
Metallography of Bainitic Transformation in 
Silicon Containing Steels 

DER-HUNG HUANG AND GARETH THOMAS 

The f o r m a t i o n  of ca rb ide  in lower  ba in i t e  was s tud ied  in two s i l i con  conta in ing ca rbon  
s t e e l s  by t r a n s 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  and d i f f r ac t ion  techniques .  Eps i lon  c a rb ide  
was  ident i f ied  in the low t e m p e r a t u r e  i s o t h e r m a l l y  t r a n s f o r m e d  ba in i t e  s t r u c t u r e .  The  
c r y s t a l l o g r a p h i c  r e l a t i o n s h i p  be tween e ps i l on  c a r b i d e  and ba in i t i c  f e r r i t e  was found to 
fol low the J a c k  o r i e n t a t i o n  r e l a t i o n s h i p ,  viz, (0001)e I I(011)c~, (1011)e I I (101)o~. The  
cemen t i t e  o b s e r v e d  in lower  ba in i te  was in the shape  of s m a l l  p l a t e l e t s  and obeyed  the 
I s a i c h e v  o r i en t a t i on  r e l a t i o n s h i p  with the ba in i t i c  f e r r i t e ,  viz, (010)cl t ( i l l ) ~ ,  
(103)cl I (011)c~. D i r e c t  ev idence  showing the sequence  of  c a r b i d e  f o r m a t i o n  f r o m  a u s -  
t en i te  in ba in i t e  has  a l so  been  obta ined.  B a s e d  on the  o b s e r v a t i o n s  and a l l  the c r y s t a l l o -  
g r a p h i c a l  f e a t u r e s ,  i t  is  s t r o n g l y  sugges t ed  that  in s i l i c on  conta ining s t e e l s  the ba in i t i c  
c a r b i d e  p r e c i p i t a t e d  d i r e c t l y  f r o m  aus ten i t e  i n s t ead  of f rom f e r r i t e  at  the a u s t e n i t e / f e r -  
r i t e  i n t e r f ace  as  has  been p r o p o s e d  by K i n s m a n  and A a r o n s o n  (Ref. 1). The un i fo rmi ty  
of the c a r b i d e  d i s t r i bu t i on  i s  thus env i saged  to be the ou tcome of p r e c i p i t a t i o n  at  the aus -  
t e n i t e - f e r r i t e  i n t e r p h a s e  boundary .  

T H E  t e r m  ba in i t e ,  so named  in honor  of E.  C. Bain ,  
r e f e r s  to the  m i c r o s t r u c t u r a l  cons t i tuen t  f o r m e d  in 
s t e e l s  when aus t en i t e  d e c o m p o s e s  at  t e m p e r a t u r e s  
above  that  for  m a r t e n s i t i c  f o r m a t i o n  but  be low that  
fo r  p e a r l i t e  th rough  e i t he r  i s o t h e r m a l  t r a n s f o r m a t i o n  
o r  cont inuous cool ing.  The morpho logy  of ba in i t e  
changes  g r adua l l y  with r e a c t i o n  t e m p e r a t u r e ,  so  no 
p ronounced  s t r u c t u r a l  changes  a r e  o b s e r v e d  over  any 
s m a l l  t e m p e r a t u r e  range .  Although the m i c r o s t r u c -  
tu re  may  a s s u m e  a v a r i e t y  of f o r m s ,  two m a j o r  v a r i -  
an t s  of ba in i t e  morphology ,  name ly  upper  and lower  
ba in i t e ,  a r e  o b s e r v e d  in s t e e l s  t r a n s f o r m e d  in d i f f e r -  
ent  r a n g e s  of t e m p e r a t u r e .  2"~ 

The  t r a n s f o r m a t i o n  m e c h a n i s m  of ba in i t e  has  been  
a topic  of d i s c u s s i o n  e v e r  s ince  the s t r u c t u r e  was 
f i r s t  r e cogn ized .  The  p r o b l e m  is  c o m p l i c a t e d  in view 
of the fac t  that  the  ba in i t e  r e a c t i o n  often exh ib i t s  
f e a t u r e s  c h a r a c t e r i s t i c  of two b a s i c  c l a s s e s  of t r a n s -  
f o r m a t i o n  in i r on  a l l oys ,  the di f fus ion con t ro l l e d  and 
the m a r t e n s i t i c  type.  As  poin ted  out in a r e c e n t  de -  
ba te  on ba in i te ,  1 both the na tu re  of c a r b i d e s  and 
whether  the c a r b i d e s  in ba in i t e  p r e c i p i t a t e d  f rom 
s u p e r s a t u r a t e d  f e r r i t e  or  f rom aus ten i t e  is  of funda- 
men ta l  s ign i f i cance  to the ba in i t e  r e a c t i o n  m e c h a n i s m .  
It is  g e n e r a l l y  a c c e p t e d  that  c emen t i t e  cons t i tu te s  the 
c a r b i d e  phase  in upper  ba in i t e .  Although cemen t i t e  
is  l i kewise  f r equen t ly  o b s e r v e d  in lower  ba in i t e ,  the  
exac t  c a r b i d e  p r e c i p i t a t i o n  p r o c e s s  i s  s t i l l  u n c e r -  
ta in .  I t  has  been  r e p o r t e d  that  ep s i l on  c a r b i d e  i s  the 
f i r s t  c a r b i d e  f o r m e d  in low t e m p e r a t u r e  ba in i t e  which 
i s  subsequen t ly  r e p l a c e d  by  cemen t i t e  on f u r t h e r  
t r a n s f o r m a t i o n .  5-7 T h e s e  r e p o r t s  were  b a s e d  e i t h e r  on 
conc lus ions  d rawn  i n d i r e c t l y  f r o m  p h y s i c a l  m e a s u r e -  
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men t s  o r  f rom d i r e c t  e l e c t r o n  m i c r o s c o p y  o b s e r v a -  
t ions .  7 Unfor tuna te ly ,  i t  has  not a lways  been  p o s s i b l e  
to d e t e r m i n e  unambiguous ly  the na tu re  of the  c a r b i d e s  
p r e s e n t  b e c a u s e  of compet ing  f a c t o r s  and t h e i r  com-  
p l ex  s t r u c t u r e s .  In view of the l ack  of t o t a l l y  de f in i -  
t ive  ev idence  for  the iden t i f i ca t ion  of eps i lon  c a r b i d e  
in lower  ba in i t e  in the l i t e r a t u r e ,  i t  was p a r t  of the 
pu rpose  of the c u r r e n t  inves t iga t ion  to p rov ide  such 
in fo rmat ion ,  and to study the r e l e v a n t  c r y s t a l l o g r a p h i c  
r e l a t i o n s h i p s .  

P r e v i o u s  c r y s t a l l o g r a p h i c  s tud ies  of the o r i en t a t i on  
r e l a t i o n s h i p s  be tween  ba in i t i c  c a r b i d e  and f e r r i t e  have 
s u g g e s t e d  that  t he se  c a r b i d e s  p r e c i p i t a t e  f r o m  aus ten -  
i te  in upper  ba in i t e  and f r o m  f e r r i t e  in lower  b a i n -  
i t e .  3,8 T h e s e  r e s u l t s  a r e  c ons i s t e n t  with o the r  ev idence  
at  high t e m p e r a t u r e  and have g e n e r a l l y  been  accep ted .  
In the l ower  t e m p e r a t u r e  r ange ,  however ,  t h e r e  i s  
s t i l l  no u n i v e r s a l  a g r e e m e n t  on the f o r m a t i o n  m e c h a -  
n i s m .  One school  of thought holds  the view that  lower  
ba in i t e  f o r m s  by a s h e a r  m e c h a n i s m  s i m i l a r  to that  of 
m a r t e n s i t e  and the t r a n s f o r m a t i o n  is  comple t ed  e i t h e r  
by a subsequent  t e m p e r i n g  p r o c e s s  r e s e m b l i n g  that  of 
a u t o - t e m p e r i n g  in m a r t e n s i t i c  s t e e l s  or  by a r e l a x a -  
t ion p r o c e s s  8 This  concept  r e q u i r e s  c a r b i d e  p r e c i p i -  
ta t ion  f r o m  f e r r i t e .  It is  suppo r t ed  by the ev idence  
that  the t y p i c a l  B a g a r y a t s k i i  9 f e r r i t e / c e m e n t i t e  o r i e n -  
t a t ion  r e l a t i o n s h i p  o c c u r r i n g  in m a r t e n s i t e  1~ was a l so  
found to ex i s t  be tween  f e r r i t e  and cemen t i t e  in lower  
ba in i t e .  3,8 On the o the r  hand, b a s e d  on the ca l cu l a t ed  
a v e r a g e  ca rbon  content  of the r e t a i n e d  aus t en i t e  a s -  
s o c i a t e d  with p a r t i a l  t r a n s f o r m a t i o n  to ba in i t e  f r o m  
X - r a y  d i f f r ac t ion  da ta ,  it was concluded that  ba in i t i c  
ca rb ide  is  m o r e  l ike ly  to p r e c i p i t a t e  d i r e c t l y  f r o m  
aus ten i t e .  1 T h e r e f o r e ,  the o r ig in  of the c a r b i d e  in 
lower  ba in i t e  r e m a i n s  to be e luc ida t ed  for  v e r i f i c a t i o n  
of the t r a n s f o r m a t i o n  m e c h a n i s m .  Thus in the p r e s e n t  
s tudy,  thin foi l  t r a n s 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  and 
d i f f r ac t ion  has  been  u t i l i z ed  to r e e x a m i n e  the m o r p h o -  
log ica l  and c r y s t a l l o g r a p h i c a l  f e a t u r e s  of c e m e n t i t e  
and f e r r i t e  in lower  ba in i te ,  in o r d e r  to t ry  to p rov ide  
e x p e r i m e n t a l  ve r i f i c a t i on .  
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EXPERIMENTAL PROCEDURE 

A. Materials and Heat Treatment 

The chemical composition of the alloys under in- 
vestigation are  given in Table I along with their M s 
temperatures which were determined by dilatometric 
measurements.  The steels will be re fer red  to by their 
designations as given in Table I. Note that the nominal 
composition is indicated by the alloy designation: the 
f irst  digit represents  nominal wt pct of the silicon con- 
tent, the last two digits represent  wt pct of carbon. Al- 
loy 2S40 was vacuum melted and cast as a twenty-five 
pound ingot. After hot rolling, homogenization at 
1300~ was done for several  days. The details of heat 
t reatment  and the corresponding TTT diagram have 
been described in Ref. 11 which were followed to en- 
sure that proper  bainitic treatments were achieved. 

The part icular  composition of the alloy 2S54 selected 
provided an opportunity to compare the results  with 
those of Oblak and Hehemann 7 on the morphology and 
crystallography of the bainite transformation. Alloy 
2S54 was vacuum induction melted in this laboratory 
using high purity material  and poured in a fast chilled 
copper mold as a 1.8-kg (4-1b) ingot. 

All materials  were sandblasted to remove any sur -  
face oxide. They were subsequently homogenized at 
ll00~ for three days and furnace cooled. A simple 
low-cost but successful  technique was employed to 
prevent decarburization during homogenization. The 
as- received or as -cas t  materials  were wrapped in 
stainless steel envelopes then sealed inside an Inconel 
tube filled with cast iron chips and a small amount of 
active charcoal. The cast iron chips provided enough 
carbon potential inside the Inconel tube during homo- 
genization annealing so as to minimize any decarburi-  
zation of the heat- treated material.  Alloy 2S54 and 
2S40 were then hot rolled to strips of 0.1 cm (0.040 
in.) thickness, with intermediate surface grinding em- 
ployed to remove any scale.  

Coupons of 2.54 by 3,81 cm (1 by 1 1/2 in.) were cut 
f rom these str ips,  austenitized at 900~ for 1 1/2 h in 
a dynamic argon atmosphere, and then quenched di- 
rect ly into a neutral salt bath. Isothermal t ransfor-  
mation was then accomplished at a predetermined 
temperature above M s for a certain time. Carbon 
analyses before and after heat treatment showed no 
significant decarburization. 

B. Electron Microscopy 

Thin foils for transmission electron microscopy 
were prepared from the heat treated 0.1 cm (0.040 
in.) thick specimens, by first mechanical grinding, 
followed by chemical thinning and finally electro- 
polishing in a chromic-acetic acid bath. Foils were 

Table I. Chemical Composition of the Alloys (in Wt Pct) 
With Their M s Temperatures 

Designation Composition M s Temperature 

2S54 Fe-O.54G 1.87Si-0.79Ma-0.30Cr 250~ (482~ 
2S40" Fe-0.40C-t.73Si 370~ (698~F) 

*We are grateful to Dr. H. I. Aaronson for providing this alloy. 

examined in a Seimens Elmiskop IA microscope,  
operated at I00 kV in both imaging and diffraction 
modes, For  the identification of epsilon carbide, se- 
lected area diffraction patterns were indexed with the 
aid of tables of d-spacings and angles between crys-  
tallographic planes calculated from a general computer 
program which has been compiled for noncubic crystal  
systems.  The input data were a = 2.735,~ and c 
= 4.3394, which yield a c / a  ratio of 1.586 as deter-  
mined by Jack. ze 

RESULTS AN~D DISCUSSION 

A. isothermal Transformation at 275~ 

Thin foils suitable for t ransmission electron mi- 
croscopy were made from isothermally t ransformed 
lower bainite of steel 2S54. Although the precipitates 
were often very small and gave incomplete diffraction 
patterns, the presence of epsilon carbide in lower 
bainite was detected by employing careful selected 
a rea  diffraction and dark field imaging techniques, 

Fig. 1 (a) shows the s t ructure  of lower bainite of the 
steel 2S54 after being isothermally t ransformed at 
275~ for 17 h. A high density of carbide precipitates 
is distributed uniformly throughout the bainitic ferr i te  
matrix. These carbides form as thin platelets or laths 
varying in size from 60 to 200/~ wide and 700 to 4000A 
long, The corresponding selected area  diffraction pat- 
tern is shown in Fig. l(b) together with its indexing. 
F rom this and many other photographs which give a 
variety of orientations of the ferr i te  and carbide 
with respect  to the incident electron beam, it has been 
possible to determine the orientation relationship be- 
tween the two phases. In Fig. 1, the matrix has the 
[011 ]c~ zone orientation and the carbide is analyzed as 
epsilon carbide with [000!]el ] [011]~. It is clearly seen 
that the volume fraction of carbide is very large and 
the carbide/ferr i te  interface is rather  ragged suggest- 
ing that the interface is partially or noncoherent and 
contains s t ructural  dislocations. In addition to the iden- 
tification of epsilon carbide in lower bainite, the orien- 
tation relationships between epsilon carbide and bain- 
itic ferr i te  may be obtained directly by plotting the 
orientations determined from the diffraction pattern, 
Fig. l(b), on a stereographic projection as in Fig. 2. It 
is clearly seen that (0001)e plane is parallel with 
(011)c~, and (1011) e is only 1 deg from (101)~. This is 
practically the same as the Jack orientation relation- 
ship ~2 which may be stated: 1 

(0001)~ I I (O lZ )~  

(10il)~ 1 ~ (101)c~. 

The one degree discrepancy between our result and 
that of J ack ' s  is attributed to experimental e r ro r s .  

Characterist ic  wavy epsilon carbide in better con- 
t rast  is seen in one of the bainite grains in Fig. 3 
which is another area  of the same treated specimen 
as that in Fig. 1. The waviness of the carbide could 
be interpreted as simultaneous transformation, i . e .  
the epsilon carbide is deformed along with the ferr i te  
when austenite decomposed. As indexed in the insert,  
the matrix gives a [100]~ diffraction pattern and the 
epsilon carbide is slightly tilted about five deg from 
the [1120] e zone, in agreement with the orientation r e -  
lations shown in Fig. 2. 
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BA IN ITIC 
EPSILON 

FERRITE ORIENTATION [011] 
CARBIDE ORIENTATION [0001] 

Fig. 1--(a} S~ruc~ure off bainite which was obtained in isothermally transformed steel 2554 (Fe-I.87Si-0.54C + 0.79Mn-0.3Cr) at 
275~ for ]L7 h; (b) the corresponding selected area diffraction pattern showing a [0001] e zone parallel with a [011] a zone. 

7OO ]Tzo 

- % /  . T~oo "%,TIT 

. . . .  o "J oso oiT 

. o,,O /_  
I [ l~ l  . . . .  I1"~,~ i v  "OITI f ( l l $  \ .... 

I010 ~ T O  

H20 I00 
0 hkl BAINITIC FERRITE 
�9 hkll E 'CARBIDE 

Fig. 2--Stereographlc projection, based on the orientations 
determined in Fig. 1, representing the orientation relation- 
ship between epsilon carbide and bainitic ferrite. (0001)E- 
carbide 11 (01D ferrite, (1010) E -carbide tl (2il) ferrite, (1011) 
E-carbidell (101) ferrite. 

In o rde r  to provide  unique ident i f ica t ion  of this  mi -  
c r o s t r u c t u r e  of baini te ,  the t empe red  mar t ens i t i c  
s t r u c t u r e  of this s tee l  was also s tudied and is p r e -  
sen ted  for  compar i son .  F i g u r e  4 shows an example  of 
the s t r u c t u r e  obtained af ter  water  quenching a spec i -  
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men of the s ame  s tee l  to m a r t e n s i t e  followed by t em-  
p e r i n g  at 275~ for 17 h. By compar ing  Fig.  4 with 
F igs .  1 and 3 it  i s  seen  that they a r e  en t i r e ly  different .  
F o r  example,  the s t r uc t u r e  in Fig.  4 is dense ly  twin-  
ned,  which is c h a r a c t e r i s t i c  of high ca rbon  m a r t e n -  
s i te .  1~ Ana lys i s  of the se lec ted  a r e a  d i f f rac t ion  pat- 
t e r n  indicates  that the o r i en ta t ion  of the m a t r i x  and 
twin a r e  []31] and [10i] r e spec t ive ly .  The twin plane 
is (121) a .  Both the br ight  field image and the se lec ted  
a r e a  di f f ract ion pa t t e rn  demons t r a t ed  l i t t le  evidence 
of carb ide  prec ip i ta t ion .  The r e s u l t  is  not s u r p r i s i n g  
owing to the fact that s i l i con  is well  known, though not 
fully unders tood,  for  con t r ibu t ing  t e m p e r i n g  r e s i s t a n c e  
when used as an a l loying  e l emen t  in s tee l .  13,~4 It is  evi -  
dent  that lower ba in i te  and t empe red  m a r t e n s i t e  a re  
eas i ly  d i s t ingu ishab le  in  this al loy and consequent ly  
unique ident i f ica t ion of lower ba in i te  is es tab l i shed .  

In s u m m a r y ,  eps i lon  carbide  has been  unambigu-  
ously identif ied in  lower baini te ,  with the o r i en ta t ion  
re la t ionsh ip  between epsi lon carbide  and ba in i t ic  f e r -  
r i t e  being that obse rved  e a r l i e r  by Jack  le viz, 

(O001)e I I (011)a 

(lO].1)~ t i ( lo l ) ,~ .  
It should be ment ioned that a s i m i l a r  o r i en ta t ion  

re la t ionsh ip  was a lso  r ecen t ly  observed  in  lower ba in-  
ire of a 300M steel .  ~S However,  the or ig in  of the c a r -  
bide in lower ba in i te  as  deduced f rom this  l a t t e r  r e -  
s e a r c h  is  qui te  d i f ferent  f rom ours ,  and will  be d i s -  
cussed  l a te r .  

The obse rved  c rys ta l log raph ic  o r i en ta t ion  r e l a t i o n -  
ship between epsi lon carb ide  and f e r r i t e  can be ac-  
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Fig .  3 - - A n o t h e r  a r e a  of  the  
ba in i t e  f o r m e d  in s t e e l  2S54 
at  275~ c h a r a c t e r i s t i c  wav y  
e p s i l o n  c a r b i d e  wi th  s i z e  of  
60 to 200A in wid th  and 700 
to 4000A in l eng th  a r e  s e e n  
in a ba in i t i c  f e r r i t e  g r a i n .  
The  i n s e r t  s h o w s  the  s e l e c -  
ted  a r e a  d i f f r a c t i o n  p a t t e r n  
w h e r e  the  foil  o r i e n t a t i o n  i s  
[100] and the  e p s i l o n  c a r b i d e  
is  in  a p p r o x i m a t e  [ 1120] o r i -  
en t a t i on .  

counted for by formation of epsilon carbide in either 
supersaturated ferr i te  or austenite. They will be dis- 
cussed as follows: 

(i) Epsilon Carbide Formed in Ferr i te .  In bainite, if 
epsilon carbide forms directly from supersatured fer-  
rite (though often assumed, this statement is unveri- 
fied), there will be little difference between bainite 
and martensite in the morphology of the precipitation 
process .  The crystallographic analysis shows that the 
orientation relationship between epsilon carbide and 
bainitic ferr i te  is that suggested by Jack ~2 observed in 
tempered martensite.  This relationship also gives the 
following (Fig. 2): 

(0001)e I I (011)~ 

(1010)e I I 0.11)a. 

The stereogram, Fig.  2, shows that in epsi lon car-  
bide and fe r r i t e  close-packed planes and d i rect ions 
are para l le l  in both s t ructures.  The lat t ice mis f i t  be- 
tween (1010)e and (2il)c~ planes is 1.2 pct which is the 
lowest mismatch between the two crystals .  This orien- 
tation relationship for epsilon carbide in tempered 

martensite can be explained in terms of minimizing 
the surface energy at the relatively low formation tem- 
perature ls-la 

(ii) Epsilon Carbide Formed in Austenite. It is 
equally possible that epsilon carbide forms on the aus- 
tenite side of the austenite/ferr i te  interface. Such a 
transformation can also give r ise  to the Jack relation- 
ship. Because of the close lattice matching between 
fcc austenite and epsilon carbide one could expect that 
the orientation relationship of the epsilon carbide in 
austenite to be the familiar one viz, 

(111)~ 1 I(0001) e 

(1i0)v i I (1~.10)E. 
Unfortunately, it was not possible to retain enough 

austenite to verify this assumption, However, it has 
long been established that the K - S  relationship 19 is 
obeyed between austenite and bainitic ferr i te  formed 
at low temperature,  2~ viz, 

(111)Vl I (011)~ 

( l iO)v l  1 ( i i l )c~ .  
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(a) 

Fig. 4--Structure of marten- 
site of steel 2S54 tempered 
at 275~ for 17 h. (a) Shows 
typical internally twinned 
martensite plate where no 
carbide was detected. It is 
distinctly different from the 
bainitic structure; (b) selec-  
ted area diffraction pattern 
and indexed representation 
showing orientation of the ma-  
trLx and twin are [111] and 
[10i] respectively. Twin 
plane is (121). 
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Thi s  l eads  to the  f e r r i t e / e p s i l o n - c a r b i d e  r e l a t i o n s h i p  
of the J a c k  type ~2 o b s e r v e d  in the p r e s e n t  r e s e a r c h .  

In a r e c e n t  inves t iga t ion ,  21 a s i m i l a r  o r i e n t a t i o n  r e -  
l a t ionsh ip  was  o b s e r v e d  when NiaTi p r e c i p i t a t e d  f r o m  
a u s t e n i t e  in a F e / 2 8 N i / 2 T i  a l l oy  d u r i n g  ausag ing .  Upon 
t r a n s f o r m a t i o n  to m a r t e n s i t e  on subsequen t  cooling,  
the o r i en t a t i on  r e l a t i o n s h i p  be tween  Ni3Ti and m a r -  
t en s i t e  r e t a i n e d  tha t  be tween  the p r e c i p i t a t e s  and the 
m a t r i x  be fo re  t r a n s f o r m a t i o n ,  i .e. ,  the aus t en i t e  phase .  
The  s a m e  o r i e n t a t i o n  r e l a t i o n s h i p  has  a l s o  been  ob-  
s e r v e d  a f t e r  i s o t h e r m a l  decompos i t i on  of a molybde-  
num aus t en i t i c  a l loy  where  f i b e r s  of Mo2C nuc lea ted  
on the a u s t e n i t e  s ide  of the  a u s t e n i t e / f e r r i t e  i n t e r -  
face .  2z,2~ Both of t he se  r e s u l t s  ind ica te  tha t  the in-  
d i r e c t  ev idence  of the  o r i en ta t ion  r e l a t i o n s h i p  be tween  
eps i lon  c a r b i d e  and aus t en i t e  may  be deduced  f r o m  
that  o b s e r v e d  be tween  eps i l on  c a r b i d e  and ba in i t i c  f e r -  
r i t e ,  the f e r r i t e  and aus t en i t e  be ing  t h e m s e l v e s  r e -  
l a ted  by one of the K - S  v a r i a n t s .  

As  wil l  be shown and d i s c u s s e d  in the l a t e r  s ec t ions ,  
the  ba in i t i c  c e m e n t i t e  in s i l i c o n  s t e e l  was  found to p r e -  
c ip i t a t e  d i r e c t l y  f r o m  a u s t e n i t e  a t  the  a u s t e n i t e / f e r r i t e  

i n t e r f a c e .  Th i s  s u g g e s t s  that  p r e c i p i t a t i o n  of eps i lon  
ca rb ide  is  a l so  l ike ly  to occu r  in contac t  with aus t en -  
i te  a t  the a u s t e n i t e / f e r r i t e  i n t e r f ace .  Th is  is  c o n t r a r y  
to the conc lus ions  of La i ,  ~s who a l so  o b s e r v e d  the 
e x i s t e n c e  of the  J a c k  o r i en t a t i on  r e l a t i o n s h i p  in lower  
ba in i t e  but  suppo r t ed  a c c o r d i n g l y  the v iew that  e p s i l o r  
c a r b i d e  p r e c i p i t a t e d  f r o m  s u p e r s a t u r a t e d  ba in i t i c  f e r -  
r i t e  by  ana logy  to t e m p e r e d  m a r t e n s i t e .  However ,  
t h e r e  a r e  m o r p h o l o g i c a l  d i f f e r e n c e s  and i t  i s  i m p o r t a n t  
to r e a l i z e  that  two f a m i l i e s  of eps i lon  c a r b i d e  in a 
c h a r a c t e r i s t i c  c r i s s - c r o s s  p a t t e r n  a r e  g e n e r a l l y  ob- 
s e r v e d  in t e m p e r e d  m a r t e n s i t e ,  1B-x8 while  in  lower  
ba in i t e  only one v a r i a n t  has  e v e r  been  d e t e c t e d  in p r e -  
v ious  e l e c t r o n  m e t a l l o g r a p h i c  s tud i e s  ~'~5 and in the 
p r e s e n t  inves t iga t ion ,  desp i t e  the fac t  that  the s a m e  
o r i e n t a t i o n  r e l a t i o n s h i p  e x i s t e d  be tween the eps i lon  
c a r b i d e  and the f e r r i t e  component  in both ba in i t e  and 
m a r t e n s i t e .  The  p r e s e n t  s u g g e s t e d  mode l  viz,  that  f o r -  
ma t ion  of e i t he r  eps i lon  c a r b i d e  o r  cemen t i t e  o c c u r s  
on the a u s t e n i t e  s ide  of the a u s t e n i t e / f e r r i t e  i n t e r f a c e  
i s  a l so  ab le  to account  fo r  the  u n i d i r e c t i o n a l  m o r -  
phology of the  c a r b i d e  p h a s e  in ba in i t e .  
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Fig. 5--Structure of bainite in steel 2S54 after isothermal 
transformation at 315~ for 17 min, showing unique " S -  
shaped" untransformed austenite and cementite. 

B. 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  315~ 

As  the i s o t h e r m a l  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  was 
r a i s e d  to 315~ a s t r u c t u r e  deve loped  7 which i s  unique 
to s i l i con  conta in ing s t e e l s .  T h e s e  s t r u c t u r e s  do not  
exhib i t  the c l a s s i c a l  morpho log ie s  n o r m a l l y  a s s o c i a t e d  
with ba in i te  and an example  i s  p r e s e n t e d  in F ig .  5 
which shows the m i c r o s t r u c t u r e  of ba in i t e  a f t e r  17 
min  of t r a n s f o r m a t i o n .  S - s h a p e d  second  phase  p a r t i -  
c les  a r e  found to be d i s t r i b u t e d  throughout  the s t r u c -  
tu re .  As  wi l l  be shown in the fol lowing,  de t a i l ed  ana ly -  
s i s  i nd i ca t e s  that  the s p e c i m e n  conta ins  ba in i t i c  l e t -  
r i t e ,  c emen t i t e  and aus ten i t e .  The p r o b l e m  of uniquely 
ident i fy ing  aus t en i t e  and cemen t i t e  in t hese  s t r u c t u r e s  
is  not t r i v i a l .  Care fu l  choice of the p r o p e r  o r i en t a t i on  
i s  needed  so  that  s e l ec t i on  of wel l  def ined aus t en i t e  and 
cemen t i t e  d i f f r ac t ion  spo t s  can be done to obta in  ap-  
p r o p r i a t e  d a r k  f ie ld  i m a g e s .  Such an example  is  given 
in F ig .  6. F i g u r e  6(a) r e p r e s e n t s  the b r i g h t  f i e ld  image  
of the ba in i t e  s t r u c t u r e  obta ined  by 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  315~ for  24 h. S t r i n g e r  shaped  s t r u c t u r e s  
can be seen  roughly  along the long ax i s  of the ba in i t i c  
f e r r i t e  g ra in .  The  c o r r e s p o n d i n g  s e l e c t e d  a r e a  d i f f r a c -  
t ion p a t t e r n  is  shown in F ig .  6(b) and i s  indexed in F ig .  
6(c). The  a n a l y s i s  shows that  the ba in i t i c  f e r r i t e  is  in 
[111] o r i en t a t i on  and aus t en i t e  in [011], fo l lowing the 
K u r d j u m o v - S a c h s  o r i en t a t i on  r e l a t i o n s h i p .  19 A th i rd  
cons t i tuen t  is  iden t i f i ed  as  cemen t i t e  in the [010] FesC 
zone.  D a r k  f ie ld  imag ing  of the ( 1 i l )  aus t en i t e  d i f f r a c -  
t ion spot ,  F ig .  6(d), r e v e r s e s  the c o n t r a s t  for  the aus -  
t en i te  which pos i t i ve ly  shows that  the wide s t r i n g e r s  
main ly  at  the la th  b o u n d a r i e s  a r e  u n t r a n s f o r m e d  a u s -  
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ten i te .  F i g u r e  6(e) i s  the d a r k  f ie ld  i m a g e  us ing  a 
(i01) cemen t i t e  d i f f r ac t ion  spot .  A thin l a y e r  of c e m e n -  
t i te ,  as  ind ica ted  by the a r r o w ,  is  r e v e a l e d  in contac t  
with the ans t en i t e .  Thus the fo rma t ion  of ba in i t i c  c a r -  
b ide  is  s een  to b e a r  a def in i te  r e l a t i o n s h i p  to the un- 
t r a n s f o r m e d  aus ten i t e .  F u r t h e r  ev idence  of the above-  
ment ioned  morpho logy  is p r e s e n t e d  in F ig .  7(a). The  
d i f f r ac t ion  p a t t e r n  and the a n a l y s i s  a r e  the s a m e  as  
those  for  F ig .  6. The  d a r k  f ie ld  m i c r o g r a p h ,  F ig .  7(b), 
u s ing  the (i11) aus t en i t e  d i f f r ac t ion  spot  c l e a r l y  shows 
the d i s t r i b u t i o n  of u n t r a n s f o r m e d  aus ten i t e .  Many of 
these  ans t en i t i c  a r e a s  fol low la th  b o u n d a r i e s  and then 
bend into the m a t r i x  as  ind ica ted  by  the a r r o w s .  In 
some  o ther  a r e a s  s i m i l a r  m i c r o s t r u c t u r e s  a r e  seen  
in which the la th  bounda r i e s  a r e  ex t ens ive ly  " d e c o r -  
a t e d " .  However ,  he r e  u n t r a n s f o r m e d  aus t en i t e  has 
been  d e c o m p o s e d  to a f u r t h e r  ex tent  than is shown in 
F i g s .  6 and 7, and this  can only be r e v e a l e d  by s e l e c -  
t ive  d a r k  f ie ld  i l lumina t ion .  As  ind ica ted  by the a r -  
rows  in F ig .  8, when both the (i01) cemen t i t e  and 
( l i l )  aus t en i t e  d i f f r ac t ion  spo ts  a r e  imaged ,  the un- 
t r a n s f o r m e d  aus t en i t e  a p p e a r s  to have s t epped  i n t e r -  
f a c e s  enve lop ing  the growing  f ront  of f e r r i t e .  

It has  been  p r o p o s e d  by A a r o n s o n  e t  a l ,  24'25 that  the 
f e r r i t e  component  in aus t en i t e  deve lops  by a ledge 
m e c h a n i s m  dur ing  i s o t h e r m a l  t r a n s f o r m a t i o n .  Th is  
m e c h a n i s m  involves  f e r r i t e  growth  p r i m a r i l y  by the 
f o r m a t i o n  and l a t e r a l  m o v e m e n t  of l edges  through dif -  
fus iona l  jumps  a c r o s s  the edge of the ledge.  The kink 
shaped  c a r b i d e s  could be ind ica t ive  of such l edges  left  
by the movemen t  of the a u s t e n i t e / f e r r i t e  i n t e r f ace .  
However ,  the de t a i l s  of l edges  in ba in i te  have not ye t  
been  r e s o l v e d  by  t r a n s 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 .  
A r e c e n t  in  s i t u  i nves t iga t ion  of the ba in i t e  r e a c t i o n  by 
us ing  high vo l tage  e l e c t r o n  m i c r o s c o p y  ind ica ted  that  
no ledge  was o b s e r v e d  when a F e / 9 . 1 N i / 0 . 5 1 C  a l loy  
was i s o t h e r m a l l y  t r a n s f o r m e d  to ba in i t e  at 380~ 26 
but s ince  this  was not done in a con t ro l l ed  env i ron -  
ment  nor  w e r e  high r e s o l u t i o n  techniques  u t i l i zed ,  the 
va l id i ty  of the e x p e r i m e n t  is  open to ques t ion .  Thus,  
m o r e  conc lus ive  evidence  is needed,  r e q u i r i n g  soph i s -  
t i c a t ed  e l e c t r o n  m i c r o s c o p y  s tud ies  on the de t a i l ed  
i n t e r f a c e  s t r u c t u r e s .  

The u n t r a n s f o r m e d  aus t en i t e  wi l l  even tua l ly  d e c o m -  
pose  into ca rb ide  and f e r r i t e  a f t e r  p ro longed  holding.  
The  s t r u c t u r e  of ba in i te  a f t e r  t r a n s f o r m a t i o n  at  315~ 
for  a longer  pe r iod ,  168 h, is  shown in F ig .  9(a). T h e r e  
a r e  no m a r k e d  d i f f e r e n c e s  be tween  this  s t r u c t u r e  and 
that  a f t e r  t r a n s f o r m a t i o n  for  s h o r t e r  t i m e s ,  e . g . ,  F i g s .  
5 to 8. However ,  no r e f l e c t i o n s  c o r r e s p o n d i n g  to a u s -  
ten i te  we re  d e t e c t e d  in the s e l e c t e d  a r e a  d i f f r ac t ion  
p a t t e r n  F ig .  9(b). As  shown in the a n a l y s i s ,  F ig .  9(c), 
the cemen t i t e  is  in [122] o r i en ta t ion ,  with f e r r i t e  in 
[i00] and [111]. Cemen t i t e  p a r t i c l e s  a r e  c l e a r l y  de -  
l inea ted  in the d a r k  f ie ld  image  of a (201) cemen t i t e  
d i f f rac t ion ,  F ig .  9(d). Thus the decompos i t i on  of the 
u n t r a n s f o r m e d  aus t en i t e  into f e r r i t e  and cemen t i t e  
s e e m s  to be c o m p l e t e  in th is  spec imen .  The  above ob-  
s e r v a t i o n s  p rov ide  d i r e c t  ev idence  for  the t r a n s f o r -  
ma t ion  path of cemen t i t e  in ba in i t e .  S i m i l a r  decompo-  
s i t ion  of r e t a i n e d  aus t en i t e  has  been  o b s e r v e d  in the 
t e m p e r i n g  of m a r t e n s i t e  which r e s u l t s  in cemen t i t e  
p r e c i p i t a t i o n  a long the m a r t e n s i t e  bounda r i e s  in add i -  
t ion to the accompany ing  W i d m a n s t a t t e n  c a r b i d e  f o r -  
ma t ion  ins ide  the m a r t e n s i t e  m a t r i x .  27 

It should be e m p h a s i z e d  that  the ba in i t e  s t r u c t u r e s  
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Fig. 6--Structure of bainite in s teel  2S54 after  i so thermal  t ransformat ion  at 315~ for 24 h. (a) Bright field micrograph  showing 
unt ransformed austenite and cement i te  embedded in dis located bainitic f e r r i t e  grain; (b) the corresponding se lec ted  area  d i f f rac-  
tion pattern;  (c) indexing of pat tern,  showing the fe r r i t e ,  austenite and cementi te  in [111] a ,  [ 01117 and [ 010] Fe3C zones r e s p e c -  
tively. The Kurdjumov-Saehs orientation relat ionship is followed between bainitic f e r r i t e  and austenite;  (d) the unt ransformed 
austenite r e v e r s e s  contras t  in the dark field image using the (1il) austenite reflection;  (e).. a very thin layer  of cementi te  
(pointed by arrow) in contact with austenite is seen c lear ly  in the dark field image of the (201) eement i te  ref lect ion.  
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Fig. 6--Continued. (e) 
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desc r ibed  above a re  more  complex than those a s soc ia -  
ted with conventionally descr ibed  upper and lower 
baini te  (e.g. Ref. 3) and cannot be c lass i f ied  only ac-  
cording to the orientat ion and dis t r ibut ion of the ce-  
mentite pa r t i c l e s .  The conventional c lass i f ica t ion  is 
fur ther  complicated by the genera l  rule  (true or not) 
that the baini te  morphology changes over a r e la t ive ly  
nar row t empera tu re  range being desc r ibed  as  upper 
baini te  above 350~ and lower baini te  below about 
350~ (e.g. Refs. 1, 3). Moreover,  whilst many pub- 
l ished micrographs  can be eas i ly  identified morpholo- 
gical ly as  por t ray ing  e i ther  upper or  lower bainite,  
yet  the bainite s t ruc ture  in an F e / C r / C  alloy B has been 
concluded to be lower baini te  despi te  the presence  of 
elongated baini t ic  carb ides  which morphological ly im- 
p l ies  that the product  may be upper baini te .  Thus we 
believe it is  bes t  to desc r ibe  the presen t  m ic ros t ruc -  
ture  s imply as  baini te  in o rde r  to avoid poss ible  con- 
fusion. 

C. Suggested Sequence for  Baini t ic  Transformat ion  

F r o m  these observat ions ,  it  can be postulated that 
at  315~ the bainite in s i l icon s tee l  probably forms  in 
the following sequence. The baini t ic  f e r r i t e  which nu- 
c lea tes  and grows f rom the austeni te  grain boundary is 
a r r e s t e d  in growth per iodica l ly  as a r e su l t  of solute 
(carbon) enr ichment  of the adjacent  austenite .  Cessa -  
t ion of growth due to carbon enrichment  can only oc- 
cur when the carbon content of the austeni te  in e i ther  
the specimen as  a whole, or  in a sma l l  region total ly 
enclosed by f e r r i t e ,  at tains that of the Ae3 curve or i ts 
metas table  equi l ibr ium extrapolat ion.  Below the eu- 
tectoid range,  growth can only r e sume  if carbide  p re -  
cipitat ion occurs  in the austenite .  Due to the rap id  
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Fig. 7- -Another  reg ion  of ba in i te  in s teel  2S54 obtained by 
i so the rma l  t r an s fo rma t i o n  at 315~ for  24 h; (a) b r igh t  field 
mic rog raph  showing " S-shaped"  un t r ans fo rmed  aus teni te  
fo rms  along the la th  boundary and then bends into the f e r r i t e  
lath,  the se lec ted  a r e a  d i f f rac t ion pa t t e rn  is the s ame  as in 
Fig. 6; (b) the unique shape of r e t a ined  aus ten i te  is pointed out 
by a r r o w s  in the da rk  field image of the (111)~ dif f ract ion spot.  



Fig. 8--Dark field micrograph showing another area of the 
bainite in steel 2S54 after transformed at 315~ for 24 h. Both 
the carbide and austenite are in bright contrast by imaging the 
(201) cementite and (1~.1) austenite diffraction spots. Fer r i te  
appears to be enveloped by untransformed austenite. 

d i f fus ion of ca rbon  in aus t en i t e  away f rom the growing  
f e r r i t e  28'29 and the low r a t e  of nuc lea t ion  of c a rb ide  in 
the p r e s e n c e  of s i l i con ,  a l a y e r  of m e t a s t a b l e  au s t en -  
ire is  r e t a i n e d  a long the a u s t e n i t e / f e r r i t e  g ra in  bound-  
a r i e s .  Other  f e r r i t e  units  may f o r m  f r o m  this  l a y e r  of 
aus t en i t e  fol lowing the s a m e  sequence .  Repe t i t ion  of 
th is  d i scon t inuous  growth  mode can give r i s e  to the 
o b s e r v e d  " b a m b o o  s h a p e d "  ba in i t i c  s t r u c t u r e .  Mean-  
while ,  c a r b i d e s  p r e c i p i t a t e  g radua l ly  f rom the u n t r a n s -  
f o r m e d  aus t en i t e  du r ing  i s o t h e r m a l  holding t he r eby  
de l inea t ing  the p r e v i o u s  pos i t ion  of the a u s t e n i t e / f e r -  
r i t e  i n t e r p h a s e  boundary .  Af t e r  p ro longed  i s o t h e r m a l  
holding the u n t r a n s f o r m e d  aus t en i t e  wi l l  d e c o m p o s e  
comple t e ly  r e s u l t i n g  in the o b s e r v e d  ba in i t i c  f e r r i t e -  
c emen t i t e  compos i t e .  

The advan tage  of us ing  s i l i con  in the s t e e l  is  that  i t  
a p p e a r s  to r e t a r d  aus t en i t e  decompos i t i on .  Thus in 
nons i l i con  conta ining s t e e l s ,  the c a r b i d e  p robab ly  p r e -  
c ip i t a t e s  r a p i d l y  and the decompos i t i on  of u n t r a n s -  
f o r m e d  aus t en i t e  may  be too f a s t  for  i t s  ex i s t ence  to 
be de t ec t ed .  

A s i m i l a r  growth mode l  has  been  p r o p o s e d  by Shac-  
k le ton  and Ke l ly  3 for  ba in i t e  f o r m e d  a t  a h igher  t e m -  
p e r a t u r e  r ange ,  i . e . ,  400 to 500~ T h e i r  c r y s t a l l o -  
g raph ic  da ta  sugges t ed  that  c emen t i t e  and f e r r i t e  can 
nuc lea te  independent ly  in aus t en i t e  al though this  was 
not  d e t e c t e d  in t h e i r  t r a n s f o r m a t i o n  produc t .  The p r e s -  
ent  o b s e r v a t i o n s  d e m o n s t r a t e  that  c a r b i d e s  may  f o r m  
f r o m  aus t en i t e  even at  a low t e m p e r a t u r e  and the p a r -  
t i c u l a r  c a r b i d e  morpho logy  r e s u l t s  f r o m  p r e c i p i t a t i o n  
a long the a u s t e n i t e / f e r r i t e  i n t e r f ace .  Another  growth 
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mode l  has  a l so  been  sugges t ed  by Oblak  and Hehe-  
mann v to d e s c r i b e  m i c r o s t r u c t u r e s  s i m i l a r  (but not 
iden t ica l )  to the ones  r e p o r t e d  h e r e .  They  c o n s i d e r e d  
th is  type of ba in i t e  morpho logy  to be due to r a p i d l y  
growing s u b s t r u c t u r a l  uni ts  which p r o p a g a t e d  to a 
l im i t ed  s i z e .  De layed  p r e c i p i t a t i o n  of c emen t i t e  f r o m  
ba in i t e  p e r m i t s  s u b s t a n t i a l  p a r t i t i o n i n g  of ca rbon  to 
the aus t en i t e  t r a p p e d  in be tween  f e r r i t e  l a ths .  Cemen-  
r i te  may  subsequen t ly  p r e c i p i t a t e  f rom this  en r i ched  
aus ten i t e .  

Although the above  exp lana t ions  a r e  cons i s t en t  with 
the  o b s e r v e d  m i c r o s t r u c t u r e ,  the c u r r e n t  de t ec t ed  s -  
shaped  c a r b i d e s  cannot be adequa te ly  exp la ined  by this  
m e c h a n i s m  a lone .  F u r t h e r  d i r e c t  ev idence  i s  r e q u i r e d  
to t e s t  th is  s h e a r - m o d e l  conc lus ive ly .  

In s u m m a r y ,  to account  for  the o b s e r v e d  p a r t i c u l a r  
ba in i t i c  morphology ,  the c u r r e n t  p r o p o s e d  sequence  of 
ba in i t e  f o r m a t i o n  is not c o n t r a d i c t o r y  to any of the 
ex i s t i ng  mode l s  as  f a r  as  the o r ig in  of c a r b i d e s  is  con- 
ce rned .  

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~ 

At th is  h igher  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 f e r -  
r i t e  r eg ions  in the Si s t e e l  a r e  in g e n e r a l  c o a r s e r  
than those  found a f t e r  the lower  t e m p e r a t u r e  t r e a t -  
men ts .  Th is  i s  s een  v e r y  c l e a r l y  in F ig .  10 which 
shows the b r igh t  f ie ld  and a cemen t i t e  d a r k  f ie ld  image  
of the ba in i t e  of s t e e l  2S40 i s o t h e r m a l l y  t r a n s f o r m e d  
at  400~ for  7 h. Th is  s t r u c t u r e  is  t yp i ca l  of lower  
ba in i t e  cons i s t i ng  of f e r r i t e  and un id i r ec t i ona l  c e m e n -  
t i re  p l a t e l e t s .  

The  shape  of the cemen t i t e  p a r t i c l e s ,  a l though ap-  
p e a r i n g  to be la th l ike  in many c a s e s ,  was con f i rmed  
to be p l a t e l e t s ,  by t i l t ing  and o b s e r v i n g  ba in i t e  in the 
d i r e c t i o n  n e a r l y  p e r p e n d i c u l a r  to the cemen t i t e  habi t  
p lane  as  shown in F ig .  l l ( a ) .  In the s e l e c t e d  a r e a  d i f -  
f r a c t i o n  pa t t e rn ,  F ig .  l l ( b ) ,  the m a t r i x  and the cemen-  
t i te  were  indexed as  [ i l 0 ] ~  and [10i] c o r i en t a t i ons  
r e s p e c t i v e l y  (Fig .  l l ( c ) ) .  The s t e r e o g r a p h i c  a n a l y s i s  
of the d i f f r ac t ion  pa t t e rn ,  F ig .  l l ( d ) ,  shows that  the 
o r i en t a t i on  r e l a t i o n s h i p  is  c l o s e  to, but  not  exac t ly ,  
that  of B a g a r y a t s k i i :  1~ 

(100) c (iO1)o~ 

(010) c ( 1 i l ) ~  

(001) c (121)~. 

Th is  r e l a t i o n s h i p  i s  the s a m e  as  that  p r e v i o u s l y  ob-  
s e r v e d  by o the r  w o r k e r s  for  ba in i te  a,8 and t e m p e r e d  
m a r t e n s i t e .  1~ By c lose  examina t ion  of the s t e r e o g r a m ,  
i t  is  s een  that  the c e m e n t i t e / f e r r i t e  o r i en t a t i on  r e l a -  
t ionsh ip  d e v i a t e s  s l igh t ly  f rom that  of B a g a r y a t s k i i  a s  
o b s e r v e d  b e f o r e .  3,s Af t e r  numerous  inves t iga t ions  on 
this  a l loy  and in o the r  s t e e l s  e .g . ,  F e / 1 2 N i / 4 C o / 0 . 4 C  
and F e / 3 . 1 4 M n / 0 . 3 7 C  (Ref. 30) i t  was found that  th is  
dev ia t ion  is  r e a l  and can be  i n t e r p r e t e d  in an a l t e r n a -  
t ive  way. Much b e t t e r  a g r e e m e n t  can be ob ta ined  by 
the I s a i c h e v  o r i en t a t i on  r e l a t i o n s h i p  ax v i z ,  

(010)c I I ( l i l ) ~  

(103) c I I (011)(~. 

The  s a m e  o r i e n t a t i o n  r e l a t i o n s h i p  has  a l so  been  ob-  
s e r v e d  e a r l i e r  in a p la in  ca rbon  s t e e l  by Ohmor i .  3~ I t  
is  seen  that  in the  I s a i c h e v  o r i en t a t i on  r e l a t i onsh ip ,  
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the f e r r i t e  la t t ice is ro ta ted around the [111] pole by 
about 4 deg with r e spec t  to the Bagarya t sk i i  r e l a t ion -  
ship. It appears  that this sma l l  d i f ference  between the 
two lat t ice r e l a t ionsh ips  is s igni f icant  in the a rgumen t  
as to whether cement i te  fo rms  in aus ten i te  or  in fe r -  
r i te .  As ment ioned before ,  cement i te  is r e l a t ed  to 
ba in i t ic  f e r r i t e  by the Isa ichev or ien ta t ion  re la t ionsh ip  
and the f e r r i t e / a u s t e n i t e  la t t ice  re la t ionsh ip  follows 
that of Kurd jumov-Sachs .  The or ien ta t ion  co r r e spond-  
ence of the three  c rys t a l s ,  i .e. ,  aus teni te ,  f e r r i t e  and 
cement i t e  can be s u m m a r i z e d  in Fig.  12 af ter  the 
p roper  c rys ta l lograph ic  va r i an t s  have been chosen. 
The re la t ionsh ip  between the three  s t r u c t u r e s  can now 
be expressed  uniquely as follows: 

(100) c I [ (545)~ 4.76 deg f rom (101)~ 

(010) c [ i (10i).~] L(I1])~ 

(001)c [ I (252).y 4.76 deg f rom ( i21)~.  

It should be noted that the above re la t ionsh ips  between 
ba in i t ic  carb ide  and aus teni te  a r e  those which a re  in -  
volved in  the r e l evan t  va r i an t  of the P i t s ch  la t t ice  r e -  
la t ionship 33'34 which was obtained when cement i te  
fo rmed  in aus ten i te .  This  c rys ta l log raph ic  ana lys i s  
thus suppor ts  the theory that ba in i t ic  ca rb ides  form 
or ig ina l ly  in aus ten i te  ins tead  of in ferr i te .1  

The perpe tua l  dispute over the source  of ba in i t i c  
ca rb ides  w a r r a n t s  fu r the r  d i scuss ion .  It s t i l l  r e m a i n s  
to be answered  as to why the carbide  pa r t i c l e s  in 
lower ba in i te  p rec ip i t a te  un id i rec t iona l ly .  Based on 
the observed  morphology and c rys ta l lography  of ba in i -  
tic ca rb ides ,  a t tent ion will be focused on the poss ib i l -  
ity whether cement i te  p rec ip i t a t e s  in f e r r i t e  or in aus-  
teni te .  

The fact that in lower ba in i te  the carb ides  form 
with only one va r i a n t  ins tead  of in the Widmans ta t t en  
morphology has led var ious  inves t iga to rs  to bel ieve  
that it  mus t  be p rec ip i t a t ing  on some kind of p l ana r  in-  
homogenei ty.  Shackleton and Kelly 3 suggested that the 
ba in i t i c  f e r r i t e  that fo rms  m a r t e n s i t i c a l l y  f rom aus -  
teni te  may be twinned and the cement i te  may subse-  
quently p rec ip i ta te  on these twin boundar ies ,  i .e.  on 
the {112} f e r r i t e  p lanes .  Although no i n t e r n a l  twinning 
has ever  been  repor ted  in lower baini te ,  it  has been 
argued that du r ing  t e mpe r i ng  the twins a re  removed  
by the p rec ip i t a t ion  of cement i te .  This  explanat ion 
s e e ms  to be unl ikely  s ince  i n t e r n a l  twins a re  not 
eas i ly  r emoved  by t e m p e r i n g  m a r t e n s i t e  even at 
higher  t e m p e r a t u r e s  than that used for  i s o t h e r m a l  
t r a n s f o r m a t i o n  to baini te .  Secondly the habit  plane of 
the ba in i t i c  carb ides  was r ecen t ly  found to deviate  
f rom the {112} f e r r i t e  p lanes  both in this  al loy and 
other  al loy sy s t ems ,  e.g. F e / N i / C o / C  (Ref. 30) and is 
not close to {110} which is a twin plane in high carbon  
ma r t e ns i t e .  35 Hence,  the un id i r ec t iona l  morphology of 
ba in i t ic  carb ide  is not l ikely to be due to carb ide  p r e -  
c ipi ta t ion on twins as in the case of martensite.10 

It has a lso been suggested that cement i t e  p rec ip i t a -  
t ion might take place on s tack ing  faults  produced dur -  
ing m a r t e n s i t i c  t r a n s f o r m a t i o n  of s u p e r s a t u r a t e d  f e r -  
r i t e  f rom aus teni te .  ~8 This  is  not convincing because  
s tack ing  faul ts  a re  r a r e l y  observed  in  body cente red  
cubic s t r u c t u r e s  and never  in a - i r o n .  The c rys t a l l o -  
graphic obse rva t ions  on lower ba in i te  in an F e / 7 . 9 C r /  
1.1C alloy by S r in iva san  and Wayman 8 shows that the 
observed  habit  p lane of ba in i te  in this al loy is d i f ferent  
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f rom that of the mar tens i te  in the same alloy�9 They 
also found that internal twinning could not explain the 
observed habit plane and the aus ten i te - fe r r i t e  or ienta-  
tion relationship.  It was subsequently considered that 
cementite precipitat ion takes place in fe r r i t e  behind 
the advancing aus ten i te / fe r r i t e  interface.  However, 

the current  crysta l lographic  analysis ,  Fig. 12, has 
shown that bainitic carbide can be re la ted direct ly  to 
austenite by the Pitsch orientation relat ionship s3,a4 
suggesting that cementite may originate f rom austen- 
ite. Never theless ,  this would not differ f rom that of 
the precipi tat ion of proeutectoid cementite f rom aus-  
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Fig. l t - - ( a )  Structure  of baini te  in s teel  2S40 obtained by i so thermal  t ransformat ion  at 400~ for  7 h showing cement i te  p la te -  
le t  have precipi ta ted;  {b) the c o r r e s p o n d i n g s e l e c t e d  area  diffraction pat tern,  which is  indexed in (c),  demonst ra t ing  the f e r r i t e  
mat r ix  in [110] t~ zone and cementi te  in [101] Fe~C (d) s te reographic  project ion summar iz ing  the lat t ice relat ionship between ce -  
mentl te  and bamlt lc  f e r r l t e ;  Isamhev ormntat ion relat ionship,  v /z ,  {010) cll (111) a ,  (103) c]] (011) c~" 
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Fig. 12--Stereographic projection summarizing the orientation 
relationship between austenite, eementite and ferrite where 
K-S relationship, is obeyed between ferrite and austenite vzz ,  
(011)~II(Iii)7, (IID~Ij (lOi) 7 and (21i)c~[ 1 ([2i) ; and the 
Isaichev correspondence, viz; (010) cll (ii[) o~ an~ (103) c 
I( (Oll)ot is observed between eementite and ferrite. 

tenite. Besides the unidirectional morphology of ce- 
ment i te  cannot be accounted for  ff cement i t e  p r e c i p i -  
ta tes  in the bulk aus teni te .  

Since it is  a lmos t  c e r t a i n  that carb ide  pa r t i c l e s  fo rm 
on some p a r t i c u l a r  c rys t a l log raph ic  p lanes ,  an a l t e r -  
nat ive  sugges t ion  is that the cement i te  is  fo rmed  on 
the aus ten i t e  s ide of the a n s t e n i t e / f e r r i t e  in te r face ,  as 
has been  a lso  suggested by Ohmor i  ~2 and can be i n f e r -  
red  f rom Ref. 8. Both the f e r r i t e / c e m e n t i t e  and the 
a u s t e n i t e / c e m e n t i t e  o r i en ta t ion  r e l a t ionsh ips  should 
be concomitant ly  sa t i s f ied  in this  case .  As pointed out 
in the s t e r e o g r a m ,  Fig .  12, this la t t ice  r e l a t ionsh ip  is 
in fact achieved.  

The above ana lys i s  cons ide r s  baini t ic  carb ide  to 
form on the aus ten i te  side of the a u s t e n i t e / f e r r i t e  in -  
te r face  without i n f e r r i ng  the mechan i sm  by which 
ba in i t ic  f e r r i t e  is  fo rmed.  The un i fo rmi ty  of the c a r -  
bide d i s t r ibu t ion  in lower ba in i t e  is  thus envisaged to 
be the outcome of d iscont inuous  p rec ip i ta t ion  of ce- 
ment i te  at the moving a u s t e n i t e / f e r r i t e  in te r face  
boundary .  

SUMMARY AND CONCLUSIONS 

Epsilon carbide has been unambiguously identified 
in the bainitic structure of an Fe/1.87Si/0.54C steel 
when isothermally transformed at 275~ The orienta- 
tion relationship between epsilon carbide and bainitic 
ferrite was found to follow that of the Jack relation- 
ship, ze viz, (0001) c I ] (011)~, (1011)r I I(101)o~. When 
transformed at 315~ a layer of untransformed aus- 
tenite was detected to exist along the boundary of the 
ferrite component of bainite, and bears the Kurdjumov- 
Sachs relationship. 19 Upon further isothermal holding, 
the austenite decomposed into cementite and ferrite re- 
sulting in the characteristic "bamboo shaped" bainitic 
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m i c r o s t r u c t u r e  observed  in s i l i con  conta in ing  s t ee l s .  
Thus ,  the c u r r e n t  e x p e r i m e n t a l  obse rva t ions  suppor t  
the theory that the ba in i t i c  carb ide  p rec ip i t a t e s  d i -  
r ec t ly  f rom aus ten i te  ins tead  of f rom f e r r i t e .  1 It has 
been  shown by the rmodynamic  ca lcu la t ions  that the 
average  mole f rac t ion  of ca rbon  in enr iched  aus ten i te  
i n c r e a s e s  with d e c r e a s i n g  t r a n s f o r m a t i o n  t e m p e r a -  
tu re .  1 At low 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  ca rbon  en-  
r i c h m e n t  in u n t r a n s f o r m e d  aus ten i te  is high which 
may r e su l t  in the observed  prec ip i ta t ion  of eps i lon  
carb ide .  At higher  r eac t ion  t e m p e r a t u r e s  cement i t e  
f o r ms  in u n t r a n s f o r m e d  aus ten i t e  probably  because  
the carbon  content  co r r e spond ing  to the extrapola ted 
A e 3  is  less ,  The kinet ics  of p rec ip i t a t ion  a l so  d e t e r -  
mine  the na tu re  of the carb ide  formed,  

At 400~ the t r a n s f o r m a t i o n  of an Fe /1 ,73S i /0 ,4C 
s tee l  produces  s t r u c t u r e  of cement i t e  p la te le t s  e m -  
bedded in ba in i t i c  f e r r i t e s  The I sa ichev  o r i en ta t ion  r e -  
la t ionship  3. was observed  between cement i t e  and f e r -  
r i t e  ins tead  of that of Bagarya t sk i i ,  9 Together  with the 
Kurd jumov-Sachs  r e l a t ionsh ip  .9 obeyed between ba in i -  
tic f e r r i t e  and aus ten i te ,  it  is  shown that the ba in i t i c  
carbide  can be r e l a t ed  d i rec t ly  to the aus ten i te .  Thus  
the morphologica l  examina t ion  and the c r y s t a l l o g r a -  
phic ana lys i s  of the o r i en ta t ion  r e l a t ionsh ip  between 
f e r r i t e ,  cement i t e  and aus ten i t e  lead to the conclus ion 
that in  s i l i con  conta in ing s t ee l  the c a r b i d e p a r t i e l e s  
f o r m  on the aus ten i t e  s ide of the a u s t e n i t e / f e r r i t e  in -  
te r face ,  

The obse rva t ion  of eps i lon carb ide  and eement i t e  
in ba in i te  with d i f ferent  morphologies  when t r a n s -  
formed at d i f ferent  t e m p e r a t u r e s  indica tes  that c a r -  
bide p rec ip i t a t ion  in the ba in i te  r eac t ion  depends 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  as well  as  the compos i -  
t ion of the s tee l .  
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