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T h i s  paper  d e s c r i b e s  a c a l c u l a t i o n  procedure  f o r  t h e  d e t a i l e d  p r e d i c -  
t i o n  o f  t empera tu re  p r o f i l e s  and weld d i l u t i o n  i n  t h e  e l e c t r o s l a g  welding 
of mi ld  s t e e l  p l a t e s .  The t empera tu re  p r o f i l e s  i n  t h e  l i q u i d  s l a g  and t h e  
l i q u i d  m e t a l  r e g i o n s  a r e  c a l c u l a t e d  i n  t h r e e  dimensions  under  s t e a d y  state 
c o n d i t i o n s .  The v a l u e s  o f  t h e  h e a t  g e n e r a t i o n  p a t t e r n s  needed i n  t h e  tem- 
p e r a t u r e  p r o f i l e  c a l c u l a t i o n  a r e  computed by s o l v i n g  a t h r e e  d imens iona l  
e l e c t r i c  f i e l d  e q u a t i o n  i n  t h e  l i q u i d  s l a g  r e g i o n .  The weld d i l u t i o n  i s  
computed a s  a f u n c t i o n  of t ime by s o l v i n g  a  t r a n s i e n t  t h r e e  d imens iona l  
h e a t  f low e q u a t i o n  f o r t h e  b a s e  p l a t e .  

Good agreement ach ieved  between t h e  p r e d i c t e d  t empera tu re  p r o f i l e s  i n  
t h e  b a s e  p l a t e  arid t h e  a v a i l a b l e  measurements i l l u s t r a t e  t h e  c a p a b i l i t i e s  
o f  t h e  model. Reasonable agreement h a s  a l s o  been o b t a i n e d  between t h e  
measurements and t h e  p r e d i c t e d  v a l u e s  of d i l u t i o n  a s  a f f e c t e d  by changes 
i n  t h e  p l a t e  gap and t h e  weld speed .  
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In t roduc t ion  

I n  r e c e n t  y e a r s ,  t h e  e l e c t r o s l a g  welding process  has  been a  s u b j e c t  of 
growing i n t e r e s t  t o  engineers  and r e sea rch  s c i e n t i s t s  because of i t s  poten- 
t i a l  a t t r a c t i v e n e s s  f o r  t h e  welding of t h i c k  p l a t e s .  A t  p r e sen t  t h e r e  i s  
some r e s e r v a t i o n  i n  t h e  a p p l i c a t i o n  of t h i s  f a s t  and economical welding 
process  f o r  c r i t i c a l  a p p l i c a t i o n s .  I n  t h e  c u r r e n t  e l e c t r o s l a g  welding 
p r a c t i c e  t h e  s i z e  of t h e  h e a t  a f f e c t e d  zone i s  r e l a t i v e l y  l a r g e  and t h e  
f r a c t u r e  toughness of t h e  welds i s  o f t e n  poor. 

The work descr ibed  i n  t h i s  paper  i s  a  p a r t  of a  r e sea rch  program aimed 
a t  developing a  fundamental understanding of t he  h e a t  and f l u i d  flow 
phenomena i n  t h e  e l e c t r o s l a g  welding process  w i th  t h e  u l t i m a t e  o b j e c t i v e  
of provid ing  gu ide l ines  f o r  ope ra t ion  s o  a s  t o  achieve  improved weld 
p r o p e r t i e s .  

Most of t h e  e a r l i e r  work on t h e  e l e c t r o s l a g  welding of s t e e l s  w a s  con- 
cerned wi th  t h e  phys i ca l  c h a r a c t e r i z a t i o n  of t h e  weld by examining i ts  
mic ros t ruc tu re  and by conducting o t h e r  s u i t a b l e  t e s t s  t o  determine f r a c t u r e  
toughness and o t h e r  mechanical p r o p e r t i e s  of t h e  weld f o r  a  v a r i e t y  of 
welding cond i t i ons .  Some examples of t h e s e  s t u d i e s  a r e  t h e  papers  
by paton,^- Eagar and ~ i c c i , ~  des  Ramos, Pense and s t o u t  , 3  Liby and 0 l s o n Y 4  
and by 3ackson.5 So f a r  r e l a t i v e l y  l e s s  work has been done on t h e  predic-  
t i o n  of importan< weld c h a r a c t e r i s t i c s  such a s  t h e  s i z e  of t h e  h e a t  
a f f e c t e d  zone, g r a i n  growth, and t h e  weld d i l u t i o n .  

The f i r s t  modeling work on t h e  ESW process ,  p resented  by Di lawar i ,  
Szekely,  and  agar,^ d e a l s  wi th  t h e  c a l c u l a t i o n  of h e a t  and f l u i d  flow i n  
t h e  l i q u i d  s l a g  and l i q u i d  meta l  r eg ions  i n  i d e a l i z e d  two dimensional sys- 
t e m s .  It is found t h a t  t h e  computed r e s u l t s  a r e  s i g n i f i c a n t l y  inf luenced  
by t h e  system geometry. Subsequently,  a  computation scheme has been pre- 
sented'  t o  c a l c u l a t e  t h e  temperature f i e l d s  and t h e  h e a t  genera t ion  p a t t e r n s  
i n  t r u l y  t h r e e  dimensional systems. The work e s t a b l i s h e s  t h a t  a  r educ t ion  
i n  t h e  h e a t  i n p u t ,  a c r u c i a l  o b j e c t i v e  i n  t h e  e l e c t r o s l a g  welding p roces s ,  
can  be  achieved by us ing  narrow p l a t e  gaps o r  by us ing  c l o s e l y  spaced mul- 
t i p l e  e l ec t rodes .  

This  previous p p e r  , ' whi l e  providing useÂ u l  information (such a s  t h e  
e f f e c t  of e l e c t r o d e  asymmetry on t h e  h e a t  genera t ion  p a t t e r n )  about t h e  
process ,  d id  not  d e a l  w i t h  some of t h e  important  a s p e c t s  of t h e  welding 
process ,  such a s  t h e  weld d i l u t i o n .  Also, t h e  temperature p r o f i l e s  were 
c a l c u l a t e d  f o r  t h e  l i q u i d  m e t a l  and t h e  l i q u i d  s l a g  r eg ions  only and t h e  
c a l c u l a t i o n  of t r a n s i e n t  h e a t  flow i n  t h e  base  p l a c e  was no t  c a r r i e d  out .  

These problems a r e  addressed i n  t h e  p re sen t  paper.  Some of t h e  a t t r a c -  
t i v e  f e a t u r e s  of t h e  e a r l i e r  computation scheme, such a s  t h e  computation of 
h e a t  genera t ion  p a t t e r n s  and temperature p r o f i l e s  i n  t h e  l i q u i d  reg ion  i n  
a  t r u l y  t h r e e  dimensional s i t u a t i o n  are r e t a i n e d  i n  the p re sen t  model. 
However, t h e  computation has  been extended t o  account f o r  t h e  t h r e e  dimen- 
s i o n a l  t r a n s i e n t  h e a t  flow i n  t h e  base  p l a t e  and t h e  weld d i l u t i o n .  

I n  t h e  fol lowing s e c t i o n s ,  w e  s h a l l  o u t l i n e  t h e  mathematical model 
and t h e  computational procedure. This  i s  followed by a s e c t i o n  on t h e  
comparison between t h e  computed r e s u l t s  and t h e  a v a i l a b l e  experimental  d a t a  
and t h e  conclus ions  from t h i s  s tudy .  



Mathematical Modeling 

I n  t h e  e l e c t r o s l a g  welding system, a  diagram of which i s  shown i n  
F igure  1, t h e  c u r r e n t  passes  through t h e  consumable e l e c t r o d e ,  through t h e  
molten s l a g ,  t o  t h e  base  p l a t e ,  e i t h e r  d i r e c t l y  o r  i n d i r e c t l y  through t h e  
molten meta l  pool.  This  r e s u l t s  i n  t h e  es tab l i shment  of v o l t a g e  p r o f i l e s  
and s p a t i a l l y  d i s t r i b u t e d  h e a t  genera t ion  p a t t e r n s  i n  t h e  l i q u i d  s l a g .  A s  
a  r e s u l t  of t h e  h e a t  gene ra t ion ,  t h e  consumable e l e c t r o d e  m e l t s ,  forming a  
pool  of l i q u i d  meta l  underneath t h e  l i q u i d  s l a g .  The s o l i d i f i c a t i o n  of t h e  
l i q u i d  meta l  pool forms t h e  weld. The nonuniform c u r r e n t  d e n s i t y  i n  t h e  
s l a g  r e s u l t s  i n  t h e  es tab l i shment  of an  e lec t romagnet ic  f o r c e  f i e l d  which 
causes  c i r c u l a t i o n  i n  t h e  l i q u i d  reg ion .  Heat generated i n  t h e  l i q u i d  s l a g  
i s  t r anspor t ed  t o  t h e  base  p l a t e  by conduction and by convect ion.  P a r t  of 
t h i s  h e a t  is  u t i l i z e d  f o r  t h e  mel t ing  of t h e  base  p l a t e  and is  r e spons ib l e  
f o r  t h e  weld d i l u t i o n  whi le  t h e  remainder is  t r a n s f e r r e d  i n t o  t h e  base  
p l a t e  and i s  r e s p o n s i b l e  f o r  t h e  thermal  c y c l e  i n  t h e  base  p l a t e ,  t h e  
es tab l i shment  of a  h e a t  a f f e c t e d  zone, and t h e  r e s u l t a n t  g r a i n  growth. 
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Figure  1. Sketch of t h e  ESW Process  

SLAG 

METAL 



The fol lowing phys i ca l  processes  a r e  t o  be  considered i n  o r d e r  t o  simu- 
l a t e  t h e  welding process:  

(a) The passage of c u r r e n t  from t h e  e l e c t r o d e  through the  
molten s l a g  and meta l  pools  t o  t h e  base  p l a t e  r e s u l t s  
i n  t h e  es tab l i shment  of a s p a t i a l l y  d i s t r i b u t e d  h e a t  
gene ra t ion  p a t t e r n .  

(b) Heat t r a n s f e r  i n  t h e  l i q u i d  meta l  and l i q u i d  s l a g  t a k e s  
p l ace  by conduct ion,  convect ion,  and by t h e  t r a n s p o r t  
of t h e  l i q u i d  meta l  drops from t h e  s l a g  t o  t h e  metal  
phase. 

( c )  Thermal energy i s  t r a n s f e r r e d  i n  t h e  base  p l a t e  by 
t r a n s i e n t  conduct ion and t h e  time dependent p o s i t i o n  
of t h e  boundary s e p a r a t i n g  t h e  molten and t h e  s o l i d  
meta l  reg ions  i s  determined by a dynamic h e a t  balance.  

The c a l c u l a t i o n  procedure adopted h e r e  f o r  t h e  d e t a i l e d  p r e d i c t i o n  of 
h e a t  genera t ion  p a t t e r n s  and temperature p r o f i l e s  i n  t h e  l i q u i d  region of 
t h e  e l e c t r o s l a g  welding process  has  been presented  r e c e n t l y . 7  I n  s h o r t ,  
t h e  modeling equat ions  a r e  represented  by s ta tements  of t he  a p p r o p r i a t e  
e l e c t r i c  f i e l d  equat ions  toge the r  w i th  Ohm's l a w  i n  t h r e e  dimensions i n  
o rde r  t o  c a l c u l a t e  t h e  s p a t i a l l y  d i s t r i b u t e d  h e a t  genera t ion  p a t t e r n .  The 
h e a t  genera t ion  p a t t e r n  is  c a l c u l a t e d  only f o r  t h e  l i q u i d  s l a g  phase s i n c e  
t h e  e l e c t r i c a l  r e s i s t a n c e  of t h e  s l a g  phase is  s e v e r a l  thousand times h ighe r  
t han  t h a t  of t h e  metal  phase and p r a c t i c a l l y  a l l  of t h e  h e a t  is generated i n  
t h e  s l a g  phase. Having c a l c u l a t e d  t h e  h e a t  genera t ion  p a t t e r n s  f o r  t h e  
l i q u i d  s l a g ,  a t t e n t i o n  i s  focused on t h e  c a l c u l a t i o n  of t h e  temperature pro- 
f i l e s  i n  t h e  l i q u i d  s l a g  and l i q u i d  metal .  Es t imates  of t h e  temperature 
p r o f i l e s  a r e  made by so lv ing  t h e  h e a t  flow equat ions  us ing  e f f e c t i v e  t h e r -  
mal c o n d u c t i v i t i e s  t o  account f o r  t h e  convect ion i n  t h e  l i q u i d  meta l  and 
l i q u i d  s l a g  phases.  The c a l c u l a t i o n  scheme7 accounts  f o r  t h e  t r a n s p o r t  of 
h e a t  from t h e  s l a g  t o  meta l  phase by t h e  l i q u i d  metal  d rops ,  t h e  energy 
l o s s  due t o  e l e c t r o l y s i s ,  and t h e  energy requi red  f o r  t h e  hea t ing  of t h e  
co ld  s l a g  charge.  

The temperature p r o f i l e  i n  t h e  base  p l a t e  i s  represented  by t h e  follow- 
i n g  r e l a t i o n s h i p :  

The boundary cond i t i ons  used f o r  t h e  s o l u t i o n  of t h e  above equat ion  a r e  pre- 
sen ted  i n  Appendix A .  It i s  noted t h a t  both t h e  thermal conduc t iv i ty  and 
t h e  s p e c i f i c  h e a t  a r e  allowed t o  be  temperature dependent, bu t  t h i s  tempera- 
t u r e  dependence is determined s o l e l y  by t h e  n a t u r e  of t h e  m a t e r i a l .  

I n  t h e  p re sen t  computation t h e  proper ty  va lues  f o r  low carbon s t e e l  a r e  
used and t h e  fol lowing r e l a t i o n s h i p s  a r e  employed t o  d e s c r i b e  t e temperature 
dependence of t h e  thermal conduc t iv i ty  , b a d  t h e  s p e c i f i c  h e a t .  8 

k = 9.2 x lo"* - 5.86 x l o 5 !  f o r  T < 1050 K 
= 3.05 x f o r  T > 1050 K 

k is expressed i n  kW/mK 

= 0.46 + 4.18 x ~ o - ~ T  f o r  T < 1000 K 
P = 0.88 f o r  T > 1000 K 



C i n  t h e  above equat ion  i s  expressed i n  kW/kgK 
P 

The mel t ing  r a t e  of t h e  base  p l a t e  can be  c a l c u l a t e d  from t h e  fo l lowing  
equat ion:  

- 
"b " ^stpt *stpi /AH ( 4 )  

where Qst and H ( i n  kW) a r e  t h e  r a t e  of h e a t  t r a n s f e r  from t h e  l i q u i d  
s l a g  t o  tRe base  $&fe and t h e  r a t e  of h e a t  t r a n s f e r  from t h e  mel t ing  base  
p l a t e  t o  t h e  i n t e r i o r  of t h e  base  p l a t e .  These q u a n t i t i e s  a r e  c a l c u l a t e d  
from t h e  temperature f i e l d  by i n t e g r a t i n g  t h e  l o c a l  va lues  of hea t  f l u x e s ,  
and AH is  t h e  l a t e n t  h e a t  of f u s i o n  i n  kJ/kg.  The amount of base  meta l  
d i l u t i o n  is r e a d i l y  obta ined  from t h e  fo l lowing  express ion:  

7, D i l u t i o n  = TO,/(% + m) (5) 

where m is  t h e  e l e c t r o d e  mel t ing  r a t e  c a l c u l a t e d  dur ing  t h e  h e a t  f low ca l -  
c u l a t i o n  i n  t h e  l i q u i d  s l a g  reg ion .  

Computational Method 

Tasks - 
The computat ional  scheme descr ibed  i n  t h e  p re sen t  s e c t i o n  i s  designed 

t o  perform t h e  fo l lowing  t a sks :  

(1) Solu t ion  of t h e  e l e c t r i c  f i e l d  equat ion  i n  t h e  s l a g  
phase t o  c a l c u l a t e  t h e  vo l t age  p r o f i l e s  and h e a t  
gene ra t ion  p a t t e r n s  i n  t h r e e  dimensions. 

(2 )  So lu t ion  of t h e  s teady  s t a t e ,  t h r e e  dimensional h e a t  
flow equat ions  i n  t h e  l i q u i d  reg ions  wi th  due con- 
s i d e r a t i o n  f o r  t h e  t r a n s p o r t  of h e a t  from t h e  s l a g  
t o  t h e  metal  phase by t h e  l i q u i d  m e t a l  drops,  t h e  
energy l o s s  due t o  e l e c t r o l y s i s ,  and t h e  energy re- 
qu i r ed  f o r  t h e  h e a t i n g  of t h e  co ld  s l a g  charge.  

(3)  Calcu la t ion  of t h e  t h r e e  dimensional temperature 
p r o f i l e s  i n  t h e  base  p l a t e  a s  a  func t ion  of t ime 
by so lv ing  a  t r a n s i e n t  h e a t  conduction equat ion.  

Sequence of Operat i ons  

A s  has  been d iscussed  e a r l i e r ,  t h e  e l e c t r i c  f i e l d  equat ions  and t h e  h e a t  
f low equat ions  a r e  n o t  e x p l i c i t l y  coupled. The c a l c u l a t i o n  of t h e  tempera- 
t u r e  p r o f i l e s  i n  t h e  l i q u i d  s l a g  and t h e  l i q u i d  metal  reg ions  r e q u i r e s  
knowledge of t h e  h e a t  genera t ion  p a t t e r n  which i n  t u r n  r e q u i r e s  s o l u t i o n  of 
t h e  e l e c t r i c  f i e l d  equat ion i n  t h e  s l a g  region.  However, t he  phys i ca l  d i -  
mension (width) of t h e  reg ion  i s  n o t  known a p r i o r i  s i n c e  t h e  width of t h i s  
reg ion  i s  r e l a t e d  t o  t h e  weld d i l u t i o n ~ a  quan t i t y  which can be  c a l c u l a t e d  
only a f t e r  t h e  h e a t  flow equat ions  a r e  solved f o r  t h e  l i q u i d  reg ions  and f o r  
t h e  base  p l a t e .  Therefore,  an i t e r a t i v e  computat ional  scheme, o u t l i n e d  i n  
F igure  2 ,  has  been adopted. 

I n  s h o r t ,  an i t e r a t i v e  scheme i s  used i n  which t h e  computation is  
s t a r t e d  wi th  a n  assumed va lue  of d i l u t i o n .  The e l e c t r i c  f i e l d  equat ion  and 
t h e  modified h e a t  conduction equat ions  i n  t h e  l i q u i d  reg ions  are so lved  
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Figure  2 .  Schematic flow s h e e t  of t h e  computer program 

s e q u e n t i a l l y .  This  i s  followed by t h e  s o l u t i o n  of t h e  t r a n s i e n t  h e a t  conduction 
equat ion  f o r  t h e  base  p l a t e  t o  compute t h e  temperature p r o f i l e s  and t h e  weld 
d i l u t i o n  a s  a  func t ion  of t i m e .  The time average va lue  of t h e  weld d i l u t i o n  
i s  then  compared wi th  t h e  i n i t i a l l y  assumed va lue  of d i l u t i o n .  The procedure 
i s  repea ted  u n t i l  t h e  assumed and t h e  computed va lues  of weld d i l u t i o n  a g r e e  
wi th in  2%. 

Details of t h e  Computational Work 

Use of E f f e c t i v e  Conduct ivi ty .  I n  t h e  p re sen t  computations e f f e c t i v e  o r  
enhanced va lues  of thermal conduc t iv i ty  a r e  used f o r  t h e  computations re- 
l a t i n g  t o  t h e  bulk  of t h e  l i q u i d  s l a g  and t h e  l i q u i d  meta l  phases.  Near t h e  
s o l i d  w a l l s  ( g r id  nodes c l o s e s t  t o  t h e  s o l i d  w a l l s )  r e l a t i v e l y  lower va lues  
of e f f e c t i v e  thermal  conduc t iv i ty  presented  i n  Table I a r e  used. The e f f e c t s  
of u s ing  d i f f e r e n t  va lues  of e f f e c t i v e  conduc t iv i ty  have been examined i n  our  
e a r l i e r  paper. I n  t h e  p re sen t  computations,  t h e  nea r  w a l l  va lues  a r e  used 
only for t h e  g r i d  nodes next t o  t h e  s o l i d  wa l l s .  

Grids .  The e l e c t r i c  f i e l d  equat ion  and t h e  h e a t  flow equat ions  a r e  
solved i n  f i n i t e  d i f f e r e n c e  forms us ing  nonuniformly spaced r ec t angu la r  g r i d s .  
I r r e g u l a r  boundaries  a r e  approximated by jud ic ious  choice  of g r i d s .  



Table I. Values of  E f f e c t i v e  Thermal Conduct iv i ty  

-- - - - 

bulk  near  w a l l  

s l a g  0.6 0.075 

me ta l  0.3 0 .15 

For example, t h e  c i r c u l a r  c r o s s  s e c t i o n  of t h e  e l e c t r o d e  i s  r ep re sen t ed  by 
a r e g u l a r  octagon,  The l o c a t i o n s  of t h e  g r i d  nodes a r e  presen ted  i n  Table  
11. 

Table 11. D e t a i l s  o f  t h e  F i n i t e  Di f fe rence  Grid D i s t r i b u t i o n  

Gr ids  i n  t h e  Liquid  Region 
- - 

D i r e c t  i on  

x 0 ,  0 .05 ,  0 .18,  0 .34,  0.50, 0 .66,  0 .83,  1 .0 ,  
1 .08,  1.15, 1.23, and 1.27 (12 nodes) 

Y 60.3,  60.38, 60.54, 60.82, 61.1,  61.38, 61.66, 
61.94, 62.22, 62.38, 62.46, and 62.5 (12 nodes) 

z 0 ,  0 .2 ,  0 .63,  1.07, 1 .51,  1.94, 2.37, 2.80, 
3 .0 ,  3 .2 ,  3 .5 ,  3.8,  4.1,  4 .4 ,  and 4.5 (15  
nodes) 

Fixed Gr ids  i n  t h e  Base P l a t e  (cm) 

x 0 ,  0 .16 ,  0.48, 0.80, 1 .12,  and 1.27 (6  nodes) 

Y 0 ,  15.0,  35.0,  44.0,  50.0, 53.95, 55.22, 
56.49, 57.12, 57.76, 58.4,  59.03, 59.48, 
59.85, 60.10, 60.30, 60.80, 61.40, 62.00, 
and 62.50 (20 nodes) 

- 

Examples of Time Dependent F l e x i b l e  Grid Loca t ions  
i n  t h e  z-Direct ion (cm) 

t = 203 s 0 ,  5 .6 ,  11.4,  17.1,  22.8, 28.5, 34.2,  36.9,  
39.3, 39 .9 ,  41.1,  42.3,  42.9, 43.8,  44.4,  
44.9, and 45.8 (17 nodes) 

t = 390 s 0 ,  5 .6 ,  11.4,  17.1,  22.8, 28.5,  31.2, 33.6,  
34.2, 35 .4 ,  36.6, 37.2,  38.1,  38 .7 ,  39.2,  
39.9,  and 45.8 (17 nodes) 

I n  t h e  base p l a t e ,  temperature  v a r i a t i o n s  a r e  maximum i n  t he  v i c i n i t y  
of t h e  base p l a t e l l i q u i d  s l a g  i n t e r f a c e .  To achieve a reasonably h igh  
accuracy i n  t h e  computat ions,  c l o s e r  g r i d  spac ings  a r e  needed i n  t he  
v i c i n i t y  of t h e  rne l t / so l i d  boundary. This is achieved by choosing 



s u f f i c i e n t l y  small  g r i d  s i z e s  (nonuniformly spaced, f i xed )  i n  t h e  x and y 
d i r e c t i o n s  ( i n  t h e  h o r i z o n t a l  p lane)  and by us ing  time dependent f l e x i b l e  
g r i d  l o c a t i o n s  i n  t h e  v e r t i c a l  z -d i r ec t ion  (welding d i r e c t i o n ) .  Since t h e  
welding speed is  r e l a t e d  t o  t h e  e l e c t r o d e  mel t ing  r a t e  and i s  c a l c u l a t e d  
p r i o r  t o  t h e  computations i n  t h e  base  p l a t e ,  t h e  z - loca t ion  of t h e  top  of 
t h e  s l a g  s u r f a c e  can be determined wi th  r e f e rence  t o  a  f i xed  o r i g i n  a t  any 
given time. During t h e  computations,  t h e  time s t e p s  a r e  c a l c u l a t e d  i n  such 
a manner than  t h e  top  of t h e  s l a g  s u r f a c e  co inc ides  wi th  one of n i n e ,  f i x e d  
predetermined l o c a t i o n s  i n  t h e  z -d i r ec t ion .  I n  a d d i t i o n  t o  t h e s e  n i n e  g r i d s ,  
e i g h t  f l e x i b l e  g r i d s  a r e  s t a t i o n e d  on both  s i d e s  of t h e  "top s l a g  surface1'-- 
two of t h e s e  being above t h i s  s u r f a c e  and s i x  below i t .  The t o t a l  number 
of working g r i d s  a t  any given t i m e  in t h e  2-direct ion was, t h e r e f o r e ,  17 
s t a t i o n e d  f l e x i b l y  wi th  due cons ide ra t ion  t o  t h e  l o c a t i o n  of t h e  p lane  re-  
p re sen t ing  t h e  top  s l a g  s u r f a c e ,  The l o c a t i o n s  of t h e  working z-grid nodes 
i n  t h e  base  p l a t e  a t  two time i n s t a n c e s  a r e  presented  i n  Table 11, a long 
wi th  t h e  l o c a t i o n s  of t h e  x and y nodes i n  t h e  base  p l a t e .  

The t o t a l  number of g r i d s  a t  any given t ime i s ,  t h e r e f o r e ,  6 x  20 x 17 
= 2040 i n  t h e  base  p l a t e  and 12  x 1 2  x 15 = 2160 i n  t h e  l i q u i d  region.  A 
t y p i c a l  c a l c u l a t i o n  t akes  about  500 sec  of c e n t r a l  p rocess ing  t i m e  on MIT's 
IBM 370 d i g i t a l  computer. 

So lu t ion  of t h e  F i n i t e  Di f fe rence  Equat ions.  The f i n i t e  d i f f e r e n c e  
equat ions  a r e  so lved  by an i t e r a t i v e  scheme involv ing  a l ine-by-l ine solu-  
t i o n  procedure. The scheme known as t r i d i a g o n a l  ma t r ix  a lgor i thm (TDMA) i s  
a p a r t i c u l a r  v e r s i o n  of Gaussian e l imina t ion  technique i n  which t h e  va lues  
of a v a r i a b l e ,  such a s  v o l t a g e  o r  temperature a t  a l l  t h e  g r i d  p o i n t s  on a  
l i n e ,  can b e  updated a t  a  t i m e .  This  method i s  apprec iab ly  f a s t e r  than t h e  
point-by-point i t e r a t i o n  scheme i n  which t h e  v a l u e  of a  v a r i a b l e  is updated 
only  a t  a s i n g l e  g r i d  node. To achieve  f a s t  convergence, t h e  a lgo r i thm 
TDMA i s  used i n  t h e  v e r t i c a l  d i r e c t i o n  where t h e  v a r i a t i o n  i n  t h e  va lue  of 
a  v a r i a b l e  such a s  t h e  vo l t age  is  s i g n i f i c a n t .  The computation starts with 
some assumed va lues  of a  v a r i a b l e  a t  a l l  t h e  g r i d  nodes. The assumed va lues  
a r e  then updated along a chosen l i n e  and t h e  boundary cond i t i ons  a r e  app l i ed  
a t  both ends of t h e  l i n e .  Once TDMA is  appl ied  f o r  a  l i n e  ad j acen t  t o  a  
boundary s u r f a c e ,  v a r i a b l e  va lues  on t h e  n e a r e s t  v e r t i c a l  l i n e  on t h i s  sur -  
f a c e  a r e  updated by apply ing  t h e  a p p r o p r i a t e  boundary cond i t i on .  Af t e r  one 
c y c l e  of i t e r a t i o n ,  t h e  a b s o l u t e  va lues  of t h e  d i f f e r e n c e  between t h e  "old" 
and t h e  updated va lues  of t h e  v a r i a b l e  a t  a l l  g r i d  nodes a r e  compared wi th  
a  c e r t a i n  p re sc r ibed  smal l  q u a n t i t y  t o  check f o r  t h e  convergence. For t h e  
v o l t a g e  c a l c u l a t i o n s  needed t o  compute h e a t  gene ra t ion  p a t t e r n s ,  t h e  maxi- 
mum a l lowable  d i f f e r e n c e  i j )  - ij> 1 , i s  p re sc r ibed  t o  be  less than  0.00001 

o l d  v o l t .  This  s p e c i f i e d  d i f f e r e n c e  i n  v o l t a g e  amounts t o  only 0.00025% of t h e  
v o l t a g e  d i f f e r e n c e  between t h e  e l e c t r o d e  and t h e  base  p l a t e .  The accuracy 
of t h e  computations is a l s o  ensured by means of independent checks. For 
example, f o r  t h e  v o l t a g e  c a l c u l a t i o n s ,  t h e  numerical ly  i n t e g r a t e d  va lue  of 
h e a t  genera t ion  p a t t e r n  over  t h e  3D reg ion  i s  compared wi th  t h e  product of 
t h e  o v e r a l l  c u r r e n t  and t h e  v o l t a g e  d i f f e r e n c e  between t h e  e l e c t r o d e  and 
t h e  base  p l a t e .  For t h e  c a l c u l a t i o n  of temperature p r o f i l e s ,  a  maximum 
d i f f e r e n c e  of 0.01 K was used as a convergence c r i t e r i a  t o  ensure  s u f f i c i e n t  
accuracy i n  computations.  

Computed Resu l t s  and Discussion 

The computed r e s u l t s  provide  information on t h e  s p a t i a l l y  d i s t r i b u t e d  
h e a t  genera t ion  p a t t e r n s ,  on t h e  temperature f i e l d s  i n  t h e  molten r eg ions ,  
on t h e  temperature f i e l d s  w i t h i n  t h e  base  p l a t e ,  and on t h e  weld d i l u t i o n .  



I n  t he  model, the  s p a t i a l l y  d i s t r i b u t e d  hea t  gene ra t ion  p a t t e r n  i s  ca l cu la -  
t e d  by so lv ing  the  e l e c t r i c  f i e l d  equat ion  and i s  not taken a s  an ad jus t -  
a b l e  parameter.  A d e t a i l e d  s tudy  of the  hea t  genera t ion  p a t t e r n s  and the 
temperature p r o f i l e s  i n  t h e  l i q u i d  metal  has been presented i n  an e a r l i e r  
paper .^ The modeling work presented i n  t h i s  paper i s  an ex tens ion  of the  
e a r l i e r  work. Here t h e  temperature d i s t r i b u t i o n  i n  t he  base p l a t e  has  been 
t r e a t e d  a s  a  t r a n s i e n t  t h r e e  dimensional problem. The weld d i l u t i o n  i s  
accounted f o r  i n  t h e  computations.  The computed va lues  of t he  temperature 
p r o f i l e s  and the  weld d i l u t i o n  a r e  compared wi th  the  a v a i l a b l e  experimental  
d a t a .  

The d a t a  used f o r  the  computations a r e  t he  t y p i c a l  va lues  of d i f f e r e n t  
parameters  encountered f o r  t he  ESW of mild s t e e l  p l a t e s .  These a r e  pre- 
sen ted  i n  Table 111. 

Table 111. Values of Various Parameters Used f o r  
the  Calc1:lation of Temperature F i e l d s  

P l a t e  t h i ckness  2 .54x l0 -~  and 5 . 0 8 ~ 1 0 " ~  m 

I n i t i a l  p l a t e  gap 1. gxlo-'rn & 3.0x10"~m 

Width of copper shoe 1.02 x l0"lm 
Elec t rode  r ad ius  1 .2  
Metal drop r ad ius  1 .2  lo"^ 
Depth of t he  s l a g  pool 3 .O  x 1 0 " ~ r n  
E lec t rode  immersion i n  t h e  s l a g  1.5 x l0^m 
Length of  t he  base p l a t e  0.30 and .61m 
Elec t rode  vo l t age  3 7V 

c a l c u l a t e d  i n  t h e  program, 
Current  roughly 500A 
Molten s l a g  e l e c t r i c a l  conduc t iv i ty  375 (~hm.m) '~  
Molten s l a g  thermal conduc t iv i ty  1.05x10-~ k J /  (ms ZK) 
Molten meta l  thermal conduc t iv i ty  2 .1  x 10"' kJ/ms K )  
Heat t r a n s f e r  c o e f f i c i e n t  a t  t h e  s l a g /  

kJ/m2s oK) 
cool ing  shoe i n t e r f a c e  

Heat t r a n s f e r  c o e f f i c i e n t  a t  t he  base 
p l a t e / coo l ing  shoe i n t e r f a c e  0.13 kJ /  ( m s * ~ )  

Convective h e a t  t r a n s f e r  c o e f f i c i e n t  o,084 kJ(msoKl a t  t h e  base p l a t e  s u r f a c e s  
S p e c i f i c  h e a t  of t h e  e l e c t r o d e  
S p e c i f i c  h e a t  of t he  l i q u i d  meta l  drops 
S p e c i f i c  h e a t  of t h e  s l a g  
Laten t  h e a t  of  fu s ion  of t he  e l e c t r o d e  
Emiss iv i ty  of  t he  f r e e  s l a g  su r f ace  
Vi scos i ty  of t he  s l a g  
Densi ty of t h e  l i q u i d  meta l  
Densi ty  of  l i q u i d  s l a g  

I n  the  base p l a t e  t r a n s i e n t  t h r e e  dimensional temperature p r o f i l e s  a r e  
c a l c u l a t e d .  Since the  q u a n t i t y  of t he  d a t a  generated i s  voluminous, on ly  a  
r e p r e s e n t a t i v e  s e l e c t i o n  i s  presented  he re .  However, t he  computer isotherms 
e x h i b i t  t he  t y p i c a l  behavior  expected from a moving d i s t r i b u t e d  h e a t  source,  
t h e  s t r e n g t h  of which i s  c a l c u l a t e d  by so lv ing  e l e c t r i c  f i e l d  equat ions .  

I n  Figure 3 ,  t he  computer va lues  of temperature a t  two d i f f e r e n t  moni- 
t o r i n g  loca t ions  is  shown a s  a  func t ion  of time f o r  t he  experimental  condi- 
t i o n s  repor ted  by Benter ,  e t  a l . 1 0  Thei r  experimental  d a t a  a r e  a l s o  pre- 
senCed i n  t h i s  diagram t o  enable a  d i r e c t  comparison between the  p r e d i c t i o n s  
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Figure 3 .  Temperatures a tMoni tor ing  Locat ionsvs .Time.  Monitoring l o c a t i o n s  a r e  a t  the h a l f  
th ickness  mid-sections near  t he  bottom end of the  base p l a t e  a t  d i s t a n c e s  from the  
weld face  ind ica t ed  on t h e  graphs.  P l a t e  dimensions: 0.47m long,  0.61m wide, and 
0.02m t h i c k .  Welding vo l t age  = 37V, P l a t e  gap = 0.03m, Elec t rode  immersion = 0.015m. 
Welding speed = 3.1 x l ~ ' ^ m / s .  



based on t h e  model and t h e  measurements. It i s  noted t h a t  t h e  model d i d  n o t  
i nco rpora t e  t h e  e f f e c t  of t h e  s t a r t i n g  t ab  and,  f o r  t h i s  reason ,  one minute 
' s t a r t i n g  delay" w a s  made t o  r e p r e s e n t  t h i s  phenomenon. 

In spec t ion  of F igure  3 shows very good agreement between t h e  predic-  
t i o n s  and t h e  measurements. 

The t r a n s i e n t  temperature p r o f i l e s  i n  t h e  base  p l a t e  e s t a b l i s h  t h e  s i z e  
of t h e  h e a t  a f f e c t e d  zone and in f luence  t h e  g r a i n  growth i n  t h i s  reg ion .  
Both t h e s e  parameters  a r e  important i n  determining t h e  mechanical p r o p e r t i e s  
of t h e  weld. The r o l e s  played by d i f f e r e n t  process  parameters  on t h e  s i z e  
of t h i s  zone and t h e  g r a i n  growth phenomena a r e  being s tud ied  a t  t h i s  t i m e  
and w i l l  b e  r epo r t ed  i n  due course .  However, i t  is  seen from F igu re  3 t h a t  
r e l a t i v e l y  h igh  temperatures  a r e  achieved a t  one inch  d i s t a n c e  from t h e  
welding f a c e  of t h e  p l a t e  a t  t h e  bo t ton  end of t h e  v e r t i c a l  mid-section. 
S ince  t h e  s i z e  of t h e  h e a t  a f f e c t e d  zone i s  thought t o  be r e l a t e d  t o  t h e  
peak temperature,  t h e  r e l a t i v e l y  h igh  temperature va lue  a t  t h e  s a i d  moni- 
t o r i n g  l o c a t i o n  is  c o n s i s t e n t  w i th  a  r e l a t i v e l y  l a r g e  s i z e  of t h e  h e a t  
a f f e c t e d  zone commonly encountered i n  t h e  ESW process .  Furthermore, t h e  
d a t a  shown i n  F igu re  3 unde r l ine  t h e  f a c t  t h a t  e l e c t r o s l a g  welding is  a 
t r a n s i e n t  process  which has  two important imp l i ca t ions .  One of t h e s e  i s  
t h a t  t h e  p r o p e r t i e s  of t h e  weld may e x h i b i t  s i g n i f i c a n t  s p a t i a l  v a r i a t i o n s ;  
t h e  o t h e r  i s  t h a t  g r e a t  c a r e  has  t o  be taken i n  t h e  s e l e c t i o n  of t h e  t e s t  
p i e c e  geometry, i n  o rde r  t o  reproduce f a i t h f u l l y  t h e  cond i t i ons  i n  produc- 
t i o n  s c a l e  ope ra t ions .  

A s  noted i n  t h e  e a r l i e r  s e c t i o n ,  t h e  weld d i l u t i o n  is  computed i t e r a -  
t i v e l y .  The weld d i l u t i o n  and t h e  s o l i d i f i c a t i o n  p r o f i l e  d e f i n e  t h e  weld 
form f a c t o r ,  an  important parameter i n  determining t h e  weld q u a l i t y .  For 
t h i s  reason ,  i t  is of i n t e r e s t  t o  examine t h e  imp l i ca t ions  of t h e  computer 
r e s u l t s  regard ing  t h e  weld d i l u t i o n .  

F igure  4 shows a p l o t  of t h e  percentage d i l u t i o n ,  def ined  e a r l i e r  i n  
Eq .  ( S ) ,  a g a i n s t  a dimensionless  time. It i s  seen t h a t  i n i t i a l l y  t h e  d i l u -  
t i o n  i s  low, i t  a t t a i n s  a more-or-less s teady  va lue  over a major l eng th  of 
t h e  weld, and f i n a l l y  t h e  d i l u t i o n  i n c r e a s e s  a s  t h e  top of t h e  p l a t e  i s  
be ing  approached. This  behavior  seems reasonable  because dur ing  t h e  i n i t i a l  
s t a g e s  most of t h e  thermal energy i s  being used t o  prehea t  t h e  p l a t e ,  wh i l e  
a  quasi-steady type  h e a t  ba lance  is  being maintained subsequent ly i n  t h e  
p roces s ,  corresponding t o  t h e  h o r i z o n t a l  p a r t  of t h e  curve. It i s  noted 
t h a t  t h e  i n i t i a l l y  low l e v e l  of d i l u t i o n  is  usua l ly  compensated f o r ,  by 
us ing  a s t a r t i n g  t ab .  

F igu re  5 shows a s e l e c t i o n  of experimental  d a t a  repor ted  by Benter  e t  
a l , 1 Â  r e l a t i n g  t h e  percentage  d i l u t i o n  t o  t h e  weld speed. It is  seen t h a t  
t h e  d a t a  e x h i b i t  app rec i ab le  s c a t t e r ;  t h i s  i s  i n  p a r t  a t t r i b u t a b l e  t o  t h e  
d i f f i c u l t i e s  i n  a s se s s ing  d i l u t i o n  accu ra t e ly ;  moreover t h e  d a t a  r ep re sen t  
measurements taken from s e v e r a l  s e c t i o n s .  The d a t a  i n d i c a t e  t h a t  d i l u t i o n  
tends t o  decrease  s l i g h t l y ,  w i t h  inc reas ing  welding speed. The f u l l  l i n e  
r e p r e s e n t s  p r e d i c t i o n s  based on t h e  model, which seems t o  be  i n  reasonable  
agreement w i th  t h e  measurements. 

F igure  6 shows experimental  measurements of ~ i c c i '  concerned w i t h  t h e  
e f f e c t  of t h e  p l a t e  gap on t h e  percentage d i l u t i o n .  The t h e o r e t i c a l  pre- 
d i c t i o n s  based on t h e  model a r e  a l s o  shown f o r  t h e  sake  of comparison. 

Here aga in  t h e  experimental  measurements do e x h i b i t  app rec i ab le  
s c a t t e r ;  none the l e s s  t h e  p r e d i c t i o n s  based on t h e  model seem t o  b e  i n  
reasonable  agreement w i t h  t h e  measurements. 



Figure  4 .  D i l u t i o n  vs. Time. P l a t e  dimensions = 0.47m long,  
0.61m wide, and 0.025m t h i c k .  Welding vo l t age  = 
37V, P l a t e  gap = 0.03111, Elec t rode  immersion = 
0.015m. Weld speed = 3.1 x 10'^m/s. 
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Figure  5 .  D i l u t i o n  vs. Dimensionless w e l d s p e e d .  p l a t e d i m e n -  
s ions :  0.47m long ,  0.61m wide, and 0.025m t h i c k .  
Welding v o l t a g e  = 37V, P l a t e  gap = 0.031~.  Electrode 
immersion = 0.015m. Reference weld speed = 
3.1 x 10-'m/s. 
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Figure  6 .  D i l u t i o n  vs .  P l a t e  Gap. P l a t e  dimensions: 0.3m long,  
0.3m wide, and 0 . 0 5 ~  t h i c k .  Welding v o l t a g e  = 45V ,  
Elec t rode  immersion = 0.095m. 

Conclusions 

A mathematical r e p r e s e n t a t i o n  of t he  ESW process  has  been used t o  com- 
p u t e  t h e  t r a n s i e n t  t h r e e  dimensional temperature p r o f i l e  i n  t h e  base  p l a t e  
and t h e  weld d i l u t i o n .  The computed va lues  of t h e s e  q u a n t i t i e s  a r e  found 
t o  b e  i n  good agreement w i th  t h e  a v a i l a b l e  experimental  d a t a .  The com- 
puted r e s u l t s  i n d i c a t e  t h a t  e l e c t r o s l a g  welding is  a t r a n s i e n t  process  and 
t h a t  t h e  p r o p e r t i e s  of t h e  weld may e x h i b i t  s i g n i f i c a n t  s p a t i a l  v a r i a t i o n .  
The weld d i l u t i o n  i s  found t o  be inf luenced  by both  t h e  p l a t e  gap and by 
t h e  weld speed. The d i l u t i o n  i n c r e a s e s  s t rong ly  w i t h  a decrease  i n  t h e  
p l a t e  gap and i n c r e a s e s  mi ld ly  w i t h  a decrease  i n  t h e  weld speed. 
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APPENDIX A 

Boundary Condit ions f o r  t h e  C a l c u l a t i o n  of 
Temperature P r o f i l e s  i n  t h e  Base P l a t e  

The fol lowing boundary cond i t i ons  a r e  used f o r  t h e  computation of 
temperature  p r o f i l e  i n  t h e  base p l a t e .  F igure  1 shows t h e  d i f f e r e n t  p l aces  
mentioned i n  t h i s  s e c t i o n .  

( i )  V e r t i c a l  s u r f a c e  of t h e  p l a t e ,  ABCD p lane :  

3 1  = h ( T  - Ta) k -  a Y 
( i i )  Bottom end o f  t h e  p l a t e ,  CDEF plane:  

( i i i )  Mid-section symmetry p lane ,  RJI HFCB plane:  

( i v )  P la te -cool ing  shoe i n t e r f a c e ,  PYEOLN plane:  

( v )  V e r t i c a l  s u r f a c e  of the  p l a t e ,  ADYPNQ plane:  

a T k - = h ( T  - Ta) 
ax 

( v i )  Top s u r f a c e  of  t h e  p l a t e ,  ABRQ plane:  

( v i i )  Mid-section symmetry plane,  EFHO plane:  
n- 

' ( v i i i )  The curved s u r f a c e  a t  t h e  l i q u i d  m e t a l i p l a t e  s u r f a c e ,  
OLIH plane:  

(ix) Liquid  s l a g / p l a t e  i n t e r f a c e ,  KJIL plane:  

(x) V e r t i c a l - s u r f a c e  of  t h e  p l a t e  QRJK p lane :  

a T K - =  
a Y (E T - e T') - hc (T - Ta) s +  s& s9,av 

Where 0' i s  t h e  Stephen-Boltzman cons t an t ,  F 
-623 

i s  t h e  view f a c t o r ,  and 

*sgav i s  t h e  average temperature  of  t h e  t o p  s l a g  su r f ace .  



L i s t  of Symbols 

C - Spec ' i f ic  h e a t  of t h e  m a t e r i a l  of t he  base p l a t e ,  kJ/kgK 
P 

h c  - Heat t r a n s f e r  c o e f f i c i e n t  a t  t h e  base p l a t e  s u r f a c e ,  
k ~ / m ~  SK 

"sllpl 
- Tota l  amount of h e a t  t r anspor t ed  from the l i q u i d  s l a g  t o  

t h e  base p l a t e ,  kH/s 

k - Thermal conduc t iv i ty ,  kJ/msK 

m - Elec t rode  mel t ing  r a t e ,  kg/s  

='b 
- Melt ing r a t e  of t he  base p l a t e ,  kg /s  

t - Time, s 

T, Ta, T - The symbol T r e f e r s  t o  temperature i n  t he  computation domain; 
s u b s c r i p t s  a  and !?,m r e f e r  t o  ambient temperature and t h e  
mel t ing  poin t  of me ta l ,  K 

X, Y, - Distance coord ina t e s ,  m 

P - Densi ty ,  kg/m3 

Sil 
- Emiss iv i ty  of t he  s l a g  su r f ace  

E - Emiss iv i ty  of t h e  base p l a t e  

(!> - Updated va lue  of v o l t a g e  

^old 
- Value of v o l t a g e  p r i o r  t o  i t e r a t i o n  




