
Ultrafine-Grained Microstructures and 
Mechanical Properties of Alloy Steels 

R . L .  MILLER 

U l t r a f i n e - g r a i n e d  m i c r o s t r u c t u r e s  can be developed in a va r ie ty  of alloy s tee l s  by co ld-  
working followed by anneal ing in the a + y region .  Because  the anneal ing t e m p e r a t u r e s  are 
re la t ive ly  low and the r e c r y s t a l l i z e d  s t r u c t u r e  is two-phase ,  g ra in  growth is r e s t r i c t e d .  
Specimens  with g ra in  s i zes  in the range  0.3 to 1.1 ~m (ASTM 20 to 16) were  obtained in 
manganese  and n ickel  s tee l s  by annea l ing  1 to 400 hr at t e m p e r a t u r e s  between 450 ~ and 
650~ (840 ~ to 1200~ The expected i mpr ove me n t  in yield s t rength  through g ra in  r e f i n e -  
men t  was observed  in a lmos t  all  a l loys .  Other tens i le  p rope r t i e s  depend on fac tors  such as 
g ra in  s ize ,  aus ten i te  s tabi l i ty ,  and spec imen  geomet ry ,  that de t e rmine  which of three  types 
of p las t ic  behavior  wil l  occur .  T r a n s f o r m a t i o n  of aus teni te  dur ing  s t r a i n i ng  improves  the 
mechan ica l  p rope r t i e s  of u l t r a f i n e - g r a i n e d  spec imens .  

I H E  influence of g ra in  s ize  on the s t rength  of s tee l  
has been known for at l eas t  a ha l f -cen tu ry .  The quan t i -  
tat ive re la t ionsh ip  is  usua l ly  expressed  by the Ha l l -  
Petch  equation 

= ~o + k d -1 /z  [1] 

which s ta tes  that a, the yield s t r e s s ,  i n c r e a s e s  as d, 
the average gra in  d i a m e t e r ,  d e c r e a s e s .  (ao and k are  
expe r imen ta l  cons tants . )  Eq. [1] has been i n t e r p r e t e d  
in t e r m s  of va r ious  theore t ica l  models  and the re l a t ion  
has been ver i f ied  n u m e r o u s  t imes  by expe r imen t .  A r m -  
s t rong  ~ has reviewed much of this p rev ious  work.  Unti l  
r ecen t ly ,  this equahon as it  applies  to s tee l  has been 
l imi ted  to a na r row gra in  s ize  range  for the obvious 
r e a s o n  that it  is diff icult  to produce a wide range  of 
g ra in  s izes  in s tee l  without changing other fac to rs  that 
affect the s t rength .  M o r r i s o n  2 was able to develop 
u l t ra f ine  gra ins  (d < 10 ~m) in low-carbon ,  f e r r i t i c  
s tee l  and the lower yield s t rengths  obeyed Eq. [1] for 
g ra in  s izes  as s m a l l  as 1.6 ~tm (ASTM No. 15). By 
re f in ing  the g ra in  s ize  in one s teel  f rom 30 to 1.6 ~m 
(ASTM 7 to 15), the s t reng th  inc reased  f rom 28,000 to 
77,000 psi  (193 to 530 MN/m2). Grange  3 showed that 
even in hardened s tee l  a s t reng then ing  effect is evident  
through r e f i nemen t  of p r i o r  aus teni te  g ra ins .  He de-  
veloped a rapid hea t - t r ea t i ng  p roces s  to produce a u s -  
tenite  g ra ins  as s m a l l  as 2.5 /zm (ASTM No. 14) and 
again the gra in  s i z e - s t r e n g t h  re l a t ion  pred ic ted  by 
Eq. [1 ] was found. 

Gra in  s ize  is known to inf luence other mechan ica l  
p rope r t i e s  in addition to s t rength .  M o r r i s o n  and Mi l le r  4 
reviewed the effect of g ra in  s ize  on tens i le  duct i l i ty ;  
effects on other mechan ica l  p rope r t i e s  were  reviewed 
by A r m s t r o n g .  L5 With the poss ib le  exception of un i -  
form elongation and h i g h - t e m p e r a t u r e  s t r eng th ,  mos t  
other  p rope r t i e s  a re  genera l ly  improved ,  or at wors t ,  
not affected by g ra in  r e f inement .  By re f in ing  the g ra in  
s ize  of h igh-al loy s tee l  p la te ,  P o r t e r  and Dabkowski 6 
obtained a cons ide rab ly  lower duc t i l e - t o -b r i t t l e  t r a n -  
s i t ion  terr iperature ,  in addit ion to a subs tan t i a l  i n c r e a s e  
in yield s t rength .  
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Gra in  boundar ies  are  bel ieved to act  as major  b a r -  
r i e r s  to the propagat ion of s l ip and to twinning p r o c e s -  
ses  which operate  within the g r a i n s .  The opportunity 
of i n c r e a s i n g  the s t rength  and improving  the notch 
sens i t iv i ty  by reducing the d i s tance  between these 
b a r r i e r s  becomes  a s t rong incent ive  for producing 
f iner  g r a in s  in s tee l .  Achieving a s table ,  u l t r a f i ne -  
g ra ined  s t r uc t u r e  is difficult  because  of the s t rong 
tendency for g ra in  growth. T h e r e f o r e ,  many f ine-  
g ra ined  m i c r o s t r u c t u r e s  a re  inheren t ly  uns table  and 
un les s  some means  is provided for r e s t r i c t i n g  the 
movemen t  of g ra in  boundar i e s ,  they will  not r e m a i n  
fine g ra ined .  It was found that a s tab le ,  u l t r a f i n e -  
g ra ined  m i c r o s t r u c t u r e  can be obtained by anneal ing 
cold-worked f e r rous  al loys at a r e la t ive ly  low t e m p e r -  
a ture  in the two-phase ,  f e r r i t e - a u s t e n i t e  region .  The 
separa te  phases  form as ex t r eme ly  sma l l  c ry s t a l s  and 
their  mutua l  impingement  r e s t r i c t s  g ra in  growth. By 
this method,  g ra in  r e f i nemen t  in s tee l  can be extended 
beyond what has p rev ious ly  been achieved.  

Suitable alloy composi t ions  that respond to this g ra in  
re f in ing  t r e a t m e n t  can be se lec ted  f rom sys t ems  which 
have a mul t iphase  region extending to re la t ive ly  low 
t e m p e r a t u r e s .  The addition of e i ther  nickel  or manga -  
nese  to i ron  produces  this fea ture ;  a two-phase reg ion  
extends f rom 910~ (1670~ below room t e m p e r a t u r e .  
As an example ,  the genera l ly  accepted F e - N i p h a s e  d i a -  
g r am 7 is shown in Fig.  1. The equ i l ib r ium phases  in 
this reg ion  a re  f e r r i t e  (a) of low nickel  content  and 
aus teni te  (7) of high nickel  content .  In addit ion to n ickel  
and manganese ,  other e l emen t s  that s tabi l ize  aus teni te ,  
such as carbon  and n i t rogen ,  a re  a lso benef ic ia l .  In 
some c a s e s ,  addit ional  phases  such as ca rb ides  may 
also fo rm,  however,  the p r inc ipa l  phases  a re  ot + y and 
the s tee l s  wil l  be r e f e r r e d  to as two-phase .  

Since apprec iable  diffusion is r equ i r ed  for the f o r m a -  
tion of these phases ,  they do not form when al loys a re  
m e r e l y  heated or cooled at n o r m a l  r a t e s  through the 
two-phase  region .  However,  it  was found that when the 
s tored  energy  of the s tee l  is  i nc r e a se d  by cold-working,  
profuse  nuclea t ion  of aus teni te  and rapid  par t i t ion ing  of 
the al loying e lements  occur dur ing  subsequent  anneal ing 
in the two-phase  region.  A s i m i l a r  effect is obtained 
by working the s teel  at t e m p e r a t u r e s  within the two- 
phase reg ion .  The r e su l t  is a r e c r y s t a l l i z e d ,  two-phase  
m i c r o s t r u c t u r e  with g ra ins  as sma l l  as 0.3 ~m (ASTM 
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Fig. 1--Equilibrium diagram of the Fe-Ni system below 
ll00~ 

No. 20). The r e l a t ion  be tween m i c r o s t r u c t u r e  and 
mechan i ca l  p r o p e r t i e s  was studied by e l e c t r o n  t r a n s -  
m i s s i o n  m i c r o s c o p y ,  l ight m i c r o s c o p y ,  X - r a y  d i f f r a c -  
t ion,  ha rdnes s ,  and t ens i l e  tes ts �9  

MATERIALS AND E X P E R I M E N T A L  PROCEDURE 

Table  I l i s t s  the ident i f ica t ion  code and the c o m p o -  
s i t ions  of the s t ee l s  inves t iga ted .  S tee ls  B through E 
w e r e  p r e p a r e d  by vacuum mel t ing  Grade  A104 
" P l a s t i r o n "  and e l e c t r o l y t i c  manganese ,  e l e c t r o l y t i c  
n icke l ,  and graphi te .  T h r e e - i n .  d iam ingots w e r e  cas t ,  
convent ional ly  h o t - r o l l e d ,  then a i r  cooled.  The  9 pc t  
Ni s t ee l ,  A, was a c o m m e r c i a l  product  in the f o r m  of 
1 in. p la te .  Al l  of the s t e e l s  a r e  m a r t e n s i t i c  a f t e r  fully 
aus ten i t iz ing  and cool ing to r o o m  t e m p e r a t u r e .  

Cold-work ing  was p e r f o r m e d  in mul t ip le  p a s s e s  
e i the r  by ro l l ing  or  by swaging at r o o m  t e m p e r a t u r e .  
Gene ra l l y ,  the r educ t ion  was in the range 60 to 85 pct .  
S tee l s  that were  di f f icul t  to work  at room t e m p e r a t u r e  
w e r e  f i r s t  t e m p e r e d ,  then co ld -worked  and hea ted  in 
the a + 7 reg ion .  An a l t e rna t e  p r o c e d u r e  was w a r m -  
working  in the a + y r eg ion ;  these  s p e c i m e n s  w e r e  
hea ted  in a lead bath at  the d e s i r e d  t e m p e r a t u r e  and 
r e t u r n e d  to the bath be tween  each de fo rma t ion  s tep.  
The  reduc t ion  was 75 pct .  

Reta ined  aus teni te  m e a s u r e m e n t s  were  made  at 
r o o m  t e m p e r a t u r e  by a s tandard  X - r a y  technique and 
a s p e c i m e n  holder  des igned  8 to c o r r e c t  for  t ex tu re  
p r e s e n t  as a r e s u l t  of mechan i ca l  working.  La t t i ce  
p a r a m e t e r  m e a s u r e m e n t s  w e r e  made at r o o m  t e m p e r -  
a tu re  by  X - r a y  d i f f rac t ion  ( X - C r )  f rom (211) ~ and 
(220) 7.  Spec imens  for  e l e c t r o n  t r a n s m i s s i o n  m i c r o -  
scopy w e r e  thinned by a s tandard  technique 9 and ex -  
amined  with a Ph i l l ip s  EM-300 m i c r o s c o p e .  Gra in  
s i z e s  w e r e  m e a s u r e d  by counting the number  of bound- 
a r i e s  i n t e r sec t ing  a c i r c l e  supe r imposed  on e l e c t r o n  
micrographs .~~ 

F la t  t ens i le  s p e c i m e n s  with a gage sec t ion  1.0 by 
0.250 by 0.100 in. and cy l i nd r i ca l  s p e c i m e n s  with a 
gage sec t ion  1.0 by 0.125 in. d iam w e r e  s t r a ined  at 
r o o m  t e m p e r a t u r e  at a c r o s s h e a d  speed of e i t he r  0.02 

Table  I. Composi t ion of  Steels, W t  Pct 

Identifi- 
cation N1 Mn C $1 S N P Cr Mo 

A 8.74 0.45 0.12 0.26 0.012 0.009 0.006 0.10 0.025 
B 5.7 0.11 
C 16.3 - 0.053 
D 15.1 - 0.009 
E 21.0 - 0.053 
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Fig. 2--Hardness and austenite content after 1 h at tempera- 
ture {Steel B). 
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or 0.03 i n . / m i n .  In mos t  c a s e s ,  two s p e c i m e n s  in each  
condit ion w e r e  tes ted .  

RESULTS AND DISCUSSION 

D e t e r m i n i n g  A s and Af T e m p e r a t u r e s  

Since the ex ten t  of the f e r r i t e - p l u s - a u s t e n i t e  r eg ion  
v a r i e s  with the composi t ion  of the s t ee l ,  t e s t s  w e r e  
conducted to d e t e r m i n e  the t e m p e r a t u r e  at which aus -  
teni te  s t a r t e d  to fo rm (A s) and the t e m p e r a t u r e  at which 
the s t ee l  b e c a m e  fully aus teni te  (Af). In carbon and low-  
al loy s t e e l s ,  As can be d e t e r m i n e d  f rom hardness  m e a -  
s u r e m e n t s  by assuming  that in a s e r i e s  of s p e c i m e n s  
heated to s e l ec t ed  t e m p e r a t u r e s ,  an i n c r e a s e  in h a r d -  
ness  at r o o m  t e m p e r a t u r e  ind ica tes  that austeni te  was 
p r e s e n t  at the e l eva ted  t e m p e r a t u r e .  However ,  in h igh-  
al loy s t e e l s ,  a cons ide rab le  amount  of austeni te  can 
fo rm be fo re  any ha rdness  i n c r e a s e  is  obse rved .  In 
addit ion,  the aus teni te  that f o r m s  usual ly  cannot be de -  
tec ted  by l ight  m i c r o s c o p y ;  t h e r e f o r e ,  X - r a y  d i f f rac t ion  
was used to m e a s u r e  the amount  p r e s e n t .  F ig .  2 shows 
the amount  of austeni te  and the co r r e spond ing  ha rdness  
in s p e c i m e n s  heated 1 h at each  of a s e r i e s  of t e m p e r a -  
tu res  in the range  520 ~ to 720~ (970 ~ to 1330~ In 
this  s t e e l ,  A s is  about 500~ (930~ r a t h e r  than near  
650~ (1200~ as the inf lect ion of the ha rdness  cu rve  
would ind ica te .  Reta ined aus ten i te ,  unlike m a r t e n s i t e ,  
leads  to l i t t l e  or  no ha rdness  i n c r e a s e  af ter  cool ing to 
r o o m  t e m p e r a t u r e .  It is  be l i eved  that  the combinat ion  
of an e x t r e m e l y  s m a l l  c r y s t a l  s i z e  and en r i chmen t  of 
the aus teni te  with al loying e l e m e n t s  cont r ibutes  to the 
s tabi l i ty  of the aus teni te  that f o r m s  at these r e l a t i v e l y  
low t e m p e r a t u r e s .  As F ig .  2 shows,  aus teni te  f o r m e d  
above 650~ (1200~ t r a n s f o r m s  on cooling to r o o m  
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t e m p e r a t u r e .  S i m i l a r  r e s u l t s  we re  obta ined for  the 
o ther  s t e e l s  i nves t i ga t ed .  

Effec t  of C o l d - W o r k  on Aus ten i te  F o r m a t i o n  and 
M i c r o s t r u c t u r e  

If the s t e e l  is  c o l d - w o r k e d  p r i o r  to anneal ing  in the 
f e r r i t e - p l u s - a u s t e n i t e  r eg ion ,  the r a t e  of f o r m a t i o n  of 

60 I I I I I 

% REDUCTION IN T H I C K N E S S _ ~  
50 BY ROLLING o}~ \~ 

1 0 -  

I I 
001 0.1 I I0 I00 I000 

TIME AT 500~ hrs. 
Fig. 3--Effect of cold-work on austenite formation (Steel E). 

aus ten i t e  is  m a r k e d l y  i n c r e a s e d ,  p a r t i c u l a r l y  at low 
annea l ing  t e m p e r a t u r e s .  The  ef fec t  depends  to a g r e a t  
ex tent  on the s e v e r i t y  of c o l d - w o r k ,  as  shown in F ig .  3 
for  s p e c i m e n s  r o i l e d  at r o o m  t e m p e r a t u r e ,  then an-  
nea led  at  500~ (930~ S i m i l a r  r e s u l t s  w e r e  obtained 
by swaging  at  r oom t e m p e r a t u r e  p r i o r  to anneal ing .  

Although co ld -work ing  i n c r e a s e s  the r a t e  of aus ten i te  
f o rma t ion ,  a m o r e  i m p o r t a n t  benef i t  i s  d e r i v e d  f rom i t s  
ef fec t  on the d i s t r i bu t i on  of aus t en i t e .  The p r e f e r r e d  
s i t e s  for  aus ten i t e  f o r m a t i o n  in s p e c i m e n s  that  a r e  not  
c o l d - w o r k e d  p r i o r  to anneal ing  a r e  m a r t e n s i t e  p la te  
i n t e r f a c e s  and e s p e c i a l l y  p r i o r  aus t en i t e  g r a i n  bound-  
a r i e s .  However ,  co ld -work ing  p r i o r  to anneal ing r e -  
su i t s  in a un i fo rm d i s t r i bu t i on  of equiaxed  f e r r i t e  and 
aus t en i t e .  E l e c t r o n  m i c r o g r a p h s  of typ ica l  s t r u c t u r e s  
a r e  shown in F ig .  4. Without  p r i o r  cold  work ,  F ig .  4(a),  
the m i c r o s t r u c t u r e  r e t a i n s  the a c i c u l a r  appea rance  of 
the o r i g i n a l  m a r t e n s i t e ,  w h e r e a s  c o l d - w o r k i n g  p r i o r  to 
annea l ing  r e s u l t s  in a new, equ iaxed  g ra in  s t r u c t u r e ,  
F ig .  4(b). The p h a s e s  fo rm as  e x t r e m e l y  s m a l l  c r y s t a l s  
which grow with i n c r e a s i n g  t ime  at  t e m p e r a t u r e .  How-  
e v e r ,  s ince  the t e m p e r a t u r e s  a r e  r e l a t i v e l y  low and the 
r e c r y s t a l l i z e d  s t r u c t u r e  i s  t w o - p h a s e ,  g r a in  growth i s  
r e t a r d e d  and the g r a i n s  r e m a i n  s m a l l  even a f te r  a long 
t ime  at  t e m p e r a t u r e .  F ig .  5 shows typ ica l  s t r u c t u r e s  
of s p e c i m e n s  held  at  500~ (930~ for  100 ,300 ,  1000 

(a) 

2,u.m 
I . ,  ! 
I 

(b) 
Fig. 4--Effect of prior  cold-work on the annealed mierostrueture (low and high magnifications, Steel B). (a) Annealed 16 h, 
600~ (b) Cold-worked and annealed 16 h, 600~ 
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Fig. 5--Effect of annealing time at 500~ (930~ on microstrueture and grain size (Steel E). (a) 100 h; (b) 300 h; (c) 1000 h; 
(d) 2000 h. 

and 2000 h. The g ra in  s ize  after  2000 h is l e s s  than 
1 ~tm. Natura l ly ,  g ra in  growth is s lower at t e m p e r a -  
t u re s  below 500~ (930~ and somewhat  fas te r  at 
higher  t e m p e r a t u r e s .  

Since no t r ans fo rma t ion  occurs  dur ing  cooling f rom 
500 ~ or 600~ (930 ~ or l l l 0 ~  the u l t r a f i n e - g r a i n e d  
m i c r o s t r u c t u r e  observed  at room t empe ra tu r e  in F igs .  
4 and 5 is bel ieved to be ident ica l  to that p r e s e n t  at the 
annea l ing  t e m p e r a t u r e .  Because  of their  s m a l l  s i ze ,  it  
is  diff icult  to d is t inguish  between f e r r i t e  g ra ins  and 
aus ten i te  g ra ins .  Occas iona l ly  anneal ing twins a re  ob-  
s e rved  in the nickel  s t ee l  and s tacking faults  in the 
manganese  s teel  which obviously identify aus teni te  
g r a in s .  As ment ioned e a r l i e r ,  the aus teni te  that fo rms  
dur ing  anneal ing at higher  t e m p e r a t u r e s  is l e s s  s table  
and t r a n s f o r m s  dur ing  cooling.  The re fo re ,  a va r i e ty  of 
u l t r a f i n e - g r a i n e d  m i c r o s t r u c t u r e s  cons is t ing  of e i ther  
f e r r i t e  and aus teni te ,  f e r r i t e  and m a r t e n s i t e  or f e r r i t e ,  
m a r t e n s i t e ,  and aus ten i te  can be obtained,  depending on 
the alloy content  of the s tee l  and the anneal ing  t e m p e r a -  
tu re .  

Latt ice Cons tants  and Austeni te  Stabil i ty 

R o o m - t e m p e r a t u r e  la t t ice  cons tants  of the aus teni te  an 
and f e r r i t e  were  de t e rmined  in Steel E spec imens  co ld-  

worked,  then heated to 500~ (930~ for t ime in t e rva l s  
ranging  f rom l to I000 h. No s ign i f ican t  var ia t ion  in 
the aus teni te  la t t ice  p a r a m e t e r  with t ime at t e m p e r a -  
ture  was observed ,  which indica tes  that  the f i r s t  m e a -  
su rab le  amount  of aus teni te  is a l ready  enr iched in 
n ickel .  The la t t ice  constant  obtained,  a = 3.5865, ind i -  
cates  that the aus teni te  which f o r ms  at 500~ (930~ 
contains  30.5 at.  pct  Ni. I ' Cor respond ing  changes in 
nickel  content  of f e r r i t e  could not be m e a s u r e d  because  
the f e r r i t e  la t t ice  constant  does not change apprec iably  
with n ickel  content  between approximate ly  8 and 20 pct 
Ni.  However ,  the value obtained f rom spec imens  held 
longest  at 500~ (930~ was ao = 2.869, which indicates  
that the f e r r i t e  contains  approximate ly  6 at. pct  Ni. TM 

Thus ,  the aus ten i te  is enr iched in n icke l  at the expense 
of the n ickel  content  of the f e r r i t e ,  in ag reemen t  with 
the phase r e l a t i ons  in Fig.  I .  

Although 30.5 pct Ni aus teni te  with n o r m a l  gra in  s ize  
t r a n s f o r m s  to m a r t e n s i t e  on cooling below room t e m -  
pe r a t u r e ,  t es t s  conducted on the u l t r a f i n e - g r a i n e d  
austeni te  showed that no t r a n s f o r m a t i o n  occur red  even 
after  cooling in liquid he l ium (4 K). This  addit ional  
s tabi l i ty  is  probably  due to the c lo se ly - spaced  bound-  
a r i e s  which a re  known to inhibi t  t r a n s f o r m a t i o n  of 
aus teni te  ?3 
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Table II. Test Results 

Lower Ulttmate 
Austenite Grain Yield Tensile Total Umform Reduction in 

S t ee l  Annealing Treatment Vol, Pet Size d, pm d'%/mm "~ Stress, ksi Stress, ksi Elongation, Pct Elongahon, Pct Area, Pct 

1 h 565C 10 0.37 52.0 122.0 * 12.5 0 t 
1 2 3 . 5  * 13  0 6 8 . 0  

1 h 575C 12 0.44 47.7 120.4 * 17.5 0 t 
120.9 124.9 20 12 69.6 

4h  575C 15 0.52 43.8 113.2 * 19 0 t 
A, 9 pct Ni 115.2 121.8 22.5 14 69.5 

1 h 600(2+ 20 0.59 41.2 110.9 126.8 23 17 t 
1 tt 575C 112.0 131.0 25 16.5 66 7 

16 h 575C 21 0.65 39.2 108.2 112.6 24 18 t 
106.6 117.5 25 18 69.6 

1 h 625C+ 20 0.88 33 7 88.9 159.2 19.5 14 t 
1 h 575C 89.2 161.5 18.5 13 61.8 

1 h 560C 11 0.33 55.0 138.4 142.2 12 * 66.0 
4h 520C 10 0.35 53.4 135.4 138.5 19.5 * 66.4 

B, 6 pct Mn 1 h 600C 23 "0.40 50.0 126.7 132.5 18.5 * 70.9 
1 h 640C 30 0.45 47.1 115.7 166.0 30.5 * 49,0 

16 h 600C 29 0.55 42.6 105.3 127.4 34 * 69,2 
16 h 640C 30 0.90 33.3 87.0 174.0 18.5 * 20,0 

lO00h 450C 15 0.51 44.3 111.3 * 7 0 t 
100 h 500C 23 0.49 45.2 114.7 * 7 0 t 

C, 16 pct Ni 300 h 500C 26 0.59 41.2 101.2 * 10 0 t 
1000 h 500C 31 0.69 38.1 96.0 * 19 0 t 

1000 h 450C 12 0.46 46.5 100.0 * 14.5 0 t 
100h 50(0 18 0.40 50.0 99.3 * 11.5 0 t 

D, 15 pct Ni 300 h 500C 22 0.54 43.0 90.0 * 23 0 t 
1000 h 500C 25 0.77 36.0 82.5 85.5 26 22.5 t 

16 h 500C 41 0.33 55.0 137.0 * 7 0 t 
100h 500C 53 0.37 52.0 121 5 * 7 0 t 
300 h 500C 54 0.49 45.2 109.5 * 10.5 0 t 

1000 h~, 500C 54 0.67 38.6 98.5 * 24 0 t 
E, 21 pct Ni 300 h 50012 46 0.57 41.9 105.8 * 20 0 85.1 

500h 500C 48 0.66 38.9 104.5 106.1 24 16 85 2 
1000 h 500C 51 0.70 37.0 93.0 96.3 27.5 18 85.9 
2000 h 500C 54 0.98 31.9 85.9 94.0 29 22.5 84.1 
4000 h 500C 54 1.10 30.1 81.6 91.2 31 24 82 1 

*Indmates value was not obtained. 
tlndicates flat tensile specimens. 

E f f e c t  of  G r a i n  S i z e  on  S t r e n g t h  

T o  d e m o n s t r a t e  t he  s t r e n g t h - g r a i n  s i z e  r e l a t i o n  in  

t he  s u b m i c r o n  g r a i n  s i z e  r a n g e ,  t e n s i l e  s p e c i m e n s  w e r e  
p r e p a r e d  f r o m  t h e  21 p c t  n i c k e l  s t e e l  p r o c e s s e d  to  
o b t a i n  a w i d e  r a n g e  in  g r a i n  s i z e .  C y l i n d r i c a l  t e n s i l e  

s p e c i m e n  b l a n k s  f r o m  c o l d - s w a g e d  m a t e r i a l  a n d  f l a t  
t e n s i l e  s p e c i m e n  b l a n k s  f r o m  c o l d - r o l l e d  m a t e r i a l  

w e r e  a n n e a l e d  a t  500~ ( 9 3 0 ~  f o r  t i m e  i n t e r v a l s  f r o m  
16 to  4000 h .  T h e s e  t r e a t m e n t s  w e r e  s e l e c t e d  b e c a u s e  

t h e y  p r o d u c e  e s s e n t i a l l y  5 0 - 5 0  m i x t u r e s  of  f e r r i t e  a n d  

a u s t e n i t e  a n d  t h e  a u s t e n i t e  h a s  s u f f i c i e n t  s t a b i l i t y  to  

r e s i s t  t r a n s f o r m a t i o n  d u r i n g  s t r a i n i n g .  T h e  g r a i n  
s i z e s  r a n g e d  f r o m  0 .33  to  1.1 ~ m  a n d  t h e  a u s t e n i t e  

c o n t e n t  f r o m  41 to  54 v o l u m e  p c t .  T e n s i l e  t e s t  r e s u l t s ,  

g r a i n  s i z e s  a n d  a u s t e n i t e  c o n t e n t s  a r e  l i s t e d  in  T a b l e  

I I .  T h e  l o w e r  y i e l d  s t r e s s e s  p l o t t e d  a g a i n s t  t h e  i n v e r s e  

of  t h e  s q u a r e  r o o t  of  g r a i n  d i a m e t e r  in  F i g .  6 g i v e  a 

r e a s o n a b l y  g o o d  l i n e a r  r e l a t i o n .  T h e  s l o p e  of  t h e  l i n e ,  
k in  E q .  [ I ] ,  i s  2150 p s i / m m  -I/2 (1 .51  k g / m m 3 / 2 ) .  T h i s  

s l o p e  i s  b e t w e e n  the  v a l u e  r e p o r t e d  f o r  f e r r i t i c  s t e e l ,  2 

k = 2630 p s i / m m  -I/2 (1 .84  k g / m m 3 / 2 ) ,  a n d  t h e  v a l u e  f o r  

a u s t e n i t i c  s t e e l ,  4 k = 1770 p s i / r a m  - i n  ( 1 . 2 4  k g / m m 3 / 2 ) .  
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Fig. 6 - - Gr a in  s i z e - s t r e s s  r e l a t i on  in the s u b m i e r o n  g r a i n - s i z e  
r ange  (Steel E). 

A s i m i l a r  g r a i n  s i z e - s t r e n g t h  r e l a t i o n  w a s  o b s e r v e d  

in  a l l  t h e  u n t r a f i n e - g r a i n e d  s t e e l s  i n v e s t i g a t e d ,  w i t h  

t he  e x c e p t i o n  of  a l o w - c a r b o n  s t e e l .  F i g .  7 c o m p a r e s  
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the r e s u l t s  of two n ickel  s t ee l s  with di f ferent  ca rbon  
con ten t s .  In the s tee l  with 0.053 pct C, the s lope,  k, is  
2470 p s i / m m  -1/2 (1.74 k g / m m  3/2) whereas  with 0.009 
pct  C, k is only 1330 p s i / r a m  -1/2 (0.93 kg/mm-3/2) .  

Th i s  d i f ference in slope is be l ieved to be r e l a t ed  to 
the ca rbon  content  and more  spec i f ica l ly ,  to the ro le  
that carbon  and other i n t e r s t i t i a l  e lements  play in 
s t reng then ing  gra in  bounda r i e s .  The effect of ca rbon  
on the s t r e n g t h - g r a i n  s ize  r e l a t ion  has been observed  
through s tudies  in which spec imens  are  e i ther  d e c a r -  
bu r i zed  or hea t - t r ea t ed  to r emove  the inf luence of 
c a r b o n )  However,  s ince  g r a in -bounda ry  a r ea  i n c r e a s e s  
as the g ra in  size d e c r e a s e s ,  it should be poss ib le  to 
produce  a s i m i l a r  effect by ma in ta in ing  a cons tan t  
ca rbon  content  and reduc ing  the g ra in  s ize  s e v e r a l  
o r d e r s  of magni tude.  M c L e a n ' s  ana lys i s  14 shows that 
the concen t ra t ion  of ca rbon  in g ra in  boundar ies ,  a s -  
sumed  to be three  a toms in th ickness ,  is  about 0.0015 
wt pct  when the g ra in  s ize  is  10 ~m but this i n c r e a s e s  
to about 0.015 wt pct when the g ra in  s ize  is reduced  to 
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Fig. 9--Effect of grain size on uniform tensile elongation in 
flat and cylindrical specimens (Steel A). 

1 ~m.  In the s u b m i c r o n  g ra in  s ize  r ange ,  an even 
g rea t e r  amount  of carbon would be r equ i r ed  to sa tu ra te  
the gra in  boundar i e s .  It is l ikely that the s t rength  of 
Steels C and D would be s i m i l a r  in the g ra in  s ize  range  
above 1 ~m but they d iverge ,  as shown in Fig.  7, be -  
cause Steel D has insuff ic ient  carbon  to comple te ly  
s t reng then  the g ra in  boundar ies .  Such a d iscont inui ty  
in the Ha l l -Pe rch  plot due to i m p u r i t i e s  has been p r e -  
dicted by Li 15 and others  but has not been demons t ra t ed  
in s tee l  of n o r m a l  pur i ty .  

Effect of G r a i n  Size on Te ns i l e  Elongat ion 

S t r e s s - s t r a i n  cu rves  exhibited a wel l -def ined  upper  
yield point  followed by local ized deformat ion  at con-  
s tant  s t r e s s ,  s i m i l a r  to L~ders  de format ion .  This  
type of y ie ld ing ,  which is c h a r a c t e r i s t i c  of low-carbon  
s tee l ,  was observed  in all  the s t ee l s  inves t iga ted  
r e g a r d l e s s  of the re la t ive  p ropor t ions  of f e r r i t e  and 
aus teni te  in the m i c r o s t r u c t u r e .  However ,  plas t ic  
ins tab i l i ty  was observed in s e ve r a l  of the s tee l s .  This  
ins tab i l i ty  is c ha r a c t e r i z e d  by necking in the de fo rma-  
tion band before  the band t r a v e r s e s  the en t i re  gage 
sect ion of the spec imen .  As a r e s u l t ,  there  is no un i -  
form elongat ion and a very  sma l l  total  e longat ion.  

Typica l  s t r e s s - e l o n g a t i o n  curves  for these two 
types of spe c i me ns  are  shown in Fig .  8, des ignated as 
Type I and Type II. When the g ra in  s ize  is 0.7 ~m or 
l a r g e r ,  de fo rmat ion  at cons tant  s t r e s s  (L~ders  de-  
formation)  i s  followed, as in the n o r m a l  case  by a r i s e  
in s t r e s s  (Type II) and total e longat ion va lues  nea r  
30 pct a re  obtained.  However,  when the g ra in  s ize  is 
0.57 ~m or s m a l l e r ,  the spec imens  neck and f rac tu re  
dur ing  LUders deformat ion  (Type I) and total  e longa-  
tion va lues  a re  as low as 7 pct.  

Such behav io r ,  no t  usual ly  encounte red  in n o r m a l  
s t r a i n - r a t e ,  r o o m - t e m p e r a t u r e  t e s t s ,  is a t t r ibuted  to 
the except ional ly  s m a l l  g ra in  s ize .  F o r  po lycrys ta l l ine  
spec imens  deforming  homogeneously,  t rue  s t r e s s ,  ~, is 
emp i r i ca l l y  r e l a t ed  to t rue  s t r a i n ,  e, by 

METALLURGICAL TRANSACTIONS 



,~ = K E  n [2] 
w h e r e  K is  a cons tan t  and n i s  the s t r a i n - h a r d e n i n g  
exponent .  In a un iax ia l  t en s i l e  t e s t ,  the s p e c i m e n  begins  
to neck  when e = n = Eu, the un i fo rm s t r a i n .  If d e f o r m a -  

? t  

t ion o c c u r s  nonhomogeneous ly ,  such as  in L u d e r s  d e -  
f o r m a t i o n ,  the s p e c i m e n  necks  when 

e L > n [3] 
vY 

w h e r e  e L is  the L u d e r s  s t r a i n .  Var ious  f a c t o r s  such as 
s t r a i n  r a t e ,  t e s t  t e m p e r a t u r e ,  ca rbon  content  and g r a i n  
s i ze  2'16 a r e  known to af fec t  e L and n (or eu). Ref in ing 
the g r a i n  s i ze  c a u s e s  e L to i n c r e a s e  and n to d e c r e a s e ;  
t h e r e f o r e  the uns t ab le  condi t ion  r e p r e s e n t e d  by Eq.  [3 ] 
can be c r e a t e d  by changing only one v a r i a b l e ,  the g ra in  
s i z e .  Th is  is  in a g r e e m e n t  with the o b s e r v a t i o n s  in 
F ig .  8 and with p r e v i o u s  o b s e r v a t i o n s  on a f e r r i t i c  
s t ee l . ' 6  

The effect  of s i z e  on " ,, g r a i n  L u d e r s  s t r a i n  can be seen  
in F ig .  8. L u d e r s  d e f o r m a t i o n  is  comple t e  a f t e r  about 
3 pc t  e longat ion when the g r a i n  s ize  is  1.1 ~ m  and a f te r  
about 8 pc t  when the g r a i n  s i ze  is  0.70 ~ m .  L~{ders 
s t r a i n  in the 0.57 p m  g r a i n - s i z e  s p e c i m e n  a p p e a r s  to 
be g r e a t e r  than 20 pct ;  however ,  the s p e c i m e n  necked  
b e f o r e  L ~ d e r s  d e f o r m a t i o n  was comple t e .  Neck ing  
began  soon a f te r  the d e f o r m a t i o n  band f o r m e d  when the 
g r a i n  s i ze  was  0.37 ~m. The  i n c r e a s e  in E L and the d e -  
c r e a s e  in n with d e c r e a s i n g  g ra in  s i ze  is  ev iden t  in the 
two Type II c u r v e s  in F ig .  8. 

In addi t ion to the ef fec t  of g ra in  s i z e ,  r e s u l t s  f r o m  
s e v e r a l  s t e e l s  ind ica te  that  s p e c i m e n  g e o m e t r y  a l so  
af fec ts  L ~ d e r s  band necking ,  F ig .  9. When p l a s t i c  
i n s t ab i l i t y  o c c u r s ,  un i fo rm elongat ion d rops  to z e r o .  
In the 9 pct  Ni s t e e l ,  th is  o c c u r s  in the f la t  t en s i l e  
s p e c i m e n s  between g r a i n  s i z e s  of 0.52 and 0.59 ~m 
and in the c y l i n d r i c a l  t en s i l e  s p e c i m e n s  be tween  0.37 
and 0.44 g~-n. This  e f fec t  i s  be l i eved  to be r e l a t e d  to 
the s h a r p n e s s  of the s t r a i n  g rad i en t  dur ing  L[{ders d e -  
fo rma t ion .  In f la t  s p e c i m e n s ,  the d e f o r m a t i o n  f ron t  is  
m o r e  c l e a r l y  def ined  and the s t r a i n  g r a d i e n t  s t e e p e r  
than in c y l i n d r i c a l  s p e c i m e n s ,  p robab ly  b e c a u s e  of l e s s  
r e s t r i c t i o n  to the f o r m a t i o n  of the d e f o r m a t i o n  band in 
f la t  s p e c i m e n s .  

Ef fec t  of Gra in  Size  and Aus ten i te  S tabi l i ty  on Other  
T e n s i l e  P r o p e r t i e s  

The effect  of g r a i n  s i ze  on y ie ld  s t r eng th  and t ens i l e  
e longat ion  has been d i s c u s s e d .  Because  of p l a s t i c  
i n s t ab i l i t y  in u l t r a f i n e - g r a i n e d  s p e c i m e n s ,  ~ d e c r e a s e  
in g r a i n  s i ze  can r e s u l t  in a d e c r e a s e  in to ta l  e l onga -  
tion and a ve ry  abrup t  d e c r e a s e  in un i fo rm e longa t ion .  
When this  o c c u r s ,  the s t e e l  does  not s t r a i n  ha rden  and 
t h e r e f o r e  the y ie ld  s t r e n g t h  equals  the u l t i m a t e  t ens i l e  
s t r eng th .  Reduct ion  in a r e a  i s  not af fec ted  by p l a s t i c  
i n s t a b i l i t y ,  however ,  as  shown in F ig .  10. Reduc t ion  in 
a r e a  in a l l  the s t e e l s  i nves t i ga t ed  was e s s e n t i a l l y  un-  
changed over  a f a i r l y  wide g ra in  s ize  r a n g e ,  al though 
some  p r e v i o u s  r e s u l t s  ind ica te  that  i t  is  i m p r o v e d  by 
g r a i n  r e f i nemen t .  ~ A s l igh t ly  s m a l l e r  r educ t ion  in 
a r e a  at l a r g e r  g r a i n  s i z e s  i s  be l i eved  to r e s u l t  f r om 
t r a n s f o r m a t i o n  of aus t en i t e  to m a r t e n s i t e  dur ing  
s t r a i n i n g .  Examina t i on  by X - r a y  d i f f r ac t ion  of f r a c -  
t u r ed  t ens i l e  s p e c i m e n s  of S tee l s  A and B v e r i f i e d  that  
such t r a n s f o r m a t i o n  had o c c u r r e d .  F r e q u e n t l y  th is  
p r o c e s s  p r o d u c e s  s e r r a t i o n s  in the l o a d - e l o n g a t i o n  
c u r v e .  
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I 

Accompany ing  the s t r a i n - i n d u c e d  t r a n s f o r m a t i o n  of 
aus t en i t e ,  a c o r r e s p o n d i n g  r i s e  in u l t ima te  t en s i l e  
s t r e s s  is  o b s e r v e d  in s e v e r a l  9 pc t  Ni  and 6 pc t  Mn 
s p e c i m e n s ,  Tab le  II .  Aus ten i t e  b e c o m e s  l e s s  s tab le  
by i n c r e a s i n g  the g ra in  s i ze  ( longer  anneal ing  t ime)  or  
by r educ ing  the d e g r e e  of a l loy pa r t i t i on ing  to the 
aus ten i t e  (h igher  anneal ing  t e m p e r a t u r e ) .  T r a n s f o r m a -  
t ion of aus t en i t e  dur ing  s t r a i n i n g  r e s u l t s  in a Type  III 
d e f o r m a t i o n ,  with a high r a t e  of w o r k - h a r d e n i n g ,  shown 
in F ig .  11, in c o n t r a s t  to T y p e s  I and II d i s c u s s e d  
e a r l i e r .  T h e r e f o r e ,  by con t ro l l ing  the anneal ing  con-  
d i t ions ,  i t  i s  p o s s i b l e  to p r e v e n t  e a r l y  necking and 
to obta in  a m o r e  d e s i r a b l e  type of p l a s t i c  behav io r  
(Type III) r a t h e r  than ve ry  low s t r a i n  ha rden ing  
(Type II) o r  p l a s t i c  i n s t ab i l i t y  (Type I),  both of which 
a r e  c h a r a c t e r i s t i c  of u l t r a f i n e - g r a i n e d  s p e c i m e n s .  

W a r m  -Work ing  

The u l t r a f i n e - g r a i n e d  m i c r o s t r u c t u r e  obta ined by 
c o l d - w o r k i n g  and heat ing at  t e m p e r a t u r e s  in the two-  
phase  r e g i o n  can a lso  be p r o d u c e d  by  work ing  the 
s t e e l  a t  the anneal ing  t e m p e r a t u r e .  Spec imens  were  
w a r m - w o r k e d  as  d e s c r i b e d  e a r l i e r .  As  F ig .  12 shows,  
w a r m - w o r k i n g  the s t e e l  has  n e a r l y  the s a m e  effect  on 
aus t en i t e  f o r m a t i o n  as  c o l d - w o r k i n g - p l u s - a n n e a l i n g  in 
the a + ~ r eg ion .  E s s e n t i a l l y  the s a m e  un i fo rmly  fine 
d i s t r i b u t i o n  of aus ten i t e  and quite s i m i l a r  m e c h a n i c a l  
p r o p e r t i e s  can be obta ined by this  a l t e r n a t e  p r o c e d u r e .  

SUMMARY 

An u l t r a f i n e - g r a i n e d  m i c r o s t r u c t u r e  can be obtained 
by annea l ing  c o l d - w o r k e d  a l loy  s t e e l s  a t  t e m p e r a t u r e s  
in a t w o - p h a s e ,  c~ + y r e g ion .  Hea t ing  a t  these  t e m p e r -  
a t u r e s  p r o d u c e s  equiaxed g r a i n s  of l ow-a l loy  f e r r i t e  
and h i g h - a l l o y  aus ten i t e .  Since the anneal ing  t e m p e r a -  
t u r e s  a r e  r e l a t i v e l y  low and the r e c r y s t a l l i z e d  s t r u c -  
ture  i s  t w o - p h a s e ,  g r a i n  growth  i s  r e s t r i c t e d  and the 
g r a i n  s i ze  r e m a i n s  s m a l l  even a f t e r  a long holding 
t i m e .  Spec imens  with g ra in  s i z e s  in the r ange  0.3 to 
1.1 ~m (ASTM 20 to 16) we re  obta ined in manganese  
and n icke l  s t e e l s  by anneal ing for  1 to 4000 h at  t e m -  
p e r a t u r e s  be tween  450 ~ and 650~ (840 ~ and 1200~ 

The w e l l - e s t a b l i s h e d  g r a i n  s i z e - s t r e n g t h  r e l a t i o n  is  
o b s e r v e d  in the s u b m i c r o n  g r a i n - s i z e  r ange .  In a 21 
pc t  Ni s t e e l ,  for  e x a m p l e ,  d e c r e a s i n g  the g r a i n  s i ze  
f rom 1.1 to 0.33 ~m r e s u l t s  in a 68 pc t  i n c r e a s e  in 
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y i e l d  s t r e s s .  T h e  g r a i n  s i z e  d e p e n d e n c e  of the  l o w e r  
y i e l d  s t r e s s ,  k, i s  2150 p s i / m m  -~t2 (1.51 k g / m m  3t2, 
wh ich  is  b e t w e e n  the  v a l u e s  r e p o r t e d  fo r  f e r r i t i c  and 
a u s t e n i t i c  s t e e l s .  

A s i m i l a r  g r a i n  s i z e - s t r e n g t h  r e l a t i o n  w a s  o b s e r v e d  
in a l l  but  one of the  s t e e l s  i n v e s t i g a t e d .  T h e  v a l u e  of k 
i s  m u c h  l o w e r  in th i s  s t e e l  p r o b a b l y  b e c a u s e  i t s  l o w e r  
c a r b o n  con ten t  p r o v i d e s  i n s u f f i c i e n t  c a r b o n  to fu l ly  
s t r e n g t h e n  the g r a i n  b o u n d a r i e s .  C a r b o n  and o t h e r  
s u r f a c e - a c t i v e  e l e m e n t s  a r e  b e l i e v e d  to m i g r a t e  to 
g r a i n  b o u n d a r i e s  and the to t a l  so lub i l i t y  of s u c h  i m p u r i -  
t i e s  i n c r e a s e s  g r e a t l y  when  the  g r a i n  s i z e  i s  r e d u c e d  
s e v e r a l  o r d e r s  of m a g n i t u d e .  T h u s ,  n o r m a l  i m p u r i t y  
c o n t e n t s  m a y  be a d e q u a t e  to s t r e n g t h e n  b o u n d a r i e s  

t h r o u g h o u t  the  n o r m a l  g r a i n  s i z e  r a n g e ,  but  not  in the  
s u b m i c r o n  r a n g e .  

D e p e n d i n g  on v a r i o u s  f a c t o r s  s u c h  as  g r a i n  s i z e ,  
a u s t e n i t e  s t a b i l i t y  and s p e c i m e n  g e o m e t r y ,  t h r e e  
d i s t i n c t  t y p e s  of p l a s t i c  b e h a v i o r  w e r e  o b s e r v e d  in 
u n t r a f i n e - g r a i n e d ,  f e r r i t e - a u s t e n i t e  s p e c i m e n s .  A l l  
t e n s i l e  s p e c i m e n s  y i e l d e d  wi th  a w e l l - d e f i n e d  u p p e r  
y i e ld  p o i n t  f o l l o w e d  by l o c a l i z e d  d e f o r m a t i o n  at c o n -  

t ?  

s t an t  s t r e s s ,  s i m i l a r  to L u d e r s  d e f o r m a t i o n .  With  the  
s m a l l e s t  g r a i n  s i z e s ,  s p e c i m e n s  n e c k e d  wi th in  the 
d e f o r m a t i o n  band and f r a c t u r e d  b e f o r e  the band 
t r a v e l e d  the  l eng th  of the  gage  s e c t i o n .  T h i s  r e s u l t s  
in v e r y  low e l o n g a t i o n  v a l u e s  b e c a u s e  m o s t  of the 
d e f o r m a t i o n  o c c u r s  only in the n e c k e d  p o r t i o n  of the  
s p e c i m e n .  In s l i g h t l y  l a r g e r  g r a i n  s i z e  s p e c i m e n s ,  
d e f o r m a t i o n  a t  c o n s t a n t  s t r e s s  i s  f o l l owed  by a s l i g h t  
r i s e  in s t r e s s  in the n o r m a l  m a n n e r .  A th i rd  type of 
b e h a v i o r  w a s  o b s e r v e d  in s p e c i m e n s  in which  the 
a u s t e n i t e  p a r t i a l l y  t r a n s f o r m e d  to m a r t e n s i t e  d u r i n g  
s t r a i n i n g .  T h i s  t r a n s f o r m a t i o n  p r e v e n t s  e a r l y  n e c k i n g  
and g r e a t l y  i n c r e a s e s  the  s t r a i n - h a r d e n i n g  c a p a c i t y  of 
the s t e e l .  T h u s ,  a low r a t e  of s t r a i n  h a r d e n i n g  and 
p l a s t i c  i n s t a b i l i t y ,  both  of wh ich  a r e  c h a r a c t e r i s t i c  of 
u l t r a f i n e - g r a i n e d  s t e e l s ,  can  be  a v o i d e d  by c o n t r o l l i n g  
the r e s i s t a n c e  of the a u s t e n i t e  to t r a n s f o r m a t i o n .  
A u s t e n i t e  i s  m a d e  l e s s  s t a b l e  by i n c r e a s i n g  the g r a i n  
s i z e  o r  by r e d u c i n g  the d e g r e e  of a l loy  p a r t i t i o n i n g .  

E s s e n t i a l l y  the  s a m e  u l t r a f i n e - g r a i n e d  m i c r o s t r u c -  
t u r e  can  a l s o  be  ob ta ined  by w a r m - w o r k i n g  at  t e m -  
p e r a t u r e s  in the  ~ + V r e g i o n .  By c o n t r o l l i n g  the 
c o n d i t i o n s  fo r  annea l ing  a n d / o r  w a r m - w o r k i n g ,  
v a r i o u s  c o m b i n a t i o n s  of u l t r a f i n e - g r a i n e d  f e r r i t e  and 
a u s t e n i t e ,  f e r r i t e ,  and m a r t e n s i t e ,  o r  f e r r i t e ,  a u s t e n -  
i t e ,  and m a r t e n s i t e  can  be  o b t a i n e d .  
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T h e  a u t h o r  g r a t e f u l l y  a c k n o w l e d g e s  he lp fu l  d i s c u s -  
s i o n s  wi th  W. B .  M o r r i s o n ,  R.  A.  G r a n g e ,  and W. C .  
L e s l i e  and the  a s s i s t a n c e  of C .  E .  G r o f f ,  R .  C.  G l e n n ,  
K.  R .  P h i l l i p s ,  and W. B.  S e e n s ,  h i s  a s s o c i a t e s  at  the  
U.  S. S tee l  C o r p o r a t i o n  R e s e a r c h  L a b o r a t o r y .  
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