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A b s t r a c t  

The s o u r c e s ,  mechanisms, and expected l e v e l s  of oxygen and n i t r o g e n  
con tamina t ion  d u r i n g  gas  t u n g s t e n  a r c ,  g a s  m e t a l  a r c ,  s h i e l d e d  m e t a l  a r c ,  
s e l f - s h i e l d e d  m e t a l  a r c ,  and submerged a r c  welding are reviewed. Calcu- 
l a t i o n s  i n d i c a t i n g  t h e  importance of decomposit ion of SiO2 i n t o  s i l i c o n  
monoxide and oxygen a r e  p r e s e n t e d ,  i n d i c a t i n g  t h a t  s i l i c o n  t r a n s f e r  be- 
tween t h e  s l a g  and m e t a l  o c c u r s  by a g a s - m e t a l  r a t h e r  than  a s lag-metal  
r e a c t i o n  mechanism. A model s u g g e s t i n g  t h a t  a r c  s t a b i l i z i n g  a d d i t i o n s  t o  
f l u x e s  shou ld  p r o v i d e  v o l a t i l e  s u b s p e c i e s  upon h e a t i n g  is a l s o  d i s c u s s e d .  

I n t r o d u c t i o n  

Oxygen and n i t r o g e n  con tamina t ion  o f  weld m e t a l  i s  of concern i n  t h a t  
r e l a t i v e l y  s m a l l  q u a n t i t i e s  o f  t h e s e  e lements  may a f f e c t  t h e  c l e a n l i n e s s ,  
toughness and /or  p o r o s i t y  of t h e  r e s u l t i n g  weldment. Genera l ly  speak ing ,  
t h e s e  e lements  shou ld  be  main ta ined  a t  a s  low a  l e v e l  as p o s s i b l e ;  e x c e p t  
pe rhaps  i n  t h e  c a s e  o f  a u s t e n i t i c  s t a i n l e s s  s t e e l s ,  where t h e  p e r c e n t a g e  
of d e l t a  f e r r i t e  may be manipula ted by changing t h e  n i t r o g e n  c o n t e n t  of 
the weld meta l .  I n  any case, t h e  s o u r c e s  and mechanisms which c o n t r o l  t h e  
oxygen and n i t r o g e n  c o n t e n t s  d u r i n g  welding must b e  unders tood i n  o r d e r  
t o  p rov ide  c o n t r o l  o v e r  t h e  p r o c e s s  and t h e  r e s u l t a n t  p r o p e r t i e s  o f  t h e  
weldmen t . 

P r o v i d i n g  t h a t  h i g h  q u a l i t y  s t a r t i n g  m a t e r i a l s  a r e  used,  t h e r e  a r e  
b a s i c a l l y  o n l y  two s o u r c e s  of oxygen and n i t r o g e n  con tamina t ion  of t h e  
weld m e t a l ;  v i z . ,  a b s o r p t i o n  from t h e  su r rounding  atmosphere and r e a c t i o n  
w i t h  any f l u x  which may b e  p r e s e n t .  Absorpt ion from t h e  atmosphere depends 
largely on plasma j e t  phenomena;flow r a t e ,  composi t ion,and i o n i z a t i o n  s t a t e  
o f  t h e  s h i e l d i n g  gas ;  and t h e  a b s o r p t i o n  mechanisms a t  t h e  mol ten metal-gas 
I n t e r f a c e .  F luxes  may  c o n t r i b u t e  oxygen by decomposi t ion of l e s s  s t a b l e  
o x i d e s ,  w h i l e  n i t r o g e n  con tamina t ion  from t h e  f l u x ,  which i s  of p o t e n t i a l  
c o n c e r n ,  i s  n o t  g e n e r a l l y  impor tan t .  The purpose  of t h e  p r e s e n t  paper  is  
t o  d i s c u s s  t h e s e  s o u r c e s  and t h e i r  r e l a t i v e  importance i n  t h e  v a r i o u s  arc 
weld ing  p rocesses .  
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Arc Phenomena 

Rein h a s  d e s c r i b e d  t h e  oxygen and n i t r o g e n  l e v e l s  t o  be expected when 
u s i n g  s e v e r a l  d i f f e r e n t  a r c  welding p r o c e s s e s .  ^ H i s  summary , reproduced 

i n  F i g u r e  1, i l l u s t r a t e s  t h e  wide v a r i a t i o n s  i n  n i t r o g e n  and oxygen l e v e l s  
which may be  found among a r c  welding p r o c e s s e s  g e n e r a l l y ,  and w i t h i n  the 
i n d i v i d u a l  p r o c e s s e s  s p e c i f i c a l l y .  I n  o r d e r  t o  unders tand  t h e s e  d i f f c r -  
ences ,  i t  i s  n e c e s s a r y  to d i s t i n g u i s h  t h e  b a s i c  d i f f e r e n c e s  between t h e  
p rocesses .  F i r s t ,  however, s e v e r a l  fundamental  a s p e c t s  of a r c  welding 
should be reviewed. 

Welding a r c s  c o n s i s t  of i o n i z e d  g a s e s  conduct ing l a r g e  e l e c t r i c a l  
c u r r e n t s .  The a r c  m a i n t a i n s  a d e l i c a t e  b a l a n c e  between t h e  h e a t  genera ted  
by 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  plasma and t h e  h e a t  l o s t  t o  t h e  
su r rounding  atmosphere,  workpiece and /or  e l e c t r o d e s  by conduc t ion ,  convec- 
t i o n ,  and r a d i a t i o n .  The s i z e  o f  t h e  a r c  i s  determined by b a l a n c i n g  t h e  
p r e s s u r e  of thermal  expansion o f  t h e  plasma and t h e  p r e s s u r e  of e l e c t r o -  
magnet ic  c o n s t r i c t i o n  on t h e  conduc t ing  i o n s .  I f  e i t h e r  o f  t h e s e  b a l a n c e s  
i s  u p s e t ,  t h e  a r c  becomes u n s t a b l e ,  l e a d i n g  t o  wide v a r i a t i o n s  in welding . 
c u r r e n t  and p o s s i b l e  e x t i n c t i o n  o f  t h e  arc.* 

A s i m p l e  c a l c u l a t i o n ,  u s i n g  e s t i m a t e s  of e l e c t r o n  m o b i l i t y ,  plasma 
d e n s i t y ,  and a r c  georaetry,shows t h a t  i t  is  on ly  n e c e s s a r y  f o r  approximate- 
l y  3 t o  30% of t h e  a r c  plasma t o  become i o n i z e d  i n  o r d e r  t o  conduct  t h e  
welding c u r r e n t ,  hence r e l a t i v e l y  s m a l l  a d d i t i o n s  of e a s i l y  i o n i z a b l e  
e lements  can lower t h e  a r c  t empera tu re  and change t h e  a r c  p r o f i l e  n e a r  t h e  
mol ten m e t a l  s u r f a c e ,  where t h e  con tamina t ion  r e a c t i o n  is o c c u r r i n g .  I f  
t h e s e  e a s i l y  i o n i z a b l e  a d d i t i o n s  a r e  n o t  con t inuous  o r  uniform, a r c  i n -  
s t a b i l i t i e s  may occur.  I t  i s  i n t e r e s t i n g  t o  n o t e  t h a t  oxygen and n i t r o g e n  
have lower i o n i z a t i o n  p o t e n t i a l s  t h a n  e i t h e r  A r  o r  He .  Carbon d i o x i d e  h a s  
an i o n i z a t i o n  p o t e n t i a l  t h a t  l i e s  between oxygen and n i t r o g e n .  S i n c e  
a tomic o r  i o n i z e d  oxygen and n i t r o g e n  a r e  chemica l ly  more a c t i v e  t h a n  t h e  
r e s p e c t i v e  d i a t o m i c  molecules ,  t h e  cho ice  o f  s h i e l d i n g  gas  can have a pro- 
found e f f e c t  on t h e  r e s u l t a n t  con tamina t ion  l e v e l s  of t h e s e  e lements .  An 
equimolar  m i x t u r e  of nitrogen-C02 should produce s t r o n g l y  i o n i z e d  CO and 0 
and weakly i o n i z e d  N2 n e a r  t h e  molten m e t a l  s u r f a c e ,  c r e a t i n g  a  plasma of  
lower  t empera tu re  and lower n i t r o g e n  a c t i v i t y  t h a n  an  equimolar  mix ture  o f  
nitrogen-Ar,  i n  which t h e  N2 n e a r  t h e  s u r f a c e  must be s t r o n g l y  i o n i z e d .  
On t h i s  b a s i s  a l o n e ,  t h e  N2-CO;) m i x t u r e  might be expec ted  t o  produce lower 
n i t r o g e n  l e v e l s  i n  t h e  weld meta l .  Such a n  e f f e c t  h a s ,  i n  f a c t ,  been 
no ted .^  

- Another a r c  phenomenon t h a t  i s  of g e n e r a l  importance i s  t h e  fo rmat ion  
of plasma jets. Th is  phenomenon w a s  d e s c r i b e d  o r i g i n a l l y  by PIaecker4 a s  
o r i g i n a t i n g  from a d i f f e r e n c e  i n  magnet ic  p r e s s u r e  caused by t h e  d i v e r -  
gence o f  e l e c t r i c a l  c u r r e n t  t r a v e l i n g  from t h e  e l e c t r o d e  t o  t h e  workpiece.  
These j e t s  a t t a i n  v e l o c i t i e s  of up t o  600 m/sec, caus ing  t h e  e n t r a i n m e n t  
of l a r g e  q u a n t i t i e s  of g a s e s  i n t o  t h e  a r c  plasma. I f  i n s u f f i c i e n t  i n e r t  
s h i e l d i n g  i s  a v a i l a b l e ,  a tmospher ic  gases  w i l l  be p u l l e d  i n t o  t h e  plasma 
by t h e s e  j e t s .  J e t  fo rmat ion  r e q u i r e s  less than 50 microseconds,  hence 
any arc f l u c t u a t i o n s  below approximately  t e n  k i l o h e r t z  w i l l  a l t e r  t h e  j e t  
behav ior  l e a d i n g  t o  i n s t a b i l i t i e s  and p o s s i b l e  a tmospher ic  contaminat ion.  
Such f l u c t u a t i o n s  a r e  t o  be  expec ted  i n  a l l  consumable e l e c t r o d e  welding 
p rocesses .  

* It should  be n o t e d  t h a t  t h e  p r e s e n t  d i s c u s s i o n  is concerned p r i m a r i l y  
w i t h  DC a r c s .  AC phenomena, w h i l e  more compl ica ted ,  f o l l o w  t h e  same b a s i c  
p r i n c i p l e s .  
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Figure 1. Oxygen and nitrogen l eve l s  expected from several  arc welding 
processes .  (After  Rein. *) 



Welding P r o c e s s e s  

Given t h e  above b r i e f  d i s c u s s i o n  of s h i e l d i n g  gas  composi t ion and 
plasma j e t  behav ior ,  i t  i s  now worthwhi le  t o  review F i g u r e  1 i n  more de- 
t a i l ,  d e s c r i b i n g  t h e  phenomena p a r t i c u l a r  t o  each weld ing  p rocess .  

1. Gas t u n g s t e n  a r c  welding 

The g a s  t u n g s t e n  a r c  p r o c e s s  produces  t h e  c l e a n e s t  a r c  welds  p o s s i b l e .  
The oxygen and n i t r o g e n  l e v e l s  d e p i c t e d  i n  F i g u r e  1 f o r  GTA welding r e p r e -  
s e n t  v a r i a t i o n s  i n  i n i t i a l  b a s e  m e t a l  p u r i t y .  

The c l e a n l i n e s s  o f  GTA welding r e s u l t s  from t h e  absence of a f l u x ,  
coupled w i t h  a s h o r t ,  v e r y  s t a b l e  non-consumable a r c .  The s t a b l e  a r c  pro- 
v i d e s  smooth, uniform j e t  f low and t h e  s h o r t  a r c  l e n g t h  p e r m i t s  e f f i c i e n t  
s h i e l d i n g  w i t h  g a s e s  t h a t  a r e  r e q u i r e d  t o  b e  f r e e  of e i t h e r  oxygen o r  
n i t r o g e n .  

2. Gas m e t a l  a r c  welding 

The gas  m e t a l  a rgon  a r c  p r o c e s s  d i f f e r s  from GTA welding on ly  i n  t h e  
u s e  of a consumable e l e c t r o d e .  The s h i e l d i n g  gas  f low r a t e  i s  i n c r e a s e d  
t o  compensate f o r  t h e  l o n g e r  a r c  l e n g t h ,  however, oxygen and n i t r o g e n  con- 
t a m i n a t i o n  a r i s e s  from plasma j e t  i n s t a b i l i t i e s ,  which a r e  i n h e r e n t  i n  any 
consumable e l e c t r o d e  p r o c e s s .  An o s c i l l o s c o p e  t r a c e  o f  t h e  c u r r e n t  and 
v o l t a g e  d u r i n g  GMA welding r e v e a l s  a r c  i n t e r r u p t i o n s  l a s t i n g  a few m i l l i -  
seconds.  A s  no ted  p r e v i o u s l y ,  f l u c t u a t i o n s  on t h i s  t i m e - s c a l e  may c a u s e  
t h e  plasma t o  be e x t i n g u i s h e d ,  u p s e t t i n g  l o c a l  gas f low behav ior  i n  t h e  
arc. When t h e  a r c  i s  r e i g n i t e d  o n l y  m i l l i s e c o n d s  l a t e r , .  l a r g e  amounts of 
g a s  a r e  a s p i r a t e d  i n t o  t h e  a r c  c a v i t y .  Of ten  a tmospher ic  g a s e s  a r e  i n c l u -  
ded and con tamina t ion  r e s u l t s .  The h i g h e r  oxygen l e v e l s  observed when 
u s i n g  CO2 gas s h i e l d i n g  a r e  o b v i o u s l y  caused by c r e a t i o n  of CO and 0 i n  
t h e  welding a r c .  A t  t h e s e  t empera tu res ,  carbon monoxide i s  a reduc ing  gas ;  
however, t h e  oxygen combines w i t h  t h e  weld m e t a l  caus ing  l o s s  of carbon i n  
s t e e l s ,  fo rmat ion  o f  a d d i t i o n a l  CO gas ,  and a  n e t  i n c r e a s e  i n  t h e  weld 
m e t a l  oxygen c o n t e n t .  

N e i t h e r  GTA n o r  GMA welding p r o c e s s e s  u t i l i z e  f l u x e s  f o r  mol ten 
metal p r o t e c t i o n ,  and hence any oxygen o r  n i t r o g e n  con tamina t ion  must 
r e s u l t  from e i t h e r  decomposit ion o f  t h e  s h i e l d i n g  gas  o r  incomple te  atmo- 
s p h e r i c  s h i e l d i n g .  A s  shown i n  F i g u r e  1, t h e s e  p r o c e s s e s  produce t h e  
l e a s t  contaminated d e p o s i t s .  It wi l l  be shown subsequen t ly  t h a t  t h e  
g r e a t e r  oxygen con tamina t ion  l e v e l s  of t h e  remaining t h r e e  p r o c e s s e s ,  SAW, 
SMAW, and SSIIAW, a r e  p a r t i a l l y  due t o  inadequa te  a tmospher ic  s h i e l d i n g ,  
b u t  a l s o  depend s i g n i f i c a n t l y  upon t h e  breakdown of less s t a b l e  o x i d e s  i n  
t h e  f l u x .  

3. Shie lded  m e t a l  a r c  welding 

Due t o  e x t e n s i v e  e m p i r i c a l  f l u x  f o r m u l a t i o n  s t u d i e s  and a moderate 
l e v e l  o f  h e a t  i n p u t ,  s h i e l d e d  m e t a l  a r c  welds  a r e  c a p a b l e  of u n u s u a l l y  
h i g h  q u a l i t y  weld d e p o s i t s .  A s  such,  t h i s  p r o c e s s  c o n t i n u e s  t o  f i n d  f a v o r  
i n  many a p p l i c a t i o n s ;  however, con t inued  p r o g r e s s  i s  l i k e l y  t o  be  e x t r e -  
mely slow. 

Sh ie lded  m e t a l  a r c  welding i s  a n  open a r c  p r o c e s s  i n  t h a t  no e x t e r n a l  
s h i e l d i n g  gas i s  a p p l i e d .  Exc lus ion  o f  a tmospher ic  contaminants  i s  depen- 
d e n t  upon a s l a g  cover  o v e r  t h e  s o l i d i f y i n g  weld poo l  as w e l l - a - s  gas  
e v o l u t i o n  from decomposing f l u x .  S i n c e  t h i s  i s  a  consumable e l e c t r o d e  
p r o c e s s ,  a r c  f l u c t u a t i o n s  a r e  i n h e r e n t  i n  t h e  process .  Atmospheric con- 
t amina t ion  cannot  be avo ided ;  i t  c a n  o n l y  b e  minimized by choosing 



c a r b o n a t e  o r  c e l l u l o s i c  c o a t i n g s  which evo lve  copious  amounts of carbon 
d i o x i d e  o r  hydrogen upon decomposit ion.  A s  w i l l  be d i s c u s s e d  l a t e r ,  p a r t  
of t h e  oxygen con tamina t ion  i n  t h i s  p r o c e s s  r e s u l t s  from breakdown of l e s s  
s t a b l e  o x i d e s  i n  t h e  f l u x .  

4. Se l f - sh ie lded  a r c  welding 

Se l f - sh ie lded  a r c  welding is  v e r y  s i m i l a r  t o  s h i e l d e d  m e t a l  a r c  wel- 
d i n g  excep t  f o r  t h e  a d d i t i o n  of s t r o n g  n i t r i d e  fo rming  e lements  (e.g., A l ,  
T i ,  Zr)  t o  t h e  welding wire .  These n i t r i d e  forming e lements  a r e  a l s o  
s t r o n g  d e o x i d i z e r s ,  which r e s u l t s  i n  s l i g h t l y  lower oxygen l e v e l s  than a r e  
found i n  SMA welding;  however, t h i s  improved d e o x i d a t i o n  l e a d s  t o  an  i n -  
c r e a s e d  r a t e  o f  n i t r o g e n  a b s o r p t i o n ,  a s  s e e n  i n  F i g u r e  1. 

The r a t e  of n i t r o g e n  a b s o r p t i o n  on i r o n  s u r f a c e s  i s  s t r o n g l y  depen- 
d e n t  on t h e  oxygen c o n t e n t  of t h e  i r o n ,  d e c r e a s i n g  by a f a c t o r  of s i x  a s  
t h e  weld meta l  oxygen c o n t e n t  i n c r e a s e s  from 100 ppm t o  750 g ~ ~ m .  Hence, 
any a l l o y  a d d i t i o n s  which tend t o  lower  t h e  oxygen c o n t e n t  of t h e  weld 
m e t a l  w i l l  a l s o  i n c r e a s e  t h e  rate a t  which n i t r o g e n  i s  absorbed i n t o  t h e  
weld meta l .  Even modest b u l k  c o n c e n t r a t i o n s  o f  oxygen cause  s a t u r a t i o n  o f  
t h e  i r o n  s u r f a c e  by oxygen atoms, p r e s e n t i n g  a b a r r i e r  t o  n i t r o g e n  t r a n s -  
f e r  from t h e  g a s  t o  t h e  m e t a l  phase.^ 

The compet i t ion  o f  n i t r o g e n  and oxygen f o r  s u r f a c e  a c t i v e  s i t e s  on 
i r o n  p rov ides  a n  e x p l a n a t i o n  o f  t h e  o b s e r v a t i o n  made by  is, t h a t  carbon- 
a t e  s e l f - s h i e l d e d  e l e c t r o d e s  r e s u l t  i n  lower weld meta l  n i t r o g e n  l e v e l s  
t h a n  do  b a s i c  (CaF2) s e l f - s h i e l d e d  e l e c t r o d e s .  The c a r b o n a t e  e l e c t r o d e  
n o t  o n l y  r e l e a s e s  C 0 2  s h i e l d i n g  gas ,  b u t  i n c r e a s e s  t h e  oxygen c o n t e n t  of 
t h e  weld m e t a l ,  s i g n i f i c a n t l y  reduc ing  t h e  weld n i t r o g e n  c o n t e n t .  

5. Submerged a r c  we ld ing  

Although commonly b e l i e v e d  t o  p r o v i d e  complete e x c l u s i o n  of atmo- 
s p h e r i c  con tamina t ion ,  t h e  submerged a r c  welding p r o c e s s  can be  shown t o  
a c h i e v e  weld meta l  oxygen l e v e l s  which a r e  i n e x p l i c a b l e  i n  terms of f l u x  
decomposi t ion  reaction^.^ Evidence of t h i s  can b e  seen  most r e a d i l y  i n  
an a n a l y s i s  o f  weld m e t a l s  produced w i t h  b a s i c  f l u x e s .  ~ h e s e  weld m e t a l s  
commonly a r e  reduced i n  a l l  d e o x i d i z i n g  e lements :  C ,  Mn, S i ,  A l ,  e t c . ,  
compared w i t h  t h e  b a s e  m e t a l  and w i r e  a n a l y s e s ;  y e t  t h e  weld m e t a l  oxygen 
l e v e l  is  much h i g h e r  t h a n  t h e  s t a r t i n g  m a t e r i a l s .  A mass ba lance  on such 
a system r e q u i r e s  a s o u r c e  o f  oxygen s e p a r a t e  from t h e  f l u x .  Atmospheric 
en t ra inment  due t o  a r c  f l u c t u a t i o n s  and i n s t a b i l i t i e s  i n  t h e  s l a g  cover  i s  
t h e  most l i k e l y  e x p l a n a t i o n .  None the less ,  t h e  v e r y  h igh  oxygen l e v e l s  - a s s o c i a t e d  w i t h  a c i d i c  f l u x  submerged a r c  welding cannot  be caused s o l e l y  
by a tmospher ic  contaminat ion.  Such a  l a r g e  q u a n t i t y  o f  a tmospher ic  oxygen 
would be expected t o  produce s i g n i f i c a n t  i n c r e a s e s  i n  t h e  n i t r o g e n  c o n t e n t  
as w e l l ,  producing a n  oxygen-nitrogen d i s t r i b u t i o n  s i m i l a r  t o  t h a t  ob- 
se rved  i n  SMAW. The b u l k  of t h e  oxygen contaminat ion o c c u r r i n g  d u r i n g  
submerged a r c  welding must b e  r e l a t e d  to  decomposi t ion o f  t h e  o x i d e  f l u x e s .  

f l u x  Decomposition R e a c t i o n s  

The e m p i r i c a l  f a c t  t h a t  t h e  oxygen c o n t e n t  of commercial submerged 
arc welds can be  r e l a t e d  t o  a b a s i c i t y  i n d e x  i s  w e l l  k n o w n ,  i f  n o t  appre- 
c i a t e d .  S e v e r a l  e x p e r t s ,  f a i l i n g  t o  s e e  any l o g i c a l  connec t ion  between 
f l u x  b a s i c i t y  and expected oxygen c o n t e n t  of t h e  weld m e t a l ,  have proposed 
i n s t e a d  t h a t  f l u x e s  be  c l a s s i f i e d  accord ing  t o  t h e i r  "oxygen p o t e n t i a l . "  
One of t h e  d i f f i c u l t i e s  w i t h  t h i s  p r o p o s a l  i s  t h a t  t h e  concep t  o f  oxygen 
p o t e n t i a l  i s  i l l - d e f i n e d .  I n  s t ee lmaking  s l a g s ,  t h e  oxygen p o t e n t i a l  i s  
c o n t r o l l e d  by t h e  FeO a c t i v i t y  i n  t h e  s l a g ,  a l t h o u g h  t h i s  i s  known t o  be 



a complex f u n c t i o n  of t h e  b a s i c i t y . '  I n  a r c  welding,  however, much h i g h e r  
t empera tu res  a r e  a t t a i n e d  and a t  t h e s e  t empera tu res  s e v e r a l  o t h e r  f l u x  com- 
ponents  may a c h i e v e  h i g h e r  oxygen p o t e n t i a l s  than FeO. Consider ,  f o r  i n -  
s t a n c e ,  the decomposi t ion of s i l i ca  l i q u i d  i n t o  s i l i c o n  monoxide gas  p l u s  
oxygen, a s  g iven  i n  t h e  r e a c t i o n  

SiOn (A) -^ sio (g) + 1 / 2  0  (g). (1) 

1 / 2  

K =  s i o  o y  

%to2 

At normal s t ee lmaking  t empera tu res  t h i s  r e a c t i o n  i s  of l i t t l e  importance,  
a l though  i n  t h e  p resence  of carbon i t s  importance i n  t h e  b l a s t  f u r n a c e  
r e a c t i o n  h a s  been I n  a r c  welding systems,  H e i l e  and H i l l  have 
demonstra ted t h a t  t h i s  r e a c t i o n  may be  r e s p o n s i b l e  f o r  t h e  g e n e r a t i o n  o f  
s i l i c a  fumes.1o A s  t h e  t empera tu re  of i n t e r e s t  i n c r e a s e s  above t h a t  r e -  
q u i r e d  f o r  s t ee lmaking ,  many of t h e  o x i d e s  which a r e  normal ly  cons idered  
t o  be most s t a b l e  a r e  a c t u a l l y  among t h e  l e a s t  s t a b l e .  North ,  e t  a l . ,  

IT have claimed t h a t  CaO i s  chemica l ly  a c t i v e  i n  a r c  welding f l u x e s .  
An impor tan t  c o n s i d e r a t i o n  i n  reviewing r e a c t i o n  ( I ) ,  i s  t h e  f a c t  t h a t  

one oxygen atom i s  r e l e a s e d  f o r  every  s i l i c o n  monoxide molecule  formed, 
hence,  t h e  02 p a r t i a l  p r e s s u r e  f o r  t h i s  r e a c t i o n  must be one-half t h e  SiO 
p a r t i a l  p r e s s u r e .  Th i s  c o n s t r a i n t  p e r m i t s  t h e  e q u i l i b r i u m  c o n s t a n t  f o r  
r e a c t i o n  (1)  t o  be  r e w r i t t e n  as 

Choosing 2000eC as t h e  t empera tu re  of i n t e r e s t  f o r  t h e  s i l i c a  r e a c t i o n  
d u r i n g  a r c  we ld ing ,^  and c a l c u l a t i n g  an  e q u i l i b r i u m  oxygen p o t e n t i a l  f o r  
r e a c t i o n  (1) above,  as w e l l  a s  t h e  FeO r e a c t i o n  e q u i l i b r i u m  i n  CaO-SiO2- 
FeO s l a g s  w i t h  1% and 5% FeO, r e s u l t s  i n  t h e  graph p r e s e n t e d  i n  F i g u r e  2. 
Th i s  f i g u r e  p r e s e n t s  t h e  oxygen p r e s s u r e  (o r  oxygen p o t e n t i a l )  a s  a  func- 
t l o n  of b a s i c i t y .  Dashed r e f e r e n c e  l i n e s  a r e  g iven  f o r  t h e  oxygen poten- 
t i a l  of a i r  and p u r e  FeO a t  t h i s  temperature .  I n  a d d i t i o n ,  t h e  observed 
oxygen p o t e n t i a l  of t h e  weld m e t a l  i s  shown by a d o t t e d  l i n e .  The f a c t  
that t h i s  d o t t e d  l i n e  does  n o t  correspond d i r e c t l y  t o  any o t h e r  l i n e  shown 
i l l u s t r a t e s  t h a t  t h e  weld m e t a l  and s l a g  cannot  be cons idered  t o  b e  i n  
e q u i l i b r i u m  a t  2 0 0 0 0 ~ . ~ ~  It w i l l  be no ted  t h a t ,  a t  2000Â°C t h e  oxygen 
p o t e n t i a l s  of b o t h  FeO and SiO2 are g e n e r a l l y  g r e a t e r  t h a n  t h e  weld m e t a l  
Oxygen p o t e n t i a l ,  implying t h a t  e i t h e r  compound is p o t e n t i a l l y  o x i d i z i n g  
t o  t h e  weld m e t a l  a t  t h i s  temperature .  I t  w i l l  a l s o  be no ted  t h a t  t h e  
oxygen p o t e n t i a l  o f  t h e  SiO2 decomposi t ion r e a c t i o n  is  s i g n i f i c a n t l y  
g r e a t e r  t h a n  t h e  FeO oxygen p o t e n t i a l ,  hence i t  cannot  b e  assumed t h a t  FeO 
c o n t r o l s  t h e  oxygen p o t e n t i a l  o f  complex o x i d e  f l u x e s  a t  t h e  e l e v a t e d  tcm- 
p e r a t u r e s  o c c u r r i n g  d u r i n g  a r c  welding.  It i s  probab le  t h a t  t h e  b u l k  of 
t h e  oxygen found i n  submerged a r c  weld meta l  made w i t h  a c i d i c  f l u x e s  r e -  
s u l t s  from t h e  decomposi t ion of SiO2 r a t h e r  t h a n  FeO. T h i s  i s  evidenced 
by t h e  l a r g e  i n c r e a s e  i n  weld m e t a l  s i l i c o n  c o n t e n t  (up t o  one p e r c e n t )  
when a c i d  f l u x e s  are used.8 Fur thermore,  t h e  extremely r a p i d  k i n e t i c s  ob- 
s e r v e d  f o r  t h e  SiO2 decomposi t ion r e a c t i o n  imply t h a t  i t  i s  a gas-metal, 
r a t h e r  t h a n  s lag-meta l ,  r e a c t i o n ;  which is a g a i n  ev idence  t h a t  r e a c t i o n  ( I ) ,  
i.e., fo rmat ion  of s i l i c o n  monoxide g a s  from t h e  s l a g ,  i s  t h e  f i r s t  s t e p  i n  
oxygen and s i l i c o n  t r a n s f e r  t o  t h e  weld m e t a l  when employing h i g h  s i l i c a  
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Figure 2 o  Oxygen p o t e n t i a l  as a func t ion  of basicity for SiO2-CaO ( s o l i d  
line) and Si02-FeO (dashed lines) based slags a t  2000Â°C 
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Figure 3. Oxygen p o t e n t i a l  as a func t ion  of b a s i c i t y  f o r  Ti02-CaO and 
A1203-CaO based s l ags  at 2000Â°C 
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a c t i v i t y  ( a c i d )  f l u x e s .  
I t  i s  p o s s i b l e  t o  f o r m u l a t e  a c i d  f l u x e s  which a r e  low i n  s i l i c a ,  p r i -  

m a r i l y  by u s i n g  T i02  o r  A1203 a s  major  c o n s t i t u e n t s .  An a n a l y s i s  was per-  
formed f o r  each  o f  t h e s e  components i n  a  manner s i m i l a r  t o  t h a t  d e s c r i b e d  
above f o r  Si02.  The r e s u l t s  of  tiiis c a l c u l a t i o n  a r e  shown i n  F i g u r e  3 .*  
It is r e a d i l y  a p p a r e n t  i n  comparing F i g u r e s  2  and 3 t h a t  A1203 and Ti02 
p r o v i d e  a s i g n i f i c a n t  r e d u c t i o n  i n  t h e  oxygen p o t e n t i a l  when compared w i t h  
SiO2; hence,  e i t h e r  of  t h e s e  components would b e  expec ted  t o  lower t h e  
oxygen c o n t e n t  o f  t h e  weld m e t a l  when used as a replacement  f o r  s i l i c a .  
T h i s  h a s  been observed i n  r u t i l e  based s l a g s  by Nor th ,  e t  a l .  l1 F u r t h e r -  
more, t h e  gaseous  subox ides  T i 0  and A10 form much l e s s  r e a d i l y  t h a n  SiO, 
which i m p l i e s  t h a t  t h e  k i n e t i c s  of  t h e  T i02  and A1203 decomposi t ion r e a c -  
t i o n s  w i l l  b e  much s lower  than  t h e  SiO2 r e a c t i o n .  

The thermodynamic d a t a  f o r  t h e  p r e c e d i n g  r e a c t i o n s  have a l l  been  c a l -  
c u l a t e d  a t  2 0 0 0 " ~  f o r  r e a s o n s  d i s c u s s e d  e l sewhere7  ; however, t h e  same gen- 
eral t r e n d s  and c o n c l u s i o n s  would be a p p l i c a b l e  a t  any t empera tu re  above 
approx imate ly  1800Â°C The a n a l y s i s  p r e s e n t e d  i n  no way i m p l i e s  t h a t  2000Â° 
I s  t h e  o n l y  t empera tu re  of  i n t e r e s t .  Extreme the rmal  g r a d i e n t s  e x i s t  
d u r i n g  a r c  welding,  and t h e  chosen t empera tu re  merely r e p r e s e n t s  a  conve- 
n i e n t  r e f e r e n c e  from which t o  e v a l u a t e  t h e  r e l a t i v e  thermodynamic s t a b i l i t y  
o f  t h e  v a r i o u s  ox ides .  

While t h e  above d i s c u s s i o n  on f l u x  decomposi t ion d u r i n g  a r c  welding 
a p p l i e s  most  d i r e c t l y  t o  t h e  submerged a r c  p r o c e s s ,  t h e  c o n c l u s i o n  t h a t  
SiO i s  an i m p o r t a n t  c o n s t i t u e n t  i n  t h e  a r c  atmosphere of  any s i l i c a  based 
f l u x  welding p r o c e s s  i s  a  g e n e r a l  one.l0. I n  f a c t ,  t h e  r e a l i z a t i o n  t h a t  
SiO2 is c a p a b l e  of e v o l v i n g  l a r g e  q u a n t i t i e s  of  a  gaseous  subox ide  a i d s  one 
i n  r a t i o n a l i z i n g  t h e  r e l a t i v e  a r c  s t a b i l i z i n g  e f - e c t  observed f o r  v a r i o u s  
compounds by H a z l e t t ,  a s  reproduced i n  Tab le  1. l$ 

Table  1. R e l a t i v e  Arc S t a b i l i t y  Produced 
by Var ious  Compounds (from ~ a z l e t t l ' )  

Arc S t a b i l i t y  Index Compound 

Commercial F lux  

K2C03 
CaC03 

Fe203 
S i 0 2  

Na2C03 

Mn02 
MgC03 

NgO 

Al̂  
CaFn 

Na2Si03 
. - . -  - - -  

-. r 

* The thermodynamic d a t a  f o r  A1203-CaO s l a g s  were t aken  from Rein and 
chipman.^ A c t i v i t i e s  f  o r t h e  TiOz-CaO sys tem a r e  n o t  a v a i l a b l e ,  a l t h o u g h  
t h e  d a t a  of  M a r t i n ,  e t  a l .  s u g g e s t  t h a t  t h e  a c t i v i t y  o f  T i02  i n  CaO i s  
s i m i l a r  t o  t h a t  of S i02  i n  CaO. Hence, t h e  c a l c u l a t i o n  f o r  Ti02-CaO m e l t s  
was done f o r  u n i t  a c t i v i t y  and g i v e n  t h e  same s l o p e  as shown i n  F i g u r e  2 
for r h o  < i O ' - i - r ~ ' O  q v s t f - m .  



a. Stable arc 

c .  Co l lapse  complete : 
arc  extinguished 

b.  Plasma pressure 
reduced ; Slag begins 
collapse \ 

\ Volati le 

d. Plasma reformed : 
stable ore 

Figure  4. s c h e m a t i c  of the e f f e c t  of v o l a t i l e  f l u x  components o n  t h e  s t a b i l i t y  of t h e  submerged a r c  welding p r o c e s s .  
a. S t a b l e  a r c .  b..Plasma b e g i n s  t o  be consumed by r e a c t i o n  w i t h  t h e  weld m e t a l ;  s l a g  beg ins  t o  
c o l l a p s e .  c. F lux  wi thou t  v o l a t i l e  components; plasma i s  consumed; s l a g  c o l l a p s e s  and a r c  i s  e x t i n g u i s h e d .  
d. F lux  w i t h  v o l a t i l e  components; h e a t e d  slag produces plasma i o n s ;  p r e s s u r e  i n c r e a s e s ,  s l a g  is pushed 
back t o  s table  a r c  p o s i t i o n .  



Although a r c  s t a b i l i t y  i s  dependent upon numerous f a c t o r s ,  t h e  most s t a b l e  
submerged a r c  f l u x e s  shown i n  Table 1 tend  t o  produce a gaseous  r e a c t i o n  
p roduc t  upon h e a t i n g .  I t  is  thought  t h a t  t h i s  gas  e v o l u t i o n  p r o c e s s  pro- 
v i d e s  a  s t a b i l i z i n g  e f f e c t  on t h e  p o s s i b l e  e x t i n c t i o n  of t h e  a r c  plasma by 
t h e  mol ten s l a g  cover.  As d e p i c t e d  s c h e m a t i c a l l y  i n  F i g u r e  4 ,  a f l u x  which 
does  n o t  evo lve  g a s  upon h e a t i n g  would tend t o  swamp o u t  t h e  a r c  i f  any 
d e c r e a s e  i n  plasma p r e s s u r e  were encountered.  A gas  evo lv ing  f l u x ,  on t h e  
o t h e r  hand, would r a p i d l y  h e a t  up' i f  more c l o s e l y  exposed t o  t h e  a r c ,  
the reby  evo lv ing  gas ,  i n c r e a s i n g  t h e  l o c a l  plasma p r e s s u r e ,  and pushing 
back t he  mol ten  s l a g .  T h i s  l a t t e r  p r o c e s s  would p rov ide  a s t a b l e  a r c  
plasma f r e e  of  e x t i n c t i o n  by c o l l a p s e  of t h e  mol ten s l a g .  The most s t a b l e  
compounds i n  Tab le  1 a r e  g e n e r a l l y  c a r b o n a t e s  which evo lve  C02 upon hea t ing ;  
b u t  Fe203 and S i02 ,  which a r e  b o t h  g r e a t e r  s t a b i l i z e r s  t h a n  s e v e r a l  o f  t h e  
c a r b o n a t e s ,  may a l s o  evo lve  g a s e s ;  t h e  former by changes i n  s t o i c h i o m e t r y  
and t h e  l a t t e r  by fo rmat ion  of a  v o l a t i l e  suboxide.  It i s  c u r r e n t l y  be- 
l i e v e d  t h a t  a  v o l a t i l e  f l u x  component, e s s e n t i a l l y  a  s o u r c e  of plasma i o n s ,  
i s  a  r e q u i r e m e n t - o f  s t a b l e  submerged a r c  welding f l u x e s .  Russ ian  inves-  
t i g a t o r s  have found i t  n e c e s s a r y  t o  add  c h l o r i d e  s a l t s  f o r  improved a r c  
s t a b i l i t  when welding h i g h l y  r e a c t i v e  t i t a n i u m  a l l o y s  under f l u o r i d e  based 
fluxes.13 Under t h e s e  c o n d i t i o n s ,  t h c  t i t a n i u m  weld m e t a l  w i l l  consume any 
oxygen i o n s  i n  the plasma. If  a new s o u r c e  of i o n s  i s  n o t  provided,  t h e  
plasma w i l l  b e  e x t i n g u i s h e d  f o r  l a c k  o f  a  c a r r i e r  gas.  C h l o r i d e s  have much 
lower vapor  p r e s s u r e s  t h a n  f l u o r i d e s ,  and hence,  would p r o v i d e  a gaseous  
plasma which would n o t  b e  consumed by t h e  t i t an ium.  

Conclusions  

The e x t e n t  o f  oxygen and n i t r o g e n  con tamina t ion  d u r i n g  a r c  welding i s  
dependent upon t h e  p r o c e s s  employed. These d i f f e r e n c e s  can be  r a t i o n a l i z e d  
i n  terms of plasma j e t  phenomena, s h i e l d i n g  g a s  composi t ion,  s u r f a c e  absorp- 
t i o n  phenomena, a l l o y  a d d i t i o n s ,  a r c  s t a b i l i t y ,  and f l u x  chemis t ry .  I t  h a s  
been shown t h a t  s i l i c o n  monoxide fo rmat ion  from t h e  f l u x  may prov ide  an ex- 
p l a n a t i o n  of t h e  r a p i d  t r a n s f o r  of s i l i c o n  between t h e  s l a g  and t h e  meta l .  
S u b s t i t u t i o n s  of Ti02 and Al2O3, b e i n g  more s t a b l e  t h a n  S i02 ,  have t h e  
p o t e n t i a l  of r educ ing  oxygen contaminat ion.  One p o s s i b l e  requirement  of 
arc s t a b i l i z i n g  e lements  i n  submerged a r c  welding i s  t h a t  they  p r o v i d e  a 
s o u r c e  o f  gaseous  i o n s  upon h e a t i n g .  
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