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A labo ra to ry  s imu la t ion  of ho t - ro l l ing  schedules ,  which employs  a sequence  of high-  
speed c o m p r e s s i o n s  pe r fo rmed  over  a range  of t e m p e r a t u r e s ,  was used to d e t e r m i n e  
the effects  of composi t ion  and p r o c e s s i n g  v a r i a b l e s  on the s ta te  of the aus ten i t e  at 
s e v e r a l  points  in the ho t - ro l l ing  p rocedure .  The type and quant i ty  of carb ide  a n d / o r  
n i t r i de  fo rming  e l emen t s  (Nb(Cb), V, A1) in the s tee l s  were v a r i e d  to produce p r e c i p i -  
ta tes  at va r ious  points  in the hot -working range  of t e m p e r a t u r e s .  T i m e - t e m p e r a t u r e -  
de fo rmat ion  schedules  were des igned around schedules  c u r r e n t l y  used in the h o t - r e -  
duct ion of plate s tee ls ;  v a r i a t i o n s  were in t roduced to d e t e r m i n e  the effects  of p r o c e s s i n g  
v a r i a b l e s  on the development  of the aus ten i te  s t r u c t u r e s .  At va r ious  points  in the de fo r -  
mat ion  schedule ,  spec imens  were  quenched out and changes  in the aus ten i t e  g r a i n  s t r u c -  
tu re  were  examined .  Changes in  the volume and aspec t  ra t io  of the p r i o r - a u s t e n i t e  g r a in s  
were used as m e a s u r e s  of the degree  of aus ten i te  r e c r y s t a l l i z a t i o n .  At t e m p e r a t u r e s  
above the p r e c i p i t a t i o n - s t a r t  t e m p e r a t u r e ,  light r educ t ions  (< 10 pct) caused  g ra in  
coa r sen ing .  Coarsen ing  could be e l imina ted  by i n c r e a s i n g  the reduc t ion  per  pass ,  de-  
c r ea s ing  the ro l l ing  t e m p e r a t u r e s ,  or i n c r e a s i n g  the concen t ra t ion  of carb ide  or n i t r i d e -  
fo rming  e l emen t s  to r a i s e  the p r e c i p i t a t i o n - s t a r t  t e m p e r a t u r e .  It is  c l ea r  f rom these  r e -  
sul ts  that a t tempts  to study s t r u c t u r a l  changes that occur  dur ing  plate  ro l l ing  by us ing a 
few h igh- reduc t ion  p a s s e s  may produce e r r o n e o u s  r e su l t s .  

INTRODUCTION 

C O N T R O L L E D  rol l ing  has proved effect ive in r e -  
f ining the f e r r i t e  g r a in  s ize  of HSLA s tee l s .  This  r e -  
sul ts  p r inc ipa l ly  f rom cont ro l  of the s ize  and shape 
of the aus ten i te  g ra in  s t r u c t u r e  at the point of t r a n s -  
fo rmat ion .  P rec ip i t a t i on  of a l loy ca rb ides  a n d / o r  
n i t r i d e s  inhibi ts  the growth of r e c r y s t a l l i z e d  aus ten i te  
g ra ins  at high (roughing) t e m p e r a t u r e s ,  and at the 
lower f in ishing t e m p e r a t u r e ,  p rec ip i t a t e s  apparen t ly  
inhibi t  r e c r y s t a l l i z a t i o n  a l toge ther .  Thus ,  at t r a n s -  
format ion ,  fine,  r ibbon-shaped  aus ten i te  g r a in s  a re  
p r e sen t .  This  state produces  the m a x i m u m  g ra in  
boundary  a r e a  per  unit volume,  the reby  producing the 
max imum dens i ty  of s i t es  for the nuc lea t ion  of f e r r i t e .  
F igure  1 shows how the s u r f a c e - t o - v o l u m e  ra t io  
(S/V) or gra in  boundary  dens i ty  of three  in i t ia l  g ra in  
s izes  i n c r e a s e s  as the g ra in s  a re  compres sed  f rom 
spheres  of rad ius  bo to a pancake of height b (i.e., as 
b/bo d e c r e a s e s ) .  Each curve  is for cons tant  vo lume.  
If, dur ing  the compres s ion ,  the f la t tened g ra in  r e -  
c r y s t a l l i z e s  to s m a l l e r ,  equiaxed g ra in s  (jumps to a 
s m a l l e r  b0 curve)  a fur ther  i n c r e a s e  in S/V is r ea l i zed .  
By following a path of repea ted  f la t tening (decrease  
in b/bo) and r e c r y s t a l l i z a t i o n  (decrease  in bo) and f inal  
f la t tening as i l l u s t r a t ed  in Fig.  1, the dens i ty  of f e r -  
r i t e  nuc lea t ion  s i tes  can be i n c r e a s e d  by two o r d e r s  of 
magni tude.  

To a s s u r e  that  the p rec ip i t a t ion  n e c e s s a r y  to p r o -  
duce such r e f i n e m e n t  wil l  occur  in the ho t - ro l l i ng  
range ,  one must  des ign  s tee l s  with a knowledge of the 
so lu t ion /p rec ip i t a t i on  behavior  of the al loy ca rb ides  
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and n i t r i d e s .  F igu re  2 shows the e q u i l i b r i u m  so lub i l -  
ity products  of s e v e r a l  al loy ca rb ides  and n i t r i d e s  in 
aus ten i t e  1'2 in the range  of ro l l ing  t e m p e r a t u r e s  and 
compos i t ions  commonly  used for HSLA s t e e l s .  These  
data indica te  that al loy p rec ip i t a t e s  can fo rm over  
most  of the ro l l ing  range ,  but do not say that the 
k ine t i cs  of p rec ip i t a t ion  a re  fast  enough to a s s u r e  
that the p rec ip i t a t e s  fo rm and, if fo rmed,  whether  
they wil l  inhibi t  g r a i n  boundary  mot ion.  

Evidence  of p a r t i c l e - b o u n d a r y  i n t e r a c t i on  can be 
found in  the r e s u l t s  of g ra in  coa r sen ing  e x p e r i m e n t s ,  
such as those shown in Fig.  3.3 Upon heat ing,  the 
g ra in  s ize  of p la in  ca rbon  s t ee l  (C) is  a l r eady  i n c r e a s -  
ing rapid ly  at 900~ whereas  the g r a i n  s i ze s  of the 
al loy s t ee l s  iV, A1, Nb) r e m a i n  fine to higher  t e m p e r a -  
t u r e s  then i n c r e a s e  r a t h e r  ab rup t ly  and f ina l ly  in -  
c r e a s e  with fu r the r  t e m p e r a t u r e  i n c r e a s e  at a r a t e  
comparab le  to that of the C s tee l .  The t e m p e r a t u r e  
at which rap id  coa r sen ing  occurs  for each s tee l  c o r -  
r e l a t e s  roughly with the t e m p e r a t u r e  at which, under  
e q u i l i b r i u m  condit ion,  the p rec ip i t a t e  would be ex-  
pected to be en t i r e ly  d i s so lved  (shown by the a r row 
on each curve) .  

Such data,  however,  t e l l  us nothing of how the p r e -  
c ip i ta tes  wil l  affect boundary  mobi l i ty  dur ing  cooling 
with s u p e r i m p o s e d  p las t ic  work.  That  they a re  e f -  
fect ive is c l ea r  f rom the s u c c e s s  of f i n e - g r a i n  p r a c -  
t i ce .  F r o m  a cons ide rab le  vo lume of mi l l  t r i a l s  and 
l abo ra to ry  work, it has been found that  the e f fec t ive-  
ne s s  of the p rec ip i t a t e s  is e x t r e m e l y  sens i t ive  to 
s t ee l  compos i t ion  and soaking p rocedure ,  as would 
be expected f rom Fig. 2, and to the t i m e - t e m p e r a t u r e -  
de fo rmat ion  schedule.  4-6 Of these  fac to rs ,  the las t  
is the most  diff icult  to study in de ta i l  because  of the 
imposs ib i l i t y  of ex t rac t ing  s a m p l e s  dur ing  hot ro l l ing  
of s labs  and p la tes .  Consequent ly ,  l abo ra to ry  ro l l ing  
and s i mu l a t i ons  have been  employed .  7-9 Gene ra l l y ,  
these  have been  l imi ted  to a few, h igh - r educ t ion  p a s s e s  
or to modes of de fo rma t ion  that do not approx imate  
hot ro l l i ng .  Recent ly ,  we have developed a p rocedure  
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Fig. 1 - E f f e c t s  o f  or iginal  gra in  d i a m e t e r  (b 0 ) a n d  r e d u c t i o n  in he igh t  
(b/bo) o n  gra in  b o u n d a r y  a rea  pe r  un i t  v o l u m e  (S/V). 

which imposes  on the s p e c i m e n  a sequence  of high-  
ra te  c o m p r e s s i o n s  dur ing  cont ro l led  cooling at r a t e s  
that s imu la t e  that of s tee l  p la tes .  With this  technique,  
we can duplicate  the t i m e - t e m p e r a t u r e - r e d u c t i o n  
schedules  used in the mi l l s  while ex t rac t ing  spec i -  
mens  at any point in the schedule  to examine  the 
s t r uc tu r e  of the aus ten i t e .  This  technique is being 
employed to examine  the deve lopment  of the s t r u c t u r e  
of aus t en i t e s  of s e v e r a l  compos i t ions  dur ing  s i m u -  
lated hot ro l l ing  between 1150 and 750~ (2100 to 
1380~ Th i s  paper  d i s c u s s e s  r e s u l t s  of s imu la t i ons  
of the roughing pas se s  only; that is ,  de fo rmat ion  in 
the range  1150 to 930~C (2100 to 1700~ 

MATERIALS AND EXPERIMENTAL WORK 

The composi t ions  of the five s tee l s  used in this  
study a re  shown in Table  I, together  with the p r e c i p i -  
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Fig. 3 - G r a i n  c o a r s e n i n g  o f  f o u r  steels he ld  15 to  3 0  m i n  a t  e a c h  t em-  
pe ra tu r e .  

tares to be expected in each and the m a x i m u m  t e m p e r a -  
t u re s  T c at which p rec ip i t a t ion  should begin under  equi -  
l i b r ium condit ions.  In addi t ion to des ign ing  these  s t ee l s  
for the i r  p rec ip i t a t ion  effects ,  there  was added to 
each 1.4 wt pct Mn to a s s u r e  suff ic ient  ha rdenab i l i t y  
so that the p r i o r  aus teni te  g r a i n  s t r u c t u r e  could be 
obse rved  in  the deformed  spe c i me ns  a f te r  quenching .  

Cy l indr i ca l  c o m p r e s s i o n  s p e c i m e n s  10 mm in 
d iam by 19 mm high were  mounted be tween  anv i l s  in 
an MTS machine ,  as shown in Fig .  4. A shie lded  
the rmocouple  i n se r t ed  into the s p e c i m e n  cen t e r  was 
used to con t ro l  the t e m p e r a t u r e  of the r ad i an t  fu rnace  
that su r rounded  the spec imen  and a nv i l s .  The spec i -  
men was soaked at 1150 or 1200~ for 30 min  then 
con t ro l -coo led  at the plate  cooling r a t e  by me ans  of 
Data T r a k  cont ro l  of the r ad i an t  furnace .  At p r e s e l e c t e d  
t e m p e r a t u r e s ,  a sequence  of h i g h - s t r a i n - r a t e  c o m p r e s -  
s ions  (~ = 10 to 30 s -z) was imposed  on the s p e c i m e n  to 
s imu la t e  ro l l ing  pas ses .  Table  II and Fig.  5 show typi -  

Table I. Steel Compositions, the Precipitate, and the Maximum Temperature 
at which Precipitate Can Form under Equilibrium Conditions 

Steel C Mn Si N Other Precipitate To, "C 

Plain C 0.065 1.37 0.27 0.007 - - - 
A1-N 0.065 1.43 0.26 0.005 0.068 A1 AIN 1100 
Low V-N 0.078 1.38 0.27 0.006 0.098 V VN 1000 
High V-N 0.010 1.40 0.25 0.015 0.250 V VN 1200 
Nb-N 0.041 1.42 0.24 0.009 0.090 Nb NbN 1150 

NbC 1220 
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Fig, 4 - S p e c i m e n  (center)  in ho t  compres smn  appara tus .  

ca l  t i m e / t e m p e r a t u r e / d e f o r m a t i o n  s c h e d u l e s  used  in 
this  s imu la t ion .  F i g u r e  6 shows f o r c e - d i s p l a c e m e n t  
da t a  r e c o r d e d  on an o s c i l l o s c o p e  dur ing  the d e f o r m a -  
t ion sequence .  

Spec imens  w e r e  wi thdrawn at  any p r e s e l e c t e d  point  
in the d e f o r m a t i o n  schedule  and i m m e d i a t e l y  quenched 
in i ced  b r i n e .  The  mos t  s a t i s f a c t o r y  p r o c e d u r e s  for  
r e v e a l i n g  the aus t en i t e  g r a i n  s t r u c t u r e ,  p a r t i c u l a r l y  
in highly d e f o r m e d  s p e c i m e n s ,  c o n s i s t e d  of e i t h e r  
i m m e r s i o n  for  1 to 2 min in s a t u r a t e d  aqueous  p i c r a l  
a t  8{YC, or  i m m e r s i o n  for  about 5 rain in bo i l ing  
s a t u r a t e d  aqueous  p i c r a l  modi f ied  with a wet t ing agent  
( sodium t r i d e c y l b e n z e n e  su l fona te) .  

A v e r a g e  g r a i n  d i m e n s i o n s  p a r a l l e l  to (h) and n o r m a l  
to (1) the c o m p r e s s i o n  ax i s  were  d e t e r m i n e d  by  l i n e a r  
i n t e r c e p t .  F r o m  t h e s e  m e a s u r e m e n t s ,  the a v e r a g e  g r a i n  
vo lume lZh and the g r a i n  a s p e c t  r a t i o  l/h were  c a l c u -  
l a ted  a s s u m i n g  a x i a i  s y m m e t r y  of the g r a i n s .  T h e s e  
p a r a m e t e r s  were  t aken  as  i n d i c a t o r s  of the d e g r e e  
of r e c r y s t a l l i z a t i o n  or  work  in the g r a i n s .  F o r  
e x a m p l e ,  at  one e x t r e m e ,  a d e c r e a s e  in vo lume 
coupled  wi th  an  I/h = 1.0 i nd i ca t e s  c o m p l e t e  r e c r y s -  

Table I |. Time-Ternperatur~Deformation Schedules 

Reduction 
Pass Time, s Temperature, ~ t / t  o per Pass, Pct 
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Fig. 5 - T e m p e r a t u r e - r e d u c t i o n  schedules  for compress ion  of  a cy l inde r  
f rom original  he igh t  t o to  t. O Twelve-pass  schedule ,  �9 Four-pass  sched- 
ule, Table  If. 

t a l l i za t ion ;  cons tan t  vo lume  wi th  an i n c r e a s e  of I/h 
i nd i ca t e s  the a c c u m u l a t i o n  of work  in u n r e c r y s t a l -  
l i zed  g r a i n s .  

RESULTS AND DISCUSSION 

The r e d u c t i o n  p e r  p a s s  and the so lub i l i t y  p roduc t  
of the a l loy  n i t r i d e  at  each  r e d u c t i o n  t u r n  out to be 
the two i m p o r t a n t  f a c t o r s  in c o n t r o l  of a u s t e n i t e  g r a i n  
s t r u c t u r e  dur ing  d e f o r m a t i o n  at  the high t e m p e r a t u r e  
end of the ro l l i ng  schedu le .  

Th is  conc lus ion  d e r i v e s  f r o m  a c o m p a r i s o n  of r e -  
su l t s  of the g r a i n  s t r u c t u r e s  in s e v e r a l  a l loy  s t e e l s  
d e f o r m e d  a c c o r d i n g  to the two s c h e d u l e s  shown in 
Table  II. As shown in the m i c r o g r a p h s ,  F ig .  7,  and in 
the da ta ,  F ig .  8, each  p a s s  of the f o u r - p a s s  s chedu le  

A. Fou~Pass, HiNl-Reheat Schedule. TotN Reduction = 71Pct  

0 0 1260 1.00 - 

1 12 1180 0.66 34 
2 50 1100 0.46 30 
3 80 1010 0.34 26 
4 140 925 0 29 16 

B. Twe~e-Pass, Low-Reheat Schedule. Total Reduction = 55 Pct 

0 0 1150 1.00 - 
1 12 1140 0.92 8 
2 18 1135 0.89 3 
3 82 1090 0.85 4 
4 96 1080 0.82 4 
5 128 1060 0.77 6 
6 144 1050 0.73 5 
7 205 1025 0.68 7 
8 228 1010 0.64 6 
9 262 990 0.57 11 

10 300 970 0.54 5 
11 327 950 0.49 9 
12 360 930 0.45 8 
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Fig. 6 - L o a d  d i sp l acemen t  da ta  r ecorded  dur ing  the 12-step r educ t i on  
of the Nb s teel  b e t w e e n  1150 and 930~ T o t a l  r educ t i on  0 .52  pct .  
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produced a r e f i n e m e n t  in aus ten i te  g ra in  s ize .  Also, 
af ter  each pass ,  the g ra in  aspec t  ra t io  (not shown) r e -  
mained  1.0. These  r e s u l t s  indica te  that full  r e c r y s t a l -  
l i za t ion  occur red  in a l l  the s t ee l s  a f te r  each pass .  
Compare  these  r e su l t s  with the g r a i n  s t r u c t u r e s  
developed in  a s imula t ion  that c lose ly  approx ima tes  
a twe lve -pas s  roughing schedule  in the same  t e m p e r a -  
tu re  range,  shown in Fig.  9. Despi te  the 30-ra in  soak 
at 1150~ to achieve a s table  g ra in  s ize  p r i o r  to de-  
format ion ,  the f i r s t  few reduc t ions  produce g r a in  
growth r a t h e r  than r e f i n e m e n t  in the C and low-V 
s tee l s  and a plateau in the Nb and A1 s t ee l s .  Below 
1075~ r e f i n e m e n t  occurs  by r e c r y s t a l l i z a t i o n .  This  
produces  roughly equiaxed g ra in s  in a l l  the s tee l s  
except  the Nb s tee l  in which the g r a in  aspect  r a t io  ro se  
to a value g r e a t e r  than 2.0. 

The effect of reduc t ion  per  pass  is shown more  
c l ea r ly  for the low V-N s tee l  in Fig.  10. T c on the 
d i ag ram indica tes  the t e m p e r a t u r e  at which p r e c i p i -  
ta t ion  of V-N could begin in this s tee l  under  equ i l ib -  
r i u m  condi t ions .  Clear ly ,  g ra in  coa r sen ing  occur s  in  
the range  where al loy n i t r i de s  a r e  en t i r e ly  in solut ion 
when light reduc t ions  a re  used.  With heavy reduc t ions ,  

r e f i n e m e n t  occurs  even in the range  of comple te  so lu -  
b i l i ty  of the al loy n i t r i de .  

The effect of the concen t ra t ion  of the a l loy  n i t r i d e -  
fo rming  e l e m e n t s  is  d e m o n s t r a t e d  in F ig .  11 for  the 
high and low V-N s tee l s  sub jec ted  to l ight  r educ t ions .  
As the concen t ra t ion  i n c r e a s e s ,  the t endency  toward 
growth af ter  light r educ t ions  d e c r e a s e s .  The a r r o w s  
des igna te  the c r i t i c a l  t e m p e r a t u r e  at which p r e c i p i t a -  
t ion  can begin .  The g r a i n s  in the low V-N s tee l  grow 
when that s t ee l  is worked l ight ly  above itS c r i t i c a l  
t e m p e r a t u r e ,  whereas  the high V-N s tee l  which is 
worked en t i r e ly  below its c r i t i c a l  t e m p e r a t u r e  shows 
no growth.  S imi l a r ly ,  in F ig .  9, because  they a re  
worked e n t i r e l y  at or  below the i r  c r i t i c a l  t e m p e r a -  
t u r e s  (arrows) ,  the Nb and A1 s t ee l s  in  F ig .  9 show 
no growth, whereas  the low V-N and p la in  ca rbon  
s t ee l s  which a r e  worked above the i r  c r i t i c a l  t e m -  
p e r a t u r e s ,  show in i t i a l  g ra in  c oa r s e n i ng .  

F i g u r e  12 d e m o n s t r a t e s  the r e l a t i on  be tween  the 
c r i t i c a l  p r e c i p i t a t i o n - s o l u t i o n  t e m p e r a t u r e ,  T c and 
the t e m p e r a t u r e s  at which rap id  g r a i n  c o a r s e n i n g  
occurs  in heat ing and r e f i n e m e n t  occurs  dur ing  de-  
f o r m a t i o n / c o o l i n g  for the low V-N steel .  The c r i t i c a l  
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Fig. g-Decrease In austenite grain size during a 4-pass hot  deformation 
schedule. Total reduction 71 pct. 
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Fig. 9 Changes in austenite grain vo lume and grain aspect ratio during 
a 12-pass, hot-deformation schedule. Total  reduction 55 pct. 

t e m p e r a t u r e  c a l c u l a t e d  f r o m  s o l u b i l i t y  data  i s  a 
f a i r  gu ide  to the  s o a k i n g  t e m p e r a t u r e  a b o v e  w h i c h  
c o a r s e n i n g  w i l l  o c c u r  and the  d e f o r m a t i o n  t e m p e r a -  
t u r e  b e l o w  w h i c h  a b l o w - u p  of g r a i n s  can be  a v o i d e d  
dur ing  l ight  w o r k i n g .  C o n c e r n i n g  the la t ter ,  it w a s  
g e n e r a l l y  o b s e r v e d ,  as  s h o w n  in F i g .  12,  that r e f i n e -  
m e n t  b e g i n s  d u r i n g  d e f o r m a t i o n  s o m e w h a t  above  the 
c a l c u l a t e d  c r i t i c a l  t e m p e r a t u r e .  T h i s  p r o b a b l y  i n d i -  
c a t e s  that s o l u t e  c l u s t e r s ,  or  f i n e  p r e c i p i t a t e s  that a r e  
not d e t e c t e d  in s o l u b i l i t y  d e t e r m i n a t i o n s  i m p e d e  b o u n d -  
ary  m o t i o n  at t h e s e  h i g h e r  t e m p e r a t u r e s .  

CONCLUSIONS 

I. The deformation schedule and composition must 
be adjusted to avoid light reductions above the range 
of temperatures at which precipitation of alloy hi- 
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Fig. 10-Austenlte grain volumes developed in the low V-N steel in the 
12-pass (A) and 4-pass (B) deformation schedules. 
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Fig. 1 l - A u s t e n i t e  gram vo lumes  developed in the low V-N {,A) and 
high V-N (B) steels during 12-pass reduction of 55 pct. 
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Fig. 12-Austenite grain size developed m the low V-N steel (A) during 
heating, and (B) during deformation while cooling. 

t r i d e s  a n d / o r  c a r b i d e s  b e g i n s .  If  t he  s o a k i n g  t e m -  
p e r a t u r e  c a n n o t  b e  r e d u c e d  o r  t h e  d r a f t  i n c r e a s e d ,  
h i g h e r  c o n c e n t r a t i o n s  of n i t r i d e  a n d / o r  c a r b i d e  f o r m -  

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

2.  S t r a i n  c a n  b e  a c c u m u l a t e d  ( i n d i c a t e d  b y  a n  i n -  
c r e a s e  in  g r a i n  a s p e c t  r a t i o s )  o n l y  b e l o w  t h e  p r e c i p i -  
t a t i o n - s t a r t  t e m p e r a t u r e .  E v e n  in  t h i s  r a n g e ,  h o w -  
e v e r ,  s m a l l  a c c u m u l a t i o n s  c a n  l e a d  to  r e c r y s t a l l i z a -  
t ion  l e a d i n g  to f i n e r  e q u i a x e d  g r a i n s .  

3. R o l l i n g  s i m u l a t i o n s  u s i n g  a few,  h i g h - r e d u c t i o n  
p a s s e s  m a y  no t  a c c u r a t e l y  i n d i c a t e  the  m a n n e r  in  
w h i c h  the  a u s t e n i t e  s t r u c t u r e  d e v e l o p s  in  p l a t e  r o l l i n g  
s c h e d u l e s  c o m p r i s i n g  n u m e r o u s ,  l i g h t  p a s s e s .  
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