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The r e s p o n s e  of a u s t e n i t e s  to t h e r m o m e c h a n i c a l  t r e a t m e n t s  is  s tud ied  in a s e r i e s  of 
n iob ium (co lumbium)  HSLA s t e e l s .  I n t e r a c t i o n s  be tween  compos i t i on ,  p l a s t i c  d e f o r m a -  
t ion,  s t r a i n - i n d u c e d  p r e c i p i t a t i o n ,  and a u s t e n i t e  r e c r y s t a l l i z a t i o n  a r e  d e s c r i b e d  and 
r e l a t e d  to p r e v i o u s  work  in the f ie ld .  Niob ium in so lu t ion  p r i o r  to d e f o r m a t i o n  l e a d s  
to s ign i f i can t  r e t a r d a t i o n  of subsequen t  a u s t e n i t e  r e c r y s t a l l i z a t i o n  if Nb(C,N) p r e c i p i -  
t a t ion  t akes  p l ace  p r i o r  to o r  du r ing  the e a r l y  s t a g e s  of r e c r y s t a l l i z a t i o n .  Such s t r a i n -  
induced p r e c i p i t a t i o n  p r o c e e d s  in two s t a g e s :  i n i t i a l l y  at  a u s t e n i t i c  g r a i n  b o u n d a r i e s  and 
d e f o r m a t i o n  bands ,  and l a t e r  on s u b s t r u c t u r a l  f e a t u r e s  in the u n r e c r y s t a U i z e d  a u s t e n i t e .  
The  l a t t e r  p r e c i p i t a t i o n  is  a c c e l e r a t e d  only if it  o c c u r s  in the u n r e c r y s t a l l i z e d  aus ten i t e ;  
if r e c r y s t a l l i z a t i o n  p r e c e d e s  Nb(C,N) p r e c i p i t a t i o n ,  then the p r e c i p i t a t i o n  r e a c t i o n  i s  
much s l o w e r .  Thus ,  the Nb(C,N) p r e c i p i t a t i o n  and aus t en i t e  r e c r y s t a l l i z a t i o n  r e a c t i o n s  
a r e  coupled phenomena .  The  condi t ions  n e c e s s a r y  for  such  an i n t e r a c t i o n  a r e  ana lyzed ,  
and i t  is  p r o p o s e d  that  the l eve l  of s u p e r s a t u r a t i o n  of Nb(C,N) in the aus t en i t e  a t  the 
d e f o r m a t i o n  t e m p e r a t u r e  is  a c r i t i c a l  f a c to r  in d e t e r m i n i n g  whe the r  o r  not an e f fec t ive  
i n t e r a c t i o n  wi l l  o p e r a t e  at  that  t e m p e r a t u r e .  

H I G H - S T R E N G T H ,  l o w - a l l o y  (HSLA) s t e e l s  c o n s t i -  
tute  a c l a s s i c a l  m e t a l l u r g i c a l  d e v e l o p m e n t  in which 
a l loy ing  add i t ions  and t h e r m o m e c h a n i c a l  p r o c e s s i n g  
have been  combined  to a t ta in  d e s i r a b l e  m e c h a n i c a l  
p r o p e r t i e s  th rough  m i c r o s t r u c t u r a l  con t ro l .  Such 
p r o c e s s  and c o m p o s i t i o n a l  v a r i a t i o n s  can deve lop  
y ie ld  s t r e n g t h s  t y p i c a l l y  in the r ange  of 350 tO 700 
MPa (50 to 100 ks i ) ,  thus  doubling the c o r r e s p o n d i n g  
y ie ld  s t r e n g t h  of mi ld  s t e e l s .  Th is  i n c r e a s e d  s t r eng th ,  
coupled with  good toughness  and we ldab i l i t y ,  has  r e -  
su l t ed  in a p p l i c a t i o n s  in t r a n s p o r t a t i o n ,  p ipe l ine ,  con-  
s t ruc t ion ,  and p r e s s u r e - v e s s e l  t e c h n o l o g i e s .  

As  p r e s e n t l y  a v a i l a b l e ,  HSLA s t e e l s  a r e  p r e d o m i -  
nant ly  low in ca rbon  (0.05 to 0.15 pct)  and a r e  a l l oye d  
with  s m a l l  quan t i t i e s  of s t r ong  c a r b i d e - f o r m i n g  e l e -  
men t s  such as  n iobium,  vanad ium or  t i t a n i u m .  1'2 Th i s  
m i c r o a l l o y i n g  is in tended to con t r ibu te  to enhanced  
m e c h a n i c a l  p r o p e r t i e s  p r i m a r i l y  th rough  f e r r i t i c  
g r a i n  r e f i n e m e n t ,  often supp l emen ted  by p r e c i p i t a t i o n  
a n d / o r  s u b s t r u c t u r a l  (d is loca t ion)  s t r e n g t h e n i n g .  A l -  
though r e c e n t  c o m p r e h e n s i v e  r e v i e w s  dea l ing  with the 
dependence  of p r o p e r t i e s  on the m i c r o s t r u c t u r e  of 
m i c r o a l l o y e d  s t e e l s  a r e  ava i l ab l e ,  3-5 in the p r e s e n t  
context  we need  only highl ight  the fol lowing po in t s .  
Grain r e f i nemen t  of the f e r r i t e  is  the m a j o r  mode of 
s t r eng then ing  in HSLA s t e e l s .  B a s e d  on a H a l l - P e r c h  
type of s t r eng then ing  i n c r e m e n t ,  ~ a d e c r e a s e  of f e r -  
r i t i c  g r a i n  s i ze  f r o m  ASTM 6-8 ( typ ica l  of h o t - r o l l e d  
mi ld  s t e e l s )  to ASTM 12-13 ( typ ica l  of HSLA s t e e l s )  
is  a c c o m p a n i e d  by an i n c r e a s e  in y i e ld  s t r e n g t h  of 
about  210 M P a  (30 k s i ) .  C o n c u r r e n t l y ,  g r a i n  r e f i n e -  
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ment  is  the only s t r eng then ing  m e c h a n i s m  a v a i l a b l e  
in HSLA s t e e l s  tha t  s i m u l t a n e o u s l y  i m p r o v e s  the  
t oughnes s .  3 Thus ,  if o the r  m e c h a n i s m s  a r e  e m p l o y e d  
to r a i s e  the s t r e n g t h  l eve l ,  a t t a in ing  the f ines t  p r a c -  
t i c a b l e  f e r r i t i e  g r a i n  s i ze  b e c o m e s  even  m o r e  i m -  
po r t an t  in o r d e r  to c o m p e n s a t e  for  the lo s s  of tough-  
ness  tha t  would o t h e r w i s e  be i n t r o d u c e d .  

Such c on t ro l  of the f e r r i t i c  g r a i n  s i ze  is  in i t s e l f  
a complex  sub jec t ,  and has  r e c e n t l y  been  c o n s i d e r e d  
e l s e w h e r e .  7 F o r  our  p u r p o s e s ,  i t  can be s t a t ed  that  
the f ines t  f e r r i t i c  g r a i n  s i z e s  can  be  p r o d u c e d  on 
t r a n s f o r m a t i o n  f r o m  a u s t e n i t e  which r e m a i n s  u n r e -  
c r y s t a l l i z e d  a f t e r  hot r o l l i n g .  Nb and o the r  m i c r o -  
a l loy ing  add i t ions  a r e  known to r e t a r d  a u s t e n i t e  r e -  
c r y s t a l l i z a t i o n ,  and th i s  fact ,  t o g e t h e r  wi th  the d e -  
ve lopmen t  of c o n t r o l l e d  ro l l i ng  as  a f e a s i b l e  c o m m e r -  
c i a l  p r o c e s s ,  8 has  s t i m u l a t e d  r e s e a r c h  a i m e d  at  d e -  
f ining the s t r u c t u r a l  changes  that  o c c u r  in a u s t e n i t e  
dur ing  hot r o l l i n g .  

N u m e r o u s  i n v e s t i g a t o r s  have s tud ied  the h igh-  
t e m p e r a t u r e  d e f o r m a t i o n  of a u s t e n i t e  by means  of 
hot c o m p r e s s i o n ,  9-13 hot t ens ion ,  14-16 hot t o r s i o n ,  17'~8 
and hot r o l l i n g ,  ~9-26 us ing a v a r i e t y  of t e chn iques  to  
mon i to r  aus t en i t e  r e c r y s t a l l i z a t i o n .  T h e s e  p a p e r s  
have g e n e r a l l y  shown a r e t a r d i n g  effect  of Nb on 
aus t en i t e  r e c r y s t a l l i z a t i o n ,  and have v a r i o u s l y  
a s c r i b e d  th i s  ef fec t  to " s o l u t e  d r a g "  o r  " p r e c i p i t a t e  
p i n n i n g . "  H o w e v e r ,  r e l a t i v e l y  few w o r k e r s  have 
s tud ied  the concomi t an t  n iob ium c a r b o n i t r i d e  
[Nb,(C,N)] p r e c i p i t a t i o n ,  o r  e x a m i n e d  the p o t e n t i a l  
i n t e r a c t i o n  be tween  th i s  p r e c i p i t a t i o n  and the a u s t e n -  
ire r e c r y s t a l l i z a t i o n .  W a t a n a b e  et al 2v used a wet 
c h e m i c a l  technique  on e l e c t r o l y t i c a l l y - e x t r a c t e d  p r e -  
c i p i t a t e s  to fol low quan t i t a t i ve ly  the Nb(C,N) p r e -  
c ip i t a t ion  r e a c t i o n  in u n r e c r y s t a l l i z e d  and r e c r y s t a l -  
l i z ed  a u s t e n i t e s .  They  found tha t  the p r e c i p i t a t i o n  
k ine t i c s  a r e  about  an o r d e r  of magni tude  f a s t e r  in 
aus t en i t e  that  r e m a i n s  u n r e c r y s t a l l i z e d  a f t e r  d e f o r -  
mat ion .  M o r e  r e c e n t l y ,  W e i s s  and J o n a s  28'29 s tud ied  
Nb(C,N) p r e c i p i t a t i o n  v i a  hot c o m p r e s s i o n  t e s t i n g ,  
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ut i l iz ing changes in the s t r a i n - t o - p e a k  s t r e s s  ( i .e . ,  
the s t r a i n  r e q u i r e d  to ini t ia te  dynamic  r e c r y s t a l l i z a -  
tion) to follow the reac t ion .  They a lso  obse rved  a c -  
ce le ra ted  p rec ip i t a t ion  k ine t ics  in deformed a u s t e n -  
i tes ,  up to two o r d e r s  of magnitude f a s t e r  when the 
p rec ip i t a t ion  occurs  dynamica l ly .  

LeBon e t  al z8 used ho t - t o r s ion  tes t ing ,  de t e rm i n i ng  
the aus ten i te  r e c r y s t a l l i z a t i o n  meta l lograph ica l ly ,  
and a t tempt ing  to follow the Nb(C,N) p rec ip i t a t ion  
reac t ion  via  m i c r o h a r d n e s s  m e a s u r e m e n t s  on s a m -  
ples quenched af ter  tes t ing .  Although the h a r d n e s s  
tes t ing  proved to be r a the r  un re l i ab le  for defining the 
p rec ip i t a t ion  k ine t ics ,  the i r  r e c r y s t a l l i z a t i o n  data 
included two s igni f icant  effects .  A pecu l i a r  r e c r y s t a l -  
l i z a t i o n / t i m e / t e m p e r a t u r e  ( R T T )  curve  was genera ted  
for the 0.04 pct Nb s tee l  s tudied,  in that C -cu rv e  r e -  
c ry s t a l l i z a t i on  k ine t i cs  were observed  below 950~ 
While a s l ight  r e t a rd ing  effect of Nb above 950~ was 
a s c r i b e d  to solute  drag,  the C-cu rve  k ine t i cs  below 
950~ were a t t r ibu ted  to an i n t e r ac t i on  between r e -  
c r y s t a l l i z a t i o n  and s t r a i n - i n d u c e d  Nb(C,N) p r e c i p i -  
ta t ion,  an idea which was la te r  ampl i f ied  by Wei s s  
a n d ' J o n a s .  2s'29 F u r t h e r m o r e ,  LeDon e t  al zs c l ea r l y  
showed that Nb in solut ion p r io r  to de format ion  is 
n e c e s s a r y  for r e c r y s t a l l i z a t i o n  r e t a rda t ion ,  i n a s m u c h  
as 4 to 5 n m  p rec ip i t a t e s  exis t ing  p r i o r  to de format ion  
had no effect on the aus teni te  r e c r y s t a l l i z a t i o n .  More 
recen t ly ,  Hoogendoorn el  al,  2~ using s i n g l e - p a s s  r o l l -  
ing, found a pronounced r e t a rda t i on  of aus ten i te  r e -  
c ry s t a l l i z a t i on  below 950~ However,  the i r  R T T  
d i ag ram d i sc losed  no C-curve  k ine t ics ,  the ra te  of 
r e c r y s t a l l i z a t i o n  dec reas ing  monotonica l ly  with de-  
c r eas ing  t e m p e r a t u r e .  The i r  Nb(C,N) p rec ip i t a t ion  
k ine t ics  (followed by X - r a y  f luo rescence  of ex t rac ted  
p rec ip i t a tes )  were  apprec iab ly  s lower  than repor ted  
by Watanabe e l  al ,  27 and there  was no apparen t  i n t e r -  
act ion between the aus ten i te  r e c r y s t a l l i z a t i o n  and the 
Nb(C,N) p rec ip i t a t ion .  

The most  r ecen t  work in  this a r e a  by Davenpor t  
e l  a126 has indicated no r e c r y s t a l l i z a t i o n  in a 0.09 pct 
Nb s tee l ,  deformed by s i n g l e - p a s s  ro l l ing ,  at t e m -  
p e r a t u r e s  below 1000~ At the same t ime ,  the Nb(C,N) 
prec ip i ta t ion  r eac t ion  was followed s e m i - q u a n t i t a -  
t ively by X - r a y  d i f f rac t ion  of ex t rac ted  p rec ip i t a t e s  
and C-cu rve  k ine t i c s  were found, the nose  of the C- 
curve lying above 980~C. With da rk - f i e ld  t r a n s m i s s i o n  
e lec t ron  mic roscopy ,  Nb(C,N) p rec ip i t a t e s  were  de-  
tected on what appeared  to be p r i o r  aus ten i t i c  sub-  
boundar i e s ,  in a g r e e m e n t  with p rev ious  r e s e a r c h e r s  2~ 
who had used this  evidence to suggest  that p r e c i p i -  
tate p inning is the opera t ive  m e c h a n i s m  in r e t a r d i ng  
aus ten i te  r e c r y s t a l l i z a t i o n .  

The r e s u l t s  of the foregoing pape r s  may be s u m -  
mar i zed  as  follows: 

1. Niobium in  sol id solut ion p r i o r  to de fo rmat ion  
can lead to a marked  r e t a rda t i on  of aus t en i t e  r e -  
c rys t a l l i za t ion ,  espec ia l ly  in the lower t e m p e r a t u r e  
range  of the aus ten i t i c  phase field.  This  effect of 
n iob ium is lost ,  however,  if the n iob ium is p r e c i p i -  
tated as Nb(C,N) p r / o r  to de format ion .  

2. When n iob ium acts  to subs t an t i a l l y  r e t a r d  a u s -  
teni te  r e c r y s t a l l i z a t i o n ,  s t r a i n - i n d u c e d  p rec ip i t a t i on  
of Nb(C,N) is typ ica l ly  observed .  

3. The data suggest  that the r e t a rd ing  effect of 
n iob ium on aus ten i te  r e c r y s t a l l i z a t i o n  is due to a 

s o l u t e - d r a g  or p r e c i p i t a t e - p i n n i n g  m e c h a n i s m ,  but  
unequivocal  ev idence  for one or the other  is  s t i l l  
lacking.  

The p r e s e n t  inves t iga t ion  is a imed  at p rov id ing  
fu r the r  i n f o r m a t i o n  on how the hot de fo rma t ion  of 
aus ten i t e  affects  Nb(C, N) p rec ip i t a t ion  and how the 
l a t t e r ,  in t u rn ,  in f luences  the r e c r y s t a l l i z a t i o n  p r o -  
cess  in  HSLA s tee l s .  In other  words,  we a r e  s p e c i -  
f ical ly  conce rned  here  with the na tu re  of the i n t e r -  
ac t ion be tween s t r a i n - i n d u c e d  p rec ip i t a t i on  and 
aus ten i te  r e c r y s t a l l i z a t i o n .  

EXPERIMENTAL PROCEDURE 

P r o c e s s i n g  of Steels  

This  inves t iga t ion  focussed  on five s t ee l s ,  whose 
compos i t ions  a re  shown in Table  I, a l l  p r e p a r e d  as  
e l e c t r i c - f u r n a c e - m e l t e d  500-poand ingots .  

The base  compos i t ion  (s teel  1) was a low-ca rbon ,  
a l u m i n u m - k i l l e d  s t ee l  conta ining 1.3 pct Mn. To this  
base ,  i n c r e a s i n g  addi t ions  of n iob ium were  made as  
fol lows:  (i) 0.03 p c t - a  typica l  c o m m e r c i a l  n iob ium 
addit ion; (ii) 0.095 p c t - b a s e d  on publ ished so lub i l i ty  
data,  3~ this  r e p r e s e n t s  the ma x i mum amount  of n i o -  
b ium that should be soluble  at 1250~ in a 0.1 pct C, 
0.01 pct N aus ten i te ;  and (iii) 0.21 pc t - -he re ,  at l eas t  
half of the n iob ium should r e m a i n  und i sso lved  at 
1250~ 

Addi t ional ly ,  the effect of manganese  as a compo-  
s i t iona l  v a r i a b l e  was inves t iga ted  at the 0.03 pct Nb 
level  (s teels  2 vs  5). 

These  s t ee l s  were  a l l  l abo ra to ry  ho t - ro l l ed  on a 
four -h igh  r e v e r s i n g  mill* to 12.5 mm (1/2 in . ) - th i ck  

*The material used in this investigation was supphed by Bethlehem Steel 
Corporation, and was made and processed at the Homer Research Laboratories 

plate,  and a i r - c o o l e d .  For  subsequent  ro l l ing  e x p e r i -  
ments ,  s m a l l  s p e c i m e n s  (37.5 mm • 18.75 m m  x 12.5 
mm) were  cut f rom these  pla tes ,  p r e s e r v i n g  the 
o r ig ina l  ro l l ing  d i rec t ion ,  and sheathed the rmocoup le s  
were i n s e r t e d  at m i d - t h i c k n e s s ,  about 12.5 mm in 
f rom the r e a r  of the s ample .  

The ho t - ro l l i ng  schedule  adopted for this  study is 
i l l u s t r a t ed  in  Fig .  1. Al l  the spe c i me ns  were  in i t i a l ly  
soaked for  one hour to d i sso lve  a l l  or a por t ion  of 
the Nb(C,N) p r e c i p i t a t e s .  Most e x p e r i m e n t s  involved 
a so lu t ion iz ing  t e m p e r a t u r e  of 1250~ al though in 
one case ,  s t ee l  2 was a l so  soaked at l l 0 0 ~  The 
s p e c i m e n s  were  then t r a n s f e r r e d  to a sa l t  pot m a i n -  
ta ined  at 950~ in o r d e r  to b r ing  the s t ee l  to the 
se lec ted  ro l l ing  t e m p e r a t u r e .  F ive  minu tes  in this  
p r e - r o l l i n g  sa l t  pot was chosen as a convenien t  t ime  
for t h e r m a l  equ i l ib ra t ion ,  and should involve m i n i m a l  
Nb(C,N) p rec ip i t a t i on  in the undeformed aus ten i fe ,  zv 

Table I. Compositions of Steels (Wt Pct) 

Steel 
No C Mn Si P S Nb A1 N 

1 0.11 1.30 0.25 0.009 0.003 <0.005 0.017 0.0085 
2 0.11 1.35 0.26 0.008 0.004 0031 0.023 0.010 
3 0.10 1.24 0.23 0.010 0.004 0.095 0.014 0.010 
4 0.10 1.32 0.25 0.009 0.003 0.21 <0.010 0.010 
5 0.11 1.99 0.23 0.007 0.004 0.029 0.026 0.010 
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Fig, 1-Temperature/time cycle for thermomechamcal treatments 
employed in hot-rolhng experiments. 

The spec imens  were then ro l led  in a s ingle  pass  to 
a 50 pet reduc t ion  using a two-high 381 mm (15 in.) 
d i a m e t e r  l abora to ry  ro l l ing  mil l ;* this  s tep caused 

*Assuming sticking friction, 3' the mean strata rate was calculated to be about 
2,6/~ 

a t e m p e r a t u r e  drop of about 130~ af ter  some p r i o r  
ad iabat ic  heating, as r e g i s t e r e d  by the i n s e r t e d  t h e r -  
mocouple .  The deformed  samples  were  then t r a n s -  
f e r r e d  to a pos t - ro l l i ng  sa l t  pot which was main ta ined  
at t e m p e r a t u r e s  f rom 800 to 950~ t h e r m a l  equ i l i -  
b r a t i o n  t imes  ranged f rom 5 s at 800~ to 30 s at 
900 and 950~ The samples  were  held in this  sal t  
pot for t imes  up to 10,000 s, followed by quenching 
in a 6 pet b r i n e  solut ion at 20~ After  such t r e a t -  
ments ,  the spec imens  were  cut -up  for meta l lograph ic  
examina t ion  at the middle th i rd  of the ro l led  sec t ion .  

R e c r y s t a l l i z a t i o n  M e a s u r e m e n t s  

The aus ten i te  r e c r y s t a l l i z a t i o n  was m e a s u r e d  me ta l -  
lographica l ly  by point counting on a longi tudinal  s e c -  
t ion (containing the ro l l ing  d i r ec t ion  and the ro l l i ng -  
plane normal )  of the b r i n e - q u e n c h e d  spec imens ,  with 
the p r i o r  aus ten i t i e  s t r u c t u r e  de l inea ted  in  the m a r t e n -  
s i t ic  ma t r ix  in the following ways.  For  s tee l s  2 to 4, 
a sma l l  amount  of f e r r i t e  formed at the p r i o r  aus t en -  
i t ic boundar i e s ,  even on b r i ne  quenching,  and 1 pct 
n i ta l  for 4 to 5 s then worked quite well  as the e tchant .  
However,  in  s t ee l s  1 and 5, no f e r r i t e  was detected 
on quenching,  and a hot etch (50 to 60~ for 5 to 7 
rain in a solut ion of sa tu ra ted  aqueous p i c r i c  acid 
plus 2 vol pct of T r e n a m i n e  W-35" was succes s fu l  

*Trenamine W-35 is supplied by the Alco Chemical Corporation, Philadelphia, 
PA. This is a commercial wetting agent, sodmm alkyl sulfonate, and is sinlflar to 
the "Teepot" suggested in other invesngatlons, is 

in b r ing ing  out the p r i o r  aus ten i t i c  bounda r i e s .  The 
l a t t e r  etch produces  a black sur face  f i lm which is 
then removed  by swabbing in dena tu red  alcohol .  This  
etching p rocedure  was sa t i s fac to ry  for a l l  s amples  
s tudied here,  producing r e s u l t s  equiva len t  to n i t a l  in 
s t ee l s  2 to 4. However,  because  of the compara t ive  
ease  of etching with ni ta l ,  the hot p i c r i c  acid was only 
used when n e c e s s a r y .  

Nb(C,N) P r e c i p i t a t i o n  M e a s u r e m e n t s  

The p rec ip i t a t ion  of Nb(C,N) in the above samples  
was moni to red  via  p a r t i c l e - s i z e  d i s t r i bu t ion  and p a r -  

METALLURGICAL TRANSACTIONS A 

t ic le  a r e a - d e n s i t y  m e a s u r e m e n t s  made on d i r ec t  c a r -  
bon ex t rac t ion  r e p l i c a s ,  employing an ana ly s i s  due to 
Ashby and Ebel ing  32 In this  method, the pol ished s p e c i -  
mens  a r e  f i r s t  etched with 1 pct n i t a l  for about 3 s 
and then a thin l ayer  of ca rbon  is evapora ted  onto the 
etched su r face ,  a f te r  which the s amples  a re  i m m e r s e d  
in 10 pct n i t a l  for up to 2 min .  The ca rbon  f i lm is 
next  f loated off by i m m e r s i o n  in d i s t i l l ed  water ,  co l -  
lected on a copper  gr id ,  and examined  by e l e c t r o n  
mic roscopy .  The r e l evan t  m e a s u r e m e n t s  were  made 
on mi c r og r a phs  taken f rom di f ferent  a r e a s  of s e v e r a l  
r ep l i c a s  for each of the s amples  s tudied.  

RESULTS 

S t ruc tu r e s  P r i o r  to Defo rma t ion  

Since both the aus t en i t e  r e c r y s t a l l i z a t i o n ,  and the 
Nb(C,N) p rec ip i t a t i on  may be inf luenced by the a u s -  
t en i t ic  g r a i n  s ize ,  and the amount  of n iob ium in or 
out of solut ion,  the m i c r o s t r u c t u r e s  exis t ing  p r i o r  to 
ro l l ing  were  inves t iga ted  by b r ine  quenching d i r e c t l y  
f rom the p r e - r o l l  sa l t  pot. As shown in Table  H, the 
p l a i n - c a r b o n  and 0.03 pct Nb s tee l s  a re  r e l a t i v e l y  
c o a r s e - g r a i n e d  a f te r  so lu t ioniz ing  at 1250~ while 
the h i g h e r - n i o b i u m  s tee l s  a re  p r o g r e s s i v e l y  f ine r  
g ra ined .  The f ines t  aus ten i t i c  g r a i n  s ize ,  however ,  
is produced in s tee l  2 (0.03 pct Nb), a f te r  soaking at 
l l 00~  (~ ASTM6). Examina t ion  of ca rbon  ex t r ac t i on  
r ep l i ca s  r evea led  that no fine p rec ip i t a t e s  (< 10 nm 
in s ize)  a re  p r e s e n t  p r i o r  to ro l l ing ,  and it is  t h e r e -  
fore concluded that a l l  of the n iob ium d i s so lved  at 
the so lu t ioniz ing  t e m p e r a t u r e  r e m a i n s  in so lu t ion  
dur ing  the p r e - r o l l  equ i l i b ra t i on  per iod .  On the other  
hand, coa r se  undisso lved  p rec ip i t a t e s  a re  found in 
the h i g h e r - n i o b i u m  s tee l s  (3 and 4), and in s tee l  2 
af ter  so lu t ioniz ing  at 1100~ (Fig. 2). These  und i s -  
solved c a r b o n i t r i d e s  inhibi t  g r a i n  coa r sen ing  at the 
so lu t ioniz ing  t e m p e r a t u r e ,  as  p roposed  by Z e n e r  33 
and Gladman  34 In fact,  G l a d m a n ' s  p r e c i p i t a t e - p i n n i n g  
model  is in r e l a t i ve ly  good quant i ta t ive  a g r e e m e n t  
with these  e x p e r i m e n t a l  o b s e r v a t i o n s .  

The p r e s e n c e  of und isso lved  c a r b o n i t r i d e s  in 
s t ee l  3 (0.095 pct Nb) following a 1250~ so lu t ion-  
izing t r e a t m e n t  is not cons i s t en t  with Nordberg  and 
A r o n s s o n ' s  so lubi l i ty  equat ion 3~ which p red ic t s  c o m -  
plete  solut ion of this  n iob ium content  at this  t e m p e r a -  
t u r e .  Thus ,  for  pu rposes  of ca lcu la t ion ,  the so lubi l i ty  
equat ion of I rv ine  e l  a l  2 has been  adopted he re .  A s -  
suming  a s t o i c h i o m e t r i c  p rec ip i t a te ,  Nb(CxN~_ x) and 

Table II. Austemtic Grain Sizes and Dissolved Niobium Prior to Rolling 

Austemtic 
Solutionizing Grain Prempltate Niobium in 

Steel Temperature, ~ Size,/~m Size, pm Solution, Pct* 

l (nil Nb) 1250 325 nil 
2 (0.031 Nb) 1250 405 - 0.031 

1100 40 0.04 to 0.1 0.018 
3 (0.095 Nb) 1250 140 0.2 to 0.4 0.069 
4 (0.21 Nb) 1250 55 0.2 to 0.4 0.072 
5 (0.029 Nb) 1250 490 - 0.029 

(1.99 Mn) 

*These levels of dissolved niobium are based on the solubility equation pro- 
posed by Irvine et al. 2 
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Fag. 2 -Carbon  extractmn replicas illustrating the undissolved Nb(C, N) 
phase (d~screte black particles indicated by arrows) present prior to 
rolling�9 (a) Steel 2, solutiomzed at 1100~ (b) Steel 4, so lu tmmzed 
at 1250~ The samples were solutionized for 1 h, then held at 950~ 
for 5 rain and brine quenched. 

cons ider ing  the ni trogen as  an equivalent  a tom p r o -  
portion of carbon, the ir  equation can be wri t ten  as :  

(, 0.0 
logzo pet Nb] �9 ct 12 + i ~ p c t  = 2,26 -- T - - ~ .  

The resul t ing  l e v e l  of n iobium soluble  in each  of the 
s t e e l s  after  so lut ioniz ing  is  shown in Table II. This  
d i s s o l v e d  niobium turns out to be an important  para-  
m e t e r  in affecting the r e s p o n s e  of these  s t e e l s  to 
t h e r m o m e c h a n i e a l  p r o c e s s i n g ,  but the var ia t ion  in 
austeni t ic  grain s i z e  and in the dens i ty  of undi s so lved  
earboni tr ides  should a l s o  be cons idered .  

M i c r o s t r u c t u r a l  A s p e c t s  of Aus ten i te  
R e c r y s t a l l i z a t i o n  

The m i c r o s t r u c t u r a l  changes  occurr ing  during r o l l -  
ing w e r e  evaluated in s a m p l e s  quenched d i r e c t l y  off 
the r o l l s .  A typica l  de formed  s truc ture  is  shown in 
Fig .  3. In addition to the pancaking of the aus ten i t i c  
gra ins ,  the rol l ing p r o c e s s  produces  a substant ia l  
number of deformat ion  bands in the a s - r o l l e d  m i c r o -  
s t ruc ture .  T h e s e  de format ion  bands are  not uni formly  
distributed,  thereby  demonstra t ing  the he terogeneous  
nature of the p las t i c  de format ion  in ro l l ing .  

The in i t ia l  s tage  of austeni te  r e c r y s t a l l i z a t i o n  ap-  
pears  to be highly l o c a l i z e d  (Fig.  4), but not the e a r l y  
s i t e  saturat ion that has been  o b s e r v e d  for other  hot-  
worked s t r u c t u r e s .  ~ R e c r y s t a l l i z e d  grains  nucleate  
predominant ly  at aus ten i t i c  grain boundar ies ,  and are  
frequently o b s e r v e d  at the i n t e r s e c t i o n  of three  grains  

(Fig.  4(a) and (b)). D e f o r m a t i o n  bands,  d e f o r m e d  twin 
boundaries ,  and inc lus ions  may a l s o  prov ide  e f f ec t ive  
nucleat ion s i t e s .  Although m o s t  of the r e c r y s t a l l i z a t i o n  
c e n t e r s  are  o b s e r v e d  only af ter  s o m e  d e g r e e  of 
growth,  o c c a s i o n a l  h i g h l y - s e r r a t e d  aus ten i t i c  bound- 
a r i e s  are  found (Fig .  4(c)) ,  which may s igna l  the 
s tar t -up  of r e c r y s t a U i z a t i o n  at those  p l a c e s .  

The p r o g r e s s  of r e c r y s t a l l i z a t i o n  i s  i l lus tra ted  in 
Fig .  5 for s t e e l  3 (0.095 pct Nb). The s tar t -up  of r e -  
c r y s t a l l i z a t i o n  i s  highly nonuniform,  and even as the 
react ion  p r o c e e d s ,  many of the pr ior  aus ten i t i c  
boundaries  r e m a i n  unact ivated as  nuc leat ion  s i t e s .  
The u n r e c r y s t a l l i z e d  a r e a s  are  p r o g r e s s i v e l y  con-  
s u m e d  as the r e c r y s t a l l i z a t i o n  front m i g r a t e s  into 
the u n r e c r y s t a l l i z e d  r e g i o n s .  Re l a t i v e l y  rapid r e -  
c r y s t a l l i z a t i o n  k i n e t i c s  are  o b s e r v e d  at 950~ af ter  
10,000 s ,  the r e a c t i o n  i s  v i r tua l ly  c o m p l e t e .  S lower  
ra te s  are  evident  at l ower  t e m p e r a t u r e s ,  and in fact ,  
at 800~C, f e r r i t e  nuc leat ion  p r e c e d e s  any de tec tab le  
r e c r y s t a l l i z a t i o n  in a l l  the s t e e l s  except  for the n i l -  
n iobium s t e e l .  
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Fig. 3-Mlcrographs of  steel 3 showing structure (a) prior to rolhng 
(1250~ - 1 h, 9 5 0 ~  rain), and (b) after ho t  rolling 50 pct at 
950~ 
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Fig. 4 - M i c r o g r a p h s  of  s teel  5 i l lus t ra t ing  the in i t ia l  s tages of  r ec rys ta lhza t ion  (arrows)  observed 
850~ for 10,000 s. 

I s o t h e r m a l  R e c r y s t a l I i z a t i o n  K i n e t i c s  

The  vo lume f r a c t i o n  of aus t en i t e  r e c r y s t a l l i z e d  is  
p lo t t ed  a g a i n s t  t ime  in F i g s .  6 t h rough  8 for  a l l  s t e e l s  
held  at  p o s t - r o l l i n g  t e m p e r a t u r e s  f r o m  850 to 950~ 
The c u r v e s  shown a r e  not c o r r e c t e d  for  the hea t ing  
t i m e s  r e q u i r e d  to a t t a in  a given holding t e m p e r a t u r e .  
Al though such a c o r r e c t i o n  could  be  made  f r o m  a 
knowledge  of the a p p r o p r i a t e  heat ing curve  and the 
ac t iva t ion  e n e r g y  for  r e c r y s t a l l i z a t i o n ,  us ing  the 
method p r o p o s e d  by W e l l s ,  a6 it is  dubious  if a m e a n -  
ingful  ac t i va t i on  ene rgy  could be d e t e r m i n e d  for  t h e s e  
s t e e l s  i n a s m u c h  as  the m e c h a n i s m s  of r e c r y s t a l l i z a -  
t ion,  and hence the r a t e - c o n t r o l l i n g  s t eps ,  v a r y  with 
t e m p e r a t u r e .  A c c o r d i n g l y ,  the p r e s e n t  da ta  a r e  
s i m p l y  p lo t ted  aga ins t  t ime  in the  p o s t - r o l l  s a l t  pot,  
not ing that  the t h e r m a l  equ i l i b r a t i on  t i m e s  we re  about 
20 s a t  850~ and about  30 s at  900 and 951YC. 

The s t e e l s  i n v e s t i g a t e d  he re  a r e  usua l ly  u n r e c r y s -  
t a l l i z e d  in quenching off the r o l l s  (i.e., within 2 s 
a f t e r  ro l l ing) ;  excep t ions  a r e  the N b - f r e e  s t ee l ,  and 
s t e e l  2 so lu t ion ized  at  l l 0 0 ~  In t h e s e  i n s t a n c e s ,  
r e c r y s t a l l i z a t i o n  e i t h e r  beg ins  dur ing  ro i l i ng  (dynamic  
r e c r y s t a l l i z a t i o n )  or  with a neg l ig ib le  incuba t ion  t ime  
a f t e r  ro l l i ng  ( rapid  s t a t i c  r e c r y s t a l l i z a t i o n ) .  C o n s i d e r -  
ing the r e c r y s t a l l i z a t i o n / t i m e  c u r v e s ,  it  is  obvious 
that  n iob ium r e t a r d s  the aus t en i t e  r e c r y s t a l l i z a t i o n  
k i n e t i c s  a t  a l l  the p o s t - r o l l i n g  t e m p e r a t u r e s  e m p l o y e d .  
However ,  the use  of a lower  soaking  t e m p e r a t u r e ,  and 
thus a r e d u c e d  l e v e l  of d i s s o l v e d  n iob ium p r i o r  to 
ro i l i ng ,  in s t e e l  2 d r a s t i c a l l y  i n c r e a s e s  the r e c r y s t a l -  
l i z a t i on  k i n e t i c s  at  950~ a l though the r a t e  i s  s t i l l  
s l o w e r  than that  of the N b - f r e e  s t ee l .*  T h e s e  r e s u l t s  

*In a related experiment which will be reported elsewhere, a 0.02 pct Nb semi- 
killed steel exhibited similar recrystallization kinetics to steel 2 ( 1100~ solu- 
tionizing temperature) at 950~ On holding this semi-killed steel at lower post- 
rolling temperatures, however, the reciystalhzation rate was progresswely retarded, 
such fllat at 850~ the recrystalhzation rate was about three orders of magnitude 
slower than ~1 the Nb-free steel. 

sugges t  that  the amount  of n iob ium in so lu t ion  in th is  
s t e e l  p r i o r  to ro l l i ng  is  below a c r i t i c a l  l eve l  n e c e s -  

af ter  h o t  ro lhng  50  pc t  a t  950~  and ho ld ing  at  

s a r y  for  m a j o r  r e e r y s t a l l i z a t i o n  r e t a r d a t i o n  a t  950~ 
A p p a r e n t l y ,  0.03 pe t  Nb in so lu t ion  is  e f fec t ive  in th i s  
r e s p e c t ,  w h e r e a s  0.018 pe t  Nb is  not .  

A l l  the n iob ium s t e e l s  so lu t i on i zed  at  1250~ behave  
cons i s t en t l y  a t  a l l  p o s t - r o l l i n g  t e m p e r a t u r e s ;  the 
r e c r y s t a l l i z a t i o n  r e a c t i o n  is r e t a r d e d  s i g n i f i c a n t l y  
by  the n iob ium,  and is v i r t u a l l y  e l i m i n a t e d  at  850~ 
At h igher  holding t e m p e r a t u r e s ,  the k i n e t i c s  a r e  
f a s t e r ,  but  only a t  950~C does  s ign i f i can t  r e e r y s t a l -  
l i za t ion  occu r  within the t i m e  f r a m e  c o n s i d e r e d  h e r e .  
Among t h e s e  n iobium s t e e l s ,  s t e e l  4 (0.21 pct  Nb) 
d i s p l a y s  the  f a s t e s t  r e c r y s t a l l i z a t i o n  k i n e t i c s  (but 
a l so  had the f ines t  au s t en i t i c  g r a i n  s i ze  p r i o r  to r o l l -  
ing), while  s t e e l  3 (0.095 pc t  Nb) exh ib i t s  the s l o w e s t  
k i n e t i c s .  No s ign i f i can t  e f fec t  of m a n g a n e s e  is  found 
at  the two a l loy ing  l eve l s ;  indeed,  the r e c r y s t a l l i z a -  
t ion k i n e t i c s  of s t e e l s  2 and 5 a r e  s i m i l a r  a t  a l l  the 
p o s t - r o l l i n g  t e m p e r a t u r e s  s tud ied .  

As  d e t a i l e d  p r e v i o u s l y ,  the a u s t e n i t i c  g r a i n  s i ze  
and the dens i t y  of u n d i s s o l v e d  c a r b o n i t r i d e s  v a r i e s  
f r o m  s t e e l - t o - s t e e l � 9  Whi le  t h e s e  u n d i s s o l v e d  c a r -  
b o n i t r i d e s  a p p e a r  too c o a r s e  to r e t a r d  r e c r y s t a l l i z a -  
t ion at  the p o s t - r o l l i n g  t e m p e r a t u r e s ,  the p a r t i c l e s  
may have a c t e d  to a c c e l e r a t e  r e c r y s t a l l i z a t i o n  by  
p rov id ing  h e t e r o g e n e o u s  nuc lea t ion  s i t e s .  37 

The e f fec t  of a u s t e n i t i c  g r a i n  s i ze  on the p o s t - r o l l -  
ing r e c r y s t a l l i z a t i o n  k i n e t i c s  is  a l so  d i f f icu l t  to r a t i o n -  
a l i z e ,  but an a t t e m p t  can be made t o w a r d s  s e p a r a t i n g  
the f a c t o r s  due to g r a i n  s i z e ,  d i s s o l v e d  n iob ium,  and 
u n d i s s o l v e d  c a r b o n i t r i d e s  by a s s u m i n g  that  the t i m e  
for  50 pct  r e c r y s t a l l i z a t i o n  is  p r o p o r t i o n a l  to the 
aus t en i t t c  g r a i n  d i a m e t e r  p r i o r  to r o l l i n g .  Cahn 38 has  
d e r i v e d  such  a r e l a t i o n s h i p  under  condi t ions  of g r a i n -  
b o u n d a r y  nuc lea t ion ,  s i t e  s a t u r a t i o n ,  and a cons tan t  
g rowth  r a t e - c o n d i t i o n s  which a r e  not fu l f i l l ed  in 
t hese  e x p e r i m e n t s .  Whi le  r e c o g n i z i n g  these  l i m i t a -  
t ions ,  we have adop ted  the above  a s s u m p t i o n s  in o r d e r  
to a s c r i b e  some  o r d e r  of magni tude  to the  v a r i o u s  
p o s s i b l e  c o n t r i b u t i o n s .  On th i s  b a s i s ,  c a l c u l a t e d  
v a l u e s  figs) a r e  g iven  in T a b l e  III,  i nd ica t ing  the 
f a c t o r s  by which the t i m e  to 50 pc t  r e c r y s t a l l i z a t i o n  
would change if " n o r m a l i z e d "  to the g r a i n  s i ze  of 
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s t ee l  1. S imi lar ly ,  based  on the r e c r y s t a l l i z a t i o n /  
t ime  curves ,  and ignoring the a forement ioned  t h e r m a l -  
equi l ibrat ion t i m e s ,  the observed  50 pet r e c r y s t a l l i -  
zat ion t i m e s  can be compared by rat io  (fobs) with the 
50 pct r e c r y s t a l l i z a t i o n  t ime  for the Nb- free  s t e e l .  
Then,  in a v e r y  approximate  way, the effect  of n iobium 
as a compos i t iona l  var iab le  (/~qb) in these  s t e e l s  can 
be obtained by taking fNb = fobs / fgs"  The va lues  thus 

"7 

. j , ~  / 
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�9 ~ z . '1 
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~ e  

( d )  

Fig. 5-Progress  of  recrystall ization an steel 3 following 50 pct  reduc- 
tion by hot  rolling at 950~ (a) As-rolled. (b) Rolled and held at 
950~ for 100 s. (c) Rolled and held at 950~ for 1,000 s. (d) Rolled 
and held at 950~ for 10,000 s. (e) Rolled and held at 800~ for 
10,000 s. (Note: At 800~ ferrite nucleat ion precedes austenite re- 
crystallization). 

d e t e r m i n e d  are  l i s t ed  in Table  IH, and indicate  that 
the r e c r y s t a l l i z a t i o n  k ine t i c s  are  retarded subs tan-  
t ia l ly  by the amount of n iobium d i s s o l v e d  in the a u s -  
tenite  pr ior  to ro l l ing .  In contrast ,  the und i s s o lved  
carboni tr ides  (0.2 to 0.4 ~ m  in s i z e )  do not appear 
to affect  the r e c r y s t a l l i z a t i o n  k ine t i c s  s i gn i f i cant ly ,  
cons ider ing  that the fNb factors  for s t e e l s  3 and 4 
are  rather s i m i l a r � 9  
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R e c r y s t a l l i z a t i o n - F r o n t  Growth Ra tes  

Cahn and Huge139 have shown that the r a t e  of a 
t r a n s f o r m a t i o n  can be d e s c r i b e d  by an e x p r e s s i o n  of 
the fo rm,  d x / d t  = GSv, where  d x / d t  is the r a t e  of t r a n s -  
f o r m a t i o n  on a vo lume bas i s ,  G is the a v e r a g e  m i g r a -  
t ion r a t e  of moving boundar ies ,  and S v is  the i n t e r -  
f ac ia l  a r e a  (per unit vol) be tween the t r a n s f o r m e d  

Fig. 6-Course of austenite recrystalhzatlon at 850~ after hot rolling 
50 pct at 950~ 

and u n t r a n s f o r m e d  r e g i o n s .  T h i s  r e l a t i o n s h i p  has 
been  appl ied  p r e v i o u s l y  in s tud ies  of r e c r y s t a l l i z a -  
tion, 35'4~ and was employed  in this  inves t iga t ion  to 
d e t e r m i n e  the m i g r a t i o n  r a t e s  of the r e c r y s t a l l i z a t i o n  
f ron t s ,  p a r t i c u l a r l y  in s t e e l s  where  the r e c r y s t a l l i -  
za t ion b e h a v i o r  d i f f e red  m a r k e d l y .  In th is  connect ion ,  
the r e s u l t s  for  s t e e l  2 (solu t ionized at 1100 and 
1250~C) and s t ee l  3 a r e  p r e s e n t e d  to i l l u s t r a t e  how 
the r e c r y s t a l l i z a t i o n  g rowth  r a t e  (at 950~ v a r i e s  
with the amount  of n iobium in so l id  so lu t ion  p r i o r  to 
ro l l i ng .  As shown in F ig .  9, G is found to d e c r e a s e  
r ap id ly  dur ing  the in i t i a l  s t ages  of r e c r y s t a l l i z a t i o n ,  
and then l e s s  so as the r e c r y s t a l l i z a t i o n  p r o c e e d s .  
In addi t ion to these  t r ends ,  the r a t e s  a l s o  d e c r e a s e  
with i n c r e a s i n g  n iobium in sol id  solut ion p r i o r  to 
ro l l ing .  The d i f f e r ence  in ef fec t  be tween  0.018 and 
0.03 pct Nb in so lu t ion  is e s p e c i a l l y  no tewor thy .  

P r e c i p i t a t i o n  P r o c e s s e s  in H o t -Ro l l ed  A us t en i t e s  

The  p r e c i p i t a t i o n  r e a c t i o n s  o c c u r r i n g  in these  s t e e l s  
on holding in the aus t en i t i c  r ange  subsequen t  to hot 
ro l l ing  w e r e  s tudied by t r a n s m i s s i o n  e l e c t r o n  m i c r o s -  
copy of ca rbon  e x t r a c t i o n  r e p l i c a s .  P r e c i p i t a t e - s i z e  
d i s t r ibu t ions  and a r e a  d e n s i t i e s  were  d e t e r m i n e d  by 
this  t echn ique .  P a r t i c l e s  s m a l l e r  than about  2 nm in 
s ize  could not be de tec ted  on the r e p l i c a s ,  and hence 
a r e  m i s s ing  f r o m  the vo lume  f r a c t i o n s  to be d i s c u s s e d .  

On the a s s u m p t i o n  of s p h e r i c a l  p a r t i c l e s  as ex -  
t r a c t e d  by the r e p l i c a s ,  the p r e c i p i t a t e  v o l u m e  f r a c -  
t ion,  f ,  is  g iven  byfl  2 

where ,  

Table III. Calculated Factors for Niobium Effect in Retarding Austenite Recrystallization at 950~ 

Austenitm Gram 50 Pct Recrystalhzation Niobium in 
Solution, Wt Pct Size, pm [fgs] Time, s [fobs] 

Solutiomzing 
Steel Temperature, ~ fNb* 

1 1250 
2 1250 

1100 
3 1250 
4 1250 
5 1250 

nil 325 [1] 2.5 [11 -- 
0.031 405 [1.25] 2750 [1100] 880 

~0.018 40 [0 121 15 [61 50 
0.069 140 [0.43] 4000 [1600] 3720 
0.072 55 [0.17] 1350 [540] 3180 
0.029 490 [1.5] 3250 [1300] 870 

*fNb = fobs /f~s" 
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N s = m e a s u r e d  number  of p a r t i c l e s  pe r  unit a r e a  
on the ex t r ac t i on  rep l i ca ,  

= ex t r ac t i on  eff ic iency;  h e r e  the su r f ace  depth 
r e p l i c a t e d  is  taken as 2XA, and the ex t r ac t i on  e f -  
f ic iency  thus i n c o r p o r a t e s  this  v a r i a b l e ,  

x A = a r i t h m e t i c  mean  of pa r t i c l e  diam, 
~A = standard deviation from this mean. 

Ashby and Ebeling ~ showed that, although the par- 
ticle-size distribution is independent of the extraction 
efficiency, the volume fraction clearly is not. Thus, 
the technique was judged to be unsuitable for deter- 

mining the volume fraction of precipitates, especially 
very fine precipitates, with any reasonable degree of 
accuracy. However, if a parameter (K) is defined 
such that  K : Ns(X~A + oZA) : 60tf/1T, and if a is taken 
to be roughly  constant  for  the s t a n d a r d i z e d  r e p l i c a t -  
ing technique  adopted in th is  study, then K b e c o m e s  
p r o p o r t i o n a l  to the p r e c i p i t a t e  vo lume  f r a c t i o n  and 
can be used to follow the changes  in the p r e c i p i t a t e  
vo lume  f rac t ion ,  at l eas t  in a s e m i - q u a n t i t a t i v e  m a n -  
n e r .  

The  p r e c i p i t a t i o n  r e a c t i o n s  in these  s t e e l s  a r e  
found to be e s s e n t i a l l y  of two types .  In the N b - f r e e  
s t ee l ,  p r e c i p i t a t e s  a r e  o b s e r v e d  only a f t e r  long hold-  
ing t i m e s ,  wel l  a f t e r  the aus ten i t e  r e c r y s t a l l i z a t i o n  
is c o m p l e t e .  T h e s e  p r e c i p i t a t e s  a r e  a l l  f a i r l y  c o a r s e  
and r e l a t i v e l y  s p a r s e  (Fig.  10), and occu r  p r i m a r i l y  
at p r i o r  aus t en i t i c  g r a i n  bounda r i e s .  A n a l y s i s  of 
these  p r e c i p i t a t e s  in a scanning  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 e  (STEM) shows them to be a l u m i n u m - r i c h  
and a r e  thus b e l i e v e d  to be a l u m i n u m  n i t r i d e s .  In the 
n iobium s t ee l s ,  t he r e  is an in i t i a l  r ap id  p r e c i p i t a t i o n  
at p r i o r  aus ten i t i c  g r a i n  bounda r i e s  and d e f o r m a t i o n  
bands a f t e r  ro l l ing  (Fig.  l l ( a ) ) ,  and the p a r t i c l e s  
c o a r s e n  quickly  on fu r t he r  holding.  L a t e r ,  a m o r e  
g e n e r a l  p r ec ip i t a t i on  se t s  in, main ly  on p r i o r  a u s -  
t en i t i c  subboundar ies  (Fig.  l l ( b ) )  in the u n r e c r y s t a l -  
l ized aus ten i te ,  in a g r e e m e n t  with p r e v i o u s  f ind-  
ings.  2~ T h e s e  p r e c i p i t a t e s  w e r e  ident i f ied  by 
e n e r g y - d i s p e r s i v e  ana lys i s  in a STEM as  n i o b i u m -  
r i ch ,  and a r e  thus taken  to be Nb(C,N). The  r a t e  of 
th is  m a t r i x  p rec ip i t a t ion ,  as  fol lowed by m e a s u r e -  
men t s  of the K p a r a m e t e r  on ex t r ac t i on  r e p l i c a s ,  is  
found to depend on the t e m p e r a t u r e  and the d e g r e e  of 
s u p e r s a t u r a t i o n ,  being f a s t e r  at h igher  t e m p e r a t u r e s  
and with l a r g e r  amounts  of n iobium in s u p e r s a t u r a t e d  

! 
# 

f 

. "N , .  

x,  % 
# : " J  ~ @ 

, f  

~4 

I �9 

, .  0-5 pm 
Fig. 10-Carbon extraction replica of alummum nitride precipitates m the niobmm-free steel 1 after hot rolhng 50 pct at 950~ and holding at 
900~ for 10,000 s. Insert shows fine A1N particles at a further magmficatlon of 2.5 times. 
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Fig. 11-Carbon extraction replicas of steel 3 hot rolled 50 pct at 950~ illustrating (a) Nb(C, N) precipitation along a prior austemtic grain bound- 
ary after holding 10 s at 950~ and (b) NbfC, N) precipitation on prior austenihc substructure after holding 1,000 s at 900~ In (a), some ferrite 
is also precipitated along a prior austenitic boundary, and is designated as " F "  in comparison with the martensitic matrix "'M". Inserts show fine 
Nb(C, N) particles at a further magnification of 2.5 times. 
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[o~ ) I I solut ion.  On the other  hand, the p rec ip i t a t ion  ra te  
is  g rea t ly  r e t a rded  if r e c r y s t a l l i z a t i o n  p r ecedes  the 
p rec ip i t a t ion .  

Some of these effects  a re  deta i led  in the following 
sec t ions .  

P rec ip i t a t i on  Kinet ics  in the 0.03 Pet  Nb Steels  

The Nb(C,N) p rec ip i t a t ion  p r o c e s s e s  in s t ee l s  2 
and 5 (0.03 pct Nb, so lu t ionized at 1250~ were  found 
to be s i m i l a r  at 950~ and so only s tee l  2 was eva l -  
uated at 850 and 900~ The p a r t i c l e - s i z e  f requency  
d i s t r ibu t ions ,  and the K p a r a m e t e r  for s t ee l  2, a re  
plotted in F igs .  12 and 13. The average  pa r t i c l e  d i a m -  
e te r  for each f requency d i s t r i bu t ion  is indica ted  by 
a r rows  in Fig .  12. The p rec ip i t a t ion  r eac t ions  in these 
s tee l s  can be s u m m a r i z e d  as follows: 

At 850~ the g r a i n - b o u n d a r y  p rec ip i t a t ion  occurs  
in about 100 s af ter  ro l l ing ,  and the ma t r ix  p r e c i p i t a -  
t ion begins  soon the rea f t e r .  Based on the K p a r a -  
mete r ,  this  ma t r ix  p rec ip i t a t ion  appea r s  to be e s s e n -  
t ia l ly  complete  af ter  about 1,000 s.  No s igni f icant  
coarsen ing  of the m a t r i x  p rec ip i t a t e s  is  observed  
even  on prolonged holding at this  t e m p e r a t u r e  (Fig.  
12). An average  par t i c le  d iam of about 3 to 4 nm is 
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Fig. 12-Precipitate-size frequency distribution curves for steel 2 after 
solutionizmg at 1250~ hot rolling 50 pet at 950~ and holding for 
various time/temperature combinations. Arrows indicate the average 
particle sizes for the respective distributions. 
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Fig. 13 Plot of the K parameter (see text) as an index of the precipi- 
tate volume fraction in steels 2 and 5, after solutlomzing at 1250~ 
hot rolhng 50 pet at 950~ and holding for various time/temperature 
combinations. Error bars represent -+ 2o from the average values. 

r e t a ined ,  be ing poss ib ly  fine enough to provide  some 
degree  of p rec ip i t a t ion  s t r eng then ing  in any sub -  
sequent  t r a n s f o r m a t i o n  product .  41'42 At 900 and 950~ 
s i m i l a r  pa t t e rn s  a re  followed, but with g e n e r a l l y  more  
rapid  k ine t i c s ,  al though the re  is c o n s i d e r a b l e  s ca t t e r  
and over lap  of the data .  At these  higher  t e m p e r a t u r e s ,  
p rec ip i t a t ion  s t a r t s  be tween  10 and 100 s, and p a r -  
t ic le  coa r sen ing  takes  place to about 5 nm and 8 n m  
r e spec t i ve ly  in 10,000 s.  

Markedly  d i f fe rent  p rec ip i t a t i on  k ine t i c s  a r e  noted 
in s tee l  2 on so lu t ion iz ing  at l l00~C,  and holding at 
950~C af te r  hot ro l l ing .  Although some g r a i n - b o u n d a r y  
p rec ip i t a t ion  is  detected a f te r  10 s, no s ign i f ican t  
m a t r i x  p rec ip i t a t i on  occurs ,  even within 10,000 s .  
F o r  example ,  F ig .  14 c o m p a r e s  the p rec ip i t a t e  m o r -  
phologies a f te r  100 s at 950~ in s t ee l  2, p r ev ious ly  
so lu t ionized  at 1100 and 1250~ In the f o r m e r  in -  
s tance  (about 0.018 pet Nb in solut ion p r i o r  to hot 
ro l l ing) ,  no m a t r i x  p rec ip i t a t ion  is seen  within 100 s 
at 950~C, * while v i r t u a l l y  complete  r e c r y s t a l l i z a t i o n  

*It should be noted that soaking steel 2 at 1100~ results in only a partial solu- 
tion of the Nb(C, N) particles. The undissolved carbonitrides (see Fig. 2(b)) are also 
in Fig. 14(a) (40 to 100 mn m size), along with some finer precipitates (4 to 10 
nm) formed after rolling. 

of the aus ten i t e  has taken p lace .  In con t ras t ,  sub-  
s t an t i a l  m a t r i x  p rec ip i t a t i on  occurs  within th is  hold-  
ing per iod  in the sample  so lu t ion ized  at 1250~ (about 
0.031 pet Nb d i sso lved  p r i o r  to rol l ing) ,  and the a u s -  
ten i te  r e c r y s t a l l i z a t i o n  r eaches  only 20 pet comple t ion .  
Th i s  is  a s ign i f i can t  point:  p ronounced  r e t a r d a t i o n  of 
aus ten i te  r e c r y s t a l l i z a t i o n  is found to be a s soc i a t ed  
with Nb(C,N) ma t r ix  p rec ip i ta t ion ,  while compara t ive ly  
l i t t le  r e t a r d a t i o n  is observed  without such p r e c i p i t a -  
t ion.  Apparen t ly ,  with l e s s  than 0.02 pet Nb d i sso lved  
in the aus t en i t e  p r i o r  to hot ro l l ing ,  the ensu ing  
Nb(C,N) p rec ip i t a t ion  k ine t i c s  a re  too slow for  p r e -  
c ip i ta t ion  to occur  p r i o r  to or dur ing  r e c r y s t a l l i z a -  
t ion, even though the aus ten i te  is s u p e r s a t u r a t e d  at 
th is  Nb concen t ra t ion .  Thus ,  the m a t r i x  p rec ip i t a t ion ,  
which eventua l ly  se t s  in, then takes  place in r e c r y s -  
t a l l i zed  aus ten i te ,  a p r oc e s s  which is known to be 
r e l a t i ve ly  slow. 27 
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Pig. 14-Carbon extraction rephcas illustrating effect of solutionizing temperature (level of dissolved niobium prior to hot rolling 50 pct at 950~ 
on the NblC, N) precipitate morphology in steel 2 after holdmg at 950~ for 100 s. (a) Solutlomzed at 1100~ (~0.018 pct Nb in soluhon). (b) 
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P r e c i p i t a t i o n  Kine t ics  in 0.095 Pe t  Nb 
and 0.21 Pct  Nb Steels  

S i mi l a r  p rec ip i t a t i on  r eac t i ons  at 950~ a r e  ob-  
s e rved  in these  h i g h e r - n i o b i u m  s tee l s ,  p r ev ious ly  
so lu t ion ized  at 1250~ and hot ro l led  50 pct at 950~ 
The r e l e v a n t  p r e c i p i t a t e - s i z e  d i s t r i bu t ions  and K 
p a r a m e t e r s  for  s t ee l  3 (0.095 pct Nb) a re  p r e s e n t e d  
in F igs .  15 and 16. Here ,  boundary  p rec ip i t a t i on  is  
de tec ted  even  on d i r ec t  quenching off the r o l l s ,  and 
the Nb(C,N) m a t r i x  p rec ip i t a t i on  r eac t i on  is a l so  
f a s t e r  compared  to the 0.03 pct Nb s t e e l s .  Accord ing  
to Fig.  16, the m a t r i x  p rec ip i t a t i on  is e s s e n t i a l l y  
comple te  be tween  100 and 1,000 s at 850 and 900~ 
and within about 100 s at 950~ Addi t ional ly ,  no 
apprec i ab le  pa r t i c l e  coa r sen ing  occur s  at 850~ (Fig.  
15), while at 900~ the pa r t i c l e s  grow to an ave rage  
s ize  of about 4 to 5 nm in 10,000 s .  At 950~ sub -  
s t an t i a l  pa r t i c l e  growth takes  place,  and a duplex 
pa r t i c l e  s ize  develops ,  s eeming ly  due to p r e f e r e n t i a l  
coa r sen ing  of p r ec ip i t a t e s  on e i ther  subbounda r i e s  
or d i s loca t ions .  T h e r e  is a l so  some ind ica t ion  of a 
duplex pa r t i c l e  s ize  fo rming  in s t ee l  2 at this  t e m -  
p e r a t u r e  (Fig.  12). 

DISCUSSION 

R e c r y s t a l l i z a t i o n  and P r e c i p i t a t i on  Reac t ions  

Re c r y s t a l l i z a t i o n / p r  ec ip i t a t ion / t e  mper  a t u r e / t i m e  
d i a g r a m s  can now be cons t ruc ted ,  as shown in F igs .  
17 and 18 for s t ee l s  2 and 3. Here ,  the s t a r t - u p  of 
r e c r y s t a l l i z a t i o n  (taken as 5 pct r e c r y s t a l l i z e d )  and 
50 pct r e c r y s t a l l i z a t i o n  a r e  plotted, together  with a 
b road  band r e p r e s e n t i n g  the approx imate  t ime  per iod  
over  which the Nb(C,N) m a t r i x  p rec ip i t a t ion  r e a c t i o n  
takes  p lace .  A l ine denoting the ent r~  of g r a i n - b o u n d -  
a r y  Nb(C,N) p rec ip i t a t i on  is a lso  shown. In both 
s t ee l s ,  the Nb(C,N) p rec ip i t a t ion  p r ecedes  the s t a r t  
of r e c r y s t a l l i z a t i o n ,  al though in s t ee l  2 (Fig.  17) the 
two p r o c e s s e s  a r e  tending to over lap  at 950~ When 
s tee l  2 is  so lu t ion ized  at l l00~  (d iagram not shown), 
the aus ten i t e  r e c r y s t a l l i z a t i o n  is comple ted  at 950~ 
p r i o r  to Nb(C,N) m a t r i x  p rec ip i t a t ion .  In th is  case ,  
while the re  is  some r e t a r d a t i o n  of the r e c r y s t a l l i z a -  
t ion  due to the d i s so lved  Nb, this  inf luence  is m i n o r  
in con t r a s t  to the pronounced  r e t a r d a t i o n  when 
Nb(C,N) m a t r i x  p rec ip i t a t ion  occur s  p r i o r  to or dur ing  
the ea r ly  s tages  of aus ten i te  r e c r y s t a l l i z a t i o n  (Fig.  
8). Consequent ly ,  the conspicuous  r educ t ion  in r e -  
c r y s t a l l i z a t i o n  growth ra te  when the so lu t ion iz ing  
t e m p e r a t u r e  is  r a i s e d  f rom 1100 to 1250~ (Fig.  9) 
mus t  be a t t r ibu ted  p r i m a r i l y  to p rec ip i t a t e  p inning 
r a t h e r  than to solute drag .  

In e s sence ,  then, the re  is  a s t rong  two-way i n t e r -  
ac t ion be tween aus t en i t e  r e c r y s t a l l i z a t i o n  and Nb(C,N) 
p rec ip i t a t i on  a f te r  hot ro l l ing :  Ca) the p r e c i p i t a t i on  
r eac t ion  is  a c c e l e r a t e d  by the s u b s t r u c t u r e  of the 
u n r e c r y s t a l l i z e d  aus ten i te  ( s t r a i n - i n d u c e d  p r e c i p i t a -  
tion), and (b) the r e c r y s t a l l i z a t i o n  p r o c e s s  is r e t a r d e d  
by the m a t r i x  p rec ip i t a t ion  of Nb(C,N) p a r t i c l e s  on 
aus t en i t i c  subbounda r i e s .  

The fol lowing d i s c u s s i o n  r e l a t e s  to this  r e c r y s t a l -  
l i z a t i o a / p r e  c ip i ta t ion  in t e r ac t ion .  
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diagram for steel 2 after soluhonizmg at 1250~ and hot rolling 50 
pct at 950~ 

Effect of Nb(C,N) P r e c i p i t a t e s  on 
Rec rys t a l l i z a t i on  Kinet ics  

The bas ic  nuc lea t ion  m e c h a n i s m  in r e c r y s t a l l i z a t i o n  
is s t i l l  unreso lved ,  ~ even in al loy s y s t e m s  which a re  
much s i m p l e r  than the mic roa l loyed  s tee l s  under  in -  
ves t iga t ion  here .  The re fo re ,  one should not expect  
that the p r e sen t  r e s u l t s  wil l  d i s c r i m i n a t e  between 
such viable  m e c h a n i s m s  as  subgra in  growth 44'45 and 
s t r a i n - i n d u c e d  boundary  mig ra t ion .  46'47 On the other  
hand, r e c r y s t a l l i z a t i o n - f r o n t  g rowth - r a t e  m e a s u r e -  
ments  have been made here,  and so we now d i rec t  
a t tent ion to th is  par t  of the r e c r y s t a l l i z a t i o n  r eac t ion .  

The dr iv ing  force (FR)  for r e c r y s t a l l i z a t i o n - f r o n t  
migra t ion  can be e s t ima ted  f rom the reduc t ion  in 
s tored  energy  per  unit  volume t r a v e r s e d  by the r e -  
c ry s t a l l i z a t i on  front ,  a s s u m i n g  that d is loca t ion  an -  
n ih i la t ion  is the opera t ive  p r o c e s s .  On this  bas i s ,  
F R is  g iven by:  48 

[~ be\ 

where ~ is  the shear  modulus (~ 7 • 10 ~ MN/m ~ for  
s teel) ,  b is  the B u r g e r s  vec to r  (~ 2 • 10 -~~ m), and 
Zxp is the change in d i s loca t ion  dens i ty  as the r e c r y s -  
t a l l i za t ion  f ront  moves along (taken to be about 

I I I I 
IPERCENT RECRYSTALLIZED~] 

(0 .095  % Nb,Al-kflled ) I 
5 ~ 50 ~ 
i 

9 0 0  

E 

850-  gra,n I 
boundory  matr lx  

\ I 
INb(C,m PREClPFFATION I 

800 I I I I 
I0' lO ~ I0 s I0 4 

T ime  ( sec ) 

Fig. 18-Recrystallization/precipitation/temperature/time (RPTT) 
diagram for steel 3 after solutionizing at 1250~ and hot rolling 50 
pct at 950~ 

10Z6/m ~ for the ho t - ro l l ed  aus t en i t e s  involved) .  Then ,  
F R = 14 M N / m  2, in l ine with s i m i l a r  o r d e r - o f - m a g -  
nitude ca lcu la t ions .  49 

Z e n e r  ss o r ig ina l ly  pointed out that,  in the p r e s e n c e  
of a second phase ,  g r a i n - b o u n d a r y  mi g r a t i on  may be 
inhibi ted because  the second-phase  p a r t i c l e s  r ep l ace  
pa r t  of the g r a i n  boundary ,  and th is  i n c r e m e n t  of g r a i n -  
boundary  a r e a  mus t  be c rea ted  if the boundary  is  to 
move away f rom the p a r t i c l e s .  More  r ecen t ly ,  Glad-  
man z4 re f ined  this  idea,  and der ived  a r e t a r d i n g  force  
of 4~'~ for each such s p h e r i c a l  pa r t i c l e ,  where  r is  
the pa r t i c l e  r ad ius ,  and y is  the i n t e r f a c i a l  energy  
per  unit  a r e a  of boundary .  Thus ,  the r e t a r d i n g  force  
(Fp)  due to p rec ip i t a t ed  p a r t i c l e s  per  unit  a r e a  of 
boundary  can be e x p r e s s e d  as :  

F p  = 4~'TNs, 

where N s is the n u m b e r  of p a r t i c l e s  per  uni t  a r e a  of 
boundary .  

If F R < F p ,  the i n t e r f aces  wil l  be comple te ly  
a r r e s t e d ,  whereas  if F R >> F p ,  the p r e c i p i t a t e s  should 
not  have any s ign i f ican t  effect on the boundary  m i g r a -  
t ion.  However,  if F R  > F p  and the magni tudes  a re  
comparab le ,  the boundary  may then move,  but at some 
reduced  ove ra l l  ve loc i ty .  

For  a r a n d o m  d i s p e r s i o n  of sphe r i c a l  p a r t i c l e s  
( radius  r and volume f r ac t ion  f),  the n u m b e r  of p a r -  
t i c l e s  per  unit  vo lume is  given by: 

N v -  f 
4/3 ~r 3 

A s s u m i n g  that a l l  p a r t i c l e s  having c e n t e r s  wi thin  a 
d i s tance  r of the boundary  wil l  i n t e r ac t  with the bound-  
a ry ,  then N s = 2 r N v ,  and 

F p  = 4 r ~ ( 2 r N  v) - 6~f  

Taking T - 0 .7-0 .8  J / m  ~ in aus ten i te ,  s~ for the f ines t  
average  Nb(C,N) pa r t i c l e s  obse rved  (r  -~ 2 nm),  and 
for the m a x i m u m  prec ip i t a te  volume f r ac t ions  m e a -  
su red  in these  s tee l s  (4 • 10 -4 - 8.5 • 10-4), F p  - 0.3 
to 0.6 MN/m 2 for the a s sumed  r a n d o m  d i spe r s ion .  
This  is a v e r y  s m a l l  r e t a r d i ng  force compared  to the 
p rev ious ly  e s t ima ted  F R ~- 14 M N / m  2, 

A more  r e a l i s t i c  a s s u m p t i o n  for the p rec ip i t a t e  
d i s t r i bu t i on  is that  the pa r t i c l e s  lie on subbounda r i e s  
in the ho t -worked  s t r u c t u r e .  If the ave rage  subbound-  
c r y  in te rcep t  is  [, the su r face  a r e a  per  unit  vo lume 
for such subboundar i e s  is  2/[ ,  and the n u m b e r  of 
pa r t i c l e s  per  unit  subboundary  a r e a  is  g iven by: 

N v _ 3 f l  Ns.b=  
The p r e c i p i t a t e - r e t a r d i n g  force c o r r e spond i ng  to this  
case is : 

�9 /3f~ \ 3~f[ 

Using va lues  a l ready  g iven  for ~, r ,  and f ,  and for 
subboundar ies  of mean  in te rcep t  [--- 0.5 # m  (from 
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o b s e r v a t i o n s  made  in th is  inves t iga t ion) ,  F p  ~- 20 
to 40 MN/m 2. 

Thus ,  with the p r e c i p i t a t e d  p a r t i c l e s  l oca t ed  p r e -  
f e r e n t i a l l y  on subbounda r i e s  in the h o t - r o l l e d  a u s -  
t en i te ,  the p r e c i p i t a t e - p i n n i n g  f o r c e  a p p e a r s  to be 
of c o m p a r a b l e  magni tude  to the d r iv ing  f o r c e  for  
r e c r y s t a l l i z a t i o n  growth .  C o r r e s p o n d i n g l y ,  the ob-  
s e r v e d  Nb(C,N) p a r t i c l e  s i z e s  and vo lume  f r a c t i o n s  
a r e  ev iden t ly  in the r igh t  r ange  to r e t a r d  r e c r y s t a l -  
l i za t ion  growth ,  with an i n c r e a s i n g  p r e c i p i t a t e  vo lume 
f r ac t i on  p roduc ing  s l o w e r  g rowth  r a t e s ,  a s  i nd ica t ed  
by F ig .  9. At  the s a m e  t ime ,  the r e t a r d i n g  f o r c e  is  
expec ted  to be qui te  s e n s i t i v e  to p a r t i c l e  s i ze ,  v a r y i n g  
i n v e r s e l y  a s  the  s q u a r e  of the r a d i u s .  Th i s  may  a c -  
count, at  l e a s t  in pa r t ,  for  the v i r t u a l  comple t ion  of 
r e c r y s t a l l i z a t i o n  at  950~ where  the p a r t i c l e s  c o a r s e n  
to an a v e r a g e  d i a m e t e r  of about 8 nm in s t e e l  2 and 
13 nm in s t e e l  3 a f t e r  10,000 s a t  t e m p e r a t u r e ,  in 
c o n t r a s t  to  the l ack  of any s ign i f i can t  r e e r y s t a l l i z a t i o n  
at  850~ where  no p a r t i c l e  c o a r s e n i n g  is  found even 
on pro longed  holding.  

Another  point  to be  noted he re  is  that ,  for  the p r e -  
c ip i ta te  vo lume f r a c t i o n s  encoun te red ,  h e t e r o g e n e o u s  
p r e c i p i t a t i o n  on the s ca l e  of the s u b s t r u c t u r e  s e e m s  
to be e s s e n t i a l  for  r e t a r d i n g  the r e c r y s t a l l i z a t i o n  
growth,  and so  p l a s t i c  d e f o r m a t i o n  p l a y s  an i m p o r t a n t  
ro le  in the g e o m e t r y  a s  wel l  as  the k i n e t i c s  of p r e -  
c ip i t a t ion .  Th i s  may  exp la in  the f inding of LeBon 
et  al ~8 that  Nb(C,N) p r e c i p i t a t e s  ex i s t ing  p r i o r  to 
the p l a s t i c  d e f o r m a t i o n  have no a p p r e c i a b l e  r e t a r d i n g  
effect  on r e c r y s t a l l i z a t i o n  even though the p a r t i c l e s  
may be in the 4 to 5 nm d i a m  r a n g e .  

I n t e r a c t i o n  Between Nb(C,N) P r e c i p i t a t i o n  
and Aus t en i t e  R e c r y s t a l l i z a t i o n  

The  i n t e r p l a y  of p r e c i p i t a t i o n  and r e c r y s t a l l i z a t i u n  
phenomena  have been  s tud ied  p r e v i o u s l y  in c o l d - w o r k  
and annea l ed  m e t a l s ,  for  examp le  by  K r e y e  et al in 
Cu-Co  alloys.S1 

F o r  p r e s e n t  p u r p o s e s ,  the t e m p e r a t u r e  dependence  
of r e c r y s t a l l i z a t i o n  k i n e t i c s  can be r e p r e s e n t e d  
s c h e m a t i c a l l y  by the r e c r y s t a l l i z a t i o n - s t a r t  (Rs) and 
f in i sh  (Rf) c u r v e s  in F ig .  19. If a r e t a r d i n g  i n t e r a c t i o n  
c o m e s  into p lay ,  s ay  be tween  the r e c r y s t a l l i z a t i o n  
p r o c e s s  and a p r e c i p i t a t e d  phase ,  the t ime  c u r v e s  for  
the s t a r t  and f in i sh  of r e c r y s t a l l i z a t i o n  wi l l  be d i s -  
p l a c e d  to Rs  p and R~. in F ig .  19, des igna t ing  both an 
i n c r e a s e  in the incubat ion  t ime  for  r e c r y s t a l l i z a t i o n  
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Fig. 19 Schematic recrystalhzation-start and finish curves (Rs and Rf) 
illustrating the retardation effect of precipitates on the recrystalliza- 
Uon kinetics (RPs and Rf ). 
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Fig. 20-Schematic precipitate-start C-curves illustrating the accelerat- 
ing effect of plastic deformation on the precipitation kinetics (Ps vs 

and a d e c r e a s e  in the subsequen t  r e c r y s t a l l i z a t i o n  
r a t e .  

Ana logous ly ,  the s t a r t  of p r e c i p i t a t i o n  can be  r e p -  
r e s e n t e d  s c h e m a t i c a l l y  by  the C - c u r v e  (Ps)  in F ig .  
20, whe re  To is  the e q u i l i b r i u m  so lub i l i t y  t e m p e r a t u r e  
for  the o p e r a t i v e  p r e c i p i t a t i o n  p r o c e s s  (Nb(C, N) in 
aus t en i t e  fo r  the s t e e l s  in th is  s tudy) .  In the p r e s e n t  
context ,  To usua l l y  c o r r e s p o n d s  to the so lu t ion iz ing  
t e m p e r a t u r e  o r  the so lvus  t e m p e r a t u r e ,  w h i c h e v e r  
is  l o w e r .  The  in t roduc t ion  of new and potent  n u c l e a -  
t ion s i t e s  by p l a s t i c  d e f o r m a t i o n  has  the e f fec t  of 
shi f t ing the C - c u r v e  to s h o r t e r  t i m e s  (pD) in Fig .  20. 

The  r e c r y s t a l l i z a t i o n / p r e c i p i t a t i o n / t e m p e r a t u r e /  
t ime  (RPTT)  d i a g r a m  in F ig .  21 is  somewha t  g e n e r a l -  
ized,  a l though it is  b a s e d  on e x p e r i m e n t a l  r e s u l t s  ob-  
t a ined  in th is  i n v e s t i g a t i o n .  It h igh l igh t s  the mutua l  
i n t e r a c t i o n  of r e c r y s t a l l i z a t i o n  ( f rom F ig .  19) and 
p r e c i p i t a t i o n  ( f rom F i g .  20). Obvious ly ,  above  To, 
p r e c i p i t a t i o n  is  t h e r m o d y n a m i c a l l y  i m p o s s i b l e .  B e -  
low To, h o w e v e r ,  t h r e e  i n t e r a c t i o n  r e g i m e s  a r e  
p o s s i b l e .  In r e g i m e  1, r e c r y s t a l l i z a t i o n  is  c o m p l e t e d  
be fo re  p r e c i p i t a t i o n  s t a r t s  (even with the po t en t i a l  
a c c e l e r a t i n g  ef fec t  of the p r i o r  p l a s t i c  d e f o r m a t i o n )  
and thus no i n t e r a c t i o n  is a c h i e v e d .  A c c o r d i n g l y ,  
p r e c i p i t a t i o n  even tua l ly  t a k e s  p l ace  in the  r e c r y s -  
t a l l i z e d  a u s t e n i t e  a long the P s  c u r v e .  The  r e c r y s t a l -  
l i z a t i on  p r o c e s s ,  p r e c e d i n g  any such  p r e c i p i t a t i o n  in 
th is  ca se ,  i s  def ined  by the R s and R f  c u r v e s .  

In r e g i m e  2, a l though the in i t i a t ion  of r e c r y s t a l l i z a -  

�9 �9 �9 �9 Observed Recrystalhzahon 

Observed Precipitation 

o ~ TR �9 �9 

~- �9 R P 
~- �9 f �9 �9 

1 
log ( t ime )  

Fig. 21-Proposed recrystallization/preclpitation/temperature/time 
(RPTT) diagram for a steel characterized by the precipitate soluhility 
temperature T o. T R is the temperature below which there is maximum 
interaction between the recrystallization and precipitation processes. 
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t ion p recedes  prec ip i ta t ion ,  the l a t t e r  r eac t ion  se t s  
in before  r e c r y s t a l l i z a t i o n  is complete ,  and so the end 
of r e c r y s t a l l i z a t i o n  is delayed.  Hence,  in this  r e g i me ,  
p rec ip i t a t i on  s t a r t s  along the pD curve ,  while r e -  
c ry s t a l l i z a t i on  s t a r t s  along the R s curve ,  but ends 
along R~ cu rve .  In r e g i m e  3, p r ec ip i t a t i on  takes  place 
before  r e c r y s t a l l i z a t i o n  ( i . e . ,  along the pD curve) ,  
and now both the s t a r t  and f in ish  of r e c r y s t a l l i z a t i o n  
a re  delayed (to the Rs P and R~  cu rves ) .  

Over  the th ree  t e m p e r a t u r e  r e g i m e s  below To, the 
s t a r t  and f in i sh  of the r e c r y s t a l l i z a t i o n  r eac t i on  a re  
des ignated  by the sol id c i r c l e s  in Fig .  21. Concur ren t ly ,  
the p rec ip i t a t ion  r eac t ion  shif ts  f r o m  the P s  curve  in  
r eg ime  1 to the Ps/) curve  in  r e g i m e s  2 and 3, as in -  
dicated by the heavy l ines .  Regime 3 behav io r  is 
de s i r ab l e  f rom the s tandpoint  of max imiz ing  the p r e -  
c i p i t a t i o n / r e c r y s t a l l i z a t i o n  in t e rac t ion  and, the re fo re ,  
r e t a rd ing  r e c r y s t a l l i z a t i o n  of the aus t en i t e .  

In the p r e sen t  expe r imen t s ,  r e g i m e  3 behav ior  is 
observed  in  s t ee l s  2 and 3 so lu t ionized  at 1250~ 
(Figs .  17 and 18) at a l l  the p o s t - r o l l i n g  t e m p e r a t u r e s  
studied, although a t r a n s i t i o n  to r e g i m e  2 s eems  nea r  
in s tee l  2 at  95ffC. However,  s t ee l  2 so lu t ionized  at 
l l 00~  exhibi ts  r eg ime  1 behav ior  at 950~ The p r e -  
c i p i t a t i o n / r e c r y s t a l l i z a t i o n  i n t e r ac t i ons  and, in fact, 
the ac tua l  t e m p e r a t u r e  ranges  over  which the va r ious  
r e g i m e s  a r e  opera t ive  a re  sens i t ive  to the degree  of 
s u p e r s a t u r a t i o n  or to the t e m p e r a t u r e  i n t e r v a l  be -  
tween To and the p o s t - r o l l  holding t e m p e r a t u r e .  Suf- 
f ic ient  supercool ing  is  n e c e s s a r y  for  any in t e r ac t i on  
to occur .  But, if To is too low, r e g i m e s  3 and even 2 
may be cut off by aus ten i te  decompos i t ion  into f e r -  
r i t i c  t r a n s f o r m a t i o n  products .  It is  suggested  that a 
c r i t i c a l  degree  of s u p e r s a t u r a t i o n  may have to be 
exceeded, g iven  the ho t - ro l l ing  condi t ions  adopted 
here ,  in o rder  that the s t r a i n - i n d u c e d  p rec ip i t a t ion  
wil l  occur  rapid ly  enough to "head  off"  the aus ten i te  
r e c r y s t a l l i z a t i o n ,  as  in r eg ime  3. Fo r  example ,  we 
have shown that 0.03 pct Nb in so lu t ion  (plus 0.1 pct C 
and 0.01 pct N) is suff ic ient  for s t r a i n - i n d u c e d  p r e -  
c ipi tat ion to ensue  and r e t a rd  r e c r y s t a l l i z a t i o n  of the 
ho t - ro l l ed  aus ten i te  at 950~ whereas  0.02 pct Nb 
(plus 0.1 pct C and 0.01 pct N) is not suff ic ient .  These  
two compos i t ions  co r r e spond  to s u p e r s a t u r a t i o n  
ra t ios  of 7.5 and 5 at 950~C re spec t ive ly ,  based  on 
the I rv ine  el al so lubi l i ty  equation,  2 and so the a fo re -  
ment ioned c r i t i ca l  s u p e r s a t u r a t i o n  s e e m s  to fal l  be-  
tween these  l imi t s  for the p a r t i c u l a r  condi t ions  under  
study. 

CONCLUSIONS 

The ma jo r  f indings of this inves t iga t ion  on Nb-  
mic roa l loyed  s tee l s  can be s u m m a r i z e d  as follows: 

1. Niobium in s u p e r s a t u r a t e d  so lu t ion  p r i o r  to hot 
de fo rmat ion  se ts  the stage for r e t a r d a t i o n  of aus ten i te  
r ec rys t a l l i z a t i on ;  the degree  of this  r e t a r d a t i o n  in -  
c r e a s e s  with the concen t ra t ion  of d i s so lved  niobium,  
and with dec rea s ing  holding t e m p e r a t u r e .  Although 
the d i sso lved  n iobium p e r  s e  may have some effect 
on the r e c r y s t a l l i z a t i o n  k ine t ics ,  the ma jo r  r e t a r d a -  
t ion  is due to Nb(C,N) prec ip i ta t ion ,  which r e s u l t s  
in an i n c r e a s e  in the incubat ion t ime  for aus ten i te  
r e c r y s t a l l i z a t i o n  as well  as a much s lower  r e c r y s -  
t a l l i za t ion  growth r a t e .  

2. Manganese  v a r i a t i o n s  in the range  of 1.3 to 
2.0 pct Mn appear  to have no s igni f icant  inf luence  on 
the a u s t e n i t e - r e c r y s t a l l i z a t i o n  or Nb(C ,N) -p rec ip i t a -  
t ion k ine t i c s  in a 0.03 pct Nb s tee l .  

3. S t r a i n - i n d u c e d  Nb(C,N) p rec ip i t a t i on  f rom hot-  
ro l led  aus t en i t e  occu r s  in  two s tages :  (a) in i t i a l  p r e -  
c ip i ta t ion  a t  p r i o r  aus t en i t i c  g ra in  b o u n d a r i e s  and 
de fo rma t ion  bands ,  and (b) g e n e r a l  m a t r i x  p r e c i p i t a -  
t ion on the s u b s t r u c t u r e  of the u n r e c r y s t a l l i z e d  a u s -  
t en i t e .  If aus t en i t e  r e c r y s t a l l i z a t i o n  p r ecedes  the 
p rec ip i t a t ion ,  the l a t t e r  then se t s  in r e l a t i ve ly  slowly 
in the r e c r y s t a l l i z e d  ma t r ix .  

4. The fine Nb(C,N) m a t r i x  p rec ip i t a t e s  do not  
c oa r s e n  on pro longed holding at 850~ However ,  p a r -  
t ic le  growth takes  place at higher t e m p e r a t u r e s ,  and 
pro longed holding at 950~C leads to a duplex p r e c i p i -  
t a t e - s i z e  d i s t r i bu t i on .  

5. The obse rved  Nb(C,N) p rec ip i t a t e  morpholog ies  
a re  shown to be capable  of providing r e c r y s t a l l i z a t i o n -  
growth r e t a r d i ng  fo rces  comparab le  in magni tude  to 
the dr iv ing  force for r e c r y s t a l l i z a t i o n .  As a r e su l t ,  
the effects  of pa r t i c l e  s ize ,  vo lume f rac t ion ,  and 
degree  of s u p e r s a t u r a t i o n  p r io r  to the hot working 
can be r a t i ona l i zed .  

6. The Nb(C,N)-prec ip i t a t ion  and a u s t e n i t e - r e c r y s -  
t a l l i za t ion  r e a c t i ons  a r e  found to be coupled phenom-  
ena,  with the p rec ip i t a t i on  being a c c e l e r a t e d  ( s t r a i n -  
induced) by the s u b s t r u c t u r e  of the hot -worked (un- 
r e c r y s t a l l i z e d )  aus ten i t e ,  and the r e c r y s t a l l i z a t i o n  
then being r e t a r d e d  by the pinning effect of the p r e -  
c ipi ta ted p a r t i c l e s .  The degree  of s u p e r s a t u r a t i o n  
with r e spe c t  to Nb(C,N) is be l ieved  to be a c r i t i c a l  
factor  in  d e t e r m i n i n g  whether  or not an effect ive 
r e c r y s t a l l i z a t i o n / p r e c i p i t a t i o n  i n t e r a c t i on  will  take 
place at a p a r t i c u l a r  t e m p e r a t u r e .  
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