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

B a n d i n g  e f f e c t s  a s  c a u s e d  by  i n h o m o g e n e i t i e s  in t he  
f e e d  r o d  wou ld  be  s u p e r i m p o s e d  on b a n d i n g  e f f e c t s  
c a u s e d  by  f l u c t u a t i o n s  in t he  g r o w t h  r a t e ,  i n c r e a s i n g  
the  f r e q u e n c y  and  s e v e r i t y  of b a n d i n g .  H o w e v e r ,  in  o u r  
e x p e r i m e n t s  i t  a p p e a r s  t ha t  i n h o m o g e n e i t i e s  in the  f e e d  
r o d  w e r e  the  m a j o r  f a c t o r  l e a d i n g  to  b a n d i n g .  Two zone  
l e v e l l i n g  p a s s e s  b e f o r e  c o m p o s i t e  g r o w t h  w e r e  s u f f i c i e n t  
to  c o n t r o l  b a n d i n g .  
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Influence of Alloying Elements upon 
the Morphology of Austenite Formed 
from Martensite in Fe-C-X Alloys 

Fig. 1--(a) Fe-0.13 pct C-0.39 pct Mo, reac ted  20 s at 760~ 
etched in BASP, Magnification 500 t imes ,  grain boundary a l lo-  
t r iomorphs  (1) and idiomorphs (2) at fo rmer  austenite grain 
boundaries; (b) Fe-0.11 pct C-3.28 pct Ni, reac ted  30 s, at 
710~ etched in BASP, Magnification 500 t imes ,  in t ragranu-  
lar  idiomorphs and mar tens i te  needle boundary al lotr iomorphs;  
(c) Fe-0.11 pct C-3.28 pct Ni, reac ted  60 min at 710~ etched 
in BASP and 2 pct nital, Magnification 2000 t imes ,  growth of 
MNB al lot r iomorph ac ros s  a f e r r i t e : f e r r i t e  boundary. 

Table I. Compositions and Homogenization Anneals of Alloys 

Homogenization 
Time at 1300~ 

W/O C W/O X W/O Mn W/O Si W/O P W/O S Days 

0.11 - 0.01 0.010 0.004 0.005 2.0 
0.11 1.83 pct Si <0.002 - 0.002 0.007 2.5 
0.12 3.08 pct Mn - 0.080 0.001 0.007 0.5 
O. 11 3.28 pct Ni <0.002 0.00t 0.001 0.004 2.5 
0.12 0.99 pct Co <0.002 0.001 0.001 0.006 1.5 
0.13 0.39 pct Mo <0.002 0.026 0.001 0.005 2.5 
0.29 2.03 pct A1 <0.002 0.001 0.001 0.006 3.5 
0.13 2.99 pct Cr <0.002 0.001 0.001 0.006 2.5 
0.12 2.98 pct Cu <0.002 0.001 0.002 0.007 3.0 

M. R. P L I C H T A  AND H. I. AARONSON 

As a r e s u l t  of t he  a v a i l a b i l i t y  of a s e n s i t i v e  e t c h i n g  
t e c h n i q u e  c a p a b l e  of  r e v e a l i n g  c l e a r l y  the  m o r p h o l o g y  
of e v e n  s m a l l  c r y s t a l s  of a u s t e n i t e  in a m a r t e n s i t i c  
m a t r i x * ,  1 s o m e  new o b s e r v a t i o n s  h a v e  b e e n  m a d e  on 

*The austenite formed during reheating above the eutectoid range is, of course, 
transformed to martensite again upon quenching. Similarly, the martensitic matrix 
into which the austenite grows is rapidly converted into a mixture of ferrite and 
dissolving carbides. For clarity of presentation, however, the transformation 
product will be described as "austenite" and its matrix as "martensite." 

the  i n f l u e n c e  of a l l o y i n g  e l e m e n t s  upon the  m o r p h o l o g y  
of  a u s t e n i t e  f o r m e d  f r o m  m a r t e n s i t e  in t h e  ~ + ~ r e g i o n .  

P r e v i o u s  i n v e s t i g a t o r s  h a v e  s h o w n  tha t ,  in a m a r t e n -  
s i t t c  m a t r i x ,  f o r m a t i o n  of a u s t e n i t e  b e g i n s  at  the  f o r -  
m e r  a u s t e n i t e  g r a i n  b o u n d a r i e s .  2-5 F ig .  l (a ) ,  f r o m  the  
p r e s e n t  s t udy ,  s h o w s  t h a t  the  m o r p h o l o g y  of the  a u s t e n -  
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i te  p r e c i p i t a t e d  at  t h e s e  b o u n d a r i e s  v a r i e s  f r o m  g r a i n  
b o u n d a r y  a l l o t r i o m o r p h s  (1) to g r a i n  b o u n d a r y  i d i o -  
m o r p h s  (2). An a c i c u l a r  s t r u c t u r e  d e v e l o p s  in  t he  i n -  
t e r i o r s  of the  a u s t e n i t e  g r a i n s  T M  (F ig .  l (b)) .  T h i s  
s t r u c t u r e  i s  s a i d  to a r i s e  b e c a u s e  a u s t e n i t e  e x p e r i -  
e n c e s  d i f f i c u l t y  in c r o s s i n g  b o u n d a r i e s  b e t w e e n  a d j a -  
c e n t  m a r t e n s i t e  n e e d l e s  o r  p l a t e s  8 and b e c a u s e  the  
a c i c u l a r  m o r p h o l o g y  f o r m s  by  a s h e a r  m e c h a n i s m .  5'7 
In add i t i on  to  the  a c i c u l a r  s t r u c t u r e ,  i n t r a g r a n u l a r  i d i o -  
m o r p h s  h a v e  a l s o  b e e n  r e p o r t e d  in t he  i n t e r i o r s  of t he  
f o r m e r  a u s t e n i t e  g r a i n s  5'7'9'1~ (F ig .  l (b)) .  At l a t e  r e -  
a c t i o n  t i m e s ,  t he  i d i o m o r p h s  a p p e a r  to a b s o r b  the  
a c i c u l a r  s t r u c t u r e .  7,g Mos t  of the  s t e e l s  on  w h i c h  
t h e s e  i n v e s t i g a t i o n s  have  b e e n  c o n d u c t e d  w e r e  c o m -  
p l e x ;  in  one  i n v e s t i g a t i o n ,  h o w e v e r ,  Cr  w a s  found  to  
a l low f o r m a t i o n  of the  a c i c u l a r  s t r u c t u r e  at  l o w e r  
h e a t i n g  r a t e s .  11 

The  a l l o y s  u s e d  in t he  p r e s e n t  i n v e s t i g a t i o n  a r e  
l i s t e d  in T a b l e  I. T h e s e  a l l o y s  w e r e  v a c u u m - m e l t e d  
and c a s t ,  and  t h e n  h o m o g e n i z e d  a s  i n d i c a t e d  in T a b l e  I. 
S p e c i m e n s  0.8 m m .  • 6 m m .  • 6 m m .  w e r e  m a c h i n e d  
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Fig. 2--(a) Fe-0.11 pct C, reacted 15 s at 740~ etched in 
BASP, Magnification 500 times, typical early reaction time 
mierostructure in a Group I alloy; (b) Fe-0.11 pct C-3.28 pct 
Ni, reacted 30 s at 710~ etched in BASP, Magnification 500 
times, illustrating typical early reaction time microstructure 
of a Group H alloy; (c) Fe-0.11 pct C, reacted 30 min at 740~ 
etched in BASP, Magnification 500 times, typical late reaction 
time structure of an Fe-C Group I alloy; (d) Fe-0.13 pct C- 
0.39 pct Mo, reacted 10 rain at 740~ etched in BASP and 2 
pet nital, Magnification 500 times, late reaction time micro- 
structure of an Fe-C-X Group I alloy. 

f rom the homogenized b a r s ,  aus ten i t ized  for 10 rain at 
1300~ quenched d i rec t ly  into iced 10 pct b r ine  to form 
mar t ens i t e ,  r eac ted  in lead baths (usually at t e m p e r a -  
t u r e s  not fa r  above that of the i r  eutectoid range  in o r -  
der  to reduce  the r a t e s  of aus teni te  format ion) ,  and 
f ina l ly  quenched again in iced b r ine .  After mount ing 
in dial lyl  phthalate,  1 gr inding  and chemica l  polishing,  
12-~4 the spec imens  were etched in boi l ing  a lkal ine  so -  
dium p ic ra te  (BASP). ~ This etch b lackens  the la rge  
number  of fine ca rb ides  prec ip i ta ted  f rom the f r e sh ly  
fo rmed  m a r t e n s i t e  (austeni te  at e levated t empe r a t u r e s )  
dur ing  mount ing of the spec imens ,  leaving  the e s s e n -  
t i a l ly  f e r r i t t c  ma t r ix  subs tan t i a l ly  unaffected. NitaI 
etching was used to r evea l  boundar ies  within this 
mat r ix .  

Before cons ide r ing  the a l loying e l emen t  effects, it 
should be noted that the so -ca l l ed  ac icu la r  morphology 
within the aus teni te  g ra ins  is not the product  of Widman-  
s t a t t en - type  growth, as this  name impl ies ,  but r a the r  of 
a l lo t r iomorph ic  growth along the long faces of pa ra l l e l  
m a r t e n s i t e  needles  ~5 or laths.  ~6 The ar rowhead in Fig. 
l(c) shows such a m a r t e n s i t e  needle boundary  (MNB) 
a l lo t r iomorph  growing along both s ides  of a ma r t e ns i t e :  
m a r t e n s i t e  boundary ,  and hence s imul t aneous ly  in two 
m a r t e n s i t e  needles .  This morphology, and the o b s e r v a -  
t ion that MNB a l lo t r iomorphs  formed in the c~ +~ region  
evolve gradua l ly  with t ime,  mi l i t a te  agains t  the view 5' 7 
that these  c r y s t a l s  fo rm by a shear  mechan i sm.  

Cons ide r ing  now the obse rva t ions  made upon the in -  
f luence of a l loying e l emen t s  upon aus teni te  morphology, 
on the b a s i s  of late r eac t ion  t ime  m i c r o s t r u c t u r e s  the 
a l loys  s tudied have been c lass i f i ed  into th ree  groups:  
I - - F e - C ,  Fe -C-Mo,  F e - C - C r ;  I I - - F e - C - M n ,  Fe -C-Ni ,  
F e - C - C u ;  I I I - -Fe -C-S i ,  Fe-C-A1,  F e - C - C o .  During the 

Fig. 3--(a) Fe-0.11 pet C-3.28 pct Ni, reacted 60 min at 710~ 
etched in BASP, Magnification 500 times, typical late reaction 
time Group II microstructure; (b)Fe-0.12 pct C-3.08 pct Mn, 
reacted 60 min at 735~ etched in BASP, Magnification 500 
times, typical Group II microstructure at a late reaction time 
in another alloy; (c) Fe-0.29 pct C-2.03 pct A1, reacted 60 min 
at 750~ etched in BASP, Magnification 500 times, late reac-  
tion time structure of a Group III alloy. 

ea r ly  s tages  of r eac t ion  ( t imes usual ly  less  than one 
min  at t e m p e r a t u r e s  jus t  above the eutectoid range) ,  
the m i c r o s t r u c t u r e s  of all  al loys a re  s i m i l a r .  Because  
of the coa r se  f o r m e r  aus teni te  gra in  s ize  (ASTM nos. 
2 to > 1), MNB a l lo t r iomorphs  were  the p r inc ipa l  m o r -  
phology. Those of Group I, however,  had a lower den-  
s i ty  of MNB a l lo t r iomorphs  than the other al loys (cf. 
Figs .  2(a) and (b)). After longer  reac t ion  t i mes  (10-60 
min),  marked  d i f ferences  developed among the th ree  
Groups.  In Group I, the MNB a l lo t r iomorphs  v i r t ua l l y  
d i sappeared ;  g ra in  boundary  a l lo t r iomorphs  and idio-  
morphs  at the f o r m e r  aus teni te  g ra in  boundar ies  and 
i n t r a g r a n u l a r  id iomorphs  p redomina ted  (Figs.  2(c) and 
(d)). The m i c r o s t r u c t u r e  of the Group II al loys,  on the 
other  hand, was l a rge ly  unchanged (cf. Fig.  2(b) with 
Figs.  3(a) and (b)). The behavior  of the Class  III al loys 
was in te rmedia te .  MNB a l lo t r iomorphs  r e m a i n e d  p r o m -  
inent  p r i m a r i l y  in complex pa t t e rns  developed in l i m -  
ited a reas  of the spec imens  (Fig. 3(c)); e l sewhere  the 
m i c r o s t r u c t u r e  tended toward that of Group L The 
complex s t r u c t u r e s  c l e a r l y  r e su l t ed  f rom p re fe ren t i a l  
p rec ip i ta t ion  at the i r r e g u l a r  boundar ies  fo rmed  where 
packets  of m a r t e n s i t e  needles  or iented  pa ra l l e l  to dif-  
fe ren t  habit  d i rec t ions  came into contact.  

Nital e tching provided a valuable  clue to the d i f fer -  
ences  which developed amongst  the three  Groups.  In 
Group I, the f e r r i t e  g ra in  s t r uc t u r e  is coa r se ly  equi -  
axed and be a r s  no r e s e m b l a n c e  to the pa t t e rn  of m a r -  
t e n s i t e : m a r t e n s i t e  boundar ies  f rom which it evolved 
(Fig. 4(a)). Gra in  growth especia l ly ,  but l ikely  also 
secondary  r e c r y s t a l l i z a t i o n  appear  r e spons ib l e  for this  
marked  change. As a r e su l t  of this  change, many of the 
aus teni te  c ry s t a l s  a re  no longer  in contact  with f e r r i t e  
g ra in  boundar ies .  The Group H s t r u c t u r e s ,  on the other  
hand, display a fine, complex,  gene ra l ly  ac icu la r  ne t -  
work of boundar ies  in which the inf luence of the m a r -  
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Fig. 4--Ferr i te : ferr i te  boundaries in late reaction time speci- 
mens after etching in BASP and 2 pct nital. (a) Fe-0.11 pct C, 
reacted 30 min at 740~ Magnification 500 times, Group I; 
(b) Fe-0.11 pct C-3.28 pct Ni, reacted 60 min at 710~ Mag- 
nification 2000 times, Group II; (c) Fe-0.29 pct C-2.03 pct A1, 
reacted 60 min at 750~ Magnification 1000 times, Group III. 

t ens i t i c  in i t ia l  s t r u c t u r e  is s t i l l  c l e a r l y  r e f l e c t e d  (Fig. 
4(b)). Note the numerous  aus teni te  c r y s t a l s ,  often quite  
sma l l ,  along these  boundar ies .  In the Group III a l loys,  
only in the a r e a s  of complex  s t r u c t u r e  a r e  ~:c~ bounda-  
r i e s ,  and individual  aus teni te  c r y s t a l s  along them,  s t i l l  
p r e sen t  in l a r g e  n u m b e r s  (Fig. 4(c)). 

Explanat ions  fo r  the o b s e r v e d  al loying e l emen t  e f -  
f ec t s  w e r e  cons ide r ed  in t e r m s  of the inf luence of X 
upon the m a r t e n s i t i c  in i t ia l  s t r uc tu r e ,  th.e r e c r y s t a l l i -  
zat ion behav io r  of ~ F e - X  al loys 17 and the ef fec ts  of X 
upon ca rb ide  p rec ip i t a t ion  f rom m a r t e n s l t e  ~8 (s ince c a r -  
b ides  at ~ : ~  boundar ies  provide  p a r t i c u l a r l y  f avorab le  
s i t e s  for  aus teni te  nucleationS); a l l  p roved  to be unsa t -  
i s fac to ry .  A m o r e  useful  approach appears  to be the 
following. The nucleat ion and growth of aus teni te  at 
boundar ies  be tween  m a r t e n s i t e  need les  and mig ra t i on  
of these  boundar ies  into lower  ene rgy  conf igura t ions  
a r e  compe t i t i ve  p r o c e s s e s .  The m o r e  rap id  the r a t e  
of nuclea t ion  of aus teni te  at m a r t e n s i t e : m a r t e n s i t e  . 
boundar ies ,  the m o r e  e f f ec t ive ly  wil l  the mot ion of 
these  boundar ies  be inhibited. It appears  that in the 
Group I a l loys ,  where  the dens i ty  of MNB a l l o t r i o -  
morphs  is in i t i a l ly  lower  than in the o thers ,  boundary 
mig ra t ion  o c c u r r e d  with suff ic ient  rap id i ty  r e l a t i v e  to 
the k ine t i cs  of aus teni te  fo rma t ion  not only to e l imina te  
many boundar ies  but  a lso  to allow the su rv iv ing  bound-  
a r i e s  to be suff ic ient ly  f r e e  of aus teni te  so that  they 
were  able to b r e a k  away f r o m  many of the MNB a l lo -  
t r i o m o r p h s  which did fo rm.  When no longer  in contact  
with a f e r r i t e : f e r r i t e  boundary,  aus teni te  c r y s t a l s  r a p -  
idly sphero id tze  because  of the l a r g e r  d r iv ing  fo r ce  for  
this  p r o c e s s  which is then avai lable ,  and a re  thus much 
m o r e  suscep t ib le  to d i s so lu t ion  by coarsen ing .  Hence 
only a r e l a t i v e l y  s m a l l  number  of aus teni te  c r y s t a l s  
r e m a i n  in the i n t e r i o r s  of the f o r m e r  aus teni te  gra ins ,  
and the s u r v i v o r s  a r e  l a r g e l y  id iomorphs .  In the Group 
1I a l loys ,  on the o ther  hand, r a t e s  of aus teni te  nucleat ion 
appear  to have  been  suf f ic ien t ly  high to r e s t r i c t  s ign i f i -  
cant ly  the amount  of m a r t e n s t t e : m a r t e n s i t e  boundary 
mig ra t ion  which could occur .  The r e su l t i ng  inhibit ion 
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of b reakway  f r o m  MNB a l l o t r i o m o r p h s  fu r the r  ensu red  
re ten t ion  of a m a r t e n s i t e - l i k e  a r r a n g e m e n t  of the f e r -  
r i t e  boundar ies .  The MNB a l l o t r i om orph  morphology  
e f fec t ive ly  r e s i s t s  coa r s en ing  because  of the r e l a t i v e l y  
l a rge  rad i i  of c u r v a t u r e  of its a:V boundar ies .  E v i -  
dent ly the nuclea t ion  r a t e s  of aus teni te  w e r e  i n t e r m e -  
diate  in the Group III a l loys,  be ing high enough to p r o -  
duce Group H-type  pinning only amongs t  the h igher  en-  

�9 e r g y  boundar ies  produced by the t r a n s f o r m a t i o n  into 
contact  of m a r t e n s i t e  needles  p a r a l l e l  to d i f fe ren t  habit  
d i r ec t ions .  The nucleat ion and growth k ine t ics  of au-  
s ten i te  in Group II a l loys  r e l a t i v e  to those  in F e - C  can 
be explained by the h igher  d r iv ing  f o r c e s  for  both of 
these  p r o c e s s e s  which follow d i r ec t l y  f r o m  the lower  
t e m p e r a t u r e  range  of the no -pa r t i t i on  Ae3 in these  
a l l oys - - j u s t  the r e v e r s e  of the s i tuat ion in the p r o e u -  
tec to id  f e r r i t e  r eac t ion .  1~ In Group I, Me s l igh t ly  de-  
c r e a s e s  the d r iv ing  f o r c e ;  Cr may  i n c r e a s e  it a l i t t le ,  
but the " s o l u t e  d r a g - e f f e c t "  upon growth,  which o c c u r s  
when X is a s t rong  c a r b i d e - f o r m e r ,  2~ can cause  both to 
r e t a r d  reac t ion  k ine t i cs .  On the o ther  hand, the Group 
III e l emen t s  should d e c r e a s e  the d r iv ing  f o r c e s  for  au-  
s ten i te  fo rmat ion ,  yet appear  to i n c r e a s e  somewhat  the 
k ine t ics  of the reac t ion .  These  e l emen t s  may, however ,  
d e c r e a s e  the in t e r f ac i a l  f r e e  ene rgy  r e q u i r e d  for  nu- 
c lea t ion ;  even  a sma l l  change of this  type would m o r e  
than offset  the lower  d r iv ing  fo rce .  
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