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A s tudy has  been  made of the e f fec t s  of r e v e r t e d  aus t en i t e  on the m e c h a n i c a l  p r o p e r t i e s  
and toughness  of t h r e e  m a r a g i n g  s t e e l s .  I t  i s  found that  r e v e r t e d  aus t en i t e  has  no d e t r i -  
men ta l  e f fec t s  on the m e c h a n i c a l  p r o p e r t i e s  and toughness  and even i m p r o v e s  these  p r o p -  
e r t i e s  when p r e c i p i t a t e d  along m a r t e n s i t e  lath b o u n d a r i e s .  Th is  o c c u r s  for  unde raged  
s p e c i m e n s .  A d e t r i m e n t a l  e f fec t  on toughness  is  found when r e v e r t e d  aus t en i t e  p r e c i p i -  
t a t e s  a t  p r i o r  aus ten i t i c  g r a i n  bounda r i e s  which o c c u r s  for  ove raged  s p e c i m e n s .  O v e r -  
aged p r e c i p i t a t e s  a r e  a l so  r e s p o n s i b l e  for  the d e c r e a s e  in toughness  in the o v e r a g e d  
condi t ion .  

T H E  ef fec t s  of r e v e r t e d  aus t en i t e  on the mech a n i c a l  
p r o p e r t i e s  and toughness  of m a r a g i n g  s t e e l s  is  s o m e -  
wha t  c o n t r a d i c t o r y  in the l i t e r a t u r e .  I t  has  been  s t a ted  1 
that  a l though r e v e r t e d  aus ten i t e  may  i m p r o v e  f a b r i -  
c a b i l i t y  if in t roduced  at  an i n t e r m e d i a t e  s t age  of p r o c -  
e s s i n g ,  i t  should be e l im ina t ed  by cold  work  or  r e -  
annea l ing .  However ,  F l o r e e n  ~ has  sugges t ed  that  the 
p r e s e n c e  of aus t en i t e  in 18 Ni (2505 m a r a g i n g  s t e e l  
could  exp la in  i t s  h igher  toughness  r e l a t i v e  to o ther  
g r a d e s  of m a r a g i n g  s t e e l s  when c o m p a r e d  a t  equal  
s t r e n g t h s .  3-4 Th i s  could be connec ted  to L e g e n d r e ' s  
f inding 5 showing that  the un i fo rm  e longat ion  of t ens i l e  
s a m p l e s  of a 19 Ni 9 Co 5 Mo m a r a g i n g  s t e e l  i n c r e a s e d  
s u b s t a n t i a l l y  when the s t e e l  was  hea t  t r e a t e d  so that  
s o m e  r e v e r t e d  aus t en i t e  was  p roduced .  The conne c -  
t ion is  made  through the c o r r e l a t i o n  which s e e m s  to 
e x i s t  be tween  un i fo rm e longat ion  and f r a c t u r e  tough-  
n e s s .  8-7 We would l ike  to r e p o r t  he r e  some  r e s u l t s  on 
the ef fec t  of r e v e r t e d  aus t en i t e  on the m e c h a n i c a l  
p r o p e r t i e s  and toughness  of two 12 Ni ,  5 C r ,  3 Mo 
(J and A) and a 18 Ni,  8 Co,  3 Mo (200 g rade )  (K) 
m a r a g i n g  s t e e l .  

MATERIALS AND EXPERIMENTAL PROCEDURE 

The two 12 Ni s t e e l s  d i f f e red  in me l t ing  p r a c t i c e  
p roduc ing  a d i f f e ren t  d i s t r i bu t i on  of i nc lu s ions ,  p r e -  
s u m a b l y  not  changed fu r t he r  by the subsequen t  hea t  
t r e a t m e n t s .  S tee l  J is  f r o m  a vacuum induct ion m e l t ,  
and s t e e l  A f r o m  an e l e c t r i c  fu rnace  m e l t .  S tee l  K was 
me l t ed  by vacuum induct ion.  The compos i t i on  of the 
t h r e e  s t e e l s  is  shown in Tab le  I .  

A l l  aging t r e a t m e n t s  we re  p e r f o r m e d  a f t e r  a u s t e n -  
i t i z ing  for  2 h a t  850~ and oil  quenching.  Op t i ca l  
m i c r o g r a p h s  showed inc lus ions  5 to 10 ~ in s i ze  in 
the t h ree  s t e e l s .  In s t e e l s  J and K the d i s t ance  b e -  
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tween inc lus ions  is  a p p r o x i m a t e l y  150 to 300 t~ and in 
s t e e l  A be tween 50 and 100 ~t. 

The  load-e longa t ion  c u r v e s  of the s t e e l s  (af ter  d i f -  
f e r e n t  aging t i m e s  a t  565 ~ and 520~ were  obtained 
f r o m  c y c l i n d r i c a l  t ens i l e  s p e c i m e n s  0.8 in.  in gage 
length and 0.185 in.  in d i a m e t e r  a t  a s t r a i n  r a t e  of 
0.1 min -1 . 

The amount  of r e v e r t e d  aus t en i t e  f o r m e d  a f t e r  d i f -  
f e r e n t  t i m e s  at  the d i f fe ren t  aging t e m p e r a t u r e s ,  was  
m e a s u r e d  by c o m p a r i n g  the X - r a y  i n t e g r a t e d  i n t e n s i -  
t i e s  of (211) a with the mean  va lues  of the i n t eg ra t ed  
i n t e n s i t i e s  of (311) V and (2205 V; these  two l a s t  peaks  
should be equal  if no t ex tu re  is  p r e s e n t .  Th i s  a v e r a g -  
ing m i n i m i z e s  the e r r o r s  due to the mi ld  t ex tu re  
ac tua l l y  p r e s e n t  8 (the d i f f e rence  in i n t e g r a t e d  i n t e n s i -  
t i e s  of the (311)~ and the (220)~ was l e s s  than 30 pct ) .  
The  r a d i a t i o n  used  was  molybdenum f i l t e r e d  with 
z i r c o n i u m ,  which due to the r e l a t i v e  i n s e n s i t i v i t y  of 
the a bso rp t i on  coef f i c ien t s  to the d i f f e ren t  e l e m e n t s  
p r e s e n t  in the s t e e l s ,  m i n i m i z e d  e r r o r s  due to changes  
in compos i t i on  of the p h a s e s  at  the d i f f e r en t  aging 
t i m e s .  No c o r r e c t i o n s  we re  made  for  the fac t  that  a 
t h i rd  phase  was  p r e s e n t ,  i .e.  the p r e c i p i t a t e s .  Th is  
l e a d s  to an o v e r e s t i m a t i o n  of the amount  of aus t en i t e  
p r e s e n t  by some  few p e r c e n t  a t  the l onges t  aging 
t i m e s  .9 

The  r o o m  t e m p e r a t u r e  toughness  of the d i f f e ren t  
m i c r o s t r u c t u r e s  was d e t e r m i n e d  on f a t i g u e - p r e c r a c k e d  
Charpy  s p e c i m e n s  b roken  by i m p a c t .  The e n e r g y  spen t  
in b r e a k i n g  unit  f r a c t u r e  a r e a  of the s p e c i m e n  was  

Table I. Composition of Steels 

Steel A J K 

N1 11.12 11.75 18.10 
Mo 3.16 3.04 3.09 
Co 0.09 0.09 8.55 
Cr 4.80 4.74 0.015 
Ti 0.25 0.23 0.23 
AI 0.042 0.068 0.092 
Mn 0.08 0.064 0.047 
Si 0.089 0.050 0.065 
C 0.020 0.012 0.011 
P 0.005 0.011 0.005 
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Fig. 1--Yield s t ress  and volume fraction of reverted austenite 
as a function of aging time. 

taken as  a m e a s u r e  of the toughness  of the m a t e r i a l .  
P lane  s t r a i n  condi t ions  a r e  by no means  p r e s e n t  in 
the s p e c i m e n s ,  and the e n e r g i e s  obtained should not be 
taken  as  a m e a s u r e  of GIr i.e. the p l a n e - s t r a i n  c r a c k  
r e s i s t a n c e  fo rce .  The r e p o r t e d  va lues  a r e  the mean 
va lues  of a t  l e a s t  t h r ee  s p e c i m e n s .  

The f r a c t u r e  s u r f a c e s  we re  examined  by two s tage  
p l a s t i c - c a r b o n  r e p l i c a s .  Thin f i l m s  for  t r a n s m i s s i o n  
e l e c t r o n  m i c r o s c o p y  obse rva t i on  were  p r e p a r e d  by 
us ing a 10 pc t  p e r c h l o r i c  ac id  in ace t i c  ac id  solut ion 
as  e l e c t r o l y t e  in a j e t  po l i sh ing  unit .  

RESULTS 

Mechan ica l  P r o p e r t i e s  

F ig .  1 shows the y ie ld  s t r e s s  of the t h r e e  s t e e l s  a s  
a function of aging t ime  at  565 ~ and 520~ In the s a m e  
g r a p h ,  we have p lo t ted  the amount  of r e v e r t e d  a u s t e n -  
ire as  a function of aging t ime  a t  520 ~ and 565~ The 
amount  of aus ten i t e  i n c r e a s e s  r ap id ly  a t  the beginning 
of the r eac t ion ;  even tua l ly  the r a t e  d e c r e a s e s  s h a r p l y  
and a p la tea t i  is  r e a c h e d .  

I t  is  i n t e r e s t i ng  to note that  a t  both t e m p e r a t u r e s  
and for  a l l  t h ree  s t e e l s  the sha rp  change in the r a t e  
of f o rma t ion  of aus t en i t e  occu r s  at  the s a m e  t ime the 
peak  y ie ld  s t r e s s  is  r e a c h e d .  At  this  point ,  28, 30, and 
30 pc t  aus ten i te  f o r m e d  at  565~ is  p r e s e n t  in the J ,  
A,  and K s t e e l s  r e s p e c t i v e l y ;  meanwhi le ,  25, 22, and 
29 pc t  aus ten i t e  we re  f o r m e d  at  520~ The amounts  
r e a c h e d  a f t e r  198 h at  565~ a r e  35, 37 and 39 pc t  
and a t  520~ a f t e r  160 h 26, 25, and 34 pc t  r e s p e c t i v e l y .  
Th i s  shows that  the d e c r e a s e  of the y ie ld  s t r e s s  found 
a f t e r  the peak  has  been r eached  p robab ly  is  not  due 
e n t i r e l y  to r e v e r s i o n  of aus ten i t e  but  a l so  to overag ing  
of the harden ing  p r e c i p i t a t e s .  The amount  of aus t en i t e  
a t  the peak  y ie ld  s t r e s s  is  subs t an t i a l l y  g r e a t e r  than 
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Fig. 2--Uniform plastic strain as a function of aging time. 

the value of 14 pc t  found by P e t e r s  for  F e - 1 8  Ni -Mo 
a g e - h a r d e n a b l e  a l l o y s ,  a t  peak  h a r d n e s s  9 a f t e r  aging 
a t  482~ 

At  565~ both p r e c i p i t a t i o n  (obse rved  with the e l e c -  
t ron  m i c r o s c o p e )  and the r e v e r s i o n  of m a r t e n s i t e  to 
aus t en i t e  s e e m  to occur  s i m u l t a n e o u s l y .  At  520~ 
however ,  some  p r e c i p i t a t i o n  r a i s e s  the y ie ld  s t r e s s  
by about  50 ks i  for  the J and A s t e e l s  and 70 ks i  for  
the K s t e e l  be fo re  the r e v e r s i o n  of m a r t e n s i t e  to 
aus t en i t e  s t a r t s .  J u s t  be fo re  aus t en i t e  i s  de t ec t ed  in 
a l l  t h r ee  s t e e l s  the y ie ld  s t r e s s  r e m a i n s  cons tan t  for  
a c e r t a i n  aging t ime  p e r h a p s  due to some  d i s so lu t ion  
of the p r e c i p i t a t e s .  T h e r e a f t e r ,  the y ie ld  s t r e s s  con-  
t inues  to i n c r e a s e  by about  34, 20, and 28 ks i  for  the 
J ,  A,  and K s t e e l s  r e s p e c t i v e l y  even though the amount  
of r e v e r t e d  aus ten i t e  i n c r e a s e s  r a p i d l y .  The  s a m e  is  
o b s e r v e d  a t  565~ f rom the beginning  of aging;  i n t e r -  
e s t ing ly  enough then,  the p r e s e n c e  of r e v e r t e d  a u s t e n -  
ire thought to be a weak phase  does  not  s e e m  to r educe  
the y ie ld  s t r e s s  and even may  be i n c r e a s i n g  it .  The 
un i fo rm s t r a i n  was found to i n c r e a s e  with aging t i m e .  
At  565~ for  the A and J s t e e l s ,  the un i fo rm s t r a i n  
i n c r e a s e s  r a p id ly  with aging t ime  f r o m  a value  of 
~1.3 pc t  for  the unaged s p e c i m e n s  to about  4 pc t  a f t e r  
aging for  0.25 h. A s l igh t  d e c r e a s e  in e longat ion  i s  
found a round  the peak  y ie ld  s t r e s s  and f ina l ly ,  an in -  
c r e a s e  to about  5.2 pc t  for  the longer  aging t i m e s  
(150 h). F o r  s t e e l  K the t r end  is  s i m i l a r  a l though the 
f i r s t  r a p i d  i n c r e a s e  is  s l ow e r ;  the un i fo rm s t r a i n  in -  
c r e a s e s  f r o m  1.3 pc t  to about  2.5 pc t  a f t e r  1 h ag ing ,  
and to about  4 pc t  a t  the longe r  aging t i m e s  (150 h). 
At  520~ where  p r e c i p i t a t i o n  s t a r t s  much be fo re  
aus t en i t e  r e v e r s i o n , u n i f o r m  e longat ion  did not  i n c r e a s e  
unt i l  aus t en i t e  s t a r t e d  to f o r m .  Th i s  i s  s een  in F ig .  2 
which shows how the un i fo rm  s t r a i n  v a r i e s  with aging 
t ime  at  520 ~ and 565~ A s l igh t  d e c r e a s e  in the un i -  
f o r m  s t r a i n  a t  s m a l l  aging t i m e s  i s  found, fol lowed by 
a r a p i d  i n c r e a s e  when aus t en i t e  s t a r t s  to f o r m .  A 
m o d e s t  d rop  in the un i fo rm s t r a i n  is  found at  peak  
y ie ld  s t r e s s ,  fol lowed by a r i s e  p r e s u m a b l y  a s s o c i a t e d  
with the overag ing  of p r e c i p i t a t e s .  Some of the load 
e longat ion  c u r v e s ,  m e a s u r e d  a f t e r  d i f f e r en t  t i m e s ,  a t  
520~ a r e  shown in F i g .  3 for  s t e e l  J ;  the n u m b e r s  on 
each  curve  a r e  the aging t i m e s  in h o u r s .  S i m i l a r  
c u r v e s  we re  found for  s t e e l  A and K. 

Toughness*  

*Note that from the method of measurement, this is only a relative term. 

F ig .  4 shows the va lues  of f r a c t u r e  e n e r g y  found for  
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steel. 

each  s t e e l  in t h r e e  d i f f e ren t  condi t ions  but  a t  the s a m e  
y ie ld  s t r e s s .  Th i s  i s  i l l u s t r a t e d  s c h e m a t i c a l l y  in F ig .  
5. The th ree  m i c r o s t r u c t u r e s  which a r e  d i s c u s s e d  in 
the fol lowing sec t ion  a r e :  

1) e s s e n t i a l l y  no r e v e r t e d  aus t en i t e  with some  p r e -  
c ip i t a t ion  harden ing  

2) some  r e v e r t e d  aus ten i t e  and unde raged  p r e c i p i -  
t a t e s  

3) s o m e  r e v e r t e d  aus t en i t e  and ove raged  p r e c i p i t a t e s  

The 12 Ni s t e e l s  we re  t e s t ed  a t  a y ie ld  s t r e s s  of 
160 ks i  and the 18 Ni s t e e l  a t  180 ks i .  F o r  the th ree  
s t e e l s ,  t he re  i s  no impor t an t  d i f f e rence  in toughness  
be tween  the m i c r o s t r u c t u r e s  1 and 2. However ,  the 
m i c r o s t r u c t u r e  3, i .e.,  the ove raged  condi t ion ,  shows 
a lower  toughness  in a l l  t h r ee  s t e e l s .  I t  i s  i n t e r e s t i n g  
to  note that  in the ove raged  condi t ion  both s t e e l s  A 
and J show the s a m e  toughness  al though s t e e l  J is  
tougher  than A when in the unde raged  condi t ions  1 and 
2. M o r e o v e r ,  the toughness  of s t e e l  K at  a y ie ld  s t r e s s  
of 180 ks i  is  h igher  than that  of s t e e l  A a t  160 k s i .  
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Fig. 5--Illustrating schematically microstructures 1, 2, and 3 
on the yield s t ress  aging time plot. 

M i c r o s t r u c t u r e  

F i g .  6(a),  (b) and (c) shows opt ica l  m i c r o g r a p h s  of 
the th ree  m i c r o s t r u c t u r e s  1, 2, and 3, r e s p e c t i v e l y ,  of 
s t e e l  A.  Although the m i c r o s t r u c t u r e  2 has  about 25 
pc t  of r e v e r t e d  aus t en i t e ,  th is  is  not r ecogn izab l e  on 
the m i c r o g r a p h s .  The d i f f e r ence  in a p p e a r a n c e  b e -  
tween m i c r o s t r u c t u r e  I with no aus t en i t e  and m i c r o -  
s t r u c t u r e  2 is  ma in ly  that  the l a t t e r  one s e e m s  to show 
f ine r  m i c r o s t r u c t u r e .  When in the ove raged  condi t ion ,  
however ,  the aus ten i t e  is  r e a d i l y  seen  a s  white r i bbons ,  
p o s s i b l y  due to changes  in compos i t i on  which make the 
e tchant  m o r e  e f fec t ive .  The  r ibbons  of aus t en i t e  s e e m  
to be i n t e r s p e r s e d  within the g r a i n s  and in some  c a s e s  
e x i s t  a t  p r i o r  aus ten i t i c  g r a i n  b o u n d a r i e s ,  as  seen  in 
F ig .  6(d) for  s t e e l  K. F i g s .  7(a), (b), and (c) show 
t r a n s m i s s i o n  e l e c t r o n  m i c r o g r a p h s  of s t e e l  J a f t e r  
aging for  a) 0.25 h and b) 1 h at  565~ 

Af te r  aging for  0.25 h at  565~ the m i c r o g r a p h s  
show a high dens i ty  of d i s l oc a t i ons  on which p r e c i p i -  
t a t e s  have f o r m e d .  T h e s e  p r e c i p i t a t e s  have been  
ident i f ied  by Leo 1~ as  p o s s i b l y  Ni3Ti, or  Fe2Ti ,  but  
a r e  de f in i t e ly  not Ni~Mo which s e e m s  to be the p r i -  
m a r y  s t r eng then ing  p r e c i p i t a t e  in the 18 Ni (250) 
g r a d e  (2). 

Af t e r  aging for  0.25 h at  565~ about  3 pc t  r e v e r t e d  
aus t en i t e  is  ind ica ted  a t  r o o m  t e m p e r a t u r e  f rom X - r a y  
m e a s u r e m e n t s .  The  aus t en i t e  s e e m s  to nuc lea te  at  
m a r t e n s i t e  la th  bounda r i e s  fo rming  a f i lm about 0.05 
th ick .  The s a m e  has been  r e p o r t e d  for  18 Ni (250) 
m a r a g i n g  s t e e l  11 and for  F e - N i  b i n a r y  m a s s i v e  m a r -  
tensites.~2 

At  longer  t i m e s  (1 h) the p r e c i p i t a t e s  have grown 
and a r e  e a s i l y  seen  as  e longated  r o d s  or  p l a t e s  0.3 
long by 0.03 ~ th ick ,  F ig .  7(b). Th is  is  the m i c r o -  
s t r u c t u r e  we have ca l l ed  2 and f r o m  the f r a c t o g r a p h s ,  
i t  a p p e a r s  these  p a r t i c l e s  a r e  not con t r ibu t ing  s i g n i f i -  
can t ly  to fo rm voids  dur ing  the f r a c t u r e  p r o c e s s .  

At  t i m e s  of the o r d e r  9 h the y ie ld  s t r e s s  of the 
m a t e r i a l  has  d ropped  about 5 pc t  f r om peak y ie ld  
s t r e s s .  At  this  point  p r e c i p i t a t e s  have grown but a r e  
not  much l a r g e r  than those  shown for  m i c r o s t r u c t u r e  2. 
A f t e r  72 h, the a p p e a r a n c e  i s  somewha t  s i m i l a r .  T h e s e  
p a r t i c l e s  do,  however ,  con t r ibu te  dur ing  the f r a c t u r e  
p r o c e s s  to the nuc lea t ion  of vo ids ,  a s  we have seen  in 
the f r a c t o g r a p h s .  I t  s e e m s  l ike ly  then that  the e a s i e r  
nuc lea t ion  of voids  at  p a r t i c l e s  in the ove raged  con -  
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(b) 

(c) 

Fig. 6--Optical mierographs of mierostructures: 1 at (a) (0.2 
h at 520~ 2 at (b) (1.5 h at 565~ and 3 at (c) (39 h at 565~ 
for steel A and microstrueture 3 at (d) for steel K (39 h at 
565~ 

dition may be due to loss  of coherency and perhaps  
weakening of the par t i c le  interface.  

The p r io r  austenit ic  grain boundaries seem to be 
f ree  of p rec ip i ta tes ;  however,  the optical micrographs  
show some reve r t ed  austenite can form at  these bound- 
a r i e s .  F igs .  8(a) and (b) show elect ron micrographs  of 
s tee l  J aged at  520~ 1 hr at (a) and for 5 h at (b). It 
is  poss ible  to see that for the 5 h age, austenite has 
formed at  the lath boundaries .  

F rac tography  

Two stage p l a s t i c - ca rbon  rep l i cas  of the f rac ture  
sur faces  of the s tee l s  were  made. F igs .  9 and 10 show 
the f rac ture  topography of s tee l  J with the m i c r o -  
s t ruc tu re s  1 and 3 respec t ive ly .  The one co r re spond-  
ing to the mic ros t ruc tu re  2 shows s im i l a r  topography 
to that in 1. Steels A and K show somewhat s imi l a r  
fea tures .  S t ructures  1 and 2 contain large  dimples of 
the o rder  of 10 to 20 ~ in d i ame te r .  F rom their  d i s t r i -  
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bution and number it is possible to state that not all 
of these dimples have been nucleated at the large in- 
clusions seen with the optical microscope. Either the 
hardening precipitates or impurity particles,  too fine 
to see in the optical microscope, must have nucleated 
some of these large dimples. 

In the lower toughness, overaged condition, a few 
large dimples are found, but in general there is a high 
density of very small (0.5 to I #) dimples. These 
small dimples have very probably been nucleated at 
overaged particles. 

DISCUSSION 

Our data on toughness and tensile properties shows 
that reverted austenite does not have deleterious ef- 
fects for aging times smaller than the peak stress 
aging time, i.e. in the underaged condition. We shall 
first discuss the tensile 1~roperties. 

As mentioned ear l ier ,  in all three steels at 520~ 
the initiation of the reversion reaction is anticipated 
by an interruption in the increase of the yield stress 
with aging time. This may mean that, at this point, 
some dissolution of precipitates has occurred. It is 
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(a) 
(a) 

(b) 

Fig. 7--Transmission electron micrographs of steel J after 
aging for 0.25 h at 565~ at (a) and 1 h at 565~ at (b) (micro- 
structure 2). 

t empt ing ,  then,  to sugges t  that  the d i s so lu t ion  of the 
ha rden ing  p r e c i p i t a t e s  i n i t i a t e s  the aus t en i t e  r e v e r s i o n  
r e a c t i o n .  Th is  has  been sugges t ed  p r e v i o u s l y  for  o ther  

�9 �9 9 m a r a g i n g  compos i t i ons  where  the d i s so lu t ion  of Ni3Mo 
and p r e c i p i t a t i o n  of Fe2Mo should p roduce  a loca l  e n -  
r i c h m e n t  of the m a t r i x  in aus t en i t e  s t a b i l i z e r s .  The 
s a m e  is  l ike ly  to happen if Ni3Ti d i s s o l v e s  and Fe2Ti  
i s  f o r m e d .  With the X - r a y  technique for  m e a s u r i n g  
r e v e r t e d  aus t en i t e ,  i t  i s  d i f f icul t  to e s t i m a t e  exac t ly  
when aus t en i t e  does  s t a r t  to f o r m  and t h e r e f o r e  to 
show unequivoca l ly  that  th is  occu r s  a f t e r  the i n t e r -  
rup t ion  in the i n c r e a s e  in y ie ld  s t r e s s  with aging t i m e .  
The  y ie ld  s t r e s s  of the s t e e l s  is  not  r educed  by the 
in t roduc t ion  of r e v e r t e d  aus ten i t e  (a so f t e r  phase ) .  In 
f ac t ,  a t  both t e m p e r a t u r e s  the y ie ld  s t r e s s  i n c r e a s e s  
in p a r a l l e l  with the i n c r e a s e  in r e v e r t e d  aus t en i t e  and 
s t a r t s  to d e c r e a s e  when the amount  of aus t en i t e  a l -  
mos t  has  r e a c h e d  a p la t eau .  The fac t  that  aus t en i t e  
f o r m s  at  the m a r t e n s i t e  la th  bounda r i e s  sugges t s  the 
p o s s i b i l i t y  of a pos i t ive  con t r ibu t ion  of aus t en i t e  to 

METALLURGICAL TRANSACTIONS 

(b) 
Fig. 8--Transmission electron micrographs of steel J aged 
at 520~ for 1 h at (a) (microstructure 1) and for 5 h at (b). 

the y ie ld  s t r e s s .  Th i s  may  be ana lyzed  through the 
p o s s i b l e  e f fec t s  on the ab i l i t y  of the m a r t e n s i t e  la th  
b o u n d a r i e s  to ac t  a s  s l ip  b a r r i e r s .  We should point  
out f i r s t ,  that  the o r i en ta t ion  r e l a t i o n s h i p  be tween  
ad j acen t  la ths  l eads  to low angle  type b o u n d a r i e s  13 
T h e s e  b o u n d a r i e s  a r e  not supposed  to be e f fec t ive  a s  
o b s t a c l e s  to s l i p .  The known ef fec t  of p r i o r  aus ten i t i c  

�9 1 5  

g r a i n  s i ze  on the y ie ld  s t r e s s  of m a s s i v e  m a r t e n s l t e s  
i nd i ca t e s  j u s t  th i s .  When fo rming  at  the m a r t e n s i t e  
la th  b o u n d a r i e s ,  aus t en i t e  should con t r ibu te  to i n c r e a s -  
ing the d i f f icu l ty  of t r a n s m i t t i n g  s l ip  a c r o s s  these  
b o u n d a r i e s .  Th i s  could be due to a r e l a x a t i o n  of s t r e s s  
concen t r a t i on  a t  the head of d i s l o c a t i o n s  p i led  up 
a g a i n s t  the b o u n d a r i e s ,  caused  by the aus t en i t e ,  or  to 
a m o r e  e f f ic ien t  d i s loca t ion  g r a i n  boundary  s o u r c e  p r o -  
v ided  by the aus t en i t e  m a r t e n s i t e  bounda r i e s  (which 
should be of a high angle  type) ,  as  fo l lows f r o m  L i ' s  

�9 1 4  

mode l  for  g r a i n  boundary  s t r eng thenmg .  
The  va lues  found for  the un i fo rm s t r a i n s  a r e  quite 

s m a l l  e s p e c i a l l y  in the unaged condi t ion .  F ig .  2, p a r -  
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Fig. 9--Two-stage plastic carbon replica of the fracture sur- 
face of steel J with microstructure i (1 h at 520~ 

Fig. 10--Two-stage plastic carbon replica of the fracture 
surface of steel J with microstructure 3 (39 h at 565~ 

t i cu la r ly  for the 520~ aging,  suggests  that r eve r t ed  
aus teni te  i n c r e a s e s  the un i fo rm s t r a i n  by a factor  of 
2 or 3. We f i r s t  tu rn  to the quest ion of why is the un i -  
f o rm s t r a in  in the unaged m a r t e n s i t e  so sma l l .  In a 
tens i le  spec imen ,  necking s t a r t s  when the ra te  of work 
hardening is equal  to the flow s t r e s s .  The amount  of 
deformat ion  n e c e s s a r y  to reach  this s i tuat ion may de -  
pend on the type of s t rengthening  mechan i sm,  how fast  
dynamic r ecove ry  is reached and so on. Mechan i sms  
which inc rease  the yield s t r e s s  without inc reas ing  the 
hardening ra te  should lead to s m a l l e r  un i fo rm s t r a i n s .  
Such may be the case of g ra in  boundary s t rengthening  
for which it  is found that for gra in  s izes  s m a l l e r  than 
about 10 ~ the un i fo rm s t r a i n  d e c r e a s e s  sharp ly .  ~ 
However,  as we have a l ready pointed out before ,  there  
is  a measu rab l e  effect of the p r io r  aus teni te  g ra in  s ize  
on the yield s t r e s s  15 which means  that this is the g ra in  
s ize  to take into account  (20 to 40 ~). We bel ieve that 
the sma l l  un i fo rm s t r a in s  a re  due to the dis locat ion 
s t r uc tu r e  introduced dur ing the m a r t e n s i t i c  t r a n s f o r -  
mat ion .  F l o r e e n ,  2 prompted by some exper imen t s  
made by Bas insk i  and Jackson  in copper single c r y -  
s t a l s  ~7 has suggested that the " a l i e n "  d i s t r ibu t ion  of 
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Fig. l l--Effect of carbon on strain hardening exponent at 
flow stress of 80 kg/sq mm (from Ref. 15). 

d i s loca t ions  introduced dur ing  the m a r t e n s i t i c  t r a n s -  
fo rmat ion  may be r e spons ib l e  for the p ropens i ty  of 
s l ip to be concent ra ted  in local ized bands in a 18 pct 
N i - F e  b ina ry  al loy.  1~ We would like to suggest  here  
that this  " a l i e n "  d i s t r ibu t ion  of d i s loca t ions  may be 
r e spons ib l e  for the sma l l  un i fo rm s t r a i n s  repor ted  
he re .  Such a d i s t r ibu t ion  may cont r ibu te  to i nc r ea se  
the yield s t r e s s  but because  it  may be uns tab le  to sl ip 17 
leads  to a dec rease  in the s t r a i n  hardening  and hence 
the sma l l  un i fo rm s t r a i n s .  In this connect ion ,  it  
s e e ms  in te res t ing  to r e c a l l  the obse rva t ions  made by 
Hollomon ~s on the dependence on ca rbon  concen t ra t ion  
of the hardening exponent n in the exp res s ion  a = Ke n 
for the s t r e s s - s t r a i n  cu rves  of low alloy s t ee l s .  The 
s tee l s  followed such an e x p r e s s i o n  and the value of n 
was therefore  equal to the un i fo rm s t r a i n .  F ig .  11 
shows Hol lomon 's  data replot ted by F l o r e e n .  ~5 The 
hardening  exponent or un i fo rm s t r a i n  is found to in -  
c r e a s e  marked ly  with the concen t ra t ion  of carbon .  The 
value of n at  a lmos t  zero  carbon  concen t ra t ion  is  that 
of an 18 pct N i - F e  b ina ry  al loy 15 (it is not stated in 
Ref. 15 if this is equal  to the un i fo rm s t ra in ) .  The 
effect of carbon on the un i fo rm s t r a i n  of low alloy 
s tee l s  s eems  to be in a g r e e m e n t  with the above d i s -  
cus s ion  for i t  is  expected that  ca rbon  wi l l  s t ab i l i ze  
( throughpinning of d is locat ions)  the " a l i e n  d i s t r i b u t i o n "  
in t roduced dur ing the m a r t e n s i t i c  t r a n s f o r m a t i o n ,  at  
l eas t  for carbon concen t ra t ions  which a r e  low enough 
for some temper ing  to occur dur ing  quenching.  

As ment ioned a l ready ,  r e v e r t e d  aus ten i te  i n c r e a s e s  
the un i fo rm s t r a in .  When aus ten i te  s t a r t s  to fo rm,  the 
un i fo rm s t r a in  i n c r e a s e s  f rom a value of about 1 pct 
to approximate ly  4 pct af ter  aging for 10 h. Two fac-  
tors  should be involved in th is .  One is  due to the 
aus teni te  i tse l f .  The other ,  in accordance  with the 
p rev ious  d i scuss ion ,  r e s u l t s  f rom the s tab i l i za t ion  of 
the " a l i e n  d i s t r i bu t i on"  of d i s loca t ions  in t roduced by 
the mar t ens i t i c  t r ans fo rma t ion ;  this is probably  due 
to p rec ip i ta t ion  on d is loca t ions  and r e d i s t r i b u t i o n  
dur ing aging.  Accordingly ,  the un i fo rm s t r a i n  should 
i nc r ea se  up to a value typical  of a m a t e r i a l  with a very  
s m a l l  g ra in  size ~8 for now, due to the r e v e r t e d  aus t en -  
i te ,  the mar t ens i t e  lath s ize  (1 to 2 ~) should be the 
effective gra in  s ize .  
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(a) 

(b) 

Fig. 12--Scanning electron mierographs of the fracture surface 
of steel K with microstructure 1 at (a) (0.92 h at 520~ and 2 
at (b) (0.3 h at 565~ 

We now turn  to the ef fec t  on toughness .  The r e s u l t s  
show that  the ef fec t  of r e v e r t e d  aus t en i t e  on toughness  
i s  s m a l l .  So fa r  obse rva t i ons  of the f r a c t u r e  su r f ace  
with e i t h e r  r e p l i c a s  in the t r a n s m i s s i o n  e l e c t r o n  
m i c r o s c o p e  or  d i r e c t  obse rva t ion  in the scanning  e l e c -  
t ron  m i c r o s c o p e  did not  d i s c l o s e  any in fo rma t ion  to 
exp la in  th is  in e i t he r  s t ee l  J or  A.  In s t e e l  K, however ,  
the scanning  e l e c t r o n  m i c r o g r a p h  shown in F i g .  12 
ind i ca t e s  that  a l a r g e r  number  of s m a l l e r  d imp le s  
a p p e a r  in the m i c r o s t r u c t u r e  2 than that  in 1. Th i s  
s u g g e s t s  that  a l a r g e r  number  of p a r t i c l e s  a r e  n u c l e -  
a t ing  vo ids .  Since the d i f f e ren t  aging t r e a t m e n t s  do 

not  change the d i s t r i b u t i o n  p a t t e r n  of the l a r g e  inc lu -  
s i ons ,  the s m a l l e r  vo ids  m u s t  have been nuc lea ted  
e l s e w h e r e ,  (very  p r o b a b l y  at  ha rden ing  p r e c i p i t a t e s ,  
p o s s i b l y  a t  r e v e r t e d  aus ten i t e ) .  

I t  is  i n t e r e s t i n g  to note in F ig .  12 the p r e s e n c e  of 
l a r g e  d i m p l e s  nuc lea ted  a t  l a r g e  inc lus ions  (shown by 
a r r o w ) .  In sp i te  of the fac t  that  the m a t e r i a l  whe re  
th is  void has been  f o r m e d  conta ined  p a r t i c l e s  ab le  to 
nuc lea te  s m a l l  vo ids ,  the a r e a  cove red  by a l a r g e  
d imple  is  f r ee  f r o m  the s m a l l e r  ones .  The  s a m e  may  
be seen  in F i g .  10. Th i s  means  that  the nuc lea t ion  of 
a void at  a l a r g e  inc lus ion  and i t s  subsequen t  growth  
r e l a x e s  the t r i a x l a l i t y  n e c e s s a r y  for  growth  of a void 
nuc lea t ed  a t  s m a l l e r  p a r t i c l e s .  The s i tua t ion  is  v e r y  
s i m i l a r  to that  leading  to the f o r m a t i o n  of the 
" s t r e t c h e d  z o n e "  at  the beginning of uns tab le  c r a c k  
growth  where  a c e r t a i n  po r t i on  of the in i t i a l  c r a c k  
growth  or  blunt ing of the c r a c k  tip is  p roduced  without  
d imple  fo rma t ion  b e c a u s e  of the low t r i a x i a l i t y  e x i s t -  
ing at  that  point .  19 The  s i ze  of the d imp le ,  in g e n e r a l  
s e v e r a l  t i m e s  the s i ze  of the inc lus ion ,  is  then not 
d i r e c t l y  due to the l a r g e r  s i z e  of the inc lus ion  but v e r y  
l i ke ly  to the e a r l i e r  nuc lea t ion  of vo ids  at  l a r g e r  p a r -  
t i c l e s .  

In the ove raged  m i c r o s t r u c t u r e ,  r e p l i c a s  showed 
v e r y  s m a l l  d i m p l e s  which could be a s s o c i a t e d  with the 
ove raged  p r e c i p i t a t e s  ab le  to nuc lea te  voids  dur ing  
the f r a c t u r e  p r o c e s s .  The  i n c r e a s e d  number  of void  
nuc lea t ing  s i t e s  was  thought to be r e s p o n s i b l e  for  
the much lower  toughness  of the s t e e l s  p o s s e s s i n g  
th is  m i c r o s t r u c t u r e .  However ,  th is  explanat ion  s e e m s  
to be too s i m p l e  because  fu r the r  obse rva t ions  show 
the ex i s t ence  of some  p r i o r  aus ten i t i c  g r a i n  boundary  
f a i l u r e s  dur ing  f r a c t u r e .  Th i s  i s  shown in F i g .  13 fo r  
s t e e l s  J and K. T h e s e  m i c r o g r a p h s  were  taken f r o m  
Cha rpy  s p e c i m e n s  f r a c t u r e d  by impac t  s h o r t  of to ta l  
f a i l u r e .  They were  subsequent ly  cut  through the m i d -  
dle  p l ane ,  p e r p e n d i c u l a r  to the plane of the main  
f r a c t u r e ,  po l i shed  and e tched with  5 pc t  Ni ta l .  The 
r e v e r t e d  aus t en i t e  p r e c i p i t a t e d  at  the p r i o r  aus ten i t i c  
g r a i n  bounda r i e s  could lead  to this  type of f r a c t u r e  
pa th .  Th is  is  p o s s i b l e  if aus t en i t e  f o r m s  a thin con-  
t inuous f i lm  which is  so f t e r  than the r e s t  of the m a -  
t e r i a l .  E x c e s s i v e  p l a s t i c  d e f o r m a t i o n  of this  f i lm  wi l l  
l ead  to e a r l y  void nuc lea t ion  and growth  at  the p r i o r  
aus t en i t i c  g r a i n  b o u n d a r i e s .  2~ So fa r  we have not been  
able  to ident i fy  on r e p l i c a s  or  by d i r e c t  o b s e r v a t i o n  
with the scanning  e l e c t r o n  m i c r o s c o p e ,  a r e a s  of the 
f r a c t u r e  a s s o c i a t e d  with aus ten i t i c  g r a i n  b o u n d a r i e s .  

CONCLUSIONS 

I) Reverted austenite has no detrimental effect on 
the mechanical properties of 12 Ni and 18 Ni (200) 
maraging steels. In fact, it improves substantially its 
un i fo rm elongat ion and may be r e s p o n s i b l e  for  p a r t  of 
the i n c r e a s e  of y ie ld  s t r e s s  with aging t i m e .  

2) Th i s  i m p r o v e m e n t  and the fac t  that  the y ie ld  s t r e s s  
i n c r e a s e s  with aging t ime  along with the i n c r e a s e  in 
the volume f r ac t ion  of r e v e r t e d  aus t en i t e  is  be l i eved  
to be due to the p r e c i p i t a t i o n  of aus ten i te  a t  the m a r -  
t ens i t e  la th  b o u n d a r i e s .  

3) In the unde raged  condi t ion ,  i.e. befo re  peak  y ie ld  
s t r e s s  i s  r e a c h e d ,  r e v e r t e d  aus t en i t e  may  i m p r o v e  
toughness  s l igh t ly .  

4) In the ove raged  condi t ion ,  r e v e r t e d  aus ten i te  
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Fig. 13--Crack in a Charpy specimen of s teel  J and K with mic ros t ruc tu re  3 (39 h at 565~ showing some pr io r  austenit ic  
grain boundary failure shown by a r rows .  The main crack is on the left. Nital etch. 
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p r e c i p i t a t e s  a t  p r i o r  a u s t e n i t i c  g r a i n  b o u n d a r i e s  and 
r e d u c e s  t o u g h n e s s .  O v e r a g e d  p r e c i p i t a t e s  w h i c h  a c t  
a s  n u c l e i  fo r  void  f o r m a t i o n  a l s o  p l ay  an  i m p o r t a n t  
r o l e  in d e c r e a s i n g  t o u g h n e s s .  

5) T h e  low u n i f o r m  s t r a i n s  found  f o r  the t h r e e  s t e e l s  
a r e  c o n s i d e r e d  to be  due  to the  " a l i e n  d i s t r i b u t i o n "  of 
d i s l o c a t i o n s  i n t r o d u c e d  d u r i n g  the  m a r t e n s i t i c  t r a n s -  
f o r m a t i o n .  
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