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APPLICATION OF ANALYTICAL ELECTRON MICROSCOPY TO THE STUDY OF INTERGRANULAR 

CORROSION LN 304 STALNLESS STEEL* 

C. S, Pande and R. L. S a b a t i n i  

The technique of a n a l y t i c a l  e l e c t r o n  microscopy i n  a scanning t ransmission 

e l e c t r o n  microscope f i t t e d  wi th  an energy d i s p e r s i v e  X-ray spectrometer  is 

used t o  measure t h e  chromium dep le t ion  i n  s e n s i t i z e d  304 s t a i n l e s s  s t e e l  a long  

t h e  g r a i n  boundaries. It is shown t h a t  such measurements could be  misleading 

un le s s  c a r e  i s  taken t o  proper ly  choose the  r eg ions  on t h e  g r a i n  boundaries 

f o r  such ana lys i s .  

I n t e r g r a n u l a r  co r ros ion  i n  s e n s i t i z e d  s t a i n l e s s  s t e e l  i s  supposed t o  be  

caused by t h e  p r e c i p i t a t i o n  of ,chromium i r o n  ca rb ide  ((Fe,Cr)23C6) a t  t h e  

g r a i n  boundaries,  w i th  a concomitant d e p l e t i o n , o f  chromium i n  and around t h e  

g r a i n  boundaries,  t,o t h e  l e v e l s  below t h a t  r equ i r ed  f o r .  p r o t e c t i o n  a g a i n s t  

cor ros ion .  with t h e  advent of t h e  a n a l y t i c a l  e l e c t r o n  microscope t h e  

f i r s t  d i r e c t  evidence in support  of t h i s  theory w a s  obtained by Pande e t  a l . ,  3 

and independently by Rao and  ifs shin.^ These au tho r s  measured t h e  chromium 

concen t r a t ion  ac ros s  t h e  g r a i n  boundary, and showed t h a t  t h e  chromium 

concen t r a t ion  dropped d r a s t i c a l l y  ad j acen t  t o  g r a i n  boundaries  i n  s e n s i t i z e d  

specimens. The r e s u l t s  repor ted  i n  t h i s  paper r e f e r  t o  measurements made 

along and ad jacent  t o  g r a i n  boundaries i n s t e a d  of a c r o s s  them. 

Experimental . Se t -up '  

The experiments were. performed on a JEOL-100C e l e c t r o n  microscope wi th  

scanning and energy-dispersive at tachments .  When ' t h e  scanning e l e c t r o n  . 

- .  

*Work performed under t h e  auspices  of t h e  U.S. Department of Energy. 

The a u t h o r s , a r e  wi th  t h e  Metallurgv and Mate r i a l s  Science Div is ion  of 

Brookhaven National  Laboratory, Upton, NY 11973. 



beam w a s  made s t a t i o n a r y  i t  ac t ed  a s  a n  e l e c t r o n  probe and the  X-rays generated 

w e r e  de t ec t ed  by a n  NSI Si(Li)  d e t e c t o r  mounted on t h e  e l e c t r o n  microscope 

column. I n  order  t o  improve t h e  s p a t i a l  r e s o l u t i o n  and y e t  o b t a i n  s u f f i c i e n t  

counts ,  it w a s  necessary  t o  opt imize  v a r i o u s  parameters,  such a s  t h e  

a c c e l e r a t i n g  v o l t a g e  of t h e  e l e c t r o n s  (120 kV) ,  t h e  d e t e c t o r  a r e a  (30 mm2), 

t h e  beam s i z e  (about 30&, a  cons t an t  count ing  time (30 s e c ) ,  and tilt of 

40°. For f u r t h e r  d e t a i l s  see r e f s . 3  and 5. 

The fol lowing t h r e e  improvements t o  t h e  previous procedure3 were introduced,  

1) The beam s i z e  w a s  reduced t o  t h e  smallest p o s s i b l e  in our  instrument  f o r  a 

250 condenser ape r tu re .  The reason f o r  this s t e p  w a s  t h e  following. It has  

been noted  previous ly ,3  t h a t  t h e  dep le t ed  zone along t h e  g r a i n  boundaries i s  

of t h e  o rde r  of 1000i. Therefore,  i t  is  c r i t i c a l  t h a t  t h e  s p a t i a l  r e s o l u t i o n  

of t h e  measurement b e  as good as poss ib l e .  The s p a t i a l  r e s o l u t i o n  could of 

cou r se  be  improved by reducing t h e  specimen thickness .  However, it w a s  found 

t h a t  i n  specimens l e s s  than  1000i  th ick ,  t h a t  t h e  Fe/Cr concent ra t ion  r a t i o  is  

a f u n c t i o n  of specimen th i ckness  even when no such v a r i a t i o n  e x i s t s  i n  t h e  

bu lkO5  TL only o t h e r  a l t e r n a t i v e  f o r  improving t h e  s p a t i a l  r e s o l u t i o n  is t o  

reduce t h e  beam s i z e .  I n  our experiments t h e  beam s i z e  was about 30 i ,  

accord ing  t o  Romig and 6o lds t e in6  t h i s  would g ive  us  a  s p a t i a l  r e s o l u t i o n  of 

220-380i f o r  f o i l s  of t h i ckness  1000-1500i. 2) The spur ious  copper peak was 

v i r t u a l l y  e l imina ted  i n  t h e  304 s t a i n l e s s  s t e e l  s p e c t r a  by us ing  a  modified 

graphi te-holder  and an a p e r t u r e  over t h e  specimen s tage .  This  is  important 

because it i s  known t h a t  t h e  spur ious  copper s i g n a l  enhances the  chromium and 

i r o n  peaks of t h e  s t a i n l e s s  s t e e l  s p e c t r a  by fluorescence.' 3) Specimen d r i f t  

was minimized by t h e  use  of t h e  modified g r a p h i t e  ho lde r  i n  which t h e  specimen 

is  clamped by screws, i n s t e a d  of j u s t  h e l d  toge the r  by f r i c t i o n .  



R e s u l t s  

Figure  1 shows t h e  g r a i n  boundary in a 304 s t a i n l e s s  steel specimen used 

f o r  ana lys is .  The specimen has  been ' s e n s i t i z e d '  by hea t ing  i t  a t  600°C f o r  

24 hours,  The measured concent ra t ions  of chromium, i r o n ,  and n i c k e l  f o r  t h e  

va r ious  po in t s  i nd ica t ed  i n  Fig. 1 are g iven  i n  Table 1. The concen t r a t ions  

have been measured bo th  f o r  p o i n t s  on and ad jacen t  t o  t h e  g r a i n  boundary 

(about 300i from t h e  g r a i n  boundary). It should be  noted  a able 1) t h a t  a 

po in t  on o r  ad jacent  t o  t h e  g r a i n  boundary may o r  may no t  show a  d e p l e t i o n  i n  

chromium. The reason f o r  t h i s  becomes c l e a r ,  when t h e  g r a i n  boundary is 

t i l t e d  45' along an a x i s  p a r a l l e l  t o  t h e  g r a i n  boundary d i r e c t i o n  (Fig. 2) .  

It can be  seen t h a t  some of t h e  measured r eg ions  may have p a r t i a l l y  overlapped "; 

p r e c i p i t a t e s  on t h e  boundary. This is e s p e c i a l l y  true f o r  g r a i n  boundaries  ,'where 

- .  
t h e  number of such p r e c i p i t a t e s  pe r  u n i t  g r a i n  boundary a r e a  is r e l a t i v e l y  high, . . 

..- - 
I n  such cases  al though t h e  dep le t ion  of C r  n e a r  t h e s e  p r e c i p i t a t e s  may even be 

h igher ,  t h e  a c t u a l  measurements may n o t  r e v e a l  such a  deple t ion .  Table  2 shows :. 

r e s u l t s  of t h e  concent ra t ion  measurements a long  t h e  g r a i n  boundary i n  another  

' s ens i t i zed '  specimen a t  t h e  p o i n t s  shown i n  Fig. 3. It should be noted t h a t  5 .  
.a. 

t h e  C r  va lue  never f a l l s  below 15%, as compared t o  t h e  14% measured i n  t h e  

previous g ra in  boundary, a l though t h e  number of p r e c i p i t a t e s  a r e  h igher .  I n  

some cases  t he  C r  va lues  measured along t h e  g r a i n  boundary a r e  h ighe r  than  

t h a t  of t he .ma t r ix  i n d i c a t i n g  t h a t  t h e  analyzed reg ion  con ta ins  a  p r e c i p i t a t e .  

A c a r e f u l  s e l e c t i o n  of t h e  a r e a s  of a n a l y s i s  is t h e r e f o r e  necessary ,  

before  such r e s u l t s  could b e  used t o  i n t e r p r e t  a chromium d e p l e t i o n  a s  .a 

func t ion  of t he  angle of mi so r i en t a t ion ,  o r  t h e  h e a t  t rea tment  in t h i s  mater ia l .  

The au thors  a r e  g r a t e f u l  t o  D r .  B r i j  Vyas f o r  h i s  interest and t o  

Mr, Frank Thomsen f o r  c a r e f u l  specimen p r e p a r a t i o n  and f o r  des igning  t h e  g raph i t e  

holder used i n  this work. 
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TABLE 1.--Results of the micruanalysis along the grain boundary i n  f i g .  I. 

TAR1.F. 2.--Racults of the micrzanalysis  along the grain boundary i n  f i g .  3. 

Poi  n t  

A 

I) 

C 

D 

f 

F 

Points along the 
Grain Boundary 

1 

2 

3 

4 

5 

6 

7 

8 

Iii 

.I05 i ,053 

,095 -057 

.099 ,054 

,097 & -056 

,094 & ,057 

-090 * .058 

C r 

-144 & .020 

.I72 i -019 

-160 i -019 

,142 i -020 

-160 & -019 

-186 i: -018 

Fe 

-726 a -01 0 

.708 & -011 

-716 & -010 

-736 & .OlO 

-720 i ,010 

-700 1 -011 

Cr 

,198 & .014 

,180 -015 

,153 * .021 
.I75 * ,017 
-174 ,018 

.273 -012 

-149 i -025 

-174 & .025 

Fe 

,684 i -008 

.704 & ,008 

.719 i -010 

,702 & ,009 

,705 & .009 

,628 & -008 

,736 & -012 

-702 -01 3 

Ni 

-093 * .018 
.091 & .019 

-103 % -023 

,097 & ,020 

-096 -021 

,074 -020 

-089 i -028 

,099 -029 







--- 
FIG. 3.--TEM lnxcrograpn of another s e n s i t i z e d  type 304 s t a i n l e s s  steel specimen 

along c5 ich  8 points aere analyzed before t i l t t a g  ( tab le  2). Bote that dependbg 

on the  region se lec ted  f o r  analys is  one might actual ly  be exc i t ing  x-rays from 

a s n a l l  precipi tate  somevhere in  the plane of  the grain bou2dar~. 




