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A VIEW FROM THE PENTHOUSE: USEFUL INFORMATION FOR THE WORLD OF BOILERS 

GRAIN BOUNDARIES 

Metals, l i k e  e v e r y t h i n g  e lse,  a r e  made 
up o f  a toms .  F o r  o u r  p u r p o s e s ,  a toms  wi th -  
i n  a metallic c r y s t a l  are r e g u l a r l y  a r r a n g e d  
o v e r  g r e a t  d i s t a n c e s ,  d i s t a n c e s  t h a t  are huge 
when compared w i t h  a t o m i c  d imens ions .  T h e r e  
is, t h e n ,  l ong - r ange  a t o m i c  o r d e r  w i t h i n  
i n d i v i d u a l  c r y s t a l s .  Where a d j a c e n t  c r y s t a l s  
j o i n  is a c r y s t a l  bounda ry ,  a zone  of  s h o r t -  
r a n g e  d i s o r d e r .  These  c r y s t a l  b o u n d a r i e s  
d e t e r m i n e  i n  no small way t h e  u s e f u l  p r o p e r -  
t i e s  o f  e n g i n e e r i n g  m a t e r i a l s .  

A l l  b o i l e r  a l l o y s  are made up o f  many 
c r y s t a l s  o f  v a r i o u s  o r i e n t a t i o n s .  These  
i n d i v i d u a l  c r y s t a l s  are c a l l e d  " g r a i n s . "  I n  
any  one  g r a i n  a l l  a toms  are  a r r a n g e d  w i t h  o n e  
p a r t i c u l a r  o r i e n t a t i o n  and  one  p a r t i c u l a r  
p a t t e r n .  The j u n c t u r e  between a d j a c e n t  g r a i n s  

11 i s  c a l l e d  a " g r a i n  boundary .  The g r a i n  
boundary  i s  a t r a n s i t i o n  r e g i o n  i n  which t h e  
a t o m s  are n o t  e x a c t l y  a l i g n e d  w i t h  e i t h e r  
g r a i n .  

G r a i n  s i z e  c a n  v a r y  g r e a t l y  depend ing  
on t h e  a l l o y  and h e a t  t r e a t m e n t .  F o r  r e f e r -  
e n c e ,  a t y p i c a l  g r a i n  s i z e  i s  a b o u t  1 m i l  
(0 .001") .  Thus ,  t h e r e  may b e  a b i l l i o n  (109)  
g r a i n s  p e r  c u b i c  i n c h  o f  a l l o y .  The ASTM 
g r a i n - s i z e  number i s  o n e  s t a n d a r d  f o r  d e t e r -  
m i n i n g  t h e  a v e r a g e  g r a i n  s i z e .  t h e  ASTM 
g r a i n - s i z e  number "N" i s  d e f i n e d  by: 

where  "n" is t h e  number o f  g r a i n s  p e r  s q u a r e  
i n c h  when viewed a t  100x.  The u s u a l  r a n g e  
is f rom 1 t o  9 ;  n o t e  t h a t  as t h e  g r a i n s  g e t  
smaller, t h e  g r a i n - s i z e  number g e t s  l a r g e r .  
The u s u a l  way of  r e p o r t i n g  g r a i n  s i z e  is  t o  
g i v e  t h e  a v e r a g e  and t h e  r a n g e ;  s a y ,  ASTM 6 
w i t h  some as  l a r g e  a s  43 and as small as 7 .  
The s h a p e  o f  a g r a i n  is  governed  by i ts  
n e i g h b o r s .  Al though no g r a i n  is e v e r  a 
s p h e r e ,  b u t  a n  i r r e g u l a r  po lyhed ron  t h a t  when 
packed t o g e t h e r  w i t h  o t h e r s  c o m p l e t e l y  f i l l s  
s p a c e ,  i t s  c h a r a c t e r i s t i c  l e n g t h  i s  r e f e r r e d  
t o  as  a "d i ame te r . "  A t  e q u i l i b r i u m  t h e  s h a p e  
t e n d s  t o  min imize  t h e  g ra in -bounda ry  s u r f a c e  
a r e a  f o r  a g i v e n  volume. Fo r  example ,  t h i s  

m i n i m i z a t i o n  o f  t h e  s u r f a c e  t o  volume (S/V) 
r a t i o  is t h e  d r i v i n g  f o r c e  f o r  t h e  s p h e r o i d i -  
z a t i o n  o f  i r o n  c a r b i d e  i n  p e a r l i t i c  s teels .  
G r a i n s  are s a i d  t o  b e  "equiaxed"  when t h e  
c h a r a c t e r i s t i c  d i m e n s i o n s  are  t h e  same i n  a l l  
d i r e c t i o n s .  G r a i n s  a r e  s a i d  t o  be " e l o n g a t e d "  
when t h e  c h a r a c t e r i s t i c  d i m e n s i o n s  are  n o t  
t h e  same b u t  one  d i r e c t i o n  i s  much l o n g e r  
t h a n  t h e  o t h e r s .  

G r a i n  b o u n d a r i e s  are  u s u a l l y  c o n s i d e r e d  
two d i m e n s i o n a l  b u t  a r e  a c t u a l l y  of f i n i t e  
t h i c k n e s s ,  2-10 a t o m i c  d i s t a n c e s .  The m i s -  
match  o f  t h e  o r i e n t a t i o n  o f  n e i g h b o r i n g  g r a i n s  
l e a d s  t o  a less e f f i c i e n t  a t o m i c  p a c k i n g  wi th -  
i n  t h e  g r a i n  boundary .  Hence t h e  a t o m s  i n  a 
boundary have  a less o r d e r e d  s t r u c t u r e  and  a 
h i g h e r  i n t e r n a l  e n e r g y .  The d i s o r d e r e d  atom- 
i c  a r r a n g e m e n t  and  h i g h e r  e n e r g y  c a n  e x p l a i n  
s e v e r a l  f e a t u r e s  a s s o c i a t e d  w i t h  materials 
d e g r a d a t i o n  found i n  b o i l e r s .  The n e x t  
s e v e r a l  examples  w i l l  d e s c r i b e  t h e  r o l e  t h a t  
g r a i n  b o u n d a r i e s  p l a y .  
ETCHING: I n  o r d e r  t o  o b s e r v e  t h e  m i c r o s t r u c -  
t u r e ,  a p i e c e  of  t h e  m e t a l  i s  smoo th ly  p o l i s h -  
ed  t o  a p l a n e ,  m i r r o r - l i k e  f i n i s h .  The p r e -  
p a r e d  s u r f a c e  i s  c h e m i c a l l y  a t t a c k e d  w i t h  
d i l u t e  a c i d ,  a p r o c e s s  c a l l e d  " e t c h i n g , "  f o r  
a s h o r t  p e r i o d .  The g ra in -bounda ry  a toms  are 
more e a s i l y  and  r a p i d l y  d i s s o l v e d  t h a n  a t o m s  
w i t h i n  t h e  g r a i n s .  A small g r o o v e  is  l e f t  a t  
t h e  g r a i n  b o u n d a r i e s .  S i n c e  a g r o o v e  w i l l  
n o t  r e f l e c t  l i g h t  as do  t h e  f l a t ,  p o l i s h e d  
g r a i n s ,  t h e  g r a i n  b o u n d a r i e s  a p p e a r  as b l a c k  
l i n e s  and  t h e  s t r u c t u r a l  d e t a i l s  a r e  v i s i b l e .  
DIFFUSION: G r a i n  b o u n d a r i e s  a r e  r e g i o n s  o f  
a t o m i c  mismatch and  less d e n s e  a t o m i c  pack- 
i n g .  L e s s  d e n s i t y  on a n  a t o m i c  scale i m p l i e s  
b i g g e r ,  a tom-s i ze  h o l e s  t h r o u g h  which a t o m s  
c a n  more e a s i l y  move. Such  a t o m i c  m o b i l i t y  
is  c a l l e d  " d i f f u s i o n . "  Thus  g r a i n  b o u n d a r i e s  
w i l l  o x i d i z e  o r  c o r r o d e  more r a p i d l y ,  u s u a l l y  
r e f e r r e d  t o  as "gra in-boundary  p e n e t r a t i o n .  " 
Oxygen d i f f u s e s  a l o n g  t h e  g r a i n  b o u n d a r i e s ,  
reacts w i t h  t h e  s teel  and  f o r m s  i r o n  o x i d e  i n  
t h e  g r a i n  boundary .  S i n c e  t h e  volume o f  o x i d e  
i s  g r e a t e r  t h a n  t h e  volume o f  m e t a l  f rom which  
i t  f o r m s ,  a wedging a c t i o n  r e s u l t s .  The t i p  
o f  t h e  g ra in -bounda ry  o x i d e  wedge is  i n  t e n -  
s i o n ,  f o r c i n g  open t h e  material a t  t h e  c r a c k  



tip. The high stress enhances the oxidation 
or corrosion which also drives the grain- 
boundary penetration. 

Figure 1. Oxide penetration along grain 
boundaries of a T-22 reheater tube sample 
after 19 years operation. Oxygen diffusion 
along grain boundaries is much easier than 
through the crystal lattice of a grain. Hence 
the oxide formation at the grain boundary. 
Note also the carbide particles at the ferrite 
grain boundaries and the fully spheroidized 
structure. 500x 

In the austenitic and ferritic stainless 
steels, diffusion of an atom along the grain 
boundary leads to the formation of chromium 
carbides. As these carbides farm, they de- 
plete the region immediately adjacent to the 
grain boundary of chromium. As the chromium 
content decreases, the grain-boundary region 
becomes less corrosion resistant, a condi- 
tion ref erred to as "sensitization. " Once 
these steels have been sensitized, they are 
subject to an intergranular-corrosion attack 
known as "IGA. It 
HYDROGEN DAMAGE: Hydrogen damage, see Vol. 
11, No. 4 of this newsletter, is a circum- 
stance where, due to corrosion, hydrogen 
reacts with iron carbide to form methane. 
The methane collects at grain boundaries; and 
when the pressure build-Gp is large enough, 
cracks will form. The strength of the steel 
is destroyed by the destruction of the grain 
boundaries. 
CREEP: At elevated temperatures the strength 
of a grain is greater than the strength of a 
grain boundary. At room temperature the 
strength of a grain boundary is greater than 

Figure 2. Microstructure-of 347H stainless 
steel after nearly 26 years of operation in 
a secondary superheater. Note grain boundar- 
ies are clearly etched. Along grain boundar- 
ies are carbide particles, thus the structure 
is said to be "sensitized." 500x 

the strength of a grain. Where the grain- 
boundary strength equals the grain strength 
is known as the "equi-cohesive temperature." 
Elevated-temperature failures follow grain 
boundaries and are referred to as "intergran- 
ular" (between the grains) failures. Room- 
temperature failures are usually "transgranu- 
lar" (across the grains) failures. Elevated- 
temperature deformation occurs by one grain 
moving past its neighbor, a process known as 
"creep." Voids first form where several 
grains join, where grain-boundary sliding is 
limited. Individual voids then link up to 
form grain-boundary cracks, often referred to 
as "grain-boundary separation .I' 

Figure 3. Creep voids along ferrite grain 
boundaries and at triple points where three 
grains come together. Note that the ferrite 
grain boundaries contain carbides and the 
structure is fully spheroidized. The micro- 
structure is from a T-22 superheater which 
failed after 37 years. 500x 
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