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INTRODUCTION

The trem endous number o f  i n v e s t i g a t i o n s  t h a t  have 

b een  made on th e  d ec o m p o s itio n  o f  a u s t e n i t e  d u r in g  th e  l a s t  

f i f t e e n  y e a rs  i s  am ple e v id e n c e  o f  th e  im p o rta n c e  o f  t h i s  

s tu d y  i n  th e  f i e l d  o f  m e t a l l u r g i c a l  r e s e a r c h  ( 1 ) ( 2 ) ( 3 ) .  Much 

o f  th e  d a ta  o b ta in e d  fro m  th e s e  i n v e s t i g a t i o n s  h a s  b e e n  p r e ­

s e n te d  i n  th e  form  o f  " s o - c a l l e d ” S -c u rv e s  o r  more p ro p e r ly  

i n  th e  form  o f  t im e - te m p e r a tu r e - t r a n s f o r m a t io n s  c u rv e s  s in c e  

th e  c h a r a c t e r i s t i c  ” S" sh ap e  i s  r e t a i n e d  o n ly  i n  th e  p l a i n  

c a rb o n  and low a l lo y  s t e e l s .  The s y s te m a t ic  e x a m in a tio n  o f  

th e  d a ta  p r e s e n te d  by th e s e  cu rv e s  h as  done much to  e x p la in  

p r e v io u s ly  o b se rv e d  f a c t s  and h a s  s t im u la te d  b o th  t h e o r e t i c a l  

and p r a c t i c a l  r e s e a r c h  in  th e  f i e l d  o f  th e rm a l t r e a tm e n t  o f  

i r o n  and s t e e l .  Today t h e r e  a re  many com m ercia l h e a t  t r e a t i n g  

p ro c e s s e s  w h ich  have b een  d ev e lo p e d  a s  a  r e s u l t  o f  th e s e  

s t u d i e s .

The w ork o f  a  number o f  i n v e s t i g a t o r s  ( .4 ) (5 ) (6 )  

p r i o r  to  1930 h ad  shown t h a t  t h e r e  w ere t im e s  o f  a p p a re n t 

I n a c t i v i t y  b e f o re  th e  a u s t e n i t e  o f  a  g iv en  s t e e l  w ould s t a r t  

to  t ra n s fo rm  and t h a t  th e  e x te n t  o f  t h i s  s o - c a l l e d  " la g - t im e "  

depended on th e  number o f  d e g re e s  o f  c o o lin g  below  th e  low er 

c r i t i c a l  te m p e ra tu re  o f  th e  s t e e l .  In  1930 D avenport and 

B a in  (7 ) p u b l is h e d  th e  r e s u l t s  o f  an e x te n s iv e  i n v e s t i g a t i o n  

on th e  i s o th e r m a l  d e c o m p o s itio n  o f  a u s t e n i t e  a t  v a r io u s  

te m p e ra tu re s  betw een  th e  lo w er c r i t i c a l  te m p e ra tu re  and room

1 .
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2.

t e m p e r a tu r e . A lth o u g h  i t  w as l a t e r  shown ( 8 ) ( 9 ) ( 1 0 )  t h a t  

some o f  t h e i r  d a ta  w ere  i n c o r r e c t  due to  th e  e x p e r im e n ta l  

m ethod u s e d ,  th e  g e n e r a l  p i c t u r e  o f  a u s t e n i t e  d e c o m p o s itio n  

w hich  th ey  p r e s e n te d  may he  c o n s id e re d  a s  th e  i n i t i a l  o u t s ta n d ­

in g  c o n t r ib u t io n  i n  t h i s  f i e l d .  They showed t h a t  a t  te m p e ra ­

t u r e s  j u s t  below  th e  lo w er c r i t i c a l  te m p e ra tu re  th e  la g - t im e s  

b e f o re  th e  s t a r t  o f  t r a n s f o r m a t io n  w ere r a t h e r  lo n g  d e c re a s in g  

to  a  minimum b e tw een  500°C and 600°C. I n  t h i s  minimum ra n g e ,  

th e  t r a n s f o r m a t io n  w ould  s t a r t  i n  anyw here from  l e s s  th a n  one 

up to  ab o u t t e n  se c o n d s  f o r  th e  p l a i n  c a rb o n  s t e e l s ,  th e  e x a c t  

t im e  d ep en d in g  upon th e  carbon  c o n te n t  o f  th e  s t e e l  and t h e  

i n i t i a l  g r a in  s iz e  o f  th e  a u s t e n i t e .  Below t h i s  ra n g e  o f  

te m p e r a tu re ,  th e  la g - t im e s  a g a in  In c re a s e d  r e a c h in g  a  maximum 

aro u n d  300°C . The g ra p h  o f  th e s e  d a ta  when p l o t t i n g  tem p era ­

t u r e  a g a in s t  la g - t im e  f r e q u e n t ly  re se m b le s  th e  l e t t e r  WS ", 

h en ce  th e  te rm  S -c u rv e .  The r e s u l t s  w h ich  th e y  o b ta in e d  a t  

lo w er te m p e ra tu re s  w i l l  b e  d is c u s s e d  In  c o n n e c tio n  w ith  th e  

i n v e s t i g a t i o n s  on m a r te n s i te  f o rm a t io n .

The w ork o f  D avenport and B a in  s t im u la te d  c o n s id e r ­

a b le  i n t e r e s t  and a c t i v i t y  in  th e  s tu d y  o f  a u s t e n i t e  decom­

p o s i t i o n  i n  b o th  th e  p l a i n  carbon  and th e  a l l o y  s t e e l s .  A 

number o f  th e  more Im p o r ta n t c o n t r ib u t io n s  sire l i s t e d  i n  th e  

b ib l io g r a p h y  in c lu d e d  a t  th e  end o f  t h i s  d i s s e r t a t i o n .  (1 )

( 2 ) ( 3 ) (8 ) (1 1 )  The p a p e r  by D avenport p u b l is h e d  i n  1939 i s  

o f  s p e c i a l  im p o r ta n c e . (1 1 )

P r a c t i c a l l y  a l l  o f  t h e  w crk th a t  h a s  b een  done up
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t o  th e  p r e s e n t  tim e  h a s  d e a l t  w i th  th e  i s o th e r m a l  decom posi­

t i o n  o f  a u s t e n i t e  a t  v a r io u s  te m p e ra tu re s  helow  th e  lo w er 

c r i t i c a l  te m p e r a tu re .  T h is  m ethod o f  a t t a c k  on th e  p ro b lem  

h a s  b een  n e c e s s i t a t e d  b e c a u se  o f  th e  d i f f i c u l t i e s  in v o lv e d  

i n  o b ta in in g  r e l i a b l e  d a t a  when th e  two v a r i a b l e s ,  tim e  and 

te m p e ra tu re ,  a r e  v a r i e d  a t  th e  same t i m e .  T ha t su ch  e x p e r i ­

m e n ta l d i f f i c u l t i e s  do a r i s e  i s  u n f o r tu n a te ,  s in c e  m ost h e a t  

t r e a t i n g  p r o c e s s e s  a r e  c a r r i e d  o u t  u n d e r  c o n d i t io n s  i n  w hich  

th e  tim e  and  te m p e ra tu re  a r e  b o th  c h a n g in g , i . e . ,  on  c o n tin u o u s  

c o o l in g .  I n  some c a s e s  how ever c o n tin u o u s  c o o l in g  d iag ram s 

have b een  d e te rm in e d .  G range and K ie f e r  (12) s tu d i e d  th e .  

c o n tin u o u s  c o o l in g  d e c o m p o s itio n  o f  SAE 4340  and d ev e lo p ed  

an  e m p i r ic a l  m ethod  f o r  d e te rm in in g  th e  c o n tin u o u s  c o o lin g  

d iag ram  from t h e  i s o th e r m a l  o n e . L iedholm  (13) h a s  d e v e lo p e d  

a m ethod f o r  d e te rm in in g  th e  c o n tin u o u s  c o o lin g  d iag ram  by a 

m o d if ie d  en d  quench  m ethod . The p ro d u c ts  o b ta in e d  from  th e  

d e c o m p o s itio n  o f  a u s t e n i t e  on c o n tin u o u s  c o o l in g ,  p r o v id in g  

th e  r a t e  o f  c o o l in g  i s  n o t  to o  f a s t ,  a r e  m ix tu re s  o f  th o se  

o b ta in e d  b y  i s o th e r m a l  d e c o m p o s it io n . The ty p e  o f  p ro d u c t  

o b ta in e d  a;t any  I n s t a n t  d u r in g  c o n tln o u s  c o o lin g  w i l l  b e  

s i m i l a r  to  th e  p ro d u c t o b ta in e d  by i s o th e r m a l  t r a n s f o rm a t io n  

a t  t h a t  t e m p e r a tu r e .

When th e  r a t e  o f  c o o l in g  i s  in c r e a s e d  u n t i l  t h e  

fo rm a tio n  o f  t h e  h ig h e r  te m p e ra tu re  p ro d u c ts  i s  p r e v e n te d ,  

th e  n a tu r e  o f  t h e  d e c o m p o s itio n  p ro d u c t  changes m a t e r i a l l y  

fro m  th e  o n es  p r e v io u s ly  o b ta in e d .  The p ro d u c t w h ich  i s
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known as  m a r te n s i te  i s  more hom ogeneous, h a r d e r  and p o s s e s s e s  

e n t i r e l y  d i f f e r e n t  e tc h in g  c h a r a c t e r i s t i c s .  The o n ly  in s ta n c e s  

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

v e ry  r a p id  c o o l in g  a r e  th o se  i n  w h ich  a u s t e n i t i c  s t a i n l e s s  

s t e e l s  o r  h ig h  c a rb o n -h ig h  a l l o y  s t e e l s  a re  q u en ch ed . In  

th e s e  l a t t e r  c a s e s , th e  a u s t e n i t e  fo rm ed  a t  te m p e ra tu re s  

above th e  c r i t i c a l  te m p e ra tu re  w i l l  re m a in  a s  su ch  a t  room  

te m p e r a tu r e .  C o n tin u ed  c o o lin g  to  su b a tm o sp h e r ic  te m p e ra tu re s  

may o r  may n o t  a l lo w  th e  fo rm a tio n  o f  m a r te n s i te  i n  th e s e  

s t e e l s .

Due to  th e  e x p e r im e n ta l  p ro c e d u re  em ployed by 

D avenport and B a in  (7 )  and by  D av en p o rt (11 ) and o t h e r s ,  i t  

was r e p o r t e d  t h a t  th e  fo rm a tio n  o f  m a r te n s i t e  was p ro c e e d e d  

by  a  la g - t im e  s im i l a r  to  th e  l a g - t i m e s  fo u n d  p r i o r  to  th e  

fo rm a tio n  o f  th e  v a r io u s  p r o d u c ts  a t  h ig h e r  te m p e r a tu r e s .

T h is  tim e i n t e r v a l  d e c re a s e d  r a p i d l y  as  t h e  d e c o m p o s itio n  was 

a llo w e d  to  o c c u r  p r o g r e s s iv e ly  lo w er i n  th e  ra n g e  o f  m a r te n ­

s i t e  f o rm a t io n .  At th e  low er te m p e ra tu re s  th e y  r e p o r t e d  tim e  

I n t e r v a l s  s m a l le r  th a n  c o u ld  be  d e t e c t e d  ‘e x p e r im e n ta l ly .  I n  

1940 G re n in g e r  and T ro ian o  (1 0 ) p ro v e d  t h a t  th e r e  was no 

la g - t im e  p r i o r  t o  th e  fo rm a tio n  o f  m a r t e n s i t e ,  t h a t  m a rte n ­

s i t e  was a p ro d u c t  o f  c o n tin u o u s  c o o l in g ,  and t h a t  I f  c o o l in g  

w ere i n t e r r u p t e d  th e  p ro c e s s  o f  m a r te n s i t e  fo rm a tio n  w ould 

s to p  u n t i l  th e  c o o lin g  was c o n t in u e d .  T h is  mode o f  fo rm a tio n  

o f  m a r te n s i te  was f u r t h e r  s u b s t a n t i a t e d  by th e  work o f  

S au n d ers  and K ah les  (9 )  and by  a d d i t i o n a l  work by G re n in g e r  (10)
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i n  w hich  c o o lin g  r a t e s  a s  h ig h  a s  12 ,000°C  p e r  seco n d  w ere 

n o t s u f f i c i e n t  to  r e p r e s s  th e  fo rm a tio n  o f  m a r te n s i t e  a t  a  

te m p e ra tu re  f i x e d  f o r  a  g iv e n  s t e e l .  T hese  l a t t e r  i n v e s t i g a ­

t i o n s  have s u b s t a n t i a t e d  t h e  e a r l i e r  th e o r y  o f  R o b e r tso n  (1 4 ) 

t h a t  m a r te n s i t e  was a  p ro d u c t o f  c o o lin g  and  n o t one form ed 

a t  c o n s ta n t  te m p e r a tu re .

I n  g e n e r a l ,  t h e r e f o r e ,  i t  may be  s t a t e d  t h a t  th e  

a u s te n i t e  o f  a  g iv e n  s t e e l  may decom pose i n t o  e i t h e r  o f two 

ty p e s  o f t r a n s f o r m a t io n  p r o d u c ts .  The f i r s t  ty p e  o f  p ro d u c t 

( o f  w hich  th e r e  may b e  s e v e r a l  v a r i a t i o n s )  r e s u l t s  from  th e  

t r a n s f o r m a t io n  o f  a u s t e n i t e  I s o th e r m a l ly  I n  th e  te m p e ra tu re  

ra n g e  b e tw een  th e  low er c r i t i c a l  te m p e ra tu re  and th e  tem p er­

a tu r e  o f  m a r te n s i t e  fo rm a tio n ,  i . e . ,  th e  M te m p e r a tu r e .  The 

second  ty p e  o f  p r o d u c t ,  m a r te n s i t e ,  r e s u l t s  fro m  th e  t r a n s ­

fo rm a tio n  o f  a u s t e n i t e  on c o n tin u o u s  c o o l in g  below  a  d e f i n i t e  

te m p e ra tu re ,  th e  M te m p e ra tu re ,  and  c o n t in u e s  to  fo rm  o n ly  

as  c o o lin g  c o n tin u e s  u n t i l  th e  t r a n s f o rm a t io n  Is  com ple te  

a t  th e  Mf  te m p e r a tu r e .  A lth o u g h  m a r te n s i te  fo rm s on con­

tin u o u s  c o o l in g ,  th e  u n tra n s fo rm e d  p o r t i o n  o f  th e  a u s te n i t e  

w i l l  i s o th e r m a l ly  decom pose i f  h e ld  f o r  a  s u f f i c i e n t  le n g th  

o f  tim e  a t  some te m p e ra tu re  betw een  th e  Ma and te m p e r a tu r e s .  

The p ro d u c t o f  t h i s  d e c o m p o s itio n  I s  n o t  o f  th e  same n a tu r e  

as th e  m a r te n s i t e  b u t  r a th e r  h as  t h e  c h a r a c t e r i s t i c s  o f  th e  

ty p e  o f  p ro d u c t o b ta in e d  th ro u g h  i s o th e r m a l  t r a n s f o r m a t io n  

above th e  Mg te m p e r a tu r e .

I t  i s  c o n v e n ie n t to  p l o t  b o th  th e  i s o th e r m a l
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t r a n s f o r m a t io n  d a t a  and th e  c o n tin u o u s  c o o lin g  m a r te n s i t e  

d a ta  on th e  same g r a p h ,  p l o t t i n g  tim e  on a lo g  s c a le  a g a i n s t ' 

th e  te m p e ra tu re .  S in ce  some o f  th e  e a r l i e r  c h a r t s  o r  S -c u rv e s  

w ere r e f e r r e d  t o  a s  i s o th e r m a l  t r a n s f o r m a t io n  d ia g ra m s, th e r e  

m igh t b e  some in c o n s is te n c y  in  in c lu d in g  th e  m a r te n s i te  d a t a .  

I n  o r d e r  to  a v o id  any c o n fu s io n  fro m  t h i s  p o i n t ,  t h e  u se  o f  

th e  te rm  t im e - te m p e r a tu r e - t r a n s f o r m a t io n  d iag ram  i s  to  be 

recommended r e a l i z i n g  t h a t  two fu n d a m e n ta lly  d i f f e r e n t  ty p e s  

o f  t r a n s f o r m a t io n s  a r e  in v o lv e d .

I t  h a s  b een  s t a t e d  t h a t  In  o rd e r  f o r  a  g iv e n  amount 

o f  a u s t e n i t e  to  c o m p le te ly  t r a n s f o rm  In to  m a r te n s i te  i t  i s  

n e c e s s a r y  t h a t  t h e  r a t e  o f c o o l in g  down to  th e  Mg te m p e ra tu re  

be  r a p i d  enough to  p re v e n t t r a n s f o r m a t io n  I n to  any o f  th e  

p ro d u c ts  c a p a b le  o f  fo rm a tio n  a t  h ig h e r  te m p e r a tu r e s .  The 

c o o l in g  r a t e  w hich  w i l l  j u s t  a llo w  t h i s  to  be  a c co m p lish e d  

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

to  p ro d u ce  f u l l  m a r te n s i t i c  h a rd e n in g  i n  any s t e e l  i t  i s  

n e c e s s a r y  to  e q u a l o r  ex ceed  t h i s  c r i t i c a l  c o o lin g  v e l o c i t y .  

The two m ost im p o r ta n t v a r i a b l e s  g o v e rn in g  th e  v a lu e  o f  th e  

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

and i t s  a u s t e n i t i c  g r a in  s i z e .

Assum ing t h a t  t h i s  c r i t i c a l  c o o lin g  v e l o c i t y  can 

b e  e x ceed ed  th e r e  a re  th e n  a  num ber o f  v a r i a b le s  w hich  can 

a f f e c t  th e  te m p e ra tu re  a t  w hich  m a r te n s i t e  w i l l  b e g in  to  form  

and th e  p r o g r e s s  o f  I t s  t r a n s f o r m a t io n  as  th e  te m p e ra tu re  I s  

d e c r e a s e d .  C lo s e ly  r e l a t e d  to  th e  fo rm a tio n  o f  m a r te n s i te  

i s  t h e  p ro b le m  o f  th e  i s o th e r m a l  t r a n s f o rm a t io n  o f  th e
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u n tra n s fo rm e d  a u s t e n i t e  e x i s t i n g  below  th e  Mg te m p e ra tu re .  

T here  h av e  b een  a  num ber o f  i n v e s t i g a t i o n s  c a r r i e d  o u t on th e  

e f f e c t  o f  s e v e r a l  v a r i a b l e s  on th e s e  t r a n s f o r m a t io n s .  Most 

o f  th e  w ork h as  b e e n  c a r r i e d  o u t  w ith  th e  medium and  h ig h  

a l l o y  s t e e l s  w here th e  r e a c t i o n  r a t e s  a r e  s lo w e r  and con­

s e q u e n t ly  may be  s tu d ie d  more e a s i l y .  F u r th e rm o re , th e  

te m p e ra tu re s  f o r  many o f  th e s e  s t e e l s  a r e  below  room te m p e ra ­

t u r e s  w hich  a l lo w s  th e  s tu d y  o f  th e  e f f e c t s  o f  r e t a i n e d  

a u s t e n i t e  a t  room  te m p e r a tu r e .

Few s y s te m a t ic  s tu d ie s  h ave  b e e n  made on th e  

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

low er te m p e ra tu re s  f o r  th e  p l a i n  c a rb o n  s t e e l s .  S in ce  th e s e  

s t e e l s  fo rm  th e  b a s i s  upon vdiich  th e  a l l o y  s t e e l s  a r e  b u i l t ,  

i t  was th o u g h t  t h a t  i t  w ould  b e  o f  fu n d a m e n ta l im p o rta n c e  t o  

i n v e s t i g a t e  some o f  th e s e  v a r i a b l e s .  The f o l lo w in g  d i s s e r t a ­

t i o n  d i s c u s s e s  i n  more d e t a i l  th e  n a tu r e  o f  th e  t r a n s fo rm a ­

t i o n s  o c c u r in g  i n  th e  lo w er te m p e ra tu re  r a n g e s ,  th e  im p o rtan ce  

o f  th e  s e v e r a l  v a r i a b l e s  c o n s id e re d ,  and th e  e f f e c t s  o f  th e  

v a r i a b l e s  on t h e  t r a n s f o r m a t io n s .
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THEORY OP AUSTENITE-BAINITE AND AUSTENITE-MARTENSITE

TRANSFORMATIONS

In  any  phase  t r a n s f o r m a t io n  such a s  th o s e  w hich 

o c c u r  w hen a u s t e n i t e  decom poses i n t o  v a r io u s  p r o d u c ts ,  t h e r e  

a r e  t h r e e  fu n d a m e n ta l q u e s t io n s  to  be  an sw e red . I n  th e  f i r s t  

p la c e  i t  I s  n e c e s s a r y  to  show th e rm o d y n a m ic a lly  t h a t  th e  

phase  change w i l l  o c c u r .  I n  th e  sec o n d  p la c e  i t  i s  d e s i r a b l e  

t o  p ro d u ce  a  m echanism  by  w hich th e  change may be  b ro u g h t 

a b o u t . F i n a l l y ,  th e  r a t e  o f  t r a n s f o rm a t io n  and  th e  v a r i a b le s  

a f f e c t i n g  th e  r a t e  i s  im p o r ta n t .  F or th e  d e c o m p o s itio n  o f  

a u s t e n i t e  th e s e  q u e s t io n s  have been  answ ered  to  v a ry in g  d e ­

g re e s  o f  a c c u ra c y . The work th a t  h a s  b e e n  done on th e  f i r s t  

two o f  th e s e  p ro b lem s w i l l  be b r i e f l y  d is c u s s e d  in  v iew  o f  

r e c e n t  i n v e s t i g a t i o n s .  The t h i r d  i te m  w i l l  be d is c u s s e d  in  

r e l a t i o n  to  th e  r e s u l t s  o f  t h i s  i n v e s t i g a t i o n .

Zener (15) h a s  r e c e n t l y  c o n s id e re d  th e  e n t i r e  p r o ­

b lem  o f  th e  d e c o m p o s itio n  o f  a u s t e n i t e  a t  a l l  te m p e ra tu re s  

below  th e  c r i t i c a l  te m p e ra tu re  u s in g  th e  m ethods o f th erm o ­

dynam ics and s t a t i s t i c a l  m e ch an ic s . Through th e s e  m ethods 

h e  h as  b een  a b le  to  show t h a t  th e r e  a re  t h r e e  ty p e s  o f  d e ­

c o m p o s itio n  p r o c e s s e s ,  two b e in g  v e ry  much d i f f e r e n t  and 

th e  t h i r d  s im i l a r  i n  some r e s p e c t s  t o  e a c h  o f  t h e  o t h e r s .

The fo llo w in g  d i s c u s s i o n - i s  m o s tly  b a se d  on  Z e n e r ’ s p a p e r  w i th  

th e  e x c e p tio n  o f  some change i n  n o m e n c la tu re . S in ce  th e  

e x p e r im e n ta l  w ork r e p o r t e d  i n  t h i s  d i s s e r t a t i o n  was c o n f in e d

8 .
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e n t i r e l y  to  th e  t r a n s f o r m a t io n  o f  a u s t e n i t e  i n t o  m a r te n s i t e  

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

th e s e  to p ic s  •

I n  th e  te m p e ra tu re  ra n g e  j u s t  below  t h e  low er c r i t i c a l  

te m p e ra tu re ,  th e  p ro d u c ts  o f  d e c o m p o s itio n  have th e  c h a r a c t e r ­

i s t i c s  o f  th e  e q u i l ib r iu m  p r o d u c ts ,  i . e . ,  a lp h a  f e r r i t e  and 

i r o n  c a r b id e  o r  c e m e n t i te .  The t r a n s f o r m a t io n  b e g in s  a f t e r  

a  d e f i n i t e  2ag tim e  and p r o g r e s s e s  t o  c o m p le tio n  th ro u g h  a 

p ro c e s s  o f  n u c le a t io n  and grow th ,the f i n a l  p ro d u c ts  b e in g  

l a m e l la r  i n  c h a r a c te r  and com posed o f  a lp h a  f e r r i t e  and 

c e m e n ti te ,  i . e . ,  p e a r l i t e .  The r a t e  a t  w hich  a  p e a r l i t e  

n u c le i  grow s I s  d i r e c t l y  p r o p o r t io n a l  to  th e  d i f f u s io n  c o ­

e f f i c i e n t  o f  th e  ca rb o n  in  th e  a u s t e n i t e  an d  to  th e  r e s p e c t iv e  

d i f f e r e n c e  in  carb o n  c o n c e n t r a t io n  o f  t h e  a u s t e n i t e  in  f r o n t  

o f  th e  ad v an c in g  f e r r i t e  and  c e m e n ti te  p l a t e s .  The r a t e  i s  

in v e r s e ly  p r o p o r t io n a l  to  th e  I n t e r l a m e l l a r  s p a c in g  o f  th e  

p e a r l i t e .  The d i f f e r e n c e  i n  carbon  c o n c e n t r a t io n  i s  g r e a t e r  

and th e  i n t e r l a m e l l a r  sp a c in g  i s  s m a l le r  th e  g r e a t e r  th e  

amount o f  u n d e r-c o o  l i n g .  When th e  te m p e ra tu re  I s  on th e  h ig h  

s id e  o f  t h i s  r a n g e ,  th e  tim e  l a g  b e fo re  th e  b e g in n in g  o f  

t r a n s f o rm a t io n  i s  lo n g  b ecau se  o f  th e  slow  r a t e  o f  n u c l e i  

fo rm a tio n  even  th o u g h  th e  r a t e  o f  d i f f u s io n  i s  h ig h .  At 

low er te m p e r a tu re s ,  on th e  o th e r  h a n d , th e  r a t e  o f  n u c l e i  

fo rm a tio n  I s  h ig h  b u t th e  r a t e  o f  d i f f u s io n  i s  s u f f i c i e n t l y  

s m a l le r  to  make th e  l a g  tim e  lo n g .  Only a t  in te r m e d ia te  

te m p e ra tu re s  (600°C to  650°C) w i l l  th e  v a r io u s  f a c t o r s  a llo w
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t r a n s f o r m a t io n  to  s t a r t  In  a r e l a t i v e  s h o r t  t im e .  T h is  

ra n g e  in  w h ich  th e  l a g  t im e s  a re  s m a ll  l o c a t e s  th e  s o - c a l l e d  

" n o s e ” o f  th e  " S" and on  c o n tin u o u s  c o o l in g ,  t h a t  r a t e  w h ich  

j u s t  p re v e n ts  t r a n s f o r m a t io n  a t  t h i s  p o in t  e s t a b l i s h e s  th e  

c r i t i c a l  c o o lin g  v e l o c i t y  o f  th e  s t e e l .

The n e c e s s a r y  c o n d i t io n  f o r  a  p h ase  change to  o c cu r 

i s  t h a t  t h e r e  b e  a d e c r e a s e  i n  th e  f r e e  e n e rg y  o f  th e  sy s te m  

as  th e  t r a n s f o r m a t io n  t a k e s  p la c e .  I t  may be p o s s ib le  t h a t  

s e v e r a l  p h ase  ch anges occur w ith  a  d i f f e r e n t  d e c re a s e  i n  f r e e  

e n e rg y .  The one t h a t  d o e s  t a k e  p la c e  i s  th e  one h a v in g  th e  

f a s t e s t  r a t e  o f  r e a c t i o n  ev en  th o u g h  o th e r s  may o c c u r  w ith  

g r e a t e r  d e c r e a s e s  o f  f r e e  e n e rg y . I n  t h e  t r a n s f o rm a t io n  o f  

a u s t e n i t e  to  p e a r l i t e  i t  h a s  been  s t a t e d  t h a t  b e c a u s e  o f  th e  

low r a t e  o f  d i f f u s i o n  o f  carbon  a s  t h e  te m p e ra tu re  i s  lo w e re d , 

th e  tim e  f o r  th e  b e g in n in g  o f  t r a n s f o r m a t io n  becom es e x tre m e ly  

lo n g .  S in ce  th e  fo rm a t io n  o f  p e a r l i t e  r e q u i r e s  d i f f u s io n  o f  

c a rb o n  o v e r  r e l a t i v e l y  l a r g e  d i s t a n c e s ,  o th e r  p h ase  changes 

te n d  to  o c c u r  a t  th e  lo w er te m p e ra tu re s  b e c a u se  th e  r a t e  o f  

t r a n s f o r m a t io n  becom es g r e a t e r  t h a n  th e  r a t e  o f  p e a r l i t e  

f o r m a t io n .  W ith  r e f e r e n c e  to  th e  d e c o m p o s it io n  o f  a u s t e n i t e ,  

p ro d u c ts  te n d  t o  fo rm  w ith  t h e  same c o m p o s it io n  a s  th e  o r i g i n a l  

a u s t e n i t e  i . e . ,  th e  f a c e  c e n te r e d  c u b ic  a u s t e n i t e  te n d s  to  

change to  body c e n te r e d  c u b ic  w ith o u t th e  n o rm a l r e j e c t i o n  

o f  c a rb o n .

F o r th e  t r a n s f e r  o f  one m ol o f  i r o n  c o n ta in in g  

X m ols o f c a rb o n  from  a u s t e n i t e  to  f e r r i t e  o f  th e  same compo­

s i t i o n  th e  change o f  f r e e  en e rg y  i s  g iv e n  b y :
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A F  = A f Z T  *  + X A F^* -  X T 4 S * ^  (1 )
J? ©  c  c

w here A P j r“rc  ̂ i s  th e  change o f  f r e e  e n e rg y  when gamma i r o n
X1 6

i s  t r a n s fo rm e d  i n t o  a lp h a  i r o n  a t  te m p e ra tu re  i sc
th e  change i n  f r e e  e n e rg y  f o r  th e  t r a n s f e r  o f  one m ole o f

ca rb o n  from  a u s t e n i t e  t o  f e r r i t e  and  AS i s  t h e  change  o fc
e n tro p y  p e r  m ol o f  c a rb o n . When 4 F  i s  s e t  e q u a l  to  z e ro  

a  r e l a t i o n  i s  o b ta in e d  b e tw een  th e  c o n c e n t r a t io n  and  th e  

te m p e ra tu re  a t  w h ich  a u s t e n i t e  w i l l  change i n t o  f e r r i t e  o f  

th e  same c a rb o n  c o n c e n t r a t i o n .  Zener p o in t s  o u t t h a t  th e r e  

i s  some q u e s t io n  a s  t o  w h e th e r  th e  change in  e n tro p y  sh o u ld  

b e  c o n s id e re d ,  and c o n c lu d e s  t h a t  i t  sh o u ld  in  c a s e s  w here 

th e  t  r  an s f  o r  mat io n  i s  sLow.

When c o n s id e r in g  th e  fo rm a tio n  o f  m a r te n s i te  and th e  

lo w er form s o f  b a i n i t e ,  i t  w i l l  b e  assum ed t h a t  th e  change 

i n  e n tro p y  o f  t h e  ca rb o n  atom s may be  n e g le c t e d .  On t h i s  

b a s i s ,  th e  above e q u a t io n  re d u c e s  to

= "A  '

The f r e e  e n e rg y  change f o r  t r a n s f e r  o f  one m o l o f  ca rb o n  

fro m  th e  gamma p h ase  t o  th e  a lp h a  ph ase  i s  com puted  from  

th e  f o l lo w in g  e q u a t io n  f o r  th e  e q u i l ib r iu m  b e tw een  two 

p h a se s  ( 2 4 ) .

— j -  = a  e ET 
c* P f  

J

Where and = m ol f r a c t i o n s  o f  t h e j t h  com ponents i n

th e  two p h ases  

R r  g as  c o n s ta n t ,  c a l /d e g r e e  a b s .
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T -  te m p e r a tu r e ,  d e g re e s  a b s .

f t  . = W eight f a c t o r  e q u a l  to  1 f o r  s u b s t i t u -  

t i o n a l  ty p e  s o l i d  s o lu t i o n s  and  3 f o r  

i n t e r s t i t i a l  ty p e  s o l i d  s o lu t i o n s  in  

w h ich  r a t i o  o f  i n t e r s t i t i a l  p o s i t i o n s  

to  l a t t i c e  p o s i t i o n s  i s  3 , i . e . ,  c( - i r o n .

£ F  = h e a t  a b so rb e d  when one m ol o f  d is s o lv e d  

e le m e n t i s  t r a n s f e r r e d  from  th e  gamma 

to  a lp h a  p h a s e .

F or a  p la in  ca rb o n  s t e e l  th e  r e l a t i o n  b eco m es:

At 723°C , C* e q u a ls  0 .0 4 5 $  c a rb o n  and C e q u a ls  0 .8 3 $  c a rb o n , c c
S u b s t i t u t i o n  o f  th e se  v a lu e s  f o r  th e  ca rb o n  c o n c e n t r a t io n s ,  

a  v a lu e  o f  8 ,1 0 0  c a l /m o l  i s  o b ta in e d  f o r ^ F  . The v a lu e  

o f  t h i s  e n e rg y  change v a r i e s  somewhat w ith  th e  te m p e ra tu re  

b u t  i n  v iew  o f  th e  f a c t  t h a t  t h e  r e s u l t s  can  o n ly  b e  c a l ­

c u l a t e d  s e m iq u a n t i t a t i v e ly  anyhow, ta k in g  i t  a s  c o n s ta n t  a t  

8 ,1 0 0  c a l /m o l w i l l  n o t  m a t e r i a l l y  change th e  r e s u l t s .  T here  

th e n  r e s u l t s

4F*"*’*  = - 8 , 1 0 0  X ( 2 )c c

The t e n p e r a tu r e  a t  w h ich  th e  change f ro m  th e  gamma 

p h ase  to  t h e  a lp h a  p h ase  o c c u r s  w i th  a d e c r e a s e  i n  f r e e  en e rg y  

s a t i s f y i n g  th e  above e q u a t io n  f o r  a  g iv e n  ca rb o n  c o n te n t  w i l l  

b e  th e  c r i t i c a l  te m p e ra tu re  f o r  th e  t r a n s f o r m a t io n .  To 

e v a lu a te  th e  f r e e  e n e rg y  ch an g e  i t  i s  n e c e s s a ry  t o  c o n s id e r  

th e  th e rm a l d a ta  f o r  th e  two p h a s e s  and com pute th e  f r e e  en e rg y  

a s  a f u n c t io n  o f  th e  t e m p e r a tu r e .
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Prom F = H -  TS

g e t dF .« dH -  TdS -  SdT

dE+pdv+vdp -  TdS -  SdT

** vdp -  SdT

w here P I s  th e  f r e e  e n e rg y  I n  c a l o r i e s  p e r  m o l, H th e  e n th a lp y  

I n  c a l o r i e s  p e r  m o l, T th e  a b s o lu te  te m p e r a tu r e ,  S th e  e n tro p y  

I n  c a l o r i e s  p e r  m ol p e r  d e g re e  a b s - ,  E th e  i n t e r n a l  e n e rg y  p e r  

m o l, and  pdv an d  vdp th e  m o la r p r e s s u r e  volum e p ro d u c ts  e x ­

p r e s s e d  i n  c a l o r i e s .

At c o n s ta n t  p r e s s u r e  dP = -SdT

F o r a  change o f s t a t e  a t  c o n s ta n t  p r e s s u r e

d&F = -aSdT 

T h e re fo re  T

w here T0 i s  th e  e q u i l ib r iu m  t r a n s f o r m a t io n  te m p e ra tu re .

I f  L e q u a ls  th e  l a t e n t  h e a t  o f  th e  t r a n s f o r m a t io n ,

o

th e n

t S  =* L

t h e r e f o r e

T T 1 r r.  .  L (Tp-T)
T „ dT,fdT*

rji II
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•where A CL, = s p e c i f i c  h e a t  o f «( p h ase  -  s p e c i f i c  h e a t  ofJT0
V p h a s e .

Z ener (1 4 ) h as  e v a lu a te d  t h i s  d o u b le  i n t e g r a l  from  th e  s p e c i f i c  

h e a t  d a ta  o f  A u s tin  (16 ) on th e  a lp h a  and gamma fo rm s o f  i ro n  

and h a s  g i v e n  a  t a b l e  f o r  t h e  v a lu e s  o f  a s  a  f u n c t io n

o f  t h e  t e m p e r a tu r e .  I n  t h i s  m a t te r  i t  i s  p o s s ib le  t o  t h e o r e t i ­

c a l l y  com pute th e  te m p e r a tu re s  a t  w h ich  a u s t e n i t e  o f  v a r io u s  

c o n te n ts  sh o u ld  b e g in  to  t r a n s f o r m  in to  f e r r i t e  o f  t h e  same 

ca rb o n  c o n te n t .

The p ro d u c ts  fo rm ed  u n d e r th e  above c o n d i t io n s  a re  

known a s  b a i n i t e  and th e  ra n g e  o f  fo rm a tio n  o f  t h i s  p ro d u c t  

r e l a t i v e  t o  th e  o th e r  t r a n s f o r m a t io n s  p ro d u c ts  i s  g iv e n  i n  

P ig .  1 f o r  an  a r b i t r a r y  c a rb o n  c o n te n t .  I t  i s  se en  t h a t  th e  

c u rv e s  r e p r e s e n t i n g  th e  v a r io u s  am ounts o f  t r a n s f o r m a t io n  

a r e  somewhat s im i l a r  to  th o s e  f o r  th e  fo rm a tio n  o f  p e a r l i t e  

e x c e p t f o r  th e  f a c t  t h a t  th e  u p p e r  p o r t io n s  o f  th e  c u rv e s  

a r e  h o r i z o n ta l  and t h a t  th e  i s o th e r m a l  t r a n s f o r m a t io n  s to p s  

a f t e r  a  c e r t a i n  amount o f  tim e  h a s  e la p s e d .  T h ere  a r e  a t  

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

The c o m p u ta tio n s  above h av e  shown t h a t  i n  o r d e r  f o r  any  

b a i n i t e  to  form  I t  i s  n e c e s s a r y  t h a t  t r a n s f o r m a t io n  o c c u r  

below  a c e r t a i n  c r i t i c a l  t e m p e r a tu r e .  Assuming t h a t  th e  

te m p e ra tu re  o f  a  g iv e n  am ount o f  a u s t e n i t e  h a s  b een  lo w ered  

below  t h i s  c r i t i c a l  v a lu e ,  a  c e r t a i n  tim e I s  r e q u i r e d  f o r  t h e  

f i r s t  n u c le i  o f  h ig h  ca rb o n  f e r r i t e  t o  fo rm . Once th e  n u c le i  

h av e  form ed  th ey  w i l l  grow to  a c e r t a i n  e x te n t  and th e n  s to p
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as  shown by t h e  s e r i e s  o f  h o r i z o n ta l  l i n e s .  T here  a r e  two 

p o s s ib le  e x p la n a t io n s  f o r  t h i s  o c c u ra n c e . I n  th e  f i r s t  p la c e  

even  th o u g h  th e  f o rm a t io n  o f  b a i n i t e  d o e s  n o t  r e q u i r e  th e  

d i f f u s io n  o f  c a rb o n  th ro u g h  th e  a u s t e n i t e ,  ca rb o n  can  r a p i d l y  

d i f f u s e  th ro u g h  th e  s u p e r s a tu r a t e d  f e r r i t e  o u t to  th e  s u r ­

ro u n d in g  a u s t e n i t e .  The d i f f u s i o n  r a t e s  o f  ca rb o n  i n  f e r r i t e  

a r e  known to  be  h ig h  and  a re  p ro b a b ly  due to  th e  g r e a t e r  

number o f  a d jo in in g  i n t e r s t i t i a l  p o s i t i o n s  i n  th e  a lp h a  phase  

th a n  i n  th e  gamma p h a s e .  T h is  in c r e a s e  i n  th e  ca rb o n  c o n te n t  

o f  t h e  a u s t e n i t e  i n  c o n ta c t  w ith  th e  b a i n i t e  may low er th e  

c r i t i c a l  te m p e r a tu r e  f o r  th e  fo rm a t io n  o f  a d d i t i o n a l  am ounts 

o f  b a i n i t e  t o  a  te m p e ra tu re  below  t h a t  a t  w h ich  t r a n s f o r m a t io n  

i s  o c c u r r in g  th u s  p r e v e n t in g  f u r t h e r  t r a n s f o r m a t io n .

I n  th e  seco n d  p la c e ,  th e  h ig h  carbon  c o n c e n t r a t io n  

may cau se  t h e  f o r m a t io n  o f  a  c o n tin u o u s  f i l m  o f  c e m e n ti te  

a ro u n d  th e  b a i n i t e  a n d  th u s  s to p  i t s  f u r t h e r  t r a n s f o r m a t io n .

In  e i t h e r  c a s e ,  a t  lo w er te m p e ra tu re s  th e  r a t e  o f  d i f f u s i o n  

o f  c a rb o n  i n  th e  f e r r i t e  i s  so low th a t  th e  ca rb o n  c o n te n t  

o f  th e  re m a in in g  a u s t e n i t e  i s  n o t  changed  and th e  t r a n s fo rm a ­

t i o n  may go to  c o m p le tio n . I t  i s  a l s o  fo u n d  t h a t  th e  l a g  tim e  

b e fo re  th e  b e g in n in g  o f  t r a n s f o r m a t io n  i s  lo w e r  th e  lo w er th e  

te m p e ra tu re  and  th e  t r a n s f o r m a t io n  c h a r a c t e r i s t i c s  in  t h i s  

r e s p e c t  become m ore s im i l a r  to  th e  W-C” c u rv e s  o f  p e a r l i t e  

f o rm a t io n .  The s e p a r a t i o n  o f  th e  p e a r l i t e  t r a n s f o r m a t io n  

from  th e  b a i n i t e  t r a n s f o r m a t io n  i s  o b s e rv a b le  o n ly  i n  th e  

h ig h  a l l o y  s t e e l s  ( 1 8 ) .  F o r medium a l l o y  and p l a i n  ca rb o n
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s t e e l s ,  th e  two ty p e s  o f  t r a n s f o r m a t io n s  a r e  n o t  i n d i v i d u a l l y  

d i  s t  i n g u i s h a b le .

I f  a  g iv e n  amount o f  a u s t e n i t e  i s  c o o le d  a t  a  

s u f f i c i e n t l y  h ig h  r a t e  so a s  t o  p r e v e n t  th e  fo rm a tio n  o f  

e i t h e r  p e a r l i t e  o r  b a i n i t e ,  a  te m p e ra tu re  i s  r e a c h e d  a t  w h ich  

t r a n s f o r m a t io n  s t a r t s  on c o n tin u o u s  c o o l in g ,  The p ro d u c t 

w hich  s t a r t s  to  fo rm  i s  known a s  m a r te n s i t e  and i s  s im i l a r  

to  b a i n i t e  i n  t h a t  no d i f f u s i o n  o f  ca rb o n  i n  th e  a u s t e n i t e  

i s  in v o lv e d  b u t i s  d i f f e r e n t  i n  t h a t  t h e  carbon  atom s seem 

to  assum e p r e f e r r e d  i n t e r s t i t i a l  p o s i t i o n s  In  th e  t r a n s f o rm a ­

t i o n  s t r u c t u r e .  As a  c o n seq u e n c e , th e  r e s u l t i n g  sp a c e  l a t t i c e  

i s  e l a s t i c a l l y  s t r a i n e d  in to  a b o d y  c e n te r e d  t e t r a g o n a l  s t r u c ­

tu r e  w ith  th e  p r e f e r r e d  i n t e r s t i t i a l  p o s i t i o n s  p a r a l l e l  t o  

th e  t e t r a g o n a l  a x i s .

B a r r e t t  (17 ) r e p o r t s  t h a t  th e  p e r io d  o f  t im e  r e q u i r e d  

f o r  th e  f o rm a t io n  o f a  g iv e n  am ount o f  m a r te n s i t e  i s  l e s s  th a n  

0 .0 0 2  s e c o n d s . As a  co n seq u en ce  o f  t h e  re q u ire m e n t t h a t  a  

h ig h ly  e l a s t i c a l l y  s t r a in e d  l a t t i c e  m ust form  a lm o s t i n s t a n t l y ,  

an  a d d i t i o n a l  en e rg y  te rm  m ust be  added  t o  th e  f r e e  e n e rg y  

e q u a t io n  1 .  D eno ting  t h i s  s t r a i n  e n e rg y  by& E  th e  r e l a t i o n  

becom es

+ X f iF * -* * -  XTAS*'*"* +A  E

S in c e  th e  t r a n s f o r m a t io n  o c c u rs  so r a p i d l y  and a t  su c h  low 

te m p e ra tu re s  i t  i s  r e a s o n a b le  t h a t  th e  ca rb o n  atom s do n o t 

u n d erg o  a change i n  e n t r o p y .  As a  r e s u l t  o f  t h i s  a d d i t i o n a l  

eneggy  te rm , t h e  te m p e ra tu re  a t  w h ich  th e  t r a n s f o r m a t io n

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



18

s t a r t s  i s  lo w e re d  ab o u t 250°C below  t h a t  com puted f o r  th e  

s t a r t  o f  b a i n i t e  f o rm a t io n  i n  th e  c a se  o f  no e n tro p y  change 

f o r  t h e  c a rb o n  a to m s.

An e s t im a te  o f  t h e  m a g n itu d e  o f  t h i s  s t r a i n  may be 

made by  ta k in g  t h e  e x p e r im e n ta l ly  d e te rm in e d  te m p e ra tu re s  

f o r  th e  b e g in n in g  o f  m a r te n s i t e  fo rm a t io n  and  s o lv in g  f o r  th e  

s t r a i n  e n e rg y . R e f e r r in g  b ack  to  e q u a t io n  2 i t  i s  s e e n  t h a t  

f o r  a  0 .8 3  % c a rb o n  s t e e l ,  m ust be  e q u a l  -3 9 0  c a l .

R e fe re n c e  t o  Z e n e r f s t a b l e s  g iv e s  a  te m p e r a tu re  o f  a b o u t 

465°C . T h is  w ould be th e  te m p e ra tu re  f o r  t h e  b e g in n in g  o f  

t r a n s f o r m a t io n  to  b a i n i t e  n e g le c t in g  th e  e n tro p y  change f o r  

th e  ca rb o n  a to m s . The e x p e r im e n ta l  Mg p o in t  f o r  a  0 .8 3 $  

c a rb o n  s t e e l  i s  ab o u t 250°C . T h is  c o r re s p o n d s  to  A PFe

e q u a l  to  690 c a l .  The d i f f e r e n c e  b e tw een  th e s e  two v a lu e s  

c o r re s p o n d s  to  th e  s t r a i n  en e rg y  and i s  s e e n  to  be  a b o u t  

500 c a l .

V a r io u s  i n v e s t i g a t i o n s  ( 7 ) ( 8 ) ( 9 )  h ave  shown t h a t

m a r te n s i te  fo rm s on c o n tin u o u s  c o o l in g  and  i f  th e  c o o l in g

i s  s to p p e d  w i th in  th e  M -  M- r a n g e ,  th e  m a r te n s i te  w i l l
S X

c e a se  to  fo rm  u n t i l  t h e  c o o lin g  i s  a g a in  c o n t in u e d .  Prom 

th e  above th e o r y  i t  would seem l o g i c a l  to  s t a t e  t h a t  e a ch  

in c re m e n t o f  m a r te n s i t e  t h a t  i s  fo rm ed in c r e a s e s  th e  s t r a i n  

e n e rg y  fa  E r e q u i r e d  f o r  f u r t h e r  t r a n s f o r m a t io n .  Thus th e  

fo rm a tio n  o f  a d d i t i o n a l  am ounts o f  m a r te n s i te  w i l l  a r i s e  

o n ly  th ro u g h  th e  lo w e r in g  o f  th e  te m p e r a tu r e .  I f  th e  te m p e ra ­

t u r e  i s  h e ld  c o n s ta n t  a f t e r  a  c e r t a i n  amount o f  m a r te n s i te
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h a s  fo rm ed , th e n  is o th e r m a l  t r a n s f o r m a t io n  o f  th e  re m a in in g• • !**!••'•.« •• * •: : %

a u s t e n i t e  w i l l  s t a r t  a f t e t f *&' d e f l 'h i t 'e 'p e r i o d  o f  t im e ,  th e• • ■ ■:. . •: r i. -,m •• r v
p ro d u c t b e in g  b a i n i t e .  '*• ’ * "* ’ *’ *

:  ■ [ ,  ;  j  V*
The above d is c u s s io n : h a s  p r e s e n te d  fro m  a  th e rm o ­

d y n am ica l s ta n d p o in t  th e  c o n d i t io n s  u n d e r  w hich i t  i s  p o s s ib le  

f o r  a u s t e n i t e  to  t r a n s f o rm  i n t o  t h e  v a r io u s  ty p e s  o f  decompo­

s i t i o n  p r o d u c t s .  Only i n  c e r t a i n  c a s e s  h a s  th e  m echanism  

w hereby th e  t r a n s f o r m a t io n s  may o c c u r  b een  m e n tio n ed . I n  

th e  c a s e  o f  p e a r l i t e  fo rm a tio n  i t  seems r a t h e r  d e f i n i t e  t h a t  

th e  t r a n s f o r m a t io n  o c c u rs  th ro u g h  a  p ro c e s s  o f  h u c le a t io n  an d  

g ro w th  and t h a t  c o n s id e ra b le  d i f f u s i o n  o f  ca rb o n  in  th e  

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

W hereas a  p a r t i a l l y  s a t i s f a c t o r y  th e o r y  f o r  th e  n u c le a t io n  

and g ro w th  h a s  b e e n  w orked o u t f o r  p e a r l i t e  fo rm a tio n  ( 1 5 ) ,  

no su ch  th e o r y  h a s  as y e t  b een  d e v e lo p e d  f o r  th e  fo rm a t io n  

o f  b a i n i t e .  N e v e r th e le s s  i t  seem s p ro b a b le  t h a t  b a i n i t e  

fo rm s th ro u g h  a p ro c e s s  o f  n u c le a t io n  and g row th  o f  f e r r i t e  

o f  th e  same c a rb o n  c o n te n t  a s  t h e  a u s t e n i t e  from  -which i t  

i s  t r a n s f o r m in g .  When th e  te m p e ra tu re  I s  s u f f i c i e n t l y  h ig h ,  

th e  f o rm a tio n  o f  th e  s u p e r s a tu r a t e d  f e r r i t e  i s  p ro b a b ly  

fo llo w e d  by d i f f u s i o n  o f  c a rb o n  and  p r e c i p i t a t i o n  o f  some 

ty p e  o f i r o n  c a r b id e .

When m a r te n s i te  fo rm s from  a u s t e n i t e  th e r e  i s  no 

la g  t im e  p r i o r  t o  t r a n s f o rm a t io n  and h en ce  no n u c l e a t io n  and  

g ro w th  a t  l e a s t  o f  th e  same n a tu r e  a s  f o r  th e  b a i n i t e  fo rm a­

t i o n .  The r e s u l t s  o f  a  number o f  i n v e s t i g a t i o n s  w ould seem
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t o  show t h a t  m a r te n s i t e  form s th o ro u g h  some ty p e  o f  sh e a r  

c o n v e r t in g  a d e f i n i t e  s e c t io n  o f  th e  a u s t e n i t e  i n t o  m a r te n s i te  

in  a v e ry  s h o r t  p e r io d  o f  t im e .  B a r r e t t  (1 7 ) h a s  re v ie w e d  

th e  w ork o f  Kurdjumow and Sachs (1 4 ) ,  N ish iy am i ( 2 ) ,  W asser- 

m ann(21) and M ehl and D erge ( 2 2 ) .  Kurdjumow and  Sachs p r e ­

p a re d  l a r g e  g r a in e d  a u s t e n i t e  i n  a  1 .4 #  ca rb o n  s t e e l  by slow  

c o o lin g  from  th e  m e l t .  A f te r  q u en ch in g  i n  w a te r  enough 

a u s te n i t e  was r e t a i n e d  to  a llo w  th e  r e l a t i o n s h i p  b e tw een  th e  

a u s te n i t e  and m a r t e n s i t e  l a t t i c e s  to  be  d e te rm in e d . They 

r e p o r te d  th e  f o l lo w in g  r e l a t i o n s h i p

(111), !J (110)^

(1 1 0 ) , |( (111)^

N ish iy a m i d e te rm in e d  th e  a u s t e n i t e - m a r t e n s i t e  r e ­

l a t i o n s h i p s  i n  a  50% n i c k e l  i r o n - n i c k e l  a l l o y  and a r r iv e d  

a t  th e  f o l lo w in g

(1X 1),. I, (1 1 0 )^

<211), H  ( l 10 ^

Mehl an d  D erge d e te rm in e d  th e  l a t t i c e  r e l a t i o n s h i p s  

o f  i r o n - n i c k e l  a l l o y s  o f  abou t th e  same n i c k e l  c o n te n t  and 

fo u n d  t h a t  th e  Kin?djomow-Sachs r e l a t i o n s h i p  h e ld  when th e  

t r a n s f o r m a t io n  o c c u re d  a t  higja te m p e ra tu re s  and t h a t  t h e  

N ish iy am i r e l a t i o n s h i p  h e ld  a t  lo w er te m p e ra tu re s  o f  t r a n s ­

fo rm a tio n .  I t  i s  p o s s ib le  to  p ro p o se  a m echanism  w hereby a 

g iv e n  amount o f  a u s t e n i t e  can be  c o n v e r te d  i n to  m a r te n s i te  

and g iv e  th e  above l a t t i c e  r e l a t i o n s h i p s .  I t  w ould b e  n e c e s s a ry  

f o r  s h e a r  to  o c c u r  on a s l i p  p la n e  o f  th e  a u s t e n i t e ,  (111)
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i n  th e  (211) d i r e c t i o n  fo llo w e d  by  c e r t a i n  e x p an s io n s  and 

c o n t r a c t io n s  w hich w ould p ro d u ce  th e  c o r r e c t  m a r te n s i te  

l a t t i c e .

G ren in g e r  and  T ro ian o  (23 ) i n v e s t i g a t e d  th e  same 

p rob lem  in  any a l l o y  c o n ta in in g  22$ n i c k e l  and 0 ,8 0 $  c a rb o n . 

T h e ir  r e s u l t s  f o r  th e  l a t t i c e  r e l a t i o n s h i p s  be tw een  th e  

a u s t e n i t e  and m a r te n s i te  were v e ry  c lo s e  t o  th o s e  g iv e n  above 

b u t  th e y  c o n c lu d ed  t h a t  th e  above m echanism  was n o t  w ith o u t  

o b je c t io n  b e c a u se  o f  " th e  r e l a t i v e l y  l a r g e  movement and r e ­

a d ju s tm e n t r e q u i r e d ."  In  w ork ing  o u t  a  more l o g i c a l  m echanism  

th e y  d ev e lo p ed  a  new m ethod o f  a t t a c k  on th e  p ro b lem , t h e  

s te r e o g r a p h !c  a n a ly s is  o f  s h e a r .  By t h i s  m ethod th e y  a n a ly z e d  

th e  r e l i e f  e f f e c t  p ro d u ced  on a  p o l i s h e d  s u r f a c e  o f  a u s t e n i t e  

a f t e r  a  p o r t io n  o f i t  had  t r a n s fo rm e d  i n t o  m a r te n s i te  and 

c o n c lu d e d  t h a t  th e  t r a n s f o rm a t io n  was some ty p e  o f ' hom ogeneous 

s h e a r .  W hereas a c lo s e -p a c k e d  h e x a g o n a l l a t t i c e  can be c o n ­

v e r t e d  i n t o  a  f a c e  c e n te r e d  c u b ic  s t r u c t u r e  by  a  s in g l e  homo­

geneous s h e a r ,  no s in g l e  s h e a r  m echanism  can c o n v e r t  th e  f a c e  

c e n te r e d  c u b ic  i n t o  a body c e n te r e d  c u b ic  or t e t r a g o n a l  s t r u c ­

t u r e .  They were a b le  to  show how ever t h a t  th e  t r a n s f o r m a t io n  

c o u ld  b e  ac c o u n te d  f o r  by  c o n s id e r in g  two homogeneous s h e a r s  

w ith  a  s l i g h t  a d ju s tm e n t ' a f t e r  th e  f i r s t  s h e a r .  Th e re  

m echanism  in v o lv e s  a f i r s t  hom ogeneous s h e a r  on a p la n e  o f 

h ig h  in d ic e s  i n  th e  a u s te n i t e  r e s u l t i n g  i n  a  s p e c i a l  t r i c l i n i c  

l a t t i c e .  A f te r  a  s l i g h t  r e a d ju s tm e n t  a  second  s h e a r  c o n v e r ts  

th e  t r i c l i n i c  l a t t i c e  in to  a  body c e n te r e d  l a t t i c e  w ith  an
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a x i a l  r a t i o  g r e a t e r  th a n  o n e . The c o n t in u a t io n  o f  th e  t r a n s  

fo rm a tio n  i n t o  a  body  c u b ic  c e n te r e d  l a t t i c e  i s  p re v e n te d  by  

th e  p re s e n c e  o f  th e  ca rb o n  a to m s. A cco rd in g  to  Z ener (15) 

th e  ca rb o n  atom s w ou ld  be  lo c a t e d  i n  th e  i n t e r s t i t i a l  p o s i ­

t i o n s  p a r a l l e l  t o  t h e  t e t r a g o n a l  a x i s .
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I n  th e  p re v io u s  s e c t io n  th e  c o n d i t io n s  u n d e r  w hich  

m a r te n s i t e  form s an d  th e  m echanism  w hereby th e  t r a n s f o r m a t io n  

ta k e s  p la c e  h a s  b e e n  d i s c u s s e d  from  b o th  a  t h e o r e t i c a l  and 

e x p e r im e n ta l  s ta n d p o in t .  R e l a t i v e l y  few  q u a n t i t a t i v e  s tu d i e s  

have b een  made on th e  v a r io u s  f a c t o r s  t h a t  m ig h t a f f e c t  th e  

te m p e ra tu re  a t  w h ich  th 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 io n  

o c c u rs  and on th e  f a c t o r s  a f f e c t i n g  th e  p r o g r e s s  o f  t r a n s ­

fo rm a tio n  below  th e  Mg te m p e r a tu re .  T here  I s  a l s o  a  la c k  o f  

In fo rm a tio n  on th e  r a t e  o f  b a i n i t e  f o rm a t io n  b o th  above an d  

below  th e  te m p e ra tu re  and on  th e  e f f e c t  o f  t h i s  b a i n i t e  

on th e  m a r te n s i t e  f o r m a t io n .  Of th e  i n v e s t i g a t i o n s  t h a t  

have b e e n  m ade, few  o f  th em  have b e e n  made on th e  p l a i n  c a r ­

bon s t e e l s . The g e n e r a l  l a c k  o f  d a ta  i s  p ro b a b ly  due to  

th e  d i f f i c u l t y  o f  o b ta in in g  r e p r o d u c ib le  q u a n t i t a t i v e  r e s u l t s .  

I t  h a s  b een  d i f f i c u l t  to  d u p l i c a t e  sam p les  and  m ost o f  th e  

m ethods f o r  q u a n t i t a t i v e l y  d e te rm in in g  th e  am ounts o f  t r a n s ­

fo rm a tio n  a r e  t e d io u s  and s lo w . T h a t fe w e r i n v e s t i g a t i o n s  

have b e e n  made on th e  p l a i n  c a rb o n  s t e e l s  may be a t t r i b u t e d  

to  th e  g r e a t e r  sp e e d  w i th  w hich  t r a n s f o r m a t io n s  o c c u r  in  t h e  

ab sen ce  o f  a l lo y in g  e le m e n ts  and to  th e  f a c t  t h a t  m ost p l a i n  

ca rb o n  s t e e l s  c o n ta in  no r e t a i n e d  a u s t e n i t e  a t  room  te m p e ra ­

t u r e .  I t  i s  w i th  r e s p e c t  t o  t h i s  r e t a i n e d  a u s t e n i t e  t h a t  

many o f  t h e  I n v e s t i g a t i o n s  on a l lo y  s t e e l s  have b een  made.

The e f f e c t s  o f  a  number o f  v a r i a b l e s  on th e  fo rm a tio n

2 3 .
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o f  m a r te n s i t e  w ere c o n s id e re d  in  th e  e x p e r im e n ta l  work r e ­

p o r te d  i n  t h i s  d i s s e r t a t i o n .  Each o f  th e s e  v a r i a b l e s  w i l l  

b e  d is c u s s e d  r e l a t i v e  to  th e  im p o rta n c e  o f  th e  v a r i a b l e s  as 

su ch  and  i t s  im p o rta n c e  t o  i n v e s t i g a t i o n s  o f  a  s im i l a r  n a tu r e  

t h a t  have a lr e a d y  b e e n  m ade.

1* The E f f e c t  o f  A u s te r . i t i z i n s  T em p era tu re  on th e  Ms
T em p era tu re  and th e  R a te  o f  M a r te n s i te  F o rm a tio n  Belov/ th e  

M T e m p e ra tu re .

I n  c o n s id e r in g  th e  e f f e c t  o f  th e  te m p e ra tu re  o f  th e

a u s t e n i t e  p r io r  to  q u en ch in g  on th e  fo rm a tio n  o f  m a r te n s i t e ,

i t  m ust b e  r e a l i z e d  t h a t  two v a r i a b l e s  may be in v o lv e d .  In

th e  f i r s t  p la c e  th e r e  i s  th e  e f f e c t  o f  t h e  te m p e ra tu re  a s

su ch  and i n  th e  se co n d  p la c e  th e  h ig h e r  a u s t e n i t i z i n g  te m p e ra ­

t u r e s  w i l l  p roduce  l a r g e r  a u s t e n i t i c  g r a in s  w h ich  i n  t u r n  

may h av e  t h e i r  e f f e c t  a s  s u c h .  F o r l a r g e  g r a in e d  a u s t e n i t e  

any  f i n a l  quench ing  te m p e ra tu re  may be u s e d  by e s t a b l i s h i n g  

th e  l a r g e  g r a in  s i z e  a t  h ig h  te m p e ra tu re s  and th e n  lo w e rin g  

th e  te m p e ra tu re  f o r  q u e n c h in g . On th e  o th e r  h an d  ev en  s o -  

c a l l e d  f i n e  g ra in e d  s t e e l s  w i l l  n o t a s s u r e  a  f i n e  g r a in e d  

a u s t e n i t e  o v e r any g r e a t  ra n g e  o f  te m p e r a tu re s .  The q u en ch in g  

o f  a  f i n e  g r a in e d  a u s t e n i t e  fro m  a h ig h  te m p e ra tu re  i s  im­

p o s s i b l e .

C o n s id e r in g  t h a t  hom ogeneous a u s t e n i t e  can  be 

o b ta in e d  a t  any o f  a s e r i e s  o f  t e m p e r a tu r e s ,  i t  w ou ld  seem 

t h a t  th e  o n ly  e f f e c t  o f  th e  te m p e ra tu re  w ould b e  to  im pose
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d i f f e r e n t  am ounts o f  s t r e s s  on  th e  s t e e l  b e in g  quenched  due 

to  th e  g r e a t e r  th e rm a l  sh o ck  on quench ing  f ro m  th e  h ig h e r  

te m p e ra tu re .  I f  th e  t h e o r e t i c a l  c a l c u l a t i o n s  o f  Z ener a r e  

c o r r e c t ,  I . e . ,  th e  s t r a i n  e n e rg y  e q u a ls  300 c a l o r i e s  p e r  m ol, 

i t  w ould  r e q u i r e  quench ing  s t r e s s e s  o f  th e  o r d e r  o f 1 ,5 0 0 ,0 0 0  

pounds p e r  s q u a re  in c h  b e f o re  th e y  w ould e f f e c t  th e  m a r te n s i t e  

f o rm a t io n .  The r e l a t i o n  b e tw een  th e  s t r a i n  e n e rg y  e x p re s s e d  

i n  c a l o r i e s  p e r  mol and  i n  te rm s  o f  s t r e s s  in  pounds p e r  

s q u a re  In c h  may be d e r iv e d  th ro u g h  a  c o n s id e r a t io n  o f  th e  

change in  volume o c c u r in g  when a mol o f m a r te n s i t e  i s  con­

v e r t e d  in to  f e r r i t e ,  and  c e m e n t i t e .  An e x a c t  i n t e r p r e t a t i o n  

o f  su ch  a r e l a t i o n  i s  n o t p o s s i b l e .  In  th e  f i r s t  p la c e  th e  

s t r e s s  d i s t r i b u t i o n  i s  d i f f i c u l t  to  e v a lu a te  a n d , i n  th e  

second  p la c e ,  t h e  a b s o lu te  v a lu e  and m ean ing  o f  th e  s t r a i n  

e n e rg y  i s  d i f f i c u l t  to  s t a t e .  I n  e i t h e r  c a se  i t  seem s 

p ro b a b le  t h a t  v e ry  h ig h  s t r e s s e s  a re  in v o lv e d  in  th e  a c tu a l  

f o rm a tio n  o f  m a r te n s i te  and  t h a t  th e  e f f e c t  o f  th e rm a l s t r e s s  

w ould b e  s m a ll  i n  co m p ariso n  to  su ch  t r a n s f o r m a t io n  s t r e s s e s .

I f  th e  e f f e c t  o f  t h e  a u s t e n i t i z i n g  te m p e ra tu re  as 

su ch  can  b e  c o n s id e re d  a s  n e g l i g i b l e ,  th e n  th e  e f f e c t  o f  

q u en ch in g  from  h ig h e r  te m p e ra tu re s  w ould b e  t h a t  o f  quench ing  

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

c u l t  to  p r e d i c t  th e  e f f e c t  o f  g r a i n  s i z e  on th e  t r a n s f o r m a t io n  

o f  a u s t e n i t e  to  m a r te n s i t e .  When i t  i s  c o n s id e re d  t h a t  

m a r te n s i te  form s th ro u g h  s a n e  ty p e  o f hom ogeneous s h e a r  

a p p a r e n t ly  u n n u c le a te d  by th e  g r a in  b o u n d a r ie s ,  th e  g r a in
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s i z e  s h o u ld  h a re  no e f f e c t  on  th e  t r a n s f o r m a t io n .  On th e  

o th e r  hand  th e  r e l i e f  p ro d u c e d  on th e  p o l i s h e d  s u r f a c e  o f  a  

g r a i n  o f  a u s t e n i t e  when a s e c t io n  o f  i t  t r a n s fo rm s  t o  m ar­

t e n s i t e  i s  a n  i n d i c a t i o n  o f  th e  d e g re e  o f  s h e a r  w hich does 

o c c u r .  I f  t h i s  s h e a r  w ere  i n t e r r u p t e d  "by th e  g r a i n  b o u n d a r ie s  

o r  t h e  o v e r a l l  e x p a n s io n  r e s t r i c t e d  by th e  s u r ro u n d in g  g r a in s  

th e n  s m a l le r  g r a in e d  a u s t e n i t e  sh o u ld  t r a n s f o rm  more s lo w ly  

th a n  coarse g ra in e d  m a t e r i a l .

Very l i t t l e  q u a n t i t a t i v e  in fo rm a t io n  i s  a v a i l a b l e  

on  th e  e f f e c t s  o f  th e  a u s t e n i t i z i n g  te m p e ra tu re  on th e  t r a n s ­

fo rm a t io n  o f  a u s t e n i t e  to  m a r t e n s i t e .  ^ h e re  have b e e n  num erous 

i n v e s t i g a t i o n s  (2 5 ) ( 2 6 ) ( 2 7 )  on th e  e f f e c t  o f  t h e  a u s t e n i t i z i n g  

te m p e ra tu re  on th e  Ms te m p e ra tu re  and on th e  am ount o f  r e t a i n e d  

a u s t e n i t e  a t  room te m p e ra tu re  i n  th e  c a s e  o f  h ig h e r  a l lo y e d -  

h ig h  ca rb o n  s t e e l s . I n  m ost o f  th e s e  c a s e s  th e  ch an g es  o f  

te m p e ra tu re s  cau sed  an in c r e a s e  6 r  d e c re a s e  in  th e  amount o f  

u n d ls s o lv e d  c a rb id e  p r e s e n t  and th u s  a change i n  b o th  th e  

a l l o y  and c a rb o n  c o n te n t  o f  t h e  a u s t e n i t e .  A u s te n ite  h a v in g  

su c h  changes i n  c o m p o s it io n  h a s  been  shown to  have d i f f e r e n t  

Ms and te m p e r a tu re s .

G re n in g e r  (1 0 ) h a s  r e p o r t e d  some r e s u l t s  o f  th e  

e f f e c t  o f  a u s t e n i t i z i n g  te m p e ra tu re  on m a r te n s i te  fo rm a tio n  

i n  th e  p l a i n  ca rb o n  s t e e l s .  On I n c r e a s in g  th e  a u s t e n i t i z i n g  

te m p e ra tu re  o f  an e u t e c t o i d  s t e e l  from  800°C t o  100Q?C th e  

Ms te m p e ra tu re  was r a i s e d  by a b o u t 15°C . A lso below  th e  

Ms te m p e ra tu re  th e  r a t e  o f  m a r te n s i t e  f o rm a tio n  was s lo w e r
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when u s in g  th e  h ig h e r  q u en ch in g  te m p e r a tu r e .  As a r e s u l t  th e  

Mg te m p e ra tu re  f o r  t h e  h ig h  q u en ch in g  te m p e ra tu re  was a c t u a l l y  

lo w er th a n  when th e  s t e e l  was quenched  from  th e  low er tem p era ­

t u r e .

2 .  E f f e c t  o f  M a r te n s i te  on th e  F o rm a tio n  o f  B a in i te

Below th e  M T e m p e ra tu re , s

A number o f  e a r l y  i n v e s t i g a t i o n s  ( 8 ) ( 9 ) ( 2 8 )  on th e  

fo rm a tio n  o f  m a r te n s i t e  h a d  in d i c a t e d  t h a t  t h e r e  was a  seco n d  

r e a c t i o n  su p e rim p o sed  upon th e  m a r t e n s i t e .

I t  was p o in te d  o u t  in  th e  I n t r o d u c t io n  t h a t  e a r l y  

i n v e s t i g a t o r s  th o u g h t  t h a t  m a r te n s i t e  fo rm ed  a t  a  g iv e n  

te m p e ra tu re  o n ly  a f t e r  a  d e f i n i t e  la g  t im e .  W ith  t h i s  p i c t u r e  

o f  th e  t r a n s f o r m a t io n ,  th e y  p ro ce e d e d  t o  g e t  d a ta  show ing t h a t  

a  sec o n d  r e a c t i o n  s t a r t e d  a f t e r  th e  m a r te n s i t e .  I t  was l a t e r  

shown t h a t  th e  m a r te n s i t e  fo rm ed  on c o n tin u o u s  c o o lin g  and 

w ith o u t  any la g  t im e .  The seco n d  r e a c t i o n  w h ich  th e y  en­

c o u n te re d  was no d o u b t th e  fo rm a tio n  o f  b a i n i t e  from  th e  

u n tra n s fo rm e d  a u s t e n i t e .  When G re n in g e r  and T ro la n o  (8 ) 

p ro v e d  th a t  m a r te n s i t e  fo rm ed  d i r e c t l y  on  c o o l in g  t o  a  

te m p e ra tu re  below  t h a t  w h ich  i s  now r e f e r r e d  t o  a s  th e  Ms 

te m p e r a tu r e ,  th e y  a l s o  p r e s e n te d  some d a ta  on th e  b e g in n in g  

o f  b a i n i t e  fo rm a tio n  in  t h i s  te m p e ra tu re  r a n g e .  T h e ir  r e s u l t s  

w ere o n ly  q u a l i t a t i v e  b u t in d i c a t e d  t h a t  th e  u n tra n s fo rm e d  

a u s t e n i t e  w ould t r a n s f o rm  to  b a i n i t e  I s o th e r m a l ly  below  th e

M p o in t  and  t h a t  th e  low er th e  te m p e ra tu re  th e  lo n g e r  th e  s
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tim e b e f o r e  th e  i s o th e r m a l  t r a n s f o r m a t io n  s t a r t e d .  L a te r  

S au n d ers  and K a h le s  (9 ) s tu d ie d  th e  t r a n s f o r m a t io n s  o c c u r in g  

i n  th e  m a r te n s i t e  ra n g e  and showed more q u a n t i t a t i v e l y  t h a t  

th e  u n tra n s fo rm e d  a u s t e n i t e  a t  any  te m p e ra tu re  d id  t r a n s fo rm  

p r o g r e s s iv e ly  to  b a i n i t e  and  th a t  th e  b e g in n in g  o f  th e  t r a n s ­

fo rm a tio n  o c c u re d  a f t e r  lo n g e r  tim e  th e  low er th e  te m p e r a tu re .  

Some o f  t h e i r  r e s u l t s  seemed to  i n d i c a t e  t h a t  th e  m a r te n s i t e  

j u s t  below  th e  M„ te m p e ra tu re  p rom oted  th e  i n i t i a l  fo rm a tio n  

o f  b a i n i t e  i n  s h o r t e r  p e r io d s  o f  tim e  th a n  when th e  b a i n i t e  

fo rm ed j u s t  above t h i s  te m p e r a tu re .

Prom a  t h e o r e t i c a l  s ta n d p o in t  i t  i s  d i f f i c u l t  to  

p r e d i c t  th e  c o u r s e  o f  th e  b a i n i t e  fo rm a tio n  below  th e  M_ 

te m p e r a tu re .  E lem en d o rf (19 ) p ro d u ced  v a ry in g  am ounts o f  

m a r te n s i te  by q u en ch in g  below  th e  M_ te m p e ra tu re  an d  th e n  

a f t e r  r a i s i n g  t o  a te m p e ra tu re  above th e  Jff te m p e ra tu re ,
S

a llo w ed  t h e  re m a in in g  a u s t e n i t e  to  tra n s fo rm  i s o th e r m a l ly  

to  b a i n i t e .  I t  w as fo u n d  th a t  t h e  g r e a t e r  th e  am ount o f  

m a r te n s i t e  th e  s h o r t e r  th e  p e r io d  o f  tim e  b e fo re  th e  b e g in ­

n in g  o f  th e  b a i n i t e  fo rm a t io n .  I f  th e  la g  tim e f o r  b a i n i t e  

fo rm a tio n  below  th e  Mg te m p e ra tu re  i s  to  be s h o r t e r  th a n  th e  

one ab o v e , th e  m a r te n s i t e  must n o t  o n ly  a c c e l e r a t e  th e  fo rm a ­

t i o n  r e l a t i v e  t o  th e  la g  tim e  above th e  Iff te m p e ra tu re  b u t 

must a ls o  com pensate  f o r  t h e  n o rm a lly  lo n g e r  la g  tim e s  due 

to  th e  lo w e r te m p e r a tu r e .  I f  G r e n ln g e r 's  (10) d a ta  i s  c o r r e c t  

I n  h a v in g  a g r e a t e r  r a t e  o f  m a r te n s i te  fo rm a tio n  when u s in g  

low er q u en ch in g  te m p e r a tu r e s ,  th e n  a h ig h  and low  q u en ch in g
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te m p e ra tu re  w ould g iv e  two i n i t i a l  am ounts o f  m a r te n s i te  fro m  

w hich  th e  t r a n s f o r m a t io n  to  b a i n i t e  c o u ld  b e  s tu d i e d .  I t  w ould 

seem t h a t  a d d i t i o n a l  e x p e r im e n ta l  w ork  i s  need ed  t o  show th e  

•a c tu a l  e f f e c t .

5 .  The E f f e c t  o f  V ary ing  Amounts o f  B a in i te  on th e  Mq 

Te m p e ra tu re  and on th e  R ate  o f  F o rm a tio n  o f  M a rte n s ite *

W hereas th e  e f f e c t  o f  m a r te n s i t e  on th e  fo rm a tio n  

o f  b a i n i t e  h a s  b een  i n v e s t i g a t e d ,  no d a t a  have b e e n  r e p o r t e d  

on th e  e f f e c t  o f  v a r io u s  am ounts o f  b a i n i t e  on th e  m a r te n s i t e  

fo rm a tio n  c h a r a c t e r i s t i c s  o f  t h e  re m a in in g  a u s t e n i t e .  In  

view  o f  th e  in c r e a s e d  im p o rtan c e  o f  s e v e r a l  h e a t  t r e a t i n g  

p r o c e s s e s  c l o s e ly  co n n e c te d  w i th  th e  M te m p e ra tu re  and t r a n s -  

fo rm a tio n  o f  a u s t e n i t e  i n to  b a i n i t e  j u s t  above t h i s  te m p e ra ­

t u r e ,  an i n v e s t i g a t i o n  o f  t h i s  r e l a t i o n s h i p  w ould b e  im p o r ta n t .  

In  a u s te m p e r in g , ( 3 0 ) ( 3 1 ) ,  th e  co m p le te  is o th e rm a l  t r a n s f o rm a ­

t io n  o f  a u s t e n i t e  to  b a i n i t e  may n o t  b e  c a r r i e d  o u t i n  w h ich  

c a se  th e  n a tu r e  o f  th e  t r a n s f o r m a t io n  o f  th e  re m a in in g  a u s ­

t e n i t e  w ould  be im p o r ta n t i n  r e l a t i o n  to  th e  f i n a l  p r o p e r t i e s  

o f  th e  s t e e l .  I n  m artem p erin g  (31 ) o p e r a t io n s  th e  s t e e l  i s  

r a p i d ly  c o o le d  t o  a te m p e ra tu re  j u s t  above th e  M p o in t  and  

th e n  h e ld  u n t i l  t h e  te m p e ra tu re  i s  e q u a liz e d  betw een  th e  i n ­

t e r i o r  and e x t e r i o r  a f t e r  w h ich  th e  c o o l in g  i s  c o n tin u e d  

a llo w in g  th e  fo rm a t io n  o f  m a r te n s i t e  w i th  l e s s  te n d en cy  f o r  

c r a c k in g .  I f  th e  s t e e l  I s  h a ld  i n  th e  h o t  quench to o  lo n g  

some b a i n i t e  m ig h t fo rm  w hich  would th e n  change th e  a u s t e n i t e -  

m a r te n s i te  t r a n s f o r m a t io n .
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T h e o r e t i c a l l y  th e  e f f e c t  o f  th e  "b a in ite  on  th e  

m a r te n s i te  fo rm a tio n  w o u ld  depend upon th e  e f f e c t  o f  t h e  

b a i n i t e  on  th e  s t r a i n  e n e rg y  A 22. I f  t h e  b a i n i t e  d o es  n o t  

e f f e c t  th e  s t r a i n  e n e rg y , A E, o r  a l t e r  th e  a u s t e n i t e  th ro u g h  

ch an g es o f  c a rb o n  c o n te n t  th ro u g h  d i f f u s io n ,  th e n  th e  Ms 

te m p e ra tu re  f o r  th e  u n tra n s fo rm e d  a u s te n i t e  sh o u ld  be  th e  

sam e. The r a t e  o f  t r a n s f o r m a t io n  o f  t h i s  a u s t e n i t e  and th e  

te m p e ra tu re  w ould be d i f f i c u l t  to  e s t im a te .  I f ,  on th e  

o th e r  h an d , th e  amount o f  b a i n i t e  i s  e q u iv a le n t  to  th e  same 

amount o f  m a r t e n s i t e ,  th e n  th e  c o n t in u a t io n  o f  th e  t r a n s ­

fo rm a tio n  s h o u ld  b e  r e p r e s s e d  to  t h a t  te m p e ra tu re  c o r re s p o n d ­

in g  to  th e  f o rm a t io n  o f  an  amount o f  m a r te n s i te  e q u a l  to  th e  

b a i n i t e  o r i g i n a l l y  p r e s e n t .  The u n tra n s fo rm e d  a u s t e n i t e  

w ould th e n  s t a r t  to  fo rm  m a r te n s i t e  and c o n tin u e  u n t i l  th e  

r e a c t i o n  wqa co m p le ted  a t  th e  te m p e r a tu re .

4 .  The E f f e c t  o f  H o ld in g  Tim es J u s t  Above th e  M_s
T em p era tu re  on th e  M_ te m p e ra tu re  a n d  th e  R a te  o f  F o rm a tio ns
o f  M a r te n s i t e •

I n  th e  p re v io u s  s e c t io n  th e p o s s ib le  e f f e c t s  o f  

v a r io u s  am ounts o f  b a i n i t e  on th e  p r o p e r t i e s  o f  m artem p ered  

s t e e l s  was c o n s id e re d .  I t  w ould a l s o  be im p o r ta n t  t o  co n ­

s id e r  th e  e f f e c t  o f  h o ld in g  th e  a u s t e n i t e  j u s t  above  th e  Mg 

te m p e ra tu re  f o r  t im e s  up  to  th o s e  a l lo w in g  b a i n i t e  fo rm a­

t i o n .  No e x p e r im e n ta l  w ork  h as  b e en  r e p o r te d  o n  t h i s  r e ­

l a t i o n s h i p  f o r  t h e  p l a i n  c a rb o n  s t e e l s  and  o n ly  a  few  d a ta
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on th e  a l l o y  s t e e l s .  K l i e r  an d  T ro ia n o  (3 2 ) have i n v e s t i ­

g a te d  th e  Mo te m p e ra tu re  i n  a  num ber o f  chromium s t e e l s  o f  s
v a r io u s  c a rb o n  c o n te n t s .  For a  s t e e l  c o n ta in in g  15# Cr and 

0 .4 0 #  c a rb o n , an  i n t e r r u p t i o n  b f  s e v e r a l  seco n d s a t  395°C 

was s u f f i c i e n t  to  lo w er th e  Mg te m p e ra tu re  from  72°C to  

s l i g h t l y  b e lo w  room  te m p e r a tu r e .  F o r a  15# Cr and  0 .7 0 #  

ca rb o n  s t e e l  th e y  fo u n d  a  Mg te m p e r a tu re  o f  -2 5 °C when th e  

sam ples w ere s m a ll  s l i v e r s .  I f  t h e  s i z e  o f  th e  sam p les  

was i n c r e a s e d  to  l / 4 tt cubes t h e  Mg te m p e ra tu re  was lo w ered  

to  b e tw een  -3 8 °  and -77°G  due to  th e  d e c re a s e d  c o o lin g  r a t e s  

i n  th e  l a r g e r  sa m p le s . H old ing  th e s e  sam p les a t  room tem ­

p e r a tu r e  f o r  one h o u r lo w ered  th e  M_ te m p e ra tu re  to  belows
-77°C  and h o ld in g  f o r  one y e a r  s t a b i l i z e d  th e  a u s t e n i t e  

su ch  t h a t  no f u r t h e r  t r a n s f o r m a t io n  o c c u re d  on c o o lin g  down 

to  l i q u i d  a i r  te m p e r a tu r e s .

Z m eskal (2 7 ) h a s  shown t h a t  th e  M_ te m p e ra tu re  o f0
a h ig h -c a rb o n  h ig h -ch ro m iu m  s t e e l  may be lo w ered  to  below  

room te m p e ra tu re  i f  quenched fro m  2 2 0 0 °F . U nder th e s e  co n ­

d i t i o n s  h e  r e p o r t s  no s t a b i l i z a t i o n  on h o ld in g  a t  room  

te m p e ra tu re  w h i le  s t i l l  i n  th e  c o m p le te ly  a u s t e n i t i c  c o n d i­

t i o n .  T h e o r e t i c a l l y  i t  w ould seem  t h a t  h o ld in g  th e  a u s t e n i t e  

a t  th e s e  te m p e ra tu re s  sh o u ld  h av e  no e f f e c t  on i t s  t r a n s ­

fo rm a tio n  u n le s s  ch an g es  a r e  o c c u r in g  in  th e  a u s t e n i t e  w hich  

a re  n o t d e t e c t i b l e .
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5 .  E f f e c t  o f  H o ld in g  Tim es in  th e  Mg-M^ T em p era tu re  

Range on th e  C o n tin u a tio n  o f  th e  A u s te n i te - M a r te n s i te  T ra n s ­

fo rm a tio n *

The n o t i c e a b le  e f f e c t s  o f  h o ld in g  m a r te n s i t e -  

a u s te n i t e  m ix tu re s  a t  th e  te m p e ra tu re  p ro d u c in g  t h e  m ix tu re  

b e fo re  c o n t in u in g  th e  t r a n s f o r m a t io n  have become v e ry  im p o r­

t a n t .  T h is  i s  p a r t i c u l a r l y  t r u e  w hen th e  te m p e ra tu re  i s  

below  room  te m p e ra tu re  th u s  a l lo w in g  e x is te n c e  o f  t h e  a u s t e n i t e -  

m a r te n s i te  m ix tu re  a t  room te m p e r a tu r e .  The r e t a i n e d  a u s t e n i t e  

i n  th e s e  s t e e l s  may t r a n s f o rm  a f t e r  v e ry  lo n g  p e r io d s  o f  tim e  

a t  room  te m p e ra tu re  o r  on a d d i t i o n a l  c o o lin g  t o  su b a tm o s- 

p h e r ic  t e m p e r a tu r e s .  The d e g re e  o f  t h e  c o m p le tio n  o f  th e  

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

w i l l  b e  shown. In  e i t h e r  ca se  t h e  t r a n s f o r m a t io n  w i l l  b e  

accom panied  by a  volume change i n  th e  s t e e l  w hich i n  tu r n  

w i l l  p ro d u ce  c e r t a i n  d im e n s io n a l ch an g es  i n  a  f i n i s h e d  p a r t .

The changes accom panying th e s e  t r a n s f o r m a t io n s  may be  o f  a 

p r o h ib i t i v e  m ag n itu d e  i n  p r e c i s i o n  d ie s  and g a g e s .

In  th e  e a r l y  d a y s  o f th e  t o o l  s t e e l  i n d u s t r y ,  th e  

s t e e l s  w ere ” s t a b i l i z e d ” by  a  num ber o f  te m p e rin g  o p e r a t io n s ,  

by s to r i n g  f o r  lo n g  p e r io d s  o f  t im e  o r  by  a l t e r n a t e  c y c le s  

o f  h e a t in g  above room te m p e ra tu re  a n d  th e n  c o o lin g  to  su b -  

a tm o sp h e r ic  te m p e r a tu r e s .  I n  t h i s  m anner th e  a u s t e n i t e  was 

c o m p le te ly  tra n s fo rm e d  a l th o u g h  th e  m echanism  o f  th e  dim en­

s io n a l  s t a b i l i z a t i o n  was n o t  know n. Gordon and  Cohen (18 ) 

and F le t c h e r  an d  Cohen (2 1 ) have sum m arized  th e  w ork t h a t
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h a s  "been done on t h e  t r a n s fo rm a t io n  o f  r e t a i n e d  a u s t e n i t e  

b o th  i n  r e g a r d  t o  th e  n a tu r e  o f t h e  t r a n s f o r m a t io n  as  such  

and  on th e  r e s u l t i n g  s t a b i l i t y .

Gordon and Cohen have r e p o r t e d  t h e  r e s u l t s  o f  an 

e x te n s iv e  i n v e s t i g a t i o n  on th e  t r a n s f o r m a t io n  o f  r e t a i n e d  a u s ­

t e n i t e  i n  1 8 -4 -1  h ig h  sp eed  s t e e l  a t  s u b s tm o sp h e r ic  te m p e ra ­

t u r e s .  They showed t h a t  h o ld in g  th e  a u s te n i t e - m a r t e n s i t e  

m ix tu re  a t  room te m p e ra tu re  f o r  as  s h o r t  as  two m in u tes  

cau sed  a  te m p e ra tu re  la g  b e f o re  th e  t r a n s f o r m a t io n  resum ed  

and th e  g r e a t e r  th e  p e r io d  o f t im e  a t  room  te m p e ra tu re  t h e  

g r e a t e r  th e  te m p e ra tu re  l a g .  Even on  c o n tin u o u s  c o o l in g  th e  

t r a n s f o r m a t io n  s to p p e d  a t  -150°P  le a v in g  a  s m a ll amount o f  

p e rm en e n tly  u n tra n s fo rm e d  a u s t e n i t e .  H o ld in g  tim es  up to  

one h o u r d id  n o t  re d u c e  th e  f i n a l  amount o f  t r a n s f o r m a t io n  

a t  -1 5 0 °F  a l th o u g h  th e r e  was p r o g r e s s iv e ly  l e s s  a s  th e  room  

te m p e ra tu re  h o ld in g  tim e  was e x te n d e d  f u r t h e r .  T h e ir  e x p la n a ­

t i o n  o f  th e  phenom ena was t h a t  ” i t  i s  c o n c e iv a b le  t h a t  even  

a r e l a t i v e l y  s l i g h t  r e l i e f  a t  room  te m p e ra tu re  o f  th e  a u s te 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 io n  s t r e s s e s  m ig h t have a  p ro fo u n d  

e f f e c t  on th e  r e s u m p tio n  o f  th e  t r a n s f o r m a t io n  d u r in g  

f u r t h e r  c o o l in g .”

F le tc h e r  and Cohen s tu d ie d  th e  same phenomena i n  

a  g roup  o f  s i x  s t e e l s  in c lu d in g  th r e e  o f  p l a i n  carb o n  a n a l y s i s .  

The r e s u l t s  w ere e s s e n t i a l l y  th e  same a s  w ith  th e  h ig h  sp ee d  

s t e e l  i n  t h a t  lo n g e r  tim e s  a t  room te m p e ra tu re  p ro d u ced  

g r e a t e r  te m p e ra tu re  l a g s  b e fo re  th e  t r a n s f o rm a t io n  c o n t in u e d .
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They co n c lu d e d  t h a t  " c o n c e iv a b le ,  th e  s t r e s s e s  s e t  up by 

th e  volum e ch an g e  accom panying  th e  t r a n s f o r m a t io n  f a c i l i t a t e  

th e  p r o g re s s  o f  th e  r e a c t i o n  on c o n tin u o u s  c o o l in g ,  and  i f  

th e  c o o lin g  i s  s to p p e d  w i th in  a s u i t a b l e  te m p e ra tu re  r a n g e ,  

enough s t r e s s  r e l i e f  m ight o c c u r  to  a l t e r  th e  n a t u r a l  c o u rse  

o f  th e  d e c o m p o s itio n  when th e  c o o l in g  i s  re su m e d .”

No d a ta  have b een  r e p o r t e d  on  t h e  e f f e c t  o f  h o ld in g

a t  h ig h e r  te m p e ra tu re s  in  th e  M -M_ ra n g e  a lth o u g h  th e  same
s  X

r e s u l t s  w ould b e  e x p e c te d  e x c e p t a t  h ig h e r  te m p e r a tu re s  w here 

th e  te m p e r in g  o f  th e  m a r te n s i te  d u r in g  t h e  h o ld in g  tim e  m ig h t 

a l t e r  th e  su b se q u e n t t r a n s f o r m a t io n  on  c o o l in g .

A w o rk ing  th e o r y  e x p la in in g  th e s e  o b s e rv a t io n s  h a s  

n o t  b een  d e v e lo p e d . I t  i s  p ro b a b le  t h a t  th e  s t a b i l i z a t i o n  

i s  a s s o c i a t e d  w i th  some change i n  th e  e n e rg y  s t a t e  o f  th e  

n a tu r e  o f  Z e n e rs  s t r a i n  e n e rg y , A

6 .  The E f f e c t  o f  Time a t  th e  A u s te n i t i z in g  T em p era tu re  

on th e  Mg T em p era tu re  and on th e  R a te  o f  M a r te n s i te  F o rm a tio n .

As sinning no g ro s s  s e g r e g a t io n ,  tim e  a t  th e  a u s ­

t e n i t i z i n g  te m p e ra tu re  s h o u ld  a f f e c t  t h e  t r a n s f o r m a t io n  o f  

th e  a u s t e n i t e  to  a d e g re e  d ep e n d in g  upon th e  bom ogenlty  

p ro d u ced  by th e  v a r io u s  h e a t in g  t im e s .  The r a t e  a t  w hich  

th e  a u s t e n i t e  becom es homogenous a t  a  g iv e n  te m p e ra tu re  

w i l l  In  t u r n  d ep en d  upon th e  s t r u c t u r e  p r i o r  to  h e a t in g .  Thus 

a  p r e v io u s ly  quenched  sam ple w i l l  p ro d u ce  homogenous a u s t e n i t e  

more q u ic k ly  th a n  one o r i g i n a l l y  composed o f  c o a rs e  p e a r l i t e .
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T h is  e f f e c t  h as  "been d e m o n s tra te d  b y  th e  w ork  o f W elch n er, 

Rowland and Ubben (3 3 ) in  w hich  th e y  fo u n d  th a t  th e  p r i o r  

s t r u c t u r e  o f  a  number o f  s t e e l s  h a d  a  m arked e f f e c t  on th e  

Jom iny en d -q u en ch  cu rv e  and t h a t  t h e  d i f f e r e n c e s  d u e  to  th e  

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

z in g  t im e s .  R o b e r ts  and  Mehl (3 4 ) s tu d i e d  th e  r a t e  o f  fo rm a­

t i o n  o f  a u s t e n i t e  an d  fo u n d  t h a t  ab o u t 200 seco n d s a t  850°C 

was s u f f i c i e n t  to  g iv e  hom ogeneous a u s t e n i t e  i n  an  e u t e c to id  

s t e e l  w hich  had b e e n  n o rm a liz e d  to  g iv e  a  f i n e  p e a r l l t i c  

s t r u c t u r e .

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

p a r t i c l e s  o f  f e r r i t e  and  c a r b i d e ,  th e r e  w i l l  be l o c a l i z e d  

a r e a s  o f  h ig h  and  low  c a rb o n . S in ce  th e  Ms p o in t  i s  a  fu n c ­

t i o n  o f  t h e  c a rb o n  c o n te n t  ( 1 0 ) (b e in g  lo w e r  f o r  h ig h e r  ca rb o n  

c o n t e n t s ) ,  th e  t r a n s f o r m a t io n  w i l l  s t a r t  i n  the  low  c a rb o n  

a r e a s  f i r s t  and th e n  p ro g re s s  to  th e  h ig h  carb o n  a r e a s  a s  

th e  te m p e ra tu re  i s  lo w e re d . Thus th e  non-hom ogeneous 

a u s t e n i t e  w ould te n d  to  p ro d u ce  th e  e f f e c t  o f  r a i s i n g  th e  

M p o i n t .  A f te r  co m p le te  h o m o g e n iz a tio n  o f  th e  a u s t e n i t e

th e r e  sh o u ld  b e  no f u r t h e r  e f f e c t  o n  e i t h e r  th e  Ma te m p e ra tu re
s

o r  th e  r a t e  o f  fo rm a tio n  o f  m a r te n s i t e  a s  t h e  a u s t e n i t i z i n g  

tim e  i s  i n c r e a s e d .

7 .  The E f f e c t  o f  V ary in g  Amounts o f  M a r te n s i te  on 

th e  T ra n s fo rm a tio n  o f A u s te n i te  R e ta in e d  A f te r  T em pering .

I f  v a ry in g  am ounts o f  m a r te n s i t e  a r e  form ed by
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q u en ch in g  to  te m p e ra tu re s  in  th e  M -  M_ ra n g e  and th e  sam-
S X

p ie s  th e n  t r a n s f e r r e d  t o  t h e  te m p e rin g  te m p e ra tu re ,  th e  

e f f e c t s  o f  v a ry in g  l e n g th s  o f  tim e  to  t h i s  te m p e ra tu re  may 

h e  s tu d i e d  in  r e l a t i o n  t o  th e  t r a n s f o r m a t io n  o f  t h i s  a u s t e n i t e  

to  m a r te n s i te  on c o o l in g .  E lm endorf (2 9 ) and F l e t c h e r  and  

Cohen (3 5 ) have p r e s e n te d  d a t a  show ing th e  l e n g t h s  o f  t im e  

t h a t  th e  a u s te n i t e  can  be h e l d  a t  th e  te m p e r in g  te m p e ra tu re  

b e fo re  is o th e rm a l  t r a n s f o r m a t io n  to  b a i n i t e  b e g in s  f o r  v a r io u s  

am ounts o f  m a r te n s i te  i n i t i a l l y  p r e s e n t .  Tim es up to  th e s e  

l i m i t s  c o u ld  be u s e d  b e f o re  a g a in  c o o l in g  i n  o r d e r  t o  s tu d y  

th e  t r a n s f o r m a t io n  o f  th e  re m a in in g  a u s t e n i t e .  T h e o r e t i c a l ly  

i t  w o u ld  seem  t h a t  two p o s s ib le  e f f e c t s  c o u ld  be r e a l i z e d .

I f  th e  tem p e red  m a r te n s i t e  f u n c t io n s  a s  b a i n i t e ,  th e n  th e  

c o n d i t io n s  w ould b e  th e  same a s  d is c u s s e d  i n  s e c t io n  3 , i . e ,  

c o n s id e r in g  th e  te m p e re d  m a r te n s i t e  a s  s u p e r s a tu r a t e d  f e r r i t e .  

I f  th e  tim e  a t  th e  te m p e r in g  te m p e ra tu re  i s  i n s u f f i c i e n t  f o r  

t h e  body  c e n te r e d  t e t r a g o n a l  s t r u c t u r e  to  b r e a k  down, th e n  

i t  w ould  seem t h a t  th e  re m a in in g  a u s t e n i t e  s h o u ld  s t a r t  to  

t r a n s f o rm  a f t e r  c o o l in g  t o  th e  i n i t i a l  te m p e ra tu re  a t  w h ich  

th e  m a r t e n s i t e - a u s t e n i t e  m ix tu re  had  b een  fo rm ed  th e  tem p er­

in g  th u s  h a v in g  no e f f e c t .  S hould  th e  tim e  i n t e r v a l  fo r  

te m p e r in g  and a g a in  c o o l in g  to  th e  i n i t i a l  te m p e ra tu re  fu n c ­

t i o n  to  a c t  a s  a  h o ld in g  tim e  a t  te m p e ra tu re ,  th e n  th e  

r e s u l t  w ould b e  a  s t a b i l i z a t i o n  o f  th e  a u s t e n i t e  and th e r e  

would b e  a  te m p e ra tu re  l a g  on f u r t h e r  c o o l in g  b e f o r e  t r a n s ­

fo rm a tio n  w ould a g a in  s t a r t .  The e x a c t  e f f e c t  s t i l l  needs 

e x p e r im e n ta l  i n v e s t i g a t i o n .
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Some o f  th e  more im p o rta n t v a r i a b l e s  w hich  m igh t 

e f f e c t  th e  a u s t e n i t e - b a i n i t e  and a u s t e n i t e - m a r t e n s i t e  t r a n s ­

fo rm a tio n s  have b een  d i s c u s s e d .  Where p re v io u s  work o f  a  

s im i l a r  n a tu r e  h ad  b een  done, a  summary o f  t h i s  w ork was 

g iv e n .  The t h e o r e t i c a l  a s p e c t s  o f  th e  e f f e c t s  o f  th e  

v a r i a b l e s  have b e e n  c o n s id e re d  and p o s s ib le  t h e o r i e s  p ro p o se d  

w here p o s s i b l e .  I t  i s  e v id e n t  t h a t  th e  r e l a t i o n s h i p s  have 

b een  in a d e q u a te ly  c o n s id e re d  p a r t i c u l a r l y  w i th  r e f e r e n c e  t o  

th e  p l a i n  carb o n  s t e e l s .  The p r e s e n t  i n v e s t i g a t i o n  was con­

f in e d  to  a s tu d y  o f  some o f  th e  above v a r i a b l e s  on th e  t r a n s ­

fo rm a tio n  o f  a u s t e n i t e  to  m a r te n s i te  to  b a i n i t e  i n  an  0 .8 3 $  

and an  1 .2 5 $  ca rb o n  p l a i n  carbon  s t e e l .
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EXPERIMENTAL METHODS AND APPARATUS

T hroughou t t h i s  i n v e s t i g a t i o n ,  t h e  quench-1em per 

m ethod o f  U ren in g e r  and  T ro ia n o  (8 ) was u s e d  to  p ro d u ce  

s t r u c t u r e s  in  w h ich  th e  am ounts o f  m a r te n s i t e  fo rm ed  a s  a  

r e s u l t  o f  a  g iv e n  s e t  o f  c o n d i t io n s  c o u ld  b e  d e te rm in e d  by

i U x u A ' v o C C y ^ v  @ A c u u l u a v x O u »  a  a o r  p r v x ^ i u i u a T j  u v  w i i u x u a u X v A l  o

showed t h a t  th e  fo l lo w in g  e x p e r im e n ta l  c o n d i t io n s  w ere e s s e n ­

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

1 ,  The sam p les  m ust be  c o m p le te ly  u n ifo rm  so f a r  

a s  ch e m ic a l a n a ly s is  i s  c o n c e rn e d , i . e . ,  a b s o lu t e ly  no s e g r e ­

g a t io n  .

2 ,  A n o n - c a r b u r iz in g ,  n o n - d e c a rb u r lz in g  and  non­

s c a l in g  a tm o sp h ere  m ust b e  a v a i l a b l e  f o r  h e a t in g  th e  sam ples 

to  fo rm  homogeneous a u s t e n i t e ,

3 ,  A c c u ra te  te m p e ra tu re  c o n t r o l  o f  b o th  th e  a u s ­

t e n i t i z i n g  fu rn a c e  and th e  i s o th e r m a l  quen ch in g  b a t h s .

The f i r s t  two o f  th e s e  r e q u i s i t e s  a r e  I n t e r r e l a t e d  

i n  t h a t  lo n g  s o a k in g  t im e s  a t  h ig h  te m p e r a tu re s  a r e  r e q u i r e d  

t o  rem ove a l l  s e g r e g a t i o n .  D u rin g  t h i s  lo n g  p e r io d  o f  

e q u a l i z a t i o n  o f  c o m p o s it io n  th ro u g h  d i f f u s i o n ,  l o s s  o r  g a in  

o f  c a rb o n  m ust b e  p r e v e n te d .  To o b ta in  th e se  ends an i n e r t  

n i t r o g e n  a tm osphere  f u rn a c e  was d e v e lo p e d  w h ich  g av e  v e ry  

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

The co m p le te  h e a t  t r e a t i n g  t r a i n  in c lu d in g  th e  i s o ­

th e rm a l q u en ch in g  b a th s  i s  shown i n  P ig .  2 . Tube f u r n a c e s

3 8 .
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w ere c o n v e n ie n t ly  u se d  "because th e  sam p les  to  be t r e a t e d  

w ere s m a ll  and  th e  te m p e ra tu re  was more e a s i l y  c o n t r o l l e d .

F or s m a ll  s c a le  e x p e r im e n ta t io n ,  a tm o sp h e re s  o f 

p u r i f i e d  h y d ro g e n , n i t r o g e n  and  r a r e  g a s e s  have been  u s e d .  

H ydrogen a tm o sp h e re s  p ro d u ce  e x c e l l e n t  s c a le  f r e e  s u r f a c e s  

on s t e e l s  h e a te d  in  i t  b u t  a t  th e  same tim e  i t  (36) h a s  b e en  

shown to  be  h i g h ly  d e e a r b u r iz in g  p a r t i c u l a r l y  i n  th e  p re s e n c e  

o f  s m a ll  am ounts o f  m o is tu r e .  F u rth e rm o re  i f  i t  i s  n e c e s s a r y  

to  f r e q u e n t l y  op en  th e  fu rn a c e  to  i n s e r t  and w ith d raw  sa m p le s , 

t h e r e  i s  c o n t in u a l  d an g e r o f  s u f f i c i e n t  b ack  d i f f u s io n  o f t h e  

a i r  t o  cau se  an e x p lo s io n  w hich f i l l s  th e  fu rn a c e  w ith  m o is­

t u r e .  P u r i f i e d  r a r e  g a s e s  s e rv e  e x c e l l e n t l y  a s  i n e r t  a tm os­

p h e re s  b u t  t h e i r  h ig h  c o s t  i s  f r e q u e n t ly  p r o h i b i t i v e .  The 

u s e  o f  a  vacuum  fu rn a c e  was im p o s s ib le  i n  t h i s  i n v e s t i g a t i o n  

b ec a u se  o f  th e  n e c e s s i t y  o f  o p en in g  th e  fu rn a c e  f r e q u e n t ly  

and q u ic k ly  t o  w ith d raw  sa m p le s . W ith  th e s e  l i m i t a t i o n s  on 

th e  u se  o f  any  o f  th e  a tm o sp h e res  e x c e p t n i t r o g e n ,  th e  l a t t e r  

was u se d  th ro u g h o u t  th e  i n v e s t i g a t i o n .

Tank n i t r o g e n  p ro c e s s e d  t o  a  p u r i t y  o f  9 9 .9 7 $  fo r  

u se  i n  fo o d  h a n d l in g  was o b ta in e d  i n  c o n v e n t io n a l  200 cu b ic  

f o o t  c y l i n d e r s .  The m ain im p u r i t i e s  w ere  w a te r  vap o r and 

oxygen w i th  a  p o s s ib le  t r a c e  o f  C0a and o r g a n ic  v a p o r s .

T here  was no p o s i t i v e  e v id e n c e  t h a t  th e  l a t t e r  w ere p r e s e n t  

i n  any o f  th e  ta n k s  u s e d .  T h is  n i t r o g e n  from  th e  c y l in d e r  

(.A|in F ig .  2} was p u r i f i e d  by f i r s t  p a s s in g  i t  th ro u g h  a 

to w er o f  so d a  lim e  (B) to  rem ove some w a te r  and any C03 t h a t
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m ight b e  p r e s e n t .  I t  was th e n  m ore c o m p le te ly  d r ie d  by 

b u b b lin g  th e  g as  i n  s e r i e s  th ro u g h  two to w ers  (G) c o n ta in in g  

c o n c e n tr a te d  s u l f u r i c  a c i d .  I n  o r d e r  to  remove any e n t r a in e d  

b u b b le s  o f  a c id ,  th e  n i t r o g e n  was p a s s e d  th ro u g h  a  tow er (D) 

t i g h t l y  packed  w i th  g l a s s  w o o l. T h e re  was no ev id e n c e  t h a t  

any S02 o r  S0a was p ic k e d  u p  by  th e  n i t r o g e n  as  i t  was bu b ­

b le d  th ro u g h  th e  s u l f u r i c  a c id .

The oxygen was rem oved fro m  th e  g a s  s tre a m  by
(E)

p a s s in g  i t  th ro u g h  t i g h t l y  packed  co p p e r tu r n in g s  h e ld  a t

3 0 0 °0 . liVhile no s y s te m a tic  e x p e r im e n ts  w ere ru n  to  d e te rm in e

th e  optimum te m p e ra tu re  o f  o p e r a t io n  f o r  t h e  c o p p e r ,  i t  was

d e f i n i t e l y  shown th a t  a t  900°C th e  d e c o m p o s itio n  p r e s s u r e  o f

th e  co p p er o x id e  was s u f f i c i e n t l y  h ig h  to  p re v e n t  s a t i s f a c t o r y

rem o v al o f  th e  ox y g en . The l a s t  t r a c e s  o f  m o is tu re  were th e n

rem oved by p a s s in g  th e  g a s  th ro u g h  a  one in c h  g l a s s  tu b e

t h i r t y  in c h e s  lo n g  f i l l e d  w i th  an h y d ro u s  m agnesium  p e r c h l o r a t e . ( P)
(G)

Prom h e re  i t  p a s s e d  in to  th e  tu b e  f u rn a c e  i n  w hich  th e  sam ples

w ere h e a te d .  I n  th e  h e a t  t r e a t i n g  f u rn a c e  a p lu g  o f  s t e e l

w ool was p la c e d  j u s t  b e fo re  th e  sam ple so t h a t  any im p u r i t i e s

s t i l l  i n  th e  n i t r o g e n  w ould r e a c t  w i th  I t  b e fo re  r e a c h in g  th e

sa m p le s . A th e rm o c o u p le  was im bedded in  t h i s  s t e e l  w ool so

t h a t  th e  te m p e ra tu re  c o u ld  be ch eck ed  on th e  I n t e r i o r  o f  th e

f u r n a c e .  Prom th e  h e a t  t r e a t i n g  f u rn a c e  th e  n i t r o g e n  was

e x h a u s te d  to  th e  a i r  by  b u b b lin g  th ro u g h  a p p ro x im a te ly  two
(H)

in c h e s  o f  c o n c e n tr a te d  s u l f u r i c  a c i d .  F used  s i l i c a  tu b e s  g ave  

th e  m ost s a t i s f a c t o r y  r e s u l t s  i n  t h e  h e a t  t r e a t i n g  f u r n a c e .
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The n o rm al f lo w  r a t e  was a b o u t .0 1 5 c u b ic  f e e t  p e r  

h o u r .  At t h i s  r a t e  th e  c o p p e r  tu r n in g s  on th e  i n l e t  s id e  o f  

th e  fu rn a c e  w ould t u r n  d a r k  in  a b o u t f i f t e e n  m in u te s .  Ap­

p a r e n t ly  th e  o x id e  l a y e r  d id  n o t p r e v e n t  th e  p ic k  up o f  a d d i ­

t i o n a l  am ounts o f oxygen f o r  a f t e r  two days o f  o p e r a t io n  th e  

co p p er was d i s c o lo r e d  to  a d e p th  o f  o n ly  two in c h e s .  T h is  

i n d i c a t e d  how ever t h a t  t h e  co p p er w ould r e q u i r e  p e r io d ic  

r e g e n e r a t io n .  To ac c o m p lish  t h i s ,  a  ta n k  o f  hydro  gen(l=) was 

c o n n e c te d  i n to  th e  g a s  l i n e  th ro u g h  a th re e -v /a y  s to p c o c k  so 

t h a t  e i t h e r  h y d ro g en  o r  n i t r o g e n  co u ld  be  f e d  th ro u g h  th e  

sy s te m . C om plete r e g e n e r a t io n  u s u a l l y  r e q u i r e d  ab o u t two 

h o u r s .  When d e te r m in a t io n s  w ere b e in g  made each  d ay , th e  

copper was r e g e n e r a te d  e a c h  n ig h t  by  p a s s in g  th e  h y d ro g en  

th ro u g h  i t .  F lu s h in g  w ith  n i t r o g e n  f o r  one and  o n e - h a l f  

h o u rs  was s u f f i c i e n t  to  rem ove a l l  o f  th e  h y d ro g en  and p la c e  

th e  t r a i n  in  u s a b le  c o n d i t io n .

I n  o r d e r  t o  p re v e n t  o x id a t io n  o f  h o t  specim ens b e in g  

drawn from  th e  fu rn a c e  i t  was n e c e s s a r y  to  d e v is e  a m ethod 

o f  m oving th e  sam ples from  th e  c o ld  end  o f  th e  tu b e  i n t o  th e  

h o t  zone and th e n  o u t a g a in  w ith o u t  o p en in g  up th e  f u rn a c e .  

T h is  was a c c o m p lish e d  by a t t a c h in g  a s m a l l  r e f r a c t o r y  b o a t  ( J )  

to  th e  end  o f  a  t h i n  s t r i p  o f  s t a i n l e s s  s t e e l .  On th e  end of 

th e  s t a i n l e s s  s t e e l  a  t h r e e  in c h  s e c t io n  o f  ca rb o n  s t e e l  was 

f a s t e n e d  and  th e  two i n s e r t e d  i n to  a s m a ll  g la s  tu b e  e x te n d in g  

from  a  ru b b e r  s to p p e r  i n  th e  end o f  th e  s i l i c a  tu b e  o f  t h e  

f u r n a c e .  A m ovable s o le n o id  was p la c e d  around  th e  g la s s
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tu b e  such  th a t  i t  c o u ld  be moved a s u f f i c i e n t  d i s ta n c e  to  

p u l l  th e  b o a t  in  and  o u t o f  th e  f u r n a c e  when th e  p ro p e r  

c u r r e n t  was p a s se d  th ro u g h  th e  c o i l .

The i n e r t n e s s  o f  th e  a tm o sp h e re  was check ed  by  

w e ig h t change d e te r m in a t io n s  on s t e e l  sam p les  h e a te d  i n  i t .  

S m all sam ples o f  t h e  s t e e l  b e in g  s tu d ie d  w ere p o l is h e d  

ro u g h ly  to  rem ove a l l  s c a le  and  th e n  c le a n e d  i n  a lc o h o l  and 

d r i e d .  H an d lin g  th e  sam ple w i th  tw e e z e r s ,  i t  was th e n  w eighed  

to  th e  n e a r e s t  0 .0 0 0 0 1  gram  on a n  a s s a y  b a la n c e .  A f te r  

w e ig h in g  i t  w as p la c e d  i n  th e  r e f r a c t o r y  b o a t  i n  th e  c o ld  end 

o f  th e  f u r n a c e .  A f te r  f lu s h in g  f o r  a t  l e a s t  t e n  m in u te s  to  

rem ove a i r  r e s u l t i n g  from  th e  o p en in g  o f  t h e  tu b e ,  th e  sam ple 

was p u sh ed  i n t o  t h e  h o t zone o f  th e  f u r n a c e  w here i t  was 

a llo w ed  to  re m a in  f o r  p re d e te rm in e d  le n g th s  o f  tim e  a t  

v a r io u s  te m p e r a tu r e s .  A f te r  th e  p r o p e r  h e a t in g  tim e  th e  

sam ple was rem oved fro m  th e  f u r n a c e  in  two o r  t h r e e  in c re m e n ts  

i n  o rd e r  to  p r e v e n t  o v e r  h e a t in g  o f  th e  end o f  th e  tu b e .

Even u n d e r  t h e s e  c o n d i t io n s  i t  was fo u n d  a d v is a b le  to  in c r e a s e  

th e  r a t e  o f  g a s  f lo w  i n  o rd e r  t o  p re v e n t  an y  g a se s  t h a t  m ig h t 

d i s t i l l  from  th e  ru b b e r  to  come in  c o n ta c t  w ith  th e  sp ec im en . 

A f te r  th e  sam ple was c o m p le te ly  c o o l i t  w as rem oved from  

th e  b o a t  and re w e ig h e d . W ith  th e  t r a i n  p r o p e r ly  r e g e n e ra te d  

w e ig h t l o s s  was l e s s  th a n  1 p a r t  in  3 0 ,0 0 0 .  F o r exam ple , th e  

w e ig h t l o s s  on an  0 .3 6 5 1 9  gram  sam ple o f  0 .8 0 #  ca rb o n  s t e e l  

was 0 .0 0 0 0 1  grains a f t e r  tw e lv e  h o u rs  a t  2000°F . At lo w er 

te m p e ra tu re s  and f o r  s h o r t e r  p e r io d s  o f  tim e  t h e r e  was no

a
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m e a su ra b le  w e ig h t l o s s .  F or exam ple two and o n e - h a l f  h o u rs  

a t  1900°F r e s u l t e d  In  no w e ig h t ch an g e . The w e ig h in g s  w ere 

made v e ry  c a r e f u l l y ,  th e  w e ig h ts  n o t b e in g  rem oved from  th e  

b a la n c e  pan b e tw een  th e  w e ig h in g s .

U nder th e  above c o n d i t io n s  th e  sam p les  w ith d raw n  

fro m  th e  f u r n a c e  w ere p e r f e c t l y  b r i g h t  and s l i g h t l y  e tc h e d  

due to  th e  h e a t .  I t  I s  i n t e r e s t i n g  to  n o te  t h a t  s l i g h t l y  

o x id iz e d  sa m p le s  In tr o d u c e d  i n to  th e  f u rn a c e  w ould come o u t 

b r i g h t  due t o  th e  r e a c t i o n  o f  th e  o x id e  w ith  th e  c a rb o n  o f  

th e s e  s t e e l .  U nder th e s e  c o n d i t io n s  th e  sam p les  w ould  b e ­

come d e c a r b u r iz e d  a l th o u g h  th e  a tm o sp h e re  was i n e r t .  T h is  

f a c t  i l l u s t r a t e s  th e  n e e d  f o r  u s in g  s c a le  f r e e  sp ec im e n s  i n  

an  i n e r t  a tm o sp h e re  o f  t h i s  ty p e .

D u rin g  th e  c o u rs e  o f  th e  I n v e s t i g a t i o n ,  e v id e n c e s  o f  

d e c a r b u r i z a t i o n  w ere s e e n  in  th e  m ic r o s t r u c tu r e  from  tim e  to  

t im e .  When t h i s  c o n d i t io n  was o b s e rv e d , t h e  a tm o sp h e re  was 

ch eck ed  by  ru n n in g  a w e ig h t change t e s t .  I n v a r i a b ly  th e  

sam ple w ould  show an a p p re c ia b le  w eig h t l o s s  i n d i c a t i n g  d e­

c a r b u r i z a t i o n  due t o  th e  a tm o sp h e re . E x am in a tio n  o f  th e  

t r a i n  w ould  show t h a t  a  d ry in g  a g e n t  was e x h a u s te d , th e  co p p e r  

was c o a te d  w i th  o x id e ,  o r  t h a t  th e  s i l i c a  h e a t  t r e a t i n g  tu b e  

h a d  become p o ro u s  a llo w in g  a i r  t o  d i f f u s e  in to  t h e  f u r n a c e .

The c o r r e l a t i o n  o f  th e  w e ig h t ch an g e  w i th  th e  change i n  

m ic r o s t r u c tu r e  was th u s  e s t a b l i s h e d .
(K)

The is o th e r m a l  t r a n s f o r m a t io n  b a th s  and th e  te m p e r­

in g  b a th s  c o n s i s t e d  o f  5 pounds o f  q u a te rn a ry  e u t e c t i c  a l lo y
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c o n ta in in g  B1 50 $ , Cd 10$, Pb 27$ and  Sn 1 3 $ . These w ere 

h e a te d  in  e l e c t r i c a l  p o t f u rn a c e s ,  t h e  te m p e ra tu re  alw ays 

b e in g  c o n t r o l l e d  to  + 1°C and u s u a l l y  to  + l /2 ° C .  B e fo re  

t r a n s f e r r i n g  a  sam ple to  a  b a th ,  th e  o x id e  f i l m  was c a r e ­

f u l l y  s c ra p e d  o f f  so a s  to  a llo w  th e  maximum r a t e  o f  c o o lin g  

o r  h e a t in g  o f  th e  sp ec im e n .

The e x p e r im e n ta l  work o f  t h i s  i n v e s t i g a t i o n  was 

c o n f in e d  to  a  s tu d y  o f  tw o p l a in  c a rb o n  s t e e l s  o f  th e  f o l ­

lo w in g  a n a l y s i s :

N om inal A n a ly s is  $ C  $  Mn $ S  $ P  $ S i

0 .8 0 $  C 0 ,8 1  0 .6 2  0 .0 2 3  0 .0 1 2  0 .1 9
1 .2 5 $  C 1 .2 6  0 .2 8  0 .0 0 7  0 .0 1 7  0 .3 0

B oth  o f  th e s e  s t e e l s  w ere o b ta in e d  in  th e  fo rm  o f  

p o l is h e d  d r i l l  ro d  0 .1 8 0 ” i n  d ia m e te r .  T hese ro d s  w ere cu t 

u p  i n t o  t h i n  d i s c s  ab o u t 0 .040” t h i c k ,  th e  s i z e  u se d  i n  a l l  

o f  th e  d e te r m in a t io n s .  About 75 o f  th e s e  sam p les  w ere p la c e d  

i n  th e  r e f r a c t o r y  b o a t o f  th e  f u r n a c e  a lo n g  w i th  a w eighed  

t e s t  sam p le . A f te r  f lu s h i n g  th e  fu rn a c e  th e  b o a t  f u l l  o f  

sam ples was pushed  i n t o  th e  h o t  zone and h e l d  f o r  12 h o u rs  a t  

2000°F . The sam p les  w ere th e n  rem oved and th e  t e s t  sam ple 

rew e ig h ed  a s  a  check  on th e  a tm o sp h ere  d u r in g  th e  hom ogen iz ing  

p e r io d .  As sam ples w ere needed  th e y  w ere hom ogenized in  

b a tc h e s  in  t h i s  m anner, a  t e s t  sam ple  b e in g  ru n  w ith  e a ch  

b a tc h .

I n d iv id u a l  hom ogenized sam p les  w ere th e n  f a s te n e d
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to  th e  end o f  a n  0 .065" n i c k e l  w ire  so t h a t  th e y  c o u ld  he 

h e a te d  to  th e  p ro p e r  a u s t e n i t i z i n g  te m p e ra tu re  and th e n  

t r a n s f e r r e d  to  th e  p ro p e r  m e ta l  b a th  f o r  s tu d y  o f  th e  t r a n s ­

f o rm a t io n .  The b u r r  l e f t  on th e  sam ples by th e  h ack  saw was 

n o tc h e d  b y  a  je w e le r s  saw . An 0 .0 0 3 ” s t a i n l e s s  s t e e l  w ire  

was tw i s t e d  a ro u n d  t h i s  n o tc h  and th e n  th re a d e d  th ro u g h  a  

h o le  i n  th e  en d  o f t h e  n i c k e l  w ire  th u s  f a s t e n in g  th e  tw o 

t o g e t h e r .  G re n in g e r  (37 ) h a s  e s t im a te d  t h a t  sam ples o f  t h i s  

s i z e  sh o u ld  r e a c h  th e  b a th  te m p e ra tu re  in  ab o u t two s e c o n d s .

The a c t u a l  seq u en ce  o f  quen ch in g  f o r  th e  v a r io u s  

d e te r m in a t io n s  w i l l  b e  d i s c u s s e d  i n  th e  n e x t  s e c t i o n .  The 

g e n e r a l  p ro c e d u re  how ever was a s  f o l lo w s :  The sam ple  f a s t e n e d

to  th e  end o f  th e  n ic k e l  w ire  w as i n s e r t e d  i n t o  th e  a u s te n -  

i t i z i n g  f u rn a c e  m a in ta in e d  a t  t h e  p r o p e r  te m p e r a tu r e .  As 

th e  sam ple w as b e in g  i n s e r t e d  th e  f lo w  r a t e  o f  th e  n i t r o g e n  

was in c r e a s e d  and was n o t  d e c re a s e d  u n t i l  two o r  t h r e e  

m in u te s  a f t e r  t h e  ru b b e r  s to p p e r  had  b e e n  r e i n s e r t e d  i n to  

th e  s i l i c a  tu b e .  I t  was fo u n d  t h a t  i f  t h i s  p r e c a u t io n  was 

n o t t a k e n ,  enough a i r  d i f f u s e d  b a c k  i n t o  th e  fu rn a c e  to  

cau se  d e c a r b u r i z a t i o n .  The c o ld  end o f  t h e  n ickel w ire  was 

i n s e r t e d  i n to  th e  r u b b e r  s to p p e r  so t h a t  th e  sam ple w ould 

be su sp en d ed  i n  th e  g a s  s tre a m  and w o u ld  n o t  to u c h  th e  s id e s  

o f  th e  t u b e .  A f te r  th e  p r o p e r  le n g th  o f  tim e  o f  h e a t in g  in  

th e  a u s t e n i t e  f i e l d ,  th e  sam ple was rem oved an d  r a p i d l y  

p lu n g ed  i n t o  th e  b a th  a t  th e  p ro p e r  te m p e ra tu re  f o r  t r a n s ­

f o rm a t io n .  A f te r  th e  p ro p e r  t r a n s f o r m a t io n  t im e , th e  sam ple
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was q u ic k ly  t r a n s f e r r e d  t o  th e  te m p e r in g  h a t h  an d  th e n  

quenched  i n t o  a  d i l u t e  sod ium  h y d ro x id e  s o l u t i o n  f o r  f i n a l  

c o o l in g .  I n  t h i s  m anner any u n tra n s fo rm e d  a u s t e n i t e  changed  

t o  m a r te n s i t e  o r ,  i f  t h e  te m p e ra tu re  was below  room  tem p er­

a t u r e ,  re m a in e d  a s  a u s t e n i t e .  On e tc h in g  o u t ,  o n ly  th e  

a r e a s  t ra n s fo rm e d  a t  t h e  tim e  o f  te m p e r in g  w i l l  t u r n  b la c k ,  

t h e  w h ite  a r e a s ,  th e r e f o r e ,  r e p r e s e n t i n g  u n tra n s fo rm e d  a u s t e n i t e .  

A l l  th e  a u s t e n i t i z i n g  tim e s  w ere  30 m in u te s  u n le s s  o th e rw is e  

n o te d  an d  th e  te m p e rin g  tim e s  w ere  f iv e  t o  s i x  s e c o n d s .  The 

low te m p e ra tu re  s tu d i e s  w ere made b y  quen ch in g  i n t o  an  i c e -  

ammonium c h lo r id e  m ix tu re  c o n ta in e d  i n  a Dewar f l a s k .  Temper­

a tu r e s  o f  -15°C  w ere e a s i l y  p ro d u c e d . I n  a l l  in s t a n c e s  l e s s  

th a n  one seco n d  was r e q u i r e d  to  t r a n s f e r  th e  sam p les  fro m  

one b a th  to  a n o th e r .

The sam ples w ere th e n  m ounted i n d i v id u a l ly  by 

p r e s s in g  them  i n t o  an 0 .1 8 0 "  h o le  d r i l l e d  i n t o  a  1 /2 ” cube 

o f  low ca rb o n  s t e e l .  C a r e f u l  p o l i s h in g  was e s s e n t i a l  t o  

p r e v e n t  any te m p e rin g  o f  th e  m a r te n s i t e  t h a t  m ig h t be p r e s e n t  

i n  th e  sp e c im e n . The sam p les  w ere  ro u g h  p o l i s h e d  u n t i l  ab o u t 

h a l f  o f  th e  sp ec im en  was rem oved so  t h a t  f i n a l  e x a m in a tio n  

w ould b e  i n  th e  c e n te r  o f  t h e  sp e c im e n . P o l i s h in g  was com­

p l e t e d  by ta k in g  th e  sp ec im en  th ro u g h  th e  f i n e r  g ra d e s  o f  

p a p e r ,  o n to  a  wax w heel w i th  600 alundum  and f i n i s h i n g  up 

w ith  l e v i g a t e d  a lu m in a . A s l i g h t  e tc h  and r e p o l i s h  seem ed 

to  p ro d u ce  b e t t e r  f i n a l  s t r u c t u r e s .
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The p h o to m e tr ic  m ethod d e v e lo p e d  "by S au n d ers  and 

K ah les  (9 )  was u s e d  to  d e te rm in e  th e  p e r c e n ta g e s  o f  t r a n s ­

fo rm a tio n  i n  th e  sa m p le . The s u c c e s s  o f  t h e  m ethod depends 

a lm o s t e n t i r e l y  upo n  th e  e tc h in g  s in c e  a s  h ig h  a  c o n t r a s t  as 

p o s s ib le  i s  r e q u i r e d  b e tw een  th e  tem p ered  and  u n tem p ered  t r a n s ­

fo rm a tio n  p r o d u c t s .  The fo l lo w in g  new e tc h in g  a g e n t was 

d e v e lo p e d :

A b s o lu te  A lco h o l 200 m l.

U rea  11 g .

Fuming HNOa 44 m l.

By u s in g  a b s o lu te  a l c o h o l  and fum ing n i t r i c  a minimum o f  w a te r

was p r e s e n t  i n  th e  f i n a l  e tc h in g  s o l u t i o n .  The u r e a  re d u c e s  

th e  s t a i n i n g  te n d e n c ie s  o f  th e  e tc h in g  s o lu t i o n  p ro b a b ly  

th ro u g h  r e a c t i o n  w i th  th e  o x id e s  o f  n i t r o g e n  w hich  a r e  fo rm ed  

a s  a  r e s u l t  o f  th e  e t c h in g  r e a c t i o n  and w h ich  may b e  p r e s e n t  

i n  th e  o r i g i n a l  a c i d .

The p o l i s h e d  sam ples w ere  e tc h e d  i n  t h i s  s o lu t i o n  

f o r  le n g th s  o f  t im e  d ep en d in g  upon  th e  th e rm a l t r e a tm e n t  t h a t  

h ad  b een  a p p l ie d  t o  th e  sam p le . I n  g e n e r a l  th e  g r e a t e r  th e  

amount o f  tam p ered  r e a c t i o n  p ro d u c t  th e  g r e a t e r  th e  l e n g th  

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

v a r i e d  b e tw een  22 se c o n d s  f o r  sam p les  w ith  s m a ll  am ounts o f  

tem p ered  p ro d u c t t o  50 seconds f o r  sam ples r e p r e s e n t in g  com­

p l e t e  t r a n s f o r m a t io n .  The sam p les  w ere q u ic k ly  r i n s e d  by  

d ip p in g  th e  sam ple  s u c c e s s iv e ly  i n to  two c o n ta in e r s  o f  

a b s o lu te  a lc o h o l  and  th e n  d r i e d  in  an  a i r  b l a s t ,  th e  a i r
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h av in g  p a s se d  th ro u g h  a d ry in g  a g e n t  t o  rem ove m o is tu r e .  A 

g iv e n  amount o f  e tc h in g  s o lu t io n  was u s e d  f o r  o n ly  two sam ples 

and th e n  r e p la c e d .  T h is  was n e c e s s a ry  s in c e  c o n tin u e d  u se  o f 

th e  e tc h in g  s o lu t i o n  cau sed  s t a i n i n g .

The amount o f  t r a n s f o r m a t io n  in  e a c h  sam ple w as 

d e te rm in e d  p h o to m e tr ic a l ly  u s in g  an  e l e c t r o n  tu b e  p h o to m e te r .

The o c u la r  f o r  th e  cam era a tta c h m e n t t o  th e  m ic ro sco p e  w as 

rem oved and th e  p h o to tu b e  p la c e d  a t  t h i s  p o i n t .  W ith a  21X 

o b je c t iv e  i n  th e  m ic ro s c o p e , th e  im age on th e  p h o to tu b e  c o r r e s ­

ponded to  a  c i r c u l a r  a r e a  on th e  sam ple h a v in g  a d ia m e te r  o f

0 .0 1 8 " , i . e . ,  ab o u t o n e - te n th  th e  d ia m e te r  o f  th e  sam p le .

The in s t ru m e n t  was s ta n d a r d iz e d  an d  th e  d e te r m in a t io n s  

made a s  f o l lo w s :  A c a r e f u l l y  p o l i s h e d ,  a s  q u en ch ed , u n e tc h e d

sam ple was u s e d  as  th e  s ta n d a r d  f o r  s e t t i n g  th e  in s t r u m e n t .

T h is  sam ple was p la c e d  on th e  s ta g e  o f  th e  m ic ro sc o p e  and  

fo c u s e d  as  f o r  v i s u a l  e x a m in a tio n . The image o f  t h i s  s u r f a c e  

was th e n  s h i f t e d  to  th e  p h o to tu b e  w h ich  i n  t u r n  a c t i v a t e d  

th e  g a lv a n o m e te r  w hich  h ad  a s c a le  c a l i b r a t e d  i n t o  100 

a r b i t r a r y  u n i t s .  By means o f  t h e  a p e r tu r e  d iap h ram  on th e  

m ic ro sco p e  and th e  s e n s i t i v i t y  c o n t r o l  on th e  p h o to m e te r, 

th e  in s tru m e n t was s e t  to  r e a d  100. T h is  s e t t i n g  was alw ays 

checked  b e fo re  and a f t e r  t a k in g  read in g s. So lo n g  a s  t h e r e  

w ere no g ro s s  changes in  th e  l i n e  v o l ta g e  th e  tu n g s te n  

t a r g e t  b u lb  i n  th e  m ic ro sco p e  s e rv e d  a s  a v e ry  c o n s ta n t  l i g h t  

s o u rc e .  The a s  quenched sam ple was th e n  e tc h e d  f o r  ab o u t 20 

seco n d s i n  o rd e r  to  p roduce  o v e r th e  e n t i r e  sam ple an  amount
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o f  e tc h in g  w h ich  w ould c o rre sp o n d  to  th e  e t c h in g  o f  t h e  u n ­

tra n s fo rm e d  p o r t i o n  o f  th e  sam p les  on w hich a p e rc e n ta g e  

t r a n s f o r m a t io n  was b e in g  m ade. T h is  sam ple g ave  a r e a d in g  o f  

96 on th e  p h o to m e te r  and was used t h e r e a f t e r  to  r e p r e s e n t  th e  

v a lu e  f o r  a  sam ple show ing 0% t r a n s f o r m a t io n .  A no ther 

sam ple was th e n  c o m p le te ly  quenched  and th e n  te m p e re d . A f te r  

e t c h in g ,  a  r e a d in g  o f  9 was o b ta in e d  and t h i s  v a lu e  was u s e d  

to  r e p r e s e n t  a  sam ple 100$ t r a n s f o rm e d . P a r t i a l l y  tra n s fo rm e d  

sam ples g ave  p h o to m e te r  r e a d in g s  b e tw e en  th e s e  two l i m i t s  

and  th e  p e r c e n t  t r a n s f o r m a t io n s  c o u ld  b e  c a l c u l a t e d  a c c o r d i n g .

I t  i s  o b v io u s  t h a t  i f  th e  p h o to m e tr ic  m ethod i s  to  

g iv e  c o r r e c t  r e s u l t s ,  t h e  t ra n s fo rm e d  p o r t io n s  o f  th e  sam ples 

m ust e tc h  to  th e  e q u iv a le n t  o f  th e  c o m p le te ly  t ra n s fo rm e d  

sam ple an d  th e  u n tra n s fo rm e d  p o r t io n  to  t h a t  o f  th e  c o m p le te ly  

u n tra n s fo rm e d  s a m p le . T h is  r e q u i r e s  e tc h in g  to  a  maximum 

c o n t r a s t  i n  th e  s a m p le s .  I f  th e  sam p les  a r e  u n d e re tc h e d ,  th e  

tra n s fo rm e d  p o r t i o n s  w i l l  be  to o  l i g h t  and  c o n s e q u e n tly  th e  

p h o to m e te r  r e a d in g  to o  h ig h .  I f  t h e  sam ple  I s  o v e r e tc h e d ,  

th e  u n tra n s fo rm e d  s e c t io n s  w i l l  be  to o  d a rk  and t h e  p h o to m e te r  

r e a d in g  w i l l  be  c o r re s p o n d in g ly  lo w . S au n d ers  and K ah le s  have 

shown t h a t  I f  th e  r e a d in g s  o b ta in e d  on th e  same sam ple a f t e r  

d i f f e r e n t  e t c h i n g  t im e s  i s  p l o t t e d  a g a i n s t  th e  tim e  o f  e t c h in g ,  

a  c h a r a c t e r i s t i c  e t c h in g  cu rv e  I s  o b ta in e d .  As e tc h in g  p ro ­

g r e s s e s  th e  r e a d in g  d ro p s  due to  th e  d a rk e n in g  o f  th e  t r a n s ­

form ed s e c t io n s  o f  th e  s a m p le s . F i n a l l y  a  p o in t  i s  re a c h e d  

a t  w hich  th e  sam ple can be e tc h e d  f o r  an in c r e a s in g  p e r io d
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o f  tim e  w ith o u t  th e  r e a d in g  c h a n g in g , i . e . ,  th e  c o n t r a s t  

rem a in s  o o n s ta n t .  Longer e tc h in g  tim e s  cau sed  th e  u n t r a n s ­

form ed "background i n  th e  sam p les  t o  s t a i n  and th e  r e a d in g  

to  d ro p .

A f te r  e t c h i n g  a num ber o f  s a m p le s , enough e x p e r ie n c e  

was g a in e d  so t h a t  an  e tc h  g iv in g  maximum c o n t r a s t  c o u ld  b e  

r e c o g n iz e d  v i s u a l l y  w ith o u t  ru n n in g  a co m p le te  e tc h in g  c u r v e .

I t  m ight be  s t a t e d  t h a t  a c o m p le te ly  t r a n s fo rm e d  sam ple c an ­

n o t  be e tc h e d  to  g iv e  an  a b s o lu t e ly  u n ifo rm  d a rk e n in g  b u t 

r a t h e r  some' p o r t io n s  te n d  to  be  s l i g h t l y  b ro w n ish . T h is  same 

c o n d i t io n s  e x i s t e d  i n  th e  tra n s fo rm e d  a r e a s  o f th e  p a r t i a l l y  

t ra n s fo rm e d  sam p les  so t h a t  t h e  r e a d in g s  o b ta in e d  on any 

sam ple do g iv e  th e  c o r r e c t  c a l c u l a t e d  amount o f  t r a n s f o r m a t io n .  

I t  was e s s e n t i a l  in  e a c h  c a se  t h a t  th e  l i g h t  p o r t io n s  o f  th e  

s t r u c t u r e s  show a b s o lu t e ly  no s t a i n i n g  f o r  t h i s  a f f e c t e d  th e  

r e a d in g  much more th a n  th e  s l i g h t l y  b ro w n ish  c o lo r  o f  p a r t s  

o f  th e  tr a n s fo rm e d  p o r t i o n .

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



DISCUSSION OP THE EFFECTS OF THE SEVERAL VARIABLES ON 

AUSTENITE-BAINITE AND AUSTENITE-MARTENSITE 

TRANSFORMATIONS

I n  t h i s  s e c t i o n  th e  e x p e r i m e n t a l  r e s u l t s  o f  t h i s  

I n v e s t i g a t i o n  w i l l  h e  d i s c u s s e d .  E a c h  v a r i a b l e  w i l l  b e  c o n ­

s i d e r e d  i n  t h e  sam e o r d e r  a s  i t  w as  c o n s i d e r e d  i n  t h e  s e c t i o n  

o n  t h e  im p o r ta n c e  o f  t h e  v a r i o u s  v a r i a b l e s .  I n  e a c h  c a s e  

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

v a r i a b l e  w i l l  b e  s t a t e d .  The e x p e r i m e n t a l  r e s u l t s  w i l l  t h e n  

b e  p r e s e n t e d  and  d i s c u s s e d .

1 .  The E f f e c t  o f  A u s t e n i t i z i n g  T e m p e ra tu r e  o n  t h e  Mg 

T e m p e ra tu r e  a n d  o n  t h e  R a te  o f  M a r t e n s i t e  F o r m a t io n  B elow  

t h e  Mg T e m p e r a tu r e ,

The e f f e c t  o f  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  w as 

i n v e s t i g a t e d  w i th  r e l a t i o n  to  t h e  0 .8 0 $  c a r b o n  s t e e l  o n ly  

b e c a u s e  o f  t h e  p r e s e n c e  o f  c a r b i d e s  w hen  t h e  1 .2 5 $  c a r b o n

s t e e l  w as q u e n c h e d  f ro m  lo w e r  t e m p e r a t u r e s .  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  o f  1 0 5 0 °C , 8 1 5 °C , 760°C  a n d  735°C  w ere  u s e d .  A 

nu m b er o f  s a m p le s  w e re  q u e n c h e d  f ro m  t h e s e  t e m p e r a t u r e s  i n t o  

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

t h e  M t e m p e r a t u r e .  M ic r o s c o p ic  e x a m in a t io n  o f  t h e s e  s a m p le s  

sh o w ed  t h a t  I t  w as d i f f i c u l t  t o  e x a c t l y  s t a t e  t h e  t e m p e r a t u r e  

a t  w h ic h  t h e  m a r t e n s i t e  h a d  s t a r t e d  t o  fo rm  a l t h o u g h  th e  

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

5 1 .
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o f  n e e d le s  c o u ld  b e  d e te rm in e d  t o  w i th in  a b o u t 2°C . On th e  

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

low ing  e x p e r im e n ta l  v a lu e s  were o b ta in e d  f o r  th e  te m p e ra ­

t u r e s  :

A u s te n i t i z in g  T em p era tu re  Mfi T em pera tu re

1050°G 242°C

815 242

760 228

735 225

As an  exam ple o f  th e  ra n g e  o f  te m p e ra tu re  o v e r  w h ich  

some m a r t e n s i t i c  n e e d le s  may b e  fo u n d , i t  was p o s s ib le  to  

f i n d  one o r two m a r te n s i t i c  n e e d le s  i n  a  sam ple a u s t e n i t i z e d  

a t  760°C and quenched  to  242?C a l th o u g h  th e r e  was n o t a  

g e n e r a l  b e g in n in g  u n t i l  th e  tem p e r a t t i r e  had  b een  lo w ered  to  

228°C . T h is  c o n d i t io n  i s  shown in  F ig u re  3 .  The s t r u c t u r e s  

o b ta in e d  f o r  th e  v a r io u s  a u s t e n i t i z i n g  te m p e ra tu re s  and  a t  

th e  r e s p e c t iv e  M_ te m p e ra tu re s  a r e  shown in  F ig u re s  4 , 5 , and

6 .  I t  i s  to  be n o te d  t h a t  t h e r e  a r e  d i s t i n c t  d i f f e r e n c e s  i n  

th e  n a tu r e  o f  th e  m a r te n s i t e  fo rm ed  from  h ig h  te m p e ra tu re  

a u s t e n i t e  a s  com pared to  t h a t  fo rm ed  from  a u s t e n i t e  j u s t  

above th e  c r i t i c a l  te m p e r a tu re .  I t  was g e n e r a l ly  n o te d  t h a t  

th e  h ig h  q u en ch in g  te m p e ra tu re s  c a u se d  lo n g  w e l l  d e f in e d  

n e e d le s  o f  m a r te n s i t e  to  form  w h ile  low quench ing  te m p e ra tu re s  

p ro d u ced  s h o r t e r  l e s s  d i s t i n c t  n e e d le s .

The d a ta  show t h a t  th e  NT te m p e ra tu re  I n c r e a s e s  a s  

th e  quench ing  te m p e ra tu re  i s  r a i s e d  u p  to  ab o u t 800°C and
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P ig .  3 .  S m all n e e d le  o f  m a r te n s i t e  

fo rm ed  on quench ing  0 .8 0 $  C S t e e l  to  

242°C . A u s t. Temp. 7 6 0 °C 500X

P i g .  4 .  T ra n s fo rm a tio n  a t  Mg te m p e ra tu re  

242°C , f o r  0 .8 0 $  c a rb o n  s t e e l .  A u s t .  Temp. 

1050°C . 30uX
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F i g .  5 . T ra n s fo rm a tio n  a t  M te m p e ra tu re ,s
227°C , f o r  0 .8 0 #  c a rb o n  s t e e l .  A u s t .  Temp. 

7 6 0 °0 . 300X

F ig .  6 .  T ra n s fo rm a tio n  a t  te m p e ra tu re ,  

225°C , f o r  0 .8 0 #  ca rb o n  s t e e l .  A u s t .  Temp. 

73 5 °C. SOuX
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t h e r e a f t e r  I s  c o n s ta n t  up  to  1050°C . F ig u re  7 shows th e  

e f f e c t  o f  t h e s e  q u en ch in g  te m p e ra tu re s  on th e  am ounts o f  

m a r te n s i t e  fo rm ed  a t  v a r io u s  te m p e r a tu re s  below  t h e  Mg 

te m p e r a tu r e .  I t  i s  to  be  n o te d  t h a t  a t  each  quen ch in g  te m p e r­

a t u r e ,  t h e  amount o f  m a r te n s i t e  fo rm ed  i s  g r e a t e r  f o r  t h e  

q u en ch in g  te m p e r a tu re s  below  8 1 5 °C. The o n ly  e x c e p t io n  a p p l ie s  

f o r  q u e n c h in g  te m p e ra tu re s  j u s t  below  th e  Ms te m p e ra tu re  f o r  

th e  sam p les  a u s t e n i t i z e d  a t  735°C and 760°C . The d a ta  a r e  

in c o m p le te  b u t  a t  226°C a r e  p ro b a b ly  v e ry  c lo s e  to  th e  v a lu e s  

r e p r e s e n te d  b y  th e  d o t te d  c u rv e .  I n  t h i s  te m p e ra tu re  ra n g e

th e  h ig h e r  M te m p e ra tu re  o f  sam p les  quenched fro m  1050°C 0
a llo w s  en o u g h  m a r te n s i te  to  fo rm  to  more th a n  com pensate  f o r  

th e  f a s t e r  r a t e  o f  m a r te n s i te  f o rm a t io n  j u s t  below  th e  Mo 

te m p e ra tu re  f o r  sam ples quenched  fro m  th e  lo w er t e m p e r a tu r e s .

I n  F ig u re  8 th e s e  d a ta  a r e  p l o t t e d  i n  th e  fo rm  o f  

r a t e  o f  m a r te n s i t e  f o rm a tio n  c u r v e s .  The p e r c e n t  t r a n s f o rm a -  

t i o n  o f  a u s t e n i t e  to  m a r te n s i t e  i s  p l o t t e d  a s  t h e  o r d in a te  

a g a in s t  t h e  num ber o f  d e g re e s  be low  th e  Mg te m p e ra tu re  r e ­

q u ire d  to  fo rm  th e  r e s p e c t i v e  am ounts o f  m a r te n s i t e  a s  th e  

a b s c i s s a .  T h ere  a re  two i n t e r e s t i n g  p o in t s  b ro u g h t o u t In  

th e s e  c u r v e s .  In  th e  f i r s t  p l a c e ,  th e  low er th e  q u en ch in g  

te m p e ra tu re  th e  g r e a t e r  th e  i n i t i a l  r a t e  o f  fo rm a tio n  an d , 

s e c o n d ly , bey o n d  ab o u t 30$ t r a n s f o r m a t io n ,  th e  r a t e  o f  t r a n s ­

fo rm a t io n  i s  c o n s ta n t  f o r  a l l  a u s t e n i t i z i n g  t e m p e r a tu r e s .

T h is  l a t t e r  p o in t  i s  shown by  th e  e q u a l  s lo p e s  o f  th e  c u r v e s .
*

I t  I s  i n t e r e s t i n g  to  n o te  f u r t h e r  t h a t  th e  h ig h e r  q u en ch in g
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te m p e ra tu re  g iv e s  b o th  a  h ig h e r  Mg te m p e ra tu re  and a  lo w er 

te m p e ra tu re ,  th e  t r a n s f o r m a t io n  th e r e f o r e  e x te n d s  o v e r  a  

g r e a t e r  te m p e ra tu re  r a n g e .

I t  i s  f e l t  t h a t  th e s e  r e s u l t s  r e f l e c t  a  t r u e  te m p e ra ­

t u r e  e f f e c t  as  w e l l  a s  a  g r a in  s i z e  e f f e c t .  S in c e  th e  m a r te n s i t e  

fo rm s from  a u s t e n i t e  th ro u g h  a  m echanism  o f  s h e a r  w ith  a 

w hole s e c t io n  o f  th e  a u s t e n i t e  c r y s t a l  t r a n s f o rm in g  a t  o n c e , 

th e n  th e  l e n g th  o f  a  m a r te n s i t e  p l a t e  o r  n e e d le  w ou ld  be 

r e s t r i c t e d  to  th e  d ia m e te r  o f  th e  a u s t e n i t e  g r a i n .  T hat t h i s  

i s  a p p a r e n t ly  t r u e  may be  se e n  by e x a m in a tio n  o f  F ig u re s  4 , 5 , 

and 6 .  In  a d d i t io n  th e r e  m ust b e  a t r u e  te m p e ra tu re  e f f e c t  

s in c e  th e  am ounts o f  t r a n s f o r m a t io n  a t  any  te m p e ra tu re  below  

th e  M_ p o in t  a r e  th e  same f o r  quenching  te m p e ra tu re s  above 

815°C . On h e a t in g  above 8 1 5 °C g r a in  g ro w th  o c c u rs  w hich does 

n o t  seem to  have  any  e f f e c t  on th e  t r a n s f o r m a t io n .  The g r a i n  

s i z e  a t  760°C was 6 -7  and a t  1050°C, 1 - 2 .  In  g e n e r a l  i t  was 

more d i f f i c u l t  to  e t c h  th e  sam ples quenched  fro m  th e  lo w er 

te m p e ra tu re s  and a  c a r e f u l  e x a m in a tio n  o f  th e  s u r f a c e  showed 

t h a t  i t  c o n ta in e d  a  number o f  v e ry  sm a ll p a r t i c l e s  o r  p i t s  

w hich  c o u ld  n o t be  r e s o l v e d .  S in ce  th e y  w ere  p r e s e n t  I n  s.ome 

sam p les  more th a n  o th e r s  I t  w ould  seem t h a t  th e y  w ere v e ry  

s m a l l  e t c h  p i t s .  T h a t th e y  w ere n o t u n d is s o lv e d  c a rb id e  p a r t i ­

c l e s ,  may be shown by  two a rg u m e n ts . Long tim e s  a t  th e  

a u s t e n i t i z i n g  te m p e ra tu re  h ad  no e f f e c t  on th e  e tch in g  c h a ra c ­

t e r i s t i c s  and th e  0 .8 0 $  c a rb o n  s t e e l  s h o u ld  b e  i n  th e  a u s t e n i t e  

f i e l d .  I f  a n y th in g  f r e e  c a r b id e s  w ould  be p r e s e n t  and th e s e
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i n  d e p le t in g  th e  a u s t e n i t e  o f  i t s  ca rb o n  w ould r a i s e  th e  Mg 

te m p e ra tu re  r a t h e r  th a n  low er i t . F o r  w ant o f  more d e f i n i t e  

e x p e r im e n ta l  e v id e n c e ,  i t  may be  s t a t e d  t h a t  a c c o rd in g  to  

Zen e r ' s  v iew s on t h e  m a r te n s i te  f o rm a t io n ,  th e  lo w er a u s t e n i t i z ­

in g  te m p e ra tu re s  i n  some m anner i n c r e a s e s  t h e  amount o f  s t r a i n  

e n e rg y , £  E , r e q u i r e d  to  i n i t i a t e  th e  m a r te n s i t e  fo rm a tio n  

and  th u s  lo w ers  th e  Mg te m p e ra tu re .

Only one a u s t e n i t i z i n g  te m p e ra tu re  (1050°C) was 

u s e d  in  s tu d y in g  th e  r a t e  o f  m a r te n s i t e  f o rm a tio n  i n  th e  1 .2 5 $  

c a rb o n  s t e e l .  The d a t a  a re  g iv e n  i n  T a b le  I I  and p l o t t e d  i n  

F ig u re  8 .  The t r a n s f o r m a t io n  was n o t co m p le te  a t  - 1 5 °C, th e  

lo w e s t  tem p er a t t i r e  s tu d i e d .

2 .  E f f e c t  o f  M a r te n s i te  on th e  F o rm a tio n  o f  B a in i te  

Below th e  T e m p e ra tu re .

The i s o th e r m a l  t r a n s f o r m a t io n  o f  th e  a u s te n i t e  r e ­

m a in in g  a f t e r  q u e n c h in g  to  v a r io u s  te m p e ra tu re s  below  th e  Ms
p o in t  was s tu d i e d  f o r  th e  0 .8 0 $  c a rb o n  s t e e l  f o r  a u s t e n i t i z i n g  

te m p e ra tu re s  o f  760°C and 1050°C. No s tu d i e s  w ere  made on  th e  

1 .2 5 $  ca rb o n  s t e e l  b e c a u se  o f th e  e x tr e m e ly  lo n g  t im e s  i n ­

v o lv e d  even b e f o re  th e  b a i n i t e  fo rm a t io n  s t a r t s .  For ex am p le , 

a t  th e  Mg te m p e ra tu re  th e  b a i n i t e  t r a n s f o r m a t io n  was o n ly  25$ 

co m p le te  a t  th e  end  o f  24 h o u r s .  At lo w er te m p e ra tu re s  th e  

tim e s  w ould b e  much lo n g e r .

I t  h a s  b e e n  shown t h a t  by u s in g  a u s t e n i t i z i n g  tem ­

p e r a tu r e s  o f  760° and  1050°C, d i f f e r e n t  am ounts o f  m a r te n s i te
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w i l l  be fo rm ed  f o r  th e  same te m p e ra tu re  b e low  th e  lo w es t Ms
te m p e r a tu re .  I f  th e  u n tra n s fo rm e d  a u s t e n i t e  a t  t h i s  te m p e ra ­

tu r e  i s  th e n  a llo w ed  to  t r a n s f o rm , is o  th e r m a lly ,  th e n  th e  

p ro g re s s  o f th e  r e a c t io n  may be  s tu d ie d  u n d er th e  in f lu e n c e  

o f  two d i f f e r e n t  am ounts o f  m a r t e n s i t e .  I t  i s  p o s s ib le  th a t  

o th e r  v a r i a b l e s  may be in v o lv e d  w h ich  c a n n o t be  i s o l a t e d  from  

th e  e f f e c t  o f  t h e  m a r t e n s i t e . I n  p a r t i c u l a r ,  t h e  v a r i a b l e s  

w hich ca u se d  th e  d i f f e r e n c e  i n  th e  am ount o f  m a r te n s i t e  m igh t 

have t h e i r  e f f e c t  on th e  b a i n i t e  r e a c t i o n  as s u c h . T hese 

v a r i a b l e s  w ere d is c u s s e d  i n  c o n n e c t io n  w ith  th e  e f f e c t  o f  

a u s t e n i t i z i n g  te m p e ra tu re  on th e  m a r te n s i t e  fo rm a tio n  and 

In c lu d e d  th e  p o s s ib le  e f f e c t  o f  g r a i n  s i z e  and  d i f f e r e n c e s  

i n  th e  s o l i d  s o lu t i o n  a u s t e n i t e  w hich  can  n o t  be d e te c te d  

ex p e rim en t a l l y  •

T hese t r a n s f o rm a t io n s  w ere s tu d ie d  a t  2 4 2 ° , 2 2 6 ° , 

2 1 0 ° , 1 8 6 ° , 151° and  131°C (T a b le  I ) .  These r e s u l t s  a r e  

p r e s e n te d  g r a p h i c a l l y  in  F ig u re s  9 to  14 f o r  a u s t e n i t i z i n g  

tim e s  o f  760°C and 1050°C a s  show n. In  e a c h  c a se  th e  

h o r i z o n ta l  p o r t io n  o f  th e  c u rv e  I n d i c a t in g  no change i n  

t r a n s f o r m a t io n  w ith  tim e  r e p r e s e n t s  th e  amount o f  m a r te n s i te  

t h a t  fo rm ed  on c o o lin g  th e  a u s t e n i t e  down to  th e  i s o th e r m a l  

te m p e ra tu re  a t  w hich  th e  p r o g re s s  o f  th e  b a i n i t e  r e a c t i o n  

was to  be s t u d i e d .  I n  F ig u re  9 t h e  cu rv e s  f o r  th e  t r a n s ­

fo rm a tio n  r e f e r  to  an is o th e rm a l  te m p e ra tu re  o f  242?C w hich  

i s  above th e  Mg te m p e ra tu re  f o r  t h e  sam p les  a u s t e n i t i z e d  a t  

760°C. C o n se q u e n tly  th e  t r a n s f o r m a t io n  cu rv e  f o r  t h i s
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q u en ch in g  te m p e ra tu re  g iv e s  th e  p r o g re s s  o f  th e  t r a n s f o r m a t io n  

from  a l l  a u s t e n i t e  to  a l l  " b a in i te .  The c u rv e  fo r  sam p les 

quenched from  1G50°C g iv e s  th e  t r a n s f o r m a t io n  o f  th e  re m a in in g  

b a i n i t e  a f t e r  a b o u t 1% o r  2% o f  m a r te n s i t e  h a d  fo rm ed . The 

d a ta  show t h a t  a  g iv e n  amount o f  b a i n i t e  fo rm s i n  a  s h o r t e r  

p e r io d  o f  tim e  when th e  h ig h e r  q u en ch in g  tem per a t t i r e  i s  u se d , 

i t  i s  g e n e r a l l y  c o n s id e re d  (7 )  t h a t  h ig h e r  quench ing  te m p e ra ­

t u r e s  move th e  b e g in n in g  o f  th e  v a r io u s  i s o th e r m a l  t r a n s f o rm a ­

t i o n s  to  lo n g e r  t im e  p e r io d s  a l th o u g h  th e  e f f e c t  i s  l e s s  f o r  

th e  b a i n i t e  r e a c t i o n .  In  th e  s t e e l  s tu d ie d  th e  a c t u a l  d i f ­

f e r e n c e  i s  r a t h e r  s m a l l  and th a t  th e  h ig h e r  te m p e ra tu re s  g iv e s  

s m a l le r  la g  tim e s  may be  due to  th e  n u c le a t in g  e f f e c t  o f  th e  

s m a ll  am ounts o f  m a r t e n s i t e .

At 226°C th e  two c u rv e s  s t i l l  r e t a i n  t h e i r  same 

r e l a t i v e  p o s i t i o n s  b o th  a u s t e n i t i z i n g  te m p e ra tu re s  p ro d u c in g  

some m a r te n s i t e  b e f o r e  th e  b e g in n in g  o f  th e  b a i n i t e  t r a n s ­

f o rm a t io n .  At and below  210°C how ever th e  g r e a t e r  r a t e  o f  

m a r te n s i te  fo rm a tio n  due to  quench ing  from  760°C c a u se s  th e  

p o s i t i o n s  o f  th e  tw o cu rv e s  to  s h i f t .  At th e s e  te m p e ra tu re s  

a  g iv e n  t o t a l  am ount o f  t r a n s f o r m a t io n  o c c u rs  in  a  s h o r t e r  

tim e  when th e  lo w e r a u s t e n i t i z i n g  te m p e ra tu re  i s  u s e d .  I t  

i s  to  be n o te d  t h a t  th e  c u rv e s  f o r  e ach  is o th e r m a l  decom posi­

t i o n  te m p e ra tu re  a r e  a lm o st p a r a l l e l  and t h a t  th e y  may be 

made to  a lm ost c o in c id e  i f  t h e  b a i n i t e  r e a c t i o n  i s  c o r r e c te d  

f o r  th e  d i f f e r e n c e s  i n  th e  i n i t i a l  am ounts o f  m a r t e n s i t e .

T h is  I s  b ro u g h t  o u t more c l e a r l y  i f  t h e  d a t a  f o r  t h e  b a i n i t e
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t r a n s f o r m a t io n  i s  ta k e n  a lo n e  and p l o t t e d  a s  a  c o n t in u a t io n  

o f  t h e  c o n v e n tio n a l t im e - te m p e r a tu r e - t r a n s f o r m a t io n  cu rv e  in to  

th e  m a r te n s i te  r e g io n  a s  shown i n  F ig u re  1 5 . The b e g in n in g  

t im e s  and th e  tim e s  f o r  50% t r a n s f o r m a t io n  o f  t h e  re m a in in g  

a u s t e n i t e  a f t e r  th e  f o rm a t io n  o f  m a r te n s i t e  a r e  p l o t t e d .  The 

e x tre m e ly  lo n g  tim e s  r e q u i r e d  f o r  th e  c o m p le tio n  o f  th e  r e a c ­

t i o n  a t  th e  low er te m p e ra tu re s  p re v e n te d  th e  d e te r m in a t io n  o f  

th e  en d in g  t im e s .  Some o f  th e  s t r u c t u r e s  r e s u l t i n g  from  

a u s t e n i t i z i n g  a t  1050° and  760°C and i s o th e r m a l ly  tra n s fo rm in g  

- a t  1 86°C a r e  shown i n  F ig u re s  16 to  2 1 .

W ith th e  e x c e p t io n  o f  t r a n s f o rm a t io n  a t  210°C, th e  

c u rv e s  f o r  th e  two d i f f e r e n t  a u s t e n i t i z i n g  te m p e ra tu re s  a lm o st 

c o in c id e .  Around 210°C th e  p re s e n c e  o f  m a r te n s i t e  seems to  

a c c e l e r a t e  th e  f o rm a tio n  o f  b a i n i t e ,  c a u s in g  th e  t r a n s f o rm a ­

t i o n  t o  s t a r t  a t  a b o u t th e  same tim e  i t  h a d  a t  s l i g h t l y  

h ig h e r  te m p e r a tu r e s .  E lm en d o rf (29) h a s  shown t h a t  v a r io u s  

am ounts o f  m a r te n s i t e  w i l l  in c r e a s e  th e  r a t e  o f  t r a n s f o r m a t io n  

o f  a u s t e n i t e  above th e  Mg te m p e ra tu re .  H ere i t  w ou ld  seem

t h a t  th e  r a t e  o f  m a r t e n s i t e  fo rm a tio n  j u s t  below  t h e  Mos
te m p e ra tu re  I s  to o  low  to  e f f e c t  th e  b a i n i t e  f o rm a t io n  u n t i l

1% o r  Q>% i s  fo rm ed  a t  226°C . As th e  te m p e ra tu re  i s  th e n

d ro p p ed  to  210°C enough m a r te n s i t e  fo rm s  to  a c c e l e r a t e  th e

fo rm a tio n  o f  b a i n i t e  and th u s  cau se  a  s h a rp  change i n  th e

s lo p e  o f  th e  cu rv e  r e p r e s e n t in g  th e  b e g in n in g  o f  b a i n i t e

fo rm a tio n  a t  v a r io u s  te m p e ra tu re 3 . When an  a u s t e n i t i z i n g

te m o e ra tu re  o f  760°C I s  u se d  th e  M p o in t  I s  lo w er b u t  th e  * s
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P i g .  1 6 . M a r te n s i te  form ed on c o o lin g  

0 .8 0 #  c a rb o n  to  186°C. A u s t.  Temp. 1 0 5 0 °0 . 

36# m a r t e n s i t e .  300X

F ig .  1 7 . Same a s  F ig .  1 6 . A u s t .  Temp. 

760°C . 47# m a r te n s i t e .  300X
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P ig .  1 8 . 0 .8 0 $  ca rb o n  s t e e l  quenched

to  186°C. H eld  45 m in . A u s t. Temp. 

1050°C . 51$ T ra n s fo rm a tio n . SOQX

P ig .  1 9 . Same a s  P ig .  1 8 . A u s t. Temp. 

760°C . 62$ T ra n s fo rm a tio n . 50QX
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P ig .  2 0 . Same a s  P i g .  1 8 . Time 240 

m in u te s .  82$  T ra n s fo rm a tio n .  300X

P i g .  2 1 . Same a s  P i g .  1 9 . Time 240 

m in u te s .  92$ T ra n s fo rm a tio n .  3U0X
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r a t e  o f  m a r te n s i t e  fo rm a tio n  j u s t  below  t h i s  te m p e ra tu re  i s  

h ig h e r  r e s u l t i n g  i n  an a lm o s t im m ed ia te  e f f e c t  on th e  b a i n i t e  

f o rm a t io n .  T h is  e f f e c t  i s  s t i l l  e v id e n t  i n  th e  50# t r a n s fo rm a ­

t i o n  c u r v e s .

I t  i s  f e l t  t h a t  t h e  r e l a t i v e  i n s e n s i t i v e n e s s  o f  t h e  ' 

b a i n i t e  r e a c t i o n  to  a u s t e n i t i z i n g  te m p e ra tu re  (an d  hence  g r a i n  

s iz e )  r e f l e c t s  f u r t h e r  th e  d i f f e r e n c e  betw een  th e  p e a r l i t i c  

ty p e s  o f  t r a n s f o r m a t io n  and  t h e  b a i n i t i c  t y p e s .  P e a r l i t e  i s  

known to  n u c l e a t e  a t  t h e  g r a i n  b o u n d a r ie s  and to  grow  a s  a  

r e s u l t  o f  th e  d i f f u s i o n  o f  c a rb o n . The b a i n i t e  r e a c t i o n  seems 

t o  s t a r t  more th ro u g h o u t  th e  g r a in s  and i f  i t  i s  t r a n s f o rm a ­

t i o n  o f  a u s t e n i t e  I n to  f e r r i t e  o f  t h e  same carb o n  c o n te n t  

th e n  the. amount o f  c a rb o n  d i f f u s io n  r e q u i r e d  f o r  th e  t r a n s ­

fo rm a tio n  s h o u ld  b e  s m a l l .  The a c t u a l  g r a i n  s iz e  sh o u ld  th u s  

have l i t t l e  e f f e c t  on th e  t r a n s  fo rm a tio n  a s  i s  b ro u g h t 

o u t in  th e  d a t a .

3 . The E f f e c t  o f  V ary in g  Amounts o f  B a in i t e  on  th e  

Ma T em p era tu re  and on th e  R a te  o f  F o rm a tio n  o f  M a r te n s i te

The e f f e c t  o f  v a r io u s  am ounts o f  b a i n i t e  on th e  

t r a n s f o r m a t io n  o f  t h e  a u s t e n i t e  re m a in in g  a f t e r  p a r t i a l  

b a i n i t e  fo rm a tio n  was s tu d ie d  f o r  b o th  th e  0 .8 0 #  and 1 .2 5 #  

ca rb o n  s t e e l .  The te m p e ra tu re  u se d  f o r  fo rm a tio n  o f  b a i n i t e  

i n  th e  0 .8 0 #  c a rb o n  was j u s t  a t  th e  Ma te m p e ra tu re ,  242°G.

By u s in g  t r a n s f o r m a t io n  tim e s  o f  10 , 2 0 , 2 5 , and 30 m in u te s  

sam ples c o n ta in in g  10#, 47# , 72# , and 82# b a i n i t e  w ere
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o b ta in e d .  The m ic r o s t r u c tu r e s  a re  shown i n  F ig u re s  2 2 , 2 3 , 

and 2 4 . T hese am ounts o f  b a i n i t e  w ere  fo rm ed  by quench ing  

a t  242°C and  th e  m a r te n s i t e  t r a n s f o r m a t io n  c h a r a c t e r i s t i c s  

o f  th e  re m a in in g  a u s t e n i t e  w ere s tu d ie d  by  quench ing  th e  b a in ­

i t e  sam ples t o  v a r io u s  lo w er te m p e r a tu r e s .  I f  t h e  am ount o f  

b a i n i t e  p r e s e n t  a t  th e  tim e  o f  quen ch in g  i s  p l o t t e d  a g a in s t  

th e  amount o f  m a r te n s i t e  fo rm ed  on c o o l in g  to  v a r io u s  te m p e r­

a t u r e s ,  a  s e r i e s  o f  s t r a i g h t  l i n e s  r e s u l t  a s  shown i n  F ig u re  

2 6 .

T here  a r e  two t h in g s  to  be n o te d  i n  t h e s e  c u rv e s .

I n  th e  f i r s t  p la c e  th e  l i n e s  f o r  th e  amount o f  m a r te n s i te  

fo rm ed  a t  a g iv e n  te m p e ra tu re  fro m  v a r io u s  a u s t e n i t e - b a i n i t e  

m ix tu re s  a r e  p a r a l l e l  show ing t h a t  th e  same e f f e c t  i s  in v o lv e d  

a t  a l l  d e c o m p o s itio n  te m p e r a tu r e s .  I n  th e  second  p l a c e ,  th e  

b a i n i t e  r e p l a c e s  t h e  m a r te n s i t e  a lm o s t one to  o n e , i n  each  

c a s e ,  lo w e rin g  th e  te m p e ra tu re  a t  w hich  m a r te n s i t e  s t a r t s  t o  

fo rm . Thus w i th  50# b a i n i t e  p r e s e n t ,  th e  re m a in in g  a u s t e n i t e  

w i l l  n o t  s t a r t  to  t r a n s f o rm  u n t i l  t h e  sam ple i s  c o o le d  to  a 

te m p e ra tu re  c o r re s p o n d in g  to  th e  fo rm a tio n  o f  50# m a r te n s i t e .  

The i n t e r c e p t s  o f  t h e s e  l i n e s  w ith  th e  a b s c i s s a  g iv e s  th e  Mg 

te m p e ra tu re  o f  th e  r e m a in in g  a u s t e n i t e  a f t e r  th e  r e s p e c t i v e  

am ounts o f  b a i n i t e  h av e  fo rm ed . F ig u re  25 shows th e  m ic ro ­

s t r u c t u r e  f o r  th e  82# b a i n i t e  sam ple quenched to  131°C . I t  

i s  e v id e n t t h a t  i f  t h e  a u s t e n i t e  h ad  s t a r t e d  to  tra n s fo rm , 

on c o o lin g  a t  th e  o r i g i n a l  Mg te m p e r a tu re ,  th e n  t r a n s f o r m a t io n  

w ould h ave  b e e n  co m p le ted  much above 131°C .
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P i g .  2 2 . 0 .8 0 #  ca rb o n  s t e e l  i s o th e r m a l ly

tra n s fo rm e d  f o r  10 m in u te s  a t  242°C. A u s t. 

Temp. 1050°G. 10# B a i n i t e .  300X

P i g .  2 3 . Same a s  P ig .  2 2 . 20 m in u te s .

47#  B a i n i t e .  300A
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P ig .  2 4 . Same a s  P ig .  2 2 . 30 m in u te s .

82$ B a i n i t e .  300X

P ig .  2 5 . 0 .8 0 $  ca rb o n  s t e e l  t ra n s fo rm e d

i s o th e r m a l ly  a t  242°C to  fo rm  82$ b a i n i t e  

and th e n  quenched to  131°C . 300X
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Fig. 26
Effec t  of B a in i te  

on Marten*Ite Formation 
0.80% C Steel

100

131 °C15 1 °L186°

100

% Bain ite
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S in ce  th e  te m p e ra tu re  f o r  b a i n i t e  fo rm a tio n  in  th e

0 .8 0 #  carb o n  s t e e l  was c h o se n  a t  t h e  M te m p e ra tu re ,  a  c o r r e s -

p o n d in g  te m p e ra tu re  was i n i t i a l l y  ch o sen  f o r  s tu d y  w i th  th e

1 .2 5 #  ca rb o n  s t e e l .  A few  p r e l im in a r y  d e te r m in a t io n s  i n d i c a t e d

t h a t  such  a  s tu d y  c o u ld  n o t  be made to o  e a s i l y .  The tim e  f o r

fo rm a tio n  o f  th e  b a i n i t e  became e x c e e d in g ly  lo n g  and th e

e tc h in g  c h a r a c t e r i s t i c s  o f  t h i s  b a i n i t e  w ere n o t  such  as t o

a llo w  good p h o to m e te r  r e a d in g s  to  be  m ade. N e v e r th e le s s  one

o r  two q u a l i t a t i v e  d e te r m in a t io n s  were made an d  th e  r e s u l t

showed s u b s t a n t i a l  ag reem en t w ith  th e  above r e s u l t s .  The

m ic r o s t r u c tu r e  o f  t h i s  b a i n i t e  and  o f  a  b a i n i t  e -m a rte n s  i t  e

m ix tu re  i s  shown in  F ig u r e s  27 an d  2 8 . A gain  i t  i s  e v id e n t

t h a t  h ad  th e  a u s t e n i t e  s t a r t e d  t o  form  m a r te n s i t e  a t  t h e

o r i g i n a l  M te m p e r a tu r e ,  th e n  co m p le te  t r a n s f o r m a t io n  w ould s *
have o c c u re d  on c o o l in g  to  25°C . In  o r d e r  t o  i n v e s t i g a t e  more 

c o m p le te ly  th e  e f f e c t  o f  b a i n i t e  on th 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 io n  i n  th e  1 .2 5 #  ca rb o n  s t e e l  th e  b a i n i t e  was 

fo rm ed  a t  280°G . I s o th e r m a l  t r a n s f o r m a t io n  t im e s  o f  3 3 , 4 5 , 

and  65 m in u te s  p ro d u c e d  15# , 37# and 79# b a i n i t e  r e s p e c t i v e l y  

a s  shown in  F ig u re s  3 0 , 3 1 , and 3 2 . The a u s t e n i t e  accom pany­

in g  th e s e  am ounts o f  b a i n i t e  was t ra n s fo rm e d  b y  c o o lin g  to  

v a r io u s  te m p e r a tu r e s .  The d a ta  a re  p l o t t e d  i n  F ig u re  29 a s  

i n  th e  ca se  o f  th e  0 .8 0 #  ca rb o n  s t e e l  and i t  i s  im m e d ia te ly  

e v id e n t  t h a t  th e  same r e l a t i o n  h o ld s .  The m ic r o s t r u c tu r e  f o r  

th e  79# b a i n i t e  sam ple c o o le d  to  25°C to  t r a n s f o rm  th e  

re m a in in g  a u s t e n i t e  a r e  shown I n  F ig u re  3 3 . I t  I s  e v id e n t
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F i g .  2 7 .  1 .2 5 ^  ca rb o n  s t e e l  i s o t h e r m a l ly

tr a n s fo r m e d  f o r  2 0  h o u r s  a t  1 5 0 °C .3 0 0 X

F i g .  2 8 .  1 ,2 5 %  carb on  s t e e l  i s o t h e r m a l ly

tr a n s fo r m e d  f o r  2 0  h o u r s  a t  150°C  and th e n  

q u en ch ed  t o  2 5 °C . 300X.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



%
 M

ar
te

ns
it

e

80.

Effect  of Bainite 
on Martensite Formation 

1.25% C Steel

100

O/

% Bainite

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



81

' f  * £v ./ !-  A -  y  ■ ■ ' p v t r

: t - r f ^ \  I ~ ii (
' t

P ig*  30* 1 .2 5 $  ca rb o n  s t e e l  i s o th e r m a l ly

tra n s fo rm e d  33 m in u te s  a t  280°C . 15$ B a in i te
300X

P ig .  3 1 . Same a s  P ig .  30 e x c e p t  45 m in u tes  

37$ B a i n i t e .  3uOX
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8 2 .

P ig .  3 2 . Same a s  P ig .  31 e x c e p t 65 m in u te s  

79$ B a i n i t e .  50GX

c o o le d  to  25°C.30UX
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t h a t  th e  b a i n i t e  h a s  g r e a t l y  r e p r e s s e d  th e  t r a n s f o r m a t io n  to  

m a r t e n s i t e .

The d a t a  f o r  th e  b a i n i t e  fo rm a tio n  and th e  e f f e c t  

o f  v a r io u s  am ounts o f  b a i n i t e  on th e  a u s te 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 io n  a r e  g iv e n  i n  T a b le s  I I I  and IV»

A c a r e f u l  e x a m in a tio n  o f  th e s e  m ixed s t r u c t u r e s  

gave l i t t l e  in f o r m a t io n  upon w h ic h  any  th e o r y  e x p la in in g  

th e  r e s u l t s  c o u ld  b e  d e v e lo p e d . I t  w ould  seem t h a t  th e  

. b a i n i t e  i n  b e in g  some ty p e  o f  s u p e r s a t u r a t e d  f e r r i t e  was 

c a p a b le  o f  r e p la c in g  m a r te n s i te  i n  so  f a r  a s  th e  c o u rse  o f  

t r a n s f o r m a t io n  o f  th e  re m a in in g  a u s t e n i t e  on c o n tin u o u s  

c o o l in g  was c o n c e rn e d . T h is  le a v e s  much to  be e x p la in e d  

b u t th e  d a ta  a v a i l a b l e  a r e  n o t s u f f i c i e n t  to  a llo w  a more 

com ple te  a n a l y s i s .  As was m e n tio n e d  i n  th e  t h e o r e t i c a l  

p o r t io n  o f  t h i s  d i s s e r t a t i o n ,  i t  h a s  b een  p ro p o sed  t h a t  th e  

c a rb o n  r a p i d l y  d i f f u s e s  from  th e  s u p e r s a tu r a te d  f e r r i t e  

i n to  th e  s u r ro u n d in g  a u s t e n i t e .  The M_ te m p e ra tu re  o f  

th e  re m a in in g  a u s t e n i t e  w ould th e n  b e  lo w e re d . Two arg u m en ts  

can  b e  made a g a i n s t  su c h  a  th e o r y  e x p la in in g  th e  o b se rv e d  

r e s u l t s .  . I n  th e  f i r s t  p la c e ,  i t  i s  n o t p ro b a b le  t h a t  th e  

M w ould b e  lo w e re d  p r o p o r t io n a te  t o  th e  amount o f  b a i n i t e  

an d , i n  th e  seco n d  p la c e ,  th e  d i f f u s i o n  r a t e s  a t  such  low 

te m p e ra tu re s  a r e  so  sm a ll t h a t  l i t t l e  g e n e r a l  in c r e a s e  i n  

ca rb o n  c o n te n t  c o u ld  o ccu r n o r  i s  th e  s o l u b i l i t y  o f  ca rb o n  

i n  a u s t e n i t e  known a t  th e s e  low tem per a t t i r e  s .

E lm e n d o r f 's  (29) r e s u l t s  on th e  e f f e c t  o f  m a r te n s i t e
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on th e  fo rm a tio n  o f  b a i n i t e  i n d i c a t e d  t h a t  t h e  m a r te n s i te  

a c c e l e r a t e d  th e  d e c o m p o s itio n  o f  th e  re m a in in g  a u s te n i t e  

r a th e r  th a n  f u n c t io n  a s  an e q u iv a le n t  am ount o f  b a i n i t e .  I t  

i s  i n t e r e s t i n g  to  n o te  t h a t  i n  t h i s  i n v e s t i g a t i o n  w here th e  

e f f e c t  o f  th e  b a i n i t e  on th e  m a r t e n s i t e  t r a n s f o r m a t io n  was 

s tu d ie d ,  th e  b a i n i t e  d i d  f u n c t io n  a s  an e q u iv a le n t  amount o f  

m a r te n s i t e .

4 .  The E f f e c t  o f  H o ld in g  Times J u s t  Above th e  M_s
T em pera tu re  on th e  Mg T em p era tu re  and on th e  R a te  o f  Forma­

t i o n  o f  M a r te n s i te .

Sam ples o f  b o th  s t e e l s  w ere h e ld  j u s t  above t h e i r  

r e s p e c t iv e  Mg te m p e ra tu re s  f o r  p e r io d s  o f  tim e  up u n t i l  th e  

b e g in n in g  o f  i s o th e r m a l  t r a n s f o r m a t io n  to  b a i n i t e .  From 

th e s e  te m p e ra tu re s  and f o r  t h e  v a r io u s  t im e s , sam p les  w ere 

quenched to  s e v e r a l  d i f f e r e n t  te m p e ra tu re s  in  th e  m a r te n s i t e  

r a n g e .  In  a l l  i n s t a n c e s  th e  r e s u l t s  w ere th e  same a s  i f  th e  

sam ples h ad  b e en  c o o le d  d i r e c t l y .  These r e s u l t s  a r e  i n  

agreem ent w ith  th e  r e s u l t s  o f  Zm eskal (27) on a  h ig h  c a rb o n -  

h ig h  chromium i n  w h ic h  h o ld in g  a t  room  te m p e ra tu re  h ad  no 

e f f e c t  on th e  s u b se q u e n t m a r te n s i t e  fo rm a tio n  so lo n g  a s  a 

s u f f i c i e n t l y  h ig h  a u s t e n i t i z i n g  te m p e ra tu re  was u s e d  to  make 

th e  s t e e l  c o m p le te ly  a u s t e n i t i c  a t  room te m p e r a tu r e .

5 .  E f f e c t  o f  H o ld ing  Times in  th e  M -  M_ T em p era tu re
S  X

Range on th e  C o n tin u a tio n  o f  th e  A u s te n i te - M a r te n s i te  T ra n s ­

fo rm a tio n .
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Most o f  th e  e x p e r im e n ta l  w ork p e r t a i n in g  to  t h i s  

v a r i a b l e  was c o n f in e d  to  th e  1 .2 5 $  c a rb o n  s t e e l .  Some d a ta  

how ever w ere o b ta in e d  on th e  0 .8 0 $  carb o n  s t e e l .  The e x p e r i ­

m e n ta l p ro c e d u re  was to  quench s a n p le s  down to  a  d e f i n i t e  

te m p e ra tu re  i n  th e  m a r te n s i t e  ra n g e  and to  h o ld  them  a t  t h i s  

te m p e ra tu re  f o r  le n g th s  o f  tim e  u p  to  th a t  a t  w hich  t r a n s ­

fo rm a tio n  to  b a i n i t e  w ould b e g in .  T hese  sam ples w ere th e n  

quenched down to  some o th e r  lo w er te m p e ra tu re ,  te m p e re d , and 

th e n  quenched t o  room te m p e r a tu r e s .  The amounts o f  t r a n s ­

fo rm a tio n  w ere th e n  com pared to  th e  am ounts t h a t  w ere  o b ta in e d  

on  d i r e c t  q u en ch in g  to  th e  lo w e r o f  th e  two te m p e r a tu re s .  In  

t h i s  m anner any a f f e c t  o f  th e  h o ld in g  tim e  co u ld  b e  m ea su red . 

The d a ta  f o r  b o th  s t e e l s  a r e  g iv e n  i n  T a b le  V.

H o ld in g  sam p les  o f  t h e  0 .8 0 $  ca rb o n  s t e e l  a t  tem ­

p e r a tu r e s  above 150°C had  no m e a su ra b le  e f f e c t  on th e  c o n t in ­

u a t io n  o f  th e  t r a n s f o r m a t io n  to  m a r te n s i t e  a t  any low er 

te m p e r a tu r e .  At 150°C sam ples c o u ld  be h e ld  a t  te m p e ra tu re  

up  to  2 h o u rs  w i th  64$ m a r te n s i te  p r e s e n t .  Sam ples w ere 

h e ld  1 h o u r and 2 h o u rs  and th e n  quenched  to  130°C w here 

n o rm a lly  82$ o f  m a r te n s i te  w ould fo rm  on d i r e c t  c o o l in g .

The sam ple h e ld  f o r  1 h o u r a t  150°C re d u c e d  th e  amount o f  

t r a n s f o r m a t io n  a t  130°C to  78$ and  th e  2 h o u r sam ple to  71$ 

m a r t e n s i t e .  The m ic r o s t r u c tu r e s  o f  th e  d i r e c t l y  quenched  

sam ple and th e  one h e ld  f o r  2 h o u rs  a t  150°C a re  shown i n  

F ig u re s  34 and 3 5 .  I f  th e  same h o ld in g  tim e s  and  te m p e ra tu re s  

a re  u s e d  b u t  t h e  sampj.es th e n  quenched  to87°C  w hich was n e a r
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P ig .  3 4 . M a r te n s i te  fo rm a tio n  i n  0 .8 0 $  

ca rb o n  s t e e l  quenched t o  131°C . 300X

P ig .  3 5 . Same a s  F ig .  39- e x c e p t h e ld  a t  

150°C f o r  2 h o u rs  and th e n  quenched  to  

130°C . 50 OX
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th e  Mf  te m p e r a tu re ,  th e n  no s t a b i l i z i n g  e f f e c t  was o b s e rv e d . 

A lth o u g h  th e s e  d a t a  a r e  n o t s u f f i c i e n t  to  show th e  co m p le te  

re s p o n s e  o f  t h i s  s t e e l  to  v a r io u s  ty p e s  o f  s t a b i l i z a t i o n  t r e a t ­

m en ts , c e r t a i n  c o n c lu s io n s  and s p e c u la t io n s  may be  made.

S in ce  no s t a b i l i z a t i o n  was o b ta in e d  f o r  te m p e ra tu re s  

above 150°C, i t  w ould  seem  t h a t  th e s e  h ig h e r  te m p e ra tu re s  

e i t h e r  do n o t  a l lo w  enough m a r te n s i t e  to  be fo rm ed  to  cau se  

s t a b i l i z a t i o n  o r  th e  h ig h e r  te m p e ra tu re s  do n o t  a llo w  th e  

e s ta b l i s h m e n t  o f  th e  s t r e s s  d i s t r i b u t i o n  to  w hich  s t a b i l i z a ­

t i o n  phenomena have b e e n  a t t r i b u t e d .  F u rth e rm o re  s in c e  h o ld in g  

a t  150°C r e t a r d s  th e  t r a n s f o r m a t io n  a t  130°C b u t  n o t  a t  8 7 °C, 

th e  s t a b i l i z i n g  e f f e c t  i s  one o f  r e t a r d i n g  th e  t r a n s f o r m a t io n .  

On c o o l in g ,  t r a n s f o r m a t io n  i s  resum ed  a t  some low er te m p e ra ­

t u r e  a f t e r  w hich i t  p r o g r e s s e s  more r a p i d l y  th a n  tinder d i r e c t  

q u en ch in g  u n t i l  t r a n s f o r m a t io n  i s  co m p le te  a t  t h e  norm al 

te m p e r a tu re .  F u r th e rm o re , a t  150°C th e  t im e  o f  h o ld in g  i s  

r e s t r i c t e d  to  two h o u rs  and to  s h o r t e r  t im e s  a t  h ig h e r  te m p e ra ­

t u r e s  w hich  a s  a  v a r i a b l e  l i m i t s  th e  maximum amount o f s t a b i l i ­

z a t i o n  t h a t  m ight b e  e x p e c te d .

More e x te n s iv e  s t a b i l i z a t i o n  s tu d i e s  w ere made on  

th e  1 .2 5 % c a rb o n  s t e e l  b ec au se  sam p les  c o u ld  be h e ld  a t  th e  

v a r io u s  te m p e ra tu re s  f o r  lo n g e r  p e r io d s  o f  tim e  w ith o u t 

th e  fo rm a tio n  o f b a i n i t e .  The e f f e c t s  o f  s t a b i l i z i n g  a t  

h ig h e r  te m p e ra tu re s  w ere  s tu d ie d  w i th  r e s p e c t  to  th e  amount 

o f  t r a n s f o r m a t io n  a t  2 5 °C and -1 5 °C . Sam ples h e ld  a t  130°C 

f o r  2 h o u rs  and a t  107°C f o r  a s  lo n g  a s  18 h o u rs  h a d  no
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e f f e c t  on th e  amount o f  t r a n s f o r m a t io n  a t  t h e s e  two low er 

te m p e r a tu re s .  These r e s u l t s  a r e  i n  l i n e  w i th  th o s e  fo u n d  i n  

s tu d y in g  th e  0 .8 0 #  cartoon s t e e l .  S in ce  th e s e  te m p e ra tu re s  

a r e  low er th a n  th e  o n es  w h ich  p ro d u ced  some s t a b i l i z a t i o n  i n  

th e  0 .8 0 #  carb o n  s t e e l ,  i t  w ould seem t h a t  a  c e r t a i n  amount 

o f  m a r te n s i te  i s  r e q u i r e d  a t  t h e  h o ld in g  te m p e ra tu re  b e fo re  

s t a b i l i z a t i o n  o c c u r s .

When sam ples w ere  h e ld  a t  88°C and th e n  c o o le d  down 

to  24°C, some s t a b i l i z a t i o n  o c c u re d . On d i r e c t  quen ch in g  to  

24°C , 83# o f  th e  a u s t e n i t e  t r a n s fo rm s  to  m a r t e n s i t e .  H o ld in g  

th e  sam ple a t  88°C (38#  b a i n i t e )  f o r  1 m in u te  b e f o r e  quench­

in g  down to  th e  low er te m p e r a tu re  h as  no e f f e c t  on th e  amount 

o f  t r a n s f o r m a t io n .  The r e s u l t s  f o r  h o ld in g  lo n g e r  p e r io d s  

o f  tim e  a t  88°C a re  a s  f o l lo w s ;

Time a t  88°C #  T ra n s fo rm a tio n  I n c re a s e  i n  #  m a r te n s i te
a t  2 4 °C on c o o l in g  to  25°G

5 m in u te s  76# 38#

15 m in u te s  72# 34#

2 h o u rs  67# 29#

12 h o u rs  76# 38#

24 h o u rs  75# 37#

These d a ta  show t h a t  t h e r e  i s  a  d e f i n i t e  e f f e c t  on th e  t r a n s ­

fo rm a tio n  i f  th e  sam ple i s  h e ld  a t  t h i s  te m p e ra tu re  f o r  o n ly  

15 m in u te s .  The e f f e c t  becom es g r e a t e r  a t  2 h o u rs  and th e n  

d e c re a s e s  a f t e r  a lo n g e r  p e r io d  o f  t im e . T hese d e te r m in a t io n s  

w ere  d u p l ic a te d  i n  o r d e r  to  make su re  t h a t  in te r m e d ia te  tim es
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o f  h o ld in g  p ro d u ced  th e  g r e a t e s t  change i n  th e  t o t a l  amount 

o f  m a r te n s i t e  fo rm ed . F ig u re  36 shows th e  x n ic ro s tru c tu re  o f  

th e  d i r e c t l y  quenched  sam ple which, may be com pared to  th e  one 

h e ld  f o r  2 h o u rs  a t  88°C b e f o re  q u en c h in g , th e  l a t t e r  m ic ro ­

s t r u c t u r e  b e in g  shown in  F ig u re  3 7 .

I f  th e  te m p e ra tu re  a t  w h ich  th e  sam p les  a re  h e ld  

b e f o re  quench ing  i s  lo w ered  to  57°C, th e  f o l lo w in g  r e s u l t s  a re  

o b ta in e d :

Time a t  57 °C % T ra n s fo rm a tio n  
a t  25°C

I n c r e a s e  i n  % m a r te n ­
s i t e  on c o o lin g  to  25°

1 m in u te *79% 18

2 .5  m in u te s 72% 11

15 m in u te s 61% 0

2 h o u rs 62% 1

4 h o u rs 59% 0

12 h o u rs 60% 0

21 h o u rs 62% 0

The am ount o f  m a r te n s i te  fo rm ed  on d i r e c t  q u en ch in g  was 83% 

a s  b e f o r e .  The amount o f  m a r te n s i t e  fo rm ed  on d i r e c t  quench­

in g  to  57°C was fo u n d tto  b e  61%, Thus h o ld in g  sam ples a t  t h i s  

l a t t e r  te m p e ra tu re  f o r  a s  s h o r t  a s  15 m in u te s  was s u f f i c i e n t  

to  c o m p le te ly  s t a b i l i z e  th e  re m a in in g  a u s t e n i t e  w i th  r e g a r d  

to  i t s  t r a n s f o r m a t io n  on c o o l in g  to  24°C . Longer h o ld in g  

tim e s  th a n  th o s e  s tu d ie d  m ig h t re d u c e  t h i s  s t a b i l i z i n g  

e f f e c t  a s  was th e  ca se  on h o ld in g  a t  88°G . The m ic r o s t r u c tu r e  

o f  th e  15 m in u te  sam ple i s  shown I n  F ig u re  38 and may be com pared
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P ig .  3 6 . 1 .2 5 $  ca rb o n  s t e e l  quenched  to

24°C . 83$ m a r t e n s i t e .  SouX

P ig .  3 7 . Same a s  P ig .  36 e x c e p t sam ple 

h e ld  2 h o u rs  a t  88°G and th e n  quenched 

to  24 °C . 50uX
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P ig .  3 8 . 1 .2 5 $  c a rb o n  s t e e l  h e ld

15 m in u te s  a t  5 7 °C and th e n  quenched 

to  2 4 °C. 300X
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to  th e  d i r e c t l y  quenched  s t r u c t u r e  I n  F ig u re  3 7 .

I n  o r d e r  t o  c o n tin u e  th e s e  s tu d i e s  a t  lo w er 

te m p e ra tu re s  an  ice-am raonium  c h lo r id e  m ix tu re  was u s e d  g iv in g  

a te m p e ra tu re  o f  -15°G . Sam ples w ere h e ld  a s  b e fo re  a t  88° 

and 57°C and  I n  a d d i t io n  s e v e r a l  sp ec im ens w ere h e ld  a t  2 4 °C 

b e fo re  f u r t h e r  c o o l in g .  On d i r e c t  q u en ch in g  to  -15°C  91$ 

m a r te n s i te  was fo rm ed . H o ld in g  th e  sam ples a t  88°C f o r  

v a r io u s  l e n g th s  o f  tim e  s c a r c e ly  a f f e c t e d  th e  amount n o rm a lly  

form ed a t  -1 5 °C , 89$ t r a n s f o r m a t io n  b e in g  o b ta in e d  r a t h e r  

th a n  91$ . On h o ld in g  a t  57 °G f o r  t im e s  up  to  12 h o u r s ,  th e  

amount o f  t r a n s f o r m a t io n  was re d u c e d  to  85$ on c o o lin g  to  

- 1 5 °C. S in ce  t h i s  h o ld in g  te m p e ra tu re  h a d  c o m p le te ly  

s t a b i l i z e d  th e  u n tra n s fo rm e d  a u s t e n i t e  on  c o o lin g  to  24°C, 

th e  t r a n s f o rm a t io n  to  m a r te n s i t e  m ust h a v e  a g a in  s t a r t e d  a t  

some te m p e ra tu re  below  24°G . To v a r i f y  t h i s  a  sam ple was 

h e ld  f o r  105 m in u te s  a t  56°C and th e n  quenched  to  5°C . The 

sam ple showed a  t o t a l  t r a n s f o r m a t io n  o f  72$ m a r te n s i t e  w hich  

in d i c a t e s  t h a t  th e  t r a n s f o r m a t io n  h ad  a g a in  s t a r t e d  a t  some 

te m p e ra tu re  b e tw een  5 °  and 246C and m ust th e n  p ro c e e d  a t  an

a c c e l e r a t e d  r a t e  g iv in g  85$ t r a n s f o r m a t io n  a t  -15°C .
«

A s e r i e s  o f  sam p les  was th e n  h e ld  a t  24°C b e f o re  

c o o lin g  down to  -15°C  i n  o r d e r  t o  d e te rm in e  th e  room te m p e ra ­

tu r e  s t a b i l i z a t i o n .  The f o l lo w in g  r e s u l t s  w ere o b ta in e d :
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Time a t  24°C #  T ra n s fo rm a tio n
a t-1 5 °C

I n c re a s e  i n  #  m a r te n s i t e  
on c o o lin g  to  - 1 5 °C

85 m in u te s 91#

105 m in u te s

12 h o u rs

15 m in u te s 87#

83#
82#

4

0

0

15 m in u te s  a t  room  te m p e ra tu re  w ere  th u s  s u f f i c i e n t  to  h ave  

some s t a b i l i z i n g  e f f e c t  on c o o lin g  to  -15°C  and 105 m in u te s  

w ere s u f f i c i e n t  to  c o m p le te ly  s t a b i l i z e  th e  a u s t e n i t e  on c o o l­

in g  th ro u g h  t h i s  te m p e ra tu re  r a n g e .

These r e s u l t s  on a u s t e n i t e  s t a b i l i z a t i o n  a s  a  r e s u l t  

o f  h o ld in g  m a r t e n s i t e - a u s t e n i t e  m ix tu re s  a t  v a r io u s  te m p e ra ­

t u r e s  b r in g  up  a number o f  f a c t s  w h ich  may be d is c u s s e d  i n  a  

g e n e r a l  m anner. B ased  upon  th e  r e s u l t s  o b ta in e d  from  a  s tu d y  

o f  th e s e  tw o s t e e l s ,  i t  seems t h a t  a  d e f i n i t e  amount o f  m ar­

t e n s i t e  m ust b e  p r e s e n t  b e f o r e  h o ld in g  a t  any te m p e ra tu re  

w i l l  s t a b i l i z e  th e  t r a n s f o r m a t io n  o f  th e  re m a in in g  a u s t e n i t e . 

I f  th e  te m p e ra tu re  a t  w hich  s u f f i c i e n t  a u s t e n i t e  can be  ob ­

ta in e d  i s  h ig h  enough , t h e r e  a p p e a r s  to  be  an optimum tim e  

w hich  w i l l  p ro d u ce  th e  maximum s t a b i l i z a t i o n .  On th e  b a s i s  

t h a t  s t a b i l i z a t i o n  i s  d u e  to  a  s t r e s s  r e d i s t r i b u t i o n  fo l lo w ­

in g  some i n i t i a l  m a r te n s i t e  f o r m a t io n ,  a  d e f i n i t e  tim e seem s 

to  b e  r e q u i r e d  to  e s t a b l i s h  su ch  s t r e s s  c o n d i t io n .  At th e s e  

h ig h e r  te m p e ra tu re s  some te m p e r in g  may o c c u r  i n  tim e  w hich  

f u r t h e r  changes th e  s t r e s s  d i s t r i b u t i o n  and d e c re a s e s  th e  

s t a b i l i z a t i o n  o f  th e  a u s t e n i t e .  I t  i s  p ro p o sed  th a t  lo n g e r
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t im e s  w ould  c a u se  a  d e c re a s e  in  th e  s t a b i l i z a t i o n  o f  th e  

a u s t e n i t e  o f  th e  0*80$ ca rb o n  s t e e l  h e ld  a t  150°C i f  i t  w ere 

n o t  f o r  th e  f a c t  t h a t  h o ld in g  tim e s  a r e  r e s t r i c t e d  to  two 

h o u rs  due t o  th e  b e g in n in g  o f  fo rm a tio n  o f  b a i n i t e .  The 1 .2 5 $  

c a rb o n  s t e e l  h e ld  a t  57°C d id  n o t show th e  d e c re a se  i n  s t a ­

b i l i z i n g  te n d e n c y  a t  th e  end o f  21 h o u r s .  I t  seem s p o s s ib le  

t h a t  th e  lo w er te m p e ra tu re  w ould n o t  a llo w  th e  te m p e rin g  to  

o c c u r  t h a t  h ad  ta k e n  p la c e  a t  th e  h ig h e r  te m p e ra tu re  sam p les  

an d * th u s  no change i n  th e  s t a b i l i z a t i o n  te n d e n c ie s  w ould be  

e x p e c te d .

6 .  The E f f e c t  o f  Time a t  th e  A u s te n i t i z in g  T em p era tu re

on th e  M T e m p e ra tu re  and on th e  R a te  o f  M a r te n s i te  F o rm a tio n , s

Since^nost o f  th e  w ork  r e p o r t e d  i n  t h i s  d i s s e r t a t i o n  

was c o n f in e d  to  d e c o m p o s itio n  s tu d i e s  o f  hom ogeneous a u s t e n i t e ,  

few  s tu d i e s  w ere made on th e  e f f e c t  o f  tim e  a t  th e  a u s t e n i t i z ­

in g  te m p e r a tu re .  I n  o rd e r  to  a l lo w  r a p i d  h e a t in g  t o  th e  a u s ­

t e n i t i z i n g  te m p e r a tu re ,  sam ples o f  t h e  0 .8 0 $  carb o n  s t e e l  

w ere c u t 0 .0 1 3 ” t h i c k .  H e a tin g  o n ly  two m in u te s  a t  1050°0 was 

s u f f i c i e n t  to  g iv e  th e  same amount and  u n ifo r m ity  o f  m a r te n ­

s i t e  a t  th e  M= te m p e ra tu re  a s  lo n g e r  a u s t e n i t i z i n g  te m p e r a tu r e s .  

The e f f e c t  o f  tim e  a t  th e  lo w e s t  a u s t e n i t i z i n g  te m p e ra tu re ,

735°C, s h o u ld  b e  m ost p ronounced  s in c e  th e  d i f f u s i o n  r a t e s  

w ould be lo w e s t a t  t h i s  t e m p e r a tu r e . Sam ples were h e ld  a t  

t h i s  te m p e ra tu re  f o r  1 5 ’ , 3 0 ' ,  and  4 5 ’ and th e n  quenched to  

210°C . For each  t im e  th e  same am ount o f  t r a n s f o r m a t io n  f25$)

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



95

was o b ta in e d  show ing th a t  a t  t h i s  te m p e ra tu re  15 m in u te s  was 

s u f f i c i e n t  t o  p ro d u ce  homogeneous a u s t e n i t e  from  th e  o r i g i n a l  

n o rm a liz e d  s t r u c t u r e s .

7 .  The E f f e c t  o f  V ary ing  Amounts o f  M a r te n s i te  on th e  

T ra n s fo rm a tio n  o f  A u s te n ite  R e ta in e d  A f te r  T em pering .

I t  was n o t in te n d e d  t o  s tu d y  t h i s  v a r i a b l e  i n  t h i s  

i n v e s t i g a t i o n  b u t  a few  d e te r m in a t io n s  w ere m ade, th e  r e s u l t s  

o f  w h ich  may b e  a t  l e a s t  q u a l i t a t i v e l y  s t a t e d .  The p ro c e d u re  

was to  quench  th e  a u s t e n i t l z e d  sam ple to  some te m p e ra tu re  

below  th e  M_ te m p e ra tu re ,  tem per f o r  5 o r  6 seco n d s a t  280°C, 

c o o l a g a in  to  th e  i n i t i a l  quen ch in g  te m p e ra tu re ,  tem per a g a in  

and th e n  q u e n c h . The r e s u l t s  i n d i c a t e  t h a t  t h e  a u s t e n i t e  

h e ld  a t  th e  te m p e r in g  te m p e ra tu re  f o r  o n ly  5 o r  6 seco n d s 

r a i s e s  s l i g h t l y  th e  te m p e ra tu re  f o r  th e  c o n t in u a t io n  o f  

t r a n s f o r m a t io n  on a g a in  c o o l in g .  F o r  exam ple an 0,80%  c a rb o n  

s t e e l  sam ple  w as quenched to  151°C, te m p e re d , and a g a in  c o o le d  

to  151°C b e f o r e  a g a in  b e in g  tem p e red  and quenched to  room 

te m p e r a tu r e .  E x am in a tio n  o f  th e  sam ple  shows th a t  on  th e  

seco n d  c o o l in g  to  151°C 5% a d d i t i o n a l  m a r te n s i te  h ad  fo rm e d .
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CONCLUSIONS

The e f f e c t s  o f  s e v e r a l  v a r i a b l e s  on th e  a u s t e n i t e -  

b a i n i t e  and a u s te 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 io n s  have b een  

i n v e s t i g a t e d  f o r  s t e e l s  o f  tw o d i f f e r e n t  c a rb o n  c o n te n t s .

The d a ta  p e rm it ' th e  fo l lo w in g  c o n c lu s io n s  t o  b e  draw n:

1 . For a  p l a i n  ca rb o n  s t e e l  o f  e u t e c t o i d  c o m p o s itio n , 

th e  M te m p e ra tu re  i n c r e a s e s  w ith  a u s t e n i t i z i n g  te m p e ra tu re  

up  to  an a u s t e n i t i z i n g  te m p e ra tu re  o f  815°C and i s  t h e r e a f t e r  

in d e p e n d e n t o f  th e  a u s t e n i t i z i n g  te m p e r a tu re .  On in c r e a s in g  

th e  a u s t e n i t i z i n g  tem p era tx ire  from  735°C to  815®C, th e  M
Ji

te m p e ra tu re  in c r e a s e s  fro m  228°C to  242°C . The i n i t i a l  fo rm a­

t i o n  o f  m a r te n s i te  w ith  d e c re a s e  in  te m p e ra tu re  i s  g r e a t e r  

f o r  th e  low er a u s t e n i t i z i n g  te m p e r a tu r e s .

2 . F or a p l a i n  c a rb o n  s t e e l  o f  e u t e c t o i d  c o m p o s itio n , 

th e  a u s te n i t e  re m a in in g  a f t e r  q u en ch in g  to  v a r io u s  te m p e ra tu re s  

below  the  Mg te m p e ra tu re  w i l l  t ra n s fo rm  i s o th e r m a l ly  to  b a in -  

i t e  a f t e r  a  d e f i n i t e  la g  t im e . I n  th e  p re s e n c e  o f  d i f f e r e n t  

am ounts o f  m a r te n s i te  fo rm ed a t  th e  same te m p e ra tu re  by u s in g  

d i f f e r e n t  a u s t e n i t i z i n g  te m p e ra tu re s ,  th e  b e g in n in g  o f  th e  

b a i n i t e  fo rm a tio n  o c c u rs  a t  ab o u t th e  same tim e  and c o n tin u e s  

to  fo rm  a t  a  r a t e  r e l a t i v e l y  in d e p e n d e n t o f  th e  i n i t i a l  am ounts 

o f  m a r te n s i t e .  I n  th i3  s t e e l ,  sm a ll am ounts o f  m a r te n s i te  

j u s t  below  th e  M_ te m p e ra tu re  a r e  c a p a b le  o f  a c c e l e r a t i n g  th e  

b e g in n in g  o f  t r a n s f o r m a t io n  to  b a i n i t e .

96 .
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3 .  F o r b o th  t h e  0 .8 0 $  and 1 .2 5 $  ca rb o n  s t e e l s ,  p a r t i a l  

i s o th e r m a l  t r a n s f o r m a t io n  to  b a i n i t e  lo w e rs  th e  Mg te m p e ra tu re  

f o r  th e  re m a in in g  a u s t e n i t e  to  a te m p e ra tu re  w hich w ould  have 

a llo w e d  an  am ount o f  m a r te n s i t e  to  fo rm  e q u a l t o  th e  amount

o f  b a i n i t e  p r e s e n t  b e fo re  c o n t in u in g  th e  c o o l in g .

4 .  F or b o th  th e  0 .8 0 $  and 1 .2 5 $  ca rb o n  s t e e l s ,  h o ld in g

sam ples j u s t  above th e  r e s p e c t iv e  M te m p e ra tu re s  f o r  t im e ss
up  to  th o se  a l lo w in g  th e  b a i n i t e  to  fo rm  h as  no a f f e c t  on th e  

norm al t r a n s f o r m a t io n  o f  th e  a u s t e n i t e  to  b a i n i t e .

5 .  F o r b o th  th e  0 .8 0 $  and 1 .2 5 $  ca rb o n  s t e e l s ,  th e  

a u s te n i t e  re m a in in g  a f t e r  p a r t i a l  t r a n s f o r m a t io n  to  m a rte n ­

s i t e  may be s t a b i l i z e d  w ith  r e g a r d  t o  i t s  f u r t h e r  t r a n s f o rm a ­

t i o n  to  m a r te n s i te *  I t  seems th a t  a  d e f i n i t e  amount o f  m ar­

t e n s i t e  m ust b e  p r e s e n t  i f  s t a b i l i z a t i o n  I s  to  o c c u r .  At any 

te m p e ra tu re ,  t h e  e f f e c t  o f  s t a b i l i z a t i o n  in c r e a s e s  w ith  tim e  

o f  h o ld in g .  I f  th e  te m p e ra tu re  I s  s u f f i c i e n t l y  h ig h ,  th e  

s t a b i l i z a t i o n  g oes th ro u g h  a  maximum and th e n  d e c re a s e s  

p ro b a b ly  due to  th e  tem p e rin g  o f  t h e  m a r t e n s i t e .

6 .  I f  t h e  tim e  a t  te m p e ra tu re  i s  s u f f i c i e n t l y  long  

to  fo rm  hom ogeneous a u s t e n i t e ,  lo n g e r  tim e s  do n o t  a f f e c t  

th e  a u s t e n i t e - b a i n i t e  and a u s t e n i t e - m a r t e n s i t e  t r a n s fo rm a ­

t io n s  •

7 .  T em pering  m ix tu re s  o f  m a r te n s i t e  and a u s t e n i t e  f o r

5 o r 6 seco n d s above th e  M_ te m p e ra tu re  d o e s  n o t m a t e r i a l l ys
a l t e r  th e  a u s t e n i t e .  The t r a n s f o r m a t io n  o f  th e  a u s t e n i t e  to  

m a r te n s i te  a g a in  c o n tin u e s  on c o o l in g  to  th e  o r i g i n a l  te m p e ra ­

tu r e  a t  w hich  th e  a u s te n i t e - m a r t e n s i t e  h a d  b een  fo rm ed .
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Table I
I s o th e r m a l  T ra n sfo rm a tio n . D a ta

Sample Temp. Time P h o to m eter %
No. °C R ead ing T ra n s fo rm a t io n

A u s te n i t i z in g  Temp. 1050°C

242 242 10 s e c . 9 5 .5 1
243 242 3 m in . 95 1
244 242 5 m in 95 1
245 242 10 m in . 88 9
246 243 20 m in . 55 47
247 243 30 m in . 25 82
248 242 45 m in . 11 97
249 242 65 m in . 9 10Q

A u s te n i t i z in g  Temp. . 760°C

250 242 10 s e c . 96 0
251 242 5 m in . 9 5 .5 1
252 242 10 m in . 92 5
253 242 20 m in . 70 30
254 242 30 m in . 30 -76
255 242 46 m in . 12 96

A u s to n ll^ iz lti^  Tozmp •  ■ 1050°C

219 226 10 s e c . 96 7
222 226 3 m in . 89 8
223 226 5 m in . 96 7
292 227 7 m in . 9 0 .5 6 .3
296 227 3 m in . 90 7
335 226 10 m in . 89 8
333 226 20 m in . 72 28
334 227 40 m in . 26 8 0 .5
295 227 63 m in . 12 97

A u s td n lt iz in p i  Tszup*« 760°C

545 227 1 m in . 94 3
343 226 10 m in . 93 .5 3
344 226 20 m in . 86 1 1 .5
341 226 40 m in . 33 7 2 .5
347 226 80 m in . 14 94

A ust e n i  11z in g Temp. . 1050°C

277 210 10 s e c . 85 1 2 .5
278 210 5 m in . 86 1 1 .5
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Sample
No.

Temp
°C

Time P h o to m e te r %
R ead ing  T ra n s fo rm a tio n

283 210 8 m in . 8 4 .5 13
279 210 10 m in . 84 14
280 210 15 m in . 78 21
259 210 20 m in . 72 28
260 210 40  m in . 46 58
261 210 64 m in . 22 85
262 210 124 m in . 11 97

A u s te n i t i z in g Tem p.. 760°C

266 210 30 s e c . 8 0 .0 18
267 210 5 m in . 81 17
268 210 10 m in . 8 0 .5 18
269 210 15 m in . 75 24
270 210 20 m in . 63*” 38
271 210 40 m in. 34 71
272 210 60 m in . 21 87
273 210 120 m in . 12 97

A u s te n i t i z in g Tem p., 735°C

274 210 1 m in . 75 25

Tstup* a 815°C

348 210 1 m in . 87 10

A u s te n i t i z in g  Tem p.. 1 050°C

300 186 1 m in . 65 36
331 186 5 m in . 64 37
352 186 15 m in . 64 37
332 185 20 m in . 62 39
342 186 25 m in . 64 37
354 185 30 m in . 62 39
302 187 45 m in . 52 51
303 136 65 m in . 43 61
304 186 120 m in . 33 72
305 186 240 min.. 25 r \ ao c

Aus 16nli« 1 z Tsinp •« 760°C

310 186 1 m in . 55 47
320 187 20 m in . 57 45
311 186 30 m in . 54 48
312 187 45 m in . 42 62
314 186 122 m in . 25 82
315 187 240 m in . 16 92
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Sample 
 No.

Time P h o to m ete r %
______ R ead in g  T ra n s fo rm a tio n

317 136 1 m in . 48 55

A u s te n i t i z in g  Tem p..
I;

815 °C

346 186 1 m in . 64 37

4 - 4 - 4  ~ *1 HKAOri
A U U x v u w  V

357 151 1 m in. 42 62
360 151 60 m in . 41 63
378 152 120 m in . 39 66
363 151 250 m in . 36 69
361 151 600 m in . 28 78
372 151 1440 m in . 25 82

A u s te n i t i z in g Tem p.. 760°C

365 151 1 m in . 33 73
367 151 60 m in. 34 71
368 151 120 m in . 33 73
370 151 250 m in . 31 75
371 151 400 m in. 26 80
373 151 1860 m in . 21 86

A u s te n i t i z in g  Tem p.. 735°C

366 151 1 m in . 25 82

A u s t6 n lt lz ln £ t Temp*, 815°C

369 151 1 m in . 42 62

A u s te n i t i z in g  Tem p.. 1050°C

386 131 1 m in . 24 82
392 130 560 m in . 21 86
390 130 1200 m in . 20 88
396 129 2790 m in . 18 90
404 130 4200 m in . 17 91

A u s te n i t i z in g  Tem p.. 760°C

383 131 1 m in . 21 86
393 130 565 min> 19 88
391 130 1140 m in. 17 91
397 129 2640 m in . 15 93
405 130 4130 m in. 14 94
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Sample
No,

384

385

Temp. Time Piio tome t e r  %
°Q   R ead in g  T ran sfo rm atio n .

A u s te n i t i z in g  Tem n.. 735°C

131 1 m in . 14 94

A u s te n i t i z in g  Tem p.. 8 1 5 0C

131 1 m in . 26 80
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1 0 6 .

T a b le  I I

M a r te n s i te  F o rm atio n  on. D ir e c t  Q uenching 
1 .2 5 $  C arbon S t e e l

Sample Temp. Time P h o to m e te r %
No. °0 ____  R ead ing  M a rte n s ! te

A u s te n i t iz in g  Tem p.. 1050°C

377 140 1 m in . 96 1
135 M

407 107 1 m in . 83 15s
423 87 ' 1 m in . 63 38
468 57 1 m in . 42 62
459 24 1 m in . 24 83
465 -15 2 m in . 17 91

0 .8 0 $  C arbon S t e e l  

A u s te n i t i z in g  Tem p.. 105Qc>C

413 107 1 m in . 20 88
421 87 1 m in . 18 92

A u s te n i t i z in g  Tem p.. 760°C

414 107 1 m in . 16 92
419 87 1 m in . 12 97

A u s te n i t iz in g  T em p.. 735°C

415 108 1 m in . 11 98
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Table III
B a in i te  F o rm atio n  D ata

0.8G $ C

ample Temp. Time P h o to m ete r $
No. °C R ead ing B a in i te

245 242 10 m in . 88 10
246 242 20 m in . 55 47

Oic OECiU _Jr rZ*Z AU-i.il© Uv 72
247 242 30 m in. 25 82

1 .2 5 $  C

394 150 . 90 m in . A pprox. 3
398 150 193 m in. A pprox . 5
411 150 780 m in. A pprox . 15
417 150 1230 m in .

1 .2 5 $  C

430 280 33 m in . 83 15
420 280 45 m in . 64 37
434 280 65 m in . 27 79
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Table IV
D ata  on. E f f e c t  o f  B a in i te  on  M a r te n s i te  F o rm atio n

0 .8 0 $  C
Sam ple $  B a in i te  M a r te n s i te  T o ta l  $

No. a t  242°C T ran s .T em p . T r a n s . $  M a r te n s i te

A u s te n i t i z in g  T em p era tu re  1050°0

277 0 210 1 2 .5 1 2 .5
286 1 r \ 210 12 .5 EC

300 0 186 36 36
306 10 186 36 26
356 47 186 57 0

357 0 151 62 62
358 10 151 62 52
359 47 151 70 23
364 82 15.1 83 0
379 72 151 72 0

386 0 131 82 82
388 10 131 82 72
389 47 131 85 38
387 82 131 89 7

1 .2 5 $  C
Sample $  B a in i t e  M a r te n s i te  T o ta l  $

No. a t  150°C T ra n s . Temp. T ra n s .  $  M a r te n s i te

A u s te n i t i z in g  T em p era tu re  1050°C

395 3 24 83 80
399 5 24 83 78
412 15 24 87 57
418 25

$  B a in i te  
a t  28 0 °G

86

423 0 87 38 38
436 15 87 40 25
428 37 87 39 2

468 0 57 62 62
438 15 55 61 46
439 37 55 59 22

459 0 24 83 83
433 15 25 85 70
429 37 25 84 47
432 79 25 84 5
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Table V
A u s te n i te  S t a b i l i z a t i o n  D ata

A l l  A u s te n i t i z in g  T e m p e ra tu re s . 1050°C

Sample S t a b i l i z i n g  S t a b i l i z i n g  Q uenching Normal A f te r  S ta -  
No. Tem p., °C T im e ., M in. Temp. # T ra n s . b i l i z a t i o n

0 .8 0 #  0

# T ra n s .

400 150 65 130 82 78
401 150 25 130 82 71

1 .2 5 #  C

482 56 1 25 83 79
489 56 2 .5  25 83 72
477 56 15 25 83 62
471 56 15 24 83 61
479 55 120 24 83 62
460 57 240 25 83 59
461 57 720 25 83 59
484 56 720 25 83 60
442 55 1260 25 83 62

483 88 1 24 83 84
476 88 5 24 85 76
478 88 15 24 83 72
470 88 15 24 83 75
480 88 120 24 83 67
488 88 120 25 83 70
462 88 720 25 83 76
474 88 1440 25 83 75

410 107 620 25 83 84
416 107 1080 25 83

408 310 120 25 83 84

492 56 105 5 ~  72

481 25 5 -1 5  91 91
490 25 15 -1 5  91 87
491 25 105 -1 5  91 83
464 25 720 -1 5  91 82

493 56 105 -1 5  91 84
486 56 720 -1 5  91 86
467 57 900 -1 5  91 86

494 88 120 -1 5  91 90
487 88 720 -1 5  91 88
466 88 900 -1 5  91 89
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