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@  Method  for  postweld  heat  treatment 

A  method  for  postweld  heat  treatment  (hereinafter 
referred  to  as  PWHT)  for  multilayer  welding,  in  which  the 
terminating  point  of  the  PWHT  is  judged  correctly  to  pre- 
clude  cracking  due  to  insufficient  treatment  or  uneconomi- 
cal  excessive  treatment,  the  method  comprising;  determin- 
ing  the  residual  hydrogen  concentration  directly  beneath 
the  final  welded  layer  immediately  after  completion  of  weld- 
ing;  determining  a  crack-preventing  critical  hydrogen  con- 
centration  to  obtain  a  ratio  of  the  critical  hydrogen  concen- 
tration  to  the  residual  hydrogen concentration;  determining 
the  value  of  a  product  of  a  hydrogen  diffusivity  coefficient 
during  the  heat  treatment  and  a  holding  time  where  a 
hydrogen  concentration  currently  occurring  in  the  heat 
treatment  reaches  the  critical  hydrogen  concentration,  on 
the  basis  of  the  relation  of  a  ratio  of  the  current  hydrogen 
concentration  to  the  residual  hydrogen  concentration  and  a 
sum  of  a  parameter  of  hydrogen  diffusion  to  be  determined 
depending  upon  the  welding  conditions  and  the  above- 
mentioned  product;  measuring  the  temperature  of  the  heat 
treatment  at  a  suitable  point  of  the  weld;  and  terminating 
the  heat  treatment  at  a  time  point  when  a  time-integrated 
value  of  a  hydrogen  diffusivity  coefficient  at  the  measured 
temperature  exceeds  the  value  of  the  above-mentioned  pro- 
duct. 



This   i n v e n t i o n   r e l a t e s   to  a  method  fo r   p o s t w e l d  
h e a t   t r e a t m e n t   ( h e r e i n a f t e r   r e f e r r e d   to  as  PWHT) 
of  a  w e l d e d   p o r t i o n   o f ,   f o r   e x a m p l e ,   a  t h i c k   b a s e  

m e t a l ,   and  more  p a r t i c u l a r l y   to  a  method  fo r   a p p r o p -  
r i a t e l y   j u d g i n g   the   t ime  p o i n t   fo r   t e r m i n a t i n g   t h e  

PWHT  when  s u f f i c i e n t   of  the   r e s i d u a l   d i f f u s i b l e  

h y d r o g e n   in  the   welded  m e t a l   has  been  d i s s i p a t e d   b y  
the   a f t e r h e a t i n g .  

There   s o m e t i m e s   o c c u r s   a  p r o b l e m   of  co ld   (or  d e l a y e d )  

c r a c k i n g   when  w e l d i n g   t h i c k   low  a l l o y   s t e e l s .   A t  

p r e s e n t ,   i t   is   the   u s u a l   p r a c t i c e   to  r e s o r t   t o  
i n t e r m e d i a t e   s t r e s s   r e l i e f   a n n e a l i n g   to  p r e v e n t  
c r a c k i n g   of  t h a t   s o r t .   However,   as  seen   in  d e s u l f u r -  

i z i n g   r e a c t i o n   t o w e r s   and  c o a l   l i q u e f a c t i o n   s y s t e m s ,  
t h e r e   is   a  r e c e n t   d i s t i n c t i v e   t r e n d   in  the   c h e m i c a l  
i n d u s t r i e s   t oward   l a r g e r   s c a l e   p l a n t s ,   which  i n v o l v e  

fo r   an  i n c r e a s e d   number  of  t i m e s   the  i n t e r m e d i a t e  

s t r e s s   r e l i e f   a n n e a l i n g   t r e a t m e n t   a f t e r   w e l d i n g .  
R e p e t i t i v e   i n t e r m e d i a t e   s t r e s s   r e l i e f   a n n e a l i n g   n o t  

on ly   g i v e s   r i s e   to  d e t e r i o r a t i o n s   in  s t r e n g t h   a n d  



t o u g h n e s s   of  t he   m a t e r i a l   but   a l s o   h i n d e r s   t h e  

f a b r i c a t i o n   p r o c e s s ,   t h u s   i n c r e a s i n g   t he   l e n g t h   o f  
t i m e   of  t h e   p r o c e s s   and  t he   c o s t   o f  t h e   f a b r i c a t i o n .  

Under   t h e s e   c i r c u m s t a n c e s ,   the   p r e s e n t   i n v e n t o r s  
have   c o n d u c t e d   r e s e a r c h   i n t o   m u l t i l a y e r   b u t t   w e l d s  

of  t h i c k   2 1 4Cr-1Mo  s t e e l   and  A508  C l a s s   3  m a t e r i a l   a n d  
f o u n d   t h a t :   (1)  the   p r o b l e m a t i c   c r a c k s   a r e   m o s t l y  
t r a n s v e r s e   c r a c k s   in  a  weld  zone ,   t h a t   is  to  say ,   i n  
weld   m e t a l   or  in  t he   h e a t   a f f e c t e d   zone  (HAZ);  (2)  t h e  
c r a c k s   a r e   a p t   to   o c c u r   i m m e d i a t e l y   b e n e a t h   the   f i n a l  

l a y e r   due  to  t he   r e s i d u a l   s t r e s s   in  the   d i r e c t i o n   o f  
weld   l i n e ,   d i f f u s i b l e   h y d r o g e n   and  hard   m i c r o s t r u c t u r e ,  

p r o p a g a t i n g   and  g r o w i n g   t o w a r d   the   i n n e r   and  o u t e r  
s u r f a c e s   of  a  p l a t e ;   and  (3)  t h e   r e s i d u a l   s t r e s s  
r e m a i n s   a l m o s t   t he   same  i n d e p e n d e n t   of  t h e   p l a t e  
t h i c k n e s s   bu t   t he   r e s i d u a l   h y d r o g e n   d e c r e a s e s   u p o n  
r a i s i n g   t h e   p r e h e a t   and  i n t e r p a s s   t e m p e r a t u r e   a t   t h e  
t i m e   of  w e l d i n g ,   t h e r e b y   p r e v e n t i n g   the   o c c u r r e n c e   o f  

a  c r a c k .   From  t h e s e   f a c t s ,   i t   is   d e d u c e d   t h a t   a n  
e f f e c t i v e   means  f o r   p r e v e n t i n g   c r a c k s   i s   to  d e c r e a s e  

t h e   d i f f u s i b l e   h y d r o g e n   c o n c e n t r a t i o n   in  t he   weld  z o n e .  

For  t h i s   r e a s o n ,   our  r e s e a r c h   was  f o c u s s e d   on  the   s o -  
c a l l e d   l o w - t e m p e r a t u r e   PWHT which  p r e v e n t s   t h e  

c r a c k i n g   by  d e c r e a s i n g   the   d i f f u s i b l e   h y d r o g e n  
c o n c e n t r a t i o n   in  a  weld  zone  by  h e a t i n g   t h e   weld  z o n e  
to   a  r e l a t i v e   low  t e m p e r a t u r e   i m m e d i a t e l y   a f t e r  

w e l d i n g .   S i n c e   t h i s   method  is   i n t e n d e d   to   p r e v e n t  

c r a c k i n g   s o l e l y   t h r o u g h   t he   d i m i n u t i o n   of  t he   d i f f u s i b l e  

h y d r o g e n   c o n c e n t r a t i o n   in  t he   weld  zone ,   i t   i s . n e c e s s a r y  
to   c l a r i f y   t he   f o l l o w i n g   i t e m s   b e f o r e   i t s   a p p l i c a t i o n .  



(1)  'The  r e l a t i o n   be tween   the   c o n d i t i o n s   of  t he   w e l d -  

ing  o p e r a t i o n   fo r   an  a c t u a l   s t r u c t u r e   and  the   h y d r o g e n  
c o n c e n t r a t i o n   i m m e d i a t e l y   a f t e r   w e l d i n g .  

(2)  The  r e l a t i o n   b e t w e e n   the  v a r i a t i o n s   in  t h e  

h y d r o g e n   c o n c e n t r a t i o n   d u r i n g   l o w - t e m p e r a t u r e   PWHT 
and  the   t r e a t i n g   c o n d i t i o n s .  

(3)  T h e  r e l a t i o n   be tween   the   c r i t i c a l   h y d r o g e n  
c o n c e n t r a t i o n  a t   which  the   p o s s i b i l i t y   of  c r a c k i n g   i s  

e l i m i n a t e d   and  the   maximum  V i c k e r ' s   h a r d n e s s   number  i n  
t he   weld  z o n e .  

The  p r e s e n t   i n v e n t o r s   c l a r i f i e d   t he   i t e m s   (1)  to  (3)  

by  e x p e r i m e n t s   o n  b u t t   w e l d m e n t s   of  t h i c k   21 4Cr-1Mo 
s t e e l   and  A508  C l a s s   3  m a t e r i a l  a n d   f u r t h e r e d   t h e i r  

r e s e a r c h   on  t h e   b a s i s   of  the   e x p e r i m e n t a l   d a t a .   As  a  
r e s u l t ,   t h e y   s u c c e e d e d   in  p r e v e n t i n g   t he   c r a c k i n g   b y  
an  a p p r o p r i a t e   PWHT,  t h e r e b y   p e r m i t t i n g   the   o m i s s i o n  

of  an  i n t e r m e d i a t e   s t r e s s   r e l i e f   a n n e a l i n g   s t e p .  

More  p a r t i c u l a r l y ,   one  a s p e c t   of  the   p r e s e n t   i n v e n t i o n  

r e s i d e s   i n :  

(1)  A  s t e p   of  o b t a i n i n g   the   r e s i d u a l   h y d r o g e n  
c o n c e n t r a t i o n   (Co)D  and  ( C o )   d i r e c t l y   b e n e a t h   t h e  

f i n a l l y   w e l d e d   l a y e r   i m m e d i a t e l y   a f t e r   c o m p l e t i o n   o f  

m u l t i l a y e r   w e l d i n g ,   where  (Co)D  and  (Co)H  a re   fo r   w e l d  
m e t a l   and  f o r   h e a t   a f f e c t e d   zone ,   r e s p e c t i v e l y .  

(2)  A  s t e p   of  o b t a i n i n g   the   c r i t i c a l   h y d r o g e n  
c o n c e n t r a t i o n   f o r   t he   p r e v e n t i o n   of  c r a c k i n g ,   t h a t   i s  

to  say,   (Ccr)D  and  (Ccr)H  fo r   weld  m e t a l   a n d  

HAZ,  r e s p e c t i v e l y ,  



which   d e p e n d   upon  the   maximum  r e s i d u a l   s t r e s s   and  m a x i -  

mum  V i c k e r ' s   h a r d n e s s   number  of  m i c r o s t r u c t u r e   in  w e l d  

z o n e .  

(3)  A  s t e p   of  o b t a i n i n g   the   v a l u e s   of  [ C c r / C o ] D  

and  [ C c r / C o ] H ,  r a t i o   of  t he   c r i t i c a l   h y d r o g e n   c o n c e n t r a -  

t i o n   [ C c r ] D   and  [Ccr ]H  fo r   the   p r e v e n t i o n   of  c r a c k i n g  

b o t h   in   t h e   weld   m e t a l   and  HAZ  to  t he   r e s i d u a l   h y d r o g e n  

c o n c e n t r a t i o n   [Co]D  f o r   weld  m e t a l   and  [Co]H  f o r   HAZ. 

(4)  A  s t e p   of  o b t a i n i n g   t he   v a l u e s   of  [ C / C o ] D  

and  [C/Co]H  f o r   weld   m e t a l   and  HAZ,  r e s p e c t i v e l y ,   t h e  

r a t i o s   of  t he   h y d r o g e n   c o n c e n t r a t i o n   i n   t he   weld  z o n e  

[C]D  and  [C]H  wh ich   a re   l e s s e n e d   by  t he   l o w - t e m p e r a t u r e  

PWHT  to  t h e   r e s i d u a l   h y d r o g e n   c o n c e n t r a t i o n   [Co]D  a n d  

[ C o ] H .  

(5)  A  s t e p   o f ,   from  the   r e l a t i o n   of  t he   sum 

[τ  +  D p · t p ] D  f o r   weld  m e t a l   and  [τ+  D p · t p ] H   f o r   HAZ  o f  

a  h y d r o g e n   d i f f u s i o n   p a r a m e t e r  [ τ ( c m 2 ) ]   i n  a   w e l d i n g  

o p e r a t i o n   u n d e r   g i v e n   c o n d i t i o n s  

τ =  ∫ t n 0 D i d t  

w h e r e i n  

D i  :   a  h y d r o g e n   d i f f u s i v i t y   c o e f f i c i e n t   ( c m 2 / s e c )  

in   an  a r b i t r a r y   weld   zone  of  each   u n i t  

l a y e r ;  

t h  :   t he   t ime   r e q u i r e d   f o r   w e l d i n g   e a c h   u n i t  

l a y e r  



and  the   p r o d u c t   of  a  h y d r o g e n   d i f f u s i v i t y   c o e f f i c i e n t  

( D p ( c m 2 / s e c ) )   d u r i n g   the   PWHT  and  the   h o l d i n g   t i m e  

( t p ( s e c ) )   and  (C/Co)D  and  (C/Co)H,  p r e d e t e r m i n i n g  
the   v a l u e s   of  (Dp · tp )D   and  ( D p · t p ) H   fo r   weld  m e t a l  
and  HAZ,  r e s p e c t i v e l y ,   where  (C)  i s   e q u a l   to  ( C c r ) D  
or  ( C c r ) H .  

(6)  A  s t e p   of  d e t e r m i n i n g   a  l a r g e r   v a l u e   o f  

( D p · t p ) D   or  ( D p · t p ) H   by  c o m p a r i n g   t h o s e  v a l u e s ,  

n a m e l y ,   (Dp . tp )   as  a  c o n d i t i o n   of  PWHT. 

(7)  A  s t e p   of  m e a s u r i n g   the   t e m p e r a t u r e   at   a  s u i t a b l e  

p o r t i o n   of  t he   weld  d u r i n g   PWHT  t o - t e r m i n a t e   t h e  
h e a t   t r e a t m e n t   a t   a  t ime  p o i n t   when  the   t i m e  

i n t e g r a t e d   v a l u e   of  the   h y d r o g e n   d i f f u s i v i t y   c o e f f -  
i c i e n t   ( D p i ( c m 2 / s e c ) )   at  the   m e a s u r e d   t e m p e r a t u r e  
e x c e e d s   t he   v a l u e   of  ( D p . t p ) .  

By  the   way,  when  the   maximum  V i c k e r ' s   h a r d n e s s  
number  of  t he   m i c r o s t r u c t u r e   in  the   weld  m e t a l  i s  

h i g h e r   t h a n   t h a t   in  t he   HAZ,  the   e s t i m a t i o n   of  a b o v e  
m e n t i o n e d   r e s p e c t i v e   v a l u e s   on ly   fo r   weld  m e t a l   i s  
s u f f i c i e n t   b e c a u s e   the   h y d r o g e n   c o n c e n t r a t i o n   i n  
HAZ  is   g e n e r a l l y   much  lower   t h a n   t h a t   in  weld  m e t a l .  

The  p r e s e n t   i n v e n t i o n   a l s o   p r o v i d e s   a  method  f o r  
the   l o w - t e m p e r a t u r e   PWHT  in  m u l t i l a y e r   w e l d i n g ,  
c o m p r i s i n g   t he   s t e p s   o f ;  



d e t e r m i n i n g   the   r e s i d u a l   h y d r o g e n   c o n c e n t r a -  

t i o n   Co  ( c c / 1 0 0   g)  d i r e c t l y   b e n e a t h   the   f i n a l   w e l d e d  

l a y e r   i m m e d i a t e l y   a f t e r   c o m p l e t i o n   of  w e l d i n g ;  

d e t e r m i n i n g   a  c r a c k - p r e v e n t i n g   c r i t i c a l   h y d r o -  

gen  c o n c e n t r a t i o n   Ccr  ( c c / 1 0 0   g)  to  o b t a i n   a  r a t i o  o f  

C c r / C o ;  

d e t e r m i n i n g   t he   v a l u e   of  a  p r o d u c t   D p · t p   of  a  

h y d r o g e n   d i f f u s i v i t y   c o e f f i c i e n t   Dp  ( c m 2 / s e c . )   d u r i n g  

t h e   h e a t   t r e a t m e n t   and  a  h o l d i n g   t ime   tp   ( s e c . )   w h e r e  

a  c u r r e n t l y   r e a c h e d   h y d r o g e n   c o n c e n t r a t i o n   C  ( c c / 1 0 0   g)  

become  e q u a l   to  t he   c r i t i c a l   h y d r o g e n   c o n c e n t r a t i o n  

C c r ,  o n   t h e   b a s i s   o f  t h e   r e l a t i o n   of  a  r a t i o   C/Co  o f  

t h e   c u r r e n t   h y d r o g e n   c o n c e n t r a t i o n   C  ( c c / 1 0 0   g)  to  t h e  

r e s i d u a l   h y d r o g e n   c o n c e n t r a t i o n   Co  and  a  sum  of  a  

p a r a m e t e r   τ  (cm2)  of  h y d r o g e n   d i f f u s i o n   of  t he   f o r m u l a  

g i v e n   be low  and  the   p r o d u c t   of  D p · t p ;  

m e a s u r i n g   the   t e m p e r a t u r e   of  t he   h e a t   t r e a t -  

ment   a t   a  s u i t a b l e   p o s i t i o n   of  t he   we ld ;   a n d  

t e r m i n a t i n g   the   h e a t   t r e a t m e n t   a t   a  t ime   p o i n t  

when  a  t i m e - i n t e g r a t e d   v a l u e   of  a  h y d r o g e n   d i f f u s i v i t y  

c o e f f i c i e n t   Dpi  ( c m 2 / s e c . )   a t   t he   m e a s u r e d   t e m p e r a t u r e  

e x c e e d s   t h e   v a l u e   of  D p . t p .  



w h e r e i n ,   PWHT:  p o s t w e l d   h e a t   t r e a t m e n t ,  
D.:  a  h y d r o g e n   d i f f u s i v i t y   c o e f f i c i e n t   ( c m 2 / s e c . )  

in  an  a r b i t r a r y   weld  p o r t i o n   d u r i n g   w e l d i n g  
each  u n i t   l a y e r ;   a n d  

t n :   t ime  ( s e c . )   r e q u i r e d   fo r   w e l d i n g   each  u n i t  

l a y e r .  

In  t he   method   of  t he   p r e s e n t   i n v e n t i o n ,   fo r   i n s t a n c e ,  
the  f i r s t   s t e p   of  o b t a i n i n g   the   v a l u e   of  (Co)  can  b e  

r e a l i s e d   by  v a r i o u s   means  or  p r o c e d u r e s   in  p r a c t i c a l  
a p p l i c a t i o n s .   The  g i s t   of  the   i n v e n t i o n   r e s i d e s   i n  
t he   above  m e n t i o n e d   s t e p s   and  is  no t   l i m i t e d   t o  

p r a c t i c a l   p r o c e d u r e s   employed   t h e r e f o r .   The  p a r t i c u l a r  

p r o c e d u r e s   d e v e l o p e d   in  the   d e s c r i p t i o n  

are   g i v e n   o n l y   as  t y p i c a l   e x a m p l e s   and  s h o u l d   n o t  
be  c o n s t r u e d   as  l i m i t i n g   the   p r e s e n t   i n v e n t i o n .  

In  t h i s   r e g a r d ,   i t   is  to  be  n o t e d   t h a t   the   i n v e n t i o n  

i n c l u d e s   a l l   m o d i f i c a t i o n s   and  a l t e r a t i o n s   a s  
e n c o m p a s s e d   by  the   appended   c l a i m s .  

The  p r e s e n t   i n v e n t i o n   a l s o   p r o v i d e s   a  method  fo r   t h e  

l o w - t e m p e r a t u r e   PWHT  of  a  m u l t i l a y e r   weld ,   c h a r a c t e r -  
i s e d   by  t he   s t e p s   o f :  

d e t e r m i n i n g   f o r   a  t e s t   weld  s i m i l a r   to  s a i d  

m u l t i l a y e r   weld  t h e   r e s i d u a l   h y d r o g e n   c o n c e n t r a t i o n  

Co  (cc / lOOg)   d i r e c t l y   b e n e a t h   the   f i n a l   w e l d e d  l a y e r  
i m m e d i a t e l y   a f t e r   c o m p l e t i o n   of  w e l d i n g ;  

d e t e r m i n i n g   f o r   the  t e s t   weld  a  c r a c k - p r e v e n t -  
ing critical hydrogen  c o n c e n t r a t i o n   Ccr  ( c c / 1 0 0   g)  to  o b t a i n  

a  r a t i o   of  C c r / C o ;  

d e t e r m i n i n g   fo r   the   t e s t   weld  the   v a l u e   of  a  
p r o d u c t   Dp.tp  of  a  h y d r o g e n   d i f f u s i v i t y   c o e f f i c i e n t  

D  ( c m 2 / s e c )   d u r i n g   the   h e a t   t r e a t m e n t   and  a  h o l d i n g  



t i m e  t p ( s e c . )   where   a  c u r r e n t l y   r e a c h e d   h y d r o g e n  
c o n c e n t r a t i o n   C  ( c c / 1 0 0   g)  becomes  e q u a l   to  t he   c r i t -  
i c a l   h y d r o g e n   c o n c e n t r a t i o n   Ccr ,   on  the   b a s i s   o f  
t h e   r e l a t i o n   of  a  r a t i o   C/Co  of  t he   c u r r e n t   h y d r o g e n  
c o n c e n t r a t i o n   C  ( c c / 1 0 0   g)  to   the   r e s i d u a l   h y d r o g e n  
c o n c e n t r a t i o n   Co  and  a  sum  of  a  p a r a m e t e r   τ   (cm2)  o f  

h y d r o g e n   d i f f u s i o n   of  t he   f o r m u l a   g i v e n   be low  a n d  
t he   p r o d u c t   of  D p . t p ;  

m e a s u r i n g   fo r   s a i d   m u l t i l a y e r   weld  t h e  

t e m p e r a t u r e   of  t he   h e a t   t r e a t m e n t   a t   a  s u i t a b l e  

p o s i t i o n   of  t h e   weld ;   a n d  

t e r m i n a t i n g   the   h e a t   t r e a t m e n t   of  s a i d   m u l t i -  

l a y e r   weld  a t   a  t ime   p o i n t   when  a  t ime   i n t e g r a t e d  
v a l u e   of  t he   p r e v i o u s l y   d e t e r m i n e d   h y d r o g e n   d i f f u s -  

i v i t y   c o e f f i c i e n t   Dpi  ( c m 2 / s e c . )   at  t h e   m e a s u r e d  

t e m p e r a t u r e   e x c e e d s   t he   p r e v i o u s l y   d e t e r m i n e d   v a l u e  

of  D p . t p .  

w h e r e i n ,   PWHT:  p o s t w e l d   h e a t   t r e a t m e n t ,  

Di:  a  h y d r o g e n   d i f f u s i v i t y   c o e f f i c i e n t   ( c m 2 / s e c . )  

in  an  a r b i t r a r y   weld  p o r t i o n   d u r i n g   w e l d i n g  
each   u n i t   l a y e r ;   a n d  

tn :   t i m e   ( s e c . )   r e q u i r e d   f o r   w e l d i n g   e a c h  

u n i t   l a y e r .  

The  p r e s e n t   i n v e n t i o n   a l s o   p r o v i d e s   a  method  fo r   t h e  

l o w - t e m p e r a t u r e   p o s t w e l d   h e a t   t r e a t m e n t   of  a  m u l t i -  

l a y e r   we ld ,   c h a r a c t e r i s e d   by  t h e   s t e p s   o f :  

o b t a i n i n g   f o r   a  t e s t   weld   s i m i l a r   to   s a i d  

m u l t i l a y e r   w e l d ,  t h e   r e s i d u a l   h y d r o g e n   c o n c e n t r a t i o n  

(Co)D  and  (Co)H  ( c c / 1 0 0   g)  d i r e c t l y   b e n e a t h   t h e  



f i n a l l y   we lded   l a y e r   i m m e d i a t e l y   a f t e r   c o m p l e t i o n  
of  m u l t i l a y e r   w e l d i n g ,   where  (Co)D  and  (Co)H  a r e  
f o r   weld  m e t a l   ( d e p o s i t e d   m e t a l )   and  fo r   h e a t   a f f e c t e d  

zone ,   r e s p e c t i v e l y ;  

o b t a i n i n g   fo r   the   t e s t   weld  the   c r i t i c a l  

h y d r o g e n   c o n c e n t r a t i o n   fo r   p r e v e n t i o n   of  c r a c k i n g  

(Ccr)D  and  (Ccr)H  fo r   the   weld  m e t a l   and  f o r   t h e  
h e a t   a f f e c t e d   zone ,   r e s p e c t i v e l y ,   which  depend   u p o n  
t he   maximum  r e s i d u a l  s t r e s s   and  maximum  V i c k e r ' s  
h a r d n e s s   number  of  the   m i c r o s t r u c t u r e   in  t h e   w e l d  

z o n e ;  
o b t a i n i n g   fo r   t he   t e s t   weld  the   v a l u e s   o f  

(Ccr /Co)D  and  (Cc r /Co)H,   the  r a t i o   of  t he   c r i t i c a l  

h y d r o g e n   c o n c e n t r a t i o n   (Ccr)D  and  C c r ) A   f o r  

p r e v e n t i o n   of  c r a c k i n g   bo th   in  t h e   weld  m e t a l   and  t h e  

h e a t   a f f e c t e d   zone  to   t he   r e s i d u a l   h y d r o g e n  
c o n c e n t r a t i o n   (Co)D  and  (Co)H;  

o b t a i n i n g   fo r   t he   t e s t   weld  the   v a l u e s   o f  

(C/CQ)D  and  (C/Co)H  fo r   the   weld  m e t a l   and  for   t h e  

h e a t   a f f e c t e d   zone ,   the   r a t i o   of  t he   h y d r o g e n  
c o n c e n t r a t i o n   (C)D  and  (C)H  w h i c h  

a re   l e s s e n e d   by  the   low  t e m p e r a t u r e   p o s t w e l d   h e a t  

t r e a t m e n t   to  t he   r e s i d u a l   h y d r o g e n   c o n c e n t r a t i o n  

(Co)D  and  (Co)H;  
o b t a i n i n g   fo r   t he   t e s t   weld  t he   v a l u e s   o f  

( τ +  D p . t p ) D   and  ( τ  +   D p . t p ) H   f o r   the   weld  m e t a l   a n d  
fo r   the   h e a t   a f f e c t e d   zone  where  Dp  is   h y d r o g e n  

d i f f u s i v i t y   c o e f f i c i e n t   d u r i n g   the   p o s t w e l d   h e a t  

t r e a t m e n t   and  tp   is  the   h o l d i n g   t i m e ,   and  τ   (cm2) 

is  a  h y d r o g e n   d i f f u s i o n   p a r a m e t e r   in  a  w e l d i n g  
o p e r a t i o n   u n d e r   g iven   c o n d i t i o n s  



w h e r e i n   Di  is   a  h y d r o g e n   d i f f u s i v i t y   c o e f f i c i e n t  
( cm2 / sec )   in  an  a r b i t r a r y   weld  zone  of  each   u n i t  

and  tn   is   t he   t ime   r e q u i r e d   fo r   w e l d i n g   each   u n i t  

l a y e r ;  

d e t e r m i n i n g   fo r   t he   t e s t   weld  a  v a l u e   (D  . t p )  

w h i c h   c o r r e s p o n d s   to  the   l a r g e r   of  ( D p . t p ) D   o r  

( D p . t p ) H   by  c o m p a r i n g   t h o s e   v a l u e s ,   as  a  c o n d i t i o n  
of  t he   p o s t w e l d   h e a t   t r e a t m e n t ;  

m e a s u r i n g   fo r   s a i d   m u l t i l a y e r  w e l d   t h e  

t e m p e r a t u r e   a t   a  s u i t a b l e   p o r t i o n   of  the   weld  d u r i n g  
t he   p o s t w e l d   h e a t   t r e a t m e n t ,   a n d  

t e r m i n a t i n g   t he   h e a t   t r e a t m e n t   of  s a i d   m u l t -  

l a y e r   weld  at   a  t ime  p o i n t   when  t h e   t i m e   i n t e g r a t e d  
v a l u e   of  t he   p r e v i o u s l y   d e t e r m i n e d   h y d r o g e n   d i f f u s -  

i v i t y   c o e f f i c i e n t   ( D p i )  ( c m 2 / s e c . )   a t   t h e  m e a s u r e d  

t e m p e r a t u r e   e x c e e d s   the   p r e v i o u s l y   d e t e r m i n e d   v a l u e  
o f   ( D p . t p ) .  

In  t he   a c c o m p a n y i n g   d r a w i n g s :  

F i g u r e   1  is  a  p e r s p e c t i v e   v iew  showing   the   c o n d i t i o n s  

of  t e s t   w e l d i n g   and  a  s a m p l i n g   p o s i t i o n   of  a  t e s t  

p i e c e ;  

F i g u r e   2  i s   a  d i a g r a m m a t i c   v iew  e x p l a n a t o r y   of  t h e  

way  to   d i v i d e   a  we lded   j o i n t   i n t o   s m a l l   e l e m e n t s  

fo r   t h e   a n a l y s i s   by  the   f i n i t e   e l e m e n t   m e t h o d ;  

F i g u r e   3  i s   a  f low  c h a r t   showing   a  programme  f o r  

the   a n a l y s i s   by  t he   f i n i t e   e l e m e n t   m e t h o d ;  



F i g u r e   4  is  a  d i a g r a m   showing  the   d e p e n d e n c y   o n  

t e m p e r a t u r e   of  v a r i o u s   t h e r m a l   c o n s t a n t s ;  

F i g u r e   5  is  a  d i a g r a m   showing  the   r e l a t i o n   b e t w e e n  

the   h y d r o g e n   d i f f u s i v i t y   c o e f f i c i e n t   and  t h e  

t e m p e r a t u r e ;  

F i g u r e   6  is   a  s c h e m a t i c   v iew  e x p l a n a t o r y   of  t h e  

r e s t r a i n t   t e s t   s p e c i m e n   used  in  t he   c r a c k i n g   t e s t s ,  

F i g u r e   7  is   a  s c h e m a t i c   p e r s p e c t i v e   v iew  s h o w i n g  
the  method   fo r   m e a s u r i n g   d i f f u s i b l e   h y d r o g e n   w h i c h  

is   d i s s o l v e d   i n t o   weld  m e t a l   by  one  pas s   o f  

w e l d i n g ;  



F i g .   8  is   a  d i a g r a m   c o m p a r a t i v e l y   showing   t h e  

a c t u a l l y   m e a s u r e d   and  c a l c u l a t e d   v a l u e s   of  the   h y d r o g e n  

c o n c e n t r a t i o n   d i s t r i b u t i o n   at  a  t ime   p o i n t   when  the   f i n a l  

bead   r e a c h e s   can  i n t e r p a s s   t e m p p r a t u r e ;  

F i g .   9 - ( a )   and  (b)  a re   t he   d i a g r a m s   showing   t h e  

r e l a t i o n s   b e t w e e n   the   h y d r o g e n   c o n c e n t r a t i o n   i m m e d i a t e l y  

b e n e a t h   t h e   f i n a l   pa s s   of  we lds   r i g h t  a f t e r   w e l d i n g   a n d  

t h e   p a r a m e t e r   ( τ )  o f   h y d r o g e n   d i f f u s i o n   a t   t h e   t ime  o f  

w e l d i n g   f o r   weld   m e t a l   of  2¼Cr-1Mo  s t e e l   w e l d m e n t s   a n d  

f o r   HAZ  of  A508  C l a s s   3  w e l d m e n t s ,   r e s p e c t i v e l y ;  

F i g .   10  i s   a  s c h e m a t i c   v iew  of  gas  b u r n e r s   e m -  

p l o y e d   as  a u x i l i a r y   h e a t i n g   m e a n s  f o r   m a i n t a i n i n g   a n  

i n t e r p a s s   t e m p e r a t u r e   a t   t he   t ime  of  w e l d i n g ;  

F i g s .  1 1   and  12  a re   d i a g r a m s   s h o w i n g - t h e   r e l a -  

t i o n   b e t w e e n   w e l d i n g   c o n d i t i o n s   and  the   p a r a m e t e r   (τ)  o f  

h y d r o g e n   d i f f u s i o n   w i t h   a u x i l i a r y   h e a t i n g   f o r   2¼Cr-1Mo 

s t e e l   w e l d m e n t s ;  

F i g .   13  i s   a  d i a g r a m   showing   t h e   same  r e l a t i o n  

f o r   A508  C l a s s  3   w e l d m e n t s   as  F i g s .   11  and  1 2 .  

F i g .   1 4 - ( a )   i s   a  d i a g r a m   showing   t he   i n f l u e n c e  

of  t h e   h y d r o g e n   c o n c e n t r a t i o n   d i s t r i b u t i o n   i m m e d i a t e l y  

a f t e r   w e l d i n g   on  the   r e l a t i o n   b e t w e e n   t h e   v a r i a t i o n   i n  

h y d r o g e n   c o n c e n t r a t i o n   in  weld   m e t a l   and  t r e a t i n g   c o n -  

d i t i o n s   of  t h e   low  t e m p e r a t u r e   PWHT; 

F i g .   1 4 - ( b )   is   t he   same  d i a g r a m   f o r   HAZ  a s  

F i g .   1 4 - ( a ) ;  



Fig .   1 5 - ( a )   is  a  d i a g r a m   fo r   weld  m e t a l   s h o w i n g  

the   s i m i l a r   i n f l u e n c e   of  t he   p l a t e   t h i c k n e s s ;  

F ig .   15 - (b )   is  the   s i m i l a r   d i a g r a m   fo r   HAZ  a s  

F ig .   1 5 - ( a ) ;  

F ig .   1 6 - ( a )   is  a  d i a g r a m   f o r   weld  m e t a l   s h o w i n g  

t h e   s i m i l a r   i n f l u e n c e   of  the  b e v e l i n g   w i d t h ;  

F i g .   1 6 - ( b )   is  the  s i m i l a r   d i a g r a m   fo r   HAZ  a s  

F i g .   1 6 - ( b ) ;  

F ig .   1 7  i s   a  d i a g r a m   s h o w i n g   the   r e l a t i o n   b e t w e e n  

the   v a r i a t i o n s   in  the   h y d r o g e n   c o n c e n t r a t i o n   and  PWHT 

c o n d i t i o n s   in  a  ca se   where   the  b e v e l i n g   w i d t h   e x c e e d s   36mm; 

F i g s .   1 8 - ( a )   and  18 - (b )   a re   the  d i a g r a m s   s h o w i n g  

the   r e s u l t s   of  c r a c k i n g   t e s t s   f o r   2¼Cr-1Mo  s t e e l   and  A508 

C l a s s   3  m a t e r i a l  a l o n g   w i t h   the  d i s t r i b u t i o n   of  h y d r o g e n  

c o n c e n t r a t i o n ,   which  were  c o n d u c t e d   f o r   d e t e r m i n i n g   t h e  

c r a c k - p r e v e n t i n g   c r i t i c a l   h y d r o g e n   c o n c e n t r a t i o n ;  

F ig .   19  is  a  g raph   showing   the  r e l a t i o n   b e t w e e n  

the   c r a c k - p r e y e n t i n g   c r i t i c a l   h y d r o g e n   c o n c e n t r a t i o n   i n  

weld  m e t a l   or  in  HAZ  and  maximum  V i c k e r ' s   h a r d n e s s   n u m b e r  

of  m i c r o s t r u c t u r e   in  the  r e s p e c t i v e   r e g i o n ;  

F ig .   20  i s  a   f low  c h a r t   i l l u s t r a t i n g   p r o c e d u r e s  

fo r   d e t e r m i n i n g   the   c o n d i t i o n s   of  the   c r a c k - p r e v e n t i n g  

low  t e m p e r a t u r e   PWHT  f o r   v a r i o u s   m a t e r i a l s ;   a n d  

F i g .   21  is  a  d i a g r a m   showing   the  v a r i a t i o n s   i n  

the  c o e f f i c i e n t   of  h y d r o g e n   d i f f u s i o n   a g a i n s t   t i m e .  



PARTICULAR  DESCRIPTION  OF  THE  INVENTION: 

The  method   of  t he   i n v e n t i o n   is   h e r e a f t e r   d e -  

s c r i b e d   by  way  o f  f u n d a m e n t a l   t e s t s   c o n d u c t e d   on  2¼Cr-1Mo 

s t e e l   and  A508  C l a s s   3  m a t e r i a l ,   r e s u l t s   of  t h e   e x p e r i -  

men t s   and  p r a c t i c a l   p r o c e d u r e s   f o r   t he   r e s p e c t i v e   s t e p s .  

[ T e s t i n g   M e t h o d ]  

1.  T e s t   spec imens  and  weld ing   c o n d i t i o n s  

The  base   m e t a l   used   in  t he   t e s t s   was  200  mm 

t h i c k   r o l l e d   m a t e r i a l   of  ASTM  A387  GR22  C l a s s   2  and  a  

f o r g e d   A 5 0 8  C l a s s  3   m a t e r i a l .   Those   c h e m i c a l   c o m p o s i -  

t i o n s   and  m e c h a n i c a l   p r o p e r t i e s   a re   shown  in  T a b l e   1 .  



;  The  f l u x   MF-29A  or  MF-27  was  m a i n l y   used   in  t h e  

t e s t s   bu t   t h e   r e c e n t l y   d e v e l o p e d   f l u x   MF-29AX  of  l o w  

h y d r o g e n   l e v e l   was  used   in  c e r t a i n   c a s e s .  

T a b l e   3  shows  the   c h e m i c a l   c o m p o s i t i o n   and  m e -  

c h a n i c a l   p r o p e r t i e s   of  t he   weld   m e t a l s .  



2.  M e a s u r e m e n t   of  h y d r o g e n   c o n c e n t r a t i o n   d i s t r i b u t i o n  
in  t h i c k   p l a t e   w e l d s i m m e d i a t e l y   a f t e r   w e l d i n g  

'Upon  c o m p l e t i o n   of  w e l d i n g ,   the   d i s t r i b u t i o n   o f  

h y d r o g e n   c o n c e n t r a t i o n   in  t he   d i r e c t i o n   of  p l a t e   t h i c k -  

ne s s   i m m e d i a t e l y   a f t e r   t he   f i n a l   bead  c o o l e d   to  a n   i n t e r -  

p a s s   t e m p e r a t u r e   was  m e a s u r e d ,   v a r y i n g   t he   p r e h e a t i n g /  

i n t e r p a s s   t e m p e r a t u r e   and  t he   p l a t e   t h i c k n e s s   to  c l a r i f y  

e x p e r i m e n t a l l y   t h e i r   i n f l u e n c e s   on  the   d i s t r i b u t i o n   o f  

h y d r o g e n   c o n c e n t r a t i o n   in  t he   weld  m e t a l s .   The  o b t a i n e d  

h y d r o g e n   d i s t r i b u t i o n s   were   used   as  c o m p a r a t i v e   d a t a  

a g a i n s t   t h e   c a l c u l a t e d   v a l u e s   to  c o n f i r m   t he   r e l i a b i l i t y  

of  t h e   p r o g r a m   of  f i n i t e   e l e m e n t   m e t h o d    f o r   e s -  

t i m a t i n g   t h e   h y d r o g e n   d i s t r i b u t i o n   i m m e d i a t e l y   a f t e r   w e l d -  

i ng   as  d e s c r i b e d   in  t h e   n e x t   p a r a g r a p h .   The  shape   a n d  

d i m e n s i o n s   of  t he   w e l d i n g   j o i n t   used   f o r   t he   m e a s u r e m e n t  

of  d i f f u s i b l e   h y d r o g e n   c o n c e n t r a t i o n   a re   shown  in  F i g .  

1 ( 1 ) ,   w h i l e   t he   s a m p l i n g   p o s i t i o n   of  t he   t e s t   p i e c e   f o r  

i t s   p u r p o s e   i s   shown  in  F i g .   1(2)  in   wh ich   t h e   v a r i o u s  

l e n g t h s   a r e   in   t he   u n i t   of  mm  and  i n d i c a t e d   a t   1  a r e  t r a y s  

f o r   h o l d i n g   a  c o o l i n g   medium  and  dry  i c e   and  a t   2  i s   a  

c u t   of  t h e   we ld   m e t a l   t e s t   p i e c e .  

3.  A n a l y s i s   of  h y d r o g e n   d i f f u s i o n   d u r i n g   w e l d i n g   b y  
f i n i t e   e l e m e n t   m e t h o d  

For   h a n d l i n g   the   h y d r o g e n   d i f f u s i o n   d u r i n g   t h e  

w e l d i n g   o p e r a t i o n ,   i t   i s   p r e c o n d i t i o n a l   to  r e p r o d u c e   t h e  

w e l d i n g   t h e r m a l   c y c l e .   However ,   our   r e s e a r c h e s   a r e  



d i r e c t e d   to  p l a t e s   of  a  t h i c k n e s s   of  50  mm  or  g r e a t e r  

which   r e q u i r e   w e l d i n g   in  a  r e l a t i v e l y   l a r g e   number  o f  

l a y e r s   a n d  t h e   submerged   arc   w e l d i n g   p r o c e s s   i s   g e n e r a l l y  

u t i l i z e d   w i t h   h igh   h e a t   i n p u t ,   so  t h a t   i t   i s   a l m o s t   i m -  

p o s s i b l e   to   s i m u l a t e   on  the   t e s t   p i e c e   t he   w e l d i n g   t h e r -  

mal  c y c l e   wh ich   t a k e s   p l a c e   when  w e l d i n g   an  a c t u a l  

s t r u c t u r e .   T h e r e f o r e ,   t he   a n a l y s i s   b a s e d   on  the   f i n i t e  

e l e m e n t   method   was  u t i l i z e d .  

F i g .   2  i l l u s t r a t e s   an  e l e m e n t   d i v i s i o n   of  a  

weld   zone  i n t o   s m a l l   t r i a n g l e s   of  I - b e v e l i n g   we lded   w i t h  

2  p a s s e s   per   l a y e r   and  h a v i n g   a  p e n e t r a t i o n   r a t e   of  60%. 

In  t h i s   f i g u r e ,   the   r e f e r e n c e   n u m e r a l   6  d e n o t e s   the   w e l d  

o f  t h e   f i r s t   pa s s   c o n s i s t i n g   o f   a  weld  p o r t i o n   4  and  a  

p e n e t r a t e d   p o r t i o n   5.  I n d i c a t e d   at   6'  is   t he   weld  of  t h e  

12 th   pass   c o n s i s t i n g   of  a  weld  p o r t i o n   4 '  a n d  a   p e n e t r a t e d  

p o r t i o n   5 ' .   In  t h i s   i n s t a n c e ,   the   sum  of  r e s i d u a l   h y d r o g e n  

in  the   p e n e t r a t e d   p o r t i o n   and  a  p r e d e t e r m i n e d   amount  o f  

h y d r o g e n   d i s s o l v e d   in   the   r e s p e c t i v e   weld  p o r t i o n   at  t h e  

t ime   of  each   weld  is  d i v i d e d   by  the   t o t a l   w e i g h t  o f   t h e  

weld  and  p e n e t r a t e d   p o r t i o n s ,   a l l o t t i n g   t he   mean  v a l u e  

u n i f o r m l y   t h e r e t o   as  i n i t i a l   h y d r o g e n   c o n c e n t r a t i o n   e x -  

i s t i n g   when  w e l d i n g   each  weld  p a s s .   The  h y d r o g e n   c o n -  

c e n t r a t i o n   a t   the   nodes   on  the   s u r f a c e s   were  c o n s i d e r e d  

as  b e i n g   c o n s t a n t l y   he ld   at   ze ro   t h r o u g h o u t   the   a n a l y s i s .  

On  the   o t h e r   hand ,   the   c a l c u l a t i o n   f o r   the   w e l d -  

ing  t h e r m a l   h i s t o r y   which   is  p r e c o n d i t i o n a l   to  the   a n a l y s i s  



of  the   h y d r o g e n   d i f f u s i o n   was  p e r f o r m e d   w i t h  a   h e a t   i n p u t  

of  4.0  KJ/cm  fo r   22:Cr-lMo  s t e e l   we lds   and  37  KJ/cm  fo r   A508 

C l a s s   3  w e l d s   and  a  h e a t   e f f i c i e n c y   of  65%,  e q u i v a l e n t l y  

r e d i s t r i b u t i n g   them  to  the   weld  and  p e n e t r a t e d   p o r t i o n s .  

F i g .   3  i s   a  f low  c h a r t   of  a  p r o g r a m   used  fo r   t h e  

a n a l y s i s .   The  t ime   i n c r e m e n t   f o r   each   a n a l y s i s   was  s e t  

in  t he   r a n g e  o f   1  to  10  s e c o n d s   to  c o r r e s p o n d   w i t h   t h e  

c o o l i n g   r a t e .   The  s h i f t   to  the   n e x t   pa s s   was  e f f e c t e d  

when  a  p r e d e t e r m i n e d   t e m p e r a t u r e   was  r e a c h e d   a t   a  p o s i -  

t i o n  l o c a t e d   10  mm  i n s i d e   the   b e v e l i n g   f a c e   and  15  mm 

deep   f rom  the   p l a t e   s u r f a c e ,   c o m p i l i n g   t h a t   t e m p e r a t u r e  

as  an  i n t e r p a s s   t e m p e r a t u r e .   With  a  l a r g e r   p l a t e   t h i c k -  

n e s s ,   t h e   t e m p e r a t u r e   was  c o n t r o l l e d   by  v a r y i n g   t h e  

m e a s u r i n g   p o s i t i o n s  f o r   a . f e w   t i m e s   a l o n g   the   p l a t e   t h i c k -  

n e s s   in   a c c o r d a n c e   w i t h   t he   p r o g r e s s   of  t he   w e l d i n g   o p e r -  

a t i o n .   In  t h e   v a r i o u s   t e s t s   u s i n g   a  t e s t   s p e c i m e n   as  s h o w n  

in   F i g .   1,  t he   w e l d i n g   t h e r m a l   c y c l e   was  c o n t r o l l e d   by  a  

CA  t h e r m o c o u p l e   wh ich   was  i n s e r t e d   a t   such   m e a s u r i n g   p o s i -  

t i o n s   f o r   c o n f o r m i t y   w i t h   c o n d i t i o n s   of  c a l c u l a t i o n .  

F i g s .   4  and  5  show  t he   d e p e n d e n c y   on  t e m p e r a t u r e  

o f  t h e   v a r i o u s   t h e r m a l   c o n s t a n t s   and  the   h y d r o g e n   d i f f u s -  

i v i t y   c o e f f i c i e n t   wh ich   were   used   in   t he   c a l c u l a t i o n s .  

W i t h  r e g a r d   to  the   t h e r m a l   t r a n s f e r   c o e f f i c i e n t   A,  t h e r -  

mal  c o n d u c t i v i t y   B  and  s p e c i f i c   h e a t   C,  t he   d e n s i t y   w a s  

h e l d   c o n s t a n t   in   c o n s i d e r a t i o n   of  t h e i r   d e p e n d e n c y   o n  

t e m p e r a t u r e   shown.  For  t h e   d e p e n d e n c y  o n   t e m p e r a t u r e   o f  



the   h y d r o g e n   d i f f u s i v i t y   c o e f f i c i e n t ,  

t h e  v a l u e   i n d i c a t e d   by  s o l i d   l i n e s   in  F ig .   5 .was  u s e d .  

4 .  D e t e r m i n a t i o n   of  h y d r o g e n   d i f f u s i v i t y   c o e f f i c i e n t   o f  

we lded   j o i n t s  

Thy  h y d r o g e n   d i f f u s i v i t y   c o e f f i c i e n t   was  d e t e r -  

mined  by  a c t u a l l y   m e a s u r i n g   the   d i s t r i b u t i o n s   of  h y d r o g e n  

c o n c e n t r a t i o n   i m m e d i a t e l y   a f t e r   w e l d i n g   and  a f t e r   t he   l o w -  

t e m p e r a t u r e   PWHT  and  c o m p a r i n g   the   m e a s u r e d   v a l u e s   w i t h  

c a l c u l a t e d   v a l u e s   as  o b t a i n e d   under   the   same  c o n d i t i o n s .  

5.  C r a c k i n g   t e s t   fo r   d e t e r m i n i n g   c r i t i c a l   h y d r o g e n   c o n -  
c e n t r a t i o n   f r e e   from  t r a n s v e r s e  c r a c k s  

In  o r d e r   to  know  to  w h i c h  e x t e n t   t he   c o n c e n t r a -  

t i o n   of  r e s i d u a l   h y d r o g e n   in  the   weld  zone  i m m e d i a t e l y  

a f t e r   w e l d i n g   has  to  be  r e d u c e d   f o r   the   p r e v e n t i o n   o f  

c r a c k i n g ,   name ly ,   in  o r d e r   to  know  t h e   c r a c k - f r e e   c r i t i -  

ca l   h y d r o g e n   c o n c e n t r a t i o n ,   c r a c k i n g   t e s t s   were  c o n d u c t e d  

w i t h   the   use  of  r e s t r a i n e d   t e s t   s p e c i m e n s   as  shown  i n  

F i g .   6,  in  wh ich   the   r e s p e c t i v e   d i m e n s i o n s   are   i n d i c a t e d  

in  t he   u n i t   of  mm.  The  d i m e n s i o n s   of  h  ( p l a t e   t h i c k n e s s )  

X°  ( a n g l e   of  b e v e l i n g )   and  R  ( r a d i u s   of  c u r v a t u r e   at  t h e  

r o o t   of  b e v e l i n g )   were  v a r i e d   in  the   c r a c k i n g   t e s t s   u n d e r  

the   c o n d i t i o n s   shown  in  T a b l e   4 .  



The  l o w - t e m p e r a t u r e   PWHT  was  p e r f o r m e d   in   a n  

a n n e a l i n g   f u r n a c e .   L e a v i n g   t h e   t e s t   s p e c i m e n   a t   r o o m  

t e m p e r a t u r e   f o r   two  weeks  a f t e r   t he   l o w - t e m p e r a t u r e   PWHT, 

v e r t i c a l   s e c t i o n s   of  t h e   we ld   were   cu t   ou t   to  check   t h e  

e x i s t e n c e   of  c r a c k s   by  m a g n a f l u x   d e t e c t i o n   and  by  n a k e d  

eyes   a f t e r   e t c h i n g .  

N e x t l y ,  t h e   h y d r o g e n   d i f f u s i o n   d u r i n g   PWHT  w a s  

a n a l y z e d   by  t h e   use   o f   t he   t h e r m a l   h i s t o r y   wh ich   was  o b -  

t a i n e d   in  t h e   c r a c k i n g   t e s t   d u r i n g   t h e   t ime   i n t e r v a l   f r o m  

t h e   c o m p l e t i o n  o f   w e l d i n g   to  t h e   t ime   p o i n t   when  t h e  t e m -  

p e r a t u r e   of  t h e   t e s t   s p e c i m e n  c o o l e d   down  to  100°C  a f t e r  

t h e   low  t e m p e r a t u r e   PWHT,  t h e r e b y   d e t e r m i n i n g   t he   h y d r o g e n  

d i s t r i b u t i o n   i n  t h e   weld  zone  a t   t h e  t e m p e r a t u r e   of  1 0 0 ° C .  

T h e r e a f t e r ,   t h e   c r a c k - p r e v e n t i n g   c r i t i c a l   h y d r o g e n   c o n -  

c e n t r a t i o n   was  d e t e r m i n e d   on  t he   b a s i s   of  t h e   r e s u l t s   o f  



t he   c r a c k i n g   t e s t   and  the  c o r r e s p o n d i n g   d i s t r i b u t i o n   o f  

h y d r o g e n   c o n c e n t r a t i o n .  

6.  M e a s u r e m e n t   of  i n i t i a l   h y d r o g e n   c o n t e n t   n e c e s s a r y   f o r  

d e t e r m i n i n g   c o n d i t i o n s   of  low  t e m p e r a t u r e   PWHT  in  a c -  
c o r d a n c e  w i t h   t he   c o m b i n a t i o n   of  base   m e t a l   and  w e l d -  

ing  m a t e r i a l s  

A  t e s t   p i e c e   as  shown  i n   F i g .   7(1)  (in  w h i c h  

a l l   the   d i m e n s i o n s   a re   i n d i c a t e d   in   the   u n i t   of  mm)  w a s  

we lded   w i t h   one  pa s s   in  the   a r r o w e d   d i r e c t i o n   which   w a s ,  

i m m e d i a t e l y   a f t e r   b e i n g   q u e n c h e d   in  a  w a t e r   b a t h   w i t h  

c r a s h e d   i c e ,   pu t   in   l i q u i d   n i t r o g e n   t o   f i x   h y d r o g e n .  

T h e r e a f t e r ,   f o u r   t e s t   p i e c e s   were   c u t   o f f   as  shown  i n  

F i g .   7(2)  f o r  t h e   d e t e r m i n a t i o n   of  h y d r o g e n .   These   t e s t  

p i e c e s   were   s e a l e d   in   a  vacuum  c o n t a i n e r   f o r  a b o u t   20 

d a y s   at   room  t e m p e r a t u r e   and  t h e n   s u b j e c t e d   to  d e t e r -  

m i n a t i o n   of  d i f f u s i b l e   h y d r o g e n   by  a  v a c u u m  e x t r a c t i o n  

a p p a r a t u s .  

[Tes t   r e s u l t s   and  p r a c t i c a l   p r o c e d u r e s ]  

1.  R e l a t i o n   b e t w e e n   h y d r o g e n   c o n c e n t r a t i o n   i m m e d i a t e l y  
a f t e r   w e l d i n g   and  c o n d i t i o n s   of  w e l d i n g   o p e r a t i o n  

F i g .  8   shows  a c t u a l l y   m e a s u r e d   and  c a l c u l a t e d  

v a l u e s   of  t he   h y d r o g e n   d i s t r i b u t i o n   in  t he   weld  m e t a l   o f  

2¼Cr-1Mo  s t e e l   w e l d m e n t s   when  t h e  f i n a l   pas s   of  t he   w e l d  

is   c o o l e d   down  to  t he   i n t e r p a s s   t e m p e r a t u r e .   In  t h i s  

f i g u r e ,   t he   marks   " O  ",  "  Δ  "  a n d   "  @  "  r e p r e s e n t   t h e  

a c t u a l l y   m e a s u r e d   v a l u e s   and  the   c u r v e s   i n d i c a t e   t h e  



r e s u l t s   of  a n a l y s i s .   Both  the   a c t u a l l y   m e a s u r e d   a n d  

c a l c u l a t e d   v a l u e s   have  peaks   in   t he   v i c i n i t y   of  a  p o i n t  

i m m e d i a t e l y   b e n e a t h   t he   f i n a l   l a y e r ,   showing   a  h i g h e r  

v a l u e   w i t h   a  g r e a t e r   p l a t e   t h i c k n e s s .   G e n e r a l l y ,   t h e  

c a l c u l a t e d   v a l u e s   c o i n c i d e   w i t h   t he   a c t u a l l y   m e a s u r e d  

v a l u e s   i n d i c a t i v e l y   of  t h e  r e l i a b i l i t y   of  t he   a n a l y z i n g  

c o m p u t e r   p r o g r a m .   As  m e n t i o n e d   h e r e i n b e f o r e ,   i t   i s   n e c -  

e s s a r y   to  employ  a  l a r g e   t e s t   s p e c i m e n   in  o r d e r   to  s i m u -  

l a t e   t he   c o o l i n g   r a t e   in  a c t u a l   w e l d i n g   i n v o l v i n g   a  

t h i c k   and  w i d e  p l a t e .   However ,   t he   h y d r o g e n   d i s t r i b u t i o n  

in   such   a  c a s e   can  e a s i l y   be  o b t a i n e d   by  t h e   use  of   t h e  

a n a l y s i n g   p r o g r a m .  

N e x t l y ,   i t   i s   i m p o r t a n t   to  d e t e r m i n e   the   r e l a -  

t i o n   b e t w e e n   t he   h y d r o g e n   c o n c e n t r a t i o n   i m m e d i a t e l y  

b e n e a t h   t h e   f i n a l   bead  and  the   c o n d i t i o n s   of  w e l d i n g  -  

o p e r a t i o n   f o r   t h e   p r e v e n t i o n   of  t r a n s v e r s e   c r a c k i n g   i n -  

d u c e d   in  we ld   m e t a l .   With   r e g a r d   to  t h e   h y d r o g e n   c o n -  

c e n t r a t i o n   i m m e d i a t e l y   b e n e a t h   the   n e w e s t   bead   a f t e r  

i t s   p a s s   of   w e l d i n g ,   i t   i s   d e t e r m i n e d  b y  d i s s o l v e d  

h y d r o g e n   f rom  t he   a rc   column  and  r e s i d u a l   h y d r o g e n   i n  

t h e   v i c i n i t y   of  t h e   p e n e t r a t e d   p o r t i o n   of  t h e   bead .   I t  

i s   e a s i l y   c o n c e i v a b l e   t h a t   t he   l a t t e r   i s   d e t e r m i n e d   b y  

d i s s o l v e d   h y d r o g e n   from  t he   a rc   co lumn  d u r i n g   each   p a s s  

of  w e l d i n g   and  r e s i d u a l   h y d r o g e n   in  t he   v i c i n i t y   of  t h e  

p e n e t r a t e d   p o r t i o n   and  the   w e l d i n g   t h e r m a l   h i s t o r y   u n t i l  

t h a t   p a s s .   In  t h i s   i n s t a n c e ,   i t   i s   known  t h a t   t h e  



d i s s o l v e d   h y d r o g e n   from  the   arc   column  in  each  pa s s   w e l d -  

ing   is   c o n s t a n t   and  a c c o r d i n g   to  t he   r e s u l t s   of  the   s t u d y  

i n  t h e   r e g a r d ,   the   t h e r m a l   h i s t o r y   in  each  pa s s   of  w e l d -  

ing   is   c o n s i d e r e d   to  be  s u b s t a n t i a l l y   the   same.  T h e r e -  

f o r e ,   the   h y d r o g e n   c o n c e n t r a t i o n   i m m e d i a t e l y   b e n e a t h   t h e  

p e n e t r a t e d   p o r t i o n   a f t e r   w e l d i n g   the   f i n a l   bead  in  m u l t i -  

l a y e r   w e l d i n g   can  be  d e t e r m i n e d  f r o m   the   mean  h y d r o g e n  

c o n c e n t r a t i o n   in   the   weld  i m m e d i a t e l y   a f t e r   w e l d i n g   t h e  

i n i t i a l   l a y e r   and  one  w e l d i n g   t h e r m a l   h i s t o r y   in  t h e  

p r o x i m i t y   of  the   f i n a l   l a y e r .  

As  to  the   h y d r o g e n   c o n c e n t r a t i o n   in  HAZ,  t h e  

same  c o n s i d e r a t i o n   can  be  a c c e p t e d   b e c a u s e   i t   b e c o m e s  

a  f u n c t i o n   of  h y d r o g e n   c o n c e n t r a t i o n   in  weld  m e t a l .  

I t   i s   known  from  F i c k ' s   Second  Law  t h a t   a  v a r -  

i a t i o n   in  h y d r o g e n   c o n c e n t r a t i o n   d u r i n g   a  s m a l l   t i m e  -  

p e r i o d   At i   at   a  c e r t a i n   p o i n t   is   p r o p o r t i o n a l   to  D i · Δ t i  

where   Di  i s   t he   d i f f u s i v i t y   c o e f f i c i e n t   at   t h a t   p o i n t .  

I t   f o l l o w s   t h a t   the   q u a n t i t y   of  h y d r o g e n   which   i s   d i f -  

f u s i n g l y   r e l e a s e d   from  t he   weld  zone  in   one  w e l d i n g  

t h e r m a l   c y c l e   is   c o n s i d e r e d   to  be  d e t e r m i n e d   by  Σ i D i - Δ t i  

wh ich   i s   o b t a i n e d   by  d i v i d i n g   the   t h e r m a l   c y c l e   i n t o   t h e  

s m a l l   t ime  p e r i o d s   A t i   and  a d d i n g   D i · Δ t i   c o r r e s p o n d i n g  

to  the   r e s p e c t i v e   A t i .  

In  view  of  the   f a c t   t h a t   the   t r a n s v e r s e   c r a c k i n g  

is   most   s u s c e p t i b l e   to  o c c u r   in  weld  m e t a l   of  2¼Cr-1Mo 

s t e e l   w e l d m e n t   or  in  HAZ  of  A508  C l a s s   3  w e l d m e n t s  



i m m e d i a t e l y   b e n e a t h   the   f i n a l   l a y e r ,   t he   v a l u e   of  Σ i D i · Δ t i  

was  d e t e r m i n e d   on  t he   b a s i s   of  t h e   t h e r m a l   h i s t o r y   of  t h e  

f i n a l   p a s s   o f  w e l d s ,   d e t e r m i n i n g   i t s   r e l a t i o n   w i t h   t h e  

h y d r o g e n   c o n c e n t r a t i o n   in  weld  m e t a l   or  in  HAZ  i m m e d i -  

a t e l y   b e n e a t h   t he   p e n e t r a t e d   p o r t i o n   of   the   f i n a l   p a s s  

of  w e l d s .   I n   F i g .   9 - ( a )   f o r   2¼Cr-1Mo  s t e e l   w e l d m e n t s ,  

t h e   a b s c i s s a   r e p r e s e n t s   r  f o r   Σ iDi -Δt i   w h i l e   t h e   o r d i n a t e  

r e p r e s e n t s   t he   h y d r o g e n   c o n c e n t r a t i o n   in  weld   m e t a l   d i -  

r e c t l y   b e n e a t h   t h e . f i n a l   bead  i m m e d i a t e l y   a f t e r   w e l d i n g  

t h e   f i n a l   p a s s ,   n o n - d i m e n s i o n a l l y   in   t e r m s   of   t he   m e a n  

h y d r o g e n   c o n c e n t r a t i o n  i n   t h e   we ld   m e t a l   i m m e d i a t e l y   a f t e r  

t h e   i n i t i a l  w e l d i n g .   H e r e ,   t h e   d i s c u s s i o n   i s   b a s e d   o n  

w e l d i n g   of  one  l a y e r   w i t h   one  p a s s .   In  a  c a se   where   o n e  

l a y e r   i s   w e l d e d   w i t h   n - n u m b e r   of  p a s s e s ,   t h i s   r e l a t i o n  

can  be  g e n e r a l i z e d   by  g r a d u a t i n g   t h e   a b s c i s s a   on  t h e  

s c a l e   o f  n   ( the   same  a p p l i e s   h e r e a f t e r ) .   The  r e s u l t s   o f  

c a l c u l a t i o n   shown  in  F i g .   9 - ( a )   were   o b t a i n e d   by  v a r y i n g  

t h e   c o n d i t i o n s   of  t h e   w e l d i n g   o p e r a t i o n   o v e r   a  wide  r a n g e ,  

i n c l u d i n g   t h e   t h i c k n e s s   and  w i d t h   of  p l a t e s   and  p r e h e a t -  

ing   and  i n t e r p a s s   t e m p e r a t u r e s .   As  c l e a r   from  t h e   f i g u r e ,  

t he   r e l a t i o n   b e t w e e n   t he   h y d r o g e n   c o n c e n t r a t i o n   in  w e l d  

m e t a l   d i r e c t l y   b e n e a t h   t h e   f i n a l  p a s s   i m m e d i a t e l y   a f t e r  

w e l d i n g   and  t h e   p a r a m e t e r   τ  of  h y d r o g e n   d i f f u s i o n   d e t e r -  

mined   from  t h e   w e l d i n g   t h e r m a l   h i s t o r y   d e p e n d i n g   u p o n  

w e l d i n g   c o n d i t i o n s   can  be  e x p r e s s e d   by  a  s i n g l e   c u r v e .  

The   same  r e l a t i o n   was  o b t a i n e d   fo r   HAZ  of  A508,  C l a s s   3 



w e l d m e n t s   as  shown  in  F ig .   9 - ( b ) .  

By  t he   use  of  the   d i a g r a m   of  F ig .   9 - (a )   or  9 - ( b ) ,  

i t   becomes   p o s s i b l e   to  d i s p e n s e   w i t h   the   c a l c u l a t i o n s  

wh ich   would  o t h e r w i s e   be  n e c e s s i t a t e d   by  v a r i a t i o n s   i n  

the   mean  h y d r o g e n   c o n c e n t r a t i o n   Co,o  in  the   weld  i m m e d i -  

a t e l y   a f t e r   w e l d i n g   the   f i r s t   l a y e r ,   as  a  r e s u l t   of  u s e  

of  a  f l u x   of  a  d i f f e r e n t   h y d r o g e n   l e v e l   or  a  v a r i a t i o n  

i n   t h e   c o e f f i c i e n t   of  h y d r o g e n   d i f f u s i o n   due  to  use  o f  

a  d i f f e r e n t   m a t e r i a l .   The  h y d r o g e n   c o n c e n t r a t i o n   d i r e c t l y  

b e n e a t h   the   f i n a l   pa s s   can  be  r e a d i l y   o b t a i n e d   as  long   a s  

the   v a l u e   of  Co,o  or  one  w e l d i n g   t h e r m a l   c y c l e   i n  t h e  

v i c i n i t y   of  t he   f i n a l   l a y e r   and  the   c o e f f i c i e n t   o f  

h y d r o g e n   d i f f u s i o n   a re   k n o w n .  

We  now  c o n s i d e r   t he   r e l a t i o n   b e t w e e n   the   p a r a m -  

e t e r   τ  of  h y d r o g e n   d i f f u s i o n   and  the   c o n d i t i o n s   of   w e l d -  

i n g   o p e r a t i o n s .  

The  f o r e g o i n g   d e s c r i p t i o n   has  d e a l t   w i t h   t h e  

r e s u l t s   where   t he   nex t   pas s   of  w e l d i n g   is   p r o c e e d e d   a t  

a  t ime  p o i n t   when  the   bead  t e m p e r a t u r e   r e a c h e s   the   l e v e l  

of  the   i n t e r p a s s   t e m p e r a t u r e .   However ,   in  a c t u a l   o p e r a -  

t i o n ,   t h e r e   s o m e t i m e s   o c c u r s   a  t e m p e r a t u r e   d rop   d u r i n g  

the   pas s   i n t e r v a l   which   is  e l o n g a t e d   d e p e n d i n g   upon  t h e  

s i z e   of  a  p r e s s u r e   v e s s e l   or  the   l i k e .   In  such  a  c a s e ,  

t he   i n t e r p a s s   t e m p e r a t u r e   i s   m a i n t a i n e d   by  an  a u x i l i a r y  

h e a t i n g   means  l i k e   gas  b u r n e r s   as  shown  in  F ig .   10.  I n  

t h i s   f i g u r e ,   i n d i c a t e d   at  7  is   a  t u r n i n g   r o l l e r ,   at  8  a  



w e l d i n g   t o r c h ,   at  9  a  gas  b u r n e r   and  at   10  a  s h e l l   c o u r s e  

of  a  p r e s s u r e   v e s s e l .   While   t he   w e l d i n g   bead  t e m p e r a t u r e  

wh ich   has  r e a c h e d   the   i n t e r p a s s   t e m p e r a t u r e   i s   m a i n t a i n e d  

at  t h a t   l e v e l   by  the   a u x i l i a r y   h e a t i n g   means  u n t i l   t h e  

s u b s e q u e n t   weld  bead  i s   d e p o s i t e d ,   i t   is   now  n e c e s s a r y  

to  c o n s i d e r   t h e   i n f l u e n c e   of  t he   a u x i l i a r y   h e a t i n g   o n  

t he   p a r a m e t e r   τ  of  h y d r o g e n   d i f f u s i o n .  

With  the   a u x i l i a r y   h e a t i n g ,   t h e  v a l u e   of  t h e  

p a r a m e t e r   T  wh ich   i s   d e t e r m i n e d   by  one  w e l d i n g   t h e r m a l  

c y c l e   c o n s i s t s   of  t he   v a l u e   of  τ  shown  in  F i g .   9  p l u s  

t he   c o n t r i b u t i o n   of  t he   a u x i l i a r y   h e a t i n g ,   t h a t   i s   t o  

s ay ,   t he   p r o d u c t   D .Ata   of  t he   t ime   i n t e r v a l   Δ ta   a t   w h i c h  

t h e   w e l d i n g   of  a  n e x t   bead  i s   d e p o s i t e d   a f t e r   t he   b e a d  

t e m p e r a t u r e   r e a c h i n g   t h e   i n t e r p a s s   t e m p e r a t u r e   and  t h e  

c o e f f i c i e n t   D  of  h y d r o g e n   d i f f u s i o n   a t   t he   t e m p e r a t u r e .  

The  v a l u e   of  Δ ta   v a r i e s   d e p e n d i n g   upon  t h e   w e l d i n g   c o n d i -  

t i o n s   such   as  t he   i n t e r p a s s   t e m p e r a t u r e ,   w e l d i n g   s p e e d ,  

d i m e n s i o n s   of  t he   base   m e t a l ,   f o r   e x a m p l e ,   t h e   d i a m e t e r  

of   a  v e s s e l   when  a  g i r t h   w e l d i n g   to  j o i n   t he   s h e l l   c o u r s e s  

of  a  p r e s s u r e   v e s s e l   i s   p e r f o r m e d .  

F i g .   11  shows  t he   r e l a t i o n   b e t w e e n   t he   p a s s  

i n t e r v a l   and  t he   p a r a m e t e r  τ   in  a  c a se   where   a  j o i n t   o f  

i n f i n i t e l y   wide  p l a t e   of  2¼Cr-1Mo  s t e e l   i s   w e l d e d   a t   a n  

i n t e r p a s s   t e m p e r a t u r e   of  200°C  and,   when  t h e   bead   t e m -  

p e r a t u r e   r e a c h e s   t he   i n t e r p a s s   t e m p e r a t u r e   a t   t he   t i m e  

o f  w e l d i n g  e a c h   p a s s ,   i t   i s   m a i n t a i n e d   c o n s t a n t l y   at  t h e  



i n t e r p a s s   t e m p e r a t u r e   by  the   a u x i l i a r y  h e a t i n g   u n t i l   t h e  

commencement   o f  w e l d i n g   of  the   nex t   p a s s .   In  t h i s   f i g u r e ,  

t he   b r o k e n   l i n e   i n d i c a t e s   the   r e l a t i o n   b e t w e e n   the   t i m e  

in  wh ich   t he   bead  t e m p e r a t u r e   c o o l s   o f f   to  t he   i n t e r p a s s  

t e m p e r a t u r e   a f t e r   t he   w e l d i n g   of  t he   b e a d   and  t h e  

v a l u e   of  τ  as  d e t e r m i n e d   by  the   w e l d i n g   t h e r m a l   c y c l e   a t  

t h a t   t i m e ,   n a m e l y ,   the   v a l u e   of  Σ iDi-Δt i   of  F i g .   9 - ( a ) .  

In  t h i s   i n s t a n c e ,   the   p r e h e a t i n g   zones   on  o p p o s i t e   s i d e s  

o f   t he   weld  were  l o c a l l y   p r e h e a t e d   t o  2 0 0 ° C   ove r   a  w i d t h  

c o r r e s p o n d i n g   to  t he   p l a t e   t h i c k n e s s   of  50  mm  or  100  m m . .  

The  v a l u e   of  τ  t h u s   o b t a i n e d   was  0 .041   cm2  w i t h   a  p l a t e  

t h i c k n e s s   of  50  mm  and  0 .022  cm2  w i t h   a  p l a t e   t h i c k n e s s  

of  100  mm.  The  v a l u e   o f  τ   r e s u l t i n g   from  o v e r a l l   p r e -  

h e a t i n g   was  0 .041   cm2  w i t h   a  p l a t e   t h i c k n e s s   of  50  mm  a n d  

0 .023   cm2  w i t h   a  p l a t e   t h i c k n e s s   of  100  mm,  which   w e r e  

s u b s t a n t i a l l y   t he   same  as  the   v a l u e s   in  t he   c a s e , . o f   l o c a l  

p r e h e a t i n g .   I t   i s   known  t h e r e f r o m   t h a t ,   in   t he   m u l t i l a y e r  

w e l d i n g  f o r   p l a t e s   of  e x t r e m e l y   g r e a t   t h i c k n e s s ,   the   p r e -  

h e a t i n g   in  t he   i n i t i a l   s t a g e   i m p o s e s   a l m o s t   no  i n f l u e n c e  

on  the   w e l d i n g   t h e r m a l   c y c l e   of  t he   f i n a l   l a y e r   due  t o  

d i s s i p a t i o n   of  h e a t   ove r   a  long  t ime   p e r i o d   b e f o r e   com-  

p l e t i o n   of  t he   w e l d i n g .   T h e r e f o r e ,   t he   r e l a t i o n   b e t w e e n  

t he   c o o l i n g   t ime   to  the   i n t e r p a s s   t e m p e r a t u r e   a f t e r   t h e  

f i n a l   pa s s   of  w e l d i n g   and  ΣiDi-Δt i   fo r   a  p l a t e   t h i c k n e s s  

of  250  mm  was  d e t e r m i n e d   on  the   w e l d i n g   of  the   f i n a l   t e n  

p a s s e s   a l o n e   w i t h o u t  p r e h e a t i n g .  



In  F i g .   l l ,   the   s t r a i g h t   l i n e   which   e x t e n d s   o u t  

of  t he   b r o k e n   l i n e   i n d i c a t e s   t he   r e l a t i o n   b e t w e e n   t h e  

t i m e   Δ t a   in  which   the   w e l d i n g   of   t he   n e x t   p a s s   is   i n i -  

t i a t e d  . a f t e r   t he   bead  t e m p e r a t u r e   r e a c h i n g   t h e   i n t e r p a s s  

t e m p e r a t u r e   and  t he   i n c r e a s e   in  τ  due  to  t h e   a u x i l i a r y  

h e a t i n g ,   n a m e l y ,   t he   r e l a t i o n   of  D · Δ t a .   T h e r e f o r e ,   t h e '  

g r a d i e n t   of  t he   s t r a i g h t   l i n e   e q u a l s   t he   c o e f f i c i e n t   o f  

h y d r o g e n   d i f f u s i v i t y   a t   t h e   i n t e r p a s s   t e m p e r a t u r e .   I t  

i s   c l e a r   t h e r e f r o m  t h a t   t h e   p a s s   i n t e r v a l   i m p o s e s   a  

g r e a t   i n f l u e n c e   on  t h e   p a r a m e t e r   τ  in   c o n s i d e r a t i o n   o f  

t h e   a u x i l i a r y   h e a t i n g .   F i g .   12  shows  t h e i r   r e l a t i o n   i n  

b o t h   c a s e s   where   t he   i n t e r p a s s   t e m p e r a t u r e   i s   150°C  a n d  

250°C.   Upon  c o m p a r i n g   t h i s   f i g u r e   w i t h   F i g .   11,  i t   i s  

o b s e r v e d   t h a t   t he   i n f l u e n c e   of  t he   a u x i l i a r y ' h e a t i n g  

on  t h e  p a r a m e t e r   τ  becomes   g r e a t e r   w i t h   a  h i g h e r   i n t e r -  

p a s s   t e m p e r a t u r e   a l t h o u g h   i t s   e f f e c t   i s   u n e x p e c t a b l e   a t  

t h e  t e m p e r a t u r e   of  1 5 0 ° C .  

Thus ,   t he   h y d r o g e n   c o n c e n t r a t i o n   in   weld  m e t a l  

of   2¼Cr-1Mo  s t e e l   w e l d m e n t s   i m m e d i a t e l y   a f t e r   w e l d i n g  

u n d e r  g i v e n   c o n d i t i o n s   can  r e a d i l y   be  o b t a i n e d   from  t h e  

d i a g r a m   of  F i g .   9 - ( a )   by  e q u i v a l e n t l y   s u b s t i t u t i n g   t h e r e -  

i n t o  t h e   v a l u e   of  τ  as  d e t e r m i n e d   by  F i g .   11  or  F i g .   1 2 .  

As  f o r   t he   h y d r o g e n   c o n c e n t r a t i o n   in  HAZ  of  A508 

C l a s s   3  w e l d m e n t s ,   r e l a t i o n s h i p   shown  in  F i g .   13  was  o b -  

t a i n e d .   So,  i t s   v a l u e   i m m e d i a t e l y   a f t e r   w e l d i n g   can  b e  

o b t a i n e d   by  c o m b i n i n g   F i g .   9 - (b )   and  F i g .   1 3 .  



2.  R e l a t i o n   b e t w e e n   v a r i a t i o n s   in  h y d r o g e n   c o n c e n t r a t i o n  

d u r i n g   low  t e m p e r a t u r e   PWHT  and  t r e a t i n g   c o n d i t i o n s  

2-1  I n f l u e n c e   of  i n i t i a l   h y d r o g e n   d i s t r i b u t i o n  

S i n c e   the   t r a n s v e r s e   weld  c r a c k i n g   is   most   s u s -  

c e p t i b l e   to  o c c u r   in   the  v i c i n i t y   of  the   peak  of  t h e  

h y d r o g e n   c o n c e n t r a t i o n ,   i t   is   i m p o r t a n t   to  c l a r i f y   t h e  

r e l a t i o n   b e t w e e n   the   v a r i a t i o n s   in  the   peak  v a l u e s   o f  

the   h y d r o g e n   c o n c e n t r a t i o n   b o t h   in  weld  m e t a l   and  i n  

HAZ  d u r i n g   the   low  t e m p e r a t u r e   PWHT  and  the   t r e a t i n g  

c o n d i t i o n s   in  o r d e r   to  p r e v e n t   t he   t r a n s v e r s e   c r a c k i n g .  

Th i s   p a r a g r a p h   d e a l s   w i t h   t he   i n f l u e n c e   of  t he   h y d r o g e n  

c o n c e n t r a t i o n   d i s t r i b u t i o n   i m m e d i a t e l y   a f t e r   w e l d i n g  

on  t h a t   r e l a t i o n .  

F i g .   1 4 - ( a )   i l l u s t r a t e s   the   r e l a t i o n   b e t w e e n   t h e  

peak  v a l u e   of  the   h y d r o g e n   c o n c e n t r a t i o n   in  weld  m e t a l  

d u r i n g   t he   low  t e m p e r a t u r e   PWHT (LTPNHT) and  the   t r e a t i n g   c o n -  

d i t i o n s .   In  t he   d i a g r a m   of  F ig .   1 4 - ( a ) ,   t he   o r d i n a t e  

r e p r e s e n t s   t he   r a t i o   of  t he   peak  v a l u e   C  of  t he   h y d r o g e n  

c o n c e n t r a t i o n   in  t he   low  t e m p e r a t u r e   PWHT  in  weld  m e t a l  

to  t he   h y d r o g e n   c o n c e n t r a t i o n   Co  i m m e d i a t e l y   b e n e a t h  

t h e   f i n a l   bead  a f t e r   w e l d i n g ,   w h i l e   the   a b s c i s s a   r e p -  

r e s e n t s   t he   sum  of  t he   v a l u e   of  the   p a r a m e t e r   T  o f  

h y d r o g e n   d i f f u s i o n   d u r i n g   w e l d i n g   and  the   p r o d u c t   D p . t p  

of  t he   c o e f f i c i e n t   of  h y d r o g e n   d i f f u s i v i t y   at  the   t e m -  

p e r a t u r e   of  the   PWHT  and  the   h o l d i n g   t i m e .   Thus ,   t h e  

d i a g r a m   of  F i g .   1 4 - ( a )   shows,   by  way  of  t he   r e l a t i o n  



b e t w e e n   C/Co  and  ( τ +  D p · t p ) ,   t he   i n f l u e n c e   of   t he   i n i -  

t i a l  h y d r o g e n  d i s t r i b u t i o n   on  t h e   r e l a t i o n   b e t w e e n   t h e  

v a r i a t i o n   in   t h e   peak   v a l u e   of  t h e   h y d r o g e n   c o n c e n t r a -  

t i o n   i n   t h e   low  t e m p e r a t u r e   PWHT  and  the.  t r e a t i n g   c o n -  

d i t i o n s ,   n a m e l y ,  t h e   i n f l u e n c e   of  t h e   h y d r o g e n   d i s t r i -  

b u t i o n   i m m e d i a t e l y   a f t e r   t he   bead   t e m p e r a t u r e   r e a c h i n g  

t h e   l e v e l   o f  t h e   i n t e r p a s s   t e m p e r a t u r e   upon  c o m p l e t i o n  

o f   w e l d i n g .   The  i n i t i a l   h y d r o g e n   concentration 

d i s t r i b u t i o n  w a s   v a r i e d   b y  c h a n g i n g   t h e   p r e h e a t i n g   a n d  

i n t e r p a s s   t e m p e r a t u r e s   in   v a r i o u s   ways .   I t   i s   o b s e r v e d  

t h e r e f r o m   t h a t ,   even   i f   t h e   i n i t i a l   h y d r o g e n   d i s t r i b u -  

. t i o n   i s   v a r i e d ,   i t   i s   p o s s i b l e   to   e x p r e s s   t h e   r e l a t i o n  

b e t w e e n  t h e   v a r i a t i o n s   in   t h e   peak   v a l u e   of  t he   h y d r o g e n  

c o n c e n t r a t i o n   and  t h e   t r e a t i n g   c o n d i t i o n s   s u b s t a n t i l l y  

by  a  s i n g l e   c u r v e   b a s e d   on  t h e   r e l a t i o n   of  C/Co  a n d  

( τ   +  D p · t p ) .  

The  s i m i l a r   r e l a t i o n   was  o b t a i n e d   f o r   HAZ  a s  

s h o w n   in   F i g .   1 4 - ( b ) .   The  c h a n g e   of   h y d r o g e n   c o n c e n t r a -  

t i o n   in   HAZ  t h r o u g h   PWHT  e x c e p t   f o r   t h e   e a r l y   s t a g e   o f  

i t   can   a l s o   be  e x p r e s s e d   b y  a   s i n g l e   c u r v e   r e g a r d l e s s  

o f   h y d r o g e n   c o n c e n t r a t i o n   d i s t r i b u t i o n  i m m e d i a t e l y   a f t e r   w e l d i n g .  

2-2  I n f l u e n c e s   of   p l a t e   t h i c k n e s s  

T h e   d i a g r a m   of   F i g .   1 5 - ( a )   shows  t h e   i n f l u e n c e  

of   t h e   p l a t e   t h i c k n e s s  o n   t h e   r e l a t i o n   b e t w e e n   t he   p e a k  

v a l u e s   in   w e l d   m e t a l s   and  t he   t r e a t i n g   c o n d i t i o n s .  

As  c l e a r   t h e r e f r o m ,   no  i n f l u e n c e   of  t h e   p l a t e   t h i c k n e s s  



i s   o b s e r v e d   in  the  i n i t i a l   s t a g e   of  the   low  t e m p e r a t u r e  

PWHT.  This   is  b e c a u s e   the   p e a k  v a l u e  o f  t h e  h y d r o g e n   c o n -  

c e n t r a t i o n   is  l o c a t e d   i m m e d i a t e l y   b e n e a t h   the   f i n a l  

bead  and  the   h y d r o g e n   d i f f u s i o n   at  t h a t   p o s i t i o n   i s  

g r e a t l y   i n f l u e n c e d   by  the   p l a t e   s u r f a c e s   F u r t h e r ,  

as  t he   h e a t   t r e a t m e n t   p r o c e e d s ,   the   i n f l u e n c e   of  t h e  

p l a t e   t h i c k n e s s   is   g r a d u a l l y   m a n i f e s t e d   due  to  i n w a r d  

s h i f t   of  the   peak  p o s i t i o n   of  the   h y d r o g e n   c o n c e n t r a -  

t i o n .   J u d g i n g   from  the   c o n d i t i o n s   of  low  t e m p e r a t u r e  

PWHT  which   p r e v e n t   the   c r a c k i n g ,   the   v a l u e   of (τ  +  D p · t p )  

s h o u l d   be  s m a l l e r   t h a n   1.5  cm2  at  l a r g e s t   in  t he   c a s e  

of  2¼Cr-1Mo  s t e e l   w e l d m e n t s   by  submerged   arc   w e l d i n g  

p r o c e s s   w i th   the   h e a t   i n p u t   of  40  KJ/cm.  T h e r e f o r e ,  

w i t h   a  p l a t e   t h i c k n e s s   i n   e x c e s s   of  100  mm,  the   p r e -  

v e n t i n g   c o n d i t i o n   for   a  co ld   c r a c k i n g   i n d u c e d   in  w e l d  

m e t a l   of  2¼Cr-1Mo  s t e e l   w e l d m e n t s   can  be  o b t a i n e d   f r o m  

the   r e l a t i o n   b e t w e e n   C/Co  and  (T  +  Dp · tp )   fo r   t h e  

p l a t e   t h i c k n e s s   of  100  mm. 

The  s i m i l a r   r e l a t i o n   fo r   HAZ  was  o b t a i n e d   a s  

i n d i c a t e d   in  F ig .   1 5 - ( b ) .  

2-3  I n f l u e n c e   of  b e v e l i n g   w i d t h  

F ig .   1 6 - ( a )   shows  the   i n f l u e n c e   of  the   b e v e l i n g  

w i d t h   of  the   weld  on  the   r e l a t i o n   b e t w e e n   C/Co  in  w e l d  

m e t a l   and  (T  +  D p . t p ) .   F ig .   16 - (b )   i s   for   HAZ.  I t   i s  

c l e a r   t h e r e f r o m   t h a t   the   change   of  the   h y d r o g e n   c o n -  

c e n t r a t i o n   is  d e l a y e d   w i t h   a  l a r g e r   b e v e l i n g   w i d t h  



s i n c e   t he   g r a d i e n t   of  h y d r o g e n   c o n c e n t r a t i o n   in  a  

d i r e c t i o n   p e r p e n d i c u l a r   to  the   weld   l i n e   becomes   s m a l l e r  

as  t h e   v e b e l i n g   w i d t h   is  i n c r e a s e d .   When  c o n s i d e r i n g  

the   h y d r o g e n   d i f f u s i o n   in  the   w e l d ,   i t   i s   o f t e n   d i s -  

c u s s e d   as  a  o n e - d i m e n s i o n a l   d i f f u s i o n   in  t he   d i r e c t i o n  

of  p l a t e   t h i c k n e s s ,   i g n o r i n g   t he   d i f f u s i o n   from  t h e  

weld   to  t he   b a s e   m e t a l .   However ,   in  v iew  of  F i g s .   15 

and  16  wh ich   show  the   i n f l u e n c e   of  t he   b e v e l i n g   w i d t h  

r a t h e r   t h a n   t h a t   of  t he   p l a t e   t h i c k n e s s ,   such   a  d i s -  

c u s s i o n   i s   o b v i o u s l y   m e a n i n g l e s s .   A l t h o u g h   F ig .   1 6 - ( a )  

shows  t he   i n f l u e n c e   of  t he   b e v e l i n g   w i d t h   of  up  to  36 

mm,  i t   is   the   g e n e r a l   p r a c t i c e   i n   the  w e l d i n g   in  f l a t  

p o s i t i o n   to  d e s i g n   the   b e v e l i n g   in  a  c o n s t a n t   w i d t h  

t a k i n g   i n t o   a c c o u n t   t he   t r a n s v e r s e   c o n t r a c t i o n   of  t h e  

w e l d ,  f o r   e n s u r i n g   a  h i g h   w e l d i n g   e f f i c i e n c y .   T h e r e -  

f o r e ,   t he   b e v e l i n g   w i d t h   f o r   p l a t e s   of  a  t h i c k n e s s   o f  

a b o u t   300  mm  may  be  t a k e n   as  a b o u t   36  mm  a t   maximum.  

On  the   o t h e r   hand ,   in  h o r i z o n t a l   p o s i t i o n ,   t he   b e v e l i n g  

w i d t h   i s   i n c r e a s e d   w i t h   a  g r e a t e r   p l a t e   t h i c k n e s s   a n d  

m a y  e x c e e d   36  mm  in  some  c a s e s .   T h e r e f o r e ,   n e x t l y   c o n -  

s i d e r e d   i s   t he   r e l a t i o n   b e t w e e n   C/Co  in   we ld   m e t a l   a n d  

(T  +  Dp- tp )   in   a  c a se   where   t he   b e v e l i n g   w i d t h   i s  

g r e a t e r  t h a n   36  mm. 

With  a  h e a v i e r   p l a t e   t h i c k n e s s ,   t he   d i f f u s i o n  

t a k e s   p l a c e   in   a  g r e a t e r   d e g r e e   in   the   d i r e c t i o n   o f  

p l a t e   w i d t h   t h a n   in  the   d i r e c t i o n   of  p l a t e   t h i c k n e s s .  



N o w ,  a s s u m i n g   t h a t   the  d i f f u s i o n   o c c u r s   on ly   in  t h e  

d i r e c t i o n   of  p l a t e   w i d t h   a c c o r d i n g   to   F i c k ' s   S e c o n d  

Law,  the   r a t i o   of  the   h y d r o g e n   c o n c e n t r a t i o n   C  at   t h e  

c e n t e r   of  t he   weld  d u r i n g   the   low  t e m p e r a t u r e   PWHT  t o  

the   i n i t i a l   h y d r o g e n   c o n c e n t r a t i o n   Co  can  be  e x p r e s s e d  

s i m p l y   as  C / C o  =  Φ   ( W / 4 √ τ  +  D p · t p ) ,   in  w h i c h  Φ   is   a n  

e r r o r   f u n c t i o n .   The  i n f l u e n c e - o f   a  b e v e l i n g   w i d t h  

g r e a t e r   t h a n   36  mm  can  t h u s   be  a p p r o x i m a t e l y   e x p r e s s e d  

b y   a r r a n g i n g   the   r e s u l t s   of  the   case   of  h  =  150 mm  a n d  

W  = 36  mm  of  F ig .   1 6 - ( a )   i n t o   the   r e l a t i o n   b e t w e e n   C / C o  

and  4 √τ +  D p · t p   /W. 

The  s o l i d   l i n e   in   F i g .  1 7   i s  a   p l o t   of  t he   t h u s  

o b t a i n e d   r e l a t i o n   b e t w e e n   the   v a r i a t i o n   in  the   h y d r o g e n  

c o n c e n t r a t i o n   in  t he   low  t e m p e r a t u r e   PWHT,  t r e a t i n g  

c o n d i t i o n s   and  b e v e l i n g   w i d t h .   However ,   t h i s   r e l a t i o n  

f a i l s   to  s u f f i c i e n t l y   t a k e   i n t o   a c c o u n t   the   d i f f u s i o n  

in  the  d i r e c t i o n  o f  p l a t e   t h i c k n e s s   e x c e p t   fo r   t h e  

case   where   W  =  36  mm,  u n d e r e s t i m a t i n g   the   d i f f u s i o n  

in  an  i n c r e a s i n g   d e g r e e   as  the   b e v e l i n g   w i d t h   b e c o m e s  

l a r g e r   t h a n   36  mm.  As  a  r e s u l t ,   C/Co  is  g i v e n   a  v a l u e  

which   i s   g r e a t e r   t han   i t s   a c t u a l   v a l u e .   However ,   a s  

m e n t i o n e d   h e r e i n b e f o r e ,   the   d i f f u s i o n   in  the   d i r e c t i o n  

of  p l a t e   t h i c k n e s s   is   c o n s i d e r e d   to  t a k e   p l a c e   in  a  

s m a l l  d e g r e e   as  compared   w i t h   t h a t   in  the   d i r e c t i o n  

of  p l a t e   w i d t h   in   a  c a se   where  the  p l a t e   t h i c k n e s s   i s  

s u f f i c i e n t l y   l a r g e   r e l a t i v e   to  the   b e v e l i n g   w i d t h ,  



a p p r o x i m a t e l y   e s t a b l i s h i n g   the   r e l a t i o n   shown.  T h e r e -  

f o r e ,   t he   r e l a t i o n   of  C/Co  and  (T  +  D p · t p )   in   t he   c a s e  

where   h  =  150  mm  and  W  =  30  mm  of  F ig .   16  was  a r r a n g e d  

i n t o   the   r e l a t i o n   of  C/Co  and  4√τ  +  D p . t p   /W  as  i n d i -  

c a t e d   by  a  c u r v e   of  b r o k e n   l i n e   in  F ig .   17.  Upon  com-  

p a r i n g   t he   c u r v e s   of  s o l i d   and  b r o k e n   l i n e s ,   i t   w i l l   b e  

c l e a r   t h a t   the   r e l a t i o n   b e t w e e n   C/Co  and  4 √τ +  D p . t p   /W 

u n d e r g o e s   a l m o s t   no  c h a n g e s   in   s p i t e   of  v a r i a t i o n s   i n  

W.  Thus ,   i t   i s   p o s s i b l e   to  o b t a i n   s a f e   and  a p p r o x i -  

m a t e l y   c o r r e c t   c o n d i t i o n s   fo r   the   low  t e m p e r a t u r e   PWHT 

f o r   we ld   m e t a l   by  a p p l y i n g   t he   c u r v e   of  s o l i d   l i n e   t o  

b e v e l i n g   w i d t h s  g r e a t e r   t h a n   36  mm. 

The  same  r e l a t i o n   w i t h   r e g a r d   to  t he   c h a n g e   o f  

h y d r o g e n   c o n c e n t r a t i o n   in   HAZ  where   a  b e v e l i n g   w i d t h   . 

i s   g r e a t e r   t h a n   37  mm,  can  e a s i l y   be  o b t a i n e d   by  m a k i n g  

use   of  t he   r e l a t i o n   in   c a se   of  p l a t e   t h i c k n e s s   a n d  

b e v e l i n g   w i d t h   b e i n g   150  mm  and  37  mm,  which   i s   s h o w n  

in  F i g .   1 6 - ( b ) .  

3.  C r i t i c a l   h y d r o g e n   c o n c e n t r a t i o n   fo r   p r e v e n t i n g   t r a n s -  

v e r s e   c r a c k i n g   in   weld   zone  in  b u t t   w e l d i n g  

F i g .   1 8 - ( a )   shows  the   r e s u l t s   of  c r a c k i n g   t e s t s  

u n d e r   d i f f e r e n t   c o n d i t i o n s   of  w e l d i n g   and  low  t e m p e r a -  

ture  PWHT  a l o n g   w i t h   h y d r o g e n   d i s t r i b u t i o n s   in   t he   r e -  

s p e c t i v e   t e s t  c o n d i t i o n s .   S i n c e   p r e v e n t i o n   of  t he   c o l d  

c r a c k i n g   i s   c o n s i d e r e d   to   depend   on  the   c o o l i n g   r a t e   t o  

the   l e v e l   of  100°C,  the   c r i t i c a l   h y d r o g e n  c o n c e n t r a t i o n  



fo r   the   p r e v e n t i o n   of  c r a c k i n g   is  e x p r e s s e d   by  v a l u e s  

at  the   t ime   when  the   t e s t   p i e c e s   a re   c o o l e d   to  1 0 0 ° C .  

The  c u r v e s   in   t h i s   f i g u r e   i n d i c a t e   the  h y d r o g e n   c o n c e n t r a t i o n  d i s -  

t r i b u t i o n s   in  the   c o o l e d   t e s t   p i e c e s   at  100°C,  of  w h i c h  

c u r v e s   of  b r o k e n   l i n e s   a re   of  t e s t   p i e c e s   w i t h   a  c r a c k  

and  the   c u r v e s   of  s o l i d   l i n e s   are   of  t e s t   p i e c e s   w i t h -  

ou t   a  c r a c k .   I t   w i l l   be  c l e a r   t h e r e f r o m   t h a t   the   c r a c k -  

p r e v e n t i n g   c r i t i c a l   h y d r o g e n   c o n c e n t r a t i o n   in  the   w e l d  

i n   b u t t   w e l d i n g   o f  2¼Cr-1Mo  s t e e l   i s   a b o u t   3.3  c c / 1 0 0 g r  

a t   a  p e a k  v a l u e .  

On  the   o t h e r   hand ,   as  f o r   A508  C l .3   w e l d m e n t s ,  

i t s   s u s c e p t i b i l i t y   to  the   t r a n s v e r s e   weld  c r a c k i n g  i n -  

duced   in   HAZ  d e p e n d s   upon  t h e  e x t e n t   of  the   s e g r e g a t i o n  

of  a l l o y i n g   e l e m e n t s   and  impure   e l e m e n t s ,   such  as  C,  Mn, 

S i ,   Mo,  S,  and  so  f o r t h .   In  o t h e r   w o r d s ,   the   c r i t i c a l  

h y d r o g e n   c o n c e n t r a t i o n   changes   d e p e n d i n g   upon  w h e t h e r  

HAZ  c o n t a i n s   a  s o - c a l l e d   i n v e r s e   V  s e g r e g a t i o n   zone ,   o r  

n o t ,   as  shown  in  F ig .   1 8 - ( b ) .   This   is   b e c a u s e   such  a  

s e g r e g a t i o n   h a r d e n s   the   m i c r o s t r u c t u r e   of  HAZ  to  a  h i g h  

d e g r e e .  

From  t h e s e   d a t a ,   we  can  i n t r o d u c e   a  r e l a t i o n  

p r a c t i c a l l y   u s e f u l   to  d e t e r m i n e   the   c r i t i c a l   h y d r o g e n  

c o n c e n t r a t i o n   u n d e r   which   any  t r a n s v e r s e   weld  c r a c k i n g  

w i l l   no t   o c c u r   e i t h e r   in  weld  m e t a l   or  in  HAZ.  F ig .   19 

shows  the   r e l a t i o n   b e t w e e n   the   h y d r o g e n   c o n c e n t r a t i o n  

and  the  m i c r o s t r u c t u r e   in  weld  zone  in  t e rms   of  maximum 



V i c k e r ' s   h a r d n e s s   number  w i t h   r e g a r d   to  the   o c c u r r e n c e  

of  t h e  c r a c k .   So,  a  s t r a i g h t   l i n e   in  the   f i g u r e   s h o w s  

t h e   r e l a t i o n   b e t w e e n   the   c r i t i c a l   h y d r o g e n   c o n c e n t r a -  

t i o n   [Ccr]  and  maximum  V i c k e r ' s   h a r d n e s s   number  in  w e l d  

zone  [Hv],   as  i s   r e p r e s e n t e d   by  an  e q u a t i o n :  

whe re   [Hv]  i s   in   the   r a n g e   of  300  to  5 0 0 .  

U s i n g   t h i s   r e l a t i o n s h i p ,   we  can  e a s i l y   d e t e r m i n e   t h e  

c r i t i c a l   h y d r o g e n   c o n c e n t r a t i o n   d e p e n d i n g   upon  b a s e  

m e t a l   and  w e l d i n g   c o n d i t i o n s ,   such   as  w e l d i n g   m a t e r i a l s ,  

we ld   h e a t   i n p u t ,   and  so  f o r t h ,   t h r o u g h   the   maximum 

V i c k e r ' s   h a r d n e s s   number  in   weld   zone  p r o d u c e d   u n d e r  

t h e   r e s p e c t i v e   c o n d i t i o n s .  

As  a  r e s u l t ,   u s i n g   the   v a l u e   of  [Ccr]   o b t a i n e d  

from  t h e   above   e q u a t i o n ,   we  can  d e t e r m i n e   t he   m i n i m u m  

c o n d i t i o n   of  l o w - t e m p e r a t u r e   PWHT  r e q u i r e d   to  p r e v e n t  

t h e   t r a n s v e r s e   c r a c k   i n d u c e d   in   m u l t i - l a y e r   w e l d s .   O f  

c o u r s e ,   in   o r d e r   to  d e t e r m i n e   the   p r a c t i c a l   c o n d i t i o n  

. o f   PWHT,  the   v a l u e   of  [Ccr]  s h o u l d   be  e s t i m a t e d   l o w e r  

to  a  c e r t a i n   e x t e n t   t h a n   the   v a l u e   o b t a i n e d   f r o m  t h e  

e q u a t i o n  b e c a u s e   the   f a c t o r   of  s a f e t y   s h o u l d   be  m o d i f i e d  

d e p e n d i n g   upon  the   i m p o r t a n c e   of  t he   s t r u c t u r e ,   a c c u r a c y  

of  n o n - d e s t r u c t i v e   i n s p e c t i o n   e m p l o y e d   fo r   we ld   z o n e ,  

and  so  f o r t h .  



4.  C o n d i t i o n   f o r   p r e v e n t i n g   c r a c k i n g   t h r o u g h   l o w  t e m p e r a t u r e  

PWHT 

As  m e n t i o n e d   h e r e i r b e f o r e ,   the   c o n d i t i o n s   f o r  

p r e v e n t i n g   c r a c k i n g   t h r o u g h   l o w  t e m p e r a t u r e   PWHT  d e p e n d  

on  f a c t o r s  s u c h   as  the  shape  and  d i m e n s i o n s   of  the  w e l d ,  

the   h y d r o g e n   l e v e l   of  the   f l u x ,   s o r t   o f   the   b a s e   m e t a l  

or  i t s   conb  i n a t i o n   w i t h   w e l d i n g   m a t e r i a l s   a n d   the  c o n -  

d i t i o n s   of  t h e  w e l d i n g   o p e r a t i o n .   As  a n  e x a m p l e   t h e  

c o n d i t i o n s   f o r   a  p a r t i c u l a r   o p e r a t i o n  f o r   2¼Cr-1Mo  s t e e l  

w e l d m e n t s   a re   d e t e r m i n e d  b y   the  f o l l o w i n g   p r o c e d u r e s .  

(1)  For  g i v e n   p l a t e   t h i c k n e s s   at   the   w e l d ,  

p r e h e a t i n g   and  i n t e r p a s s   t e m p e r a t u r e s ,   nunb er  of  w e l d  

p a s s e s   per   l a y e r ,   and  p a s s   i n t e r v a l s ,   d e c i d e   t h e  p a r a -  

m e t e r   w h i c h   g o v e r n s   the   h y d r o g e n   d i f f u s i o n   a t  t h e   t i m e  

o f  w e l d i n g   by  the   use  of  the   d i a g r a m   of  F i g .   11  or  F i g .  

1 2 .  

(2)  F ind  in  F ig .   9  ( a )   the   v a l u e   of  the  h y d r o g e n  

c o n c e n t r a t i o n   C o  w h i c h   is  d e t e r m i n e d  b y   the  p a r a m e t e r  .  

Here ,   Co,o  r e p r e s e n t s   the  mean  h y d r o g e n  c o n c e n t r a t i o n   in  t h e  

w e l d   i m m e d i a t e l y   a f t e r  w e l d i n g   the  f i r s t  p a s s   and  i s  

4.74  c c / 1 0 0   g  in  the   case   of  sub merged  a r c  w e l d i n g   u s i n g   t h e  

f l u x   MF-29A. 

(3)  Of  ta in   the   v a l u e s   of  the  c r a c k - p r e v e n t i n g  

c r i t i c a l   h y d r o g e n   c o n c e n t r a t i o n   Ccr  from  the  r e l a t i o n  

b e t w e e n   Ccr  and  maximum  V i c k e r ' s   h a r d n e s s   nunbe r   i n  

w e l d   m e t a l  m e n t i o n e d   in  the  p r e c e d i n g   p a r a g r a p h   a n d  



i t s   r a t i o   Ccr /Co   to  the   h y d r o g e n   c o n c e n t r a t i o n   Co  i m -  

m e d i a t e l y   a f t e r   w e l d i n g .  

(4)  P l o t   the   v a l u e s   of  Ccr /Co   of  the   p r e c e d i n g  

s t e p   (3)  on  t he   o r d i n a t e   of  t he   d i a g r a m   of  F ig .   1 6 - ( a )  

or  F ig .   17,  r e a d i n g  o u t   t he   n e c e s s a r y   t r e a t i n g   c o n d i -  

t i o n s   (τ  +  D p · t p )   on  the   a b s c i s s a   a c c o r d i n g   to  t he   g i v e n  

p l a t e   t h i c k n e s s   and  b e v e l i n g   w i d t h .  

(5)  S u b t r a c t   t he   v a l u e   of  T o f   t he   s t e p   (1)  

from  the   v a l u e   of  (τ  +  D p · t p )   of  t he   s t e p   (4)  to  o b -  

t a i n   t he   low  t e m p e r a t u r e   PWHT  c o n d i t i o n s   D P. *t  p  
s u i t a b l e  

f o r   t h e   p l a t e   t h i c k n e s s ,   p r e h e a t i n g   and  i n t e r p a s s   t e m -  

p e r a t u r e s ,   number  of  weld  p a s s e s   p e r   l a y e r ,   p a s s   i n t e r -  

v a l s ,   maximum  V i c k e r ' s   h a r d n e s s   number   in   weld   z o n e ,  

and  b e v e l i n g   w i d t h   as  s p e c i f i e d   in  t he   s t e p s  ( 1 )   t h r o u g h  

(4) .   H e r e ,   t he   v a l u e s   of  Dp  and  tp  r e p r e s e n t   t he   h y d r o -  

gen  d i f f u s i v i t y   c o e f f i c i e n t   and  the   h o l d i n g  t i m e   a t   t h e  

t r e a t i n g   t e m p e r a t u r e ,   r e s p e c t i v e l y ,   so  t h a t   t h e  h o l d i n g  

t ime   f o r   a  g i v e n   t r e a t i n g   t e m p e r a t u r e   can  be  o b t a i n e d  

a c c o r d i n g  t o   the   r e l a t i o n   b e t w e e n   the   h y d r o g e n   d i f f u s i v i t y  

c o e f f i c i e n t   and  t he   t e m p e r a t u r e .   The  same  c o n d i t i o n   o f  

PWHT  r e q u i r e d   to  p r e v e n t   t he   o c c u r r e n c e   of  a  c o l d   c r a c k -  

ing   in   o t h e r   low  a l l o y   s t e e l   w e l d m e n t s   can  be  e v a l u a t e d  

by  f o l l o w i n g   t h e   p r o c e d u r e   p r e s e n t e d   in  F i g .   2 0 .  

F ig .   21  s c h e m a t i c a l l y   shows  t he   PWHT  in  m u l t i -  

l a y e r   w e l d i n g   of  a  c i r c u m f e r e n t i a l   j o i n t  o f   a  p r e s s u r e  

v e s s e l ,   w h e r e i n   a  s h e l l   c o u r s e  o f   a  v e s s e l   1  wh ich   i s  



r o t a t e d   on  t u r n i n g   r o l l e r s   7  in  the  a r r o w e d   d i r e c t i o n  

i s   h e a t e d   at   t w o  p o s i t i o n s   by  b u r n e r s   9A  and  9B  w h i l e  

m e a s u r i n g   the   t e m p e r a t u r e ' o f   the   s h e l l   c o u r s e   1  at  s i x  

d i f f e r e n t   p o s i t i o n s   T1  to  T6.  There   a re   no  r e s t r i c t i o n s  

o n  t h e   numbers   of  the   b u r n e r s   and  m e a s u r i n g   p o i n t s   o r  

on  the   m e a s u r i n g   p o s i t i o n s   or  me thod .   However ,   i t   i s  

p r e f e r r e d   to  p r o v i d e   the   b u r n e r s   and  m e a s u r i n g   p o i n t s  

as  many  p o s i t i o n s   as  p o s s i b l e   in  o r d e r   to  e n h a n c e   t h e  

a c c u r a c y   o f  t h e   h e a t   c o n t r o l .   The  d i s s i p a t i o n   of  d i f -  

f u s i b l e   h y d r o g e n   i s   i m p r o v e d   a l l   t he   more  in  a  c a se   w h e r e  

the   s h e l l   c o u r s e   i s   h e a t e d   on  bo th   the   i n n e r   and  o u t e r  

s i d e s   t h e r e o f .  

The  d i a g r a m   of  F i g .   22  shows  the   r e l a t i o n   b e t w e e n  

the   l a p s e   of  t ime   in  the   c o u r s e   of  m e a s u r e m e n t   a t   t h e  

r e s p e c t i v e   m e a s u r i n g   p o i n t s   of  the   t e m p e r a t u r e s   of  t h e  

s h e l l   c o u r s e   1  h e a t e d   by  b u r n e r s   9A  and  9B  and  t h e  

h y d r o g e n   d i f f u s i v i t y   c o e f f i c i e n t   (Dpi)  a t   the   r e s p e c -  

t i v e   t e m p e r a t u r e s .   In  o r d e r   to  a s s i s t   u n d e r s t a n d i n g ,  

the   d i a g r a m   shows  the   p o s i t i o n s   of  t he   b u r n e r s   9A  a n d  

9B  r e l a t i v e   to  the   m e a s u r i n g   p o i n t s .   I t   w i l l   be  s e e n  

t h e r e f r o m   t h a t   t h e   h y d r o g e n   d i f f u s i v i t y   c o e f f i c i e n t  

(Dpi)  has  a  p a t t e r n   of  d e c l i n i n g   from  T1  to  T3  and  f r o m  

T4  to  T 6 .  

Whi le   r o t a t i n g   the   v e s s e l   f o r   t he   LTPWHT  in  t h e  

a b o v e - d e s c r i b e d   manne r ,   the   v a l u e   of  Dpi  which   v a r i e s  

w i t h   l a p s e s   of  t ime   is  t i m e - i n t e g r a t e d   u n t i l   i t s   c u m u l a t i v e  



v a l u e  r e a c h e s   D p . t p   d e t e r m i n e d   in  the   s t e p   (5) .   Upon  

d e t e c t i o n   of  the   t ime  p o i n t   when  the   t i m e - i n t e g r a t i o n  

of  Dpi  r e a c h e s   D p · t p ,   the   LTPWHT  is   t e r m i n a t e d   s i n c e  

t h e   c o n c e n t r a t i o n   of  d i f f u s i b l e   h y d r o g e n   a t   t he   p e a k  

p o s i t i o n   i s   s m a l l e r   t h a n   the   c r i t i c a l   h y d r o g e n   c o n c e n -  

t r a t i o n   Ccr  at   t h a t   t ime   p o i n t .  

In  a  w e l d i n g   o p e r a t i o n   o t h e r   t h a n   t he   c i r c u m -  

f e r e n t i a l   w e l d i n g   o f  a   v e s s e l ,   f o r   i n s t a n c e ,   in  an  o p e r -  

a t i o n   f o r   a  seam  w e l d i n g   or  fo r   w e l d i n g   a  n o z z l e   to  a  

p r e s s u r e   v e s s e l ,   the   weld   l i n e   i s   u n i f o r m l y   h e a t e d   a l o n g  

t h e  e n t i r e   l e n g t h   t h e r e o f   so  t h a t   t he   t e m p e r a t u r e s  

m e a s u r e d   o n l y   a t   one  a r b i t r a r y   p o i n t  m a y   be  used   f o r   t h e  

c o n t r o l   of  t he   PWHT. 

I t   w i l l   be  a p p r e c i a t e d   from  the   f o r e g o i n g   d e -  

s c r i p t i o n   t h a t ,   a c c o r d i n g   to  t h e  m e t h o d   of  t he   p r e s e n t  

i n v e n t i o n ,   i t   becomes   p o s s i b l e   to  j u d g e   t he   t e r m i n a t i n g  

p o i n t   of  t he   LTPWHT  c o r r e c t l y   and  to  i m p r o v e   the   q u a l i t y  

c o n t r o l   by  p r e c l u d i n g   the   c r a c k i n g   due  to  i n s u f f i c i e n t  

LTPWHT  or  u n e c o n o m i c a l   e x c e s s i v e   PWHT,  so  c a l l e d   i n t e r -  .  

m e d i a t e   s t r e s s   r e l i e f   a n n e a l i n g .  



1.  A  method  fo r   the   l o w - t e m p e r a t u r e   PWHT  i n  

m u l t i l a y e r   w e l d i n g ,   c o m p r i s i n g   the   s t e p s   o f ;  

d e t e r m i n i n g   the  r e s i d u a l   h y d r o g e n   c o n c e n t r a -  

t i o n   Co  ( c c / 1 0 0   g)  d i r e c t l y  b e n e a t h   the   f i n a l   w e l d e d  

l a y e r   i m m e d i a t e l y   a f t e r   c o m p l e t i o n   of  w e l d i n g ;  

d e t e r m i n i n g   a  c r a c k - p r e v e n t i n g   c r i t i c a l   h y d r o -  

gen  c o n c e n t r a t i o n   Ccr  ( c c / 1 0 0   g)  to  o b t a i n   a  r a t i o   o f  

C c r / C o ;  

d e t e r m i n i n g   the   v a l u e   of  a  p r o d u c t   D p · t p   of  a  

h y d r o g e n   d i f f u s i v i t y   c o e f f i c i e n t   Dp  ( c m 2 / s e c . )   d u r i n g  

t he   h e a t   t r e a t m e n t   and  a  h o l d i n g   t ime   tp   ( s e c . )   w h e r e  

a  c u r r e n t l y   r e a c h e d   h y d r o g e n   c o n c e n t r a t i o n   C  ( c c / 1 0 0   g)  

become  e q u a l   to  the   c r i t i c a l   h y d r o g e n   c o n c e n t r a t i o n  

C c r ,  o n   t h e   b a s i s   of  the   r e l a t i o n   of  a  r a t i o   C/Co  o f  

t he   c u r r e n t   h y d r o g e n   c o n c e n t r a t i o n   C  ( c c / 1 0 0   g )  t o   t h e  

r e s i d u a l   h y d r o g e n   c o n c e n t r a t i o n   Co  and  a  sum  of  a  

p a r a m e t e r   τ  (cm2)  of  h y d r o g e n   d i f f u s i o n   of  the   f o r m u l a  

g i v e n   be low  and  the   p r o d u c t   of  D p . t p ;  

m e a s u r i n g   the   t e m p e r a t u r e   of  t he   h e a t   t r e a t -  

ment  a t  a   s u i t a b l e   p o s i t i o n   of  the   we ld ;   a n d  

t e r m i n a t i n g   the   h e a t   t r e a t m e n t   a t   a  t ime   p o i n t  

when  a  t i m e - i n t e g r a t e d   v a l u e   of  a  h y d r o g e n  d i f f u s i v i t y  

c o e f f i c i e n t   Dpi  ( c m 2 / s e c . )   a t   the   m e a s u r e d   t e m p e r a t u r e  

e x c e e d s   t h e   v a l u e   of  D p · t p .  



w h e r e i n ,   PWHT:  p o s t w e l d   h e a t   t r e a t m e n t ,  

Di:  a  h y d r o g e n   d i f f u s i v i t y   c o e f f i c i e n t   ( c m 2 / s e c . )  

in  an  a r b i t r a r y   weld   p o r t i o n   d u r i n g   w e l d i n g  

each  u n i t   l a y e r ;   a n d  

t n :   t ime   ( s e c . )   r e q u i r e d   fo r   w e l d i n g   each  u n i t  

l a y e r .  

2.  A  method   f o r   the   l o w - t e m p e r a t u r e   PWHT  as  s e t  

f o r t h   in   c l a i m   1,  c o m p r i s i n g   d e t e r m i n i n g   t he   p a r a m e t e r   τ  

o f  h y d r o g e n   d i f f u s i o n   and  the   d i s s o l v e d   h y d r o g e n   c o n -  

c e n t r a t i o n   Co,o  ( c c / 1 0 0   g)  u n d e r  g i v e n  w e l d i n g   c o n d i t i o n s ,  

and  d e t e r m i n i n g   Co  on  t he   b a s i s   of  t he   r e l a t i o n   b e t w e e n  

t h e   p a r a m e t e r  τ   and  C o / C o , o .  

3.  A  method   f o r   t he   l o w - t e m p e r a t u r e   PWHT  as  s e t  

. f o r t h   in  c l a i m   1  or  2,  c o m p r i s i n g   h e a t i n g   a  c i r c u m f e r e n -  

t i a l   weld  of  a  r o t a t e d   h e a v i l y   t h i c k   v e s s e l   by  more  t h a n  

one  b u r n e r ,   m e a s u r i n g   the   t e m p e r a t u r e   of  s a i d   weld   a t   a n  

a r b i t r a r y   p o i n t   t h e r e o f  t o  o b t a i n   v a r i a t i o n s   in   a  h y d r o -  

gen  d i f f u s i v i t y   c o e f f i c i e n t   Dpi  a g a i n s t   t i m e ,   and  d e t e c -  

t i n g   the   t ime   p o i n t   when  t h e  t i m e - i n t e g r a t e d   v a l u e   o f  

s a i d  c o e f f i c i e n t   Dpi  e x c e e d s   t h e   v a l u e   of  D p . t p .  

4 .   A  method   fo r   t he   l o w - t e m p e r a t u r e   PWHT  as  s e t  

f o r t h   in   c l a i m   1  or  2,  c o m p r i s i n g   h e a t i n g   a  b u t t   w e l d  

l i n e   from  one  s i d e   t h e r e o f   by  a  p l u r a l   number   of  f i x e d  

b u r n e r s   w h i l e   m e a s u r i n g   t e m p e r a t u r e s   a t   a r b i t r a r y   d i f -  

f e r e n t   p o i n t s   on  the   o t h e r   s i d e   of  s a i d   we ld   l i n e   t o  



o b t a i n   v a r i a t i o n   in  the  h y d r o g e n   d i f f u s i v i t y   c o e f f i c i e n t  

Dpi  a g a i n s t   t i m e ,   and  d e t e c t i n g   a  t ime  p o i n t   when  t h e  

t i m e - i n t e g r a t e d   v a l u e   of  Dpi  e x c e e d s   the   v a l u e   of  D p · t p .  

5.  A  method  fo r   the  l o w - t e m p e r a t u r e   p o s t w e l d  

h e a t   t r e a t m e n t   as  s e t   f o r t h   in  c l a i m   1,  2  or  3,  w h e r e i n  

the   c r i t i c a l   h y d r o g e n   c o n c e n t r a t i o n   [Ccr]  has  the   f o l l o w -  

ing   r e l a t i o n   w i t h   maximum  V i c k e r ' s   h a r d n e s s   number  in  t h e  

weld   zone  [Hv];  [ C c r ]  =   - 0 . 0 0 9 6   [Hv]  +  6 .76  where   [ H v ]  

is   in  t he   r a n g e   o f  3 0 0   to  5 0 0 .  

6.  A  method  fo r   the   l o w - t e m p e r a t u r e   p o s t w e l d  

h e a t   t r e a t m e n t   in  m u l t i l a y e r   w e l d i n g ,   c o m p r i s e s   t h e  

s t e p s   o f ;  

o b t a i n i n g   the   r e s i d u a l   h y d r o g e n   c o n c e n t r a t i o n  

[Co]D  and  [Co]H  ( c c / 1 0 0   g)  d i r e c t l y   b e n e a t h   the   f i n a l l y  

w e l d e d   l a y e r   i m m e d i a t e l y   a f t e r   c o m p l e t i o n   of  m u l t i l a y e r  

w e l d i n g ,   where   [Co]D  and  [Co]H  a re   fo r   weld   m e t a l   ( d e -  

p o s i t e d   m e t a l )   and  fo r   h e a t   a f f e c t e d   zone ,   r e s p e c t i v e l y ;  

o b t a i n i n g   the   c r i t i c a l   h y d r o g e n   c o n c e n t r a t i o n  

fo r   p r e v e n t i o n   of  c r a c k i n g   [Ccr]D  and  [Ccr]H  fo r   t h e  

weld   m e t a l   and  fo r   the   h e a t   a f f e c t e d   z o n e ,   r e s p e c t i v e l y ,  

wh ich   d e p e n d   upon  the   maximum  r e s i d u a l   s t r e s s   and  m a x i -  

mum  V i c k e r ' s   h a r d n e s s   number  of  m i c r o s t r u c t u r e   in  w e l d  

z o n e ;  

o b t a i n i n g   the   v a l u e s   of  [Cc r /Co]D   and  [ C c r / C o ] g ,  

r a t i o   of  t he   c r i t i c a l   h y d r o g e n   c o n c e n t r a t i o n   [Ccr]D  a n d  



[Ccr]H  f o r   p r e v e n t i o n   of  c r a c k i n g   bo th   in  t he   weld   m e t a l  

and  t he   h e a t   a f f e c t e d   zone  to  t he   r e s i d u a l   h y d r o g e n   c o n -  

c e n t r a t i o n   [Co]D  and  [Co]H;  

o b t a i n i n g   the   v a l u e s   of  [C/Co]D  and  [ C / C o ] H  

f o r   t h e  w e l d   m e t a l   and  f o r   t he   h e a t   a f f e c t e d   zone ,   t h e  

r a t i o   of  t he   h y d r o g e n   c o n c e n t r a t i o n   in  t he   weld  z o n e  

[C]D  and  [C]H  wh ich   a re   l e s s e n   by  t h e  l o w - t e m p e r a t u r e  

p o s t w e l d   h e a t   t r e a t m e n t   to  t he   r e s i d u a l   h y d r o g e n   c o n -  

c e n t r a t i o n   [Co]D  and  [Co]H;  

o b t a i n i n g   the   v a l u e s   of  [ τ  +   D p · t p ] D   a n d  

[τ  +  D p · t p ] H   f o r   the   weld   m e t a l   and  fo r   t he   h e a t   a f f e c t e d  

zone  whe re   Dp  i s   h y d r o g e n   d i f f u s i v i t y   c o e f f i c i e n t   d u r i n g  

t h e   p o s t w e l d   h e a t   t r e a t m e n t   a n d  t p   i s   t h e  h o l d i n g   t i m e ,  

and  T  (cm2)  i s   a  h y d r o g e n   d i f f u s i o n   p a r a m e t e r   i n  a   w e l d -  

ing   o p e r a t i o n   u n d e r   g i v e n   c o n d i t i o n s  

w h e r e i n   Di  i s   a  h y d r o g e n   d i f f u s i v i t y   c o e f f i c i e n t   ( c m 2 / s e c . )  

in   an  a r b i t r a r y   weld   zone  of  each   u n i t   and  tn   i s   t he   t i m e  

r e q u i r e d   fo r   w e l d i n g   e a c h   u n i t   l a y e r ;  

d e t e r m i n i n g   a  l a r g e r   v a l u e   [ D p . t p ]   of  [ D p · t p ] D   o r  

[ D p . t p ] H   by  c o m p a r i n g   t h o s e   v a l u e s ,   as  a  c o n d i t i o n   o f  

t he   p o s t w e l d   h e a t   t r e a t m e n t ;  

m e a s u r i n g   t he   t e m p e r a t u r e   at   a  s u i t a b l e   p o r t i o n  

of  t h e   we ld   d u r i n g   the   p o s t w e l d   h e a t   t r e a t m e n t ,   a n d  

t e r m i n a t e   t he   h e a t   t r e a t m e n t   a t   a  t ime   p o i n t  



when  the   t i m e - i n t e g r a t e d   v a l u e   of  the   h y d r o g e n   d i f f u s i v i t y  

c o e f f i c i e n t   [Dpi]  ( c m 2 / s e c . )   at   t h e   m e a s u r e d   t e m p e r a t u r e  

e x c e e d s   the   v a l u e   of  [ D p . t p ] .  

7.  The  method   as  s e t   f o r t h   in  c l a i m   6,  w h e r e i n   the  c r i t -  

i c a l   h y d r o g e n   c o n c e n t r a t i o n   [Ccr]D  and  [Ccr]D  are   o b -  

t a i n e d   by  the   f o l l o w i n g   e q u a t i o n s  

a n d  

w h e r e  [ H v ] D   and  [Hv]H  are   maximum  V i c k e r ' s   h a r d n e s s  

n u m b e r  i n   the   w e l d  m e t a l   and  in  t he   h e a t   a f f e c t e d   z o n e .  

8.  A  method  f o r   the   low  t e m p e r a t u r e   PWHT  of  a  m u l t i -  

l a y e r   weld  c h a r a c t e r i s e d   by  the   s t e p s   o f :  

d e t e r m i n i n g   f o r   a  t e s t   weld  s i m i l a r   to  s a i d  

m u l t i l a y e r   weld  the   r e s i d u a l   h y d r o g e n   c o n c e n t r a t i o n  

Co  ( c c / 1 0 0   g)  d i r e c t l y   b e n e a t h   the   f i n a l   we lded   l a y e r  
i m m e d i a t e l y   a f t e r   c o m p l e t i o n   of  w e l d i n g ;  

d e t e r m i n i n g   fo r   the   t e s t   weld  a  c r a c k - p r e v e n t i n g  
c r i t i c a l   h y d r o g e n   c o n c e n t r a t i o n   Ccr  ( c c / 1 0 0   g)  to  o b t a i n  

a  r a t i o   of  C c r / C o ;  

d e t e r m i n i n g   fo r   the   t e s t   weld  the   v a l u e   of  a  
p r o d u c t   D  . t   of  a  h y d r o g e n   d i f f u s i v i t y   c o e f f i c i e n t  

Dp (cm2 / s e c . )   d u r i n g   the   h e a t   t r e a t m e n t   and  a  h o l d i n g  
t i m e   tp   ( s e c . )   where  a  c u r r e n t l y   r e a c h e d   h y d r o g e n  
c o n c e n t r a t i o n   C  ( c c / 1 0 0   g)  becomes  e q u a l   to  the   c r i t i c a l  

h y d r o g e n   c o n c e n t r a t i o n   Ccr ,   on  the   b a s i s   of  t h e  
r e l a t i o n   of  a  r a t i o   C/Co  of  the   c u r r e n t   h y d r o g e n  
c o n c e n t r a t i o n   C  ( c c / 1 0 0   g)  to  the  r e s i d u a l   h y d r o g e n  
c o n c e n t r a t i o n   Co  and  a  sum  of  a  p a r a m e t e r  τ   (cm2)  o f  

h y d r o g e n   d i f f u s i o n   of  the   f o r m u l a   g i v e n   be low  and  t h e  

p r o d u c t   of  D p . t p ;  



m e a s u r i n g   fo r   s a i d   m u l t i l a y e r   weld  the   t e m p e r a t u r e  
of  the   h e a t   t r e a t m e n t   at   a  s u i t a b l e   p o s i t i o n   o f  

the   we ld ;   a n d  

t e r m i n a t i n g   t he   h e a t   t r e a t m e n t   of  s a i d   m u l t i -  

l a y e r   weld   a t   a  t i m e   p o i n t   when  a  t i m e - i n t e g r a t e d  
v a l u e   of  the   p r e v i o u s l y   d e t e r m i n e d   h y d r o g e n  
d i f f u s i v i t y   c o e f f i c i e n t   Dpi  ( c m 2 / s e c . )   at   t h e  

m e a s u r e d   t e m p e r a t u r e   e x c e e d s   the   p r e v i o u s l y  
d e t e r m i n e d   v a l u e  o f  D p · t p .  

w h e r e i n ,   PWHT:  p o s t w e l d   h e a t   t r e a t m e n t ,  

Di:  a  h y d r o g e n   d i f f u s i v i t y   c o e f f i c i e n t  
( cm2/ sec )   in  an  a r b i t r a r y   weld  p o r t i o n  

d u r i n g   w e l d i n g   each  u n i t   l a y e r ;   a n d  

t n :   t ime   ( s e c . )   r e q u i r e d  f o r   w e l d i n g   e a c h  
u n i t   l a y e r .  

9.  A  me thod   for   the   low  t e m p e r a t u r e   p o s t w e l d  
h e a t   t r e a t m e n t   of  a  m u l t i l a y e r   we ld ,   c h a r a c t e r i s e d  

by  the   s t e p s   o f ;  

o b t a i n i n g   for   a  t e s t   weld  s i m i l a r   to  s a i d  

m u l t i l a y e r   we ld ,   t he   r e s i d u a l   h y d r o g e n   c o n c e n t r a t i o n  

(Co)D  and  (Co)H  ( c c / 1 0 0   g)  d i r e c t l y   b e n e a t h   t h e  

f i n a l l y  w e l d e d   l a y e r   i m m e d i a t e l y   a f t e r   c o m p l e t i o n   o f  

m u l t i l a y e r   w e l d i n g ,   where  (Co)D  and  (Co)H  are   f o r  

weld  m e t a l   ( d e p o s i t e d   m e t a l )   and  fo r   h e a t   a f f e c t e d  

zone ,   r e s p e c t i v e l y ;  

o b t a i n i n g  f o r   t he   t e s t   weld  t h e  c r i t i c a l  

h y d r o g e n   c o n c e n t r a t i o n   fo r   p r e v e n t i o n   of  c r a c k i n g  

(Ccr)D  and  (Ccr)H  fo r   t he   weld  m e t a l   and  fo r   t h e  

h e a t   a f f e c t e d   zone ,   r e s p e c t i v e l y ,   which   depend   u p o n  



the   maximum  r e s i d u a l   s t r e s s   and  maximum  V i c k e r ' s  

h a r d n e s s   number  of  the   m i c r o s t r u c t u r e   in  t he   w e l d  

z o n e ;  
o b t a i n i n g   for   the   t e s t   weld  the   v a l u e s   o f  

(Ccr /Co)D  and  (Cc r /Co)H,   the   r a t i o   of  the   c r i t i c a l  

h y d r o g e n   c o n c e n t r a t i o n   (Ccr)D  and  ( C c r ) -   f o r  

p r e v e n t i o n   of  c r a c k i n g   both   in  the   weld  m e t a l   a n d  
the   h e a t   a f f e c t e d   zone  to  the   r e s i d u a l   h y d r o g e n  
c o n c e n t r a t i o n   (Co)D  and  (Co)H;  

o b t a i n i n g   fo r   t he   t e s t   weld  the   v a l u e s   o f  

(C/Co)D  and  (C/Co)H  fo r   the   weld  m e t a l   and  fo r   t h e  
h e a t   a f f e c t e d   zone ,   t he   r a t i o   of  t he   h y d r o g e n  
c o n c e n t r a t i o n   in  the   weld  zone  and  the   h e a t   a f f e c t e d  

zone  (C)D  and  (C)H  which  a re   l e s s e n e d   by  the   l o w  

t e m p e r a t u r e   p o s t w e l d   h e a t   t r e a t m e n t   to  t he   r e s i d u a l  

h y d r o g e n   c o n c e n t r a t i o n   (Co)D  and  (Co)H;  
o b t a i n i n g   fo r   t h e  t e s t   weld  t he   v a l u e s   o f  

τ  +  D p · t p ) D   and  ( τ   +  D p · t p ) H   f o r   the   weld  m e t a l   a n d  
f o r   t he   h e a t   a f f e c t e d   zone  where  Dp  is  h y d r o g e n  

d i f f u s i v i t y   c o e f f i c i e n t   d u r i n g   t h e   p o s t w e l d   h e a t  

t r e a t m e n t   and  t   is   the   h o l d i n g   t i m e ,   and  τ   (cm2)  i s  

a  h y d r o g e n   d i f f u s i o n   p a r a m e t e r   in  a  w e l d i n g   o p e r a t i o n  
unde r   g i v e n   c o n d i t i o n s  

w h e r e i n   Di  is   a  h y d r o g e n   d i f f u s i v i t y   c o e f f i c i e n t  
( c m 2 / s e c . )   in  an  a r b i t r a r y   weld  zone  of  each  u n i t   a n d  

tn  is   the   t ime  r e q u i r e d   for   w e l d i n g   each   u n i t   l a y e r ;  
d e t e r m i n i n g   fo r   the   t e s t   weld  a  v a l u e   ( D p · t p )  

which   c o r r e s p o n d s   to  the   l a r g e r  o f   (Dp · tp )D  o r  

( D p · t p ) H   by  c o m p a r i n g   t h o s e   v a l u e s ,   as  a  c o n d i t i o n  



of  the   p o s t w e l d   h e a t   t r e a t m e n t ;  

m e a s u r i n g   for   s a id   m u l t i l a y e r   weld  t h e   t e m p e r -  
a t u r e   a t   a  s u i t a b l e   p o r t i o n   of  the   weld  d u r i n g   t h e  

p o s t w e l d   h e a t   t r e a t m e n t ,   a n d  

t e r m i n a t i n g   the   h e a t   t r e a t m e n t   of  s a i d   m u l t i -  

l a y e r   weld  a t   a  t ime  p o i n t   when  the   t ime  i n t e g r a t e d  
v a l u e   of  t he   p r e v i o u s l y   d e t e r m i n e d   h y d r o g e n  
d i f f u s i v i t y   c o e f f i c i e n t   (Dpi)  ( c m 2 / s e c . )   at  t h e  

m e a s u r e d   t e m p e r a t u r e   e x c e e d s   the   p r e v i o u s l y  
d e t e r m i n e d   v a l u e   of  ( D p · t p ) .  
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