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Phosphorus i s  known from Auger e l e c t r o n  s p e c t r o s c o p y  a n a l y s e s  t o  
s e g r e g a t e  t o  g r a i n  b o u n d a r i e s  of f e r r i t i c  steels a t  e l e v a t e d  tempera- 
t u r e s  and produce a  d e l e t e r i o u s  e f f e c t  on t h e  mechan ica l  s t r e n g t h  (tem- 
p e r  e m b r i t t l e m e n t )  ( l , 2 ) .  T h i s  e lement  h a s  a l s o  been observed t o  enhance 
g r a i n  boundary c o r r o s i o n  ( 3 , 4 )  and s t r e s s  c o r r o s i o n . ( 5 )  i n  t h e s e  steels. 
However, AES a n a l y s i s  of g r a i n  boundar ies  i s  p o s s i b l e  o n l y  i f  t h e  s p e c i -  
men i s  e m b r i t t l e d  and can b e  f r a c t u r e d  i n t e r - g r a n u l a r l y  a t  l e a s t  t o  a  
f r a c t i o n  o f  abou t  10%. For non-embr i t t l ed  a l l o y s ,  t h e  f i e l d  i o n  micro- 
scope  (FIM) atom probe  i s  t h e  on ly  m i c r o - a n a l y t i c a l  i n s t r u m e n t  a v a i l -  
a b l e  f o r  t h e  s t u d y  o f  g r a i n  boundary s e g r e g a t i o n  a t  t h e  a tomic l e v e l .  

I n  t h i s  p a p e r ,  we r e p o r t  t h e  s u c c e s s f u l  a p p l i c a t i o n  o f  a high-  
performance t ime-of - f l igh t  (ToF) atom-probe t o  t h e  s t u d y  of phosphorus 
s e g r e g a t i o n  t o  g r a i n  boundar ies  i n  a Fe-0.04%P a l l o y .  The ToF atom- 
probe used i n  t h i s  i n v e s t i g a t i o n ,  which was developed by Miiller ( 6 , 7 ) ,  
i s  c a p a b l e  of n o i s e - f r z e  a n a l y s i s  of s o l u t e  atoms w i t h  a mass r e s o l u -  
t i o n  (m/Am) of o v e r  1 ,000 .  . T h i s  i s  t o  be compared w i t h  t h e  convent-  
i o n a l  ( s t r a i g h t  d r i f t  tube)  ToF atom probes  which have r e s o l u t i o n s  on 
t h e  o r d e r  of m / ~ m  = 100. The f a c t o r  account ing  f o r  t h e  improved r e s o -  
l u l i o u  i s  ehe i n c o r p o r a t i o n  of a  curved ( P o s c h e n r i e d e r )  e l e c t r o s t a t i c  
f o c u s i n g  l e n s  (shown i n  F i g u r e  1 )  (8 ) .  

PROCEDURE 

An i r o n  w i r e  was doped w i t h  phosphorus by h e a t i n g  a t  8 0 0 ' ~  i n  
vacua w i t h  Fe-P alluy and TiH?. The w i r e  w a s  made i n t o  a s h a r p , n e e d l e -  
shaped t i p  by e l e c t r o c h e m i c a l  e t c h i n g .  The t i p  was f i e l d  evapora ted  
u n t i l  a  s h a r p  f i e l d  i o n  image c h a r a c t e r i s t i c  of i r o n  was observed .  Com- 
p o s i t i o n a l  a n a l y s i s  was t h e n  performed a t  78K and about  Pa 
T o r r )  by g r a d u a l l y  f i e l d  e v a p o r a t i n g  t h e  s u r f a c e  atoms. 

A s e r i e s  of a n a l y s e s  was then done a t  t h e  g r a i n  boundary on  t h i s  
t i p  from e x a c t l y  t h e  same area a f t e r  h e a t i n g  i n  va.cuum t o  success ive ly  
h i g h e r  t empera tu res  of 440, 470, 530,  660, 770 and 910 +30°C, and t h e n  
c o o l i n g  t o  78K. A f t e r  each the rmal  t r e a t m e n t  a t  l e a s t  1 , 0 0 0  p u l s e  
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f i e l d  e v a p o r a t i o n s ,  removing and a n a l y z i n g  t h e  s u r f a c e  atoms, were a t-  
tempted i n ' o r d e r  t o  o b t a i n  s t a t i s t i c a l l y  meaningful  d a t a .  T h i s  c o r r e s -  
ponds t o  a n  a n a l y s i s  of approx imate ly  30 a tomic  l a y e r s  a l o n g  t h e  g r a i n  
boundary.  

RESULTS 

F i e l d  i o n  images were observed u s i n g  H2 imaging g a s  a t  78Kj F i g .  
2. I n  t h i s  f i g u r e ,  a g r a i n  boundary,  1 t o  2 atom d i s t a n c e s  wide,  is  
s e e n  runn ing  n o r t h  t o  s o u t h .  I n  some c a s e s ,  g r a i n  b o u n d a r i e s  were  
wider  and rough. 

Phosphorus was found t o  s e g r e g a t e  t o  t h e  g r a i n  boundary a t  temper- 
a t u r e s  below 600°C, F i g u r e  3 .  The phosphorus c o n t e n t . i n  t h e  g r a i n  
boundary i s  1 5  +3% a t  440°C; i t  d e c r e a s e s  t o  abou t  7.5% a t  530°C and 
approaches  0% a t  o r  above 660°C. T h i s  atom probe o b s e r v a t i o n  a g r e e s  
q u a l i t a t i v e l y . w i t h  p r e v i o u s  AES s t u d i e s  ( 2 ) .  The r e s u l t s  p r o v i d e  uny 
m i s t a k e a b l e  ev idence  a t  a t r u l y  a tomic l e v e l  f o r  g r a i n  boundary s e g r e -  
g a t i o n  of phosphorus .  T i ,  C ,  0 and Fln were a l s o  d e t e c t e d  t o  s e g r e g a t e  
t o  t h e  g r a i n  boundary a t  d i f f e r e n t  t e m p e r a t u r e s .  

At a  d i s t a n c e  of a  few atom l a y e r s  from t h e  g r a i n  boundary t h e  
phosphorus  c o n t e n t  was v i r t u a l l y  n i l ,  i n d i c a t i n g  a  v e r y  s h a r p  g r a d i e n t .  
T h i s  i s  t o  b e  c o n t r a s t e d  w i t h  r e s u l t s  p r e s e n t e d  f o r  T i  s e g r e g a t i o n  t o  
g r a i n  boundar ies  i n  Fe-0.15%Ti a l l o y  i n  which t h e  decay of t h e  T i  con- 
c e n t r a t i o n  w a s  q u i t e  b r o a d ,  ex tend ing  over  20 atom l a y e r s  i n t o  t h e  
b u l k  ( 9 ) .  

CONCLUSIONS 

Gra in  boundar ies  were s u c c e s s f u l l y  observed i n  a  Fe-0.04%P a l l o y  
u s i n g  a  f i e l d  i o n  microscope ( F I X ) ,  and t h e  composi t ion a l o n g  a  g r a i n  
buul~clary was ana lyzed  using a high-performance t ime-of - f l igh t  atom- 
p robe .  Phosphorus was found t o  s e g r e g a t e  t o  t h e  g r a i n  boundar iesbelww 
600°C, i n  agreement w i t h  t h e  p r e v i o u s  Auger e l e c t r o n  s p e c t r o s c o p y  
s t u d i e s .  T h e  atom probe  FIM o f f e r s  un ique  o p p o r t u n i t i e s  f o r  e v a l u a t -  
i n g  t h e  s e g r e g a t i o n  c h a r a c t e r i s t i c s  of many e l e m e n t s ,  i n c l u d i n g  t h o s e  
which cannot  be s t u d i e d  by AES and o t h e r  methods which r e l y  on g r a i n  
boundary f r a c t u r e  f o r  t h e  a n a l y s i s .  
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F i g .  1. A schemat ic  of t h e  high-performance t ime-of - f l igh t  atom- 
probe FIEf equipped with a curved e l e c t r o s t a t i c  f o c u s i n g  

a . lens .  
I 



t 
Pig.  2. 'A f i e l d  i o n  micrograph of Fe-0.04XP a l l o y  t i p  w i t h  a 
narrow g r a i n  boundary running n o r t h  t o  south .  H2 imaging gas  
was used. 

TEMPERATURE, 

Fig.  3 .  Phosphorus conten t  a t  a g r a i n  boundary i n  Fe-0.04%P ' 

a l l o y  as a func t ion  of t h e  annea l ing  temperature.  




