
Stress-Induced .a'Martensitic Transformation in 
Two Carbon Stainless Steels. Application to 
Trip Steels 

FRANCOIS ABRASSART 

The influence of the t e m p e r a t u r e  0 a of a p r e s t r a i n i n g  of aus t en i t e  above M d on the s u b s e -  
quent s t r e s s - i n d u c e d  y ~ ~ '  t r a n s f o r m a t i o n  in the (Ms, Md) r ange  is  examined  in two c a r -  
bon s t a i n l e s s  s t e e l s .  It is  shown that  the y ie ld  s t r e s s ,  which is  c on t ro l l e d  by the t r a n s f o r -  
mat ion,  i n c r e a s e s  with Oa at  given t e s t i ng  t e m p e r a t u r e  and amount  of p r e s t r a i n i n g .  This  
behav io r  is  r e l a t e d  to the inf luence of Oa on the na tu re  and a r r a n g e m e n t  of the de fec t s  p r e s -  
ent  in aus t en i t e  a f t e r  the p r e s t r a i n i n g :  p l a n a r  de fec t s  ( i .e . ,  s t ack ing  faul t s ,  twins ,  e p l a t e -  
l e t s )  p r e d o m i n a t e  if Oa is  c lo se  to M d w h e r e a s  und i s soc i a t ed  d i s l oca t i on  c e l l s  a r e  only to 
be o b s e r v e d  if 0 a if h ighe r .  This  is  co ns i s t e n t  with the s t rong  i n c r e a s e  of the i n t r i n s i c  
s t ack ing  faul t  e n e r g y  of the aus ten i t e ,  as  i n f e r r e d  f rom m e a s u r e m e n t s  us ing the node 
method on a hot s tage  m i c r o s c o p e .  In addi t ion,  the ab i l i t y  of p lane  de fec t s  to p r o p a g a t e  
under  s t r e s s  i s  shown to be lower  a f t e r  a p r e s t r a i n i n g  at  h igher  Oa, which is  a t t r i bu t e d  
to a s e g r e g a t i o n  of i m p u r i t y  a t o m s  on d i s l oca t i ons .  It is  conc luded  that  the nuc lea t ion  
s t r e s s  of the y ~ a '  t r a n s f o r m a t i o n  is  the s t r e s s  n e c e s s a r y  to a l low p l a n a r  de fec t s  to 
p ropaga t e  in the p r e s t r a i n e d  aus ten i t e .  

S I N C E  i t s  d i s c o v e r y  by  Scheil ,  * the phenomenon of 
s t r e s s - i n d u c e d  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  above M s 
has  led  to a g r e a t  number  of i nves t iga t ions  on v a r i o u s  
types  of s t e e l s .  

If the t e m p e r a t u r e  is  low enough, the t r a n s f o r m a t i o n ,  
which is  a de fo rma t ion  mode,  can even " c o n t r o l "  the 
y ie ld  s t r e s s  of the s t e e l :  the t r a n s f o r m a t i o n  s t a r t s  e x -  
ac t ly  at  the beginning  of the p l a s t i c  d e f o r m a t i o n  and the 
y ie ld  s t r e s s  Is notably  lower  than when t r a n s f o r m a t i o n  
does  not o c c u r ;  the r e s u l t  is  an a b n o r m a l  pos i t i ve  y ie ld  
s t r e s s - t e m p e r a t u r e  s ens i t i v i t y .  

In t h e i r  a t t e m p t s  to develop a new c l a s s  of s t r ong  
and duct i le  s t e e l s ,  (TRIP s t ee l s ) ,  Zackay  et al. ''7 were  
confronted  with th is  p r o b l e m :  in sp i t e  of a p l a s t i c  p r e -  
s t r a in ing  of aus t en l t e  a t  a t e m p e r a t u r e  O a higher  than 
Md, the low t e m p e r a t u r e  y ie ld  s t r e s s  s t a y s  r a t h e r  low 
in the c a s e  of a too high i n s t ab i l i t y  of aus t en i t e  t o w a r d s  
t r a n s f o r m a t i o n .  

Moreove r ,  the s t rong  inf luence of the na tu re  and a r -  
r a n g e m e n t  of de fec t s  in aus t en i t e  upon the nuc lea t ion  
p r o c e s s e s  of the spontaneous  and s t r e s s - i n d u c e d  t r a n s -  
f o r m a t i o n s  is  wel l  known. 

In the c a s e  of s t a i n l e s s  s t e e l s ,  the spon taneous ly  
quench- induced  m a r t e n s i t e  vo lume f r a c t i o n  a f t e r  a p r e -  
s t r a in ing  at  t e m p e r a t u r e  0 a is  h igher  if the i n t r i n s i c  
s t ack ing  faul t  e n e r g y  (SFE) of aus t en i t e  at  0 a i s  lower ,  a 

More p r e c i s e l y ,  s t a i n l e s s  s t e e l s  have made  i t  p o s s i -  
b le  to o b s e r v e  a p e c u l i a r  type of a s s o c i a t i o n  be tween  
de fec t s  in aus t en i t e  and both spontaneous  and s t r e s s -  
induced ~ '  m a r t e n s i t e s .  In t h e s e  a l l oys ,  the SFE of 
aus ten i t e  i s  r a t h e r  low so that  m e c h a n i c a l  twinning ~ 
and y ~ �9 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  5,9-~s a r e  modes  
of p l a s t i c  de fo rma t ion .  The l a t t e r  t r a n s f o r m a t i o n  m a y  
a l so  be spontaneous .  9, ~a, ~6, x0- ~s,as Although it  has  been  
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sugges t ed  that  the y ~ E t r a n s f o r m a t i o n  is  a mode of 
a c c o m m o d a t i o n  of i n t e rna l  s t r e s s e s  g e n e r a t e d  by  the 
y ~ ~ '  t r a n s f o r m a t i o n ,  2~ i t  s e e m s  m o r e  r e a l i s t i c  
to c o n s i d e r  e, in a number  of s t e e l s ,  a s  be ing  an i n t e r -  
med ia t e  p roduc t  of y - -  ~ ' ,  a s  may  be i n f e r r e d  f r o m  the 
g e o m e t r y  of the E - ~ '  a s s o c i a t i o n ,  e s p e c i a l l y  when t~' i s  
p r e s e n t  a t  the i n t e r s e c t i o n  of two E p l a f e l e t s .  9"la,xa,'a,~ 

The ro l e  of i n t e r m e d i a r y  p layed  by  �9 is  g e n e r a l l y  
thought to a r i s e  f r o m  the fact  that  a l a t t i c e  s t r u c t u r e  
v e r y  c l o s e  to m a r t e n s i t e  can be p roduced  by  a a / 6  
(112>T s h e a r  e v e r y  two (111)7 p l a n e s :  th is  s h e a r  is  
p r e c i s e l y  that  which l eads  to the f o r m a t i o n  of E m a r -  
t ens i t e .  A second  homogeneous  s h e a r  of �9 would then 
p roduce  the bcc  s t r u c t u r e ,  a'xa'~'ae'a7 Unfor tunate ly ,  
th is  t h e o r y  neg l ec t s  the d i s l oca t i on  m e c h a n i s m s  r e -  
spons ib le  for  the second  s h e a r ;  b e s i d e s ,  i t  might  i m -  
p ly  that  a '  m a r t e n s i t e  would p r e f e r e n t i a l l y  nuc lea te  
on p r e e x i s t i n g  �9 p l a t e l e t s  ( this wi l l  be r e f e r r e d  to in 
the fol lowing as  " s t a t i c  nuc l ea t i on" ) .  

On the c o n t r a r y ,  L e c r o i s e y  ~ ' l a  has  p r o p o s e d  a m e c h -  
a n i s m  expla in ing  the c r e a t i o n  and p ropaga t i on  of t r a n s -  
f o r m a t i o n  d i s l oc a t i ons  a/18 ( 112>7 when two p lane  d e -  
f ec t s  p roduced  dur ing  p l a s t i c  d e f o r m a t i o n  (twins,  �9 
p l a f e l e t s ,  s t ack ing  fau l t s )  come  to an i n t e r s e c t i on .  Ac -  
c o rd ing  to him,  the v e r y  high loca l  s t r e s s e s  n e c e s s a r y  
to a l low the p r o p a g a t i o n  of t he se  d i s loca t i ons  can e x i s t  
a t  the ins tan t  of i n t e r s e c t i o n  only:  thus the nuc lea t ion  
p r o c e s s  would be d y n a m i c ;  th is  dynamic  na tu re  had 
a l r e a d y  been  sugges t ed  by  o ther  au tho r s .  6'~a However ,  
the p r o c e s s e s  involved s t i l l  r e m a i n  unc l ea r .  

In sp i te  of the g r e a t  amount  of work  dea l ing  with the 
d e f e c t - t r a n s f o r m a f i o n  in t e rac t ion ,  the p e c u l i a r  inf lu-  
ence of a p r e s t r a i n i n g  of aus ten i t e  above M d on the 
subsequen t  s t r e s s - i n d u c e d  y ~ ~ '  t r a n s f o r m a t i o n  in 
the (Ms, Md) r ange  i s  s t i l l  unknown. In p a r t i c u l a r ,  we 
b e l i e v e  that  the y ie ld  s t r e s s  in th is  t e m p e r a t u r e  r ange  
wil l  depend,  if " c o n t r o l l e d "  by  the t r a n s f o r m a t i o n ,  on 
the 0 a t e m p e r a t u r e  of th is  p r e s t r a i n i n g ,  s ince  0 a i t s e l f  
condi t ions  the na tu re  and a r r a n g e m e n t  of de fec t s  i n t r o -  
duced in aus ten i t e .  We wil l  v e r i f y  th is  fac t  in two c a r -  
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bon s t a i n l e s s  s t e e l s ,  one synthetic, the o the r  c o m m e r -  
c i a l .  

F r o m  a p r a c t i c a l  point  of view,  these  s t e e l s ,  which 
a r e  s i m i l a r  to TRIP s t e e l s ,  wi l l  p e r m i t  us to d e t e r m i n e  
t h e  0 a t e m p e r a t u r e  which r e s u l t s  in the h ighes t  y ie ld  
s t r e s s e s  be tween  M s and M d.  

F r o m  a m o r e  fundamenta l  point  of view, the r e l a t i o n -  
sh ips  be tween  s t r e s s ,  de fec t s  and r ~ ~ '  t r a n s f o r m a -  
t ion wil l  be  c o n s i d e r e d  and the na tu re  of the nuc lea t ion  
p r o c e s s ,  e i t he r  s t a t i c  o r  dynamic ,  wi l l  be d i s c u s s e d .  
Fo r  th i s  pu rpose ,  we have s u c c e s s i v e l y  s tud ied :  

1) The i n t r i n s i c  s t ack ing  faul t  e n e r g y  of the a u s t e n -  
i te  a s  a function of t e m p e r a t u r e .  

2) The modes  of p l a s t i c  d e f o r m a t i o n  in the aus t en i t e  
above M d.  

3) The inf luence of the p r e s t r a i n i n g  t e m p e r a t u r e  Oa 
of aus t en l t e  on the vo lume f r ac t i on  of spontaneous  ~, 

~ '  t r a n s f o r m a t i o n  be low M s . 
4) The inf luence of Oa on the y ie ld  s t r e s s  be tween  

M s and M d and on the s t r e s s - i n d u c e d  ~ ~ a '  t r a n s f o r -  
mat ion .  

EXPERIMENTAL PROCEDURE 

1. M a t e r i a l s  

The c o m p o s i t i o n s  of the  s t e e l s  a r e  given in Table I. 
Steel  1 was s p e c i a l l y  des igned  for  the pu rpose  of 

th is  s tudy.  Ingots of a p p r o x i m a t e l y  2 kg  were  p r e p a r e d  
by  induction me l t i ng  in an a rgon  a t m o s p h e r e  f r o m  m e t -  
a l s  of e l e c t r o l y t i c  pu r i t y .  Af te r  about  50 pc t  r educ t ion  
by hot ro l l ing ,  the ingots  w e r e  homogen ized  72 h at  
1150~ in an a rgon  a t m o s p h e r e .  Then they were  r o l l e d  
into p l a t e s  of about  7 m m  thick.  Round t ens i l e  s p e c i -  
mens  we re  cut  f r o m  t h e s e  p l a t e s .  Af ter  machin ing ,  the 
s p e c i m e n s  we re  given an aus t en i t i z ing  t r e a t m e n t  of 30 
rain at  1090~ in evacua t ed  Vycor  c a p s u l e s ,  p roduc ing  
a g r a i n  s i ze  of about  100 ~m and comple t e  d i s so lu t ion  
of c a r b i d e s .  

Steel  2 i s  a c o m m e r c i a l  s t ee l ,  d e l i v e r e d  in the a s -  
quenched condi t ion  a s  b a r s  of 12 m m  d iam.  Spec imens  
we re  only  given an aus t en i t i z i ng  t r e a t m e n t  of 30 min 
at  1050~ in an a rgon  a t m o s p h e r e ,  p roduc ing  a g r a i n  
s i ze  of about 30 ~m.  

the end of the ~ - -  ~ t r a n s f o r m a t i o n  on heat ing,  could 
only be  m e a s u r e d  by  th is  method.  

3. Me ta l log raphy  

The s t r u c t u r e s  were  o b s e r v e d  by  op t i ca l  and e l e c t r o n  
m i c r o s c o p y  (Phi l ips  EM 300) on f la t  s p e c i m e n s  (1 m m  
by  5 m m  by 50 ram). 

4. In t r in s i c  Stacking Faul t  Ene rgy  of Austenite 

The intrinsic stacking fault energy was measured 
from the observation of triple nodes. The measurements 
were only possible on Steel 1, Steel 2 being too unstable 
towards y ~ ~' transformation in thin foil. The sheets 
were lightly deformed in tension (2 pct) to produce 
fresh dislocations. The influence of temperature above 
R T  on the node sizes was studied by means of the 
Philips hot stage microscope. No observations were 
possible above 350~ because of oxidation of the speci- 
mens. We applied the result of Brown's calculations 

1.46A~~ ~ = 7.4 x 1011 d per sq cm; with v = 0.3; b s -=  7 
1 / ~  X d ~ . / d O  = • 10-~per  deg C .n ,  TM 

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

C y l i n d r i c a l  t ens i l e  s p e c i m e n s  of 3 m m  d i a m  and 
32 m m  gage length we re  t e s t e d  with an Ins t ron  TTDM 
mach ine .  The d e f o r m a t i o n  r a t e  was s e t  a t  10 -s s -1. 
A co i l  fu rnace  was used  for  s p e c i m e n s  d e f o r m e d  at  
t e m p e r a t u r e  above 250~ Below th i s  t e m p e r a t u r e ,  
the s p e c i m e n s  were  t e s t e d  in l iquid ba ths  a l lowing 
a homogeneous  t e m p e r a t u r e  c o n t r o l l e d  to +2~ in 
the  r ange  ( -196~  +250~ 

6. Magnet ic  M e a s u r e m e n t s  

We des igned  a double co i l  dev ice ,  d e s c r i b e d  e l s e -  
where ,  a4 a l lowing a cont inuous m e a s u r e m e n t  of the in -  
t e n s i t y  of magne t i za t ion  J of the s p e c i m e n s ,  a s s u m e d  
p r o p o r t i o n a l  to the vo lume f r a c t i o n  M of a '  m a r t e n s i t e  
f o r m e d  dur ing  p l a s t i c  de fo rma t ion .  This  dev ice  can  
a l so  be used  for  s t a t i c  m e a s u r e m e n t s  ( ex t r ac t ion  
method) .  

2. T r a n s f o r m a t i o n  T e m p e r a t u r e s  

Three  me thods  we re  used  to d e t e r m i n e  the M s 

--~ ~ '  t e m p e r a t u r e :  d i f f e r e n t i a l  d i l a t o m e t r y ,  m a g -  
net ic  m e a s u r e m e n t s  and op t i ca l  m i c r o s c o p y .  The a c -  
c u r a c y  of M s is estimated to be +5~ The M d y ~ (~' 

temperature was determined by the continuous mea- 
surement of the intensity of magnetization during ten- 
sile tests (see below). 

The E phase has proved to be difficult to detect be- 
cause the volume fraction transformed is very low; 
since martensite is paramagnetic, 9 magnetic measure- 
ments are impossible. We then used an X-ray diffrac- 
tometer with a hot stage. A~ --~, the temperature of 

Table I. Composition of the Alloys, Wt Pct 

C Cr Ni Mo Mn Si AI Nb 

Steel 1 0.18 18 7 
Steel 2 0,13 15.5 4.2 2.7 1.2 0.16 0.17 0.10 

EXPERIMENTAL RESULTS 

1. Steel  1 

1.1 ALLOY STRUCTURE IN THE QUENCHED 
CONDITION AND TRANSFORMATION 
TEMPERATURES 

Two distinct transformations, y ~ ~ and 7 ~ ~', 
were observed in this alloy. 

i) 7 - -  e Transformation. The structure of the steel 
quenched to R T  and observed through optical micros- 
copy is characterized by the presence in some grains 
of parallel-sided platelets similar to the e platelets 
observed by many authors in stainless steels (Fig. 
l(a)). Electron microscopy confirms this interpreta- 
tion (Fig. l(b-c)). AFT--e seems to be located at about 
250~ as may be inferred from the disappearance of 
the (10.1)e line (RX measurements, Fig. 2). However, 
as will be seen, specimens deformed 20 pet at various 
0 a temperatures do not contain any r martensite (and/ 
or twins) at RT when 0 a >_ 200~ Then AFT~e <_ 200~ 
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(a) 

(b) 

(c) 
Fig. 1--Steel 1 in quenched condition, (a) �9 m a r t e n s i t e ;  
(b, c) �9 m a r t e n s i t e  and cor responding  (110) diffract ion 
pa t te rn .  

intensity of the (1 o.1)~ line 
(arbitrary units) 

�9 

I . ,I 
1 0 0  2 0 0  

Fig.  2--Steel 1: Reve r s ion  of �9 m a r t e n s i t e  on 
X-ray measurements.  

3 0 0  Or'C) 
heating,  

The d i f f e rence  might  be exp la ined  by  the p r e s e n c e ,  in 
the f i r s t  c a s e ,  of an E m a r t e n s i t e  which, be ing  r e l a t e d  
to s u p e r f i c i a l  a '  m a r t e n s i t e ,  i s  expec ted  to be m o r e  
s t ab le .  

i i)  y ~ o~' T r a n s f o r m a t i o n .  Opt ica l  m i c r o s c o p y  a l -  
lows to o b s e r v e  ~ '  m a r t e n s i t e  a f t e r  a quench to - 7 0 ~  
This  m a r t e n s i t e  i s  c l o s e l y  a s s o c i a t e d  to e m a r t e n s i t e  
(Fig .  3(a)). This  type of morpho logy  is  wide ly  docu-  
mented .  11,13,19-21, 26, 27, 35 

Such a '  m a r t e n s i t e  is  often loca t ed  at  the i n t e r s e c -  
t ion of two E p l a t e l e t s  (Fig .  3(b)). D i f fe ren t i a l  d i l a t o m -  
e t r y  shows and qua l i t a t ive  magne t i c  t e s t s  (with a s t r ong  
hand magnet)  c o n f i r m  that  M s i s  s i tua ted  at  about  
- 80oc. 

Thus,  y ~ E and y --* a '  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 s  
o c c u r  in two p a r t i a l l y  d i s t i n c t  t e m p e r a t u r e  r a n g e s  in 
th is  s t e e l .  M d t e m p e r a t u r e  is  s i t ua t ed  be tween  80 and 
90~ 

1.2 INTRINSIC STACKING F A U L T  ENERGY 
MEASUREMENTS 

t) SFE M e a s u r e m e n t s  at  RT. These  m e a s u r e m e n t s  
we re  p e r f o r m e d  on 42 nodes  o b s e r v e d  in 11 d i f fe ren t  
thin fo i l s .  One of t he se  nodes  i s  shown in Fig.  4. The 
r e s u l t s  a r e  p r e s e n t e d  in F ig .  5(a) whe re  each  s q u a r e  
s t ands  for  one m e a s u r e m e n t .  The m a x i m u m  of the 
d i a g r a m  is  l oca t ed  be tween  18 and 19 e r g s  p e r  sq cm,  
which is  a r a t h e r  low SFE and is  c l o s e  to the va lues  
m e a s u r e d  on Fe -18  C r - 8  Ni s t e e l s ,  s a y  15 to 20 e r g s  
p e r  sq cm.  s6,s7 

ii) Influence of T e m p e r a t u r e  above RT. The fo l low-  
ing method was used .  Each convenient  t r i p l e  node was 
o b s e r v e d  at  i n c r e a s i n g  t e m p e r a t u r e s  (20, 120, 200, 
330~ The t e m p e r a t u r e  was  a l lowed  to s t a b i l i z e  (be-  
tween 15 and 30 min) be fo re  nodes were  photographed .  
Then the thin foi l  was cooled  down by swi tching off the 
hot  s t age  hea t ing  c u r r e n t  and a m i c r o g r a p h  of the 
nodes  was taken  again  at  RT. 18 nodes  be longing  to 
7 d i f f e ren t  thin fo i l s  we re  o b s e r v e d .  An example  of 
the v a r i a t i o n  in node s i ze  ove r  a t h e r m a l  cyc l e  is  
shown in Fig .  4 and Fig.  5(b) r e p r e s e n t s  the v a r i a t i o n s  
of m e a s u r e d  ( " a p p a r e n t " )  SFE.  
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(a) 

(b) 
Fig. 3--Steel 1: Spontaneous 7 ~ c~' transformation after 
a quench to - 196~ (a) general morphology; (b) 7 ~ (~' 
transformation at intersections of ~ platelets. 

The SFE ( f )  i n c r e a s e s  rap id ly  with t e m p e r a t u r e :  
dr~dO ~- 0.1 e rg  pe r  sq cm per  deg C, which is in 
a g r e e m e n t  with r ecen t  r e s u l t s  obtained on s t a in l e s s  
s t ee l s ,  n,~z,4~ The sca t t e r  of the r e su l t s  also in -  
c r e a s e s  with i n c r e a s i n g  t e m p e r a t u r e .  This can be 
explained,  at l eas t  pa r t i a l ly ,  by an inc reas ing  u n c e r -  
ta in ty  with dec rea s ing  node s ize .  The d imens ions  of 
the nodes dec rea se  with a r e m a r k a b l e  cont inui ty d u r -  
ing this  heat ing.  

After cooling down to RT, the apparen t  SFE is  much 
higher  than at the beginning of the cycle and the sca t t e r  
is  v e r y  la rge .  As we will  see l a te r ,  the observed  i r r e -  
v e r s i b i l i t y  is thought to be due to a segregat ion  phe-  
nomenon  on d is loca t ions .  Since this  segrega t ion  is  de -  
pendent  on the cycl ing condit ions which a re  difficult  to 
control  (aging t ime O(t) and heat ing ra te  dO~dr), the ob-  
se rved  sca t t e r  is not s u r p r i s i n g .  The evolution of node 
s i zes  is  not so r egu l a r  on cooling as on heat ing:  rapid  
ex tens ions  can be seen  to take place,  e spec ia l ly  below 
100~ Final ly ,  the lower  s tab i l i ty  of aus teni te  towards 
t r a n s f o r m a t i o n  in thin foi ls ,  as  compared  with s tab i l i ty  
in bulk spec imens ,  did not allow accura te  SFE m e a s u r e -  
men t s  below RT to be made.  However, it  was poss ib le  
to detect  a rap id  i n c r e a s e  of node s izes  dur ing  fur ther  
cooling. 
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1.3 MODES OF PLASTIC DEFORMATION IN 
AUSTENITE ABOVE M d. INFLUENCE OF 
TEMPERATURE 

Those modes of deformat ion  a re  s t rong ly  dependent  
upon the t e mpe r a t u r e  e a of deformat ion .  Specimens of 
Steel 1 were s t ra ined  (~a = 20 pct) at 8 a = I I0 ,  150, 200, 
350, and 500~ These t e m p e r a t u r e s  be ing higher  than 
Md, the s tee l  s tays  fully aus teni t lc .  The s t r u c t u r e s  of 
these va r ious  condit ions a re  shown in the mic rog raphs  
of Figs.  6 and 7 such as they a re  observed  at RT. 

When 0 a _> 200~ no twins,  ~ p la te le t s  or s tacking 
faults  a re  detected by optical  or  e l ec t ron  mic roscopy  
(Fig. 6(a-b)). Slip l ines  and equiaxed d is locat ion  ce l l s  
typical  of a high SFE are  only to be seen.  Moreover ,  
this s t ruc tu re  proves  to be v e r y  s table  when the t e m -  
p e r a t u r e  is  lowered on the cooling stage of the e l ec t ron  
mic roscope :  s tacking faul ts  propagate  r a r e l y  above 
- 100~ and the i r  ex tens ion  is v e r y  l imi ted ;  many r e -  
gions r e m a i n  unal te red  down to - 170~ (the m i n i m u m  
t e m p e r a t u r e  that can be reached) .  

When e a = 150~ twins a n d / o r  E p la te le t s  begin  to 
appear ,  but a re  s t i l l  r a the r  r a r e .  

When 0a = l l0~  twins,  E p la te le t s  and s tacking 
faul ts  gene ra l i ze :  p las t ic  deformat ion  at 8 a mus t  be 
r e spons ib l e  for the grea t  m a j o r i t y  of these defects ,  the 
twinned a n d / o r  E t r a n s f o r m e d  volume f rac t ion  appea r -  
ing to be much higher than that which is obse rved  in a 
quenched condit ion at RT (Fig.  7(a)). Dis loca t ions  a r e  
entangled in p lanar  a r r a n g e m e n t s  (Fig.  7(b)). All these  
s t r u c t u r e s  a re  typical  of a r a the r  low SFE at 0 a. On 
cooling they prove to be far  l e s s  s table  than the s t r u c -  
t u r e s  obtained af ter  deformat ion  at 500~ p lana r  de-  
fects  propagate at t e m p e r a t u r e s  as high as - 30 to 
- 4 0 ~  and the i r  extens ion is quite apprec iab le  (Fig. 8). 

1.4 SPONTANEOUS ~ ~ ~ '  TRANSFORMATION 
IN PRESTRAINED CONDITIONS 

The va r i a t ions  of in tens i ty  of magnet iza t ion  of Steel 1 
s t r a ined  f rom Ca = 0 to 30 pct at I f 0  and 500~ and 
quenched for 90 mln  in l iquid n i t rogen  a re  plotted as  
a funct ion of c a in Fig.  9; it can be seen  that  the s t a -  
b i l i za t ion  of aus teni te  towards ~ -* ~t t r a n s f o r m a t i o n  
due to p r e s t r a i n i n g  is l e s s  eff icient  if t e m p e r a t u r e  e a 
is  close to M d (II0~ than if 0 a is  much higher  (500~ 
Simi la r  behavior  had a l ready  been repor ted  by Breedis  8 
for E a higher  than about I0 pct.  

1.5 ELASTIC STRESS-INDUCED TRANSFORMATION. 
MECHANICAL PROPERTIES 

Specimens of Steel 1 were s t r a ined  (E a = 30 pct 
• 0.25 pct) at  e a = 110 and 500~ and then tes ted  in 
tens ion  between - 60 and +150~ The va r i a t i ons  of 
the macroscop ic  yield s t r e s s  % as  a funct ion of t e s t  
t e m p e r a t u r e  e a re  plotted in Fig. 10. The yield s t r e s s  
of the s tee l  p r e s t r a i n e d  at 500~ appears  to be higher  
than the yield s t r e s s  of the s tee l  p r e s t r a i n e d  at l l 0~  
in the whole tes t  t e m p e r a t u r e  range .  

i) Above 50~ Cry de c r e a se s  " n o r m a l l y "  as e in -  
c r e a s e s  and it is imposs ib le  to detect  any s t r e s s - i n -  
duced ~ ~ ~ '  t r a n s f o r m a t i o n  at the beginning  of the 
p las t ic  deformat ion  (continuous magnet ic  m e a s u r e -  
ments) ;  there  is only a sl ight  d i f ference  between the 
yield s t r e s s e s  of both condi t ions.  

ii) Below 50~ this  d i f ference is much l a r g e r  and 
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(a) (b) (c) 

Fig. 4--Steel 1: Evolution of a tr iple node 
along a thermal cycle. 

(d) (e) 

7 ~ ~ '  t r a n s f o r m a t i o n  s t a r t s  i m m e d i a t e l y  on y ie ld ing  
in both cond i t ions .  Yield  s t a r t s  with the nuc lea t ion  of 
a I_riders band.  

i i i )  F ina l ly ,  the y i e ld  s t r e s s e s  d e c r e a s e  with t e m -  
p e r a t u r e  be low 50~ in the  condi t ion  s t r a i n e d  a t  l l 0 ~  
and be low 20~ in the condi t ion  s t r a i n e d  at  500~ the 
t r a n s f o r m a t i o n - c o n t r o l l e d  y ie ld  s t r e s s  phenomenon i s  
usua l ly  r e l a t e d  to th i s  a b n o r m a l  y ie ld  s t r e s s - t e m p e r a -  
t a r e  pos i t i ve  s ens i t i v i t y .  

These  o b s e r v a t i o n s  show that  the  s t r e s s - i n d u c e d  
~ t~' t r a n s f o r m a t i o n  is  e a s i e r  if the p r e s t r a i n i n g  of 

the aus t en i t e  has  been  c a r r i e d  out a t  a t e m p e r a t u r e  
c l o s e r  to M d. 

Fina l ly ,  a c h e m i c a l  e tch ing  jus t  a f t e r  y ie ld ing  at  RT 
a l lows  to a s c e r t a i n - - a  posteriori--the g e n e r a l i t y  of the 
a s s o c i a t i o n  be tween  e a n d / o r  twins and a '  s t r e s s - i n -  
duced m a r t e n s i t e  in both condi t ions  (Fig .  11). However ,  
the  nuc lea t ion  of a '  on p r e e x i s t i n g  p l a n a r  de fec t s  s e e m s  
to be  a r a t h e r  r a r e  event  (F ig .  12). 

2. Steel  2 

In view of our  o b s e r v a t i o n s  on a syn the t i c  s t e e l ,  i t  
was i n t e r e s t i n g  to inves t iga t e  the b e h a v i o r  of a c o m -  
m e r c i a l  s t e e l .  

2.1 ALLOY STRUCTURE IN THE QUENCHED 
CONDITION AND TRANSFORMATION 
TEMPERATURES 

M s (y -- ~') temperature is located between 0 and 
10~ and the morphology of the martensite is quite 
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s i m i l a r  to that  of s t e e l  1. M d t e m p e r a t u r e  is  a p p r o x -  
i m a t e l y  120~ 

Although the i n s t ab i l i t y  of aus t en i t e  a t  RT p r e v e n t e d  
any SFE m e a s u r e m e n t s  we o b s e r v e d  a wide sp l i t t i ng  
of d i s l o c a t i o n s ,  sugges t ing  a r a t h e r  low SFE va lue ;  
however ,  no c m a r t e n s i t e  could be de t ec t ed  by  the 
e l e c t r o n  d i f f r ac t ion  technique :  both th i s  ab sence  and 
the lower  va lue  of the (Ms, Md) r ange  sugges t  a h igher  
SFE for  Steel  2 at  a given t e m p e r a t u r e ,  u In addi t ion,  
the fau l ted  a r e a  k e e p s  growing while cool ing  in thin 
fo i l s :  al though these  a r e  not e q u i l i b r i u m - d e f e c t s ,  i t  
m a y  be i n f e r r e d  that  the SFE d e c r e a s e s  with t e m p e r -  
a tu re ,  a s  in Steel  1. 

2.2 MODES OF PLASTIC DEFORMATION IN 
AUSTENITE ABOVE M d. INFLUENCE OF 
TEMPERATURE 

The structures are similar to those of Steel 1: after 
a deformation at 500~ (~a = 18 pct) only equiaxed dis- 
location cells typical of a high SFE could be observed, 
while after a deformation at 150~ (e a = 18 pct), plas- 
tic deformation was seen to be partly achieved by me- 
chanical twinning and the propagation of stacking faults. 
Some e martensite could be identified after ea = 16 pct 
at  100~ 

2.3 SPONTANEOUS ~ -- ~' TRANSFORMATION 
IN PRESTRAINED CONDITIONS 

The v a r i a t i o n  of i n t ens i ty  of magne t i za t i on  of Steel  2 
s t r a i n e d  f rom E a = 0 to 20 pe t  a t  150 and 500~ and 
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(b) 
Fig. 5--Steel  1: SFE m e a s u r e m e n t s ,  (a) m e a s u r e m e n t s  at 
RT; (b) va r i a t ion  of SFE with t e m p e r a t u r e .  

quenched for  2 h in l iquid  n i t rogen  a r e  p lo t ted  as  a func-  
t ion of ea in F ig .  13; the  t r e n d  o b s e r v e d  in Steel  1 is  
much m o r e  a p p a r e n t  h e r e :  y - -  ~ '  t r a n s f o r m a t i o n  i s  
f a r  l e s s  s t a b i l i z e d  a f t e r  s t r a i n i n g  a t  a t e m p e r a t u r e  
c l o s e  to M d t h a n  a f t e r  s t r a i n i n g  at  a h igher  t e m p e r a -  
t u r e .  

2.4 ELASTIC STRESS-INDUCED TRANSFORMATION. 
MECHANICAL PROPERTIES 

In a s t i l l  m o r e  a p p a r e n t  manne r  than in the c a s e  of 
Steel  1, e l a s t i c  s t r e s s - i n d u c e d  y - -  a '  t r a n s f o r m a t i o n  
i s  e a s i e r  when the p r e s t r a i n i n g  of aus t en i t e  has  been  
p e r f o r m e d  at  a t e m p e r a t u r e  c l o s e r  to M d.  In addi t ion,  
y ie ld  po in t s  can  be o b s e r v e d  on t en s i l e  c u r v e s .  Spec i -  
mens  of Steel  2 we re  s t r a i n e d  (e a = 20 • 0.25 pct)  at  
150, 350, and 500~ ( these  l a s t  two t e m p e r a t u r e s  l e a d -  
ing to the s a m e  r e s u l t s )  and then t e s t e d  in t ens ion  in 
the r ange  ( - 4 0 ,  200~ The v a r i a t i o n s  of upper  (a~) 
and lower  (~L) y ie ld  s t r e s s e s  a s  a function of t e s t  t e m -  
p e r a t u r e  0 a r e  p lo t t ed  in F ig .  14(a). 

i t  Above 100~ ay d e c r e a s e s  " n o r m a l l y "  as  0 in-  
c r e a s e s ,  no y - -  t~' t r a n s f o r m a t i o n  i s  de t ec t ed  at  y i e l d -  
ing by  cont inuous  magne t i c  m e a s u r e m e n t  and the d i f -  

(a) 

(b) 

Fig. 6--Steel  1 s t r a ined  20 pct at  500~ deformat ion  s t r u c -  
tu re  of the austeni te ,  (a) s l ip  l ines ;  (b) dis locat ion cel ls .  

f e r e n c e  be tween  the y ie ld  s t r e s s e s  of both condi t ions  
i s  l e s s  than 5 hbar .  

i i)  Below 100~ y ie ld  s t r e s s e s  a r e  much lower  a f t e r  
s t r a i n i n g  at  150~ than a f t e r  s t r a i n i n g  at  500~ and 
y ~ ~ '  s t a r t s  jus t  a t  y ie ld ing .  M o r e o v e r  the y ie ld  
poin ts  a r e  much s h a r p e r  in the l a t t e r  c a s e  than in the 
f o r m e r .  The re  is  an " a b n o r m a l l y "  pos i t i ve  y ie ld  
s t r e s s - t e m p e r a t u r e  s ens i t i v i t y .  

i i i )  F ina l ly ,  we have r e p o r t e d  in Fig.  14(b) the v a r i a -  
t ions  of ~ with e a a t  given va lue s  of 0 and 0 a : ~ s tops  
i n c r e a s i n g  when e a exceeds  a c r i t i c a l  va lue ;  the m a x i -  
mum value  of r d e c r e a s e s  with 0 a and 0. 

DISCUSSION 

1. SFE and Modes of De fo rma t ion  of Aus ten i te  

The fol lowing wil l  ma in ly  conce rn  Steel 1 in which 
SFE m e a s u r e m e n t s  were  c a r r i e d  out. In a r e c e n t  s u r -  
vey ,  Ga l l agher  a7 has  d i s c u s s e d  the f a c t o r s  which m a y  
affect  the  s i ze  of ex tended  d i s l oca t i on  nodes  upon 
changes  of t e m p e r a t u r e .  These  f a c t o r s  inc lude :  

a) The Suzuki ef fec t  aa imply ing  a dev ia t ion  of the 
equ i l i b r i um concen t r a t i on  of so lu te s  in the faul t  (hcp) 
f r o m  the concen t r a t i on  of so lu te s  in the m a t r i x  (fcc). 
This  ef fec t  p r o b a b l y  o p e r a t e s  in s y s t e m s  where  t h e r e  
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(a) 

(b) 

(b) 

(c) 

Fig. 7--Steel 1 s t ra ined 20 pct at l l0~ deformation s t ruc tu re  
of the austenite,  (a) E platelets  and/or  mechanical  twins; 
(b) dislocation cel ls ;  (c) e mar tcns i te  and corresponding (111) 
diffraction pat tern.  

i s  a s t rong  dependence  of SFE upon compos i t i on ,  which 
is  the ca se  of s t a i n l e s s  s t e e l s ,  s7 

b) Segrega t ion  of i n t e r s t i t i a l  a t o m s  on p a r t i a l  d i s l o -  
ca t ions .  

c) T h e r m a l l y  ac t i va t ed  unpinning of p a r t i a l  d i s l o c a -  
t ions .  

d) A t rue  dependence  of the SFE on t e m p e r a t u r e .  
The so lu te  concen t r a t i on  be ing  v e r y  p r o b a b l y  the 

s a m e  in the faul t  as  in the m a t r i x  at  RT, the Suzuki 
ef fec t  should l ead  to a d e c r e a s e  of the SFE with h igher  
t e m p e r a t u r e  b e c a u s e  of i n c r e a s e d  d i f fus iv i t i e s .  T h e r e -  
f o r e  th i s  e f fec t  is  unable  to exp la in  the o b s e r v e d  
changes .  

METALLURGICAL TRANSACTIONS 

(c) 
Fig. 8 -Stee l  1 s t ra ined  20 pct at l l0~ evolution of the s t ruc -  
ture on the cooling stage: (a)20"C; (b) -35~ (c) -169~ 

Effect  b s lows  down the d i s p l a c e m e n t s  of d i s loca t ions  
at  t e m p e r a t u r e s  where  i t  o c c u r s ,  but  cannot  p roduce  a 
v a r i a t i o n  of the SFE.  

Effect  c should involve an i r r e v e r s i b l e  d e c r e a s e  o r  
i n c r e a s e  of fau l ted  a r e a  on t e m p e r a t u r e  i n c r e a s e  and 
not only a d e c r e a s e ,  a s  a s s e r t e d  by  Ga l l aghe r f l  7 F u r -  
t h e r m o r e ,  i t  would not exp la in  the s t rong  d e c r e a s e  of 
SFE with t e m p e r a t u r e  below RT, a s  o b s e r v e d  by  o u r -  
s e l v e s .  

As a consequence ,  we think that  effect  d, that  is  a 
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500 :[~~~ 

Fig. 9--Steel 1: Spontaneous T ~ c~' t ransformat ion  on p r e -  
s t ra ined conditions. Intensity of magnetization vs amount of 
previous s t ra in .  
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Fig. 10--S~eel 1: Yield s t r e s s e s  of p r e - s t r a i n e d  conditions 
vs tes t  t empera ture  for E a = 30 pet.  

fa) ~) 
Fig. l l - - S t e e l  1: Deformation s t ruc tu res ,  (a) 20 pet at 500~ + yield at RT (in Ltiders band); (b) 20 pet at l l0~ + yield at RT 
(in Ltlders band). 

~) (b) 

Fig. 12--Steel 1: Deformation s t ruc tu res ,  (a) 23 pet at 150~ (plane defects  revealed by etching); (b) same  a rea  + yield at RT 
(cz' mar tens i t e  and new plane defects  revealed by re l ie f  effects).  
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t rue  dependence  of the SFE on t e m p e r a t u r e ,  is  p r e v a i l -  
ing on hea t ing  (which does  not n e c e s s a r i l y  mean that  
m e a s u r e d  v a l u e s  of SFE a r e  t r ue  va lue s ,  e s p e c i a l l y  
at high t e m p e r a t u r e s ) .  

This  conc lus ion  is  cons i s t en t  with i t  the o c c u r r e n c e  
of a y ~ ~ t r a n s f o r m a t i o n ,  the c o r r e s p o n d i n g  Gibbs 
f r e e  e n e r g y  v a r i a t i o n  AG Y ~ r  of which is  dependent  on 
t e m p e r a t u r e  and is  r e l a t e d  to the SFE,  tt,3~ if) the p e -  
c u l i a r  inf luence of t e m p e r a t u r e  on p l a s t i c  d e f o r m a t i o n  
modes  in aus ten i t e  above Md 8'z~176 and i i i  t s i m i l a r  
r e c e n t  r e s u l t s  obta ined  on s t a i n l e s s  steels.Z1'  tz,4o,4z 
F u r t h e r m o r e ,  a c c o r d i n g  to t hese  l a s t  r e s u l t s ,  t h e r e  
would be an i n c r e a s e  of SFE with t e m p e r a t u r e  which 
is  p e r f e c t l y  r e v e r s i b l e  be low RT it,=,4~ and m o s t l y  r e -  
v e r s i b l e  in the  (20, 350~ r ange  41 on s t a i n l e s s  s t e e l s  
of ne ighbor ing  compos i t i ons  but  conta in ing only t r a c e s  
of ca rbon .  This l a s t  e l e m e n t  might  thus be i n f e r r e d  to 
be  g r e a t l y  r e s p o n s i b l e ,  through effect  b, for  the i r r e -  
v e r s i b i l i t y  that  we o b s e r v e d .  

With Steel  2, the inf luence of t e m p e r a t u r e  on the 
modes  of d e f o r m a t i o n  of aus t en i t e  above M d and the 
ex tens ion  of (nonequi l ibr ium)  s t ack ing  fau l t s  on coo l -  
ing sugges t  that  the SFE i n c r e a s e s  l i kewi se  with t e m -  
p e r a t u r e .  

2. Nuclea t ion  P r o c e s s e s  in S t r e s s - i n d u c e d  
and Spontaneous )~ - -  ~' T r a n s f o r m a t i o n s  

The i n t e r r e l a t i o n s  be tween  s t r e s s ,  de fec t s  in a u s t e n -  
i te ,  and phase  t r a n s f o r m a t i o n  wil l  now be examined  as  
they  m a y  p rov ide  some  in fo rmat ion  on the p r o c e s s e s  
involved.  

In the above inves t iga t ion ,  a c o r r e l a t i o n  be tween  two 
s e r i e s  of e x p e r i m e n t a l  r e s u l t s  has  been  noted:  

i) The s u b s t r u c t u r e  induced by a p r e s t r a i n i n g  of 
aus t en i t e  above Md, such as  m a y  be  o b s e r v e d  at  RT. 

ti) The s t a b i l i t y  of aus t en i t e  t o w a r d s  e l a s t i c  s t r e s s -  

J (gauss) 

7500 

I 

i . _ . .  
p2500 

e a = 1 5 o ~  

Oa=500~ 

- ' ' Eo'=("/J- 0 10 2 0  

Fig.  13--Steel 2: Spontaneous T ~ ~ '  t r a n s f o r m a t i o n  on p r e -  
s t r a ined  condi t ions .  In tens i ty  of magne t i za t ion  vs  amount  of 
p r ev ious  s t r a i n .  

induced and spontaneous  y ~ od t r a n s f o r m a t i o n s ,  th is  
s t ab i l i t y  be ing  h igher  if 0 a i s  c l o s e r  to M d. 

This  c o r r e l a t i o n  s u g g e s t s  that  7 ~ a '  t r a n s f o r m a t i o n  
depends  i t  on the na tu re  and a r r a n g e m e n t  of de fec t s  in 
aus t en i t e  a t  RT a f t e r  p r e s t r a i n i n g  if) a n d / o r  on the i r  
ab i l i t y  to evolve  when the t e m p e r a t u r e  is  l owered  o r  
the app l ied  s t r e s s  i n c r e a s e d .  A c o m p a r a t i v e  s tudy of 
the  na tu re  and a b i l i t y  of evolut ion  of s t r u c t u r e s  can 
then al low to d e t e r m i n e  the f a c t o r s  which a r e  mos t  
f avo rab l e  to t r a n s f o r m a t i o n .  Fo r  convenience ,  the 
s t r u c t u r e s  induced by  s t r a i n i n g  at  110 to 150 and 500~ 
wil l  be hencefor th  r e f e r r e d  to a s  condi t ion  1 and con-  
di t ion 2 r e s p e c t i v e l y .  

t) conce rn ing  the na tu re  and a r r a n g e m e n t  of de fec t s  
in aus t en i t e ,  condi t ion  1 con ta ins  p lane  de fec t s  (twins,  

p l a t e l e t s ,  s t ack ing  fau l t s t  w h e r e a s  condi t ion  2 does  
not.  In addi t ion ,  a c c o r d i n g  to B r e e d i s ,  8 i n t e rna l  
s t r e s s e s  should be h ighe r  in condi t ion  1 b e c a u s e  of 
the p l a n a r  a r r a n g e m e n t  of sp l i t  d i s l o c a t i o n s ;  th is  l a s t  
hypo thes i s  wi l l  be d i s c a r d e d  in the fol lowing.  

fit  conce rn ing  the a b i l i t y  of s t r u c t u r e s  to evolve ,  

i o~m) 
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Fig.  14--Steel 2: Mechanica l  p r o p e r t i e s  of  p r e - s t r a i n e d  
condi t ions ,  (a) yield s t r e s s  vs  t e s t  t e m p e r a t u r e  for  Ca 
= 20 pct ;  (b) yield s t r e s s  vs  amount  of p r ev ious  s t r a i n  for  
v a r i o u s  t e s t  t e m p e r a t u r e s .  
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Fig. 15--Steel 2: Condition 1 (30 pct at 150~ aged at 500~ 
yield s t ress  vs aging time. 

Fig. 16--Steel 1: Structure of condition 1 (20 pct at ll0~ 
aged for 1 mn at 500~ 

we think that  ex i s t ing  o r  new p l a n a r  de fec t s  p ropaga t e  
m o r e  e a s i l y  in condi t ion  2 than in condi t ion 1 when the 
s t r e s s  is  i n c r e a s e d  o r  the t e m p e r a t u r e  lowered .  This  
can be exp la ined  by  the lower  y ie ld  s t r e s s  in condi t ion 
1, a l r e a d y  ment ioned  (F ig s .  10 and 14(a)), and the 
lower  s t a b i l i t y  of condi t ion  1 t owards  the ex tens ion  
of fau l ted  a r e a  when cooled  as  thin foi l  (Fig .  8). The 
s e g r e g a t i o n  of i m p u r i t i e s  (carbon)  on p a r t i a l  d i s l o c a -  
t ions  and the r e s u l t i n g  pinning i n f e r r e d  f r o m  the r e -  
su l t s  of SFE m e a s u r e m e n t s  might  expla in  th is  behav io r  
if they  a r e  m o r e  comple t e  in condi t ion 2 than in cond i -  
t ion 1, which is  l i ke ly  to occu r  ( see  Appendix 1). The 
en tang lemen t  of p e r f e c t  d i s l oca t i ons  in c e l l s  in cond i -  
t ion 2 might  a l so  con t r ibu te  to th is  d i f f e rence .  

The p r e c e d i n g  a n a l y s i s  sugges t s  that  the nuc lea t ion  
of s t r e s s - i n d u c e d  ~, --- a '  t r a n s f o r m a t i o n  is e a s i e r  
i) if p lane  de fec t s  a r e  in g r e a t e r  number  l i)  a n d / o r  
if ex i s t i ng  o r  new plane  de fec t s  p ropaga t e  m o r e  f r e e l y .  

Under  the a s s u m p t i o n s  of the f i r s t  hypo thes i s ,  s t r e s s -  
induced ~ '  m a r t e n s i t e  would nuc lea te  only on p r e e x i s t -  
ing p lane  de fec t s  ( " s t a t i c  nuc l ea t i on" ) .  However ,  the 
t r a n s f o r m a t i o n  m e c h a n i s m  involved,  p e r h a p s  a h o m o g e -  
neous e l a s t i c  s t r a i n i n g  of ~ p l a t e l e t s  under  s t r e s s ,  i s  
d i f f icu l t  to imag ine .  F r o m  an e x p e r i m e n t a l  s tandpoint ,  
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it  would be diff icul t  to exp la in  the o c c u r r e n c e  of the 
t r a n s f o r m a t i o n  in condi t ion 2 where  p lane  de fec t s  do 
not a p p e a r .  In addi t ion,  we showed that  s t a t i c  s u p e r -  
f i c i a l  nuc lea t ion  is  a r a t h e r  r a r e  event .  F ina l ly ,  the 
vo lume f r ac t i on  twinned a n d / o r  t r a n s f o r m e d  into E 
m a r t e n s i t e  a p p e a r s  to be much h igher  a f t e r  y ie ld ing  
(which o c c u r s  by  the nuc lea t ion  of a L / iders  band,  
Fig.  l l ( b ) )  than be fo re  (Fig .  7(a)) in condi t ion  1. 

It m a y  then be concluded that  the nuc lea t ion  s t r e s s  
of e l a s t i c  s t r e s s - i n d u c e d  ~, ~ ~ '  t r a n s f o r m a t i o n  i s ,  a t  
t e m p e r a t u r e s  where  th is  type of t r a n s f o r m a t i o n  o c c u r s  
(near  M s) ,  d i r e c t l y  dependent  on the s t r e s s  n e c e s s a r y  
to p ropaga t e  p lane  de fec t s  in aus t en i t e .  This  conc lus ion  
is  cons i s t en t  with the g e n e r a l i t y  a p o s t e r i o r i  of the a s -  
soc ia t ion  be tween  ~ '  and p lane  de fec t s  (Fig .  11). 

To con f i rm  th is  point ,  we c a r r i e d  out the fol lowing 
e x p e r i m e n t .  If a s p e c i m e n  of Steel  2 is  s t r a i n e d  30 pc t  
at  150~ and r a p i d l y  hea ted  in a s a l t  ba th  to 500~ (or 
350~ the y ie ld  s t r e s s  r i s e s  r e a d i l y  to the l eve l  c o r -  
r e spond ing  to d i r e c t  s t r a i n i n g  at  500~ (Fig .  15). The 
s a m e  phenomenon o c c u r s  in Steel  1, a l though not a s  
c o m p l e t e l y  (Fig .  10). F u r t h e r m o r e ,  e l e c t r o n  and o p t i -  
ca l  m i c r o s c o p i e s  show that  p l a n a r  de fec t s  and p a r t i c u -  
l a r l y  e m a r t e n s i t e  have not  d i s a p p e a r e d  a f t e r  th i s  aging 
(Fig .  16). Thus, c o n s i d e r i n g  the r a p i d i t y  of the change,  
we fee l  that  the only exp lana t ion  is  to be found in a s e g -  
r e g a t i o n  of i m p u r i t i e s  on d i s l oca t i ons  dur ing  aging,  
which r e d u c e s  the ab i l i t y  of the p l a n a r  de fec t s  to p r o p -  
aga te  under  an app l ied  s t r e s s .  M o r e o v e r ,  th is  e x p e r i -  
ment  d i s c a r d s  the hypo thes i s  a c c o r d i n g  to which the 
d i f f e r e n c e s  be tween the b e h a v i o r s  of both condi t ions  
might  be  exp la ined  by  d i f f e r e n c e s  of i n t e r n a l  s t r e s s e s :  
the aging  t ime  is  too s h o r t  to a l low a r e l a x a t i o n  of 
t he se  s t r e s s e s ,  s 

Regard ing  the spontaneous  7 - -  ~ '  t r a n s f o r m a t i o n ,  
a s i m i l a r  a n a l y s i s  may  a l low to r e l a t e  the nuc lea t ion  
p r o c e s s e s  to the p r o p a g a t i o n  of p lane  de fec t s  in a u s t e n -  
ire,  i n t e rna l  s t r e s s e s  (which depend on SFE) be ing  con-  
s i d e r e d  a lone.  

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

The inf luence of the t e s t  t e m p e r a t u r e  on the y ie ld  
s t r e s s  wi l l  now be d i s c u s s e d .  As e m p h a s i z e d  in the 
p r e c e d i n g  sec t ion ,  the p r i o r  p r o p a g a t i o n  of p lane  d e -  
fec t s  is  a n e c e s s a r y  condi t ion  for  the o c c u r r e n c e  of 
e l a s t i c  s t r e s s - i n d u c e d  7 ~ ~ '  t r a n s f o r m a t i o n ;  the y ie ld  
s t r e s s  above M s i s  then a lways  con t ro l l ed  by  the i n t e r -  
ac t ions  of d i s loca t i ons  with i m p u r i t i e s  and o the r  d i s l o -  
ca t ions ,  whe ther  the t r a n s f o r m a t i o n  t a k e s  p l ace  o r  not. 

Rega rd ing  condi t ion 1, where  s e g r e g a t i o n  is  v e r y  
l ight ,  i n t e r a c t i o n s  be tween  d i s l oca t i ons  a r e  only to be 
c o n s i d e r e d .  Saada t r e a t e d  the p r o b l e m  in the ca se  of 
p e r f e c t  d i s loca t i ons  in fcc  s ingle  c r y s t a l s  ;45 h is  r e s u l t s  
a l so  app ly  in the c a s e  of tu rbu len t  flow in fcc  p o l y c r y s -  
t a l s  42 h e r e  c o n s i d e r e d .  Fonta ine  48 showed that ,  when 
the SFE (f) is  low enough, the d e f o r m a t i o n  i s  m o r e  
e a s i l y  c a r r i e d  out by  the p ropaga t ion  of s t ack ing  fau l t s .  
The t r a n s i t i o n  o c c u r s  when the flow s t r e s s  c o r r e s p o n d -  
ing to th is  l a t t e r  ca se ,  Eq. [1] b e c o m e s  lower  than the 
flow s t r e s s  e s t i m a t e d  by Saada,  Eq. [2], that  i s  to s a y  
when: 

ub ~b~ / < ~ = 4--t- [2] 
[1] a ~ -  41 + b s 

where  b,  b s a r e  the B i i rge r s  v e c t o r s  of the p e r f e c t  and 
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imper fec t  dis locat ions  (here b = bs ~3-) and l is the 
mean f ree  path between dis locat ions  c ros s ing  a slip 
plane:  f dec reas ing  with 0, a d e c r e a s e  of ay with 0 
below the t rans i t ion  t empera tu re  may  be expected 
(Fig. 17). 

It follows that :  

day _ bs d// I d /  
- -  + 

dO 4l dO b s dO 

_~a~nax bs 1 d~t + 1 d f  
b lz dO b s dO 

With b s = l . 5 x l 0  - a c m ,  1 d / l _ 7 x 1 0  -4 per  d e g C ,  
~t dO 

d f  ~ 0.1 e rgs  pe r  sq cm pe r  deg C, a~ nax = 70 hbar  
dO 

. 1  

(Steel 1) and a~ nax = 80 hbar  (Steel 2), ~ = 3.8 hbar 

per  100~ (Steel 1) and ~ = 3.4 hbar  pe r  100~ 

(Steel 2). 

These values a re  consis tent  with the exper imenta l  
r esu l t s  (4 hbar  per  1000C in the range  ( -  50, +50~ on 
Steel 1 and 3.5 hbar  per  100~ in the range (0, 1000C) 
on Steel 2). 

Finally, cons ider ing  the d i rec t  dependence of % on l, 
it may  be noted that this model  can explain an abrupt  
dec rea se  of day/d~ a as  E a exceeds a t rans i t ion  value, 
but not a constant  value for  ay above this t rans i t ion  as  
is actual ly  observed  (Fig. 14(b)). 

Since we a re  concerned with m a c r o s c o p i c  yield 
s t r e s s e s ,  we must  d i scuss  a complemen ta ry  mecha -  
n i sm:  it may  be that the c ros s ing  of two nonparal le l  
p lanar  defects  could be made sti l l  e a s i e r  by the f o r m a -  
tion of a '  mar tens i t e  along their  in tersec t ion .  **'12 Once 
s tar ted,  the movement  of planar  defects  would then be 
acce le ra ted  by this mechan ism,  which would lead to a 
lower  mac roscop i c  yield s t r e s s  and would enhance the 
posi t ive yield s t r e s s - t e m p e r a t u r e  sensi t ivi ty .  We feel 
that this mechan i sm is more  l ikely to be opera t ive  at 
the lowest t empe ra t u r e s  where the ~ --~ a '  t r a n s f o r m a -  
tion is eas ies t .  

Regarding condition 2, the effect  of segrega t ion  can 
probably  account  for  the increment  of yield s t r e s s .  The 
resu l t ing  hardening,  however ,  is v e r y  difficult to e s t i -  
mate .  In addition, the posi t ive yield s t r e s s - t e m p e r a -  
ture  sens i t iv i ty  at the lowest  t e m p e r a t u r e s  (line 4, 
Fig. 17) r i s e s  another  p rob lem:  a poss ib le  mechan i sm 
might  be the a s s i s t ance  of unpinning under s t r e s s  by 
the repuls ion between pinned par t ia l  d is locat ions  when 
the SFE has become low enough. 

It is worth reca l l ing  here  that Zackay et al. 47 have 
at t r ibuted the hardening of TRIP  s tee ls  to the t r a n s -  
g ranu la r  precipi ta t ion  of Mo2C carb ides  during the 
p res t r a in ing  of austeni te  near  500~ In the s tee ls  
studied in this work,  a carefu l  examinat ion on thin 
foils  did not show any precipi ta t ion.  The s t ra in ing  
conditions,  however ,  were  r a t h e r  different .  

" . . .  .o. 

I ~ 1  

/ "  

/ ' 1 '  

r 
Fig. 17--Schemat ic  va r i a t ions  of yield s t r e s s  with t e s t  
temperature. 

defects ,  i .e.,  stacking faults,  mechanica l  twins and 
mar tens i t e  p la te le ts ,  a re  v e r y  abundant (condition 1); 
if 0 a is higher  (500~ dis locat ion cel ls  can only be 
obse rved  on both s tee l s  (condition 2). In addition, the 
abili ty of exis t ing o r  new defects  to propagate  with 
e i ther  an applied s t r e s s  o r  a t empera tu re  d e c r e a s e  
is l a rge r  in condition 1 than in condition 2. 

2) These d i f ferences  may  be s imply  explained by 
the value of the in t r ins ic  stacking fault ene rgy  (SFE) 
of austeni te :  SFE is low at RT (18 e rgs  per  sq cm) and 
inc reases  s teadi ly  with t empera tu re  (-~ 0.1 e rgs  per  sq 
cm pe r  deg C). SFE m e a s u r e m e n t s  have also evidenced 
the o c c u r r e n c e  of a segrega t ion  of impur i ty  a toms 
(probably carbon) on dis locat ions .  This segrega t ion  is 
more  intense in condition 2 than in condition 1 and so 
would explain the fact  that defects  propagate  m o r e  e a s -  
ily in condition 1. 

3) The yield s t r e s s  of both s tee ls  in the (Ms, Md) 
range inc reases  with Oa at a given value of Ea. This 
dependence is mos t  noticeable when the yield s t r e s s  
is " c o n t r o l l e d "  by the ~ ~ t~' mar tens i t i c  t r a n s f o r -  
mation,  i .e.,  at low enough tes t ing t empe ra tu r e s .  In 
addition, the s tabi l i ty  of austeni te  towards  spontaneous 
y - -  t~' t r ans fo rma t ion  is l essened  if previous  s t r a in -  
ing has been c a r r i e d  out c lo se r  to M d. 

4) It may  then be deduced that low t empera tu re  p r e -  
s t ra in ing of austeni te  p romotes  e las t ic  s t r e s s - induced  

~ ~ '  t r ans fo rma t ion  between M s and M d and spon-  
taneous y ~ ~ '  t r ans fo rma t ion  below M s, as compared  
with higher  t empera tu re  p res t ra in ing .  Consider ing the 
nature and s t ruc tu r e  of defects  p resen t  in both condi-  
t ions,  it is concluded that  the nucleat ion s t r e s s  of 
~, ~ t~' t r ans fo rma t ion  is the s t r e s s  n e c e s s a r y  to p rop-  
agate p lanar  defects  in austenite ,  which would ensure  
the c rea t ion  and propagat ion of t r ans fo rma t ion  d i s loca-  
t ions through sti l l  poor ly  unders tood mechan i sms .  The 
nucleat ion p r o c e s s  thus appea r s  to be dynamic.  

C ONC LUSION 

I) On both steels studied, the temperature 0 a of 
previous  deformat ion  of austenite above M d s t rong ly  
Influences the nature  and a r r a n g e m e n t  of defects  such 
as they a re  obse rved  at RT; if Oa is c lose  to Md, planar  

APPENDIX I 

An Evaluation of Carbon Atoms Segregation 
on Dis locat ions  in Austenite 

Let Co be the mean concent ra t ion  of ca rbon  a toms 
in the metal .  
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The equi l ibr ium concentrat ion C M i s  g iven by C M 
= C o exp ( -  W m / k T  ) (below saturation) and the concen-  
trat ion C - C O of a toms  having arr ived on d i s locat ions  
at t ime  t i s  C - C O = ~rCo[3D I W m I t /b2kT]  2Is if  C << CM, 
where W m ~- 0.23 eV 4s is  the interact ion energy  between 
these  atoms and d i s locat ions  and D - 0.25 exp ( - 3 5 , 0 0 0 /  
RT) c m  z p e r  s (Ref.44) i s  the diffusion coef f ic ien t  of 
ca rbon  a t o m s  in Fey.42 

For  T = 400 K (condi t ion 1) and t ~- 1000 s ( app rox i -  
mate  s tra in ing  t ime) ,  C -- 3C o which i s  v e r y  low and 
much l e s s  than saturation.  

For T > 600 K (condition2),  the t ime  n e c e s s a r y  to 
reach equi l ibr ium is  l e s s  than 1 s: the concentrat ion 
at RT after s tra in ing  at T > 600 K is  then c lose  to equi -  
l ibr ium concentrat ion at 600 K, say  about 100Co, which 
is  much higher and c l o s e  to saturation.  
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