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ABSTRACT

In the  p re sen t s tu d y  hea t flow  
s im u la t io n  w as ca rr ie d  ou t to 
p red ic t the  m ic ro s tru c tu re  and 
e xam in e  the  e ffe c t o f p reh ea t and 
p la te  th ic k n e s s  on coo lin g  ra te  o f 
the  w e ld  m e ta l. S O L ID C A S T  
so ftw a re  is used fo r  s im u la t in g  
th e rm a l reg im e  in th e  base  m e ta l. 
The re su lts  o f s im u la t io n  s tu d ie s  
revea led  th a t coo ling  ra te  and 
hence  the  evo lu tio n  o f 
m ic ro s tru c tu re  a long  the  pa ren t 
m e ta l w ere  fu n c t io n s  o f the  
p rehea ting  te m p e ra tu re  and the  
p la te  th ic k n e ss . The 
su pe r im po sed  s im u la te d  
tem p e ra tu re s  on C C T  d ia g ram  
ind ica ted  the  ab sen ce  o f 
m a rte n s ite  p re c ip ita t io n  in HAZ 
reg ion  and th is  w as 
e x p e r im e n ta lly  v e r if ie d . The 
re su lts  a lso  in d ica ted  the  
p o s s ib ility  o f su g g e s t in g  the  
p rehea ting  te m p e ra tu re  fo r  
d e fe c t-fre e  w e ld ing  o f p la te s  o f 
g iven  th ickn e ss .

INTRODUCTION

F u s io n  w e ld in g  is  o f  g r e a t  
im po rtan ce  in th e  fa b r ica t io n  o f 
eng in ee r in g  s tru c tu re s . It in vo lve s  
the  d epo s it io n  o f  a sm a ll a m o u n t o f 
m o lten  s tee l w ith in  a gap  be tw een  
the  co m p on en ts  to be jo in e d . W hen 
s te e l s o l id if ie s ,  it  jo in s  th e  
c o m p o n e n t s  t o g e t h e r .  T h re e

m e ta llu rg ica l zones , nam e ly , fu s ion  
zone , h ea t a ffe c ted  zone  and  base 
m eta l zone , a re  id en tifie d  in the  
p la te  upon co m p le t io n  o f the  
w e ld ing . The peak  te m p e ra tu re  
an d  s u b s e q u e n t  c o o lin g  ra te  
d e te rm in e  th e  H A Z  s t r u c tu re  
w he rea s  th e rm a l g ra d ie n ts  in the  
l iq u id  p o o l, s o l id if ic a t io n  and  
coo ling  ra te s  a t th e  liq u id -so lid  poo l 
b o u n d a r y  d e t e r m i n e  t h e  
so lid if ica tio n  s tru c tu re  in th e  fu s ion  
zone . A fu s ion  w e ld ing  p ro ce ss  
in vo lv e s  h ea t flow  th ro ug h  the  base 
m e ta l d u ring  w e ld ing  to  a c co m p lish  
th e  de s ired  jo in t. D epen d ing  upon 
the  hea ting  and coo ling  cy c le s , 
d iffe re n t typ e s  o f m ic ro s tru c tu re s  
a re  ob ta in ed  in w e ld  bead and  hea t 
a ffe c ted  zone . Th is  leads to  v a ry in g  
m e ch an ica l p ro p e rt ie s  in th e  m e ta l. 
H ence  it  is e s sen tia l to  a s se ss  the  
e ffe c t o f h ea t flow  du ring  w e ld ing  
on m e ta llu rg ic a l m ic ro s tru c tu re  
[1]. T h is  can be a ch ie ved  by the  
u s e  o f  c o m p u te r  s im u la t io n  
t e c h n i q u e ,  w h e r e  t h e  
m ic ro s tru c tu re  o f w e ld  be fo re  
co ndu c t in g  a c tu a l w e ld ing  can  be 
re a so n a b ly  p red ic ted . Based  on 
t h i s  p r e d i c t i o n  s u i t a b l e  
m o d if ic a t io n s  can be m ade  a t the  
des ign  s tage  its e lf  to  p rodu ce  a 
good  w e ld  s tru c tu re . Fu rther, the 
s im u la t io n  re su lts  w ou ld  be u se fu l 
in p red ic t in g  v a r ia t io n s  in the  
th e rm a l cy c le  w ith in  the  w eld

m e ta l, w h ich  is v e ry  im po rtan t, 
s in ce  the  te m p e ra tu re  d is tr ib u tio n  
in th e  base  m e ta l co n tro ls  th e  fina l 
s t r u c t u r e  a n d  m e c h a n ic a l  
p ro pe rt ie s . Fu jith a  e t a l  d e scrib ed  a 
new  sy s tem  fo r com p u tin g  the rm a l 
h is to r ie s  to p re d ic t  th e  p rope rt ie s  o f 
w e ld e d  jo in t s  u s in g  th e  C C T  
d ia g ra m s  da ta  base  [2]. 2D  and 3D 
f i n i t e - e l e m e n t  m o d e ls  w e re  
d e ve lo p e d  by W ahab  et al. us ing 
th e  s o lu t io n  o f  h e a t - t r a n s fe r  
e q u a tio n s  [3 ]. The  a ccu ra cy  o f the 
p re d ic te d  co o lin g  t im e s , w e ld  
p e n e tra t io n s  and  the  leng th s  o f the 
w e ld  poo ls  w e re  com pa red  w ith  
e x p e r im e n ta lly  ob ta in ed  va lu e s  fo r 
b e a d -o n -p la te  w e ld s. A  m echan ica l 
w e ld  poo l e je c t io n  rig de ve loped  in 
th is  s tu d y  p rov id ed  a qu ick  and 
re ad y  m ean s  o f de fin ing  a fu ll 3D 
w e ld -p o o l sh ape . K im  e t al s tud ied  
th e  te m p e ra tu re  p ro file s , w e ld  pool 
s h a p e  and  s ize , and the  na tu re  o f 
t h e  s o l i d i f i e d  w e l d  p o o l  
r e in f o r c e m e n t  s u r fa c e  d u r in g  
g a sm e ta l a rc (G M A )  w e ld ing  o f f ille t 
jo in ts  us ing  a th re e -d im e n s io n a l 
n u m e r ica l h ea t t ra n s fe r  m ode l [4]. 
C han  m ode led  the  h ea t t ra n s fe r  
m e ch a n ism  in vo lved  in th e  w e ld ing  
p ro ce ss  and  d e ve lo p e d  a so ftw a re  
to  s im u la te  th e  pu lsed  a rc  w e ld ing  
o f th in  p la te  in w h ich  the  h ea t inpu t 
is from  th e  w e ld  a rc  to  the  w eld 
w o rkp ie ce  [5]. R e a lis t ic  th e rm a l 
b o u n d a ry  c o n d it io n s  in c lu d in g
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con ve c tio n , ra d ia t io n , th e  la te n t-  
h ea t e ffe c t d u r in g  p h a se  ch an g e  
and o th e r  w e ld in g  p a ra m e te rs , 
w e re  taken  in to  co n s id e ra t io n  to 
p red ic t te m p e ra tu re  f ie ld s  a round  
the  w e ld  poo l. A  c o m p u te r  p rog ram  
w as d e ve lo ped  by  M. H ang  based  
on the  co m p u ta t io n  m od e l fo r  
q u a s i - s t e a d y  h e a t  t r a n s f e r  
p ro b lem s  o f w e ld in g  w ith  th e  
bou nda ry  e le m e n t m e th o d  [6 ]. The  
m o d e l  w a s  u s e d  f o r  t h e  
co m p u ta t io n  o f th e rm a l c y c le s  at 
h e a t a ffe c te d  z o n e s  w ith  g a s  
sh ie ld ed  m e ta l a rc  w e ld in g  (G M AW ) 
on m ed ium  th ic k n e s s  p la te s . A  
c o m p u ta t io n a l p r o c e d u re  w a s  
su gg e sted  by D eng  and  M u rakaw a  
fo r  a n a ly z in g  te m p e ra tu re  f ie ld s  
and  re s id u a l s t re s s  s ta te s  in m u lt i
pass  w e ld s  in S U S 3 0 4  s ta in le s s  
s tee l p ipe  [7].

E f fe c t  o f  p la te  t h ic k n e s s  on 
m e c h a n ic a l p r o p e r t ie s  o f  a r c  
w e l d e d  s t e e l  j o i n t s  w a s  
in ve s t ig a te d  by  S h e h a ta  [8 ]. The  
re su lts  sh ow ed  th a t  jo in t  s t re n g th s  
v a ry  a c co rd in g  to  p la te  th ic k n e s s  
and  th e  d is ta n ce  from  th e  w e ld  
root.

C o o lin g  ra te  p la y s  an im p o r ta n t  ro le  
in w e ld ing . It c o n tro ls  th e  f ina l 
m ic ro s tru c tu re . I f th e  coo lin g  ra te  
is v e ry  h igh , ha rd  b r it t le  s t ru c tu re  
fo r m s  w h ic h  r e s u l t s  in  th e  
fo rm a tio n  o f  c ra c k s  in th e  w e ld . 
T h is  p ro b lem  can  be e ffe c t iv e ly  
co n tro lle d  by  p re h e a tin g  th e  p la te s  
to  be w e lded . P re h e a tin g  redu ce s  
no t o n ly  th e  co o lin g  ra te  o f w e ld  
and  H A Z , bu t a lso  th e  e n e rg y  
requ ired  to d e p o s it  a g iven  w e ld . 
A n o th e r  fa c to r  th a t  a ffe c ts  th e  
coo lin g  ra te  is th ic k n e s s  o f p la te s  to 
be jo in e d . A s  th e  co o lin g  ra te  
d ic ta te s  f in a l m ic ro s tru c tu re , the  
p la te  th ic k n e s s  a lso  h a s  s ig n if ic a n t

Voltage

Current

Time to
complete welding

Electrode Used

Welding Speed

50V

87 amp

62 s

E6013

1048 mm/s

Table  1 : g ives the welding 
param eters.

e ffe c t on th e  m ic ro s tru c tu re .

R a ils  a re  d e s ig n e d  to  re s is t  w ea r 
and ro llin g  c o n ta c t  fa t ig u e  and 
th e rm a l s t re s s  cau sed  due  to 
te m p e ra tu re  v a r ia t io n s . E sp e c ia lly  
in th e  co n ta c t  zone , ra il s tee l 
sh o u ld  h a ve  good  m e ch a n ic a l 
p ro p e r t ie s  lik e  y ie ld  s t re n g th , 
te n s ile  s t re n g th , to u g h n e ss  and 
w e a r  re s is ta n ce . The  p re se n t s tu d y  
in v o lv e s  a n a ly s is  o f th e  e ffe c t o f 
p la te  t h ic k n e s s  a n d  p r e h e a t  
te m p e ra tu re  on th e  co o lin g  ra te  in 
a w e ld  and  p re d ic t io n  o f fin a l 
m ic ro s tru c tu re  in th e  H AZ  u s ing  
s im u la te d  th e rm a l da ta  and  C C T  
d ia g ra m  o f th e  base  m e ta l.

E X P E R IM E N T A L

T h e  m a te r ia l u sed  in th is  s tu d y  w as 
a 105 X 65 X 9 m m  th ic k  p la te  o f ra il 
s te e l ( % C :  0 .6 - 0 .8 ).

A  s c h e m a t i c  s k e t c h  o f  t h e  
e x p e r im e n ta l s e t-u p  is sh ow n  in 
F i g u r e  1 .  T w o  K t y p e  
th e rm o co u p le s  T C I  & TC 2  w ere  
in s e r te d  in  th e  s p e c im e n  a t 
lo ca t io n s  9 m m  and  60  m m  from  
th e  w e ld  ce n te r lin e . Two 0 .5 m m  
h o le s  w e re  d r ille d  h o r iz o n ta lly  from  
the  s id e  o f th e  g ro o ve  in o rd e r  to 
in se r t  th e  th e rm o co u p le s . W e ld ing  
o p e ra t io n  w as p e rfo rm ed  u s ing  a 
m an u a l m e ta l a rc  w e ld in g  p ro ce ss .

A ll d im en s ion s in nnm

Figure 1: Schem atic sketch of weld 
p lates instrum ented with therm ocouples

B e fo re  w e ld in g , th e  base  p la te s  
w e re  m e c h a n ic a l ly  g ro u n d  to  
re m o ve  th e  ru s t and  a V -g ro o v e  is 
in co rp o ra te d .

A  co a ted  e le c tro d e  typ e  E 6 0 13  w as 
u sed  a s  a f i l le r  m a te r ia l. T h e  data  
lo g g e r  is a c t iv a te d  a t th e  t im e  o f 
w e ld in g .

T h e  w e ld in g  o p e ra t io n  w as s ta rted  
a l o n g  t h e  V - g r o o v e .  T h e  
th e rm o co u p le  and  th e  w o rk  p iece  
w e r e  s h i e l d e d  w i t h  c e r a m i c  
in su la t in g  s le e v e  to  redu ce  h ea t 
t ra n s fe r  th ro u g h  th e  su rfa ce  by 
co n v e c t io n  and  rad ia tio n .

T e m p e ra tu re  m e a su re m e n ts  w e re  
re co rd ed  v ia  an  o ff- lin e  d a ta  logger.

Thermal conductivity 49.9 W/mK

Specific Heat 489 J/kgK

Density 7822 kg/m’

Initial Temperature 2500°C

Solidification Temperature 1368“C

Freezing Range 108°C

Latent Heat o f Fusion 270 kJ/kg

Fill T ime 62 s

Table  2 : P roperties o f parent m eta l 
used in s im u la tion
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A f t e r  e x p e r i m e n t a t i o n ,  w e l d  
sam p le s  w ere  se c t io n ed , po lished  
and e tched  u s ing  3%  n ita l fo r 
m ic ro -e xam in a t io n .

NUMERICAL SIMULATION

Numerical experimentation was 
conducted by using SOLIDCast 
s im u la t i o n  s o f t w a r e  [9 ] .  
SOLIDCAST software is based 
on finite d ifference numerical 
m e thod .  T h is  s o f tw a re  is 
genera lly  used for thermal 
analysis of castings. Welding is 
a casting process in m in iature 
and the  base  m e ta l was 
assumed as the mold and 
weldment as the casting. The 
m a in  d i f f e r e n c e  b e tw e e n  
casting and welding is the 
difference in the solidification 
process. In the case of casting 
the solid if ication occurs by 
nucleation and growth. But in 
the case of welding it is due to 
the  ep ita x ia l g row th . The 
thermophysica l properties of 
the weldment and parent metal 
are given in Table 2 and Table 3 
respectively.

Initial Temperature 30°C

Thermal Conductivity 49 W/m-k

Specific Heat 489 J/kg K

Density 7822 kg/m^

Table 3 : P roperties o f w e ldm ent used 
in s im u la tion

While thermal properties of the 
materia ls are used to calculate 
hea t f low  w ith in  a g iven  
m a t e r i a l ,  h e a t  t r a n s f e r  
coeffic ients allow assessment

of heat transfer at the interface 
between two materials. Heat- 
Transfer Coeffic ient (HTC) is an 
in d ic a to r  o f how  well an 
i n t e r f a c e  b e t w e e n  t w o  
materials can conduct heat. It is 
not a property of a material but 
a property of the surfaces in 
contact. Table 4 gives the 
v a l u e s  o f  h e a t  t r a n s f e r  
coeffic ients used in the present 
s i m u l a t i o n .  V i r t u a l  
thermocoup les were inserted in 
the model before conducting 
s imulation.

Interface h
W/m^K

Weldment/ambient 150

Parent Metal/ambient 35

Weldment/parent metal 4500

Table 4 : H ea t t ra n s fe r co e ff ic ie n ts
used  in s im u la t io n

RESULTS & DISCUSSION

W e ld in g  can be co n s id e red  as a 
ca s t in g  p ro ce ss  in w h ich  base  
m e ta l p la te s  a c t like  a m o ld  o f 
i n f i n i t e  d i m e n s i o n .  S i n c e  
se p a ra tio n  be tw een  fu s io n  zone  
and  base  m e ta l is no t in te n d ed , a 
n o n -b o nd in g  a t th e  in te rfa ce  in th e  
fo rm  o f a ir  gap  does no t e x is t  in th e  
ca se  o f w e ld in g . Fu rther, liq u id  poo l 
in the  case  o f w e ld ing  is no t 
s ta t io n a ry  w ith  re sp e c t to  m o ld  
a x is , u n like  in th e  ca s t in g  p ro ce ss  
w he re  it is s ta tio n a ry . T h e re fo re , 
t h e  a s s u m p t i o n  o f  q u a s i -  
s ta t io n a ry  co n d it io n  is in tro du ced  
in th e  p re se n t s im u la t io n  m ode l.

The  th e rm a l h is to ry  a t lo ca t io n s  
T C I  & T C 2  is sh ow n  in F igu re  2. The 
th e rm o co u p le  da ta  w as u sed  to

p re d ic t th e  h ea t-a ffe c te d  zone  
(H A Z ) w id th  and a lso  used as inpu t 
to  an  in ve rse  hea t condu ction  
m ode l to  d e te rm in e  the  hea t flu x  
t r a n s ie n t s .  T h e  m a th e m a t ic a l 
d e ta ils  o f th e  in ve rse  m ode l a re  
g iven  in re fe ren ce  1 0 .

Figure 2 ; T h e rm a l h is to ry  a t
therm ocoup le  locations 1 & 2 during 
w eld ing

H A Z  is  th e  a rea  o f base  m a te r ia l 
w h e re  th e  te m p e ra tu re  e xceed s 
7 2 3 ° C .  I n  t h i s  r e g i o n ,  
m ic ro s tru c tu re  and p ro pe rt ie s  a re  
a lte re d . T h e  peak  h ea t f lu x  w as 
fo und  to  be 12 .8  MW /m ^ The  hea t 
f lu x  t ra n s ie n ts  de crea sed  sh a rp ly  
a fte r  th e  peak  is reached . F igu re  3 
sh o w s  th e  th e rm a l h is to ry  o f 
w e ld m e n t a t th e  liq u id /b a se  m eta l 
in te rfa ce . T h e  p ro file  in th e  figu re  
in d ic a te s  th a t  th e  liq u id  m e ta l 
coo led  rap id ly  from  the  m ax im um  
te m p e ra tu re  in th e  g roove . T he re  is 
a ch an g e  in s lo p e  in th e  cu rve  due 
to  th e  e vo lu t io n  o f la ten t hea t o f 
fu s ion  a t its  m e lt in g  po in t. The drop 
o f  t e m p e r a t u r e  a l o n g  t h e  
tra n s v e rs e  d ire c t io n  o f base  m e ta l 
is d u e  to  th e  d iffu s io n  o f hea t 
t h r o u g h  t h e  b a s e  m e t a l .  
T e m p e ra tu re  p ro file s  a t v a rio u s
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d is ta n ce s  from  th e  in te rfa ce  a re  
show n  in F ig u re  4  fo r  a p la te  
t h i c k n e s s  o f  5 m m .  T h e  
c o r r e s p o n d i n g  t e m p e r a t u r e  
p ro file s  fo r  a p la te  o f 3 0 m m  
th ic k n e s s  a re  sh ow n  in F ig u re  5. 
D u e  to  h i g h  h e a t  t r a n s f e r  
co e ff ic ie n t a t th e  in it ia l s ta g e  a 
peak  te m p e ra tu re  o f  1 0 5 0 °C  w as 
re co rd ed . W ith  in c re a se  in d is ta n ce  
from  w e ld  c e n te r lin e , th e  peak  
te m p e ra tu re  s ta r te d  to  d e c re a se .

The  peak  te m p e ra tu re s  a tta in e d  at 
d is ta n ce s  o f  9 m m , 2 0 m m , and  
30m m  aw ay  from  w e ld  c e n te r lin e

Figure 3 : S im u la ted  the rm a l h isto ry  
of w e ldm ent

Figure 4 : S im u la ted  tem pe ra tu re s  at 
various d istances in m m  from  the 
cen terline  ; P la te Th ickness  : 5m m

Figure 5 ; S im u la ted  tem pe ra tu re s  at 
variou s d is tances in m m  from  the 
cen te rline ; Plate Th ickness: 30 mm

a re  1 0 50 °C , 7 9 0 °C , and  7 0 0 °C  
re sp e c t iv e ly . T h e  f ir s t  cu rve  s ta y s  
a p p r o x i m a t e l y  4 0  s a t  t h e  
co rre sp o n d in g  peak  te m p e ra tu re  
and then  d e c re a se s  d ra s t ica lly . The  
se con d  cu rve  s ta y s  n e a r ly  300  s a t 
its  p eak  te m p e ra tu re . S im ila r ly  
th ird  cu rve  sp e n t a p p ro x im a te ly  
275  s bu t it is w e ll b e low  th e  low e r 
c r it ic a l te m p e ra tu re  ( A c , - 7 2 3 ° C ) .  
The  th e rm a l s ta tu s  as in d ica te d  by 
th ird  p ro file  doe s  no t in f lu en ce  the  
m ic ro s tru c tu ra l ch an g e s , a s  it d oe s  
no t reach  the  a u s te n it ic  re g ion . The  
reg ion  co rre sp o n d in g  to th e  f irs t  
cu rve  w ill no t re su lt  in a coa rse  
s t ru c tu re  a s  it s p e n d s  le ss  t im e  
above  9 1 0 °C . H ow ever, it sh o u ld  be 
no ted  th a t  th e  co o lin g  ra te  in th is  
c o n d it io n  is q u ite  la rg e  and  th is  
cou ld  b ring  a b o u t m ic ro s tru c tu ra l 
c h an g e s .

Th e  reg ion  2 0 m m  aw ay  from  w eld  
c e n t e r l i n e  w a s  a t  i t s  p e a k  
te m p e ra tu re  (7 9 0 °C )  fo r  a lo n g e r 
d u r a t i o n  c a u s i n g  c o m p l e t e  
a u s te n it iz in g  o f  th e  m a te r ia l. Bu t 
th e  p ro b a b ility  o f fo rm a t io n  o f 
m a r te n s ite  is  le ss  a t th is  reg ion  
s i n c e  t h e  c o o l i n g  r a t e  i s

c o n s id e ra b ly  lower. T h e  s itu a t io n  is 
q u ite  c o n tra ry  a t a reg ion  9 m m  
aw ay  from  w e ld  c en te r lin e . H ere  
the  reg ion  sp e n d s  s h o rte r  d u ra t io n  
o f  t im e  (7 0  s) a t its  p e a k  
t e m p e ra tu re  (1 0 5 0 ° C )  c a u s in g  
in c o m p le te  a u s t in it iz a t io n .  B u t 
fa s te r  co o lin g  ra te  in th is  reg ion  
m ay  g iv e  r ise  to  a sm a ll q u a n t ity  o f 
m a r t e n s i t e  p r e c i p i t a t i o n .  T h e  
s im u la t io n  s tu d y  su g g e s ts  th a t  the  
c h a n ce s  o f fo rm a t io n  o f m a rte n s ite  
a re  n e g lig ib le  a t bo th  the  reg io n s  - 
9 m m  and  20  m m  aw ay  from  w eld 
ce n te r lin e . The  s tu d y  a lso  in d ica te s  
th a t  th e re  is a reg ion  aw ay  from  
w e l d  c e n t e r l i n e  w h e r e  
a u s t in it iz a t io n  is p o ss ib le  and  w ith  
l o w e r  c o o lin g  ra te s ,  d if fe r e n t  
m ic r o s t r u c tu r e s  ( f in e  p e a r l it e ,  
co a rse  p e a r lite )  m ay  be ob ta in ed .

T h e  p r o f i l e  o f  t e m p e r a t u r e  
d is t r ib u t io n  a lso  in d ic a te s  th a t  
th e re  is a c e r ta in  reg ion  a round  the  
fu s io n  zo n e  in w h ich  te m p e ra tu re  
h a s  g o n e  h i g h  e n o u g h  
(> Ac, = 7 2 3 °C ) to  b ring  a ch an g e  in 

m ic ro s tru c tu re  w hen  the  reg ion  is 
coo led .

In o rd e r  to  p re d ic t  ch an g e s  ta k in g  
p la ce  in th e  m ic ro s tru c tu re  a round  
th e  w e ld  poo l, coo lin g  cu rve s  at 
v a r io u s  p o s it io n s  a re  su p e r im p o se d  
on C C T  d ia g ram . If th e  coo lin g  ra te  
h ap p en s  to  be m o re  th an  the 
c r it ic a l co o lin g  ra te , p re c ip ita t io n  o f 
m a r t e n s i t e  i s  a c o m p l e t e  
p o s s ib ility . If it is le ss  than  the  
c r it ic a l co o lin g  ra te  th e re  is no 
p o s s ib i l i t y  o f  p r e c ip i t a t io n  o f  
m a r te n s ite . The  s im u la t io n  data  
in d ic a te s  th a t  in a ll th e  c a se s  th e  
co o lin g  ra te  is h ap p en s  to  be le ss  
th a n  th e  c r it ic a l c o o lin g  ra te  
i n d i c a t i n g  n o  p o s s i b i l i t y  o f  
p r e c i p i t a t i o n  o f  m a r t e n s i t e .  
H o w e v e r  a s m a ll a m o u n t  o f
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m arten s ite  can be d isp e rsed  as the 
coo ling  cu rve  a t 9m m  aw ay from  
w e ld  c e n te r lin e  d o e s  no t fa ll 
c o m p le te ly  in the  p e a r lit ic  reg ion .

EFFECT OF PR EH EAT AN D  PLATE  

TH ICK N ESS

Preheating  the m eta l in fluences 
conditions of heat transfer away from 
liquid metal. The temperature profiles 
indicated that as the preheating 
temperature increases the rate of 
cooling decreases. Figure 7 shows the 
effect of preheat temperature on 
cooling rate.

PREHEAT TEM PERATURE (°C)

Figure 7 : Effect of preheat temperature 
on cooling rate at various locations

The cooling rate decreases with increase 
in temperature. Preheating o f the base 
plate is beneficial because lower cooling 
rate in any region o f base metal implies 
le s s  p r o bab i l i t y  o f  ma r t e n s i t i c  
transformation. The initial temperature 
p lays an im po rtan t ro le  in the 
temperature distribution and heat cycle 
associated with welding. The soaking 
time increases and the cooling rate 
d e c r e a s e s  w i t h  i n i t i a l  h i g h e r  
temperature of the base plate

Welding of complex shape jobs involve 
joining plates of different thicknesses. 
Variation o f the thickness is an important 
parameter in a welding process. The 
effect of plate thickness on cooling rate 
is shown in Figure 8. It shows that as the 
thickness o f the plate increases, the 
coo ling rate also increases. The

thickness o f the plate influences 
maximum peak temperature attained 
du ring  w e ld in g . M ax im um  peak 
temperature attained in a thin plate 
(5mm) was 1050°C and corresponding 
cooling rate is4°C/s.

Figure 8 : Effect of plate thickness on cooling 
rate at various distances

On the other hand, in the case o f thick 
plate (30 mm) the peak temperature is 
lower But it shows a cooling rate of 
16°C/s above 723°C. This indicates that 
as the plate thickness increases cooling 
rate also increases, but the peak 
temperature decreases for a given heat 
input.

V A L ID A T IO N  O F S IM U LA T IO N  
R E SU LTS

The p a ren t m e ta l th e rm a l h is to ry  
( F i g u r e  2 )  d e r i v e d  f r o m  
e x p e r i m e n t a l  m e a s u r e m e n t s  
sh ow s th a t as soon as th e  w e ld ing  
is o ve r the  loca tion  n ea r to  the  
in te rfa ce  is hea ted  ra p id ly  to  a 
m a x i m u m  t e m p e r a t u r e .  T h i s  
t e m p e r a t u r e  e i t h e r  r e m a i n s  
co n s ta n t fo r sm a ll pe riod  o r d ro p s  
dow n  depen d in g  on th e  p a ren t 
m e ta l th ic k n e s s  and  p reh ea tin g  
te m p e ra tu re .

T h e  f i r s t  c u r v e  s h o w s  t h e  
te m p e ra tu re  d is tr ib u t io n  o f w eld 
s t ru c tu re  a s  re co rd ed  by the  
th e rm o co u p le  loca ted  9 m m  aw ay 
from  w eld  c en te r lin e  and se cond

cu rve  sh ow s the  co rre spond ing  
read ing  a t 60 m m  aw ay from  weld 
cen te r lin e . The  f irs t  cu rve  ind ica te s 
the  d e c rea se  o f te m p e ra tu re  a fte r 
9 1  s e c o n d s .  T h i s  p e r i o d  
co rre spo n d s  to  the  beg inn ing  of 
coo lin g  o f p a ren t m e ta l. A fte r  the 
co m p le te  so lid if ic a t io n  o f w e ldm en t 
th e  te m p e ra tu re  a t the  in te rfa ce  
d rop s  dow n as h ea t conduction  
in s id e  the  p a ren t m e ta l becom es 
m o re  p re d o m in a n t  th a n  h ea t 
d is s ip a t io n  in th e  w e ldm en t. The 
se cond  cu rve , w h ich  co rre spond s 
to  th e  lo ca t io n  60  m m  aw ay from  
w e ld  c en te r lin e , sh ow s a m ax im um  
te m p e ra tu re  o f 3 6 0 °C  and d rops 
w ith  a m o d e ra te  coo ling  rate. From  
the  fig u re  it is ob se rved  th a t the 
coo lin g  ra te  at 9 m m  aw ay from  
w e ld  c e n te r lin e  is g re a te r than  the 
coo lin g  ra te  a t 60  m m  aw ay from  
w eld  ce n te r lin e . The soak ing  t im e  
a t 2 7 5 °C  fo r 9 m m  aw ay from  
ce n te r  line  is 651 s and th a t fo r 60 
m m  aw ay  from  w eld cen te r line is 
4 3 1 s .

D u ring  the  ve ry  beg inn ing  s tage  of 
c o o l i n g ,  bo t h  s i m u l a t e d  a nd  
e xp e r im e n ta l cu rve s  show  iden tica l 
coo lin g  ra te . How ever, at th e  la te r 
s ta g e s  th e re  is a d e v ia tio n  from  the 
e xp e r im e n ta l da ta . A  tem p e ra tu re  
o f  4 0 0 ° C  i s  a t t a i n e d  i n 
a p p ro x im a te ly  in 500s. But, the 
s im u la t io n  re su lts  show  th a t abou t 
9 0 0 s  is re qu ired  to  reach  400°C . 
Th e  e xp e r im e n ta l da ta  re la ted  to 
th e  la te r  s ta g e s  show  a s low  coo ling  
ra te  bu t th is  is no t o b se rved  in the 
case  o f s im u la t io n . B u t ove ra ll 
coo ling  ra te  is n e a r ly  sam e  as th a t 
o f s im u la te d  da ta . T h is  is becau se  
in s im u la t io n  the  w e ld m e n t is 
co n s id e re d  a s  a s in g le  m ed ium  and 
the  in it ia l te m p e ra tu re  is a ss igned  
a t th e  beg in n in g  o f th e  s im u la t io n .
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During simulation heat transfer from 
weldment to base metal starts from 
entire weldment portion. But this is not 
true in the case o f actual welding. 
Welding starts from one end and 
progress towards the other. The moment 
welding starts, a transient condition 
arises and subsequent cooling rate will 
be generally high. As welding proceeds it 
changes from transient to quasi- 
stationary state and as a result, the 
cooling rate starts to decrease. In 
contrast, during simulation, the quasi 
stationary condition is considered during 
the whole run.

a u s t e n i t e  w i t h  f o r m a t i o n  o f  
W idmanstatten structure.

Figure 9 : M icrostructure of base metal 
a fte r welding.

The peak temperature at this zone of 
base metal rises up to about 550°C. The 
microstructure shows pearlitic ferrite 
structure sim ilar to that generally found 
in a plate prior to welding. Figure 10 
shows the m icrostructure o f heat 
affected zone.

Figure 10 : M ic rostructu re  o f the  Heat 
A ffected Zone (HAZ)

Due to grain growth the austenite 
decomposition is slower and this favors 
ferritic precipitation in the plane of

Figure 11 : M ic rostructu re  of the weld 
m eta l

Weld metal structure is essentially a 
cast structure. It shows a dendritic 
s t r u c t u r e .  A t  t h e  i n t e r f a c e  
W i d m a n s t a t t e n  s t r u c t u r e  w a s  
observed. The structure that forms at 
weldment region depends upon the 
t e m p e r a t u r e  g r a d i e n t ,  G and 
solidification rate, R. If G/R ratio is 
more a planar structure is obtained. On 
the other hand, if the ratio is less a 
dendritic structure will be observed. In 
the weldment region the temperature 
g rad ien t w ill be very less and 
solidification rate is high. A dendritic 
m icrostructure is observed in the 
weldment region due to extensive 
constitutional undercooling.

LIMITATIONS OF THE PRESENT 
SIMULATION

Heat transfer coefficients used in the 
present simulation are found out by a 
trial and error method. The simulation 
work can be improved by determining 
the actual heat transfer coefficients. 
The liquid pool is considered as a single 
stationary source but in real welding, 
the liquid pool is not stationary but 
moves from one end to other. The heat 
transfer may be different in two cases.
It was further assumed that the 
w e ld ing speed is un iform . Th is 
a ssu m p tio n  m ay no t be true , 
particularly in manual welding.

CONCLUSIONS

The peak temperature, time 
duration spent by the material 
above the critical temperature 
and cooling rate along the 
length of the base meta are 
p red ic ted  us ing  hea t  flow 
s im u la t io n .  P red ic ted  peak  
tem peratu re  and cooling rate 
fa ir ly agree with those obtained 
f r o m  t h e  e x p e r i m e n t a l  
m easurem ents. Superimposing 
of expe r im en ta l ly  measured 
cooling curves on CCT d iagram 
of rail steel revea led that 
m artens it ic  transformation has 
not occurred. The absence of 
m artens ite  is practically verified 
by m eta ilograph ic  study. The 
c o o l i n g  r a t e  a n d  p e a k  
tem peratu re  are influenced by 
p a ra m e te rs  like p rehea t ing  
t e m p e r a t u r e  a n d  p l a t e  
th ickness .  Using s im u la t ion  
study, it is possib le to suggest 
the preheating tem peratu re  for 
the welding of p lates of given 
th ickness  in order to e lim inate 
the precip itat ion of de leterious 
type of m artens ite  in HAZ 
region.
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