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The deve lopmen t  of the  m a r t e n s i t i c  m i c r o s t r u c t u r e  in a 1.86 wt pc t  C s t ee l  has  been fo l -  
lowed by quant i t a t ive  m e t a l l o g r a p h i c  m e a s u r e m e n t s  ove r  the  t r a n s f o r m a t i o n  range  of 0.12 
to 0.50 f r ac t ion  t r a n s f o r m e d  ( f ) .  The t r a n s f o r m a t i o n  k ine t i c s  a r e  d e s c r i b e d  by the equation 

f = 1 - exp [ -0 .008  (M s - Tq)] 

w h e r e  M s and Tq a r e  the  m a r t e n s i t e  s t a r t  and the quenching t e m p e r a t u r e s  r e s p e c t i v e l y .  
F u l l m a n ' s  a n a l y s i s  shows that  the  a v e r a g e  vo lume  p e r  m a r t e n s i t e  p la te  d e c r e a s e s  by a l -  
mos t  an o r d e r  of magni tude  ove r  the t r a n s f o r m a t i o n  range  s tud ied ,  but th is  d e c r e a s e  i s  
l e s s  than that  p r e d i c t e d  by the F i s h e r  a n a l y s i s  for  pa r t i t i on ing  of aus t en i t e  by s u c c e s s i v e  
g e n e r a t i o n s  of m a r t e n s i t e .  M i c r o c r a c k i n g  i n c r e a s e s  with i n c r e a s i n g  f up to 0.3, but does  
not i n c r e a s e  fo r  f above  0.3 w h e r e  t r a n s f o r m a t i o n  p r o c e e d s  by the nuc lea t ion  of l a r g e  
n u m b e r s  of s m a l l  m a r t e n s i t e  p l a t e s .  T h e s e  o b s e r v a t i o n s  ind ica te  that  a c r i t i c a l  s i ze  of 
m a r t e n s i t e  p l a t e  i s  n e c e s s a r y  to cause  m i c r o c r a c k i n g .  

T H E  deve lopmen t  of a m i c r o s t r u c t u r e  c o m p o s e d  of 
p l a t e  m a r t e n s i t e  fo l lows a unique p a t t e r n .  The p l a t e s  
f o r m  on i r r a t i o n a l  habi t  p l anes  of high mu l t i p l i c i t y  and 
ad j acen t  p l a t e s  g e n e r a l l y  f o r m  on n o n p a r a l l e l  v a r i a n t s .  
The l a t t e r  c h a r a c t e r i s t i c  of p la te  m a r t e n s i t e  f o r m a t i o n  
c a u s e s  s u c c e s s i v e  g e n e r a t i o n s  of p l a t e s  to  i m p a c t  o r  
impinge  on those  p l a t e s  f o r m e d  e a r l i e r  in the t r a n s f o r -  
ma t ion  p r o c e s s ,  and  the s t r e s s  f i e l d s  g e n e r a t e d  on i m -  
pac t  of two p l a t e s  r e q u i r e  that  a c c o m m o d a t i o n  o c c u r s .  
If the  m a r t e n s i t e  i s  duc t i l e ,  the  a c c o m m o d a t i o n  o c c u r s  
by a s l ip  m e c h a n i s m  o r  de fo rma t ion  twinning,  but in 
b r i t t l e  m a r t e n s i t e s ,  m i c r o c r a c k i n g  i s  often the  m e a n s  
of accommodat ion .1  The  imp ingemen t s  between m a r -  
t e n s i t e  p l a t e s  and p a r e n t  aus t en i t e  b o u n d a r i e s  a l s o  d e -  
ve lop  p r e f e r r e d  nuc lea t ion  s i t e s  fo r  new m a r t e n s i t e  
p l a t e s  and hence  account  fo r  the  au toca t a ly t i c  n u c l e a -  
t ion and z igzag  p la te  a r r a n g e m e n t s  c h a r a c t e r i s t i c  of 
t r a n s f o r m e d  high ca rbon  s t e e l s  and F e - N i  a l l o y s .  

The m o r p h o l o g i c a l  and g e o m e t r i c  a s p e c t s  of a p la t e  
m a r t e n s i t e  m i c r o s t r u c t u r e  and t h e i r  effect  on m i c r o -  
c r a c k i n g  in m a r t e n s i t e  can be eva lua ted  within the  
e s t a b l i s h e d  f r a m e w o r k  of e x p e r i m e n t a l  and t h e o r e t i c a l  
o b s e r v a t i o n s  of the sequence  of p la t e  f o r m a t i o n  and k i -  
ne t i c s  of m a r t e n s i t i c  t r a n s f o r m a t i o n s .  In F e - C  a l l o y s  
the  k i n e t i c s  of a t h e r m a l  p la t e  m a r t e n s i t e  t r a n s f o r m a -  
t ion have been  shown to follow the r e l a t i o n s h i p  

1 - f =  exp [ct(M s - Tq)] [1] 
w h e r e  f i s  the vo lume f r ac t ion  t r a n s f o r m e d ,  a i s  a 
cons tan t ,  M s the  m a r t e n s i t e  s t a r t  t e m p e r a t u r e  and Tq 
the quenching t e m p e r a t u r e .  The r e l a t i onsh ip  was  f i r s t  
deve loped  e m p i r i c a l l y  by Kois t inen  and M a r b u r g e r  2 and 
has  r e c e n t l y  been  d e r i v e d  by Magee.S The de r iva t i on  
shows that  

dT  [2] 
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whe re  a l l  t e r m s  a r e  a s s u m e d  independent  of f a n d  V is  
the  a v e r a g e  vo lume  of the  m a r t e n s i t e  p l a t e s ,  q~ i s  a 
cons tant  of p r o p o r t i o n a l i t y  between the n u m b e r  of new 
p l a t e s  p e r  unit  vo lume  of a u s t e n i t e  and an i n c r e a s e  in 
d r iv ing  fo r ce ,  and (dAGYv~Ce)/dT i s  the change in 
d r iv ing  f o r c e  fo r  m a r t e n s i t e  ( a ' )  f o rma t ion  f rom a u s -  
t en i t e  (7) with t e m p e r a t u r e .  

S e v e r a l  s e t s  of da ta  fo r  v a r i o u s  F e - C  a l l o y s  ~'4 s a t i s f y  
Eq. [1] and a r e  taken 3 to suppor t  the a s s u m p t i o n  t h a t  V 
i s  independent  of f .  F u r t h e r ,  in F e - N i - C  a l l oys  V has  
been m e a s u r e d  by quant i t a t ive  metal logra_phic t e c h -  
n iques  and no s y s t e m a t i c  dependence  of V upon f could 
be  found. 5 The  l a t t e r  e x p e r i m e n t a l  r e s u l t  d i f f e r s  s ignif -  
i can t ly  f rom the t h e o r e t i c a l  a n a l y s i s  ~ F i s h e r  et  al.  B 
that  p r e d i c t s  a s t r ong  dependence  of V on f b e c a u s e  of 
the expec ted  pa r t i t i on ing  of the p a r e n t  aus t en i t e  into 
s m a l l e r  and s m a l l e r  c o m p a r t m e n t s  a s  t r a n s f o r m a t i o n  
p r o c e e d s .  In con t r a s t ,  the  cons tant  V m e a s u r e d  in F e -  
N i -C  a l l o y s  was  exp la ined  by a p h y s i c a l  mode l  involving 
a u toc a t a ly t i c  nuc lea t ion  of many p l a t e s  in a r ange  of 
s i z e s  within a s ing le  aus t en i t e  g ra in  fol lowed by the  
s p r e a d i n g  of such b u r s t s  of t r a n s f o r m a t i o n  to o ther  
g r a i n s .  Since f i n c r e a s e d  in the  F e - N i - C  a l l oys  by the 
g r a i n  by g ra in  fo rma t ion  of g ! o u p s  of p l a t e s  with a l m o s t  
iden t i ca l  s i z e  d i s t r i b u t i o n s ,  V did not change even a f t e r  
a s  much a s  55 pc t  of the  s a m p l e  vo lume had t r a n s -  
f o r m e d .  A s i m i l a r  mode of a t h e r m a l  t r a n s f o r m a t i o n  
b e h a v i o r  has  been noted in f ine g r a i n e d  aus t en i t e ,  aga in  
in F e - N i - C  a l l o y s ,  7 and a sp r ead ing  of i s o t h e r m a l  
t r a n s f o r m a t i o n  in F e - N i - M n  a l l o y s  f rom one g ra in  to 
ano the r  up to 15 pc t  t r a n s f o r m a t i o n  has  been  d i s -  
c u s se d ,  s The i n t e r r e l a t i o n s h i p  between the number  of 
e m b r y o s  i n i t i a l l y  p r e s e n t  in the  p a r e n t  aus t en i t e ,  the  
nuc le i  a u t o c a t a l y t i c a l l y  f o r m e d  and g e o m e t r i c a l  p a r t i -  
t ioning of the  a u s t e n i t e  have  been  t h e o r e t i c a l l y  a n a l -  
yzed  and c o n f i r m e d  9,t~ by quan t i t a t ive  m e t a l l o g r a p h i c  
t echn iques  app l i ed  to i s o t h e r m a l  m a r t e n s i t e  t r a n s f o r -  
ma t ion  in F e - N i - M n  a l l o y s .  Au toca t a ly t i c  nuc lea t ion  
i n c r e a s e s  with i n c r e a s i n g  g r a i n  s i ze ,  but  the  n u m b e r  of 
in i t ia l  nuc lea t ion  s i t e s  has  been d e m o n s t r a t e d  to be in -  
dependent  of g ra in  s i z e .  x~ 

The p u r p o s e  of th is  inves t iga t ion  i s  twofold:  1) to in-  
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v e s t i g a t e  the  a t h e r m a l  t r a n s f o r m a t i o n  b e h a v i o r  of p la t e  
m a r t e n s i t e  in an F e - C  a l loy  by quant i t a t ive  m e t a l l o -  
g r aph i c  t echn iques ,  and 2) to r e l a t e  the t r a n s f o r m a t i o n  o.e 
b e h a v i o r  to the deve lopmen t  of m i c r o c r a c k i n g  dur ing  o.~ 
the  fo rma t ion  of a p la t e  m a r t e n s i t e  m i c r o s t r u c t u r e .  
Although V has  been found independent  of f in F e - N i - C  
a l l o y s  and the p h y s i c a l  r e a s o n  fo r  th i s  a s p e c t  of t r a n s -  0.4 
f o r m a t i o n  b e h a v i o r  has  been  d e m o n s t r a t e d ,  the  f i r s t  
ob j ec t ive  would p e r m i t ,  in an F e - C  a l loy ,  to t e s t  e x p e r -  t~- f) 
i m e n t a l l y  whe the r  the  t r a n s f o r m a t i o n  p r o c e e d s  so l e ly  
by au toca t a ly t i c  e f fec t s ,  a s  in F e - N i - C  a l l o y s ,  5 o r  by  
both a u t o c a t a l y s i s  and pa r t i on ing  of aus t en i t e ,  a s  in o2 
F e - N i - M n  a l l o y s .  9 The  second  ob jec t ive  would e s t a b -  
l i sh  a p o s s i b l e  c o r r e l a t i o n  be tween m i c r o c r a c k i n g  
f r equency  and the  s i ze  and n u m b e r  of p l a t e s  at  v a r i o u s  
s t a g e s  of t r a n s f o r m a t i o n .  

EXPERIMENTAL TECHNIQUES 

An F e - l . 8 6  wt pct  C a l loy  that  has  a M s t e m p e r a t u r e  
ju s t  above  r o o m  t e m p e r a t u r e  was  chosen  for  th i s  i n v e s -  
t iga t ion .  The low vo lume f r ac t ion  of m a r t e n s i t e  at and 
jus t  below room t e m p e r a t u r e  in th i s  a l loy  was  c ons id -  
e r e d  e s s e n t i a l  for  apply ing  quant i t a t ive  m e t a l l o g r a p h i c  
t echn iques  that  m e a s u r e  the  d i m e n s i o n s  of the ind iv id -  
ual  p l a t e s .  The compos i t ion  of the a l l oy  was  a s  fo l lows:  
1.86 C, 0.02 Mn, 0.012 P ,  0.02 S, 0.30 Si, 0.7 Ni,  0.66 
Cr ,  0.010 Mo, 0.001 Cu, 0.034 V, 0.002 Sn, 0.032 Ti.  

Smal l ,  10 m m  by 5 m m  by 5 m m  s a m p l e s  of th i s  
a l l oy  w e r e  homogen ized  in an ine r t  a rgon  a t m o s p h e r e  
at  1120~ in the s ing le  p h a s e  aus t en i t e  f ie ld .  The  t e m -  
p e r a t u r e  r ange  of the  s ing le  p h a s e  a u s t e n i t e  f i e ld  i s  
qui te  n a r r o w  for  th is  high ca rbon  a l l oy  and a t  some  
t i m e  dur ing  i t s  h i s t o r y  the  ingot was  a p p a r e n t l y  o v e r -  
hea t ed  and s o m e  p o r o s i t y  was  deve loped .  The p r e s e n c e  
of the  p o r o s i t y  is  not c o n s i d e r e d  to af fec t  the deve lop -  
ment  of the  m a r t e n s i t i c  m i c r o s t r u c t u r e  b e c a u s e  s i m -  
i l a r  m a r t e n s i t i c  p l a t e  p a t t e r n s  w e r e  o b s e r v e d  both 
ad j acen t  to p o r o s i t y  and at  b o u n d a r i e s  wel l  r e m o v e d  
f rom any p o r o s i t y .  Al l  quant i t a t ive  m e a s u r e m e n t s  
w e r e  made  in r e g i o n s  r e m o v e d  f rom the p o r o s i t y .  

A f t e r  the  homogen iza t ion  t r e a t m e n t ,  the  s a m p l e s  
w e r e  quenched to r o o m  t e m p e r a t u r e  and below in a l c o -  
hol  cooled  by  l iquid  n i t rogen  to p roduce  i n c r e a s i n g  
amoun t s  of m a r t e n s i t e .  Fo l lowing  the  p r o c e d u r e s  of 
M a r d e r  et  al .  n ca re fu l  po l i sh ing  and etching t echn iques  
w e r e  employed  to r e v e a l  the  m i c r o s t r u c t u r e  and the 
c r a c k s  in m a r t e n s i t e  p l a t e s .  The m a r t e n s i t e  vo lume 
f r a c t i o n s  w e r e  m e a s u r e d  to within 3 pc t  by point  count -  
ing. 

Fullman's theoretical analysis 12 was applied to quan- 
titative metallographic data to calculate the average 
volume per plate, V, the number of plates per unit vol- 
ume, N v, and average ratio of plate thickness to radius 
(~/~') a c c o r d i n g  to the  fol lowing f o r m u l a e :  

V= ct2f 
8~Na [3] 

f 
Yv = ~ [4] 

[5] 

w h e r e  f i s  the  vo lume  f r ac t i on  of m a r t e n s i t e ,  N a i s  the  
n u m b e r  of m_artens_ite p l a t e s  p e r  unit  a r e a  of r andom 
sec t ion  and E and F w e r e  ca l cu l a t ed  by making  200 

~ , ~  Slope = -0.008/"C 

I.C- 

, I , I , ] , l , I , [ 
40 so ,2o *~o aoo 24o 

C~-Tq ) ~ 

Fig. 1--Log of volume fraction of retained austenite, (1 - f ) ,  
vs (M s - Tq). M s-Martensite start temperature, Tq--quench- 
ing temperature. 

p a i r e d  m e a s u r e m e n t s  of p la te  lengths  and widths  on 
r andom m e t a l l o g r a p h i c  s ec t i ons .  

P r i o r  aus t en i t e  g ra in  s i ze  and m i c r o c r a c k i n g  s e n s i -  
t i v i ty  a s  c r a c k  a r e a  p e r  unit  vo lume of m a r t e n s i t e ,  S v , ~  
w e r e  m e a s u r e d  by l inea l  a n a l y s i s  in uni ts  of m m  and 
m m  -~ r e s p e c t i v e l y .  A cumula t ive  l ine  length of 25 m m  
or  m o r e  was  u t i l i z ed  to count the  number  of c r a c k s .  

RESULTS AND DISCUSSION 

A) T r a n s f o r m a t i o n  Kine t i c s  

F ig .  1 shows the p r o g r e s s  of m a r t e n s i t e  t r a n s f o r m a -  
t ion in the  F e - 1 . 8 6  C a l loy  a s  a function of quenching 
t e m p e r a t u r e .  The da ta  i s  p lo t t ed  as  in (1 - f )  vs  
(M s - Tq) w h e r e  f i s  the vo lume f r ac t ion  of m a r t e n s i t e ,  
M s is  the  m a r t e n s i t e  s t a r t  t e m p e r a t u r e ,  and Tq i s  the  
quenching t e m p e r a t u r e .  The va lue  of 50~ for  the  M s 
was  s e l e c t e d  by extending a plot  of co l l ec t ed  M s vs  c a r -  
bon content  da ta .  13 

The da ta  of F ig .  1 fi t  a s t r a i g h t  l ine  with a s lope  of 
- 0 . 0 0 8 / ~  a s  c a l c u l a t e d  by l e a s t  s q u a r e s  a n a l y s i s ,  and 
t h e r e f o r e  can be r e p r e s e n t e d  by the fol lowing e m p i r i c a l  
equat ion:  

1 - f  : exp [ -0 .008(Ms - Tq)] [6] 

This  equation i s  of the  s a m e  fo rm a s  that  p r o p o s e d  by 
Kois t inen  and M a r b u r g e r  2 fo r  F e - C  a l l o y s  up to 1.1 wt 
pc t  C al though the s lope  of t h e i r  l ine  was  equal  to 
- 0 . 0 1 1 .  The  d i f f e r e nc e  in s l opes  might  be the r e s u l t  of 
v e r y  high carbon  content  o r  the  s ign i f i can t  amounts  of 
c h r o m i u m  and n icke l  in the  1.86 C a l loy  a s  c o m p a r e d  
to the  F e - C  a l l oys  i nve s t i ga t e d  p r e v i o u s l y .  It can be 
seen  that  an e r r o r  in the s e l ec t ion  of the  M s would not 
af fec t  th i s  s lope .  Brook  et al. 14 have  e x p e r i m e n t a l l y  
shown that  fo r  v a r i o u s  s t e e l s  a d i f fe ren t  s lope  p a r a m -  
e t e r ,  df /d t ,  v a r i e s  f rom - 0 . 0 0 8  to - 0 . 0 1 3  depending 
upon the p a r t i c u l a r  s t e e l .  Th i s  p a r a m e t e r ,  df//dt, at 
s m a l l  va lues  of f i s  equiva lent  to the s lope  of F ig .  1 a s  
g iven by Eq. [6]. 

The p r e s e n t  e x p e r i m e n t a l  r e s u l t s ,  r e p r e s e n t i n g  the 
a t h e r m a l  t r a n s f o r m a t i o n  k ine t i c s  of m a r t e n s i t e  in F e -  
1.86 C a l loy ,  a p p e a r  to suppor t  a r ecen t  m a t h e m a t i c a l  
f o r m a l i s m  3 in i t s  f inal  f o r m .  However  f u r t h e r  d i s c u s -  
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Fig. 2--Microstructure of an Fe-1.86 C alloy showing plate 
martensite for a specimen quenched to 25~ from single phase 
austenite field. Volume fraction of martensite, f = 0.123. 

Fig. 3--Microstructure of an Fe-1.86 C alloy showing a higher 
volume fraction f = 0.362 of plate martensite for a specimen 
quenched to -23~ from single phase austenite field. 

Table |. Plate Parameters as a Function of Volume Fraction of Martensite in Fe-1.86C Alloy 

Number of Mean Reciprocal Mean Reciprocal Average Volume Number of Mean Plate 
Specimen Quenching Volume Plates/Area, of Plate Lengths, of Plate Widths, per Plate, Plates/Volume Thickness to 
Number Temp, Tq~ Frac t ion , f  N a X 10 "s cm -2 ff  X 10 ": cm "l fix 10 "a cm "1 VX 10 9 cm a N v X 10 "s cm "3 Radius Ratio, "fir 

1 25 0.123 0.545 3.4 3.31 8.56 0.15 O.l 1 
2 0 0.271 1.7 4.8 4.92 3.9 0.69 0.106 
3 -23 0.362 3.7 7.1 7.06 1.66 2.14 0.109 
4 -51 0,507 7.8 8.0 7.83 0.98 5.09 0.11 

Prior austenite grain size; mean intercept [ = 0.011 cm. 
Spherical grain diameter, ~ ~(12) = 0.0i7 cm. 

sion on this point is deferred to a later stage when it 
will be shown that the other results of the present in- 
vestigation contradict a major assumption employed 
in that theoretical derivation. 

B) M i c r o s t r u c t u r e  and Quant i ta t ive  Meta l lography  

The lowes t  vo lume  f rac t ion  of m a r t e n s i t e  p roduced  
in t he se  e x p e r i m e n t s  was  0.123 for  the spec imen  
quenched to 25~ Light m i c r o s c o p i c  examina t ion  of 
th is  s p e c i m e n  r e v e a l e d  that  some  p la t e s  of m a r t e n s i t e  
w e r e  p r e s e n t  in each aus ten i t e  g ra in .  If sp read ing  of 
the t r a n s f o r m a t i o n  f r o m  gra in  to g ra in  has o c c u r r e d  in 
th is  a l loy,  then apparen t ly  the sp read ing  is  c o m p l e t e  at 
this  ea r ly  s tage  of t r a n s f o r m a t i o n .  F ig .  2 shows a 
r e p r e s e n t a t i v e  m i c r o g r a p h  for  the 0.123 t r a n s f o r m e d  
m i c r o s t r u c t u r e  and shows a d i s t r ibu t ion  of l a r g e  m a r -  
t ens i t e  p la t e s  pa r t i t ion ing  the paren t  aus ten i t e  g r a i n s  
into l a r g e  c o m p a r t m e n t s .  The c h a r a c t e r i s t i c  f e a t u r e s  
of m a r t e n s i t e  with a { 2 5 9 }  habit ,  namely ,  the z igzag  
pla te  pa t t e rn s ,  the p rominen t  m i d r i b s  and the acute  
angle  be tween the p la tes  7 can be r ead i ly  seen in the 
p i c tu r e .  

Fig .  3 is  a light m i c r o g r a p h  of a s p e c i m e n  quenched 
to -23~ to p roduce  a h igher  vo lume  f rac t ion ,  0.362, of 
m a r t e n s i t e .  Many m o r e  s m a l l e r  p la tes  a r e  p r e s e n t  as  
c o m p a r e d  to the s p e c i m e n  t r a n s f o r m e d  to 0.123. The 
aus t en i t e  c o m p a r t m e n t  s i ze  is  a l s o  reduced  c o r r e s p o n d -  
ingly.  The s a m e  t r end  to s m a l l e r  and s m a l l e r  p la tes  
and aus ten i t e  c o m p a r t m e n t s  was  o b s e r v e d  in the s p e c i -  

m e n s  with i n c r e a s i n g  vo lume  f rac t ion  of m a r t e n s i t e .  
F o r  vo lume  f r ac t ions  of m a r t e n s i t e  g r e a t e r  than 12 pct ,  
the v i sua l  obse rva t i ons  on s p e c i m e n s  of Fe-1 .86  C a l -  
loy thus suppor t  F i s h e r ' s  idea s that the t r a n s f o r m a t i o n  
p r o c e e d s  by the fo rma t ion  of m a r t e n s i t e  p la tes  that 
p r o g r e s s i v e l y  par t i t ion  aus ten i te  v o l u m e s  ava i l ab le  fo r  
t r a n s f o r m a t i o n .  The  s u c c e s s i v e  nuclea t ion  of s m a l l e r  
and s m a l l e r  p l a t e s  as  d e s c r i b e d  above would be ex-  
pec ted  to p roduce  a s m a l l e r  a v e r a g e  vo lume  pe r  p la te  
with i n c r e a s i n g  t r a n s f o r m a t i o n .  

tn o r d e r  to con f i rm  these  qua l i t a t ive  obse rva t ions  
quant i ta t ive  me ta l l og raphy  was  p e r f o r m e d .  Resu l t s  of 
F u l l m a n ' s  ana ly s i s  as  appl ied  to the m e a s u r e d  va lues  
of p la te  lengths  and widths a r e  given in Table  I. The  
p la te  p a r a m e t e r s  a r e  given fo r  vo lume  f r ac t ions  up to 
50 pet only; at h igher  vo lume  f r ac t ions  the individual  
p la te  d imens ions  could not be m e a s u r e d  unambiguous ly  
due to the poor  de l inea t ion  of individual  f ine p la tes  in a 
highly t r a n s f o r m e d  s t r u c t u r e .  It can be seen f rom T a -  
ble  I that  as  f i n c r e a s e s ,  the d e c r e a s i n g  s i ze  of m a r -  
t ens i t e  p la tes  is  r e f l e c t e d  in the i n c r e a s e d  a v e r a g e  
r e c i p r o c a l s  of length and width, E and F r e s p e c t i v e l y ,  
and the d e c r e a s e d  a v e r a g e  vo lume  p e r  pla te ,  V, as  ca l -  
cu la ted  f r o m  gq .  [3]. Fig.  4 p lots  V as  a function of f .  
T h e r e  i s  a continuous d e c r e a s e  in the va lues  of V of 
a l m o s t  an o r d e r  of magni tude  as the amount  of m a r t e n -  
s i te  i n c r e a s e s  f r o m  12 to 50 pct .  It should be empha-  
s i z ed  that the E and ff a r e  the a r i t h m e t i c  means  of 
d i s t r ibu t ions  of p la te  s i z e s  f r o m  which V is  ca lcu la ted .  
These  d i s t r ibu t ions  b e c o m e  inc r ea s ing ly  a s y m m e t r i c  
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Fig. 4--Dependence of average volume per plate, V, upon mar- 
tensite volume fraction, f. 
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Fig. 5--Comparison of Fisher 's  theoretical prediction with ex- 
per/mental results, rn is a constant fraction of austenite vol- 
ume available for transformation and depending upon marten- 
site plate thickness to length ratio may have a range of values. 
q is the volume of a spherical prior austenite grain. 

with i nc r ea s ing  degree  of t r a n s f o r m a t i o n  because  all  
p la tes ,  f rom the f i r s t  few la rge  p la tes  and the m o r e  
n u m e r o u s  s m a l l e r  p la tes  formed dur ing the l a t e r  s tages  
of t r a n s f o r m a t i o n ,  a r e  counted for  each appl icat ion of 
F u l l m a n ' s  ana ly s i s .  

Only a l imi ted  n u m b e r  of quant i ta t ive  meta l lographic  
inves t iga t ions  of m a r t e n s i t i c  t r a n s f o r m a t i o n s  u t i l iz ing 
F u l l m a n ' s  a n a l y s i s  have been made.  5'~~ Compar i son  
of the F e - l . 8 6  C data with that obtained for F e - N i - C  5 
a l loys  shows that the va lues  of E and /S p a r a m e t e r s  a r e  
of the same order  of magni tude for equivalent  aus ten i te  
gra in  s ize  for the two kinds  of a l loys .  The most  i m p o r -  
tant  d i f ference is the continuous i n c r e a s e  in va lues  of 
E and F with i nc reas ing  t r a n s f o r m a t i o n  in the F e - C  
al loy while no sys t ema t i c  change in these  p a r a m e t e r s  
was observed  in F e - N i - C  a l loys .  The m a r t e n s i t i c  p la tes  
of F e - N i - M n  1~ a l loys  have s m a l l e r  th ickness  to rad ius  
ra t ios  and s m a l l e r  average  vo lumes  per  plate  than 
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ei ther  the F e - N i - C  al loy or the F e - C  al loy of the p r e s -  
ent inves t iga t ion .  These  d i f fe rences  have a l r eady  been 
d i scussed  5 and a re  a t t r ibu ted  to the a t he r ma l ,  bu r s t  
m a r t e n s i t i c  t r a n s f o r m a t i o n  in F e - N i - C  a l loys  in con- 
t r a s t  to the total ly i so the rma l  t r a n s f o r m a t i o n  in F e -  
Mn-Ni alloys. 

The results of quantitative metallography together 
with microstructural observations of the transforma- 
tion made over many austenite grains as represented by 
Figs. 2 and 3 indicate that in the Fe-1.86 C alloy, above 
12 pct volume fraction, the overall martensitic trans- 
formation of a spec imen  p roceeds  by the fo rmat ion  of 
s m a l l e r  and s m a l l e r  p la tes  that succes s ive ly  par t i t ion  
the u n t r a n s f o r m e d  aus ten i te  into s m a l l e r  c ompa r tmen t s .  
At volume f r ac t ions  much lower  than 12 pct, the t r a n s -  
format ion  may in i t ia te  and proceed  p redominan t ly  by 
autocata ly t ic  effects.  The t r a n s f o r m a t i o n  may spread  
e i ther  g ra in  by gra in  as  proposed by Magee 3 or out-  
wards  f rom a cen t ra l  g ra in  as  proposed by Raghavan, 8 
a p r oc e s s  by which the t r a n s f o r m a t i o n  sp reads  to all  
g r a in s  in F e - N i - M n  a l loys  at 15 pct vo lume f rac t ion  of 
m a r t e n s i t e .  

Since par t i t ion ing  of the aus ten i t e  is a m a j o r  e lement  
in the p r o g r e s s  of m a r t e n s i t i c  t r a n s f o r m a t i o n  of the 
F e - l . 8 6  C al loy in the t r a n s f o r m a t i o n  range  inves t i -  
gated, the p r e se n t  data was compared  to that  p red ic ted  
by F i s h e r ' s  a na l y s i s .  Fig.  5 s h o w s t h a t  1) for f < 0.12 
F i s h e r ' s  approach o v e r e s t i m a t e s  V and 2) the p red ic ted  
ra te  of drop of V with f is  higher  than the p r e sen t  
exper imen ta l  va lues .  McMur t r i e  and Magee 5 have a t -  
t r ibu ted  the f i r s t  d i sc repancy  to the fact that F i s h e r  
neglected  the p r e s e n c e  of sma l l  p la tes  produced auto-  
ca ta ly t ica l ly  even at low volume f rac t ions ,  while the 
second d i sc repancy  could be ra t iona l i zed  by ass ign ing  
p robab i l i t i e s  of plate  fo rmat ion  to the volume of aus -  
ten i te  c o m p a r t m e n t s  and re la t ing  average  plate  s izes  
at a given f to s u m m a t i o n s  of the p robab i l i t i e s  of plate  
fo rmat ion  over  a range  of compar tmen t  s i zes .  Despite  
the apparen t  overs impl i f i ca t ion  of the effects of p a r t i -  
t ioning on the dependence of V on f, accord ing  to 
F i s h e r ' s  model  the r e su l t s  of the p re sen t  inves t igat ion 
conf i rm that par t i t ion ing  of the aus ten i t e  by succes s ive  
genera t ions  of m a r t e n s i t e  does occur  in high carbon 
F e - C  al loys  and that the average  s ize  of the m a r t e n s i t e  
p la tes  dec reased  by approx imate ly  an o rde r  of magn i -  
tude as  f i n c r e a s e d  f rom 0.12 to 0.5. 

The t r a n s f o r m a t i o n  k ine t ics  for the F e - l . 8 6  C al loy 
fit Eq. [1], and apparen t ly  support  Magee ' s  theore t i ca l  
der iva t ion  3 of this  equation. In this  case ,  the ca lcu-  
lated value of - 0 . 0 0 8  for  the slope of In (1 - f )  vs  
( M  s - Tq)  plot is  equivalent  to the constant  ~ which in 
t u r n  is  equal to the products  of the a s s u m e d  constant  
t e r m s ,  including V, of Eq. [2]. The dec rease  in V 
m e a s u r e d  dur ing the course  of the t r a n s f o r m a t i o n  of 
the F e - l . 8 6  C alloy indicates  that one or  both of the 
other  t e r m s  of Eq. [2] mus t  i n c r e a s e  about an o rde r  
of magni tude to main ta in  ~ constant .  Brook et al .  15 
have shown that the t e m p e r a t u r e  dependence of 
dGW~C~/dT  i s  sl ight for low and in t e rmed ia t e  s tages of 
t r a n s f o r m a t i o n .  Attent ion is  the re fo re  focused on ~,  
the propor t iona l i ty  constant  between the n u m b e r  of new 
pla tes  of m a r t e n s i t e  per  unit  volume of ans ten i t e  and 
an i n c r e a s e  in dr iv ing  force ,  dLxGv -~'c~'  . It is quite pos-  
s ible  that q~ i n c r e a s e s  with f b e c a u s e  of the au toca ta -  
lyt ic  nuclea t ion  that occurs  dur ing m a r t e n s i t e  f o r m a -  
t ion.  This  poss ib i l i ty  is supported by Entwis le ,  18 who 
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Fig. 6--Microcraeks in the plate martensite of an Fe-l.86 C 
alloy. 

in reviewing the k ine t i c s  of m a r t e n s i t e  format ion  in 
s t ee l s ,  s ta tes  that al l  exper imen ta l  evidence to date 
points  to an i nc r ea s ing  autocata ly t ic  effect with fal l ing 
t e m p e r a t u r e s ,  i . e . ,  i n c r e a s i n g  dr iv ing  force ,  and that 
the a s sumpt ion  of a constant  average  plate  volume is  
unl ike ly  to be  sa t i s f ac to ry  once the autocata ly t ic  p r o c -  
ess  is  well  under  way. 

C) Mic roc rack ing  

M i c r o c r a c k s ,  confined to m a r t e n s i t e  p la tes ,  were  ob- 
se rved  for a l l  f r ac t ions  of m a r t e n s i t e  produced in this  
study. Fig.  6 is  a light m ic rog raph  showing the p r e s -  
ence of s eve ra l  m i c r o c r a c k s ,  some along the plate 
boundar i e s  and some t r a v e r s i n g  the plate  th ickness .  
The a r rows  in Fig.  6 show examples  of m i c r o c r a c k s  
that seem to be the resu l t  of d i rec t  impingement  of 
m a r t e n s i t e  p la tes .  In genera l ,  the m i c r o c r a c k s  were  
confined to the l a rges t  p la tes  of a pa r t i a l l y  t r a n s f o r m e d  
m i c r o s t r u c t u r e .  

The m i c r o c r a c k i n g  sens i t iv i ty  as  crack a r ea  pe r  unit  
volume martensite,__Sv, was re la ted  to the m e a s u r e d  
pla te  p a r a m e t e r s :  V, the ave rage  volume per  plate ,  and 
Nv, the n u m b e r  of p la tes  pe r  unit  vo lume.  These  two 
p a r a m e t e r s  might d i rec t ly  inf luence m i c r o c r a c k i n g  
sens i t iv i ty ,  i . e . ,  the n u m b e r  of plate  impingemen t s  that 
r e su l t  in c racking  would be p ropor t iona l  to N v while 
the poss ib le  pla te  s ize  effects on cracking  would be r e -  
f lected in the va lues  of V. Fig.  7 is  a plot of Sv, V, and 
N v as  funct ions of l a n d  shows that with i nc r ea s ing  f ,  
S v i n c r e a s e s  sharp ly ,  r eaches  a max imum and de- 
c r e a s e s  s l ight ly or  m o r e  conse rva t ive ly  r eaches  a 
p la teau if the exper imen ta l  e r r o r s  a r e  cons idered .  A 
s i m i l a r  p la teau  of Sv with i n c r e a s i n g  f has been ob- 
se rved  19 in an Fe-5  Cr-1 .12  C alloy over  an extens ive  
range of f.  F ig .  7 shows that concomitant  with this  
m i c r o c r a c k i n g  behavior ,  V fa i ls  cont inuously while N v 
i n c r e a s e s  with i nc r ea s ing  f .  For  volume f rac t ions  up 
to about 27 pct,  the l a rge  i n c r e a s e  in m i c r o c r a c k i n g  
may be explained by the increasing number of impinge- 
ments of the large plates that form in this transforma- 
tion range. However, for volume fractions greater than 
27 pct, despite the greater number of impingements as 

2c- V /r --[so 

I 40 IE ~ ~, 
12 50 

x s- ao 

I \ /  

I ] I I 
0.1 0.2 0.3 0.4 0.5 

f 
Fig. 7--Microcracking sensitivity, S v , average volume per 
plate, V, and number of plates per unit volume, Nv , as func- 
tions of volume fraction of martensite f. 
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re f lec ted  by the sharply  i n c r e a s i n g  Nv, m i c r o c r a c k i n g  
appea r s  to level  off or  d e c r e a s e  s l ight ly.  Apparent ly  
the s ize  of m a r t e n s i t e  p la tes  is  an impor tan t  factor  
affect ing the m i c r o c r a c k i n g .  The r e su l t s  of Fig.  7 indi -  
cate the exis tence  of a c r i t i ca l  average  vo lume of m a r -  
t ens i t e  pla te  Vcrit , below which the m i c r o c r a c k i n g  in-  
c r e a s e s  with i nc r ea s ing  vo lume f rac t ion  of m a r t e n s i t e  
and above which the m i c r o c r a c k i n g  is  re la t ive ly  i n s e n -  
s i t ive  to i nc r ea s ing  volume f rac t ion .  

The effect of plate  s ize  upon m i c r o c r a c k i n g  s e n s i -  
t ivi ty  has a l ready  been d i scussed  in the l i t e r a tu r e ,  n and 
aus ten i t e  gra in  re f inement  has been suggested 17'~ as  a 
means  to reduce  m i c r o c r a c k i n g .  Recent ly ,  ~9 a d i rec t  
co r re l a t ion  between plate  lengths and m i c r o c r a c k i n g  
sens i t iv i ty  has been found. The p re sen t  data provides  
quant i ta t ive  evidence that the format ion  of m i c r o c r a c k s  
is  l a rge ly  l imi ted  to the ear ly  s tages of t r a n s f o r m a t i o n  
when l a rge  p la tes  of m a r t e n s i t e  impinge upon even 
l a r g e r  f i r s t - f o r m e d  p la tes .  Since the l a rges t  p la tes  
a r e  p re sen t  at al l  s tages  of t r a n s f o r m a t i o n ,  it appea r s  
that the size and, more  d i rec t ly  the magni tude  of the 
a s soc ia t ed  leading s t r e s s  f ie lds  of the impinging p la tes ,  
de t e r mi ne  the m i c r o c r a c k i n g  behavior  of a developing 
pla te  m a r t e n s i t e  m i c r o s t r u c t u r e  as  shown in Fig.  7. 

CONCLUSIONS 

1) The k ine t i cs  of a the rma l  t r a n s f o r m a t i o n  for th is  
al loy can be desc r ibed  by the equation: 

1 - f =  exp [ -0 .008(M s - Tq)] 

where f i s  the f rac t ion  of m a r t e n s i t e ,  (M s - Tq) is the 
di f ference between the m a r t e n s i t e  s t a r t  t e m p e r a t u r e  
and the quenching t e m p e r a t u r e  in ~ 

2) Above f -- 0.12, the m a r t e n s i t i c  t r a n s f o r m a t i o n  in 
this  al loy p roceeds  by the succes s ive  par t i t ion ing  of 
the aus ten i te  vo lume by subsequent ly  nuclea t ing  p la tes .  
Quant i ta t ive  meta l lographic  data ve r i f i e s  the r e su l t ing  
cont inuous dec rea se  of ave rage  volume per  plate ,  V, 
with i nc r ea s ing  m a r t e n s i t e  volume f rac t ion,  f. 

3) The effect of plate s ize has been shown to be a 
ma j o r  factor  in causing m i c r o c r a c k i n g  in plate  m a r t e n -  
s i te .  Below a c r i t i ca l  average  plate s ize  m i c r o c r a c k i n g  
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does not increase despite the increased number of im- 
pingements caused by formation of many small plates 
by which transformation proceeds in partitioned 
austenite. 

ACKNOWLEDGMENTS 

We gratefully acknowledge the experimental ass i s t -  
ance of James Sasser,  the provision of the alloy by Dr. 
Arnold Marder of the Homer Research Laboratory, 
Bethlehem Steel Corporation, and the support of the 
U.S. Army Research Office, Durham. 

REFERENCES 

1. G. Krauss and A. R. Marder: The Morphology of  Martensite in 1ton Alloys, 
Met. Trans., 1971, vol. 2, pp. 2343-58. 

2. D. P. Koistinen and R. E, Marburger: Acta Met., 1959, vol. 7, pp. 59-60. 

3. C. L. Magee: Phase Transformation, ASM, 1970, pp. 115-56. 
4. W. J. Harris and M Cohen: AIME Trans., 1949, vol. 180, pp. 447-70. 
5. D. G. McMurtrie and C. L. Magee: Met. Trans., 1970, vol. 1, pp. 3185-91. 
6. J. C. Fisher, J. H. Hollomon, and D. Turnbull: AIME Trans., 1949, vol. 185, 

pp. 691-99. 
7. R. Brook and A. R. Entwisle: J. Iron Steellnst., 1965, vol. 203, pp. 905-12. 
8. V. Raghavan: Acta Met., 1969, vol. 17, pp. 1299-1303. 
9. V. Raghavan and A. R. Entwisle: Physical Properties of  Martensite and Bainite, 

Special Report No. 93, pp. 30-37, Iron and Steel Inst., 1965. 
10. S. R. Pati and M. Cohen: Acta Met., 1969, vol. 17, pp. 189-99. 
11. A. R. Marder, A. O. Benscoter, and G. Krauss: Met. Trans., 1970, vol. 1, pp. 

154549. 
12. R. L. Fullman: AIME Trans., 1953, vol. 197, pp. 447-52. 
13. A. R. Marder and G. Krauss: Trans. ASM, 1967, vol. 60, pp. 651-60. 
14. A. R. Krause: M.S. Thesis, Wayne State University, 1970. 
15. R. Brook, A. R. Entwisle, and E. F. lbrahim: J. Iron Steel Inst., 1960, vol. 

195, pp. 292-98. 
16. A. R. Entwisle: Met. Trans., 1971, vol. 2, pp. 2395-2408. 
17. E. S. Davenport, E. L. Roff, and E. C. Bain: Trans. ASM, 1934, vol. 22, pp. 

289-310. 
18. A. H. Rauch and W. R. Thurtle: Metals Progr., April 1956, vol. 69, pp. 73-76. 
19. R. G. Davies and C. L. Magee: Met. Trans., 1972, vol. 3, pp. 307-13. 

1 7 6 0 - V O L U M E  3, JULY 1972 M E T A L L U R G I C A L  TRANSACTIONS 


