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A VIEW FROM THE PENTHOUSE: USEFUL INFORMATION FOR THE WORLD OF BO~LERS 

HEAT-TREATMENT OF STAINLESS STEELS - 

There has  been some confus ion  i n  t h e  
requirements  f o r  s o l u t i o n  a n n e a l i n g  o f  cold- 
worked 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 .  More and 
more purchase  s p e c i f i c a t i o n s  f o r  replacement 
s u p e r h e a t e r s  and r e h e a t e r s  f a b r i c a t e d  w i t h  
s t a i n l e s s  s t e e l  mandate a  h igh- temperature  
hea t  t r e a t m e n t ,  u s u a l l y  of t h e  whole e lement .  
Often t h e  r e q u e s t  is based on i n a c c u r a t e  o r  
incomplete  in format ion .  I t h i n k  it is  t ime  t o  
b r i n g  some l i g h t  i n t o  t h e  da rkness  of 
mis in format ion  on t h e  n e c e s s i t y  t o  s o l u t i o n  
annea l  a l l  c o l d  work a u s t e n i t i c  s t a i n l e s s  
s t e e l  p r e s s u r e  p a r t s .  

CODE REQUIREMENTS 
Tubing f o r  b o i l e r  components is purchased t o  

a  m a t e r i a l s  s p e c i f i c a t i o n  SA-213. The t h r e e  
common grades  used i n  t h e  f a b r i c a t i o n  o f  
e lements  a r e  304(H),  321(H),  and 347(H).  Each 
has  a  g iven  t empera tu re  f o r  s o l u t i o n  
annea l ing .  The s p e c i f i c a t i o n  r e q u i r e s  t h a t  
t h e  purchased t u b i n g  be  s u p p l i e d  t o  t h e  
p r e s s u r e - p a r t  f a b r i c a t o r  i n  t h e  s o l u t i o n -  
annealed c o n d i t i o n .  However, Sec t ion  I of  t h e  
B o i l e r  & P r e s s u r e  Vesse l  Code has  no 
s p e c i f i c a t i o n  requirement  t h a t  t h e  f a b r i c a t e d  
p r e s s u r e  p a r t  be h e a t - t r e a t e d  a f t e r  bending.  
Thus t h e  hea t - t rea tment  requirement  i s  l e f t  
e i t h e r  t o  t h e  d i s c r e t i o n  of t h e  manufac tu re r  
o r  a s  a  c o n t r a c t  agreement between buyer  and 
f a b r i c a t o r .  
EFFECTS OF COLD WORK 

The e f f e c t s  o f  c o l d  working on t h e  
m i c r o s t r u c t u r e  depend, o f  course ,  on t h e  
amount of cold work. Up t o  about 15% s t r a i n ,  
t h e  changes i n  t h e  g r a i n  s t r u c t u r e  a r e  h a r d l y  
v i s i b l e ,  even a t  500 m a g n i f i c a t i o n s .  By 20% 
s t r a i n ,  s l i p  l i n e s  and t h e  e a r l y  s t a g e s  o f  
d i s t o r t i o n  a r e  v i s i b l e .  Above 20% s t r a i n ,  
t h e  g r a i n s  themselves  become v i s i b l y  
e longa ted .  

During s o l u t i o n  a n n e a l i n g  two e f f e c t s  occur :  
any c a r b i d e s  p r e s e n t  d i s a p p e a r  and t h e  g r a i n  
s t r u c t u r e  changes.  The c o l d  worked g r a i n s  go 
through a  s e r i e s  of changes.  The f i n a l  s t a g e ,  

o f  course ,  i s  a  l a r g e  equiaxed g r a i n  s i z e  t h a t  
i s  s t r a i n  f r e e .  The p r o c e s s  i t s e l f  is known a s  
" r e - c r y s t a l l i z a t i o n . "  The more s e v e r e l y  
d i s t o r t e d  g r a i n s  form s m a l l ,  equiaxed,  s t r a i n -  
f r e e ,  a u s t e n i t e  g r a i n s  f i r s t .  During con t inued  
h e a t i n g  o r  t ime a t  t h e  s o l u t i o n  a n n e a l i n g  
t empera tu re ,  t h e s e  s t r e s s - f  r e e  g r a i n  s t r u c t u r e s  
grow a t  t h e  expense of t h e  d i s t o r t e d  ones .  
Thus, one o f  t h e  s t a g e s  d u r i n g  
r e c r y s t a l l i z a t i o n  is  a  g r a i n  s t r u c t u r e  which is  
most ly  equiaxed bu t  s m a l l .  

The same sequence o f  t r a n s f o r m a t  i o n s  w i t h i n  
t h e  g r a i n  s t r u c t u r e  o c c u r s  d u r i n g  normal 
o p e r a t i o n  o f  p r e s s u r e  p a r t s .  The 
r e c r y s t a l l i z a t i o n  can occur  o v e r  a  l o n g  p e r i o d  
of t ime  a t  t empera tu res  a s  low a s  about  
1 1 0 0 ~ ~ .  1 1 0 0 ~ ~  is  t h e  approximate t empera tu re  
f o r  t h e  o n s e t  o f  c r e e p  i n  s t a i n l e s s  s t e e l .  
The problem i s  t h a t  a s  t h e  c o l d  worked g r a i n s  
r e c r y s t a l l i z e ,  t h e  s t a g e  w i t h  f i n e ,  equiaxed,  
a u s t e n i t e  g r a i n s  has  a  lower c reep  s t r e n g t h  
t h a n  t h e  coarse-grained s i z e .  Thus, under  
some c o n d i t i o n s ,  cold-worked s t a i n l e s s  s t e e l  
d u r i n g  r e c r y s t a l l i z a t i o n  i n  s e n r i c e  w i l l  f a i l  
by a  c r e e p  o r  s t r e s s - r u p t u r e  mechanism. The 
f i n e r  t h e  g r a i n  s i z e ,  t h e  p o o r e r  t h e  c r e e p  
s t r e n g t h ;  and t h e r e f o r e  under  normal 
c o n d i t i o n s  cold-worked s t a i n l e s s  w i l l  l e a d  t o  
steam l e a k s  d u r i n g  t h i s  r e c r y s t a l l i z a t i o n .  

The problem h a s  been r e p o r t e d  i n  3 2 1 ( ~ )  
s t a i n l e s s  s t e e l .  To my knowledge it has  n o t  
occur red  i n  e i t h e r  304 o r  347 s t a i n l e s s  
s t e e l s .  Of t h e s e  t h r e e  common grades  o f  
s t a i n l e s s  s t e e l  t h e  c r e e p  s t r e n g t h  o r  s t r e s s -  
r u p t u r e  s t r e n g t h  o f  321 is  t h e  most s e n s i t i v e  
t o  g r a i n - s i z e  v a r i a t i o n s .  I n  f a c t ,  r e f e r e n c e  
t o  SA-213 s p e c i f i c a t i o n  i n d i c a t e s  t h a t  321(H) 
has  a  s p e c i f i e d  g r a i n  s i z e ,  ASTM 7 o r  c o a r s e r .  
None o f  t h e  o t h e r  g rades  has  a  s p e c i f i e d  g r a i n  
s i z e  f o r  a s s u r i n g  adequa te  c r e e p  s t r e n g t h .  
The s t r e s s - r u p t u r e  s t r e n g t h  o f  t h e s e  o t h e r  
g rades  i s  n o t  a s  s u s c e p t i b l e  t o  g r a i n  s i z e  
v a r i a t i o n s  a s  is 321 (H) . 
RECOMMENDATIONS 

S ince  it  i s  i m p o s s i b l e  t o  f a b r i c a t e  a  
s u p e r h e a t e r  o r  r e h e a t e r  element wi thou t  c o l d  
bending,  t h e  q u e s t i o n  i s  how t o  b e s t  avo id  t h e  



p o t e n t i a l  c r e e p  f a i l u r e s  d u r i n g  s e r v i c e  a s  
cold-worked s t a i n l e s s  r e c r y s t a l l i z e s .  The 
obvious  f i r s t  s t e p ,  o f  course ,  i s  t o  u s e  
e i t h e r  304(H) o r  347 (H) r a t h e r  t h a n  t h e  
321(H). The second s t e p  is t o  l i m i t  t h e  
amount o f  c o l d  work i n  any bend t o  
approximately  20%. By u s i n g  a bending-wheel 
d iamete r  of a t  l e a s t  f o u r  t imes  t h e  t u b e  
d iamete r ,  t h e  c o l d  work o r  s t r a i n  i n  t h e  
e x t r a d o s  o f  t h e  bend w i l l  be no more t h a n  20%. 
Thus, f o r  a 2" d iamete r  tube ,  a l l  o f  t h e  
bending shou ld  be done on a t  l e a s t  an  8"- 
d iamete r  bending wheel. T h i s  obv ious ly  works 
f o r  most of t h e  bending r e q u i r e d  i n  a 
s u p e r h e a t e r  o r  r e h e a t e r  e lement ,  excep t  f o r  
c l o s e - r a d i u s  r e t u r n  bends. However, t h e  
amount of s t r a i n  on t h e  e x t r a d o s  of t h e s e  
bends can be  k e p t  below 20% by t h e  use  o f  a 
b o o s t e r  a t t achment  t o  t h e  bending machine and 
h e a t  on t h e  i n t r a d o s .  By pushing t h e  t u b e  
th rough  t h e  bending o p e r a t i o n  w i t h  a h y d r a u l i c  
b o o s t ,  t h e  amount o f  w a l l  t h i n n i n g  on t h e  
e x t r a d o s  of t h e  bend can be  k e p t  below 20%. 
With t h e  w a l l  t h i n n i n g  l e s s  t h a n  202, t h e  n e t  
s t r a i n  i s  a l s o  l e s s  t h a n  20%. 

There  w i l l  b e  a g r e a t e r  amount of s t r a i n  on 
t h e  i n t r a d o s  of t h e  bend a s  t h e  m a t e r i a l  
t h i c k e n s  d u r i n g  bending.  However, t h e  s t r e s s  
w i t h i n  t h e  i n t r a d o s  w i l l  be  l e s s  a s  t h e  w a l l  
t h i c k n e s s  i n c r e a s e s .  

A convenient  q u a l i t y - c o n t r o l  check is  t o  
measure t h e  ha rdness  on t h e  e x t r a d o s  o f  t h e  
bend. The SA-213 s p e c i f i c a t i o n  l i m i t s  t h e  as-  
purchased hardness  of 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  t o  Rockwell B 85. The i n e v i t a b l e  
consequence o f  any c o l d  work i s  t o  i n c r e a s e  
t h i s  ha rdness .  The g r e a t e r  t h e  ha rdness  
i n c r e a s e ,  t h e  more c o l d  work and s t r a i n  t h e r e  
i s  w i t h i n  t h e  m i c r o s t r u c t u r e .  A s  a r e a s o n a b l e  
compromise, an i n c r e a s e  o f  some 20 p o i n t s ,  
Rockwell B, above t h e  Code-specified 85 
maximum i s  a reasonab le  amount o f  c o l d  work 
t h a t  i s  n o t  l i k e l y  t o  r e c r y s t a l l i z e  d u r i n g  
s e r v i c e .  S ince  20 Rockwell B p o i n t s  p u t s  t h e  
ha rdness  a t  105,  which i s  o f f  t h e  Rockwell B 
s c a l e ,  a ha rdness  on t h e  e x t r a d o s  of t h e  bend 
of  Rockwell C 25 is a c c e p t a b l e .  For 

comparison, Rockwell C 20 is  approx imate ly  
e q u a l  t o  Rockwell B 100. Thus, Rockwell C 25 
is  approximately  20 Rockwell B hardness  p o i n t s  
above 85. Tab le  I p r e s e n t s  some d a t a ,  
c o u r t e s y  o f  Leighton I n d u s t r i e s ,  I n c . ,  on t h e  
ha rdness  changes a s  a f u n c t i o n  o f  s t r a i n  f o r  
304 s t a i n l e s s  s t e e l .  Note t h e  c l o s e - r a d i u s  
bend, sample iI4, has  t h e  l e a s t  amount of 
s t r a i n .  Th i s  bend was made by h e a t i n g  t h e  
i n t r a d o s  o f  t h e  bend t o  e f f e c t  t h e  c l o s e -  
r a d i u s  bend. The amount o f  s t r a i n  is  
approximately  7% on t h e  e x t r a d o s  o f  t h e  bend. 

The f i n a l  q u e s t i o n  t o  be  addressed  is  
whether  i n d i v i d u a l  bends o r  t h e  e n t i r e  element 
should  be  s o l u t i o n  annealed a f t e r  bending.  
Obviously one o f  t h e  problems a s s o c i a t e d  w i t h  
s o l u t i o n  a n n e a l i n g  t h e  e n t i r e  element i s  t h e  
d i s t o r t i o n  t h a t  i s  l i k e l y ,  nay,  c e r t a i n l y ,  t o  
occur .  The whole-element d i s t o r t i o n  needs t o  
b e  s t r a i g h t e n e d ,  which adds b o t h  t ime  and is  
l i k e l y  t o  l e a d  t o  l e s s - t h a n - p e r f e c t  a l ignment  
when complete.  

The second problem, o f  c o u r s e , i s  t h a t  
d u r i n g  a 2000°F s o l u t i o n  annea l ,  a  c e r t a i n  
amount o f  steam-side s c a l e  w i l l  form on t h e  
tube .  T h i s  steam-side s c a l e  f u n c t i o n s  a s  a 
the rmal  b a r r i e r  t o  t h e  h e a t  t r a n s f e r ;  t h e  n e t  
e f f e c t  i s  t o  r a i s e  t u b e  meta l  t empera tu re  
d u r i n g  s e r v i c e .  See VOL. I, No. 1 of  t h i s  
n e w s l e t t e r .  I n  o r d e r  t o  remove t h e  steam-side 
s c a l e  b e f o r e  i n s t a l l a t i o n ,  i n d i v i d u a l  e lements  
w i l l  need t o  be  chemica l ly  c l e a n e d ,  which i s  
an added expense.  Thus, whole e lements  should  
n o t  b e  s o l u t i o n  annealed i f  a t  a l l  p o s s i b l e .  
I n d i v i d u a l  bends cou ld  b e  s o l u t i o n  annea led  i f  
t h e  ha rdness  i n c r e a s e  is  more t h a n  20 Rockwell 
B hardness  p o i n t s ,  b u t  t h i s  i s  somewhat 
awkward and l e a d s  t o  e x c e s s i v e  hand l ing .  
Again, t h e  c o s t  i n c r e a s e  t o  perform t h e  
s o l u t i o n  annea l  does  n o t  seem t o  be  j u s t i f i e d .  
The b e s t  c o u r s e  of a c t i o n  i s  t o  u s e  3 0 4 ( ~ )  o r  
347(H) s t a i n l e s s  s t e e l s  and bend i n  such a 
f a s h i o n  a s  t o  keep t h e  amount o f  s t r a i n  below 
20%. With l e s s  t h a n  20% s t r a i n ,  n e i t h e r  
r e c r y s t a l l i z a t i o n  n o r  premature  c r e e p  f a i l u r e s  
w i l l  be  l i k e l y  t o  occur  d u r i n g  normal 
o p e r a t  ion.  

BEND CONDITIONS 
TUBE DIMENSIONS 

TABLE I 
% STRAIN 

BEND DIAM. 
1. 1 7/8" OD x 0.280" MWT 8 " 19 

HARDNESS 
BEND END INCREASE 

2. 2 1/8"  OD x 0.3001' MWT 10" 17 1 /2  9 5 7 5 2 0 
3. 2" OD x 0.220" MWT 12" 15 9 2 7 0 22 
4* 1 7/8"OD x 0.280" MWT 1 " 7 8 5 7 1 14 
* h o t  bend, i n t r a d o s  hea ted  t o ~ l 7 5 0 ~ ~ .  


