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Fig. 2 - -Boron  concen t ra t ion  prof~l~ in t e r m s  of bo ron  (181 eV) 
peak height vs  atomic layers  removed by argon ion sputtering. 

u l a r  f a c e t s  was  ob ta ined  by d e t e r m i n i n g  the boron  con-  
c e n t r a t i o n  p ro f i l e ,  i . e . ,  the Auger  bo ron  peak  he igh t  
a s  a function of depth benea th  the f r a c t u r e  s u r f a c e .  
The p ro f i l e ,  p r e s e n t e d  in Fig .  2, was ob ta ined  by con-  
t r o l l e d  s p u t t e r i n g  (by a rgon  ion b o m b a r d m e n t )  of m a -  
t e r i a l  f r om the f r a c t u r e  s u r f a c e  in s m a l l  s t e p s  and 
p e r f o r m i n g  Auger  a n a l y s i s  for  b o r o n  at  each s tep .  
The r a p i d  d e c r e a s e  in boron  c o n c e n t r a t i o n  in the f i r s t  
10 a t o m i c  l a y e r s ,  fo l lowed by a m o r e  g radua l  d e c r e a s e  
out  to a p p r o x i m a t e l y  2000 a tomic  l a y e r s  sugges t s  the 
p r e s e n c e  of both e q u i l i b r i u m  s e g r e g a t i o n  (Gibbsian  
adso rp t i on )  and nonequ i l ib r ium s e g r e g a t i o n  ( f rom d i f -  
fus ion of v a c a n c y / b o r o n  c o m p l e x e s  to g r a i n  bounda-  
r i e s  du r ing  cool ing  f rom high t e m p e r a t u r e s ) .  The 
fac t  that  the s t r o n g  molybdenum Auger  peak  at  183 
eV s was  not de t ec t ed ,  i nd ica t ed  tha t  molybdenum was 
not  s e g r e g a t e d  at  the g ra in  b o u n d a r i e s .  

In s u m m a r y ,  the p r e s e n t  commun ica t i on  r e p o r t s  the 
o b s e r v a t i o n  of two pos i t i ons  for  the p r i n c i p a l  Auger  
peak  for  boron ,  one at  181 eV for  e l e m e n t a l  boron,  
and one at  170 eV for  boron  c h e m i c a l l y  bound in a 
phase  commonly  found in boron  s t e e l s ,  Fe2s(C , B) 6. 
While  th i s  c h e m i c a l  shi f t  of the Auger  bo ron  peak  and 
s i m i l a r  sh i f t s  r e p o r t e d  for  A1, Ta and Si a r e  of g e n e r a l  
s c i en t i f i c  i n t e r e s t ,  the p r e s e n t  o b s e r v a t i o n  r e g a r d i n g  
e l e m e n t a l  boron  c a r r i e s  s p e c i a l  m e t a l l u r g i c a l  s i g n i f i -  
cance  b e c a u s e  i t  a p p e a r s  to be the  f i r s t  d i r e c t  ev idence  
for  s e g r e g a t i o n  of a tomic  bo ron  at  g r a i n  b o u n d a r i e s  in 
s t e e l .  The door  is  now open for  the app l i ca t i on  of 
Auger  e l e c t r o n  s p e c t r o s c o p y  to the s tudy  of g ra in  
b o u n d a r y  s e g r e g a t i o n  of boron  in s t e e l ,  hopeful ly  
l ead ing  to an unde r s t and ing  of the  r e s p e c t i v e  ef fec ts  
of a t o m i c  boron  and of p r e c i p i t a t e d  b o r o n - c o n t a i n i n g  
p h a s e s  in two i m p o r t a n t  a r e a s  of s t e e l  m e t a l l u r g y - -  
h a r d e n a b i l i t y  and g r a i n  bounda ry  e m b r i t t l e m e n t .  
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Plastic Zone Sizes in Fatigued 
Specimens of INCO 718 
M. CLAVEL,  D. FOURNIER,  AND A. PINEAU 

The s i z e  of the p l a s t i c  zone a t  the head of a fa t igue  
c r a c k  is  an i m p o r t a n t  p a r a m e t e r  in the d i s c u s s i o n  of 
fa t igue  c r a c k  growth b e h a v i o r .  In h is  t h e o r e t i c a l  model ,  
Rice  showed tha t  a r e v e r s e d  p l a s t i c  zone is  p r e s e n t  
within the s o - c a l l e d  monotonic  p l a s t i c  zone when the 
m a t e r i a l  i s  s t r e s s - c y c l e d . '  His c a l c u l a t i o n s  ind ica te  
tha t  the  s i z e  of  the  r e v e r s e d  p l a s t i c  zone i s  one four th  
tha t  of the  monotonic  one.  V a r i o u s  e x p e r i m e n t a l  a p -  
p r o a c h e s  such  as  X - r a y  m i c r o b e a m  s tud i e s ,  2 e tch ing  
technique  in Fe -3  Si 3 and m i c r o h a r d n e s s  m e a s u r e -  
m e n t s  4-s have  been  used  to m e a s u r e  p l a s t i c  zone 
s i z e s .  The e tch ing  technique  in F e - 3  $i and the m i -  
c r o h a r d n e s s  m e a s u r e m e n t s  in a u s t e n i t i c  and m a r t e n -  
s i t i c  s t e e l s  showed the p r e s e n c e  of a r e v e r s e d  flow 
within  the monotonic  p l a s t i c  zone as  p r e d i c t e d  by Rice .  1 

The m i c r o h a r d n e s s  technique  i s  b e s t  su i ted ,  how- 
e v e r ,  to m a t e r i a l s  which a r e  c y c l i c a l l y  uns tab le ,  i . e .  
which s t r o n g l y  w o r k - h a r d e n  l ike  a u s t e n i t i c  s t a i n l e s s  
s t e e l s  o r  which s t r o n g l y  w o r k - s o f t e n  l ike  m a r a g i n g  
s t e e l s .  :In the  w o r k  r e p o r t e d  h e r e ,  we have  deve loped  
an e tch ing  technique  which can be used  for  INCO 718. 
This  a l loy  which i s  a l m o s t  c y c l i c a l l y  s t ab l e  is  not 
e a s i l y  a m e n a b l e  to the  m i c r o h a r d n e s s  technique .  

INCO 718 is  s t r e n g t h e n e d  m a i n l y  by  y"  (DO22) and 
r . . 6 . a l so  by  y (LI  2) p r e c lpx t a t e s .  K1rman and W a r r i n g t o n  

showed tha t  r o o m  t e m p e r a t u r e  d e f o r m a t i o n  of a n 
d i s p e r s i o n  p r o d u c e s  faul t s  wi th in  the  y"  p r e c i p i t a t e s .  7 
These  fau l t s  can give l o c a l l y  the s t a c k i n g  sequence  
A B A B  which i s  that  of the  s t ab l e  o r t h o r h o m b i c  (DO a) 
fl phase .  Dur ing  fu r t he r  ag ing  of the a l loy  t h e s e  s t r a i n -  
induced  de f e c t s  ac t  a s  nuc le i  for  the  /3 phase  which 
then g rows  as  long p l a t e l e t s  on the  ( l l l )  p l anes  of the 
m a t r i x .  Af te r  th i s  p o s t - d e f o r m a t i o n  ag ing  t r e a t m e n t ,  
the  fl phase  can be e a s i l y  o b s e r v e d  by  e i t h e r  op t i ca l  
o r  s cann ing  e l e c t r o n  m i c r o s c o p y .  O b s e r v a t i o n s  on 
f u l l y - a g e d  t e n s i l e  s p e c i m e n s  showed tha t  a h e a t - t r e a t -  
men t  (943 K for  80 h) was  su f f i c i en t  to ev idence  p l a s -  
t ic  s t r a i n s  l e s s  than about  1 pct .  

In m e a s u r e m e n t s  of the  p l a s t i c  zone s i ze  du r ing  
fa t igue  c r a c k  p r o p a g a t i o n  two t y p e s  of convent iona l  
fa t igue  s p e c i m e n s  w e r e  used ,  CT and SEN. The d i -  
m e n s i o n s  of the  s p e c i m e n s  a r e  given in F igs .  l (b)  and 
l ( c ) .  The SEN and CT s p e c i m e n s  w e r e  fa t igued  at  high 
and low load  l e v e l s ,  r e s p e c t i v e l y .  F o r  the SEN s p e c i -  
mens  a m a x i m u m  load  of 25.5 • l0  s N was  used,  whi le  
the  CT s p e c i m e n s  w e r e  fa t igue  t e s t e d  at  4.91 • 10 s N 
m a x i m u m  load.  In both c a s e s  the  r a t i o  be tween  the 
m i n i m u m  and the m a x i m u m  load,  R, was  0.10. In o r -  
d e r  to e l i m i n a t e  any e f fec t s  of p l a s t i c  flow a round  the 
mach ined  notch dur ing  c r a c k  in i t i a t ion ,  m e a s u r e m e n t s  
of zone s i z e s  w e r e  only  begun a f t e r  10 -s m of fa t igue 
c r a c k  growth .  M e a s u r e m e n t s  w e r e  made  both at  the 
s u r f a c e  (plane s t r e s s )  and at  the m i d p l a n e  of the s p e c -  
i m e n s  (plane s t r a i n ) .  On the s u r f a c e  the p l a s t i c  zone 
s i z e  d e t e r m i n e d  by  th is  e tch ing  techn ique  was  c o m -  
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pared  with the s ize  of the de format ion  zone which 
could be d i r ec t ly  obse rved  before  p o s t - d e f o r m a t i o n  
aging. 

The s p e c i m e n s  were  annealed  at 1228 K for 30 min  
and fully aged (993 K-8 h - - a i r  cooling at 50 K/h to 
893 K-8 h). This convent ional  h e a t - t r e a t m e n t  gave a 
g ra in  s ize  of about 40 �9 10 -~ m and a yie ld  s t reng th  at 
0.2 pct ((~y) of 1070 MPa. 

The c rack  growth r a t e s  m e a s u r e m e n t s  (da/dN) v s  

the v a r i a t i o n  of the s t r e s s  in tens i ty  factor  (AK) a r e  
plotted in Fig.  l(a).  It should be noted that the r e s u l t s  
obtained with the two types of s p e c i m e n s  a r e  v e r y  
close together  in the r ange  of AK common to" both t es t s .  
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Fig .  1--(a)  C r a c k  g rowt h  r a t e s  (da/dN) v s  the  v a r i a t i o n  of the  
s t r e s s  i n t e n s i t y  f a c t o r  (,,-%~). R e s u l t s  ob ta ined  wi th  the  CT and 
SEN s p e c i m e n s  a r e  inc luded .  (b) and  (c) C T  and SEN s p e c i -  
m e n s ,  r e s p e c t i v e l y .  (All d i m e n s i o n s  a r e  g i ven  in ram).  

F ig .  2 - - P l a s t i c  zone  a t t e n d i n g  a f a t igue  c r a c k  d e c o r a t e d  by fl 
p l a t e l e t s  and  o b s e r v e d  by s c a n n i n g  e l e c t r o n  m i c r o s c o p y .  M i d -  
p l ane  of a SEN s p e c i m e n  f a t i g u e d  a t  ~ = 55 M P a  ~ (Rp 
= 24" 10 -5 m) .  The  ex t en t  of  t he  m o n o t o n i c  p l a s t i c  zone  r e -  
v e a l e d  by t he  i n t e r g r a n u l a r  p r e c i p i t a t i o n  of fl p l a t e l e t s  i s  i n -  
d i c a t e d  by  a do t t ed  l ine .  
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Fig. 3 - - M e a s u r e m e n t s  of the monotonic p las t ic  zone s izes  of 
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plane s t r a i n  (lower curve)  condit ions a r e  given. The A coeff i -  
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Fig. 4 - -Var ia t ion  of the monotonic p las t i c  zone s izes  of SEN 
spec imens  with Kmax. The r e s u l t s  for  plane s t r e s s  (upper 
curve) and plane s t r a i n  (lower curve)  condi t ions a re  included. 
The A coeff ic ients  were  calcula ted with cry = 1070 MPa.  

t o n i c  p l a s t i c  z o n e  i s  t h o u g h t  to  b e  b e s t  c o r r e l a t e d  w i t h  
Kma x r a t h e r  t h a n  AK. 

T h e  r e s u l t s  s h o w  t h a t  t he  I r w i n ' s  r e l a t i o n s h i p ,  Rp 
= A • ( K / a y )  a f o r  m o n o t o n i c  p l a s t i c  f low i s  v e r i f i e d .  
The  p l a n e  s t r a i n  p l a s t i c  z o n e  i s  a p p r o x i m a t e l y  h a l f  t h e  
p l a n e  s t r e s s  p l a s t i c  z o n e .  T h i s  r a t i o  i s  l a r g e r  t h a n  t h a t  
p r e d i c t e d  b y  t h e  I r w i n ' s  m o d e l  w h i c h  g i v e s  a f a c t o r  of  
1 / 3 .  In p l a n e  s t r a i n  c o n d i t i o n s ,  t h e  d i f f e r e n c e  in  t h e  A 
c o e f f i c i e n t s  b e t w e e n  C T  and  SEN s p e c i m e n s  i s  no t  c o n -  
s i d e r e d  to  b e  s i g n i f i c a n t  b e c a u s e  t h e  m e a s u r e m e n t s  w e r e  
n o t  p e r f o r m e d  in  t h e  s a m e  K r a n g e  fo r  t h e  two t y p e s  of 
s p e c i m e n s .  T h e  A c o e f f i c i e n t  f o r  p l a n e  s t r a i n  c o n d i -  
t i o n s  i s  v e r y  c l o s e  to t h a t  f ound  b y  m i c r o h a r d n e s s  
m e a s u r e m e n t s  in  C T  s p e c i m e n s ,  4'5 b u t  i s  s m a l l e r  t h a n  
t h a t  d e t e r m i n e d  b y  H a h n  e t  a l  3 i n  D C B  s p e c i m e n s  of  
F e - 3  Si. M o r e o v e r ,  t h e  A c o e f f i c i e n t s  r e p o r t e d  h e r e  
a r e  v e r y  c l o s e  to t h e  t h e o r e t i c a l  v a l u e  (1/37r) c a l c u -  
l a t e d  b y  I r w i n .  

In s u m m a r y ,  t h i s  e t c h i n g  t e c h n i q u e  i s  s u i t a b l e  to 
m e a s u r e  t h e  p l a s t i c  z o n e  s i z e s  in  INCO 718.  It  i s  
c u r r e n t l y  b e i n g  u s e d  in  a s t u d y  of  t h e  f a t i g u e  b e h a v i o r  
of  t h i s  a l l o y .  S i n c e  t h i s  m e t h o d  i s  s p e c i f i c  to  t h e  
y "  ~ ~ p h a s e  t r a n s f o r m a t i o n  i t  c a n  a l s o  b e  u s e d  fo r  
INCO 706 w h i c h  i s  a l s o  s t r e n g t h e n e d  b y  V". a'9 The  
s a m e  p r i n c i p l e  of p o s t - d e f o r m a t i o n  h e a t - t r e a t m e n t  
to  d e l i n e a t e  p l a s t i c  z o n e s  c o u l d  b e  u s e d ,  f o r  i n s t a n c e ,  
in  F e - N i - C r - T i  a l l o y s  w h i c h  e x h i b i t  a s t r a i n - a c c e l -  
e r a t e d  y '  ~ ~ (DO24) t r a n s f o r m a t i o n .  
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F ig .  2 s h o w s  an  e x a m p l e  of  t h e  d e c o r a t i o n  b y  
p l a t e l e t s  of t h e  p l a s t i c  z o n e  a t t e n d i n g  a f a t i g u e  c r a c k .  
It  c a n  b e  n o t e d  t h a t  t he  p r e s e n c e  of  t h e  ~ p h a s e  w i t h i n  
t h e  g r a i n s  i s  r e s t r i c t e d  to a z o n e  b e l o w  t he  f r a c t u r e  
s u r f a c e .  In t h e  r e g i o n s  w h i c h  w e r e  no t  d e f o r m e d ,  t he  
p r e c i p i t a t i o n  of t h e  o r t h o r h o m b i c  p h a s e  o c c u r s  o n l y  
a t  t he  g r a i n  b o u n d a r i e s .  I n s i d e  t h e  p l a s t i c  z o n e ,  t h e  
d e n s i t y  of ~ p l a t e l e t s  i n c r e a s e s  c o n t i n u o u s l y  f r o m  the  
e l a s t o p l a s t i c  b o u n d a r y  o r  t he  m o n o t o n i c  z o n e  i n t e r f a c e  
to t h e  f r a c t u r e  s u r f a c e ,  I t  i s  n o t  p o s s i b l e  to  d e t e r m i n e  
t he  l i m i t  of  t he  r e v e r s e d  z o n e  b y  t h i s  e t c h i n g  t e c h n i q u e .  
M o r e o v e r  t h e  a c c u r a c y  of  t h i s  e t c h i n g  t e c h n i q u e  to d e -  
l i n e a t e  t h e  p l a s t i c  z o n e s  i s  t h o u g h t  to  b e  of  t he  o r d e r  
of the  g r a i n  s i z e ,  i . e .  •  �9 10 -8 m .  

The  m o n o t o n i c  p l a s t i c  z o n e  s i z e  (Rp) w a s  m e a s u r e d  
on  v a r i o u s  s p e c i m e n s  a n d  f o r  v a r i o u s  c r a c k  l e n g t h s  in  
o r d e r  to  s t u d y  a l a r g e  r a n g e  of AK. T h e  r e s u l t s  f o r  C T  
and  SEN s p e c i m e n s  a r e  g i v e n  in  F i g s .  3 a n d  4, r e s p e c -  
t i v e l y .  In b o t h  c a s e s  r e s u l t s  f o r  p l a n e  s t r a i n  a n d  p l a n e  
s t r e s s  m e a s u r e m e n t s  a r e  i n c l u d e d .  T he  s u r f a c e  m e a -  
s u r e m e n t s  w e r e  found  to be  in good  a g r e e m e n t  w i t h  
t h o s e  o b s e r v e d  f r o m  d e f o r m a t i o n  z o n e ,  The  p l a s t i c  
z o n e  s i z e s  a r e  p l o t t e d  v s  (Kmax) 2, w h e r e  K m a  x i s  t h e  
m a x i m u m  of t h e  s t r e s s - i n t e n s i t y  f a c t o r .  T h e  m o n o -  
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It  w a s  s h o w n  p r e v i o u s l y  z t h a t  t h e  r m v a l u e s  of d e e p -  
d r a w i n g  s h e e t  s t e e l s  a r e  h i g h l y  s t r a i n - d e p e n d e n t  w i t h -  
in  t h e  r a n g e  of  u n i f o r m  d e f o r m a t i o n  in  a s i m p l e  t e n -  
s i o n  t e s t .  B a s e d  on  a n  a n a l y s i s  of t h e  w o r k  h a r d e n i n g  
r a t e  in  t h e  t h i c k n e s s  a n d  in  t h e  w i d t h  d i m e n s i o n s  of 
t h e  s p e c i m e n ,  w h i c h  d i f f e r e d  c o n s i d e r a b l y  a s  a c o n -  
s e q u e n c e  of t e x t u r e  s t r e n g t h e n i n g ,  i t  w a s  a n t i c i p a t e d  
t h a t  w h e r e a s  t h e  r v a l u e  f o r  s t r o n g l y  ( l l l ) - t e x t u r e d  
s h e e t  ( r  > 1 .00)  d e c r e a s e s  w i t h  i n c r e a s i n g  s t r a i n ,  t h e  
r v a l u e  f o r  r a n d o m - t e x t u r e d  s h e e t  ( r  - 1 .00)  s h o u l d  b e  
i n d e p e n d e n t  of  s t r a i n ,  a n d  t h a t  f o r  s t r o n g l y  ( 1 0 0 ) - r e x -  
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