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The r e c o v e r y  and r e c r y s t a l l i z a t i o n  b e h a v i o r  of two c o m m e r c i a l  qual i ty  s t e e l s ,  a Cb(Nb) 
s t r eng thened  h i g h - s t r e n g t h  l ow-a l l oy  (HSLA) s tee l  and a 304 s t a i n l e s s  s t e e l ,  was  s tud ied  
following h o t - w o r k i n g .  Spec imens  w e r e  d e f o r m e d  in t ens ion  at  a cons tant  head v e l o c i t y  of 
2 i n . / s  to r e d u c t i o n s - i n - a r e a  of 30 to  50 pct  a t  t e m p e r a t u r e s  in the  aus t en i t e  r ange  f r o m  
1600 ~ to 1900~ The subsequent  annea l ing  b e h a v i o r  was  o b s e r v e d  a t  the t e m p e r a t u r e  of 
de fo rma t ion .  D e c r e a s i n g  r e c r y s t a l l i z a t i o n  r a t e s  with d e c r e a s i n g  t e m p e r a t u r e  a n d / o r  d e -  
f o rma t ion  w e r e  o b s e r v e d .  It i s  s u g g e s t e d  that  CbC p r e c i p i t a t i o n  o c c u r r e d  dur ing  annea l ing  
of the  HSLA s t e e l  and accounted  for  an a r r e s t  in the  sof tening  b e h a v i o r .  F o r  the  304 s t a i n -  
l e s s  s t ee l  i t  i s  concluded that  dyna~aic r e c r y s t a l l i z a t i o n  took p l a c e  dur ing  de fo rma t ion ,  that  
t h e r m a l  mic ro twinn ing  was  an ac t i ve  r e c o v e r y  m e c h a n i s m  dur ing  anneal ing ,  and that  t h e r e  
was  a p r e f e r e n c e  for  g ra in  b o u n d a r i e s  a s  nuc lea t ion  s i t e s  fo r  r e c r y s t a l l i z e d  g r a i n s .  T h e s e  
conc lus ions  r e g a r d i n g  the anneal ing  b e h a v i o r  of 304 s t a i n l e s s  s t ee l  w e r e  suppor t ed  by 
m e t a l l o g r a p h i c  a n a l y s i s  of s p e c i m e n s  w a t e r  quenched f rom the t e m p e r a t u r e  of d e f o r m a t i o n .  

DURING the  p l a s t i c  d e f o r m a t i o n  of m e t a l s  t h e r e  a r e  
changes  in s u b s t r u c t u r e  and m i c r o s t r u c t u r e  which a r e  
we l l  documented  and which depend upon many  v a r i -  
a b l e s .  1'2 One of the  p r i m a r y  v a r i a b l e s  i s  the  t e m p e r a -  
t u r e  a t  which the  m e t a l  i s  de fo rmed ,  giving r i s e  to two 
b r o a d  d iv i s ions  t e r m e d  ho t -  and co ld -work ing .  The 
b a s i c  a s p e c t s  of t h e s e  two f o r m s  of d e f o r m a t i o n  have 
been  def ined by many,  o the r  i n v e s t i g a t o r s .  ' '3-7 Inde -  
pendent  of whe the r  the  m e t a l  i s  d e f o r m e d  by ho t -  o r  
co ld -work ing ,  when he ld  at  e l eva ted  t e m p e r a t u r e s ,  
fol lowing }leformation,  the  m e t a l  wi l l  undergo  s t r u c -  
t u r a l  changes  tending to r e t u r n  i t  to the  u n d e f o r m e d  
condi t ion.  

The two b a s i c  sof tening  p r o c e s s e s  a r e  r e c o v e r y  x'5-9 
and r e c r y s t a l l i z a t i o n ,  l ' s ' 7 , l~  Byrne  1 has  s u m m a r i z e d  
the m e c h a n i s m s  of r e c o v e r y  a s  a function of the  a n -  
nea l ing  t e m p e r a t u r e .  He ind ica t ed  the  i m p o r t a n c e  of 
mic ro twinn ing  a s  a p o s s i b l e  r e c o v e r y  mode  a t  i n t e r -  
m e d i a t e  to high t e m p e r a t u r e s .  Th is  wi l l  be  d i s c u s s e d  
in m o r e  de ta i l  in a t a t e r  po r t ion  of th i s  p r e s e n t a t i o n .  
S e v e r a l  w o r k e r s  have a l s o  s u m m a r i z e d  the e f fec t s  of 
d i f fe ren t  v a r i a b l e s  on the  r a t e  of r e c r y s t a l l i z a -  
tion.l'2'6'11'12,14-16 Of p a r t i c u l a r  i n t e r e s t  i s  the  g e n e r a l  
effect  of d e c r e a s i n g  r e e r y s t a l l i z a t i o n  r a t e s  with d e -  
c r e a s i n g  anneal ing  t e m p e r a t u r e  a n d / o r  d e f o r m a t i o n .  
Ano the r  a s p e c t  of i m p o r t a n c e  to th i s  s tudy i s  the  effect  
of s e c o n d - p h a s e  p a r t i c l e s .  17 This  depends  not only 
upon the  s i ze  and d i s p e r s i o n  of the  p a r t i c l e s  but a l so  
upon whe the r  they a r e  p r e s e n t  p r i o r  to work ing  o r  
f o rm  dur ing  annea l ing  fol lowing work ing .  2 In addi t ion ,  

T. L. CAPELETTI, formerly with Rensselaer Polytechnic Institute, 
Troy, New York, is now Associate Senior Research Metallurgist with 
General Motors Research Laboratories, Warren, Mich. L. A. JACKMAN 
is Assistant Professor, Rensselaer Polytechnic Institute. W. J. CHILDS, 
formerly Professor, Rensselaer Polytechnic Institute, is now Technical 
Representative, Duffers Associates, Troy, N. Y. This paper is based upon 
a thesis submitted by T. L. CAPELETTI in partial fulfillment of the 
requirements of the degree of Doctor of Philosophy at Rensselaer Poly- 
technic Institute. 

Manuscript submitted May 21, 1971. 

s e v e r a l  i n v e s t i g a t o r s  have ind i ca t ed  the  p r e f e r e n c e  
for  g r a i n  b o u n d a r i e s  a s  nuc lea t ion  s i t e s  fo r  r e c r y s -  
t a l l i z e d  g r a i n s ,  6'7''8'19 p a r t i c u l a r l y  following ho t -  
work ing .  

As  the  t e m p e r a t u r e  of d e f o r m a t i o n  i n c r e a s e s ,  the 
sof tening m e c h a n i s m s  b e c o m e  i n c r e a s i n g l y  i m p o r t a n t .  
The  b e h a v i o r  of the  m e t a l  dur ing  de fo rma t ion  i s  then 
d e t e r m i n e d  by the r e l a t i v e  r a t e s  of s t r a i n  ha rden ing  
and sof ten ing .  T h e r e  a r e  two ma in  t h e o r i e s  c o n c e r n -  
ing the  sof tening  m e c h a n i s m  o p e r a t i n g  dur ing ho t -  
work ing .  One t heo ry  m a i n t a i n s  that  the  only p o s s i b l e  
m e c h a n i s m  is  dynamic  r e c o v e r y ,  4'9 while  the  o the r  
theo ry  m a i n t a i n s  that  dynamic  r e c o v e r y  o c c u r s  at  
s m a l l  s t r a i n s ,  but dynamic  r e c r y s t a l l i z a t i o n  t a k e s  
p l a c e  a t  l a r g e  s t r a i n s ,  if r e c o v e r y  i s  inh ib i ted .  2~ 
T h e s e  two t h e o r i e s  and the ev idence  involved in t h e i r  
fo rmula t ion  have been  s u m m a r i z e d  and r ev i ewed  v e r y  
e loquent ly  by Stt~we, 5 T e g a r t ,  23 and J o n a s  et  a l .  6 
B r i e f l y ,  the  ope ra t ing  m e c h a n i s m  depends  upon the 
ea se  with which r e c o v e r y  can t ake  p l ace ,  which de -  
pends  p r i m a r i l y  upon the s t a c k i n g - f a u l t  ene rgy .  

Unti l  r e c e n t l y ,  mos t  s tud ies  of annea l ing  fol lowing 
d e f o r m a t i o n  have involved c o l d - w o r k i n g .  2'14'18'24-33 
Some s tud i e s  have involved h o t - w o r k i n g ,  16'2~ but 
a l l  of t h e s e  have used  v a r i o u s  room t e m p e r a t u r e  
m e a s u r e m e n t s  (e .g .  h a r d n e s s  m e a s u r e m e n t s  and m e t -  
a l l o g r a p h i c  a n a l y s i s )  which a r e  o b s c u r e d  by the a l l o -  
t r o p i c  phase  t r a n s f o r m a t i o n  which t a k e s  p lace  on coo l -  
ing in l o w - a l l o y  s t e e l s .  Consequent ly ,  i t  i s  d e s i r a b l e  
to  have a method  of fol lowing the annea l ing  p r o c e s s  at  
the  t e m p e r a t u r e  of annea l ing .  With  th i s  in mind Wi lbu r  
e t  a l .  37 deve loped  a technique whereby  the sof tening b e -  
hav io r  of the  m e t a l  could be  o b s e r v e d  fol lowing ho t -  
work ,  a t  the  t e m p e r a t u r e  of d e f o r m a t i o n .  A fo rm of 
th i s  t echn ique  has  been app l i ed  to a h i g h - s t r e n g t h  low-  
a l loy  s t e e l  by Cordea  and Hook.  38 T h e i r  r e s u l t s  a r e  
i n t e r e s t i n g ,  but did  not include v e r y  sho r t  anneal ing  
t i m e s  due to t h e i r  method of con t ro l l ing  the  d e f o r m a -  
t ion .  The  extent  of de fo rma t ion  was  con t ro l l ed  by an 
a d j u s t a b l e  c y l i n d r i c a l  s l e e v e  pos i t i oned  to l i m i t  the  
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Table I. Chemical Compositions of Materials Studied (Pct) 

C Mn Si Mo A1 Cb 

HSLA 304 0.11 0.84 0.29 0.31 0.03 0.032 
0.053 1.64 0.016 0.053 - - 

B N P S Cr $1 

HSLA 304 0.003 0.006 0.018 0.025 - - 
- - 0.026 0.016 18.42 8.69 

t r ave l  of the load cy l inder .  Readjustment of the s leeve 
took 5 to 7 s and that es tabl ished the minimum delay 
t ime .  This r e s t r i c t ion  was avoided in the p resen t  in-  
vest igat ion where the technique of Wilber  et al. was 
applied to two commerc ia l  quality s tee ls  a t  e levated 
t empera tu re s  in the austeni te  range. 
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0 

3 
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F i g .  1 - - L o a d - t i m e  s c h e m a t i c  f o r  m e a s u r i n g  r e c r y s t a l l i z a t i o n .  

EXPERIMENTAL DETAILS 

A) Mate r i a l s  and Specimen Geometry 

The composit ions of the ma te r i a l s  used in th is  in-  
vest igat ion a re  given in Table I. They consis ted of a 
Cb strengthened h igh-s t rength  low-al loy (HSLA) s teel  
and a 304 s ta in less  s t ee l .  Both were  commerc i a l  qual-  
ity ma te r i a l s  and were  t e s ted  in the a s - r e c e i v e d  con- 
dition in the form of ~ in. diam round b a r s .  These  
b a r s  were cut to lengths of 4~ in. (HSLA) and 4-~ in. 
(304) and the ends were  threaded.  The heated gage 
lengths were  1.0 in. (HSLA) and 1~ in. (304) with de -  

1 formation gage lengths of approximate ly  -~ in. (HSLA) 
and ~ in. (304). The spec imens  were  r e s i s t ance  heated,  
however,  making it difficult  to de termine  the de fo rma-  
tion gage length with any rea l  accuracy  due to the 
p resence  of an axial  t he rma l  gradient .  The spec imens  
were  deformed to r educ t i ons - in - a r ea  of 30 to 50 pct,  
at  t empera tu re s  of 1600 ~ to 1900~ at a constant head 
veloci ty  of 2 i n . / s  in an argon a tmosphere .  

B) Appara tus  

The p r imary  test ing appara tus  was the "Gleeble" ,  
a device specif ical ly  designed for the study of e levated 
t empera tu re  mechanical  p rope r t i e s  and the effects of 
var ious  thermomechanica l  cycles  on those p r o p e r -  
t i e s .  39 Basical ly ,  the appara tus  employs a r e s i s t a n c e -  
heated specimen,  with wa te r -coo led  copper jaws.  
Thermal  and mechanical  cyc les  a r e  p rog rammed  on 
an e lect ronic  function genera to r  to duplicate any de-  
s i r e d  thermomechanica l  t rea tment .  The loading is  
pneumatical ly actuated and hydraul ical ly  control led  to 
maintain a constant head veloci ty.  The raw data is  
recorded  automat ical ly  on a d i rec t  pr int  v i s i c o r d e r .  

C) Exper imenta l  Technique 

The technique cons is t s  of thermal ly  t rea t ing  the 
ma te r i a l  according to a p rede te rmined  p rog ram,  de-  
forming in tension at  the hot-working t e m p e r a t u r e  to 
a des i r ed  RA, holding at  t empera tu re  for  va r ious  delay 
t imes ,  and then deforming to f rac ture .  A schemat ic  
d iagram of the load- t ime  curve for  this  sequence of 
events is  given in Fig .  1. The f i r s t  curve r e p r e s e n t s  
the ini t ia l  deformation;  it is  followed by unloading and 
holding for  the delay t ime  a t .  The second curve r e p r e -  
sents  the final deformation to f rac ture .  As a measu re  

of the softening which takes  place during the delay 
t ime (s the quantity La - L 2  is  plotted as  a function 
of (log a t ) ,  where 

At = Delay t ime (sec) 

L2 = Load at  unload on the f i r s t  deformation 
(pound force) 

L3 = Peak load on the second deformation (pound 
force)  

If there  a r e  no s t ruc tura l  changes during a given delay 
t ime  then L3 = L2 and L3 -- L2 = 0. As  softening occurs  
L3 d e c r e a s e s  and L3 - L2 becomes  increas ingly  more  
negative.  When the s t ruc tu ra l  change is  essent ia l ly  
completed,  L3 - L2 levels  off at  some maximum soften- 
ing value.  

D) Metal lography 

In o r d e r  to co r r e l a t e  m i c r o s t r u c t u r a l  changes with 
the load-softening data for the 304 s ta in less  s teel ,  
spec imens  were  subjected to the same t h e r m a l - m e c h a -  
nical  cycles  but water  quenched to room tempera tu re  
instead of being deformed to f r ac tu re .  A special  
quenching device was constructed to produce an e s sen -  
t ia l ly  cy l indr ica l  quenching volume in o rde r  to conform 
as  c losely  a s  poss ible  to the specimen geometry .  
After  quenching, these samples  were  mounted and 
mechanical ly  polished by s tandard  p rocedures .  They 
were  then e lec t ropol ished in a pe rch lo r i c  and ethanol 
solution and etched e lec t ro ly t i ca l ly  at 10 v in 10 pct 
oxalic ac id  to reveal  the s t ruc tu re .  

E) Thermal -Mechanica l  Cycles  

The speci f ic  the rmal -mechan ica l  cycles  used with 
each m a t e r i a l  tes ted  a r e  given in Table 1I. The the r -  
mal cycle for  the HSLA steel  was designed to aus teni -  
t ize the m a t e r i a l  and a lso  to put the columbium in 
solution. This  required a peak t empe ra tu r e  of 
2300~ 2~176 which i s  somewhat higher than that which 
would otherwise  be employed to austeni t ize  columbinm 
f ree  s t ee l s .  The the rmal  cycle for  the 304 s ta in less  
was designed to homogenize the m a t e r i a l  p r io r  to 
deformation.  

F) Measures  of St ructura l  Change 

In addit ion to the load change (L3 - L2) used by Wil -  
b e t  et al., anothek p a r a m e t e r  which should be indica-  
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Table II.  Thermal-Mechanical Cycles 

1) HSLA Steel 

Heated to 2300~ in 5 s 
Held at 2300~ for 15 s 
Cooled to Test Temperature in 5 s 
Held at Test Temperature for 5 s 
Loaded m Tensmn at 2 m./s to 30 + 4 pct or 50 + 5 pet RA 
Held for various delay times 
Reloaded to fracture 

2) 304 Stainless Steel 

Heated to 2100~ in 10 s 
Held at 2100~ for 20 s 
Cooled to test temperature in 10 s 
Held at test temperature for 10 s 
Loaded in tension at 2 m / s  to 35 + 4 pct or 50 -+ 5 pct RA 
Held for varmus delay times 
Reloaded to fracture or water quenched to R.T. 

Live of s t r u c t u r a l  change  dur ing  anneal ing  i s  duc t i l i ty .  
Al though duc t i l i ty ,  a s  m e a s u r e d  by the r e d u c t i o n - i n -  
a r e a  a t  f r a c t u r e ,  m a y  be  c o m p l i c a t e d  by o t h e r  p r o c -  
e s s e s ,  such a s  p r e c i p i t a t i o n ,  i t  should lend suppo r t  to 
the  load  sof tening da ta  in s o m e  c a s e s .  The  duc t i l i t y  
p a r a m e t e r  used  in t h i s  inves t iga t ion  was  the  RA at  
f r a c t u r e ,  b a s e d  upon the a r e a  which r e m a i n e d  a f t e r  
the  f i r s t  d e f o r m a t i o n .  B r i e f l y ,  the RA a f t e r  the  f i r s t  
d e f o r m a t i o n  was  m o n i t o r e d  us ing the e longat ion  da ta ,  
a s  p r i n t e d  out on the  v i s i c o r d e r  t r a c e ,  and the  RA a t  
f r a c t u r e  was  m e a s u r e d  with a l o w - p o w e r  m i c r o s c o p e  
equipped with a f i l a r  e y e - p i e c e .  The duc t i l i t y  p a r a m -  
e t e r  was  then r e d u c e d  to 

R A 3  

w h e r e  

RA1 

RA2 

= ( RA2 - RA1 
100 - R A I ~  (100) 

= R e d u c t i o n - i n - a r e a  a f t e r  the  f i r s t  d e f o r m a t i o n  
b a s e d  on the  o r i g i n a l  c r o s s - s e c t i o n a l  a r e a .  

= Tota l  r e d u c t i o n - i n - a r e a  at  f r a c t u r e  b a s e d  on 
on the  o r i g i n a l  c r o s s - s e c t i o n a l  a r e a  a s  m e a s -  
u r e d  with the  m i c r o s c o p e .  

RA3 = R e d u c t i o n - i n - a r e a  at  f r a c t u r e  b a s e d  on the  
a r e a  which r e m a i n e d  a f t e r  the  f i r s t  d e f o r m a -  
t ion.  

The  p a r a m e t e r  RA3 was  then p lo t ted  a s  a funct ion of 
(log At). 

RESULTS AND DISCUSSION 

A) HSLA Steel  

The r e s u l t s  of the  annea l ing  study on the HSLA s t ee l  
a r e  given in F i g s .  2 and 3. In F ig .  2 the  l o a d - s o f t e n i n g  
c u r v e s  [(L3 - L2) v s  (log At)] a r e  given for  the  so f t en -  
ing fol lowing 50 pc t  RA at  1650 ~ and 1900~ The 
c u r v e s  do not d i sp l ay  a s i m p l e  s i gmo ida l  f o r m ,  but 
conta in  o f f se t s  dur ing  the  sof tening p r o c e s s � 9  The  f i r s t  
of fse t  o c c u r s  a t  s h o r t  de l ay  t i m e s  and r e l a t i v e l y  s m a l l  
va lue s  of sof tening.  Th i s  was  o b s e r v e d  by W i l b e r  e t  

a l .  37 and was  exp la ined  on the b a s i s  of r e c o v e r y  m e c h -  
a n i s m s .  Th i s  s t age  of the  sof tening b e h a v i o r  a p p e a r s  
to  be  r e l a t i v e l y  t e m p e r a t u r e  independent ,  a t  l e a s t  a t  
the  t e m p e r a t u r e s  involved  in th i s  i nves t iga t ion .  F o l -  
lowing the in i t i a l  of fse t ,  the  sof tening p r o c e e d s  by a 
t h e r m a l l y - a c t i v a t e d  m e c h a n i s m  a s  i nd i ca t ed  by the 

I I I I 
o-50~$ RA. at 1900"E 

" ~  . J',-50~ R,d. of 16..~P~ 

"~J "lO ~ t ~  ~'L~-"~"-'~"-- ~1 .,x 

. -20 (  ,~ ~ x .  
0 0 "%%,%%. 

-300 ~ ,  

I , I , I , I , 

0.1 I I0 I00  I00~ 
Deloy Time, (Seconds) 

Fig .  2 - - R e c r y s t a l l i z a t i o n  of  H S L A  s t e e l  d e f o r m e d  50 pc t  a t  
1650 ~ a n d  1 9 0 0 ~  s o f t e n i n g .  

' I I ' I ' I 

tM 
. J  

-200 ) - 30~RA.  at/900~.. \ o a-. 
2 O O O  

n - 3 0 ~  RA. at 1650~. 
0 
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Deloy Time, (Seconds) 

Fig .  3 - - R e c r y s t a l l i z a t i o n  of  H S L A  s t e e l  d e f o r m e d  30 p c t  a t  
1650 ~ a n d  1 9 0 0 ~  s o f t e n i n g .  

shif t  in sof tening  to longer  de l ay  t i m e s  with d e c r e a s e  
in t e m p e r a t u r e .  Dur ing  t h i s  po r t i on  of the sof tening 
a no the r  offse t  o c c u r s  at  i n t e r m e d i a t e  de lay  t i m e s  and 
sof tening v a l u e s .  Th is  offse t  a p p e a r s  to be  d i f fe ren t  
f rom the  f i r s t  offset  by v i r t u e  of the  fact  that  i t  i s  v e r y  
t e m p e r a t u r e  dependent  and o c c u r s  dur ing  the t h e r -  
m a l l y - a c t i v a t e d  por t ion  of the  sof tening .  Th i s  da ta  
s u g g e s t s  tha t  a p r e c i p i t a t e  ( p r e s u m a b l y  CbC) f o r m s  
dur ing  annea l ing  and a c t s  to r e s t r i c t  the  m i g r a t i o n  of 
the  r e c r y s t a l l i z i n g  g r a i n  b o u n d a r i e s ,  giving r i s e  to an 
i n t e r r u p t i o n  in the sof tening p r o c e s s � 9  E x t r a c t i on  
r e p l i c a  s tud i e s  of longi tudina l  s e c t i o n s  of the s p e c i -  
m e n s  u s e d  to obta in  t hese  da ta  w e r e  inconc lus ive .  
Some p r e c i p i t a t e s  w e r e  o b s e r v e d  which s e e m e d  to 
c o a r s e n  with  t i m e ,  but  no r e a l  c o r r e l a t i o n  with the 
da ta  was  o b s e r v e d .  T h e r e  was  s o m e  ind ica t ion  that  
15 s a t  2300~ was  not suf f ic ient  to c omp le t e ly  d i s s o l v e  
the  Cb(CN)�9 Th i s  could account  fo r  s o m e  of the  s c a t t e r  
in the  r e s u l t s .  

In F i g .  3, the  l oad - so f t en ing  c u r v e s  a r e  given for  
30 pct  RA a t  1650 ~ and 1900~ T h e s e  c u r v e s ,  in gen-  
e r a l ,  d i s p l a y  the  s a m e  b e h a v i o r  a s  t hose  for  50 pct  
d e f o r m a t i o n .  C o m p a r i s o n  of the  l o a d - s o f t e n i n g  c u r v e s  
in F i g s .  2 and 3 fo r  30 and 50 pct  d e f o r m a t i o n  a t  
1900~ i l l u s t r a t e s  the shif t  to l o n g e r  de lay  t i m e s  a s  
the d e f o r m a t i o n  d e c r e a s e s ,  an expec ted  r e s u l t .  

The t h e o r e t i c a l  b a s i s  fo r  s econd  phase  p a r t i c l e s  
inhib i t ing  g r a i n  boundary  m i g r a t i o n  was  f i r s t  p r o p o s e d  
by Z e n e r  a s  d i s c u s s e d  by Smith .  17 B a s i c a l l y ,  the  s e c -  
o n d - p h a s e  p a r t i c l e s  inhibi t  g r a i n  boundary  m i g r a t i o n  
by s u r f a c e  t ens ion  e f fec t s ,  when they  l i e  within the 
bounda ry .  In o r d e r  to be e f fec t ive ,  the  s u r f a c e  t ens ion  
m u s t  r e s i s t  the  d r iv ing  f o r c e  caus ing  the m i g r a t i o n .  
I t  i s  g e n e r a l l y  b e l i e v e d  that  s e c o n d - p h a s e  p a r t i c l e s  
can inhibi t  m i g r a t i o n  dur ing  g r a i n  growth,  due to the  
low d r i v i n g  f o r c e  for  growth,  but not dur ing  p r i m a r y  
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r e c r y s t a l l i z a t i o n  when the  d r iv ing  f o r c e  fo r  m i g r a t i o n  
i s  high.  However ,  t h e r e  has  been  a g r e a t  dea l  of r e -  
cent  ev idence  that  p r e c i p i t a t i o n ,  dur ing annea l ing  a f t e r  
co ld -work ing ,  can indeed  inhibi t  boundary  m i g r a t i o n  
dur ing  recrystallization.2'13,24,25,27,29-31,33 S i m i l a r l y ,  
t h e r e  i s  ev idence  of inh ib i t ion  by p r e c i p i t a t i o n  fo l low-  
ing ho t -work .  2~ Many of t h e s e  i nves t i ga t i ons  
show mig ra t i ng  b o u n d a r i e s  c l e a r l y  " s c a l l o p e d "  at  
t h e i r  i n t e r s e c t i o n s  with s e c o n d - p h a s e  p a r t i c l e s .  

The  r e s u l t s  of F a r r e l l  et  al .  33 a r e  p a r t i c u l a r l y  in -  
t e r e s t i n g .  They o b s e r v e d  that  s m a l l  gas  bubb le s  can 
subs t an t i a l l y  r a i s e  the  r e c r y s t a l l i z a t i o n  t e m p e r a t u r e  
of c o l d - w o r k e d  h i g h - p u r i t y  tungs ten .  Gas  bubble  f o r -  
ma t ion  on d i s l o c a t i o n s  and subgra in  bounda r i e s  was  
seen  us ing e l e c t r o n  m i c r o s c o p y .  This  c aused  s c a l -  
loping of the  subgra in  b o u n d a r i e s  and advanc ing  r e -  
c r y s t a l l i z e d  g ra in  b o u n d a r i e s .  R e c r y s t a U i z a t i o n  was  
qui te  s luggish  and o c c u r r e d  subs tan t i a l ly  only a f t e r  
the  bubbles  c o a r s e n e d  to a few r e l a t i v e l y  l a r g e  bub-  
b l e s .  The d i f f e rence  in k i n e t i c s  of gas  bubble  f o r m a -  
t ion and s o l i d - p h a s e  p r e c i p i t a t e  fo rma t ion  no twi th-  
s tanding ,  i t  a p p e a r s  tha t  the  explanat ion  of F a r r e l l  et 
al .  can be app l i ed  to the  r e s u l t s  obta ined  in th i s  i n v e s -  
t i ga t ion  on the HSLA s t e e l .  Spec i f i ca l ly ,  the  m o d e l  
p r o p o s e d  i s  that  CbC or  Cb(CN) p r e c i p i t a t e s  on m i -  
g r a t i ng  subbounda r i e s  and  r e c r y s t a l l i z e d  g r a i n  bound-  
a r i e s  inhibi t ing the  bounda ry  m i g r a t i o n  and thus  the  
sof tening .  Only a f t e r  the  p r e c i p i t a t e s  c o a r s e n  to  a 
l a r g e r ,  m o r e  ine f fec t ive  morpho logy  does  r e c r y s t a l -  
l i za t ion  p r o c e e d  to comple t ion .  Th is  i s  cons i s t e n t  with 
the  m e c h a n i s m  of r e c r y s t a l l i z a t i o n  by s u b g r a i n  growth  
o r  c o a l e s c e n c e .  

A s  p r ev ious ly  ind ica t ed ,  t h e r e  i s  some  ind ica t ion  
tha t  the  Cb(CN) m a y  not  have  been comple t e ly  put  into 
so lu t ion  by the aus t en i t i z i ng  t r e a t m e n t .  It a l s o  a p p e a r s  
tha t  the  p r e c i p i t a t e s  a r e  not  v e r y  s t ab le  a t  1900~ In-  
deed ,  the shor t  length of the  offset  fol lowing 50 pc t  de -  
f o r m a t i o n  at  1900~ i s  p r o b a b l y  due to r e s o l u t i o n  
r a t h e r  than c o a r s e n i n g .  P r e c i p i t a t i o n  and r e s o l u t i o n  
of c a r b i d e s  dur ing annea l ing  following ho t -work ing  has  
been  o b s e r v e d  us ing  X - r a y  a n a l y s i s  by Gulyayev  and 
Sh iga rev .  34 F u r t h e r ,  30 pc t  de fo rma t ion  a t  1900~ does  
not a p p e a r  to be suf f ic ien t  to cons i s t en t ly  g ive  r i s e  to 
the  p r ec ip i t a t i on  ef fect  o b s e r v e d  in the  o the r  da ta .  The 
ne t  r e s u l t  i s  s ign i f ican t  s c a t t e r  in the  da ta ,  which 
m a k e s  the ex i s t ence  of w e l l - d e f i n e d  of fse t s  ques t i on -  
a b l e .  Neglec t ing  the  o f f se t s ,  however ,  the da ta  s t i l l  
i nd i ca t e s  a r educed  r a t e  of softening i m m e d i a t e l y  fo l -  
lowing the r e c o v e r y  s t age ,  fol lowed by an i n c r e a s e d  
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Fig. 4--Recrystallization of 304 stainless steel deformed 50 
pet at 1600 ~ 1750 ~ and 1900~ softening. 
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Fig. 5--Recrystallization of 304 stainless steel deformed 50 
pct at 1600 ~ 1750 ~ and 1900 ~ F--ductility change. 
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Fig. 6--Reerystallization of 304 stainless steel deformed 35 
pct at 1600 ~ 1750 ~ and 1900~ softening. 
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Fig. 7--Recrystallization of 304 stainless steel--Arrhenius 
plot. 

r a t e  p r e c e d i n g  comple t e  sof tening .  The  p r e c i p i t a t i o n  
mode l  r e m a i n s  va l id ,  even fo r  t h i s  i n t e r p r e t a t i o n  of 
the da ta .  

In c o m p a r i s o n  with the  r e s u l t s  of W i l b e r  e t  a l . ,  37 
t h e s e  da ta  exh ib i t ed  the  s a m e  g e n e r a l  t r e n d s .  Although 
W i l b e r  e t  a l .  37 did not o b s e r v e  any of fse t s  which could 
be  i n t e r p r e t e d  a s  being due to p r e c i p i t a t e  fo rma t ion ,  
t h e i r  r e s u l t s  d i sp l ayed  the s a m e  g e n e r a l  b e h a v i o r  a s  
that  o b s e r v e d  in the  p r e s e n t  i nves t i ga t i on .  It i s  i n t e r -  
es t ing  to note  that  the da ta  of C o r d e a  and Hook 38 d i s -  
p l ayed  a r e d u c e d  r a t e  of sof tening fo r  sho r t  de lay  
t i m e s ,  fo l lowed by an i n c r e a s e d  r a t e  p r e c e d i n g  c o m -  
p le te  sof ten ing ,  p a r t i c u l a r l y  fo r  the  vanad ium t r e a t e d  
s t e e l .  In view of ' the  d i s c u s s i o n  in the  p reced ing  p a r a -  
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graph,  th is  behavior  i s  s i m i l a r  to that obse rved  in the 
p r e sen t  inves t iga t ion  and may be due to p rec ip i t a t ion  
dur ing  anneal ing .  

B) 304 S ta in less  Steel 

1) LOAD-SOFTENING AND DUCTILITY CHANGE 

The load-sof ten ing  and duct i l i ty  change data obtained 
for the 304 s t a i n l e s s  s tee l  a r e  given in F igs .  4 through 

7. The genera l  fea tures  of th i s  data a r e  the same  as  
that for  the HSLA steel .  The r e  is ,  in genera l ,  a r e -  
covery s tage which is  r e la t ive ly  t e m p e r a t u r e  independ-  
ent followed by a t e m p e r a t u r e - d e p e n d e n t  softening 
stage dur ing  which the m a j o r  por t ion  of the softening 
takes  p lace .  The data a lso  d i sp lays  the shift to longer  
delay t i m e s  with dec reas ing  t e m p e r a t u r e  or  defor-  
mat ion .  

In F ig .  4 the load-sof ten ing  data i s  given for  50 pct 

~) ~ 

(c) ~) 

Fig. 8--Microstructural changes during annealing of 304 stainless steel following 50 pct deformation at 1750 ~ F. Magnification 
567.5 times. (a) At = 0.007 s; (b) At =0.33 S; (c) At = 0.073 s; (d) At =0.140 s; (e)At =2.5 S; ( f )At  = 15 S. 
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Fig.  9 - -Dense  m i c r o t w i n  f o r m a t i o n s  fo l lowing  35 pc t  d e f o r m a -  
t ion  a t  1600~ M a g n i f i c a t i o n  445 t i m e s .  

RA at  1600 ~ 1750 ~ and 1900~ Offse t s  a r e  a g a i n  ob-  
s e r v e d  in the  c u r v e s  a t  i n t e r m e d i a t e  de lay  t i m e s  and 
sof tening v a l u e s .  T h e s e  of fse t s  a r e  d i f fe ren t  f rom 
t h o s e  o b s e r v e d  fo r  the  HSLA s t ee l ,  however ,  in tha t  
the  sof tening p r i o r  to  the  offse t  i s  r e l a t i v e l y  t e m p e r a -  
t u r e  independent ,  wh i l e  the  sof tening a f t e r  the  of fse t  
i s  the  m o r e  t yp i ca l l y  expec ted  t h e r m a l l y - a c t i v a t e d  be= 
h a v i o r .  Sca t t e r  in the  da ta  has  g e n e r a l l y  o b s c u r e d  the 
ex i s t ence  of the r e c o v e r y  o f f se t s .  The offse t  was  ob= 
s e r v e d  fo r  d e f o r m a t i o n  a t  1760~ but  i t  i s  d i f f icu l t  to 
s e p a r a t e  f rom the da ta  po in t s  for  the  o the r  c u r v e s .  
The  s c a t t e r  p r e c l u d e s  the  obse rva t i on  of both  o f f se t s  
a t  1900~ In F ig .  5 the  duc t i l i ty  change i s  g iven  fo r  
60 pc t  RA at 1600 ~ 1750 ~ and 1900~ The da ta  of F ig .  
5 c o r r e l a t e s  d i r e c t l y  wi th  the  l oad - so f t en ing  da ta  in 
F i g .  4. A subs t an t i a l  i n c r e a s e  in duc t i l i ty  a t  f r a c t u r e  
can be  c o r r e l a t e d  only with the  t h e r m a l l y - a c t i v a t e d  
po r t i on  of the  sof ten ing .  T h e r e  i s  no ind ica t ion  of a 
change in duc t i l i ty  a s s o c i a t e d  with the  r e c o v e r y  s t age .  

In F ig .  6 the  l o a d - s o f t e n i n g  da ta  i s  g iven fo r  35 pct  
RA at  1600 ~ 1750 ~ and 1900~ The  c u r v e s  d i s p l a y  the  
s a m e  f e a t u r e s  a s  t hose  fo r  50 pc t  d e f o r m a t i o n .  A l so ,  
the  duc t i l i ty  change da ta  aga in  c o r r e l a t e s  d i r e c t l y  with 
the  load - so f t en ing  b e h a v i o r ,  not shown h e r e  fo r  the  
s ake  of b r e v i t y .  

T h e s e  o b s e r v a t i o n s  ind ica t e  that  a r e l a t i v e l y  t empe r=  
a t u r e - i n d e p e n d e n t  r e c o v e r y  mode o p e r a t e s  to  p r o d u c e  
a subs tan t i a l  amount  of sof tening with l i t t l e  o r  no in -  
c r e a s e  in duc t i l i ty .  One p o s s i b l e  r e c o v e r y  mode  which 
could  account  fo r  t h i s  b e h a v i o r  i s  t h e r m a l  mic ro twin=  
ning in the  s u b s t r u c t u r e .  ~ T h i s  i s  cons i s t en t  with the  
low s tacking=faul t  e n e r g y .  Burke  and Turnbu l l  ~ have 
d e s c r i b e d  the m e c h a n i s m  of annea l ing  twin f o r m a t i o n  
and growth.  They s u g g e s t e d  that  s t ack ing  fau l t s  p r o -  
duced  dur ing d e f o r m a t i o n  p rov ide  r e a d y - m a d e  nuc le i  
fo r  such twins .  The  mode l  p r o p o s e d  to account  for  the 
b e h a v i o r  o b s e r v e d  in t h i s  inves t iga t ion  i s  tha t  the  de= 
f o r m e d  m a t e r i a l  u n d e r g o e s  a r e c o v e r y  s t age  which 
c o n s i s t s  of two p o r t i o n s ,  d i s loca t ion  r e a r r a n g e m e n t  
and annih i la t ion  and t h e r m a l  mic ro tw in  f o r m a t i o n .  
T h e s e  m e c h a n i s m s  ac t  to  r e l i e v e  those  a r e a s  of h ighes t  
s t r a i n  ene rgy .  Once  the  high energy  a r e a s  a r e  ex -  
haus t ed  the  sof tening c e a s e s  unt i l  t h e r m a l l y  a c t i v a t e d  
r e c r y s t a l l i z a t i o n  o c c u r s .  
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Fig.  1 0 - - M i e r o s t r u e t u r e  of 304 s t a i n l e s s  s t e e l  a s  d e f o r m e d  
50 pct.  M a g n i f i c a t i o n  283 t i m e s .  (a) 1600~ (b) 1750~ 
(c) 1900~ F. 

The t e m p e r a t u r e  and d e f o r m a t i o n  dependence  of the  
r a t e  of sof tening  i s  s u m m a r i z e d  in F i g .  7. It is  a s -  
sumed  tha t  the  sof tening obeys  an  A r r h e n i u s  r e l a t i o n -  
ship  of the  fo rm 

to.5 = A exp ( Q / / R T )  

w h e r e  

t0.5 = De lay  t i m e  fo r  50 pct  sof tening 
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Q = A p p a r e n t  a c t i va t i on  energy  

T = Abso lu t e  t e m p e r a t u r e  at  which to.5 i s  m e a s u r e d  
and R has  i t s  u sua l  mean ing .  F r o m  the s l o p e s  of the  
l i n e a r  r e l a t i o n s h i p s  in F ig .  7 the a p p a r e n t  ac t i va t i on  
e n e r g i e s  a r e  found to be  

Q = 46,800 ca l / /mole  fo r  35 pct  d e f o r m a t i o n  
and 

Q = 44,900 ca l / /mole  fo r  50 pct  d e f o r m a t i o n  
It mus t  be e m p h a s i z e d ,  however ,  that  t h e s e  ac t iva t ion  
e n e r g i e s  a r e  only a p p a r e n t  va lue s  and cannot  be r e -  
l a t ed  to any fundamenta l  p r o c e s s e s .  Th i s  i s  due to the 
fact  that  no a t t emp t  h a s  been  made  to s e p a r a t e  the  r e -  
cove ry  s t age  f rom the  r e c r y s t a l l i z a t i o n  s t a g e  of sof ten-  
ing,  no r  has  any a t t e m p t  been  made  to s e p a r a t e  nuc le -  
a t ion  f rom growth .  The  v a l u e s  do ind ica te  the  
dependence  of sof tening  on t e m p e r a t u r e ,  h o w e v e r ,  and 
a l s o  the  d e c r e a s e  in ac t i va t i on  energy  with  i n c r e a s e  
in de fo rma t ion .  

2) OPTICAL METALLOGRAPHY 

F i g .  8 shows a t y p i c a l  s e r i e s  of m i c r o g r a p h s  d i s -  
p l ay ing  the changes  in m i c r o s t r u c t u r e  with i n c r e a s i n g  
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Fig. l l - -Microstructure of 304 stainless steel deformed 50 
pct at 1900~ Magnification 423 times. (a) As deformed; 
(b) after a delay time of 0.038 s. 

�9 * '  . 3 -  " : / % ' " , , '  - " " r . ! .  

" - ~ " , ' . ~  . _ , " , " ' t l  ' i t "  ~ - , f  , , "  ' 

. " 'l " - t , /  

Fig. 12--Microstructure of 304 stainless steel part ial ly re -  
crystal l ized following 50 pct deformation at 1600~ Magnifi- 
cation 423 times. 

de lay  t i m e s  fo r  50 pc t  d e f o r m a t i o n  a t  1750~ The 
ma in  f e a t u r e s  of i m p o r t a n c e  a r e  the  r a t h e r  c l e a r l y -  
def ined  m i c r o t w i n s  within v e r y  e longa ted  g r a i n s  and 
the a p p e a r a n c e  of r e c r y s t a l l i z e d  g r a i n s  which g r a d u -  
a l ly  consume  the  en t i r e  m a t r i x .  In g e n e r a l  t h e s e  
changes  in m i c r o s t r u c t u r e  can be  c o r r e l a t e d  v e r y  wel l  
with the  l oad - so f t en ing  da ta .  The  m i c r o g r a p h  in F i g .  9 
i nd i ca t e s  the  r a t h e r  high dens i ty  of the  m i c r o t w i n s  
t o w a r d  the  end of the i n t e r m e d i a t e  offse t  for  35 pct  d e -  
f o r m a t i o n  at  1600~ T h e s e  m i c r o g r a p h s  lend  suppor t  
to  the  m o d e l  of m i c r o t w i n  f o r m a t i o n  ac t ing  a s  a r e -  
cove ry  m e c h a n i s m  in th i s  m a t e r i a l .  

The m i c r o g r a p h s  in F ig .  l0  i nd ica t e  the a p p e a r a n c e  
of the  m i c r o s t r u c t u r e  a s  d e f o r m e d  50 pct  a t  1600 ~ 
1750 ~ and  1900~ The t i m e  be tween  the  end of d e f o r -  
ma t ion  and the  s t a r t  of quenching was  l e s s  than 0.001 s 
for  the  s p e c i m e n  d e f o r m e d  at  1900~ Even with such 
a s h o r t  de l ay  t i m e  t h e r e  i s  c o n s i d e r a b l e  ev idence  of 
r e c r y s t a l l i z a t i o n .  The quench r a t e  was  a p p r o x i m a t e l y  
500~  It might  be a r g u e d  that  the  o b s e r v e d  r e c r y s -  
t a l l i z a t i o n  took p l a c e  dur ing  cool ing to room t e m p e r a -  
t u r e .  The  m i c r o g r a p h s  in F ig .  11 ind ica te ,  however ,  
that  no add i t iona l  r e c r y s t a l l i z a t i o n  t a k e s  p l a c e  even 
for  in ten t iona l  sho r t  de lay  t i m e s  a f t e r  d e f o r m a t i o n .  If 
the  o b s e r v e d  r e c r y s t a l l i z a t i o n  took p l a c e  dur ing  
quenching,  add i t iona l  r e c r y s t a l l i z a t i o n  would be ex -  
pec ted  with  an in tent ional  de l ay .  The  only change ob-  
s e r v a b l e  i s  a c o a r s e n i n g  of the  r e c r y s t a l l i z e d  g r a i n s .  
Thus ,  they  m u s t  have  f o r m e d  dur ing  d e f o r m a t i o n .  
T h e r e  i s  a l s o  a d e c r e a s e  in the  extent  of dynamic  
change with d e c r e a s i n g  t e m p e r a t u r e  and d e f o r m a t i o n .  
Th i s  l ends  suppor t  to the  t h e o r y  tha t  dynamic  r e c r y s -  
t a l l i z a t i o n  can indeed be an o p e r a t i n g  sof tening m e c h a -  
n i sm  dur ing  de fo rma t ion  at  high t e m p e r a t u r e s  and 
l a r g e  s t r a i n s  in low s t a c k i n g - f a u l t  ene rgy  m a t e r i a l s  
w h e r e  r e c o v e r y  p r o c e s s e s  a r e  inh ib i ted .  The m i c r o -  
g raph  in F ig .  l l ( a )  a l so  i l l u s t r a t e s  the  high d e g r e e  of 
boundary  m i g r a t i o n  dur ing  d e f o r m a t i o n  a s  ev idenced  
by the r a g g e d  na tu r e  of the  b o u n d a r i e s  a t  point  (A). It 
a l s o  shows  what  a p p e a r s  to be  a r e c r y s t a l l i z a t i o n  nu-  
c l eus  f o r m i n g  by boundary  m i g r a t i o n  a t  point  (B). 
A n o t h e r  i n t e r e s t i n g  a s p e c t  of the  r e c r y s t a l l i z a t i o n  b e -  
h a v i o r  i s  i nd i ca t ed  in F ig .  12 which shows the p r e f e r -  
ence  fo r  g r a i n  boundary  nuc lea t ion .  Th i s  m i c r o g r a p h  
c o r r e s p o n d s  to a p a r t i a l l y - r e c r y s t a l l i z e d  s p e c i m e n  
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during annealing at 1600~ A peculiar aspect is  the 
apparent outlining of the deformed grain boundaries 
due to a segregation effect which was not eliminated 
at this lower deformation temperature. It is fairly 
evident at point (A) that nucleation of recrystal l ized 
grains has taken place at the deformed boundaries. 

CONCLUSIONS 

In summary the major observations made in this in- 
vestigation are: 

1) As the temperature and/or the extent of deforma- 
tion decreases,  the rate of recrystallization following 
hot-working decreases .  This is reflected in the ap- 
parent activation energy for softening increasing with 
decreasing deformation. 

2) The data suggests that precipitation may take 
place during the recrystall ization of the HSLA steel  
and inhibit the softening process .  Recrystallization 
is not completed until the precipitate coarsens to a 
relatively ineffective morphology. 

3) Softening curves and microstructural observa-  
tions for hot-worked 304 stainless steel  indicate the 
following: 

a) Thermal microtwinning is an active recovery 
mechanism during annealing. 

b) Dynamic recrystall ization, occurring at least in 
part by boundary migration, is an operating softening 
mechanism during hot-working. 

c) There is a preference for grain boundaries as 
nucleation sites for recrystal l ized grain. 
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