s .

6 . 2 . 1 .  B r i t t l e  F r a c tu r e  B eh a v io u r

The impact  t e s t  r e s u l t s  show t h a t  i r o n  manganese  

a l l o y s  a r e  r e l a t i v e l y  b r i t t l e  when i n  a l a t h  m a r t e n s i t i e  

c o n d i t i o n *  but when tempered above 6 0 0 °C and quenched*  

good impact  p r o p e r t i e s  a r e  o b t a i n e d .  The b r i t t l e  f r a c t u r e  

beh av iou r  a l s o  e x h i b i t e d  many o f  th e  c h a r a c t e r i s t i c s  o f  

th e  temper b r i t t l e n e s s  phenomenon f o r  low a l l o y  s t e e l s .

These  were namely:

( i )  F r a c t u r e  tended t o  f o l l o w  p a th s  a l o n g  t h e  p r i o r  

a u s t e n i t e  g r a i n  b o u n d a r ie s .



( i i )  E i t h e r  by t em p er in g  i n ,  or s lo w  c o o l i n g  th ro u g h ,  th e  

t e m p er a tu r e  range 3 5 0 - 4 5 0 ° c f s e v e r e  e m b r i t t l e m e n t  a t  p r i o r  

a u s t e n i t e  g r a i n  b o u n d a r ie s  v;os produced .

( i i i )  Tempering above 60Q°C removed e m b r i t t l e m e n t *  but  

b r i t t l e n e s s  r e tu r n e d  i f  sp e c im e n s  were a l l o w e d  t o  s lo w  

c o o l  from 600°C or  were re tem pered  i n  the  range  2 5 0 ° g —

4 5 0°C , s e e  F i g .  67c

( i v )  A lthough  no e v i d e n c e  o f  g r a i n  boundary p r e c i p i t a t e s  

was found* g r o o v in g  a l o n g  th e  p r i o r  a u s t e n i t e  g r a i n  

b o u n d a r ie s  occu rred  a f t e r  e t c h i n g  an e m b r i t t l e d  a l l o y

in  sodium b i s u l p h i t e  r e a g e n t .

In  low  a l l o y  s t e e l s  two t y p e s  o f  e m b r i t t l e m e n t  can  

o c c u r  d u r in g  t e m p e r in g .  These  a r e :

( i )  "350°C e m b r i t t l e m e n t " .  T h is  i s  produced by the  

tem p er in g  o f  an a s  quenched m a r t e n s i t i e  s t e e l  w i t h i n  t h e  

range 2 5 0 - i i 0 0 ° c ,  and i s  r e v e a l e d  by a r e d u c t i o n  i n  t h e  

root;; t em p eratu re  impact s t r e n g t h .  The b r i t t l e  f r a c t u r e  

which o c c u r s  u s u a l l y  d oes  so  by i n t e r g r a n u l a r  f a i l u r e  a t  

p r i o r  a u s t e n i t e  g r a i n  b o u n d a r ie s .

( i i )  "Temper b r i t t l e n e s s " .  T h is  o c c u r s  when a hardened  

s t e e l  a f t e r  tem p er in g  a t  above 600°C i s  e i t h e r  a l l o w e d

to  s lo w  c o o l  th rou gh ,  or  i s  r e h e a t e d  w i t h i n ,  the  t e m p e ra tu r e  

range 3 o G -5 8 0 °c .  Again  the  b r i t t l e  fr .  e t u r e  produced  

u s u a l l y  o c c u r s  by f a i l u r e  a t  p r i o r  a u s t e n i t e  g r a i n  b ou n d a r ie  

out the  e m b r i t t l e m e n t  i s  r e v e a l e d  by ar: i n c r e a s e  i n  t r a n ­

s i t i o n  t e m p er a tu r e ,  and t h e r e  may n ot  be any r e d u c t i o n  i n  

room tem p e ra tu r e  impact s t r e n g t h .  A f u r t h e r  f e a t u r e  o f  

temper b r i t t l e n e s s  i s  one o f  r e v e r s i b i l i t y  whw&toy



e m b r i t t l e d  s t e e l  can be r e s t o r e d  to  a tough c o n d i t i o n  

by r e te m p e r in g  a t  above 600°C.
151The 350°C e m b r i t t l e m e n t  i s  thought  by some a u t h o r s  

t o  o r i g i n a t e  due to  s t r u c t u r a l  ch a n g es  which occur d u r in g  

tempering* such  a s  ( i )  th e  rep lacem en t  o f  FGg.Lp  e t>si lon  

c a r b id e  by e e m e n t i t e  d u r in g  tem p er in g ,  ( i i )  the  fo r m a t io n  

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

b o u n d a r ie s ,  ( i i i )  the  fo rm a t io n  o f  a weak f e r r i t e  f i l m  

a t  p r i o r  a u s t e n i t e  g r a i n  b o u n d a r ie s  due t o  d e p l e t i o n  i n  

carbon v ia  c a r b id e  p r e c i p i t a t i o n ,  ( i v )  th e  p in n in g  o f  

d i s l o c a t i o n s  by s o l u t e  a tm o sp h eres  i n v o l v i n g  carbon a n d / o r  

n i t r o g e n .  However, i t  has  been shown by C a p u s * ^  t h a t  

e m b r i t t l e m e n t  d oes  not occur  u n l e s s  e i t h e r  chromium or 

manganese i s  p r e s e n t  a s  a major a l l o y i n g  e lem en t  t o g e t h e r  

w ith  c e r t a i n  i m p u r i t i e s .  These  i m p u r i t i e s  i n  d e c r e a s i n g  

o rd er  o f  im portance  were phosphorus ,  a r s e n i c ,  t i n ,  s i l i c o n ,  

and p o s s i b l y  manganese .  ] i t r o g e n  a l s o  co u ld  g i v e  r i s e  to  

c o n s i d e r a b l e  e m b r i t t l e m e n t .

With reg a rd  to temper b r i t t l e n e s s  th e  most a c c e p t a b l e  

e x p l a n a t i o n  a l s o  i n v o l v e s  the  p r e s e n c e  o f  e i t h e r  chromium 

or manganese a s  a major a l l o y i n g  e l e m e n t ,  and a l s o  th e  

p r e s e n c e  o f  i m p u r i t i e s .  The i m p u r i t i e s  r e q u ir e d  a r e  

e s s e n t i a l l y  t h o s e  which are  a s s o c i a t e d  w i t h  the 3 5 0 ° c  

e m b r i t t l e m e n t  and i n c l u d e  ant im ony ,  p h osphorus ,  t i n ,  a r s e n i c  

s i l i c o n ,  and p o s s i b l y  m a n g a n e s e , a g a i n  i n  order  o f  

d e c r e a s i n g  im p o r ta n c e .  U n le s s  t h e s e  i m p u r i t i e s  are  p r e s e n t ,



s t e e l s  c o n t a i n i n g  n i c k e l  and chromium do n o t  s u f f e r  temper  
* 1*56b r i t t l e n e s s ,  and c o n v e r s e l y  s t e e l s  c o n t a i n i n g  t h e  i m p u r i t i e s  

but n o t  e i t h e r  chromium or manganese a l s o  w i l l  not  produce  

temper b r i t t l e n e s s .  The most w i d e l y  a c c e p t e d  e x p l a n a t i o n  

o f  temper b r i t t l e n e s s  i s  t h a t  im p u r i t y  atoms s e g r e g a t e  t o  

a u s t e n i t e  g r a i n  b o u n d a r ie s  d u r in g  a u s t e n i t i z a t i o n  by a 

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

w i t h  t h e  e x c e p t i o n  o f  manganese: a l l  o f  the  e m b r i t t l i n g  

i m p u r i t i e s  a r e  f e r r i t e  s t a b i l i s e r s  which  show l i t t l e  

t e n d e n c y  towards  form ing  s o l i d  s o l u t i o n s  w i t h  a u s t e n i t e .

By s e g r e g a t i n g  to  th e  a u s t e n i t e  g r a i n  b o u n d a r ie s  t h e r e ­

f o r e  t h e  i m p u r i t i e s  produce l e s s  m i s f i t  s t r a i n ,  but l e a d  

t o  a s e v e r e  weakening o f  p r io r  a u s t e n i t e  b o u n d a r ie s  when 

t h e  s t e e l s  i s  s u b s e q u e n t l y  quenched t o  form m a r t e n s i t e .  

Tempering a t  above 600°C however c a u s e s  t h e  s e g r e g a t e d  

i m p u r i t i e s  to  b o i l  o f f  from t h e i r  g r a i n  boundary s i t e s  

and t o u g h n e s s  i s  r e s t o r e d .  Subsequent  r e t e m p e r in g  or  

s lo w  c o o l i n g  w i t h i n  th e  range 350-580°C  e n a b l e s  th e  

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

w i t h  th e  r e s u l t  t h a t  b r i t t l e n e s s  r e t u r n s ,  and th e  t im e  

tem p e r a tu re  r e l a t i o n s h i p  f o r  t h i s  r e t u r n  o f  e m b r i t t l e m e n t  

e x h i b i t s  a C shaped c u r v e .  The b a s i s  f o r  t h i s  C c u r v e  

i s  t h a t  f o r  low  t e m p e r a t u r e s ,  e . g .  3 5 0 ° c ,  d i f f u s i o n  o f  

the  im p u r i t y  i s  s lo w  and p r o lo n g e d  t im e s  a r e  r e q u i r e d  f o r  

e m b r i t t l e m e n t  t o  r e t u r n .  At h ig h  t e m p e r a t u r e s ,  e . g .  580°G» 

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

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



t o  r e t u r n .  The maximum d e g r e e  o f  e m b r i t t l e m e n t ,  r e q u i r i n g  

t h e  s h o r t e s t  t im e  o c c u r s  a t  some i n t e r m e d i a t e  tem p er a tu re  

betw een  t h e s e  two e x t r e m e s .  Perhaps  th e  g r e a t e s t  d i f f i c u l t y  

w hich  a r i s e s  w i t h  t h e  above  i n t e r p r e t a t i o n  o f  temper  

b r i t t l e n e s s  however  i s  t h e  r o l e  p la y ed  by t h e  major  

a l l o y i n g  e l e m e n t . i n  making th e  e m b r i t t l e m e n t  o c c u r .

The e x p l a n a t i o n s  put forward f o r  th e  need o f  t h e i r  p r e s e n c e  

i n c l u d e :

( i )  The enhancement o f  t h e  im p u r i t y  d i f f u s i v i t y  r a t e s  

by th e  major a l l o y i n g  e l e m e n t .  Manganese h a s  been shown 

i n  f a c t  t o  enhance th e  r a t e s  o f  phosphorus  d i f f u s i o n . *^8

( i i )  The t e n d e n c y  o f  t h e  a l l o y i n g  e l e m e n t  i t s e l f  t o

s e g r e g a t e  t o  p r i o r  a u s t e n i t e  g r a i n  b o u n d a r ie s ,  which

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

t h e  a f f i n i t y  between t h e  im p u r i t y  and a l l o y i n g  e l e m e n t . ^ ^9  
1SQ

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

e . g .  Mn and Cr, may s e g r e g a t e  more r e a d i l y  than f e r r i t e  

fo rm in g  e l e m e n t s ,  e . g .N i v o w i n g  t o  the  f o r m a t io n  o f  g r a i n  

boundary a l l o y  c a r b i d e s  which h e l p  to  c o n c e n t r a t e  th e  

a l l o y i n g  e l e m e n t  a t  g r a i n  b o u n d a r ie s .

Prom t h e  e v i d e n c e  p r e s e n t e d  above  i t  would seem 

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

namely 350°C e m b r i t t l e m e n t  and temper b r i t t l e n e s s ,  s tem  

from e s s e n t i a l l y  th e  same c a u s e s .  Both r e q u i r e  th e  p r e s e n c e  

o f  chromium a n d /o r  manganese t o g e t h e r  w i t h  s i m i l a r  i m p u r i t i e s .  

Furthermore both  t y p e s  o f  e m b r i t t l e m e n t  occur  by i n t e r g r a n u l a r  

f r a c t u r e  a t  p r i o r  a u s t e n i t e  g r a i n  b o u n d a r i e s ,  and th e  a d d i t i o n



o f  molybdenum o f t e n  r e d u c e s  th e  e m b r i t t l e m e n t  s u s c e p t i b i l i t y  

I n  v iew  t h e r e f o r e  o f  t h e s e  s i m i l a r i t i e s ,  both  forms o f  

e m b r i t t l e m e n t  sh o u ld  be c a p a b l e  o f  b e in g  e x p l a i n e d  by 

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

p r o p o s a l s .  F i r s t l y ,  i t  may be s u g g e s t e d  t h a t  s u s c e p t i b l e  

s t e e l s  s u f f e r  from e q u i l i b r i u m  s e g r e g a t i o n  o f  i m p u r i t i e s  

d u r in g  a u s t e n i t i z a t i o n  which l e a d s  t o  a p o t e n t i a l  w eaken ing  

o f  g r a i n  b o u n d a r ie s .  Tempering o f  th e  a s  quenched s t e e l  

w i t h i n  th e  range  250  -  i|00°C t h e n  c r e a t e s  an e v e n  more 

e m b r i t t l e d  s t e e l  by seco n d a r y  p r o c e s s e s  which a g g r a v a t e  

th e  e f f e c t s  o f  e q u i l i b r i u m  s e g r e g a t i o n .  These s e c o n d a r y  

p r o c e s s e s  c o u ld  p o s s i b l y  i n c l u d e  c a r b i d e  p r e c i p i t a t i o n ,  

c a r b i d e  c o a r s e n i n g ,  or s t r a i n  a g e i n g  a f f e c t s  due t o  both  

carbon  and n i t r o g e n ,  and t h i s  might  e x p l a i n  t h e  damaging  

e f f e c t s  o f  n i t r o g e n  found by C a p u s ^ ?  When th e  s t e e l  

i s  tempered a t  above 6 0 0 °g the  s e g r e g a t e d  i m p u r i t i e s  a r e  

d i s p e r s e d  from g r a i n  boundary s i t e s ,  a s  o u t l i n e d  p r e v i o u s l y ,  

and th e  s t e e l  th e n  b eh aves  by r e s p o n d in g  t o  temper b r i t t l e n e s s  

by e i t h e r  s lo w  c o o l i n g  or a g e i n g  w i t h i n  t h e  t e m p e ra tu re  

range 3 5 0 -5 8 0 ° C ,  i . e .  a s  o u t l i n e d  p r e v i o u s l y .

With regard  t o  the  p r e s e n t  r e s u l t s ,  the  i r o n  

manganese a l l o y s  t e s t e d  have been shown t o  r e g i s t e r  

symptoms o f  both  o f  the  two t y p e s  o f  e m b r i t t l e m e n t  

d i s c u s s e d  a b o v e ,  and s i n c e  manganese s t e e l s  have  been  

shown t o  be h i g h l y  s u s c e p t i b l e  t o  e m b r i t t l e m e n t  t h e r e  

seems t o  be l i t t l e  doubt th a t  th e  b r i t t l e n e s s  e n c o u n t e r e d  

by t h e  p r e s e n t  t e s t s  a r e  due t o  temper e m b r i t t l e m e n t .



I n  th e  p r o c e e d in g  d i s c u s s i o n ,  manganese i t s e l f  was 

quoted a s  a p o t e n t i a l  e m b r i t t l i n g  e l e m e n t ,  but i t  d o e s  n o t .  

f i t  w i t h i n  th e  p a t t e r n  o f  th e  o th e r  i m p u r i t i e s  s i n c e  i t  

i s  n o t  a f e r r i t e  s t a b i l i s e r .  For t h i s  r e a s o n ,  i t  i s  c o n ­

c e i v a b l e  t h a t  th e  im p r e s s io n  t h a t  manganese c a u s e s  e m b r i t t l e ­

ment i s  m is ta k e n ,  and t h e  e f f e c t s  n o ted  by p r e v io u s  a u t h o r s  

may have been due t o  th e  p r e s e n c e  o f  a n o t h e r  i m p u r i t y ,  e . g .  

phosphorus or s i l i c o n .  In  sup p o rt  o f  t h i s ,  are  o b s e r v a t i o n s

t h a t  a s  l i t t l e  a s  0 .0 0 1  >;p can produce e m b r i t t l e m e n t  i n
157t h e  p r e s e n c e  o f  o n ly  2% Mn. *'■' Thus b eca u se  o f  th e  very  

h i g h  c o n c e n t r a t i o n s  o f  manganese i n  th e  a l l o y s  a t  p r e s e n t  

under d i s c u s s i o n  e x t r e m e ly  s m a l l  im p u r i t y  c o n c e n t r a t i o n s  

would be r e q u ir e d  to  c r e a t e  b r i t t l e n e s s ,  which i m p u r i t i e s  

however a r e  not  e a s i l y  d e c i d e d ,  but i t  may be s i g n i f i c a n t  

t h a t  th e  a l l o y  which proved t o  be t h e  most s u s c e p t i b l e  t o  

b r i t t l e n e s s ,  namely t h a t  c o n t a i n i n g  6>: manganese ,  a l s o  

c o n t a in e d  th e  most s i l i c o n .  C o n v e r s e ly  t h e  l e a s t  s u s c e p t i b l e  

a l l o y ,  i .  e .  th e  lift manganese a l l o y ,  c o n t a i n e d  the  l e a s t  

s i l i c o n .  A f u r t h e r  argument f a v o u r in g  s i l i c o n  i s  a w e l l  

e s t a b l i s h e d  dependence o f  e m b r i t t l e m e n t  on an i n t e r a c t i o n  

between manganese and s i l i c o n ,  a l t h o u g h  t h i s  i s  a l s o  t r u e  

f o r  p h osp h oru s .  There was however no s i g n i f i c a n t  v a r i a t i o n  

i n  th e  phosphorus  c o n t e n t  between th e  v a r i o u s  a l l o y s  t e s t e d .

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

i n  regard  t o  t h e  350°C typ e  e m b r i t t l e m e n t  i s  u n d o u b te d ly  

n i t r o g e n ,  s i n c e  manganese not  o n l y  i n c r e a s e s  n i t r o g e n  

s o l u b i l i t y  i n  a u s t e n i t e ,  but may a l s o  produce manganese



n i t r i d e  p r e c i p i t a t i o n  i n  f e r r i t e #  I n  v iew  o f  th e  p r e v i o u s  

argum ents  however i t  seems t o  be more proper  t o  r eg a r d  

any e f f e c t s  due t o  n i t r o g e n  a s  b e in g  s ec o n d a r y  t o  t h o s e  

c r e a t e d  by th e  s e g r e g a t i o n  o f  e i t h e r  s i l i c o n  or p h osphorus .

No doubt when the  a l l o y s  were tempered a t  350°C3 n i t r o g e n  

or even  carbon  f o r  t h a t  m atter  c o u ld  be r e s p o n s i b l e  f o r  

th e  l o s s  in  impact  s t r e n g t h  by c a u s i n g  an  a g g r a v a t i o n  

o f  th e  e q u i l i b r i u m  s e g r e g a t i o n  e f f e c t s .  S in c e  no e v i d e n c e  

o f  e i t h e r  c a r b i d e  or  n i t r i d e  p r e c i p i t a t i o n  was found a f t e r  

t e m p e r in g ,  d i s l o c a t i o n  p in n in g  by s o l u t e  a tm osphere  

fo r m a t io n  seems t o  be th e  most l i k e l y  c a u s e  o f  t h i s  

a g g r a v a t i o n .

Summaris ing w i t h  r e s p e c t  to  the  p r e s e n t  r e s u l t s ,  

th e  most p l a u s i b l e  e x p l a n a t i o n  fo r  th e  b r i t t l e n e s s  o b s e r v e d  

i s  t h a t  sorne form o f  e q u i l i b r i u m  s e g r e g a t i o n  o f  i m p u r i t i e s  

o c c u r s  d u r in g  a u s t e n i t i z a t i o n .  T h i s  l e a d s  t o  poor im p act  

p r o p e r t i e s  a f t e r  q u e n c h in g ,  and f a i l u r e  by i n t e r g r a n u l a r  

f r a c t u r e .  T/hen t h e  a l l o y  i s  then  tempered or a l l o w e d  t o  

s lo w  c o o l  w i t h i n  th e  range 250-U00°C an a g g r a v a t i o n  o f  t h e  

g r a i n  boundary weakness  o c c u r s  and t h i s  h a s  been t e n t i v e l y  

l i n k e d  w i t h  th e  e f f e c t s  o f  carbon  and n i t r o g e n  i n  form ing  

s o l u t e  a tm o sp h eres  or p r e c i p i t a t e s .  No p r e c i p i t a t e s  were  

d e t e c t e d .  F i n a l l y ,  when the a l l o y  i s  tempered a t  600°C 

t h e  b r i t t l e n e s s  d i s a p p e a r s  due t o  th e  removal o f  g r a i n  

boundary s e g r e g a t i o n .  I t s  reappearance  depends  then  on 

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

a s  in  the normal manner e n c o u n ter e d  w i t h i n  temper b r i t t l e n e s s .



Perh aps  t h e  g r e a t e s t  d i f f i c u l t y  w i t h  th e  above  

i n t e r p r e t a t i o n  i s  t h a t  the  molybdenum a d d i t i o n  f a i l e d  

t o  produce any improvement i n  impact  p r o p e r t i e s *  w hereas  

i n  low a l l o y  s t e e l s  such  a d d i t i o n s  a r e  u s u a l l y  e f f e c t i v e  

i n  c a u s i n g  an improvement.  I t  i s  p o s s i b l e  o f  c o u r s e  t h a t  

t h e  molybdenum a d d i t i o n  made was i n s u f f i c i e n t  t o  c o u n t e r a c t  

th e  h ig h  manganese c o n c e n t r a t i o n  p r e s e n t*  but W i lso n  y 

a l s o  found t h a t  a l l o y s  c o n t a i n i n g  5 $  Mn and up t o  Mo 

were b r i t t l e ,  e s p e c i a l l y  a f t e r  a g e i n g  i n  t h e  range i400- 5 0 0 °C. 

T h i s  a g e i n g  t r e a tm e n t  u n f o r t u n a t e l y  produces  g r a i n  boundary  

p r e c i p i t a t i o n ^ 0 and i t  may have been t h i s  which was  

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

molybdenum t o  c o u n t e r a c t  temper b r i t t l e n e s s .  F i n a l l y *
ijcc “J

Capus ^  and a l s o  Gould have  shown t h a t  molybdenum did  

n o t  reduce  temper b r i t t l e n e s s  i n  a low  a l l o y  s t e e l  e m b r i t t l e d  

by s i l i c o n *  and s i n c e  the  p r e s e n t  a l l o y s  a r e  a l s o  s u s p e c t e d  

t o  be e m b r i t t l e d  by s i l i c o n  i t  becomes u n d e r s ta n d a b le  t h a t  

molybdenum a d d i t i o n s  f a i l e d  to  c r e a t e  any improvement.

6 . 2 . 2  Fundamental P r o p e r t i e s  i n  r e l a t i o n  t o
b r i t t l e  f r a c t u r e .

T he c r i t e r i o n  f o r  b r i t t l e  f r a c t u r e  was g i v e n  i n

s e c t i o n  3*3 a s

( 9 )

and t h e  v a r i o u s  p aram eters  o f  t h i s  e q u a t io n  have been

measured f o r  i r o n  manganese a l l o y s .

6 . 2 . 2 . 1  A s se s sm e n t  o f  (Tj_

6 . 2 . 2 . 1 . 1  CfQ the  a th erm a l  component o f  f l o w  s t r e s s

In  s e c t i o n  3«3«*i was shown t o  c o n s i s t  o f  two



components  . (J0 r th e  a th e r m a l  component

was m a in ly  dependent  upon s t r e n g t h e n i n g  due t o  sub­

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

a s s e s s e d  from th e  d ata  shown i n  P i g s .  5 8 - 5 9 .  These  show 

t h a t  t h e  s t r e n g t h  o f  l a t h  m a r t e n s i t e  i n  i r o n  manganese  

a l l o y s  r i s e s  s h a r p l y  w i t h  a d d i t i o n s  o f  up t o  Iff- manganese,  

but  f u r t h e r  a d d i t i o n s  produce l i t t l e  f u r t h e r  s t r e n g t h  

i n c r e a s e s .  By u s i n g  data  f o r  t h e  h a r d n e s s  o f  pure i r o n  

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

s o l u t i o n  h a r d e n in g  o f  a n n e a le d  i r o n  by manganese* an 

a s s e s s m e n t  o f  t h e  r e l a t i v e  c o n t r i b u t i o n s  made by ea c h  

s t r e n g t h e n i n g  f a c t o r  i s  p o s s i b l e  and was found t o  be:

° o  = A ( ^  + A O h * A ( J B
= 255* + 305;' + k5t, s e e  P i g .  76 .

T h ese  v a l u e s  compare v e r y  c l o s e l y  w i t h  d a ta  p u b l i s h e d
1 Q 7

f o r  i r o n  n i c k e l  a l l o y s .  which a l s o  produced a sharp  

i n i t i a l  i n c r e a s e  i n  f l o w  s t r e s s  w i t h  n i c k e l  a d d i t i o n s .  

However,  manganese i s  more e f f e c t i v e  than n i c k e l  i n  

i n i t i a l l y  l i a i s i n g  th e  s t r e n g t h  o f  i ro n *  a l t h o u g h  th e  

f i n a l  s t r e n g t h  l e v e l  i s  about  t h e  same f o r  bo th  a l l o y  

s y s t e m s .

The s o l u t i o n  h a r d e n in g  produced by n i c k e l  and 

manganese d u r in g  th e  i n i t i a l  p a r t  o f  t h e  s t r e n g t h  v e r s u s  

% s o l u t e  c u r v e s  were:

I r o n  -  n i c k e l  0"o = 3 7  + 220  X Ni ICg/mm2

I r o n  -  manganese Cf0 = hO + 750 X Mn Kg/mm2 

These  e q u a t i o n s  show t h a t  manganese i s  a much more e f f e c t i v e



s o l u t i o n  s t r e n g t h e n e r  than n i c k e l ,  but t h e r e  i s  some 

e x a g g e r a t i o n  o f  th e  r e a l  d i f f e r e n c e  due t o  co m p a r iso n s  

b e in g  made between th e  0.2', Flow s t r e s s  f o r  i r o n  n i c k e l  

and a 1, Flow s t r e s s  f o r  i r o n  manganese .  I f  th e  l i m i t  

o f  p r o p o r t i o n a l i t y  measurements  a r e  used i n s t e a d  o f  a 

1 /  Flow s t r e s s  a c l o s e r  com parison  can be made w i t h  th e  

i r o n  n i c k e l  0.2)-  Flow s t r e s s  r e s u l t s  and th e  i r o n  manganese  

s o l u t i o n  s t r e n g t h e n i n g  e o u e t i o n  becomes:

which means t h a t  manganese i s  a p p r o x im a t e ly  t w ic e  a s  

e f f e c t i v e  a s  n i c k e l  i n  producing  s o l u t i o n  h a r d e n in g ,

th e  range b)- t o  10 /  manganese the  s lo p e  o f  the  s t r e n g t h  

v e r s u s  manganese c o n t e n t  curve  i s  v i r t u a l l y  z e ro  and t h i s  

a l s o  o c c u r s  f o r  i r o n  n i c k e l  a l l o y s  between 1.0/ and 3 0 ; 

n i c k e l .  The l e v e l s  o f  f lo w  s t r e s s  produced a t  t h i s  s t a g e

t h i s  shows t h a t  th e  f l o w  s t r e s s e s  f o r  i r o n  n i c k e l  and i r o n  

manganese l a t h  m a r t e n s i t e s  a r e  v i r t u a l l y  i d e n t i c a l .

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

s t r e n g t h e n i n g  produced by manganese f o l l o w s  from F i g .  78 

which shows t h a t  t h e  l a t t i c e  parameter i n c r e a s e s  w i t h  

manganese i n  e x a c t l y  th e  same manner a s  f l o w  s t r e s s .

Between Ok and l\% manganese th e  l a t t i c e  parameter i n c r e a s e s  

s h a r p l y  and a lm o s t  l i n e a r l y ,  but above b,  manganese t h e r e

O  = 3 7  + ^50 X I.In kg/mm2o

and t h i s  a g r e e s  w i th  p r e v i o u s  p r e d i c t i o n s . ^7 w i t h i n

by s o l u t i o n  s t r e n g t h e n i n g  were; 24/-10/' manganese,  1;" Flow

s t r e s s  BK/m2 * L im it  o f  P r o p o r t i o n a l i t y ,  0^

i r o n  10 / - 3 0 /  n i c k e l ,  0 . 2 /  Flow s t r e s s  CT = 2l  puO ih i i /m

= 55 kg/mm 
2 5*4 0 iLl\/rn
21 and

CM 
CM



i s  a v ery  much more g ra d u a l  i n c r e a s e  i n  l a t t i c e  parameter  

T h is  s u g g e s t s  t h a t  s o l u t i o n  h ard en in g  o c c u r s  due to  the  

i n t e r a c t i o n  o f  the  s t r e s s  f i e l d  produced by s o l u t e  atome  

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

s u b s t i t u t i o n a l  atoms produce no s h e a r  d i s p la c e m e n t  t h e  

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

l o c a t i o n s .  S o l i d  s o l u t i o n  h a rd en in g  f o r  i r o n  by manganese

i s  t h e r e f o r e  s i m i l a r  t o  t h a t  caused  by n i c k e l ,  and a p p e a r s
1 oftto  f o l l o w  th e  p r e d i c t i o n s  made by Mott and Habarrds t h e o r y .

Then t h e  measured l a t t i c e  parameter c h a n g es  were used i n

a cco rd a n c e  w i t h  t h e i r  e q u a t i o n ,  th e  t h e o r e t i c a l  f lo w  s t r e s s

f o r  an i r o n  h /  manganese a l l o y  was found to  be ^ / l!Jrnp
5 hO i.;ii/nr

and t h i s  i s  th e  same o s  th e  measured l i m i t  o f  p r o p o r t i o n a l i t y

which a l s o  i n c lu d e d  a s u b s t r u c t u r e  s t r e n g t h e n i n g  f a c t o r .

O b v io u s ly  t h e r e f o r e  th e  t h e o r e t i c a l l y  p r e d i c t e d  s o l u t i o n

s t r e n g t h e n i n g  i s  g r e a t e r  than the  a c t u a l  v a l u e ,  but t h i s

may be due to  i n a c c u r a c i e s  in  th e  l a t t i c e  parameter change

measurements  p l u s  the i n e v i t a b l y  approx im ate  n a tu r e  o f

t h i s  type  o f  e q u a t i o n .

6 . 2 . 2 . 1 . 2  th e  thermal component o f  f lo w  s t r e s s •

The data i n  P i g .  80' -J showed thatQ^did not  v a r y

w i t h  manganese c o n c e n t r a t i o n  f o r  a l l o y s  between h, -  10 /

manganese a s  was a l s o  found f o r  0"o . T h i s  i m p l i e s  t h a t

th e  P e i e r l s - H a b a r r o  s t r e s s  i s  u n a f f e c t e d  uy manganese

a d d i t i o n s ,  assuming t h a t  P e i e r l s  mechanism, i s  r e s p o n s i u l e
/

f o r  th e  ch a n g es  i n  0  ̂or J . In s e c t i o n  3 - 3 - 1 - 2 . 1  a 

p r e d i c t i o n  was rnade t h a t  manganese might  i n c r e a s e  th e



P e ie r l s - iT a b a r r o  s t r e s s  due t o  an i n c r e a s e  i n  d i r e c t i o n a l

bonding caused  by d e p l e t i o n  o f  th e  3 d e l e c t r o n  s h e l l ,

but t h i s  a p p a r e n t l y  does  not  o c c u r .  When the  p r e s e n t

r e s u l t s  a re  compared w i t h  p r e v i o u s  measurement on i r o n

manganese a l l o y s ,  e . g .  Rees  e t  a l  and Wynblatt  *

t h e r e  was good agreem ent;  Wynblatt  f o r  example d eterm in ed

t h a t  was eq u a l  t o  y^*^ a t  77°K i n  an a n n e a le d* 1 7 1 .7  i.iiy m
2 /  manganese a l l o y  which i s  i d e n t i c a l  t o  t h e  r e s u l t s  o f

th e  p r e s e n t  t e s t s  f o r  a l l o y s  between U/ to  10/' manganese .

With th e  p r e s e n t  2 /  manganese a l l o y  a f t e r  h e a t  t r e a t i n g

t o  produce an eq u ia x ed  f e r r i t e  s t r u c t u r e ,  ^ a t  77°R

was 21 kg/mm2 which i s  s l i g h t l y  h ig h e r  than t h e  v a l u e s  
206  MR/m

o b ta in e d  f o r  th e  24/ - 10 /  manganese a l l o y  and i n d i c a t e s  t h a t  

manganese may i n i t i a l l y  l o w e r , but the  e f f e c t  i s  s l i g h t .  

F i n a l l y ,  th e  v a l u e s  o f  r f  g i v e n  by p r e v i o u s  authors*1̂  f o r  

pure i r o n  a re  a l s o  v e r y  s i m i l a r  t o  t h o s e  determ ined  by 

th e  p r e s e n t  e x p e r i m e n t s .

The e v i d e n c e  above s u g g e s t s  t h a t  manganese d o es  not  

a l t e r  the l e v e l  o f  0^ i n  i r o n  and a l s o  c o n f ir m s  p r e v io u s  

e x p e r i m e n t s ^ ^ *  2̂(^that  i  d o es  not  a l t e r  w i t h  d i s l o c a t i o n  

s u b s t r u c t u r e ,  i . e .  v i r t u a l l y  no d i f f e r e n c e  e x i s t s  between  

l a t h  r n a r t e n s i t e s  and a n n e a le d  f e r r i t e s .  I t  a l s o  a p p e a r s  

th a t  th e  l e v e l  o f  6  ̂ i s  th e  same f o r  both  i r o n  manganese  

and i r o n  n i c k e l  l a t h  m a r t e n s i t e s .  *^9* 129

6 . 2 . 2 . 1 . 2 . 1  A n a l y s i s  o f  Flow s t r e s s  d a t a .

V a lu e s  o f  H th e  a c t i v a t i o n  e n erg y  were d eterm ined  

from th e  f lo w  s t r e s s  v e r s u s  tem p era tu re  and s t r a i n  r a t e



data ,  u s ing  the  eq ua t i o n s  developed in  s e c t i o n  3 - 3 * 1-2>

i . e .  H = -XT2 • cjTnv l  
ZOl j  T

X j t l  ( 11 )

II = -KT In  't/_ where /v'~ f m bAl'v*0 ( 12)
r

S o l u t i o n s  o f  e q u a t io n  ( 1 1 )  were o b t a in e d  by m easur ing  the  

s l o p e  ^he c u r v e s  i n  F i g .  80A.-C a t  some f i x e d  l e v e l

o f  \fx t o g e t h e r  w i th  { a t  t h e  t e m p e r a tu r e s  f o r  t h e  f i x e d
( b% )?

l e v e l s  i n  each  o f  th e  t h r e e  c u r v e s .  The s o l u t i o n  ofT
e q u a t io n  ( 1 2 )  was o b t a in e d  by e q u a t in g  e q u a t i o n s  ( 11)  and

( 1 2 )  i n  order t o  o b t a in

KT2 i  j  = KTlnar
J j  l * £ J t  1

\23±l = 1  I"  i f(arJ* t UyJT r
and the s l o p e  o f  t h i s  r e l a t i o n s h i p ,  i . e .  v e r s u s  X  I ^

IdT J* T
g i v e s  a s o l u t i o n  fo r h f f r o m  the  v a lu e  o f  In  ^  o b t a in e d .

* o /Of th e  f r e q u e n c y  f a c t o r  was found to  e q u a l  3 .1 7  x  10^' s

which a g r e e s  w e l l  w i th  t h o s e  o b ta in e d  f o r  o th e r  i r o n  a l l o y s ,
Q -j a /  106

i . e .  = 10' 6 -  10 v s

The v a l u e s  o f  H d e term in ed  by e q u a t i o n s  ( 11)  and ( 12 )

a r e  p l o t t e d  i n  F i g .  8l+. They a g reed  w i th  each  o th e r  and

were a l s o  shown t o  be in d ep e n d e n t  o f  p r io r  s t r a i n .  A l s o

shown i n  t h i s  f i g u r e  are  th e  v a l u e s  o f  Ii d e term ined  f o r
1 0 9 .1 2 9

l a t h  m a r t e n s i t e  i n  i r o n  n i c k e l  a l l o y s  and i t  w i l l

be seen  t h a t  th e  two a r e  a lm o s t  i d e n t i c a l .  V a lu e s  f o r  

i r o n  n i c k e l  chromium a l l o y s  are  i n c l u d e d  i n  F i g .  81+ and 

a r e  s e en  t o  be^iconsiderably h i g h e r ,  which may be the  r e s u l t  

o f  a h i g h e r  P e i e r l s - K a b a r r o  s t r e s s .

6 . 2 . 2 . 1 . 2 . 2  A c t i v a t i o n  Volume.

The two methods used to  d e term in e  V , i . e  ( i ) V  = - &J 4 ,
*

. gave r e s u l t s  which a r e  p l o t t e d  i n  F i g . 85*( i i )  V^r KT ^in~y
'

Both were i n  good agreem ent  and V*. v a r i e d  between 1 5 - 2 0  b  ̂ a t

iqua ls  2 0  kg/mrn2 Jo .  50+ b3 a t  e q u a l s  2 kg/rniu"'
1 9 6 .2  i/J'I/rn 1 9 .6



6 . 2 . 2 . 1 . 2 . 3  D e t e r m in a t io n  o f  H and \  by S t r e s s  
 R e l a x a t i o n  M e a s u r e m e n t s . _____

D u rin g  s t r a i n i n g  the  l e v e l  o f  s t r e s s  depends  upon th e

te m p e r a tu r e  and s t r a i n  r a t e *  but i f  s t r a i n i n g  i s  s to p p e d

s t r e s s  r e l a x a t i o n  o c c u r s  due to  th e  t h e r m a l l y  a s s i s t e d

e s c a p e  o f  d i s l o c a t i o n s  from o b s t a c l e s .  T h i s  r e l a x a t i o n

o c c u r s  a t  a r a t e  g i v e n  by t h e  f o l l o w i n g  e o u a t i o n 1^

AQ, = S i n  j" 1 + C t j  -£=■ S i n t

A(J = s t r e s s  change a t  t im e t

C = c o n s t a n t

S = a function which depends  upon t h e  a c t i v a t i o n

S = 2 . 3 0 3  Of KT
IT (2

S i n  g i v e n  by the  s l o p e  o f  the  AC v e r s u s  l o g t r e l a t i o n s h i p  

and e n a b l e s  ii to  be c a l c u l a t e d .

A more d e t a i l e d  a p p r a i s a l  o f  th e  s t r e s s  r e l a x a t i o n

p r o c e s s  due t o  S e r g e a n t  a l s o  t a k e s  i n t o  c o n s i d e r a t i o n  

o t h e r  f a c t o r s  l i k e l y  to  a f f e c t  t h e  r a t e  o f  r e l a x a t i o n ,  e . g .  

t e s t  machine r e l a x a t i o n ,  and s t r a i n  h a r d e n in g  due t o  d i s ­

l o c a t i o n  movement dur ing  r e l a x a t i o n .  The r e l a t i o n s h i p  

g i v e n  by t h i s  approach  i s

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

o f  d i s l o c a t i o n s ,  and a c c o r d i n g  to  Fe ltham +

121

(22)

where C K - l s -vexp  -  1
a KT



E s= modulus o f  l o a d  c e l l  5 0 . 7  kg rnm

*̂ S ss spec im en gauge l e n g t h

Or s f r e q u e n c y  f a c t o r

H = A c t i v a t i o n  e n e r g y  a t  0°K

V+
- A c t i v a t i o n  volume

e s: d ° / d e  s t r a i n  h a r d e n in g  r a t e

a = Specimen c r o s s  s e c t i o n a l  a r ea

«o = S t r e s s  a t  z e r o  t ime

a rs S t r e s s  a t  t im e  t  o
o

Ou sr a c o n s t a n t

-1

E q u a t io n s  ( 2 1 )  and (2 2 )  a re  b a s i c a l l y  s i m i l a r  and i t  f o l l o w s

t h a t  S = ±  g 1 _  f  ■)
B Vfc. V  * @a r

KT I ~ l J>' J-ej

by u s i n g  t y p i c a l  v a l u e s  o f  0 ,  d ,  E, l s  f o r  th e  p r e s e n t  i r o n  

manganese a l l o y s  i t  was found however t h a t  the  0 a  term was
! 1 CJ

s u f f i c i e n t l y  s m a l l  t o  be i g n o r e d f and t h u s  S -g= KT (2 3 )

By u s i n g  th e  s t r e s s  r e l a x a t i o n  data  g i v e n  by s e c t i o n  

iw 3 - 2 ,  v a l u e s  o f  th e  a c t i v a t i o n  volume V+ were d e term in ed  

from e q u a t io n  ( 2 3 ) -  T y p i c a l  c u r v e s  o f  theAQ*versus l o g  t  

r e l a t i o n s h i p  a r e  shown i n  F i g ,  86 and t h e  v a l u e s  o f  V a r e  

p l o t t e d  i n  F i g .  85 .  There was e x c e l l e n t  agreem ent  between  

t h e s e  r e s u l t s  and t h o s e  d eterm in ed  p r e v i o u s l y  v i a  e q u a t i o n  ( 1 2 )  

S in c e  i t  may be u n r e a l i s t i c  t o  compare th e  r e s u l t s  

o f  th e  p r e s e n t  i r o n  manganese a l l o y s  w i t h  t h o s e  d e term in ed  

f o r  i r o n  n i c k e l  a l l o y s  by p r e v i o u s  a u t h o r s ,  s t r e s s  r e l a x a t i o n  

t e s t s  were con d u cted  s i m u l t a n e o u s l y  on s h e e t  t e n s i l e  s p e c im e n s



o f  i r o n  15 /- n i c k e l  and i r o n  92 manganese a f t e r  b r in e

q uench ing  from 1000°C. The v a l u e s  o f  V+ measured by t h i s

ex p er im en t  f o r  t e s t s  a t  293°K and 77°K were

A l l o y  T°Ii 0 ; = ^  -Cf293°K: %

I r o n  15/-' Hi 293 0  4 4 - 5 5  b3

I r o n  9/ Mn 293  0  4 3 - 5 0  b3

I r o n  15^ Hi 77 I 6 ke / ™ £  9 _ 10  b3
1 5 7  i . i i ! / i r r

I r o n  9/* Mn 77 kg/mm2 8 . 3 - 9  b3
1 5 7  i,lH /ra2

S i n c e  t h e r e  was no s i g n i f i c a n t  d i f f e r e n c e  between t h e s e

r e s u l t s ,  th e  e a r l i e r  s ta t e m e n t  t h a t  i r o n  n i c k a l  and i r o n

manganese a l l o y s  Dehave i d e n t i c a l l y  seems j u s t i f i e d .

6 . 2 . 2 . 1 . 2 . A s s e s s m e n t  o f  f lo w  s t r e s s  i n  t e r m s  
_________  o f  t h e  Dorn Ra. jnak t h e o r y . __________

The p r e s e n t  measurements  o f  a c t i v a t i o n  e n e rg y  and

a c t i v a t i o n  volume f o r  f l o w  i n  i r o n  1+2 t o  102  manganese

a l l o y s  not  o n ly  a g r e e  w i th  p r e v io u s  d e t e r m i n a t i o n s  f o r

i r o n  n i c k e l  a l l o y s ? 0 ^ * b u t  a l s o  w i t h  t h o s e  f o r  o th e r
1 1 1 9 0  162  163i r o n  a l l o y s ,  e . g .  pure i r o n ,  u ‘ i r o n  22  manganese

both  11 and were in d ep en d en t  both  o f  p r i o r  s t r a i n ,  i . e .  

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

which i s  c o m p a t ib le  w i th  th e  p r e d i c t i o n  o f  th e  P e i e r l s - N a b a r r o  

b a r r i e r  mechanism. Furthermore t h e  range o f  v a l u e s  f o r  V* , 

i . e .  I 0 ~7 0 b^ i s  r e a s o n a b le  f o r  a double  k ink  model,  i . e .

assum ing t h a t  = b2l  where 1 i s  th e  double  k ink  s e p a r a t i o n ,
- 6  6 th en  1 v a r i e s  from 0 .2 5  x 10  t o  1 . 25  x 10 0 cms, which

a r e  s e n s i b l e  v a l u e s  f o r  the  d im e n s io n s  o f  a d o u b le  k i n k .

The agreement  between th e o r y  and p r a c t i c e  fo r  t h e  p r e s e n t

r e s u l t s  may however  be t e s t e d  f u r t h e r  by t h e  D orn ,  R a j n a k



t h e o r y  on th e  f o l l o w i n g  b a s i s *  At 0°K double  k ink  

fo r m a t io n  r e c e i v e s  no th erm al  a s s i s t a n c e  and n u c l e a t i o n  

depends e n t i r e l y  upon t h e  e f f e c t i v e  s t r e s s *

T h e r e fo r e  a t  0°K

w h e r e ' /  = P e i e r l s  s t r e s s
r

Hk = Energy o f  a s i n g l e  k in k

Above 0°K th erm al  a s s i s t a n c e  can o c c u r  which r e d u c e s  t h e  

s t r e s s  t o  n u c l e a t e  k in k s  

T h e r e fo r e

where H = A c t i v a t i o n  e n e r g y  t o  form a d o u b le  k ink  

I t  now f o l l o w s  t h a t

'i*. =  J - j j S - l  =  f i T  
l2H k J

where T0 i s  th e  tem p era tu re  a t  which  double  k in k s  a r e
7 1  L2Hk j

t which

formed e n t i r e l y  by th erm al  e n e r g y ,  i . e .  /]C = 0

The t h e o r e t i c a l  c u r v e s  o f  th e  r e l a t i o n s h i p  between v e r s u s

0 k V  y  ywhen e i t h e r  T = T0 or H -  2 E ^  « 0; and when = J

both  ~  and Hg-. a r e  shown i n  P i g s .  8?A,B and a r e  suc h  t h a t

T = 0 ;  or H = 0 .  A l s o  shown i n  t h e s e  two f i g u r e s  a r e  
T0 2Hk
t h e  c a l c u l a t e d  r e l a t i o n s h i p s  from th e  e x p e r i m e n t a l  d a ta  

f o r  th e  i r o n  manganese a l l o y s .  I n  th e  c a s e  o f  P i g .  87A 

t h e  c a l c u l a t e d  cu rve  was d e term in ed  by e x t r a p o l a t i n g  the  

f l o w  s t r e s s  v e r s u s  t e m p era tu re  c u r v e s ,  i . e .  P i g .  80A-C 

to  0°K, and t h i s  gave  a v a lu e  f o r  e q u a l  t o  3 7  kg/mm2 .tr
P i t t i n g  t h i s  t o  th e  t h e o r e t i c a l  c u r v e s ,  P i g .  87A,B, a t  

77 K gave t h e  f o l l o w i n g  f o r  X



th e  s t r a i n  r a t e  = 0.601}. x  10 ^ s

a t  7 7 °K ^  = 0 .U
^ P

t h e r e f o r e  T from th e  t h e o r e t i c a l  curve  e q u a l s  0 .U 0  and 

T0 = 193°K °
- x /

f o r  t h e  s t r a i n  r a t e  = Q.60U x  10 s

a t  77°K = 0 . i t8  and T_ = 0 . 3 3 ;
Tp To

t h e r e f o r e  T0 = 236 K
r f

By u s i n g  t h e s e  v a l u e s  f o r  T0 t h e  r e l a t i o n s h i p  between  and
^P

2 — was then  d e term in ed  from a l l  o f  t h e  f l o w  s t r e s s  d a t a .
To
The c a l c u l a t e d  curve  o f  F i g .  8 7 B was determ in ed  u s i n g  t h e

c a l c u l a t e d  v a l u e s  o f  H and a v a l u e  f o r  2H^ e q u a l  t o  0 . 5 5  ev

which i s  g i v e n  by Dorn & Bajnak from a t h e o r e t i c a l  a n a l y s i s

o f  t h e  doub le  k in k .

Comparison between t h e  t h e o r e t i c a l  and c a l c u l a t e d

r e l a t i o n s h i p s  o f  F i g s .  87A*B? show good agreem ent  e x c e p t

a t  e i t h e r  T_ v a l u e s  g r e a t e r  th a n  0 .8 *  i . e .  F i g .  87A or  
T o

when 4  a p p ro a ch es  zer o  i n  F i g .  87B. Thus t h e  p r e s e n t

r e s u l t s  f o r  H, V . and the  ^  v e r s u s  T or H r e l a t i o n s h i p s
* 7  ,f0 2Hk

a r e  c o m p a t ib le  w i t h  overcoming t h e  P e i e r l s - B a b a r r o  s t r e s s

a s  th e  r a t e  c o n t r o l l i n g  mechanism a t  low  tem p e ra tu r e s*

e x c e p t  a t  tem p era tu re  above a p p r o x im a t e ly  190°K or  a t

low v a l u e s  o f  e f f e c t i v e  s t r e s s  ^  • T h i s  i s  t h e r e f o r e

one f a i l i n g  o f  the  t h e o r y .  A f u r t h e r  c r i t i c i s m  i s  thGt

^  d o e s  n o t  vary  w i t h  manganese c o n c e n t r a t i o n *  w hich  d o e s

n o t  a g r e e  w i t h  th e  s u g g e s t i o n  t h a t  manganese sh o u ld  a l t e r

t h e  P e i e r l s - K a b a r r o  s t r e s s .  Furthermore  by f i t t i n g  t i e



0^ v a l u e  t o  the  t h e o r e t i c a l  curve  o f  2L v e r s u s  T_ i t
r p To

v/aB shown p r e v i o u s l y  t h a t  T0 v a r i e d  between 193 and 236°K  

f o r  th e  two p a r t i c u l a r  s t r a i n  r a t e s  c h o s e n .  These  

t e m p er a tu r e  a r e  v er y  much lo w er  th a n  t h e  n o rm a l ly  q uoted  

Tq t em p er a tu re  f o r  iron *  e . g .  380°K, and which a c c o r d i n g

t o  Conrad1^* i s  g i v e n  when d̂ C = 5 x  10~^ kg/mm2/ ° K .  By
dT

e x t r a p o l a t i n g  p l o t s  o f  l o g  d j  v e r s u s  tem p eratu re  f o r  t h e
dT

p r e s e n t  r e s u l t s  T0 was shown to  be At20°K f o r  i r o n  manganese

a l l o y s ,  which i s  c o n s i d e r a b l y  h ig h e r  than t h o s e  p r e d i c t e d

by a P e i e r l s - K a b a r r o  b a r r i e r  mechanism. The f a i l u r e  o f

c a l c u l a t e d  T_ or K v a l u e s  t o  f i t  t h e  t h e o r e t i c a l  c u r v e s  
T0 2Hk

a t  t e m p e r a tu r e s  above 190°K or a t  low e f f e c t i v e  s t r e s s e s  

i s  a lm o s t  c e r t a i n l y  due t o  t h i s  d i s c r e p a n c y  i n  th e  T0 

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

mode t o  th e  P e i e r l s - K a b a r r o  mechanism i s  o p e r a t i v e  i n  t h i s

r e g i o n .  Other i r o n  a l l o y s ,  1° 6 , 1 0 9 ’ ‘,18r  1 2 9 , 1 5 ° ’ 162> 1 6 3 , a nd

106 1 2 1a l s o  o t h e r  body c e n t r e d  c u b ic  m e t a l s  * a l s o  e x h i b i t  

t h i s  d e v i a t i o n  from t h e o r e t i c a l  b e h a v io u r ,  and a s  y e t
162 167jt h e r e  i s  no s a t i s f a c t o r y  e x p l a n a t i o n .  S e v e r a l  a u t h o r s  * 

have  proposed  t h a t  th e  new t h e r m a l l y  a c t i v a t e d  d e f o r m a t i o n  

mechanism may be c r o s s  s l i p ,  i . e .  ^  i s  c o n t r o l l e d  by t h e  

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

ch an ges  i n  s l i p  morphology do occu r  i n  some i r o n  a l l o y s  

w i t h  change i n  t e m p e r a tu r e .  I n  i r o n  s i l i c o n  a l l o y s  f o r
A fr

example  J wavy s l i p  p r ed o m in a tes  a t  h i g h e r  t e m p e r a t u r e s ,  

but becomes s t r a i g h t  a t  low tem p er a tu r e s  and t h i s  s u g g e s t s



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

Thus w i th o u t  c r o s s  s l i p  t h e  f a c t o r  g o v e r n i n g  t h e r m a l ly  

a c t i v a t e d  f l o w  i s  th e  P e i e r l s - h a b a r r o  s t r e s s *  but when 

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

e a s e  o f  c o n s t r i c t i o n  o f  e x t e n d e d  d i s l o c a t i o n s .

6 . 2 . 2 . 1 * 3  Summary ofCT and O'*and t h e i r  r e l a t i o n s h i p
____________ t o  b r i t t l e  f r a c t u r e . ___________ „

The r e s u l t s  f o r  a l l o y s  c o n t a i n i n g  between and 10?  

manganese have shown t h a t  both CT0 end CT̂ do n ot  vary  w i t h  

manganese c o n c e n t r a t i o n ,  and a r e  a l s o  i d e n t i c a l  t o  t h o s e  

found f o r  i r o n  n i c k e l  a l l o y s .  D i f f e r e n c e s  i n  i . e .

0>i = Oq + 0 *  f o r  i r o n  manganese a l l o y s  ca n n o t  t h e r e f o r e  

e x p l a i n  e i t h e r  the  v a r i a t i o n  o f  impact p r o p e r t i e s  w i t h  

manganese c o n t e n t ,  or t h e i r  r e l a t i v e l y  poor impact  p ro ­

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

6 . 2 . 2 . 2  S i g n i f i c a n c e  o f  th e  Ky param eter .

The ICy parameter f o r  i r o n  manganese a l l o y s  w i t h i n  

th e  range 4 ?  t o  10? manganese has  been shown t o  d e c r e a s e  

w it h  i n c r e a s e d  manganese c o n c e n t r a t i o n ,  and t o  be in d e p e n d e n t  

o f  t e m p er a tu r e .  The v a l u e s  f o r  t h e  Ky p a ra m e te r ,  i . e .  0 .^ 5  

-  1 . 0  kg/rnrn-'^ ( 0 . 0 1 h -  0 . 0 3 1  ini/rn^/^) were very  s i m i l a r  

t o  t h o s e  measured f o r  pure i r o n ,  i . e .  0 . 9 7  k g /m m ^ ^ (0 . 0 3 0 i>:l/m /̂/^) 

and an i r o n  18? n i c k e l  a l l o y ,  i . e .  0 . 7  kg/mnr^2 ( 0 . 0 2 2  t i l t / ix ? /2 )  1

In  s e c t i o n  3 * 3 .2  Ky was d e f i n e d  a s  a measure o f  t h e  

e a s e  o f  s l i p  p r o p a g a t io n  from g r a i n  t o  g r a i n ,  and p o s s i b l y  

depends upon a number o f  f a c t o r s  i n c l u d i n g ,  m o b i le  d i s l o c a t i o n  

d e n s i t y ,  e a s e  o f  c r o s s  s l i p ,  number o f  a v a i l a b l e  s l i p  

s y s t e m s ,  end work h a r d e n in g  r a t e .  P a t e s  o f  work h a r d e n in g



were measured from l o g a r i t h m i c  p l o t s  o f  s t r e s s  s t r a i n  data  

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

c o n d i t i o n ,  but no d i f f e r e n c e s  were found,  and t h u s  th e

d e c r e a s e  i n  Kv w i t h  manganese c o n c e n t r a t i o n  c a n n o t  be due
if

t o  c h a n g es  i n  t h e  r a t e  o f  work h a r d e n i n g .  A f u r t h e r  

p o s s i b i l i t y  however i s  t h a t  manganese i n c r e a s e s  th e  a b i l i t y  

f o r  c r o s s  s l i p  t o  o ccu r  which i n c r e a s e s  th e  number o f  

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

fo r m a t io n  o f  d e f o r m a t io n  c e l l  s t r u c t u r e s  i s  enhanced by 

th e  a d d i t i o n  o f  manganese to  i r o n . ^ ^  In  f a c e  c e n t r e d  

c u b i c  m e t a l s  c e l l  s t r u c t u r e  f o r m a t io n  o c c u r s  more r e a d i l y  

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

can o c c u r ,  and t h i s  may a l s o  be t r u e  f o r  body c e n t r e d  c u b i c  

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

t h a t  c r o s s  s l i p  may be th e  c a u s e  o f  t h e r m a l l y  a c t i v a t e d  

f lo w  above 190°K, and no d i f f e r e n c e  was found between the  

v a r i o u s  manganese a l l o y  c o n c e n t r a t i o n s .  T h i s  would tend  

t o  s u g g e s t  t h e r e f o r e  t h a t  i n c r e a s i n g  th e  manganese c o n t e n t  

d o e s  n o t  a l t e r  c r o s s  s l i p  a b i l i t y  and cannot  a c c o u n t  f o r  

th e  ch an ges  i n  Ky.

F i n a l l y ,  manganese may d e c r e a s e  t h e  r e s i s t a n c e  t o  

moving d i s l o c a t i o n s  by removing i n t e r s t i t i a l s  from s o l i d  

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

s o l u t e  a tm osphere  f o r m a t io n  i s  r e d u c e d .  T h i s  seems t o  be 

th e  o n l y  r e a s o n a b le  e x p l a n a t i o n .

The im p ortan ce  o f  %  t o  b r i t t l e  f r a c t u r e  i s  t h a t  

h i g h  Ky v a l u e s  produce poor impact p r o p e r t i e s ,  w i th - ' th e



p r e s e n t  i r o n  manganese a l l o y s  however v e r y  lo w  v a l u e s  o f  

Ky were founds, and th e  im pact  p r o p e r t i e s  sho u ld  have been  

a t  l e a s t  a s  good a s  t h o s e  o f  i r o n  n i c k e l  a l l o y s .  F u r t h e r ­

more an i n c r e a s e  i n  manganese c o n t e n t  s h o u ld  have improved  

t h e  impact  p r o p e r t i e s  by way o f  th e  r e d u c t i o n  i n  K y  I n  

f a c t ,  h o w ev er ,  th e  a l l o y  which gave t h e  b e s t  impact  p ro ­

p e r t i e s  was t h a t  c o n t a i n i n g  t h e  l e a s t  m anganese ,  i . e .  h / ,  

and t h e r e  was no s im p le  r e l a t i o n s h i p  betw een  im pact  p ro ­

p e r t i e s  and manganese c o n t e n t .

6 . 2 . 2 . 3  S i g n i f i c a n c e  o f  G ra in  S i z e .

F i g .  61 i l l u s t r a t e s  t h a t  th e  t r a n s i t i o n  t e m p e ra tu re  

i n c r e a s e s  w i t h  i n c r e a s e  i n  p r i o r  a u s t e n i t e  g r a i n  s i z e ,  but  

t h e  a l l o y s  show d i f f e r i n g  g r a i n  s i z e  s e n s i t i v i t y  and t h e  

most s e n s i t i v e  a l l o y  to  g r a i n  s i z e  v a r i a t i o n  was t h a t  

c o n t a i n i n g  6>7 m anganese .

By u s i n g  t h e  St  r oh " ^ r e l a t i o n s h i p ,  i . e .  i  55 ~  d
■*•0 2 Q

an a c t i v a t i o n  e n e r g y  f o r  b r i t t l e  f r a c t u r e  was d e term in ed  

and t h i s  g i v e s  a q u a n t i t a t i v e  g u id e  to  t h e  g r a i n  s i z e  

s u s c e p t i b i l i t y .  These  a c t i v a t i o n  e n e r g i e s  were a s  f o l l o w s ?

Mn. Q. 1 7 . 9  K e a l / m o l e  * 0 . 7 6  ev  = 7 5 . 2  K J / m o l

6y  Mn. Q. 7 - 9  IC c a l / m o l e  = 0*3h e v  = 3 3 - 2  & J /m o l

8 / ’ hn.  Q. 2 5 K c a l / m o l e  = 1 .1  e v  = 1 0 6 .7  K J / m o l

10K Mn. Q. 33 K c a l / m o l e  = 1 .3 h  ev = 1 3 6 . 6  K J / m o l

and show t h a t  i n  g e n e r a l  b r i t t l e  f r a c t u r e  becomes more 

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

V a r i a t i o n  i n  t h e  t r a n s i t i o n  tem p eratu re  w i th  g r a i n  

s i z e  depends  p r i m a r i l y  upon th e  s l o p e s  o f  th e  y i e l d  s t r e s s ,  

and f r a c t u r e  s t r e s s  c u r v e s ,  w i t h  g r a i n  s i z e ,  and t h e i r



dependence  upon tem perature#  I n  th e  p r e s e n t  a l l o y s  th e  

v a r i a t i o n  i n  y i e l d  s t r e s s  w i t h  both  g r a i n  s i z e  and 

t em p eratu re  d id  n o t  a l t e r  s i g n i f i c a n t l y  w i t h  manganese  

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

v e r s u s  g r a i n  s i z e  r e l a t i o n s h i p  must a r i s e  from d i f f e r e n c e s  

i n  f r a c t u r e  s t r e s s .  The f r a c t u r e  s t r e s s  v e r s u s  g r a i n  

s i z e  r e l a t i o n s h i p  f o r  the  d i f f e r e n t  a l l o y s  was shown however  

to  be r e a s o n a b ly  s i m i l a r  and o n ly  t h e  v a r i a t i o n s  i n  

f r a c t u r e  s t r e s s  w i th  te m p er a tu re  between th e  s e r i e s  o f  

a l l o y s  can a c c o u n t  f o r  th e  c h a n g e s  i n  a c t i v a t i o n  e n e r g y  

shown p r e v i o u s l y .  I t  I s  perhaps  s i g n i f i c a n t  t h a t  t h e r e  

i s  a d i r e c t  c o r r e l a t i o n  between t h e  a c t i v a t i o n  e n e r g y  Q 

and t h e  Mn: S i  r a t i o  o f  t h e  d i f f e r e n t  a l l o y s ,  i . e .  a h i g h  

s i l i c o n  c o n t e n t  produces  a low a c t i v a t i o n  e n e r g y ,  e . g .

A l l o y  Q

L\S Mn. 1 7 .9  K c a l / m o l e  ( 7 5 . 2  K J /m o l )

6/c Mn. 7 - 9  K c a l / m o l e  (3 3 * 2  K J /m o l )

8 /  Mn. 2 5 . k  Iv ca l / r n o le  ( 1 0 6 . 7  & J /m o l )

10# Mn. 33  K c e l / m o l e  ( 1 3 8 . 6  K J /m o l )

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

r e d u c in g  t h e  f r a c t u r e  s t r e s s ,  and o dds  some support  t o  t h e  

argum ents  s t a t e d  i n  s e c t i o n  6 . 2 . 1  r e g a r d i n g  t h e  p a r t  p l a y e d  

by s i l i c o n  i n  e n c o u r a g in g  temper e m b r i t t l e m e n t .

A f i n a l  comment on th e  g r a i n  s i z e  e f f e c t s  c o n c e r n s  

t h e  a c t u a l  meaning o f  t h e  a c t i v a t i o n  e n e r g y  v a l u e s  m easured .  

T h i s  i s  n o t  a b s o l u t e l y  c l e a r ,  but s i n c e  i n  t h e o r y  b r i t t l e  

f r a c t u r e s  sh o u ld  occur  when t h e  f l o w  s t r e s s  e x c e e d s  t h e

Mn/Si r a t i o  

5 9 . 2  

5 0 . 5  
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f r a c t u r e  s t r e s s . t h e  a c t i v a t i o n  e n e r g i e s  a t  f r a c t u r e  

sh o u ld  be i n v e r s e l y  p r o p o r t i o n a l  to  t h e  a c t i v a t i o n  

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

f o r  f l o w  s o  t h e  more l i k e l y  i t  i s  t h a t  f r a c t u r e  w i l l  o c c u r .  

With t h e  p r e s e n t  r e s u l t s  no d i f f e r e n c e  e x i s t e d  betw een  

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

f o r  f lo iv ,  and t h i s  a g a i n  s u g g e s t s  t h a t  t h e  d i f f e r e n c e s  

i n  f r a c t u r e  b eh a v io u r  e r e  r e s p o n s i b l e  f o r  t h e  d i f f e r e n t  

g r a i n  s i z e  e f f e c t s  o b s e r v e d .

6 . 2 . 2 . h  Summary o f  t h e ■p aram eters  i n Lth e  C o t t r e l l
__________b r i t t l e  f r a c t u r e  e q u a t i o n ^ d'g + Ky) Ky

The r e s u l t s  have  shown t h a t  no f a c t o r  i n  th e  l e f t  

hand s i d e  o f  th e  C o t t r e l l  e q u a t i o n , ( e q u a t i o n  9) i . e .  t h o s e  

which d e te r m in e  t h e  e a s e  o f  p l a s t i c  f l o w ,  can be h e l d  

r e s p o n s i b l e  f o r  t h e  poor impact  p r o p e r t i e s  o f  i r o n  manganese  

a l l o y s .  A d m it t e d ly  t h e  0^ param eter  i s  i n c r e a s e d  i n  t h e s e  

a l l o y s  due t o  s o l u t i o n  h a rd e n in g  by manganese and due t o  t h e  

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

f o r m a t i o n ,  but t h i s  i s  a l s o  t r u e  f o r  i r o n  n i c k e l  a l l o y s ,  

and t h e s e  do n o t  s u f f e r  w i t h  poor impact  p r o p e r t i e s .  On 

t h e  r i g h t  hand s i d e  o f  th e  above e q u a t i o n  o n ly  th e  Y  s u r f a c e  

e n e r g y  term m ight  p o s s i b l y  c r e a t e  profound d i f f e r e n c e s  

between i r o n  manganese and o t h e r  i r o n  a l l o y s ,  and t h e r e  i s  

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

i s  b e in g  lo w er e d  i n  t h e s e  a l l o y s  by s e g r e g a t i o n  a t  p r i o r  

a u s t e n i t e  g r a i n  b o u n d a r ie s .  There i s  no c l e a r  i n d i c a t i o n  

a s  to  t h e  im p u r i t y  r e s p o n s i b l e ,  but e i t h e r  phosphorus  or  

s i l i c o n  appear  t o  be l i k e l y  c a n d i d a t e s ,  and t h e r e  i s  a l s o



t h e  p o s s i b i l i t y  t h a t  i n t e r s t i t i a l s ,  e . g .  carbon  and n i t r o g e n ,  

a g g r a v a t e  t h e i r  e f f e c t s .



7 . 0  COHGLUSIOHS,

1 .1  T r a n s fo r m a t io n  B e h a v io u r .

1 . A l l o y s  o f  i r o n  p lu s  manganese w i t h i n  th e  range 3 - 7 5 -  

l 0 /> manganese undergo a ^  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

over  a wide range o f  c o o l i n g  r a t e s ,  i . e .  2 °C/min t o  2i 0 0 0 °C+/mi

2 .  T h e oL m a r t e n s i t e  formed i s  i d e n t i c a l  t o  th e  l a t h  

m a r t e n s i t e  found i n  o t h e r  i r o n  a l l o y s ,  i . e .  shear  p l a t e s  

o f  body c e n t r e d  c u b ic  f e r r i t e  a re  formed i n  p a r a l l e l  

b u n d le s  o f  l a t h s  i n  a c h a r a c t e r i s t i c  Widrnanstatten  

a rran gem en t .  The i n d i v i d u a l  l a t h s  are  composed o f  

e l o n g a t e d  sub c e l l s  s e p a r a t e d  by a boundary o f  h i g h  d i s ­

l o c a t i o n s  d e n s i t y  and c o n t a i n  a h ig h  d e n s i t y  o f  d i s l o c a t i o n s  

w i t h i n  ea ch  c e l l .  T h e ir  most p rob ab le  h a b i t  p lan e  i s  th e  

{ ^ t l y  P la n e ,  and t h e i r  o r i e n t a t i o n  r e l a t i o n s h i p  t o  

a u s t e n i t e  i s  probab ly  t h a t  g i v e n  by Kurdjurnov S a c h s .

3* In  a l l o y s  c o n t a i n i n g ,  l e s s  than 6 / manganese &

maximum i/;s  t em perature  e x i s t s ,  above which no t r a n s f o r m a t i o n  

o c c u r s ,  but t h i s  tem p era tu re  may be d e p r e s se d  to  a minimum 

p l a t e a u  tem perature  by i n c r e a s e d  c o o l i n g  r a t e s .  Ho 

d e p r e s s i o n  o f  the  I,iR tem p era tu re  by i n c r e a s e d  c o o l i n g  r a t e  

occu rs  i n  a l l o y s  c o n t a i n i n g  more than 6 /  manganese .  The 

e x p l a n a t i o n  put forward f o r  the d e p r e s s i o n  o f  t e m p e r a tu r e  

i s  t h a t  th erm al  a s s i s t a n c e  t o  th e  m a r t e n s i t e  t r a n s f o r m a t i o n  

can occur  w i t h  s low  c o o l i n g  when th e  i,'R tem p eratu re  i s  above  

i |00°C. T h i s  a s s i s t a n c e  may be due t o  r e c o v e r y ,  and t h e r e  

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

s t r u c t u r e .



h* No ex a m p le s  o f  tw inned  m a r t e n s i t e  were found i n  th e

i r o n  manganese a l l o y s  s t u d i e d ,  nor was t h e r e  any i n d i c a t i o n

t h a t  l a t h  m a r t e n s i t e s  formed i n  tw in  r e l a t e d  a d j a c e n t

p a i r s  w i t h  a ( ^ 2 )., h a b i t  p l a n e .  T h i s  s u g g e s t s  t h a t  no0
n u c l e a t i o n  o f  a lp h a  m a r t e n s i t e  v i a  e p s i l o n  o c c u r r e d  i n  

t h e s e  a l l o y s .

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

t h e  minimum 1&B t em p e ra tu r e  ranged  betw een  2 8 5 - 3 0 0  e a l s / m o l e  

( 1 2 0 0 - 1 2 6 0  J /m o l )  p r o v i d i n g  t h a t  t h e  v a l u e s  c a l c u l a t e d  by

a r e g u l a r  s o l u t i o n  model were c o r r e c t e d  t o  t h e  o b se r v e d  

T0 t e m p e r a t u r e ,  and were not  based upon t h e  c a l c u l a t e d  T0 

t e m p e r a t u r e .  I f  th e  c a l c u l a t e d  T0 t e m p er a tu r e  was u s e d ,  

t h e  c a l c u l a t e d  d r i v i n g  f o r c e  f o r  t h e  h i g h e r  manganese  

a l l o y s ,  e . g .  10 /  manganese ,  was r a t h e r  h i g h e r  than t h e  

f i g u r e  n o rm a l ly  quoted f o r  l o t h  m a r t e n s i t e  t r a n s f o r m a t i o n  

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

6 .  The r e s u l t s  s u g g e s t e d  t h a t  two t e m p e r a t u r e s  can  

e x i s t  f o r  pure i r o n  which can g i v e  r i s e  t o  both  b a i n i t i c  

and m a r t e n s i t i e  modes o f  t r a n s f o r m a t i o n .  One a t  750°0  

a r i s e s  when therm al  a s s i s t a n c e  d u r in g  th e  m a r t e n s i t e  t r a n s ­

f o r m a t i o n  o c c u r s ,  and t h e  o t h e r  o c c u r s  a t  5 6 0 °c  when th e rm a l  

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

7 . M ass ive  f e r r i t e  . t r a n s fo r m a t io n  o c c u r s  o n ly  i n  i r o n  

manganese a l l o y s  c o n t a i n i n g  l e s s  than  2 /  manganese .

7 . 2  P r o p e r t i e s .

1 .  I r o n  manganese a l l o y s  i n  t h e  l a t h  m a r t e n s i t i e  c o n d i t i o n

have poor impact p r o p e r t i e s  compared t o  a l l o y s  o f  i r o n  n i c k e l



c o n t a i n i n g  l e s s  th en  2 8 /  n i c k e l .  T h i s  i s  n o t  due however  

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

morphology o f  th e  m a r t e n s i t e ,  or  t o  an i n h e r e n t  d i f f e r e n c e  

i n  t h e  d e fo r m a t io n  and f l o w  p r o p e r t i e s  o f  i r o n  manganese  

a l l o y s .  The f l o w  s t r e s s  a t  low t e m p e r a tu r e s  i n  i r o n  

manganese a l l o y s  was in d ep e n d e n t  o f  both  c o m p o s i t i o n  

and s t r u c t u r e ,  i t  was a l s o  most  p ro b a b ly  c o n t r o l l e d  by 

th e  P e i e r l s - N a b a r r o  f r i c t i o n  s t r e s s  below 190°iC. Above 

t h i s  tem p e ra tu r e  a d i f f e r e n t  and undeterm ined  mechanism  

f o r  t h e  c o n t r o l  o f  f l o w  s t r e s s  e x i s t e d .

2 .  A l l o y s  c o n t a i n i n g  between  hZ and 1 0 /  manganese were

b r i t t l e  i n  th e  a s  quenched c o n d i t i o n  due t o  a w eakness  a t  

p r i o r  a u s t e n i t e  g r a i n  b o u n d a r ie s  which became even  more 

marked when t h e  a l l o y s  were tempered a t  between 2 5 0 °G and 

h 0 9 ° 0 . T h i s  t o g e t h e r  w i t h  o t h e r  e v i d e n c e  l e a d s  t o  t h e  

c o n c l u s i o n  t h a t  oc phase  i r o n  manganese a l l o y s  a r e  b r i t t l e  

due to  t h e i r  s u s c e p t i b i l i t y  to  temper b r i t t l e n e s s .

3 * S i l i c o n  was c o n s i d e r e d  t o  be th e  e le m e n t  r e s p o n s i b l e

f o r  c a u s i n g  b r i t t l e n e s s  by s e g r e g a t i n g  t o  a u s t e n i t e  g r a i n  

b o u n d a r ie s ,  a l t h o u g h  i t s  e f f e c t s  may h s i re been a g g r a v a t e d  

by th e  p r e s e n c e  o f  carb on  a n d /o r  n i t r o g e n .  

k*  A molybdenum a d d i t i o n  f a i l e d  t o  p r e v e n t  temper  

b r i t t l e n e s s  but one s o l u t i o n  t o  th e  problem was to  temper  

a t  600°C. T h is  a l s o  l e d  u n f o r t u n a t e l y  t o  a s e v e r e  l o s s  

i n  th e  normal t e n s i l e  p r o p e r t i e s  which  c o u l d  e x c l u d e  t h e  

u se  o f  t h e s e  a l l o y s  a s  com mercia l  h i g h  s t r e n g t h  s t e e l s .  I n  

th e  medium s t r e n g t h  f i e l d  however t h e r e  may be some f u t u r e ,  

e s p e c i a l l y  a s  s t e e l s  f o r  which w e l d a b i l i t y  i s  r e q u i r e d .



8 . 0  RECOMMENDATION FOR FURTHER WORK.

T r a ns f  or ma 11 on s .

One p a r t i c u l a r  a s p e c t  r e q u i r i n g  f u r t h e r  work 

c o n c e r n s  what h a s  been termed r e c o v e r y  a s s i s t e d  m a r t e n s i t e  

and which was found to  o cc u r  i n  t h e  and 6y. manganese  

a l l o y s .  An u n d e r s t a n d in g  o f  t h e  t r a n s f o r m a t i o n  mechanism  

would be a i d e d  by a more d e t a i l e d  s tu d y  o f  t h e  t i m e f 

tem perature*  t r a n s f o r m a t i o n  behaviour* s o  t h a t  t h e  k i n e t i c s  

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

o f  t h e  r a t e  c o n t r o l l i n g  s t e p .  Other  im p o r ta n t  a s p e c t s  

a r e  such f e a t u r e s  a s  t h e  p r e s e n c e  or  a b s e n c e  o f  s u r f a c e  

t i l t s *  the  r e l a t i o n s h i p  between growth and p r i o r  a u s t e n i t e  

g r a i n  b ou n d ar ies*  and e 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  

r e l a t i o n s h i p s .  The i r o n  manganese sy s tem  however d o es  

n o t  seem t o  l e n d  i t s e l f  v e r y  w e l l  t o  t h i s  ty p e  o f  o b s e r ­

v a t io n s *  owing t o  th e  problems o f  s u r f a c e  v o l a t i l i s a t i o n .

An i r o n  n i c k e l  a l l o y  w i t h i n  th e  range 5> to  10yi n i c k e l  

may t h e r e f o r e  prove to  be more u s e f u l  i f  th e  r e c o v e r y  

a s s i s t e d  m a r t e n s i t e  r e a c t i o n  can be made to  o c c u r .

P r o p e r t i e s .

U ndoubted ly  th e  major problem t o  be s o l v e d  i n  t h e  

i r o n  manganese sys tem  i s  t h a t  o f  b r i t t l e n e s s .  The p r e s e n t  

work has  shown t h a t  t h i s  i s  l i k e l y  to  be due t o  a temper  

b r i t t l e n e s s  e f f e c t *  but th e  im p u r i t y  r e s p o n s i b l e  h a s  n o t  

been i s o l a t e d .  F u r th e r  work i s  t h e r e f o r e  needed n ot  o n l y  

t o  i d e n t i f y  t h e  im p u r i t y  but a l s o  to  d e term in e  th e  c o n d i t i o n  

under which i t s  e f f e c t s  may be n e u t r a l i z e d .  For t h i s



p urpose  a f u r t h e r  s e r i e s  o f  a l l o y s  a r e  b e in g  prepared  

and c o n s i s t  e s s e n t i a l l y  o f  an 8#  manganese a l l o y  w i t h  

t h e  f o l l o w i n g  a d d i t i o n s  or m o d i f i c a t i o n s .

( i )  Very low carbon  h i g h  p u r i t y  a l l o y  i n  which s p e c i a l  

p r e c a u t i o n s  have  been ta k en  to  m in im ize  both  th e  s i l i c o n  

and phosphorus  l e v e l s .

( i i )  As above* but w i t h  an a d d i t i o n  o f  0 . 1 #  Ti  t o  t i e  

up i n t e r s t i t i a l  e l e m e n t s .

( i i i )  S p l i t  m e l t s  o f  8 #  manganese c o n t a i n i n g  v a r i a b l e

( a )  n i t r o g e n

(b)  carbon

( c )  s i l i c o n .

By s t u d y i n g  t h e  e f f e c t s  o f  t h e s e  i m p u r i t i e s  on th e  temper  

b r i t t l e n e s s  s u s c e p t i b i l i t y  o f  th e  i r o n  manganese system*  

i t  i s  hoped t h a t  th e  so u r ce  o f  e m b r i t t l e m e n t  may be 

i d e n t i f i e d  and an a n t i d o t e  fou nd .

I n  a d d i t i o n  t o  t h e  above*work i s  a l r e a d y  underway  

w i t h i n  t h e  department t o  s tu d y  th e  e f f e c t s  o f  molybdenum 

a d d i t i o n s  bn th e  b r i t t l e n e s s  problem.
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Data for t h e  free energy f o r  t h e  ^ # t r a n s f o r m a t i o n
in iron, ana th e  eeuilibriuD n o l u b i l l t i e s  o f  manganese in  
i r on •

'

T  ° ’l
A oi-5 53
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CGl/vi; o l e
A o F e

ca l /V so le e a l / ’V.ole

A « * 'k5
Fe

c a l / m o l e

a - * 5 2A6 ?c
j c n l / m o l e

X ,
Oc.

e/ o  , .n

X ;
r
/o:. ,n

1b od -82  .2

I

1200 10

1000 1 1 2 75 7 6 6 1 15U 0 • 02 3 0 . 0 9 k

900 19b 180 r  ^
* u u 1 9 1 220 0 . 0 3 0 0 . 11+3

800 309 320 . .. ^

/ 333 293 0 .0 3  U 0 .2 0 5

700 bk 1 rV'.-J*• • * r 697
------- --------

3o5 0 .0 3 5 0 . 2 8 0

600 5 90 bfO 677 856
«

0 .0 3 5 O.3 6 O

500 738 885 670 5 01; 0 .0 3 9 G.hho

hOO 879 1-j 8 0
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el-Y
D ata  f o r  t h e  s o l u t i o n  o f  Z\G 
by a r e g u l a r  s o l u t i o n  m o d e l
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C a l c u l a t e d

raO
G r a p h i c a l  
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1 - X *

1000 -5906 -151 7927
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- 5 0 0  |
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500 -2 6 1 0 - 5 i ; 1 - 1 6 9 6 - 1 6 9 8



TABLE V.

Data f o r  th e  f r e e  e n er g y  f o r  the  
t r a n s f o r m a t i o n  i n  manganese

c a l s / m o l e
----------------------------
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T°K 1200 1000 900 800 700 600 500
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■FIG. 1: M assive  f e r r i t e  i n  a quenched  

Fe ~ Cu a l l o y . ^





F IG .2: S ch em atic  i l l u s t r a t i o n  o f  s y m p a th e t i c  

n u c l e a t i o n  o f  m a s s iv e  f e r r i t e  a t  p r io r  

a u s t e n i t e  g r a i n  b o u n d a r ie s  which c r e a t e s  

an i l l u s i o n  o f  growth a c r o s s  th e  g r a i n  

boundary.
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Ledge boundary showing t h e  advance  o f  a 

c o h e r e n t  i n t e r f a c e  v i a  th e  movement o f  an  

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

t o  t h e  main d i r e c t i o n  o f  advance
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F IG .U: V a r io u s  forms o f  an i n v a r i a n t  p lane  s t r a i n ,

o n ly  th e  l a s t ,  i . e .  s h e a r  + d i l a t a t i o n ,  i s  

. - c a p a b l e  o f  p ro d u c in g  a, m a r t e n s i t i c  t r a n s ­

fo r m a t io n
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F I G .5: The Bain  c o r r e s p o n d e n c e  fo r  t h e  a u s t e n i t e -

m a r t e n s i t e  t r a n s f o r m a t i o n  i n  f e r r o u s  a l l o y s .

P IG .6: S t r a i n  r e p r e s e n t a t i o n  o f  t h e  Bain  s t r a i n  i n

w hich t h e  u n i t  sp h er e  i s  d i s t o r t e d  t o  the  

s t r a i n  e l l i p s o i d  -by t h e  t h r e e  p r i n c i p a l  Bain  

s t r a i n s .  The c o n e s  o f  v e c t o r s  0 A f 0 B f 00* 

OD* a r e  u n d i s t o r t e d  by th e  Ba in  s t r a i n  but 

a r e  r o t a t e d  from t h e i r  i n i t i a l  p o s i t i o n s  

OA OB 00 OD



(oioijboi).
/  'V

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

S t r a i n  e l l i p s o i d



F IG .7* S t r a i n  r e p r e s e n t a t i o n  o f  a tw in n in g  s h e a r  

showing th e  two u n d i s t o r t e d  planes*  K-j and 

Kg, and a l s o  showing th e  s h o r t e n i n g  or 

l e n g t h e n i n g  o f  o th e r  v e c t o r s  which do not  

l i e  i n  e i t h e r  o f  t h e s e  two planes*
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F I G , 8: F r e e  e n e r g y  v e r s u s  c o m p o s i t i o n  c u r v e s  f o r

a u s t e n i t e  and f e r r i t e  s h ow i ng  t h e  e q u i l i b r i u m  

c o n d i t i o n  by w h i ch  t h e  p a r t i a l  m o l a r  f r e e  

e n e r g i e s  G a r e  e q u a l  i n  b o t h  p h a s e s .

i
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L ath  m a r t e n s i t e  i n  a . d r a s t i c a l l y  quenched  

Fe -  b% Cu a l l o y . ^  ,





FIG. *10: L ath  s u b s t r u c t u r e  w i t h i n  s l a b s ,  r e v e a l e d  by

e t c h i n g  i n  sodium b i s u l p h i t e  p lu s  sodium  
88t h i o s u l p h a t e . • Fe -  6 % *Mn a l l o y

' x  5 0 0 ' v



F I G . 11: S l i p  r e l i e f  a t  a m a r t e n s i t e / a u s t e n i t e

i n t e r f a c e .





FIG*12:  Mg t e m p e r a t u r e  d a t a  f o r  i r o n  n i c k e l  a l l o y s

s h o w i ng  t h e  e x t r a p o l a t i o n  o f  Mg t o  e i t h e r  

560°G or  750°C i n  p u r e  i r o n .
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PIG.  1 3 1 D r i v i n g  f o r c e  f o r  t h e  Hf^oc t r a n s f o r m a t i o n
1 k  p  1m  v a r i o u s  i r o n  a l l o y s .  6
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PIG*14 i The e f f e c t  o f  c o o l i n g  r a t e  and a l l o y

c o m p o s i t i o n  on t h e  m a s s i v e  f e r r i t e  t o

l a t h  m a r t e n s i t e  t r a n s i t i o n  i n  i r o n  n i c k e l  
f  28

a l l o y s .

j
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PIG#15? The t r a n s i t i o n  f rom body c e n t r e d  cu b i c

t o  body c e n t r e d  t e t r a g o n a l  m a r t e n s i t e  due 

t o  t h e  i n f l u e n c e  o f  c a r b o n  upon t h e  Ms 

t e m p e r a t u r e  and  t h e  Z e n e r  o r d e r  d i s o r d e r  

t e m p e r a t u r e  ? ^
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F IG .16: Iron  manganese e q u i l ib r iu m  diagram; a l s o

showing the  non e q u i l ib r iu m  otand £  m a r t e n s i t i c  

t r a n s fo r m a t io n  t e m p e r a t u r e s . ^
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PIG*. 17s E f f e c t s  of composit ion on the  p ropo r t ions  

o f o t }£, a n d ^ a t  room tem perature  in  i ro n
GO <

manganese a l loys*
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FIG,18 E f f e c t s  o f  manganese c o n c e n t r a t i o n  on 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 s  i n  i r o n  

manganese a l l o y s ,  ‘
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FIG*19: The v a r i a t i o n  i n  y i e l d  s t r e s s  w i t h  manganese

c o n c e n t r a t i o n  and h e a t  t r e a tm e n t  f o r  i r o n  

manganese a l l o y s *  ^5 ■ «
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FIG«20: S ch em a t ic  i l l u s t r a t i o n  o f  «the f o r m a t i o n

a double  k in k  which a s s i s t s  d i s l o c a t i o n s  

i n  overcoming th e  P e i e r l s - N a b a r r o  f r i c t i o n  

s t r e s s .  1
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FIG.21 Sch em a tic  i l l u s t r a t i o n  o f  t h e  c o n t in u o u s  

c o o l i n g  d i l a t o m e t e r  used  t o  d e te rm in e  

t r a n s f o r m a t i o n  t e m p e r a t u r e s .
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F IG .22: No. 12 Standard  H o u n s f i e l d  t e n s i l e  t e s t

s p e c im en .
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FIG*23? P o l f in y i  g r i p p i n g  arrangem ent  f o r  t e n s i l e  

t e s t i n g  on th e  I n s t r o n  t e s t  machine
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FIG*2ii: Wessel^^spray apparatus for obtaining
controlled sub zero testing temperatures 
during tensile testing. _ *
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FIG*25* The v a r i a t i o n  in  Ag temperature with  h e a t in g  

r a te  f o r  a s e r i e s  o f  i ro n  manganese a l l o y s .
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FIG*26: T y p i c a l  d i l a t o m e t e r  h e a t i n g  cu rv e  showing

t h e  Ag ~ t r a n s f o r m a t i o n  tem p e ra tu re  on 

h e a t i n g  a 10/t manganese a l l o y ,
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PIG*27? The e f f e c t s  of  c o o l i n g  r a t e  on t he

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

o f  i r o n  manganese a l l o y s .
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P I G .28: T y p i c a l  d i l a t o m e t e r  c o o l i n g  c u r v e s  f o r  a

6% manganese a l l o y  when c o o l e d  a t  A . l2 0 0 ° C /m in
*

B I5 0 c0,/nrin
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F IG .2 9 s  M a s s iv e  o r  e q u i a x e d  f e r r i t e  i n  a n  i r o n  -  

2% m ang an ese  a l l o y  c o o l e d  a t  2 , 8 0 0 ° C / m i n

E t c h e d  2/c n i t a l  x 200

FIG«30:  Mixed m a s s i v e  f e r r i t e  p l u s  l a t h  m a r t e n s i t e

i n  a n  i r o n  -  2 % m anganese  a l l o y  quenched  i n  

i c e d  b r i n e .

. E t c h e d  2 % N i t a l  f o l l o w e d  by 

1 Aqueous sod ium  b i s u l p h i t e ,

sod ium  t h i o s u l p h a t e  s t a i n i n g  e t c h  

x  400





PIG, 3^ M i c r o s t r u c t u r e s  which show th e  i n c r e a s i n g l y „ 

l a t h  l i k e  ap p earan ce  o f  th e  s t r u c t u r e  o f  an  

i r o n  -  manganese a l l o y  a s  th e  c o o l i n g  r a t e  

was i n c r e a s e d .
E tc h e d  2% N i t a l  p lu s  Schumman^s

r e a g e n t .

FIG.31& C oo led  a t  8°C/min

x lf.00

PIG.3*^B C oo led  a t  9 0 0 ° c / m in

x 400

t

FIG ,3^0 C oo led  a t  ISO O ^/m in

x 4 0 0
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PIGs3'1D: Quenched i n t o  i c e d  b r i n e .

x i+00





FIG«32:  The v a r i a t i o n  i n  m i c r e s t r u c t u r e  o f  a n

i r o n  -  Gfc m anganese  a l l o y  w i t h  c o o l i n g  r a t e

E t c h e d  2% N i t a l  f o l l o w e d  by 

Schummannf 3 r e a g e n t .

F IG .3 2 A :  L a t h  m a r t e n s i t e  i n  a n  a l l o y  c o o l e d  a t  

100 0 °C /m in

x LOO

F I G . 3233: L a t h  m a r t e n s i t e  p l u s  g r a i n  b o u n d a ry  f e r r i t e  

i n  a n  a l l o y  c o o l e d  a t  5 °C /m in

x LOO

F I G . 320:  D i t t o  32B. show ing  a p p a r e n t  g r o w th  o f  g r a i n

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

b o u n d a r i e s .





PIG.33 : T y p i c a l  l a t h  m a r t e n s i t e  s t r u c t u r e  found i n

both  i r o n  -  8% manganese and i r o n  -  10$: 

manganese a l l o y s  e v e n  a f t e r  v e r y  s lo w  c o o l i n g

Etched  2% N i t a l  f o l l o w e d  by 

Schummann’s r e a g e n t ,  

x 200

i
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FIG.3UJ Thin f o i l  e l e c t r o n  micrographs of the

s t r u c t u r e s  produced by slow c o o l i n g  i n  an 

i r o n  -  b% manganese a l l o y .

FIG.3^A: Furnace  c o o l e d  a t  a p p r o x i m a t e l y  5°C/min  

show ing  e q u ia x e d  sub c e l l s

x k5 f 000

FIG*3^-B: D is lo c a t io n s  w i th in  the  sub c e l l s  of the 

s t r u c t u r e  shown in  F ig .  3 I4A.

x 1 0 0 ,0 0 0

FIG .3 /4-C: A.ir c o o l e d  a t  a p p r o x im a t e ly  l50°C /m in

show ing m ix tu re  o f  eq u ia x e d  and f i n g e r  l i k e  

sub c e l l s .

x i .{5,000





FIG.35A' C e l l  boundary w i t h  u n i fo r m ly  d i s t r i b u t e d  

d i s l o c a t i o n s  w i t h i n  e a c h  c e l l  f o r  an i r o n  

manganese a l l o y  a f t e r  s lo w  c o o l i n g ,  

x 180 ,000

FIG.35B S e l e c t e d  a r e a  d i f f r a c t i o n  p a t t e r n s  taken  

from e i t h e r  s i d e  o f  th e  sub c e l l  boundary  

shown i n  F i g .  35A. Both o f  th e  a d j a c e n t  c e l l s

produce a zone d i f f r a c t i o n  p a t t e r n  o f

Almost i d e n t i c a l  o r i e n t a t i o n ,  which i n d i c a t e s  

l i t t l e  m i s o r i e n t a t i o n  a c r o s s  th e  c e l l  boundary.





PIG.36:

P IG .37:

Thin  f o i l  e l e c t r o n  m icrograp h  showing semi  

l a t h  l i k e  s t r u c t u r e  i n  an i r o n  -  manganese  

a l l o y  i n  .the w ater  quenched c o n d i t i o n .

x 3 5 , 0 0 0

Thin  f o i l  e l e c t r o n  mi< 

m a r t e n s i t e  i n  an i r o n  

d r a s t i c a l l y  quenched

x k-5

rograph showing l a t h  

-  manganese a l l o y  

nto  i c e d  b r i n e .

000
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FIG.38A:  Th in  f o i l  e l e c t r o n  m ic ro g r ap h  showing a

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

i r o n  -  manganese a l l o y s .

x 130 ,000

F I G . 3 SB: Th in  f o i l  e l e c t r o n  m i c r o g r a p h  of  p r i o r  a u s t e n i t e  

g r a i n  boundary  a r e a  showing a non l a t h  l i k e  

a r e a  which  may c o r r e s p o n d  t o  t he  g r a i n  boundary  

. f e r r i t e  shown i n  P i g .  320.

x 130 ,000



FIG .39:  Thin  f o i l  e l e c t r o n  m icrograph  t y p i c a l  o f

t h e  l a t h  m a r t e n s i t e  s t r u c t u r e  found i n  the
;

i r o n  -  10$ manganese a l l o y .

x 1 0 0 ,0 0 0

i





FIG.i+O: T r a c in g  of  t h e  . 22ol d i f f r a c t i o n  l i n e  f o rJoC
an i r o n  -  h% manganese a l l o y ,  t ak en  from a 

d i f f r a c t o m e t e r  t r a c e .  Not.e t h e  a s s y m e t r y  

and s h a r p e n i n g  o f  t h i s  l i n e  i n  t he  s l ow ly  

c o o l e d  spec imen .

\
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FIG#Mi  The v a r i a t i o n  i n  h a r d n e s s  w i t h  c o o l i n g  r a t e  

f o r  v a r i o u s  i r o n  manganese a l l o y s *
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F I G j j 2 :  P l o t  o f  t h e  w e i gh t ed  mean o f  l a t h  w id th

v e r s u s  manganese c o n c e n t r a t i o n  f o r  l a t h  

m a r t e n s i t e s •
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FIG.U3 * S i m u l t a n e o u s  r e c o r d i n g s  of  t e m p e r a t u r e  and 

d i l a t a t i o n  f o r  an  i r o n  -  k% manganese a l l o y  

quenched t o  d i f f e r e n t  i s o t h e r m a l  h o l d i n g  

t e m p e r a t u r e s ,  i . e .  523°C, 505°C, and 5 °c
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V

FIQmhhi The r e l a t i o n s h i p  between p e r c e n t a g e  t r a n s ­

f o r m a t i o n  and t e m p e r a t u r e  f o r  an i r o n  -  h% 

Manganese a l l o y .  T h i s  shows t h a t  t h e  t e m p e r a t u r e
k

r ange  f o r  t r a n s f o r m a t i o n  i s  s h i f t e d  by v a r i a t i o n  

o f  the  c o o l i n g  r a t e ,  but  t h e i r  s l o p e s  r ema in  

c o n s t a n t ,
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FIG*U5> M i c r o s t r u c t u r e  o f  a n  i r o n  -  U% mang an es e  

a l l o y  i s o t h e r m a l l y  t r e a t e d  a t  505°G f o r  

two m i n u t e s ,  and  s h owi ng  t h e  r a g g e d  f e r r i t e  

s t r u c t u r e  w h i c h  was a l s o  p r o d u c e d  by s low 

c o n t i n u o u s  c o o l i n g ,  s e e  F i g .  3^A.

E t c h e d  2% N i t a l  f o l l o w e d  by 

Schummann1s r e a g e n t . 

x 600





i tAl-.

F I G , 4 6 : S i m u l t a n e o u s  r e c o r d s  o f  t e m p e r a t u r e  and  

d i l a t a t i o n  f o r  an i r o n  -  6 ^mang an es e  a l l o y  

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

t e m p e r a t u r e s ,  i . e .  420°C and  3 9 5° C.  Not e  

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  p r o d u c e d  a t  

395°C
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FIG«47* The v a r i a t i o n  i n  r oo m t e m p e r a t u r e  h a r d n e s s

o f  a n  i r o n  -  6% ma nganes e  a l l o y ,  quench ed  t o  

a c o n s t a n t  t e m p e r a t u r e  o f  400°C and  h e l d  f o r  

v a r y i n g  t i m e s .

F I G . 4 8 :  C o r r e l a t i o n  b e t w e e n  t h e  h a r d n e s s  and t h e

amount  o f  g r a i n  b o u n d a r y  f e r r i t e ,  e . g .  s e e  

F i g .  32C,  p r o d u c e d  i n  i r o n  ~ 6?c manganese  

a l l o y s  when e i t h e r  s l o w l y  c o o l e d  o r  i s o t h e r m a l l y  

t r e a t e d  w i t h i n  t h e  r a n g e  350°C -  4 2 0 °q
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FIG-,U9s Showing t h e  p r e p o l i s h e d  s u r f a c e  o f  an  i r o n  -  

U% manganese  a l l o y  a f t e r  h e a t i n g  t o  1000°C 

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

f o r m i n g  t o  m a r t e n s i t e  by r a p i d  c o o l i n g .  D e s p i t e  

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

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

x 200
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F I G , 50: Showing t h e  v a r i a t i o n  i n  h a r d n e s s  and Mg

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

s p e c i m e n  o f  i r o n  -  10% m an ga ne s e  t h r o u g h  

t h e  oC-*'X'-±oC t r a n s f o r m a t i o n  t o  a s u c c e s s i v e l y  

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

FIG.50A S p e c i m en  p r i o r  h e a t  t r e a t e d  by a u s t e n i t i z i n g  

a t  850°G f o r  one h o u r  an d  w a t e r  q u e n c h e d .

F I G .5 0 B:  S p e c i m e n  p r i o r  h e a t  t r e a t e d  by a u s t e n i t i z i n g  

a t  1000°0 f o r  one h o u r  and w a t e r  q u e n c h e d ,
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P I G . 5 ^• The v a r i a t i o n  i n  m i c r o s t r u c t u r e  o f  an i r o n  -  

10# manganese a l l o y  a f t e r  c y c l i n g  t h r o u g h  t he  

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

E t ch ed  2% N i t a l  f o l l o w e d  by 

Schurnmann’s r e a g e n t .

P I G . 51 A: F i r s t  c y c l e  t o  675°C h e l d  f o r  one minu t e ,

c o o l e d  t o  room t e m p e r a t u r e  and showing c o a r s e
C

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

x  i ± 0 0

PIG.5TB: Second c y c l e  t o  ?25°C h e l d  f o r  one minu t e ,  

c o o l e d  t o  room t e m p e r a t u r e  and showing very  

f i n e  l a t h  m a r t e n s i t e  s t r u c t u r e .

x  kOO

PIG.51Cs T h i r d  c y c l e  t o  830°c h e l d  f o r  one minu t e ,  

c o o l e d  t o  room t e m p e r a t u r e  and showing 

c o a r s e n i n g  of t h e  p r i o r  a u s t e n i t e  g r a i n  s i z e .

x 400





f '
PIG.5*iD: F o u r th  c y c l e  t o  1100°C h e l d  f o r  one m inute ,

c o p i e d  t o  room temperature-,  and showing f u l l y  

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

x  i+OO





PIG*52: The v a r i a t i o n  i n  h a r d n e s s  and Mg t e m p e r a t u r e

p roduced  i n  an  i r o n  -  10% manganese  a l l o y  by 

c y c l i n g  t h r o u g h  t h e  oC-^ti-^oC t r a n s f o r m a t i o n .  

Each a u s t e n i t i z i n g  t e m p e r a t u r e ,  i . e .  c y c l e ,  wa 

c o nd uc t e d  w i t h  a s e p a r a t e  specimen
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FIG»53: The v a r i a t i o n  i n  h a r d n e s s  and Mg t e m p e r a t u r e  

f o r  an  i r o n  -  10?? manganese a l l o y  a f t e r  

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

a u s t e n i t i z i n g  t e m p e r a t u r e s .

FIG.53As A u s t e n i t i z i n g  t e m p e r a t u r e  /00°G

FIG.53B:  A u s t e n i t i z i n g  t e m p e r a t u r e  850°C
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A u s t e n i t i z i n g  t e m p e r a t u r e  9lj.0°C
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FIG,5U: The v a r i a t i o n  i n  h a r d n e s s  and Mg t e m p e r a t u r e

a f t e r  c y c l i n g  an  i r o n  -  10$ manganese a l loy-  

t h r o u g h  s u c c e s s i v e  oL'+X-soC t r a n s f o r m a t i o n s  

u s i n g  a c o n s t a n t  a u s t e n i t i z i n g  t e m p e r a t u r e  of  

?00°G and a t irne o f  one minu t e .

i
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FIG.55s  S e l e c t e d  a r e a  d i f f r a c t i o n  p a t t e r n  ta k en  from

a l a t h  boundary such t h a t  bo th  l a t h s  c a u se

d i f f r a c t i o n .  The p a t t e r n  i s  i d e n t i c a l  f o r

both  l a t h s ,  i . e .  <111/ z o n e ,  and i n d i c a t e s
 ̂ 'oC

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

t h e  l a t h  boundary.

F IG .56: S e l e c t e d  a r e a  d i f f r a c t i o n  p a t t e r n  ta k en  on

a l a t h  boundary,  and showing a vjOO/ zone  

The same p a t t e r n  i s  produced by both l a t h s ,  

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

betw een  a d j a c e n t  l a t h s .





F I G . 57:  S t a n d a r d  c u b i c  p r o j e c t i o n  i n  which l a t h  

a x i s  d i r e c t i o n s  a r e  shown t o  be c l o s e  t o  

{110}  g r e a t  c i r c l e s .
o(_
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F I G .58: Thin f o i l  e l e c t r o n  m icrograph  o f  l a t h

m a r t e n s i t e  i n  an i r o n  -  6 % manganese a l l o y
<

w i t h  accompnying s e l e c t e d  a r e a  d i f f r a c t i o n  

p a t t e r n  ta k en  a t  t h e  l a t h  boundary and from 

which  th e  l a t h  boundary d i r e c t i o n  can be 

d e te r m in e d .  The S .A .D .P .  i s  f o r  a zone





FIG*59; L ath  m a r t e n s i t e  i n  an i r o n  -  \\% manganese a l l o y  

showing e v i d e n c e  o f  p r i o r  a u s t e n i t e  a n n e a l i n g  

tw ins*  Note t h a t  s e v e r a l  r n a r t e n s i t e  s l a b s  l i e  

p a r a l l e l  t o  th e  a n n e a l i n g  tw in  boundary,  and 

t h a t  s l a b s  which c r o s s  t h e  boundary a r e  m irror  

images  on e i t h e r  s i d e  o f  th e  boundary.





PIG.60J The v a r i a t i o n  i n  i m p a c t  s t r e n g t h  w i t h  b o t h

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

s i z e  f o r  l a t h  m a r t e n s i t e s  i n  a  s e r i e s  o f  i r o n  

m a n g a n e s e  * a l l o y s .

PIG.60A: k%  m a n g a n e s e  b r i n e  q u e n c h e d .

F I C t , 6 0 B :  6 % m a n g a n e s e  b r i n e  q u e n c h e d
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FIG«60G: 8 % man ganes e  b r i n e  quenched*

" 'f* *

FIG* 60D: 1ofo manganese  b r i n e  q u e n c h e d
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F I G o61:  The v a r i a t i o n  i n  r e c i p r o c a l  i m p a c t  t r a n s i t i o n

t e m p e r a t u r e  w i t h  p r i o r  a u s t e n i t e  g r a i n  s i z e  

f o r  q u e n c h e d  l a t h  m a r t e n s i t e  i r o n  manganes e  

a l l o y s .



t
r

a
n

si
t

io
n

 
t

e
m

p

■ 4  • O -
*>

o

3 - 5  -

3 -O -

x  2 • 5

•2 -O L 
OOI

A 4 /oMn 
B 6 %  n
C 8°/o >i
D 10% «
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•  tV.S,.-

P I G , 62:

:

O p t i c a l  p ho to m ic ro g r a ph  showing c r a c k  a t  

a p r i o r  a u s t e n i t e  g r a i n  boundary  i n  a 

quenched i r o n  -  6% manganese a l l o y .

E t ched  2% N i t a l  

x 800



P IG .6 3 A: S ca n n in g  e l e c t r o n  m icrograph  o f  th e  f r a c t u r e  

s u r f a c e  o f  an i r o n  - 1 0 $  manganese a l l o y  

im pact  t e s t  spe c im en  t e s t e d  below t h e  d u c t i l e /  

b r i t t l e  t r a n s i t i o n  te m p e r a tu r e .  F r a c t u r e  

l a r g e l y  f o l l o w s  th e  p r i o r  a u s t e n i t e  g r a i n  

b o u n d a r ie s ,  but some s m a l l  a r e a s  o f  c l e a v a g e  

a l s o  e x i s t ,  i . e .  n o t e  r i v e r  m ark ings .

- • x 200

FIG>63Bs Enlargement  o f  an a r e a  o f  c l e a v a g e  f a i l u r e  

shown i n  P i g .  6 3 A.

x 1000





FIG*6U: Scann ing  e l e c t r o n  m ic ro g r aph  of  t h e  f r a c t u r e

s u r f a c e  o f  an a s  quenched i r o n  -  b% manganese 

a l l o y  showing bo th  i n t e r g r a n u l a r  and b r i t t l e  

c l e a v a g e  f a c e t s .

x 150





F I G . 65:  Carbon e x t r a c t i o n  r e p l i c a  of  an  i r o n  -  6%

manganese  a l l o y  quenched and tempered a t  i4-50°C 

and showing p r e f e r e n t i a l  e t c h  p i t t i n g  a t t a c k  

a l o n g  a p r i o r  a u s t e n i t e  g r a i n  boundary .

x 2 5 ,0 0 0





FIG*6 6 : The v a r i a t i o n  i n  room t e m p e r a t u r e  impac t

s t r e n g t h  w i t h  t em pe r i n g  t e m p e r a t u r e  f o r  

a s e r i e s  o f  i r o n  manganese a l l o y s .
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PIGr67i  The v a r i a t i o n  i n  impact  s t r e n g t h  w i t h  t e s t i n g  

t em p e ra tu r e  f o r  a s e r i e s  o f  i r o n  manganese 

a l l o y s  a f t e r  b e in g  g i v e n  v a r i o u s  tem p er in g  

or s low  c o o l i n g  t r e a t m e n t .

FIG*67A i r o n  manganese .

FIG.67B I r o n  ~ &% manganese .
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FIG. 6 / 0 ;  I r o n  -  10% m a n g a n e s e .
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FIG.68A: S can n in g  e l e c t r o n - m i c r o g r a p h  o f  t h e  f r a c t u r e  

s u r f a c e  o f  a quenched and tempered i r o n  -  6% 

m a n g a n e s e ' a l l o y . The f r a c t u r e  o c cu rred  a t  

- i 9 6 ° C  i n  & c o m p l e t e l y  b r i t t l e  manner, and 

t h e  tem per ing  t r e a tm e n t  c o n s i s t e d  o f  one hour  

a t  600°C f o l l o w e d  by water  q u en ch in g .

FIG.68B: S ca n n in g  e l e c t r o n  m icrograph o f  t h e  f r a c t u r e  

s u r f a c e  o f  a quenched and tempered i r o n  -  6% 

manganese a l l o y ,  a g a i n  showing b r i t t l e  f r a c t u r e  

but i n  a spec im en  which had been s l o w l y  c o o l e d  

from i t s  t em per ing  tem p era tu re  o f  600°C.  Note  

f r a c t u r e  a t  p r i o r  a u s t e n i t e  g r a i n  b o u n d a r ie s .





F I G . 69:  Scann ing  e l e c t r o n  m ic r og r ap h  o f  t h e  f r a c t u r e

s u r f a c e  o f  an  i r o n  -  k% manganese a l l o y  which 

had been h e a t  t r e a t e d  by a i r  c o o l i n g  from 

1050°C. B r i t t l e  f r a c t u r e  was l a r g e l y  compr i s e  

o f  f a i l u r e  a t  t h e  p r i o r  a u s t e n i t e  g r a i n  

b o u n d a r i e s .





F I G ,70: O p t i c a l  photom icrograph  show ing  th e  breakup

o f  a l a t h  m a r t e n s i t e  s t r u c t u r e  i n  an i r o n  -  6 %
i

manganese a l l o y  due t o  tem p er in g  a t  600°C

Etch ed  2% N i t a l  f o l l o w e d  by 

Schummann’ s r e a g e n t ,  

x 800
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F I G * 7 ^  The e f f e c t s  o f  t em p er in g  on th e  o u t l i n e  o f  

an x - r a y  d i f f r a c t o m e t e r  t r a c e  o f .  t h e  

and |112[ bcc r e l e c t i o n s .
\  i c

FIG*7^A: I r o n  -  10% manganese a l l o y ,  b r in e  quenched.

FIG*7^B: I r o n  -  10% manganese a l l o y ,  b r in e  quenched  

and tempered a t  6 0 0 °C
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P I G , 72: The v a r i a t i o n  i n  im p a c t  s t r e n g t h  w i t h  t e s t i n g

t e m p e r a t u r e  f o r  a  vacuum m e l t e d  h i g h  p u r i t y  

i r o n  -  m a n g a n e s e ;  and  i r o n  -  m anganese  molybdenum 

a l l o y ,  i n  b o t h  t h e  q u e n c h e d  and  t e m p e re d  

c o n d i t i o n s . .
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P I G . 732 T y p i c a l  l o a d  e l o n g a t i o n  c u r v e s  o b t a i n e d

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

b r i n e  quenched i r o n  manganese a l l o y s .
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F I G , 7 k » P e t c h  p l o t s  o f  f low s t r e s s  v e r s u s  t h e  

sq u a r e  r o o t  of  p r i o r  a u s t e n i t e  g r a i n  

a s e r i e s  o f  i r o n  manganese a l l o y s  i n  

quenched . l a t h  r n a r t e n s i t i c  c o n d i t i o n .

FIG.7L&: I r o n  -  Ufc Manganese.

r ec  i p r o c a l  

s i z e  f o r  

t h e  a s

F I G . 74B: I r o n  -  6 /c Manganese.
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F I G , 75:  The v a r i a t i o n  of  Ky w i t h  manganese c o n c e n t r a t i o n

i

i
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FIG*7 6 : The v a r i a t i o n  i n  t h e  f l ow  s t r e s s  Q  — 0"
x  O

w i t h  manganese c o n c e n t r a t i o n .
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The v a r i a t i o n  in  mean room t e m p e r a t u r e  

h a r d n e s s  w i t h  manganese c o n c e n t r a t i o n .
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FIG#7 8 * The v a r i a t i o n  i n  l a t t i c e  pa r ame te r ,  a , w i t h  

manganese c o n c e n t r a t i o n .
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F IG*79:  F e t c h  p l o t  f o r  f r a c t u r e  s t r e n g t h  v e r s u s  t he

r e c i p r o c a l  o f  t h e  s q u a r e  r o o t  of  g r a i n  s i z e
4

f o r  i r o n  manganese a l l o y s  w i t h i n  t h e  r ange  

l+fc -  10$ manganese.
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VVMm

PIG.  80? The v a r i a t i o n  i n  e f f e c t i v e  f l o w  s t r e s s  CCT
w i t h  t e s t i n g  t e m p e r a t u r e  f o r  i r o n  -  manganese  

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

F I G , 80A S h e a r  s t r a i n  r a t e  i ' -  0 . 6 0 4  x 1 0 ~ ^ s

F I G .8 0B :  S h e a r  s t r a i n  r a t e ^  = 0.602* x 10 ~^ / g
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FIG*BOG: S h e a r  s t r a i n  r a t e 0 .60U x  1 o~2/ si
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F I G * 8 i i  The v a r i a t i o n  i n  room t e m p e r a t u r e  m e c h a n i c a l  

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

F I G.81A:  I r o n  -  6/? man ganes e  t e m p e r e d  f o r  one h o u r .

F I G . 81 B :  I r o n  -  10$ manganese  t e m p e r e d  f o r  one h o u r .
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FIG.  82s The v a r i a t i o n  i n  t h e  Ms , As and  T 0

t e m p e r a t u r e  w i t h  m an ganes e  c o n c e n t r a t i o n

i
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FIG.83A:  D r i v i n g  f o r c e  f o r  t h e  t r a n s f o r m a t i o n

a c c o r d i n g  t o  an i d e a l  s o l u t i o n  model .

FIG*83B:  D r i v i n g  f o r c e  f o r  t h e  ^ t r a n s f o r m a t i o n  

a c c o r d i n g  t o  a r e g u l a r  s o l u t i o n  model
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PIG. 8U : The v a r i a t i o n  i n  a c t i v a t i o n  e n e r g y  H f o r

t h e r m a l l y  a c t i v a t e d  f l o w ,  w i t h  t h e  e f f e c t i v e

s t r e s s  rfK i n  i r o n  manganese  l a t h  m a r t e n s i t e s .  1*
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F I G , 85: The v a r i a t i o n  i n  a c t i v a t i o n  volume V w i t h"?v
e f f e c t i v e  s t r e s s  f o r  i r o n  m an ganes e  l a t h/fr
m a r t e n s i t e s .



■A
CT

 
IV 

AT
 

IO 
N 

_V 
PL

UM
 

E, 
V

g

6 0

5 0

4 0

3 0

2 0

20ig/mrn
2001505 0

M-M/m'



FIG*8 6 i T y p i c a l  l o g  t im e v e r s u s  s t r e s s  r e l a x a t i o n  

c u r v e s  f o r  an i r o n  -  k% m a n g a n e s e ' a l l o y  a t  

d i f f e r e n t  t e s t i n g  t e m p e r a t u r e s .
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FIG.87A: P l o t  o f  th e  t h e o r e t i c a l  r e l a t i o n s h i p  between

jC and T_ which f i t s  t h e  Dorn, Rajna'k doub le  
?p  Tc
k in k  mechanism f o r  t h e r m a l l y  a c t i v a t e d  f l o w .  

A l s o  shown a r e  th e  measured v a l u e s  o f  t h e s e  

p aram eters  f o r  i r o n  manganese a l l o y s .

FIG*87B: P l o t  o f  th e  t h e o r e t i c a l  r e l a t i o n s h i p  between

and __H w hich  f i t s  t h e  D orn ,R ajnak  double  
^  2Hk
k in k  mechanism f o r  t h e r m a l l y  a c t i v a t e d  f l o w .  

A l s o  shown a r e  th e  measured v a l u e s  o f  t h e s e  

p a ra m eters  f o r  i r o n  manganese a l l o y s .
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