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Résumé Mous avons utilisé simultanément la microscopie électronique par transmission, 
la microscopie ionique à effet de champ, la sonde atomique et la microscopie -à 
désorption pour étudier la ségrégation des joints de grains en deux aciers inpxyda-
bles austënitiques contenant du bore. Les profils de la ségrégation de B, Mo, Mi 
et Fe sont présentés. Il est montré qu'en combinant des techniques, les profite de 
concentration peuvent être déterminés avec une haute résolution spatiale quelle 
que soit l'orientation des joints de grain. 

Abstract A combination of transmission electron microscopy (TEM), field-ion micro-
scopy CFIM), atom-probe (AP), and imaging atom-probe (IAP) has been used to study 
grain boundary segregation in two boron containing austenitic stainless steels.Segre
gation profiles for B, Mo, Ni, and Fe are presented. It is shown that, by the use of 
a combination of techniques, concentration profiles can be determined with high 
spatial resolution regardless of the grain boundary orientation. 

Introduction 

The properties of materials are often considerably affected by the local chemical 
composition at their phase and grain boundaries. Changes in the chemical composition 
at interfaces can be caused either by equilibrium or by non-equilibrium processes 
and the width of the affected zone can vary from a few to several hundreds of atomic 
planes. In order to understand these processes it is necessary to know both the 
intergranular structure and the chemical composition on a fine scale. 

B is a highly grain boundary active element, often added in small concentrations 
(10-30 wt. ppm) to austenitic stainless steels, that tends to segregate to grain 
boundaries mainly by a non-equilibrium process. The understanding of this process 
has, however, sofar been hindered by the lack of detailed quantitative grain bound
ary compositional information. Therefore, the FIM-AP and IAP techniques, with their 
ability of giving qualitative and quantitative information for all elements with 
near atomic spatial resolution, have been used to investigate the non-equilibrium 
segregation of B in two austenitic stainless steels. 

Material and specimen preparation 

The two steels, one Mo-free with composition (wt.SO: 

0.0023 B, 0.02 C, 17.4 Cr, 13.2 Ni, 1.80 Mn, 0.62 Si, 0.01 Mo, balance Fe, 

and one Mo-containing with: 

0.0040 B, 0.02 C, 17.5 Cr, 13.2 Ni, 1.76 Mn, 0.55 Si, 2.62 Mo, balance Fe, 

had, after heat treatments, a final grain size of more than 100 pm. A well control
led specimen preparation technique, using pulsed electropolishing combined with TEM 
(1), was thus needed to prepare specimens with a grain boundary sufficiently close 
to the specimen tip. 
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Method o f  a n a l y s i s  

A combinat ion  o f  TEM, FIM-AP, and IAP was used t o  determine g r a i n  boundary concentra- 
t i o n  p r o f i l e s .  The p r o f i l e s  were cons t ruc ted  f rom success ive  AP p o i n t  analyses (F ig .  
1  ( r i g h t ) ) , e a c h  c o n t a i n i n g  500-1000 ions .  The pe rpend i cu la r  d i s tances  f r o m  t h e  
g r a i n  boundary t o  t h e  probed volumes were determined f rom t h e  FIM images u s i n g  t h e  
usua l  m a g n i f i c a t i o n  fo rmula :  M=R/reB, where R i s  t h e  t i p  t o  screen d is tance,  r t h e  
t i p  r a d i u s ,  and B t h e  image compression f a c t o r .  I n  o r d e r  t o  do t h i s  a c c u r a t e l y  each 
specimen was c h a r a c t e r i z e d  w i t h  TEM b e f o r e  and a f t e r  AP a n a l y s i s  and t h e  t i p  symme- 
tri, t h e  i n c l i n a t i o n  ang le  o f  t h e  g r a i n  boundary, and t h e  t i p  r a d i u s  pe rpend i cu la r  
t o  t h e  g r a i n  boundary were determined. The IAP was used asya complement t o  t h e  AP 
making i t  p o s s i b l e  t o  separa te  smooth c o n c e n t r a t i o n  changes f rom discont inuous changes. 

Resu l t s  and d i scuss ion  

T i p  r a d i u s  - - - - - 

The c u r v a t u r e  u s u a l l y  v a r i e s  s i g n i f i c a n t l y  over  t h e  f i e l d  evaporated su r face  o f  FIM 
specimens prepared f rom pure  me ta l s  ( 2 , 3 ) .  However, a  much sma l l e r  c r y s t a l l o g r a p h i c  
i n f l u e n c e  on t h e  l o c a l  r a d i u s  was found f o r  t h e  two h i g h l y  a l l o y e d  s t e e l s  s t u d i e d  
here  (F ig .  2) .  The r a d i u s  determined by TEM c o u l d  t h e r e f o r e  i n  most cases be used 
w i t h o u t  i n t r o d u c i n g  s i g n i f i c a n t  e r r o r s .  A  d i s tu rbance  o f  t h e  c u r v a t u r e  (on a  s c a l e  
r e a d i l y  d e t e c t a b l e  w i t h  TEM) was, however, found when t h e  i n t e r s e c t i n g  g r a i n  bound- 
a r y  was n e a r l y  p a r a l l e l  t o  t h e  specimen sur face.  

draln boundary FI  
E4 Analyaed volume 

Fig .  2. TEM d a r k f i e l d  m ic ro -  
F ig .  1. De te rm ina t i on  o f  a  c o n c e n t r a t i o n  graph showing a  specimen f rom 
p r o f i l e  across  a  g r a i n  boundary by t h e  Mo-free s t e e l  ana lysed a t  
( l e f t )  t h e  cont inuous p r o f i l e  method and 19 kV. The f i e l d  evaporated 
by ( r i g h t )  t h e  p o i n t  a n a l y s i s  method. endform c l o s e l y  resembles a  

hemisphere. 

G ra in  boundary c o n c e n t r a t i o n  p_rofile? - - - - - - - - - - -  - - -  

The d i s t r i b u t i o n  o f  6, Mo, N i  and Fe, a f t e r  t h r e e  d i f f e r e n t  hea t  t reaments,  were 
chosen t o  e x e m p l i f y  t h e  method used t o  determine c o n c e n t r a t i o n  p r g f i l e s .  The m a t e r i -  
a l s  were f i r s t  homogenised by a  s o l u t i o n  t r ea tmen t ,  15 min a t1250  C, b e f o r e  t h e  f i -  
na l  hea t  t r ea tmen t  and coo l i ng .  

Heat t rea tme~t -1-  MI) - - -. 

The Mo c o n t a i n i n g  s t e e l  was quenched r a p i d l y  f r o m  1250°C t o  room tempernture  w i t h  an 
average c o o l i n g  r a t e  o f  530' C/s i n  t h e  temperature  i n t e r v a l  1250 - 500 C. Two speci-  
mens were ana lysed and t h e  AP c o n c e n t r a t i o n  p r o f i l e s  were i n  very  good agreementboth 
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Fig .  3. AP c o n c e n t r a t i o n  p r o f i l e s  f o r  6, Mo and N i  ob ta ined  f rom Specimens 1  and 2  
f r om t h e  Mo-containing s t e e l  r a p i d l y  quenched f rom 1 2 5 0 ~ ~  (HTI).The f u l l  l i n e  rep re -  
sents  a  common c o n c e n t r a t i o n  p r o f i l e  as d e r i v e d  f r o m  TEM, AP,and IAP data  f rom b o t h  
specimens. Note f o r  Specimen 2  t h e  d i f f e r e n c e  between t h e  p o s i t i o n  o f  t h e  g r a i n  
boundary as determined above and as d e f i n e d  by t h e  FIM image (bot tom sca le ) .  "D is -  
tance e r r o r  bars" ,  as def ined i n  F ig .  4, a r e  g i v e n  f o r  one da ta  p o i n t  i n  each 6 
p r o f i l e .  

q u a l i t a t i v e l y  and q u a n t i t a t i v e l y  (F ig .  3 ) .  Mo and N i  showed no s i g n i f i c a n t  changes 
f r o m  t h e i r  b u l k  c o n c e n t r a t i o n  va lues excep t  when t h e  probe h o l e  covered some p a r t  o f  
t h e  g r a i n  boundary. B, on t h e  o t h e r  hand, showed a  r a t h e r  smooth non-equilibrium type 
o f  c o n c e n t r a t i o n  p r o f i l e  w i t h  a  measured peak va lue  o f  2.5 a t . % a t  t h e  g r a i n  boundary. 

The g r a i n  boundar ies  were decora ted i n  t h e  FIM image and t h e r e f o r e  e a s i l y  detec ted.  
T h i s  c o n t r a s t  was assoc ia ted  w i t h  t h e  l o c a l i z e d  i nc rease  i n  Mo c o n c e n t r a t i o n  detected 
by  AP. A  s i m i l a r  d e c o r a t i o n  o f  g r a i n  boundar ies by Mo has been found  f o r  t h e  same 
m a t e r i a l  a f t e r  o t h e r  hea t  t r ea tmen ts  (4 ) ( see  a l s o  HT2) and a l s o  i n  a  low a l l o y e d  Mo- 
c o n t a i n i n g  s t e e l  (5)  and seems thus  t o  be a  common e f f e c t  i n  Mo-conta in ing s t e e l s .  

An unexpected e f f e c t ,  p robab l y  connected w i t h  t h e  i n f l u e n c e  o f  t h e  i n t e r s e c t i o n  
ang le  between t i p  surface and g r a i n  boundary on t h e  l o c a l  r ad ius ,  was found i n  t h e  
IAP images (F ig .  5 ) .  Specimen 1, where t h e  i n t e r s e c t i o n  ang le  was smal l  (%oO), gave 
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Ni2+ IAP images where the boundary was i n  p r a c t i c e  
undetectable although a c l e a r  dep le t ion  was found i n  
t h e  corresponding AP p r o f i l e .  The boundary i n  speci- 
men 2 was, however, c l e a r l y  seen i n  the  ~ i 2 +  IAP 
image. Here the i n t e r s e c t i o n  angle was much l a r g e r  
(%74O). A d i f fe rence  i n  the p o s i t i o n  o f  the g r a i n  
boundary as observed i n  the  FIM image and as deter-  
mined from maximum B and Mo concentrat ions i n  the 
AP concentrat ion p r o f i l e s  was a lso  found f o r  speci- 
men 2 (Fig.3),  whereas no such d i f fe rence  was detec- 
t e d  f o r  specimen 1. 

Although an increased Mo concentrat ion was detected 
a t  the g r a i n  boundary us ing AP, no corresponding i n -  
crease was seen i n  the M O ~ +  IAP images (Fig.G).This 

Fig.4. The s p a t i a l  r e s o l u t i o n  was due t o  two e f f e c t s .  F i r s t l y ,  No appeared both as 
perpendicular t o  a g r a i n  boun- 2+ and 3+ ions a t  the  g r a i n  boundary whereas almost 
dary of an ana lys is  depends on ly  Mo2+ was found i n  the  matr ix .  Unfor tunate ly  the  
on the i n c l i n a t i o n  o f  the M O ~ +  s ignal  cou ld  n o t  be used t o  ob ta in  usefu l  Mo 
boundary plane and a lso  on IAP images becayse o f  a  low i n t e n s i t y  and because of 
the s i z e  o f  each analysed over lap w i t h  iL+. Secondly, i n  order t o  ob ta in  
volume. A "d is tance e r r o r  meaningful MO" images , i t  was necessary t o  evapo- 
bar "  therefore g ives the  sum r a t e  a l a r g e  number o f  atomic planes which lead  t o  a 
of the s h i f t ,  normal t o  the s i g n i f i c a n t  movement o f  the non-axial  boundary 
g.b. plane, o f  the centre dur ing analys is .  
o f  the probed area and i t s  
diameter p ro jec ted  on the g.b. - H e e e a t m e n t  2 (YTL) - - - - - plane normal . 

I n  another heat treatment, the Sam8 MoTcon- 
t a i n i n g  s tee l  was cooled fromo1075 C w i t h  
an average coo l ing  r a t e  o f  27 C/s. Also i n  
t h i s  case, a  g r a i n  boundary imaged i n  the FIM, 
was decorated and signs o f  c l u s t e r i n g  a t  the  
boundary could be seen. A sharp increase i n  
Mo concentrat ion was measured (F ig.  7) when 
par ts  of t h i s  fea tu re  were analysed. 

/ 7 P 

Oral"  boundary 

'boundary 

Fig. 5. N i  (+~e) '+  IAP micrographs o f  
specimens 1 and 2 from the r a p i d l y  
quenched Mo-containing s tee l  (HTI ). 
The accompanying drawings show p o s i t i o n  
and i n c l i n a t i o n  angle o f  each g.b. The 
arrows i n  the micrographs mark the 
pos i t i ons  o f  the g.b.' s. The b r i g h t  
spot i n  the second micrograph i s  an 
inst rumenta l  a r t e f a c t  caused by a l i t  
up channel i n  the  image i n t e n s i f i e r .  
The image st reak ing i s  mainly due t o  
the non-uniform magn i f i ca t ion  o f  an 
unsymmetrical specimen. 

Fig. 6. IAP micrographs from the rap id -  
l y  quenched Mo-containing s t e e l  (HTI). 
The arrows show the p o s i t i o n  of the 
g r a i n  boundary dur ing ana lys is  o f  B 
and the s t a r t i n g  (upper) and f i n a l  
( lower)  p o s i t i y n s  dur ing analys is  o f  
Mo. The B (+C) image c l e a r l y  shows 
the  segregation o f  B t o  the g r a i n  boun- 
dary reg ion whereas no s i g n i f i c a n t  
e f  e c t  o f  the g.b. can be seen i n  the 
MO$+ image. 
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F ig .  7. AP c o n c e n t r a t i o n  p r o f i l e s  f o r  
B, Mo, and N i  f r o m  t h e  Mo-containing 
s t e e l  coo led  w i t h  27'c/s f rom 1 0 7 5 ~ ~  
(HT2). The f u l l  l i n e  shows t h e  p r o f i l e  
as d e r i v e d  f r o m  TEM, FIM-AP, and IAP 
data .  A  t y p i c a l  "d i s tance  e r r o r  ba r "  
i s  g i ven  f o r  one da ta  p o i n t  i n  t h e  B 
p r o f i l e .  

-40 -30 -20 -10 G. 0. 18 
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Fig .  9. AP c o n c e n t r a t i o n  p r o f i l e s  f o r  
B and Fe f rom t h e  Mo-fbee s t e e l  coo led  
w i t h  0.3Oc/s f r o m  1250 C t o  7 5 0 ' ~  
and then  r a p i d l y  quenched t o  room tem- 
p e r a t u r e  (HT3). The f u l l  1  i n e  shows t h e  
p r o f i l e  as d e r i v e d  f rom TEM, FIM-AP, 
and IAP data.  A  t y p i c a l  "d i s tance  e r r o r  
ba r "  i s  g i v e n  f o r  one data  p o i n t  i n  
t h e  B p r o f i l e .  

A  somewhat d i f f e r e n t  B c o n c e n t r a t i o n  p ro -  
f i l e  compared t o  HTI was found, cons i s t i ng  
o f  a  smooth p r o f i l e  o f  approx imate ly  t h e  
same w i d t h  as a f t e r  HTI p l u s  a l o c a l i s e d  
sharp i nc rease  t o  a lmost  10 a t .% a t  t h e  
boundary. The nar row zone w i t h  i nc reased  
B and Mo concen t ra t i ons  was dep le ted  i n  
N i  and an increased N i  c o n c e n t r a t i o n  near 
t h e  boundary was measured (F ig .  7).  

The IAP r e s u l t s  were q u a l i t a t i v e l y  i n  v e r y  good agreement w i t h  t h e  AP r e s u l t s  (Fig.8). 
B showed a  sharp  i nc reas?  a t  th$+boundary w i t h  a  t a i l  o f  decreas ing concen t ra t i on ,  
t h i s  was seen b o t h  f o r  B and B . The d e p l e t i o n  o f  N i  was a l s o  c l e a r y  seen. A 
l ower  i n t e n s i t y  a t  a  boundary can, however, a l s o  be due t o  a  l o c a l l y  h i g h e r  m a g n i f i -  
c a t i o n  (6-10)  and t h e  c o n t r a s t  m igh t  t h e r e f o r e  be p a r t l y  due t o  t h i s  e f f e c t .  As f o r  
HTI i t  was n o t  p o s s i b l e  t o  image t h e  i nc rease  i n  No c o n c e n t r a t i o n  a t  t h e  boundary. 

Hegt-t~egtment-3 - ( - HT3 - ) 

The Mo-free s t e e l  was coo led  v e r y  s l o w l y  f r om 1 2 5 0 ~ ~  (0.3Oc/s) t o  7 5 0 ' ~  and then 
quenched i n  water .  The main segregat ion  e f f e c t s  i n  t h i s  m a t e r i a l  were s i m i l a r  t o  
those 'of  t h e  NO-containing: Fe was dep le ted  and B en r i ched  a t  t h e  boundary ( F i g  .9). 
The changes were, however, more l o c a l i z e d  and smal le r .  N e i t h e r  t h e  smal l  r e l a t i v e  
change i n  Fe c o n c e n t r a t i o n  n o r  t h e  B enr ichment  c o u l d  be de tec ted  w i t h  c e r t a i n t y  i n  + 

t h e  IAP images. The d e t e c t i o n  o f  B was compl ica ted by t h e  appearance o f  B bo th  a s 6  
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Fig.8. FIM and IAP m ic ro -  
graphs o f  a g r a i n  boundary 
i n  t he  Mo-containing s t e e l  
coo lgd w i t h  27 '~ /s  f rom 
1075 C (HT2). The decora- 
t i o n  o f  t h e  g r a i n  boun- 
dary  i s  c l e a r l y  seen i n  
t h e  FIM micrograph. No i n -  
crease i n  Mo concen t ra t i on  
was found w i t h  the  IAP a l -  
though the  d e p l e t i o n  o f  N i  
and enr ichment o f  B a re  
c l e a r l y  seen. The p o s i t i o n  
o f  t he  g r a i n  boundary 
du r ing  IAP a n a l y s i s  i s  
i n d i c a t e d  w i t h  arrows. The 
b r i g h t  spo t  i n  two o f  t h e  
IAP micrographs i s  due t o  
a l i t  up channel i n  t he  
image i n t e n s i f i e r .  

and B2+ and by d i f f i c u l t i e s  t o  separate t h e  B and C s i g n a l s ,  so t h a t  an i n i t i a l l y  
smal l  B s i g n a l  was f u r t h e r  reduced and superimposed on a smal l  b u t  n o t  i n s i g n i f i c a n t  
C s i g n a l .  

The e a r l i e r  i n t e r p r e t a t i o n  o f  Mo as the  c o n t r a s t  g i v i n g  element a t  g r a i n  boundaries 
i n  t h e  Mo-containing s t e e l  was supported s ince  no deco ra t i on  o f  t h e  boundary was 
found i n  t h i s  case. 
Conclusions 

o The AP p o i n t  a n a l y s i s  method, combined w i t h  TEM, FIM, and IAP, has been used t o  
determine g r a i n  boundary segregat ion p r o f i l e s  i n  two B c o n t a i n i n g  s t e e l s .  

o Resu l t s  a re  presented and discussed f o r  B, Mo, N i ,  and Fe. 
o TEM showed no s i g n i f i c a n t  changes i n  t h e  r a d i u s  over  t h e  f i e l d  evaporated su r face  

except  a t  i n t e r s e c t i n g  g r a i n  boundaries t h a t  were n e a r l y  p a r a l l e l  t o  t he  sur face.  
o The c o n t r a s t  f rom g r a i n  boundaries i n  IAP images v a r i e s  w i t h  t h e  ang le  between 

the  g r a i n  boundary plane and t h e  specimen sur face.  
o A very  good agreement was found between p r o f i l e s  determined f rom g r a i n  boundaries 

w i t h  d i f f e r e n t  i n c l i n a t i o n  angles. 
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