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The addit ion of a l loying e l emen t s  even in sma l l  concen t ra t ions  can a l t e r  the p r o p e r t i e s  and 
s t r uc tu r e  of f e r r i t e  and baini te .  The va r ious  morphologies  of f e r r i t e - c a r b i d e  aggrega tes  a re  
su rveyed  including alloy pea r l i t e ,  f ibrous  carb ide  eutectoids  and prec ip i ta t ion  of fine alloy c a r -  
bides at y - a  in te r faces .  Modern  ideas on the morphology and growth kinet ics  of f e r r i t e  and 
upper  and lower baini te  a re  a lso s u m m a r i z e d .  Using this  in format ion ,  an a t tempt  is made to 
r a t iona l i ze  subc r i t i c a l  t r a n s f o r m a t i o n s  of aus ten i te  in low alloy s tee l s .  Basic  fac to rs  in f luenc-  
ing the s t reng th  of alloy f e r r i t e s  are  d i scussed ,  leading to an examina t ion  of s t r u c t u r e - m e c h -  
an ica l  p roper ty  r e l a t ionsh ips  in f e r r i t e  and baini te .  F ina l ly  the exploi tat ion of the f e r r i t e  and 
baini te  r eac t i ons  to produce useful  alloy s tee l s  by d i rec t  t r a n s f o r m a t i o n  of aus ten i te  is ex- 
plored.  

T H E  decade before World War II was one of the mos t  
f ru i t fu l  in the development  of our unde r s t and ing  of the 
heat t r e a tmen t  of s tee ls .  This  was in no sma l l  m e a s -  
u re  due to the efforts  of a group of A m e r i c a n  m e t a l -  
l u r g i s t s  both in indus t ry  and u n i v e r s i t i e s ,  who laid the 
foundations of the me ta l lu rgy  of heat t r ea tmen t .  Edgar  
Bain, whose eightieth b i r thday we are  ce leb ra t ing  with 
this  s e m i n a r ,  was an outs tanding f igure in this per iod,  
who by his c l a s s i c a l  work on i s o t h e r m a l  t r a n s f o r m a -  
t ion of s t ee l s  provided the f r amework  on which the 
p r e s e n t  day technology of heat t r e a t m e n t  is  based.  
Bain success fu l ly  br idged the gap between academic  
enquiry  and the appl icat ion of sc ient i f ic  p r inc ip l e s  to 
the development  of s t ee l s  in a way which has ea rned  
the endur ing  r e spec t  of succeeding  gene ra t ions  of 
m e t a l l u r g i s t s  in many count r ies .  With other  p ionee r s  
such as Mar t ens ,  Robe r t s -Aus t en ,  and Widmanstf i t ten,  
his name will always be ensh r ined  in the nomenc l a tu r e  
of the subject .  

The p r e s e n t  paper  d i s c u s s e s  some aspects  of f e r -  
r i t i c  and ba in i t ic  m i c r o s t r u c t u r e s  in an effort  to r e -  
late these to the mechan ica l  p rope r t i e s  of alloy s tee ls .  
We have chosen to deal  with both f e r r i t e  and ba in i te  
together  because  of the difficulty in defining the de-  
m a r c a t i o n  between the two ca tegor ies  of s t r uc t u r e  in 
p rac t i ce .  The subject  is a m i c r o c o s m  of phys ica l  
me ta l lu rgy ,  in so fa r  as it covers  the whole spec t rum 
of t r a n s f o r m a t i o n  and prec ip i t a t ion  reac t ions ,  inc lud-  
ing both d i f fus ion-con t ro l l ed  and shear  t r a n s f o r m a -  
t ions,  nuc lea t ion  of p rec ip i t a t e s  on in te r faces ,  d i s loca -  
t ions and gra in  boundar ies ,  and the cooperat ive  growth 
of both prec ip i ta te  and ma jo r  phase.  

MORPHOLOGY AND CRYSTALLOGRAPHY OF 
FERRITIC AND BAINITIC REACTIONS 

There  is a complex  s e r i e s  of t r a n s f o r m a t i o n  p rod-  
ucts  formed in alloy aus teni te  as a r e s u l t  of decompo-  
s i t ion at subc r i t i ca l  t e m p e r a t u r e s ,  r ang ing  f rom poly-  
hedra l  f e r r i t e  at the higher  t e m p e r a t u r e s  through 
Widmanst~itten fe r r i t e ,  to upper ,  then lower baini te  at 
the lowest  t e m p e r a t u r e s .  At mos t  s tages  carb ide  p r e -  
c ipi ta t ion accompan ies  f e r r i t e  fo rmat ion  because  of 
the lower solubi l i ty  of carbon  in f e r r i t e  than in aus -  
teni te .  All  the s t r u c t u r e s  a re  aggregates  of f e r r i t e  

and ca rb ides ,  but the carb ide  and f e r r i t e  compos i t ions  
on the one hand, and the i r  m i c r o s t r u c t u r e  on the other,  
change both with the t r a n s f o r m a t i o n  and the compos i -  
tion of the s teel .  We shal l  now d i scuss  each reac t ion  
product  in turn,  commenc ing  at the higher  t r a n s f o r m a -  
t ion t e m p e r a t u r e s .  

1) Po lyhedra l  F e r r i t e  

In pla in  carbon  s tee ls  at high t r a n s f o r m a t i o n  t em-  
p e r a t u r e s  (750 ~ to 850~ f e r r i t e  nuc lea tes  at the aus -  
teni te  g ra in  boundar ies  in s e v e r a l  m a s s i v e  morpholo-  
gies c lass i f i ed  by Mehl and Dub6. ~-3 These  f e r r i t e  
a r e a s  a re  la rge ly  f ree  f rom carbide .  S imi l a r  s t r u c -  
t u r e s  appear  in a wide range  of alloy s tee l s  exempl i -  
fied by a s imple  vanadium steel ,  Fig. 1. Whereas  in 
the p la in  carbon  s tee l s ,  the carb ide  f o r ms  e i ther  as 
d i s c r e t e  cement i te  pa r t i c l e s  or in pea r l i t e  nodules 
af ter  subs tan t ia l  f e r r i t e  growth, in alloy s tee l s  con-  
ta in ing  s t rong carb ide  f o r m e r s  the f e r r i t e  growth is 
often r e s t r i c t e d  by the need of al loying e l emen t s  to 
pa r t i t ion  by diffusion. The r e su l t  is that f e r r i t e  and 
ca rb ides  f requent ly  coprec ip i ta te  even in low carbon  
s tee ls .  The a l loying e l emen t  often r e su l t s  in a com-  
posi t ion  which is bas ica l ly  hypereutectoid ,  in so far  as 
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Fig. 1--An Fe-2 pct V-0.2 pct C alloy isothermally trans- 
formed for 10 sec at 650~ Optical micrograph, magnifica- 
tion 600 times. (Davenport and Honeycombe). 
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Fig. 2--An Fe-6 pet W-0.23 pct C alloy partially transformed 
after 2 hr at 800~ Optical micrograph, magnification 500 
times. (Davenport and Honeyeombe). 

alloy carbide  under equil ibrium conditions would be 
expected to form f i r s t  at the aus teni te  g ra in  boundar ies .  

Observa t ions  on n u m e r o u s  alloy s tee l s  indicate  that 
the p r e sence  of al loying e lements  in solid solut ion does 
not marked ly  a l te r  the observed  morphologies  of f e r -  
r i te .  The k ine t ics  of the reac t ion  can, however,  be 
subs tan t ia l ly  influenced.  As emphas ized  by Smith,  4 the 
f e r r i t e  usual ly  has an or ien ta t ion  re la t ionsh ip  with one 
of the aus teni te  g ra ins ,  viz. Kurd jumov-Sachs  re la t ion ,  5 
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and a random relationship with the other. Thus char- 
acteristic variations in morphology can develop on 
each side of a ferrite crystal as the conditions of 
transformation change. For example, the y-(~ bound- 
ary on the orientation-related side can develop a saw- 
tooth morphology, which can further degenerate into a 
marked plate-like growth (side plates) which is ef- 
fectively a form of Widmanst[ i t ten f e r r i t e .  On the 
other side, the y - a  boundary,  being a high energy in-  
coherent  in ter face ,  p rovides  favored s i tes  for the nu-  
c leat ion of pear l i t e ,  the f e r r i t e  of which has been 
shown not to be re la ted  to the g ra in  in which it is  
growing, but to the adjacent  aus teni te  grain.  8 

Side-plate  f e r r i t e  grows rapidly in the edge-wise  
di rect ion,  but because  the p l ana r  y - a  boundary is co- 
he ren t  and in t r i n s i ca l ly  not mobile ,  it grows slowly in 
the d i rec t ion  pe rpend icu la r  to this boundary.  How- 
ever ,  this  difficulty,  f requent ly  met  in phase t r a n s -  
fo rmat ions ,  has been overcome by a s s u m i n g  that the 
f e r r i t e  grows by the propagat ion of ledges along the 
coherent  in te r faces .  7 The ledges need not be very  
la rge ,  and thus can be difficult  to observe ;  however 
they are  readi ly  seen in ce r t a in  s y s t e m s , e . g .  F e - W - C  a 
and F e - C r - C .  9 An example of coarse  ledge fo rmat ion  
in f e r r i t e  in an Fe -6  pct W-0.23 pct C alloy is  shown 
in Fig. 2. 

Growth of the d i so rde red  f e r r i t e  boundary  on the 
other side of the f e r r i t e  a l lo t r iomorph  p r e s e n t s  l i t t le  

difficulty in so far  as it is a high energy boundary 
which can grow rapidly by a tomic t r a n s f e r  ac ros s  the 
y - a  in ter face .  

2) P e a r l i t e  and Related S t ruc tu res  

Proeutec to id  f e r r i t e  and pear l i t e  are  wel l -def ined  
phases  in pla in  Fe -C  al loys,  and in s tee l s  containing 
noncarb ide  f o r m e r s  such as nickel .  However,  in the 
p r e sence  of inc reas ing ly  s t rong carb ide  f o r m e r s  such 
as Cr,  Mo, V, and Ti,  f e r r i t e  and pea r l i t e  can be to a 
la rge  degree  rep laced  by complex aggregates  of f e r -  
r i te  and alloy carb ides .  Apart  f rom c l a s s i c a l  pea r l i t i c  
s t r u c t u r e s  in which the al loying e l emen t  is  p r e sen t  
both in the f e r r i t e  and the cement i te ,  there  are  at l eas t  
three  d i s t inguishable  fo rms  of f e r r i t e - c a r b i d e  aggre -  
gates which occur  in the t e m p e r a t u r e  range  above 
where upper  baini te  forms .  

2.1) P e a r l i t i c - T y p e  S t ruc tu res  

Addition of al loying e l emen t s  in solid solut ion in 
austeni te ,  e . g .  molybdenum,  ch romium,  has a la rge  
inf luence on the nuclea t ion  and growth of pea r l i t e  nod- 
ules .  For  example 0.5 pct Mo d e c r e a s e s  the growth 
ra te  of pea r l i t e  in the range  600 ~ to 700~ by a factor  
of more  than 100. Cahn and Hagel 1~ have pointed out 
that the diffusion of carbon in both aus teni te  and f e r -  
r i t e  is not s ignif icant ly  a l t e red  by sma l l  concen t ra t ions  
of other al loying e lements ,  so the observed  effect on 
growth of pea r l i t e  mus t  be due e i ther  to pa r t i t ion ing  or 
to in te r rac ia l  effects.  Strong c a r b i d e - f o r m i n g  e l emen t s  
such as Cr, V, Mo, W will pa r t i t ion  to the cement i te ,  
while Co, Ni, and Si par t i t ion  to the f e r r i t e .  Conse-  
quently in many cases  cement i te  will, at a c r i t i ca l  
concen t ra t ion ,  be rep laced  by an alloy ca rb ide .  1~ For  
example,  Mehl and Hagel ~2 have shown that with in-  
c r e a s i n g  molybdenum content ,  (Fe Mo)23C6 rep laces  
cement i te  in pear l i t e ,  while i n  high chromium s tee ls  
(Cr Fe)23C6 rep laces  cement i te .  

These  alloy carb ide  pea r l i t e s ,  which have not r e -  
ceived much detai led s t r u c t u r a l  study, are  usual ly  only 
encountered  at the higher 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 ,  
just  below Ae 1, where reac t ion  r a t e s  tend to be slow, 
i . e .  in c i r c u m s t a n c e s  where par t i t ion  of al loying e le -  
ment  is mos t  l ikely to take place.  A good example is  
found in a 12 pct Cr,  0.2 pct C s tee l  t r a n s f o r m e d  for 
s e ve r a l  minu tes  at 750~ in which alloy pea r l i t e  is 
fo rmed with Cr2aC8 laths.  9'13 Fig.  3 shows such a 
s t ruc tu re ,  which although coarse ,  is much f iner  in 
scale  than cement i t i c  pea r l i t e  formed at the same 
t e m p e r a t u r e .  

2.2) F i b r ous  C a r b i d e - F e r r i t e  S t ruc tu res  

These  f requent ly  occur  as nodules or f r inges  nu-  
cleat ing at aus teni te  gra in  boundar ies  14-18 in which the 
f ibrous  carb ides  are  usually~ s e ve r a l  ~zm long and be -  
tween 10-50 nm (100 to 500A) d iame te r ,  oc c u r r i ng  in 
pa r a l l e l  a r r a y s  or tufts.  A typical  o c c u r r e n c e  in a 
molybdenum s tee l  has been shown in Fig. 4, where 
the carbide  was identif ied as Mo2C. There  is now l i t t le  
doubt that this f ibrous  morphology is one which many 
di f ferent  ca rb ides  can adopt, e . g .  Mo2C, V4C3, TiC, 
Cr7C3, W2C, and that it is no rma l ly  assoc ia ted  with 
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Fig. 3--An Fe-12 pct Cr-0.2 pct C alloy isothermally trans- 
formed 15 rain at 750~ Coarse laths of M23C 6. Thin foil 
electron mierograph, magnification 31,000 times. (Campbell). 

Fig. 4--An Fe-4 pet Mo-0.2 pct C alloy isothermally trans- 
formed 30 rain at 700~ Fibrous Mo2C. Thin foil electron 
mierograph, magnification 42,600 times. (Berry). 

f e r r i t e  in p e a r l i t e - t y p e  nodules  growing f r o m  aus ten i te  
g ra in  boundar ies  in alloy s t ee l s .  Indeed, while c o a r s e  
l a m e l l a r  alloy carb ide  p e a r l i t e s  can occur  in some 
s t ee l s  at high 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 ,  it is e v i -  
dent that the f ibrous  c a r b i d e / f e r r i t e  agg rega t e s  a r e  
v e r y  typica l  of the behav io r  of alloy ca rb ides  p a r t i c -  
ipating in the n o r m a l  type of eu tec to id  decompos i t ion ,  
where  the f e r r i t e  of the t r a n s f o r m a t i o n  product  is not 
r e l a t ed  to the aus teni te  gra in  in which it is growing.  

Deta i led  work  on 4 pct  Mo s t ee l s  by B e r r y  ~6 has 
shown that f ib rous  Mo2C- fe r r i t e  agg rega t e s  a re  a 
common t r a n s f o r m a t i o n  product  in the t e m p e r a t u r e  
range 600 ~ to 800~ prov ided  the carbon  content  is 
low (< 0.3 pct). At h igher  ca rbon  l e v e l s  t he r e  is  insuf-  
f ic ient  molybdenum to ensure  that only Mo2C f o r m s ,  

Fig. 5--An Fe-0.25 pct Ti-0.2 pct C alloy solution treated at 
1320~ transformed, then held 4~ days at 710~ Thin foil 
electron micrograph, magnification 46,000 times. (Freeman). 

so the fo rma t ion  of the f ib rous  eu tec to id  o c c u r s  f i r s t  
and subsequent ly  c o a r s e r  p e a r l i t e  s t r u c t u r e s  a re  ob- 
tained.  These  s t r u c t u r a l  s tud ies  have shown that the 
or ien ta t ion  r e l a t ionsh ips  between the aus teni te ,  f e r -  
r i t e ,  and ca rb ide  a re  such that the ca rb ide  f ibe r s  mus t  
have nuclea ted  in contact  with aus teni te .  Close  e x a m -  
ination of the in t e r f ace  r e v e a l s  that both the ca rb ide  
f i be r s  and the f e r r i t e  a r e  in d i r e c t  contact  with the 
austeni te .  

S i m i l a r  f ib rous  m orpho log i e s  have been o b s e r v e d  in 
tungsten s t ee l s  8 and in vanadium s tee l s ,  ~7 usual ly  at 
the 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 s ,  but in the 
case  of molybdenum s t ee l s  at t e m p e r a t u r e s  as low as 
650~ well  below the nose in the T T T  d iag ram.  In the 
vanadium s t ee l s ,  the f ib rous  ca rb ide  did not occur  at 
al l  except  at 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  around 
800~ until  the r eac t i on  was s lowed down by the addi-  
t ion of manganese  or  nickel .  

It is diff icul t  to make  a c l e a r - c u t  d i s t inc t ion  be-  
tween these  f i b e r - c a r b i d e  agg rega t e s  and the p e a r l i t i c  
s t r u c t u r e s  d e s c r i b e d  e a r l i e r  except  in t e r m s  of the 
d imens ions  of the f i be r s ,  which tend to be an o r d e r  of 
magni tude  f iner  than the p e a r l i t i c  carb ide  la ths  fo rmed  
under  comparab l e  condit ions.  It appea r s  l ikely that the 
f ine r  f ib rous  fo rm is m o r e  r ead i ly  adopted by the c a r -  
b ides  of s i m p l e r  c r y s t a l  s t r uc tu r e ,  e . g .  Mo2C, V4C3, 
which a re  not always the equ i l ib r ium ca rb ides  at high 
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 equ i l ib r ium c a r -  
bides tend to be of the types M23C~ or M6C, with more 
complex  unit ce l l s ,  and these  often adopt the l e s s  p r e -  
c i se  morphology c h a r a c t e r i s t i c  of pea r l i t e .  

2.3) In te rphase  P r e c i p i t a t i o n  

In this  s t r u c t u r e  8'13'~8'19'23 the f e r r i t e  f requent ly  
adopts one of the f a m i l i a r  m orpho log i e s  of c a rb ide -  
f r ee  f e r r i t e ,  but contains  c lose ly  spaced bands of fine 
alloy ca rb ides  ( in terphase  prec ip i ta t ion) .  This  m o r -  
phology has been o b s e r v e d  in s t ee l s  containing V, 8 W, s 
Mo, 16 Ti,  2~ and Cr.  9'~3 Vanadium and t i tanium s t ee l s  
t r a n s f o r m e d  in the range  650 ~ to 800~ exhibi t  p a r -  
t i cu la r ly  f ine-banded d i s p e r s i o n s  of vanadium or  t i -  
tanium ca rb ides .  8'2~ These  d i s p e r s i o n s  have s e v e r a l  
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Fig�9 6--An Fe-1 pet V-0.2 pet C alloy with 3 pet Ni, trans- 
formed 5 rain at 690~ The vanadium carbide particles are 
illuminated in dark field and the ~/-a boundary is shown. D.F. 
electron micrograph using V4C 3 reflection, magnification 
86,000 times�9 (Davenport and Honeycombe). 

�9 ~ , , 0  
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(a) 

Fig. 7--An Fe-1 pet V-0.2 pet C alloy transformed 3~- hr at 
650~ to coarsen precipitate�9 VaC 3 particles in ferrite: pole 
of habit of precipitate is (100) a. Field ion micrograph, mag- 
nification ~ 800,000 times�9 (Schwartz and Ralph). 

unusual  c h a r a c t e r i s t i c s  which d is t inguish  them f r o m  
n o r m a l  p rec ip i t a t ion  in a s u p e r s a t u r a t e d  sol id solut ion.  
They a re :  

1) The p rec ip i t a t e  is not randomly d i spe r sed ,  but 
is p r e s e n t  in fine p a r a l l e l  bands. Fig.  5 shows such a 
s t r u c t u r e  in a s t e e l  containing 0.25 pct  Ti  and 0.1 pct  
C which has been t r a n s f o r m e d  at 710~ then held at 
this  t e m p e r a t u r e  4~- days to coa r s en  the p rec ip i t a t e .  
Immed ia t e ly  a f te r  t r a n s f o r m a t i o n  in the t e m p e r a t u r e  
range 650 ~ to 700~ the spacingoof the bands can be in 
the range 5 t o  10 nm (50 to 100A). Fig.  6 is a d a r k  
f ie ld  image  of a s t ee l  containing 1 pct  V and 0.2 pet C 
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Fig. 8--An Fe-12 pet Cr-0.2 pet C alloy isothermally trans- 
formed for 60 min at 625~ Thin foil electron micrograph, 
magnification 28,600 times. (a) bright field, (b) dark field 
(same area) using centered 220 Mz3C ~ spot as direct beam, 
(Campbell). 

t r a n s f o r m e d  5 min  at 690~ in which the band spacing 
is  within th is  range.  The individual  p a r t i c l e s  cannot 
be r e s o l v e d  in the e l e c t r o n  m i c r o s c o p e  at th is  s tage  
in this s tee l ,  but use  of the f ie ld  ion m i c r o s c o p e  a l -  
lows the i r  d i s t r ibu t ion  and morphology  to be studied,  2v 
Fig.  7. 

2) The bands run p a r a l l e l  to the 7 - a  phase bound- 
ary  and follow any sharp  changes  in d i r ec t i on  of the 
f e r r i t e  growth f ront  as shown in a pa r t ly  t r a n s f o r m e d  
ch romium s tee l ,  Fig.  8(a).  The same  f ie ld  is shown in 
dark  f ie ld  us ing  a cen te red  {220} M23C6 spot as d i r e c t  
beam,  Fig.  8(b). 

3) The morphology of the carb ide  is usual ly  the 
same  as that adopted by the same  alloy carb ide  in 
t e m p e r e d  m a r t e n s i t e ,  except  that f requent ly  only one 
va r i an t  of the morphology is  p r e sen t ,  and that is 
often the one which a l lows the p a r t i c l e s  to be mos t  
c lose ly  p a r a l l e l  to the i n t e r f ace  between ~ and ~.  

These  c h a r a c t e r i s t i c s ,  t oge the r  with a number  of 
de ta i led  s t r u c t u r a l  obse rva t ions ,  have led to the con-  
c lus ion  that the carb ide  p a r t i c l e s  a r e  nuc lea ted  at the 
y - a  in te r face ,  and r e p r e s e n t  s u c c e s s i v e  pos i t ions  of 
the boundary as it sweeps  through the s t r uc tu r e .  Var -  
ia t ions of this  bas ic  m e c h a n i s m  have been sugges ted  
by s e v e r a l  w o r k e r s  (Mannerkoski ,  13 Re lander ,  14 Dav-  
enpor t  e t  a l . ,  23 Gray and Yeo 19) as the explanat ion of 
a l igned ca rb ide  p r e c i p i t a t e s  now f requent ly  obse rved  
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Fig. 9--Schematic model of interphase precipitation. In 
(a) partitioning of carbon occurs before precipitation coupled 
with a gradual build-up. In (b) the concentrations are suffi- 
cient for carbide nucleation on the ferri te side of the "/-a 
boundary which pins the boundary and depletes the adjacent 
austenite of carbon to some level CY 7 near the precipitate. 
Eventually the carbon depletion increases the driving force 
for ferri te formation sufficiently to drag the y -a  boundary 
away, (c), and the partitioning process recommenees. (Dav- 
enport and Honeycombe). 

in f e r r i t e .  Davenpor t  and Honeycombe 8 have sug-  
ges ted  that the m o v e m e n t  of the y - a  boundary is  
con t ro l l ed  by the carbon concen t ra t ion  ahead of the 
aus teni te ,  Fig.  9. When the f e r r i t e  boundary jus t  
r e a c h e s  a new pos i t ion  fo r  nucleat ion,  the re  is  a sharp  
par t i t ion  of carbon  a c r o s s  it, the aus teni te  at the 
boundary is en r i ched  to a c r i t i c a l  value C ~, while the 
adjacent  f e r r i t e  has a carbon  concen t ra t ion  C a.  In the 
e x t r e m e  case  the diffusion d i s t ances  a r e  only 2 nm 
(20.~), e . g .  in an F e - I V - 0 . 2 C  s t ee l  t r a n s f o r m e d  at 
650~ which is r e f l e c t e d  in the e x t r e m e l y  rap id  r a t e  

~/(M) 

(a) 

(b) 
Fig. 10--An Fe-6 pet W-0.23 pet C alloy (a) transformed 2 
hr at 800~ Optical micrograph, magnification 750 times. 
(b) transformed 15 min at 750~ Electron micrograph of 
transformation front showing M6C precipitates. (Davenport 
and Honeyeombe). 

at which the r eac t ion  occu r s .  At 700~ the t r a n s f o r -  
mat ion  f rom y ~ (a + vanadium carbide)  is comple te  
in l e s s  than one minute ,  which does not allow for  dif-  
fusion of m e t a l l i c  a toms o v e r  l a rge  d i s t ances ,  so the 
m e t a l l i c  solute  a toms  needed for  ca rb ide  nucleat ion 
may wel l  s e g r e g a t e  by diffusion along the in te r face .  It 
is a l so  poss ib le  that solute a toms  a re  co l l ec ted  in the 

- a  boundary dur ing  movemen t ,  leading to a solute  
d rag  ef fec t  (Aaronson24), which would eventua l ly  halt  
the boundary,  and allow nuclea t ion  to p roceed .  

In some  s t e e l s ,  notably F e - 6  wt pet  W-0.2  pet  C and 
Fe -12  pet  Cr -0 .2  pct  C, in te rphase  p rec ip i t a t ion  and 
the a s s o c i a t e d  growth of f e r r i t e  o c c u r s  on an e x t r e m e l y  
c o a r s e  sca le ,  which a l lows a de ta i l ed  study of the ~ - a  
in t e r f ace  and the bands of p rec ip i t a t e .  Such s tudies  8'9 
have r e v e a l e d  two ways in which the in t e r f ace  m o v e s :  

1) The f e r r i t e  in te r face  b r e a k s  away f rom the bands 
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(b) 

Fig. 11--An Fe-12 pct Cr-0.2 pct C alloy transformed 30 min 
at 650 ~ (a) bright field electron micrograph, (b) dark field 
(same area) using a M23C 6 reflection. The arrow indicates the 
position of one step and precipitation can be detected beyond 
it on the long section of the T-c~ interface. Magnification 
100,000 times. (Campbell). 

of p rec ip i ta te  in local ized loops which can some t i me s  
be observed  in the optical  mic roscope ,  Fig. 10(a). The 
e a r l i e r  posi t ions  of the in te rphase  boundary  in this 
F e - W - C  alloy a re  readi ly  revea led  by etching up the 
prec ip i ta te  bands.  Thin foil e l ec t ron  mic roscopy  shows 
in g rea t e r  deta i l  this b reak  away of the boundary from 
the las t  band of prec ip i ta te  (M~C) to form,  Fig. 10(b), 
and in so doing provides  new s i tes  for fur ther  nuc lea -  
t ion of M6C. A break  away of this  type could " u n z i p "  
longer  lengths of boundary by the movement  of the two 
l imi t ing  steps in opposite d i rec t ions .  

2) Growth of the f e r r i t e  c rys t a l  can occur by move-  
ment  of success ive  sma l l  s teps along the y - ~  bound- 
ary,  usual ly  all  in the same direct ion.  Mannerkoski ,  ~ 
and more  recent ly  Campbel l ,  ~ have observed  this  phe-  
nomenon in h igh -ch romium s teels .  An example is 
shown in an Fe-12 pet Cr-0 .2  pet C alloy, Fig. l l ( a ) ,  
pa r t i a l ly  t r an s fo rmed  after  10 minu tes  at 700~ 
where bands of Mz~C6 are  c lear ly  assoc ia ted  with 
large s teps in the f e r r i t e .  Dark field EM studies  of 
such spec imens  show that the s i tes  for carbide  nuc le -  
at ion a re  not on the facets  but on the long faces of the 
steps,  Figs.  l l ( a )  and (b). P r e c i s e  c rys ta l lograph ic  
ana lys i s  of the s teps is difficult ,  but Campbel l  has 
found that the p lanar  in te rphase  boundary could be 
{110} a while the s teps a re  cons is ten t  with {l12}a. The 
{ l l 0 } a  plane provides  a low-energy  coherent  in te r face  
with {111} ~ p lanes  (Kurdjumov-Sachs) ,  while the {112} a 
step could be a h igh-energy  in ter face  capable of rapid  
movement ,  and thus unl ikely to become a sui table  si te  
for carb ide  nucleat ion.  Converse ly ,  the { l l 0}a  p lanar  
in te r face  acts  more  effectively in nuclea t ion  because  
of its re la t ive  immobi l i ty .  

3) Widmanst/ / t ten F e r r i t e  ~ 

While the long pla tes  cha rac t e r i s t i c  of Widmanst~it- 
ten f e r r i t e  are  often a s t r ik ing  fea ture  of lower carbon 

l l 0 4 - V O L U M E  3, MAY 1972 

Fig. 12--First-formed upper bainitic ferrite lath in 0.1 pet C 
steel transformed at 600~ Replica electron micrograph, 
magnification 12,000 times. 

s tee ls ,  this type of s t ruc tu re  is  r ea l ly  only an exten-  
sion of the side plate morphology of g ra in  boundary 
f e r r i t e  id iomorphs ,  where the f e r r i t e  has an o r i en t a -  
t ion with the aus teni te  gra in  in which it grows, viz. 
the Kurdjumov-Sachs .  

The plate morphology has been explained by seve ra l  
theor ies  s u m m a r i z e d  in deta i l  by Aaronson.  24 They 
va ry  f rom the diffusion geomet ry  theory of Mehl and 
Bar re t t ,  ~ who assumed  that the edges of p la tes  grow 
more  rapidly because  of the s teeper  concen t ra t ion  
gradients ,  to the la t t ice  shear  theor ies  which are  sup- 
por ted by the observa t ion  of su r face  re l i e f  effects  (at 
leas t  in baini t ic  fe r r i te ) .  27 In between these two ex- 
t r e m e s ,  there  is a group of theor ies  or ig ina t ing  with 
Smith and Aar~)nson, in which the s t rongly  an iso t ropic  
growth of Widmanst~itten f e r r i t e  is explained in t e r m s  
of the grea t  ease of motion of incoherent  phase bound- 
a r i e s  compared  with coherent  ones. It s e e ms  l ikely in 
some c i r c u m s t a n c e s  that growth of the pla tes  occurs  
by the movement  of incoheren t  ledges on the coherent  
in te r faces  as postulated by Aaronson,  and observed  in 
some fe r r i t i c  al loys.  However,  it is c l ea r  that no one 
theory can account for all  the fo rms  of Widmanst~itten 
f e r r i t e  over the whole t e m p e r a t u r e  range of format ion ,  
and that each of the above m e c h a n i s m s  may be ope ra -  
tive under  different  c i r c u m s t a n c e s .  

4) Upper Bainite 28-3~ 

Nucleat ion occurs  mainly  at the aus teni te  gra in  
boundar ies .  The f i r s t  fo rmed t r a n s f o r m a t i o n  products  
are  f e r r i t e  laths,  Fig. 12, which nucleate  rapidly by a 
sympathet ic  s i d e - b y - s i d e  reac t ion .  3~ The f e r r i t e  
g ra ins  therefore  appear  as sheaves  of elongated 
g ra ins ,  often with a sma l l  o r ien ta t ion  d i f ference  be-  
tween each unit .  Surface re l ie f  effects s i m i l a r  to those  
produced by m a r t e n s i t e  are  found, and although it is 
genera l ly  cons idered  that a shear  t r a n s f o r m a t i o n  is  
involved, the evidence is not unambiguous .  Growth of 
the pla tes  occurs  p redominan t ly  along the ma jo r  axis.  

Upper ba in i t ic  f e r r i t e  contains  a lower  carbon con-  
tent than the aus teni te  f rom which it f o rms ,  although it 
is s t i l l  supe r sa tu ra t ed  with r e spec t  to carbon.  This  
supe r sa tu ra t i on  i n c r e a s e s  with dec reas ing  t r a n s f o r m a -  
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Fig. 13--Upper bainite in 0.1 pct C steel transformed at 
550~ Thin foil electron mierograph, magnification 38,000 
times. 

t ion t e m p e r a t u r e ,  and consequent ly  the aus teni te  is en-  
r i ched  in carbon.  In some cases ,  this carbon  e n r i c h -  
ment  causes  re ten t ion  of u n t r a n s f o r m e d  aus teni te ,  
p a r t i c u l a r l y  between two adjacent  f e r r i t e  l a t h s J  1 Due 
to this  carbon  en r i chmen t ,  r eg ions  of h igh -ca rbon  aus -  
teni te  t r a n s f o r m  eventual ly  to ca rb ide  f i lms  which lie 
genera l ly  along the boundar ies  between adjoining f e r -  
r i t e  g ra ins ,  Fig.  13. With e i the r  i n c r e a s i n g  carbon 
content or  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 t u r e ,  the 
width of the baini t ic  f e r r i t e  laths d e c r e a s e s ,  and con-  
sequent ly  the ca rb ides  a r e  c l o s e r  toge ther .  With c e r -  
tain compos i t ions  and cool ing r a t e s ,  the c a r b o n - e n -  
r i ched  aus teni te  does not t r a n s f o r m  to carb ide  f i lms ,  
but r e m a i n s  e i t he r  as pools  of r e t a ined  aus ten i te  or  
h igh -ca rbon  m a r t e n s i t e  between the baini t ic  f e r r i t e  
g ra ins .  32 This  type of s t r u c t u r e  has been r e f e r r e d  to 
as g ranu la r  baini te .  The upper  baini t ic  f e r r i t e  con- 
ta ins  an apprec iab le  d i s loca t ion  dens i ty  which in-  
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 t u r e .  

In publ ished s tudies  on baini te ,  the carb ide  has been 
invar iab ly  Fe3C. No work has apparent ly  been done on 
the c rys ta l log raphy  of upper  baini te  containing an al loy 
carb ide .  As shown by Shackleton and Kelly,  33 if the 
f e r r i t e  and cernent i te  a r e  both a s s u m e d  to p r ec ip i t a t e  
d i r ec t ly  f rom the pa ren t  aus ten i te  with the i r  r e s p e c -  
t ive o r ien ta t ion  r e l a t ionsh ips ,  then the obse rved  o r i -  
entat ion r e l a t ionsh ips  between the cemen t i t e  and the 
bainitic ferrite can be rationalized. The orientation 
between upper bainitic ferrite and austenite appears 
to obey the Kurdjumov-Sachs relationship, the habit 
plane of the ferrite laths being {111}~. Usually, ori- 
entation differences between neighboring bainitic fer- 
rite grains are observed, Fig. 13, this misorientation 
normally varying between 6 and 18 deg. There are 
many possible orientation variations for a ferrite 
grain formed from an austenite grain of given orienta- 
tion. Six groups of such variants occur, the misori- 
entation within any group being in the range referred 
to above, and between groups either 51, 97, or 120 deg. 

5) Lower  Baini te  z8-3~ 

In lower  baini te ,  nuclea t ion  again o c c u r s  at the p r i o r  
aus teni te  g ra in  boundar ies ,  but t he r e  is a l so  a tendency 
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Fig. 14--Lower bainite in 0.6 pct C steel transformed at 
300~ Thin foil electron micrograph, magnification 48,600 
times. 

for  it to occur  m o r e  f requent ly  within the g ra ins .  Lower  
ba in i t ic  f e r r i t e  appears  to f o r m  by shear ,  and the re  is 
ev idence  that the f i r s t  f o r m e d  lower  baini t ic  lath is 
s u p e r s a t u r a t e d  with carbon 34 to a much g r e a t e r  extent  
than upper  baini te .  The growth of such baini t ic  f e r r i t e  
p r o c e e d s  with p rec ip i t a t ion  of carb ide .  3s The laths 
grow mainly  along the i r  m a j o r  axis ,  but t he re  is a lso  
some l a t e r a l  growth. 

The ca rb ide  morphology is quite  d i s t inc t  f rom that 
of upper  baini te  insofar  as it o c c u r s  within the individ-  
ual  f e r r i t e  laths.  M o r e o v e r ,  within a given lath only 
one va r i an t  of a Widmanst / i t ten morphology  is  ob- 
s e rved ,  36 Fig.  14. The re  is no sound ev idence  that 
twinning in the baini t ic  f e r r i t e  3s is r e spons ib l e  for this  
ca rb ide  morphology.  Indeed, it is m o r e  indica t ive  of 
an in te rphase  type of p rec ip i t a t ion  o c c u r r i n g  dur ing 
the growth of the laths.  Lower  baini t ic  f e r r i t e  i n v a r i -  
ably contains  a cons ide rab le  densi ty  of d i s loca t ions  in 
complex  and s c a r c e l y  r e s o l v a b l e  tangles .  

The o r ien ta t ion  r e l a t ionsh ip  between the cemen t i t e  
and the lower  baini t ic  f e r r i t e  has been r e p o r t e d  as: 33 

(001)Fe3C II (211)a 

[100]Fe3 C tl [ 0 i l i a  

[010]Fe3 C ,i [ l i i ] c  ~ 

This  r e l a t ionsh ip  is that obeyed by the p rec ip i t a t ion  
of cernent i te  f rom m a r t e n s i t e  dur ing t em pe r ing ,  and 
a lso  for  cemen t i t e  in quench aged f e r r i t e .  It appea r s  
that baini t ic  f e r r i t e  fo rma t ion  has s i m i l a r  c r y s t a l l o -  
graphic  f ea tu r e s  to that of m a r t e n s i t e ,  and the lower  
ba in i tes  in eutec to id  s t ee l s  have habit p lanes  s i m i l a r  
to those of h i g h e r - c a r b o n  m a r t e n s i t e s .  

KINETICS 

1) F e r r i t e  

The k ine t ics  of f e r r i t e  growth in plain carbon  aus-  
teni te  have been shown to be d e t e r m i n e d  by the dif-  
fuss iv i ty  of carbon  in a u s t e n i t e J  7 The addit ion of a l loy-  
ing e l emen t s  in sol id  solut ion in the aus teni te  is ,  how- 
e v e r ,  c r u c i a l ,  as it  has been shown theo re t i c a l l y  that 
the compos i t ion  of the aus teni te  in contact  with the f e r -  
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r i t e  is the mos t  impor t an t  fac to r  in growth k ine t i c s .  3'38 
I t  has been concluded that pa r t i t ion  of a l loying e l e m e n t s  
between y and a only o c c u r s  at h igher  t e m p e r a t u r e s ,  
and below a ce r t a i n  c r i t i c a l  t e m p e r a t u r e  it does  not 
occur  at all .  Kinsman and Aaronson  39 have found that 
this t e m p e r a t u r e  is in some  ca se s  coincident  with the 
A e  3 t e m p e r a t u r e ,  and that no par t i t ion  o c c u r s  in some 
s y s t e m s ,  e . g .  those containing A1, Co, Cu, Mo, and Si. 
Pa r t i t i on  does  occur  be lowAe3  with Ni, Mn, and Pt.  
However ,  the findings on lack  of pa r t i t ion  a re  open to 
c r i t i c i s m  as it may occur  on a s m a l l e r  sca le  than that  
indicated by m i c r o p r o b e  ana lys i s .  Indeed the p r e s e n c e  
of ve ry  fine alloy ca rb ide  d i s p e r s i o n s  in some  f e r r i t e s  
sugges ts  that this is the case .  

The e f fec ts  of the va r ious  solute  e l e m e n t s  on nuc le -  
ation and growth of f e r r i t e  have been r a t i ona l i zed  in 
t e r m s  of the i r  e f fec t  on the A e 3  t e m p e r a t u r e  r e l a t i v e  
to the A e 3  t e m p e r a t u r e  for  a plain F e - C  al loy.  An 
e l emen t  which r a i s e s  the A e a  t e m p e r a t u r e ,  i n c r e a s e s  
the volume f r e e  energy  change con t ro l l ing  the nuc l ea -  
tion of a and a lso  the concen t ra t ion  gradient ,  which 
p rov ides  the d r iv ing  fo rce  for  growth.  Co, A1, and Si 
do in fac t  d i sp lace  the f e r r i t e  r eac t i on  to s h o r t e r  
t i m e s  in T T T  d i a g r a m s ;  however ,  the behav io r  of 
molybdenum is anomalous .  On the o ther  hand, n ickel  
and manganese  lower  the A e  3 t e m p e r a t u r e  and should 
t h e r e f o r e  slow down the f e r r i t e  r eac t ion ,  as they a re  
o b s e r v e d  to do. 

Kinsman and Aaronson  39 have made  a de ta i led  c o m -  
pa r i son  of the k ine t ics  of an Fe -0 .5  at. pct  C alloy with 
those of an F e - l . 0  at. pct  Mn-0.5  at. pct  C and an F e -  
1.0 at. pct  Mo-0 .5  at. pct  C alloy. Typica l  T T T  dia -  
g r a m s  for  the ini t ia t ion of the r eac t i on  a r e  shown in 
Fig.  15 which i l l u s t r a t e s  the expec ted  behav io r  for  
manganese ,  but a m a r k e d  d i f fe rence  in the case  of 
molybdenum.  These  d i s c r e p a n c i e s  can probably  be 
accounted for  by bas ic  d i f f e r e n c e s  in the nature  of the 
t r a n s f o r m a t i o n  product  in the two a l loys .  M o r e o v e r ,  
the two b ranches  of the curve  for the molybdenum s t ee l  
may r e p r e s e n t  two sepa ra t e  r eac t ions .  

The same  authors  s tudied the thickening of f e r r i t e  
a l l o t r i o m o r p h s  d i r ec t ly ,  by the use  of 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 ,  to d e t e r m i n e  whether  the m o v e -  
ment  of the boundar ies  fol lowed the r e l a t ionsh ip  r e -  
qu i red  by theory  for  a d i f fu s ion -con t ro l l ed  in te r face ,  
v iz . :  

b- 

Temperature A. Fe-0.Sa/oC 
1000 - Range of Growth B. Fe-O.5a/oC~l.Oa/oMn 

Measurements C Fe-0.5 a/oC-1.0a/c Mc 
9 0 0  C . . . . .  C "~ 1700 

8oo ~J~ 15oo 
700  - - 1300 ~. 

600 I i00 2 

500 - 900 

i ~ 1 1 i L I ~ , I 1 , 
1 I0 10 2 103 104 

Reaction Time, seconds 
Fig. 15--Isothermal transformation diagrams for (a) Fe-0.5 
at. pet C; (b) Fe-1 at. pct Mn-O.5 at. pet C; (c) Fe-1 at. pet 
Mo-0.5 at. pet C. (Kinsman and Aaronson). 

T = a t  2 

where  

T = th ickness  of a l l o t r i o m o r p h  

t = t ime 

= constant  

They found that in a l l  t h ree  a l loys  the th ickness  was 
l i nea r ly  r e l a t ed  to t ~/2. D e t e r m i n a t i o n  of the constant  
a showed that it was in good a g r e e m e n t  with the va lues  
ca lcu la ted  a s suming  that the ra te  cont ro l l ing  p r o c e s s  
is the vo lume diffusion of carbon  in aus teni te .  

2) Baini te  

Many s tudies  have been made of the k ine t i cs  of the 
baini te  reac t ion ,  employing  e i the r  r e s i s t i v i t y  or  hot-  
s tage m i c r o s c o p e  techniques .  Both t echn iques  can be 
c r i t i c i zed .  Res i s t i v i t y  s tudies  can be compl i ca t ed  by 
t e m p e r i n g  o c c u r r i n g  dur ing the t r an s fo rm a t ion .  In 
ho t - s t age  m i c r o s t r u c t u r a l  s tudies  t he r e  is some doubt 
whether  the su r f ace  r e l i e f  quant i ta t ive ly  def ines  the 
boundar ies  of the t r a n s f o r m e d  product ,  and a lso  whether  
growth r a t e s  involve those of individual  units  or  ag-  
g r e g a t e s  of ba in i t ic  p la tes .  The thickening,  and to 
some extent  the lengthwise  growth r a t e s  which a re  
m e a s u r e d ,  may a lso  be m o r e  con t ro l l ed  by the a c c o m -  
modat ion of the sur face  to the s t r e s s e s  se t  up than by 
the ac tual  r a t e s  of growth.  

Desp i te  these  unce r t a in t i e s ,  the re  is g e n e r a l  a g r e e -  
ment  that with m o r e  than ~0 .5  pet  C, a d iscont inui ty  in 
the r eac t i on  o c c u r s  at a t e m p e r a t u r e  about 350~ 
Above 350~ upper  baini te  is fo rmed ,  whi ls t  below 
350~ lower  baini te  is fo rmed .  It has a l so  been r e -  
por ted  4~ that the ac t iva t ion  e n e r g i e s  for  upper  and 
lower  baini te  fo rma t ion  a re  approx ima te ly  those of 
carbon  diffusion in ans teni te ,  and f e r r i t e ,  r e s p e c t i v e l y .  

In l o w e r - c a r b o n  s t ee l s  however ,  the change f rom 
upper  to lower  baini te  o c c u r s  at r a t h e r  h igher  t e m p e r -  
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Fig.  16 - -The  e f f ec t  of  c a r b o n  con ten t  on the ehange f r o m  up-  
pe r  to  l o w e r  b a i n i t e .  
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a tu res  than 350~ The change f rom upper  to lower 
balni te  occurs  over  a range  of t e m p e r a t u r e s ,  and at 
some t e m p e r a t u r e s  the re  is a mix tu re  of upper  and 
lower balni te .  The m a x i m u m  t e m p e r a t u r e  above which 
lower  ba ln i te  is not obse rved  is shown as a funct ion of 
carbon  content  in Fig. 16. 30 

The ext rapola t ion  of the A c r e  l ine is a lso shown in 
Fig.  16. It is  s igni f icant  that when the s tee l  becomes  
s u p e r s a t u r a t e d  with r e spec t  to cement i t e  the t e m p e r -  
a tu re  of the change f rom upper  to lower ba in i te  abrupt ly  
d e c r e a s e s  and then r e m a i n s  cons tant  for all  h ighe r -  
carbon  composi t ions .  

Recent  kinet ic  s tudies  41'42 indicate  that the diffusion 
cont ro l led  growth models ,  in which the growth of the 
ba ln i te  s t r u c t u r a l  uni t  is  cont ro l led  by the r em ova l  of 
carbon  away f rom the b a i n i t e - a n s t e n i t e  in te r face ,  are  
not opera t ive .  Rather  it is suggested that both upper  
and lower ba in i te  form by repea ted  nuclea t ion  of the 
individual  s t r u c t u r a l  uni t s ,  and growth r a t e s  m e a s u r e d  
by ho t - s tage  mic roscopy  a re  cont ro l led  by this  m u l -  
t iple  nuclea t ion  p rocess .  This  sugges ts  that the growth 
of baini te  is assoc ia ted  with the r e l i e f  of t r a n s f o r m a -  
t ion s t r a in s .  Step quenching expe r imen t s  have shown 
that lower ba in i t ic  f e r r i t e  p la tes  do not continue to 
grow when the t e m p e r a t u r e  is  r a i s e d  into the upper  
baini te  range;  r a the r  new upper  baini te  laths a re  
nucleated.  Growth of both upper  and lower ba in i te  
ceases  when up-quenched to above B s , but r e c o m -  
m e n c e s  on cooling to the o r ig ina l  t e m p e r a t u r e .  

Li t t le  or no work has been repor ted  on the effect of 
a l loying e l emen t s  on the detai led k ine t ics  of the baini te  
reac t ion ,  which is in con t r a s t  to the la rge  volume of 
s i m i l a r  work on the f e r r i t e  reac t ion .  However,  in-  
fo rmat ion  is avai lable  on the effect of a l loying e l e -  
men t s  on the B s t e m p e r a t u r e ,  43 which is l i nea r ly  de-  
p r e s s e d  by a l loying addi t ions ,  and can be desc r ibed  by 
the following equation:  

B s ~  = 830 - 270 pct C - 90 pet M n -  37 pet Ni 

- 70 pet C r -  83 pet Mo 

It has a lso been  shown that the B 50 pct and B f  t em-  
p e r a t u r e s  occur  at m o r e  or l ess  fixed t e m p e r a t u r e  
i n t e rva l s  be lowB , i e t heBo  - B e  range  for many 

S " " o o y 

s tee l s  is  constant  (about 120 C). 

RATIONALIZATION OF SUBCRITICAL 
TRANSFORMATIONS IN AUSTENITE 

There  a re  two main  fac tors  which dominate  al l  the 
t r a n s f o r m a t i o n s  in alloy s tee l s  below A e l ,  namely :  

i) the m e c h a n i s m  by which f e r r i t e  fo rms ;  
if) the diffusivi ty of carbon  and of the subs t i tu t iona l  

a l loying e lements .  
At the highest  t e m p e r a t u r e s ,  > 650~ f e r r i t e  fo rms  

by a t h e r m a l l y - a c t i v a t e d  p r o c e s s  of nuc lea t ion  and 
growth at the aus teni te  g ra in  boundar ies .  The growth 
of the nucle i  is achieved by a tomic t r a n s f e r  a c r o s s  
the y - ~  in ter face ,  which occur s  at an adequate ra te  
at an incoheren t  in te r face .  However,  in the case of a 
coheren t  in te r face ,  where the Kurd jumov-Sachs  r e l a -  
t ionship holds, growth occurs  by the movemen t  of 
s teps  along the in ter face .  At i n t e rmed ia t e  t e m p e r a -  
tu re s ,  it is the au thors '  opinion that f e r r i t e  f o r ms  by 
a shear  mechan i sm  which in both Widmanst~itten f e r -  

r i t e  and upper  baini te  obeys the Kurd jumov-Sachs  
r e l a t ionsh ip  with the aus teni te  in which it is growing. 
In both these cases  the r e s idua l  aus teni te  is enr iched  
in carbon,  but with Widmanst~itten f e r r i t e  it t r a n s -  
f o r ms  to pea r l i t e ,  whilst  in upper  baini te  a cement i t e  
f i lm r e s u l t s  because  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  
is below that for pea r l i t e  format ion .  At the lowest  
t e m p e r a t u r e s ,  the t r a n s f o r m a t i o n  s t r a i n s  a re  such 
that the f e r r i t e  laths probably  form by shear  with i r -  
r a t iona l  habit  p lanes  close to those of m a r t e n s i t e .  

Tu rn ing  to the diffusional  aspects  of the t r a n s -  
fo rmat ions ,  it is c l ea r  that at the highest  t e m p e r a -  
t u re s  not only the carbon  but a lso the other  a l loying 
e l emen t s  a re  f ree  to diffuse, so pa r t i t ion ing  occurs .  
In the case  of e l e m e n t s  which form m o r e  s table  c a r -  
b ides  than i ron,  the carbon is no rma l ly  p rec ip i t a ted  
as an alloy carb ide ,  with s e ve r a l  d i f ferent  morpho l -  
ogies.  The pea r l i t e  and f ib rous  carb ide  morphologies  
a r i s e  f rom the nuclea t ion  of nodules at aus ten i te  
grain boundaries, which subsequently grow into the 
austenite grain which is not crystallographically re- 
lated to the ferrite. On the other hand, the interphase 
reaction occurs at both coherent and incoherent a/y 
interfaces. Whilst the incoherent interfaces share 
the growth characteristics of the polyhedral ferrite 
and pearlite morphologies, the coherent interfaces 
need steps to achieve the necessary growth rates. 

Whilst it is not yet possible to rationalize all the 
complex structural observations, it seems that the 
pearlitic alloy carbides and the fibrous alloy carbides 
are formed primarily under high-temperature condi, 
tions at incoherent high-energy interfaces, and repre- 
sent a closer approach to equilibrium than the inter- 
phase morphologies. The tendency of some carbides 
to form coarse pearlitic structures rather than fibrous 
ones may be due to their more complex crystal struc- 
tures. The interphase precipitation reaction, whilst it 
occurs over a wide temperature range in some steels, 
appears to provide the lowest temperature mechanism 
by which alloy ca rb ides  can form.  At these lowest  
t e m p e r a t u r e s  the f e r r i t e  is  probably fo rming  by shear  
and growing by step propagat ion along coherent  i n t e r -  
faces  with alloy carb ide  nuc lea t ion  o c c u r r i n g  at the 
steps.  As far  as carb ide  fo rmat ion  is concerned ,  the 
ba in i t es  provide a useful  analogy with the higher  t em-  
p e r a t u r e  t r a n s f o r m a t i o n  products  in alloy s tee ls .  In 
both upper  and lower baini te ,  cement i te  is the p r e d o m -  
inant  carb ide  because  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 s  
a re  too low for the subs t i tu t iona l  a l loying e l emen t s  to 
d i f fuse -c f ,  the t e mpe r i ng  behavior  of alloy m a r t e n -  
s i tes .  F u r t h e r m o r e ,  the cement i te  morphology adopted 
is de t e rmined  by the diffusivi ty of the carbon.  In upper  
ba in i te  the diffusion of carbon  in u n t r a n s f o r m e d  aus -  
teni te  is suff ic ient ly  rapid to allow complete  par t i t ion  
between the f e r r i t e  and the aus teni te ;  the r e s idua l  
aus ten i te  f inal ly depos i t s  cement i t e  as cont inuous or 
semicon t inuous  f i lms  between ba in i t ic  f e r r i t e  laths,  
giving a s t r uc t u r e  not unl ike fine pea r l i t e ,  Fig.  17. 
The carbon  diffusion dur ing  the fo rmat ion  of lower 
baini te  is so r e s t r i c t e d  that carbon  concen t ra t ions  
build up at the ~ / a  in te r face  leading to the n u c l e a -  
t ion of sma l l  cement i te  pa r t i c l e s .  Here is a c lea r  
analogy to the in te rphase  p rec ip i t a t ion  of alloy c a r -  
bides  at higher  t e m p e r a t u r e s .  The unique habit  of the 
cement i t e  pa r t i c l e s  ( c f .  V4C3 in f e r r i t e )  is  s t rong  sup-  
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Fig. 17--Higher-carbon upper bainite in 0.6 pet C steel 
transformed at 500~ showing resemblance to fine pearlite. 
Thin foil electron micrograph, magnification 37,500 times. 
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Fig. 18--The effect of bainitic ferri te grain size on the proof 
stress (Pickering). 

por t  for the i r  nucleat ion at an in te r face ,  and the i r  
actual  o r ien ta t ion  is compat ib le  with the i r  growth in 
f e r r i t e ,  insofar  as the or ien ta t ion  r e l a t ionsh ip  is  the 
same as that for  cemen t i t e  p rec ip i t a t ed  in t e m p e r e d  
m a r t e n s i t e .  

MECHANICAL P R O P E R T I E S  

1) Strengthening Ef fec t s  and M e c h a n i s m s  

Much work has been done to identify the s t r eng then-  
ing m e c h a n i s m s  in both f e r r i t e  and baini te .  In f e r r i t e ,  
the work has been l a rge ly  confined to plain carbon  or  
gra in  re f ined  s tee l s .  In baini t ic  s t r u c t u r e s ,  the work  
on s t rengthening  m e c h a n i s m s  has been l a rge ly  done 
on low-a l loy  s t ee l s  as such s t ee l s  enable the appro-  
p r i a t e  m i c r o s t r u c t u r e s  to be m o r e  r ead i ly  obtained 
Var ious  s t rengthening  m e c h a n i s m s  can be ident if ied:  

1.1) The F e r r i t e  Gra in  Size 

It is well  known that r e f in ing  the f e r r i t e  g ra in  s ize  
in polygonal  f e r r i t e  s t r u c t u r e s  i n c r e a s e s  the y ie ld  
s t rength  accord ing  to the H a l l - P e t c h  equat ion 44 

Yield S t r e s s  = (~o + k d 

where  d = f e r r i t e  gra in  d i a m e t e r .  

Fig. 19--Bainitic ferri te boundary in 0.1 pct C steel trans- 
formed at 650 ~ Thin foil electron micrograph, magnifica- 
tion 61,000 times. 

F o r  baini t ic  f e r r i t e  it can a lso  be seen  that t he re  is  
a s i m i l a r  re la t ionsh ip ,  Fig.  18. 5o It is c l e a r  that the 
ba in i t ic  f e r r i t e  g ra in  s ize  is  a m a j o r  fac to r  c o n t r o l -  
l ing the s t rength ,  and it is  i n t e r e s t i n g  that the ba in i t ic  
f e r r i t e  boundar ies ,  Fig. 19, a r e  apparent ly  able to 
impede d i s loca t ion  m o v e m e n t  suff ic ient ly  to i n c r e a s e  
the y ie ld  s t r e s s .  

1.2) D i s p e r s i o n  St rengthening by Ca rb ides  

The in te rphase  r eac t ion  has been shown to have a 
substant ia l  s t reng then ing  ef fec t  on f e r r i t e .  Fo r  a given 
p a r t i c l e  s ize  d is t r ibut ion ,  the intensi ty  of s t r eng then-  
ing is r e l a t e d  to the vo lume f rac t ion  of d i s p e r s e d  c a r -  
bide. Recent  deve lopment s  in mi ld  s t ee l s  containing 
sma l l  addi t ions of niobium, vanadium,  and so forth,  use  
both gra in  r e f i nem en t  and d i s p e r s i o n  s t rengthening  by 
alloy ca rb ides  to ach ieve  high s t rength  l eve l s .  The 
d i spe r s i on  s t rengthening,  which in this case  leads  to 
s t rength  i n c r e m e n t s  of up to 150 MN m -2 (10 t .s . i . )  
have now been shown to r e s u l t  f rom in te rphase  p r e -  
c ipi ta t ion of NbC, V4Ca, and so for th  dur ing  t r a n s f o r -  
mat ion  to f e r r i t e .  Recent  work  4s on both c o m m e r c i a l  
s t ee l s  and e x p e r i m e n t a l  a l loys ,  ~7 has shown that the 
s t reng then ing  so achieved can be i n t e r p r e t e d  in t e r m s  
of a modif ied  Orowan-Ashby  model .  In baini t ic  s t r u c -  
tu res  the s t reng th  i n c r e a s e s  as the cemen t i t e  d i s p e r -  
sion is ref ined,  Fig. 20. However ,  in upper  baini t ic  
s t r u c t u r e s  the ca rb ides  a re  main ly  on the ba in i t ic  f e r -  
r i t e  gra in  boundar ies  where  they do n o t  grea t ly  con- 
t r ibute  to the s t reng th  but a d v e r s e l y  affect  the tough- 

nes s  1.3) 

1.3) Dis loca t ion  Densi ty  

The polygonal  f e r r i t e  f o r m e d  at high t e m p e r a t u r e s  
contains  a ve ry  low d i s loca t ion  densi ty ,  although the re  
is an i n c r e a s e  in the number  of d i s loca t ions  as 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  is lowered .  The effect  on 
s t rength  is ,  however ,  smal l ,  and at bes t  does not con-  
t r ibute  m o r e  than 30 MN m -2 (~ 2 t .s . i . )  to the y ie ld  
s t rength .  4~ It has been shown that the flow s t r e s s  of 
f e r r i t e  is r e l a t ed  to the square  root  of the d i s loca t ion  
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Fig. 21--The effect of transformation temperature on the in- 
ternal friction (Koster) peak in bainite. 

densi ty .  As the m e c h a n i s m  of f e r r i t e  fo rma t ion  
changes  to shea r ,  the d i s loca t ion  densi ty  i n c r e a s e s  
subs tan t ia l ly  and so d i s loca t ions  make a s igni f icant  
contr ibut ion  to the s t rength .  As wil l  be shown l a t e r ,  
t he r e  is ev idence  to indicate  that many of the d i s l o c a -  
t ions a re  a s soc i a t ed  with " a t m o s p h e r e s "  of carbon  
a toms.  

1.4) Carbon  Di s so lved  in F e r r i t e  

In polygonal  f e r r i t e ,  p a r t i c u l a r l y  in c o m m e r c i a l l y  
h e a t - t r e a t e d  m a t e r i a l s  in which the ra te  of cool ing is 
r e l a t i v e l y  slow, the re  is l i t t le  carbon  r e t a ined  in sol id  
solution.  This  is p a r t i c u l a r l y  the case  when alloy c a r -  
b ides  a re  p rec ip i t a t ed ,  as the solubi l i ty  of carbon  is 
then fu r t he r  d e c r e a s e d .  Consequent ly  carbon d i s so lved  
in f e r r i t e  has l i t t le  s t rengthening  ef fec t  un less  a def -  
inite a t tempt  has been made to r e t a in  it in solut ion by 
quenching immed ia t e ly  a f te r  the t r an s fo rma t ion .  

Publ i shed  evidence  34 indica tes  that 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 t u r e  the baini t ic  f e r r i t e  be -  
comes  s u p e r s a t u r a t e d  with carbon.  This  tends to p r o -  
duce sol id solut ion s t rengthening,  which may par t ly  be 
due to an a s soc ia t ion  of the d i s so lved  i n t e r s t i t i a l  c a r -  
bon a toms with the d i s loca t ions .  Such an a s soc ia t ion  
of carbon a toms  with d i s loca t ions  is shown by in te rna l  
f r i c t ion  e x p e r i m e n t s ,  3~ Fig.  21, in which the in tensi ty  

of the Kos te r  peak is a function of the in t e rac t ion  be-  
tween d i s loca t ions  and i n t e r s t i t i a l  a toms.  

1.5) Solid Solution St rengthening 

Solid solut ion e f fec t s  have been c l e a r l y  shown to 
play some par t  in i n c r e a s i n g  the y ie ld  s t rength  of f e r -  
r i t e .  In gene ra l  the e f fec t s  a re  not l a rge ,  e spec ia l ly  
for  subst i tu t ional  so lu tes ,  and in many ca se s  the 
amount  of solute  which can be added is l imi t ed  due to 
the fact  that f e r r i t e  fo rma t ion  is supp re s sed  by the 
i n c r e a s i n g  hardenabi l i ty .  Undoubtedly,  subs t i tu t ional ly  
d i s so lved  so lu tes  wil l  a lso  tend to i n c r e a s e  the s t reng th  
of baini te ,  but would be expected  to play an even l e s s  
s ignif icant  ro le  in the h i g h e r - s t r e n g t h  baini te  than in 
polygonal  f e r r i t e .  

2) S t r u c t u r e - P r o p e r t y  Re la t ionsh ips  in F e r r i t e  

2.1) Simple  I ron  Al loys  

The e f fec ts  of s t rengthening  f e r r i t e  by in t e rphase  
ca rb ide  p rec ip i t a t ion  have been studied in vanadium 
s t ee l s  17'47 and in t i tanium s tee l s .  21 Other  things being 
equal,  for  the same volume f r ac t ions  of p r ec ip i t a t e  
(V4C3 or TiC) the s t reng then ing  ef fec t  on the f e r r i t e  is 
roughly the s ame ,  h igher  s t reng ths  being obtained in 
vanadium s t ee l s  because  aus teni te  d i s s o l v e s  a h igher  
vo lume f rac t ion  of VaC3 than of TiC. The ef fec t  of i so -  
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  for  a s e r i e s  of 
vanadium s tee l s ,  and a t i tanium s tee l ,  on the proof  
s t r e s s  is  shown in Fig.  22. These  r e s u l t s  i l l u s t r a t e  
c l e a r l y  not only the effect  on the m e c h a n i c a l  p r o p e r -  
t ies  of volume f rac t ion  of ca rb ide ,  but a l so  that  of d i s -  
p e r s i o n  s ize  as d e t e r m i n e d  by the p a r t i c u l a r  t r a n s -  
fo rma t ion  t e m p e r a t u r e .  

The d i s p e r s i o n s  produced  by in te rphase  p r e c i p i t a -  
t ion a re  nonrandom, so it is not s u r p r i s i n g  that  the un-  
modif ied  Orowan theory  of y ie ld ing  cannot be applied.  
It is pe rhaps  l e s s  obvious that an im pene t r ab l e  wall  
mode l  (analogous with a p e a r l i t e - t y p e  s t ruc tu re )  is 
a l so  not en t i r e ly  sa t i s f ac to ry .  This  g ives  a r e l a t i o n -  
ship of the type AT = KX -~ where  AT = i n c r e a s e  in 
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yield s t r e s s ;  ~ = spacing between walls ,  whereas  in-  
t e rphase  p rec ip i ta t ion  a l loys  give values  of the expo- 
nent  c lose r  to 0.7. One thus comes  to the conclus ion  
that the s t reng then ing  p roce s s  is i n t e rmed ia t e  between 
that of a s imple  p rec ip i ta t ion  hardening  reac t ion  and a 
pea r l i t i c  p roce s s  

Batte i7 has fu r the r  shown that the work -ha rden ing  
behavior  of in te rphase  p r ec ip i t a t i on - s t r eng the ne d  f e r -  
r i te  is complex.  The in i t ia l  d i s loca t ion  populat ion of 
the f e r r i t e  is low (in con t ras t  to baini te  and t empe red  
mar t ens i t e ) ,  and up to about 2.5 pct s t r a in  the low 
work-ha rden ing  ra te  i n c r e a s e s  with the c o a r s e n e s s  of 
the d i spers ion ,  qual i ta t ive ly  following the F i she r ,  Hart ,  
and F rye  theory.  48 However,  at higher  s t r a i n s  (above 
2.5 pct) the theory of Ashby, 49 which is based on the 
in i t ia t ion of c r o s s - s l i p  at pa r t i c l e s ,  more  c losely ac-  
counts for the observed  work-ha rden ing  r a t e s :  

dT ( b f ~  ' / z  
d y  - 0.12G - -  \ v a  / 

where 

f = vol. f rac t ion  of p rec ip i t a te  

a = pa r t i c l e  d i ame te r  

G = shear  modulus  of m a t r i x  

= shear  s t r a in  

T = s t r e s s  

It p red ic t s ,  as observed,  a higher work -ha rden ing  
ra te  for s m a l l e r  pa r t i c l e s ,  at a given shear  s t r a in  and 
volume f rac t ion.  

2.2) C o m m e r c i a l  Steels 

Useful  emp i r i c a l  equat ions  have been der ived  for 
the yield s t r e s s ,  t ens i le  s t rength,  and impact  t r a n s i -  
t ion t e m p e r a t u r e s  of l o w - a l l o y f e r r i t i c  s tee l s  s t r eng th -  
ened by solutes  and g ra in  s ize:  

Yield S t ress ,  t . s . i .  = 3.5 + 2.1(pet Mn) + 5.4(pet Si) 
+ 23(Ny) + 1.13(d -~/2) 

Tens i l e  Strength,  
t . s . i .  = 19.1 + 1.8(pct Mn) + 5.4(pet Si) 

+ 0.5(d -~/2) + 0.25(pct pear l i te )  

Impact  T r a n s i t i o n  
T e m p e r a t u r e ,  ~ = - 1 9  + 44(pct Si) + 700(Nf) 

l l . 5 ( d  -~/z) + 2.2(pet pear l i te )  

where 

Nf = Nit rogen not combined as a s table  n i t r ide .  

Using these equat ions it is  a lso poss ib le  to a s s e s s  
the solid solut ion effects of both subs t i tu t iona l  and in-  
t e r s t i t i a l  solutes ,  which a re  s u m m a r i z e d  in Table  I. 

Recent work 4s has allowed the d i spe r s ion  s t r eng th -  
ening to be compared  with the p red ic t ions  of the Oro-  
wan-Ashby model,  sui tably modified. In gene ra l  the 
d i spe r s ion  s t rengthening  of 3 nm diam NbC pa r t i c l e s  
is in close accord  with the predic t ions .  In the case of 
V4C3 p rec ip i t a t e s  there  is a range  of pa r t i c le  s i zes  
f rom 3 nm to 300 nm, depending upon the degree  of 
overaging.  The l a rges t  pa r t i c l e s  give no s t rengthening,  
whilst  the s m a l l e s t  pa r t i c l e s  can contr ibute  about 150 
MN m -~ (10 t .s . i . )  to the yield s t r e s s .  Thus it is now 
poss ib le  to desc r ibe  sa t i s fac to r i ly  the d i spe r s ion  
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Table I, Effect of Solutes on Strength and Impact Properties 

Change in Property per Wt Pet of Element 

Yield Stress, Tensile Strength, Impact Transition 
Element t.s.i, t.s.i. Temperature, ~ 

Carbon 300 430 - 
Nitrogen 300 430 Not linear 
Phosphorus 44 44 400 
Tin 9 . 150 
Silicon 5.4 5.4 44 
Copper 2.5 0.6 N.D. 
Manganese 2.1 1.8 0 
Molybdenum 0.7 3.0 N.D. 
Nickel 0 0.6 N.D. 
Chromium -2.0 - 1.9 N.D. 
Aluminum - 75 

s t reng then ing  effects for a va r ie ty  of carb ide  p r ec ip i -  
ta tes  in f e r r i t e ,  on a semiquan t i t a t ive  bas i s .  

3) S t r u c t u r e - - P r o p e r t y  Rela t ionsh ips  in Baini te  

Quant i ta t ive r e l a t i onsh ips  between the m i c r o s t r u c -  
ture  and the s t rength  are  difficult  to define because  of 
the many in te rac t ing  fac tors .  An a t tempt  has however 
been made 5~ to obtain a r e la t ionsh ip  between the proof 
s t r e s s  and m i c r o s t r u c t u r a l  p a r a m e t e r s ,  i . e .  ba in i t i c  
f e r r i t e  g ra in  s ize  (d) and n u m b e r  of carb ide  pa r t i c l e s  
per  uni t  p lanar  a r e a  of the s t ruc tu re  (n). Much p r e -  
vious work has shown that the proof s t r e s s  is r e la ted  
to the function, d-1/2, and to a s i m i l a r  funct ion of the 
p lanar  i n t e rpa r t i c l e  spacing (S). The re la t ionsh ip  be -  
tween S and n is  given by: 

S = 2 - 1.13 n -~/2 
(Trn) ~/2 

S-1/2 (~n) 1/4 = - -  = 0.941 n 1/4 
2 

A mul t ip le  l i nea r  r e g r e s s i o n  ana lys i s  gave the fol-  
lowing equation for the 0.2 pet Proof  S t ress :  

0.2 pet Proof  S t ress  
(t .s. i .)  = - 1 2 . 6  + 1.13 d -1/2 

+ 0.98 n L/4 

where both d and n a re  m e a s u r e d  in mm.  

The e m p i r i c a l  na ture  of this ana lys i s  is shown by 
the negaUve constant  which indica tes  a th reshold  c a r -  
bide d i s t r ibu t ion  beyond which ca rb ides  do not con- 
t r ibute  to the s t rength.  This  is compat ible  with the 
suggest ion that ca rb ides  do not cont r ibute  much to the 
s t rength  of upper  baini te  because  they occur  la rge ly  
at ba ini t ic  f e r r i t e  g ra in  boundar ies .  Using this  r e l a -  
t ionship the cont r ibu t ions  of the g ra in  size and c a r -  
bide d i spe r s ion  to the proof s t r e s s  a re  shown in 
Fig. 23. 

APPLICATIONS AND DEVELOPMENTS 

a) F e r r i t i c  Steels 

The fine carb ide  d i spe r s i ons  produced in f e r r i t e  by 
in te rphase  prec ip i ta t ion  dur ing  t r a n s f o r m a t i o n  have 
cons ide rab le  potent ia l  as a me a ns  of s t reng then ing  
low-al loy s tee l s  in a s imple  ma nne r .  While the high- 
s t rength  mi ld  s tee ls  to which niobium and /o r  vanadium 
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23--The components of the strength of bainite. 

have been added in concen t ra t ions  up to 0.1 wt pct  owe 
much of t he i r  s t rength  to the fine f e r r i t i c  g ra in  s ize  
ach ieved  by ca rb ide  p a r t i c l e s  which l im i t  gra in  growth~ 
and by controlled roiling subsequently, there is a sub- 
stantial additional strengthening due to the dispersion 
of alloy carbides produced during cooling through the 
transformation. Irvine 51 has shown for a 0.1C-0.5Mn 
steel that the presence of 0.02 wt pct Nb raises the 
yield stress at constant grain size by about i00 MN 
m -2 (~7 t.s.i.). Fig. 24 illustrates this effect for mild 
steels of different grain sizes with and without 0.02 wt 
pct Nb. Metallographic evidence for extensive inter- 
phase precipitation of NbC and V4C3 in this type of 
steel is now available. 19 

Straatman et al. ~2 have reported a doubling of the 
yield strength of low-carbon hot-rolled steels as a 
result of the addition of 0.04 to 0.3 wt pct Ti. Recent 
work by Freeman 2a indicates that interphase precipita- 
tion of TiC occurs readily in similar alloys, and that it 
makes a substantial contribution to the strength 
achieved. 

It thus seems clear that a new group of low alloy 
steels could be developed in which for a given grain 
size substantial additional strengthening is achieved 
by carbide precipitation during the phase transforma- 
tion. In laboratory experiments, isothermal transfor- 
mations have been used to study the basic physical 
metallurgy; however, in practice, cooling at standard 
rates following controlled rolling would achieve high 
strength levels. One of the present authors has ad- 
vocated a7 the use of steels based on vanadium to make 
best use of the phenomenon, although the additional use 
of titanium may well be effective. Yield strengths in 
the range 300 to 750 MN m -2 (20 to 50 t.s.i.) can be 
easily achieved, and with proper control of grain 
size by controlled rolling, adequate toughness should 
also be obtained. In the long run this could be an eas- 
ier heat treatment route than the traditional process 
of quenching followed by tempering, with its familiar 
hazards. 
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Fig. 24--The effect of grain size on the yield strength in con- 
trolled rolled plain carbon and niobium precipitation har- 
dened steels (Irvine). 
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b) Baini t ic  Stee ls  

F o r  a useful  ba in i t ic  s t e e l  we r e q u i r e  
i) a low carbon  content  to obtain good weldabi l i ty ,  

toughness ,  and fo rmab i l i t y ;  
ii) proof  s t r e s s  va lues  f r o m  460 MN m -2 (30 t . s . i . )  

to 920 MN m -2 (60 t . s . i . ) ;  
iii) to obtain these  p r o p e r t i e s  by a i r  cool ing e i t he r  

d i r ec t l y  f r o m  the f in ishing ro i l ing  t e m p e r a t u r e  or  by 
a s imple  n o r m a l i z i n g  t r e a t m e n t ;  

iv) to obtain the r e q u i r e d  p r o p e r t i e s ,  with a m i n -  
imum of va r i a t ion ,  ove r  a wide range  of sec t ion  s i zes .  

These  f e a t u r e s  r e q u i r e  a m e t a s t a b l e  aus teni te  bay 
between the f e r r i t e  and baini te  C - c u r v e s ,  a rap id  
baini te  r eac t ion  and a much r e t a r d e d  f e r r i t e  reac t ion .  
The baini te  r eac t i on  should exhibi t  a f l a t - topped  "C" 
curve .  These  r e q u i r e m e n t s  were  m o s t  economica l ly  
ach ieved  in a low-ca rbon ,  ~ pct  Mo s t ee l  containing 
boron,  53 although o ther  a l loying combina t ions  may be 
used,  and ve ry  low carbon contents  im prove  the i m -  
pact  p r o p e r t i e s .  54'55 The in t roduct ion  of a l loying e l e -  
men t s  into the ~- pct  M o - B  s t ee l s  d e p r e s s e s  the B s-Bf  
r ange ,  and s t r eng ths  f rom 460 to 920 MN m -z (30 to 60 
t . s . i . )  proof  s t r e s s  can be produced.  ~ 

T h e r e  is a l imi t  to the amount  of alloy which can be 
in t roduced because :  

i) the d e p r e s s i o n  of the t r a n s f o r m a t i o n  on cool ing 
tends to fo rm m a r t e n s i t e  so that the weldabi l i ty  of the 
s t ee l  is impa i r ed ;  

if) the baini t ic  r eac t ion  i t se l f  is so r e t a r d e d  that the 
s t ee l  b e c o m e s  m a r t e n s i t i c ,  a i r - h a r d e n i n g  in the s m a l l e r  
sec t ion  s izes .  This  ef fec t  is of g r ea t  impor t ance  in the 
development of higher-carbon bainitic steels.S7 

Nevertheless, steels have been developed for a wide 
range of applications. 3~ In addition, higher-carbon 
bainitic steels have been developed s7 containing up to 
0.55 pct C. The range of analyses, and the ability to 
use other alloying elements to increase the strength, 
is restricted because combinations of alloying ele- 
ments and carbon retard the bainite transformation, 
so that bainite can only form in limited section sizes. 

Possible developments in bainitic steels include the 
use of low finishing temperatures, which might im- 
prove both the strength and ductility, particularly with 
respect to fracture toughness in thin sections. Finish- 
ing temperatures as low as 500~C produce only a slight 
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i n c r e a s e  in  s t r e n g t h ,  b u t  t h e  i m p a c t  p r o p e r t i e s  o f  t h e  
h i g h e r  s t r e n g t h  u p p e r  b a i n i t e s  c a n  s h o w  a m a r k e d  i m -  
p r o v e m e n t  d u e  t o  a f u r t h e r  r e f i n e m e n t  of  t h e  p r i o r  

a u s t e n i t e  g r a i n  s i z e .  F u r t h e r m o r e ,  b e n e f i c i a l  e f f e c t s  
a r e  p r o d u c e d  i f  t h e  d e f o r m a t i o n  i s  c a r r i e d  o u t  in  a 

n a r r o w  t e m p e r a t u r e  r a n g e  j u s t  a b o v e  t h e  B s t e m p e r -  
a t u r e .  T h i s  i s  i n  e f f e c t  a n  a u s f o r m i n g  t r e a t m e n t ,  b u t  

o t h e r  r e s u l t s  o n  a u s f o r m i n g  b a i n i t i c  s t e e l s  h a v e  s h o w n  
t h a t  t h e  i n c r e a s e  in  s t r e n g t h  i s  r e l a t i v e l y  s m a l l  a n d  i s  
v e r y  d e p e n d e n t  o n  t h e  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 f  
t h e  s t e e l ,  b e c a u s e  of  r e c o v e r y  in  t h e  a u s t e n i t e  a n d  a n -  

n e a l i n g  in  t h e  b a i n i t e  e i t h e r  d u r i n g  o r  a f t e r  t r a n s f o r -  

m a t i o n .  L a r g e  a u s f o r m i n g  r e d u c t i o n s  a r e  r e q u i r e d  f o r  
a n  a p p r e c i a b l e  s t r e n g t h  i n c r e a s e .  

I t  m a y  a l s o  b e  b e n e f i c i a l  to  u s e  a p r e c i p i t a t i o n  r e a c -  
t i o n ,  i f  p o s s i b l e  in  a i r - c o o l i n g  s t r u c t u r e s .  N i o b i u m  
w o u l d  b e  e x p e c t e d  to  g i v e  s l i g h t l y  h i g h e r  s t r e n g t h  in  

t h e  a s - r o l l e d  c o n d i t i o n ,  a n y  b e n e f i t  b e i n g  l o s t  in  t h e  
n o r m a l i z e d  c o n d i t i o n  b e c a u s e  o f  t h e  l i m i t e d  s o l u b i l i t y  

of  n i o b i u m  c a r b i d e  i n  t h e  a u s t e n i t e .  T h e  m a x i m u m  
s t r e n g t h e n i n g  e f f e c t  w o u l d  h o w e v e r  b e  q u i t e  s m a l l ,  i . e .  

75 M N  m -2 (5 t . s . i . )  on  t h e  p r o o f  s t r e s s .  A n  a l t e r n a t i v e  
a g e - h a r d e n i n g  a d d i t i o n  i s  c o p p e r .  T h i s  c o u l d  g i v e  a p -  
p r o x i m a t e l y  150 M N  m -z (10  t . s . i . )  i n c r e a s e  in  t h e  p r o o f  

s t r e s s ,  b u t  in  s t e e l s  c o n t a i n i n g  a b o u t  17~ p c t  C u ,  a 
s e p a r a t e  a g i n g  t r e a t m e n t  w o u l d  b e  n e c e s s a r y .  If ,  h o w -  
e v e r ,  3 p c t  C u  c o u l d  b e  a c c o m m o d a t e d  in  a b a i n i t i c  
s t e e l  w i t h o u t  i m p a i r i n g  t h e  t r a n s f o r m a t i o n  c h a r a c t e r -  
i s t i c s ,  t h i s  w o u l d  r e s u l t  in  a g e  h a r d e n i n g  d u r i n g  n o r -  

r e a l i z i n g ,  o r  in  t h e  a s - r o l l e d  c o n d i t i o n .  S u c h  a n  e f f e c t  
c o u l d  o n l y  be  p r o d u c e d  if  t h e  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  w a s  a b o v e  t h e  t e m p e r a t u r e  a t  w h i c h  c o p p e r  p r e -  
c i p i t a t e s .  R e c e n t  w o r k  h a s  c o n f i r m e d  t h a t  a c o p p e r -  
b e a r i n g  b a i n i t i c  s t e e l  i s  f e a s i b l e ,  a n d  i n d e e d  s u c h  a 
s t e e l ,  b u t  w i t h  l ow  c o p p e r  c o n t e n t ,  w a s  d e v e l o p e d  
m a n y  y e a r s  a g o .  s9 

F i n a l l y ,  i t  s e e m s  t h a t  a b a i n i t i c  s t e e l  c o u l d  b e  u s e d  

in  t h e  q u e n c h e d  a n d  t e m p e r e d  c o n d i t i o n  in  p l a t e .  T h i s  
w o u l d  e n a b l e  a n y  l a c k  o f  h a r d e n a b i l i t y  t o  b e  c o u n t e r -  

a c t e d  b y  t h e  f a c t  t h a t  e v e n  in  t h e  a i r - c o o l e d  c o n d i t i o n ,  
b a i n i t e  w o u l d  b e  f o r m e d .  T h u s  i n e f f i c i e n t  q u e n c h i n g  
w o u l d  n o t  b e  s o  d e l e t e r i o u s  a n d  t h e  p r o p e r t i e s  a c r o s s  
t h e  s e c t i o n  m i g h t  be  m o r e  u n i f o r m .  I n f o r m a t i o n  o n  t h i s  

t y p e  o f  d e v e l o p m e n t  h a s  r e c e n t l y  b e e n  p u b l i s h e d .  ~~ 
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