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In this work the effect of deformat ion  of me tas t ab le  aus teni te  on i ts  subsequent  i s o t h e r -  
ma l  decomposi t ion  in baini te  reg ions  was invest igated in th ree  ch romium steels  with 
va ry ing  carbon contents .  Four  d i f ferent  types of t r e a t m e n t s  were  used and the effect of 
carbon content was studied.  Resul t s  of the kinet ic  m e a s u r e m e n t s  and of s t r u c t u r a l  
changes showed that the mos t  impor tan t  fea ture  of these t r e a t m e n t s  was format ion  of 
na r row fe r r i t e  s t r i p s  along the sl ip bands  in austeni te ,  which preceded  format ion  of 
ba in i te  of the usual  morphology.  A marked  dependency of this  f e r r i t e  s t r ips  format ion  on 
t e m p e r a t u r e  sugges ts  that the o v e r - a l l  t r a n s f o r m a t i o n  would s t rongly  depend on de fo rma-  
t ion and r ecove ry  p roce s se s  in aus ten i te  and on their  mutua l  re la t ion .  A new qual i ta t ive  
model  of the ba in i te  t r ans fo rma t ion  in deformed aus teni te  is  p r e sen ted .  

FROM i ts  e a r l i e s t  development  the t h e r m o m e c h a n i -  
cal  t r e a t m e n t  (TMT) has been rega rded  as p o s s e s s i n g  
p r i m e  impor tance  in the s t ee l  s t reng then ing  effort .  
Accordingly ,  TMT has been  the object  of much i n v e s -  
t iga t ion and many pape r s  have been publ ished dur ing  
the y e a r s - f o r  review see  for ins tance  Ref. 1. Most  
of these  s tudies  have been  a imed na tu ra l ly  at the high- 
s t reng th  s tee l s  with m a r t e n s i t e  s t r uc tu r e .  Th e i r  
mos t ly  well  expe r imen ta l ly  documented conc lus ions  
a r e  fa i r ly  cons is tent ,  a l lowing thus a bas ic  a g r e e m e n t  
on a theore t ica l  model  explaining o r ig in  of b e t t e r  me-  
chanica l  p rope r t i e s  of these  s t ee l s .  On the other  hand, 
data  on TMT of m e d i u m - s t r e n g t h  s tee ls  with ba in i te  2-5 
a n d / o r  b a i n i t e - m a r t e n s i t e  s t r u c t u r e s  5-~ a re  r e l a t i ve ly  
scan t  and incons i s t en t .  The r ea sons  l ie apparen t ly  in  
the complexi ty of the ba in i te  t r a n s f o r m a t i o n  and in  
va ry ing  modes of aus ten i te  deformat ion  used.  The la t -  
t e r  follows f rom a de ta i l  ana ly s i s  of some of the works 
inves t iga t ing  the inf luence  of the aus teni te  de fo rmat ion  
on i ts  i so the rma l  decomposi t ion .  2'6,8-~~ 

Any fu r the r  data on p r o c e s s e s  connected with defor-  
mat ion  of metas tab le  aus ten i t e  and i ts  subsequent  
t r a n s f o r m a t i o n  a re  of a p r a c t i c a l  impor tance  for  se -  
lec t ion  of the op t imal  condit ions of TMT.  The p r e s e n t  
work contains  r e su l t s  of an extens ive  study on effects 
of t e m p e r a t u r e ,  ca rbon  content  and amount  and mode 
of the metas tab le  aus ten i te  deformat ion  on morphology 
~nd k ine t ics  of the ba in i te  t r a n s f o r m a t i o n .  A qua l i t a -  
t i ve  model  of the ba in i te  t r a n s f o r m a t i o n  in  de fo rmed  
s tee l s  is  also p re sen ted .  

EXPERIMENTAL 

Samples from model chromium steels (Table I) with 
dimensions 6 • h • 150 mm were deformed by single- 
pass rolling (roll diam: 60 ram; deformation rate: 8.0 
s -~) after austenitizing 15 min/1050~ The original 
dimension h was calculated so that after all used de- 
gree of deformation the final thickness of samples was 
3.5 ram. 

The four modes of TMT used are schematically il- 
lustrated in Fig. I. For comparison of structural 
changes undeformed samples under the same condi- 
tions were made (CT for conventional treatment). The 
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s t o p - t r a n s f o r m a t i o n  method was appl ied to both sets  
of s amp le s .  F o r  al l  types of TMT used  the ze ro  t ime  
of the i s o t h e r m a l  holding was set  up in  the moment  of 
the sample  quenching to the f i r s t  t r a n s f o r m a t i o n  t em-  
p e r a t u r e .  Before  ro l l ing  (with except ion of B type of 
TMT) a l l  s amples  were  t empe red  for  20 s at the ro l l -  
ing t e m p e r a t u r e .  

Morphology of the r e su l t i ng  s t r u c t u r e  was studied on 
the c r o s s - s e c t i o n s  e i ther  by opt ical  mic roscopy  (etch- 
ing in m i x t u r e  of Nital  and V i l e l l a - B a i n  etchants)  or 
by e l ec t ron  mic roscopy  (collodion r ep l i ca  or  thin foils  
techniques) .  F r a c t i o n s  of the ba in i t i c  f e r r i t e  were de-  

Table I. Chemical Compositions and M s Temperatures of Used Steels 

Concentration, Wt Pet 

Steel C Cr Mn Si P S Ni Cu AI Ms, ~ 

L 0.43 3.51 0.38 0.18 0.019 0.020 0.12 0.15 0.045 280 
M 0.86 3.74 0.39 0.20 0.041 0.020 0.05 0.05 0.009 160 
H 1.02 3.56 0.40 0.19 0.017 0.025 0.15 0.15 0.020 100 
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Fig. 1--Schematical representation of TMT used. 
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r e t r a i n e d  d i r e c t l y  on the s c r e e n  of the  op t i c a l  m i c r o -  
scope  by the po in t - coun t ing  method with  a cons tan t  
s tep  0.01 m m  along the longe r  ax i s  ( r e l a t i v e  e r r o r  5 
= 0.10 with r e l i a b i l i t y  ~ = 0.90). In a l l  t h e s e  s tud ies  
a lways  the c e n t r a l  r eg ions  only of d e f o r m e d  s a m p l e s ,  
def in i te ly  unaf fec ted  by the contact  quenching  o r  de -  
c a r b u r i z i n g  w e r e  used .  The m a x i m u m  r e c o r d e d  af-  
f ec ted  s u r f a c e  l a y e r  n e v e r  exceeded  0.2 m m .  

RESULTS 

Since r e s u l t s  for  a l l  t h r e e  used  m a t e r i a l s  a r e  b a s i -  
ca l ly  s i m i l a r  (as i t  wi l l  be shown and d i s c u s s e d  l a te r ) ,  
a l l  the  r e s u l t s  d e s c r i b e d  hencefor th  a r e  fo r  m a t e r i a l  
M un les s  o t h e r w i s e  s t a t ed .  F o r  the  type  of TMT see  
F ig .  1. T e r m s  " u n d e f o r m e d  a u s t e n i t e "  o r  " u n d e -  
f o r m e d  r e g i o n s "  r e f e r  to r eg ions  with no v i s i b l e  s l ip  
bands .  

Type  A 

The t r a n s f o r m a t i o n  cu rves  (F ig s .  2 and 3) exhibi t  
a m a r k e d  r e d u c t i o n  of the incubat ion  p e r i o d  and in-  
c r e a s i n g  t r a n s f o r m a t i o n  r a t e  with i n c r e a s i n g  d e g r e e s  
of d e f o r m a t i o n .  V i c k e r ' s  h a r d n e s s  n u m b e r s  c o r r e s -  
pond to t r a n s f o r m e d  f r ac t i ons ,  but  fo r  the  s a m e  f r a c -  
t ion they s l i gh t ly  i n c r e a s e  with i n c r e a s i n g  d e g r e e  of 
d e f o r m a t i o n .  S a m p l e s  quenched i m m e d i a t e l y  a f t e r  a 
d e f o r m a t i o n  h ighe r  than 5 pc t  conta in  a m i x t u r e  of the  
p la te  and la th  m a r t e n s i t e s  with p r e s e r v e d  s l ip  bands  
f rom the p r i o r  d e f o r m e d  aus t en i t e  (F ig .  4). S i n c e t h e s e  
bands  offer  a s i m p l e  d i f f r ac t ion  p a t t e r n  and s ince  they 
a r e  not confined to a s ing le  m a r t e n s i t e  p l a t e ,  i t  i s  
v e r y  l ike ly  to a s s u m e  that  they a r e  f o r m e d  r a t h e r  by 
a s l ip  in a u s t e n i t e  than by d e f o r m a t i o n  twinning.  This  
view is  f u r t h e r  suppo r t ed  by the fac t  tha t  t h e s e  bands  
often a p p e a r  s i m p l y  as  p l a c e s  of a d i f f e r en t  c o n t r a s t  
ins ide  of the  m a r t e n s i t e  p l a t e s .  Th i s  d i f f e r e n c e  can 
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be due to a va ry ing  d i s l o c a t i o n  dens i ty  o r  to s m a l l  
l o c a l  changes  in the l a t t i c e  o r i en t a t i on .  

The  beginning of d e f o r m a t i o n  a c c e l e r a t e d  ba in i t e  
t r a n s f o r m a t i o n  has  been  then  c h a r a c t e r i z e d  by f o r m a -  
t ion  of v e r y  n a r r o w  d a r k  e tch ing  s t r i p s  along the  s l ip  
bands  with a s u b s t r u c t u r e  no t i ceab ly  d i f fe ren t  f r o m  
the  m a t r i x  (F ig s .  5 and 6), but  with a v e r y  s m a l l  o r  no 
mu tua l  d i s o r i e n t a t i o n  ( s ing le  d i f f r ac t ion  spots ) .  Ve ry  
s i m i l a r  m i c r o s t r u c t u r a l  f e a t u r e s  w e r e  a l r e a d y  ob-  
s e r v e d  by Schmatz  and Z a c k a y  ~ and by Evans  and 
O ' N e i l l .  2 The f i r s t  au tho r s  d e s c r i b e d  th i s  s t r u c t u r e  
s i m p l y  as  " t h e  ca rb ide  d e c o r a t i o n  of the s l i pped  
a r e a s " .  Evans  and O ' N e i l l  u sed  for  d e s c r i p t i o n  of 
th i s  s p e c i a l  s t r u c t u r e  t e r m s  as  " t h e  s t r a i n - i n d u c e d  
p r o d u c t "  o r  " t h e  a c c e l e r a t e d  aus t en i t e  b reakdown  
p r o d u c t "  o r  s imp ly  " t h e  t r a n s f o r m e d  c o n s t i t u e n t " .  
A f t e r  u n s u c c e s s f u l  a t t e m p t s  to ident i fy  th i s  p roduc t  the  
a u t h o r s  concluded that  " t h e  s t r a i n - i n d u c e d  t r a n s f o r m a -  
t ion  p roduc t  did  not r e s e m b l e  n o r m a l  ba in i te .  S t r a i n -  
induced  m a r t e n s i t e  was  not  d e t e c t e d . "  
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Fig. 3--Effect of the degree of deformation on the transformed 
fraetionf (temperature 325~ Type A treatment). 

- t[.rnir~------ 
Fig.  2- -Effec t  of the degree  of de fo rma t ion  on the t r a n s f o r m e d  
f rac t ion  f ( t e m p e r a t u r e  275~ Type A t r ea tmen t ) .  

Fig. 4--Transmission electron micrograph of the martensite 
structure (deformation 20 pct/275~ ~ water). 
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After  a careful  study of the o v e r - a l l  cha rac te r  of 
these newly formed s t r ips ,  detai led analys is  of the i r  
morphology and subs t ruc ture  (using extensively the 
t r ansmis s ion  e lect ron microscopy) ,  and regarding  
the i r  lower mic rohardness  values,  behavior under 
po lar ized  light, t ime dependency of their  formation,  
e t c . ,  we have concluded that  these s t r ips  a r e  f e r r i t i c .  

Their  width ( less than 0.1 ~tm) changes nei ther  with 
the i so the rma l  holding t ime nor with the degree  of 
deformation,  the i r  frequency, however,  i nc reases  with 
deformation.  After  a sufficiently long holding t ime at 
the i so the rma l  t empera tu re  when most  of the slip 
bands a r e  a l ready  decora ted  by the f e r r i t e  pa r t i c l es ,  
bainit ic  f e r r i t e  of the usual morphology fo rms  at the 
f e r r i t e - aus t en i t e  interface and in the undeformed r e -  
gions as well .  La te r  on in this  p r o c e s s  a decomposi-  
tion inside the f e r r i t e  s t r ips  occurs  and fine carbides  
prec ip i ta te  in a di rect ion pa ra l l e l  to the sl ip band axis  
(Fig. 7) and the s l ip lines become l e s s  evident.  

The sequence of the above desc r ibed  changes has 

Fig. 5--Optical m i c r o g r a p h  of the f e r r i t e  s t r i p s  (deformat ion 
20 pct/275~ ~ 3 min/275~ ~ water) .  
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Fig. 8--Effect  of the i so the rma l  holding before  deformat ion  on 
the t r a n s f o r m e d  f ract ion f ( t empera tu re  275~ deformat ion  20 
pct; Type B t rea tment ) .  

Fig. 6 - - T r a n s m i s s i o n  e lec t ron  m i c r o g r a p h  of the f e r r i t e  
s t r i p s  (deformation 20 pct/275~ ~ 3 min/275~ ~ water) .  

Fig. 7 - - T r a n s m i s s i o n  e lec t ron  mic rog raph  of f e r r i t e  s t r i p s  
with finely precipi ta ted ca rb ide s  (deformation 20 pct/275~ 

10 min/275~ ~ water) .  
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Fig. 9--Effec t  of the i so the rma l  holding before deformat ion  on 
the Vickers '  h a r d n e s s  Hv ( t empera tu re  275~ deformat ion 20 
pct; Type B t rea tment ) .  
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been the same regardless  of temperature but the 
fraction of fer r i te  strips markedly increases  with de- 
creasing temperature .  The lowest deformation u sed -  
5 p c t - h a s  not produced any structural  changes-only  a 
few isolated narrow ferr i te  strips have been observed 
by the optical microscopy.  

Type B 

A deformation during the isothermal holding gener- 
ally brings about only a shift in the t ransformation 
start  but the character  of the t ransformation curves is 
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Fig. 10--Effect  of the i so the rma l  holding before  deformat ion 
on the t r a n s f o r m e d  fract ion f ( t empera tu re  325~ de fo rma-  
tion 0 to 40 pet; Type B t rea tment) .  
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Fig. t l - - E f f e e t  of the i so the rma l  holding before  deformat ion 
on the Vicke r s '  h a r d n e s s  Hv ( t empera tu re  325~ de fo rma-  
tion 0 to 40 pct; Type B t rea tment) .  

s imilar  to Type A treatment (Fig. 8). Strengthening re-  
corded in this case (= a hardness increase against C T  
in Fig. 9) does not depend on the very moment of the 
deformation applications during the incubation period. 
When a deformation has been applied after the begin- 
ning of the bainite transformation, kinetics of the 
t ransformation markedly changes (Fig. 10) and hard- 
ness again increases (Fig. 11). However, in this case 
the strengthening has been higher and has remained al- 
most  unchanged during further decomposition. Struc- 
tural  features of the resulting structure have shown no 
dependency on the length of time elapsed before the 
application of deformation for applications during the 
incubation period. However, when some bainitic fer-  
r i te  part icles have been already formed before defor- 
mation, these do not grow further and act as effective 
slip ba r r i e r s  inside of the austenite grain (Fig. 12). 

Fig.  12--Optical  m i c r o g r a p h  af te r  60 min/275~ ~ d e f o r m a -  
tion 20 pct/275~ -- 10 min/275~ ~ water .  
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Fig. 13--Effect  of the t e m p e r a t u r e  changes  af ter  deformat ion  
on the t r a n s fo rme d  f r a c t i o n f  {deformation 20 pct; Type C 
t r ea tmen t ) .  
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Type  C 

A d e f o r m a t i o n  in the  r e g i o n  of the  h igher  a u s t e n i t e  
s t a b i l i t y  (450~ has  not a l t e r e d  s ign i f i can t ly  e i t h e r  
c h a r a c t e r  of the t r a n s f o r m a t i o n  cu rves  (F ig .  13) o r  the 
morpho logy ,  but the  t r a n s f o r m a t i o n  has  been  much  
s l o w e r  c o m p a r e d  to Type  A.  

Type  D 

F ig .  14 i l l u s t r a t e s  changes  in the k ine t i c s  for  t e m -  
p e r a t u r e  i n c r e a s e  f r o m  lower  to upper  ba in i t e  r e g i o n s .  
In th is  c a se  the  t r a n s f o r m a t i o n  cont inues  p r i m a r i l y  by 
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Fig. 14--Effect  of the t e m p e r a t u r e  changes  af ter  de format ion  
on the t r a n s f o r m e d  f r a c t i o n f  (deformation 20 pct; Type D 
t rea tment ) .  
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6 0  

growth of the  uppe r  ba in i te  a t  the  n a r r o w  f e r r i t e  
s t r i p s - a u s t e n i t e  i n t e r f a c e .  T e m p o r a r y  holding at the 
m e t a s t a b l e  aus t en i t e  r eg ion  l eads  to a t e m p o r a r y  c e s -  
sa t ion  of the  t r a n s f o r m a t i o n  which would continue only 
a f t e r  cool ing  to the o r i g i n a l  t e m p e r a t u r e ,  but  with a 
much s l o w e r  r a t e  (F ig .  15). The r e s u l t i n g  s t r u c t u r e  
has  c o n s i s t e d  ma in ly  of f e r r i t e  s t r i p s  f o r m e d  before  
the t e m p e r a t u r e  i n c r e a s e  with a s m a l l  amount  of 
ba in i t i c  f e r r i t e  f o r m e d  a f t e r  the t e m p e r a t u r e  r e t u r n e d  
to i t s  o r i g i n a l  va lue .  

V a ry ing  L e v e l  of C a r b o n  

To a s s e s s  the  inf luence  of the c a r b o n  content ,  t r e a t -  
men t s  of A and B types  have been  a l s o  app l i ed  to 
s t e e l s  L and H (Table  I). The c h a r a c t e r  of the  t r a n s -  
f o r m a t i o n  c u r v e s  i s  s i m i l a r  (F ig .  16) but the  o v e r a l l  
t r a n s f o r m a t i o n  r a t e  d e c r e a s e s  with i n c r e a s i n g  carbon  
content .  F u r t h e r m o r e ,  two o the r  changes  have been 
o b s e r v e d  in s t e e l  L (low C): 1) in the  A - t y p e  t r e a t m e n t  
the n a r r o w  f e r r i t e  s t r i p s  f o r m e d  a l r e a d y  dur ing  the 
de format ion ;  2) B - t y p e  t r e a t m e n t  caused  an i n c r e a s e  
in the f ina l  f r ac t i on  of ba in i t e  in the  r e s u l t i n g  s t r u c -  
t u r e .  

DISCUSSION 

A b a s i c  conc lus ion  can be d rawn  f r o m  a l l  the  ex-  
p e r i m e n t a l  r e s u l t s  of th i s  work:  a d e f o r m a t i o n  of the 
m e t a s t a b l e  aus t en i t e  s t rong ly  a f fec t s  the  t r a n s f o r m a -  
t ion c h a r a c t e r i s t i c s  of i t s  subsequen t  i s o t h e r m a l  de-  
compos i t i on .  

A shif t  in  the  beginning  of t r a n s f o r m a t i o n  to s h o r t e r  
t i m e s  r e g a r d l e s s  of the  t e m p e r a t u r e  and d e g r e e  of de -  
f o r m a t i o n  used  (F ig s .  2 and 3) shows that  t h e r e  is  a 
suf f ic ien t  amount  of po ten t i a l  nuc le i  of the new phase  
in d e f o r m e d  aus t en i t e  which have f a v o r a b l e  condi t ions  
for  a f a s t  growth .  A s ign i f ican t  d rop  in the  l a t t i c e  
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Fig. 16--Effect of the varying carbon concentration (Steel L, 
M, H) on the transformation kinetics (deformation 20 pet, 
275~ Type A treatment). 
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p a r a m e t e r  of r e s i d u a l  aus t en i t e  i m m e d i a t e l y  a f t e r  de -  
f o r m a t i o n  11 s u g g e s t s  a c o n s i d e r a b l e  r e d i s t r i b u t i o n  of 
ca rbon  to p l a c e s  wi th  a h igher  l a t t i c e  de fec t  dens i ty  in 
the  v ic in i ty  of the  s l ip  bands  which a r e  then  l ike ly  to 
ac t  a s  p l a c e s  of enhanced  nuc lea t ion .  However ,  no 
ca rb ide  p r e c i p i t a t i o n  dur ing  o r  i m m e d i a t e l y  a f t e r  de -  
f o r m a t i o n  has  been  found. F i r s t  c a r b i d e s  have ap-  
p e a r e d  t o g e t h e r  wi th  the  f i r s t  f e r r i t e  s t r i p s  ins ide  of 
t he se  s t r i p s .  Th i s  f inding r a t h e r  c o n f i r m s  the work  of 
Ska rek  et  a122 then tha t  of Thomas  et  al .  23 In the l a t t e r  
work  the au tho r s  have found s p e c i a l  c a r b i d e s  i m m e d i -  
a t e ly  a f t e r  d e f o r m a t i o n  while  Ska rek  et  al have not.  

The incubat ion  p e r i o d  does  not change much with the 
d e g r e e  of d e f o r m a t i o n .  H ighe r  d e f o r m a t i o n s  b r i n g  an 
i n c r e a s e  in the  s l ip  bands  dens i ty  which c a u s e s  a 
f a s t e r  t r a n s f o r m a t i o n  f rom the beginning,  but  the  
width of t h e s e  bands ,  e .g .  the di f fus ion pa ths  of ca rbon  
a toms ,  r e m a i n s  the  s a m e  (about 0.1 /xm) and the in-  
cubation p e r i o d s  do not change.  Th is  conc lus ion  a l so  
exp la ins  s i m i l a r  r e s u l t s  of some  o t h e r  au tho r s .  2'12 

An except ion  i s  the  5 pc t  de fo rma t ion ,  when the in-  
cubation p e r i o d  i s  aga in  f a i r l y  s h o r t e n e d  and the 
t r a n s f o r m a t i o n  s l i gh t ly  a c c e l e r a t e d ,  but  the  f ac to r  ac -  
c e l e r a t i n g  t r a n s f o r m a t i o n  in th is  c a se  i s  p robab ly  the 
s t r e s s  o r i g i n a t e d  f r o m  the contact  quenching of the  
s a m p l e  s u r f a c e  by  cold  r o l l s .  Th is  p r e s u m p t i o n  i s  
jus t i f i ed  by the  fac t  that  p r a c t i c a l l y  no s l ip  bands  o r  
n a r r o w  f e r r i t e  s t r i p s  have been  found and the ba in i t i c  
f e r r i t e  has exh ib i t ed  morpho logy  t y p i c a l  for  unde-  
f o r m e d  s a m p l e s .  S i m i l a r  r e s u l t s  have been  obta ined 
for  ins t ance  by  J e p s o n  and Thompson  9 and o the r  
au thors ,  ~~ fo r  t r a n s f o r m a t i o n  under  a s t r e s s .  

The e n t i r e  t r a n s f o r m a t i o n  can be then  d iv ided  into 
t h r e e  s t eps :  

�9 ve ry  f a s t  f o r m a t i o n  of f e r r i t e  in the  f o r m  of n a r r o w  
s t r i p s ;  

�9 s lower  g rowth  of ba in i t i c  f e r r i t e  a t  the  i n t e r f a c e  
be tween the f e r r i t e  s t r i p s  and the d e f o r m e d  aus teni te ;  

�9 even s l o w e r  growth  of ba in i t i c  f e r r i t e  of the  usua l  
( " c o n v e n t i o n a l " )  morpho logy  in the unde fo rmed  r e -  
g ions .  

The t r a n s f o r m a t i o n  r a t e  in the  f i r s t  and p a r t i a l l y  
a l so  in the s econd  s t age  i s  d e t e r m i n e d  above  a l l  by the de-  
g r e e  of d e f o r m a t i o n  (F ig s .  2 and 3)whi le  the t r a n s f o r -  
ma t ion  r a t e  in the  t h i r d  s tep  depends  b a s i c a l l y  only on 
the t r a n s f o r m a t i o n  t e m p e r a t u r e .  O n t h e  o the r  hand, 
h igher  t e m p e r a t u r e s  lower  the t r a n s f o r m a t i o n  r a t e  in the 
f i r s t  s tage ,  s i nce  the  h igher  the t r a n s f o r m a t i o n  t e m -  
p e r a t u r e ,  the  m o r e  ex tens ive  the  r e l a x a t i o n  and r e -  
cove ry  of the  d e f o r m e d  aus t en i t e  and the  s l ower  the 
t r a n s f o r m a t i o n .  At  h igher  t e m p e r a t u r e s  with l a r g e r  
extent  of r e c o v e r y  (e.g.  l e s s  i m p e r f e c t i o n s  and l a t t i ce  
defec ts )  a l so  the  ca rbon  r e d i s t r i b u t i o n  wi l l  be s m a l l e r .  
T h e s e  conc lus ions  a r e  in good a g r e e m e n t  with e x p e r i -  
men ta l  da t a  of Ba ranov  el  al .  ~z It  m u s t  be  noted,  how- 
eve r ,  that  a c e r t a i n  r e d i s t r i b u t i o n  of c a rbon  t akes  
p l ace  dur ing  the  incuba t ion  p e r i o d  b e f o r e  de fo rma t ion .  
Th is  r e d i s t r i b u t i o n ,  a lways  p r e c e d i n g  the s t a r t  of the 
ba in i te  t r a n s f o r m a t i o n ,  ~6-~8 can l ead  to a s l ight  ca rbon  
dep r iva t i on  of m a r t e n s i t e  m a t r i x  and to an i n c r e a s e  in 
the  amount  of r e t a i n e d  aus t en i t e  in the  c a r b o n - e n -  
r i c h e d  r e g i o n s .  O t h e r w i s e  the t r a n s f o r m a t i o n  i s  not 
a f fec ted  by the length  of the  incubat ion  p e r i o d  be fo re  
d e f o r m a t i o n .  In any c a s e - e v e n  a f t e r  d e f o r m a t i o n  at  
the  v e r y  end of the  incubat ion  p e r i o d - b a i n i t e  of the 
u sua l  m o r p h o l o g y  has  not been  found. Tha t  i s  p robab ly  
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due e i t h e r  to changes  in the  d i s l o c a t i o n  s u b s t r u c t u r e  
of d e f o r m e d  aus t en i t e  o r  to  changes  in  the ca rbon  
concen t r a t i on  of the m a t r i x  caused  by  v e r y  f a s t  nuc l e -  
a t ion  and growth of the f e r r i t e  s t r i p s .  Both p r o c e s s e s  
wi l l  r e d u c e  the  d r iv ing  f o r c e  fo r  nuc lea t ion  and g rowth  
of the  " u s u a l "  ba in i t i c  f e r r i t e .  

F o r  d e f o r m a t i o n s  app l i ed  du r ing  the  t r a n s f o r m a t i o n  
i t  has  been  found that  g rowth  of the a l r e a d y  ex i s t i ng  
ba in i t e  s topped ve ry  l ike ly  a s  a consequence  of changes  
in the  q u a s i e q u i l i b r i u m  condi t ions  19-21 at  t ips  of l i n e a r l y  
g rowing  p a r t i c l e s .  As a v e r y  e f f ic ien t  o b s t a c l e  to the  
g rowth  of ba in i t e  can ac t  a l so  the  newly g e n e r a t e d  d i s -  
l oca t ion  ne twork .  On the  o t h e r  hand, ba in i t e  p a r t i c l e s  
owing to t h e i r  h igher  s t r e n g t h  inhibi t  the  s l ip  in  the  
a u s t e n i t e  m a t r i x  (Fig .  12), the  ac tua l  amount  of s t r a i n  
in u n t r a n s f o r m e d  aus t en i t e  i s  much h igher  than for  the  
s a m e  d e g r e e  of d e f o r m a t i o n  app l i ed  in the  incuba t ion  
p e r i o d  and thus the f e r r i t e  s t r i p s  and c a r b i d e s  f o r m  
much  s o o n e r - a l r e a d y  dur ing  the  d e f o r m a t i o n .  

The  t e m p e r a t u r e  dependency  of the  s t r a i n - i n d u c e d  
f e r r i t e  s t r i p  f o r m a t i o n  can be e x p r e s s e d  by the fo l low-  
ing  r u l e :  the  h igher  the t e m p e r a t u r e ,  the s m a l l e r  the 
t r a n s f o r m e d  f r ac t ion .  In  a c c o r d a n c e  with th i s  r u l e -  
which  i s  a r e s u l t  of the p r o c e s s  of r e c o v e r y  in de -  
f o r m e d  a u s t e n i t e - t h e  l a r g e s t  d e c r e a s e  in the t r a n s -  
f o r m e d  f r a c t i o n  has been  o b s e r v e d  for  a t e m p o r a r y  
i n c r e a s e  in the  t r a n s f o r m a t i o n  t e m p e r a t u r e  to 450~ 
(Type D t r e a t m e n t ) .  S i m i l a r l y  can be exp la ined  the 
s l o w e r  t r a n s f o r m a t i o n  a f t e r  the  C - t y p e  t r e a t m e n t  (de- 
f o r m a t i o n  at  the  aus t en i t e  bay) .  In addi t ion  to the  ef-  
fec t  of a h igher  t e m p e r a t u r e  in th is  c a se  a l so  the  
l onge r  t i m e s  needed  fo r  cool ing  s a m p l e s  down to the  
t r a n s f o r m a t i o n  t e m p e r a t u r e  help to r e a c h  a h ighe r  ex-  
t en t  of r e c o v e r y  and thus  s t i l l  s l o w e r  t r a n s f o r m a t i o n .  

I t  has  been shown thus  f a r  tha t  v e r y  i m p o r t a n t  in a l l  
the  s tud ied  p r o c e s s e s  a r e  the  loca l  changes  in the  c a r -  
bori concen t r a t ion .  In th i s  r e s p e c t  i t  i s  i n t e r e s t i n g  to 
note  that  changes  in the  o v e r - a l l  ca rbon  concen t r a t i on  
have not b rought  any i m p o r t a n t  qua l i t a t ive  changes  in 
the  morpho logy  of the  r e s u l t i n g  s t r u c t u r e .  D i f f e r e n c e s  
in the  ca rbon  l eve l  however  m a t e r i a l i z e  in the  p r o c e s s  
r a t e s  and in the  ans t en i t e  s t a b i l i z a t i o n  in s i m i l a r  way 
a s  in  C T .  F o r  ins tance ,  in the  s t e e l  with the lowes t  
c a r b o n  level ,  the  f e r r i t e  s t r i p  fo rm a l r e a d y  dur ing  the 
d e f o r m a t i o n .  

A fol lowing g e n e r a l  qua l i t a t ive  m o d e l  of the a u s -  
t en i t e  t r a n s f o r m a t i o n  to ba in i t e  a f t e r  t h e r m o m e c h a n i -  
ca l  t r e a t m e n t  can be d rawn  f r o m  the  obta ined  r e s u l t s .  

A f t e r  de fo rma t ion  of the  m e t a s t a b l e  aus t en i t e  f i r s t  
of a l l  a r e d i s t r i b u t i o n  of c a rbon  a t o m s  in the  s l ip  r e -  
g ions  t a k e s  p l ace  connec ted  with f o r m a t i o n  of n a r r o w  
f e r r i t e  s t r i p s  along the s l ip  bands  and p r e c i p i t a t i o n  
of m e t a s t a b l e  c a r b i d e s .  At  the  i n t e r f a c e  be tween  the  
f e r r i t e  s t r i p s  and the s t r a i n e d  aus ten i t e ,  ba in i t e  s t a r t s  
g rowing  and f ina l ly  a l so  in the  undefo rmed  a u s t e n i t e  
r e g i o n s  ba in i te  of the u sua l  morpho logy  f o r m s .  At  the  
s a m e  t i m e  m a r k e d  r e d i s t r i b u t i o n  and c o a r s e n i n g  of 
the  p r i o r  f o r m e d  m e t a s t a b l e  c a r b i d e s  o c c u r s ,  p r o b a b l y  
connec ted  with t r a n s f o r m a t i o n  of t h e s e  c a r b i d e s  to 
s t a b l e  cemen t i t e .  2 F r a c t i o n  of the t r a n s f o r m e d  ba in i te ,  
i t s  morpho logy  and the o v e r - a l l  t r a n s f o r m a t i o n  k i n e t i c s  
would depend on the ca rbon  content  and above a l l ,  on 
the  mutua l  i n t e r a c t i o n s  be tween  d e f o r m a t i o n  and r e -  
c o v e r y  p r o c e s s e s .  In g e n e r a l ,  the  r e s u l t i n g  ba in i t i c  
s t r u c t u r e  would be a m i x t u r e  of the  p r i m a r y  f o r m e d  
n a r r o w  f e r r i t e  s t r i p s  and the convent ional  ba in i t i c  
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f e r r i t e  ( this work,  2,~a). However ,  under  c e r t a i n  c i r -  
c u m s t a n c e s  ( spec i a l  combina t ions  of d e f o r m a t i o n  and 
t r a n s f o r m a t i o n  t e m p e r a t u r e s )  the r e c o v e r y  would sup-  
p r e s s  the  d e f o r m a t i o n  ef fec t  and s t r u c t u r e  wi l l  then  
cons i s t  of ba in i te  of the u s u a l  morpho logy  and the  
t r a n s f o r m a t i o n  c u r v e s  wi l l  exhibi t  the " c o n v e n t i o n a l  
t y p e "  c h a r a c t e r .  9'1~ Effec t  of d e f o r m a t i o n  in th is  
c a s e  would m a t e r i a l i z e  only th rough  a h ighe r  nuc l e a -  
t ion  r a t e  r e s u l t i n g  in a f a s t e r  o v e r a l l  t r a n s f o r m a t i o n .  

Th i s  qua l i t a t ive  mode l  b a s i c a l l y  f i t s  to a l l ,  u p - t o -  
now-known e x p e r i m e n t a l  da t a  while  the p r e v i o u s  one 
by Evans  and O ' N e i l l  2 does  not.  These  a u t h o r s  have 
b a s e d  t h e i r  mode l  on f o r m a t i o n  of E ca rb ide  in the  
s l ip  p l anes  i m m e d i a t e l y  a f t e r  de fo rma t ion ,  fo l lowed 
l a t e r  by t r a n s f o r m a t i o n  of ca rbon  dep le t ed  r e g i o n s  to 
f e r r i t e  s t r i p s .  If i t  w e r e  so, f o rma t ion  of the  f e r r i t e  
s t r i p s  would have to i n c r e a s e  with i n c r e a s i n g  t e m -  
p e r a t u r e  while  the  e x p e r i m e n t a l  ev idence  p r o v e s  jus t  
the  oppos i t e .  Th is  d i s a g r e e m e n t  i s  obvious ly  due to 
the  fact  tha t  au thor s  (making mos t  of t h e i r  conc lus ions  
f rom the h a r d n e s s  m e a s u r e m e n t s  only) have not t aken  
in  account  any p o s s i b l e  l a r g e - s c a l e  ca rbon  r e d i s t r i -  
but ion o r  the  r e l a x a t i o n  p r o c e s s e s  ( r e cove ry )  in  a u s -  
t en i t e .  

CONCLUSIONS 

The ma in  r e s u l t s  of th i s  work  can be s u m m a r i z e d  in 
fo l lowing conc lus ions :  

1) De fo rma t ion  c a u s e s  a shif t  of the ba in i t e  t r a n s -  
f o r m a t i o n  s t a r t  to v e r y  s h o r t  t i m e s  even tua l ly  l ead ing  
to incubat ion  p e r i o d s  which  a r e  p r a c t i c a l l y  neg l ig ib le  
f r a c t i o n s  of the  t o t a l  p r o c e s s i n g  t i m e .  

2) Shor t ly  a f t e r  d e f o r m a t i o n  n a r r o w  f e r r i t e  s t r i p s  
fo rm  along the s l ip  bands .  L a t e r ,  ba in i te  of the  usua l  
morpho logy  t r a n s f o r m s  in the undefo rmed  r e g i o n s .  

3) The c h a r a c t e r  of the t r a n s f o r m a t i o n  c u r v e s  for  
d e f o r m a t i o n  a f fec ted  t r a n s f o r m a t i o n  a l t e r s  s i gn i f i -  
can t ly  in c o m p a r i s o n  to c u r v e s  for  CT. In the  r e g ions  
under  inves t iga t ion  the s i g m o i d a l  type  of t h e s e  c u r v e s  
changed to the p a r a b o l i c a l  one.  

4) Length  of the  i s o t h e r m a l  holding b e f o r e  d e f o r m a -  
t ion dur ing  the incubat ion  p e r i o d  does  not a f fec t  the  
fo l lowing t r a n s f o r m a t i o n .  

5) Ba in i t e  p a r t i c l e s  f o r m e d  b e f o r e  d e f o r m a t i o n  ac t  
as  an e f f i c ien t  s l ip  b a r r i e r .  T h e i r  growth  a f t e r  de-  
f o r m a t i o n  s tops  and i t  is  r e p l a c e d  by k ine t i c a l l y  f a s t e r  
f o r m a t i o n  of n a r r o w  f e r r i t e  s t r i p s .  

6) Aus t en i t e  de fo rma t ion  i n c r e a s e s  the inf luence 
of ca rbon  concen t r a t i on  on the r e s u l t i n g  f r ac t i on  of 
ba in i te  in the  f ina l  s t r u c t u r e .  

7) Any i n c r e a s e  in t e m p e r a t u r e s  of de fo rma t ion  
a n d / o r  of the  i s o t h e r m a l  d e c o m p o s i t i o n  l e a d s  to a 
l a r g e r  ex tent  of r e c o v e r y  in a u s t e n i t e  and thus  to a 
d e c r e a s e  in the  number  of f e r r i t e  s t r i p s  and to s l ower  
t r a n s f o r m a t i o n .  
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