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ABSTRACT 

A d i s c u s s i o n  of t h e  f a c t o r s  c o n t r o l l i n g  t h e  s i z e  and shape  of 
t h e  weld f u s i o n  zone i s  p re sen ted  a long  w i t h  a  d e s c r i p t i o n  of cur- 
r e n t  t h e o r i e s  of h e a t  and f l u i d  flow phenomena i n  t h e  plasma and 
t h e  molten meta l  weld pool .  Although exper imenta l  r e s u l t s  confirm 
t h a t  s u r f a c e  t e n s i o n ,  plasma j e t s ,  and weld pool  convec t ion  a l l  
s t r o n g l y  i n f l u e n c e  t h e  f u s i o n  zone shape;  no comprehensive model 
is a v a i l a b l e  from which t o  p r e d i c t  welding behavior .  It is pro- 
posed t h a t  t h e  l a c k  of such a n  unders tanding  is a major impediment 
t o  development of automated welding p roces ses .  I n  a d d i t i o n ,  sen- 
s o r s  f o r  weld t o r c h  p o s i t i o n i n g  a r e  reviewed i n  terms of  t h e  mechan- 
i c a l  and e l ec t romagne t i c  energy s p e c t r a  which have been used. New 
developments i n  t h i s  a r e a  a r e  a l s o  needed i n  o r d e r  t o  advance t h e  
technology of  automated welding.  

INTRODUCTION 

Arc welding technology has  evolved e m p i r i c a l l y  over  t h e  p a s t  
h a l f  cen tu ry  wi thout  t h e  b e n e f i t  of a  t r u e  fundamental understand-  
i n g  of t h e  p roces s .  Although g e n e r a l l y  adequate  f o r  development o f  
manual welding,  t h i s  approach is qu ick ly  becoming inadequate  f o r  
automated welding p roces ses  where t h e  p r e d i c t i v e  requi rements  a r e  
g r e a t e r . .  The f u n c t i o n  of a n  automated welding s y s t e m - c a n  be  d iv id -  
ed i n t o  t h r e e  c a t e g o r i e s :  

1) Systems f o r  c o n t r o l  of p e n e t r a t i o n ,  
2) Systems f o r  p o s i t i o n i n g  t h e  welding t o r c h ,  
3) Systems f o r  c o n t r o l  of welding parameters .  
It w i l l  be  shown subsequent ly  t h a t  ou r  e m p i r i c a l  knowledge of 

a r c  welding is i n s u f f i c i e n t  t o  provide  f o r  c o n t r o l  of  weld penet ra -  
t i o n ;  w h i l e  t h e  t o r c h  p o s i t i o n i n g  systems c u r r e n t l y  i n  u se  l a c k  t h e  
s o p h i s t i c a t i o n  neces sa ry  t o  advance welding automation.  Systems 
f o r  c o n t r o l l i n g  t h e  welding parameters  l a c k  t h e  s e n s o r s  needed f o r  
c o n t r o l  of t h e  p roces s .  There a r e  many o p p o r t u n i t i e s  f o r  bo th  
t h e o r e t i c a l  and expe r imen ta l  s t u d i e s  aimed a t  improving our  know- 
l edge  of t h e  arc welding process .  

CONTROL O F  WELD PENETRATION 

Figure  1 shows t h e  c r o s s  s e c t i o n s  of  two gas tungs ten  a r c  
welds,  bo th  of which were made w i t h  300 amperes a r c  c u r r e n t  and 12  
v o l t s .  The weld i n  F igu re  l ( a )  w a s  made w i t h  a t r a v e l  speed of 
0.16 mm p e r  second. The contour  i s  q u i t e  d i f f e r e n t  from t h e  15 
second s t a t i o n a r y  weld of F igure  l ( b ) ,  which has  a  hump i n  t h e  
c e n t e r .  

These weld p r o f i l e s  are shown t o  i l l u s t r a t e  t h e  d i f f e r e n c e s  
which can a r i s e  from seemingly minor changes i n  t h e  welding p roces s .  
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It  has  been shown t h a t  minor d i f f e r e n c e s  i n  t he  m a t e r i a l  a l s o  
produce s i g n i f i c a n t  changes i n  t h e  f u s i o n  zone s i z e  and shape.  A 
review of  t he  material v a r i a t i o n s  which r e s u l t  i n  v a r i a b l e  w.elding 
behavior  has  been g iven  by ~ 1 i c k s t e i n . l  A s  l i t t l e  as 50 ppm of i m -  
p u r i t y  i n  t he  meta l  can produce a  f o u r  hundred pe rcen t  v a r i a t i o n  i n  
t h e  weld p e n e t r a t i o n .  Commercially t h i s  r e s u l t s  i n  a number of 
problems. One s u p p l i e r  r e q u i r e s  the  s t e e l  m i l l  t o  perform a s p o t  
weld p e n e t r a t i o n  t e s t  on a l l  m a t e r i a l  p r i o r  t o  shipment.  Any s h e e t  
n o t  f u l l y  p e n e t r a t e d  w i t h i n  a  s p e c i f i e d  t i m e  a t  f i x e d  c u r r e n t  and 
v o l t a g e  is  r e j e c t e d .  Another f a b r i c a t o r ,  u s i n g  automated welding 
equipment,  w a s  unaware of t h e s e  v a r i a t i o n s  i n  me l t i ng  behavior .  
The d e f e c t s  produced by e i t h e r  i n s u f f i c i e n t  o r  exces s ive  weld pene- 
t r a t i o n  r e s u l t e d  i n  a $ 7 M  r e p a i r  on $4M worth of product .  A compe- 
t i t o r ,  knowledgeable about  t h i s  phenomenon, ma in t a ins  c o n t r o l  by 
s e p a r a t e l y  inven to ry ing  each c o i l  of s t e e l  r ece ived  and e s t a b l i s h i n g  
welding parameters  f o r  each  c o i l  i n d i v i d u a l l y .  The problem i s  n o t  
l i m i t e d  t o  carbon s t e e l s  a s  shown i n  F igures  1 and 2 b u t  has  been 
observed i n  t i t an ium,  molybdenum, niobium, n i c k e l  a l l o y s  and s t a i n -  
l e s s  s t e e l s  a s  w e l l .  

Although many t h e o r i e s  and experiments  have been p re sen ted  t o  
d e s c r i b e  t h e  f a c t o r s  c o n t r o l l i n g  weld p e n e t r a t i o n ,  no comprehensive 
model is a v a i l a b l e .  There is an a c t i v e  d i s c u s s i o n  i n  t h e  l i t e r a -  
t u r e  over  which f a c t o r s  predominate,  y e t  i t  i s  probably s a f e  t o  con- 
c lude  t h a t  a  number of phenomena can c o n t r o l  depending on t h e  weld- 
i n g  regime and t h e  m a t e r i a l  under i n v e s t i g a t i o n .  Most t h e o r i e s  re- 
late,  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 ,  t o  convec t ion  w i t h i n  e i t h e r  
t h e  plasma o r  t h e  weld pool .  Within t h e  plasma, e l ec t romagne t i c  
f o r c e s  produce a plasma jet  t r a v e l l i n g  a t  v e l o c i t i e s  on t h e  o r d e r  
of 100 m/sec2. Th i s  j e t  s t a b i l i z e s  t h e  a r c  g iv ing  i t  s t i f f n e s s ,  
y e t  i t  a l s o  may e n t r a i n  i m p u r i t i e s  from t h e  sur rounding  atmosphere^ 
as w e l l  as produce a d e p r e s s i o n  on t h e  s u r f a c e  of  t h e  molten meta l  
pool  as shown i n  F igu re  2. The s u r f a c e  dep res s ion  could  e a s i l y  
account  f o r  v a r i a t i o n s  i n  weld pool  geometry. Th i s  i s  suppor ted  by 
t h e  obse rva t ion  t h a t  h i g h l y  r e f i n e d  me ta l s ,  which may have h igh  
s u r f  ace  t ens  i o n s ,  of t e n  produce sha l low weld p e n e t r a t i o n .  4 Contami- 
n a t i o n  of t h e s e  r e f i n e d  s t e e l s  w i th  oxygen o r  s u l f u r ,  bo th  of  which 
a r e  s u r f a c e  a c t i v e  e lements ,  produces a  l a r g e  i n c r e a s e  i n  weld pene- 
t r a t i o n  depth .  

It is a l s o  w e l l  e s t a b l i s h e d  t h a t  convec t ion  i n  t h e  weld pool  
can  a l t e r  t h e  shape of  t h e  weld pool.  Supe rpos i t i on  o f  e x t e r n a l  
magnet ic  f i e l d s , 5  v a r i a t i o n  i n  s u r f a c e  h e a t  d i s t r i b u t i o n 6  and su r -  
f a c e  t e n s i o n  d r i v e n  (Marangoni) f lows ,^  have a l l  been proposed as 
t h e  cause  of v a r i a t i o n  i n  weld p e n e t r a t i o n .  Recent s t u d i e s  have 
shown t h a t  t h e  s u r f a c e  h e a t  d i s t r i b u t i o n  may e x p l a i n  t h e  humped 
s t a t i o n a r y  weld pool  shown i n  F igure  l ( b )  .a 

Other  exp lana t ions  f o r  t h e  v a r i a t i o n  i n  weld pool  shape involve  
changes i n  t h e  e l e c t r i c a l  p r o p e r t i e s  of t h e  plasma due t o  secondary 
elements .  G l i c k s t e i n  has shown t h a t  a sma l l  q u a n t i t y  of oxygen 
i n  argon can s t r o n g l y  i n f l u e n c e  mel t ing!  Vapor emiss ion  from t h e  
weld pool9  can  a l s o  a l t e r  t h e  composition and c o n d u c t i v i t y  of  t h e  
plasma. S i n c e  t h e  welding c u r r e n t  t r a n s p o r t s  approximately n i n e t y  
pe rcen t  of t h e  s e n s i b l e  h e a t  t o  t h e  workpiece,10 any change i n  



plasma c o n d u c t i v i t y  caused by vapor emiss ion  could a l t e r  t h e  h e a t  
d i s t r i b u t i o n  on t h e  s u r f a c e .  chase11 h a s  proposed t h a t  t h e  h e a t  
t r a n s f e r  e f f i c i e n c y  is a l t e r e d  by secondary e l e c t r o n  emiss ion  i n t o  
t h e  anode f a l l  r e g i o n  of t h e  a r c .  

A comprehensive unders tanding  of h e a t  t r a n s p o r t  i n  welding a r c s  
is  too  complex t o  be so lved  i n  even a  few s t u d i e s ,  however, t h e r e  
a r e  a number of i n v e s t i g a t i o n s  c u r r e n t l y  i n  p rog res s .  S p e c t r a l  temp- 
e r a t u r e  measurements of t h e  plasma have been a t tempted  on s e v e r a l  
occas ions ;  however, s i n c e  most of t h e  h e a t  is t r a n s p o r t e d  by t h e  
e l e c t r o n s  and no t  by conduct ion and convect ion  of  t h e  h o t  plasma 
gases ,  t h e s e  s t u d i e s  have m e t  w i th  l i t t l e  s u c c e s s .  chase11 has  
measured anode v o l t a g e  d rops ,  b u t  a g a i n  t h e  r e s u l t s  showed l i t t l e  
c o r r e l a t i o n  w i t h  measured p e n e t r a t i o n .  A number of i n v e s t i g a t o r s  
have pu rpose fu l ly  added i m p u r i t i e s  t o  t h e  s u r f a c e  of t h e  base  p l a t e  
i n  o r d e r  t o  i n c r e a s e  t h e  contaminat ion  t o  l e v e l s  which provide  more 
r ep roduc ib l e  r e s u l t s .  Unfo r tuna te ly ,  t h e  e f f e c t i v e  impur i ty  e l e -  
ments a r e  u s u a l l y  s u r f a c e  a c t i v e  which means t h a t  they  a r e  segrega-  
t ed  t o  t h e  g r a i n  boundar ies  du r ing  s o l i d i f i c a t i o n  and thus  i n c r e a s e  
t h e  p o s s i b i l i t y  o-f h o t  c racking .  

I n  ou r  own l a b o r a t o r y ,  w e  a r e  a t t empt ing  s e v e r a l  d i f f e r e n t  
approaches.  Previous  s t u d i e s  of t h e  a r c  f o r c e  produced by t h e  
plasma jets confirmed t h a t  t h e  f o r c e  i n c r e a s e s  as t h e  squa re  of t h e  
welding c u r r e n t , 2 , 1 2  y e t  t h e  c o r r e l a t i o n  of  f o r c e  w i t h  p e n e t r a t i o n  
is lacking .12  P r e s e n t l y ,  d i r e c t  measurement of t h e  s u r f a c e  depres-  
s i o n  us ing  a  l a s e r  imaging technique^ is under s t u d y ,  b u t  t h e  re- 
s u l t s  a r e  n o t  y e t  a v a i l a b l e .  A time ga t ed ,  h igh  r e s o l u t i o n  spec- 
t rometer  has  been c o n s t r u c t e d  wi th  two r e s e a r c h  o b j e c t i v e s .  
F i r s t l y ,  t h e  temporal  and s p a t i a l  d i s t r i b u t i o n  of me ta l  vapor  i n  
t h e  plasma w i l l  b e  determined.  A t y p i c a l  s p e c t r a  taken from a 0 . 1  
nun diameter  s p o t  over  a  t i m e  pe r iod  of 0.5 seconds i s  shown i n  
F igu re  3. Manganese and chromium have t h e  h i g h e s t  vapor  p r e s s u r e s  
of any a l l o y s  elements  i n  t h e  s t e e l .  The remaining l i n e s  a r e  a l l  
argon . 

Secondly, a r e f l e c t i v e  l e n s  has  been des igned  which w i l l  m e a -  
s u r e  t h e  i n f r a r e d  s p e c t r a  from a 0 .1  nun s p o t  on t h e  s u r f a c e  of  t h e  
weld pool .  By swi t ch ing  the  a r c  o f f  w i t h  a t r a n s i s t o r i z e d  welding 
power supply  and measuring t h e  s u r f a c e  tempera ture  d i s t r i b u t i o n  and 
l o c a l  coo l ing  rate over  a  t i m e  pe r iod  of  10-2 t o  10-1 seconds,  t h e  
convec t ion  i n  t h e  weld pool  may be e s t ima ted .  We are a l s o  expand- 
i ng  on t h e  measurements of ~ e s t o r , l ^  i n  which he  used a  s p l i t  cop- 
p e r  anode and an  Abel i n v e r s i o n  technique  t o  measure t h e  h e a t  d i s -  
t r i b u t i o n  on t h e  s u r f a c e .  P re l imina ry  r e s u l t s  from t h e s e  hea r  d i s -  
t r i b u t i o n  s t u d i e s  sugges t  t h a t  t he  maximum h e a t  t r a n s f e r  i s  n o t  a t  
t h e  c e n t e r  of t h e  a r c ,  b u t  forms an annu la r  r i n g  around t h e  c e n t e r  
po in t .  R e l a t i v e l y  sma l l  changes i n  t h e  h e a t  d i s t r i b u t i o n  can s h i f t  
t h e  d iameter  of t h i s  annu la r  h o t  zone. S ince  a  similar e f f e c t  may 
be  noted f o r  t h e  c u r r e n t  d i s t r i b u t i o n  on t h e  s u r f a c e ,  t h e  e f f e c t s  
on convect ion  w i t h i n  t h e  weld pool  may be profound. A l l  p rev ious  
h e a t  f low models have assumed a p o i n t  sou rce  of h e a t ,  which i n  terms 
of weld pool  convec t ion  is u n r e a l i s t i c .  



Whatever the  cause  of v a r i a t i o n s  i n  weld p e n e t r a t i o n ,  t h e  f i n a l  
r e s u l t  is unacceptable .  Automated welding r e q u i r e s  a  r e p r o d u c i b l e  
weld geometry given a  c o n s t a n t  s e t  of i n p u t  parameters .  Unfortu- 
n a t e l y ,  w i thou t  a  b e t t e r  unders tanding  of t h e  cause  of t he  v a r i a -  
t i o n s  i n  weld p e n e t r a t i o n ,  i t  is u n l i k e l y  t h a t  we w i l l  be  a b l e  t o  
provide  e i t h e r  t h e  constancy of m a t e r i a l  o r  t h e  un i fo rmi ty  of para- 
me te r s  t h a t  is needed. An approach sugges ted  by some i s  t o  p rov ide  
s e n s o r s  f o r  a d a p t i v e  c o n t r o l  of t h e  p roces s  r a t h e r  than  a t t empt  a  
constancy of i n p u t  m a t e r i a l  t o  t h e  process .  Although t h i s  repre-  
s e n t s  a v i a b l e  approach i n  p r i n c i p l e ,  t h e  s e l e c t i o n  of t h e  b e s t  weld 
p e n e t r a t i o n  s e n s o r  technology is  j u s t  a s  dependent upon an under- 
s t a n d i n g  of  t h e  phys i c s  of t h e  a r c  welding p roces s  a s  i s  t h e  propo- 
sal f o r  e s t a b l i s h i n g  more cons t an t  p roces s  i n p u t s .  Nei ther  s o l u t i o n  
can  be achieved wi thou t  a  b e t t e r  knowledge of t h e  c o n t r o l l i n g  physi-  
c a l  phenomena. 

Mel t ing  d r o p l e t s  from consumable e l e c t r o d e s  i n t r o d u c e  a  number 
of f u r t h e r  compl ica t ions  i n  p r e d i c t i o n  of weld pool  shape.  Although 
t h i s  s u b j e c t  is n o t  reviewed i n  depth  i n  t h i s  paper ,  i t  should be 
noted t h a t  t h e r e  a r e  a number of unsolved q u e s t i o n s  concerning the  
f o r c e s  which dominate convec t ion  w i t h i n  t h e  metal d r o p l e t s ,  detach-  
ment of t h e  molten drop from t h e  e l e c t r o d e ,  t r a n s p o r t  of t h e  drop- 
le t s  a c r o s s  t h e  a r c  and i n t e r a c t i o n  of t h e  d r o p l e t s  w i t h  t h e  weld 
pool .  A u s e f u l  s t a r t i n g  p o i n t  f o r  t hose  i n t e r e s t e d  i n  t h i s  t o p i c  i s  
g i v e i n  i n  t h e  r e f e r e n c e s  .^ 

CONTROL OF TORCH POSITION 

A f t e r  c o n t r o l  of p e n e t r a t i o n ,  t h e  next  requirement  of automated 
welding technology i s  t o r c h  p o s i t i o n i n g  which is sometimes r e f e r r e d  
t o  as seam t r a c k i n g ;  however, t h e r e  a r e  a  number of d i f f i c u l t i e s  
encountered i n  fo l lowing  t h e  weld s e a m .  Some of t he  most obvious 
a r e  t h e  extreme tempera ture ,  thermal  g r a d i e n t s  and r a d i a t i o n  asso-  
c i a t e d  w i t h  t h e  welding a r c .  Other l e s s  obvious c o n s i d e r a t i o n s  in-  
c lude  the  f a c t  t h a t  t h e  seam is  o f t e n  br idged  by previous  weld 
p a s s e s  and t h e  f a c t  t h a t  t h e  seam does  n o t  e x i s t  a t  t h e  p o i n t  of 
a r c  c o n t a c t  w i t h  t h e  workpiece,  hence t h e  s e n s i n g  must occur  ahead 
of t h e  a r c .  I n  o r d e r  t o  overcome some of t hese  problems, welding 
eng inee r s  have a t tempted  numerous techniques  f o r  seam t r ack ing .  
These techniques  can  b e  desc r ibed  g e n e r a l l y  by cons ide r ing  bo th  t h e  
form and t h e  frequency of  energy used by t h e  senso r .  Tables  I and 
I1 show t h e  mechanical  and e l ec t romagne t i c  energy s p e c t r a  r e s p e c t -  
i v e l y .  

Re fe r r ing  t o  Table I ,  c o n t a c t  probes a r e  a v a i l a b l e  commercially,  
a l t hough  they  are g e n e r a l l y  u n s o p h i s t i c a t e d ,  l a c k i n g  even a  s t o r a g e  
memory t o  permit  movement of t h e  t o r c h  only  a f t e r  i t  r eaches  t h e  
d i s c o n t i n u i t y  sensed  by t h e  probe. Acous t ic  and u l t r a s o n i c  tech- 
n iques  a re ,  s t i l l  i n  l a b o r a t o r y  development. The a c o u s t i c  sensors 
u s e  a i r  as t h e  couplant  w i t h  an a r r a y  of t r a n s m i t t e r s  and micro- 
phones producing a three-dimensional  image of t h e  s o l i d  me ta l .  
Acous t ic  i n t e r f e r e n c e  from t h e  a r c  i t s e l f  p r e s e n t s  a s e r i o u s  problem. 
U l t r a s o n i c  techniques  are similar t o  a c o u s t i c  techniques  excep t  f o r  
t h e  fact  t h a t  t h e s i g n a l  i s  t r a n s m i t t e d  through t h e  m e t a l .  While 



n o t  s u b j e c t  t o  i n t e r f e r e n c e  from the  plasma, wear of t he  t r a n s d u c e r s  
on t h e  metal s u r f a c e  poses  another  problem. 

I n  t h e  e l ec t romagne t i c  energy s p e c t r a ,  e l e c t r i c a l  r e s i s t a n c e  
and eddy c u r r e n t  probes,  b o t h  of which a r e  commercially a v a i l a b l e ,  
a r e  l i m i t e d  b y . t h e  requirement  t h a t  t h e  work p i e c e s  must be separ-  
a t e d  by a n  a i r  gap. Th i s  prec ludes  u s e  w i t h  m u l t i p l e  pas s  welding 
and imposes s t r i c t  c o n d i t i o n s  on f i x t u r i n g  of  even s imple  p a r t s .  
Measurement of t h e  e l e c t r i c a l  r e s i s t a n c e  (vo l t age )  of t h e  arc has 
been commercialized r e c e n t l y .  While t h i s  technique  can be used w i t h  
m u l t i p l e  pas s  welding,  i t  p l a c e s  r e s t r i c t i o n s  on t h e  j o i n t  geometry 
and the  speed of welding. 

Many d i f f e r e n t  thermal  and o p t i c a l  weld s e n s o r s  have been pro- 
t posed. Perhaps t h e  most promising a r e  o p t i c a l  p roces ses  u s ing  com- 

p u t e r  a n a l y s i s  of v ideo  images. The thermal  p roces ses  a r e  g e n e r a l l y  
l i m i t e d  by i n t e r f e r e n c e  from the  a r c  r a d i a t i o n  and by t h e  r a t e  of 
h e a t  t r a n s p o r t  i n  t he  base  meta l .  

I t  is  i n t e r e s t i n g  t o  n o t e  t h a t  s e v e r a l  r e g i o n s  of t h e  e l e c t r o -  
magnetic energy spectrum have no t  been used f o r  seam t r ack ing .  
U l t r a v i o l e t  and h i g h e r  frequency energy poses obvious h e a l t h  haz- 
a r d s .  . It is p o s s i b l e  t h a t  t h e  long wavelength of  r a d i o  and micro- 
waves would n o t  provide  t h e  s p a t i a l  r e s o l u t i o n  r e q u i r e d ;  however, 
t h e r e  is c e r t a i n l y  a n  oppor tun i ty  f o r  persons  knowledgeable about  
any of t h e s e  forms and f r e q u e n c i e s  of energy t o  app ly  t h e i r  know- 
l edge  t o  t h e  problem of  p o s i t i o n i n g  t h e  welding t o r c h  w i t h i n  t h e  
weld seam. 

CONCLUSION 

An a t t empt  has  been made t o  o u t l i n e  p o t e n t i a l s  f o r  a p p l i c a t i o n s  
of phys i c s  t o  a r c  welding technology. The d i s c u s s i o n  h a s  cen te red  
on automated a r c  welding as i t  r e p r e s e n t s  t h e  g r e a t e s t  c h a l l e n g e  t o  
t h e  welding community today. There is  a need f o r  bo th  t h e o r e t i c a l  
and exper imenta l  work of bo th  b a s i c  and a p p l i e d  n a t u r e  i n  plasmas, 
i n  h e a t  and f l u i d  f low,  i n  dynamics and i n  c o n t r o l s .  The perspec- 
t i v e  of t h e  p h y s i c i s t  would add g r e a t l y  t o  t h e  work of m e t a l l u r g i s t s  
and e l e c t r i c a l  eng inee r s  who have dominated t h e  welding f i e l d  i n  
t h e  p a s t .  

Although t h e  scope of t h i s  paper  d i d  n o t  i n c l u d e  l a s e r  and 
e l e c t r o n  beam welding,  t h e  a u t h o r  wishes t o  emphasise a  need f o r  
fundamental p h y s i c a l  s t u d i e s  i n  t h e s e  a r e a s  a s  w e l l .  
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TABLE I .  MECHANICAL ENERGY SPECTRA USED FOR WELD SEAM TRACKING 
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TABLE 11. ELECTROMAGNETIC ENERGY SPECTRA USED FOR WELD SEAM TRACKING 

Frequency 

loo 2 
10. 10 lo6 4 8 

10 ~ 1o1O lo1* 1014 1o16 1o18 1020 

------- Radio------- Microwave--------- Visible ---- X-rays--Gamma Rays 
Infrared UV 

Probes 
Electrical Eddy 
Resistance Current 

Temperature 
Optical 



Figure 1 

Comparison of gas-tungsten a r c  weld pool shape made on 
carbon steel with a travelling (A) and a stationary (B)  
e l e c t r o d e .  



F i g u r e  2 

Depression on t h e  surface of t h e  weld pool produced by 
jet  momentum i n  t h e  plasma. 



i n t e n s i t y  ( a r b i t r a r y  u n i t s )  
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Figure 3 

Typical spectrum from 401 nm t o  435 nm of as gas tungs ten  
arc on austenitic stainless steel. All of the lines a r e  
argon except  as noted. 




