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The au thors  debate th ree  topics  cen t ra l  to the c o n t r o v e r s i e s  which have enveloped the ba in -  
i te reac t ion  ever  s ince  it was f i r s t  recognized  as  a d i s t inc t ive  mode of aus ten i te  decompos i -  
t ion. These  include:  " w h a t  i s  b a i n i f e ? " ,  " the  growth m e c h a n i s m  of the f e r r i t i c  component  
of b a i n i t e " ,  and " the  sou rces  of ba in i t i c  carb ide  p r e c i p i t a t i o n . "  RFH concludes  that ba in i te  
is  the product  of a shear  t r a n s f o r m a t i o n .  Individual  ba in i te  p la tes  a r e  suggested to grow 
subs tan t ia l ly  more  rapidly than volume d i f fus ion-con t ro l  a l lows,  but a cons t r a in t  such as 
the bu i ld-up  of volume s t r a in  energy l im i t s  the extent of the i r  growth. This  m e c h a n i s m  of 
growth e n s u r e s  extens ive  supe r sa tu r a t i on  of ba in i t i c  f e r r i t e  with r e spec t  to carbon .  
Whether  or  not ca rb ides  p rec ip i ta te  in assoc ia t ion  with ba in i t e  p la tes  and whether  the c a r -  
bide is  cement i t e  or e, however,  is a complex ques t ion in compet i t ive  reac t ion  k ine t i c s .  
New exper imen ta l  evidence is  p r e sen t ed  to de mons t r a t e  that E carb ide  p rec ip i t a ted  in lower 
ba in i t e  d i s so lves  upon heating above the k ine t i c -B  s t e m p e r a t u r e  in an al loy s tee l  conta in-  
ing 1.5 pct Si. This  r e su l t  i s  taken to suppor t  the ex i s tence  of the me ta s t ab l e  eutectoid r e -  
act ion 7 ~ c~ + e at c a  350~ HIA and KRK define ba in i te  as  the product  of a n o n l a m e l l a r  
eutectoid reac t ion .  On this  view, carb ide  p rec ip i ta t ion  thus plays  an essen t i a l ,  r a t h e r  than 
an a n c i l l a r y  role .  Development  of the Widmans ta t t en  morphology by the f e r r i t i c  component  
of ba in i te  is  shown to be i ne s sen t i a l  to the c lass i f i ca t ion  of a eutectoid s t r uc t u r e  as ba in i te .  
When th is  morphology is  p r e s e n t ,  however ,  it is  concluded to grow by the ledge m e c h a -  
n i sm ,  without the par t ic ipa t ion  of shear ,  at r a t e s  of the o r de r  of or  l e s s  than those allowed 
by volume d i f fus ion-con t ro l .  New exper imen ta l  evidence is  p r e sen t ed  to show that the 
lengthening and thickening k ine t i c s  of individual  p la tes  within sheaves  of upper  ba in i te  a re  
cons i s ten t  with this  desc r ip t ion .  The r e su l t s  of a new calcula t ion indicate  that the in i t ia l  
carbon content  of baini te  p la tes  l i es  between the ~ / ( ~  + FeaC) and the ext rapola ted  a / ( ~  + ~) 
phase boundar ies ,  in ag r eemen t  with expectat ion f rom the ledge m e c h a n i s m  of growth. 

O N  the occas ion of h is  80th b i r thday ,  it mus t  be a 
source  of both p l ea su re  and f rus t r a t ion  to Dr.  Edgar  
Col l ins  Bain to observe  that the phase t r a n s f o r m a t i o n  
named in his  honor cont inues  to be the subject  of so 
much r e s e a r c h  throughout the world,  and yet r e m a i n s  
so con t rove r s i a l  that,  m o r e  than 40 yea r s  af ter  i ts  
d i scovery ,  a lmos t  the only aspect  of it upon which 
the re  is  gene ra l  a g r e e m e n t  is  that s t i l l  more  r e s e a r c h  
is needed! In the hope of encouraging  a more  focussed 
effort  to r e so lve  these  c o n t r o v e r s i e s ,  the p r e s e n t  au -  
thors  have se lec ted  the th ree  i s sues  which they con-  
s i de r  to form the i r  core  and have engaged in a debate 
upon them.  In r e spec t  of the f i r s t  i s sue ,  that of an -  
swer ing  the quest ion "what  is b a i n i t e ? " ,  the two s ides  
(RFH on one; HIA and KRK on the other)  exchanged 
s t a t emen t s  of posi t ion and then two fu r the r  rounds  of 
rebut ta l .  Cons ide ra t ions  of length r e s t r i c t e d  debate 
on the other  two topics ,  " the  growth m e c h a n i s m  of the 
f e r r i t i c  component  of b a i n i t e "  and " the  sou rces  of 
baini f ie  carb ide  p r e c i p i t a t i o n " ,  to two exchanges on 
each.  No subs tan t ia l  a l t e r a t i ons  were  subsequent ly  
made in these  exchanges.  Not su rp r i s i ng ly ,  the level  
of ag r eemen t  reached was suff ic ient ly  modes t  so that 
for the Summary  sect ion the views of the two s ides  
were  again separa te ly  p repa red .  The bas ic  na tu re  of 
the p r o b l e m s  involved,  however,  appea r s  to have been 
c la r i f ied ,  and as  a r e su l t  the paths which future  expe r -  
imenta l  and theore t i ca l  s tudies  might  mos t  prof i tably  
follow now seem to be be t t e r  i l lumina ted .  
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TOPIC I: WHAT IS BAINITE? 

R. F.  H. (Round 1) 

The t e r m  ba in i te  r e f e r s  to the ac i cu l a r  decompos i -  
t ion p roduc t s  that form when aus ten i te  is  t r a n s f o r m e d  
at i n t e rmed ia t e  t e m p e r a t u r e s .  The s i m i l a r i t i e s  between 
ba in i te  and m a r t e n s i t e  on the one hand and between 
bainite and Widmanstatten ferrite on the other have 
been recognized since the pioneering work of Daven- 
port and Bain ~ and have resulted in several divergent 
views of the reaction mechanism. The many problems 
that have prevented delineating this mechanism unam- 
biguously have recently been reviewed critically. 2 

The formation of bainite constitutes a complex prob- 
lem in competitive reaction kinetics involving the alio- 
tropic transformation of y to ~, partition of carbon be- 
tween these phases, precipitation of eementite (and 
other carbides) from ferrite and/or austenite as well 
as  accommodat ion  and re laxa t ion  of t r a n s f o r m a t i o n  
s t r a in .  Unti l  the reac t ion  me c ha n i sm  is m o r e  c lea r ly  
es tab l i shed  in t e r m s  of the in te rp lay  of these  p roc -  
e s se s ,  it appears  to be n e c e s s a r y  to define baini te  in 
t e r m s  of its s t r u c t u r a l  as  well  as  kinet ic  f ea tu res .  
Three  c h a r a c t e r i s t i c s  appear  to be s ignif icant :  

1) Mic ros t ruc tu re - - In  the s tee l s  of g rea tes t  i n t e r e s t ,  
the carbon content  exceeds that for  the solubi l i ty  of 
carbon in f e r r i t e .  Under these  condit ions,  ba in i te  is  a 
n o n l a m e l l a r  aggregate  of f e r r i t e  and carb ide  with an 
a c i c u l a r  morphology dictated by the f e r r i t i c  compo-  
nent .  At leas t  two and poss ib ly  a g r e a t e r  n u m b e r  of 
v a r i a n t s  of ba in i te  a re  recognized.  The c l a s s i ca l  v a r i -  
an ts  encompass  the feathery s t r uc t u r e  known as  upper  
ba in i te  and the p l a t e - l ike  product  known as  lower 
ba in i te .  3 Both f o r ms  a r e  nuclea ted  by i e r r i t e  4 and, 
although the s t r u c t u r e s  have been cha rac t e r i zed  in 
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detai l ,  s'6 the r ea son  for the i r  d i f ference  is  not yet  
c l ea r ly  es tab l i shed .  

2) Surface Relief--Growth of baini te  takes  place 
slowly and format ion  of both upper  and lower ba in i te  
is  accompanied  by sur face  re l ie f .  7-1~ In addi t ion,  the 
c rys ta l log raph ic  f ea tu res  of lower  baini te  a r e  spec i -  
f ied adequately by the phenomenologica l  t heo r i e s  of 
m a r t e n s i t e  r e a c t i o n s . ~  The s i m i l a r i t y  between the 
c rys ta l lography  and sur face  re l ie f  of upper  ba in i te  
and that of l ow-ca rbon  m a r t e n s i t e  a l so  has been 
emphas ized .  6 This  has  led to the concept that ba in i te  
is  a d isp lac ive  t r a n s f o r m a t i o n  cont ro l led  by the ra te  
at which composi t ion change is  accompl i shed  by r e -  
moval  of carbon to the su r round ing  aus ten i te .  ~e'13 This  
conclusion is  not yet u n i v e r s a l l y  accepted and the ob-  
se rva t ion  that Widmans ta t t en  f e r r i t e  a lso  exhibi ts  r e -  
l ief  ~4 has led to a l t e rna te  i n t e rp r e t a t i ons  of the re l ie f .  
These  d i s a g r e e m e n t s  coupled with those on o ther  ex-  
p e r i m e n t a l  obse rva t ions  a r e  at the hear t  of the confu- 
sion su r round ing  the reac t ion  m e c h a n i s m .  

3) React ion K ine t i c s~ In  al loy s tee l s ,  an upper  t e m -  
pe r a tu r e ,  des ignated Bs, ex is t s  above which aus ten i te  
wil l  not t r a n s f o r m  by the ba in i t i c  mode.  Below this  
t e m p e r a t u r e ,  ba in i te  fo rms  re la t ive ly  rapidly ,  but, 
n e a r  Bs,  t r a n s f o r m a t i o n  stops before al l  of the a us t e n -  
ite has been t r a n s f o r m e d .  ~5 The amount  of aus ten i te  
t r a n s f o r m e d  to ba in i te  i n c r e a s e s  as  the reac t ion  t e m -  
p e r a t u r e  is  lowered.  In pla in  carbon s tee l s ,  these  k i -  
ne t ic  aspec t s  of the reac t ion  a r e  obscured  by compe-  
t i t ion f rom the pea r l i t e  and proeutec to id  r eac t ions .  In 
spi te  of these  observa t iona l  d i f f icul t ies  these  fea tu res  
appear  to be common to the ba in i te  reac t ion  in pla in  
carbon as  well  as  al loy s t ee l s .  

H. I. A. and K. R. K. (Round 1) 

Most  physica l  m e t a l l u r g i s t s  a re  l ikely to ag ree  with 
the view TM that a quest ion such as this  is  bes t  answered  
on the ba s i s  of the fundamenta l  m e c h a n i s m  of t r a n s -  
fo rmat ion .  However,  it has been recen t ly  pointed out 
that th ree  quite different  an swer s  to this ques t ion a re  
now ava i lab le  in the l i t e r a t u r e ,  each of which cen te r s  
about a d i f ferent  t r a n s f o r m a t i o n  mechan i sm:  z 

1) The M i c r o s t r u c t u r a l  Def ini t ion--Based p r i m a r i l y  
upon the p ioneer ing  s tudies  of Rober t son  17 and of 
Davenport  and Bain,  1 and much reen fo rced  by the sub-  
sequent  work of Hul tgren,  4'1s this  defini t ion cons ide r s  
ba in i te  to be a d i spe r s ion  of n o n l a m e l l a r  ca rb ides  
fo rmed  in assoc ia t ion  with proeutec to id  f e r r i t e ,  i .e . ,  
the product  of a n o n l a m e l l a r  eutectoid reac t ion .  The 
p rev ious ly  accepted r e s t r i c t i o n  that the f e r r i t e  phase 
have a Widmans ta t t en  morphology has been shown to 
be u n n e c e s s a r y  .2 On th is  def ini t ion,  the d is t inguishing  
fundamental  m e c h a n i s m s  of t r a n s f o r m a t i o n  a r e  carb ide  
p rec ip i ta t ion  within f e r r i t e  and at au s t en i t e : f e r r i t e  
boundar ies .  

2) The Kinet ic  Definit ion--Due la rge ly  to Wever  and 
Lange,  t9 this defini t ion is  couched in t e r m s  of the ove r -  
all  k ine t i cs  of t r an s fo rma t ion :  the ba in i te  reac t ion  has 
i ts  own C - c u r v e ;  as  the max imum t e m p e r a t u r e  of this  
curve  (the " k i n e t i c - B  s ' ' )  i s  approached,  the p ropor t ion  
of ba in i te  fo rmable  d e c r e a s e s  (ideally) to zero.  Many 
m e c h a n i s m s  have been proposed for these  phenomena;2 
mos t  recen t ly ,  it was suggested that a solute d r ag - l i ke  
effect of a l loying e lements  which s t rongly  dec rea se  the 

ac t iv i ty  of carbon  in aus ten i t e  is  p r i m a r i l y  r e s p o n -  
s ib le  2 ,zo,za 

3) The Surface Relief  Definit ion---Originally de-  
veloped by Ko and C0t t re l l ,  7'zz this  defini t ion cu r r en t l y  
cons ide r s  to be ba in i te  any slowly growing p rec ip i t a t e  
pla te  which produces  a m a r t e n s i t i c  su r face  re l i e f  ef-  
fect.  The bas ic  m e c h a n i s m  proposed is  growth by 
she a r  at r a t e s  de t e rmined  by l ong - r ange  solute diffu- 
s ion .  

The following i t e ms  i l l u s t r a t e  the subs tan t i a l  con-  
f l ic t s  which exist  among these  def in i t ions .  Surface r e -  
l ief vs mic ros t ruc tu ra1 :  su r face  re l i e f  baini te  can form 
above the eutectoid t e m p e r a t u r e .  22'23 Surface re l ie f  vs 
k i n e t i c : t h e  W s (Widmans ta t t en - s t a r t )  or  su r face  r e -  
l i e f -B  s t e m p e r a t u r e  l i es  as  much as  200~ above the 
k i ne t i c - B  s in 0.1 pct C F e - C - M o  and F e - C - C r  
alloys.24 M i c r o s t r u c t u r a l  vs  k inet ic :  m i c r o s t r u c t u r a l  
ba in i te  can form both above and below k ine t i c -B  s in 
F e - C - C r  a l loys .  2'25 Poor  a g r e e me n t  between k ine t i c -  
and m i c r o s t r u c t u r a l - B  s is  a l so  found in F e - C - M o  
a l loys  .2 

The kinet ic  defini t ion of ba in i te  is r ead i ly  e l imina ted  
on the ground of lack of genera l i ty .  The absence  of in -  
complete  t r a n s f o r m a t i o n  (defined as  a s m a l l e r  p r o p o r -  
t ion of f e r r i t e  than that allowed by the Leve r  Rule) at 
t e m p e r a t u r e s  jus t  below the k i n e t i c - B s  has been r e -  
cently demons t r a t ed  in F e - C - 2  pet Me a l loys  of v a r y -  
hag carbon content .  2a The  " b a y "  in the T T T - d i a g r a m s  
of these  a l loys  was shown to r e s u l t  f rom a m i n i m u m  
in the growth k ine t i c s  of f e r r i t e  at this  temperature.21 
No such m i n i m u m  in f e r r i t e  o r  ba in i te  growth k ine t i c s  
appea r s  in s t ee l s  which do not show a b a y J  3 Thus  the 
phenomena a s soc ia t ed  with the kinet ic  defini t ion a r e  
insuf f ic ien t ly  gene ra l  to w a r r a n t  an appel la t ion as  
b road  in scope as  that of " b a i n i t e " .  

The ba in i te  photographed by Rober t son  IT and by 
Davenport  and Bain 1 cons i s t s  l a rge ly  of a d i spe r s ion  
of n o n l a m e l l a r  ca rb ides  in Widmans ta t t en  f e r r i t e .  The 
p r e sen t ,  gene ra l i zed  m i c r o s t r u c t u r a l  defini t ion e l im-  
ina tes  the r e q u i r e m e n t  that the f e r r i t e  appear  in a 
Widmans ta t t en  morphology,  whe reas  the su r face  re l i e f  
defini t ion p roposes  that the p r e s e n c e  of ca rb ides  is  
i ne s sen t i a l .  A decis ion  as  to which of these  def ini t ions  
is  m o r e  appropr i a t e  can be made,  however ,  on the b a -  
s i s  of reac t ion  m e c h a n i s m .  When the sur face  re l i e f  
aspect  of the subsequent ly  developed phenomenologica l  
theory  of m a r t e n s i t e  26'27 is  applied to make the or ig ina l  
Ko-Cot t re l l  7 defini t ion m o r e  r igorous ,  the f e r r i t i c  
component  of ba in i te  mus t  be a plate  in th ree  d i m e n -  
s ions ,  not a needle ,  and the re l i e f  effect mus t  be an 
invar i an t  plane strain.28'29 Proeutec to id  f e r r i t e  and 
upper  ba in i te ,  however,  often appear  as  need les .  3~ 
Widmans ta t t en  f e r r i t e  s o m e t i m e s  y ie lds  an inva r i an t  
plane s t r a in  r e l i e f y  but " v e e " -  or " ten t 'S - shaped  
re l ie f  morphologies  a re  often observed  in assoc ia t ion  
with s ingle  c r y s t a l s  of both f e r r i t e  z'32 and lower  
ba in i te .  33 These  incompa t ib i l i t i e s  between defini t ion 
and exper iment  provide  a good indicat ion that the fun-  
damenta l  t r a n s f o r m a t i o n  me c ha n i sm  upon which the 
su r face  re l ie f  defini t ion r e s t s  is ,  in fact,  not opera t ive  
dur ing  the fo rmat ion  of ba in i te  in s tee l .  Although 
p la tes  of c~ b r a s s  p rec ip i t a ted  f rom/3 do sat isfy  the 
re l ie f  effect spec i f ica t ions  of the phenomenological  
theory ,  29'34 data on the i r  lengthening k ine t i cs  indicate  
that at leas t  some zinc pa r t i t ion  occurs  between a and 
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/3 dur ing  growth.* 3S No solute par t i t ion  at al l  is  a d m i s -  

*The recent analysis of Purdy 36 implies a considerably closer approach to equi- 
librium levels of partition. Electron probe indications to the contrary 37 are prob- 
ably incorrect. 38 

s ible ,  however ,  in a subs t i tu t iona l  sol id  solut ion u n d e r -  
going a shea r  t ransformat ion.28 It is  thus r e c o m -  
mended  that the sur face  re l i e f  def ini t ion of baini te  be 
discarded.2 

The m i c r o s t r u c t u r a l  def ini t ion,  on the other  hand,  is  
in good accord  with the phenomena  which it d e s c r i b e s .  
Although the re  is  a p e r i p h e r a l  tendency for m e r g e r  
with pea r l i t e ,  39'4~ the m i c r o s t r u c t u r a l  ba in i te  reac t ion  
not only in s tee l  but in such d ive r se  al loy s y s t e m s  as  
F e - N ,  4~ T i - C r ,  42 and Cu-A1 and Cu-Sn 4~ is  c l ea r ly  the 
n o n l a m e l l a r  eutectoid t r a n s f o r m a t i o n  r equ i r ed  by the 
def ini t ion.  T e r m i n g  such a reac t ion  " b a i n i t e " ,  and 
cons ide r ing  it, with Hul tgren,  4'I8 to be the n o n l a m e l l a r  
coun te rpar t  of pea r l i t e ,  is  accord ingly  r ecomm e nde d  
as  the answer  to the ques t ion "What  is  b a i n i t e ? "  

R. F .  H. {Round 2) 

The m i c r o s t r u c t u r a l ,  k ine t ic ,  and sur face  re l ie f  
phenomena  a r e  bas ic  c h a r a c t e r i s t i c s  that mus t  be ex- 
p la ined  by the co r r ec t  m e c h a n i s m  and should not,  in 
my opinion, be viewed as  independent  or  mutua l ly  ex- 
c lus ive  def in i t ions .  

1) M i c r o s t r u c t u r e - - T o  cons ide r  ba in i te  exc lus ive ly  
to be a n o n l a m e l l a r  f e r r i t e - c a r b i d e  aggregate  without 
r ega rd  to k inet ic  and other  fea tu res  of the t r a n s f o r m a -  
t ion excludes s ingle  phase  decomposi t ion  products  and 
i nco rpo ra t e s  some aggrega te  s t r u c t u r e s  that o therwise  
may not be c lose ly  re la ted  mechan i s t i ca l l y .  The l a t t e r  
appl ies  p a r t i c u l a r l y  to a l loy ca rb ides  p rec ip i t a t ed  f rom 
proeutec to id  f e r r i t e  fo rmed  at t e m p e r a t u r e s  n e a r  or  
above A~ .2 

Very  low carbon F e - N t  a l loys  exhibit  a " s l o w l y "  
growing product  that develops with su r face  m a r k i n g s  
e s sen t i a l l y  the same  as  that for  the m a r t e n s i t i c  s t r u c -  
t u r e  fo rmed  at lower t e m p e r a t u r e s .  44'45 Although s ingle  
phase ,  these  s t r u c t u r e s  appear  to be c losely  re la ted  to 
the ba in i t i c  s t r u c t u r e s  produced in s t ee l s  of comparab le  
n ickel  but h igher  carbon  content .  The kinet ic  and s u r -  
face re l ie f  c h a r a c t e r i s t i c s  indicate  that these  s t r u c -  
t u r e s  can potent ia l ly  be viewed as  ba in i t e .  The o b s e r -  
vat ion of s eve ra l  t he rma l  a r r e s t s  in h igh-pur i ty  i ron  
a l so  has  been i n t e rp r e t ed  in t e r m s  of a ba in i t i c  r e a c -  
t ion in pu re  i ron .46 

As ment ioned  by Drs .  K insman  and Aaronson ,  
p la tes  fo rmed  by low t e m p e r a t u r e  aging of ~3 b r a s s  
r e p r e s e n t s  ano ther  t r a n s f o r m a t i o n  excluded f rom con-  
s ide ra t ion  as  ba in i te  because  it is  s ingle  phase .  The 
abi l i ty  of ex te rna l  s t r e s s  to se lec t ive ly  favor ce r t a in  
v a r i a n t s  of the product  has been a t t r ibu ted  to a shear  
component  of the t r a n s f o r m a t i o n  strain.*47 S imi la r  r e -  

*Nonbainitic products in other systems did not exhibit this selectivity although 
nucleation was enhanced. 

su l t s  a r e  observed  in the fo rmat ion  of ba in i te  4s in 
s tee l s  and imply  that a shear  reac t ion  is  involved in 
both cases .  

2) Surface Rel ief--The d isp lac ive  cha r ac t e r  of the 
sur face  re l i e f  a s soc ia t ed  with lower ba in i te  has been 
carefu l ly  es tab l i shed  1~ as  has  the c lose  connect ion be -  
tween the c rys ta l lography  and s u b s t r u c t u r e  of upper  
ba in i te  and low-ca rbon  m a r t e n s i t e .  ~'6 F e r r i t e  la ths  

const i tu te  the bas ic  unit  in both upper  ba in i te  and low- 
carbon m a r t e n s i t e .  Since low-ca rbon  m a r t e n s i t e  i t se l f  
is  not well  unders tood  in t e r m s  of the phenomenolog i -  
cal t heo r i e s ,  the re  does not yet appear  to be suff icient  
g rounds  to r e j ec t  the concept that a d isp lac ive  reac t ion  
is  involved in the fo rmat ion  of e i ther  upper  or  lower  
ba in i t e .  

" V e e " -  or  " t e n t " - s h a p e d  re l ie f  a l so  does not ex-  
clude a she a r  m e c h a n i s m  for the t r a n s f o r m a t i o n .  This  
may a r i s e  s imply  f rom the juxtaposi t ion  of two v a r i -  
an t s  of the t r a n s f o r m a t i o n  product .  29 However,  in the 
case  of lower  ba in i te ,  it has been  shown 49-51 that these  
pla tes  f requent ly  thicken f rom one side only. In this  
case ,  such p la tes  exhibit  a " t e n t "  re l ie f  in which the 
apex of the tent  is one edge of the pla te .  One-hal f  of 
the tent  then r e p r e s e n t s  aus ten i te  deformed by sl ip or 
kinking a s  has  been suggested  by Chr i s t i an .  2s The a s y m -  
m e t r i c  growth and i ts  re la t ion  to the re l ie f  has  been 
conf i rmed  by etching of s amples  af ter  r ecord ing  the r e -  
l ief  by ho t - s t age  metallography.52 Klosterman133 has  
observed  s i m i l a r  un id i r ec t iona l  th ickening of sur face  
m a r t e n s i t e  and has proposed that a plate  "wi l l  b roaden  
only in the d i rec t ion  for which the shape deformat ion  
p r o m o t e s  a hydros ta t ic  t ens i l e  s t r e s s . "  It should be 
noted, however ,  that other  s tudies  33 have shown that 
both s ides  of the tent  can cons i s t  of the t r a n s f o r m a t i o n  
product .  

3) Kine t ics - -The  concept that B s r e su l t s  f rom a spe-  
cial  effect of a l loying e l emen t s  on the growth of p ro -  
eutectoid f e r r i t e  2~ is ex t r eme ly  a t t r ac t ive  and empha-  
s i ze s  the quest ion of whether  or not a B s t e m p e r a t u r e  
exis t s  in p la in  carbon s tee l s .  This  is  a difficult  ques -  
t ion to a n s w e r  exper imen ta l ly ;  however ,  it has been 
suggested  that B s in these  m a t e r i a l s  can be ident if ied 
with a d i f fe rence  in s u b s t r u c t u r e  between Widmans ta t t en  
f e r r i t e  and bainite.49 There  appea r s  to be at l eas t  a 
d iscont inuous  change in the au toca ta ly t ic  cont r ibut ion  
to nuc lea t ion  at  B s and this  may  signify a change in the 
mode of re laxa t ion  of accommodat ion  s t r a i n s .  

It a l so  s e e ms  adv isab le  to d is t inguish  between p rod -  
uc ts  fo rmed  at the same  t e m p e r a t u r e  but at d i f ferent  
r a t e s .  Three  pct Cr  s t ee l s  containing 0.08 pct to m o r e  
than 1 pct C exhibit  an in i t ia l  rapid reac t ion  that t r a n s -  
f o r ms  only a l imi t ed  amount  of the aus ten i te  at t e m p e r -  
a t u r e s  n e a r  B s .25 The r e ma i n i ng  aus ten i te  subsequent ly  
t r a n s f o r m s  at a much lower  ra te .  At carbon levels  
above approx imate ly  0.4 pct th is  involves  separa te  f e r -  
r i t e  and ca rb ide  r eac t ions ;  however ,  at the lower  c a r -  
bon leve ls  it is  difficult  to d is t inguish  me ta l log raph ica l ly  
between the product  of the in i t ia l  rapid reac t ion  and the 
subsequent  much s lower  r eac t ions .  Neve r the l e s s ,  the 
kinet ic  r e s u l t s  suggest  that a fundamental  d i f ference  
exis t s  between the two products .  

The exis tence  of a " k i n e t i c - B s "  and a rapid  i ncom-  
ple te  reac t ion  (decreas ing  to 0 pct at B s and thus much 
below amounts  pe rmi t t ed  by the l ever  rule)  a l so  occur s  
in s t ee l s  a l loyed with e l emen t s  such as  s i l i con  s3 and 
nickel  54'5~ which i n c r e a s e  the ac t iv i ty  of carbon in a u s -  
ten i te .  This  phenomenon is  more  genera l  than is  p e r -  
mi t ted  by the solute  drag model  in i ts  p r e s e n t  fo rm.  

H. I. A. and K. R. K. (Round 2) 

In answer ing  the quest ion "what  is  b a i n i t e ? " ,  Prof .  
H eh emann:  

1) Accepts  the c l a s s i ca l  m i c r o s t r u c t u r a l  def ini t ion of 
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bain i te ,  in which only the a c i c u l a r  morphology  of the 
f e r r i t i c  component  is  a l lowed.  

We a r e  in a g r e e m e n t  in r equ i r ing  that the f e r r i t e  con-  
tain a n o n l a m e l l a r  d i spe r s ion  of c a rb ide s  in o r d e r  that 
the resu l tan t  a g g r e g a t e  s t r u c t u r e  w a r r a n t  c l a s s i f i ca t ion  
as  baini te ,  but not in r e s t r i c t i n g  the morphology  of the 
f e r r i t e  phase  to the a c i c u l a r  f o rm .  Both in the p r e s e n t  
debate and in h is  r ecen t  de ta i led  r ev iew of the baini te  
reac t ion ,  ~3 P ro f .  Hehemann p r e f e r s  to confine at tent ion 
to " t h e  two c l a s s i c a l  va r i an t s  of b a i n i t e " ,  namely  upper  
and lower  ba in i te .  Use  of the t e r m  " c l a s s i c a l "  in th is  
context  of impl ied  soundness  s e e m s  an inappropr i a t e  
r eason ,  however ,  for omit t ing m a j o r  i t e m s  of (admi t -  
tedly  inconvenient)  expe r imen t a l  ev idence .  Th i s  debate 
i s  being held  p r i m a r i l y  because  the c l a s s i c a l  v iews  
have  led to in to l e rab le  confusion.  We t h e r e f o r e  r e c a l l  
a t tent ion to the ex i s t ence  of the following nonac icu la r  
morpho log ie s  of the f e r r i t i c  component  of baini te :  

a) Co lumnar  ba in i t e - -obse rved  in both carbon  and 
a l loy s t e e l s  at  a t m o s p h e r i c  9'56-58 and high 59'~~ p r e s -  
su res .*  

*The suggestion that columnar bainite should be ignored because it may result 
from the operation of another mechanism of ferrite formation s3 seems overdrawn; 
development of the various morphologies of proeutectoid ferrite, for example, in- 
volves a considerable variety of transformation mechanisms. ~'61 

b) Granu l a r  ba in i t e - - r epor t ed  in i s o t h e r m a l l y  t r a n s -  
f o r m e d  plain carbon 62 and nickel  63 s t e e l s  with low- 
carbon contents .*  

*Hehemann sa points out that Habraken 6s '~ originally observed granular bainite 
primarily in continuously cooled specimens, and more importantly, often found 
this structure to be essentially free of carbides. The latter circumstance, on both 
our views, would prevent classification as bainite. However, the presence of car- 
bides in granular bainite was established by transmission electron microscopy in 
nickel steels, ~ 

c) Bain i t ic  g ra in  boundary a l l o t r i o m o r p h s - - t h e s e  a r e  
obse rved  in sma l l  amounts  in c o a r s e  g ra ined  hypoeu-  
tec to id  s t ee l s ;  2'86 g rea t ly  reducing  the aus ten i te  gra in  
s ize ,  however ,  can make them the p redominan t  m o r -  
phology at r eac t ion  t e m p e r a t u r e s  and t i m e s  which y ie ld  
(in the s a m e  s tee l )  c o a r s e l y  ac i cu t a r  baini te  when the 
aus ten i te  gra in  s ize  i s  l a r g e ,  z A l l o t r i o m o r p h s  a r e  
probably  often the " u n i t "  morphology  of g r anu l a r  
baini te .  63 They a r e  evident ly  a l so  the m a j o r  f e r r i t e  
morphology  in the baini te  which Davenpor t ,  B e r r y ,  
and Honeycombe 67 d e s c r i b e  as  the product  of " i n t e r -  
phase  p r e c i p i t a t i o n "  of ca rb ides  at a u s t e n i t e : f e r r i t e  
boundar ies  in F e - C - X  a l loys  when X is a subst i tu t ional  
a l loying e l emen t  with a s t rong  tendency for  ca rb ide  
fo rmat ion .  

This  ev idence  fo r  nonac icu la r  morpho log ie s  of the 
f e r r i t i c  component  of ba in i te  s e e m s  suff ic ient ly  sub-  
s tant ia l  so that it should not be ignored  in a t tempt ing  
to develop a b e t t e r  defini t ion of ba in i te .  

2) Accep t s  the mechan i s t i c  bas i s  of the su r f ace  r e -  
l ief  defini t ion,  i . e . ,  that  the ac i cu l a r  f e r r i t e  por t ion  of 
ba in i te  f o r m s  by s h e a r  (we shal l  take i s sue  with the 
c r y s t a l l o g r a p h i c  and su r f ace  r e l i e f  a r g u m e n t s  which 
he uses  to suppor t  th is  conclus ion under  Topic  II), but 
apparen t ly  r e j e c t s  in at l ea s t  one impor tan t  case  a 
log ica l  consequence  of th is  defini t ion by decl ining to 
c l a s s i fy  c a r b i d e - f r e e  Widmans ta t ten  f e r r i t e  as  ba in i te .  
Unfor tunate ly ,  he r ecen t ly  appea red  to accept  th is  con-  
sequence  in another  a l loy s y s t e m  by c lass i fy ing  as 
baini te  a c i c u l a r  a p rec ip i t a t ed  f r o m  f3 Cu-Zn .  s3 In such 
a l loys ,  of cou r se ,  t he r e  is  no eutectoid  reac t ion .  We 

would app rec i a t e  an expl ic i t  r eso lu t ion  of th is  apparen t  
conf l ic t .  

3) Accep t s  the view that the f e r r i t i c  component  of 
baini te  contains  a h igher  than equ i l ib r ium propor t ion  
of carbon .  If th is  i s  advanced as  an e s sen t i a l l y  inde-  
pendent  and fundamental  c h a r a c t e r i s t i c  of baini te ,  a s  
Le Houl l i e r ,  Brg in ,  and Dub66a a r e  cu r r en t ly  doing, 
then a substant ia l  new leve l  of compl ica t ion  is  i n t ro -  
duced. C lea r ly ,  a n o n l a m e l l a r  eutec to id  can be g e n e r -  
a ted  by ca rb ide  p rec ip i t a t ion  f r o m  f e r r i t e  a n d / o r  f rom 
aus ten i te  (the l a t t e r  at a u s t e n i t e : f e r r i t e  boundar ies )  
even though the carbon content  of the f e r r i t e  does not 
exceed  that  of the ex t rapo la ted  ~//(a + y) cu rve .  On 
the o ther  hand, if th is  point is  e s sen t i a l l y  a c o r o l l a r y  
of the Oblak-Hehemann  49 rapid  growth m e c h a n i s m  of 
baini t ic  f e r r i t e  fo rmat ion ,  d i scuss ion  of it can be de -  
f e r r e d  to Topic  II. 

4) Accep t s  the kinet ic  defini t ion of ba in i te .  Although 
Oblak and Hehemann 49 have found s t e e l s  in which f e r -  
r i t e  morphology  changes  f r o m  Widmans ta t t en  f e r r i t e  
to upper  baini te  at the k i n e t i c - B  s,* c l e a r  examples  of 

*Unless bainitic carbides began to form at this temperature, it was not also the 
microstructural-Bs. 

noncor re l a t i on  between the m i c r o s t r u c t u r a l -  and the 
k m e t i c - B  s t e m p e r a t u r e s  have been r e p o r t e d  2 and a r e  
noted in our f i r s t  p r e sen ta t ion  on this  topic ,  indicat ing 
that  the two t e m p e r a t u r e s  a r e  not, in g e n e r a l ,  ident ica l .  
Boswel l  et al.21 have shown that  i ncomple te  t r a n s f o r -  
mation* does not occur  nea r  the k i n e t i c - B  s in s e v e r a l  

*They define this as less ferrite than that allowed by the Lever Rule, 

l ow-ca rbon  F e - C - 2  pct Mo a l loys .  They a l so  point 
out 2~ that the d i l a t o m e t r i c  r e s u l t s  of Lyman and T r o i -  
ano 25 on F e - C - 3  pct  Cr  a l loys ,  a l l egedly  showing ex-  
t ens ive  incomple te  t r a n s f o r m a t i o n ,  c o r r e l a t e  badly with 
the m i c r o s t r u c t u r a l  obse rva t ions  on these  a l loys ;  the 
l a t t e r  a r e  qua l i t a t ive ly  but none the le s s  quite  c l e a r l y  
ind ica t ive  of the s a m e  behav io r  as  i s  exhibi ted by the 
F e - C - 2  pct Mo a l loys .  

R. F.  H. (Round 3) 

The n o n l a m e l l a r  na tu re  of baini te  p r e sum ab ly  imp l i e s  
that  a lower  deg ree  of coopera t ion  is  involved  in the 
fo rmat ion  of f e r r i t e  and ca rb ide  h e r e  than in p e a r l i t e .  4~ 
This  coopera t ion ,  however ,  may play no d i r e c t  ro le  in 
the r eac t ion  m e c h a n i s m ,  inf luencing only the g r o s s  m i -  
c r o s t r u c t u r e .  It i s  e spec ia l ly  not c l e a r  that a ca rb ide  
phase  need be p r e sen t .  F o r  example ,  upper  baini te  in 
s i l i con  s t ee l s  i s  f r e e  (or n e a r l y  so) of ca rb ide .  4'49'8~ 
P r e s u m a b l y ,  th is  r e s u l t s  f r o m  the abi l i ty  of s i l i con  to 
r e t a r d  the p rec ip i t a t ion  of cemen t i t e  f r o m  f e r r i t e  and 
aus ten i te  and th is  wil l  be cons ide red  fu r the r  in Topic  
III. Although s ingle  phase ,  these  s t r u c t u r e s  a r e  ba in-  
i tes  in my opinion.  The  h igh-pur i ty  F e - N i  a l loys  m e n -  
t ioned in Round 2 as  wel l  as  the g r a n u l a r  ba in i t es  de-  
s c r i b e d  by Habraken  6~ a l so  fall  in th is  ca t egory .  He 
has  shown that t hese  s t r u c t u r e s  f o r m  in an " a t h e r m a l "  
m a n n e r  below a B s t e m p e r a t u r e  (near  550~ and ex-  
hibit  the lath subs t ruc tu r e  of upper  baini te  and l o w - c a r -  
bon m a r t e n s i t e .  Ca rb ides  may be p r e s e n t  when the 
s t r u c t u r e  is  f o r m e d  at suf f ic ient ly  tow cooling r a t e s  
but t he i r  absence  in s t r u c t u r e s  f o r m e d  at h igher  cool -  
ing r a t e s  does  not exclude c l a s s i f i ca t ion  as  baini te .  

The nonac icu la r  na tu re  of g r a n u l a r  ba in i t es  r e s u l t s  
f rom impingement  and th is ,  I be l i eve ,  a l so  is  r e s pon -  
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s ible  for the nonac icu la r i t y  of upper  ba in i te  fo rmed  in 
f i n e - g r a i n e d  aus ten i t e .  2 Fo r  example,  we have ob- 
s e rved  sur face  re l ie f  in upper  ba in i te  fo rmed  over  the 
aus ten i te  gra in  s ize  range  f rom ASTM 8 to 0. In a g r e e -  
ment  with Aaronson ,  2 the ba in i t es  fo rmed  in the f ine-  
g ra ined  aus ten i t e  were  nonac i cu l a r  but this  r e su l t s  
f rom impingement  r a the r  than convers ion  to an a l lo -  
t r i omorph ic  morphology.  I am wil l ing to r emove  the 
r e s t r i c t i o n  of ac i cu i a r i t y  f rom the g ro s s  m i c r o s t r u c -  
l u r e  but do not ag ree  that th is  imp l i e s  a l l o t r i omorph ic  
growth. Thus ,  those n o n l a m e l l a r  aggrega tes  fo rmed  by 
prec ip i ta t ion  of al loy ca rb ides  f rom a l l o t r i omorphs  
formed at high t e m p e r a t u r e s  a re  not,  in my view, 
ba in i te  and th is  inc ludes  the s t r u c t u r e s  r epor ted  by 
B e r r y  et al. 7~ 

To be m o r e  specif ic ,  it i s  my opinion that ba in i t e s  
involve a co r r e spondence  and a shea r  t r a n s f o r m a t i o n  
that is  analogous  to that involved in m a r t e n s i t i e  r e a c -  
t ions .  The growth of ba in i te  is  t he rma l ly  act ivated,  but 
it i s  not c l ea r  to me whether  this  a r i s e s  f rom compos i -  
t ion change or f rom other  p r o c e s s e s .  These  points ,  
including the quest ion of in i t ia l  supe r sa tu r a t i on  of f e r -  
r i te ,  wil l  be cons idered  under  Topics  II and III. 

In the above cons ide ra t ions ,  a t tent ion has been fo-  
cussed  on the f e r r i t i c  component  of ba in i te  and ca rb ide  
p rec ip i ta t ion  has been viewed as  a secondary  p r o c e s s  
as  has been done by others.~3 Within th is  f r amework  
s ing le -phase  p roduc t s  a r e  not excluded provided that 
they exhibit  a shea r  t r a n s f o r m a t i o n .  This  appea r s  to 
be the case  for the l o w - t e m p e r a t u r e  p la tes  fo rmed  in 

b r a s s  ~4 which I would consequent ly  c lass i fy  as ba in -  
i t ic .  If it is  shown in this  debate or subsequent ly  that 
Widmans ta t t en  f e r r i t e  and ba in i te  form by the s ame  
mechanism---shear  or o therwise-- then a d is t inc t ion  be-  
tween them may no longer  be n e c e s s a r y .  

Two other  points  r a i s e d  by Drs .  K insman  and A a r o n -  
son in Round 2 r equ i r e  some re sponse .  Unfor tunate ly ,  
with r e g a r d  to c o l u m n a r  baini te ,  I have no commen t s  
beyond my p rev ious  s t a t emen t s .  53 At p r e sen t  it i s  not 
known whether  these  s t r u c t u r e s  fo rm by the s ame  
m e c h a n i s m  as  the convent ional  ba in i t e s .  F ina l ly ,  with 
r ega rd  to the work of Boswell  et al . ,  I emphas ize  
again that a c l ea r  refuta t ion of the obse rva t ion  that two 
k ine t i ca l ly  different  p roducts  2S have not fo rmed  in the i r  
expe r imen t s  is  needed.  

H. I. A. and K. R. K. (Round 3) 

Both the f i r s t  sen tence  of P r o f e s s o r  Hehemann ' s  
Round 2 of this  Topic and the f i r s t  pa rag raph  of his  
Round 1 impl ic i t ly  recognize  the ex is tence  of s e r ious  
confl ic ts  among the va r i ous  def in i t ions ,  but a r e s o l u -  
t ion of th is  difficulty is  not yet proposed.  Thus,  in con-  
nect ion with the kinet ic  defini t ion of ba in i te  we a r e  
urged  to accept  the view 49 that in these  m a t e r i a l s  (the 
s tee l s  used  by Oblak and Hehemann) ba in i te  cons i s t s  
of sheaves  of Widmans ta t t en  f e r r i t e  p la tes .  F u r t h e r  
defini t ional  conflict  i s  genera ted  in the fourth p a r a -  
graph of his Round 2, in which he accepts  as  ba in i te  
l o w - t e m p e r a t u r e  a - b r a s s  prec ip i t a t e s ,  which usua l ly  
appear  a s  s ingle  pla tes .  3~ A defini t ion of a phase  t r a n s -  
fo rmat ion  which v a r i e s  with the a l loy sys t em to which 
it  i s  applied does not appear  to be p a r t i c u l a r l y  useful .  

A careful  reading  of Prof .  H e h e m a n n ' s  Rounds 1 and 
2 sugges ts  that he cons ide r s  the p r e s e n c e  of n o n l a m e l -  
t a r  ca rb ides  to be an impor tan t  c h a r a c t e r i s t i c  of ba in -  
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ire in many s t e e l s ,  but pe rhaps  not so impor tan t  that 
th is  mus t  const i tu te  an e lement  of the def ini t ion of 
ba in i te .  He appea r s ,  however ,  to be much more  f i rm  
in accept ing the sur face  re l i e f  defini t ion of baini te .  A 
p r e l i m i n a r y  s t a t ement  of our  object ions  to this  def in i -  
t ion was given in Round 1. 

Concern ing  the concept that the phenomena  a s s o -  
ciated with the kinet ic  defini t ion of ba in i te  a r e  a specia l  
effect of ce r t a in  a l loying e l emen t s  upon the p roeu tec -  
told f e r r i t e  reac t ion :  s~ " the  in i t ia l  rap id  reac t ion  and 
the subsequent  much s lower  r e a c t i o n s "  of which Prof .  
Hehemann w r i t e s  a r e  not a c h a r a c t e r i s t i c  of the many 
F e - C  a l loys  which the p r e s e n t  au thors  have examined 
in the ba in i t e  range .  

Concern ing  " the  abi l i ty  of ex te rna l  s t r e s s  to s e l ec -  
t ively favor  ce r t a in  va r i an t s  of the p r o d u c t " ,  which is  
a t t r ibu ted  to a " s h e a r  component  of the t r a n s f o r m a t i o n  
s t r a i n "  a s soc ia t ed  with baini te :  the s t r e s s e s  a s s o -  
c iated with a d is locat ion favor ce r t a in  habit  p lanes  
dur ing a n u m b e r  of p rec ip i ta t ion  reac t ions  (Table  II of 
Ref. 71). P a r t i c u l a r l y  when the m a t r i x  is  a sol id so lu -  
t ion and the product  is  an i n t e r me t a l l i c  compound of 
marked ly  di f ferent  composi t ion ,  the t r a n s f o r m a t i o n  
m e c h a n i s m  cannot be one of shea r .  

Despi te  the complexi ty of this  f ield,  we feel that suf-  
f ic ient  knowledge is  now ava i lab le  to allow the f o r m u -  
la t ion of a m a t e r i a l - i n d e p e n d e n t ,  subs tan t ia l ly  conf l ic t -  
f ree  defini t ion of ba in i te .  Our  a r g u m e n t s  have been  to 
the end that the gene ra l i zed  m i c r o s t r u c t u r a l  defini t ion 
(baini te  is  the product  of the n o n l a m e l l a r  mode of 
eutectoid decomposi t ion)  bes t  fulf i l ls  this  speci f ica t ion.  

TOPIC II: THE GROWTH MECHANISM OF 
THE FERRITIC COMPONENT OF BAINITE 

R. F,  H. (Round 1) 

Many s tudies  ~'6'~ have shown that ba in i te  exhibi ts  a 
l a th - l ike  s u b s t r u c t u r e  with th ickness  <1 #,  width 5 to 
10 p and va r i ab le  length but f requent ly  in the range  
f rom 10 to 50 p .  Th i s  s u b s t r u c t u r e  is  ba s i ca l l y  the 
s ame  as  that in l ow-ca rbon  m a r t e n s i t e  as  is  the n a t u r e  
of the sur face  re l ie f  and c rys ta l log raphy  of the f e r r i t e  
in upper  ba in i te .  Optical  meta l lography  49 suggests  that 
these  subuni ts  a re  the bas ic  growth uni t s  of ba in i te ;  
i . e . ,  the s u b s t r u c t u r e  does not appear  to r e su l t  f rom 
deformat ion  or r ecove ry  p r o c e s s e s  subsequent  to i ts  
growth. The re  a lso  appea r s  to be a s igni f icant  shear  
s t r a in  involved in the t r a n s f o r m a t i o n  as  indicated,  for 
example ,  in the abi l i ty  of ex te rna l  s t r e s s  to se l ec -  
t ively  favor  specif ic  v a r i a n t s  of the t r a n s f o r m a t i o n  
product.4~ 

Although d i rec t  proof that an inva r i an t  plane s t r a in  
is  involved in the format ion  of upper  ba in i te  is  not yet  
ava i lab le ,  these  subuni t s  a r e  cons idered  to form by a 
cooperat ive  t r a n s f e r  of la t t ice  a toms though not n e c e s -  
s a r i l y  at the ra te  c h a r a c t e r i s t i c  of m a r t e n s i t i c  r e ac -  
t ions .  The a l t e rna t ive  is  that the individual  un i t s  grow 
by a ledge m e c h a n i s m  6' and that impingement  p roduces  
the a r r a n g e m e n t  c h a r a c t e r i s t i c  of upper  ba in i te .  If 
Widmans ta t t en  f e r r i t e  and upper  ba in i te  a r e  indeed con-  
t inuous as  has been suggested 7'~3'4~ then a d is t inc t ion  
between them may be a r t i f i c i a l .  

Severa l  obse rva t ions  suggest  that bas ic  d i f fe rences  
exist  between upper  ba in i te  and Widmans ta t t en  f e r r i t e :  

1) When growth of baini te  in al loy s tee ls  s tops,  the 
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o u t e r m o s t  l a ths  a r e  in contac t  "with aus t en i t e  but do not 
cont inue to th icken a s  would be expec ted  f rom the  l edge  
m e c h a n i s m .  

2) The Widmans t a t t en  f e r r i t e  concept  p r o v i d e s  no 
obvious c lue  concern ing  the r a t h e r  sudden a p p e a r a n c e  
of s y m p a t h e t i c  nuc lea t ion  73 in a r a t h e r  c r i t i c a l  t e m p e r -  
a t u r e  r ange  a s s o c i a t e d  with the  k ine t i c  B s.49 The s e l f -  
a c c o m m o d a t i n g  na tu r e  of l o w - c a r b o n  m a r t e n s i t e ,  on the 
o the r  hand, p r o v i d e s  a r e a d y  explanat ion .  

The t r a n s i t i o n  f r o m  f e r r i t e  to ba in i t e  may  a r i s e  p r i -  
m a r i l y  f rom d i f f e r e n c e s  in the way in which t r a n s f o r -  
mat ion  s t r a i n s  a r e  r e l a x e d .  Spec i f i ca l ly ,  a t  high t e m -  
p e r a t u r e s ,  d i f fus ional  p r o c e s s e s  ( e . g .  c reep)  may  r e l a x  
s t r e s s e s  be fo re  s l ip  p r o c e s s e s  b e c o m e  ope ra t i ve .  As  
diffusion r a t e s  a r e  l owered  by reduc t ion  in t e m p e r a -  
t u r e ,  a point  is  r e a c h e d  at which s t r e s s e s  become  high 
enough to in i t i a t e  s l ip .  The p r i n c i p a l  point  i s  that  a 
c r i t i c a l  condi t ion a p p e a r s  to be fu l f i l l ed  a t  B s which 
s igna l s  in i t ia t ion  of the  ba in i te  r ange .  In t h e s e  t e r m s ,  
B s need not c o r r e l a t e  d i r e c t l y  with To p r o v i d e d  only 
that  B s be l e s s  than To i f b a i n i t e  i s  to fo rm  with the 
full  s u p e r s a t u r a t i o n  of the p a r e n t  ans t en i t e .  

It i s  f i r m l y  e s t a b l i s h e d  that  growth  of ba in i t e  i s  
t h e r m a l l y  ac t iva t ed .  G e n e r a l l y ,  th is  has  been  i n t e r -  
p r e t e d  in t e r m s  of a s h e a r  t r a n s f o r m a t i o n  that  p r o p a -  
g a t e s  at  a r a t e  con t ro l l ed  by dif fus ion of carbon  into 
the  su r round ing  aus t en i t e .  28 Growth r a t e s  c a l cu l a t e d  
f rom t h e s e  m o d e l s  a g r e e  wel l  with e x p e r i m e n t a l  m e a s -  
u r e m e n t s  in p la in  ca rbon  s t e e l s  74 and i t  has  r e c e n t l y  
been shown that  the lower  growth  r a t e s  of ba in i t e  in 
a l l oy  s t e e l s  a l s o  a g r e e  with ca l cu l a t i ons  b a s e d  on t h e s e  
loca l  e q u i l i b r i u m  concep ts .  7s 

Whi le  i t  i s  dif f icul t  to a r g u e  aga ins t  t h e s e  di f fus ion 
con t ro l l ed  m o d e l s ,  o the r  t h e r m a l l y  ac t i va t ed  p r o c e s s e s  
could,  in p r i n c i p l e ,  con t ro l  growth.  In th is  event ,  p a r -  
t i t ion  of ca rbon  should o c c u r  to an extent  p e r m i t t e d  by 
the growth  r a t e  r a t h e r  than d ic ta t ing  the  growth r a t e .  
The e x p e r i m e n t a l  ques t ion  h e r e  c o n c e r n s  the s ign i f i -  
cance  of growth r a t e  m e a s u r e m e n t s  made  with the ho t -  
s t age  m i c r o s c o p e .  We have sugges t ed  that  t h e s e  m e a s -  
u r e m e n t s  r e f e r  to a r e p e a t e d  nuc lea t ion  p r o c e s s  and 
that  indiv idual  subuni t s  may  grow at a r e l a t i v e l y  high 
r a t e  to s o m e  l imi t ing  s i ze .  49 A l t e r n a t i v e l y ,  the  concept  
that  a d i f fus ion le s s  t r a n s f o r m a t i o n  can grow cont inu-  
ous ly  at  a low r a t e  con t ro l l ed  by a ba l ance  of the n e t  
dr iv ing  f o r c e  with a f r i c t i o n a l  f o r c e  has  r e c e n t l y  been  
deve loped  in de t a i l .  76 At ca rbon  conten ts  below 0.1 pct ,  
th i s  mode l  a l so  p r e d i c t s  growth  r a t e s  c o m p a r a b l e  to  
those  o b s e r v e d  e x p e r i m e n t a l l y .  

The p r o c e s s  env is ioned  h e r e  does  not  r e ly  d i r e c t l y  
on coope ra t i ve  growth of f e r r i t e  and c a r b i d e .  Thus ,  
c a r b i d e  p r e c i p i t a t i o n  i s  v iewed a s  a s e c o n d a r y  p r o c e s s  
that  may  inf luence the  o v e r a l l  m i c r o s t r u c t u r e  but a f -  
fec t s  the  growth  p r o c e s s  in 0nly an i n d i r e c t  way.  

H. I .  A.  and K. R. K. (Round 1) 

Desp i t e  our  a d h e r e n c e  to the  g e n e r a l i z e d  m i c r o -  
s t r u c t u r a l  def ini t ion of ba in i t e ,  in which no r e s t r i c t i o n  
i s  p l aced  upon the morpho logy  of the  f e r r i t i c  c o m p o -  
nent ,  for  the p u r p o s e s  of the  debate  on th is  Topic  we 
sha l l  a s s u m e  that  th is  morpho logy  i s  exc lu s ive ly  of the  
Widmans t a t t en  type  to  a s s u r e  " c o h e r e n c y "  with the 
c o n s i d e r a t i o n s  of P ro f .  Hehemann.  We sha l l  p l ace  p r i -  
m a r y  e m p h a s i s  upon growth k i n e t i c s ,  but wi l l  a l so  con-  

s i d e r  the c r y s t a l l o g r a p h y  of the  f e r r i t i c  component  of 
ba in i te .  

E m p h a s i z i n g  the r e s u l t s  on h i g h - p u r i t y  F e - C  a l l o y s ,  
da ta  on the lengthening k i n e t i c s  of f e r r i t e  p l a t e s  a r e  
a v a i l a b l e  in the p r o e u t e c t o i d  f e r r i t e  and  u p p e r  ba in i t e  
r e g ions  in hypoeu tec to id  a l l o y s  1~'77-v9 and in the lower  
ba in i t e  r eg ion  in h y p e r e u t e c t o i d  a l loys .9  Since we now 
know that  the  i n v e r s e  ba in i t e  39 r e a c t i o n  does  not extend 
below ca  475~ in h y p e r e u t e c t o i d  F e - C  a l l o y s ,  i ndepend-  
ent ly  of compos i t ion ,  s~ both s e t s  of da ta  may  be con-  
s i d e r e d  toge the r .  Employ ing  the s o p h i s t i c a t e d  a n a l y s i s  
of p la t e  lengthening  due to T r i v e d i ,  ~4 Simonen e t  a l .  79 

r e c e n t l y  concluded that ,  c o n t r a r y  to p r e v i o u s  r e -  
su l t s ,  13'79 the lengthening m e c h a n i s m  in the  p r o e u t e c -  
to ld  f e r r i t e  and u p p e r  ba in i t e  r e g i o n s  i s  c on t ro l l ed  by 
the f o r m a t i o n  and l a t e r a l  movemen t  of l edges .  Since 
the o the r  lengthening r a t e  da ta  in hypo-  and in h y p e r -  
eu tec to id  a l l oys  a r e  c ons i s t e n t  with those  of Simonen 
e t  a l . ,  it  i s  not u n r e a s o n a b l e  to conclude at  l e a s t  t e n t a -  
t i ve ly  that  th i s  m e c h a n i s m  of lengthening i s  a p p l i c a b l e  
throughout  the  ba in i t e  r ange .  The  only ex tens ive  da ta  
on W i d m a n s t a t t e n  th ickening  k i n e t i c s  in F e - C  a l l o y s  
which w e r e  ob ta ined  (via t h e r m i o n i c  e m i s s i o n  m i c r o -  
scopy)  with suf f ic ien t  r e s o l u t i o n  in t i m e  and space  a r e  
t hose  of K insma n  e t  a l .  32 on p r o e u t e c t o i d  f e r r i t e  p l a t e s .  
In s e v e r a l  i n s t a n c e s ,  the ledge  m e c h a n i s m  of t h i cken -  
ing was  o b s e r v e d  d i r e c t l y  whi le  growth  was  in p r o g -  
r e s s .  With the a id  of the J o n e s - T r i v e d i  81 a n a l y s i s  of 
ledge  growth,  howeve r ,  the much l a r g e r  amount  of da ta  
obta ined  on the o v e r a l l  k i n e t i c s  of th ickening  we re  u sed  
to ca l cu l a t e  the a v e r a g e  spac ing  between l edges .  The  
finding that  t h e s e  spac ings  a r e  in a c c e p t a b l e  a g r e e m e n t  
with those  m e a s u r e d  by m e a n s  of e l e c t r o n  m i c r o s c o p y  
s t r o n g l y  s u p p o r t s  the ledge  m e c h a n i s m  o r i g i n a l l y  p r o -  
posed  6~ for  the  th ickening  of f e r r i t e  p l a t e s ,  and  ind i ca t e s  
that  the  r a t e  of lengthening of the l edges  i s  c o n t r o l l e d  
by the vo lume dif fus ion of ca rbon  in a u s t e n i t e .  T h e s e  
r e s u l t s  have been shown to ru le  out a v a r i e t y  of s h e a r -  
b a s e d  growth  m e c h a n i s m s .  2 

In the  uppe r  and lower  ba in i t e  r e g i o n s ,  the f e r r i t e  
p l a t e s  a r e  g rouped  in sheaves  49 a s  a r e s u l t  of s y m p a -  
the t ic  nuc lea t ion  at  the  b r o a d  f a c e s  of t h e s e  plates.~3 
M e a s u r e m e n t  of the  lengthening,  and e s p e c i a l l y  of the 
th ickening  k i n e t i c s  of indiv idual  p l a t e s  ( t e r m e d  " s u b -  
u n i t s "  by Oblak  and Hehemann 49) in t h e s e  sheaves  i s  a 
diff icul t  p r o b l e m  b e c a u s e  of the high r e so lu t i on  r e -  
qu i r ed .  However ,  t he se  m e a s u r e m e n t s  mus t  none the-  
l e s s  be  a t t e m p t e d  in o r d e r  to t e s t  c r i t i c a l l y  the  fo l low-  
ing m e c h a n i s m  which Oblak and Hehemann have 
p r o p o s e d  for  the  growth  of ba in i t e  s h e a v e s .  Indiv idual  
p l a t e s  in the she a ve s  a r e  pos tu l a t ed  to grow by s h e a r  
at  high r a t e s ,  not n e c e s s a r i l y  of sonic  ve loc i ty ,  but 
much f a s t e r  than would be  p o s s i b l e  if equ i l i b r ium p a r -  
t i t ion  of ca rbon  between aus t en i t e  and f e r r i t e  w e r e  to 
occu r  cont inuously  dur ing  growth.  Growth was  fu r t he r  
s u g g e s t e d  to p r o c e e d  only to a l imi t ing  s i ze ,  of the 
o r d e r  of 10 ~m in length and 0.5 to 0.7 # m  in t h i c k n e s s ,  
and then to  ha l t  a s  a consequence  of some  f ac to r  such 
a s  a c c u m u l a t e d  vo lume s t r a i n  ene rgy .  On th i s  m e c h a -  
n i s m ,  the  growth  r a t e s  of s h e a v e s  r e p o r t e d  in the l i t -  
e r a t u r e  a r e  p r i m a r i l y  a m e a s u r e  of the r a t e  of s y m p a -  
the t ic  nuc lea t ion .  Although the r e so lu t i on  of h o t - s t a g e  
op t ica l  m i c r o s c o p y  i s  a p p a r e n t l y  insuf f ic ien t  to t e s t  
th i s  m e c h a n i s m ,  Oblak  and Hehemann 49 have sugges t ed  
that  t h e r m i o n i c  e m i s s i o n  m i c r o s c o p y  may  have the 
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requis i te  capabi l i ty .  Using motion p ic tu res  which 
Rouze and Grube s2'm took of the bainite  react ion with 
this  type of microscopy ,  we have found that the tech-  
nique does have the n e c e s s a r y  resolut ion.  

Using an automated vers ion  of the Vanguard Motion 
Analyzer ,  cons iderable  data on the lengthening kinet ics  
of individual p la tes  or  " s u b u n i t s "  in sheaves  of upper 
baini te  p la tes  formed at 400~ in an Fe-0.66 pct C-3.32 
pet Cr al loy were  obtained from these f i lms.  F igs .  l (a)  
to l(c)  show length vs t ime plots  of individual " s u b -  
un i t s"  in the sheaf i l lus t ra ted  in Fig.  l(d).  Although 
the sma l l e s t  growth dis tance between the data points in 
these graphs is  ca 3 ~m, this  could have been reduced 
by a fac tor  of four s imply by measur ing  each f rame.  
It was,  however,  a lways ent i re ly  c l ea r  that individual 
subunits lengthened continuously at r a t e s  essen t ia l ly  
the same as that of the sheaf as  a whole. The approx-  
imately  10 pm long " j u m p s "  in length which Oblak and 
Hehemann postulated to occur at r a t e s  far  more  rapid 
than the overa l l  lengthening ra te  of a sheaf were  never  
observed.  F igs .  2(a) and 2(b) show s i m i l a r  p lots  for  
the s m a l l e r  sheaf of Fig.  2(c). The plate  whose kinet ics  
a r e  repor ted  in Fig.  2(a) is  the leading component of a 
sheaf; it has essent ia l ly  the same ra te  of lengthening 
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Fig. 1 - -Lengthening  k ine t i cs  (a) to (c) o f ' ind iv idua l  p la t e s  or  
" s u b u n i t s , "  iden t i f i ed  by  a r r o w s ,  in the shea f  of upper  ba in i te  
i l l u s t r a t e d  in the t h e r m i o n i c  e m i s s i o n  e l e c t r o n  m i c r o s c o p y  
cin6 s e que nc e  in (d). I s o t h e r m a l  t r a n s f o r m a t i o n  at  400~ of a 
Fe -0 .66  pet  C-3.32 pc t  Cr  alloy. 
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as the individual plates in the sheaf in Fig. 1. The 
average lengthening rate of the plates in Figs. 1 (a) to 
l(c) and Fig. 2(a) is ca 1.4 x 10 -3 cm/sec. This is in 
reasonable agreement with the lengthening rate, ca 

9 • 10 -4 cm/sec, which KRC 13 extrapolated to this tem- 
perature from the data of Hillert 77 on a 0.59 pct C 
plain carbon steel. Calculation of the influence of chro- 
mium upon the extrapolated Ae3 presents substantial 
problems; ~ however, from the effects of chromium 
upon the equilibrium Ae3 curve, the change in length- 
ening rate is in the correct direction. Since Hillert's 
data are consistent with those of Simonen et al., 79 it 
seems reasonable to conclude that the subunits in the 
bainite sheaves investigated also lengthen by the forma- 
tion and the diffusion-controlled lateral movement of 
ledges. 

Obtaining measurements of the thickening kinetics 
of individual subunits within sheaves proved to be just 
within the limit of resolution of the Rouze-Grube films. 
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Fig. 2--Lengthening kinetics (a) to (b) of individual plates or 
"subunits,"  identified by arrows, in the sheaf of upper bainite 
illustrated in the thermionic emission electron microscopy 
ein6 sequence in (c). Isothermal transformation at 400~ of a 
Fe-0.66 pct C-3.32 pct Cr alloy. 
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Fig. 3--Thickening kinetics of an individual subunit in a sheaf 
of upper bainite obtained in an Fe-l.04 pct C-6.1 pct Mn-0.97 
Mo alloy isothermally transformed at 371~ 

Fig.  3 shows one of the be t t e r  r e su l t s  obtained,  in an 
F e - l . 0 4  pct C, 6.1 pct Mn, 0.97 pct Mo al loy.  Oblak 
and Hehemann 49 found, by means  of t r a n s m i s s i o n  e lec -  
t ron  mic roscopy ,  that the individual  p la tes  or subuni ts  
within sheaves  a re  of the o rde r  of 0.5 to 0.7 ~m wide. 
The sums  of the d i scon t inu i t i e s  in this  plot ( indicated 
by dashed l ines ,  marked  a and c, and r e p r e s e n t i n g  the 
passage  of a pa r t i a l ly  thickened subunit) ,  and of the ad-  
di t ional  thickening which followed immedia te ly  t h e r e -  
af ter  (denoted by solid l ines ,  marked  b and d) a r e  
a + b = 1.0 # m  and c + d = 0.7 pro, r espec t ive ly .  These  
plate  widths a re  in adequate ag r eemen t  with the e lec-  
t ron  mic roscopy  obse rva t ions .  A s s u r a n c e  is thus given 
that we a re  observ ing  the thickening of an individual  
subunit .  Inse r t ing  the m e a s u r e d  thickening ra te  (ca 
0.006 p m / s e c  in both regions  of thickening) in the 
s tandard  equation for growth by a p l ana r  ledge m e c h a -  
n i s m ,  8~ calcula t ing the ledge veloci ty  accord ing  to the 
equation of Jones  and Tr ived i ,  8~ and adjust ing the value 
of the extrapolated no-pa r t i t i on  A e 3  curve  for the ef-  
fects of the manganese  and molybdenum ~ yie lds  a ca l -  
culated in te r ledge  spacing of ca  0.5 ~m.  This  is con- 
s i s ten t  with the 0.3 to 8 p m  range obtained for the 
ear ly  s tages  in the thickening of proeutectoid  f e r r i t e  
p la tes  in Fe -C  a l l o y s ?  2 Despite the d i f fe rences  in 
t e m p e r a t u r e  and composi t ion between the two se t s  of 
expe r imen t s ,  r ea sonab le  concordance  between the i r  
in te r ledge  spac ings  is  to be expected, p r i m a r i l y  be -  
cause e lec t ron  probe ana ly s i s  32 and the p re sen t  length-  
ening k ine t i cs  study indicate  that in both cases  the 
growing p la tes  a re  e s sen t i a l ly  c a r b o n - f r e e  f e r r i t e .  
One may thus conclude that the thickening of subuni t s  
a l so  takes  place by the format ion  and l a t e ra l ,  d i f fus ion-  
cont ro l led  mig ra t i on  of ledges.  Both the lengthening 
and the thickening r e su l t s  a r e  in c l e a r - c u t  d i s a g r e e -  

ment  with the h igh-veloc i ty  shear  m e c h a n i s m  of Oblak 
and Hehemann.  

We shal l  conclude this  p resen ta t ion  with a review of 
ce r t a in  c rys t a l log raph ic  evidence on the hypothesis  
that the f e r r i t i c  component  of ba in i te  grows by shear .  
The convent ional  wisdom in this  a r ea  is  that of C h r i s -  
f inn.  28 Viewing upper  ba in i te  as  containing l i t t le  if any 
excess  carbon and lower  ba in i te  as  being extens ively  
supe r sa tu r a t ed  with respec t  to carbon,  Chr i s t i an  sug-  
gested that upper  ba in i te  ought to have the c rys t a l log -  
raphy of low-carbon  m a r t e n s i t e  whereas  lower ba in i te  
should exhibit e s sen t i a l ly  the c rys ta l lography  of m a r -  
t ens i t e  in the s ame  al loy.  However,  Bowles and Ken-  
non ~ were  not able  to unders tand  the c rys ta l lography  
of upper  baini te  in t e r m s  of the phenomenologica l  the-  
ory of m a r t e n s i t e .  Edwards  and Kennon 87 found that in 
a plain carbon 1.44 pct C s tee l  both the habit  plane and 
or ien ta t ion  re la t ionsh ips  of ba in i te  and m a r t e n s i t e  
fo rmed  in the v ic in i ty  of M s a r e  quite different .  F o r  
example,  the habit  plane of m a r t e n s i t e  is  n e a r  {225}v, 
whereas  that of lower ba in i te  is  close to {110}~. S r in i -  
vasan  and Wayman,~l inves t iga t ing  lower ba in i te  in an 
Fe-1  pct C-8 pct Cr  alloy,  were  able to fit the observed  
c rys ta l lography  with the phenomenotogicaI  theory,  but 
only by a s s u m i n g  a value of the di la ta t ion p a r a m e t e r  
which resu l t ed  in a un i form 1.2 pct c o n t r a c t i o n  of the 
f e r r i t e  la t t ice .  The sense  of this  volume change is  op- 
posi te  to that of the t r a n s f o r m a t i o n ,  and espec ia l ly  is  
the r e v e r s e  of that accompanying  the fo rmat ion  of m a r -  
t ens i t e .  The physica l  s igni f icance  of the fit obtained 
with m a r t e n s i t e  theory thus r e m a i n s  unce r t a in .  S r in i -  
vasan  and Wayman a l so  found that the or ien ta t ion  r e -  
la t ionships  and habit  p lane of lower ba in i te  a r e  d i f fer -  
ent f rom those of m a r t e n s i t e  in the same  alloy.  

These  cons ide ra t ions  suppor t  our view that ne i the r  
upper  nor  lower baini te  fo rms  by a m a r t e n s i t i c  
mechan i sm.  

R. F. H. (Round 2) 

Tile crystallographic aspects have been considered 
briefly under Topic I. It appears to be well-established 
that lower bainite does develop by shear 11 and the dif- 
ference in habit plane between lower bainite and mar- 
tensite in the same steel must be anticipated from the 
crystallographic theory. In particular, transmission 
microscopy s'11'88 reveals that different inhomogeneous 
strains are involved in the formation of the two prod- 
ucts and significant relaxation of accommodation 
strains has been noted in the formation of bainite. I~ 
In particular, lower bainite appears to be free of the 
internal twins that constitute the inhomogeneous 
strains in martensite formed in the same steel. Since 
the habit plane is sensitive to the operating modes of 
inhomogeneous strain, the difference in habit plane be- 
tween lower bainite and martensite is consistent with 
a displacive mode of formation for both reactions. ~ 
Similar considerations may apply to upper bainite and 
low-carbon martensite. However, the experimental 
data do not yet appear to be sufficiently complete to 
decide whether or not the two products exhibit the 
same crystallographic features or inhomogeneous 
strains. 

The measurements of the Rouze and Grube films 
demonstrate that growth of upper bainite does not oc- 
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cur  d i scont inuous ly  in i n c r e m e n t s  of rapid growth in-  
volving s teps  of 10 pm or m o r e  in length.  However,  
one r e s e r v a t i o n  mus t  be held. The lath s t r u c t u r e  of 
upper  ba in i te  ind ica tes  that growth i n c r e m e n t s  of this  
magni tude  should only be obse rved  when the lath l i es  
in the p l ane  of pol ish.  F o r  other  r e l a t ive  o r i en ta t ions ,  
the subs tan t ia l ly  s m a l l e r  growth s teps  may not be r e -  
solved.  Severa l  p la tes  in the Rouze-Grube  f i lms  ex-  
hibi t  nonun i fo rm growth and f r a m e  by f r ame  m e a s u r e -  
men t s  ( lO/sec)  revea l  occas ional  growth i n c r e m e n t s  
between f r a m e s  that occur  at a ra te  at leas t  one o rder  
of magni tude  higher  than the average  growth ra te .  
White these  m e a s u r e m e n t s  do not conf i rm a pe r iod i -  
cal ly  in t e r rup ted  shear  m e c h a n i s m  growing at r a tes  
marked ly  exceeding that pe rmi t t ed  by diffusive con-  
t ro l ,  the data a r e  l imi ted  and fu r the r  study appea r s  to 
be  wa r r an t ed .  

The quest ion of the cont inui ty of the growth p r o c e s s  
is  independent  of the growth m e c h a n i s m .  As suggested 
frequently13,28,33 ba in i t e  can be viewed as  a d i sp lac ive  
t r a n s f o r m a t i o n  in which growth takes  p lace  at the ra te  
pe rmi t t ed  by carbon  diffusion in aus ten i te .  Thus ,  the 
r e su l t s  on lengthening r a t e s  a r e  cons i s ten t  with e i ther  
a ledge or  a shear  m e c h a n i s m .  

In s u m m a r y ,  the slow growth of ba in i t e  appea r s  to be 
cons i s ten t  with e i ther  a d i sp lac ive  or  a ledge m e c h a -  
n i s m  for  growth of ba in i te .  However,  the documented 
shear  a s soc ia t ed  with lower  ba in i t e  s t rongly  favors  the 
d isp lac ive  m e c h a n i s m  and whether  the ra te  is  con-  
t ro l l ed  by carbon  diffusion or other  re laxa t ion  p r o c -  
e s ses  such as  accommodat ion  s t r a i n s  de se rves  fu r the r  
study. 

H. I. A. and K. R. K. (Round 2) 

We shal l  f i r s t  comment  on four specif ic  i s s u e s  
r a i s ed  by Prof .  Hehemann.  

1) He s ta tes  that the c rys ta l lography  and the sur face  
re l ie f  effect a r e  e s sen t i a l ly  the same  in low carbon 
m a r t e n s i t e  and in upper  ba in i te .  Although the habit  
p lane of both l i es  not far  f rom {111}3, , that of low- 
carbon m a r t e n s i t e  fa l ls  close to the {Ill}y--{001}7 
c i rc le ,  89'9~ whereas  that of upper  ba in i te  is  def ini te ly  
in the i n t e r i o r  of the s te reograph ic  t r i ang le  and cen-  

8 6  t e r ed  n e a r e r  to the {111}7--{110}7 c i r c l e .  We a re  not 
aware  that the sur face  re l ie f  effect a s soc ia t ed  with a 
s ingle  f e r r i t e  pla te  within a sheaf of upper  ba in i te  has 
as  yet been cha rac te r i zed .  Single p la tes  of p roe u t e c -  
told f e r r i t e  32 and of lower  ba in i te  33 have been found to 
produce the n o n m a r t e n s i t i c  re l ie f  morphology of 
" t e n t s "  or " v e e s " ;  it would not be s u r p r i s i n g  if ind i -  
vidual  f e r r i t e  within upper  ba in i te  do the same .  Fig.  4 
p roves  both by the constancy of t he rmion ic  e m i s s i o n  
con t r a s t  and by the absence  of a f e r r i t e : f e r r i t e  bound-  
a ry ,  a f te r  ni ta l  etching, that the " v e e "  re l ie f  is p r o -  
duced by a s ingle  f e r r i t e  plate ,  r a the r  than by a back-  
to -back  pa i r  of p la tes .  

2) "A  s ignif icant  shea r  s t r a in  involved in the t r a n s -  
f o r m a t i o n " ,  as  evidenced solely by the sur face  re l ie f  
effect, does not prove that the a tomic  m e c h a n i s m  of 
the t r a n s f o r m a t i o n  is  one of shear .  Thus,  the sur face  
re l ie f  effect a s soc ia ted  with the format ion  of hcp y 
p la tes  in fcc ~ A1-Ag indica tes  the p r e s e n c e  of such a 
s t r a in ,  9~ but the a tomic  m e c h a n i s m  of the t r a n s f o r m a -  
t ion has been  es tab l i shed  by d i rec t  obse rva t ion  and 
s t ra igh t fo rward  ca lcula t ion  a s  one of diffusional  jumps  
of s i l ve r  a toms toward and of a luminum a toms  away 
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Fig. 4--Surface relief accompanying growth of Widmanstatten 
ferrite plate at 740~ in an Fe-0.22 pct C alloy. Portions of a 
thermionic emission electron microscope cin6 film illustrate 
(a) the plate at an early stage of development and (b) at the 
point just prior to the refrigerated helium quench. The tent 
relief is clearly apparent on the etched as-quenched surface 
in (c) and in the interferogram in (d). The view of the polished 
and etched surface in (e) confirms that the entire relief effect 
is associated with a single crystal plate. 

f rom the edges of ledges on the broad  faces  of these  
p la tes  .92 

3) Concern ing  the ques t ion of cont inui ty between 
Widmans ta t t en  proeutec to id  f e r r i t e  and upper  ba in i te ,  
if the f o r m e r  is  desc r ibed  as  i so la ted  p la tes  and the 
l a t t e r  as  sheaves  of p la tes ,  49 then the two reac t ions  
a re  not cont inuous by definit ion.* If c o m p a r i s o n s  a r e  

*In the context of the microstructural definition, proeutectoid ferrite and 
bainite are completely continuous: with decreasing temperature, carbide precipi- 
tation occurs in association with a continuously increasing proportion of a plates. 

made  between proeutec to id  f e r r i t e  p la tes  and individual  
p la tes  within sheaves ,  on the other  hand, cont inui ty may 
well  obtain.  The r e su l t s  of our  k inet ic  m e a s u r e m e n t s ,  
r epo r t ed  in Round 1 of this  Topic,  do suggest  that the 
k ine t i c s  of lengthening and thickening,  and thus the 
growth m e c h a n i s m ,  may be cont inuous with those of 
proeutec to id  f e r r i t e  p la tes .  Much more  extens ive  data 
a r e  needed,  of course ,  in o r de r  to tes t  adequately this  
suggest ion.  

4) With respec t  to the ques t ions  r a i s e d  as  to the 
abi l i ty  of nuc lea t ion  and diffusional  growth m e c h a n i s m s  
to explain the cessa t ion  of the thickening of sheaves  
within the s t a s i s  region of al loy s tee l s  and the rapid  
i n c r e a s e  in the ra te  of sympathe t ic  nuc lea t ion  in such 
s tee l s  at (apparent ly)  lower t e m p e r a t u r e s ,  both may 
be answered  in t e r m s  of the solute  drag effect. 2~ 
The f o r m e r  is  explained as a resu l t  of the i nc reas ing ly  
effective inhibi t ion of ledge growth by the solute drag 
m e c h a n i s m  as  the carbon content  of the adjacent  un -  
t r a n s f o r m e d  aus ten i te  is  i nc r ea sed ,  leading to s t a s i s  
when growth has been slowed to the point where  a sub-  
s t i tu t ional  a l loying e lement  begins  to diffuse .21 The la t -  
t e r  is  l ikely due to the d imin i shed  inf luence which the 
solute drag effect appea r s  to exer t  upon the k ine t i cs  of 
both nuclea t ion  and growth at lower t e m p e r a t u r e s .  21 

Return ing  now to the shear  s t r a in  quest ion,  but f rom 
ano ther  point  of view, if ba in i te  p la tes  rea l ly  do grow 
by a shear  m e c h a n i s m ,  then the p rob lem of providing 
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the f ree  energy needed to compensa te  for  the a c c o m -  
panying e las t ic  shear  s t r a in  energy mus t  be reso lved .  
Ko and Cot t re l l  7 proposed that r emova l  of carbon f rom 
the in i t ia l ly  supe r sa tu r a t ed  f e r r i t e  reduces  the shear  
s t r a in  energy requ i red .  Speich 33 points  out, however ,  
that this  would r e su l t  only in a volume contrac t ion ,  and 
would not r e l i eve  the much more  impor tan t  shea r  
s t r a i n s .  Smith, Speich, and Cohen ~ have shown that 
ba in i te  p la tes  grow slowly jus t  above M s in an F e - l . 1 6  
pct C a l loy ;  judging f rom T T T - c u r v e  data,  ~ s i m i l a r  be-  
havior  su re ly  p r e v a i l s  below. The di f ference in the 
ra tes  of lengthening of ba in i te  and of m a r t e n s i t e  just  
below the M s t e m p e r a t u r e  of this  al loy is probably  ca 
eleven o r d e r s  of magni tude .  ~3'95 Thus,  even when the 
volume f ree  energy change is  suff icient  to compensa te  
for the absence  of a composi t ion change (if such be the 
case---which we do not be l ieve ,  as  wil l  be d i scussed  
under  Topic III), plus the e las t ic  shear  s t r a in  energy 
and any other  nonchemica l  contr ibut ion to the t e m p e r a -  
tu re  di f ference between To and M s,96 the growth beha-  
v io r  of ba in i te  is  cons i s ten t  with a diffusional ,  r a the r  
than a shear  m e c h a n i s m .  T e r m i n g  ba in i te  the kinet ic  
coun te rpar t  of s lowly-growing i so the rma l  m a r t e n s i t e  
is  s imply  following another  path to fa i lu re  to explain 
the format ion  of ba in i te  by shear  at t e m p e r a t u r e s  above 
M s (or at leas t  M d ) .  One mus t  thus conclude that e l a s -  
t ic shear  s t r a in  energy,  which plays  such an impor tan t  
ro le  in the m a r t e n s i t e  t r an s fo rma t ion ,  is  not s ign i f i -  
cantly involved in the growth of ba in i te  and thus that 
such growth does not p roceed  by a shea r  mechan i sm.  

We would f inally note that even if the c rys ta l lography  
and the sur face  re l ie f  of a dfffusional t r a n s f o r m a t i o n  
a r e  ident ica l  to those of a shea r  t r a n s f o r m a t i o n  occu r -  
r ing  under  the same  condit ions of c rys ta l  s t r u c t u r e s  
and la t t ice  p a r a m e t e r s ,  this  means  only that the geom-  
e t ry  of the two t r a n s f o r m a t i o n s  is  probably  the same .  
The a tomic  m e c h a n i s m s  of these t r a n s f o r m a t i o n s  a re  
en t i re ly  different .  The p a r t i c u l a r l y  s imple  example of 

A1-Ag plate  p rec ip i ta t ion  prev ious ly  noted and the 
geome t r i c a l l y - i den t i c a l  m a r t e n s i t e  t r a n s f o r m a t i o n  in 
pure  cobalt 97 provide an i l lus t ra t ion  of this  s ta tement .  
It i s  hoped that fu r the r  demons t r a t i ons  of the i n c o m -  
p le t eness  of c rys ta l lography  and sur face  re l ie f  as  
defini t ive evidence of reac t ion  m e c h a n i s m  will  soon 
become avai lab le  in c rys t a l log raph ica l ly  more  com-  
plex t r a n s f o r m a t i o n s .  

TOPIC III: THE SOURCES OF 
BAINITIC CARBIDE PRECIPITATION 

R. F.  H. (Round 1) 

In s tee l s ,  it is  c lea r ly  es tab l i shed  that carb ides  p r e -  
cipi tate  f rom both aus ten i te  and f e r r i t e  during the fo r -  
mat ion of baini te .  5'72'98 It a lso  is we l l - e s t ab l i shed  that 
carbon en r i chmen t  of aus ten i t e  accompan ies  the f o r m a -  
t ion of baini te .  99-1~ However,  when in the reac t ion  
sequence the en r i chmen t  occurs  or  the ca rb ides  p r e -  
cipi tate  is  not yet f i rmly  es tabl i shed.  F u r t h e r  u n d e r -  
s tanding of the t r ans i t i on  f rom upper  to lower ba in i te  
appea r s  to be es sen t i a l  to reso lv ing  the reac t ion  
mechan i sm.  

These  two fo rms  of ba in i te  genera l ly  have been c ha r -  
ac t e r i zed  ill the following way: 

1) Upper  ba in i te  cons i s t s  of f e r r i t e  la ths with cemen-  
t i te  p rec ip i ta ted  p r i m a r i l y  at lath boundar ies  and t h e r e -  
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Fig. 5--Effect of carbon content on the transition temperature 
from upper to lower bainite according to Picketing. 72 
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Fig. 6--Schematic Fe-C phase diagram illustrating the pro- 
posed metastable equilibria involving e carbide. 

fore pa ra l l e l  to the growth d i rec t ion .  It is  accepted that 
cement i te  has  p rec ip i ta ted  f rom enr iched  ans ten i te  
t rapped between the la ths .  

2) Lower  ba in i te  involves  cement i te  located within 
i e r r i t e  and or ien ted  at an angle to the growth d i rec t ion  
of the ba in i te  plate .  E carb ide  a lso  has been repor ted  
in lower  baini te  69'1~176 and the abi l i ty  to detect E is  in -  
c r e a se d  by s i l icon addi t ions to the s tee l .  It has gen-  
e ra l ly  been a s s u m e d  that these  ca rb ides  have p r e c i p i -  
ta ted f rom supe r sa tu r a t ed  f e r r i t e  but the poss ib i l i ty  
that the supe r sa t u r a t i on  does not exceed that pe rmi t t ed  
by the ~ / ~  + 7 boundary  is not yet reso lved .  

The inf luence of carbon content  on the t e m p e r a t u r e  
for the t r ans i t i on  f rom upper  to lower  ba in i te  is a m a t -  
t e r  of dispute.  Although I feel that this  t e m p e r a t u r e  is  
approx imate ly  350~ r e g a r d l e s s  of carbon content of 
the s teel ,  o thers  72 repor t  the dependence i l l u s t r a t ed  in 
Fig.  5. In this  work, the t r ans i t i on  t e m p e r a t u r e  has 
been specif ied as the highest  t e m p e r a t u r e  at which ce-  
ment i t e  has p rec ip i ta ted  within f e r r i t e - - p r e s u m a b l y  
f rom s u p e r s a t u r a t e d  f e r r i t e .  

It has been proposed that much of this  confusion 
a r i s e s  because  one or m o r e  t r ans i en t  i n t e rmed ia t e  
s ta tes  exist  which have a shor t  l i fe t ime.  49'~ P r e c i p i t a -  
tion of e carb ide  is  the mos t  impor tan t  of these and it 
is  the high rate  at which E is rep laced  by cement i te  in 
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Fig. 7--Lower bainite in 4340 steel, in (a) as formed following 
austenitization at 1000~ isothermal transformation at 307~ 
and a water quench. The tempered structure shown in (b) is 
the result of austenitization at 1000~ isothermal transforma- 
tion at 307~ followed by 1 hr at 565~ and then a water 
quench. Nital etch; the bar represents 0.1 ram. 

mos t  s t ee l s  that c o m p l i c a t e s  e x p e r i m e n t a l  study. Thus ,  
the r e l evan t  r e a c t i o n s  can be studied bes t  in s i l i con  
s t ee l s  s ince  s i l icon r e t a r d s  the p rec ip i t a t ion  of ce -  
men t i t e  s e v e r e l y  without inf luencing the fo rma t ion  of 
E ca rb ide  s ign i f ican t ly .  

The t r a n s f o r m a t i o n  behav io r  of s i l i con  s t ee l s  has  led 
to the conclus ion that t h e r e  is  a y - a - e  ca rb ide  equ i l ib -  
r i um at  350~ which is  r e s p o n s i b l e  for  the t r ans i t i on  
f r o m  upper  to l ower  bainite.S3 A s c h e m a t i c  equ i l i b r ium 
d i a g r a m  is  p r e s e n t e d  in F ig .  6 whe re  the l ow-ca rbon  
reg ion  has  been d i s to r t ed  to show the s e v e r a l  so lvus  
l ines .  In the absence  of s i l i con  to r e t a r d  cemen t i t e  
fo rma t ion ,  the l i f e t ime  of the m e t a s t a b l e  s ta tes  in-  
volving s is  so shor t  that they pass  unnot iced and the 
s t r u c t u r e s  a r e  compat ib le  with the V-a  d i a g r a m .  

R e t r o g r e s s i o n  e x p e r i m e n t s  have been conducted on 
lower  baini te  in two s t ee l s - -one  (300M) with 1.5 pct Si 
and the o ther  (4340) with about 0.3 pct  Si--to help sub-  
s tan t ia te  these  concepts .  ~~ In both s t e e l s ,  10 to 20 pct  
ba in i te  was  f o r m e d  at  307~ and i m m e d i a t e l y  t e m p e r e d  
at 565~ (above B s )  befo re  quenching to room t e m p e r a -  
tu re .  Thus,  the p r e v i o u s l y  f o r m e d  bain i te  is  being t e m -  
p e r e d  in the p r e s e n c e  of aus ten i te  and the t e m p e r i n g  
t e m p e r a t u r e  was chosen on the ba s i s  of p r ev ious  ex -  
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Fig. 8--Lower bainite in 300M steel, in (a) as formed follow- 
ing austenitization at 1000~ isothermal transformation at 
307~ and a water quench. The tempered structure shown in 
(b) is the result of austenitization at 1000~ isothermal trans- 
formation at 307~ followed by 1 hr at 565~ and then a water 
quench. Nital etch; the bar represents 0.1 ram. 

p e r i m e n t s  which have d e m o n s t r a t e d  that ba in i te  wil l  
not continue to grow when the t e m p e r a t u r e  is  r a i s e d  
above B s .51 

The s t r u c t u r e  of the a s - f o r m e d  bain i te  in 4340 con-  
s i s t s  of f e r r i t e  plus  c e m e n t i t e ;  w h e r e a s  that  in 300M 
cons i s t s  of f e r r i t e  and e carb ide �9  T e m p e r i n g  of 4340 
p roduces  no change in s t r u c t u r e  a s ide  f r o m  some  
coa r sen ing  of the cemen t i t e .  F o r  300M, on the o ther  
hand, the f e r r i t e - ~  ca rb ide  a g g r e g a t e  is  conve r t ed  to 
e s sen t i a l l y  c a r b i d e - f r e e  f e r r i t e .  That  is ,  e r e d i s s o l v e s  
as  the carbon pa r t i t i ons  to the sur rounding  aus ten i te .  
Typica l  m i c r o g r a p h s  i l l u s t r a t ing  these  r e s u l t s  a r e  p r e -  
sen ted  in F igs .  7 and 8. 

The r e s u l t s  of these  e x p e r i m e n t s  can be unders tood  
in t e r m s  of F ig .  6. The two s t r u c t u r e s ,  and carbon 
concen t ra t ions  in f e r r i t e  and aus ten i te ,  a r e  shown 
s c h e m a t i c a l l y  in F ig .  9. F o r  4340, the a - F e 3 C  m i x t u r e  
is  s tab le  r e l a t i v e  to a - 7  as  r e f l e c t e d  in the i n v e r s e  
g rad ien t  of carbon through the f e r r i t e .  Thus,  as  shown 
in F i g .  7(b), c e m e n t i t e  wi l l  not r e d i s s o l v e .  

F o r  300M, on the o ther  hand, the a - c  a g g r e g a t e  is  
m e t a s t a b l e  r e l a t i v e  to an a - y  a g g r e g a t e  and < r e d i s -  
so lves  as  carbon pa r t i t i ons  to aus ten i te .  As  shown in 
Fig .  8(b) th is  y i e lds  c a r b i d e - f r e e  f e r r i t e  without de -  
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Fig. 9--Schematic representation (not to scale) of microstruc- 
tures and relevant carbon distributions during tempering at 
565~ 

t ec tab le  growth of the f e r r i t e  phase .  
The r e s u l t s  of these  e x p e r i m e n t s  indicate  that it is  

e x t r e m e l y  diff icult  to decide  on the r eac t ion  sequence  
by examining the carbon content of f e r r i t e ,  r e t a ined  
aus ten i te ,  or  whether  or  not ca rb ides  a r e  p r e s e n t  in 
the s t r u c t u r e .  Speci f ica l ly ,  baini te  could ini t ia l ly  f o r m  
with supe r sa tu ra t ion  well  above that p e r m i t t e d  by the 
~ / ~  + V l ine and yet y ie ld  m i c r o s t r u c t u r e s  va ry ing  
f r o m  c a r b i d e - f r e e  f e r r i t e  to that of lower  baini te  de -  
pending on the r e l a t i ve  r a t e s  of p rec ip i t a t ion  f r o m  f e r -  
r i t e  and aus ten i te  and par t i t ion  of carbon between these  
phases .  

It is a s s u m e d  that baini te  f o r m s  with substant ia l  su-  
p e r s a t u r a t i o n  at a l l  t e m p e r a t u r e s  and carbon begins  
immed ia t e ly  to par t i t ion  to aus teni te .*  Below 350~ 

*This assumption clearly conflicts with growth at carbon diffusion-controlled 
rates. Conclusions from the 3' ~ (x + e carbide equilibrium relevant to diffusion- 
controlled mechanisms will be considered in Round 2. 

ca rb ide  p r e c i p i t a t e s  v e r y  rapidly  and, as  indicated in 
Fig .  6, the ~ - e  ca rb ide  is  s table  r e l a t i v e  to ~ -~ .  Th i s  
t e r m i n a t e s  the par t i t ion  p r o c e s s .  The resu l t ing  s t r u c -  
t u r e  is  lower  baini te  and the reduct ion  in carbon en-  
r i chmen t  of y a s s o c i a t e d  with lower  baini te  as  c o m -  
pa red  to upper  baini te  has  been demons t r a t ed .  69'99 In 
nonsi l icon s t ee l s ,  cemen t i t e  rapidly r e p l a c e s  c in a 
fashion analogous to that  involved in the t e m p e r i n g  of 
m a r t e n s i t e .  

Above 350~ the ini t ia l  s t ages  of the r eac t ion  a r e  
the same  as  be fo re .  In th is  case ,  however ,  the a - c  
ca rb ide  agg rega t e  is  me ta s t ab l e  r e l a t i ve  to an ~ -7  
aggregate. Thus, carbon will continue to partition until 
cementite precipitates from ferrite. In nonsilicon 
steels, cementite precipitates relatively rapidly from 
ferrite which restricts somewhat the amount of enrich- 
ment observed and these precipitates also would be re- 
sponsible for the difference in opinion regarding the 
temperature for the transition from upper to lower 

baini te  shown in Fig .  5. Eventua l ly  addi t ional  cemen t i t e  
p r e c i p i t a t e s  f rom the en r i ched  y so that upper  ba in i tes  
f o r m e d  nea r  400~ exhibit  c a r b i d e s  p rec ip i t a t ed  f r o m  
both a and y.s'49'Tz 

Sil icon in the s t ee l  so r e t a r d s  p rec ip i t a t ion  of c e -  
men t i t e  that upper  baini te  i s  f r e e  of ca rb ide  at al l  t e m -  
p e r a t u r e s  above 350~ 69 

Accord ing  to these  concepts  the c r i t i c a l  s tep that de -  
f ines  the fo rmat ion  of both upper  and lower  baini te  i s  
the fo rma t ion  of f e r r i t e  with substant ia l  s u p e r s a t u r a -  
tion by a shea r  t r a n s f o r m a t i o n .  The d e g r e e  of s u p e r -  
sa tura t ion  may be l e s s  than the a v e r a g e  carbon  content  
of the s tee l  but is wel l  above that of the ~/0~ + v l ine.  
Both upper  and lower  baini te  a r e  cons ide red  to fo rm by 
the same  m e c h a n i s m  and t he i r  d i f f e r ences  a r i s e  f r o m  
the r e l a t i v e  r a t e s  (and s t ab i l i t i e s )  of the s e v e r a l  r e a c -  
t ions  involved  in the t r a n s f o r m a t i o n .  N e v e r t h e l e s s ,  it 
is of value to re ta in  the es tab l i shed  d is t inc t ion  between 
them s ince  the d i f f e r ences  in ca rb ide  d is t r ibu t ion  r e -  
sult  in s ignif icant ly  d i f ferent  mechan ica l  p r o p e r t i e s  
for  upper  and lower  baini te .  

H. I. A. and K. R. K. (Round 1) 

On the ba s i s  of room t e m p e r a t u r e  m i c r o s c o p y ,  one 
can be f a i r ly  (though not en t i re ly)  ce r t a in  that a p a r -  
t i cu l a r  ca rb ide  p r ec ip i t a t ed  f rom aus ten i te  at an a u s -  
t e n i t e : f e r r i t e  boundary only when that ca rb ide  l i e s  
a l m o s t  wholly within the aus ten i te  phase  ( m a r t e n s i t e  
at room t e m p e r a t u r e ) .  Room t e m p e r a t u r e  m i c r o s c o p y  
can p rov ide  s t a t i s t i c a l  ev idence  that a subs tant ia l  p r o -  
por t ion  of the ba in i t ic  ca rb ides  p r ec ip i t a t ed  f rom f e r -  
r i t e  only when the a v e r a g e  densi ty  of c a rb ide s  within 
a r e a s  which have been t r a n s f o r m e d  wholly to f e r r i t e  
i n c r e a s e s  subs tan t ia l ly  at l a t e r  reac t ion  t i m e s .  E v i -  
dence  of the f o r m e r  type is  r easonab ly  a c c e s s i b l e ,  
p a r t i c u l a r l y  at high reac t ion  t e m p e r a t u r e s ,  1~176 but 
can account  with ce r ta in ty  for  only a sma l l  p ropor t ion  
of the ba in i t ic  c a rb ide s  in a given m i c r o s t r u c t u r e .  A l -  
though some  ev idence  of the l a t t e r  type has  been r e -  
por ted ,  1~176 this  i s  v e r y  r a r e  s imply  because  the t i m e  
in te rva l  between f e r r i t e  and ca rb ide  p rec ip i t a t ion  is  
usual ly  s h o r t e r  than the s m a l l e s t  p r ac t i c ab l e  in t e rva l  
between t r e a t m e n t s .  In p r inc ip l e ,  the combinat ion of 
ho t - s t age  t r a n s m i s s i o n  e l ec t ron  m i c r o s c o p y  and c ine -  
matography  has  suff ic ient  reso lu t ion  in both t ime  and 
space  to account  fo r  the or ig in  of each ba in i t ic  ca rb ide  
f o r m e d  within a given f ield of view o v e r  a wide (and 
pe rhaps  the en t i re )  range  of r eac t ion  t e m p e r a t u r e s  of 
i n t e re s t - -p rov ided  that the m i c r o s c o p e  a t m o s p h e r e  
a n d / o r  the th inness  of the foil  do not s igni f icant ly  c o m -  
p r o m i s e  the m e c h a n i s m  of the t r a n s f o r m a t i o n .  How- 
eve r ,  an inves t iga t ion  of th is  type has  yet  to be r e -  
por ted .  C rys t a l l og raph i c  s tudies  of the or ienta t ion  
r e l a t ionsh ips  be tween baini t ic  ca rb ides  and f e r r i t e  and 
between such ca rb ides  and aus ten i te  have sugges ted  
that these  ca rb ides  p r e c i p i t a t e  f r o m  aus ten i te  in upper  
ba in i te  and f r o m  f e r r i t e  in lower  baini te .  5'11~ Although 
ingenious,  t hese  s tudies  a r e  ind i rec t ;  t h e i r  r e s u l t s  a r e  
cons i s ten t  with m i c r o s c o p y  at high t e m p e r a t u r e  and 
a r e  thus probably c o r r e c t ;  in the lower  baini te  region,  
on the o ther  hand, r e su l t s  to be p r e s e n t e d  h e r e  lead to 
a quite  d i f ferent  conclus ion as  to the p r i m a r y  sou rce  of 
baini t ic  ca rb ide  p rec ip i t a t ion .  

In view of the foregoing  d i f f icu l t ies ,  this  Topic  is  
c u s t o m a r i l y  a t tacked f r o m  a l eve l  once r e m o v e d  f r o m  

1088-VOLUME3, MAY 1972 METALLURGICAL TRANSACTIONS 



that of carb ide  p rec ip i ta t ion ,  namely  the (init ial)  c a r -  
bon content of the f e r r i t i c  component  of ba in i te  (FCB). 
Although a " l a y e r "  of nuclea t ion  and growth k ine t i c s  
i n t e r v e n e s  between th is  composi t ion and the actual  c a r -  
bide p rec ip i ta t ion  p r o c e s s e s ,  at  l eas t  at the l imi t ing  
va lues  of the carbon content  r e l i ab le  deduct ions can be 
made as  to the phase f rom which the ca rb ides  will  p r e -  
c ipi ta te .  If the f e r r i t e  i nhe r i t s  e s sen t i a l ly  the en t i re  
carbon content of the pa ren t  aus ten i te ,  p rec ip i ta t ion  
a lmos t  exclus ively  f rom f e r r i t e  s eems  inevi table .  Con- 
ve r se ly ,  if the carbon content of the f e r r i t e  l ies  at or  
below that of the ext rapola ted ~/(0~ § y) curve,  a l a rge  
propor t ion  (though not al l)  of the ca rb ide  mus t  p r e c i p i -  
tate f rom the aus ten i te .  

Although many a t t empts  have been made to deduce 
the carbon content of the FCB from physica l  and chem-  
ica l  m e a s u r e m e n t s  such as  d i l a tomet ry ,  ~ ' ~ 2  c a l o r i m -  
etry,~12 chemica l  extract ion,~3 and resistometry,~13'~4 
the p rec ip i ta t ion  of c carb ide  has made the i n t e r p r e t a -  
t ion of these  m e a s u r e m e n t s  unce r t a in .  ~12'~4 Del i ry  ~~ 
has made a m o r e  detai led d i l a tomet r i c  study of the 
ba in i te  reac t ion  in s i l icon s tee l s  and concluded that the 
FCB in these  s tee l s  has effectively the carbon content  
of the or ig ina l  aus ten i t e  at t e m p e r a t u r e s  n e a r  M s. How- 
ever ,  his a s sumpt ion  that E carb ide  p rec ip i t a t e s  only 
f rom f e r r i t e ,  though often made,  is  unver i f ied* and his  

*Why cannot e precipitate from austenite at austenite:ferrite boundaries? 

use  of the cont rac t ion  of m a r t e n s i t e  dur ing E format ion  
as  a r e f e r ence  value for the ba in i te  m e a s u r e m e n t s  adds 
a fu r the r  m e a s u r e  of unce r t a in ty .  Most  X - r a y  data,  on 
the other  hand, indicate  no detectable  (<0.1 pct) C in the 
FCB.115-~17 Those  r e su l t s  which yie ld  a con t r a ry  con-  
c lusion a r e  based  upon detect ion of a c / a  ra t io  for f e r -  
r i t e  g r e a t e r  than uni ty ,  ~9'1~s and may have been caused 
by the fo rmat ion  of b a i n i t e - s t i m u l a t e d  m a r t e n s i t e  at 
t e m p e r a t u r e s  b e l o w  &Id ~ which was then pa r t i a l ly  auto-  
t empered .  In effect ively al l  cases ,  however ,  the X - r a y  
s tudies  had to be made at late s tages  of reac t ion  in 
o rde r  to m i n i m i z e  i n t e r f e r ence  f rom m a r t e n s i t e ,  and 
a r e  thus not n e c e s s a r i l y  a good m e a s u r e  of the carbon  
content  of the FCB dur ing the more  impor tan t  ea r ly  
s tages  of t r a n s f o r m a t i o n .  

Recent ly ,  e lec t ron  probe  ana lys i s  has been used to 
demons t r a t e  conclus ive ly  that during the ear ly  s tages  
of reac t ion  at  t e m p e r a t u r e s  below the k ine t i c -B  s both 
k ine t ica l ly  defined and sur face  re l ie f  ba in i t e  have c a r -  
bon contents  l e s s  than the detec tabi l i ty  l imi t  (0.03 pct) 
of the probe in Fe-0 .11 pct C-1.95 pct Mo and Fe-0 .13  
pct C-2.99 pct Cr  a l loys .  1~9 A la rge  propor t ion  of the 
ba in i t ic  ca rb ides  which formed in these  m i c r o s t r u c -  
t u r e s  mus t  thus have prec ip i ta ted  f rom the aus ten i te ,  le~ 

We shal l  conclude by p resen t ing  a br ie f  s u m m a r y  of 
a new method for deducing the carbon content of the 
FCB. 12~ Th i s  method is  of especia l  i n t e re s t  at lower  
reac t ion  t e m p e r a t u r e s  and higher  carbon  contents ,  
where  the m i n i m u m  d imens ion  of a r e a s  containing only 
f e r r i t e  is usua l ly  l e s s  than 2 p and useful  e lec t ron  
probe m e a s u r e m e n t s  a r e  thus infeas ib le .  The method 
is  based  upon the observa t ion  that in hypoeutectoid 
s tee l s ,  p a r t i c u l a r l y  those apprec iab ly  a l loyed with s i l i -  
con or a luminum,  re ta ined  aus ten i te  containing a sub-  
s tan t ia l ly  h igher  average  concent ra t ion  of carbon than 
the al loy as  a whole is  often assoc ia ted  with pa r t i a l  
t r a n s f o r m a t i o n  to bainite.99"~ ,~2e-lz4 The p r inc ipa l  a s -  
sumpt ions  made in the f i r s t  step of this  ana lys i s  a r e  
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Fig. 10--Schematic represen ta t ion  of the ca rbon-enr iched  
austenite region associa ted  with one broad face of a fe r r i t e  
plate. 
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lated (dashed lines) 8~'128 and as exper imenta l ly  de termined 
(solid lines) by L. M. Pevzner  et al.  129 

the following: a) a u s t e n i t e : f e r r i t e  boundar ies  a r e  p la -  
na r  (accurate ly  fulf i l led exper imen ta l ly  in mos t  in-  
s tances) ;  b) ba in i t ic  ca rb ides  had not p rec ip i t a t ed  f rom 
aus ten i te  at the t ime  the X - r a y  m e a s u r e m e n t s  of the 
carbon content  of the re ta ined  aus ten i te  were  made 
(evidently c o r r e c t  in s i l icon and a luminum steels18'I~ 
c) the carbon diffusion f ie lds  of adjacent  f e r r i t e  p la tes  
do not over lap (not fulfi l led,  but found n u m e r i c a l l y  not 
to in t roduce a s ignif icant  e r r o r ) ;  d) thickening of f e r r i t e  
p la tes  is  cont ro l led  by the diffusion of carbon in aus -  
ten i te  (this defini tely wrong assumpt ion  32'61 is  the p r i ce  
paid for ma thema t i ca l  t r ac tab i l i ty ;  a co r rec t ion  is  
made for it, however,  in the second step of the t r e a t -  
ment) ;  and e ) t h e  p ropor t iona l  volume of the aus ten i te  
reg ions  not affected by the carbon diffusion f ie lds  of 
f e r r i t e  p la tes  is  negl ig ib le  (probably a r easonab le  a s -  
sumption when the e x p e r i m e n t a l l y - d e t e r m i n e d  value of 
the ave rage  mole f rac t ion of carbon in the re ta ined  a u s -  
teni te ,  ~ / ,  r eaches  i ts  m a x i m u m  value).  The shaded 
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a r e a  in the sketch of Fig.  10 r e p r e s e n t s  the ca rbon-  
enr iched  aus ten i te  region  assoc ia ted  with one broad 
face of a f e r r i t e  plate .  Calculat ion of 7f~ is  compl icated 
by the fact that a p ropor t ion  of th is  region,  which 
v a r i e s  with carbon content ,  t r a n s f o r m s  to m a r t e n s i t e  
during quenching and is  thus  excluded f rom the la t t ice  
p a r a m e t e r  m e a s u r e m e n t  through which the ave rage  
carbon content of the re ta ined  aus ten i te  is  de te rmined .  
In schematic form, the equation for ~ is: 

$c 

f /(s, as 
si 

YY = s. [1] 

f f { s }ds  
s i 

where x{s} = mole f rac t ion  of carbon in aus ten i t e  as  a 
function of the pe rpend i cu l a r  d is tance ,  s, f rom a p l ana r  
7 :a  boundary ,  12~'1~6 f {s ,  x} = f rac t ion  of aus ten i te  r e -  
ta ined as a function of x, and thus of s, ~27 si = posi t ion 
of the 7 :a  boundary  at a given growth t ime  and s c = po- 
si t ion in the aus ten i te  beyond which c a r b o n - e n r i c h m e n t  
can be cons idered  negl ig ib le .  In tegra t ion  of the n u m e r -  
a tor  r equ i r ed  that f { s ,  x} be expressed  as a s e r i e s  of 
five l i n e a r  equat ions;  in combinat ion with the e r r o r  
func t ion-conta in ing  express ion  for x{s}, this  leads  to a 
ve ry  c u m b e r s o m e  equation.  The dashed l ine in Fig.  1 1 
shows the var ia t ion  of . ~  with react ion t e m p e r a t u r e  
calcula ted for an a luminum and a s i l icon s teel .  (Phase 
boundary concen t ra t ions  were  adjusted for the p r e s -  
ence of a l loying e lement  on the ba s i s  of no par t i t ion  of 
this  e lement  between aus ten i te  and f e r r i t e .  ~'12s) The 
solid l ines  in this  f igure a r e  taken f rom the exper i -  
menta l  r e su l t s  of Pevzne r  et al. ~29 for these  s tee l s .  
Asc r ib ing  the d ivergence  of these cu rves  to the in -  
c reas ing ly  effective b a r r i e r  to growth at the broad 
faces of f e r r i t e  p la tes  with dec reas ing  t e m p e r a -  
ture ,  3s'6~ the second step in this  ana ly s i s  cons i s t s  of a 
t r i a l - a n d - e r r o r  ca lcula t ion of the reduct ion in the c a r -  
bon content of the aus ten i te  at the a u s t e n i t e : f e r r i t e  
boundary  requ i red  to br ing  the two cu rves  into coin-  
cidence as  a function of t e m p e r a t u r e .  An "ef fec t ive  
Ae3"  curve  is  thereby  produced.  This  ca lcula t ion a s -  
sumes ,  sole ly  for the reason  of ma themat i ca l  f eas i -  
bi l i ty ,  that the b a r r i e r  to growth is of the "un i fo rm 
b r a k i n g "  type r a the r  than a n e a r l y  coherent  in te r rac ia l  
s t r u c t u r e  ~3~ which is  pa r t i a l ly  c i r cumven ted  b y  m e a n s  

of the ledge m e c h a n i s m .  Noting that carbon should be 
able to diffuse f ree ly  through this  in te r rac ia l  s t r uc tu r e ,  
the pa r t i a l  m o l a r  f ree  energy of the carbon in aus ten i t e  
at the composi t ion of the "ef fec t ive  Ae3"  i s  equated to 
that in f e r r i t e ,  again as  adjusted for the p r e s e n c e  of 
al loying e lement .  On this  ba s i s ,  the carbon content of 
the FCB is computed vs t e m p e r a t u r e ,  with r e su l t s  as 
shown in Fig.  12. This  carbon content is  seen to l ie 
between those of the a / (a  + Fe3C) and the extrapolated 
a / ( a  + 7) phase boundar i e s .  Although use of the un i -  
form b a r r i e r  model  l imi t s  the accuracy  of the ca lcu-  
lated carbon contents ,  they a re  none the les s  in accord  
with qual i ta t ive  expectation f rom the b a r r i e r  concept.  
This  resu l t ,  which is appl icable  to any baini te  in s teel  
whose f e r r i t i c  component has the Widmans ta t t en  m o r -  
phology, indica tes  that much the l a rges t  p ropor t ion  of 
ca rb ides  mus t  p rec ip i ta te  f rom aus ten i te  (presumably  
at a u s t e n i t e : f e r r i t e  boundar ies )  in the lower as  well  as  
in the upper  ba in i te  region.  
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Fig.  12--The c o m p u t e d  c a r b o n  con ten t  of the f e r r i t i c  c o m p o -  
nen t  of b a i n i t e  vs  r e a c t i o n  t e m p e r a t u r e .  
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Fig. 13--Austenite retention during the course of the bainite 
reaction. 

It. F. H. (Round 2) 

While it is firmly established that much of the car- 
bide in upper bainite precipitates from austenite, this 
need not exclude the possibility that bainite formed in- 
itially with supersaturation as has been noted in Round 
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1 on th is  Topic.  In p a r t i c u l a r ,  theore t i ca l  c o n s i d e r a -  
t ions  TM indicate  that the t ime  for complete  d e c a r b u r i z a -  
t ion of an in i t i a l ly  s u p e r s a t u r a t e d  f e r r i t e  lath is  sub-  
s tan t ia l ly  l e s s  than 1 sec.  Thus,  the m i c r o p r o b e  m e a s -  
u r e m e n t s  n9 of the carbon content in the f e r r i t i c  
component  of upper  ba in i t e  (<0.03 pct) do not provide  
conclus ive  evidence that the f e r r i t e  fo rmed  without 
s u p e r s a t u r a t i o n .  The same  r e s e r v a t i o n  appl ies  to the 
X - r a y  m e a s u r e m e n t s  r epor ted  by Drs .  K insman  and 
Aaronson  s ince  these  re ly  on an evaluat ion of the ac -  
t iv i ty  of carbon in f e r r i t e  f rom that of aus ten i te  (as-  
suming  no carb ide  p rec ip i t a t ion  f rom aus ten i te )  with 
which it is  equ i l ib ra ted  at  a r e la t ive ly  late s tage of the 
reac t ion .  Thus,  the a n a l y s i s  au tomat ica l ly  a s s u m e s  
that al l  ca rbon  inher i t ed  by the f e r r i t e  dur ing  growth 
is  held the re  and not subsequent ly  pa r t i t ioned  to the 
su r round ing  aus ten i t e .  Th i s  need  not be  val id as  dem-  
ons t ra ted  by the r e t r o g r e s s i o n  expe r imen t s  p r e se n t e d  
in Round 1. 

The m a x i m u m  t e m p e r a t u r e  (350~ at which c c a r -  
bide occur s  in ba in i te  fo rmed  in s i l icon  s tee l s  69'~~ co r -  
responds  to that for  the m a x i m u m  carbon  content  of 
r e t a ined  aus ten i te  as  r epor ted  in Fig.  11. This  p r e c i p i -  
ta t ion (which inva l ida tes  the i r  a s sumpt ion  (b) u n l e s s  
these  ca rb ides  p rec ip i t a ted  f rom s u p e r s a t u r a t e d  f e r -  
r i te)  r a the r  than a t e m p e r a t u r e  dependent  b a r r i e r  to 
th ickening may be r e spons ib l e  for the m a x i m u m .  As 
i l l u s t r a t ed  in Fig.  13, the p ropens i ty  for  aus ten i t e  r e -  
tent ion a l so  changes d r a s t i c a l l y  in this  t e m p e r a t u r e  
range,  the reby  suggest ing much l e s s  extens ive  carbon  
en r i chmen t .  In these  s i l i con  s t ee l s ,  a l l  of the carbon  
in the s teel  is  contained in the re ta ined  7 for reac t ion  
t e m p e r a t u r e s  above 350~ whereas ,  a subs tan t ia l  f r a c -  
t ion of the carbon is p r e s e n t  as  c carb ide  when ba in i te  
is  fo rmed  below 350~176 It appea r s  that a l t e r n a t e  
explanat ions  63 to the b a r r i e r  concept for the d i s c r e -  
pancy between the observed  carbon content  of the en-  
r iched  ~ and that  expected f rom the a / a  + y equi l ib -  
r i u m  l ine w a r r a n t  fu r the r  cons idera t ion .  

The a s sumpt ion  that c carb ide  cannot p rec ip i t a te  
f rom aus ten i te  is inheren t  in the view that lower  ba i n -  
i te follows a reac t ion  sequence  analogous  to that in the 
t empe r ing  of m a r t e n s i t e .  Drs .  K i n s m a n  and Aaronson  
r ightful ly chal lenge this  a s sumpt ion .  The y r a + e 
carb ide  equ i l i b r ium p e r m i t s  lower ba in i te  to fo rm,  in 
p r inc ipa l ,  as  a eutectoid reac t ion .  ~* The subsequent  

*The high carbon content of the eutectoid composition (3 to 4 pct) provides a 
possible explanation for the absence of proeutectoid e carbide precipitation from 
austenite. 

r ep l acemen t  of ~ carb ide  in this  aggrega te  by c e m e n -  
t i le  would occur  within the f e r r i t i c  ma t r ix .  Thus ,  the 
c rys t a l log raph ic  evidence s'72,u~ for p rec ip i ta t ion  of 
cement i t e  f rom f e r r i t e  i s  p robably  val id  but need not 
provide  a clue to the reac t ion  m e c h a n i s m .  The growth 
of upper  ba in i te  at  the ra te  pe rmi t t ed  by carbon diffu- 
s ion,  a s  repor ted  by Drs .  K insman  and Aaronson ,  
favors  models  based  on local  equ i l ib r ium dur ing growth 
but the data he re  a r e  l imi ted  and the growth ra te  r e -  
qu i red  to sus ta in  supe r sa tu r a t i on  is  not yet  known. 

Several  f ea tu res  of these  r eac t ions  r equ i r e  fu r the r  
c la r i f i ca t ion  in t e r m s  of separa te  p rec ip i t a t ion  of f e r -  
r i t e  and carb ide  f rom aus ten i te .  Fo r  example the ex-  
p lana t ion  offered in Round 1 of th i s  Topic for the t r a n -  
s i t ion f rom upper  to lower ba in i te  mus t  be d i scarded .  
Of g r e a t e r  impor tance ,  however,  is  the quest ion of why 

the re  should be any detec table  t r ans i t i on  in the non-  
s i l icon  s tee l s  on which the c rys t a l log raph ic  s tudies  
have been conducted.  In addit ion,  lower ba in i t e  p la tes  
exhibit  a s ingle  un i fo rm re l ie f  but have ca rb ides  p r e -  
c ipi ta ted r a t h e r  un i fo rmly  within them at i n t e r p a r t i c l e  
spac ings  comparab le  to those in t e m p e r e d  m a r t e n s i t e .  
It is  not c l ea r  why any re l ie f ,  let a lone one with a we l l -  
defined shea r  component ,  should be observed  if the 
s t r u c t u r e  develops by p rec ip i t a t ion  of both f e r r i t e  and 
ca rb ide  f rom aus ten i t e .  

H. I. A. and K. R. K. (Round 2) 

The expe r imen t s  on the r e t r o g r e s s i o n  or  r e v e r s i o n  
of ~ carb ide  repor ted  by Prof .  Hehemann in Round 1 on 
this  Topic a r e  mos t  i n t e r e s t i ng .  Sys temat ic  pu r su i t  of 
th is  l ine  of r e s e a r c h ,  say on h igh-pur i ty  F e - C - S i  
a l loys ,  may enable  a decis ion to be reached as to 
whether  or not the me tas t ab le  equ i l ib r ium in which the 
E phase pa r t i c ipa t e s  involve a eutectoid reac t ion .  The 
me ta s t ab l e  equ i l i b r ium conf igurat ion at l ow-ca rbon  
contents  and i ts  r e la t ionsh ip  to the extrapola ted 
a / ( a  + 7) phase boundary  a r e  of p a r t i c u l a r  impor t ance .  

Prof .  Hehemann a s s u m e s  that the f e r r i t i c  component  
of ba in i te  in i t i a l ly  contains  subs tan t ia l ly  m o r e  carbon 
than that  co r respond ing  to the ext rapola ted  a / ( a  + y) 
boundary .  This  a s sumpt ion  is,  of course ,  quite com-  
monly made .  In our  p r e s e n t a t i o n s  on both this  and the 
p reced ing  topic,  however ,  we have chal lenged this  a s -  
sumpt ion on both expe r imen ta l  and ca lcula t ional  
grounds .  Although disproof  of th is  key a s sumpt ion  is  
pe rhaps  not yet complete ,  we would hope that the fa i l -  
u re  of the a s sumpt ion  to meet  the chal lenges  so fa r  
offered may prove  suff ic ient ly  w o r r i s o m e  to inhibit  
somewhat  the tendency to bui ld  s t i l l  f u r the r  upon th is  
r a t h e r  i n s e c u r e  foundation. The finding,  r epor ted  in 
Round 1 of Topic  II, that individual  p la tes  in upper  
ba in i t e  sheaves  grow at or  m o r e  slowly than the r a t e s  
al lowed by the vo lume diffusion of carbon in aus ten i te ,  
should be p a r t i c u l a r l y  impor t an t  in th is  r e c o n s i d e r a -  
t ion.  As Prof .  Hehemann h imse l f  has recognized  ~s and 
as  did J .  C. F i s h e r  13e e a r l i e r ,  the 100-fold h igher  dif-  
fusivi ty of carbon  in f e r r i t e  than in aus ten i t e  mus t  
p rec lude  extens ive  supe r sa t u r a t i on  of f e r r i t e  with r e -  
spect  to carbon  when the a u s t e n i t e - f e r r i t e  boundary  is  
d isp laced  with those k ine t ics .  

SUMMARY 

R. F . H .  

TOPIC I--WHAT IS BAINITE? 

Unti l  the m e c h a n i s m  of the ba in i te  reac t ion  is  m o r e  
f i rmly  es tab l i shed ,  it  s e e m s  adv isab le  to define ba in -  
ite in t e r m s  of the p r inc ipa l  expe r imen ta l  c h a r a c t e r -  
i s t i c s  f rom which the m e c h a n i s m s  mus t  be deduced.  
The mos t  useful  c h a r a c t e r i s t i c s  a re :  

1) In s t ee l s ,  ba in i te  is  a n o n l a m e l l a r  f e r r i t e - c a r b i d e  
aggregate ,  but s e ve r a l  v a r i a n t s  a r e  recognized.  

2) The t r a n s f o r m a t i o n  product  exhibi ts  re l ie f  and 
develops at a slow rate .  

3) In al loy s tee l s ,  a c l ea r ly -de f ined  t e m p e r a t u r e  
ex is t s ,  B s ,  above which aus ten i te  wil l  not t r a n s f o r m  to 
ba in i te  and a t e m p e r a t u r e  dependent ,  incomple te  r e a c -  
t ion is  observed  below B s .  Exper imen ta l  dif f icul t ies  
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f rom over lapping reac t ions  have prevented  ag r e e me n t  
on the genera l iza t ion  of these  obse rva t ions  to plain 
carbon s tee l s .  

These  fea tu res  of the react ion a r e  d i scussed  in 
t e r m s  of d i f fus ion-cont ro l led  and d i f fus ionless  t r a n s -  
format ion  m e c h a n i s m s .  

TOPIC II--THE GROWTH MECHANISM OF 
THE FERRITIC COMPONENT OF BAINITE 

The demons t ra t ion  by Sr in ivasan  and Wayman that 
lower ba in i te  f o rms  by shea r  is  accepted as  the bas i s  
for cons ider ing  the a u s t e n i t e - f e r r i t e  in te r face  to be of 
the same  cha rac t e r  as  that in m a r t e n s i t e  t r a n s f o r m a -  
t ions .  The s i m i l a r i t y  in subs t ruc tu r e  between upper  
ba in i te  and low carbon m a r t e n s i t e  sugges ts  that this  
conclusion can be extended to upper  ba in i te  in spite of 
the lack of exper imen ta l  evidence for this  case.  

The fac to rs  that control  in te r face  propagat ion a re  
l e s s  c lea r ly  unders tood.  Exper imen ta l  growth ra tes  
ag ree  except ional ly  well with those ca lcula ted  f rom a 
mode l -based  on diffusion of carbon in aus ten i te .  How- 
ever ,  the p r inc ipa l  exper imenta l  quest ion is  whether  
growth occurs  cont inuously or d iscont inuous ly  as  the 
r e su l t  of a repeated  nuclea t ion  and growth p r o c e s s .  In 
the l a t t e r  ease ,  d i f fus ionless  growth can occur  at a 
ra te  de t e rmined  by an appropr ia te  re laxat ion  p r o c e s s .  

TOPIC III--THE SOURCES OF BAINITIC CARBIDE 
PRECIPITATION 

The r eason  for the t r ans i t ion  f rom upper  to lower  
baini te  is  explored in a s i l i con-modi f i ed  4340 s teel .  
In s i l icon s tee l s ,  upper  ba in i te  f o rms  at t e m p e r a t u r e s  
above 350~ and cons i s t s  of e s sen t i a l ly  c a r b i d e - f r e e  
f e r r i t e ;  whereas ,  lower ba in i te  f o r m s  at t e m p e r a t u r e s  
below 350~ and cons i s t s  of a f e r r i t e - e  carb ide  agg re -  
gate. The t e m p e r a t u r e  for this  t r ans i t i on  in s i l icon 
s tee ls  co r re sponds  to that in nons i l icon  s tee l s  over  a 
wide range  of carbon contents .  These  r e su l t s  suggest  
that an inva r i an t  me ta s t ab l e  ~ ~- a + e ca rb ide  equi l ib -  
r i um exis ts  at this  t e m p e r a t u r e .  Revers ion  expe r i -  
ments  provide  some support  for this  concept and dem-  
ons t ra te  that E carb ide  in lower  baini te  can be 
red i s so lved  and carbon  par t i t ioned  to aus ten i te  by t e m -  
per ing  at a t e m p e r a t u r e  above 350~ These  r e su l t s  
indica te  that lower baini te  could form from aus ten i te  
as  an ~ -~  carbide  aggregate .  This  r emoves  the need 
for,  but does not d isprove,  the assumpt ion  that ba in i te  
fo rms  in i t ia l ly  with supe r sa tu ra t ion .  

H. I. A. and K. R. K. 

TOPIC I--WHAT IS BAINITE? 

Th ree  c lea r ly  different  def ini t ions  of ba in i te  have 
been shown to be cu r r en t l y  in use.  2 These  def ini t ions  
and the disposi t ion r ecommended  for each a r e  the 
following. 

1) The m i c r o s t r u c t u r a l  defini t ion,  in i ts  gene ra l i zed  
form,  desc r ibes  ba in i te  as  the product  of a non lamel lar  
eutectoid reac t ion .  No r e s t r i c t i on  is  placed,  however ,  
upon the morphology of the f e r r i t i c  component .  On this  
view, ba in i te  is  the coun te rpa r t  of pea r l i t e ,  the product  
of a l a m e l l a r  eutectoid reac t ion .  For  both, the p r e s -  
ence of ca rb ides  is  e s sen t i a l ,  and the eutectoid t e m p e r -  
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a tu re  s e r v e s  as  the ma x i mum t e m p e r a t u r e  at which 
they can form.  On the grounds  of both h i s to r i c  p r e c e -  
dence ~'17 and mechan i s t i c  genera l i ty  and impor tance ,  
the genera l i zed  m i c r o s t r u c t u r a l  defini t ion is r e c o m -  
mended for  adoption as  the definit ion of ba in i te .  

2) The kinet ic  defini t ion is  based upon overa l l  r e a c -  
t ion k ine t ics :  19 ba in i te  has a separa te  C - c u r v e  for the 
in i t ia t ion  of t r a n s f o r m a t i o n  whose upper  l imi t ,  the k i -  
ne t i c - B s ,  l i es  well  below the eutectoid t e m p e r a t u r e ;  
when no other  reac t ion  in t e rvenes ,  the f rac t ion  of the 
aus ten i te  which can be t r a n s f o r m e d  to ba in i te  ap-  
proaches  zero  as  the reac t ion  t e m p e r a t u r e  approaches  
that of the k i n e t i c - B  s. T T T - d i a g r a m s  of this  type have 
been found, however,  to be in t imate ly  re la ted  to the 
growth k ine t i cs  of proeutectoid  f e r r i t e .  2~ These  k i -  
ne t i cs  (which a r e  probably  an exper imen ta l ly  more  
read i ly  detectable  indicat ion of such T T T - d i a g r a m  be-  
havior  than the d iag ram itself) ,  exhibit a m i n i m u m  at 
the k i ne t i c - B  s only when an al loying e lement  which 
apprec iab ly  d e c r e a s e s  the ac t iv i ty  of carbon in aus ten -  
ite is  p r e sen t  in suff icient  concent ra t ion .  ~-~ Incom-  
p le teness  of t r a n s f o r m a t i o n  has also been found to be 
an a l loying e lement  effect. 2' The kinet ic  defini t ion of 
ba in i te  is  thus unsu i tab le  on the ground of insuff ic ient  
genera l i ty .  

3) The sur face  re l ie f  defini t ion 7'22 d e s c r i b e s  as  
ba in i te  any slowly growing p rec ip i t a te  plate  which 
yields  a m a r t e n s i t i c  sur face  re l ie f  effect. Relief  effects 
a s soc ia t ed  with s ingle  p la tes  of proeutec to id  f e r r i t e ,  32 
which a re  cons idered  ba in i te  by Ko, 22 and with s ingle  
p la tes  of lower baini te ,  3a however ,  often have a vee -  
shape ra ther  than the s ingle  p l ana r  t i l t  morphology 
c h a r a c t e r i s t i c  of m a r t e n s i t e .  Evidence for solute p a r -  
t i t ion between m a t r i x  and p rec ip i t a te  in the case of a 
b r a s s  p la tes ,  a5 which evidently do develop m a r t e n s i t i c  
re l ie f  effects and c rys ta l lography  but which cannot ex-  
hibit pa r t i t ion  dur ing growth if the m e c h a n i s m  is one 
of shear  because  both ma t r ix  and prec ip i ta te  in this  
case a r e  subs t i tu t ional  sol id solut ions ,  2s provides  
fu r the r  evidence of the fundamenta l  unsoundness  of this  
defini t ion.  Now r e p r e s e n t i n g  no m o r e  than a h i s t o r i -  
cal ly inappropr ia te  a t tempt  to rep lace  the l o n g - e s t a b -  
l i shed t e r m  "Widmans ta t t en  s t r u c t u r e " ,  this  defini t ion 
should be d i scarded .  

TOPIC II--THE GROWTH MECHANISM OF 
THE FERRITIC COMPONENT OF BAINITE 

In o rde r  to match  the cons idera t ions  of Prof .  Hehe- 
mann ,  this  d i scuss ion  was confined to the Widmans t a t -  
ten morphologies  of the f e r r i t i c  component  of ba in i te .  

1) In h igh-pur i ty  F e - C  a l loys ,  the f e r r i t e  and ba in i te  
plate  lengthening data of Simonen et al. ,  79 the f e r r i t e  
pla te  thickening data of Kinsman  et al.3Z and re la ted  
obse rva t ions  show that both p r o c e s s e s  a re  cont ro l led  
by the format ion  and l a t e r a l  mig ra t ion  of ledges.  In 
the case  of thickening,  l a t e ra l  migra t ion  has been found 
to be cont ro l led  by the diffusion of carbon in austenite.32 

2) Both pa r t s  of the proposa l  49 that the individual  
p la tes  in baini te  sheaves  grow at r a t e s  much more  
rapid than those al lowed by the diffusion of carbon  in 
aus ten i te ,  and then cease  to grow unt i l  addi t ional  s y m -  
pathet ic  nuclea t ion  occurs ,  were  proved i nc o r r ec t  
through m e a s u r e m e n t  and ana ly s i s  of the lengthening 
and thickening k ine t ics  of such p la tes  in sheaves  of 
upper  ba in i te  formed in al loy s tee l s .  

METALLURGICAL TRANSACTIONS 



3) T h e  View 2a tha t  t h e  c r y s t a l l o g r a p h y  of u p p e r  b a i n -  
i t e  i s  tha t  of l o w - c a r b o n  m a r t e n s i t e  a n d  t h a t  of l o w e r  
b a i n i t e  i s  t he  s a m e  a s  t ha t  of m a r t e n s i t e  f o r m e d  in t he  
s a m e  a l l o y  i s  w i d e l y  a c c e p t e d .  H o w e v e r ,  t he  hab i t  
p l a n e  of u p p e r  b a i n i t e  i s  d i f f e r e n t  f r o m  tha t  of l o w -  
c a r b o n  m a r t e n s i t e  ap'~~ and  canno t  be  u n d e r s t o o d  on t h e  
b a s i s  of t h e  p h e n o m e n o l o g i c a l  t h e o r y  of m a r t e n s i t e . 8 6  
T h e  h a b i t  p l a n e  of l o w e r  b a i n i t e  d i f f e r s  m a r k e d l y  f r o m  
tha t  of m a r t e n s i t e  in the  s a m e  a l l o y ,  n ' s7  A c c o u n t i n g  
f o r  the  l o w e r  b a i n i t e  h a b i t  p l a n e  in  t e r m s  of m a r t e n -  
s i t e  c r y s t a l l o g r a p h y  r e q u i r e s  a c c e p t a n c e  of t he  p o s t u -  
l a t e  t ha t  a p h y s i c a l l y  u n r e a s o n a b l e  c o n t r a c t i o n  of t h e  
f e r r i t e  l a t t i c e  o c c u r s  d u r i n g  t r a n s f o r m a t i o n ,  tt 

4) On an  a r g u m e n t  by Spe i ch ,  aa t h e  p r o b l e m  of r e d u c -  
ing t h e  e l a s t i c  s h e a r  s t r a i n  e n e r g y  s u f f i c i e n t l y  to  a l l ow 
a s h e a r  t r a n s f o r m a t i o n  to  t a k e  p l a c e  a b o v e  M s ( in  t h e  
a b s e n c e  of a c o m p o s i t i o n  c h a n g e )  h a s  not  b e e n  s o l v e d  
by  Ko and  C o t t r e l l  7 o r  by  s u b s e q u e n t  w o r k e r s .  

5) T a k e n  t o g e t h e r ,  t h e s e  c o n s i d e r a t i o n s  and  t h e  s u r -  
f a c e  r e l i e f  o b s e r v a t i o n s  n o t e d  u n d e r  T o p i c  I l e a d  to  t he  
c o n c l u s i o n  t h a t  s h e a r  p l a y s  no  r o l e  w h a t s o e v e r  in t h e  
g r o w t h  m e c h a n i s m  of t h e  f e r r i t i c  c o m p o n e n t  of b a i n i t e .  

T O P I C  I I I - -THE SOURCES O F  BAINITIC CARBIDE 
P R E C I P I T A T I O N  

1) T h e  d i r e c t  e v i d e n c e  on t h e  r e l a t i v e  i m p o r t a n c e  of  
b a i n i t i c  c a r b i d e  p r e c i p i t a t i o n  f r o m  f e r r i t e  v i s - h - v i s  
t h a t  f r o m  a u s t e n i t e  a t  a u s t e n i t e : f e r r i t e  b o u n d a r i e s  i s  
v e r y  l i m i t e d ,  and  m o s t  of t h e  i n d i r e c t  e v i d e n c e  i s  of 
u n c e r t a i n  v a l u e .  

2) T h e  m o s t  i m p o r t a n t  i n d i r e c t  a p p r o a c h  to  t h i s  
p r o b l e m  h a s  b e e n  t h r o u g h  a t t e m p t s  to  d e t e r m i n e  t h e  
c a r b o n  c o n t e n t  of t he  f e r r i t i c  c o m p o n e n t  of b a i n i t e .  
T h e  fo l lowing  s t u d i e s  h a v e  s u p p l i e d  d e t e r m i n a t i o n s  
w h i c h  a p p e a r  to  be  a t  l e a s t  q u a l i t a t i v e l y  va l id :  

a)  M e a s u r e m e n t s  of b a i n i t e  g r o w t h  k i n e t i c s ,  9'1~ 
w h o s e  s i g n i f i c a n c e  i s  r e e n f o r c e d  by the  r e s u l t s  w h i c h  
we  r e p o r t e d  in Round  I of T o p i c  II,  i n d i c a t e  t ha t  t h e s e  
k i n e t i c s  a r e  t oo  s low to  s u p p o r t  an  a p p r e c i a b l e  s u p e r -  
s a t u r a t i o n  r e l a t i v e  to  t he  e x t r a p o l a t e d  a / ( a  + y )  c u r v e .  

b) M e a s u r e m e n t s  of t h e  c a r b o n  c o n t e n t  of f e r r i t e  
a l l o t r i o m o r p h s  a n d  p l a t e s  f o r m e d  d u r i n g  e a r l y  s t a g e s  
of r e a c t i o n  b e l o w  bo th  t h e  k i n e t i c -  a n d  the  s u r f a c e  
r e l i e f - B  s t e m p e r a t u r e s  in a l l oy  s t e e l s  c o n t a i n i n g  0.11 
p c t  C and  0.13 p c t  C, r e s p e c t i v e l y ,  by m e a n s  of e l e c -  
t r o n  p r o b e  a n a l y s i s  y i e l d e d  v a l u e s  b e l o w  t h e  d e t e c t -  
ab i l i t y  l i m i t  (0.03 p e t  C) of t h e  i n s t r u m e n t ,  n9 

c) An  a n a l y s i s  of l i t e r a t u r e  da t a  on t h e  a v e r a g e  c a r -  
bon  c o n t e n t  of r e t a i n e d  a u s t e n i t e  a s s o c i a t e d  wi th  p a r t i a l  
t r a n s f o r m a t i o n  to  b a i n i t e  ( s u m m a r i z e d  u n d e r  T o p i c  III) 
i n d i c a t e s  t h a t  in b o t h  the  u p p e r  a n d  t h e  l o w e r  b a i n i t e  
r e g i o n s  t h e  c a r b o n  c o n t e n t  of t he  f e r r i t i c  c o m p o n e n t  of 
b a i n i t e  l i e s  b e t w e e n  the  a / ( c~  + FeaC)  a n d  the  e x t r a p o -  
l a t e d  a / ( a  + ~) p h a s e  b o u n d a r i e s .  

3) F r o m  t h e  f o r e g o i n g ,  one  m u s t  c o n c l u d e  t h a t  p r e -  
c i p i t a t i o n  f r o m  a u s t e n i t e  a t  a u s t e n i t e : f e r r i t e  b o u n d a r i e s  
i s  m o s t  l i ke ly  to  be  t h e  p r i m a r y  s o u r c e  of b a i n i t i c  c a r -  
b i d e  p r e c i p i t a t i o n .  S o m e  c a r b i d e s ,  h o w e v e r ,  can  b e  and  
p r o b a b l y  a r e  p r e c i p i t a t e d  f r o m  f e r r i t e .  
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