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A s i m p l e  F e - 1  V-0.2  C l o w - a l l o y  s t e e l  has  been  cooled  f rom the a us t e n i t i c  condi t ion  at  r a t e s  
be tween  0.1 and 500~ p e r  rain. D i l a t o m e t r y ,  and op t ica l  and e l e c t r o n  m e t a l l o g r a p h y  have 
shown tha t  the aus t en i t e  unde rgoes  decompos i t i on  in the r ange  800 to 700~ d i r e c t l y  to f e r -  
r i t e  conta in ing a nonrandom d i s t r i bu t i on  of vanadium c a r b i d e .  The c a r b i d e  p r e c i p i t a t e s  
a r e  d i s t r i b u t e d  in s h e e t s ,  and al though a range  of i n t e r s h e e t  spac ings  can be m e a s u r e d  at  
each  cool ing r a t e ,  the mean  i n t e r s h e e t  spac ing  d e c r e a s e s  with i n c r e a s i n g  cool ing  r a t e .  
The m e c h a n i c a l  s t r e n g t h  was a l so  shown to i n c r e a s e  as  the cool ing  r a t e  i n c r e a s e d ,  but  a 
duct i le  b r i t t l e  t r a n s i t i o n  o c c u r r e d  on i n c r e a s i n g  the cool ing r a t e  above a p p r o x i m a t e l y  
20~ p e r  rain.  The d i s p e r s i o n  s t r eng then ing  was found to obey an e m p i r i c a l  r e l a t i onsh ip  
of the fo rm Cp = k �9 k -L1, whe re  Cp is  the d i s p e r s i o n  s t r eng then ing  effect  of the c a r b i d e  
d i s t r i bu t i on ,  and k i s  the i n t e r s h e e t  spac ing .  The b r i t t l e  b e h a v i o r  of the  a l loy  ob ta ined  at  
high cool ing r a t e s  i s  thought to be p o s s i b l y  due to the c a r b i d e  morpho logy  and d i s p e r s i o n  
r e s u l t i n g  f rom the m e c h a n i s m  of p r e c i p i t a t i o n  dur ing  the a u s t e n i t e - f e r r i t e  t r a n s f o r m a t i o n .  

T H E  effect  of t e m p e r i n g  a l o w - a l l o y  vanad ium s t e e l  in 
the quenched condi t ion is  wel l  r e c o r d e d ,  and a number  
of au tho r s  have d i s c u s s e d  the p r e c i p i t a t i o n  sequences  
of c a r b i d e s  and the s t r eng then ing  ef fec ts  obta ined .  1-s 
However ,  r e c e n t  e l e c t r o n  m i c r o s c o p e  s tud ies  have 
shown that  a d i s p e r s i o n  of a l l oy  c a r b i d e  in f e r r i t e  can 
be obta ined  fol lowing d i r e c t  i s o t h e r m a l  decompos i t i on  
of aus ten i t e .  4-6 It has  been  shown that  p r e c i p i t a t i o n  o c -  
c u r s  r e p e a t e d l y  at  the a u s t e n i t e / f e r r i t e  t r a n s f o r m a t i o n  
i n t e r f ace  ( t e r m e d  i n t e r p h a s e  p rec ip i t a t i on )  and r e s u l t s  
in the a l l oy  c a r b i d e s  be ing  d i s t r i b u t e d  in shee t s .  The 
c a r b i d e  d i s p e r s i o n  is r e p r e s e n t a t i v e  of the i s o t h e r m a l  
t r a n s f o r m a t i o n  t e m p e r a t u r e ,  and c o n t r o l s  the r e s u l t i n g  
s t r eng th  of the a l loy .  7'6 The p r e s e n t  p a p e r  shows how 
s i m i l a r  d i s t r i b u t i o n s  of a l loy  c a r b i d e s  can be obta ined  
in an F e - 1  V-0.2  C a l loy  s i m p l y  by  cont inuous ly  cool ing 
the a l loy  f r o m  the aus t en i t i z ing  t e m p e r a t u r e ,  and r e -  
l a t e s  the m e a s u r e d  d i s p e r s i o n s  to the r a t e s  of cool ing 
and the mechan i ca l  p r o p e r t i e s .  

1. EXPERIMENTAL PROCEDURE 

A 10 kg e x p e r i m e n t a l  a l loy  was p r e p a r e d  by  vacuum 
induction techniques  at  the C o r p o r a t e  L a b o r a t o r i e s  of 
the B r i t i s h  Steel  C o r p o r a t i o n  ( B I S R A - ~ e f f i e l d ) .  The 
a n a l y s i s  of the a l loy  was 1.04 wt pc t  V, 0.20 wt pc t  C, 
and 0.023 wt pc t  Nb, with the  to ta l  content  of a l l  o ther  
e l e m e n t s ,  including i n t e r s t i t i a l s ,  l e s s  than 0.01 wt pct .  
The me l t  was homogen ized  and fo rged  and then ho t -  
r o l l e d  to ~ 12 m m  d i am rod .  L a b o r a t o r y  h o m o g e n i z a -  
t ion was then c a r r i e d  out by annea l ing  s e c t i o n s  of the 
rod  under  a p a r t i a l  p r e s s u r e  of a rgon  for  72 h at  1300~ 
The c r o s s - s e c t i o n  was then r e d u c e d  to ~ 6  m m  d i am by 
c o l d - s w a g i n g  with i n t e r m e d i a t e  sof tening annea l s  a t  
700~ Round t en s i l e  s p e c i m e n s  with a gage length of 
16 m m  and gage d i am of 4.5 m m  were  machined  f rom 
these  r o d s  and used  to eva lua te  the t e n s i l e  p r o p e r t i e s .  
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METALLURGICAL TRANSACTIONS 

Spec imens  for  thin fe l l  e l e c t r o n  m i c r o s c o p y  were  co ld -  
r o l l e d  to 0.5 m m  th ick  shee t  and h e a t - t r e a t e d  in th is  
condi t ion b e f o r e  f u r t he r  thinning.  

All  s p e c i m e n s  we re  e nc a psu l a t e d  in s i l i c a  tubes  un- 
d e r  a p a r t i a l  p r e s s u r e  of a rgon  p r i o r  to hea t  t r e a t m e n t .  
Each s p e c i m e n  was  annea led  for  30 min  at  1200~ and 
quenched into wa te r  be fo re  beginning any e x p e r i m e n t a l  
hea t  t r e a t m e n t .  The e x p e r i m e n t a l  hea t  t r e a t m e n t  con-  
s i s t e d  of annea l ing  for  15 min  at  l l50~  fo l lowed by 
r a p i d  cool ing  to 850~ and then con t ro l l ed  fu rnace  coo l -  
ing at  r a t e s  be tween  0.1~ p e r  min and 200~ p e r  min .  
A i r  cool ing was found to give a c o o l i n g - r a t e  a s  high as  
500~ p e r  min dependent  on the s p e c i m e n  s i z e .  

Opt ica l  m i c r o s c o p y  was c a r r i e d  out on s p e c i m e n s  
m e c h a n i c a l l y  p o l i s h e d  to 0.25 ~m diamond and e tched  
in 3 pc t  Nl ta l .  S tandard  techniques  were  used to obta in  
ca rbon  e x t r a c t i o n  r e p l i c a s  of the e tched s u r f a c e .  Spec-  
imens  for  t r a n s m i s s i o n  e l e c t r o n  m i c r o s c o p y  were  f i r s t  
c h e m i c a l l y  thinned in a so lu t ion  of 50 ml  hydrogen  p e r -  
oxide ,  50 ml  wa te r ,  and 7 ml  hydro f luo r i c  ac id ,  and 
then e l e c t r o p o l i s h e d  us ing a po ten t i a l  of 50 V in me th -  
ano l -  1 pc t  p e r c h l o r i c  a c ld  held  at  - 70~ Tens i l e  t e s t s  
we re  c a r r i e d  out on an Ins t ron  machine  at  a t e s t ing  
speed  of 0.05 c m  p e r  min.  

2. RESULTS 

Fig .  1 shows the f e a t u r e s  of the t r a n s f o r m a t i o n  r e -  
c o r d e d  by  the usual  f o r m  of continuous cool ing  t r a n s -  
f o r m a t i o n  d i a g r a m ,  which has  been  obta ined  d i l a t o m e t -  
r l c a l l y  ove r  the cool ing  r a t e  r ange  5 to 50~ p e r  min.  
The op t ica l  m l c r o s t r u c t u r e  of a cont inuous ly  cooled  
s p e c i m e n  is  t y p i c a l l y  that  shown in Fig .  2, and is f e r -  
r i t i c  al though i t  is  r e s p o n s i v e  to a Nital  etch.  It was 
found that  15 min at  l l50~  convenien t ly  d i s s o l v e d  a l l  
the vanad ium c a r b i d e  fol lowing the p r e t r e a t m e n t  a t  
1200~ whi l s t  keep ing  the aus ten i t e  g r a i n  s ize  to a 
m i n i m u m .  The n iobium addi t ion  to the a l l oy  was d e -  
s igned  to keep  the n iobium c a r b i d e  out of so lu t ion  at  
1150~ and consequen t ly  a id  aus t en i t e  g ra in  r e f i nemen t .  
However ,  the change in cool ing  r a t e  did cause  a change 
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in f e r r i t e  g r a i n  s i ze  (mean l i nea r  i n t e r c e p t  of g ra in  
bounda r i e s ) ,  f r o m  a p p r o x i m a t e l y  0.10 m m  at 2~ p e r  
min to 0.05 m m  at 200~ p e r  min.  

F ig .  3 shows the a l l oy  c a r b i d e s  d i s p e r s e d  in shee t s ,  
and a l so  some  c o a r s e  i d iomorph i c  p r ec ip i t a t i on .  The 
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Fig. 1--Continuous cooling transformation diagram for Fe-1 V- 
0.2C. 

Fig. 2--Fe-1 V-0.2 C alloy continuously cooled ~ 20"C per rain; 
etched, magnification 75 t imes.  

c a r b i d e s  we re  ident i f ied  by  e l e c t r o n  d i f f r ac t ion  as  v a -  
nadium c a r b i d e .  In t e rphase  p r e c i p i t a t i o n  is  r e a d i l y  
r e c o g n i z e d  because  not only a r e  the p r e c i p i t a t e s  d i s -  
t r i bu t ed  in shee t s ,  but  only  one v a r i a n t  of the  p l a t e l e t  
p r e c i p i t a t e  habi t  is  p r e s e n t  s 

Fig .  4(a) shows the v a r i a t i o n  of the p e r p e n d i c u l a r  in -  
t e r s h e e t  spac ing  a s  a function of the  cool ing  r a t e .  Mea -  
s u r e m e n t s  were  made  f rom e l e c t r o n  m i c r o g r a p h s  us ing 
both e x t r a c t i o n  r e p l i c a s  and thin fo i l s .  Ex t r ac t i on  r epy  
l i c a s  were  used  for  i n t e r s h e e t  spac ings  down to ~ 500A 
(co r r e spond ing  to ~ 20~ p e r  min  cooling),  where  r e s o -  
lut ion of the shee t s  b e c a m e  dif f icul t ,  and thin fo i l s  we re  
used  at  the f ine r  spac ings .  T h e r e  is  s o m e  o v e r l a p  of 
the two methods ,  and in g e n e r a l  i t  was found that  thin 
fo i l s  give a n a r r o w e r  band of spac ing  m e a s u r e m e n t s  
b e c a u s e  whi l s t  t i l t ing  the s p e c i m e n s  in the e l e c t r o n  
m i c r o s c o p e  to b r ing  the rows  into the b e s t  c o n t r a s t  
condi t ions ,  some  of the e r r o r  due to sec t ion ing  is  r e -  
duced.  Sect ioning e r r o r s  a r e  a p p a r e n t  in the r e p l i c a  
m e a s u r e m e n t s ,  and magni fy  even f u r t h e r  the s p r e a d  of 
r e a d i n g s  obta ined  b e c a u s e  the t r a n s f o r m a t i o n  is  o c c u r -  
r i ng  ove r  a r ange  of t e m p e r a t u r e s  dur ing  cool ing.  It 
was not found p o s s i b l e  to m e a s u r e  a c c u r a t e l y  the p r e -  
c ip i t a t e  spac ing  within the shee t s ,  but  i t  was g e n e r a l l y  
o b s e r v e d  that  th is  was much l e s s  than the i n t e r s h e e t  
spac ing ,  and ev idence  of th is  is  given by Fig.  3, and in 
e l e c t r o n  m i c r o g r a p h s  pub l i shed  by  o the r  i n v e s t i g a t o r s .  6 

The v a r i a t i o n  of 0.2 pc t  p roof  s t r eng th ,  U.T.S. ,  e lon -  
gat ion and r educ t ion  in a r e a  with cool ing  r a t e  i s  shown 
in Fig .  4(b). G r e a t e r  s c a t t e r  of the s t r eng th  da ta  po in ts  
was obta ined  at  200 and 500~ p e r  min,  but  e x t r a p o l a -  
t ion f rom the da ta  ob ta ined  at  lower  cool ing  r a t e s  did  
de l inea t e  the mean  va lue s .  To i l l u s t r a t e  the inf luence 
of the i n t e r s h e e t  spac ing  on the y ie ld  s t r eng th  i t  was 
n e c e s s a r y  to n o r m a l i z e  the m e a s u r e d  y ie ld  s t r eng th  
va lues  to account  for  the change in g r a i n  s i ze  with c o o l -  
ing r a t e .  It was dec ided  to adopt  the a p p r o a c h  fol lowed 
by  P i c k e r i n g  and Gladman 9 who c o n s i d e r e d  that  a l l  the 
s t r eng then ing  e f fec t s  in f e r r i t e / p e a r l i t e  s t r u c t u r e s  
were  addi t ive .  The H a l l - P e t c h  equat ion was modi f i ed  
to account  for  each  effect ,  and the y ie ld  s t r eng th  (ay) 
e x p r e s s e d  as  

Fig. 3--Fe-1 V-0.2 C alloy continuously 
cooled ~ 10~ per min; thin foil, magnifi- 
cation 23,000 times. 
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where  Go r e p r e s e n t s  the  inheren t  m a t r i x  f r i c t i on  s t r e s s ,  
a s the so l id  so lu t ion  harden ing ,  ap the p r e c i p i t a t i o n  
harden ing ,  and kyd -~/2 the con t r ibu t ion  due to g r a i n  s i ze .  
F o r  c o m p a r a t i v e  p u r p o s e s  we can ignore  the f r i c t i o n  
s t r e s s ,  and can a l so  a s s u m e  that  under  the continuous 
cool ing condi t ions  used  in the p r e s e n t  e x p e r i m e n t s  the 
so l id  so lu t ion  ha rden ing  t e r m  wil l  be  a cons tant .  By 
se t t ing  ay equal  to the m e a s u r e d  0.2 pc t  p roof  s t r e s s  
(ay(o.2 ~) we have 

a !  : ( %  ( 0 . 2 )  - -  ]~y d-lIra) = a p  + cons tan t ,  

and the v a r i a t i o n  in a '  r e f l e c t s  a v a r i a t i o n  in the  p r e -  
c ip i t a t ion  ha rden ing  t e r m  (ap) o v e r  the va lue s  of X 
c o n s i d e r e d ,  even if the cons tan t  (no + ~s) i s  given a 
m a x i m u m  va lue .  A l o g a r i t h m i c  plot  of s t r eng th  (a ' )  
aga ins t  the m i n i m u m  v a l u e s  of the i n t e r s h e e t  spac ing  
o v e r  the range  2 to 50~ p e r  min i s  i l l u s t r a t e d  in 
F ig .  5. A l i n e a r  r e l a t i o n s h i p  was  expec ted  o v e r  the 
range  of ~ va lues  used  and b e c a u s e  of the e x p e r -  
i m en t a l  s c a t t e r  was found to fi t  the equat ion 
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Fig. 4--(a) Intersheet spacing measurements, and (b) mechan- 
ical properties and the parameter kyd -I/2, plotted as a function 
of the cooling rate. 

e '  = k .X-1.1. 

The computed  va lues  of kyd -I/2 used,  whe re  ky is se t  
equal  to 1.8 k g / m m  3/2" 1o a r e  p lo t ted  as  a function of 
cool ing  r a t e  in Fig .  4(b). It was a l so  a s s u m e d  that  the 
m i n i m u m  i n t e r s h e e t  spac ings  r e c o r d e d  were  the t rue  
i n t e r s h e e t  spac ings  for  the f ines t  s t r u c t u r e s  f o r m e d  
at  the lowes t  t e m p e r a t u r e s  and would be p r o p o r t i o n a l  
to any mean  spac ing  con t ro l l ing  the d i s p e r s i o n  s t r e n g t h -  
ening at  any abso lu te  cool ing  r a t e .  

Evidence  of d i s l o c a t i o n / p r e c i p i t a t e  i n t e r a c t i ons  was  
obta ined  f rom thin foi l  e l e c t r o n  m i c r o s c o p y  of s t r a i n e d  
s p e c i m e n s .  As the s t r a i n  r a t e  i n c r e a s e d  i t  was found 
m o r e  and m o r e  d i f f icul t  to image  s h a r p l y  the p r e c i p i t a t e s .  
F ig .  6(a) shows d i s l o c a t i o n s  tangled  into the p r e c i p i t a t e  
shee t s  a f t e r  ~5 pct  t e n s i l e  s t r a i n .  By c o m p a r i s o n  with 
Fig .  3 i t  wi l l  be seen  that  even the l a r g e r  i d i o m o r p h i c  
vanad ium c a r b i d e  is  d i f f icul t  to image ,  le t  a lone the 
s m a l l e r  p r e c i p i t a t e s  in the she e t s .  A f t e r  80 pc t  s t r a i n  
by ro l l i ng  it was  s t i l l  p o s s i b l e  to o b s e r v e  rows  of p r e -  
c i p i t a t e s  (F ig .  6(b)) al though fol lowing such s e v e r e  d e -  
fo rma t ion  the shee t s  have ro t a t ed  t o w a r d s  the ro l l ing  
p lane ,  thus  making  i t  m o r e  d i f f icul t  to obtain them 
p a r a l l e l  to the e l e c t r o n  beam when examin ing  thin 
fo i l s  in the e l e c t r o n  m i c r o s c o p e .  F ig .  6(b) a l so  shows 
some  ev idence  of a dense  d i s loca t ion  ce l l  s t r u c t u r e  
which i s  dependent  on the p r e c i p i t a t e  shee t  spac ing .  

Fig .  6(c) is  s i m i l a r  to Fig .  6(a) except  that  the s p e c i -  
men was s t r a i n e d  ~2 .5  pc t  in t ens ion  at  272~ and then 
he ld  under  load fo r  30 min at  th is  t e m p e r a t u r e .  The 
a r e a  shown in Fig .  6(c) was a th ick p a r t  of the foi l  ob-  
s e r v e d  in a JEOL 200 kV e l e c t r o n  m i c r o s c o p e .  The 
s t r e s s :  s t r a i n  curve  fol lowing y ie ld  was no t i ceab ly  
s t eep  and s e r r a t e d  and the s p e c i m e n  a c q u i r e d  a blue 
t inge ,  ind ica t ing  that  s t r a i n i n g  was tak ing  p l a c e  in the 
b l u e - b r i t t l e n e s s  r ange  for  the a l loy .  It was  in tended 
that  i n t e r s t i t i a l  a t o m s  would diffuse to the d i s l oca t i ons  
and p r e ve n t  them f r o m  r e l a x i n g  to equ i l i b r ium p o s i -  
t ions  when the load  was r e m o v e d .  Consequent ly ,  i t  is  
thought that  some  of the d i s loca t i ons  in Fig.  6(c) i l l u s -  
t r a t e  conf igura t ions  r e p r e s e n t a t i v e  of t he i r  behav io r  
dur ing  s t r a in ing .  

Fig .  4(b) shows a d i s t i nc t  change in t ens i l e  duc t i l i t y  
ove r  the cool ing r a t e  r ange  c o n s i d e r e d  and this  is  a l so  
r e f l e c t e d  by  the f r a c t u r e  a p p e a r a n c e  of the s p e c i m e n s ,  
two e x a m p l e s  of which a r e  shown in Fig .  7. 

3. DISCUSSION 

The present results show that transformation of an 
Fe-V-C low-alloy steel during continuous cooling gives 
a much larger spectrum of precipitate sheet spacings 
(Fig. 4(a)) than has been observed over a range of iso- 
thermal transformation temperatures by Batte. 7 Inevi- 
tably, at the slower cooling rates a wide scatter occurs, 
of the order of more than 1000/~ between 0.2 and 20~ 
per min, because the ferrite/carbide aggregates form 
slowly over the largest temperature range. At a cool- 
ing rate of 200~ per min the scatter observed, even 
with sectioning errors, was only of the order of 100A, 
indicating a much faster low temperature reaction over 
a smaller temperature range. 

However, if the general strength levels are related 
to the intersheet spacings through the cooling rate, then 
the values correspond favorably with the results of 
Batte et al. 8 for the same alloy in the isothermally 
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Fig .  5 - - T h e  d i s p e r s i o n  s t r e n g t h e n i n g  p a r a m e t e r  ~ '  p lo t t ed  as  
a func t ion  of the  i n t e r s h e e t  s p a c i n g .  

t r a n s f o r m e d  condi t ion.  The p r e s e n t  r e s u l t s  showed 
that  the p r e c i p i t a t e  d i s p e r s i o n  inf luenced the y ie ld  
s t r eng th ,  and that  the i n t e r s h e e t  spac ing  (~) can  be 
r e l a t e d  to the d i s p e r s i o n  s t r eng then ing  (ap) by an e m -  
p i r i c a l  r e l a t i onsh ip  of the fo rm 

(lpOC ~-i.i. 

Owing to the r ange  of spac ings  o c c u r r i n g  dur ing  con-  
t inuous cool ing and the a s s u m p t i o n s  made ,  no g r e a t  
s ign i f i cance  can be  a t t ached  to th is  equat ion.  However ,  
p r e l i m i n a r y  s tud ies  by Bat te  et alfl f i r s t  showed a t en -  
t a t ive  r e l a t i o n s h i p  of the fo rm ap cc ~-o.~ for  th is  s a m e  
Fe -1  V-0.2 C a l loy  in the i s o t h e r m a l l y  t r a n s f o r m e d  
condi t ion where  m o r e  a c c u r a t e  con t ro l  of spac ing  is  
ach ieved .  This  is  iden t i ca l  to that  ob ta ined  for  l a m e l -  
l a r  p e a r l i t e  in p la in  ca rbon  s t e e l s  whe re  h would be  
the i n t e r l a m e l l a r  spac ing ,  n Bat te  7 subsequen t ly  showed 
that  a r e l a t i o n s h i p  of the fo rm ap cc ~-o.~ b e s t  f i t t ed  the 

(a) 

F ig .  6 - - F e - I V - 0 . 2  C a l loy  (a) c o n t i n u o u s l y  
cooled  ~ 10~ p e r  rain and  s t r a i n e d  ~ 5 pe t ;  
th in  foi l ,  m a g n i f i c a t i o n  about  19,000 t i m e s ,  
(b) c o n t i n u o u s l y  cooled  ~ 10~ p e r  m i n  and  
ro l l ed  ~ 80 pc t ;  t h in  foil ,  m a g n i f i c a t i o n  
about  17,000 t i m e s ,  and  (c) c o n t i n u o u s l y  
cooled  ~ 4~ p e r  m i n  and s t r a i n e d  ~ 2.5 
pc t  at  272~ and then  a n n e a l e d  u n d e r  s t r e s s  
for  30 rain;  thin  foil ,  m a g n i f i c a t i o n  about  
25,000 t i m e s .  

(b) 
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Fig. 6--Continued 

exper imenta l  data, and that this indicates  behavior in-  
t e rmedia te  between an in t e r l ame l l a r  and a random d i s -  
pe rs ion  hardened s t ruc ture .  Fur the rmore ,  Freeman,12 
working on s imi l a r  carb ide  d i spers ions  in i so thermal ly  
t r ans fo rmed  F e - T i - C  al loys has shown that an empiri= 
cal re la t ionship  of the form apCc ~-o.9 best  fits his ex- 
per imenta l  data. It is worthwhile noting that the 
strengthening s t ruc ture  in these d i rec t ly  t r ans formed  
low-al loy  s tee ls  can be obtained with finer spacings 
than in pea r l i t i c  s tee l s ,  and can also be achieved at 
much lower carbon concentrat ions.  

The e lec t ron  microscope  observat ions  would support  
the argument  that the carb ides  could be ins t rumental  
in nucleating dis locat ions in the ea r ly  s tages  of y ie ld-  
ing, and also act as effective b a r r i e r s  to dis locat ion 
movement.  Indirect  evidence for thei r  action as nucle-  
ation centers  follows from the difficulty exper ienced 
in sharply  imaging them following straining,  whilst both 
Figs .  6(a) and 6(c) show examples  of dis locat ions bow- 
ing between vanadium carbide pa r t i c l e s  due to pinning. 
A s imple  yielding model envisaged would be that shown 
schemat ica l ly  in Fig. 8(a) where dis locat ion loops ex- 
panding from prec ip i t a tes  A and B in terac t  with other 
p rec ip i t a tes  in the sheets .  It can be seen that as the 
spacing of p rec ip i t a t es  in the sheets  is much less  than 
the in tershee t  spacing, then impenetrable  lamel lae  of 
p rec ip i t a t e /d i s loca t ion  tangles would soon be built  up, 
making the f ree  path for dis locat ion movement neces -  
s a r i l y  between the prec ip i ta te  sheets .  This idea of-con- 
tinuous lamel lae  is re inforced  by Fig. 6(b) which indi-  
cates  sheets  of p rec ip i ta te  which a re  not apparent ly  
d is located  even after  ve ry  high s t ra ins .  Areas  s imi l a r  
to that dotted in Fig. 8(a) can be seen in Fig. 6(a) "' 
(arrowed),  where dis locat ions  can be reso lved  between 
p rec ip i t a t es  in the sheets .  However, in general ,  at the 
s t ra in  i l lus t ra ted  by Fig. 6(a) the dis locat ion content is 
high enough to make the sheets  v i r tua l ly  continuous 
l ines of dark contras t  from the p rec ip i t a t e /d i s loca t ion  
tangles.  

It is thus apparent  that the prec ip i ta t ion  react ion that 
occurs  during the continuous cooling t rans format ion  of 
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(c) 

al loyed austenite to f e r r i t e  can lead to a control led d i s -  
pers ion  of al loy carbide which can impar t  ve ry  high 
s t rengths  to the f e r r i t e .  This suggests  a potential  new 
and s imple route in the hea t - t r ea tmen t  of low-al loy 
s tee ls  requir ing  high s t rengths .  No longer would it be 
neces sa ry  to add alloying elements  to improve the hard-  
enabil i ty of low-carbon s tee ls  so as to be able to achieve 
a baini t ic  or mar tens i t i c  s t ruc ture  that can subsequently 
be tempered  to secondary  hardening: instead, d i rec t  
h igh- tempera tu re  decomposit ion at a control led cooling 
ra te  to a uniformly d i spers ion-s t reng thened  f e r r i t e  
could be employed. In fact, it is l ikely that the Nb-con-  
taining con t ro l l ed - ro l l ed  carbon-manganese  s tee ls  in 
commerc ia l  use can at t r ibute  a substantial  propor t ion 
of their  s trength to the fact that the f e r r i t e  contains a 
fine dis t r ibut ion of al igned NbC 9,13 formed during cool-  
ing in the way a l ready  discussed.  Fur the rmore ,  the 
c r e e p - r e s i s t a n t  Cr -Mo-V s tee ls  widely used in the 
power generat ing industry,  a re  often hea t - t r ea ted  non- 
uniformly owing to the i r  large  section size,  and conse-  
quently contain la rge  volume fract ions of f e r r i t e  r a the r  
than bainite,  and there  is evidence that this f e r r i t e  is 
also strengthened by an aligned d ispers ion  of V4C3 
formed during cooling. 14,15 

The general  levels  of tensi le  ducti l i ty a re  i l lus t ra ted  
by Fig. 4(b). These levels  were not expected to be high 
owing to the la rge  grain s ize achieved by the austeni-  
t izing t empera tu re  used in this s e r i e s  of exper iments .  
However, vanadium has an advantage over Ti and Nb 
additions,  which also give s imi l a r  precipi ta t ion d i spe r -  
sions,12' 16 in that the solubi l i ty  of vanadium carbide is 
g rea te r  17 and hence genera l ly  lower austenit izing t em-  
pe ra tu re s  can'be employed. However, Fig. 4(b) also 
shows that there  is a catas t rophic  reduction in ductili ty, 
which is accompanied by a t rans i t ion  from fibrous to 
cleavage f r a c t u r e / F i g .  7) at cooling r a t e s  in excess  of 
20~ per  rain. This corresponds  to in tersheet  spacings 
of < 300A, which have been achieved by Batte et  al .  8 by 
i so thermal  t ransformat ion  at < 775~ and it is in te r -  
est ing that at about this d ispers ion the tensi le  ducti l i ty 
of the same al loy tes ted  by Batte et  at .  8 also showed an 
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Fig. 7--Fe-1 V-0.2 C fracture surfaces: (a) continuously 
cooled ~ 5~ per  rain, magnification about 500 times, and 
(b) continuously cooled ~ 200~ per min, magnification 
about 1000 times. 

ab rup t  d u c t i l e - b r i t t l e  t r a n s i t i o n .  It is  a f ea tu re  of the 
i n 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  in F e - V - C  a l loys  that  
only  one v a r i a n t  of the vanad ium c a r b i d e  p l a t e l e t  habi t  
i s  p r e s e n t .  At low t e m p e r a t u r e s  where  di f fus ion con-  
s i d e r a t i o n s  a r e  i m p o r t a n t  th is  tends  to be the habi t  
p lane  which l i e s  n e a r e s t  to the p lane  of the in t e r f ace ,  s'18 
This  means  that  a t  the lower  t e m p e r a t u r e s  of t r a n s f o r -  
ma t ion  t h e r e  is  l i ke ly  to be a p r e d o m i n a n c e  of p r e c i p i -  
ta te  shee t s  conta in ing  the habi t  p lane of the vanad ium 
c a r b i d e  as  i l l u s t r a t e d  in Fig.  8(b). As the habi t  p l anes  
of the p l a t e l e t s  a r e  of the f o r m  {100}~, and as  th is  is  
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Fig. 8--Schematic diagram of (a) model dislocation move- 
ment through the precipitate dispersion, and (b) the unique 
habit plane orientation of the vanadium carbide platelets. 

the c l eavage  p lane  of the bcc  f e r r i t e ,  it  is  p o s s i b l e  that  
such a conf igura t ion  of p r e c i p i t a t e s  m a y  reduce  the e f -  
fec t ive  f r a c t u r e  s u r f a c e  e n e r g y  on the c l eavage  p lane  
and thus r educe  the duc t i l i t y  of the a l loy .  Consequent ly ,  
if th is  is  a t rue  inf luence on the f r a c t u r e  r e s i s t a n c e  of 
the m a t r i x  by  the p r e c i p i t a t e  d i s p e r s i o n ,  s t eps  mus t  be 
taken  to compensa t e  for  th is  behav io r ,  f i r s t l y  by r e f i n -  
ing the g r a i n  s i ze ,  and second ly  by t r a n s f o r m i n g  at  the 
h igher  t r a n s f o r m a t i o n  t e m p e r a t u r e s ,  be fo re  the full  
benef i t  of ach iev ing  v e r y  high s t r e n g t h s  by  s i m p l e  hea t  
t r e a t m e n t s  can be obta ined.  However ,  some  advan tages  
in duc t i l i t y  would be expec ted  b e c a u s e  of the d e f o r m a -  
b i l i t y  of the p r e c i p i t a t e / d i s l o c a t i o n  l a m e l l a e  which 
would avoid  any b r i t t l e  phase  c r a c k i n g  such as  o c c u r s  
in m o r e  convent ional  p e a r l i t i c  steels.19 

4. CONCLUSIONS 

1) Sheets of vanadium carbide precipitates in ferrite 
may be obtained by simple cooling of an Fe-IV-0.2C 
alloy from the austenitic condition. 

2) The intersheet spacing decreases as the cooling 
rate is increased. 

3) As the cooling rate increases the strength of the 
alloy increases, but the tensile ductility is reduced. 

4) The dispersion strengthening due to precipitation 
varied with the intersheet spacing as 

~ p  = k . A -1"I  

where  ap i s  the d i s p e r s i o n  s t r eng then ing  component  of 
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the yield strength, and X is the intersheet spacing. 
5) Electron microscopy shows evidence of both dis-  

location nucleation and dislocation pinning by the va-  
nadium carbide precipitates, and also that the sheets 
of precipitate develop into lamellae of precipitate/dis-  
location tangles in the early stages of straining. 

6) An abrupt reduction in tensile ductility observed 
in the experimental alloy at a cooling rate >20~ per 
min could be attributable to the orientation and distri-  
bution of the vanadium carbide precipitates resulting 
from the interphase precipitation mechanism, and high- 
lights the importance of grain s ize  control if both high 
strengths and high ductilities are to be obtained by this 
simple heat treatment process .  
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