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T h i s  p a p e r  i s  c o n c e r n e d  w i t h  t h e  d i r e c t  t r a n s f o r m a t i o n  of a u s t e n i t e  a t  h i g h  t e m p e r a t u r e s  
to  f o r m  f e r r i t e  a n d  a l l o y  c a r b i d e  d i s p e r s i o n s .  T h e  f e r r i t e / a u s t e n i t e  i n t e r f a c e s  v a r y  f r o m  
h i g h  e n e r g y  r a n d o m  b o u n d a r i e s  to  low e n e r g y  p l a n a r  b o u n d a r i e s  w h i c h  g r o w  by s t e p  p r o -  
p a g a t i o n ,  w h i l e  t h e  a l l o y  c a r b i d e  m o r p h o l o g i e s  i n c l u d e  a p e a r l i t i c  f o r m ,  f i ne  f i b e r s  a n d  
f i ne  b a n d e d  a r r a y s  of p a r t i c l e s .  I t  i s  s h o w n  t h a t  t h e s e  m o r p h o l o g i e s  a r e  c l o s e l y  r e l a t e d  
to  t h e  m o d e  of g r o w t h  of t h e  f e r r i t i c  m a t r i x .  T h e  r o l e  of v a r i o u s  a l l o y i n g  e l e m e n t s  on  
t he  c a r b i d e  d i s p e r s i o n  i s  e x a m i n e d ,  a n d  t h e  e f f e c t s  of o t h e r  m e t a l l u r g i c a l  v a r i a b l e s  on  
t h e  b a n d e d  d i s p e r s i o n s  a r e  d i s c u s s e d ,  i n c l u d i n g  f a c t o r s  w h i c h  i n f l u e n c e  t h e  d i s p e r s i o n  
s t a b i l i t y .  T h e  m e c h a n i c a l  p r o p e r t i e s  of d i r e c t l y  t r a n s f o r m e d  a l l o y  s t e e l s  a r e  s h o w n  to 
d e p e n d  l a r g e l y  on  t h e  f e r r i t e  g r a i n  s i z e  an d  t h e  s t a t e  of t h e  c a r b i d e  d i s p e r s i o n .  M i c r o -  
a l l o y e d  s t e e l s  s u b j e c t e d  to  c o n t r o l l e d  r o l l i n g  p r o v i d e  a n  e x c e l l e n t  e x a m p l e  of t h e  a c h i e v e -  
m e n t  of h i g h  s t r e n g t h  a n d  t o u g h n e s s  l e v e l s  b y  c o n t r o l  of t h e s e  v a r i a b l e s .  T h e  p a p e r  
f i n a l l y  a t t e m p t s  to s h o w  how s u c h  b e n e f i t s  c a n  be  a c h i e v e d  in  low a n d  m e d i u m  a l l o y  
s t e e l s ,  a n d  in  p a r t i c u l a r  w h e r e  r e s i s t a n c e  to  c r e e p  f a i l u r e  a t  e l e v a t e d  t e m p e r a t u r e s  i s  
a n  i m p o r t a n t  p r o p e r t y .  

THE c l a s s i c a l  h e a t  t r e a t m e n t  f o r  t r a n s f o r m a b l e  
s t e e l s  h a s  i n v o l v e d  q u e n c h i n g  f r o m  t h e  h i g h  t e m p e r a -  
t u r e  a u s t e n i t i c  c o n d i t i o n  to  f o r m  m a r t e n s i t e  w h i c h ,  
b e c a u s e  of i t s  i n h e r e n t l y  b r i t t l e  n a t u r e ,  m u s t  b e  s u b -  
s e q u e n t l y  t e m p e r e d  to  p r o v i d e  a n  a c c e p t a b l e  c o m -  
p r o m i s e  b e t w e e n  h i g h  s t r e n g t h  a n d  t o u g h n e s s .  I t  i s  n o t  
t h e  o b j e c t i v e  of t h i s  p a p e r  to  e x p l a i n  t h i s  w e l l  t r o d d e n  
p a t h ,  bu t  to  look  m o r e  c l o s e l y  a t  t h e  d i r e c t  t r a n s f o r -  
m a t i o n  of  a u s t e n i t e  to  p h a s e s  f o r m e d  a t  h i g h  t e m p e r a -  
t u r e s ,  e . g .  f e r r i t e  a n d  f e r r i t e - c a r b i d e  a g g r e g a t e s  

w h i c h  in  m a n y  c a s e s  p r o v i d e  an  a l t e r n a t i v e  r o u t e  to  
a c c e p t a b l e  m e c h a n i c a l  p r o p e r t i e s .  

T h e  s e e d s  of  t h i s  a p p r o a c h  to  a l l oy  s t e e l s  w e r e  
s o w n  by  D a v e n p o r t  a n d  B a i n  in  t h e i r  c l a s s i c a l  w o r k  on  
t h e  i s o t h e r m a l  d e c o m p o s i t i o n  of a u s t e n i t e  w h i c h  no t  
on ly  r e v e a l e d  n e w  p h a s e s  s u c h  a s  b a i n i t e ,  b u t  m o r e  
i m p o r t a n t l y  d e m o n s t r a t e d  t h e  e f f e c t s  of a l l o y i n g  e l e -  
m e n t s  on  t h e  k i n e t i c s  of t h e  T / ~  t r a n s f o r m a t i o n .  One  
of t h e  m o s t  o b v i o u s  a n d  u s e f u l  r e s u l t s  of  t h e i r  w o r k  
h a s  b e e n  t h e  T T T  d i a g r a m ,  now a s t a n d a r d  w ay  of d e -  
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sc r ib ing  the kinet ics  of decomposi t ion of austeni te  in 
a vas t  number of alloy s t ee l s .  This  ea r ly  work of 
Davenport  and Bain was followed by the elegant inves-  
t igat ions of Mehl and colleagues on the nucleation and 
growth of the impor tant  phases  pea r l i t e ,  t f e r r i t e ,  ce-  
menti te  and baini te .  These workers  not only examined 
the reac t ion  kinet ics ,  but were  a lso  concerned with the 
morphology and c rys ta l lography  of the phases ,  so that 
our bas ic  understanding of these technological ly  im-  
por tant  t r ans fo rmat ions  was great ly  extended. 

Since World War II, developments on the one hand 
in the theory  of d is locat ions  and of phase t r a n s f o r m a -  
t ions,  and on the other ,  s t r ik ing  exper imenta l  advances 
in e lec t ron  microscopy,  f ie ld- ion mic roscopy  and r e -  
lated techniques such as  se lec ted  a r e a  e lec t ron  dif-  
fract ion,  e lec t ron  m i c r o - a n a l y s i s  and the a tom-probe ,  
have provided the means of delving fur ther  into these 
impor tant  p rob lems .  Not only has it been poss ib le  to 
desc r ibe  and explain the kinet ics  of the reac t ions  in 
grea t  detai l ,  but a lso  the high resolu t ion  mic roscop ic  
methods have led to a much be t te r  understanding of 
the fine s t ruc tu re  of phases  a l ready fami l i a r  at a 
much lower l imi t  of resolut ion,  and to methods by 
which the fine s t ruc ture  can be a l t e red  or control led.  
The purpose  of this lec ture  is  to summar i ze  some of 
this  work c a r r i e d  out within the las t  decade, and to 
show i ts  re levance  to such a r e a s  of technological  im-  
por tance  as con t ro l - ro l l ed  mic ro -a l l oyed  s tee l s  and 
low alloy s tee l s  for use at elevated t empe ra tu r e s .  

1. THE AUSTENITE-FERRITE REACTION 

From the many observat ions  made on the ini t ia t ion 
of the austeni te  to f e r r i t e  react ion,  i t  is  c l ea r  that at 
the higher  t rans format ion  t empera tu re s  (above 700~ 
nucleation takes place predominant ly  at the austenite 
grain boundaries ,  in common with the format ion of 
many proeutectoid  phases  in other al loy sys tems ,  be-  
cause the boundaries  a r e  both energe t ica l ly  favorable  
nucleation s i t es  and a lso  provide fas te r  paths for  dif-  
fusion. C. S. Smith 2 f i r s t  proposed that the new f e r r i t e  
nuclei would have one coherent or semicoherent  
boundary with the austenite,  and thus normal ly  a ran-  
dom or incoherent  boundary with the adjacent  aus-  
tenite grain.  The normal  or ientat ion re la t ionship  be-  
tween austeni te  and f e r r i t e  is  the Kurdjumov-Sachs 
re la t ionship  ( K - S )  which applies  to Widmanst~itten 
f e r r i t e  3 and indeed probably in many cases  to f e r r i t e  
with an equiaxed appearance,  v i e .  

{111}`/ / /  {110}~ (habit plane) 

(110)~////(111)~. 

This  matching of the c loses t  packed planes in the bee 
and fee la t t ices  gives the lowest degree  of atomic mis -  
fi t .  However recent  work by Liu et al 4 has shown that 
the habit plane of Widmanst~itten f e r r i t e  is  not exactly 
{111},/ but is  s ca t t e red  4 to 20 deg about that plane. 

In the c lass i f ica t ion  of f e r r i t i c  morphologies  o r ig i -  
nated by Dub~ et  al ~ and extended in deta i l  by Aaron-  
son, 6 it  has been assumed that at the highest t r ans -  
format ion t empe ra tu r e s  and low supersa tura t ions  
(800~ and above), the incoherent  77~ boundaries  a re  
more  mobile  leading to growth of a l io t r iomorphs  on 
the appropr ia te  s ide of the austeni te  grain boundar ies .  
As the t rans format ion  t empera tu re  i s  lowered the 

tendency for the growth of f e r r i t e  in the Widman- 
st~itten mode inc reases ,  until it  is  c lea r  that at  high 
supersa tura t ions  the K-S re la ted  f e r r i t e  is p redomi-  
nant within the fo rmer  austenite gra ins .  The work of 
Hi l le r t  and colleagues 7 has es tabl i shed  this  genera l  
t rend,  by ca r ry ing  out pa r t i a l  t r ans format ion  at  two 
different  t e m pe r a t u r e s .  

F rom studies  of the growth of Widmanst~ittan f e r r i t e  
laths or plates ,  it  has been found that the laths in- 
c rease  both in thickness  and in length as t r ans fo rma-  
tion p roceeds .  As the plate boundaries  (as dis t inct  
from the edges) a r e  assumed to be at leas t  s emico-  
herent  with the austenite,  a mechanism is needed to 
explain the thickening process .*  Aaronson 6 f i r s t  p ro-  

*In this paper no attempt wdl be made to survey the many kineUc studms on 
the growth of fernte, mainly by Aaronson and coworkers. This work has been 
summarized elsewhere. 8'9 

posed that thickening occur red  by the l a t e r a l  move-  
ment .of smal l  ledges or  s teps  along the coherent  
faces ,  the s teps  being short  lengths of incoherent  
boundary (Fig.  1). These ledges have been observed on 
many a l lo t r iomorphs  and Widmanst~itten-type phases  
in fe r rous  and non- fe r rous  al loys,  for example Kins-  
man and Aaronson s have used thermionic  emiss ion  
e lec t ron  microscopy  to study the dynamic growth of 
f e r r i t e  laths, and have been able to m e a s u r e  the ve loc-  
i ty of ledge movement.  It now appears  that this is  a 
ve ry  common mode of growth of f e r r i t e  in austenite 
over a wide range of t rans format ion  t empera tu re .  For  
example,  Fig .  2 shows four s tages  of t r ans format ion  
in a t e r na r y  i ron-12 pct Cr -0 .2  pct C al loy which has 
been i so the rmal ly  t r ans fo rmed  at  620-640~ and ob- 
se rved  by photo-emiss ion  e lec t ron  microscopy* (which 

*These observations were made by Dr. D. V Edmonds and the author at 
NeucMtel, Switzerland, by courtesy of Professor W. Form. 

allows observat ion  at much lower t e m pe r a t u r e s  than 
thermionic  emiss ion  microscopy) .  The photographs 
show the nucleation and growth of s e ve r a l  a l lo t r io -  
morphs of f e r r i t e  which in a l l  cases  have p lanar  in t e r -  
faces ,  and in favorable conditions the movement  of 
s teps (indicated by the arrow) can be read i ly  ob- 
se rved .  It s eems  c lear  that, although a single f e r r i t e  
nucleus can grow only into one adjacent  austeni te  
gra in  with the K - S  re la t ionship,  i t s  growth into one or  

Y 
a 

u 

F i g .  1 - - G r o w t h  of f e r r i t e  f r o m  an a u s t e n i t e  g r a i n  b o u n d a r y  by 
s t e p  m o v e m e n t .  S c h e m a t i c .  ( K i n s m a n  and A a r o n s o n )  8 
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Fig. 2--Four stages in the ~ / ~  t r a n s f o r m a t i o n  in an F e - 1 2 C r - 0 . 2 C  alloy t r a n s f o r m e d  at 620-640~ P h o t o - e m i s s i o n  e l ec t ron  
micrographs,  magnification 1,840 t imes.  (Edmonds and Honeycombe) 

m o r e  other grains  with which it mus t  have a random 
re lat ionship ,  often leads  to the deve lopment  of facetted 
in ter faces  rather  than curved ones .  This  i s  p r e s u m a -  
bly  a re su l t  of the interface  adopting lower energy  
conf igurat ions ,  and it i s  in teres t ing  to speculate  
whether these  facetted inter faces  a l so  grow by the 
propagation of s m a l l  s teps .  The ~ grain in the center 
of F ig .  2 i s  growing into three  grains  as indicated by 
reg ions  1, 2 and 3; one interface  in reg ion 1 i s  c l ear ly  
growing by step migrat ion ,  whereas  the other two are  

facetted,  however  these  in ter faces  could have s teps  
below the l imi t  of reso lut ion  (~30 nm).  A s i m i l a r  
s i tuat ion appears to preva i l  in  the s m a l l  f err i te  grain 
at the top of the photograph. One is  forced to con- 
clude that migrat ion  of truly curved high energy  fer -  
r i t e / a u s t e n i t e  boundaries  i s  rare  and l ike ly  only to 
occur  at higher trans format ion  t emperatures .  Recent  
work by Bee 1~ on binary i r o n - c h r o m i u m  a l loys  con- 
f i r m s  this  v iew,  in so far as ferr i te  formed between 
550 and 750~ gave frequent ev idence  of growth steps  
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(F ig .  3(a)), whi le  f e r r i t e  f o r m e d  at  800~ had cu rved  
b o u n d a r i e s  wi th  the aus t en i t e  (F ig .  3(b)). 

2. THE P E A R L I T E  REACTION 

The p e a r l i t e  r e a c t i o n  has  r e c e i v e d  a g r e a t  dea l  of 
s tudy,  a s  be f i t s  a s t r u c t u r e  which i s  one of the mos t  
f a m i l i a r  in c o m m e r c i a l  s t e e l s ,  ye t  t h e r e  a r e  s t i l l  
n u m e r o u s  p r o b l e m s  which have r e c e i v e d  insuf f ic ien t  
a t ten t ion ,  in p a r t i c u l a r  the modi f i ca t ion  of the s t r u c -  
t u r e  by the addi t ion  of a l loy ing  e l e m e n t s .  Like  f e r r i t e ,  
p e a r l i t e  i s  p r e f e r e n t i a l l y  nuc lea t ed  a t  au s t en i t e  g r a i n  
b o u n d a r i e s ,  but  when these  a r e  a l r e a d y  the s i t e s  fo r  
p r i o r  f o r m a t i o n  of p r o e u t e c t o i d  f e r r i t e  o r  cemen t i t e ,  
the  p e a r l i t e  nodules  grow f rom the i n t e r f a c e s  of t h e s e  
two p h a s e s  wi th  aus t en i t e .  I t  has  r e c e n t l y  been  shown ~x 
tha t  the  two m a i n  f e r r i t e / c e m e n t i t e  o r i en t a t i on  r e -  

l a t ionsh ips  in p e a r l i t e  depend on whe the r  the p e a r l i t e  
n u c l e a t e s  a t  a " c l e a n "  aus t en i t e  boundary  o r  on a p r o -  
eu tec to id  phase .  

Thin foi l  e l e c t r o n  m i c r o s c o p y  has  thrown some  l ight  
on the vexed  ques t ions  of nuc lea t ion  and growth  of 
p e a r l i t e .  I t  now s e e m s  c l e a r  that  e i t h e r  cemen t i t e  o r  
f e r r i t e  can nuc lea te  p e a r l i t e  nodules ,  and the long de -  

: II, " ,2 

"~ ~ t III II I II I 

. " p ~  . d , j " ~ / "  

(a) 

(b) 
Fig. 3--Transformation in an Fe-10Cr alloy. (a) 30 s at 
750~ magnification 700 times. (b) 5 rain at S00~ magnifi- 
cation 300 times. Optical micrographs. (Bee) I0 
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Fig. 4--The nucleation of pear l i te  at grain boundaries of aus- 
tenite in an Fe-12 pet Mn-0.8 pet C steel.  (a) S ide-by-s ide  
nucleation of Fe3C and e - i r o n .  Cementite:  A,  C, E; f e r r i t e :  
B and D; austenite:  F F ' .  (b) Branching of the Fe~C and 
a- i ron in a nucleus--note the continuity of Fe3C with the grain 
boundary carblde. Thin foil E.M. (Dippenaar and Honey- 
corn be) I { 
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bated question of sympathet ic  s ideways nucleation has 
been confirmed in thin foi ls  11 (Fig.  4(a)). At an ear ly  
s tage of growth of a nucleus, da rk  f ie ld e lec t ron  mi -  
c roscopy can read i ly  identify the s m a l l  laths of f e r -  
r i t e  and cementi te ,  as  well  as the unt ransformed aus-  
tenite,  if a s tee l  of sui table composit ion i s  chosen for 
invest igat ion.  Happily the a l ternat ive  explanation of 
the development of the l a m e l l a r  s t ruc ture ,  namely 
branching of the f e r r i t e  and cementi te  laths,  has a lso  
been shown to take place (Fig.  4(b)). So once again a 
controversy ,  hotly argued in i ts  day, has come to the 
point where both views a re  shown to have substance 
and re levance  to the ea r ly  growth of pea r l i t e  nodules.  

The addition of al loying e lements ,  pa r t i cu l a r ly  
s t rong carbide  f o r m e r s ,  has a marked  effect on the 
pea r t i t e  reac t ion .  In the f i r s t  place,  cementi te  can 
take al loying e lements  into sol id  solution, e . g . ,  up to 
20 wt pct chromium (Entin) ~z in a s t ee l  with 3.5 pct 
Cr  0.4 pct C, but the cementi te  can then be ent i re ly  
r ep laced  by an al loy carbide  as  the alloy content is  in- 
c r ea sed .  Mannerkoski  is observed coa r se  pea r l i t i c  
s t ruc tu res  in a 14 pct  Cr 0.3 pct C s tee l  af ter  t r a n s -  
format ion in the range 600-800~ while Campbell  x4 
found that when a 5 pct Cr 0.2 pct C s tee l  was t r a n s -  
formed in the range 700-750~ a coarse  pea r l i t i c  
s t ruc tu re  was obtained in which the carbide  phase was 
CrTC~, in agreement  with the work of Bungardt et  at ~5 
on the i r o n - c h r o m i u m - c a r b o n  equi l ibr ium d iag ram.  
As the chromium content of the s t ee l  i s  i nc reased  to 
10 -12  pct, a coa r se  pea r l i t i c  phase i s  s t i l l  obtained 
at 750~ but the carbide i s  now Cr23C6. The m o r -  
phology is  coarse ,  la th- l ike  and branched (Fig.  5) r e -  
sembl ing at  l eas t  super f ic ia l ly  the more  f ami l i a r  
pea r l i t i c  cement i te .  While such al loy carb ide  s t ruc -  
tu res  a re  in te res t ing  in the academic  sense,  they a re  
unlikely to provide mechanical  p rope r t i e s  in s tee l s  
which would differ  apprec iab ly  from normal  pea r l i t i c  
s t ruc tu res ,  because they have i n t e r l ame l l a r  spacings 
between 100 and 500 nm only margina l ly  s m a l l e r  than 

w 

Fig. 5--An Fe-10Cr-0.4 pct C steel transformed 10 rain, at 
750~ Thin foil E.M. (Bee) 1~ 

fine pea r l i t e .  Moreover  the high concentrat ion of a l -  
loying element  needed to produce them cannot be jus -  
t i f ied on economic grounds.  

In many i so the rma l ly  t r ans fo rmed  al loy s tee l s ,  a 
much f iner  d i rec t ional ly  grown alloy carb ide  phase i s  
encountered.  The carbide  is  then in f ibrous form, i . e .  
with a more  or  l e s s  equiaxed c r o s s  sect ion,  and typi -  
cal ly the d i ame te r  of the f ibers  is  25 to 50 nm. Such 
f ibers  occur  in chromium s tee l s  in the t rans format ion  
range 650-800~ However this morphology is best  
shown in i so the rmal ly  t r ans fo rmed  molybdenum 
s tee l s ,  ~6 where MoeC forms fine f ibers  in assoc ia t ion  
with f e r r i t e .  The overa l l  morphology of these fine 
f ibrous aggrega tes  is  quite complex and var iab le .  16'17 
Some a re  nodular and have a genera l  s i m i l a r i t y  with 
pea r l i t e  nodules while o thers  grow s t ra ight  f rom aus-  
teni te  gra in  boundar ies  with roughly p lanar  boundar ies  
(Fig.  6(a)), although no s teps a re  observed in these  in- 
t e r f aces  between the aggregate  and austeni te .  In other  
cases  the f ibe r s  grow in f i r - t r e e  configurations,  nor -  
mal ly  f rom cent ra l  spines (or sub-boundar ies)  which 
have grown out from an austeni te  gra in  boundary (Fig.  
6(b)). As these s t ruc tu res  a re  at leas t  an o rde r  of 
magnitude f iner  than normal  pea r l i t i c  s t ruc tu res ,  and 
m o r e o v e r  as 0.2 pct carbon provides  a " fu l ly  eutec-  
t o ld"  s t ruc ture ,  they can be used to achieve good m e -  
chanical  p r o p e r t i e s .  For  example,  an 0.2 pct carbon 
s tee l  with 4 pct  molybdenum gives a y ie ld  s t r e s s  ap- 
proaching 50 t s i  (770 MNm -e) on t r ans fo rmat ion  in the 
range 600-650~ 17 The f ibrous carb ide  morphology 
which has been found in numerous al loy s tee l s ,  has 
been shown to a r i s e  p r i m a r i l y  during d i rec t  i so the r -  
mal  t r ea tment  or  during control led cooling of austeni te .  
The carb ides  shown to exis t  in this  form include MozC, 
W~.C, VC, Cr7C3 and TiC, but the exact c i r cums tances  
leading to the occur rence  of f ibrous carbide growth 
in the face of competing morphologies  have yet to be 
fully understood.  

3. INTERPHASE PRECIPITATION 

In recent  y e a r s  it has been shown that  i so the rmal ly  
t r ans fo rmed  al loy s t ee l s  often pos s e s s  m i c r o s t r u c -  
tu res  which a r e  midway between the two c l a s s i ca l  
eutectoid s t ruc tu re s  i . e .  proeutectoid  f e r r i t e  and 
pear t i t e .  The m i c r o s t r u c t u r e  at  low reso lu t ions  ap-  
p e a r s  to be completely f e r r i t i c ,  and indeed the m o r -  
phology of the f e r r i t e  as r evea led  in the ea r ly  s tages  
of t ransformat ion  is ident ical  with that of proeutectoid 
f e r r i t e  (Fig.  7(a)). However high resolut ion  e lec t ron 
microscopy  r evea l s  very  fine banded d i spe r s ions  of 
a l loy ca rb ides  within the f e r r i t e  (Fig.  7(b)), which i s  
usually r e f e r r e d  to as in terphase  prec ip i ta t ion .  TM The 
composit ion of the carbide  phase depends on the com- 
posi t ion of the s tee l ,  but a lmos t  a l l  the f ami l i a r  a l loy 
carb ides  adopt th is  morphology af ter  appropr ia te  heat 
t r ea tmen t s ,  including VC, 18 CbC, t~ TiC. 2~ Mo2C, 16 
Cr7C3,13,t4 Crz3C6,13'14 W2C, 2~ M6C. 22 The fine s ta te  of 
the d i spe r s ions  cont ras ts  with the much c o a r s e r  p e a r -  
h te  morphology r e f e r r e d  to above. It is  thus c l ea r  
that this  type of reac t ion  provides  a ma jo r  way of 
strengthening of f e r r i t e  which dese rves  deta i led con- 
s iderat ion,  as it is  a di~'ect  :oute in cont ras t  to the 
c l a s s i ca l  quench and t emper  approach to d i spe r s ion  
s trengthened f e r r i t e .  

It the re fore  seems  appropr ia te  at this  s tage to sum-  
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Fig .  6 - - (a )  F e - 4 M o - 0 . 2 C  t r a n s f o r m e d  20 m i n  at 650~ Th in  
foil EM, m a g n i f i c a t i o n  70,000 t i m e s .  IBerry)  is. (b) F e - 4 M o -  
0.2C t r a n s f o r m e d  2 h at  650~ m a g n i f i c a t i o n  25,000 tmaes .  
(Edmonds) l  7 

m a r i z e  our knowledge concern ing  this  type of p r ec ip i -  
ta t ion phenomenon.  

3.1 Ea r ly  Obse rva t ions  

It has been  known for a long t ime  that c o m m e r c i a l  
s t ee l s  g r a i n - r e f i n e d  with co lumbium (niobium) a n d / o r  

J,, 

, . :~  ,- 

" L I  

( a )  

(h) 
F ig .  7 - - F e - 0 . 7 5  pc t  V-0 .15  pc t  C. (a) 10 s at  680~ Opt ica l  
m i c r o g r a p h ,  m a g n i f m a t i o n  125 t i m e s .  (b) 5 m i n  at 725~ 
T h i n  foil EM. (Batte  and Honeycombe)  2~ 

vanadium reach  g rea t e r  s t reng th  leve ls  af ter  con- 
t ro l l ed  ro l l i ng  than expected by the f e r r i t e  g ra in  s ize  
achieved,  us ing  the Ha l l -Pe rch  ana lys i s  for the de-  
pendence of yield s t r e s s  on g ra in  s ize .  It was r ea l i zed  
that  the i nc r e a se d  s t r eng then ing  mus t  a r i s e  f rom al -  
loy carb ide  prec ip i ta t ion ,  23 and indeed fine pa r t i c l e s  of 
CbC often al igned in rows were  detected in  a s - r o l l e d  
and n o r m a l i z e d  g ra in  re f ined  mi ld  s tee l s ,  and found to 
be usua l  in such s tee ls .  2a-~ Deta i led  e l ec t ron  m i -  
c roscopy inves t iga t ions  x9-~1 have shown that the fine 
carb ide  p rec ip i t a t e s  a re  often much less  than 10 nm 
in d i ame te r ,  and that they a re  n o r m a l l y  a r r a n g e d  in 
bands,  the spacing of which may be as s m a l l  as 5 nm,  
but can va ry  up to 50 nm.  
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One view advanced  fo r  the  a p p a r e n t l y  l i n e a r  p r e -  
c ip i t a te  a r r a y s  was that  they we re  nuc lea t ed  on d i s -  
l oca t ions  in the  f e r r i t e  o r  in the  ans ten i te ;  27,28 how- 
eve r ,  while  such  i m p e r f e c t i o n s  do nuc lea te  a l loy  c a r -  
b ide  p a r t i c l e s ,  they do not n o r m a l l y  r e s u l t  in r e g u l a r  
p r e c i p i t a t e  a r r a y s .  The  a l t e r n a t i v e  hypo thes i s  t8,19 
which has  now gained s t r o n g  suppor t  b e c a u s e  of d e -  
c i s i v e  s t r u c t u r a l  ev idence ,  i s  that  the  c a r b i d e  p a r t i -  
c les  a r e  nuc l ea t ed  p e r i o d i c a l l y  at  the y/ /a  i n t e r f a c e s ,  
a s  they move  th rough  the aus t en i t i c  g r a i n s .  

We sha l l  examine  the phenomenon in g r e a t e r  d e t a i l  
below, in an a t t emp t  to out l ine  the  f a c t o r s  which d e -  
t e r m i n e  whe the r  the i n t e r p h a s e  morpho logy  i s  adopted,  
o r  whe the r  the  c a r b i d e s  g row in a f i b rous  fash ion  o r  
on d i s l oca t i ons ,  which a p p e a r  to be the t h r e e  m a i n  
compe t ing  m o r p h o l o g i e s .  However ,  i t  should be poin ted  
out that  in some  s t e e l s ,  e.g.  Cr s t e e l s ,  the  a l loy  p e a r -  
l i t i c  s t r u c t u r e  i s  a l so  in compe t i t i on  with the above  
m o r p h o l o g i e s ,  with the  r e s u l t  tha t  the  o b s e r v e d  m i -  
c r o s t r u c t u r e s  a r e  f r equen t ly  complex .  F o r t u n a t e l y  
t h e r e  a r e  o the r  a l l oy  s t e e l s ,  e.g.  t hose  b a s e d  on vana -  
dium and on t i t an ium in which the  s t r u c t u r e s  a r e  l e s s  
complex ,  and can be m o r e  r e a d i l y  ana lyzed .  C h r o m i u m  
s t e e l s  however  p o s s e s s  one advantage ,  in so f a r  a s  the 
c h r o m i u m  c a r b i d e  p r e c i p i t a t e s  and the i n t e rband  s p a c -  
ings  a r e  f r equen t ly  qu i te  c o a r s e ,  so  that  the growth  of 
ind iv idua l  p a r t i c l e s  can be s tud ied .  

3.2 Quant i t a t ive  M e t a l l o g r a p h i c  O b s e r v a t i o n s  

Bat te  and the  au thor  29 have i nves t i ga t ed  the i so -  
t h e r m a l  t r a n s f o r m a t i o n  of s e v e r a l  high pu r i t y  v a n a -  
d ium s t e e l s  in the t e m p e r a t u r e  r ange  700-850~  
keep ing  the v a n a d i u m - c a r b o n  r a t i o  cons tan t  (5 : 1), but 
v a r y i n g  the  vo lume f r a c t i o n  of vanad ium c a r b i d e  p r e -  
c ip i t a te  f rom 0.23 to 1.23 pc t .  A f t e r  t r a n s f o r m a t i o n  
a l l  the s t e e l s  showed f e r r i t i c  s t r u c t u r e s  with p r e -  
dominan t ly  i n t e r p h a s e  p r e c i p i t a t i o n  of vanadium c a r -  
b ide .  The  p r e c i p i t a t e  p a r a m e t e r s ,  viz .  the band s p a c -  
ing  and the p a r t i c l e  s i z e  w e r e  found to v a r y  s y s t e m a t i -  
ca l ly  with 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  (F ig .  8), in-  
c r e a s i n g  with t e m p e r a t u r e  and with d e c r e a s i n g  s u p e r -  
s a t u r a t i o n .  I t  wi l l  be noted tha t  p r e c i p i t a t e  band s p a c -  
ings  of a round  10 nm w e r e  o b s e r v e d  a f t e r  t r a n s f o r m a -  
t ion  at  725~ the lowes t  t e m p e r a t u r e  at  which m e a s u r e -  
m e n t s  w e r e  m a d e .  However  the s a m e  r e a c t i o n  o c c u r s  
at  l e a s t  down to 650~ at  which point  i t  begins  to c o m -  
pe te  with the  upper  ba in i t e  r eac t i on ,  so  that  spac ings  
much  lower  than  10 nm a r e  e a s i l y  ach ieved ,  but l e s s  
r e a d i l y  m e a s u r e d .  

T h e r e  a r e  s e v e r a l  o the r  ways  in which the  d i s p e r -  
s ion  can be v a r i e d .  F i r s t l y  the aus t en i t i z i ng  t e m p e r a -  
t u r e  can be  changed;  in the  above  e x p e r i m e n t s  high 
t e m p e r a t u r e s  (1150-1200~ were  used  to e n s u r e  full  
so lu t ion  of vanad ium c a r b i d e  in the  aus t en i t e  p r i o r  to 
t r a n s f o r m a t i o n .  I f  l o w e r  t e m p e r a t u r e s  a r e  used,  the 
amount  of vanad ium ca rb ide  in so lu t ion  d e c r e a s e s ,  
consequen t ly  on t r a n s f o r m a t i o n  the ef fec t  i s  the  s a m e  
as  lower ing  the vanad ium mad ca rbon  l eve l s ,  name ly  
the  vo lume f r a c t i o n  of p r e c i p i t a t e  f o r m e d  du r ing  the 
V/~ t r a n s f o r m a t i o n  i s  l e s s ,  so the band spac ing  and 
p a r t i c l e  s i z e  of the vanadium c a r b i d e  i n c r e a s e s .  

A fu r t he r  con t ro l  of the  r e a c t i o n  is  by the  use  of 
add i t iona l  a l loy ing  e l e m e n t s  which e i t he r  d e p r e s s  the  
TTT curve  and d i s p l a c e  i t  to longer  t i m e s ,  o r  r a i s e  
the  cu rve  and d i s p l a c e  i t  to  s h o r t e r  t i m e s .  Manganese ,  
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Fig. 8--Isothermal transformation of ~ anadium steels:  dis-  
persion parameters  

Vol, Fraet .  Precipitate 
C1 1.04V 0,20C 0.02Cb 1.23 
C2 0.75V 0,15C 0,02Cb 0.93 
C3 0.48V 0.09C 0.02Cb 0.55 
C5 0,55V 0.04C 0.02Cb 0.23 (Batte and Honeyeombe) ~ 

c h r o m i u m  and n icke l  have the f i r s t  effect ,  with the  r e -  
sul t  tha t  for  a given 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 
d i s p e r s i o n  b e c o m e s  c o a r s e r ,  b e c a u s e  the  r e a c t i o n  be -  
ing s lower ,  a l lows  m o r e  t ime  fo r  d i f fus ion  to o c c u r .  
However  the whole curve  is  d e p r e s s e d ,  so that  the in-  
t e r p h a s e  p r e c i p i t a t i o n  r e a c t i o n  can t ake  p l a c e  at lower  
t e m p e r a t u r e s .  On the o the r  hand, e l e m e n t s  such as  
s i l i c on  and a luminum have been  shown to a c c e l e r a t e  
the  b a s i c  f e r r i t e  r eac t ion :  r e c e n t  unpubl i shed  work  by 
W i l y m a n  ind i ca t e s  that  these  e l e m e n t s  a c c e l e r a t e  the 
i n t e r p h a s e  r e a c t i o n  in F e - V - C  a l l oys  p r e s u m a b l y  with 
a r e f i n e m e n t  of the  s t r u c t u r e ,  which i t  has  not ye t  been  
p o s s i b l e  to  m e a s u r e .  

3.3 M e c h a n i s m  of the Reac t ion  

T h e r e  i s  c l e a r  ev idence  that  the c a r b i d e  p a r t i c l e s  
a r e  nuc lea ted  at  the 7/c~ bounda r i e s  du r ing  t r a n s f o r -  
ma t ion .  

1) Bands  a r e  p a r a l l e l  to the 7 / ~  b o u n d a r i e s .  2t Th is  
can be o b s e r v e d  in  f avo rab l e  c i r c u m s t a n c e s  in the 
e a r l y  s t a g e s  of t r a n s f o r m a t i o n ,  and the bands  follow 
the changes  in d i r e c t i o n  of the  boundary  a s  in F ig .  9, 
a 4 pct  molybdenum s t e e l  t r a n s f o r m e d  at  850~ 

2) The  d i r e c t  o b s e r v a t i o n  of the i n t e r f ace  in ch ro -  
m i u m  s t e e l s  has  shown tha t  the  c a r b i d e  p a r t i c l e s  nu- 
c l ea t e  on the  interface.3~ 

3) The  c a r b i d e  p a r t i c l e s  a r e  f r equen t ly  only in one 
v a r i a n t  of a Widmans t~ t t en  r e l a t i o n s h i p .  21,31 Th i s  can 
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Fig. 9--Fe-4Mo-0.2C transformed 10 rain at 850~ Optical 
micrograph. (Barbacki) 35 

eas i ly  be shown by p rec ip i t a te  dark  f ield e lec t ron  mi -  
croscopy.  In the case of vanadium carbide,  the p a r -  
t i c les  a re  p la te le t s  which often lie on the {100}ferrite 
plane mos t  nea r ly  p a r a l l e l  to the in te r face .  

4) The o r ien ta t ion  r e l a t ionsh ip  of the ca rb ides  with 
the f e r r i t e  m a t r i x  a re  the same  as those encountered  
in  t empered  m a r t e n s i t e s  (except for  the l imi ta t ion  of 
v a r i a n t s  r e f e r r e d  to in  3). For  example the r e l a t i on -  
ship for vanadium carbide  in i so the rma l ly  t r a n s f o r m e d  
s tee l s  is  the s ame  as that found by Baker  and Nutting 
in t empe red  vanadium s tee l s  a2 

{100}vc//{100}  
(110) V C / / ( 1 0 0 ) ~ .  

S imi l a r ly  the Mo2C pa r t i c l e s ,  which a re  n o r m a l l y  rod-  
lets ,  have the same or ien ta t ion  r e l a t ionsh ip  to f e r r i t e  
as in t empered  Mo s tee ls ,  I6 viz:  

(011)a / /  (0001)Mo2C 

(I00)~ //(21i0)Mo2 c 

[100]a / /  [2110]Mo2C (growth direction) 

This  c rys ta l log raph ic  in fo rmat ion  taken in conjunct ion 
with 1 ) - 3 )  above indica tes  that the bands of p rec ip i -  
tate nuc lea te  at the ~fla in te r face  and g r o w  in the 
phase .  I t  i s  not poss ib le  to examine  the p rec ip i t a t ion  
p roce s s  at the V/a in te r face  without giving cons ide ra -  
t ion to the m e c h a n i s m  by which the f e r r i t e  phase 
grows at the expense of the aus ten i te .  Examina t ion  of 
a range  of s t ee l s  based on vanadium,  t i tan ium,  tung- 
s ten  and ch romium has led to the conclus ion that in 
mos t  cases  over  much of the t r a n s f o r m a t i o n  range,  
excluding perhaps  the highest  t r a n s f o r m a t i o n  t e m p e r a -  
tu res ,  the f e r r i t e  i n t e r f aces  assoc ia ted  with i n t e r -  
phase p rec ip i t a t ion  grow predominan t ly ,  but not ex- 
c lus ively  by ledge mig ra t ion .  This  mechan i sm  is now 
well  es tab l i shed  for the growth of " p u r e  f e r r i t e "  in 
the absence  of p rec ip i ta te ,  as a r e su l t  of the work of 
Aaronson  and coworkers .  ~'9 It is thus in t e re s t ing  to see 
how the two phenomena of ledge mig ra t ion  and i n t e r -  
phase p rec ip i t a t ion  complement  each other in many 
alloy s tee l s .  The obse rva t ions  at t e m p e r a t u r e  in the 
t he rmion i c  e m i s s i o n  mic roscope  (Fig.  2) were  c a r r i e d  
out on such an alloy, in which it was poss ib le  occasion- 

al ly to see in te r face  nucleated  bands of prec ip i ta te ,  in 
addit ion to the ledges on the f e r r i t e / a u s t e n i t e  i n t e r -  
faces,  but the reso lu t ion  of the method did not allow 
p rec i se  obse rva t ion  on the prec ip i ta te  p a r t i c l e s .  

To obtain more  s igni f icant  r e su l t s  on the r e l a t i on -  
ship between the ledges and the prec ip i ta te ,  3~ it  is 
n e c e s s a r y  to use thin foil e l ec t ron  mic roscopy  on 
s tee l s  which have subs tan t i a l  ledges on the in te r face .  
One of the best  s tee l s  is a s imple  b inary  alloy Fe -  
12Cr-0.2C,  which on 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 
650-750~ provides  ledges about 50-400 nm in 
height.  Fig.  10(a) and (b) shows the same  stepped r e -  
gion of the in te r face  in br ight  field and in p rec ip i t a te  
dark  field: in the la t te r  photograph the white reg ions  
co r re spond  to ident ica l ly  or ien ted  p rec ip i t a te  pa r t i -  
c les .  It can be read i ly  seen  that nuc lea t ion  has oc- 
c u r r e d  along the p lanar  boundary  (or " t r e a d " )  while 
the ledge i t se l f  (or " r i s e r " )  is f ree  from prec ip i t a te .  
This  is an i n t e r e s t i n g  r e v e r s a l  of n o r m a l  nuclea t ion  
behavior .  Campbel l  found the boundary  plane to cor -  
respond to {110}~, so the boundary  was probably  of 
low energy,  and thus its mobi l i ty  would be s e v e r e l y  
l imi ted ,  consequent ly  growth of the f e r r i t e  occurs  by 
rapid  movement  of a s e r i e s  of incoheren t  high energy 
s teps .  Normal ly  such s i tes  would be ene rge t i ca l ly  
favorable  for nuclea t ion  of p rec ip i t a tes ,  but the ledges 
a re  too mobile  for nuclea t ion  to occur there .  Conse-  
quent ly  nuclea t ion  takes place on the lower energy,  
l e s s  mobi le  p lanar  faces as they a re  extending due to 
ledge mig ra t ion .  In Fig.  9(b) the s ize  of the carb ide  
pa r t i c l e s  d e c r e a s e s  as each ledge is approached 
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Fig. 10--Fe-12Cr-0.2C transformed 30 min at 650~C; precipi- 
tation of Cr23C 6. Same area (a) bright field, (b) dark field. 
Thin foil EM, magnification 150,000 times. (Campbell) t~ 
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c l ea r l y  indica t ing  the sequence  of nuclea t ion  which 
was de tec ted  in the ch romium s tee l .  

S o m e t i m e s  the m o v e m e n t  of a l a rge  s tep is fol lowed 
by s e v e r a l  much  s m a l l e r  s teps ,  which leads  to s e v e r a l  
c lose ly  spaced bands of p r ec ip i t a t e  fol lowed by a 
l a rge  space  to the next band of p r ec ip i t a t e  as a 
c o a r s e r  s tep moves  along the i n t e r f ace .  The two s i tu-  
a t ions  a r e  shown s c h e m a t i c a l l y  in F ig .  l l ( a )  and (b) 
whe re  the l a t t e r  case  g ives  r i s e  to groups of p r e c i p i -  
ta te  bands.  T h e s e  should be d is t inguished  f rom the 
m o r e  random a r r a y s  of p a r t i c l e s  obtained when a thin 
foi l  s p e c i m e n  is t i l ted  so that  the bands a r e  at an angle 
to the foi l  su r f ace  of subs tan t ia l ly  l e s s  than 90 deg. ~x 
However  this  t i l t ing e x p e r i m e n t  is  impor tan t ,  as it 
a l so  shows c l e a r l y  that the p r e c i p i t a t e s  a r e  not l inear  
but  l ie  in bands or  shee t s .  

T h e r e  is  an a l t e rna t ive  way in which the f e r r i t e  can 
gffow away f rom the ca rb ide  p a r t i c l e s  nuc lea t ing  at the 

in t e r f ace ,  which appea r s  to occur  p a r t i c u l a r l y  at 
high t e m p e r a t u r e s ,  and probably  when p rec ip i t a t i on  
takes  p lace  on a boundary which is  of h igher  energy .  
It  i s  thus able to move  m o r e  r ead i ly  than coheren t  or  
s e m i c o h e r e n t  boundar ies .  B r e a k  away of the boundary 
f r o m  the p a r t i c l e s  then appea r s  to occur  by means  of 
a bowing out m e c h a n i s m  which could occur  at v a r i ous  
points  along a p rec ip i t a t e  f ront .  ~ It would be expec ted  
that  such a bowing out m e c h a n i s m  would lead to some  
i r r e g u l a r  bands of p a r t i c l e s ,  as t he r e  would be no need 
to commence  with a p lanar  ~ / ~  boundary,  nor  would 
the new boundary a f te r  b reak  away be p lanar .  F ig .  12 
shows a typical  example  of an i r r e g u l a r  y/a f ront  in a 
12 pct  Cr -0 .2  pct  C s t ee l  i s o t h e r m a l l y  t r a n s f o r m e d  at 
625~ 

One in t r iguing  obse rva t ion  which has not yet  been 
fully explained is  that  fine twins a r e  often o b s e r v e d  in 
the f e r r i t e ,  p a r t i c u l a r l y  in s t ee l s  containing vana-  
dium .31,34 

4. COMPETITIVE CARBIDE MORPHOLOGIES 

In many s t ee l s  two or  t h r ee  d i f fe ren t  al loy ca rb ide  
morpho log ies  f requent ly  ex i s t  s ide by s ide  in a s s o c i a -  
t ion with f e r r i t e ,  even within a s ingle  o r ig ina l  aus-  
ten i te  g ra in .  The ev idence  sugges t s  that the fine 
f ibrous  ca rb ide  f e r r i t e  agg rega t e s  n o r m a l l y  fo rm 
random high energy  boundar ies  with the aus teni te ,  
consequent ly  it  would be expected  that,  as in the case  

Y a 
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Fig. l l --Mechanism of nucleation and growth of carbides on 
the ~//cz interface�9 Schematic. 
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Fig. 12--Fe-12Cr-0.2C transformed 60 min at 625~ Thin 
foil EM. (Campbell) l~ 

of pea r l i t e ,  the f e r r i t e  and ca rb ide  would be unre la ted  
to the aus ten i te  into which they w e r e  growing.  In con- 
t r a s t  the in t e rphase  r eac t i on  is p redominan t ly  a s s o c i -  
a ted with the m o v e m e n t  of high ene rgy  s teps  on low 
energy ,  p lanar  boundar ies ;  in this  case  it would n o r -  
ma l ly  be expec ted  that  the f e r r i t e  would be r e l a t ed  by 
the K-S r e l a t i on  to the aus teni te  in which i t  g rows .  
However ,  e x p e r i m e n t a l  ev idence  sugges t s  that these  
a r e  only b road  guidel ines ,  and indeed along the s a m e  
7/a boundary the morphology  can change abrupt ly  
(Fig .  13), al though the f e r r i t e  o r ien ta t ion  is  una l t e red .  

E a r l i e r  work  on the p e a r l i t i c  and baini t ic  r e a c t i o n s  7 
u t i l i zed  pa r t i a l  t r a n s f o r m a t i o n  at one t e m p e r a t u r e  
fol lowed by fu r the r  t r a n s f o r m a t i o n  at a lower  t e m -  
p e r a t u r e  to e luc ida te  bas ic  f ea tu r e s  of the two s t r u c -  
t u r e s .  A s i m i l a r  technique has now been appl ied to 
a l loy carb ide  p rec ip i t a t ion  using e l e c t r o n  m i c r o s c o p y  
and e l e c t r o n  d i f f rac t ion  to d e t e r m i n e  o r i en ta t ion  
changes  in f e r r i t e  and carb ide  phases .  ~ Working 
with a s t e e l  containing 4 pct  molybdenum and 0.2 pct  
carbon  (Fig.  14) it was found that a change in t r a n s -  
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Fig. 13--Fe-5Cr-0.2C transformed 30 min at 650~ Transi-  
tton in carbide morphology as the boundary changes orienta- 
tion. Thin foil EM. (Campbell) 1~ 
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i t  s e e m s  that  the f ib rous  r e a c t i o n  is  not comple te ly  
analagous  to the p e a r l i t e  reac t ion ;  the t rue  al loy p e a r -  
l i te  r eac t i on  appea r s  to be the r eac t i on  d e s c r i b e d  in 
Sect ion 2. Thin foi l  e l e c t r o n  m i c r o s c o p y  p rov ided  
m o r e  p r e c i s e  in fo rma t ion  about the t r ans i t ion ,  in so 
fa r  as  the o r ien ta t ion  of the f e r r i t e  was shown to be 
iden t i ca l  in the two reg ions ,  but by using a da rk  f ie ld  
technique,  it was shown that the Mo=C p rec ip i t a t e  a s -  
sumed  a d i f fe ren t  o r i en ta t ion  in the two t e m p e r a t u r e  
r e g i m e s .  

Consequent ly  we have a s i tuat ion where  the o r i e n t a -  
t ion of the f e r r i t e  m a t r i x  i s  unaffected by a t e m p e r a -  
t u re  change (e i ther  up or  down), but the s a m e  change 

Fig. 14--Fe-4Mo-0.2C. Partial transformation at 850~ fol- 
lowed by further transformation at 725~ Change from inter- 
phase precipitation to fibrous carbide. Optical micrograph, 
magnification 600 times. (Barbacki)3s 

Fig. 15--Fe-4Mo-0.2C. Transtormation at 850~ then 750~ 
Transition from coarse to fine fibrous Mo2C. Extraction 
replica EM. Magnification 10,000 times. (Barbacki) 35 

, i  

f o r m a t i o n  t e m p e r a t u r e  f rom 850 to 725~ had a sub-  
s tan t ia l  e f fec t  on the ca rb ide  d i spe r s ion .  F ig .  15 
shows the t r ans i t i on  zone be tween Mo2C f ibe r s  typ ica l  
of 850 ~ and 750~ the o r i en ta t ion  r e m a i n s  the s a m e  
but the spacing has changed by approx ima te ly  an 
o r d e r  of magni tude .  In t e rphase  p rec ip i t a t ion  was 
m o r e  p r e v a l e n t  at 850~ than the f ib rous  carb ide ,  but 
on cool ing to 725~ (Fig.  14) f ibrous  Mo=C growth 
predomina ted ,  and in doing so, s tepped f e r r i t e  bound- 
a r i e s  (ar rowed)  w e r e  r e p l a c e d  by m o r e  curved  high 
ene rgy  i n t e r f a c e s  (Fig.  16). This  is  pe rhaps  a s u r -  
p r i s i ng  r e su l t ,  as  such morpho log ie s  would be ex-  
pec ted  at 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 .  Thus 

, , ~ . . :  4 
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" ' : " ' ' ~ "  C h a n g e  
�9 : : . "  of teml~ :y.,.).~l,~., Fig. 16--Fe-4Mo-0.2C. Par- 

7.]r ' tim transformation at 850~ 
followed by further trans- 
formation at 725~ Transi-  

, ,  ,, 7 2 5  o c  tlon from interphase to fib- 
.~ li~" ~ rous carbide. Extraction 

,.", - replica EM. (Barbacki) 35 
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produces a marked difference in carbide morphology. 
We cannot thus assume that interphase precipitation is 
necessar i ly  associated with ferr i te  having a K - S  re-  
lationship with the austenite in which it is growing, 
while fibrous carbides grow in a peartit ic fashion 
where the ferr i te  is unrelated to the parent austenite 
grain. This recent evidence points to the nature of the 
~/~ interface as the important factor influencing the 
observed carbide morphologies. It is augmented by 
such information as shown in Fig. 13 where, as the 
orientation of the boundary changes, the carbide mor -  
phology abruptly alters;  the boundary in the interphase 
precipitate region exhibits small  steps, which are  ab- 
sent in the fibrous region, where the interface is more 
i r regular  with local curvatures .  

It is now recognized that the interface between two 
phases is a significant diffusion path, and that the dif- 
fusivity along a disordered boundary is greater  than 
along a coherent or  semicoherent low energy bound- 
ary.  Thus circumstances could be expected where, as 
the temperature is lowered, the growth of low energy 
interfaces by step movement is replaced by incoherent 
interfaces with their increased capability for diffusion. 
This could explain the increased incidence of fibrous 
carbide growth in the molybdenum steel as the t rans-  
formation temperature is lowered towards the nose at 
750~ and the reaction takes place more rapidly. 

5. THE EFFECT OF ALLOYING ELEMENTS 
ON STRUCTURE 

It will be already very apparent from the examples 
given that different alloying elements in steels greatly 
influence the type of carbide morphology encountered 
during direct  transformation of austenite. In the main 
the alloying elements achieve this effect in two ways: 

1) by altering the kinetics of the basic ~/~ reaction 
2) by changing the composition and structure of the 

carbide phase. 
The addition of as little as 0.25 pct vanadium to an 
iron-0.1 pct carbon alloy causes the );/~ reaction to 
occur predominantly by stepped growth of ferr i te  with 
associated interphase precipitation of vanadium ca r -  
bide. One important character is t ic  of these steels is 
that the reaction is extremely rapid, going to com- 
pletion at the nose of the TTT curve in about 15 sec-  
onds, 29 and there is little change in speed as the vana- 
dium content is increased up to 1 pct. The addition 36 
of further alloying elements such as nickel, manganese 
or chromium has the effect of slowing down the t r ans -  
formation, and at the same time increasing the amount 
of fibrous vanadium carbide from as low as 2 pct up 
to 20 pct of the carbide phase for a 1.5 pct Mn addi- 
tion, and up to 40 pct for 2 pct Cr. Steels containing 
titanium and columbium as the principal carbide form- 
ing elements exhibit s imilar  behavior to vanadium 
steels i . e .  rapid reaction and the formation of carbides 
isomorphous with vanadium carbide (fcc structure) 
mainly by interphase precipitation. In the case of 
steels containing titanium, 37 slowing down the reaction 
by use of further alloying elements increases  the pro-  
portion of fibrous carbide. 

In contrast,  molybdenum steels ~ isothermally 
t ransform more slowly, and in any case require more  
alloying element to form Mo2C (and M6C) instead of 

cementite. The Mo~C carbide forms commonly in 
fibrous form, although interphase precipitation of the 
same carbide occurs  side by side with fibrous Mo2C 
even in the same austenite grain. The Mo2C interphase 
precipitate p rogresses  in a needle or rod-like mor -  
phology which might be expected to change to a fibrous 
habit more readily than the plate shaped VC part icles.  
It thus appears that when a steel t ransforms more 
slowly, fibrous carbide growth becomes more favored, 
and thus represents  a closer approach to equilibrium 
in contrast to repeated nucleation of part icles at the 
y / a  interface which is energetically more demanding. 

However, this cannot be a full explanation, as a 
tungsten steel ~1 of s imilar  atomic concentration to the 
molybdenum steel (Fe-2a t .  pct Mo-1 at. pct C) has 
similar  reaction kinetics, but exhibits onty a small  
amount of fibrous tungsten carbide on transformation.  
Instead over the t ransformation range 650-850~ the 
interphase reaction predominated, but usually with the 
precipitation of (FeW)6C a complex cubic carbide not 
W2C (which is isomorphous with the hexagonal Mo2C). 
In molybdenum steels M6C can form at the higher 
t ransformation temperatures,  but the normal  precipi-  
tate observed is Mo2C. Likewise in high chromium 
steels the reaction is slow, e .g .  100 minutes to full 
t ransformation at 700~ in a 12 pct Cr alloy, but the 
product is a complex mixture of ferr i te  with fibrous 
M23C6 (a cubic carbide) and also interphase precipi ta-  
tion of the same carbide. One is thus forced to con- 
clude that there must be crystallographic factors  in- 
fluencing growth of the carbide in addition to the 
kinetic factor.  It is part icularly relevant to compare 
vanadium carbide (fcc VC) with molybdenum carbide 
(hexagonal Mo2C). The orientation relationships of 
these two carbides with both V and c~-iron are known, 
and using accepted lattice parameters ,  the lattice mis-  
match factors can be calculated as shown in Table I, 
based on data by Davenport e t  at,  is Harding 3s and Dy- 
son e t  al .  ~9 

These results  indicate more  favorable crystal lo-  
graphic conditions for VC to grow in fer r i te  than in 
austenite, whereas in the case of M~C the conditions 
are  similar  in both ferr i te  and austenite. Consequently 
VC would be expected to favor interphase growth 
where it is essentially growing in ferr i te  with the ob- 
served ferr i te  orientation relationship. As has al- 
ready been pointed out, this carbide normally adopts 
only one of the variants of the orientation relationship, 
forming as platelets on that cube plane of ferr i te  most 
nearly parallel  to the T/or interface, possibly to maxi- 
mize the effectiveness of the u boundary diffusion 

Table I. Lattice Mismatch for Vanadium and Molybdenum 
Carbides in Ferrlte and Austenite 

VC Mo~C 

Orientation Ormrttatlon 
Matnx Relationship Misfit, Pct Relationship Misfit, Pct 

a [lO0]c//ll'io]c, 2.6 (Of) 1),:/](011) a 16.5 
[olohg[1 lo],~ 2.6 (oi.ol~N(olf),~ 28.3 
(O01)cff(OOl)a 45.2 (2~.0)c//( 100)c , 4 7 

3' cu be/cu be 16,0 (00. t )c//( I l_1 )v 14.1 
~ii d=- (l!.o)dI~ l lob, is.4 
rectlons (11.0)clt( 112)~ - 11.2 
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path  o r  a s  a r e s u l t  of s u r f a c e  ene rgy  c o n s i d e r a t i o n s .  
The g r e a t e r  p r e p o n d e r a n c e  of MozC f i b e r s  in the  
molybdenum s t e e l  i s  p r o b a b l y  due in p a r t  to the na tu r e  
of the m i s f i t  be tween  Mo~C and f e r r i t e  whe re  t h e r e  i s  
a low d e g r e e  of m i s f i t  in only one d i r ec t i on ,  in con-  
t r a s t  to VC w h e r e  t h e r e  a r e  two d i r e c t i o n s  of r e l a -  
t i ve ly  low m i s f i t  and a s  a r e s u l t  the  habi t  i s  n o r m a l l y  
p la te  - l ike .  

In vanad ium s t e e l s ,  i t  has  been  o b s e r v e d  a~ tha t  in 
l o c a l i z e d  r e g i o n s  vanad ium c a r b i d e  p l a t e l e t s  a r e  r e -  
p l a c e d  by s h o r t  f i b e r s  (F ig .  17) which r e m a i n  p a r a l l e l  
to the  o r i g i n a l  p l a t e s  of VC, and a p p e a r  to a r i s e  s i m -  
p ly  f rom p ro longed  g r o ~ t h  of t he se  p a r t i c l e s .  Th is  
might  happen if f luc tua t ions  o c c u r r e d  such  that  lo-  
ca l i zed  r e g i o n s  of  the  ~,/~ boundary  moved  not by a 
s t ep  m e c h a n i s m  but by  s low b r e a k  away in a d i r e c t i o n  
n o r m a l  to the in t e r face ;  the f i b rous  growth would be 
expec ted  to c e a s e  when the s t ep  m e c h a n i s m  of i n t e r -  
face  growth  was  r e s u m e d .  I t  i s  p r o b a b l e  tha t  such  
even t s  a r e  m o r e  l ike ly  dur ing  cont inuous cool ing than 
du r 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 ,  b e c a u s e  the  r e a c -  
t ion t a k e s  longer  to go to comple t ion  in the f o r m e r  
case ,  a l lowing m o r e  oppor tuni ty  fo r  growth  f luc tua-  
t ions  to o c c u r .  

T h e r e  i s  a s m a l l  group of a l loy ing  e l e m e n t s ,  notably  
s i l i con ,  a luminum and cobal t ,  which a c c e l e r a t e  the 
k ine t i c s  of the  ) , /~  r e a c t i o n ,  a t  l e a s t  a t  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 ,  s Si l icon and a luminum 
a p p e a r  to i n c r e a s e  both the  r a t e s  of nuc lea t ion  and 
growth  of f e r r i t e ,  whi le  coba l t  i n c r e a s e s  only the r a t e  
of nuc lea t ion .  Recen t  work  a~ has  shown that t he se  e f -  
f ec t s  on the  7/c~ r e a c t i o n  a r e  a l so  r e f l e c t e d  in an in-  
c r e a s e  in s t r e n g t h  of the f e r r i t e ,  a s s u m e d  to be p a r t i y  
f rom i n c r e a s e d  d i s p e r s i o n  ha rden ing  and p a r t l y  f r o m  
addi t iona l  so lu t ion  hardening .  

6. STABILITY O F  CARBIDE DISPERSIONS 
IN F E R R I T E  

6.1 C o a r s e n i n g  K i n e t i c s  

The in i t i a l  s t a t e  of the  d i s p e r s i o n  of vanad ium or  
t i t an ium c a r b i d e  p roduced  du r ing  the y./o~ t r a n s f o r m a -  
t ion  i s  so f ine,  and  the r e a c t i o n  i s  so  r ap id ,  that  i t  is  
of c o n s i d e r a b l e  i n t e r e s t  to know the e f fec t s  of f u r t h e r  
ag ing  at  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 .  Ba t te  ~ w o r k -  
ing  with an F e - 1  pc t  V-0 .2  pc t  C a l loy  found that  the 
o r i g i n a l  banded  s t r u c t u r e  had d i s a p p e a r e d  a f t e r  one 
hour  a t  725~ while  F r e e m a n  37 showed tha t  an F e -  
0 .5T i -0 .1  pc t  C a l loy  ma in t a ined  the  banded s t r u c t u r e  
up to 40 hours  at  700~ al though a f u r t h e r  30 minu t e s  
at  800~ caused  the banding  to d i s a p p e a r  e n t i r e l y .  At  
l ower  t e m p e r a t u r e s ,  for  e x a m p l e  600~ the banded 
s t r u c t u r e  s t i l l  p e r s i s t s  in F e - V - C  a f t e r  500 hours.4e 

The  L i f s h i t z - W a g n e r  t h e o r y  of d i f f u s i o n - c o n t r o l l e d  
p a r t i c l e  c o a r s e n i n g  i s  often app l i ed  to so l id  s t a t e  
s t r u c t u r e s ,  a l though i t  i s  s t r i c t l y  conce rned  with 
s p h e r i c a l  p a r t i c l e s  in f lu id  m a t r i c e s .  The  r e l a t i o n s h i p  
i s  of the  fo rm 

( r~ - d )  = R ~  v~ C D1,t [1] 

w h e r e  ro and v t a r e  the  m e a n  p a r t i c l e  r a d i i  a t  z e r o  
t i m e  and t i m e  t; D i s  the  d i f fus iv i ty  of the  so lu te  in the  
m a t r i x ;  I '  i s  the  p a r t i c l e / m a t r i x  i n t e r f a c i a l  energy;  
C i s  the  concen t ra t ion  of so lu te  in equ i l ib r ium with 

m ~ 
r  

Fig. 17--Transition from interphase to llbrous vanadium 
carbide growth in an isothermally transformed vanadium 
steel�9 Thin foil EM. (Batte) -~9 

a p a r t i c l e  of inf in i te  s ize :  V i s  the m o l a r  vo lume  of 
the p r e c i p i t a t e ,  and K is  a cons tan t .  The  c o a r s e n i n g  
of Mo2C p a r t i c l e s  in t e m p e r e d  f e r r i t e  43 fol lows t 1/3 
k i n e t i c s  in qua l i t a t ive  a g r e e m e n t  with Eq.  [1], and has  
an a p p a r e n t  ac t iva t ion  ene rgy  n e a r  that  fo r  Mo diffu-  
s ion  in f e r r i t e .  However  s tud i e s  of banded VC c o a r s e n -  
ing in  f e r r i t e  us ing  the  f ie ld  ion m i c r o s c o p e  showed 
that  t 1/2 k ine t i c s  w e r e  fol lowed,  44 ind ica t ing  an i n t e r -  
face  r e a c t i o n  con t ro l l ed  c o a r s e n i n g  in a c c o r d a n c e  with 
the  equat ion,  

( 6  - ,~o) = 64 CS~Vt  [2 ] 
81 kT  

w h e r e  S i s  the a v e r a g e  so lu te  concen t ra t ion  in the  m a -  
t r i x  at  a long d i s t a n c e  f rom the n e a r e s t  p a r t i c l e .  

More  r e c e n t  work  by Dunlop and Honeycombe  4s on 
F e - V - C  and F e - T i - C  a l l oys  c o a r s e n e d  a f t e r  t r a n s -  
f o r m a t i o n  at  725~ has  shown that  t 1/5 k ine t i c s  d e -  
s c r i b e  the  p r o c e s s  a c c u r a t e l y .  Th i s  t i m e  dependence  
was  p r e d i c t e d  by K r a y e  46 and l a t e r  by Ardet147 fo r  the  
c o a r s e n i n g  of p a r t i c l e s  ly ing  on d i s l oca t i ons ,  when 
the  fol lowing equat ion a p p l i e s :  

I f '  V 2 CDclqyNt [3] 

w h e r e  D d i s  the  d i f fus ion coef f ic ien t  for  d i s l o c a t i o n  
p ipe  diffusion;  q i s  the ef fec t ive  c r o s s - s e c t i o n a l  a r e a  
of the  d i s l o c a t i o n  p ipe  d i f fus ion path; N i s  the  n u m b e r  
of d i s l o c a t i o n s  i n t e r s e c t i n g  each  p a r t i c l e  ( a s s u m e d  
to be constant) ;  K '  i s  a cons tan t .  High r e s o l u t i o n  e l e c -  
t r on  m i c r o s c o p y  c o n f i r m s  that  the  p a r t i c l e s  which 
p r e f e r e n t i a l l y  c o a r s e n  l ie  on d i s l o c a t i o n s  and tha t  a s  
a r e s u l t  an i r r e g u l a r  ne twork  of p a r t i c l e s  g r adua l l y  
r e p l a c e s  the f ine bands  of p r e c i p i t a t e  f o r m e d  dur ing  
the phase  t r a n s f o r m a t i o n  (F ig .  18(a)). The d i s l o c a -  
t ions  in the s t r u c t u r e  mos t  p robab ly  o c c u r  a s  a r e -  
su l t  of  the  vo lume change dur ing  the phase  t r a n s f o r -  
mat ion ,  and w e r e  not i n i t i a l ly  s i t e s  fo r  c a r b i d e  nuc le -  
ation; i n s t ead  p a r t i c l e s  f o r m e d  by the i n t e r p h a s e  
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Fig. 1 9 - - S o f t e n i n g  of simple ternary and  quaternary alloys 
after aging at 725"C~ (Dunlop) ~ 

mechanism,  which seem to be coherent  with the ma-  
t r ix  in the ea r ly  s tages  of growth, pos ses s  s t r a in  
f ields which in te rac t  with those of d is locat ions .  This 
r e su l t s  in pa r t i c l e  pinning by the dis locat ions,  followed 
by se lec t ive  growth of some pa r t i c l e s  enhanced by pipe 
diffusion of solute along the d is loca t ions .  

6.2 The Effect of Carbide Composit ion 
on Coarsening 

The fcc carb ides  VC, TiC, CbC a re  al l  p rec ip i ta ted  
in the appropr ia te  a l loys during the y / ~  t r a n s f o r m a -  
tion, moreover  they a r e  mutually soluble in each 
other,  so the poss ib i l i ty  of obtaining solid solution 
carbide phases  ex is t s .  Exper iments  have been ca r r i ed  
out by Dunlop 48 on the coarsening of a s e r i e s  of al loys 
as  follows: 

Table I L Iron-Base Alloys for Carbide Coarsening Studies 

Composition 

Alloy C V Ti Cb 

A 
wt pct 0,08 0.40 - 
at, pct 0.37 0.44 - - 

B 

wt pct 0.08 0.18 0.13 - 
at. pct 0.37 0.20 0.t5 -- 

C 
wt pct 0 07 0 15 0 26 
at pet 033 0 17 -- 0 16 

D 
wt pct 0 09 - 0 33 - 
at pct 042  - 038 

All  four al loys were  solution t rea ted  24 hours at 
1300~ followed by water  quenching; they were  then 
fur ther  solution t rea ted  15 minutes at 1300~ af ter  
which they were  t r ans fo rmed  at 725~ for 5 minutes,  
then subsequently aged for increas ing  t imes  at 725~ 
Fig.  19 plots  the changes in hardness  of the four a l loys 
up to 150 hours.  It is  c lea r  that the s imple  t e rna ry  
a l loys  A and D ini t ia l ly  soften more  rap id ly  than the 
al loys B and C which each contain two carbide form-  
ing elements ,  however af ter  150 hours a l l  four al loys 
had reached a s i m i l a r  hardness  around 200 VPN. The 
l a rges t  d i f ferences  occur red  ear ly  in the aging pro-  
cess ,  and even af te r  15 minutes e lec t ron  mic roscopy  
revea led  marked  di f ferences  in carbide  d i spe r s ion  be-  
tween al loys A and B and also between al loys B and D. 
Fig .  18(a) and (b) a re  p rec ip i ta te  dark field e lec t ron 
mic rographs  of a l loys A and B af te r  15 minutes  at 
725~ the more  rapid  coarsening of al loy A is  evident, 
the coarse  pa r t i c l e s  of VC lying on an i r r e g u l a r  d i s lo-  
cation network. The s imple  t i tanium s tee l  coarsened 
even more  rapidly .  To put the mat te r  on a more  
quantitative bas i s ,  pa r t i c le  s ize  d is t r ibut ions  of ca r -  
b ides  in the a l loys  were  de termined from mic rographs  
such as those in Fig .  18. Typica l  r e su l t s  a r e  shown 
in Fig.  20 for a l loys A, B and D af ter  15 minutes  at 
725~ the mean pa r t i c l e  s i zes  being 2.9, 2.1 and 6.6 
nm respec t ive ly .  After  15 hours the d is t r ibut ions  
were  again de termined as shown in Fig.  21 when the 
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mean  pa r t i c l e  s izes  had r i s e n  to 6.6, 2.8 and 9.3 nm 
r e spec t i ve ly .  The much s lower  growth ra te  of the 
mixed carb ide  al loy is thus very  evident .  

It should be emphas ized  that in a l l  these  al loys the 
in i t i a l ly  fo rmed  prec ip i t a te  was banded, although c a r e -  
ful t i l t ing  of thin foil spec imens  is n e c e s s a r y  to e s -  
t ab l i sh  this  fact .  However m e a s u r e m e n t s  on both the 
band spacing and the pa r t i c l e  s ize at the same  t ime  
were  only poss ib le  af ter  t r a n s f o r m a t i o n  at 800~ The 
average  d i spe r s ion  p a r a m e t e r s  for a l loys A, B and 
D a re  given in the table .  

It should be noted that the band spacing  in A was 
c o a r s e r  than in B or D, whereas  on aging the al loy D 
coarsened  to the g rea tes t  degree  (Figs.  20, 21). This  i m -  
p l ies  that d i f ferent  fac tors  de t e rmine  the band spacing 

Table Ill. Dispersion Parameters in Ternary and Quaternary Alloys (800~ 

Alloy Mean Sheet Spacing, nm Mean Particle Size, nm 

A (Fe-V-C) 50-60 7-10 
B (Fe-V-T1-C) 17-27 4-5 
D (Fe-TI-CI 20-25 6 5-10.5 

to those cont ro l l ing  the subsequent  coa r sen ing  of the 
d i spe r s i on .  T h e r e  is  some evidence that t i t an ium dif-  
fuses  m o r e  read i ly  in f e r r i t e  than does vanadium,  49 
which could thus explain the observed  d i f fe rences  in 
coa r sen ing  k ine t ics .  On the other  hand, the in i t i a l  
spacing of the d i s p e r s i o n  could wel l  be de t e rmined  by 
the t he rmodynamic  d r iv ing  force  for the T ~ c~ r e a c -  
t ion.  As the f ree  energy of fo rmat ion  of TiC is s igni f i -  
cantly more  negat ive  than that of VC, the t r a n s f o r m a -  
t ion in the t i t an ium s tee l  would be expected to have the 
higher  d r iv ing  force .  Unfor tuna te ly  these  f e r r i t i c  
r eac t i ons  in vanad ium and t i t an ium s tee l s  occur  very  
rapidly ,  with the r e s u l t  that  the re  a re  as yet no ac-  
cura te  compara t ive  kinet ic  data to be able to check 
this  a s sumpt ion .  

The impl ica t ion  in  the above expe r imen t s  that the 
two ca rb ides  form one solid solut ion is  an a s sumpt ion  
which needs ver i f ica t ion ,  although for  s i m i l a r  ca r -  
b ides  in  the m a s s i v e  s ta te  there  is  r e l i ab l e  X - r a y  
evidence  for  such sol id so lubi l i ty .  D i rec t  evidence 
has now been provided by the use  of f ield ion m i c r o -  
scopy which not only allows r e so lu t ion  of the f ines t  
carb ide  pa r t i c l e s  in an i ron  ma t r ix ,  but a lso is capable 
of a tomic  r e so lu t ion .  Moreove r  by the use  of an atom 
probe in conjunct ion with a f ield ion mic roscope ,  it  is  
poss ib le  to field evaporate  individual  a toms f rom ca r e -  
fully se lec ted  a tomic  reg ions ,  and obtain posi t ive  
i~ent i f ica t ion  by use of a t ime-o f - f l i gh t  m a s s  spec-  
t r o m e t e r .  Dunlop and T u r n e r  5~ have applied this  
method to the alloy B above, conta ining both vanadium 
and t i t an ium.  T r a n s f o r m a t i o n  at 725~ for  5 minu tes  
produced carb ide  pa r t i c l e s  with an average  pa r t i c l e  
s ize  of around 2 nm,  which were  shown by use  of the 
atom probe to contain both V and Ti .  P r e c i s e  ana lys i s  
at this  s ize  level  is  s t i l l  difficult  and usual ly  m a t r i x  
ions a re  included,  however if the pa r t i c l e  s ize  is  sub-  
s t an t i a l ly  i n c r e a s e d  to about 40 nm (Fig.  22(a)), a com-  
plete  a t o m - b y - a t o m  ana lys i s  of the pa r t i c l e s  is  poss i -  
ble  as shown in  Fig .  22(b). Such a pa r t i c l e  read i ly  p ro -  
vides  between 250 and 400 a toms for ana lys i s  so that 
good s t a t i s t i ca l  d e t e r m i n a t i o n  of individual  pa r t i c l e  
composi t ion  is  poss ib le .  It  should be noted f rom Fig.  

the 22(b) that pa r t i c l e s  did not contain any i ron  a toms .  
The m e t a l / c a r b o n  a tomic  ra t ios  a re  cons i s ten t  with 
those obtained by other  worke r s  in bulk compounds,  
VCo.84, TiCo.84 and (VTi)C~a4. The fine pa r t i c l e s  p r e -  
cipi tated in  the s tee l  used in this  inves t iga t ion  were  
shown to approximate  to the fo rmula  (Vo.4s Ti~55)Co.84, 
conclus ive  evidence for the fo rmat ion  of sol id solut ion 
ca rb ides  in s t ee l s  containing more  than one carb ide  
fo rming  e lement .  

7. THE E F F E C T S  OF DEFORMATION ON 
THE "y/o~ TRANSFORMATION 

It is  impor t an t  to examine  the effects of p las t ic  
deformat ion  on the subsequent  t r a n s f o r m a t i o n  of aus -  
teni te ,  as many mode rn  s tee l s  a re  hot ro l l ed  in the 
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Fig .  22- - (a )  F i e l d - i o n  m i c r o g r a p h  of a l loy  B t r a n s f o r m e d  and 
aged  27 h at  800~ I m a g e  d i a m e t e r  100 n m ,  p a r t i c l e  s i z e  40 
nm.  (b) S p e c t r u m  of ions  de t ec t ed  in a t o m  p robe  f r o m  a p a r -  
t i c l e  s i m i l a r  to tha t  in (a) .  (Dunlop and Turner )S~ 

t r end  which is  obse rved  in  many al loy s y s t e m s .  T u r n -  
ing to t r a n s f o r m a b l e  aus teni te ,  Smith and S ieber t  $3 
have found that de format ion  of the aus ten i te  i n c r e a s e s  
the l imi t ing  cooling ra te  n e c e s s a r y  to avoid t r a n s f o r -  
ma t ion  to f e r r i t e ,  while both the ba in i te  and m a r t e n s i t e  
s t a r t  t e m p e r a t u r e s  were  r a i s ed .  Recent  R u s s i a n  54'~ 
work has shown that the high t e m p e r a t u r e  decompos i -  
t ion of aus ten i te  in  a range  of alloy s tee l s  was ac-  
ce le ra ted  by p las t i c  deformat ion ,  but at lower t r a n s -  
fo rma t ion  t e m p e r a t u r e s  in the f e r r i t e  range  the r e a c -  
t ion could e i ther  be acce l e ra t ed  or r e t a rded  depend-  
ing on the t e m p e r a t u r e  at which the de format ion  was 
c a r r i e d  out. 

Walker ,  56 us ing  AISI 4337 (1 .4Ni -1Cr -~Mo-0 .35  pct 
C) and a s imple  5 pct Cr -0 .2  pct C steel ,  has demon-  
s t ra ted  that p las t ic  deformat ion  in t ens ion  of the 
me tas t ab le  ans ten i te  in the bay at 550~ has a la rge  
effect on the t r a n s f o r m a t i o n  at the nose of the TTT 
curve  (650~ Fig.  23(a) i l l u s t r a t e s  the acce l e ra t i ng  
effect of deformat ion  on the phase t r a n s f o r m a t i o n  in 
AISI 4337; while the undeformed s tee l  begins  to t r a n s -  
form in 900 seconds at 650~ 30 pct t ens i le  de fo rma-  
t ion at 550~ causes  the s tee l  to commence  t r a n s f o r m -  
ing in less  than 100 seconds�9 In the undeformed s tee l  
the f e r r i t e  r eac t ion  commences  a lmos t  exc lus ive ly  at 
the g ra in  boundar ies ,  however 30 pct de format ion  at 
550~ causes  i n t r a g r a n u l a r  nuclea t ion  which re f ines  
the f e r r i t e  g ra in  s ize .  The pea r l i t e  r eac t ion  occur red  
in both the deformed and undeformed s teel ,  but the 
colony size was reduced by about one half (~5 mic rons )  
in the deformed specimen�9  In addit ion a s u b s t r u c t u r e  
appeared  in the colonies  involving the fo rma t ion  of f e r -  
r i t e  sub g ra ins  with sl ight  d i scon t inu i t i e s  in the 
cement i t e  l ame l l ae  at the sub - bounda r i e s .  

That p las t ic  deformat ion  of the aus ten i te  caused nu-  
c leat ion of ca rb ides  p r io r  to t r a n s f o r ma t i on ,  was 
demons t r a t ed  by r a i s i n g  the deformat ion  t e m p e r a t u r e  
above the nose to 750~ After  t r a n s f o r m a t i o n  the p ro -  
duct was s t i l l  a f e r r i t e - p e a r l i t e  aggregate ,  but the 
f e r r i t e  contained a fine carb ide  d i s p e r s i o n  a r r a n g e d  
on an i r r e g u l a r  network (Fig.  24). E l ec t ron  d i f f rac t ion  
m e a s u r e m e n t s  showed that the carb ide  was M2~C6 
which fo rms  read i ly  in aus teni te ,  but would not be ex- 
pected to form dur ing  t r a n s f o r m a t i o n  of AISI 4337 
f rom aus ten i te  to f e r r i t e  and carb ide .  The conclus ion  
is  that the ne tworks  of M23C6 nucleate  on d is loca t ion  
sub -bounda r i e s  dur ing  the hot de format ion  of aus teni te ,  
when s u b - g r a i n s  a re  fo rmed  as a r e s u l t  of dynamic  
r e c ove r y .  

The effect of deformat ion  of the aus ten i te  p r io r  to 
t r a n s f o r m a t i o n  is  perhaps  bes t  i l l u s t r a t ed  by work 
on an i ron -1  pct vanad ium-0 .2  pct C alloy s i m i l a r  to 

aus ten i t i c  condit ion down to quite low t e m p e r a t u r e s ,  
and even into the t r a n s f o r m a t i o n  range .  Contro l led  
ro l l i ng  is  now an accepted method of achieving be t t e r  
and m o r e  cons i s t en t  p rope r t i e s  in  wrought s t ee l s .  
Many expe r imen t s  have been done on the cont ro l led  
ro l l i ng  of m i c r o - a l l o y e d  s tee l s  ma in ly  with a view to 
op t imiz ing  p rocedures ,  however the re  has been much 
l e s s  work provid ing  bas ic  in fo rmat ion  on the effects 
of deformat ion  on the phase t r a n s f o r m a t i o n .  

Work with s table  aus ten i t i c  s t ee l s  has shown that 
p las t i c  deformat ion  at room t e m p e r a t u r e  acce l e ra t ed  
the p rec ip i t a t ion  reac t ions  which occur  on aging ~1,s2 a 
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Fig .  2 3 - - E f f e c t  of p l a s t i c  d e f o r m a t i o n  at  550~ o n  the  r a t e  of 
t r a n s f o r m a t i o n  of a u s t e n i t e  in AISI 4337 at  650~ W~Talker)SG 
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Fig. 24--AISI 2337 deformed 25 pet at 750~ prior to trans- 
formation at 650~ Irregular M~C~ carbide network in the 
ferrite phase. Thin foil EM. (Walker) 5~ 

that  used to study banded prec ip i t a t ion  of vanadium 
carbide,  where  because  of the rapidi ty  of the t r a n s f o r -  
mat ion,  the al loy mus t  be deformed at a higher t e m -  
pe r a tu r e ,  e .g .  875~ p r i o r  to t r a n s f o r m a t i o n  at 700~ 
As l i t t le  de fo rmat ion  as  8 pct in t ens ion  reduced  the 
f e r r i t e  g ra in  s ize  f rom about 70 m i c r o n s  down to 15 
mic rons ;  it  i s  a s sumed  that this  r e su l t ed  f rom nuc lea -  
t ion of f e r r i t e  both at the aus ten i te  g ra in  boundar ies  
and within the g ra ins .  Fig.  25 (a)-(c)  i l l u s t r a t e s  the 
changes in f e r r i t e  g ra in  s ize  as a r e s u l t  of holding at 
875~ then de fo rming  p r i o r  to t r a n s f o r m a t i o n .  E lec -  
t r on  mic roscopy  showed that  vanadium carb ide  p r e -  
cipi tated f i r s t  in the aus ten i te  at 875~ as might  be 
expected af ter  a solut ion t r e a t m e n t  at a much higher 
t e m p e r a t u r e  (1150~ r e g a r d l e s s  of whether the aus -  
ten i te  was deformed.  This  p rec ip i t a t ion  of VC was 
much  c o a r s e r  than that fo rmed  fu r ing  the -r/~ t r a n s -  
fo rma t ion  as  i l l u s t r a t ed  in  Fig.  26, where  the d i f fe r -  
ence in s ize  is  7 0 - 1 0 0  nm for p rec ip i t a t ion  in aus -  
t en i te  compared  with about 10 nm for p rec ip i ta te  
fo rmed  dur ing  t r a n s f o r m a t i o n  at 700~ As in the case  
of AISI 4337, it  is  a s s u m e d  that  nuc lea t ion  has taken 
p lace  on d is loca t ion  networks ,  which have d i sappea red  
subsequent ly  du r ing  the ~/o~ t r a n s f o r m a t i o n .  The r e  i s  
a lso extensive  p rec ip i t a t ion  of vanadium carbide  on 
p r i o r  aus ten i te  g ra in  boundar i e s .  

T u r n i n g  to the vanad ium carbide  fo rmed  dur ing  the 
~ / ~  t r ans fo rma t ion ,  de format ion  dec r ea sed  the p r o -  
por t ion  of i n t e rphase  p rec ip i t a t ion  and i n c r e a s e d  the 
inc idence  of f ib rous  vanadium carbide ,  which is  unex-  
pected in  so far  as  f ibe rs  a re  usua l ly  favored by a 
slowing down of the ~ /~  reac t ion .  One a s sumpt ion  is  
that  the i n c r e a s e  in d is loca t ion  dens i ty  of the aus ten i te  
modif ies  the in t e rphase  boundary  making  it  of higher  
energy,  at l eas t  in  some  reg ions ,  where  f ibrous  vana-  
d ium carbide  then grows p r e f e r e n t i a l l y .  

8. MECHANICAL PROPERTIES OF DIRECTLY 
TRANSFORMED STEELS 

The s t r u c t u r a l  work desc r ibed  e a r l i e r  in th is  paper  
shows that in se lec ted  groups of al loy s tee l s  it  is  pos-  
s ible  to obta in  by d i rec t  t r a n s f o r m a t i o n  of aus teni te ,  

(a) 

(t~) 

�9 "~ # . ' 4  

Fig. 25--Effect of deiormation and/or aging on the transtor- 
mation of Fe-IV-0.2C at 700~ (a} Directly transformed at 
700~ (b) aged at 875~ prior to transformation, (c) 
deformed 8 pet at 875~ prior to transformation. Optical mi- 
erographs, magmfication 900 times. (Walker) 56 

f e r r i t i c  m a t r i c e s  conta in ing  v e r y  fine carb ide  d i s -  
p e r s i o n s .  These  d i s p e r s i o n s  a r e  s i m i l a r  (but by no 
me a ns  ident ical)  to those obtained in many  quenched 
and t empe red  alloy s tee l s ,  so it is obviously impor tan t  
to d e t e r m i n e  the mechan i ca l  p rope r t i e s .  We shal l  
f i r s t  b r ie f ly  d i s c us s  the m a i n  s t r eng then ing  m e c h a -  
n i s m s ,  and then show the range  of p rope r t i e s  poss ib le  
as  the vo lume f rac t ion  and s ta te  of the carb ide  d i s -  
p e r s i o n  is  va r i ed  by choice of composi t ion  and heat  
t r e a t m e n t .  
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Fig. 26--Same treatment as Fig. 25(b), showing the two vana- 
dium carbide dispersions. Thin foil EM. (Walker) ~6 
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Fig. 27--Appi icat ion of the Orowan-Ashby relat ionship to a 
fe r r i te  mat r ix .  (Gladman et a l )e  
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8.1 St rengthening M e c h a n i s m s  

The re  a r e  a n u m b e r  of impor t an t  m e t a l l u r g i c a l  
va r i ab l e s  which wil l  de t e rmine  the s t reng th  leve ls  
achieved in  d i rec t ly  t r a n s f o r m e d  f e r r i t i c  s tee l s ,  but 
these  a r e  effective because  of changes in one or m o r e  
of the th ree  bas i c  s t r eng then ing  m e c h a n i s m s ,  which 
a l l  cont r ibute  to the observed  mechan i ca l  p rope r t i e s  

1) g ra in  s ize  
2) sol id solut ion harden ing  
3) d i spe r s ion  s t reng then ing .  

If the ba in i te  t r a n s f o r m a t i o n  is included, the d i s loca -  
t ion dens i ty  mus t  a lso  be l i s ted  as a source  of 
s t reng then ing .  

In low carbon  s tee l s  the g ra in  s ize  s t reng then ing  is  
a p redominan t  factor  as defined by the Ha l l -Pe t ch  r e -  
la t ionship  

Cry = cro + k y d  -1/2 [4] 

where  ay is  the yie ld  s t r e s s  and d the g ra in  d i a m e t e r .  

However ach ievement  of f ine gra in  s i zes  r e q u i r e s  
the combined use  of cont ro l led  hot ro l l ing  and fine 
carb ide  d i s p e r s i o n s  which pin the boundar ies  and in -  
hibit  r e c r y s t a l l i z a t i o n  and g ra in  growth. Solid solut ion 
harden ing  for a given s tee l  i s  e s sen t i a l ly  de t e rmined  
by the chemica l  composi t ion,  and is  r e l a t ive ly  un in-  
f luenced by heat  t r e a t m e n t .  The th i rd  m e c h a n i s m ,  
d i s p e r s i o n  s t rengthening ,  is  the mos t  r e l evan t  to the 
p r e s e n t  paper .  

Gladman e t  a157 have applied the Orowan-Ashby  
model  of d i s p e r s i o n  harden ing  to high s t r eng th  low a l -  
loy s tee l s  with d i spe r s i ons  of co lumbium and vanadium 
carb ides  us ing the re la t ionsh ip  

1.2Gb in ~ [5] 
r - 2.36 7r~ 2-b 

where  r is the r e so lved  shea r  s t r e s s  for p las t i c  flow, 
G is  the shear  modulus  of the mat r ix ,  b = B urge r s  
vec tor ,  L is  the i n t e r - p a r t i c l e  spacing,  and X is  the 
m e a n  p lana r  in te rcep t  d i ame te r  of the p rec ip i t a te .  
Taking va lues  for G = 5200 t s i  (80,309 MNm -2) and b 
=0.28 nm, the yie ld  s t r e s s  i n c r e m e n t s  (ACr) Can be cal-  
culated for d i f ferent  average  pa r t i c l e  s i zes  as the 
volume f rac t ion  of p rec ip i t a t e  is changed (Fig.  27); 
these  a re  r e s u l t s  p red ic ted  for an i r o n - b a s e  m a t r i x .  
The authors  found that s tee l s  containing 0 . 0 3 - 0 . 0 4  wt 
pct Cb showed i n c r e m e n t s  in yield s t r e s s  of a round 
90 MNm -2 (~6 tsi)  which was found to be in r ea sonab le  
a g r e e m e n t  with the theory .  Var i a t ion  of co lumbium 
contents  up to 0.04 pct also gave r e su l t s  which fit ted 
the theory .  The s t reng then ing  of the fine p rec ip i t a t e s  
thus gave a modes t  but usefu l  cont r ibut ion  to the ove r -  
a l l  yield s t r e s s .  It  should however be pointed out that 
much higher volume f rac t ions  of carbide  can be ob- 
ta ined  with vanadium and t i t an ium carb ides  which a re  
m o r e  soluble in aus teni te  than columbium carb ide .  
These  a l loys  a re  cons idered  in the next sec t ion .  

8.2 Bas ic  Work on Vanadium and T i t an ium Steels  

An i n t e r e s t i ng  compar i son  has been made of the 
mechan ica l  p r o p e r t i e s  of the phases  o c c u r r i n g  in a 
s imple  vanadium s tee l  (0.85 pct V-0.23 pct C) when 
i s o t h e r m a l l y  t r a n s f o r m e d  between 600 and 850~ at 
650~ and below, upper  ba in i te  coexis ts  with f e r r i t e  
conta in ing a VC d i spe r s ion .  Fig .  28 gives the re la t ive  
m i c r o - h a r d n e s s  of ba in i te  and f e r r i t e  found at 650~ 
showing that the f e r r i t i c  phase is  much s t r o n g e r .  It  is  
c l ea r  that the mechan ica l  p rope r t i e s  of f e r r i t e  p ro -  
duced between 650 and 850~ a re  l ikely to be of con- 
s i de rab l e  i n t e r e s t .  

The s t reng th  of such m a t e r i a l s  is  bes t  evaluated 
by a s s u m i n g  that the ma j o r  cont r ibu t ions  to the 
s t rength ,  v i z .  gra in  size,  sol id solut ion s t r eng then ing  
and d i s p e r s i o n  s t r eng then ing  a re  addit ive,  thus follow- 
ing P i c ke r i ng  and Gladman ' s  ~8 approach to f e r r i t e /  
pea r l i t e  s tee ls ,  they ie ld  s t r e s s  cry is  defined by the 
following equat ion 

cry = cro + ~ k i r  i + ~ k ' j c ' j  + kyd -1'2 l6] 

where  ao is the inheren t  f r i c t ion  s t r e s s  of the ma t r ix ,  
the second t e r m  r e p r e s e n t s  the sol id solut ion 
s t reng then ing  of s e v e r a l  components  while the th i rd  
t e r m  a r i s e s  f rom d i spe r sed  phases ,  and the f inal  t e r m  
is  the f a m i l i a r  g ra in  s ize  t e r m  f rom the Ha l l -Pe rch  
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Fig. 28--Microhardness of phases formed by isothermal 
transformation of a 0.85 pet V 0.25 pct C steel. (Batte and 
Honeycombe)29 

equat ion.  The a p p r o x i m a t e  va lue  of a0 can be taken  
f rom w o r k  on pu re  i ron ,  f r o m  which a va lue  as  low as  
20 MNm -2 could be r e a s o n a b l y  used .  The  ind iv idua l  
e l e m e n t  con t r ibu t ions  to so l id  so lu t ion  h a r d e n i n g  have 
been  d e t e r m i n e d  by r e g r e s s i o n  a n a l y s i s  of a l a r g e  
n u m b e r  of c o m m e r c i a l  s t e e l s .  The  g r a i n  s i z e  s t r e n g t h -  
ening i s  we l l  documented ,  and the cons tan t  ky i s  known, 
consequen t ly  the  con t r ibu t ion  of d i s p e r s i o n  s t r e n g t h e n -  
ing to the  o v e r a l l  y i e ld  s t r e s s  can be ob ta ined  by sub -  
t r a c t i o n  of the o the r  t h r e e  con t r ibu t ions ,  which 
e l i m i n a t e s  the need for  d i f f icul t  and often i n a c c u r a t e  
d e t e r m i n a t i o n  of p a r t i c l e  s i z e s  and d i s t r i b u t i o n s  to 
enable  the  O r o w a n - A s h b y  r e l a t i o n s h i p  to be used .  Such 
an a n a l y s i s  has  been  app l i ed  to a s e r i e s  of s i m p l e  
vanad ium s t e e l s ,  29 where ,  by changing the (vanadium 
+ carbon)  concen t r a t i ons ,  the vo lume f r a c t i o n  of v a n a -  
d ium c a r b i d e  p r e c i p i t a t e  was  v a r i e d  f rom 0.23 to 1.23 
pc t .  The  s t e e l s  w e r e  a l l  given s i m i l a r  hea t  t r e a t -  
men t s ,  viz. a u s t e n i t i z e d  at  1200~ then quenched into t in 
ba ths  he ld  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  be tween  

725 and 825~ fo r  su f f i c ien t  t i m e  to c o m p l e t e  t r a n s -  
f o r m a t i o n .  T e n s i l e  t e s t s  w e r e  c a r r i e d  out a t  r o o m  
t e m p e r a t u r e ,  and the r e s u l t s  ana lyzed  to  d e t e r m i n e  
the v a r i o u s  con t r ibu t ions  to the  y i e ld  s t r e s s .  T a b l e  IV 
gives  some  of the da ta  obta ined  f rom which i t  can be 
seen  that  

a) d i s p e r s i o n  s t r eng then ing  of the h ighe r  vanad ium 
ca rbon  a l loys  can p rov ide  a m a j o r  p a r t  of the  s t r eng th ,  
up to 600 MNm-e: 

b) the d i s p e r s i o n  s t r eng then ing  r e d u c e s  r a p id ly  a s  
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  i s  r a i s e d ;  

c) the d i s p e r s i o n  s t r eng then ing  i n c r e a s e s  with the 
vo lume  f r a c t i o n  of c a r b i d e  p r e c i p i t a t e .  

Th i s  da t a  on the m e c h a n i c a l  p r o p e r t i e s  of vanad ium 
s t e e l s  should be r e l a t e d  to the quan t i t a t ive  m e t a l l o g r a -  
phic  da ta  on the  vanad ium c a r b i d e  d i s p e r s i o n s  ob-  
s e r v e d  in t hese  s t e e l s  and s u m m a r i z e d  in F ig .  8(a) 
and (b). I t  should be e m p h a s i z e d  that  t he se  e x p e r i -  
menf s  we re  des igned  to d e t e r m i n e  the ef fec t  of the  
d i s p e r s i o n  of vanad ium c a r b i d e  on the s t r e n g t h  of the 
s t e e l s ,  and no a t t empt  was made  to op t imize  the g r a i n  
s i ze  and so l id  so lu t ion  components ,  which did not v a r y  
much in t hese  e x p e r i m e n t s .  

8.3 M e t a l l u r g i c a l  V a r i a b l e s  Inf luencing  
M e c h a n i c a l  P r o p e r t i e s  

We have now r e a c h e d  a point  w h e r e  i t  i s  p o s s i b l e  to 
s u m m a r i z e  the  v a r i a b l e s  which d e t e r m i n e  the  m e c h a n -  
i c a l  p r o p e r t i e s  ob ta inab le  in a l loy  s t e e l s  by d i r e c t  
t r a n s f o r m a t i o n  of aus ten i t e ,  and to ind ica te  the f a c t o r s  
which should be taken  into account  in des ign ing  s t e e l s  
to explo i t  the o b s e r v e d  phenomena .  

8.3.1 The Choice  of Compos i t i on .  Whi le  th i s  i s  a 
complex  m a t t e r ,  we can p r o g r e s s  by l im i t i ng  con-  
s i d e r a t i o n  to two a i m s :  

a) the a c h i e v e m e n t  of a r e l a t i v e l y  high vo lume  
f r a c t i o n  of a f ine c a r b i d e  d i s p e r s i o n ,  

b) the  a t t a inmen t  of y, /a r e a c t i o n  k ine t i c s  which a c -  
c e l e r a t e  f e r r i t e  f o r m a t i o n  and thus  m i n i m i z e  the  oc -  

Table IV. The Mechanical Properties of Isothermally Transformed Vanadium Steels 

MN m -2 

Alloy Vol, Fract,  Pet Trans. Temp, ~ Ywld Stress, o3, 
Fnct Stress + Sohd Gram Size Strength, Dispersion Strength, 
Solution, o 0 + oss k ) d  -1'2 Od~p, 

CI 
1.04wt pctV 
0 20 wt pct C 

1.23 725 843 19.6 236 587 
750 843 19 6 215 608 
775 667 19 6 194 453 
800 549 1%6 168 362 
825 441 245 I36 280 

C2 
0.75wt pctV 
0.15 wtpct  C 

0.93 725 755 )9.6 177 559 
750 637 19 6 16I 457 
775 539 19 6 154 366 
800 45[ 24.5 126 301 
825 353 29.4 102 222 

C~ 

0 48 w t p c t V  
O,09wt pct C 

0.55 725 647 19 6 236 391 
750 559 19 6 215 324 
775 441 19 6 228 228 
800 363 2 5 168 171 
825 284 3.0 136 119 

C5 
055 wt pct V 
0 04 wt pct C 

0.23 750 392 19 6 2t5 157 
775 333 19 6 t94 t20 
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c u r r e n c e  of ba in i te  or m a r t e n s i t e  on cooling. 
To obtain a sui table  d i s p e r s i o n  s t reng thened  f e r r i t e  

it  is  n e c e s s a r y  to have alloy carb ides  (or n i t r ides )  
which a re  soluble in austeni te .  Fig.  29 shows the 
solubi l i ty  products  (in at.  pct) in aus ten i te  of s eve r a l  
of the mos t  f a m i l i a r  ca rb ides  and n i t r i de s  which occur  
in  alloy s t ee l s .  In a l l  cases  the ca rb ides  have g r e a t e r  
so lubi l i t i es  in aus ten i te  than the co r respond ing  n i -  
t r ides ,  and the mos t  useful  ca rb ides  would appear  to 
be those of Cr  and Mo. However the concen t ra t ions  of 
Cr  and Mo needed to form d i s p e r s i o n  of alloy ca r -  
bides  slow down the 7//c~ t r a n s f o r m a t i o n  to a degree  
that the d i spe r s i ons  a re  often f a i r ly  coarse  and not 
eas i ly  cont ro l led .  In con t ras t ,  V, T i  and Cb form 
alloy carb ides  at much lower concen t ra t ions  of a l loy-  
ing e lement  which do not d r a s t i ca l l y  a l t e r  the r e a c -  
tion kinet ics .  Moreover  the la t te r  e l ements  tend to 
encourage  the f iner  banded carbide  d i spe r s ions ,  
whereas  Cr and Mo promote  the growth of c o a r s e r  
f ibrous  and pea r l i t i c  ca rb ides .  However these  con- 
s ide ra t ions  do not  exclude the combined use  of e le -  
men t s ,  e.g. ch romium in a s soc ia t ion  with vanadium 
or t i tanium;  the la t te r  be ing s t ronge r  carbide  f o r m e r s  
can r e s u l t  in VC or TiC p rec ip i t a t ion  in the p r e s e n c e  
of high ch romium concen t ra t ions .  Typica l ly  a �89 
�89 .~V-0.1C s tee l  on i s o t h e r m a l  t r a n s f o r m a t i o n  in 
the range  650-770~ gives a ve ry  fine d i s p e r s i o n  of 
VC, while a 4 pct C r -1  pet V-0.2  pct C s tee l  also has 
a VC d i s p e r s i o n  af ter  a s i m i l a r  t r e a t m e n t .  

The rap id  r eac t ion  k ine t ics  r equ i r ed  for the f e r r i t e  
r eac t ion  a re  achieved by the p r e s e n c e  of V, Ti,  A1 and 
Si, and s tee l s  based on these  e l emen t s  can fully t r a n s -  
form at the nose of the TTT curve  in l e s s  than half a 
minu te .  However the addit ion of Mn, Ni or Cr wil l  
slow down the r eac t ion  and make the fo rma t ion  of 
o ther  s t r u c t u r e s  m o r e  l ikely,  p a r t i c u l a r l y  dur ing  con- 
t inuous  cooling. It i s  thus c lear  that  in d i rec t ly  t r a n s -  
fo rmed  f e r r i t i c  s tee l s  one should be a iming  for the ~'e- 
v e r s e  of hardenabi l i ty .  Those e l emen t s  needed in  
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Fig. 29--Solubility products of carbides and nitrides in aus- 
tenite. (Aronsson) ~4 

quenched and t empe red  s tee l s  such as n ickel  and 
ma nga ne se  to achieve m a r t e n s i t i c  s t r u c t u r e s  in thick 
sec t ions  a re  d isadvantageous  in  f e r r i t i c  s t ee l s  in so 
fa r  as they slow down the f e r r i t e  r eac t ion  to a point 
where  the d i s p e r s i o n  s t reng then ing  is  much lower 
than can otherwise  be achieved.  Moreove r  they make 
it  more  l ikely that ba in i te  or m a r t e n s i t e  wil l  fo rm in -  
s tead of f e r r i t e  dur ing  rapid  cooling. However,  as they 
dep res s  the t e m p e r a t u r e  at which the f e r r i t e  r eac t i on  
s t a r t s ,  in  sma l l  concen t ra t ions  they can d e c r e a s e  the 
d i s p e r s i o n  p a r a m e t e r s  in cont inuously cooled s tee l s ,  
and thus be advantageous.  

8.3.2 The Aus ten i t i z ing  T e m p e r a t u r e .  To fully de- 
velop a carb ide  d i s p e r s i o n  it is  f i r s t  n e c e s s a r y  to take 
into solut ion in  aus ten i te  the appropr ia te  carb ide  phase, 
and as impl ied  in Fig.  29, this r e q u i r e s  t e m p e r a t u r e s  
between 1150 and 1300~ for VC, TiC and CbC. Chro-  
mium and molybdenum carb ides  can be d isso lved  at 
r a the r  lower t e m p e r a t u r e s .  While the use  of these  
high t e m p e r a t u r e s  is  n e c e s s a r y ,  it  can lead to exces -  
s ive aus teni te  g ra in  growth which can be inhibi ted by 
not al lowing a l l  carbide  pa r t i c l e s  to be taken into 
solut ion;  if these r e s idua l  pa r t i c l e s  a re  below a c r i t i -  
cal  s ize  r c r i t  , the g ra in  boundar ies  r e m a i n  pinned ac-  
cording to the re la t ionsh ip  de t e rmined  by Gladman 59 

= 6-~of(3 
rcr i t  ~ \ 2 - - - ~ )  [7] 

where  f is  the volume f rac t ion  of pa r t i c l e s ,  Ro is the 
m a t r i x  g ra in  rad ius ,  and Z is the ra t io  of the rad i i  of 
the growing g ra in  to the m a t r i x  gra in .  The d r iv ing  
force  for g ra in  growth exceeds the boundary p inning 
force  when r exceeds rc r i t  ; so fine pa r t i c l e s  a re  
needed to r e s t r a i n  g ra in  growth, but as they coa r sen  
they become l e s s  effective in this  ro le .  In cont ro l -  
ro l l ed  m i c r o - a l l o y e d  s tee l s ,  the effects of g ra in  growth 
at high t e m p e r a t u r e s  a re  rapid ly  r emoved  by the hot 
working p rocess ,  but in the absence  of deformat ion ,  
care fu l  a t tent ion mus t  be given to cont ro l  of g ra in  
growth at the solut ion t e m p e r a t u r e .  

500 

e •  4 0 0  

>- 3 0 0  

N b 1 2 5 0 * C  A C 

N b t l O 0 * C  A C  

a / .~ /a  o / Z Nb ~ O * C .  . j ~  

~ P L A I N  C A R l t O N  A C 

7 2 , S 0 0  

?o, ooo 

60oo0 ": 

8: 

so, ooo >~ 

4 r  

: ,oo I I I I I I I ~o~ooo 
6 7 a , ,o . ,a *a 

d -  Va ram- 
Fig. 30--The effect of 0.09 pct Cb on the strength of an 0.1 pct 
C-0.6 pct Mn steel. (Gladman et al)~ 
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8.3.3 Rate of Cooling. It  is highly desirable to cool 
rapidly from the solution temperature  to avoid pre-  
mature precipitation of carbides in austenite. Rapid 
cooling to room temperature is a practical  alternative 
to quenching into baths for isothermal transformation, 
but it would be necessary  to control the rate of cool- 
ing carefully to avoid formation of bainite or marten-  
site. This achieved, then the ferr i te  formed at the 
highest cooling rates  has the highest strength, in part  
because of the finer grain size achieved, but also be- 
cause the carbide dispersion formed during t ransfor-  
mation is also finer.  6~ 

8,3.4 Transformation Temperature .  If isothermal 
t ransformation is the chosen heat treatment,  then 
clearly the lower the temperature the higher will be 
the strength level achieved, but as in normal temper-  
ing, a treatment temperature  should be chosen that 
gives the required balance between strength and duc- 
tility. The ferr i te  reaction in most suitable composi- 
tions occurs  rapidly, but further control of propert ies 
is achieved by overaging at the transformation tem- 
perature.  

9. MICRO-ALLOYED STEELS 

Perhaps the best  practical  example of the applica- 
tion of direct  t ransformation of austenite to obtain 
steels with useful proper t ies  is the important group 
of micro-al loyed steels, which owe their effectiveness 
to close control of composition, and the use of con- 
trolled rolling techniques to achieve fine grain size 
in the austenite pr ior  to transformation and in the fer -  
r i te subsequently. 6~,62 The micro-al loying additions 
are normally columbium, vanadium and titanium, 
either individually or in combination, the concentra- 
tion rare ly  exceeding 0.1 wt pct, The role of these 
additions is pr imari ly  a result  of their tendency to 
form both in austenite and ferr i te ,  fine dispersions of 
al lo]  carbides which influence the working and heat 
t reatment procedure in a complex way. The main 
factors  are  as follows: 

1) At high austenitizing temperatures,  residual alloy 
carbide particles are  located at the grain boundaries, 
and limit the process  of grain growth. 

2) During hot rolling the particles influence the rate 
at which dynamic recrystal l izat ion can occur.  

3) As the temperature falls during rolling, alloy car-  
bide precipitation occurs  pr imari ly  on dislocation net- 
works and boundaries, and plays an increasingly con- 
trolling role in the recrystal t izat ion of the austenite 
during working, determining in conjunction with the 
rolling schedules the final austenite grain size and 
shape pr ior  to transformation.  

4) When the ?/ct t ransformation occurs,  further alloy 
carbide precipitation takes place in the form of inter-  
phase precipitation. 

5) If the final deformation temperature  is very low, 
the ferri te is formed during deformation and some al- 
loy carbide part icles will nucleate on dislocations 
formed in the ferr i te .  

Consequently in the finished steel the alloying ele- 
ments influence the mechanical propert ies  in two main 
ways; f irst ly they help in achieving very  fine grain 
sizes,  and secondly there is a substantial contribution 
to strength by the fine carbide dispersion.  The pre-  
cipitation of carbides in the austenite is pr imari ly  of 

use in controlling the grain size of the austenite, and, 
by inheritance, that of the ferr i te .  In the finished steel 
this dispersion is recognized as a network which prob- 
ably does not contribute greatly to the strength. How- 
ever, the alloy carbide formed during the T/~ t rans-  
formation and also on dislocations in the ferr i te  is 
much finer in scale, and so would be expected to have 
a greater  influence on the mechanical propert ies.  

It is possible to estimate the contribution to strength 
from precipitation in a s imilar  manner to that de- 
scribed in Section 8.2 for vanadium steels, by com- 
paring the observed yield s t ress  with that calculated 
from the grain size, solid solution and basic lattice 
contributions, and by assigning the difference to the 
effect of the dispersion. If  this is done, a rough figure 
of 100 MNm -z is obtained for the increment in strength, 
but this is sensitive to many variables.  A more  direct  
indication 61 is obtained from data on a 0.10 pct C, 
0.6 pct Mn steel with and without 0.09 oPct Cb where 

-:t / the yield s t ress  is plotted against d ", d being the 
average ferr i te  grain diameter (Fig. 30). When the 
Cb-containing steel is austenitized at 950~ the plot of 
yield s t ress  against grain size is almost an extension 
of the results  for the plain carbon steel, reflecting the 
finer grain sizes achieved by the presence of undis- 
solved part icles of CbC, and by the low solution tem- 
perature .  However as the austenitizing temperature  is 
gradually raised, more  CbC is taken into solution to be 
reprecipitated when the steel is cooled through the 7/or 
transformation, with a result ing increase in yield 
s t ress .  The data shows that by using a high austenitiz- 
ing temperature and comparing steel of the same grain 
size with and without Cb, an increment of yield s t ress  
of over 150 MNm --~ is obtained (~10 tsi) which results 
from a CbC dispersion with a volume fraction of ap- 
proximately 0.1 pct. 

This figure of 0.1 pct volume fraction represents  an 
upper limit available using CbC defined by the solu- 
bility of CbC in austenite at the highest practicable 
solution temperatures  (1200-1300~ Other carbide 
forming elements provide greater  scope because they 
are  more  soluble in austenite. The solubility products 
of the alloy carbides and nitrides familiar in steels 
given in Fig. 29 show that titanium carbide is more  
soluble in austenite than columbium carbide, more -  
over titanium has an advantage in terms of atomic 
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Fig. 31-- ~Cr-Mo-V steel  i so thermal ly  t rans formed.  Disper -  
stun p a r a ~ e t e r s  as a function of t empera ture .  (Dunlop} Is 
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weight. On the other hand, vanadium carbide is  much 
more  soluble than t i tanium carbide;  as mentioned in an 
e a r l i e r  section, up to 1.25 pct carbide by volume of VC 
can be p rec ip i t a ted  as  a r e su l t  of the y//~ t r ans fo rma-  
tion. Chromium and molybdenum (also tungsten) c a r -  
b ides  a r e  s t i l l  more  soluble in austenite ,  but as the 
e lements  a re  not as s t rong carbide fo rmer s ,  higher 
concentrat ions of al loying element a r e  needed to obtain 
sui table  d i spe r s ions .  So moving away from mic ro -  
al loyed s tee l s  to those with higher al loying content and 
potent ial ly  higher strength,  i t  would appear  that to 
ut i l ize  s trengthening by d i rec t  t ransformat ion ,  vana-  
dium and /or  t i tanium would provide the most  sui table  
s trengthening carbide d i spers ions ,  both by virtue of the 
achievable volume f rac t ion  and the i r  r e s i s t ance  to 
coarsening  during and af te r  t rans format ion .  However 
i t  should be apprec ia ted  that these e lements  can be 
added to alloy s tee l s  containing for  example molybde-  
num, chromium, and so forth, and despi te  the i r  lower 
concentration, s t i l l  provide the main carbide  p rec ip i -  
ta te .  Consequently chromium can be used for oxida- 
t ion or  cor ros ion  r e s i s t ance ,  molybdenum for sol id 
solution strengthening, and the d i spe r s ion  s t rengthen-  
ing can s t i l l  come from those e lements  such as vana- 
dium and t i tanium shown to be so effective in m i c r o -  
al loyed s tee l s .  This point is  fur ther  i l lus t ra ted  in the 
next sect ion.  

10. LOW AND MEDIUM ALLOY S T E E L S -  
HIGH TEMPERATURE PROPERTIES 

Apar t  from mic ro -a l loyed  s tee ls  which a re  brought 
to thei r  full s t rength level  by control led rol l ing and 
d i rec t  t ransformat ion ,  there  a re  numerous low al loy 
and medium alloy s tee l s  where the poss ib i l i ty  of one 
s tage heat t r ea tmen t s  ex is t s .  For  reasons  made c lea r  
e a r l i e r ,  these a re  l ikely to be s tee l s  with V, Mo or  Ti  
as e lements  which provide the carbide  d ispers ion .  F o r  
example,  Dunlop and the author 63 have ca r r i ed  out an 

1 1 1 extensive study of aTCr-~Mo-~rV-0 .1C s teel  which is 
a commerc i a l  creep r e s i s t i ng  al loy used, for example,  
in the manufacture of s team turb ines .  I t  was f i r s t  
confirmed that over  the range 650-800~ the t r a n s f o r -  
mat ion from austeni te  leads to d i spe r s ion  s trengthened 
f e r r i t e ,  while in the range 350-650~ the bainite r e a c -  
tion predomina tes .  The f e r r i t e  reac t ion  product  con- 
tained most ly  a banded d i spe rs ion  of VC, but the las t  
region to t r ans fo rm frequently exhibited a fine f ibrous 
form of VC. The d i spe rs ion  p a r a m e t e r s  were  de t e r -  
mined as  a function of t rans format ion  t empe ra tu r e  in 
the range 650-775~ (Fig.  31) for the in terphase  p r e -  
cipitat ion which was shown to be VC. 

A compar ison  of the hardness  of the s t ruc ture ,  p ro-  
duced by i so the rma l  t rans format ion  for 15 minutes at 
700~ vie.  f e r r i t e ,  was made with 

a) bainite formed in 5 minutes at 500~ 
b) mar t ens i t e  formed on oil  quenching. 
To make a reasonable  comparison,  a l l  spec imens  

af ter  t r ea tment  were  subsequently aged at 700~ and 
the hardness  measured .  Fig,  32 plots  the changes in 
hardness  of the three  types of specimen; in the long 
t e rm the d i f ferences  in hardness  which l a rge ly  r e -  
f lect  the s ta te  of the carbide  d i spe r s ion  a re  r a the r  
smal l ,  so it is  c lea r  that comparable  s t ruc tu res  can 
a r i s e  via the three  routes .  However in the case of 
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Fig. 32--{ Cr-Mo-V steel: hardness of different starting mi- 
c r o s t r u c t u r e s  af ter  aging at 700~ (Dunlop) 48 

the l a t t e r  two t rea tments  a cementi te  d i spe r s ion  has 
to be rep laced  by the f iner  VC d i spe r s ion  during 
aging. This accounts for  the maximum in the hard-  
ness  curve in the case of the baini t ic  spec imens .  

Under p rac t i ca l  conditions when this s tee l  is  used 
in c reep  r e s i s t a n t  appl icat ions,  pa r t i cu l a r ly  in thick 
sect ions ,  mixed m i c r o s t r u c t u r e s  a re  ve ry  common, 
i .e .  the m i c r o s t r u c t u r e  is  a mix ture  of f e r r i t e ,  baini te  
and tempered  mar tens i t e  so it i s  difficult to de te rmine  
the optimum type of s t ruc ture  let  alone achieve it 
under normal  indus t r ia l  conditions. Dunlop a8 has ex- 
amined under l abora tory  conditions at 550~ the c reep  
p rope r t i e s  of the s e ve r a l  " b a s i c "  m i c r o s t r u c t u r e s  and 
made the following conclusions:  

1) P r i m a r y  creep  is  l e ss  extensive in t empered  
baini t ic  and mar t ens i t i c  s t ruc tu res  than in f e r r i t e ,  
probably because of the much lower dis locat ion density 
in the la t te r  s t ruc tu re .  

2) The creep  s t rength is  markedly  inc reased  by 
ra i s ing  the austeni t iz ing t empera tu re  to allow more  
VC to d isso tve  in austenite ,  then to r ep rec ip i t a t e  dur -  
ing subsequent heat t rea tment .  

3) The f e r r i t e  produced by i so the rmal  t r a n s f o r m a -  
tion at 700~ can give improved creep rupture  life 
over  s tandard  commerc ia l  t r ea tmen t s .  

The a s s e s s m e n t  of c reep  r e s i s t an t  a l loys involves 
many complicated fac tors  and different  c h a r a c t e r i s t i c s  
a r e  requ i red  as  the applicat ion va r i e s .  However the 
work which has been done so far  on d i spe rs ion  
s trengthened f e r r i t e  formed d i rec t ly  from austenite,  
indicates  that the s t ruc tu res  which resu l t  have useful 
high t empera tu re  p roper t i e s ,  in pa r t i cu l a r  c reep  
rup ture  life can be improved over  a l te rna t ive  s t ruc -  
t u r e s .  

CONCLUSION 

I have a t tempted to show that the addition of a l loy-  
ing elements ,  pa r t i cu l a r ly  those which a re  s t rong c a r -  
bide f o r m e r s ,  to s tee l s  has some profound effects on 
the t r ans format ion  of austeni te  at high t e m pe ra tu r e s .  
In plain carbon s tee ls  at these  t empera tu re s  the r e l e -  
vant phases  a re  f e r r i t e ,  cementi te  and pear l i t e ,  how- 
ever  in many al loy s tee l s  the format ion of cementi te  
andpea r l i t e  is suppressed ,  and the alloy ca rb ides  
adopt different  morphologies  frequently on a much 
f iner  scale  than those of the c l a s s i ca l  phases .  It now 
seems  c lear  that these alloy carb ides  grow in close 
associa t ion  with the f e r r i t e ,  and as a resu l t  thei r  m o r -  
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phology is determined by the mode of growth of the 
ferrite in austenite during the phase transformation. 
The general principles underlying the formation of 
these alloy carbide dispersion strengthened ferrites 
are gradually being determined, and the way seems  
clear to a further exploitation of their interesting 
mechanical properties.  

Already micro-al loyed steels  make use of dis- 
persion strengthened ferrite additional to. grain s ize  
strengthening, but it is abundantly clear that a whole 
range of low and medium alloy steels  can exhibit 
s imilar (and stronger) structures, although the mor-  
phologies are frequently complex. Alloy ferrites 
formed by direct transformation of austenite are also 
worthy of examination for use at elevated tempera- 
tures, because the very fine alloy carbide dispersions 
can be very stable and thus possess  good creep prop- 
erties.  
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